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The spin-lattice relaxation times, T\, of H2170 have been measured for the aqueous solutions of 11 apolar 
amino acids and 5 glycine peptides as a function of the concentration at 25 °C. The coordination numbers, rih, 
and the rotational correlation times, rc

h, of water molecules around the amino acids and peptides were estimated 
and compared with that of pure water, TC°. The value of Tc

h/Tc
0=l .87 for norleucine is the largest, while those of 

Tch/Tc° for glycine peptides are almost the same 1.2. The value of nh(Tc
h/zc°— 1) was defined as the dynamic 

hydration number (DHN). The DHN showed a good correlation with several physicochemical properties, such 
as the molecular weights, partial molar volumes, adiabatic compressibilities, heat capacities, B-coefficients of 
the activity coefficent, and limiting diffusion coefficients of amino acids and glycine peptides in aqueous 
solutions. 

T h e physicochemical properties of amino acids and 
ol igo peptides in aqueous solut ions have drawn m u c h 
at tent ion for several decades. These properties, closely 
related to the solute-water interaction, have been 
chiefly studied by thermodynamic methods. T h e 
impor tance of the hydrat ion of amino acids is 
generally recognized in connection with the structure 
and function of proteins. It has been pointed out that 
there is a dynamic correspondence between the enzyme 
function and the dynamic structure of water.x) T h e 
dynamic characteristics of the hydrat ion of amino acid 
as a model c o m p o u n d of protein , therefore, is very 
impor tant . Not enough such studies, however, have 
yet been carried out; moreover, there have been few 
at tempts to relate the thermodynamic properties to the 
dynamic properties. 

In the investigation of such thermodynamic pro­
perties as the volumes,2 '3 ) heat capacities,4«0 and 
compressibilities6* of aqueous solutions of amino acids 
or peptides, frequent a t tempts have been made to 
examine the linear correlation between such properties 
and the number of carbon atoms or peptide groups in 
the backbone.2 '4* It is very difficult to compare the 
propert ies of a m i n o acids wi th those of peptides, since 
these properties are plot ted as a function of a variable 
with a different base. It is, therefore, necessary to use 
the same variable for the purpose of investigating 
consistently the hydra t ion of a m i n o acids and pep­
tides. 

Recently, it was shown that the hydrat ion properties 
of sugars in water can be systematically explained by 
the dynamic hydrat ion number (DHN), obtained by 
measur ing the 1 7 0 relaxat ion rates of water in aqueous 
sugar solutions.7* In this paper we report the spin-
lattice relaxation times, Ti , of natural -abundance 1 7 0 
nuclei of water in the aqueous solutions of 11 apolar 
a m i n o acids and 5 glycine peptides as a function of the 
concentrat ion at 25 °C, since a m i n o acids possess 
exchangeable protons . T h e concentrat ion dependence 
of water - 1 7 0 relaxat ion rates is interpreted by means of 
the characteristics of the hydrat ion of amino acids. 

T h e n we discuss the relat ion between the physico-
chemical properties (molecular weight, volume, com­
pressibility, ß-coefficient of activity coefficient, heat 
capacity, and diffusion coefficient) and the DHN. 

Experimental 

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

All natural-abundance oxygen-17 NMR experiments were 
performed using a JEOL GX-500 spectrometer operating at 
67.8 MHz. The oxygen-17 T\ was measured by using the 
inversion recovery sequence ( 1 8 0 ° - T - 9 0 ° ) . For the 1 70 
relaxation in neutral water, T2KT1 is observed in consequence 
of ^CMH spin-spin coupling.8* The water and all the 
solutions were maintained at pH<4 by adding a small 
amount of a dilute HCl solution, since, in this pH region, the 
proton exchange becomes sufficiently fast, making T2=T\ 
for 170 in water. 

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

Results and Discussion 

Dynamic State of Aqueous Solutions of Amino 
Acids and Glycine Peptides. In Fig. 1, the selected 
values Ti°/Ti for H2 1 70 in aqueous solutions of amino 
acids and peptides are plotted against their molalit ies, 
where Ti° and T\ are the spin-lattice relaxat ion times 
of the 1 7 0 of water in pure water and in solut ions 
respectively. All of the experimental values of T\°/T\ 
in this work are adequately represented by an 
empirical equa t ion of this form: 

Ti°/Ti = \ + Bm (1) 

where m is the molali ty of the solute. T h e solid lines 
in Fig. 1 are those calculated by the least-squares 
method. T h e correlation coefficient, 7, were in the 



2 Miyuki ISHIMURA and Hisashi UEDAIRA [Vol. 63, No. 1 

range of 0.8—1.0 except for hexaglycine and norleucine. 
Under extreme mot ional na r rowing condit ions, we 

obta in the following relation according to the two-
state model :7) 

55.5 B = nh[K—- 1 (2) 

where the superscripts h and 0 refer to the water of the 
hydrat ion sphere (cosphere) and bulk water respective­
ly, and where nh is the coordinat ion number . TC is the 
rota t ional correlat ion t ime of 1 7 0 , and K is the rat io of 
the quadrupo le coupl ing constant of 1 7 0 in the co-
sphere and the bulk water. T h e value of K is 1 or 0.75.7) 

T h e values of D H N , TIDHN, and their correlation 
coefficients, y, for apolar amino acids and peptides are 
given the 4th co lumn of Table 1. 

If the value of nh is known, we can obtain the value 
of TCVTC0. We can estimate nh by first calculat ing the 

hi 
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of H2170 in aqueous solutions of Fig. 1. T\/T\ of H2170 in aqueous solutions of 
norvaline, y-ABA, diglycine, and glycine as a func­
tion of molality 

water-accesible surface area us ing the data of the van 
der Waals volume of const i tuent atoms reported by 
Edward9) and dividing these by the effective surface 
area of the water molecule. T h e calculated values of 
the van der Waals volumes and the nh for amino acids 
and peptides are given in the 3rd and 5th columns of 
Table 1. 

As is seen in Table 1, all the HDHN values are positive. 
T h i s result means that all of the apolar amino acids 
and glycine peptides studied are structure makers as 
entire molecules. However, each consti tuent g roup in 
the molecule is not always a structure maker, because 
the observed hydrat ion property is the sum of the 
cont r ibut ion of the hydrophobic and hydrophi l ic 
hydrations.10-11* Al though diglycine and leucine have 
the same molecular weight, the HDHN value of diglycine 
is about one third that of leucine. T h e ÏÎDHN values for 
valine and tetraglycine are nearly equal , bu t the value 
of TCVTC0 of valine is larger than that of tetraglycine. 
These results show that the thermal mot ion of water 
molecules a round an apolar g roup is more restricted 
than that a round the peptide groups . 

T h e alkyl g roup is a typical hydrophobic structure 
maker, and the carboxyl g roup is an electrostrictive 
structure maker, while the a m i n o g r o u p is a structure 
breaker.13) Kresheck and Benjamin13* and Uedaira14) 

considered the peptide g roup as structure-breaking 
based on their thermodynamic studies. 

T h e nh value increases wi th the increase in the 
molecular size. T h e zc

h value of the water molecule 
a round a s tructure-making g r o u p is larger than that of 
Tc

h and increases wi th the increase in the size of the 
group , bu t Tc

h value of the water molecule a round a 
structure-breaking g roup is smaller than that of TC°.15) 

T h u s , the thermal mot ion of water molecules in the 
cosphere of glycine peptides differs with that in local 

Table 1. Van der Waals Volumes and Hydration Characteristics of Apolar 
Amino Acids and Glycine Peptides in Aqueous Solutions at 25 °C 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
12 
14 
15 
16 

Compound 

Glycine 
a-Alanine 
^-Alanine 
a-ABAa> 
0-ABA 
y-ABA 
Valine 
Norvaline 
Leucine 
Isoleucine 
Norleucine 
Diglycine 
Triglycine 
Tetraglycine 
Pentaglycine 
Hexaglycine 

Mw 

75.07 
89.10 
89.10 

103.12 
103.12 
103.12 
117.15 
117.15 
131.18 
131.18 
131.18 
132.12 
189.17 
246.22 
303.27 
360.32 

FwXIO3 

nm3 

67.4 
84.4 
84.4 

101.4 
101.4 
101.4 
118.4 
118.4 
135.4 
135.4 
135.4 
116.2 
165.0 
213.8 
262.6 
311.4 

DHN (7) 

3.9 (0.98) 
10.7 (0.99) 
9.3 (0.76) 

15.2 (0.94) 
10.9 (1.00) 
11.4(0.98) 
20.1 (0.97) 
22.1 (0.88) 
26.6 (0.93) 
19.0 (0.98) 
28.8 (0.42) 
8.9 (0.98) 

11.4(0.80) 
18.2 (0.99) 
23.4 (0.69) 
16.2 (0.50) 

nh 

24.6 
27.0 
27.0 
29.1 
29.1 
29.1 
31.2 
31.2 
33.1 
33.1 
33.1 
42.3 
60.1 
77.8 
95.6 

113.3 

r>/r^ 
K=l; 

1.16 
1.40 
1.34 
1.56 
1.38 
1.39 
1.64 
1.71 
1.80 
1.58 
1.87 
1.21 
1.19 
1.23 
1.25 
1.14 

0.76 

1.53 
1.84 
1.77 
2.06 
1.81 
1.83 
2.16 
2.25 
2.37 
2.07 
2.46 
1.59 
1.57 
1.62 
1.64 
1.50 

a) Amino butyric acid. 
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regions per ipheral to the different groups . T h a t is, the 
thermal mo t ion of the hydrated water is more 
restricted a round the s t ructure-making groups, while 
it is more rap id a round the peptide and a m i n o groups, 
than in bu lk water. T h e value of zc

h/zc° calculated by 
Eq. 2 is determined by these oppos ing influences on 
the thermal mot ion; it represents an average dynamic 
state over all the water molecules in the cosphere. 
Consequently, zc

h/zc° values of peptides are smaller 
than those of apola r a m i n o acids and are close to 
unity. Recently, Uedaira and Uedaira15) found that the 
ra-benzenedisulfonate ion has a larger m value, bu t its 
HDHN and zc

h/zc° values are smaller than those of the 
benzenesulfonate ion, because the sulfonate g roup is 
the structure-breaker. 

According to the molecular dynamic study of 
a lanine peptide, Rossky and Karplus16) showed that 
the polar groups ( O O and N H ) of dipeptide have 
little influence on the mobili ty of the water molecule 
a round them, bu t water molecules near the apolar 
groups are substantially hindered in both translational 
and rotat ional mot ion . T h u s , their molecular dyna­
mics calculations suppor t our experimental results. 

T h e zc
h/zc° values for the glycine peptides are almost 

the same as that of glycine. For sugars and the 
alkylsulfonate ions, it was found that the zc

h/zc° value 
for an ol igomer is a lmost the same as that of a 
monomer . 7 '15) 

Relation between Physicochemical Properties and 
D H N . Many physicochemical properties of amino 
acids or petides have been plotted as functions of the 
number of carbon atoms or peptide groups by many 
authors . 3 _ 6 ) For the purpose of compar ing the pro­
perties of amino acids and peptides, however, such 
plots are not adequate, as has been ment ioned above. 

Gill et al.17) showed that the coordinat ion number of 

a water molecule a round a apolar solute generally 
correlates wi th all the thermodynamic properties in 
water. T h i s empir ical rule presupposes that all the 
water molecules in the cosphere of the solute molecule 
exist in the same dynamic state. Th i s rule cannot 
apply in the cases of a m i n o acids and peptides, since 
the water molecules in the vicinity of the different 
groups of the solute molecule exist in different 
dynamic states. T h e D H N , which is a product of the 
statical and the dynamical quant i t ies , therefore, is 
considered to be a more reasonable indication of the 
hydrat ion characteristics of a m i n o acids and peptides 
than is the coordinat ion number . Table 2 lists the 
physicochemical propert ies of amino acids and pep­
tides, which are explained below on the basis of the 
D H N . 

In Tab le 2, the values of AFh were calculated from 
this relation;22) l^Vh—V O~NAVA, where A/A is Avogadro's 
number . We calculated the values of Do for the tetra-, 
pepnta- , and hexaglycine by means of the shell 
model.20) In the calculat ion, we assumed that the 
microviscosity a round an ol igomer is the same as that 
a round the monomer.20* T h i s assumpt ion is valid 
j u d g i n g from the results shown in Table 1, since the 
microviscosity a round a solute molecule is propor­
tional to the Tc

h of the water molecule in the cosphere. 
All of the propert ies in Tab le 2 can be expressed by 

the following linear equat ion of HDHN: 

Y = a + b TÎDHN (3) 

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

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

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

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Compound 

Glycine 
a-Alanine 
/3-Alanine 
a-ABA 
/3-ABA 
y-ABA 
Valine 
Norvaline 
Leucine 
Isoleucine 
Norleucine 
Diglycine 
Triglycine 
Tetraglycine 
Pentaglycine 
Hexaglycine 

Foa) 

cm3 mol - 1 

43.26 
60.54 
58.28 
75.6 
76.3 
73.2 
90.75 
91.80 

107.77 
105.80 
107.73 
76.27 

111.81 
149.7 
187.1 

-£s°X104b) 

cm3 mol - 1 bar -1 

27.0 
25.0 
26.36 
21.8 
18.7 
27.0 
24.0 

31.8 

35.91 
44.36 
53.14 

ßc) 

5.0 
-1.2 
-0 .2 
-2 .5 
-2 .0 

1.6 

12.3 
16 

J K-1 mol"1 

39 
141.4 
91 

224 
182 
154 
307 
335 
382 

400 
105.0 
185.9 
283 
373 

AFh 

cm2 mol - 1 

2.66 
9.71 
7.45 

14.53 
15.23 
12.13 
19.44 
20.49 
26.22 
24.25 
26.18 

6.28 
12.43 
20.93 
28.94 

DX106e) 

cm2 s_1 

10.554 
9.097 

8.305 

7.722 

7.909 
6.652 
5.497 
4.820 
4.310 

a) Refs. 3 and 18. b) Refs. 6 and 18. c) Mean values calculated from the data of Ref. 19. d) Ref. 4. e) Refs. 20 and 21. 
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Table 3. Coefficients of Empirical Equations between WDHN and Physicochemical 
Properties of Aqueous Solutions of Apolar Amino Acids and Glycine Peptides 

Homologue a b 

Mw 

Vo 

£°X104 

B 

AJ/h 

I/D0XIO-5 

Amino acid 
Peptide 
Amino acid 
Peptide 
Amino acid 
Peptide 
Amino acid 
Peptide 
Amino acid and peptide 
Amino acid and 
Amino acid 
Peptide 

peptide 

71.01 
36.09 
38.59 
16.64 

-28.26 
-20.42 

6.79 
-0.754 

-16.65 
-28.76 

0.866 
0.767 

2.193 
11.641 
2.621 
7.365 
0.261 

-1.855 
-0.652 

1.469 
15.56 
1.047 
0.0217 
0.0573 

0.929 
0.992 
0.938 
0.994 

-0.700 
0.986 

-0.855 
1.000 
0.985 
0.940 
0.994 
0.999 

water molecules in the cosphere. As may be seen from 
Table 3, the absolute values of b for apolar amino acids 
are smaller than those of b for peptides. It is clear from 
Eq. 2 that the (Kzc

h/Tc0—l) term enlarges the effect of nn 

(intrinsic property) if the value is larger than unity, 
and d iminishes the effect if it is smaller. In other 
words, the water structure in the cosphere becomes 
bulky or compact according whether the values of 
(Kzc

h/Tc°—-1) are large or small respectively. Therefore, 
the physicochemical propert ies of apolar a m i n o acids 
have small values of b. 

In this connect ion, it is of interest to compare the 
values b for the K s° of a m i n o acid and peptide. As has 
been clarified above, the peptide groups is the 
structure-breaker, and the thermal mot ion of water 
molecules is more vigorous than that of bulk water. As 
a result, the hydrat ion sphere becomes more compact, 
and so the K s° value of peptide becomes more 
negative. 

It seems that C p° and AF n depend only on the state 
of water in the cosphere, regardless of the intr insic 
propert ies of the apolar a m i n o acids and peptides. 
T h i s is true of AF n by definition. In Fig. 2, the values 
of the part ial mola r heat capacity for a m i n o acids and 
peptides are plot ted against the HDHN. Figure 2 is 
impor tan t in connect ion with the heat capacity change 
of the den tu ra ion of a g lobular protein. Privalov23) 

elucidated that the interact ion of apolar a m i n o acid 
residues wi th water is indeed the most impor tan t 
contr ibutor to this change on the unfolding of the 
proteins. 

Conclus ion 

In summary we obtained the following results: 
(1) T h e values of Tc

h/Tc
0 for apolar amino acids 

increase with an increase in the size of the hydrophobic 
group. 

(2) T h e pept ide g r o u p is the structure-breaker, and 
the values of zc

h/zc
0 for peptides are almost the same, 

1.2. 
(3) T h e physicochemical properties of apolar 

400 

o 
S 

U 200 
OD. 

lu 

*DHN 

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

a m i n o acids and peptides in aqueous solutions are 
expressed by the linear equat ion of HDHN. 

These conclusions suggest that the details of the 
mot ion and structure of the hydrat ion water can play a 
determinist ic role both in dynamic and in static 
properties of aqueous solutions. 

We are grateful to Dr. Mi tsuhiko Ikura (High-
Resolut ion N M R Laboratory) for his he lp in the N M R 
experiments . We also thank Dr. Ha t suho Uedaira for 
her valuable discussions. 

References 

1) A. I. Käiväräinen, "Solvent-Dependent Flexibility of 
Proteins and Principles of Their Function," D. Reidel 
Publishing Co., Dordrecht (1985). 

2) C. Jolicoeur and J. Boileau, Can. J. Chem., 56, 2707 
(1978). 

3) A. K. Mishra, K. P. Prasad, and J. C. Ahluwalia, 
Biopolymers, 22, 2397 (1983). 

4) T. H. Lilley, "Chemistry and Biochemistry of Amino 
Acids," ed by G. C. Barrett, Chapman and Hall, London 



January, 1990] Natural-Abundance Oxygen-17 Magnetic Relaxation in Aqueous Solutions 5 

(1985), Chap. 21. 
5) C. Jolicoeur, B. Riedl, D. Desrochers, L. L. Lemelin, 

R. R. Zamojska, and O. Enea, / . Solution Chem., 15, 109 
(1986). 

6) M. Iqubal and R. E. Verrall, / . Phys. Chem., 91, 9678 
(1987). 

7) H. Uedaira, M. Ikura, and H. Uedaira, Bull. Chem. 
Soc.Jpn., 62, 1 (1989). 

8) S. Meiboom, / . Chem. Phys., 34, 375 (1961). 
9) J. T. Edward, / . Chem. Educ, 47, 261 (1970). 

10) H. Uedaira and H. Uedaira, Zh. Fiz. Khim., 42, 3024 
(1968). 

11) O. Ya. Samoilov, Zh. Fiz. Khim., 52, 1857 (1978). 
12) K. Tamaki, Y. Ohara, H. Kurachi, M. Akiyama, and 

H. Odaki, Bull. Chem. Soc. Jpn., 47, 384 (1974). 
13) G. C. Kreshek and L. Benjamin, / . Phys. Chem., 68, 

2476(1964). 
14) H. Uedaira, Bull. Chem. Soc. Jpn., 50, 1298 (1977). 

15) H. Uedaira and H. Uedaira, Nippon Kagaku Kaishi, 
1986, 1265. 

16) P. J. Rossky and M. Karplus, / . Am. Chem. Soc, 101, 
1913(1979). 
17) S. J. Gill, S. F. Dec, G. Oloffsson, and I. Wadso, / . 

Phys. Chem., 89, 3758 (1985). 
18) H. Heiland, "Thermodynamic Data for Biochemistry 

and Biotechnology," ed by H. J. Hinz, Springer Verlag, 
Berlin (1986), Chap. 2. 

19) J. J. Kozak, W. S. Knight, and W. J. Kauzmann, / . 
Chem. Phys., 42, 675 (1968). 
20) H. Uedaira and H. Uedaira, / . Phys. Chem., 74, 2211 

(1970). 
21) H. D. Elerton, G. Reinfelds, D. E. Mulcahy, and P. J. 

Dunlop, / . Phys. Chem., 68, 403 (1964). 
22) V. A. Bukin, Biophys. Chem., 29, 283 (1979). 
23) P. L. Privalov, Adv. Protein Chem., 33, 167 (1979). 



6 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 6—10 (1990) [Vol. 63, No. 1 

The Protective Effects of Cyclodextrins against the Oxidation of 
Methyl Orange by Singlet Oxygen 

Koichiro MIYAJIMA, Hiroaki KOMATSU,* Kazuhiro INOUE, Te tsurou HANDA, and Masayuki NAKAGAKI+ 
Faculty of Pharmaceutical Sciences, Kyoto University, Yoshida-shimoadachi-cho, Sakyo-ku, Kyoto 606 

ïHoshi University, Ebara, Shinagawa-ku, Tokyo 142 
(Received June 19, 1989) 

The degradation of Methyl Orange (MO) by singlet oxygen was inhibited by the addition of a-, ß-, and 
7-cyclodextrins (CD's) to an aqueous solution. The protective effect of the CD's against the MO oxidation 
decreased in this order; a- > 7 - > ß-CD. From the relation between the rate constant of MO oxidation and the 
free MO concentration, evaluated by using the formation constants of CD's with MO, it was found that the MO 
included by a- and 7-CD's is not decomposed by singlet oxygen, whereas the MO included by ß-CD is oxidized 
by singlet oxygen. The inner cavity of a- or 7-CD well fit for the inclusion of one or two MO molecules 
respectively, and the access of singlet oxygen to the azo group of the included MO molecule is sterically 
inhibited. The finding that ß-CD has smaller enthalpy and larger entropy changes relevant to the formation of 
the MO-CD complex than those of a- and 7-CD's suggested the less tight inclusion of one MO molecule in the 
cavity of ß-CD. Such a loose inclusion of MO by ß-CD resulted in the transient exposition of the azo group of 
the MO molecule to the bulk phase: the attack of the singlet oxygen on the azo group followed. 

Cyclodextrins (CD's) are oligosaccharides which are 
capable of forming inc lus ion complexes wi th a variety 
of guests by accommodat ing them in their relatively 
nonpo la r cavities.1»^ T h e most p romis ing fields for 
the appl ica t ion of their inclusion complexes are the 
pharmaceut ica l industry, the food industry, and the 
product ion of organic chemicals in general.2) One of 
the most impor tan t potent ia l applicat ions of inclusion 
complexes is the protect ion of guests against oxida­
t ion.3 - 7 ) T h e stability of incorporated unsaturated 
fatty acids,4»5) vitamins,3 '4»7* and so on has been studied 
by numerous workers. Irie et al., for example, reported 
the protective effects of the CD's against the oxidat ion 
of guests by active oxygen, singlet oxygen, bu t the 
protective mechanism was not made clear.8) 

In our previous studies, the photooxidat ions of 
Methyl Orange (MO) sensitized by water-insoluble 
te t raphenylporphyr in and water-soluble tetraphenyl-
porphyr in t r i sul fonic acid salt (TPPS) have been 
studied under aerobic condit ions in a variety of 
micellar9 '10) and l iposomal solutions11* and mixed 
organic solvents.9) It was found that the oxidat ion of 
M O is mediated by singlet oxygen;12* the photooxida-
t ion proceeds p redominan t ly th rough Type II.13) M O 
is capable of forming complexes wi th CD's,14 '16) and 
M O is favorable for studies of the effects of CD's on the 
oxidat ion by singlet oxygen, In the present study, we 
investigated the oxidat ion of M O photosensitized by 
T P P S in the presence of CD's, also, the protective 
effects of CD's on the oxidat ion are discussed in terms 
of the inaccessibility of singlet oxygen to the M O 
molecules which are included by the CD's. 

Experimental 

The meso-a,/3,7,0-tetraphenylporphyrintrisulfonic acid 
salt tetrahydrate (TPPS) was purchased from Dojindo 
Laboratories. The absorption bands and their molar 
extinction coefficients in a 10 mM (1 M=l mol-dm - 3 in this 

paper) buffer solution (pH 7.5) agreed with the reported 
values.16) The TPPS in methanol was stored below 4 °C as a 
stock solution. The MO was obtained from Wako Pure 
Chemical Industries, Ltd. The 2-amino-2-hydroxymethyl-
propane-l,3-diol (Tris) was used as received. Doubly 
distilled water was used to make all solutions. 

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

Irradiation experiments were carried out by using a 
Kondo-Sylvania 1 kW tungsten-halogen lamp. A Toshiba 
KL-41 interference filter (transmittance characteristics; /Lax^ 
412.0 nm and half wavelength=15.0 nm) was used to obtain 
monochromic light. The intensity of the light incident 
upon the reaction cell was 3.22X1015 quanta -s - 1 , as deter­
mined by ferrioxalate chemical dosimetry.17) The sample 
solution contained in a quartz cell was kept at 25 °C by 
circulation of the thermostated water and was stirred well 
with a magnetic stirrer during irradiations. 

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

Results and Discussion 

MO and TPPS were bo th decomposed wi th the 
increase in the i r radiat ion time, because both T P P S 
and M O have strong absorpt ions at the excitation 
wavelength (412 nm) , as is shown in Fig. 1. T h e 
decomposi t ion of both dyes led to a change in the 
a m o u n t s of pho tons absorbed by T P P S in a un i t of 
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400 500 
Wavelength/n m 

Fig. 1. Chemical structure of TPPS and absorption spectra 
of 21 nM MO in 1 mM Tris-HCl buffer solution (pH 7.3) 
with 1.0 \iM TPPS (—) and without TPPS ( ). 

-0.8 

< 
c -1.2 

Fig. 2. Time course of logarithm of absorbance of 
MO at 412 nm (\nAMo, • ) and amounts of photons 
absorbed by TPPS in a unit time (Q, O). 

1 1 

0.5 

i i 1 

> J 

A. 

\ ^ _ ^ 
\ Lr- .pi «» 

V 
^ ^ " ^ • ^ • a 

* ' 
5 10 

CCD] /mM 

Fig. 3. The apparent rate contant k as a function of 
the CD concentration. Symboles, • : a-CD, • : ß-CD, 
and D: 7-CD. 

t ime (Q) du r ing i r radiat ion. Figure 2 represents the 
plots of Q as a function of the irradiat ion time (t). 
Here, the Q values were evaluated by means of Eq. 1:10) 

û = /o ̂
TinlO 

1 - 10" (1) 

where ^ T = ^ T P P S + ^ M O . Here, AT, ^TPPS, and A MO are 

the total absorbance and the absorbance of T P P S and 
M O at 412 n m respectively. T h e h quan t i ty is the 
intensity of l ight incident u p o n the cell, and L is the 
l ight-path length of the cell. Fortunately, however, as 
is shown in Fig. 2, the Q values scarcely changed 
dur ing i r radiat ion, because a decrease in ^4TPPS causes a 
decrease in Q, b u t a decrease in A MO results in an 
increase in Q. As the change in the Q values was less 
than 5% of the ini t ial value after a 42-min irradiat ion, 
the change in the Q value was not taken in to account 

in the present study. 
As is shown in Fig. 2, there was a linear re la t ionship 

between In ̂ 4Mo and the i rradiat ion time t except for an 
ini t ia l per iod of the i r radia t ion time. T h e slope of the 
straight l ine gave the apparent rate constant k. T h e 
degradat ion rate of M O is given by: 

and 

d[MO]T 

d* 

ln[MO]T = ln[MO]0 " 

*[MO]T (2) 

kt, (3) 

total and init ial where [MO] T and [MO]o are the 
concentrat ions of M O respectively. 

Figure 3 shows the k values as a function of the CD 
concentrat ions. T h e k values decrease with an increase 
in the CD concentration, indicat ing that the addit ions 
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of the CD's result in protect ion against the M O 
oxidation. T h e protective effects are, however, 
different in the three CD's decreasing in this order; 
a->y->ß-CT>. It was been known that M O forms 
inclusion complexes wi th various CD's14»15) There­
fore, it may be considered that the format ion of the 
inclusion complex contributes to the protective effects 
against the M O oxidat ion. 

T h e formations of inclusion complexes between 
CD's and M O has been investigated by many workers. 
Matsui et al. found the dissociation constant of the 
M O - Ö - C D complex in 0.1 M H 2 S 0 4 (pH=1 .2 , ion 
strength, /JL=0.5) at 25 °C, but their experimental 
condit ions were qui te different from ours.15) Hi ra i et 
al. reported the dissociation constants of MO com­
plexes wi th ß- and y-CD's in a phospha te buffer 
(pH=7.0 , ionic strength, fi=0.l) at 20 °C.18) However, 
no data on the dissociat ion constant of M O - a - C D 
complex have been reported. Therefore, the formation 
constants were measured under the present condit ions. 
Hi ra i and his coworkers suggested that the absorption 
peak of M O shifts from 463 n m to a shorter wavelength 
wi th an increase in the CD concentrat ion and ascribed 
the hypsochromic shifts to the formation of inclusion 
complexes of M O wi th the CD.18) T h e formation 
constants were determined by measur ing these absorp­
t ion changes. ( T P P S does not interact wi th the CD's 
because the absorpt ion and fluorescence spectra and 
the fluorescence yield of T P P S scarcely change 
between the solutions wi th and wi thou t the CD's.) 

Hi ra i and his coworkers also suggested a- and ß-
CD's form 1:1 ( C D : M O in molar ratio) complexes, 
whi le y -CD forms a 1:2 complex.18) If the concentra­
t ion of M O is significantly smaller than that of CD, 
the two format ion constants Kn and Kn can be 
represented by Eqs. 4 and 5.18) 

In the case of a 1:1 complex (a- and ß-CD's), 

Kn 
[CD-MO] 

[CD][MO] 

and 

1 1 
+ • 

1 
AA [MO]Mf i [CD] [MO]As 

In the case of a 1:2 complex (y-CD), 

Kf2 — 
[CD-(MO)2] 
[CD][MO]2 

and 

1 
AA 

1 
+ • 

[MOfAfiffß [CD] [MO]As 

(4-a) 

(4-b) 

(5-a) 

(5-b) 

Here, AA and Ae are, respectively, the differences in the 
absorbance and in the molar extinction of MO at 
495 nm, between the solut ions wi thout and those with 
CD's. T h e concentration of the latter being significant­
ly h igher than that of MO. In the case of y-CD, the 

formation of a 1:1 complex was ignored, because Ka is 
m u c h smaller than Kv.1® T h e AA values at various 
concentrat ions of CD were measured at 21 |iM MO. 
Figure 4 shows the l/AA values as a function of the 
[CD] according to Eqs. 4-b and 5-b: linear relations 
were obtained. T h e formation constants evaluated 
from the slopes and the intercepts to the ordinate are 
given in Tab l e 1. From the format ion constants thus 
obtained, the concentra t ion rat io of the free M O to the 
total M O were calculated at 10 m M CD: they are 
presented in Table 2. T h e concentration of the 
included M O decreases in this order: a - > ß - > y - C D . 
T h i s order is different from that of the protective effect 

J_ 
AA 

40 

201 

1 i i i i y i i 

r /Y-CD j 

1 /\s*^~ 1 

-"̂ *̂  / /S*' 1 
/ /*^ \ 

_ — j . — i 1 1 1 — 1 

0 2 4 

-tcürx 1 0"3 / M" 

Fig. 4. The \/AA values as a function of the CD con­
centration according to Eqs. 4-b and 5-b. Symboles: 
see Fig. 3. 

Table 1. Formation Constants of the Inclusion 
Complexes between MO and CD's 

at Various Temperatures 

Temperature 
Kn Ki2 

103M-i 

a-CD ß-CD 

107M-2 

y-CD 

15.0 
20.0 
25.0 
30.0 

1.47 

Lis 
0.85s 
0.704 

2.63 

2.34 

2.1o 
I.89 

2.82 
2.35 

I.89 
1.22 

Table 2. Concentration Ratio 
of Free MO to Total MO 

CD's 

[MO]frec
a) 

[MO]T 

a ß 

0.012 0.015 

7 

0.31 

a) At 10 mM CD, 21 \iM MO, and 25°C. 
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of the CD's against the M O oxidat ion, as is shown in 
Fig. 3. O n the assumpt ion that only free M O is 
decomposed by singlet oxygen, the decomposi t ion rate 
of M O is given by: 

d[MO]T 

d* Â'PCfeXMOlfrce, (6) 

because the p roduc t ion processes of singlet oxygen are 
m u c h faster than the oxidat ion process of M O by 
singlet oxygen9 - 1 3 ) and the rate of reaching equil i­
b r i um between free and included M O is much faster 
than the degradat ion rate of MO. Here, k' is the 
second-order rate constant, while [MO]free is the free 
M O concentration. 

Equa t ion 6 may be rewritten as: 

d[MO]T _ A'[*02][MO]free 

d* [MO]T 
[MO]T (V) 

As can be seen by compar ing Eqs. 2 and 7, the 
apparen t rate constant k corresponds to k' [ 1 0 2 ] [ M O ] T : 

k = kvo2] 
[MO]fre( 

[MO]T 

,[MO]fre 

[MO]T 
(8) 

where k"=k' PO2] and where k" is a constant, for the 
complex formation of CD's with oxygen is negligibly 
small and PO2] is independent of the CD .con­
centration.1 9 ) As can be seen from Eq. 8, if only free 
M O is decomposed by singlet oxygen, the k values may 
be expected to be propor t iona l to [MO]free/[MO]T. 
Figure 5 presents the plots of the k values against the 
[MO]free/[MO]T values calculated from the Ka or K& 
values in Table 1. T a k i n g the small experimental 
errors at the large values of [MO]free/[MO]T into 
consideration (experimental errors: wi th in ±5%), the 
correlation line was drawn, assuming the points in the 
low CD concentrat ionto be accurate. In the a- and 
y-CD's, the straight l ine thus obtained passes th rough 

0.5 1.0 
LMOlfree 
[M0]T 

Fig. 5. The k values as a function of [MO]free/ 
[MO]T. The [MO]free/[MO]T values at 21 jiM MO 
were evaluated from the formation constants Ka 
and Kf2 in Table 1. Symboles: see Fig. 3. 

both the po in t of or igin and the experimental po in t 
w i thou t the CD's. T h i s fact indicates that the M O 
included by a- and y-CD's is no t decomposed by 
singlet oxygen and that only free M O is oxidized: O n 
the other hand , in the case of ß-CD, the plots deviate 
upward from the experimental l ine of the a- and y-
CD's. T h e l ine does no t pass th rough a poin t of or igin 
and has a positive intercept on the ordinate, where all 
MO molecules should be included by the CD's. T h i s 
leads to the impor tan t consequence that free M O and 
also the M O included by ß-CD are appreciably oxidized 
by singlet oxygen. 

Griffiths et al. investigated the oxidation mechanism 
of tautomeric azo dyes by singlet oxygen; they 
suggested that the degradat ion of the azo dyes to be 
ascribed to the attack of singlet oxygen as the azo 
g roup in the dye molecules.20) T h e oxidat ion of M O by 
singlet oxygen may also be considered to proceed in 
accordance wi th their porposed mechanism. 

T h e inner cavity of the a- or y-CD's is suitable for 
the inclusion of one or two M O molecules respectively. 
T h e fitness of the M O in the cavities of a- and y-CD's 
is good, and the access of singlet oxygen to the azo 
g r o u p of the M O molecule is sterically protected. O n 
the other hand , ß-CD has a sufficiently large inner 
cavity to include a MO, molecule, while the cavity of 
ß-CD is too small to inc lude two M O molecules. We 
can write the complex formation reaction of ß-CD 
with M O by the fol lowing two step reaction,21* in the 
cases of the a- and ß - C D ' s / M O system: 

MO + CD ; = ^ [ M O - C D ] ^ = MO-CD (9) 

where [MO•••CD] and M O - C D are intermediate and 
stable complexes respectively. Here, Ka is related to ki, 
k-i, k2, and k-2 as follows:21) Kn=(ki/k-i)+(ki/k-i)X 
(Ä2/Ä-2). In contrast to the a-CD complex, the fe value 
of the M O - ß - C D complex may be comparable the k-i 
values, because the size of the cavity of ß-CD is larger 
than that of a-CD. Therefore, the lifetime of the 
intermediate complex becomes longer. In other words, 
the M O molecule in the M O - ß - C D complex has a 
hindered t ranslat ional freedom in addit ion to the 
ro ta t ional freedom.21) It may be expected that the 
inc lus ion of a MO molecule in the cavity of ß-CD will 
be loose. T h e thermodynamic parameters in uni tary 

Table 3. Thermodynamic Parameters Relevant to 
the Inclusion of MO by CD's in an Aqueous 

Solution in a Unitary Change 

CD's 

ß 
y 

AGoa) 

kcal mol - 1 

-5 .4 
-4 .5 
-9 .9 

AHo 

kcal mol - 1 

-8 .6 
-3 .8 

- 1 2 

ASo 

eu 

- 1 1 
+2.5 
-8 .1 

a) At 25° C. 
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changes based on the inclus ion of a M O by CD's are 
presented in Table 3. T h e changes in the free-energy 
(AGo), en tha lpy (AHo), and entropy (ASo) were 
calculated from the data in Table 1 by using: 

AGo = -RT\nKtl (or£f2), 

AHo = AGo + TASo 

and: 

ASo = - (dAG0/dT)p 

(10-a) 

(10-b) 

(10-c) 

T h e formation constants , Ka and K{2, in Eq. 10-a are 
expressed in the molari ty scale and are shown in Table 
1. R is the gas constant , and T, the absolute 
temperature . It may be seen that, in the inclusions of 
M O by a- and y-CD's , the enthalpy change acts as a 
d o m i n a n t dr iv ing force and the ASo values are 
negative. O n the other hand , in the inc lus ion of M O 
by ß-CD, the entha lpy and entropy changes contr ibute 
equally to the complex formation and the ASo value is 
positive. T h e positive value of ASo for the ß-CD 
complex formation seems to be involved in the 
appreciable l iberat ion of high-energy water in the 
cavity from the larger cavity of ß-CD, as compared 
wi th a-CD, because bo th form the 1:1 complex. These 
thermodynamic quant i t ies reflect the presence of an 
unstable intermediate complex in the MO/ß-CD 
system. 

Szejtli suggested that M O molecule is less tightly 
included in the cavity of ß-CD.23) By their N M R 
measurements Suzuki and her colleagues found the 
fast rota t ional mot ion of a MO molecule included in 
the cavity of ß-CD.24) These facts agree well wi th our 
results. T h u s , the loose inclusion of a M O molecule in 
the cavity of ß-CD gives rise to the transient exposit ion 
(intermediate complex) of the azo g roup of the M O 
molecule to the bu lk phase , as shown in Fig. 6a. T h i s 
leads to the decomposi t ion by the attack of singlet 
oxygen on the azo gruop . 

(a) 

=N-^ -S0â 

(b) 

CH: 

CH-yC^N=N(-0"s°3 

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

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

T h e polymerizat ion of silicon alkoxides known as 
the sol-gel process has become an impor tan t and 
interesting field in material science.1_3) A m o n g an 
extensive body of studies, the dop ing of the silica gel 
wi th organic molecules has received considerable 
interest. T h e techn ique is expected to lead to new 
appl icat ions . 4 - 8 ) It has also been reported that some 
organic molecules embedded in the reaction system 
show remarkable changes in fluorescence dur ing the 
sol-gel-xerogel t ransi t ions in silica and can be used as 
sensitive probes for the structural changes in the 
silica.9_11) However, the detailed mechanism of these 
changes in the fluorescence spectra is no t completely 
clear, for little is k n o w n about the propert ies of the 
silica cage prepared by the sol-gel process or about the 
interaction between the silica cage and the trapped 
molecules. 

Meanwhile , there have been many studies regarding 
fluorescence probes in colloid and polymer chemistry. 
For example , the pyrene (Py) monomer fluorescence is 
k n o w n to be a typical probe. T h e fluorescence 
intensities for vibronic bands were used to study the 
critical micelle concent ra t ions 1 2 - 1 0 and the polarity of 
iron(III) hydrosol,16»17) because the intensity ratio of 
the third peak (384 nm) to the first peak (373 nm: 0-0 
band) (h/h) is dependent on the solvent polarity.13 '15»10 

T h e fluorescence of pyrene-3-carboxaldehyde (Py­
C H O ) was also used to estimate the polari ty at the 
micelle-water interfaces19»20) and to moni tor the 
properties of the aggregates of block copolymers.21) 

T h i s is because a linearity between the fluorescence 
m a x i m u m (/Lax) and the dielectric constant (e) has 
been observed.19) 

In this work, we studied the sol-gel-xerogel transi­
tions du r ing the polymerization reaction of tetraethyl 
orthosilicate, Si(OC2Hs)4, (TEOS) by us ing the well-
characterized Py and P y C H O molecules as fluorescence 
probes. T h e a ims of the present study are to moni to r 
the chemical changes that occur du r ing the sol-gel 
process and to elucidate the nature of the silica cage 
and the interact ion between the guest molecules and 

the host silica cage. It is shown that these fluorescence 
probes can moni to r the changes in polari ty a long the 
sol-gel-xerogel transitions. 

Experimental 

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

Sol-Gel Process. The sol-gel glass was prepared by the 
acidic (HCl) hydrolysis of TEOS in ethanol as has been 
reported previously.11* Py and PyCHO were dissolved in 
ethanol at 10~5moldm~3. Various solutions with different 
ratios of TEOS : water : ethanol and pH values were prepared. 
The mixtures were stirred for 2 h and subsequently kept at 
room temperature. Typical compositions are summarized in 
Tables 1 and 2, along with results to be described later. 

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

Results 

T h e fluorescence spectra for P y C H O in e thano l -
water mixtures indicated the variations in the fluores­
cence spectra wi th the solvent as reported previously.19) 

T h e parameter Amax of P y C H O in these solvents is 
plotted against the dielectric constant of the solvents in 
Fig. 1. /Imax shifts to a longer wavelength with an 
increase in the dielectric constant. 

Figure 2 shows same typical fluorescence spectra of 
P y C H O as measured in a t ime sequence dur ing the 
sol-gel-xerogel stages. T h e Amax value just after mix ing 
is 454 nm, and shifts to a longer wavelength with t ime, 
resul t ing in a value of 467 n m after 1005 h. T h e 
parameter /Imax is plot ted as a function of the t ime in 
the sol-gel reaction in Fig. 3. T h e Amax value changes 
very little after the gelation po in t (ca. 230 h). T h e n the 
fluorescence spectrum shifts gradually to a longer 
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Table 1. Estimates of the Dielectric Constant for the Sol-Gel Process by 
Means of Pyrene-3-carboxaldehyde Fluorescence 

r 

1.2 
3.1 
6.2 

12.4 
4.7 
4.7 
4.7 
4.7 

pH 

3.2 
3.2 
3.2 
3.2 
4.5 
4.0 
3.0 
1.7 

Solution 

Amax/nm 

448.5 
452.0 
453.0 
454.0 
448.5 
448.5 
452.5 
452.0 

e 

27 
39 
42 
45 
27 
27 
40 
39 

Xerogel 

Amax/nm 

464.5 
467.0 
469.5 
470.0 
464.5 
469.0 
469.0 
466.5 

£ 

72 
75 
84 
87 
72 
81 
81 
74 

Vacuum-drying 

Amax/nm e 

464.0 72 
462.0 70 
465.0 73 
463.0 71 
464.5 72 
463.5 71 
462.5 70 
465.0 73 

Table 2. Estimates of the Dielectric Constant for the Sol-Gel 
Process by Means of Pyrene Fluorescence 

Solution Xerogel Vacuum-drying 
r 

1.2 
3.1 
6.2 

12.4 
4.7 
4.7 
4.7 
4.7 

PW 

3.2 
3.2 
3.2 
3.2 
4.3 
4.0 
3.0 
1.9 

h/h 

0.79 
0.77 
0.76 
0.74 
0.80 
0.80 
0.76 
0.77 

£ 

30 
34 
36 
43 
28 
28 
36 
34 

h/h 
0.62 
0.61 
0.60 
0.57 
0.59 
0.57 
0.58 
0.61 

£ 

65 
66 
67 
71a> 
68 
71a> 
69 
66 

h/h 
0.56 
0.55 
0.56 

(0.68) 
0.56 
0.55 
0.57 
0.62 

£ 

7 3 a ) 

75a> 
7 3 a ) 

(58) 
7 3 a ) 

75a> 
71a> 
65 

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

Fig. 1. Variation of fluorescence XmdLX for pyrene-3-
carboxaldehyde with dielectric constant of ethanol-
water mixtures. 

wavelength du r ing the desiccation, reaching the 
longest /Imax value (467 nm) after about 600 h. T h e 
dielectric constant estimated from the re la t ionship in 
Fig. 1 is also plotted in Fig. 3. T h e dielectric constant 
was 45 in the s tar t ing solut ion and became 75 in the 
xerogel (after 1000 h) under these prepara t ion condi­
t ions (see the capt ion of Fig. 2 for the prepara t ion 
conditions). 

T h e intensity rat io of the third peak (384 nm) to the 
first peak (373 nm) (/3//1) and that of the fifth peak 
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Fig. 2. Typical fluorescence spectra of pyrene-3-
carboxaldehyde during the sol-gel process: TEOS : 
H2O : ethanol=l : 6.2:3.8 (molar ratio) at pH=3.4. 

(394 nm) to the first peak (h/h) of the Py m o n o m e r 
fluorescence were obtained in various e thanol-water 
mixtures, h/h and h/h are plot ted as functions of the 
dielectric constant in Fig. 4. T h e h/h parameter is 
sensitive to the solvent polarity,13»15»18) while the h/h 
parameter is not so sensitive wi th in the range of 
dielectric constants tested. 

Figure 5 shows examples of the fluorescence spectra 
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Fig. 3. Changes in fluorescence Amax of pyrene-3-
carboxaldehyde and dielectric constant estimated 
during the sol-gel process with time. 

Fig. 4. Variation of h/h for pyrene as a function of 
dielectric constant of ethanol-water mixtures. 
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of Py as measured in the start ing solut ion and the 
xerogel. It is clear that the relative intensities of the 
vibronic bands change from the solution to the 
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Fig. 6. Changes in fluorescence Amax of pyrene-3-
carboxaldehyde during the sol-gel process with 
time in various molar ratio of water/TEOS (r) at 
ethanol/TEOS=3.8 and pH=3.2. Each gelation 
point is indicated on the abscissa. 

xerogel, ind ica t ing a change in polari ty du r ing the 
desiccation. 

Figure 6 shows the effect of the water-to-silane ratio 
(r) on the fluorescence shift of P y C H O at a constant 
p H value of 3.2. /Lax changes gradually at lower r 
values, such as 1.2 and 3.1, whereas Àmax changes 
steeply at a r o u n d 400 h at h igher r values, such as 6.2 
and 12.4. T h e dielectric constants of the solutions are 
27, 39, 42, and 45 for r=1.2 , 3.1, 6.2, and 12.4 
respectively. T h e dielectric constant does not change 
m u c h d u r i n g the polymerization or at the gelation 
poin t , which is shown on the abscissa. T h e dielectric 
constant does, however, increase with time after about 
400 h, resul t ing in values of 72, 75, 84, and 87 for r=1.2, 
3.1, 6.2, and 12.4 respectively, for xerogels (after ca. 
900 h). T h e dielectric constants for both the solutions 
and the xerogels are in order of r: water contents. 
When the xerogels were heated for 10 h under a 
vacuum (10~3 Pa) at 90 °C, however, the dielectric 
constant showed almost the same value (around 
72) (Table 1). 

Figure 7 shows the effect of the r on the h/h value of 
Py at a constant p H value of 3.2. T h e behavior of h/h 
with time in relation to Py is similar to that of Àmax in 
relation to P y C H O . T h e dielectric constants of the 
solut ions are 30, 34, 36, and 43 for r=1.2, 3.1, 6.2, and 
12.4 respectively. These values are similar to those 
obtained from the P y C H O probe. However, the 
dielectric constants of the xerogels (after ca. 900 h) are 
slightly smaller than those obtained from P y C H O : 
£=65, 66, 67, and 71 for r=1.2 , 3.1, 6.2, and 12.4 
respectively. When the xerogels were heated for 10 h 
under a vacuum at 90 °C, the dielectric constants were 
increased in this case except for r=12.4: £=73, 75, and 
73 for r=1 .2 , 3.1, and 6.2 respectively. (For r=12.4, an 
u n k n o w n reaction migh t occur. T h e spectrum after 
drying indicated a strange intensity alteration in the 
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Fig. 7. Changes in h/h for pyrene during the sol-gel 
process with time in various molar ratio of water/ 
TEOS at ethanol/TEOS=3.8 and pH=3.2. Each 
gelation point is indicated on the abscissa. 
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Fig. 9. Changes in /3//1 for pyrene during the sol-gel 
process with time in various pH at molar ratio of 
water/TEOS (r)=4.7 and ethanol/TEOS=3.8. Each 
gelation point is indicated on the abscissa. 
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Fig. 8. Changes in fluorescence Amax of pyrene-3-
carboxaldehyde during the sol-gel process with time 
in various pH at molar ratio of water/TEOS (r)=4.7 
and ethanol/TEOS=3.8. Each gelation point is 
indicated on the abscissa. 
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Fig. 10. Changes in fluorescence A max of pyrene-3-
carboxaldehyde during the sol-gel process with time 
in various molar ratio of ethanol/TEOS at water/ 
TEOS (r)=6.2 and pH=3.5. Each gelation point is 
indicated on the abscissa. 

vibrat ional structures. Therefore, the result is rather 
exceptional and is no t considered here.) T h e dielectric 
constants obtained for Py after drying are almost the 
same as those for P y C H O after drying (Table 2). 

Figure 8 shows the effect of the p H on the Àmax value 
in P y C H O at r=4.7 . A spectral shift s imilar to Fig. 6 
was observed. T h e dielectric constants in the solutions 
were 27, 27, 40, and 39 for p H = 4 . 5 , 4.0, 3.0, and 1.7 
respectively. T h e xerogels showed dielectric constants 
s imilar to those in Fig. 6: £=72, 81, 81, and 74 for 
p H = 4 . 5 , 4.0, 3.0, and 1.7. When the xerogels were 
dried as has been described previously, those values 
decreased to be the same as those a round 72 (Table 1). 

Figure 9 also shows the effect of the p H on the h/h 
ratio in Py at r=4.7 . T h e dielectric constants in the 
solutions are 28, 28, 36, and 34 for p H = 4 . 3 , 4.0, 3.0, 
and 1.9, very close to those obtained for P y C H O . T h e 
dielectric constants of the xerogels are also slightly 

smaller for Py than for P y C H O : £=68, 71, 69, and 66 
for p H = 4 . 3 , 4.0, 3.0, and 1.9. After drying in a 
vacuum, those for Py increased to values a round 72 
similar to those for P y C H O after drying (Table 2). 

Figure 10 shows the effect of the e thanol- to-TEOS 
ratio on the Amax value of P y C H O at a constant r value 
of 6.2 and at p H 3.5. It is clearly seen that the 
transi t ion t ime in the dielectric constant increases with 
an increase in the e thanol content , indicat ing that the 
evaporat ion of e thanol determines the transition in the 
dielectric constant. 

Discussion 

T h e results of the fluorescence probes of Py and 
P y C H O have shown that these probes well reveal the 
changes in the environment t r app ing of the molecules. 
We will consider three issues—the factors affecting the 
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polarity of the solutions, the reason for the spectral 
changes, and the local structure of the trapping sites of 
the probe molecules. 

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

The effect of the pH brings about the difference in 
the dielectric constant at a constant water content: the 
dielectric constant increases as the pH decreases. From 
the above discussion, it appears that the decrease in 
water content is larger at higher pH values. However, 
these results are in conflict with those of the previous 
report:10) that is, there is a slower decrease in the water 
content at higher pH values. This discrepancy can 
probably be explained by the reasonable assumption 
that the probe molecules are not homogeneously 
distributed in the solutions, but are on a time-average 
located near the surface of the aggregate or entangled 
in the aggregate of the silica polymers.22_24) Since 
hydrolysis slows down as the pH increases,23»25) the 
nature of the aggregate becomes rather hydrophobic at 
higher pH values because of an abundance of residual 
=Si-OC2Hö, while it becomes rather hydrophilic at 
lower pH values because of an abundance of =Si-OH. 
Actually, it has been reported that a high concentra­
tion of =Si-OC2H5 groups remains unreacted,26»27) 

comparable to that of =Si-OH in some cases.28) 

Therefore, the access of the water molecules to the 
probe molecules surrounded by the aggregate is easier 
for the lower pH values than for the higher pH values. 
As a consequence, the local polarity around the probe 
molecules differs from the overall polarity of the 
solutions. 

2. Mechanism of the Spectral Changes. The 
fluorescence shift of PyCHO and the change in the 
h/h ratio of Py can be well explained by the increase 
in the polarity of the silica matrix, because those 
changes occur simultaneously in Py and PyCHO 
under the same preparation conditions and because 
the two estimated dielectric constants are very similar. 
Thus, the possibility of a specific interaction between 
the probe molecules and the silica surface can be 
discarded. Why, then, does the polarity change? This 
problem is elucidated by the evaporation of the 
ethanol molecules.7) Figure 10 provides proof. The 
transition time in the dielectric constant depends on 
the ethanol content. The evaporation of the less polar 
ethanol molecules effectively increases- the polarity of 
the silica cage. 

The change in water content does not much 
influence the transition time (Figs. 6 and 7); however, 

the effect of the pH on the transition time (Figs. 8 and 
9) is significant under the present preparation condi­
tions. In the sol-gel reaction, water is consumed and 
ethanol is released by: 

H20 + Si(OC2H5)4 • =Si-OH + C2H5OH, 

while water is released by: 

2 = Si-OH • =Si-0-Si= + H20. 

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

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

3. Structure of the Silica-Cage Trapping of Mole­
cules. In the starting solutions, the dielectric con­
stants in PyCHO are almost the same as those in Py. 
This finding indicates that PyCHO and Py are located 
on a time-average around the same environment of the 
solutions. Previous investigations in micellar systems 
have suggested that PyCHO resides near the outer 
surface of the hydrophilic shell and that Py resides 
near the inner surface of the hydrophilic shell.29»21) As 
has been discussed above, the aggregate of the silica 
polymers has a rather hydrophobic portion because of 
residual =Si-OC2Hs groups as well as a rather 
hydrophilic portion because of =Si-OH. However, the 
aggregate of the silica polymers in the solutions does 
not have such a micellar structure with a hydrophobic 
core and a hydrophilic shell so as to enable us to 
differentiate the location of Py from that of PyCHO. 

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

The above results can be explained as follows. By 
analogy with the results of previous investigations,22»30) 

it may be considered that Py and PyCHO molecules 
become entangled and finally trapped within growing 
clusters as the cluster-cluster aggregation reaction 
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proceeds. T h e silica-gel network also encapsulates 
e thanol and water molecules. Dur ing the desiccation, 
however, these solvents evaporate. However, this 
evaporat ion does not occur homogeneously. P y C H O 
is rather more hydroph i l i c than Py because of a 
hydrophi l ic group.1 9 ) Therefore, the residual solvents 
a round P y C H O become rather rich in water molecules 
or, in other words, P y C H O itself adsorbes water 
molecules, whi le those a round Py become rather rich 
in e thanol molecules. Consequently, the dielectric 
constants of the xerogels are larger for P y C H O than 
for Py, and the variat ion in the dielectric constant wi th 
r is larger for P y C H O than for Py. 

After drying in a vacuum, the relatively polar 
solvents a round P y C H O (mainly water) evaporate, 
reducing the polari ty of the silica cage, while the 
relatively less polar solvents a round Py (mainly 
ethanol) evaporate, increasing the polari ty of the silica 
cage. T h e intr insic polar i ty of the silica cage appears 
after these solvents have been desorbed. 

It is impor t an t that the intrinsic dielectric constant 
(£=72) is not dependent on r at p H = 3 . 2 . T h i s is 
probably because the ambien t moisture promotes the 
sol-gel reaction even if the r value is less than the 
stoichiometry of hydrolysis, and probably also because 
the excess water molecules are not directly involved in 
the sol-gel reaction; the excess water molecules exist as 
adsorbed water, no t as silanol g roups r emain ing 
after drying in a vacuum and increasing the polarity of 
the silica cage. 

T h e value of £=72 is ra ther larger than expected.4»31) 

T h e value of Kozower's Z, as estimated from the 
re la t ionship previously reported,19) is 92, also larger 
than the value of 88 obtained for the conventional 
silica gel.31) T h e relatively polar property of the silica 
cage prepared by the sol-gel process is ascribed to 
an abundance of si lanol groups. Generally, a conven­
t ional silica gel is treated at a considerably higher 
temperature, causing dehydroxylation. Therefore, the 
convent ional silica gel is less polar than the silica gel 
prepared by the sol-gel process. 

We wish to express our thanks to Messrs. Hideo 
Fujita and Akira Sekino for their experimental he lp in 
the early stage of this work. 
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Adsorption of Cholesterol at Hexane/Water Interface 
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The interfacial tension between hexane solution of cholesterol and water was measured as a function of 
temperature and the mole fraction of cholesterol in hexane under atmospheric pressure. The interfacial tension 
vs. mole fraction of cholesterol curve was observed to have two break points at a certain temperature; the 
concentration of the break point increases with increasing temperature. The experimental results were analyzed 
by applying the rigorous thermodynamics of adsorption at interfaces developed previously. The excess number 
of moles of cholesterol and the thermodynamic quantity changes associated with its adsorption were found to 
show the discontinuous changes at the break points. It was concluded that the first-order phase transition takes 
place from the gaseous to the expanded state and from the expanded to the condensed one in the adsorbed film of 
cholesterol at the hexane/water interface. 

Recently in our laboratory, the adsorbed films of 
long-chain a l ipha t ic a lcohol at o i l /water interfaces 
have been proved to exhibit the frist-order phase 
transi t ion from an expanded to a condensed state.1-3 ) It 
is now interest ing to see whether the phase transi t ion 
takes place in the adsorbed film of surface-active 
substance hav ing a r igid structure. Cholesterol is 
biologically impor t an t and its monolayers have been 
studied in some detail.4 '5) Fur thermore the adsorbed 
film of cholesterol was found to display two types of 
phase transi t ions at the benzene/water interface.6* 
Therefore, we are interested in examin ing the effect of 
the rigidity of cholesterol on the states of its adsorbed 
film at the o i l /wa te r interfaces and on the thermo­
dynamic quant i t ies of interface formation. In the 
present study, the adsorpt ion of cholesterol at the 
hexane/water interface will be considered by measuring 
the interfacial tension as function of temperature and 
the mole fraction of cholesterol in the hexane phase. 
T h e results will be analyzed by use of the thermo­
dynamics of interfaces.7 '0 Further, the thermo­
dynamic quant i ty changes associated wi th the adsorp­
t ion of cholesterol at the hexane/water interface 
evaluated will be compared with those of cholesterol at 
the benzene/water interface and those of 1-octadecanol 
at the hexane/water interface. 

Experimental 

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

The interfacial tension was measured by the pendant drop 
technique method within a precision of 0.05 raN m_1. 
Further description of the apparatus and method was given 

previously.9'10) 

0.05 K. 
Temperature was held constant within 

Results and Discussion 

Figure 1 shows the dependence of the interfacial 
tension y between hexane solut ion of cholesterol and 
water on temperature T at various mole frations x\ 
under a tmospher ic pressure. From this figure, we can 
see that there are five types of the curves. First the y 
value at a very low concentrat ion decreases gradually 
wi th increasing T in a s imilar manner to that of the 
pure hexane /wa te r interface. Second, at a relatively 
low concentrarat ion, the y vs. T curve has one break 
point . T h e third type of the y vs. T curve is 
characterized by two break points ; the three regions 
have different slopes. At a relatively h igh concentra-

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

T I K 

Fig. 1. Interfacial tension vs. temperature curves at 
constant mole fraction under atmospheric pressure. 
(1): 104%i=0, (2): 0.17, (3): 0.29, (4): 0.45, (5): 0.53, (6): 
0.66, (7): 0.70, (8): 0.77, (9): 0.91, (10): 1.03, (11): 1.25, 
(12): 1.34, (13): 1.54, (14): 1.75, (15): 2.02, (16): 2.15, 
(17): 3.02, (18): 3.90. . 
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Fig. 2. Interfacial tension vs. mole fraction curves at 
constant temperature under atmospheric pressure. 
(O): 288.15 K, (A): 293.15 K, (D): 298.15 K, (• ) : 
303.15 K, (A): 308.15 K. 

t ion, one of the break po in t s on the curve disappears; 
this curve is classified as the forth type. Finally, at a 
h igh concentrat ion, the y value increases linearly wi th 
increasing T. T h i s behavior is slightly different from 
that of cholesterol at the benzene/water interface at the 
po in t that the break po in t s of the latter are vague.6) 

Shown in Fig. 2 are the y vs. xi curves at several 
temperatures under a tmospher ic pressure depicted by 
p ick ing u p the values of y from Fig. 1; 7 vs. xi curve 
definitely has two break points corresponding to the 
ones on the 7 vs. T curves observed in Fig. 1. In a 
concentrat ion range beyond the concentrat ion of the 
second break point , the 7 value decreases rapidly with 
increasing x\. 

It is reasonably assumed for the system that the 
m u t u a l solubili ty of hexane and water is negligible, 
cholesterol is insoluble in water, and the hexane 
solut ion of cholesterol behaves ideally. According to 
the r igorous thermodynamics of adsorpt ion at inter­
faces,7 »8) the interfacial excess number of moles of 
cholesterol can be calculated by apply ing 

r » = - (xi/RT)(dr/dxi)T,t (1) 

to the 7 vs. xi curve at constant T and p given in Fig. 2. 
T h e rf vs. xi curves obta ined at various temperatures 
under a tmospher ic pressure are shown in Fig. 3. T h e 
value of JT? is seen to increase steeply wi th increasing 
xi even at a low concentra t ion of the order of 10 - 5 in xi 
and changes d iscont inuously at the concentrat ions 
corresponding the break points . At a concentrat ion 
above the second break point , the value of JH? is found 
to be little affected by the concentrat ion. T h e 
discont inuous changes clearly indicate that two kinds 
of phase t ransi t ions take place in the adsorbed film. 

104«i 

Fig. 3. Interfacial excess number of moles vs. mole 
fraction curves at constant temperature under 
atmospheric pressure. (1): 288.15 K, (2): 293.15 K, 
(3): 298.15 K, (4): 303.15 K, (5): 308.15 K. 

Fur thermore , the JH? value and its difference at the 
phase t ransi t ion po in t are found to decrease gradually 
as the temperature increases. 

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

and 

A = \/r?NA 

(2) 

(3) 

where 7 0 is the interfacial tension of pure h e x a n e / 
water interface and A/A the Avogadro's number . By use 
of the 7 vs. xi curves in Fig. 2 and the values of rf in 
Fig. 3, the n vs. A curves were obtained at various 
temperatures under a tmospheric pressure; they are 
depicted together wi th those of cholesterol at the 
benzene/water interface® and of 1-octadecanol at the 
hexane /wa te r interface1* at 298.15 K in Fig. 4. All the 
curves are seen to show two discrete changes in A at the 
transi t ion pressures. O n the other hand, it has been 
known that the insoluble monolayer of cholesterol at 
the a i r /water interface forms a condensed film wi th the 
area per molecule of about 0.4 nm 2 , in which 
cholesterol molecules are packed closely and oriented 
vertically.4 '5) Compar ing these results, we can 
conclude that the two break poin ts on the 7 vs. x\ 
curve exhibi t the first-order phase transit ions from the 
gaseous to the expanded film and from the expanded 
to the condensed one. Fur ther we find from Fig. 4 that 
the area of cholesterol molecule in the condensed state 
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Fig. 4. Interfacial pressure vs. area curves at con­
stant temperature under atmospheric pressure. (1): 
288.15 K, (2): 293.15 K, (3): 298.15 K, (4): 303.15 K, (5): 
308.15 K, (6): cholesterol at benzene/water interface, 
298.15 K, (7): 1-octadecanol at hexane/water inter­
face, 298.15 K. 

is about twice that of 1-octadecanol molecule. T h i s 
f inding is explicable by the large size and rigid 
structure of cholesterol molecule. Moreover the area of 
cholesterol at the benzene/water interface is observed 
to be more expanded when compared wi th that of 
cholesterol at the hexane /water interface. 

In order to clarify the adsorpt ion behavior of 
cholesterol at the interface in further detail, it is 
advantageous to evaluate and examine the thermo­
dynamic quant i t ies of interface formation. At first, the 
entropy change associated wi th the adsorpt ion of 
cholesterol As can be evaluated by 

As = - (dy/dT)p,Xl. (4) 

Figure 5 demonstrates the As vs. x\ curves at various 
temperatures under a tmospher ic pressure obtained by 
app ly ing Eq. 4 to the y vs. T curves in Fig. 1. T h e As 
value seems to be independent of temperature whereas 
the concentrat ion of the phase t ransi t ion depends 
appreciably on temperature . Inspect ing the variat ion 
in As wi th xi, we notice that the As values of the 
gaseous and expanded films decrease gradually wi th 
increasing xi, whi le the one of the condensed film does 
not change appreciably wi th xi. C o m p a r i n g Fig. 5 
wi th Fig. 3, we can conclude that the value of As is 
correlated to that of JT? and the adsorption of cholesterol 
makes a negative cont r ibut ion to As. O n the other 
hand , as seen in Fig. 5, the value of As at the 
benzene/water interface decreases even in the case of 
the condensed film. T h i s fact indicates that choles­
terol forms a loose film at the benzen/water interface. 
Now the compar i son of the entropy change of 
cholesterol wi th the corresponding one of 1-octa­
decanol seems to be useful. T h e As vs. xi plots of 1-
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Fig. 5. Entropy change vs. mole fraction curves of 
cholesterol at constant temperature under atmos­
pheric pressure. (1): 288.15 K, (2): 293.15 K, (3): 
298.15 K, (4): 303.15 K, (5): 308.15 K, (6): cholesterol 
at benzene/water interface at 298.15 K, (7): 1-
octadecanol at hexane/water interface at 298.15 K. 

octadecanol at 298.15 K under a tmospheric pressure is 
also shown in Fig. 5. It is apparen t that the phase 
t ransi t ion of 1-octadecanol from the expanded to the 
condensed state is attended by a large decrease in 
entropy whi le that of cholesterol is done by a small 
decrease. Accordingly, in the state of the condensed 
film, the absolute value of As of cholesterol is 
considerably small compared with that of 1-octa­
decanol. Such a behavior is a t t r ibutable to the r igid 
structure of cholesterol; that is, the conformation of 
cholesterol is not so much changed when the molecule 
is transferred from the hexane solut ion to the adsorbed 
film. 

Let us n o w verify thermodynamical ly that the break 
po in t on the y vs. T curve represents the occurence of 
the phase transi t ion. T h e two states, say a and ß, of 
the adsorbed film are described, respectively, by 

and 

dy = - AsadT + Avdp - r?'a(dm/dxi)dxi (5) 

dy = - AsMT + Av»dp - r?'ß(dni/dxi)dxi. (6) 

Since the two phases are in equi l ibr ium, e l iminat ion 
of the variable x\ between Eqs. 5 and 6 at constant 
pressure and rearrangement of the result ing equat ion 
yield the following equat ion; 

(dy^/dT)p = - (As»/r?'ß - As«/r?'a) / 
(i/r?ß - \/r^'a) (7) 

where yec* is the equi l ib r ium interfacial tension. T h e 
left side of Eq. 7 is estimated from the slope of the 
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Table 1. Comparison between Left and Right Sides 
of Eq. 7 at 298.15 K under Atmospheric Pressure 

Gaseous/Expanded 

Eq. 7/mJ K"i m"2 

Expanded/Condensed 

Eq. 7/mJ K"1 m~2 

Is. 
-0.13 

rs. 
-0.10 

Is. 
-0.16 

rs. 
-0.31 

dotted curve depicted in Fig. 1 and the r ight side is 
calculated by use of the quant i t ies shown in Figs. 3 
and 5, so that we can check whether Eq. 7 holds for the 
present system. T h e values of the left and r ight sides of 
Eq. 7 were evaluated for the phase transit ions and 
compared wi th each other in Tab le 1. T a k i n g account 
of errors in calculat ions, the agreement between both 
sides of the equa t ion is not unsatisfactory. Con­
sequently, we can say that the adsorbed film of 
cholesterol exhibits the first-order phase transi t ion 
from a gaseous to an expanded film and that from an 
expanded to a condensed film. 

Finally, the energy change associated wi th the 
adsorpt ion Au can be calculated by m a k i n g use of the 
relation 

Aw = 7 + TAs — pAv. (8) 

T h e numerica l values of the first and second terms on 
the r ight side are obta ined from Figs. 2 and 5, 
respectively. T h e third term was proved to be 
negligibly small compared with the other terms under 
a tmospher ic pressure.1* T h e Au value evaluated is 
plot ted against xi at 298.15 K under a tmospheric 
pressure in Fig. 6. In the gaseous and expanded states, 
the value of Au decrease gradual ly wi th an increase in 
concentrat ion, whi le in the condensed state it is almost 
independent of the concentration. T a k i n g into 
account that the JH" value is nearly constant in the 
condensed state, this f inding suggests that the adsorp­
tion of cholesterol at the interface makes a negative 
cont r ibut ion to the energy change. Consequently, we 
can say that the adsorpt ion of cholesterol diminishes 

-100 h 

0 1 2 3 

104x, 

Fig. 6. Energy change vs. mole fraction curve at 
298.15 K under atmospheric pressure. 

the energy of the hexane/water interface and overcomes 
the disadvantage caused by the decrease in entropy. 
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Molecular Rotational Potentials in Solid Halogenated Benzenes: 
COOO, S3?m-C6Cl3F3, and CÔFÔ 
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(Received July 8, 1989) 

In a previous paper which examined the molecular rotation in sym-CeChFz crystal by the 35C1 NQR an 
unrealistically long activation parameter, To, for the molecular rotation was obtained by assuming the three-fold 
molecular uniaxial reorientation. In order to examine the reason for such unacceptable result the relaxation 
time (Ti) data were reanalyzed with the help of the computer experiment which calculates the rotational 
potential function for each molecule in the crystal lattice. The computation was carried out using the 6-
exponential type interatomic pair potential functions. It was found that the potential for the plane molecular 
rotation in the hexagonal unit cell is non-sinusoidal and has, in addition to the most stable orientation, an extra 
minimum where the molecules can stay for a finite time at moderately high temperatures. The rotational 
potential thus obtained was used successfully to reanalyze our previous T\ data for this material. 35C1 NQR 7Ys 
were measured for CÔCU crystal and analyzed using anisotropic rotational potentials. The analysis predicted 
possible disordered structure of this material. In the case of C&F& it was confirmed that the in-plane rotation of 
two crystallographically inequivalent molecules can be excited with different activation energies from each 
other, being consistent with the previous fluorine NMR work. 

Organic molecules crystallize usually into an aniso­
tropic un i t cell and, since the shapes of molecules 
themselves are usually anisotropic, they execute in 
general a complex mot ion . T h e procedure to deduce 
informat ion about the dynamical characteristics of the 
crystals from N M R , N Q R , or other spectral data is 
thus very complicated, and we are often led to wrong 
ass ignment of the molecular mot ion as has been 
poin ted ou t for molecular rotat ion or reorientat ion of 
£-butyl groups1* and te t ramethylammonium ions.2) 

Previously we measured the 35C1 spin-lattice relaxa­
tion time in sym-GsClzFz and observed a sharp decrease 
in the T\ which is due obviously to an excitation of a 
large ampl i tude mot ion of the molecules.3) As this 
substance crystallizes in to a hexagonal P6z/m struc­
ture in which the C3 axes of nearly p lanar molecules 
are al igned parallel to the crystalline c axis4) and our 
19F high-resolut ion N M R spectra indicated that a 
mot iona l averaging of the shielding tensor compo­
nents in the molecular p lane occurs,5* we assigned that 
35C1 relaxat ion and 19F line na r rowing are due to 
molecular three-fold reorientat ion. However, the 
quant i ta t ive analyses of the relaxation data with the 
three-fold reorientat ion led to an activation energy of 
18.2 k j m o l - 1 and the corresponding preexponential 
factor, To=3.42X10 -7 s, the latter being unbelievably 
long.3 ) Therefore, we have tried to reexamine the 
relaxation data wi th the aid of computer calculation of 
the rotat ional potent ials for the molecules. T h e 
analyses of the re laxat ion data 'combined ' wi th the 
computer works are also carried ou t on crystalline 
CßClß and CeFß. T h i s paper presents new results of 
reanalysis of exper imental data. 

Experimental and Computational Procedures 

The measurements of the spin-lattice relaxation times 
were conducted for the three 35C1 NQR lines in solid CQCXQ 

using MATEC pulsed NQR apparatus between 77 and 250 K 
by the 9 0 ° - T - 9 0 ° and the saturation-T-90° methods. The 
experimental uncertainty was estimated to be within ±10% 
throughout the measurement. The specimen was of 
commercial source and purified by recrystallization twice 
from benzene solution, then followed by vacuum sublima­
tion. 

5ym-C6Cl3F3 (Alfa Products) was purified by vacuum 
sublimation and sealed in an ampule with He gas (ca. 
2000 Pa) for the heat exchange. The spin-lattice relaxation 
time of the 19F in 5ym-C6Cl3F3 was carried out using a home-
built pulsed NMR equipment at 10 MHz between 228 and 
334 K with the experimental accuracy of ±30%. 

The computational works were done with the Buckingham 
6-exp interatomic pair potential functions; the parameters 
presented originally by Williams6) and evaluated by Gavezzotti 
and Simonetta7) were used. The computation was simply to 
take the lattice sum for individual atom pairs within the cut 
off distance of 1.2—1.4nm using a FORTRAN program 
which is a modification of PACK2 coded by Williams8) so as 
to compute the molecular rotational potentials. The static 
lattice energy and the rotational potential about the 
molecular C3 axis were calculated for Côdô, sym-CsChYs, 
and CeFe using the crystal structural data.4'9'10) The error 
introduced by cutting off the lattice sum was estimated to be 
less than 0.7%. 

Results and Discussion 

Tab le 1 summarizes the activation parameters 
obtained from the present and the former3) N Q R and 
N M R exper iments , and the computed results of static 
lattice energies and rotat ional potential barriers for the 
three compounds together wi th the reported heats of 
sub l imat ion for CßClß and CßFß. T h e values of the 
activation parameters for CßFß were taken from a 
previous work . n ) 

T h e static lattice energy of CßClß is slightly larger 
than the exper imental heat of subl imat ion bu t the 
difference is considered to be insignificant. In the case 
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Table 1. The Calculated Lattice Energy £L, Rotational Potential Barrier Vo, and the Experimental 
Results of Heat of Sublimation AHS, and Activation Parameters in Halobenzenes 

Substance 

Côdô 

sym-CeClaFa (LTP) 

(HTP) 
CÔHÔ 

Space group 

P2i/n 

P63/m 

P2i/n 

EL 

kj mol"1 

89.3 

71.6 

54.8 

AHS 

kj mol"1 

91.79a) 

46.62b) 

Vo 

kj mol"1 

63.0 

42.0 

27.6 (c) 
15.3 (e) 

£a 

kj mol"1 

61.9±0.9 (PI) 
59.8±1.7 (V2) 
64.1±2.4(i/3) 
18.2±0.5C> 
19.7±0.8 
35 ±3 
31.2d> 
12.6d> 

To 

S 

3.7 X10-16 

1.1 X10-15 

1.4 X10-17 

3.42X10-7C) 

4.97X10-11 

2.3 X10~15d) 

1.1 X10-13d) 

a) G. W. Seas and E. R. Hopke, /. Am. Chem. Soc, 71, 1632 (1949). b) J. F. Messerly and H. L. Finke, /. Chem. 
Thermodyn., 2, 867 (1970). c) Ref. 3. d) Ref. 11. 

10 
10T7K"1 

Fig. 1. 35C1 spin-lattice relaxation times for three 
NQR lines; O: vh Q v2, A: i>3 of C6C16. 

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

CôCle. CßClß crystal contains four crystallographi-
cally equivalent molecules in a monoclinic unit cell.9) 

Each molecule has three inequivalent chlorines and 
the corresponding 35C1 NQR frequencies were ^=38.390, 
^2=38.465, and ^=38.504 MHz at liquid nitrogen 
temperature. The spin-lattice relaxation times, T\, for 
these three chlorines are shown in Fig. 1. The plot of 
Ti vs. T2 gave straight lines for each transition below 
about 200 K, indicating that the quadrupolar relaxa­
tion is governed by the lattice vibrations at low 
temperatures. The drastic shortening of the T\ above 
200 K is obviously brought about by some molecular 

1Ô0 2AQ~ 
0/degrees 

300 360 

Fig. 2. Potential energy for the molecular rotation 
about the molecular 6-fold axis in COOO crystal. 

reorientation. In the course of the present work we 
found that an NQR experiment on CßClß above 77 K 
was done by Danilov and Izmest'ev.12) Our experi­
mental 7Ys for each of the three inequivalent 
chlorines agree well with their result. Our average 
activation energy, 61.6 kj mol - 1 , is slightly higher 
than theirs, 59.0 kj mol - 1 . However, the preexponen-
tial factors, To, in our measurements (Table 1) are 
significantly short compared with their values, 5X10-13— 
1.3X10_14s due probably to the difference in the 
evaluation of the contribution of the lattice vibrations 
to the relaxation rate below about 200 K. 

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

The rotational potential satisfies the six-fold sym­
metry but the individual potential wells are asymmetric 
because the molecular site symmetry is low in the 
crystalline unit cell. The potential barrier to the 
molecular 6-fold reorientation, 63 kj mol_1,13) agrees 
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Fig. 3. Rotational potential energies about the 6-
fold axis and three two-fold axes in CÔCU crystal; 
the notation is referred to in Ref. 9. 

excellently, when the zero-point vibrational effect is 
taken in to account, wi th the average value of the 
exper imental act ivat ion energies, indicat ing that the 
6-fold reorientat ion is responsible for the 35C1 relaxa­
tion. 

Reynolds pointed out the existence of some orien-
tational disorder or defects in C O O O crystal at room 
temperature.14) In order to examine the possibility of 
such disorder we a t tempted again the computa t ion of 
the rotat ional potent ia l function by rotat ing the 
molecules about other molecular axes: T h e results are 
shown in Fig. 3. We see in this figure a metastable 
orientat ion which can be reached by rotat ing the 
molecule about the axis th rough O n and Clis (the 
nota t ion in Ref. 9) by 45° and has the potent ia l energy 
of 8.4 k j m o l - 1 measured from the equi l ib r ium orienta­
tion. T h i s metastable state is located close to the 
posi t ion of misor ienta t ion indicated by Reynolds and 
so our model calculat ion supports his assertion. He 
estimated the misorientat ion energy to be 2—3 k j m o l - 1 

so that 3 to 4 percent of molecules can be at the 
disordered or ientat ion at room temperature; such a 
disorder can induce the disturbance of the electric field 
gradient at nearby sites of chlorines, causing the 
b roaden ing and fade-out of the 3 5 C1NQR signals 
which has been recognized above room temperature.1 5 ) 

Molecular j u m p s between these two orientations 
may cause the q u a d r u p o l e relaxation as in the case of 
5yra-C6Ci3F3 (see in Section C below). However, we 
could not d is t inguish this relaxation process from the 
6-fold reorientat ion due probably to relatively small 
difference in the potent ial barriers for the two-site 
j u m p (estimated as 46.2 k j mol - 1 ) and for the 6-fold 
reorientat ion. A 35C1 relaxation exper iment wi th 
greater precision will discern such different relaxation 

-604-

1 1 
180 240 

9 /degrees 

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

processes. 
CÔFÔ. T w o different rotat ional potential functions 

were obta ined for CßFß crystal corresponding to the 
two crystallographically inequivalent molecular sites 
(e- and c-sites)10) as shown in Fig. 4. T h e shapes of 
these two potent ia l functions are slightly asymmetric 
because we rotated slightly asymmetric molecules as 
r igid bodies. T h e heights of the rotat ional barriers, 
15.3 (for the e-site) and 27.6 k j m o l - 1 (c-site), can be 
compared wi th the experimental activation energies, 
12.6 and 31.2 k j m o l - 1 , which were assigned to the 6-
fold reorientations for the e- and the c-site molecules, 
respectively.11* 

sym-CeCXsYs. T h e relaxation of the 19F in sym-
C6CI3F3 above its phase transit ion point , 296 K, was 
represented by a single relaxation process u p to the 
mel t ing po in t (335.0 K); the T\ assumes the value, 
(4.0+0.7) s, at 296 K and decreases monotonously on 
heat ing, g iv ing rise to an activation energy of 
(35±4) k j m o l - 1 . T h i s activation energy above the 
phase t ransi t ion po in t is about twice as large as that 
deduced previously from the T\ of 35C1 in the low 
temperature phase.3) Th i s fact suggests that different 
molecular mot ional modes are responsible for the 
re laxat ion in the low and h i g h temperature phases of 
this compound . 

Figure 5 shows the rotat ional potential functions for 
a rigid molecule located in the un i t cell of the low 
temperature form at room temperature and at 4.2 K, 
respectively. It can be seen that the contraction of the 
un i t cell by only about 0.01 and 0.023 n m a long the 
crystal lographic a- and c-axes, respectively, leads to 
the stabilization of the equ i l ib r ium structure and 
a significant increase in the rota t ional barrier. T h e 
potent ia l function possesses, between the equ i l ib r ium 
molecular orientat ions (S of Fig. 5) at the rotat ional 
angles 0=0 and 120°, two extra min ima at 60° (Mu) 
and 95° ( M L ) , the heights of which measured from the 
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P = (3cos20aa' - l)/2, Q = 3sin20aa'/2, (2) 

120 240 
9/degrees 

360 

Fig. 5. Potential energy for the molecular rotation 
about the molecular figure axis in 5yra-C6Cl3F3 
crystal. Solid line: at room temperature; broken 
line: at 4.2 K. 

arid Waa' is the transi t ion probabil i ty from the site a' to 
the a, and the following relat ion between waa' and nv« 
holds: 

wa>aexp(AE/RT). (3) 

T h e general solut ion of the rate equat ion wi th an 
init ial condi t ion that Pa(0)=0, i.e. just after the 90° 
pulse, is given by 

[Pa(t) - <Pa>]/<Pa> = Aiexp(-t/T\) + A2exp(-t/T\l), 

(4) 

where 

(1/7V1) = (1/2)[(IIV« + lVaa>)(P + Q) 

± {(Wa>a)2(P + Q)2 + 4(û2 + 2PQ)wa>awaa>}v*], (5) 

equi l ib r ium orientat ion are 19.8 and 14.3 k j m o l - 1 , 
respectively, at room temperature. T h e heights of the 
potent ia l barriers for reaching the metastable orienta­
tions M L and Mu a m o u n t to 17.4 and 33.9 k j mol" 1 , 
respectively, and that for the 3-fold reorientat ion is 
42.0 k j mol" 1 . 

T h e value of the potent ia l barrier for the 3-fold 
reorientat ion, 42 k j m o l - 1 is higher than the activation 
energy, 35 k j m o l - 1 , obtained from 19F N M R in the 
h igh temperature phase; however, taking account of 
the thermal expans ion and possible structural change 
due to the phase t ransi t ion, one can expect that the 
potent ial barrier is reduced to some extent at h igh 
temperatures. Therefore, the above value of the 
activation energy can be reasonably assigned to the 
molecular 3-fold reorientat ion which is excited only in 
the h igh temperature phase. 

T h e potent ia l energy needed to excite the molecule 
to the metastable or ienta t ion M L , 17.4 k j m o l - 1 , can be 
compared with the value of the experimental activa­
tion energy, 18.2 k j m o l - 1 , evaluated previously from 
the analysis of the T\ of 35C1 and at t r ibuted then to the 
3-fold reorientat ion. It is now obvious that the misled 
ass ignment of the exper imenta l activation energy led 
to an unreasonable value of the preexponent ia l factor 
To as we poin ted ou t above. Here we will reanalyze the 
chlorine T\ data on the basis of the molecular j u m p 
mechanism between the equi l ibr ium and the lower 
metastable orientat ions M L by app ly ing the strong 
collision theory for the quadrupo le relaxation. 16'17) 

When a molecule j u m p s stochastically between two 
sites, the stable a and a metastable a', separated by an 
angle daa' wi th a potent ia l energy difference A£, the 
rate equa t ion for the polar izat ion Pa at the a site is 
represented by 

Ai = (1/T? " rva>aQ)/(\/T\ - 1/7?), (6) 

d(Pa(t) - <Pa>)/dt 

where 

^a,P(waa,P«' 

^w^QtP« 

~ W*>aPa) 

<Pa», (1) 

where the p lus sign is taken for T\ and the m i n u s sign 
for T" , and 

A2 = (1/7Ï " uVaû)/( l /7T - \/T\). (7) 

Calcula t ion of the A\ and A2 wi th daa'
=25° and 

A£=14.3 k j m o l " 1 gives Ai***0. Hence the relaxation 
process can be described by a single relaxation t ime 
T" . By insert ion of the exper imental T\ of 35C1 in to 
the above equat ions , the transi t ion probabilit ies, waa> 
and wa>a can be obtained and, defining the correlation 
t ime Tc by zc=l/wa'a, the value of the rc at each 
tempera ture is derived as is shown in Fig. 6. T h e 
fitting of the rc 's to the Arrhenius activation process, 
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Fig. 6. The correlation time for the two-site jump 
process in 5yra-C6Cl3F3 crystal. 
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Tc = r0exp(Ea/RT), (8) 

leads to a new set of activation parameters, £ a=19.7 k j 
m o l - 1 and T O = 4 . 9 7 X 1 0 - 1 1 S, for the molecular j u m p 
between the S and M L orientations. 

T h i s value of the £ a is slightly higher than the 
potential barrier, 17.4 k j m o l - 1 between the S and M L 
orientat ions, and the corresponding To seems to be still 
very long compared wi th those in CßClß and CßFß.11'1^ 
However, it is obvious that the molecular mot ion 
which governs the 35C1 quadrupo le relaxation is the 
orientat ional j u m p between the stable and a metastable 
site, t h o u g h the possibility that small fraction of the 
molecules can overcome the higher potential barrier to 
realize the 3-fold reorientat ion at moderately h igh 
temperatures can not be ruled out. 

We see in the above examples that the model 
calculation of the potential energy functions can be 
used to dis t inguish various molecular mot iona l modes 
and so it helps greatly to endorse the analyses of the 
magnet ic relaxat ion data and also perhaps of other 
spectral data in complex molecular crystals. 

Al though the above calculation of the crystal 
properties gives almost quant i ta t ive interpretat ion to 
the exper imental findings, we will need further 
refinement of the potential parameters for performing 
more reliable computa t iona l works. Very recent work 
on the lattice dynamics in sym-CôChYs states, for 
example , shows that a new set of the pai r potent ia l 
parameters is superior to the widely accepted Wil l iams 
parameters in reproducing the experimental p h o n o n 
dispersion relations.19) Molecular dynamics approach 
will also be very useful for unders tand ing of bo th the 
static and dynamic structures of these and other more 
complex molecular crystals in which large ampl i tude 
molecular mot ion and some kind of molecular 
misa l ignment are closely concerned with the crystal 
stability. 

We are grateful to Professor Hideaki Chihara for 
many helpful and s t imulat ing discussions. We are also 

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

It is well established that the solvent water structure 
may be altered by the addi t ion of solutes. Such 
characteristics have been studied by many static 
experiments in electrolyte and nonelectrolyte aqueous 
solutions.1»^ T h e appl ica t ion of ul trasonic absorption 
techniques, as one type of relaxation method, provides 
useful informat ion concerning the dynamic properties 
of the solut ions and also gives structural character­
istics of the solvents.3»4) 

T h e present au thors have reported on the kinetic 
properties in aqueous solutions of various alcohols 
studied us ing ul t rasonic methods.5 _ 7 ) T h e character­
istics of sound absorpt ion are strongly dependent 
u p o n the hydrophobic i t ies of the solute molecules. In 
aqueous solut ions of 2-butoxyethanol, 1-propanol, 
and 2-methyl-2-propanol, two relaxation processes 
have been found, whi le a single relaxat ion process has 
been found in those of 2-propanol and allyl alcohol 
wi th smaller hydrophobici t ies . One of the relaxat ion 
processes observed in the frequency range from 10 to 
120 MHz has been associated wi th an interaction 
between the solute and the solvent. In a previous 
report,8* we showed that the ethoxyl g roup in alcohols 
slightly affects the water structure as the promoter . It 
is therefore desirable to examine the effects of other 
groups which have ether oxygen in solutes. For this 
purpose we have chosen two solutes, l-methoxy-2-
propano l and 3-(3-methoxypropoxy)propanol, and 
the ul t rasonic absorpt ion coefficients have been 
measured in their aqueous solutions as functions of 
the frequency and concentrations. 

O n the other hand , excess absorpt ion in aqueous 
solut ions of alcohols has now been interpreted us ing 
f luctuation models.9 _ 1 1 ) According to the theories 
proposed so far, the absorpt ion coefficient divided by 
the square of the measured frequency should increase 
monotonous ly wi th decreasing frequency. In this 
paper , we also repor t on some results which are 

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

Experimental 

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

The sound absorption coefficient, a, in the frequency 
range between 6.5 and 220 MHz was measured by a 
computerized pulse apparatus, details of which are described 
elsewhere.12) The sound velocity was measured using an 
interferometer at 2.5 MHz. Density measurements were 
carried out using a conventional pycnometer (about 4 cm3). 
The measurement cells for all equipments were immersed in 
a water bath which was thermostated within ±0.002 °C. All 
of the measurements were carried out at 25 °C. 

Results and Discussion 

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

ti = {a/p - B)fc = Afc/[l + (f/frH (1) 
or 

a/p = A/[l +(f/fr)2] + B. (V) 

In the above, ji is the ul t rasonic excess absorpt ion 
per wavelength, / the frequency, c the sound velocity, 
A the ampl i tude of the relaxational absorption, / r the 
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relaxat ion frequency and B the background absorp­
tion. T h e ul t rasonic absorpt ion parameters, A, B, and 
fr were determined by a microcomputer connected to a 
pulse appara tus employing a non-l inear least-mean-
square method. T h e solid curves in Figs. 1 and 2 are 
those of the calculated values. It should be noticed 
that in bo th solutions, a/f2 values less than 10 MHz are 
almost frequency independent. In Tab le 1, the 
obtained ul trasonic parameters are listed as a functions 
of the analytical concentration of the solutes, a long 
wi th sound velocity and density data. T h e concentra­

tion dependences of the ul t rasonic parameters are 
qui te similar to those for other alcohol solutions so far 
reported.5 _ 9 ) T h a t is, the relaxation frequency shows a 
m i n i m u m and the ampl i tude of the relaxat ional 
absorpt ion a m a x i m u m , though their values depend 
on the structures of alcohols. Also, the sound velocity 
goes th rough a m a x i m u m at 3.75 mol d m - 3 for a 1-
methoxy-2-propanol solution and at 2.30 mol d m - 3 for 
a 3-(3-methoxypropoxy)propanol solution. These are 
characteristic of aqueous solutions of nonelectrolytes 
wi th a hydroxyl group. As has been described in detail 

50 100 

f / MHz 

500 

Fig. 1. Representative ultrasonic absorption spectra 
in aqueous solutions of l-methoxy-2-propanol at 
25 °C. The arrow shows the position of the relaxa­
tion frequency. C: 3.22 mol dm - 3 , 3 : 3.94 mol dm - 3 , 
O: 4.97 mol dm"3. 

500k 

E 
% 

500 

f / MHz 

Fig. 2. Representative ultrasonic absorption spectra 
in aqueous solution of 3-(3-methoxypropoxy)pro-
panol at 25 °C. 3 : 2.40 mol dm"3, O: 3.50 mol dm"3, 
€ : 5.00 mol dm"3. 

Table 1. Ultrasonic and Thermodynamic Parameters for Two Aqueous Soutions at 25 °C 

Conen 

mol dm - 3 

2.98 
3.22 
3.48 
3.94 
4.48 
4.97 
5.57 
6.05 
6.90 

1.80 
1.96 
2.40 
2.60 
3.00 
3.41 
3.50 
3.86 
4.00 
4.40 
5.00 

fr 

MHz 

A 

10 

l-Methoxy-2-propanol 
191±30 
134±22 
93±13 

102±26 
89±13 

103±12 
103±30 
95±15 

126±17 

21±2 
17±1 
24±2 
30±3 
58±5 
64±3 
62±8 
70±5 
58±3 

B 
-15 S2 m - l 

aqueous solution 
31±3 
46±1 
54±1 
67±3 
74±2 
91±3 

105±6 
110±3 
111±4 

3-(3-Methoxypropoxy)propanol aqueous 
132±20 
143±14 
120±9 
99±9 
96±10 
89±6 
90±3 
98±5 

106±7 
111±6 
119±10 

42±2 
57±2 

120±3 
165±7 
202±9 
291±8 
313±5 
306±6 
305±8 
276±6 
178±5 

49±3 
53±3 
83±4 
88±5 

149±12 
153±8 
160±3 
177±7 
166±8 
159±6 
151±6 

c 

m s _ 1 

1644.5 
1648.1 
1651.6 
1651.2 
1646.4 
1627.6 
1598.8 
1579.2 
1526.5 

solution 
1638.9 
1643.3 
1647.7 
1640.2 
1624.4 
1598.4 
1592.7 
1566.3 
1553.3 
1526.9 
1469.5 

P 

kg dm - 3 

0.9975 
0.9975 
0.9972 
0.9964 
0.9948 
0.9925 
0.9884 
0.9848 
0.9761 

1.0001 
1.0076 
1.0085 
1.0087 
1.0076 
1.0066 
1.0061 
1.0034 
1.0011 
0.9976 
0.9875 
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in previous reports,5»7) only a perturbation of the 
equilibrium associated with the solute solvent interac­
tion has remained as a possible cause of relaxational 
absorption, in order to interpret the concentration 
dependence of the ultrasonic parameters. It can be 
expressed by the following model: 

AB A + B, (2) 
&21 

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

27T/r=Ä2l([A] + [B]) + Äl2. (3) 

From the structures of alcohols and water, it might be 
possible to say that more complicate complexes by 
plural hydrogen-bondings between them may be 
constructed. However, the most plausible or main 
complex seems to be a 1:1 type, since the observed 
absorption can clearly be expressed by a single 
relaxational equation and the concentration depen­
dence of the relaxation frequency is not well-
interpreted by a model like AB2^-A+2B.13) Further, 
the interaction process between water-water14) has 
been estimated to be around 160 GHz, and that for 
alcohol-alcohol15) has been found to be around 8 GHz. 
Therefore, the coupling effect from the fast process to 
the observed one may arise from a reaction associated 
with an alcohol-alcohol interaction. Then, the 
reaction scheme may be expressed as 

&12 

AB ^— 

Ä21 

&23 

A ^ ^ A*, 

&32 

(4) 

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

is 

27lfr = fel([A] + [B]){1 - Ä23/(Ä23 + M ) + Ä12. (5) 

If Ä32 is much larger than A23, the effect from the faster 
process may be neglected. Even if the effect is not 
ignored, the concentration dependence of the relaxation 
frequency is the same as that of scheme (2). Therefore, 
the rate constant, fei, used in the following analysis 
might include the term, ^23/(^23+^32). The relation 

between the relaxation frequency and the analytical 
concentrations of alcohol and water is derived as 
follows,5) (on the assumption that the concentration of 
the hydrogen-bonded alcohol is small): 

27lfr = Ä2l[(Ce - ßCw + Ku)2 + é j S C w W 2 , (6) 

where Ce and Cw are the analytical concentrations of 
alcohol and water, respectively, K12 the equilibrium 
constant defined as ^12=^12/^21 and ß the fraction of 
the non-hydrogen-bonded water molecules. The three 
parameters, A21, K12, and ß, which were assumed to be 
concentration independent, were determined so as to 
obtain the best fit of the exprimental relaxation 
frequency to Eq. 6 by means of a non-linear least-
mean-square. Figure 3 shows plots of the observed 
relaxation frequencies and theoretical curves which 
were calculated continuously, using the values in Table 
2. For aqueous solutions of 1-propanol and 2-
propanol,5»6) the calculation was carried out using a 
trial-and-error method. Therefore, the recalculation 
was carried out using a similar computer program; 
almost the same values were determined (Table 2). 

The concentration dependence of a maximum 
excess absorption per wavelength, jum, should also be 
explained in order to confirm the cause of the 
relaxation phenomenon. It is given by5) 

Mm = npc2r(AV - aPAH/pCP)2/2RT, (7) 

C e / mol dm"3 

Fig. 3. Concentration dependence of the relaxation 
frequency for aqueous solutions of l-methoxy-2-
propanol and 3-(3-methoxypropoxy)propanol. The 
solid curves are the calculated ones. • : l-methoxy-2-
propanol solution, O: 3-(3-methoxpropoxy)propanol 
solution. 
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Table 2. Comparison of the Rate and Thermodynamic Constants for Aqueous 
Solutions of 1-Propanol, 2-Propanol, l-Methoxy-2-propanol, 

and 3-(3-Methoxypropoxy)propanol at 25 °C 

Solute 
&21 Ki2 

108mol-1dm3s-1 mol dm - 3 ß Reference 

1-Propanol 0.51±0.05 
2-Propanol 0.92±0.03 
l-Methoxy-2-propanol 1.9 ±0.3 
3-(3-Methoxypropoxy)propanol 1.7 ±0.1 

4.5 ±1.0 
1.5 ±0.1 
0.41±0.20 
0.79±0.13 

0.141±0.013 
0.155±0.004 
0.177±0.011 
0.133±0.005 

5 
6 

This work 
This work 

where p is the solut ion density, ÀV the standard 
volume change of the reaction, ap the thermal 
expansion coefficient, AH the standard enthalpy 
change of the react ion, Cp the specific heat at a 
constant pressure and r the concentrat ion term which 
is dependent on the react ion. It is expressed by the 
following equat ion for the reaction under considera­
tion: 

r= {1/[AB] + 1/[A] + 1/[B] - 1/([AB] + [B] + [A])}"1 

(8) 

In order to interpret quanti tat ively the concentrat ion 
dependence of jum, the specific heat and the thermal 
expansion coefficient data at each concentrat ion are 
necessary. However, such data are no t available in the 
l i terature and the former value, unfortunately, can not 
be determined in our laboratory. We reluctantly 
examine the trends of the m a x i m u m excess absorpt ion 
per wavelength quali tat ively, since the most dominan t 
term control l ing the dependence may be pc2T. In Fig. 
4, the dependences of the m a x i m u m excess absorption 
per wavelength and pc2r on the analytical concentra­
tion are shown for 3-(3-methoxypropoxy)propanol 
solution. A similar profile was also found for a 1-
methoxy-2-propanol solut ion. These trends of jim and 
pc2F were qu i te s imilar and they confirmed to us that 
the cause of the re laxat ion was associated with an 
interact ion between the alcohols and water. When the 
ul t rasonic re laxat ion was assumed to be mainly due to 
a volume relaxat ion, the standard volume change of 
the reaction was calculated to À F = 4 . 8 cm3 m o l - 1 for 
3-(3-methoxypropoxy)propanol solution. However, it 
increased monotonous ly wi th the analytical concentra­
tion. T h i s means that the cont r ibut ion from thermal 
relaxation can not be ignored. 

It may still be quest ioned whether the water 
molecules part icipate in the observed relaxation 
process. T h i s may be clarified by chang ing the water 
concentrat ion at a fixed solute concentrat ion. In the 
MHz frequency range, there is no relaxat ional 
absorpt ion in me thano l and DMSO. Also, their 
mixtures wi th water indicate no relaxat ional absorp­
tion u p to 220 MHz.1 6 _ 1 8 ) These solvents may therefore 
be suitable for the above experiments. Figure 5 shows 
the absorpt ion spectra in a methano l and a m e t h a n o l -
water mixed 3-(3-methoxypropoxy)propanol at 3.50 

E 

o 
E 

-Jin \ 

Ce / mol dm"3 

Fig. 4. The plots of the experimental iim (0) a n d the 
calculated pc2T (solid line) as a function of the 
analytical concentration for 3-(3-methoxpropoxy)-
propanol solution at 25 °C. 

5 0 0 

lOOh 

500 

f / MHz 

Fig. 5. Ultrasonic absorption spectra for the meth­
anol solution (• ) and for the solution with 25 vol% 
methanol as solvent (O) of 3-(3-methoxypropoxy)-
propanol at 3.50 mol dm - 3 . 

mol d m - 3 . In the methano l solut ion of 3-(3-meth-
oxypropoxy)propanol , no relaxational absorption was 
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Fig. 6. The methanol concentration dependence of 
the relaxation frequency for 3-(3-methoxypropoxy)-
propanol solution at 3.50 ml dm - 3 . The concentra­
tion of the methanol is shown as the volume% of 
the mixed solvent. 

400 

100 

MeOH/vol .% 

Fig. 7. The methanol concentration dependences of 
the amplitude of the relaxational absorption (O) and 
the background absorption ( • ) for 3-(3-methoxy-
propoxy)propanol at 3.50 mol dm - 3 . 

observed. U p o n add ing the water, the relaxat ional 
absorpt ion appeared. Figure 6 shows the trend of the 
relaxat ion frequency and Fig. 7 those of the ampl i tude 
of the relaxat ional absorpt ion and the background 
absorpt ion in the methano l -wate r mixed solvent at a 
fixed concentra t ion of 3-(3-methoxypropoxy)pro-
panol . Wi th increasing the methanol content, the 
relaxation frequency may be approximately constant 
u p to 50 vol% of me thano l and then increases while the 

fsooh *q 

O lOOh 

50 

_JD—©-

_ 1 • • — • • M 
• • » • » 

-O Û—O-O O—O— 

5 10 
_L J_ 
50 100 500 

f / MHz 

Fig. 8. Ultrasonic absorption spectrum of DMSO(O) 
and those of DMSO solution ( • ) 25 vol% DMSO 
solution (€), and the 50 vol% DMSO solution (3) at 
3.50 mol dm - 3 3-(3-methoxypropoxy)propanol. The 
concentration of DMSO is the volume% of the mixed 
solvent. 

ampl i tude of the relaxat ional absorpt ion decreases, as 
can be seen in these figures. These results may be 
because the water structure is broken when methanol 
is added, and the number of non-hydrogen-bonded 
water molecules may still be maintained, even if the 
analytical concentrat ion of water decreases. A further 
addit ion of methanol would change the water structure 
even more. Figure 8 shows a similar u l t rasonic 
absorpt ion spectra in a DMSO and DMSO-water 
mixed solvent of 3-(3-methoxypropoxy)propanol. N o 
relaxat ional absorpt ion was found in the DMSO 
solution, t hough a relaxational phenomenon was 
observed in the mixed solvent. Figures 9 and 10 show 
the dependences of the relaxation frequency, the 
ampl i tude of the relaxational absorption and the 
background absorpt ion on the DMSO content. T h e 
relaxation frequency showed a m i n i m u m , as can be 
seen in Fig. 9, and the ampl i t ude of the re laxat ional 
absorpt ion indicated a m a x i m u m . These trends are 
qui te different from those found in a methanol -wate r 
mixed solvent. T h i s may be because the hydrogen-
b o n d i n g ability of DMSO (aprotic solvent) wi th water 
is not the same as that of methanol . A quant i ta t ive 
analysis for these mechanisms is beyond our objective 
in this paper . 

T h e above results regarding organic and mixed 
solvents indicate that water molecules are surely 
associated wi th the observed relaxation process in 
aqueous media. 

It is interest ing to compare the obtained results wi th 
those of various alcohol solut ions. We first compare 
the results for l -methoxy-2-propanol and 2-propanol 
solut ions. As can be seen in the Table 2, the ß 
parameter for a l -methoxy-2-propanol solution is 



January, 1990] Ultrasonic Study in Aqueous Solutions of Alcohols with Ether Oxygen 31 

DMSO/vol . % 

Fig. 9. The DMSO concentration dependence of the 
relaxation frequency for 3-(3-methoxypropoxy)pro-
panol at 3.50 mol dm-3. 

400, 

100 

DMSO / v o l . % 

Fig. 10. The DMSO concentration dependence of the 
amplitude of the relaxational absorption (O) and the 
background absorption (•) for 3-(3-methoxypro-
poxy)propanol at 3.50 mol dm-3. 

slightly larger than that for a 2-propanol solution. 
This means that the number of hydrogen-bonded 
water molecules decreases in an aqueous solution 
when a methoxyl group is introduced in 2-propanol. 
That is, a l-methoxy-2-propanol molecule may have 
more hydrophilicity than that of 2-propanol. Then, 
the methoxyl group is estimated to act as a water 
structure breaker. This may be consistent with the 
interpretation regarding the result in a mixed solvent 
of water and methanol for 3-(3-methoxypropoxy)-
propanol. It is noteworthy that the association rate 
constant fei, for the l-methoxy-2-propanol solution is 

larger than that of the 2-propanol solution. With 
increasing the hydrophilicity of the solute molecule 
with a similar functional group, the association rate 
constant tends to increase, as can be seen from a 
comparison of the ß values and the rate constants in 
solutions of 2-propanol and 2-methyl-2-propanol.7) 

However, this does not always hold, especially for 
molecules which greatly differ in sizes. 

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

We have been speculating that the ethoxyl group 
acts as a slight water structure promoter due to the 
small differences in the ß parameters in aqueous 
solutions of three alcohols with different numbers of 
oxyethylene group.8) It may therefore be concluded 
from the magnitudes of the ß parameters that the 
methoxyl group acts as a water structure breaker, the 
ethoxyl group acts very slightly as the promoter and 
the propoxyl group acts as a strong structure 
promoter. 

It should be noticed that two relaxational absorp­
tions are observed in the aqueous solution of 1-
propanol. One of them is due to a perturbation of the 
equilibrium, as in Eq. 2. The other may be associated 
with a molecular aggregation reaction due to a 
hydrophobic interaction.5) This experimental evi­
dence might indicate that 1-propanol acted as a better 
water structure promoters than did l-methoxy-2-
propanol, 3-(3-methoxypropoxy)propanol and 2-pro­
panol. Actually, the ß parameter for l-methoxy-2-
propanol and 2-propanol is larger than that for 
1-propanol, which is consistent with the above 
prediction. However, the ß value for 3-(3-methoxy-
propoxy)propanol is smaller than that for 1-propanol, 
and in the former solution, only a single relaxational 
process associated with the alcohol water interaction 
was observed. This situation might be because the 
ether oxygens in 3-(3-methoxypropoxy)propanol pre­
vent the formation of an aggregate due to a hydro­
phobic interaction by their electrical repulsion. 
However, the ability as a water structure former of 
3-(3-methoxypropoxy)propanol is still higher than 
that of 1-propanol, since the ß value indicates the 
characteristic of water as a whole in aqueous media. 

These conclusions led us to speculate concerning 
the appearance of an ultrasonic relaxational absorp­
tion in aqueous solutions of familiar alcohols. In the 
frequency range below 200 MHz, no excess absorption 
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has been found in a me thano l aqueous solut ion, even 
at 0°C. 1 6 ' 1 7 ) In an e thanol aqueous solut ion, the 
relaxation process wi th a relaxation frequency a round 
100 MHz has been reported below room temperature.19) 

O n the other hand , a clear relaxation process is 
observed in the range a r o u n d 50 MHz for aqueous 
solut ions of propanol.3 '5»6 ) From speculat ion con­
cerning the present study, the relaxation process in the 
aqueous solut ion of me thano l would be expected at a 
very h igh frequency range since the methano l breaks 
the water structure, a lot of non-hydroen-bonded water 
molecules exist and the value of the rate constant for 
the interaction may be h igh . In an e thanol solution, 
the rate associated wi th the interaction process may 
decrease compared wi th that for methano l , and the 
water structure is still remained, or slightly promoted. 
T h e relaxat ion process may thus appear in a lower 
frequency range than that in a methano l solut ion. For 
p ropano l solut ions, the solute creates the water 
structure and the rate decreases further. T h e n , the 
ul t rasonic relaxat ional process appears in the MHz 
frequency range. T h i s k ind of correlation between the 
hydrophobici ty of the solutes and the water structure 
has been speculated in static studies.1»2® T h e present 
investiation has suppor ted such consideration dyna­
mically. Zana et al. have recently reported that in the 
MHz frequency range, there are three relaxation 
processes in aqueous solut ions of alcohol when the 
solute consists of a relatively large hydrophobic g roup 
(l-butanol) .2 1 ) We consider that the present excess 
absorpt ion in this study is one of them and that the 
aggregat ion process for l -methoxy-2-propanol and 3-
(3-methoxypropoxy)propanol may no t be found, due 
to the smaller hydrophobic i ty of the molecules and the 
existence of the ether oxygen. 

Finally, it should be stated why we do not apply the 
fluctuation model in order to interpret the ultrasonic 
absorpt ion mechanisms in aqueous solutions of 
alcohols. According to the proposed theories, the a/f2 

values would increase with decreasing frequency. 
However, the present results indicate that an almost 
frequency-independent region is observed at less than 
10 MHz, as can be seen in Fig. 2. In order to use the 
fluctuation model , it seems to be necessary to measure 

the absorpt ion coefficients over very wide frequency 
range (more than 3 orders), especially in the range less 
than 5 MHz. However, the absolute values of the 
absorption coefficients may not be precisely determined 
in a such low-frequency region. 
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Kinetic Studies on the Reactions of Electrogenerated 9,10-Diphenyl-
anthracene Cation Radical with Water and Alcohols by Means 

of Column-Electrolytic Stopped-Flow Method 
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The reactions of 9,10-diphenylanthracene cation radical (DPA+* ) with water and alcohols in acetonitrile 
(AN) were studied using a novel column-electrolytic stopped-flow spectrophotometric method. The reaction 
was first-order with respect to DPA+ * in all reactions. The reaction orders of other reactants were determined by 
plotting the logarithms of the apparent first-order rate constants (&aPP's) against the logarithms of the 
concentration of reactants. The plot of log &apP vs. log [alcohols] was linear, and hence the reaction was clearly 
determined to be second-order. On the other hand, the log &apP vs. log [water] plot did not show a linear 
relationship. Similar results were obtained in the reactions of 9,10-dimethylanthracene cation radical with 
water and methanol. Comparing the results obtained with water and alcohols, and considering the changes in 
the physicochemical properties of the AN-water medium, it was concluded that the reaction of water was 
second-order, though it had been believed previously to be first-order. Products of the reactions are trans- and 
ds-9,10-dialkoxy-9,10-diphenyl-9,10-dihydroanthracene in many cases. 

D u r i n g the last two decades, much attention has 
been devoted to the reactions of electrogenerated 
organic cation radicals. Complicated mechanisms and 
kinetics of reactive intermediates in the anodic 
oxidat ion processes of organic compounds have 
gradually become apparent . ^ 

In these studies, most workers used electrochemical 
methods such as chronoamperometry, cyclic and 
linear sweep voltammetry, the ro ta t ing disk electrode 
method, a n d / o r electrospectrochemical methods wi th 
an optically t ransparent electrode.3) However, it is no t 
easy to analyze u n k n o w n reactions of cation radicals 
by those methods. T h e difficulties in the kinetic 
studies generally result from the characteristics of the 
electrode process as follows: (1) Heterogeneous 
reactions occur in the vicinity of the electrode surface. 
(2) Successive reactions in the diffusion layer involve 
some EC processes. 

If the objective cat ion radical is stable enough to 
permi t be ing transferred from the electrolytic cell to 
the optical cell, its reactions wi th nucleophiles can be 
analyzed as homogeneous ones, separately from any 
influences of electrode condit ions such as electrode 
potent ia ls and adsorpt ion etc.4) Evans and Blount 
app l ied the stopped-flow technique to the analyses of 
the reactions of 9,10-diphenylanthracene (DPA) cation 
radical ( D P A + ) wi th various nucleophi les in aceto­
ni t r i le (AN).5»6) In their experiment , the electrolyzed 
solut ion con ta in ing DPA+ ' was delivered via a closed 
system to a reservoir in the stopped-flow appara tus . 
Therefore, unstable electrogenerated species, whose 
life-times were less than ten seconds, were difficult 
to examine. 

For the purpose of invest igat ing the reactions of less 
stable electrogenerated species (ca. < 1 s), we have 

î Present address: Department of Applied Chemistry, 
Faculty of Engineering, Yamaguchi University, Tokiwadai 
2577, Ube 755. 

developed a column-electrolytic stopped-flow spectro­
photomet r ic method, in which a column-electrolytic 
flow cell was set u p between a reservoir and a jet mixer 
in a stopped-flow spectrophotometer. In the present 
work, for the evaluation of a novel method, the 
reactions of DPA+* wi th water and alcohols ( R O H ) 
have been analyzed. 

T h e reaction of DPA+* wi th water has been studied 
us ing several techniques; the spectroscopic method,4* 
by means of an optically t ransparent th in layer 
electrode7»8) and the stopped-flow method.5) In the 
present work, we have studied the reactions of DPA+ ' 
not only with water but also with alcohols concurrently, 
in order to compare these reactions. In addi t ion, the 
reactions of the 9,10-dimethylanthracene (DMA) cation 
radical (DMA+* ) have been investigated. 

Experimental 

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

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

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

Fig. 2. Cross-sectional view of the column-electrolyt­
ic cell. WE, platinum lead wire to working electrode. 
CE, platinum lead wire to counter electrode. RE, 
reference electrode. OR, O-ring. PC, platinum coil 
counter electrode. PGT, porous glass tube. CW, car­
bon wool working electrode. Si, S2, sample solution. 
Sc, counter solution. 

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

compensated using a PAR Model 179 Module. 
Time changes in absorbance at a fixed wavelength were 

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

All measurements were carried out at 25+0.5 °C using a 
thermostat, Coolnics Model CTR-120. 

Reagents. 9,10-Diphenylanthracene ( Nacalai Tesque, GR 
grade) was purified on a silica-gel column with benzene as 
eluent and was then recrystallized twice from AN-chloroform. 
9,10-Dimethylanthracene (Tokyo Kasei, GR grade) was 
recrystallized twice from methanol. Acetonitrile (Wako, GR 
grade) was distilled twice over P2O5. Tetraethylammonium 
Perchlorate (TEAP) was prepared by adding tetraethyl­
ammonium bromide to a solution of sodium Perchlorate, 
and was recrystallized four times from water. It was dried 
over P2O5 in vacuo at 80 °C one night before use. Water was 
purified by a Milli-Q system. Alcohols (Wako, GR grade) 
were used without further purification. 

Kinetic Analysis—Reaction Order Analysis. In kinetic 
analysis of complex reactions, it is significant to determine 
the reaction order of each species. The reaction order is 
generally a constant value, but sometimes it varies with 
concentration.9* Hence, it is effective first to determine the 
reaction order from differential equations. 

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

-d[DPA+ * ]/dt = k[DPA+ ' f[BPAf[ROUY[U+Y ( 1 ) 

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

log(-d[DPA+ , ] /d0 = log k + plog[DPA+-] + glog[DPA] 

+ rlog[ROH] + slog[H+] (2) 

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

Once the reaction order of DPA+ ' is determined, Eq. 1 is 
expressed as below using the apparent rate constant, &app, 

-d[DPA+-]/d* = fcapP[DPA+-]* (3) 

where 

fcapp = fc[DPA]«[ROH]'[H+]<. (4) 

In its logarithmic form, 

log fcapp = log k + <?log[DPA] + rlog[ROH] + slog[H+]. 

(5) 

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

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

Results 

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

Figure 3 shows the p lo t of the concentrat ion of 
ferricyanide (Fe(CN)63~), which was determined from 
the absorbance at 436 n m (£Fe(CN)6

3-=743), after an 
electrolysis of 1.0 m M Fe(CN)63~ at various potentials 
for 1 s. T h e Fe(CN)63~ solut ion could be electrolyzed 
quanti tat ively to ferrocyanide (Fe(CN)64~) even in such 
a short t ime. In addi t ion , the p lot of the na tura l 

logar i thms of [Fe(CN)6
3-]/[Fe(CN)6

4-] against the 
appl ied potent ia ls showed a good re la t ionship as 
expected from the Nernst 's equat ion, 
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Fig. 3. Electrolytic efficiency in the reduction of 
1.0X10-3 M Fe(CN)63~ in aqueous solution contain­
ing 0.5 M KCl. The electrolyzed solution was rapidly 
delivered into the optical flow cell after the pulse 
electrolysis for 1 s. Potential is versus Ag/AgCl. 
Initial potential: 0.6 V. (O) Potential vs. concentra­
tion of Fe(CN)e3~ plot. The absorbance at 436 nm 
was measured and transferred to the concentrtion. 
( • ) Nernst's plot (potential vs. In [Fe(CN)e3~]/ 
[Fe(CN)e4-]). 

E = E° + 
RT 
F 

In 
[Fe(CN)e3-] 

[Fe(CN)e4-] 
(6) 

T h e number of electrons involved in this electrode 
process was determined to be 1.0 from the slope of the 
plot, which also confirms that quant i ta t ive electrolysis 
could be achieved wi th in I s in a low resistance 
medium. 

b) Oxidation of DPA in an AN Solution Containing 
0.1 M TEAP: Secondary, the electrolysis efficiency in 
the present system, namely the oxidat ion of DPA in 
AN con ta in ing 0.1 M T E A P , was examined. Figure 4 
shows the dependence of the absorbance of DPA+ ' on 
the appl ied potent ia l in this electrolytic method, wi th 
the cyclic vo l tammogram of DPA. T h e half-wave 
potent ia l (£1/2) in the cyclic vo l tammogram was 
0.83 V, and the potent ia l at half absorbance value was 
0.85 V. Hence, the solut ion was electrolyzed properly 
under the controlled potential . As shown in this 
figure, the concentrat ion of cation radicals can be 
controlled by chang ing the appl ied potential , which is 
one of the advantages of the present method. T h e 

potential / V 

Fig. 4. Electrolytic efficiency in the oxidation of 
5.0X10-4 M DPA in AN containing 0.1 M TEAP. (a) 
Dependence of the absorbance of DPA+* at 653 nm 
on the applied potential. The electrolyzed solution 
was rapidly delivered into the optical flow-cell after 
the pulse-electrolysis for 1 s. Potential is versus 
Ag/Ag+. Initial potential: 0.5 V. Light path: 2 mm. 
(b) Cyclic voltammogram of DPA measured at the 
scan rate of 0.1 Vs _ 1 with Pt disk electrode (d. 0.5 
mm). Potential is versus Ag/Ag+. 
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Fig. 5. Outline of data processing procedure. — A[DPA]+*/A* and 
[DPA+*] at each time were calculated as shown in the left figure. 
Regarding -A[DPA]+7A* as -d[DPA]+7d£, the reaction order of 
DPA+* was determined by the slope of the plot, log (—d[DPA]+7d*) 
vs. log [DPA+*], in the right figure. 
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Fig. 6. Dependence of -d[DPA+*]/d* on [DPA+*] in 
the reaction of DPA+* with water. CDPA 5X10-4 M, 
TEAP 0.1 M, H 2 0 0.35 M (O), 1.0 M (A), 5.0 M (D) in 
AN. In this figure, v represents — d[DPA+*]/d£. 

m a x i m u m concentrat ion was calculated to be ca. 
4 .6X10 _ 4 M us ing the molar excitation coefficient 
value reported by Gran t et al.7) (£=8.75X103 at 653 nm) , 
and therefore it was found that the solut ion conta in ing 
ca. 90% DPA + * can be delivered to the optical cell in 
this method. 

2. Reactions of D P A + * with Water and Methanol. 
a) Reaction Orders of DPA+" and DPA: Since the 
time decay curve of absorbance was acquired as 500 
data points , — d[DPA+' ] /d£ was calculated us ing the 
linear a p p r o x i m a t i o n for every 20 data poin ts as 
i l lustrated in Fig. 5a. T h e n , by displacing the data 
posi t ion, log(—d[DPA+*]/d£) was plot ted against 

l o g [ D P A + ] ( F i g . 5b). 
Figure 6 shows the relat ionships between log-

(—d[DPA+ ,]/d*) and log[DPA+*] in the reaction wi th 
water. T h e slopes of their plots for three different 
water concentra t ions ranged from 0.94 to 0.97. In the 
reaction wi th methanol shown in Fig. 7, the slopes 
were 0.91 and 0.95 for 1.0 M and 5.0 M methanol , 
respectively. T h e slopes of these plots for the other 
condit ions were almost uni ty for both reactions. 
Accordingly it can be presumed that the reaction order 
of DPA+* is un i ty (i.e. p=l in Eq. 2) in both reactions. 

However, the apparen t reaction order of DPA+ * may 
be affected by the concentrat ion of DPA.** 

We therefore measured the t ime decay curves of 

** In a strict treatment, the reaction order of DPA+ ' can 
not be exactly determined by log(—d[DPA+*]/d0 vs. log 
[ D P A + ] plot because of the low solubility of DPA in AN; 
the concentration of DPA was not high enough in 
comparison with the amount of DPA regenerated during the 
reaction. 

Defining the concentration of dissolved DPA in the 
solution as CDPA, the concentration of electrogenerated 
DPA+* at £=0 as [DPA+']o, and that of DPA at that time as 
[DPA]o, CDPA=[DPA]O+[DPA + * ]0. Based on the stoichiometry, 
2 D P A + + 2 R O H >DPA(OR)2+DPA+2H+, [DPA]= 
[DPA]o+([DPA+-]o-[DPA+*])/2. Hence, the following 
equation is obtained. 

[DPA] = CDPA - ([DPA+' ]o+[DPA+-])/2 

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

log(-d[DPA+-]/dt) = logfc + plog[DPA+-] 
+ <?log(CDpA - [DPA+-J/2 - const) + const (2') 

This equation indicates that if q is not equal to zero, it is not 
easy to determine the reaction orders. 
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Fig. 7. Dependence of -d[DPA+,]/d* on [DPA+*] 
in the reaction of DPA+* with methanol. CDPA 
5X10-4 M, TEAP 0.1 M, methanol 1.0 M (•) , 5.0 M 
(O) in AN. In this figure,^represents —d[DPA+']/dt. 

DPA+- when 5X10~5, 1X10"4, 2X10~4, and 5X10" 4 M 
DPA were dissolved, under the condi t ions that the 
concentrat ions of the other species and the ini t ial 
concentrat ion of DPA+* were kept constant. T h e 
results showed that the concentrat ion of DPA had no 
influence on the react ion rates. T h u s , it is concluded 
that DPA is independent of the rate laws of both 
reactions, while DPA + ' has the first-order dependence 
on them (i.e., p=l and q=0 in Eq. 2). 

Since the reaction order of DPA + ' was uni ty in all of 
the reactions examined, the other reaction orders could 
be obta ined readily wi th the apparen t first-order rate 
constant, &app. 

-d[DPA+ * ]/dt = fcapP[DPA+ * ] (3') 

T h u s , based on Eq. 5, the reaction order of each species 
was obtained by p lo t t ing log Äapp vs. the logar i thmic 
concentra t ion of each species. T h e ^apP value under 
part icular condit ions was determined from four runs. 
T h e &app was calculated from absorbance vs. time curve 
us ing the phase-plane method.10) 

b) Reaction Order of H + : T h e concentrat ion of 
H+ was varied from 10~5 M to 10~2 M for the reaction 
wi th water, and from 10-4M to 10 - 2 M for the reaction 
wi th methano l by add ing perchloric acid (70% 
aqueous solution) to the so lu t ion . n ) T h e concentra­
t ion of water was corrected by subtract ing the water 
contents in aqueous perchloric acid solut ion. In the 
reaction wi th me thano l , however, a small a m o u n t of 
water (max. ca. 20 mM) coexisted.12) T h e plot of 
log &app vs. log[H+] in Fig. 8 shows that the rate law is 
independent of the concentrat ion of H+. 

c) Reaction Orders of Water and Methanol: Figure 
9 shows the plots of log kapp vs. l o g [ R O H ] . In the 

Fig. 8. Dependence of &apP on pH in the reactions 
of DPA+* with water ( • ) and methanol (O). CDPA 
5X10-4 M, TEAP 0.1 M, water or methanol 1.0 M in 
AN. 

l o g ( (ROHJ/M) 

Fig. 9. Dependence of &apP on [ROH] in the reactions 
of DPA+* with water ( • ) and methanol (O). CDPA 
5X10-4 M, TEAP 0.1 M, H 2 0 0.12—15 M or 
methanol 0.5—10 M in AN. 

reaction wi th methanol , a linear relat ionship was 
found in the concentrat ion range from 0.5 M to 10 M; 
its slope was calculated to be 1.80 by the least squares 
method. T h u s , the reaction order of methanol was 
determined to be second-order. Wi th respect to the 
reaction wi th water, however, the reaction order varied 
wi th the water concentrat ion (Fig. 9). T h e slope was 
1.06 at water concentrat ions lower than 1 M, whereas 
it was 1.52 in the range from 1 M to 4 M and became 
zero over 5 M. 

3. Reaction of DPA + * with Other Alcohols. T h e 
reactions of DPA+* wi th e thanol , 1-propanol, 2-
propanol , 1-butanol, and 1-pentanol were also analyzed 
by this method . In all cases, the reaction order of 
DPA+* was unity. Furthermore, like the reaction of 
DPA+* wi th methanol , log &aPP vs. l og [ROH] plots 
exhibited a l inear re la t ionship . T h e slopes are 
summarized in Tab le 1 together wi th the Lapp's wi th 
2 M of R O H . It was proved that the reaction order of 
R O H was second in all cases, a l though the slopes 
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Table 1. Kinetic Data in the Reactions of DPA+* with Alcohols 

[Vol. 63, No. 1 

Alcohol Concentration range/M Number of data points Slope &app/s-ia) at 2.0 M 

Methanol 

Ethanol 

1-Propanol 

2-Propanol 

1-Butanol 

1-Pentanol 

0.5-

0.5-

1.0-

2.0-

1.0-

1.0-

-10 

-10 

-7.0 

-7.0 

-7.0 

-5.0 

10 

10 

7 

5 

6 

5 

1.80 
(0.999) 
1.81 

(0.999) 
1.84 

(0.998) 
1.68 

(0.998) 
2.11 

(0.999) 
1.71 

(0.992) 

0.26s 

0.159 

0.132 

0.019i 

0.17s 

0.24e 

Parentheses indicate the correlation coefficients, a) Average value of four runs. 

-1.0 0 1.0 

l o g ( ( H 2 0 J / M ) 

Fig. 10. Dependence of kapp on [H2O] in the reactions 
of DPA+* and DMA+* with water. CDPA or CDMA 
5X10~4M, TEAP 0.1 M, water 0.15—15 M (for 
DPA+*) in AN. 

slightly deviated from two. 
O n the reaction rates, there were n o notable 

differences a m o n g alcohols, except 2-propanol . T h e 
reaction rate wi th 2-propanol was lower than those 
wi th the other alcohols examined. T h i s is probably 
due to a steric effect. 

4. Reactions of DMA + *. T h e kinetic study on the 
reaction of DMA"1"* was also carried out. Figure 10 
shows the p lo t of log kâpp vs. logfH^O] super imposed 
on the results of DPA + *. It is of interest that the 
reaction order p lo t exhibits a non-l inear dependence 
similar to that of DPA + ' . Furthermore, second-order 
dependence was observed in the reaction with methanol , 
as shown in Fig. 11. 

5. Products in the Reactions of DPA+* with 
R O H . F rom the N M R analysis, it was found that 
bo th trans- and cw-9,10-dialkoxy-9,10-diphenyl-9,10-

-1.0 0 1.0 

l o g ( [MeOH) /M) 

Fig. 11. Dependence of &apP on [MeOH] in the reac­
tions of DPA+* and DMA+* with methanol. CDPA or 
CDMA 5X10"4 M, TEAP 0.1 M, methanol 0.7—5 M 
(for DPA+*) in AN. 

dihydroanthracene, DPA(OR)2 (1, 2), were produced in 
three cases (R; H , CH3, C4H9). In the case of water, 
trans and eis forms were separated us ing co lumn 
ch romatography wi th benzene as eluent. T h e mel t ing 
points were 261 °C (263 ° C in Ref. 13) for the trans 
form ( la) a n d 188 ° C (195 ° C in Ref. 13) for eis one 
(2a). In this case, some mino r by-products were found 

la—e 

a 
b 
c 
d 
e 

R : H 
CH3 

C2H5 
C3H7 
C4H9 
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by T L C . However, their amount s were so small that 
the species could not be identified. 

In the reaction wi th water, e thanol and 1-propanol, 
t rans a n d eis forms (1, 2) were confirmed by NMR. It 
was found that the rat io of both forms were nearly 1:1. 
In the case of me thano l and 1-butanol, however, the 
products were not dissolved completely in CDCI3. 
T h u s , it seems tha t only one form was detected by 
NMR. T h u s the final products in the reactions wi th 
alcohols were also inferred to be trans- and cis-
DPA(OR) 2 . 

Results of !H N M R (CDCI3 and CD3CN14>) and MS 
measurements of the products were as follows: 

(a) 9,10-Dihydroxy-9,10-dihydro-9,10-diphenylan-
thracene; 0=2.8, 3.3 (2H, s, OH) , 7.0 (10H, m), 7.3 (4H, 
m), 7.6 (4H, m); ra/z(rel intensity) 364(M+; 0.7), 347(100), 
330(19), 287(6), 271(19). 

(b) 9,10-Dimethoxy-9,10-dihydro-9,10-diphenylan-
thracene; 0=3.2 (6H, s, OCH3), 7.3—7.4 (10H, m), 7.4— 
7.5 (4H, m), 7.5—7.6 (4H, m); m/z (rel intensity) 392 
(M+; 0.5), 361(97), 330(100), 284(49). 

(c) 9,10-Diethoxy-9,10-dihydro-9,10-diphenylanthra-
cene; 0=1.1 , 1.2 (6H, t, / = 6 Hz ,CH3CH 2 0) , 3.0, 3.3 
(4H, q, / = 6 Hz, CH3CH2O), 7.2—7.6 (18H, m). 

(d) 9,10-Dipropoxy-9,10-dihydro-9,10-diphenylan-
thracene; 0=0.9 (6H, t, / = 1 0 Hz, CH3CH2CH2O), 1.5— 
1.7 (4H, m, CH3CH2CH2O), 2.9, 3.3 (4H, t, / = 9 H z , 
CH3CH2CH2O), 7.2—7.6 (18H, m). 

(e) 9,10-Dibutoxy-9,10-dihydro-9,10-dipheny lanthra-
cene; 0=0.9 (6H, t, / = 1 0 Hz, CH3CH2CH2CH2O), 1.5— 
1.7 (8H, m, CH3CH2CH2CH2O), 3.2 (4H, t, / = 8 H z , 
CH3CH2CH2CH2O), 7.5—7.6 (18H, m). 

Discussion 

Reaction Mechanisms. It was clearly concluded, 
from the results, that the reactions of DPA+* wi th 
alcohols are first-order in DPA+ * and second-order in 
alcohols. T h a t is, the rate law can be expressed by Eq. 
7. 

-d[DPA+ * ]/dt = k[BPA+ ' ][ROH]2 (7) 

T h i s rate law can be expla ined if the first step (Eq. 8) 
in Scheme 1 is in equ i l ib r ium and the p ro ton 
abstraction by another a lcohol molecule (Eq. 9) is the 
rate de te rmin ing step (rds). T h e k is represented as 
2K\k,2 u s ing the steady state approx ima t ion on 
DPA(OR)* a n d D P A ( O R ) + . 

D P A + + R O H -K » DPA(ROH)+- (8) 

k2 
DPA(ROH)+* + R O H • DPA(OR)* + ROH2

+ (9) 
rds 

DPA(OR)* +DPA+- • DPA(OR)+ + DPA (10) 

DPA(OR)++ 2ROH • DPA(OR)2 + ROH2
+ (11) 

Scheme 1. 

O n the other hand , in the case of the reaction of 
DPA+* wi th water, our results emphasized the 
complex characteristics of the reaction; the reaction 
order of water varied depending on its concentration. 

In the previous works, the reaction order of water 
was estimated to be first from the l imited experimental 
range of the water concentra t ion from 5X10~3 M to 
1.50 M,5> or from 2.5 M to 4 M.8> T h e proposed 
mechanism was as follows:5* »8) 

ki 
D P A + + H 2 0 > DPA(H20)+- (12) 

rds 

DPA(H20)+- + H 2 0 ^=± DPA(OH)- + H 3 0 + (13) 

DPA(OH)- +DPA+- > DPA(OH)+ + DPA (14) 

DPA(OH) + + 2H 2 0 > DPA(OH)2 + H 3 0 + (15) 

Scheme 2. 

where the first step is the rate de termining step and the 
second is in equi l ibr ium. 

T h i s discrepancy does not result from a fault in our 
method. T h a t is because apparen t deviations from a 
straight l ine can also be seen in the plot of kâpp vs. 
water concentrat ion in the previous works,4»7) t hough 
it was not commented on. In addi t ion, the ^apP values 
over the above water concentrat ion range are a lmost 
equal to those reported. 

In order to explain the extraordinary relat ionship 
obtained only in water, the difference in the state of 
water and alcohols in AN mus t be considered. T h e 
fact that the reaction rate is independent of the sort of 
cation radicals (Figs. 10 and 11) also suggest the 
contr ibut ion of a med ium effect. 

T h e hydrogen-bond formation between AN and 
water or alcohols is well characterized by IR. O n 
alcohols, the solute-nitr i le interactions are stronger 
than the solute-solute interactions, so that methanol 
retains in the m o n o m e r state at concentrat ions u p to 
4 M.15) By contrast, water exists in the form of 1:1 and 
1:2 AN-wate r complexes depend ing on the concentra­
tion,1^ because the interactions between water mol­
ecules in AN are fairly large. Previous studies on the 
AN-wate r mixture by conductivity measurements17»18) 

and NMR1 9 ) also indicate that a h igh concentration 
water over 1 M tends to form higher-ordered structures 
(i.e., d imer and trimer forms). T h e nucleophil ici ty of 
the polymerized water molecule is probably less than 
that of the monomer because the reaction site is 
occupied by the hydrogen bonding . Consequently, the 
structural complexity in the AN-wate r mixed med ium 
seems to b r ing about the extraordinary dependence of 
logfcapponlog[H20].2<» 

It is, however, difficult to evaluate the state of water 
in AN quant i ta t ively at each concentrat ion in Fig. 9. 
Hence, we a t tempted to correct the reactivities of water 
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by adop t ing the activity coefficient. In general, the 
activity coefficient of the solute in a mixed solvent can 
be calculated from the vapor pressure, so that the 
activity coefficient of water in an AN-water mixture (/) 
at each concentrat ion was estimated from the vapor 
pressure curve reported previously,21) on the basis that 
/ = 1 for pure water. W i t h / , Eq. 4 is rewritten by Eq. 16 
taking in to consideration the above results of q=s=0, 

fcapp =.ktf[H20]Y (16) 

and its logar i thmic form, 

log &aPp = log k + rlog(/[H20]). (17) 

Figure 12 shows the p lo t of log kapp vs. log(/[H20]). It 
should be noted that the reaction order of water 
became approximate ly second, whi le it was curved 
upwards at the lower water concentrat ion range. 

In the kinetic measurement at the water concentra­
tions, it is necessary to take in to account side reactions, 
which were also suggested from the results of product 
analysis by T L C t h o u g h the products could not be 
specified. For example , nearly 10% DPA+* decayed for 
60 s in AN to which n o water was added, in 
compar ison the half-life of DPA+' is 65 s in 0.5 M 
H2O. Wi th decreasing water concentrat ion, side 
reactions will become significant, and the Lapp's 
obtained in the low water concentrat ion range contain 
some positive errors. T h i s seems to be the reason why 
the corrected plots were curved upwards at the lower 
concentrat ion range. 

From the above discussion and compared wi th the 
results obtained in alcohols, the mechanism of the 
reaction of DPA+ ' wi th water is substantially the same 
as that wi th alcohols (Scheme 1) and its rate law 

0.0h J 
• * * °°1 

• o I 
• o I 

f -0.5[ 
\ • ° I 
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Fig. 12. Activity correction for log(^apP/s~1) vs. 
log ([H20]/M) plot in the reaction of DPA+* with 
water. 

should be expressed by Eq. 7. 
Reaction Products. O u r results on the reaction 

products are also in conflict wi th the previous report . 
Sioda reported that the final product in the reaction 
of DPA+* wi th water was ^ram-DPA(OH)2 .4 ) In the 
present study, however, cw-DPA(OH)2 was also found 
to be produced. 

Consider ing the reaction mechanism, DPA(OH)+ 
is produced as an intermediate and reacts rapidly wi th 
water. T h e n , it seems reasonable to assume that bo th 
forms are produced at the same time. 

Comparison with the Reactions of Other Cation 
Radicals. T h e reactions of other cation radicals wi th 
water have been extensively investigated, a l though no 
kinetic studies wi th alcohols have been reported. 

In the react ion of the th ian threne cation radical 
(TH + *) wi th water, many investigations were made 
and a complex mechanism has been revealed.22) In this 
case as well, the first stage of the reaction, namely, the 
encounter of T H + * wi th water, was found to be in 
equ i l ib r ium, t hough the subsequent processes were 
more complex than those of DPA+ ' . Furthermore, a 
similar mechan i sm was also proposed on the reaction 
of 10-phenylphenothiazine (PPTZ) dication (PPTZ2+) 
wi th water.23* T h e results showed that the rate was 
expressed as Eq. 18. 

-d[PPTZ2+]/d* = &[PPTZ2+][H20]2 (18) 

T h e first step, the encounter of PPTZ2+ wi th water, 
is in equ i l ib r ium and the second step, in which a 
p ro ton is abstracted by another water molecule, is rate 
determining. 

C o m p a r i n g these reactions, it appeared to be 
reasonable that Eq. 12 is in equi l ib r ium in the reaction 
mechanism of DPA + * with water. 

Conclusion 

T h o u g h the reaction of D P A + ' wi th water had been 
though t to be first-order in both DPA+* and water, it 
has been established in this study that the reaction 
scheme is expressed by Eqs. 8—11, which is the same 
mechan i sm as that for alcohols. It is impor tan t to pay 
par t icular a t tent ion to the changes in the physico-
chemical properties of the medium, especially in the 
reaction wi th water. O u r results indicate that the 
reaction of cat ion radicals wi th methanol can be 
regarded as a model reaction for that with water. 

In the present study, the reaction order of the cation 
radical was uni ty over a wide concentration range and 
under all exper imental condi t ions. T h e column-
electrolytic stopped-flow method will be useful for the 
analyses of more complex reactions of electrogenerated 
intermediates. Furthermore, this method can be 
appl ied to the analyses of unstable electrogenerated 
ion radicals wi th half-lives as short as 100 ms. These 
studies are under way and will be publ ished elsewhere. 
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1 70 NMR Study of Metal Carbonyl Cluster Compounds. IV.P The 
Substituent Effect on the 1 70 NMR Chemical Shifts for a Series 

of Tri-Nuclear Metal Carbonyl Cluster Compounds 
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1 70 NMR spectra have been measured for series of cobalt carbonyl cluster derivatives, RCCo3(CO)9-x-
(PPh3)„ (RC2R ,)Co3-,-yFe,Moy(CO)9-J;Cp^ and R3-*Sn[Co(CO)4]*+i. The small 170-chemical shift differences 
due to the change of R and/or introduction of PPI13 have been interpreted in terms of the electron buffer action 
of the C03 core for RCCo3(CO)9-x(PPh3)x. Good linear correlations between 170-chemical shifts and CO 
stretching frequencies have been observed for these derivatives. Some effect of the magnetic anisotropy resulted 
from the ring current along the metal-triangle on 170-chemical shifts has been suggested for metal-triangle 
clusters. 

Proliferate studies on the metal carbonyl cluster 
derivatives has been made dur ing past two decades for 
both syntheses2 '3) and theories on the shapes a n d / o r 
electron count rules of metal cluster cores.2 '4 ,5 ) 

Although X-ray crystal structure analysis technique 
has played a crucial role for e lucidat ing structures and 
bondings of these cluster compounds , N M R (XH and 
13C) and IR (v (CO) a n d v (M-M) regions) spectros­
copies have been appreciated as only a complementary 
means for structure analysis. T h u s 1 7 0 N M R spectros­
copy has scarecely been employed as a structural 
probe.6 '7) T h i s facet is surpris ing for us, because recent 
1 7 0 N M R studies on mixed metal carbonyl cluster 
compounds demonstrated that 1 7 0 N M R spectrum is 
easily available for even natural ly a b u n d a n t level 
(0.037%) of the 1 7 0 nucleus1) and are obtained for CO 
groups which are coordinated to a metal a tom with a 
large nuclear q u a d r u p o l e momen t wi thou t significant 
l ine-broadening of peaks as in the case of 13C NMR. 
Another characteristic for 1 7 0 N M R spectroscopy is 
that the 1 7 0-chemical shift of terminal carbonyls 

depends main ly on the metal a tom to which the 
carbonyls of interest are coordinated1* and the magni ­
tude of the chemical shift of 1 7 0 N M R is more 
p rominen t than that of 13C NMR8 ) for same CO groups; 
the latter feature indicates that 1 7 0 N M R spectroscopy 
is more perceptive to the change of the electron 
dis t r ibut ion a round the CO groups of interest. These 
lines of findings have p rompted us to examine 
1 7 0 N M R data as an effective structural and b o n d i n g 
probe for higher nuclearity clusters which at least 
conta in three metal carbonyl uni ts . In this paper, we 
report the substi tuent effect on the 1 7 0 N M R chemical 
shift for fol lowing trinuclear metal carbonyl clusters, 
RCCo3(CO)9-x(PPh3)x and (RC2R')Co3-*-yFe;cMoy(CO)c^-
Cpy (x=0 or 1; y=0 or 1). 

Experimental 

Literature methods have been employed to obtain all the 
following samples: RCCo3(CO)9 (R=Me (la), Ph (lb), CI 
(lc), and H (ld)),9'10> RCCo3(CO)8PPh3 (R=Me (2a), Ph 
(2b), and CI (2c)),11) (HPhC2)Co2(CO)6 (3),12> (Ph2C2)Co2Fe-

Table 1. Spectral Data 

Compound 

RCCo3(CO)9 

R=Me (la) 
R=Ph (lb) 
R=C1 (lc) 
R = H (Id) 

RCCo3(CO)8PPri3 
R=Me (2a) 
R=Ph (2b) 
R=C1 (2c) 
(HCCPh)Co2(CO)6 (3) 
(PhCCPh)Co2Fe(CO)9 (4) 
(HPhC2)Co2Fe(CO)9 (5) 
(HPhC2)CoFeMo(CO)8Cp (6) 

Me3Sn-Co(CO)4 (7) 
Me2Sn[Co(CO)4]2 (8a) 
Ph2Sn[Co(CO)4]2 (8b) 
Cl2Sn[Co(Co)4]2 (8c) 
MeSn[Co(CO)4]3 (9) 

170 NMR chemical shift, ô/ppma> 

368.3 
368.9 
370.4 
371.4 

367.5 
366.4 
366.2 
364.3 
362.8 

368.3 (Fe), 374.1 (Co) 
371.3 (Co, Fe), 398.8 (Mo) 

352.4b> 
359.7C> 
357.4C> 
362.9e) 
357.0b> 

v(CO)/cm-i 

2104, 2051, 2038, 2018d> 
2104, 2055, 2039, 2021d> 
2111, 2064, 2046, 2030d> 
2109, 2058, 2041, 2023d) 

2077, 2072, 2033, 2020, 2011, 1992, 1988, 1968e> 
2077, 2035, 2025, 2012, 1995, 1989, 1968e> 
2083, 2041, 2029, 2020, 1998, 1979e) 
2098, 2072, 2060, 2045, 2032, 2030, 2018, 1986d> 
2095, 2057, 2030, 2012d> 
2104, 2060, 2050, 2042, 2025, 1982, 1977f> 
2074, 2032, 2028, 2020, 1990, 1985, 1966, 1959, 
1943, 1884f> 
2082, 2020, 1988b> 
2095, 2078, 2031, 2024, 2013, 2002, 1992c> 
2095, 2080, 2033, 2029, 2018, 2009, 1995c> 
2114, 2097, 2056, 2052, 2040, 2023, 2016c> 
2079, 2040, 2028, 2020, 2010, 1992, 1961b> 

a) CeHe+CeDe. b) Ref. 13. c) Ref. 1. d) Nujol mull, e) Ref. 11. f) Ref. 12. 
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3 9 0 3 7 0 3 5 0 ppm 

Fig. 1. 17ONMR spectrum of (HPhC2)Co2Fe(CO)9 
in C6H6+C6D6 at room temperature. 
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Scheme 1. 

(CO)9 (4),i2) (HPhC2)Co2Fe(CO)9 (5),i2) (HPhC2)CoFeMo-
(CO)8Cp (6),12> Me3Sn-Co(CO)4 (7),13> R2Sn[Co(CO)4]2 (R= 
Me (8a), Ph (8b), and CI (8c)),1* and MeSn[Co(CO)4]3 (9).13) 

The purity of the samples was checked by IR (v (CO) 
region) and lH NMR. Solvents were distilled from 
benzophenone ketyl (benzene and THF) or calcium chloride 
(CH2C12 and CHC13) before use. 1 70 NMR sample solutions 
were prepared by the use of the vacuum-line technique; 
solvents were completely deaerated by three freeze-thaw 
cycles, distilled into a 10 mm o.d. NMR tube, and the tube 
was sealed off under vacuum. 1 70 NMR spectra were 
obtained with the same procedure (90° pulse and 0.01 s 
acquisition time) as was described elsewhere for natural 
abundant level of 1 70 by use of a Varian XL-200 
spectrometer operated at 27.12 MHz.1* Chemical shifts were 
measured in parts per million with reference to H2

170 
frequency. Spectral data are listed in Table 1 and Fig. 1 
displays the 1 70 NMR spectrum of (HPhC2)Co2Fe(CO)9 (5) 
as a typical example. 

Spectral Results and Assignments 

Before we deal wi th the results of 1 7 0 N M R 
measurements, it seems appropriate to see the structures 
of the compounds subjected to the present 1 7 0 N M R 
study. Scheme 1 depicts the structures of these 
compounds determined by X-ray analyses. 12 '14_16) 

RCCo 3 (CO) 9 and RCCo 3 (CO) 8 PPh3. For a series of 
RCCo3(CO)9 compouds , there are two kinds of CO 
groups , that is equa tor ia l carbonyls and axial car-
bonyls. However 1 7 0 N M R spectra for l a — I d have 
shown only one peak; 13C N M R spectra also showed 
o n l y o n e C O p e a k for these c o m p o u n d s . 1 7 _ 1 9 ) 

Al though CO scrambl ing is very often responsible for 
the coincidence of the two resonances,20) such CO 
exchange a m o n g the equator ia l and axial carbonyls 
has not yet been reported for l a — I d to our knowledge. 
Therefore, it seems reasonable to conclude that the 
axial CO and equator ia l CO resonances are in 
accidental coincidence for some electronic reason. 
T h i s issue is discussed later. Substi tut ion of triphenyl-
phosph ine for one equator ia l carbonyl in l a affords 

2a15) and this makes all the remain ing carbonyls 
nonequiyalent . As IR spectra of 2b and 2c in v (CO) 
region are qu i t e s imilar to that of 2a, 2b and 2c should 
have same structure as that of 2a. Nevertheless, only 
one 1 7 0 N M R peak is detected for 2a—2c at room 
temperature . For these compounds , rap id C O 
scrambl ing should be responsible for the detection of 
only one 1 7 0 N M R peak at ambien t temperature, since 
Matheson et al. demonstrated a rapid CO scrambling 
process in solut ions by measur ing temperature-
dependent IR and 13C N M R spectra for MeCCo3(CO)8P-
(C6Hn)3 wh ich has a s imilar solid structure to that of 
2a;21) this makes all carbonyls equivalent. 

(Ph2C2)Co2Fe(CO)9 (4), (HPhC 2 )Co 2Fe(CO) 9 (5), 
and (HPhC 2 )CoFeMo(CO) 8 Cp (6). According to X-
ray structure analyses,1 2 '1 0 five peaks are expected for 
4, six peaks for 5, and eight peaks for 6. However, 4 
displays only one peak, 5 shows two distinct resonances 
at 374.1 and 368.3 p p m , and 6 shows one strong and 
broad mul t ip le t centered at 371.3 p p m , and a weak 
peak at 398.8 p p m . 

Tempera ture-dependent 13C N M R study by Milone 
et al. for (Et2C2)Co2Fe(CO)9, which has the same 
skeletal s t ructure as that of 4, has demonstrated only 
one peak at room temperature. T h i s is due to the total 
C O scrambl ing associated wi th the alkyne l igand 
mo t ion on the Co2Fe metal t r iangle . 1 0 T h e similar 
CO scrambl ing should have caused the coalescence of 
the 1 7 0 N M R peaks at room temperature for 4. As for 
5, the peak at h igher field wi th weak intensity is 
assigned to carbonyls on Fe and the peak at lower field 
with s trong intensity to carbonyls on C02. Detection of 
two 1 7 0 N M R peaks suggests that the alkyne g roup in 
5 coordinates more strongly to the Co2Fe triangle than 
in 4 and the alkyne mot ion on the Co2Fe core seems to 
be frozen to some extent at ambien t temperature. As 
for 6, the weak peak at 398.8 p p m is due to carbonyls 
on the molybdenum atom1* and the mul t ip le t at 
371.3 p p m is due to carbonyls on the cobalt and i ron 
atoms. As the noise level is so significant, 1 7 0-enr ich 
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exper iment is necessary to analyze the mul t ip le t for 6. 

Discussion 

For 1 7 0 N M R signals of RCCo 3 (CO) 9 ( l a—Id) , the 
subst i tut ion of R from Me (la) to H (Id) causes only 
small low-field shift (ca. 3 ppm) . T h e magni tude of 
the low-field shift wi th the change of R g roup is 
smaller than those of a series of R2Sn[Co(CO)4]2; shift 
of 5.5 p p m between Cl2Sn[Co(CO)4]2 and Pri2Sn-
[ C o f C O ) ^ . » RCCo 3 (CO) 8 PPh3 (2a—2c) shows a 
slight high-field shift compared with the corresponding 
parent compounds (la—lc); the up-field shift is maximum 
(4.2 p p m ) for the chloro derivative and m i n i m u m 
(0.8 p p m ) for methyl derivative.22) Another interesting 
f inding is the decrease in 1 70-chemical shift dfifference 
between methyl and chloro derivative by in t roducing 
PPri3 on the C03 core, from 2.1 p p m for l a and l c to 
1.4 p p m for 2a a n d 2c. In order to unders tand 1 7 0 -
chemical shift in terms of the electronic function of 
CC03 core, it seems appropr ia te to peruse previous 
studies on RCCo3(CO)9 derivatives such as 59Co N Q R 
study by Brill et al.,23) PE(photo-electron) investiga­
t ion by Granozzi et al.,24) and M O study by Fehlner et 
al.25) N Q R study suggested that significant de rea l i za ­
t ion of electron density in the region of apical carbon 
a tom occurs and is responsible for transmission of 
electron density between the cobalt a toms and the R 
g roup th rough a 7r-resonance mechanism. We have 
at tempted to correlate 1 7 0-chemical shift and 59Co 
nuclear quad rupo le coup l ing constant; good linear 
correlation holds for l b , lc , and Id except la; deviation 
of l a from the l ine may be due to the use of an averaged 
coup l ing constant which is obtained for solid sample. 
T h e correlat ion indicates that 7r-resonance mechanism 
works over the te rminal oxygen a toms in C O groups. 
PE investigation has substantiated such 7r-resonance 
type mechanism to be operative for the interaction 
between the C03 tr iangle and the apical R C group, and 
also the CCo3(CO)9 fragment to be a good electron 
reservoir.24) Fehlner et al. have shown for l a that 
calculated Mull iken a tomic charges a round the oxygen 
atoms of the equator ia l and axial carbonyls are qui te 
close and also demonstrated the presence of the 3d 
orbitals over lapp ing a long the C o - C o b o n d in the 
orbital con tour d iagrams . 2 0 All of these results 
suppor t the idea that the CC03 core is a good electron 
reservoir and that the electronic effect caused by the 
subst i tu t ion of the R g r o u p or CO g r o u p by PPI13 is 
well buffered by an effective function of the CC03 core 
as an electron reservoir. Small 1 7 0 shift wi th the 
change of the apical subst i tuent R a n d / o r core 
substi tuent PPI13 is thus best interpreted in terms of the 
electron buffer action of the CC03 core. 

T h e n , we are tempted to investigate how the 1 7 0 -
chemical shift is influenced when the R C g roup is 
replaced with RC=RC group. For this purpose, 
compar ison of the chemical shift a m o n g la , l b , and 5 

seems appropr ia te ; c o m p o u n d 4 is not included, 
because the observed i 70-shif t da tum is an "averaged" 
value a m o n g the carbonyls coordinated to the cobalt 
and iron a toms and the shift data for carbonyls 
coordinated to the cobalt a toms alone are not available 
at present. As was described in the spectral assignment 
section, carbonyls coordinated to the cobalt a toms in 5 
resonate at lower field (ca. 5 p p m ) than those in l a and 
l b and the a m o u n t of lower-field shift is larger than 
the shifts a m o n g l a—Id . Extended Huckel calcula­
tions for M3L9 and M3L9R (M=Co , Fe, Ru; R = C 2 H 4 , 
C2H2) by Hoffmann et al. showed that the incorpora­
t ion of acyclic unsa tura ted l igands such as C2H4 and 
C2H2 th rough their 7r-electron affords significant 
change in the energy levels of related orbitals.26) 

However, nei ther E. H. calculat ions for mixed metal 
M3L9 nor mixed metal M3L9R where R binds to M3 
core t h rough a- and 7r-bonds has not yet been made to 
our knowledge. We jus t po in t ou t the factors which 
may induce the observed effect on 1 70-chemical shift. 
One factor is electronical change caused by the 
incorpora t ion of the i ron a tom in the metal r ing 
system. Another factor is the magnet ic anisotropy 
effect from the C=C bond and such effect may depend 
on the relative or ientat ion of the C=C bond to the 
Co-Co bond. 

T h e C O stretching frequency, v (CO), has been 
employed as a conventional measure or elucidating the 
change of the electron distr ibution a round the oxygen 
atoms in metal carbonyls.1 '8 '23) In order to clarify wha t 
factors are operative for 1 70-chemical shift, 1 7 0 -
chemical shifts are plotted to CO stretching frequencies 
(total symmetric mode observed at highest frequency 
region for each compound) 2 7 ' 2 0 for two series of co­
ba l t carbonyl derivatives, " o p e n c lus ters" R3-*Sn-
[Co(CO)4]x+i and "tr iangle clusters" RCCo3(CO)9-*-
(PPh3)x (Fig. 2). A good l inear re la t ionship holds for 
each cluster system; 1 70-chemical shifts move to a 
lower field wi th the increase of the CO stretching 

£ 365H 2b 2c 

To 
_ 8a 
1 360-^ O 

1 
\ J , J , J , , 

2080 2090 2100 2 l l ° 
>>(C0), cm'1 

Fig. 2. Correlations between 170 NMR chemical shifts 
and *>(CO) frequencies. O—O denotes plots for open 
clusters, R3-*Sn[Co(CO)4]*+i and A—A denotes 
plots for triangle clusters, RCCo3(CO)9-x(PPh3)*. 
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frequencies for each system. Interesting findings 
obtained from the plots are that the slope of the line 
drawn for open cluster system is steeper than that of 
the triangle cluster system and the lvO-nuclei in 
triangle system resonate at lower field than those in 
open cluster system. As was shown in the previous 
papers,23'29) the lower-field shift of 170-resonance 
occuring in accord with the increase of the CO 
stretching frequencies for increase of the Co(CO)4 unit 
and/or for introduction of the electronegative group 
on the tin atom can be best interpreted in terms of the 
decrease of the electron density around the oxygen 
atoms of interest through a- and ^-interaction between 
the cobalt atom and CO groups for the series of open 
clusters, R2Sn[Co(CO)4]2 and R3-*Sn[Co(CO)4]*+i. A 
similar lower-field shift of 170-resonances in accord 
with the increase of CO stretching frequencies is 
observed for the series of triangle clusters when the 
electronegative group is introduced on the apical 
carbon atom. It is well-known that the electron 
density around the oxygen atoms increases when the 
CO group is replacled by weaker ^-accepting ligand 
such as PPI13 for RM(CO)„ type compounds and the 
CO stretching frequencies shift to a lower energy 
region.30) Thus, observed good correlation between 
170-chemical shift and CO streching frequency for 
RCCo3(CO)9-*(PPri3)x is reasonablly interpreted in 
terms of the electron density term, Qaa, in para­
magnetic shielding constant ap (Eq. 1). 

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

a — (Jdia + CJpara H~ (Joth ( 2 ) 

In the previous paper, we have pointed out that the 
contribution from the metal-metal bond anisotropy 
effect to doth should not be overlooked.29) In addition, 
we believe the ring current effect should be included in 
(Joth term for cobalt triangle clusters based on the 
following reasons; first, the orbital contour map 
drawn by Fehlner et al. showed the presence of the 3d 
orbitals overlapping along the Co-Co triangle25) 

together with 7r-resonance mechanism working over 
the C03 triangle and the apical RC group. Second, 3 
which is a kind of "open cluster" shows a higher-field 
resonance (364.3 ppm) than those for la—Id. In order 
to appreciate the ring current effect on the 1 70-
chemical shift, it seems reasonable to see the magnetic 
effect due to the ring current in the cyclopropane 

Scheme 2. 

system; in the cyclopropane system, it has been 
suggested that the ring current produces two regions, 
magnetically shielded and deshielded regions, and the 
ring protons which are located in the magnetically 
shielded region resonate at higher field.31_33) In the 
present cobalt cluster system, the equatorial carbonyls 
are located in the deshielded region and the axial 
carbonyls are located in the shielded region if similar 
ring current effect is conceivable. However, rapid CO 
scrambling for 2a—2c at room temperature poses 
problems for evaluating the 170-chemical shift dif­
ference among the equatorial and axial carbonyls;21) 

CO scrambling occurs among the carbonyls in two 
structural isomers, nonbridged isomer (2a—2c in 
Scheme 1) and bridged isomer (Scheme 2), which 
coexist in equilibrium in solutions at room tem­
perature. In the bridged isomer, the terminal 
carbonyls shift to intermediate positions between axial 
and equatorial carbonyls and/or equatorial carbonyls 
and the apical carbon atom. Thus, obtained 1 70-
chemical shift values for 2a—2c are "averaged" one 
among the terminal carbonyls for two isomers. 
Another problem we should be aware of for inter­
preting the 170-chemical shift data is whether the 
intermediate position in the bridged-isomer is located 
in the magnetically shielded region or in the magne­
tically deshielded region. Although the magnetic 
shielding-deshielding cone angle of CC03 ring current 
system has not yet been evaluated, we presume that 
terminal carbonyls of the bridged isomer is located in 
the magnetically deshielded region based on the 
aforementioned trends on the 170-chemical shifts for 
triangle clusters. The trends are best interpreted in 
terms of the lower-field resonance of the terminal 
carbonyls of the bridged isomer. Thus "averaged 1 70-
signal" due to CO scrambling is observed at somewhat 
lower-field region than that of the "pure" 170-signal 
due to axial and equatorial carbonyls. 

Matheson et al. have also shown that the 13CO 
resonance is deshielded by the introduction of the 
phosphine ligand.21) All of these discussions together 
with the discussion on the function of the M3 core as 
an electron reservoir indicate that 1 70 NMR shielding 
is determined by the intricate balance between the 
local paramagnetic contribution due to the changes in 
charge density and the ring current effect along the 
metal-metal triangle. We would like to open our 
conclusion for future 1 70 NMR study on metal 
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carbonyl derivatives which are composed from metal 
r ing systems. 
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Synthesis of Layered Polysilicic Acid-Acrylamide Intercalation 
Compounds and Polymerization in the Interlayer Spaces 
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Department of Applied Chemistry, Waseda University, Ohkubo-3, Shinjuku-ku, Tokyo 169 
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Layered polysilicic acid-acrylamide intercalation compounds were synthesized by the reaction of H-
magadiite (H2Sii4029-xH20) and H-kenyaite (H2Si2o04i • XH2O) with acrylamide saturated aqueous solutions. 
The formation of the intercalation compounds were ascertained by X-ray powder diffraction, IR, 13C-CP MAS 
NMR, DTA, and chemical analysis. However, when H-magadiite was used, a part of the intercalated 
acrylamide molecules was oligomerized during the intercalation. A heat treatment of the layered polysilicic 
acid-acrylamide intercalation compounds led to a polymerization of the acrylamide in the interlayer spaces. 

Many types of intercalat ion compounds have been 
synthesized from layered inorganic compounds . For 
example, clay minera l -po lymer intercalat ion com­
p o u n d s ^ have been synthesized by a direct polymer 
intercalation or polymerization of monomer molecules 
in interlayer spaces. Synthesis of inorgan ic -organ ic 
polymer complexes by polymerization of monomers in 
the interlayer space has attracted m u c h at tent ion from 
the viewpoints of bo th intercalat ion chemistry and 
polymer science. 

Layered polysilicates, such as Na-magadii te (Na2Sii4-
029-xH20) and K-kenyaite (K2Si2o04i-xH20), consist 
of SiÜ4 tetrahedra layers.2,3) Layered polysilicic acids, 
which are the acid type of layered polysilicates, also 
consist of SiÜ4 tetrahedra layers, and have silanol 
groups on their surfaces. Because of the presence of 
silanol groups , the layered polysilicic acids act as a 
solid acid wi th h igh surface acidity.4) However, the 
detailed crystal structures of many layered polysilicates 
have not yet been defined. Similar to clay minerals, it 
has been k n o w n that layered polysilicates and layered 
polysilicic acids can intercalate various organic cations 
and molecules, such as a lky l ammon ium ions and 
alkylamines.2 '3 '5 '6 ) Rojo et al.7) investigated the 
adsorpt ion of Af-substituted amides in to layered 
polysilicic acids a n d the interaction between amides 
and interlayer s i lanol groups . However, only a few 
polymer intercalated layered polysilicic acids have 
been synthesized; Sugahara et al.8) reported on the 
polymerization of acrylonitrile in the interlayer space 
of H-magadii te , and Lagaly et al.9) also ment ioned that 
caprolactam and acrylamide were polymerized in the 
interlayer space of H-magadi i te . However, in the 
latter work, the characterization of polymer inter­
calated H-magadi i te was not described. N o polymer 
intercalated H-kenyaite has been reported. 

In our previous studies, acrylamide was intercalated 
in to montmori l loni te 1 0 ) and kao l in i te , n ) and was 
polymerized in their interlayer spaces. Acrylamide is 
liable to be intercalated in to layered materials and to 
be polymerized. In this study, acrylamide was 
intercalated to layered polysilicic acids, H-magadi i te 
(H 2 Si i 4 029-xH 2 0) and H-kenyaite (H 2 Si 2 o04i-xH 2 0) , 
and was al lowed to polymerize in their interlayer 

spaces. T h e results were compared with those of 
mon tmor i l l on i t e - and kaolini te-polyacrylamide inter­
calation compounds . 

Experimental 

Materials. H-magadiite and H-kenyaite were prepared 
by a method described by Lagaly et al.;3'9) 0.1 mol dm - 3 HCl 
was added dropwisely to a suspension of Na-magadiite or 
K-kenyaite until the pH became 2. The suspensions were 
stirred for 24 h and the pH value was kept at 2 with 
0.1 mol dm - 3 HCl. The products were filtered, washed until 
no Cl~ ions were detected, and air-dried. Their formation 
was checked by X-ray powder diffraction; X-ray fluorescence 
analysis showed the absence of alkali metal ions. Acrylamide 
(Wako Pure Chemical Ind., extra pure) was recrystallized 
before use. 

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

Analyses. X-Ray powder diffraction patterns were ob­
tained with a Rigaku Rad-IB diffractometer using Ni-
filtered Cu Ka radiation. Infrared spectra were recorded on a 
Perkin-Elmer FTIR 1640, using a KBr disk method. DTA 
curves were obtained with a Shimadzu thermal analyzer 
(DT-20B) with a-Al203 as the reference material. 13C-CP 
MAS NMR spectra were obtained with a JEOL GSX-400 
spectrometer at 100.54 MHz. The external standard was 
tetramethylsilane. The matched radiofrequency field ampli­
tude was 39.7 kHz, with a 90° pulse of 6.3 p,s. The CP 
contact time was 2 ms, and the pulse repetition time was 5 s. 

Results and Discussion 

Table 1 shows the values of the basal spacings of the 
s tar t ing materials , the reaction products , and the heat-
treated products . After t reatment with acrylamide 
saturated solut ions, the product from H-magadi i te 
indicated a basal spacing of 15.0 Â. T h e value of the 
product from H-kenyaite was 22.3 Â. T h e increments 
in H-magadi i te were 3.8 Â and corresponded to the 
calculated thickness of an acrylamide molecule (3.7 Â), 
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Table 1. Basal Spacings of Layered Polysilicic Acids and 
Their Acrylamide Intercalated Compounds 

H-magadiite/Â H-kenyaite/Â 

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

11.2 
15.0 
14.0 

16.5 
22.3 
21.7 

Table 2. Infrared Assignments of Acrylamide and the Layered Polysilicic 
Acid-Acrylamide Intercalation Compounds 

Acrylamide12) 

Montmorillonite-acrylamide intercalation compound 
(15Âtype)10> 

Kaolinite-acrylamide intercalation compoundn) 

H-magadiite-acrylamide intercalation compound 
H-kenyaite-acrylamide intercalation compound 

w 
ĉ=o 

1686 
1676 

1685 
1676 
1671 

ravenumber/c 
ĉ=c 

1647 
1624 

1621 
1624 
1624 

:m-1 

1618, 1592 
1602 

1597 
1597 
1588 

which suggested that acrylamide molecules lay flat in 
the interlayer space. However, the increment in H-
kenyaite (5.8 Â) was larger than the thickness of the 
acrylamide molecules. T h i s value was close to that of 
the increment in the "15 Â basal spacing phase" of 
montmor i l lon i te -acry lamide intercalation c o m p o u n d 
(5AA),10) in which it was though t that acrylamide 
molecules were probably adsorbed as a monomolecular 
a r rangement wi th the molecular p lane perpendicular 
to the silicate sheets. In the present kenyaite system, 
therefore, such an ar rangement may be possible. 

T h e infrared spectrum of the product from H-
magadi i te (Fig. lb) indicated the appearance of new 
peaks at 1676 c m - 1 , 1624 c m - 1 , and 1597 c m - 1 . By a 
comparison with the infrared spectrum of acrylamide 
in CHCI3 solution,12) these peaks were ascribable to 
^c=o, ^c=c, and ÔN-H, respectively. T h e peak posit ions 
were in good agreement wi th those in montmor i l ­
loni te-acrylamide and kaolini te-acrylamide intercala­
t ion c o m p o u n d s (Table 2). T h i s fact means that the 
acrylamide molecules in the products have some 
interaction with SiÜ4 tetrahedra layers, like that of 
mon tmor i l l on i t e - and kaolini te-acrylamide intercala­
t ion compounds . By a compar i son wi th the IR results 
of H-magadiite-N-methylformamide and -Af,Af-dimethyl-
formamide intercalat ion compounds, 7 ) it was rea­
sonable to consider tha t this interaction between 
acrylamide and SiÜ4 tetrahedra layers of layered 
polysilicic acid came about from hydrogen bonds 
between silanol g roups and C = 0 groups in acrylamide 
molecules in the fol lowing way: 

= Si-OH 0=C-CH=CH~ 

NH^ 
(1) 

However, the shape of the Ï̂ O-H peaks at 3500— 
3000 c m - 1 of H-magadi i te varied because of an 
over lapping of the Ï^N-H peaks due to acrylamide. T h e 

4000 3000 2000 1500 1000 5 0 0 

Wavenumber / cm" 

Fig. 1. IR spectra of a) H-magadiite, b) H-maga­
diite-acrylamide intercalation compound, and c) H-
magadiite-polyacrylamide intercalation compound. 

IR spect rum of the product from kenyaite also showed 
peaks due to acrylamide, s imilar to that of the product 
from H-magadi i te . 

T h e 1 3C-CP MAS N M R spectra of the products from 
H-magadi i t e and H-kenyaite (Figs. 2 and 3) indicated 
peaks at abou t 131 p p m and 172 p p m , which can be 
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Fig. 2. 13C-CP MAS NMR spectra of a) H-maga­
diite-acrylamide intercalation compound and b) H-
magadiite-polyacrylamide intercalation compound. 
Spinning side bands are marked by asterisks. 

Fig. 3. 13C-CP MAS NMR spectra of a) H-kenya-
ite-acrylamide intercalation compound and b) H-
kenyaite-polyacrylamide intercalation compound. 
Spinning side bands are marked by asterisks. 

attributed to the carbon atoms in the -ÇH=ÇH2 and 
-ÇO-NH2 groups, respectively.1^ 

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

However, the 13C-CP MAS NMR spectrum of the 
H-magadiite-acrylamide intercalation compound in­
dicated additional peaks at 14.1 ppm, 24.3 ppm, and 
33.6 ppm (Fig. 2a). These were attributable to single-
bonded C atoms arising from a polymerized product. 
In particular, the peak at 14.1 ppm, which can be 
assigned to the terminal -CH3 group in alkyl chain, 
appeared to be strong, even after taking into account 
an enhancement of the peak due to -CH3 groups by the 
CP technique. This means that some of the acrylamide 
molecules in the interlayer spaces were oligomerized 
simultaneously with the intercalation. On the other 
hand, the NMR spectrum of the product from H-
kenyaite (Fig. 3a) did not show any peaks due to the 
oligomerized product. It has been reported that H-
magadiite is a solid acid with Ho=~5 — —3 of surface 
acidity.4) Consequently, it is reasonable to consider 
that the Si-OH groups on the surface of SiÜ4 

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

The results of chemical analyses of the layered 
polysilicic acid-acrylamide intercalation compounds 
were as follows: H2Sii4029:CH2CHCONH2=l : 1.61 
and H2Si2o04i:CH2CHCONH2=l:2.81. This differ­
ence in the contents of acrylamide was possibly 
ascribable to the different structures, including the 
interlayer spaces of H-magadiite and H-kenyaite, 
although they have not yet been clarified.14) This 
difference agreed with the fact that the increment in 
the basal spacing of the H-magadiite-acrylamide 
intercalation compound was smaller than that of H-
kenyaite-acrylamide intercalation compound. 

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

After the heat treatment, the basal spacings of the 
layered polysilicic acid-acrylamide intercalation com-
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pounds decreased from 15.0 Â to 14.0 Â for H-
magadiite, and from 22.3 Â to 21.7 Â for H-kenyaite. 
However, even after the heat treatment, these values 
were larger than those of the starting layered poly-
silicic acids (Table 1 ). 

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

These facts mean that the exothermic peak starting 
from about 100 °C in the DTA curve was attributable 
to a polymerization of acrylamide in these intercala­
tion compounds. Therefore, from these results, it was 
confirmed that acrylamide molecules in the interlayer 
spaces of layered polysilicic acid were polymerized by a 
heat treatment at 200 °C. This polymerization of 
intercalated acrylamide without an initiator was 
attributable to the high surface acidities of the layered 
polysilicic acids.3,4) Namely, as described above, 
Si-OH groups on the surface of SiÜ4 tetrahedra layers 
in the layered polysilicic acids acted as catalysis for 
cationic polymerization, according to the following 
equations: 

CH 9=CH + HO-Si= > CHn-CH + + "0-Si = 

I I 
C=0 C=0 (2) 

I I 
N H 2 N H 2 

and 

CH-.-CH+ + CH 9 = CH > CH-3-CH-CH0-CH
 + 

3 I I 3 I 2 I 
C=0 C=0 C=0 C=0 (3) 
I I II 
NH2 NH2 NH2 NH2 

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

The organic contents of the layered polysilicic 
acid-polyacrylamide intercalation compounds were as 
follows: H2Sii4029:CH2CHCONH2=l:1.25 in the H-

magadiite-polyacrylamide intercalation compound, 
and H2Si2o04i:CH2CHCONH2=l:2.62 in the H-
kenyaite-polyacrylamide intercalation compound. 
These values were smaller than those of the layered 
polysilicic acid-acrylamide intercalation compounds. 
This fact suggested that some of the acrylamide 
molecules in the interlayer spaces were eliminated 
during the heat treatment. 

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

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

The authors wish to express their thanks to Dr. 
Yoshiyuki Sugahara (Dept. of Appl. Chem., Waseda 
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Phenyl l-(trimethylsilyl)propadienyl sulfide undergoes a hydroalumination with diisobutylaluminum 
hydride (DIBAH) or lithium butyl(diisobutyl)aluminum hydride (BL-DIBAH). The adduct anion derived from 
DIBAH is regioselectively trapped with carbonyl compounds at the position a to the phenylthio moiety to give 
1,3-dienes as Peterson olefination products; the anion derived from BL-DIBAH is trapped at the position y to 
the phenylthio moiety to give 3-buten-l-ols. Silylmetalation and stanylalumination on the same acceptor have 
been also briefly investigated as equivalent reactions. 

In the preceding paper of this series, we have 
reported that 1-silyethenyl sulfides show only a limited 
reactivity toward o rgano l i th iums in the sequential 
reactions consist ing of Michael type addi t ion and 
Peterson olefination.1* We came to select a 1-silyl-
propadienyl sulfide since this cumulat ive acceptor was 
expected to form adduct an ion intermediates with a 
m u c h higher stabilization. T h e synthetic appl icat ions 
of propadienyls i lanes are qui te l imited to the use as 
nucleophi l ic reagents.2) Michael type addi t ion is 
rarely known. 

Results and Discussion 

Phenyl l-(trimethylsilyl)propadienyl sulfide (1) used 
as the acceptor in the present work was prepared in 
87% yield by depro tona t ion of phenyl 1-propynyl 
sulfide8) wi th l i t h ium di isopropylamide (LDA) at 
—78 °C and subsequent silylation with chlorotrimethyl-
silane. 

Al though no reaction was observed between allenyl-
silane 1 and d i i sobu ty la luminum hydride (DIBAH) 
in hexane,4 ) a slow reaction took place in tetrahydro-
furan (THF) at room temperature to give, after 
hydrolytic work-up , 48% yield of phenyl 1-trimethyl-
silyl-2-propenyl sulfide (2) after 24 h (Scheme 1). In 
this reaction, some of the starting c o m p o u n d 1 was 
recovered even when two equivalents of DIBAH were 
employed. A quant i t a t ive recovery of 1 resulted in a 
similar reaction in 1,2-dimethoxyethane (DME) showing 
highly solvent-sensitive nature of this reaction, and the 
use of a catalytic a m o u n t of copper(I) iodide was 
totally ineffective. 

T h e exclusive format ion of 2 by the regioselective 
reaction at the less h indered double bond of aliène 1 
accords wi th the previously reported selectivity.4* 
T r a p p i n g of the adduct an ion intermediate with 
benzaldehyde gave, after work-up wi th Rochell solu­
tion (aqueous potass ium sodium tartrate), l-phenyl-2-
phenyl th io- l ,3-butadiene (4a, 39%) and alcohol 5a 
(31%). Since a lcohol 5a was quanti tat ively converted 
into butadiene 4a by heat ing under reflux in 

ethanol , bo th 4a and 5a are the products produced 
from the regioselective carbonyl t rapping reaction. 
Butadiene 4a actually the only product (62%) when the 
reaction mixture of 1, DIBAH, and benzaldehyde was 
treated wi th di lute hydrochloric acid. Accordingly, it 
is most likely that the (3-si lylal lyl)aluminum A was 
involved as the init ial adduct intermediate since 
a l l y l a luminums are known to react with carbonyl 
compounds via an allyl rearrangement (Scheme 1).5 '6) 

However, the regioselective water quench ing of A 
through allyl rearrangement was surprising. 

An a lumina te complex, l i t h ium butyl(diisobutyl)-
a l u m i n u m hydride (BL-DIBAH), was found to show a 
higher reactivity to propadienyls i lane 1 than DIBAH, 
bu t regiochemical outcome of this reaction was rather 
poor. T h u s , comparable yields of 2 (20%) and phenyl 
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1-trimethylsilyl-l-propenyl sulfide (3, 21%) were ob­
tained in the reaction of 1 wi th BL-DIBAH (1.2 equiv) 
after hydrolytic quench ing . T h e quench ing with 
benzaldehyde afforded, after hydrolytic work-up with 
Rochell solut ion, a single isomer of l-phenyl-4-
phenylthio-4-trimethylsilyl-3-buten-l-ol (6a, 62%) along 
with the recovered 1 (21%). 

A considerably ionized species B was presumably 
involved in the reaction of 1 with BL-DIBAH because 
the a l u m i n u m - c a r b o n bond in B should be less 
covalent than in A (Scheme 1). T h e different regio-
selectivity in the cases of the hydrolytic quench ing 
and the quench ing with benzaldehyde can be explained 
by steric factors. There are several examples known for 
the reaction of hetero-substituted l i th ium al lylalumi-
nates or crotylaluminates with carbonyl compounds , 
where the carbonyl addi t ion took place at the posi t ion 
substi tuted by the hetero substituents.7 ) O u r regio-
selective carbonyl addi t ion at the unsubst i tuted termi­
nal carbon a tom makes a str iking contrast with these 
precedents. T h i s reverse selectivity would probably 
have arisen from a h igh steric congestion at the sub­
stituted carbon a tom of B. 

Hydroa lumina t ion of 1 with DIBAH of BL-DIBAH 
a n d t r a p p i n g of the r e s u l t i n g adduc ts were per­
formed by u s i n g several ca rbony l c o m p o u n d s to 
give 2-phenylthio-l ,3-butadienes 4a—c (or the corre­
s p o n d i n g a l c o h o l s 5a, b) or 4 - p h e n y l t h i o - 4 - t r i -
methylsilyl-3-buten-l-ols 6a—e, and the results are 
summarized in Scheme 1 and Table 1. 

T h e Z-geometry of olefin par t of 6a was determined 
on the basis of the following observation: Only Z-
isomer of 7 was formed in 57% yield u p o n treatment of 
6a wi th t e t r abu ty lammonium fluoride (TBAF) in 
hexamethylphosphor ic tr iamide (HMPA), and this 

SPh 

SiMe3 

P h S-—° ' ^A r (n -Bu ) ( / -Bu ) 2 

H ~ Li+ 

- • 6 a 

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

isomer underwent a gradual isomerization in chloro­
form solut ion in to thermodynamical ly more stable E-
isomer of 7 (XH NMR). T h e six-membered transit ion 
state C shown in Fig. 1 would be responsible for the 
observed exclusive Z-selectivity. 

T h e an ion resul t ing from the desilylation of 6 could 
be t rapped wi th an aldehyde. T h u s , after protect ion of 
the hydroxyl moiety as a tetrahydropyranyl ( T H P ) 
ether, vinylsilane 6a was desilylated with T B A F in the 
presence of benzaldehyde to afford adduct 8 in 57% 
yield. 

We further examined several reactions which are 
synthetic equivalent of the above hydroa lumina t ion . 
T h u s , methyl(methyldiphenylsi lyl)magnesium, pre­
pared from methylmagnes ium iodide and (methyl-
diphenylsi lyl) l i thium,8 ) reacted with 1 in the presence 
of a catalytic a m o u n t of copper(I) iodide in T H F at 
room trmperature to give, after hydrolytic quench ing , 
a single isomer of phenyl 2-(methyldiphenylsilyl)-l-
trimethylsilyl-1-propenyl sulfide (9) in 62% yield 
(Scheme 2). However, a t tempted alkylat ion of the 
resul t ing an ion D (M=MgMe) wi th benzaldehyde or 
methyl iodide was unsuccessful. 

O n the other hand , the reaction of 1 with l i th ium 
(methyldiphenylsilyl)cuprate9 ) in T H F at 0 °C afforded 
the same c o m p o u n d 9 in 57% yield after hydrolytic 

Table 1. Hydroalumination and Related Reactions of Propadienylsilane 1 
Followed by Quenching with Carbonyl Compounds or Water 

Nucleophilea) 

(*-Bu)2AlH (2) 
(*-Bu)2AlH (2) 
(*-Bu)2AlH (2) 
(*"-Bu)2AlH (2) 
(*-Bu)2AlH (2) 
(*-Bu)2AlH (2) 
LiAl(n-Bu)(*-Bu)2H (1) 
LiAl(n-Bu)(*'-Bu)2H (1.2) 
LiAl(rc-Bu)(*-Bu)2H (1.2) 
LiAl(n-Bu)(*-Bu)2H (1) 
LiAl(n-Bu)(*-Bu)2H (1.2) 
LiAl(n-Bu)(*'-Bu)2H (1.2) 
MeMg(Ph2MeSi) (1.3) 
LiCu(Ph2MeSi)2 (1.2) 
LiCu(Ph2MeSi)2(1.2) 
Et2Al[(rc-Bu)3Sn] (3) 
LiAl[(n-Bu)3Sn]Me3 (3) 

Conditions 

THF rt, 24 h 
THF rt, 24 h 
THF rt, 2 h 
THF rt, 36 h 
THF rt, 24 h 
THF rt, 24 h 
DME rt, 4 h 
DME rt, 3 h 
DME rt, 3 h 
DME rt, 3 h 
DME 0°C, l h 
DME 0°C, l h 
THF 0°C, 3hh> 
THF 0°C, 3 h 
THF 0°C, 3 h 
THF rt, 12 hh> 
THF 0°C, l h 

Electrophilea) 

None 
PhCHO(3) 
PhCHO(3) 
PhCOMe(2) 
Cyclohexanone(2) 
n-PrCHO(3) 
None 
PhCHO(2) 
n-PrCHO(2) 
*-BuCHO(1.5) 
PhCOMe(1.5) 
Cyclohexanone(2) 
None 
None 
PhCHO(2) 
None 
PhCHO(3) 

Conditions 

rt, 2 h 
rt, 2 h 
rt, 3 h 
rt, l h 
0°C, l h 

rt, 2 h 
rt, 2 h 
rt, 2 h 
0°C, l h 
rt, 2 h 

rt, 12 h 

0°C, 1.5h 

Work-up 

Rochell soin 
Rochell soin 
Dilute HCl 
Dilute HCl 
Dilute HCl 
Dilute HCl 
Rochell soin 
Dilute HCl 
Dilute HCl 
Dilute HCl 
Dilute HCl 
Dilute HCl 
Aq NH4C1 
Aq NH4CI 
Aq NH4CI 
Dilute HCl 
Dilute HCl 

Product (yield/%)b> 

2(48) 
4a(39)+5a(31)+(9)c> 
4a(62)+(26)c> 
4b(21) 
4c(6) 
5b(58) 
2(20)+3(21) 
6a(62)+(21)c) 

6b(44)+(14)d> 
6c(57) 
6d(37)+(ll)c> 
6e(51)+(12)c) 

9(62) 
9(57) 
10(51)«> 
11(17)+12(20) 
13(25) 

a) The number in parentheses is the amount of reagent used (in equivalent), b) Yield of isolated products, c) Yield/% of 
the recovered 1. d) Yield/% of a mixture of 2 and 3. e) Yield/% of 3. f) A catalytic amount of copper(I) iodide was used, g) 
Obtained as a 1:1 mixture of two geometrical isomers (*H NMR), h) A catalytic amount of copper(I) cyanide was used. 
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1 + LiCu(Ph2MeSi)2 or 
MeMg(Ph2MeSi) 

SiMePh2 

Q SiMe-, 

SiMePho 

Ph' 

SPh 

D S i M e 3 

1 PhCHO 

OH SiMePh2 

SPh 

1 0 S i M e 3 

Scheme 2. 

Sn{n-Bu)3 

,SPh 

1 + Et2AI[(n-Bu)3Sn] 

1 H20 

1 1 SiMe3 

Sn(n-Bu)3 

„SPh 

SiMe3 1 2 

3 

SPh 

1 + LiAI[(A7-Bu)3Sn]Me3 

P h C H o X OH Sn(n-Bu); 

13 SiMe3 

Scheme 3. 

work-up . In contrast wi th the poor reactivity of the 
adduct an ion D (M=MgMe) derived from 1 and 
methyl(methyldiphenyls i lyl)magnesium, the adduct 
an ion D (M=Li) showed a higher reactivity toward an 
aldehyde so that it could be trapped wi th benzaldehyde 
to afford a lcohol 10 (51%) as a 1:1 mix ture of two 
geometrical isomers. 

S tanny la lumina t ion of aliène 1 could be carried out 
by employing diethyl( t r ibutyls tannyl)aluminum, pre­
pared from d ie thy la luminum chloride and (tributyl-
stanyl)li thium,1 0 ) where two regioisomeric adducts 11 
and 12 were obta ined in 17 and 20% yields, respec­
tively, after hydrolytic q u e n c h i n g (Scheme 3). T h e 
stereochemical ass ignment of stereochemically pure 11 
could not be made only on the basis of spectral data. 
T r a p p i n g of the adduct an ion with benzaldehyde was 
unsuccessful, mix ture of complex products having 
resulted. 

When an a lumina t e complex such as l i th ium 
(tr ibutyls tannyl) t r imethylaluminate, prepared from 
t r imethy la luminum and (tr ibutylstannyl)l i thium, was 
used, quench ing of the result ing adduct an ion with 
benzaldehyde proceeded regioselectively to give 13, 
albeit in 25% yield. 

Experimental 

General and Materials. For the instruments used for the 
record of spectral data and the general experimental 
procedures, see Ref. 1. Phenyl l-trimethylsilyl-2-propenyl 
sulfide (2), (Z)-l-phenyl-4-phenylthio-4-trimethylsilyl-3-

buten-1-ol (6a), and (Z)-2,2-dimethyl-5-hexen-3-ol (6c) are all 
known compounds.n) 

Phenyl l-(Trimethylsilyl)propadienyl Sulfide (1). To the 
LDA solution freshly prepared from bytyllithium (1.6 M in 
hexane, 22.5 ml, 36 mmol; 1 M=l mol dm -3) and diisopropyl-
amine (5.6 ml, 36 mmol) in dry THF (40 ml) was added 
dropwise at —78 °C a solution of phenyl 1-propynyl sulfide 
(4.44 g, 30 mmol) in THF (10 ml). After 1 h, this solution 
was slowly transferred with the aid of a Teflon tube into a 
cooled solution (—78 °C) of chlorotrimethylsilane (5.1ml, 
36 mmol) in T H F (30 ml). After 1 h at - 7 8 °C, saturated 
aqueous ammonium chloride was added and the mixture 
was extracted with diethyl ether (50 mlX3). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was subjected to vacuum distillation 
to give 1 (5.74 g, 87%): Pale yellow liquid; bp 55—57 °C/106 
Pa (bulb-to-bulb); IR (neat) 2177, 1250, 874, and 841 cm"1; 
*H NMR (CDC13) 0=0.15 (9H, s, Me3Si), 4.51 (2H, s, =CH2), 
and 7.1—7.4 (5H, s, Ph); 13C NMR (CDCI3) ô=-1.53 (q, 
Me3Si), 73.18 (t, 3-C), 92.89 (s, 1-C), 127.07, 128.77, 131.66 
(each d, Ph), 135.30 (s, Ph), and 209.60 (s, 2-C); MS m/z (rel 
intensity, %) 220 (M+, 65), 115 (12), 103 (25), 77 (20), and 73 
(base peak). No satisfactory result of analytical data was 
obtained due to the instability of 1. 

Phenyl 1-Trimethylsilyl-l-propenyl Sulfide (3). To a solu­
tion of DIBAH (1 M in hexane, 1 ml, 1 mmol) in DME (5 ml) 
was added at 0°C butyllithium (1.6 M in hexane, 0.63 ml, 
1 mmol). After 5 min, 1 (0.22 g, 1 mmol) in DME (2 ml) was 
added, the mixture was stirred at room temperature for 4 h, 
and poured into aqueous potassium sodium tartarate, and 
then extracted with diethyl ether (20 mlX2). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was chromatographed over silica gel 
with hexane to give 3 (0.046 g, 21%) and then 2 (0.045 g, 20%). 
3: Coloress liquid; IR (neat) 2956, 1589, 1248, and 839 cm"1; 
iHNMR (CDCb) 6=0.03 (9H, s, Me3Si), 1.91 (3H, d, 
/3-2=6.5Hz, Me), 6.68 (1H, q, /2-3=6.5 Hz, =CH), and 7.13 
(5H, m, Ph); 13C NMR (CDCI3) ô=-1.18 (Me3Si), 17.18 (Me), 
125.24 (2-C), 127.95, 128.89, 135.01, 138.13 (each Ph), and 
148.01 (1-C); MS m/z (rel intensity, %) 222 (M+, 85), 167 (base 
peak), and 73 (68). HRMS Found: m/z 222.0892. Calcd for 
Ci2Hi8SSi: M, 222.0889. 

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

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

4a (a 1:2 mixture of E- and Z-isomers): Colorless liquid; 
IR (neat) 3059, 1581, 1477, 1439, and 916 cm"1; *H NMR 
(CDCI3) £-isomer: 0=5.30 (1H, dt, /4-3=10.7, /gem=/4-i=1.5 Hz, 
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one of 4-H), 5.83 (IH, dd, /4-3=17.3 and /gem=1.5Hz, the 
other of 4-H), 6.86 (IH, ddd, 7s-4=17.3 and 10.7, and 
/3-i=1.0 Hz, 3-H), 6.96 (IH, br s, 1-H), and 7.1—7.4 (10H, m, 
Ph); Z-isomer: 0=5.18 (IH, dt, /4-3=10.8, /gem=/4-i=0.8 Hz, 
one of 4-H), 5.69 (IH, dd, /4-3=16.7 and /gem=0.8Hz, the 
other of 4-H), 6.55 (IH, ddd, /3_4=16.7 and 10.8, and 
/3_i=0.8Hz, 3-H), 7.1—7.4 (9H, m, Ph and 1-H), and 7.70 
(2H, d, Ph); 13CNMR (CDC13) 6=117.73, 120.05, 125.42, 
126.46, 127.58, 127.64, 128.12, 128.28, 128.30, 128.87, 128.98, 
129.34, 129.89, 129.92, 131.27, 131.77, 135.94, 136.04, 136.21, 
137.98, and 139.77; MS m/z (rel intensity, %) 238 (M+, 65), 
129 (base peak), 128 (84), 127 (27), 104 (24), and 77 (25). 
HRMS Found: m/z 238.0816. Calcd for Ci6Hi4S: M, 
238.0816. 

5a: Pale yellow liquid; IR (neat) 3350, 1580, 1475, and 
1430 cm"1; *H NMR (CDCI3) ô=-0.04 (9H, s, Me3Si), 2.95 
(IH, d, /=2.6 Hz, OH), 5.05 (IH, d, 7I-OH=2.6 HZ, 1-H), 5.20 

(IH, dd, /4.3=11.3 and7gem=l.l Hz, one of 4-H), 5.36 (IH, dd, 
74_3=17.3 and 7gem=l.l Hz, the other of 4-H), 5.88 (IH, dd, 
73_4=17.3 and 11.3 Hz, 3-H), and 7.2—7.7 (10H, m, Ph); 
13C NMR (CDCI3) ô=-0.42 (Me3Si), 57.65 (2-C), 77.02 (1-C), 
116.63 (4-C), 129.43, 129.62, 129.91, 130.09, 130.53, 130.59, 
130.97, 136.81, 138.51, and 142.37 (3-C and Ph); MS m/z (rel 
intensity, %) 328 (M+, 5), 238 (24), 129 (38), 128 (27), 110 (41), 
109 (28), 107 (22), and 105 (base peak). No satisfactory 
analytical data was available due to its instability. 

4-Phenyl-3-phenylthio-l,3-pentadiene (4b). The same pro­
cedure as above employing 1 (1 mmol) and DIBAH (2 mmol) 
was follwed by the addition of acetophenone (0.24 g, 
2 mmol) in T H F (2 ml). After 3 h at room temperature, the 
reaction mixture was treated with dilute hydrochloric acid 
and extracted with diethyl ether (20 mlX3). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was chromatographed on silica gel 
with hexane to give 4b (0.052 g, 21%): Pale yellow liquid; IR 
(neat) 3080, 1580, 1480, 1440, and 1025 cm"1; *H NMR 
(CDCb) 6=2.25 (3H, s, Me), 4.85 (IH, br d, 7i_2=10.5 Hz, one 
of 1-H), 5.51 (IH, br d, 7i-2=16.5 Hz, the other of 1-H), 6.31 
(IH, dd, 72-1=16.5 and 10.5 Hz, 2-H), and 6.9—7.3 (10H, m, 
Ph); 13CNMR (CDCI3) 6=24.97 (Me), 117.10, 124.92, 126.60, 
127.44, 128.16, 128.32, 128.52, 128.77, 128.85, 134.16, 142.48, 
and 149.77 (each olefinic C and Ph); MS m/z (rel intensity, 
%) 252 (M+, 67), 226 (22), 218 (30), 143 (base peak), 142 (25), 
141 (23), 128 (79), 115 (29), 109 (28), 103 (20), and 91 (26). 
HRMS Found: m/z 252.0974. Calcd for Ci7Hi6S: M, 
252.0975. 

l-Cyclohexylidene-2-propenyl Phenyl Sulfide (4c). The 
same procedure as above employing 1 (1 mmol) and DIBAH 
(2 mmol) was followed by the addition of cyclohexanone 
(0.2 g, 2 mmol) in T H F (2 ml). After 1 h at room tem­
perature, the reaction mixture was treated with dilute 
hydrochloric acid and extracted with diethyl ether (20 mlX3). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo. The residue was chromatographed 
on silica gel with hexane, and the eluent containing 4c was 
further purified by preparative thin layer chromatography 
(4c: 0.014 g, 9%): Pale yellow liquid; IR (neat) 2980, 1570, 
1485, 1445, 1250, and 845 cm"1; *H NMR (CDCI3) 6=1.4—1.8 
(6H, m, CH2), 2.5—2.9 (4H, m, CH2), 5.11 (IH, dd, 7«,=11.2 
and 7gem=2.4Hz, one of =CH2), 5.66 (IH, dd, 7trans=16.0 and 
7gem=2.4 Hz, the other of =CH2), 6.87 (IH, dd, 7trans=16.0 and 
7cis=11.2Hz, =CH), and 7.15 (5H, br s, Ph); ^CNMR 

(CDCI3) 6=26.65, 28.32, 28.41, 31.85, 34.60 (each CH2), 
117.22, 122.13, 124.56, 126.45, 128.66, 131.96, 138.07, and 
154.24 (each olefinic C and Ph); MS m/z (rel intensity, %) 230 
(M+, base peak), 125 (13), 121 (18), 105 (11), 93 (12), and 91 
(24). HRMS Found: m/z 230.1098. Calcd for Ci5Hi8S: M, 
230.1070. 

3-Phenylthio-3-trimethylsilyl-l-hepten-4-ol (5b). The same 
procedure as above employing 1 (1 mmol) and DIBAH 
(2 mmol) was followed by the addition of butanal (0.216 g, 
3 mmol) in T H F (2 ml). After l h at 0°C, the reaction 
mixture was treated with dilute hydrochloric acid and 
extracted with diethyl ether (20 mlX3). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was chromatographed on silica gel 
with hexane-ethyl acetate (20:1 v/v) to give 5b (0.171 g, 
58%): Pale yellow liquid; 1H NMR (CDCI3) «5=0.19 (9H, s, 
Me3Si), 0.92 (3H, t, 7=6.0 Hz, n-Pr), 1.2—1.8 (4H, m, n-Pr), 
2.56 (IH, d, 7=3.5 Hz, OH), 3.7—3.9 (IH, m, 4-H), 6.90 (IH, 
dd, 7i_2=17.5 and 7 ^ = 1 . 1 Hz, one of 1-H), 5.03 (IH, dd, 
7i-2=11.0 and 7gem=l.lHz, the other 1-H), 5.82 (IH, dd, 
72-1=17.5 and 11.0 Hz, 2-H), and 7.1—7.6 (5H, m, Ph); 
" C NMR (CDCI3) <5=-1.12 (q, Me3Si), 14.21 (q, n-Pr), 20.61, 
36.52 (each t, n-Pr), 55.37 (s, 2-C), 73.09 (d, 1-C), 114.21 (t, 
4-C), 128.61, 131.78 (each d, Ph), 135.16 (s, Ph), 136.62, and 
138.18 (each d, Ph and 3-C); MS m/z (rel intensity, %) 294 
(M+, 20), 204 (base peak), 175 (68), 161 (31), 111 (47), 110 (22), 
95 (27), and 77 (20). HRMS Found: 294.1483. Calcd for 
Ci6H26OSSi: 294.1472. 

General Procedure for Addition of BL-DIBAH to 1 
Followed by Quenching with Carbonyl Compounds. As a 
typical procedure, the reaction leading to 6a is presented 
below: To a solution of DIBAH (1 M in hexane, 1.2 ml, 
1.2 mmol) in dry DME (5 ml) was added at 0 °C butyllithium 
(1.6 M in hexane, 0.75 ml, 1.2 mmol). After 10 min, a 
solution of 1 (0.22 g, 1 mmol) in DME (2 ml) was added and 
stirring was continued at room temperature for 3 h. 
Benzaldehyde (0.212 g, 2 mmol) in DME (2 ml) was added. 
The mixture was stirred at room temperature for 2 h, poured 
into dilute hydrochloric acid, and extracted with diethyl 
ether (20 mlX3). The combined extracts were dried over 
magnesium sulfate and evaporated in vacuo. The residue 
was chromatographed on silica gel by using hexane-ethyl 
acetate (20:1 v/v) to give 6a (0.203 g, 62%) and a mixture of 2 
and 3 (0.048 g, 21%). 

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

(Z)-l-Phenylthio-l-trimethylsilyl-l-hepten-4-ol (6b): Color­
less liquid; IR (neat) 3400, 1245, and 840 cm"1; *H NMR 
(CDCI3) <5=-0.04 (9H, s, Me3Si), 0.8—1.0 (3H, m, n-Pr), 
1.2—1.5 (5H, m, n-Pr and OH), 2.5—2.6 (2H, m, 3-H), 3.70 
(IH, m, 4-H), 6.66 (IH, t, 72-3=6.6 Hz, 2-H), and 7.0—7.3 
(5H, m, PH); 13C NMR (CDCI3) <5=-0.83 (Me3Si), 14.28, 
19.06, 39.09, 39.82 (each n-Pr and 3-C), 71.37 (4-C), 125.52, 
128.40, 128.90, 136.69, 137.79 (each Ph and 2-C), and 148.89 
(1-C); MS m/z (rel intensity, %) 294 (M+, 18), 222 (32), 167 
(31), 98 (36), and 73 (base peak). HRMS Found: m/z 
294.1472. Calcd for Ci6H26OSSi: M, 294.1472. 

(Z)-2-Phenyl-5-phenylthio-5-trimethylsilyl-4-penten-2-ol 
(6d): Pale yellow liquid; IR (neat) 3400, 1245, and 840 cm"1; 
!H NMR (CDCI3) 6=0.00 (9H, s, Me3Si), 1.64 (3H, s, Me), 
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1.92 (IH, br s, OH), 3.00 (2H, d, /3_4=6.9 Hz, 3-H), 6.60 (IH, 
t, /4-3=6.9Hz, 4-H), and 7.1—7.5 (10H, m, Ph); ^CNMR 
(CDC13) <5=-0.80 (Me3Si). 30.28 (Me), 45.26 (3-C), 74.84 (2-
C), 125.07, 125.56, 127.02, 128.44, 128.57, 128.86, 131.01, 
137.36, 137.63 (each Ph and 4-C), and 147.74 (5-C); MS m/z 
(rel intensity, %) 342 (M+, 7), 223 (20), 222 (base peak), 167 
(33), 121 (80), and 73 (81). HRMS Found: m/z 342.1475. 
Calcd for C2oH26OSSi: M, 342.1476. 

(Z)-l-(3-Phenylthio-3-trimethylsilyl-2-propenyl)-l-cyclo-
hexanol (6e): Pale yellow liquid; IR (neat) 3400, 1250, and 
845 cm-1; m NMR (CDCI3) <5=~0.03 (9H, s, Me3Si), 1.1 — 1.6 
(10H, m, CH2), 2.58 (2H, d, /=7.0 Hz, CH2), 6.74 (IH, t, 
/=7.0 Hz, CH), and 7.0—7.3 (5H, m, Ph); " C NMR (CDCI3) 
<5=-0.68 (Me3Si), 22.49, 25.91, 38.05, 43.45 (each CH2), 72.15 
(CH), 125.46, 128.46, 128.86, 136.90, 137.89, and 148.17 (each 
olefinic C and Ph); MS m/z (rel intensity, %) 320 (M+, 5), 222 
(59), 167 (39), 99 (32), 81 (35), and 73 (base peak). HRMS 
Found: m/z 320.1136. Calcd for Ci8H28OSSi: 320.1629. 

l-Phenyl-4-phenylthio-3buten-l-ol (7). To a solution of 
6a (0.117 g, 0.36 mmol) in HMPA (1 ml) were added water 
(0.1 ml) and TBAF (1 M in THF, 0.5 ml, 0.5 mmol). After 
stirred for 1.5 h at room temperature, the mixture was 
poured into water and extracted with diethyl ether (15 mlX2). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo. The residue was chromatographed 
on silica gel by using hexane-ethyl acetate (5:1 v/v) to give 
(Z)-7 (0.052 g, 57%), which gradually changed into (£)-7 in 
chloroform solution. (Z)-7: Pale yellow liquid; IR (neat) 
3350, 1580, 1470, 1430, and 730cm"1; « N M R (CDCI3) 
0=2.18 (IH, br s, OH), 2.70 (2H, dt, /2_!=/2_3=7.2 Hz and 
/2_4=1.0 Hz, 2-H), 4.68 (IH, t, /i_2=7.2 Hz, 1-H), 5.80 (IH, dt, 
/3_4=9.4 and /3_2=7.2 Hz, 3-H), 6.31 (IH, dt, /4-3=9.4 and 
/4_2=1.0Hz, 4-H), and 7.1—7.4 (10H, m, Ph); MS m/z (rel 
intensity, %) 256 (M+, 10), 150 (36), 107 (39), 79 (78), 78 (29), 
and 77 (base peak). (£)-7: « NMR (CDCI3) «5=2.10 (IH, br s, 
OH), 2.57 (2H, dt, /2-i=/2-3=6.6 and /2_4=0.8 Hz, 2-H), 4.74 
(IH, t, /i_2=6.6Hz, 1-H), 5.86 (IH, dt, /3_4=15.0 and 
/3_2=6.6Hz, 3-H), 6.20 (IH, dt, /4_3=15.0 and /4_2=0.8Hz, 
4-H), and 7.2—7.4 (10H, m, Ph). 

l,5-Diphenyl-2-phenylthio-5-[2-(tetrahydropyranyl)oxy]-2-
penten-1-ol (8, a 3:2 mixture of two diastereomers): To a 
solution of 6a (0.282 g, 0.86 mmol) in dichloromethane 
(3 ml) were added 3,4-dihydro-2H-pyran (0.126 g, 1.5 mmol) 
and pyridinium p-toluenesulfonate (0.025 g, 0.1 mmol). 
After stirred at room temperature for 12 h, the reaction 
mixture was poured into water and extracted with diethyl 
ether (15mlX2). The combined extracts were dried over 
magnesium sulfate and evaporated in vacuo. The residue 
was chromatographed on silica gel with hexane-ethyl 
acetate (20:1 v/v) to give the T H P ether (0.331 g, 93%). To a 
mixture of this product (0.131 g, 0.32 mmol) and benzaldehyde 
(0.05 g, 0.5 mmol) in T H F (3 ml) was added TBAF (1 M in 
THF, 0.03 ml, 0.03 mmol). The mixture was stirred at room 
temperature for 12 h, poured into water, and extracted with 
diethyl ether (15 mlX2). The combined extracts were dried 
over magnesium sulfate and evaporated in vacuo. The 
residue was chromatographed on silica gel with hexane-
ethyl acetate (5:1 v/v) to give 8 (0.081 g, 57%): Paie yellow 
liquid; IR (neat) 3450, 1585, 1480, 1455, and 1030 cm"1; 
1H NMR (CDCI3) 6=1.3—1.9 (6H, m, THP), 2.35 (IH, br s, 
OH), 2.86 (2H, t, /4_5=/4_3=6.2 Hz, 4-H), 3.2—3.9 (2H, m, 
THP), 4.7—4.8 (2H, m, T H P and 5-H), 5.10, 5.13 (IH, each 

s, 1-H), 6.27, 6.41 (IH, each dt, /3_4=6.2 and /3_i=3.3 Hz, 
3-H), and 7.1—7.4 (15H, m, Ph); 13C NMR (CDCI3) ô=19.09, 
19.19, 25.40, 25.51, 30.57, 37.02, 38.50, 61.88, 61.97, 62.10, 
76.10, 76.35, 76.38, 95.02, 95.19, 97.49, and signals for 
aromatic and olefinic carbons. 

Phenyl 2-(Methy ldipheny lsily 1)-1 - trimethy lsilyl-1 -propeny 1 
Sulfide (9). Methylmagnesium iodide (1.3 M diethyl ether, 
1 ml, 1.3 mmol) was added at 0°C to methyldiphenylsilyl-
lithium (0.32 M in THF, 4.1 ml, 1.3 mmol). Copper(I) iodide 
(0.01 g) and 1 (0.22 g, 1 mmol) were added after 15 min at 
0 °C. After 3 h at 0 °C, the mixture was poured into aqueous 
ammonium chloride and extracted with diethyl ether 
(20 mlX2). The combined extracts were dried over magnesium 
sulfate and evaporated in vacuo. The residue was 
chromatographed on silica gel by using hexane to give 9 
(0.201 g, 62%) as a single isomer: Colorless liquid; IR (neat) 
1583, 1429, 1250, 841, and 789 cm"1; 1H NMR (CDCI3) «5=0.10 
(9H, s, Me3Si), 0.73 (3H, s, MePh2Si), 2.00 (3H, s, Me), and 
6.8—7.5 (15H, m, Ph); 13CNMR (CDCI3) <5=-1.59 (Me3Si), 
1.24 (MePh2Si), 26.47 (Me), 125.18, 127.54 128.07, 128.65, 
129.13, 135.13, 138.25, 139.71 (each 2-C and Ph), and 148.01 
(1-C); MS m/z (rel intensity, %) 418 (M+, 10), 310 (12), 259 
(14), 198 (20), 197 (base peak), 105 (36), and 73 (26), HRMS 
Found: m/z 418.1648. Calcd for C25H30SSi2: M, 418.1689. 

3-(Methyldiphenylsilyl)-l-phenyl-4-phenylthio-4-trimethyl-
silyl-3-buten-l-ol (10). A mixture of copper(I) iodide 
(0,23 g, 1.2 mmol) and (methyldiphenylsilyl)lithium (0.34 M 
in THF, 7.5 ml, 2.4 mmol) was stirred at 0 °C for 20 min. To 
this solution was added 1 (0.22 g, 1 mmol) in T H F (2 ml). 
After stirring at 0 °C for 3 h, benzaldehyde (0.212 g, 2 mmol) 
was added, the mixture was stirred at room temperature for 
12 h, poured into aqueous ammonium chloride, and 
extracted with diethyl ether (20 mlX2). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was chromatographed on silica gel 
with hexane to give 10 (0.267 g, 51%) as a 1:1 mixture of two 
isomers: Pale yellow viscous liquid; IR (neat) 2956, 1583, 
1430, 1250, and 1026 cm"1; W NMR (CDCI3) ô=0.04 (9H, s, 
Me3Si), 0.66, 0.67 (3H, each, s, MePh2Si), 2.5—2.9 (2H, m, 
OH and one of 2-H), 3.28 (1/2H, dd, /gem=16.0 and 
/2_i=6.0 Hz, the other of 2-H), 3.29 (1/2H, each dd, /gem=16.0 
and /2_i=4.9 Hz, the other of 2-H), 5.20 (1/2H, dd, /i_2=10.5 
and 4.9 Hz, 1-H), 5.32 (IH, dd, /i_2=8.8 and 6.0 Hz, 1-H), and 
6.9—7.8 (20H, m, Ph); ^CNMR (CDCI3) <5=-2.24, -1.53 
(each q, MePh2Si), 0.29 (q, Me3Si), 45.24, 46.42 (each t, 2-C), 
78.59 (d, 1-C), 125.71, 125.89, 127.71, 128.07, 128.30, 128.72, 
130.01, 130.25, 134.66, 134.77 (each d, Ph), 138.25, 144.30, 
144.60 (each s, 3-C and Ph), 170.13, and 170.54 (each s, 4-C); 
MS m/z (rel intensity, %) 446 (M+-78, 23), 338 (32), 337 (base 
peak), 231 (62), 152 (16), and 73 (22). 

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

Phenyl 2-Tributylstannyl-l-trimethylsilyl-l-propenyl 
Sulfide (11) and Phenyl 2-Tributylstannyl-l-trimethylsilyl-
2-propenyl Sulfide (12). To a solution of anhydrous tin(II) 
chloride (0.569 g, 3 mmol) in dry T H F (5 ml) was added at 
—10 °C butyllithium (1.6 M in hexane, 5.6 ml, 9 mmol). 
After 30 min at —10 °C, diethylaluminum chloride (2 M in 
toluene, 1.5 ml, 3 mmol) was added and stirring was 
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continued for 15 min. Copper(I) cyanide (0.004 g, 0.005 mmol) 
and 1 (0.22 g, 1 mmol) in THF (5 ml) were added. The 
mixture was stirred at —10 °C for 30 min and further 12 h at 
room temperature. Quenching with dilute hydrochloric 
acid was followed by extraction with diethyl ether (20 mlX2). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo. The residue was chromatographed 
on silica gel by using hexane to give 11 (0.16 gy contaminated 
by tetrabutyltin) and 12 (0.102 g, 20%). Product 11 was 
further purified by preparative TLC (0.087 g, 17%). 

11: Colorless liquid; IR (neat) 1248 and 839 cm-1; 
iHNMR (CDC13) 6=0.09 (9H, s, Me3Si), 0.6—1.7 (27H, m, 
n-Bu), 2.25 (3H, s, Me), and 7.0—7.4 (5H, m, Ph); « c NMR 
(CDCI3) 6=1.35 (Me3Si), 11.94, 13.82, 27.59, 27.71, 29.36 (each 
Me and n-Bu), 125.12, 126.48, 126.95, 128.60, 128.83, and 
140.66 (each Ph and olefinic C); MS m/z (rel intensity, %) 455 
(M+-57, 22), 453 (16), 345 (21), 343 (base peak), 342 (38), 341 
(73), 340 (29), 339 (43), 229 (49), 227 (35), 225 (21), 111 (23), 
and 97 (49). Found: C, 56.01; H, 8.85%. Calcd for 
C24H44SSiSn: C, 56.36; H, 8.67%. 

12: Colorless liquid; IR (neat) 1248, 854, and 841 cm"1; 
!HNMR (CDCI3) 0=0.15 (9H, s, Me3Si), 0.7—1.7 (27H, m, 
n-Bu), 3.63 (1H, br s, 1-H), 5.15 (1H, dd, /gem=1.8 and 
/3-i=0.6Hz, one of 3-H), 5.88 (1H, dd, /gem=1.8 and 
/3-i=0.6Hz, the other of 3-H), and 6.9—7.3 (5H, m, Ph); 
13C NMR (CDCI3) 6=1.76 (q, Me3Si), 11.24(t, rc-Bu), 13.82 (q, 
rc-Bu), 27.65, 29.24 (each t, rc-Bu), 45.30 (d, 1-C), 125.30 (t, 
3-C), 125.48, 128.01, 128.83 (each d, Ph), 139.19 (s, Ph), and 
156.07 (s, 2-C); MS m/z (rel intensity, %) 455 (M+-57, 57), 454 
(24), 453 (45), 451 (23), 347 (23), 345 (24), 343 (base peak), 342 
(38), 341 (75), 340 (29), 339 (43), 229 (43), 227 (32), 179 (23), 
177 (26), 111 (22), and 73 (42). Found: C, 56.32; H, 8.78%. 
Calcd for C24H44SSiSn: C, 56.36; H, 8.67%. 

l-Phenyl-4-phenylthio-3-tributylstannyl-4-trimethylsilyl-3-
buten-1-ol (13). To a solution of anhydrous tin(II) chloride 
(0.569 g, 3 mmol) in dry THF (5 ml) was added at 0°C 
butyllithium (1.6 M in THF, 5.6 ml, 9 mmol). Trimethyl-
aluminum (1 M in hexane, 3 ml, 3 mmol) was added after 
30 min, stirring was continued at 0°C for 15 min, and 
copper(I) cyanide (0.004 g, 0.05 mmol) and 1 (0.22 g, 1 mmol) 
in THF (5 ml) were added. After stirring at 0 °C for 1 h, the 
addition of a solution of benzaldehyde (0.0318 g, 3 mmol) in 
THF (2 ml) was followed. The mixture was stirred at 0 °C 
for 1.5 h, poured into dilute hydrochloric acid, and extracted 
with diethyl ether (20 mlX3). The combined extracts were 
dried over magnesium sulfate and evaporated in vacuo. The 

residue was chromatographed on silica gel with hexane-
ethyl acetate (20:1 v/v) to give 13 (0.155 g, 25%) as a single 
isomer: Pale yellow liquid; IR (neat) 3450, 1590, 1480, 1255, 
and 850 cm-1; 1H NMR (CDCI3) <5=0.12 (9H, s, Me3Si), 0.83 
(9H, t, /=7.0 Hz, n-Bu), 0.9—1.7 (18H, m, n-Bu), 1.92 (1H, d, 
/=2.0 Hz, OH), 2.82 (1H, dd, /gem=13.0 and /2-i=4.0 Hz, one 
of 2-H), 3.10 (1H, dd, /gem=13.0 and/2_i=10.7 Hz, the other of 
2-H), 4.7—4.9 (1H, m, 1-H), and 7.0—7.5 (10H, m, Ph); 
i3CNMR (CDCI3) 6=2.24 (q, Me3Si), 13.00 (q, n-Bu), 13.88, 
27.65, 29.41, 50.24 (each t, n-Bu and 2-C), 73.65 (d, 1-C), 
125.42, 126.07, 127.19, 128.01, 128.95 (each d, Ph), 140.07, 
144.60, 148.07 (each s, Ph and 3-C), and 181.30 (s, 4-C); MS 
m/z (rel intensity, %) 573 (M+-57, 28), 345 (25), 343 (base 
peak), 342 (37), 341 (74), 339 (39), 229 (45), 227 (34), 79 (28), 
and 73 (53). Found: C, 60.29; H, 8.08%. Calcd for 
C3iH5oOSSiSn: C, 60.37; H, 8.17%. 
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The reaction of N-phenylsulfonyl-3,5-di-^-butylphenylaminyl radical (2) with unsaturated aromatic and 
aliphatic hydrocarbons has been carried out in degassed benzene at 75 °C. The reactions of 2 with unsaturated 
aromatic hydrocarbons gave 1:1, 1:2, and 2:1 adducts of 2 and the hydrocarbons in fair to good yields. On the 
other hand, in the reactions of 2 with unsaturated aliphatic hydrocarbons, hydrogen-abstraction by 2 from the 
hydrocarbons was the major reaction. In the reaction with 2-methylpropene, a product indicating the addition 
of 2 to 2-methylpropene was isolated in a 16% yield. On the basis of these results the reactivity of 2 is discussed 
and compared with that of structurally related N-(4-chlorophenylthio)-3,5-di-^-butylphenylaminyl radical. 

Sulfonamidyls (RSO2NR/) are interesting radicals in 
connect ion wi th carboxyamidyl radicals (RCONR' ) . 2 ) 

A variety of ESR spectroscopic investigations of 
sulfonamidyls have been under taken; the results 
obtained have been indicative of a Ti-electronic g round 
state for them.3) However, in contrast to the deep 
unders tanding of the electronic structures of sulfon­
amidyls, there are still few data regarding their chem­
ical reactivities (e.g., the hydrogen-atom abstraction 
and the addit ion to double bonds).4) 

It was previously reported that the photolyt ic 
rearrangement of £-BuNXS0 2R (X=C1, Br) and the 
photolyt ic addi t ion of MeNClS02R to unsaturated 
hydrocarbons proceeded via a free-radical-chain proc­
ess involving sulfonamidyl radicals as intermedi­
ates.5 - 7 ) However, the above reactions were l ight-
induced reactions, and the influence of the halogens 
generated du r ing photolysis can not be ignored. For 
this reason, we have searched for a better method for 
the generation of sulfonamidyl radicals. It has been 
found that the hydrazine-like dimer (1) of sulfon­
amidyl 2 dissociates, u p o n heat ing to above 60 °C, into 
2.8) By this method one can easily and cleanly generate 
2 wi thout the i r radiat ion of l ight and the evolution of 
halogens. In the present work we have carried out the 
reactions of 2 wi th unsa tura ted aromatic and al iphat ic 

hydrocarbons in order to unders tand the chemical 
reactivities of 2. 

PhS02 

N-N / 
/502Ph 60°C PhSO-

20°C 

Results 

T h e reactions of 2 wi th unsa tura ted hydrocarbons 
were carried ou t by hea t ing a mix ture of 1 and an 
unsaturated hydrocarbon in degassed benzene at 75 °C 
for 16 h. After heat ing, the reaction mixtures were 
analyzed on thin-layer chromatoplates , and the prod­
ucts formed were separated by co lumn chromatog­
raphy. T h e results of the reactions are summarized in 
Table 1. 

T h e reaction of 2 wi th 1,1-diphenylethylene which 
is one of the most reactive unsatura ted hydrocarbons 
for free radical addit ions was first examined. When 2 
was allowed to react wi th 0.66 equiv of 1,1-diphenyl­
ethylene, the resul t ing reaction mixture gave 3, 4, and 

Table 1. Results of the Reactions of 2 with Unsaturated Hydrocarbons20 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Hydrocarbon 

1,1-Diphenylethylene 
1,1 -Diphenylethylene 
Styrene 
Isopropenylbenzene 
Isopropenylbenzene 
Acenaphthylene 
Cyclohexene 
Cyclohexene 
1-Butène 
2-Methylpropene 

mmol 

0.38 
5.5 
0.43 
0.38 
6.2 
0.38 
0.40 
9.9 
5.5 
6.1 

Molar ratio of 
hydrocarbon/2 

0.66 
9.5 
0.71 
0.66 

10.6 
0.66 
0.68 

17 
9.5 

11 

Products (%)b) 

3(76), 4(11), 5(12) 
3(71), 4(14), 5(15) 
5(27), 6(37), 7(12), 8(8) 
5 (38), 9 (20), 10 (7.5) 
5 (49), 9 (8.2), 11 (26) 
5 (36), trans-tt (31), cw-13 (14) 
5 (60), 8 (13), 14 (20) 
5 (76), 14 (23) 
5(54) 
5 (56), 8 (15), 15 (16), 16 (10) 

a) Reaction conditions: 1 0.290mmol (2 0.580mmol); temperature, 75°C; time, 16h. b) Isolated yields 
based on 2. 
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5 in 76, 11, and 12% yields respectively. Products 3 and 
4 are 2:1 and 1:1 adducts of 2 and 1,1-diphenyl-
ethylene respectively, while 5 is a product derived from 
hydrogen-atom abstraction by 2. Although 2 was also 
treated with a large excess (9.5 equiv) of 1,1-
diphenylethylene, the results were almost the same as 
above (see Table 1). 

(26%), along with 5 (49%). Product 11 is a 1:2 adduct 
of 2 and isopropenylbenzene, as is shown by its 
structure. No corresponding 1:2 adduct was found to 
be formed in the reactions of 2 with the other un­
saturated hydrocarbons. Furthermore, we observed, in 
the reaction of 2 with isopropenylbenzene, no forma­
tion of a 2:1 adduct (12). 

2 + 
• < 

Ph 

CH0 

R-CH2-C 

Ph 

Me 
/ 

R-CH=C 
\ 
Ph 

Ph 
I 

R-CHrC-R 

Ph 

3 

Ph 
/ 

R-CH=C +• 
\ 
Ph > 

10 

NHSCUPh 

R =N 
?0-à Ph 

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

"A 
Ph 

R-CK-CH-R 

R-CH=C ft NHSOzPh 

Me 

R-CH9-C-CH2-C 

Ph 

CH7 

Ph 

Me 
1 

R-CH2-C-R 

Ph 

11 12 

;502 Ph 
R = 

The reaction of 2 with acenaphthylene gave two 
kinds of 2:1 adducts (13) of 2 and acenaphthylene in 31 
and 14% yields respectively. In the lH NMR spectrum 
of the major adduct, the two methine protons are 
magnetically equivalent (S 6.43), while in that of the 
minor adduct, the two methine protons are magnetical­
ly unequivalent and are absorbed at 8 5.65 and 5.81 as a 
singlet. From the NMR results, we assigned the major 
adduct to a trans-isomer (trans-13) and the minor 
adduct to a cis-isomer (eis-13), because steric repul­
sions between the two bulky R groups seemed to be 
bigger in the cis-isomer than in the trans-isomer. 

2 +-

R=N; 
fi02?h 

trans-13 cisH 3 

The reaction of 2 with isopropenylbenzene gave 
somewhat different results. When 2 was allowed to 
react with 0.66 equiv of isopropenylbenzene, the 
resulting reaction mixture gave 9 (20%), and 10 (7.5%) 
as 1:1 adducts of 2 and isopropenylbenzene, along 
with 5 (38%o). On the other hand, when 2 was treated 
with a large excess (10.6 equiv) of isopropenylbenzene, 
the resulting reaction mixture gave 9 (8.2%) and 11 

R= N 
/S02Ph 

^ 

As unsaturated aliphatic hydrocarbons, cyclohexene, 
1-butène, and 2-methylpropene were examined. 

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

0 

O* 
->o2 Ph 

14 

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

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

y 

•...9? + 

16 

be accounted for as being derived from an intermediate 
radical formed by the addition of 2 to the double bond 
of 2-methylpropene, as will be described below (see 
Scheme 4). The complex structure was established on 
the basis of the IR, mass, and 1H and 13C NMR spectra. 
In the IR spectrum, no N-H absorption was found 
around 3200 cm - 1 and the mass spectrum gave a peak 
due to M+ at 744. The 1H NMR spectrum indicated 
the presence of two di-£-butylanilino groups in 
different surroundings, one phenylsulfonyl group, 
two magnetically unequivalent methyl groups [ô 1.02 
(s), 1.30 (s)], two magnetically unequivalent methylene 

protons [Ô 2.99 (d), 3.95 (d), /=13.2Hz], and three 
olefinic protons [Ô 5.93 (dd), /=5.3 and 9.3 Hz; Ô 6.00 
(dd), /=5.6 and 9.3 Hz; Ô 6.32 (d), 7=5.6 Hz]. The 
13C NMR spectrum gave signals for 26 different 
carbons (s 9, d 12, t 1, q 4) and supported the results 
from the 1H NMR spectrum. Finally, the position to 
which the Af-phenylsulfonyl-3,5-di-£-butylanilino 
group links was unequivocally determined by the 
1 H- 1 H and 1H-1 3C spin-decoupling experiments, and 
the structure was finally determined to be 15 (for the 
full assignments, see Experimental section). 

Discussion 

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

/ 
— R-CHrC* \ 

Ph 

R-CHT-C-R 
2 I 

Ph 

3: X = Ph 

6: X=H 

; 
R-CH=(^ + 5 

\ 

13 A: X = Ph 
7: X=H 

^02Ph 

• < 

Me 

Ph 

R= N 

Scheme 1. 

r 2 
R-CH2-C- ^ 9 + 1 0 + 5 

Ph 
17 

M Me 

h 
Me 
/ R-CH2-C-CH2-<:- 1 1 + 5 

Scheme 2. 
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of 1:1 and 2:1 adducts a t ta ined to 85—87%. A general 
mechan ism account ing for the formation of the 
adducts from the reactions of 2 wi th unsaturated 
aromat ic hydrocarbons is out l ined in Schemes 1 and 2. 
In any case, no formation of any adducts expected 
from the addi t ion of 2 to the substituted (head) end of 
the double bonds was found. 

T h e reaction of 2 wi th isopropenylbenzene gave 
somewhat different results, as has been mentioned. 
T h e reaction of 2 wi th 0.66 equiv of isopropenyl­
benzene gave only 1:1 adducts (9 and 10) of 2 and 
isopropenylbenzene, whi le the reaction of 2 with a 
large excess of isopropenylbenzene gave a 1:2 adduct 
(11) of 2 and isopropenylbenzene, besides the 1:1 
adduct 9. If the intermediate radical 17 reacts with 2, 9, 
and 10 will be formed, bu t if it reacts wi th iso­
propenylbenzene, 11 will be formed. T h e above results 
thus indicate that , in the latter reaction, 17 reacted 
predominant ly wi th isopropenylbenzene rather than 
wi th 2. 

T h e reaction of 2 wi th unsaturated al iphat ic 
hydrocarbons gave h igh yields (54—76%) of 5, indicat­
ing that hydrogen-abstract ion by 2, probably from the 
hydrocarbons, was the major reaction. However, in 
the reaction wi th cyclohexene and 2-methylpropene, 
c o m p o u n d s (14 and 15) con ta in ing a Af-phenylsul-
fonyl-3,5-di-£-butylanilino g roup were isolated from 
the reaction mixtures. 

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

0^-0 + 5 

H 

Scheme 3a. 

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

T h e isolat ion of 15 is worthy of note. T h e 
format ion can be accounted for as be ing derived from 
an intermediate radical 20 formed by the addit ion of 2 
to 2-methylpropene (see Scheme 4); this indicates that 

> - CQ 
20 

15 

24 

Scheme 4. 

2 possesses the ability to add to some unsaturated 
al iphat ic hydrocarbons. Besides 15, the compounds 5, 
8, and 16 were also isolated from the reaction mixture . 
However, the compounds 21 and 22, which are isomers 
of 15, and the c o m p o u n d 23, which is expected to be 
formed from the aromatizat ion of 24, were not found 
in the reaction mixture. We assume that, a l though 
these compounds might also be formed, their yields 
were too low for them to be isolated. At present, 
t hough , we can not clearly expla in why only 15 was 
formed in a relatively h igh yield. 

Cf 
18 

a 
+ 5 

R= N 
^02 Ph 

1 4 + 5 

a: 
19 

21 

8 j& 07^ 
22 

= ^ 
Ph 

Scheme 3b. 23 
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Comparison of Reactivity with 25. T h e aminyl 
radical 25 is structurally very similar to 2. We 
previously reported the addit ion reactions of 25 to 
unsatura ted aromatic and al iphat ic hydrocarbons, 

25 

such as 1,1-diphenylethylene, styrene, isopropenyl-
benzene, acenaphthylene, and l-butene.9) T h e aminyl 
25 is h ighly stabilized by the conjugative de rea l i za ­
t ion of the unpa i red electron from the ni t rogen to the 
sulfur ( - N - S - < H > - N ~ - S + - ) 1 0 > T h u s , the hydrazine-
like dimer of 25 dissociates in to 25 even at room 
temperature . In contrast, 2 is not so h ighly stabilized 
because of the inabili ty of SO2 to delocalize the 
unap i red electron. n ) T h u s , the dimer 1 showed no 
dissociation in to 2 at room temperature (it does 
dissociate above 60 °C, as has been ment ioned above). 
Accordingly, it is likely that 2 is m u c h more reactive 
than 25. However, a previous work showed that 25, 
like 2, added efficiently to unsatura ted aromatic 
hydrocarbons.9 ) For example, the reaction wi th 1,1-
diphenylethylene gave a 2:1 adduct of 25 and 
diphenylethylene in an 88% yield, while the reaction 
wi th styrene gave 2:1 and 1:1 adducts of 25 and styrene 
in 33 and 12% yields. From these results, we can say 
that there is no essential difference between 2 and 25 
regarding the addi t ion to unsaturated aromat ic hydro­
carbons. 

A remarkable difference was, however, found in the 
reactions with unsaturated al iphat ic hydrocarbons. As 
has been ment ioned above, we isolated a product (11) 
ind ica t ing the addi t ion of 2 to the double bond of 2-
methylpropene. However, the reactions of 25 wi th 
unsaturated hydrocarbons gave no evidence suggesting 
the addi t ion of 25 to unsaturated a l iphat ic hydro­
carbons.1 2 ) We assume that 25 is too highly stabilized 
to add to unsaturated al iphatic hydrocarbons. 

O n the basis of the products formed in the reactions 
of 2 wi th unsaturated hydrocarbons, we can conclude 
that 2 possesses the ability to add to unsaturated 
a l iphat ic hydrocarbons, as well as to unsaturated 
aromatic hydrocarbons. 

Experimental 

The melting points were determined on a Yanagimoto 
micro melting point apparatus and are uncorrected. The IR 
spectra were run on a JASCO A-202 spectrophotometer. The 
XH NMR spectra were taken with a JEOL PS-100 (100 MHz) 
or JEOL GX-400 spectrometer (400 MHz), while the 
13CNMR spectra were recorded with a JEOL FX-100 
spectrometer (25 MHz). The chemical shifts are expressed in 
ppm values (8) using Me4Si as the internal reference. The 

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

The dimer 1 was prepared by a previously reported 
method.8) Styrene, isopropenylbenzene, 1,1-diphenylethyl­
ene, acenaphthylene, and cyclohexene were purified by the 
usual method prior to use.9) 2-Methylpropene and 1-butène 
were purified by trap-to-trap distillation. The column 
chromatography (column size, 3.5X45 cm unless otherwise 
noted) was performed on silica gel (Wako-gel C-200, 100— 
200 mesh), using benzene as the eluent. The TLC analyses 
were performed on Merck silica gel 60 F254 (eluent, benzene) 
and Merck aluminium oxide 60 F254 plates (eluent, 1:1 
benzene-hexane). 

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

Reaction with 1,1-Diphenylethylene. A reaction with 
69 mg (0.38 mmol) of 1,1-diphenylethylene gave 191 mg 
(0.22 mmol, 76%) of 3, 33 mg (0.063 mmol, 11%) of 4, and 
24 mg (0.070 mmol, 12%) of 5. Also, a reaction with 1.00 g 
(5.5 mmol) of 1,1-diphenylethylene gave 180 mg (0.207 
mmol, 71%) of 3, 42 mg (0.080 mmol, 14%) of 4, and 29 mg 
(0.084 mmol, 14%) of 5. The melting points and spectral 
data for 3 and 4 were reported in a previous paper.8) 

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

N^'-BisCS^-di-f-butylpheny^-^N'-bisCphenylsulfonyl)-
1-phenylethylenediamine (6): colorless prisms; mp 183— 
185 °C (crystallized from methanol); IR (KBr) 2950—^850 (*-
Bu), 1350 and 1165 cm"1 (SO2); XH NMR (CDCI3) 6=1.11 (s, 
*-Bu, 18H), 1.18 (s, *-Bu, 18H), 3.80 (dd, / = 6 and 13 Hz, 
N-CHH, 1H), 4.21 (dd, /=10 and 13 Hz, N-CHH, 1H), 5.20 
(dd, / = 6 and 10 Hz, N-CH, 1H), 6.25—7.58 (m, aromatic, 
21H). Found: C, 72.58; H, 7.61; N, 3.59%. Calcd for 
C48H60N2O4S2: C, 72.69; H, 7.63; N, 3.53%. 

2V-(3,5-Di-£-butylphenyl)-2V-(phenylsulfonyl)-2-phenyl-
ethenamine (7): colorless prisms; mp 130—132 °C (crystal­
lized from hexane); IR (KBr) 2950—2850 (*-Bu), 1630 (OC) , 
1355 and 1170 cm"1 (SO2); MS (30 eV) m/z (%) 447 (38, M+), 
306 (100); iHNMR (CDCb) ô=1.26 (s, *-Bu, 18H), 5.29 (d, 
/=13 Hz, olefinic, 1H), 6.74—7.84 (m, olefinic and aromatic, 
12H). Found: C, 75.58; H, 7.70; N, 2.97%. Calcd for 
C28H33NO2S: C, 75.13; H, 7.43; N, 3.13%. 

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

N-(3,5-Di-«-butylphenyl)-N-(phenylsulfonyl)-2-phenyl-2-
propenamine (9): colorless needles; mp 109—110°C (crys­
tallized from hexane); IR (KBr) 2950—2850 (*-Bu), 1630 
(C=C), 1350 and 1165 cm"1 (SO2); MS (30 eV) m/z (%) 461 
(100, M+), 358 (54), 320 (62); XH NMR (CDC13) <5=1.12 (s, 
*-Bu, 18H), 4.60 (s, CH2, 2H), 4.97 (s, olefinic,, 1H), 5.18 (s, 
olefinic, 1H), 6.44—7.52 (m, aromatic, 13H). Found: C, 
75.19; H, 7.60; N, 3.30%. Calcd for C29H35NO2S: C, 75.45; H, 
7.64; N, 3.03%. 

2V-(3,5-Di^butylphenyl)-2V-(phenylsulfonyl)-2-phenylpro-
penamine (10). This compound was isolated as a viscous 
oil and did not crystallize from any solvent used. IR (neat) 
2950—2850 (*-Bu), 1635 (C=C), 1350 and 1160 cm"1 (SO2); 
iHNMR (CDCI3) 0=1.13 (s, *-Bu, 18H), 1.88 (d, /=1.5Hz, 
Me, 3H), 6.44 (q, /=1.5Hz, olefinic, 1H), 6.88—7.61 (m, 
aromatic, 13H). 

2V-(3,5-Di^butylphenyl)-2V-(phenylsulfonyl)-2,4-diphenyl-
2-methyl-4-pentenamine (11): colorless prisms; mp 117— 
119 °C; IR (KBr) 2950—2850 (*-Bu), 1620 (OC) , 1340 and 
1160 cm"1 (SO2); XHNMR (CDCI3) ô=1.10 (s, *-Bu, 18H), 
1.29 (s, Me, 3H), 2.73 (d, /=14Hz, CHH, 1H), 2.90 (d, 
/=14Hz, CHH, 1H), 3.65 (d, /=14Hz, CHH, 1H), 3.89 (d, 
/=14 Hz, CHH, 1H), 4.68 (br. s, olefinic, 1H), 5.06 (d, 
/ = 2 H z , olefinic, 1H), 6.41—7.33 (m, aromatic, 18H); 
13C NMR (CDCI3) 6=22.4 (q), 31.2 (q), 34.6 (s), 44.0 (s), 46.9 
(t), 61.5 (t), 117.7 (t), 121.1 (d), 123.5 (d), 125.7 (d), 126.6 (d), 
126.9 (d), 127.5 (d), 127.8 (d), 128.2 (d), 128.5 (d), 132.2 (d), 
138.4 (s), 139.7 (s), 143.6 (s), 144.5 (s), 145.7 (s), 150.6 (s). 
Found: C, 78.54; H, 7.65; N, 2.65%. Calcd for C38H45NO2S: 
C, 78.71; H, 7.82; N, 2.42%. 

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

irarw-^N'-BisCS^-di-f-butylphenylJ-^N'-bisCphenylsul-
fonyl)-l,2-diaminoacenaphthene (trans-13): colorless plates; 
mp 233—236 °C (decomp) (crystallized from benzene-
hexane); IR (KBr) 2950—2850 (*-Bu), 1350 and 1160 cm"1 

(SO2); XHNMR (CDCI3) 6=1.03 (s, *-Bu, 36H), 6.43 (s, 
N-CH, 2H), 6.84—7.99 (m, aromatic, 22H). Found: C, 74.17; 
H, 7.16; N, 3.36%. Calcd for C52H60N2O4S2: C, 74.25; H, 7.19; 
N, 3.33%. 

cis-NjN'-BisCS^-di-^-butylphenylJ-^N'-bisCphenylsulfonyl)-
1,2-diaminoacenaphthene (cis-13): slightly yellowish plates; 
mp 163—165°C (decomp) (crystallized from hexane); IR 
(KBr) 2950—2850 (*-Bu), 1350 and 1160 cm"1 (SO2); XH NMR 
(CDCI3) ô=1.04 (s, *-Bu, 36H), 5.65 (br s, N-CH, 1H), 5.81 (br 
s, N-CH, 1H), 6.32—7.83 (m, aromatic, 22H). Found: C, 
74.14; H, 7.31; N, 3.31%. Calcd for C52H60N2O4S2: C, 74.25; 
H, 7.19; N, 3.33%. 

The Unknown Compound: slightly yellowish micro­
needles; mp 215—217 °C (decomp) (crystallized from hex­
ane); IR (KBr) 3400 (NH), 2950—2850 (*-Bu), 1340 and 
1170 cm"1 (SO2). Found: C, 79.06; H, 7.83; N, 3.95%. In an 
acidic CHCI3 solution this compound turned into a red 

compound with a mp of 181—183 °C. 
Reaction with Cyclohexene. A reaction with 811 mg (9.9 

mmol) of cyclohexene gave 57 mg (0.134 mmol, 23%) of 14 
and 152 mg (0.440 mmol, 76%) of 5, while a reaction with 
33 mg (0.40 mmol) of cyclohexene gave 75 mg of 8 and 14 
(mixture) and 120 mg (0.347 mmol, 60%) of 5 (column size, 
3.5X10 cm). The molar ratio of 14/8 in the mixture was 
determined to be 3.0 from the integrated XH NMR spectrum 
of the mixture. From this value, the amounts of 8 and 14 
were calculated to be 26 mg (0.038 mmol, 13%) and 49 mg 
(0.12 mmol, 20%) respectively. 

iV-(3,5-Di-f-butylphenyl)-iV-(phenylsulfonyl)-2-cyclohexen-
ylamine (14): colorless needles; mp 134.5—136 °C (crystal­
lized from hexane); IR (KBr) 2950—2850 (*-Bu), 1645 (OC) , 
1340 and 1165 cm"1 (SO2); XH NMR (CDCI3) <5=1.21 (s, *-Bu, 
18H), 1.43—1.71 [m, (CH2)3, 6H], 4.96 (br s, N-CH, 1H), 5.56 
(br d, /=11 Hz, olefinic, 1H), 5.61 (br d, /=11 Hz, olefinic, 
1H), 6.77—7.77 (m, aromatic, 8H). Found: C, 73.12; H, 8.16; 
N, 3.51%. Calcd for C26H35NO2S: C, 73.37; H, 8.29; N, 3.29%. 

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

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

2-(3,5-Di-«-butylphenyl)-5-[N-(3,5-di-«-butylphenyl)-N-
phenylsulfonyl]amino-4,4-dimethyl-3,4,4a,5-tetrahydro-2fl-
benzo|>]thiazine 1,1-Dioxide (15): colorless needles; mp 
196—197 °C (crystallized from methanol); IR (KBr) 2950— 
2850 (*-Bu), 1160 cm"1 (SO2); EI-MS (70 eV) m/z (%) 744 (M+, 
1) 399 (100), 345 (80), 330 (80), 217 (72), 57 (45); ^ N M R 
(CDCls) 6=1.02 (s, Me, 3H), 1.21 (s, *-Bu, 18H), 1.28 (s, *-Bu, 
18H), 1.30 (s, Me, 3H), 2.99 (d, /=13.2 Hz, Ha or Hb, 1H), 3.38 
(br s, Hc, 1H), 3.95 (d, /=13.2 Hz, Ha or Hb, 1H), 5.31 (dd, 
/=1.5 and 5.3 Hz, Hd, 1H), 5.93 (dd, 7=5.3 and 9.3 Hz, He, 
1H), 6.00 (dd, 7=5.6 and 9.3 Hz, Hf, 1H), 6.32 (d, 7=5.6 Hz, 
Hg, 1H), 6.77 (d, 7=2.0 Hz, o-H of the anilino group, 2H), 
7.03 (d, 7=2.0 Hz, o-H of the anilino group, 2H), 7.28—7.30 
(m, p-U of the anilino group, 2H), 7.44—7.72 (m, S02Ph, 
5H); we NMR (CDCI3) <5=19.2 (q), 23.9 (q), 31.2 (q), 31.4 (q), 
34.7 (s), 34.9 (s), 40.7 (s), 49.9 (d, CHC), 52.8 (d, CHd), 64.9 (t, 
CHaHb), 121.0 (d), 121.5 (d), 122.8 (d), 123.2 (d), 124.4 (d), 
126.5 (d), 127.7 (d), 128.7 (d), 128.9 (d), 132.7 (d), 133.9 (s), 
135.5 (s), 139.8 (s), 140.9 (s), 150.9 (s), 151.7 (s). Found: C, 
70.89; H, 8.12; N, 3.70%. Calcd for C44H60N2S2O4: C, 70.93; 
H, 8.12; N, 3.76%. 

N Hd Me Me 

S02Ph 

iV,iV-Bis(phenylsulfonyl)-3,5-di-f-butylaniline (16): color­
less needles; mp 160—162°C (crystallized from hexane); IR 
(KBr) 2950—2850 (*-Bu), 1380 and 1170 cm"1 (SO2); MS 
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(30 eV) m/z (%) 485 (M+, 52), 470 (21), 358 (18), 344 (20), 288 
(62), 125 (100); *H NMR (CDC13) ô=1.22 (s, *-Bu, 18H), 
6.74—8.01 (m, aromatic, 13H). Found: C, 64.17; H, 6.44; N, 
2.54%. Calcd for C26H31NO4S2: C, 64.30; H, 6.43; N, 2.88%. 
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One Pot Synthesis of Substituted Tropones from 7,7-Dihalo-
2,3-(or 3,4-)epoxybicyclo[4.1.0]heptane Derivatives 

Masahiko KATO,* Shigeyuki YAMAMOTO, Shigeki NOMURA, and Tosh io MIWA 
Faculty of Science, Osaka City University, Sugimoto-3, Sumiyoshi-ku, Osaka 558 

(Received June 7, 1989) 

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

Since Birch and Pa rham et al. reported independent­
ly the synthesis of substituted tropones, phenols , and 
alkyl phenyl ethers have been used as star t ing 
materials for the synthesis of many kinds of substituted 
tropones.1 '2* O n the other hand, specifically functional-
lized t ropones have been prepared via [ 4 + 2 ] or [4 + 3] 
cycloadditions of dienes to elaborated dienophiles in 
short pathway.3 ) 

In a short communica t ion , we have described a 
novel synthetic procedure for 4,5-annelated tropones 
(1), in which the epoxides (2), obtained by oxidat ion of 
the adducts (3) of 7,7-dibromo-3,4-bis(methylene)bi-
cyclo[4.1.0]heptane (4) to dienophiles, were treated 
wi th trifluoroacetic acid (TFA).4) Fukazawa et al. have 
recently reported the synthesis of l , l l -o-benzeno[2]-
orthocyclo[2](4,5)troponophanes by similar treatment 
of elaborated epoxides.5) 

a X= Cl , b X= Br 

<x-x:-<xi:-
o=nrr c o o c H 3 

2A 
2B (= 25) 

1) Ph-PCl-, 

1A (eis) 
IB (trans = 26) 

<X^ 
3C 

Br2<J < < 
NPh 

In order to extend our synthetic method of 4,5-
annelated tropones to that of simply substituted 

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

Us ing these substrates, we studied how the yields of 
tropones will be affected by the change of the reaction 
condi t ions and of the functionality of the start ing 
materials. 

Banwell et al. have reported a new synthetic method 
for ha lo t ropones by the allylic oxidat ion of 7,7-
dihalobicyclo[4.1.0]hept-2(or 3-)enes, in which the 
oxidized allylic carbon is transformed to a carbonyl 
carbon and one of halogens of the start ing materials 
remains unchanged.6) On the other hand, one of the 
special features of our method is that the dihalo-
methylene carbon is transformed to the carbonyl 
carbon of tropones. 

Results and Discussion 

Epoxida t ion of 7-terpinene (5) gave two epoxides,7) 
in which one wi th higher Hf-value was confirmed to 
be 4,5-epoxy-l-isopropyl-4-methyl-l-cyclohexene (6) 
and the other with lower one was to be 4,5-epoxy-4-
isopropyl-1-methyl-1-cyclohexene (7) by the result of 
XH N M R spectra with use of Sievers' shift reagent.7) 

Dihalocarbene addition8) to these epoxides 6 and 7 
gave the corresponding dihalo-epoxy-bicyclo[4.1.0]-
heptanes 8 and 9, respectively. T h e stereochemistry of 
the epoxides to the dihalomethylene carbon was 
established to be the ant i configurat ion (10) by the 
examina t ion of the coupl ing constants of meth ine 
protons to the adjacent methylene protons.9) 

T h e ant i stereochemistry (11C) of 7,7-dibromo-2,3-
epoxy-3-isopropyl-6-methylbicyclo[4.1.0]heptane (11) 
was also established by the XH N M R spectra in the 
absence or presence of the Sievers' shift reagent (see 
Experimental) . 

Trifluoroacetic Acid as Reagent on 7,7-Dibromo-
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3,4-epoxy-l,3-dimethylbicyclo[4.1.0]heptane(12).10) 

T h e appl ica t ion of the above ment ioned synthetic 
method to that of s imply substi tuted tropones was 
examined wi th dimethyl derivative 12. T h o u g h the 
yields were rather low, use of 20 equivalent moles of 
T F A to the equiva lent mole of the substrate in chloro­
form gave t ropone 13 wi th the best result. To luene is 
the next choice as solvent bu t polar ones such as 
acetonitrile were unsatisfactory (Table 1). 

The Posit ion of Epoxides and the Substitution 
Pattern in the Starting Epoxides. T h e posi t ion of 
epoxide in the bicyclo[4. l.OJheptane moiety is no t 
l imited to the 3,4-position. When 7,7-dibromo-2,3-
epoxy-3-isopropyl-6-methylbicyclo[4.l.OJheptane (11) 
was dissolved in T F A at 0—5 °C, a dark red solut ion 
was obtained. Its spectral data show clearly the 
formation of b romot ropy l ium cation (14b)u ) in satis­
factory yield. Prolonged hea t ing of 11 wi th T F A in 
chloroform gave a fair yield of 2-methyl-5-isopropyl-
t ropone (15). Whereas, 7,7-dibromo-2,3-epoxybicyclo-
[4.1.0]heptane (16) and 7,7-dibromo-l,6-dimethyl-3,4-
epoxybicyclo[4.l.OJheptane (17)10) gave no t ropone 
derivatives at all under the same condit ions ( T F A -
chloroform). In the former case, benzylidene dibromide 
was an isolable product (70%). 

Comparison between Several Reagents Using 7,7-

Table 1. The Reaction Conditions and Yields for the Formation 
of 2,4-Dimethyltropone 13 from 12 

^eagenta)/equiv 

TFA 20 
TFA 10 
TFA 20 
TFA 20 
TFA 20 
TFA 20 
TFA 20c> 
PPA excess 

Solvent 

Nil 
CHCI3 
CHCI3 
CH3CN 
Benzene 
Toluene 
CHCI3 
Nil 

Temperature/0 C 

72 
Reflux 
Reflux 

80 
80 

110 
Reflux 

80 

Time/h 

16 
21 
20 
20 
20 
20 
24 
20 

Yield/%b> 

19 
27 
32 
8.5 

14 
20 
18 
— 

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

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

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Reagent acid 

CH2ClCOOHd> 
CHCl2COOHd> 
CCl3COOHd> 
CCl3COOHd> 
CCl3COOHd> 
CCl3COOHd> 
CF3COOH 
98%HCOOH 
CCl3COOHd> 
p-TsOU 
35% HCl 
60% HCIO4 
CH3SO3H 

P#a 

2.9 
1.3 
0.7 
0.7 
0.7 
0.7 
0.2 
3.7 
0.7 

- 7 
- 7 

- 1 0 
- 7 

Acid useda) 

5 
5 
1 
3 
5 
5 
5 

20 
5 
5 
5 
5 
5 

Solvent 

Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
CH3CN 

Temperature/0 C 

100 
100 
100 
100 
r.t.c) 

100 
70 

Reflux 
Reflux 
Reflux 
Reflux 
Reflux 
Reflux 

Time/h 

4 
4 
4 
4 

23 
4 
4 
4 
4 
4 
4 
4 

22 

Yield/%b> 

14.7 
71 
18.7 
42.7 
48.1 
73.2 
43.8 
23.5 
20.5 
15.0 
28.2 
40.7 
18.3 

a) Acid used is shown in equivalent moles per mole of 9a. b) Isolated yields are shown, c) r.t.=room temperature, 
d) Equivalent molar amount of water to the anhydrous acid is present. 

X= CI , b X= Br 

jy JO* ":<Ö R ' 2 10 

6 R-= Me, R0= i - P r 8 R.= Me, R„= i - P r 

H 

Br2
< 

Me' 

ne rie 

13 X= H 

18 X= Br 

Me 

X-Y < + <K 
15 R1 = i - P r , R2= Me 

29 R,= Me, R0= i - P r 

0 C=0 

r^'" 2 <>-^4^-COOCH. < P ^ < 
X ^ X b 0 0 C H 3 
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Dichloro-3,4-epoxy-1 -me thyl-4-isopropy lbicyclo[4.1.0]-
heptane (9a) as a Substrate. As a case of dichloro-
derivatives as the star t ing materials, we studied the 
t ropone synthesis from an epoxide (9a) us ing several 
acids as a reagent and obta ined 15 in a variety of yields 
as shown in Tab le 2. Trichloroacet ic acid (TCA) was 
selected as a s tandard reagent to determine the pref­
erable a m o u n t of reagents to be used in the reaction 
(Entries 3—6). As a result, the use of five equ imola r 
a m o u n t s of wet T C A (see the next section) to the 
start ing epoxide in toluene at 100 °C gave the best 
result of all. T h e same acid in dioxane under similar 
condi t ions gave a lower yield of t ropone 15 (Entry 9). 
Wi th wet dichloroacetic acid (DCA), 9a gave 15 in 71% 
yield, almost the same as that obtained wi th TCA. 
Wi th wet monochloroace t ic acid (MCA), it gave 15 as 
low as 15% yield. Trea tmen t of 9a wi th T F A in 
toluene at 70 °C gave a rather low yield of t ropone bu t 
better than that wi th T F A in chloroform (Tables 3 
and 4). O w i n g to their low solubilities in toluene, 
aqueous acids and sulfonic acids were used in dioxane, 
instead of toluene, bu t the results were unfavorable for 
obta in ing 15. T h u s , we obtained reasonable results 
wi th wet DCA or T C A in toluene at 100 °C for 4 h. 

It should be ment ioned here that, when epoxide 12 
was refluxed in d ich loromethane in the presence of 
coned sulfuric acid, 5-bromo-2,4-dimethyltropone (18) 
was obta ined in a fair yield. It is reasonable to assume 
that the t ropone 18 may be formed via a conjugated 
enone 20 th rough oxidat ion of allylic sulfate 19 
(Scheme 1). T h e formation of 4-chlorotropone from 
7,7-dichloro-4-hydroxybicyclo[4.1.0]hept-2-ene by oxi­
dat ion has recently been reported. 0 

The Effects of Water Present in the Reaction 
Mixture. We also studied the effects of water u p o n 
the yield of t ropone because this reaction may contain 
dehydrat ion and hydrolysis steps as shown in Scheme 

-:x>^:x>-^x^-

2. 
Curves A and B (Fig. 1) show the relat ionship 

between the yields of t ropone 15 and the amoun t s of 
added water when the equivalent mole of 9a and 5 
equivalent moles of T C A are heated at 100°C with 
appropr ia te amoun t s of water in toluene for 4 h. T h e 
difference between the curves A and B depends on the 
t iming of the addi t ion of water. F rom these curves, it 
is clear that the yield is very low (28%) under anhy­
drous condit ions, and this is gradually improved as the 
increase in the a m o u n t of added water unt i l it reached 
to the m a x i m u m (74%)) at 5 equivalent moles to the 
start ing material . T h e curve B showed constantly 
lower yields by ca. 15% than the curve A. 

It has been shown that T C A exists in a bimolecular 
association form (21) in benzene ( ^ ^ = 2 5 ) at the 
concentra t ion higher than 0.7 mol dm~3.12 '13) Because 
it is assumed that the behavior of T C A in toluene will 
be almost the same as that in benzene, the low 
reactivity under the anhydrous condit ions may be 
at t r ibuted to the lowered acid strength of T C A by 
bimolecular association. As the increase in the 
a m o u n t of water, the epoxide may be effectively 
protonated by the cooperative action of water and 
dimeric T C A to give t ropone 15 in the improved yields 
(Scheme 3). Epoxides of cyclic olefins are generally 
cleaved mostly in the trans sense by carboxylic acids to 
give trans-diol monoacylates,1 4 ) but , in the special 
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Scheme 1. 

[H20]/[Substrate] 

Fig. 1. The effect of added water on the yield of 
tropone 15. Curve A and B: starting from 9a and 
TCA as reagent. Timing of addition; A, at the start 
of reaction. B, after heating for 1 h. Curve C: start­
ing from 9b and TFA as reagent. 

H + 
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Scheme 2. Scheme 3. 
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cases as trans- and cis-stilbene oxides, cis-opening 
becomes d o m i n a n t and gives mainly one of the 
diastereomers of diol monotrichloroacetates by the 
reaction wi th anhydrous TCA.1 2 ) In our case, the 
lowered yields by 15% obtained when water was added 
after ini t ia l hea t ing of the epoxide wi th anhydrous 
T C A for 1 h suggest that the epoxide may open the 
r ing in par t to a cis-diol monotr ichloroacetate (23), 
which forms an int ramolecular cyclic semi-orthoester, 
d ioxolanol (24).15) T h i s c o m p o u n d seems to be fairly 
stable to dehydrat ion and the r ema in ing trans-diol 
par t in epoxide-opening could give the t ropone 15. 

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

T h i s fact may be explained by the tendency of the 
existence of T F A as a monomer-so lven t complex in 
di lute benzene solut ion or a monomer -d imer equi l ib­
r i um in nonpo la r aprot ic solvents1 0 and by the general 
tendency of o p e n i n g epoxides to trans-diol mono-
trifluoroacetates, which can not form any stable 
dioxolanol rings (Scheme 4). 

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

c=o 
Ô 

• 
2 l - P r 

23 ( t r a n s ) 

*- l - P r K 

KY — ty-
OCOCClq Me \ \ 

° - O 0 H 
CC1„ 

2 3 ( e i s ) 2 4 J 

OH 

Scheme 4. 

h igh yield of 15 wi th either T F A or wet TCA, the 
corresponding dichloride (9a) gave a lower yield of 15 
wi th T F A b u t gave a h igher yield (73%) wi th wet T C A 
in toluene at 100 °C. T h e formal exchange of methyl 
and isopropyl groups in 9a and 9b forms 8a and 8b, 
respectively. Wi th these compounds , similar results to 
those of 9a and 9b were obtained. Whereas, an epoxide 
of l , l-dibromo-la,2,3,4,5,6,7,7a-octahydro-lH-cyclo-
propa[6]naphthalene-4,5-£ram-dicarboxylic ester (25b) 
gave a fair yield of t ropone 26 wi th TFA, bu t the 
corresponding dichloro derivative (25a) gave 26 in very 
low yield m a k i n g use of either acid (Table 3). When 
this chloride 25a was treated wi th DCA-water (in the 
molar rat io of 1:1) in toluene at 100 °C for 24 h, it gave 
a crystall ine lactone (27a) in 50.4%. T h i s may be 
formed from 25a th rough open ing of the epoxide by 
p ro tona t ion on carbonyl and lactonization (see 28) 
followed by the attack of water to the carbonium ion 
formed. Wi th use of T C A on 25a, the same lactone 27a 
was also characterized by XH NMR, which migh t resist 
the in t roduct ion of two double bonds in the norcarane 
moiety and, hence, migh t retard the formation of a 
t ropone r ing. 

Conclusion 

From the above described experiments, in order to 
obta in t ropones in h igh yields, the structures of the 
start ing epoxy-7,7-dihalobicyclo[4.1.0]heptene deriva­
tives and the reaction condit ions to be selected may be 
as follows: (1) T h e epoxy carbons of the start ing 
materials should have, at least, one substi tuent which 
may stabilize carbenium cations. (2) In most cases, 
7,7-dibromonorcarene epoxides gave better yields than 
the corresponding dichloro derivatives. (3) Epoxides 
in either posi t ion, 2,3 or 3,4, of the norcarane moiety 
gave reasonable yields of tropones. (4) It is worth­
while trying both T F A in chloroform and wet T C A (or 
DCA) in toluene as reagents. T o use T C A (or DCA) in 

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

S.M.a> 

8a 

8b 

9a 

9b 

25a 

25b 

Reagent acid 

TFAe> 
TCAe> 
TCA 
TFA 
TCA 
TFA 
TCA 
TFA 
TCA 
TFA 
TCA 
TCA 
TFA 

Acid usedb) 

20 
5d> 
5d> 

20 
5d> 

20 
5d> 

20 
5d> 

20 
5d> 
5d> 

20 

Solvent 

CHCI3 
Toluene 
Toluene 
CHCI3 
Toluene 
CHCI3 
Toluene 
CHCI3 
Toluene 
CHCI3 
Toluene 
Toluene 
CHCI3 

Temperature 

Reflux 
100°C 
100°C 
Reflux 
100°C 
Reflux 
100°C 
Reflux 
100°C 
Reflux 
100°C 
100°C 
Reflux 

Reaction time/h 

24 
4 
7 

24 
4 

24 
4 

24 
4 

24 
4 

24 
24 

Product 
(Yield/%)c> 

29 (26) 
29 (32) 
29 (43) 
29 (62) 
29 (74) 
15 (29) 
15 (73) 
15 (80) 
15 (83) 
26 (6.3) 
26 (7.7) 
26 (6.6) 
26 (42) 

a) S.M.= starting material, b) Acid used is shown in equivalent moles per mole of S.M. c) Isolated yield, d) Five 
equivalent moles of water to S.M. is added, e) TFA=trifluoroacetic acid. TCA= trichloroacetic acid. 
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toluene, the water content in the reaction mixture is 
impor tan t . Use of each 5 molar a m o u n t of acid and 
water to one molar a m o u n t of the substrates at the start 
of the reaction is recommended. (5) Reactions in less 
polar aprotic solvents gave better yields than those in 
more polar aprotic ones. 

Experimental 

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

7,7-Dibromo-3,4-bis(methylene)bicyclo[4.1.0]heptane(4b). 
To an ice-cooled solution of triphenylphosphine (9.32 g, 
35.6 mmol) in chlorobenzene (50 mL) was added dropwise 
bromine (6.54 g, 40.9 mmol) in chlorobenzene (50mL).17) 

After stirring for 50 min, the reaction mixture was warmed to 
120 °C and then an^-4,4-dibromo-9-oxatricyclo[5.3.0.03'5]-
decane18) (10.0 g, 33.9 mmol) was added in one portion to the 
mixture. The mixture was stirred at 120 °C for 2 h and then 
cooled. After dilution with chloroform, it was washed 
successively with 5% aqueous sodium hydrogencarbonate 
and saturated brine and then dried. After concentration, the 
product was separated with column chromatography (silica 
gel/benzene), and purified by recrystallization. anti-[3,4-cis-
Bis(bromomethyl)]-7,7-dibromobicyclo[4.1.0]heptane. Color­
less crystals, 13.4 g (95.6%). Mp 98.0—98.5 ° Q IR (Nujol 
mull) i w 1440, 1334, 1236, 1210, 1022, 860, 756, 708, 
684 cm"1. « NMR (100 MHz) 0=3.20—3.50 (4H, m), 1.60— 
2.40 (8H, m). Found: C, 24.30; H, 2.68%. Calcd for C9Hi2Br4: 
C, 24.58; H, 2.75%. 

From 5yn-4,4-dibromo-9-oxatricyclo[5.3.0.03'5]decane (7.0 
g, 23.6 mmol), the 5yn-[3,4-d5-bis(dibromomethyl)] deriva­
tive was obtained as an oil in 86% yield under the same 
conditions. IR (liq. film) * w 1442, 1292, 1242, 1224, 1066, 
750, 728, 684 cm"1. « NMR (100 MHz) 0=3.18—3.50 (4H, 
m), 1.20-2.42 (8H, m). 

To an ice-cooled solution of the anti-(or syn-)[3,4-ds-
bis(bromomethyl)] derivative (8.55 g, 19.4 mmol) dissolved 
in anhydrous tetrahydrofuran (THF) was added potassium 
£-butoxide (5.13 g, 45.7 mmol) in several portions and the 
mixture was stirred at room temperature for 4 h. Inorganic 
precipitates were filtered off and the filtrate was concentrated 
to dryness. The residue was taken in ether and insoluble 
materials were again filtered. The ether solution was washed 
successively with water and saturated brine and then dried. 
After evaporation of the solvent, the product was purified 
with chromatography (silica gel/hexane) to give bis(methyl-
ene) derivative (4b) as a colorless oil (40—50% yield). Be­
cause this diene is very susceptible to polymerization, it 
should be stored as a dilute hexane solution in a refrigerator 
and used directly after filtration from white insoluble 
polymeric material and evaporation of the solvent. 4b 
« NMR (100 MHz) 0=5.25 (2H, br s), 4.82 (2H, br s), 2.89 (2H, 
dd, /=18.5, 6.0 Hz), 1.80—2.20 (4H, m). 

7,7-Dichloro-3,4-bis(methylene)bicyclo[4.1.0]heptane (4a). 

Diene 4a was obtained from bis(p-toluenesulforiate) of 7,7-
dichloro-3,4-bis(hydroxymethyl)bicyclo[4.1.0]heptane (8.4 g, 
15.8 mmol) and potassium J-butoxide (4.42 g, 39.4 mmol) in 
anhydrous T H F (110 mL) in 68% yield as a colorless oil. 4a 
bp 43—45 °C (0.02 Torr; 1 Torr«133.322 Pa) [lit, 50—60 °C 
(0.02 Torr)].19> « NMR (100 MHz) 0=5.25 (2H, s), 4.82 (2H, 
s), 2.77 (2H, dd, /=15.4, 8.8 Hz), 2.25 (2H, dd, /=15.4, 
5.9 Hz), 1.8—1.9 (2H, m). 

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

Dimethyl l,l-Dibromo-la,2,3,4,5,6,7,7a-octahydro-liï-
cyclopropa[&]naphthalene-4,5-frans-dicarboxylate anti-Ep-
oxide (25b). To a solution of dimethyl fumarate (584 mg, 
4.05 mmol) in benzene (2 mL) and ether (1 mL) was added 
slowly a solution of diene 4b (1.13 g, 4.05 mmol) in ether 
(1 mL) and the resulting solution was stirred at room 
temperature for 5 days. After evaporation of the solvents, the 
residue was purified with column chromatography (20 g of 
silica gel/benzene). The adduct (1.68 g, 98%), mp 154— 
155 °C. IR (Nujol mull) J W : 1726, 1442, 1326, 1200, 1178, 
1002, 730, 720 cm-1. « N M R (90 MHz) 0=3.62 (6H, s), 
2.65—2.90 (2H, m), 1.66—2.33 (10H, m). Found: C, 42.78; H, 
4.29%. Calcd for Ci5Hi804Br2: C, 42.68; H, 4.30%. 

To a solution of the adduct (235 mg, 0.56 mmol) in 
dichloromethane (2.5 mL) was added mCPBA (70% purity, 
155 mg, 0.9 mmol) in one portion and the mixture was 
stirred for 20 h at room temperature. After usual workup, 
the product was purified with column chromatography 
(silica gel/benzene-ethyl acetate (9:1 v/v)). 25b (220mg, 
91%), mp 103—105 °C (decomp). IR (Nujol mull) i w 1726, 
1440, 1330, 1200, 1168, 1000, 962, 728cm"1. « N M R 
(90 MHz) 0=3.61 (6H, s), 1.50—3.30 (12H, m). 13C NMR 
(100 MHz) 0=174.6 (s), 173.7 (s), 59.3 (s), 58.0 (s), 51.9 (q, may 
be two peaks in one), 40.5 (d), 39.2 (s), 38.5 (d), 31.8 (t), 31.4 
(t), 27.3 (t), 26.3 (t), 24.1(d). Found: C, 41.10; H, 4.13%. Calcd 
for CisHisOsBrz: C, 41.12; H, 4.14%. 

A small amount of a diol was eluted afterward. Diol mp 
169—170 °C. IR (Nujol mull) i w 3520, 1722, 1710, 1446, 
1298, 1200, 1054, 1020, 888, 714 cm"1. « N M R (90 MHz) 
0=3.71 (3H, s), 3.66 (3H, s), 3.2—3.4 (1H, m), 2.75 (1H, br s), 
1.4—2.5 (11H, m). 13C NMR (100 MHz) 0=176.8 (s), 174.9 (s), 
70.4 (s), 68.4 (s), 52.4 (q), 52.0 (q), 41.2 (s), 38.5 (d), 38.3 (d), 
34.5 (t), 32.2 (t), 31.5 (t), 30,8 (t), 28.0 (d), 26.7 (d). Found: C, 
38.91; H, 4.45%. Calcd for Ci5H2o06Br2(l/2 H 20): C, 38.73; 
H, 4.55%. 

anfo'-Epoxide of Dimethyl l,l-Dichloro-la,2,3,4,5,6,7,7a-
octahydro-liï-cyclopropa[&]naphthalene-4,5-Jrans-dicarbox-
ylate (25a). A solution of diene (4a) (328 mg, 1.73 mmol) and 
dimethyl fumarate (255 mg, 1.73 mmol) in benzene (20 mL) 
was refluxed for 67 h. After evaporation of the solvent, the 
residue was purified with column chromatography (silica 
gel/benzene-ethyl acetate (9:1 v/v)). An oily adduct was 
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obtained (323 mg, 55.4%). *H NMR (90 MHz) 0=3.64 (3H, s), 
3.65 (3H, s), 2.69—2.93 (2H, br m), 1.9—2.55 (8H, br m), 1.78— 
1.90 (2H, b). 

The adduct was stirred with mCPBA (80% purity , 232 mg, 
1.07 mmol) in dichloromethane (4.8 mL) for 26 h at room 
temperature. Usual work-up gave colorless crytals (315 mg, 
93%). 25a mp 149—150° C. IR (CHC13) * w 3010, 2960, 
2930, 1732, 1438, 1310, 1260, 1200, 1170, 1080, 1050, 1004, 
978 cm-1. !H NMR (90 MHz) 0=3.62 (6H, br s), 3.05—1.5 
(12H,m). Found: C, 51.61; H, 5.21%. Calcd for G5H18O5CI2: 
C, 51.59; H, 5.20%. 

7,7-Dibromo-3,4-epoxy-l,3-dimethylbicyclo[4.1.0]heptane 
(12). 7,7-Dibromo-l,3-dimethylbicyclo[4.1.0]hept-3-ene10) 
(135 mg, 0.48 mmol) and mCPBA (70%, 135 mg, 0.78 mmol) 
(stirring for 19 h) gave 8 as a colorless liquid (130 mg, 91%), 
bp 50—55 °C (0.6 Torr), which was a mixture (85:5) of the 
anti and syn isomers. The NMR spectra of the major 
product, anti-lZ: 1U NMR (400 MHz) 0=2.87 (1H, br s), 2.50 
(1H, dd, 7=16.4, 9.1Hz), 2.08 (2H, s), 1.94 (1H, br d, 
7=16.4 Hz), 1.41 (3H, s), 1.33 (1H, bd, 7=9.1 Hz), 1.27 (3H, s). 
i3C NMR (100 MHz) 0=56.8 (d, 7=176.7 Hz), 56.0 (s), 48.4 (s), 
33.5 (t, 7=129.4 Hz), 29.5 (d, 7=183.6 Hz), 27.9 (q, 7=131.5 
Hz), 25.0 (s), 22.7 (q, 7=127.9 Hz), 22.4 (t, 7=128.4 Hz). 
Found: C, 36.54; H, 4.12%. Calcd for C9Hi2OBr2: C, 36.51; H, 
4.09%. 

7,7-Dibromo-2,3-epoxybicyclo[4.1.0]heptane (16). To a 
1:1 mixture of 7,7-Dibromobicyclo[4.1.0]heptane and 2-
heptene (680 mg) in carbon tetrachloride was added mCPBA 
(680 mg, 3.95 mmol) and the mixture was stirred overnight. 
After usual workup as above, a colorless oil (647 mg) was 
obtained. Separation with column chromatography on 
silica gel gave epoxide 16 as a pure material (256 mg, 71%). 
13CNMR (25 MHz) 0=49.2 (d, 7=181 Hz) and 52.4 (d, 
7=177 Hz) (C2, C3), 31.4 (s, C7), 28.8 (d, 7=171 Hz) and 27.4 
(d, 7=171 Hz) (Ci, Ce), 19.6 (t, 7=129 Hz) and 16.6 (t, 
7=132 Hz) (C4,C5). 

anti-7,7-Dibromo-3,4-epoxy-1,6-dimethylbicyclo[4.1.0]hep-
tane (17). From 7,7-dibromo-l,6-dimethylbicyclo[4.1.0]-
hept-3-ene10) and mCPBA, epoxide 17 was obtained in 77.3% 
yield. Mp 91 °C, [lit, mp 91— 94 °C]."> *H NMR (90 MHz) 
0=3.03 (2H, s), 2.18 (4H, s), 1.24 (6H, s). 13C NMR (25 MHz) 
0=56.6 (s), 51.3 (d), 30.1 (t), 26.2 (s), 22.8 (q). 

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

7,7-Dibromo-2,3-epoxy-3-isopropyl-6-methylbicyclo[4.1.0]-
heptane (11). 7,7-Dibromo-3-isopropyl-6-methylbicyclo[4. 
1.0]hept-2-ene 30 (1.0 g, 3.3 mmol) (see below) and mCPBA 
(80% purity, 1.04 g, 6.5 mmol) was stirred in dichloro­
methane (15 mL) at room temperature for 3.5 h. anti-ll was 
obtained as a colorless oil (1.02 g, 95%) in almost pure state 
after purification with chromatography. anti-ll, bp 80— 
85 °C (3 Torr, sublimative distillation). IR (liquid film) 
*w=2950, 2920 (sh), 2870, 1362, 1125, 1035, 972, 748, 
720 cm"1. *H NMR (400 MHz) 0=3.082 (s, H2), 1.800 (s, Hi), 
1.905 (ddd, 7=14.4, 5.3, 6.3 Hz) and 1.810 (ddd, 7=14.4, 5.8, 
9.5 Hz) (H4a and H4b), 1.415 (ddd, 7=14.7, 6.3, 9.3 Hz) and 

2.030 (ddd, 7=14.7, 5.3, 5.8 Hz) (H5a and H5b), 1.378 (s, 6-Me), 
1.519 (sept, 1H), 0.980 (d, 7=6.8 Hz) and 0.941 (d, 7=7.1 Hz) 
(2Me). 13C NMR (100 MHz) 0=34.5 (d, 166 Hz, Ci), 55.8 (d, 
178, C2), 64.3 (s, C3), 22.4 (t, 128, C4), 27.5 (t, 125, C5), 28.7 (s, 
Ce), 25.8 (q, 126, 6-Me), 42.6 (s, C7), 35.1 (d, 131, CHMe2), 
17.8 (q) and 17.4 (q) (CHMe2). MS m/z (%): 326 (M+4, 0.3), 
324 (M+2, 0.6), 322 (M+, 0.3), 311 (1.7), 309 (3.7), 307 (2.0, 
M-Me), 228 (41), 226 (85), 224 [M-(i-Pr), 44], 71 (100). The 
effect of Sievers' shift reagent on the *H NMR spectrum of 
anti-ll (deshielding shifts calculated against H2 shift as 100): 
Hi (32.5), 6-Me (6.9), 3-CHMe2 (80.5), 3-CHMe2 (30.0). 

Epoxidation of l-Isopropyl-4-methyl-l,4-cyclohexadiene 
(5). Treatment of y-terpinene (1.34 g, 9.64 mmol) with 
mCPBA (70% purity, 2.39 g, 9.68 mmol) in dichloromethane 
(50 mL) for 22.5 h at room temperature gave a mixture of 
epoxides 6 and 7 as a colorless liquid (1.61 g), which was 
separated with column chromatography (silica gel/hexane-
ether (5:1 v/v)) to give pure samples of 4,5-epoxy-4-
isopropyl-1 -methyl- 1-cyclohexene 7 (380 mg, 25.4%; Rt (hex-
ane-ether 10:1 v/v)=0.26) and 4,5-epoxy-l-isopropyl-4-
methyl-1-cyclohexene 6 (570 mg, 38.1%; #f=0.20). 6 *H and 
13C NMR: see Tables 4 and 5. MS m/z (%): 153 (6.8), 152 (M+, 
56), 137 (44), 134 (35.5), 123 (25.6), 119 (62), 109 (100). 7 1U 
and 13C NMR: see Tables 4 and 5. MS m/z (%): 153 (2.1), 152 
(M+, 17), 139 (11), 137 (7.0), 134 (24), 119 (36), 109 (35.5), 71 
(100). 

Dibromocarbene Addition to l-Isopropyl-4-methyl-l,4-
cyclohexa-l,4-diene (5): General Procedure (Method A).20> 
To an ice-cooled solution of diene 5 (197 mg, 1.42 mmol) in 
benzene (13 mL) was added, in one portion, potassium t-
butoxide (247 mg, 2.2 mmol) and £-butyl alcohol (3.2 mL). 
To this solution was added a solution of bromoform 
(0.35 mL, 4.0 mmol) in benzene (1.6 mL) in a period of 5 min 
at 0—5°C, and stirring was continued for 7 h at the 
temperature. The mixture was then diluted with benzene 
and the organic layer was separated, and washed with water 
and saturated brine. After drying and concentration, the 
residual oil was purified with column chromatography 
(silica gel/hexane) to give a mixture of two carbene-adducts 
(292 mg, 67%o), 7,7-dibromo-4-isopropyl-l-methylbicyclo-
[4.1.0]hept-3-ene and 7,7-dibromo-l-isopropyl-4-methylbi-
cyclo[4.1.0]hept-3-ene. This mixture was used for epoxida­
tion without further purification (see above). 

Dibromocarbene Addition to l-Isopropyl-4,5-epoxy-4-
methyl-1-cyclohexene (6): General Procedure (Method B).8'19) 

To a solution of epoxide 6 (293 mg, 1.93 mmol), benzyltri-
ethylammonium chloride (4.4 mg) in bromoform (0.25 mL, 
2.86 mmol) was added aq. sodium hydroxide (880 mg, 
22 mmol/1.05 mL H 2 0) under ice-cooling and the mixture 
was stirred at room temperature for 23 h. The resulting 
brown viscus mixture was diluted with water and ether and 
then filtered through hyflosupercel. The filtrate was 
extracted with ether and the combined ether extracts were 
washed with water and saturated brine, and then dried. 
Concentration gave a yellow liquid (510 mg) which was 
purified with column chromatography (silica gel/benzene) 
to give a colorless oil, bp 85 °C (3 Torr, sublimative 
distillation). 8b (237 mg, 38%). *H and 13C NMR: see Tables 
4 and 5. MS m/z (%): 326 (M+4, 0.4), 324 (M+2, 1.1), 322 
(M+, 0.8), 311 (5.1), 309 (11.4), 308 (2.9), 307 (7.9), 306 (3.9), 
304 (2.0), 233 (44.8), 231 (89.5), 229 (48). 

7,7-Dibromo-3,4-epoxy-4-isopropyl-l-methylbicyclo[4.1.0]-
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Table 4. lU NMR Data of Compounds, 6, 

H3
b) 

3.123 

3.071s 

2.89bs 

2.887bs 

2.871bs 

2.87bt 

H2a 

2.25-

2.14-

1.94dd 

(16.3) 
(2.7) 

1.928dd 

(16.7) 
(2.8) 

2.21dd 

(16.0) 
(1.9) 

2.22dd 

(16.4) 
(2.4) 

H a 

-2.6« 

-2.23m 

2.22" 
(16.3) 

2.310"1 

(16.7) 
(1.5) 

2.14do 
(16.0) 
(2-0) 

2.26dd 

(16.4) 
(2.0) 

H6 

5.162 

5.193s 

1.21dd 

(9.5) 
(1.5) 

1.327dd 

(9.3) 
(1.2) 

1.298dd 

(9.2) 
(1.7) 

1.43dd 

(9.6) 
(1.6) 

, Shigeki 

7, 8a, 8b, 

Hsa 

2.25-

2.14-

1.85dd 

(16.1) 
(1.5) 

1.782dd 

(15.9) 
(1-2) 

1.93dd 

(16.3) 
(1.7) 

1.85dd 

(16.1) 
(1.7) 
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9a, and 9b (400 MHz in 

H5b 

-2.6m 

-2.23m 

2.23dd 

(16.1) 
(9.3) 

2.306dd 

(15.9) 
(9.3) 

2.23dd 

(16.3) 
(9.2) 

2.32dd 

(16.1) 
(9.6) 

Me 

1.37s 

1.64s 

1.27s 

1.28s 

1.375s 

1.42s 

CDCl3)
a) 

CHMe2 

2.15sept 

1.556^ 

1.603^ 

1.632^ 

1.500^ 

1 52sePt 
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CHMe2 

0.993d 

0.982d 

(6.8) 
1.006d 

0.970d 

(6.8) 
1.02d 

0.94d 

(6.8) 
1.035d 

0.950d 

(6.8) 
0.991d 

0.918d 

(6.8) 
0.99d 

0.97d 

(7.0) 

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

Table 5. 13C NMR Data of Compounds; 6, 7, 8a, 8b, 9a, and 9b. (100 MHz in CDCl3)
a-b) 

Compound Ci(s) C2(t) 
or C5 

C3(d) C4(s) 
C5(t) 
or C2 

C6(d) C7(s) Me(q) -CHMe2 

(d) 
CHMe2 

(q) 

6 

7 

8a 

8b 

9a 

9b 

137.8 

128.4 

31.6 

31.1 

24.0 

23.8 

27.2 

24.7 

19.8 
(123) 
21.9 
(123) 
18.3 

(126) 
20.8 

56.5 

57.7 

57.5 
(170) 
57.7 
(176) 
56.5 
(175) 
56.7 
(178) 

51.9 

62.6 

54.8 

55.0 

61.0 

60.9 

30.6 

30.9 

23.7 
(129) 
26.1 
(129) 
27.6 
(128) 
29.7 

113.9 

116.5 

29.6 
(164) 
30.9 

(163) 
29.5 

(163) 
30.9 

(167) 

— 

— 

71.8 

49.2 

72.1 

49.0 

23.0 

23.2 

22.7 
(127) 
22.7 
(126) 
25.3 
(129) 
28.1 
(131) 

34.6 

34.8 

35.6 
(129) 
37.9 
(125) 
34.9 
(128) 
35.0 
(128) 

21.4 
21.1 
18.6 
17.5 
23.7 
19.8 
19.1 
17.4 
18.3 
17.5 
18.5 
17.6 

a) Chemical shifts are shown in ppm without parentheses and coupling constants are shown in Hz in parentheses 
C^H-WC). They are obtained by the NOE measurements of 13C NMR spectra. s=singlet, d=doublet, t=triplet, q=quartet. 
b) In this table, for the convenience of comparison with compounds 8 and 9, 6 and 7 are numbered as counterclockwise 
starting from Ci in the structural formula 6 and 7, which are different from the IUPAC nomenclature. 

heptane (9b) (Method A). From epoxide 7 (505 mg, 
3.3 mmol), potassium J-butoxide (1.01 g, 9.3 mmol), and 
bromoform (0.80 mL, 9.2 mmol) in benzene (45 mL), a 
colorless oil 9b (305 mg, 28.2%) was obtained along with 
unchanged epoxide 7 (240 mg, 48%). 9b, bp 85 °C (3 Torr, 
sublimative distillation). *H and 13C NMR: see Tables 4 and 
5. MS m/z (%): 326 (M+4, 0.2), 324 (M+2, 0.36), 322 (M+, 
0.19), 311 (35), 309 (73), 307 (40), 228 (48), 226 (100), 224 (51), 
71 (100). 

Dibromocarbene Addition to l-Isopropyl-4-methyl-l,3-
cyclohexadiene (Method B). a-Terpinene (13.6 g, 0.1 mol), 
benzyl triethylammonium chloride (213 mg, 1 mmol), bromo­
form (25.3 g, 0.1 mol), and aq. sodium hydroxide (30.8 g, 
0.77 mol /H 2 0 60 mL) at room temperature for 5 h gave a 
yellow liquid which was concentrated under reduced 
pressure to eliminate recovered bromoform and the diene (bp 
50—51 °C/10 Torr, 5.12 g). The residue (11 g) was purified 

with column chromatography (silica gel 250g/hexane) 
giving a colorless oil, 7,7-dibromo-3-isopropyl-6-methyl-
bicyclo[4.1.0]hept-2-ene (30) (7.7 g, 40% to consumed diene), 
which was used without further purification (see above). 

7,7-Dichloro-3,4-epoxy-l-isopropyl-4-methylbicyclo[4.1.0]-
heptane (8a): General Procedure for Dichlorocarbene Addi­
tion (Method C).21) To an ice-cooled solution of a mixture 
of epoxides (6 contaminated with 7) (5.0 g, 32.8 mmol) and 
potassium J-butoxide (20.5 g, 164 mmol) in £-butyl alcohol 
(185 mL) and anhydrous benzene (440 mL) was added 
dropwise purified chloroform (13.1 mL, 164 mmol) in a 
period of 10 min and the solution was stirred at the 
temperature for 2 h and then at room temperature for 17 h. 
Usual workup (see above method A) gave a yellow liquid 
(5.92 g), which was separated with column chromatography 
(silica gel/hexane-ether (10:1 v/v)). From the initial eluate, 
8a (0.29 g) was obtained as a pure material and, from the 
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latter one, 9a (1.27 g) was obtained along with unchanged 
epoxides (3.2 g). 8a, bp 80—90 °C (4 Torr, sublimative 
distillation). *H and 13C NMR: see Tables 4 and 5. Found: 
C, 55.95; H, 6.81%. Calcd for CiiHi6OCl2: C, 56.18; H, 6.86%. 

7,7-Dichloro-3,4-epoxy-4-isopropyl-l-methylbicyclo[4.1.0]-
heptane (9a). Epoxide 7 (236 mg, 1.56 mmol), potassium 
J-butoxide (876 mg, 7.80 mmol) and £-butyl alcohol (8.8 mL) 
in benzene (21 mL) was treated with purified chloroform 
(0.64 mL, 7.92 mmol) as described above (Method C). Usual 
workup and purification gave 9a as a pure material (190 mg, 
52%). bp 80—90° C (4 Torr, sublimative distillation). IR 
(liq. film) i w : 1460, 1423, 1380, 1362, 1050, 1010, 970, 930, 
880,822,810 cm"1. *H and 13C NMR: see Tables 4 and 5. MS 
m/z (%): 238 (M+4, 0.02), 236 (M+2, 0.12), 234 (M+, 0.25), 223 
(1.1), 221 (6.7), 219 (10.9), 195 (10.2), 193 (65.8), 191 (100). 
Found: C, 56.10; H, 6.90%. Calcd for CnHieOCfc: C, 56.18; 
H, 6.86%. 

Dichloride 9a. General Procedure for Dichlorocarbene 
Addition (Method D).8) To an ice-cooled solution of 
epoxide 7 (330 mg, 2.13 mmol) in chloroform (0.52 mL, 
6.5 mmol) containing benzyltriethylammonium chloride 
(10 mg), and a drop of ethanol was added dropwise aq. 
sodium hydroxide (1.04g/1.4mL H2O). The mixture was 
stirred at below 10 °C for 2 h and allowed to stand at room 
temperature. Usual workup as described in method B gave a 
pale yellow oil (394 mg), which was purified with column 
chromatography (silica gel/benzene) to give a colorless oil 9a 
(261 mg, 51.2%). 

Characterization of 2-Bromo-5-isopropyl-l-methyltro-
pylium Cation (14b). To a solution of «n^-epoxide 11 
(27.2 mg) dissolved in deuteriochloroform (0.35 mL) was 
added TFA (0.05 mL) in an NMR tube under ice-cooling to 
give a colorless solution. After standing 3 min at room 
temperature, an orange red color developed and a dark red 
solution was obtained after 10 min. ^ N M R (100 MHz) 
0=9.34 (IH, d, /=11 Hz), 9.02 (IH, d, /=11 Hz), 8.82 (IH, dd, 
7=11, 2 Hz), 8.60 (IH, dd, 7=11, 2 Hz), 3.49 (IH, sept, 
7=7 Hz), 3.15 (3H, s), 1.49 (6H, d, 7=7 Hz), ™C NMR 
(25 MHz) 0=168.9 (s), 158.8 (s), 157.2 (s), 156.4 (d), 152.7 (d), 
150.6 (d), 148.6 (d), 40.9 (d), 33.0 (q), 23.5 (q). In order to take 
UV spectrum, a sample of 11 (8.9 mg) dissolved in cold TFA 
(0.25 mL) was warmed at room temperature for 5 min. Then 
the mixture was diluted to 10 mL with coned sulfuric acid. 
This solution (0.2 mL) was further diluted with coned 
sulfuric acid to 10 mL. UV /Lax (logs): 210 (end absorp., 
4.03), 253.5 (4.20), 329 (3.82), 424 nm (3.17). 

General Procedure for Tropone Synthesis with Trifluoro-
acetic Acid (Method E): 2,4-Dimethyltropone (13). To 
epoxide 12 (259 mg, 0.88 mmol) dissolved in chloroform 
(5.4 mL) was added TFA (1.35 mL, 17.5 mmol), and the 
mixture was stirred for 19 h at 75 °C (bath temperature). 
After concentration to dryness, the residue taken in 
dichloromethane was washed successively with water, 5% aq. 
sodium hydrogencarbonate, and brine, and then dried. After 
concentration, the product was purified with chromatogra­
phy (silica gel/benzene-ethyl acetate (9:1 v/v)). 13 bp 90— 
100 °C (30 Torr, sublimative distillation). A pale yellow oil. 
IR (liq. film) J W : 1632, 1604, 1574, 1526, 1372, 1246, 1036, 
824 cm"1. *H NMR (400 MHz) 0=7.27 (IH, s), 7.02 (IH, dd, 
7=8.1, 12.0 Hz), 6.96 (IH, br d, 7=12.0 Hz), 6.79 (IH, br d, 
7=8.1 Hz), 2.34 (3H, s), 2.28 (3H, s). 13CNMR (100 MHz) 
0=186.6 (s), 150.6 (s), 144.6 (s), 138.8 (d), 137.2 (d), 135.7 (d), 

130.7 (d), 26.7 (q), 23.0 (q). UV (95% C2H5OH) /Lax=234, 
321 nm. MS m/z (%): 134 (M+, 75), 106 (30), 105 (23), 91 (100), 
77(16), 65(14). 

5-Isopropyl-2-methyltropone (15) from 11 (Method E). To 
an ice-cooled solution of epoxide 11 (262 mg, 0.82 mmol) in 
chloroform (4.0 mL) was added dropwise TFA (0.64 mL, 
8.3 mmol), and the solution was stirred at the temperature 
for 30 min and the resulting dark red solution was heated at 
75 °C for 16 h. Workup and purification as usual gave 
tropone 15 (58.2 mg, 43.2%) as a pale yellow oil. 15, bp 
100— 110°C (30Torr, sublimative distillation). IR (liq. 
film) i w 1628, 1578, 1526, 1460, 1394, 1370, 1168, 862 cm" 1. 
iH NMR (400 MHz) 0=7.33 (IH, d, 7=11.3), 7.08—7.07 (2H, 
two peaks), 6.95 (IH, d, 11.3), 2.77 (IH, sept, 7=6.8 Hz), 2.26 
(3H, s), 1.22 (6H, d, 7=6.8 Hz). 13C NMR (100 MHz) 0=186.9 
(s), 153.3 (s), 149.8 (s), 139.5 (d), 136.9 (d), 135.8 (d), 129.6 (d), 
37.4 (d), 23.0 (q), 22.4 (q). MS m/z (%): 162 (M+, 44), 147 (4), 
134 (8), 120 (12), 119 (100), 117 (8), 91 (15). UV (95% 
C2H5OH) /Lax: 216 (sh), 235, 321 nm. Found: C, 79.62; H, 
8.76%. Calcd for CnHi 4 0 . ( l / 5 H2O): C, 79.67; H, 8.75%. 

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

General Procedure for Tropone Synthesis with Trichloro­
acetic Acid (Method F): 5-Isopropyl-2-methyltropone 15 
from 11. A solution of trichloroacetic acid (817 mg, 
5 mmol) in toluene (7 mL) was refluxed under separation of 
water with a Dean-Stark apparatus for 2 h. To this solution 
was added water (90 mg, 5 mmol) and 11 (324 mg, 1.0 mmol) 
dissolved in toluene (2.0 mL). The resulting dark red 
solution was warmed at 100 °C for 4h. The solution was 
diluted with ether and washed several times with 5% aq 
sodium hydrogencarbonate until this reacts alkaline to 
litmus paper. The ethereal solution was washed with water 
then saturated brine and dried. Evaporation of the solvent 
remained a red liquid (235 mg), the 1H NMR spectrum of 
which showed it contained mainly tropone 15 with small 
amount of toluene. Column chromatographic separation on 
silica gel (10 g) gave a pure sample of 15 (93 mg), which was 
distilled with a sublimation apparatus at 100—110°C/30 
Torr giving a pale yellow oil (82 mg, 50%). 

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

Dimethyl 7-Oxo-l,2,3,4-tetrahydro-7iï-benzocycloheptene-
*raro-2,3-dicarboxylate (26). To epoxide 25b (208 mg, 0.48 
mmol) dissolved in chloroform (3.0 mL) was added TFA 
(0.74 mL, 9.6 mmol) under cooling and the resulting 
solution was stirred at 75 °C for 22 h (Method E). Usual 
workup gave a crude product, which was purified with 
chromatography (silica gel/benzene-ethyl acetate-methanol 
(5:4:1 v/v)). 26 (54.8 mg, 42%) mp 124—125 °C. IR (Nujol 
mull) i w 1742, 1714 (sh), 1638, 1578, 1436, 1244, 1196 cm"1. 
UV (95% EtOH) /Lax (loge): 228 (4.40), 231.5 (4.40), 318 
(4.11) nm. !H NMR (90 MHz) 0=6.80 (4H, s; protons on the 
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a- and ß-carbons to the tropone carbonyl show almost 
identical chemical shift), 3.68 (6H, s), 2.80—3.13 (6H, m). 
13C NMR (25 MHz) 0=186.9 (s), 173.7 (s), 140.0 (d), 139.5 (s), 
138.8 (d), 52.4 (q), 40.7 (d), 34.8 (t). Found: C, 65.15; H, 
5.84%. Calcd for Ci5Hi605: C, 65.21; H, 5.84%. 

Isolation of Lactone 27a from Dichloro-epoxide 25a. Ep­
oxide 25a (113 mg, 0.32 mmol), dichloroacetic acid (0.14 mL, 
1.68 mmol), and water (0.030 mL, 1.66 mmol) dissolved in 
toluene (2.0 mL) was stirred at 100 °C for 24 h. The mixture 
was diluted with ether and washed successively with 5% aq. 
sodium hydrogencarbonate, water and saturated brine, and 
then dried. After concentration, the residue was purified 
with chromatography (silica gel/benzene-ethyl acetate (9:1 
v/.v)). 27a (54.8 mg, 50.5%) mp 182.5—184°C. IR (CHC13) 
*w: 3450, 1780, 1720, 1440, 1358, 1182, 1065, 1042, 1000, 920, 
902, 810 cm-i. *H NMR (400 MHz) 0=3.76 (3H, s), 3.71 (1H, 
s), 3.07 (1H, ddd, /=5.4, 3.9, 1.2 Hz), 3.01 (1H, ddd, /=6.7, 
3.9, 1.2 Hz), 2.47 (1H, d, /=15.6 Hz), 2.41 (1H, d, /=12.7 Hz), 
2.20 (1H, dd, /=16.6, 9.5 Hz), 2.15—2.22 (1H, m), 2.11 (1H, 
dd, /=16.6, 2.4 Hz), 1.97—2.01 (1H, m), 1.95 (1H, dt, 7=9.3, 
2.1Hz), 1.82—1.88 (2H, m), 1.79 (1H, dt, 7=5.6, 3.2 Hz). 
13C NMR (100 MHz) 0=85.8 (s), 67.0 (s), 66.4 (s), 53.0 (q), 42.5 
(d), 39.6 (d), 37.7 (t), 33.8 (t), 32.3 (t), 25.7 (d), 25.6 (t), 24.7 (d). 
MS m/z (%): 336 (3.8), 334 (6.0), 272 (48), 270 (71), 258 (66), 
256 (100), 213 (45), 212 (66), 211 (64), 210 (78), 175 (24). 
Found: C, 50.03; H, 4.82%. Calcd for C14H16C12O5: C, 50.17; 
H, 4.81%. 

Ring Opening of 7,7-Dibromo-3,4-epoxy-l-isopropyl-4-
methylbicyclo[4.1.0]heptane (8b): 2-Isopropyl-5-methyltro-
pone (29). Treatment of epoxide 8b (176 mg, 0.54 mmol) 
with TCA (453 mg, 2.73 mmol) and water (0.048 mL, 
2.7 mmol) under the conditions described in method B gave 
tropone 29 (65.4 mg, 74%) after purification. A pale yellow 
oil, bp 110 °C (30 Torr, sublimative distillation). IR 
(CHCI3) * w 1620, 1565, 1520, 1460, 1200, 1156, 1020, 
840cm-i. iHNMR (400 MHz) 0=7.15 (1H, d, 7=11.5 Hz), 
6.93 (2H, two peaks), 6.76 (1H, d, /=11.5 Hz), 3.38 (1H, sept, 
7=6.8 Hz), 2.27 (3H, d, 7=1.3 Hz), 1.13 (6H, d, 7=6.8 Hz). 
Found: C, 81.11; H, 8.71%. Calcd for C U H H O : C, 81.44; H, 
8.70%. 

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

Ring Opening Reaction of 2,3-Epoxy-7,7-dibromobicyclo-
[4.1.0]heptane (16). To an ice-cooled solution of epoxide 16 
(189 mg, 0.70 mmol) in chloroform (4.0 mL) was added TFA 
(0.54 mL, 7.0 mmol). The resulting solution was stirred at 
room temperature for 1.5 h and then at the refluxing for 19 h 
(Method E). Usual workup and purification gave benzyli-
dene dibromide as a colorless oil (122 mg, 70%), which 
showed the identical IR and NMR spectra with those of an 
authentic sample. IR (liq. film) i w 1496, 1454, 1228, 1146, 
824, 696 cm"1. ^ N M R (100 MHz) 0=7.4—7.7 (2H, m), 
7.2—7.4 (3H,m), 6.66 ( lH,s) . 

Ring Opening of 7,7-Dibromo-3,4-epoxy-l,3-dimethylbi-
cyclo[4.1.0]heptane (12) with Sulfuric Acid: Formation of 
5-Bromo-2,4-dimethyltropone (18). To epoxide 12 (153 mg, 
0.52 mmol) dissolved in dichloromethane (3.0 mL) was 
added coned sulfuric acid (0.5 mL) and the mixture was 

stirred and refluxed for 22 h. The mixture was poured onto 
ice and extracted with dichloromethane. The organic layer 
was washed with water and saturated brine and then dried. 
After concentration, the residue was purified with column 
chromatography (silica gel/benzene-ethyl acetate (9:1 v/v)). 
18 colorless crystals, mp 90—91 °C. IR (Nujol mull) *w: 
1616, 1576, 1502, 1370, 1276, 1230, 828 cm"*. UV2max: 236.5, 
326 nm. i H N M R (100 MHz) 0=7.40 (1H, dd, /=12.9, 
1.0 Hz), 7.37 (1H, s), 6.96 (1H, d, /=12.9Hz), 2.47 (3H, s), 
2.21 (3H, d, /=1.0 Hz). 13C NMR (25 MHz) 0=185.5 (s), 149 
(s), 143 (s), 141 (d), 138 (d), 135.5 (d), 128.5 (s), 30.2 (q), 23 (q). 
Found: C, 50.79; H, 4.27%. Calcd for C9H9OBr: C, 50.73; H, 
4.26%. 

T h e au thors wish to thank Mr. Jun- ich i Goda and 
Mr. Tetsuya Shimada of our University for the 
elementary analyses and measurements of mass spec­
tra. 
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The effects of intermolecular and intramolecular triplet quenchers and sensitizers on the photochromism of 
nitrospiropyran have been examined in order to clarify the role of the triplet state (3A*) as well as that of the 
excited singlet state (M,*). The rates of photocoloration and fatigue were significantly affected: the quenchers 
retarded both rates, while the sensitizers retarded the former but enhanced the latter rate. It can be concluded 
that more than 90% of the total amount of photomerocyanin is generated from *A* in the photostationary state 
and that fatigue proceeds mainly through 3A*. 

Pho tochromism is now being extensively re-investi­
gated, main ly from the viewpoint of appl icat ion to 
EDRAW (erasable a n d directly reading and wri t ing) 
memories. In order to reach the goal, there are several 
routes which mus t be attacked. One is to develop 
novel preparative procedures of highly fatigue-resist­
ant , thermally stable pho tochromic compounds . So 
far, though , only a few compounds satisfy these 
demands.1»2* Another route is to modify popula r 
photochromic c o m p o u n d s so as to improve their 
pho toch romic peculiari ty. Spi ropyran is one of the 
most wel l -known pho tochromic families, and is 
transformed either photochemical ly or thermally 
between a colorless closed spiro-form (SP) and a 
colored open merocyanin form (PMC).3) Its analogues 
become deeply colored by UV irradiat ion wi th h igh 
sensitivity, bu t are rather sensitive to fatigue. T h e 
elucidat ion of the pho tochromic mechanism of this 
family may be impor t an t not only for basic interest, 
bu t also practical appl icat ions to photochromic 
memories. 

Since the pho toch romism of spiropyrans was found 
in the 1950's,4»5) a large number of papers have 
appeared concerning their photophysical and photo­
chemical behavior in various matrices.3) l ' , 3 ' , 3 ' -
Trimethyl-6-nitrospiro[2H-1 -benzopyran-2,2'-indoline] 
(1) and its derivatives have st imulated special at tention 
since their sensitivity is so high, even in the near-UV 
region u p to 400 nm. Recently, the photophysica l and 
photochemical processes of their pho tochromism have 
been elucidated by bo th picosecond and nanosecond 
laser photolysis.6~9) It has become clear that P M C is 
generated in the nanosecond range, mainly th rough 
the excited singlet state of SP. An in t r iguing 
a rgument is whether the triplet state effectively 
contributes to the pho tochromic reaction or not. T h e 
reaction mechanisms proposed so far are different wi th 
respect to the role of the triplet state. T h e mechanism 
of the fatigue process still remains ambiguous . 

It is known that benzophenone is a good triplet 
sensitizer of 1.10) O n the other hand , naph tha lene 
derivatives have triplet energies slightly lower than 
that of 110) and, therefore, can act as a triplet quencher. 

Therefore, compounds 2—4, which have a triplet 
sensitizer or a quencher intramolecularly l inked as a 
side g roup , have been prepared in order to evaluate the 
efficiency of photo-react ions via the triplet states. T h e 
a im of this paper is to clarify the various factors which 
influence the pho tochromic efficiency and photodura-
bility of 1. 

Results and Discussion 

Effects of Triplet Sensitizer and Quencher on the 
Photocoloration. T h e dependence of the bui ld-up of 
P M C on the benzophenone concentrat ion (0, 0.02, and 
0.1 M, M = m o l d m - 3 ) u p o n 313-nm light i rradiat ion of 
1 in acetonitr i le under a rgon is shown in Fig. 1. Since 
the triplet energies (ET) of benzophenone and 1 are 69.2 
and 64.3 kcal m o l - 1 , respectively, and the concentra­
tion of 1 was h igh (2.7X10 - 4 M), triplet energy transfer 
mus t have occurred wi th an efficiency of nearly unity. 
Figure 1 indicates that bo th the ini t ia l rate (slope) and 
photos ta t ionary level of P M C formation (asymptotic 
value) decrease wi th increasing concentration of the 
sensitizer. Similar results were obtained for other 
sensitizers, such as xan thone (ET 74.1 kcal mo l - 1 ) and 
p-bromoacetophenone (ET TIA kcal mol - 1 ) . 

1 2 3 4 

Irradiation time / min 

Fig. 1. Dependence of build-up of PMC on benzo­
phenone concentration. [1]=2.7X10-4 M. O: [Benzo­
p h e n o n e ] ^ , • : 0.02 M, and O: 0.1 M. Solvent= 
acetonitrile. Irradiation light: 313 nm. 
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Fig. 2. Initial rate of photocoloration of 1 in the 
presence of triplet sensitizers or quenchers. O: Xan-
thone (ET= 74.1 kcal mol -1), • : jfr-bromoacetophe-
none ( £ T = 7 1 . 4 kcal mol -1), O: benzophenone (Ej= 
69.2 kcal mol -1), and € : benzil (£^54 .3 kcal mol -1). 
[1]=2.7X10-4M. [Sensitizer] or [quencher]=2.7X 
10-3—5.0X10-1 M. Solvent=acetonitrile. Irradiation 
light: 313 nm. 

Dur ing the ini t ial stage of photocolorat ion, incident 
l ight is exclusively absorbed by the sensitizer and SP, 
the absorpt ion by P M C being negligible. Therefore, 
the relative a m o u n t s of the l ight q u a n t a absorbed by 
the sensitizer and SP can be readily estimated from 
their absorbances at the i rradiat ion wavelength. T h e 
init ial colorat ion rates measured in the presence of 
various sensitizers are plot ted against the l ight quan ta 
absorbed by SP in Fig. 2, where the values of both axes 
are normalized by the respective values obtained in the 
absence of a sensitizer. T h e broken line passing 
th rough the or igin and a po in t [1,1] refers to the 
relative colorat ion rate induced by the l ight absorbed 
by 1, itself, since the rate is p ropor t iona l to the 
absorbed l ight quan ta . In the presence of additives, 
the apparen t colorat ion rate by direct excitation 
should be reduced by an a m o u n t A to the value given 
on the broken line, o w i n g to a filtering effect of the 
sensitizer. As plot ted in Fig. 2, the rates observed for 
sensitizers wi th an ET h igher than that of 1 are located 
above the broken line. O n the other hand, the rates 
plotted for benzil (ET 54.3 kcal m o l - 1 ) , which is a 
triplet quencher, are located under the broken line. 

T h e rates corresponding to the experimental ones 
m i n u s those on the broken line (as noted as B) are due 
to triplet sensitization. As shown in Fig. 2, B is much 
less than A. Interestingly, the ratio of B to A was about 
1/3 in almost all exper imental runs. T h i s means that 
the colorat ion rate by triplet sensitization relative to 
that by direct excitation is ca. O.3. 

Since the l ight energy absorbed by the sensitizers is 
transferred wi th an efficiency of almost uni ty to 
generate the triplet state of SP under the present 
experimental condi t ions , a re la t ionship can be de-
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Fig. 3. Dependence of build-up of PMC on 1,1'-bi-
naphthyl concentration. [1]=2.7X10-4 M. O: [1,1'-
Binaphthyl]=0, • : 0.004 M, and O:0.015 M. Solvent^ 
acetonitrile. Irradiation light: 313 nm. 

duced: 

Coloration efficiency of 3SP* _ _J_ 
Coloration efficiency on direct excitation 3 ( 1 ) 

T h e triplet sensitizers are effective for P M C forma­
tion, bu t the efficiency is not so high; they serve, 
rather, as an internal filter. As described above, benzil, 
the ET value of which is lower than that of SP 1, served 
as a quencher of P M C formation. l , r - B i n a p h t h y l (£ T 

60 kcal m o l - 1 ) also has a lower ET value than 1; 
however, its q u e n c h i n g efficiency was very low, as 
shown in Fig. 3. These results indicate that the singlet 
state of SP plays an impor t an t role in its coloration 
u p o n direct irradiation. 

Relative Coloration Efficiency through the Triplet 
State. T h e q u a n t u m yield (4>co\) for the colorat ion of 
1 in acetonitr i le was estimated to be ca. 0.1. Since <f>co\ 
is the sum of the contr ibut ions from the excited singlet 
(XSP*) and triplet state (3SP*), an equat ion can be 
given: 

1</>col + 3</>col X </>isc — 0 . 1 , (2) 

where l<j>co\,
 3</>coi, and (/>iSC are the efficiencies for 

colorat ion of XSP* and 3SP*, and for intersystem 
crossing of SP. Equa t ion 3 can be derived from Eq. 1 
as 

3</>col/(1</)col + 3</>col X </>isc) — 1 / 3 . (3) 

By us ing a value of 0.3 for (/>iSc,
10) the values for l<j>co\ 

and 3</>coi can be obtained from Eqs. 2 and 3 as 0.09 and 
0.03, respectively. Therefore, it can be concluded that 
the photocolora t ion of 1 occurs in 90% through the 
excited singlet state and in 10% th rough the triplet 
state when directly excited. T h i s was confirmed by 
laser photolysis studies.9) T h e reaction processes are 
shown in Scheme 1. Only 3% of 3 SP* undergoes trans­
formation in to PMC. T h e radiative deactivation of 
3 SP* to the g round state occurs wi th a probabil i ty of 
ca. 20% at 75 K.10> Other deactivation processes may 
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involve a nonradia t ive decay to the g round state and 
chemical reactions other than the photo-transforma­
tion to PMC, the probabil i t ies of these respective 
processes be ing unclear . Photo-fat igue products of 1 
have not yet been satisfactorily identified.3) T h e 
irradiat ion of a toluene solut ion of SP wi th 365-nm 
l ight afforded several degradat ion products wi th a 
wide range of polari t ies, as separated by silica-gel 
T L C . T h e UV spectrum of one of them agreed wi th 
that of 2-hydroxy-5-nitrobenzaldehyde. Acidic prod­
ucts were also found. 

Factors Influencing the Fatigue. T h e fatigue of 1 
in solut ion u p o n pro longed irradiat ion was shown to 
depend u p o n the polari ty of the solvents. Figure 4 
shows the half-life (min) of P M C as a function of 
Dimro th ' s E value of the solvent . n ) It can be seen that 
the half-life increases wi th increasing solvent polarity; 

Fig. 4. The dependence of polarity of solvent for 
half-lives (min) of 1 on UV irradiation. [1]= 
2.7X10"5M. Irradiation light: 365 nm. 1: Hexane, 
2: cyclohexane, 3: carbon tetrachloride, 4: toluene, 
5: benzene, 6: dioxane, 7: ethyl acetate, 8: chloro­
form, 9: dichloromethane, 10: acetone, 11: N,N-di-
methylformamide, 12: acetonitrile, 13: isopropyl 
alcohol, and 14: methanol. 

for example , in hexane it is less than 1 min, while in 
acetonitrile it is more than 100 min. In halogenated 
solvents the photodurabi l i ty is m u c h lower than is 
expected from their E values. 

It is likely that the s trong intermolecular interaction 
in nonpo la r solvents12* may result in an acceleration of 
the fatigue. In terms of this connection the con­
centration dependence of the fatigue was examined. In 
Tab l e 1 are listed the q u a n t u m yields for the dis­
appearance of 1 (3X10-5—1.2X10-3M) u p o n 365-nm 
light i r radiat ion in toluene. T h e q u a n t u m efficiency 
of photo-degradat ion of 1 increases with increasing 
concentrat ion of the start ing material . 

In Fig. 5 are shown typical examples of the fatigue 
of 1 (2.7X10~5M) dur ing alternate irradiation of UV 
(365 nm) and VIS (580 nm) lights in polar (acetoni­
trile) and n o n p o l a r (toluene) solvents under an argon 
a tmosphere . Clearly, the fatigue proceeds more rapid­
ly in toluene than in acetonitri le, similar to the case of 
prolonged UV irradiation. T h e number of alternate 
i r radiat ion cycles to reduce the P M C absorbance to one 
half of its ini t ial intensity (half-life cycle) is 4 and 25 in 
toluene a n d acetonitrile, respectively. T h e addi t ion of 
benzophenone (2.7X10 - 2 M) to these solutions induced 
a considerable acceleration of the fatigue, the number 
of half-life cycles being less than 2 in both solvents. O n 
the other hand , l , r - b i n a p h t h y l (7.9X10"3M) retarded 
the fatigue significantly. In acetonitrile, for example, 
the n u m b e r of half-life cycles in the presence of 1,1'-
b inaph thy l is two-times larger than that in its absence 
and several tens times larger than that in the presence 
of benzophenone . A number of compounds inc lud ing 
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Table 1. Concentration Dependence 
on the Fatigue of 1 

Concentration 
(M) 

3X10"4 6X10"4 1.2X10-3 

0 2.1X10-3 3.4X10-3 4.8X10-3 

Fig. 5. Fatigue of 1 in the presence of triplet sensitizer 
or quencher. • : 1 in toluene (2.7X10"5 M), 0 :1 (2.7X 
10-5M)+l,l ,-binaphthyl (7.9X10"3 M) in toluene, 
€ : 1 in acetonitrile (2.7X10"5 M), 0 : 1 (2.7X10"5 

M)+l,l '-binaphthyl (7.9X10"3 M) in acetonitrile, 
and A: 1 (2.7X10"4 M)+benzophenone (2.7X10"2 M) 
in acetonitrile. 
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Fig. 6. Fatigue of 1 in the presence of DABCO. O: 
[DABCO ]=0, 3 : 2.7X10"4M, • : 2.7X10"3 M, A: 
2.7X10-2 M, and A: 2.7X10"1 M. 

amines and radical scavengers, like hydroquinone and 
phenols, were examined for fatigue. However, only 
the amines and the triplet quencher (binaphthyl) were 
effective in quenching the fatigue. 

It has been found that amines are powerful for 
reducing fatigue. Figure 6 shows that 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) is potent for effectively 
enhancing the fatigue resistance in acetonitrile and 
toluene under an air atmosphere. It has been 
established that DABCO acts as a quencher of singlet 
oxygen.13) However, another quencher of singlet 
oxygen, ß-carotene, could not enhance the fatigue 
resistance. A similar effect was exerted by other 
amines, such as pyridine. Furthermore, it has also 
been observed that the fatigue is considerably acceler­
ated by adding some acidic photo-degradation prod­
ucts of 1. Therefore, the amines seem to act as 
neutralizing agents of acidic fragments which are 
accumulated during the photo-irradiation and inter­
rupt the coloration of 1. 

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

R: "CH3 -(CH2)pcO 

-(CH2)20CCH20<O 
0 

oc 
-(CH2)2OC<P> 

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

Fig. 7. Fatigue of2,3, and 4. 0:1, 3:2, €):3,and#:4. 
Solvent=toluene. Concentration=2.7X10~5 M. 

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

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

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

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

rup t the coloration of 1. T h e triplet quenchers do not 
affect their in te r rupt ion . O n the other hand , amines 
like DABCO seem to neautralize the acidic fragments 
and make them harmless. A detailed investigation on 
the role of DABCO is now under progress. 

Experimental 

Materials, l'jS'jS'-Trimethyl-ô-nitrospiro^H-l-benzo-
pyran-2,2'-indoline] (1) was commercially available and 

crystallized from dichloromethane-hexane (mp 182—185 
°C). 

3,3/-Dimethyl-r-[2-(l-naphthoyloxy)ethyl]-6-nitrospiro[2H-
l-benzopyran-2,2'-indoline] (2). The mixture of 2,3,3-
trimethyl-3H-indole (5 g, 31 mmol) and 2-bromoethanol 
(3.92 g, 31 mmol) was heated at 70 °C for 2 h with stirring. 
The viscous mixture was cooled to room temperature and 
washed with ammonia (50 ml). A separated yellow oil was 
extracted with diethyl ether and dried and evaporated. l-(2-
Hydroxyethyl)-3,3-dimethyl-2-methyleneindoline (5) was ob­
tained as an oily product (4.8 g, 75%). l'-(2-Hydroxyethyl)-
3/,3/-dimethyl-6-nitrospiro[2H-l-benzopyran-2,2/-indoline] 
(6) was obtained by condensation of 5 (2 g, 10 mmol) with 
5-nitrosalicylaldehyde (1.64 g, 11 mmol) in boiling ethanol 
(50 ml) for 1.3 h. After filtration, the product was purified by 
further crystallization from ethanol (2 g, 51%, mp 176— 
177 °C). To a benzene solution of 6 (176 mg, 0.5 mmol), 
1-naphthalenecarbonyl chloride (191 mg, 1 mmol) and pyri­
dine (79 mg, 1 mmol) were added dropwise under cooling. 
The solution was further stirred for 3 h at room temperature. 
Pouring the solution into water, a crude solid was given and 
purified by silica chromatography to yield 96 mg of 2 (38% 
yield, mp 141 —143 °C). ^ N M R (CD2C12) ô=1.16 (3H, s, 
Me), 1.30 (3H, s, Me), 3.61—3.69 (1H, m, N-CH), 3.71—3.80 
(1H, m, N-CH), 4.56 (2H, t, CH 2 -0) , 5.97 (1H, d, /=11 Hz, 
HC=C-Ph), 6.87 (1H, d, /=11 Hz, -C=CH-Ph), 6.70—8.85 
(14H, m, aromatic H). Found: C, 73.12; H, 5.06; N, 5.87%. 
Calcd for C31H26N2O5: C, 73.50; H, 5.17; N, 5.53%. 

S'^'-Dimethyl r-[2-(l-naphthyloxyacetoxy)ethyl]-6-nitro-
spiro[2H-l-benzopyran-2,2'-indoline] (3). Condensation of 
6 (166 mg, 0.5 mmol) with 1-naphthoxyacetic acid (202 mg, 
1 mmol) in dichloromethane was carried out in the presence 
of A^A^dicyclohexylcarbodiimide (206 mg, 1 mmol) and 4-
pyrrolidinopyridine (14.8 mg, 0.1 mmol). The solution was 
stirred for 3 h at room temperature. iV,iV-Dicyclohexylurea 
produced was filtered off. The filtrate was washed with 5% 
acetic acid and water and dried. The solvent was evaporated 
in vacuo and the product was recrystallized from hexane-
dichloromethane to yield 126 mg of 3 (64%, mp 129— 
132 °C). *H NMR (CD2CI2) 5=1.07 (3H, s, Me), 1.26 (3H, s, 
Me), 3.40—3.50 (1H, m, N-CH), 3.52—3.61 (1H, m, N-CH), 
4.31—4.39 (1H, m, CH-O), 4.40—4.49 (1H, m, CH-O), 4.77 
(1H, d, O C - C H - O ) , 4.80 (1H, d, 0=C-CH-0) , 5.80 (1H, d, 
/=10 Hz, HC=C-Ph), 6.79 (1H, d, /=10Hz, -C=CH-Ph), 
6.51—8.35 (14H, m, aromatic H). Found: C, 70.70; H, 5.41; 
N, 5.49%. Calcd for C32H28N2O6: C, 71.90; H, 4.90; N, 5.28%. 

l/-[2-(2-Benzoylbenzoyloxy)ethyl]-3/,3/-dimethyl-6-nitro-
spiro[2H-l-benzopyran-2,2'-indoline] (4). Condensation of 
6 (88.4 mg, 0.25 mmol) with o-benzoylbenzoic acid (113.1 
mg, 0.5 mmol) by the carbodiimide method gave 73 mg of 4 
(52%, mp 150—153 °C). ^ N M R (CDCI3) 0=1.11 (3H, s, 
Me), 1.25 (3H, s, Me), 3.17—3.40 (2H, m, N-CH2), 4.04—4.21 
(2H, m, CH2-O), 5.75 (1H, d, /=11 Hz, HC=C-Ph), 6.85 (1H, 
d, /=11 Hz, -C=CH-Ph), 6.65—7.99 (16H, m, aromatic H). 
Found: C, 72.84; H, 5.29; N, 4.84%. Calcd for C34H28N2O6: C, 
72.85; H, 5.03; N, 5.00%. 

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

For fatigue experiments, prolonged irradiation of solu­
tions of 1—4 (2.7X10-5—1.2X10-3 M) was carried out using 
two methods. One involved continuous irradiation with 
365-nm light isolated from a 500-W mercury lamp with a 
glass filter. The other involved a UV (365 nm)-VIS (580 nm) 
alternating irradiator constructed with a 500-W mercury 
lamp, a collimating concave mirror, and two glass filters 
automatically exchangeable in selectable time intervals. 
Usually, the intervals were selected to be 10 and 30 s for UV 
and VIS irradiation, respectively, sufficient time periods for 
achieving the photostationary state. The half life of PMC 
bleaching was measured by observing the absorbances at 
580 nm. 

Phosphorescence measurements were carried out with a 
Hitachi MPF 4 spectrofluorometer at 77 K. 
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Reduction of NiX2(PPh3)2 with zinc in the presence of Et4NI gives a nickel catalyst which has been proven 
to be useful for the coupling of aryl halides. This nickel catalyst can be prepared in THF without an additional 
triphenylphosphine and is effective for the homocoupling of aryl chlorides, bromides, and iodides to produce 
biaryls and bipyridines in good yields. The reported new approach provides a simple access to novel derivatives 
of biaryls and bipyridines. 

T h e nickel-catalyzed h o m o c o u p l i n g of aryl halides2) 

has received considerable at tention in recent years, 
because the reaction proceeds under very mi ld condi­
tions as compared wi th the classical U l l m a n n condi­
tions to give the corresponding biaryls in relatively 
good yields, and because many functional groups such 
as aldehyde or ketone do no t interfere in the coupl ing 
of halides. T h e yield of biaryls in the coup l ing re­
action has been found to be dependent on a suitable 
choice of zerovalent nickel complexes, solvents, and 
additives such as iodide, bromide, or t r iphenylphos­
phine . Semmelhack 's early investigation on this 
coupl ing was carried out us ing stoichiometric amounts 
of air-sensitive bis(l,5-cyclooctadiene)nickel(0) in N,N-
dimethylformamide (DMF).3) Kende4) has demon­
strated that an effective coupl ing of aryl bromides and 
iodides proceeds by stoichiometric amoun t s of Ni-
(PPh3)45) which is generated in situ in DMF from 
NiCl2(PPh3)2, PPh 3 , and zinc [the molar r a t i o = l :2 :1] . 
Kumada and Tamao 6 ) improved Kende's method and 
presented that the coup l ing reaction proceeds catalyti-
cally us ing 5 molar% of nickel(II) complex and stoi­
chiometric amoun t s of zinc in the presence of excess 
PPh3 in DMF. Because of the wide appl icabi l i ty of 
this nickel-catalyzed coup l ing reaction, many alterna­
tive methods, improvements and modifications have 
been reported u p to date.7_15) 

Recently, we have reported an efficient homocou­
p l ing of organic halides us ing an active nickel com­
p lex 1 0 wh ich is generated in situ by reduct ion of 
NiX2(PPh3)2 wi th zinc in the presence of Et4NI. T h i s 
active nickel complex is effective for the coupl ing of 
aryl halides to produce biaryls in good to h igh yields. 
Many groups have reported that iodide ion causes an 
acceleration of the nickel-catalyzed coupl ing re-
actions.6 '8 '9 '11»13-15) However, our method reported in 
this paper possesses several advantages: (a) no addition­
al PPhß is necessary for the prepara t ion of the catalyst; 
(b) tetrahydrofuran (THF) can be employed as solvent 
instead of DMF; (c) the coup l ing of aryl chlorides 
proceeds smoothly unde r the reaction condit ions. 
T h u s , the present study describes the efficient method 
for the prepara t ion of biaryls and bipyridines. 

(X:Cl,Br,I) 

1 

(Het)-X 

NiX2(PPh3)2 

Zn, EUNI 

THF 

NiX2(PPh3)2 

Zn, EUNI 

THF 

^£jhÇkR (i) 

(2) 

Results and Discussion 

Synthesis of Biaryls. We initially studied the 
reductive coup l ing of bromobenzene with NiX2(PPh3)2 
and zinc in the presence of Et4NI (Eq. 3 and Tab le 1). 
T h e nickel-catalyzed coup l ing of bromobenzene in 
various solvents (50 °C, 2 h) proceeds smoothly in the 
presence of 1 equiv of Et4NI to give b iphenyl in good 
yields. Nickel-catalyzed coup l ing of aryl halides was 
reported to proceed smoothly only in the dipolar 
aprot ic solvents such as DMF,3»4»6) N, Af-dime thy lace t-
amide,14) hexamethy lphosphor ic tr iamide (HMPA),8 ) 

and N-methyl-2-pyrrolidone,8 ) because these solvents 
can play a role as donor l igands which stabilize the 

0-B r (Ni) 

\J-\J (3) 

Table 1. Coupling of Bromobenzene with 
NiX2(PPh3)2 and Zn in the 

Presence of Et4NIa) 

Catalyst 

NiCl2(PPh3)2 

NiBr2(PPh3)2 

NiI2(PPh3)2 

NiBr2(PPh3)2 

NiBr2(PPh3)2 

NiBr2(PPh3)2 

Solvent 

THF 
THF 
THF 
DMF 
CHsCN 
Acetone 

Isolated yield/% 

92 
94 
94 
84 
88 
80 

a) Bromobenzene (10 mmol), NiX2(PPh3)2 (1 mmol), 
Zn (15 mmol), and Et4NI (10 mmol) were used, and 
reactions were carried out at 50 °C for 2h. 

file:///J-/J
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Table 2. Coupling of Aryl Bromides with 
NiBr2(PPh3)2 and Zinc in the Presence 

or Absence of Et4NIa) 

Substrate 
R 

H 
H 
H 
H 
£-COOMe 
£-COOMe 
£-COOMe 
£-COOMe 
p-OMe 
p-OMe 
p-OMe 
p-OMe 
o-COOMe 
o-COOMe 
o-COOMe 

Et4NI/mol% 

0 
10 
50 

100 
0 

10 
50 

100 
0 

10 
50 

100 
0 

20 
100 

Time/ 

1.5 
1.5 
1.5 
2 
5 
4 
4.5 
4 
8 
4 
2.5 
1.5 

24 
24 
24 

Yield/% 

75 
99 
96 
94 
85 
90 
86 
86 
61 
72 
73 
66 
68 
79 
90 

a) Aryl bromide (5 mmol), NiBr2(PPh3)2 (0.5 mmol), 
and Zn (7,5 mmol) were used, and reactions were carried 
o u t a t 5 0 ° C i n T H F . 

intermediate and facilitate the coup l ing reaction. 
However, our results demonstrate the coupl ing re­
action to take place cleanly in T H F , acetonitrile, and 
acetone, when the reaction is carried ou t in the 
presence of Et4NI. 

In order to clarify the effect of E u N I , we examined 
the coup l ing reactions of aryl bromides us ing NiBr2-
(PPli3)2 and zinc in the presence or absence of E u N I 
(Eq. 4 and Tab le 2). Al though the nickel-catalyzed 

Table 3. Coupling of Aryl Halides Having p-
and/or m-Substituents with NiBr2(PPh3)2 

and Zinc in the Presence of 
10mol%of Et4NIa> 

Substrate 
R 

Time/h Yield/% 

p-CHs 
£-COCH3 

p-CHO 
m-COOCH3 

p-OCH3 

p-CHs 
£-COCH3 

p-CHO 
^-COOCH3 

m-COOCH3 

£-OCH3, m-CH3 

Br 
Br 
Br 
Br 
CI 
CI 
CI 
CI 
CI 
CI 
CI 

4 
20 
20 
20 
20 

5 
20 
20 
20 
20 
20 

89 
71 
75 
85 
67 
81 
73 
70 
85 
81 
57 

a) Aryl halide (5 mmol), NiBr2(PPh3)2 (0.5 mmol), Zn 
(7.5 mmol), and EuNI (0.5 mmol) were used, and 
reactions were carried out at 50°C in THF. 

Table 4. Coupling of o-Substituted Aryl Halides 
with NiBr2(PPh3)2 and Zinc in the 

Presence of 1 equiv of Et4NIa) 

Substrate 
R X 

OCH3 

CH3 

COOCH3 

CI 

Br 
Br 
Br 
I 

NiBr2(PPh3)2/mol% 

50 
20 
20 
20 

Time/h 

46 
5 

24 
3 

Yield/% 

81 
83 
90 
56 

a) Aryl halide (5 mmol), NiBr2(PPh3)2 (1—2.5 mmol), 
Zn (7.5 mmol), and EuNI (5 mmol) were used, and 
reactions were carried out at 50 °C in THF. 

3 ö ^ B r 10 mol%> NiBr*(PPh3)2 / = \ / = 

Zn, 0-100 mol% Et4NI 

THF 

R ^ ^ (4) 

coupl ing of benzyl chloride in the absence of E u N I 
gives bibenzyl in a very low yield,16a) the reaction of 
aryl bromides produces biaryls w i thou t E u N I in 
moderate yields and 10mol% of E u N I is effective 
enough to raise the yields of biaryls except for o-
substi tuted derivatives which may be delayed the re­
action rate due to the steric repulsion. In the case of 
iodobenzene, the nickel-catalyzed coup l ing gave bi-
phenyls either in the presence or absence of E u N I in 
h igh yields. 

T a k i n g in to account the results shown in Tab le 2, 
we carried ou t the c o u p l i n g of p- and m-substi tuted 
aryl halides us ing NiBr2(PPhs)2 and zinc in T H F in 
the presence of 10 mol% of E u N I (Eq. 5 and Table 3). 

Q-* ' I ™ ? ! ' ,jS*QtB R''Vi-y Zn, 10 moT/o EUNI R 
THF 

(5) 

(X: Cl, Br) 

T h e p- and m-subst i tuted aryl bromides gave the 

corresponding biaryls in good to h igh yields except for 
£>-chlorobromobenzene. Subst i tuent groups such as 
aldehyde, ketone, and ester are unreactive to nickel 
species under the reaction condit ions. However, p-
chlorobromobenzene resulted in the formation of 
ol igomers and polymer, 13»16c) and gave no 4,4'-
dichlorobiphenyl . Therefore, the reactivity of aryl 
chlorides wi th the active nickel complex may be 
comparable to that of aryl bromides. As shown in 
Tab le 3, the coup l ing of p- and m-substituted aryl 
chlorides proceeds in a s imilar m a n n e r as that of aryl 
bromides and produces biaryls in good yields. In the 
case of p -methoxy or ^-methoxy-m-methyl derivative, 
the format ion of 4-methoxy- or 3-methyl-4-methoxy-
biphenyl was observed as a by-product in 10—15% 
yield. 

For the reaction of o-substituted aryl halides (Eq. 6 
and Tab le 4), 20—50 mol% of NiBr2(PPh3)2 , 1.5 molar 

O » z ° - M ^ " B " W M ' , ChO <6> Q-« 
R 

(X: Br, I ) 

Zn, 100 mol°/o Et4NI 

THF 
R R 
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equiv of Zn and 1 equiv of E u N I were employed. As 
shown in Tab le 4, the coup l ing of aryl halides gave the 
corresponding biaryls in good yields except for o-
chloro derivative. However, the stability of 2,2'-
d ichlorobiphenyl under the reaction condi t ions may 
be at t r ibutable to steric inh ib i t ion of the oxidative 
addi t ion to nickel. 

Synthesis of Bipyridines. There is g rowing interest 
in the chemistry of bipyridines, because of their 
impor tance as l igands for the prepara t ion of metal 
complexes bear ing catalytic activity, novel structure, 
and host -guest interaction.1 7 _ 2 0 ) A l though many 
synthetic methods of bipyridines have been known so 
far, the most convenient method for the synthesis of 
bipyridine derivatives seems to be the coupl ing of 
halopyridines us ing t ransi t ion metal catalysts such as 
copper halides,21) p a l l a d i u m catalysts,22) or nickel 
complexes.23) 

In agreement wi th this prospect, the coup l ing of 
halopyridines proceeds smoothly under similar re­
action condi t ions described in the preceding section 
(Eqs. 7 and 8). Since bipyridines tend to make stable 

/ = \ 30 mol% NiBr2(PPh3)2 

^ N ' 
N Zn, 10-100 mol% EUNI 

5:X = Br T H F 

7>X = Cl 

\v«nM 
(7) 

O* /=\ 30 mol% NiBr2(PPh3)2 / = \ / = \ 
<\ y/-Br *• 

Zn, 100 mol% EUNI 

THF 

(73%) 

(8) 

complexes wi th nickel, 0.3 equiv of NiBr2(PPli3)2 was 
used for the coup l ing of halopyridines in the presence 
of excess a m o u n t s of zinc as a reducing metal. As 
shown in Tab le 5, the reaction of 2-halopyridines (5 
and 7) wi th the nickel complex prepared from 
NiBr2(PPh3)2, zinc, and Et4NI is slower than that of 
chloro- or bromobenzene, bu t the effect of Et4NI was 
remarkable. T h u s , 2,2 /-bipyridine (6) was obtained 
from 2-bromopyridine (5) in 72% yield in the presence 
of an equimolecular a m o u n t of Et4NI, b u t only in 3% 

Table 5. Coupling of 2-Halopyridines (5 and 7) 
with NiBr2(PPh3)2 and Zinc in the 

Presence of Et4NIa) 

Substrate 

5 
5 
5 
7 

X 

Br 
Br 
Br 
CI 

Et4NI/ 
mol% 

10 
50 

100 
100 

Time/h 

20 
20 
20 
30 

Yield of 
6/% 

3 
24 
72 
60 

a) 2-Halopyridine (10 mmol), NiBr2(PPh3)2, Zn (15 
mmol), and Et4NI (1—10 mmol) were used, and reac­
tions were carried out at 50 °C in THF. 

yield in the presence of 10 mol% of this compound . 
T h e h o m o c o u p l i n g of 2-chloropyridine (7) under 
s imilar condi t ions in the presence of 1 equiv of Et4NI 
also gave 2,2 /-bipyridine (6) in 60% yield. 

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

T h e c o u p l i n g reaction is also applicable to sub­
stituted halopyridines , and carbonyl groups are un-
reactive to the nickel complex (Eqs. 9—11). T h u s , 
methyl 2-chloronicotinate (10) and methyl 5-bromo-
nicotinate (12) gave the corresponding bipyridines 11 
and 13 in 53 and 69% yields, respectively. 2-Chloro-6-
methoxypyr id ine (14) gave 6,6 /-dimethoxy-2,2 /-bi-
pyridine (15) in 90% yield. 

Me02C 

€rci 
Me02C C02Me 

10 

NiBr2(PPh3)2 

Zn, EUNI, THF 

(53%) 

M W 
11 

Me02C, 

i>B r Me02C 

12 

MeO 
£>cl 

14 

NiBr2(PPh3)2 
; ». 

Zn, EUNI, THF 

(69%) 

NiBr2(PPh3)2 

Zn, EUNI, THF 

(90%) 

C02Me 

Ï' *« 
13 

MeO 
M V 

(9) 

(10) 

(H ) 

OMe 
15 

Fur thermore , homocoup l ing of ha loquinol ines pro­
ceeds smoothly to give b iquinol ines (Eqs. 12—14). 
T h u s , the coup l ing of 2-chloro-, 3-bromo-, and 4-
ch loroquino l ines (16, 18, and 20) afforded the corre­
spond ing b iqu ino l ines 17, 19, and 21 in 84, 61, and 
77% yields, respectively. 

Ni Br2(PPh3)2 
m 

N^Cl Zn, EUNI, THF 

16 (84%) 

Br NiBr2(PPh3)2 

17 

N-

18 

CI 

N' 

20 

Zn, EUNI, THF 

(61%) 

NiBr2(PPh3)2 
i 

Zn, EUNI, THF 

(77%) 

(12) 

(13) 

(14) 

Bi isoquinol ines were prepared in very low yields by 
treating the appropr ia te bromoisoquinol ines wi th 
copper under the condit ions of the U l l m a n n reaction. 
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In addi t ion, the synthetic methodology for access to 
b i isoquinol ines is still very limited. Nickel-catalyzed 
coupl ing can be also appl ied to the synthesis of bi­
isoquinol ines (Eqs. 15 and 16). T h u s , the coup l ing of 
1-chloro- and 4-bromoisoquinol ines (22 and 24) gave 
1,1'- and 4,4 /-bi isoquinol ines (23 and 25) in 37 and 
60% yields, respectively. Reaction of 1-chloroiso-
qu ino l ine (22) wi th the nickel catalyst proceeds very 
fast at 50 ° C and the reaction at 30 °C for 4 h also 
produces 23 in 31%) yield. 

CI 

22 

Br 

24 

NiBr2(PPh3)2 

Zn, EtANI, THF 

(37%) 

NiBr2(PPh3)2 

Zn, EUNI, THF 

(60°/o) 

(15) 

(16) 

Mechanism. Several reaction mechanisms have 
been proposed for the nickel-catalyzed coup l ing of aryl 
halides. T h e most s imple and intelligible mechanism 
involves the oxidative addi t ion of aryl halides to zero-
valent nickel (Eq. 17), followed by methathesis to 
diarylnickel(II) species and nickel halides (Eq. 18). 
Reductive e l iminat ion from diarylnickel(II) species 
gives biaryls and regenerates nickel(O) (Eq. 19). 
However, the format ion of diarylnickel(II) species via 
methathesis has no t been demonstrated in detail and is 
still controversial. 

ArX • NiO 

2ArNiHXL2 

Ar2NiEl2 

ArNiEXl.2 (17) 

Ar2NiEL2 • NiEX2L2 (18) 

Ar-Ar • NiO (19) 

Recently, a new mechanism, which involves nickel(I) 
and nickel(III) species as the intermediates, has been 
postulated by two groups (Scheme 1).14 '24) T h e 
proposed key steps are the zinc-mediated or electro-

ArX 

1,2ZnHX2 / i 0 ( 1 ) A r N i I ^ 1,2 ZnO 

(2) Y 
K^. 1/2 ZnEX2 1/2 ZnO 

Ar-Ar 

Ar Nil 

(3) 
ArX 

Ar2NiŒx 

Scheme 1. 

chemical reduct ion of A r N i n X to ArNi1 (step 2). 
Oxidative addi t ion of ArNi1 to aryl halides (step 3), 
followed by reductive e l iminat ion yields biaryls (step 
4). T h e nickel-catalyzed aryl coup l ing in the presence 
of E u N I in T H F can be also explained by a similar 
mechanism which involves ArNi1 and Ar2NiUIX 
species. T s o u and Kochi suggested a radical chain 
process which involves the oxidative addit ion of ArX 
to Ni*X to produce ArNimX2.2 5 ) However, the reaction 
of bromobenzene wi th 1 equiv of NiI(PPli3)3 in T H F at 
50 ° C produced b iphenyl only in very low yield 
(<1%).26> 

Al though Colon already reported an effective 
method for nickel-catalyzed coup l ing of aryl halides,14) 

there are some differences between Colon's method 
and our condi t ions described here. At first, Colon 
reported that the coupl ing of aryl halides wi th nickel 
complex proceeds in the order chloride > b r o m i d e > 
iodide. However, aryl halides react wi th nickel 
complex by our method in the order iodide ^ b r o ­
mide > chloride. T h e reaction of a 1:1 mixture of 
iodobenzene and chlorobenzene wi th the nickel cata­
lyst, which was generated in situ from NiBr2(PPh3)2, 
zinc, and Et4NI in T H F , was moni tored (Fig. 1). T h e 
reaction between iodobenzene and the nickel catalyst 
occurred in the first step, and most of chlorobenzene 
remained unreacted un t i l iodobenzene had been con­
sumed. After 45 min , a large por t ion of iodobenzene 
reacted, and chlorobenzene began to react wi th the 
nickel catalyst. After 90 min , the coupl ing reaction 
was completed, and the formation of biphenyl reached 
to nearly m a x i m u m . Under similar condit ions, 

100 

50 h 

L _ ^, & A 

\ ^ \ \ A / 

15 30 45 60 75 90 
Reaction period / min 

120 

Fig. 1. Time dependence of the reaction components 
of the coupling for a mixture of iodobenzene 
(25 mmol) and chlorobenzene (25 mmol) with 
NiBr2(PPh3)2 (5 mmol) and zinc (75 mmol) in the 
presence of Et4NI (50 mmol) in THF (75 ml) at 
40 °C. Plots of the observed molar concentrations 
of iodobenzene (O), chlorobenzene (•) , and biphen­
yl (A) vs. time. 
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bromobenzene reacted somewhat faster than chloro­
benzene. Interestingly, chlorobenzene was consumed 
in the presence of iodobenzene more smoothly 
compared wi th the reaction of chlorobenzene alone. 

Colon reported the acceleration of the nickel-
catalyzed aryl-coupl ing wi th halide ions such as 
bromide or iodide. Al though iodide accelerates 
coup l ing reactions markedly, no acceleration with 
bromide was observed in ou r case. T h u s , the reaction 
of bromobenzene wi th the nickel catalyst prepared 
from NiBr2(PPh3)2 and zinc in the presence of Et4NBr 
in T H F occurs at the same rate at which the reaction of 
bromobenzene wi th the in situ generated Ni(PPli3)4 
proceeds in T H F . 

T a m a o and Kumada explained the role of iodide as 
a b r idg ing ion between nickel and zinc in the electron-
transfer processes.6) T h e acceleration of the reaction 
caused by iodide was reported for the case of an 
activated nickel powder wh ich is free from z inc . n ) In 
addi t ion, the UV and 31P N M R spectra of the active 
nickel catalyst described in this article were different 
from those of Ni(PPh3)s.5) Therefore, iodide may play 
an impor t an t role for the acceleration of the coupl ing 
as a br idging l igand, a l t hough it is difficult to detect 
the true activated state or species. 

For the h o m o c o u p l i n g of m- or ^-subst i tuted aryl 
halides, the presence of 10 mol% of iodide ion is 
enough to produce biaryls, presumably owing to the 
recyclable use of iodide. However, 1 equiv of iodide is 
required for the reactions of either o-substituted aryl 
halides or halopyridines . 

Most useful in our method is that the nickel-
catalyzed coup l ing proceeds smoothly wi thou t an 
addi t ion of PPI13 in a n o n p o l a r solvent such as T H F . 
T h e addi t ion of PPI13 or the use of d ipolar aprot ic 
solvents such as DMF, H M P A , or N,N-dimethylacet-
amide cause problems frequently in isolat ing the 
coupled products . 

In conclusion, we have shown that a variety of 
biaryls and bipyr idines can be prepared in moderate to 
good yields by us ing the coupl ing of aryl halides with 
the nickel catalyst prepared from NiBr2(PPli3)2 and 
zinc in the presence of Et4NI in THF. 

Experimental 

General. 1H and 13C NMR spectra were recorded on a 
Varian XL-100, or JEOL JNM-PMX60Si and JNM-FX90Q 
instruments. Spectra were recorded in 8 referenced to Me4Si. 
IR spectra were observed on a Hitachi EPI-G3 spectrometer. 
Mass spectral analysis (MS) were performed on a JEOL JMS-
OlSG-2 instrument. Melting points were determined on a 
Mettler FP-2 apparatus and are uncorrected. Column 
chromatography was carried out with use of Daisogel 
1001 w, Merck Silica Gel 60, 70—230 mesh, or Neutral 
Alumina Act. II—III, 70—230 mesh. Analytical TLC was 
performed by using plates (0.25 mm) prepared from Merck 
Silica Gel GF-254. 

Materials. NiBr2(PPh3)2 27) was prepared from 1 equiv of 

NiBr2 and 2 equiv of PPI13 in refluxing 1-butanol and 
purified by continuous extraction with 1-butanol in a Soxlet 
extractor, followed by heating at 80 °C under reduced 
pressure. NiCl2(PPh3)2 and Nii2(PPh3)2 were prepared by 
literature methods.27 '20 Zinc powder was washed successive­
ly with dil hydrochloric acid, water, ethanol, acetone, and 
diethyl ether, and dried under reduced pressure. Tetraethyl-
ammonium iodide was purchased from Tokyo Kasei Kogyo 
Co. and dried at 100 °C under reduced pressure. All solvents 
were dried by conventional procedures. Reactions involving 
air-sensitive organometallic reagents were carried out under 
nitrogen or argon atmosphere. 

General Procedure for Table 1. Coupling of Bromo­
benzene. A 50-ml, round-bottomed, two-necked flask con­
taining a magnetic stirring bar was charged with 1 mmol of 
NiX2(PPh3)2 (X=C1, Br, or I), 981 mg (15 mmol) of zinc dust 
and 2.57 g (10 mmol) of Et4NI. A rubber septum was placed 
over one neck of the flask and a 3-way stopcock adapter 
attached with an argon-filled balloon in the other. The flask 
was evacuated and filled with argon several times (vacuum 
line). Dry THF, DMF, acetonitrile, or acetone (10 ml) was 
added via syringe through the septum. The reaction mixture 
was stirred at room temperature. After the dark brown 
catalyst had formed (30 min), an argon-purged solution of 
1.57 g (10 mmol) of bromobenzene in the same solvent (5 ml) 
was added via syringe to the reaction mixture. The resulting 
mixture was heated at 50 °C for 2 h, and then filtered. The 
solid mass was washed with benzene, and the filtrate and 
washings were evaporated in vacuo. The residue was 
separated by column chromatography on silica gel (50 g) 
using hexane as eluent to give biphenyl in yields shown in 
Table 1. Mp 68—69 °C (lit,29> 71 °C). 

General Procedure for Table 2. Coupling of Aryl Bro­
mides. In a 50-ml round-bottomed, two-necked flask 
containing a magnetic stirrer bar and stoppered with a 
rubber septum were placed 372 mg (0.5 mmol) of NiBr2-
(PPh3)2, 491 mg (7.5 mmol) of zinc dust and various amounts 
of Et4NI. The flask was degassed with argon, and dry THF 
(10 ml) was added via syringe through the septum, and the 
reaction mixture was stirred at room temperature for 30 min. 
An argon-purged solution of 5 mmol of aryl bromides in 
T H F (5 ml) was added and the resulting mixture was heated 
at 50 °C for 1.5—24 h. After the reaction had been completed 
(monitored by TLC), the mixture was filtered and washed 
with dichloromethane. The filtrate and washings were 
evaporated in vacuo, and the residue was chromatographed 
on silica gel (50 g) to give the corresponding biaryls in yields 
shown in Table 2. 

Dimethyl l,r-Biphenyl-4,4'-dicarboxylate: Mp 215.5— 
216.5 °C (lit,30) 215—217 °C). 

4,4'-Dimethoxybiphenyl: Mp 175.5—176.5 °C (lit,31> 176.5— 
177 °C). 

Dimethyl l,l/-Biphenyl-2,2/-dicarboxylate: Mp 72—73 
°C (lit,32> 73—74 °C). 

General Procedure for Table 3. Coupling of Aryl Halides 
Having p- and/or m-Substituents. In a 50-ml round-
bottomed, two-necked flask containing a magnetic stirrer bar 
and filled with argon and stoppered with a rubber septum 
were placed 372 mg (0.5 mmol) of NiBr2(PPh3)2, 491 mg 
(7.5 mmol) of zinc dust, and 129 mg (0.5 mmol) of Et4NI. Dry 
T H F (10 ml) was added, and the reaction mixture was stirred 
at room temperature for 30 min. An argon-purged solution 
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of 5 mmol of aryl halides in T H F (5 ml) was added and the 
resulting mixture was stirred at 50 °C for 4—20 h. After 
separation of inorganic precipitates by filtration, the 
precipitates were washed with benzene. The filtrate and 
washings were evaporated in vacuo, and the residue was 
chromatographed on silica gel (50 g) to give the correspond­
ing biaryls in yields shown in Table 3. 

4,4'-Dimethylbiphenyl: Mp 117—119 °C (lit,33> 121 °C). 
4,4'-Diacetylbiphenyl: Mp 189—190 °C (lit,34> 191 °C). 
4,4,-Diformylbiphenyl: Mp 145—145.5 °C (lit,35> 145 °C). 
Dimethyl l,l'-Biphenyl-3,3'-dicarboxylate: Mp 102—103 

oC(l i t )35,36) 103 °C). 

M'-Dimethoxy-^S'-dimethylbiphenyl: Mp 151 —153 °C 
(lit,37> 154.5 °C). 

General Procedure for Table 4. Coupling of o-Substituted 
Aryl Halides. To the nickel catalyst prepared from 1 — 
2.5 mmol of NiBr2(PPh3)2, 491 mg (7.5 mmol) of zinc, and 
1.29 g (5 mmol) of Et4NI in THF (10 ml), was added a 
solution of 5 mmol of aryl halides in THF (5 ml), and the 
mixture was stirred at 50 °C for 3—46 h. After separation of 
inorganic precipitates by filtration, the precipitates were 
washed with benzene. The filtrate and washings were 
evaporated in vacuo, and the residue was chromatographed 
on silica gel (50 g) to give the corresponding 2,2/-biaryls in 
yields shown in Table 4. 

2,2'-Dimethoxybiphenyl: Mp 154—155 °C (lit,35> 154— 
155 °C). 

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

2,2,-Dichlorobiphenyl: Mp 52—55 °C (lit,38> 59 °C). 
General Procedure for Table 5. Coupling of 2-Halopyri-

dines (5 and 7). To the nickel catalyst prepared from 2.23 g 
(3 mmol) of NiBr2(PPh3)2, 981 mg (15 mmol) of zinc, and 
1—10 mmol of Et4NI in T H F (20 ml), was added a solution 
of 10 mmol of 2-halopyridines (5 or 7) in T H F (10 ml), and 
the mixture was stirred at 50 °C for 6—30 h. The reaction 
mixture was poured into 2 M aqueous ammonia (100 ml; 
1 M=l mol dm - 3), and ether (50 ml) and benzene (50 ml) 
were added. Precipitates were filtered and the organic layer 
was separated. The aqueous layer was extracted with 
ether/benzene (1:1) (50 mlX2). The combined organic layers 
were washed successively with water and saturated aqueous 
NaCl solution, dried with anhydrous MgS04, and evapo­
rated in vacuo. The residue was chromatographed on silica 
gel (50 g) using benzene/ether as eluent to give 2,2'-
bipyridine (6) in yields shown in Table 5. Mp 67.5—69.5 °C 
(lit,23a>71—72 °C). 

3,3'-Bipyridine (9). To the nickel catalyst prepared from 
2.23 g (3 mmol) of NiBr2(PPh3)2, 981 mg (15 mmol) of zinc, 
and 2.57 g (10 mmol) of Et4NI in T H F (20 ml), was added a 
solution of 1.58 g (10 mmol) of 3-bromopyridine (8) in THF 
(5 ml). After stirring at 50 °C for 6 h, the mixture was poured 
into 2 M aqueous ammonia (100 ml). Benzene (50 ml) and 
ethyl acetate (50 ml) were added, and precipitates were 
separated. The aqueous layer was extracted with benzene/ 
AcOEt (1:1) (50mlX2). The organic layer was washed 
successively with water and saturated aqueous NaCl 
solution, dried with anhydrous MgSÜ4, and evaporated in 
vacuo. The residue was chromatographed on silica gel (50 g) 
(benzene/AcOEt - • AcOEt) to give 3,3'-bipyridine (9) (573 
mg, 73%); bp ca 130 °C/0.1 Torr (lit,39> 162—164 °C/8 Torr). 

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

nickel catalyst prepared from 1.12 g (1.5 mmol) of NiBr2-
(PPh3)2, 490 mg (7.5 mmol) of zinc, and 1.29 g (5 mmol) of 
Et4NI in T H F (15 ml), was added a solution of 858 mg 
(5 mmol) of methyl 2-chloronicotinate (10) in THF (5 ml). 
After stirring at 50 °C for 3 h, the mixture was poured into 
2 M aqueous ammonia (50 ml). To the resulting mixture 
was added chloroform and precipitates were filtered. The 
organic layer was separated and the aqueous layer was 
extracted with chloroform. The combined organic layers 
were washed successively with water and saturated aqueous 
NaCl solution, dried with anhydrous MgSC>4, and evapo­
rated in vacuo. The residue was passed through a short 
alumina column (benzene/AcOEt 4:1) and then chromato­
graphed on silica gel (50 g) using benzene/AcOEt as eluent 
to give 11 (360 mg, 53%); mp 150.5—151.0 °C (lit,20*) 151 °C); 
1H NMR (100 MHz, CDC13) <5=3.68 (s, 6H), 7.46 (dd, /=5.0, 
8.0 Hz, 2H), 8.39 (dd, /=2.0, 8.0, 2H), 8.81 (dd, /=2.0, 5.0 Hz, 
2H). 

5,5/-Bis(methoxycarbonyl)-3,3/-bipyridine (13). To the 
nickel catalyst prepared from 1.12 g (1.5 mmol) of NiBr2-
(PPh3)2, 490 mg (7.5 mmol) of zinc, and 1.29 g (1.5 mmol) of 
Et4NI in T H F (15 ml), was added a solution of 1.08 g 
(5 mmol) of methyl 5-bromonicotinate (12) in THF (5 ml). 
After stirring at 50 °C for 20 h, the mixture was poured into 
2 M aqueous ammonia (30 ml). Chloroform (100 ml) was 
added, and precipitates were filtered. The aqueous layer was 
extracted with chloroform (50 mlX2). The combined 
organic layers were washed with water and aqueous NaCl 
solution, dried with MgS04, and evaporated in vacuo. The 
residual solid was triturated by CH2CI2 to give 13 (459 mg, 
67%); mp 226—226.5 °C (from benzene); IR (KBr) 1727 cm"1; 
m NMR (400 MHz, CDCI3) 0=4.02 (s, 6H), 8.55 (m, 2H), 
9.05 (br s, 2H), 9.29 (br s, 2H); 13C NMR (100 MHz, CDCI3) 
0=52.71 (CH3), 126.43 (C-3), 132.45 (C-5), 135.48 (C-4), 150.68 
(C-2), 151.59 (C-6), 165.34 (CO); MS m/z 272 (M+). Found: 
C, 61.54; H, 4.39; N, 10.18%. Calcd for C14H12N2O4: C, 61.76; 
H, 4.44; N, 10.29%. 

ô^'-Dimetlioxy^^'-bipyridine (15). To the nickel cata­
lyst prepared from 2.23 g (3 mmol) of NiBr2(PPh3)2, 981 mg 
(15 mmol) of zinc, and 2.57 g (10 mmol) of Et4NI in T H F 
(20 ml), was added a solution of 1.44 g (10 mmol) of 2-chloro-
6-methoxypyridine (14) in T H F (5 ml). The mixture was 
stirred at 50 ° C for 20 h. Aqueous workup and chromatog­
raphy on silica gel (50 g) using hexane/benzene as eluent to 
give 15 (975 mg, 90%), mp 119—119.5 °C (lit,23*) 118—119 
°C). 

General Procedure for the Coupling of Haloquinolines 
16, 18, and 20. A solution of 5 mmol of haloquinolines 16, 
18, or 20, in T H F (5 ml) was added to a suspension of the 
nickel catalyst in THF (15 ml) [prepared from 1.12 g 
(1.5 mmol) of NiBr2(PPh3)2, 490 mg (7.5 mmol) of Zn, and 
1.29 g (5 mmol) of Et4NI]. The mixture was stirred at 50 °C 
for 20 h. Aqueous workup and chromatography on silica gel 
(benzene/AcOEt) to give biquinolines 17, 19, or 21 in 84, 61, 
or 77% yields, respectively. 

2,2'-Biquinoline (17); mp 194—195.5 °C (lit,40> 196 °C). 
3,3'-Biquinoline (19); mp 268.5—269°C (lit,41> 271 °C); 

1H NMR (100 MHz, CDCI3) 6=7.56—8.15 (m, 6H), 8.20 (dd, 
/=0.5, 8.0, 2H), 8.45 (d, /=2 , 2H), 9.29 (d, J=2, 2H). 

4,4'-Biquinoline (21); mp 171—172 °C (lit,23a'42> 172— 
173 °C). 

l,r-Biisoquinoline (23). A solution of 1.64 g (10 mmol) 
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of 1-chloroisoquinoline (22) in THF (5 ml) was added to a 
suspension of the nickel catalyst in THF (20 ml) [prepared 
from 2.23 g (3 mmol) of NiBr2(PPh3)2, 981 mg (15 mmol) of 
Zn, and 2.57 g (10 mmol) of Et4NI]. The mixture was stirred 
at 50 °C for 18 h. Aqueous workup and chromatography on 
silica gel (benzene/AcOEt) to give l,r-biisoquinoline (21) 
(473 mg, 37%); mp 162.5—164 °C (lit,40-43) 164—165 °C). 

4,4'-Biisoquinoline (25). A solution of 2.08 g (10 mmol) 
of 4-bromoisoquinoline (24) in THF (5 ml) was added to a 
suspension of the nickel catalyst [prepared from 2.23 g 
(3 mmol) of NiBr2(PPh3)2, 981 mg (15 mmol) of Zn, and 
2.57 g (10 mmol) of Et4NI]. The mixture was stirred at 50 °C 
for 20 h. Aqueous workup and chromatography on silica gel 
(benzene-^AcOEt) to afford 25 (763 mg, 60%); mp 147— 
148 °C (lit,44> 149 °C). 

T h e authors wish to thank Professor Kenkichi 
Sonogashira for his helpful discussions. T h e authors 
also wish to thank Mr. T o m o a k i Okada for measur ing 
properties of 9 and 21. 
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Asymmetric Synthesis of a-Amino-jS-hydroxy Acids Using 
a Chiral Pyridoxal-Like Pyridinophane-Zinc Complex 

as an Enzyme Mimic; Scope and Limitation 

Makoto A N D O , * J u n WATANABE, and Hiroyoshi KUZUHARA* 

RIKEN (The Institute of Physical and Chemical Research), Wako-shi, Saitama 351-01 
(Received August 9, 1989) 

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

Since the pioneer ing studies of Snell1* and Martell,2) 

many studies have been carried ou t that mimic 
various v i tamin Bß-dependent enzymes.3) We have 
succeeded in construct ing a transaminase model which 
uses zinc(II) and 15-aminomethyl-14-hydroxy-2,8-di-
thia[9](2,5)pyridinophane (1)4) or derivatives of 15) as 
pyridoxamine-l ike pyr id inophane derivatives with 
p lanar chirality. T h e appl ica t ion of this type of chiral 
system was further extended to the asymmetic synthe­
ses of a l lo threonine and threonine by s imula t ing the 
reaction of vi tamin Bß-dependent aldolase, such as 
serine hy droxy methyl transferase.6) A zinc(II) chelate 
complex of the Schiff base derivative of glycine and the 
(R)- or (S)-enatiomer of 15-formyl-14-hydroxy-2,8-
dithia[9](2,5)pyridinophane (2) was a key substrate for 
the aldolase model reaction, and showed some charac­
teristic features. T h i s paper deals with a further 
examinat ion of such an aldolase model reaction in 
order to confirm its scope and l imitat ions. 

HO 

0 
II 

NaO-C-CH2 
I 

HO 

o 
ii 

C^CH2 

^ Z n ^ÇH 
CH30H V 

*N' 

1 R = CH2NH2 3 4 

2 R = CH0 

As described in a previous paper,6) the treatment of a 
Schiff base derivative wi th zinc acetate (0.5 mole 
equivalents) resulted in two chelate complexes show­
ing absorpt ion m a x i m a at 308 and 397 nm, respective­
ly, of which the latter product could undergo a 
subsequent aldol condensat ion. In this study the zinc 
complex was isolated in a different way. After glycine 
had been coupled wi th (R)- or (S)-2 in the presence of 
potass ium methoxide in benzene-methanol or sodium 
methoxide in me thano l , a mixture con ta in ing the 

resul t ing Schiff base (3) was stirred overnight wi th 
0.6 mole equivalents of zinc acetate. Almost a pure 
zinc chelate complex, showing absorpt ion m a x i m u m 
at 397 nm, was precipitated as an amorphous powder. 
In contrast to the previous study, results of elemental 
analyses strongly suggested that this complex had a 
1:1 composi t ion of the Schiff base and a zinc ion, like 
4. Since the use of 0.75 or 1 mole equivalent of zinc 
acetate to the Schiff base only resulted in the formation 
of impur i t ies wi thou t any increase in the yield of the 
desired product , the 0.6:1 rat io of zinc to the Schiff 
base seemed to be nearly o p t i m u m for the preparat ion 
of the chelate complex. An excess of chiral 2 could be 
recovered in h igh yield after acidic hydrolysis of the 
filtrate. In order to obta in further evidence for the 
composi t ion of 4, a con t inuous variat ion method7 ) was 
employed; i.e., the absorbances at 397 n m were plotted 
versus the concentrat ion of the resul t ing 3, whi le the 

[3J + [ z i n c a c e t a t e ] 

Fig. 1. Application of a continuous variation meth­
od for determining the composition of the zinc com­
plex of 3 at 397 nm. The total concentration of 3 
and zinc acetate was 0.25 raM. 
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total concentrat ion of 3 and zinc acetate was main­
tained at 0.25 m M (1 M = l mol dm- 3 ) . As Fig. 1 shows, 
such an examina t ion also revealed that a complex 
having a 1:1 molecular rat io of zinc to the Schiff base 
was formed in a methanol ic solution, suggesting that a 
four-coordinated zinc chelate has the structure of 4. 

Aldol condensat ions between 4 and various alde­
hydes were tested at 10.0 and at 27.0 °C. T h e basicity 
of the reaction m e d i u m was fixed at p H 10.0, since a 
higher basicity had been shown to decrease the enan­
tiomeric excesses of amino acids produced. At first, the 
applicabil i ty of various aldehydes to the aldol conden­
sation wi th 4 was examined at 27.0 ° C by us ing T L C . 
Propionaldehyde reacted as smoothly as acetaldehyde 
did, bu t the reactivity seemed to somewhat decrease in 
the case of butyraldehyde. Reactions of octanal and 
formaldehyde wi th 4 showed only a faint n inhydr in-
positive spot other than glycine. An examinat ion of 

R ' - C H = 0 + 4 OH-

COOH 

H2N-

H0-

-H H2N-

-H H-

COOH 

-H 

R' 

(erythro) 

-OH 
+ 2 +Zn2+ 

R' 

( threo ) 

the various aldehydes disclosed that this reaction was 
appl icable only to s imple linear chain aldehydes. 
Next, the reactions of acetaldehyde and propionalde­
hyde wi th 4 were examined in detail. Complex 4 and a 
large excess a m o u n t of aldehyde was stirred in a 
mixture of aqueous buffer solut ion (sodium hydrogen-
carbonate-sodium hydroxide, p H 10.0) and methanol 
at 27.0 or 10.0 °C. After s t i r r ing for 12 or 24 h, the 
reaction was ceased by the addi t ion of diluted hydro­
chloric acid. C o m p o u n d 2 was liberated while 
ma in t a in ing full chirality, and was recovered almost 
quantiat ively by extraction with an organic solvent. 
T h e r ema in ing aqueous solut ion underwent succes­

sive ion exchange chromatography on a strongly 
acidic resin: first in hydrogen form (eluted wi th 
aqueous a m m o n i a for isolation of amino acids) and 
then in py r id in ium form (eluted with pyridine-formic 
acid buffer solut ion at p H 3.1 for removal of glycine). 
T h e ratio of erythro to the threo isomer of the isolated 
a-amino-ß-hydroxy acid mixture was determined by 
measur ing the rat io of the signals due to the a-protons 
in their 1¥L N M R spectra. Enant iomeric excesses of the 
acids were determined by means of H P L C on a chiral 
stationary phase after esterification and Af-3,5-dinitro-
benzoylat ion in the same way as described in a 
previous paper.6) T h e retention times measured for 
each a m i n o acid are shown in Table 1. 

T h e results of aldol reactions of 4 with acetaldehyde 
and propionaldehyde are summarized in Tab le 2, 
which shows the following characteristics: (i) Erythro 
isomers are dominan t over threo ones regarding both 
chemical yields and enant iomeric excesses, (ii) T h e 
reaction temperature influences both the chemical 
yields and enant iomeric excesses. Namely, a lower 
temperature increases enantiomeric excesses, whereas 
it decreases chemical yields, (iii) The re is no remark­
able difference between acetaldehyde and propion­
aldehyde in the reaction products wi th 4. Tab le 2 also 

Table 1. Retention Time 

Amino acid 

(/?)-Threonine 
(R )- Allothreonine 
(S)-Threonine 
(S)-Allothreonine 
(/?)-*/ireo-ß-Hydroxynorvaline 
(R )-ery£/iro-/?-Hydroxynorvaline 
(S)-*/ireo-/3-Hydroxynorvaline 
(S)-ery£/iro-ß-Hydroxynorvaline 

Retention 
time/min 

13.9 
16.3 
18.5 
22.8 
17.3 
20.3 
22.0 
26.8 

Conditions: 
Stationary phase: 
Mobile phase: 

Flow rate: 
Detector: 
Temperature: 

Sumipax OA-1000 
Hexane-l,2-dichloroethane-ethanol; 
10:4:1 for threonine derivatives 
12:4:1 for norvaline derivatives 
1 ml min - 1 

UV254nm/0.04 AVFS 
Room temperature 

Table 2. Aldol Condensation between 4 and Aldehydes 

Config of 2 

S 
S 
S 
S 
S 
R 

Reaction conditions 

Aldehyde 

EtCHO 
EtCHO 
EtCHO 
MeCHO 
MeCHO 
MeCHO 

Temp 

°C 

27.0 
27.0 
10.0 
27.0 
10.0 
10.0 

pH 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 

Time 

h 

24 
12 
24 
12 
24 
24 

Products (amino acids) 

Total yield 

% 

85 
75 
54 
83 
25 
24 

Ea> 

T 

1.2 
1.4 
1.4 
1.6 
1.8 
1.8 

e.e.b) 

% 

E 50 T 27 
E 63 T 49 
E 75 T 54 
E 73 T 50 
E 77 T 50 
E 69 T 45 

Abs config 

S 
S 
S 
S 
S 
R 

a) E: Erythro isomer; T: Threo isomer, b) Enantiomeric excess. 
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illustrates that the use of (S)-2 in the aldol condensa­
tion produces (S)-amino acid in excess and vice versa, 
and a longer reaction t ime decreases the enant iomeric 
excesses. A l though there is no rat ional izat ion yet for 
these experimental results, it is noteworthy that these 
types of aldol condensat ion reactions could proceed 
us ing a zinc chelate complex, though neither iron(III) 
nor copper(II) chelate complexes are effective. 

Experimental 

General. The melting point was determined in a 
capillary tube using a Büchi melting-point apparatus and is 
uncorrected. IR and UV-VIS absorption spectra were 
obtained with Shimadzu IR 27G and Varian-Cary 2290 
spectrometers, respectively. 1H NMR spectra were taken on a 
JEOL JNM GSX 500S (500 MHz) in a D 20 solution. TLC 
was performed by precoated aluminium sheets from E. 
Merck (silica gel 60 F254 0.2 mm-thick for iV-acylamino acid 
methyl esters, and cellulose F254 0.1 mm-thick for amino 
acids). The solvent systems were as follows: chloroform-
methanol (50:1 v/v) for silica gel, and ethanol-water-con-
centrated aqueous ammonia (18:1:1 v/v) for cellulose 
(developed repeatedly for 2—3 times). Silica-gel column 
chromatography was performed using silica gel 60 (Merck, 
No. 7734, 0.063—0.200 mm in particle size). HPLC was 
carried out with a Hitachi 635A Liquid Chromatograph on a 
chiral Sumipax OA-1000 column (5 urn in particle size, and 
4 mm IDX250 mm in column size). 

Preparation of Metal Complex. A typical procedure is 
described. Solid (S)-2 (567 mg, 2 mmol) was added in one 
portion to a solution of glycine (150 mg, 2 mmol) and 
sodium methoxide (130 mg, 2.4 mmol) in methanol (48 ml). 
After 1.5 h, solid zinc acetate dihydrate (263 mg, 1.2 mmol) 
was added to the resulting solution of 3 and stirred 
overnight. Meanwhile, precipitates of 4 appeared, which 
were separated by filtration (403 mg, 77% based on zinc 
acetate): MP>280°C; UV-VIS (MeOH) 397 nm (e 7.3X103); 
IR (KBr disk) 1615 cm"1 (C=0). Found: C, 43.79; H, 4.93; N, 
6.63; S, 14.78; Zn, 15.30%. Calcd for G s H i s ^ C ^ Z n C H s O H : 
C, 44.09; H, 5.09; N, 6.43; S, 14.71; Zn, 15.00%. 

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

Aldol Condensation. A typical procedure is described. A 
solution of 4 (131 mg, 0.3 mmol) in 0.05 M sodium 
hydrogencarbonate-sodium hydroxide buffer solution (ad­
justed to pH 10.0, 75 ml) and methanol (25 ml) was treated 
with 20% solution of propionaldehyde in methanol (10 ml, 
34.4mmol) for 24 h at 27.0 °C. Then, dilute hydrochloric 
acid was added to the reaction mixture and evaporated. The 
residue was extracted with ethyl acetate-water at pH 1—2, 
and the aqueous extract was concentrated to ca. 10 ml and 
placed on an Amberlite CG 120 column (H+ form, 100—200 
mesh, 50 ml). The column was eluted with water (11) and 
then with 0.1 M aqueous ammonia; the latter eluate was 
concentrated. At this stage, the reactivity of the aldehyde was 
qualitatively determined by a comparison of ninhydrin-
positive spots of amino acids on cellulose TLC plate using a 
0.1-fold scale of the starting materials. The residue was 

dissolved in a 0.1 M pyridine-formic acid buffer solution 
(pH 3.1, 2 ml) and placed on an Amberlite CG 120 column 
(pyridinium form, 100—200 mesh, 50 ml). The column was 
chromatographed with 0.1 M pyridine-formic acid (pH 3.1) 
to give a mixture of erythro- and £/ireo-ß-hydroxynorvalines8) 

(33.8 mg, 85%) and then glycine unreacted (1.3 mg, 6%). 
Determination of the Enantiomeric Excess. A solution of 

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

T h e au thors wish to express their thanks to Miss 
Mutsuko Yoshida and her coworkers of this Inst i tute 
for elemental analyses and to Dr. J u n Uzawa and Mrs. 
T a m i k o Chi j imatsu of this Inst i tute for the measure­
ments of XH N M R spectra. 

T h i s study was performed th rough Special Co­
ordinat ion Funds of the Science and Technology 
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Stereochemical Control in Microbial Reduction. 12. (S)-4-Nitro-
2-butanol as a Source to Synthesize Natural Products 
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Institute for Chemical Research, Kyoto University, Uji, Kyoto 611 

(Received August 18, 1989) 

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

In a previous paper of the series from our laboratory, 
it was reported that enant iomerical ly pure (S)-(+)-4-
ni t ro-2-butanol ((S)-l) and (S)-(+)-5-nitro-2-pentanol 
((S)-2) are obta ined easily from the corresponding 
n i t ro ketones by the reduct ion wi th bakers ' yeast.x) 

Since the e lec t ron-wi thdrawing property of a ni t ro 
g roup activates its «-posi t ion for the generation of a 
carbanion, 1 and 2 can be converted in to various 
c o m p o u n d s wi th a variety of carbon skeltons. T h e 
ni t ro g roup is the strongest e lectron-withdrawing 
g roup a m o n g neutra l functional groups. 

In order to demonst ra te the uti l i ty of 1 and 2 as 
valuable chiral bu i ld ing blocks in organic syntheses, 
we a t tempted to synthesize several biologically active 
na tura l products s tar t ing from these compounds . T h e 
first example concerns wi th the synthesis of (+)-
brefeldin A, in which the carbanion generated from 1 
was subjected to the Michael addi t ion to phenyl vinyl 
sulfone. (+)-Brefeldin A has been isolated from 
Pénicillium sp. and other fungi.2) T h e c o m p o u n d has 
been found to have a wide range of biological activity 
inc lud ing antiviral,® anti-fugal,4) antimitotic5) as well 
as a n t i t u m o r 0 activities. T h e structure was elucidated 
in 1971 by X-ray crystallography.7 ) After the pioneer­
ing study by Corey and Wollenberg,8 ) there appeared 
several reports concern ing wi th the asymmetric total 
synthesis of this compound. 9 - 1 1 ) T h e shortest proce­
dure so far reported may be that reported by Gais and 
Lied, where a key compound , l-phenylsulfonyl-5-
( tetrahydropyranyloxy)hexane (3), was prepared after 

12 steps.11) T h e process involves the stereoselective 
reduct ion of ethyl pyruvate by bakers ' yeast and the 
conversion of the resulted ethyl (S)-lactate into (S)-2-
methyloxirane.1 2 ) T h e transformation of the last 
c o m p o u n d in to 3 required addi t ional 9 steps. When, 
on the other hand , 1 is subjected to the reduct ion 
mediated by bakers ' yeast, the product , (S)-4-nitro-2-
bu tano l (1), can afford 3 after only 3 steps; the Michael 
addit ion, reductive denitrat ion, and tetrahydropyran-
ylation. T h u s , asymmetric synthesis of (+)-brefeldin A 
can be shor ten by 10 steps, exemplifying that the n i t ro 
alcohol is m u c h superior to the hydroxy ester in 
modifying the carbon skelton. 

T h e second example is the total synthesis of (S)-(+)-
sulcatol. A 65:35 mix ture of (R)-(-)- and (S)-(+)-
sulcatols is an aggregat ion phe romone of Gnatho-
trichus sulcatus.1® After asymmetric syntheses of 
(R)-(—)- and (S)-(+)-sulcatols,14 '15) it was found that 
Gnathotrichus retusus responds only for the (S)-(+)-
enantiomer.1 6) T h e key process in this synthesis is the 
condensat ion of an a-ni t ro carbanion to an aldehyde 
which is followed by dehydrat ion and reductive 
deni t rat ion to afford an olefinic alcohol. Al though the 
process employed here is no t surprisingly shorter than 
the other,15) where the reduct ion of ethyl acetoacetate 
by bakers ' yeast was employed, the enant iomer excess 
observed in the reduction of 4-nitro-2-butanone (99% 
e.e.)1) is m u c h higher than that of the ß-keto ester (86— 

>e.e.).15'17> 

A Bakers' Yeast OH 

C02Et 

4 steps 
vC02Et A / C H 3 

""H 

9 steps OTHP 
14 steps 

sS02Ph HO' 

OH 
H = O 

H 

(+)-Brefeldin A 

kCH3 
:,"H 

Scheme 1. 



92 Kaoru NAKAMURA, Takashi KITAYAMA, Yoshihiko INOUE, and Atsuyoshi OHNO [Vol. 63, No. 1 

Table 1. The Michael Addition of a Carbanion from 4-Nitro-2-butanola) 

9 H
 NO2 x 

-.3 > * ^ D 2 / ^ R 2 

R1 

Compd. p i „g p 3 Base Equivalency Yield of 4/%b) 

Ri R2 R3 X 

H H H CH3C TMG 0.1 91.5 
II 
O TMG 0.3 75.5 

DBU 1.0 Decomp 
Et3N 0.1 No react'n. 

H H H CH3OC TMG 0.1 76.3 
0.3 74.2 
0.3 37.5 
1.0 Decomp 
0.1 No react'n. 
0.1 47.3 

H H H C2H5OÇ TMG 0.1 83.3 
0.3 81.5 
0.3 31.3 
1.0 Decomp 
0.1 No react'n. 

H H H PhS02 TMG 0.1 77.6c> 
0.1 49.4C> 

H H H PhS TMG 0.1 No react'n. 

0.1 No react'n. 

H H H CN TMG 0.1 49.5 

H CH3 H CH3OC TMG 0.1 39.6 
1.0 Decomp 
0.1 No react'n. 

CH3 H H CH3OÇ TMG 0.1 No react'n. 
0.1 No react'n. 

DBU 1.0 12.6d> 
Et3N 0.1 No react'n. 
Ph3P 0.1 No react'n. 

CH3 CH3 H CH3OC TMG 0.1 No react'n. 
O DBU 1.0 Decomp 

DBU 1.0 Noreact'n.d> 
Et3N 0.1 No react'n. 
Ph3P 0.1 No react'n. 

H H -(CH2)2C- TMG 0.1 58.9 
Ö DBU 0.1 29.5 

DBU 1.0 Decomp 
Et3N 0.1 No react'n. 

H H -(CH2)3C- TMG 0.1 26.5 
ß DBU 0.1 19.6 

DBU 1.0 Decomp 
DBU 1.0 Noreact'n.d> 
Et3N 0.1 No react'n. 

CH30C 
II 
0 

C2H5OC 
Ö 

PhS02 

PhS 
i 
O 

CN 

CH3OC 
II 
O 

CH30C 
II 
0 

TMG 
TMG 
DBU 
DBU 
Et3N 
Ph3P 

TMG 
TMG 
DBU 
DBU 
Et3N 

TMG 
Ph3P 

TMG 
DBU 

TMG 

TMG 
DBU 
Ph3P 

TMG 
DBU 

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



January, 1990] Stereochemical Control in Microbial Reduction 93 

Results and Discussion 

Synthesis of a Precursor to (+)-Brefeldin A. T h e 
Michael addi t ion of pr imary and secondary ni t ro 
compounds to an electron-defficient olefin and sub­
sequent subst i tut ion of the ni t ro g roup by a hydrogen 
have been reported of O n o and his co-workers.19) 

According to their procedure, the 7-hydroxy ni t ro 
compound , 4-nitro-2-butanol (1), was reacted with 
phenyl vinyl sulfone under the catalysis of tetramethyl-
guan id ine (TMG, 0.1 equiv). It was found that 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) is too strong to 
be a base catalyst, bu t t r ie thylamine and tr iphenyl-
phosph ine are too weak. Results from the Michael 
addi t ion of 1 wi th var ious olefins are summarized in 
Tab le 1. 

In contrast to other olefins, the product obtained 
from the reaction wi th phenyl vinyl sulfone is 
composed of a 1:1 mix tu re of 6-phenylsulfonyl-4-
ni tro-2-hexanol (4d), a 1:1 adduct, and 4,4-bis[2-
(phenylsulfonyl)ethyl]-4-nitro-2-butanol (5), a 1:2 ad­
duct, which was observable on an lH N M R spectrum. 
T h e rat io in a m o u n t of 4d : 5 remained constant on the 
change of relative a m o u n t s of the s tar t ing materials or 
on the change of the order of their addi t ion. Methyl 
vinyl ketone affords the 1:2 adduct when 2 equivalent 
amoun t s of this olefin are used. N o other olefins 
afforded the adduct of this type under any reaction 
condit ions. 

T h e or igin of this unexpected property of phenyl 
vinyl sulfone has no t been clarified yet. We suppose 
that a delicate balance of basicities between the 
reactant a-ni t ro carbanion and the resulted composite 
carbanion plays a crucial role for the formation of the 
1:2 adduct. 

A mix ture of 4d and 5 were subjected, w i thou t being 
separated, to reductive deni t ra t ion by the aid of tri-
butyl t in hydr ide-AlBN system17) because of difficulty 
in separat ion of these two materials. Since the ni t ro 
g roups in 4d and 5 are secondary and tertiary, 

respectively, the deni t ra t ion takes place more efficient­
ly wi th 5 than wi th 4d and the yields of the products , 
6-phenylsulfonyl-2-butanol (6) and 4,4-bis[2-(phenyl-
sulfonyl)ethyl]-2-butanol (7), were 37 and 84%, respec­
tively, based on the a m o u n t of the each s tar t ing 
material . T h e mixture can now be separated qui te 
easily by c o l u m n chromatography and the resulted 6 
was subjected to tetrahydropyranylat ion to afford the 
final p roduc t 3 in 82% yield. W h e n (S)-(+)-l of 99% 
e.e. was employed as the s tar t ing material , (S)-(+)-3 in 
99%) e.e. was isolated. T h e whole scheme of the 
reaction is shown in Scheme 2. T h e method to 
transform (S)-(+)-3 into (+)-brefeldin A is straight­
forward.1^ 

Synthesis of ( S)-(+)-Sulcatol. T h e condensat ion of 
the carbanion wi th normal alkanals as well as 
benzaldehyde took place under the catalysis of tri­
e thylamine at room temperature or below 100 ° C as 

Bakers' Yeast 
OH 

•^^SOoPh 

OH N02 

4d 3 0 % 

OH N02 

> 
OH 

>sS02Ph 

>v 

^S02Ph 

6 37 % 

> 
Bu3SnH/AIBN 

OH 
> 

5 30 % 

Chromatographic 
separation * 

7 84 % 

O OTHP 

s S0 2 Ph 

3 8 2 % , 9 9 % e.e. 

Scheme 2. 

Table 2. Condensation of a Carbanion from 4-Nitro-2-butanol with Various Aldehydesa) 

OH 

A ^ NO? 

0 

A. 
OH N02 

OH 
1 5 

OH 

13. 
OH 

Compd. R in RCHO Temp/°Cb> Chemical yield of 15/% Chemical yield of 16/% d.e./% 

a 
b 
c 
d 
e 
f 

C H 3 -
CH3CH2-
CH3(CH2)2-
CH3(CH2)3-
CH3(CH2)5-
C6H5-

r.t.c> 

r.t.c> 

r.t.c> 

90 
90 
90 

71.5 
77.1 
82.1 
77.0 
79.7 
57.1 

64.9 
61.3 

67.1 

23.0 

15.4 

a) The reaction was run in THF for 15 h under the catalysis of triethylamine for the condensation, and was run in benzene 
for 2 h at 90°C for denitration. b) Reaction temperature for the condensation, c) Room temperature. 
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A^ Bakers' Yeast 
OH OTBDMS 

N02 

f-BuMe2SiCI 

x OTBDMS 
CHO 

DBU/reflux 

â 57% 10. 64 % 

HCI/CH^OH 

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

Scheme 3. 

listed in Tab le 2. It was demonstrated that asymmetric 
induc t ion followed the condensat ion, which was 
demonstrated by 1H N M R spectroscopy on the resulted 
diols after the reductive deni t rat ion by tr ibutylt in 
hydr ide-AIBN system. T h e diastereomer excess (d.e.) 
observed in the diols are also listed in Tab le 2. It was 
confirmed that the diastereoisomer formed in larger 
a m o u n t has the ant i-configurat ion (see Experimental) . 

T h e condensat ion of the carbanion wi th 2-methyl-
propana l , a secondary alkyl aldehyde, however, did 
not take place under the same reaction condit ions. 
Instead, the carbanion reacted with this aldehyde only 
when the system was refluxed in the presence of DBU, 
a stronger base than tr iethylamine. It was necessary, 
however, to protect the hydroxy 1 g roup in the car­
ban ion under these revised reaction condit ions, and, 
after several exper iments , it was found that the 
protect ing function has to be the J-butyldimethylsilyl 
g roup (TBDMS). Other protecting groups such as 
tetrahydropyranyl or acetyl g roup prevented the 
carbanion from the condensation.18) T h e product 
obtained by the condensat ion in 57% yield was not the 
corresponding alcohol bu t was an olefin, 6-(£-butyl-
dimethylsilyloxy)-2-methyl-4-nitro-2-heptene (9). T h e 
reductive deni t ra t ion of 9 with tr ibutylt in hydr ide-
AIBN system19> afforded the TBDMS derivative of (S)-
(+)-sulcatol in 64% yield. T h e last c o m p o u n d was 
deprotected under acidic condit ions in 100% chemical 
yield to give (S)-(+)-sulcatol of 99%) e.e. Scheme 3 
represents the whole reaction. 

Experimental 

Instruments. XH NMR spectra were recorded on a Varian 
VXR-200 spectrometer in CDCI3 with tetramethylsilane 
(TMS) as an internal reference or in D2O with sodium 3-
(trimethylsilyl)-l-propanesulfonate-l,l,2,2-(i4 (DSS) as an 
internal reference. IR spectra were recorded on a Hitachi 

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

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

4-Nitro-2-butanol (1). 4-Nitro-2-butanone20) was reduced 
by sodium borohydride to obtain racemic 4-nitro-2-butanol, 
whereas the reduction of this nitro ketone with bakers' yeast 
afforded (S)-l: 1 mmol of 4-nitro-2-butanone was added to a 
suspension of bakers' yeast (10 g) and glucose (2 g) in water 
(200 ml) and the whole mixture was incubated at 30 °C for 4 
days. Usual work-up gave a mixture of the starting material 
and the product, that were separated by column chromatog­
raphy on silica gel with an eluent of a mixture of hexane (5 
parts) and ethyl acetate (1 part) to afford (S)-l in 51% yield 
with 99% e.e. fl>]g* +40.6° (c 1.15, CHCI3)). The enantiomer 
excess was determined by 1H NMR analysis of the corre­
sponding (+)-MTPA ester. 

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

Reductive Denitration of 6-Phenylsulfonyl-4-nitro-2-hexan-
01 (4d). A solution composed of a mixture (91 mg) of 4d 
and l,l-bis(2-phenylsulfonylethyl)-l-nitro-3-butanol (5) in 
2 ml of dry benzene, 0.17 ml (0.64 mmol) of tributyltin 
hydride, and 26 mg (0.16 mmol) of AIBN was refluxed for 
3 h. The solution was concentrated under reduced pressure. 
The residue was chromatographed on silica gel column 
using a 1:1 mixture of hexane and ethyl acetate as an eluent 
to isolate l-phenylsulfonyl-5-butanol (6) and l,l-bis(2-
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phenylsulfonylethyl)-3-butanol (7), in 37% (11 mg) and 84% 
(42 mg) yields, respectively. 

Tetrahydropyranylation of (S)-l-Phenylsulfonyl-5-butan-
ol ((S)-6). A solution composed of 11 mg (0.045 mmol) of 
(S)-6, prepared as described above, 1 ml of dry tetrahydro-
furan (THF), 0.011 ml (0.12 mmol) of 3,4-dihydro-2H-pyran, 
and 4 mg of pyridinium /?-toluenesulfonate was stirred for 
14 h at room temperature. The mixture was washed with 
saturated aqueous sodium hydrogencarbonate and brine, 
then dried over anhydrous sodium sulfate and concentrated 
to leave the crude product, which was chromatographed on a 
silica gel column using ethyl acetate as an eluent to afford 
( S )-1 -phenylsulfonyl-5-( tetrahydropyranyloxy )hexane (( S )-3) 
in 82% yield (12 mg) with 99% e.e. ([a]™ +8.1° (c 0.72, 
CHC13)). 

iH NMR (CDCI3) 0=1.19 (d, 3H, /=6.2 Hz), 1.45—1.91 (bs, 
6H), 2.28—2.35 (m, 2H), 3.31—3.42 (m, 2H), 3.65—4.04 (m, 
2H), 4.04—4.14 (m, 2H), 4.52—4.96 (m, 1H), and 7.55—7.93 
(m, 5H). 

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

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

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

The XH NMR spectrum of this authentic compound was 
compared with that of the product from the reaction of (S)-l 
with benzaldehyde to determine the stereochemistry of the 
latter: since the former had a doublet at 8 1.18, whereas the 
latter exhibited a larger doublet at 8 1.14 with a smaller 
doublet at 8 1.18, the predominant configuration of the latter 
was identified to be (1S,4S). 

Condensation of 1 with 2-Methylpropanal. Imidazole 
(16 g, 0.24 mol) was added dropwise to a stirred 60 ml 
solution of A/^iV-dimethylformamide (DMF) containing 7.0 g 
(59 mmol) of (S)-l and 10 g of ^-butyldimethylsilyl chloride 
(TBDMSC1) at 0 °C, then the stirring was continued for 3 h 
at room temperature. The reaction mixture was poured into 
100 ml water and the organic materials were extracted with 
ether (3X100 ml). The combined ether layer was washed 
with brine, dried over anhydrous sodium sulfate, and 
concentrated under reduced pressure. The residue was 
subjected to column chromatography on silica gel with a 
mixture of hexane (5 parts) and ethyl acetate (1 part) as an 
eluent. l-Nitro-3-(^-butyldimethylsilyloxy)butane (8) was 
obtained quantitatively (13.7 g) ([a]™ +31.4° (c 1.00, 
CHCI3)). 

m NMR (CDCI3) 6=0.03, 0.04 (ds, 6H), 0.86 (s, 9H), 1.16 
(d, 3H, /=7.0 Hz), 1.90—2.27 (m, 2H), 3.85—3.96 (m, 1H), 
and 4.40—4.50 (m, 2H). IR (neat): 1558 and 1382 cm"1. 

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

O HBr/AcOH 

^ ' 

OH 

11 

O OTHP 

12 

Mg 
OTHP 

^MgBr 

A,e 
OTHP 

TsOH 
OH 

13 
OH OH 

ü (1R.4S) 

Scheme 4. 
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dried Molecular Sieve 4A in 20 ml THF, and the mixture was 
refluxed for 16 h. The reaction mixture was poured into 
15 ml water and acidified to pH 6—7 with acetic acid. The 
organic materials were extracted with ether (3X20 ml) and 
the combined ether layer was washed with water (3X20 ml), 
brine, and dried over anhydrous sodium sulfate. The solvent 
was evaporated under reduced pressure and the residue was 
subjected to column chromatography on silica gel. A 
mixture of hexane (5 parts) and ethyl acetate (1 part) was 
used as an eluent to afford (S)-(£-butyldimethylsilyloxy)-2-
methyl-4-nitro-2-heptene (9) in 57% yield (0.36 g) ([ajg 
-24.2° (c 1.03, CHC13)). 

!H NMR (CDCI3) ô=-0.01— 0.05 (m, 6H), 0.85—0.89 (m, 
9H), 1.12—1.19 (dd, 3H, /=6.0Hz), 1.58—1.72, 2.20—2.34 
(m, 2H), 1.74—1.77 (m, 6H), 3.66—3.84 (m, 1H), and 5.26— 
5.52 (m, 2H). IR (neat): 2975, 1557, and 1380 cm"1. 

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

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

+15.1° (c 0.75, CHCI3)). 
m NMR (CDCI3) 0=1.14 (d, 3H, /=6.2 Hz), 1.38—1.50 (m, 

2H), 1.58 (s, 3H), 1.65 (s, 3H), 1.84—1.95 (bs, IH), 1.97—2.09 
(td, 2H, /=7.2 and 7.8 Hz), 3.71—3.80 (tq, IH, 6.2 and 
6.2 Hz), and 5.05—5.13 (tt, IH, /=7.8 and 7.8 Hz). IR (neat): 
3400, 2975, 1450, and 1255 cm"1. Found: C, 74.85; H, 12.75%. 
Calcd for C8Hi60: C, 74.94; H, 12.58%. 

We thank the Ministry of Educat ion, J a p a n for 
financial suppor t by the Gran t Nos. 01470022 and 
01303007 on a par t of this work. 
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Photoinduced Organic Transformation. Selective Synthesis of 
Ethylene Glycol or Formic Acid and Methyl Formate from 

Methanol in the Presence of Hydrogen Peroxide 

Yuichi SHIMIZU,* Shun ' ich i SUGIMOTO, Shunichi KAWANISHI, and Nobutake SUZUKI 
Osaka Laboratory for Radiation Chemistry, Japan Atomic Energy Research Institute, 

25-1 Mii-minami, Neyagawa, Osaka 572 
(Received August 21, 1989) 

The photoinduced transformation of methanol (MeOH) has been investigated in the presence of H2O2. 
Ethylene glycol (EG) was selectively produced by UV light irradiation of the N2-saturated MeOH and the 
selectivity was 85—94% below 3 ml h _ 1 of H2O2 feeding rate (/). The quantity of EG reached the maximum at 
/ = 5 ml h - 1 and the quantum yield was 0.73. EG was produced through the dimerization of hydroxymethyl 
radicals formed by the abstraction of hydrogen atom from MeOH by hydroxyl radical which was formed by the 
photolysis of H2O2. On the other hand, formic acid (FA) and methyl formate (MF) were selectively produced by 
UV light irradiation of the 02-bubbled MeOH and the combined selectivity was about 99% in the / range of 
1—8 ml h_1. The quantities of FA and MF reached the maximum at / = 5 ml h _ 1 and their quantum yields were 
1.36 and 0.69, respectively. FA was mainly produced through the decomposition of hydroperoxyhydroxy-
methane formed by the abstraction of hydrogen atom from MeOH by hydroxymethyldioxy radical which was 
formed by the reaction of hydroxymethyl radical with oxygen, and MF through the reaction of MeOH with FA 
formed. 

T h e direct t ransformation of methanol (MeOH) into 
more valuable compounds is very impor tan t from a 
viewpoint of effective uti l izat ion of organic resources. 
Ethylene glycol (EG), present-day produced from 
ethylene by a two-step method, is very i m p o r t a n t as a 
raw material for the indust r ia l p roduc t ion of polyester 
synthetic fiber and polyester resin, and also as 
antifreezing agent and so on. T h e direct synthesis of 
E G from M e O H , not from petrochemicals, has been 
investigated in the presence of organic peroxides such 
as di-^-butyl peroxide,1 »2) bu t the selectivity is not 
satisfactory. T h e photochemical reaction of M e O H 
us ing r h o d i u m complex gave h igh selectivity for E G 
formation,3* bu t very expensive photocatalyst was 
required for the acceleration of this reaction. O n the 
other hand , the direct synthesis of methyl formate 
(MF) from M e O H has been investigated us ing 
suppor ted copper or metal carbide such as WC 
catalysts,4»5) and recently has been carried out indus­
trially, bu t the lifetime of the catalysts is very short and 
the reaction temperature is high. Also, formic acid 
(FA) is produced th rough a two-step process.6) 

In the previous papers,7»8) we reported that EG or FA 
and MF were directly and selectively synthesized by UV 
l ight i r radiat ion of the N2-saturated or 02-bubbled 
M e O H con ta in ing H2O2. In this paper, we report in 
further detail wi th regard to the photo induced 
synthesis of EG or FA and MF from M e O H and to 
discuss the reaction mechanism. 

Experimental 

Materials. All chemicals were of reagent grade. MeOH 
was purchased from Tokyo Kasei Kogyo Co., Ltd. and was 
used without further purification. The aqueous 30% 
hydrogen peroxide was purchased from Santoku Chemical 
Industries Co., Ltd. N2 and O2 used were of high purity 

grade of above 99.9%. 
Apparatus and Procedures. The photoreactions were 

carried out in an inner source typed Pyrex glass reaction 
vessel (volume: 500 ml). 225 ml of MeOH was placed in the 
reaction vessel and well-bubbled with nitrogen in order to 
remove oxygen or with oxygen. The N2-saturated or 02-
bubbled MeOH was stirred magnetically (500 rpm), and 
irradiated internally with a 120 W low pressure mercury 
lamp (Eichosha EL-J-120, mainly 253.7 nm). At the same 
time with irradiation, the aqueous 30%) H2O2 was added to 
MeOH with the feeding rate (/) from 1 to 8 ml h"1 (H2O2 
successive addition) by using a micro feeder (Atto Corp., 
AC-2120). The MeOH solution was controlled at 25 °C by 
using a Yamato-Komatsu Coolnics (TE-24W). In some 
experiments MeOH solution containing a given quantity of 
H2O2 at the beginning (simultaneous addition) was ir­
radiated. 

Actinometry. The quantity of light from the lamp was 
determined by using a potassium tris(oxalato)ferrate(III) 
actinometer. The quantity of light was 3.38X1018 photons 
S"1 . 

Analysis. Products were analyzed by gas chromatog­
raphy (Shimadzu GC-7A: Porapak Q column, GC-4C: 
Porapak N column, and GC-3BT: Molecular sieve 5A 
column) and ion chromatography (Yokogawa IC-100: SAX 1 
column). 

Results and Discussion 

N2-Saturated Methanol. When the N2-saturated 
M e O H con ta in ing H2O2 was irradiated with UV light, 
E G was produced as a major product and FA, MF, 
acetaldehyde, ethanol, formaldehyde, hydrogen, carbon 
dioxide, carbon monoxide, and methane were produced 
as m ino r products . Figure 1 shows the quant i t ies of 
m a i n products as a function of irradiat ion time in the 
case of the H2O2 successive addi t ion of 3 ml h _ 1 . T h e 
quantit ies of EG, FA, and MF increased with irradiation 
time. T h e quan t i ty of E G was about 7 times that of 
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Fig. 1. Plots of the quantity of main products as a 
function of irradiation time in the N2-saturated 
methanol. Aqueous 30% H2O2 feeding rate: 3 ml h _ l . 
O: Ethylene glycol, A: formic acid, D: methyl 
formate. 

FA, and the sum of the quant i t ies of other products 
were less than abou t 3 m m o l after 7 h i rradiat ion. T h e 
selectivity of E G formation was about 85% after 7 h 
irradiation. EG formation was hardly affected by the 
i r radia t ion temperatures from 10 to 40 °C. Also, when 
the N2-saturated M e O H alone was irradiated in the 
absence of H2O2, organic products were hardly 
produced even after 7 h irradiation. These results 
indicate that EG is selectively synthesized by UV light 
i r radia t ion of the N2-saturated M e O H con ta in ing 
H2O2. 

T h e quant i t ies of EG, FA, and M F produced in the 
case of the H2O2 s imultaneous addit ion were examined. 
T h e a m o u n t of H2O2 (21 ml) added in this case 
corresponds to that in the case of the H2O2 successive 
addi t ion of 3 ml h - 1 for 7 h. Figure 2 shows the 
quant i t ies of m a i n products as a function of irradia­
t ion time. T h e quan t i ty of EG increased with 
i r radia t ion t ime and became almost constant after 
about 5 h. T h e quant i t ies of FA and MF increased 
wi th i r radia t ion t ime u p to about 3 h and became 
almost constant thereafter. T h e quant i ty of EG was 
about twice that of FA and about 8 times that of MF, 
and the sum of the quant i t ies of other products were 
less than about 1 m m o l after 7 h i rradiat ion. T h e 
selectivities of E G and FA formations were about 62 
and 29% after 7 h irradiat ion, respectively. It was 
apparen t from these results that E G formation and the 
selectivity were m u c h larger in the H2O2 successive 
addi t ion than in the H2O2 s imul taneous addit ion. 
Subsequent experiments were carried ou t wi th the 
H2O2 successive addit ion. 

Figure 3 shows the effects of H2O2 feeding rate on 
the quant i t ies of EG, FA, and MF produced by UV 
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Fig. 2. Plots of the quantity of main products as a 
function of irradiation time in the N2-saturated 
methanol. Amount of added aqueous 30% H2O2: 
21 ml. Symbols are the same as in Fig. 1. 
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Fig. 3. Effect of H2O2 feeding rate on the quantity 
of main products in the N2-saturated methanol. Ir­
radiation time: 7 h. Symbols are the same as in Fig. 1. 

l ight i r radia t ion for 7 h. T h e quant i ty of EG increased 
wi th H2O2 feeding rate and reached the m a x i m u m at 
/ = 5 ml h _ 1 . T h e quant i ty of FA increased gradually 
u p to / = 3 ml h - 1 and steeply thereafter, and that of M F 
increased steeply in the range of / > 5 ml h - 1 . T h e 
quan t i ty of FA was larger than that of EG in the range 
o f / > 8 ml h- 1 . T h e q u a n t u m yields of EG, FA, and MF 
at the m a x i m u m of EG were 0.73, 0.25, and 0.02, 
respectively. Such a h igh q u a n t u m yield of EG in­
dicates that E G formation proceeds efficiently in this 
system. T a b l e 1 shows the effect of H2O2 feeding rate 
on the selectivity of E G formation. T h e selectivity of 
E G format ion decreased wi th increasing H2O2 feed­
ing rate and was 85—94% below 3 m i n - 1 . It was 
found from these results that the selectivity of E G 
formation were affected markedly by H2O2 feeding rate 
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Table 1. Effect of H2O2 Feeding Rate on the 
Selectivity of Ethylene Glycol Formationa) 

H2O2 feeding rate Selectivity 

mlh" 1 

1 
2 
3 
5 
8 

% 

94 
90 
85 
72 
40 

a) Irradiation time: 7 h. 
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Fig. 4. Plots of the quantity of main products as 
a function of irradiation time in the CVbubbled 
methanol. Aqueous 30% H2O2 feeding rate: 5 ml h - 1 , 
O2 flow rate: 100 ml min - 1 . Symbols are the same as 
in Fig. 1. 

and EG was selectively synthesized in lower H2O2 
feeding rate ranges. 

02-Bubbled Methanol. When the 02-bubbled MeOH 
conta in ing H2O2 was irradiated wi th UV light, FA and 
MF were produced as major products and EG, 
acetaldehyde, ethanol , formaldehyde, hydrogen, carbon 
dioxide, carbon monoxide , and methane were produced 
as minor products . F igure 4 shows the quant i t ies of 
m a i n products as a function of i r radiat ion t ime in the 
case of the H2O2 successive addition. T h e quant i t ies of 
FA and MF increased wi th i rradiat ion time. EG was 
hardly produced even after 3 h i rradiat ion. T h e 
quant i ty of FA was abou t twice that of MF, and the 
sum of the quant i t ies of other products was less than 
about 2.7 m m o l after 7 h irradiation. T h e combined 
selectivity of FA and M F formations was about 99% 
after 7 h i r radia t ion. These results indicate that FA 
and MF are selectively produced by UV l ight 
i r radiat ion of the 02-bubbled M e O H conta in ing 
H2O2. T h u s , it shou ld be noted that m a i n products in 
the 02-bubbled M e O H differ entirely from those in the 
N2-saturated one. 

Figure 5 shows the effects of O2 flow rate (/0) on the 

O2 flow ra te /ml min 

Fig. 5. Effect of O2 flow rate on the quantity of main 
products in the 02-bubbled methanol. Aqueous 30% 
H2O2 feeding rate: 5 ml h~l. Irradiation time: 7 h. 
Symbols are the same as in Fig. 1. 
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Fig. 6. Effect of H2O2 feeding rate on the quantity of 
main products in the 02-bubbled methanol. O2 flow 
rate: 100 ml min -1. Irradiation time: 7h. Symbols are 
the same as in Fig. 1. 

quant i t ies of FA, MF, and E G produced by UV l ight 
i r radiat ion for 7 h. T h e quant i ty of FA increased 
steeply in the / o <20 ml m i n - 1 range and was almost 
constant at / o >50 ml m i n - 1 . T h e quant i ty of MF 
increased steeply in the / o <20 ml m i n - 1 range and 
gradual ly thereafter. O n the contrary, the quant i ty of 
EG decreased steeply from 89.6 m m o l to 8.8 m m o l at 
/o—20 ml m i n - 1 and was less than 3.2 m m o l at / 0 > 
50 ml m i n - 1 . These results indicate that O2 flow rate 
above abou t 50 ml m i n - 1 is necessary for the effective 
formations of FA and MF. 

Figure 6 shows the effects of H2O2 feeding rate on 
the quant i t ies of FA, MF, and E G produced by UV 
l ight i r radia t ion for 7 h. T h e quant i t ies of FA and MF 
increased wi th H2O2 feeding rate and reached the 
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m a x i m u m at / = 5 ml h _ 1 . E G was hardly produced in 
the / range of 1—8 ml h _ 1 . T h e dependences of H2O2 
feeding rate on FA and MF formations were similar to 
that of E G format ion in the N2-saturated M e O H . T h e 
q u a n t u m yields of FA and MF at the m a x i m u m of FA 
were 1.36 and 0.69, respectively. Such h igh q u a n t u m 
yields of FA and MF indicate that FA and MF 
formations proceed efficiently in this system. T h e 
combined selectivity of FA and MF formation was 
about 99% in the / range of 1—8 ml h _ 1 . These results 
indicate that FA and MF are selectively synthesized by 
UV l ight i r radiat ion of the 02-bubbled M e O H in the 
wide range of H2O2 feeding rate. Also, small 
quant i t ies of FA and MF were produced even in the 
absence of H2O2, and the ratios of the quant i t ies of FA 
and MF in the absence of H2O2 to those at / = 5 ml h" 1 

were 0.23 and 0.09, respectively. Th i s suggests that 
most of FA and M F are produced th rough the 
decomposit ion of H2O2 by UV light irradiation. 

Ethylene Glycol, Formic Acid, and Methyl Formate 
Formation. It is well known that H2O2 is easily 
decomposed by UV l ight i rradiat ion to form hydroxy 1 
radical (Eq. 1).9) T h e effect of thiocyanate ion, which 
is an efficient scavenger of hydroxy 1 radical,10) on E G 
or FA and MF formations has been examined. EG 
formation was a lmost perfectly suppressed by the 
addit ion of 0.02 m m o l of potassium thiocyanate. 
Similar result was also obtained for FA and MF 
formations. It is concluded from these results that 
hydroxyl radical formed by the photolysis of H2O2 is 
an in i t i a t ing species of E G or FA and MF formations 
in these systems. 

Also, as can be seen from Figs. 1 and 4, EG 
formation was a lmost perfectly suppressed by oxygen. 
T h i s fact suggests that EG formation proceeds 
th rough the radical reaction. 

In the absence of oxygen, the hydroxyl radical reacts 
rapidly wi th M e O H to form hydroxymethyl radical 
(Eq. 2),11) which is rapidly dimerized to form EG (Eq. 
3).12) Therefore, it is considered that in the N2-
saturated M e O H EG is produced th rough the quick 
dimerization of hydroxymethyl radicals formed by the 
abstraction of a-posi t ion hydrogen of M e O H by 
hydroxyl radical as follows: 

H2O2 —^-> 2 OH (1) 

CH3OH + OH • CH2OH + H2O (2) 

2 C H 2 O H • (CH2OH)2 (3) 

As described already, in the N2-saturated M e O H the 
q u a n t u m yield at the m a x i m u m of E G (Fig. 3) was 
0.73. Since a molecule of EG is formed by the 
consumpt ion of two hydroxyl radicals, the q u a n t u m 
yield of hydroxyl radical consumed to form E G is 1.46. 
Assuming the q u a n t u m yield of hydroxyl radical 

formation is 2.0,13) about 73% of hydroxyl radical 
formed is consumed to form EG. T h i s suggests that in 
the N2-saturated M e O H most of hydroxyl radical is 
consumed by reaction (2). 

As shown in Fig. 3, in h igher H2O2 feeding rate 
ranges, the quan t i ty of E G decreased while that of FA 
increased. It is known that hydroxyl radical is 
scavenged by H2O2 to form hydroperoxy radical and 
H2O as reaction (4).14) 

H2O2 + OH • 0 2 H + H2O (4) 

It is also k n o w n that the hydroxymethyl radical 
formed by reaction (2) reacts rapidly with hydroperoxy 
radical to form hydroperoxyhydroxymethane which is 
decomposed photochemical ly or thermally to FA and 
H2O as reactions (5) and (6).15) 

•CH2OH + O2H • HO2CH2OH (5) 

HO2CH2OH W w a l l > HCOOH + H2O (6) 

It is considered from these facts that reaction (4) 
would occur predominant ly in higher H2O2 concentra­
tion. It is therefore presumed that a considerable 
increase in the quan t i ty of FA on higher H2O2 feeding 
rate is a t t r ibuted to an enhancement in the formation 
of FA by reactions (4)—(6). In fact, as shown in Fig. 2, 
in the presence of a large quan t i ty of H2O2 from the 
beg inn ing , FA was produced in large quant i ty even in 
the N2-saturated MeOH. Consequently, it is concluded 
that in the N2-saturated M e O H E G was produced 
th rough reactions (1)—(3) on lower H2O2 feeding 
rate, and E G and FA th rough reactions (1)—(3) and 
(4)—(6) on higher H2O2 feeding rate, respectively. 

In the presence of O2, the hydroxymethyl radical 
formed by reaction (2) reacts rapidly with O2 to form 
hydroxymethyldioxy radical (Eq. 7)16) which abstracts 
a hydrogen a tom from M e O H to form hydroper­
oxyhydroxymethane (Eq. 8), followed by reaction (6).15) 

T h e format ion of formaldehyde was hardly observed. 
Also, when UV light irradiated M e O H was kept at 
25 °C, the quan t i ty of FA decreased gradually whi le 
those of M F and H2O increased. T h e sum of the 
quant i t ies of FA and MF was almost constant. 
Fur thermore , when FA was added to M e O H , the 
formations of MF and H2O were observed even 
wi thou t UV l ight irradiation. Consequently, it is 
concluded that in the 02-bubbled M e O H FA is main ly 
produced th rough reactions (1), (2), (6)—(8) in 
addi t ion to reactions (4) and (5) and MF th rough 
reaction (9). 

•CH2OH +O2 • O2CH2OH (7) 

•O2CH2OH + CH3OH • HO2CH2OH + CH2OH 
(8) 
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HCOOH + CH3OH • HCOOCH3 + H 2 0 (9) 

As shown in Figs. 3 and 6, the quant i t ies of E G or 
FA and MF decreased in h igher H2O2 feeding rate 
ranges. E G and MF were hardly decomposed by UV 
l ight i r radiat ion. Also, since the quant i t ies of CO2 and 
CO evolved by UV l ight i r radiat ion of the 02-bubbled 
M e O H were small, the decomposi t ion of FA would be 
small in these systems. As described already, hydroxyl 
radical is scavenged by H202.14) It is therefore 
presumed that the decrease in E G or FA and MF 
formations on h igher H2O2 feeding rate is mainly 
at tr ibuted to the scavenging of hydroxyl radical by 
H2O2 as reaction (4). 
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Rather poorly crystallized spherical particles of indium(III) hydroxide were produced by forced hydrolysis 
at 100 °C for 120 min under the conditions of 6.0X10-4 mol dm - 3 for indium(III) ions, 1.0X10-3 mol dm - 3 for 
nitric acid, and 1.25 for a concentration ratio, [S042~]t/[In3+]t, respectively, having an average size of 0.48 jim 
with a relative standard deviation of 0.09. On the other hand, cubic particles of well-crystallized indium(III) 
hydroxide were yielded in a nitrate solution that was free from sulfate ions and at the same concentrations. The 
cubic particles grew through a polynuclear layers mechanism. Monomeric hydroxo complexes basically acted 
as precursors of the spherical particles, together partly with polymeric ones. The point of zero charge was 
estimated as being at the same pH (7.7) for both the hydroxide and oxide particles prepared from the nitrate 
system, in contrast to those of 7.0 and 5.4 for the respective particles obtained from the sulfate system. 

Monodispersed particles of metal oxide and hydrous 
oxide have been prepared by several procedures. 
Part icular ly, the hydrolysis of metal ions at elevated 
temperatures has given well-defined corresponding 
oxide and hydrous oxide particles under suitable 
condit ions.1 _ 6 ) In this method, the morphology and 
compos i t ion of the particles depend on several param­
eters such as concentra t ion, temperature , p H , and the 
kinds of an ions present. It has been reported that 
sulfate ions are essential for p roduc ing monodispersed 
spherical particles of amorphous chromium(III) ,7 ) 

aluminium(II I ) , 8 ) and gall ium(III)9 '1 0 ) hydrous oxide 
by forced hydrolysis, whereas crystalline particles have 
been produced from the latter two metal ni trate and 
chloride solutions. T h e role of sulfate ions in the 
formation of such particles has been mentioned.7 - 1 2) 

In the present work, the prepara t ion of monodis­
persed indium(II I ) hydrous oxide particles was studied 
by an ag ing method , together wi th their formation 
process and surface properties. 

Experimental 

Materials. All of the reagents used in this work were of 
guaranteed grade and were employed without further 
purification. A stock solution of indium(III) was prepared 
by dissolving its nitrate salt in doubly distilled water with 
a known amount of nitric acid. The concentration of 
indium(III) was gravimetrically determined. The stock 
solution was kept in a cold place and did not show any 
visual change over three months. An aliquot of the stock 
solution was diluted at specified concentrations together 
with nitric acid. For a sulfate system, the concentration ratio 
of the total sulfate to the total indium(III), [S04

2~]t/[ln3+] t, 
was varied by up to 30 with potassium sulfate. The solution, 
thus prepared, was filtered through a membrane filter 
(0.2 jim in pore size) before aging. 

Procedures. The freshly prepared solution («40 cm3) was 
tightly sealed in a screw-capped Pyrex glass tube and then 
heated to 100±0.5 °C at specified heating rates in an oil bath. 
The solution was rapidly quenched to room temperature 
after the desired period (from 30 to 220 min). Particles, thus 

produced, were centrifuged at 1160 g and washed repeatedly 
with distilled water using ultrasonic equipment. 

The morphology and size of the particles were observed 
with a scanning electron microscope (model ALPHA-1 OS). 
An X-ray powder diffractometer (Geigerflex model RAD III 
A) was used to identify the particles. 

The concentration of indium(III) in a supernatant 
solution was followed at regular time intervals in order to 
study the reaction process after solids have been completely 
removed from the solution by centrifugation at 1160 g and 
filtration through a membrane filter (0.1 jim in pore size). 
The solution, thus obtained, did not show any Tyndall cone. 
The concentrations of monomeric and polymeric indium 
(III) species13-15) were determined spectrophotometrically 
using 8-quinolinol, as described in a previous paper.10) 

The point of zero charge of the particles was estimated by 
ordinary Potentiometrie titration. A sample (1.0 g) sus­
pended in 50.0 cm3 of a 4.00X10~~3 mol dm - 3 sodium hydrox­
ide solution was titrated very slowly with 1.00X10-1 

mol dm - 3 nitric acid with vigorous stirring under a nitrogen 
atmosphere (flow rate of 100 cm3 min - 1) at 25+0.1 °C and an 
ionic strength of 0.10 mol dm~~3 (NaNOs). The specific 
surface area was determined with a modified BET analyzer 
(model SA-1000). A surface analysis was carried out in order 
to identify species adsorbed on the surfaces of the particles 
using an X-ray photoelectron spectroscope (XPS), model 
ESCALAB Mk II. 

Results 

Particle Morphology Depending on Composition of 
Solution in Sulfate System. T h e effects of the total 
concentra t ions of indium(III ) ions and nitric acid were 
examined on the formation of indium(III) hydrous 
oxide particles over the ranges from 2.0X10 - 4 to 
8 . 0 X 1 0 - 3 m o l d m - 3 and from 3.0X10"4 to l.OXlO"2 

mol d m - 3 , respectively, under a fixed concentrat ion 
rat io, [ S 0 4

2 - ] t / [ I n 3 + ] t , of 1.25 at 100+0.5 ° C for 
120 min . Ini t ia l p H values of these solutions ranged 
between 3.5 and 2.1 at room temperature. 

Spherical particles of reasonably narrow size distri­
bu t ion were generated in fairly nar row concentrat ion 
ranges, from 3.0X10"4 to 8.5X10"4 mol dm" 3 for [ In 3 + ] t 
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2/ütm 

Fig. 1. Scanning electron micrograph of spherical indium(III) 
hydrous oxide particles obtained at 100°C for 120min. Aging 
conditions: [In3+]t=6.0X10-4 mol dm"3, [HNO3]=1.0X10-3 mol 
dm"3, and [S04

2-]t/[In3+]t=1.25. 

and from 7.6X10"4 to 1.5X10-3moldm-3 for [HNO3], 
respectively, at an initial heating rate of 1 °Cmin-1 . 
When the heating rate was faster than 1 °C min - 1 , the 
optimum conditions were limited to a very narrow 
composition range. On the other hand, only poly-
dispersed particles appeared at a heating rate of 
0.5 °C min - 1 . Thus, the specified heating rate of 
l ° C m i n _ 1 was most effective for obtaining mono-
dispersed spherical particles during the initial stage of 
forced hydrolysis in the sulfate system. 

Figure 1 shows an example of monodispersed 
spherical particles having an average size of 0.48 um 
with a relative standard deviation of 0.09. These 
particles indicated somewhat broad X-ray powder 
diffraction peaks attributable to indium(III) hydrox­
ide,16) being partially comprised of amorphous hy­
drous oxide. 

Effect of Sulfate Ions on Formation of Monodis­
persed Indium(III) Hydrous Oxide Particles. The 
role of the sulfate ions on the precipitation of 
indium(III) hydrous oxide was examined by changing 
the concentration ratio, [S042~]t/[In3+]t, from 0.1 to 
3.0 under a fixed nitric acid concentration of 1.0X10-3 

mol dm"3 at 100+0.5 °C for 120 min. Monodispersed 
particles were generated at concentration ratios be­
tween 1.0 to 1.5 under the given indium(III) concentra­
tions, except for 1.2X10-3moldnr-3, as shown in Fig. 
2. Irregularly shaped and/or ellipsoidal particles 
appeared at concentration ratios less than 1.0, whereas 
only polydispersed particles formed above 1.5. 
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Fig. 2. Effect of concentration ratio, [S042_]t/[In3+]t, 
on morphology of indium(III) hydrous oxide par­
ticles. Symbols: O; sphere, D; ellipsoidal, and A; 
irregular. Aging conditions: [In3+]t=6.0X10-4 mol 
dm"3 and [HNO3]=1.0X10-3 mol dm"3 at 100°C for 
120 min. 

In contrast, the indium(III) nitrate solution, free 
from sulfate ions, generated cubic particles of well-
crystallized indium(III) hydroxide16) under the condi­
tions shown in Fig. 3a. Octahedral and hexagonal 
plate particles were also produced, depending on the 
composition of the starting solution (Figs. 3b and 3c), 
the latter two kinds of particles being identified as 
indium(III) sulfate hydroxide hydrate (InOHS04-
2H20)17) by X-ray powder diffractometry. 

In order to gain an overview of the precipitation 
process, 9.4X10-3 mol dm - 3 indium(III) nitrate and 
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1//m 10/^m 5/^m 
Fig. 3. Scanning electron micrographs of indium(III) hydroxide (a) and sulfate hydroxide 

hydrate (b and c) particles. Aging conditions: (a) [In3+]t=6.0X10_4 moldm-3 and [HNOs]t= 
1.0X10-3 mol dm"3, (b) [In3+]t=2.0X10-2 mol dm"3, [HNO3]t=4.1X10-2 mol dm"3, and[S04

2-]t/ 
[In3+]t=1.9, and (c) [In3+]t=2.OX 10"3 moldm"3, [HNO3]t=2.7X10-3 moldm"3, and [S04

2"]/ 
[In3+]t=20, respectively. 

sulfate solutions, containing 2.1X10-2 mol dm~3 nitric 
acid, were titrated very slowly with a 9.5X10-3 

mol dm - 3 potassium hydroxide solution at room 
temperature. The precipitates appeared during an 
early stage of titration (pH 3.6, [OH-]add/[In3+]t=0.33) 
in the sulfate solution, in contrast to the case of nitrate 
solution (pH 4.4, [OH-]add/[In3+]t=2.5). A clear 
difference in the precipitation process indicated that 
sulfate ions markedly affected the formation of 
indium(III) hydrous oxide. 

Fractional Changes of Monomeric and Polymeric 
Indium(III) Species during Forced Hydrolysis. Fig­
ure 4 shows the fractional changes of soluble 
indium(III) species and precipitates during forced 
hydrolysis of the sulfate solution at 100+0.5 °C. The 
fraction of monomeric species rapidly decreased 
following deposition of the solids. It was noteworthy 
that the [monomer]/[polymer] ratio, as an indium(III) 
unit, drastically decreased concomitantly by a sharp 
fractional maximum of polymeric species during the 
stage of nucleation of the particles. In addition, a 
secondary maximum of the fractional change in the 
polymeric species was also observed at around 
110 min, which would arise from a partial dissolution 
of the particles. 

On the other hand, the fraction of polymeric species 
was quite small during hydrolysis in the nitrate 

1200 

t /min 

Fig. 4. Fractions of mono- and polynuclear indium 
(III) species, and precipitates during hydrolysis at 
100°C in sulfate system. Symbols: D; monomer, O; 
polymer, • ; precipitate, and A; [monomer]/[polymer] 
ratio. Aging conditions: [In3+]t=6.0X10_4 mol dm-3, 
[HNO3]=1.0X10-3moldm-3, and [S04

2-]t/[In3+]t= 
1.25. 

solution, though the fraction of monomeric species 
changed similarly to that in the former system. 

Figure 5 shows changes in the size of spherical and 
cubic particles as a function of the aging time under 
the same conditions specified in Figs. 1 and 3a, 
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Fig. 5. Changes in size of spherical (O) and cubic 
(D) particles as a function of aging time at 100°C. 
Aging conditions: (O) [In3+]t=6.0X10-4 moldm - 3 , 
[HNO3]=1.0X10-3moldm-3, and [S04

2+]t/[In3+]t= 
1.25, and (D) [In3+]t=6.0X10"4 mol dm"3 and [HN03]= 
1.0X10~3moldm~3, respectively. 

respectively. T h e spherical particles grew linearly and 
then reached a m a x i m u m at a round 95 min . Accord­
ing to an electron microscopic observation, new 
crystalline particles or iginated after this time, imply­
ing that the fractional m a x i m u m of polymeric species 
a round 110 min (Fig. 4.) arose from a partial dissolu­
tion of the particles, leading to secondary nucleat ion 
for the new crystalline phase. Similar behavior has 
been observed in a gal l ium(III) hydrous oxide sys­
tem.10) In contrast, the cubic particles grew normally, 
as indicated in Fig. 5. 

Growth Process of Monodispersed Cubic Indium 
(III) Hydroxide Particles. T h e reaction degree, a, is 
defined as 

a = (Co - C)/(Co - Cs), (1) 

where Co, C, and Cs are the ini t ial concentration, the 
concentration at reaction time t, and the apparent 
solubility, respectively. If the particles grow through a 
polynuclear layers process, the following relat ionship 
can be obtained as18) 

where 

and 

t = * p / p , (2) 

Kp = 0.55rf/Copfcm1/3d7/3D2/3, (3) 

/p = /QV2/3(1 - X)-Pdx, p = (m + 2)/3. (4) 

T h e parameters n, m, km, d, and D s tand for the final 
size of the particles, the exponent of the concentration 
dependence for two-dimensional surface nucleation, 
its apparen t rate constant under the given condit ions, 
the he ight of the surface nuclei , and the diffusion 
coefficient, respectively. 

Figure 6 shows a l inear re la t ionship between the 
reaction t ime and / p ( taking p as 2, obta ined from data 

210 

Fig. 6. Plots of integral term, Ip, in Eq. 4 as a function 
of aging time on cubic particles. Aging conditions: 
[In3+]t=6.0X10-4moldm-3 and [HNO3]=1.0X10-3 

mol dm - 3 . 

Table 1. Properties of Indium(III) Hydroxide and 
Oxide Particles Used for Measurements 

Sample 

Hydroxide (N03")a) 

Oxide (N03-)b) 

Hydroxide (S04
2")a) 

Oxide (S04
2-)b) 

Size 

| i m 

0.65 
0.64 
1.70 
1.60 

Specific surface area 

m 2 g - l 

2.3 
37.2 
23.2 

100 

a) Obtained from indium(III) nitrate and sulfate 
solutions, respectively, b) Prepared from indium(III) 
hydroxide by thermal decomposition at 320 °C for 3 h. 

under the same condit ions given in Fig. 3a). T h e 
deviation of the intercept from the reaction-time zero 
wou ld arise from a time lag in the heat ing a n d / o r the 
induct ion per iod of nucleat ion. T h u s , the indium(III ) 
hydroxide particles grow th rough polynuclear layers 
process. T h e linear growth of cubic particles (Fig. 5) 
also suppor ted this conclusion. Similar results were 
obtained for monodispersed spherical particles in a 
sulfate system. 

Points of Zero Charge of Indium(III) Hydroxide and 
Oxide Particles. T h e surface properties of the part i­
cles were measured by ordinary titration on i n d i u m 
(III) hydroxide and oxide particles made from the 
ni trate and sulfate systems. T h e hydroxide particles 
were repeatedly washed with 2.0X10 - 3 mol d m - 3 sodi­
u m hydroxide and doubly distilled water in order to 
remove any species adsorbed on the surfaces of the 
particles. T h e oxide particles were then prepared by 
dehydrat ion at 320 ° C for 3 h. Tab le 1 shows the 
properties of four kinds of the particles thus obtained. 
T h e specific surface areas of the oxide particles 
markedly increased compared wi th those of the corre-
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sponding hydroxide particles, though the oxide 
particles apparently retained the morphologies of their 
mother crystals. 

The solubilities of the indium(III) hydroxide and 
oxide particles were estimated to be a function of the 
pH at 25+0.1 °C and the ionic strength of 0.10 
mol dm - 3 , as shown in Fig. 7. The solubility product, 
Ksp, of the hydroxide particles (the nitrate and sulfate 
systems) was calculated as being 7.72X10-38mol4 

dm - 1 2 under these conditions, taking into acount the 
hydrolysis of indium(III) ions at 25 °C and the ionic 
strength of 0.10 mol dm"3 ( In3 ++H20=[InOH]2++H+ , 
*£i=4.90X10"5 mol dm-3, In3 ++2H20=[In(OH)2]++ 
2H+, */32=4.67X10-10mol2dm-6, and 4In 3 + +4H 2 0= 
[In4(OH)4]8++4H+, *iS44=4.79X10-8moldm-3).19) Al­
so, those of the oxide particles were estimated to be 
2.68X10-36 and 6.35X10"36 mol4 dm-12 (the sulfate and 
nitrate systems, respectively) as l /2In203+3/2H20= 
In 3 + +30H _ , under the same conditions. These values 
agreed reasonably well with those reported (1.3X10-37 

and 1.3X10-36mol4dm-12 at 25 °C and the ionic 
strength of 0 mol dm - 3 for hydroxide and oxide, 
respectively).20) 

Figure 8 shows the surface-charge densities, a, of the 
particles as a function of the pH at 25+0.1 °C and an 
ionic strength of 0.10 mol dm - 3 , based on titration 
curves which were corrected21) according to the sol­
ubilities and dissolution rates of the particles. The 
points of zero charge (PZC) of the hydroxide and oxide 
particles made from the nitrate system were estimated 
as being at the same pH (7.7). 

On the other hand, the PZCs of the hydroxide and 
oxide particles made from a sulfate system were 
estimated as having a rather low pH (7.0 and 5.4, 
respectively). If these particles were not alkali-treated, 
much lower pH values (3.4 and 3.5) were observed as 
apparent PZCs for the respective particles (the sulfate 
system). Such low values for the latter samples would 
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Fig. 7. Solubilities of indium(III) hydroxide and oxide 
particles at 25 °C and 7=0.10 mol dm-3. Symbols: 
O; hydroxide (S04

2"), D; hydroxide (NOs"), • ; oxide 
(S042-), and • ; oxide (NOs"). 

arise from an adsorption of sulfate ions on the surfaces 
of the particles.21> In fact, sulfate ions were still 
detectable not only on the surfaces, but as inner 
inclusions by XPS, even though the particles had been 
treated with a sodium hydroxide solution. 

Discussion 

Monodispersed spherical indium(III) hydrous oxide 
particles were obtained in a limited initial pH range 
(between 2.9 and 3.2) under given conditions in the 
sulfate system. Spherical particles of aluminium(III)8> 
and gallium(III)9> hydrous oxides with a reasonably 
narrow size distribution could also be generated in 
sulfate solutions at specified pH values (4.1 and 2.8, 
respectively). These pH values for producing mono-
dispersed particles corresponded to trends in the 
hydrolysis of metal ions, as indicated by the formation 
constants of first-stage hydrolysis at 25 °C, *Ki, 
9.55X10-6moldm-3 at 7=0 mol dm - 3 for aluminium 
(III),22) 4.90X10-5moldm-3 at 7=0.10 mol dm"3 for 
indium(III),19> and 1.20X10"3 mol dm~3 at 7=0.5 mol 
dm - 3 for gallium(III),23> respectively. 

According to the drastic change in the [monomer]/ 
[polymer] ratio (Fig. 4), the monomeric hydroxoindi-
um(III) complexes would basically act as precursors 
for the spherical particles, as compared with the cases 
in gallium(III) sulfate and nitrate solutions.10) How­
ever, the amorphous indium(III) hydrous oxides, 
resulting from polynuclear hydroxo complexes, were 
also one of the components of the particles, as judged 
from the X-ray powder diffraction patterns and the 
fractional changes of the polymeric species at around 
65 min (Fig. 4). Thus, the coprecipitation process of 
the amorphous hydrous oxides was important for yield­
ing monodispersed spherical particles, even though 
the particles partially comprised crystalline indium 
(III) hydroxide. 

Polymerized hydroxoindium(III) complexes can 

T 1 1 r 

3 5 7 9 
PH 

Fig. 8. Surface charge densities of indium(III) hy­
droxide and oxide particles at 25 °C and 7=0.10 
mol dm-3. Symbols: O; hydroxide (S04

2~), D; hydrox­
ide (NOs"), • ; oxide (S04

2"), and • ; oxide (N03"). 
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easily associate wi th sulfate ions owing to their large 
positive charges. T h e sulfate ions, thus paired, would 
effectively reduce the positive charge of the poly-
nuclear hydroxo complexes. Th i s , in turn , suggests 
that the polymers m u c h more easily collide wi th each 
other due to less electrostatic repuls ion, leading to 
further polymerizat ion and precipi tat ion. Such a role 
of the sulfate ions on the precip i ta t ion process has 
been expla ined in terms of the catalytic act ion du r ing 
solid formation.11* T h e affinity of sulfate ions for 
metal ions can be compared wi th the respective 
formation constants at 25 °C, Kiout, for instance, 
19 m o l - 1 dm 3 at 7=0.1 mol d m - 3 for a luminium(III) 2 4 ) 

and 60 m o l - 1 dm 3 at 7 = 2 mol d m - 3 for indium(III),2 5 ) 

t hough they exist as outer-sphere complexes. 2 0 

T h e concentra t ion ra t io of the total sulfate to 
ind ium(I I I ) ions was indicated as be ing an impor t an t 
factor, r a n g i n g from 1.0 to 1.5 (Fig. 2), to make mono-
dispersed spherical particles. O n the other hand , 
monodispersed spherical particles of a luminium(I I I ) 
and gal l ium(III) hydrous oxide have been obtained at 
rather wide concentrat ion ratios, 1.0—2.0 for a lumini -
um(III) and 0.6—2.0 for gall ium(III) , respectively,8»9) 

which wou ld depend on the affinity and concentrat ion 
of sulfate ions. 

In addi t ion, an appropr ia te formation rate of the 
polynuclear hydroxo complexes is essential in order to 
obta in a suitable supersaturat ion, leading to a proper 
nucleat ion rate, whereas hydrolysis generally takes 
place faster than condensation.27* These condit ions 
have been required as the start ing composi t ion of the 
solut ion and the hea t ing rate.9) 
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The turnover frequency (TF) for the methanol decomposition over various supported Pd catalysts is 
dependent upon both supporting materials and Pd crystallite sizes. On the other hand, the apparent activity 
(gas evolution rate per g-catalyst) is roughly proportional to the degree of Pd dispersion. This variation in the 
apparent activity is related to starting materials for the preparation of supports as well as to properties of 
supports. The highest dispersion of Pd was obtained with TiÜ2 prepared from Ti[OCH(CH3)2]4 or TiCU, but at 
an elevated temperature (above 773 K) in the reduction treatment applied, it showed a suppressed activity. Pd 
particles on ZrÜ2 support gave a high value of TF when the Pd/ZrÜ2 catalyst was calcined in air at an elevated 
temperature (873—1073 K). The findings about the influence of heat treatment suggest that thermal 
stabilization of the ZrÜ2 support would play an important role in the development of catalytic properties of Pd. 
TF curves for the methanol decomposition over TiÜ2- and Zr02-supported Pd catalysts change discontinously at 
about 10 Â of Pd particle size. In the case of AI2O3 support, characteristic behavior of TF curve are significantly 
different from those observed in the case of TiÜ2 and ZrÜ2 supports. 

Metal catalysts h ighly dispersed on suppor t ing 
materials are widely used in various fields such as 
petrochemical industry. T h i s is due to the fact that 
suppor ted catalysts have larger surface area and are 
stabler against hea t ing than unsuppor ted ones. Effects 
of crystallite size and the degree of metal dispersion 
have been extensively discussed u p o n the catalytic 
activity and selectivity of suppor ted transit ion metal 
catalysts for many reactions.1 _ 5 ) It is interest ing to 
clarify whether those effects resul t ing in variation of 
specific catalytic activity and selectivity are different or 
not, in connection wi th the nature of suppor t ing 
materials. 

With highly dispersed metal catalysts, the effects of 
meta l - suppor t interaction (MSI) and metal crystallite 
size on catalytic activity and reducibility have been 
known well to be related closely to each other. 
Therefore, separate discussions on these phenomena 
will not be effective for essential clarification of this 
complex relationship.6 ) MSI is enhanced with 
increasing degree of metal dispersion, i.e., this MSI 
results in strong MSI (SMSI). T h i s result ing SMSI 
p h e n o m e n o n gives rise to depression of uptake in 
chemisorpt ion and suppression of catalytic activity, 
and drastic decrease in catalytic activity has been 
observed in the case of such suppor ts as TiC>2 and 
ND2O5, which oxides are reducible at elevated tempera­
tures in prereduct ion t reatment of supported cata­
lysts.6* In contrast, these p h e n o m e n a are not found in 
the case of such nonreducible oxide suppor ts as AI2O3, 
MgO, and Zr02 .6 ) 

It has also been k n o w n that different methods for 
p repar ing suppor ted metal catalysts and different 
reagents employed as start ing materials affect consider­
ably the degree of metal dispersion and catalytic 
activity.3»7* There has been a study on supported metal 
catalysts compr is ing invest igations for the effect of 

metal crystallite size and na ture of the suppor t u p o n 
catalytic activity. Such a standard method as provides 
a series of catalysts wi th a par t icular mean crystallite 
size is convenient in examin ing the influence of metal 
crystallite size, bu t it gives an addit ional problem3* that 
supported catalysts wi th highly dispersed metal are 
likely to cause variat ion in specific catalytic activity, 
and that atomically dispersed metals on supports may 
behave like an SMSI caused by metal-support electron 
transfer. 

T h e present work describes characteristics of palla­
d ium catalysts obtained via impregnat ion of different 
supports (TiC>2, ZrC>2, and AI2O3) with pa l l ad ium 
a m m i n e complex and also presents detailed effects of 
suppor t area, metal content, reduction condit ions, 
heat pre t reatment of support , etc. u p o n Pd dispersion 
and other characteristic properties. 

Experimental 

Supports. The supports (anatase-type TiÜ2, ZrÜ2, and 
7-AI2O3) used in this work, their pretreatment conditions, 
and their sources are summarized in Table 1. For the 
preparation of the metal oxides as supporting materials, 
commercially available oxides, sulfates, chlorides, alkoxides, 
and nitrates, etc. from Wako Pure Chemical Industries were 
used as starting materials. These materials, except commer­
cially available oxides, were first hydrolyzed by addition of 
28% aqueous ammonia into their solution with vigorous 
stirring at pH 7—8. After aging overnight, the resulting 
precipitates were washed with deionized water until no 
negative ions were detected, and dried. The dried pre­
cipitates were calcined at 823 K in air for 4 h into oxides. 
Prior to impregnation with Pd ion, the Ti02 samples were 
evacuated at 773 K for 4 h in Pyrex glass tubes. Subsequent­
ly, ammonia solution was poured onto them out of contact 
with air in order to facilitate the surface-ion-exchange 
reaction between NHU+ ion and the cation of Pd ammine 
complex. 



Table 1. Preparation Conditions for the Supported Pd Catalysts and Their Characteristics Estimated by H2 Chemisorption 

Support 
(Symbol) 

T i 0 2 
(T) 

Zr02 

(Z) 

AI2O3 
(A) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 

6—1 
6 - 2 
6 - 3 
6—4 
6—5 
6—6 
6 - 7 
6 - 8 
6—9 
6—10 

1 
2 
3 
4 

Starting material 

Commercial 
JRC-TID-la> 
Ti(S04)2 

Ti[OCH(CH3)2]4 
Ti[OCH(CH3)2]4 

TiCl4 

TiCl4 

TiCl4 

Commercial (1) 
Commercial (2) 
ZrO(N03)2 

Zr(OH)4 

Zr(S04)2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

ZrOCl2 

Commercial 
A1[CH(CH3)20]3 

A1[CH(CH3)20]3 

A1[CH(CH3)20]3 

Pretreatment process 

EVb>-dry 
EVb>-dry 
HYc>-EVb>-dry 
HYc>-EVb>-dry 
RCd)-HYc>-EVb>-dry 
HYc>-EVb>-dry 
HYc>-heat (773 K) 
HYc>-dry 

No 
No 
HYc>-dry 
No 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 
HYc>-dry 

EVb>-dry 
DSe)-HYc>-EVb>-dry 
DSe>-HYc>-EVb>-dry 
DSe>-HYc>-dry 

Pd content/ 
wt% 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
0.1 
0.25 
0.50 
1.00 
1.50 
1.0 
1.0 
1.0 
1.0 
1.0 

3.0 
0.5 
1.0 
1.0 

Calcn. temp./K 

823 
823 
823 
823 
823 
823 
823 
823 

973 
973 
973 
973 
973 
973 
973 
973 
973 
973 
673 
773 
823 
873 

1073 

823 
823 
823 
823 

Surface area0/ 
m2 g-cat-1 

19 
32 
47 
82 
84 
57 
37 
44 

27 
12 
33 
27 
27 
33 
27 
30 
32 
28 
52 
46 
43 
36 
16 

144 
193 
248 
197 

H2 uptake/ 
Hmol g-cat-1 

2.1 
18.8 
22.4 
31.4 
35.3 
38.0 
11.2 
36.9 

6.8 
2.8 

16.5 
30.8 
31.1 

5.3 
12.4 
15.3 
13.9 
10.2 
16.4 
15.6 
6.0 
5.2 
8.6 

19.9 
6.5 

12.5 
10.8 

Dispersion 
(H/Pd) 

0.05 
0.36 
0.48 
0.67 
0.75 
0.80 
0.24 
0.78 

0.15 
0.06 
0.35 
0.66 
0.66 
1.00 
1.00 
0.65 
0.30 
0.15 
0.35 
0.34 
0.13 
0.11 
0.18 

0.14 
0.27 
0.26 
0.23 

a) The mark indicates the T i 0 2 sample which has been supplied from the Committee of Reference-Catalysts in Japan, b) The symbol EV indicates that the oxide was 
treated with ammoniacal solution after evacuation at 823 K. c) The symbol HY indicates that the solution was hydrolyzed by ammonia under neutralization, d) The 
symbol RC indicates recrystallization in 2-propanol solvent repeated three times, e) The symbol DS indicates distillation at 523 K and 0.01 Torr, f) The data were 
obtained from the used catalysts in the activity tests. 
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Catalysts. The supports were impregnated overnight 
with a hot ammoniacal solution of PdCl2. Subsequently, the 
solution was evaporated at 323—353 K and then the catalyst 
was dried at ca. 373 K for ca. 14 h in an air oven. Finally, the 
powdered sample was calcined in an electric furnace at the 
prescribed temperature for 4 h. Reduction of the catalysts 
was carried out in a glass reactor in a stream of high-purity 
hydrogen (commercial 99.9%) at the prescribed temperature 
for 4 h. For adsorption measurement, the hydrogen used for 
the reduction of catalyst was further purified by passing it 
successively through a Pd-asbestos bed, a Molecular Sieve 
(MS 13X) trap, and a liquid nitrogen cold trap. The effect of 
the evacuation of support on catalytic activity was examined 
for the series of Pd/TiÜ2 catalysts. 

Activity Test. CH3OH decomposition was chosen as the 
test reaction for comparison of activities of various Pd 
catalysts in a flow system at atmospheric pressure using N2 
as a carrier gas. A fresh catalyst sample (1.0 g) was charged 
in a glass U-tube (i.d. 6 mm) reactor, and then activated in a 
hydrogen stream (40 ml min - 1) for 4 h. The nitrogen used as 
the carrier gas was purified by successive passage through 
reduced copper chips at ca. 573 K and MS 13X trap at ca. 
273 K. CH3OH conversion was measured in a steady state at 
673 K and a space velocity of ca. 10000 h_1. Reactants and 
products in catalytic tests were analyzed by gas chromatog­
raphy (TCD cell) at 353 K. An additional column packed 
with PEG-1000 (2 m long and 3 mm in i.d.) was used for 
analysis of liquid products. For analysis of gaseous products 
condensed in a methanol-Dry Ice trap, an activated carbon 
column (1 m long and 3 mm in i.d.) was used. 

Catalyst Characterization. The degree of dispersion, 
surface area, and the particle size of Pd were evaluated by 
measuring the amount of hydrogen adsorbed in a modified 
BET-type apparatus. One gram of catalyst was reduced at 
673 K for 3 h after evacuation, and then the purified 
hydrogen gas was introduced to the catalyst at 423 K. The 
adsorption pressure was up to 150 Torr (1 T o r r « 133.322 Pa). 
The adsorbed amount of hydrogen, v, was measured at a 
given pressure, p, after it had reached a constant value. 
Additional doses of hydrogen were successively admitted 
onto the sample and a hydrogen isotherm was thereby 
obtained. The saturated monolayer volume, vm, was 
obtained from Langmuir plots in which p/v vs. p plots 
satisfied a fairly good linear relationship. The amount of 
hydrogen adsorption on the support was found to be 
negligibly small at room temperature, and therefore, no 
correction was made for the hydrogen adsorption on the 
support. By assuming a hemispherical crystallite for the Pd 
metal particles, the average diameter of crystallite, Ds, is 
given by8,9) 

Ds = 5/(pSm), (1) 

where Sm is the surface area per gram of metal, and p is the 
density of Pd. Turnover frequency (TF), which is considered 
to give the qualitative catalytic activity per metal atom, was 
calculated from 

TF[h-!] = G[mol h"1 g-car^/{Pdlmol g-car1](H/Pd)}, (2) 

where G is the gas evolution rate, and (H/Pd) is the degree of 
dispersion of Pd. In the present work, G is considered to be 
the reaction rate index of methanol because the conversion 

of methanol is approximately proportional to time factor 
in the range of 10000 h - 1 (SV). XRD experimnents were 
conducted to estimate the crystallographic structure change 
of the supports, by using a Nihondenshi (JEOL) Model DX-
GE50S diffractometer with C u ^ a radiation. The surface 
area of catalyst was determined by applying the BET 
equation to the adsorption isotherm of N2 at the liquid 
nitrogen temperature. The change in size and shape of 
catalysts with reduction was followed by a Hitachi H-600 
transmission electron microscope. 

Results and Discussion 

Effect of Support Preparation on Catalytic Activity. 
Hydrogen and carbon monoxide were observed as the 
pr imary products in all the catalytic tests, and 
occasionally trace amount s of methane, carbon di­
oxide, and water were detected. Methanol conversions 
and product distr ibutions obtained at 673 K are given 
in Tables 2 and 3. Figure 1 shows correlations between 
the catalytic activity (total gas evolut ion rate) and the 
dispersion of Pd. T h e activity of the Pd/TiC>2 catalysts 
which were prepared from various starting materials 
or in different manners of pretreatment , was found to 
be approximate ly p ropor t iona l to the degree of Pd 
dispersion. F rom Fig. 1, it is obvious that the h igh ly 
dispersed Pd on the TiC>2 suppor t having a large 
surface area leads to an increase in catalytic activity. 
For the Pd/TiC>2 catalysts prepared from TiCU 
th rough the pretreatment wi th evacuation of TiC>2, the 
observed results indicate that bo th the surface area and 
catalytic activity are increased by 30% and 

300 

200 

100 

0.2 0.4 0.6 0:8 
Dispersion(H/Pd) 

1.0U 

Fig. 1. Relationships between the apparent catalytic 
activities or the turnover frequency (TF) and the 
degree of Pd dispersion of Pd/Ti02 (or AI2O3) cata­
lysts. Reaction temperature; 673 K, Pre-reduction 
temperature; 673 K, Plots for T i0 2 ; (O, • ) , for AI2O3; 
(•, •)• 



Table 2. Catalytic Activities and Selectivities of Various Supported Pd Catalysts (Reduction Temp.=673 K, Reaction Temp.= 
SV=10000h-1, and Catalytic Data were Obtained at about 1 h after the Start of Activity Test) 

=673 K, 

Support 
(Symbol) No. Pdwt1 Total conv.a)/ 

mol% 
ution 
g-cat-1 h - 1 

0.10 
0.29 
0.42 
0.54 
0.62 
0.64 
0.34 
0.54 

0.35 
0.33 
0.32 
0.38 
0.48 
0.30 
0.37 
0.38 
0.51 
0.43 

0.32 
0.45 
0.62 
0.42 

Selectivityb) 

to CO+H2/% 

98.4 
77.2 
85.0 
98.8 
98.5 
98.1 
95.8 
— 

98.5 
97.8 
99.4 
99.5 
99.4 
99.6 
99.7 
99.6 
96.1 
99.7 

97.9 
97.1 
96.2 
96.4 

Pd particle size/Â 

167 
23 
17 
12 
11 
10 
34 
10 

55 
139 
23 
12 
12 
7 
8 

13 
27 
55 

59 
30 
32 
36 

Turnover frequency 
(TFJ/h"1 

267 
107 
117 
107 
110 
107 
217 

92 

201 
283 

79 
50 
63 

231 
128 
101 
147 
165 

79 
347 
252 
190 

T i0 2 
(T) 

Zr02 

(Z) 

AI2O3 
(A) 

1 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 

6-1 
6-2 
6-3 
6-4 
6-5 

1 
2 
3 
4 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
0.10 
0.25 
0.50 
1.00 
1.50 

3.0 
0.5 
1.0 
1.0 

11 
70 
84 
83 
95 
93 
70 
85 

38 
36 
51 
60 
78 
48 
59 
62 
81 
69 

71 
86 
90 
86 

a) Conversion of CH3OH. b) Corresponding to CO+H2/(CO+H2+CH4+C02). 
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respectively, over those of the unpretreated catalysts, as 
seen in Tables 1 and 2 (comparison of T-6 with T-8). 
For the Pd/AkCh catalysts, the pretreatment with 
evacuation of AI2O3 gave rise to significant increases in 
the surface area (26%), the dispersion (17%), and the 
catalytic activity (46%). For both the AI2O3 and ZrC>2 
supports, though featured by relatively lower Pd 
dispersions, they displayed higher activities, as seen 
from Fig. 1. The present study and other ones10»11* 
suggest that this primitive procedure (evacuation of 
support), particularly in the case of TiÜ2 support, is 
capable of enhancement of the surface area and high 
Pd dispersion. 

Figure 2 illustrates the change in the total conver­
sion of methanol and selectivity to CO with reduction 
temperature for the Pd/TiC>2 catalysts. Figure 2 shows 
that the reduction at higher temperatures (above 
773 K) gives rise to a significant decrease in the 
activity, and that the selectivity to CO is strikingly 
suppressed at 773 K and above in the reduction in such 
a way that it varies from 95% at 773 K or below to 53% 
at 873 K. Since Tauster et al.12) presented definitive 
evidence for losses of chemisorptive capacity for H2 
and CO caused when various metal oxide-supported 
transition metal catalysts, including Pd/Ti02, were 
pretreated at high temperatures, many discussions 
have been made in recent literatures on the influence 
of MSI on chemisorption and catalytic properties of 
transition metals. X-Ray diffraction patterns have 
revealed that a small amount of an intermetallic 
compound, given the formula Ti2Pd on the basis of a 
powder diffraction file,13) is formed at high reduction 
temperatures. This finding suggests, therefore, that 
the serious decline in activity may be due to the metal 
coalescence which would lead to a metal-support elec­
tron transfer. Similar results were reported by Bracey 
et al.14) However, the present knowledge about the 
interaction of Pd with Ti02 is insufficient for sat­
isfactory understanding of the influence of metal oxide 

500 600 700 800 
Reduction temp./K 

Fig. 2. Influences of reduction temperature upon 
the catalytic activity of Pd/Ti02 (from TiCU) and 
selectivity to CO. Calcination temperature; 823 K. 
Total conversion; (O, • ) , selectivity; (A, A). Reac­
tion temperatures; 573 K, 673 K. 
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0.2 0.4 0.6 0.8 
Dispersion (H/Pd) 

1.0 

Fig. 3. Influences of Pd dispersion in Pd/ZrCh cata­
lysts upon the turnover frequency (TF). Catalyst 
calcination temperature; 973 K. ZrÜ2 support was 
prepared from the various starting materials. 

suppor t u p o n the activity of Pd catalysts, because of 
exper imenta l failures, for example, to conduct some 
reduc t ion-ox ida t ion exper iment us ing P d / T i Ü 2 cata­
lysts. 

Catalytic Activity and Dispersion for the Pd/ZrC>2 
System. In the case of the Pd/ZrC>2 catalysts, no 
s imple relation between the degree of Pd dispersion 
and the value of T F was found, as seen from Fig. 3. 
T h e value of T F is not p ropor t iona l to the degree of Pd 
dispersion. 

T h e elevated calc inat ion temperature for the ZrC>2 
prepared from Z r O C h depressed the dispersion slight­
ly, whi le the catalytic activity of Pd/ZrC>2 was not 
propor t iona l ly lowered. T h e surface area of the 
P d / Z r 0 2 catalyst (Pd 1 wt%, with ZrÜ2 prepared from 
ZrOCk) was gradual ly decreased as the calcinat ion 
temperature was increased, e.g., in such a way that an 
increase in temperature from 673 K to 1073 K decreased 
the surface area from 52 to 16 m 2 g-cat - 1 (Table 3), and 
remarkable crystallization of ZrC>2 above 973 K was 
found by the X R D measurement . It may be specu­
lated, therefore, that the catalytic activity of Pd/ZrCh is 
preferentially affected by the thermal stability of ZrÜ2 
crystallite rather than by the dispersion of Pd or by the 
surface area of ZrC>2 suppor t . Figures 4 and 5 show the 
changes in the catalytic activity and the selectivity to 
C O for the Pd/ZrÜ2 catalyst, respectively, as a function 
of calcination temperature. In this case, the Pd/ZrC>2 
catalyst was pretreated at the different reduction 
temperatures indicated as parameter in Figs. 4 and 5. 
Both the catalytic activity and the selectivity declined 
at the h igher reduct ion temperature (773 K), in 
par t icular in the case of lower calcination temperature, 
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Fig. 4. Influences of calcination temperature on the 
activity (total conversion) of Pd/Zr02 catalysts. Reac­
tion temperature; 673 K. Reduction temperatures; 
473 K ( • ) , 673 K (A), and 773 K (O). Zr02 support 
was prepared from ZrOCb. 

700 800 900 
Calcination temp./K 

1000 

Fig. 5. Influences of calcination temperature on the 
selectivity of Pd/ZrCh catalysts. Reaction tempera­
ture; 673 K. Reduction temperatures; 473 K (• ) , 673 
K (A), and 773 K (O). ZrÜ2 support was prepared 
from ZrOCb. 

whi le the selectivity to C O was not changed wi th 
reduction temperature in the case of higher calcination 
temperatures (above 923 K). O n the other hand, in the 
case of the lower reduct ion temperature (473 K), they 
were little affected by the change in the calcination 
temperature, as shown in Figs. 4 and 5. 

As shown in Fig. 6 in which the reduction tem­
perature is 673 K, the degree of Pd dispersion exhibits a 
notable decline at the calcination temperatures near 
823 K, whi le the catalysts calcined above 823 K show 
no definite change in the degree of Pd dispersion. 
Zr02 suppor t has been known to crystallize in a stable 
monoc l in ic system at 873 K and above.15) T h u s , the 
favorable reduct ion of Pd precursor wi thout particle 
coalescence may be effected because of the loading of 
Pd on the thermally stabilized Zr02 support , wi th 
subsequent development of the essential catalytic 
activity. And, no more remarkable decrease in the Pd 
dispersion rather than the decrease in the activity was 
found in the case of elevated calcinat ion temperature. 
T h e value of T F also was seriously changed by varying 
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900 1000 
Calcination temp./K 

Fig. 6. Changes in turnover frequency and Pd disper­
sion with calcination temperature of Pd/ZrÜ2 cata­
lysts. Reduction temperature; 673 K. 

the a m o u n t of Pd load ing or the mater ial for ZrC>2 
suppor t (Fig. 3). These results suggest that the size or 
n u m b e r of Pd particles as estimated from hydrogen 
adsorpt ion measurements may affect the catalytic 
activity. Therefore, it can be speculated that the value 
of T F is caused to change at a certain size of Pd 
particle, especially in the region of h igh Pd dispersion, 
because the catalytic activity was no t propor t iona l 
directly to the surface area or the degree of Pd 
dispersion. 

Influence of Pd Loading on Catalytic Activity of the 
P d / Z r 0 2 System. T h e activity tests of the P d / Z r 0 2 

catalysts which were prepared from ZrOCl2 wi th 
different Pd contents were carried out in order to know 
the effect of Pd particle size on catalytic activity. We 
had expected that the degree of Pd dispersion would 
vary wi th loaded Pd content . However, the catalytic 
activity was not varied in parallel wi th the change in 
the degree of Pd dispersion, as shown in Fig. 3. Al­
t h o u g h the m a x i m u m catalytic activity per gram 
catalyst was at ta ined near 1 wt% Pd content, the value 
of T F calculated as the catalytic activity per Pd a tom 
seemed to be increased from 0.5 wt% as seen in Fig. 7. It 
is significant to note from these findings that the 
specific activity for the methanol decomposi t ion 
w o u l d vary wi th proper t ies of Pd surface in the region 
where the magn i tude of metal dispersion migh t be 
d iminished and that the value of T F would be in­
fluenced significantly by the nature of surface metal. It 
can be assumed that various solid phase processes such 
as coalescence, migrat ion,9 ) and aggregat ion of Pd 
crystallites migh t occur on Z r 0 2 suppor t when the Pd 
load ing is relatively large. In addi t ion, it has been 
considered that the change in intr insic catalytic 

"03 TÜ T5~ 
Pd loading/wt°A> 

Fig. 7. Influences of Pd loading upon the apparent 
activity and turnover frequency of Pd/ZrC>2 catalysts 
prepared from ZrOCh. 

200h 
.c 
\ 

100b 

I 

r 

h \Jf\ 
6 1 

Ah ^ 

— i i i i 

A 

— — - ~ ~ " • " ^ ^ ^ ^ " " ^ 

support 

o: Ti02 
A : Zr02 

a : AI2O3 

1 1 1 

-o-

1 1 
20 40 60 80 100 120 140 160 

Pd particle s i ze /Â 

Fig. 8. Changes in turnover frequency with Pd par­
ticle size of various supported Pd catalysts. 

activity may be at t r ibuted to the particle size of Pd for 
the Pd/Zr<32 catalysts employed here. 

Average Size of Pd Particles and Its Distribution. 
Figure 8 shows the relation between the mean particle 
size of Pd and the value of T F calculated from both the 
data of the H 2 adsorpt ion and activity tests. In Fig. 8, 
the T F vs. part icle size plots inc lude all of the data of 
the T i 0 2 - , Zr0 2 - , and Al 203-supported Pd catalysts 
wh ich were reduced for 3 h at 673 K before be ing 
subjected to catalytic activity tests. It can be seen from 
Fig. 8 tha t a drastic change in T F takes place near a 
mean Pd part icle size of 10 Â in the case of the T i 0 2 

and Z r 0 2 suppor ts . T h e T F curve for the A1203 
suppor t seems to be distinct from those for the T i 0 2 or 
Z r 0 2 suppor ts , a l though we cannot definitely eluci-
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date the influence of particle size u p o n specific 
activity, because experimental data are not enough to 
draw a definite conclusion. As addi t ional informa­
tion, Fig. 8 suggests that , in the case of the ZrC>2 and 
TiC>2 suppor ts , there is a critical particle size of Pd so 
that m i n i m u m value of T F is given. It has already 
been poin ted out that, when a supported metal catalyst 
retains the critical mean particle size of the order of 
15—20 Â, the metall ic properties inc lud ing electronic 
propert ies of the catalyst may discont inuously vary at 
the part icular metal size.16) 

It has also been k n o w n that highly dispersed metal 
or very small metal particles on oxide supports may 
al low the occurrence of SMSI when reduced at such a 
h igh temperature that, for instance, meta l - suppor t 
electron transfer may be caused. 14'17) However, the 
exp lana t ion based on the SMSI effects cannot be used 
for the present work because we have no t yet inves­
tigated in detail whether the dispersion of Pd and the 
adsorp t ion of hydrogen are affected by the elevation of 
reduct ion temperature . It is possible to say that the 
catalytic activity of the surface of Pd particles dispersed 
on suppor ts prepared in different manners , is sensitive 
to the part icle size in the range 5—160Â of mean 
particle size. Vannice et al.18) have reported that the 
turnover frequency in methana t ion of C O over a T iCV 
suppor ted Pd catalyst is independent of Pd crystallite 
size, at least over the range 30—300 Â of particle size. If 
the SMSI effect on catalytic activity works in our case 
of suppor ted Pd catalysts, the critical Pd particle size is 
about 10 Â. However, n o intrinsic correlation between 
the Pd dispersion and the particle size effect u p o n the 
catalytic activity has yet been definitely established, 
and the clarification needs investigations in the future. 

T h e authors wish to express their thanks to Mr. 
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measurement of t ransmission electron micrographs. 

T h e present work was part ial ly supported by the 
Grant- in-Aid for Development Scientific Research No. 
57850260 from the Ministry of Education. 

References 

1) J. L. Carter, J. A. Cusumano, and J. H. Sinfelt, / . 
Phys. Chem., 70, 2257 (1966). 

2) M. Boudart, A. W. Aldag, L. D. Ptak, and J. E. 
Benson,/. CataL, 11, 35 (1968). 

3) T. A. Dorling, B. W. Lynch, and R. L. Moss, / . CataL, 
20, 190(1971). 

4) P. H. Otero-Schipper, P. A Wächter, J. B. Butt, R. L. 
Burwell, and J. B. Cohen, / . CataL, 53, 414 (1978). 

5) I. Ko. Edmond, S. Winston, and C. Woo, / . Chem. Soc, 
Chem. Commun., 1982, 740. 

6) M. Ichikawa, Shokubai, 26, 68 (1984). 
7) Y. Saitoh, S. Oku, H. Orihara, N. Tsuruta, and Y. 

Terunuma, Nippon Kagaku Kaishi, 1986, 211. 
8) J. J. Chen and E. Ruckenstein, / . CataL, 69, 254 (1981). 
9) J. Freel, / . CataL, 25, 139 (1972). 

10) A. Ozaki et al., "Shokubai Chosei Kagaku," 
Kohdansha, Tokyo (1980), pp. 209—213. 

11) M. Iwamoto, J. Hirata, T. Takenaka, K. Murakami, 
and S. Kagawa, Shokubai, 24, 276 (1982). 

12) S. J. Tauster, S. C. Fung, and R. L. Garten, / . Am. 
Chem. Soc, 100, 170(1978). 

13) "Powder Diffraction File," Inorganic Volume, Sets 
16—18, Joint Committee on Powder Diffraction Standards, 
Philadelphia (1967), PD18-957. 

14) J. D. Brancey and R. Burch, / . CataL, 86, 384 (1984). 
15) J. R. Anderson, "Structure of Metallic Catalysts," 

Academic Press, London, New York, San Fransisco (1975), 
pp. 61—63. 

16) F. J. C. M. Toolenaar, A. G. M. Bastein, and V. Ponec, 
/ . CataL, 82, 35 (1983). 

17) B. A. Sexton, A. E. Hughes, and K. Foger, / . CataL, 11, 
85 (1982). 

18) S. Y. Wang, S. H. Moon, and M. Albert Vannice, / . 
CataL, 71, 167(1981). 



116 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63,116—120 (1990) [Vol. 63, No. 1 

Syntheses and Properties of the Copper(II) Complexes of 
the Amphoteric Surfactants, iV-Alkyl-/?-alanine 

Akio NAKAMURA,* Masakatsu KOSHINUMA,+ and Kazuo TAjiMAtt 
Nagoya Municipal Women's Junior College, Kitachikusa, Chikusa-ku, Nagoya 464 

^Laboratory of Chemistry, Faculty of Informatics, Teikyo University of Technology, Uruido, Ichihara-shi, Chiba 290-01 
^Department of Chemistry, Faculty of Engineering, Kanagawa University, 

Rokkakubashi, Kanagawa-ku, Yokohama 221 
(Received July 18, 1989) 

Copper(II) complexes of amphoteric surfactants, iV-alkyl-ß-alanine (NAA) (the number of carbon atoms in 
the alkyl chains: n—2, 4, 6, 8, 10, 12), Were synthesized from NAA and copper(II) chloride dihydrate by mixing in 
aqueous solutions. The properties and structures of these bluish flaky complexes were investigated by elemental 
analyses, infrared and far-infrared spectroscopy, electronic diffuse reflection spectroscopy, X-ray diffractometry, 
and thermal analyses. As a result, all of these complexes were found to be composed of one copper(II) ion and 
two NAA molecules, regardless of the chain length in the alkyl group, (Cu(NAA)2-2H20), and were also found 
to have a laminated structure in the crystalline state. A linear relationship was found between the long spacings 
(d/nm) of the laminated structure and the numbers of carbon atoms (n) in the iV-alkyl substituents; 
d=0.135?2+0.62. From these results it was concluded that copper(II) complex molecules have a trans 
configuration, and are extended and parallel to the normal line of the laminated planes in the crystal. A 
multiunilayer model for the molecular arrangement of these copper(II) complexes has been proposed, which is 
quite different from those so far proposed to explain the long spacings observed for metal soap crystals, 
lyotropic liquid crystal and so on. Also, the role of the alkyl substituents in complex formation has been 
indicated. 

Amphoter ic surfactants of the amino-acid type have 
recently found wide appl icat ion because of their 
excellent characteristics.1* T h i s type of surfactant is 
generally known to form stable complexes with tran­
sit ion metal ions. However, these complexes have 
been neither fully investigated regarding their funda­
mental properties, nor extensively applied. 

Despite the large n u m b e r of investigations on the 
metal complexes of a m i n o acids, little is known about 
either the effect of alkyl subst i tut ion on the formation 
of complexes or on these properties. It is therefore 
desirable to systematically synthesize a series of metal 
complexes of the amino-acid type amphote r ic surfac­
tants with various lengths of alkyl chains, and to 
clarify how the cha in lengths affect the propert ies of 
the result ing complex. 

In our previous study2) we found that Af-dodecyl-ß-
a lanine (NDA) and copper(II) chloride resulted in the 
formation of a crystalline complex having the compo­
sition l (Cu) :2(NDA) by only simple mix ing in a 
di lute aqueous solut ion; we therefore suggest that the 
Af-alkyl substi tuents play a significant role in complex 
formation. 

T h e purpose of the present study is to elucidate the 
effect of the alkyl cha in length on the propert ies of the 
copper(II) complexes of Af-alkyl-ß-alanine. 

Experimental 

Materials. N-Alkyl-ß-alanine (NAA) (i.e., 3-(alkylam-
monio)propionate) was used. The number of carbon atoms 
in the alkyl chain of NAA was 2 (NEtA), 4 (NBuA), 6 
(NHeA), 8 (NOA), 10 (NDeA), and 12 (NDA). These 
homologs, except for NBuA and NHeA, were synthesized 
from 1-aminoalkane and 3-propanolide (ß-propiolactone) in 

acetonitrile. Details regarding the synthesis and the 
purification of the materials have been reported elsewhere.3) 

Both NBuA and NHeA were especialy available from Wako 
Pure Chemicals Industry. The copper(II) salt (CuCi2-2H20) 
was purified by recrystallization from distilled water. 

Elemental Analyses. Copper was analyzed by atomic 
absorption spectrophotometry with a Hitachi 180-60. Car­
bon, hydrogen, and nitrogen were simultaneously analyzed 
by a thermal conductivity method. The chloride contents in 
the complexes were determined by titrating the complex 
solution with a standard solution of silver nitrate. 

Thermal Analysis. Simultaneous TG-DTA measure­
ments were made with a Sinku Riko TGD-7000, and the 
DSC were measured with a Sinku Riko DSC-7000, using a 
sample of about 8 mg in each operation with a heating rate 
of 5 °C min - 1 in air. 

Electronic Diffuse Reflection Spectra. The electronic 
diffuse reflection spectra were measured from 400 to 850 nm 
with a Japan Spectroscopic Ubest-50 equipped with a device 
for diffuse reflection measurements. 

Infrared and Far-Infrared Reflection Spectra. The infra­
red and far-infrared reflection spectra from 200 to 4000 cm - 1 

were measured with a Perkin Elmer FTIR 1800 equipped 
with a device for diffuse-reflection measurements. In each 
measurement, scannings were repeated 100 times so as to 
obtain a high S/N ratio. 

Powder X-Ray Diffraction. The measurements were 
carried out with a Rigaku Denki RAD-rA using CuKa 
radiation in the range from 2° to 50° in 20. 

Syntheses of Complexes. Method (A): Both NAA (10 
mmol) and the copper(II) chloride dihydrate (5 mmol) were 
dissolved in 100 ml of water at about 20 °C; the pH of a 
mixed solution was adjusted to about 9.0 with an aqueous 
sodium hydroxide solution (0.1 mol dm -3). The reaction 
mixture was stirred for 1 h. The resulting precipitate was 
separated by filtration and thoroughly dried up in a 
desiccator. Then, a white-bluish precipitate, i.e. the mixture 
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of the copper(II) complex and the copper(II) hydroxide, was 
stirred with 50 ml of ethyl alcohol at about 60 °C. After 
removing the insoluble copper(II) hydroxide by filtration, a 
deep-blue filtrate was concentrated to a small volume. The 
resulting bluish, flaky microcrystals were separated by 
filtration and air-dried. The yield was about 30—60%, 
increasing as the chain length of NAA increased. 

Method (A)': ß-Alanine and the copper(II) chloride 
dihydrate were mixed in the alkaline solution by the same 
procedure as Method (A). In this case, however, since the 
copper(II) complex of ^-alanine is highly soluble in water, 
the resulting complex dissolved in the filtrate. Therefore, 
after removing the insoluble copper(II) hydroxide by 
filtration, the complex was precipitated from the concent­
rated and cooled filtrate, and recrystallized for purification. 
The yield was about 80%. 

Method (B): For the higher homologs (octyl, decyl, or 
dodecyl) of NAA, an alternative simple method was adopted, 
since the solubilities of the complexes in an aqueous 
solution were very low. Precipitation was observed 
immediately after mixing NAA solutions, ranging in 
concentration from 5X10-4 to 5X10_2mol-dm_3, with an 
equivalent amount of the copper(Il) chloride dihydrate. The 
solution pH was in the 4.0—5.5 region. The resulting 
precipitate was filtered out and air-dried. The yield was 
about 10—50%. 

Results and Discussion 

Analyses of Complexes. Elemental Analyses: Table 
1 shows the results of elemental analyses of the 
complexes. It was confirmed that all of the copper(II) 
complexes of NAA have the composi t ion Cu(NAA)2-

2H2O, regardless of the alkyl chain length and the 
prepara t ion method. A copper(II) complex of ß-
alanine, however, has the composi t ion Cu(/3-ala-
nine)2-4H20, which is the same as that reported.4) 

Thermal Analyses: T h e results of the thermal 
gravimetry indicated that the copper(II) complexes of 
NAA lost weight endothermical ly by a factor which 
almost corresponded to the release of two water 
molecules at 90—120 °C, and started to decompose 
exothermically at about 170 °C. T h e weight loss 
du r ing the first stage may be ascribed to release of two 
water molecules which coordinate to the copper(II) 
a tom at the two apical posi t ions with a bond length 
longer t han those of the other four donor a toms in the 
equator ia l square a round the copper(II) atom. For the 
copper(II) complex of ß-alanine, the presence of the 
two coordinated water molecules at such posit ions was 
reported on the basis of X-ray data, though the other 
water molecules were also incorpolated in the crys­
tal.4«5) 

T h e decomposi t ion of the copper(II) complexes of 
such a m i n o acids as alanine, valine, and leucine starts 
at about 220—250°C,6> and hydroxyprol ine at 180— 
210°C, 7 ) after releasing the hydrated water in each 
complex. T h u s , these measurements have proved to be 
useful in the analysis of hydrated water.6_8) However, 
the decomposi t ion temperature seems to be fairly 
dependent on the na ture of the l igands and on the 
number of the hydrated water. T h e role of alkyl 
substi tuents in the thermal stability for the copper(II) 

Table 1. Elemental Analyses of Complexes 

Complex 

Cu(/3-Ala)2-4H2O
b> 

Cu(NEtA)2-2H2O
c> 

Cu(NBuA)2-2H2O
c> 

Cu(NHeA)2-2H2O
c> 

Cu(NOA)2-2H2O
c> 

Cu(NOA)2-2H2O
d> 

Cu(NDeA)2-2H2O
c> 

Cu(NDeA)2-2H2O
d> 

Cu(NDA)2-2H2O
c> 

Cu(NDA)2-2H2O
d> 

C 

22.7 
(23.1) 

36.1 
(36.2) 

42.8 
(43.3) 

47.2 
(48.7) 

52.1 
52.3 

(52.8) 

56.0 
56.1 

(56.2) 

58.4 
58.2 

(58.9) 

H 

5.65 
(5.77) 

7.18 
(7.24) 

8.23 
(8.26) 

8.84 
(9.02) 

10.2 
10.1 

(9.61) 

10.5 
10.2 

(10.1) 

10.4 
10.4 

(10.5) 

Found (Calcd)aV% 

N 

8.87 
(8.98) 

8.33 
(8.44) 

7.15 
(7.22) 

6.21 
(6.31) 

5.53 
5.55 

(5.60) 

4.92 
4.95 

(5.04) 

4.49 
4.38 

(4.58) 

CI 

0 
(0) 

0 
(0) 

0 
(0) 

0 
(0) 

0 
0 

(0) 

0 
0 

(0) 

0 
0 

(0) 

Cu 

20.2 
(20.4) 

19.1 
(19.2) 

16.3 
(16.4) 

13.8 
(14.3) 

12.7 
12.5 

(12.7) 

11.2 
11.3 

(11.4) 

10.2 
10.1 

(10.4) 

N/Cu 

1.99 
(2.00) 

1.98 
(2.00) 

1.99 
(2.00) 

2.04 
(2.00) 

1.98 
2.01 

(2.00) 

1.99 
1.97 

(2.00) 

2.03 
1.97 

(2.00) 

a) Figures in parentheses are calculated values, b) Synthesized by method (A)', c) Synthesized by method (A). 
d) Synthesized by method (B). 
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complexes of a m i n o acids should be made clear. 
Electronic Diffuse Reflection Spectra (EDRS): T h e 

copper(II) complexes of NAA are all bluish, flaky 
microcrystals; the EDRS for all of these complexes 
showed a m a x i m u m absorpt ion band (AMAX) at 
630 nm, regardless of the chain length of the alkyl 
g r o u p in crystals. Since the EDRS exactly reflects the 
steric configuration,9* together with such other factors 
as donor atoms, solvents, etc., all of the copper(II) 
complexes of NAA are supposed to have the same 
steric configurat ion in common. 

T h e copper(II) complex of ß-alanine, Cu(ß-ala-
n ine)2-4H20, in contrast to the NAA complexes, is 
deeper b lue ( A M A X = 6 6 0 nm) , a pr ismat ic crystal, the 
configurat ion of which has been determined to be a 
trans isomer by three-dimension X-ray analysis.4) Th i s 
red shift effect m igh t be caused by the two hydrated 
water molecules in addi t ion to the two coordinated 
water molecules. In fact, it was shown for the 
copper(II) complex of NDeA that the value of AMAX is 
also dependent on the presence of water molecules in 
the vicinity of the copper atom; the removal of the two 
coordinated water molecules brings about a blue shift 
(AMAX: 630—> 570 nm) , and the dissolut ion of the 
copper(II) complex of NDeA in the micellar solut ion 
of NDeA brings about a red shift (AMAX: 630—»660 
nm).10) T h e effects of the coordinat ion, crystallization, 
or hydra t ion water on the reflection spectra should be 
reported in near future. 

Infrared and Far-Infrared Spectra: T h e spectra of 
NAA and copper(II) complexes of NAA differ from 
each other regarding many points as is summarized for 
the NDeA complex (Table 2). T h e copper(II) com­
plexes of NAA lack absorpt ion bands at 1655 c m - 1 and 
2355 c m - 1 due to the >NH2 + g roup , and exhibit an 
absorpt ion band at 3400 c m - 1 due to coordinated 
water. Fur thermore, in the copper(II) complexes of 
NAA the absorpt ion band at 864 c m - 1 due to a gauche 
mode of -(CH2)2- in the polar g roup of NAA shifts to a 
higher frequency (890 cm - 1 ) ; also, the absorpt ion 
bands at 1415 c m - 1 and 1564 c m - 1 due to the - C O O ~ of 
NAA shift to h igher frequencies (1431 c m - 1 and 
1570 cm - 1 ) . These results furnish spectroscopic 
evidence for the format ion of the complexes of 
Cu(NAA) 2 -2H 2 0 . 

It has been shown that the absorpt ion spectra in the 
far-infrared region (200—600 c m - 1 ) should be a crite­
r ion of the steric configurat ion, since this region 
includes absorpt ion bands at t r ibutable to stretching 
vibrat ions of C u - N and C u - O b o n d s . n ) For com­
plexes of a cis configuration, the spectra exhibit both 
asymmetr ic and symmetric stretching modes for the 
respective bonds of C u - N and C u - O , while for a trans 
configurat ion, the spectra exhibi t only an asymmetirc 
stretching mode. These data have been catalogued for 
copper(II) complexes of such a m i n o acids as glycine, 
L-alanine, DL-a-aminobutyric acid, DL-proline, and L-
isoleucine, whose steric configurations have been 
elucidated by X-ray crystallography.12) Th i s criterion 
was used to predict the eis trans configurat ions of the 
copper(II) complexes of several amino acids of 
previously undetermined steric configurations.7 '12* 

T h e copper(II) complexes of NAA exhibit two 
c o m m o n absorpt ion bands which are not observed for 
NAA alone in the far-infrared region: 350 c m - 1 and 
518 c m - 1 , which may safely be attr ibutable to the 
C u - O and C u - N asymmetric stretching modes, respec­
tively. Therefore, according to the above criterion, we 
concluded that these far-infrared spectra are indicative 
of the trans configurat ion for the copper(II) complexes 
of NAA. 

Role of Alkyl Chain in Complex Formation. Method 
(A)' is s imilar to the synthetic methods of most 
copper(II) complexes of a m i n o acids, since the 
resul t ing complexes are usually soluble in water rather 
than in methyl or ethyl a lcohol . O n the contrary, the 
copper(II) complexes of NAA are scarcely soluble in 
water bu t are fairly soluble in ethyl alcohol. There­
fore, for the syntheses of the copper(II) complexes of 
NAA, method (A)' was modified into the present 
me thod (A). In fact, w h e n microcrystals of the 
copper(II) complexes of NAA (especially with the N-
alkyl substi tuents longer than the hexyl group) were 
p u t on the distilled water surface, they neither 
exhibited any surface pressure nor dissolved in to a 
subphase, at least for several days at a room tem­
perature. Fur thermore, the crystals did not become 
wetted wi th their own solutions. 

Since the coordinat ion of NAA to copper(II) ion is 
in compet i t ion wi th the p ro tona t ion of NAA, in either 

Table 2. IR and Far-IR Spectra of Cu(NDeA)2-2H20 

Group NDeA(cm-1) Cu(NDeA)2-2H20(cm-1) Assignment 

Cu-O 
Cu-N 
-(CH2)2-a) 

-coo-
> N H 2

+ 

-OH") 

864 
1415 
1564 
1650 
2355 

350 
518 
890 

1431 
1570 

3400 

Asym.str. 
Asym.str. 
Gauche 
Sym.str. 
Asym.str. 
Asym.deg.def. 
Asym.deg.def.+twisting 
Str. 

a) In the ammonio-propionate group, b) In the coordinated water molecules. 
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methods (A) or (A)', it is necessary to increase the 
solution pH to the alkaline region so as to assure a 
high yield of the complex. Because this procedure 
inevitably results in the formation of a by-product, i.e., 
copper hydroxide, further purification of the resulting 
product is required. It is therefore worth noting that, 
in the cases of NAA with a Af-alkyl substituent longer 
than the octyl group, a simple mixing of NAA and 
copper(II) ion results in a precipitate of the pure 
complex, even in a weakly acidic aqueous solution. 

This fact evidently indicates that hydrophobic 
interactions between the alkyl chains of neighboring 
molecules in crystals, together with coordination and 
protonation reactions, play an important role in the 
promotion of crystalline complex formation. Such 
hydrophobic interactions have also been observed in 
the following various kinds of chemical reactions; ion-
pair formation between two differently charged ionic 
surfactants in aqueous solutions,13) the aminolysis of 
p-nitrophenyl decanoate in an aqueous solution by 
l-aminodecane14) and so on. The role of hydrophobic 
moieties of NAA, by which the crystalline complex 
formation is promoted, will be precisely described in a 
subsequent paper.15) 

An alternative feasible effect of such a side chain as 
Af-alkyl substituent is possible to determine steric 
configurations in the complex. Interesting results 
have been reported regarding the formation of ternary 
copper(II) complexes containing two amino acids (e.g. 
aspartic acid and lysine, etc.). An intramolecular ion 
pair formation between the two oppositely charged 
amino acids residues (i.e. two side chains) may be an 
effective driving force leading to ternary complex 
formation and to a specific steric configuration.16) 

Such a side-chain effect on the steric configuration is 
also supposed for the copper(II) complex of NAA; the 
eis configuration suffers from a considerable steric 
hindrance, i.e., a pair of alkyl chains bonded directly 
to two nitrogen atoms neighboring in the same side of 
the planar square spatially exclude each other. There­
fore, this reasoning for the trans configuration of the 
copper(II) complex of NAA is consistent with results 
regarding the far-infrared spectra described above. 

Crystal Structures of Complexes. Figures la—lg 
show X-ray (CuKa 0.154 nm) diffraction patterns of 
the copper(II) complexes of NAA and of ß-alanine 
obtained by the powder method. The main peaks ob­
served in each figure can all be assigned to a single 
long spacing on the basis of the Bragg condition. 
Figure 2 shows a plot of the long spacing (dnm) 
against the number of atoms (n) in a hydrocarbon 
chain of NAA; an empirical relationship was found: 
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Fig. 1. Powder X-ray diffraction patterns of the 
copper(II) complexes of NDA (a), NDeA (b), NOA 
(c), NHeA (d), NBuA (e), NEtA (f) and 0-alanine (g). 

Fig. 2. Long spacing (d) of copper(II) complexes of 
NAA vs. number of carbon atoms (n) in an alkyl 
chain of NAA. 

than the extrapolated value (d—»0.63, n—>0). The 
long spacing in each system may correspond to the 
distance between copper(II) atom layers aligned in 
ordered complex layers with a laminated structure. 
The increase in the long spacing per -(CH2)- in the 
alkyl chain was 0.135 nm, nearly equal to the length 
of -(CH2)- (0.125 nm) in crystalline Af-alkane. This 
means that the molecules of the copper(II) complexes 
of NAA are extended and parallel to the normal line of 
the laminated planes. This result is further evidence 
for our model regarding the molecular arrangement of 
the copper(II) complexes of NAA in the crystal state 
described in a previous paper:2) The total molecular 
lenght (L/nm) of the copper(II) complexes with the 
trans configuration is evaluated from the STS molec­
ular model as: 

d = 0.63 + 0.135rc (n = 2—12). (1) 
L = 0.60 + 0.125 X 2n. (2) 

The value for the ß-alanine complex is shown on the 
ordinate for the sake of comparison; it is slightly larger Therefore, the packing of the complex molecules in 
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(a) 

(b) 

^ v ^ v ^ N ^ C p ? Y V V V V W 4 9 j ( v V V \ A A ( x 9 y > s A A A ^ 

Fig. 3. A model for the copper(II)-NDeA complex 
molecule; (a), and a model for the molecular packing 
in the crystals; (b). 

the crystal state, e.g. for copper(I I ) -NDeA complex, 
can be il lustrated as in Fig. 3. T h e value of the 
constant term in Eq. 2 may correspond to the size of 
the polar g roup of the complex, i.e. roughly the size of 
the ß-alanine complex. 

T h e copper(II) complexes of NAA bear a molecular 
resemblance to the divalent metal soaps; one molecule 
is composed of two alkyl chains and one metal ion. 
Linear relations between the parameters of d and n 
have been reported for various kinds of metal soaps.17) 

However, the long spacing observed in any metal 
soaps is roughly twice as long as their alkyl chain 
length. Fur thermore , the increase in the long spacing 
per methylene un i t of the alkyl chain is roughly twice 
as long as the length of - (CH2)- . It is therefore 
reasonable to presume a mult ibi layer structure for 
metal soap crystals, t h o u g h the precise crystal struc­
ture has no t yet been experimentally established. In 
such a structure, the metal soap molecules in adjacent 
layers are in contact bo th wi th tail-to-tail and head-to-
head. O n the other hand , the molecular a r rangement 
of the copper(II) complex is a mul t iuni layer structure 
in which alkyl chains inter-penetrate one another by 
turn , as shown in Fig. 3. T h u s , it is wor th no t i ng that 
the laminated structures of the copper(II) complexes of 
NAA are qui te different from those so far proposed for 
metal soap crystals, lyotropic l iquid crystals, vesicles 
and so on. 

Consequent ly, we have concluded that all of the 
obtained copper(II) complexes of NAA have the trans 
configurat ion wi th respect to the p lanar square co­
ord ina t ion of two ni t rogen atoms and two oxygen 
atoms to the central copper(II) a tom on the basis of the 
following facts: (1) T h e diffuse reflection spectra in 
the far-infrared region exhibit only an asymmetric 
stretching vibrat ion mode for the respective bonds of 
C u - O and C u - N . (2) T h e observed long spacings for 
the copper(II) complexes of NAA are well explained in 

terms of the trans configurat ion and of the extended 
conformat ion of the complex molecule, as shown in 
Fig. 3. (3) T h e copper(II) complexes of ß-alanine, 
h i ther to reported on the basis of X-ray analyses, have 
only a trans configuration.4 '5* (4) From the space­
filling molecular model, the eis configurat ion suffers 
from a considerable steric h indrance. 

More precise measurements concerning the three-
d imensional crystal structure of the copper(II) com­
plexes of NAA have not been made for the t ime be ing 
due to difficulty in prepar ing single crystals of suitable 
size. 
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Electrochemical Studies of Poly(mercaptohydroquinone) and Poly-
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The electrodeposition of Pd at microgram levels onto an electroconductive poly(hydroquinone/£-
benzoquinone) film-coated glassy carbon electrodes is described. The polymer films were chemically modified 
with Pd pyridine complex and/or with Pd thiolate prior to the Pd electrodeposition. Controlled-potential 
electrolysis was applied to form Pd microparticles on the polymer film from an acid PdCk solution. The 
nucleation/growth of Pd microparticles was largely promoted by these chemical modifications. The Pd 
particles on the pyridine complex-modified electrode were closely dispersed and were spherically shaped, while 
on the thiolate-modified electrode the Pd deposits were irregular in shape. Both the electrodes thus prepared 
exhibited high activity toward the generation of hydrogen and had good stability in acidic solution. 

T h e electrodeposit ion of metal microparticles onto 
polymer films has bo th scientific and technological 
importances. In the last decade, many investigations1* 
have been intensively carried ou t us ing various types 
of polymers coated on glassy carbon (GC) electrodes. 
Oyama and Anson2 ) showed that poly(vinylpyridine) 
film could effectively b ind transit ion metal complexes. 
Recently Bartak et al.3) reported the electrodeposition 
of p l a t i n u m micropart icles on three types of poly-
(4-vinylpyridine) films on G C electrode surface. In 
a previous paper4) we reported the preparat ion of 
an electroconductive (hydroquinone /^-benzoquinone) 
(SQ) film by an electrooxidation of mercaptohydro­
qu inone . We could a t tach mercapto g r o u p a n d / o r 
pyridine r ing on to an S Q film by means of their addi­
t ion reactions to the q u i n o n e moiety in the S Q film. 
Mercapto g roup and pyr id ine r ing can fix a variety of 
metal ions by forming thiolates and pyridine com­
plexes, respectively. We report here on the nuc lea t ion / 
growth of pa l l ad ium, on S Q films chemically modi­
fied wi th either Pd thiolate or Pd pyr idine complex 
pr ior to the Pd electrodeposit ion and on S Q films 
wi thou t such chemical modifications, by the electro-
reduction of pa l l ad ium chloride. 

Experimental 

Chemicals and Fixation of Pd in SQ Film. Mercapto­
hydroquinone was synthesized and purified according to the 
method described in our previous paper.4) The chemicals 
used for the synthesis of mercaphohydroquinone were of 
reagent grade. The palladium chloride used for the 
electrodeposition and the other inorganic reagents were of 
reagent grade and used without further purification. The 
substrate electrode used was a GC electrode 3 mm in 
diameter. Before polymer coating, the GC electrode was first 
polished successively with 5.0 and 0.3 |im alumina (Buehler 
Co.) and then subjected to an ultrasonic cleaning with 
deionized water for at least 10 min to remove any residual 
alumina off the surface. The SQ film on the GC electrode 

was prepared by anodic polymerization of 1 mM (1 M=l 
mol dm - 3) mercaptohydroquinone at a constant potential of 
+0.5 V vs. saturated calomel electrode (SCE) in a Britton-
Robinson buffer solution of pH 5.0 containing 20vol% 
ethanol. The SQ film-coated GC electrode was placed in a 
Britton-Robinson buffer solution of pH 5.0 containing 
either 2 mM 4-mercaptopyridine or 2 mM sodium hydrogen-
sulfide under a nitrogen atmosphere for 3 h in order to 
introduce the mercaptopyridine or the mercapto group, 
respectively, to the quinone ring in the SQ film. After 
washing with a large amount of deionized water, the 
electrode was put in 1 M hydrochloric acid solution 
containing 0.4 mM palladium chloride in order to form 
either Pd pyridine complex or Pd thiolate. In this paper, the 
Pd pyridine complex-modified GC electrode and the Pd 
thiolate-modified one are referred to as SQ-Py-Pd and SQ-S-
Pd, respectively. 

Apparatus and Procedures. The apparatus used for the 
preparation of SQ film on the GC electrode has previously 
been described.4) An SCE was used as a reference electrode 
and all potential values cited in this paper are those referred 
to the SCE. A controlled-potential electrolysis at —0.1 V was 
applied to disperse Pd deposit onto both the SQ-Py-Pd and 
the SQ-S-Pd from a still solution containing 1 M hydro­
chloric acid and 0.4 mM palladium chloride. The amount of 
Pd deposit was quantitated from the total charge consumed 
during the electrochemical process by assuming 100% 
current efficiency and ignoring a slight amount of the Pd 
fixed by forming the thiolate and/or the pyridine complex 
prior to the electrodeposition. Electrode surfaces before and 
after the electrodeposition were examined by using a 
scanning electron microscope (SEM) (JEOL JSM-35C). The 
elemental identity of the deposit was determined with an 
electron spectroscopy for chemical analysis (ESCA) 
(Shimadzu ASIX-1000). The surfaces of sample electrodes 
were washed with deionized water and air dried before ESCA 
analysis. Voltammetric measurements were carried out with 
a standard three-electrode system consisting of an SQ film-
coated GC working electrode, a Pt plate counter electrode, 
and an SCE reference electrode having an agar bridge of 
saturated potassium chloride. 
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Results and Discussion 

Pd Deposition onto SQ Film. An examina t ion of 
the S Q film by SEM has revealed that the surface of the 
film is relatively smooth and p inhole free over the 
whole surface as shown in Fig. 1. T h e flim thickness 
was estimated to be ca. 2 um from the SEM photo­
g raph of boundar ies between the film and the G C elec­
trode. T h e " rea l " S Q film under the electrodeposition 
wil l be more bulky and thicker than the SEM image of 
the S Q film which is air dried. Figure 2 shows the S Q 
surface image by SEM when the elecrodeposit ion was 
carried ou t for 10 min . Particlelike deposits having 
various sizes of less than 1 |im in diameter were visible 
on the surface wi th very little deposi t ion. These 
micropart icles were identified as Pd deposit by XPS 
analysis where two peaks based on Pd 3d could be 
obtained at 335 and 340 eV. 

Pd Deposition onto SQ-Py-Pd. Any image of Pd 
particles was not found by SEM at magnif icat ion 5000 
on the SQ-Py-Pd film before the electroreduction of 
pa l l ad ium chloride, t hough XPS peaks based on Pd 3d 
could been obtained. After an electrodeposition for 
30 s, obscure Pd ul tramicropart icle images ca. 500— 
700 Â in diameter could be observed by SEM at a 
higher magnif icat ion (Fig. 3). T h e image size grew 

Fig. 1. SEM photograph of a vertical sectional view 
(a) and the surface (b) of the SQ film on the GC 
electrode, (a) and (b) are under the same magnifi­
cation. 

wi th deposi t ion time and after 6 min spherical Pd 
microparticles of nearly equal size, ca. 1000 Â in 
diameter, were closely packed together th roughou t the 
surface of the SQ-Py-Pd film (Figs. 4-(a) and -(b)). A 
variat ion in the brightness of the particle images was 
observed on the Pd micropart icles in Fig. 4-(b). T h e 
brightness variat ion seemed to be independent of the 
particle size. T h e darker images probably are particles 
bur ied in the S Q film. T h e particles cont inued to 
grow spherically wi th time and after ca. 7 min began 
to aggregate part ial ly all over the film surface. In 

Fig. 2. SEM photograph of Pd microparticles depos­
ited on the SQ film. The microparticles were pre­
pared by the electroreducion of PdCb at —0.1 V vs. 
SCE for 10 min at room temperature using a still 1 M 
HCl solution containing 0.4 mM PdCh 

Fig. 3. SEM photograph of Pd ultramicroparticles 
deposited on the SQ-Py-Pd film. The ultramicropar-
ticles were prepared by the electroreduction of PdCh 
for 30 s. Other electrodeposition conditions were the 
same as those in Fig. 2. 
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Fig. 4. SEM photograph (a) of Pd microparticles deposited on the SQ-Py-Pd film and an enlargement 
photograph (b) of (a). The microparticles were prepared by the electroreduction of PdCh for 6 min. 
Other electrodeposition conditions were the same as those in Fig. 2. 

SEM particle images have nearly equal brightness. 
Further, it was also observed that an increase in the 
concentration of palladium chloride resulted in an 
increase in particle size for a given electrodeposition 
time. When 2-mercaptopyridine was used for fixing 
Pd instead of 4-mercaptopyridine, Pd microparticles of 
nearly equal size could be observed by SEM after an 
electrodeposition for 5 min under the same deposition 
conditions as those for the SQ-Py-Pd, though the 
particle population density appeared to be slightly 
lower. 

Pd Deposition onto SQ-S-Pd. The surface of the 
SQ-S-Pd film became rougher and increased in 
brightness, especially at edges of cracks and projec­
tions on the film surface, with an increase in the 
electrodeposition time up to ca. 20 min. Figures 6 and 
7 show SEM photographs of surface images of the SQ-
S-Pd film after 3 and 6 min, respectively. Any 
spherical Pd microparticles were observed on neither 
of them, though the XPS peaks based on Pd 3d ap­
peared at the same binding energy levels as those for 
the SQ-Py-Pd. After a much longer time, 30 min, 
freshly deposited spherical Pd microparticles were 
observed on a rough surface of the film by SEM. 

Electrochemical Characterization and Stability. Fig­
ure 8 shows a cyclic voltammogram illustrating the 
catalytic generation of hydrogen at the SQ-Py-Pd with 
a Pd loading of 8.2 [ig cm - 2 which was prepared by an 
electrodeposition for 6 min, in 1 M H2SO4. The cyclic 
voltammetric response in the range of +0.2 to +0.7 V is 
based on the redox reaction of the SQ film itself. A 
cathodic peak and an ill-defined anodic peak probably 

Fig. 5. SEM photograph of Pd particles deposited on 
the SQ-Py-Pd film. The particles were prepared by 
the electroreducion of PdCh under a slow stirring of 
the PdCb solution. Other electrodeposition condi­
tions were the same as those in Fig. 4. 

addition, the nucleation/growth rate of the Pd micro­
particles seemed to be accelerated by stirring the 
palladium chloride solution. Figure 5 shows the 
grown Pd particles on the SQ-Py-Pd film after the 
electrodeposition for 6 min with a slow stirring. The 
deposits appear to be made up of aggregated poly-
crystalline particles or of coalesced particle clusters. 
The present deposits may be dispersed only two-
dimensionally on the surface of the film because all the 
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Fig. 6. SEM photograph of Pd deposits on the SQ-
S-Pd film. The Pd deposits were prepared by the 
electrodeposition of PdCh for 3 min. Other elec­
trodeposition conditions were the same as those in 
Fig. 2. 

Fig. 7. SEM photograph of Pd deposits on the SQ-
S-Pd film. The Pd deposits were prepared by the 
electroreduction of PdCl2 for 6 min. 

based on the adsorpt ion-desorpt ion of hydrogen 
appeared at —0.22 and in the range of +0.04 to 
—0.05 V, respectively, and increased in he ight wi th 
electrodeposit ion t ime u p to ca. 6 m i n and then 
gradually decreased. O n the other hand , these waves 
based on the adsorp t ion /desorp t ion of hydrogen were 
observed to be comparatively small in size on the SQ-S-
Pd having a nearly equal a m o u n t of Pd loading. 

T h e logar i thm of the cathodic current for H2 
evolution was plot ted vs. the potential u p to the 
overpotential of ca. 150 mV (Tafel plot). T h e linear 
por t ion of each Tafel p lo t was extrapolated to the 
current axis to determine the exchange current. T h e 

+ 0.7 / \ ^ ^ y \ -0.4 

/ ° / v vs. SCE 

Fig. 8. Cyclic voltammogram for hydrogen evolu­
tion at the SQ-Py-Pd having a Pd loading level of 
8.2 \ig cm - 2 in a 1 M H2SO4 aqueous solution in a N2 
atmosphere at room temperature. The electode used 
here is the same as that of Fig. 4. Scan rate: 50 mV s_1. 

exchange current density, h, appeared to increase u p 
to some critical value wi th increasing Pd loading on 
both of the SQ-Py-Pd and the SQ-S-Pd. T h e 70 values 
vs. Pd load ing levels are listed in Table 1. T h e Zo value 
on the SQ-Py-Pd wi th a Pd load ing of 8.2 ug cm- 2 is of 
the same order of magn i tude or larger than the liter­
ature value5) of ca. 1 mA cm~2 for smooth Pd in 1 M 
H2SO4. Due to the increasing roughness of the S Q 
film surface wi th deposi t ing Pd, all Zo values listed 
here are reported on the basis of the G C surface area. 

Tab le 1 shows that the electroreduction of palladi­
u m chloride on the S Q film is largely promoted 
th rough the pa l l ad ium fixation in the film prior to the 
electrodeposit ion, that is to say, the fixed pa l l ad ium 
may behave as an effective electroactive site toward the 
Pd electrodeposition. T h i s est imation is also substan­
tiated by the SEM analysis of the Pd microparticles 
electrodeposited on the film surface. J u d g i n g from the 
SEM p h o t o g r a p h shown in Fig. 2 where the Pd micro-
particle images less than 1 nm in diameter were 
obseved on the surface of the S Q film hav ing a 
thickness of ca. 2 jam, it is reasonable to assume that 
the Pd microparticles in Fig. 2 resulted from the 
electroreduction of pa l l ad ium chloride on the S Q film 
rather than on the G C substrate electrode, that is to 
say, the hydroqu inone moiety, an electroactive site in 
the film, may part icipate directly in the electroreduc­
tion of pa l l ad ium chloride as well as the fixed Pd prior 
to the electrodeposition. Tab le 1 and the SEM analysis 
also suggest that the electroreduction reaction of 
pa l l ad ium chloride on the Pd fixed in the film may 
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Table 1. Comparison of Pd Loading Levels and Exchange Current Densities (Io) for Hydrogen 
Generation on the SQ-Py-Pd, SQ-S-Pd, and SQ films Coated on GC Electrodes 

Reduction averagea) 

Electrode current density Deposition time Loading levelb) Io 

A cm - 2 min jigcm - 2 mAcm - 2 

SQ-Py-Pd 41.5 6 8.2 1.4 
SQ-S-Pd 38.5 6 7.6 0.8 
SQ 18.5 6 3.6 — 

a) Average values were obtained from ca. 10 trials, b) The loading levels of the total charge consumed during 
the electroreduction of PdCl2 by assuming 100% current efficiency. 

proceed more rapidly than that on the hydroquinone 
moiety in the film. 

T h e nucleat ion step in electrocrystallization on 
metal surfaces is known to follow either s imultaneous 
or progressive nucleation.6 ) In the s imultaneous 
nucleat ion, many nuclei are formed at nearly the same 
time wi th a short induct ion time, and then these nuclei 
grow similarly in size. In the progressive nucleation, 
nuclei are formed over a range of t ime and grow to 
produce metal crystals hav ing a variety of sizes. T h e 
Pd nuc lea t ion /g rowth on the SQ-Py-Pd film appears 
to follow the s imul taneous nucleat ion j udg ing from 
the SEM analysis, whi le on the SQ-S-Pd film the 
aggregat ion of nuclei will occur at relatively early 
nucleat ion step and grow progressively to form 
various shapes of Pd deposits as shown in Fig. 7, 
because the Pd nuclei strongly b o u n d by a covalent 
bond will not be torn from the fixed site bu t grow in 
size. T h e detailed mechanism which can explain the 
present serious difference in the Pd nuc lea t ion /growth 
between the SQ-Py-Pd and the SQ-S-Pd, is obscure 
now. In order to clarify the mechanism, a more 
extensive investigation is in progress. 

T h e long-term stability of these electrodes modified 
wi th Pd microparticles a n d / o r Pd deposit was ex­
amined by con t inuous soaking in 1 M H2SO4 aqueous 
solution. There was observed neither appreciable 
peel ing of the S Q film nor deterioration of the 

catalytic activity for hydrogen generation on the 
surfaces of these electrodes after 24 h of soaking in the 
above acidic solut ion. T h e stability of these electrodes 
for H2 generat ion was tested by controlled potent ia l 
electrolysis at —0.1 V for 1 h in the above acidic 
solution. Little change in appearance of the electrode 
surface was observed by SEM. 
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An aluminium-containing polymethylsiloxane (AMS) was prepared in an aqueous system using 
methyltrichlorosilane, dimethyldichlorosilane, and aluminium hydroxide as the starting materials, and its 
applicability as a new solid acid catalyst was examined. AMS is an amorphous hydrophobic solid with a high 
surface area (ca. 250 m2 g_1) and a relatively high thermal stability (max. 573 K in air). The adsorption of basic 
indicators indicated that acid sites with a medium strength (pKa= 1.5) exist on AMS, and protic acid sites were 
detected on AMS by the IR spectra of adsorbed pyridine. These acid sites differ from the aprotic sites found on 
alumina. Though those on AMS are able to catalyze the dehydration of pinacol in the vapor phase, they are 
inactive for the hydrolysis of methyl acetate in an aqueous system. 

As is well-known, organopolysi loxanes conta in ing 
various kinds of organic groups (CH3, C2H5, CÔHS, 
CIC6H4, etc.) have many excellent properties such as 
good thermal stability, electric insulation, and resistance 
to chemicals and water, and have been used widely as 
oil, grease, rubber, resin, and so on. For improvements 
in the thermal and oxidative stabilities of these 
materials, various kinds of polymetal loorganosi lox-
anes,1 , 2 ) in which por t ions of silicon atoms of 
siloxanes are replaced by other metals (Al, Zn, T i , B, 
etc.) have also been prepared. These organometal l ic 
polymers are interest ing as materials for the prepara­
tion of solid catalysts, especially owing to their 
relatively h igh heat stability. In fact, Suzuki et al.3) 

have recently reported that polyorganosiloxanes bearing 
sulfo groups are better catalysts for the ni t ra t ion of 
benzene in the vapor phase than are their corresponding 
ion-exchange resins. 

It is wel l -known that many binary oxide catalysts, 
such as s i l ica-alumina 4 ) and silica-titania,5 ) exhibit 
acid propert ies different from those of componen t 
single oxides, and that these p h e n o m e n a may be 
explained6* in terms of the localization of electric 
charge due to changes in the coordinat ion numbers of 
oxygen a toms, accompanied by the formation of 
M - O - M ' b o n d i n g (M a n d M ' stand for different metal 
a toms whose coordinat ion numbers differ from each 
other). A similar p h e n o m e n o n was reported for the 
case of organos i lane compounds : Saegusa et al.7* 
reported that a l u m i n i u m silanolates migh t act as acid 
catalysts for the polymerizat ion of cyclic and vinyl 
ethers as a result of the development of acid propert ies 
from their S i -O-Al bondings . 

From the informat ion described above, it is strongly 
expected that polyorganosi loxanes conta in ing various 
kinds of metals such as AI, Mg, and T i would be acid, 
and that there is a possibility that these materials 
migh t act as solid acid catalysts wi th relatively h igh 
thermal stability. However, such a possibility has 
scarcely been examined so far. 

In the present study, as a first step toward examin ing 
this possibility, an a lumin ium-con ta in ing polymethyl­
siloxane (AMS) was prepared and several fundamental 
properties were measured in order to examine its 
applicabil i ty as a solid acid catalyst. 

Experimental 

Materials. Methyltrichlorosilane (MTCS) and dimethyl­
dichlorosilane (DMCS) were obtained from Shin-Etsu 
Chemical Industry Co. and were used without further 
purification. Aluminium hydroxide (Kanto Chemical Co., 
GR grade) was used as the source of aluminium. A series of 
commercially available basic indicators (Tokyo Kasei Kogyo 
Co., GR or EP grade), Methyl Red (p£a=4.8), 4-phenyl-
aminoazobenzene (p£a—4.0), £-dimethylaminoazobenzene 
(pK&=3.3), 4-(phenylazo)diphenylamine (pKa=l.5), dicin-
namylideneacetone (pKà=—3.0), benzylideneacetophenone 
(p£a=—5.6), and anthraquinone (p£a=—8.2), was used in a 
0.1 wt% dry benzene solution to measure the strength of acid 
sites. Commercially available silica-alumina catalyst (Nikki 
Chemical Co., N631-L, 13 wt% AI2O3) having a specific 
surface area of 500 m2 g_1, was used as a reference. Methyl 
acetate (Wako Pure Chemical Industries) and pinacol 
(Aldlich, hydrated form) were used as reactants in order to 
examine catalytic activity; pinacol was dried before use by 
recrystallization from ether followed by desiccation with 
Molecular Sieve 3A. 

Preparations. MTCS (4.5 g) and 2.0 g of DMCS (MTCS/ 
DMCS molar ratio 2.0) were dissolved in 20 cm3 of ethanol 
with cooling. Aluminium hydroxide (0.7 g) was dissolved in 
200 cm3 of aqueous 3.8 wt% sodium hydroxide solution. The 
two solutions were mixed once at a time with vigorous 
stirring, the Si/Al ratio in the solution being 4.5. Then, the 
pH of the solution was lowered rapidly to 9 with 
concentrated hydrochloric acid. Stirring was continued for 
ca. 12 h at room temperature, then for an additional 5 h at 
353 K to completion of the reaction. The precipitate formed 
was filtered and washed with distilled water. The solid 
obtained, which will hereinafter be designated AMS-1 
(aluminium ion-containing methylpolysiloxane-1), was dried 
at 373 K. AMS-1 was mixed with a small amount of ethanol, 
dispersed in distilled water, washed three times with 
0.5 mol d m - 3 ammonium chloride solution to remove the 
remaining sodium cations, and finally washed with distilled 
water until no chloride ion was detected in the filtrates. The 
obtained solid (hereinafter designated AMS-2) was dried 
overnight at 373 K. 

By a similar method, methylpolysiloxane (MS), one of the 
components of AMS-1 and -2, was prepared from only a 
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mixture of MTCS and DMCS as a reference. Similarly, 
alumina (AL), the other component of AMS, was also 
prepared as a reference from aluminium hydroxide. Each of 
the samples was activated at 473—773 K in air before use. 

Measurements. The acid strength was measured in dry 
benzene using the conventional indicator method.8) In this 
study the strengths of the acid sites were expressed 
semiquantitatively in terms of the pK& value of the weakest 
indicator that can be adsorbed in its acid form; thus, stronger 
acid sites have smaller pK& values. IR spectra were measured 
with a spectrophotometer (Shimadzu Corp., IR-400) on 
pelletized mixtures of 1 mg of sample powder and 250— 
300 mg of KBr powder. The IR spectra of the adsorbed 
pyridine were measured qualitatively using the same 
spectrophotometer by a simplified method as follows. 
Fifteen milligrams of an activated sample were pressed into a 
disk without using KBr, heated at the activation temperature 
for 1 h, and transferred quickly into a 50 cm3 Erlenmeyer's 
flask provided with a tight ground-glass cap. A four 
mmol/g-catalyst of pyridine was injected into the flask, and 
the flask was kept at 393 K for 1 h for adsorption. The 
sample disk was taken out, and its IR spectrum was recorded. 
X-Ray powder diffraction patterns were recorded on an X-
ray diffractometer (Rigaku Denki Co., Geigerflex RAD-IA). 
Surface areas were measured with an instrument (Shimadzu 
Corp., ADS-IB) by the BET method using the adsorption of 
nitrogen at 77 K. 

Test Reactions. For the hydrolysis of ester, 1.0 cm3 of 
methyl acetate was dissolved in 20 cm3 of distilled water. A 
sample powder (0.1 g) was suspended in the solution and 
stirred at 323 K for 1 —12 h. A 5.0 cm3 aliquot of the 
supernatant liquid was titrated with 0.1 mol dm - 3 sodium 
hydroxide solution in order to determine the acetic acid 
produced as a poduct. 

Dehydration of pinacol was carried out by a pulse method. 
Fifty milligrams of an activated sample powder were 
charged in a U-shaped glass reaction tube (i.d. 3.0 mm) and 
pretreated at 523 K for 1 h in a helium flow (30 cm3 min -1); 
then, pinacol was injected in 3.5ul pulses. The products 
were analyzed with a gas Chromatograph (Shimadzu Corp., 
GC-4BT). Major products, pinacolon and 2,3-dimethyl-l,3-
butadiene, were identified and determined by comparing 
their retention times and peak areas with those of respective 
commercially available reagents. 

Results and Discussion 

Acid Strength and Affinity to Water. T h e effect of 
the activation temperature on the acid strength of 
AMS-1, AMS-2, and their components , MS and AL, is 
given in Tab le 1. T h e affinity to water of the samples, 
namely whether a sample is hydrophobic or not, is 
also shown in the table. T h i s proper ty can easily be 
determined because a hydrophobic sample, when 
added to distilled water, is al lowed to float on the 
water, and never caused to enter the l iquid phase. 
When a sample is hydrophi l ic , it sinks immediately 
in to the water. Since the hydrophobic property can be 
regarded as being due to the existence of a methyl 
g roup , the highest activation temperature at which the 
hydrophobic property is main ta ined is useful for 
roughly de termining the thermal stability of AMS and 
MS. 

As shown in Tab le 1, MS and AMS-1 treated below 
573 K and AMS-2 treated below 673 K are hydrophobic . 
These results indicate that the methyl groups contained 
in these solids are stable u p to ca. 573—673 K. Since 

Sample 

Table 1. Hydrophobic and Acid Property of MS, AL, AMS-1, and AMS-2 

pK& and color of indicatorb) 
Heating 
7YK 

373 
473 
573 
673 
773 

373 
473 
573 
673 
773 

373 
473 
573 
673 
773 

373 
473 
573 
673 
773 

; condition 
Time/h 

>12 
3 
3 
3 
3 

>12 
3 
3 
3 
3 

>12 
3 
3 
3 
3 

>12 
3 
3 
3 
3 

Hydrophobic 
propertya) 

+ 
+ 
+ 
— 
— 

— 
— 
— 
— 
— 

+ 
+ 
+ 
— 
— 

+ 
+ 
+ 
+ 
— 

4.8 4.0 3.3 1.5 -3.0 -5.6 -8.2 

MS 

AL 

AMS-1 

AMS-2 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

— 
— 
+ 
+ 
+ 

— 
— 
+ 
+ 
+ 

— 
— 
± 
± 
± 

— 
— 
— 
± 
± 

+ 

+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 

± 

+ 
+ 
+ 

-

+ 
+ 
+ 

-

± 
+ 
+ 

a) +, hydrophobic; —, hydrophilic. b) +, acidic color; —, basic color; ±, physically adsorbed. 
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many types of silicone rubber are stable up to ca. 
573 K, the thermal stability of MS and AMS can be 
regarded as being nearly equal to that of silicone 
rubber. 

MS is not acid, as shown in Table 1, irrespective of 
the treating temperatures. On the other hand, AL is 
acid with a medium strength (pKa=i.O—1.5). AMS-1 
becomes slightly acid (p£a=4.0) when treated above 
673 K. Of the samples, only AMS-2 treated at 573— 
673 K is hydrophobic, with a strength (pKa=l.5——3.0) 
equal to or stronger than that of AL. Since the acid 
strength of a silica-alumina catalyst is pKa=—8.2, the 
acid sites on MSA-2 are weaker than those on this 
catalyst. The remarkable difference in the acid 
strength between AMS-1 and AMS-2 can be explained 
as follows. Since sodium cations are capable of 
neutralizing both protic (Br0nsted type) and aprotic 
(Lewis type) acid sites,9) the acid sites on AMS-1 were 
neutralized with sodium cations which coexisted in 
quantity in the preparation stage of AMS-1. On the 
other hand, in the case of AMS-2, sodium cations were 
exchanged in advance with ammonium ions by 
treatments with an ammonium chloride solution, so 
that the acid sites could be formed on AMS-2 as a result 
of the decomposition of ammonium ions above 573 K 
in a similar manner as in the case of zeolites. With this 
case, it is known that the ammonium ion of Y-zeolite10) 

is decomposed to ammonia and a proton by heat 
treatment at 413—633 K, the latter being retained on 
the surface as a Brçfnsted acid site. 

IR Spectra. The IR spectra of AMS-2 treated at 473, 
573, and 673 K (spectra 1, 2, and 3, respectively) are 
shown in Fig. 1. For a comparison, the spectrum of 
commercial silica-alumina treated at 723 K is also 

u 

G 

h 
Î 

1800 K00 1000 650 

Wavenumber/cm-1 

Fig. 1. IR spectra of AMS-2 heat treated for 3 h and 
of silica-alumina (N631-L) treated at 723 K for 3 h. 
Treating temperatures of AMS-2: 1, 473 K; 2, 573 K; 
3, 673 K; 4, silica-alumina. 

shown (spectrum 4) in this figure. The spectra of 
AMS-2 treated at 373 and 773 K are nearly identical 
with spectra 1 and 3, respectively; thus, they are not 
shown in this figure. AMS-2 treated at 473 K shows a 
strong absorption band at 1265 cm - 1 and a weak one at 
1400 cm -1. These two bands may be ascribed to the 
symmetric and asymmetric deformation vibrations of 
the methyl group u ) bound to the silicon atom, 
respectively. The intensities of these bands are not 
changed substantially upon treatment at 373—473 K, 
but are reduced distinctly when AMS-2 is treated at 
573 K. These bands disappear in the spectrum of 
AMS-2 treated above 673 K, and the spectrum is in 
qualitative agreement with that of silica-alumina. On 
the other hand, as shown in Table 1, AMS-2 treated at 
673 K is hydrophobic. The explanation for this 
contrast may be that a small number of methyl groups 
(difficult to detect from IR spectra, but sufficient to 
impart a hydrophobic property) still remain on 
AMS-1. From these results it is concluded that AMS-2 
is stable below 473 K, and that a portion of the methyl 
groups are decomposed by the treatment at 573 K. 

X-Ray Diffraction and Specific Surface Area. X-
Ray diffraction measurements were carried out on 
AMS-2 treated at 373, 573, and 773 K; none of them 
produced diffraction lines. These resuls indicate that 
AMS-2 is amorphous at least up to 773 K. It is known1* 
that polytitanomethylsiloxanes are also amorphous at 
room temperature. As is well-known, silica-alumina 
catalysts are amorphous, so that AMS-2 can be 
regarded as being a structure like silica-alumina in 
which a portion of the oxygen atoms have been 
replaced with methyl groups directly bound to the 
silicon atoms. 

The relation between the treating temperature and 
the specific surface area of AMS-2 is shown in Fig. 2. 
AMS-2 heat treated at 473 K gave a value of about 

bß 

£ 100 

a 
C/3 

7YK 

Fig. 2. Relation between specific surface area and 
heating temperature of AMS-2. 
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250 m 2 g - 1 ; this value was main ta ined after a treatment 
at 573 K. When AMS-2 was treated at temperatures 
higher than 573 K, a remarkable decrease in the surface 
area was observed. T h e surface areas of AMS-2 treated 
at 673—773 K are equal to about 1/10 of those treated 
at 473—573 K. Since the temperature range where the 
abrup t decrease in surface area occurs (573—673 K) is 
the same as the temperature range where the absorp­
t ion bands of methyl groups disappear in the IR 
spectra, the decrease in the surface area may be taken to 
be caused by a destruction of the porous structure due 
to a pyrolysis of methyl groups. From these results it is 
concluded that 573 K is the highest temperature which 
can provide AMS-2 with h igh surface areas. 

IR Spectra of Adsorbed Pyridine. T h e IR spectra of 
pyridine adsorbed on AMS-2 were measured us ing 
AMS-2 treated at 573 K for 3 h. T h e obtained spectra 
are shown in Fig. 3, together wi th the background 
spectrum (curve 1). Curve 2 shows the spectrum 
measured immediately after pyridine adsorption, so as 
to avoid the effect of moisture. By compar ing the 
spectrum with the results reported by Parry,9) the 
absorpt ion peaks which appear a round 1492 and 
1548 c m - 1 may be assigned to the pyr id in ium ion, and 
the peak a round 1444 c m - 1 may be taken as corre­
spond ing to hydrogen-bonded pyridine. A band of 
coordinately b o u n d pyridine (1450 cm - 1 ) in associa­
t ion wi th Lewis acid sites was not observed. However, 
an absence of Lewis type sites cannot be concluded 
from this result. Since the sample was constantly 
exposed to moisture du r ing the measurement of its 
spectrum, there is a possibility that all Lewis acid sites, 
if present, would have been converted in to Br0nsted-
type sites due to the adsorpt ion of water, in the same 
manner as in the case9) of a s i l ica-a lumina catalyst. 
Curve 3 shows the spectrum of AMS-2 which was 

exposed to pyr idine vapor and then heated at 573 K for 
1 h. T h o u g h the bands corresponding to weak 
adsorpt ion due to hydrogen b o n d i n g disappeared, the 
band for the s t rong adsorpt ion due to pyr id in ium ion 
remained. From these results, it may be concluded that 
AMS-2 possesses at least Brçfnsted acid sites, a 
conclusion which is in harmory with the results 
obtained us ing the adsorpt ion of basic indicators. 

It is known that a lumina , one of the components of 
AMS-2, conta ins only Lewis acid sites;9'12»13) MS, the 
other component , is nonacidic , as shown in Tab le 1. 
From these facts, it can be concluded that the acid sites 
on AMS-2 do not originate from those on the 
components , bu t are newly produced by the formation 
of S i -O-Al bonding. 

Hydrolysis of Methyl Acetate and Dehydration of 
Pinacol. Catalytic activity was examined us ing an 
AMS-2 which was heat-treated at 573 K for 3 h, because, 
a m o n g the samples, only this one possessed an acid 
property with moderate s trength and h igh surface 
area, and contained a considerable number of methyl 
groups. 

Namba et al.14) reported that high-sil ica zeolites are 
active as acid catalysts for the hydrolysis of ester in 
aqueous solut ion because of their hydrophobic prop­
erty, whereas s i l ica-a lumina catalyst, though hydro-
phi l ic in nature , is inactive. Since AMS-2 is 
hydrophobic , there is a possibility that this sample is 
active as a solid acid catalyst in aqueous solution. T o 
examine this possibility, the hydrolysis of methyl 
acetate by AMS-2 was examined in an aqueous system. 
However, the expected reaction did not proceed 
substantially, which indicates that AMS-2 is not active 
in aqueous solut ion. T h i s result implies that the 
hydrophobic property of AMS-2 is not effective to 
protect the acid sites from water. 

u 

h 

1800 1600 1400 1200 

Wavenumber/cm -1 

Fig. 3. IR spectra of pyridine adsorbed on AMS-2. 
1, background; 2, immediately after pyridine adsorp­
tion at 393 K for 1 h; 3, heated at 573 K for 3 h after 
pyridine adsorption. 
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Fig. 4. Conversion of pinacol and the selectivity for 
pinacolone on AMS-2 and silica-alumina (N631-L) 
at 523 K. O, A: conversion on AMS-2 and silica-
alumina, respectively. • , A: selectivity on AMS-2 
and silica-alumina, respectively. 
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It is wel l -known that the dehydration of pinacol 
is al lowed to proceed by acid catalyst; this reaction 
was therefore selected as the test reaction to examine 
the catalytic activity of AMS-2 in the gas phase. T h e 
obtained results are shown in Fig. 4. For a 
comparison, the results obtained with a commercial 
s i l ica-a lumina catalyst are included in the figure. T h e 
conversion of p inacol on AMS-2 is practically 100% 
wi th in the 10 pulses tested, and the products obtained 
are pinacolon (PCN), 2,3-dimethyl-l,3-butadiene (DMB), 
and water. T h e selectivity for P C N gradually 
decreased from 86% for the first pulse to 78% for the 
final. These results are impor tan t because they 
demonstrate that AMS-2 acts as a solid acid catalyst in 
the gas phase. S i l i ca -a lumina also showed similar 
activity, t hough the selectivity is somewhat different 
from that of AMS-2 in that the selectivity for P C N 
gradually increased wi th the pulse number . 

In conclusion, it has been demonstrated that 
a luminium-conta in ing polymethylsiloxane is an amor­
phous , relatively heat-stable solid acid with a h igh 
surface area, and that the acid sites are active in the 
vapor phase , bu t are inactive in aqueous systems. T h e 
appearance of these acid sites can be ascribed to the 
formation of S i - O - A l bond ing . T h i s substance is 
interesting as a new type acid catalyst or support . 
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Picosecond Laser Photolysis Studies on the Photoreduction of Excited 
Benzophenone by Diphenylamine in Solutions 
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The mechanism of photoreduction of benzophenone (BP) by diphenylamine (DPA) in isooctane as well as 
acetonitrile and other polar solvents has been investigated by means of picosecond laser photolysis and time-
resolved transient absorption spectral measurements. The results of measurements have demonstrated clearly 
that the hydrogen abstraction and charge transfer (CT) or ion pair (IP) state formation by electron transfer are 
competing at encounter between triplet benzophenone (3BP*) and DPA both in nonpolar and polar solvent, and 
the CT or IP state relaxed with respect to the donor acceptor configurations and solvation does not contribute to 
the ketyl radical formation. It has been concluded that the very short-lived CT state at encounter between 3BP* 
and DPA plays a crucial role in the hydrogen abstraction reaction, i.e. the mutual orientation of 3BP* and DPA 
in this very short-lived CT state at encounter will determine the successive process, the formation of the ketyl 
radical or relaxed CT or IP state. 

T h e photo induced electron transfer (ET) and 
subsequent dynamic processes are the most funda­
mental and impor tan t problems in photochemical 
pr imary processes in condensed phase.1 _ 4 ) T h e 
elucidat ion of the factors cont ro l l ing the behaviors of 
the E T state in the photochemical reaction is of crucial 
importance. 

T h e photoreduct ion of excited triplet benzophenone 
(3BP*) in solut ion has been extensively studied and a 
number of results have been reported.5 - 2 5 Especially, 
much at tent ion has been paid to the hydrogen 
abstraction of 3 BP* from al iphat ic as well as aromatic 
amines. T h e reaction yield of the hydrogen abstrac­
tion from the amine is usually very h igh and the 
reaction rate is rather close to that of the diffusion-
controlled reaction. T h i s efficient and rapid reduction 
process has been considered to be due to the 
par t ic ipat ion of the charge-transfer (CT) interaction 
between 3 BP* and amines in the reaction, since the rate 
of the hydrogen abstraction of 3 BP* from 2-propanol is 
about 103 times smaller than those from amines. O n 
the basis of such results, Cohen et al. proposed7) the 
reaction mechanism of the hydrogen abstraction of 
3 BP* from amines , wh ich assumed the C T complex or 
ion-pair formation followed by pro ton transfer; 

3BP* + AH > 3(BP- .. AH+) > (BPH + A) 
electron proton 
transfer transfer 

where A H is an amine and B P H is a ketyl radical. 
Arimitsu et al. investigated8»9* the quench ing of 

3 BP* by various kinds of amines by observing the 
transient absorpt ion wi th a nanosecond laser pho­
tolysis method. O n the basis of the observed 
dependence of the yield of the BPH radical on the 
oxidat ion potent ia l of the amine , they concluded that 
the B P H formation was in compet i t ion wi th the 
product ion of the solvated free ion. In other word, it 
was considered that the C T or the ion-pai r (IP) state 
pr ior to the solvation was the species undergoing the 

pro ton transfer leading to the B P H formation and that 
this p ro ton transfer in the IP state competed wi th the 
solvation leading to the ionic dissociation. O n the 
other hands , Peters and co-workers10-13* investigated 
the picosecond dynamics of the excited benzophenone 
and amine systems. O n the basis of the observed time-
dependent spectral shift of the benzophenone an ion 
radical, they concluded that the structural change of 
the solvent separated IP formed by the E T between 
3 BP* and amine , to the contact IP was the key process 
for the p ro ton transfer to take place. 

Summar iz ing the above extensive studies on the 
photoreduc t ion of the excited benzophenone at the 
present stage of the investigation, the dependence of 
the proton-transfer process on the structure of the 
intermediate C T or IP state seems to be an i m p o r t a n t 
po in t for the elucidation of the reaction mechanism. 
In this respect, we have conducted detailed picosecond 
and femtosecond laser photolysis studies on the 
reaction of excited benzophenone with various aro­
matic and a l iphat ic amines in nonpola r as well as 
polar solvents. O w i n g to these investigations wi th 
more direct and quant i ta t ive time-resolved spectral 
measurements, the reaction mechanisms have now 
become m u c h clearer. 

In the present paper , results of the picosecond laser 
photolysis studies on the reactions of the excited 
benzophenone wi th d iphenylamine in several solvents 
of different polar i ty will be reported. T h e relat ion 
between the C T or IP state formation and the 
hydrogen abstract ion process will be discussed and the 
mechanisms of the hydrogen abstraction will be 
reconsidered inc lud ing the photochemistry of the 
excited singlet state benzophenone. 

Experimental 

Laser Photolysis Apparatus and Purification of Samples. 
A microcomputer-controlled picosecond laser photolysis 
system with a repetitive Nd3+:YAG laser was used to 
measure transient absorption spectra in the picosecond and a 
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few nanoseconds time region. The details of this system 
have been reported elsewhere. 16'17) For the measurement of 
the time profiles of the transient absorbance in a few 
nanoseconds to a few hundreds nanoseconds time region, a 
kinetic spectroscopy system18) with a pulsed Xe lamp as a 
monitoring light, a photodetector, and a fast storage 
oscilloscope, was used. In both of these measurements, 
samples were excited by a single 355 nm pulse with 22 ps 
fwhm. For the transient absorption spectral measurements 
in longer time region, an excimer laser photolysis system 
with 351 nm excitation pulse was used.19) 

Benzophenone (Wako, Special Guarantee) was purified by 
repeated recrystallization from ethanol and sublimation. 
Diphenylamine (Wako, Special Guarantee) was purified by 
repeated recrystallization from isooctane. Isooctane (2,2,4-
trimethylpentane), acetonitrile, 2-propanol, and ethyl ace­
tate (Merck Uvasol) for the laser photolysis measurements 
were used without further purification. Samples were 
deaerated by N2 purging. All the measurements were 
performed at room temperature (22+3 °C). 

Extinction Coefficient Used for the Estimation of the 
Reaction Yield. The extinction coefficient of benzo­
phenone in its triplet state (3BP*) at 525 nm was reported to 
be 6500 M"1 cm"1.20) On the other hand, that for the BPH 
radical at 545 nm was reported to be 5100 M - 1cm - 1 .5 ) 

Recently, we have measured the decay process of 3BP* in 
2-methyltetrahydrofuran (MTHF) by means of the picosecond 
laser photolysis method,21) the result of which shows that the 
decay time of 3BP* in MTHF is 4.1 ns and a fairly large 
amount of BPH is observed after the decay of 3BP*. By using 
those extinction coefficients for 3gp*20) a n ( j BPH,5) the 
quantum yield of the BPH produced from the initial 3BP* 
was obtained to be 0.80. On the other hand, if we assume 
that the deactivation of 3BP* is exclusively due to the BPH 
formation on the basis of the fact that the 4.1 ns decay time in 
MTHF is extraordinarily shorter than the lifetime of 3BP* in 
other solvents, the extinction coefficient at 545 nm is 
obtained to be 65—70% of that of 3BP* at 525 nm. Namely, 
the extinction coefficient of BPH at 545 nm may be 4200— 
4600 M - 1 cm -1 , if we set the extinction coefficient of 3BP* at 
525 nm to be 6500 M - 1 cm -1 . In this study, we have used the 
extinction coefficient of 4600 M - 1 cm - 1 for BPH. Moreover, 
we have assumed that these extinction coefficients for 3BP* 
and BPH are independent of the nature of the solvent, for the 
spectral band shapes and the absorption maxima are almost 
constant irrespective of the solvent used. 

On the other hand, the extinction coefficient of BP~ was 
reported to be ca. 10000 M - 1 cm - 1 in the vicinity of 800 nm in 
MTHF.22) Although the absorption maximum shifted to 
shorter wavelength at room temperature in other solvents, 
the validity of this value for BP~ was supported by the 
following result. When l,4-diazabicyclo[2.2.2]octane(DABCO) 
was used as quencher for 3BP*, only the BP~ was produced 
in the course of quenching without the BPH formation in 
tens of nanosecond time region in most solvents.21) The 
yield of the IP state produced from 3BP* was obtained to be 
0.8—0.9 if was use the extinction coefficient of 10000 M - 1 

cm-1 at 720 nm for BP~ and that of 6500 M"1 cm"1 at 525 nm 
for 3BP* in acetonitrile. Further, the extinction coefficient of 
DPA+ at 675 nm in acetonitrile was estimated to be 25000 
M - 1 cm-1.23) In nonpolar solvent, the absorption spectrum of 
DPA+ was rather broad and the absorption maximum 

shifted to 695 nm.24) The half width of this absorption band 
around 695 nm was ca. 3000 cm - 1 in cyclohexane.24) On the 
other hand, the half width of this absorption band in 
acetonitrile, where the absorption maximum located at 
675 nm, was 1100 cm -1 . Hence, it is plausible that the 
extinction coefficient of DPA+ in isooctane is smaller than 
that in acetonitrile at the absorption maximum. In order to 
obtain the extinction coefficient of DPA+ in isooctane, we 
have assumed that the extinction coefficient is inversely 
proportional to the half width of the absorption band. Then, 
the extinction coefficient of DPA+ in isooctane was 
estimated to be 9000 M - 1 cm - 1 at 695 nm. In ethyl acetate 
and in 2-propanol, the extinction coefficient of DPA+ was set 
to 25000 cm -1 , since the absorption maximum was around at 
675—680 nm and spectral band shape in these solvents were 
close to that in acetonitrile. 

In order to obtain the reaction yield of the IP, 
(BP----DPA+), the extinction coefficients of BP~ and DPA+ 
should be added. The spectral band shape of BP~ was 
reported to be solvent-dependent.23) In 2-propanol, the 
absorption maximum of BP~ is located in the vicinity of 
640 nm, while that in acetonitrile was around 700 nm.21) In 
this study, we have obtained the extinction coefficient of BP~ 
at the absorption maximum of DPA+ in each solvent from 
the transient absorption spectrum of IP or CT state of the 
BP-N,N-diethylaniline (DEA) system,21) because DEA+ and 
DEA neutral radical show practically no absorption in 600— 
700 nm region. 

Summarizing the above discussions, we use here the 
following values of the extinction coefficients; 6500 M - 1 

cm"1 at 525 nm for 3BP*, 4600 M"1 cm"1 at 545 nm for BPH, 
18000 M"1 cm-1 at 700 nm for the contact IP state, 3(BP~... 
DPA+), in isooctane, and 32000 M"1 cm"1 at 675 nm for the 
IP state, 3(BP-..-DPA+), in 2-propanol, and 31500 M"1 cm"1 

for the IP state, in acetonitrile and in ethyl acetate. 

Results and Discussion 

Photoreduction Process of BP-DPA System in 
Isooctane. Figure 1 shows the time-resolved transient 
absorpt ion spectra of B P - D P A (0.13 M, 1 M = l mol 
d m - 3 ) system in isooctane solut ion excited wi th a 
picosecond 355 n m laser pulse. A transient absorpt ion 
spectrum wi th an absorpt ion m a x i m u m at 525 n m 
observed at 40 ps after the excitation can be assigned to 
the T„ <— T i t ransi t ion of BP.20) Wi th increase of the 
delay t ime, one can observe the increase of the 
absorbance at 545 nm, 700 n m , and 750 nm. O n the 
basis of the wavelengths of the absorpt ion max ima and 
the spectral b a n d shapes, these absorpt ion bands can 
be assigned to each species as follows: the 545 n m band 
to BPH, 5 ' 2 5 ) the 700 n m b a n d to the contact IP , 
3(BP-...DPA+),22«23> and the 7 5 0 n m band to the 
d iphenyl n i t rogen radical (DPN),26) respectively. T h e 
transient absorpt ion spectra in Fig. 1 indicate that the 
spectrum at the shortest delay t ime which is main ly 
due to 3 BP* gradually evolves in the course of t ime 
in to those of B P H and D P N formed by the hydrogen 
abstraction reaction, and of 3(BP"---DPA+) produced 
th rough the electron-transfer reaction. 
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Fig. 1. Transient absorption spectra of benzophenone 
(BP) (0.01 M)-diphenylamine (DPA) (0.13 M) in 
isooctane, excited with a picosecond 355 nm laser 
pulse. 

Fig. 2. (a) Time profiles of 3BP* (•) and BPH radi­
cal (O) of BP (0.01 M)-DPA (0.13 M) in isooctane, 
excited with a picosecond 355 nm laser pulse (see 
text), (b) Time profiles of the transient absorbance at 
700 nm of BP (0.01 M)-DPA (0.13 M) in isooctane, 
excited with a picosecond 355 nm laser pulse, (c) 
time profiles of 3(Bp-...DPA+) (O) of BP (0.01 
M)-DPA (0.13 M) in isooctane, excited with a pico­
second laser pulse ( • : rise component) (see text). 

Figure 2(a) shows the t ime profiles of 3 BP* and 
B P H , which were obtained by the analysis of the 
observed spectra in the 400—560 n m region in to the 
two componen ts of 3 BP* and BPH. In this wavelength 
region, the spectra are almost exclusively composed of 
the bands due to these two species. T h e decay time of 
3 BP* (610 ps) coincides wi th the rise time of BPH. T h e 
bimolecular rate constant of the q u e n c h i n g reaction 
between 3 BP* and DPA was obtained to be 1.3X 
lOio M-^s" 1 , which was equal to the diffusion-
controlled rate constant in isooctane (1.3X1010 M - 1 s - 1 

a t 2 5 ° C ) . 
O n the other hand , dependence of the absorbance at 

the m a x i m u m of the 3 ( B P - . D P A + ) band (700 nm) is 
exhibited in Fig. 2(b). T h e absorbance increases unt i l 
the delay times of 1—2 ns and decreases. Since the 
absorbance due to D P N radical extends to the 700 n m 
region, the cont r ibu t ion of this neutral radical was 
subtracted from the absorbance in Fig. 2(b) in such a 
way that the t ime profile of D P N radical is identical 
wi th that of BPH. T h e t ime profile of the absorbance 
due to 3 ( B P - - D P A + ) at 700 n m obtained in this way is 
shown in Fig. 2(c), of which the rise and decay times 
were 600 ps and ca. 3 ns, respectively. T h e rise time of 
3(BP~ DPA+) (600 ps) was identical with that of the 
decay of 3 BP* and wi th rise t ime of B P H wi th in the 
exper imenta l error, which means that the formation 
process of 3(BP----DPA+) is in compet i t ion wi th that 
of B P H radical. Fur thermore, the decay of 3 (BP" - -
DPA+), of which the time constant is ca. 3 ns, is not 
accompanied by the product ion of BPH, as shown in 
Fig. 2(b). T h i s figure indicates that almost all B P H ' 
format ion is completed wi th the time constant of 
610 ps wh ich is identical wi th that of the decay of 
3BP*. 

From the above results, it can be concluded that 
B P H is no t produced by the p ro ton transfer in the 
stable 3 (BP" DPA+) state, bu t th rough the direct 
hydrogen abstraction process. T h i s conclusion is 
suppor ted also by the est imation of the yields of the 
B P H and 3 (BP- . -DPA+) as follows. By us ing the 
values of the extinction coefficient given in the 
Exper imenta l section, the yield of B P H from 3 BP* was 
estimated to be 0.7—0.8 and that of 3(BP". -DPA+) 
0.07—0.1. Even if the deactivation of 3 (BP" DPA+) 
terminates in the B P H formation, this is a minor pa th . 
Almost all of B P H was confirmed, wi th in the 
exper imenta l accuracy, to be formed directly from 
3BP*. Summar iz ing above results, we can conclude the 
fol lowing reaction scheme for the photoreduct ion of 
3 BP* by DPA in isooctane. 

3BP* + DPA *HT > BPH .. DPN > BPH + DPN 

3 ( B P - . D P A + ) (1) 
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where, (^HT+knT) is the rate constant of the quench ing 
reaction between 3BP* and DPA. 

Photoreduction Process of BP—DPA System in 
Acetonitrile and Other Polar Solvents. Figure 3 
shows time-resolved transient absorpt ion spectra of 
BP-DPA (0.044 M) system in acetonitrile. With 
increase of the delay t ime, 3BP*, whose absorpt ion 
m a x i m u m observed at 60 ps lies at 523 nm, decays and 
a new b a n d at 675 n m which comprises contr ibut ions 
from DPA+ and BP", and that due to BPH at 545 n m 
appear . T i m e profiles of concentrat ions of 3BP*, 
BPH, and 3 (BP" DPA+) are displayed in Fig. 4, 
which were obta ined by the analysis of the observed 
spectra in to these species on the basis of their 
individual reference spectra. In this figure, the 
ordinate represents the concentrat ion of the individual 
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species calculated by us ing the extinction coefficient 
given in the Exper imenta l section. In acetonitrile, the 
ext inct ion coefficient of 31500 M _ 1 c m - 1 was used for 
3 (BP" DPA+) at 675 nm. T h i s value was obtained by 
the addi t ion of the extinct ion coefficient of DPA+ and 
that of B P " at 675 nm. From Fig. 4, the decay t ime of 
3 BP* was obtained to be 2.85 ns and the rate constant 
of the q u e n c h i n g reaction between 3 BP* and DPA was 
obtained to be 0.80X101 0M_ 1 s_1. Moreover, one can 
see clearly that the formation process of BPH 
corresponds very well to the decay process of 3BP*. We 
have confirmed also that the rise profile of 3(BP ----
DPA+) is also in agreement wi th that of the 3 BP* 
decay. Solid lines in this figure are calculated on the 
basis of the reaction scheme similar to Eq. 1. From 
such analysis the reaction yield of BPH from 3 BP* was 
obtained to be 0.76+0.05, and that of »(BP-...DPA+) 
from 3 BP* 0.16+0.02. 

In order to clarify the details of the reaction 
mechanism, we have photolyzed the solut ion con­
ta in ing h igher concentrat ions of DPA. In Fig. 5, we 
show the transient absorpt ion spectra of BP-DPA 
(0.42 M) system in acetonitrile, where the absorpt ion 
due to DPA+ and B P - was observed immediately after 
the excitation. T h e time profiles of the absorbance at 
525 n m and 680 n m immediately after the excitation 
are plot ted in Fig. 6, which indicates that the 
formation of the IP takes place almost simultaneously 
wi th the formation of 3BP*. T h i s rapid formation of 
the IP immediately after excitation is considered to be 
due to the electron transfer between benzophenone in 
its excited singlet state ^BP*) and DPA in the vicinity 
of XBP*, a n d also due to the excitat ion of weak C T 
complex produced in the g round state. Such a rap id 
electron-transfer process between BP and amine has 

Fig. 3. Transient absorption spectra of BP (0.01 
M)-DPA (0.044 M) in acetonitrile, excited with a pico­
second 355 nm laser pulse. 

Time / ns 

Fig. 4. Time profiles of 3BP* (O), BPH (•) , BP~ and 
DPA+ (3) in BP (0.01 M)-DPA (0.044 M) in aceto­
nitrile excited with a picosecond 355 nm laser pulse 
(see text). 

400 500 600 700 
Wavelength / n m 

Fig. 5. Transient absorption spectra of BP (0.01 
M)-DPA (0.42 M) in acetonitrile, excited with a pico­
second 355 nm laser pulse. 
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Fig. 6. Time profiles of transient absorbance at 
525 nm (3ßP*) (•) and 680 nm (BP--DPA+) (O) of 
BP (0.01 M)-DPA (0.42 M) in acetonitrile, excited 
with a picosecond 355 nm laser pulse. 
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Fig. 7. Time profiles of 3BP (O), BPH (• ) , BP~ and 
DPA+ (3) in BP (0.01 M)-DPA (0.42 M) in aceto­
nitrile excited with a picosecond 355 nm laser pulse 
(see text). 

been recently observed by means of femtosecond laser 
photolysis27* and also by means of picosecond laser 
photolysis.28) 

T i m e profiles of 3BP*, BPH, and the IP are 
displayed in Fig. 7, wh ich were obta ined by the 
analysis of the observed spectra into these species on 
the basis of their individual reference spectra. From 
this figure, the decay t ime of 3 BP* was obta ined to be 
290 ps and the q u e n c h i n g rate constant of 3 BP* was 
obtained to be 0.82X1010 M" 1 s_1, which was identical 
wi th that obta ined in the di lute solut ion. Moreover, it 
is clear from Fig. 7 that the rise t ime of B P H is in a fair 
agreement wi th the decay t ime of 3BP*. O n the other 
hand , the t ime profile of the IP state is complicated, 
since the decrease of the IP produced in the excited 
singlet state and that produced by the excitation of the 
weak C T complex formed in the g round state overlap 
the increase of 3 ( B P - - D P A + ) produced th rough the 
electron transfer between 3 BP* and DPA. In any way, 
the time profile of the IP state shows a rapid rise due to 
the 1 ( B P - - D P A + ) format ion and decay wi th the time 

Solvent 
Dielectric 
constant 0IP 

Isooctane 
Ethyl acetate 
2-Propanol 
Acetonitrile 

1.94 
6.09 
17.5 
37.5 

0.75 
0.73 
0.72 
0.76 

0.07 
0.12 
0.17 
0.16 

constant of 590 ps. T h e solid l ine for the t ime profile 
of the IP is the calculated curve, where the decay time 
of the 1 ( B P - - D P A + ) state is taken to be 590 ps and the 
rise t ime of the 3(BP~ -DPA+) state is taken to be 
identical wi th the decay t ime of 3BP*. Moreover, it is 
assumed that the ionic dissociation from the 1(BP""--
DPA+) state is negligible, whi le 3 (BP" DPA+) ter­
minates a lmost exclusively in the product ion of the 
free ion. In addi t ion, the yield of 3(BP~- DPA+) from 
3 BP* is taken to be 0.16 which is identical wi th the 
yield in the di lute solut ion in Fig. 4. T h e calculated 
curve and the exper imenta l poin ts are in fair 
agreement wi th each other. Accordingly, the ionic 
dissociation yield from 1 ( B P _ - D P A + ) is considered to 
be very small and that of 3(BP----DPA+) is almost 1.0. 

In Tab le 1, we summarize the 3 IP yield due to the E T 
reaction and the B P H yield due to the hydrogen 
abstraction reaction, not only for the acetonitrile 
solut ion b u t also for isooctane, 2-propanol , and ethyl 
acetate solut ions. In the latter two solutions, the direct 
hydrogen abstraction process compet ing wi th the E T 
reaction was also observed. T h e yield of the 3 IP in 
solvents less polar than acetonitri le was obtained by 
consider ing the decay of the ion pair . For example , in 
2-propanol solut ion, 3 IP showed decay with the t ime 
constant of 7.5 ns and the yield of the ionic dissocia­
t ion from the 3 IP was about 50%. In Table 1, we give 
the yields of the 3 IP pr ior to the recombinat ion and the 
dissociation. 

Results in Tab l e 1 show that the yield of B P H is 
almost independent of the solvent. T h o u g h the 
q u e n c h i n g rate constant of 3 BP* by DPA shows 
solvent dependence, it is rather close to the diffusion-
controlled value in those solvents examined here. In 
addi t ion, the yields of the 3 IP state in those solvents are 
0.1—0.2. Summar iz ing above results, it may be 
concluded that the reaction mechanism between 3 BP* 
and DPA a n d the yields of the 3 IP and the B P H radical 
are almost independent of the nature of the solvent. 

T h i s re la t ion between the yield of B P H and that of 
3 IP from 3 BP* also seems to suppor t the mechanism 
that the hydrogeii abstraction competes wi th the 
p roduc t ion of the stable 3 IP state. Usually, such 3 IP 
state formation is followed by the recombinat ion and 
the dissociation in to the free ions. Especially, in polar 
solvent such as acetonitrile, the dissociation process is 
so effective that its rate constant is usually 0.5— 
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2.0X109 s_1.29) Therefore, almost all ionic species 
observed at a few nanoseconds after the excitation in 
acetonitrile solut ion may be the dissociated free ions. 
In less po la r and n o n p o l a r solvent, this dissociation 
process is no t so effective as in acetonitr i le, and the 
recombina t ion process plays a d o m i n a n t role. In any 
way, the propert ies of the 3 IP and its decay process may 
depend u p o n the nature of the solvent. In spite of such 
solvent dependence of the behaviors of the 3IP state 
relaxed wi th respect to solvation the yields of B P H and 
the 3 IP state is a lmost independent of the na ture of the 
solvent. T h i s result suppor ts the reaction mechanism 
that the hydrogen abstraction takes place directly at 
the encounter between 3BP* and DPA. 

The Mechanism of Hydrogen Abstraction Reaction 
between 3 BP* and DPA. T h e above described reac­
tion mechanism of the hydrogen abstraction (the direct 
abstraction mechanisms) is different from that proposed 
by Cohen et al.7) and seems in conflict wi th the 
experimental results presented by Peters and co­
workers.1 0 _ 1 3 ) T h e hydrogen abstraction mechanisms 
presented by Cohen et al. was as follows, 

3BP + AH • 3(Bp- ... AH+) • (BPH + A) 

where p ro ton was transferred between the relaxed ions 
in the IP state, 3 ( B P - -H+). T h i s mechanism was 
assumed in order to expla in the exper imental result 
that the pho to reduc t ion of 3 BP* by amines leading to 
B P H formation was very efficient, wi th rate constants 
of about 103 t imes larger compared wi th the case of 
other hydrogen donors . In view of this result, it is 
qui te plausible that the C T interaction plays an 
impor t an t role in the hydrogen abstraction reaction of 
3 BP*-amine systems, as suggested by Cohen et al. 
The i r results tha t the yield of B P H was very h igh and 
the q u e n c h i n g rate constant was rather close to the 
diffusion-controlled one in the 3 BP*-DPA system are 
in a good agreement wi th our present results. 
However, our picosecond laser photolysis studies have 
demonstrated clearly that the relaxed 3 IP state does not 
contr ibute to the B P H formation in this system. 
Moreover, the deactivation of the relaxed 3 C T state or 
the contact 3 IP state in isooctane, where s trong 
solvation may no t take place, is not accompanied by 
the B P H formation. These results suggest strongly 
that the very short-lived C T state at encounter between 
3 BP* and DPA will play the crucial role in this 
reaction. Namely, the m u t u a l or ientat ion of 3 BP* and 
DPA in this very short-lived C T state at encounter will 
determine the successive process, the formation of the 
ketyl radical or relaxed IP state. Peters and co­
workers 1 0 - 1^ concluded that the electron-transfer reac­
t ion leading to the format ion of the solvent-separated 
IP was followed by the change of the structure to the 
contact IP where B P H formation by p ro ton transfer 
took place. The i r conclusion was based on the 

exper imenta l results that the absorpt ion m a x i m u m of 
BP~ was blue-shifted wi th increase of the delay time 
after the excitation. In the present results, however, 
such a long-lived IP state does no t part icipate in ketyl 
radical formation. T h i s difference migh t be due to the 
fact that the secondary amine is used in the present 
works whi le Peters et al. used the tertiary amine . 
Hence, the direct compar ison between the m u t u a l 
results seems difficult. Moreover, the amine con­
centrat ion in the solut ion used by Peters et al. for 
the photolysis was extremely h igh (ca. 1—5 M). In 
such a case, the E T reaction evidently occurred very 
rapidly in the excited singlet state, leading to no 3 BP* 
formation. Therefore, Peters et al. investigated the 
reaction of the qui te different system from that formed 
by encounter between 3 BP* and amine. Results of 
detailed investigations on this problem will be 
discussed in the for thcoming paper , inc luding those of 
our femtosecond laser photolysis studies. 

T h i s work was suppor ted by Grant-in-Aid (No. 
62065006) from the Japanese Ministry of Education, 
Science and Cul ture to N. M. 
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The Stereochemistry and Reactivity of Metal-Schiff Base Complexes. VII. 
Contribution of Hydrophobic Interligand Interaction to Chiral Recog­

nition of Phenylalaninate and Tryptophanate with (l/?,2/?)-A^A'r/-
Disalicylidene-l,2-cyclohexanediaminecobalt(III) Complex 

Yuki Fujii,* Yuzo YOSHIKAWA,+ Masato SYOJI, and Homare SHINOHARA 
Department of Chemistry, Ibaraki University, Bunkyo, Mito 310 

depar tment of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama 700 
(Received April 15, 1989) 

The stability constants, K\, of J-/32-diastereomers of mixed ligand cobalt(III) complexes with a chiral 
quadridentate Schiff base (sal-(i?,i?)-chxn), derived from salicylaldehyde and (i?,i?)-l,2-cyclohexanediamine, 
and D- or L-amino acidate (aa~=gly, ala, val, leu, thr, phe, trp, pro, asp, asn, and glu) were determined 
spectrophotometrically in water-methanol (2:3 by volume) containing acetate buffer (0.3 mol dm -3) at 22 °C: 
^an5-[Co{sal-(i?,i?)-chxn}(H20)2]++aa-^^J-iS2-[Co{sal-(i?,i?)-chxn}(aa)]. The Ki values range from 
5.6X106 to 1.2X109 mol - 1 dm3 and obey a linear free energy relationship except for n-phe, D-trp, D-asp, D-asn, and 
D-pro. In the cases of D-phe, D-trp, D-asp, and D-asn, their stability constants are 5—30 times as high as those for 
the corresponding L-aa. Extraordinary stabilization of the D-phe and D-trp complexes is discussed in terms of the 
interligand stacking of the aromatic rings between the Schiff base ligand and a side chain of amino acidate on 
the basis of conformational analysis and XH NMR spectra. 

Hydrophob ic in ter l igand interaction is one of 
several interest ing subjects in the recent coordinat ion 
chemistry,1 - 3 ) and m u c h at tent ion has been focused on 
its cont r ibut ion to the stereoselectivity of metal 
chelates4-7* and the l igand selectivity on metal 
complexes,8«9) and on its role in molecular recognit ion 
in biological systems.10-11) 

Previously, we reported that mixed l igand Co(III) 
complexes wi th a salen-type Schiff base l igand (SB) 
and L-amino acidate (L-aa), /?2-[Co(SB)(L-aa)], prefer­
entially form y4L-diastereomers,12-18) and that the 
selectivity is remarkably h i g h when L-aa is Af-alkyl-L-
amino acidates,15 '16 '18) L-phenylalaninate (L-phe),12 '13 '17) 

or L-tryptophanate (L-trp).12 '13) For Af-alkyl-L-amino 
acidate complexes, their selectivity has been well 
explained in terms of an inter l igand steric repulsion 
between the N-alkyl g r o u p of a m i n o acidate and the 
Schiff base l igand in the zfL-diastereomers.16 '18) 

However, in the cases of the L-phe and L-trp 
complexes, bo th the side chain of L-amino acidates 
and the Schiff base l igand are hydrophobic , so that the 
inter l igand hydrophobic interactions between them, 
especially the stacking between aromat ic r ings rather 
than steric repuls ion, seem to contr ibute to their 
selectivity. In order to verify the above possibility and 
show the effectiveness of hydrophobic interaction for 
the chiral recogni t ion of a m i n o acids, we investigated 
here on stability constants of mixed l igand Co(III){sal-
(R,R)-chxn} complexes wi th eleven L- and D-amino 
acidates inc lud ing phe and trp, where sal-(/?,/?)-chxn 
denotes (l/?,2/?)-N,N /-disalicylidene-l,2-cyclohexanedi-
amine . These complexes specifically assume the A-ß2-
structure,13 '16 '18) so that those wi th D-form a m i n o 
acidates be long to stabler diastereomers in this 
system,19) except for prolinate.15) In addition, conforma­
tional analyses and *H N M R measurements were 
conducted for L- and D-phe and L- and D-ala complexes 

to suppor t the contr ibut ion of the hydrophobic 
interaction. 

Exper imental 

Preparation of Complexes. £rans-[Co{sal-(Ä,Ä)-chxn}-
(H20)2]C104-CH30H: [Co{sal-(#,#)-chxn}]20> (2.5 g, 6.6X 
10~3 mol) in 250 cm3 of methanol was stirred for 2 h under air 
oxidation conditions to form a dark brown solution. HCIO4 
(2%, 100 cm3) was added to it, and the solution was 
concentrated to a small volume (about 40 cm3) at room 
temperature. The dark brown crystals, thus formed, were 
recrystallized from methanol. 

2f-ß2-[Co{sal-(Ä,Ä)-chxn}(aa)] (aa=L-ala, D-ala, L-phe, D-
phe, L-trp, and D-trp): Since the preparative method is 
almost the same for all the complexes, only a representative 
procedure for the D-phe complex is described here. 
D-Phenylalanine (0.22 g, 1.33X10-3mol) was added to a 
solution of [Co{sal-(#,#)-chxn}] (0.5 g, 1.32X10-3mol in 
30 cm3 of methanol), the solution was stirred for 3 h under 
air oxidation conditions. After filtration, the filtrate was 
evaporated almost to dryness at room temperature. The 
resulting green powder was dissolved in acetone (20 cm3) and 
then water (3 cm3) was added. The solution was concen­
trated slowly to a small volume to give a green powder. It 
was washed with water and air dried. 

The yield, elemental analysis, and characterization data 
are summarized in Tables 1 and 2. 

Solution Equilibria. The acid dissociation constants, Kdl 

and Ka„ of mms-[Co{sal-(i?,i?)-chxn}(H20)2]C104 were deter­
mined by spectrophotometric titration at 340 nm in water 
and in a mixed solvent of water and methanol (2:3 by 
volume) at 22 °C: 

K-

[Co(SB)(H20)2]+ ; = ^ [Co(SB)(OH)(H20)] + H+, (a) 

IS 

[Co(SB)(OH)(H20)]+ ^ = ^ [Co(SB)(OH)2]- + H+. (b) 

The spectral variation for the reaction (a) showed isosbestic 
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points at 300, 350, 390, and 420 nm, and that for (b) those at 
310, 360, 400, 430 nm. The estimated Kai and Ka2 values are 
listed in Table 3. 

The formation constant, Kac, of trans-[Co{sa\-(R,R)-chxn}-
(CH3COO)(H20)] and the stability constants, Kh of 
J-/32-[Co{sal-(i?,i?)-chxn}(aa)] were determined spectrophoto-
metrically in water-methanol (2:3 by volume) at pH 5.75 
and 22 ° C. The Kac and K\ values are summarized in Tables 3 
and 4, respectively. 

The pH in water-methanol was measured by the use of a 
glass electrode (Horiba #6326-06c) and the activity of proton 
was calculated by pa(H)=pH—0.22.21) All the chemicals used 
here were reagent grade and used without further purifica­
tion. 

Conformational Analysis. Empirical force field (strain 
energy minimization) calculations were carried out in a 
manner similar to that described in the preceding paper.22* 
The electronic charges of the lone-paired electrons on the 
coordinated oxygen atoms were assumed to be equally —0.2. 
The initial coordinates were completed due to the coordina­
tion calculation options in the MM2 program on the basis of 
those of the Co(III)-salen complex. 

Measurements. The electronic absorption and CD spectra 
were measured with a Hitachi 320 spectrometer at 22 °C and 
with a JASCO J-20 spectropolarimeter at room temperature, 
respectively. The optical rotations at 435 nm were measured 
with a JASCO DIP-140 Polarimeter at 22 °C. The 1U NMR 
spectra were recorded with a JEOL GSX-400 (400 MHz) 

Table 1. Characterization Data 

Complexa) Yield/% Elemental analysis i 

90 

75 

67 

72 

51 

67 

49 

C 

46.08 
(46.12) 
59.10 

(59.18) 
62.05 

(62.03) 
62.10 

(62.00) 
61.95 

(62.00) 
50.48 

(50.37) 
57.97 

(57.99) 

H 

5.20 
(5.16) 
6.16 

(5.99) 
5.78 

(5.74) 
5.46 

(5.54) 
5.43 

(5.54) 
6.26 

(6.43) 
5.85 

(5.71) 

N 

5.17 
(5.12) 
7.00 

(7.14) 
7.32 

(7.48) 
9.33 

(9.33) 
9.55 

(9.33) 
7.74 

(7.66) 
8.90 

(8.82) 

[M]\l5 in methanol 

toms-[Co(SB)(H20)2]C104 • CH3OH 

^j32-[Co(SB)(D-phe)] • 2.5H20 

4-j82-[Co(SB)(L-phe)]- H 2 0 

J-ß2-[Co(SB)(D-trp)]- H 2 0 

4-j82-[Co(SB)(L-trp)]-H20 

J-j32-[Co(SB)(D-ala)]-4.5H20 

J-j32-[Co(SB)(L-ala)]-0.5H2O 

-12400 

+30000 

+31600 

+30000 

+29800 

+36300 

+39100 

a) SB=sal-(i?,/?)-chxn. b) The values in parentheses are calculated ones. 

Table 2. Electronic Absorption (AB) and CD Spectral Data of J-ß2-[Co{sal-(i?,i?)-chxn}(aa)] in Methanol3* 

aa in complex 

D-phe 

D-trp 

D-ala 

AB 
{v (loge)} 

17.09(2.52) 
21.74(2.68)b> 
26.32(3.73) 
31.75(3.60)b> 

17.24(2.53) 
21.05(2.52)b) 

26.32(3.75) 
31.75(3.64)b> 

17.09(2.63) 
21.28(2.70)b> 
26.32(3.83) 
31.25(3.67)b> 

CD 
{v (ùe)} 

16.72(-8.89) 
19.84(—1.35) 
23.26(+8.96) 
24.81(+8.88) 
27.70(+13.37) 
16.72(-9.24) 
19.62(-1.62) 
23.26(+9.09) 
25.00(+8.42) 
27.78(+13.23) 
16.58(—10.73) 
19.62(—1.11) 
23.26(+11.21) 
24.75(+11.35) 
27.78(+16.70) 

aa in complex 

L-phe 

L-trp 

L-ala 

AB 
{v (loge)} 

17.01(2.57) 
21.50(2.73)b> 
26.18(3.78) 
31.75(3.67)b> 

17.01(2.57) 
21.28(2.69)b> 
26.32(3.73) 
31.75(3.68)b> 

17.09(2.63) 
21.28(2.70)b> 
26.25(3.83) 
31.45(3.69)b) 

CD 
{v (Ae)} 

16.34(-9.22) 
19.84(-1.22) 
23.31(+9.83) 
24.51(+7.10) 
27.86(+14.00) 
16.42(-9.00) 
19.84(-1.19) 
23.26(+9.60) 
24.51(+9.41) 
27.86(+13.26) 
16.58(—10.21) 
19.69(—2.13) 
23.36(+11.07) 
24.75(+11.30) 
27.70(+16.82) 

a) Wavenumbers are given in 103 cm-1, b) Shoulder. 

Tab le 3. 

Solvent 

H 2 0-MeOH a > 
H 2 0 

Thermodynamic Data for trans-[Co{sa\-(R,R)-chxn}(U20)2]+ at 22°C 

K&1 K&2 Kac 

(3.55±0.05)X10"8 b) 3.99+0.02 
(1.80±0.05)X10"7 (6.0±0.1)X10"13 

a) 2:3 by volume, b) A side reaction occurred, c) Formation constant of monoacetatocomplex. 



140 Yuki FUJII, YUZO YOSHIKAWA, Masato SYOJI, and Homare SHINOHARA [Vol. 63, No. 1 

spectrometer at an ambient probe temperature. 

Results and Discussion 

Determination of Stability Constants. As an acetate 
buffer (0.3 mol dm" 3 C H 3 C O O H + 0 . 3 mol dm" 3 CH 3 -
C O O N a ) was used in the measurements of the stability 
constants of J-ß2-[Co{sal-(/?,/?)-chxn}(aa)], first of all, 
the complexat ion between trans-[Co{sa\-(R,R)-chxn}-
(H 20) 2 ]+ and acetate ion was investigated. Figure 1 
shows the absorpt ion spectra of mixtures of trans-
[Co{sal-(fl,fl)-chxn}(H20)2]C104 and acetate buffer at 
various concentrations, and Fig. 2(a) represents the 

X/nm 

Fig. 1. Spectral changes of trans-[Co{sa\-(R,R)-chxn}-
(H20)2]+ with acetate buffer (pH=5.75) in water-
methanol (2:3 in volume). Complex: 1.0X10-3 

moldm-3 ; Acetate buffer: (1)=0, (2)=4.2X10~2, 
(3)=8.0X10-2, (4)=2.0X10"1, (5)=4.0X10"1, and 
(6)=6.0XlO-i mol dm-3. 

variat ion of the absorbance at 560 n m of the solutions. 
T h e observed spectra exhibit isosbestic points at 448 
and 497 nm, bu t n o spectral change was observed in 
the presence of acetic acid alone. T h u s , the following 
equi l ibr ium is assumed to be established: 

trans-[Co{sa\-(R,R)-chxn}(H20)2]+ + CH3COO" 

== *ram-[Co{sal-(#,#)-chxn}(CH3COO)(H20)]. (1) 

T h e equi l ibr ium constant, Kac, was estimated to be 
3.99 from the slope of the p lo t of (A0bs—Ao)/(Aoo—A0bs) 
vs. [CH3COO-] (Fig. 2(b)) by the use of the method of 
Marzilli et al.,23) where Ao, A™, and A0bs denote the 
absorbances at 560 n m of [Co(SB)(H20)2]+, [Co(SB)-
(CH3COO)(H 2 0)] , and their mixture , respectively. 
T h e obtained Kac value indicates that two species of 
complexes, [Co(SB)(H20)2]+ and [Co(SB)(CH3COO)-
(H2O)], exist in about 1:1 mola r rat io in the presence 
of 0.3 mol d m - 3 acetate buffer. In the present study, 
the deprotonated species [Co(SB)(OH)(H 20)] was 
neglected, because its concentrat ion was estimated to 
be negligibly small at p H 5.75 from the Kai value of the 
d iaqua complex. 

Figure 3 shows the representative spectra of the 
mixtures of £ra?2s-[Co{sal-(/?,/?)-chxn}(H20)2]C104 and 
a m i n o acid in the presence of acetate buffer. T h e 
spectra exhibit isosbestic points at about 537 and 
680 n m for all the a m i n o acids investigated, and the 
spectra in the presence of an excess of a m i n o acids 
correspond to those of ß2-[Co(salchxn)(aa)].13 '15) 

Hence, the following equi l ibr ia can be written: 

trans-[Co{sa\-(R,R)-chxn}(H20)2]+ + aa~ 

4-j82-[Co{sal-(K,K)-chxn}(aa)], (2) 

n-n° U.ZU 

0.18 

0.16 

0.14 c1 

' • ^ v } 

-

*f L 

[CH3COO ] / m o l dm ö 

0.2 
1 

! 

0.4 
1 

/Tb) 

~°~ 
j „ _ i J 

Si 
o < 

O 

< 

0.2 0.4 0.6 
[CH3COO ] / m o l dm" 

Fig. 2. Variation of absorbance at 560 nm of trans-
[Co{sal-(i?,/?)-chxn}(H20)2]

+ in the presence of 
acetate buffer (pH=5.75) in water-methanol (2:3 by 
volume) and plot of {A0^—Ao)/(Aoc—Aobs) vs. 
[CH3COO-]. 

0.6 

c 0 .4 
Si 
u 
o 
(0 

0 .2 

500 600 700 

X/nm 

Fig. 3. Spectral changes of trans-[Co{s3.\-(R,R)-chxn}-
(H20)2]+ with D-phenylalanine in the presence of 
acetate buffer (0.3 mol dm -3) in water-methanol 
(2:3 by volume). Complex: 1.0X10~3 mol dm~3; D-
phe: 1=0, 2=2.0X10-4, 3=4.0X10~4, 4=6.0X10"4, 
5=8.0X10-4, 6=1.0X10"3, and 7=20X10"3 mol dm"3. 
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^am-[Co{sal-(i?,i?)-chxn}(CH3COO)(H20)] + aa~ 

zf-j32-[Co{sal-(fl,#)-chxn}(aa)] + CH3COO-, 
(3) 

where £1 and K2 represent the stability constants of 
Eqs. 2 and 3, £i=[Co(SB)(aa)] / [Co(SB)(H 20) 2][aa] and 
^2=[Co(SB)(aa)] /[Co(SB)(CH3COO)(H20)][aa] . T h e 
K\ and K2 are related to the absorbance of solutions by 

(Ao - A0bs)/(A0bs - Aco) 

= [Co(SB)(aa)]/[Co]free 

= £i[AA]/aH(l + ^ac[CH3COO-]) 

= K2K*c[AA]/aH(l + ^ac[CH3COO-]), (4) 

where, Ao, A™, and A0bS denote the absorbances (580 nm) 
of [Cojfree, [Co(SB)(aa)], and their mixture , respective­
ly. [Co]free, [AA], and an represent the sum of 
concentrations of [Co(SB)(H 20) 2 ]+ and [Co(SB)(CH3-
COOXH2O)], the total concentrat ion of free a m i n o 
acid, and the an value of a m i n o acid, respectively. As 
is shown in Fig. 4, the p lo t of (Ao—A0bs)/(A0bS—A™) vs. 
[AA] gives a straight l ine t h rough the or igin for all the 
a m i n o acids studied. T h u s , the stability constants , K\, 
can be estimated from the slpoe, and the obtained K\ 
values are summarized in Table 4. 

Figure 5 shows the effect of acetate buffer on the K0\>% 
values, where £ 0 bs=£i /aH(l+£ac[CH 3 COO-]) . Since 
the p lot of £obs vs. ( l+^ac tCHaCOO-] ) - 1 exhibits a 
l inear relation th rough the origin, this result clearly 
indicates that the stability constants, K\, are not 
influenced by acetate buffer. 

Comparison of Stability Constants. It has been 
known that [Co{sa\-(R,R)-chxn}(adi)] preferentially 
assumes the A-ß2 structure regardless of the configura­
t ion (L or D) of coordinated a m i n o acidates.13 '16 '19) T h i s 
selectivity for the A -configurat ion is due to the steric 
effect of (R,R)-chxn group . Also in the cases of the phe, 
trp, and ala complexes prepared here, they show a 
s t rong CD peak wi th m i n u s sign at about 600 n m 
regardless of the chirality of the coordinated a m i n o 
acidates (Table 2), and the CD spectra correspond to 
the A-ß2 structure. In addi t ion, their XH N M R spectra 

[AAJ/10 4 m o l dm 3 

Fig. 4. Plot of (Ao-Aobs)/(Aobs-Aoo) vs. [AA] for the 
formation of A-ß2-[Co{sa\-(R,R)-chxn}(D-phe)] 
in the presence of acetate buffer (0.3 mol dm -3) in 
water-methanol (2:3 by volume). 

Table 4. Stability Constants, K\, of J-ß2-[Co{sal-(i?,i?)-chxn}(aa)] in Water-Methanol 
(2:3 by Volume) Containing Acetate Buffer (0.3 mol dirr3) at 22 °C 

aa~ 

Amino acid 

pK* Optical form 
tfobs/103b) Ki/l O7 K^/K\ A(AG)/kJmol-i 

sly 
ala 

val 

leu 

phe 

trp 

pro 

thr 

asp 

asn 

glu 

3.13, 
3.28, 

3.26, 

3.31, 

3.13, 

3.17, 

2.80, 

3.10, 

2.77, 

2.89, 

2.96, 

9.23 
9.41 

9.26 

9.28 

8.77 

9.06 

10.00 

8.70 

4.40, 9.70 

8.56 

4.85, 9.63 

L 

D 

L 

D 

L 

D 

L 

D 

L 

D 

L 

D 

L 

D 

L 

D 

L 

D 

L 

D 

2.9 ±0.1 
1.2 ±0.1 
1.5 ±0.1 
1.2 ±0.1 
1.5 ±0.1 
1.8 ±0.1 
2.2 ±0.1 
4.0 ±0.1 
29 ±1 
6.4 ±0.1 
190±20 
1.4 ±0.2 
0.2 ±0.02 
2.1 ±0.1 
8.1 ±0.1 
1.6 ±0.1 
8.4 ±0.1 
2.9 ±0.1 
19 ±1 
1.3 ±0.1 
2.0 ±0.1 

2.6 ±0.1 
1.6 ±0.2 
2.0 ±0.2 
1.2 ±0.1 
1.5 ±0.1 
1.8 ±0.1 
2.2 ±0.1 
1.3 ±0.05 
9.4 ±0.3 
3.9 ±0.1 
115 ±15 
7.4 ±1 
1.1 ±0.1 
0.56±0.03 
2.2 ±0.03 
4.2 ±0.3 
22 ±0.3 
0.56±0.02 
3.7 ±0.2 
2.9 ±0.3 
4.5 ±0.3 

1.25 

1.25 

1.22 

7.25 

9.7 

0.14 

3.86 

5.25 

6.55 

1.54 

0.55 

0.55 

0.50 

4.90 

8.37 

-4.80 

3.33 

4.10 

4.65 

1.07 

a) pH titration in water-methanol (2:3 by volume) containing NaClC>4 (0.3 mol dm -3), b) pH—5.75. 
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show that each complex consists of only one species, 
indicating that the complexes assume the A-ßi 
structure exclusively. It has also known that Co(III) 
complexes with salen-type Schiff bases are liable to 
substitution and isomerization.24-25) Thus, the difference 
in stability constant between the L- and D-amino 
acidate complexes corresponds to the free energy 
difference between the Ai,-ß2- and zfu-jfo-diastereomers 
and reflects the difference in interligand interaction 
between them. 

Table 4 indicates that the energy difference between 
L- and D-isomers comes up to 4—8 kj mol - 1 in the 
cases of phe, trp, pro, asp, and asn. In order to solve 
the question whether the differences arise mainly from 

( 1 + K a c I C H 3 C 0 ° ] ) " 1 

[CH3COO ]/mol dm"3 

Fig. 5. Effect of acetate buffer on the observed sta­
bility constants, Kobs, of A-ß2-[Co{sa\-(R,R)-chxn}-
(phe)] in water-methanol (2:3 by volume). • : D-phe, 
O: L-phe. 

the stabilization or destabilization of one of the two 
diastereomers, the plot of log K\ vs. pKa of amino acids 
was examined. The results is shown in Fig. 6. 
Generally, this kind of plot shows a linear relationship 
with a slope of 0.5—2 depending upon the nature of 
metal-ligand bonds, when interligand interactions are 
negligibly small.26) In the present case, we set up an 
area which is surrounded by lines with slopes of 0.5 
and 2.0 through the point of alaninate as shown in 
Fig. 6, and considered that amino acidates which 
deviate largely from this area are involved in a strong 
interligand interaction. In the case of prolinate, it has 
been assumed that its selectivity comes mainly from 
steric repulsion, i.e., destabilization of one of the two 
diastereomers.15) In fact, as is seen in Fig. 6, D-pro 
deviates largely below the area, although L-pro fits to 
the area, which supports that the stereospecificity of 
the Co{sal-(/?,/?)-chxn} system for L-pro is based on the 
destabilization of D-pro complex by steric repulsion. In 
the cases of phe, trp, asp, and asn, the D-forms deviate 
largely above the area, and the L-forms fit to the area. 
Hence, the stereospecificity for the D-isomers of these 
amino acidates can be assigned safely to extraordinary 
stabilization of the stable diastereomer, zf D-ß2-form. As 
a factor of interligand interactions, which is responsible 
for the large stabilization of the D-phe and D-trp 
complexes, the hydrophobic interaction between aro­
matic rings is the most probable.3,8 'n) On the other 
hand, in the cases of the D-asp and D-asn complexes, 
the intramolecular hydrogen bonding between amino 
group and carboxylate or carboamide group may 
contribute to their stabilization.27) 

Conformational Analysis. In order to get further 
information about the hydrophobic interaction men­
tioned above, a conformational analysis was carried 
out for the D- and L-ala and the D- and L-phe 
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Fig. 6. Plots of stability constants of J-/32-[Co{sal-(Z?,Z?)-chxn}(aa)] vs. 
pÂa values of amino acids. 
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Table 5. Results of Energy Minimization Calculation for ß-[Co{sal-(i?,i?)-chxn}(aa)] 

Structure 
of 

complex 

A-fc (mer) 

A-ßi (foc) 

Coordinated 
amino 
acidate 

D-phe 

L-phe 

D-ala 
L-ala 

D-phe 
L-phe 

Notation 
of 

conformer 

g 
h 
t 
g 
h 
t 

t 
h 

Dihedral 
angle/0 

+ 172.3 
-57.6 
+55.6 

-174.9 
+62.4 
-52.3 

+56.8 
+53.1 

Bonding 

8.28 
8.28 
8.33 
8.26 
8.13 
7.76 
7.43 
8.14 

9.59 
8.46 

Bending 

44.00 
45.28 
42.93 
41.63 
44.47 
44.42 
42.10 
41.71 

47.66 
47.42 

Energy/kJ 

Nonbonded 

50.76 
47.14 
46.97 
50.65 
43.67 
45.55 
41.88 
41.69 

43.79 
38.31 

mol - 1 

Torsion 

-6.28 
-5.60 
-5.74 

2.66 
2.10 
2.50 

20.00 
19.34 

-3.25 
11.09 

Charge 

139.01 
138.71 
138.81 
138.92 
139.30 
139.22 
138.93 
140.44 

151.26 
151.78 

Total 

235.75 
233.81 
231.31 
242.12 
237.69 
239.45 
250.34 
251.32 

249.05 
257.06 

D-phe 
NH 2 

H J ^ V L A C O O - HAJySsot 

L-phe 

- o o c T M - A s c - o o < r ^ X A î c -( 

H A * 

t g 

Fig. 7. Conformation of amino acidates and notation thereof. 

D-phe (t) L-phe (h) 

Fig. 8. Ortep drawings of the t and h conformers for D-phe 
and L-phe complexes, respectively. 

complexes. The results are summarized in Table 5, 
where t, g, and h represent rotamers around -C(a)H-
C(j8)H2- carbon atoms of the coordinated phenylalani-
nate, which are distinguished by the dihedral angle 
between the amino and phenyl groups. In this study, 
angles are taken as anticlockwise. The conformers, t, 
g, and h, are shown in Fig. 7. 

Table 5 suggests that the stablest conformer is t for 
D-phe and h for L-phe. Their structures are shown in 
Fig. 8. The total energy difference between the t (D-
phe) and h (L-phe) conformers is estimated to be 
6.38 kj mol - 1 , which is in good agreement with the 
observed one, 4.90 kj mol - 1 , at 22 °C in solution. Also 
in the case of the ala complexes, the estimated value 
(0.98 kj mol - 1 stabler in D-ala) is close to the observed 
one (0.55 kj mol -1). In addition, the stablest con-
former for the D-phe complex belongs to the t from, 

and this form coincides with observed ones in X-ray 
studies for similar Schiff base complexes.7-14-28) There­
fore, the present results of our conformational analysis 
seem to agree well with the observed ones. However, 
the main energy difference between the L- and D-phe 
complexes is based on the torsional one, whereas that 
between the L- and D-ala complexes comes from the 
bonding one. Further, there was seen no distingui­
shable difference in Co-O and Co-N bond lengths 
among the six conformers of L- and D-phe complexes 
(Co-O5=1.903±0.003Â, Co-06=l.904+0.001 Â, Co-
O7=1.914±0.002 Â, Co-N2=1.943+0.003Â, Co-N3= 
1.914+0.001 Â, and Co-N4=l.903+0.002 Â for the six 
conformers). Thus, in order to evaluate the hydro­
phobic interligand interaction in the phe complexes, 
the nonbonded interactions between the phenyl group 
of phe and the aromatic ring of the Schiff base ligand 
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Table 6. Nonbonded Energy between the Phenyl Group of Phe and the Aromatic 
Group of the Schiff Base (Part A in Fig. 9) of J-ß2-Diastereomers 

Amino acidate Conformer 

D-phe g 
h 
t 

Energy/kJ mol - 1 Amino acidate Conformer 

-0.29 L-phe g 
-3.53 h 
-2.96 t 

Energy/kJ mol - 1 

-0.31 
-0.99 
-2.08 

D-phe 

Fig. 9. Non-bonded interaction between aromatic part (A) of 
Schiff base and phenyl group (B) in D-phe (h) and L-phe (t) 
complexes. 

(part A in Fig. 9) were calculated. The results in Table 
6 indicate that 1) the interaction stabilizes every 
system, 2) it is more effective in D-phe than in L-phe, 
and that 3) the increasing order of the stabilization of 
the conformers is g<è^t<h for D-phe and g<h<t for 
L-phe. Although these orders do not completely 
coincide with the orders of total energy, they agree well 
with the results of the 1H NMR study to be mentioned 
later, which indicates that the stacking between the 
phenyl group of phe and one of the aromatic rings of 
the Schiff base is responsible for the extraordinary 
stabilization of the D-phe complex in solution. 

We also calculated the energy for the A-ßi(fac) 
isomers of L- and D-phe (Table 5). Clearly, the ßi(fac) 
isomers are much more unstable than the ßvimer) 
isomers (ca. 17.6 kj mol -1), the energy difference 
corresponding to the isomeric ratio (facmer) of 
1:1200. Since the energy difference comes mainly from 
the charge, the observed high regioselectivity (100%) 
for the /?2 (mer) isomer is ascribed to the fact that the 
electrostatic repulsion among the three coordinated 
oxygen atoms is much smaller in ß2(mer) than in ßi-
(fac). 

W NMR Spectra. The 1H NMR data are listed in 
Table 7 and the representative spectra are shown in 
Fig. 10. 

In the case of the D-phe complex, one of the two 
H-C=N protons, one of the two 1-protons on the 
salicylidene groups, some CH and CH2 protons on 
chxn, and the 5 and 5' protons on the phenyl group of 
D-phe shift to higher field as compared with those of 
the L- and D-ala and L-phe complexes. A similar higher 
field shift is observed for the D-trp complex. The 

D-phe complex 

_ A _ _>\_ 

n 
lA rfwfk^X 

L-phe complex 

*-0 3.9 3.8 3.7 3.6 3.S 3.4 3.3 3.2 3.1 3.0 2.9 

Fig. 10. 1U NMR spectra of A-ß2-[Co{sa\-(R,R)-chxn}-
(phe)] in CD3OD+D2O (4:1 by volume). 

higher field shift for the D-phe complex is comparable 
to the estimated value for the h -conformer from the 
Johnson-Bovey diagram on the basis of the confor­
mational analysis data. Thus, these higher field shifts 
are due to the ring current effect of the phenyl (indolyl) 
group of D-phe (D-trp) and one of the salicylidene 
groups of the Schiff base ligand, which indicate that 
the phenyl (indolyl) group faces one of the salicylidene 
groups (A in Fig. 9) by assuming the h conformation. 
In fact, the *H NMR analysis (Table 8)29) indicates that 
the D-phe and D-trp complexes have a high h 
conformer distribution (50—60%). The amount of 
conformers increases in the order of g<t<h, and this 
order coincides with that of the aromatic ring-ring 
interaction (stabilization) for the D-phe complex 
(Table 6). Therefore, it can be concluded that the D-
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Table 8. Population of Conformers for 
J-02-[Co{sal-(#,#)-chxn}(aa)]a> 

be 

be 

CX 

OS 

a 
u 

CSJ 

PQ 
<: 

a 
h 

3 
0 
Q 

aa 

D-phe 
L-phe 
D-trp 
L-trp 

/ACb> 

3.300 
4.580 
1.836 
4.400 

/BCb> 

5.866 
8.612 
6.968 
9.164 

h 

60 
23 
53 
20 

Conformers/%29) 

* g 

32 8 
57 20 
42 5 
62 18 

a) Solvent: CD3OD(80%)+D2O(20%). b) Coupling 
constant of -CH(a)-CH2(/3)- protons of amino acidate. 

phe and D-trp complexes favor the h conformation for 
the cordinated amino acidates due to the stabilization 
through the aromatic ring-ring interaction as a main 
factor. 

In the cases of the L-phe and L-trp complexes, a 
higher field shift is observed for the 3 and 4 protons of 
the salicylidene groups (Table 7), and the higher field 
shift for the L-phe complex is comparable to the 
estimated shift for the g-conformer from the Johnson-
Bovey diagram. Hence, these facts suggest that the 
phenyl and indolyl groups face one of the salicylidene 
groups (A in Fig. 9) by assuming the t conformation. 
In fact, the 1H NMR analysis shows a high t conformer 
distribution (ca. 60%) for the L-phe and L-trp 
complexes. The order in amount of conformers is 
g<h<t, and this order coincides with that of the 
aromatic ring-ring interaction for the L-phe complex 
(Table 6). Hence, the L-phe and L-trp complexes are 
also stabilized by the aromatic ring-ring interaction. 
Since the stabilization is larger in D-phe and D-trp than 
in L-phe and L-trp, the stability constants for the D-phe 
and D-trp complexes deviate largely upward from the 
free energy relationship (Fig. 6). It should also be due 
to the aromatic ring-ring interaction that the stability 
constants for the L-phe and L-trp complexes are 
somewhat higher than those expected from the free 
energy relationship. 

For the aromatic ring-ring interaction, the shortest 
interatomic distance between the benzene rings, the 
distance between their centers, and their inter-facing 
angles in the h and t conformers of the D-phe complex 
are calculated as follows on the basis of the results of 
the conformational analysis: 4.14 Â, 6.00 Â, and 18.4° 
for the h conformer, and 4.42 Â, 5.61 Â, and 23.9° for 
the t conformer. In the case of the t conformer of the 
L-phe complex, they are 4.24Â, 7.26Â, and 12.0°. 
These data suggest that the benzene rings are not 
completely parallel to each other and that their centers 
do not coincide with each other. The shortest 
interatomic distances between the benzene rings are 
4.1—4.4 Â in the present systems, which are longer 
than that for [Ch(histamine)(L-trp)] (3.45 Â),3) suggest­
ing that the aromatic ring-ring interaction is effective 
in a long range in the Co(III)-Schiff base system. 
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The average valency of iron in the oxide layer on iron particles for magnetic recording and the saturation 
magnetization of the oxide layer were estimated to be 2.8 and 39 emu g_1, respectively, by examining the Debye 
temperature and the recoilless fraction of oxide layer which were calculated with the Mössbauer parameters. 

Acicular metal l ic i ron particles are excellent materi­
als for magnet ic recording. It is necessary to passivate 
the i ron particles, because those are easily oxidized in 
air. T h i s passivated oxide layer on the iron particles 
prevents further oxidat ion. T h e layer is thought to be 
composed of an i ron oxide. Many studies have been 
done to elucidate this oxide layer.1_7) T h e acicular 
i ron particles are so small (about 0.2 | im in length) and 
the oxide layer so th in (about 2 n m in thickness) that 
only a few analytical methods are available. Both X-
ray diffraction and Mössbauer spectrometry are useful 
techniques for this purpose . 

Van Diepen et al.1* measured X-ray diffraction traces 
and Mössbauer spectra of such iron particles. They 
found a broadened cubic spinel pat tern from X-ray 
diffraction studies, and concluded that the oxide layer 
on the iron particles was an iron-rich i ron oxide (FeO) 
at the meta l /ox ide interface and an oxygen-rich iron 
oxide (7-Fe203) on the outside. They found only a 
broadened background in the Mössbauer spectrum 
except for the spectrum of metallic iron; they found no 
paramagnet ic con t r ibu t ion to the spectrum. Haneda 
and Morrish2 ) also measured X-ray diffraction and 
Mössbauer spectra. They concluded that the oxide 
layer was a mix ture of Fe3Ü4 and 7-Fe2C>3. They esti­
mated the oxidized fraction to be 80% by the rat io of 
the areas of oxide and metall ic iron assuming equal 
recoilless fractions at 78 K. Morrish and Picone3) 

measured X-ray diffraction and Mössbauer spectra. 
They compared the X-ray diffraction pat tern wi th 
Fe3Û4 and y-Fe2<33, bu t they could not assign the iron 
oxide. They found a central superparamagnet ic ab­
sorption in the Mössbauer spectrum which split 
du r ing cooling. F rom these spl i t t ing spectra, they 
concluded that the oxide layer was a mixture of Fe3Û4 
and 7-Fe203. T h e content of metall ic i ron was calcu­
lated to be 83% assuming equal recoilless fractions of 
i ron oxide and metal l ic iron at 2.2 K. T h e Debye 
temperature of the oxide layer was about 100 K us ing 
the Debye model . T h e y did not use the Debye tem­
perature for further discussions as we do in this study. 
U m e m u r a et al.4) measured the Mössbauer spectra of 
the iron particles, bu t they only reported that super-

ï Present address: Institute for Study of the Earth's 
Interior, Okayama Univ. Misasa, Tottori-ken 682-02. 

paramagnet ic i ron oxide was observed. Kishimoto et 
al.5) observed the iron particles by electron microscopy. 
They measured the thickness of the oxide layer, and 
calculated its percentage in weight and its saturat ion 
magnet iza t ion to be 45% and 40 emu g _ 1 (1 emu g_1— 
1.26X10-6 W b m kg - 1 ) , respectively. T h e validity of the 
microscopic observation is suspect. Brett et al.6) 

measured back scattering Mössbauer spectra of i ron 
particles whose surface was enriched in 57Fe, and they 
concluded that the spectra resembled those of amor­
p h o u s i ron oxide. Kitahata et al.7) also used the 
samples enriched in 57Fe and concluded that the oxide 
layer consisted of ferrimagnetic Fe3C>4 and superpara­
magnet ic Fe3Û4. They also calculated their volume 
ratio, which was 7:3 . 

T h o u g h there are many studies about these iron 
particles, we have not e n o u g h quant i ta t ive informa­
tion, for instance about the average valency of iron in 
the oxide layer or the sa tura t ion magnetizat ion of the 
oxide layer. The re are a few quant i ta t ive estimations, 
bu t the as sumpt ion of equal recoilless fractions of the 
oxide and metal l ic i ron is no t reliable, because the 
Debye temperature of the oxide layer is considered to 
be very low. 

T h e purpose of this work is to demonstrate a new 
method to estimate the a m o u n t of oxidized iron. 
Consequent ly , we can also calculate the average 
valency of the iron in the oxide layer and the 
saturat ion magnetizat ion of the oxide layer. 

Experimental 

Acicular goethite particles were prepared by the following 
method. 139 kg of FeS04-7H20 was dissolved in 2 m3 of 
water and 200 cm3 of coned H2SO4 was added to it. 200 kg of 
NaOH was dissolved in 3 m3 of water while bubbling with 
nitrogen gas, the FeSC>4 solution was added to the NaOH 
solution. The slurry containing Fe(OH)2 precipitates was 
oxidized at 40 °C by bubbling air from the bottom of the 
cylindrical reactor. The aqueous solution (10000 cm3) 
containing 3.7 kg of NiS04-6H20 was added to the reacting 
solution after 75 min from the starting of oxidation reaction 
and Nitrogen gas was bubbled for one hour and the 
oxidation reaction was continued. The reaction time was 
about 90 min. The goethite obtained was washed with water 
until the washing water showed pH 7. They were coated 
with silicon dioxide by hydrolysis of silicone tetraethoxide 
in the goethite slurry. The goethite powder coated with 
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silicone dioxide was heated to dryness and dehydrated in air 
at 923 K for 1 h. The samples were then reduced in a 
hydrogen atmosphere at 693 K for 4 h. The reduced powder 
was soaked in toluene stirred in bubbling air at 353 K for 1 h 
and dried in air at room temperature. The dried powder was 
considered to have a stable oxide layer. 

Chemical analysis of the iron powder gave contents of 
iron, silicon, and nickel of 76.6, 3.6, and 2.1 wt%, respective­
ly. Water, whose content was determined from the weight 
loss of the particle when it was heated at 433 K using a 
Mitsubishi Moisturemeter CA-05, was less than 1%. 

The specific surface area (the B.E.T. value), the coercivity 
and the saturation magnetization were 5.49X104m2kg~1 

(Shimadzu Surface Area Analyzer MIC-2200), 1.22 A m"1 and 
118 emu g"1 (TOEI KOGYO VSM-3), respectively. 

The Mössbauer absorption spectra of the iron powder at 
room temperature (297 K) and at liquid nitrogen tempera­
tures (79 K) were measured with a conventional spectrometer 
using 57Co in Rh as a source. As the iron powder was very 
fine and difficult to handle, 20 mg of iron powder and 70 mg 
of graphite powder were mixed and pressed into a disc of 
13 mm diameter and 1 mm thickness. Mössbauer spectra at 
liquid nitrogen temperatures were obtained with a con­
trolled flow of liquid nitrogen into a cryostat. Mössbauer 
spectra were fitted to Lorenzian curves using a least-square 
method, to investigate the structure of oxide layer and to 
calculate the fraction of the peak area. 

An electron micrograph of the iron powder was taken 
using a JEOL high resolution transmission electron 
microscope, JEM-2000EX, under an accelaration voltage of 
200 keV. 

Results and Discussion 

Electron Microscopic Observation. An example of 
the electron mic rograph of the iron powder is shown 
in Fig. 1. T h e iron powder, on the average, is of 
needle-like shape of 300 n m in length and 30 n m in 
width. A core i ron and a surface oxide layer exist in 

each powder. A lattice image is explicitly observed in 
the core, bu t not in the oxide layer. 

Mössbauer Spectra. T h e Mössbauer spectrum of 
the i ron powder at 297 K is shown in Fig. 2(a). It is 
thought to be a superposi t ion of a sextet due to a-iron 
and a superparamagnet ic doublet due to the surface 
iron oxide. T h e isomer shift (<5) and the quadrupo le 
spl i t t ing (A) of the doublet were 0.38 m m s_ 1 relative to 
iron at room temperature and 1.07 m m s_1, respective­
ly. T h e area fraction of the doublet was 0.265. T h e 
Mössbauer parameters were almost the same with the 
parameters of the passive film on iron.6) F rom the 
discussion in the literature,6) this doublet resembles the 
spectra of a m o r p h o u s i ron oxides and hydroxides 
more than those of the corresponding bulk crystalline 
materials . These Mössbauer parameters do not lead to 
any further characterization. 

T h e Mössbauer spectrum at 79 K is shown in Fig. 
2(b). We can conclude that the surface oxide layer is 
superparamagnet ic , as ment ioned above, for the 
doublet due to the oxide layer dissapeared and the 
magnet ical ly split spectrum was observed at the low 
temperature. T h e isomer shift, the quadrupole split­
t ing and the hyperfine field of oxide layer were 
0.47 m m s - 1 , —0.05 m m s - 1 and 46.6 T , respectively. 
T h e area fraction of the oxide layer was 0.377. 

Estimation of the Valency of Iron in the Oxide 
Layer. T h e area fraction of oxide layer at 297 K (R RT) 
and that at 79 K (RN) are given by the following 
equat ions , 

RRT = /oRTiVo/(/oRTiVo + ftTNm) 
flN = /oNiVo/(/oNiVo + ftTNm) 

(1) 

(2) 

where / ? T is the recoilless fraction of iron in the oxide 
layer at 297 K, / ? is that at 79 K, / £ T is the recoilless 
fraction of i ron in the metal core at 297 K, / £ is that at 

Fig. 1. Electron micrograph of iron particle. The 
iron particle consists of core and surface layer. The 
core is made of the metallic iron and the surface layer 
is made of iron oxide. 
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Fig. 2. Mössbauer spectra of the iron particle at 297 
K(a), and 79 K(b). The curves are the sum and the 
components of the computer-fitted patterns. 
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perature, T is the temperature of the absorber, and k is 
the Boltzmann constant. T h e relations between the 
Debye temperature and the recoilless fractions are 
plot ted in Fig. 3. As ment ioned previously, Morrish et 
al. calculated the Debye temperature of the oxide layer 
to be about 100 K.3) They did not use the Debye 
temperature in further discussions. RRT and RN can be 
measured, and the Debye temperature of metall ic iron 
is known, so we can get the Debye temperature of the 
oxide layer and the fraction (r) of i ron in the oxide 
layer from the above eight equat ions and Fig. 3. There 
exist large discrepancies a m o n g the Debye tempera­
tures of the metall ic iron, 400 K10) and 421 K9) from the 
thermal-shift measurement, and 310K10) and 358 K9) 

from the recoilless fraction measurements. Calcula­
tions from the Debye temperatures of metall ic iron, 
310 K and 421 K give the Debye temperatures of the 
oxide layer, 189 K and 206 K (Table 1), respectively, 
and r, 0.423 and 0.424 (Table 2), respectively. As men­
tioned by Morrish et al., the oxide layer is made of 
small imperfectly crystallized particles which showed 
the low Debye temperature. T h e values of r by two 
calculations showed a good agreement wi th each 
other. In later discussions, 0.423 is used as r. 

T h e iron powder consists of 76.6 wt% iron, 3.6 wt% 
silicon, and 2.1 wt% nickel. Water is less than 1 wt%, so 
we consider the water content is to be negligible. T h e 
rest, 17.7 wt% is thought to be oxygen. Silicon existed 
as silicon dioxide only on the surface, because silicon 
dioxide is not reduced and iron suicide is not formed 
from the reduction of hemati te in a hydrogen a tmo­
sphere at 693 K. It is considered that nickel is not 
contained in the surface oxide layer, because of the fact 
that the reduction of Ni -Fe alloy forms the Fe-rich 
surface and the Ni-rich b u l k . n ) In other words, the 
core consists of metallic iron conta in ing metall ic 
nickel, and the oxide layer is formed by the iron oxide 
con ta in ing silicon dioxide and is described as FeO*-
nSiÖ2. Us ing the fraction of the number of the i ron 
a toms in the oxide layer (r), x and n is calculated to be 
1.4 and 0.22, respectively. T h e average valency of the 
i ron in the oxide layer is 2.8, which is between that of 

Table 1. Results of the Calculation of the Debye Temperature of the Oxide Layer 

/TRT//TN 

0.596 

Debye temp of 
metallic iron/K 

310 
421 

fRT fN 

0.648 0.857 
0.778 0.903 

/oRV/0
N 

0.451 
0.513 

Table 2. Results of the Calculation of the Fraction (r) of the 
Number of the Iron Atoms in the Oxide Layer 

Debye temp of fRT 

the oxide layer/K '° 
/oN /TRI /TN 

Debye temp of 
the oxide layer/K 

189 
206 

r Nm/N0 

189 0.317 0.707 0.489 0.825 0.423 1.36 
206 0.380 0.741 0.488 0.821 0.424 1.36 

79 K, No is the number of iron atoms in the oxide layer 
and Nm is the number of iron atoms in the metal core.8) 

T h e fraction of the number of iron atoms in the 
oxide layer, r, is given by 

r = N0/(No + Nm) 

By us ing Eqs. 1 and 2, r is given by 

r = RRV(RRT + FRT(1 - ftRT)) 
= ÄN/(ÄN + FN(1 - tfN)) 

where 

(3) 

(4) 

F™ = /0
RT//S 

FN = /0
N//S 

T h e Eq. 4 gives 

T h e Debye model gives the recoilless fraction (/),9) 

(5) 
(6) 

(7) 

/ = exp(— 
3£ 

2kD 
CD/T 

[1 + 4(T/D)2J (x/(exp(x) - l)}dx]) (8) 

where E is the recoil energy, D is the Debye tem-

0-8 V 

-° 0.6 

fc" 0.4 

0.2 
H 

2 
\ 

1
-.... J 

1 

r f RT/f N s^ ^-^^ 

r / <x 

i.. i i 

• i 

i 

\ 

i i 1 
200 300 

D / K 
400 

Fig. 3. The relation between the Debye temperature 
and the recoilless fraction at 297 K and that at 79 K. 
D is the Debye temperature. /£T is the recoilless 
fraction of the oxide layer at 297 K and /^is that at 
79 K. 
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7-Fe203 and Fe304. T h e error in the valency so 
obtained, 2.8, of the iron in the oxide layer is of the 
order of ten per cent by consider ing the curve fitting 
procedure of the Mössbauer spectra and the later 
calculations. 

We can also estimate the saturat ion magnetizat ion 
of the iron oxide layer. Because of the low con­
centrat ion of Ni in the core the effect of Ni on the 
saturat ion magnetizat ion is small. Therefore, the 
saturat ion magnetizat ion of the iron core should be 
nearly equal to 220 e m u g_ 1 . T h e saturat ion magneti­
zation of the iron particle (7P) is given by the following 
equat ion, 

/p = (IoMoNo + ImMmNm)/(M0No + MmNm) (9) 

where 7m is the saturat ion magnet iza t ion of the iron 
core, 7o is the saturat ion magnet izat ion of the oxide 
layer, Mm is the a tomic weight of i ron and M 0 is the 
formula weight of the oxide layer. Us ing 7m=z220 
e m u g " 1 , M m =55.9 , M 0 =91 .5 and Nm/N0=1M, 7P is 
calculated to be 39 e m u g_ 1 . T h i s value resembles 
40 emu g _ 1 obtained from the microscopic observa­
tion.5) C o m p a r i n g this value wi th 90 emu g _ 1 of 
Fe30412) and 78 emu g _ 1 of 7-Fe203,12) it is fairly small. 
Probably, this is due to imperfection and smallness of 
the surface oxide crystals. 

T h e authers wish to express their thanks to Mr. 
Kunio Shiba tomi of J E O L Ltd. for taking photo­
graphs wi th the h igh resolution transmission electron 
microscope. 
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The Kinetics and Mechanism of the Decomposition Reaction of the 
Bis(oxalato)manganese(III) Complex in an Aqueous Solution 

Masaru KIMURA,* Miwako OHOTA, and Keiichi TSUKAHARA 
Department of Chemistry, Faculty of Science, Nara Women's University, Nara 630 

(Received July 13, 1989) 

The kinetics and mechanism of the decomposition of the bis(oxalato)manganese(III) complex ion 
([Mn(ox)2]-) were studied in acid solution in the absence and in the presence of oxygen at temperatures from 10 
to 35 °C. The decomposition reaction of [Mn(ox)2]~ in the absence of oxygen was described by the first-order 
rate law of — d[[Mn(ox)2]~]/d£=&obsd[[Mn(ox)2]~], where the observed rate constant, &0bsd, increased 
proportionally with the increasing hydrogen-ion concentrations, being expressed as &0bsd—&[H+] in the [H+] 
range of 0.006—0.1 M. The enthalpy and entropy changes of activation (AH* and AS*) were 73.4+2.0 kj mol - 1 

and —8.6+0.2 J K_1 mol - 1 respectively. The rate of the decomposition of [Mn(ox)2]~ decreased greatly upon the 
addition of a radical scavenger for CC>2~ such as [Co(NH3)6]3+, [CoCl(NH3)5]2+, or molecular oxygen. In the 
presence of oxygen, the rate deviated greatly from the first-order rate law. On the other hand, the addition of 
[Co(NH3)6]3+ or [CoCl(NH3)5]2+ in the absence of oxygen did not change the first-order rate law, but did decrease 
the rate of reaction up to 40% of that in the absence of the radical scavenger. The mechanisms for the 
decomposition reaction of [Mn(ox)2]~ are discussed in the light of the results obtained. 

Previously we studied the hydrogen peroxide forma­
t ion u p o n the oxidat ion of oxalic acid by several 
oxidants inc lud ing pe rmangana te in the presence and 
in the absence of oxygen and of manganese(II) .1 _ 4 ) 

From the work of Laune r et al.5) and Noyés et al.,6) two 
overall reactions can be writ ten for the oxidat ion of the 
oxalate ion in an acid m e d i u m wi th pe rmangana te in 
the presence of manganese(II):6 a ) 

M n 0 4 - + 4[Mn(ox)2]2-2" + nox2" + 8H+ • 
5[Mn(ox)„]3-2" + 4H 2 0 (1) 

2[Mn(ox)„]3-2" > 2Mn2+ + (2n - l)ox2~ + 2C02 (2) 

where n may be 1, 2, or 3, depending on the relative 
concentrat ions of Mn(II) , oxalate, and hydrogen ions. 
T h e formation of hydrogen peroxide was initiated by 
the auto- and in t ramolecular decomposi t ion of the 
Mn(III) complexes wi th oxalate, i.e., [Mn(ox)„]3 - 2", in 
Eqs. 1 and 2.1) Cartledge and Ericks7) prepared the 
yellow bis(oxalato)manganese(III) and the red tris-
(oxalato)manganese(III) complexes as salts in the solid 
state. In addi t ion, there can be formed a positively 
charged mono(oxalato)manganese(III) , [Mn(ox)]+ , 
wh ich is apparent ly cherry-red in color.8) None of 
these complexes is stable in solution, and all de­
compose in to Mn(II) and carbon dioxide, t hough at 
different rates, the [Mn(ox)3]3~ ion giving the slowest 
reaction and the [Mn(ox)]+ ion, the fastest one. Launer 
et al.,5) Noyés et al.,6) a n d other authors agree wi th the 
claim that, in the decomposi t ion of the oxalato-
manganese(III) complexes, a radical an ion , C02~, is 
formed by the in t ramolecular electron-transfer re­
action of Eq. 3: 

[Mn(ox)„]3-2" • Mn2+ + (n ~ l)ox2~ + CO2 + C 0 2
v 

(3)n) 
[Mn(ox)„]3-2" + C 0 2

v > Mn2+ + nox2~ + C0 2 (4)u> 

T h e kinetics of the decomposi t ion reaction of the 
oxalatomanganese(III) complexes is rather complex, 
and it has scarcely been studied at all. Recently, 
though , Ganapa th i subramanian 9 ) studied the role of 
the free radicals in the autocatalytic pe rmangana te -
oxalate reaction; his work st imulated us to initiate the 
present work, which gives the detailed kinetics and 
mechanisms a long with the kinetic parameters. 

Exper imental 

Chemicals. All the chemicals (potassium permanganate, 
oxalic acid, sodium oxalate, manganese(II) sulfate, sulfuric 
acid, and so forth) were of a guaranteed reagent grade of the 
Wako Pure Chemical Co. and were used without further 
purification. A solution of potassium permanganate was 
standardized by using the standard primary solution of 
oxalic acid. The hexaamminecobalt(III) and pentaammine-
chlorocobalt(III) complexes, which were used as the radical 
scavengers, were prepared following the method in the 
literature.10) All the solutions were prepared from redistilled 
water. 

Procedure. The reactions were initiated by adding the 
permanganate solution into an oxalic acid solution contain­
ing manganese(II) sulfate and sulfuric acid at a given 
temperature. The bis(oxalato)manganese(III) complex was 
formed at least as fast as the addition of the permanganate 
solution under the conditions employed in this study. 
Aliquot samples of the reaction mixture were withdrawn at 
appropriate times, and the rate of the disappearance of the 
[Mn(ox)2]~ complex was followed spectrophotometrically at 
a wavelength of 456 nm corresponding to the absorption 
maximum of the complex in a cell with a 1-cm light path. 
The concentrations of [Mn(ox)2]~ were evaluated by using 
the absorption coefficient of 158 M_i cm - 1 (1 M=l mol dm -3) 
at 456 nm. The concentrations of hydrogen peroxide formed 
in the presence of oxygen were determined by using 
polarography at —1.30 V vs. SCE at 25 °C in an acetate buffer 
of 0.05 M each of acetic acid and sodium acetate, and also 
0.01% gelatine. In the majority of the experiments in the 
absence of oxygen, the solutions were purged with pure 
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nitrogen gas for 30 min prior to the initiation of the reaction 
to exclude oxygen. Some experiments in the presence of 
oxygen were also carried out in solutions purged with pure 
oxygen gas. 

Results and Discussion 

Typical kinetic runs in the absence and in the 
presence of oxygen are i l lustrated in Fig. 1. Under the 
condi t ions employed in the present study, when the 
pe rmangana te solut ion was mixed wi th solut ions con­
ta in ing oxalate, manganese(II) , and sulfuric acid, the 
p ink permangana te disappeared completely wi th in 
one minu te , and s imultaneously the absorpt ion band 
due to the [Mn(ox)2]~ ion appeared wi th an absorpt ion 
m a x i m u m at 456 nm.6b-9) T h e n , the absorpt ion band 
disappeared wi th the t ime (see Fig. 1). T h e absorpt ion 
spect rum in the 360—600 range was the same in shape 
as that reported in the literature9 ) under the condit ions 
employed in the present study. T h e absorpt ion co­
efficient at the absorpt ion m a x i m u m was determined 
to be 158 M - 1 c m - 1 by ext rapola t ing the absorbance to 
£=0 in Fig. 1 and by assuming that all the Mn04~ 
became [Mn(ox) 2 ]" via Eq. 1, i.e., [ M n 0 4 " ] = 5 [ [ M n -

(Ox)2]~]formed. 

T h e plots of In [[Mn(ox)2]~] vs. t in the absence of 
oxygen were l inear u p to at least 90% complet ion of the 
disappearance of the bis(oxalato)manganese(III) com­
plex, and the slope of the plots was, wi th in the limits 
of experimental error, independent of the concentra­
tions of the permangana te added (see Fig. 2). T h u s , 

u 
G 

t/min 

Fig. 1. Absorbance of [Mn(ox)2]_ at 456 nm as a func­
tion of time. Initial conditions: [KMn04]added=2.22X 
10-4 M; [H2C2O4]=0.01 M; [MnS0 4 ]=[H 2S0 4 ]= 
0.05 M; pH=1.6; 25°C. Curves (1) and (2) indi­
cate solutions saturated with 02-gas and N2-gas, 
respectively. 

the rate law of the reaction is given by Eq. 5: 

-d[[Mn(ox)2]-]/d< = £obsd[[Mn(ox)2]-] (5) 

Dependence on Hydrogen-Ion Concentration. T h e 
values of &0bsd in Eq. 5 increased wi th an increase in the 
hydrogen- ion concentrat ions in the reaction solution, 
and the p lo t of &0bsd vs. [ H + ] was rectilinear. Its 
intercept was, in practice zero, wi th in the l imits of 
exper imental error, as can be seen in Fig. 3; thus, the 
&obsd can be expressed as &0bsd—&[H+]. 

Temperature Dependence. T h e temperature de­
pendence of the rate constant, &0bsd or k, at p H 1.6 was 

t/min 

Fig. 2. Plots of In [[Mn(ox)2]~] vs. t (Eq. 5). Condi­
tions: [KMnO4]added=5.0X10-4M (1); 3.6X10"4 M 
(2); 2.3X10-4 M (3); and 1.4X10"4 M (4). N2-sat. The 
other conditions are the same as in Fig. 1. 

0 0.01 0.02 0.03 0.04 0.05 

[H+]/M 

Fig. 3. Plots of &obsd vs. [H+]. Conditions are the same 
as25°C in Table 1. 
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Table 1. Values of &0bsd and &obsd/[H+] (=Khkh) under Various Conditions 

Temp/°C 

25 
25 
25 
25 
25 
10 
15 
35 

pH 

1.3 
1.4 
1.6 
1.9 
2.2 
1.6 
1.6 
1.6 

103 Aobsd/S"1 

15.4 
12.0 
6.54 8.12 
3.25 
2.68 2.04 
1.56 
2.56 

19.6 

(Äob*i/[H+])/M-i s-i 

0.308 
0.302 
0.262 0.325 
0.258 
0.425 0.323 

Av. 0.315 

0.0624 
0.103 
0.784 

a) [KMnO4]added=2.2X10-4 M; [H2C2O4]+[Na2C2O4]=0.01 M; [MnSO4]=0.05 M; varied concentrations of 
sulfuric acid in the range of 0—0.1 M; N2-sat. 

103 T-i/K-i 

Fig. 4. Plots of In (k/T) vs. T~l. Conditions are the 
same as pH 1.6 in Table 1. 

^ 0.4 

103 [Radical scavengers]/M 

Fig. 5. Effect of radical scavengers. Conditions are 
the same as in Table 2, and plots O and A indicate 
the radical scavengers being [CoCl(NH3)5]2+ and 
[Co(NH3)6]3+, respectively. Rate constants &0bsd and 
Äobsd' indicate those in the absence and presence of 
the radical scavengers, respectively. 

examined at various temperatures over the 10—35 °C 
range. T h e results are given in Tab le 1. From the 
plots of In (k/T) vs. T " 1 in Fig. 4, the enthalpy and 
entropy changes of act ivat ion (AH* and AS*) for the 
reaction were determined to be 73.4+2.0 k j m o l - 1 and 
- 8 . 6 + 0 . 2 J K"1 mo l " 1 respectively. 

Effect of Radical Scavenger. Both hexaammine-
cobalt(III) and pentaamminechlorocobal t ( I I I ) com­
plexes are utterly inert against not only the l igand 
subst i tut ion bu t also the oxidat ion reactions with 
permanganate or bis(oxalato)manganese(III) , bu t they 
can be reduced rapidly by the radical an ion C02~. 
Therefore, these complexes are very good scavengers of 
the CÛ2~ formed by React ion 3. 

T h e addi t ion of the cobalt(III) complexes to the 
reaction mixture did no t change the rate law, bu t 
greatly decreased the rate of the decomposi t ion of 
[Mn(ox)2]~. Such a retardat ion effect by the cobalt(III) 
complexes could be caused by the compet ing reactions 
of the C C V radical wi th [Mn(ox) 2]" and [Co(NH 3) 6] 3 + 

or [CoCl(NH 3 ) 5 ] 2 + . W h e n all the C0 2" r radical is 
consumed by only the reaction with [Mn(ox)2]~ in the 
absence of the radical scavengers, it can simply be 

expected that the value of &0bsd decreases u p to 50% in 
the presence of enough of the radical scavengers. T h e 
rate of the decomposi t ion of [Mn(ox)2]~ decreased wi th 
the increase in the concentrat ions of the radical 
scavengers. T h e Äobsd'/Äobsd ratios were plotted against 
the concentrat ions of the radical scavengers (Fig. 5), 
where Ä0bsd' indicates the first-order rate constant in 
Eq. 5 in the presence of the radical scavengers. As can 
be seen in Fig. 5, the values of Äobsd'/Äobsd (or &0bsd' itself) 
become a lmost constant at large concentrations of the 
cobalt(III) complexes; they correspond to about a 40% 
decrease in the &0bsd value in the absence of the radical 
scavengers. T h i s fact indicates that some of the CÛ2~ 
are consumed regardless of the reaction wi th [Mn-
(ox)2]~~, and it predicts the occurrence of a recombina­
t ion react ion of C02~ (see React ion 8). T h i s was 
further confirmed by the fol lowing experiments. After 
all the [Mn(ox),2]" ions in the presence of enough of 
the radical scavengers had decomposed, the concentra­
tions of the radical scavengers were determined 
spectrophotometr ical ly by us ing the absoprt ion co­
efficient of 52.5 M" 1 c m - 1 at 520 n m for [CoCl-
(NH 3 ) 5 ] 2 + and that of 47.9 M" 1 cm" 1 at 471 n m for 
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Table 2. Amount of the Radical Scavengers 
Reduced by the C0 2

T Formed by the 
Complete Decomposition 

of [Mn(ox)2] i-
a> 

103[[CoCl(NH3)5]2+]/M 

*=0 
2.06 
3.87 
5.30 

£=30 min 
1.51 
3.26 
4.70 

103[[CoCl(NH3)6]3+]/M 
2.32 
4.36 
6.10 

2.13 
4.07 
5.70 

103[Co(III)]reduced/M 

0.52 
0.61 
0.60 

0.19 
0.29 
0.40 

a) The [Mn(ox)2]" ion was 1.1X10-3M at *=0 and 
decomposed completely at £=30 min. The conditions 
were the same as in Fig. 1 (N2-sat.). The reaction was 
initiated by adding a KMnÛ4 solution to the solution 
containing oxalic acid, manganese(II) sulfate, sulfuric 
acid, and the given concentrations of [CoCl(NH3)5]2+ 

or [Co(NH3)6]3+. 

Table 3. Hydrogen Peroxide Formation by 
the Decomposition of [Mn(ox>2]" in a 

Solution Saturated with Oxygena) 

Temp/°C 103[H2O2]formed/M 

15 
25 
35 
50 

1.52b) 

1.60b> 

0.98c> 
1.22c> 
1.63c> 
1.83c> 

a) The conditions are the same as in Fig. 1 (02-sat.). b) 
and c) indicate the amounts of hydrogen peroxide 
formed at 30 and 60 min respectively after the initiation 
of the reaction. 

[Co(NH3)6]3+.10) T h e results are given in Tab le 2. T h e 
radical scavengers corresponding to 20—60% of the 
init ial [Mn(ox)2]~ in the molar concentrat ion were 
reduced. T h i s implies that 20—60% of the total CO2" 
formed by the decomposi t ion reaction of [Mn(ox)2]~ 
could react wi th the radical scavengers, whi le the 
remain ing CC)2~ were consumed solely according to 
Reaction 8. 

T h e molecular oxygen was also a good scavenger of 
CÛ2~ and greatly retarded the rate of decomposi t ion of 
[Mn(ox)2]~ (see Fig. 1). Considerable amount s of hy­
drogen peroxide were formed in the reaction mixture 
con ta in ing oxygen (see Table 3). It should also be 
noted that the plots of In [[Mn(ox)2]~] vs. t deviated 
utterly from the l inear re la t ionship and that the de­
composi t ion reaction of [Mn(ox)2]~ in the presence of 
oxygen did not obey Eq. 5. It was confirmed that no 
hydrogen peroxide was formed wi thout the addit ion of 
pe rmangana te (i.e., w i thou t the [Mn(ox)2]~ ion) under 
the condit ions of Tab le 3. 

Mechanisms of Reaction. T h e mechanisms of the 
decomposi t ion reaction of the bis(oxalato)manga-
nese(III) complex in the acid solutions are assumed to 

be as follows in order to account for all the results 
obtained: 

[Mn(ox)2]- + H + <~^> [Mn(ox)(Hox)] • kb 

M n 2 + + H o x - + CO2 + C02"r (6) 

fast [Mn(ox)2]_ + C0 2
T -^-^ Mn2+ + 2ox2- + CO2 (7) 

— fast C0 2
T + C0 2

T - Ï £ L > C204
2" [2k = 1 X 109 M-i s-1]14* (8) 

Consequently, the rate constant &0bsd in Eq. 5 can be 
described as k0bsd=k[H+]=Khkh[H+]. It should be 
noted that React ion 9 was negligible compared wi th 
React ion 6 under the condi t ions in the range of 
[ H + ] = 0 . 0 0 6 ^ 0 . 1 M employed in the present study. 

T h e inh ib i t i ng effect by the radical scavenger on the 
rate could be caused by the occurrence of a reaction, 
React ion 10 or 11 (or React ion 12) compet ing wi th 
Reaction 7: 

[Mn(ox)2]-

[Co(NH3)6]3+ + C 0 2
v -J^-+ Co2+ + 6NH4

+ + C0 2 

* Mn2+ + ox2" + C0 2 + C 0 2
v (9) 

[k = LlXlOSM-is"1]15) (10) 

[CoCl(NH3)5]2+ + C 0 2
v - i i L > Co2+ + 5NH4

+ + CI" + C 0 2 

[k = l .SXHPM-is-1]1» (11) 

J u d g i n g from the fact that about 1 m M of the 
cobalt(III) complex" greatly inhibi ted the rate of the 
decomposi t ion of 1 m M of [Mn(ox)2]~ (see Fig. 5), it 
seems that the rate constant of React ion 7 is almost the 
same in magn i tude as that of Reaction 10 or 11. 

In the presence of oxygen, the rate of the decomposi­
t ion of [Mn(ox)2]~ became extremely slow, as can be 
seen in Fig. 1, and a considerable a m o u n t of hydrogen 
peroxide was formed (see Table 3). T h e concentra­
tions of hydrogen peroxide formed were m u c h larger 
than those of the [Mn(ox)2]~ ion decomposed. T h i s 
can be accounted for by the regeneration of the 
[Mn(ox)2]~ in situ by React ions 12 and 13, whi le 
Recat ions 6, 12, and 13 consti tute a chain reaction. 
Such a format ion of hydrogen peroxide with a chain 
mechanism of a reaction is in accordance wi th the 
results of our previous studies:1_3) 

co2
T + o2 <=> o2co2

T (12) 

ox2-
Mn2+ + 0 2 C0 2

V + 2H+ -i£L-> [Mn(ox)2]~ + H 2 0 2 + C 0 2 

(13) 

React ions 12 and 13 are equivalent to Reactons 14 and 
15: 

C 0 2
v + 0 2 • C 0 2 + O27 [k = 2.0X 109 M"1 s-i]i6) (14) 

Mn2+ + O27 + 2H+ -^=-> [Mn(ox)2]- + H 2 0 2 (15) 
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According to such a chain reaction wi th Reactions 6, 
12, and 13 (or 14 and 15), the kinetics of the de­
compos i t ion reaction of [Mn(ox)2]~ deviated greatly 
from the rate law of Eq. 5, which was sui table for the 
corresponding reaction in the absence of oxygen. 

T h i s research was partly supported by Grant- in-Aid 
for Scientific Research from the Ministry of Educat ion, 
Science and Cul ture (No. 01470051). 
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New Ferroelectric Liquid Crystal Materials: (+)-4-(5-Alkyl-
l,3-dioxan-2-yl)phenyl 4-(2-Methylbutoxy)benzoates 
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(+)-4-(5-Alkyl-l,3-dioxan-2-yl)phenyl 4-(2-methylbutoxy)benzoates (9) and their oxathiane (10) and 
dithiane (11) analogs have been synthesized. The mesomorphic behavior of these compounds was measured. 
Compounds 9 exhibited a ferroelectric liquid-crystal behavior (e.g. R=n-CioH2i: 51 SmC* 57.5 °C), while the 
corresponding 1,3-oxathianes (10) and 1,3-dithianes did not. 

In recent years 2,5-disubstituted 1,3-dioxanes, 1,3-
oxathianes , and 1,3-dithianes have been reported as 
new types of nemat ic liquid-crystal materials.1 _ 1 0 ) 

In view of the increasing at tent ion be ing paid to 
new types of l iquid-crystal displays us ing ferroelectric 
l iqu id crystals, we have synthesized various ferroelec­
tric l iquid-crystal compounds , such as several structur­
al types of optically active liquid-crystal compounds 
wi th 1,3-dioxane, 1,3-oxathiane, and 1,3-dithiane 
rings.1 1 _ 1 5 ) In a previous paper,13* we reported that 
(+)-4-(2-methylbutoxycarbonyl)phenyl 4-(5-alkyl-1,3-
dioxan-2-yl)benzoates exhibi t a ferroelectric l iquid-
crystal behavior, bu t (+)-4-(2-methylbutoxy)phenyl 
4-(5-alkyl-l,3-dioxan-2-yl)-benzoates (12) do not. T h e 
title c o m p o u n d s (9) were only different from com­
p o u n d s (12) regard ing the direction of the ester bond. 
In this paper , we wish to report on the syntheses and 
mesomorphic behavior of these compounds . 

1,3-dioxane, 1,3-oxathiane, and 1,3-dithiane r ings for 
the trans and eis isomers appeared separately wi th in a 
range of abou t 0.05 p p m . For eample, the C-2 p ro ton 
signals of the trans isomers appeared at 6=5.45 
( c o m p o u n d 9-1,) 5.75 (10-1), and 5.20 (11-1), and 
the corresponding signals of the eis isomers appeared 
at 6=5.50, 5.80, and 5.15, respectively. 

Mesomorph ic propert ies were determined su ing a 

CH2 OH HBr 
R - C H 

C H j B r 
> R - C H 

CH 2 OH H2 S 0 4
 XCH2 OH 

(1 ) 

NH 2 C NH 2 CH 2 S H 
> R - C H 

A l k a l i CH 2 OH 
(4 ) 

(2) 

CH 2 B r 
R - C H 

C H 2 B r 
(3 ) 

CH 2 S H 
R - C H 

XCH2 S H 
(5 ) 

Results and Discussion 

(+)-4-(5-Alkyl-l,3-dioxan-2-yl)phenyl4-(2-methylbut-
oxy)benzoates (9) and the corresponding 1,3-oxathi­
anes (10) and 1,3-dithianes (11) were synthesized via 
the fol lowing route. 

In step 1—>2,3 the reaction temperature was kept 
w i th in the range 80 to 85 °C in order to obta in 
compounds 2 and 3 in nearly equal yields. 

In step (2, 3) —> (4, 5) a mix tu re of c o m p o u n d s 2 and 
3 was used. C o m p o u n d s 4 and 5 were separated by 
c o l u m n chromatography , t hough which 4 and 5 were 
eluted wi th hexane and ether, respectively. D u r i n g 
esterification from 6 and 7, l,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) was used as a base. C o m p o u n d s 9, 
10, and 11 were synthesized by acid-catalyzed r ing-
format ion reactions of c o m p o u n d s 1, 4, and 5 wi th 
aldehyde 8, respectively. C o m p o u n d s 9, 10, and 11 
were purified by c o l u m n chromatography and recry-
stallized from hexane. 

Since each p roduc t obta ined as a whi te powder 
contained about 5—20% eis isomer, these products 
were ch romatographed on preparat ive thin-layer chro­
ma tography (prep. T L C ) in order to obta in analyt­
ically pure trans isomers. In the lH N M R data for 
c o m p o u n d s 9, 10, and 11, the C-2 p ro ton signals of the 

H - C H / y-OH + ci-c-</ \> -OR ' 

(6 ) (7) 

H - C - y V - O - C 

(8) 

(1) + (8) 

(4) + (8 ) 

(5) + (8 ) 

O - R ' 

(9 ) 

(10) 

(11) 

R I n CioH2i, n CnH23, n—Ci2H2s 

R ! —CH2 CHC2 H5 
CH3 

Fig. 1. 
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Table 1. Mesomorphic Ranges for 
Compounds 9, 10, 11, and 12 

\T\o-
i/ > ' 

O C H 2 C H C 2 H 5 
I 

C H 3 

(9, 10, 11, 12) 

R X Mesomorphic range/0 Ca) 

9-1 n-CioH: 21 

9-2 n-CnH23 

9-3 n-Ci2H25 

10-1 n-CioH2i 

10-2 n-CnH23 

10-3 n-Ci2H25 

11-1 n-CioH2i 

11-2 n-CnH23 

11-3 n-Ci2H25 

O 
O 

O 
O 

O 
O 

O 

O 

O 

S 

s 

6 9 1 2 3 
C > N* < > I 

4 0 Î Î 5 8 
Sm<k > S m C * 

5 1 

7 6 1 2 4 
C — > N* < > I 

3 5 t Î 6 3 
S m < > S m C * 

6 1 

8 2 1 1 8 
C > N* < > I 

3 0 Î $68 
Sm < > S m C * 

6 5 

8 8 1 2 2 
C > N* < > I 

S m 

8 3 1 2 0 
C > N* « > I 

4 8 % ^ 6 1 
S m 

8 7 1 1 4 
C > N* < > I 

2 3 \ ^ 6 5 
Sra 

9 2 1 3 8 
C > N* < > I 

5 3 % ^ 5 8 
S m 

8 5 1 3 7 
C > N* < > I 

4 8 % ^ 7 1 
S m 

8 7 1 3 5 
C > N* < > I 

3 5 % ^ 8 1 
S m 

\ O 

O 
II 
c-o OCH2 C H C 2 H 5 

I 
C H 3 

(12) 

R Mesomorphic range/0 Ca) 

6 6 . 1 0 0 1 3 6 
12-1 tt-CioH2i C < S m B « > S m A < > I 

2 2 

1 1 3 . 1 3 7 
12-2 n - C n H 2 3 C < ^ S m A < » I 

94 

7 0 9 7 1 3 7 
12-3 n - C i 2 H 2 5 C c

 > S m B < > SmA< » I 
2 2 

a) C: crystal, Sm: smectic, N*: chiral nematic, I: 
isotropic. 

/ — x 

R - < 
N Y 

O - C 

Fig. 2 

micro mel t ing-po in t appara tus equ ipped wi th pol­
arizers and a differential scanning calorimeter (DSC). 
T h e phase was identified by compar ing the observed 
textures wi th those found in the literature. 16'17) 

Mesomorphic ranges of compounds 9 and 12 are 
given in Tab le 1. 

A m o n g the smectic phases listed in this table, only 
SmC* of c o m p o u n d s 9 could be drived in homoge­
neous cells (d=1.7 urn, appl ied voltage=10 V). Th i s in­
dicates that only compounds 9 are ferroelectric l iquid-
crystal compounds . 1,3-Oxathiane and 1,3-dithiane 
analogues which correspond to compounds 9 did no t 
exhibit the SmC* phase. T h i s mus t suppor t the pre­
vious result13) that the 1,3-dioxane structure is more 
favorable for a t ransi t ion to SmC* than the structures 
of 1,3-oxathiane or 1,3-dithiane are. 

C o m p o u n d s 12, hav ing the direction of the ester 
bond just reversed to that of compounds 9, did no t 
exhibit the SmC* phase. T h i s seems to originate in 
the appearance of a chiral nemat ic phase (cholesteric 
phase). Generally, there are many examples of a 
t ransi t ion from the chiral nemat ic phase to the SmC* 
phase.18) In bo th the chiral nemat ic phase and the 
SmC* phase, the chiral alkoxyl g roup seems to orient 
in a way that may be favorable for a transition from the 
chiral nemat ic phase to the SmC* phase. 

In all compounds 9, 10, and 11 the chiral nematic 
phase (cholesteric phase) appeared. T h e chemical 
structural feature of these compounds is that the chiral 
g roup (OR7) is conjugated wi th the phenylcarbonyl 
group. T h e p-alkoxyphenylcarbonyl g roup has a 
dipole m o m e n t due to a resonance effect, exhibited as 
follows (Fig. 2). 

Therefore, this chemical structure has a s trong 
dipole m o m e n t cont iguous to the chiral g roup . T h i s 
mus t be one factor for the appearance of the chiral 
nematic phase. 

T h e spontaneous polar izat ions of compounds 9 
were too small to detect. 

T h e responses of the optical transmission for 
compounds 9 + 1 , 9 + 2 , and 9 + 3 were 8, 4, and 7 ms, 
respectively, values that be long to a large class of 
ferroelectric liquid-crystal materials. Th i s mus t 
or iginate in the small spontaneous polarization. T h e 
tilt angles for compounds 9 + 1 , 9 + 2 , and 9 + 3 are 13°, 
21°, and 25°, respectively. 

T h e AHN*-I of compounds 9 + 2 , 10+2 , and 1 1 + 2 

were 1.58, 1.73, and 2.12 k j m o l - 1 , and their ASN*-I were 
3.98, 4.40, and 5.16 J K"1 mol" 1 , respectively. 

T h e AHC-N* of these compounds were 28.65, 31.15, 

file:///T/o-
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and 39.42 k j mol" 1 , and their ASC-N* were 87.50, 110.12, 
and 82.09 J K_ 1 m o l - 1 , respectively. 

Experimental 

IR, XH NMR, and mass spectra were obtained with a 
Hitachi 215 spectraphotometer, a JNM-PMX 60 spectrom­
eter, and a Hitachi M-80B spectrometer, respectively. 

Elemental analyses were carried out with a Perkin-Elmer 
250 instrument. 

The transition temperatures and mesomorphic phases 
were determined by means of both a Mitamura Rikenn micro 
melting point apparatus equipped with polarizers and a 
Rigaku Denki DSC CN8059L1, CN8208A2. Optical studies 
were performed on an Olympus polarizing microscope in 
conjunction with a Mettler FP-82 hot stage and a control 
unit using a function generator on a Hewlett Packard 3310B 
and a SONY-TECTRONICS 468 oscilloscope. 

Mixtures of 2-Alkyl-3-bromo-l-propanol (2) and 2-Alkyl-
1,3-dibromopropane (3). The same procedure as that 
mentioned in a previous papern ) was used. 

2-Alkyl-3-mercapto-l-propanol (4) and 2-Alkyl-l,3-pro-
panedithiol (5). The same procedure as that mentioned in a 
previous papern ) was used. Compounds 4 were colorless, 
tranparent liquids and 5 were yellow, transparent liquids. 

(+)-4-Formyiphenyl 4-(2-Methylbutoxy)benzoate (8). To 
a solution of compound 6 (0.03 mol), and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (0.03 mol) in anhyd Af,A^dimethylform-
amide (30 ml) was added compound 7 (0.03 mol) under a 
nitrogen atmosphere, followed by sterring at 30—40 °C for 
18 h. The solution was poured into ice water and extracted 
twice with ether (each 200 ml). The extract was washed with 
cold 2% aq. HCl, dried over anhyd Na2S04, and evaporated 
in vacuo at 40 ° C. The residue was extrated with hexane, 
and concentrated under pressure. Transparent liquid was 
obtained in 60—70% yield. 

IR (CHC13) 2800—3000 (alkyl), 1720, 1680 (OO) , 1290 
(ether) cm -1. 

*H NMR (CDCI3) 6=0.7—2.2 (m, 9H, OCH2 C4 H), 3.9 (d, 
2H, OCH2), 6.8—8.4 (m, 8H, ArH), 10.05 (s, IH, CHO). 

(+)-4-(5- Alkyl-1,3-dioxan-2-yl)phenyl 4-(2-methylbutoxy)-
benzoate (9). To a solution of compound 1 (0.004 mol) and 
compound 8 (0.004 mol) in anhyd CHCI3 (200 ml) cooled in 
an ice bath were added BF3-(C2Hs)20 (0.5 g) and Molecular 
Sieves (3A, 1/15; 3 g). The mixture was stirred at 0—5 °C for 
8h, and then at 20—25 °C for 16 h. The solution was 
washed with 10% aq. NaHC03 (400 ml), dried over anhyd. 
Na2S04, and evaporated in vacuo. The crude product was 
purified by column chromatography and recrystallized from 
hexane, and then chromatographed on prep. TLC to give 
the pure trans isomer. 

IR (CHCI3) 2800—3000 (alkyl), 1740 (C=0), 1600 (Ar), 
1290 (ether) cm"1. 

!HNMR (CDCI3) 0=0.7—2.2 (m, alkyl), 3.3—4.5 (m, 6H, 
OCH2), 5.45 (s, IH, CH), 6.8—8.4 (m, 8H, ArH). 

(+)-4-(5-Alkyl- l,3-oxathian-2-yl)phenyl 4-(2-Methylbutoxy)-
benzoate (10). Compounds 10 were synthesized according 
to the same procedure as that for compounds 9. 

IR (CHCI3) 2800—3000 (alkyl), 1740 (C=0), 1600 (Ar), 1280 
(ether) cm -1. 

iHNMR (CDCI3) 0=0.6—2.2 (m, alkyl), 2.9 (d, 2H, 
CH2S), 3.2—4.3 (m, 4H, CH 20), 5.75 (s, IH, CH), 6.8—8.4 
(m, 8H, ArH). 

(+)-4-(5-Alkyl-l,3-dithian-2-yl)phenyl4-(2-Methylbutoxy)-

benzoate (11). Compounds 11 were synthesized according 
to the same procedure as that for compounds 9. 

IR (CHCI3) 2800—3000 (alkyl), 1740 (C=0), 1600 (Ar), 1280 
(ether) cm -1. 

iH NMR (CDCI3) 0=0.7—2.2 (m, alkyl), 2.7—2.95 (m, 4H), 
3.9 (d, 2H, CH2O), 5.20 (s, 1H, CH), 6.9—8.4 (m, 8H, ArH). 

9-1: Yield, 20%. Found: C, 75.35; H, 9.07%. Calcd for 
C32H46O5: C, 75.26; H, 9.08%. MS (m/z) 510 (M+). 

9-2: Yield, 14%. Found: C, 75.11; H, 9.27%. Calcd for 
C33H48O5: C, 75.53; H, 9.22%. MS (m/z) 524 (M+). 

9-3: Yield, 28%. Found: C, 75.74: H, 9.41%. Calcd for 
C34H50O5: C, 75.80; H, 9.36%. MS (m/z) 538 (M+). 

10-1: Yield, 24%. Found: C, 72.75; H, 8.83%. Calcd for 
C32H46SO4: C, 72.96; H, 8.80%. MS (m/z) 526 (M+). 

10-2: Yield, 19%. Found: C, 72.89; H, 8.99%. Calcd for 
C33H48SO4: C, 73.29; H, 8.95%. MS (m/z) 540 (M+). 

10-3: Yield, 23%. Found: C, 73.61; H, 9.15%. Calcd for 
C34H50SO4: C, 73.60; H, 9.08%. MS (m/z) 554 (M+). 

11-1: Yield, 28%. Found; C, 70.50; H, 8.58%. Calcd for 
C32H46S2O3: C, 70.80; H, 8.54%. MS (m/z) 542 (M+). 

11-2: Yield, 27%. Found: C, 70.95; H, 8.72%. Calcd for 
C33H48S2O3: C, 71.18; H, 8.69%. MS (m/z) 556 (M+). 

11-3: Yield, 35%. Found: C, 71.67; H, 8.96%. Calcd for 
C34H50S2O3: C, 71.53; H, 8.83%. MS (m/z) 570 (M+). 
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Oxidation of Coals in Liquid Phases. X. Mechanism of the Cleavage of 
Benzenecarboxylic Acids to Oxalic Acid and Carbon Dioxide 

by the Base-Catalyzed Oxygen-Oxidation 
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A kinetic study of the oxidation of benzenecarboxylic acids has been performed in order to clarify the 
mechanism. The reaction products were oxalic acid and carbon dioxide, along with a trace of acetic acid. The 
oxidation rate of phthalic acid was proportional to the first order of the molality of phthalic acid, the molality of 
NaOH, and partial oxygen pressure, respectively; the apparent activation energy was 126 kj mol -1 . These results 
show that the rate-determining step is a cleavage of the benzene ring proceeded by a base-catalyzed oxygen-
oxidation mechanism in which a carbanion formed by hydrogen extraction from an aromatic ring is attacked by 
oxygen. In the cleavage of phthalic acid, NaOH increases the selectivity to form oxalic acid as well as the 
oxidation rate. In the oxidation of 1,2,3-benzenetricarboxylic acid the same mechanism was recognized, but not 
for benzenehexacarboxylic acid which has no hydrogen on the benzene ring. 

T h e oxidat ion of coal in alkal ine solut ions at elevat­
ed temperatures is one of the impor tan t methods to pro­
duce coal chemicals. 1 '2) Parker3) et al. and Kamiya4) 

have studied the o p t i m u m condi t ions for p roduc ing 
aromat ic carboxylic acids. In the presence of a great 
excess of free alkali , oxalic acid is produced selectively 
in h igh yield from coal;5) the o p t i m u m conditions6* 
and qual i tat ive mechamism of the formation wi th 
model compounds7* have been investigated. Dur ing 
the course of oxidat ion the phenol g roup and ether 
groups in the coal structure are first oxidized to form 
aromat ic carboxylic acids and acetic acid; the resul t ing 
carboxylic acids are then oxidized to oxalic acid. In 
these reactions it is k n o w n that the alkalis and oxygen 
promote the oxidat ion reaction, bu t essential mech­
anisms for individual carboxylic acid have not yet been 
disclosed, except for acetic acid.8) Especially, it is im­
por tan t to elucidate the mechanism of oxidative cleav­
age reactions of a romat ic carboxylic acids so as to 
improve the yield of oxalic acid from coal, since they 
are major intermediates. However, quant i ta t ive 
studies on such reactions have not yet been performed 
at elevated temperatures. In the present study, the 
effects of the react ion condi t ions on the oxidat ion of 
aromat ic carboxylic acids were investigated in order to 
clarify the reaction mechanism at elevated temper­
atures u s ing ph tha l i c acid and several benzenecar­
boxylic acids as model compounds . 

Experimental 

Reagents. All reagents used were of reagent grade. In the 
following text such expressions as Ni(0), Ni(Ni), and 
Ni(NiO) indicate following respective conditions without 
additive, with Ni powder, with NiO powder. 

Apparatus. An SUS 316 stainless-steel autoclave of 1 dm3 

with a magnet driving stirrer was used and parts contacting 
the solution were made of Ni. 

ï Present address: Kawasaki Steel Corp., Chiba 260. 

Reaction Coditions. Oxidation was carried out under 
0.02 mol kg - 1 of aromatic acid and 5.00 mol kg - 1 of a NaOH 
solution. The amount of metal or metal oxide powder added 
was 0.051 mol, equivalent to 3 g of Ni. 

Direction. A Ni beaker containing benzenecarboxylic 
acid, NaOH, and water was placed in the autoclave and the 
air was replaced three times with 5 MPa N2. The autoclave 
was then placed in an electric furnace and heated to the 
reaction temperature and the oxidation was initiated by the 
introduction of O2. The partial oxygen pressure was added 
to the vapor pressure of the solution at the reaction 
temperature. An 8-cm3 portion was extracted with a small 
SUS 316 stainless-steel test tube for analyses of oxalic acid 
and unreacted benzenecarboxylic acid. 

Analyses. The extracted solution was weighed, diluted to 
50 cm3 and the corrosion product precipitated on standing 
overnight. The supernatant solution was taken out with a 
pipette and sodium ion was removed with a cation-exchange 
column. Organic acids in the eluate were determined by ion 
and liquid chromatographs. 

H-D Exchange Reaction. Heavy water (40 g), NaOH 
(8 g, 5 mol kg"1 D20), and phthalic acid (0.3 g, 0.043 mol 
kg -1) were placed in 70 cm3 of an SUS 316 stainless-steel 
autoclave and N2 exchange of air was repeated three times 
with 5 MPa N2. It was then dipped in a silicone oil bath for 
1 h at 523 K. The product in the solution was extracted by 
ethyl methyl ketone, dissolved in methanol-^ and analyzed 
by 13C NMR. 

X-Ray Diffraction (XRD) and ESCA Spectra. XRD and 
ESCA spectra of nickel oxides were measured by Cu Ka and 
Mg Ka, respectively. 

Mechanism of the Oxidation of Phthalic Acid 

Effect of Reaction Conditions. T h e molalities of 
ph tha l i c acid and N a O H , part ial oxygen pressure and 
temperature: First-order plots of the molal i ty of 
ph tha l ic acid were linear under various condit ions, 
i nc lud ing 0.01 and 0.04 mol k g - 1 of ph tha l ic acid 
solution. T h e apparent rate constants from the slopes 
are shown in Tab l e 1; these results show that the rate 
of oxida t ion of ph tha l ic acid was propor t ional to the 
molal i ty of ph tha l i c acid, the molal i ty of N a O H , and 
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Table 1. Effect of Reaction Conditions on 
the Apparent Rate Constant (&/h_1) 

of the First-Order Plots 

(a) NaOH molality/mol kg"1 1.00 2.00 3.00 4.00 
5.00 

apparent rate constant 0.078 0.148 0.238 0.336 
0.403 

(b) po2/MPa 

apparent rate constant 

1.0 2.0 3.0 4.0 
5.0 
0.109 0.226 0.296 0.358 
0.403 

(c) Temperature/K 
apparent rate constant 

503 513 523 
0.127 0.234 0.403 

Standard conditions: phthalic acid 0.02 mol kg -1, 
NaOH 5.00 mol kg"1, po2 5.0 MPa, and 523 K. 

1 2 3 4 
Time/h 

Fig. 1(a). Effect of metal powder on the rate of 
oxidation. • : Ni(0), ©: Ni(Ni), O: Ni(Ni, 5), (D: 
Ni(Fe), Q: Ni(Cu). 

the par t ia l oxygen pressure, respectively. T h e ap­
parent activation energy was 126 k j mo l - 1 . 

Metal and Metal Oxide. In this experiment, the effect 
of nickel oxide, the corrosion product from the Ni 
reactor, on the rate of oxidat ion was inevitable to some 
extent, bu t smaller than that on the rate of oxidat ion of 
acetic acid.8) Consequent ly , the effect of several metals 
and their oxides has been studied. First-order plots of 
the molal i ty of ph tha l i c acid in the presence of Ni, Cu, 
Fe and their oxides are shown in Fig. 1. In the cases 
of Ni(Ni) and Ni(Ni , 5), con ta in ing 3 g and 5 g of Ni 
powder, respectively, their oxidat ion rates were almost 
equal , bu t h igher than that in the case of Ni(0). T h e 
similar rates in the cases of Ni(Ni) and Ni(Ni , 5) may 
have been caused by insufficient agitat ion. The i r first-
order plots gradual ly shifted u p w a r d wi th the reaction 
time. Nickel(II) oxide did not affect the oxidat ion rate, 
since it coincided for Ni(0), Ni(NiO) , and Ni(NiS04), 
resul t ing in N i O being produced in the solution, as 
shown in Fig. 1(b). O n the other hand , the oxidat ion 
rate for Ni(Ni20s) was higher than that for Ni(0) and 
shifted largerly upward from linearity. These results 
indicate that metal l ic Ni has no direct catalytic effect, 
and that the shift from linearity is caused by an 
accumula t ion of Ni(III) in the corrosion product . 
T h i s can be recognized from the ESCA spectra of the 
corrosion products . In the case of Ni(Fe), the first-
order p lot was linear, and the apparen t rate constant 
was 3/4 of that for Ni(0). Metallic Fe similarly 
control led the oxidat ion of ph tha l i c acid, as in the 
oxidat ion of acetic acid. T h i s effect was brought about 
by con t ro l l ing the formation of Ni(III) wi th Fe or the 
haemati te formed.8) Metallic Cu greatly promoted the 
oxidat ion rate bu t the first-order p lot coincided well 
wi th that for C u O . T h u s , the material accelerating the 
oxidat ion was no t metal l ic Cu bu t CuO. Copper(II) 
oxide was identified in the materials in extracted 
solutions by XRD. 

Mechanism of the Oxidation. Base-Catalyzed Oxy­
gen-Oxidation. T h e general mechanism can be 
expressed by the following reactions:9) 

2 3 4 
Time/ h 

RH + OH" R = ^ R- + H 2 0 

R- + O2—>R- + 0 ^ 

R. + O 2 — > R O O -

ROO. + R- — • ROO- + R. 

ROO. + OJ — • ROO- + 0 2 

0 2 R O ° " ^T T_ > C2O42- + CO2 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
O H -

Fig. 1(b). Effect of metal oxide on the rate of 
oxidation. • : Ni(0), ©: Ni(NiO), O: Ni(NiS04), O: 
Ni(Ni203), CD: Ni(CuO). 

Here, R H is a carbonaseous substance and R - is the 
carbanion formed by hydrogen extraction from R H . 

Concern ing these steps, it is shown below that 
reaction (2) is ra te-determining and, s imultaneously, a 
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side reaction which has same effect due to corrosion of 
the Ni reactor. 

In the oxidat ion of ph tha l i c acid, reaction (2) and 
the side reaction can be expressed by Eqs. 7 and 8, 
respectively. 

ki 
C6H3(COO-)i + 0 2 — • (COO-)2 + C 0 2 (7) 

and 

k2 
C6H3(COO-)i + 0 2 -^Ö> (COO-)2 + C0 2 , (8) 

respectively. 
In this case, the appa ren t oxidat ion rate of ph tha l ic 

acid can be expressed by 

—dmpn/dt — kimp-mo2 + ^mp-mMeo§^o2, (9) 

where P H is ph tha la te ion, P - is the carbanion formed 
by hydrogen extraction from phtha la te ion, MeO is 
metal oxide, rrn is the molal i ty of each species, and k\ is 
the rate constant. 

In the solut ion carbanion is formed by an acid-base 
q u i l i b r i u m of ph tha l a t e ion, as shown in Eq. 10, and 
the molali ty of oxygen obeys Henry 's law: 

C6H4(COO-)2 + ; = ^ C6H3(COO-)i + H 2 0 (10) 

mo2 = Mpo2 (11) 

where Kvn is the equ i l ib r ium constant, M is Henry 's 
constant, and po2 is the part ial oxygen pressure. 

Consequently, Eq. 9 can be writ ten as 

— dmpH/d£ = kiKpuMmpumoHpOt + k^mMmMeommmoHpch, 
(12) 

where mon is the molal i ty of the hydroxide ion. 
From Eq. 12 we can derive 

— dmpn/dt — kmpHmoHpo2 (13) 

since the apparen t rate constant, k, is expressed by 

k = (ki + k2mMeo)K?nM (14) 

If ki is m u c h larger than feraMeo, the apparen t rate 
constant of oxida t ion of ph tha la te ion becomes 

§ The mMeo shows apparent molality of the metal oxides 
since the metal oxides are sparingly soluble. 

constant and the rate of oxidat ion can be expressed by 
a first-order rate equat ion, like Eq. 13. 

T h e results shown in Tab le 1 satisfy the first-order 
rate equa t ion for rapH, mon, and po2- T h u s , the above 
mechanism is basically reasonable. 

In order to emphasize the effect of the corrosion 
product on the rate of oxidat ion, the results of 
comparat ive experiments us ing several metals and 
their oxides are shown in Fig. 1. Tab le 2 shows the 
re la t ionship a m o n g the various kinds of additives, the 
hypothesis regarding the second term in Eq. 9, femMeo, 
and the properties of the resul t ing apparent rate 
constant. If the second term is assumed as in the 
second co lumn , the apparen t rate constant should 
have the property shown in the third column. These 
results can expla in the effect of each metal and its 
oxide on the oxidat ion rate. 

Consequently, it is concluded that base-catalyzed 
oxygen-oxidat ion takes place, essentially, du r ing the 
oxidat ion of ph tha l i c acid in alkal ine solutions at 
elevated temperatures; the side reaction, however, is 
inevitable to some extent due to corrosion of the Ni 
reactor. 

T h e side-reaction mechanism has not yet been 
recognized sufficiently. By analogy of the oxidat ion of 
acetic acid,8) it is considered that Ni(III) in the 
corrosion produc t catalyzes the oxidat ion of the car­
ban ion , as shown in Eq. 8, and that raNi(iii) seems to be 
p ropor t iona l to moH.^ T h e effect of Ni(III) is shown 
in Fig. 1(a). T h i s tendency is also shown later in the 
oxidation of benzenehexacarboxylic acid (mellitic acid). 
In the presence of C u O the oxidat ion rate was great 
and oxalic acid was formed, even in a N2 atmosphere. 
T h u s , C u O is a very active catalyst and the second term 
in Eq. 9 represents the major process in the case of 
Ni (CuO) . As for the species of ph tha l i c acid, it is 
necessary to confirm further which is the reactant, the 
ph tha la te ion or its carbanion. 

H - D Exchange of Hydrogen on Benzene Ring. If 
ph tha l i c acid is related to the equi l ib r ium shown in 
Eq 10, an H - D exchange reaction is capable of 
occurr ing in ph tha l ic a c i d - N a O H - D 2 0 th rough the 
equ i l ib r ium shown in Scheme 1. Figure 2 shows the 
1 3 C N M R spectra of ph tha l i c acid: (1) Reagent, (2) 
treated wi th 5 mol k g - 1 N a O H - D 2 0 solution at 523 K, 
and (3) treated wi th D 2 0 at 523 K. In spectrum (2), the 

§§ In this case, the rate of oxidation should be proportional 
to moH2 as in the oxidation of acetic acid. 

Table 2. Relationships among Additive, Hypothesis, and Resulting Apparent Rate Constant 

Additive Hypothesis on &2mMeo term Apparent rate constant 

None, NiO, NiSÜ4 &2mNi(iii)<&i Constant 
Ni(Ni, 5), Ni 2 0 3 &2mNi(iii)<&i and increase Gradual increase 
Fe ^2mNi(iii)^^i Constant 
Cu, CuO ^2Wcuo>^i Great 
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C 'C 

D I C 1 

0H-

DoO 

•cr - KCOICJ+H20 

3"+00-

NaOH ^ 

D 20 

=îNa +0H" 

D++0D 

Scheme 1. H-D exchange mechanism of hydrogen 
on benzene ring. 

(ppm) 

Fig. 2. 13C NMR spectra of phthalic acid treated at 
523 K. (1) Reagent, (2) Treated with 5 mol NaOH 
kg"1 D20, (3) Treated with D20. 

he ight of peaks 3 and 4 are lower, compared to these of 
peaks 1 and 2. T h i s shows that an H - D exchange takes 
place. Addit ional ly, the he ight of peak 3 is lower than 
that of peak 4. T h i s indicates that the hydrogen on 
carbon 3 is extracted more easily than on carbon 4 due 
to the effect of the electrophil ic carboxylic g roup . An 
H - D exchange rat io of 64% was obtained by a calcula­
t ion of the ra t io of the integrated peak area of phenyl 
p ro tons to that of the methyl pro tons in the *H N M R 
spectrum of the dimethyl ester of deuterated ph tha l ic 
acid. In a t reatment in D2O, no H - D exchange was 
observed, as shown in the spectrum (3). Consequent ly, 
the carbanion can be formed in an alkal ine solut ion at 
523 K. 

Identification of Ni(III) in the Corrosion Products 
with ESCA. Figure 3 shows the ESCA spectra of 
Ni2p3/2 of corrosion products precipitated in extracted 
solut ions for analyses of organic acids in the case of 
Ni(0). Only N i O was identified in the corrosion 
products by X R D . Generally, peaks of Ni(II) and 
Ni(III) in ESCA spectra appear in the energy range 
854.010>—854.811* eV and 855.612>—856.813> eV, respec-

868 860 852 
B i n d i n g E n e r g y ( eV) 

Fig. 3. ESCA spectra of Ni2p3/2 of the nickel oxide 
formed by corrosion of Ni. 

868 860 852 
B i n d i n g E n e r g y ( eV) 

Fig. 4. ESCA spectra of Ni2p3/2 of the nickel oxide 
formed from NiS04. 

tively. T h u s , the 1-hour sample contains m u c h N i O , 
since the peak a round 854 eV is sharp. In the 3-hour 
spectrum, a range of 855—857 eV swells and becomes 
round. T h i s tendency is remarkable and the peak 
shifts slightly to the high-energy side, a round 855 eV 
in the 3-hour spectrum. These changes in the ESCA 
spectra show that the Ni(III) content gradual ly 
increases wi th the reaction time. 

Figure 4 is the ESCA spectra of precipitates in the 
case of Ni(NiS04) . Nickel(II) sulfate was converted to 
Ni(OH)2 u p o n heat ing, and pale-green N i O was 
formed after 1 hour . T h i s color shows that it is 
s toichiometric N i O . T h e Ni(III) content in N i O seems 
to be low, as shown in Fig. 4, ind ica t ing that Ni(III) is 
produced only sightly by the oxida t ion of suspended 
N i O in the solut ions but , rather by a heterogeneous 
oxidat ion of metall ic Ni. 
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1009-

870 865 860 855 850 
Binding Energy (eV) 

Fig. 5. ESCA spectra of Ni2p3/2 of the nickel oxide 
containing unreacted Ni on Ar etching. 

Time/ h 

Fig. 6. Oxidation curve of maleic acid in 25 mol kg - 1 

NaOH solution at po2 5 MPa and 498 K. Q: malic 
acid, • : oxalic acid, O: acetic acid, 3 : succinic acid, 
(D: C02 . 

In the 1-hour sample of Ni(Ni) , unreacted Ni could 
still be identified by X R D . T h e valence of Ni in it was 
measured wi th Ar e tch ing on ESCA. T h e ESCA 
spectra are shown in Fig. 5. T h e peak of the Ni2p3/2 
orbital shifted to the high-energy side wi th an increase 
in the depth bu t wi th 4-minute e tching it shifted 
contrari ly to the low-energy side, by the peak of 
metal l ic Ni at 852.3 eV. T h i s shows that Ni(III) is 
formed by the oxidat ion of the surface of Ni. 

These tendencies were also observed from the ESCA 
spectra of the Ois orbital of the oxides, in which the 
slope of the peak at 530 eV by Oi s clearly swelled at 
532 eV due to the oxygen combined Ni(III). 

Oxidative Cleavage Reaction of Bezene Ring. Steps 
( 1 ) and (2) have been clarified by kinetic studies. Gener­
ally, the formation of the peroxyanion by steps (3) to 
(5) is accepted,9) t h o u g h there is no informat ion 
concerning the oxidative cleavage of the peroxyanion 
of benzenecarboxylic acid. 

Chemical and biochemical oxidative cleavages of 

0 . 

phenols and catechols have been reviewed9»14) and the 
formation of a l iphat ic dicarboxylic acids, such as 
muconic acid, has been indicated. 

If phenols and catechols are formed as intermediates 
in the cleavage of the benzene r ing , bo th acetic and 
oxalic acids should be produced in h igh yield in 
alkal ine solutions.7 ) Actually, acetic acid was found 
only in trace amoun t s in these runs . 

Maleic acid, which is supposed to behave similarly 
to muconic acid, was oxidized under 498 K, N a O H 
25 mol k g - 1 , and po2 5 MPa. Maleic acid was hydrated 
at once to mal ic acid du r ing heat ing. It was almost 
oxidized wi th in 30 min; succinic, oxalic and acetic 
acids were produced, as shown in Fig. 6.§§§ 

These two experimental results do not suggest that 
the oxidative cleavage of ph tha l i c acid proceeds slowly 
by a stepwise mechanism, as shown in Eq. 15, in 
which a derivative of catechol is formed, and then 
cleaves to produce an a l ipha t ic dicarboxylic acid, such 
as derivatives of muconic acid. 

p e r o x y a n i o n - c a t e c h o l _V.._°2 m u c o n i c 
OH OH a c i d OH 

OH" 

» a c e t i c 
a c i d 

[ > o x a l i c 
a c i d 

L>C0o 

OH 
yNDXaliC 

a c i d 

! ^ C O . 

± 

(15) 

(16) 

T h u s , the oxidative cleavage takes place all at once 
to produce oxalic acid and CO2, as shown in Eq. 6. 
However, the react ion mechanism shown in Eq. 16 is 
not clear. 

T h e formation of succinic acid du r ing the oxidat ion 
of maleic acid is interesi t ing and indicates that the 
oxidat ion of a l iphat ic dicarboxylic acid wi th a double 
bond may accompany the formation of radicals and its 
recombinat ion. 

Effect of Reaction Conditions on the Selective 
Formation of Oxalic Acid. Figures 7(a)—(b) show a 

decrease in the yield ratio of oxalic acid to carbon 
dioxide wi th the reaction t ime under various condi­
t ions. T h e consecutive oxidat ion of oxalic acid 
decreases the yield ratio wi th the reaction time. T h u s , 
the effect of the reaction condit ions on the yield ratio 
of the oxidat ion of ph tha l ic acid, itself, can be 
discussed in terms of the value obtained by extrapora-
tion to £=0, since no consecutive oxidat ion of oxalic 

§§§ Batch runs have been performed with a 300 cm3 auto­
clave. 
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a ' m N a O H / m o l k 9 " 1 

100 

1 2 3 
T ime/ h 

Fig. 7. Effect of reaction conditions on the selective 
formation of oxalic acid in the oxidation of phthalic 
acid, (a) mNaoH, (b) po2, (c) temperature, (d) metal, 
metal oxide. 

acid takes place at t=0. 
T h e selectivity was h igher at h igher N a O H molali ty 

and the yield rat io was as h i g h as 1.7, even after 1 hou r 
in a 25 mol k g - 1 N a O H solution,7 ) as shown in Fig. 
7(a). These results show that a h igh N a O H molality 
not only accelerates the rate of oxidat ion bu t also 
increases the selectivity. Since the mechanism of 
oxidative cleavage of the peroxyanion, itself, is not 
clear, there is n o clue to discuss the mechanism in 
which N a O H enhances the selectivity. Practically, 
this result coincides wi th the fact that h i g h N a O H 
molalit ies in the oxidat ion of coal are qui te effective, 
bo th on the ox ida t ion rate and on the selective 
formation of oxalic acid due to the oxidative cleavage 
of a large n u m b e r of aromat ic c o m p o u n d s formed as 
intermediates.6) 

A low par t ia l oxygen pressure and temperature 
increased the selectivity, as shown in Figs. 7(b) and 
7(c), bu t decreased the oxidat ion rate, as shown in 
Tables 1(b) and 1(c). 

Clearly, Ni(III) promotes the oxidat ion of oxalic 
acid and reduces the selectivity of the formation of 
oxalic acid. T h i s can be confirmed by the result that 
Ni203 reduces the yield ratio to a great extent and 
rapidly to zero wi th the reaction time shown in Fig. 
7(d). T h i s result also indicates that the decrease in the 
yield rat io is caused by a consecutive oxidat ion of 
oxalic acid by Ni(III) in the nickel oxide formed by the 
corrosion of metal l ic Ni . Since Fe controls remarkably 
the formation of Ni(III),8) the yield rat io in the case of 

' 0 1 2 3 4 5 6 7 
Time / h 

Fig. 8. Oxidation curves of benzenecarboxylic acids. 
• : 1,2-benzenedicarboxylic acid, 3 : 1,2,3-benzene-
tricarboxylic acid, €: 1,3,5-benzenetricarboxylic 
acid, ©: 1,2,4-benzenetricarboxylie acid, CD: benzene-
pentacarboxylic acid, O: benzenehexacarboxylic acid. 

1 2 3 A 5 
m NaOH / m o 1 k9~1 

Fig. 9. Effect of NaOH molality on the oxidation of 
hemimellitic acid. 

Ni(Fe) was h i g h and decreased gradually. O n the 
other hand , C u O promotes the oxidat ion of oxalic acid 
as well as ph tha l i c acid. T h u s , further study is 
necessary to clarify the effect of metal oxides on the 
selectivity of the formation of oxalic acid as well as the 
mechanism in the oxidative cleavage of phthal ic acid. 

Oxidation of the Other Benzenecarboxylic Acids 

Effect of the Structure of Substrates. Figure 8 
shows the oxidat ion curves of various benzencar-
boxylic acids under s tandard condit ions. Benzenecar­
boxylic acids seem to be oxidized faster as the number 
of carboxyl g r o u p decreases. T h e effect of the posi t ion 
of the carboxyl g roup is not yet clear. 

Oxidation of Hemimellitic Acid and Mellitic Acid. 
T h e effect of the N a O H molal i ty on the rate of oxi­
da t ion of hemimel l i t i c acid is shown in Fig. 9. T h e 
apparen t rate constant was also propor t ional to the 
N a O H molali ty. Consequently, hemimell i t ic acid is 
oxidized by the same mechanism as ph tha l ic acid is 
oxidized. T h i s result suppor ts a hypothesis that an 
aromat ic carboxylic acid hav ing hydrogens on its r ing 
are oxidized by a base-catalyzed oxygen-oxidation 
mechan i sm in a lkal ine solut ions at elevated temper-
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2.4 

8 12 
Time / h 

Fig. 10. Effect of NaOH molality on the oxidation of 
mellitic acid. NaOH molality, mol kg - 1 • : 2, 0:3, 
(D: 5. 

atures. 
T h e effect of the N a O H molal i ty on the first-order 

plots for the oxidat ion of melli t ic acid is shown in Fig. 
10. T h e first-order p lots shifted u p w a r d from a 
straight l ine wi th an increase in the reaction time and 
the N a O H molali ty. These results indicate that the 
a m o u n t of Ni(III) formed by the corrosion of Ni 
increases wi th increasing the reaction time and the 
N a O H molality. T h e progress of corrosion could 
easily be recognized by the a m o u n t of corrosion 
products in extracted solut ions. Also, the N a O H 
molal i ty did not affect the ini t ial rate of the oxi­

dat ion, wh ich should be p ropor t iona l to the N a O H 
molali ty in the base-catalyzed oxygen-oxidation mech­
anism, as shown in Tab le 1 and Fig. 9. These results 
indicate that this mechanism does not work on the 
oxidat ion of melli t ic acid which has no hydrogen on 
the benzene r ing. 
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Alkenes bearing electron-withdrawing substituents are catalytically acetalized with 1,3-propanediol only by 
the use of PdCl2(MeCN)2 catalyst under O2 atmosphere. When a combination of BiCU and LiCl is used as 
co-catalyst, the acetalization proceeds effectively. These results indicate that a hydroperoxopalladium(II) species 
is most likely an active catalyst in the present reaction. 

Pd(II)-catalyzed oxidat ion of alkenes wi th water (the 
Wacker oxidat ion) , which has been widely used in 
organic syntheses,1* proceeds via nucleophi l ic attack 
of O H " to coordinated alkenes followed by P d - H 
el iminat ion. Copper salts used as co-catalyst a long 
wi th molecular oxygen is known to effect the catalytic 
cycle.2) T h e use of a lcohols or diols, in place of water, 
induces acetalization of alkenes via similar processes.3) 

Synthetic uti l i ty of the acetalization has been demon­
strated by a novel access of homochi ra l acetals from 
alkenes.4»5) O u r systematic study of the reaction 
provides a new impl ica t ion on the catalysis in which a 
hydroperoxopal ladium(II ) species derived from the 
oxygenat ion of P d - H species wi th O2 is the active 
catalyst. Efforts to reinforce this view led us to find 
that the acetalization proceeds catalytically even in the 
absence of a co-catalyst such as CuCl. In addit ion, a 
combina t ion of BiCi3 and LiCl serves as an efficient 
co-catalyst in place of CuCl. O n the basis of these 
findings, we describe here the detail of the catalysis of 
the title reaction. 

Results and Discussion 

In contrast to the Wacker oxidat ion, alkenes bear ing 
e lect ron-withdrawing groups react smoothly wi th 
diols or alcohols. Phenyl vinyl ketone (1) was thus 
chosen as a typical substrate. PdCi2(MeCN)2 (10 
mol%) catalyst was used in place of P d C k because of 
higher solubility in 1,2-dimethoxyethane (DME). T h e 

acetalization of 1 wi th 1,3-propanediol (2) was 
performed in DME at 65 ° C under O2 atmosphere 
(1 atm) in the absence or presence of co-catalyst (Eq. 1). 

i) 02/PdCI2(MeCN)2/DME (1) 

T h e results are given in Tab le 1. T h e catalytic 
acetalization evidently proceeds even in the absence of 
a co-catalyst. In order to obta in acetal 3 selectively, 
addi t ion of N a 2 H P 0 4 (1.5 equiv per Pd) is required. In 
the absence of this base, s imple addi t ion of diol 2 to the 
olefin concurrent ly takes place to give 4 (Entry 1). T h e 
catalytic efficiency is obviously enhanced by employ­
i n g CuCl as a co-catalyst (Entries 4 and 6); however, 
even in the absence of CuCl , use of a higher pressure of 
0 2 (10 atm) together wi th excess use of diol 2 (2 equiv 
per 1) increases the catalytic turnover to give acetal 3 
in 610% yield (based on Pd) (Entry 5). Catalytic 
acetalization does not take place in the absence of O2. 

A search for another feature of the catalysis led us to 
find that a combina t ion of B iCh and LiCl acts as an 
efficient co-catalyst. T h e use of BiCU alone gives bo th 
3 and 4 even in the presence of Na2HP04 (Entry 7). 
When BiCi3 is combined wi th LiCl in a rat io of 1:1, 
the acetal 3 is exclusively formed in 850% yield (Entry 
8). T h i s system appears to be superior to CuCl as the 

Table 1. Acetalization of Phenyl Vinyl Ketone (1) with 1,3-Propanediol^ 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Diol 
(mmol) 

1.2 
1.2 
1.2 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

Na 2 HP0 4 

(mmol) 

0 
0.15 
0.20 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 

O2 
(atm) 

10 

Co-catalystb) 

— 
— 
— 
— 
— 

CuCl 
BiCl3 

BiCl3/LiClc> 
BiCl3/LiClc> 

Yield/%c> 
3 4 

220d> 
490 
300 
520 
610 
710 
610d> 
850 

6700f> 

300d> 

— 
— 
— 
— 
— 

320d> 

— 
— 

a) T h e reaction was performed by us ing 1 (1 mmol) and PdCl2(MeCN)2 (0.1 mmol ) in DME (3 mL) at 65 °C 
for 48 h. b) T h e a m o u n t of co-catalyst, when used, was 0.2 mmol , c) Unless otherwise noted, yield based on 
Pd was determined by G L C us ing pentadecane as an internal standard, d) Isolated yield by preparative 
T L C . e) T h e rat io used was 1:1. f) 1 mol% of catalyst was used. 
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+ PdCI 

3 O 

Scheme 1. 

co-catalyst, and the catalytic turnover of 67 can be 
at tained, when the concentra t ion of catalyst is reduced 
to 1 mol% (Entry 9). 

T h e reaction pa thways of the acetalization can be 
envisioned as shown in Scheme 1. Coordina t ion of the 
olefin to P d C k followed by nucleophi l ic attack of diol 
wi th the loss of H C l gives oxypal ladat ion intermediate 
5. E l imina t ion of P d - H species from 5 produces enol 
ether 6 which then cyclizes to acetal 3. T h e result ing 
P d - H species reacts wi th O2 to give P d - O O H species 
which acts as the active catalyst. Protonolysis of o-
bonded intermediate 5 wi th H C l leads to the prodcut 4. 
If the P d H C l undergoes reductive e l imina t ion to give 
Pd(O) and HCl , the catalysis may be described as the 
conventional redox couples as shown in Eqs. 2 and 

PcT + 2CuX. 

2CuX + 2HX + }0_ 

PdX2 + 2CuX (2) 

2CuX 2 + H 2 0 (3) 

T h i s possibility is, however, ruled ou t as follows. In 
the presence of Na2HPC>4, the catalytic acetalization 
takes place wi thou t forming by-product 4, which 
indicates that H C l generated in situ is effectively 
captured by this base. Since the redox catalysis 
requires H C l in Eq. 3, the present reaction does not 
follow these equat ions . T h e validity of this a rgument 
is explicitly proven by the present result, because the 
catalytic acetalization occurs in the absence of copper 
salt. Further, the present result provides evidence that 
molecular oxygen directly participates in to the cataly­
sis. T h i s al lows us to consider that the oxygenat ion of 
P d - H species wi th O2 is crucial for the catalytic cycle. 

T h e role of copper salt as the co-catalyst is to form a 
bimetal l ic complex l inked wi th chloride l igand. T h e 

Table 2. Acetalization of Olefins 
with l,3-Propanediola) 

Entry Alkene Product 

Yield/%b) 

Co-catalyst 

— BiCl3-LiCl CuCl 

Ph A ^ P h ^ ^ O ^ 
520 

2 JL, XjT) 360 

MeO 

O 0 ^ 1 

^ M e O ^ V 1 2 0 

Ph N ^ 

NC N ^ 

P h v ^ 

NCOQ 

O '» 

nd 

MM// AAA^ -

850c> 

680c> 

670 

350 

150 

150 

710 

690 

640 

400d> 
(800)e> 

nd 

210^ 

a) The reaction was performed by using olefin (1 
mmol), diol (2 mmol), PdCl2(MeCN)2 (0.1 mmol), 
Na2ÜP04 (0.1 mmol), and co-catalyst (0.2 mmol) in 
DME (13 mL) at 65°C under O2 (1 atm) for 48 h. 
b) Isolated yield based on Pd. c) Reaction time was 
24 h. d) Acetophenone was formed in 250% yield. 
e) Without using Na2HP04, and in this case, no aceto­
phenone was formed, f) Accompanied by the forma­
tion of 3- and 4-decanones (110%), and the ratio of 2-, 
3-, and 4-decanones was 64:17:19. 

\ 
Pd \ 

cr 
7 

Cu Pd ^Cu 

bimetal l ic complex 7 prevents decomposi t ion of P d - H 
species and accelerates the oxygenat ion of P d - H bond 
by 02-6) Similar complexat ion of b i smuth salt wi th 
pa l l ad ium enhances the catalytic activity. Bismuth 
chloride itself reacts wi th diol 2 to liberate HCl in situ. 
Therefore, for the selective formation of acetal 3 in this 
system, it is required to suppress the l iberation of H C l 
th rough coordinat ion of LiCl to bismuth. 

Given in Tab l e 2 are the typical results of the 
acetalization of olefins wi th diol 2 in the presence or 
absence of co-catalyst under the conditions us ing 
Na2HPÜ4. In all cases, the reactivity of olefins 
decreases wi th decreasing electron-withdrawing ability 
of substituents on the olefin ( P h C O > M e C O > M e C O O > 
Ph>a lky l ) , indica t ing that the nucleophi l ic attack of 
diol is also a crucial step for the acetalization.7) In the 
case of acrylonitr i le, coordinat ion of CN g roup retards 
the reaction. T h e use of Na2HPÜ4 was effective to 
exclude the formation of by-product (e.g. 4) from vinyl 
ketones. However, for the acetalization of other 
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Table 3. Pd(II)-Catalyzed Reaction of 1-Decene with 1,3-Propanediol in the Presence of H218Oa) 

Decanone 
Reaction time 

" Yield/%b) Ratio lsO-Content/%c> 
2- : 3- : 4- 2- 3- 4-

1 190 56 : 20 : 24 51 57 62 
24 630 34 : 26 : 40 31 35 36 

a) The reaction was performed by using l-decene(1.0 mmol), PdCl2(MeCN)2(0.1 mmol), CuCl (0.2 mmol), and 
H2

180 (1.0 mmol, CEA-ORIS, 98%) in DME (3 mL) at 65 °C. b) Yield based on Pd was determined by GLC 
using pentadecane as an internal standard, c) The lsO-content was determined by GC-mass analysis. 

olefins, addi t ion of this base is no t necessarily 
required, bu t it rather retards the reaction. For 
instance, in the absence of Na2HPC>4, styrene reacts 
wi th diol 2 to give the corresponding acetal in 800% 
yield (Entry 4). T h i s is certainly better result, when 
compared to that us ing Na2HPC>4. 

Alkyl-substi tuted olefins such as 1-decene gave n o 
acetal, bu t the corresponding ketone was obtained 
(Entry 6). T h i s result deserves comments . As shown in 
Table 3, the reaction of 1-decene wi th 1,3-propanediol 
(2) in the presence of H2 1 8 0 (1 equiv) under the 
condi t ions us ing CuCl as a co-catalyst (Eq. 5) results 

/ w w • n • H"O pdci^CNv16°? 
HO OH 2 CuCl , DME 

(5) 

A/wv + v w y v A/vyv 
O 0 0 

2- 3- 4-

in the p redominan t formation of 3- and 4-decanones 
which arise from isomerizat ion of the O C double 
bond to internal olefins followed by oxidation. T h i s 
fact does no t agree wi th inferior reactivity of internal 
olefins in the Wacker oxidation.1»^ T h e l s O-content 
in each of the resul t ing decanones is not h igh (31 — 
36%, 24 h), and thus nei ther nucleophi l ic attack of 
water (H21 80) on the olefin nor hydrolysis of the cor­
responding acetal merely accounts for these observa­
tions. Therefore, the reaction mus t involve O-atom 
transfer to olefin from P d - O O H derived from P d - H 
and molecular oxygen (1602). T h e O-atom transfer 
most likely proceeds via pseudo-peroxypalladation8 '9 ) 

as shown below.10) 

•3LT" ^ — V 

In summary, Pd(II)-catalyzed acetalization of olefins 
wi th diols evidently involves a hydroperoxopal ladi-
um(II) species as an active catalyst. Involvement of 
this species appears to be common in oxidat ions of 
this type. 

Experimental 

Materials. Palladium(II) chloride and copper(I) chloride 
were purchased from Wako Pure Chemical Ind., Ltd. 
Bismuth chloride and lithium chloride were purchased from 
Nakarai Chemicals, Ltd. Disodium hydrogenphosphate 
(Na2HPÛ4) was commercially available and dried (80°C/2 
mmHg, 2 h; 1 mmHg^l33.322 Pa) prior to use. Bis(aceoni-
trile)dichloropalladium(II) [PdCl2(MeCN)2] was prepared 
from PdCb and acetonitrile.n) 1,3-Propanediol was distilled 
over sodium. Phenyl vinyl ketone was prepared by the 
literature procedure.12) Methyl vinyl ketone, methyl acrylate, 
styrene, acrylonitrile, and 1-decene were all commercially 
available and distilled prior to use. 1,2-Dimethoxyethane 
(DME) was distilled over calcium hydride under argon. 

Acetalization of Phenyl Vinyl Ketone (1) with 1,3-
Propanediol. (i) In the Absence of Na2HP04 and Co-
catalyst. In a 25 mL round-bottom flask equipped with a 
rubber balloon filled with oxygen gas and a magnetic 
stirring bar were placed PdCl2(MeCN)2 (27 mg, 0.10 mmol) 
and dry DME (1.5 mL). To the flask was added a solution 
of phenyl vinyl ketone (1) (135 mg, 1.02 mmol) and 1,3-
propanediol (2) (92 mg, 1.21 mmol) in dry DME (1.5 mL), 
and the resulting suspension was stirred at 65 °C for 48 h. 
The reaction mixture was then filtered through a pad of 
Florisil (2 g, 14 mmX20 mm, ether 100 mL). Removal of the 
solvent followed by preparative TLC (SiO, hexane : AcOEt= 
7:3) gave 3 (46 mg, 22.3%) and 4 (63 mg, 30.2%). Spectral and 
analytical data of these products are as follows. 

2-Benzoylmethyl-l,3-dioxane (3): R{ 0.43 (Si02, hexane: 
AcOEt=7:3); IR (neat) 1690 (OO) , 1140 and 1090 cm"1; 
*HNMR (CDC13, 60 MHz) 0=1.15—1.52 (m, 1H, -CH2-), 
1.73—2.53 (m, 1H, -CH2-) , 3.28 (d, /=5.0Hz, 2H, C(O)-
CH2-), 3.60—4.33 (m, 4H, O-CH2-), 5.18 (t, /=5.0 Hz, 1H, 
O-CH-O), 7.53—7.63 (m, 3H, ArH), and 7.85—8.14 (m, 2H, 
ArH). Found: C, 69.66; H, 6.97%. Calcd for G2H14O3: C, 
69.88; H, 6.84%. 

3-(3-Hydroxypropoxy)-l-phenyl-l-propanone (4): Rf 
0.11 (SiOa, hexane:AcOEt=7:3); IR (neat) 3400 (OH), 1673, 
(OO) , 1210, 1075, and 1000 cm"1; *H NMR (CDCI3, 60 MHz) 
0=1.61—2.02 (tt, /=5.0 and 5.0 Hz, 2H, -CH2-), 2.87 (bs, 1H, 
OH), 3.18 (t, /=5.0Hz, 2H, C(0)-CH2-) , 3.58 (t, /=5.0Hz, 
2H, O-CH2-), 3.66 (t, /=5.0Hz, 2H, O-CH2-), 3.83 (t, 
/=5.0 Hz, 2H, O-CH2-), 7.33—7.65 (m, 3H, ArH), and 
7.86—8.12 (m, 2H, ArH). Found: C, 68.95; H, 7.76%. Calcd 
for C12H16O3: C, 69.21; H, 7.74%. 

(ii) In the Presence of Na2HP04. The reaction was 
performed by the same procedure as above, except that 
Na2HP04 (22 mg, 0.155 mmol) was added to the flask prior 
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to addition of substrates. Similarly, BiCl3 (65 mg, 0.2 mmol), 
LiCl (9mg, 0.2 mmol), or CuCl (20 mg, 0.2 mmol), when 
used, was added into the flask in advance. Product yields 
were determined by GLC using pentadecane as an internal 
standard. Details are given in Table 1. 

Acetalization of Olefins with 1,3-Propanediol. As out­
lined above, methyl vinyl ketone, methyl acrylate, styrene, 
and acrylonitrile were allowed to react with 1,3-propanediol, 
and products were isolated by column chromatography 
(Florisil or SiCh) or Kugelrohr distillation. Results are given 
in Table 2, and spectral and analytical data of products are as 
follows. 

2-(2-Oxopropyl)-l,3-dioxane (from Methyl Vinyl Ketone): 
Rt 0.42 (SiOa, hexane:AcOEt=7:3); IR (neat) 1720 (OO) , 
1135, 1080, 1060, 1050, and 1015 cm"1; ^ N M R (CDC13, 
60 MHz) 0=1.16—1.55 (m, 1H, -CH2-), 1.75—2.45 (m, 1H, 
-CH2-), 2.17 (s, 3H, -CH3), 2.68 (d, /=5.4Hz, 2H, 
C(O)-CH-), 3.50—4.27 (m, 4H, O-CH2-), 4.91 (t, /=5.4Hz, 
1H, O-CH-O); MS m/z 144 (M+). 

2-Methoxycarbonylmethyl-l,3-dioxane (from Methyl Acryl­
ate): R{ 0.70 (S1O2, hexane:AcOEt=7:3); IR (neat) 1740 
(C=0), 1195, 1140, 1080, 1035, and 1000 cm"1; ^ N M R 
(CDCI3, 60 MHz) 0=1.13—1.57 (m, 1H, -CH2~), 1.70—2.33 
(m, 1H, -CH2-), 2.64 (d, /=5.8 Hz, 2H, C(0)-CH2-) , 3.53— 
4.32 (m, 4H, O-CH2-), 3.60 (s, 3H, C(0)0-CH 3) , 4.96 (t, 
/=5.8 Hz, 1H, O-CH-O). Fond: C, 52.37; H, 7.50%. Calcd 
for C7H12O4: C, 52.49; H, 7.55%. 

2-Benzyl-l,3-dioxane (from Styrene): Kugelrohr distilla­
tion; 89—92°C/lmmHg; IR (neat) 1080 and 1015 cm"1; 
iHNMR (CDCI3, 60 MHz) 0=1.07—1.52 (m, 1H, -CH2-), 
1.65—2.48 (m, 1H, -CH2-) , 2.89 (d, 7=5.4 Hz, 2H, Ph-CH2-), 
3.42—4.28 (m, 4H, O-CH2-), 4.65 (t, 7=5.4 Hz, 1H, 
O-CH-O), 7.21 (s, 5H, ArH). Found: C, 73.96; H, 7.97%. 
Calcd for C10H14O2: C, 74.13; H, 7.92%. 

2-Cyanomethyl-l,3-dioxane (from Acrylonitrile): IR 
(neat) 2270 (CN), 1130 and 1030 cm"1; ^ N M R (CDCI3, 
60 MHz), 0=1.10—1.70 (m, 1H, -CH2-), 1.70—2.43 (m, 1H, 
-CH2-), 2.55 (d, 7=5.0 Hz, 2H, NC-CH2-), 3.45—4.30 (m, 
4H, O-CH2-), 4.67 (t, 7=5.0 Hz, 1H, O-CH-O). 

Ketonization of 1-Decene with 1,3-Propanediol. The 
reaction was performed by using PdCl2(MeCN)2 (130 mg, 
0.50 mmol), BiCls (316 mg, 1.00 mmol), LiCl (43 mg, 1.01 
mmol), Na 2 HP0 4 (HOmg, 0.77 mmol), 1-decene (705 mg, 
5.02 mmol), 1,3-propanediol (763 mg, 10.0 mmol), and dry 
DME (10 mL) at 65 °C for 48 h. Florisil column chromatog­
raphy (20 g, 28 mmX80 mm) with elution of hexane-GHbCk 
(1:1) gave 2-decanone (121 mg, 15%). 

The reaction using CuCl was performed in 1 mmol scale; 
1-decene (140 mg, 1.0 mmol), 1,3-propanediol (152 mg, 2.00 
mmol), PdCl2(MeCN)2 (26 mg, 0.10 mmol), CuCl (20 mg, 
0.20 mmol), Na 2 HP0 4 (22 mg, 0.15 mmol), and dry DME 
(3 mL). Si02 column chromatography (6 g, 18 mmX50 mm) 
gave a mixture of 2-, 3-, and 4-decanones (50 mg, 32%) in a 
ratio of 64:17:19. The ratio was determined by GLC 
(Shimadzu Model GC-MINI 2 flame ionization chromatog­
raphy) using glass capillary column (25 mX0.25 mm PEG-

20 M, chemical bonded column). 
Ketonization of 1-Decene with 1,3-Propanediol in the 

Presence of H2180. In a 25 mL side-arm round-bottom flask 
equipped with a rubber balloon filled with oxygen gas and a 
magnetic stirring bar were placed PdCl2(MeCN)2 (27 mg, 
0.10 mmol), CuCl (20 mg), and dry DME (1 mL). To the 
flask was subsequently added a solution of 1,3-propanediol 
(152 mg, 2.0 mmol) in dry DME (1 mL), H2

180 (20 jil, 
1.0 mmol, CEA-ORIS, 98%), and a solution of 1-decene 
(140 mg, 1.0 mmol) and pentadecane (38.51 mg, internal 
standard for GLC) in DME (1 mL). The resulting 
suspension was stirred at 65 °C, and aliquot samples were 
analyzed by GLC (Shimadzu Model GC-8A, I m SE-30 
column) and GC-mass (JEOL Model MS-GCG 06, 30 mX 
0.25 mm DB-1 capillary column, J&W Scientific Inc.). 
Details are given in Table 3. 
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Synthesis and Characterization of Polyyne Porphyrins 
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A series of conjugated polyyne porphyrins, in which two porphyrin macrocycles are connected with both 
ends of diarylpolyyne through aromatic ring, has been prepared and their spectroscopic behaviors were 
investigated. Diarylpolyyne consisting of aryl group and conjugated triple bond system have rigid and linear 
structure, and the two porphyrins are held at a fixed geometry and a determined distance. In their absorption 
spectra, porphyrin Soret bands were red- or blue-shifted depending on their edge-to-edge or face-to-face 
orientation. 

In the pr imary process of na tura l green p lan t 
photosynthesis , energy a n d / o r electron donor and 
acceptor are held at appropr ia te distance, geometry, 
and orientation, and highly effective energy transfer 
together with charge separation is achieved in these 
systems. Since the X-ray analysis of a bacterial photo-
synthetic reaction center from Rhodopseudomonas 
viridis1* clarified an excellent geometrical arrangement 
of related pigments , many model systems have been 
investigated by many investigators in different labora­
tories.2_14) T h e exothermicity of the process, distance, 
orientat ion, and intervening med ium between donor 
and acceptor control the efficiency of energy and 
electron transfer process. In order to elucidate the 
meanings of related factors definitely, it is necessary to 
construct the model systems of rigidly fixed structure, 
geometry and orientat ion. 

We have already reported the synthesis and spectro­
scopic investigation of directly conjugated polyyne 

porphyrins,1 4 ) in which porphyr in macrocycle is 
directly connected with one end of diarylpolyyne 
th rough aromat ic r ing. Now, we have synthesized a 
series of polyyne porphyr ins , in which two porphyr in 
macrocycles are directly connected with both ends of 
diarylpolyyne th rough aromat ic r ing. Since diary 1-
polyynes have r igid and linear structure, two porphy­
r in macrocycles are held at a fixed geometry and a 
determined distance. Chang ing the substituted posi­
t ion of diarylpolyyne, three types of polyyne porphy­
r ins have been synthesized. Increasing the n u m b e r of 
conjugated triple bonds, distance between both ends of 
diarylpolyyne can be altered systematically. In this 
report, we will describe detailed synthetic methods, 
characterization, and spectroscopic behaviors of a 
series of directly conjugated polyyne porphyrins . 

Results and Discussion 

Synthesis. T h e synthetic route of polyyne porphy-

POtf 

H 2a n= 2 , 

n= 2 , 

n= 2 , 

A 3 a 

3b 

3c 

n= 3 , 

n= 3 , 

n= 3 , 

4a 

4b 

4 c 

n= 4 . 

n= 4 . 

n= 4 . 

Scheme 1. Synthesis of polyyne porphyrins. 



Table 1. *H NMR Spectral Data of Polyyne Porphyrins in CDC13 Solution 

Chemical shift ô/ppm 

Compd M e 2,8-Et 13,17-Bu H meso ^__J 
3,7- 12,18- -CH2-CH3 -CH2 -CH2 -CH2 -CH3 15 10,20 ^ H

 H 2 ' H6' H3 ' H5' H4' 

3 76 4 03 2 26 1 74 
D2a 2.03 3.64 _ 3 9 ° 1.59 _ ™ j _ g 3 4 - 1 8 4 L 1 5 9 ' 9 7 1 0 0 9 ~ 3 ' 3 4 ~~ 7 1 6 7 ' 5 9 6 ' 9 4 7 ' 3 2 

3.73 fi 4.00 2.24 1.72 _ 
_3.89 l i ) b —4.08 —2.32 —1.82 i , w */"/i w , V i *""• —7.50 —7.69 —7.50 —7.50 

D„ 2.13 3.59 III 1.56 *•«> « * 1.72 L15 9 91 „ „ _^ _ 7.43 7.62 7.43 7.43 

D4a
a) — 3.53 _ _ _ _ _ 

D2b 2.47 3.61 _3
4f0 _ j ™ _ ^ 9 J _»"§? - 1 8 2 1 1 2 9 9 3 1013 ~3 2 9 8 2 7 7 % ~~ 7 7 ° 8 0 7 

Dîb 2.46 3.62 3?J? ÎTi 3 ^ If _\ll 1.12 9.94 10.13 _~£ 8.27 7.96 - 7.70 8.09 

-3.29 

-3.25 
-3.34 

-3.24 
-3.34 

8.27 

8.27 

8.27 

—4.09 —1.79 —4.09 —2.31 —1.79 

D<„ 2.45 3.62 _™ _J;g J ^ _ j j | J g 1.12 9.94 10.13 _ £ « 8.27 7.96 - 7.70 8.11 

D2c 2.55 3.64 _ J ; J } _[£ _J;J} _ * * J g 1.14 9.96 10.17 -3 .21 8.01 8.13 

Dsc 2.51 3.64 _ J ™ _ j ; g _4;00 _2 ;25 _1.75 , ,3 9 > „ „ „ -3.21 ? gg 8 ,0 

D,c 2.49 3.63 _ 3 ; 9 « _ j ; g J ; 9 « _*•* _j ;72 u s 9>gß 1(U6 -3 .23 7>% a„ 

a) Trace, not exactly determined. 
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r ins is shown in Scheme 1. 2,2'-(ortho, a series), 3,3'-
(meta, b series), and 4,4'-(para, c series) diformyldi-
phenylpolyynes (A)14) were used as start ing materials, 
respectively. Most of synthetic methods of polyyne 
porphyr ins were based on procedures reported by 
C h a n g et al.15) and Sessler et al.,16) b u t in some cases 
their procedures were suitably modified. Condensa­
t ion of £-butyl ( la) or ethyl 3-ethyl-4-methylpyrrole-2-
carboxylate ( lb) wi th diarylpolyynedicarbaldehyde 
(A2a-4c) gave bis(dipyrrylmethyl)polyynes (B2a-4c, E2b,2c) 
in good yields. Diarylbutadiyne (E2) was relatively 
stable in hydrolysis under basic condi t ions, and 
therefore syntheses of polyyne porphyr ins D2b (n=2, 
meta) and D2c (n=2, para) were at ta ined via their ethyl 
esters (E2b,2c). However, in the case of E2a steric hin­
drance prevents hydrolysis of the ethyl ester. Diaryl-
hexatriyne (E3) and diaryloctatetrayne (E4) were 
unstable in hydrolysis under basic condit ions; addit ion 
of e thoxide an ion to conjugated triple bond had 
occurred. Consequent ly , synthesis of polyyne porphy­
rins D2a (n=2, ortho), D3, and D4 were not at tained via 
their ethyl ester us ing hydrolysis under basic condi­
tions. We succeeded in the syntheses of all the polyyne 
porphyr ins (D2a-4c) via their £-butyl ester us ing 
hydrolysis under acidic condit ions. In the hydrolysis 
under acidic condi t ions, us ing anhydrous 25% HBr in 
acetic acid, bis(dipyrrylmethyl)polyynetetracarboxylic 

tetra-^-butyl ester (B2a-4c) were hydrolyzed to tetracar-
boxylic acid (C2a-4c) satisfactorily. Wi thout decarbox­
ylat ion the final double cyclization was carried out by 
treat ing C2a-4c and 2 equiv of 2 wi th p - T s O H in 
me thano l for 48 h, and followed by air oxidat ion. A 
series of polyyne porphyr ins (D2a-4c) were obtained in 
reasonable yields, except for D4C. D4c was obtained 
only in trace amounts . 

Characterization. By app ly ing fast-atom-bombard­
ment mass spectrometry to these polyyne porphyr ins , 
characteristic peaks jus t corresponding to the expected 
M + + n H (ra=0—4) ions were observed wi thout con­
tamina t ion by others. The i r *H N M R spectral data are 
shown in Tab le 1. In ortho-substi tuted polyyne por­
phyr ins two porphyr in macrocycles were rigidly held 
at face-to-face geometry. Most of all protons upfield 
shifted relative to those of meta- and para-substituted 
polyyne porphyr ins due to shie lding by porphyr in 
r ing current. Especially, chemical shifts of methyl 
groups in posi t ions 3 and 7 and aryl groups were 
ou t s t and ing (Aô=0.3—1.0 p p m ) . A m o n g the spectra 
of meta- and para-substi tuted polyyne porphyr ins 
significant differences were not observed. T h e typical 
absorpt ion spectra and electronic spectral data of 
polyyne porphyr ins are shown in Fig. 1 and Table 2. 
Diarylpolyynes have a remarkable vibrational fine 
structure in their electronic absorpt ion spectra. 14 '17 '18) 
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1 

1 
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Fig. 1. UV-vis absorption spectra of polyyne porphyrins, a) D2o b) D30 
c) D4c Solvent; CH2CI2. 

Table 2. UV-Vis Absorption Spectral Data of Polyyne Porphyrins 

Compd 

3 
D2a 

D3a 

D4a
a> 

D2b 

D3b 

D4b 

D2c 

D3c 

D4c 

271 (4.9) 
291 (5.0) 

261 (4.9) 
290 (5.1) 

264 (4.8) 
292 (5.0) 

Soret 

403.0 (5.32) 
407.0 (5.6) 
405.5 (5.6) 
404.0 (5.5) 
404.5 (5.6) 
405.5 (5.6) 
406.5 (5.6) 
406.5 (5.7) 
407.5 (5.6) 
409.0 (5.6) 

Amax/nm (log (e/M"1 cm"1))1» 

502 (4.25) 
503 (4.6) 
503 (4.6) 
503 (4.6) 
502 (4.6) 
502 (4.6) 
502 (4.6) 
501 (4.6) 
502 (4.6) 
502 (4.6) 

535 (3.90) 570 (3.87) 
537 (4.2) 571 (4.2) 
536 (4.2) 571 (4.2) 
536 (4.3) 572 (4.2) 
535 (4.2) 570 (4.2) 
536 (4.2) 570 (4.2) 
535 (4.2) 570 (4.2) 
535 (4.2) 571 (4.2) 
535 (4.2) 571 (4.2) 
535 (4.1) 571 (4.1) 

623 (3.39) 
624 (3.8) 
624 (3.8) 
623 (3.8) 
623 (3.6) 
622 (3.7) 
622 (3.7) 
623 (3.7) 
623 (3.7) 
623 (3.6) 

a) Crude, b) The extinction coefficients were not exactly determined. Solvent; CH2CI2. 
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Fig. 2. Geometry of polyyne porphyrins. 

In general, extending the terminal ^-conjugated 
aromatic system, the fine structures of their spectra 
become more broad.18) These synthetic polyyne 
porphyrins, in which very large ^-conjugated porphy­
rin macrocycle was connected with both ends of 
polyyne, showed highly broadening spectra in the 
region of those of diarylpolyynes. Porphyrin Soret 
bands were slightly red shifted in each series of 
polyyne porphyrins (Table 2). In the meta- and para-
substituted series their /Lmax's were gradually red shifted 
with increasing the number of acetylenic linkage. 
Especially, in the para-substituted series this trend was 
characteristic. On the other hand, in the ortho-sub-
stituted series they were gradually blue shifted with 
increasing the number of the acetylenic linkage. This 
can be understood taking into consideration of the 
inter-relating porphyrin geometry. As shown in 
Fig. 2, in the ortho-substituted series two porphyrin 
macrocycles were fixed at face-to-face geometry and 
two rings were exactly overlapping with increasing the 
number of acetylenic linkage. In the para-substituted 
series, however, they were fixed at edge-to-edge 
configuration. Therefore, their /Lax's of Soret band red 
shifted more with the number of acetylenic linkage. In 
addition, interaction between the porphyrin and the 
polyyne was so large in ortho-substituted series that 
porphyrin Soret bands became exceedingly broader 
than those of the other series. 

These diporphyrin substituted polyynes showed 
usual fluorescence emission spectra compared with 
that of the reference porphyrin 3. Fluorescence emis­

sion maxima and total emission intensity were 'not 
significantly perturbed by direct conjugation with 
polyyne functionality (Table 3). Relative emission 
intensities (h/h) were different in each series. Dif­
ference in substituted position was presumed to alter 

Table 3. Fluorescence Emission Spectral 
Data of Polyyne Porphyrins 

C o m p d 

3 
D2a 

D3a 

D4a
a) 

D2b 

D3b 

D4b 

D2c 

Dsc 
D4c 

^Emr 

a ; Q(0-0) 

625 
625 
626 
626 
625 
625 
625 
625 
626 
624 

nax/nm 
b ; Q ( 0 - l ) 

689 
691 
692 
692 
691 
690 
690 
690 
690 
691 

Ib/Ia 

0.72 
0.60 
0.58 
0.59 
0.66 
0.65 
0.65 
0.75 
0.74 
0.75 

a) Crude. Solvent; CH2C12. 

the overlap of 0-0 and 0-1 bands, similar to that in 
mono porphyrin substituted polyyne series.14) 

These observations in the absorption and the 
fluorescence spectra of polyyne porphyrins seemed to 
indicate that direct connection between porphyrin 
macrocycle and diarylpolyyne had a little perturbation 
to the electronic state of porphyrin ^-conjugated 
system. Fixation of two chromophores in both ends of 
rigid diarylpolyyne appeared to be rather important. 
However, porphyrin Q-bands of absorption spectra 
and fluorescence emission were correlated to the 
porphyrin lowest excited singlet state (Si). This state 
was, presumably, so stabilized by huge porphyrin n-
conjugated system that polyyne porphyrin Si state 
localized predominantly porphyrin inherent lowest 
excited singlet state. Further, porphyrin TT-plane is 
perpendicular to the terminal aryl group of diaryl­
polyyne, so the electronic coupling between them are 
not sufficiently large. 

As described in previous paper14) in the mono 
porphyrin substituted polyynes polyyne excitation 
energy transferred efficiently to the porphyrin Si state 
through direct conjugation. The excitation energy of 
diarylpolyynes, however, was so high (>2.5X104 cm-1) 
relative to the porphyrin Si state that downhill energy 
transfer or internal conversion within the porphyrin 
moiety could occur. Practical information of the 
higher excited state of polyyne porphyrins with more 
sophisticated methods would possibly show signifi­
cant interaction between porphyrin and diarylpolyyne. 
Actually, the spectra in the higher energy region, 
porphyrin Soret bands (S2) and the absorbed region of 
diarylpolyyne, were more perturbed to be broadening. 

These synthetic polyyne porphyrins are symmetric 
and have two sites in the molecule of changeable redox 
and of changeable energy-level. Replacing the NH 
hydrogen of each porphyrin center with a different 
metal, unsymmetric long-range reaction system could 
be constructed. Fortunately, since diarylpolyynes have 
rigid and linear structure, two porphyrin reactive sites 
are held at a fixed distance. These synthetic polyyne 
porphyrins have great advantage in investigating 
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Compd 

E2b 
E2c 

B2a 
B3a 
B4a 
B2b 
B3b 
B4b 
B2c 
B3c 
B4c 

Table 4. 

NH 

8.41 
8.23 

8.17 
8.34 
8.10 
8.15 
8.13 
8.24 
8.23 
8.16 
8.14 

Me 

1.80 
1.78 

1.78 
1.78 
1.81 
1.79 
1.77 
1.79 
1.78 
1.78 
1.77 

Kazuhiro MARUYAMA and Shigeki KAWABATA 

lH NMR Chemical Shifts of Bis(dipyrrylmethyl)polyynes in CDCU Solution 

Et 

2.72 
2.72 

2.66 
2.68 
2.68 
2.71 
2.67 
2.70 
2.68 
2.69 
2.67 

1.10 
1.10 

1.08 
1.10 
1.11 
1.11 
1.10 
1.14 
1.10 
1.11 
1.11 

Chemical shift ô/ppm 

EtO-

4.23 1.30 
4.25 1.30 

*-Bu 
1.50 
1.50 
1.52 
1.54 
1.52 
1.55 
1.54 
1.53 
1.54 

H2 

7.23 

— 
— 
— 

7.25-
7.27 
7.27 

7.49 

-7.30 

7.47 
7.48 
7.48 

H6 

7.41 

7.52 
7.52 
7.54 
7.43 
7.43 
7.43 

H3 
— 

7.01 
7.03 
6.99 
— 
— 
— 

Aryl 

7.06 

7.07 
7.06 
7.06 

H5 

7.28 

7.32 
7.33 
7.35 

7.25—7.30 
7.29 

7.27—7.31 

[Vol. 

H4 

7.07 

7.24 
7.23 
7.24 
7.10 
7.09 
7.12 
— 
— 
— 

63, No. 1 

CH 

5.47 
5.48 

5.91 
5.90 
5.86 
5.45 
5.43 
5.47 
5.47 
5.46 
5.46 

systematically the through-space and through-bond 
interaction. These investigations are now under way. 

Experimental 

All melting points were measured with a Yanagimoto 
micro melting point apparatus and uncorrected. The 
1H NMR spectra were recorded on 400 MHz JEOL JNM-
GX-400 instrument, with tetramethylsilane as an internal 
reference. Mass spectra were recorded with a JEOL DX-300 
spectrometer. UV-vis absorption spectra were measured 
with Shimadzu UV-3000 and UV-160 spectrometer. Fluores­
cence spectra were taken on a Shimadzu RF-502A spectro-
fluorometer. 

Synthetic methods of nine compounds (B2a-4c, C2a-4c, and 
D2a-4c) were similar. 

Synthesis of Bis(dipyrrylmethyl)polyynes (B2a-4c, E2b,2c). 
Corresponding diary lpolyynedicarbaldehy de (A„)14) (0.4 
mmol) and la or lb (1.6 mmol) were dissolved in 20 ml of dry 
CH2CI2 with stirring. £>-Toluenesulfonic acid (0.1 g) was 
added and the mixture was stirred overnight under nitrogen 
at the room temperature. The mixture was washed with 
aqueous NaHC03 solution and dried over Na2SÛ4. The 
solvent was evaporated and residue was purified with 
column chromatography on silica gel quickly, using CH2CI2 
as an eluent. The 1H NMR chemical shifts of bis(dipyrryl-
methyl)polyynes and yields of preparation were shown in 
Tables 4 and 5. 

Synthesis of Bis(dipyrrylmethyl)polyynetetracarboxylic 
Acids (C2a-4c). Method A.19) Bis(dipyrrylmethyl)polyynetetra-
carboxylic tetraester (B2a-4c) (0.3 mmol) was dissolved in 
10 ml anhydrous 25% HBr-acetic acid solution. This was 
irradiated with ultrasonic wave and stirred for 10 min at the 
room temperature, and added 40 ml ice-cooled water, and the 
stirred for 10 min. The precipitate was filtered off and 
washed thoroughly, and completely dried in vacuo. This 
was used for synthesis of polyyne porphyrins without further 
purification. The yields of preparation were shown in 
Table 5. 

Method B. To a solution of bis(dipyrrylmethyl)polyyne-
tetracarboxylic tetraester (E2b,2c) (0.4 mmol) in 20 ml of 
ethanol was added a 12 ml of 3moldm~? NaOH solution, 

Table 5. Yields of Bis(dipyrrylmethyl)polyynes 

Compd 

E2b 
E2C 
B2a 
B3a 
B4a 
B2b 
B3b 
B4b 
B2c 
B3c 

B-ic 

Yield/%a> 

93 
>70 

74 
70 

>70 
44 
25 
50 

>75 
21 
64 

Compd 

C2b 
C2c 

C2a 
C3a 
C4a 
C2b 
C3b 
C4b 
C2c 
C3c 
C4c 

Yield/%b> 

>50 
89 
65 
81 

>70 
65 
50 

>60 
84 

Quant. 
>70 

a) Yield based on diarylpolyynedicarbaldehyde (A). 
b) Yield based on bis(dipyrrylmethyl)polyynetetracar-
boxylic tetraester (E, B). 

Table 6. Melting Points and Yields 
of Polyyne Porphyrins 

Compd 

D2a 

D3a 

D4a 

D2b 

D3b 
D4b 

D2c 

D3c 

D4c 

Mp/°C 

>300 
>300 

— 
>300 
>300 
>300 
>300 
>300 
>300 

Yield/%a> 

0.5 
0.74 

Trace 
0.5 
1.5 
0.5 
1.8 
0.5 
1.5 

a) Yield based on bis(dipyrrylmethyl)polyynetetracar-
boxylic acid (C). 

and resulting solution was refluxed for 4 h. The solvent was 
evaporated to remove ethanol and then acidified with acetic 
acid. The precipitate was filtered off and washed thorough­
ly, and dried in vacuo. The yields were shown in Table 5. 

Synthesis of Polyyne Porphyrins (D2a-4c). Bis(dipyrryl-
methyl)polyynetetracarboxylic acid (0.2 mmol) and 2 (0.4 
mmol) were dissolved in 30 ml of methanol. p-Toluene-
sulfonic acid (0.2 g) was added and then the mixture was 
stirred for 2—3 d under nitrogen at the room temperature in 
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the dark. Then the mixture was treated with the air 
oxidation. The solvent was evaporated in vacuo. The 
residue was dissolved in CHCI3 and washed with aqueous 
NaHC03 solution, and dried over Na2SC>4. The solvent was 
evaporated and the residue was purified with flash column 
chromatography on silica gel, using alcohol-free CHCI3 as 
an eluent. The second fraction was collected and evaporated 
in vacuo. In some cases, solid was recrystallized from 
CH2Cl2-MeOH. The melting points and the yields of 
preparation of polyyne porphyrins were shown in Table 6. 
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Inverse Phase-Transfer Catalysis by Cyclodextrins. Palladium-Catalyzed 
Reduction of Bromoanisoles with Sodium Formate 
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Izumi-cho, Narashino, Chiba 275 
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Bromoanisoles have been reduced to hydrocarbons with sodium formate in high yields under mild 
conditions using palladium on charcoal and cyclodextrins as catalysts. In aqueous phase-organic phase 
reactions employing a solid-phase catalyst (Pd/C), cyclodextrins function as inverse phase-transfer catalysts 
which transfer the substrate into the aqueous phase. 

Phase-transfer catalysts, such as quaternary ammo­
n i u m salts and crown ethers, facilitate reactions 
between two immiscible reactants th rough the trans­
por t of a water-soluble reactant in to an organic phase; 
these have been extensively studied. However, there 
have only been a few reports concerning the uti l ization 
of the carrier agents capable of t ranspor t ing hydro­
phobic organic molecules into an aqueous phase.1 _ 5 ) 

For example , the use of cyclodextrins (CDs) as inverse 
phase-transfer catalysts has been l imited to the 
nucleophi l ic displacement of l-bromoalkane,1* oxida­
t ion of olefins to ketones,2) epoxidat ion of alkenes with 
iodosylbenzene,3) a n d isomerization of 4-allylanisole4) 

in aqueous-organ ic two-phase systems. 
We have therefore examined the effects of CDs on 

the reduct ion of aryl bromides wi th sodium formate 
us ing pa l l ad ium on charcoal , which is a heterogene­
ous hydrogénat ion catalyst, in order to find wide 
appl icat ions of inverse phase-transfer catalysis by CDs 

to organic synthesis. 

CH30' 

Br HCOONa 
Pd/C, CD 

NaOH,H2O,60°C 

CHoO' 

Results and Discussion 

OCHo 

Results concerning the reduct ion of bromoanisoles 
under various condi t ions are summarized in Tab le 1. 
T h e addi t ion of ß-CD to these three-phase reactions 
considerably accelerates the rate of the reaction 
(Entries 1—5). It is clear that the CD's capabil i ty of 
inc lud ing a variety of l ipophi l ic guests in the cavity 
takes par t in the catalysis, since no acceleration effect is 
observed when methyl a-D-glucopyranoside is added to 

Table 1. Palladium-Catalyzed Reduction of Bromoanisoles with Sodium Formatea) 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Anisole 

4-Br 
4-Br 
4-Br 
4-Br 
4-Br 
4-Br 
4-Br 
4-Br 
4-Br 
4-Br 
4-Br 
3-Br 
3-Br 
3-Br 
3-Br 
2-Br 
2-Br 
2-Br 
2-Br 

Cyclodextrin 

mmol 

ß 1.0 
ß 3.0 
ß 6.0 
Ge> 21.0 

None 
ß 3.0 

None 
ß 3.0 

None 
a 3.0 
y 3.0 
a 3.0 
ß 3.0 
y 3.0 

None 
a 3.0 
ß 3.0 
y 3.0 

None 

NaOH 

mmol 

90 
90 
90 
90 
90 
60 
60 
30 
30 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

Conversion 

% 

72 
94 
96 
23 
22 
60 
22 
31 
33 
77 
44 
71 
92 
45 
40 
41 
43 
40 
12 

Anisole 

51 (71) 
66 (70) 
68(71) 
13 (57) 
13 (59) 
42 (70) 
15 (68) 
23 (74) 
27 (82) 
47 (61) 
33 (75) 
40 (56) 
55 (60) 
28 (62) 
20 (50) 
35 (85) 
36 (84) 
31 (78) 
10 (83) 

Yields of products0-c)/% 

Dimethoxybiphenyld) 

21 (29) 
28 (30) 
28 (29) 
10 (43) 
9(41) 

18 (30) 
7 (32) 
8(26) 
6(18) 

30 (39) 
11(25) 
31 (44) 
37 (40) 
17 (38) 
20 (50) 

6(15) 
7(16) 
9(22) 
2(17) 

a) Conditions; bromoanisole 30 mmol, HCOONa 60mmol, 5% Pd/C 0.2 mmol, water 20ml, temp 60°C, 
time 4 h. b) Based on used substrate, c) Relative yields of anisole and dimethoxybiphenyl were in parentheses, 
d) Entries 1 — 11: 4,4,-dimethoxybiphenyl, mp 174.9—176.0°C (lit,9> 176.5— 177.0°C). Entries 12—15: 
3,3'-dimethoxybiphenyl, mp 33.7—33.9°C (lit,10) 34—35°C: instable modification). Entries 16—19: 2,2'-
dimethoxybiphenyl, mp 154.8—155.5°C (lit,n) 156—156.5°C). e) Methyl a-D-glucopyranoside. 
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the reaction mixture. 
It is noteworthy that the conversion of bromoanisole 

increases linearly wi th increasing amoun t s of sodium 
hydroxide in the reduct ion wi th ß-CD (Entries 2, 6, 
and 8), whereas it decreases to some extent in reduction 
wi thou t ß-CD (Entries 5, 7, and 9). When an inclusion 
c o m p o u n d of ß-CD wi th 4-bromoanisole was pre­
pared, and then used for the reduct ion wi th sodium 
formate us ing pa l l ad ium on charcoal in aqueous 
alkal ine solut ion, the yields of anisole and 4,4'-
d imethoxybiphenyl were 76 and 24%, respectively. 
These yields were substantial ly identical to the relative 
ones for Entries 1—3, 6, and 8. From this and the 
above-mentioned fact that conversion in a reaction 
wi th CD is directly propor t iona l to the concentrat ion 
of sod ium hydroxide in the aqueous phase, it is 
considered that the react ion occurs p redominant ly in 
the aqueous phase; therefore, CD transports the sub­
strate molecules in to the aqueous phase via host -guest 
complexat ion. 

T h e reaction is dependent on the na ture of the CD, 
the relative catalytic activities being ß ( 2 . 1 ) > a ( 1 . 8 ) > 
7(1.0) in the reaction of 4-bromoanisole (Entries 2, 10, 
and 11). T h i s pa t tern may be a reflection of the 
magn i tude of the cavity diameters in different CDs, 
since the preferable structure of the inclusion com­
plexes is sufficiently loose to al low a substrate 
molecule to emerge from the torus of the CD and to 
interact wi th the surface of the pa l l ad ium catalyst, 
which is also appl icable to the case for replacing a 
p roduc t molecule included in the cavity of CD wi th a 
new substrate molecule. T h e same pat tern was ob­
served for those activities in the case of substrate 3-
bromoaniso le (Entries 12—14); regarding the reaction 
of 2-bromoanisole (Entries 16—18), no difference in 
those activities was detected. 

As can be seen from a compar ison of the conversion 
data listed in Tab le 1, the substrate-selectivities by the 
CDs in this reaction system are generally low. T h i s is 
reminiscent of the p re sumpt ion of Fornasier et al.6) 

that the interactions between the CD-acylpyridine 
inclus ion complexes and the pa l l ad ium catalyst are 
almost negligible in the hydrogénat ion and, hence, 
most of the reaction is probably carried out by 
uncomplexed species. 

When, by reference to an example of method for the 
dehalogenat ion of a romat ic c o m p o u n d s which was 
described by Bamfield and Quan, 7 ) hexadecyltri-
m e t h y l a m m o n i u m bromide was used in place of CD, 
wi thou t chang ing other reaction condit ions, 4-bromo­
anisole was only slightly converted in to anisole a n d / o r 
4 ,4 /-dimethoxybiphenyl . T h e result shows that, under 
the reaction condi t ions used, the CDs are much more 
effective than hexadecyl t r imethylammonium bromide, 
which is wel l -known as a normal phase-transfer 
catalyst. 

It is concluded tha t the CDs, par t icular ly ß-CD, 

function effectively as inverse phase-transfer catalysts 
for the reduct ion of aryl bromides with sodium 
formate us ing pa l l ad ium on charcoal as a heterogene­
ous hydrogénat ion catalyst. Because of rate accelera­
t ion, the use of sod ium formate (which is a very 
attractive hydrogen donor) , and ease of isolat ion of 
products , these new reaction condi t ions are useful for 
synthetic organic reactions, e.g., reductions of aryl 
halides wi th sodium deuterioformate to deuterio 
derivatives.8) 

Exper imenta l 

General. All substrates and catalysts were commercial 
materials and used without further purification. 

Gas-chromatographic (GC) analyses were performed on a 
Shimadzu GC-12A instrument equipped with a flame 
ionization (FI) detector using a glass column (OV-17 3%, 
1 mX3 mm i.d.). A relative response factor method was 
employed for the quantitative determination of both re-
actants and products. 

Melting points were determined with a Mettler FP 5/52 
melting-point apparatus and uncorrected. IR spectra were 
recorded on a JASCO A-3 spectrometer. EI mass spectra 
were measured on a JEOL JMS-AX500 mass spectrometer at 
70 eV. 1H NMR spectra were recorded on a JEOL JNM-
EX90 spectrometer using chloroform-d as a solvent. 

Typical Procedure for Reduction of Bromoanisoles with 
CD. Bromoanisole (30 mmol) was added to a mixture of 
CD (3.0 mmol), sodium formate (60 mmol), sodium hydrox­
ide (90 mmol), 5% palladium (0.2 mmol) on charcoal, and 
water (20 ml). After the reaction mixture was stirred 
magnetically at 60 °C for 4h , the palladium catalyst was 
filtered off and washed with successive, chloroform (50 ml), 
water (20 ml), and chloroform (30 ml). The aqueous layer of 
filtrates was extracted with chloroform (50 ml). The 
combined organic layer was dried over anhydrous sodium 
sulfate and subjected to a GC analysis. In all cases, the 
detected products were only anisole and dimethoxybiphenyl. 

T h e au thors are grateful to Messrs. Hideki Cha tan i 
and Shuichi Nishida for their experimental assistance. 
T h e present work was partially supported by a Grant-
in-Aid from N i h o n University. 
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In the presence of a bis(l,3-diketonato)cobalt(II) complex, various olefins are converted to the 
corresponding hydrated products according to the Markownikov rule on treatment with molecular oxygen in 
secondary alcohol ("oxidation-reduction hydration"). Removal of water formed during the hydration reaction, 
especially by azeotropic method, is remarkably effective to improve yields of the hydrated products based on the 
cobalt(II) catalyst as bis(trifluoroacetylacetonato)cobalt(II) (Co(tfa)2) or bis(2-ethoxycarbonyl-3-oxobutanalato)-
cobalt(II) (Co(ecbo)2). 

Oxygenat ion of carbon-carbon double bond with 
molecular oxygen or air is one of the most impor t an t 
methods in organic synthesis and m u c h effort has been 
made to develop the practical method of oxygenation by 
use of molecular oxygen. Especially, t ransi t ion metal 
complexes coordinated by organic l igands are expected 
to be employed as p romis ing catalysts in the above 
reaction, because catalytic activity would be controlled 
by changing the structure of the organic ligands. Sever­
al oxygenation reactions wi th molecular oxygen by the 
combined use of t ransi t ion metal complexes and re­
duc ing agents have recently been studied by several 
groups; for example, ( te t raphenylporphyrinate)man-
ganese(III) complex/NaBFU (or colloidal Pt-Fb),1* 
( te t raphenylporphyr inate)cobal t ( I I ) c o m p l e x / E t4N-
BH42) or NaBH43) or [bis(salicylidene-7-iminopropyl)-
methylamine]cobalt(II) complex /p r imary or second­
ary alcohol,4-6* are shown to be effective as catalytic 
systems for oxygenations of olefins. However, there 
have been few reports concerning a selective oxygena­
t ion of olefins in to the corresponding alcohols by use 
of molecular oxygen. 

We have reported in the previous communication7* 
that various olefins are smoothly oxygenated into the 
corresponding hydrated products (alcohols) a long 
wi th mino r products, ketones and the reduced prod­
ucts (alkanes), by use of bis(acetylacetonato)cobalt(II) 
(Co(acac)2) as a catalyst. T h a t is, when 4-phenyl-l -
butene was treated wi th molecular oxygen in 2-pro-
panol(solvent) at 75 °C in the presence of a catalytic 
a m o u n t of Co(acac)2, the corresponding hydrated 

product , 4-phenyl-2-butanol (46% yield) was obtained 
a long with 4-phenyl-2-butanone (8% yield) and 1-phe-
nylbutane (17% yield)(Scheme 1). 

P h ^ v ^ s CoOD complex r p h - ^ / \ 

Scheme 1. 

Herein, we would like to discuss on improvement of 
yields of hydrated products based on the cobalt(II) 
catalysts and also on effect of structure of l igands in 
bis( 1,3-diketonato)cobalt(II) complexes. 

Results and Discussion 

Effect of Solvents. First, effect of cobalt(II) com­
plexes and that of alcohol solvents were studied taking 
the hydrat ion of 4-phenyl- l -butène as a model reaction 
(Table 1). It was found that an olefinic compound , 
4-phenyl-l-butène, was converted into corresponding 
alcohol, 4-phenyl-2-butanol, in good yields part icu­
larly in secondary alcohol, such as 2-propanol and 
cyclopentanol . O n the contrary, when a pr imary 
alcohol, such as e thanol , or a tertiary alcohol, such as 
£-butyl alcohol , is used, no reaction takes place at all. 
Based on these results, it is suggested that secondary 
alcohol used as the reaction solvent acts as an effective 
reductant. T h a t is, both the oxidat ion by molecular 
oxygen and the reduct ion by secondary alcohol 
s imultaneously takes place on to the carbon-carbon 

Table 1. Examination of Cobalt(II) Complexes and Solvents20 

Entry 

1 
2 
3 
4 
5 

Co(II) complex 

Co(acac)2 
Co(acac)2 
Co(acac)2 
Co(acac)2 
Co(salen) 

Solvent 

2-Propanol 
Cyclopentanol 
Ethanol 
£-Butyl alcohol 
2-Propanol 

Conversion/% 

100 
100 

No reaction 
No reaction 
No reaction 

Alcohol 

46 
45 

Yield/%b> 

Ketone 

8 
9 

Alkane 

17 
16 

a) Reaction conditions; 4-phenyl-l-butène (2.0 mmol) and Co(II) complex (0.4 mmol) were heated in 10 ml of 
solvent at 75 °C for 1 h under O2 atmosphere, b) Determined by GC analysis. 
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Table 2. Hydration of Various Olefins Catalyzed by Co(acac)2a) 

Entry Substrate Products (yield/%) 

OH 
(45)b> (22)b> 

OH 
(57)b> (43)b> 

P h " ^ 

P K N < ^ 

5 P h A N ^ ^ 
H 

Ph' ™ (48)b> 

4b 

P h A N ^ (38)c> 
H OH 

P h X (24)b> 

0 
P h ^ - ^ (7)b> 

0 
( 7 ) b ) 

0 

P h A l s T Y ^ (18)c) 
H 0 

P h ^ (2)b> 

P h ^ - ^ (i9)b) 

P h A N T ^ (28)c> 
H 

a) Reaction conditions; 2.0 mmol of olefin and Co(acac)2 (0.4 mmol) were heated in 10 ml of solvent at 75°C 
for 1 h under O2 atmosphere, b) Determined by GC analysis, c) Isolated yield. 

double bond. Because of effective formation of 
hydrated products according to the above procedure, 
we proposed to classified this reaction as "ox ida t ion-
reduction hydra t ion" . It is noted that cobalt(II) 
complexes coordinated by 1,3-diketone type ligands 
are essential catalysts for the present "ox ida t ion-
reduct ion hydra t ion" . While , Co(II)(salen) complex5 ) 

is not employed as effective catalyst at all. 
Regioselectivity of Hydration. Various olefins are 

converted to the corresponding alcohols in good yields 
along with alkanes by "oxidat ion-reduction hydrat ion" 
(see Tab le 2). T h e ketones are always formed as minor 
products except in the case of exo-olefin. It should be 
pointed ou t here that hydroxyl g roup is introduced 
on to the more subst i tuted carbon a tom according to 
the Markownikov rule. N o regio-isomer was detected 
at all in hydrat ion of any terminal or exo-olefin. O n 
the other hand, a hydroxyl g roup is introduced wi thout 
any regio-selection in the case of 1,2-disubstituted 
olefin. 

Effect of Ligands on Catalytic Activities. Next, we 
examined catalytic activity of several cobalt(II) com­
plexes having various 1,3-diketone type ligands. In 
order to clarify possible catalytic activity, the redox 
potent ials of Co(II) complexes were measured at first 
(see Fig. 1). 

As shown in Fig. 1, the catalytically active complexes 
are characterized by their redox potentials (£1/2) 
between Co 2 + and Co 3 + . It was found that the 

complexes r ang ing in their redox potentials from 0 V 
to +0.5 V show the catalytic activities in the present 
reaction. Any complex hav ing h igher or lower redox 
potentials compared wi th the range ment ioned above 
shows no catalytic activity at all (14a, 15a, or 6a). 

T h e re la t ionship between structure of the l igands 
and catalytic activity of cobalt(II) complexes can be 
expla ined as follows: in the cases of cobalt(II) 
complexes coordinated by ligands(L) with the 
electron-donat ing groups, such as 3-phenyl-2,4-pen-
tanedione (6b), the redox potent ial indicates that the 
complex itself is easily oxidized by molecular oxygen. 
T h i s oxidized complex shows no longer any catalytic 
activity in the present hydrat ion. O n the contrary, in 
the cases of cobalt(II) complexes coordinated by 
l igands(L) wi th s t rong electron-withdrawing groups 
such as hexafluoroacetylacetone (15b) or 4,4,4-trifluoro-
1-phenyl-1,3-butanedione (14b), it is presumed that 
cobalt(II) complexes are ha rd to catch u p molecular 
oxygen to exhibi t no catalytic activity for the present 
reaction based on the measurement of the redox 
potential . 

Next, effect of cobalt(II) complexes toward selec­
tivity in the formation of alcohol were examined (see 
Tab le 3).8) It was found there that formation of a 
minor product , alkane, was suppressed by the use of 
the cobalt(II) complexes coordinated by l igands 
hav ing an e lec t ron-wi thdrawing g roup at 1-position 
of 1,3-diketone (10b, l i b , 12b, and 13b) leading to 
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H 

•s-i'*Ü-w^-w Cerf 
\'0-

8a 

No R e a c t i o n 

0.5 

E -j / 2 (V vs Ag/Ag + in aceton i tr i 1 e) 

Hydration -|^ No Reaction 

t ook p l a c e 

1.0 

Fig. 1. Relationship of redox potentials and catalytic activities of Co(II) complexes. 

Table 3. Selectivity for Alcohols in Oxidation-Reduction Hydration 
of 1-Decene Catalyzed by Co(II) Complexes20 

Entry Ligand (LH) Time/h Conversion/% 
Yield/%b> 

Alcohol Ketone Alkane 

1 

2 

3 

4 

5 

Ph 

0 0 

C02Et 

0 0 

0 0 
>OV0Et 

0 

6b 

8b (Hacac) 

7b (Hecbo) 

9b 

l i b 

2 

1 

2 

19 

No reaction 

100 

100 

100 

87 

45 

72 

59 

65 

o o r^o 
6 < B / - V ^ 10bc) 

0 
o o 

7 t f t A , A B u ^ T F a 
12b 

8 J U ^ C F 13b (Htfa) 

9 C F i 2^A C p 3 15b (Hhfa) 

10 

15 

94 

100 

100 

No reaction 

74 

81 

81 

14 

17 

10 

7 

9 

13 

22 

15 

2 

a) Reaction conditions; 1-decene (2.0 mmol) and Co(II) complex (0.4 mmol) were heated in 10 ml of solvent at 
75 °C under O2 atmosphere, b) Determined by GC. c) 0.1 mmol of catalyst was used. 

increased yield of the hydrated product (alcohol). T h e of a lkane and to improve the selectivity in the 
electron-withdrawing g roup at 2-position of 1,3- formation of alcohol. However, no reaction took place 
diketone (7b) is also effective to suppress the formation when the cobalt(II) complex coordinated by l igand 
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hav ing two e lect ron-withdrawing groups (15b) was 
employed. 

Improvement of Yield Based on the Catalyst. Fur­
ther, we investigated to device a method to increase 
yield of alcohol based on the cobalt(II) catalyst. At first, 
effect of a m o u n t of cobalt(II) catalyst on yield of 
alcohol was examined by taking hydra t ion of 1-decene 
as a model reaction (see Tab le 4). T h e reactions were 
carried ou t in the presence of 20 mol%, 5 mol%, and 
2 mol% of Co(tfa)2 ( = bis(trifluoroacetylacetonato)-
cobalt(II), 13a) against 1-decene, respectively. When 
5 mol% of 13a was employed, the s tar t ing material , 
1-decene, was almost completely consumed (94% 
conversion), and yield of hydrated product based on 
the catalyst increased u p to 1390% compared with the 
yield (405%) by us ing 20 mol% of catalyst. O n the 
contrary, in case of us ing 2 mol% of catalyst, the 
reaction stopped halfway and the conversion of 1-
decene decreased to 39%, unexpectedly. Yield of 

Table 4. Yield of 2-Decanol Based on Co(tfa)2
a) 

Entry Amount of 
Co(tfa)2/mol% 

Conversion/% Yield/%b> 

20 
5 
2 

100c> 
9 4 d ) 

39e> 

405 
1390 
1370 

a) Reaction conditions; cobalt(II) complex and 1-
decene (1.0 mmol) in 2-propanol (5 ml) were heated 
at 75 °C under O2 atmosphere, b) Based on Co(tfa)2 
and determined by GC analysis, c) Reaction time; 
15 h. d) Reaction time; 52 h. e) Reaction time; 52 h, 
and the reaction stopped. 

Table 5. Yield of Alcohols Based 
on the Cobalt Catalysts 

Entry Ligand(LH) Yield/%a> 

9 0 

0 

0 0 
t Bu J ^ A CF 3 

0 0 

TBu 

CF3 

0 0 r^o 

0 

C02Et 

l ib 

12b 

13b 

10b 

7b 

300b> 

750c> 

1390d> 

1490d> 

3650e> 

a) Reaction conditions; 1-decene (2.0 mmol) and 
cobalt(II) complex in 2-propanol solution was heated 
at 75 °C under O2 atmosphere until consumption of 1-
decene stopped. Based on the cobalt(II) catalyst and 
determined by GC analysis, b) 20 mol% of cobalt(II) 
catalyst was used, c) 2 mol% of catalyst was used, d) 
5 mol% of catalyst was used, e) 1 mol% of catalyst was 
used. 

hydrated produc t based on the catalyst (1370%) was 
found to be abou t the same to that when 5 mol% of 
catalyst was used (1390%). These results clearly 
indicated that the cobalt(II) catalyst was deactivated 
du r ing the reaction. 

Next, the durabil i ty of several cobalt(II) catalysts 
was studied under the same reaction conditions (see 
Tab le 5). All the catalysts showed h igh serectivities 
toward the formation of an alcohol in the hydrat ion of 
1-decene. W h e n the cobalt(II) complex 11a or 12a was 
employed as a catalyst, yield of 2-decanol based on the 
cobalt(II) catalyst decreased to 300% or 750%, respective­
ly. O n the contrary, it was found that cobalt(II) com­
plex 7a (bis(2-ethoxycarbonyl-3-oxobutanalato)-
cobalt(II), Co(ecbo)2) is hard to be deactivated under 
the present reaction condi t ions and the hydrated prod­
uct was obtained in 3650% yield based on the catalyst. 

As deactivation was observed even in the reaction 
catalyzed by Co(ecbo)2, it is reasonable to assume that 
deactivation of cobalt(II) catalysts was caused by a co-
product formed dur ing the reaction. In the present 
reaction, it is suggested that secondary alcohol used 
as solvent (2-propanol or cyclopentanol) acts as a 
reductant , which subsequently turns into the corre­
spond ing ketone (acetone or cyclopentanone). T h e n , 
the a m o u n t of ketone was measured by taking the 

Cat-Co(tfa)2,02 

P Q 
OH 0 

3.0 

h 2.5 

0 15 30 45 60 90 120 
Reaction Time / min 

Fig. 2. Ratio of consumed reductant against hydrated 
product. 
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hydrat ion of 1-decene in cyclopentanol as a model 
reaction (Fig. 2). And it was then found that the mole 
ratio of cyclopentanone (oxidized product of cyclo­
pentanol) to 2-decanol (hydrated product of 1-decene) 
was nearly 3 :1 . 

Also, it was considered that one oxygen a tom of 
molecular oxygen is introduced in to olefin to form the 
corresponding alcohol and another oxygen a tom 
accepts two hydrogen atoms from secondary alcohol to 
form water. Then , the a m o u n t of water formed dur ing 
the reaction was measured in the hydrat ion of 1 -decene 
in 2-propanol catalyzed by Co(ecbo)2 (Fig. 3). It was 
observed then that the a m o u n t of water increased as 
the hydrat ion proceeded and nearly two moles of water 
were formed a long with one molar of 2-decanol. 

These measurements indicate that the "oxidat ion-

A A A ^ ^ ^ , + H20 

reduction hydra t ion" of olefins wi th molecular oxy­
gen catalyzed by bis(l,3-diketonato)cobalt(II) proceeds 
via the equat ion illustrated in Scheme 2. 

OH 
R ^ ^ c a t - C o ( e c b o ) 2 > R ^ + 3 V + 2 H 2 0 

02,>-0H 0 

Scheme 2. 

Dur ing the hydrat ion, amounts of ketone (oxidized 
product of secondary alcohol used as solvent) and 
water increases as the reaction proceeds. There is 
alternative possibility that ketone or water would 
deactivate cobalt(II) catalyst to result in insufficient 
yield of a lcohol based on the cobalt(II) catalyst. T h e n , 
influence on yield was examined in the "ox ida t ion -
reduction hydra t ion" of 1-decene by adding ketone or 
water in to the reaction mix ture (Table 6). By the 
addi t ion of one molar of ketone (acetone) in to the 
reaction mixture from the beginning, yield of 2-
decanol was not affected at all. O n the other hand, the 
addit ion of water extremely decreased yield of 2-
decanol to 940% yield based on Co(ecbo)2. 

Therefore, it was expected that yield based on the 
cobalt(II) catalyst would be improved by the removal 
of water formed du r ing the hydration.9 ) Then , several 
methods for removal of water from reaction system 
were examined (Table 7). By addi t ion of dehydration 
reagents, such as anhydrous Na2S04 or Molecular 
Sieves 4A (activated powder, MS4A), in to the reaction 
mixture , yields of 2-decanol based on the catalyst 
increased to 4120% or 8500%, respectively. Further , 
azeotropic procedure for removal of water was found to 

Table 6. Addition of Acetone or H2O in 
Oxidation-Reduction Hydrationa) 

Entry Additiveb) Yield/%c) 

None 
Acetone 
H2O 

3190 
3040 
940 

Fig. 3. Ratio of forming water against hydrated 
product. 

a) Reactions were carried out by treating 1-decene 
(4 mmol) and Co(ecbo)2 (0.038 mmol) in 2-propanol 
(10 ml) under O2 atmosphere at 75°C for 21 h. b) To 
the reaction mixture was added 4 mmol of additive, c) 
Yield of 2-decanol based on Co(ecbo)2 and determined 
by GC analysis. 

Table 7. Effect of Removal of Water in Oxidation-Reduction Hydration20 

Entry Dehydration method Temperature/0 C Time/h Yield/%b> 

1 
2 
3 
4 

Nonec) 

Na2S04
d) 

Molecular Sieves 4Ad) 

Azeotropicc) 

75 
75 
75 

Reflux 

30 
30 
30 
42 

3650 
4120 
8500 
9140 

a) A solution of 1-decene (8 mmol) and Co(ecbo)2 (0.038 mmol) in 2-propanol (20 ml) was heated under O2 
atmosphere, b) Yield of 2-decanol based on Co(ecbo)2 and determined by GC analysis, c) 4 mmol of 1-decene 
was used, d) Dehydration reagent (2 g) was added, e) 2-Propanol (25 ml) and the apparatus shown in Fig. 4 
were used. 
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be more effective and convenient and produce 2-
decanol in 9140% yield based on Co(ecbo)2 (Entry 4). 
It was also confirmed by GC analysis of reaction mixture 
that, according to azeotropic procedure, water is 
entirely removed dur ing the reaction to increase yield 
of alcohol based on the catalyst. Therefore, it is noted 
that azeotropic procedure is remarkably effective to 
prevent from deactivation of cobalt(II) catalysts and to 
improve yields of alcohols based on the catalyst. 

T h u s , the procedure ment ioned above was success­
fully appl ied to the "oxida t ion-reduct ion hydra t ion" 
of various olefins. As shown in Table 8, both of acyclic 
and cyclic olefins are hydrated in h igh yields based on 
Co(ecbo)2 (Entries 1—4). Especially, exo- and trisub-
stituted olefins were converted in to the corresponding 
tertiary alcohol in more than 10000% yield based on 
Co(ecbo)2 (Entries 2 and 4). Also, olefinic compounds 
having functional groups, such as ester, ether and 
amide groups , are hydrated into the corresponding 
alcohols in h igh yields wi thou t any decomposi t ion of 
functional groups (Entries 5—7). 

It was already reported that bis(l ,3-diketonato)-
cobalt(II) complex readily reacted with molecular 
oxygen to form the radical species, L2Co(III)00- .1 3 ) 

or 

OH 

0 

L2codn) 

Çoûn)L2 

VOH * R ^ ^ \ . 
A 

Scheme 3. 

O 

^ R ^ 

As ment ioned previously,7) we assumed that the ini t ial 
active ox idant is a radical species L 2 C o ( I I I ) 0 0 •, 
which in turn reacts with both the carbon-carbon 
double bonds and secondary alcohols used as solvent 
to form the peroxygenated intermediate A. T h e 
intermediate A was subsequently decomposed in to the 
corresponding alcohol, ketone or alkane. 

Conclusion 

It is concluded that bis(l ,3-diketonato)cobalt(II) 
complexes effectively catalyze the reaction of olefins 
wi th molecular oxygen (oxidant) in secondary alcohol 
(reductant) to form the corresponding alcohols in 
good yields a long with alkanes ("oxidat ion-reduct ion 
hydrat ion") . T h e formation of alkanes was suppressed 
by us ing Co(tfa)2 or Co(ecbo)2 as the catalyst, and the 
hydrated products (alcohols) are obtained selectively 
from the olefinic compounds . Further, it is referred 
that Co(ecbo)2 is a qui te effective catalyst and removal 
of water formed dur ing the "oxida t ion- reduc t ion 
hydra t ion" remarkably improves yield of alcohols 
based on the catalyst. T h e azeotropic procedure was 
the most effective and convenient method to improve 
yields of hydrated products, alcohols. T h e present 
procedure thus provides a useful method for the 
prepara t ion of alcohols directly from olefins under 
mi ld condit ions. 

Experimental 

General: Melting points were measured on a Mettler 
FP62 apparatus and uncorrected. 

Entry 

Table 8. The Effective Oxidation-Reduction Hydration of Various Olefin 
by Using Co(ecbo)2 and Azeotropic Methoda) 

Olefinic compound Alcohol Time/h Yield/%b> 

a 
o OH 

16 

17 

18 

OH 

45 

28 

28 

24 

37 

9080c> 

10110°) 

9780c> 

10370c> 

8700* 

45 9340c> 

0 
P h A N - " ^ 

H 

0 

PhAN"V 
H OH 

35 8340d> 

a) Mixture of 5.5 m m o l of olefin, 0.043 m m o l of Co(ecbo)2, and 25 ml of 2-propanol was gently refluxed under 
O2 a tmosphere by us ing the appa ra tus shown in Fig. 4. b) Based on Co(ecbo)2. c) Determined by G C analysis, 
d) Isolated yield based on Co(ecbo)2. 
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(a) Spectrometers: IR spectra were obtained by using a 
JASCO Model IR-700 infrared spectrometer on KBr pellets 
or liquid film on NaCl. XH NMR spectra were recorded with 
a JEOL Model FX270 spectrometer using CDCI3 as solvent 
and with tetramethylsilane as internal standard. FD-mass 
spectra were recorded with a JEOL Model JMS-DX300 mass 
spectrometer. 

(b) Chromatography: Column chromatography was con­
ducted under silica gel (Daisogel IR-60). Preparative TLC was 
carried out on silica gel (E. Merck, 5714). GC analyses were 
performed on a Shimadzu GC-15A or GC-14A Chromato­
graph using a column packed with PEG20M (20%) support­
ing Chromosorb W (3 mmX2 m), and the peak areas were 
calculated on a Shimadzu chromatopack CR-5A. 

(c) Solvents and Reagents: Methanol and 2-propanol 
were HPLC-grade and stored over molecular sieves. 
Ethanol, £-butyl alcohol, and cyclopentanol were purified by 
distillation and stored over molecular sieves. Molecular 
Sieves 4A (MS4A) was purchased from Aldrich Chemical 
Company, Inc. or Wako Pure Chemical Industries Ltd. 

(d) Cyclic Voltammetry: All cyclic voltammograms were 
recorded with a BAS Model CVlB-120 in acetonitrile 
solution containing 0.1 M (M=moldm~3) tetrabutylammo-
nium Perchlorate (TBAP) and 0.001 M cobalt(II) complex. 
The working and auxiliary electrodes were platinum and the 
reference electrode was Ag/AgCl (Model RE-IB). Tetrabutyl-
ammonium Perchlorate (TBAP) and acetonitrile (HPLC-
grade) were purchased from TCI Co., Ltd. and Kanto 
Chemical Co., Ltd., respectively. 

Preparations of 1,3-Diketones and Bis(l,3-diketonato)-
cobalt(II) Complexes. Bis(acetylacetonato)cobalt(II) (8a, 
Co(acac)2), bis( 1,1,1 -trifluoro-2,4-pentanedionato)cobalt(II) 
(13a, Co(tfa)2), bis( 1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)-
cobalt(II) (15a, Co(hfa)2) were purchased from TCI Co., Ltd. 
Bis(3-phenyl-2,4-pentanedionato)cobalt(II) (6a),14) bis(l,l,l-
trifluoro-5,5-dimethyl-2,4-hexanedionato)cobalt(II) (12a),15) 

bis(l-phenyl-l,3-butanedionato)cobalt(II) (9a),16) and bis-
(1,1,1 -trifluoro-4-phenyl-2,4-butanedionato)cobalt(II) (14a)17) 

were prepared according to the reported method, respectively, 
and the ligands were purchased from DOJINDO labo­
ratories (6b and 12b) or TCI Co., Ltd. (9b and 14b). Ethyl 
2,4-dioxovalerate (lib) was prepared according to the 
reported method,10) and l-morpholino-5,5-dimethyl-1,2,4-
hexanetrione (10b) was synthesized in a similar manner. 1-
Morpholino-5,5-dimethyl-l,2,4-hexanetrione (10b). Bp 
160—170 °C (0.1 mmHg; 1 mmHg«133.322 Pa, bath temp); 
!HNMR (CDCI3) 6=1.21 (9H, s), 3.60—3.80 (8H, m), 6.03 
(IH, s); IR (neat) 1721, 1695, and 1648 cm"1; FD-MS m/z 241 
(M+); Found: m/z 241.13345. Calcd for G2H19NO4: M, 
241.13141. Found: C, 59.34; H, 8.09; N, 5.65%. Calcd for 
C12H19NO4: C, 59.74; H, 7.94; N, 5.81%. The corresponding 
cobalt(II) complexes were prepared as follows; an alkaline 
(NaOH 0.1 mol) solution (50 ml) was added to aqueous 
methanol solution (100 ml) of 1,3-diketone (0.1 mol) at 0 °C 
and successively the aqueous solution (50 ml) of cobalt(II) 
chloride hexahydrate (0.05 mol) was added. After stirring for 
0.5 h at room temperature under argon atmosphere, yellow 
(11a) or reddish brown (10a) precipitate was separated by 
filtration, washed with water, and dried in vacuo before use. 
Bis(l-ethoxycarbonyl-l,3-butanedionato)cobalt(II) (11a). 
Mp>300°C; IR(KBr) 1792, 1675, 1607, and 1362cm"1. FD-
MS m/z 373 (M+); Found: m/z 373.03399. Calcd for 

CHHISOSCO: M, 373.03337. Bis(l-morpholino-5,5-dimethyl-
l,2,4-hexanetrionato)cobalt(II) (10a). Mp 278.0—279,4°C; 
IR(KBr) 2964, 1597, 1517, 1112, and 1066 cm"1. FD-MS m/z 
539 (M+); Found: m/z 539.18105. Calcd for C24H36N2O8C0: 
539.18037. Bis(2-ethoxycarbonyl-3-oxobutanalato)cobalt(II) 
(7a Co(ecbo)2>. To a mixture of ethyl 2-(ethoxymethylene)-
acetoacetate12) (3.72 g, 0.02 mol) in water (29 ml) was added 
a solution of alkaline (NaOH 0.02 mol, 10 ml). After 
stirring for 0.5 h at room temperature, an aqueous solution 
(10 ml) of cobalt(II) chloride hexahydrate (2.38 g, 0.01 mol) 
was added, and the mixture was stirred for 0.5 h at room 
temperature under argon atmosphere. The pink powder was 
separated by filtration, washed with water (20 ml), and dried 
in vacuo at 90 °C for 5 h to afford Co(ecbo)2 (3.43 g, 92% 
yield). Mp 224—226 °C, IR (KBr) 2980, 1705, and 1612 cm"1, 
FD-MS found: m/z 373 (M+). Found: m/z 373.03145. Calcd 
for CHHISOSCO: M, 373.03337. 

The "Oxidation-Reduction Hydration" of 4-Phenyl-l-
butene Catalyzed by Co(acac)2. Bis(acetylacetonato)cobalt(II) 
(0.4 mmol)u ) and 4-phenyl-l-butène (2.0 mmol) in 2-
propanol (10 ml) were stirred at 75 °C under oxygen 
atmosphere for 1 h. 2-Propanol was then removed under 
reduced pressure. The residue was purified by TLC (silica 
gel) to give 4-phenyl-2-butanol (46%), 1-phenylbutane (17%), 
and 4-phenyl-2-butanone (8%). 

The "Oxidation-Reduction Hydration" of 3-Methyl-3-
butenyl Benzoate with Azeotropic Dehydration Method. 
Molecular Sieves 4A (1/8 pellet, Wako Pure Chemical 
Industries, Ltd., 4.0 g) was setted in the reaction apparatus 
(shown in Fig. 4) and a mixture of 3-methyl-3-butenyl 
benzoate (1.05 g, 5.5 mmol), Co(ecbo)2 (16 mg, 0.043 mmol, 
0.8 mol%), and 2-propanol (25 ml) was gently refluxed under 
oxygen atmosphere. After refluxing for 37 h, 2-propanol 
was evaporated in vacuo. The residue was purified by 
column chromatography on silica gel (1:1 hexane-ethyl 
acetate) to give 3-hydroxy-3-methylbutyl benzoate (779 mg, 
8700% yield based on Co(ecbo)2). 

XHNMR and IR Spectra of the Hydrated Products (in 
Table 2 or 8). 2-Decanol (1), 2-Methyl-2-decanol (2), 1-Phenyl-
ethanol (3), 4-Phenyl-2-butanol (4a), 4-Phenyl-3-butanol 
(4b), 3-Methyl-3-decanol (16), and 1-Methylcyclohexanol 
(17). XH NMR spectra, IR spectra, and retention time in 
GC analysis agreed with those of the authentic samples. 
l-Benzoylamino-2-propanol (5); *H NMR (CDCI3) 0=1.24 
(3H, d, /=6.0 Hz), 2.98 (IH, br), 3.30 (IH, ddd, 7=14.0, 8.0, 
and 5.0 Hz), 3.65 (IH, ddd, 7=14.0, 7.0, and 3.0 Hz), 4.03 (IH, 

Condenser 

Molecular 
Sieves 4-A 

Reaction 
Vessel 

Fig. 4. Reaction apparatus. 
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m), 6.79 (1H, br), 7.42 (3H, m), 7.79 (2H, m); IR (KBr) 3248 
and 1643 cm"1. 3-Hydroxy-3-methylbutyl Benzoate (18); XH 
NMR (CDC13) 6=1.33 (6 H, s), 1.84 (1H, s), 1.99 (2H, t, 
/=7.0 Hz), 4.51 (2H, t, /=7.0 Hz), 7.43 (2H, m), 7.56 (1H, m), 
8.30 (2H, m); IR (neat) 3248 and 1718 cm-i. 10-Methoxy-
methoxy-2-decanol (19); *H NMR (CDCI3) ô=1.18, (3H, d, 
7=6.0 Hz), 1.31 (12H, m), 1.57 (2H, m), 3.36 (3H, s), 3.52 (2H, 
t, /=7.0 Hz), 3.78 (1H, m), 4.62 (2H, s); IR (neat) 3380 cm"1. 

Measurement of the Amount of the Consumed Reductant in 
"Oxidation-Reduction Hydration". A solution of 1-decene 
(280 mg, 2.0 mmol) and Co(tfa)2

u) (144 mg, 0.4 mmol, 
20 mol%) in cyclopentanol (10 ml) were stirred at 75 °C 
under oxygen atmosphere. Amounts of the formed cyclo-
pentanone and 2-decanol were measured by GC analysis 
(FID) with solvent (cyclopentanol) as internal standard. 

Measurement of the Amount of Water Formed in 
"Oxidation-Reduction Hydration". A solution of 1-decene 
(560 mg, 4 mmol) and Co(ecbo)2 (14 mg, 0.038 mmol, 0.95 
mol%) in 2-propanol (20 ml) was heated at 75 °C under 
oxygen atmosphere. Amount of hydrated product (2-
decanol) was determined by GC analysis with naphthalene 
as internal standard. And the amount of the formed water 
was measured by GC analysis (TCD) using a column packed 
with Porapak Type Q (3 mmX3 m) with 2-propanol 
(solvent) as internal standard. 

Measurement of Cyclic Voltammetry. The acetonitrile 
solution containing 0.1 M TBAP and 0.001 M cobalt(II) 
complex was degassed by bubbling of argon for 15 min and 
the measurements were performed at the scan rate of 
200 mV s_1. The range of measurement was between —2.0 V 
and +2.0 V. 

T h e authors are grateful to Professor Teruak i 
Mukaiyama of Science University of Tokyo for 
valuable discussion dur ing this work. 
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The SOD-like activity of several biological substances was evaluated by an ESR spin-trapping technique. 
Superoxide radicals (Ü2~) were supplied enzymatically from a hypoxanthine-xanthine oxidase reaction to the 
evaluating system. By using a spin trap 5,5-dimethyl-l-pyrroline Af-oxide (DMPO), the generated Ü2~ was 
trapped stoichiometrically (1:1) as the spin adduct of Ü2~ (DMPO-02 -). When biological substances were 
added to the system, a decrease in the ESR signal intensities of the adducts was observed. This phenomenon 
could be explained as being an inhibition of adduct formation, and related to the reactivity of added biological 
substances with Ö2~, called an SOT>-like activity. By the method of kinetic competition with a 50% inhibitory 
dose (ID50), the second-order rate constant for the reaction between C>2~ and biological substance was 
determined. These rate constants can be used as a measure of the reactivity. 

Superoxide radicals (02~) are generated from mo­
lecular oxygen or hydrogen peroxide by an one-
electron transfer reaction.x ) T h i s radical induces 
various injuries to the su r round ing organism. 2»3) 

Therefore, removing Ü2~ is probably one of the most 
effective defences of a l iv ing body against oxidative 
stress.2»3) In 1969, McCord and Fridovich found 
superoxide dismutase (SOD) to be a scavenger of Ü2~.4) 

Superoxide radical generat ions and SOD activities 
in biological systems are commonly measured by 
optical spectrometry us ing cytochrome c, tetranitro-
methane , ep inephr ine , n i t roblue tetrazolium (NBT), 
pyrogallol , N A D H + lac t a t e dehydrogenase (LDH), as-
corbate, hydroxylamine, and 6-hydroxydopamine.4-1 0 ) 

However, there are some quest ions about these 
methods: the low selectivity against 02~ a n d / o r an 
obstruction by the coexistence of insoluble particles 
and colored impuri t ies , such as chromoproteins.2»3) 

Superoxide radicals are also detected at low tempera­
tures by ESR spectrometry us ing a rapid-freezing 
technique or at room temperature by a sp in- t rapping 
technique. Especially, the sp in- t rapping technique11* 
is useful for d iscr iminat ing trapped radical species, 
and various short-lived radical intermediates are 
identified by this technique.1 2 ) In the process of 
developing this technique , many workers have re­
ported reactions between specific radical species and 
their scavengers.13_17) Recently, par t of these studies 
was appl ied to an assay of SOD activity. 18»19) T h i s 
SOD assay method can be used to analyze crude 
samples wi thou t any purif icat ion, since the color and 
turbidity do not affect the measurements.1 9 ) 

There have been some reports that coexisting 
substances, such as L-ascorbic acid or ce luroplasmin, 
h inder accurate measurements of SOD activity.2) Th i s 
means that they have an SOD-like activity in p laying 
impor tan t roles, namely, biological defences against 
Q 2 " 8,20) Q n t n e o ther hand , it has been reported that 
in competi t ion reactions for 0 2 T between 5,5-dimethyl-

l-pyrrol ine Af-oxide (DMPO) and SOD, the formation 
of the adduct (DMPO-O2") was suppressed by SOD, 
and the second-order rate constant of D M P O , itself, 
was est imated from the inhib i tory effect of SOD.13»14) 

Here, we expand this me thod to evaluate the SOD-like 
activity of various biological substances. 

Exper imenta l 

Materials. A nitrone spin trap [5,5-dimethyl-l-pyrroline 
Af-oxide (DMPO, Mitsui Toatsu Chemicals)], a chelator for 
trace metal impurities [diethylenetriamine-iV,iV,iV/,iV//,iV"-
pentaacetic acid (DETAPAC, Wako Pure Chemical)], a 
superoxide radical source [hypoxanthine (HPX, Sigma 
Chemical) and xanthine oxidase (XOD, Boehringer 
Mannheim, cow milk)], and a primary standard of spin 
concentration [4-hydroxy-2,2,6,6-tetramethylpiperidine-1 -
oxyl (TEMPOL, Sigma Chemical)] were used. 

Radical scavengers [copper-zinc superoxide dismutase 
(Cu,Zn-SOD, Boehringer Mannheim, bovine erythrocyte), 
manganese superoxide dismutase (Mn-SOD, Sigma Chem­
ical, Escherichia coli), iron superoxide dismutase (Fe-SOD, 
Sigma Chemical, Escherichia coli), ceruloplasmin (Alpha 
Therapeutic, human serum), ascorbate oxidase (Toyobo, 
type III, cucumber), ferricytochrome c (Sigma Chemical, 
type VI, horse heart), peroxidase (Toyobo, type I-C, 
horseradish), catalase (Boehringer Mannheim, type I, beef 
liver), and L-ascorbic acid (Daiichi Pure Chemical)] were 
also used. The other chemicals used were of the highest 
grade commercially available. 

Instruments. ESR spectra were recorded on a JEOL JES-
RE1X spectrometer using an aqueous quartz flat cell (a 
JEOL LC-12 ESR cuvette, inner size 60mmX10mmX 
0.31mm, effective volume 160 }il). Optical absorption 
spectra were measured by an Otsuka Electronics MCPD-100 
multi-channel photodetector. 

Preparation of Samples. Superoxide radicals were gener­
ated from a hypoxanthine-xanthine oxidase (HPX-XOD) 
reaction system. 

The sampling procedure was as follows: One hundred 
mM (1 M=l mol dm -3) sodium phosphate buffer solution (pH 
7.8) was used for a solvent. A solution of 2.0 mM HPX (a), 
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5.5 mM DETAPAC (b), various concentrations of biological 
substance (c) and 0.33 uni t /ml XOD (d) was prepared before 
use. The XOD solution was stored in an ice bath so as to 
prevent any inactivation of enzyme. 

Fifty [i\ of a, 35 }il of b, 50 }il of c (or solvent) and 15 }il of 
DMPO were put into a test tube. To the mixed solution, 
50 [i\ of d was added. After quick stirring, 200 JJ.1 of the 
mixture was taken into a flat cell. The mixture contained 
0.50 mM HPX, 0.96 mM DETAPAC, 0.67 M DMPO,21> 
0.083 unit/ml XOD and an adequate concentration of the 
biological substance. 

Measurements. The enzyme activity of Cu,Zn-, Mn-, and 
Fe-SOD was calibrated by the method of McCord and 
Fridovich.4) The superoxide radical generation in our 
system was confirmed by the reduction of ferricytochrome c 
using the absorbance change at 550 nm.22) 

A quantitative analysis of DMPO-02 - by ESR spectro­
metry was performed under the following conditions for 
obtaining a high reproducibility of the spin adduct yields: 
Recording of the ESR spectrum started 40 s after the addition 
of XOD. The recording rate was 5 mT min - 1 . After 
recording, the signal intensity of the lowest field peak of the 
spectrum (about 85 s after the addition of XOD) was 
normalized as a relative height against the standard signal 
intensity of the manganese oxide marker (MnO). An 
absolute concentration of DMPO-02 - was finally deter­
mined by a double-integration of the ESR spectrum. One 
\xM TEMPOL solution was used for a primary standard of 
ESR absorption. 

Results and Discussion 

Reactivity of Several Biological Substances with 
02~. When D M P O was added to a solut ion of the 
H P X - X O D reaction system, the spin adduct, D M P O -
02" , was formed.13) F igure 1(a) shows a typical ESR 
spectrum of D M P O - O 2 " obtained under controlled 
condit ions. Hyperf ine coupl ing constants of the 
signal were analyzed as one ni trogen, <ZN— 1.41 m T , 
one hydrogen of ß-posi t ion, auß=l.l^mT, and one 
hydrogen of y-posi t ion , auy—0.13 mT. 1 2 ) At the same 
time, a small a m o u n t of the hydroxyl radical adduct 
( D M P O - O H , flN=flH/8=1.48mT) was observed. 13*16> 

When Cu ,Zn-SOD of various concentrations was 
added to the system, the signal intensities of D M P O -
0 2 - decreased wi th an increase in the SOD concentra­
tion, as shown in Fig. 1(b) to (e). T h i s p h e n o m e n o n 
suggests that the reaction between 02~ and D M P O is 
inhibi ted by Cu,Zn-SOD. According to Finkelstein et 

(a) SOD 0 
H O C / N J ^ O - O 

o (or OOH) 

(b) 3.9nM SOD 

(c) 16nM SOD 

(d) 63nM SOD 

(e) 250nM SOD 

(f) Simulation 

Fig. 1. ESR spectra of DMPO-0 2 " formed from the 
HPX-XOD system. The medium contained 0.50 
mM HPX, 0.96 mM DETAPAC, 0.67 M DMPO, 
0.083 unit/ml XOD, various concentrations of Cu, 
Zn-SOD and 100 mM sodium phosphate at pH 7.8, 
23 ° C. A small amount of DMPO-OH (*) was found 
in the spectra. Modulation amplitude was 0.05 mT 
(100 kHz), recording range 10 mT, recording time 
2 min, time constant 0.1 s, microwave power 8mW 
(9.414 GHz). Simulation spectrum consisted of ! 
DMPO-O2- and 10% DMPO-OH. 
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Fig. 2. Inhibitory effect of various biological substances on the formation 
of DMPO-O2-: Cu,Zn-SOD (O), Mn-SOD (©), Fe-SOD (©), cerulo-
plasmin (•) , ascorbate oxidase (A), ferricytochrome c (#), peroxidase 
( • ) , catalase (A), and L-ascorbic acid (©). 
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a i 13,14) th i s p h e n o m e n o n is a compet i t ion reaction 

between D M P O and SOD for 0 2 ~. 
A p h e n o m e n o n similar to the addi t ion of Cu ,Zn-

SOD occurred widely in the addi t ion of various 
biological substances such as M n - S O D , Fe-SOD, 
ceruloplasmin, ascorbate oxidase, ferricytochrome c, 
peroxidase, catalase, and L-ascorbic acid. Figure 2 
shows the re la t ionship between the signal intensities 
of the D M P O - O 2 " observed and the concentrat ions of 
the biological substances added. A m o n g the biologi­
cal substances, the pat terns of inhibi tory effects were 
similar, bu t the effective concentrat ion ranges were 
different. 

T h e inhibi tory effect of the biological substances 
was in the order: SOD > peroxidase > ascorbate oxi­
dase > catalase == ceruloplasmin === ferricytochrome c ^ 
L-ascorbic acid. 

Stoichiometry between Generated 0 2
v and Formed 

Spin Adduct. When D M P O of various concentra­
t ions was added to the H P X - X O D system, the signal 
intensities of D M P O - 0 2 - increased with an increase in 
the D M P O concent ra t ion when it was less than 0.5 M 
and were independent of the D M P O concentrat ion 
when it was more than 0.5 M. Figure 3 shows the 
re la t ionship between the concentrations of D M P O -
0 2 - formed and D M P O added. T h e figure indicates 
that the D M P O concentrat ion shown in Fig. 1(a) 
(0.67 M, the control condi t ion, see Experimental) was 
at a sa tura t ing level for generated 02~. T h i s ob­
servation indicates that a lmost all 02~ is t rapped by 
D M P O under the condi t ions specified in Fig. l(a).13 '14) 

T h i s result was compared with the reduction rate of 
ferricytochrome c. Figure 4 shows the reduction rate of 
ferricytochrome c ( A) when 0.53 m M ferricytochrome 
c was added to the H P X - X O D system instead of 0.67 M 
D M P O . T h e concentra t ion of D M P O - O 2 " ( • ) mea­
sured under the condi t ions specified in Fig. 1(a) was 
overlapped on the plots. In the experiment , the 
concentrat ion of ferricytochrome c was sufficient for 
scavenging 02~, because 0.53 m M ferricytochrome c 

0.2 0.4 0.6 0.8 1.0 
DMPO concentration/M 

1.2 

can almost suppress adduct formation, as shown in 
Fig. 2. T h i s fact means that the reduction rate of 
ferricytochrome c by 02~ is nearly equal to the 
generat ion rate of 02~ of the system.23) In the figure, 
the concentrat ions of reduced cytochrome c (ferrocyto-
chrome c) and formed D M P O - O 2 " increased to 18 |LIM 
after about 90 s, and the t ime course of D M P O - O 2 " 
wi th in the period also agreed wi th that of ferrocyto-
chrome c. 

T h u s , the correlation between the concentrations of 
formed ferrocytochrome c and formed D M P O - O 2 " 
clearly showed that: (1) the 02~ generated from the 
H P X - X O D system changed rapidly and stoichiomet-
rically (1:1) in to the D M P O - O 2 " under this experi­
mental condi t ion, and (2) a kinetic study of generated 
02~ us ing the signal intensities of D M P O - O 2 " is 
possible at an early stage of the reaction. 

Evaluation of Second-Order Rate Constant for the 
Reaction between Ü2~ and Biological Substance. Based 
on the obtained results, we modified the kinetic com­
pet i t ion models8» 13 '14 '19 '23) for our experiments. It is 
useful to consider the first step of the scavenging 
reaction of 02~ as a contact reaction between 02~ and 
its reactant. Assuming that the contact reaction of 02~ 
to D M P O or scavenger (S) is of second-order, the first 
step of each reaction can be described as 

0 2 ^ + DMPO —^-> DMPO-O2- (1) 

and 

k2 
0 2 ^ + S —^ S-O2-, (2) 

where k\ and fe are second-order rate constants for 

Fig. 3. Yields of DMPO-0 2 - as a function of DMPO 
concentration in the HPX-XOD reaction system. 

1 2 3 4 5 6 

Reaction time/min 

Fig. 4. Time course of product formation in the 
HPX-XOD reaction system: Ferrocytochrome c (A) 
and DMPO-O2- (• ) . 
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reactions 1 and 2, respectively. T h e n , the ini t ial rate of 
each reaction is given by 

and 

d[DMPO-Q2-
d* 

d[S-Q2-
d* 

Äi-[DMPO].[02
T 

= k2-[S]-[02
rl 

(3) 

(4) 

A spontaneous d ispropor t iona t ion of C>2~ often 
causes a scavenger-independent decrease of D M P O -
O2". In our experiments , however, such a decrease was 
insignificant. T h e superoxide-scavenging effect caused 
by an added scavenger has its ma in cont r ibut ion to the 
intensity change of DMPO-O2" , since the D M P O 
concentrat ion (0.67 M) is sufficiently h igh to t rap 
a lmost all of the Ü2~ under our experimental 
condi t ions (as discussed in the preceding section). A 
similar considerat ion was first reported by Sawada and 
Yamazaki.23) T h u s , when reactions 1 and 2 compete 
wi th each other, the reaction rate in the ini t ial stage 
can be expressed simply by 

d[DMPO-0 2 - ] d[S-Q2~] 

d* d* 
( 1 - X ) : X , (5) 

where variable X ( 0 < X < 1 ) is the rat io of Ö2~ 
consumpt ion by the added scavenger. From Eqs. 3, 4, 
and 5, the following equa t ion can be derived: 

k.2 — k\-
( 1 - X ) 

[DMPO] 

[S] 
(6) 

In the case of 50% inh ib i t ion (X=0.5) , a convent ional 
measure of the inhib i t ion , ID50 (inhibitory dose-
fifty), can be used.4-6 '9 '10 '15 '24* Equa t ion 6 can be 
simplified as 

k2 — k\-
[DMPO] 

ID50 
(7) 

In the above equa t ion , [DMPO] and ID50 are the 
exper imental values, and k\ at p H 7.8 is obtained from 
Ref. 14 to be 18 M" 1 s"1. Therefore, by us ing [DMPO], 

ID50 and ki as known values, we can estimate an 
approx imate value of u n k n o w n k% 

O n the other hand , ID50 can be related to [S] by 
us ing variable X (see Eqs. 6 and 7) as 

X 
[S] = ( 1 - X ) •ID50, (8) 

where X/ ( l—X) means the rat io of the compet i t ion 
between scavenger (S) and the spin t rap (DMPO). In 
addi t ion, from the definition of variable X, the spin 
concentrat ion of D M P O - O 2 " in the early stage of the 
reaction is writ ten by 

/ = (! - X ) . / o , (9) 

where / and Io are the spin concentrat ions of 
D M P O - O 2 " in the presence and absence of a scaven­
ger, respectively. T h e Io is also a constant peculiar to 
the superoxide generat ing system. 

Based on Eqs. 8 and 9, the inhibi tory effect of 
biological substances can be simulated by computer. 
W h e n s imula t ions were carried out, / and [S] were 
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Fig. 5. Inhibitory effect of Cu,Zn-SOD on the for­
mation of DMPO-O2": Experimental (O) and simu­
lated (#) values, where /o and ID50 used were 
I.8XIO-5 M and 7.5X10"9 M, respectively. 

Table 1. ID50 and Second-Order Rate Constants of Various Biological Substances 

Substance 

Cu,Zn-SODa> 
Mn-SODa> 
Fe-SODa> 
Ceruloplasmina) 

Ascorbate oxidasea) 

Ferricytochrome ca) 

Peroxidase^ 
Catalasea) 

L-Ascorbic acid 

ID50 

M 

7.5X10"9 

6.5X10"9 

5.IXIO-9 

1.5X10"5 

2.5X10"6 

2.7X10"5 

5.OXIO-7 

1.3X10"5 

3.4X10"5 

ID5o
b) 

mg ml - 1 

0.00024 
0.00026 
0.00020 
2.0 
0.35 
0.33 
0.020 
3.0 
0.0060 

k2 

M"1 s"1 

1.6X109 

1.9X109 

2.4X109 

8.1X105 

4.8X106 

4.5X105 

2.4X107 

9.6X105 

3.5X105 

kreî 

M"1 s"1 

ca. 2 XIO9 

1.8 X109 

1.6 XIO9 

3.04X105 

6.2X105C) 

1.6X106d) 

ca. 2X105 

2.7X105 

pHref 

5—9.5 
7.8 
7.8 
7.8 

7.8 
7—8.8 

7.4 
7.4 

Ref. 

25,26 
24 
24 
27 

This work 
28 
29 
30 
8 

a) The following molecular weights were used: Cu,Zn-SOD (32000), Mn-SOD (40000), Fe-SOD (39000), 
ceruloplasmin (134000), ascorbate oxidase (140000), ferricytochrome c (12400), peroxidase (40000), andcatalase 
(240000). b) The molarity of ID50 was calculated from this value, c) Calculated from the data of Ref. 28. d) Rate 
constant for the reaction between horseradish peroxidase Compound I and 02~. 
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replaced by (1— X) . /o and {X/(l—X)}-IDso, respective­
ly. T h e Io and ID50 were fixed at suitable values which 
led to a best fit to the experimental data. S imula t ion 
values were calculated by chang ing variable X from 
0.01 to 0.99 at intervals of 0.05. Figure 5 shows both 
s imulated ( • ) and exper imenta l (O) values of 
Cu ,Zn-SOD. Both values agreed well and the validity 
of our t reatment was confirmed. By the s imulat ion, 
the IDso's of Cu ,Zn-SOD could be evaluated more 
exactly. T h e IDso's of the other substances were deter­
mined in the same manner . 

Table 1 shows the IDso's, evaluated rate constants 
(£2) and reported rate constants (&ref) of several 
biological substances, where kxtt of Refs. 25—30 
were the values obtained directly by a pulse radiolysis 
method; the others were indirectly obtained by 
the kinetic compet i t ion method. In the table, the 
rate constants of Cu ,Zn-SOD, M n - S O D , Fe-SOD, 
ceruloplasmin, ferricytochrome c, peroxidase, catalase 
and L-ascorbic acid agree with the reported values 
wi th in one order of magnitude.3 1 ) 

T h u s , we concluded that: (1) the or ig inal k\ in Ref. 
14 was really an exact value; (2) our method gave 
reasonable values as fe; (3) the concentrat ion of D M P O 
essentially did no t affect the reactivity of above 
biological substances; (4) there was no reference of the 
reactivity between ascorbate oxidase and Ü2~, bu t the 
ascorbate oxidase showed a strong reactivity with Ü2~, 
and (5) these rate constants became a good measure of 
the reactivity. 

In general, the ESR sp in- t rapping technique could 
scarcely be used for a kinetic invest igat ion of the 
reactivity between an activated short-lived radical 
intermediate and its scavenger. T h i s new kinetic 
analysis technique will be appl ied to an investigation 
of the SOD-like function of drugs. 

We are grateful to Dr. Ikuko Ueno of the University 
of Tokyo , Inst i tute of Medical Science for her helpful 
suggestion to our biochemical experiments. We also 
wish to express our thanks to Dr. Kiyoko Yamamoto 
of the Inst i tute of Physical and Chemical Research 
(RIKEN) for her valuable advice on a r rang ing this 
work. 
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Activation Process of CuY Zeolite Catalyst Observed by 
TPR and EXAFS Measurements 
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EXAFS measurements have been employed to investigate structural changes of Cu species in Y-zeolite 
during TPR process. The formation of an active species by a consecutive reduction-reoxidation treatment was 
clearly demonstrated in the TPR spectra. Detailed analysis of the EXAFS data suggested that at a considerably 
low temperature the active species was reduced directly to Cu metal with a particle size of 5—8 Â, while at higher 
temperatures the original Cu2+ ions were reduced by a two-step mechanism, via Cu+ ions to Cu metal. From 
these points of view, the active species is considered to be small clusters of CuO with several Cu atoms. 

T h e redox behavior of Cu 2 + ions in zeolites has been 
the subject of numerous studies d u r i n g the last two de­
cades. T h e oxida t ion state of the metal componen t is 
one of the most i m p o r t a n t factors in oxide catalysts, 
since the qua l i ty and quan t i ty of the active species 
depend strongly on the process of oxidat ion pr ior to 
catalysis. Cu-exchanged zeolites have been known as 
h ighly active catalysts in oxidat ion reactions. The i r 
activities are closely related to the oxidat ion state of the 
Cu species, which has been characterized us ing various 
physicochemical techniques.1 _ 5 ) 

A m o n g these techniques the temperature-program­
med reduct ion ( T P R ) is considered to be one of the 
simplest me thod in studies of the reduct ion mech­
an ism of the Cu species in zeolite, as shown 
elsewhere.6-9) Pe tunch i et al.10) and Miro et a l . n ) 

investigated the redox characteristics of Cu-zeolites by 
T P R experiments and showed that the cyclic treatment 
wi th C O and oxygen at h igh temperatures above 
1000 K resulted in irreversible formation of large C u O 
crystals outside of the framework. H e r m a n et al.12) 

reported, on the other hand , that the Cu metal on the 
internal surface of a CuY zeolite could be reoxidized 
back to Cu 2 + ions located at the original sites in the 
lattice. 

In the present work, the structural changes of the Cu 
species in Y-zeolite have been followed by the 
measurements of the K-edge extended X-ray absorp­
t ion fine structure (EXAFS) i.e., the characterization of 
CuY zeolite activated by a consecutive reduction-
reoxidat ion (R-O) treatment has been made by the 
EXAFS measurements in the sequence of each step 
d u r i n g the course of the T P R process. T h e particle 
sizes of Cu species formed in the sample wi th R - O 
treatment are so small that conventional techniques, 
such as X-ray diffraction spectroscopy (XRD) and 
transmission electron microscopy (TEM),6 '7 ) are un­
suitable to investigate them. T h e EXAFS spectroscopy 
is well suited for this purpose since it can follow 
changes of local structure a round Cu atoms. 

Experimental 

The CuY zeolite used in this work was prepared by the 

conventional method from pure crystalline Linde Y molec­
ular sieves using copper(II) acetate (analytical reagent 
grade). The ion exchange was conducted overnight at 
pH=5.5—5.8. The exchanged sample was then washed with 
deionized water, air dried, pelletized, sieved and stored over 
saturated ammonium chloride solution. The analysis by 
atomic absorption revealed that 59.6% of Na+ ions were 
replaced by Cu2+ ions by this procedure. 

The TPR measurements were performed in a convention­
al circulation system7) consisting of a quartz U-type reactor, 
a high speed circulation pump, liquid-nitrogen trap and a 
pressure transducer (MKS-222B) connected with a micro­
computer. The hydrogen consumption during the TPR 
process was estimated from the pressure decrease in this 
apparatus by which the pressure change corresponding to 
1 umol could be detected. Prior to each TPR measurement, 
the sample was evacuated for 30 min at desired temperatures 
to remove possible impurities and to control the adsorbed 
water on the surface. In the TPR measurement, extra pure 
hydrogen was introduced onto a small aliquot (0.6 g) of the 
sample (20—40 mesh) under the initial pressure of 10.0 kPa 
and the temperature of the reactor was raised linearly at a 
rate of 5 K min - 1 . 

The activation of the CuY zeolite was performed by the 
R-O treatment in the same system. It consists of three 
consecutive stages, evacuation, reduction, and reoxidation. 
At the desired temperatures, the zeolite was evacuated for 
0.5 h, reduced with 10 kPa pressure of hydrogen for 2 h and 
reoxidized with 10 kPa pressure of oxygen for 2 h. 

Details of the EXAFS instrument employed in this work 
has been described elsewhere.13-10 Basically it consists of a 
rotating anode X-ray generator (Rigaku Ru-200), a spectrom­
eter with a bent silicon (220) crystal of Johansson cut, ion 
chambers, slits and counting electronics, which are con­
trolled by a computer through a CAMAC bus. The X-ray 
source with a silver target was operated at 14 kV and 200 m A 
to minimize the effect of higher order reflections on the ion 
chamber. The CuY samples, pressed into thin wafers, were 
treated similarly to the TPR and R-O treatment. 

A detailed method of data analysis also has been described 
elsewhere.13-10 A single scattering model for EXAFS 
oscillations expressed by16»17) 

X(k) = S — ^ - exp[-2(o]k* + Rj/À)] 
j kRj 

XFj(n, k) sin (2kRj + aj(k)) (1) 
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where k is the photoelectron wave vector, Rj is the distance 
from the central Cu atoms to atoms in the /th shell, Nj is the 
coordination number of the central atoms, F is the scattering 
amplitude, o> is the Debye-Waller factor, and otj is the phase 
shift. The mean free path of the photoelectron in the solid, 
X, was assumed to be independent of k in this analysis. The 
EXAFS function was Fourier transformed by weighting kz to 
yield the radial distribution function, 0(R), as follows. 

0(R) = (l/2)^2fksx(k) exp ( - 2nkR)dk (2) 

The curve-fitting procedures were employed to determine 
structural parameters, such as R and N. The main peaks in 
the radial distribution functions were back-transformed into 
k space and a least-squares calculations were made by using 
Eq. 1. 
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Fig. 1. TPR sepectra for CuY before (broken curve) 
and after (solid curve) the R-O treatment (evacuated 
at 523 K, reduced at 673 K and reoxidized at 473 K). 

Results 

It is already k n o w n that the reduction of Cu2+ ions 
in zeolites occurs by a two-step mechanism, via Cu+ 
ions to Cu metal.18) T h e two-step reduction could be 
demonstra ted directly in the T P R spectra measured 
under suitable condi t ions, such as a low temperature 
in the pre l iminary evacuation of the sample, a low 
pressure of hydrogen in the system and a slow rate 
of the temperature increment . Representative T P R 
spectra are shown in Fig. 1. T h e broken curve 
indicates the rate of hydrogen consumpt ion by the 
or iginal CuY zeolite evacuated at 523 K. T h e spectrum 
consists of two distinct peaks wi th max ima a round 
460—470 and 620—630 K. Dur ing the T P R process, 
the greenish blue sample turned white when the first 
peak appeared, and then it turned p in k above 600 K. 
T h e first peak (I) is associated wi th the reduction of 
Cu 2 + to C u + ions, whi le the second peak (II) is due to 
that of C u + ions to Cu metal. T h i s mechanism was 
first proposed by Jacobs et al.18) and confirmed by 
electron spin resonance (ESR) and infrared (IR) 
spectra in our previous report.7) 

When the reduced sample was reoxidized d u r i n g the 
course of the R - O treatment, it changed from p ink to 
l ight gray in color. At the same time, the ESR signal 
due to C u 2 + ions was appreciably reduced in intensity, 
suggest ing that d u r i n g the R - O treatment the para­
magnet ic Cu 2 + ions in the zeolite converted to an 
ESR-insensitive species, such as C u O or Q12O. After 
the R - O treatment, however, the formation of such 
oxides could no t be recognized in the sample by X R D 
measurement . 

T h e T P R profile of CuY wi th the R - O treatment is 
shown by the solid curve in Fig. 1. In this spectrum a 
new sharp peak (III) of hydrogen consumpt ion is 
observed at a low temperature a round 390 K in 
addi t ion to peaks I and II, i.e., an easy-reducible 

Table 1. Effects of Evacuation, Reduction, and Reoxidation Stages during the 
R-O Treatment on the Formation of the Active Species X 

Effect of evacuation 

Effect of reduction 

Effect of reoxidation 

Evaca) 

293 
523 
573 
673 
773 

523 
523 
523 

523 
523 
523 

Treatment/K 

Rednb> 

673 
673 
673 
673 
673 

573 
673 
773 

673 
673 
673 

Oxinc> 

673 
673 
673 
673 
673 

473 
473 
473 

473 
573 
673 

H2 consumption/mmol g_1 

Species X 

0.12 
0.38 
0.27 
0.22 
0.05 

0.19 
0.49 
0.15 

0.49 
0.49 
0.38 

Total 

0.75 
0.97 
0.94 
0.91 
0.62 

1.08 
1.07 
0.79 

1.07 
1.06 
0.97 

Treatments at each stage were performed for a), 0.5 h; b), 2 h; c), 2 h. 
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species (X) formed in the zeolite d u r i n g the R - O 
treatment. T h e format ion of species X markedly 
depends on the condi t ion of each stage in the R - O 
treatment, such as pre l iminary evacuation, reduction 
wi th hydrogen and reoxidat ion wi th oxygen. In order 
to determine the effects of temperature in these stages 
on the format ion of species X, the a m o u n t of species X 
is estimated from the area of peak III in the T P R 
spectra. T h e results are summarized in Table 1, 
together wi th the total amoun t s of hydrogen consump­
t ion th rough the T P R process u p to 723 K. T h e 
hydrogen consumpt ions for the peaks I and II in the 
T P R spectra could no t be estimated separately, since 
these peaks were broad and unresolved in the case of 
samples evacuated at h igher temperatures. 

A m o n g each stage in the R - O treatment the 
evacuation stage shows the most significant influence 
for the formation of species X, i.e., the lower the 
temperature in the evacuation, the more preferential it 
is for the format ion of species X. It is speculated that a 
small quan t i ty of water is needed as a preferential 
condi t ion of the subsequent reduct ion stage, since 
appreciable amoun t s of water are considered to be still 
adsorbed on the zeolites evacuated at lower temper­
atures.19 '20* T h e role of water in the reduction stage 
was quali tat ively confirmed by the in t roduct ion of 
water to the system. For example, when i n the 
reduct ion stage water at 2.0 kPa pressure was intro­
duced on to the sample evacuated at h i g h temperature 
of 773 K, the a m o u n t of species X formed after the 
reoxidat ion increased remarkably, as is depicted in 
Fig. 2. Recently, Sano et al.21) have recognized in their 
detailed EXAFS study that the reducibili ty of a nickel-
exchanged Y zeolite is markedly improved by soaking 
the sample in an aqueous N a O H solut ion. It has been 
reported by Naccache et al.,22) furthermore, that the 
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reduct ion of Cu 2 + ions in CuY is promoted by the 
presence of water via the formation of C u ( O H ) + ions 
as the intermediate. 

In the effect of reduct ion temperature in the R - O 
treatment, the m a x i m u m format ion of species X was 
obtained at 673 K. At lower temperatures in the 
reduct ion stage it is discernible from Tab le 1 that 
m u c h of the Cu species is reoxidized back to Cu 2 + ions 
after the reoxidat ion. Accordingly the formation of Cu 
metal , wh ich will prevent such reversible redox cycle, 
is considered to be necessary for the formation of 
species X. T h e reoxidat ion stage, on the other hand , 
scarcely affects the formation of species X. In the 
tempera ture-programmed oxidat ion spectra of the 
sample reduced at various temperatures, only one 
sharp peak was observed at a low temperature a round 
470 K, ind ica t ing a h igh velocity for the reoxidat ion 
stage in this system. In summary, the o p t i m u m 
temperatures in the activation of CuY zeolite are 
determined to be 523, 673, and 473 K, respectively, for 
the evacuation, reduction, and reoxidation stages 
du r ing the R - O teatment tested in the present 
investigation. 

Measurements of EXAFS spectra were performed to 
investigate the changes of the Cu species in the zeolite. 
T h e spectra were measured in the sequence of each 
step d u r i n g the course of the R - O treatment and the 
T P R process. Fourier transforms to real space of the 
obtained EXAFS spectra, the &(R) function of Eq. 2 
are shown in Figs. 3—6. In these figures the peaks are 
displaced slightly from the true interatomic distances 
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CO 
• ^ 

v_ 
CO 

ST 
e 

273 373 473 573 673 773 

T/K 

Fig. 2. TPR spectra for the activated CuY (evacuated 
at 773 K, reduced at 673 K and reoxidized at 673 K) in 
the presence (solid curve) and absence (broken curve) 
of water during the reduction stage. 

Fig. 3. Fourier transforms of EXAFS spectra for CuY 
during the R-O treatment in the sequence of evacua­
tion at 423 K (a), reduction at 673 K(b), and reoxida­
tion at 473 K(c). 
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Fig. 4. Fourier transforms of EXAFS spectra for CuY 
without the R-O treatment in the course of TPR 
process. Reduction temperature; 423 K(a), 523 K(b), 
and 673 K(c). 
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Fig. 5. Fourier transforms of EXAFS spectra for CuY 
with the R-O treatment in the course of TPR process. 
Reduction temperature; 423 K(a), 523 K(b), and 
673 K(c). 

because of the phase shift. T h e distances used in the 
text are the values after correction for the phase shift. 

In the Fourier transform of the evacuated CuY 
zeolite (Fig. 3a) a p r edominan t peak appears at 1.97 Â 
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Fig. 6. Fourier transforms of EXAFS spectra for Cu 
foil(a), CuO powder(b) and CU2O powder(c). 

which is s imilar to the C u - O distance of the shortest 
C u - O b o n d in CuY zeolite.23) U p o n reduction of the 
evacuated sample at 673 K for 2 h a strong peak is 
observed at 2.51 Â in the radial dis t r ibut ion function 
(Fig. 3b). T h i s agrees well wi th the C u - C u distance 
in Cu foil (Fig. 6a). After the reduced sample is 
reoxidized at 473 K for 2 h (the o p t i m u m R - O 
treatment) the m a i n peak appears at 1.96 Â, as is 
shown in Fig. 3c. A l though this value coincides well 
wi th that in the reference C u O powder (Fig. 6b), no 
significant difference is recognized also in compar ison 
wi th that in the original sample (Fig. 3a). 

Dur ing the T P R process the or iginal CuY zeolite 
shows n o substantial changes of the radial dis tr ibut ion 
function u p o n reduct ion u p to 423 K (Figs. 3a and 4a), 
as is readily expected from the T P R spectrum in Fig. 1. 
After reduct ion at 523 K, where the peak I appeared in 
the T P R spectrum, the peak of the first ne ighbor shell 
in the Fourier transform decreases in intensity, as is 
shown in Fig. 4b. O n further reduct ion u p to 673 K 
(Fig. 4c), the peak posi t ions and the relative am­
pli tudes become very similar to those in the reduced 
sample (Fig. 3b), indica t ing a lmost complete reduc­
t ion of the Cu species in the sample evacuated at the 
low temperature of 523 K. 

In the case of CuY wi th the R - O treatment, on the 
other hand , a s tr iking change is observed in the radial 
dis t r ibut ion function of the sample reduced at low 
temperature. As shown in Fig. 5a, a p redominant peak 
appears at 2.52 Â of the C u - C u distance when the 
treated sample is reduced according to the T P R mode 
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up to 423 K, where the peak III is supposed to have 
already been eliminated in the TPR spectrum (Fig. 1). 
The intensity of this peak slightly increases on 
increasing the reduction temperature up to 523 K (Fig. 
5b). Further rise in the temperature, however, has no 
substantial effect on the radial distribution function 
(Fig. 5c). 

Discussion 

The information obtained in the analysis of the 
EXAFS data reflects the local structure around Cu 
atoms in the zeolite. In order to determine the 
structural basis for changes of the Cu species during 
the TPR process, inverse Fourier transforms have been 
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CO 
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CO 

Fig. 7. Comparisons of inverse Fourier transforms 
(solid curves) for the main peaks in Figs. 3c(a) and 
5a(b) with best-fit curves assuming the Cu-O scat­
tering in CuO and Cu-Cu scattering in Cu foil, 
respectively. 

Table 2. Best-Fit Values of Structural Parameters 
of CuY Zeolite with and without the R-O 

Treatment during the TPR Process 

Sample 

CuY without the 
R-O treatment 

CuY with the 
R-O treatment 

Cu foil 
CuO powder 
CU2O powder 

Redn/K 

298 
423 
523 
673 

298 
423 
523 
673 

— 
— 

Bond 

Cu^O 
Cu-O 
Cu-O 
Cu-Cu 

Cu-O 
Cu-Cu 
Cu-Cu 
Cu-Cu 

Cu-Cu 
Cu-O 
Cu-O 

R/k 
1.97 
1.97 
1.93 
2.51 

1.96 
2.52 
2.52 
2.52 

2.51 
1.96 
1.86 

N 

3.7 
3.7 
2.8 

10.0 

4.4 
7.0 
8.5 
8.8 

12.0 
4.0 
2.0 

carried out for each main peak in Figs. 3—6. The 
inverse Fourier transforms are compared with the 
calculated values of ksx(k) assuming the Cu-O or 
Cu-Cu scattering to obtain the "best-fit" curves.12) 

Representative results are shown in Fig. 7. For the 
CuY zeolite with and without the R-O treatment, the 
estimated best-fit values of some structural parameters 
during the TPR process are summarized in Table 2, as 
well as those for reference materials. 

In the radial distribution of the original CuY 
evacuated at low temperature (Fig. 3a), the main peak 
is observed at 1.97 Â which probably corresponds to 
the Cu-O distance between Cu2+ ions and the lattice 
oxygen atoms in the sodalite cages of the faujasite 
matrix.24»25) It is expected that a predominant portion 
of the Cu2+ ions in 59.6% exchanged CuY zeolite used 
in the present work are located at Site V in the sodalite 
cages.24) These ions are considered to be coordinated 
with three lattice oxygen atoms.25) The coordination 
number of the Cu atoms in the present sample (N=3.7) 
presumably indicates an average number of bare and 
hydrated ions in the sodalite cages. After the evacuated 
sample is reduced at 523 K, where most Cu2+ ions 
transform.into Cu+ ions (Fig. 1), the coordination of 
Cu atoms decreases significantly whereas the Cu-O 
distance remains unchanged. Discussion of these 
values cannot be made here, unfortunately, because of 
the lack of detailed information about the location of 
the Cu+ ions in the Y-zeolite. In the sample reduced at 
673 K the coordination of A/=10.0 is slightly smaller 
than that in Cu foil (Af=12.0), while the Cu-Cu 
distances show good agreement. 

Upon R-O treatment, on the other hand, the 
original Cu2+ ions are expected to convert into another 
Cu species, as observed in the TPR spectrum (Fig. 1). 
The calculated curve for the main peak in Fig. 3c, 
assuming the Cu-O scattering in CuO, well repro­
duces the inverse Fourier transforms (Fig. 7a). Be­
tween the samples before and after the R-O treatment, 
however, no appreciable difference in the Cu-O 
distance is observed, while the coordination of the Cu 
atoms is increased from 3.7 to 4.4 by this treatment. 

After reduction of CuY with the R-O treatment at 
423 K, where the peak III has been eliminated from the 
TPR spectra (Fig. 1), the calculated curve for the main 
peak in Fig. 5a, assuming the Cu-Cu scattering in Cu 
metal, reproduces completely the obtained inverse 
Fourier transforms (Fig. 7b). It clearly shows the 
dramatic influence of the R-O treatment, since in the 
case of the original CuY no changes are observed in the 
EXAFS and TPR experiments by the reduction at this 
temperature. That is, the species X is reduced directly 
to Cu metal at a low temperature, while the original 
Cu2+ ions in the zeolite are reduced at much higher 
temperatures by the two-step mechanism. 

In comparison with the infinite crystals (Af=12.0), 
however, the metal formed from the species X exhibits 
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extremely small coordination which increases slightly 
with the rise in reduction temperature (Af=7.0 to 8.8). 
The discrepancy between these values is mainly 
attributed to the difference in the size of Cu metal, i.e., 
the coordination number in small particles is smaller 
than that in large crystals because of the high 
proportion of surface atoms.26»27* Applying the theory 
by Greegor and Lytle28) to the present system and 
assuming a sphere shape of the particles, the average 
particle size of the Cu metal formed by reduction of the 
species X is estimated to be 5—8 Â. This is distinctly 
smaller than the main cavity size of the faujasite 
framework (ca. 12 Â). 

When CO was adsorbed on CuY reduced at 523 K, 
an intense absorption band appeared around 2160 
cm - 1 in the IR spectrum.7) This band is attributed to 
the Cu+-CO complex in the super cages. 12»18) After 
reduction of CuY with the R-O treatment at 423 K, 
however, no distinct band was observed in this 
wavenumber region. Furthermore, the species X 
showed no ESR signal due to Cu2+ ions, as described 
above. These observations suggest that the species X is 
not isolated Cu2+ ions but a covalent-bonded oxide, 
such as CuO or Q12O. Petunchi et al.8) and Miro et 
al.9) have already recognized by XRD measurement 
that CuO crystals form in Cu-zeolites after cyclic 
treatments with CO and oxygen at an extremely high 
temperature of 1023 K. However, no XRD pattern of 
CuO or CU2O was observed in CuY with the R-O 
treatment. 

In order to make a clear identification of the species 
X, the extracted oscillation of the observed EXAFS 
spectrum of CuY with the R-O treatment is compared 
with those of possible oxides in Fig. 8. It can be 

Fig. 8. Comparisons of extracted oscillations of 
the observed EXAFS spectra for CuY with the R-O 
treatment (solid curve), CuO (broken curve), and 
C112O (dotted curve). 

concluded from the detailed comparison of these 
oscillations that CuY with the R-O treatment bears a 
closer resemblance to CuO rather than to Q12O. In the 
TPR spectra by the similar procedure, furthermore, 
bulk CuO powder or finely dispersed CuO on Si02 
exhibited a single broad peak of hydrogen consump­
tion with maximum around 680 or 430 K, respectively. 
This might indicate that the peak temperature in the 
TPR spectrum increased with the increase in the 
particle size of the CuO. From this point of view, it is 
plausible that the species X is CuO clusters and is so 
small as to escape XRD measurement. 

After reduction of CuY with the R-O treatment at 
423 K (the sample in Fig. 5a) it was again reoxidized 
with oxygen at the same temperature and the TPR was 
then performed in a similar manner. This reoxidized 
sample showed a TPR spectrum resembling closely 
that of CuY with the standard R-O treatment. Fur­
thermore, the Cu species in this sample transformed 
into Cu metal with R=2.52 Â and N=T.O upon the 
second reduction at 423 K. From this reversible 
behavior, it can be presumed that the number of Cu 
atoms in the metal clusters is substantially retained 
during the redox cycle at 423 K. Therefore, the species 
X, the precursor of the metal clusters, is considered to 
be small CuO clusters with several Cu atoms. 

In this work, the changes of the Cu species during 
the R-O treatment and TPR process have been 
investigated by the analysis of EXAFS data only for the 
nearest neighboring atoms. Further analysis for outer 
shells is needed to explain the detailed structure of 
these clusters. 

In summary, the results of the present study 
demonstrate the formation and characterization of an 
active species in CuY zeolite. The active Cu species is 
formed by a consecutive reduction-reoxidation treat­
ment under very mild conditions. The active species, 
which was considered to be small CuO clusters, was 
directly and reversibly reduced to Cu metal clusters at a 
considerably low temperature, while the original Cu2+ 

ions in the zeolite were reduced by the two-step 
mechanism, via Cu+ ions to Cu metal at higher 
temperatures. 

The authors express their gratitude to Drs. Yasuo 
Udagawa, Kazuyuki Tohji, and Mr. Takanori Mizushima 
(Institute for Molecular Science, Okazaki) for their 
helpful supports in EXAFS experiments and analysis. 
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The effects of the reaction variables on the yields of the aldol condensation products, i.e., acrylic acid and 
methyl acrylate, in the reaction of acetic acid with methanol in the presence of gaseous oxygen was studied using 
a V-Ti-P ternary oxide catalyst with an atomic ratio of 1:2:6, respectively. The best catalyst performance was 
obtained with an oxygen/methanol molar ratio of between 0.5 to 0.75. The yield of acrylic acid decreased with 
increasing the methanol concentration, while that of methyl acrylate increased; the sum of the two yields 
increased with methanol concentration above 360 °C. The feed rate did not have much effect on the yield, except 
at high conversions. Better catalytic performance was observed with longer contact times at lower temperatures 
than with shorter contact times at higher temperatures. 

It is wel l -known that acetic acid and methanol react 
over solid-acid catalysts to form methyl acetate by esteri-
fication. Recently, it has also been reported that ac­
rylic acid and methyl acrylate are obtained wi th a h igh 
selectivity by vapor phase aldol condensat ion of form­
aldehyde (HCHO) wi th acetic acid and methyl ace­
tate, respectively, over vanad ium phospha te and vana­
d i u m - t i t a n i u m binary phosphate ; V - P binary and 
V - T i - P ternary oxide, catalysts.1_4) When a mixture of 
acetic acid and me thano l is passed over these catalysts 
in the presence of gaseous oxygen, a par t of methanol 
is oxidized to H C H O which subsequently reacts with 
acetic acid and methyl acetate to form acrylic acid and 
methyl acrylate, respectively.5 '6* T h e reaction involves 
the fol lowing oxidat ion , condensat ion, and esterifica-
tion.6) 

CH3OH + 0.5 0 2 > HCHO + H 2 0 

CH3COOH + HCHO • 
CH 2 =CHCOOH + H2O 

CH3COOCH3 + HCHO • 
CH 2=CHCOOCH 3 + H2O 

CH3COOH + CH3OH < • 

CH3COOCH3 + H2O 

CH 2=CHCOOH + CH3OH -K » 

CH2=CHCOOCH3 + H2O 

In order to improve the yields of the aldol 
condensat ion products , i.e., acrylic acid and methyl 
acrylate, and also for better unders tand ing of this 
reaction, we investigated the effects of the reaction 
variables on the yields, since no detailed information 
about this reaction has yet been reported. 

Experimental 

Catalyst. The catalyst used in this study was a V-Ti-P 

ternary oxide catalyst with an atomic ratio of 1:2:6, 
respectively, and prepared as follows. To 500 ml of chilled 
water, 0.166 mol (about 20 ml) of TiCU was added dropwise. 
The solution was diluted with ca. 5 1 of water, then dilute 
aqueous ammonia was added giving an precipitate of 
titanium hydroxide (final pH, 8 to 9). This precipitate was 
washed with water about 10 times by décantation, and then 
filtered, yielding a paste-like hydroxide gel. To about 200 ml 
of water containing 50 ml of lactic acid, 9.7 g of NH4VO3 was 
added. The mixture was warmed slowly, yielding a clear 
blue solution of V0 2 + . The titanium hydroxide gel was 
mixed with 57 g of 85% H3PO4 yielding a white sticky syrup. 
The sticky syrup was mixed with the blue solution of V02 + . 
Excess water was then evaporated with stirring by hot-air 
blow, yielding a light blue cake. This cake was dried in an 
oven for 6 h by gradually heating from 50 to 200 ° C The 
resulting solid was calcined at 300 °C for 6 h in a stream of 
air, then ground and sieved to a 8- to 20-mesh size. Finally, it 
was calcined again at 450 °C for 6 h in a stream of air. 

The specific surface area of the catalyst was 36 m2 g_1 and 
the average oxidation numbers of vanadium ions in the fresh 
and used catalyst were 4.1 and 3.8, respectively. 

Reaction Procedures. The reaction of acetic acid and 
methanol was carried out with a continuous-flow system. 
The reactor was made of a steel tube of 50 cm long and 
1.8 cm i.d. which was placed vertically and immersed in a 
lead bath. The amount of catalyst used was fixed at 20 g. A 
mixture of nitrogen and oxygen was fed in from the top of 
the reactor. The feed rate of nitrogen was fixed at 140 ml (at 
20 °C) min - 1 (ca. 350 mmol h - 1) . A mixture of acetic acid 
and methanol was introduced into the preheating section of 
the reactor by means of a syringe pump. Unless otherwise 
indicated, the feed rates of acetic acid, methanol, oxygen, and 
nitrogen were 25, 50, 25, 350 mmol h_1; the space velocity 
(SV) was about 300 h - 1 . The procedures for product recovery 
and analysis were the same as those described previously.0 

The yield (mol%) was defined as 100X (moles of 
product)/(moles of acetic acid fed). The selectivity of acetic 
acid to the condensation products was defined as 100X 
(yields of acrylic acid+methyl acrylate)/(conversion of acetic 
acid—yield of methyl acetate), since the previous study6) 

showed that the esterification of acetic acid with methanol 
was sufficiently rapid and, as a result, methyl acetate was 
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almost in an equilibrium with acetic acid and methanol. 

Results and Discussion 

Performance of V - T i - P Oxide Catalyst. T h e reac­
t ion was conducted at a temperature from 320 to 
400 ° C. T h e main products were acrylic acid, methyl 
acrylate, methyl acetate, and H C H O . T h e yields of 
these products and unreacted acetic acid and the 
selectivity of acetic acid to the aldol condensat ion 
products are shown in Fig. 1. 

T h e yields of acrylic acid and methyl acrylate 
at tained 45 and 20mol%, respectively, wi th the 
selectivity of 89 mol% at 390 °C. T h e selectivity was 
held a lmost 100mol% un t i l the sum of the yields 
at ta ined 35 mol%. However, wi th further increae in 
the yields at h igher temperatures, the selectivity fell 
markedly. 

Effect of Oxygen Concentration. T h e reaction was 
conducted by fixing the feed rates of acetic acid, 
methanol , and ni t rogen at 25, 50, and 350 m m o l h - 1 , 
respectively, whi le chang ing the oxygen /me thano l 
mola r ra t io from 0.30 to 1.0. T h e yields of acrylic acid 
and methyl acrylate obta ined at 335, 345, 355, 365, and 
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1 

CO 

1 1 
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Fig. 1. Performance of the V/Ti/P=1/2/6.0 oxide 
catalyst. (•) AA, acrylic acid; (A) MA, methyl acrylate; 
(O) AA+MA, acrylic acid plus methyl acrylate; (•) 
AcOH, acetic acid; ( • ) AcOM, methyl acetate; (D) 
AcOH+AcOM, acetic acid plus methyl acetate; 
(A), HCHO, formaldehyde; (©) S, selectivity of acetic 
acid to acrylic acid plus methyl acrylate. 

375 ° C are shown in Fig. 2. As the oxygen 
concentrat ion increased, the yield of acrylic acid 
increased un t i l it reached about 50 mol%. T h e 
formation of methyl acrylate decreased with oxygen 

0.25 0.50 0.75 

02 /CH3OH molar ratio 
1.0 

Fig. 2. Effect of the oxygen concentration on the 
yields of acrylic acid and methyl acrylate. Abbrevia­
tions are the same as those for Fig. 1. 

_ i _ _L_ 

40 60 80 

AcOH Conv - AcOM Yield (mol °/0) 

Fig. 3. Effect of the oxygen concentration on the 
selectivity. X=oxygen/methanol molar ratio. Ab­
breviations are the same as those for Fig. 1. 



January, 1990] Formation of Acrylates 201 

concentrat ion, and the extent of the decrease became 
greater at h igher temperatures. These findings 
indicate that the methyl acrylate formed initially is 
hydrolyzed to acrylic acid and methanol as the extent 
of methanol consumpt ion increases. 

T h e sum of yields of acrylic acid and methyl acylate 
obtained wi th different oxygen /methano l ratios is 
plotted as a function of [(conversion of acetic 
acid)—(yield of methyl acetate)] in Fig. 3. T h e extent 
of reaction was varied by chang ing the temperature 
from 300 to 380 ° C. T h e selectivity of acetic acid to the 
aldol condensat ion products is given as the slope. 
When the oxygen /me thano l rat io was lower than 0.5, 
the selectivity was about 95 mol% at a low extent of the 
reaction. However, at a h igher extent of the reaction, 
the yield fell markedly due to lack of H C H O . O n the 
other hand , when the oxygen /methanol ratio was 
more than 0.75, the selectivity decreased, suggesting 
that the consecutive oxidat ion of the acrylic acid once 
formed was p romoted by oxygen. T h e highest yield of 
the aldol condensat ion products was thus obtained 
with an oxygen /methano l ratio of 0.75. 

Effect of Methanol Concentration. T h e reaction 
was conducted by fixing the feed rates of acetic acid, 
oxygen, and n i t rogen at 25, 25, and 350 m m o l h - 1 , 
respectively, while chang ing the methanol /acet ic acid 
molar rat io from 1.07 to 2.74. T h e yields of acrylic acid 
and methyl acrylate obtained at different reaction 
temperatures from 320 to 380 ° C are shown in Fig. 4. 
T h e sums of the two yields are also shown in Fig. 5. 

As the me thano l concentrat ion increased, the yield 

of acrylic acid decreased, while that of methyl acrylate 
varied in a complicated manner . When the me thano l 
concentra t ion was low, the yield of methyl acrylate 
decreased wi th an increase in the reaction temperature, 
bu t when the methano l concentrat ion was h igh , the 
yield increased wi th the temperature. T h e sum of the 
two yields increased as the methanol /acet ic acid rat io 
increased u p to 1.8, when the temperature was above 
360 ° C. T h e highest yield in the aldol condensat ion 

1.5 2.0 2.5 
CH3OH /CH3COOH molar ratio 

Fig. 5. Effect of the methanol concentration on the 
sum of yields of acrylic acid and methyl crylate. 
Abbreviations are the same as those for Fig. 1. 
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Fig. 4. Effect of the methanol concentration on the 
yields of acrylic acid and methyl acrylate. Abbrevia­
tions are the same at those for Fig. 1. 

Fig. 6. Effect of the feed rate on the selectivity. The 
reaction temperatures are shown in parentheses. 
Abbreviations are the same as those for Fig. 1. 
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Fig. 7. Effect of the cintact time on the selectivity. 
The reaction temperatures are shown in parentheses. 
Abbreviations are the same as those for Fig. 1. 

products was obtained with a molar ratio of around 2. 
Thus, it appears that the aldol condensation of acetic 
acid with HCHO is retarded by methanol, and that the 
methyl acrylate formed initially is hydrolyzed to 
acrylic acid and methanol as both the extent of the 
reaction and the consumption of methanol become 
greater. 

Effect of Feed Rate. The reaction was conducted at 
a fixed acetic acid/methanol/oxygen molar ratio of 
1/2/1, while changing the feed rate. The sum of the 
yields of acrylic acid and methyl acrylate obtained at a 
temperature from 325 to 405 °C are plotted as a 
function of [(conversion of acetic acid)—(yield of 
methyl acetate)] in Fig. 6. The feed rate did not have 
much effect on the yield when the extent of the 
reaction was not high; the sum of the two yields was 
below 60 mol%. However, when the extent of the 
reaction as higher, the yield decreased as the feed rate 
increased. 

Effect of Contact Time. The effect of the contact 
time was studied by changing the amount of catalyst 
used from 5 to 40 g, while the other conditions were 
fixed as those described under Experimental. The sum 
of the two yields obtained at temperatures from 315 to 

515 °C are shown in Fig. 7. The catalytic performance 
obtained with a long contact time at a low temperature 
was better than that obtained at a short contact time at 
a high temperature. Possibly, the consecutive oxida­
tion of the acrylic acid formed is enhanced at high 
temperatures. 

Conclusion 

(1) Over a V-Ti-P ternary oxide catalyst with an 
atomic ratio of 1:2:6, the yields of acrylic acid and 
methyl acrylate attain 45 and 20 mol%, respectively, 
with a selectivity of 89 mol% based on acetic acid. The 
selectivity is almost 100 mol% provided the sum of the 
two yields does not exceed 35 mol%. 

(2) At a low conversion, the main products are 
methyl acetate and HCHO. As the reaction proceeds 
and as methanol is consumed, both methyl acetate and 
methyl acrylate formed are hydrolyzed to the corre­
sponding acids and methanol. 

(3) The best catalytic performance is obtained with 
an oxygen/mthanol molar ratio between 0.5 and 0.75, 
and the yield of acrylic acid relative to that of methyl 
acrylate increases with an increase in the oxygen 
concentration. 

(4) As the methanol concentration increases, the 
yield of acrylic acid decreases, while that of methyl 
acrylate increases. The sum of the two yields decreases 
with the methanol concentrtion at low temperatures 
(below 320 °C), but it increase at higher temperatures 
above 360 °C. 

(5) The effect of the feed rate on the yield is small 
except at high conversion of acetic acid. 

(6) A better catalytic performance is observed with a 
long contact time at a low temperature than with a 
short contact time at a high temperature. 
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A novel method of enumerating isomers is presented by using adamantane as a parent skeleton. This 
method is based on unit subduced cycle indices with and without chirality fittingness, the indices being derived 
from the subduction of coset representations. The chirality fittingness, which is determined by examining the 
relationship between a point group and its subgroup, controls the mode of substitution by achiral and chiral 
substituents. The method provides detailed enumerations concerning symmetries and molecular formulas, 
whereas Polya's theorem takes only the latter into consideration. 

An attractive problem in the field of molecular 
symmetry is how to realize a chiral (or achiral) mole­
cule of a given symmetry. Thus, there have appeared 
various approaches to the synthesis of chiral or achiral 
molecules of a high symmetry.1* One of the most 
versatile strategies for such approaches is a vertex 
strategy in which the generation of new compounds 
is based on the substitution of an achiral skeleton with 
appropriate ligands.2) Adamantane, which has Td 
symmetry, has been successfully utilized as such an 
achiral skeleton. For example, Nakazaki et al. have 
reported the syntheis of a T molceule by starting from 
an adamantane skeleton.3) 

The adamantane skeleton has also attracted theoret­
ical attention. Farina et al. have pointed out that 
substitution by chiral units creates molecules of a high 
symmetry.4) We ourselves have recently examined 
modes of substitution on the adamantane skeleton;5* 
chiral substituents, in addition to achiral ones, should 
be considered in order to realize all of the subsym-
metries of Td. Although this approach has manually 
revealed which subsymmetries are allowed or for­
bidden, there have emerged no systematic rationaliza­
tion of the results. 

Other approaches treating an adamantane skeleton 
have been devoted to combinatorial enumerations of 
isomers.6) These enumerations stem from Pölya's 
theorem, which counts isomers with respect only to 
molecular formulas. In other words, they have taken 
no account of the symmetries of the isomers. 

Hässelbarth reported a method of enumeration 
concerning symmetry.7) This method, however, dis­
regarded the concrete forms of the coset representa­
tions that control the symmetry of a parent skeleton. 
Brocas proposed an alternative method, in which a 
combination of double cosets and framework groups 
made it possible to enumerate isomers concerning 
their symmetries.8) Mead compared these methods 
using common problems of enumerations.9) 

The above discussions indicate the necessity of 
systematic enumerations of isomers with respect not 
only to their molecular formulas but also to their 
symmetries. In a previous paper, we have discussed 

the edge strategy and indicated the importance of the 
subduction of coset representations.10) We have also 
provided a new method of isomer enumeration based 
upon unit subduced cycle indices (USCIs).n) As a 
continuation of that work, the present paper deals 
with an extension of the method and its application to 
an enumeration by the vertex strategy, with achiral 
and chiral substituents allowed. 

Construction of the Mark Table of Td Point 
Group. The mark table of a group can be based on 
Burnside's textbook.12) However, such tables have 
been prepared for only a limited number of point 
groups. This section illustrates the constructions of 
coset representations (CRs) of Td and of its mark table. 

The Td group is decomposed to the corresponding 
cosets by any subgroup (Appendix 1). For example, if 
we select C3v as the subgroup, we obtain 

T d — C3v + C3vC2(l) + C3vC2(2) + C3vC2(3), 

as a decomposition. In accord with this decomposi­
tion, let us consider a set of cosets: {C3v, C3vC2(i), 
C3vC2(2), C3vC2(3)}. When we assign integers 1 to 4 to 
these cosets, we obtain a set of integers {1, 2, 3, 4}. 
These cosets are multiplied by C3(i) to give these 
equations: 

C3vC3(l) = C3v, 

C3vC2(l)C3(l) = C3vC2(3), 

C3vC2(2)C3(i) = C3vC2(i), a n d 
C3vC2(3)C3(l) = C3vC2(2). 

The resulting cosets afford the set, {1, 4, 2, 3}. Hence, 
we obtain a permutation represented by 

/ 1 2 3 4 \ 

which corresponds to the Cs(i) operation. This manip­
ulation is repeated over all the operations of Td to give 
the corresponding coset representation, Td(/C3v), as is 
shown in Table 1. Each element of the CR is expressed 
in the form of a product of cycles. The degree of 
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Td(/C3v) C2 C3 

Subgroups 
S4 D2 C2v D2d 

I 
C2(l) 
C2(2) 
C2(3) 
C3(l) 
C3(3) 
C3(2) 
C3(4) 
C | i ) 
C3(4) 
C3(3) 
C3(2) 
CTd(l) 

S4(3) 
S 4( 3 ) 

Od(6) 

^d(2) 

CTd(4) 

S4(l) 
S 4 ( l ) 

°"d(3) 
S4(2) 

Od(5) 

S4(2) 

(1)(2)(3)(4) 
(1 2)(3 4) 
(1 3)(2 4) 
(1 4)(2 3) 
(1)(2 4 3) 
(1 2 3)(4) 
(1 3 4)(2) 
(1 4 2)(3) 
(1)(2 3 4) 
(1 2 3)(3) 
(1 3 2)(4) 
(1 4 3)(2) 
(1)(2 3)(4) 
( 1 2 4 3) 
( 1 3 4 2) 
(1 4)(2)(3) 
(1)(2)(3 4) 
(1 2)(3)(4) 
( 1 3 2 4) 
( 1 4 2 3) 
(D(2 4)(3) 
( 1 2 3 4) 
(1 3)(2)(4) 
( 1 4 3 2) 

x 
x 

X 

X 

X 

X 

X 

X 

X 

X 

X X X 

X X X 

X X X 

X X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X • X 

X X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

Mark 

Table 2. Mark Table of Td 

I \ j 

Td( /Ci) 
Td(/C2) 
Td(/Cs) 
Td(/Ca) 
Td(/S4) 
Td( /D2) 
Td(/C2v) 
Td(/C3v) 
Td(/D2 d) 
T d ( /T) 
Td(/Td) 

C i 

24 
12 
12 
8 
6 
6 
6 
4 
3 
2 
1 

C2 

0 
4 
0 
0 
2 
6 
2 
0 
3 
2 
1 

Cs 

0 
0 
2 
0 
0 
0 
2 
2 
1 
0 
1 

C3 

0 
0 
0 
2 
0 
0 
0 
1 
0 
2 
1 

S4 

0 
0 
0 
0 
2 
0 
0 
0 
1 
0 
1 

D 2 

0 
0 
0 
0 
0 
6 
0 
0 
3 
2 
1 

C2v 

0 
0 
0 
0 
0 
0 
2 
0 
1 
0 
1 

C3v 

0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
1 

D2d 

0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 

T 

0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
1 

T d 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

Td(/C3v) is ITd|/|C3v| =24/6=4. The Td(/C3v) symbol 
comes from the fact that the Td group is divided by the 
C3V subgroup in a geometrical sense. This fact is 
essential for deriving a novel concept 'chirality 
fittingness of an orbit' (Appendix 2). We consider each 
number appearing in the cycles to be a point that is 
either mobile (that changes to another number) or 
immobile (fixed) during an operation of the group. 
The mark of a group by a given subgroup is defined 
as a number of such fixed points during all of 
the operations due to the elements of the subgroup. 
The marks of the subgroups in Td(/C3v) are obtained 
by using Table 1, in which fixed points are counted 
over the elements marked with V for each of the 
subgroups. Thus, we obtain the Td(/C3v) row of marks 
shown at the bottom of Table 1. The other CRs can be 

examined; the collection of the results gives the mark 
table shown in Table 2. For the present purpose, the 
inverse of the mark table is also important (Table 3). 

Classification of Vertices of a Skeleton into Orbits. 
The adamantane skeleton (C10H16) has 26 vertices, all 
of which can be regarded as substitution positions. 
Among them, the four vertices (1) marked with heavy 
circles construct a set of chemically equivalent po­
sitions. We call such a set an orbit, according to the 
terminology of permutation groups. In a similar way, 
the other vertices are classified into the respective sets 
(orbits) of equivalent vertices (2, 3, and 4), as is shown 
in Table 4. The orbits are characterized by coset re­
presentations (CRs),10) each of which controls the 
symmetry behavior of the equivalent vertices. 

The assignment of a CR to every orbit can be 
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Ci 
C2 

Cs 

c3 
s4 
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C2v 
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T d ( /C i ) 

1/24 
- 1 / 8 
- 1 / 4 
- 1 / 6 

0 
1/12 
1/4 
1/2 
0 
1/6 

- 1 / 2 

T d ( /C 2 ) 

0 
1/4 
0 
0 

- 1 / 4 
- 1 / 4 
- 1 / 4 

0 
1/2 
0 
0 

Td(/Cs) 

0 
0 
1/2 
0 
0 
0 
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- 1 

0 
0 
1 
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Td(/C3) 

0 
0 
0 
1/2 
0 
0 
0 

- 1 / 2 
0 

- 1 / 2 
1/2 
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Td( /S4) 

0 
0 
0 
0 
1/2 
0 
0 
0 

- 1 / 2 
0 
0 

T d ( /D 2 ) 

0 
0 
0 
0 
0 
1/6 
0 
0 

- 1 / 2 
- 1 / 6 

1/2 

Td(/C2v) 

0 
0 
0 
0 
0 
0 
1/2 
0 

- 1 / 2 
0 
0 

Td(/C3v) 

0 
0 
0 
0 
0 
0 
0 
1 
0 
0 

- 1 

T d ( /D 2 d ) 

0 
0 
0 
0 
0 
0 
0 
0 
1 
0 

- 1 

T d ( / T ) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1/2 

- 1 / 2 

T d( /Td) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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1/24 
1/8 
1/4 
1/3 
1/4 

0 
0 
0 
0 
0 
0 

Table 4. Orbits of an Adamantane Skeleton 
Orbi t 

1 
2 
3 
4 

No. of posi t ions 

4 
12 
4 
6 

FPV 

( 4 0 2 1 0 0 0 1 0 0 0) 
(12 0 2 0 0 0 0 0 0 0 0) 
( 4 0 2 1 0 0 0 1 0 0 0) 
( 6 2 2 0 0 0 2 0 0 0 0) 

Coset representat ion 

Td(/C3v) 
Td(/Cs) 
Td(/C3v) 
Td(/C2v) 

conducted by comparing a fixed-point vector (FPV) of 
the orbit with a table of marks.u) The fixed-point 
vector (FPV) is defined as a row vector that collects the 
numbers of fixed points with respect to every 
subgroup. For example, a mirror plane of Cs group 
fixes two bridgehead methines which lie on the plane. 
Hence, the number of fixed points is 2 in this case. 
Thus, the FPVs for the orbits (1 and 3) are counted to 
be (4 0 2 1 0 0 0 1 0 0 0), the elements of which are 
aligned in the order of a set of subgroups (SSG), i.e., 
{Ci, C2, Cs, C3, S4, D2, C2v, C3v, D2d, T, Td}.13) Since the 
FPV is identical with the Td(/C3v) row of the mark 
table of the Td group (Table 2), the orbits (1 and 3) are 
determined to be subject to Td(/C3v). Similarly, the six 
vertices of 2 and the twelve vertices of 4 are concluded 
to be subject to Td(/C2v) and Td(/Cs) respectively by a 
comparison of the FPVs (Table 4) with the data in 
Table 2. 

Let PA be a permutation group for the 26 vertices of 
adamantane. Then the above result can be formulated 
as follows: 

PA = Td(/Cs) + Td(/C2v) + 2Td(/C3v). (1) 

This result can alternatively be obtained by an 
algebraic method (Appendix 1). Thus, the FPV of the 
set of 26 vertices is (26 2 8 2 0 0 2 2 0 0 0), which is 
multiplied by the inverse of the mark table (Table 3)14) 

to provide a multiplicity vector ( 0 0 1 0 0 0 1 2 0 0 0 ) . 
This vector indicates the multiplicities of the CRs 
involved in: 

SCR = {Td(/Ci), Td(/C2), Td(/Cs), Td(/C3), Td(/S4), 
Td(/D2), Td(/C2v), Td(/C3v), Td(/D2d), Td(/T), 
Td(/Td)}. 

This result is identical with Eq. 1. 
Construction of a Table of Unit Subduced Cycle 

Indices for the Td Point Group. In the present 
enumerations, unit subduced cycle indices (USCIs) play 
an important role in the derivation of generating 
functions (Appendix 1 ). A collection in the form of a 
table of USCIs is convenient in solving problems of 



206 Shinsaku FUJITA [Vol. 63, No. 1 

enumera t ions . 1 0 

For i l lus t ra t ing a process of subduct ion, let us 
examine the subduct ion of Td(/C3v) by C2v. If we select 
the e lement of C2v from T a b l e 1, we ob ta in a subduced 
representation: 

Td(/C3v)lC2v = {(1)(2)(3)(4), (1 4)(2 3), (1)(2 3)(4), (1 4)(2)(3)}, 

which can be regarded as a permuta t ion representation 
for the C2v g roup . Note that Td(/C3v) is transitive, 
whi le Td(/C3v)lC2v is intransi t ive. Hence, the latter is 
reduced in to transitive coset representations of the C2v 
g roup . T h e marks of its subgroups (Ci, C2, Cs, Cs7, and 
C2v) are obtained as (4 0 2 2 0) by coun t ing fixed points . 
T h i s row vector is then mul t ip l ied by the inverse of 
the mark table of the C2v g r o u p (see Eq. 1.6 of 
Appendix 1): 

(ßd ßc ßc ßc> ßc») 
:(40220) = (00110) . 1/4 0 0 0 0 

- 1 / 4 1/2 0 0 0 
- 1 / 4 0 1/2 0 0 
- 1 / 4 0 0 1/2 0 

1/2 —1/2—1/2 - 1 / 2 1 

We then ob ta in the reduct ion of the subduced re-

(Appendix 2), we obtain az2 as the un i t subduced cycle 
index wi th chirality fittingness. In a similar way, 
other USCIs wi th and wi thou t chirali ty fittingness are 
obtained (Table 5). 

Enumeration of Isomers Based on an Adamantane 
Skeleton in Which Only Achiral Substituents Are 
Permitted. For the enumera t ion of this type, we use 
the USCIs described above. (We consider achiral sub­
sti tuents only in the discussion of this section.) T h e 
vertex strategy for p roduc ing molecules of various 
symmetries consists of a subst i tu t ion onto the vertices 
of a parent skeleton with a given set of substituents. 
For simplici ty of discussion, we will work ou t the 
orbits (1 and 2) of the ad aman tan e skeleton. We thus 
consider 16 posi t ions in all. T h e first problem is the 
coun t ing of the isomers derived by the subst i tut ion of 
the 16 posi t ions wi th H, X, a n d / o r Y. Because the two 
orbits are subject to Td(/C3v) and Td(/C s), respectively, 
the cor responding rows of USCIs in Tab le 5 are 
adopted to give subduced cycle indices (SCIs). 

A figure inventory for subst i tu t ion wi th H , X, and Y 
is represented by Sk=l+xk+yk, which is introduced 
in to the SCIs (Appendix 1). T h u s , we obtain the 
fol lowing FP-coun t ing polynomia ls as generat ing 
functions: 

presentat ion 

Td (/C3v)lC2v — C2v(/Cs) + C2v(/C. ')• 

T h i s result al lows us to ascribe a USCI (S22) to the 
reduction, since each of the coset representations (CRs) 
of the r igh t -hand side has a 
account of 

i \ j 

Td(/Ci) 

Td(/C2) 

Td(/Cs) 

Td(/C3) 

Td(/S4) 

Td(/D2) 

Td(/C2v) 

Td(/C3v) 

Td(/D2d) 

Td(/T) 

Td(/Td) 
s 

Tpïji 

degree of 2. If we 
the chirali ty fittingness 

c[ 
s i 2 4 

(fci24) 
s i 1 2 

(&11 2) 

s i 1 2 

(bi12) 

si* 

(bi*) 

s i 6 

(bi*) 

J i 6 

(fci6) 
J i 6 

(fci6) 
s i 4 

(&14) 
si3 

(bi3) 

si2 

(W) 
Sl 

(bi) 

1/24 

C2 

S2
12 

(b2
12) 

SlAS2
A 

(&l4fc2
4) 

S26 

(bf) 
S2* 

(62
4) 

5 l 2 5 2 2 

(bi2b2
2) 

S l 6 

( ^ l 6 ) 

5 l 2 5 2 2 

(bi2b2
2) 

S22 

(W) 
si3 

(61») 
Sl2 

(bi2) 

Si 

(bi) 

1/8 

of each 
take 
CR 

for Ci, 
for C2, 

(Sl4)(Sl*2) = 

(S22)(S26) = 

iOY Cs,(Sl2S2)(Sl2S25) = 

for C3, 

for S4, 
for D2 , 
for C2v, 

(SlS3)(S3A) = 

(S*)(SS) = 

(s*)(s*3) = 
[S22)(S22S42) = 

Table 5. Unit Subduced Cycle Indices for Td 

Cs 

S212 

(C212) 

S26 

(^26) 

Si2S25 

(ai2C2s) 

S2* 

(^24) 

S2
3 

(c#) 
S23 

( f t 3 ) 

Si2S22 

(fll2C22) 

Sl2S2 

(ai2c2) 

SlS2 

(aiC2) 

S2 

(C2) 

Sl 

(ai) 

1/4 

c3 

S38 

(W) 
53 4 

(&34) 

53 4 

(&34) 

Sl2S32 

(bi2bs2) 
S2

3 

(bs2) 
S32 

(bs2) 
S32 

(bs2) 
S1S3 

(bibs) 
S3 

(bs) 
Sl2 

(bi2) 

Sl 

(bi) 

1/3 

S4 

S4« 

(^46) 

S2>S42 

(C22CA2) 

S43 

(^43) 

SA2 

(CA2) 

Sl2S4 

(ai2c4) 

S23 

( f t 3 ) 

S2S4 

(C2CA) 

S4 

M 
SlS2 

(aiC2) 

S2 

(02) 

Sl 

(ai) 

1/4 

D2 

S4« 

(W) 
S2S 

(bé) 
SA3 

(b4
3) 

SA2 

(W) 
5 2

3 

(62s) 
5 l 6 

(bi*) 

S23 

(b2
3) 

S4 

(b<) 
si3 

(bi3) 

Sl2 

(bi2) 

Sl 

(bi) 

0 

C2v 

SA6 

(CA«) 

S22Si2 

(C22d2) 

S22Si2 

(d22C42) 

S42 

(CA2) 

S2Si 

(C2C4) 

S23 

(C2*) 

Sl2SA 

(ai2a) 

S22 

(Ü22) 

SlS2 

(aic2) 

S2 

(C2) 

Sl 

(ai) 

0 

•-(1+x 
-(\ + x2 

:(1 + X 
•-(1 + x 

•-(I + x4 

•-(I + x4 

(\ + x2 

C3v 

SB4 

(cS) 
SB2 

(cs2) 
S32SB 

(Ü32CB) 

S2SB 

(C2CB) 

SB 

(cs) 
SB 

(cs) 
S32 

(132) 

S1S3 

(aiü3) 

S3 

(as) 
S2 

(C2) 

Sl 

(ai) 

0 

+ y)16 

+ y2)8 

+ y)4(l + x 
+ y)(\ + x3 

+ y4)4 

+ y4)4 
+ y2)4(l + 

D2d 

S83 

(cs3) 
SA3 

(CA3) 

S4S8 

(ü4C8) 

S8 

(es) 
S2S4 

((I2C4) 

S23 

(C23) 

S2S4 

((I2C4) 

S4 

(fl4) 

SlS2 

(aic2) 

S2 

(C2) 

Sl 

( « I ) 
0 

2 + y2)6 

+ y 3 ) 5 

x4 + y4)2 

T 

S122 

(bu?) 
SB2 

[be) 
512 

(M 
54 2 

(W) 
56 

(*•) 
5S2 

(Ö32) 
56 

(*«) 
54 

(64) 
53 

(bs) 
5 l 2 

(Ö12) 
51 

(bi) 

0 

(316) 
(38) 

(3») 
(36) 

(3«) 
(34) 
(36) 

Td 

524 

(CM) 

512 

(C12) 

512 

(«12) 

58 

( f t ) 

56 

(«e) 
56 

( f t ) 

56 

(ae) 
54 

(«4) 

53 

(as) 
52 

( f t ) 
51 

(ai) 

0 
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Table 6. Enumeration of Isomers with Achiral Substituents 

Indexa) term C i C2 C3 S4 D2 C2v C3v D2d Total 

X16 , 

x15y 
x15 , 
xuy2 

x14y 
X14 

xlsy3 

x13y2 

x13y 
X13 

x12y4 

x12y3 

x12y2 

x12y 
X12 

xny5 

xny4 

xny3 

xny2 

xny 
X11 

x10y6 

x10y5 

x10y4 

x10y3 

x10y2 

x10y 
X10 

x9y7 

x9y6 

x9y5 

x9y4 

x9y3 

x9y2 

x9y 
X9 

xsy8 

x8y7 

xsy6 

x8y5 

xsy4 

x8y3 

xsy2 

x8y 
X8 

x7y7 

x7y6 

x7y5 

x7y4 

x7y3 

x7y2 

x7y 
X7 

x6y6 

xey5 

x6y4 

xsy3 

x6y2 

x6y 
X6 

x5y5 

x5y* 
x5y3 

x5y2 

x5y 
X5 

y 16 

xy15 

yl5 

X2yl4 

xy14 

yl4 

x3y13 

x2y13 

xy13 

y 13 

x4y12 

x3y12 

x2yl2 

xy12 

yl2 

x5yn 

x4yn 

x3yn 

x2yn 

xy11 

y l l 

x6yl0 

x5yl0 

x4y10 

x3yl0 

x2yl0 

• xy10 

; y10 

x7y9 

; x6y9 

; x5y9 

; x4y9 

; x3y9 

; x2y9 

; xy9 

;y» 

; x7y8 

; x6y8 

; x5y8 

; x4y8 

; x3y8 

; x2y8 

; xy8 

;y 8 

; x6y7 

; x5y7 

; x4y7 

; x3y7 

; x2y7 

; xy7 

;y7 

; x5y6 

; x4y6 

; x3y6 

; x2y6 

; xy6 

;ys 

; x4y5 

; x3y5 

; x2y5 

; xy5 

; y5 

0 
0 
0 
2 
7 
2 

17 
61 
61 
17 
62 

285 
424 
285 

62 
161 
877 

1766 
1766 
877 
161 
301 

1951 
4896 
6571 
4896 
1951 
301 
442 

3272 
9875 

16518 
16518 
9875 
3272 
442 
494 

4215 
14822 
29805 
37239 
29805 
14822 
4215 
494 

16980 
39778 
59730 
59730 
39778 
16980 
4215 
442 

69658 
83694 
69658 
39788 
14822 
3272 
301 

83694 
59730 
29805 

9875 
1951 
161 

0 
0 
0 
1 
0 
1 
0 
0 
0 
0 
4 
0 

11 
0 
4 
0 
0 
0 
0 
0 
0 

11 
0 

37 
0 

37 
0 

11 
0 
0 
0 
0 
0 
0 
0 
0 

12 
0 

63 
0 

92 
0 

63 
0 

12 
0 
0 
0 
0 
0 
0 
0 
0 

130 
0 

130 
0 

63 
0 

11 
0 
0 
0 
0 
0 
0 

0 
1 
1 
4 
6 
4 

11 
18 
18 
11 
20 
35 
48 
35 
20 
42 
66 

108 
108 
66 
42 
48 

102 
176 
198 
176 
102 
48 
66 

126 
270 
324 
324 
270 
126 
66 
68 

150 
316 
450 
494 
450 
316 
150 
68 

360 
514 
660 
660 
514 
360 
150 
66 

674 
780 
674 
514 
316 
126 
48 

780 
660 
450 
270 
102 
42 

0 
0 
0 
0 
0 
0 
1 
0 
0 
1 
1 
1 
0 
1 
1 
0 
0 
0 
0 
0 
0 
3 
0 
0 
7 
0 
0 
3 
3 
3 
0 
7 
7 
0 
3 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

12 
0 
0 

12 
0 
0 
3 

12 
0 

12 
12 
0 
3 
3 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
5 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
2 
0 
2 
0 
0 
0 
0 
3 
0 
6 
0 
3 
0 
0 
0 
0 
0 
0 
6 
0 

10 
0 

10 
0 
6 
0 
0 
0 
0 
0 
0 
0 
0 
6 
0 

14 
0 

15 
0 

14 
0 
6 
0 
0 
0 
0 
0 
0 
0 
0 

20 
0 

20 
0 

14 
0 
6 
0 
0 
0 
0 
0 
0 

0 
1 
1 
0 
1 
0 
3 
0 
0 
3 
2 
3 
0 
3 
2 
0 
0 
0 
0 
0 
0 
4 
0 
0 
6 
0 
0 
4 
4 
4 
0 
6 
6 
0 
4 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
6 
0 
0 
6 
0 
0 
4 
6 
0 
6 
6 
0 
4 
4 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
2 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
2 
2 
9 

13 
9 

32 
79 
79 
32 
95 

324 
489 
324 
95 

203 
943 

1874 
1874 
943 
203 
373 

2053 
5119 
6782 
5119 
2053 

373 
515 

3405 
10145 
16855 
16855 
10145 
3405 
515 
584 

4365 
15215 
30255 
37848 
30255 
15215 
4365 
584 

17340 
40310 
60390 
60390 
40310 
17340 
4365 
515 

70500 
84474 
70500 
40310 
15215 
3405 
373 

84474 
60390 
30255 
10145 
2053 
203 
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Indexa) term 

x4y4 

x4y3 • X3y4 

x4y2 ; x2y4 

x4y ; xy4 

x4 ; y4 

x3y3 

x3y2 ; x2y3 

x3y . Xy3 

x3 ; y3 

x2y2 

x2y ; xy2 

x2 ; y2 

xy 
x ; y 
1 

Total 

C i 

37239 
16518 
4896 
877 

62 
6571 
1766 
285 

17 
424 

61 
2 
7 
0 
0 

1778217 

C2 

92 
0 

37 
0 
4 
0 
0 
0 
0 

11 
0 
1 
0 
0 
0 

1431 

Shinsaku FUJITA 

Table 6. 

Cs 

494 
324 
176 
66 
20 

198 
108 
35 
11 
48 
18 
4 
6 
1 
0 

28926 

C3 

0 
7 
0 
0 
1 
7 
0 
1 
1 
0 
0 
0 
0 
0 
0 

243 

(Continued) 

S4 

5 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

27 

D2 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3 

C2v 

15 
0 

10 
0 
3 
0 
0 
0 
0 
6 
0 
2 
0 
0 
0 

351 

C3v 

0 
6 
0 
0 
2 
6 
0 
3 
3 
0 
0 
0 
0 
1 
0 

234 

D2d 

2 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

18 

T 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

Td 

0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

9 
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Total 

37848 
16855 
5119 
943 
95 

6782 
1874 
324 
32 

489 
79 
9 

13 
2 
1 

1809459 

1 

a) The index term xmyn corresponds to the molecular formula: (CioHio-m-nXmY*). 

for C3v, (siS3)(s32s6) = ( 1 + x + y )( 1 + x3 + y3)3( 1 + x6 + y6) (35) 
for D2d, (SA)(S4SS) = (1 + x4 + y4)2(l + x8 + y8) (33) 

for T , (54)(si2) = (1 + *4 + y4)(l + *12 + y12) (32) 
and 
for T d , (S4)(si2) = (1 + x4 + y4)(l + x12 + y12). (32) 

T h e left-hand side of each equa t ion denotes an SCI for 
each subsymmetry, in which the first set of parentheses 
contains the USCI of the Td(/C3v) row, and the second, 
the USCI of the T d ( /C s ) row. 

T h e expans ion of the r igh t -hand sides of the 
equat ions gives the genera t ing functions, in which the 
coefficient of the xmyn term indicates the number of 
fixed points wi th xmyn and the respective subsymmetry. 

For the purpose of i l lustra t ing a procedure for 
ob ta in ing the number s of isomers, we deal wi th the 
case of x8y4. T h u s , after the expansion, we collect the 
resul t ing coefficients of the x8y4 term of the poly­
nomials . Thereby, we obtain the FPV of x8y4: 
FPV=(900900 420 1020 0 12 12 32 0 2 0 0). T h i s is 
mul t ip l i ed by the inverse (Table 3) to give a vector, 
(37239 92 494 0 5 1 15 0 2 0 0), wh ich indicates the 
mult ipl ic i t ies in the order of the SSG. T h u s , the 
C10H4X8Y4 isomers are classified in to 37239 assym-
metric (Ci) isomers, 92 isomers of C2 subsymmetry, 494 
isomers of Cs, 5 of S4, one isomer of D2, 15 of C2v, and 
two isomers of D2d- Similarly, the isomers wi th xmyn 

(which corresponds to the formula of CioHi6-m-/jXmYn) 
were enumerated. T a b l e 6 lists the results, in which 
the intersection between xmyn and a subsymmetry 
indicates the n u m b e r of isomers wi th CioHie-m-nXmY« 
and wi th the subsymmetry. 

T h e D2d c o l u m n of T a b l e 6 indicates that the D2d 
isomers of the present enumera t ion should have 
molecular formulas of C10X12Y4 (1 isomer for the x12y4 

term), C10X4Y12 (1 for x4y12), C10H4X12 (1 for x12), 
C10H4Y12 (1 for y12), CioXsYs (2 for x8y8), CioH4X8Y4 

(2 for x8y4), CioH4X4Y8 (2 for x4y8), CioH8X8 (2 for x8), 

CioH8Y8 (2 for y8), CioH8X4Y4 (2 for x4y4), C10H12X4 
(1 for x4), or C10H12Y4 (1 for y4). T h u s , there exist 18 
D2d isomers in all. These results are verified by the 
m a n u a l enumera t ion depicted in Fig. 1. T h e present 
enumera t ion thus clarifies bo th the symmetry and the 
molecular formula of an isomer; thereby, we can easily 
draw a concrete structure of the isomer. 

T h e D2 c o l u m n of Tab le 6 shows that there emerge 3 
molecules wi th the D2 symmetry. Figure 2 depicts 
these D2 molecules. 

T h e T c o l u m n of Table 6 suggests the non-existence 
of T isomers. In fact, no T isomers can exist if only 
achiral substi tuents are considered. It will be proved 
that T isomers are realized on the adamantane skeleton 
only if chiral substi tuents in addi t ion to achiral ones 
are allowed. 

A total n u m b e r regarding each subsymmetry is 
obtained by s u m m i n g u p the corresponding co lumn of 
Tab le 6. Alternatively, the total number can be 
calculated as a whole. We first obtain an F P V = 
(43046721 6561 59049 729 81 81 729 243 27 9 9) by the 
subst i tut ion of x = y = l in to the above-mentioned FP-
coun t ing po lynomina ls (e.g., 316=43046721, as is 
shown in the r ightmost parentheses). v T h e n the FPV is 
mul t ip l i ed by the inverse of the mark table (Table 3) to 
give a vector, (1778217 1431 28926 243 27 3 351 234 18 
0 9). T h i s result is identical wi th the values shown at 
the bo t tom of Tab le 6, which are, in turn, derived from 
the direct summat ion . 

T h e total n u m b e r of isomer wi th xmyn can alterna­
tively be calculated by us ing a cycle index derived from 
a table of USCIs (Appendix 1). T h u s , we obta in the 
cycle index (CI): 

ZI(Td; sk) 
= (l/24)((Si4)(5il2) + (l/S)(S22)(S26) + (l/4)(Si2S2)(Si2S25) 

+ (\/3)(SlS3)(S34) + ( l /4 ) (* ) (* 8 ) 

= (l/24)(5i1 6 + 3s28 + 6si4S2s + SsiS35 + 6s4
4), (2) 
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_#__o_ 

C10X12YA ^ V ) X Y 

C l0XAY12 ( x AV l 2 ) Y X 

12x C10HAX12(x^) X H 

C10H4Y12<y12) Y H 

10 ^1?XA H X 

C10H,2Y^(yA) H Y 

• 
C I O W A [ X 

(xV>) I X 

C 10 H A X A Y 8(" Y 

(x^y8) L Y 

C10H8XAYA f" H 

(xV) H 

O 

H 

Y 

H 

X 

X 

Y 

3 

Y 

H 

X 

H 

Y 

X 

• 

C10X8Y8[ X 

(x8y8) l Y 

C 10 H 8 x 8f x 

(x8) l H 

C 10 H 8 Y 8 T Y 

( y 8 ) ^ H 

O 

Y 

X 

H 

X 

H 

Y 

Fig. 1. Isomers of DM symmetry with achiral sub-
stituents on an adamantane skeleton. 

• O O 

C10H4X8Y4 ( x V ) X H Y 

C10HAXAY8 (xAY8) Y H x 

C I O W A ( X V ) H X Y 

Fig. 2. Isomers of D2 symmetry with achiral sub-
stituents on an adamantane skeleton. 

which uses the rows of Td(/C3v) and Td(/Cs) and 
involves the factors (1/24, etc.) at the bottom of the 
table of USCIs (Table 5). The factors have been 
obtained by summing up every row of Table 3, as is 
shown in the rightmost column. Note that the factors 
are positive only if the corresponding subgroups are 
cyclic. The resulting cycle index (Eq. 2) can be proved 
to be identical to that derived alternatively from 
Polya's theorem.10 After the introduction of the figure 
inventory and the expansion of the resulting equation, 
we obtain a generating function which counts the total 
number of isomers with the xmyn term. The coefficient 
of the term is found in the rightmost column of 
Table 6. 

It should be emphasized here that Polya's theorem, 
which gives a result equivalent to Eq. 2, takes no 
account of molecular symmetry. On the other hand, 
the present method provides detailed results that can 
be itemized regarding molecular symmetry (Table 6). 

Enumeration of Isomers Permitting Achiral and 
Chiral Substituents. If we permit chiral substituents 
in addition to achiral ones, we should use unit 
subduced cycle indices with chirality fittingness (USCI-
CFs) in place of the USCIs described in the previous 
section (Appendix 2). Table 5 also lists the USCI-CFs 
for the Td symmetry. The USCI-CFs contain variables 
(a, b, and c) which indicate the chirality fittingness of 
the respective coset representation (in other words, of 
the corresponding orbit). 

Let us work out the same adamantane skeleton 
except that we will now consider chiral substituents as 
well as achiral ones. The Td(/C3v) and Td(/Cs) rows of 
USCI-CFs (Table 5) are applied to two orbits (1 and 2), 
thus affording the following subduced cycle indices 
with chirality fittingness (SCI-CFs): 

for Ci, 
for C2, 
for C3, 
for S4, 
for D2 , 
for C2v, 
for C3v, 
for D2d, 
f o r T , 
for Td, 

(bi12)(bi*) = ( 1 + x)12(l + x + r + s)4, 
(b2

6)(b2
2) = (1 + x2)6(l + x2 + r2 + s2)2, 

(ai2C25)(ai2c2) = (1 + x)4(l + x2)5(l + x2 + 2rs), 
(C43)(c4) = (1 + x4)3(l + x4 + 2r2s2), 
(b43)(b4) = ( 1 + x4)3(l + x4 + r4 + s4), 

(a2
2C42)(a2

2) = ( 1 + x2)4(l + x4)2, 
(a3

2C6)(aia3) = (1 + x)(l + x3)3(l + x6), 
(04C8)M = ( 1 + X4)2(l + X8), 

(&12X&4) = (1 + x12)(l + x4 + r4 + s4), and 
(fll2)(A4) = (1 + X12)(l + X4), 

in which the left-hand sides denote the SCI-CFs for the 
respective subsymmetries. Note that the first paren­
theses on the left-hand side of each equation contain 
the USCI-CF of Td(/C3v), while the second ones 
enclose the USCI-CF of Td(/Cs). 

For simplicity of discussion, suppose, for example, 
that the 1 orbit can take a chiral substituent (R) and its 
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Index term 

ra=12; 0 
H; 1 
10; 2 
9; 3 
8; 4 
7; 5 
6 

x 'Vs+rs3) : 
m=12; 0 

11; 1 
10; 2 
9; 3 
8; 4 
7; 5 
6 

xm(r3+53): 
m=13; 0 

12; 1 
11; 2 
10; 3 
9; 4 
8; 5 
7; 6 

xm(rW): 
m=12; 0 

11; 1 
10; 2 
9; 3 
8; 4 
7; 5 
6 

xm(r2s+sr*): 
m=13; 0 

12; 1 
11; 2 
10; 3 
9; 4 
8; 5 
7; 6 

xm(r*+s2): 
ra=14; 0 

13; 1 
12; 2 
11; 3 
10; 4 
9; 5 
8; 6 
7 

xm(rs): 
ra=14; 0 

13; 1 
12; 2 
11; 3 
10; 4 
9; 5 
8; 6 
7 

Table 7. 

Ci 

0 
1 
4 

17 
38 
66 
70 

0 
4 

22 
72 

165 
264 
306 

0 
4 

26 
94 

237 
429 
570 

0 
3 

15 
55 

120 
198 
226 

1 
13 
78 

286 
715 

1287 
1716 

0 
7 

42 
182 
490 

1001 
1484 
1716 

0 
5 

40 
170 
480 
971 

1464 
1676 
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Enumeration of Isomers with Achiral and Chiral Substituents 

C2 

0 
0 
3 
0 
6 
0 

10 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
3 
0 
6 
0 

10 

0 
0 
0 
0 
0 
0 
0 

1 
0 
7 
0 

21 
0 

35 
0 

0 
0 
0 
0 
0 
0 
0 
0 

Cs 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

1 
4 

11 
24 
41 
60 
75 
80 

C3 

0 
0 
0 
4 
0 
0 
6 

1 
0 
0 
4 
0 
0 
6 

1 
1 
0 
4 
4 
0 
6 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

s4 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

1 
0 
0 
0 
3 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

D2 

0 
0 
0 
0 
1 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

C2v 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

C3v 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

D2d 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

T 

1 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
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Td 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

1 
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Index term 

xm(r+s): 
ra=15; 0 

14; 1 
13; 2 
12; 3 
11; 4 
10; 5 
9; 6 
8; 7 

xm: 
m=16; 0 

15; 1 
14; 2 
13; 3 
12; 4 
11; 5 
10; 6 
9; 7 
8 

Ci 

0 
5 

35 
150 
455 

1001 
1665 
2145 

0 
0 
2 

17 
62 

161 
301 
442 
494 

C2 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
1 
0 
4 
0 

11 
0 

12 

Cs 

0 
0 
0 
0 
0 
0 
0 
0 

0 
1 
4 

11 
20 
42 
48 
66 
68 

Systematic 

Table 7. 

C3 

1 
0 
0 
5 
0 
0 

10 
0 

0 
0 
0 
1 
1 
0 
3 
3 
0 

Enumeration 

(Continued) 

S4 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
1 
0 
0 
0 
2 

D2 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

C2v 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
2 
0 
3 
0 
6 
0 
6 

C3v 

0 
0 
0 
0 
0 
0 
0 
0 

0 
1 
0 
3 
2 
0 
4 
4 
0 

D2d 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
1 
0 
0 
0 
2 

T 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

Td 

0 
0 
0 
0 
0 
0 
0 
0 

1 
0 
0 
0 
1 
0 
0 
0 
0 
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antipode (S) in addition to the achiral ones, while the 2 
orbit has two achiral substituents (H and X) only. 
Then, the figure inventories for this case are repre­
sented by: 

dk = 1 + Xk 

bk = 1 + xk + rk + sk 

ck = 1 + xk + 2(rs)*/2 
and 

and: 

dk • bk — Ck — 1 + . 

for the orbit (1), 

for the orbit (2). 

These equations are introduced into the above SCIs 
and expanded into generating functions for counting 
the number of fixed points. Note that the xlrmsn and 
xlrnsm terms express a pair of antipodes. Hence, the 
coefficients of the paired terms are summed up to give 
the number of fixed points. If m is equal to n, the 
coefficient of xlrmsm represents the number. For 
example, the pair of x9r3s and x9rs3 has an FPV as 
follows. 

FPV = (1760 0 0 8 0 0 0 0 0 0 0) 

This vector is multiplied by the inverse (Table 3), 
giving a row vector, (72 0 0 4 0 0 0 0 0 0 0). The 
resulting vector indicates that there exist 72 Ci 
molecules and 4 C3 molecules both of which corre­
spond to x9r3s (or x9rs3). Table 7 summarizes the 
results of the present enumerations. 

In order to illustrate the results of Table 7, Fig. 3 
collects C3 molecules with x15r (or r), x12r (or x3r), and 
x9r (or x6r), in which only one antipode is selected 
from every racemic pair. Their numbers appear in the 
C3 column of Table 7. 

Figure 4 shows another type of C3 molecules, 

consisting of achiral substituents only. Their numbers 
also appear in the C3 column of Table 7. 

Table 7 indicates that there are two D2 molecules in 
the present enumeration. These molecules have the 
x8!4 and x4!4 terms. The concrete forms are found in 
Fig. 5. Figure 5 also contains T molecules which are 
predicted by the systematic enumeration shown in 
Table 7. It should be noted that the enumeration of 
the previous section created no T isomers. 

A Selection Rule for the Existence of Molecules with 
a Subsymmetry. The above procedure reveals which 
subsymmetries of a present skeleton exist if a set of 
substituents is given. However, the results vary with 
the set of substituents. This section aims at showing 
that USCIs and USCI-CFs are versatile tool for 
predicting the existence or non-existence of the 
subsymmetries. 

Let us consider the first case in which the Td(/Cs) 
and Td(/C3v) orbits of the adamantane skeleton are 
replaced with achiral ligands. An index for a sub-
symmetry is defined as a set of USCIs punctuated with 
semicolons. Figure 6 depicts the subgroup lattice of 
Td, which also contains indices for the subsymmetry of 
Td. The indices are obtained from the Td(/Cs) and 
Td(/C3v)rowsofTable5. 

The indices collected in Fig. 6 indicate the modes of 
the substitution of the respective subsymmetry. For 
example, the index (s4Ss;s4) for D2d corresponds to the 
(X4Y8;Z4) substitution, in which Z may be the same as 
X or Y; however X must be different from Y. For 
example, all of the D2d molecules collected in Fig. 1 
satisfy this criterion. 

The discussions of the previous paragraph afford a 
selection rule for the allowance of subsymmetries. 
Thus, the T symmetry of Fig. 6 has an index of su;s4, 
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o = X 

• = H 

* = R (chi ra l ) 

Fig. 3. Selected isomers of C3 symmetry with chiral 
and achiral substituents on an adamantane skeleton. 

,13 

M 

,10 

^A 

o = X 

• = H 

Fig. 4. Selected isomers of C3 symmetry with achiral 
substituents on an adamantane skeleton. 

0 • chiral 

% ^ O ^ Z # x8rA(x¥) X H R(S) 

or 

* x W s A ) H X R(S) 

Ï 
f 

D2 

0 li f° \r* 

S_ chiral 
J2S(x]2s*) X R(S) 

or 

rA (sA ) H R(S) 

Fig. 5. Isomers of D2 and T symmetry with achiral 
and chiral substituents on an adamantane skeleton. 

O n the other hand , if we permi t addit ional chiral 
subst i tuents , T molecules can exist, as is shown in 
Tab le 7.17) T h i s can be explained by the fact that the T 
symmetry has an index, bu; b±, which is different from 
that (ai2',a4) of the Td symmetry. 

which is identical wi th that of the Td symmetry. T h i s 
fact indicates that no T molecules are allowed in this 
series. It is possible that molecules wi th other sub-
symmetries of this series exist, since the respective 
indices are different from those of the supergroups. 

Conclusion 

T h e subduct ion of coset representations (SCR) and a 
un i t subduced cycle index are introduced to enumerate 
isomers based on Td skeletons. T h e enumera t ion is 
concerned wi th the molecular symmetry as well as 



January, 1990] Systematic Enumeration 213 

- T d^)^ d ( / c 3 v ) 

s12 : s A 
a 12 ; a A 

4%*? 

a 1 c 2 ; a l c 2 

Fig. 6. Allowed and forbidden subsymmetries of an 
adamantane skeleton (Td). The x-ed subsymmetry is 
forbidden. 

wi th the molecular formulas. A vertex strategy is 
il lustrated to produce isomers of various subsymme-
tries. A un i t subduced cycle index wi th chirality 
fittingness is also discussed in an a t tempt to enumerate 
isomers hav ing chiral in addi t ion to achiral substi-
tuents. A l though we have restricted ourselves to the 
enumera t ion based on an adaman tane skeleton, the 
present me thod can be appl ied to other Td skeletons as 
well as to those of other po in t groups. 

Appendix 1 

This appendix affords a method of enumerating isomers 
with achiral substituents only. The enumeration is done 
taken into account the constitutions of the isomers as well as 
their symmetries. 

Coset Representations. Let G be a group of a finite order. 
Suppose that a set of subgroups is defined as 

SSG = { G i , G 2 , - , G , } , 

the elements of which are representatives of the respective 
conjugate subgroups, wherein Gi is an identity group and 
Gs is equal to G. The corresponding set of coset re­
presentations (CR), i.e., 

SCR = {G(/Gi), G(/G2), - , G(/G,)}, 

is a full list of the transitive permutation representations of 

the group (G). 
Let PA be a permutation representation of G. Then, PA 

can be reduced in terms of: 

PA = S« . -G( /G 1 - ) . (l . i) 

The multiplicities az are calculated by means of the 
following equations: 

s 
fJLj = ^auriij (1.2) 

( / = l , 2 , - , 5 ) . 

The matrix (mzy) is called a table of marks, which is denoted as 
M. We define a multiplicity vector (MV) and a fixed-point 
vector (FPV) as: 

and 
MV = (ai «2 ••• as) 

FPV = (/zi/*2- Ps). 

Equation 1.2 is thereby transformed into 

( a i «2 ••• as) '• 

MV 
(M1M2 ••• fis) 

FPV 
m u m i2 

77121 ^ 2 2 

m si mS2 

mu 
~rh~2s 

~mss 

(1.3) 

M 

wherein the matrix (M) is the inverse of the table of marks. 
Subduction of Coset Representations and Unit Subduced 

Cycle Indices. Although a coset representation G(/G,-) is 
transitive, a subduced representation (SR) by a subgroup 
Gy^G is generally intransitive. Let the symbol G(/G,-)JGy 
denote the subduced representation. Let us consider the set 
of subgroups of Gy represented by: 

SSGy = {Gi<'\G2
(''',-..»Gv/rt} 

(j=l,2,-,s), 
(1.4) 

where the first element, Gi(j), is an identity group, while the 
last one, Gv/;), is identical with Gy. Then, Eqs. 1.1 and 1.3 are 
converted so as to apply in the SR. The SR is thus reduced 
into coset representations in the light of: 

G(/G I-)iGy=2j8*<^G,</G^) 
k=i ( / = 1 , 2 , - , J ) 

and: 
(ßl™ ß2{l]) ••• ßvf

m) = (Pl{lj) V2{lj) • - VVM)M^ 

( / = 1 , 2 , . . . , 5 ) , 

(1.5) 

(1.6) 

where ßk
{l]) is the multiplicity of Gy(/G*(,,)) in the SR and 

where the symbol M{j) denotes the inverse of a table of marks 
for the Gy group. 

Equation 1.1 provides a division of the positions of a 
skeleton into a set of orbits, Aia. Equation 1.5 indicates 
subdivision of the Aia orbit into a set of suborbits, Akß(ia)-
Since the Akß

{ia) suborbit is subject to Gy(/G*(y))> its length is 
equal to the degree of Gy(/G*(;))- Hence, it is represented by: 

|G ;|/|GH (1.7) 

Suppose that a variable 5d,-*(,'a) is assigned to the suborbit. 
Thereby, we successively introduce these new concepts, unit 
subduced cycle index (USCI), subduced cycle index (SCI), and 
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cycle index (CI), in terms of: 
Definition 1. 
(1) A unit subduced cycle index (USCI) is defined as: 

Z(G(/G,)1G;; W
m ) ) = n (W^a ))^' , , (1.8) 

(fori = 1,2, ---1, s and / = 1,2, --,s). 

(2) A subduced cycle index (SCI) is defined as: 

Z(Gy; sdikM) = ÛÛ Z(G(/G1-)lGy; V
m ) ) (1.9) 

i—lo=0 / r . T O \ 
(for; - 1,2, — ,s), 

where the term on the right-hand side is equal to 1 if a, is 
equal to 0. 

(3) A cycle index (CI) is defined as: 

ZI(G; V - ) ) = 2 ( 2 my,-)Z(Gy; sd,k^). 
; = 1 , = 1 

Enumeration of Isomers with Achiral Substituents Only. 
Let A={8i, Ô2, •••, ôjzii} be a domain, the elements of which are 
called positions. Consider that the mr values of figures (Xr) 
selected from a codomain, X={Xi, X2, •••, Xr, •••, X|X|}, 
occupy the positions of A. In a chemical sense, the figures 
are called substituents or ligands. The positions are divided 
and subdivided in the way described in the last section. We 
assign a weight, wia(Xr), to a figure (substituent) on the 
suborbit (Aia). The resulting isomers have a molecular 
formula (or weight), We, which is represented by a 
monomial of Wia(Xr). The number of fixed points (pej) 
concerning G ; and We is obtained by a generating function 
as is shown in: 

Lemma l .n ) 

2 PejWe = Z(Gy; V a ) ) 
<y = 1 , 2 , 

which is substituted by: 

(1.11) 
,s), 

Sdj k
(,a) = 2 wJtXr)**. 

r=\ 
(1.12) 

The number of isomers with We and Gz is obtained by the 
use of 

Theorem 1. Let Aei be the number of Gz-isomers with We. 
Then, 

Appendix 2 

This appendix is devoted to the enumeration of isomers 
with achiral and chiral substituents. The chirality fitting-
ness of an orbit is a key concept for deriving theorems for the 
enumeration. 

Chirality Fittingness of an Orbit. Suppose that G is a 
point group and that Gz is its subgroup. An orbit is subject 
to a coset representation, G(/G,-), as has been shown in 
Appendix 1. The relationship between G and Gz determines 
the mode of substitution on the orbit according to Theorem 
2. (The proof will be reported elsewhere.llb)) 

Theorem 2. A coset representation, G(/G,-), can act on: 
a) an orbit that takes only achiral substituents if both G 

and Gi contain improper rotations (an achiral part), 
b) an orbit that takes achiral as well as chiral substituents 

if both G and Gz contain only proper rotations (a neutral 
part), and 

c) an orbit that takes achiral as well as chiral ligands if G 
contains improper rotations, while Gz contains only proper 
rotations (a chiral part). 

In a neutral part, the same kind of achiral or chiral 
substituents freely occupy the orbit. In a chiral part, 
however, achiral substituents are capable of occupying 
freely, but chiral ones fulfill the orbit in such a way that a 
half of the orbit involves the same kind of substituents of a 
given chirality, while the remaining half contains their 
antipodes. 

Unit Subduced Cycle Indices with Chirality Fittingness. 
If we consider chiral substituents along with achiral ones, we 
should assign three types of variables to the suborbits (Akß

(m)) 
in agreement with their chirality fittingness. Therefore, we 
then use these variables: 

adjk
(ia\ bdjk

(ia), and cd)k^\ 

for achiral, neutral, and chiral parts respectively. Thereby, 
we can define unit subduced cycle indices with chirality 
fittingness (USCI-CFs) and so forth as follows. 

Definition 2. 
(1) A unit subduced cycle index with chirality fittingness 

(USCI-CF) is defined as 

11 A12 • 

21 A22 

e|i A\e\2 • 

•• Au 
•• A2s 

" A\e\s 

— 
Pu 
P21 

P|0|1 

Pl2 

P22 

P|0|2 • 

• Pis 

P2s 

• P\e\s 

M, (1.13) 

where M is the inverse denoted in Eq. 1.3. 
Let Ae be the total number of isomers with We. This can 

be calculated by means of the summation: 

2^0» (1.14) 

Z(G(/Gf)iGy; $dik
{ia)) = i y V * ) ) ^ (2.1) 

(for i = 1, 2, •••, s and ; = 1, 2, •••, s), 

wherein the symbol ($) denotes a, b, or c in accord with the 
chirality fittingness of Gy(/G*(y))-

(2) A subduced cycle index with chirality fittingness (SCI-
CF) is defined as 

Z(Gy; V
z a ) ) = n n Z(G(/G,)lGy; **<*>) (2.2) 

i=i 0=0 / f . , 0 . 
(for; — 1,2, --,5), 

in which the ^ ' s are calculated by means of Eq. 1.12. 
The Ae value is alternatively obtained by the use of 
Corollary 1. 

TtAeWe = Zl(G;sdjk^), (1.15) 
0 

which is replaced by the figure inventory (Eq. 1.12). 
Corollary 1 can be proved to be equivalent to Polya's 
theorem. The proof will be reported elsewhere. 

where the term of the right-hand side is equal to 1 if az is 
equal to 0. 

(3) A cycle index with chirality fittingness (CI-CF) is 
defined as 

ZI(G; V a ) ) = 2 ( 2 myi-)Z(Gy; V
, a ))- (2-3) 

y=i ,=1 

Enumeration of Isomers with Achiral and Chiral Substi­
tuents. Using these indices, we can obtain the number of 
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fixed points (py) in terms of: 
Lemma 2. 

E PejWe = Z(Gr, $dik
(ia)) 

( / = 1 , 2 , . . . , 5 ) . 

which is substituted by: 

|x| 
adik

{ia) = 2 wUXr^Y'" for $ = a, 
r=l 

ixl 
V a ) = 2 iiMXr)4* f o r * = b> 

r=l 

(2.4) 

(2.5) 

(2.6) 

and: 

Cd, 
|x| |x| 

*(,a) = 2 Wia(Xr<*)d* + 2 2 [Wia(Xr^)Wia(Xr^)Y^2 

r~l r=1 lor$ = c, (2.7) 

wherein the symbol (Xr
(a) ) denotes an achiral substituent, the 

symbol (Xr) denotes any substituent, and Xr
(c) is the antipode 

of Xr<<*>. 
If achiral and chiral substituents are considered, the 

number of isomers with We and Gz is obtained by 
Corollary 2. Let Bei be the number of Gz-isomers with 

We. Then, 

#11 B\2 
B21 B22 

B\e\i B\e\2 

Bls 

B2s 

B\e\s 

Pu P12 

P21 P22 

P|0|1 P|0|2 

Pis 

P2s 

P\e\s 

M, (2.8) 

where M is the inverse denoted in Eq. 1.3. 
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The UV absorption spectrum of 2,6-diaminopyridine was measured in an ethanol-and-isooctane mixed 
solvent while increasing the concentration of ethanol at room temperature and changing the temperature from 
20 to —100 ° C at a constant concentration of ethanol. Its spectrum showed a clear shoulder band near 345 nm as 
the concentration of ethanol increased to over 5X10-1 mol dm - 3 at room temperature and as the temperature 
decreased from 20 to —100 °C in 1X10-1 mol dm - 3 of ethanol in the isooctane solution. The corresponding band 
near 345 nm was observed for 2-amino-6-methylaminopyridine and 2,6-bis(methylamino)pyridine; however, it 
was not found for 2-amino-6-dimethylaminopyridine, 2-methylamino-6-dimethylaminopyridine, or 2,6-
bis(dimethylamino)pyridine in the same experiments. The shoulder band near 345 nm was, on the basis of the 
spectroscopic results and the molecular orbital method, assigned to the n-n* absorption band of the (£)-6-
amino-2(lH)-pyridinimine formed through the hydrogen-bond formation of 2,6-diaminopyridine with two 
ethanols. The formation of the imino form with two ethanols may be restricted to the 2,6-diaminopyridine and 
its methyl derivatives, in which each amino group at the 2- and 6-positions has at least one hydrogen atom. The 
proton transfer from ethanol to 2,6-diaminopyridine in the 2,6-diaminopyridine-ethanol complex may be 
energetically difficult in the ground state. 

A number of studies of the keto-enol tautomeriza­
t ion of 2-pyridinol and its related c o m p o u n d s have 
been done, 1 - 6 ) bu t the number of such studies of the 
a m i n o - i m i n o tautomerizat ion of 2-aminopyridine and 
its related compounds seem few in comparison. In a 
previous paper, j u d g i n g from the UV-absorpt ion and 
fluorescence-spectral data concerning the 2,6-diamino­
pyr id ine-e thanol system in isooctane ( 2,2,4-trime thy 1-
pentane) , it has been found that the formation of 6-
amino-2(lH)-pyridinimine (tautomer) and 2,6-diamino-
pyr id in ium (monocat ion) occurs in the lowest n, TT* 
excited singlet state by means of an interaction with 
ethanol.7 ) No absorpt ion band in the region expected 
for the tautomer by the M O calculation was observed 
at e thanol concentrat ions below 1X10 - 1 mol dm_ 3 .7 ) 

However, on the addi t ion of e thanol to 2,6-
d iaminopyr id ine in isooctane, a new, weak and clear 
shoulder band appears near 345 n m at the tail of the 
ma in band of 2,6-diaminopyridine, and its intensity is 
enhanced as the concentrat ion of e thanol increases to 
over 5X10 - 1 mol d m - 3 or as the temperature decreased 
from 20 to —100 °C, even if the concentrat ion is below 
1X10 - 1 mol d m - 3 . A similar absorpt ion spectrum was 
observed in an EPA (ether : 2-methylpentane : e thano l= 
5:5:2) solut ion as the temperature decreased. 

In this paper, in order to ascertain the shoulder band 
near 345 n m of the 2 ,6-diaminopyridine-ethanol sys­
tem, the UV absorpt ion spectra of 2,6-diaminopyri­
dine and methyl-subst i tuted 2,6-diaminopyridine de­
rivatives were measured at a constant concentrat ion of 
e thanol and at various temperatures. O n the other 
hand, the molecular-orbi tal calculat ion for the 2,6-
d i aminopyr id ine -me thano l model was carried out in 
order to interpret the shoulder band near 345 nm. 

Experimental 

Materials. The purification of 2,6-diaminopyridine, eth­

anol, and isooctane were described in a previous paper.7) 

2-Amino-6-methylaminopyridine, 2-amino-6-dimethylamino-
pyridine, and 2-dimethylamino-6-methylaminopyridine were 
prepared by the method of Bernstein et al.,8) and 2,6-
bis(methylamino)pyridine and 2,6-bis(dimethylamino)pyri-
dine, by the method of Hammond.9) The purification of 
these methyl-substituted 2,6-diaminopyridines was performed 
by repeated silica-gel column chromatography, using ether 
as the eluent. The *H NMR spectra of these compounds 
were taken on a JEOL FX90Q spectrometer (90 MHz), using 
CDCI3 as the solvent and TMS as the internal standard. The 
methyl-substituted 2,6-diaminopyridines have the following 
*H NMR spectroscopic properties: 

2-Amino-6-methylaminopyridine: ô=2.83 (3H, d, / = 5 Hz, 
CH3), 4.30 (3H, m, NH2 and NH), 5.74 (1H, d, / = 8 Hz, ring), 
5.83 (1H, d, / = 8 Hz, ring), 7.24 (1H, t, / = 8 Hz, ring). 

2,6-Bis(methylamino)pyridine: 0=2.84 (6H, d, / = 5 Hz, 
2CH3), 4.30 (2H, m, 2NH), 5.72 (2H, d, /=8Hz , ring), 7.28 
(1H, t , / = 8 H z , ring). 

2-Amino-6-dimethylaminopyridine: ô=2.92 (6H, s, 2CH3), 
4.12 (2H, m, NH2), 5.69 (1H, d, / = 8 Hz, ring), 5.83 (1H, d, 
/ = 8 Hz, ring), 7.15 (1H, t, / = 8 Hz, ring). 

2-Methylamino-6-dimethylaminopyridine: ô=2.74 (3H, d, 
/ = 5 H z , CH3), 2.94 (6H, s, 2CH3), 4.42 (1H, m, NH), 5.60 
(1H, d, / = 8 Hz, ring), 5.76 (1H, d, / = 8 Hz, ring), 7.19 (1H, t, 
/ = 8 Hz, ring). 

2,6-Bis(dimethylamino)pyridine: 6=2.96 (12H, s, 4CH3), 
5.70 (2H, d, / = 8 Hz, ring), 7.21 (1H, t, / = 8 Hz, ring). 

UV-Absorption Measurement. The apparatus of the UV-
absorption measurement used has been described else­
where.7* The absorption measurement for variable tempera­
tures was carried out on samples in 10-mm square quartz cells 
placed in a metallic Dewar vessel with two quartz windows. 

Methods of Calculation and Molecular Models 

T h e molecular models of 2,6-diaminopyridine, (£ ) -
and (Z)-6-amino-2(lH)-pyridinimine, and 2,6-diamino-
pyridinium, which had been obtained by the M I N D O / 3 
method wi th full geometry optimization10* as in the 
previous paper,7 ) were used. T h e methanol model was 



January, 1990] Tau tomer ization of 2,6-Diaminopyridine 217 

Fig. 1. The model 1 corresponds to the 2,6-diamino-
pyridine-ethanol complex, the model 2 to the (E)-6-
amino-2(lH)-pyridinimine-ethanol 1:1 complex, the 
model 3 to the 2,6-diaminopyridinium-itiethoxide 
anion complex, and the model 4 to the (£)-6-amino-
2(lH)-pyridmimine-ethanol 1:2 complex, respectively. 

used for the e thanol model in the present calculation. 
T h e exper imental values were used for the models of 
methanol.11* T h e model of the methoxide an ion was 
obtained by the M I N D O / 3 method, wi th full geometry 
opt imizat ion, as the following values:10* 

C-H: 1.167 Â; C-O: 1.260 Â; H-C-O: 119.0°. 

Figure 1 shows the four k inds of complex models used 
for the calculation. T h e 1 model corresponds to the 
2 ,6-diaminopyr idine-e thanol complex; the 2 model, to 
the (£)-6-amino-2( lH)-pyr id inimine-e thanol 1:1 com­
plex ( tautomer model-A), the 3 model , to the 2,6-
d i aminopyr id in ium-methox ide an ion (proton trans­
ferred model) , and the 4 model , to the (£)-6-amino-
2( lH) -pyr id in imine-e thano l 1:2 complex (tautomer 
model-B). T h e present complex models were assumed 
to be planar . T h e geometry of each complex model 
was optimized wi th respect to the parameters of the 
distance and the angle , as is shown in Fig. 1. T h e total 
energies (—ET), of the complex models were calculated 
under the assumpt ion that the composite parts of the 
complex are invar iant on complex formation. T h e 
total energies were obta ined by chang ing the distance 
and angles unt i l the — ET value reached a m a x i m u m , as 
calculated by the use of the ab in i t io STO-3G 
method.12) 

Results and Discussion 

Experimental ly , the addi t ion of a small a m o u n t of 
e thanol to 2 ,6-diaminopyridine in isooctane perturbs 

250 300 
Wavelength/nm 

Fig. 2. The UV absorption spectra of 2,6-diamino­
pyridine in isooctane-ethanol mixed solvent at 20 °C. 
Concentration of 2,6-diaminopyridine: 8X10~5mol 
dm -3 , concentration of ethanol (mol dm -3): (1) 0, 
(2) 0.01, (3) 0.05, (4) 0.07, (5) 0.1, (6) 0.5, (7) 2.0. 

350 400 250 300 
Wavelength/ nm 

350 400 

Fig. 3. The temperature effect on the UV absorption 
spectra of methyl-substituted 2,6-diaminopyridines 
(8X10-5 mol dm -3) in isooctane-ethanol (1X10-1 mol 
dm~3) mixed solvent: (1) 20°C, (2) -10°C, (3) 
-40°C, (4) -70°C, (5) -100°C. A; 2,6-diamino­
pyridine/EtO H, B; 2-amino-6-methylaminopyri-
dine/EtOH, C; 2,6-bis(methylamino)pyridine/EtOH, 
D; 2-amino-6-dimethylaminopyridine/EtOH, E; 2-
methylamino-6-dimethylaminopyridine/EtOH, F; 
2,6-bis(dimethylamino)pyridine/EtOH. 

the absorp t ion spectrum, as is shown in Fig. 2. T h e 
large band-shift to the longer wavelength and the 
enhancement of the band intensity were at tr ibuted to 
the formation of a hydrogen-bonded 1:1 complex, as is 
shown by the 1 model of Fig. 1.7) At concentrat ions of 
e thanol larger than 5X10 - 1 mol d m - 3 a new shoulder 
band appears near 345 nm, as is shown in Fig. 2. T h e 
UV absorpt ion spectra of 2,6-diaminopyridine and its 
methyl-subst i tuted derivatives at a constant concentra­
tion of e thanol bu t under various temperatures are 
shown in Fig. 3. T h e UV spectrum of 2,6-diamino-
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pyridine showed a clear shoulder band near 345 n m 
wi th a decrease in the temperature. In Fig. 3, the corre­
spond ing band near 345 n m was observed for 2-amino-
6-methylaminopyridine and 2,6-bis(methylamino)pyri-
dine; however, it was not found for 2-amino-6-
d imethy laminopyr id ine , 2-methylamino-6-dimethyl-
aminopyr id ine , and 2,6-bis(dimethylamino)pyridine. 
T h e reason why the shoulder band near 345 n m was 
not observed for the latter three methyl-substi tuted 
compounds may be at t r ibuted to the steric h indrance 
of the methyl g roup . These experimental results 
suggest that the appearance of a shoulder band may be 
connected wi th the NH2 groups at the 2- and 6-
posi t ions and that the a m i n o groups have at least one 
hydrogen a tom each. In Tab le 1 the total energies and 
the dipole moments of the 2,6-diaminopyridine and its 
related molecules, as calculated by the ab ini t io S T O -
3G method,1 2 ) are given. T h e present calculat ion 
shows that 2 ,6-diaminopyridine is more stable than 
(£) - and (Z)-6-amino-2( lH)-pyr id in imine by 86.6 and 
107.9 k j m o l - 1 respectively in the g round state. It is 
interesting that (£) -6-amino-2( lH)-pyr id in imine is 
more stable than (Z)-6-amino-2(lH)-pyridinimine, 
while in the M I N D O / 3 calculat ion the latter was more 
stable than the former.7) T h e energy differences 
between the a m i n o and imino forms are larger in the 
ab in i t io S T O - 3 G method than in the M I N D O / 3 
method.7 ) T h e results calculated by the two methods 
show that 2,6-diaminopyridine prefers the a m i n o form 
to the im ino form in the ground state. 

2,6-Diaminopyridine in the ethanol- isooctane mixed 
solvent may be expected to form the following four 
complexes: 

y 
OH 

C,H 2n5 

Y H 
N IST1 

/ 
C 2 H 5 

T 
H 

hr > 
H 

(I) 

C,H 2M5 

"Ä* + 2C2H50H 
Hs, 

H 

Ô-H-

( I I I ) 

(2) 

(IV) 

In the present calculat ion, Complexes I, II, III , and 
IV correspond to the 1, 2, 3, and 4 models respectively. 
T h e total energies, — Ej, and the equi l ib r ium distances 
and bond angles of four complex models were 
obtained, after the opt imizat ion of the distance and 
angles, by means of the ab ini t io STO-3G method. T h e 
calculated results are shown in Table 2. T h e total 
energy of each of the complex models was compared 
wi th the energy of the ini t ial state—that is, the sum of 
the total energies of 2,6-diaminopyridine and ethanol . 
In Tab le 2 the 1 model is shown to be the most stable 
a m o n g the four models. T h e AET of the 1 model 

Table 1. Total Energies (—ET), Energy Differences (AET), and Dipole Moments (/x) of the 
Optimized MINDO/3 Models of 2,6-Diaminopyridine and Its Related 

Molecules as Calculated by the Ab Initio STO-3G Method 

Molecules 

2,6-Diaminopyridine 
(£)-6-Amino-2( lH)-pyridinimine 
(Z)-6-Amino-2( lH)-pyridinimine 
2,6-Diaminopyridinium 
Methanol 
Methoxide anion 

—Ex/a.u. 

352.26267 
352.22954 
352.22156 
352.74097 
113.54577 
112.69712 

AET/kJ mol"1 

0 
86.6 

107.9 
-1255 

p/D 

0.381 
3.575 
5.481 

1.493 

Table 2. Total Energies (—ET), Equilibrium Distances and Angles of 2,6-Diaminopyridine-Ethanol 
Complexes, Energy Differences (AET) between the Complex and Initial State, and 

Dipole Moments (/*) as Calculated by the Ab Initio STO-3G Method 

Complex —ET/a.u. AET/kJ mol~ R/k R'/k a/deg 0/deg 7/deg ô/deg M/D 

Model 1 
Model 2 
Model 3 
Model 4 

465.82038 
465.79430 
465.68509 
579.35807 

-31.3 
37.1 

323 
-10.1 

1.845 
1.850 
1.385 
1.834 1.642 

106.6 
115.0 
142.5 
115.0 

157.6 
138.0 
142.5 
150.0 170.0 113.0 

1.558 
2.336 
7.417 
3.031 
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corresponds to the hydrogen bond energy of the 2,6-
diaminopyridine-ethanol system. The calculated 
value of 31.3 kj mol - 1 is in good agreement with the 
experimental value of 32.3 kj mol - 1 for the 2,6-
diaminopyridine-ethanol system.7) However, it is 
noteworthy that the 2 model is more unstable than the 
initial state, while the 4 model is more stable than the 
initial state, although the stabilization energy of the 4 
model is smaller than that of the 1 model. The 4 
model may be reasonable as a tautomer model, 
judging from the spectroscopic results. The 4 model 
suggests that: (i) the indirect formation of a tautomer 
may be possible energetically in the ground state 
through the complex formation with two ethanols, 
and (ii) the formation of a tautomer with ethanol may 
be restricted to the 2,6-diaminopyridine and its methyl 
derivatives, in which each amino group at the 2- and 
6-positions has at least one hydrogen atom. Such a 
weak shoulder band was not observed on the addition 
of large amounts of ethanol to a dilute solution of 
2-aminopyridine in isooctane.13) The observed UV 
absorption spectra for the methyl-substituted 2,6-
diaminopyridines support the 4 model. In the 4 model 
the hydrogen bond between the O atom of the first 
ethanol and the H atom of the hydroxyl group of the 
second ethanol plays an important role in the 
stabilization of the tautomer-B. However, judging 
from the value of A£T (323 kj mol"1) of the 3 model the 
proton transfer from ethanol to 2,6-diaminopyridine 
may be difficult in the ground state. 

The charge densities of the 1 and 4 models are 
shown in Fig. 4. 2,6-Diaminopyridine and methanol 
have dual characters, such as a proton donor and a 
proton acceptor, in the present models. In the 1 
model, the electron-charge transfer occurs from 2,6-
diaminopyridine to methanol by 0.033 electron units, 
while there is no electron-transfer in the TT-electron 
system. However, in the 4 model the electron-transfer 

0.80 3 
5.743(0.889) 

0.809 0-8°3 

f 7.418 " ( 1 - 2 9 6 ) ^ ^ 3 ^ " N 

(1.833) \ (1.816) 
I v 0.755 I 

0.791 » 

(0.869) 
7.340^ 

7.456 Ï " ^ 1N 

(1.804) 7.435^(1-371) 

0.736 I0"7 5 9 / 

0.759\ / 

o ' 8.365 
/ (1.973) 

0.954 c=-/6.063 (1.012) 

\ y 0.738 

8.334 o (1.976)_ „ _ - - - ' o 8.379 (1.974) 

6.058(1.029) 6.065 \ n . 0 2 5 ) 
0.945 

0.938 

Fig. 4. The charge densities of the models 1 and 4 in 
the 2,6-diaminopyridine-ethanol system calculated 
by the ab initio STO-3G method. The values of 
7T-charge density are shown in parentheses. 

occurs from the second methanol hydrogen-bonded 
with the NH2 group to 2,6-diaminopyridine and from 
the first methanol by 0.025 and 0.019 electron units 
respectively, while there is no electron-transfer in the 
TT-electron system. In both models, charge-transfer 
occurs in the a-electron system through the hydrogen 
bonds. As the amount of charge-transfer is connected 
with the magnitude of stabilization in the hydrogen-
bond energy, the stabilization of the 4 model may be 
larger in energy than that of the 1 model. 

The absorption band maximum of the 2,6-diamino­
pyridine in a highly acidic aqueous solution appears 
at 330 nm, while that of the 2,6-diaminopyridine-
trichloroacetate salt appears at 332 nm. They were 
attributed to the first TT-TT* absorption band of 2,6-
diaminopyridinium.7) The first TT-TT* absorption band 
of 2,6-diaminopyridinium appears at a shorter wave­
length than the present shoulder band. In Figs. 2 and 
3, if it is assumed that the shoulder band is to be 
assigned to (£)-6-amino-2(lH)-pyridinimine, and if its 
band maximum is at 345 nm, the energy difference 
between the band maxima of 2,6-diaminopyridine and 
(£)-6-amino-2(lH)-pyridinimine at 300 and 345 nm is 
about 4300 cm -1. On the other hand, the correspond­
ing value calculated by the CNDO/CI method is 4600 
cm-1.7) The calculated value is in good agreement 
with the observed value. The absorption bands of 1-
methyl-2-pyridone imine as the tautomer model of 2-
aminopyridine were observed at 362 and 255 nm in 
cyclohexane by Mason.14) The value of 362 nm is close 
to the present observed value of 345 nm, although the 
two models are different from each other. Therefore, 
the present assignment seems reasonable judging from 
the calculated and spectroscopic results. It is 
interesting that the fluorescence spectrum resulting 
from excitation at 340 nm for the shoulder band near 
345 nm was observed at 389 nm. No fluorescence spec­
trum which corresponds to 6-amino-2(lH)-pyridin-
imine was observed near 410nm.7) These experi­
mental results suggest that the (£)-6-amino-2(lH)-
pyridinimine-ethanol complex is converted rapidly 
into the cation complex, as is shown in the 3 model in 
the lowest excited TT, TT* singlet state. 

Finally, in this paper the shoulder band near 345 nm 
was interpreted by a 1:2 tautomer model such as the 4 
model, but a 1:1 tautomer model like the 2 model can 
not be neglected if the present calculated results are not 
correct because of the inaccuracy of the ab initio STO-
3G method. 
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Solvent Extraction of Palladium(II) and Platinum(IV) with 2V,2V-
Dioctylsuccinamic Acid from Aqueous Chloride Media 

Kazuharu YOSHIZUKA,* Yoshinari BABA, Katsutoshi INOUE, F u m i o WADA,+ and T s u t o m u MATSUDA+ 
Department of Applied Chemistry, Faculty of Science and Engineering, Saga University, Saga 840 

^Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 812 
(Received June 24, 1989) 

Af,iV-Dioctylsuccinamic acid was synthesized to examine the selectivity for various metals in extractions 
from hydrochloric acid. It was found to be highly selective for palladium(II), platinum(IV), and mercury(II) 
over other base metals including copper(II), nickel(II), cobalt(II), zinc(II), iron(III), aluminum(III), and 
gallium(III). A quantitative study was conducted on the extraction equilibria of palladium(II) and 
platinum(IV) from aqueous chloride media with Af,iV-dioctylsuccinamic acid in toluene, together with 
measurement of the apparent molecular weight of the extradant. It was elucidated that the extradant (HR) 
dimerizes in toluene and that palladium(II) and platinum(IV) are extracted according to the following reactions: 

PdCl!" + H2R2 ~ ^ PdR2 + 2H+ + 4C1-

PtCli" + H2R2 ^ = ^ PtCl4-2HR + 2C1-

The extraction equilibrium constants of palladium(II) and platinum(IV) with the extractant were evaluated as 
follows: £e,Pd=0.11+0.03 (mol-dm"3)5 and £e,pt=27.7±3.7 mol-dm"3, respectively. 

Wi th the rap id advance of the high- technology 
industr ies, precious metals such as gold, silver and the 
p l a t i n u m g roup metals are indispensable as raw 
materials of catalysts, alloy materials of electronic 
devices and so on. Since these metals coexist wi th 
c o m m o n metals a n d / o r other metals of the same 
family in feed materials , a h ighly skilled technique is 
required to separate and refine the individual precious 
metal. 

However, convent ional refining processes for pre­
cious metals are commonly based on the complicated 
selective precipi ta t ion method which needs m u c h 
energy and labor. Therefore, it is impor tna t to develop 
an alternative ref ining process from the view points of 
bo th saving energy and increasing the separat ion 
efficiency. 

A m o n g the alternative processes, it is considered 
that the solvent extraction is exceedingly promis ing 
as also is ion exchange. T h e development of the 
extractants wi th h igh selectivity for individual metals 
has a vital significance for the commercial appl ica t ion 
of the solvent extract ion technique to the refining of 
precious metals. 

Fol lowing the previous study on the extraction wi th 
A^Af-dioctylglycine,1»2) the authors synthesized N,N-
dioctylsuccinamic acid and, firstly investigated its 
qual i ta t ive extraction capabili ty for various metals 
from hydrochloric acid. Subsequently, we conducted a 
quant i ta t ive study on the extraction of pal ladium(II) 
and p la t inum(IV) from aqueous chloride media, to­
gether wi th the measurement of apparen t molecular 
weight of the extractant in toluene, so as to elucidate 
the extraction stoichiometry and to evaluate the 
extraction equ i l ib r ium constants. 

Experimental 

Reagents. Af,Af-Dioctylsuccinamic acid (henceforth ab­
breviated, 2C8NC2CA, and denoted by HR) was synthesized 
from dioctylamine and succinic anhydride by a conventional 
method according to the following reaction: 

CsHi7 CH2CH2 CsHi7 

^NH + 0=c' V o — - XNCCH2CH2ÇrOH 
C8Hi7 ^ 0 C B H / Ö Ö 

To a benzene solution (300 cm3) of dioctylamine (58 g, 
0.24 mol) was added succinic anhydride (24 g, 0.24 mol). The 
mixture was stirred and refluxed at 353 K for 1 h under a 
nitrogen atmosphere. After washing the pale yellow organic 
solution in turn with 1 mol-dm - 3 sodium hydroxide 
solution, 2 mol-dm - 3 sulfuric acid solution, and deionized 
water several times, the benzene was evaporated from the 
solution and the product dried in vacuo. The yield of the 
product was 87.6%. The purity of the product was found to 
be 96.1% by neutralization titration with alcoholic potash 
using Phenolphthalein as indicator. The identification of 
the product was carried out by infrared and XH NMR 
spectroscopies. The elemental analysis of the product was 
obtained as follows; Found: C, 69.26; H, 11.53; N, 3.90%. 
Calcd for C20H39O3N: C, 70.34; H, 11.51; N, 4.10%. 

The organic solution was prepared by dissolving 2CsN-
C2CA in toluene of reagent grade to a required concentration 
gravimetrically. The aqueous solutions for selectivity study 
of 2C8NC2CA were prepared by dissolving chlorides of the 
corresponding metals of reagent grade in hydrochloric acid. 
The initial metal concentrations of these aqueous solutions 
were about 25 ppm. For the quantitative studies, the 
aqueous solution of palladium(II) was prepared by dissolv­
ing palladium(II) chloride in ah aqueous mixture of 
1.0 mol-dm - 3 hydrochloric acid and 1.0 mol-dm - 3 sodium 
chloride, while the solution of platinum(IV) was prepared 
by dissolving hydrogen hexachloroplatinate(IV) hexahy-
drate in the mixture of 1.0 mol -dm - 3 hydrochloric acid and 
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1.0 mol-dm - 3 lithium chloride solution, to adjust pH and 
chloride ion concentration. Intitial concentrations of 
palladium(II) and platinum(IV) were 25 ppm (0.23 mmol • 
dm -3) and 100 ppm (0.51 mmol-dm - 3), respectively. 

Measurement of Apparent Molecular Weight of 2CsN-
C2CA. Apparent molecular weight of 2C8NC2CA in tolu­
ene was measured with a Corona model 117 vapor-phase 
osmometer, using benzil as a standard material. 

Extraction Equilibria. In the extractions of all metals 
except palladium(II) and platinum(IV), equal volumes 
(20 cm3) of aqueous and organic phases were vigorously 
shaken for over 24 h in a separatory funnel using an Iwaki's 
type V-DN mechanical shaker in an air bath maintained at 
303 K. In the extractions of palladium(II) and platinum(IV), 
the phases were shaken for over 72 h. Equilibrium was 
ensured in a preliminary experiment. 

After equilibration, the phases were separated and 
analyzed for metal concentration in the aqueous phase by a 
Nippon Jarrel-Ash model AA-782 atomic absorption spectro­
photometer. The metal concentrations in the organic phase 
were calculated from the mass balance of the metal contents 
in the aqueous phase before and after the equilibria. At 
pH>1.0 , pH of the aqueous phase was measured using a 
TOA model HM-20E pH meter. At pH<1.0, the activity of 
hydrogen ion in the aqueous solution was calculated from 
the hydrogen ion concentration measured by titration and 
the activity coefficient of the hydrogen ion.3>4) The chloride 
ion activity was calculated from the concentration of the 
chloride ion and the activity coefficients of the aqueous 
mixture of hydrochloride acid and sodium chloride or 
lithium chloride.4) 

Spectroscopic Studies. The sample solution of the 
palladium(II) or platinum(IV) complexes with 2C8NC2CA 
was prepared by the following procedure: (1) the toluene 
solution containing 2C8NC2CA and the aqueous solution 
containing each metal ion were vigorously shaken in the 
same manner as mentioned before and the organic solution 
was dried with anhydrous sodium sulfate after phase 
separation, (2) the toluene was completely evaporated from 
the solution and dried in vacuo, and (3) the viscous liquid 
was dissolved in CDCI3. 

Infrared spectra of 2C8NC2CA and its metal complexes in 
the CDCI3 solution were recorded on a JASCO model A-100 
spectrometer, using 0.05 mm CaF2 IR cells. XH NMR spectra 
in CDCI3 were obtained on a JEOL model JNM-GX270 FT-
NMR spectrometer. 

Results and Discussion 

Dimerization of the Extractant. It is considered 
that 2C8NC2CA dimerizes in a nonpo la r di luent such 
as toluene as well as other carboxylic acids. 

T h e dimerizat ion equ i l ib r ium of the extractant in 
the organic phase is expressed as follows: 

2HR; 
KA 

H2R2 (1) 

From the above equa t ion , the dimerization constant, 
Kd, and the number-averaged aggregat ion number , m, 
are given by the fol lowing equat ions: 

1 2 3 4 

(2C#-CRR)2*105/mol2dm-6 

Fig. 1. Determination of Dimerization constant of 
2C8NC2CA in toluene. 

m = C H R / C * (3) 

Kd = [H2R2 ]/[HR]2 = ( C M - C*)/(2C* - Cm)2 (2) 

where C H R ( = 2 [ H 2 R 2 ]+ [HR]) and C*(=[H 2 R 2 ]+[HR]) 
are the analytical concentrat ion of 2C8NC2CA and the 
total concentra t ion of the monomer ic and dimeric 
species in toluene measured experimentally, respective­
ly and the bar superscript denotes the organic phase. 

Figure 1 shows the re la t ionship between ( C H R — C * ) 
and (2C*—CHR)2 according to Eq. 2. From the linear 
re la t ionship, the dimerization constant was obtained 
as Kd=200+36dm3-mol-1, and the number-averaged 
aggregat ion n u m b e r was ra=1.54±0.08 in the concen­
trat ion region from C H R = 0 . 0 0 2 to 0.03 mo l -dm- 3 . It 
can be concluded that 2C8NC2CA is ap t to part ial ly 
dimerize in toluene. 

Selectivity of 2C8NC2CA to Various Metals. Pr ior 
to the quant i ta t ive investigation on the extractions of 
pal ladium(II) and pla t inum(IV), the quali tat ive study 
on the extractions of pal ladium(II) , p la t inum(IV), 
mercury(II), copper(II), nickel(II), cobalt(II), zinc(II), 
iron(III), a luminum(I I I ) , and gall ium(III) from hydro­
chloric acid wi th 0.01 mol • dm~3 2C8NC2CA in toluene 
was under taken to examine the selectivity of the 
extractant for these metals. 

As shown in Fig. 2, over the hydrochloric acid 
concentrat ion region from 0.005 to 0.1 m o l - d m - 3 , 
pal ladium(II) was completely extracted, whereas only 
about 70% of the p la t inum(IV) was extracted. Above 
0.1 mol • d m - 3 hydrochloric acid, the percent extraction 
linearly decreased with increasing concentration of 
hydrochlor ic acid. T h e percent extraction of mercury-
(II) increased wi th increasing concentrat ion of hydro­
chloric acid, and after passing th rough a m a x i m u m , 
gradual ly decreased. Gal l ium(III ) was extracted above 
3 mol • d m - 3 hydrochloric acid. 

Copper(II) , nickel(II), cobalt(II), zinc(II), iron(III), 
and a luminum(I I I ) were scarcely extracted at all over 
the hydrochlor ic acid concentrat ion region from 0.01 
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Fig. 3. Effect of pH of aqueous solution on distribu­
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to 10 m o l - d m - 3 . 
Extraction Equilibria of Palladium(II) and Plat-

inum(IV). Extraction equil ibria of pal ladium(II) 
and p la t inum(IV) from aqueous chloride media was 
studied by examin ing the effect of the concentrat ion of 
each reactant species on the dis t r ibut ion rat io of the 
metals, to elucidate the stoichiometric relat ion of the 
extraction reactions a n d to evaluate the extraction 
equ i l ib r ium constants. Here, the dis t r ibut ion ratio of 
metal , D, was calculated by the rat io between the metal 
concentra t ion in the organic phase and that in the 
aqueous phase. 

Figure 3 shows the effect of the p H of the aqueous 
phase at equ i l ib r ium on the dis t r ibut ion rat io of each 
metal at the constant concentrations of chloride ion, 
Cci, and the extractant , CHRO. In Fig. 3, the plotted 
points for pa l ladium(II ) appear to lie on a straight l ine 
wi th a slope of 2 at low p H ( p H < 2 ) and tend to 
approach a constant value at h igh p H . T h i s suggests 
that the extraction of pal ladium(II) has inversely 
second order dependency on the hydrogen ion activity 
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ratio of metal. 

at low p H . However, at h igh p H , a precipitate of the 
pal ladium(II ) complex with 2CsNC2CA was found to 
be formed in the organic phase and at the interface 
between the organic and aqueous phases. T h i s is due 
to the low solubili ty of the palladium(II)-2C8NC2CA 
complex in toluene. Therefore, the experiments on 
the extraction of pal ladium(II) were carried ou t 
hereafter in the low p H range ( p H < 2 . 0 ) . 

O n the other hand , the plot ted points for plat­
i n u m ^ V) are independent of p H over the whole p H 
range, which suggests that the extraction of plat-
inum(IV) has zero order dependency on the hydrogen 
ion activity. 

Figure 4 shows the effect of the chloride ion activity 
of the aqueous phase, aci, on the distr ibution ratio at 
constant concentrat ion of the extractant and p H . T h e 
plot ted poin ts for pal ladium(II) lie on a straight l ine 
wi th the slope of —4, suggest ing that the extraction of 
pa l lad ium(II ) shows inversely fourth order dependen-
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cy o n ac\. O n t h e o t h e r h a n d , t h e p l o t t e d p o i n t s for 

p l a t i n u m ( I V ) l i e o n a s t r a i g h t l i n e w i t h t h e s l o p e of 

—2, s u g g e s t i n g t h a t t h e e x t r a c t i o n of p l a t i n u m ( I V ) 

s h o w s i nve r se ly s e c o n d o r d e r d e p e n d e n c y o n ac\. 

F i g u r e 5 s h o w s t h e effect of t h e c o n c e n t r a t i o n of t h e 

d i m e r i c spec i e s of t h e e x t r a c t a n t i n t h e o r g a n i c p h a s e , 

[H2R2 ] , w h i c h w a s c a l c u l a t e d f r o m E q . 2 a n d Kd 

e v a l u a t e d e a r l i e r , o n t h e d i s t r i b u t i o n r a t i o a t t h e 

c o n s t a n t c o n c e n t r a t i o n of c h l o r i d e i o n a n d p H . T h e 

p l o t t e d p o i n t s for b o t h m e t a l s l ie o n a s i n g l e s t r a i g h t 

l i n e w i t h t h e s l o p e of u n i t y ove r t h e w h o l e e x p e r i ­

m e n t a l r a n g e of [H2R2 ]. T h i s s u g g e s t s t h a t t h e ex­

t r a c t i o n of b o t h m e t a l s s h o w s first o r d e r d e p e n d e n c y 

o n [ H 2 R 2 ] . 

F r o m t h e r e s u l t s d e s c r i b e d a b o v e , i t c a n b e c o n ­

s i d e r e d t h a t p a l l a d i u m ( I I ) a n d p l a t i n u m ( I V ) a r e 

e x t r a c t e d a c c o r d i n g t o t h e f o l l o w i n g e x t r a c t i o n re ­

a c t i o n s : 

P d C l f + H2R2 

PtCle + H2R2 

^ PdR 2 + 2 H + + 4C1- (4) 

^ P t C l 4 - 2 H R + 2 d " (5) 

T h e e x t r a c t i o n e q u i l i b r i u m c o n s t a n t s , £e,Pd a n d £e,pt, 

a r e e x p r e s s e d by : 

•Ke.Pd — 
[PdR2]-aH2-aci4 

[ P d C l î - ] [ Î E R Ï ] 

Ke>Pt '• 

[P tCl 4 -2HR] .ac i 2 

[ P t C i r ] [ H 2 R 2 ] 

(6) 

(7) 

w h e r e [ P d C l I - ] a n d [P tC l§~ ] a r e t h e c o n c e n t r a t i o n s of 

c h l o r o - c o m p l e x of p a l l a d i u m ( I I ) a n d p l a t i n u m ( I V ) 

e x p r e s s e d as : 

9 ß^Cl 4 

[ P d C l 2 - ] = —A Cpd 

1 + 2 / W 
1=1 

(8) 

9 ßeaci6 

[ P t c i i " ] = 
1 + SJiW 

(9) 

w h e r ^ Cpd a n d C?t a r e t h e t o t a l c o n c e n t r a t i o n s of 

p a l l a d i u m ( I I ) a n d p l a t i n u m ( I V ) i n t h e a q u e o u s p h a s e , 

r e s p e c t i v e l y , a n d ßi is t h e s t a b i l i t y c o n s t a n t of z'-th 

c h l o r o - c o m p l e x of p a l l a d i u m ( I I ) a n d p l a t i n u m ( I V ) . 5 ) 

S i n c e t h e c h l o r o - c o m p l e x e s of p a l l a d i u m ( I I ) ex i s t as 

P d C l ! " a n d t h e c o m p l e x e s of p l a t i n u m ( I V ) as a n d 

P t C l § ~ i n t h e a q u e o u s p h a s e u n d e r t h e p r e s e n t 

e x p e r i m e n t a l c o n d i t i o n s ( a c i > 0 . 2 m o l - d m - 3 ) , i t is 

c o n s i d e r e d t h a t t h e t o t a l c o n c e n t r a t i o n s of p a l l a d i ­

u m ^ ) a n d p l a t i n u m ( I V ) i n t h e a q u e o u s p h a s e is 

n e a r l y e q u a l t o t h e c o n c e n t r a t i o n of P d C l ! " a n d 

P t C l i - , r e s p e c t i v e l y . T h e r e f o r e , t h e f o l l o w i n g e q u a ­

t i o n s a r e o b t a i n e d for b o t h m e t a l s : 

_ [ P d R 2 W - q c i 4 _ au2-aa4 

Ae,Pd — 1 — L) -
Cpd-[H2R2] [H2R2] 

_ [P tCl 4 -2HR] .q c l 2 _ aa2 
^e ,P t — Z — O 

C P f [ H 2 R 2 ] [H2R2] 

E q s . 10 a n d 11 c a n b e r e a r r a n g e d as fo l l ows : 

[H2R2] 
l o g D = log*e ,Pd + l o g — a " " T -

log D = log ATe.pt + log 

«HZ•ac? 

[H2R2] 

aci2 

(10) 

(11) 

(12) 

(13) 

E q s . 12 a n d 13 c a n e x p l a i n a l l t h e d e p e n d e n c i e s of t h e 

c o n c e n t r a t i o n of e a c h spec ies o n D o b t a i n e d e x p e r i ­

m e n t a l l y . 

I n o r d e r t o e v a l u a t e t h e e x t r a c t i o n e q u i l i b r i u m 

c o n s t a n t s of p a l l a d i u m ( I I ) a n d p l a t i n u m ( I V ) , £e,Pd a n d 

Ktjt, a l l t h e e x p e r i m e n t a l r e s u l t s w e r e p l o t t e d a c c o r d ­

i n g t o E q s . 12 a n d 13 as s h o w n i n F i g . 6. T h e p l o t s a r e 

l y i n g o n s t r a i g h t l i n e s w i t h a s l o p e of u n i t y for e a c h 

m e t a l as e x p e c t e d . T h e e x t r a c t i o n e q u i l i b r i u m c o n ­

s t a n t s w e r e o b t a i n e d as Kc,?d—0.11+0.03 ( m o l - d m - 3 ) 5 

for p a l l a d i u m ( I I ) a n d as £ e , p t = 2 7 . 7 + 3 . 7 m o l - d m - 3 for 

p l a t i n u m ( I V ) f r o m t h e i n t e r s e c t i o n s of t h e s t r a i g h t 

l i n e s a n d t h e o r d i n a t e s i n F i g . 6, r espec t ive ly . 

C o n s e q u e n t l y , i t c a n b e f o u n d t h a t 2 C 8 N C 2 C A p l a y s 

t w o d i f f e r e n t k i n d s of r o l e as a n e x t r a c t a n t : a c h e l a t e 

e x t r a c t a n t for p a l l a d i u m ( I I ) a n d a s o l v a t i n g e x t r a c t a n t 

for p l a t i n u m ( I V ) , s i m i l a r l y as o b s e r v e d i n t h e e x t r a c ­

t i o n w i t h A^Af-diocty lg lycine . 1 ' 2 ) 

S p e c t r o s c o p i c S tudies of 2C8NC2CA and Its Meta l 

C o m p l e x e s . F i g u r e 7 c o m p a r e s t h e i n f r a r e d s p e c t r a of 

t h e p a l l a d i u m ( I I ) a n d p l a t i n u m ( I V ) c o m p l e x e s w i t h 

t h a t of t h e free 2C8NC2CA. T h e s p e c t r u m of t h e 

p l a t i n u m ( I V ) c o m p l e x ( b ) r e s e m b l e s t h a t of t h e free 

r e a g e n t ( a ) . O n t h e o t h e r h a n d , t h e s p e c t r u m of t h e 

p a l l a d i u m ( I I ) c o m p l e x ( c ) differs s i g n i f i c a n t l y f r o m 

t h o s e of t h e p l a t i n u m ( I V ) c o m p l e x a n d t h e free r e a g e n t 

i n t h e r e g i o n of t h e C = 0 s t r e t c h i n g b a n d s a t 1710 c m - 1 
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Fig. 6. Plot of all the experimental data for the 
extraction of palladium(II) and platinum(IV) based 
on Eqs. 12 and 13. 

v /cm-1 

Fig. 7. Infrared spectra of free reagent and the palla­
dium^!) and platinum(IV) complexes. 

(carbonyl g r o u p of amide) and 1630 c m - 1 (carboxyl 
group) . These absorpt ion bands are assigned to the 
bidentate (chelated) succinamic acid group.6 ) 

Figure 8 shows the 1U N M R spectra of 2C8NC2CA 
and its metal complexes. T h e spectrum of the 
pla t inum(IV) complex(b) is similar to that of the free 
reagent(a), except for 1.0 p p m shift of the carboxylic 
O H signal toward h igher magnet ic field (from 
8.6 p p m to 7.6 ppm) . While in the spectrum of 
pal ladium(II) complex(c), the signal of carboxylic OH 

l(c)2C8NC2CA-Pd(ID complex 

(b)2C8NC2CA-Pt(IV)complex 

i 
(a)2C8NC2CA 
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1H NMR spectra of free reagent and the palla­
dium^!) and platinum(IV) complexes. 

Fig. 8. 1H NMR spectra 

disappeared and the signal of succinyl protons at 
2.7 p p m becomes broad. 

These facts suppor t the view that pal ladium(II) is 
extracted as a chelate complex of the type, PdR2, and 
p la t inum(IV) as a solvation complex of the type, 
P tCi4-2HR as shown below, in agreement wi th the 
conclus ion obta ined in the experiments of the distri­
bu t ion equil ibria . 

H0-CCH2CH2C< 

;NCCH2CH2C-OH 

Comparison of the Extraction Mechanisms between 
2CsNC2CA and iV,iV-Dioctylglycine. T h e authors 
reported previously that pal ladium(II) and plat i-
num(IV) are extracted from aqueous chloride media 
wi th N.Af-dioctylglycine (abbreviated as 2Csgly) in 
toluene in a similar manner to the extraction reaction 
wi th 2C 8NC 2CA described by Eqs. 4 and 5. T h e 
extraction equi l ib r ium constants of pal ladium(II) and 
pla t inum(IV) with the extractant were evaluated as fol­
lows: £e,pd=220 (mol-dm~ 3) 5 and £e,pt=630 mol -dm" 3 , 
respectively.1>2) 

T h e extraction equi l ib r ium constants of pal ladi­
u m ^ ) a n d p la t inum(IV) wi th 2C8NC2CA is 2000 
times a n d 23 times smaller than those of 2Csgly, 
respectively. However, this also suggests that the 
s t r ipp ing of the metals from 2C8NC2CA is easy 
compared wi th that from 2Csgly. 

Conclusion 

From the qual i ta t ive a n d quant i ta t ive studies on the 
extraction equi l ibr ia of pal ladium(II) , p la t inum(IV), 
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and base metals wi th Af,Af-dioctylsuccinamic acid in 
toluene from aqueous chloride media, the following 
information was obtained: 

(1) 7V,Af-Dioctylsuccinamic acid part ial ly dimerizes 
in toluene and the dimerizat ion constant was evalu­
ated. 

(2) Af,Af-Dioctylsuccinamic acid was found to be 
selective to pa l ladium(II ) , p la t inum(IV), and mercu-
ry(II) over base metals such as copper(II) , nickel(II), 
and gall ium(III) . 

(3) T h e extracted species of pal ladium(II) and 
p la t inum(IV) wi th Af,Af-dioctylsuccinamic acid are 
PdR2 and PtCi4-2HR; the equ i l ib r ium constants for 
these metals were evaluated. 

(4) T h e spectroscopic studies also suppor ted the 
view that the extractant acts differently for pal ladi­
u m ^ ! ) and p la t inum(IV) , giving rise to a chelate 

complex and a solvation complex, respectively. 

T h e authors express their thanks to Ms. Soejima and 
Ms. H a r u n o for valuable experimental assistance. 
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Synthesis and Characterization of Co(III) Complexes with 1,4,7,10-
Tetraazacyclotetradecane, -pentadecane, and -hexadecane 
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New cobalt(III)-l,4,7,10-tetraazacyclotetradecane (N47), -pentadecane (N48), and -hexadecane (N49) 
complexes, Jram-[CoCl2(N4x)]+ (x=7 (two isomers), 8 (two isomers), 9 (one isomer)), Jra?xs-[Co(N02)2(N4x)]+ 

{x—1, 8, 9, one isomer), as-[Co(N02)2(N47)]+ (one isomer), and [Co(en)(N4x)]3+ (x=7, 8, one isomer) were 
synthesized and characterized. For analogous 1,4,7,10-tetraazacycloundecane (N46) complexes, two isomers for 
each of a.s-[Co(N02)2(N46)]+ and [Co(en)(N46)]3+ were also obtained and were found to isomerize to each other in 
acetonitrile. The ligand field parameters of nitrogen ^(N) and chlorine ^(Cl) estimated from the observed 
ligand field bands of Jr<ms-[CoCl2(N4x)]+ show a correlation between them; with an increase in ring size of N4x, 
the ^(N) value decreases, while the ^(Cl) value increases. The reduction potentials for each series of the 
dichloro, dinitro, and en complexes become less negative with an increase in ring size of N4x. 

Metal complexes of tetraazamacrocycles involving 
chelate r ings larger than six-membered (seven to nine) 
have been prepared and their structures, spectra, and 
stabilities have been compared wi th those of extensive­
ly studied metal macrocycles compr is ing five- a n d / o r 
six-membered chelate r ings. 1~11) However, most of the 
investigations are concerned wi th relatively labile 
complexes formed wi th Ni(II),1-10) Cu(II),4-6 '8-n> 
Zn(II),9> Cd(II),9> and Pb(II),9> and more inert com­
plexes are l imited to a few Co(III) complexes with a 
tetraazamacrocycle forming 5,6,5,8- or 5,6,5,9-mem-
bered chelate rings.4 ) For such inert metal macro-
cycles, it is expected to obtain geometrical or dia-
stereomeric isomers, which have not been reported so 
far, by appropr ia te synthetic routes. 

T h i s paper reports the synthesis, stereochemistry, 
and spectral and electrochemical properties of the 
dichloro, dini t ro , and ethylenediamine (en) Co(III) 
complexes wi th 1,4,7,10-tetraazacycloalkanes. T h e 
abbreviations, N45, N46, N47, N48, and N49 are used for 
1,4,7,10-tetraazacyclododecane, -tridecane, -tetradecane, 
-pentadecane, and -hexadecane, respectively (see Fig. 
1). 

Experimental 

Measurements. Electronic spectra were obtained on 
HITACHI U-3400 and JASCO UVIDEC 61 OB spectro­
photometers. 13C NMR spectra were obtained on a 
HITACHI R-90HS NMR spectrometer. Electrochemical 
measurements were carried out on solutions in acetonitrile at 
24 °C by using a HECS 32IB potential sweep unit and a 
HECS 317B potentiostat of Huso electrochemical system, 

H V J H 

Fig. 1. Ligands N4x (x(n)=7(4), 8(5), 9(6)). 

and a GRAPHTEC WX1000 recorder. A glassy carbon 
electrode and it attached to a Yanaco P10-RE Mark II head 
were used for cyclic and RDE voltammetric measurements, 
respectively. For both measurements an Ag/AgNÜ3 elec­
trode (Ag/0.01 mol dm - 3 AgNÜ3) and a platinum wire were 
employed as the reference and auxiliary electrodes, respective­
ly. N(C4H9)4C104 was used as the supporting electrolyte at 
0.1 mol dm - 3 concentration. Sample solutions were de­
gassed with nitrogen for 20 min prior to measurements. 

Materials. Macrocyclic ligands, N47, N48, and N$,l) and 
complexes [Co(en)(N45)](C104)3,

12) a'<>-[Co(N02)2(N45)]BF4,
13> 

*ram-[CoCl2(N46)]BF4,
14> and *ram-[CoCl2(trien)]C104

15> were 
prepared by methods previously described, where trien 
denotes 3,6-diazaoctane-1,8-diamine. 

*rans-[CoCl2(N47)]Cl (C2 Isomer): CoCl 2 6H 2 0 (2.21 g, 
5 mmol) was added to a solution of an equimolar amount of 
N47 in methanol (200 cm3). Air was bubbled through the 
solution for 2 h and then coned hydrochloric acid (1 cm3) 
was added dropwise to the solution. Air-bubbling was 
continued for another 1 h and the solution was evaporated to 
dryness under reduced pressure. The residue was dissolved 
in methanol (50 cm3) and an undissolved material was 
removed by filtration. The filtrate was applied on a column 
(</> 6.5cmX35cm) of Sephadex LH-20. By elution with 
methanol, a green main band was obtained and the eluate 
was evaporated to dryness under reduced pressure. The 
product was recrystallized from methanol and ether. Yield: 
0.915 g (48.8%). Found: C, 32.84; H, 6.66; N, 15.36%. Calcd 
for Ci0H24N4CoCl3=toms-[CoCl2(N47)]Cl: C, 32.85; H, 6.62; 
N, 15.32%. 

£rans-[CoCl2(N47)]C104 (C2 Isomer): A methanolic solu­
tion (200 cm3) containing N47 (5 mmol) and C o C l 2 6 H 2 0 
(5 mmol) was bubbled with air by the same method as the 
above chloride. On addition of 70% perchloric acid (1 cm3) 
the solution gave a green precipitate, which was filtered, 
washed with methanol, and recrystallized from acetonitrile 
and ether. Yield: 1.16 g (54.1%). Found: C, 28.12; H, 5.55; N, 
13.33%. Calcd for Ci0H24N4CoCl3O4=tams-[CoCl2(N47)]-
C104: C, 27.96; H, 5.63; N, 13.04%. 

*rans-[CoCl2(N47)]C104 (Ci Isomer): *ram-[CoCl2(N47)]Cl 
(C2) (0.731 g, 2 mmol) was dissolved in a mixture of ethanol 
and water (4:1, 200 cm3). To the solution was added 
dropwise an aqueous solution (10 cm3) of potassium 
carbonate (0.42 g, 3 mmol). After stirring for 1 h, the 
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solution was evaporated to dryness under reduced pressure, 
the residue was dissolved in ethanol, and the solution was 
filtered. The filtrate was evaporated again to dryness under 
reduced pressure to give a reddish oily product, which was 
dissolved in water and poured onto a short column (</> 
2.5cmX10cm) of SP-Sephadex C-25. The Sephadex ad­
sorbed the product was transferred on the top of a column (</> 
2.5cmX60cm) of SP-Sephadex C-25, and the product was 
eluted with an aqueous 0.1 mol dm - 3 LiCl solution adjusted 
its pH at ca. 5 with hydrochloric acid. Two purple bands, A 
and B in the order of elution were developed and the eluates 
were collected separately. To each eluate 1 cm3 of coned 
hydrochloric acid was added and then the solution was 
evaporated to dryness under reduced pressure to give an oily 
residue. The purple solutions from bands A and B became 
reddish brown and green respectively, during concentration. 
Each oily residue was dissolved in ethanol (20 cm3) and 
filtered. Lithium Perchlorate (0.32 g, 2 mmol) was added to 
the solution and the mixture was stirred. Green trans-
[CoCl2(N47)]C104 (Ci) was precipitated from the brown 
solution of band A and green £ram-[CoCl2(N47)]C104 (C2) 
from the green solution of band B. They were filtered and 
washed with ethanol. Yield of *ram-[CoCl2(N47)]C104 (Ci): 
0.070 g (8.2%). Found: C, 27.72; H, 5.52; N, 12.97%. Calcd for 
CioH24N4CoCl304=«rflrw-[CoCl2(N47)]C104: C, 27.96; H, 5.63; 
N, 13.04%. Yield of *ran$-[toCl2(N47)]C104 (C2): 0.217 g 
(25.3%). 

*rans-[CoCl2(N48)]X (C2 and C s Isomers) X=C1, C104: A 
mixture of isomers C2 and Cs of tam.s-[CoCl2(N48)]X (X=C1 
or CIO4) was obtained by an air-oxidation method similar to 
that for *rarw-[CoCl2(N47)]X (C2) (X=C1 or CIO4). Yield of 
*rarw-[CoCl2(N48)]Cl (C2+Cs): 71.9%. Found: C, 34.75; H, 
7.04; N, 14.68%. Calcd for CiiH26N4CoCl3=tom.s-[CoCl2-
(N48)]C1: C, 34.80; H, 6.90; N, 14.76%. Yield of trans-
[CoCl2(N48)]C104 (C2+Cs): 53.3%. Found: C, 29.98; H, 5.95; 
N, 12.62%. Calcd for CnH26N4Ck)Cl304=«rfln5-[Ck)Cl2(N48)]-
C104: C, 29.78; H, 5.91; N, 12.63%. 

£ran.s-[CoCl2(N48)]C104 (C2 Isomer): A mixture of iso­
mers C2 and Cs of ^r<2n5-[CoCl2(N48)]Cl was treated with 
potassium carbonate and the product was chromatographed 
by a method similar to that for £ram-[CoCl2(N47)]C104 (Ci 
isomer). By elution with 0.1 mol dm - 3 LiCl (pH ca. 5 with 
hydrochloric acid), two purple bands appeared. By treating 
each eluate with coned hydrochloric acid in a similar 
manner to £ram-[CoCl2(N47)]C104 (Ci isomer), the eluate of 
the slower-moving band gave brown £ram-[CoCl2(N48)]C104 
(C2 isomer), while a mixture of the C2 and Cs isomers of 
Jrarc.s-[CoCl2(N48)]C104 was obtained together with other 
unknown complexes from the eluate of the faster-moving 
band. The Ci isomer (see below) seems to be unstable even in 
acidic solution. Yield of <rarw-[CoCl2(N48)]C104 (C2): 28.2%. 
Found: C, 29.96; H, 5.89; N, 12.79%. Calcd for C11N4H26-
Ck)Cl304=«rarw-[CoCl2(N48)]C104: C, 29.78; H, 5.91; N, 
12.63%. 

£rans-[CoCl2(N49)]BF4 (C2 Isomer): The complex was 
prepared by an air-oxidation method similar to that for 
Jrarc.s-[CoCl2(N47)]Cl (C2 isomer). Column chromatography 
of the crude product on Sephdex LH-20 gave a brown main 
band. The eluate of the band was concentrated to ca. 20 cm3 

under reduced pressure. On addition of LiBF4 with stirring, 
the concentrate yielded a brown precipitate, which was 
filtered, washed with methanol, and recrystallized from 

acetonitrile and ether. Yield: 16.3%. Found: C, 32.22; H, 
6.26; N, 12.69%. Calcd for Ci2H28N4CoCl2BF4=«ran5-
[CoCl2(N49)]BF4: C, 32.39; H, 6.34; N, 12.59%. To obtain 
other isomers, the complex was treated with K2CO3 and then 
with coned hydrochloric acid according to the method for 
the N47 complex. However, only the same C2 isomer was 
yielded. No fraction indicative of other isomers was ob­
tained on column chromatography. 

[Co(en)(N46)](C104)3 ((1) and (2) Isomer): To a suspen­
sion of *ran$-[CoCl2(N46)]BF4 (0.403 g, 1 mmol) in DMSO 
(50 cm3) was added dropwise with stirring a DMSO solution 
(50 cm3) of ethylenediamine (0.06 g, 1 mmol). After stirring 
for 6 h, the solution was diluted with 1 dm3 of 0.01 mol dm - 3 

hydrochloric acid, and applied on a short column (</> 
2.5cmX10cm) of SP-Sephadex C-25. The Sephadex ad­
sorbed the product was transferred on the top of a column (</> 
2.5cmX60cm) of SP-Sephadex C-25, and the product was 
eluted with an aqueous 0.2 mol dm - 3 K2SO4 solution 
adjusted its pH at ca. 2 with sulfuric acid. A yellowish 
orange band (1) and a reddish orange one (2) were eluted 
successively. Each eluate was diluted ten times with water, 
and the solution was applied on a short column (</> 
2.5cmX10cm) of SP-Sephadex C-25. The column was 
washed thoroughly with an aqueous 0.05 mol dm - 3 LiC104 
solution (ca. pH 2, HCIO4). The complex was eluted with 
an aqueous 1 mol dm - 3 LiC104 solution (pH 2, HCIO4), and 
the eluate was concentrated to a small volume under reduced 
pressure. On addition of ethanol the concentrate from band 
( 1 ) yielded a yellowish orange precipitate and that from band 
(2) a reddish orange one. Yield of [Co(en)(N46)](C104)3 
(Isomer (1)): 0.095 g (15.7%). Found: C, 22.06; H, 5.00; N, 
14.03%. Calcd for GnH3oN6Ck)Cl30i2=[Ck)(en)(N46)](C104)3: 
C, 21.89; H, 5.01; N, 13.92%. Yield of [Co(en)(N46)](C104)3 
(Isomer (2)): 0.135 g (22.4%). Found: C, 21.94; H, 4.96; N, 
14.15%. Calcd for CnH3oN6Ck)Cl30i2=[Ck)(en)(N46)](C104)3: 
C, 21.89; H, 5.01; N, 13.92%. 

[Co(en)(N4^)](C104)3 (x=7 and 8): These complexes were 
prepared from the corresponding dichloro complexes and en 
by a method similar to that for [Co(en)(N46)](C104)3. Both 
the N47 and N48 complexes yielded only one isomer and 
isolated as orange and red Perchlorates, respectively. Yield 
of [Co(en)(N47)](C104)3: 55.0%. Found: C, 23.33; H, 5.18; N, 
13.66%. Calcd for Ci2H32N6CoCl30i2=[Co(en)(N47)](C104)3: 
C, 23.33; H, 5.22; N, 13.61%. Yield of [Co(en)(N48)](C104)3: 
5.2%. Found: C, 24.69; H, 5.37; N, 13.34%. Calcd for 
Ci3H34N6CoCl30i2=[Co(en)(N48)](C104)3: C, 24.72; H, 5.42; 
N, 13.30%. 

«$-[Co(N02)2(N46)]PF6 ((1) and (2) Isomers): To an 
aqueous solution (100 cm3) containing NaOH (0.12 g, 
3 mmol) and N 463HBr (0.858 g, 2 mmol) was added an 
aqueous solution (50 cm3) containing C0CI26H2O (0.476 g, 
2 mmol) and NaN02 (0.210 g, 3 mmol). Air was bubbled 
through the solution overnight, and the resulting brown 
solution was applied on a short column (</> 2.5 cmXIO cm) of 
SP-Sephadex C-25. The Sephadex adsorbed the product was 
transferred on the top of a column (</> 4.5 cmX35 cm) of SP-
Sephadex C-25 and the product was eluted with an aqueous 
0.05 mol dm - 3 K2SO4 solution adjusted its pH at ca. 4 with 
sulfuric acid. Two orange bands, (1) and (2) in the order of 
elution were developed. The eluate of each band was 
concentrated under reduced pressure to one-tenth of its 
orignal volume. On addition of NH4PF6 with stirring, the 
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concentrate yielded a yellow-orange precipitate of cis-
[Co(N02)2(N46)]PF6, which was filtered, washed with water, 
and recrystallized from nitromethane and ether. Yield of 
cis-[Co(N02)2(N46)]PF6 Isomer (1): 0.130 g (13.5%). Found: 
C, 22.19; H, 4.46; N, 17.65%. Calcd for C9H22N6Co04PF6= 
m-[Co(N02)2(N46)]PF6: C, 22.42; H, 4.60; N, 17.43%. Yield 
of cw-[Co(N02)2(N46)]PF6 Isomer (2): 0.29 g (30.1%). Found: 
C, 22.44; H, 4.51; N, 17.63%. Calcd for C9H22N6Co04PF6= 
m-[Co(N02)2(N46)]PF6: C, 22.42; H, 4.60; N, 17.43%. 

trans- and rw-[Co(N02)2(N47)]BF4: To a solution of 
^ran5-[CoCl2(N47)]Cl (C2) (0.365 g, 1 mmol) ir> a mixture of 
ethanol and water (4:1, 100 cm3) was added dropwise an 
aqueous solution (5 cm3) of NaN02 (0.214 g, 3 mmol). The 
solution was stirred for 1 h and then evaporated to dryness 
under reduced pressure. The residue was dissolved in a small 
amount of methanol and the solution was filtered. The 
filtrate was evaporated to give an oily residue, which was 
dissolved again in a small amount of water and poured onto 
a short column (</> 2.5cmX10cm) of SP-Sephadex C-25 
equipped with a cooling jacket (ca. 0 °C).16) The Sephadex 
adsorbed the product was transferred on the top of a cold 
column (</> 3 cmX70 cm, 0 °C) of SP-Sephadex C-25 and the 
product was eluted with an aqueous 0.05 mol dm - 3 potas­
sium sulfate solution. Orange frvms-[Co(N02)2(N47)]+ and 
then orange cis-[Co(N02)2(N47)]+ were developed separately. 
The eluate of each band was collected and evaporated to 
dryness below 20 ° C under reduced pressure. The product 
was extracted with methanol, and the extract was mixed with 
LiBF4 (0.094 g, 1 mmol) with stirring to yield orange 
[Co(N02)2(N47)]BF4, which was filtered, washed with etha­
nol and recrystallized from acetonitrile and ether. Yield of 
*ram-[Co(N02)2(N47)]BF4: 0.33 g (37.7%). Found: C, 27.42; 
H, 5.67; N, 19.28%. Calcd for Ci0H24N6CoO4BF4=taim-
[Co(N02)2(N47)]BF4: C, 27.42; H, 5.52; N, 19.18%. Yield of 
m-[Co(N02)2(N47)]BF4: 0.16 g (18.3%). Found: C, 27.41; H, 
5.51; N, 19.23%. Calcd for CioH24N6Co04BF4=m-[Co-
(N02)2(N47)]BF4: C, 27.42; H, 5.52; N, 19.18%. 

Reactions of trans- and cw-[Co(N02)2(N47)]BF4 with 
Hydrochloric Acid: Solutions of trans- and cis-[Co(N02)2-
(N47)]BF4 (0.16 mmol) in coned hydrochloric acid (2 cm3) 
were allowed to stand for a day at room temperature. Both 
orange solutions turned brown gradually. To the solutions 
was added LiC104 (0.16 g, 1 mmol) in ethanol (5 cm3), 
yielding precipitates of frvms-[CoCl2(N47)]C104 (C2 isomer) 
from *ram-[Co(N02)2(N47)]BF4 and toms-[CoCl2(N47)]C104 

(Ci isomer) from cis-[Co(N02)2(N47)]BF4. They were filtered 
and washed with ethanol. Yield of iram-[CoCl2(N47)]C104 

(C2 isomer): 0.044 g (64.0%). Yield of toms-[CoCl2(N47)]C104 

(Ci isomer): 0.037 g (53.8%). 
*rans-[Co(N02)2(N4x)]BF4 (x=8 and 9) Method 1: These 

complexes were prepared by an air-oxidation method similar 
to that for m-[Co(N02)2(N46)]PF6. Both complexes yielded 
only a trans isomer. The eluate obtained by column 
chromatography was evaporated to dryness under reduced 
pressure, and the complex was extracted with methanol. On 
addition of LiBF4 the extract gave an orange precipitate of 
the complex, which was filtered, washed with ethanol, and 
recrystallized from acetonitrile and ether. Yield of trans-
[Co(N02)2(N48)]BF4: 52.3%. Found: C, 29.21; H, 5.79; N, 
18.42%. Calcd for CiiH26N6Co04BF4=tom,s-[Co(N02)2-
(N48)]BF4: C, 29.22; H, 5.80; N, 18.59%. Yield of trans-
[Co(N02)2(N49)]BF4: 47.9%. Found: C, 30.92; H, 6.02; N, 

18.22%. Calcd for Ci2H28N6Co04BF4=^flm-[Co(N02)2-
(N49)]BF4: C, 30.92; H, 6.05; N, 18.03%. 

Method 2. The reaction product obtained from the 
corresponding trans dichloro complex and NaN02 accord­
ing to a method similar to that for [Co(N02)2(N47)]BF4 was 
chromatographed and the complex was isolated as the 
tetrafluoroborate by a method similar to the above Method 1. 
Yield of ^m-[Co(N02)2(N48)]BF4: 78.8%. Yield of trans-
[Co(N02)2(N49)]BF4: 80.1%. 

Reactions of *rans-[Co(N02)2(N4x)]BF4 (x=S and 9) with 
Hydrochloric Acid: *ram-[Co(N02)2(N48)]BF4 (0.226 g, 0.5 
mmol) was dissolved in coned hydrochloric acid (2 cm3) and 
the solution was heated on a steam bath. The resulting 
yellow-green solution was cooled, mixed with methanol 
(10 cm3), and filtered. To the filtrate was added LiC104 

(0.160 g, 1.0 mmol) with stirring. After a while trans-
[CoCl2(N48)]C104 (C2 isomer) was precipitated, filtered and 
washed with methanol and then with ether. The yield was 
0.15 g (67.6%). 

A similar reaction of tam.s-[Co(N02)2(N49)]BF4 with coned 
hydrochloric acid resulted in decomposition of the complex 
to give cobalt(II) species. 

Results and Discussion 

Synthesis and Characterization of the Complexes. 
T w o kinds of green [CoCl2(N47)]+ were obtained; one 
was yielded by oxidizing a me thano l solut ion contain­
ing C0CI2 • 6H2O and N47 wi th air, and the other was 
obtained by reaction of one of two isomers of 
[Co(C03)(N47)]+ wi th hydrochlor ic acid. T h e same 
reaction of the other isomer of the carbonate complex 
yielded the same dichloro complex as the one obtained 
by the a i r -oxidat ion method. Both complexes show 
electronic spectra similar to that of £ran,s-[CoCl2(en)2]+ 

(Fig. 2 a n d Tab le 1) and can be assigned to the isomers 

_ i 1 1 I 

20 30 40 50 
P7l03crrf1 

Fig. 2. Electronic spectra of the C2 isomers of trans-
[CoCl2(N4x)]+; x=7 (—), x=S ( ), x=9 (—) in 
acetonitrile. 
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Table 1. Electronic Spectral Data 

Complex 

tam.s-[CoCl2(N46)]C104
a> 

tam.s-[CoCl2(N47)]C104(C2)
b> 

*ram-[CoCl2(N47)]C104(Ci)b> 

^m-[CoCl2(N48)]C104(C2)b) 

*rarc.s-[CoCl2(N49)]BF4
b> 

*ram-[CoCl2(trien)]C104
c> 

a'5-[Co(N02)2(N45)]BF4
b> 

cis-[Co(N02)2(N46)]PF6 (l)
d) 

m-[Co(N02)2(N46)]PF6 (2)d) 

as-[Co(N02)2(N47)]BF4
b> 

*ram-[Co(N02)2(N47)]BF4
b> 

*raRS-[Co(N02)2(N48)]BF4
b> 

*ram-[Co(N02)2(N49)]PF4
b> 

[Co(en)(N45)]Cl3-1.25 H2O
e> 

[Co(en)(N46)](C104)3(l)f) 

[Co(en)(N46)](C104)3 (2)f> 
[Co(en)(N47)](C104)3

f) 

[Co(en)(N48)](C104)3
f) 

£/103cm_1 (log(£/mol_1 dm3 cm-1)) 
1st band 2nd band 

16.67(1.52) 23.70(2.15) 
15.8 (1.84) 22.2 (2.25) 

16.0(1.70) 21.6 (2.22) 

15.8(1.64) 20.9 (2.25) 

15.7(1.71) 20.5 (2.27) 

16.2(1.79) 22.1 (2.09) 
22.4(2.50) 

22.0(2.51) 

21.9(2.51) 

21.7(2.47) 

22.2(2.43) 

21.7(2.48) 

21.5(2.51) 

20.5(2.30) 
21.0(2.21) 
20.6(2.26) 
20.6(2.26) 
20.2(2.25) 

25.8(2.07) 

22.7(2.25) 

22.7(2.23) 

22.6(2.27) 

23.8(2.07) 

29.3(2.20) 
29.0(2.14) 
28.7(2.17) 
28.4(2.15) 
28.1(2.16) 

CT 

32.4(sh) 
39.3(4.40) 
32.0(sh) 
39.5(4.41) 
31.9(3.25) 
39.1(4.39) 
32.1(sh) 
39.0(4.42) 

30.8(3.74) 
40.3(4.37) 
30.1(3.74) 
39.7(4.35) 
30.2(3.74) 
39.6(4.33) 
29.5(3.75) 
39.5(4.37) 
28.1(3.49) 
38.7(4.25) 
28.0(3.56) 
38.9(4.31) 
28.1(3.56) 
38.6(4.35) 
44.0(4.32) 
43.8(4.33) 
43.4(4.32) 
42.6(4.30) 
42.1(4.28) 

a) From Ref. 14. b) In CH3CN. c) In CH3N02 . d) In CH3CN weakly acidified with HC104. e) From Ref. 12. 
f) In water acidified with HC104 (pH 2). 

Table 2. " Q I H ) NMR Spectral Data 

Complex 

*ram-[CoCl2(N47)]C104(C2)
a> 

*ram-[CoCl2(N47)]C104(Ci)a> 
*ram-[CoCl2(N48)]C104(C2)

a) 

*ram-[CoCl2(N48)]C104(Cs)a> 
*ram-[CoCl2(N49)]BF4(C2)

a) 

m-[Co(N02)2(N46)]PF6 (l)
b) 

m-[Co(N02)2(N46)]PF6 (2)b) 

*ram-[Co(N02)2(N47)]BF4
a> 

as-[Co(N02)2(N47)]BF4
a> 

fram-[Co(N02)2(N48)]BF4
a> 

*ram-[Co(N02)2(N49)]BF4
c> 

[Co(en)(N46)](C104)3(l)
d> 

[Co(en)(N46)](C104)3 (2)d> 

[Co(en)(N47)](C104)3
a> 

[Co(en)(N48)](C104)3
a> 

Ô(C-C-C) 

29.8 
23.3, 25.5 
26.2, 27.2 
19.5, 28.8 
23.8, 28.3 
22.8 
24.4 
29.1 
22.7, 28.9 
24.8, 27.0 
21.8, 25.9 
23.0 

23.6 

22.4, 28.1 

20.2, 23.8, 26.6 

Ô(C-C-N) 

49.9, 53.4, 54.5, 58.3 
48.7, 48.9, 49.2, 50.1, 53.7, 55.8, 
50.0, 53.4, 55.6, 60.1 
51.2, 51.8, 52.2, 59.9 
49.9, 53.7, 53.7, 59.7 
45.8, 48.5, 49.5, 49.5, 51.8, 52.3, 
46.7, 47.9, 49.9, 50.3, 50.7, 54.9, 
50.3, 53.2, 55.0, 57.7 
50.4, 51.9, 52.1, 52.1, 53.1, 53.7, 
50.0, 53.7, 56.0, 59.0 
49.4, 51.9, 52.2, 57.9 
45.2, 45.4, 45.8, 48.0, 50.4, 52.3, 
54.4, 54.5 
45.7, 45.8, 47.0, 49.8, 50.0, 50.9, 
56.9, 58.8 
44.6, 46.7, 51.5, 52.1, 52.3, 53.3, 
54.2, 55.2 
44.7, 46.7, 51.3, 53.1, 53.2, 53.7, 

56.1, 58.2 

52.7 53.6 
55.5, 56.5 

54.7, 55.4 

52.4, 54.0, 

51.7, 56.5, 

53.9, 54.0, 

53.8, 54.6 

a) In CD3CN, CD3CN (1.3 ppm) reference, b) In DMSO 
c) In DMSO-de. d) In D 20 acidified with DC1, dioxane (67 

de weakly acidified with DC1, TMS reference. 
.4 ppm) reference. 

of the trans-dichloro complex. In 13C N M R spectra the 
isomer yielded by the air-oxidation method show five 
signals and has either a C2 axis or a mir ror p lane , 
whi le the other isomer gives ten signals and has Ci 
symmetry (Table 2). For trans-[CoCh(N4x)]+, there are 

six geometrical isomers ar is ing from the combina t ion 
of four chiral secondary n i t rogen a toms (R or S); four 
pairs of enant iomers , RRRR(SSSS)(C2 symmetry), 
RRRS(SSSR)(=RSSS(SRRR))(Ci symmetry), RSRR-
(SRSS)(=RRSR(SSRS))(Ci symmetry), and RSSR-
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RSSS- [Co(C0 3 ) (N 4 7) ] ' RSSR- [Co(C0 3 ) (N 4 7) ] + 

» HCl 1 HCl 

trans-[CoCl2(N47)]
+ trans-[CoCl2(N47 )]

 + 

(C? symmetry) 

c 

Fig. 3. Possible structures of [Co(C03)(N47)]+. The 
signs + and —represent amine protons disposed above 
and below from the C0N4 plane, respectively. 

(SRRS)(C2 symmetry), and two meso isomers with Cs 
symmetry, RRSS(=SSRR) and RSRS(=SRSR), where 
the four symbols (R or S) denote chirality of nitrogen 
in the order of N(1)N(4)N(7)N(10). No assignment can 
be given for the structures of two isomers from 
absorption and NMR spectra. The structures were as­
signed on the basis of the structures of two isomers of 
[Co(C03)(N47)]+. The carbonato complex yielded two 
isomers by reaction of £ran,s-[CoCl2(N47)]+ with K2CO3, 
although these isomers were not isolated because of 
their decomposition under the acidic conditions. For 
[Co(C03)(N4x)]+, there are 16(=24) geometrical iso­
mers, and all of which have their antipodes. However, 
molecular models indicate that structually possible, 
less strained isomers of [Co(C03)(N47)]+ are only two 
of these isomers, RSSR(SRRS) and RSSS(SRRR) as 
shown in Fig. 3. These carbonato complexes yielded 
trans-dichloro complexes by reaction with hydro­
chloric acid. Since the chilarity of nitrogen atoms will 
be retained in reactions in acidic solution, the trans-
dichloro complex with C2 or Cs symmetry can be as­
signed to the RSSR(SRRS) isomer(C2), and that with 
Ci symmetry to the RSSS(SRRR) one. 

The C2 isomer has the same chilarities of nitrogen 
atoms as those found in X-ray structure analysis of 
*rans-[NiCl2(N47)]2> and [Cu(N47)](C104)2.8) The struc­
ture involves three five-membered chelate rings of a 
gauche form (ÔÀÔ for RSSR) and a seven-membered 
chelate ring of a skew form (À for RSSR) which 
corresponds to the most stable twist-chair form of 
cycloheptane.17) The skew form has been found in 
[Co(tmd)3]3+ 18) andas-[Co(N02)2(tmd)2]+ 19) (tmd: 1,4-
butanediamine), in which the two methylene carbons 
adjacent to the nitrogen atoms are disposed on the 
opposite sides of the plane formed by the cobalt and 

two nitrogen atoms. In the Ci isomer, on the other 
hand, these methylene carbons are forced to be on the 
same side of the C0N2 plane of the seven-membered 
chelate ring, although other rings can take similar 
conformations to those in the C2 isomer. Such a 
structure seems to involve more strain than that of the 
C2 isomer. The 13C NMR spectrum of a CD3CN 
solution of the Ci isomer completely changed to that 
of the C2 isomer when made weakly basic with 
triethylamine or NaOD. The less stability of the Ci 
isomer is reflected on absorption spectra and electro­
chemical properties described later. 

For trans-[CoCh(NS)]+, a mixture of two isomers 
was obtained by an air-oxidation method similar to 
that for the N47 complex. The 13C NMR spectrum of 
the product shows twelve signals consisting of two sets 
of six signals with similar intensities (Table 2), 
indicating formation of two isomers with C2 or Cs 
symmetry in similar amounts. Attempts to separate 
them were unsuccessful. To obtain pure isomers, the 
mixture was converted to the carbonato complex by 
the same method as that for the N47 complex. The 
carbonato complex yielded two isomers which might 
have the same RSSR(SRRS) and RSSS(SRRR) struc­
tures as those of two isomers of the N47 complex. By 
reaction with hydrochloric acid, one isomer gave one 
of two isomers found in the mixture, while the other 
isomer gave the same mixture with other unknown 
complexes. The formation of the mixture from 
[Co(C03)(N48)]+ indicates that configurational inver­
sion at the nitrogen atom takes place and that the 
inversion under acidic conditions should involve 
clevelage of the Co-N bond. The stability of metal 
macrocycles seems to decrease with an increasing ring 
memberes of the ligand as also seen in the N49 
complex described later. 

The pure isomer of trans-[CoCh(^4S)]+ was tenta­
tively assigned to the RSSR(SRRS) isomer (C2) 
corresponding to the more stable C2 isomer of trans-
[CoCi2(N47)]+. The assignment has been confirmed by 
preliminary X-ray analysis on its nitrate and tetra-
fluoroborate salts.20) The other isomer contained in 
the mixture may be assigned to the RSRS isomer (Cs) 
from analogy with the planar [Ni(N48)](C104)2 com­
plex whose structure has been determined by X-ray 
analysis.2) In the RSRS structure, the central five-
membered chelate ring cannot adopt a gauche con­
formation, but is forced to take an eclipsed form. Thus 
the complex seems to be more strained than the C2 
isomer. However, the C2 isomer in a weakly basic 
(N(C2HÖ)3) CD3CN solution isomerizes to the Cs 
isomer to give a mixture containing similar amounts 
of these two isomers. The results indicates that the 
energy difference is very small between the C2 and Cs 
isomers. 

A single brown isomer of 2ran,s-[CoCl2(N49)]+ was 
yielded by an air-oxidation method similar to that for 
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the N47 complex. The complex shows six signals in the 
13C NMR spectrum, and has either C2 or Cs symmetry. 
By reaction with K2CO3, the complex yielded only one 
isomer of [Co(COs)(N49)]+, from which the same 
isomer of trans-dichloro complex as above was formed 
by reaction with hydrochloric acid. The complex is 
presumed to have the RSSR(SRRS)(C2) configuration 
from the previous discussion on isomers of the N47 and 
N48 complexes. The RSSR(SRRS) configuration has 
been found in trans-[NiCh(NS)] by X-ray analysis.2) 

This complex forms a largely distorted octahedron 
with the large bite angle (119.14(4)°) of the nine-
membered chelate ring. The Co(III) complex will also 
involve similar large distortion. The complex de­
composed slowly in acidic solution to give Co(II) 
species. No reduction was observed for the N47 and 
N48 complexes under the same conditions. 

Two isomers of [Co(en)(N46)]3+ were yielded by 
reaction of trans-[CoCh(N 46)]+ with en in DMSO, and 
separated by SP-Sephadex C-25 column chromatog­
raphy. The two isomers are yellow-orange and red-
orange in color, and show similar absorption and 
13C NMR spectra. The isomers are stable in acidic 
solution, but easily isomerize to each other in neutral 
water and acetonitrile, similar amounts of the isomers 
being observed at equilibrium by 13C NMR spectra. 
Most probable structures of these two isomers are 
indicated by molecular models to have those with the 
same RSSR(SRRS) and RSSS(SRRR) configurations 
as those of [Co(C03)(N4x)]+. However, no assignment 
can be made for each complex. 

For [Co(en)(N4x)]3+ (x=7, 8) only one isomer was 
obtained by similar reactions to that for the N46 
complex. The yield of the N48 complex was very low 
(5.2%), and no en complex with N49 was obtained. 
The en complex with N*x seems to become unstable 
when x exceeds 8 probably because of steric crowding 
due to the increasing methylene and amine protons. 
Both the N47 and N48 complexes will be either the 
RSSR(SRRS) or RSSS(SRRR) isomer, but the struc­
tures remain unknown. 

The [Co(N02)2(N46)]+ complex yielded two isomers 
by oxidation of an aqueous solution containing 
CoCl2-6H20, N46, and NaNÛ2 with air, and the 
isomers were separated by SP-Sephadex C-25 column 
chromatography. Both isomers are shown to have Ci 
symmetry by appearance of nine signals in the 13C 
NMR spectra. The absorption spectra of the isomers 
are similar. The bands around 30000 cm - 1 are stronger 
than those of *rans-[Co(N02)2(N4x)]+ (x=7, 8, 9) with 
C2 symmetry described below and similar to that of 
aV[Co(N02)2(N45)]+.13) The two isomers easily iso­
merize to each other in CD3CN. These results indicate 
that both isomers are a eis form. Hung et al.14) 

obtained [Co(N02)2(N46)]+ by reaction of trans-[CoCh-
(N46)]+ with NaNÜ2 and assumed it to be a trans 
isomer. Attempts to prepare the trans isomer by their 

method were unsuccessful to give one of the present 
two eis isomers. No structual assignment can be given 
for the two isomers, although only two with the 
RSSR(SRRS) and RSSS(SRRR) configurations are 
possible for a cis isomer. 

Two isomers of [Co(N02)2(N47)]+ were obtained by 
reaction of £ran,s-[CoCl2(N47)]+ with NaNÛ2 and by 
SP-Sephadex C-25 column chromatography. The 
13C NMR spectra indicate that one has Ci symmetry, 
and the other C2 or Cs symmetry. The absorption band 
of the Ci isomer at 29500 cm - 1 is stronger than that of 
the other C2 or Cs isomer, indicating the eis isomer for 
the former and the trans one for the latter. The Ci and 
C2 or Cs isomers yielded the Ci and C2 isomers of trans-
[CoCl2(N47)]+, respectively by reaction with hydro­
chloric acid. Thus the C2 or Cs and Ci dinitro 
complexes can be assigned to the trans-RSSR(SRRS) 
(C2) and the cis-RSSS(SRRR) (Ci) isomers, respective­
ly. The same cis-RSSS(SRRR) structure is found in 
X-ray structure analysis of cw-[Ni(NCS)2(N47)].3) 

The [Co(N02)2(N4x)]+ (x=8, 9) complexes yielded 
only one isomer by two methods similar to those for 
the N46 and N47 complexes, an air-oxidation method 
and reaction of trans-[CoCh(^4x)]+ with NaNÜ2. The 
two complexes can be assigned to a trans isomer by the 
13C NMR spectra. The absorption spectra support the 
assignment; the intensities of bands around 28000 
cm - 1 are similar to that of frans-[Co(NC>2)2(N47)]+. The 
trans-NS complex yields the C2 isomer of trans-
[CoCl2(N48)]+ by reaction with hydrochloric acid, 
indicating the RSSR(SRRS) isomer. The same re­
action of the trans-N49 complex resulted in decomposi­
tion to cobalt(II) species. 

Electronic Spectra. The trans-dichloro complexes 
show absorption spectra similar to that of trans-
[CoCl2(en)2]+, except intensity enhancement of the 
bands in the region of 18000 to 25000 cm"1 (Fig. 2). 
The bands are assigned as shown in Table 1 according 
to the assignment for 2ran,s-[CoCl2(en)2]+ (D4h ap­
proximation);21* the first d-d band split into two 
components, Ia(

1Eg<—xAig) and IbO^g«— ^îg), the 
second d-d band, II^Eg + xB2g <— ^îg) , and two charge-
transfer bands. The intensity enhancements of the lb 
band will be attributed to the distortion of the square 
C0N4 coordination, since the lb band originates 
mainly from the transition in the C0N4 plane. The 
distortion will arise from both strains due to the 
planar arrangement of three five-membered chelate 
rings and the relatively large chelate ring. As a result 
the bite angle of the large chelate ring widens largely 
as seen in [NiCl2(N47)] ( 109.6°)2> and [NiCl2(N49)] 
(119.14°).2> The *rans-[CoCl2(trien)]+ complex also 
shows a fairly strong lb band (loge: 2.09), the lb band 
intensity of 2ran,s-[CoCl2(en)2]+ being 1.38.21) X-Ray 
structure analyses of £rans-[CoX2(trien)]+ (X=CN,22) 

NCS,23) NÛ224)) reveal that three bite angles of trien 
are in the range of 85°—88°, while the other N-Co-N 
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Table 3. Band Positions Obtained by Gaussian Curve Fitting Analysis 
and Ligand Field Parameters for trans-[CoCh(N4x)]+ 

Complex v/KPcm-1 

1st band 2nd band 
A /103 cm-1 

zf(N) zf(Cl) 

^m-[CoCl2(N46)]C104a) 

fram-[CoCl2(N47)]ClC>4(C2) 
^m-[CoCl2(N47)]C104(Ci) 
^m-[CoCl2(N48)]C104(C2) 
^flm-[CoCl2(N49)]BF4 

16.67 
15.8 
16.0 
15.9 
15.7 

23.70 
21.6 
21.2 
20.6 
20.1 

25.8 
23.7 
23.7 
23.4 

27.50 
25.4 
25.0 
24.4 
23.9 

13.45 
13.7 
14.6 
15.0 
15.2 

a) From Ref. 14. 

Table 4. 

Complex 

Electrochemical Data of the Redox Potentials of Co(III)/Co(II)a) 

Cyclic voltammetry RDE voltammetryb) 

£Pc/V £pa/V A£pc>/mV (£pc+£Pa)/2/V EV2/V Em-Em/mV 

fram-[CoCl2(N46)]BF4 

^m-[CoCl2(N47)]C104(C2) 
fram-[CoCl2(N47)]C104(Ci) 
^m-[CoCl2(N48)]C104(C2) 
^m-[CoCl2(N49)]BF4 
a'5-[Co(N02)2(N45)]BF4

d) 

m-[Co(N02)2(N47)]BF4 

^m-[Co(N02)2(N47)]BF4 

^m-[Co(N02)2(N48)]BF4 

iram-[Co(N02)2(N49)]BF4 
[Co(en)(N45)](C104)3 
[Co(en)(N47)](C104)3 
[Co(en)(N48)](C104)3 

0.69 
0.52 
0.50 
0.43 
0.38 
0.89 
0.81 
0.81 
0.72 
0.67 
0.57 
0.45 
0.37 

-0.59 
-0.42 
-0.32 
-0.14 
IRREV 
IRREV 
-0.68 
-0.72 
-0.57 
-0.37 
-0.38 
-0.22 
IRREV 

100 
100 
180 
295 
— 
— 
130 
90 

150 
295 
190 
230 
— 

-0.64 
-0.47 
-0.41 
-0.29 

-0.75 
-0.77 
-0.65 
-0.52 
-0.48 
-0.34 

-0.65 
-0.51 
-0.50 
-0.44 
-0.41 
-0.86 
-0.76 
-0.76 
-0.72 
-0.68 
-0.55 
-0.44 
-0.33 

90 
90 
75 
115 
135 
100 
120 
85 
110 
130 
85 
90 
85 

a) The data for 1 mmol dm"3 ferrocene; (£pc+£Pa)/2=0.08 V, £i /2=0.09 V. b) 1500 rpm, scan rate: 10 mV s"1. 
c) A£p=Epa—£pC. d) Supporting electrolyte: 0.1 mol dm - 3 (C4Hg)4NBF4. 

angle is widened to 99° —102°. 
T h e l igand field parameters of n i t rogen (A(N)) and 

chlor ine (zf (CI)) for trans-[CoCh(^4x)]+ were estimated 
from the observed Ia and lb bands on the basis of the 
A O M model.25) T h e b a n d posi t ions were obtained by 
Gaussian curve fitting analysis us ing the program 
LGNS26> modified by Dr. T. Komori ta of Osaka 
University. T h e Racah 's parameter C is approximated 
to be a constant value of 3800 cm_1 .27) Tab le 3 lists the 
parameter values. T h e values indicate the following 
two features; 1) the d(N) value decreases as the r ing 
size of macrocycles increases, and 2) the zf(CI) value 
increases with the decreasing A(N) values. Feature 1) 
suggests the best fitness of N46 to the Co(III) ion 
a m o n g the present N4X ligands. T h e reduction of 
A (N) occured by the increasing r ing size of N4X will be 
a t t r ibutable to l eng then ing of the C o - N bond and 
increasing distort ion of the N - C o - N bond angle from 
90°. T h e average N i - N distances of [NiCl2(N47)]2> and 
[NiCl2(N49)]2> are 2.07 and 2.16 Â, respectively, and the 
large bite angle are observed as described above. 
Between the two isomers of the N47 complex, the C2 
isomer has a larger zf(N) value than that of the Ci 
isomer, indica t ing better fitness of N47 in the C2 
structure. T h i s result seems to be compat ib le wi th the 
fact that the C2 isomer is more stable than the Ci 
isomer. Feature 2) wil l correspond to the eis effect, the 

electronic effect of a l igand on the coordinate bonds of 
other l igands in the eis posi t ions. A complementary 
relat ion is seen between the A(N) and zf (CI) values; the 
larger the zf(N) value, the smaller the zf(Cl) value. A 
similar eis effect has been found for Ni(II) macro-
cycles.28* 

T h e [Co(en)(N4x)]3+ complexes show two clear d -d 
bands, I( iTig +- ^ ( O h ) ) and II(1T2g <- ^ ( O h ) ) . All 
the bands are in lower energy and have stronger 
intensity than the corresponding bands of [Co(en)3]3+. 
Except the II band of the N45 complex, these bands 
shift to the lower energy side in the order of the 
N46(isomer l )>N 4 6( i somer 2 ) > N 4 7 > N 4 5 > N 4 8 com­
plexes. T h e II band of the N45 complex is at the 
highest energy a m o n g those of the complexes. T h e 
reason for the band posit ions of the N45 complex 
remains u n k n o w n . 

T h e d in i t ro complexes exhibit only the first d -d 
band , the second d-d band be ing hidden by a s t rong 
charge transfer band. For bo th eis and trans isomers, 
the energy of the first d -d band decreases wi th an 
increase in r ing size of N4X. T h e relation of the first 
d -d b a n d pos i t ion between the eis and trans isomers is 
the same as that for the isomers of [Co(N02)2(en)2]+; 
the band of the trans isomer is at higher energy than 
that of the eis isomer. 

Electrochemistry. Table 4 lists the data of redox 
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potentials for the Co(III) /Co(II) couples of the N4X 
complexes. For each series of the complexes, a positive 
shift of £1/2 and an increase in AEp(=Epa—Epc) are 
observed as the r ing size of N4X increases. T h e ratio of 
/pa//pc is always less than one, indicat ing that a 
chemical reaction of the Co(II) species follows the 
reduction process. T h e range of £1/2 is small in each 
series of the complexes. T h e variation of £1/2 with the 
r ing size indicates that the larger N4X l igand favors the 
formation of a Co(II) complex. T h e sequence of £1/2 
becoming more positive (less negative) in each series of 
the complexes is the same as that of the decreasing first 
d -d transi t ion energy except for [Co(en)(N45)]3+. T h e 
increase in A£p indicates that the chemical irreversibil­
ity in the reduction reaction increases wi th an increase 
in r ing size of N4X. T h e reactions of the largest l igand 
dichloro and en complexes, trans-[CoCh(^49)]+ and 
[Co(en)(N48)]3+ are irreversible. 

T h e £1/2 value for isomer C2 of £rans-[CoCl2(N47)]+ is 
more negative than isomer Ci, a l though the difference 
is small. T h i s result is consistent wi th the more sta­
bility of the C2 isomer discussed previously. 

No data for m-[Co(N0 2 )2(N 4 6)] + and [Co(en)-
(N46)]3+ were obtained because of their isomerization 
in acetonitrile. 

T h i s work was suppor ted by Grant-in-Aid for 
Scientific Research No. 61430013 from the Ministry of 
Education, Science and Culture. 

References 

1) M. Sugimoto, M. Nonoyama, T. Ito, and J. Fujita, 
Inorg. Chem., 22, 950 (1983). 

2) M. Sugimoto, J. Fujita, H. Ito, K. Toriumi, and T. 
Ito, Inorg. Chem., 22, 955 (1983). 

3) M. Sugimoto, H. Ito, K. Toriumi, and T. Ito, Acta 
Crystallogr., Sect. B, 38, 2453 (1982). 

4) R. Bembi, V. K. Bhardwarj, R. Singh, K. Taneja, and 
S. Aftab, Inorg. Chem., 23, 4153 (1984). 

5) R. Bembi, R. Singh, S. Aftab, and T. G. Roy, / . Coord. 
Chem., 14, 119(1985). 

6) M. Micheloni, P. Paoletti, A. Poggi, and L. Fabbrizzi, 
/ . Chem. Soc, Dalton Trans., 1982, 61. 

7) M. Micheloni, P. Paoletti, and A. Sabatini, / . Chem. 
Soc, Dalton Trans., 1983, 1189. 

8) A. Bianchi, L. Bologni, P. Dapport, M. Micheloni, 
and P. Paoletti, Inorg. Chem., 23, 1201 (1984). 

9) R. D. Hancock and M. P. Ngwenya, / . Chem. Soc, 
Dalton. Trans., 1987, 2911. 

10) J. W. L. Martin, J. H. Timmons, A. E. Martell, and C. 
J. Willis, Inorg. Chem., 19, 2328 (1980). 

11) J. H. Timmons, P. Rudolf, A. E. Martell, J. W. L. 
Martin, and A. Clearfield, Inorg. Chem., 19, 2331 (1980). 

12) M. Nonoyama and T. Kurimoto, Polyhedron, 4, 471 
(1985). 

13) J. P. Collman and P. W. Schneider, Inorg. Chem., 5, 
1380 (1966). 
14) Y. Hung, L. Y. Martin, S. C. Jackels, A. M. Tait, and 

D. H. Busch, / . Am. Chem. Soc, 99, 4029 (1977). 
15) A. M. Seargeson and G. H. Searle, Inorg. Chem., 6, 787 

(1967). 
16) Decomposition of [Co(N02)2(N47)]+ occured when it 

was eluted at room temperature. 
17) J. B. Hendrickson, / . Am. Chem. Soc, 83, 4537 (1961). 
18) S. Saito and Y. Saito, Acta Crystallogr., Sect. B, 31, 1378 

(1975). 
19) M. Shiomi, Y. Fujinawa, H. Ogino, K. Kanamori, and 

K. Kawai, Bull. Chem. Soc. Jpn., 61, 3491 (1988). 
20) M. Tsuchimoto, M. Kita, M. Nonoyama, and J. 

Fujita, Symposium on Coordination Chemistry, 37th, 
Tokyo, 3A07 (1987). 
21) A. B. P. Lever, "Inorganic Electronic Spectroscopy," 

2nd ed, Elsevier, Amsterdam (1984), p. 469. 
22) R. K. Wismer and R. A. Jacobson, Inorg. Chim. Acta, 7, 

477 (1973). 
23) Y. Kushi, M. Kuramoto, S. Utsuno, and H. Yoneda, 

Bull. Chem. Soc. Jpn., 56, 2742 (1983). 
24) M. Ito, F. Marumo, and Y. Saito, Acta Crystallogr., Sect 

B, 28, 463 (1972). 
25) H. Yamatera, Bull. Chem. Soc. Jpn., 31, 95 (1958). 
26) D. B. Siano and D. E. Metzler, / . Chem. Phys., 51, 1856 

(1969). 
27) R. A. D. Wentworth and T. S. Piper, Inorg. Chem., 4, 

709(1965). 
28) L. Y. Martin, C. R. Sperati, and D. H. Busch, / . Am. 

Chem. Soc, 99, 2968 (1977). 



January, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 235—240 (1990) 235 

The Pyrolysis of l,2,3,4,6,7-Hexathia-5,8-diazocine 
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Crystals of l,2,3,4,6,7-hexathia-5,8-diazocine (1,4-S6(NH)2) were transformed around 363 K with a molar 
enthalpy change of the transformation of 2.40+0.07 kj mol -1 . Crystal systems of the two forms of'l,4-S6(NH)2 

were identified to be orthorhombic (a-form) and monoclinic (ß-form) below and above this temperature. Molar 
heat capacities of the a- and ß-forms were also deduced as being 0.195+0.001 and 0.199+0.001 kj mol - 1 K"1 at 
298.15 K, respectively. The l,4-Se(NH)2 was pyrolyzed around its apparent melting point (405 K), producing 
tetrasulfur tetranitride (S4N4) and tetrasulfur dinitride (S4N2) as solid intermediates, which finally decomposed 
into sulfur, nitrogen, and ammonia under an argon atmosphere. A stoichiometric correlation among the final 
products gave an overall pyrolytic equation: l,4-S6(NH)2=3/4S8+2/3N2+2/3NH3. The standard enthalpy of 
the formation of a-form l,4-Se(NH)2 was estimated as being 158+2 kj mol - 1 according to the observed enthalpy 
changes of the pyrolysis and transformation, which reasonably agreed with that calculated. 

Hexathiadiazocine (hexasulfur di imide, Se(NH)2) is 
an eight-membered, puckered-type r ing c o m p o u n d 
which resembles cyclooctasulfur, t h o u g h two sulfur 
a toms are replaced by N H groups at 1,3-, 1,4-, and 
1,5-positions, respectively. T h e crystal system of the 
1,4-isomer has been reported to be monocl inic ,^ in 
contrast to those of the other two isomers, or tho-
rhombic . 2 ' ^ These geometric isomers are no t so stable 
against daylight, even at room temperature, and 
thermally decompose a round their respective mel t ing 
points .4 _ 6 ) 

Little informat ion on the thermal decomposi t ion 
has been available because of their instabilit ies and 
qui te low yields u p o n syntheses . 4 - 0 In this work, one 
of the isomers, l,2,3,4,6,7-hexathia-5,8-diazocine (1,4-
S6(NH)2), was pyrolyzed in a temperature range from 
320 to 513 K under an argon atmosphere to study its 
degradat ion process and thermodynamic property. 
T h e term 1,4-hexathiadiazocine hereafter refers to this 
1,4-isomer. 

Experimental 

Materials. The 1,4-hexathiadiazocine was prepared by a 
method described by Heal and Kane.6) A crude product was 
extracted from a reaction mixture with diethyl ether; the 
isomers were then respectively isolated from by-products by 
column chromatography, followed by repeated recrystalliza-
tion from a carbon tetrachloride solution below 313 K. 
Thin-layer chromatography (TLC) showed that white 
needle crystals, thus obtained, were sufficiently pure to use 
in this work.7) 

Procedures. Pyrolytic products of the 1,4-hexathiadi­
azocine were identified by TLC and gas chromatography. 
Stoichiometric correlations among the final products were 
estimated in the same way as that described in previous 
papers,8~10) as follows: a sample (33—160 mg) was heat-
treated at 433 K for 90 min in an argon flow (25 cm3 min - 1). 
Ammonia, one of gaseous products, was introduced into a 
perchloric acid solution and then titrated with a sodium 
hydroxide solution. The amount of nitrogen was also 
determined using an azotometer. Solid products were 

determined spectrophotometrically using their carbon tetra­
chloride solution.9) The enthalpy changes of the transforma­
tion and thermal decomposition of 1,4-hexathiadiazocine, as 
well as its molar heat capacities, were estimated at heating 
rates of 8 and 16 K min"1 with a Perkin-Elmer (model DSC-
1B) differential scanning calorimeter (DSC). The 1,4-
hexathiadiazocine was carefully weighed and tightly sealed 
in an aluminium container (25 mm3) under red light and the 
argon atmosphere. The DSC instrument was calibrated with 
indium of 99.999% purity. Sapphire of 99.998% purity was 
also used as a reference for measurements of the molar heat 
capacities of 1,4-hexathiadiazocine. 

Differential thermal analysis (DTA) and thermal gravime-
try (TG) on hexathiadiazocines were also carried out under 
an argon atmosphere using a thermal analyzer (Shimadzu, 
model DT-40). X-Ray powder diffraction patterns of 1,4-
hexathiadiazocine were obtained with a Rigaku Denki 
Geigerflex (model RAD III A) X-ray diffractometer, the 
diffraction angles being calibrated using silicon. 

Results 

Pyrolytic Products and Degradation Process of 1,4-
Hexathiadiazocine. T h e sample was heated in a DSC 
ins t rument at a heat ing rate of 16 K m i n - 1 u p to the 
specified temperatures. T h e solid pyrolytic products 
were identified by T L C after dissolving them in 
carbon tetrachloride, as shown in Table 1. Tetrasulfur 
tetranitride (S4N4) and tetrasulfur dinitr ide (S4N2) were 

Table 1. Solid Pyrolytic Products of 1,4-S6(NH)2 

at Different Temperaturesa) 

7YK Species 

403 S6(NH)2 

411 S6(NH)2 S8
b) 

423 S6(NH)2 S8 S4N4 S4N2
b) 

433 S6(NH)2
b> S8 S4N4 S4N2

b) 

443 S8 S4N4 S4N2
b) 

453 S8 S4N4 S4N2
b) 

463 S8 S4N4
b> 

473 S8 

a) Heating rate of 16 K min - 1 , b) Trace amount. 
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observable as intermediates above 423 K under these 
condi t ions , whereas these two nitrides completely 
decomposed in to sulfur and nitrogen9 ) above 473 K. 
T h u s , the solid final pyrolytic product of 1,4-
hexathiadiazocine was only sulfur. T h e apparen t 
decomposi t ion temperature depended on both the 
hea t ing rate a n d / o r the dura t ion of heat ing; for 
example , the 1,4-hexathiadiazocine obviously de­
composed by pro longed heat ing, even at 383 K in an 
argon atmosphere. T h e fractional decomposit ion 
increased from 0.03 to 0.85 as the heat ing dura t ion was 
extended from 90 to 180 min at this temperature. 

Figure 1 shows a differential scanning calorimetric 
(DSC) pat tern of the 1,4-hexathiadiazocine at a heat ing 
rate of 16 K m i n - 1 in an argon atmosphere . T h e DSC 
curve showed a sharp endothermic peak attr ibutable to 
fusion at 405 K4) and a broad exothermic peak (430 K) 
wi th a shoulder. In addit ion, a small endothermic 
peak was indicated at 363 K. T h e 1,4-hexathia­
diazocine heated above this temperature (393 K) 
indicated a qui te different X-ray powder diffraction 
pat tern compared wi th that of the or iginal sample. 

350 400 450 500 

T / K 

Fig. 1. DSC pattern of 1,4-hexathiadiazocine 
obtained at heating rate of 16 K min - 1 . 

LJU^XJi 
C/) 

c 

UJ 
a-form 

/3-form 

Fig. 2. X-Ray powder diffraction patterns of 
1,4-hexathiadiazocines. 

Furthermore, the sample, thus preheated, no longer 
indicated such an endothermic peak at the DSC 
measurement , even if it was kept at room temperature 
for 50 days. However, the endothermic peak was once 
again observable when the preheated sample had been 
recrystallized from the carbon tetrachloride solution. 
According to these results, it can be concluded that the 
crystals of 1,4-hexathiadiazocine were transformed 
a round 363 K, whereas its back-transformation took 
place very slowly. T h u s , the or iginal form will 
hereafter be expressed as an a-form and the other, as a 
ß-form. 

Stoichiometry of Pyrolytic Products during Ther­
mal Degradation of 1,4-Hexathiadiazocine. Table 2 
displays molar ratios of the pyrolytic products to the 
or iginal 1,4-hexathiadiazocine u p o n heat ing at 433 K 
for 90 min. Trace amoun t s of tetrasulfur tetranitride 
and tetrasulfur dinitr ide were still detectable as 
n(S4N4)/n(S6(NH)2)=3X10-2 and n(S4N2) /n(S6(NH)2)< 
5X10 - 3 , respectively. These two compounds , however, 
finally decomposed in to sulfur and nitrogen.9 ) T h u s , 
the amounts of tetrasulfur tetranitride and tetrasulfur 
dinitr ide were converted to those of sulfur and 
ni t rogen, respectively. T h e ini t ial a m o u n t of the 
or iginal sample did not affect these molar ratios under 
the same condit ions. Based on these observations, the 
stoichiometric correlation du r ing the overall pyrolysis 
of 1,4-hexathiadiazocine can be expressed as 

1,4-S6(NH)2 = 3/4S8 + 2/3N2 + 2/3NH3. (1) 

Molar Heat Capacity of 1,4-Hexathiadiazocine. 
T h e molar heat capacities of 1,4-hexathiadiazocine, 
Cp, were estimated at a heat ing rate of 8 K m i n - 1 

between 320 and 393 K. T h e sample did not show any 
chemical change, except for transformation, after 
hea t ing for 5 min at 393 K. Especially, Cp of the a-
form 1,4-hexathiadiazocine was measured u p to a 
temperature of 336 K, low enough to secure no 
transformation. Figure 3 shows the molar heat 
capacities of the two forms of 1,4-hexathiadiazocine as 

Table 2. Molar Ratios of Final Pyrolytic Products 
of l,4-Se(NH)2 at 433 K for 90 min 

n(S6(NH)2) 

|imol 

633 
717 
718 
477 
148 
165 

Averagea) 

Molar ratios of pyrolytic 

n(S8) 

n(S6(NH)2) 

0.750 
0.741 
0.747 
0.753 
0.751 
0.742 

0.747±0.006 

n(N2) 

n(S6(NH)2) 

— 
— 
— 

0.656 
0.664 
0.667 

0.662±0.008 

products 

n(NH3) 

n(S6(NH)2) 

0.631 
0.640 
0.645 

— 
— 
— 

0.639±0.010 

a) The uncertainty value was defined as ±.?>.0o/\fn, 
where a and n are the standard deviation and number 
of data, respectively. 
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0.215 \-

Table 3. Enthalpy Changes of Decomposition and 
Transformation of l,4-Se(NH)2 

Fig. 3. Molar heat capacities of 1,4-hexathiadi-
azocines as a function of temperature. 

a function of tempera ture . T h e mola r heat capacities 
of a- and ß-forms were deduced as 0.195+0.001 and 
0.199+0.001 k j mol" 1 K"1 at 298.15 K, respectively, from 
linear relat ionships in the given temperature ranges, Cp 

(a - form)=0.156+1.30X10- 4 T and Cp (j8-form)=0.148+ 
1.71X10-4 T. T h e correlat ion coefficients of the above 
linearit ies for a- and ß-forms were calculated as 0.997 
and 0.993, respectively. 

Enthalpy Change during Pyrolysis of 1,4-Hexathia-
diazocine in Argon Atmosphere. T h e enthalpy change 
du r ing the overall pyrolysis of 1,4-hexathiadiazocine 
was measured at a hea t ing rate of 16 K m i n - 1 over 
temperatures r a n g i n g from 320 to 513 K. An apparent 
heat of fusion at 405 K was est imated as be ing 
18.5+0.6 k j m o l - 1 , t h o u g h it would part ial ly involve 
an en tha lpy change of over lapped decomposi t ion. O n 
the other hand , an apparen t en tha lpy change of 
exothermic reaction a r o u n d 430 K was obtained as 
— 191+2 k j m o l - 1 . T h u s , the overall enthalpy change, 
AH, of the thermal decomposi t ion s tar t ing from the 
ß-form 1,4-hexathiadiazocine was estimated to be 
—173+2 k j m o l - 1 as an average value (Table 3). T h e 
enthalpy change of the transformation of 1,4-hexathia­
diazocine, AH t(l,4-S6(NH)2), was separetely deter­
mined as be ing 2.40+0.07 k j m o l - 1 , u s ing a moderate­
ly large a m o u n t of the sample (Table 3). O n the basis 
of the s toichiometr ic correlation (Eq. 1), the standard 
enthalpy of the format ion of a-form 1,4-hexathiadi­
azocine, AHf(l ,4-S6(NH)2(a) , s, 298.15 K), can be 
obtained as 

Af/f(l,4-S6(NH)2(a), s, 298.15 K) 
= - A H - AHt(l,4-S6(NH)2) + 4/3RT + 3/4(Atft(a,j8) 

+ AHm(/U) + XAHp) + 2/3AHf(NH3, g, 298.15 K) 
- F ACPdT, (2) 

J 298.15 

where AH t ( a ,ß ) a n d AHm{ß,X) are the enthalpy 
changes of the t ransformat ion of sulfur from S« to Sß 
(3.2 k j mol" 1) and of the fusion of Sß (13.8 k j 

n(S6(NH)2) 

Hmol 

3.47 
2.29 
3.27 
3.20 
3.47 
2.96 
3.10 
3.43 
3.07 
2.94 
2.92 
3.25 

Averageb) 

AHa> 

kj mol"1 

-175 
-172 
-175 
-174 
-168 
-175 
-174 
-171 
-170 
-176 
-170 
-177 
-173±2 

n(S6(NH)2) 

Hmol 

32.87 
34.23 
30.89 
32.53 
39.55 
41.45 
30.72 

Average 

AHt(l,4-S6(NH)2) 

kj mol"1 

2.46 
2.45 
2.48 
2.37 
2.37 
2.36 
2.28 
2.40±0.07 

a) The enthalpy change involves the heat of fusion, b) 
The uncertainty value was estimated in the same 
manner in Table 2. 

mol - 1),1 1 '1 2) AHP the entha lpy change of the polymer­
ization from Sx to Su (13.3 k j mol"1),11 '13* and X the 
fraction of S^ as the Ss uni t . T h e AH f(NH3, g, 
298.15 K) is the s tandard en tha lpy of the formation of 
a m m o n i a (—45.9 k j mol -1),12* and ACP, the difference 
in the mola r heat capacities between the a-form 1,4-
hexathiadiazocine and the final pyrolytic products. 12»14) 

T h e react ion temperature , T, was taken as 430 K at the 
m a x i m u m of the broad exothermic peak, as shown in 
Fig. 1. T h e fraction of S^, X, was approximate ly 
evaluated to be 0.096 as that at the m a x i m u m degree of 
polymerizat ion (442.8 K),10 '15) because the peak tem­
perature (430 K) of the thermal decomposit ion was just 
below the polymerizat ion temperature (432 K)15) of Sx. 
T h e integral term was calculated as being —0.65 k j 
m o l - 1 . According to Eq. 2, the s tandard enthalpy of 
the format ion of a-form 1,4-hexathiadiazocine, AHf 
( l ,4-S6(NH)2(a) , s, 298.15 K), was estimated to be 
158+2 k j mol" 1 . 

Discussion 

Transformation of Hexathiadiazocine Crystal. T h e 
1,4-hexathiadiazocine was transformed a round 363 K, 
whereas the 1,3- and 1,5-hexathiadiazocines did no t 
show any endothermic peak at tr ibutable to the trans­
formation. T h e enthalpy change of the transformation 
of the former c o m p o u n d (2.40+0.07 k j mol- 1 ) was 
smaller t han that of sulfur (3.2 k j mol"1) from 
o r tho rhombic (So) to monoc l in ic system (Sß).n '1 2 ) T h e 
ß-form 1,4-hexathiadiazocine was assigned to a m o n o -
clinic system, because observed spacings on X-ray 
powder diffractometry were in good agreement wi th 
those calculated according to the crystallographic 
parameters (ao=805.4, bo= 1252.2, c 0 =836 .8pm, and 
j8=l 14.45° ).1> 

T h e un i t cell lengths and Miller indices for X-ray 
powder diffraction peaks of the a-form 1,4-hexathia-
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diazocine were deduced according to the Lipson 's 
method,1 6 ) a s suming the crystal system to be or tho-
rhombic like those of sulfur(a) and other family 
compounds of sulfur imides, as shown in Table 4. As 
poin ted out by Lipson, par t icular pinacoidals , Qhoo, 
Qoko, and Qooi, would be frequently found a m o n g a 
n u m b e r of differences between respective couples of 
observed pinacoidals , Qhki, for the thirty seven X-ray 
powder diffraction peaks in a CuKa 20 range from 10 
to 70°; here, Qhki stands for the reciprocal of the 
squared spacing, \/dhk?. Since the QHOO, Qoko, and Qooi, 
thus obtained, equal (hi2— h22)Qioo, (ki2—k22)Qoio, and 
(h2—l22)Qooi, respectively, the Qioo, Qoio, and Qooi 
would also be frequently observable a m o n g quotients , 
Qhoo/n, Qoko/n, and Qooi/n, where n can be taken as 1, 
3, 4, 5, 7, 8, 9, 12, 15, and 16, respectively. T h u s , a 
computa t iona l treatment gave the un i t cell lengths for 
a-form 1,4-hexathiadiazocine. 

T h e number of molecules, Z, in the un i t cell would 
be sixteen, compared with un i t cell volumes of 1,3- and 
1,5-hexathiadiazocines, as indicated in Table 4. Accord­
ing to these results, the Miller indices were assigned for 

all of the observed diffraction peaks (Table 5) wi th 
repeated refinements of the un i t cell lengths, taking 
in to account possible reflections.20) T h e values of uni t 
cell lengths, ao=1623, fro=1246, and co=1428pm, in 
Table 4 were thus obtained. However, diffraction 
peaks less than 175 p m of the spacing were omit ted in 
Table 5, since the ass ignment of the Miller indices was 
uncertain at h igh diffraction angles (as usual) , t hough 
the observed spacings closely agreed wi th those 
calculated. 

It was difficult to confirm the space g roup of a-form 
1,4-hexathiadiazocine from X-ray powder diffracto-
metry, because the diffraction pattern was attr ibutable 
to both space groups , Dlh-Immm and Dlh-Imma. T h e 
density of a-form 1,4-hexathiadiazocine was calculated 
to be 2.05 g c m - 3 , which reasonably agreed with that 
observed (2.00 g cm-3).1* 

Pyrolytic Process of 1,4-Hexathiadiazocine. T h e 
1,4-hexathiadiazocine finally decomposed in to sulfur, 
ni trogen, and a m m o n i a th rough tetrasulfur tetra-
nitride and tetrasulfur dinitr ide as intermediates. In 
order to compare the thermal decomposit ion of three 

Table 4. Crystallographic Parameters of Sulfur and Sulfur Imides 

Compound 

Ss(a) 
S8(0) 
S 7 NH 
1,3-S6(NH)2 

1,4-S6(NH)2 (a) 
1,4-S6(NH)2 (ß) 
l,5-Se(NH)2 

S4(NH)4 

ao/pm 

1046.5 
1090 
761 
817.1 

1623 
805.4 
738.6 
801.0 

Uni t cell lengths 

bo/pm 

1286.6 
1096 
804 

1281.5 
1246 
1252.2 
786.4 

1220.0 

co/pm 

2448.6 
1102 
1303 
1403.5 
1428 
836.8 

1282.8 
672.7 

Angle ß/° Za) Crystal system Ref. 

83.27 

114.45 

16 
8 
4 
8 

16 
4 
4 
4 

Ob> 
Mc> 
O 
O 

o 
M 
O 
O 

17 
17 
18 
2 

T h i s work 
1 
3 

19 

a) T h e number of molecules in the un i t cell, b) Or thorhombic . c) Monoclinic . 

Table 5. Spacings and Miller Indices of a-Form l,4-Se(NH)2 

No. 

1 
2 
3 
4 

5 

6 
7 
8 
9 

10 

11 
12 
13 

Observed 

d/pm 

622 
457 
405 
369 

358 

356 
341 
336 
310 

308 

298 
280 
265 

7//oa) 

0.65 
0.19 
0.96 
0.45 

0.84 

0.28 
0.13 
0.24 
0.36 

1.00 

0.24 
0.44 
0.06 

Calculated 

d/pm 

623 
457 
406 
370 
368 
359 
358 
357 
340 
336 
311 
310 
309 
307 
298 
281 
265 

hkl 

020b> 
103 
222,400 
230 
123 
032 
231 
004,303 
420 
114 
040 
024,323 
403 
422 
304 
105 
341 

No. 

14 
15 

16 
17 
18 
19 

20 
21 
22 
23 
24 

25 

Observed 

d/pm 

257 
247 

243 
235 
234 
215 

198 
197 
188 
186 
178 

175 

plus 

I/Io 

0.06 
0.05 

0.06 
0.47 
0.31 
0.13 

0.09 
0.12 
0.06 
0.13 
0.07 

0.17 

Calculated 

d/pm 

257 
247 
246 
242 
235 
234 
215 
214 
198 
196 
188 
186 
179 
178 
175 

12 diffraction peaks 

hkl 

143 
440 
523 
334 
044 
325,622 
316 
226,505 
723,(550)c> 
605 
055 
822,(740) 

(910) 
008 
264 

a) Relative intensity, b) The unparenthesized Miller indices are assignable for both the space groups Dil a n d Dil-
c) The Miller indices in parentheses can be additionally assigned as the space group Dit 
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isomers, differential thermal analysis and thermal 
gravimetry on 1,3-, 1,4-, and 1,5-hexathiadiazocines 
were carried out at a heating rate of 5 K min - 1 in an 
argon flow, as shown in Fig. 4. A broad exothermic 
peak with a shoulder demonstrated a step-by-step 
decomposition of 1,3- and 1,4-hexathiadiazocines. A 
two-step weight loss on the TG curves up to 450 K also 
supported the above-mentioned step-by-step decompo­
sition process. The DTA and TG patterns of 1,3- and 
1,4-isomers were similar to those of 1,3,5,7-tetrathia-
2,4,6,8-tetrazocine (tetrasulfur tetraimide, S4(NH)4)21) 

and heptathiazocine (heptasulfur imide, S7NH).10* On 
the other hand, the 1,5-hexathiadiazocine indicated an 
apparent melting point of 429 K higher than those of 
the 1,3- and 1,4-isomers (403 and 404 K, respectively), 
and then thermally decomposed. Tetrasulfur tetra­
nitride as the intermediate degrades into sulfur and 
nitrogen around 430 K in the presence of sulfur.9) 

Thus, an overlapped decomposition of the first and 
second steps took place, which did not show any 
shoulder of the exothermic peak on DTA. Primary 
pyrolytic reactions of heptathiazocine and tetrathia-
tetrazocine were expressed as follows:10'21* 

hexathiadiazocine, as well as 1,3- and 1,5-hexathia­
diazocines, can be proposed as 

and 
S7NH = 19/24S8 + I/6S4N4 + 1/3NH3 

S4(NH)4 = 1/6S8 + 2/3S4N4 + 4/3NH3. 

(3) 

(4) 

Shahid et al.22) have mentioned that a rather large 
amount of tetrasulfur tetranitride was yielded during 
the decompositions of three isomers of hexathia­
diazocine at 413—433 K. According to these facts and 
the results given in Table 1, a primary reaction of 1,4-

1 ' ' 

1 TG 1 -̂̂  
DTA " \ \ 

TG ^ 

\ ~DTA V \ 

TG ' 

N DTA ^ \ j 

1 1 

1 1 

-~\ 1,3-isomer 

{I 1,4-isomer 

\l,5-isomer 

i i 

360 400 440 
T / K 

480 

1,4-S6(NH)2 = 7/12S8 + I/3S4N4 + 2/3NH3, (5) 

followed by a secondary decomposition of tetrasulfur 
tetranitride in the presence of sulfur.9) 

Calculation of Standard Enthalpy of the Formation 
of a-Form 1,4-Hexathiadiazocine. The bond energies 
in the 1,4-hexathiadiazocine molecule can be calcu­
lated by the Sanderson's method23) based on their 
respective bond lengths1* and electronegativities. The 
standard enthalpy of the formation of gaseous 1,4-
hexathiadiazocine was calculated as 249 kj mol - 1 from 
the bond energies of S-S, S-N, and N-H, thus 
calculated,24* and the standard enthalpies of the 
formation of atomic sulfur, nitrogen, and hydrogen.12* 

The enthalpy change of the sublimation was also 
calculated from the London dispersion force by the 
Slater-Kirkwood equation, as described in previous 
papers.10'21* The enthalpy change of the sublimation 
of ß-form 1,4-hexathiadiazocine was estimated to be 
92kJmol_ 1 , taking into account 150 interatomic 
distances less than 500 pm, based on the atomic 
configuration in the ß-type crystal structure.1* The 
standard enthalpy of the formation of a-form 1,2,3,4, 
6,7-hexathia-5,8-diazocine, therefore, was estimated as 
being 155 kj mol - 1 by combining the enthalpy of the 
formation of the gaseous state (249 kj mol -1) with 
enthalpy changes of the sublimation (ß-form, 92 kj 
mol -1) and of the transformation (2.40+0.07 kj mol -1). 
This value was close to the observed one (158+2 kj 
mol"1). 

The standard enthalpies of the formation of 
heptathiazocine and tetrathiatetrazocine have been 
estimated as being 89±1 and 318+7 kj mol -1 , respec-

Fig. 4. DTA and TG patterns of 1,3-, 1,4-, and 
isomers observed under argon atmosphere. 

1,5-
Fig. 5. Standard enthalpies of formation of sulfur 

imide compounds, Ss-^NH)*, as a function of 
number of NH groups. 
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tively.10 '21) T h u s , the s tandard enthalpies of the 
formation of a series of cyclic sulfur imide compounds , 
S8-x(NH)x (x=l, 2, and 4), increased l inearly wi th an 
increase in the N H groups in their molecules, as 
shown in Fig. 5. 
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Synopsis. The 13C NMR parameters for 1- and 2-naph-
thylmethanide ions were obtained in two polar solvents, 
T H F and HMPA. Excess charge distributions in the ions are 
discussed in connection with the nature of the solvents. 

A n u m b e r of N M R studies have been carried ou t 
concern ing carbanions wh ich have pheny l r ings that 
have stabilizing and delocalizing effects regarding 
excess charge in the an ion ic species.x) T h e naph thy l 
r i n g is considered to have a larger delocalizable field of 
excess charge than does the phenyl r ing , since the 
resonance energy of naph tha lene is larger by ca. 
H O k J m o l - 1 t han that of benzene.2) Therefore, 
d e r e a l i z a t i o n of the excess charge is considered to be 
more effective in the n a p h t h y l r i ng than in the phenyl 
r ing. Naphty lmethan ide ions were previously reported 
by Kronzer and Sandel w h o made invest igations us ing 
the p ro ton N M R technique. 3 ) In their study, however, 
the es t imat ion of the excess charge d is t r ibut ion in the 
molecule was not sufficiently described. 

In the present work we examined the hi ther to 
unrepor ted 13C N M R parameters of the 1- and 2-
n a p h t h y l m e t h a n i d e ions (1 and 2) in polar solvents. 
Here, we discuss the excess charge dis tr ibut ions in the 
n a p h t h y l r i n g a n d their form a r o u n d the an ion ic 
center, whi le c o m p a r i n g it wi th the pheny lmethan ide 
ion (3). Both phenyl- and naph thy lme than ide ions are 
fundamenta l a n d typical carbanions , wi th charge 
distr ibut ions in the molecules wor th k n o w i n g and 
invest igat ing from a theoretical po in t of view. 

Experimental 

The starting materials, 1- and 2-bromomethylnaphthalenes, 
were commercially available. The solvent used for the 
preparation of anionic sample solutions, tetrahydrofuran 
(THF), was refluxed upon sodium metal, distilled, degassed, 
and finally kept on a sodium-potassium alloy. Hexamethyl-
phosphoric triamide (HMPA) was dried and distilled over 
calcium hydride, and then degassed and stored in sealed 
vessels with a breakable seal. 

Naphthylmethyl alkali metal salts were generated from 
the corresponding bromides by means of halogen-metal 
exchange reaction. The starting material was in contact 
with lithium or sodium metal flakes in a solvent at room 
temperature in a handmade reaction vessel under vacuum. 
The solution was kept in the vessel with stirring for three or 
four hours until the reaction solution became rust-colored. 
Then, the resulting solution was filtered into an NMR tube 
attached to the reaction vessel, and the sample was sealed 
under vacuum. All of the NMR samples were prepared as 
approximately 0.5 mol d m - 3 solutions sealed in 5- or 10-mm 
o.d. tubes. 

It is well-known that the reactions of aryl halide with 
organolithium often give better yields than does the 
reactions of halides with lithium metal, due to less side 
reaction.4) In this work, however, we obtained pure sample 

2 0 0 100 

5 

Fig. 1. 13C NMR spectra at ambient temperature 
(ca. 25°C) in THF. (a) 1-Naphthylmethyllithium 
and (b) 1-methylnaphthalene. 

solutions of naphthylmethanide ions NMR-spectroscopically, 
employing a direct reaction of bromomethylnaphthalene 
with metal lithium. Typical 13C NMR spectra are shown in 
Fig. 1. 

All of the NMR spectra were measured on a Varian XL-
200 Fourier transform spectrometer at ca. 25 °C. The *H and 
13C chemical shifts were evaluated from the solvent peak 
used as an internal reference and then converted to OH and dc 
values from TMS, by taking ou 1.79 and ôc 26A for THF, and 
ôc 37.0 for HMPA. Spectral assignments were ascertained by 
^ p H } decoupling, ^C^H} selective decoupling, or the 
HETCOR method. 

Results and Discussion 

Chemical Shifts and Excess Charge Distributions. T h e 
carbon chemical shifts of 1 - and 2-naphthylmethanide 
ions (1 and 2) and the corresponding neutral molecules, 
1- and 2-methylnaphtha lenes ( la and 2a) are collected 
in Tab le 1. For compar ison 's sake, the values for the 
pheny lmethan ide ion (3) and toluene (3a) are also 
included in the table. T h e large shift changes of the 
carbons caused by the conversion of hydrocarbons in to 
an ions are t ranspired from the data given in Tab le 1 
and the spectra given in Fig. 1. T h e Ci of 1, or the C2 
of 2 which attaches to the active center, and the a-
carbons are significantly deshielded. T h i s tendency of 
the downfield shift changes is similar to the trend 
observed in pheny lme than ide ions.9) T h e C3, Cs (in 
T H F ) , a n d C10 of 1 and the C9 of 2 are also slightly 
deshielded. All other r i ng carbons, on the other hand , 
are shielded. T h e largest variat ions of the r ing carbons 
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in the anions are —27.34 and —25.69 ppm at the C4 of 1 
and the O of 2, respectively in THF. It is pointed out 
that the C10 of 2 also shows a relatively large upfield 
shift (-11.01 ppm). 

In the 7r-systems the 13C chemical shift can be used to 
evaluate the 7r-electron density (pn) in a molecule using 
the following empirical equation: 

Ô = a + kpn 

where a and k are constants of 290 ppm and 
160 ppm/electron, respectively.1'1^ Thus, the electron 
densities on the carbon atoms can be estimated by 
using the above equation. Then, the total 7r-electron 
densities for anions 1 and 2 are experimentally 
evaluated tobe 11.78—11.93, which are consistent with 
the theoretical value of 12. The relatively large 
increase of 7r-electron densities caused by the conver­
sion of the neutral molecules into the anions were 
recognized on the C2, C4, C7, and C9 of 1, and the Ci, 
C3, Ce, and C10 of 2. The positions of the carbon atoms 
where the electron density increases, are consistent 
with those expected from a consideration of the 
possible resonance structures. These facts suggest that 
in naphthylmethanide ions the dominative factor of 
the charge distribution in the naphthyl rings is a 
probable pn-pn interaction, and that the excess charge 
of the anions is delocalized into the whole naphthyl 
ring. The extent of the derealization, therefore, can 
be known from the chemical shift changes from the C4 
of la to that of 1, and from the CO of 2a to that of 2, 
taking into consideration that there is no steric 
inhibition of resonance interactions at these positions. 
Thus, the 13C NMR shift changes in these carbon 
atoms are quantitatively reliable indicators of excess 
charge distribution as well as the para-carbon shift 
change in the phenylmethanide ions.n) 

The excess charge distributions in the anionic 
species are considerably affected by the counter cations 
and solvents. For example, the rc-electron densities 
estimated for the lithium salts of the naphthylmethanide 
ions in HMPA are quite different from those evaluated 
in THF. 

VCH of the Anionic Centers and Rehybridization 
Effect. The one-bond C-H coupling constants of the 
anionic centers and the corresponding methyl groups 
are summarized in Table 2. It is pointed out that the 
values of VCH of the C« of 1 and 2 (139—152 Hz) are 
significantly larger than those of la and 2a (126— 
127 Hz), and even those of the phenylmethanide ions12) 

(116—135 Hz). It has been well-known that VCH are 
very sensitive to hybridization of the carbon atom. The 
changes in the VCH of the naphthylmethanide ions, 
therefore, can be mainly attributed to the rehybridiza­
tion of the carbon atoms from sp3 in la or 2a to sp2-
hybridized character in the anions. It should be noted 
that the VCH in HMPA solutions (152 and 152 Hz) are 
consistent with those of typically sp2-hybridized 
carbons.13) These facts demonstrate that naphthyl­
methanide ions in HMPA can be assumed to be 
complete 7r-systems, while the anions in T H F have a 
somewhat sp3-hybridized character at the active center, 
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Table 2. One-Bond ^C-iH Coupling Constants 
for the Anionic Centers of the Carbanions 
and Their Corresponding Neutral Hydro­

carbons under Several Conditions 

Dmpd. 

1 
1 
1 
la 
la 
2 
2 
2a 
2a 
3 
3 
3a 

Counter cation 

Li 
Li 
Na 
— 
— 
Li 
Li 
— 
— 
Li 
Li 
— 

Solvent 

THF 
HMPA 
THF 
THF 
HMPA 
THF 
HMPA 
THF 
HMPA 
THF 
Et20 
THF 

7cHa) 

142 
152 
149 
126 
126 
139 
152 
127 
126 
132b> 
135b> 
126b> 

a) In Hz wi th accuracy of ± 1 Hz. b) T h e values are cited 
from Ref. 12. 

since their xJcu values in T H F are somewhat smaller 
than those in H M P A . T h i s is ana logous to the 
s i tuat ion that the 7r-electron density of the r ing in an 
H M P A solut ion is larger than that in T H F (as 
described above). T h u s , the p h e n o m e n a are associated 
wi th an equ i l ib r ium established between contact ion 
pairs (CIP) and solvent-separated ion pairs (SSIP), 
which is generally considered in an ion ic solutions. 
T h e l i t h ium salts are in the SSIP or the free ions in 
H M P A , bu t not in T H F . T h e anionic centers in a 
T H F solut ion interact strongly wi th the counter 
cations so that any excess charge is more localized on 
the center a tom than that in HMPA. 

T h e Or ig in of the Charge Delocalization. In 
solutions of the anions , it must generally be considered 
that the an ionic species interact wi th the counter 
cations as an equ i l i b r ium between CIP and SSIP. T h e 
s i tuat ion of the ion pairs varies wi th solvent and k ind 
of counter cation. It seems that the hybridizat ion of Ca 

atoms of the naph thy lme than ide ions is determined by 
the manne r of interact ion wi th a counter cation. T h u s , 
in the case of a free ion or a SSIP whose counter cat ion 
is h ighly solvated, the an ion ic center is assumed to be 
in a complete sp2-hybridization and forms a 7r-system 
on the whole molecule. T h e charge transmission into 
the aromat ic r ing, therefore, is mainly governed by an 
exact pn-pn interact ion between the an ionic center 
and its adjacent carbon. O n the other hand , in the case 
of CIP, whose covalency of the ca rbon- l i t h ium bond 
increases somewhat , any excess charge tends to locate 
on the a-carbon a tom. Therefore, the polarization 
between the Ca and the aromat ic r ing increases. T h e 

extent of polar izat ion can be k n o w n from the 13C-shift 
difference between the active carbon and the substituted 
carbon, Ci of 1 or C2 of 2. T h e présent data of Tab le 1 
show that the polar izat ion is larger in T H F than in 
H M P A for bo th 1 and 2. 

Generally, there are two major mechanisms in the 
t ransmission of the electronic effect from the anionic 
center to the aromat ic r ing , namely resonance and 
polar izat ion effects.14) T h e charge distr ibut ion on the 
an ion ic molecules is p resumed to be made u p of a 
superpos i t ion of resonance and polarizat ion effects. It 
should be pointed out that the domina t ing factor, 
either the resonance or the polarizat ion, depends on 
the hybridization of the active center of the anion. 

T h e au thors wish to thank Messrs. Katsuhiko 
Kushida and Haj ime Katoh (Varian Instruments Ltd.) 
for their kindness in measur ing several H E T C O R 
spectra at 300 MHz. T h i s work was partly supported 
by a Grant - in-Aid for Scientific Research (1988), No . 
63540336, from the Ministry of Educat ion, Science and 
Culture. 
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(Received May 11, 1989) 

Synopsis. Acidity and catalytic activity of Zr(S04)2 and 
Ti(S04)2 calcined at 500—800 °C were studied. The products 
obtained by calcination at 725 °C for Zr(S04)2 and at 625 °C 
for Ti(S04)2 showed the highest activity for the cracking of 
cumene among samples calcined at other temperatures; the 
former showed an acid strength of —13.16<Ho^—12.70 and 
the activity for the reaction of pentane. 

In the previous papers , Friedel-Crafts reactions 
catalyzed by heat-treated i ron sulfates were reported; 
bo th iron(II) and iron(III) sulfates calcined in air at 
700 ° C showed the highest activities for benzylation,1* 
benzoylation,2) and isopropylation3 ) of toluene. T h e 
acidity and catalytic activity of FeS04 calcined at 500— 
900 ° C were also studied; the product obtained by 
calcinat ion at 700 ° C showed the m a x i m u m acid 
a m o u n t at Hoâzl.5 and the activity for isomerization of 
d- l imonene, polymerizat ion of isobutyl vinyl ether, 
and dehydrat ion of 2-propanol , and the product 
showed no acidity or activity when calcined at 
750°C.4 ) We have, afterwards, synthesized solid 
superacid catalysts wi th an acid strength of u p to 
Ho^—16.04 by suppor t i ng oxides of Fe,5) Zr,6) and Ti7 ) 

with sulfate ion followed by calcination in air over 
500 °C. We also studied the catalytic act ion of 
t i t an ium and zirconium sulfates treated at h igh 
temperatures, over 500 °C , and found that the mate­
rials calcined in the vicinity of 700 ° C showed 
exceedingly h igh surface acidity and catalytic activity, 
much higher than that of SiCfe-AkOa which is well-
k n o w n as one of the solid catalysts wi th the highest 
surface acidity. 

Results and Discussion 

Catalytic activities of Ti(SC>4)2 and Zr(SC>4)2 for the 
cracking of cumene, a typical acid-catalyzed reaction, 
were examined, and the results of the first pulse are 
shown as a function of calcinat ion temperature of the 
catalysts in Fig. 1 (catalyst a m o u n t : 0.20 g, flow rate of 
H e carrier gas: 20 ml m i n - 1 , pulse size: 0.4 ul, reaction 
temperature: 180 °C). T h e activities were remarkably 
dependent on the calcination temperature; the max imum 
activity was observed wi th calcinat ion at 625 °C for 
T i ( S 0 4 ) 2 [Ti (S0 4 ) 2 (625°C)] and 725 ° C for Zr(S04)2 

[Zr(S04)2(725°C)], rapid decrease being seen by 
calcinat ion of the h igher temperatures. T h e products 
were benzene and propylene in the ratio 1:1. 

S i 0 2 - A l 2 0 3 (Shokubai Kasei Kogyo Ltd., 13% AI2O3, 
heat-treated at 500 °C), whose acid strength is in the 
range —12.70<Ho^~ 11.35, was totally inactive under 
the same condi t ions (54% conversion at 250 °C). T h e 
acid strength of Zr(S04)2(725 °C) was examined 
us ing H a m m e t t indicators; vapor of the indicators was 
adsorbed on the catalyst surface in a vacuum appara tus 
at room temperature . T h e catalyst distinctly changed 
the basic forms (colorless) of p-nitrotoluene (p£a=—11.35) 
and p-ni t rochlorobenzene (—12.70) to the conjugate 
acid forms (yellow), bu t did no t change the color of 
m-nitrochlorobenzene (—13.16). Thus , the acid strength 
is estimated to be —13.16<Ho^—12.70. Since acid 
stronger than Ho=—12 is k n o w n as superacid, the 
present catalysts are concluded to be superacid. 

Experimental 

Catalysts were prepared by heating Zr(S04)2 • 4H2O (Mitsuwa 
Chemical Co.) and T i ( S 0 4 ) 2 x H 2 0 (Nakarai Chemical Co.) 
at 250 and 350 °C, respectively, followed by powdering 
below 100 mesh. Calcination was then carried out in air in 
Pyrex glass tubes (quartz tubes for temperatures over 700 °C) 
for 3 h. The catalysts were stored in sealed ampoules. 

Reactions of cumene, hexane, and ethanol were carried 
out by using a microcatalytic pulse reactor. The catalyst was 
heat-treated in a reactor in He flow at 400 °C for 1.5 h before 
the reactions. The effluent products were directly introduced 
into a gas chromatographic column for analysis (Silicon 
SE30-2m, 90 °C for cumene: Porapak R-2 m, 130 °C for 
ethanol: VZ7-4m, RT for pentane). X-Ray powder 
diffraction spectra were obtained with a X-ray diffractometer 
(Rigaku 2013) by using Cu radiation. 

§ The present work was partially reported at the 44th 
National Meeting of the Chemical Society of Japan, 
Okayama, October 1981, Abstr., No. 2W24. 
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Fig. 1. Catalytic activities of Ti(S04)2 and Zr(S04)2 
for reaction of cumene at 180°C. 
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T h e present catalyst was also examined in the 
reaction of pentane, which is generally catalyzed by 
strong acid, especially superacid. T h e Zr(S04)2(725 °C) 
catalyst converted pen tane into 1.5% a mixture of 
me thane and ethane, 8.1% propane, 2.0% butane, 6.4% 
isobutane, and 4.3% isopentane for the first pulse at 
300 ° C [catalyst: 0.3 g, H e flow: 20 ml min" 1 , pulse 
size: 0 .1ml (gas)]; Ti(S04)2(625 °C) and S1O2-AI2O3 
were inactive under the same condit ions, also be ing 
inactive for hexane. 

T h e acidity of N i S 0 4 shows a m a x i m u m at ca. 
350°C, 8 ) revealing its acidity on the sulfate configu­
ra t ion between the monohydra te and anhydrous 
forms.9> Other metal sulfates, A12(S04)3, ZnS0 4 , MgS0 4 , 
and C d S 0 4 , also show surface acidity on the sul­
fate structure, the m a x i m a appear ing at 180—400 
° C calcination.8 ) T h e present sulfates appear to be 
decomposed if calcined at h igh temperatures over 
500 ° C. T h e decomposit ion was examined us ing 
T G A ; the T G A data of T i (S0 4 ) 2 and Zr(S04)2 treated at 
350 ° C for 3 h to remove their water of crystallization 
showed weight decrease at 500—800 °C. T h i s decrease 
wou ld be caused by decomposi t ion of the sulfates to 
form SO3 and the corresponding metal oxides. O n the 
basis of reaction T i ( S 0 4 ) 2 - ^ T i 0 2 + 2 S 0 3 or Zr(S04)2—• 
Z r 0 2 + 2 S 0 3 , the percentage weight decrease was 9.1, 
10.2, 27.7, 37.4, and 96.5% by calcinat ion at 500, 550, 
600, 625, and 650 ° C for T i (S0 4 ) 2 , and 1.7, 3.5, 33.8, 
66.6, and 97.8% at 500, 600, 700, 725, and 750 ° C for 
Zr(S04)2, respectively. 

X-Ray diffraction measurement of the catalysts was 
performed; the spectra are shown in Fig. 2. T h e X R D 
pat tern shows an anatase form of T i 0 2 for Ti(S0 4 )2 
(650 °C) and a monocl in ic system of Zr02 for 
Zr(SO4)2(750°C), whi le the materials prepared by 
calcining T i (S 0 4 ) 2 at 600—625°C and Zr(S04)2 at 
700—725° C show the diffraction peaks based on the 
sulfate forms in addi t ion to those oxide systems. T h u s , 
Ti(S04)2(625 °C) and Zr(S04)2(725 °C), which showed 
the highest activity, are concluded to be a mix ture of 
their crystallized oxides and sulfate forms. T h e 
specific surface areas of Ti(S04)2(625 °C) and Zr(S04)2 
(725 °C) were 48 and 58 m 2 g_ 1 , respectively. 

T h e base strength of Zr(S02)2(725 °C) was estimated 
us ing the H a m m e t t indicators to be H _ ^ 2 2 . 3 , whose 
value is markedly basic; the catalyst in dried benzene 

changed the acid form (colorless) of d iphenylamine 
(p£ a=22.3) to the conjugate base form (greenish blue). 
In order to study both acid and base characters of the 
present catalysts, the reaction of e thanol was carried 
out (catalyst: 30 mg, He flow: 30 ml m i n - 1 , pulse size: 
0.4 fjil, temperature: 250 °C); the results for the first 
pulse are shown in Table 1. Acetaldehyde was 
observed as a product in addi t ion to ethylene and 
diethyl ether, which were formed by the acid-catalyzed 
reaction. Acetaldehyde, formed by the base-catalyzed 
reaction, was observed wi thou t formation of other 
products when the catalyst was poisoned with pyridine; 

Ti(50A)2 

Zr(504)2 

750 °C 

1 , A 700 °C 

J_ 
20 30 40 50 

26( ° ) 

Fig. 2. XRD profiles of calcined Ti(S04)2 and 
Zr(S04)2. 

Table 1. Reaction of Ethanol at 250°C 

Catalyst 

Zr(S04)2 

Ti(S04)2 

TiOS04
c> 

Ti2(S04)3
c> 

Calcn. temp/°C 

675 
725 
725b> 
750 
575 
625 
650 
625 
625 

Conversion 

% 

74 
85 
11 
77 
60 
75 
57 
81 
86 

E 

49 
58 
0 

36 
22 
44 
19 
50 
57 

Products/% a ) 

EE 

17 
18 

Trace 
32 
26 
19 
26 
21 
17 

A 

8 
9 

11 
9 

12 
12 
12 
10 
12 

a) E: ethylene, EE: diethyl ether, A: acetaldehyde. 
(1 |j.l) before reaction, c) Nakara i Chemical Co. 

b) T h e catalyst was poisoned by injection of pyr id ine 
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Fig. 3. Catalytic activities of Zr(S04)2(7250C) pre­
heated at various temperatures in a He flow before 
reaction (reaction of cumene at 180°C). ( • ) : After 
reaction of the first pulse, water (1 \\\) was injected 
at 120°C followed by heating the catalyst at 400°C 
for 1.5 h and performing the reaction at 180 °C. 

the existence of basic sites is also supported. T i O S 0 4 
and Ti2(S04)3 also showed the same catalytic action as 
that of Ti(S04)2 after calcination in air. 

In order to locate the active sites of the catalyst the 
relation between the preheat ing temperature of Zr(SÜ4)2 
(725 °C) in the reactor before reaction and the catalytic 
activity for the react ion of cumene was examined; the 
results are shown in Fig. 3. T h e activities were almost 
steady when heated at 300—500 °C, and decreased by 
hea t ing at 550 to 600 ° C. It is considered that Brônsted 
sites, created by adsorpt ion of water on Lewis sites, 

were decreased by hea t ing at h igh temperatuers in the 
H e flow, thus the reaction of cumene catalyzed by 
Brônsted acid was restrained. In fact, the activity on 
hea t ing at 600 ° C was raised to that at 400 °C by 
regenerat ion of the Brônsted sites ( • mark in the 
figure), where the catalyst was treated by mois tening 
wi th water at 120 ° C after the reaction followed by 
hea t ing aga in in the H e flow at 400 ° C for 1.5 h and 
per forming the reaction at 180 °C. It is indicative that 
Lewis and Brônsted sites on the present catalysts are 
easily changeable by adsorpt ion or desorption of water 
molecules, the reaction of cumene be ing also catalyzed 
by Brônsted site as is well-known. 
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Rhodium Carbonyl Catalyzed Carbonylation of Unsaturated Compounds. IV.1* 
Carbonylation and Oligomerization of Diphenylacetylene Catalyzed 

by Co4(CO)i2, Rh4(CO)i2, and Ir4(CO)i2 under 
Pressure of Carbon Monoxide 

Pangbu HONG,* Takaya MISE, and Hiroshi YAMAZAKI 
The Institute of Physical and Chemical Research, Wako-shi, Saitama 351-01 

(Received June 23, 1989) 

Synopsis. In the presence of Co4(CO)i2, Rh4(CO)i2, and 
Ir4(CO)i2 catalysts the reaction of diphenylacetylene (1) in 
2-propanol under pressure of carbon monoxide gave the 
hydrocarbonylation products 2 and/or 3 and the oligomers 4 
and/or 5, in which the ratios depended on the catalyst 
employed. 

Carbonylation of acetylenes with carbon monoxide 
in the presence of a soluble group VIII metal catalyst is 
a useful synthetic reaction because it yields a variety of 
valuable products according to the catalysts employed 
and the reaction conditions.2) We have previously 
reported that cross-hydrocarbonylation of acetylenes 
and ethylene catalyzed by Rri4(CO)i2 yields 5-ethyl-
2(5H)-furanones3) and l-penten-3-one,1»^ and that 
alkoxycarbonylation of acetylenes catalyzed by Rru-
(CO)i2-base yields 5-alkoxy-2(5H)-furanones.5) The 
corresponding cobalt and iridium catalysts showed 
very low activities for these reactions, and gave some 
carbonylation and oligomerization products of acetyl­
enes. In order to investigate in detail whether there is 
any significant difference in the catalytic behavior of 
Co4(CO)i2, Rh4(CO)i2, and Ir4(CO)i2 we have examined 
the reaction of diphenylacetylene (1) under carbon 
monoxide pressure and the results are now reported. 

Results and Discussion 

Under CO pressure (30 kg cm -2) a mixture of 
diphenylacetylene (1,4 mmol) and M4(CO)i2 (0.01 mmol 
for M=Rh and Ir, and 0.1 mmol for M=Co) in 2-
propanol was heated at 220 °C for 6 h. A mixture of 
2,3,4,5-tetraphenyl-2-cyclopenten-l-one (2), 2-phenyl-
1-indanone (3), l-benzylidene-2,3-diphenyl-lH-indene 
(4), hexaphenylbenzene (5), and (£)/(Z)-stilbene (6) 
were formed in different ratios, depending on the 
catalysts employed. The products 2 and 3 are the 
hydrocarbonylation ones, in which the hydrogens 

required are supplied by the dehydrogenation of 2-
propanol,3) and the latter is derived via aromatic C-H 
activation. The product 4 is a cyclic dimer of 1, which 
is formed via the C-H activation of a phenyl group in 
1,6) and 5 is the usual trimer. (£)/(Z)-Stilbene is 
formed by the hydrogen transfer from 2-propanol to 1. 
These results are listed in Table 1. 

Ph Ph 

& 0> 
ö 

Ph 

^ 

CHPh 

PN J 
Ph 

Q T 

Ph 

Ph 

^Ph 
PhCH=CHPh 

6_ 

The reaction in which Rli4(CO)i2 was used as the 
catalyst gave 2, 4, and 6 in 42%, 35%, and 17% yields, 
respectively. In the reaction using benzene as the 
solvent, the catalytic cleavage of C-H bond(s) of 
benzene occurs to give triphenylethylene (45%) and 
2,3-diphenyl-lH-inden-l-one (10%), and 2 (16%) and 4 
(8%) are obtained as the by-products.0 These results 
show that the yields of 2 and 4 increase by replacement 
of the solvent benzene with a hydrogen-donating 
solvent such as 2-propanol. 

In the presence of Ir4(CO)i2 catalyst, 4 was obtained 
as the major product (51%), together with 2 (9%), 5 
(23%), and 6 (4%). In spite of the reaction under 

Table 1. Reaction of Diphenylacetylene in 2-Propanol under Pressure of Carbon Monoxidea) 

Catalyst 

C 0 4 ( C 0 ) i 2 

R h 4 ( C O ) i 2 

Ir4(CO)i2 

Fe3(CO)i2 

Ru3(CO)i2 
OS3(CO)i2 

Conv. 

100 
100 
100 
31 

100 
13 

(96) 
2b) 

41 
42 
9 

— 
— 
— 

3 c ) 

24 
— 
— 
— 
— 
— 

Product (%) 

4b> 

— 
35 
51 
— 
— 
— 

5b> 

11 
1 

23 
— 
— 
— 

6 ((£)/(Z))c> 

5 (71/29) 
17 (83/17) 
4(86/14) 

29 (37/63) 
99 (84/16) 

3 (35/65) 

a) Reactions were carried out under conditions described in the text, b) Isolated yields based on the acetylene 
used, c) Yields determined by GC. 



248 NOTES [Vol. 63, No. 1 

pressure of CO, the combined yield of the oligomers 4 
and 5 was m u c h h igher than the yield of the 
carbonylat ion product 2. 

When Co4(CO)i2 catalyst was used, 2 and 3 were 
formed in 41% and 24% yields, respectively, together 
wi th 5(11%) and 6 (5%). T h e dimer 4 was not obtained 
at all. T h e cyclic carbonylat ion product 3 has been 
recently reported to be formed in the Co2(CO)s/PPh3-
catalyzed carbonylat ion of 1 under water gas shift 
conditions.7* 

Under the present reaction condit ions the carbonyla­
t ion of 1 competes wi th the ol igomerizat ion and the 
product distr ibutions markedly depends on the catalyst 
employed. T h e combined yield of the carbonylat ion 
products 2 and 3 decreases in the fol lowing order; 
Co4(CO)i2 (65%)>Rh4(CO)i2 (42%)»I r 4 (CO) i 2 (9%). 
Carbonyla t ion abili ty was the lowest for Ir4(CO)i2 
catalyst. 

Under similar condi t ions Fe3(CO)i2, Ru3(CO)i2, and 
Os3(CO)i2 catalysts gave n o carbonylat ion and oligo­
merization products , b u t gave the hydrogénat ion 
product 6. T h e catalytic activity was the highest for 
Ru3(CO)i2 and m u c h lower for Fe3(CO)i2 or Os3(CO)i2, 
as shown in Tab le 1. T h i s trend is consistent wi th that 
in hydrogénat ion of 1- and 2-pentyne wi th molecular 
hydrogen.8) 

Exper imenta l 

Materials. M4(CO)i2 (M=Co9> and Rh«) and M3(CO)i2 

(M=Fe,10) Ru, u ) and Os12)) were prepared by the methods 
described in the literatures. Diphenylacetylene and Ir4(CO)i2 
were purchased and used without further purification. 

General Procedures. A 50 cm3 glass tube was charged 
with diphenylacetylene (1, 4 mmol), M4(CO)i2 (0.01 mmol 
for M=Rh and Ir, and 0.1 mmol for M=Co) or M3(CO)i2 

(0.013 mmol for M=Ru and Os, and 0.13 mmol for M=Fe), 
and 2-propanol (25 cm3), and the tube was placed in a 
100 cm3 stainless-steel autoclave. The autoclave was flushed 
three times with CO (10 kg cm -2), then pressurized to 
30kgcm-2, heated and agitated at 220 °C for 6h. The 
reaction mixture was analyzed by gas chromatography (3% 
Silicone OV-17 on Chromosorb W) and separated by column 
chromatography on silica gel (2 cmX20 cm). The products 
were identified by 1H NMR, IR, and GC/MS spectroscopy. 

Reaction in the Presence of Rli4(CO)i2 Catalyst. Yellow 
and colorless crystalline precipitates and a orange yellow 
solution were obtained. After removal of the solvent in 
vacuo, the residue was recrystallized from benzene/hexane 
(1/10) to give the product 2 (225 mg, 29%) as colorless 
crystals. The products 4 (250 mg, 35%), 5 (6mg, 1%), and 2 

(97 mg, 13%) were isolated by column chromatography of the 
mother liquor. GC analysis of the reaction mixture showed 
the presence of 6 (125 mg, 17%, (£)/(Z)=83/17). 

Reaction in the Presence of Ir4(CO)i2 Catalyst. Yellow 
and colorless crystalline precipitates and a yellow solution 
were obtained. The reaction mixture was filtered and the 
precipitate was washed with benzene (20 cm3) to dissolve the 
yellow precipitate, remaining colorless crystals 5 (163 mg, 
23%). The products 4 (366 mg, 51%) and 2 (69 mg, 9%) were 
isolated by column chromatography of the combined 
filtrate. GC analysis of the filtrate showed the presence of 6 
(28 mg, 4%, (£)/(Z)=86/14). 

Reaction in the Presence of Co4(CO)i2 Catalyst. A light 
brown solution and colorless precipitate were obtained. The 
colorless precipitate (5, 62 mg, 9%) was filtered off. GC 
analysis of the filtrate showed the presence of 6 (33 mg, 5%, 
(£)/(Z)=71/29) and 3 (217 mg, 24%). The products 5 (18 mg, 
2%) and 2 (316 mg, 41%) were isolated by column chromatog­
raphy of the filtrate. 
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Crystal and Molecular Structure of the Crystalline Host-Guest 
Complex between (R)-(+)-2,2/-Dihydroxy-l,l/-binaphthyl 

and (S)-(—)-(Ethyl m-Tolyl Selenoxide) 
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Synopsis. The crystal and molecular structure of the title 
complex was determined by X-ray method. The absolute 
configuration of the host (+)-2,2 /-dihydroxy-l,l ,-binaphthyl 
(1) was determined to be R and the guest (—)-(ethyl m-tolyl 
selenoxide) (2) to be S. Two Se-C and one S-O bond lengths 
are 1.926(7), 1.970(8), and 1.677(5) Â, respectively, and the 
arrangement around Se atom is roughly tetrahedral. There 
are 0(gues t ) - - -HO(host )OH-0(guest ) hydrogen bonds 
between the host and the guest molecules. 

Previously, we reported that some selenoxides were 
efficiently resolved by complexat ion wi th (R)-(+)-l.x) 

In order to elucidate the mechanism of the chiral 
recognit ion by 1, systematic structural studies about 
the complexes of 1 a n d many guest c o m p o u n d s wi th 

Table 1. Final Atomic Coordinates with Estimated 
Standard Deviations in Parentheses, and Their 

Equivalent Isotropic Thermal Parameters 
Beq=(4/3)S/gyBf/flffl/ 

Atom x y z ßeq/A2 

different sizes, chiralities, and functional groups seem 
to be necessary. We repor t here the structure of a 1:1 
crystalline complex 3 of (+) - l and (—)-2. 

Experimental 

A large crystal with metallic luster of 3 was cut into the 
size of 0.10X0.20X0.35 mm3 and used for the X-ray diffrac­
tion experimental. The unit cell parameters and reflection 
intensities were measured on a Rigaku automatic four-circle 
diffractometer AFC-5 with graphite-monochromated Cu Ka 
ß= 1.5418 Â) radiation. Unit cell constants were obtained by 
the least-squares fit using 20 refrections with range of 
4O<20<6O°. Intensity data were collected up to 20=125°, 
including Bijvoet pair reflections :0</z<21, 0<&<12, —14 
</<14, by cD-20 scan technique. The scan width, scan rate, 
and background counting time at both ends of a scan were 
AÛ>=(1 .10+0.17 tan0)°, 4° min - 1 in co, and 5 s respectively. 
Three standard reflections were monitored after every 100 
reflections, and they showed no decay during the intensity 
measurement. The Lorentz and polarization effects were 
corrected, but no corrections for absorption and extinction 
were applied. 4219 reflections were observed, in which 3488 
with F0>3a(Fo) were used for the analysis. The structure was 
solved by the direct method MULTAN782) using reflections 
with h, k, and />0. The refinement was carried out by the 
block-diagonal least-squares method3) with the function 
minimizing of 2Û>(|F0 |—j^d )2 where a unit weight was used 
throughout the refinement. All the hydrogen atoms were 
found in the difference Fourier map. The absolute structure 
was determined by Bijvoet pair reflections with /'se—0.879, 
/"se—1.139 as follows: the least-squares refinements were 
done on enantio sets independently with anisotropic 
temperature factors for non-hydrogen atoms, and isotropic 
ones for hydrogen atoms. The final R value were converged 
to K=0.053, wR=0.055 for the former set and 0.059, 0.060 for 
the latter one, respectively, and the former set showed good 
relations in magnitudes of F0 and Fc between Bijvoet pair 
reflections. Therefore, the former set was decided to show 
the absolute structure. The final atomic parameters are 
listed in Table 1.4) The atomic-scattering factors were taken 
from International Tables for X-ray Crystallography.5) All 
the computations were done on an IBM 3081-GX3 at the 
Information Processing Center of Shimane University. 

Crystal data: CsHizOSeQ^oHuC^, F.W.=501.48, Ortho-
rhombic, P2i2i2, a=18.709(2), 6=10.526(1), c=12.2ll(l) A, 
F=2404.6(4) A3, Z=4, Dx=1.385, Dm=1.356(6) Mgm" 3 (flota­
tion with citric acid aqueous solution), /i=2.59 mm - 1 , 
F(000)=1032. 

Results and Discussion 

T h e a tomic n u m b e r i n g and a par t of the crystal 
structure of the complex 3 are in Scheme 1 and in Fig. 
1, respectively. T h e absolute configurat ion of (—)-2 is 
determined to S and that of (+) - l is confirmed to be 
Rß Each two naph tha lene r ings in (# ) - (+ ) - ! is p lana r 

Ol 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
C10 
Cl l 
012 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C20 
C21 
C22 
SE23 
024 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
C33 

0.3213(2) 
0.2073(3) 
0.2647(3) 
0.2635(4) 
0.2070(4) 
0.1479(4) 
0.0867(4) 
0.0294(4) 
0.0285(3) 
0.0872(4) 
0.1475(3) 
0.1228(2) 
0.2081(3) 
0.1649(3) 
0.1649(4) 
0.2056(4) 
0.2477(4) 
0.2871(4) 
0.3275(4) 
0.3314(4) 
0.2936(4) 
0.2506(3) 
0.01102(4) 

-0.0663(2) 
-0.0166(4) 

0.0184(5) 
-0.0054(6) 
-0.0609(5) 
-0.0943(4) 
-0.0712(4) 
-0.1540(6) 

0.0616(4) 
0.1302(4) 

0.0656(4) 
0.0907(5) 
0.1405(6) 
0.2713(6) 
0.3449(6) 
0.2998(6) 
0.3721(7) 
0.3278(7) 
0.1976(7) 
0.1241(6) 
0.1686(6) 

-0.0966(4) 
-0.0476(5) 
-0.1346(6) 
-0.2634(6) 
-0.2988(6) 
-0.2127(6) 
-0.2475(7) 
-0.1634(9) 
-0.0347(8) 

0.0028(8) 
-0.0832(6) 

0.32054(7) 
0.3047(5) 
0.2801(6) 
0.3358(10) 
0.3071(13) 
0.2264(11) 
0.1664(9) 
0.1950(8) 
0.0752(11) 
0.1605(7) 
0.1555(10) 

0.6053(4) 
0.6867(5) 
0.6300(5) 
0.5970(6) 
0.6191(6) 
0.6777(5) 
0.7014(6) 
0.7540(6) 
0.7875(6) 
0.7684(5) 
0.7130(4) 
0.5873(4) 
0.7238(5) 
0.6714(5) 
0.7051(5) 
0.7930(5) 
0.8530(5) 
0.9464(5) 
1.0023(6) 
0.9651(5) 
0.8742(5) 
0.8143(5) 
0.41879(6) 
0.4871(3) 
0.2709(5) 
0.1850(6) 
0.0802(6) 
0.0618(6) 
0.1486(6) 
0.2540(6) 
0.1268(8) 
0.4501(6) 
0.3888(7) 

4.51 
2.74 
3.39 
4.19 
4.27 
3.64 
4.49 
4.88 
4.52 
3.44 
2.87 
3.86 
2.84 
3.15 
3.62 
3.90 
3.46 
4.70 
5.35 
4.68 
3.59 
2.96 
3.79 
4.10 
4.34 
6.84 
9.17 
7.18 
5.53 
4.93 
9.32 
4.88 
6.72 
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Table 2. Bond Lengths and Angles with 
(a) Bond lengths (//A) 

01-C3 
C2-C13 
C5-C6 
C7-C8 
C10-C11 
C13-C22 
C16-C17 
C18-C19 
C21-C22 
Se23-C32 
C26-C27 
C29-C30 

1.354(8) 
1.525(9) 
1.400(10) 
1.334(11) 
1.397(9) 
1.413(9) 
1.407(10) 
1.350(12) 
1.415(11) 
1.970(8) 
1.389(17) 
1.392(13) 

C2-C3 
C3-C4 
C6-C7 
C8-C9 
012-C14 
C14-C15 
C17-C18 
C19-C20 
Se23-024 
C25-C26 
C27-C28 
C29-C31 

(b) Bond angles (</>/°) 
C3-C2-C11 
01-C3-C2 
C3-C4-C5 
C5-C6-C11 
C7-C8-C9 
C2-C11-C6 
C2-C13-C14 
012-C14-C13 
C14-C15-C16 
C16-C17-C22 
C18-C19-C20 
G13-C22-C17 
024-Se23-C25 
Se23-C25-C26 
C25-C26-C27 
C28-C29-C30 
C25-C30-C29 

120.4(4) 
119.9(4) 
120.7(6) 
118.7(4) 
118.8(5) 
118.6(4) 
119.3(4) 
119.8(3) 
119.3(4) 
117.3(6) 
119.3(5) 
119.1(4) 
102.3(3) 
119.7(5) 
117.4(10) 
118.1(7) 
120.7(7) 

C3-C2-C13 
01-C3-C4 
C4-C5-C6 
C7-C6-C11 
C8-C9-C10 
C2-C11-C10 
C2-C13-C22 
012-C14-C15 
C15-C16-C17 
C18-C17-C22 
C19-C20-C21 
C13-C22-C21 
024-Se23-C32 
Se23-C25-C30 
C26-C27-C28 
C28-C29-C31 
Se23-C32-C33 

19 20 9 8 

( 1 ) ( 2 ) 

Scheme 1. 

and their dihedral angle is 75.4°, and the overall shape 
of 1 is like a character T. Bond lengths and angles are 
listed in Table 2. The C-C bond connecting two 
naphthalene rings is in a length of 1.525(9) A. Bond 
lengths and angles in the naphthalene rings show 
typical conjugated double bond character. The 
deviations of the hydroxyl oxygen atoms from each 
plane of the naphthalene ring are — 0.04 Â(Ol) and 
0.14 A(02), and the C-O bond lengths are 1.354(8) A 
and 1.355(8) A for C2-01 and C12-02 respectively, 
whose values are in a middle of C-O single (1.43 A) 
and double bond (1.22 Â). On the other hand, the 
atoms in m-tolyl moiety and Se atom of 2 are in a 
plane and their maximum deviations from the plane 
are 0.02 Â (C24) and -0.08 A (Se), respectively. A 
conformation around the Se atom is roughly tetrahedral, 
and two Se-C and the Se-O bond lengths are 1.926(7), 
1.970(8), and 1.677(5) A respectively. The S e O and 

Standard Deviations in Parentheses 

1.381(9) 
1.435(10) 
1.405(10) 
1.430(11) 
1.355(8) 
1.417(9) 
1.407(10) 
1.431(12) 
1.678(5) 
1.369(13) 
1.360(17) 
1.497(15) 

C2-C11 
C4-C5 
C6-C11 
C9-C10 
C13-C14 
C15-C16 
C17-C22 
C20-C21 
Se23-C25 
C25-C30 
C28-C29 
C32-C33 

1.424(9) 
1.338(10) 
1.447(9) 
1.363(10) 
1.379(9) 
1.368(10) 
1.444(9) 
1.375(12) 
1.927(7) 
1.374(11) 
1.384(15) 
1.487(13) 

120.3(4) 
120.5(5) 
122.1(7) 
116.8(6) 
119.0(4) 
123.4(6) 
119.4(3) 
120.2(4) 
123.0(7) 
119.5(4) 
120.2(6) 
123.7(6) 
103.4(3) 
119.0(4) 
122.2(13) 
119.6(7) 
110.3(6) 

C11-C2-C13 
C2-C3-C4 
C5-C6-C7 
C6-C7-C8 
C9-C10-C11 
C6-C11-C10 
C14-C13-C22 
C13-C14-C15 
C16-C17-C18 
C17-C18-C19 
C20-C21-C22 
C17-C22-C21 
C25-Se23-C32 
C26-C25-C30 
C27-C28-C29 
C30-C29-C31 

119.4(3) 
119.5(4) 
124.4(5) 
124.4(6) 
122.9(7) 
118.0(5) 
121.1(5) 
120.0(4) 
123.3(7) 
122.2(8) 
121.8(8) 
117.1(6) 
97.0(3) 

121.3(8) 
120.2(8) 
122.4(9) 

Fig. 1. Stereoscopic drawing of a part of the crystal 
structure. Hydrogen bonds are indicated by the 
dotted lines. 

Se-ethyl group are both gauche conformation to the 
m-tolyl moiety (the torsion angles: 024-Se23-C25-
C26=149(l)°, C32-Se23-C25-C26=-105(2)°). The host 
(R)-(+)-l and the guest (S)-(—)-2 is connected by 
0(guest).-.HO(host)OH---0(guest) hydrogen bonds 
(the distances: 024 (1/2+x, 1/2-y, l - z ) . . - 0 1 = 
2.751(7) A, 0 1 2 - 0 2 4 ( - x , -y, z)=2.723(7) Â). The 
crystal structure along fc-axis is shown in Fig. 2. There 
are two right-handed hydrogen bonded helical chains 
along 6-axis which run to the opposite direction along 
fe-axis each other. As illustrated in Fig. 3, if the above 
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Fig. 2. Crystal structure of the host-guest complex 

ethyl g r o u p is unat ta inable . But the selective 
inclus ion of the (S)-(—)-2 wi th (R)-(+)-l contrasts wi th 
that of # - e n a n t i o m e r of methyl m-tolyl sulfoxide wi th 
(R)-(+)-l,6) and further studies are needed to elucidate 
the enantioselective mechanism. 

T h e authers wish to thank for the Ministry of 
Educat ion, Science and Cul ture for Grant- in-Aid for 
Scientific Research on Priority Areas, No. 6328005. 
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along 6-axis. 

Fig. 3. A partial look about (S)-(—)-2 in 3. 

ment ioned hydrogen bonds and van der Waals 
contacts are neccessary to main ta in the crystal structure, 
it is impossible to replace (S)-(—)-2 by (R)-(+)-2, 
because the distance between Se a toms facing each 
other at the lone-paired electrons is 3.800(1) Â, 
whereas the corresponding distance facing each other 
at the ethyl g roups is 6.761(1) Â. Therefore, the 
replacement of the lone-pai r electrons by the bulky 
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Synopsis. The activation volumes for the spin exchange 
of 2,2,6,6-tetramethyl-4-oxo-l-piperidinyloxyl (Tanone) in 
protic and aprotic solvents were determined from the 
pressure dependence of the rate constants, and were 
compared with those for the diffusive process. It was 
concluded that the rate process for the spin exchange in 
aprotic solvents is a diffusion-controlled one, and in protic 
solvents an encounter complex as intermediate is formed. 
The average reaction volume for the complex formation in 
protic solvents was estimated to be —3.6 cm3 mol -1 . 

In our recent work,1* we have examined the pressure 
effects on the spin-exchange rate of T a n o n e radicals in 
solut ions. It has been found that the activation 
volumes (AFobsd*) for the spin exchange are virtually 
the same as those for the diffusive process (A^W*) in 
aprot ic solvents (toluene and nitrobenzene), while a 
substantial difference between them is found in protic 
solvents (water, methanol , and 2-propanol) , and 
specific solvation has been suggested for the latter case. 
T h e present work aims to confirm whether such 
specific solvation is characteristic of protic solvents. 

Experimental 

Tanone was purchased from Wako Pure Chemicals and 
was used without purification. Ethanol, 2-methyl-l-
propanol, benzene, and o-xylene are of guaranteed grade and 
were purified in the usual manner. 

The high-pressure vessel for the ESR measurements is the 
same as that described elsewhere.1* The solution was 
deoxygenated by nitrogen bubbling. ESR signals were 
recorded by an X-band spectrometer with a 100-kHz field 
modulator. The peak-to-peak width of the central com­
ponent of the hyperfine structure (hfs) of the Tanone 
radicals was measured at room temperature. Owing to 
remarkable line-broadening, the estimation of the intrinsic 
linewidth of each component of the hfs was unsuccessful in 
alcohols higher than 2-methyl-l-propanol. The accuracy of 
measurements was ±1.5%. 

Results and Discussion 

Spin Exchange in Alcohols. T h e second-order rate 
constants /£obsd 

for the spin exchange of the T a n o n e 
radicals in solutions were estimated from the l inewidth 
of ESR spectra us ing the following equation.2 ) 

£obsd = A(AH - AHo)/C, (1) 

where A H / m T and A H o / m T are l inewidths in the 
presence and absence of the spin exchange, respectively. 
A -value for the spin exchange of nitroxide radicals is 
known to be 2 .28X10 8 mT" 1 s_ 1 and C denotes the 
radical concentrat ion. T h e values of Aobsd obtained at 1 
bar in e thanol , 2-methyl - l -propanol , benzene, and o-
xylene are given in Table 1, together with those in 
other solvents.1* 

Spin exchange takes place via collisions a m o n g 
paramagnet ic species. In alcohols, specific solvation 
to the ni troxide radicals is considered to be operating.3 ) 

Therefore, for association reactions which involve the 
specific solvent-solute interactions, it would be better 
to start wi th a generalized expression:4* 

R + R (R,R) -+ RR, 

where (R,R) represents an encounter complex in 
which the radicals are separated by one or two solvent 
molecules, and RR represents a collisional complex 
u p o n the formation of which the spin exchange takes 
place invariably. T h e n the apparen t second-order rate 
constant Aobsd of the spin exchange can be expressed by 

&obsd — Kik.2. (2) 

According to the treatments of Eigen5) and Fuoss,6) the 
association constant , K\ / d m 3 m o l - 1 , for the formation 

Table 1. Rate Constants (£obsd/s_1), Activation Volumes (AFobsdVcm3 mol -1) for Spin Exchange, 
and Apparent Activation Volumes (AFdiffVcm3 mol -1) for the Diffusive Process 

Solvent 10-9£obsd AFo, AFdi AVi 
(AFobsd*-AFdiff*) 

Benzene 
Toluenea) 

o-Xylene 
Nitrobenzene50 

Water^ 
Methanol** 
Ethanol 
2-Propanola) 

2-Methyl-1 -propanol 

5.31±0.34 
5.27±0.09 
4.17±0.16 
1.77±0.11 
1.9Ü0.10 
5.52±0.21 
3.51±0.09 
2.83±0.11 
1.89±0.05 

18.4Ü.0 
13.7±0.9 
15.3±1.2 
13.3±0.7 

-7.6±0.4 
6.7±1.1 
9.5±0.6 

15.4±0.9 
19.6±0.4 

17.7 
14.2 
15.5 
14.1 

-2 .5 
8.8 

13.8 
19.5 
22.0 

0.7 
-0 .5 
-0 .2 
-0 .8 
-5.1 
-2.1 
-4 .3 
-4.1 
-2 .4 

a) Cited from Ref. 1. 
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of the encounter complex can be approximately given 
b y E q . 3. 

Ki = 4nLa3/3000, (3) 

where L is the Avogadro number and a / m is the 
effective distance of the closest approach of the radicals 
in the encounter complex. Let us assume that the 
T a n o n e radicals are separated by one solvent molecule 
in the encounter complex. Us ing the effective radii 
4 .2X10- 1 0 m for the T a n o n e radical,7) 2.3X10"1 0m for 
ethanol,8 ) and 1.4X10-10 m for water,8) the equ i l ib r ium 
constants K\ are calculated to be 5.5 M _ 1 (ethanol) and 
3.5 M _ 1 (water). With the K\- and Aobsd-values in Tab le 
1, the rate constants fe of the release of the solvent 
molecule t rapped in the encounter complex are 
estimated to be o / i X K ^ s - 1 (ethanol) and 5.4X108S-1 

(water). These values may be compared wi th the value 
of 3X10 8 s _ 1 for the exchange reaction of water 
molecules on the Cd2 + ions.9) 

T h e rate constant fe may be regarded as a measure of 
the interaction between solvent and solute. In this 
sense, the interaction between water and T a n o n e seems 
to be stronger than that between e thanol and Tanone . 
T h e si tuation, however, is not so simple, because the 
easiness of the release also depends on the interact ion 
between the su r round ing and releasing solvents. More 
direct information about the solvent-solute interac­
t ion in our case is accessible from the ESR ni t rogen 
hyperfine coupl ing constant (hfcc). T h e hfcc value 
varies from «N— 1.59mT in water to 1.49 m T in 
ethanol . Th i s fact indicates that the specific solvation 
of water to the radical is more strongly opera t ing than 
that of e thanol , which is in l ine wi th the above 
calculation. 

Pressure Effects. T h e pressure dependence on the 
rate constants of the spin exchange in ethanol , 2-
methyl-1-propanol , benzene, and o-xylene is shown in 
Fig. 1. It is seen that the rate constant of the spin 
exchange decreases as the appl ied pressure increases. 

T h e apparen t activation volume (AFobsd*) can be 
estimated by us ing the following equat ion: 

AFobsd* = ~RT(d In ko^/dp)T + &n*KTRT, (4) 

where An* is the difference in the number of species 
between the activated complex and reactants, and KT 
the isothermal compressibil i ty of the medium.1 0 ) T h e 
values of AFobsd* are given in Table 1. 

T h e second-order rate constant for diffusion-con­
trolled reactions may be expressed in terms of a 
Smoluchowski-Stokes-Einste in type equat ion as 

k*m<*RT/ri, (5) 

where rj is the viscosity coefficient of the medium. 
Hence the appa ren t activation volume ( A Ê W * ) for a 
diffusive process is given by 

RT(d In kdiff/dp)T = -RT(d In t]/dp)T = 
-AFdiff* - KTRT. (6) 

In the preceding paper, l ) we have discussed the 
physical mean ings of AFdiff* which can be formally 
obtained by Eq. 6. Us ing the available rj-P data,10) 

AFdiff* in a variety of solvents were estimated and they 
are given in Table 1. In Fig. 2, AFobsd* is plotted 
against AVditâ, and some interesting features can be 
found as follows: (1) T h e plots are divided in to two 
groups, i.e. aprot ic and prot ic solvent groups. (2) Each 
falls on a s traight l ine hav ing the slope of unity. (3) 
T h e line or ig ina t ing from the former g roup passes 
th rough the origin, but the line of the latter g roup is 
shifted downward by about 4 cm 3 m o l - 1 . T h e above 
findings show obviously that in aprot ic solvents, the 
essential feature of the spin exchange process is 
no th ing bu t a diffusive one, and no concept of the 
encounter complex need be introduced. O n the other 
hand, the downward shift seems to indicate the 
existence of the encounter complex. 

L ipha rd and J o s t n ) reported that the reaction 
volume of the encounter complex formation is 
—3.1 cm3 m o l - 1 for the reaction of Alizalin Yellow G G 
wi th O H - in water. They explained the small 

400 600 

P/ bar 

Fig. 1. Pressure dependence of the rate constants of 
the spin exchange; ( • ) in benzene, (O) in o-xylene, 
((D) in ethanol, (0) in 2-methyl-l-propanol. 

Benzene 

Water 

,- %s 2-Methyl - l -

9 ' / propanol 

10 20 

AVdjff /cm3mol~ 

+ -10 

Fig. 2. Relationship between AFobsd* and AFdiff* 
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negative value as due to the contraction of the complex 
a long A1.--H2O---.R2 axis. T h e volume contract ion of 
—1.4 cm3 m o l - 1 for the association reaction of Pyronine 
G in aqueous solut ions is reported by Ohling.1 2 ) These 
values are near to the shift in our case. Hence it can be 
safely said that the downward shift is due to the 
formation of association complexes between T a n o n e 
and prot ic solvents. In this case, the vo lume change 
corresponding to Eq. 2 is given by 

Fobsc* = AVi + AV2\ (7) 

where AVi denotes the volume change accompanied by 
the format ion of the encounter complex, and AF2* the 
act ivat ion vo lume for the second step. In this step, the 
sandwiched solvent molecule between the radicals in 
the encounter complex mus t be pushed ou t in order to 
contact the paired radicals to each other. Therefore, 
AF2* is to be equivalent to APdiff*. For details, the 
preceding paper should be referred to.1* T h e values of 
A Fi can be est imated by substract ing AVdaâ from 
AFobsA and they are given in Tab le 1. In agreement 
wi th the above statement, AVi is near zero in aprot ic 
solvents, and the average value of A Vi is —3.6 cm3 m o l - 1 

in prot ic solvents. 
In short , it is deduced that for the spin-exchange 

reaction the diffusive process a lone is opera t ing in 

aprot ic solvents, whi le in prot ic solvents, some 
stabilization is opera t ing t h ro u g h the encounter 
complex formation, followed by the diffusive process. 
These are in l ine wi th our previous suggestion. 
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Synopsis. Pd° supported on K-L zeolite suspended in a 
liquid phase has a high catalytic activity and a high 
selectivity for the oxidative lactonization of butane-l,4-diol 
into 7-butyrolactone under oxygen at 391 K. 

Many methods for the prepara t ion of lactones by the 
homogeneous metal-catalyzed oxidative lactonization 
of such a,«j-diols as butane-1,4-diol have been re­
ported.1 _ 4 ) Homogeneous catalysts such as pa l l ad ium 
acetate (Pd(OAc)2)1) catalyze the oxidative lactoniza­
t ion of a,«j-diols in the presence of such oxidants as a 
stoichiometric a m o u n t of bromobenzene (PhBr) and 
an excess of t r i pheny lphosph ine (PI13P) in order to 
oxidize the Pd° and generate the active species 1 as 
follows: 

Pd0(Ph3P)„ + PhBr PhPd(Br)(Ph3P)2 + (n- 2)Ph3P 
1 (1) 

Recently, Ishii et al.2) have reported that a,o>-diols 
can be converted in to lactones wi th tris(hexadecyl-
pyr id in ium) 12- tungstophosphate by us ing H2O2 as 
the oxidant. 

O n the other hand , the lactonization of diols 
proceeds a long wi th molecular hydrogen evolution 
when such r u t h e n i u m catalysts as RuH2(PPri3)43) and 
Ru3(CO)i24) are used as catalysts. These methods have 
an advantage over previous methods wi th respect to 
freedom from the need for a stoichiometric a m o u n t of 
oxidants . However, these catalysts are unstable under 
air, and so the react ions should be carried ou t under 
inactive gases. 

Heterogeneous catalysts used for the lactonization of 
a,co-dio\s have been reported; such catalysts as Cu,5) 

however, require extremely h igh reaction tempera­
tures, and this selectivity is unsatisfactory. 

Pd° suppor ted on activated carbon has catalytic 
activities for the oxidative esterification of such 
pr imary alcohols as e thanol under oxygen as an 
oxidant in the l iqu id phase.6) Therefore, pa l l ad ium 
(Pd°) suppor ted catalysts can have a catalytic activity 
for the oxidative lactonizat ion of a,«j-diols wi th 
oxygen. When the oxidative lactonization of butane-
1,4-diol wi th the use of Pd° supported on various 
supports was carried ou t in the l iqu id phase, Pd° 
supported on K-L zeolite suspended in iV,iV-dimethyl-
p rop ionamide had the highest catalytic activity.7) 

Pd Zeolite 

* ÇX + 2H 2 0 (2) CH2CH2CH2CH2 + 0 2 

I I 
OH OH 

2 3 

In this work, the influence of the zeolite suppor t on the 

selectivity to y-butylolactone and that of reaction 
variables on the oxidative lactonization of butane-1,4-
diol over Pd° suppor ted on K-L zeolite were examined. 
Here, we will describe a facile lactionization of butane-
1,4-diol w i th oxygen as an oxidant , the catalyst be ing 
Pd° suppor ted on K-L-type zeolite suspended in N,N-
dimethy lprop ionamide (CH3CH2CON(CH3)2). 

Experimental 

Catalyst Preparation. Palladium-exchanged zeolites were 
prepared from Na+-exchanged zeolites (Na-A, Na-ZSM-5, 
Na-X, and Na-Y), Ca2+-exchanged A-type zeolite (Ca-A), and 
K+-exchanged L-type zeolite (K-L) using a conventional ion-
exchange procedure with an aqueous solution of [Pd-
(NH3)4]Cl2 at room temperature. These zeolites were 
obtained from the Toso Manufacturing Co. K+-exchanged 
X and Y zeolites were prepared from Na-X and Na-Y using a 
conventional ion-exchange procedure with an aqueous 
solution of KCl at 343 K. Pd° supported on zeolites was 
prepared as follows: the zeolites exchanged with [Pd-
(NH3>4]2+ were heated under air at 623 K for 1 h and then 
treated with hydrogen at various temperatures. The 
palladium loading of each catalyst and the degree of K+-
exchange were determined by means of atomic absorption 
spectrophotometry. 

Apparatus and Procedure. Butane-l,4-diol, pentane-1,5-
diol, and such solvents as A/^N-dimethylpropionamide were 
obtained from commercial sources and were used without 
further purification. 

The oxidative lactonization was performed in a 50 ml 
three-necked flask equipped with a condenser and a 
magnetic stirrer. The catalyst (0.50 g) in 3.00 ml of a solvent 
and 22.5 mmol (2.00 ml) of butane- 1,4-diol or 19.8 mmol 
(2.00 ml) of pentane-l,5-diol was stirred under oxygen at 
357—391 K for 24 h. The conversion of butane-1,4-diol 2 (or 
that of pentane-l,5-diol 4) and yield of 7-butyrolactone 3 (or 
that of ô-valerolactone 5) were determined with a gas 
Chromatograph (2.0 m Prapak Q column) by using 3-
methylbutan-1-ol as the internal standard. 

The adsorption of butane-1,4-diol on Pd° supportrd on 
zeolites was carried out in N,iV-dimethylpropionamide or 
H2O at 301 K for 24 h. The weight of the zeolite on which 
Pd° was supported was 0.500 g, while the butane-1,4-diol and 
N,N-dimethylpropionamide amounted 49.5 mmol (5.00 ml) 
and 5.00 ml respectively. The amount of adsorbed butan-1,4-
diol was obtained by subtracting the concentration of the 
butane-l,4-diol determined with a gas Chromatograph after 
the adsorption from the initial concentration of butane-
1,4-diol. 

Results and Discussion 

Activities of Supported Palladium Catalysts. T h e 
catalytic activities of Pd° supported on zeolites were 
compared when the oxidative lactonization of butane-
1,4-diol 2 was carried out in Af,iV-dimethylpropion-
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Table 1. The Catalytic Activities of Pd° Supported on Zeolites 

Support Si/Al Maximum pore 
size/nm 

Pd/wt% Solvent Conversion of 
2/% 

Yield of 
3/% 

Selectivity 
to 3/% 

Na-A 
Ca-A 
Na-ZSM-5 
K-L 

Na-X 
K-Xd> 
Na-Y 

K-Ye> 

1.0 
1.0 

52 
3.2 

1.4 
1.4 
2.8 

2.8 

0.42 
0.49 
0.54 
0.71 

0.74 
0.74 
0.74 

0.74 

0.6 
0.1 
5.9 
5.5 

5.6 
5.3 
6.0 

5.1 

NMP 
NMP 
NMP 
N o solventa) 

NPA 
NPAb> 
NMP 
H2O

c> 
NPAC> 
NMP 
NMP 
N o solventa) 

NPA 
NMP 
NPA 
NMP 

19.2 
53.7 
86.2 
21.3 
99.4 

1.3 
81.4 
51.3 
88.3 
79.9 
74.5 
88.4 
95.4 
80.1 
94.6 
82.8 

6.7 
16.9 
81.0 
2.1 

91.1 
0 

80.1 
23.4 
72.5 
52.0 
63.0 

5.7 
63.6 
52.2 
79.4 
67.3 

36.1 
31.5 
94.0 
9.8 

91.5 
0 

98.4 
45.6 
82.1 
65.1 
84.6 
6.4 

66.7 
65.2 
83.9 
81.3 

Reaction was carried ou t under oxygen (101 kPa) at 391 Kfor 24 h. Catalyst weight: 0.500 g; butane-1,4-diol: 22.5 mmol 
(2.00 ml); solvent: 3.0 ml . NPA=A^Af-dimethylpropionamide, NPA=A^-methylpyrrolidin-2-one. a) Butane-1,4-diol 
56.2 m m o l (5.00 ml). T h e solvent was no t used, b) Reaction was carried ou t under n i t rogen (101 kPa). c) Reaction 
temperature was 373 K. d) K+ (93% exchanged)-X zeolite, e) K+ (91% exchanged)-Y zeolite. 

T a b l e 2. T h e A m o u n t of Butane-1,4-diol Adsorbed on Pd° Suppor ted on Zeolites 

Support Pd°/wt' Solvent Amount of butane-l,4-diol adsorbed/mmol g - 1 

K-L 

Na-X 
K-Xd> 
Na-Y 
K-Ye> 

5.5 

5.6 
5.3 
6.0 
5.1 

N P A 
H 2 0 
NPA 
NPA 
NPA 
NPA 

4.0 
1.1 
1.9 
2.8 
2.1 
2.9 

The adsorption of butane-l,4-diol was carried out at 301 K for 24 h. The weight of zeolite on which Pd° was 
supported was 0.500 g. Butane-l,4-diol: 49.5 mmol (5.00 ml); NPA (Af,^dimethylpropionamide) or H2O: 
5.00 ml. d) and e) See Table 1. 

amide or Af-methylpyrrolidin-2-one under oxygen at 
391 K. T h e catalysts were calcined under air at 
623 K for 1 h and were then treated wi th hydrogen at 
623 K for 1 h. As is shown in Tab le 1, Pd° supported 
on K-L-type zeolite (Pd°-K-L) has the highest yield of 
3 in iV,iV-dimethylpropionamide. T h a t is, the yield of 
3 was 91.1% (the selectivity to 3 was 91.5%) when the 
conversion of 2 was 99.4%. 

ZSM-5, K-L, Na-X, and Na-Y type zeolites whose 
pore sizes are 0.54—0.74nm have h igher catalytic 
activities than those Na-A and Ca-A type zeolites 
whose pore sizes are na r row (0.4—0.5 nm) . K-L zeolite 
has nearly the same pore size as Na-X and Na-Y. In 
order to show the influence of the K+ in zeolite on the 
catalytic activity, the reaction was carried ou t over Pd° 
suppor ted on K+ (91% exchanged)-Y and K+ (93% 
exchanged)-X zeolites. T h e yield of 3 and the selec­
tivity to 3 increased by exchanging N a + wi th K+ in a 
zeolite. 

In every case, 3 could no t be produced at all under 
ni t rogen. T h i s result shows that oxygen is essential in 
this reaction system. T h e Pd2 +-exchanged K-L-type 
zeolite, which was no t treated wi th hydrogen, showed 
very little catalytic activity, even under oxygen. It is 
clear that the reduct ion of Pd 2 + to Pd° wi th hydrogen is 

indispensable for the appearance of the catalytic 
activity. 

When the reaction was carried out over Pd° 
(5.5 wt%)-K-L wi thou t any solvent and under oxygen, 
the conversion of 2 and the yield of 3 were 21.3% and 
2.1%) respectively. T h e catalytic activity of Pd°-K-L in 
H2O as a solvent at 373 K was lower than that in an 
organic solvent, AT,AT-dimethylpropionamide, as is 
shown in Tab l e 1. We have previously reported that 
the selection of solvent is essential.7) 

T h e h i g h catalytic activity of Pd° supported on K-L 
zeolite m i g h t be at t r ibuted to the adsorpt ion property 
of butane-1,4-diol on zeolite in a solvent. T h e a m o u n t 
of butane-1,4-diol adsorbed on zeolites was examined 
under ni t rogen in iV,iV-dimethylpropionamide or H2O 
for 24 h. T h e adsorpt ion temperature was 301 K. 
Under these adsorpt ion condit ions, hardly any 7-
butyrolac tone was detected. As is shown in Tab le 2, 
the a m o u n t of butane-1,4-diol on Pd°-K-L in N,N-
dimethy lp rop ionamide adsorbed was more than that 
on Pd° suppor ted on Na-X, Na-Y, K-X, and K-Y, be ing 
4.0 m m o l g_ 1 . It decreased to 1.1 m m o l g - 1 in H2O. 
T h e a m o u n t of butane-1,4-diol adsorbed increased 
when N a + was exchanged wi th K+ in X and Y zeolites. 
T h e order of catalytic activity for the oxidative 
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Fig. 1. Effect of the reduction temperature with 
hydrogen on the conversion of butane-1,4-diol ( • ) 
and the selectivity to y-butyrolactone (O) over Pd° 
(5.0 wt%)-K-L for oxidative lactonization of butane-
1,4-diol with oxygen in A/^Af-dimethylpropionamide. 
Reaction was carried out under oxygen at 391 K for 
24 h. Catalyst was calcined under air at 623 K for 1 h 
before hydrogen treatment at each temperature for 
1 h. Catalyst weight is 0.50 g. Butane-1,4-diol is 
22.5 mmol. Solvent is 3.0 ml. 

lactonization over Pd° suppor ted on L-, X-, and Y-type 
zeiolites is the same as that of the a m o u n t of butane-
1,4-diol adsorbed on them. T h e explana t ion for the 
highest catalytic activity over Pd°-K-L, is that the 
a m o u n t of butane-1,4-diol can be adsorbed on Pd°-K-
L more than on Pd° supported on other zeolites. 

T h e Pd°-K-L catalyst is also effective for the 
oxidative lactonization of pentane- l ,5-diol 4 in to 8-
valerolactone 5. T h u s , 0.5 g Pd° (5.5 wt%)-K-L gave a 
54.6% yield and a 90.8% selectivity in iV,Af-dimethyl-
p rop ionamide at 391 K for 24 h. 

Effect of Reduction Temperature. T h e effect of the 
reduct ion temperature w i th hydrogen on the catalytic 
activities of Pd° (5.0wt%)-K-L for the oxidative 
lactonizat ion of 2 was examined at 391 K for 24 h. T h e 
catalyst was calcined under air at 623 K for 1 h before 
t reatment wi th hydrogen. As is shown in Fig. 1, the 
conversion of 2 increased as the hydrogen-reduction 
temperature increased, reaching a m a x i m u m at 623 K, 
where the conversion of 2 was 92.8%. T h e conversion 
gradual ly decreased as the reduct ion temperature 
increased. T h e selectivity to 3 was only slightly 
influenced by the hydrogen-reduct ion temperature, 
be ing more than ca. 90% at each reduct ion tempera­
ture. For example , it was 96.7% at 623 K, the reduct ion 
temperature which gave the highest yield of 3. 

Influence of Reaction Temperature. Figure 2 
shows the influence of the reaction temperature on the 
conversion of 2, the yield of 3, and the selectivity to 3. 
T h e conversion of 2 gradual ly increased as the reaction 
temperature increased, reaching 98.7% at 391 K. T h e 
selectivity to 3 (the yield of 3) increased sharply above 
373 K. T h e selectivity was ca. 65% below 373 K and ca. 

. above 373 K. 
In this oxidative lactonization, H2O is formed 

c 
o 

c 
o 
o 

355 365 375 385 395 

Reaction Temperature / K 

Fig. 2. Influence of the reaction temperature on the 
conversion of butane-1,4-diol ( • ) , and the selectivity 
to y-butyrolactone (O) over Pd° (6.6 wt%)-K-L zeolite. 
Catalyst was calcined under air at 623 K for 1 h and 
was then treated with hydrogen at 623 K for 1 h. 
The other reaction conditions: See Fig. 1. 

(Eq. 2). Pd°-K-L suspended in H2O has a lower 
catalytic activity than that in iV,iV-dimethylpro-
p ionamide at 373 K, as is shown in Table 1. As has 
been described above, the a m o u n t of 2 adsorbed on 
Pd°-K-L in H 2 0 was smaller than that in N,N-
dimethy lprop ionamide (Table 2). T h e explanat ion 
for the low catalytic activity for the formation of 3 at 
temperatures lower than 373 K is that the H2O formed 
retards the adsorpt ion of 2 on the catalyst. T h e 
oxidative lactonizat ion of 2 over Pd° supported on 
zeolites h a d better be carried ou t at more than the 
bo i l ing po in t of H2O in order to remove the formed 
H2O from the reaction system. 

Advantages of Pd° Supported on K-L Zeolite. T h e 
advantages of Pd° suppor ted on zeolites may be 
summarized as follows: (1) Pd°-K-L has a h igh 
catalytic activity and a h igh selectivity for the 
lactonization of butane-1,4-diol. (2) Molecular oxygen 
can be used as a convenient oxidant . (3) T h e catalyst 
can be easily separated from the product . (4) T h i r d 
compounds such as PPI13 are not necessary. (5) T h e 
catalyst can be handled in an ambient atmosphere. 
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Synopsis. Hydrous zirconium oxide is an amorphous 
solid and has several catalytic activities. The oxide was 
changed to crystalline zirconia by calcination at a high 
temperature, and the catalytic activities were lowered. The 
correlation between the surface property and the catalytic 
activity was investigated on hydrous zirconium oxide 
calcined at several temperatures; the best activity was 
obtained in the oxide calcined at 300 °C. 

In previous papers , we reported that hydrous 
zirconium oxide serves as an excellent catalyst for the 
reduction of aldehydes and ketones wi th 2-propanol,x ) 

the formylation of amines wi th Af,Af-dimethylform-
amide,2 ) the amida t ion of carboxylic acids wi th 
amines,3* the esterification of carboxylic acid wi th 
alcohols,4) and the reduct ion of carboxylic acid wi th 
2-propanol.5 ) T h e hydrous zirconium oxide is known 
as an a m o r p h o u s solid possessing an ion-exchange 
ability6»7) and is differentiated from crystalline zir­
con ium dioxide, that is, zirconia. In fact, the catalytic 
activities of zirconia on all of the reactions described 
above were very small compared wi th those of the 
hydrous z i rconium oxide. T h i s difference was caused 
by the distinct surface propert ies, which were in turn 
caused by the difference in the prepara t ion methods, 
especially the heat- t reatment temperatures. T h e solid-
state chemistry8* of the hydrous zirconium oxide is very 
complex, and few data on the surface properties have 
been reported in the literature.7* 

In this paper , we wil l report that the surface 
propert ies and the catalytic activity of the hydrous 
zirconium oxide changes with its calcinat ion temper­
ature, and that the highest activity is achieved by 
calcination at 300 °C. 

Experimental 

Materials and Instrument. Into a solution of zirconium-

(IV) dichloride oxide (ZrOCl2-8H20) (200 g of a solid in 
10 dm3 of deionized water) was slowly added an aqueous 
solution of sodium hydroxide (1 mol dm -3) at room temper­
ature. A constant gentle stirring was maintained, and the 
addition was continued until the pH of the resulting 
solution reached 6.80. The solution was then allowed to 
stand for 48 h at room temperature. The resulting product 
was filtered and washed until the supernatant became free 
from chloride ions. The gel was spread on a glass plate and 
dried in air at room temperature for 10 h and then at 80 °C 
for 2 h. Fifty-four grams of hydrous zirconium oxide were 
thus obtained in the form of granules. The calcination of 
the oxide was carried out in a muffle furnace at 110—900 °C 
for 5 h in air. 

X-Ray photoelectron spectroscopy (XPS, ESCA) was 
measured by means of Shimadzu Electron Spectrometer 
ESCA-750. Thermal gravimetric analyses were performed 
with a Shimadzu TGA-40 apparatus. X-Ray diffraction 
(XRD) analyses were performed with Rigaku Geigerflex 
RAD equipment. The surface area and the pore distribution 
were measured by means of Shimadzu micrometrics AccuSorb 
equipment. 

The quantity of surface acidic or basic sites was measured 
by the butylamine- or trichloroacetic acid-titration method 
respectively, using various Hammett indicators. 

Reaction. In a 25-cm3 round-bottom flask equipped with 
a reflux condenser was placed 1.0 or 2.0 g of hydrous 
zirconium oxide, 5 mmol of an aldehyde or a ketone, and 
10 cm3 of 2-propanol, plus 0.5 mmol of a hydrocarbon as the 
internal standard. The contents were heated under a gentle 
reflux. The reaction mixture was collected at appropriate 
times, and the concentrations of the products were analyzed 
by means of GLC (a capillary column PEG 20 M 30 m). 

Results and Discussion 

T h e ESCA analyses of hydrous zirconium oxides 
calcined at several temperatures showed that their 
chemical shifts of Zr3d5/2 were in the range from 182.5 
to 183.4 eV. T h i s indicates that the surface species on 

Table 1. Specific Surface Areas and Catalytic Activities of the Hydrous 
Zirconium Oxide Calcined at Varying Temperaturesa) 

O 

V 
OH 

R' 

Cat. 

R" 

OH 

Calcination 
temp/°C 

Specific surface 
area/m2 • g_1 

Rate constant (X10-4 s_1) 
Cyclohexanone Hexanal Acetophenoneb) 

110 
200 
300 
400 
600 
900 

272 
251 
207 
112 
43 
14 

3.45 
5.12 
7.19 
2.86 
2.12 
0.47 

0.34 
0.42 
0.97 
0.41 
0.069 
0.019 

0.34 
0.44 
0.68 
0.050 
0.076 
0.020 

a) Catalyst: 1.0 g, aldehyde or ketone: 5 mmol, 2-propanol: 10 cm3, reaction temperature: 82 ° C b) Catalyst: 2.0 g. 
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Table 2. Acid or Base Amounts of Hydrous Zirconium Oxide Calcined at Varying Temperatures 

Calcined temp/°C 
Ho<-8 .0 Ho<-5 .6 

Amount/mol g_1 

Ho<-3 .0 Ho<1.5 Ho>9.3 H0>15.0 

200 
300 
400 
600 
900 

0 
0 
0 
0 
0 

5.0X10"6 

8.0X10"6 

1.0X10"6 

0 
0 

4.5X10"4 

5.0X10-4 
4.6X10-4 

0 
0 

9.0X10-4 
1.4X10-3 
1.2X10-3 
7.0X10"5 

1.0X10"5 

1.0X10"5 

7.5X10"5 

2.0X10-4 
4.0X10"5 

2.0X10"5 

0 
0 
0 
0 
0 

6 

3 
C/3 

300 

200 

200 400 600 800 1000 

Calcination temperature/0C 

Fig. 1. Correlation between the surface area given by 
the sum of pore areas larger than 8 Â and the catalytic 
activity. O; Surface area given by sum of pore areas 
larger than 8 Â. • ; Rate constant of the reduction of 
cyclohexanone. 

the oxides is Zr4+ and that the change in the valence of 
z i rconium does no t occur u p o n calcination in air. T h e 
thermal gravimetric analyses of the oxides were carried 
ou t under an a tmosphere of he l ium. In the case of the 
oxide calcined at lower temperatures (<300 ° C), rapid 
weight losses were observed at 460 °C, a l t hough none 
were observed in the samples calcined at h igher 
temperatures. These weight losses were interpreted as 
be ing the result of rap id crystallization accompanied 
by the loss of water. In fact, X-ray diffraction analysis 
showed the oxide calcined under 300 ° C to be 
a m o r p h o u s , and the other, to be crystal. T h e specific 
surface areas of the oxide calcined at several temper­
atures are listed in Tab le 1. T h e specific surface area 
was lowered wi th the calcinat ion temperarure. 

T h e reduct ion of cyclohexanone, hexanal , or aceto-
p h e n o n e wi th 2-propanol was carried ou t over hy­
drous zirconium oxide calcined at several temperatures. 
These reactions showed a first-order dependence on 
the concentra t ion of aldehyde or ketone; the rate 
constants of the oxides calcined at several temperatures 

are listed in Tab le 1. In every case, the oxide calcined 
at 300 ° C had the highest catalytic activity. T h e 
catalytic activity was p ropor t iona l to the surface area 
in the cases of the oxide calcined at higher temper­
atures; however, it was inversely propor t iona l in the 
cases of the oxide calcined at lower temperatures. 
These results suggest that the oxides calcined at lower 
temperarures have pores which are too small to show 
catalytic activity. Us ing the results of the pore 
dis t r ibut ion, the best correlat ion between the activity 
of the reduct ion and the surface area were obtained by 
us ing the surface area given by the sum of the surface 
areas due to pores larger than 8 Â, as is shown in Fig. 
1. 

Tab le 2 shows the acid or base amounts of the 
hydrous z i rconium oxide calcined at several temper­
atures. T h e a m o u n t of acid was slightly correlated to 
the catalytic activity; however, the base a m o u n t was 
not. 
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Synopsis. New preparation methods are reported for 
some fluoroamminecobalt(III) complexes. The polarized 
spectra were measured by microspectrophotometry for some 
complexes. Coordination geometries of the complexes were 
predicted from the spectral data. 

In order to compare Yamatera 's rule1) wi th exper­
imenta l result, a n u m b e r of empir ical spl i t t ing 
parameters are required. T h e spectra of aqua- a n d / o r 
chloro-amminecobal t(III) series have been analyzed as 
reported in the previous paper.2) T h e results of the 
careful survey of the literatures3 '4) yielded few reports 
concerning the prepara t ion methods of fluoroam-
minecobalt(III) complexes. L inha rd and Weigel5) 

have reported a spectrum of as-dif luorotetraam-
minecobalt(III) ion in aqueous solution, bu t they did 
no t describe the p repara t ion method of the complex. 
Siebert and Brei tens tein6) have at tempted to synthesize 
tr if luorotr iamminecobalt(III) by thermal decomposi­
t ion of [Co(NH3)6]F3, b u t the product was not the 
intended complex. 

In this paper, new preparat ion methods are de­
scribed for the complexes, [CoF(NH3)4(H20)]X, 
(sulfate, and Perchlorate), as-[CoF2(NH3)4]C104, and 
[CoF3(NH3)3]. 

Experimental 

Preparations of Complexes. [CoF(NH3)s](N03)2: Fluoro-
pentaamminecobalt(III) nitrate was prepared as described7) 
previously. Found: Co, 20.06; F, 6.20%. Calcd for 
[CoF(NH3)5](N03)2: Co, 20.54; F, 6.62%. 

[CoF(NH3)4(H20)]S04: Potassium fluoride (1 g) and cis-
[Co(NH3)4(H20)2]2(S04)3-3H20 (3 g) prepared according to 
the procedure in reference8) were dissolved in 10 cm3 of water 
in a Teflon evaporating dish. The solution was then dried 
over P2O5 in a desiccator for several days. The product was 
powdered in an alumina mortar, added to 25 cm3 of cold 
water and stirred. The violet residue was filtered off, and 
washed with cold water and ethanol. The product was dried 
over P2O5. Yield: 1.5 g. Found: Co, 22.49; NH3, 25.28; F, 
6.83%. Calcd for [CoF(NH3)4(H20)]S04: Co, 22.67; NH3, 
26.16; F, 7.30%. 

[CoF(NH3)4(H20)](C104)2: [CoF(NH3)4(H20)]S04 (1 g) 
was dissolved in cold water (10 cm3) which involves 60% 
perchloric acid (2 cm3). To the solution, 60% perchloric acid 
(5 cm3) was added with stirring. The purple crystals were 
then precipitated. The product was washed with ethanol, 
and air-dried. Yield: 0.6 g. Found: Co, 16.80; NH3, 18.76; F, 
5.28%. Calcd for [CoF(NH3)4(H20)](C104)2: Co, 16.24; NH3, 
18.74; F, 5.23%. 

cw-[CoF2(NH3)4]C104: cw-[to(NH3)4(H20)2](C104)3 was 
deposited by adding 60% perchloric acid to a concentrated 
aqueous solution of cz5-[Co(NH3)4(H20)2]2(S04)3 • 3H20. 
The cz'5-diaqua complex Perchlorate (3.2 g) dissolved in 

ï Present address: Department of Chemistry, Faculty of 
Science, Xin Jiang University, People's Republic of China. 

water (3.5 cm3) was mixed with NH4F (0.8 g) dissolved in 
water (2 cm3). The slurry was stirred and cooled in an ice-
salt bath. The precipitate (NH4CIO4) was removed with a 
Teflon funnel. The filtrate was concentrated to half volume 
in a Teflon evaporating dish on a steam bath. The solution 
was then cooled to room temperature. The violet crystals 
were collected, washed with ethanol, and dried at room 
temperature. Found: Co, 21.73; NH3, 25.59; F, 14.80%. Calcd 
for cz'5-[CoF2(NH3)4]C104: Co, 22.29; NH3, 25.72; F, 14.37%. 

[CoF3(NH3)3]: /ac-[Co(NH3)3(H20)3](C104)3(6.7 g) synthe­
sized by the method in reference9) was dissolved in 3.5 cm3 of 
water in a Teflon evaporating dish. Potassium fluoride 
(2.5 g) dissolved in water (3.0 cm3) was added to the solution 
with continuous stirring. The slurry was cooled with an 
ice-salt bath for 30 min. The precipitate (KCIO4) was 
removed with a Teflon funnel. The filtrate was then dried 
over P2O5 in a desiccator for about a week. The solid was 
powdered in an alumina mortar and dried at 120 °C. The 
powder was washed with cold water. The residue was dried 
at 120 °C for 2 h. Found: Co, 34.40; NH3, 29.27; F, 33.82%. 
Calcd for [CoF3(NH3)3]: Co, 35.30; NH3, 30.55; F, 34.15%. 

Chemical Analyses. Cobalt was determined colorimetri-
cally by the nitroso R salt (l-nitroso-2-naphthol-3,6-
disulfonic acid, disodium salt) method.10) The analysis of 
ammonia was carried out by the Kjeldahl method.n) 

Fluorine was separated by pyrolysis12'13) and determined14) 
spectrophotometrically with Dotite Alfusone (a mixture of 
9,10-dihydro-3,4-dihydroxy-9,10-dioxo-2-anthrylmethyl-
amine-N,iV-diacetic acid and buffer reagent), Wako Pure 
Chem. Indust. Ltd. 

Electrical Conductivity. Conductivities were measured 
with a Toa Denpa Model CM-1DB. The cell constant was 
determined using 0.1 mol dm - 3 KCl. The molar conductivi­
ties, measured for aqueous solutions of aquafluorotetraam-
minecobalt(III) Perchlorate (0.0027 mol dm -3) and cis-di-
fluorotetraamminecobalt(III) Perchlorate (0.0015 mol dm -3), 
were 104.9 and 274.5 Q'1 cm2 mol"1 at 25 °C, respectively. 

Spectral Measurements. The solution spectra were 
recorded on a Jasco Uvidec 1 double beam spectropho­
tometer. The diffuse reflectance spectrum was measured 
with a Hitachi 3400 spectrophotometer. The infrared spec­
trum was determined with a Shimadzu IR 450S spectropho­
tometer. The sample for IR measurement was a fine powder 
of the complex suspended in a solid paraffin (softening 
point: 60 to 62 °C) plate. 

Polarized Spectra. The polarized spectra of single crystal 
were measured with a microspectrophotometer system for 
fluoropentaammine, difluorotetraammine, and fluoroaqua-
tetraammine complexes. Measurements and curve analysis 
are essentially the same as described in the previous paper.2) 

Results and Discussion 

T h e UV spectra of f luoropentaamminecobalt(III) 
ni trate and dif luorotetraamminecobalt(III) Perchlo­
rate in aqueous solution were in good agreement wi th 
the data of L i n h a r d and Weigel.5) T h e IR spectrum of 
the f luoropentaammine complex in the range of 200 to 
600 c m - 1 is similar to that of the analogous bromide 
reported by Sh imanouch i and Nakagawa.15) 
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Table 1. Positions of the Absorption Bands of Fluoroamminecobalt(III) Complexes 

A -.- c .u A i j •.• c *u Predicted positions for 
~ , Averasre position ol the Analyzed positions ol the , ,. , ^ , . Complex j , r

 J / V i n , . f . / j /wina i the lirst band component/ ^ second band/X103 cm - 1 first band/X103 cm - 1 v,™ i X103cm_1 

[CoF(NH3)5](N03)2 28.49 18.99 
21.59 

d5-[CoF2(NH3)4]C104 27.31 17.13 
19.84 

[CoF(NH3)4(H20)](C104)2 28.12 17.48 17.44 
19.76 18.90, 19.83 

[CoF3(NH3)3] 26.3a> 17.7a> 

a) These are the peak values read directly from diffuse reflectance spectral data. 

I I i 
20 30 

Wavenumber/X103 cm - 1 

Fig. 1. Diffuse reflectance spectrum of trifluorotri-
amminecobalt(III). 

T h e analyzed peak posi t ions of the polarized spectra 
are summarized in the Tab l e 1. An X-ray diffraction 
analysis 1 0 for a crystal of dif luorotetraamminecobalt-
(III) Perchlorate suggested that the two fluoro l igands 
in the complex are in eis form. O n the basis of spectral 
data of c75-difluorotetraammine and os-diaquate t ra-
a m m i n e complexes, the predicted band posi t ions were 
calculated for the coordinat ion structure of cis-
f luoroaquate t raammine by the manne r described in 
the previous report.2) T h e predicted values are in good 
agreement wi th the observed posi t ions as shown in the 
table. T h e coordinat ion geometry of the f luoroaqua­
te t raammine complex may therefore be eis form. 

Because tr if luorotriamminecobalt(III) was in fine 
crystals and insoluble in water and in the ordinary 
solvents, the diffuse reflectance spectrum was meas­
ured. T h e spectrum obta ined was corrected by the 
Kubelka-Munk function as shown in the Fig. 1. T h e 
first band (at 17.7X103 cm - 1 ) of trifluoro complex 
shows no spl i t t ing. Compar i son wi th the spectral 
pat terns of fac- and m^r-tr ichlorotriamminecobalt(III) 
complexes17) suggests that the coordinat ion structure 
in the complex is in facial form. 

T h e authors express appreciat ion to Dr. Masahiro 

Mori ta of the Science University of Tokyo for 
computer p rog ramming . They also thank Dr. H a r u o 
Yamamoto and Mr. Saburoh Yokokura of Meisei 
University for their technical services. Y. M. and E. T . 
would like to thank Professor Te t su roh Yoshida and 
Professor Ryuji Satoh of Meisei University for their 
encouragement . 
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Synopsis. Transition-metal salts of 2-oxol,3-dithiole-
4,5-dithiolate (dmio) were synthesized in order to develop 
highly conducting organic complexes. Their redox poten­
tials were measured and compared with those of the related 
1,2-dithiolate salts. 

Most k n o w n organic superconductors are ion-
radical salts expressed as D2X; D stands for T T F 
derivatives, such as T M T S F , B E D T - T T F , D M E T , and 
MDT-TTF. 1* A few transi t ion metal salts of 2-thioxo-
l ,3-dithiole-4,5-dithiolate (dmit) have also given or­
ganic superconductors.2 ) Coordinat ion compounds 
possessing mul t i -chalcogen atoms in a molecule and a 
flat coordinated structure are expected to give a variety 
of new organic conductors and superconductors. 
Chalcogen-chalcogen networks shorter than a van der 
Waals distance a m o n g l igands are believed to be 
effective for suppress ing the Peierls t ransi t ion inherent 
in a low-dimensional solid. Cassoux et al. reported the 
synthesis of Ni- and Au-salts of 2-oxo-l,3-dithiole-4,5-
di thiolate (abbreviated to dmio) , s tar t ing from the 
reaction of l,3,4,5-tetrathiapentalene-2,5-dione (TPD) 
wi th sodium methoxide.3 ) However, T P D is an ex­
pensive reagent, and it sensitizes and produces skin 
rashes on some individuals . We have succeeded in the 
alternative synthesis of dmio salts by us ing as the 
start ing material Et4N[Zn(dmit)2], which can be 
obta ined readily on a large scale at a low cost. T h i s 
me thod is free from the above problems. T h e l igand 
d m i o has a structure similar to that of dmit ; the 
thiocarbonyl g r o u p of dmi t is replaced by a carbonyl 
group. T h u s , d m i o can also be expected to give metal 
complexes possessing interesting electrical properties. 

The i r redox potentials were measured and compared 
wi th those of the related 1,2-dithiolate salts previously 
reported.4) 

„ S ^ S , ...Sv/S, S^S, Sv/Sv 

*K>çt> <xxi5> 
M(dmit)o M(dmio)? 

Results and Discussion 

Synthesis of dmio Complexes. T h e route of syn­
thesizing the t ransi t ion-metal (Ni, Zn, and Pt) salts of 
d m i o is shown in Scheme 1. 4,5-Bis(benzoylthio)-l,3-
dithiole-2-thione (1) was obtained by the method in 
the literature.5) T h e conversion of the thiocarbonyl 
g r o u p of 1 to the carbonyl g r o u p was accomplished by 
the use of mercury(II) acetate to give 4,5-bis(benzoyl-
thio)-l ,3-dithiol-2-one (2). T h e di thiolate an ion 3 was 
generated in an ethanol solut ion by treating 2 wi th 
sodium ethoxide. It was treated with tetraalkyl-
a m m o n i u m bromide and then wi th metal chloride 
(NiCl2 • 6H2O or ZnCh) , followed by air oxidation. In 
the case of the p l a t i n u m salt, K^PtCU was first added to 
the di thiolate (3) solut ion, and then the solut ion was 
treated wi th t e t rabu ty lammonium bromide. T h e 
syntheses of Pd a n d Cu salts of dmio , us ing 
N a 2 P d C l 4 - 3 H 2 0 and C u C i 2 - 2 H 2 0 respectively, were 
unsuccessful. (Bu4N)i.2ö[Ni(dmio)2] was obtained as 
h igh-qua l i ty needle crystals, which suggests it to be a 
single phase; several nonstoichiometr ic 1,2-dithiolate 
salts have also been found to be single crystals by X-ray 

PhCOS^S 

PhCOS^ 

1 

I >° 

Hg(0Ac)2 

inCHCl3iAcOH 

i) Me4NBr 
ii) NiCl2-6H20 
iii) Air . 

inEtOH 

i) Bu4NBr 
ii) NiCl2-6H20 
iii) Air 

in Et OH 

i) MeANBr 
ii) ZnCl2 

inEtOH 

i) K2PtCl4 

ii) Bu4NBr 
in H20 

PhCOS^S. 

PhCOS-^S 

NaOEt 

inEtOH' 

Me4N fNKdmioM 

(Bu4N)125 [Ni(dmio)2J 

(Me4N)2rZn(dmio)2l 

(Bu4N)2 [pt(dmio)2] 

Scheme 1. 
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Table 1. Redox Potentials of dmio Salts, together with Those of the 
1,2-Dithiolate Complexes Previously Reported4) 

<sxVxs> 
Salts 

d m i o 
d m i o 
dmi t 
dmi t 
dddta> 
dddta> 
dtcdtb> 
dtcdtb> 
ttcdtc) 

ddtd> 
ddtd> 

M 

Ni 
Pt 
N i 
P t 
N i 
P t 
Ni 
P t 
Ni 
Ni 
P d 

X 

c=o 
c=o 
c=s 
O S 
CH2CH2 
CH2CH2 
CH2CH2CH2 
CH2CH2CH2 
CH2SCH2 
C H = C H 
C H = C H 

£1/2(1 ) 

V vs. SCE 

0.25 
0.20 
0.22 
0.19 
0.06 
0.06 
0.16 
0.15 
0.28 
0.06 
0.11 

£i/2(2) 

V vs. SCE 

- 0 . 2 4 
- 0 . 2 5 
- 0 . 1 3 
- 0 . 1 3 
- 0 . 6 9 
- 0 . 6 5 
- 0 . 7 1 
- 0 . 6 4 
- 0 . 5 9 
- 0 . 5 1 
- 0 . 3 7 

AE 

V 

0.49 
0.45 
0.35 
0.32 
0.75 
0.71 
0.87 
0.79 
0.87 
0.57 
0.43 

a) 5,6-Dihydro-l,4-dithiin-2,3-dithiolate. b) l,4-Dithiocyclohepta-2-enyl-2,3-dithiolate. 
cyclohepta-2-enyl-2,3-dithiolate. d) 1,4-Dithiin-2,3-dithiolate. 

c) 1,4,6-Trithio-

crystal lographic work.6) (Bu4N)i.2ö[Ni(dmio)2] seems 
to be in a mixed valence between divalent and trivalent 
states. It is uncer ta in why (Bu4N)i.2ö[Ni(dmio)2] and 
Me4N[Ni(dmio)2] were obtained in different composi­
tions. T h e at tempted synthesis of conduct ing dmio 
salts by an electrochemical method2 ) has been un­
successful thus far. 

Redox Potentials of dmio Salts. Tab le 1 summa­
rizes the redox potent ia ls (vs. SCE) of dmio salts, 
together wi th those of the related 1,2-dithiolate salts.4) 

T h e at tempted measurement of the redox potent ials of 
Bu4N[Zn(dmio)2] was unsuccessful because of the 
instabil i ty of the oxidized and reduced states in the 
solut ion. Bu4N[M(dmio)2] ( M = N i and Pt) gave 
s imilar redox potent ia ls . Tab le 1 shows that £1/2(1) 
a n d £1/2(2) values are no t very different when the 
l igands are the same, b u t the central metals are 
different. O n the other hand , these values are different 
when the central metals are the same, bu t the l igands 
different. T h u s , the £1/2(1) and £1/2(2) values are 
main ly determined by the k ind of l igand. T h e £1/2(1) 
a n d £i/2(2) values of d m i o salts are h igher and lower 
respectively than those of the corresponding dmi t salts. 
T h e difference between £1/2(1) and £1/2(2) ( A £ = 
£i/2(l)~£i/2(2)) is a measure of an on-site Cou lomb 
repuls ion energy between conduct ing electrons;7) the 
electron t ransport in the solid is believed to be retarded 
more strongly wi th the increase in the A£ values, if the 
coordinated molecules are stacked one on another in 
the solid, as is usual ly found in these types of 
conduct ing metal salts.2»8) T h e A£ values of dmio salts 
were larger than those of the dmi t salts; this fact 
suggests that the former salts have a larger on-site 
Cou lomb repuls ion energy than the latter in the 
conduc t ing state. However, it should be noted that the 
electrical conductivity is also influenced by the crystal 
structure of the compound . 

Experimental 

Cyclic Voltammetries. Cyclic voltammograms of the 
dmio salts were measured for an acetonitrile solution 
containing tetrabutylammonium Perchlorate as an inert 
electrolyte with a scan speed of 0.1 V s-1. A saturated calomel 
electrode was used as a reference electrode, and two platinum 
plates, as working and counter electrodes respectively. 

4,5-Bis(benzoylthio)-l,3-dithiol-2-one (2). 4,5-Bis(benzo-
ylthio)-l,3-dithiole-2-thione (1) (0.82 g, 2.0 mmol), obtained 
by a method reported elsewhere,5) was dissolved in a solvent 
mixture of chloroform (80 cm3) and acetic acid (80 cm3), and 
then mercury(II) acetate (1.27 g, 4.0 mmol) was added. The 
solution was stirred for 30 min at room temperature to 
obtain a white dispersion. The precipitate was then filtered 
off, and the filtrate was treated with aqueous sodium 
hydrogencarbonate. The organic layer was separated and 
then dried by anhydrous sodium sulfate. The solvent was 
removed, and the residue was recrystallized from a mixed 
solvent of chloroform and methanol to obtain white needles 
(0.564 g; 72.3% yield). Mp 115—116 °C. MS m/z 390 (M+). 
Calcd for C17H10S4O3: C, 52.28; H, 2.58; S, 32.85%. Found: C, 
51.79; H, 2.55; S, 33.13%. 

(Bu4N)i.25[Ni(dmio)2]. To an ethanol solution (5 cm3) of 
2 (0.39 g, 1.0 mmol), we added, under a nitrogen atmosphere, 
an ethanol solution (20 cm3) of sodium ethoxide which had 
previously been prepared by adding sodium metal (0.046 g, 
2.0 mmol) to ethanol. The solution was stirred'for 20 min, 
and then an ethanol solution (30 cm3) of NiCl2-6H20 
(0.16 g) was added. The new mixture was stirred for 15 min 
and then bubbled with air. A small amount of a precipitate 
was filtered off, and tetrabutylammonium bromide (0.355 g, 
1.1 mmol) was added to the filtrate. The solution was stirred 
for 4 h at room temperature. The precipitate was collected, 
washed with isopropyl alcohol, and recrystallized three times 
from a solvent mixture of acetone and isopropyl alcohol to 
obtain black needles (0.232 g; 64% yield). Mp 260 °C 
(decomp). Calcd for GM^NiiKNiCfeSs: C, 43.22; H, 6.27; N, 
2.42; S, 35.50%. Found: C, 43.10; H, 6.50; N, 2.39; S, 34.54%. 

Me4N[Ni(dmio)2] and (Me4N)2[Zn(dmio)2]. Almost the 
same procedures as those used for the synthesis of 
(Bu4N)i.25[Ni(dmio)2] were adopted. Tetramethylammoni-
um bromide and NiCk • 6H2O were used for the synthesis of 
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Me4N[Ni(dmio)2] and tetramethylammonium bromide, and 
ZnCk, for the synthesis of (Me4N)2[Zn(dmio)2]. Me4N-
[Ni(dmio)2]: Yield, 16%. Mp>270°C. Calcd for C10H12N-
Ni02S8: C, 24.34; H, 2.45; N, 2.84; S, 51.99%. Found: C, 
24.37; H, 2.44; N, 2.75; S, 51.53%. (Me4N)2[Zn(dmio)2]: Yield, 
72%. Mp 225 °C (decomp). Calcd for Ci4H24N202S8Zn: C, 
29.27; H, 4.21; N, 4.88; S, 44.67%. Found: C, 29.26; H, 4.21; 
N, 4.69; S, 43.89%. 

Bu4N[Pt(dmio)2]. An ethanol solution of disodium 2-
oxo-l,3-dithiole-4,5-dithiolate (3) was obtained by the same 
method as that described for the synthesis of (Bu4N)i.25-
[Ni(dmio)2]; sodium (0.046 g, 2.0 mmol) and 2 (0.39 g, 
1.0 mmol) were used. After that, ethanol was hurriedly 
removed by means of a rotary evaporator, and the residual 
dithiolate was extracted with water (50 cm3); the ethanol and 
aqueous solutions of 3 should not be in contact with air for a 
long time. To this aqueous solution, we added aqueous 
solutions of K2PtCl4 (0.278 g, 0.67 mmol) and then Bu4NBr 
(0.355 g, 1.1 mmol). The solution was stirred for 8 h to 
obtain a brown precipitate. It was collected and then 
dissolved in a solvent mixture of acetone and isopropyl 
alcohol. The subsequent concentration of the solution by 
the use of a rotary evaporator gave microcrystals of 
Bu4N[Pt(dmio)2]. Yield, 51%. Mp 156° C (decomp). Calcd 
for C24H36N02PtS8: C, 43.85; H, 6.97; N, 2.69; S, 24.65%. 
Found: C, 43.99; H, 6.99; N, 2.64; S, 24.65%. 

References 

1) Synth. Met., 27, Nos. 1—4 (1988), Proceedings of the 

International Conference on Science and Technology of 
Synthetic Metals (ICSM'88), Santa Fe, NM, USA. 

2) M. Bousseau, L. Valade, J-P. Legros, P. Cassoux, M. 
Garbauskas, and L. V. Interrante, / . Am. Chem. Soc, 108, 
1908 (1986); A. Kobayashi, H. Kim, Y. Sasaki, R. Kato, H. 
Kobayashi, S. Moriyama, Y. Nishio, K. Kajita, and W. 
Sasaki, Chem. Lett., 1987, 1819; L. Brossard, H. Hurdequint, 
M. Ribault, L. Valade, J-P. Legros, and P. Cassoux, Synth. 
Met., 27, B157 (1988). 

3) R. Vicente, J. Rivas, P. Cassoux, and L. Valade, Synth. 
Met., 13, 265 (1986). 

4) T. Nakamura, T. Nogami, and Y. Shirota, Bull. Chem. 
Soc.Jpn., 60, 3447(1987). 

5) G. Steimecke, H-J. Sieler, R. Kirmse, and E. Hoyer, 
Phosphorus and Sulfur, 7, 49 (1979). 

6) S. Alvarez, R. Vincente, and R. Hoffmann, / . Am. 
Chem. Soc, 107, 6253 (1985); I. D. Parker, R. H. Friend, and 
A. E. Underhill, Synth. Met., 29, F195 (1989). 

7) A. F. Garito and A. J. Heeger, Ace Chem. Res., 7, 232 
(1974). 

8) L. Valade, J-P. Legros, M. Bousseau, P. Cassoux, M. 
Garbauskas, and L. V. Interrante, / . Chem. Soc, Dalton 
Trans., 1985, 783; R. Kato, H. Kobayashi, H. Kim, A. 
Kobayashi, Y. Sasaki, T. Mori, and H. Inokuchi, Chem. 
Lett., 1988, 865; P. I. Clemenson, A. E. Underhill, M. B. 
Hurthouse, and R. L. Short, / . Chem. Soc, Dalton Trans., 
1989, 61; M. B. Hurthouse, R. L. Short, P. I. Clemenson, and 
A. E. Underhill, ibid., 1989, 67. 



January, 1990] © 1990 The Chemical Society of Japan NOTES Bull Chem. Soc. Jpn., 63, 265—266 (1990) 265 

The Headspace Gas Chromatographic Study on (Biphenyl, Naphthalene)-
(Benzene, Cyclohexane, 1-Octanol) Binary Mixtures at 298.15 K 
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Synopsis. The vapor pressure of each constituent of the 
title binary mixtures, except for 1-octanol, was measured by 
the headspace gas chromatography as a function of biphenyl 
or naphthalene mole fraction in a relative scale taking the 
vapor pressure of the pure component as unity. 

We recently reported the solubili ty in water of 
b iphenyl and naph tha l ene in the binary mixtures wi th 
benzene, cyclohexane, or 1-octanol as a function of 
b iphenyl or naph tha l ene mole fraction.1* In the 
present study, the same binary mixtures are examined 
by the headspace gas chromatograph ic method to see 
whether or not the aqueous solubility and the vapor 
pressure of the const i tuent correlate wi th each other. 
T h e headspace gas chromatography has been reported 
to be suitable for the thermodynamic study of binary 
mixtures.2 ) 

Experimental 

Materials. The materials used here are the same as those 
described in the previous paper.x) 

Apparatus and Procedures. A required amount of bi­
phenyl or naphthalene was weighed out and transferred into 
a vial bottle of 20 cm3 capacity in which a 5 or 2 cm3 portion 
of benzene, cyclohexane, or 1-octanol had been placed. A 
Teflon-coated magnet of 2 mm 0X5 mm was put into the 
vial. After being sealed with a Teflon-lined septum stopper 
covered with an aluminum cap having a hole of 5 mm 
diameter in its center, the vial was immersed completely in a 
water-bath thermostated at 25.0+0.1 °C and the content was 
stirred for at least 24 h by a magnetic stirrer under the bath. 
Then, the vapor in the vial was analyzed by a Shimadzu 
GC-14A gas Chromatograph equipped with a Shimadzu 
HSS-2B headspace gas sampler; the volume of the gas 
injected was 0.4 cm3. A Tenax GC (60—80 mesh) column of 
3.4 mm c/>X2 m was used at 240 °C and a flame ionization 
detector was used. A Shimadzu Chromatopac C-R6A 
determined peak areas. 

The peak area obtained for each constituent was compared 
with that for the corresponding pure component; the peak 
area of pure component was taken as unity. Thus, the vapor 
pressure of the constituent of the binary mixtures was 
expressed in a relative scale. 

In the case that 1-octanol is the constituent component, no 
significant change in the peak area as a function of the 
composition was observed. 

Results and Discussion 

In Figs. 1 and 2 is shown the relative vapor pressure 
of the const i tuent of the binary mixtures , r, as a 
function of b ipheny l or naph tha l ene mole fraction, X. 
Each solid l ine refers to the relative solubility of the 
corresponding componen t in water, which is taken 
from our previous paper.x ) T h e two plots for each 
consti tuent, bo th in relative scales, are in a reasonable 
agreement wi th each other. Th i s means that Henry's 

law holds for the solubility of the' consti tuent 
componen t of the binary mixtures in water. 

In the case of naphtha lene-benzene system, a sl ight 
positive deviation was observed for naphtha lene by 
aqueous solubility measurements,1* while, in the 
present vapor pressure measurements, naph tha lene 
appears to form an almost ideal solution with benzene. 
Since there have been sufficient reported data support­
i ng this b inary system be ing no t ideal,3«4) the aqueous 
solubility method seems to give more reliable results. 

T h e present date have been treated by the curve-
fitting method to relate r to X as follows: 
b iphenyl (a)-benzene (b) system; 

r. = 2.75 Xa 

and 
r b = 1.00-0.781 Xa, 
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Fig. 1. Relative vapor pressure of the constituent as a 
function of biphenyl mole fraction. Biphenyl-ben-
zene (A), -cyclohexane (B), -1-octanol (C). Biphenyl 
( • ) . The solid line indicates the relative aqueous 
solubility of the corresponding constituent taken 
from Ref. 1. 
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Fig. 2. Relative vapor pressure of the constituent as a 
function of naphthalene mole fraction. Naphtha­
lene-benzene (A), -cyclohexane (B), -1-octanol (C). 
Naphthalene ( • ) . The meaning of the solid line is 
the same as that of Fig. 1. 

b iphenyl (a)-cyclohexane (b) system; 

r. = - 9.73 Xa2 + 7.30 Xa + 2.57X10-2 

and 

r b = 1.00 - 0.581 Xa, 

b iphenyl (a)-1-octanol (b) system; 

r. = - 31.3 Xa2 + 12.9 Xa - 7.34X10"3 

naph tha lene (a)-benzene (b) system; 

ra=3.45 Xa 

and 

r b = 1.00-0.967 Xa, 

naph tha lene (a)-cyclohexane (b) system; 

ra = -26.1 Xa2 +11.0 Xa + 2.16X10-3 

and 

r b = 1.00-0.697 Xa, 

naph tha lene (a)- l -octanol (b) system; 

r. = - 13.7 Xa2 + 9.65 Xa - 1.78X10-2. 

If we postula te that both b iphenyl and naph tha lene 
form ideal solut ions wi th benzene, the fugacity rat io, 
/ s / / i , can be estimated from the above r-X equat ions: 
0.364 for b iphenyl and 0.290 for naphtha lene . T h e 
vapor pressure of b iphenyl and that of naphtha lene are 
sufficiently low, then, the fugacity of the pure solid 
hydrocarbon, /s, and that of the supercooled l iqu id 
hydrocarbon, /i, can be made equal to the pure solid 
vapor pressure and to the supercooled l iqu id vapor 
pressure, respectively. T h e supercooled l iqu id hydro­
carbon be ing taken as the s tandard state of the solid 
hydrocarbon, the activity coefficients, y, of b iphenyl 
(a) and naph tha lene (b) can be expressed as follows: 

7a = 0.364 ra/Xa 

and 

7b = 0.290 r-b/Xb. 
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Synopsis. A new photochromic spiro[3H-l,4-oxazine] 4 
is described. The absorption spectra of 4 have been 
examined and compared with those of spiro[indoline-
naphthoxazine] 1. The colored form of 4 has the absorption 
maximum shorter than that of 1. Compound 4 showed 
excellent light fatigue-resistant property. 

A pho tochromic c o m p o u n d is characterized by its 
ability to undergo a reversible color change between 
two forms, which is induced in at least one direction 
by the absorpt ion of light. Al though the photochromic 
compounds have long been at t ract ing significant 
at tention because of their potent ial ability for sunlight-
activated self-darkening glasses as well as for optical 
memory media, they still await major commercial 
explo i ta t ion . T h e reasons for this are the lack of a 
fatigue-resistant proper ty to l ight and color variations. 
Recently, it has been reported that spiro[indoline-
naphthoxaz ine] 1 has excellent fatigue-resistant p rop­
erty to l ight , and it takes longer than 200 h in actual 
use to lose half of its photocolorability.1 '2* 1 has a 
3H-l ,4-oxazine r ing instead of a 2H-pyran r ing of 
spiro[benzopyran-indoline] 2.3) T h e fatigue-resistant 
property is considered due to photochemica l stability 
of the oxazine molecular framework in the ring-closed 
form as well as in the open- r ing form. From the view 
po in t to get color variat ions, it is interesting to 
synthesize a pho tochromic spiropiperidine derivative 4 
which has an oxazine r i n g instead of a 2H-pyran r ing 
of spiro[benzopyran-piperidine] 3.4»5) T h e c o m p o u n d 
is expected to have a fatigue-free proper ty and the 
absorpt ion m a x i m u m shorter than that of c o m p o u n d 

We describe here a new spiro[2H-l,4-oxazine] 4, 
which shows a reversible photochemical color change 
from colorless to p i n k in methanol solut ion at room 
temperature. T h e l ight fatigue resistance has also been 
examined and compared with those of typical photo­

chromic compounds , 1, 2, azobenzene 5,3) and fulgide 
6.6> 

Experimental 

General. IR spectra were measured with a Diglab FTS 
15E/D spectrometer. *H NMR (199.5 MHz) and 13CNMR 
(50.1 MHz) were measured with a JEOL FX-200 spectrometer 
in CDCI3. Absorption spectra were measured with a Photal 
MCPD-1000. A Hamamatsu 100 W Hg-Xe lamp was used as 
the light source. In the fatigue-resistant property measured, 
a Lambda Physik EMG-50E XeCl excimer laser and an 
Osram 450 W Xe lamp were used. 

Synthesis of r^'^'-TrimethylspirofSH-naphthpj-^fl^]-
oxazine-3,2'-piperidine] (4). l-Nitroso-2-naphthol (6.93 g) 
was added to ethanol (70 ml), and the mixture was heated 
under reflux to completely dissolve l-nitroso-2-naphthol 
under nitrogen atmosphere. To the solution, a slurry 
of l,2,3,3-tetramethyl-3,4,5,6-tetrahydropyridinium iodide7) 

(10.7 g), triethylamine (11.2 ml), and ethanol (40 ml) were 
added and refluxed for 2 h. The reaction mixture was 
allowed to stand for a few days and the brown precipitate 
was obtained by filtration. The precipitate was recrystallized 
from ethanol or methanol to give pale yellow needles 4 (a 
few-10%):mp 104—105 °C; ^ N M R (CDCI3) 0=0.98 and 
1.26 (6H, s, 3'-Me), 2.23 (3H, s, N-Me), 1.29—2.94 (6H, m, 
4'-, 5'-, 6'-H), 7.05—8.52 (7H, m, aromatic H); 13CNMR 
(CDCI3) 6=20.9 (5'-C), 22.0 and 26.4 (3'-Me), 32.8 (4'-C), 39.5 
(N-Me), 39.9 (3'-C), 48.2 (6'-C), 92.6 (spiro-C), 116.6 (5-C), 
121.4 (10-C), 122.3 (lOb-C), 123.6 (8-C), 126.8 (9-C), 127.6 
(7-C), 128.9 (6a-C), 129.8 (6-C), 131.1 (lOa-C), 145.6 (4a-C), 
153.0 (2-C). Found: C, 77.79; H, 7.53; N, 9.64%. Calcd for 
C19H22N20: C, 77.52; H, 7.53; N, 9.52%. 

Results and Discussion 

A 2 . 7 X 1 0 ~ 5 m o l d m - 3 me thano l solut ion of 4 at 
25 ° C is colorless and shows three absorpt ion bands in 
the ul traviolet region. T h e first two bands in the 
region from 380 n m to 280 n m have low e values 
(log £=3.72 at 316 nm) . T h e absorpt ion band in the 
deep-ultraviolet region has an intense peak at 234 n m 
(log £=4.72). 

In analogy wi th spiropyrans, the two chromophores 
wi th in spiro[3H-l ,4-oxazine] 1 and 4 are topologically 
or thogonal . T h u s , the absorpt ion spectrum consists of 
localized transi t ions be long ing to the par t icular 
ch romophores of the molecule. C h u has assigned the 
absorpt ion peaks of 1 at 235 n m and 203 n m to the 
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Fig. 2. Relative light fatigue resistance of photo-
chromic compounds: O, 4 in 2-propanol; A, 1 in 2-
propanol; • , 2 in toluene; • , 5 in toluene; A, 
and 6 in toluene at 25 °C. 

Fig. 1. Absorption spectra of 4 ( ), and 1 ( )in 
methanol at 25 °C after ultraviolet irradiation. 
Concentrations of 4 and 1 were 2X10-4 mol dm - 3 . 

t ransi t ions of the indol ine chromophore , the peaks at 
345 n m and 317 n m to the transi t ions of the oxazine 
ch romophore , and the peak at 297 n m to the transi­
t ions of bo th oxazine and indol ine chromophores. 8 ) 

T h e absorpt ion spectrum of 4 resembles that of 1, 
t hough 4 has an addi t ional peak at 365 nm.. N-
Methylpiperidine has only one weak absorpt ion peak 
at 213 n m (log £=3.20) in the ultraviolet region.9) T h i s 
suggests that the bands at 365 nm, 234 n m , and 200 n m 
are all assigned due to the naphthoxaz ine r ing in the 
c o m p o u n d 4. 

A mul t i channe l diode array photodetector was used 
to measure the absorp t ion spectrum of the colored 
form. T h e photodetector can measure the whole 
spectrum between 220 n m and 800 n m wi th in 50 ms. A 
2X10 - 4 mol d m - 3 me thano l solution of 4 was irradiated 
wi th a 100 W Hg-Xe l a m p by us ing a glass filter 
(HOYA U-360, 400 nm>A>300 nm) for a period of 
5 min . T h e visible absorpt ion spectrum of the colored 
form of 4 is shown in Fig. 1. T h e visible absorpt ion 
spectrum of the colored form of 4 has the m a x i m u m at 
562 n m which is shorter than that of 1 (610 nm) . T h e 
spectral shape is also different. A shoulder is observed 
for 1 at the shorter wavelength, bu t it is not detected for 
4. 

Relative l ight fatigue resistance of 4 was compared 
wi th typical pho toch romic compounds us ing a XeCl 
excimer laser (308 nm, 60 mj /pu l s e ) as the exciting 

l ight source and 450 W Xe l a m p as the b leaching l ight 
source. T h e colored forms of 5 a n d 6 were bleached by 
the l ight passed th rough a glass filter (Toshiba VY-45, 
A>450 nm) . Absorbance of all compounds at 308 n m 
before laser flash was adjusted to 0.26. T h e absorbance 
at visible absorpt ion m a x i m a for a colored c o m p o u n d 
after N t imes flashes, AN, was measured. Relative 
fatigue curves, AN/Ai vs. n u m b e r of flashes, are shown 
in Fig. 2. C o m p o u n d s 4 a n d 1 have excellent fatigue-
resistant proper ty to l ight in compar ison wi th 2. T h e 
l ight fatigue resistance of 4 is same as that of 1 u p to 
about 1000 flashes. 
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Reaction of a Thioaminyl Diradical with 7,7,8,8-Tetracyanoquinodimethane 
(TCNQ). The Formation of a Cyclophane Compound1* 
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Synopsis. The reactions of thioaminyl mono- (MONOR) 
and diradicals (DIR) with 7,7,8,8-tetracyanoquinodimethane 
(TCNQ) have been investigated. The reactions of TCNQ 
with MONOR gave 1:2 adducts of TCNQ and MONOR in 
85—88% yields, while the reaction with DIR afforded either a 
cyclophane compound (77%), or an alternating polymer of 
TCNQ and DIR (59 wt%), dependent on the structures of 
DIR. 

7,7,8,8-Tetracyanoquinodimethane (TCNQ), which 
is a well-known strong electron acceptor, is also 
subject to free radical addition giving 1,6-adducts. A 
typical example is provided by the reaction of TCNQ 

NC CN 

NC CN 

and colorless microcrystals of 3 began to deposite. 
After 4 h stirring, the microcrystals were obtained in 
85—87% yields. In the IR spectra of 3 an absorption 
due to C=N (very weak) was found at 2200 cm -1. The 
1H and 13C NMR spectra, as well as the elemental 
analyses, established that the compounds are a 1:2 
adduct of TCNQ and 1, represented as 3. 

+du 
/ 

ArS 

N—C 

CN 

CN SAr 

•C-N 

TCNQ 

with azobis(isobutyronitrile) yielding a 1:2 adduct of 
TCNQ and 1-cyano-l-methylethyl radical.2) 

In the course of a study of the reaction of TCNQ 
with persistent thioaminyl mono- and diradicals, we 
found that the reaction of TCNQ with a thioaminyl 
diradical gives a cyclophane compound in a high 
yield. To our knowledge this is the first example of a 
cyclophane synthesis by the reaction of TCNQ with 
diradical, and we thought that such a reaction might 
be potentially useful as a convenient method for 
cyclophane syntheses. Herein we wish to report the 
reaction of TCNQ with thioaminyl diradicals. 

Results and Discussion 

First, the reaction of TCNQ with thioaminyl mono-
radicals 2 was examined. As previously reported,3) 

2 can be isolated as the hydrazine-like dimers 1, 
which, upon dissolution, dissociate into 2 already at 
room temperature. Thus, we used 1 as the source of 2. 

SAr 

ArS 

N—N 
J 

ArS 

2 N-

1 2 

a : Ar = p-MeC6H4 b: Ar = p-CIC6HA 

When TCNQ was added to a stirred suspension of 1 
in acetonitrile and the stirring was continued under 
nitrogen, the suspension turned almost homogeneous, 

a: Ar=p-MeC6HA b: Ar=p-ClCgHA 

Compounds 3 were found to dissociate into 2 and 
TCNQ at high temperatures. For example, when a 
colorless solution of 3a in benzene was heated to 50 ° C, 
the solution immediately turned blue and the UV and 
visible spectrum gave Amax's at 603, 400, and 355 nm. 
An independent experiment showed that the /Lax's at 
603 and 355 nm are due to 2a and that at 400 nm due to 
TCNQ itself. This dissociation was further confirmed 
by the high temperature ESR measurement of solu­
tions of 3. When a solution of 3 in benzene was heated 
to 50 °C, the solution gave a relatively weak and 
somewhat broad ESR signal whose hyperfine splitting 
constants (hfsc) were aN=0.95, aH=0.36 and 0.42 mT 
(for the spectrum from a solution of 3a) and a^=0.96, 
# H = 0 . 3 7 and 0.44 mT (for the spectrum from a solution 
of 3b). On the basis of these hfsc's the spectra were 
assigned to 2a and 2b (for the reported hfsc's for 2a and 
2b, see: Ref. 3). 

The high yield formation of 3 from 2 and TCNQ 
prompted us to try the reaction of TCNQ with 
thioaminyl diradicals 4 since that was promisingly 
expected to give structurally interesting cyclophane or 
macrocyclic compounds consisting of 4 and TCNQ. 
As previously reported,4) 4 can be isolated as cyclic 
compounds 5, which, upon dissolution, dissociate into 
diradical oligomers already at room temperature. 
Thus, we used 5 as the source of 4. 

When a mixture of TCNQ and an equiv (in 
monomer units) of 5a in benzene was stirred at room 
temperature for 3 h under nitrogen, cyclophane 7 was 
obtained in 77% yield. The structure was determined 
on the basis of the FAB-mass spectrum, the *H and 13C 
NMR spectra, and the elemental analyses. The XH and 
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«-o»-(5; 
Ab 

CN Ç N k I 

CN CN 

5a 

5b 

13C NMR spectra, as well as the elemental analyses, 
indicated that the molecule is a 1:1 adduct of TCNQ 
and 4a, and the FAB-mass spectrum gave an M++H 
peak at 751 with a relative intensity of 3%.5) 

Accordingly, the compound was identified as cyclo­
phane 6 consisting of one molecule of TCNQ and one 
molecule of 4a. We assume that 6 was formed by the 
mechanism shown in Scheme 1. Cyclophane 6 is 
relatively unstable in an acidic medium such as CHCI3 

and MeOH containing HCl and slowly decomposes. 
The reaction of TCNQ with 5b (at room tempera­

ture), however, did not give the corresponding 
cyclophane compound. Diradical 4a has a 1,3-
dithiabenzene structure, while 4b has a 1,4-dithiaben-
zene structure. The TLC analysis of the reaction 
mixture indicated the formation of a few thermally 
labile products which readily converted to polymeric 
compounds during the separation processes. We 
assume that the thermally labile products are cyclic 
oligomers consisting of a few TCNQ and 4b units. 
When the reaction was carried out at 70 °C, the 
reaction mixture afforded a yellow polymer in 59 wt% 
yield. The IR spectrum was similar to those of 3 and 
the elemental analyses indicated that the polymer 
consists of a 1:1 composition of TCNQ and 4b. 
Thus, we concluded that the polymer is an alternating 
copolymer of TCNQ and 4b, represented as 7. 

Ar Ar Ar Ar Ar Ar 

• N S Y ^ S N X N S-f^S N-X ̂  TCNQ 

Ar Ar / Ar Ar. Ar Ar 

S ^ /m-1 S ^ 

riTCNQ 
Ar Ar / Ar Ar, Ar Ar 

(n + l ) 6 * - N 5 - ^ ^ 5 N - | - N 5 ^ ^ 5 N - ] — N S - ^ V S N -

Ar= 

Scheme 1. 
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Structural ly s imilar copolymers were reported to be 
formed by the reaction of p-xylene-a ,a ' -d iyl wi th 
stable ni t roxide diradicals.6»7) Since 7 was insoluble in 
ordinary solvents such as benzene, T H F , and ace­
tonitri le, the molecular weight could no t be deter­
mined. 

In summary , we found that the reaction of T C N Q 
wi th a th ioaminyl diradical gives a cyclophane 
c o m p o u n d in a h i g h yield. T h e reactions of T C N Q 
wi th other persistent free diradicals are also interesting 
from the v iewpoint of cyclophane syntheses. We think 
that such reactions may be useful as a convenient 
method for cyclophane syntheses. 

Experimental 

The melting points were taken on a Yanagimoto micro 
melting point apparatus and are uncorrected. The IR and 
UV-visible spectra were run on a JASCO A-202 or Shimadzu 
UV-240 spectrophotometer, respectively. The 1H NMR 
spectra were recorded with a JEOL PS-100 (100 MHz) or 
JEOL GX-400 spectrometer (400 MHz) and the 13C NMR 
spectra were measured with a JEOL FX-100 spectrometer 
(25.05 MHz). The chemical shifts are expressed in ppm 
values (8) using TMS as an internal standard. The 
FAB-mass spectrum was taken on a JEOL JMS-HX100 
instrument, equipped with the standard FAB source (xenon, 
5 kV), using 3-mercapto-l,2-propanediol matrix. The ESR 
spectra were recorded on a JEOL JES-ME-3X spectrometer. 

Dimers 1 and cyclic compounds 5 were prepared by our 
previously reported methods.3'4* 7,7,8,8-Tetracyanoquino-
dimethane (TCNQ) was purified by crystallization (acetonit­
rile) and subsequent sublimation. 

Reaction of 1 with TCNQ. A suspension of 1 (0.20 
mmol) in acetonitrile (20 ml) was stirred at room temper­
ature for 30 min under nitrogen. To the suspension (blue) 
were added crystals of TCNQ (49 mg, 0.24 mmol) in one 
portion, and the mixture was stirred at room temperature for 
3 h under nitrogen. During this time the mixture became 
almost homogeneous and microcrystals began to deposite. 
The crystals were collected by filtration, washed with 
hexane, and dried in vacuo. 

a,a/-Bis[N-(p-tolylthio)-3,5-di-f-butylanilino]-p-phenyl-
enedimalononitrile (3a): Yield 87% (149 mg); colorless 
needles (from hexane); mp 181 —183 °C (decomp); IR (KBr) 
2950—2850 (*-Bu), 2200 cm"1 (CN); *H NMR (CDC13) ô=1.23 
(s, *-Bu, 36H), 2.32 (s, Me, 6H), 6.98—7.51 (m, aromatic, 
18H). 13CNMR (CDCI3) 21.4 (Me), 31.3 (MÊSC), 35.6 
(Me3C), 65.8 [(CN)2C], 113.4 (CN), 121.9, 122.0, 128.6, 
129.8, 130.9, 132.8, 135.0, 139.9, 145.7, 152.2. Found: C, 
75.64; H, 7.30; N, 9.50%. Calcd for C54H6oN6S2: C, 75.66; H, 
7.05; N, 9.80%. 

a,a/-Bis[N-(4-chlorophenylthio)-3,5-di-f-butylanilino]-p-
phenylenedimalononitrile (3b): Yield 85% (153 mg); color­
less prisms (from hexane); 189—192 °C (decomp); IR (KBr) 
2950—2850 (*-Bu), 2200 cm"1 (CN); *H NMR (CDCI3) ô=1.20 
(s, *-Bu, 36H), 6.92—7.54 (m, aromatic, 18H). 13C NMR 
(CDCI3) ô=31.2 (MÊSC), 35.0 (Me3C), 65.9[(CN)2G], 113.1 (CN), 
121.8, 128.6, 129.3, 130.7, 134.9, 135.3, 145.1, 152.4. Found: C, 
69.78; H, 6.16; N, 9.08%. Calcd for C52H54CI2N6S2: C, 69.50; 

H, 6.06; N, 9.36%. 
Reaction of 5a with TCNQ. A solution of 5a (70.0 mg, 

0.128 mmol of monomer units) in benzene (30 ml) was stirred 
at room temperature for 10 min under nitrogen. To the blue 
solution were added crystals of TCNQ (26.1 mg, 0.128 
mmol) in one portion, and the resulting yellow suspension 
was stirred at room temperature for 3 h under nitrogen. 
During this time the reaction mixture became almost 
homogeneous. The reaction mixture was then evaporated 
under reduced pressure and the residual yellow solid was 
washed with small amounts of acetonitrile, giving 6 as a 
colorless crystalline solid. 

3,3,10,10-Tetracyano-2,H-bis(3,5-di-f-butylphenyl)-l,12-
dithia-2,ll-diaza[3.3]metaparacyclophane (6): Yield 77% 
(74 mg); colorless prisms (from benzene-hexane); mp 205— 
207 °C (decomp); IR (KBr) 2950—2850 (*-Bu), 2200 cm"1 

(CN); FAB-MS (relative intensity) 751 (M++1, 3), 546 [M+ 
-C(CN)2C6H4(CN)2, 100], 344 (43), 205 (38), 57 (87); *H NMR 
(C6D6) 0=1.40 (s, *-Bu, 36H), 5.78 (t, /=1.7 Hz, Hc, 1H), 6.69 (t, 
/=7.8 Hz, Ha, 1H), 7.15 (s, Hd, 4H), 7.31 (dd, /=1.7Hz and 
7.8 Hz, Hb, 2H) 7.62 (t, /=1.7 Hz, p-H of the anilino group, 
2H), 7.79 (d, /=1.7 Hz,o-H of the anilino group, 4H). 
i3C NMR (C6D6)

8) 0=31.4 (MÊSC), 35.3 (Me3C), 65.8 [(CN)2C], 
113.3 (CN), 121.9, 122.9, 133.4, 134.3, 138.2, 148.9, 153.2. 
Found: C, 73.77; H, 6.74; N, 10.84%. Calcd for C46H5oN6S2: 
C, 73.56; H, 6.71; N, 11.19%. 

Reaction of 5b with TCNQ. A mixture of 5b (90.8 mg, 
0.166 mmol of monomer units) and TCNQ (34 mg, 0.17 
mmol) in benzene (10 ml) was degassed by three freeze-
pump-thaw cycles, and sealed in a degassed glass tube. The 
mixture was then heated to 70 ° C for 4 h with shaking. After 
evaporation under reduced pressure, ca. 20 ml of hexane 
were added to the residue and the polymeric product 
deposited was collected,- washed with acetonitrile, and dried 
in vacuo. Yield 74 mg (59 wt%); IR (KBr) 2950—2850 (*-Bu), 
2200 cm-1 (CN). Found: C, 73.30; H, 6.79; N, 11.02%. Calcd 
for (C46H50N6S2)«: C, 73.56; H, 6.71; N, 11.19%. 
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Synopsis. Starting from o-cresol, (i+)-c25-5-hydroxycala-
menene was synthesized through 4-isopropyl-5-methoxy-6-
methyl-1-tetralone as a key intermediate and identified with 
the natural compound spectroscopically. 

T h e new phenol ic sesquiterpene 5-hydroxy cala-
menene was isolated, together with some sesquiterpene 
hydrocarbons and alcohols , from the essential oil of 
European liverwort Bazzania tricrenata and 5-hy-
d r o x y - 4 - i s o p r o p y l - l , 6 - d i m e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o -
naph tha lene (5-hydroxycalamenene; 8-isopropyl-2,5-
dimethyl-5,6,7,8-tetrahydro-l-naphthol) ( la) was pro­
posed as the gross s tructure of this pheno l on the basis 
of comprehensive spectral studies.2) O n the other 
hand , we reported that the acid-catalyzed cyclization of 
the phenol ic sesquiterpene xanthorrhizol3 ) (2) yields a 
mixture of the hydroxycalamenenes 1 and 3, and that 
each of them is a diastereomer mix ture main ly 
consist ing of the trans isomer.4) T h e lH N M R 
spectrum of the resul t ing trans isomer of l a was found 
to be apparent ly different from that of the natura l 
product . Whi le on acid-catalyzed cyclization of a-
curcumene the resul t ing calamenene was mainly the 
trans isomer, catalytic hydrogénat ion of y-calacorene 
(1,2-dihydrocadalene) oppositely gave the eis isomer as 
the major product.5 ) We also reported that the 
calamenene derivatives and their related compounds 
hav ing substi tuents such as methyl6) or methoxyl7 '8 ) 

groups at C5 a n d / o r Cs were obtained as homogeneous 
products from the cor responding 1,2- and 3,4-dihydro-
naphtha lenes by catalytic hydrogénat ion, respectively. 
Fur thermore , it was found that 8-hydroxycalamenene 
(4) derived from l ,2-dihydro-8-methoxycadalene by 
catalytic hydrogénat ion a n d demethylat ion has a cis-
configuration.7 ) Therefore, the synthetic approach 
us ing catalytic hydrogénat ion seems to be useful for 
the prepara t ion of cz.s-5-hydroxycalamenene (la) . 

In order to confirm the stereochemistry of the 
natural ly occurr ing 5-hydroxycalamenene, the syn­
thesis of (±)-cis-l from o-cresol t h rough 3,4-dihydro-4-
isopropyl-5-methoxy-6-methyl-l(2H)-naphthalenone(14) 
as a key in termedia te has been carried out . T h e 
resul t ing product was a mixture of some components , 
though the synthesis of 1 th rough another intermediate 
was reported.9) 

T h e methyl ether (5b) of 2 /-hydroxy-3'-methyliso-
bu ty rophenone (5a) derived from o-tolyl isobutyrate10) 

by the Fries rear rangement and methyla t ion was 
reduced wi th NaBIHU to alcohol 6, which was then 
treated wi th hydriodic acid to give a thermally 
unstable iodide. T h e reaction of the iodide wi th ethyl 
cyanoacetate gave cyano ester 7. Amic acid 8 obtained 
by alkal ine hydrolysis of 7 was decarboxylated by 
hea t ing to give amide 9, wh ich was hydrolyzed to 3-(2-

methoxy-3-methylphenyl)-4-methylpentanoic acid (10). 
T h e reduct ion of carboxylic acid 10 wi th L1AIH4 gave 
3-(2-methoxy-3-methylphenyl)-4-methyl-l-pentanol(ll), 
from which , t h rough its tosylate, 4-(2-methoxy-3-
methylphenyl)-5-methylhexanenitrile (12) was prepared. 
T h e nitr i le (12) was hydrolyzed to 4-(2-methoxy-3-
methylphenyl)-5-methylhexanoic acid (13), which was 
converted to 3,4-dihydro-4-isopropyl-5-methoxy-6-methyl-
l (2H)-naph tha lenone (14) by cyclodehydration wi th 
POCI3. An alcohol obta ined from tetralone 14 by the 
Gr ignard reaction was dehydrated wi th formic acid to 
3,4-dihydro-5-methoxycadalene (15). T h e catalytic 
hydrogénat ion of d ihydronaphthalene 15 yielded (±)-5-
methoxycalamenene ( lb) , whose N M R spectra (XH and 
13C) showed no signals of any known trans isomer.4) 

T h i s result unambiguous ly showed that the hydro­
génat ion proceeded exclusively to cis-lh. T h e deme­
thylat ion of l b wi th BBr3 afforded (±)-czV5-hydroxy-
calamenene (la), whose lH N M R data were identical with 
those of the natural product isolated from the liverwort.2) 

In order to confirm the gross structure, l a thus 
obtained was dehydrogenated by heat ing wi th 5% 
P d - C to afford 2,2,5,8-tetramethyl-2H-naphtho[ 1,8-
frc]furan (16), cadalene, and3,4-dihydro-8-isopropyl-2,5-
dimethyl-1 (2H)-naph tha lenone . n ) 

RO > \ MeO > \ MeO / k 
5a,b 6 7 

C0NH2 ^ r^ j i COX ^ r^ f l CH2X 

MeO x k 
9 X=NH2 

10 X=0H 

MeO 
11 X=0H 

12 X=CN 
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Experimental 

All melting and boiling points are uncorrected. IR spectra 
were measured on a Shimadzu Infrared Spectrometer IR-430, 
either as neat (liquids) or KBr disk (solids); the absorption is 
reported in cm - 1 . 1H and 13C NMR spectra were recorded on 
a JEOL Spectrometer JNM-FX90Q (90 MHz for *H and 
22.5 MHz for 13C) for CDCI3 solutions with tetramethylsilane 
as an internal standard; signals are reported in 8 (ppm). The 
elemental analyses were carried out by a Yanagimoto CHN 
Corder MT-2. Gas chromatography was taken on a 
Shimadzu Gas Chromatograph GC-4C equipped with a 
stainless steel column (3 mmX3 m) packed with Apiezon 
Grease L of 30% on Cellite 545, at 70 ml min"1 He and 
column temperature 260 °C. 

3-(2-Methoxy-3-methylphenyl)-4-methylpentanoic Acid 
(10). A mixture of o-tolyl isobutyrate10) (0.1 mol) and AICI3 
(0.12 mol) in carbon disulfide (16 ml) was refluxed for 2 h 
with stirring. After removing the solvent, the residue was 
heated at 140 °C for 4 h and then decomposed with dil. HCl. 
The crude reaction product was steam-distilled to separate 
the volatile o-hydroxy ketone (5a) from its crystalline 
p-isomer. 

2'-Hydroxy-3'-methylisobutyrophenone (5a): 44.9%, bp 
135—137 °C/23 mmHg (1 mmHg=133.322 Pa). 

4/-Hydroxy-3/-methylisobutyrophenone: 44.4%, mp 123.0— 
124.0 °C (from methanol). 

To a mixture of 5a (0.1 mol) and K2CO3 (0.23 mol) in 
acetone (50 ml) was added dimethyl sulfate (0.2 mol) at room 
temperature, and the mixture was refluxed for 10 h with 
stirring. After removing the solvent, the residue was 
extracted with ether to give 2'-methoxy-3'-methylisobutyro-
phenone (5b) (93.2%), bp 124—125 °C/15 mmHg. 

To a solution of 5b (30.0 g) in methanol (90 ml) was added 
NaBH4 (4.4 g) at room temperature, and the mixture was 
refluxed for 2 h with stirring. After removing the solvent, 
the residue was extracted with benzene to give l-(2-methoxy-
3-methylphenyl)-2-methyl-l-propanol (6) (29.8 g, 98.3%), bp 
132—133 °C/11 mmHg. IR: 3450. « NMR: 0.77 (3H, d, 
7=7 Hz, CH3), 1.02 (3H, d, 7=7 Hz, CH3), 1.92 (IH, m, 
7=7 Hz, >CH-) , 2.26 (3H, s, CH3), 2.68 (IH, d, 7=5 Hz, OH), 
3.69 (3H, s, OCH3), 4.57 (IH, dd, 7=7, 5 Hz, >CH-) , and 
6.95—7.22 (3H, m). 

A mixture of 6 (10.0 g) and 58% hydriodic acid (100 ml, 
d=l.l) was stirred for 1 h at room temperature. The reaction 
mixture was extracted with benzene to give l-iodo-l-(2-
methoxy-3-methylphenyl)-2-methylpropane (15.6 g, 99.4%), 
which was decomposed by distillation under reduced 
pressure. IR: 1460, 1250, 1205, and 1000. 1U NMR: 0.80 (3H, 
d, 7=7 Hz, CH3), 1.27 (3H, d, 7=7 Hz, CH3), 2.2 (IH, m, 
>CH-) , 2.27 (3H, s, CH3), 3.79 (3H, s, OCH3), 5.36 (IH, d, 
7=10 Hz, >CH-I) , and 7.0—7.4 (3H, m). 

A solution of the iodide (15.6 g) in Af,Af-dimethylform-
amide (50 ml) was added to a mixture of Na (1.4 g), ethyl 
cyanoacetate (8.7 g), and toluene (70 ml) at room temperature, 
and the mixture was stirred at 70 °C for 3 h. After being 
neutralized with acetic acid, the organic layer of the mixture 
gave an oily product (13.5 g) by removing the solvent. A 
portion of the resulting product was purified by passing 
through a SiC>2 column to give pure ethyl 2-cyano-3-(2-
methoxy-3-methylphenyl)-4-methylpentanoate (7) as the 
sample for analysis, bp 139—141 °C/3 mmHg. IR: 2250, and 
1740. *HNMR: 0.82 (3H, d, 7=7 Hz, CH3), 1.03 and 1.14 
(3H, d each, 7=7 Hz, CH3), 1.04 and 1.23 (3H, t each, 7=7 Hz, 
CH3), 2.2 (IH, m, >CH-) , 2.28 and 2.31 (3H, s each, CH3), 
3.6 (IH, m, >CH-) , 3.7 (IH, m, >CH-) , 3.72 and 3.77 (3H, s 
each, OCH3), 4.01 and 4.19 (2H, q each, 7=7 Hz, CH2), 7.1 

(2H, m), and 7.3 (IH, m). 
A mixture of crude 7 and 5% NaOH (240 g) was refluxed 

for 5 h with stirring. The mixture was washed with benzene 
to leave out oily impurity. The aqueous alkaline solution 
was acidified with HCl and extracted with benzene to give 
2-carbamoyl-3-(2-methoxy-3-methylphenyl)-4-methylpentanoic 
acid (8) (5.4 g, 37.8%), microcrystals (from benzene), mp 
121.0—123.5 °C (decomp). IR (Nujol): 3400, 3330, and 1710. 
Found: C, 65.05; H, 7.99; N, 4.27%. Calcd for G5H21NO4: C, 
64.49; H, 7.58; N, 5.01%. 

The amic acid 8 (6.6 g) was decarboxylated by heating at 
135 °C for 2 h to give 3-(2-methoxy-3-methylphenyl)-4-
methylpentanamide (9) (5.5 g, 98.2%). IR: 3350, 3200, and 
1660. 1U NMR: 0.76 (3H, d, 7=7 Hz, CH3), 0.99 (3H, d, 
7=7 Hz, CH3), 1.82 (IH, m, 7=7 Hz, >CH-) , 2.28 (3H, s, 
CH3), 2.6 (2H, m, CH2), 3.2 (IH, m, >CH-), 3.73 (3H, s, 
OCH3), 6.0 (2H, broad, -NH2), and 7.0 (3H, broad). 

A solution of 9 (5.5 g) and 85% KOH (4.6 g) in ethanol 
(20 ml) was refluxed for 28 h. After removing the solvent 
from the reaction mixture, the residue was diluted with 
water and then washed with benzene. An alkaline solution 
was acidified with HCl and extracted with benzene to give 
3-(2-methoxy-3-methylphenyl)-4-methylpentanoic acid (10) 
(5.0 g, 90.9%), prisms (from petroleum ether), mp 93.0— 
94.0 °C. IR: 1705. lH NMR: 0.78 (3H, d, 7=7 Hz, CH3), 0.90 
(3H, d, 7=7 Hz, CH3), 1.81 (IH, m, 7=7 Hz, >CH-) , 2.28 
(3H, s, CH3), 2.7 (2H, m, CH2), 3.4 (IH, m, >CH-) , 3.70 (3H, 
s, OCH3), 6.89—7.03 (3H, m), and 11.04 (IH, broad, CO2H). 
Found: C, 71.17; H, 8.80%. Calcd for Ci4H20O3: C, 71.16; H, 
8.53%. 

The acidic hydrolysis of 8 was also investigated. A 
mixture of 8 (3.0 g), coned H2SC>4 (6 ml), acetic acid (6 ml), 
and water (6 ml) was refluxed for 4 h with stirring. The 
reaction mixture was extracted with benzene. The extract 
was shaken with aqueous NaHCÜ3 solution. The aqueous 
layer was acidified with HCl and extracted with benzene to 
give carboxylic acid 10 (0.6 g, 27.3%). The organic layer freed 
from 10 was evaporated to give 3,4-dihydro-4-isopropyl-8-
methylcoumarine (17) (1.0g, 40.0%). IR: 1770. « N M R : 
0.91 (3H, d, 7=7 Hz, CH3), 0.96 (3H, d, 7=7 Hz, CH3), 1.82 
(IH, m, 7=7 Hz, >CH-) , 2.30 (3H, s, CH3). 2.7 (3H, m, CH2 

and >CH-) , arid 7.0 (3H, m). 
3,4-Dihydro-4-isopropyl-5-methoxy-6-methyl-l(2H)-naph-

thalenone (14). A solution of 10 (3.3 g) in ether (25 ml) was 
added to a suspension of L1AIH4 (1.1 g) in ether (25 ml) at 
room temperature. The mixture was refluxed for 2 h and 
acidified with 10% H2SC>4 under cooling. Removal of the 
solvent from the organic layer gave 3-(2-methoxy-3-methyl-
phenyl)-4-methyl-l-pentanol (11) (2.9 g, 93.5%). IR: 3350. 
iHNMR: 0.78 (3H, d, 7=6 Hz, CH3), 1.07 (3H, d, 7=6 Hz, 
CH3), 2.0 (3H, m, CH2 and >CH-) , 2.30 (3H, s, CH3), 2.43 
(IH, broad, OH), 3.0 (2H, m, CH2), 3.4 (IH, m, >CH-) , 3.73 
(3H, s, OCH3), and 7.00 (3H, s). 

A mixture of 11 (1.2 g), p-toluenesulfonyl chloride (1.6 g), 
and pyridine (5 ml) was stirred for 5 h under cooling in an ice 
bath. The reaction mixture was diluted with water and 
extracted with benzene to give the tosylate (1.9 g, 95.0%). IR: 
1360, 1190, and 1175. *H NMR: 0.72 (3H, d, 7=7 Hz, CH3), 
0.92 (3H, d, 7=7 Hz, CH3), 1.9 (3H, m, CH2 and >CH-) , 2.27 
(3H, s, CH3), 2.42 (3H, s, CH3), 2.9 (IH, m, >CH-) , 3.65 (3H, 
s, OCH3), 3.84 (2H, t, 7=7 Hz, CH2), 6.92 (3H, m), 7.27 (2H, 
broad d, 7=8 Hz), and 7.69 (2H, broad d, 7=8 Hz). 

A mixture of the tosylate (4.4 g), KCN (1.5 g), and KI 
(1.0 g) in Af,iV-dimethylformamide (30 ml) was stirred at 
60 °C for 10 h. The reaction mixture was diluted with water 
and extracted with benzene to give 4-(2-methoxy-3-methyl-
phenyl)-5-methylhexanenitrile (12) (2.6 g, 96.3%). IR: 2250. 
iH NMR: 0.78 (3H, d, 7=7 Hz, CH3), 1.02 (3H, d, 7=7 Hz, 
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CH3), 2.0 (5H, m, two CH2 and >CH-) , 2.31 (3H, s, CH3), 2.8 
(IH, m, >CH-) , 3.72 (3H, s, OCH3), and 7.0 (3H, m). 

A solution of 12 (2.9 g) and 85% KOH (2.1 g) in ethanol 
(20 ml) was refluxed for 10 h. After removing the solvent, the 
residue was diluted with water and washed with benzene. 
The aqueous alkaline solution was acidified with HCl and 
then extracted with benzene to give 4-(2-methoxy-3-methyl-
phenyl)-5-methylhexanoic acid (13) (2.6 g, 83.9%). IR: 1705. 
*H NMR: 0.76 (3H, d, 7=7 Hz, CH3), 1.00 (3H, d, 7=7 Hz, 
CH3), 1.8 (2H, m, CH2), 2.1 (3H, m, CH2 and >CH-) , 2.29 
(3H, s, CH3), 2.80 (IH, m, >CH-) , 3.68 (3H, s, OCH3), 6.98 
(3H, m), and 10.61 (IH, broad, C02H). 

A solution of 13 (1.4 g) and POCl3 (0.6 g) in 1,1,2,2-
tetrachloroethane (20 ml) was refluxed for 2 h. The reaction 
mixture was washed with water, aqueous Na 2C0 3 solution, 
and water, successively. After removing the solvent, the 
residue was chromatographed on silica gel and eluted with 
CH2C12 to give 14 (1.1 g, 84.6%). IR: 1675. 1U NMR: 0.82 
(3H, d, / = 7 Hz, CH3), 1.06 (3H, d, 7=7 Hz, CH3), 1.77 (IH, 
m, >CH-) , 2.2 (2H, m, CH2), 2.35 (3H, s, CH3), 2.6 (2H, m, 
CH2), 2.9 (IH, m, >CH-) , 3.71 (3H, s, OCH3), 7.13 (IH, d, 
7=8 Hz), and 7.70 (IH, d, 7=8 Hz). 2,4-Dinitrophenylhy-
drazone; brown microcrystals (from xylene), mp 275.0 °C 
(decomp). Found: C, 61.38; H, 5.92; N, 13.34%. Calcd for 
C2iH24N405: C, 61.15; H, 5.87; N, 13.59%. 

(±)-cis-5-Hydroxycalamenene (la). A solution of 14 
(1.1 g) in ether (15 ml) was added to methylmagnesium 
iodide, prepared from methyl iodide (1.8 g) and Mg (0.3 g) in 
ether (20 ml), under cooling in an ice bath, and the mixture 
was stirred at the same temperature for 7 h and then at 35 °C 
for 8 h. The reaction mixture was decomposed by adding 
NH4CI under cooling. The oily product (1.0 g, IR: 
3400 cm -1) obtained from the ether layer was stirred with 98% 
formic acid (2 ml) at 80 °C for 2 h to afford dihydro-
naphthalene 15 (0.9 g, 81.8%), which was hydrogenated over 
10% Pd-C (0.3 g) in ethanol (20 ml). The oily product (0.9 g) 
obtained from the ethanol solution was chromatographed 
on silica gel and eluted with CCU to give (±)-as-5-
methoxycalamenene (lb) (0.8 g, 88.9%), bp 121—122 °C/ 
8 mmHg, whose 1H and 13C NMR spectra showed no signals 
due to the trans isomer.4) IR: 1480, 1455, 1400, 1250, 1110, 
1085, 1040, 1010, and 810. ^ N M R : 0.86 (3H, d, 7=7 Hz, 
CH3), 0.90 (3H, d, 7=7 Hz, CH3), 1.29 (3H, d, 7=7 Hz, CH3), 
1.7 (4H, m, two CH2), 2.10 (IH, m, 7=7 Hz, >CH-) , 2.25 
(3H, s, CH3), 2.82 (2H, m, two >CH-), 3.64 (3H, s, OCH3), 
6.87 (IH, d, 7=8 Hz), and 6.98 (IH, d, 7=8 Hz). ^CNMR: 
16.1 (q, 6-Me), 20.1 (q, i-Pr), 21.5 (q, i-Pr), 23.4 (q, 1-Me), 23.6 
(t, C3), 27.6 (t, C2), 31.8 (d, CI), 32.6 (d, i-Pr), 38.8 (d, C4), 
59.6 (q, OMe), 123.8 (d, C8), 127.2 (s, C6), 128.4 (d, C7), 134.0 
(s, C4a), 141.5 (s, C8a), and 156.9 (s, C5). 

To a solution of (±)-cis-lh (300 mg) in CH2C12 (5 ml) was 
added a solution of BBr3 (0.7 g) in CH2C12 (5 ml) at - 1 0 °C 
and stirred at the same temperature for 5 h, and then the 
reaction mixture was poured into ice water. By removing the 
solvent from the organic layer was given (±)-c25-5-hydro-

xycalamenene (la) (250 mg, 89.0%). 1H NMR spectral data 
are identical with those of the natural product.2) IR: 3550, 
1485, 1460, 1415, 1380, 1310, 1225, 1205, 1165, 910, and 805. 
*H NMR: 0.91 (3H, d, 7=7 Hz, CH3), 0.94 (3H, d, 7=7 Hz, 
CH3), 1.29 (3H, d, 7=7 Hz, CH3), 1.6 (2H, m, CH2), 1.8 (2H, 
m, CH2), 1.97 (IH, m, 7=7 Hz, >CH-) , 2.18 (3H, s, CH3), 2.8 
(m, 2H, two >CH-) , 4.59 (IH, s, OH), 6.72 (IH, d, 7=8 Hz), 
and 6.92 (IH, d, 7=8 Hz). 13C NMR: 15.8 (q, 6-Me), 20.3 (q, 
i-Pr), 21.4 (q, i-Pr), 23.5 (q, 1-Me), 23.9 (t, C3), 27.4 (t, C2), 
31.4 (d, CI), 32.5 (d, i-Pr), 38.5 (d, C4), 119.4 (s, C6), 120.3 (d, 
C8), 127.1 (s, C4a), 127.8 (d, C7), 141.4 (s, C8a), and 151.4 (s, 
C5). 

Dehydrogenation of (±)-cts-5-Hydroxycalamenene (la) with 
Pd-C: A mixture of (±)-cw-la (0.22 g) and 5% Pd-C (0.04 g) 
was heated at 250 °C for 5 h. While the crude dehydrogena­
tion product (0.2 g) showed two main components on GC 
(51.4%, 34.2%), column chromatography (Si02, CH2C12) 
provided three compounds, which were identified with 
cadalene (0.05 g), 2,2,5,8-tetramethyl-2H-naphtho[l,8-&c]-
furan (16) (0.07 g), and 3,4-dihydro-8-isopropyl-2,5,-dimethyl-
l(2H)-naphthalenone (0.05 g).n> 

16: oil. IR: 1350, 1220, 1085, 820, and 810. *H NMR: 1.68 
(6H, s, two CH3), 2.36 (3H, s, 8-CH3), 2.58 (3H, s, 5-CH3), 
6.93 (IH, d, 7=7 Hz), 7.18 (IH, d, 7=8.5 Hz), 7.22 (IH, d, 
7=7 Hz), and 7.29 (IH, d, 7=8.5 Hz). Picrate; dark brown 
needles (from ethanol), mp 129.0—130.0 °C. Found: C, 
57.17; H, 4.14; N, 9.50%. Calcd for C2iHi9N308: C, 57.14; H, 
4.34; N, 9.52%. 

References 

1) Preceding paper: J. Tanaka and K. Adachi, Bull. 
Chem. Soc. Jpn., 62, 2102 (1989). 

2) N. H. Andersen, P. Bissonette, C. B. Liu, B. Shunk, Y. 
Ohta, C. L. W. Tseng, A. Moore, and S. Huneck, 
Phytochemistry, 16, 1731 (1977). 

3) H. Rimpler, R. Hansel, and L. Kochendoerfer, Z. 
Naturforsch., 25B, 995 (1970). 

4) J. Tanaka and K. Adachi, Nippon Kagaku Kaishi, 1983, 
1505. 

5) K. Adachi and M. Mori, Bull. Chem. Soc. Jpn., 56, 651 
(1983); Chem. Express, 2, 731 (1987). 

6) J. Tanaka, M. Mori, and K. Adachi, Nippon Kagaku 
Kaishi, 1986, 569. 

7) J. Tanaka, K. Nobutani, and K. Adachi, Nippon 
Kagaku Kaishi, 1988, 1065. 

8) J. Tanaka and K. Adachi, Nippon Kagaku Kaishi, 
1989, 268. 

9) R. Sangaiah and G. S. Krishna Rao, Indian J. Chem., 
21B, 13 (1982). 

10) A. Spasov, Ann. Univ. Sofia. II. Faculté Phys-math., 
Livre 2, 35, 289 (1938—1939); Chem. Abstr., 34, 2343 (1940). 
11) K. Adachi, Yuki Gosei Kagaku Kyokaishi, 27, 875 

(1969); "The Sadder Standard Spectra," Sadder Research 
Laboratories, Philadelphia, No. 41272 and 12657M. 



January, 1990] © 1990 The Chemical Society of Japan NOTES Bull. Chem. Soc. Jpn., 63, 275—277 (1990) 275 

EPR Study of the Precursors of Chelate Paramagnetic Complexes 
Formed in Photochemical Reactions of [Mo(cp)(CO)3]2 

(cp^^-CsHs) with o-Quinones 
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Synopsis. Experimental evidence has been obtained by 
EPR spectroscopy for the paramagnetic precursors expected 
in the photochemical reactions of [Mo(cp)(CO)3]2 with o-
quinones to produce paramagnetic chelate complexes. 

The re have been extensive studies on the photo­
chemical reactions of metal carbonyl complexes 
con ta in ing a meta l -meta l bond, because the molecules 
display fascinating and diverse photochemica l p rop­
erties. By photo- i r rad ia t ion of the complexes the 
homolyt ic cleavage of the metal-metal bond commonly 
occurs in solut ions and the resul t ing paramagnet ic 
species undergo various reactions.1 _ 4 ) 

In the previous paper , we reported that the 
photochemica l reaction of [Mo(cp)(CO)3]2 wi th a 
series of o-quinones and 1,2-diketones yields para­
magnet ic chelate complexes of Mo(cp)(CO)2 and o-
qu inones (or 1,2-diketones) in which the o-quinones 
coordinate bidentately to the Mo of Mo(cp)(CO)2 by 
the two carbonyl oxygens.5) In order to know the 
mechanism of the formation of the chelate paramagnetic 
complexes, we have examined the photochemica l 
reactions of [Mo(cp)(CO)3]2 wi th o-quinones at lower 
temperatures by E P R and observed paramagnet ic 
precursors of the chelate complexes. In this paper we 
report the observation of the precursors, their structures 
and the formation mechanism of the chelate paramagnet­
ic complexes estimated from these results. 

Experimental 

[Mo(cp)(CO)3]2 was commercially obtained from Strem 
Chemicals and used as received. Toluene was used as a 
solvent; it was dried by distillation over molecular sieves in a 
vacuum line. 1,2-Acenaphthenequinone (AQ) and 9,10-
phenanthrenequinone (PQ) (Fig. 1) were vacuum sublimed 
before use. 

[Mo(cp)(13CO)3]2 was synthesized from [Mo(cp)(CO)3]2 by 
the photosubstitution of CO with 13CO under 13CO 
atmosphere6-8* in toluene. Almost complete substitution by 
13CO's was confirmed by mass spectra. 

Typical sample solutions contain 1 mg of [Mo(cp)(CO)3]2 
and 1 mg of either of the o-quinones in 1 cm3 of toluene, and 
they were prepared in a vessel connected to a 5-mm o.d. 
quartz tube. The solutions were degassed on the vacuum 

line and kept at liquid-nitrogen temperature until just 
before photolysis. The solution in the quartz tube was 
cooled to an appropriate temperature and irradiated in situ 
in an EPR cavity with a 100-W high-pressure mercury lamp 
equipped with a UV-cut filter (<310nm) and a remote-
controlled shutter. 

EPR spectra were recorded on the JEOL JES-FE2XG X-
band spectrometer using 100-kHz field modulation. The 
temperature was controlled by standard accessories. The 
microwave frequency was monitored with a Takedariken 
TR-5501 frequency counter equipped with a TR-5023 
frequency converter. The magnetic field was measured with 
an Echo electronics EFM-2000 NMR oscillator, and the 
magnetic field difference between the NMR probe and the 
sample positions was calibrated by DPPH. 

Results and Discussion 

As reported in the previous paper , the degassed 
toluene solut ion conta in ing [Mo(cp)(CO)3]2 and A Q 
exhibits an E P R spectrum showing formation of the 
paramagnet ic chelate complex, [Mo(cp)(CO)2(aq)], 
after photo-irradiation at room temperature.5) However, 
we observed that the E P R spectra apparently show 
formation of two kinds of paramagnet ic species a and 
b when the photo- i r rad ia t ion is made at temperatures 
lower than —60 ° C (Fig. 2). T h e E P R parameters of the 
paramagne t ic species b are identical to those of the 
paramagnet ic complex observed at higher temperatures 
and, therefore, b is identified as the chelate paramagnetic 
complex. As shown in Fig. 2, the signal intensity of a 
decreased after s topp ing photo- i r radia t ion, bu t the 
signal intensity of b increased. T h e t ime-dependent 
changes of E P R signal intensities are shown in Fig. 3. 
T h i s clearly indicates that the decrease of the signal 
intensity of a well corresponds to the increase of the 

Fig. 1. o-Quinones. 

Fig. 2. Changes of EPR spectra observed after 
stopping photoirradiation of a toluene solution 
containing [Mo(cp)(CO)3]2 and AQ at -60°C. 
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Fig. 3. Time-dependent changes of EPR signal 
intensities of paramagnetic species, a ( • ) and b (O). 
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Fig. 4. ESR spectra of the precursor observed during 
photoirradiation of toluene solutions containing 
[Mo(cp)(CO)3]2 and PQ at - 70 °C and the simulated 
spectra; a) [Mo(cp)(CO)3]2, b) [Mo(cp)(13CO)3]2. 

signal intensity of b. From these facts, the paramagnet ic 
species a seems to tu rn to b, i.e., a is considered to be a 
precursor of the chelate paramagnet ic complex b. T h e 
E P R spectrum of the paramagne t ic species a exhibited 
the hyperfine (hf) spli t t ings due to the protons of AQ, 
and when the 13C enriched complex, [Mo(cp)(13CO)3]2, 
was used the spectrum exhibited the l ine-width 
b roaden ing probably due to the hf interactions wi th 
WCs (7=1/2) in i scO 's . 

In the reaction wi th P Q formation of a precursor of 
the chelate paramagnet ic complex was also observed. 
T h e hf structure in the E P R spectrum for the precursor 
is well expla ined by the hf interactions wi th the 
pro tons of P Q as evidenced by the s imula t ion 
calculat ion of the spectrum (Fig. 4a). When [Mo(cp)-
(13CO)3]2 was used, the E P R spectrum exhibited an 
additional doublet hf spli t t ing which can be apparently 
a t t r ibuted to the hf interact ion wi th 13C in 1 3CO (Fig. 
4b). 

As ment ioned above, the E P R spectra of the 
precursors in cases of bo th A Q and P Q exhibi t the hf 
spli t t ings due to the o-quinone protons and the 13C's 
in CO's . It is reasonable to consider, therefore, that in 
the precursors the o-quinones and the CO's are 
coord ina t ing to Mo. However, the two carbonyl 
groups of P Q are no t equivalent in the precursor as 
seen from the p ro ton hf spl i t t ings, i.e., the precursors 
do not have the chelate form. We have recently 
reported that Mo(cp)(CO)3 produced by the pho to -
cleavage of the M o - M o bond of [Mo(cp)(CO)3]2 is 
t rapped by a series of p-benzoquinones yielding a 
paramagnetic complex, [Mo(cp)(CO)3(p-benzoquinone)], 
where the p -benzoqu inone l igands are coordinat ing to 
Mo by one of their carbonyl oxygens.9) T h e precursors 
observed in this study are, therefore, considered to be 
complexes in which the o-quinones coordinate to Mo 
of Mo(cp)(CO)3 by one of their two carbonyl oxygens. 

T h e E P R parameters of the precursors are listed in 
Tab le 1 together wi th the data for the chelate 
complexes taken from the previous paper.5) T h e hf 
coupl ings of the o-qu inone pro tons were assigned in 
reference to the spin d is t r ibut ion calculated for the o-
q u i n o n e l igands in the complexed form by the 
Hucke l -McLach lan M O method. T h o u g h the calcula­
tions predict different hf coupl ings for the 3,4,5,7 
pro tons in the A Q complex, these coupl ings were no t 

Table 1. EPR Parameters for the Paramagnetic Complexes 

o-Quinone 

A Q 

P Q 

Metal 

Mo(cp)(CO)3
b) 

Mo(cp)(CO)2
c) 

Mo(cp)(CO)3
e> 

Mo(cp)(CO)2
c) 

g value 

2.0055 
2.0003 

2.0050 

1.9957 

flMo/10"4T 

— 
5.0 

11.2 

A H / 1 0 " 4 Ta> 

A H 3 , 4 , 5 , 7 = 1 . 1 (4H) 

A H 3 , 5 , 6 , 8 = 1 . 0 (4H), 

fli3C=0.5 (2C)d> 
A H 1 = 2 . 6 3 (1H), 

A H 3 = 2 . 3 7 (1H), 

A H 2 , 4 , 6 , 8 = 0 . 8 0 (4H), 

fli3C=0.75 (lC)d> 
flHl,3,6,8=1.0 (4H), 
fli3c=1.9 (2C)d> 

a) The number of equivalent protons is indicated in parentheses, b) The data for the precursor in which AQ 
coordinates to Mo by the C2-oxygen. c) The data for the chelate complex. Ref. 5. d) The hf coupling constant 
of 13C's in carbon monoxides. The number of equivalent 13C's is indicated in parentheses, e) The data for 
the precursor in which PQ coordinates to Mo by the Cio-oxygen. 
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resolved in the observed E P R spectra. T h e 9 5 , 9 7Mo 
(1=5/2) hf coupl ings were observed as satellite signals, 
bu t reliable coupl ing constants could not be determined 
because of the m u t u a l overlaps between the satellite 
signals and the overlaps wi th the intense center signal. 
However, the hf coup l ing constants were estimated to 
be m u c h smaller than those of the complexes of the 
chelate form. One can also see that the g values of the 
precursors are m u c h closer to those of the free an ion 
radicals of the corresponding o-quinones (g^2.005) 
t han the case of the chelate complexes. These facts 
suggest that the unpa i red electron is mostly transfered 
from Mo(cp)(CO)3 to the o-quinones to form complexes 
of Mo(cp)(CO)3+ l igated by the o-qu inone an ion 
radicals, as in the case of the p-benzoquinone 
complexes. It is notable that the unpa i red electron 
popula tes more on the o-quinone l igand in the 
precursors than in the final products hav ing chelate 
structure. It is seen also from the table that the 13C hf 
coupl ings of the C O groups in the precursors are 
smaller than those in the final products . T h i s may be 
also a suppor t for the above estimation. 

These results suggest a stepwise reaction mechanism 
for the formation of the chelate paramagnet ic com­
plexes. In the first step, Mo(cp)(CO)3 produced by 
photocleavage of the M o - M o bond of [Mo(cp)(CO)3]2 
is t rapped by the o-quinones yielding the precursors in 
wh ich the o-quinones coordinate to Mo of Mo(cp)-
(CO)3 by one of their two carbonyl oxygens. In the 
second step, the chelate paramagnet ic complexes are 
formed by e l imina t ion of one C O g r o u p from the 
precursors. T h e same reaction mechan ism has been 
assumed by Sarbasov et al. in the photochemical 

reaction of [Mo(cp)(CO)3]2 wi th 3,6-di-M)utyl-l,2-
benzoquinone.1 0 ) They postulated the mechanism 
according to only the hf spli t t ings due to the l igand 
q u i n o n e protons . In this paper, we clearly observed 
the conversion of the precursors to the chelate 
complexes by E P R intensity changes and also obtained 
clear experimental information on the structures of the 
precursors by us ing [Mo(cp)(13CO)3]2. It is reasonable 
to consider that the chelate paramagnet ic complexes of 
other o-quinones or 1,2-diketones are also formed via 
the precursors of the same type. 
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Thermodynamic Stability of j8-Chloro-, j8-Phenylthio-, and j8-Phenylamino-
Substituted a,ß- and j3, y-Unsaturated Ketones 
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Synopsis. Acid-catalyzed chemical equilibration studies 
on the titled compounds have been carried out. The ß,y-
isomers are highly favored at equilibrium in the cases of 
0-chloro- and ß-phenylthio-substituted ketones. Hydrogen-
bonding between carbonyl oxygen and sulfonium or amine 
proton stabilizes the «^-unsaturated form. 

T h e relative stabilities of the a,ß- and ß,y-
unsa tura ted carbonyl c o m p o u n d s have been studied 
extensively by Kon, Linstead, and co-workers.1* T h e 
equi l ibra t ion is strongly affected by substi tuents 
located on the three-carbon propenyl chain, and the 
following generalizations emerged: (1) If the y-
posi t ions of unsa tura ted carbonyl compounds are 
unsubst i tuted, equi l ibr ia between a,ß- and ß,y-
unsatura ted isomers very strongly favor the conjugated 
one. (2) Subst i tu t ion of alkyl g roups , part icularly 
methyl , at the 7-pos i t ion increases the stability of the 
ß,y-isomers. (3) In t roduc t ion of an alkyl g roup , 
part icularly methyl, at the «-posit ion favors the a,ß-
isomer. (4) In contrast , the equi l ibr ia are no t sensitive 
to ß-alkyl subst i tut ion. T h e po in t of acid-catalyzed 
equ i l ib r ium in 5-methyl-4- and -5-hepten-3-one was 
reported to be 58% a,ß- and 42% ß,y-isomers.2 ) We 
previously reported that chloro subst i tut ion at the ß-
posi t ion remarkably shifted the equ i l ib r ium toward 
the ß ,y-unsatura ted form in the t r ipheny lphosph ine -
carbon tetrachloride-catalyzed equi l ib r ium; this fact 
wou ld no t have been expected on the basis of earlier 
analyses.3) Regard ing the effect of heteroatom 
subst i tuents at the ß-posi t ion, Rhoads and co­

workers4* and Task inen and Mukkala5 ) have reported 
that the in t roduc t ion of a methoxyl g roup at the ß-
posi t ion strongly shifts the equi l ib r ium towards the 
ß ,y -unsa tu ra ted isomers. In this paper we report on 
the cont r ibut ions of chloro, thio, and amino groups as 
the ß-heteroatom subst i tuents on the acid-catalyzed 
equi l ibra t ion of the propenyl ketone system. 

Results and Discussion 

As the ß-heteroatom-substi tuted propenyl ketone 
systems we employed 5-chloro-, 5-phenylthio-, and 5-
phenylamino-4- or -5-hepten-3-one and their 2,6-
dimethyl substi tuted homologues . These unsatura ted 
ketones were isomerized us ing trifluoroacetic acid as 
the catalyst in chloroform-d. T h e progress of a given 
reaction was moni tored by XH N M R spectroscopy. 
These isomers were easily dist inguished by their 
spectra, the a ,ß-unsatura ted isomers showing an a-
vinyl p ro ton at ô 5.1—6.5 and the ß ,y-unsatura ted 
isomers showing «-methylene protons at ô 3.2—3.6. 
T h e results are summarized in Table 1. 

T h e po in t s of equ i l i b r ium in ß-chloro ketones l a 
and l b were 90 and 95% of the ß ,y-unsa tura ted form 
(lb) , respectively; these poin ts were considerably 
nearer the ß ,y-unsa tura ted end than the value (85% 
ß,y-) found wi th a t r ipheny lphosph ine-ca rbon tetra­
chloride catalyst. Since the po in t of equi l ibr ium was 
too close to the ß ,y-unsa tura ted end, y-methyl 
subs t i tu t ion did no t show any clear influence on the 
equ i l ib r ium (2a and 2b). 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Table 1. 

Starting 

la 
lb 
2a 
2b 
3a 
3b 
3a 
3b 
3a 
3b 
4a 
4b 
4a 
4b 
4a 
4b 
5a 
6a 

Tautomeric Equilibrations 

materials 

Y 

Cl 
Cl 
Cl 
Cl 
PhS 
PhS 
PhS 
PhS 
PhS 
PhS 
PhS 
PhS 
PhS 
PhS 
PhS 
PhS 
PhNH 
PhNH 

of 0-Substituted 

Equilibration conditions 

Cat./Subst. 

1.08 
0.98 
0.98 
1.04 
1.06 
0.96 
0.48 
0.62 
0.29 
0.25 
1.17 
1.07 
0.52 
0.50 
0.22 
0.28 
1.13 
1.07 

ot,ß- and ß, 

Temp/°C Time/h 

50 
50 
50 
50 
rta) 

rt 
rt 
rt 
50 
50 
rt 
rt 
50 
50 
50 
50 
50 
50 

64 
392 
338 
36 

335 
359 
480 
480 
106 
323 
50 
50 
27 
45 
84 
84 
— 
— 

y-Unsaturated Ketones 

Equili ibrium composition (a:b) 

10:90 
5:95 
8:92 

10:90 
88:12 
88:12 
84:16 
82:18 
66:34 
65:35 
19:81 
18:82 
8:92 
4:96 
5:95 
4:96 

100: 0 
100: 0 

a) Room temperature (20—25 °C). 
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Y 0 
i n 

CH_-CH-C=CH-C-CH-CHT 3 | i 3 

Y 0 

CH_-C=C-CH0-C-CH-CHT 

R R 

b 

2 . R = C H 3 , Y = C l 1. R = H, Y = C l 

3 . R = H , Y = S C 6 H 5 4. R = C H 3 , Y = S C ^ 

5. R = H, Y = NHC6H5 6. R=CH 3 > Y = N H C ^ 

Scheme 1. 

Ji 

H 

r 

< 

/ v 

' \ 
a (Z)-s-cis 

R = Et Y = Cl 

R = i - P r Y = Cl 

R = Et Y = SPh 98 

R 
a (Z)-s-trans 

1 R = Et Y = Cl 32 

2 R = i - P r Y = Cl 56 

3 R = Et Y = SPh 115 

.-Pr Y = SPh 113 

0 

\ / 

R = i-Pr Y = SPh 155 / 
R C O C H , , 

\ / 
H \ 

/ ; 

a (E)-s-eis 

R = Et Y = Cl 

R = i - P r Y = Cl 

R = Et Y = SPh 

19 

45 

110 

-Pr Y = SPh 149 

H' 

Y 

a (E)-s-trans 

R = Et Y = Cl 47 

R = i - P r Y = Cl 89 

R= Et Y = SPh 156 

R = i-Pr Y = SPh 184 

b 

= Et R' =H Y = C1 

--i-Pr R' =Me Y = Cl 

= Et R' =H Y = SPh 

••i-Pr R' =Me Y = SPh 

Fig. 1. MMP calculations for each isomer of 1, 2, 3, 
and 4. MMP steric energies are given in kj mol-1. 

In considering these results we tried to calculate the 
molecular mechanic energies (MME) using the CHEM-
X MMP program6) for each conformation as a 
qualitative indicator of the stabilities. The lowest 
energy for each conformation is depicted in Fig. 1. 

In the (JE)-s-trans conformation of an «^-unsaturated 
ketone, a large steric repulsion between the methyl 
groups adjacent to the olefinic linkage and the acyl 
group is expected. Such steric repulsion would be 
rather small in the (Z)-s-cis conformation, but repulsive 
eis dipole-dipole interaction between the two polar 
functions, chlorine and carbonyl, was expected to be 
quite large. These steric and dipole-dipole interac­
tions are relieved in the /?,y-unsaturated isomer. 
Thus, the ß,y-unsaturated isomer is favored in the 
equilibrium. The MME data of each conformation 
also support these considerations. 

In the case of ß-phenylthio-substituted unsaturated 
ketones, the amount of acid catalyst strongly influenced 
the point of equilibrium (Runs 5—10 and 11—16). 
The equilibrium between the a,ß- and ß,y-unsaturated 
compounds shifted toward the conjugated isomer by 
increasing the amount of trifluoroacetic acid (Fig 2). 
Regarding the lH NMR spectrum of a mixture of the 
ß-phenylthio ketone and trifluoroacetic acid, a new 
absorption signal appeared around 8 8.8, in addition 
to the signals of the substrates and the catalyst; it then 

0.5 1.0 

CF,C00H/Subst. 

Fig. 2. The dependence of equilibrium of ß-phen-
ylthio-substituted unsaturated ketones, 3 and 4, on 
the amount of acid catalyst. Dotted lines 1 and Me 
indicate the equilibrium points of the ß-chloro-
and 0-methyl-substituted analogs of 3, 5-chloro-4-
(-5-)hepten-3-one and 5-methyl-4-(-5-)hepten-3-one,2) 

respectively. 

gradually shifted toward a lower magnetic field during 
the progress of the reaction. These phenomena could 
not be observed in the case of the chloro ketones. This 
new absorption signal was expected to be due to a 
sulfonium proton generated by protonation to the 
sulfide. Therefore, the relative thermodynamic stabili­
ties of ß-phenylthio ketones can be obtained by 
extrapolating the curves of Fig. 2 to the point of no 
catalyst. These values also clearly indicate that 
phenylthio substitution at the ^-position strongly 
favors the ß,y-isomer. The MME data also became 
suitably oriented so as to stabilize the ß,y-unsaturated 
isomer. However, the MME data could not elucidate 
that the introduction of a methyl group into the y-
position strongly shifts the equilibrium towards the 
ß,y-unsaturated isomer. It may be mainly due to an 
inductive or hyperconjugation effect of the methyl 
group, as known.x) 

In contrast, protonation to the thioether sulfur 
would occur in an acidic media; it removes the 
dipole-dipole repulsion of the (Z)-s-cis conformation 
of «,ß-isomer, while the hydrogen bonding between 
the carbonyl oxygen and the sulfonium proton 
increases the stability of the «^-unsaturated isomer. 
Although it is also possible to use the protonated ß,y-
unsaturated isomer to bring about hydrogen bonding, 
its exo-olefinic six-membered cyclic structure would 
be expected to be less stable than the endo-olefinic six-
membered cyclic structure of the hydrogen-bonded 
«^-unsaturated isomer. As a result, the equilibrium 
point shifts toward the «^-unsaturated isomer by 
increasing the amount of acid catalyst. 

ß-Phenylamino-substituted ketone indicated quite a 
different behavior from the chloro- and the phenyl-
thio-substituted ketones regarding its equilibrium. 
Although the point of equilibrium could not be deter­
mined from both sides of the a,ß- and jS,y-unsaturated 
isomers, because only the «^-unsaturated ketone 



280 NOTES [Vol. 63, No. 1 

could be obtained, isomerization did not occur at all. 
T h i s indicates that the « ^ - u n s a t u r a t e d isomer is qui te 
stable in this case.7) Since the XH N M R absorpt ion of 
amine p ro tons of 5a a n d 6a was observed at ô 12—13, 
and their IR carbonyl absorpt ions shifted from 
1680 c m - 1 of the usua l ketones to a round 1600 cm"1 , 
the formation of hydrogen b o n d i n g between the 
carbonyl oxygen and the amine p ro ton was expected. 
T h u s , these compounds would be stabilized in a,ß-
unsatura ted forms. 

These studies show that the heteroatom substi tuents 
at the ß-posi t ion strongly shift the equ i l ib r ium of the 
propenyl ketone system toward the unconjugated 
isomer, except when hydrogen b o n d i n g is available 
between the carbonyl and heteroatom moieties. In the 
latter case, the conjugated form becomes the predomi­
nan t isomer. 

Experimental 

!H NMR spectra were taken on JEOL PMX-60 and on 
Hitachi R-600 spectrometers in CDCI3 with TMS as an 
internal standard. The substrates, (£)-la, lb, (£)-2a, 2b, (£)-
3a, 3b, (£)-4a, 4b, (Z)-5a, and (Z)-6a, were prepared in 
previous studies, and the spectral data of these substrates and 
their isomers were also given. 3>8) 

A Typical Procedure for Equilibration. To a solution of 
94.5 mg (0.430 mmol) of (£)-3a in 0.4 ml of CDCI3 was added 
a solution of 51.8 mg (0.454 mmol) of trifluoroacetic acid in 
0.4 ml of CDCI3; the mixture in an NMR tube was kept at 
room temperature (20—25 °C) and its 1H NMR spectra were 
taken at regular intervals. The ratio of 3a and 3b was 
determined by peak integrals of the 4-CH= proton signal at ô 
5.60 for (£)-3a and ô 6.34 for (Z)-3a, and 4-CH2 proton signal 
at ô 3.30 for (£)-3b and ô 3.25 for (Z)-3b. Peak integrals of 
phenyl proton at ô 7.48 for 3a and ô 7.27 for 3b were 
supplimentarily used for the calculation. When the isomer 
ratio did not change further, the mixture was estimated as 

being equilibrated. During the course of equilibration, no 
peaks other than the expected equilibrium components 
could be detected. The results are summarized in Table 1. 
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Synopsis. A chiral diphosphinite ligand having dicyclo-
hexylphosphinooxy and dimethylamino moieties (Cy-POP-
AE) was effective for the asymmetric hydrogénation of N-
(benzoylformyl) amino acids by a Rh(I) catalyst under mild 
conditions. A neutral rhodium(I) precursor enabled a 
double asymmetric induction in methanol, while a cationic 
precursor caused an asymmetric induction controlled mainly 
by the substrate chirality. 

Catalytic asymmetric reactions have recently at­
tracted m u c h a t tent ion regarding selective syntheses 
of chiral bioactive substances.1* T h e Rh(I)-catalyzed 
asymmetric hydrogénat ion of olefinic compounds has 
achieved p rominen t success with various chiral l igands 
under mi ld condit ions.2 ) In the case of the hydrogéna­
t ion of carbonyl g roups , a h igh hydrogen pressure is 
required,3»4) and only a few cases have been reported in 
which the carbonyl moiety could be hydrogenated 
under mi ld conditions.5 ) Pe ra lky lmonophosph ine or 
-d iphosphine l igands wi th a h igh a-donat ing chara­
cter have been reported to be effective for the Rh(I)-
catalyzed hydrogénat ion of carbonyl groups under 
a tmospheric hydrogen pressure.5b) 

We have reported the selective asymmetric hydro­
génat ion of Af-protected dehydrodipeptides wi th Rh(I)-
chiral d iphosph in i t e (3S,4S)-l-[2-(dimethylamino)-
ethyl]-3,4-bis(diarylphosphinooxy)pyrrolidine: P O P -

AE's6)) or Rh( I ) -d iphosph ine [2-[2-(dimethylamino)-
ethyl]-1,3-propanediyl]bis[diphenylphosphine]: D P P -
AE7)). In these Rh(I) catalyst systems an electrostatic 
interact ion between the l igand and substrate played 
an impor t an t role. We report here that the Rh(I)-
catalyzed hydrogénat ion of benzoylformic acid deriva­
tives wi th a chiral a m i n o acid residue can proceed 
under a tmospher ic hydrogen pressure us ing a modi­
fied POP-AE containing the dicyclohexylphosphinooxy 
moiety of strongly a-donat ing character (Cy-POP-AE) 
and that the counteranion species of the Rh(I) catalyst 
severely affects the stereoselectivity. 

Results and Discussion 

T h e Cy-POP-AE l igand was prepared in six steps 
from diethyl (+)-tartrate. T h e chemical shift of 
Cy-POP-AE in 31P N M R was in good agreement wi th 
the value reported for the Cy-p roNOP ((2S)-l-dicyclo-
hexylphosphino-2-[(dicyclohexylphosphinooxy)meth-
yl]pyrroiidine).8> With [Rh(cod)2]BF4-Cy-POP-AE 
system, the hydrogénat ion of benzoylformic acid could 
proceed smoothly under a tmospher ic pressure and at 
ambient temperature in a d ichloromethane solution to 
give (S)-product. Polar solvents incl ined to need a 
long t ime for the reaction and to lower the stereoselec­
tivity (Table 1). 

R h ( I ) - C y - P O P - A E 

c 
P h / ^ H O N H ' ^ C O O H 

+ H, 

C y 2 P O l , , " ^ y \ 

C y - P O P - A E 

Scheme 1. 

OH R 

Ph ^ C O N H ' ^ C O O H 

Table 1. Asymmetric Hydrogénation of a-Keto Acid Derivatives with Rh(I)-Cy-POP-AE Catalyst 

Run 

1 
2 
3 
4 
5 
6 

Substrate 

PhCOCOOH 

PhCOCO-0-Ala-< 
PhCOCO-(S)-Ala 

DU 
-OH 

Solvent 

EtOH 
CH2CI2 
MeOH 
CHCI3 
EtOH 
MeOH 

Time 

h 

100 
20 
24 
48 
48 
48 

Conv. 

% 

90 
100 
100 
100 
100 
100 

% e.e. 

2(S) 
10 (S) 
38 (R) 

% d.e. 

23 (R,S) 
52 (R,S) 
56 (R,S) 

Hydrogénation was performed under atmospheric hydrogen pressure at room temperature. Substrate/Cy-
POP-AE/Rh=50/1.4/l, Rh precursor was [Rh(cod)2]BF4. 
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Table 2. Effect of the Halide Ion on the Double Asymmetric 
Induction in the Hydrogénation of PhCOCO-AA-OH 

Run Ligand Substrate Rh precursor % d.e. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Cy-POP-AE 

Cy-POP-IP 

PhCOCO-(S)-Ala-OH 

PhCOCO-(/?)-Ala-OH 

PhCOCO-(S)-Phe-OH 

PhCOCO-(/?)-Phe-OH 

PhCOCO-(S)-Ala-OMe 
PhCOCO-(S)-Ala-OH+NEt3 

PhCOCO-(S)-Ala-OH 
PhCOCO-(/?)-Phe-OH 

Rh+ 
RhN 

Rh+ 
RhN 

Rh+ 
RhN 

Rh+ 
RhN 

RhN 

RhN 

RhN 

RhN 

56 (R,S) 
67 (R,S) 
12 (S,Ä) 
5 (R,R) 

47 (S,S) 
7 (S,S) 

53 (R,R) 
50 (R,R) 
33 (R,S) 
50 (R,S) 
49 (R,S) 
41 (R,R) 

Hydrogénation was performed under atmospheric hydrogen pressure at room temperature in methanol. 
Substrate/ligand/Rh=50/1.4/l, Rh+=[Rh(cod)2]BF4, RhN=[RhCl(cod)]2. 

In the case of P h C O C O - ß - A l a - O H wi th an achiral 
a m i n o acid uni t , the direction of asymmetr ic induc­
t ion was (ß)-selective, opposi te to the reaction of 
P h C O C O O H . It was noted that solvent effect on the 
reaction of Af-(benzoylformyl) amino acid was reversed 
to the reaction of benzoylformic acid (Table 1, Runs 
4—6). T h e increase in the solvent polar i ty raised bo th 
the reactivity and stereoselectivity; this tendency was 
the same as observed in the cases of dehydrodipeptides 
wi th a free carboxyl group. 7 ) O n the other hand , a 
h igh stereoselectivity was reported in less polar 
solvents for the hydrogénat ion of Af-(benzoylformyl) 
a m i n o acid esters.5b) 

In reactions of Af-(benzoylformyl) a m i n o acids, the 
kinds of r h o d i u m precursors showed a s t r iking effect 
on the direction of asymmetric induct ion (Table 2, 
R u n s 1—8). In the case of cationic precursors, the 
newly developed chirali ty was main ly controlled by 
the chirali ty of the a m i n o acid uni t , t hough the 
direction of asymmetric induct ion was strongly de­
pendent on the s tructure of the a m i n o acid un i t (Runs 
1 and 5, 3 and 7). A neut ra l r h o d i u m precursor, how­
ever, amplified the asymmetric induct ion th rough the 
chirality of Cy-POP-AE (^-selectivity) and relatively 
h igh stereoselectivities were observed by a double 
asymmetric induc t ion in matched pairs;9) a good 
selectivity of 67% (R,S) was obtained in the case of 
P h C O C O - ( S ) - A l a - O H . A comparison of the 31P 
N M R spectra of the reaction systems in CD3OD us ing 
[Rh(cod)Cl]2 and [Rh(cod)2]BF4 precursors indicated 
the presence of the Rh(I)Cl species in me thano l for the 
system us ing [Rh(cod)Cl]2, as well as the cat ionic 
Rh(I) species. These results indicate that the active 
r h o d i u m species coordinated by chloride caused a 
double asymmetric induct ion in methanol . T h i s 
hal ide ion effect makes a sharp contrast to the 
hydrogénat ion of dehydroamino acids or dehydro-
dipeptides in me thano l solvent where no conspicuous 
difference was observed between the reactions wi th 
cationic and neutral rhodium(I) precursors.2»0 

T h e reaction system of Cy-POP-AE-PhCOCO-(S) -
A l a - O H afforded h igher stereoselectivity than the 
systems of Cy-POP-AE-PhCOCO-(S) -Ala -OMe or 

C y - P O P - I P - P h C O C O - ( S ) - A l a - O H (Cy-POP-IP: an 
ana log of Cy-POP-AE hav ing an isopentyl un i t 
instead of 2-(dimethylamino)ethyl group); this dif­
ference was ascribed to a cont r ibut ion of the electro­
static interact ion between the carboxyl g roup of 
P h C O C O - ( S ) - A l a - O H and the amino g roup of 
Cy-POP-AE to the asymmetric induct ion. T h e 
lowered stereoselectivity by amine addit ion also sup­
ported this conclusion.7 ) 

T h e present results imply that Rh( I )Cl -Cy-POP-
AE system would be useful for the asymmetric 
hydrogénat ion of Af-(acylfomyl) amino acid under 
a tmospher ic hydrogen pressure ut i l izing double asym­
metric induct ion in a polar alcoholic solution. 

Experimental 

(35,45)-l-[2-(Dimethylamino)ethyl]-3,4-bis(dicyclohexyl-
phosphinooxy)pyrrolidine (Cy-POP-AE). (3S,4S)-1 -[2-
(Dimethylamino)ethyl]-3,4-pyrrolidinediol was prepared from 
diethyl (+)-tartrate in five steps, as was described previ­
ously.0 To a T H F solution (50 ml) of this diol (1.7 g, 
9.8 mmol) containing 60 mmol of triethylamine, was added 
dropwise chlorodicyclohexylphosphine (5.0 g, 21 mmol) in 
20 ml THF at 0°C; the mixture was stirred overnight. 
Hydrochloride salt of triethylamine was filtered and the 
filtrate was evaporated to dryness to give white solids. These 
solids were dissolved in 30 ml hexane; undissolved tetracyclo-
hexyldiphosphine and pentavalent phosphorus compounds 
were filtrated off at —20 °C. The filtrate was evaporated and 
residual solids were recrystallized from dry ether at —50 °C to 
afford Cy-POP-AE (3.6 g, 49%) as white crystals: Found: C, 
67.28; H, 10.84; N, 4.44%. Calcd for C32H60N2O2P2: C, 67.81; 
H, 10.67; N, 4.94%; *H NMR (CDCI3) 0=0.8—2.1 (44H, m, 
c-CeHii), 2.25 (6H, s, -NCH3), 2.3—3.1 (8H, m, -NCH2-
CH2N-, -CH2-NCH2-), 3.8—4.3 (2H, m, O-CH-); 31P NMR 
(CDCI3) 6=144.4; MS m/z=567 (MH+) (FAB, m-nitrobenzyl 
alcohol matrix); [aß» =+55.1° (c 0.17, CHCI3). 

(35,45)-1 -Isopentyl-3,4-bis(dicyclohexylphosphinooxy)-
pyrrolidine (Cy-POP-IP). Cy-POP-IP was prepared from 
(3S,4S)-l-isopentyl-3,4-pyrrolidinediol similarly to Cy-POP-
AE and recrystallization from dry ether at — 50 °C afforded 
Cy-POP-IP (38%) as white crystals: Found: C, 69.60; H, 
11.07; N, 2.29%. Calcd for C33H61NO2P2: C, 70.05; H, 
10.87; N, 2.48%; *H NMR (CDCI3) ô=0.8 (6H, d, /=6.5 Hz, 
CH3), 0.8—2.1 (47H, m, c-CeHn-, -CH2CH-), 2.2—3.1 (6H, 
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m, N-CH2-), 3.9—4.3 (2H, m, O-CH-); 31P NMR (CDCI3) 
0=144.4; MS m/z=566 (MH+) (FAB, m-nitrobenzyl alcohol 
matrix); [a]g ,=+61.7° (c0.21, CHCI3). 

Substrates. Af-(Benzoylformyl) amino acids (PhCOCO-
AA-OH: AA=(S)- and (R)-Ala, (S)- and (Ä)-Phe, and ß-Ala) 
were prepared by condensation of benzoylformic acid with 
amino acid methyl ester hydrochloride in THF using 
dicyclohexylcarbodiimide, 1-hydroxy-lH-benzotriazole, and 
Af-methylmorpholine (or triethylamine) at 0 °C followed by 
hydrolysis according to methods described in the liter­
ature.10) 

Af-(Benzoylformyl)-(S)- and (jR)-alanine were obtained as 
crystals (73—75%), while Af-(benzoylformyl)-(S)- and (R)-
phenylalanine were very viscous oil; the latter were purified 
as dicyclohexylammonium salt,10 then converted to free 
acid by potassium hydrogensulfate. Af-(Benzoylformyl)-/3-
alanine was obtained as pale-yellow solids (77%). 

Hydrogénations. The catalyst solution of Rh(I)-Cy-
POP-AE or -Cy-POP-IP was prepared from [Rh(cod)2]BF4 

or [Rh(cod)Cl]2 and the ligand in 5 ml of solvent (Rh 
0.01 mmol; l igand/Rh=l . l —1.5). It was then transferred to 
a reaction vessel containing 0.5 mmol of the substrate using 
a fine stainless tube so as to avoid contamination with 
oxygen. Degassing was repeated three times and the solution 
was stirred for 30 min under N2 followed by H2 introduc­
tion. After the reaction, the solution was diluted with 
methanol and rhodium was removed using a Dowex 50 
cation-exchange resin. The solution was evaporated to 
dryness and the products were converted to methyl esters in 
methanol-HCl. The diastereomeric excess was determined 
by an NMR method using Eu(hfc)3 in CD3OD-CDCI3 
monitoring the methine proton of the mandelic acid unit in 
the product. 

Par t of this work was financially suppor ted by a 
Grant- in-Aid for Scientific Research (No. 61470089) 
from the Ministry of Educat ion, Science and Culture. 
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Diene-Transmissive Diels-Alder Reaction of a,ß: a r ,^-Unsaturated Thioketones 
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Synopsis. Diene-transmissive Diels-Alder reaction of 
l,3-bis(/?-tolylmethylene)-2-propanethione has been inves­
tigated. The cycloadducts obtained by the reaction of the 
thione with dimethyl acetylenedicarboxylate and diethyl 
azodicarboxylate underwent Diels-Alder reaction further 
with various dienophiles to give sulfur-containing poly-
cyclic compounds. 

T h e double cycloaddition reaction called domino,1) 
timed,2) tandem,3 ) and diene-transmissive4»5) Diels-
Alder reactions are useful methods for the syntheses of 
poly cyclic compounds . A m o n g them, diene-transmis­
sive Diels-Alder reaction consists of two sequential 
intermolecular Diels-Alder reactions of cross-conju­
gated trienes 1 wi th dienophiles X = Y and A=B. 

Previously, we reported the first example of genera­
t ion of cross-conjugated heterotrienes, viz. a , ß : a ' , ß ' -
unsatura ted thioketones 2, which were t rapped by 2-
norbornene, dimethyl acetylenedicarboxylate (DMAD), 
diethyl azodicarboxylate (DAD), and acrylonitrile as 
monocycloadducts.6 ) As a cont inua t ion of the work, 
sequential Diels-Alder reactions of the remain ing 
diene moiety in these adducts have been examined in 
the present study.7) 

T h e yield of the adduct wi th acrylonitr i le was low,6) 

whereas the second cycloaddit ion reaction of the m o n o 
adduct wi th norbornene was found to be very difficult 
to proceed probably due to steric h indrance of the 
norbornane r ing. Therefore, cycloaddition reactions 
of the m o n o adducts wi th DMAD (3) and DAD (4) with 
various dienophiles were examined. T h e reactions of 3 
and 4 wi th tetracyanoethylene (TCNE) and DAD 

ou 
X=Y 

rKY 
^ X J A=B 

Ar 

u 
Ar 

Ar Ar P 4 S i o Ar 

S Ar, 

+ ^F* 
Ar Ar S S 

2 8 

DMAD 

or DAD 

s t s 

S 

7 

x^ 
Ar 

Ar 

P-Tol p-Tol 

COOMe A = B k - A W ^ C 0 0 M e 

p-Tol 
S ̂  COOMe "rx^s"3^ COOMe 

p-Tol 10 
5a -e 

p-Tol 

p-Tol p-Tol 

.^COOEt A = = B jUiv^kj^COOEt 
I —— f I I 

S^COOEt - ^ ^ S s ^ ^ C O O E t 
p-Tol 10 

6a-e 

eeded rapidly in boi l i 

Dienophile 

TCNE 
DAD 
MA 
MI 
DMAD 

Dienophile 

TCNE 
DAD 
MA 
MI 
DMAD 

n g benzene except in 1 the case Scheme 1. 

Table 1. Reaction of the Adduct 3 with Dienophiles 

Molar ratio 

Dienophile/3 

1.2 
1.2 
5.0 
5.0 
5.0 

Reaction time 

5 min 
30 min 
20 h 
21h 
51h 

Product 

5a 
5b 
5c 
5d 
5e 

Yielda> 

% 

100 
68 
72 
53 
73 

Table 2. Reaction of the Adduct 4 with Dienophiles 

Molar ratio 

Dienophile/4 

1.2 
1.2 
5.0 
1.2 
5.0 

Reaction time 

10 min 
21h 
41h 
40 h 

100 h 

Product 

6a 
6b 
6c 
6d 
6e 

Yielda) 

% 

73 
74 
52 
47 

Trace 

Mp 

°C 

165—166 
Orange oil 
141—142 
262—263 
Orange oil 

Mp 

°C 

140—141 
166—167 
193—195 
Yellow oil 

a) Yields were based on the adduct 3 or 4. 
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of 4 wi th DAD and the bis-adducts 5a,b and 6a,b were 
obta ined in good yields. T h e reactions wi th DMAD, 
maleic anhydr ide (MA) and with AT-(p-methoxyphen-
yl)maleimide (MI) were very slow under the same 
reaction condi t ions , then large excess of the d i e n o 
philes were used to p romote the reaction. Attempted 
reaction at h igher temperatures (boi l ing xylene) 
caused considerable decomposi t ion of the product . 

T h e structure of the produc t was readily determined 
by mass spectra, elementary analyses, IR and N M R 
spectra. 1 H N M R analysis reveals that the anhydride 
r ing of the adducts 5c a n d 6c has an exo configurat ion. 
T h e other adducts wi th MA and MI (5d and 6d) also 
seem to have exo conf igurat ion bu t their XH N M R 
spectra were somewhat ambiguous . All the adducts 
have trans re la t ionship wi th respect to H5 and HÔ.8 ) 

It is considered that large difference between the 
reactiviy of - C = C - C = S - g r o u p in 2 and - C = C - C = C -
g r o u p in 3 and 4 as dienes makes possible to isolate the 
mono-adduc t under the thermolysis condit ions of the 
phosphorus -con ta in ing precursor 7.9) Consequently, 
crossed diene-transmissive Diels-Alder reaction of the 
thioketone 2 was carried ou t easily and the results have 
wide appl ica t ion for the syntheses of various sulfur-
con ta in ing polycyclic compounds . 

Experimental8) 

All the melting points are uncorrected. IR spectra were 
measured on a Hitachi Model 270-30 spectrometer. 1H and 
13C NMR spectra were recorded on a JEOL JNM-FX 100 
spectrometer in CDCI3 solution using Me4Si as an internal 
standard unless otherwise specified. Mass spectra were 
recorded on a Hitachi double-focusing mass spectrometer 
Model RMU-7M operating at an ionizing potential of 70 eV. 
Elementary analyses were performed using a Yanaco MT-3 
CHN corder. 

General Procedure for the Reaction of the Mono-Adduct (3 
or 4) with Dienophiles. A solution of the mono-adduct (3 
or 4) (1.0 mmol) and a dienophile (1.2 mmol or 5.0 mmol) in 
dry benzene (5.0 ml) was refluxed under a nitrogen atmo­
sphere until the mono-adduct was completely consumed. 
The benzene was removed and the residue was chromato-
graphed on a column of Wakogel C-200 with ethyl acetate-
hexane (1:3) (for 5a,c,d,6b,c and d) or ethyl acetate-hexane 
(1:4) (for 5b,e and 6a) as an eluent. The solid product was 
recrystallized from ethyl acetate-hexane. 

7,7,8,8-Tetracyano-3,4-bis(methoxycarbonyl)-5,9-di-p-tolyl-
2-thiabicyclo[4.4.0]deca-3,10-diene (5a): IR(KBr) 2256 (very 
weak, O N ) , 1740 cm"1 ( C O ) ; XH NMR 0=2.36 (s, 3H), 2.40 
(s, 3H), 3.40 (s, 3H), 3.81 (s, 3H), 3.94 (ddd, H-6, /6,9=2.0, 
/6,io=2.0, 75,6=10.7 Hz), 4.40 (dd, H-9, 7e,9=2.0, 79,io=4.3 Hz), 
4.51 (d, H-5, 75,6=10.7 Hz), 6.36 (dd, H-10, 7e,io=2.0, 79,io=4.3 
Hz), 7.10—7.47 (m, 8H); 13C NMR <5=21.25(q), 41.72(s), 
44.74(s), 46.59(d), 47.18(d), 47.52(d), 52.30(q), 53.37(q), 
108.10, 109.66, 110.19, 111.02 (s, O N ) , 163.03(s), 165.17(s); 
MS m/z 420 (M+ - T C N E , 41). Found: C, 68.10; H, 4.44; N, 
9.91%. Calcd for C31H24N4O4S: C, 67.87; H, 4.41; N, 10.21%. 

2,3-Bis(ethoxycarbonyl)-8,9-bis(methoxycarbonyl)-4,10-di-
p-tolyl-7-thia-2,3-diazabicyclo[4.4.0]deca-5,8-diene (5b): IR 
(neat) 1745, 1730 cm"1 (OO) ; ^ N M R 0=1.00 (t, 6H, 
7=7.0 Hz), 2.30 (s, 3H), 2.34 (s, 3H), 3.40 (s, 3H), 3.78 (s, 3H), 
3.93 (q, 4H, 7=7.0 Hz), 4.20—4.40 (m, 2H), 5.17 (bs, 1H), 5.78 
(bs, 1H), 6.96—7.32 (m, 8H); 13C NMR 0=14.14 (q), 21.24 (q), 
48.62 (d), 52.01 (q), 53.12 (q), 60.08 (d), 60.37 (d), 62.01 (t), 
63.07 (t), 155.79 (s), 164.33 (s), 166.09 (s); MS m/z 594 (M+, 4), 

562 (M+ - S , 13), 420 (M+ -DAD, 31), and 419 (100). Found: 
m/z 594.2040. Calcd for C31H34N2O8S: M, 594.2037. 

ll,12-Bis(methoxycarbonyl)-7,13-di-p-tolyl-4-oxa-10-thia-
tricyclo[7.4.0.02'6]trideca-8,ll-diene-3,5-dione (5c): IR (KBr) 
1779, 1732 cm-1 (C=0); 1U NMR (recorded on a JEOL JNM-
GSX 500 spectrometer) 0=2.35 (s, 6H), 2.97 (dddd, H-l, 
7i,7=1.8, 7i,8=2.4, 7i,2=4.9, 7i,i3=H.0Hz), 3.31(dd, H-2, 
7i,2=4.9, 72,6=9.2 Hz), 3.40 (dd, H-6, 72,6=9.2, 7e,7=8.6 Hz), 
3.41 (s, 3H), 3.70 (ddd, H-7, /i,7=1.8, 7e,7=8.6, 7v,8=3.1 Hz), 
3.80 (s, 3H), 4.75 (d, H-13, /i,i3=11.0Hz), 6.40 (dd, H-8, 
7i,8=2.4, /7,8=3.1 Hz), 7.07—7.36 (m, 8H); 13C NMR 0=21.05 
(q), 42.99 (d), 43.62 (d), 44.79 (d), 46.11 (d), 46.50 (d), 52.10 
(q), 53.08 (q), 162.88 (s), 166.73 (s), 169.02 (s), 170.29 (s); MS 
m/z 518 (M+, 1.3), 486 (M+ S , 100) and 420 (M+ -MA, 12). 
Found: C, 67.20; H, 5.10%. Calcd for C29H26O7S: C, 67.17; H, 
5.05%. 

ll,12-Bis(methoxycarbonyl)-4-(p-methoxyphenyl)-7,13-di-
p-tolyl-10-thia-4-azatricyclo[7.4.0.02'6]trideca-8,ll-diene-3,5-
dione (5d): IR (KBr) 1738, 1710 cm"1 (CO) ; XH NMR 
(CD2CI2) 0=2.32 (s, 3H), 2.34 (s, 3H), 3.02—3.36 (m, 3H), 3.42 
(s, 3H), 3.62—3.74 (m, 1H), 3.77 (s, 6H), 4.92 (d, H-13, 
7i,i3=8.8 Hz), 6.44 (dd, H-8, /i,8=2.5, 7v,8=3.7 Hz), 6.81—7.38 
(m, 12H): 13C NMR 0=21.20 (q), 43.04 (d), 44.11 (d), 46.15 (d), 
46.35 (d), 52.20 (q), 53.22 (q), 55.71 (q), 163.71 (s), 166.73 (s), 
174.58 (s), 175.46 (s); MS m/z 623 (M+, 1.2), 591 (M+ S , 61), 
and 419 (M+ - M M , 100). Found: C, 69.26; H, 5.48; N, 2.12%. 
Calcd for C36H33NO7S: C, 69.32; H, 5.33; N, 2.25%. 

3,4,7,8-Tetrakis(methoxycarbonyl)-5,9-di-p-tolyl-2-thiabicy-
clo[4.4.0]deca-3,7,10-triene (5e): IR (neat) 1730 cm"1 (C=0); 
!H NMR 0=2.29 (s, 3H), 2.36 (s, 3H), 3.04 (s, 3H), 3.30 (s, 
3H), 3.53 (s, 3H), 3.75 (s, 3H), 3.90 (d, H-6, /5,6=H.O Hz), 4.20 
(d, H-5, 75,6=11.0 Hz), 4.26 (d, H-9, 79,io=4.2 Hz), 6.17 (d, 
H-10,79,10=4.2 Hz), 6.96—7.32 (m, 8H); 13C NMR 0=21.20 (q), 
43.86 (d), 45.47 (d), 51.71 (q), 51.81 (q), 52.15 (d), 52.98 (q), 
164.34 (s), 166.15 (s), 167.02 (s), 167.12 (s); MS m/z 562 (M+, 
13) and 530 (M+ S , 45). Found': m/z 562.1642. Calcd for 
C31H30O8S: M, 562.1662. 

7,7,8,8-Tetracyano-3,4-bis(ethoxycarbonyl)-5,9-di-p-tolyl-2-
thia-3,4-diazabicyclo[4.4.0]dec-10-ene (6a): IR (KBr) 2256 
(very weak O N ) , 1742, 1722 cm"1 (C=0); 1U NMR 0=1.16 (t, 
3H, 7=7.2 Hz), 1.28 (t, 3H, 7=7.2 Hz), 2.38 (s, 6H), 4.18 (q, 
2H, 7=7.2 Hz), 4.24 (q, 2H, 7=7.2 Hz), 4.15—4.45 (m, 2H), 
5.82(d, H-5, 75,6=11.2 Hz), 5.92 (dd, H-10, 7e,io=2.4, 79,io=3.6 
Hz), 7.17—7.50 (m, 8H); ^ C N M R 0=14.13 (q), 14.23 (q), 
21.25 (q), 40.45 (s), 43.33 (d), 44.69 (s), 46.89 (d), 63.70 (d), 
63.85 (t), 64.63 (t), 108.05, 109.61, 110.39, 110.93 (s, O N ) , 
154.01 (s), 154.21 (s); MS m/z 452 (M+ -T C N E , 1.0) and 277 
(thione-1). Found: C, 63.86; H, 4.90; N, 14.28%. Calcd for 
C31H28N6O4S: C, 64.12; H, 4.86; N, 14.47%. 

3,4,7,8-Tetrakis(ethoxycarbonyl)-5,9-di-p-tolyl-2-thia-3,4, 
7,8-tetraazabicyclo[4.4.0]dec-10-ene (6b): IR (KBr) 1750, 
1728 cm"1 ( C O ) ; 1U NMR 0=1.00 (t, 3H, 7=7.2 Hz), 1.16 (t, 
3H, 7=7.2 Hz), 1.27 (t, 6H, 7=7.2 Hz), 2.33 (s, 6H), 3.94 (q, 
2H, 7=7.2 Hz), 4.14 (q, 2H, 7=7.2 Hz), 4.20 (q, 2H, 
7=7.2 Hz), 4.24 (q, 2H, 7=7.2 Hz), 5.11 (bs, 1H), 5.40—5.70 
(m, 3H), 7.10—7.57 (m, 8H); 13C NMR 0=14.04 (q), 14.28 (q), 
14.38 (q), 14.48 (q), 21.20 (q), 57.32 (d), 59.61 (d), 61.99 (t), 
63.41 (t), 64.19 (t), 66.43 (d), 154.74 (s), 155.62 (s); MS m/z 626 
(M+, 5.6), 451 (M+ - D A D - 1 , 3.0) and 277 (thione-1, 9.6). 
Found: C, 59.71; H, 6.07; N, 8.66%. Calcd for C31H38N4O8S: 
C, 59.41; H, 6.11; N, 8.94%. 

ll,12-Bis(ethoxycarbonyl)-3,7-di-p-tolyl-4-oxa-10-thia-ll, 
12-diazatricyclo[7.4.0.02'6]tridec-10-ene-3,5-dione (6c): IR 
(KBr) 1778, 1734cm"1 (C=0); ! H N M R 0=1.16 (t, 3H, 
7=7.0 Hz), 1.31 (t, 3H, 7=7.0 Hz), 2.30 (s, 3H), 2.32 (s, 3H), 
2.94 (dddd, H-l, /i,7=2.5, /i,8=2.5, /i,2=5.1, /i,i3=10.7 Hz), 
3.09 (dd, H-2, 7i,2=5.1, 72)6=8.0Hz), 3.46 (dd, H-6, 72,6=8.0, 
76,7=9.3 Hz), 3.9Ô (ddd, H-7, /i,7=2.5, 7v,8=3.7, 7e,7=9.3 Hz), 
4.11 (q, 2H, 7=7.0 Hz), 4.28 (q, 2H, 7=7.0 Hz), 5.92 (d, H-13, 
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/i,i3=10.7 Hz), 5.92 (dd, H-8, /i,8=2.5, Rs=3.1 Hz), 6.88— 
7.52 (m, 8H); 13C NMR 0=14.23 (q), 14.38 (q), 21.05 (q), 38.50 
(d), 40.35 (d), 41.87 (d), 46.25 (d), 59.41 (d), 62.92 (t), 64.38 (t), 
156.20 (s), 156.30 (s), 168.34 (s), 169.80 (s); MS m/z 550 (M+, 
24). Found: C, 63.26; H, 5.41; N, 5.05%. Calcd for 
C29H30N2O7S: C, 63.26; H, 5.49; N, 4.94%. 

ll,12-Bis(ethoxycarbonyl)-4-(p-methoxyphenyl)-7,13-di-p-
tolyl-10-thia-4,ll,12-triazatricyclo[7.4.0.02'6]tridec-10-ene-
3,5-dione (6d): IR (neat) 1785, 1714 cm"1 (C=0); ^ N M R 
0=1.14 (t, 3H, /=7.2 Hz), 1.29 (t, 3H, /=7.2 Hz), 2.29 (s, 3H), 
2.33 (s, 3H), 2.96—3.48 (m, 3H), 3.73 (s, 3H), 3.48—4.00 (m, 
1H), 4.10 (q, 2H, /=7.2 Hz), 4.26 (q, 2H, /=7.2 Hz), 5.98 (dd, 
H-8, /i,8=2.2, /7,8=3.9 Hz), 6.21 (d, H-13, /i,i3=10.7 Hz), 
6.48—7.60 (m, 12H); 13C NMR 0=14.18 (q) 14.28 (q), 20.91 
(q), 21.06 (q), 39.38 (d), 41.13 (d), 41.33 (d), 45.47 (d), 55.27 
(q), 59.07 (d), 62.67 (t), 64.09 (t), 156.10 (s), 156.20 (s), 174.14 
(s), 175.01 (s); MS m/z 655 (M+, 0.3). Found: m/z 655.2356. 
Calcd for C36H37N3O7S: M, 655.2354. 
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Synopsis. The acyliminium intermediate derived from 
(3ß,4ß)-N-(3-butenyl)-3,4-bis(benzyloxy)succinimidecyclized 
to give (8aS)- and (8aR)-hexahydro-3(2H)-indolidinone 
derivatives. On the other hand, those derived from Af-3-hexenyl 
derivatives afforded (8aS)-hexahydro-3(2H)-indolidinone(s) 
exclusively. The geometry of the double bond reflected the 
stereochemistry of the products. 

Biomimet ic polyene-cyclization is one of the most 
chal lenging methods for synthesizing natura l products, 
especially isoprenoid compounds.1* However, a few 
cases have been reported regarding the in t roduct ion of 
a chiral envi ronment du r ing cyclization. Chiral 
acetal2) or chiral imine3 ) has been used for such 
purpose , bu t the chiral selectivity induced dur ing the 
cyclization step was still no t so good. For example, the 
selectivity of the r ing junc tu re was 2:1 for the chiral 
acetal and 1.5:1 for the chiral imine. 

Dur ing the last decade, acy l imin ium intermediates 
have been successfully used for olefin cyclization and 
several n i t rogen-conta in ing natura l products have 
been synthesized by this method.4* In 1980, Wijnberg 
and Speckamp5 ) reported on a reaction us ing chiral 
succinimide. We have been interested in the use of this 
chiral moiety to olefin-cyclization process and here 
wish to report our pre l iminary results. 

(3JR,4JR)-3,4-Bis(benzyloxy)succinimide (3) was pre­
pared according to similar methods6»7) for the dimethoxy 
derivative. Condensat ion of the olefinic side chain on 
the N a tom was achieved by the Mi tsunobu condit ions, 
giving 7V-alkenylsuccinimide derivatives 4—7. After a 
reduct ion of one of the carbonyl groups , the resul t ing 
hydroxy lactams were treated wi th formic acid to 
promote cyclization.5) 

Four isomeric hexahydro-3(2H)-indolidinones (4a, 
4b, 4c, and 4d) were recognized in the relative yield of 
4 : 2 : 2 : 1 du r ing the cyclization from (3R,4R)-N-(3-
butenyl)-3,4-bis(benzyloxy)succinimide (4). T h e relative 
yield was deduced by XH N M R . Since isomers 4a—4d 
could no t be separated from each componen t by the 
usual chromatographic technique, they were converted 

C g H s C H ^ 

*> 1 
Et02C 

>OCH 2C 6H 5 

C02Et 

1 

C6H5CH 

• 

2 

3 

4 

5 

6 

7 

2 < H .OCH2C6H5 

0AXA0 

x = o 

X = NH 

X = N(CH2)2CH=CH2 

X = N(CH2)2CH=CHEt(Z) 

X = N(CH2)2CH=CHEt(£) 

X = NCH2CH=CHCH3(E) 

in to two isomeric diketones, 8 and 9, by oxidat ion of 
the cor responding alcohols. T h e structures and 
absolute stereochemistries of diketones 8 and 9 were 
easily characterized by *H N M R and CD spectra. T h e 
characteristic features of 90 MHz *H N M R spectra of 
the products are as follows: (1) O n e of the benzylic 
p ro tons appears as an AB type whi le the other as a 
singlet. T h e chemical shifts of bo th benzylic protons 
are coincident in (8aS)-(4a and 4b) and (8a/?)-
derivatives (4c and 4d), respectively; (2) C i - H appears 
as a triplet of / = c a . 5 Hz in (8aS)-series (4a, 4b, and 
8) whi le as a double doublet of ]—l and 4 Hz in 
(8a.R)-series (4c, 4d, and 9). Furthermore, in the (8aSJ-
series, a 5-bond long range coupling8* ( /=ca. 1.8 Hz) 
was observed between C2-H and Cs-jßH in every case 
when the spectra was measured at 500 MHz. T h e 
results were in contrast to those reported in an 
ana logous 3,4-dimethoxy derivative (MeO- instead of 
C6H5CH2O- in 4);5) only two products , corresponding 
to 4a and 4c, have been ment ioned. 

BzIO, PBZI BzIO, PBzI 

4 a R 1 = R 3 = R 4 = H R2=OCHO 

4 b R1=OCHO R2=R3=R4=H 

5 a R1=R3= H R2= OCHO R4= Et 

6 a R1=R4=H R2=OCHO R3= Et 

6 b R1= OCHO R2=R4= H R3= Et 

4 c R^OCHO R2=H 

4d Ri=H R2=OCHO 

Hexahydo-3(2H)-
indolidinone 

BzIO,, PBzI BzIO,, BzIO, 

When ethyl g ruop was int roduced at the terminus of 
the double b o n d (5 and 6), the stereochemistry of the 
products could be perfectly controlled to give only 
(8aS)-indolidinones 5a, as well as 6a and 6b, respectively. 
T h e stereochemistry at Cs reflects the geometry of the 
start ing olefinic double bond. T h e results can be 
explained if the cyclization proceeds th rough the 
chair-l ike t ransi t ion state. T h e isomeric re la t ionship 
between 6a and 6b was confirmed by convert ing them 
in to the same diketone, 10, the absolute configurat ion 
of which was also determined by its CD spectrum. 

An a t tempted cyclization of 7, which has an allylic 
double bond, did not proceed at all. 

Experimental 

Scheme 1. Melting points are uncorrected. *H NMR spectra were 
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measured in CDC13 either on a JEOL FX90Q (90 MHz) 
spectrometer or a Bruker AM500 (500 MHz) spectrometer; 
chemical shifts were recorded relative to the TMS as an 
internal standard. CD spectra were obtained on a JASCO 
J-20 spectrometer, while optical rotations were obtained on 
JASCO DIP-181 spectrometer. Flash-chromatographies 
were performed using Wakogel C-300. Micro analyses were 
performed at the Analytical Center, University of Tsukuba. 
High-resolution CI mass spectra were taken at Nippon 
Roche Research Center, Kamakura. 

(3Ä,4Ä)-3,4-Bis(benzyloxy)succinic Anhydride (2). To 
an ice-water cooled solution of ethyl (R,K)-bis(benzyloxy)-
succinate (1)9) (11.6 g) in 70 ml of ethanol, 66 ml of 1 M 
(1 M=l mol dm -3) NaOH was added; the mixture was stirred 
at room temperature for 44 h. After the solution had been 
acidified with 3 M HCl, products were extracted with ether 
to give 9.11 g of a crude acid. This crude acid, without 
further purification, was refluxed in 50 ml of acetyl chloride 
for 15 h. After excess acetyl chloride had been removed 
under reduced pressure, the residue was dissolved in 
benzene-toluene and the solution was reevaporated to 
give crude crystals. Recrystallization from benzene-hexane 
afforded 5.8 g (62% from the ester) of 2; hygroscopic, mp 
101 °C; *H NMR 0=4.64 (s, 2H), 4.76 and 4.98 (AB, 4H, / = 
11.6 Hz), and 7.35 (s, ÎOH). 

Found: C, 65.45; H, 5.51%. Calcd for CisHieOs-^O: C, 
65.44; H, 5.40%. 

(3Ä,4Ä)-3,4-Bis(benzyloxy)succinimide (3). Ammonia gas 
was passed into a solution of 5.8 g of 2 in 150 ml of 
anhydrous ether. Water and hydrochloric acid were added 
and precipitates were collected by filtration to give 5.6 g 
(91%) of a succinamic acid, which was then refluxed in 
200 ml of acetyl chloride for 49 h. A work-up similar to that 
mentioned before gave a quantitative yield of 3. Recrys­
tallization from ether-pentane afforded pure crystals; mp 
58 °C; *HNMR 0=4.42 (s, 2H), 4.74 and 4.96 (AB, 4H, 
/=11.6 Hz), 7.34 (s, 10H), and 8.52 (br. s, IH); [a]™ +143.9° (c 
0.884, acetone). 

Found: N, 4.46%. Calcd for Ci8Hi7N04: N, 4.49%. 
Preparation of (3Ä,4Ä)-N-Alkenyl-3,4-bis(benzyloxy)succin-

imides (4—7). To a stirred mixture of the imide 3 
(0.49 mmol), a given alcohol (0.54 mmol), and triphenylphos-
phine (0.54 mmol) in 10 ml of T H F under argon, there was 
added drop by drop a solution of diethyl azodicaboxylate 
(0.54mmol) in 10 ml of T H F at 0°C over a period of 1 h. 
Stirring was continued overnight at room temperature. The 
solvent was concentrated in vacuo and the residue was 
portioned between 15 ml of 1 M KOH and 20 ml of ether. 
The aqueous layer was extracted with two 20 ml portions of 
ether. The combined organic layers were washed with brine 
and dried over anhyd Na2S04. After the solvent has been 
removed in vacuo, the residue was purified by column 
chromatography on silica gel (CH2CI2) to give corre­
sponding iV-alkenylsuccinimides (4—7). 

4: 96% yield; oil; *H NMR 0=2.34 (br. q, 2H, 7=7.7 Hz), 
3.58 (t, 2H, 7=7.7 Hz), 4.35 (s, 2H), 4.64 and 4.97 (AB, 4H, 
7=11.6 Hz), 4.90—5.15 (m, 2H), 5.45—5.95 (m, IH), and 7.33 
(s, 10H). 

Found: N, 3.75%. Calcd for C22H23NO4; N, 3.83%. 
5: 78%; oil; ^ N M R 0=0.93 (t, 3H, 7=7.2 Hz), 2.00 

(quint, 2H, 7=7.2 Hz), 2.35 (q, 2H, 7=7.2 Hz), 3.54 (t, 2H, 
7=7.2 Hz), 4.34 (s, 2H), 4.75 and 4.98 (AB, 4H, /=11.6 Hz), 
5.10—5.70 (m, 2H), and 7.35 (s, 10H). 

Found: N, 3.56%. Calcd for C24H27NO4: N, 3.56%. 
6: 80%; oil; *H NMR 0=0.92 (t, 3H, 7=7.5 Hz), 1.96 (br. 

quint, 2H), 2.28 (br. q, 2H, 7=7.5 Hz), 3.54 (t, 2H, 
7=7.5 Hz), 4.34 (s, 2H), 4.75 and 4.97 (AB, 4H, 7=11.6 Hz), 
5.10—5.70 (m, 2H), and 7.35 (s, 10H). 

Found: N, 3.40%. Calcd for C24H27NO5: N, 3.56%. 
7: 82%; mp 45—46.5 °C (from pentane); *H NMR 0=1.70 

(d, 3H, 7=6.0 Hz), 4.07 (d, 2H, 7=6.0 Hz), 4.37 (s, 2H), 4.77 
and 4.99 (AB, 4H, 7=12.0 Hz), 5.3—6.0 (m, 2H), and 7.3 (s, 
10H). 

Found: N, 3.74%. Calcd for C22H23NO4: N, 3.83%. 
Cyclization Products from 4. According to a known 

method,7> a solution of 0.13 ml of 12 M HCl in 10 ml of dry 
ethanol was added drop by drop at 0 ° C to a mixture of 
(3ß,4ß)-N-(3-butenyl)-3,4-bis(benzyloxy)succinimide (4,114 mg) 
and NaBH4 (130 mg) over a period of 2 h. After the addition 
of water, the mixture was extracted with CH2CI2. The 
combined extracts were washed with brine and dried over 
anhyd Na2S04. The crude hydroxy lactams (94 mg) obtained 
was stirred without further purification in 10 ml of formic 
acid for 18 h at room temperature. After concentrating in 
vacuo, the residue was dissolved in 30 ml of ether and washed 
with a saturated NaHCOs and brine. After removing the 
solvent, the residue was flash-chromatographed with hexane-
EtOAc (1:1) to give a mixture of 4a, 4b, 4c, and 4d (66 mg, 
53% yield from 4): *H NMR 0=4.50 (br. s, 2HX1/3), 4.55 (br. 
s, 2HX2/3), 4.76 and 5.00 (AB, 2HX2/3, 7=11.6 Hz), and 4.79 
and 5.09 (AB, 2HX1/3, 7=11.6 Hz), 7.98 (s, 1HX2/3), and 
8.04 (s, 1HX1/3). The mixture (7 mg) could be separated by 
PTLC (hexane-EtOAc=l : 1, 5 times) to give two sets of 
pairs—3.5 mg of (4a+4c; 4a/4c=2.T): ^ N M R 0=7.98 (s, 
IH) and 1.9 mg of (4b+4d; 4b/4d=2:1): *H NMR 0=8.04 (s, 
IH). 

Conversion of the Mixture (4a+4b+4c+4d) into Diketones 
8 and 9. The mixture (4a+4b+4c+4d, 39 mg) in 5 ml of 
ethanol was stirred with 0.2 ml of 1 M KOH for 4 h at room 
temperature and the products were taken in ether to give 
36 mg of a mixture of four alcohols. The alcohols (15 mg) 
were separated by PTLC (hexane-EtOAc=l :3, 6 times) to 
give two sets of pairs—lOmg of fraction A (two alcohols 
derived from 4a and 4c): 1U NMR 0=5.08 and 4.79 (AB, 
7=11.7 Hz), 4.55 (s); 4.98 and 4.73 (AB, /=11.7 Hz), 4.50 (s) 
and 4 mg of fraction B (two alcohols derived from 4b and 4d): 
iH NMR 0=5.12 and 4.82 (AB, 7=11.7 Hz), 4.55 (s); 5.01 and 
4.77 (AB, 7=11.7 Hz), 4.50 (s). Fraction A (10 mg) in 3 ml of 
dry CH2CI2 was treated with pyridinium chlorochromate 
(9 mg) for 5 h at room temperature. Column chromatog­
raphy with ether gave 7 mg of a mixture of diketones 8 and 
9. From fraction B (4mg), a similar mixture of 8 and 9 
(3 mg) was obtained. The major diketone 8 and the minor 
one 9 could be separated by PTLC (alumina, CH2Cl2-EtOAc= 
30:1, 5 times). 

8: oil; *H NMR (500 MHz) 0=2.28 (dd, IH, 7=14.3 and 
11.7 Hz), 2.37—2.43 (m, 2H), 2.65 (dd, IH, 7=14.4 and 
4.1 Hz), 3.01 (ddd, IH, 7=12.6, 10.0, and 5.9 Hz), 3.60 (ddd, 
IH, 7=11.6, 4.8, and 4.1 Hz), 3.84 (t, 1H, 7=4.8 Hz), 4.20 (br. 
d, IH, 7=4.8 Hz), 4.39 (ddd, IH, 7=13.2, 6.5, and 3.6 Hz), 4.49 
and 4.55 (AB, 2H, 7=11.8 Hz), 4.80 and 5.08 (AB, 2H, 
7=11.6 Hz), and 7.22—7.42 (m, 10H); CD (c 0.024, EtOH, 
23 °C) Ae(296nm)-1.58. 

Found: m/z 366.171. Calcd for C22H24NO4: M+H, 366.170. 
9: oil; 1H NMR (500 MHz) 0=2.35—2.45 (m, 3H), 2.56 

(dd, IH, 7=14.6 and 12.1 Hz), 2.96 (ddd, IH, 7=13.4, 11.0, 
and 5.4 Hz), 3.95 (ddd, IH, 7=11.8, 6.5, and 4.1 Hz), 4.10 (dd, 
IH, 7=6.6 and 4.2 Hz), 4.13 (d, IH, 7=4.2 Hz), 4.40 (ddd, IH, 
7=13.5, 6.8, and 2.9 Hz), 4.44 and 4.52 (AB, 2H, 7=11.8 Hz), 
4.76 and 4.98 (AB, 2H, 7=11.8 Hz), and 7.20—7.38 (m, 10H); 
CD (c 0.024, EtOH, 23 °C) Ae(296 nm) +1.57. 

Found: m/z 365.162. Calcd for C22H23NO4: M, 365.162. 
Cyclization products from Other iV-Alkenylsuccinimides 

5—7. According to conditions similar to the case of 4, 
products were isolated and purified by column chromatog­
raphy. 
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5a; 62% yield from 5; oil; 1H NMR (500 MHz) 0=0.82 (t, 
3H, /=7.4 Hz), 1.22 (d, quint, IH, /=14.5 and 7.4 Hz), 1.43 
(ddq, IH, /=14.5, 2.9, and 7.4 Hz), 1.64 (dt, 1H, 7=12.5 and 
5.6 Hz), 1.74 (dm, IH, 7=12.5 Hz), 1.99 (m, IH, wi/2=\3 Hz), 
2.70 (tdd, IH, 7=11-5, 5.4, and 1.5 Hz), 3.42 (dd, IH, 7=5.3 
and 3.5 Hz), 3.98 (t, IH, 7=5.3 Hz), 4.08—4.14 (ddd, IH, 
7=11.5, 5.9, and 1.5 Hz), 4.12 (dd, IH, 7=5.3 and 1.5 Hz), 4.43 
and 4.53 (AB, 2H, 7=11.8 Hz), 4.81 and 5.09 (AB, 2H, 
7=11.8 Hz), 4.98 (dt, IH, 7=11.8 and 4.1 Hz), 7.22—7.38 (m, 
10H), and 8.01 (s, IH). 

Found: m/z 424.213. Calcd for C25H30NO5: M+H, 424.212. 
6a: 46% from 6; oil; *H NMR (500 MHz) 0=0.88 (t, 3H, 

7=7.2 Hz), 1.48—1.60 (m, 4H), 2.09 (dm, IH, 7=13.0 Hz), 
2.74 (tdd, IH, 7=12.8, 3.6, and 1.4 Hz), 3.26 (dd, IH, 7=10.4 
and 5.4 Hz), 3.89 (t, IH, 7=5.4 Hz), 4.22 (dd, IH, 7=5.4 and 
1.4 Hz), 4.24 (ddd, IH, 7=12.8, 5.4, and 3.6 Hz), 4.48 and 4.56 
(AB, 2H, 7=11.7 Hz), 4.94 (dt, IH, 7=10.3 and 5.2 Hz), 4.85 
and 5.17 (AB, 2H, /=11.7 Hz), 7.22—7.40 (m, 10H), and 8.05 
(s, IH). 

Found: m/z 424.212. Calcd for C25H30NO5: M+H, 424.212. 
6b: 14% from 6; oil; *H NMR (500 MHz) 0=0.87 (t, 3H, 

7=6.3 Hz), 1.25—1.62 (m, 4H), 2.01 (ddd, IH, 7=14.0, 4.1, 
and 2.9 Hz), 2.88 (tdd, IH, 7=13.5, 5.4, and 1.4 Hz), 3.35 (dd, 
IH, 7=10.5 and 5.4 Hz), 3.83 (t, IH, 7=5.4 Hz), 4.09 (m, IH, 
7=13.5and 5.4 Hz), 4.22 (dd, IH, 7=5.4 and 1.4 Hz), 4.48 and 
4.56 (AB, 2H, /=11.7 Hz), 4.85 and 5.18 (AB, 2H, /=11.7 Hz), 
5.42 (br. q, IH, i/n/2=10 Hz), 7.23—7.40 (m, 10H), and 8.11 (s, 
IH). 

Found: m/z 424.213. Calcd for C25H30NO5: M+H, 424.212. 
Conversion of 6a or 6b into 10. According to the similar 

method to that mentioned above, 6a or 6b was converted 

into the same diketone, 10. 
10: oil; *H NMR 0=0.89 (t, 3H, 7=7.3 Hz), 1.40—1.90 (m, 

2H),2.10—2.60 (m,3H), 2.80—3.20 (m, lH),3.37(dd, IH, 7=11.5 
and 4.1 Hz), 3.94 (t, IH, 7=4.1 Hz), 4.22 (br. d, IH, 7=4.1 Hz), 
4.30—4.60 (m, IH), 4.53 (s, 2H), 4.87 and 5.18 (AB, 2H, 
7=11.7 Hz), and 7.10—7.60 (m, 10H); CD (c 0.328, EtOH, 
23°C)A£(296nm)-1.07. 

Found: m/z 394.203. Calcd for C24H28NO4: M+H, 394.202. 

We express our hearty thanks to Doctor Noboru 
Nakayama for measurements of the high-resolut ion 
mass spectra. 
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Synopsis. Various carbonyl compounds, such as benzo-
phenones and acetophenones, were reduced by AI/NH3/ 
halide under ultrasonic wave irradiation to give the 
corresponding monohydric alcohols and/or pinacols in 
satisfactory yields. The addition of inorganic halides 
improved the selectivity in the formation of monohydric 
alcohols and pinacols. 

So far, there have been numerous reports concerning 
the reduct ion of organic compounds wi th chemically 
active metals such as sodium, potass ium, and calci­
u m . x) Recent efforts have, however, been centered on 
an improvement of such reduct ion so as to overcome 
various difficulties: for example, problems in the 
hand l ing of such metals, reactivity control , and 
increasing the selectivity.2) Much interest concerning 
reduct ion us ing metal has been directed to the 
development of a new process us ing other metals 
which are bo th inexpensive and readily available.3) 

We have recently found that many aromat ic and 
al iphat ic disulfides are effectively and selectively 
reduced to the cor responding thiols by A I / N H 3 / 
halide.4 ) We now wish to report on a novel reduct ion 
of carbonyl c o m p o u n d s (1) to the corresponding 

R1-C0-R2 

Al /NH 3 /ha l ide 

25 °C, (JO 

Scheme 

OH 

R 1 -CH-R 2 + 

2 

1. 

OH OH 

1 ' ' 1 R1-C-C-R1 

^ 2 

3 

monohydr ic alcohols (2) a n d / o r pinacols (3), the latter 
being coup l ing products , us ing Al /NH3/ha l ide under 
ul t rasonic wave irradiation5* (Scheme 1). 

Experimental 

Melting points are uncorrected. IR spectra were obtained 
on a Hitachi 295 spectrophotometer and 1H NMR spectra 
were obtained on a Hitachi R-22 spectrometer using 
tetramethylsilane as an internal standard. Mass spectra and 
high-resolution mass spectra were taken with a Hitachi 
RMU-6M mass and Hitachi M-2000 spectrometers, respec­
tively. Elemental analyses were carried out with a 
Yanagimoto MT-3. Ultrasonic waves were produced using a 
Sono cleaner 100-a (80 W-30 KHz) by Kaijo Denki Ltd. 

Materials. All reagents were obtained from Wako Pure 
Chemical Industries Ltd., Tokyo Kasei Co., Ltd., or Aldrich 
Chemical Co. The reagents were used without further 
purification. Wako gel C-200 was employed as silica gel for 
column chromatography. 

General Procedure. Liquid ammonia (10 ml) (ca. 10 
kg cm -2) was charged from a Pyrex glass tube into an 
evacuated Pyrex glass tube containing 1 (0.5 mmol), alu­
minum (4mg-atom), and sodium chloride (0.5 mmol) 
through a needle valve under cooling with ice-water. 
Ultrasonic waves were irradiated to the mixture at 25 °C. 
The time required for the completion of the reaction was 
determined by repeating a few runs. The mixture obtained 
by evaporation of ammonia was extracted with chloroform 
(30 ml); the solvent was then removed in vacuo. The residue 
was chromatographed on silica gel using CHCI3 to give 2 
and 3. The obtained products were identified by comparing 
the spectra and physical data with those of authentic samples 
(Table 2). The ratio of d//meso isomers in the obtained 
pinacols, 3h, 3i, and 3j, were determined to be 6/1, 6/1, and 

Table 1. Reduction of Benzophenones with Al/NH3/Halide 

Runa> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

NH3 

NH3 

NH3 

NH3 

NH3 

NH3 

NH 3 

NH3 

NH3 

NH3 

NH3 

NH3 

Amine 

CH3NH2 
H2NCH2CH2NH2 

Additive 

— 
NaCl 
NaCl 

— 
NaCl 
LiCl 
KBr 
AICI3 
MgCl2 

ZnCl2 

I2 
NH4CI 
I2 

I2 

Conditions 

Stirb> 
Stir 
Stirc> 
U.S.d> 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 

React, time 

h 

12 
24 
24 
8 
2 
4 
4 
4 
4 
4 
4 
4 

12 
4 

Yield ( 

2/% 

0 
54 
0 
0 

60 
53 
69 
65 
0 
0 

70 
98 
15 
66 

}f product 

3/% 

0 
11 
0 
0 

12 
13 
11 
12 
0 
0 

16 
0 
0 

17 

a) Benzophenone, 0.5 mmol; AI, 4.0 mg-atom; amine, 10 ml; additive, 0.5 mmol; react, temp, 25 °C. b) Stirred 
with magnetic mixer, c) Diphenylpicrylhydrazyl (DPPH) (1.0 mmol) was added, d) Under irradiation of 
ultrasonic wave. 
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3.4/1, respectively by !H NMR, while the ratio for other 
pinacols could not be obtained. 

Results and Discussion 

As shown in Tables 1 and 2, we succeeded to 
produce novel reductions of various carbonyl com­
pounds, such as benzophenones and acetophenones, 
with a new reduction system using metallic alumi­
num, inorganic halide, and liquid ammonia under 
ultrasonic wave irradiation. In this reduction system, 
the effects of ultrasonic wave irradiation and the 
addition of halides were noticeable (Table 1, Runs 1 — 
5). For example, ultrasonic wave irradiation shortened 
the reaction period from 24 h to 2 h (Runs 2 and 5). 
Since it is well-known that the surface of metal 
aluminum is usually covered with an aluminum oxide 
layer, the surface should be activated by either 
ultrasonic wave irradiation or additives. However, no 
significant effect regarding the selectivity of 2/3 was 
observed through changes in the added metal ion 
(Runs 5—8); the addition of MgCk and ZnCk resulted 
in no reaction (Runs 9 and 10). Iodine (I2) was also a 
useful additive, comparable with sodium chloride 
(Runs 11, 13, and 14). The use of ammonium chloride 

as an additive remarkably affected the selectivity, as 
shown in Run 12. Thus, only benzhydrol was ob­
tained in quantitative yield. Although methylamine 
as a solvent amine did not give a favorable result,(Run 
13), the use of ethylenediamine together with iodine 
afforded 2 (66%) and 3 (17%) in satisfactory yields 
(Run 14). 

As shown in Table 2, many benzophenones were 
examined under similar conditions using sodium 
chloride as an additive to give mainly benzhydrols in 
high yields accompanied by minor amounts of 
benzopinacol, which are reductive coupling products 
(Runs 1, 3, 5, 8—10). Benzhydrols, however, were 
exclusively obtained by reduction with AI/NH3/ 
NH4CI (Runs 2, 4, 6, and 7). The reduction of other 
carbonyl compounds, such as acetophenones (lh—lj), 
under the same conditions also proceeded smoothly to 
give interesting results (Runs 11—14). Thus, in the 
presence of NaCl, reductive coupling products, pina­
cols 3, were predominantly obtained (Runs 11, 13, and 
14). On the other hand, the addition of NH4C1 
instead of NaCl gave a mixture of 2 and 3 (Run 12). 
These contrasting results for selectivity are thought 
to be due to the stability of intermediate. It 

Table 2. Reduction of Various Carbonyl Compounds 

Run3* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Substrate 

0^co^D 
ciOco^g> 

C H 3 < > C O ^ > 

C H 3 0 ^ > C O ^ g > 

CH3^0>"CO^>-CH3 

C H 3°^Q) - C 0-^OCH3 

c i < ^ c o < > - c i 

<g^CO-CH3 

C H 3 " 0 ^ C ° " C H 3 

C H 3 ° " C ^ - C ° - C H 3 

Cl-^f^CHO 

la 

lb 

lc 

Id 

le 

If 

lg 

lh 

li 

lj 

Ik 

Additive 

NaCl 

NH4Clb> 

NaCl 

NH4Clb> 

NaCl 

NH4Clb> 

NaCl 

NH4Clb> 

NaCl 

NaCl 

NaCl 

NaCl 

NH4C1 

NaCl 

NaCl 

NaCl 

Yield and mp of products 

2/% 0m/°C (lit) 

62 2a 67 (68)7> 

98 

40 2b 59 (62)8) 

85 

41 2c 46 (51)9> 

90 

19 2d 65 (68)10> 

98 

71 2e 70 (69)n> 

65 2f 70 (72)12) 

36 2g 92 (94)13> 

0 

37 2h oil14> 

0 

0 

0 

3/% 0m/°C (lit) 

10 3a 178 (186)15> 

0 

37 3b 168 (168)16> 

0 

14 3c 169 (164)16> 

0 

60 3d 155 (158)16> 

0 

24 3e 174 (180)17> 

27 3f 172 (182)17> 

48 3g 174 (175)17> 

90 3h 121 (120)18> 

28 

84 3i 134 (135)18> 

71 3j 118 (122)19> 

0 

a) Substrate, 0.5 mmol; AI, 4.0 mg-atom; additive, 0.5 mmol; NH3,10 ml; react, temp, 25 °C; irradiation time of ultrasonic 
wave, 4 h. b) NH4C1, 2.0 mmol. 
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should be noted that the carbonyl g r o u p of aldehyde 
(Ik) was no t reduced under these condi t ions (Run 15). 
T h i s result suggests a synthetically useful chemo-
selectivity6) of the present reduction system. 

Since the addi t ion of diphenylpicrylhydrazyl 
(DPPH) inhibi ted the reaction (Table 1, R u n 3) and 
pinacols were formed as a product,3»20) the reaction 
seems to proceed t h rough an intermediate an ion 
radical.21) Fur ther appl icat ions of the present reduc­
t ion system are now in progress in our laboratory. 
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A Convenient Synthesis of 4-(Perfluoroalkyl)pyrimidines and 
4-(Perfluoroalkyl)tetrahydropyrimidines 

Hidemi tsu U N O , * Yuji MATSUSHIMA, Tada taka TASAKA, and H i tomi SUZUKI*'+ 
Advanced Instrumentation Center for Chemical Analysis, Department of Chemistry, 

Faculty of Science, Ehime University, Matsuyama 790 
(Received August 9, 1989) 

Synopsis. Vinyl perfluoroalkyl ketones formed in situ 
from the reactions of perfluoroalkyllithiums with ethyl 
acrylate can easily be trapped with thiouronium and 
amidinium salts to give 4-(perfluoroalkyl)tetrahydropyrimi-
dines in moderate to good yields. Similarly, ethynyl 
perfluoroalkyl ketones generated in situ can be converted to 
4-(perfluoroalkyl)pyrimidines, although the yields are low. 

T h e in t roduct ion of a perfluoroalkyl moiety in to a 
molecular frame often br ings about a drastic change in 
the physical propert ies of the molecule, which should 
have an effect on its biological activities. T h u s , 
considerable pharmacologica l at tent ion has been pa id 
to perfluoroalkylated c o m p o u n d s of which fluorine-
free parts are bioactive. Perfluoroalkylated pyrimi-
dines are such compounds , of which bo th bioactivities 
and syntheses have been the subject of extensive 
studies.1* We have recently reported a new route to 
6-(perfluoroalkyl)uracils based on a direct in t roduc­
t ion of the perfluoroalkyl g roup in to pyr imidine 
rings.2 ) In this note we discuss an alternative facile 
route to (perfluoroalkyl)tetrahydropyrimidines and 
(perfluoroalkyl)pyrimidines involving the in situ 
t r app ing of unstable vinyl and ethynyl perfluoroalkyl 
ketones, either wi th t h i o u r o n i u m salts or wi th 
a m i d i n i u m salts. 

!' C02Me 
yj n-W2n*ll 

MeLi-LiBr Y-•Cn^rm 
,NH2 . 

PH * x 

XNH, 

HO n-CnF2n, 

n 

(1) 

= — C02Et 

1c 1) n-CnF2ru1I, MeLl 

"-ÇnFîn.l 

M e 0 > < ^ C 0 2 M e 

1d 

2) 1 

î-LiBr rf^N 
A (2) 

N ^ R 2 

Perfluoroalkyll i thiums generated from perfluoro­
alkyl iodides and methy l l i th ium react wi th methyl 
acrylate to give the hemiacetals of the corresponding 
perfluoroalkyl vinyl ketones.3) Perfluoroalkyl vinyl 
ketones are generally unstable and readily dimerize to 
dihydropyrans, 4 ) or undergo the addi t ion of a nucleo-
ph i le present in the reaction system.4»5* T h u s , us ing 
the t h i o u r o n i u m salt 3 as bidentate nucleophiles , 
perfluoroalkyl vinyl ketones 2 are efficiently converted 
to tetrahydropyrimidines 4 in good yields (Eq. 1; Tab le 
1). Amidine hydrochlorides 3 may also be used 
similarly to give 2-alkyltetrahydropyrimidines 4 in 
comparat ive yields. In the case of 2-methylacrylate l b , 
diastereomeric mixtures of tetrahydropyrimidines 4i— 
4j are obta ined in respective yields of 76 and 66%. T h e 
diastereomeric ratios determined by the 19F N M R 
spectra are ca. 6:1 for 4i and ca. 17:1 for 4j, a l t hough a 
structural ass ignement of each isomer has not yet been 
made. 

T h e t rea tment of ethyl p rop io la te (lc) wi th per-
f luoroalkyl l i th ium followed by th iou ron ium salts 
affords 4-(perfluoroalkyl)pyrimidines 5 in less satisfac­
tory yields (Eq. 2). By a similar procedure, pyr imidine 
5 is also obtained from 3-methoxyacrylate Id in low 
yield. 

Table 1. Preparation of 4-Perfluoroalkylpyrimidines 

1 

la (Ri=H) 
la 
la 
la 
la 
la 
la 
la 
lb (Ri=Me) 
lb 
lc 
lc 
Id 

a) Yields refer to 

C„F2n+lI 

n 

2 
4 
6 
8 
8 
8 
4 
4 
4 
4 
6 
6 
6 

the isolated 

3 

R2 

CH2=CHCH2S 
3a 
3a 
3a 

CH2=CHCH2CH2S 
EtS 
Me 
Ph 

compounds. 

3c 
3d 
3b 
3c 
3b 

X 

I 

I 
I 
CI 
CI 

(3a) 

(3b) 
(3c) 
(3d) 
(3c) 

Product 

4a 
4b 
4c 
4d 
4e 
4f 
4g 
4h 
4i 
4j 
5a 
5b 
5a 

Yield/%a> 

77 
90 
93 
98 
72 
76 
61 
77 
76 
66 
27 
30 
9 

1" Present address: Department of Chemistry, Faculty of 
Science, Kyoto University, Kyoto 606. 
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In conclusion, the t r a p p i n g of unstable vinyl and 
ethynyl perfluoroalkyl ketones wi th t h iou ron ium and 
a m i d i n i u m salts described here offers a new entry to 
4-(perfluoroalkyl)tetrahydropyrimidines and 4-(per-
fluoroalkyl)pyrimidines, which are compounds of 
interest as the s tar t ing materials for pharmaceut ica l 
and agrochemical syntheses. 

Experimental 

Melting points were measured with a Yanagimoto 
micromelting point apparatus and are uncorrected. All 
boiling points refer to the Kugelrohr bath temperatures. All 
NMR spectra were observed with a JEOL GSX-270 
spectrometer by using tetramethylsilane as an internal 
standard for 1H and 13C, and CFCI3 for 19F. Mass spectra 
were measured with a Hitachi M80LCAPI spectrometer 
under the following conditions: EI (20 eV) and CI (70 eV, 
methane as CI gas). IR spectra were recorded on a Hitachi 
270-30 spectrophotometer. 

General Procedure: To an ethereal solution of 1 and 
perfluoroalkyl iodide (1.2 equiv) is added an ethereal 
solution of MeLi-LiBr (1.1 equiv) with stirring at — 78 °C. 
After 1 h a methanolic solution of thiouronium salt or 
amidine hydrochloride 3 (1.2—5 equiv) is added and the 
resulting mixture is allowed to gradually warm up to room 
temperature. The reaction mixture is diluted with saturated 
aqueous NaHCC>3. The organic phase is separated, and the 
aqueous phase is extracted with ether. The combined 
ethereal extracts are washed with brine, dried over Na2SC>4, 
and evaporated. The residual solids (for 4) are recrystallized 
from CHCI3 to give analytically pure 4. An additional crop 
is obtained from the mother liquor by column chromatog­
raphy on silica gel (CH2CI2). The oil (for 5) is chromato-
graphed on silica gel (hexane-CH2Cl2) and then distilled 
with a Kugelrohr apparatus to give 5. 

2-(Allylthio)-4-(pentafluoroethyl)-4-hydroxy-l(3),4,5,6-
tetrahydropyrimidine (4a): Mp 86—88 °C; *H NMR (ace­
tone-*) ô=1.78 (1H, ddd, /=13.1, 11.9, and 6.4 Hz, H5), 1.93 
(IH, dm, /=13.1 Hz, H5), 3.40 (2H, m, H6), 3.59 (IH, ddt, 
/=13.7, 7.0, and 1.0 Hz, allylic H), 3.66 (IH, ddt, 7=13.7, 7.0, 
and 1.0 Hz, allylic H), 4.99 (IH, ddt, 7=10.0, 1.8, and 1.0 Hz, 
=CH2), 5.08 (IH, br s, OH or NH), 5.17 (IH, ddt, 7=17.1, 1.5, 
and 1.0 Hz, =CH2), 5.90 (IH, ddt, 7=17.1, 10.0, and 7.0 Hz, 
-CH=), and 6.86 (IH, br s, NH or OH); 19F NMR (acetone-*) 
<5=-77.21 (3F, s), -125.52 (IF, d, 7=271 Hz), and -125.69 
(IF, d, 7=271 Hz); IR (KBr) 3312 (s), 3000 (m), 1642 (m), 1596 
(vs), 1338 (s), 1268 (s), 1224 (vs), 1190 (vs), 1124 (vs), 1022 (s), 
and 988 cm"1 (s). 

2-(Allylthio)-4-(nonafluorobutyl)-4-hydroxy-l(3),4,5,6-tetra-
hydropyrimidine (4b): Mp 94 °C; 1H NMR (acetone-*) 
0=1.81 (IH, ddd, 7=13.1, 12.5, and 6.1 Hz), 1.98 (IH, dm, 
7=13.1 Hz),3.42 (2H, m), 3.60 (IH, dd, 7=14.0 and 7.3 Hz), 
3.66 (IH, dd, 7=14.0 and 7.0 Hz), 5.00 (IH, dm, 7=10.0 Hz), 
5.11 (IH, br s), 5.17 (IH, dm, 7=17.1 Hz), 5.91 (IH, ddt, 
7=17.1, 10.0, and 7.0 Hz), and 6.87 (IH, br s); 19FNMR 
(acetone-*) <5=-80.57 (3F, tt, 7=10 and 3 Hz), -118.91 (IF, 
dm, 7=297 Hz), -119.62 (IF, dm, 7=297 Hz), -120.99 (IF, 
dm, 7=275 Hz), -121.63 (IF, dm, 7=275 Hz), and -125.57 
(2F, m); IR (KBr) 3348 (s), 3100 (br s), 1642 (m), 1600 (vs), 
1512 (s), 1342 (s), 1224 (vs), 1122 (vs), and 984 cm"1 (s); MS 
(CI) m/z (rel intensity) 391 (M++1, 38), 373 (48), 371 (10), 351 
(8), 317 (11), and 275 (100). Found: C, 33.83; H, 2.79; N, 
7.20%. Calcd for C11H11N2F9OS: C, 33.85; H, 2.84; N, 7.18%. 

2-(Allylthio)-4-(tridecafluorohexyl)-4-hydroxy-l(3),4,5,6-
tetrahydropyrimidine (4c): Mp 112—114 °C; *H NMR (ace­
tone-*) <5=1.81(1H, ddd, 7=13.1,12.5, and 6.0 Hz), 1.98 (IH, 
dm, 7=13.1 Hz), 3.41 (2H, m), 3.60 (IH, dd, 7=14.0 and 

7.3 Hz), 3.66 (IH, dd, 7=14.0 and 7.0 Hz), 4.99 (IH, dm, 
7=10.0 Hz), 5.11 (IH, br s), 5.17 (IH, dm, 7=17.1 Hz), 5.91 
(IH, ddt, 7=17.1, 10.0, and 7.0 Hz), and 6.87 (IH, br s); 
!9FNMR (acetone-*) <5=-80.63 (3F, tt, 7=10 and 2 Hz), 
-117.83 (IF, dm, 7=301 Hz), -118.72 (IF, dm, 7=301 Hz), 
-120.9 (IF, m), -121.4 (3F, m), -122.17 (2F, m), and -125.73 
(2F, m); IR (KBr) 3320 (s), 3025 (m), 1660 (m), 1570 (vs), 1508 
(s), 1350 (s), 1232 (vs), 1206 (vs), 1146 (vs), 1128 (vs), and 
984 cm"1 (s); MS (CI) m/z (rel intensity) 491 (M++1, 24), 473 
(37), 471 (8), 417 (9), and 375 (100). Found: C, 31.66; H, 2.21; 
N, 5.63%. Calcd for G3H11N2F13OS: C, 31.85; H, 2.26; N, 
5.71%. 

2-(Allylthio)-4-(heptadecafluorooctyl)-4-hydroxy-l(3),4,5,6-
tetrahydropyrimidine (4d): Mp 124—125 °C; *H NMR (ace­
tone-*) 0=1.81 (IH, td, 7=12.2 and 6.4 Hz), 1.98 (IH, dm, 
7=12.2 Hz), 3.41 (2H, m), 3.59 (IH, dd, 7=13.6 and 7.0 Hz), 
3.66 (IH, dd, 7=13.6 and 7.0 Hz), 4.99 (IH, dm, 7=10.0 Hz), 
5.11 (IH, br s), 5.16 (IH, d, 7=17.1 Hz), 5.91 (IH, ddt, 7=17.1, 
10.0, and 7.0 Hz), and 6.87 (IH, br s); 19FNMR (acetone-*) 
<5=-80.60 (3F, tt, 7=10 and 2 Hz), -117.82 (IF, dm, J= 
307 Hz), -118.66 (IF, dm, 7=307 Hz), -120.5—-121.5 (8F, 
m), -122.24 (2F, m), and -125.70 (2F, m); MS (CI) m/z (rel 
intensity) 591 (M++1, 22), 573 (29), 571 (6), 533 (5), 517 (6), 
and 475 (100); IR (KBr) 3328 (s), 3020 (m), 1650 (m), 1572 (vs), 
1506 (s), 1348 (s), 1212 (vs), 1204 (vs), 1152 (vs), 1130 
(s), 986 cm"1 (s). Found: C, 30.47; H, 1.83; N, 4.76%. Calcd 
for C15H11N2F17OS: C, 30.52; H, 1.88; N, 4.75%. 

2-(3-Butenylthio)-4-(heptadecafluorooctyl)-4-hydroxy-l(3), 
4,5,6-tetrahydropyrimidine (4e): Mp 122—124 °C; *H NMR 
(acetone-*) 0=1.81 (IH, td, 7=12.5 and 5.8 Hz), 1.98 (IH, 
dm, 7=12.5 Hz), 2.35 (2H, m), 2.85—3.10 (2H, m), 3.40 (2H, 
m), 4.65 (IH, br s), 4.96 (IH, ddt, 7=10.1, 2.1, and 1.2 Hz), 
5.03 ( lH,dq , 7=17.1 and 2.1 Hz), 5.79 (IH, ddt, 7=17.1, 10.1, 
and 6.7 Hz), and 6.75 (IH, br s); 19FNMR (acetone-*) 
<5=-80.81 (3F, tt, 7=10 and 2 Hz), -117.88 (IF, dm, 
7=295 Hz), -118.74 (IF, dm, 7=295 Hz), -120.9 (IF, m), 
-121.2—121.6 (7F, m), -122.41 (2F, m), and -125.89 (2F, 
m); 1 3CNMR (acetone-*) 0=26.71, 29.96, 35.38, 36.55, 84.15 
(t, 7=25 Hz), 105—125 (8C), 116.39, 138.10, and 159.77; IR 
(KBr) 3332 (s), 3098 (m), 1646 (m), 1572 (vs), 1506 (s), 1352 (s), 
1222 (vs), 1154 (vs), 1130 (vs), and 986 cm"1 (s). Found: C, 
31.53; H, 2.18; N, 4.78%. Calcd for C16H13N2F17OS: C, 31.80; 
H, 2.17; N, 4.63%. 

2-(Ethylthio)-4-(heptadecafluorooctyl)-4-hydroxy-l(3),4,5,6-
tetrahydropyrimidine (4f): Mp 127 °C; 1H NMR (acetone-
* ) 0=1.23 (3H, t, 7=7.3 Hz), 1.82 (IH, td, 7=12.5 and 6.1 Hz), 
1.97 (IH, dm, 7=12.5 Hz), 2.80—3.05 (2H, m), 3.41 (2H, m), 
5.04 (IH, br s), and 6.97 (IH, br s); 19FNMR (acetone-*) 
<5=-80.63 (3F, tt, 7=10 and 2 Hz), -117.82 (IF, dm, J= 
298 Hz), -118.80 (IF, dm, 7=298 Hz), -120.5—121.7 (8F, 
m), -122.27 (2F, m), and -125.74 (2F, m); IR (KBr) 3336 (s), 
3000 (br s), 1572 (vs), 1506 (s), 1350 (s), 1202 (vs), 1152 (vs), 
and 1130 cm"1 (s); MS (CI) m/z (rel intensity) 579 (M+ + 1, 
24), 561 (43), 559 (9), 541 (8), 539 (5), 517 (6), 475 (100), and 
157 (34). Found: C, 28.91; H, 1.82; N, 4.64%. Calcd for 
C14H11N2F17OS: C, 29.08; H, 1.92; N, 4.84%. 

4-( Nonaf luorobutyl )-4-hydroxy-2-methyl-1 ( 3 ),4,5,6-tetra-
hydropyrimidine (4g): Mp 174°C (decomp); 1H NMR 
(DMSO-*) 0=1.58 (IH, m), 1.74 (IH, m), 1.77 (3H, s), 3.15 
(2H, m), 5.79 (IH, br s), and 7.18 (IH, br s); 19FNMR 
(DMSO-*) <5=-80.20 (3F, tt, 7=10 and 3 Hz), -119.20 (2F, 
m), -121.37 (2F, m), and -125.09 (2F, t, 7=16 Hz); 13C NMR 
(DMSO-*) 0=21.89, 24.62, 33.28, 81.41 (t, 7=24 Hz), 100— 
125 (4C), and 156.57; IR (KBr) 3316 (s), 3100 (m), 1602 (vs), 
1560 (s), 1442 (s), 1356 (s), 1342 (s), 1240 (vs), 1228 (vs), 1200 
(vs), 1134 (vs), 812 (s), and 726 cm"1 (s); MS (CI) m/z (rel 
intensity) 333 (M++1, 75), 315 (100), 313 (25), 293 (16), 275 
(28), and 113 (66). Found: C, 32.54; H, 2.71; N, 8.76%. Calcd 
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for C9H9N2F9O: C, 32.54; H, 2.73; N, 8.43%. 
4-( Nonaf luorobutyl )- 4 -hydroxy-2-phenyl-1 ( 3 ),4,5,6-tetra-

hydropyrimidine (4h): Mp 163 °C; *H NMR (acetone-de) 
0=1.77 (IH, m), 1.96 (IH, m), 3.47 (2H, m), 5.02 (IH, br s), 
7.32 (IH, m), 7.38 (3H, m), and 7.82 (2H, m); «FNMR 
(acetone-efe) <5=-80.56 (3F, tt, 7=10 and 3 Hz), -118.37 (IF, 
dm, /=300 Hz), -120.03 (IF, dm, /=300 Hz), -120.68 (IF, 
dm, /=277 Hz), -122.23 (IF, dm, 7=277 Hz), and -125.49 
(2F, m); IR (KBr) 3332 (s), 3072 (m), 2756 (m), 1600 (vs), 1572 
(s), 1544 (vs), 1356 (vs), 1220 (vs), 1180 (vs), 1132 (vs), 720 (s), 
and 710 cm"1 (s); MS (EI) m/z (rel intensity) 394 (M+, 1), 375 
(4), 348 (1), 175 (17), 120 (26), 104 (46), 77 (23), 69 (20), and 55 
(100). Found: C, 42.49; H, 2.80; N, 7.39%. Calcd for 
C14H11N2F9O: C, 42.65; H, 2.81; N, 7.11%. 

2-(Ethylthio)-4-(nonafluorobutyl)-4-hydroxy-5-methyl-
l(3),4,5,6-tetrahydropyrimidine (4i): Mp 90—91 °C; (major 
isomer) *H NMR (CDCI3) 0=1.10 (3H, dd, 7=6.7 and 1.5 Hz), 
1.26 (3H, t, 7=7.3 Hz), 2.28 (IH, m), 2.48 (IH, br s), 2.93 (IH, 
m), 2.99 (IH, m), 3.15 (2H, m), and 5.01 (IH, br s); «F NMR 
(CDCI3) ô=—81.21 (3F, tt, 7=10 Hz and 3 Hz), -117.53 (IF, 
dm, 7=296 Hz), -117.73 (IF, dm, 7=296 Hz), -119.78 (IF, 
dm, 7=296 Hz), -122.67 (IF, dm, 7=296 Hz), -125.31 (IF, 
dm, 7=292 Hz), and -127.75 (IF, dm, 7=292 Hz); IR (KBr) 
3340 (s), 2996 (m), 1574 (vs), 1506 (m), 1342 (m), 1226 (vs), 
1198 (vs), 1130 (s), 1112 (m), 874 (s), and 746 cm"1 (m); MS 
(EI) m/z (rel intensity) 392 (M+, 16), 363 (17), 173 (98), 131 
(19), 88 (18), 69 (100), 62 (36), 60 (41), and 55 (67). Found: C, 
33.80; H, 3.42; N, 7.51%. Calcd for C11H13N2F9OS: C, 33.68; 
H, 3.34; N, 7.14%. 

4 -( Nonaf luorobutyl )- 4 - hydroxy - 2,5 - dimethyl -1(3 ),4,5,6-
tetrahydropyrimidine (4j): Mp 158°C (decomp); (major 
isomer) *H NMR (DMSO-d6) ô=0.93 (3H, d, 7=6.1 Hz), 1.76 
(3H, s), 1.90 (IH, m), 2.86 (IH, m), 2.99 (IH, m), 5.56 (IH, br 
s), and 7.17 (IH, br s); 19F NMR (DMSO-de) <5=-80.24 (3F, tt, 
7=10 and 3 Hz), -116.28 (IF, dm, 7=277 Hz), -117.75 (IF, 
dm, 7=294 Hz), -118.75 (IF, dm, 7=277 Hz), -120.21 (IF, 
dm, 7=294 Hz), -124.11 (IF, dm, 7=289 Hz), and -125.72 
(IF, dm, 7=289 Hz); ™C NMR (DMSO-de) 6=12.59, 21.46, 
28.80, 40.94, 83.24 (t, 7=27 Hz), 100—125 (4C), and 156.00; IR 
(KBr) 3308 (s), 1606 (vs), 1562 (m), 1354 (m), 1296 (m), 1244 
(vs), 1220 (s), 1198 (vs), 1170 (s), 1130 (vs), 806 (m), and 
730 cm"1 (m); MS (CI) m/z (rel intensity) 347 (M++1, 77), 329 
(100), 327 (27), 307 (17), and 127 (51). Found: C, 34.64; H, 
3.20; N, 8.40%. Calcd for C10H11N2F9O: C, 34.69; H, 3.20; N, 

8.09%. 
2-(3-Butenylthio)-4-(tridecafluorohexyl)pyrimidine (5a): 

Bp 140—143 °C/21 mmHg#; *H NMR (CDCI3) <5=2.52 (2H, 
m), 3.23 (2H, t, 7=7.3 Hz), 5.04—5.17 (2H, m), 5.87 (IH, ddt, 
7=17.1, 10.4, and 6.7 Hz), 7.28 (IH, d, 7=4.9 Hz), and 8.74 
(IH, d, 7=4.9 Hz); «F NMR (CDCI3) ô=—81.33 (3F, tt, 7=10 
and 2 Hz), -116.50 (2F, m), -121.89 (2F, m), -122.21 (2F, m), 
-123.23 (2F, m), and -126.63 (2F, m); 13CNMR (CDCI3) 
0=30.47, 33.13, 100—125 (6C), 113.40 (t, 7=4 Hz), 116.48, 
136.02, 156.09 (t, 7=27 Hz), 159.05, and 174.04. Found: C, 
34.45; H, 1.86; N, 5.47%. Calcd for C14H9N2F13S: C, 34.72; H, 
1.87; N, 5.78%. 

2-(Ethylthio)-4-(tridecafluorohexyl)pyrimidine (5b): Bp 
82—83°C/0.2mmHg; iH NMR (CDCI3) 0=1.41 (3H, t, 
7=7.3 Hz), 3.18 (2H, q, 7=7.3 Hz), 7.28 (IH, d, 7=4.9 Hz), 
and 8.75 (IH, d, 7=4.9 Hz); «F NMR ô=—81.41 (3F, tt, 7=10 
and 3 Hz), -116.20 (2F, m), -121.64 (2F, m), -122.01 (2F, m), 
-123.04 (2F, m), and -126.39 (2F, tm, 7=14.5 Hz); IR (NaCl) 
2980 (m), 2936 (m), 1564 (s), 1430 (m), 1352 (s), 1298 (s), 1240 
(s), 1210 (s), 1148 (s), 1056 (m), 1030 (m), 840 (m), 712 (m), 662 
(m), and 466 cm"1 (br s); MS (EI) m/z (rel intensity) 458 (M+, 
100), 443 (17), 430 (10), 425 (34), 189 (28), 156 (11), 111 (37), 79 
(15), 61 (12), 59 (10), and 52 (13). Found: C, 31.39; H, 1.60; N, 
6.18%. Calcd for C12H7N2F13S: C, 31.45; H, 1.54; N, 6.11%. 

We thank Dr. Kazuhiro Sh imokawa (Daikin Kogyo 
Co., Ltd.) for a generous gift of perfluoroalkyl iodides. 
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Synopsis. Cytidine, uridine, and thymidine are trans­
formed into the ring-contracted 1-substituted derivatives by 
ozone. A plausible mechanism is proposed. 

Ozone (O3), a m a i n componen t of photochemical 
oxidants , damages biological systems.1) T h e study on 
ozonization reaction of cellular substances is therefore 
one of the most interest ing and impor tan t subjects in 
O3 chemistry. Chris tensen et al. have reported that the 
base moieties of DNA and R N A were preferentially 
decomposed by O3 on the basis of the UV spectrum.2) 

Ishizaki et al. have reported that O3 main ly attacked 
the base moiety of U M P , CMP, and G M P in water.3) 
Recently, the ozonolysis of uracils has been reported.4) 
So far, the ozonization mechanism of nucleosides has 
been u n k n o w n . T h i s report clarifies the ozonolosis of 
cytidine, ur idine, and thymidine. 

Results and Discussion 

T h e analysis of the ozonized solut ion of cytidine (1) 
gave a chromatogram shown in Fig. 1, accompanied 
by great a m o u n t s of unidentif ied products wh ich were 
not developed by H P L C (ODS, H 2 0 ) . T h e m a i n 
componen t was isolated by H P L C in a 14% yield. T h e 
fast a tom b o m b a r d m e n t mass spectrum of this 
componen t showed MH+ ion peak at m/z 248. T h e 1H 

and 1 3 C N M R spectra showed ÔH at 5.45 (s, 1H, H-5) 
and Ôc at 77.8 (d, C-5), 158.5 (s, C-2), and 175.5 (s, C-4) 
respectively, besides those based on the ribofuranosyl 
moiety. Therefore this componen t was identified as 
4-amino-5-hydroxy-1 -ribofuranosyl -2(5H)-imidazolone 

(2). 
A plaus ib le p a t h for the format ion of 2 is shown in 

Scheme 1. T h e ozonolysis of an olefinic bond (C-5-C-
6) of 1 gives the corresponding carbonyl intermediates 
3, whose N - l - C - 6 bond is hydrolyzed to afford 4 
followed by intramolecular cyclization to 2. 

In the cases of ur id ine (5a) and thymidine (5b), the 
reaction under the same condi t ions gave 1-substituted 
5-hydroxyhydantoins (6a and 6b) in 9 and 16% yields, 
respectively (Scheme 2). T h e products 6 can be 
produced via intermediate 7 by a similar intra­
molecular cyclization as ment ioned above. 
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Fig. 1. Liquid chromatogram of ozonized cytidine. 
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Scheme 2. 

Experimental 

Instruments. Ozone was generated with a Nihon Ozon 
0-1-2 ozonizer. NMR and mass spectra were recorded on 
JEOL JNM-GX 270 FT NMR and Shimadzu 9020-DF mass 
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spectrometers, respectively. High-performance liquid chroma­
tography was performed on a Jasco Twincle liquid Chroma­
tograph. 

Materials. Cytidine (la), uridine (5a), and thymidine (5b) 
were purchased from Tokyo Kasei Kogyo Co., Ltd. and used 
without further purification. 

Ozonolysis Reaction. In a general procedure, to cytidine 
(1, 5 mmol) dissolved in water (100 ml), an O3-O2 mixture 
(O3.0.44 mmol min - 1 , O2: 150 ml min - 1) was introduced for 
3 h at 37 °C. After the reaction, the solution was allowed to 
stand overnight (negative to a KI test). In order to avoid 
denaturation of the products, the ozonized solution was 
carefully concentrated using a rotary pump at room 
temperature. The solution was analyzed by HPLC [column: 
Finepack SIL Cis (4.6 mm IDX250 mm), eluent: H 2 0 
(3 ml min - 1), detection: 220 nm], whose chromatogram is 
shown in Fig. 1. Besides those products detected by HPLC, 
unidentified products which were not developed by the 
eluent were formed. The main product, 4-amino-5-hydroxy-
l-ribofuranosyl-2(5H)-imidazolone (2), was isolated by HPLC 
(yield: 14%) and identified on the basis of spectrometric data 
shown below: 1H NMR (D20) 0=3.66 (dd, 7=12.4 and 5.0 Hz, 
IH, H-5'), 3.73 (dd, 7=12.4 and 3.3 Hz, 1H, H-5'), 3.93 (ddd, 
/=5.0, 4.2, and 3.3 Hz, IH, H-4'), 4.23 (dd, /=5.3 and 4.2 Hz, 
IH, H-3'), 4.56 (dd, /=5.9 and 5.3 Hz, IH, H-2'), 5.45 (s, IH, 
H-5), and 5.62 (d, /=5.7 Hz, H-l ') ; 13C NMR (D2O) <5c=62.2 
(t, C-5'), 70.6 (d, C-3'), 72.5 (d, C-2'), 77.8 (d, C-5), 84.0 (d, 
C-4'), 86.1 (d, C-l'), 158.5 (s, C-2), and 175.5 (s, C-4). The 
ozonolyses of uridine (5a) and thymidine (5b) were carried 
out using the same procedure. They also gave mainly 
unidentified products which were not developed by the 

eluent. The spectral data of identified products are as 
follows: 5-Hydroxy-l-ribofuranosylhydantoin (6a): *H NMR 
(D2O) <5H=3.62 (dd, /=12.4 and 5.0 Hz, IH, H-5'), 3.74 
(dd,/=12.4 and 3.3 Hz, IH, H-5'), 3.93 (ddd, /=5.0, 4.2, and 
3.3 Hz, IH, H-4'), 4.02 (dd, /=5.3 and 4.2 Hz, IH, H-3'), 4.35 
(dd, /=5.9 and 5.3 Hz, IH, H-2'), 5.39 (d, /=5.7 Hz, IH, H-
1'), and 5.40 (s, IH, H-5); 13C NMR (D2O) <5c=60.8 (t, C-5'), 
69.1 (d, C-3'), 71.9 (d, C-2'), 76.2 (d, C-5), 82.7 (d, C-4'), 85.8 
(d, C-l'), 155.9 (s, C-2), and 172.5 (s, C-4). 1-Deoxyribo-
furanosyl-5-hydroxy-5-methylhydantoin (6b): *H NMR (D2O) 
<5H=L99 (S, 3H, CH3), 2.29 (ddd, 7=13.5, 6.6, and 3.2 Hz, IH, 
H-2'), 3.21 (ddd, 7=13.5, 8.8, and 6.6 Hz, IH, H-2'), 4.07 
(dd, /=12.1 and 4.6 Hz, IH, H-5'), 4.13 (dd, 7=12.1 and 
3.3 Hz, IH, H-5'), 4.29 (ddd, 7=8.8, 6.6, and 3.3 Hz, IH, H-
4'), 4.82 (ddd, 7=8.8, 6.6, and 3.3 Hz, IH, H-3'), and 6.05 (dd, 
7=8.8 and 6.6 Hz, IH, H-l ') ; ^ C N M R (D20) 0=22.3 (q, 
CH3), 36.8 (d, C-2'), 62.8 (t, C-5'), 71.9 (d, C-3'), 82.7 (d, C-l'), 
86.5 (d, C-4'), 106.1 (d, C-5), 156.7 (s, C-2), and 177.1 (s, C-4). 
Due to hygroscopic properties of 2, 6a, and 6b, their melting 
points were not determined. 
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Synopsis. Diastereoiscomers of 2-alkyl-3-hydroxybutano-
ates are separated by gas chromatography. The threo (anti)-
isomers have shorter retention times than those of the 
corresponding erythro (syn)-isomers. 

An ester of 2-alkyl-3-hydroxybutanoic acid (1) is an 
impor t an t chiral bu i l d ing block in organic syntheses, 
part icularly in the syntheses of na tura l products and 
antibiotics.1* T o synthesize these valuable compounds , 

OH OH 

„C02R' ^r C02R' 

syn-1 anti-1 

Structures of syn- and an^'-alkyl 
2-alkyl-3-hydroxybutanoate 

1 must be prepared in diastereselective manner , and 
the development of methodology to dis t inguish 
syn/anti-diastereoisomers of 12) has also become 
impor tant . However, *H N M R spectroscopy is only 
one device so far reported, to the au thors ' best 
knowledge, to analyze the diastereoisomers,3»4) where 
the difference in coup l ing constant between the 
methine protons on C2 ( -CHRC0 2 R / ) and Cs ( -CHCOH-) 
is employed. However, since these meth ine protons 
also couple wi th many other protons in the molecule, 
the signals from these pro tons become broad and the 
coup l ing constant becomes obscure. Fur thermore, it is 
impossible to determine relative amoun t s of the syn-
and anti- isomers by 1H N M R spectroscopy when they 
are mixed in a solut ion because their key-signals 
overlap each other. We report here that gas 
chromatography (GC) is m u c h superior to the 
*H N M R spectroscopy in determining the configura­
tion of diastereisomers of 1 and to analyze their 
amount s in a mixture quanti tat ively. 

Results and Discussion 

Various esters of 2-alkyl-3-hydroxybutanoic acid were 
prepared by reduct ion of the corresponding 3-oxo-
derivatives wi th sod ium borohydride. Methl , ethyl, 
propyl , propargyl , and allyl were employed as the 
2-alkyl groups . T h e reduct ion gave a nearly 1:1 
mixture of the syn- and anti-isomers in every cases. 

++ Present address: Chemistry Section, D. V. Project, 
ONGC, Jorhat, Assam, India. 

G C analysis of the product wi th polyethylene glycol 
(PEG) c o l u m n exerted two peaks that correspond to 
two diastereoisomers of 1. T o confirm the relation­
ship between the configurat ion and the retention t ime 
on GC, the authent ic anti-isomers of 1 were prepared 
by alkylat ion of the d ian ion of 3-hydroxybutanoate 
wi th alkyl halides.5) T h e anti-isomers so far prepard 
were subjected to the G C analysis and their retention 
times were compared wi th those of the products from 
the borohydride reduction. Results are listed in Tab le 
1. In each case, it appears that the anti-isomer is 
retained less in the P E G co lumn than the corre­
sponding syn-isomer. 

T h e re la t ionship between the retention time and the 
configurat ion of the molecule seems to be accounted 
for by the stability of the conformations of syn- and 
anti- isomers that are shown in Fig. 1. As will be 
discussed later, the molecule is stabilized by intramole­
cular hydrogen bond. Therefore, it is resonable to 
expect that Ai is the most a b u n d a n t conformation 
a m o n g three major conformations of anti-l. T h e 
impor tance of in t ramolecular hydrogen bond also 
suggests the most stable conformat ion for the syn-l to 
be either Si or S2. However, at the same time, these 
conformations seem to be unfavorable from the 
viewpoint of steric effect, and the contr ibut ion of the 
S3-conformation for this molecule in certain extent 
cannot be denied. 

Similar conclusion has been reported by House and 
his co-workers.4) T h a t is, lH N M R and IR spectro­
scopies reveal that the int ramolecular hydrogen 
bond ing is more impor t an t for the anti-isomer of a 

OH OH OH 
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Si S 2 

OH OH 
H^^C02R' " v i * ' ' " 

| 3 A f A H CHâ NK^H 
C02R' 

CH 
C02R' 

C02R' 

S3 

OH 

A i 

Fig. 1. Possible conformations for syn- and anti-2-
alkyl-3-hydroxybutanoates. 
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Table 1. Retention Times of 2-Alkyl-3-hydroxybutanoates on Gas Chromatography 
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Alkoxyl group 
(R') 

C2H50 

C3H7O 

C4H9O 

C5H11O 

C6Hi30 

CsHivO 

Me3CO 

Me3CCH20 

MeO(CH2)20 

EtO(CH2)20 

BuO(CH2)20 

MeS(CH2)20 

Methyl 
syn anti 

(«) 

15.0 14.2 
(1.06)b> 

— 

32.2 30.0 
(1.07)b> 

46.6 43.4 
(1.07)c> 

23.0 22.3 
(1.03)c> 

50.0 48.2 
(1.04)c> 

13.3 12.3 
(1.08)b> 

26.4 24.9 
(1.06)b> 

69.5 64.5 
(1.08)b> 

69.1 64.0 
(1.08)b> 

— 

70.4 65.0 
(1.08)b> 

Alkyl 
Ethyl 

syn anti 
(«) 

22.6 18.2 
(1.24)b> 

30.3 24.2 
(1.24)b> 

49.5 39.1 
(1.27)b> 

— 

13.5 11.9 
(1.13)d> 

25.3 22.1 
(1.14)c> 

20.3 15.7 
(1.29)b> 

39.7 31.3 
(1.27)b> 

— 

— 

— 

group at the 2-position (R) 
Propyl 

syn anti 
(a) 

31.2 25.3 
(1.23)b> 

38.8 31.5 
(1.23)b> 

— 

— 

— 

— 

26.9 21.2 
(1.27)b> 

53.6 43.0 
(1.25)b> 

— 

— 

— 

Propargyl 
syn anti 

(«) 

27.1 22.3 
(1.21)c) 

37.4 30.7 
(1.22)c> 

19.0 16.5 
(1.15)d> 

— 

— 

67.9 58.3 
(1.16)d> 

23.4 18.8 
(1.24)c> 

42.4 35.0 
(1.21)c> 

36.8 33.7 
(1.09)d> 

— 

61.4 52.7 
(1.17)d> 

~~ 

Allyl 
syn anti 

(«) 

39.2 30.9 
(1.27)b> 

55.7 43.7 
(1.27)b> 

25.6 21.4 
(1.20)c> 

38.9 30.6 
(1.27)c> 

19.8 17.3 
(1.14)d> 

36.9 32.5 
(1.14)d> 

33.4 25.4 
(1.31)b> 

19.9 16.7 
(1.19)c> 

17.2 16.3 
(1.06)d> 

19.7 17.3 
(1.14)d> 

33.5 29.0 
(1.16)d> 

49.0 43.3 
(1.13)d> 

a) Retention time in min. a: Separation factor, b) Column temp=120°C. c) Column temp=150°C. d) Column 
temp=180°C. 

ß-keto alcohol than for the corresponding syn-isomer. 
T h e difference in the impor tance of int ramolecular 
hydrogen b o n d i n g diminishes when the hydroxyl 
g r o u p is acylated or w h e n the spectra are recorded in a 
prot ic solvent. 

Because of the cont r ibu t ion of the polar conforma­
tion S3, the syn-isomer is more polar than the anti-
isomer, and, consequent ly , the former interacts wi th 
polar P E G stronger than the latter resul t ing in longer 
re tent ion t ime for the former than for the latter when 
they are subjected to G C packed wi th PEG. T h e idea 
of the d ipolar interact ion between the molecule and 
the stationary phase of G C was further tested by the 
use of G C wi th less po la r stationary phase (OV-330), 
where the separat ion between the diastereoisomers was 
m u c h worse6) than that wi th PEG. 

T h e satisfactory separat ion of the diastereoisomers 
was observed no t only wi th alkyl esters bu t also wi th 
oxygen- or sulfur-substitued alkyl ester. T h u s , the 
diastereoisomers of 2-methoxyethyl, 2-ethoxyethyl, 
2-butoxyethyl, and 2-methylthioethyl esters were sepa­
rated on G C satisfactorily for quant i ta t ive analyses, 
and the order of re tent ion times of the syn- and 
ant i- isomers were found to be the same as those for the 
alkyl esters. 

2-Methylacetoacetate reductase from Ascaris lumbri-
coides has been repor ted to reduce ethyl 2-methyl-3-
oxobutanoate to afford only syn-isomer as the major 
product a long wi th the formation of another diastereo-
isomer in m ino r extent.7) T h e ass ignment was based 
on the coup l ing constant of meth ine pro tons which 

are 7.2 Hz and 4.8 Hz respectively. Fortunately, the 
l i terature shows the gas chromatograms of the isomers 
obtained from G C wi th a polar (20% diethylene glycol 
adipate-3% phosphor ic acid) co lumn, and it is 
comfirmed that the major product retains shorter than 
the mino r one. Since the polari ty of their and our 
P E G co lumns do not differ extensively, we believe that 
the major isomer obta ined by the enzymic reduct ion is 
the ant i - isomer and vice versa in contrast to the 
stereochemistry reported. T h e large contr ibut ion of 
the conformat ion Ai to the anti- isomer accounts for 
the large *H N M R coupl ing constant for this isomer, 
and the impor tance of the conformations Si and S2 
explains why the syn-isomer excerts such a small 
coupl ing constant as reported. 

Experimental 

Materials. Various esters of 2-alkyl-3-hydroxybutanoates 
were prepared according to the literature method.5* Other 
chemicals were purchased from Nakalai Tesque Co. and 
used without further purification. 

Analysis. Gas chromatography was carried out with a 
Yanaco G-1800 Gas Chromatograph equipped with FID and 
packed with 5% polyethylene glycol 20 M (PEG) or OV-330 
supported on Chromosorb W AW-DMCS (3 mmXl m). The 
injection and détecter temperatures were set at 180 °C and 
200 °C, respectively. GC was done at carrier (N2) flow rate of 
29 ml min"1. 
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Synopsis. Aliphatic primary amines having «-methylene 
underwent oxidative dehydrogenation on treatment with 
NiSÛ4 as a catalyst and K2S2O8 as an oxidant to give the 
corresponding nitriles in good yields. Benzhydrylamine was 
converted to benzhydrylideneamine quantitatively under the 
same reaction conditions. 

Selective transformation of functional groups of 
organic c o m p o u n d s is impor t an t in synthetic chem­
istry. Stoichiometric metal oxidants such as manga­
nese dioxide, silver oxide, lead tetraacetate, nickel 
peroxide, and c h r o m i u m compounds are generally the 
method of choice for this purpose. T h e stoichiometric 
use and disposal of these reagents is undesirable from 
economical and envi ronmenta l viewpoints. As a 
result, there has been m u c h recent interest in the 
catalytic system by these metal reagents.1) 

We previously reported that nickel catalyst wi th 
K2S2O8 as an oxidant was efficient for the oxidative 
dehydrogenat ion of allylic alcohols to the correspond­
ing unsaturated carbonyl compounds.2) T h e catalyti-
cally active species in the system is nickel peroxide, 
and the method is considered as catalytic nickel 
peroxide oxidat ion. Here we report that this system 
has been found to be also effective for the catalytic 
dehydrogenat ion of p r imary amines to nitri les (Eq. 1). 

RCH2NH2 
NiSQ4/K2S208-NaOH 

H20-CH2Cl2,r.t. 
RCN (1) 

Several reagents have been reported on the oxidative 
method for the synthesis of nitriles from amines.3»4) 
T h e metal oxidants such as silver oxide,5) lead 
tetraacetate,6) cobalt oxide,7) and nickel peroxide8) have 
been k n o w n as stoichiometric reagents for this 
purpose, bu t an efficient catalytic system has not yet 
been known. T h o u g h ruthenium-catalyzed oxidat ions 
of amines to nitri les wi th O2,9'10) P h I O , n ) and 
K2S2O812) as the oxidants were reported, those methods 
could not be used for synthetic purposes because a 
considerable a m o u n t of by-products had been pro­
duced. T h e method described in this paper is the first 
practical method for the transformation of amines to 
nitriles by catalytic dehydrogenat ion reaction. 

Results and Discussion 

T h e results of the nickel-catalyzed oxidat ion of 
a l iphat ic pr imary amines are summarized in Table 1. 
T h e reaction was performed by the addi t ion of 
aqueous NiSC>4 to the vigorous st irr ing mixture of 
amine in CH2CI2 and aqueous basic solut ion of K2S2O8 
at room temperature . NiSC>4 was converted to fine 
black precipitates of nickel peroxide immediately. 
T h i s catalytic oxidat ion did not proceed under 
acidic or neutra l condi t ions , because the catalytically 

active nickel peroxide formed only in the basic con­
dit ions. T h e amines were generally dehydrogenated to 
the corresponding nitriles at room temperature wi th 
1—2 mol% of nickel catalyst over 90% yields. 

T h e oxidat ion of benzylamine proceeded smoothly 
and 93% of benzonitr i le was isolated in 6 h (Run 1). 
T h e olefinic double b o n d and ether bond were no t 
affected under the reaction condi t ions and only the 
amine funct ional g roup was dehydrogenated to nitr i le 
(Runs 8, 9). T h e diamines such as 1,3-benzenedi-
m e t h a n a m i n e and 1,6-hexanediamine were also de­
hydrogenated to the corresponding dinitriles, iso-
ph tha lon i t r i l e and adiponi t r i le in 92% and 93% yield 
respectively (Runs 3, 10). T h e oxidat ion of 1,6-
hexanediamine wi th stoichiometric a m o u n t of nickel 
peroxide was reported to result in the formation of 
adiponi t r i le only in 23% yield.8) 

T h e nickel catalyst is essential for the dehydrogena­
t ion of amines to nitriles. When the oxidat ion of 
benzylamine was performed wi thou t the catalyst, the 
amine was slowly converted to N-benzylidenebenzyl-
amine as the sole product , and benzonitri le was no t 
detected (Eq. 2). N-Benzylidenebenzylamine was the 
condensat ion product of benzylamine and benzalde-
hyde which was produced pr imar i ly by uncatalyzed 
oxidation. 

Q - N H 2 K2S208-NaOH 

r.t. H20-CH2C12, 
24h, conv. 67% 

cr-x) « 
Nickel peroxide is generally prepared by the 

treatment of NaOCl with nickel sulfate.8) T h e use of 
NaOCl as the oxidant in this nickel-catalyzed oxida­
tion gave complex mixture of the products, because 
NaOCl itself reacted with amines wi thout catalyst. 

Benzhydrylamine was dehydrogenated slowly under 
the same catalytic condit ions to benzhydrylideneamine 
quanti ta t ively (Eq. 3). 1-Phenylethylamine was 
converted to ace tophenone which was hydrolysis 
p roduc t of p r imar i ly formed imine in 90% yield in 6 h. 

NH9 NH 

NiS04 / K2S208-NaOH 

H20-CH2C12, r.t., 48h
: 

(3) 

99% 

T h o u g h the oxidat ion of amines with stoichio­
metric a m o u n t of nickel peroxide was reported to give 
relatively good results for the formation of nitriles 
a m o n g the methods reported so far,8) the use of 
stoichiometric a m o u n t of the reagent decrease its 
usability. T h i s catalytic oxidat ion is able to replace 
the stoichiometric nickel peroxide oxidat ion because 
of the requi rement of only 1—2 mol% of nickel sulfate 
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Table 1. Nickel-Catalyzed Oxidation of Aliphatic Primary Amines with K Ä O S ^ 

Run Amine 
NiS04 

mol% 

Time 
Nitrile 

Yieldb> 

C H 3 0 

4 

5 

JOT' 
. N H 2 

bo. 
N 

or-
NHo 

NH0 

0.5 

1 

1 

1.5 

CH3O 

a 
XT' 

CN 

24 

24 

14 

24 

6, 
CT 

er-' 

CN 

CN 

93 

84 

92 

97 

94 

96 

NHr 

NH. 

24 

24 

24 

œ 
CN 

CN 

90 

95 

96 

10 
H 9 N . 

"NHo 24 N C 93 

a) See experimental section for reaction conditions, b) Isolated yield. 

and the h igher yield of nitr i le than that of the 
stoichiometric method. 

Experimental 
1H NMR spectra were measured on JEOL JNM-PMX60Si 

spectrometer. IR spectra were measured using JASCO 
FT/IR-3 spectrometer. Elemental analyses were performed 
on a YANACO MT-5 elemental analyzer. The commercially 
available amines and K2S2O8 were used without further 
purification. Column chromatography was carried out with 
silica gel (Wakogel C-200) at atmospheric pressure. NiS04-
6H2O was used as 0.040 mol dm - 3 aqueous stock solution. 

Nickel-Catalyzed Oxidation of Benzylamine with K2S2O8. 
Aqueous solution of 0.040 mol dm"3 NiS04 (0.50 mL, 0.020 
mmol) was added to the stirring mixture of benzylamine 
(0.429 g, 4.00 mmol) in CH2CI2 (10 mL) and aqueous 
solution (50 mL) of K2S208 /NaOH (2.7 g, 10 mmol/0.80 g, 
20 mmol). Fine black precipitates of nickel peroxide was 
formed immediately upon addition of NiS04. The resulted 
mixture was stirred vigorously at room temperature. After 
stirring for 6h, the mixture was passed through a short 
Celite column to remove the black precipitates of nickel 
peroxide. The filtrate was extracted with CH2CI2 (10 mLX 
2). The combined extracts were dried over anhydrous 

Na2S04 and evaporated under reduced pressure. The oily 
residue was purified by silica-gel column chromatography 
(CH2CI2 as eluent) to give benzonitrile (0.384 g, 93%). The 
amines sited in Table 1 were oxidized in the same manner as 
mentioned above. These products were identified by 
comparison of physical data with those of commercial or 
reported samples.4»5* 

3-(2-Ethylhexyloxy)propionitrile. Colorless oil. Bp 130— 
135 °C/18 mmHg (Kugelrohr; 1 m m H g « 133.322 Pa). IR 
(neat) 2255 cm"1. *H NMR (CDCb) 0=0.45—1.95 (m, 15H), 
2.50 (t, 2H, / = 6 Hz), 3.0—3.4 (m, 2H), 3.53 (t, 2H, / = 6 Hz). 
Anal. (C11H21NO) C, H, N. 

Nickel-Catalyzed Oxidation of Benzhydrylamine with 
K2S2O8. Benzhydrylamine (0.733 g, 4.00 mmol) was oxi­
dized with 1 mol% of NiS04 in the same way as described in 
nickel-catalyzed oxidation of benzylamine for 48 h at room 
temperature. Evaporation of CH2CI2 extract gave almost 
pure benzhydrylideneamine (0.718 g, 99%). 

Oxidation of Benzylamine in the Absence of Nickel 
Catalyst. Benzylamine was oxidized as described in nickel-
catalyzed oxidation except the addition of NiS04. After 
stirring for 24 h at room temperature, the CH2CI2 layer was 
separated and the aqueous layer was extracted once with 
CH2CI2. The combined CH2CI2 layer was dried over 
anhydrous Na2S04 and the solvent was evaporated under a 
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reduced pressure. XH NMR analysis of the residue indicated 
that the residue contained Af-benzylidenebenzylamine and 
benzylamine. The yields of the products were determined by 
1H NMR. The imine was identified by comparison with the 
sample obtained by condensation of benzaldehyde with 
benzylamine. 
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Synopsis. Transport of amino compound relevant to 
biology, D-glucosamine, was carried out with a supported 
liquid membrane using a lipophilic aldehyde, 4-octadecyl-
oxybenzaldehyde, as a carrier. In the present membrane 
transport system, a reversible organic reaction, Schiff base 
formation reaction, between amino group in D-glucosamine 
and aldehyde group in carrier was utilized as a molecular 
recognition reaction. 

T ranspor t of neutra l substrates relevant to biology is 
an interest ing and i m p o r t a n t subject from a viewpoint 
of bo th the s imula t ion of a biological system and the 
development of a novel separat ion technique for such 
compounds . There were, however, few successful 
approach to artificial membranes for t ransport of 
neut ra l compounds . 1 _ 7 ) T h e authors gave a t tent ion to 
Schiff base formation reaction as a molecular recogni­
t ion reaction for a m i n o compounds or compounds 
wi th aldehyde moiety. In the present article, t ransport 
of D-glucosamine t h rough a supported l iqu id mem­
brane con ta in ing 4-octadecyloxybenzaldehyde was 
investigated. 

Experimental 

Transport Experiments. The experimental procedures 
are described elsewhere in detail.5~7) A porous polymer 
membrane, Ultipor N6e (Pall Trinity Micro Corp., 1.25X 
10~2cm thickness, 80% porosity, 0.2X10~4cm pore size) was 
employed for the support membrane. The transport 
experiments were carried out at 25 °C. The change in the 
concentration of D-glucosamine (GlcN) on the R-side 
was measured by Elson-Morgan reaction.8) 

Results and Discussion 

Time Dependence of GlcN Transport. An example 
of the t ime course change of the t ransport is shown in 
Fig. 1. After the induc t ion period (Stage I), the GlcN 
concentrat ion increased linearly for 2.5 h (Stage II). At 
a r o u n d £=5.5 h, the slope of the straight l ine became 
smaller (Stage III). F rom this profile, the straight l ine 
in Stage II was t hough t to be the flux mediated by 
ODBA and that in Stage III as the flux in the stage that 
ODBA was inactivated a n d scarcely showed an ability 
to mediate the GlcN transport . Th i s inactivation of 
ODBA is estimated to be due to the fission of the 
formed Schiff base in the incorrect posi t ion, which is 
different from - C H = N - l inkage, as is wel l -known in 
the catalytic reaction of pyridoxal-enzyme. 

In order to ascertain in the speculat ion for Stage III, 
the control experiments were carried out. In Fig. 2, the 
flux value in Stage III for each t ransport exper iment 
and the fluxes for control experiments, are shown as a 
function of GlcN concentrat ion on the L-side. T h i s 
led to the conclus ion that the t ransport flux for Stage 
III in Fig. 1 is due to the non-mediated transport , and 

that for Stage II is the sum of fluxes due to the non-
mediated t ransport and the mediated one. 

T ranspo r t experiments of D-glucose (Glc), which 
has no a m i n o g roup in the molecule, were carried out 
th rough the membrane conta in ing ODBA and that 
wi thout ODBA under the condi t ion that the concentra­
tion of ODBA in the membrane was 1.5X10-5 mol cm - 3 , 
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Fig. 1. Time-transport curves of GlcN through 
the liquid membrane. ([C]o=1.0X10-5 mol cm -3; 
[GlcN]=7.5X10-5 mol cm"3). 

0.5 1.0 

10" [ G l c N ] / m o l cm" : 

Fig. 2. Relationship between non-mediated flux 
and GlcN concentration. (O, [C]o=0 mol cm-3; € , 
[C]o=1.0X10-5molcm-3; the line was calculated 
employing the value P=3.49X10~3 cm2 h"1). 
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that of Glc on the L-side was 1.0X10-4 mol cm - 3 , and 
the other condit ions were similar to those for GlcN 
transport . T h e concentra t ion of Glc on the R-side was 
measured by the phenolsulfuric acid reaction. 9»10) 

Fluxes for both t ransport experiments were found to 
be equal values of 5.89X10 - 5 mol c m - 2 h _ 1 . Th i s also 
suggests that an a m i n o g roup in the t ransported 
substrate contributes to the facilitated t ransport of 
a m i n o compounds th rough the present membrane. 

Concentration Dependence of GlcN Transport. In 
order to study the transport mechanism, the relationship 
between GlcN concentrat ion on the L-side and GlcN 
flux t ranspor ted from the L-side to the R-side, and the 

effect of ODBA concentrat ion on GlcN transport were 
investigated. T h e results are summarized in Fig. 3. 
Each transport experiment, of which ODBA concentra­
tion was 1.0X10-5 to 2.0X10 - 5 mol cm - 3 , gave a straight 
l ine pass ing th rough the origin. T h e slopes of the 
straight lines increased wi th the increase of ODBA 
concentrat ion in the membrane. 

Figure 4 shows the effect of GlcN concentrat ion on 
the mediated flux, which is the total flux minus the 
non-media ted flux. In a general mediated transport , 
the flux reaches an assymptotic l imit as the substrate 
concentra t ion in the feed is increased: that is, a typical 
Michael is -Menten profile represented by Eq. 1 is 
observed. 

/M = (k/l)(K[C]o[GlcN])/(\ + £[GlcN]) (1) 

0.5 1.0 
10 4 [GlcN] /mol cm -3 

Fig. 3. Effect of GlcN concentration on fluxes. (—, 
non-mediated flux; -©-, [C]o=1.0X10~5 molcm"3; 
- 3 - , [C]o=1.5X10-5molcm-3; - • - , [C]o=2.0X10-5 

mol cm -3; the lines were calculated employing the 
values P=3A9X\0-*cm*h-1 and kK=\.9SX\02 

mol - 1 cm5 h_1). 

0.5 1.0 
1 0 ' [ G l c N ] / m o l cm-3 

1.5 

Fig. 4. Relationship between carrier-mediated flux 
and GlcN concentration. (€, [C]0=1.0X10-5mol 
cm-3; O, [C]o=l.5X10-5 mol cm-3; • . [C]o= 
2.0X10-5 mol cm -3; the lines were calculated employ­
ing the values P=3.49X10-3cm2 r r 1 and kK=\.9SX 
102mol-1cm5h-1). 

where k is the appa ren t diffusion coefficient, / is the 
membrane thickness, K denotes the complex forma­
t ion constant between OBDA and GlcN, [C]o is the 
carrier concentra t ion in the membrane , and [GlcN] 
denotes the GlcN concentra t ion on the L-side. In Fig. 
4, however, such a saturat ion profile was not observed 
and we can conclude that £ [ G l c N ] is negligibly small 
compared wi th unity. Therefore, the mediated flux in 
this case is expressed by 

JM = (kK/l)[C]o[G\cN] (2) 

E q u a t i o n 3 can be derived from Eq. 2 in order to 
obta in the constant value of kK. 

/ M / [ G 1 C N ] = (kK/l)[C]o (3) 

T h e data in Fig. 5 showed a straight l ine and the 
constant value of kK was determined to be 1.98X102 

m o l - 1 c m 5 h ~ 1 from the slope. For reference, the 
permeabili ty coefficient for non-mediated flux of GlcN 
was evaluated to be 3.49X10"3 cm* h" 1 ( / c=(P//)[GlcN]) . 

Transport Mechanism. In the present membrane 
t ranspor t system, the t ranspor t mechanism of GlcN 
wi th ODBA can be t hough t to be similar to that of 
t ryptophan (Trp) previously reported.5~7) T h e tentative 

0 1.0 2.0 
1 0 5 [ C ] 0 / m o l cm'3 

Fig. 5. Relationship between /M/ [G1CN] and [C]o. 
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Alkali Side Acid Side 

Fig. 6. Tentative mechanism for transport of GlcN. 

mechanism is shown in Fig. 6. At the L-side-liquid 
membrane (LM) interface, GlcN interacts wi th carrier 
(ODBA), and the formed complex is extracted into 
LM. GlcN-ODBA (carrier) Schiff base complex 
diffuses across LM, and at the R-side-LM interface, it 
is decomposed to release GlcN in to the R-side. 
Regenerated carrier, ODBA, then diffuses back to the 
L-side-LM interface and the process is repeated. In the 
present study, the turnover number for each transport 
experiment was 330—470. 

An a m i n o g roup in GlcN released in to the R-side is 

impossible to be converted to Schiff base wi th carrier. 
GlcN transported to the R-side, as a result, could not 
be back-transported. Namely, the presence of p ro ton 
(HCl) on the R-side led to the determinat ion of 
t ransport direction. 

T h e present membrane t ranspor t system should be 
applicable to other a m i n o compounds , and moreover, 
uph i l l t ransport of such organic compounds may also 
be attained. 
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Statistical Thermodynamic Study of Liquid Organic Compounds 
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A statistical thermodynamic study of liquid organic compounds has been worked out on the basis of a 
liquid model: a liquid is regarded as an assembly of particles immersed in a uniform background potential 
resulting from the attractive forces between molecules. In the model the equation of state is expressed as a sum 
of the term derived from the analytical solution of the Percus-Yevick equation and that from the background 
potential. Calculations of thermodynamic functions for five liquids (benzene, carbon tetrachloride, toluene, 
chloroform, cyclohexane) have been performed. The results show the effectiveness and reasonableness of the 
theory with the evidence of coincidence of calculated values and observed ones. 

Statistical thermodynamic calculations for organic 
l iquids such as benzene, toluene, carbon tetrachloride, 
and others are scarce and, still now, nearly untracta-
ble, especially from the practical po in t of view. 
Needs for those calculations are now increasing also 
in the fields of chemical engineering. One of the 
authors proposed an approach1"3) to the calculations 
on the basis of the integral equat ion theory (the 
Percus-Yevick equation).4"6) And then, a long the 
line proposed, we intend here to perform an overall 
statistical thermodynamic calculation for five organic 
l iquids (benzene, toluene, carbon tetrachloride, chlo­
roform, and cyclohexane), which are considered as 
typical examples of l iquids composed of nonpo la r or 
weak-polar molecules wi th compact and nearly 
spherical shape. 

Theoretical 

The Liquid Model. In the formulat ion of the 
total par t i t ion function, we assume that attractive 
forces between molecules give rise to a uniform back­
g round potential,1"3 '7) and then a l iqu id is considered 
to be an assembly of particles immersed in the uni ­
form background potent ia l . Wi th in the l iqu id a 
molecule is regarded as a free rotor and, wi th respect to 
vibrat ional mot ions , intramolecular modes only are 
taken into consideration. 

The Partition Function and the Equation of State. 
For the model used the total par t i t ion function Z is 
expressed as a product 

Z — Qtrans. Qrot. Qvib. Q,BG, (1) 

in terms of the translat ional , rotat ional , vibrat ional , 
and background potent ial contr ibut ion, respectively. 

With respect to Qtrans. and QBG, a molecule is consi­
dered to be a hard sphere particle moving freely wi th in 
the uniform background potential , and the equa t ion 
of state of the l iqu id is derived from the translat ional 
and the background potent ial contr ibut ion only. 
T h u s , in the formulat ion of Qtrans. as well as of the 
equa t ion of state, we can use the analytical solut ion of 
the Percus-Yevick equa t ion for hard sphere fluids 

which was given by Wertheim and Thiele.8) 
Concern ing Qtrans., one of the authors and others 

gave a compact form,1"3) which was derived from the 
Wertheim's expression,8) and Qtrans. becomes, in the 
combined form with QBG, 

Qtrans. * Q,BG ~ [\ 

and 

2nmkT \3/2 -\N 

-) efv\ (exp -<^>av./ÄT), (2) 
h* 

'-"-fl=pH-S==4 (3) 
2(l-f) 2 

Ç = Nna3/6V=na3/6v, (4) 

<VN}av. = -an/V, (5) 

where N is the number of molecules, / the effective free 
volume fraction,1"3) a the (effective) hard sphere 
diameter, and an the energy parameter of the l iquid. 

T h e rotat ional contr ibut ion as a three d iment ional 
free rotor, Qrot., is expressed as 

ni/2 / Sn2kT \3/2 r lO-i2 i 

h* 
( /A/B/C) 1 ' 2 ']". (6) 

where I A, IB, IC, and o are the m o m e n t of inert ia and 
the symmetry factor, respectively. 

T h e vibrat ional contr ibut ion QVib. is expressed as 

.[*(. exp(-hvj/2kT) ?. (7) 
7=i 1— exp(—hvj/kT) 

where r is the number of intramolecular vibrat ional 
modes. 

T h e equa t ion of state is, here, expressed as fol­
lows:1) 

1+f+f2 

(l-f)3 
v- dV 

(8) 

where f is the volume fraction of hard sphere mole­
cules, p pressure, V volume, T temperature, and 
<F^>av. the uniform background potent ia l . T h e first 
term in Eq. 8 is the hard sphere term given by 
Wertheim and Thiele . T h e determinat ion of the 
parameters , a and an, are impor tan t in this t reatment 
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and the procedures are given in details in the later 
section. Us ing the expression Eq. 5 for the uniform 
background potent ial , the equat ion of state is rewrit­
ten as follows: 

Table 1. Energy Parameter an and Equivalent Hard 
Sphere Diameter a for Pure Components 

/ 1 + f f ? V flu 
pV = NkT[ . 

^ (l-f)3 ' V 
(9) 

For the isothermal compressibili ty /CT of l iquid, we 
can derive the following formula from Eqs. 3 and 8. 

- i -KT = | —( AHvap. 
/co V 

,-RT)}'\ (10) 

where KO is the isothermal compresibili ty for the liq­
u id of hard spheres and expressed by 

K0 
/ v \ r ( i -£) 2 i2 
\ xThnr 'L / i_LO£\ - l " (H) 

NkT /L (l+2f) J 

Thermodynamic Functions. Thermodynamic func­
tions as free energy F, entropy S, and internal energy 
U are calculated from par t i t ion function Z as 
follows: 

S = - -
dF 

dT 

F = -kTlnZ, 

' otrans. T" Orot. ' >Jvib. 

(12) 

= [k I n Qtrans. + — R) + [k I n ßrot. + — R) 

+ (k In Qvib. + kT In QVib.), 

U trans. — t/rot. — RT, 

2 

Uvih. = kT2 
<HnQv „vib. 

dT 

U: BG •<VN>* 
an 

V 

Utotal — Utrans. ~^~ UTOt. + C/vib. "I" ^ B G -

(13) 

(14) 

(15) 

(16) 

(17) 

Numenical Computations 

Determination of Energy Parameter an and a. T h e 
energy parameter aw for a l iquid is obtained from the 
heat of vaporization Aftap. as follows:1»2* 

an=V(AHv&P-RT). (18) 

For the determinat ion of the hard sphere diameter a, 
we must first obta in f from the equa t ion of state (9), 
us ing the value of an determined from Eq. 18, and 
then, can determine a from f at a given volume V. 

a = (6(N/nV)W. (19) 

In calculat ion of £ th rough the equa t ion of state, we 
can safely ignore the term pV as follows: 

A-f/vap-

kjmol" 1 

T 

°C 

V an 

cm3 mol - 1 kJcm3mol~2 

a 

Â 

C6H6 

C6H5CH3 

CC14 

CHCI3 

C-C6Ü12 

34.61a'b) 

34.08 
33.85 
33.51 
33.00 
32.45 
31.90 

39.48c'd) 

38.89 
38.32 
37.99 
37.73 
37.20 
36.66 
36.12 

33.58e'f) 

33.13 
32.67 
32.41 
32.20 
31.71 
31.22 
30.71 

32.35
g) 

31.87 
31.4o 
3L16 

30.92 

30.44 

29.96 

29.4a. 

33.03^ 
32.76 
32.18 
31.62 
31.05 

10 
20 
25 
30 
40 
50 
60 

0 
10 
20 
25 
30 
40 
50 
60 

0 
10 
20 
25 
30 
40 
50 
60 

0 
10 
20 
25 
30 
40 
50 
60 

25 
30 
40 
50 
60 

87.81b) 

88.86 
89.40 
89.94 
91.08 
92.26 
93.47 

104.1b) 

105.1 
106.3 
106.8 
107.4 
108.6 
109.8 
111.1 

94.22b) 

95.34 
96.50 
97.08 
97.68 
98.88 

100.14 
101.44 

78.21j) 

79.18 
80.17 
80.69 
81.21 
82.29 
83.41 
84.59 

108.7b) 

109.4 
110.7 
112.1 
113.6 

2832 
2812 
2805 
2787 
2768 
2746 
2723 

3873 
3840 
3814 
3793 
3781 
3757 
3731 
3705 

2950 
2934 
2917 
2906 
2899 
2878 
2857 
2834 

2352 
2337 
2322 
2314 
2306 
2291 
2275 
2260 

3321 
3308 
3274 
3243 
3213 

5.17 
5.17 
5.16 
5.16 
5.15 
5.15 
5.14 

5.56 
5.55 
5.55 
5.54 
5.54 
5.54 
5.53 
5.53 

5.30 
5.29 
5.29 
5.28 
5.28 
5.27 
5.27 
5.26 

4.96 
4.95 
4.95 
4.95 
4.94 
4.94 
4.93 
4.93 

5.50 
5.49 
5.49 
5.48 
5.47 

a) J. F. Connolly and G. A. Kandalic, / . Chem. Eng. 
Data, 7, 137 (1962). b) J. Timmermans, "Physico-
Chemical Constants of Pure Organic Compounds," 
Elsevier Publ. Co., Amsterdam (1950). c) B. D. Smith 
and R. Srivastava, "Thermodynamic Data for Pure 
Compounds. Part A. Hydrocarbons and Ketones," 
Elsevier, Amsterdam (1986), p. 242 d) D. W. Scott, G. 
B. Guthrie, J. F. Messerly, S. S. Todd, W. T. Berg, I. A. 
Hossenlopp, and J. P. McCullough, / . Phys. Chem., 
66, 911 (1962). e) V. Majer, L. Svâb, and V. Svoboda, 
/ . Chem. Thermodynam., 12, 843 (1980). f) D. L. 
Hildebrand and R. A. McDonald, / . Phys. Chem., 63, 
1521 (1959). g) "International Critical Tables of 
Numerical Data, Physics, Chemistry and Technol­
ogy," ed by E. W. Washburn, McGraw-Hill, New 
York (1926), Vol. V, p. 138. h) F. D. Rossini, K. S. 
Pitzer, R. L. Arnett, R. M. Braun, and G. C. Pimentel, 
"Selected Values of Physical and Thermodynamic 
Properties of Hydrocarbons and Related Com­
pounds," American Petroleum Institute Research Pro­
ject 44, Carnegie Press, Pittsburgh, Pa. (1953). i) W. 
Kozicki and B. H. Sage, Chem. Eng. Sei., 15, 270 
(1961). j) Foot note g, Vol. Ill, p. 28. 
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Table 2. Calculated Values of Volume Fraction f, 
Molecular Diameter a and 

Energy Parameters an 

C6H6 

C6H5CH3 
CCI4 
CHCI3 
C-C6H12 

°C 

25 
25 
25 
25 
25 

s 

0.4857 
0.5032 
0.4789 
0.4728 
0.4819 

Â 

5.16 
5.54 
5.28 
4.95 
5.50 

kj cm3 mol - 2 

2805 
3793 
2906 
2314 
3321 

Table 3. Molecular Parameters I A, IB, le, O 

/ A h 

C6H6 

C6H5CH3 
CCI4 
CHCI3 
C-C6H12 

a) 
b) 
a) 
a) 
a) 

10-40gcm2 

145.3 
154.3 
486 
259 
IA-IB •7c= 

10-40gcm2 

145.3 
330.5 
486 
259 

=12583X10" 

10-40gcm2 

291 
482.0 
486 
501 

117 g cm2 

u 

12 
1 

12 
3 
6 

a) "Landolt-Börnstein Tabellen", 6 Aufl. II Band, 4 
Teil, S. 424-444, Springer-Verlag, Berlin, Göttingen, 
Heidelberg (1961). b) Determined from molecular 
structure (molecular dimension was adopted from F. 
A. Keidel and S. H. Bauer, / . Chem. Phys., 25, 1218 
(1956)). 

1+f+P aJV 

(1-f)8 RT 
(20) 

T h e values of an and a determined from experimen­
tal data of AHvap. and V us ing Eqs. 18—20 are given in 
Tab le 1 at each temperature. As clearly seen in the 
table, the magni tudes of those parameters are nearly 
kept constant at all temperatures for each l iquid. 
T h e n , in the calculat ion below, we used the values of 
an and a determined from the experimental data at 
25 °C, a s suming those to be kept constant at all 
temperatures th roughout . T h e values of an and a 
thus assigned to each l iquid are given in Table 2, 
together wi th the values of f at 25 °C. T h e magni­
tudes of f obtained for these five l iquids are seen to be 
consistent wi th the value by Hoover and Ree's Monte 
Carlo determination9) for hard-sphere fluids. 

Molecular Parameters JA, / B , le, O, VJ. T h e molecu­
lar parameters IA, IB, IC can be determined either by 
molecular spectra or direct calculat ion from molecu-

s 

lar structure ( / A = 2 m * r?A etc•> where mi is the mass of 
» = 1 

the z-th a tom and TÏA is the distance of the z-th a tom 
from the A-axis of the molecule, s is the number of 
atoms of the molecule.) Symetry number o can be 
determined from the symetry character of the mole­
cule. T h e molecular parameters which were deter­
mined as ment ioned above are shown in Tab le 3. 

T o calculate vibrat ional par t i t ion function by Eq. 
7, i>j's are necessary and all *>j's corresponding to the 

degrees of freedom of int ramolecular vibration were 
counted in.10'11) (Degrees of freedom of intramolecular 
vibrat ion are 30 for C6H6 , 39 for C 6H 5CH 3 , 9 for CC14, 
9 for CHCI3, 48 for c-C6Hi2.) 

Calculations of Thermodynamic Variables. T h e 
computa t ions of thermodynamic variables, F, U, S, 
and isothermal compressibility KT were carried out for 
each temperature, us ing the values of (—a-JV) as back­
g round potent ial UBG. AS can be seen from Eq. 17, 
there remains (—a-JV) at 0 K when the terms C/trans., 
t/rot. and Uvib. tend to zero at 0 K except for the zero-
po in t vibrat ion energy in t/vib.. T h u s , —<FNXV. at 0 K 
corresponds the heat of subl imat ion at 0 K from the 
definition -<Fyv>av. (=AHvap. -RT)=AHvâp. Heat of 
subl imat ion at 0 K can be estimated from Eq. 21 

A H s u b a t 0 K = ( A H v a p , 298 K + A H o - > 2 9 8 K)condensed phase 

—( AHo_>298 K)gaseous phase« (21) 

T h e calculated values of F, U, S, /CT are shown in 
Figs, l a t h rough 5c together wi th observed values. 

Discussion 

Overall Behaviors of Thermodynamic Functions. 
From Figs, la , l b th rough 5a, 5b , it can be seen that 
calculated values of F, U, S coincide well wi th 
observed values on the whole. 

From the overall coincidence between calculated 
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10 

0 

-10 
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-40 

" r 

" 
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-
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^ ^ 
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-| 
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— 
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t / 

Fig. la. Temperature dependence of U and F for 
liquid CÔHÔ. 
a) 49.73 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) "Landolt-Bôrnstein Tabellen," 6 Aufl. II Band, 4 
Teil, S. 427. Springer-Verlag, Berlin, Gôttingen, 
Heidelberg (1961). 
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250 H 

« 150 h -

50 H 

1 1 

-

h-

k 

1 1 1 

1 1 1 

1 1 I 1 

1 

A 

H 

-\ 

1 
10 20 30 

t / °C 

50 60 

Fig. lb. Temperature dependence of S for liquid 
C6H6. 
a) See Fig. la. Footnote b. 

\ 100 

calculated 

observed a' 

20 30 

t / °C 

60 

Fig. lc. Temperature dependence of KT for liquid 
C6H6. 
a) D. Tyrer, / . Chem. Soc, 105, 2534 (1914), L. A. K. 
Staveley, W. I. Tupman, and K. R. Hart, Trans. 
Faraday Soc, 51, 323 (1955). 

and observed values of F, U, S for five l iquids , in spite 
of the comparatively small departure between those, it 
can be safely said that this statistical thermodynamic 
calculat ion procedure is practically useful to have 
insight in to l iqu id structure. T h i s fact shows the 
reasonableness of the present l iqu id model. 

Calculated /CT are about 20% larger than observed 
values, which shows that the equa t ion of state which 
is derived from Perçus-Yevick theory (Eq. 8) gives 
some departure for such higher order differentiated 
values as /CT. 

In Table 4, cont r ibut ions of t/kin. (=£/tnms.+£/«*.), 
C/vib., and UBG are shown for CeHo. T o calculate £/totai, 
the subl imat ion energy at 0 K (49.73 k j m o l " 1 ) has 
been added to calculated values as explained before. 

As seen in the table, the contr ibut ions from UBG is 
found to occupy about 60% of £/totai, which is consi­
dered to be reasonable. 

Behaviors of Entropy. As shown in Figs, l b 
through 5b, the calculated values of Stotai are found 
to coincide well wi th the observed data on the whole. 
T o proceed in to more detailed considerations on 

40 h -

o 30 

10 

observed 

-30 

30 

t / °C 

60 

Fig. 2a. Temperature dependence of U and F for 
l iqu id C6H5CH3. 
a) 53.43 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) See Table 1. Footnote d. 
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-

-

1 1 1 

~~ 

1 1 1 

1 1 1 

1 1 1 

1 1 

-A 

-

j 
0 10 20 30 40 50 60 

t / °C 

Fig. 2b. Temperature dependence of S for liquid 
C6H5CH3. 
a) See Table 1. Footnote d. 
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calculated 

observed a' 

J I I L J L 
30 

t / °C 

Fig. 2c. Temperature dependence of KT for liquid 
C6H5CH3. 
a) J. S. Shraiber, Isr. J. Chem., 13, 185 (1975), E. B. 
Freyer, J. C. Hubbard, and D. H. Andrews, / . Am. 
Chem. Soc, 51, 759 (1929). 

20 

1 0 

- 1 0 

fe, - 3 0 

calculated a* 

observed ' 

30 

* / 

40 50 6 0 

for Fig. 3a. Temperature dependence of U and F 
liquid CC14. 
a) 46.90 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) Values at 25 °C were taken from D. L. 
Hildebrand and R. A. McDonald, / . Phys. Chem., 
63, 1521 (1959). Other values were calculated from 
heat capacity data (J Timmermans, "Physico-
Chemical Constants of Pure Organic Compounds," 
Elsevier, Amsterdam (1950), p. 228). 

entropy, each cont r ibut ion from translat ional , rota­
tional, and vibrat ional degrees of freedom is given in 
Tables 5 th rough 9 for five l iquids. 

It can be seen in these tables that the contr ibut ions 
from Srot. occupy the largest por t ion and reach about 

250 

200 

150 

100 

50 

1 

-

-

1, 

1 1 1 

1 1 

1 1 

1 1 

1 

-\ 

- ] 

1 
0 10 20 30 40 50 60 

t / °C 

Fig. 3b. Temperature dependence of S for liquid 
CC14. 
a) See Fig. 3a. Footnote b. 

200 

1 1 r 
calculated 

observed a) 

20 60 

t / °C 

Fig. 3c. Temperature dependence of /CT for liquid 
CC14. 
a) L. A. K. Staveley, W. I. Tupman, and K. R. Hart, 
Trans. Faraday Soc, 51, 323 (1955), E. B. Freyer, J. 
C. Hubbard, and D. H. Andrews, / . Am. Chem. 
Soc, 51, 759(1929). 

Table 4. Calculated Values of Various Terms 
in Eq. 14 for C6H6 (kjmol"1) 

Temp 

°C 

10 
20 
25 
30 
40 
50 
60 

C/ldn. 

7.06 
7.31 
7.43 
7.56 
7.81 
8.06 
8.31 

C/vib-

3.59 
4.04 
4.28 
4.53 
5.05 
5.59 
6.18 

UBG 

17.79 
18.17 
18.36 
18.55 
18.94 
19.33 
19.73 

t/total 

28.44 
29.52 
30.07 
30.64 
31.80 
32.98 
34.22 
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for Fig. 4a. Temperature dependence of U and F 
liquid CHC13. 
a) 48.99 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) Entropy at 25 °C was taken from "Landolt-
Bôrnstein Tabellen," 6 Aufl, Band II, Teil 4. S. 293, 
Springer-Verlag, Berlin. Göttingen, Heidelberg 
(1961). The other values were calculated from both 
heat capacity of the liquid (Y. S. Touloukian and C. 
Y. Ho, "Thermophysical Properties of Matter," 
IFI/Plenum, New York (1970), p. 162) and esti­
mated solid heat content. 
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Fig. 4c. Temperature dependence of KT for liquid 
CHCI3. 
a) See Fig. 3c, Footnote a, and D. Tyrer, / . Chem. 
Soc, 105, 2534(1914). 
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Fig. 4b. Temperature dependence of S for liquid 
CHCI3. 
a) See Fig. 4a. Footnote b. 

Fig. 5a. Temperature dependence of U and F 
l i qu id C-C6H12. 
a) 48.03 k j mol"1 ( AHsub at 0 K) has been added to U. 
b) Entropy at 25 °C and heat capacity data to calcu­
late the other values were taken from J. G. Aston, G. 
J. Szasz, and H. L. Fink, / . Am. Chem. Soc, 65, 
1135(1943). 

40—50% of Stotai, which is found as a common feature 
a m o n g five l iquids . In addi t ion to this, the overall 
coincidence of the calculated Stotai wi th Sobs, supports 
the idea in the present l iqu id model that the molecules 
wi th in the l iqu id behave as free rotors moving under 
the uni form background potent ial . 

T o see further in details, we compare Tab le 5 for 
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250 

200 

K 1 5 0 

1 0 0 

50 

c a l c u l a t e d 

observed a ' 

10 6 0 

t / °C 

Fig. 5b. Temperature dependence of S for liquid c-
C6Hi2. 
a) See Fig. 5a. Footnote b. 

J L 
10 30 

t / °c 

40 50 60 

Fig. 5c. Temperature dependence of KT for liquid c-
C6H12. 

a) M. L. Huggins, Colloid Polym. Sei., 258, 477 
(1980). 

Table 6. Calculated Values of Various Terms 
of Entropy for C6H5CH3 (J K"1 mol"1) 

Temp 

°C 

0 
10 
20 
25 
30 
40 
50 
60 

O trans« 

71.2 
73.2 
75.2 
76.1 
77.0 
78.8 
80.5 
82.2 

Orot-

111.9 
112.3 
112.8 
113.0 
113.2 
113.6 
114.0 
114.3 

Ovib« 

27.5 
29.6 
31.8 
32.8 
34.0 
36.2 
38.5 
40.9 

o total 

210.6 
215.1 
219.8 
221.9 
224.2 
228.6 
233.0 
237.4 

Oobsd 

207 
213 
218 
221 
224 
229 
234 
239 

Table 7. Calculated Values of Various Terms 
of Entropy for CC14 (J K"1 mol"1) 

Temp 

°C 

0 
10 
20 
25 
30 
40 
50 
60 

O trans • 

82.2 
83.9 
85.8 
86.7 
87.6 
89.3 
91.0 
92.6 

Orot-

97.6 
98.6 
98.5 
98.7 
98.9 
99.3 
99.7 

100.1 

Ovib« 

35.2 
36.9 
38.7 
39.5 
40.3 
42.0 
43.6 
45.3 

o total 

215.0 
219.4 
223.0 
224.9 
226.8 
230.6 
234.3 
238.0 

Oobsd 

205 
209 
214 
216 
218 
223 
227 
231 

Table 8. Calculated Values of Various Terms 
of Entropy for CHC13 (J K"1 mol"1) 

Temp 

°C 

0 
10 
20 
25 
30 
40 
50 
60 

O trans • 

78.5 
80.4 
82.3 
83.2 
84.1 
85.8 
87.4 
89.0 

Orot-

104.0 
104.5 
104.9 
105.1 
105.3 
105.7 
106.1 
106.5 

Ovib« 

19.4 
20.5 
21.6 
22.1 
22.6 
23.7 
24.8 
25.9 

Stotai 

201.9 
205.4 
208.8 
210.4 
212.0 
215.2 
218.3 
221.4 

Oobsd 

193 
197 
201 
203 
205 
209 
212 
216 

Table 5. Calculated Values of Various Terms 
of Entropy for C6H6 (J K~i mol"1) 

Table 9. Calculated Values of Various Terms 
of Entropy for 0C6H12 (J K_1 mol -1) 

Temp 

°C 

10 
20 
25 
30 
40 
50 
60 

0 trans« 

73.4 
75.3 
76.2 
77.2 
78.9 
80.6 
82.3 

Orot« 

85.9 
86.3 
86.5 
86.7 
87.1 
87.5 
87.9 

Ovib« 

16.2 
17.6 
18.2 
18.9 
20.3 
21.6 
23.0 

Stotai 

175.5 
179.2 
180.9 
182.8 
186.3 
189.7 
193.2 

Oobsd 

166 
171 
173 
175 
180 
184 
189 

Temp 

°C 

10 
20 
25 
30 
40 
50 
60 

0 trans« 

76.7 
78.6 
79.5 
80.5 
82.2 
83.8 
85.5 

Srot« 

94.6 
95.1 
95.3 
95.5 
95.9 
96.3 
96.7 

Ovib« 

35.9 
38.3 
39.6 
40.8 
43.4 
46.1 
48.7 

Stotai 

207.2 
212.0 
214.4 
216.8 
221.5 
226.2 
230.9 

Oobsd 

196 
201 
204 
206 
212 
217 
222 

CÔHÔ with Tab le 6 for C6H5CH3. T h e magn i tude of 
Stotai of C6H5CH3 is found to be larger than that of 
CÔHÔ, which mainly comes from the increase in Orot. 
for C6H5CH3 as well as from that in Svib., compared 

wi th those for CeH6« T h e increase in Srot. for 
C6H5CH3 is at tr ibuted to the smaller symmetry 
number o and the larger momen t of inertia I A, IB, and 
Ic as seen in Tab le 3. 
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In the compar ison between Tables 7 and 8, the 
circumstances are the more impressive. T h a t is to 
say, in the case of CHCI3 the cont r ibut ion from Orot. IS 

found to reach about 50% of Stotai and to be larger than 
that for CCI4 in its absolute magn i tude in spite of the 
smaller moments of inertia for CHCI3 than CCI4. 
T h e ma in cause of this is clearly at t r ibuted to the 
smaller a of CHCI3. 

In Tab le 9, contr ibut ions of each term of S for c-
C6H12 are shown. In this case, Srot. is about 10% larger 
than that of CÔHÔ and this comes from larger IA, h, Ic, 
and smaller o than those of CGHQ. 

Liquid Model. As discussed in above paragraphs , 
the picture of l iquid composed of hard sphere and 
uniform background potent ial are considered to be 
reasonable in the first approx ima t ion from the fact 
that the calculated values of thermodynamic quan t i ­
ties coincide well wi th observed values. And, further, 
it can be totally ment ioned that free rotor picture of 
molecules in these l iquids has been clarified from this 
calculat ion, though, from the small depar ture of Scaled 
from Sobsd, there may be some small restriction for free 
rotor. 

T h e adequacy of the free rotor picture means that 
the mot ion of the molecules wi th in the l iquids may be 
regarded as completely orientationally-uncorrelated. 
T h i s appears as a common feature for these five liq­
uids at least in the thermodynamic sense. And 
further, different aspects a m o n g these l iquids , such as 
exemplified in the latter half of the preceding item, 
emerge in addit ion to the c o m m o n feature. 

Concluding Remarks 

T h e statistical thermodynamic equivalent free 
volume theory of l iquids based on the combina t ion of 
the Percus-Yevick integral equa t ion approach and the 

uniform background model was appl ied effectively to 
estimate thermodynamic functions of five organic 
l iquids. 

T h e usefulness of present approach supports the 
idea that the overall thermodynamic behaviors of 
these l iquids are represented in the first approx ima­
tion by the l iqu id picture which is constituted by the 
freely-rotating hard sphere molecules with some effec­
tive diameter mov ing wi th in the uniform backgound 
potential . 
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The notation based on the subduction of çoset representations (the SCR notation) is presented for the 
systematic characterization of molecular symmetry. The positions of a parent skeleton are divided into orbits 
on which the corresponding coset representations (CRs) act. Each of the CRs is then subduced to the 
subsymmetry that characterizes a molecule derived from the skeleton. The resulting subduced representations 
are further reduced into CRs, which provide a basis of the SCR notation. The SCR notation is more 
discriminative than the point-group notation as well as than the framework-group notation. A new concept 
"unit subduced cycle index" is introduced in order to determine which subsymmetry is realized if we begin with 
a parent skeleton of a given symmetry. 

Although point groups have long been used to 
classify molecular symmetry,1) they are frequently 
incomplete to afford full symmetry information about 
a molecule. For the purpose of remedying the 
incompleteness, Pople has proposed an elegant con­
cept "framework group."2) This method provides 
more specific description of the symmetry informa­
tion than do point groups. For example, molecules 1 
and 2, both of which have the same C2v symmetry in 
the point-group approach, can be distinguished into 
C2v[C2(C), av(F2H2)] and C2v[C2(C), av(F2), av'(H2)] in 
terms of the framework group. 

H 

V H I 
F A „ F ' /C \H 

1 2 

Recently, Brocas has pointed out that three isomers 
(3, 4, and 5), all of which are derived from a trigonal 
bipyramid (D3h) skeleton, have the same framework 
group, namely, Cs[a(PXYZ), X(X2)].

3> Brocas has dis­
cussed in detail the necessity of discriminating these 
isomers. For this purpose, Brocas has proposed mod­
ified Schönflies symbols. Thus, the isomer (3) 
belongs to CSh, and isomers 4 and 5 are of Csv 

symmetry. 

X Y Z 

X - P ' Z— PL Y - P ' INZ r*x r^x 
X X X 

3 A 5 

The two improved approaches are different in the 
perspectives from which they view molecular symme­
try. The formulation of a framework group stems 
from the view that five atoms (CH2F2) directly occupy 
appropriate positions of a space to give a C2v mole­
cule. On the other hand, the modified Schönflies 
symbols imply the presence of a parent skeleton, so 
that a molecule is considered to be a derivative of the 
skeleton. Thus, the CSh molecule (3) and the Csv ones 
(4 and 5) are implicitly regarded as derivatives of the 

D3h skeleton (8). The latter point of view has been 
widely adopted, especially for the enumeration of 
chemical structures.3~5) For example, Prelog's lec­
ture for the Nobel Prize in Chemistry presented this 
methodology. la> The C2v compounds (1 and 2) can 
thus be considered to be derived by the respective 
CH2F2 substitutions on square (D4h) and tetrahedron 
(Td) skeleton (6 and 7).la>5> 

X X + 
6 ( V 7 < V 8(D3h) 

The incorporation of the modified Schönflies sym­
bols into the framework group may provide a more 
effective tool for describing molecular symmetry. 
However, the modified Schönflies symbols still have 
some disadvantages, so that the symbol (Csv) is incapa­
ble of differentiating between 4 and 5, though the pair 
of Y and Z in 4 is different from that in 5). This 
drawback comes from the fact that the approach has 
never taken the transitivity of a skeleton into explicit 
consideration. 

The above discussions show that a more discrimi­
nating method is neccessary for a systematic identifi­
cation of molecular symmetry. We have reported the 
subduction of coset representations, which is a key to 
the enumeration of chemical structures.6) Subduc­
tion provides a detailed classification of the positions 
of a given structure in accord with its symmetry. In 
the present paper, we indicate that the subduction of 
coset representations is also a key concept for the 
classification or molecular symmetry. We thereby 
present the notation based on the subduction of coset 
representations (the SCR notation). 

I. Molecules Based on a Parent Skeleton 

We start from the standpoint that a molecule is 
regarded as being a derivative of a given skeleton. 
The skeleton is defined as a three-dimensional body 
that has a finite number of nodes (or positions) con-
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nected by bonds. Any molecule can be constructed by 
replacing the positions with appropriate atoms or 
ligands. 

Let us first examine an oxirane molecule (9). This 
molecule can be considered to be a derivative of a 
parent skeleton (10) with C2H4O. In this case, both 
the molecule (9) and the skeleton (10) have the same 
C2v symmetry. In other words, the substitution with 
C2H4O provides no change of symmetry. On the 
other hand, in case of compound 11, a substitution 
with C2H2F2O on the skeleton (10) reduces the origi­
nal C2v symmetry into C2 symmetry. 

H H 
H^V ,'LH ^ 2 * 4 ° 1 

Case i V 
9 ( C ? v ) 

2 3 
• J \ 5 6 / ' «4 

V" 
10(C2v) 

F < f c _ ( f > K ^ C2H2F20 

V 
11 (C2) 

Case II 

10(C 2 v ) 

Skeleton (10) has three types of equivalent positions 
(nodes), which are represented by heavy dots in 12, 13, 
and 14. Each set of equivalent positions are called an 
orbit. Two cases (9 and 11) are different regarding 
their modes of packing such orbits. Molecule (9) has 
four hydrogens on orbit (12), two carbons on 13, and 
one oxygen on 14. Thus, the same kind of atoms 
fulfill the respective orbit in molecule (9). On the 
other hand, the corresponding positions (12) in mole­
cule 11 are occupied by two hydrogens and two fluo­
rines so as to create a C2 subsymmetry. 

£ * • \ 5 6 / V 
12 13 

In general, there are two cases in the substitution of 
a skeleton. The first case (Case I) affords a molecule 
of which the symmetry is the same as that of a parent 
skeleton, as shown in the case of 9. Another case 
(Case II) creates a molecule that has a lower symmetry 
than that of the skeleton, as exemplified by 11. Our 
target is a detailed specification of symmetry which is 
effective in Case I as well as in Case II. Case I can be 
described by the concept of coset representations. 
Case II requires a novel concept subduction of coset 
representations. 

II. Coset Representations and Transitivity 
of a Parent Skeleton 

Although the concept of coset representations is 
well-known in mathematics,7'8* its application to 
chemical problems has been limited. We have 

reported the definition of the coset representations and 
provide them with chemical meaning.6'9) 

Let G be a finite group. Suppose that H is a 
subgroup of G. We then consider a coset 
decompostion, 

G = Hgi + Hg2 + - + H g m , (1) 

where gi=I (identity) and g, E G (for j=l, 2,—, m). 
The set of the elements (gi, g2, •••, gm) is called a 
transversal. In accord with this decomposition we 
construct a coset representation (CR) which is desig­
nated by the symbol G(/H). The CR that is origi­
nally a permutation group on a set of cosets can be 
regarded as a permutation group on a set of positions 
of a skeleton.10^ This fact is important to the chemi­
cal application of CRs. 

A set of subgroups (SSG) of G is defined as an 
irredundant set that contains a representative of each 
set of conjugate subgroups, 

SSG = {Gi,G2,-,G,}, (2) 

in ascending order of their orders, where Gi=Ci (an 
identity group) and G ^ G . The set of corresponding 
CRs, 

SCR = {G(/Gi), G(/G2), - , G(/G,)}, (3) 

has been proved to be a complete set of different 
transitive representations of G.n ) Obviously, G(/Gi) 
is a regular representation and G(/G5) is homomor-
phic to an identity group. 

Suppose that G acts on 

A = {ô1,Ô2,'",ôlAl] (4) 

in the form of a permutation representation P G on A. 
In this case, A may contain one or more orbits on the 
action of G. Chemically, A corresponds to a set of 
positions contained in a given skeleton and G may be 
the point group of the skeleton. The following theo­
rem holds for any PG- U ) 

Theorem 1. The permutation representation P G 
can be reduced into transitive CR« in terms of 

PG = 2a ,G( /G , - ) , 
1=1 

(5) 

where each on is a non-negative integer. The multi­
plicities ai: ( i=l , 2, •••, s) are obtained by 

fXj 
1=1 

0=1,2, - , s), 

(6) 

where /xy is the mark (the number of fixed points) of Gy 
in P G and m/*> is the mark of Gy in G(/G;).12> 

The matrix of ra/M's is called a table of marks 
(or a mark table), which has been introduced by 
Burnside.7'13) Equation 6 can be rewritten as follows 
by using the inverse of the mark table, 

7=1 
(V) 

for z= l , 2, —, 5. 



February, 1990] Classification of Molecular Symmetry 317 

We then define two vectors for further discussions, i.e., 

a fixed-point vector (FPV), (fJLifJL2--fJLs), (8) 

and 

a multiplicity vector (MV), (aia2'~as). (9) 

T h e MV is a descriptor of the symmetry of a skeleton. 
Tab le 1 collects the coset representations of C2v 

group , where each pe rmuta t ion is represented as the 
product of cycles. T h e corresponding table of marks 
(Table 2) can be derived from the data of Tab le 1. 
Tab le 3 shows the inverse of the mark table. Tables 
4—6 conta in the counterparts of the D3h group. 
Tab le 7 collects the inverse of the mark table of the T d 

group. 
Equa t ion 5 (Theorem 1) determines the mode of 

act ion of G on the G-set (A), which is divided in to a set 
of orbits: 

f Awt Ai2, •••, Aiait each of which G(/Gi) acts on; 

A21, A22, •••, A2a2, each of which G(/G2) acts on; (10) 

and 

Asi, AS2, •••, Asas,
 e a c n of which G(/Gj) acts on. 

In a chemical sense, Eq. 10 indicates the transitivitity 
of a paren t skeleton. Suppose that the G-set (A) 
denotes a set of the posi t ions of the skeleton. T h e n , 
each orbit Aia represented by Eq. 10 is a set of equiva­
lent posi t ions contained in the skeleton. It should be 
noted that a coset representat ion on Aia(a=l, 2,~, ai), 
is determined only by G and Gz. 

Example 1. T h e posi t ions of the skeleton (10) are 
numbered as 1, 2, •••, 7. Let the seven posi t ions be 
a C2v-set. A permuta t ion representation (Pc2v) is 
obtained as follows: 

7:(1)(2)(3)(4)(5)(6)(7), 

C2:(13)(2 4)(5 6)(7), 

av(i):(14)(2 3)(5 6)(7), 

Table 2. The Mark Table of C2v 

Ci C2 Cs C2v 

C2v(/Ci) 
C2v(/C2) 
C2v(/Cs) 
C2v(/Cs') 
C2v(/C2v) 

4 
2 
2 
2 
1 

0 
2 
0 
0 
1 

0 
0 
2 
0 
1 

0 
0 
0 
2 
1 

0 
0 
0 
0 
1 

C2v 

Table 1. Coset Representations of C2v 

C2v(/Ci) C2v(/C2) C2v(/Cs) C2v(Cs') C2v(C2v) 

/ (1)(2)(3)(4) (1)(2) 
C2 (12) (3 4) (1)(2) 
o«i, (13 ) (2 4) (12) 
av,2> ( 1 4 ) (2 3) ( 1 2 ) 

(1)(2) (1)(2) 
(1 2) (1 2) 
(1)(2) (12) 
(12) (1)(2) 

(1) 
(1) 
(1) 
(1) 

Table 3. The Inverse of the Mark Table of C2v 

C2v(/Ci) C2v(/C2) C2v(/Cs) C2v(/Cs') C2v(/C2v) 

Ci 
C2 

Cs 
Cs' 

c2v 

1/4 
- 1 / 4 
- 1 / 4 
- 1 / 4 

1/2 

0 
1/2 
0 
0 

- 1 / 2 

0 
0 

1/2 
0 

- 1 / 2 

0 
0 
0 

1/2 
- 1 / 2 

0 
0 
0 
0 
1 

Table 4. Coset Representations of D3h 

D31 D3h(/Ci) D3h(/C2) D3h(/Cs) D3h(/Cs') D3h(/C3) D3h D3h 

(/C2v) (/Gsv) 
D3 h 

( /Csh) 

D3h D3h 
(/D3) (/D3 h) 

C3 

C3
2 

C2(i) 

C2(2) 

C2(3) 

ah 

S3 

S3
5 

aV(i) 

CTv(2) 

aV(3) 

(1)(2)(3)(4)(5)(6)-
(7)(8)(9)(10)(11)(12; 

(1 2 3)(4 5 6)(7 8 9)-
(10 12 11) 

( 1 3 2)(4 5 6)(7 9 8)-
(10 11 12) 

(14)(2 5)(3 6)(7 10)-
(8 11)(9 12) 

(15)(2 6)(3 4)(7 11)-
(8 12)(9 10) 

(16)(2 4)(3 5)(7 12)-
(8 10)(9 11) 

(1 7)(2 8)(3 9)(4 10)-
(5 11)(6 12) 

( 1 8 3 7 2 9)-
(4.12 5 10 6 11) 

( 1 9 2 7 3 8)-
(4 1 1 6 10 5 12) 

(1 10)(2 11)(3 12)-
(4 7)(5 8)(6 9) 

(1 11)(2 12)(3 10)-
(4 9)(5 7)(6 8) 

(1 12)(2 10)(3 11)-
(4 8)(5 9)(67) 

(1)(2)(3)-
(4)(5)(6) 

(1 2 3)-
(4 5 6) 

(1 3 2)-
(4 6 5) 

(1)(2 3)(4)-
(5 6) 

(1 3)(2)-
(4 6)(5) 

(1 2)(3)-
(4 5)(6) 

(1 4)(2 5)-
(3 6) 

( 1 5 3 4 2 6) 

( 1 6 2 4 3 5) 

(1 4)(2 6)-
(3 5) 

(1 6)(2 5)-
(3 4) 

(1 5)(2 4)-
(3 6) 

(1)(2)(3)-
(4)(5)(6) 

( 1 2 3)-
(4 6 5) 

(1 3 2)-
(4 5 6) 

(1 4)(2 5)-
(3 6) 

(1 5)(2 6)-
(3 4) 

(1 6)(3 5)-
(2 4) 

(1 4)(2 6)-
(3 5) 

( 1 6 3 4 2 5) 

( 1 5 2 4 3 6) 

(1)(2 3)(4)-
(5 6) 

(1 3)(2)-
(4 5)(6) 

(1 2)(3)-
(4 6)(5) 

(1)(2)(3)-
(4)(5)(6) 

( 1 2 3)-
(4 6 5) 

(1 3 2)-
(4 5 6) 

(1 4)(2 5)-
(3 6) 

(1 5)(2 6)-
(3 4) 

(1 6)(2 4)-
(3 5) 

(1)(2)(3)-
(4)(5)(6) 

( 1 2 3)-
(4 6 5) 

(1 3 2)-
(4 5 6) 

(1 4)(2 5)-
(3 6) 

(1 5)(2 6)-
(3 4) 

(1 6)(2 4)-
(3 5) 

(1)(2)(3)(4) 

(1)(2)(3)(4) 

(1)(2)(3)(4) 

(1 2)(3 4) 

(1 2)(3 4) 

(1 2)(3 4) 

(1 3)(2 4) 

(13)(2 4) 

(13) (2 4) 

(1 4)(2 3) 

(14) (2 3) 

(1 4)(2 3) 

(1)(2)(3) (1)(2) 

( 1 2 3) 

( 1 3 2) 

(1)(2 3) 

(1 3)(2) 

(1 2)(3) 

(1)(2) 

d)(2) 

( 1 2 ) 

( 1 2 ) 

(12 ) 

(1)(2)(3) (1 2) 

( 1 2 3) 

( 1 3 2) 

(1)(2 3) 

(1 3X2) 

(1 2X3) 

( 1 2 ) 

( 1 2 ) 

(1)(2) 

(1)(2) 

(1)(2) 

(1)(2) 

(1X2) 

(1)(2) 

(12 ) 

(12 ) 

(12 ) 

(1)(2) 

(1X2) 

(1)(2) 

(12 ) 

(12) 

(12 ) 

(1X2) 

(1X2) 

(1)(2) 

(1)(2) 

(1)(2) 

(1X2) 

(12) 

(12 ) 

(12 ) 

(12) 

(12 ) 

(12) 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 
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Pc2v = C2v(/Ci) + C2v(/Cs') + C2v(/C2v), (12) 

since SCR = {C2v(/Ci), C2v(/C2), C2v(/Cs), C2v(/Cs>), 
C2v(/C2v)}. 

The concrete forms of the CRs appearing in the 
right-hand side are found in Table 1. Note that the 
numbering of Table 1 is different from the present 
one. The CR, C2v(/Ci), is a permutation group on 
A\={\,2,3,4}, the orbits of which are illustrated in 12. 
The second CR, C2v(/Cs')> is concerned with zf2={5,6} 
(13). The third CR, C2v(/C2v), acts on zf3={l} (14). 
Thus, the actions of CRs can be graphically verified. 

III. The SCR Notation for Case I 

The discussions given in Section II provide a basis 
for describing the symmetry of a molecule or Case I, in 
which the full symmetry of a given skeleton is con­
served during the process of atom substitution. Sup­
pose that the positions of the skeleton are divided into 
orbits by Eq. 5. In order to realize the full symmetry, 
all of the positions of each orbit (AZ0!), on which G(/ 
d) acts (Eq. 10), should be fully occupied by r of the 
same kind of atoms A^, where r=|AZ0!| = |G|/ |Gz| . 
This situation is denoted as 

G[...;/G,(ArW);...] (13) 

by using each term of Eq. 5, where all the terms that 
appear in Eq. 5 are listed sequentially to show the 

Table 6. The Inverse of the Mark Table of D3ha) 

Ci 

c2 Cs 
Cs' 
C3 
C2v 
C3v 
Cßh 
D3 
D3h 

/Ci 

1/12 
-1/4 
-1/4 
-1/12 
-1/12 
1/2 
1/4 
1/12 
1/4 

-1/2 

/C2 
0 
1/2 
0 
0 
0 

-1/2 
0 
0 

-1/2 
1/2 

/Cs 

0 
0 
1/2 
0 
0 

-1/2 
-1/2 
0 
0 
1/2 

/Cs' 

0 
0 
0 
1/6 
0 

-1/2 
0 

-1/6 
0 
1/2 

/Cs 

0 
0 
0 
0 
1/4 
0 

-1/4 
-1/4 
-1/4 
1/2 

/C2v 

0 
0 
0 
0 
0 
1 
0 
0 
0 

-1 

/C3v 

0 
0 
0 
0 
0 
0 
1/2 
0 
0 

-1/2 

/C3h 

0 
0 
0 
0 
0 
0 
0 
1/2 
0 

-1/2 

/D3 
0 
0 
0 
0 
0 
0 
0 
0 
1/2 

-1/2 

/D3h 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

a) The symbol /G* is the abbreviated form of G(/G*). 

Table 7. The Inverse (M) of the Mark Table of Td 

y 
Td(/Ci) Td(/C2) Td(/Cs) Td(/Cs) Td(/CU) Td(/D2) Td(/C2v) Td(/C3v) Td(/D2d) Td(/T) Td(/Td) 2 ^ 

Ci 

c2 Cs 
c3 
s4 D2 
C2v 
C3v 
D2d 
T 
Td 

1/24 
-1/8 
-1/4 
-1/6 
0 
1/12 
1/4 
1/2 
0 
1/6 

-1/2 

0 
1/4 
0 
0 

-1/4 
-1/4 
-1/4 
0 
1/2 
0 
0 

0 
0 
1/2 
0 
0 
0 

-1/2 
-1 
0 
0 
1 

0 
0 
0 
1/2 
0 
0 
0 

-1/2 
0 

-1/2 
1/2 

0 
0 
0 
0 
1/2 
0 
0 
0 

-1/2 
0 
0 

0 
0 
0 
0 
0 
1/6 
0 
0 

-1/2 
-1/6 
1/2 

0 
0 
0 
0 
0 
0 
1/2 
0 

-1/2 
0 
0 

0 
0 
0 
0 
0 
0 
0 
1 
0 
0 

-1 

0 
0 
0 
0 
0 
0 
0 
0 
1 
0 

-1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1/2 

-1/2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

1/24 
1/8 
1/4 
1/3 
1/4 
0 
0 
0 
0 
0 
0 

av{2): (1 2)(3 4)(5)(6)(7). 

From these data, we obtain the marks of the subgroups 
in Pc2V: 

jLtci=7, jLtc2—1, Mcs=l, Mcs/—3, and MC2V— 1-

This affords an FPV=(7 113 1), the elements of which 
are aligned in the order of SSG={Ci, C2, Cs, Cs', C2v}. 
Then, the FPV is introduced into Eq. 7 to yield 

MV = (7 1 1 3 1)IMT =(100 1 1), (11) 

where IMT is the inverse of the mark table of C2v 

found in Table 3. The MV=(1 0 011) corresponds to 
a reduction, 

Table 5. The Mark Table of D; »3h 

D3h(/Ci) 
D3h(/C2) 
D3h(/Cs) 
D3h(/Cs') 
D3h(/C3) 
D3h(/C2v) 
D3h(/C3v) 
D3h(/C3h) 
D3h(/C3) 
D3h(/C3h) 

Ci 

12 
6 
6 
6 
4 
3 
2 
2 
2 
1 

c2 
0 
2 
0 
0 
0 
1 
0 
0 
2 
1 

Cs 

0 
0 
2 
0 
0 
1 
2 
0 
0 
1 

Cs' 

0 
0 
0 
6 
0 
3 
0 
2 
0 
1 

C3 

0 
0 
0 
0 
4 
0 
2 
2 
2 
1 

C2v 

0 
0 
0 
0 
0 
1 
0 
0 
0 
1 

C3v 
0 
0 
0 
0 
0 
0 
2 
0 
0 
1 

C3h 

0 
0 
0 
0 
0 
0 
0 
2 
0 
1 

D3 

0 
0 
0 
0 
0 
0 
0 
0 
2 
1 

D3h 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
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symmetry of the Case I molecule. This SCR notation 
indicates how a set of equivalent atoms is transformed 
in itself by operations of G. 

Any molecule of Case I can be specified in terms of 
Eq. 13. For example, the symmetry of oxirane 9 is 
represented by C2v[/Ci(H4); /GS'(C2); /C2v(0)], because 
the skeleton (10) is reduced by Eq. 12 (Example 1). 
This notation means that four hydrogen atoms (H4) 
occupy the orbit A\ (12) on which C2v(/Ci) acts, two 

carbons (C2) fill ^2(13) on which C2v(/Cs') acts and one 
oxygen (O) takes As (14) on which C2v(/C2v) acts. 

Table 8 lists the SCR notations of several molecules 
of C2v symmetry: phenanthrene (15), an iceanedione 
(16), noradamantane (17), norbornane (18), basketane 
(19), and water (20). The FPV of each compound is 
obtained by counting fixed points on the operations of 
respective subsymmetries. Each MV of Table 8 is 
then obtained by multiplying the FPV with the 

Table 8. C2v Molecules on C2v Skeletonsa) 

Molecule FPV MV SCR notation 

9 
15 
16 
17 
18 
19 
20 

( 7 1 1 3 1) 
(24 0 24 0 0) 
(28 0 8 0 0) 
(23 1 7 5 1) 
(19 1 53 1) 
(22 0 10 0 0) 
( 3 1 3 1 1 ) 

( 1 0 0 1 1) 
(0 0 12 0 0) 
( 5 0 4 0 0 ) 
(3 0 3 2 1) 
(3 02 11) 
( 3 0 5 0 0 ) 
(00 10 1) 

C2v[/Ci(H4); /C/(C2); /C2v(0)] 
C2v[12/Cs(7C2, 5H2)] 
C2v[5/Ci(2C4, 3H4); 4/Cs(2C2, H2, 02)] 
C2v[3/Ci(C4, 2H4); 3/Cs(C2, 2H2); 2/Cs'(C2, H2); /C2v(C)] 
C2v[3/Ci(C4, 2H4); 2/Cs(C2, H2); /CS'(H2); /C2v(C)] 
C2v[3/Ci(C4, 2H4); 5/Cs(3C2, 2H2)] 
C2v[/Cs(H2); /C2v(0)] 

a) SSG={Ci, C2, Cs, Cs', C2v} for C2v. See Eq. 7. The corresponding set of coset representations 
(SCR) is obtained in terms of Eq. 8. Each MV (multiplicity vector) denotes the respective 
multiplicities of the coset representations contained in the SCR. The MV is obtained by the 
multiplication of the corresponding fixed point vector (FPV) by the inverse of the mark table 
(Table 3 ). See Eq. 12. 

"Vf 16 

*x> 

*o 17 «?> 
Table 9. D3h Molecules on D3h Skeletons** 

Molecule 

21 
22 
23 
24 
25 
26 
27 
28 

FPV 

(6 2 4 43 2 3 111) 
( 9 1 3 3 0 1 0 0 0 0 ) 
( 9 1 1 9 0 1 0 0 0 0 ) 
(9 3 3 9 0 3 0 0 0 0) 
(12 0 4 0 0 0 0 0 0 0) 
(340 140 40 4 0 0 0) 
(24 0 0 12 0 0 0 0 0) 
(42 2 4 1 3 1 1 1 1 ) 

MV 

( 0 0 0 0 0 1 1 0 0 1) 
( 0 0 1 0 0 1 0 0 0 0 ) 
( 0 0 0 1 0 1 0 0 0 0 ) 
(0 0 0 0 0 3 0 0 0 0) 
(0 0 2 0 0 0 0 0 0 0) 
(0 0 5 0 0 0 2 0 0 0) 
( 1 0 0 2 0 0 0 0 0 0) 
(0 0 0 0 0 1 0 0 0 1) 

SCR notation 

D3h[/C2v(X3); /C3v(Y2); /D3h(P)] 
D3h[/Cs(H6); /C2v(Cs)] 
D3h[/CS'(H6); /C2v(C3)] 
D3h[3/C2v(C3, 2H3)] 
D3h[2/Cs(C6, H6)] 
D3h[5/Cs(3C6, 2H6); 2/C3v(C2, H2)] 
03h[/Ci(Hi2); 2/Cs'(2C6)] 
D3h[/C2v(F3); /Dsh(B)] 

a) SSG={Ci, C2, Cs, Cs', C3, C2v, C3v, C3h, D3, D3h} for D3h. See the footnote of Table 8. The 
inverse of the mark table of D3h is found in Table 6. 

4i MÄ »AH A A 
\ 21 H 2 2 " H 23 H HH

 2 4 "H 25 
<ô> F" -F 

28 

Table 10. Td Molecules on Td Skeletonsa) 

Molecule 

29 
30 
31 

FPV 

(5 1 3 2 1 1 1 2 1 1 1 ) 
(8 0 4 2 0 0 0 2 0 0 0) 
(26 2 8 2 0 0 2 2 0 0 0) 

MV SCR notation 

(0 000000100 1) 
(0 000000200 0) 
(0 010001200 0) 

Td[/C3v(H4); /Td(C)] 
Td[2/C3v(C4, H4)] 
Td[/Cs(Hi2); /C2v(C6); 2/C3v(C4, H4)] 

a) SSG={Ci, C2, Cs, C3, S4, D2, C2v, C3v, D2d, T, Td} for Td. See the footnote of Table 8. The 
inverse of the mark table of Td is found in Table 7. 

"••"S"-H ^ 
29 30 
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Molecule 

32 
33 
34 
35 
36 

Table 11. 

FPV 

(26 0 0 2 0) 
(73 1 5 1 3 11) 
(13 1 13 1 1 1 1) 
(30 2 0 8 0 2 0 0) 
(30 2 00 10 6 0 0 
2 0 0 0 0 0 0 0) 

Shinsaku FUJITA [Vol. 63, No. 2 

Molecules on D2, D2d and D2h Skeletonsa) 

MV 

( 6 0 0 1 0 ) 
( 0 0 0 1 0 101) 
( 1 0 0 1 0 0 0 1 ) 
( 2 0 0 3 0 1 0 0 ) 
( 2 0 0 0 2 1 0 0 
10 0 0 0 0 0 0) 

SCR notation 

D2[6/Ci(2C4, 4H4); /C2
/(C2)] 

D2d[/Cs(H4); /C2v(C2); /D2d(C)] 
D2d[/Ci(H8); /Cs(C4); /D2d(C)] 
D2d[2/Ci(C8, H8); 3/Cs(C4, 2H4); /C2v(C2)] 
D2h[2/Ci(C8, H8); 2/C2(C4, H4); /C/(H4); 

/C2v(C2)] 

a) For D2, SSG={Ci, C2, C2', C2", D2}. For D2d, SSG={Ci, C2, C2 ', Cs, S4, C2v, D2, D2d}. For D2h, 
SSG={Ci, C2, C2 ', C2", Cs, Cs', Cs", G, C2v, C2v', C2v", C2h, C2h', C2h", D2, D2h}. See the footnote of 
Table 8. 

=C= 
33 H 

32 34 35 36 

inverse of the mark table (Table 3). It should be 
emphasized that the SCR notations are capable of 
discriminating these C2v molecules. 

Compound 21 of D3h symmetry (Table 9) is a deriva­
tive of the skeleton 8. The mode of X3Y2 substitution 
is specified by the notation D3h[/C2v(X3), /C3v(Y2), 
/D3h(P)]. This symbol indicates that X3 are subject to 
D3h(/C2v), Y2 to D3h(/C3v), and P to D3h(/D3h). 

Table 9 collects several molecules that are based on 
various skeletons having D3h symmetry. Cyclopro­
pane (22) and alternative D3h planar forms 23 and 24 
differ in their SCR notations. Prismane (25), tripty-
cene (26) and other molecules 27 and 28 have the same 
D3h symmetry, but can be characterized by the SCR 
notations. 

Table 10 collects several molecules of Td symmetry 
(methane (29), tetrahedrane (30), and adamantane 
(31)) and their SCR notations. Table 11 lists the SCR 
notations of D2 (for twistane (32)), D2d (for aliène (33), 
spiro[2.2]pentane (34), and isogarudane (35)) and D2h 
molecules (garudane (36)). 

IV. Subduction of a Coset Representation 

As a foundation to a discussion of the notations for 
Case II, we introduce a subduction of the coset repres­
entation. The subsititution of a parent skeleton with 
a given set of atoms (or ligands) reduces the original 
symmetry of the skeleton into a subsymmetry. For 
example, the orbit (12) of the skeleton (10) is divided 
into two suborbits (12a and 12b) in the process of a 
reduction of C2v into C2 symmetry. One of the subor­
bits is then occupied by H2 and the other by F2 to give 
a C2 molecule (11). This intuitive explanation can be 
formulated by introducing a subduction of coset 
representations (CRs). 

>* • 

We extract all permutations of a subgroup Gy (^G) 
from the permutations contained in G(/Gz). The 
resulting set of permutations is denoted as G(/Gz)lGy, 
which is called a subduced representation (SR). Let us 
select an irredundant set of conjugate subgroups of Gy, 

SSG = {Hi, H2, ™,HV}, 

and the corresponding set of CRs as follows, 

(14) 

(15) SCR = {G,{/Hi), G,(/H2), - , Gy(/H,)}, 

in a similar way as above. Note that EU is subject to 
Gy though, for simplicity of the following discussions, 
this fact is not denoted explicitly. The subduced 
representation G(/Gz)JGy is a permutation group on 
the orbit (AZ0!) represented by Eq. 10. Hence, Theo­
rem 1 is applicable to this case. We thus arrive at 

Corollary 1-1. The subduced representation 
G(/Gi)lGj can be reduced into transitive CRs in terms 
of 

Gi/GOlGrUßk^Gji/Hk) 
k=\ 

for 2=1, 2, •••, s 
and for ;=1, 2, •••, s, 

(16) 

where each ßk^ is a non-negative integer. The mul­
tiplicities ßkM (k=l, 2, •••, v) are obtained by 

k=\ 

for i= 1, 2, •••, v, 

where vi is the mark of Hz in G(/Gi)\Gj. 
We now define a subduction vector (SV) as 

SV=(j8i<f>'>, ß2
{lj\ - , &,«>>). 

(17) 

(18) 

12a 12b 

A coset representation G(/Gi) is determined only by 
G and Gz and, hence, is independent of any G-set. As 
a result, the SV is constant if G; and Gy are given. 
Compare this with the fact that MV is dependent upon 
the G-set to be considered. These facts permit us to 
preestimate the subduction of G(/G;)lGy.6'9> Table 12 
collects such subductions for D3h group. 

In terms of the Corollary 1-1, the orbit A,a on which 
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Table 12. Subduction of the Coset Representations of D3h 

l 

Dsh(/Ci) 
D3h(/C2) 

D3h(/Cs) 

D3h(/Cs') 
D3h(/C3) 
D3h(/C2v) 

D3h(/C3v) 
D3h(/C3h) 
D3 h(/D3) 
D3h(/D3h) 

iCi 

12Ci(/Ci) 
6Ci(/Ci) 

6Ci(/Ci) 

6Ci(/Ci) 
4Ci(/Ci) 
3Ci(/Ci) 

2Ci(/Ci) 
2Ci(/Ci) 
2Ci(/Ci) 
Ci( /Ci) 

iC2 

6C2(/Ci) 
2C2(/Ci) 

+2C 2( /C 2) 
3C2(/Ci) 

3C2(/Ci) 
2C2(/Ci) 
C2(/Ci) 

+C 2 ( /C 2 ) 
C2(/Ci) 
C2(/Ci) 
2C2(/C2) 
C2(/C2) 

iCs 

6Cs(/Ci) 
3Cs(/Ci) 

2Cs(/Ci) 
+2Cs(/Cs) 

3Cs(/Ci) 
2Cs(/Ci) 
Cs(/Ci) 

+Cs(/Cs) 
2Cs(/Cs) 
Cs(/Ci) 
Cs(/Ci) 
Cs(/Cs) 

JCS' JC3 

6CY(/Ci) 4Cs(/Ci) 
3CS'(/Ci) 2Cs(/Ci) 

3Cs'(/Ci) 2Cs(/Ci) 

6C,'(/C.') 2Cs(/Ci) 
2Cs ,(/Ci) 4C3(/C3) 
3CS ' ( /C/) Cs(/Ci) 

C ( / C i ) 2C3(/C3) 
2Cs'(/Cs') 2C3(/C3) 
C ( / C i ) 2C3(/C3) 
C , / ( /G / ) C3(/C3) 

; 

iC2v iC3v 

3C2v(/Ci) 2Csv(/Ci) 
C2v(/Ci) 

+C2v(/C2) 
C2v(/Ci) 

+C2v(/Cs) 

Csv(/Ci) 

2C3v(/Cs) 

3C2v(/Cs/) C3v(/Cl) 
C2v(/Ci) 
C2v(/Cs/) 

+C2v(/C2v) 
C2v(/Cs) 
C2v(/Cs') 
C2v(/C2) 

C2v(/C2v) 

2C3v(/C3) 
C3v(/Cs) 

2C3v(/C3v) 
C3v(/C3) 
C3v(/C3) 
C3v(/C3v) 

iC3h 

2Csh(/Ci) 
Csh(/Ci) 

Csh(/Ci) 

2C3h(/Cs/) 
2C3h(/C3) 
C3h(/Cs') 

C3h(/C3) 
2C3h(/C3h) 
C3h(/C3) 
C3h(/C3h) 

JD3 

2Ds(/Ci) 
2D3(/C2) 

D3( /Ci) 

Ds(/Ci) 
2D3(/C3) 
D3(/C2) 

D3(/C3) 
D3(/C3) 
2D3( /D3) 
D3( /D3) 

lD3 h 

Dsh(/Ci) 
D3h(/C2) 

D3h(/Cs) 

D3h(/Cs') 
D3h(/C3) 
D3h(/C2v) 

D3h(/C3v) 
D3h(/C3h) 
D3 h(/D3) 
D 3 h( /D 3 h) 

A 

A j o ç - G C / G j ) 

G(/Gj)|Gj 

A< kJ3 —Gj(/Hk) 

Fig. 1. Division and subdivision of the positions of 
a skeleton. 

2 3 
1 «A3 6 £ • 4 

10 A 
P C 2 v 

C2v 

** ,%4 

12 A] 

c2v(/c1) 

lc2 

3 * 

13 A 2 

C2 v( /Cs0 

|C2 

;v5 6 / 

Y 
U A 3 

C2v(/C2v) 

Ic: 

12a A n 

C2(/C1) 

12b A 1 2 

C2UC]) 

13 A 2 

02(70,) 

H A 3 

C2(/C2) 

Fig. 2. Orbits and suborbits of the oxirane skeleton 
(10). Each set of positions with a heavy dot consti­
tutes an orbit (or suborbit) that is subject to the 
coset representation cited. 

G(/Gi)JG; acts is subdivided in to the corresponding 

suborbits, 

A($(k=l,2,---,v;ß=\,2,...,ßj;j)), (19) 

on which G / ( / H Ä ) acts. Figure 1 illustrates the pro­

cess of the present work, i.e. a division by Eq. 5 and the 

subsequent subdivision by Eq. 16. 

Ml ^12 
Cgt/q) Cs(/cs) 

s1s2(a1c2) 

A 3 

Cs(/Cs) 

s1<a l) 

Fig. 3. Orbits and suborbits of the trigonal-
bipyramid-plus-center skeleton (8) during the sub­
duction into the Cs group. Each set of positions 
with a heavy dot constitutes an orbit (or suborbit) 
that is subject to the coset representation cited. 
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T h e fol lowing examples clarify the chemical mean­
ing of the subduct ion of CRs represented by Eq. 16. 

Example 2. We examine the subduct ion of the 
skeleton (10). Figure 2 illustrates the division and 
the subdivision of the seven posit ions of 10. Since 
the posi t ions are divided by Eq. 12 (Example 1), we 
examine each of the CRs contained in the r ight -hand 
side. T h e first CR, C2v(/Ci), has been shown to be 
reduced in terms of 

C2v(/Ci)lC2 = 2C2(/Ci). (20) 

T h i s equa t ion indicates that Ai={\, 2, 3, 4} (illustrated 
as 12) is subdivided into An={l, 3} and Au={2 4}, bo th 
of which are subject to C2(/Ci). These suborbits cor­
responds to 12a and 12b. T h e 2nd and 3rd CRs of Eq. 
12 are subducedby 

C2v(/C2)lC2 = C2(/Cl) (21) 

and 

C2v(/C2v)lC2 = C2(/C2). (22) 

These equat ions indicate that orbits ^2—{5, 6} (illus­
trated as 13) and As={1} (illustrated as 14) are not 
subdivided. 

Example 3. Let us examine the subduct ion of the 
skeleton (8). Figure 3 illustrates a classification of 
the posi t ions of 8. T h e six posi t ions have been classi­
fied into three orbits. T h e orbits A\={\, 2, 3}, ^2={4, 
5}, and As={6} are subject to D2h(/C2V), D3h(/C3v), and 

si 
8 A 
PD3h Cs'=0. °-h} 

J3h 

,4a 
Ai 

D3h(/C2v) 

||Cs' 

54 
A2 A 3 

D3h(/C3v) D3h(/D3h) 

A, 2 A l 3 

CS'(/Cs0 CS'(/Cs') CS'(/CS') Cs'C/C^ CS'(/Cs') 

*13 ( a ^ ) S2(a2) s i ( a l ) 

Fig. 4. Orbits and suborbits of the trigonal-
bipyramid-plus-center skeleton (8) during the sub­
duction into the Cs ' group. Each set of positions 
with a heavy dot constitutes an orbit (or suborbit) 
that is subject to the coset representation cited. 

D3h(/D3h). We first examine subductions in to Cs={7, 
(7v(i)}, where aV(i) is a reflection wi th respect to a mirror 
p lane intersecting node 1. T h e subductions of the 
CRs are found in Tab le 12. T h u s , 

and 

D3h(/C2v)lCs = Cs(Ci) + Cs(/Cs), 

D3h(/C3v)lCs = 2Cs(/Cs), 

C3h(/C3h)lCs = Cs(/Cs). 

(23) 

(24) 

(25) 

and 

T h e actions of the CRs appear ing in the r igh t -hand 
sides are il lustrated in Fig. 3. 

Figure 4 depicts another man ipu la t ion of the skel­
eton (8). Each of the CRs is subduced in to Cs '={7, 
ah}, where ah is a mirror p lane conta in ing posi t ions 1, 
2, and 3. Tab le 12 indicates 

D3h(C2v)lCs' = 3Cs'(/Cs), (26) 

D3h(/C3v)lCs' = Cs'(/Ci), (27) 

C3h(/C3h)lCs' = Cs'(/Cs). (28) 

V. T h e SCR Nota t ion for Case II 

We now arrive at notat ions for Case II. O u r idea is 
that, in order to realize a Gy-subsymmetry, each of the 
suborbits (Eq. 19) is filled u p with the same k ind of 
a toms A^k\ Note that the suborbit is subject to the 
corresponding coset representation (CR) in terms of 
Eq. 16. Since the length of the suborbit is r = | G / | / 
I Gk I, the mode of f i l l ing-up is represented by 

G(/G,)1G ;[- , /Hk(Ar^), •••], (29) 

which are hyphened in ascending order of i= 1, 2, •••, s. 
T h i s SCR nota t ion indicates that r of atoms A ( z ^ fill 
u p the suborbit on which G / ( / H Ä ) acts. Thereby, the 
SCR nota t ion affords a full piece of information about 
the Gy-molecule. 

T h e symmetry of c o m p o u n d 11 is represented by 

C2v(/Ci)lC2[2/Ci(H2, F2)]-C2v(/C2)lC2[/Ci(C2)]-

C2v(/C2v)iC2[/C2(0)]. (30) 

T h i s nota t ion is based on the subdivision shown in 
Fig. 2, which is also represented by Eqs. 20—22 
(Example 2). T h u s , the first par t indicates the 
respective packing of orbits 12a and 12b wi th H2 and 
F2. T h e 2nd par t of Eq. 30 shows that C2 occupy the 
orbit (13). T h e 3rd one shows the subst i tut ion of the 
orbit (14) wi th one oxygen. 

T h e SCR nota t ion for 11 (Eq. 30) can be abbreviated 
to 

C2[2/Ci(H2, F2); /Ci(C2); /C2(0)] (31) 

by collecting the terms in the brackets and punctua t ­
ing wi th semicolons. Al though this short nota t ion 
loses the informat ion on the parent skeleton (10), it is 
still informative enough to indicate the symmetry of 
molecule 11. 
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A nota t ion for c o m p o u n d 3 is obtained by us ing the 
subdivisions shown by Eqs. 26—28 (Example 3), i.e., 

D3h(/C2v)lCs'[3/Cs(X, Y, Z)]-D3h(/C3v)lCs'[/Ci(X2)]-

D3h(/D3h)lCs'[/Cs(P)]. (32) 

T h i s SCR nota t ion indicates the mode of f i l l ing-up of 
the suborbits i l lustrated in Fig. 4. T h u s , the first 
brackets of Eq. 32 indicate that atoms X, Y, and Z 
occupy the suborbits, An, Au, and A is, respectively, 
where all of the suborbits are subject to C s ' ( /C s ' )-
T h e second brackets correspond to the fact that Ai of 
Fig. 4 is operated by Cs ' ( /Ci ) and filled with X2. T h e 
third one specifies the subst i tut ion of phosphorus . 

Notat ions for compounds 4 and 5 can be obtained 
by us ing Eqs. 23—25. T h a t is, 

D3h(/C2v)iCs[/Ci(X2),/Cs(Z)]-D3h(/C3v)lCs[2/Cs(X,Y)]-

D3h(/D3h)lCs[/Cs(P)] for 4 (33) 

and 

D3h(/C2v)lCs[/Ci(X2),/Cs(Y)]-D3h(/C3v)iCs[2/Cs(X,Z)]-

D3h(/D3h)lCs[/Cs(P)] for 5. (34) 

Figure 3 depicts the construct ion of these SCR nota­
tions. Note that a set of equivalent atoms occupies a 
suborbit. These notat ions (Eqs. 32—34) faithfully 
reflect the fact that molecule 4 can be converted in to 5 
by exchanging Y and Z. 

T h e SCR notat ions (Eqs. 32—34) are converted to 
abbreviated forms by selecting the subgroups in ques­
tion and by collecting the terms in the brackets: 

Cs'[3/Cs(X, Y, Z,); /Ci(X2); /CS(P)] for 3, (35) 

Cs[/Ci(X2), /Cs(Z); 2/Cs(X,Y); /CS(P)] for 4, (36) 

and 

Cs[/Cs(X2), /Cs(Y); 2/Cs(X, Z); /CS(P)] for 5. (37) 

These abbreviated notat ions are still capable of distin­
gu i sh ing the three molecules (3, 4, and 5). T h i s fact 
reveals an advantage of the present nota t ion over the 
framework g roup as well as over the modified 
Schönflies notat ion. 

It should be noted that the notat ions for Case I 
molecules are special cases of those for Case II. For 
example, the nota t ion of c o m p o u n d 9 (Table 8) is 
represented by 

C2v(/Ci)lC2v[/Ci(H4)]-C2v(/Cs,)iC2v[/Cs,(C2)]-

C2v(/C2v)lC2v[/C2v(0)] (38) 

in a full manne r described in this section. T h i s nota­
tion can be abbreviated to 

C2v[/Ci(H4); /Cs'(C2); /C2v(0)] (39) 

by collecting the terms in the brackets of Eq. 38. T h e 
abbreviated form (Eq. 39) is identical to that listed in 
Tab le 8. 

Tab le 13 lists several molecules having C2v symme­
try that are derived from skeletons of higher symmetry. 

An abbreviated SCR nota t ion (or its slightly s impli­
fied counterpar t in some cases) can be directly 
obta ined wi thou t considering a parent skeleton. Let 
us examine c o m p o u n d 2, which is here considered to 
directly take C2v symmetry and not to be a derivative of 
a Td skeleton. T h i s process corresponds to a consid­
eration of a C2v-set {1, 2, •••, 5} and a pe rmuta t ion 
g roup (Pc2v): (1)(2)(3)(4)(5) for I (an identity opera­
tion), (1 2)(3 4)(5) for C2, (1)(2)(3 4)(5) for ov{X), and (1 
2)(3)(4)(5) for a^y Th i s case affords FPV =(5 13 3 1), 
which in tu rn yields MV=(0 0 1 1 1) by mul t ip ly ing 
the inverse of the mark table (Table 3). T h i s MV 
indicates the following reduction: 

Pc2v = C2v(/Cs) + C2v(/Cs') + C2v(/C2v). (40) 

Table 13. C2v Subsymmetries Based on Skeletons of Higher Symmetry 

Molecule SCR notation Abbreviated SCR notation 

1 D4h(/C2v'')lC2v"'[2/Cs(H2, F2)]-
D4h(/D4h)lC2v'''[/C2v(C)] 

2 Td(/C3v)iC2v[Cs(H2), /Cs'(F2)]-
Td(/Td)lC2v[/C2v(C)] 

37 Td(/Cs)lC2v[2/Ci(2H4), /CS(A2), /C,/(A2)]-
Td(/C2v)lC2v[/Ci(C4),2/C2v(2/C)]-
Td(/C3v)lC2v[/Cs(C2), /CS'(C2)]-
Td(/C3v)lC2v[/Cs(H2), /C/(B2)] 

38 D3h(/C2v)lC2v[/Cs'(X2), /C2v(Z),]-
D3h(/C3v)lC2v[/Cs(Y2)]-
D3h(/D3h)iC2v[/C2v(P)] 

39 D3h(/Cs)lC2v[/Ci(H4), /Cs(F2)]-
D3h(/C2v)lC2v[/Cs'(C2), /C2v(C)] 

40 D2d(/Cs)lC2v[/Cs(H2), /Cs'(F2)]-
D2d(/C2v)lC2v[2/C2v(2C)]-
D2d(/D2d)lC2v[/C2v(C)] 

C2v'"[2/Cs(H2, F2); /C2v(C)] 

C2v[/Cs(H2), /C,'(F2); /C2v(C)] 

C2v[2/Ci(2H4), /Cs(A2), /Cs'(A2); 
/Ci(C4), 2/C2v(2C); /Cs(C2), /CS'(C2); 
/Cs(H2), /Cs'(B2)] 

C2v[/Cs'(X2), /C2v(Z); /Cs(Y2); /C2v(P)] 

C2v[/Ci(H4), /Cs(F2); /Cs'(C2), /C2v(C)] 

C2v[/Cs(H2), /C,'(F2); 2/C2v(2C); /C2v(C)] 

A. A 

VH 

A F , H 

1 
F - i - H 

F 2 

Vk B V C B 
A A 37 

H H 
H >̂ z>H 

<4^x Y 
Y 38 FF 

F. . __ _ ^ H 
39 F ^ C ~ C ~ C ^ H 

FF 40 
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Hence, we obtain 

C2v[/Cs(H2), /CS'(F2), /C2v(C)] (41 ) 

as a notation for compound 2. This notation has a 
context equivalent to that shown in Table 13. 

It is worthwhile comparing the present SCR nota­
tion with the previous systems. The abbreviated 
SCR notations are closely related to framework-group 
notations in some cases. Compare the following 
notations: 

C2v
,,,[2/Cs(H2,F2); /C2v(C)] vs. C2v[C2(C), av (F2, H2)] for 1, 

C2v[/Cs(H2), /CS'(F2); /C2v(C)] vs. 

C2v[C2(C), CJV(F2), a/(H2)] for 2, 

and 

C2v[/Ci(H4); /CS'(C2); /C2v(0)] vs. 
C2v[C2(0), av(C2), X(H4)] for 9. 

Table 14. Unit Subduced Cycle Indices of C2v 

y 
l 

C 2 v ( / C i ) 

C 2 v ( / C 2 ) 

C 2 v ( /Cs) 

C 2 v ( /Cs') 

C 2 v ( /C 2 v ) 

i 

i d 

5 l 4 

(bi4) 
5 l 2 

(bj) 
5 l 2 

(bi2) 
si2 

( W ) 
5 l 

(bi) 

1/4 

iC 2 

5 2
2 

(b2
2) 

5 l 2 

(bi2) 
52 

(b2) 
52 

(to) 
Si 

(bi) 

1/4 

iC s 

5 2
2 

(C22) 

S2 

(<*) 
Si2 

(ai2) 
S2 

(<*) 
51 

(ai) 

1/4 

JCS' 

S22 

(C22) 

5 2 

(<*) 
5 2 

(C2) 

5 l 2 

(ai2) 
51 

(ai) 

1/4 

iC2v 

54 

M 
5 2 

(<*) 
5 2 

(a2) 
5 2 

M 
51 

(«I) 

0 

Here, the former of each pa i r is an abbreviated SCR 
nota t ion (Tables 8 and 13) and the latter is based on a 
framework group . T h e apparen t resemblances can 
be explained by considering the mean ing of an abbre­
viated SCR notat ion. T h u s , a calculat ion of the 
fixed-point vector (FPV) is closely related to the proce­
dure of ob ta in ing subspaces in the framework-group 
approach. However, the present approach is more 
discriminative than the framework g roup in the. 
m a n i p u l a t i o n of the subspace X, as well as in cases 
where two or more non-conjugate isomorphic sub­
groups are present. An example of the latter case has 
been described for compounds 3, 4, and 5. 

VI. Unit Subduced Cycle Index 

In this section we introduce a novel concept called 
"u n i t subduce cycle index (USCI) ." First, we assign 
a variable Sd:k to each suborbit AL1^ (Eq. 19), since its 
length is represented by 

djk = \Gi\/\Hk\. (42) 

We then define a un i t subduced cycle index (USCI) as 
follows. 

Definition 1. A un i t subduced cycle index (USCI) 
is defined as 

,(»/) Z(G(/G,)lG ;;5)=n(5d j ,)^y 

(for i=\, 2, •••, 5 and j=\, 2, •••, s), 

(43) 

where the power ß$] has appeared in Eq. 17. Tables 
14—16 collected USCIs for the subduct ion of C2v, D3h, 
and Td groups . 

A USCI describes an al lowed mode of subst i tut ion 

Table 15. Unit Subduced Cycle Indices of Dßh 

1 
l 

D3 h(/Ci) 

D3 h(/C2) 

D3h(/C3) 

Dsh(/G') 

D3h(/C3) 

D3h(/C2v) 

D3h(/Csv) 

D3h(/C3h) 

D3 h(/D3) 

D3h(/D3h) 

HmW 

ICi 

5 i 1 2 

( i i1 2) 
5 l 6 

( & i 6 ) 

51« 

(öi6) 
S i 6 

(W) 
Si* 

(bi*) 
5 l 3 

(&1») 

S i 2 

(bl2) 
5 l 2 

(bl2) 
5 l 2 

(bi2) 
Si 

(bi) 

1/12 

IC2 

5 2
6 

(W) 
5 l % 2 2 

(bl2b2
2) 

52 3 

(W») 
52 3 

(W) 
S22 

(&22) 

5 l 5 2 

(bib2) 
S2 

(ftï) 
S2 

(k) 
Si2 

(bl2) 
51 

(*l) 

1/4 

ICs 

52« 

(a6) 
5 2 3 

(a3) 
5 l 2 5 2 2 

( a i 2 C 2 2 ) 

S23 

(a3) 
52 2 

(C22) 

S1S2 

{a\C2) 
Si2 

(ai2) 
52 

(a) 
52 

(<*) 
Si 

(ai) 

1/4 

ICs' 

52 6 

(C2*) 

52 3 

(a3) 
52 3 

(C2S) 

51« 

(ai 6 ) 
52 2 

(C22) 

5 l 3 

(ai3) 
52 

(C2) 

Si2 

(ai2) 
52 

( « ) 
51 

(ai) 

1/12 

ICs 

S34 

(&34) 

5 3 2 

(bs2) 

S32 

(bs2) 

S32 

(bs2) 
Si* 

(bi*) 
S3 

(b3) 
Si2 

(bi2) 
Si2 

(bi2) 
SI2 

(bi2) 
51 

(bi) 

1/6 

IC2V 

54 3 

(a3) 
5254 

(C2C4) 

5254 

( a 2 C4) 

52 3 

(a2
3) 

54 

(c*) 
5152 

(a ia 2 ) 

52 

(a2) 
52 

(«Ö) 

52 

(a) 
51 

(ai) 

0 

ICav 

56 2 

(C62) 

56 

(ce) 
S32 

(as2) 

56 

(a) 
52 2 

(a2) 
53 

(as) 
5 l 2 

(ai2) 
52 

(a) 
52 

(a) 
51 

(ai) 

0 

IC311 

56 2 

(C62) 

56 

(ce) 
56 

(a) 
5 3 2 

(as2) 
52 2 

(a2) 
53 

(as) 
52 

(a) 
5 l 2 

(ai2) 
52 

(a) 
51 

(ai) 

1/6 

IDs 

56 2 

(&62) 

5 3 2 

(b32) 

56 

(h) 
5 3 2 

(è3
2) 

522 

(b22) 
53 

(k) 
52 

(k) 
52 

(*a) 
5 1 2 

(Ö12) 
51 

(bi) 

0 

IDsh 

512 

(C12) 

Se 
(ce) 

56 

(as) 
56 

(as) 
54 

(a) 
53 

(as) 
52 

(a») 
52 

(a2) 
52 

(a) 
51 

(ai) 

0 
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Table 16. Unit Subduced Cycle Indices for Td 

l 

Td(/Ci) 

Td(/C2) 

Td(/Cs) 

Td(/Cs) 

Td(/S4) 

Td(/D2) 

Td('/C2v) 

Td(/C3v) 

Td(/D2d) 

T d(/T) 

Td(/Td) 

— 0') 
2lrni 
i 

ICi 

s i 2 4 

(&i 2 4) 

5i 1 2 

(&1 1 2) 

5 l 1 2 

(&1 1 2) 

Si» 

(W>) 
Si6 

(&16) 

51« 

(W) 
51« 

(&16) 

Si* 

(*14) 

51» 

(W») 
Si2 

(&12) 

51 

(&l) 

1/24 

1C2 

5 2 1 2 

(Ö212) 

Sl4S24 

(&1 4&2 4) 

526 

(&2 6) 

S2
4 

(&2 4) 

5l 252 2 

(bl2b2
2) 

51« 

(^l6) 

5l 252 2 

(bl2b2
2) 

522 

(&2 2) 

5l3 

(6l3) 

5l2 

(fcl2) 
5l 

(bi) 

1/8 

ICs 

5 2 1 2 

(C2 1 2) 

526 

(ft6) 
5l 252 5 

(CLl2C2
5) 

524 

(ft4) 
523 

(ft3) 
523 

(ft3) 
5l 252 2 

(fll2C22) 

5l 25 2 

(ai2C2) 

5152 

(ûlft) 

52 

(ft) 
5l 

(«1) 

1/4 

1C3 

538 

(W) 
534 

(&34) 

534 

(&34) 

5l2532 

(bi2b3
2) 

523 

(&3 2) 

532 

(W) 
532 

(&3 2) 

5153 

(fobs) 
53 

(h) 
5l2 

(&1 2) 

51 

(bi) 

1/3 

1S4 

546 

(^46) 

52 254 2 

(C22C42) 

543 

(^43) 

542 

(CA2) 

5l 25 4 

(fli2<:4) 

523 

(ft3) 
5254 

(C2CA) 

54 

(ft) 
5l52 

(CL1C2) 

52 

(«2) 

51 

(«l) 

1/4 

j 

1D2 

546 

(&46) 

526 

(W) 
543 

(&43) 

542 

(&42) 

523 

(&23) 

5l6 

(^l6) 

523 

(&23) 

54 

(b4) 
5l3 

(bi3) 
Si2 

(bi2) 
51 

(&l) 

0 

lC2v 

S ^ 

(ft6) 
52 254 2 

(c2
2C4

2) 

52 254 2 

(a2
2C42) 

542 

(^42) 

5254 

(C2C4) 

523 

(ft3) 
5l254 

(ai2C4) 

522 

(<Z2
2) 

5152 

(aic2) 
52 

(ft) 
51 

(ai) 

0 

ic3v 

564 

(ft6) 
562 

(ft2) 
53256 

(a32Cß) 

5256 

(ftft) 
56 

(ft) 
56 

(ft) 
532 

(*32) 

5153 

(flifls) 

53 

(as) 
52 

(ft) 

5l 

(«l) 

0 

!D 2 d 

583 

(ft3) 
543 

(ft3) 
5458 

(û4ft) 

58 

(ft) 
5254 

(CL2C4) 

523 

(ft3) 
5254 

(CL2CÀ) 

54 

(a4) 
5152 

(fllC2) 

52 

(ft) 
5l 

(ai) 

0 

IT 

512 2 

(&122) 

562 

(be2) 
512 

(M 
542 

(W) 
56 

(&e) 
532 

(bs2) 
56 

(h) 
54 

(&4) 

53 

(bs) 
5l2 

(&1 2) 

5l 

(bi) 

0 

JTd 

524 

(ft4) 

512 

(ft2) 

512 

(«12) 

58 

(ft) 
56 

(oe) 
56 

(ft) 
56 

(fle) 

54 

(a4) 
53 

(as) 
52 

(ft) 
5l 

(ai) 

0 

with achiral atoms (or ligands) during the subduction 
of a coset representation (CR). For example, Fig. 3 is 
an illustration of the fact that D3h(/C2v)JCs corresponds 
to the USCI (S1S2). This appears at the intersection of 
the Cs column and the D3h(/C2v) row of Table 15. 
The index (S1S2) means that, in order to realize a Cs 

symmetry, achiral atoms (or ligands) should occupy 
the corresponding positions in the manner of A1B2, if 
A and B denote such achiral atoms. This discussion 
applies in the other D3h(/C3v) and D3h(/D3h), as 
depicted in Fig. 3. As a result, a set of USCIs, 

5i52; 5 i 2 ; s i , (44) 

is a descriptor for characterizing the Cs-molecule 
derived from the parent D3h skeleton (8). 

Because Eq. 5 indicates that the multiplicity of G(/Gz) 

is ai, the term 

n(sdj"*J Hi) (45) 

which is derived from Eq. 43, concerns G(/Gz)JGy and 
determines the mode of substitution on the corre­
sponding orbits. Hence, a Gy-molecule derived from 
a parent G-skeleton is characterized by a set of unit 
subduced cycle indices (USCIs) defined by 

Definition 2. A set of USCIs is defined as 

RW. ß , ( 2». q (Sj) 
U(sdjkrH n; IL(s*jk)°*r; - ; n(sd,.Ä)"^r (46) 

for any substitution of achiral atoms (or ligands) 
generating the Gy-molecule. 

We now consider a case that allows chiral ligands as 

well as achiral ligands. In order to manipulate this 
case, we shall extend the concept of "a set of USCIs." 
Coset representations, G/(/H*), are classified into 
three cases: (a) both Gy and EU contain improper 
symmetry operation (an achiral part), (b) both G; and 
H/t contain only proper symmetry operations (a neu­
tral part), and (c) Gy is improper and EU is proper (a 
chiral part). We then define a unit subduced cycle 
index with chirallity fittingnes (USCI-CF). 

Definition 3. A USCI-CF is defined as 

Z(G(/G,-)JGy; a, b, c) =U ($d.)«' 0;) 

k=i 

(47) 

wherein $ denotes a for an achiral part, b for a neutral 
part, and c for a chiral part. 

Tables 14—16 also collects USCI-CFs for C2v, D3h, 
and Td groups. 

In a similar way as described in Def. 2, we now end 
up with 

Definition 4. A set of USCI-CFs is defined as 

Il($d .H1 ; ) ; n($d.)^|2; ); -..; n ( $ d J ^ ; ) (48) 
A = l k=l k=l 

for any substitution of achiral atoms (or ligands) 
generating the Gy-molecule. 

Let us again examine the Cs-molecule of Fig. 3. 
The Cs-molecule is characterized by a set of USCI-CFs, 

aie*, ai2; a\ (49) 

The index (a\Ci) for D3h(/C2v)iCs part shows that only 
one achiral ligand can occupies and two achiral (or 
chiral) ligands can attach in the manner of AB2 or 
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AQÇK, where Q denotes a chiral ligand and Q' is the 
antipode of Q. This restriction comes from the con­
dition that realizes Cs symmetry. It should be noted 
that the positions of an achiral part can only take 
achiral ligands. 

The discussions in the last paragraph can be ap­
plied to a general case characterized by Eq. 48. Hence, 
we arrive at 

Theorem 2. Any orbit of an achiral part (charac­
terized by variable a) can take only achiral ligands. 
An orbit of a neutral part (characterized by variable b) 
can take achiral or chiral ligands. An orbit of a 
chiral part (characterized by variable c) can take achi­
ral ligands or is capable of carrying chiral ones in the 
manner QQ'QQ'--. 

A - " p - A 
A 

41 (Td) 
O A 
O A . 

A-T-A 
A *-

A3(C3v) 
0 ^ s 3 Oa ,a 3 

H 

0 
46(C 3 ) 

X s l S 3 

OtMb3 

Fig. 5. Allowed molecules on the tetrahedron skel­
eton (7). The symbol (O) on each USCI (or USCI-
CF) indicates that it predicts the existence of a 
molecule of the corresponding subsymmetry. The 
symbol (X) indicates a forbidden subsymmetry. 
The centeral position of 7 is not considered. 

VII. A Selection Rule for Judging the 
Existence of Subsymmetries 

When a skeleton of G-symmetry is substituted by an 
appropriate number of atoms (or ligands) to create a 
subsymmetry of G, several subsymmetries cannot be 
realized. For example, a Td skeleton (7) cannot 
affords T, D2d, D2, S4, C3, and C2 molecules by consid­
ering only achiral (structureless) ligands or atoms 
(Fig. 5).5) On the other hand, if we permit the substi­
tution of chiral ligands as well as achiral ones, only 
D2d and D2 remain impossible to exist. What factor 
controls these selections? 

The USCI and USCI-CF are effective for detecting 
such factors. Let a given skeleton have a point group 
G in the manner of Eq. 5. We then construct a lattice 
of conjugate subgroups of Gy in which all group-
subgroup relations are determined. If a (sub)group 
contains another subgroup, we call the former a 
supergroup of the latter. Let us first discuss the case 
of permitting only achiral atoms. Consider a coset 
representation (CR): G(/Gz). The subgroups Gy 
and Gk of G are selected as being Gy<G/t<G. If the 
USCI of G(/G,-)1G* is equal to that of G(/G,-)1G/, 
the molecule having G(/Gi)JG* symmetry is identical 
to that having G(/Gi)JG/ symmetry. As a result, the 
Gy symmetry cannot exist. 

As for a general molecule, we should consider a set 
of USCIs for achiral substituents and a set of USCI-
CFs for achiral and chiral substituents. Hence, we 
arrive at the following selection rule: 

Theorem 3. Let a parent skeleton of G symmetry 
be reduced into transitive CRs in accord with Eq. 5. 
Suppose that the subduction of CRs by Gy results in a 
set of USCIs (Eq. 46) or USCI-CFs (Eq. 48). A mole­
cule of Gy symmetry on the skeleton exists, only if no 
supergroups of Gy have the same set of USCIs (or 
USCI-CFs) as that of Gy. 

Let us verify this theorem by using the Td skeleton 
(7) shown in Fig. 5, where we consider only Td(/C3v) 
for simplicity of discussion. The set of USCIs for 
subgroup T is 54, which is the same as that of Td. On 
the other hand, the set of USCI-CFs for T (64) is 
different from that of Td («4); therefore, a T-molecule 
is possible only when chiral ligands are permitted. If 
we start from the skeleton (7), no D2d molecule can 

Table 17. Molecules based on the Skeleton (7) 

Molecule 

41 
43 

45 

48 

SCR notation 

Td[/C3v(A3); /Td(C)]a) 

Td(/C3v)lC3v[/Cs(A3), /Csv(H)]-
Td(/Td)lC3v[/C3v(C)] 
Td(/C3v)lC2v[/Cs(H2), /Cs'(A2)]-
Td(/Td)lC2v[/C2v(C)] 
Td(/C3v)lCs[/Ci(H2), 2/Cs(A, B)] 
Td(/Td)IC,[/C,(C)] 

Abbreviated SCR notation 

C3v[/Cs(A3), /C3v(H); /Csv(C)] 

C2v[/Cs(H2), /CS'(A2); /C2v(/C)] 

Cs[/Ci(H2), /Cs(A, B); /Cs(/C)] 

a) This is a Case-I notation. The other data are Case-II notations. 
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0 

54(C2) 
X . S l s 2 ; s 2 

Y 
55 (Cs') 

X 
A(Cs) 

Fig. 6. Allowed molecules on the trigonal-bipyr-
amid skeleton (8). The symbol (O) on each sub-
symmetry indicates that a molecule of the subsym-
metry exists. The symbol (X) denotes a forbidden 
subsymmetry. The center of 8 is not considered. 

possibly exist, because bo th SA and CLA are the same as 
the respective counterpar ts of Td. A C2v molecule 
exists, since S1S3 and aias are different from SA and CLA for 
Td . T h e symbol aids indicates that four l igands 
should be achiral in order to realize C3v-symmetry, 
even when chiral l igands are allowed. 

No C2 molecules wi th achiral l igands exist, because 
the symbol s2

2 is equal to that of a supergroup (C2v). 
O n the other hand , a C2 molecule wi th chiral l igands 
is allowed, because it is different from all supergroups 
in the set of USCI-CFs. Since bo th si2s2 and ai2c2 are 
different from the counterparts of all supergroups, Cs 

molecules wi th achiral l igands (43) and wi th chiral 
l igands (44) are allowed. Note that the c2 par t of ai2c2 

can take Q and Q ' to afford an alternative Cs com­
p o u n d 49. 

T h e SCR nota t ions for several derivatives in this 

I'-'P-H 
Q 

49 

series are found in Tab le 17. 
T h e o r e m 3 is also verified in the case of skeleton 8 

(D3h), as shown in Fig. 6. Allowed molecules are 
those hav ing D3h, C3v, C2v, Cs, Cs', and Ci symmetries, if 
only achiral l igands are permitted. Molecules wi th 
C3h, D3, C3, and C2 symmetries are forbidden.14) O n 
the other hand , if we permi t chiral substituents as 
well, all subsymmetries of this lattice are realized. 

VIII. Conclus ion 

Several concepts are presented for the chracteriza-
t ion of molecular symmetry, where a parent skeleton 
of a given symmetry is considered to afford a mole­
cule hav ing a subsymmetry in terms of appropr ia te 
subst i tut ion. T h e representative concepts are ( 1 ) sub­
duct ion of coset representations for classification of 
posi t ions of the skeleton, (2) the SCR nota t ion for 
describing molecular symmetry,15) (3) the abbreviated 
SCR notation,15) (4) a set of un i t subduced cycle indi­
ces, and (5) a selection rule for j u d g i n g the existence of 
a molecule hav ing a subsymmetry. 
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The 15N, carbonyl 13C, and amide 1 HNMR spectra of a series of substituted benzanilides, 
XC6H4CONHC6H4Y, measured in four solvents of different polarity were correlated with the electronic effects 
of substituents by the use of the Hammett equation. Except for the 13C chemical shift vs. the ax plot, the p-
values are positive, showing that the chemical shift tends to move down-field as the substituent becomes 
electron-withdrawing. Substituent effects could be assumed to arise from a cross conjugation of competing 
amide and benzoyl resonance structures perturbed via an inductive mechanism by the substituent on the anilino 
ring. The 15N chemical shifts of XC6H4CONHC6H5 can be expected to be correlated with the rotational 
barrier, since the down-field shift of the 15N chemical shift (in reference to unsubstituted) benzanilide was 
ascribed to a steric inhibition of the aryl-carbonyl conjugation. This trend is actually shown by a plot of the 
15N chemical shift vs. the rotational barrier of a similarly substituted Af,A/-dimethylbenzamide. The NH group 
of 2-methoxy- and 2-chlorobenzanilides was shown to be intramolecularly hydrogen bonded with the ortho 
substituent (CH3O or CI) by their 1H NMR and infrared NH spectra. 

Rota t ional barriers about the C - N bond of amides 
and related compounds have been studied very exten­
sively by dynamic nuclear magnet ic resonance spec­
troscopy.1_7) Since the part ial double bond character 
of the amide C-N bond is at tr ibuted by electron theory 
to the cont r ibut ion of the mesomeric structure (II) 
which bears a positive charge on the ni t rogen atom, 
the electron density on the ni t rogen a tom should be 
correlated with the height of the C - N rotat ional bar­
rier. O n the other hand , the correlations between the 
chemical shift and the electron density have been 
reported with various nuclei.8-11) Wi thou t a few 
exceptions the chemical shift moves towards up-field 
as the electron density on the nucleus increases. T h e 
15N chemical shift was also correlated with its electron 
density by Mason.12) F rom the view po in t of the 
polar effect by substi tuents, the chemical shifts of the 
relevant nuclei were also discussed on the basis of their 
H a m m e t t plots.13-15) 

R / R - R y R -

C N < > C = N 

/ v 4 v 
(I) (ID 

We have been s tudying salicylanilides and related 
amides bo th in terms of theoretical interest concerning 
the hydrogen b o n d i n g and rotat ional barriers as well 
as in terms of pharmaceut ica l interests. T h u s , the 
intramolecular hydrogen bond ing of a series of salicyl­
anilides could be correlated with their antibacterial 
activities.16) O n the other hand, the D N M R of a 
series of Af,Af-dimethylsalicylamides showed a consid­
erable lowering of the rotat ional barriers in compari­
son wi th those of unsubst i tu ted and other o-
substituted analogs.17 '18) T h e rotat ional barriers of 
these amides were correlated with their 15N chemical 

shifts.19) 
In this investigation, 1H, 13C, and 15N chemical 

shifts, as well as some sp in - sp in coup l ing constants in 
relation, of several aroyl(X)-substituted benzanilides 
were measured and correlated wi th the rotat ional bar­
riers of the corresponding Af,Af-dimethylbenz-
amides.18) O n the other hand , the polar substi tuent 
effect on the chemical shifts caused both by the substit­
uent on the aroyl and on the an i l ino aromatic rings (X 
and Y, respectively) were examined by p lo t t ing them 
against the Hammet t ' s a- , or a similar substitent 
constant, in order to obtain further insight in to the 
nature of the substi tuent effect. 

Experimental 
15N-Labeled and other anilides were prepared by the reac­

tion of substituted benzoyl chlorides with 15N-labeled ani­
line. In all runs, excess benzoyl chloride was added by 
portions to 15N-labeled aniline. 

The NMR spectra were recorded on a JEOL FX-90Q 
spectrometer using a 10-mm</> probe. The samples for the 
measurement were prepared by dissolving ca. 100 mg of 15N-
labeled benzanilide in ca. 1.5 ml of the solvent. The 15N 
specta were measured at 9.04 MHz using a repetition of 18-/xs 
pulses (flip angle 45°) and 3-s delays; 50 to 100 scans per 
spectrum were accumulated under broad-band irradiation 
for complete proton decoupling. The 15N chemical shifts 
were given in ppm downfield from liquid NH3 (external 
reference). The accuracy was ±0.7 Hz (0.02 ppm). In the 
case of measurements of non-enriched anilides, 1000—5000 
scans were accumulated in order to obtain clear spectra. 

Infrared spectra were measured with a JASCO FT-IR 5M 
spectrophotometer. 

Results and Discussion 

T h e XH, 13C, and 15N chemical shifts of substi­
tuted benzanilides XC6H4CONHC6H4Y in four sol-
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vents are given in Table 1. The substituent effect on 
the chemical shifts is discussed fully in the following 
sections. Some spin-spin coupling constants con­
cerning 15N were determined with 15N-enriched ani-
lides (1—4) and are given in Table 1. 

Commenting on the coupling constants, the 

observed VNH and 2/NC values for a series of aroyl-
substituted benzanilide are sometimes different from 
each other slightly beyond the experimental error. 
However, the variation is random, and no directinoal 
substituent effect could be deduced from the observed 
/ values. On the other hand, the polarity of the 

Table 1. The NMR Spectra of the Amide Group (-CONH-) of Substituted Benzanilides 
XC6H4CONHC6H4Y and Related Anilides 

4Q1—CO—NH-*Q«' 

a) XC6H4CONHC6H5 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

X(or Y) 

H 

4-CHs 

4-OCH3 

4-C1 

4-OH 

4-N(CH3)2 

4-NO2 

3-CHs 

3-C1 

3-NO2 

2-CHs 

2-OCHs 

2-C1 

2-OH 

1-Naphc) 

2-Naphc ) 

Solvent 

CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
C5D5N 

(CD3)2SO 
C5D5N 

(CD3)2SO 
C5D5N 

(CD3)2SO 
C5D5N 

(CD3)2SO 
C5D5N 

(CD3)2SO 
C5D5N 

(CD3)2SO 
CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
CDCI3 
C5D5N 
CD3OD 

(CD3)2SO 
CDCI3 
C5D5N 

(CD3)2SO 
CDCI3 
C5D5N 

(CD3)2SO 

* N / p p m a ) 

127.1 
129.4 
133.1 
133.9 
126.8 
128.2 
132.4 
133.0 
125.4 
127.3 
131.7 
132.1 
126.6 
129.0 
133.2 
134.6 
127.2 
131.8 
125.5 
130.3 
132.2 
136.2 
129.2 
134.1 
129.8 
134.6 
130.1 
134.8 
135.0 
136.7 
141.1 
141.1 
134.3 
135.2 
139.5 
141.2 
135.8 
137.8 
141.8 
142.6 
124.9 
131.3 
133.5 
136.0 
135.7 
137.0 
142.8 
128.7 
128.5 
134.3 

1 3C/ppmb ) 

165.9 
166.6 
168.7 
165.6 
166.1 
166.8 
168.7 
165.3 
164.7 
166.4 
168.2 
164.9 
164.8 
165.9 

— 
164.4 
166.9 
165.2 
166.7 
165.3 
165.0 
163.8 
167.0 
165.5 
165.4 
164.2 
164.6 
163.3 
168.4 
169.1 
171.2 
167.8 
167.1 
164.5 
166.2 
164.4 
164.8 
166.2 
167.9 
164.9 
168.9 
167.2 
169.7 
166.6 
167.6 
168.5 
167.2 
165.8 
166.9 
165.6 

W p p m 1 0 

7.87 
11.00 
10.07 
10.27 
8.00 

10.90 
9.99 

10.19 
7.87 

10.69 
9.96 

10.11 
7.75 

11.11 
10.11 
10.32 
10.78 
10.03 
10.59 
9.91 

11.36 
10.57 
10.88 
10.30 
11.02 
10.41 
11.38 
10.59 

7.53 
11.18 
10.11 
10.30 
9.80 

10.47 
— 

10.13 
7.99 

11.58 
10.24 
10.54 
8.53 

11.18 
10.24 
10.40 
8.39 

11.44 
10.62 
8.36 

11.15 
10.51 

V N H / H Z 

88.8 
89.8 
91.3 
90.0 
89.3 
89.3 
90.8 
90.8 
88.6 
89.3 
91.8 
90.3 
89.8 
89.3 
91.3 
90.8 

88.3 
89.8 
90.8 
90.3 
88.8 
89.8 
90.8 
90.3 
89.8 
89.8 
90.8 
90.3 
89.3 
89.8 
90.8 
90.8 

3 / N C / H Z 

14.6 
14.6 
15.3 
14.6 
14.6 
14.6 
16.1 
15.6 
14.6 
14.6 
14.6 
15.6 
14.6 
13.6 
16.1 
15.5 

14.6 
14.6 
14.6 
14.0 
16.1 
14.6 
16.1 
15.6 
16.1 
13.6 
16.1 
15.6 
17.5 
15.6 
16.1 
15.6 
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b) C6H5CONHC6H4Y 

No. X(or Y) Solvent 

Table 1. (Continued) 

15N/ppma) 13C/ppmb) 1U/ppmh) VNH/HZ 3 /NC/HZ 

17 

18 

19 

20 

21 

22 

23 

24 

25 

4/-NMe2 

4'-OH 

4/-OMe 

4 /-CH3 

3'-CH3 

4'-Cl 

3'-Cl 

3 ' -N02 

4 / -N0 2 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

C5D5N 
(CD3)2SO 

120.7 
127.0 
126.0 
129.3 
125.6 
132.1 
128.6 
133.4 
129.4 
134.1 
128.1 
133.2 
129.1 
133.7 
128.3 
133.5 
133.7 
136.8 

166.3 
164.8 
166.5 
165.1 
166.5 
165.2 
166.7 
165.5 
166.9 
165.7 
166.9 
165.6 
167.4 
165.9 
167.2 
166.0 
167.4 
166.2 

10.77 
9.97 

10.88 
10.02 
10.86 
10.19 
10.87 
10.23 
10.85 
10.22 
10.95 
10.41 
11.07 
10.45 
11.31 
10.71 
11.51 
10.83 

a) Downfield chemical shifts from NH3 (external). 
TMS. c) Naph=naphthanilide. 

b) Downfield chemical shifts from 

solvent was shown to cause a slight but clearly recog­
nizable increase in the VNH values. 

Polar Substituent Effect by the Substituent on the 
Aroyl and Anilino Aromatic Rings. In order to clar­
ify the characteristic feature of the polar substituent 
effect on the amide moiety, the carbonyl 13C and the 
amide 15N and 1H chemical shifts of several substi­
tuted anilides were plotted against the Hammett's o-
constants. The plotted diagrams are given in Figs, 
la—If. 

Analogous to the trends observed with other arylcar-
bonyl compounds,14) the slope of the 13C chemical 
shift vs. the ox plot (Fig. la) is apparently reversed, 
having a negative p-value. The reversal had been 
explained by an increased contribution of the polar 
amide structure (IF) which, in turn, decreases the 
contribution of the locally polarized structure (III) of 
the carbonyl group.14) In contrast to the effect of 
aroylsubstituent X, substituent Y on the anilino ring 
induces a normal substituent shift of the carbonyl 13C 
signal with a positive p-value (Fig. lb). This might 
be interpreted as the normal electron density effect 
transmitted via an inductive mechanism from the 
nitrogen atom which is subjected to the usual elec­
tronic effect by substituent Y. 

The substituent effect on the 15N chemical shifts was 
shown to be normal (taking positive p-values) when 
either the substituent on the aroyl ring (X) or the one 
on the anilino ring (Y) was altered (Figs, lc and Id). 
Since the substituent X is located on the aromatic ring 
farther from the nitrogen atom, through-space effects 
such as anisotropy and field effects cannot be expected 
to affect the 15N chemical shift considerably. There­
fore, the 15N chemical shift can be assumed to be 
perturbed only in a through-bond manner by the 

/ 

// 

q 
C 

/ 

(!') ( I D 

C N 

(IV) 

electronic (inductive and mesomeric) effect of the sub­
stituent on the aroyl moiety, which promotes or pre­
vents the contribution of the dipolar mesomeric struc­
ture (II). A mesomeric contribution of the substi­
tuent X is described by IV (hereafter denoted as the 
benzoyl resonance). In short, it is a kind of so-called 
cross conjugation effect on the amide resonance 
caused by the aroyl moiety, in which the amide reson­
ance (II) and the benzoyl resonance (IV) are in compe­
tition. The positive p-value of the 15N chemical shift 
vs. the ox plot was interpreted as meaning that the 
polar mesomeric structure of amide (II) plays a less 
important role when the benzoyl resonance (IV) is 
expected to be strengthened by an electron-donting 
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134-
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^128 

°126j 

124-1 
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11.6 

11.4-1 

11.2-

E11.0 
a. 
\10.8 
n: 

^10.6 

10.4-1 

10.2 

10.0 

• DMSO 
o Pyridine 

-0.8 -0.4 0 
cr 
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(c) 

o Pyridine 
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0.8 0.4 0 0.4 0.8 
a 

(e) 

136 

134-1 

132J 

130-1 

128 

10 126 

124 

122 

120 

£ a. a. \ 
Z 

11.6 

11.4 

11.2 

g11.0 

10.8-

10.6-

10.4-

10.2-

10.0-1 

• DMSO 
o Pyridine 

-0.8 -0.4 0 
a 

0.4 0.8 1.2 

(d) 

o Pyridine 
• DMSO 

0.8 0.4 0 0.4 0.8 1.2 
a 

(f) 
Fig. 1. The chemical shift vs. a plot for a series of substituted benzamides. 

(a) The <513C vs. ox plot for XCe^CONHCeHs. (b) The <513C vs. aY plot for 
CeHsCONHCeKUY. (c) The <515N vs. ax plot for XCeKUCONHCeHs. (d) The <515N vs. aY 

plot for C6H5CONHC6H4Y. (e) The Ô1H vs. a x plot for XC6H4CONHC6H5. (f) The Ö1H 
vs. aY plot for CeHsCONHCeKUY. 

file:///10.8
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substituent X (due to the contribution of benzoyl 
resonance extended to the substituent X (IV)), and 
vice versa. As remarked briefly in connection with 
the effect of Y on the carbonyl 13C chemical shift, the 
effect of substituent Y on the 15N chemical shift could 
be rationalized as a regular electronic effect which can 
be correlated most suitably with the Hammett's o-
constant (Fig. Id). The deshielding effect on nitro­
gen becomes more significant in 2-substituted anilides 
11—13 in which benzoyl resonance (IV) is partly pro­
hibited by the non-coplanarity of their molecules. 

Judging from the r-values for both the 15N and the 
carbonyl 13C chemical shifts vs. o plots (Table 2), the 
regression to the line is better when the substituent is 
located on the ring farther from the observed nucleus. 
Therefore, the scattering of the plotted points must 
reflect the fact that the anisotropy or other unidenti­
fied direct effects (such as field effect) from the meta-
and the para-substituents affect the chemical shift of 
the atoms attached nearly on the opposite side of the 
ring. The above trend regarding the r-values is reaso­
nable since such effects can be expected to be consider­
ably attenuated when the observed nucleus is separ­
ated by one more atoms from the ring bearing the 
substituent. 

The substituent effect on the XH chemical shift of 
the amide NH group is analogous to that on the 15N 
chemical shift. Again, the resonance of 2-substi­
tuted anilide (11—14) appears at a slightly lower field 
than that of unsubstituted benzanilide and that of the 
coressponding 4-substituted derivative. The discus­
sion on the 15N chemical shifts also applies to the 1H 
chemical shifts, except for the effect of hydrogen 
bonding. 

Correlation of the 15N Chemical Shifts with the 
Rotational Barriers of the Corresponding N,N-
Dimethylbenzamides. If the above interpretation of 
the substituent effect is true, an electron-donating 
substituent on the benzoyl aromatic ring should favor 
the conjugation all through the benzoyl 7r-system 

(contribution of IV) and, as a result, should induce a 
negative charge on the carbonyl oxygen. This rea­
soning has been supported by the observed 1 70 NMR 
chemical shifts of iV,N-dimethylbenzamides.18) The 
negative charge induced on the oxygen atom by the 
benzoyl resonance (IV), in turn, disfavors the dipolar 
mesomeric structure (IF) of the amide system which 
produces an additional negative charge on the oxygen. 
A decrease in the contribution of II ' simultaneously 
causes a decrease in the positive charge on nitrogen 
and a lowering of the C-N bond order. 

Benzanilides (11—13) bearing a substituent on the 
orthoposition of benzoyl ring, except for salicylani-
lide, have their 15N signals at significantly lower fields 
than those of unsubstituted, 3-, and 4-substituted 
benzanilides (2—10). The resonance frequencies of 
o-aroyl substituted benzanilides coincide approxi­
mately with those of formanilides (138.4 and 141.9 
ppm in CDCl3).20) Since the non-coplanarity of o-
substituted benzoyl compounds have been proven by a 
vast amount of both experimental and theoretical 
studies,21) the down field shifts observed with 2-aroyl 
substituted benzanilides are very probably caused by 
the steric hindrance to the conjugation between the 
aryl and carbonyl groups. 

Consequently, the partial double-bond character 
and the amount of formal positive charge on the 
nitrogen atom are expected to come from the same 
origin, viz. the contribution of the amide resonance II. 
The amount of positive charge (or the electron den­
sity) on the nitrogen should be linear with the 15N 
chemical shift, on one hand, while the partial double-
bond character (or the bond order) of the C-N bond 
should be correlated with the rotational barrier, on the 
other hand. By combining these correlations, a lin­
ear relationship can be expected between the 15N 
chemical shift and the rotational barrier. Unfortu­
nately, the equilibrium between the two conformers 
(s-cis (V) and s-trans (VI)) about the C-N bond of 
benzanilide is far more favorable to the s-trans con-

Table 2. The r-Values of the Hammett Plots in Figs. 2a—2f. 

Nucleus Solvent KC6H4CONHC6H5 CeHsCONHCeKUY Reference 

0 0 
1 5 N 

*H 

13C 

Pyridine 
DMSO 
Pyridine 
DMSO 
Pyridine 
DMSO 

128.7 
133.4 
10.95 
10.25 

166.18 
164.78 

3.515 
3.324 
0.507 
0.435 

-1.455 
-1.282 

0.943 
0.949 
0.963 
0.984 
0.855 
0.815 

127.5 
132.4 
10.98 
10.29 

166.82 
165.51 

4.865 
3.902 
0.377 
0.462 
0.710 
0.858 

0.851 
0.838 
0.948 
0.981 
0.920 
0.970 

This work 
This work 
This work 
This work 
This work 
This work 

1 5 N 

13C 

DMSO 

CDCI3 

XC6H4CON(CH3)2 

171.05 -2.424 0.968 

NH2C6H4Y 

55.03 -25.25 0.948 15 

13 

a) Perdeutrated solvents. 
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former (VI), making any estimation of the rotational 
barrier by DNMR extremely difficult and inaccurate. 
With the expectation that substituent X on the aroyl 
moiety should influence the rotational barrier, quite 
similarly in the two series of the amides (viz., 
XC6H4CONHC6H5 and XC6H4CON(CH3)2), the 
rotational barriers of the corresponding N,N-
dimethylbenzamides were used as substitutes for those 
of benzanilides in the 15N chemical shift vs. the rota­
tional barrier plot shown in Fig. 2. When the 2-
hydroxy derivative (14), capable of forming a chelate 
ring by a strong O H / O hydrogen bond, was excluded 
from the plot, the correlation became excellent, giving 
r=0.975. Figure 2 allowed us to conclude that the 
steric hindrance to the aryl-carbonyl conjugation 
results in a simultaneous down-field shift of the 15N 
chemical shift and an increase in the rotational 
barrier. 

The 15N signals of salicylanilide (14) appear at an 
anomalously higher field than those of other 2-
substituted benzanilides (11—13). A similar anomal­
ous behavior was observed regarding the rotational 
barrier of iV,Af-dimethylsalicylamide, and has been 
interpreted as being the effect of chelation which 
induces a lowering of the partial double-bond charac­
ter of the C-N bond.18) 

c—N ^ r -
/ \ 

O H 0 

( V ) (VI) 

// 

Solvent Effect. Solvent induced shifts of the 15N 
spectra are also in line with an interpretation based on 
the mesomerism of amide, if we believe the generally 
accepted hypothesis that the molecular polarity tends 

KO 

135 

2 
LT} 

^130 

\m 

p = 0.542 
r =0.975 

60 70 80 
AG*/kJmor1 

Fig. 2. The <515N(XC6H4CONHC6H5) vs. AG*[XC6-
H4CON(CH3)2] plot in pyridine-ds. 

to be augumented in polar solvents. 
The spectra were measured in four solvents of var­

ious dielectric constants (4.8 for chloroform, 12.0 for 
pyridine, 32.6 for methanol, and 47.0 for dimethyl 
sulfoxide).22) In addition, these solvents can be 
expected to interact with hydrogen-bond-forming 
solutes quite differently. The 15N chemical shifts 
(Table 1) move regularly to lower fields in increasing 
order of the polarity of the solvent. The down-field 
shift is reasonable since it implies an increase in the 
contribution of the polar mesomeric structure (II) 
when the solvent becomes polar. 

Effect of Intramolecular Hydrogen Bonding on aH 
Chemical Shifts—Evidence from Infrared Spectra. 
The NH signal in CDCI3 of 2-methoxybenzanilide 
(12) was observed at an anomalously low field (d; 9.80 ). 
This tendency could be seen with 2-chlorobenz-
anilides (13) to a much lesser extent. These anilides 
can form intramolecular NH/X hydrogen bonds in 
such a way as illustrated by VII, while keeping the 
most stable s-trans conformation of the CONH group. 
Therefore, the low field NH signal is suggestive of the 
presence of such an intramolecular hydrogen bond. 

X ////,, r '"H 
/ R 

HiiiiwO 

(VI I ) (VIII) 

In order to prove the presence of an NH/X hydro­
gen bond, infrared NH stretching absorptions of sev­
eral aroyl-substituted benzanilides were measured and 
are given in Table 3. 2-Methoxybenzanilide (12) 
absorbs at a considerably lower frequency than the 
normal secondary amide of the trans conformation 
(which usually absorbs at ca. 3640 cm - 1 in chloro­
form),23) giving an additional evidence for the intra­
molecular hydrogen bond. It is doubtful whether the 
hydrogen bond is sufficiently strong to maintain a 
completely planar conformation of the hydrogen-
bonded chelate ring of VII or not. However, the 

Table 3. 

No. 

1 
2 
3 
4 
5 

11 
12 
13 
14 

NH and C=0 Stretching Freqi 
of Substituted Benzanilides 

XC6H4CONHC6H5 
in CCI4 

X 

H 
4-CHs 
4-OCH3 
4-Cl 
4-OH 
2-CH3 
2-OCH3 
2-Cl 
2-OH 

i^NH/cm"1 

3445 
3442 
3445 
3441 
3452 
3437 
3376 
3422 
3450 

aencies 

i^Cro/cm-1 

1689 
1691 
1688 
1692 
— 

1691 
1682 
1684 
1657 
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attractive interaction between N H and the o r t h o 
subst i tuent should flatten the molecule to a considera­
ble extent. T h e low-frequency shift of the N H band 
of 2-chlorobenzanilide (13) is rather small , bu t still 
suggests the presence of such an intramolecular 
hydrogen bond. 

Since the chelat ion by the O H / 0 = C intramolecular 
hydrogen bond in salicylanilide (14) prevents such an 
N H / O intramolecular hydrogen bond as observed 
with 2-methoxybenzanilide (12) by taking the chelated 
s-trans conformation (VIII), salicylanilide (14) absorbs 
at a h igher frequency (3449 cm - 1 ) in the N H stretching 
region. 
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The effects of the chain length of N-alkyl-ß-alanine (NAA) (the number of carbon atoms in the alkyl 
chains; n=Q, 2, 4, 6, 8, 10, 12) on the copper(II) complex formation and its properties were investigated. The 
complex formation constants for two-step reactions were determined by potentiometry using the selective 
electrodes of copper(II) and hydrogen ions. The values of the complex formation constants decreased with 
increasing chain length of the alkyl substituents, and became constant for the substituents longer than the butyl 
group. These results could be explained in terms of a steric hindrance effect of the N-alkyl substituents on 
these coordination reactions. Each logarithmic function of the solubility and of the solubility product of the 
l(Cu) : 2(NAA)-complexes was found to be expressed, respectively, as a linear function of the number of carbon 
atoms in the alkyl group. From these data, the standard free energies of the formation and the precipitation of 
the 1:2-complexes from these constituent ions have been estimated, and a standard free energy diagram was 
constructed for 1:2-complex formation. It was concluded that the hydrophobic interaction is a driving force 
which promotes crystalline complex formation from the constituent ions. 

One of the most u n i q u e characteristics of a m p h o ­
teric surfactants of the a m i n o acid type is to form 
stable complexes wi th the transi t ion metal ions. 
These inherent propert ies , however, seem no t to have 
been fully investigated so far, and have no t been used 
for the industr ia l appl icat ions . In practice, there are 
very few documents which systematically describe 
how the chain length of the amphote r ic surfactants 
affects the complex formation equil ibria . 

In a previous study concerning copper(II) com­
plexes of AT-alkyl-ß-alanine (NAA),1* we demonstrated 
that the chain length of the alkyl groups in the 1:2-
complexes is one of the significant factors which 
govern the configurat ion in a complex molecule and 
the molecular a r rangement in a crystal. Moreover, it 
has also been emphasized that the hydrophobic inter­
action between alkyl chains incorporated in complex 
molecules plays an impor t an t role in the p romot ion of 
complex formation. 

T h e present study was at tempted in order to eluci­
date the effects of the hydrophobic interaction between 
alkyl groups of NAA on the copper(II)-NAA complex 
formation and also to clarify the energetic relation 
between complex formation and its precipi tat ion. 

Experimental 

Materials. Af-Alkyl-ß-alanine (NAA) (i.e., 3-(alkylam-
monio)propionate) was used. The number of carbon 
atoms in the alkyl chain of NAA was 0 (ß-Ala), 2 (NEtA), 4 
(NBuA), 6 (NHeA), 8 (NOA), 10 (NDeA), and 12 (NDA). 
Details regarding the syntheses and purification of these 
compounds have been reported elsewhere.1'2* The copper 
salt (CuCl2-2H20) was purified by recrystallization from 
distilled water. 

Dissociation Constants. The first and second dissocia­
tion constants of NAA were determined by the usual pH 
potentiometry in an atmosphere of nitrogen; the NAA solu­

tions were titrated with carbonate-free sodium hydroxide 
solutions or with the hydrochloric acid. From the differ­
ence in the pH values between the NAA solution and the 
distilled water, the dissociation constants were calculated. 

Complex Formation Constants. A given amount of pure 
NAA powder was added with stirring into the G1CI2 solu­
tion. The activities of copper(II) and hydrogen ions in the 
solution were simultaneously measured as a function of the 
NAA concentration with the ion-selective electrodes con­
nected to the ion meter (Orion Research, model 920). From 
data concerning the activities, the stepwise formation con­
stants of copper(II)-NAA complexes were calculated. To 
minimize the influence of the photosensitivity of the copper-
(II) ion-selective electrode on the output current, the appara­
tus was set up and operated in a room that was as dark as 
possible. All measurements were made at 30+0.2 °C. 

Results and Discussion 

Dissociation Constants of NAA. T h e coordinat ion 
reactions of a m i n o acids and metal ions are usually 
accompanied by the dissociation of amino acids. It is 
therefore necessary to know the acid-base character of 
NAA in order to study its complex formation reac­
tions. T h e dissociation reactions of NAA are 
expressed as 

L+<=>L± + H+ (1) 

and 

L± <=> L- + H+, (2) 

where L + , U1, L - , and H + denote the cationic, the 
amphoter ic , the anionic forms of NAA, and hydrogen 
ions, respectively. T h e n , the first and the second 
dissociation constants of NAA are defined by 

C L ± - C H + / C L + = £AI (3) 

and 

CL-'CH+/Ch± = KA2, (4) 
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where G denotes the concentrat ion of species i, and 
KAI and KA2 express the first and the second dissocia­
tion constants of NAA, respectively. Since the con­
centrat ion of each solute is sufficiently low, and since 
the activity coefficient of each ion is approximate ly 
uni ty according to the Debye-Huckel theory, hereafter 
the concentrat ion expression for each solute is used 
instead of its activity. T h e p&Ai and p&A2 values 
determined by the p H potent iometry are listed in 
Tab le 1, together wi th the dissociation constants for 
some analogous compounds . 3 ) 

From Tab le 1, it can be seen that t hough the PKAI 
values are no t affected by the in t roduct ion of an alkyl 
g roup in to ß-alanine, the p£A2 values decrease by 
about 0.5 compared to that of ß-alanine, regardless of 
the chain length of the alkyl g roup . These facts can 
be explained in terms of an increase in the basicity of 
the ni t rogen a tom, owing to an in t roduct ion of the 
alkyl g roup which acts as an electron-releasing group . 
Similar results have been reported for glycine and its 
alkyl-substituted derivatives, as shown in Tab le 1.3) 

Formation Constants of Cu-NAA Complexes. 
Since most copper(II) complexes of a m i n o acids 
generally have the l (Cu) : 2(amino acid)-composit ion, 
the complex-formation equi l ibr ia of the copper(II) 
ion wi th NAA in a di lute aqueous solut ion are 
assumed to be established by the fol lowing tworstep 
reactions: 

M2+ + L± <=> ML+ + H+ (5) 

and 

ML+ + !><=> ML2 + H+, (6) 

Where M 2 + , M L + , and ML 2 denote the copper(II) 

Table 1. Dissociation Constants of NAA and Formation 
Constants of Copper-NAA Complexes at 30 °C 

NAA P#A1 P&A2 l o g £ l log #2 

0-Ala 
NEtA 
NBuA 
NHeA 
NOA 
NDeA 
NDA 
Glycineb) 

N-Methylglycineb) 

N-Ethylglycineb) 

A/-Propylglycineb) 

3.70 
3.61 
3.57 
3.61 
3.56 
3.57 
3.55 
2.35 

(2.36) 
2.11 

(2.20) 
(2.30) 
(2.28) 

10.1 
10.6 
10.6 
10.6 
10.6 
10.6 
10.6 
9.78 

(9.57) 
10.2 
(9.99) 

(10.1) 
(10.0) 

-2.82 
-3.98 
-4.30 
-4.29 
-4.27 
-4.28 
-4.26 
-1.22 

(-1.42) 
-2.06 

(-2.05) 
(-2.76) 
(-2.75) 

-4.23 
-5.53 
-5.90 
-5.88 

_a> 
_ a ) 

_ a ) 

-2.74 
(-2.72) 
-3.34 

(-3.33) 
(-3.94) 
(-3.95) 

a) Not determined because of low solubilities of the 
1:2-complexes. b) The data of glycine and its deriva­
tives are obtained according to the relations, 
KI=K!*-KA2, and £2=#2* • £A2. The data of Ki*, K2*, 
and KA2 for these compounds are cited from Ref. 4, 
where Ki* and £2* are defined as: £ i*=[ML + ] / 
[M2+][L-], and £2*=[ML2][ML+][L-] at 25 °C and 
ionic strength=0. (Data in Parentheses: ionic strength 
=0.1.) 

ion, the l (Cu) : l (NAA)-complex ion, and the 
l (Cu) :2(NAA)-complex, respectively. Then , from 
Eqs. 5 and 6 we obtain 

and 

C M L + • C H + / C M 2 + • C L ± — Ki, 

C H + / C M L + * C L ± — K2, 

(V) 

(8) 

where K\ and K2 denote the stepwise formation con­
stants of M L + a n d ML2, a n d Cy&+, C L S CML+, CML2, and 

CH+ denote the concentrat ions of M 2 + , L*, M L + , ML2, 
and H + , respectively. 

For such a system, in which the a m o u n t of complex 
is too small to be detected by a p H measurement, it has 
generally been emphasized that bo th the activities of 
the hydrogen and metal ions have to be measured 
s imultaneously and independent ly in order to deter­
mine the formation constants.4) Therefore, the activ­
ity measurements of both copper(II) ions and hydro­
gen ions in solut ion were made for determining the 
formation constants of the 1 :1- and 1:2-complexes, 
especially for the systems of the lower homologs of 
NAA. T h e obtained results for the C u - N H e A sys­
tem, as a typical example, are shown in Fig. 1. T h e 
CM*+ and CH+ values gradual ly decreased wi th increas­
ing concentrat ion of NAA, in common wi th other 
sytems. 

Here, we conventionally introduce the total concen­
trations of copper(II) (CM) and NAA (CL) defined 
respectively as 

C —CMZ+ ~\~ CML+ H- C 

and 

>ML2 

C — CL* + CML+ + 2CML2. 

(9) 

(10) 

Under the condi t ion CL^>CM, the combinat ion of Eqs. 
7 and 8 gives us 

(CM/CM2+) - 1 = £ I ( C L / C H + ) + KiK2(C
L/Cm)*. (11) 

T h u s , the appl ica t ion of Eq. 11 to the C u - N H e A 

CL/10"2mol-dm"3 

Fig. 1. Activities of copper(II) ions (CM2+) (O) or 
hydrogen ions (CH+) ( • ) vs. the concentration of 
NHeA (CL). 
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Fig. 2. [(CM/CM2+)-l] vs. (CL/CH+) plot according to 
Eq. 9. 

system is indicated in Fig. 2. The value of K\ was 
given from the initial slope at the origin; then, the 
value of K2 was calculated from an appropriate set of 
data (K\, CM*+, C , and CH+), where the observed activ­
ity values of copper(II) and hydrogen ions were used 
as the values of CM2+ and CH+, respectively. The 
values of K2 for NOA, NDeA, and NDA could not be 
accurately determined because the solubilities of these 
1:2-complexes in solution are very small. 

The values of K\ and K2 for each complex are also 
listed in Table 1, together with the data concerning 
some analogous compounds.3) These values initially 
decrease as the alkyl chain length increase, though the 
values become nearly constant for NAA with alkyl 
substituents longer than the butyl group, i.e., NAA is 
less reactive with copper(II) ions than ß-alanine. 
This result can be explained by a steric hindrance 
effect of the alkyl substituents directly bonded to 
the nitrogen donor. A similar tendency has been 
observed for the formation of the copper(II) complexes 
of glycine and its N-alkyl-substituted derivatives,3) as 
shown in Table 1. A systematic study of the steric 
hindrance effect of Af-substitution has also been 
reported for the complex formation of ethylenedi-
amine derivatives with copper(II) and nickel(II) ions.5) 

However, the electron-releasing effect of alkyl sub­
stituents, itself, can be considered to increase the basic­
ity of the nitrogen donor and, as a result, to promote a 
favorable reaction of the ligands with copper(II) ions. 
In fact, the overall stability constant increases linearly 
with increasing PKA as obtained, for instance, for the 
copper complexes of a series of phthalic acid deriva­
tives6) and a series of salicylic acid derivatives.7) In 
these cases, however, because the substituent groups 
are incorporated into benzene ring, their steric hin­
drance effects seem not to play an important role in 
these coordination reactions. 

As regards the second-step coordination of NBuA 
and NHeA, almost the same values of K2 were 
obtained, as shown in Table 1. These results suggest 
that, when the 1 :2-complex is formed with the 1:1-
complex ion and a NAA molecule, the hydrophobic 
interaction does not occur between the alkyl chain of 

the 1:1-complex ion and that of the NAA molecule. 
Otherwise, we would have observed the K2 value for 
NHeA larger than that for NBuA. The absence of the 
hydrophobic interaction mentioned above would be 
explained in terms of a definite directionality of coor­
dinate bonds; i.e., the present 1:2-complexes have 
been supposed to have a planar square trans­
configuration as to the four donor atoms (two nitro­
gen atoms and two oxygen atoms) around the cop-
per(II) ion.1) On account of this configuration, two 
alkyl chains in a 1:2-complex molecule would be 
forced to extend in the opposite directions to each 
other. In contrast to the complex formation, the 
hydrophobic interaction has been demonstrated to 
promote a molecular association cooperatively when 
an ion-pair is formed between two long alkyl chains 
having opposite charges, such as AT-dodecyl-ß-alanine 
ion and alkyl sulfate ion,8) or decyltrimethylammo-
nium ion and long-chain fatty acid ion.9) 

Solubility Product and Solubility of the 1:2-Com-
plexes. The 1:2-complex formation equilibrium 
can be written from Eqs. 5 and 6 as 

M2+ + 2L± <=> ML2 + 2H+, (12) 

and from Eqs. 7 and 8, we have 

CML2 • CH+VCM*+ • CL±
2 = Ki • K2. (13) 

At the precipitation equilibrium, 

CML2 = S(constant). (14) 

Then, from Eqs. 13 and 14, the solubility product (Ksp) 
of the 1:2-complex is written as 

CM* • CL±VCH+2 = S/Ki • K2 = Ksp, (15) 

where the S value in Eq. 14 is defined as the intrinsic 
solubility of the 1: 2-complex. 

In order to determine the Ksp value, the activities of 
copper(II) and hydrogen ions were measured for solu­
tions of copper dichloride with a constant concentra­
tion of I.OXIO-3 mol • dm - 3 as a function of the added 
NAA concentration. In order to establish the precip­
itation equilibrium, the solutions were allowed to 
stand at least for 12 hours in a thermostat at 30 °C 
before measuring the activities. The generation of 
the precipitated particles of the 1:2-complex was con­
firmed by observing the scattered light of a He-Ne 
laser beam. The precipitation phenomena were not 
observed in the CuCk-NAA solutions of ß-alanine, 
NEtA, and, NBuA, even when the NAA concentra­
tions were increased up to 1.0 mol • dm -3 . Using the 
data of CM2+, CH+, and CL*, the Ksp values were calcu­
lated from Eq. 15. The results are listed in Table 2. 

Figure 3 shows a plot of the logarithmic Ksv vs. the 
number of carbon atoms (n) in an alkyl chain of the 
1:2-complex molecule. A linear relationship, 

ln£sp =32.7 -1.50 X2n, (n=6—12), (16) 

was found. 
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Table 2. Solubility Product and Solubility 
of Copper-NAA Complexes at 30 °C 

NAA Ksp/mol • dm~3 S/mol • dm - 3 

NHeA 
NOA 
NDeA 
NDA 

2.42X106 

6.00X103 

2.22X101 

3.92X10-2 

1.51X10-4 

3.74X10-7 

1.38X10-9 

2.54X10-12 

E 
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Fig. 3. Logarithmic solubility product (Ksp) vs. the 
number of carbon atoms (n) in an alkyl chain of the 
1:2-complex. 

Next, the intr insic solubilities of the 1:2-complexes 
(n=6—12) in water were estimated from Eq. 15: 

S — Kl'K.2' KSr (17) 

Here, the K<i value of N H e A was used as that of NOA, 
NDeA, and NDA, as suming that the K2 values are 
constant for NAA with an alkyl chain longer than the 
butyl g roup for the reason ment ioned above. T h u s , 
the calculated solubility is listed in Table 2. A linear 
relat ion between the logar i thmic 8 and n was found to 
be 

logS = - 0.65 X 2n + 4.00, (n=6—12). (18) 

Similar l inear relations have been found for the solu­
bilities of long-chain alcohols (n—b—8), amines 
(n=10—14), fatty acids (n=9—13), and sodium alkane-
sulfonates (n=8—18).10> T h e value of 0.65 in Eq. 18 
indicates a decrease in the logar i thmic solubilities per 
one methylene g r o u p in 1:2-complexes. T h i s value 
is close to those of fatty acids (0.63) and amines (0.67), 
and larger than those of alcohols (0.58) and sodium 
alkanesulfonates (0.46). 10> 

Standard Free Energy of the Formation of the Crys­
talline 1:2-Complex. T h e standard free energy of 
the formation of the crystalline 1:2-complex (AG° P / 
kJ • mo l - 1 ) from the const i tuent ions can be calculated 
from 

AG% = RT\nKst (19) 

for systems of n=6—12. Figure 4 shows the AG°P 

values as a function of n at 30 °C. T h e AG°D values 

Fig. 4. The standard free energy change vs. the 
number of carbon atoms (n) in an alkyl chain of the 
1:2-complex in each process: (see text) 
AG°P; (O), AG°F; (D), extrapolated values of AG°F; 
(•) , AG°s; ( • ) . 

assume a l inear relation wi th n as follows; 

AG°p = - • 3.77 X2n + 82.4, (n=6—12). (20) 

T h e AG°p values decrease by 3.77 k j - m o l - 1 per one 
-(CH)2- g r o u p in 1:2-complexes. Th i s value is 
fairly larger than that of sodium alkanesulfonates 
(2.68 k j -mol - 1 ) 1 0 ) and of calcium alkanesulfonates 
(3.36 k j -mol - 1 ) , 1 1 ) and is close to that of long-chain 
fatty acids (3.65 kJ • m o l - 1 ) , and of long-chain amines 
(3.86 k j - m o l " 1 ) . T h e values of the several divalent 
metal soaps range from 3.33 kJ • m o l - 1 for zinc soap to 
3.97 k j - m o l - 1 for manganese soap, inc luding the 
value of 3.42 kJ • m o l - 1 for copper(II) soaps.12) Since 
these values pr imari ly reflect the hydrophobic interac­
tion between alkyl chains of adjacent molecules in the 
respective crystals, the alkyl chain arrangements in the 
copper(II ) -NAA complexes seem to be packed in a 
manner similar to these metal soap compounds . 

However, the metal soaps have been explained to 
generally assume a mult ibi layer tail-to-tail and head-
to-head structure in crystals from the X-ray data of the 
long spacings, which are roughly twice as long as the 
alkyl chain length.13) In contrast to metal soaps, it 
has been supposed that the copper (II)-NAA com-

C ^ 1 11 4- ,' ^ - r . 

ions i n j u i u u i u n 

1 B 
(A G ° F ) 

Complex in S o l u t i o n 

1 C 
(A G ° s ) 

L / r y b L d i i i i 1C OVJlljy 1. C A 

I A 
(A G ° P ) 

Fig. 5. A standard free energy diagram for the for­
mation and the precipitation processes of the 1:2-
complex. 
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plexes assume a multiunilayer structure in which 
alkyl groups interpenetrate one another by turns. 
This structure is supported by the observation of the 
definite regularity of the long spacing of these com­
plexes, as shown by X-ray analyses for these com­
plexes. x) 

Standard Free Energy Diagram of the 1:2-Complex 
Formation. As shown in Fig. 5, the total process 
(called process A) of the formation of the crystalline 
1 :2-complex from the constituent ions should be 
divided energetically into two processes: i.e., process B 
regarding the formation of the 1:2-complex from 
constituent ions in the solution and process C regard­
ing the precipitation of the resulting 1:2-complex 
from its saturated solution. 

Here, the standard free energy ( AG°F/kJ • mol - 1 ) of 
process B can be calculated from Eq. 13 as 

AG°F = -RTln(KvK2), (21) 

for systems of n=0—6. The values for the systems of 
n=S—12 were also calculated, assuming that the K<i 
values are invariable in systems of nê4 , as mentioned 
above. The calculated values of A G ° F are plotted as a 
function of n in Fig. 4. 

For process C, the standard free energy (AG°s/ 
kj • mol -1) can also be calculated from the solubility of 
the 1:2-complex as 

AG°s = RT InS, (22) 

for systems of n=6—12. The results are shown in 
Fig. 4. 

Therefore, the standard free energy ( AG°p/kJ • mol -1: 
Eq. 19) of the total process A can be expressed as 

A G ° P = A G 0 F + AG°S. (23) 

As should be clear from Fig. 4, the AG°P values decrease 
linearly with increasing n, and become negative when 
n is more than 11. This result corresponds to the 
experimental findings that since the complex forma­
tion equilibria are gradually shifted from the constitu­
ent ions toward the appearance of a precipitate, the 
amount of precipitate increases as n increases. 

As regards the contribution of process B to the total 
process A, the A G ° F values are positive, regardless on n, 
and slightly increase with increasing n up to 4, and 
become close to a constant value of 59.1 kj-mol"1. 
Therefore, the introduction of alkyl substituents into 
the ligand molecules acts to shift the equilibrium in 
process B toward a direction rather opposite to the 
formation of the 1:2-complex. 

On the contrary, the AG°s values decrease linearly 
with n as 

AG°s = - 3.77 X2n + 23.2, (n=6—12), (24) 

and are negative for n=6—12. Therefore, process 
C is largely shifted toward the precipitation as n 
increase. 

These results show that the complex formation 
reaction of process B could not proceed appreciably 
without cooperative contribution of the hydrophobic 
interaction in precipitation process C. This is the 
reason why it is able to easily form 1:2-complexes 
having long alkyl chains (n=8—12), even in a dilute, 
weak acid solution.1'2) 

In general, it should also be emphasized that the 
occurrence of a hydrophobic interaction between re-
actant molecules in an aqueous solution contributes not 
only to the hydrophobicity of the resulting products, 
but also to the promotion of a chemical reaction 
which does not proceed to any appreciable extent if 
the hydrophobic interaction does not occur. 

References 

1) A. Nakamura, M. Koshinuma, and K. Tajima, Bull. 
Chem. Soc. Jpn., 63, 116 (1990). 

2) T. Okumura, K. Tajima, and T. Sasaki, Bull. Chem. 
Soc. Jpn., 47, 1067 (1974). 

3) A. E. Martell and R. M. Smith, "Critical Stability 
Constants, Vol. 1," Plenum Press, New York (1974), p. 1, 66. 

4) G. Anderegg, "Coordination Chemistry, Vol. 1," ACS 
Monograph Series Vol. 168, ed by M. E. Martell, Van 
Nostrand Reinhold, New York (1971), Chap. 8. 

5) F. Basolo and R. K. Murmann, / . Am. Chem. Soc, 74, 
5243 (1952); 76, 211 (1954). 

6) M. Yasuda, K. Suzuki, and K. Yamazaki, / . Phys. 
Chem., 60, 1649(1956). 

7) A. E. Martell and M. Calvin, "Chemistry of the Metal 
Chaelate Compounds," Prentice-Hall, New York (1952), p. 
153. 

8) A. Nakamura, Bull. Chem. Soc. Jpn., 48, 1720 (1975). 
9) D. G. Oakenfull and D. E. Fenwick, /. Phys. Chem., 

78, 1759 (1974). 
10) I. J. Lin and P. Somasundaran, / . Colloid Interface 

Sei., 37, 731 (1971). 
11) M.S. Celik and P. Somasundaran, / . Colloid Interface 

Sei., 122, 163 (1988). 
12) K. A. Hunter and P. S. Liss, / . Electroanal. Chem., 73, 

347 (1976). 
13) P. A. Spegt and A. E. Skoulios, Acta Crystallogr., 16, 

301 (1963); 17, 198 (1964); R. Matsuura, Nippon Kagaku 
Zasshi, 86, 560 (1965); K. Ogino and T. Saito, Bull. Chem. 
Soc. Jpn., 50, 1623(1977). 



340 © 1990 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 63, 340—346 (1990) [Vol. 63, No. 2 

The Partial Oxidation of Ethane over a B2O3-AI2O3 Catalyst 

Yasushi MURAKAMI, Kiyoshi OTSUKA,* Yuji WADA, and Akira MORIKAWA 
Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152 

(Received September 2, 1989) 

The catalytic activities were examined for the partial oxidation of ethane over various metal oxides. 
B2O3(30wt%)-added AI2O3 showed the highest catalytic activity in the formation of acetaldehyde (yield: 1.03%) 
and ethylene (14.6%). Ethylene and acetaldehyde are assumed to be formed via a common reaction intermediate 
because of the similarity in their kinetic behavior and the similar activation-energy values observed. The 
second-order dependence of the formation rates for the two products on the pressure of ethane suggests that the 
two molecules of ethane participate in the formation of the intermediate in the chain reaction mechanism 
proposed. The active site for the formation of acetaldehyde from the intermediate is suggested to be a highly 
dispersed boron electron-donated from alumina, but that for ethylene must be different from that of 
acetaldehyde. 

T h e one-step conversion of l ight alkanes to their 
par t ia l oxidat ion products , such as alkenes, alcohols, 
aldehydes, or acids, is of impor tance for effective use of 
alkanes contained in na tura l gas. There have been 
some reports on the conversion of e thane to ethylene 
th rough oxidative dehydrogenat ion wi th oxygen gas 
on Mo-V-Nb/A^Os 1 * and S n 0 2 - P 2 0 5 . 2 ) However, 
the conversion of ethane to C2-oxygenates was success­
ful on Mo/Si0 2

3 ' 4 ) and Co/MgO5* only when N 2 0 was 
used as the oxidant . It is necessary to develop cata­
lysts on which the conversion of ethane to C2-
oxygenates wi th oxygen gas proceeds effectively. 

We have found that B2O3-AI2O3 is an active and 
selective catalyst for the part ial oxidat ion of e thane to 
ethylene and acetaldehyde us ing oxygen.6) Boron-
based catalysts are also effective for the formation of 
oxygenates by means of the part ial oxidat ion of 
methane7 '8 ) and propane. 9 ) These catalysts are char­
acterized by a lack of the redox property, in contrast 
wi th the molybdenum oxide-based catalysts, which 
have been investigated most extensively for the part ial 
oxidat ion of l ight alkanes to their oxygenates.4 '10_14) 

A mechanism involving the redox cycle of the molyb­
d e n u m ion has been proposed for this system.4>10) 

Since the oxidat ion state of boron cannot change 
under these reaction condi t ions, the mechanism of the 
part ial oxidat ion of alkanes over boron oxide-based 
catalysts mus t be qui te different from that proposed 
for the molybdenum oxide-based catalysts. 

In this paper, the state of boron oxide on AI2O3 and 
the reaction kinetics over the B2O3-AI2O3 catalyst will 
be investigated. T h e role of boron oxide will be 
discussed, and a reaction mechanism will be proposed. 

Experimental 

The metal oxides used were purchased from the Wako 
Chemical Co., while the alumina used as the reference 
catalyst, JRC-ALO-2, was supplied by the Catalysis Society 
of Japan. The boron oxide supported on various oxides 
was prepared by an impregnation method with metal oxide 
powders and an aqueous solution of boric acid. These 
catalysts were calcined in air at 873 K. The contents of 

boron oxide in the catalysts are denoted in the parentheses, 
for example, the AI2O3 with 30 wt% B2O3 added as B2O3(30)-
AI2O3. A conventional gas flow system with a fixed-bed 
reactor made of quartz was used in the experiments. 

Ethane and oxygen gases were fed with a helium-gas 
carrier to the catalyst under atmospheric pressure. The 
reaction temperature for the test of the catalysts was 823 K. 
The products were analyzed by means of gas chroma­
tography. The selectivities and the yields of the products 
were expressed on the basis of the ethane converted into each 
product. The X-ray photoelectron spectra (XPS) were 
obtained using a spectrometer (Surface Science Laboratory, 
SSX-100) with monochrometric alumina Ka radiation 
(1486.6 eV); the charge compensation was effected by means 
of an electron flood gun. The spectra were calibrated 
against the carbon Is line (285.0 eV) attributable to the 
carbon deposit on the surface. 

Results 

Catalytic Activities of Various Metal Oxides. T h e 
catalytic activities were examined for the oxidat ion of 
e thane over the oxides of B, Mg, AI, Si, Ca, T i , V, Cr, 
Mn, Fe, Co, Ni , Cu, Zn, Ga, Sr, Y, Zr, Nb, Mo, Cd, In, 
Sn, Sb, Te , Ba, La, Ce, W, Pb, and Bi. Oxygenated 
hydrocarbons were formed only over the oxides of B, 
Al, and Si. B2O3 was more selective for the forma­
tions of ethylene and acetaldehyde than were AI2O3 
and Si02, on which CO and CO2 were mainly pro­
duced (see Tab le 1). However, the yield of acetalde­
hyde for B2O3 was low, i.e., less than 0.1%. 

T h e catalytic activities of the boron oxide supported 
on various metal oxides were tested (Table 1). B2O3-
AI2O3, B 2 0 3 - M g O , B 2 03-La 2 03 , and B2O3-P2O5 were 
effective catalysts. They were more active and selec­
tive for the formation of acetaldehyde than was the 
B2O3 catalyst w i thou t supports . T h e yields of ethyl­
ene and acetaldehyde for B2O3-AI2O3 were the highest 
a m o n g those for the four catalysts. B203-Si02 and 
B203-Ti02 were also selective for the partial oxida­
tion, bu t they were less active. O n the other hand , 
deep oxidat ion mainly proceeded over B203-CaO and 
B 2 0 3 - Z n O . 

T h e stability of B2O3(30)-Al2O3, the most active 
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Table 1. Partial Oxidation of Ethane over Various Oxide Catalysts at 823 K 

Catalyst 

None 
B2O3 
AI2O3 
Si02 

B203-Al203
a) 

B203-La203
a) 

B203-MgOa) 

B203-P205
a) 

B203-Si02
a) 

B203-Ti02a) 

B203-CaOao 
B203-ZnOa) 

B203-Al203
b) 

Conv. 
/% 

0.2 
3.8 

22.3 
4.4 

38.0 
5.7 
4.6 
2.1 
3.6 
0.4 
5.8 

35.0 
21.9 

C2H4 

89.0 
97.1 
12.4 
37.4 
58.0 
82.6 
80.0 
89.7 
96.0 
98.0 
30.2 
40.6 
12.5 

Selectivity /% 

CH3CHO CO 

0 
2.6 
0.2 
1.2 
2.7 
6.9 
7.7 
9.4 
2.5 
2.0 
0.3 
0 
0.2 

0 
0 

55.3 
54.6 
31.0 
8.2 
8.5 
0 
0.3 
0 

30.3 
2.7 

55.5 

CO2 

11.0 
0.3 

32.0 
6.8 
1.6 
1.3 
2.8 
0.9 
0.3 
0 

39.0 
56.5 
31.8 

CH4 

0 
0 
0 
0 
4.9 
1.0 
1.0 
0 
0.5 
0 
0.2 
0.2 
0 

Yield /% 

C2H4 

0.2 
3.7 
2.8 
1.6 

14.6 
4.7 
3.7 
1.9 
3.5 
0.4 
1.7 

14.4 
2.8 

CH3CHO 

0 
0.10 
0.04 
0.06 
1.03 
0.39 
0.35 
0.20 
0.09 
0.01 
0.02 
0 
0.04 

Reaction temperature=823 K, weight of catalyst=0.5 g, Flow rate=50 ml min-1, P(C2H6)=20 
kPa, P(O2)=20 kPa. a) The content of B2O3 is 30 wt%. b) After washing with distilled 
water. 
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Fig. 1. Stability in catalytic activity of B2O3(30)-
AI2O3 with time on stream. C2H6 conversion (•), 
selectivity of C2H4 (A), acetaldehyde (O), CO (V), 
CO2 (•), and CH4 «>)• Reaction tempera-
ture=823 K, weight of catalyst=0.5 g, flow rate=50 
ml min"1, P(C2H6)=10 kPa, P(O2)=10 kPa. 

catalyst, in the catalytic activity and selectivity with 
the time on a stream is shown in Fig. 1. The conver­
sion of ethane and the selectivities for all the products 
were constant throughout the 10 hours of the reaction. 

The formation rates of the products over a unit of 
surface area of B2O3-AI2O3 with the various contents 
of B2O3 are shown in Fig. 2. Though ethane was 
highly converted over pure alumina, the main prod­
ucts were CO and CO2. When 10 wt% of B2O3 was 
added, the formations of CO and CO2 were drastically 
suppressed. However, the rate of the formation of 
ethylene was increased linearly by the addition of 
boron oxide above 20 wt%. On the other hand, the 
rate of acetaldehyde formation began to increase at 15 
wt% and showed a maximum value at 30 wt%. The 
selectivities for the formation of acetaldehyde (31.1% 
and 25.0% on B203(15)-A1203 and B2O3(20)-Al2O3 
respectively) were considerably higher than those 
observed for pure B2O3 in Table 1 (2.6%). The total 
selectivity for the partial oxidation products 
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Fig. 2. Formation rates of productions as function 
of the content of B2O3. C2H4 (A), acetaldehyde 
(O), CO (V), and CO2 (•). Reaction temtpera-
ture=823 K, weight of catalyst=0.05 g, flow 
rate=100 ml min"1, P(C2H6)=10 kPa, P(O2)=10 
kPa. 

(C2H4+CH3CHO) at a B2O3 content above 20 wt% was 
greater than 95%. 

Characterization of B2O3-AI2O3. The XRD spec­
tra of B2O3-AI2O3 with various contents of B2O3 are 
shown in Fig. 3. The XRD pattern attributed to 
crystalline B2O3 was observed for the B2O3-AI2O3 con­
taining more than 20 wt% of B2O3, and the intensities 
of the diffraction in the spectra increased with an 
increase in the content of B2O3. There was no peak 
showing the formation of mixed oxides between B2O3 
and AI2O3. 

The surface areas of the catalysts with various con­
tents of B2O3 are shown in Fig. 4. The area was 
significantly lowered above a 20 wt% B2O3 content, 
with a coincident growth of crystalline B2O3 observed 
in the XRD spectra. Therefore, this decrease in the 
surface area is probably due to the plugging of the 
pores in alumina by agglomerates of B2O3. This 
assumption was supported by the observation that the 
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Fig. 3. XRD spectra of B2O3-AI2O3 with various 
contents of B2O3. 
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Fig. 4. Surface areas of B2O3-AI2O3 with various 
contents of B2O3. After washing with distilled 
water (•). 

surface area of the B2O3(40)-Al2O3, 48 m2g-1 , was 
restored to the original value of pure alumina, i.e., 258 
m 2g - 1 , after washing with distilled water at room 
temperature (as is indicated by the arrow in Fig. 4). 
The catalytic activity and selectivity after the washing 
treatment became comparable to those observed over 

alumina (see Table 1). 
The X-ray photoelectron spectra of B2O3-AI2O3 

were also measured. An asymmetric spectrum was 
observed for the spectra of the boron Is electrons, as is 
shown in Fig. 5, with a solid curve for each sample. 
The asymmetric spectrum for each sample was decom­
posed into the main and the shoulder peaks. The 
binding energy of the shoulder peak was 189.7 eV, 
while that of the main peak was 192.2 eV (see Table 2). 
Tavadze et al. have observed the XPS spectra of B2O3 
supported on silica.15) They have also reported asym­
metric spectra and have attributed the main peak to a 
crystalline B2O3. The shoulder peak has been attrib­
uted to the oxide of a cluster type consisting of a lower 
oxidation state of boron than that in a pure B2O3. 
With reference to this suggestion, the shoulder peak 
observed at 189.7 eV for B2O3-AI2O3 in our work can 
be attributed to the boron oxide of a cluster type 
described above. While the area of the main peak 
increased monotonously with the increase in the 
amount of B2O3, that of the shoulder peak showed a 
maximum at 30 wt% of B2O3 (see Table 2). The latter 
type of B2O3, showing a lower oxidation state of 
boron, could be formed on electron-donating sites on 
the surface of alumina, e.g., basic sites. The observa­
tion that the area of the XPS peak at the lower binding 

195 190 
Binding En9rgy / eV 

Fig. 5. XPS spectra in B(ls) electrons with B2O3(10)-
AI2O3 (a), B2O3(30)-Al2O3 (b), and B2O3(50)-Al2O3 
(c). 

Table 2. Binding Energy in B(ls) Electrons and Boron Contents by XPS Spectra 

B2O3(10)-Al2O3 

B2O3(30)-Al2O3 

B2O3(50)-Al2O3 

Binding energy/eV 
(Area) 

192.3 (1883), 189.9 ( 901) 
192.2 (3687), 189.7 (1502) 
192.2 (5300), 189.4 ( 935) 

B/(Al+B)/mol% 

Surface 

29.3 
50.9 
70.3 

Overal l 

14.0 
38.5 
59.4 

a) Calculated from the compositions in the preparation. 
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energy decreased above 30 wt% of the B2O3 (Table 1) 
must be ascribed to the growth of the crystalline B2O3 
over the cluster-type B2O3, which has been generated 
on the basic sites of alumina. 

The surface compositions of the catalysts estimated 
from the spectra are listed on Table 2. The ratios of 
boron were higher than those calculated from the 
compositions adjusted in the preparation of the sam­
ples, indicating that most of the boron added deposits 
on the alumina surface. This is natural, since the 
XRD spectra did not show any bulk compound oxide 
between B2O3 and AI2O3. Moreover, the decrease in 
the surface area of the samples with the rise in the 
content of B2O3 (Fig. 4) supports the deposit of crystal­
line B2O3 on the surface of alumina. 

Kinetic Studies. Figure 6 shows the conversion of 
ethane and the yields of the products as functions of 
the W/F ratio. The conversion of ethane was 
increased linearly with the increase in the W/F. The 
yield of ethylene was proportional to the W/F. 
Though acetaldehyde was produced at a short contact 
time, the increase in the yield of acetaldehyde was 
suppressed, while the formations of CO, CO2, and 
methane were accelerated, at a longer contact time. 
This suggests that CO, CO2, and methane were 
formed through either the decomposition or the 
further oxidation of acetaldehyde produced. 

The products of the reaction of ethane over 
B2O3(30)-Al2O3, i.e., ethylene and acetaldehyde, were 
fed over the catalyst with oxygen gas. These experi­
ments were carried out under partial pressures of 
ethylene and acetaldehyde similar to those observed in 

W/F / KPg.mnmin 

Fig. 6. Effect of contact time on the conversion of 
ethane and the formation of products. C2H6 con­
version (•), selectivity of C2H4 (A), acetaldehyde 
(O), CO (V), CO2 (D), and CH4 «>)• Reaction 
temperature=823 K, weight of catalyst=0.05 g, flow 
rate=50 ml min"1, P(C2H6)=10 kPa, P(O2)=10 kPa. 

the ethane oxidation. No acetaldehyde was formed 
from ethylene at 1.3 kPa. Acetaldehyde with a partial 
pressure of 0.14 kPa was converted to CO, CO2, and 
methane, with a 65% conversion, at 823 K. These 
results support the suggestion that CO, CO2, and 
methane are formed from acetaldehyde. Moreover, 
the results show that acetaldehyde and ethylene are 
formed in parallel from ethane. 

The dependence of the catalytic activity on the 
reaction temperatures over B2O3-AI2O3 was also inves­
tigated. The logarithms of the formation rates of 
ethylene and acetaldehyde were plotted against the 
reciprocal of the reaction temperatures (see Fig. 7). 
The real formation rate of acetaldehyde was calculated 
from the sum of the formation rates of acetaldehyde, 
CO, CO2, and methane, as the latter three are formed 
from acetaldehyde. The rates for the latter three were 

1.3 
T-V 10-3K"1 

Fig. 7. Effect of reaction temperatures on partial 
oxidation of ethane over B2O3(30)-Al2O3. Ethyl­
ene (A), and acetaldehyde (O). Weight of cata-
lyst=0.05 g, flow rate=100 ml min"1, P(C2H6)=20 
kPa, P(O2)=20 kPa. 
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Fig. 8. Effect of reaction temperatures on partial 
oxidation of ethane over B2O3(30)-SiO2. Ethylene 
(A), and acetaldehyde (O). Weight of catalyst= 
0.05 g, flow rate=50 ml min"1, P(C2H6)=20 kPa, 
P(O2)=20 kPa. 
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evaluated on the basis of C2. The formation rate of 
acetaldehyde to be described hereafter is the one 
defined above. The apparent activation energies for 
the formations of ethylene and acetaldehyde over 
B2O3-AI2O3 were 310 and 280 kj mol"1 respectively. 

The activation energies for the formations of ethyl­
ene and acetaldehyde over B203-Si02 were similarly 
estimated from the plot of logr vs. \/T (Fig. 8). 
These values were 310 and 290 kjmol"1 respectively, 
the same as those observed for the B2O3-AI2O3 within 
the limits of experimental error (±10 kj mol -1). 

Figure 9 shows the relationship between the forma­
tion rates of ethylene and acetaldehyde and the square 
of the pressure of ethane for B2O3(30)-Al2O3. The 
straight lines in Fig. 9 indicate that the formation 
rates of both ethylene and acetaldehyde show a second-
order dependence on the pressure of ethane. 

A linear relationship was observed when the pres­
sure of oxygen divided by the formation rates of ethyl­
ene and acetaldehyde was plotted against the pressure 
of oxygen (see Fig. 10). The results in Fig. 10 show 
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Fig. 9. Effect of the pressure of ethane on partial 
oxidation of ethane over B2O3(30)-Al2O3. Ethyl­
ene (A), and acetaldehyde (O). Reaction tempera-
ture=773 K, weight of catalyst=0.05 g, flow rate= 
100 ml min-1, P(O2)=10 kPa. 
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Fig. 10. Effect of the pressure of oxygen on partial 
oxidation of ethane over B2O3(30)-Al2O3. Ethyl­
ene (A), and acetaldehyde (O). Reaction tempera-
ture=773 K, weight of catalyst=0.05 g, flow rate= 
100 ml"1, P(C2H6)=20 kPa. 

that the dependence of each formation rate on the 
pressure of oxygen can be expressed by the following 
equation: 

A P(Q2) 
r 1 + B P(02) ' 

This observation suggests that the formation rates are 
proportional to the concentration of oxygen which is 
molecularly adsorbed on the surface. 

Discussion 

As has been described earlier, B2O3-AI2O3, B2O3-
MgO, B203-La203, and B2O3-P2O5 are selective cata­
lysts for the partial oxidation of ethane. Among 
these catalysts, B2O3(30)-Al2O3 showed the highest 
catalytic activity in the formations of acetaldehyde 
(yield 1.03%) and ethylene (14.6%). This catalyst was 
stable under the reaction conditions shown in Fig. 1. 
Iwamoto et al.3) and Mendelovici and Lunsford4) have 
reported that the yields of acetaldehyde are 1.63% and 
1.37% respectively for the partial oxidation of ethane 
at 823 K over Mo0 3 /S i0 2 with N2O as the oxidant. 
When we examined the partial oxidation of ethane 
over the M0O3 (7 wt%)-SiÛ2 catalyst, using O2 as the 
oxidant under the conditions shown in Table 2, the 
yield of ethylene (0.9%) was even smaller than that for 
Si02 (1.6%), while the yield of acetaldehyde (0.07%) 
was comparable to that for SiÛ2 (0.06%). Thus, when 
we use O2 as the oxidant, Mo03/Si02 is not an effec­
tive catalyst in partial oxidation of ethane. In con­
trast, the yield of acetaldehyde observed for the 
B2O3(30)-Al2O3, using O2 as the oxidant, is compara­
ble to those over Mo03/Si02 when N2O is used. 

Active Sites. The activation energies for the forma­
tions of ethylene and acetaldehyde over B2O3-AI2O3 
were close to those observed for B203-Si02. This 
suggests that common active sites in the two catalysts, 
i.e., a crystalline B2O3 and a cluster type B2O3 may be 
responsible for the formations of the products. At a 
B2O3 content greater than that of 30 wt% shown in Fig. 
2, the rate of ethylene formation or the rate of conver­
sion of ethane over a unit of surface area increased 
linearly with a rise in the amount of B2O3. Above 
this content of B2O3, most of the boron added to AI2O3 
must be in the state of crystalline B2O3 as has been 
described earlier (see Fig. 3 and Table 2). Therefore, 
the crystalline B2O3 must be responsible for the initial 
activation of ethane (C-H bond cleavage). 

The rate of acetaldehyde formation over a unit of 
surface area increased with the amount of B2O3 in the 
range of content between 10 to 30 wt%. However, it 
decreased above 30 wt%, where the maximum was 
reached. Although the formation of acetaldehyde 
requires the participation of crystalline B2O3 in the 
initial activation of ethane, different active sites must 
be responsible for its further oxidation to acetalde­
hyde. 

Boron oxide added over the alumina at a content 
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below 10 wt% showed no XRD pattern, indicating that 
B2O3 was highly dispersed. This highly dispersed 
B2O3 could suppress the formations of CO and CO2 
observed over alumina (Fig. 2). The active site on 
alumina for deep oxidation must be poisoned by a 
small amount of boron oxide (ca. 10 wt%). Assuming 
that the crystal structure of B2O3 is cubic, the calcu­
lated amount of the monolayer B2O3 over alumina 
(265 m2g"1) is 0.003 mol per gram of alumina, which 
may be evaluated as equivalent to 19 wt% of B2O3. 
Thus, the amount of B2O3 for a monolayer over the 
alumina is adequate to completely poison the deep 
oxidation sites on the alumina. 

The interaction between boron and alumina was 
proved by the XPS measurements in Fig. 5. The area 
of the XPS peak corresponding to the cluster type of 
B2O3 of a lower oxidation state showed a maximum at 
the amount of B2O3 of 30 wt% (Table 2). The results 
in Fig. 2 show that the maximum yield of acetalde-
hyde was observed at this content of B2O3, suggesting 
that the boron-oxide cluster is the active site for the 
formation of acetaldehyde. 

Reaction Mechanism. As has been described in 
the Results section, CO, CO2, and methane are formed 
from acetaldehyde. Acetaldehyde is formed not via 
ethylene but directly from ethane and is successively 
decomposed to CO, CO2, and methane. The similar 
kinetics observed for the formations of ethylene and 
acetaldehyde (Figs. 7, 9, and 10) suggest a reaction 
path through a common intermediate to the two prod­
ucts. The network of the reactions may be written as 
follows: 

/C2H4 
C2H6 -• Intermediate' CO 

N CH 3 CHO^C0 2 
CH4 

The linear increase in the yield of C2H4 and the sum of 
CH3CHO, CO, CO2 and CH4 with a rise in the W/F 
ratio in Fig. 6 suggest parallel formations of C2H4 and 
CH3CHO through a common reaction intermediate. 
The similar rate equations observed for the formation 
of ethylene and acetaldehyde (Figs. 9 and 10) support 
the presence of the common intermediate shown in 
the network, as will be described later. 

The second-order dependence of the formation rates 
on the pressure of ethane (Fig. 9) suggests that the two 
molecules of ethane participate in the reaction mecha­
nism. A tentative chain reaction mechanism on the 
surface is proposed as follows. The second molecule 
of ethane may participate in the chain propagation 
after the activation of ethane. 

C2H6 4- O* -^-> C2H5 + OH (1) 

C2H5 4- 0 2 «==>C2H502 (2) 

C2H5O2 + C2H6 -^-> C2H5OOH 4- C2H5 (3) 

C2H5 4- O* - ^ C2H4 + OH (4) 

Ethane is converted to an ethyl radical through the 
abstraction of hydrogen by adsorbed active oxygen 
species, O*, on crystalline B2O3 (Eq. 1) (activation of 
C2H6). O* also abstracts the hydrogen of the ethyl 
radical to give ethylene (Eq. 4) (termination). Here, 
O* could be O - , O2", or O22" on the crystalline B2O3. 
However, no information about the nature of O* has 
yet been obtained. The addition of adsorbed di­
atomic oxygen to the ethyl radical forms an ethyl­
peroxyl radical (Eq. 2). The forward and backward 
reactions in Eq. 2 must be in equilibrium. Then the 
ethylperoxyl radical reacts with ethane, forming ethyl 
hydroperoxide and regenerating the ethyl radical. 
Reaction Steps 2 and 3 are similar to the mechanism of 
the autooxidation of ethane in the gas phase. 16'17) 

Ethyl hydroperoxide seems to decompose to ethylene 
or to acetaldehyde on the surface through the follow­
ing steps, Steps 5 and 6: 

C2H5OOH — ^ C2H4 4- 1/2 O2 + H2O (5) 

C2H5OOH — ^ CH3CHO 4- H2O (6) 

Bashkirov et al. found that the autooxidation of 
alkanes (C12 to C30) in the presence of H3BO3 or B2O3 
gave the corresponding secondary alcohols with a 
high selectivity.18) Broich and Grasemann suggested 
that the boric acids react with hydroperoxides to give 
boric esters selectively as follows:19) 

OH O+H2 
-B-O- +ROOH -H> -B--0- - • -B-O- +1/2 O2 + H20 

OOR OR 

Although no alcohols were observed in our work, the 
formation of ethylene may proceed through a boric 
ester similar to that described above. The boric ester 
from the reaction of ethyl hydroperoxide with boron 
oxide could give ethylene instead of ethanol at higher 
temperatures. However, acetaldehyde (Step 6) could 
not be formed through boric ester, for different active 
sites must be responsible for the two reactions (Eqs. 5 
and 6), as has been suggested above. 

When we can neglect the participations of OH in 
chain propagations, the concentration of ethyl 
hydroperoxide can be derived on the basis of a steady-
state approximation of the concentrations of the reac­
tion intermediates, C2H5, C2H5O2, and C2H5OOH, as 
follows: 

[C2H5OOH] = ki{k_2+k^){h+k6) [ C W [O,] (?) 

The decomposition of the ethylperoxyl radical should 
be much faster than the reaction with ethane 
(&_2;>&3[C2H6]). Let us assume that the concentra­
tion of oxygen adsorbed on the surface can be written 
by Langmuir's equation: 

where n0 and K0 are the number of adsorption sites 
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and the adsorption constant for oxygen respectively. 
On the other hand, the weak interaction between 
ethane and the surface leads to the linear relationship 
between the surface concentration and the pressure of 
ethane ([C2H6]=ne£eP(C2H6)). Therefore, the con­
centration of ethyl hydroperoxide can be represented 
by the following equation: 

[C2H5OOH] ~K P(C2H6)
2 ^f^ (8) 

, , _ h k.2 ks (ne Kt)
2 nQ 

k\ k-2 (k.5 + kß) 

The rate equations for the formations of ethylene 
and acetaldehyde can be set up as follows: 

r(C2H4) = fe[C2H5OOH] + &4[C2H5][0*] (9) 
r(CH3CHO) = ^6[C2H5OOH] (10) 

The formation of ethylene directly from the ethyl 
radical with O* (Termination Step 4) should be much 
slower than that through ethyl hydroperoxide (Steps 
2,3,5)(fe5[C2H5OOH]^>fe4[C2H5][0*]). The substitu­
tions of the concentration of ethyl hydroperoxide into 
Eqs. 9 and 10 with Eq. 8 yield the following 
equations: 

r(C2H4)-*5 k P(C2H6)
2 ^ p ^ (11) 

r(CHsCHO)~kek P(C2H6)2 f+^p*^ (12) 

These equations explain well the rate equations 
observed (Figs. 9 and 10). 

The similar activation energies for the formation of 
ethylene and acetaldehyde observed in Fig. 7 can be 
explained by Eqs. 11 and 12 if the activation energies 
of Steps 5 and 6 are smaller than that of the initiation 
(Step 1). It seems reasonable that the C-H bond 
activation requires much more energy than those of 
Steps 2—6. The decompositions of unstable ethyl 
hydroperoxide (Steps 5 and 6) should have much 
lower activation energies than that of Step 1. The 
similar activation energies observed for B2O3-AI2O3 
(Fig. 7) and B203-Si02 (Fig. 8) were natural, since the 
activation of ethane occurs on the same active sites, 
i.e., on the crystalline B2O3. 

The Role of Alumina. The favorable carrier effect 
of alumina on boron oxide demonstrated in Table 1 
was to enhance the conversion of ethane as well as the 
yield of acetaldehyde compared to that of silica. 
Since the activity of the catalyst depends on the 

number of active B203-crystallines, the role of alumi­
na should be to stabilize the crystalline B2O3 on its 
surface. Moreover, alumina must generate and sta­
bilize the cluster-type boron oxide, which is effective 
in the formation of acetaldehyde. 

The authors wish to express their gratitude to Pro­
fessor Koh-ichi Segawa and Mr. Du Soung Kim, 
Sophia University, for obtaining the XPS spectra. 
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y-Irradiation of phenyl- and diphenylethenes in CFCI3 matrix at 77 K resulted in the formation of the 
substrate radical cations. l,l-Diphenyl-2-methylpropene radical cations exhibit a spin density (p=0.45) at the 
ß carbon much higher than those of stilbene and 2-styrylnaphthalene radical cations and comparable to those of 
styrene and a-methylstyrene radical cations. The spin density at the vinyl carbons appears to play an 
important role in governing the reactivity of the olefin radical cations with molecular oxygen. 

Previously, some of us found that a m o n g the free 
radicals produced from aromatic olefins (aralkenes) 
like styrènes1* and 1,1 -diphenyl-2-methylpropene,2 ) 

not only the allylic radicals bu t also the olefin radical 
cations react wi th molecular oxygen despite of their 
low capabili ty as electron donor. These findings led 
us to investigate the spin density dis t r ibut ion of aral-
kene radical cations as a basis of unders tanding their 
chemical reactivity. T h e present work reports the 
spin density dis t r ibut ion in the radical cations of a 
series of aralkenes like styrènes, stilbenes, and vinyl-
anthracenes. 

Experimental 

Styrene (1), a-methylstyrene (2), eis- and trans-stilbcnc (3) 
were commercially available and purified by distillation 
or crystallization before use. eis- and £ram-2-Styrylnaph-
thalene (4) were prepared according to the literature,3) and 
separated by Si02 column chromatography with hexane as 
eluent. The eis isomer was purified by distillation and the 
trans isomer by crystallization from hexane. 9-Vinyl-
anthracene (5)4> was prepared by the Wittig reaction of 9-
formylanthracene with the ylide prepared from methyl-
triphenylphosphonium iodide and potassium £-butoxide in 
THF,5) and purified by crystallization from hexane-benzene 
(1:1). 1-Vinylanthracene (6) was prepared and purified 
according to the literature.6) l,l-Diphenyl-2-methylpropene 
(7)7) was prepared by reductive coupling of benzophenone 
and acetone in 1,2-dimethoxyethane in the presence of active 
titanium metal freshly prepared from titanium trichloride 
and lithium,8) and purified by distillation. 3,3-Diphenyl-2-
methylpropene (8)9) was prepared by the Wittig reaction of 
l,l-diphenyl-2-propanone with the methyl ylide,5) and puri­
fied by distillation. 

The aralkenes were dissolved in CFCI3 to a concentration 
of 2—5X10-3 mol dm - 3 , degassed, and sealed in a suprasil 
cell. The solutions were y-irradiated at 77 K to a dose of 
1 —2 Mrad. The ESR measurements were carried out with 
a Brucker ER 200D spectrometer at T=140 K. The cou­
plings have been determined from the simulation of experi­
mental spectra and have been assigned to respective hydro­
gens from INDO calculations and with reference to known 
results for the corresponding anions. INDO calculations 
have been performed by using standard bond lengths 
defined by Pople et al.10) 

r = 9.53,66 

\ A 3430'5 

Fig. 1. a) Experimental ESR spectrum of styrene 
radical cation (l+#) in CFCI3 matrix at 140 K. 
b) Spectrum of 1+* simulated with parameters given 
in Table 1. 

Fig. 2. a) Experimental ESR spectrum of a-methyl-
styrene radical cation (2+*) trapped in CFCI3 matrix 
at 140 K. 
b) Spectrum simulated with parameters in Table 1. 
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Table 1. Couplings and Spin Densities of Aralkene Radical Cations 

Radical 
cation 

(ArH in A r H + ) 

Coupling/G 

INDO Anion Cation 
(cale.) (experimental) 

Spin density 

Pn SP* 

1 a 

4 
1+-

trans-3+' 

1 
2 
3 
4 
5 
a 
ß 

1 
2 
3 
4 
5 
a 
ß 

1 
2 
3 
4 
5 

-3 .0 
1.3 

-5 .8 
1.6 

-3 .6 
0.5 

-11.1 

-2 .5 
1.2 

-4 .5 
1.6 

-3 .2 
3.0 

-13.3 

-3 .5 
1.9 

-4 .3 
2.0 

-3 .7 
-4 .8 

-2.0a ) 

0.59 
-5 .5 

0.87 
-3.82 

1.51 
-7.55 

-2.15a ) 

0.65 
-5.07 

0.29 
-3.44 

1.7 
-4.36 

-2.25 

-6.75 

-3.35 
2.25 

-11.0 

-3 .1 

-6 .2 

-3 .1 
-3 .1 

-11.8 

-1.94b) 

0.83 
-4.0 
0.70 

-3.03 
-4.59 

-1.90 
0.86 

-3.80 
0.32 

-2.96 
-4 .3 

-2.78b) 

0.72 
-4.35 

0.72 
-2.78 
-4.35 

-2.4 

-4.8 

-2.4 
-4.8 

0.09 

0.26 

0.13 
-0.08 

0.41 

0.12 

0.23 

0.12 
-0.09 

0.44 

0.09 

0.18 
0.09 
0.18 

0.81 2.0028 

0.82 2.0027 

1.08 2.0027 

2.0028 

5 
6 l O 
?kx 

8 

4 

f V a' k c J ^ V ^ \ 
1 a 1 5'1 

trans-4+' 

1' 
- ^ ^ i 

1 J X ^ 

4' 

I2' 

3' 

1 
3 
4 
5 
6 
7 
8 
a 
V 
2' 
y 
4' 
y 
a' 

-6 .2 
-0 .9 

0.5 
1.5 

-3 .0 
-2 .0 
-3 .7 
-2 .4 
-3 .4 

1.9 
-3 .6 

1.8 
-3 .2 
-5 .3 

-5.6 0.21 

•2.8 

•2.8 

-2.8 

-2.8 

-2.8 
-5.6 

0.11 

0.11 

0.11 

0.11 

0.11 
0.21 

0.97 2.0027 

eis 

2.0028 

1 
2 
3 
4 
5 
6 
7 
8 

10 
a 
ß 

-1 .8 
-1 .4 

0.33 
-3 .3 
-3 .2 

0.32 
-1 .4 
-1 .3 
-7 .8 
11.2 

-4 .3 

-4.0 
-4.0 

-4.0 
4.0 

-4.0 

0.15 
0.15 

0.15 
-0.15 
0.15 

0.45 2.0027 
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Radical 
cation 

( A r H i n A r H + ) 

Coupling/G 

INDO Anion Cation 
(calc.) (experimental) 

Spin density 

2.0027 

14.7 0.45 0.45 2.0028 

2.0027 

a) Ref. 12. b) Ref. 13. 

Results 

y-Irradiat ion of aromat ic olefins 1—8 in CFCI3 
matr ix at 77 K afforded ESR spectra as shown in Figs. 
1—7, 9, and 10. Tab le 1 summarizes the experimen­
tal coupl ings , which are compared wi th I N D O calcu­
lations and coupl ings for the respective anions . T h e 
resonances of powdered samples are distorted by ani-
sotropy and the ESR lines can be represented as a 
combina t ion of Lorentzian and Gauss ian shapes. In 
all our spectral s imulat ions, the lines have been 
assumed to be Lorentzian, which overestimates the 
wings of each line. T h e anisotropy of the coupl ings 
has no t been taken in to account in s imulated spectra. 
T h i s approx ima t ion is rather crude for strong H« 
coupl ings; it is the case for styrene and a-methyl-
styrene. 

Styrene (1) and a-Methylstyrene (2). Exper imental 
and simulated spectra of styrene and a-methylstyrene 
cations (1+* and 2 + ' , respectively) are shown in Figs. 1 
and 2, respectively. T h e experimental ly determined 
coup l ing at the a carbon of 1+* is much larger than 
that calculated by I N D O method (Table 1 ). T h e spin 
density at the ß carbons of 1+* and 2 + ' increases on 
go ing from the radical anions11* to the radical cations 
(aß is estimated as 10 G for these cations by Symons et 
al.12)). 

Jrans-Stilbene (trans-3) and cîs-Stilbene (cis-3). 
T h e ESR spectrum of trans-stilbene in CFCI3 matr ix is 
shown in Fig. 3a. T h e simulated derivative curve 
(Fig. 3b) was computed by us ing four or tho hydrogen 

,3410.4 

5304 

Fig. 3. a) Experimental ESR spectrum of trans-
stilbene radical cation (trans-3+m) in CFCI3 matrix at 
140 K. 
b) Simulated spectrum with parameters in Table 1. 

3410.2 

v4 9.5372 

Fig. 4. ESR spectrum of czs-stilbene radical cation 
(«5-3+") in CFCI3 matrix at 140 K. 
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î / = 9.5338 

Fig. 5. a) Experimental ESR spectrum of trans-2-
styrylnaphthalene radical cation (trans-4+') in 
CFC13 matrix at 140 K. 
b) Simulated spectrum with parameters in Table 1. 

Fig. 6. ESR spectrum of c7s-2-styrylnaphthalene 
radical cation (cis-4+') in CFCI3 matrix at 140 K. 

Fig. 7. a) Experimental ESR spectrum of 9-vinyl-
anthracene radical cation (5+#) in CFCI3 matrix at 
159 K. 
b) Spectrum simulated with parameters in Table 1. 
c) Spectrum simulated from INDO calculated 
couplings. 

coupling constants of 2.4 G and four (two para and 
two vinyl) hydrogen couplings of 4.8 G. These cou­
plings are assigned to respective hydrogens from 
INDO calculations and from comparison with trans-
stilbene anions.13) Our experimental results are in 
good agreement with those of Courtneidge et al.14) for 
cations of stilbene in solution (Table 1). 

Figure 4 shows the ESR spectrum of y-irradiated 
as-stilbene in CFCI3. This spectrum consists of a 
single broad line. Its g value corresponds to that of 
ds-stilbene cations. Neither hyperfine couplings nor 
spin densities could have been determined. 

Jrans-2-Styrylnaphthalene (trans-4) and cis-2-
Styrylnaphthalene (cis-4). Figure 5 shows the spectra 
observed for £ram-2-styrylnaphthalene in CFCI3. 
The assignment of the couplings to different hydro­
gens has been made from comparison of the experi­
mental spectrum with the simulated one (5 couplings 
of 2.8 G and 2 couplings of 5.6 G) and from INDO 
calculations. The spin density distribution has been 
estimated (Table 1). 

The spectrum from as-2-styrylnaphthalene (Fig. 6) 
consists of a broad unresolved singlet which provides 
no information on the spin density distribution in the 
cation. 

Vinylanthracenes. The only resolved spectrum 
comes from 9-vinylanthracene (5) at 159 K (Fig. 7). A 
difficulty arises in INDO calculations since strong 
steric effects (hydrogen bonded to ß carbon) in 5 
prevent delocalization. INDO calculations varying 
the dihedral angel a between vinyl and anthracene 
planes suggest that the conformation of the cation 
corresponds to a=45° (Fig. 8). The couplings calcu­
lated for a=45° are listed in Table 1. The experimen­
tal spectrum exhibits an odd number of lines. INDO 
calculations suggest couplings to 4 equivalent and 2 
inequivalent protons. However, this result leads to a 
spectrum with an even number of lines, which is not 

-118.29] 

-118.3CH 

-118.31 

30° 60° 90° O ^ 

Fig. 8. INDO calculated total energy (Hartrees) of 9-
vinylanthracene radical cation (5+#) versus a (angle 
between vinyl and anthracene planes). 
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Fig. 9. a) Experimental ESR spectrum of 1,1-
diphenyl-2-methylpropene radical cation (7+*) in 
CFC13 matrix at 140 K. 
b) Simulated spectrum (parameters in Table 1). 

Fig. 10. ESR spectrum of 3,3-diphenyl-2-methyl-
propene radical cation (8+*) in CFCI3 matrix at 140 
K. 

satisfactory. The spectrum cannot be also analyzed 
in terms of 4 equivalent protons and 2 other protons 
with a double coupling since the resulting number of 
lines is too large (9 instead of 7). The experimental 
spectrum can be accounted for by assuming a cou­
pling to 6 equivalent protons. This interpretation 
indicates that INDO calculations overestimate the 
couplings to hydrogens bonded to C« atoms. 

l,l-Diphenyl-2-methylpropene (7). Figure 9 shows 
the spectrum of l,l-diphenyl-2-methylpropene cation. 
This well defined 7-line spectrum results from hyper-
fine interaction with 2 sets of 3 methyl equivalent 
protons. The coupling to other protons does not 
give resolved structure. The spectrum of an isomer, 
3,3-diphenyl-2-methylpropene (8) (Fig. 10) is very 
asymmetric, the value of the couplings to the two 
methyl groups being appreciably decreased; this 
change with respect to l,l-diphenyl-2-methylpropene 

(7) is presumably due to localization of spin density on 
the phenyl groups. 

Discussion 

Are the couplings determined from simulations and 
INDO calculations accurate? We already stressed 
that neglecting the anisotropy of couplings may be a 
crude approximation. The anisotropy of H a cou­
pling is not averaged out by motion even at 140 K in 
CFCI3 matrix. Fast rotation does not even lead to 
quasi axial tensors as in naphthalene15* because of lack 
of symmetry axes in most studied compounds. 
Nevertheless, our simulations are reliable for the fol­
lowing reasons: the anisotropic Hffi coupling tensors 
are A; 0; —A and the value of the isotropic constant is 
2A approximately. Anisotropy vanishes without 
altering the isotropic coupling when the line width is 
superior to anisotropy itself, which occurs in the 
present study; the line widths used for spectral simula­
tions are of 3 to 5 G. Unresolved couplings and non-
strictly equivalent couplings contribute to this line 
width. The couplings given in Table 1 are correct 
within 20% for small couplings and within 10 to 5% 
for the large couplings relative to radicals 1+', 2+', and 
7+\ 

pir Density Distribution in Styrene Derivatives 
Cations. The amount of spin density at different 
carbon atoms is related to their reactivity. A direct 
proportionality between the isotropic component of 
H a coupling aa

u and the IT spin density on C has been 
theoretically predicted by McConnell;16) 

aJ^ — prrQ^ (1) 

where Q is a proportionality constant, depending on 
the various types of radicals. We have chosen 
Q-—27 G for carbons of vinyl radicals. The same 
relation holds for ß hydrogens with £>=33 G (from the 
results obtained for butène and isobutene cations),17) 

and also for aromatic hydrocarbons with —26.4 G 
(from the results for benzene cations).18) Table 1 
shows the spin densities calculated by using relation 1. 
The estimated total spin densities are also included in 
Table 1. It is noteworthy that most of them are 
inferior to 100%. This result is due to the facts that 
small couplings cannot be measured and that the spin 
densities at carbons which are not bonded to hydro­
gens are unknown. In Table 1 for radicals 5+ ' and 
7+ ' only small numbers of spin densities can be 
assigned from our experimental spectra. 

Trends of Spin Density Variation. There are clear 
trends for the variation of the spin density distribution 
with substitution; the magnitude of the spin density at 
the ß carbon increases in going from styrene (p=0.41) 
to a-methylstyrene (p=0.44). In the conjugated stil-
bene and 2-styrylnaphthalene cations, 3 + ' and 4+", 
delocalization leads to a decrease in spin density at 
vinyl carbons. Non-planarity of cations 5+ ' and 7+ ' 
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influences their spin density distr ibution. Cation 7 + ' 
exhibits a h igh spin density (p^O.45) at the ß carbon, 
m u c h h igher than those of 3+* and 4+* and comparable 
to those of 1+- and 2 + \ T h e fact that cation 7 + ' reacts 
with oxygen much more rapidly (rate constant, 5X107 

m o l - 1 dm 3 s-1)2) than does 3+- (1X106 mo l " 1 dm 3 s"1)1) 
could be taken to reflect the higher spin density at the 
ß carbon of the former with respect to the latter. 

Conclusion 

y-Irradiat ion of dilute solutions of styrènes and 
stilbenes in fréon CFCI3 matr ix at 77 K results in the 
formation of the substrate radical cations. An analy­
sis was successfully at tempted for the rather poorly 
resolved ESR spectra. Most spectral features were reli­
ably identified by spectral s imulat ions and compari ­
son wi th ESR spectra of the corresponding anions. 

T h e authors thank the Ministry of Educat ion, 
Science and Culture for part ial suppor t of this 
research by Grant- in-Aid for University-to-University 
Cooperative Research No. 62045008 (K. T.) . T h a n k s 
are also due to the Centre Nat ional de l a Recherche 
scientifique. 
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Coordination Selectivity in the Reaction of Iron(II) with 
8-Hydroxy-7-(8-quinolyl)azo-5-quinolinesulfonic Acid 

Masaki NORITAKE, Ken-ichi OKAMOTO,1^ J insa i HIDAKA,1^ a n d Hisah iko EINAGA* 
Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305 
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(Received January 20, 1989) 

The formation of an iron(II) complex with 8-hydroxy-7-(8-quinolyl)azo-5-quinolinesulfonic acid (QHQS, 
IHbqhqs) has been investigated on the basis of the electronic absorption spectra, the equilibrium, and the 
stopped-flow kinetics in a 0.10 mol dm - 3 aqueous sodium chloride solution at 25 °C with a view to elucidating 
the coordination selectivity of the ligand. A 1:2 (metal : ligand) complex forms in an acidic medium with a 
selective coordination of QHQS to iron(II), with its 2-(8-quinolylazo)phenol moiety acting as a terdentate 
ligand. The complex formation reaction proceeds through a single pathway of Fe2+ with Hqhqs", a ligand 
species singly protonated at the phenolate oxygen, with the rate constant (Ä21) of &2i=(3.16+0.20)X105 

mol - 1 dm3 s-1, to form a mono-ligand complex as the rate-determining step. The coordination of the ligand by 
8-quinolyl nitrogen, followed by a rate-determining bonding of phenolato oxygen, was suggested as the 
reaction mechanism. 

T h e coordinat ion selectivity of mul t identa te l igands 
having aromat ic a n d / o r heterocyclic backbone, which 
restrict the l igand to one a m o n g two or several possi­
ble coordinat ion modes, is one of our recent concerns. 
In our previous papers,1) the coordinat ion selectivity 
has been studied, from thermodynamic and kinetic 
points of view, on a luminum(I I I ) complexes with 7-
substi tuted 8-hydroxy-5-quinolinesulfonate l igands, 
in which the substi tuents have l igat ing groups. It 
has been found that these mul t identa te l igands show a 
selective coordinat ion to a luminum(I I I ) , wi th either 
one of two possible coordinat ion modes, depending 
on the na ture of the l iga t ing substi tuents and that, in 
special cases, they show a l inkage isomerism l e ) 

between these two possible coordinat ion modes. 
Now, a new concern arises as to wha t this sort of 
coordinat ion selectivity becomes on going from alu-
minum(I I I ) , a non- t rans i t ion metal ion of an octahe­
dral coordination, to a transit ion metal ion of the same 
coordinat ion structure, and from the mul t identa te 
l igands showing O-N-0 and O-N coordinat ion 
modes1) to those showing N-N-0 and O-N modes. 
As a typical example of a transi t ion metal ion, iron(II) 
is of m u c h interest because it has a h igh affinity to 
ni t rogen as well as to oxygen-donor atoms and 
because it plays a significant role in b io inorganic 
chemistry. 

In the present work, 8-hydroxy-7-(8-quinolyl)azo-5-
quinol inesulfonic acid (QHQS, Fbqhqs)—which is 
capable of taking either one of two possible coordina­
tion modes—as the N-N-0 terdentate (2-(8-quinolyl-
azo)phenol moiety) or the N-0 bidentate (8-

q u in o l i n o l moiety), was synthesized for the first t ime, 
and its coordinat ion selectivity to iron(II) was studied 
on the basis of the electronic absorpt ion spectra, the 
equi l ib r ium, and the kinetics. T h e coordinat ion 
reaction mechanism of Q H Q S to iron(II) will be dis­
cussed in detail. 

Experimental 

Reagents. The QHQS ligand was synthesized by the 
diazotization of 8-aminoquinoline with sodium nitrite in 
aqueous sulfuric acid, followed by the coupling of the 
diazonium salt with 8-hydroxy-5-quinolinesulfonic acid 
(HQS, H2hqs) in an alkaline aqueous solution of pH 9—10, 
which had been kept steady by the addition of sodium 
carbonate. The crude product was isolated from an acidi­
fied solution of pH 3—4 by the use of acetic acid and was 
purified by recrystallization from an aqueous solution, with 
its acidity changed by the addition of hydrochloric acid. 
Calcd for Ci8HiiN4O4SNa-2H2O-0.5HCl: C, 47.29; H, 3.42; 
N, 12.26%. Found: C, 47.13; H, 3.61; N, 12.04%. 

The related ligands, 4-hydroxy-3-(8-quinolyl)azo-l-
naphthalenesulfonic acid (QNS, H2qns) and 8-hydroxy-7-
phenylazo-5-quinolinesulfonic acid (PHQS, H2phqs), were 
synthesized in the same way as QHQS, but by using 4-
hydroxy-1-naphthalenesulfonic acid in place of HQS in the 
case of QNS, and aniline in place of 8-aminoquinoline in 
the case of PHQS, respectively. 

An aqueous iron(II) solution was prepared from 
(NH4)2Fe(S04)2 • 6H2O supplied by the Kanto Chemical Co., 
Ltd., Tokyo, and was slightly acidified with sulfuric acid in 
order to prevent the hydrolysis of iron(II). The absence of 
traces of iron(III) in the stock solution was checked by 
studying its reaction with 2-hydroxy-5-sulfobenzoic acid 
(sufosalicylic acid). The iron(II) stock solution was stand­
ardized with an ethylenediamine-A/^A/^A/^AT-tetraacetic acid 
(EDTA) solution. All the other reagents used were of an 
analytical or equivalent grade and were used without further 
purification. 

Measurements. The electronic absorption spectral meas­
urements were carried out by using JASCO spectropho­
tometers, models UVIDEC-1M and -610A. The protona-
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tion and stability constants were determined spectropho-
tometrically at 510 nm and at 500 nm (log ßi) and at 550 nm 
(log/k) respectively. Stopped-flow kinetic measurements 
were made with a JASCO spectrophotometer, model SS-25, 
to which were attached a stopped-flow apparatus (model 
SFC-5), a data processor (model DP-500), and a Watanabe 
Sokki X-Y recorder (model WX-441). Kinetic runs were 
made at 550 nm under pseudo-first-order kinetic conditions 
with an excess of the ligand. The observed rate constant, 
Äobsd, was calculated from Eq. 1 : 

In {(Aoo — Ao)/(Aoo — At)} = kobsd t (1) 

where Ao, At, and A™ stand for the absorbances at the initial 
state, at time t, and at equilibrium respectively. 

The equilibrium and kinetic measurements were carried 
out at 25.0+0.1 °C in an aqueous 0.10 mol dm - 3 sodium 
chloride solution. The stability and the rate constants were 
constant within the limits of experimental error when 
sodium chloride was replaced by sodium Perchlorate. 

The pH of the solution was measured with an Orion 
Research pH meter, model 801 A, with two electrodes, one 
glass and one saturated calomel. The hydrogen-ion con­
centration was calculated from the measured pH value, 
pHmeas, according to Eq. 2: 

-l0g[H+] = pHmeas + l0g/H+ (2) 

The activity coefficient of the hydrogen ion, /H+, of 0.83 was 
taken from the literature;2) the value was in good agreement 
with that obtained when a solution containing 0.010 
mol dm"3 HCl and 0.090 mol dm"3 NaCl at 25 °C is defined 
as — log[H+]=2.00.3> The hydrogen-ion concentration was 
adjusted with chloroacetic acid-sodium chloroacetate and 
acetic acid-sodium acetate buffer solutions, the concentra­
tions of which were maintained as low as possible (usually 
below 10~2 mol dm - 3 for the former and 10~3 mol dm - 3 for 
the latter in total concentration) in order to confirm that 
they had no influence on the complex-formation reaction of 
iron(II) with QHQS. 

Results and Discussion 

Electronic Absorption Spectra. Figure 1 shows the 
electronic absorpt ion spectra of Q H Q S in variously 
pro tonated forms. T h e q h q s 2 - species ( p H 12.08) 
gives an intense absorpt ion m a x i m u m at 20.5X103 

c m - 1 , corresponding to the 7r* <— n t ransi t ion of the azo 
g roup , and absorpt ion max ima and shoulder at 
30.0X103, at 33.8X103, and a round 39X103 cm" 1 respec­
tively, assignable to the n* <— n t ransit ions of the qu in -
ol ine rings.1) T h e pro tona t ions at phenola te oxygen 
and 8-quinol inol n i t rogen cause a ba thochromic shift 
of the n* <— n t ransi t ion of the azo group ; the absorp­
t ion peak a round 20X103 c m - 1 decreases its intensity 
to show a shoulder at t r ibutable to the appearance of 
an intense absorpt ion m a x i m u m at 25.2X103 c m - 1 of 
H3qhqs + . These spectral changes with the protona­
tion, characteristic in the (15—27)X103 c m - 1 region, 
can be used for the determinat ion of the pro tona t ion 
constants of Q H Q S . 

Absorpt ion spectrum of the iron(II) complex wi th 
Q H Q S is depicted in Fig. 2, together with that of the 
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Fig. 1. Absorption spectra of QHQS. 
1: pH 12.08 (qhqs2"); 2: pH 4.78 (Hqhqs"); 3: pH 
2.14 (characteristic for Fbqhqs); and 4: pH 1.05 
(H3qhqs+). 
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Fig. 2. Absorption spectra of QHQS, QNS, PHQS, 
and their iron(II) complexes. 
1: Fe(qhqs) (pH 4.78); 1': Hqhqs" (pH 4.78); 2: 
Fe(qns) (pH 4.78); 2': Hqns" (pH 4.78); 3: Fe(phqs) 
(pH 4.78); and 3': Hphqs" (pH 4.78). Curves 2 and 
2' are shifted downward for 1 unit and those 3 and 
V for 2 units for clarity. 

l igand species H q h q s " ( p H 4.78). T h e coordinat ion 
of Q H Q S to iron(II) is especially remarkable in the 
spectral region of the (12—25)X103 cm" 1 region: T h e 
absorpt ion m a x i m u m of H q h q s - in the 7T*<— n transi­
tion region of the azo chromophore shifts hypsochro-
mically u p o n the coordinat ion, and an absorpt ion 
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maximum at 13.4X103 cm -1 , with a shoulder around 
15X103 cm - 1 of a magnitude of the molar-absorption 
coefficient of the order of 103, appears in the lowest-
energy region; this maximum can be assigned to the 
metal-to-ligand charge-transfer (CT) bands. These 
absorption spectral features can be used to analyze the 
coordination of the azo group of QHQS to iron(II). 

Coordination Selectivity of QHQS to Iron(II). 
The QHQS ligand has two coordination modes attrib­
utable to steric hindrance, either with the N-N-O 
terdentate or with the N-0 bidentate. Figure 2 also 
depicts the absorption spectra of iron(II) complexes 
and the free ligand of QNS, which functions solely as 
the N-N-0 terdentate, and of PHQS, which functions 
solely as the N-0 bidentate. The change in the spec­
tral features on the coordination of QHQS to iron(II) 
in the CT and azo-chromophore 7r*<— n transition 
regions is in good agreement with that of QNS to 
iron(II), but is quite different from that of PHQS to 
iron(II). Specifically, the 7T*<— n transitions of 
Hqhqs - and Hqns - show, on coordination to iron(II), 
a hypsochromic shift from 20X103 to 21X103 cm"1, but 
the 7i* <— n transition of Hphqs - shows a hypso­
chromic shift from 20X103 to 25X103 cm -1; moreover, 
the CT band of the former has a distinct band with 
a maximum and a shoulder, whereas that of the latter 
has only a shoulder. These results reflect the fact that 
the coordinated iron(II) chromophore is different 
between the former, i.e., the iron(II) complexes with 
QHQS and QNS, and the latter, i.e., the iron(II) 
complex with PHQS. 

Hence, QHQS may be concluded to show coordina­
tion selectivity as the N-N-0 terdentate. Inciden­
tally, the iron(II) complexes with QHQS and QNS 
were found to form in an acidic aqueous solution with 
as low a pH value as 1.5, where the coordination of 
PHQS to iron(II) was not observed at all; an increase 
in the pH of the solution to above 3 was necessary for 
the formation of the iron(II) complex with PHQS. 

Stability. The protonation constants, KÛ ( Ï=1—3), 
of QHQS, 

K« = [Hiqhqs^^l / fH+IHi-^hqs^^] (3) 

were determined spectrophotometrically by using 
these relations: 

Table 1. Protonation and Stability Constants 

QHQS 
HQS 

[Fe(qhqs)2]2-
[Fe(hqs)3]4-a| 

l o g 2£a(qyNH) 

mol - 1 dm3 

1.73+0.10 

logKs 

mol" 

(hqNH) 

Ldm3 

3.70+0.10 
4.06+0.11 

log jßi 

mol" !dm3 

11.88+0.20 
8.4 

log ß2 

log£a(phOH) 

mol"1 dm3 

8.42+0.10 
8.97+0.10 

mol - 2 dm6 

21.9+0.5 
15.1 

Remarks 

0.10 mol dm"3 (NaCl), 25 °C 
0.10 mol dm"3 (NaCl), 25 °C 

0.10 mol dm"3 (NaCl), 25 °C 
0.01 mol dm"3 ( — ), 20 °C 

References 

This work 
lb 

This work 
12 

a) The value of logß3 has been reported to be 21.75 mol"3 dm9 (0.3 mol dm"3 (NaCl), 25°C).12> 

AL = AL
1 + (AL

0-A
L

1)/(l+Kal[H+]) (4) 

+ £ a 2Ä:a3[H+]2) (5)3> 

which can be derived by assuming conformity to 
Beer's law for all the coexisting ligand species. In 
Eqs. 4 and 5, A o, A\, A\ and A\ refer to the absorbance 
of a solution of the qhqs2~, Hqhqs", H2qhqs, and 
H3qhqs+ ligand species respectively, while A refers to 
the absorbance of a solution in which qhqs2" and 
Hqhqs - (Eq. 4) or Hqhqs", H2qhqs, and H3qhqs+ 

coexist (Eq. 5) at the hydrogen-ion concentration of 
[H+]. Equations 4 and 5 were solved by the curve 
fitting method3) to estimate K*i for the former and K& 
and K& for the latter from the experimental data plots 
of AL vs. - l o g [H+] (-log[H+]>7 for K* and - l o g 

- l o g l H + l / m o l d m - 3 
7 8 9 10 11 

1 2 3 4 5 6 
- l o g l H * ) / m o l d m - 3 

Fig. 3. Relation between absorbance and —log [H+] 
for QHQS. 
[QHQS]: 5.65X10"5 (1) and3.25X10"5 mol dm"3 (2). 
h 510 nm. 0.10 mol dm"3 (NaCl), 25 °C. Curve 1 
is a theoretical one drawn by using logî a(hqNH) of 
3.70 and log£a(qyNH) of 1.73 mol"1 dm3. Curve 2 is 
the one drawn by using log£a(PhoH) of 8.42 mol"1 

dm3. 
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[H+]<6 for £a2 and K&). 
From the experimental data given in Fig. 3, log K&i, 

log Ka2, and log K& were determined to be 8.42+0.10, 
3.70+0.10, and 1.73+0.10 mol"1 dm3 respectively (cf. 
Table 1). By means of a comparison of these proto­
nation constants with those of ligands with related 
structures1) and a consideration of the spectral char­
acteristics (vide supra), Kai was assigned to the proto­
nation at the phenolate oxygen (2£ai=2£a(PhOH)); K&, to 
that at the 8-quinolinol nitrogen (2£a2=£a(hqNH)); and 
Ka3, to that at the 8-quinolyl nitrogen ( â3= â(qyNH)). 

The molar-ratio and continuous variation methods 
revealed that the composition of the iron(II) complex 
with QHQS had 1:2 (metal : ligand) ratio at ca. pH 
4.8. Additionally, a clear inflection point was 
noticed on the molar-ratio plot of unity at pH 1.5. 
On the basis of the hydrolysis constant of iron(II) 
(log£FeoH=-9.5 mol dm-3 (1.0 moldm-3(NaC104), 
25 °C); £FeoH=[FeOH+][H+]/[Fe2+]4>) and the proto­
nation constants of QHQS, the following relation can 
be derived between the absorbance of the iron(II)-
QHQS system and the total concentration of iron(II), 
CM, under the conditions of CM^CL below pH 2, 
where CL is the total concentration of QHQS:3) 

( ^ - ^ m i n ) / ( ^ m a x - ^ ) = i ß l C M / ( Ä : a ( q y N H ) [ H + ] + l ) Ä ; a ( p h O H ) [ H + ] (6) 

r i e r e , ./l min? - ï̂max? and A stand for the absorbances of a 
solution of the ligand, of the mono-ligand complex, 

and of a solution in which the mono-ligand complex 
and the free ligand coexist at the hydrogen-ion con­
centration of [H+]. The experimental plots obtained 
at 500 nm are given in Fig. 4 (line 1), from which the 
stability constant of the mono-ligand complex (ßi= 
[Fe((H)qhqs)+]/[Fe2+][(H)qhqs-]), where (H)qhqs-
specifies the ligand species protonated at the non-
coordinating 8-quinolinol nitrogen) was calculated to 
be log j8i=11.88±0.20 mol"1 dm3 (cf. Table 1). 

The stability constant of the bis-ligand complex 
was determined by using a ligand-substitution reac­
tion with 1,10-phenanthroline (phen). It was found 
that, at the wavelength of 550 nm, the absorbances due 
to the iron(II) complex with phen as well as those due 
to the free metal ion and the phen ligand species were 
negligibly small as compared with those due to the 
iron(II) complex with QHQS and the free QHQS 
species. Furthermore, [Fe(phen)3]2+ has as an excep­
tionally high stability constant as compared with the 
stability constants of Fe(phen)2+ and Fe(phen)22+.5) 

Hence, the following relation can be derived between 
the absorbance of the reaction system and the total 
concentration of phen, CPhen, under the experimental 
conditions of CC^>CM and CPhen > 3CM at a constant 
pH of 4.9, where the ligand substitution reaction 
proceeds to a reasonable degree depending on CPhen 
(=[phen]+3CM(^max/-^/)/(^max/-^min/)), assuming 
the conformity to Beer's law and the material balance: 

1015(phen]3/mol3dm"9 

2 4 6 

10* CM / mol dm-

Fig. 4. Dependence of absorbance on total concen­
tration of iron(II) for estimation of ßi and on con­
centration of phen for that of /?2. 
1: CL: 1.00X10"5 moldm"3; - log [H+]: 1.44; and h 
500 nm. 2: CL: 4.46X10"5 mol dm-»; CM: 6.71X10"6 

moldm-3; -log[H+]: 4.82; and h 550 nm. 0.10 
mol dm-3 (NaCl), 25 °C. Curve 1 is a theoretical 
one drawn by using logÄ p̂hOH) of 8.42, logÄ̂ qyNH) 
of 1.73, and logßi of 11.88 mol-1 dm3. Curve 2 is 
the one drawn by using log£a(PhOH) of 8.42 mol-1 

dm3, log0Fe(phen)3 of 21.15 mol"3 dm9 (0.1 moldm"3 

( ), 25 °C),5> and log02 of 21.9 mol"2 dm*. 

(^max ,-^ ,) / (^ ,-^min ,)=ißFe(phen)3Ä:a(phOH) 2[H+]2[phen] 3 / iß2CL 2 

(7) 

Here, AmiiX', Amm'', and A/ stand for the absorbances of a 
solution in which the ligand-substitution does not 
take place, one that takes place quantitatively, and one 
that takes place in fractions at the hydrogen-ion con­
centration of [H+], The experimental plots are given 
in Fig. 4 (line 2), from which the stability constant, jÖ2 
(=[[Fe(qhqs)2]2-]/[Fe2+][qhqs2-]2), was calculated to 
be log 02=21.9+0.5 mol"2 dm6 with the use of 
log/3Fe(phen)3 of 21.15 mol"3 dm9 (0.1 moldm-3(—), 
25°C)5> (cf. Table 1). 

Kinetics and Mechanism. The complex-formation-
reaction kinetics were followed spectrophotometri-
cally in the acidity region of pH 2.5—4.5 under the 
conditions of CL^>CM. A single exponential absor­
bance vs. time curve was obtained; the logarithmic 
absorbance change-with-time plots were linear for 
more than 3.5 half-life periods. Furthermore, at a 
constant [H+] , Äobsd increased linearly with an increase 
of CL in the range of CL/CM of 6.6—26.4 and could be 
extrapolated to the point of origin within the limits of 
experimental error. Hence, it is deduced that the 
complex-formation reaction of iron(II) with QHQS 
proceeds through the coordination of the first QHQS 
to iron(II) as the rate-determining step. 

Considerations of the hydrolysis constant of iron(II) 
and the protonation constants of QHQS indicate that, 
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in a weakly acidic aqueous solut ion in which the 
complex-format ion reaction proceeds, iron(II) and 
Q H Q S may be expected to contribute to the reaction 
in the forms of Fe 2 + for the former and H q h q s - and 
q h q s 2 - for the latter.6) Additionally, the pro tona t ion 
and deprotonat ion processes can reasonably be 
assumed to be always in equ i l ib r ium when compared 
wi th the coordinat ion reaction process.7) Hence, the 
following relat ion can be derived: 

d[[Fe(qhqs)2]2-]/d^^bsd([[Fe(qhqs)2]2-]oo-[[Fe(qhqs)2]2-]) 
(8) 

Äobsd—(^21^a(phOH)[H+]H-^22)CL/{(^a(qyNH)[H+]+l)^a(phOH)[H+]} 

(9) 

where fey (7=1 and 2) refers to the rate constant for the 
pa thway of Fe 2 + wi th H2-yqhqs^~ and the suffix °°, to 
the equ i l ib r ium state. In Fig. 5, &0bsd' (=&obsd(£a(qyNH)-
[H+]+l)^a(phOH)[H+]CL-1) is plotted against [H+] on 
the basis of the experimental data. T h e linear rela­
t ion between Äobsd' and [ H + ] wi th a zero intercept 
indicates that the formation of the iron(II) complex 
wi th Q H Q S proceeds th rough a u n i q u e reaction pa th-

2 3 

103 (H+) / mol dm"3 

Fig. 5. Dependence of &obsd' on [ H + ] . 
^obsd/-^obsd(^a(qyNH) [ H + ] + l ) i£a(phOH)[H+] C L " 1 . Ch'. 
4.46X 10-5 mol dm"3; CM: 6.71X10"6 mol dm"3; and 
h 550 nm. 0.10 mol dm"3 (NaCl), 25 °C. 

way of Fe 2 + wi th H q h q s - . T h e rate constant, fei, is 
given in Tab le 2. 

Several kinetic data on the iron(II) complex-
formation reaction have been reported. Those of spe­
cial interest to the present investigation are collected 
in Tab le 2. All these data relate to the rate constants 
of the first l igand-coordinat ion to iron(II) as the rate-
de termining step. T h e rate constant for the forma­
tion pa thway of Fe 2 + with H q h q s - is of a reasonable 
magn i tude when compared wi th those compiled in 
Tab le 2, when differences in the formal charges of the 
l igands are taken into consideration. It can be 
deduced from Table 2 that the rate constant for the 
formation of pyridine ni t rogen to iron(II) is of the 
order of 5X104—2X105 m o l - 1 dm* s - 1 at 25 °C. How­
ever, no reliable rate constant can be estimated for the 
donat ion of phenola to oxygen to iron(II), because 
there have been no literature data on the oxygen-
dona t ing l igands except for one report on acetohy-
droxamic acid. In this report, the observed rate con­
stants have been analyzed by assuming only a pa thway 
of Fe 2 + wi th a monopro tona ted l igand species and 
wi th a complete neglect of the contr ibut ion of the 
pa thway of Fe 2 + wi th a deprotonated l igand species; 
tak ing that contr ibut ion in to account would result in 
an over-estimation of the rate constant for the forma­
tion reaction pathway. 

O n the basis of this knowledge of the kinetics of the 
iron(II) complexes, our findings can not s imply be 
at t r ibuted to a pa thway in which a direct dona t ion of 
phenola to oxygen to iron(II) is the mechanist ic rate-
de termining step. Preferably, it can be considered 
reasonable to explain our results on the basis of a 
rap id dona t ion of 8-quinolyl ni t rogen to iron(II), 
followed by a chelate-ring closure th rough the dona­
tion of phenola to oxygen as the mechanist ic rate-
de termining step. In fact, iron(II) forms a m o n o -
l igand complex wi th the stability constants (logßi(N) 
of 0.718> and 0.6 m o l - 1 dm3 9) 0.5 mol d m - 3 (pyr id ine+ 
HNO3), 25 °C; j8i(iv)=[Fepy2+]/[Fe2+][py]), bu t no sta­
bility constant data have been reported on the iron(II) 
complex wi th phenol and related oxygen-donat ing 
l igands. In case this rapid dona t ion of 8-quinolyl 
n i t rogen precedes the ra te-determining phenola to -
oxygen donat ion , then &21 can be approximated in a 

Table 2. Rate Constants for Iron(II) Complexes with QHQS and Related Ligands 

Liganda) Pathway ^Jy/mol"1dm3s_1 Remarks References 

QHQS 
tpy 

tpy 

bpy 
tptz 

Fe2 ++Hqhqs" (Ä21) (3.16±0.20)X105 

Fe2++tpy (Ä20) 5.6X104 

17 2+-L* tU \ (8.0±0.5)X104>b> 
Fe 2 ++tpy(M (2.1±0.3)X10*> 
Fe2++bpy (Ä20) 1.6X105 

F e 2 + + t p t z ( M 1.3X105 

0.10 mol dm"3 (NaCl), 25 °C 
Variable ( - ),25°Cd) 

0.10 mol dm"3 (NaC104), 25 °C 

Variable ( — ), 25°Cd) 

0.1 mol dm"3 (KCl), 25 °C 

This work 
13 

14 

15 
16 

CH3CONHOH(HL) Fe2 ++HL (Ä20) (6.69+0.20)X104 0.10 mol dm"3 (NaNOs), 10°C 17 

a) tpy: 2,2' : 6/,2//-terpyridine; bpy: 2,2/-bipyridine; tptz: 2,4,6-tri(2-pyridyl)-l,3,5-triazine; and 
CH3CONHOH: acetohydroxamic acid, b) CL^>CM. C) CM^>CL. d) No adjustment to a constant 
ionic strength. 



358 Masaki NORITAKE, Ken-ichi OKAMOTO, Jinsai HIDAKA, and Hisahiko EINAGA [Vol. 63, No. 2 

reasonable way by a product of the stability constant 
of an intermediate, Fe(Hqhqs-iV)+ , i.e., the stability 
constant , jÖFe-N, and the chelate-ring-closure rate con­
stant, &2i(crc). By us ing ßi(W) as a first approx ima t ion 
to jÖFe-N, then foi(crc) can be calculated to be (6—8)X 
104s_1. T h i s value is about 50 times as small as the 
rate constants for the coordinated water exchange, 
3.2X106 s-1 (0.1 moldm-3(HC10 4 ) , 25 °C)10> and (4.39± 
0.25)X10* s-1 (0.0546—0.378 mol dm-* (HCIO4), 25 
°C),n> based on the 1 7 O N M R data, bu t it can be 
considered of a reasonable magni tude for the kinetic 
characteristics of iron(II) as a member of the first-row 
transi t ion-metal divalent cations. Before the general 
features of the mult identate l igand kinetics of iron(II) 
can be established, more kinetic data will be required 
on the formation reaction of iron(II) wi th phenola to 
oxygen-containing mul t identa te l igands; this will be 
the purpose of our succeeding investigation. How­
ever, it can be stated that the complex formation of 
Q H Q S as a terdentate N-N-0 l igand to iron(II) pro­
ceeds wi th a rapid donat ion of the first Q H Q S 
th rough its 8-quinolyl ni trogen, followed by a chelate-
r ing closure, wi th the coordinat ion of the phenola to 
oxygen as the mechanist ic rate-determining step and 
that of azo ni trogen to complete a fused chelate-ring 
structure. 
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The Application of Diarylamine Compounds in Analytical Chemistry. 1. 
Fluorescence Reactions among 4-(4-Methyl-2-quinolyl)aminosalicylic 

Acid, Cobalt(II) and Hydrogen Peroxide, and the Fluorimetry of 
Cobalt(II) by Using Its Fluorescence Reaction^ 

I tsuo M O R I , * Yoshikazu FUJITA, Keiji KATO, Minako TOYODA, and Masao AKAGI 
Osaka University of Pharmaceutical Sciences, Matsubara-shi, Osaka 580 

(Received July 14, 1989) 

The fluorescence reactions among 4-(4-methyl-2-quinolyl)aminosalicylic acid (MQAS) as a diarylamine 
compound, hydrogen peroxide as an oxidizing agent, and various metal ions such as cobalt(II) were spectrolluo-
rometrically investigated in the presence or in the absence of various surfactants. The MQAS-hydrogen 
peroxide solution in the presence of trimethylstearylammonium chloride (STAC) as a cationic surfactant was 
catalytically converted to a fluorescence product by the coexistence of trace amounts of cobalt(II), and its relative 
fluorescence intensity at 400 nm in the fluorescence reaction product was proportional to the cobalt(II) 
concentrations. Moreover, a highly selective and sensitive fluorimetric method for the determination of cobalt-
(II) using MQAS and hydrogen peroxide in the presence of STAC in basic media was proposed. The 
calibration graph was linear in the range of 0—45 ng cobalt(II) per 10 cm3 at an emission wavelength of 400 nm, 
with an excitation wavelength of 320 nm. 

Generally, qu ino l ine derivatives such as 8-quin-
olinol (Oxine) have been used as the solvent-
extraction agents, the extraction photometr ic re­
agents, and precipitat ion agents for a wide variety of 
metal ions,1 _ 4 ) bu t these qu ino l ino l derivatives are 
relatively lacking in selectivity and sensitivity. O n 
the other hand, it is well-known5 - 9* that diarylamine 
compounds are converted to polycyclic hetero fluores­
cence compounds by condensat ion when an oxida­
tion agent and a metal ion, such as pa l l ad ium or 
ultraviolet irradiation are used. Akagi et al., have 
reported10 '11) that 2-ani l ino-4-methylquinol ine deriva­
tives used as diarylamine compounds and a qu ino l ine 
c o m p o u n d were relatively unstable for l ight, heat or 
acid, and were converted into a s trong fluorescence 
material by us ing the irradiat ion of ultraviolet rays 
wi th a wavelength such as 254 nm, by heat ing, by 
us ing various redox agents or acids: similarly, the 
product of polycyclic heteroaromatic, Af-bridgehead 
compounds 1 2 - 1 4) such as benzimidazo[l ,2-a]quino-
lines12) were converted by ultraviolet i rradiat ion, or by 
thermal or acid-catalyzed cyclization. 

In recent years, the assays of trace amoun t s of metal 
ions us ing various kinetic and catalytic reaction sys-
tems15_18) have been undertaken and used together in 
the study of environmental po l lu t ion or in assisting in 
the remarkable development of the semiconductor 
industry, etc. Moreover, the micellar enhancement 
effects of the coexistence of surfactants on numerous 
fluorescence reactions between fluorescence agents 
and metal ions have been investigated, as have color-
development systems, and numerous sensitive fluoro-
metric methods have been reported.19_21) 

In the present investigation, wi th the a im of deter­
m i n i n g a new fluorescence agent for the assay of trace-
metal ions, systematic fluorescence reactions between 
f Presented at the 37th Annual Meeting of Analytical 
Chemistry of Japan, Sapporo, October, 1988. 

various qu ino l ine and arylamine derivatives and 
metal ions were investigated. We observed that 
the fluorescence reaction between the 2-anilino-4-
methylquinol ine derivatives and a redox agent such as 
hydrogen peroxide was remarkably enhanced by the 
coexistence of trace amount s of cobalt(II) as an oxida­
tion catalyzer in the l iquid-oxidat ion phase. 2-
Ani l ino-4-methylquinol ine derivative was then newly 
converted to a fluorescence product . Especially, 
the fluorescence reactions a m o n g 4-(4-methyl-2-
quinolyl)aminosal icyl ic acid (MQAS), hydrogen 
peroxide, and cobalt(II) in the presence of trimethyl­
s teary lammonium chloride (STAC) was most clear 
and gave a large fluorescence intensity; this fluores­
cence intensity was propor t iona l to the cobalt(II) con­
centration. Accordingly, a new, sensitive and selective 
fluorometric method for the determinat ion of cobalt-
(II) was proposed us ing the fluorescence reactions. 

Experimental 

Apparatus and Reagents. Spectrofluorometric measure­
ments were performed on a Hitachi model 3000 recording 
spectrofluorophotometer with 10-mm silica cells and a 
xenon-arc source. Hitachi-Horiba F-7AD and F-8 pH 
meters were used for all the pH measurements. 

All the chemicals used were of an analytical-reagent 
grade. A working cobalt(II) (1.0X10-4 mol dm -3) solution 
was prepared by the dilution of a 1.0X10-2 mol dm - 3 cobalt-
(II)—stocked solution using cobalt chloride.22'23) MQAS 
was synthesized according to 3-(2-quinolyl)aminobenzoic 
acid24) synthesis, while a 1.0X10-4 mol cm - 3 MQAS solution 
was prepared by dissolving MQAS in methyl alcohol. A 
1.0X10"2 mol dm - 3 STAC solution was prepared by dissolv­
ing STAC (Kishida Chemical Co., Ltd.) in water. A 0.1% 
hydrogen peroxide solution was prepared by the dilution of 
30% hydrogen peroxide (Mitsubishi Gas Chemical Co., Ltd.). 
A 2.0X10-1 mol dm - 3 boric acid-sodium hydroxide buffer 
solution (Sörensen buffer solution: pH 10.0) was used 
for the pH adjustments. Demineralized water was used 
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throughout. 
Standard Procedure for the Assay of Cobalt(II). To a 

solution containing 0—45 ng of a cobalt(II) solution in a 
10.0-cm3 standard flask, 2.0 cm3 of a borate buffer (pH 10.0), 
1.0 cm3 of a 1.0% STAC solution, 0.15 cm3 of a 0.1% hydro­
gen peroxide solution, and 1.0 cm3 of a 1.0X10-4 mol dm - 3 

MQAS solution were added. The mixture was diluted to 
volume with water (Solution A), kept at 50 °C for 40 min, 
and then cooled to room temperature (10—25 °C). The 
relative fluorescence intensities (R.fl.Int.) of Solution A and 
of the MQAS solution (Solution B), prepared similarly but 
without cobalt(II) as a reference, were measured at 400 nm 
(Em), with excitation at 320 nm (Ex). 

Results and Discussion 

Fluorescence Reaction a m o n g Quino l ine Deriva­
tives, Redox Agents, and Metal Ions . T h e fluores­
cence reactions a m o n g such ani l ino-4-methylquino-
lines as MQAS (I), 4-(4-methyl-2-quinolyl)amino-
benzoic acid (II), 4-(4-methyl-2-quinolyl)aminoben-

350 400 450 

Wavelength/nm 
500 

Fig. 1. Emission spectra of MQAS-H2O2 and 
MQAS-H202-Co(II) solution in the presence or 
absence of STAC at pH 10. 
MQAS; I.OXIO-5 mol dm"3; H 2 0 2 : 0.015%; Co(II): 
5.0X10-8 mol dm-3; Ex: 320 nm. : MQAS-
H202-Co(II)-STAC; — X - : MQAS-H2O2-STAC; 

: MQAS-H202-Co(II); : MQAS-H2O2. 

zene (III) as a diarylamine compound , such metal ions 
as cobalt(II), copper(II), nickel(II), iron(III), man-
ganese(II), zinc(II), and chromium(VI) , and such 
redox agents as hydrogen peroxide were systematically 
investigated in the absence or presence of STAC as a 
cationic surfactant. As is shown in Tables 1 and 2, 
the combina t ion of MQAS and cobalt(II) in the pres­
ence of hydrogen peroxide was best, giving a stable 
and large fluorescence intensity. Moreover, in the 
fluorescence reaction between MQAS and hydrogen 
peroxide, the coexistence of trace amounts of cobalt-
(II) s t imulated the formation of fluorescence products; 
its R.fl.Int. at 400 nm, with the excitation wavelength 
at 320 nm, was propor t ional to the cobalt(II) concen­
tration. In addit ion, the R.fl.Int. at Em 400 n m of 
fluorescence products from MQAS in the presence of a 
cationic surfactant such as STAC was more than 
about three-times as stable as that in the absence of 
STAC. Al though the clarification of the fluores­
cence products is necessary, a further investigation of 
the fluorimetry of cobalt(II) was under taken by us ing 
the fluorescence reaction a m o n g MQAS, hydrogen 
peroxide, and cobalt(II) in the presence of STAC. 

Fluorimetry of Cobalt(II). Emission and Excita­
t ion Spectra. As is shown in Fig. 1, the fluorescence 
reaction products a m o n g MQAS, hydrogen peroxide, 

Table 2. Fluorescence Reaction among 4-(4-Methyl-2-
quinolyl)aminosalicylic Acid (MQAS), Hydrogen 

Peroxide, and Various Metal Ions in the 
Presence of STAC at pH 10 

Metal ions 

Co(II) 
Cu(II) 
Ni(II) 
Fe(III) 
Mn(II) 
Cr(VI) 

R.fl.Int. 
< 

Absence 

1.8 
19.6 
3.4 
3.0 
2.0 
1.8 
1.8 

at 400 nm/% 
STAC 

Presence 

2.5 
77.3 
5.0 
6.4 
8.5 
2.6 
2.6 

MQAS: I.OXIO-5 mol dm"3; H202 : 0.015%; Trimethyl-
stearylammonium chloride (STAC): 0.1%; Metal ion: 
1.0X10"6 mol dm"3; Ex: 320 nm; R.fl.Int.: relative 
fluorescence intensity. 

Table 1. Fluorescence Reaction among 2-Anilinoquinoline Derivatives, 
Hydrogen Peroxide, and Cobalt(II) at pH 10 

No 

I 

II 

III 

2-Anilino-
quinolines 

4-(4-Methyl-2-quinolyl)-
aminosalicylic acid 

4-(4-Methyl-2-quinolyl)-
aminobenzoic acid 

4-(4-Methyl-2-quinolyl)-
aminobenzene 

Em max 

400 

390 

390 

R 

0.5 

4.6 

4.6 

Rfl.Int. 

R-H2O2 

1.8 

5.1 

4.8 

/% 

R-H202-Co(II) 

18.5 

11.1 

16.7 

Co(II): 5.0X10-8 mol dm"3; 2-Anilinoquinoline derivatives, Nos. I—III, R: 10X10"5 mol dm"3; 
H 2 0 2 : 0.015%; Ex: 320 nm. 
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and cobalt(II) in the presence of STAC have an emis­
sion m a x i m u m wavelength at 400 n m and an excita­
tion wavelength at 320 n m , bu t the MQAS-hydrogen 
peroxide solut ion in the absence of STAC scarcely 
gave the fluorescence phenomena . 

As is shown in Fig. 2, the m a x i m u m excitation 
wavelengths of the MQAS-hydrogen peroxide-cobalt-
(II) solut ion (Solution A) in the presence of STAC 
were obtained at 240 n m and 320 nm, wi th an emis­
sion wavelength at 400 nm. 

Because the fluorescence reaction a m o n g MQAS, 

100 L 

80 

60 

P4 40 

20 

220 270 320 

Wavelength/nm 
370 

and Fig. 2. Excitation spectra of MQAS-H2O2 
MQAS-H202-Co(II) solutions at pH 10. 
MQAS: I.OXIO-5 mol dm-3; H 20 2 : 0.015%; Co(II): 
5.0X10-8 mol dm"3; Em: 320 nm. : MQAS-
H 20 2 ; : MQAS-H202-Co(II). 
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Fig. 3. Effect of p H in the presence of STAC. 
MQAS: 1.0X10-5 mol dm"3; H 2 0 2 : 0.015%; STAC: 
0.1%; Co(II): 5.0X10-8 mol dm"3; Ex: 320 nm; Ratio: 
Ratio of R.fl.Int. of solution A vs. solution B. 

cobalt(II), and hydrogen peroxide in the presence of 
STAC was remarkably affected by irradiat ion by such 
ultraviolet rays as 254 nm, the excitation wavelength 
at 320 n m instead of that at 254 n m was chosen for 
further experiments. 

Effect of pH. T h e m a x i m u m and almost-constant 
fluorescence intensity rat io (ratio of R.fl.Int. of the 
MQAS-hydrogen peroxide-cobalt(II) solution (Solu­
tion A) vs. R.fl.Int. of the MQAS-hydrogen peroxide 
solut ion (Solution B) at 400 n m was obtained wi th in 
the l imited p H range of 9.8—10.2 us ing 2.0—3.0 cm3 

of a 2 .0X10 - 1 mol d m - 3 boric ac id-sodium hydroxide 
(Sörensen buffer) solution. 

Effect of Redox Agent. T h e effects of various 
redox agents were examined by measur ing the rate of 
the R.fl.Int. of the MQAS-redox agent-cobalt(II) solu­
t ion and the MQAS-redox agent solution. As is 
shown in Tab le 3, the R.fl.Int. when hydrogen perox­
ide was used as the redox agent was largest and gave a 
reproducible value in various redox agents: hydrogen 
peroxide, potass ium peroxodisulfate, sodium hypo­
chlorite, Af-bromosuccinimide (NBS), chloramine B, 
etc. Moreover, the o p t i m u m concentration of hydro­
gen peroxide was finally found to be 0.015% under 
various condit ions—at 50 °C for 20, 40, or 60 min . 

Effect of Surfactants. T h e effects of various surfac­
tants were systematically studied in single or mixed 
micellar media, us ing cationic, anionic, amphoter ic 
or non ion i c surfactants a lone or in combinat ion. 
T h e fluorescence intensity of the b lank (Solution B), 
in the presence of a non ion ic surfactant, such as 
poly(N-vinylpyrrolidone) (PVP), poly(oxyethylene)-
sorbitan monolaura te (Tween 20), and a-(4-(l , l ,3,3-
te t ramethylbuty l )phenyl ) -co-hydroxypoly(oxyethyl -
ene) (Tr i ton X 100), or an an ion ic surfactant such as 
dodecyl sodium sulfate (SDS) was slightly increased in 
compar ison wi th that in the presence of sodium N-
lauroylsarcosine (LS) as an amphoter ic surfactant or 
poly(vinyl alcohol) (PVA) as a non ion ic surfactant, or 
in the absence of these surfactants. Therefore, the 
ascending effect of the fluorescence intensity of Solu­
tion A was relatively small. O n the other hand, the 
rate of R.fl.Int. between Solut ions A and B was rela-

Table 3. Effects of Redox Agents 

Hydrogen peroxide 
Sodium peroxide 
Potassium peroxodisulfate 
Sodium hypochlorite 
Sodium nitrite 
iV-Bromosuccinimide (NBS) 
Chloramine B 

Em 

nm 

400 
400 
395 
ppt 
395 
385 
395 

Rfl.Int./% 

R 

5.0 
3.7 
5.4 

1.3 
2.1 
2.1 

R-Co(II) 

127.6 
48.3 
5.5 

1.5 
2.1 
2.1 

Ratioa) 

25.5 
13.1 
1.0 

1.2 
1.0 
1.0 

MQAS: I.OXIO-5 mol dm-»; STAC: 0.1%; Redox agent: 
0.06%; pH: 10.0; Co(II): 1.0X10"8 mol dm"3, a) Ratio: 
Ratio of R.fl.Int. of Solution A to Solution B. 
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Table 4. 

Surfactant 

Effects of Various Surfactants 

R.fl.Int 

Em/nm 

. at max Em 
/% 

R R-Co(II) 

Ratioa) 

STAC 
HTAC 
DTAC 
Zp 
SDS 
LS 
PVA(n=2000) 
PVP(£=30) 
Tween 20 
Triton X 100 

395 
400 
400 
395 
395 
395 
395 
395 
405 
410 
410 

1.8 
2.5 
2.7 
1.5 
2.4 
5.3 
2.3 
1.6 
8.4 

14.5 
16.6 

18.5 
77.2 
52.8 
20.6 
54.1 

9.8 
2.5 
4.9 

11.1 
20.0 
20.6 

10.3 
30.9 
19.6 
13.7 
22.5 

1.9 
1.1 
3.1 
1.3 
1.4 
1.2 

MQAS: l.OXlO"5 mol dm"3; H 20 2 : 0.015%; pH: 10.0; 
surfactant: 0.1%; Co(II): 5.0X10"8 mol dm"3; Ex: 320 nm. 
a) Ratio: Ratio of R.fl.Int. of solution to Solution B. 

tively large and well reproducible in the presence of a 
cationic surfactant such as STAC, as is shown in 
Tab le 4. 

Especially, the coexistence of STAC as a cationic 
surfactant provided the o p t i m u m condit ions (STAC, 
hexadecyl t r imethylammonium chloride (HTAC), ben-
zyldimethyl te t radecylammonium chloride (Zephiram-
ine, Zp), dodecyl t r imethylammonium chloride 
(DTAC), etc.); its o p t i m u m a m o u n t was a final con­
centrat ion of over 0.05%. 

Effect of Reagent Concentration. T h e effect of the 
concentrat ion of MQAS on the fluorescence reaction 
was also examined. Al though the fluorescence-
forming reaction was affected by the MQAS, hydrogen 
peroxide, and cobalt(II) concentrations, a constant 
rat io between the R.fl.Int. of Solut ions A and B was 
obtained at a final hydrogen peroxide concentrat ion 
of 0.015% and at 5.0X10"6 m o l d m - 3 over MQAS in the 
presence of a final STAC concetnrai ton of 0.1%. 
Accordingly, all further investigations were carried 
us ing final concentrat ions of 1.0X10"5 mol d m - 3 

MQAS, 0.015% hydrogen peroxide, and 0.1% STAC. 
Effects of Temperature and Standing Time. As the 

fluorescence reaction was based on the kinetic action 
caused by the coexistence of cobalt(II), this reaction 
was enormously influenced by the temperature and 
the hea t ing time. A s tanding time of over 40 min at 
50 °C was opt imal , and its fluorescence intensity was 
stable a n d well reproducible . Accordingly, the heat­
ing at 50 °C for 40 min was used as the procedure for 
the assay of cobalt(II). 

Effects of Ultraviolet Rays. Fluorescence-forming 
reactions a m o n g MQAS, hydrogne peroxide, and 
cobalt(II) were influenced by ultraviolet rays. As is 
shown in Table 5, the fluorescence reaction by irradia­
tion of ultraviolet (254 nm) at room temperature 
( ^Cond i t i on A) showed a larger intensity than that 
wi thou t l igh t ing at room temperature (^Cond i t ion 
B). However, the fluorescence intensity of a b lank 

No. 

Table 

Rays 

5. Effects of Lighting of Ultraviolet 
in the Presence or Absence of STAC 

R.fl.Int./% 
Surfactant 

Em/nm R R-Co(II) 

Rays 

Ratioa) 

A UVb) STAC 
uvb) -

B — STAC 

C — STAC 

400 
395 
400 
395 
400 
395 

3.1 
2.5 
1.6 
0.6 
2.5 
1.8 

9.7 
5.3 
8.0 
4.5 

77.2 
18.5 

3.1 
2.2 
5.0 
7.4 

30.9 
10.3 

MQAS: 1.0X10"5 moldm"3; H 20 2 : 0.015%; STAC: 
0.1%; Co(II): 5.0X10-8 moldm"*; pH: 10.0; Ex: 320 
nm. a) Ratio: Ratio of R.fl.Int. of solution to 
Solution B. b) UV, ultraviolet: 254 nm. Nos. A and 
B: without heating procedure; No. C: standard 
procedure. 

Table 6. Effects of Foreign Ions 

Foreign 
ion 

— 
Fe(III) 
Fe(II) 

Mn(II) 
Ni(II) 

Cu(II) 
Zn(II) 
Al(III) 
Ti(IV) 
Sn(IV) 
Cr(VI) 
Mo(VI) 
CN-

s2-
F-
Ci träte 

as 

— 
Sulfate 
Sulfate 

Chloride 
Nitrate 

Sulfate 
Chloride 
Nitrate 
Sulfate 
Sulfate 
Chromate 
Molybdate 
Potassium 

Sodium 
Sodium 
Sodium 

Added 

jLtg/10 cm 3 

— 
0.28 
0.28 
2.79 
2.75 
5.87 

29.34 
0.16 
6.54 

26.98 
0.96 
2.96 
2.60 

47.97 
0.01 
0.13 

16.03 
1900 

10.51 

molar ratio 

— 
10 
10 

100 
100 
200 

1000 
5 

200 
2000 

40 
50 

100 
1000 

1 
10 

1000 
200000 

100 

Ratioa) 

30.9 
26.4 
30.4 
22.5 
30.9 
30.9 
20.0 
23.1 
30.9 
30.9 
30.9 
30.9 
30.8 
30.5 
30.9 
20.5 
29.7 
30.5 
30.9 

Co(II) taken: 5.0X10"8 moldm"3; H2O2: 0.015%; 
STAC: 0.1%; pH: 10.0; Ex: 320 nm; Em: 400 nm; 
MQAS: 1.0X10"5 moldm"3. a) Ratio: Ratio of 
R.fl.Int. of solution to Solution B. 

(MQAS-hydrogen peroxide solution) under Condi­
t ion A was also larger than that under Condi t ion B, 
and the analytical sensitivity under Condi t ion A was 
inferior to that under Condi t ion B. Accordingly, for 
the assay of cobalt(II), a proposed standard method 
(^Cond i t ion C) was used wi thou t any irradiation. 

Calibration Graph and Recovery. T h e calibration 
curve for cobalt(II) was l inear over the range from 0 to 
45 n g of cobalt(II) per 10 cm3. For 30 ng of cobalt(II) 
in 10 cm3, the coefficient of variat ion, as estimated for 
5 replicates, was 1.3%. 

Effects of Diverse Ions. T h e influences of diverse 
ions on the determinat ion of 5.0X10 - 8 m o l d m " 3 of 
cobalt(II) (9 ng) were examined. T h e tolerance l imit 
was taken as the amoun t s that caused errors of about 
±3% in the R.fl.Int. values. A l though the coexisten-
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ces of copper(II), iron(III) , etc. gave negative errors in 
the presence of a 2-fold or 10-fold excess over cobalt-
(II), nickel(II), manganese(II) , and zinc(II) were per­
mitted in a 100—200-fold excess over cobalt(II). 
Moreover, a lumin ium(I I I ) , chromium(VI) , and moly-
bdenum(VI) did not entirely interfere. Also, almost 
n o an ions interfered, a l t hough cyanide, iminodiace-
tate ions gave a negative error when were present in 
4-fold excess over cobalt(II). T h u s , the proposed 
method is very selective and sensitive. T h e results for 
foreign ions are given in Tab le 6. 

Applications. T h e proposed fluorimetric method 
was appl ied to the assay of cobalt(II) in cyanocobal-
amine (vi tamin B12): the recovery tests were very good 
(99.5% —104.5%), as good as in previous reports.22>23) 

Conclusion 

Firstly, the fluorescence formation reaction a m o n g 
2-ani l inoquinol ine , 4-(4-methyl-2-quinolyl)amino-
benzoic acid, or MQAS as the diarylamine compound , 
various metal ions (such as copper(II), cobalt(II), 
manganese(II) , and pal ladium(II)) , and redox agents 
(such as hydrogen peroxide, sodium hypochlori te , 
sodium nitri te, ch loramine B, NBS, and potass ium 
peroxodisulfate) were systematically investigated. 
Especially, MQAS as a 2-ani l inoquinol ine derivative 
was easily converted to a fluorescence product by an 
oxidation-reaction us ing hydrogen peroxide in the 
coexistence of cobalt(II): its fluorescence intensity 
was p ropor t iona l to the concentrat ion of the trace 
amoun t s of cobalt(II). In addit ion, the formation of 
micellar media us ing STAC as a cationic surfactant 
was effective for the fluorescence reaction wi th MQAS. 
Al though further investigation is necessary, cobalt(II) 
may be oxidized to cobalt(III) by hydrogen peroxide; 
probably the formation of a cobalt(III)-peroxo com­
plex and the subsequent oxidat ion fluorescence 
reaction is enhanced by the coexistence of cobal t-
hydrogen peroxide. As to the composi t ion of the 
fluorescence product , it was considered that the major­
ity of the fluorescence products may be of the MQAS 
oxidat ion type; the formation of q u i n o n i m i n e or qu i -
none derivatives was most common, while the cyclized 
products of MQAS were very small in quant i ty ; while 
the fluorescence spectra of the proposed method 
were obviously distinct from the spectra of the N-
bridgehead compounds of diarylamines.12~14) 

Secondly, from a systematic investigation of these 
fluorescence reactions, a simple, rapid, sensitive, and 
selective spectrofluorimetry of cobalt(II) was proposed 
which does not need solvent extraction; the fluorime-
try of cobalt(II) was perfected by measur ing the ratio 
of R.fl.Int. to MQAS-hydrogen peroxide-cobalt(II) 
and MQAS-hydrogen peroxide solut ions (Solutions A 

and B) in the presence of STAC at the emission 
wavelength of 400 n m and wi th the excitation wave­
length of 320 nm. T h e calibrat ion graph was l inear 
in the range of 0—45 n g of cobalt(II) per 10 cm3, and 
the interference of foreign ions were very small. 
Moreover, the proposed method was applied to the 
assay of cyanocobalamine preparat ions: these results 
were relatively good. 
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Structural, Magnetic and Spectroscopic Characterization of Novel 
Di-/z-carboxylato-Bridged Binuclear Copper(II) 

Complexes with 1,10-Phenanthroline 
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Bis(/i-carboxylato-O,O/)-diaquabis(l,10-phenanthroline)dicopper(II) diniträte tetrahydrates, [Cu(RCO-
0)(phen)(H20)]2(N03)2-4H20, where R=H, CH3, and (CH3)3C, were prepared and characterized by elemen­
tal analyses, electronic spectra, magnetic susceptibilities, and X-ray structure analysis. The magnetic suscepti­
bility data conform to the usual dimer equation. The —2/ values are 125 cm - 1 for formate, 86 cm - 1 for acetate, 
and 99 cm"1 for 2,2-dimethylpropanoate. The crystal structures of [Cu(HCOO)(phen)(H20)]2(N03)2 • 4H 2 0 (1) 
and [Cu(CH3COO)(phen)(H20)]2(N03)2 • 4H 2 0 (2) were determined by the single-crystal X-ray diffraction 
method. The crystallographic data are: Compound 1, monoclinic, I2/a, «=18.850(2), 0=9.775(2), c= 
17.752(2) A, 0=99.03(1)°, F=3230.4(8)A3, Z=4, #=0.055 for 2511 observed unique reflections; Compound 2, 
monoclinic, C2/c, «=18.563(4), 0=14.272(5), £=14.126(3) A, 0=106.72(2)°, F=3584(2) A3, Z=4, #=0.082 for 2092 
reflections. The complexes consist of dimeric [Cu(RCOO)(phen)(H20)]|+ cations with five-coordinated 
copper ions linked by two carboxylato ions in a syn-syn bridging arrangement. The Cu -Cu distances are 
3.103(2) A for 1 and 3.063(3) A for 2. 

A large n u m b e r of binuclear copper(II) carboxylate 
adducts, [Cu(RCOO)2 • L]2, have been isolated and 
their magneto-structural correlations have extensively 
been studied.1-3) In most [Cu(RCOO)2 • L] 2 com­
plexes two copper(II) ions are bridged in pairs by four 
carboxylato groups (RCOO) with two addi t ional un i -
dentate l igands (L) occupying the terminal posi t ions, 
resul t ing in a cage-type dimeric structure. Pre­
viously we found that bis(Af-R'-salicylideneaminato)-
copper(II) complexes, Cu(salN-R /)2, react wi th cop-
per(II) carboxylates, Cu(RCOO)2, to yield a series of 
the complexes wi th the formula [Cu(RCOO)(salN-
R')]2, where R=e thy l , chloromethyl , and dichloro-
methyl; R ' = p h e n y l and p-tolyl.4 - 6) These complexes 
show ant iferromagnet ic behavior, in conformity wi th 
the Bleaney-Bowers equa t ion (Eq. 1)7> 

XA= 3JTT [l + l/3exp(-gJV*T)]-i + Afo (1) 

where —2/ is equal to the energy separat ion between 
the lowest singlet and triplet levels, which gives the 
degree of the strength of the magnet ic interaction. 

O n the basis of magnet ic susceptibilities, IR spectra 
and X-ray structural analysis, it was concluded that 
those complexes possess a novel binuclear structure 
wi th two carboxylato-bridges represented by I.4_6) 

Al though a few copper(II) complexes wi th such di-jii-
carboxylato-bridges have been reported,8'9* no b inu­
clear copper(II) complexes with di-jii-formato-, di-jii-
acetato-, and di-jii-2,2-dimethylpropionato-bridges 
have been isolated so far. T h i s paper reports the 
prepara t ion and characterization of three copper(II) 
complexes as the first examples of di-jii-formato-, di-jii-
acetato-, and di-jii-2,2-dimethylpropionato-bridged 
binuclear copper(II) complexes wi th 1,10-phen-

H20 

I II 

an thro l ine at r emain ing coordinat ion sites repre­
sented by II. A prel iminary report on the molecular 
structure and magnet ic propert ies of 1 has appeared.10) 

Exper imenta l 

Syntheses. Compound 1, [Cu(HCOO)(phen)(H20)]2-
(N0 3 ) -4H 2 0: Formic acid (10 mmol) and 1,10-phen-
anthroline (10 mmol) were dissolved in 50 cm3 of water, and 
the resulting solution was adjusted to pH 5.0 with 1 
mol dm - 3 aqueous NaOH. To this solution 10 cm3 of 1 
mol dm - 3 aqueous Cu(NOa)2 was added under stirring, and 
then the pH was adjusted to 4.0. Earlier precipitates were 
filtered off, and the filtrate was concentrated to one third of 
its volume. The deep blue crystals precipitated were col­
lected, washed with water, and air-dried at room tempera­
ture. Found: C, 38.50; H, 3.69; N, 10.44; Cu, 15.42%. 
Calcd for Ci3Hi5N308Cu: C, 38.57; H, 3.73; N, 10.38; Cu, 
15.70%. 

Compound 2, [Cu(CH3COO)(phen)(H20)]2(N03)2 • 4H20: 
The synthetic procedure is similar to that for 1 except for the 
use of acetic acid instead of formic acid. Found: C, 39.97; 
H, 3.96; N, 10.00; Cu, 14.95%. Calcd for CuHivNsOsCu: C, 
40.14; H, 4.09; N, 10.03; Cu, 15.17%. 

Compound 3, [Cu((CH3)3CCOO)(phen)(H20)]2(N03)2 • 4H20: 
To a mixture of 2,2-dimethylpropionic acid (10 mmol) and 
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1,10-phenanthroline (10 mmol) in water (50 cm3) was added 
10 cm3 of 1 mol dm - 3 aqueous Cu(NC>3)2 under stirring, and 
then the pH was adjusted to 2.8 with 1 mol dm - 3 aqueous 
NaOH. After the resulting solution had been concentrated 
to one third of its volume, it was allowed to stand overnight 
in a refrigerator. The greenish blue crystals precipitated 
were collected, washed with water, and air-dried at room 
temperature. Found: C, 44.43; H, 4.85; N, 9.12; Cu, 13.56%. 
Calcd for G7H23N3O8CU: C, 44.30; H, 5.03; N, 9.12; Cu, 
13.79%. 

Physical Measurements. The magnetic susceptibilities 
were determined by the Faraday method in the temperature 
range of 80—300 K. The effective magnetic moments per 
copper ion at room temperature were calculated with the 
equation 

Meff = 2.83V (XA-Na)T (2) 

where XA is the molar magnetic susceptibility corrected for 
the diamagnetism of the constituent atoms using Pascal's 
constant11) and Na is the temperature-independent para­
magnetism per mole of copper(II). The value of Na was 
assumed to be 60X10-6 emu (1 emu=47rX10-6 m3). The 
observed magnetic susceptibility data were fitted to the Eq. 
1. The best-fit parameters of —2/ and g were obtained by a 
nonlinear least-squares fitting procedure. The quantity of 
fit was estimated by means of a discrepancy index, 

_ [ S(Xobsd-Xcalcd)2 ] 1 / 2 

The magnetic data are given in Table 4 and are represented 
graphically in Fig. 4. 

The electronic spectra of all the complexes investigated 
were recorded by the diffuse reflectance technique with a 
Hitachi 323 recording spectrophotometer. 

X-Ray Crystal Structure Determination. Compound 1: 
A blue crystal of 0.4X0.4X0.5 mm in dimensions was sealed 
in a capillary tube together with mother liquor and 
mounted on a Rigaku four-circle dif frac tome ter AFC-5. 
The diffraction intensities were measured using graphite 
monochromatized MoKa radiation (>l=0.71073 Â). The 
cell dimensions were determined from 25 20 values (20< 
20<27°). The crystallographic data are: [Cu2(CH02)2-
(Ci2H8N2)2(H20)2]2+(N03-)2 • 4H 20, F. W.=809.6, mono-
clinic, space group I2/a, a=18.850(2), 6=9.775(2), c=17.752(2) 
A, 0=99.03(1)°, F=3230.4(8)A3, Z=4, Dm (1,1,2,2-tetrabro-
moethane/dichloromethane)=1.68(2), Dx=1.66 Mgm - 3 , p= 
1.40 mm - 1 . The 6-26 scan technique was employed at a 
scan rate of 6° min"1 in 0. 20max=55o ( 0^ /^24 , 0^*^12, 
—23^/^23). The ratio of structure factors of five standard 
reflections, |F0 | / |F0 | initiai was 1.00—1.10, by reference to 
which scaling of the intensity data was made. Absorption 
correction was applied (0.59<C4<0.67). A total of 3842 
reflections were measured and 2592 reflections with |F0|>3a(|Fo|) 
were regarded as observed, among which 2511 were unique 
(Äint=0.024). Systematic absences (hkl, h+k+l odd; hOl, I 
odd) indicated that the space group is la or 12/a. Assuming 
the centrosymmetric space group 12/a, the structure was 
successfully solved by the Patterson-Fourier method. The 
atomic parameters were refined by block-diagonal least 
squares. The function minimized was S^ll^oH^cll2 , 
where tf-1=a2(|Fo|)+(0.015|Fo|)2. Eight hydrogen atoms 
were located on the difference synthesis, and one of H atoms 
in phen was calculated. No hydrogen atoms of the water 

molecules could be located. Non-hydrogen atoms were 
refined anisotropically and H atoms isotropically. Final 
#=0.055, wR=0.01l, and S=2.7 for 2511 unique reflections. 
Reflection/parameter ratio=9.5, A/a<Q.21 for non-
hydrogen atoms, and —1.0<Jp<0.6 eA - 3 . The calcula­
tions were carried out on a FACOM M-380R computer at 
Keio University with UNICS III program system.12) Com­
plex neutral-atom scattering factors were taken from Inter­
national Tables for X-ray Crystallography.13) 

Compound 2: A blue crystal (0.4X0.4X0.4 mm) was 
sealed in a capillary tube. The crystallographic data are: 
[Cu2(C2H302)2(Cl2H8N2)2(H20)2]2+(N03-)2 • 4 H 2 0 , F. W . = 
837.7, monoclinic, space group C2/c, «=18.563(4), b= 
14.272(5), ^=14.126(3) A, 0=106.72(2)°, F=3584(2) A3, Z=4, Dm= 
1.61(2), Dx=1.55 Mgm"3, M=1.27 mm"1. 20max=55°(O^/^24, 
0 ^ ^ 1 8 , —18^/^18). The ratio of structure factors of five 
standard reflections was 0.89—1.02. A total of 4242 reflec­
tions were measured and 2152 were observed, of which 2092 
were unique (#int=0.023; 0.58<C4<0.69). Systematic ab­
sences (hkl, h+k odd; hOl, I odd) suggested that the possible 
space group is Cc or C2/c. Assuming the space group C2/ 
c, the structure could be solved. The water molecules of 
crystallization were disordered. They are statistically 
located at five possible positions with the occupancy factors 
from 0.20 to 0.70. The sum of the occupancy factors of 
water of crystallization was assumed to be four based on an 
elemental analysis. Positions of four H atoms in phen 
were calculated. Hydrogen atoms and disordered water O 
atoms were refined isotropically. Final #=0.082, wR= 
0.078 and S=2.4 for 2092 reflections. Reflection/parameter 
ratio =7.4, A/o<0A2 for non-hydrogen atoms. — 0A<Ap 
<0.6 eA -3 . The crystals of 2 effloresce more quickly in the 
air than those of 1. The temperature factors jßeq of 2 are by 
ca. 50% larger than those of 1 reflecting poor crystallinity. 
Relatively large R value, 0.082 for 2 may be due to the 
disorder. 

Results and Discussion 

The Structures of Compounds 1 and 2. T h e final 
a tomic parameters are listed in Tab le 1, and the bond 
lengths and angles wi th in the complex cations in 
Tab le 2.14) Structures of the complex cations are 
shown in Fig. 1. T w o formate or acetate groups 
bridge the two copper atoms in a syn-syn form. Both 
the complex cations have a twofold axis of rotat ion 
th rough the center of the two carboxylate carbon 
atoms. T h e coordinat ion a round each copper a tom 
is approximate ly square pyramidal wi th two ni t rogen 
donors of a phenan thro l ine , two oxygen donors of two 
carboxylates occupying basal sites and an axial coor­
dinat ion of a water molecule. T h i s bond distance 
C u - O (H2O) is significantly longer than those of C u -
O (formate) bond in the basal p lane. T h e C u - C u 
distances are 3.103(2) Â in C o m p o u n d 1 and 3.063(3) Â 
in C o m p o u n d 2, longer by 0.3—0.5 Â than the corre­
sponding ones in the usual copper(II) carboxylate 
dimers of [Cu(RCOO) 2 - L]2.

2'3> T h e structure of the 
Cu2(OCO)2 moiety deforms from that in the typical 
central cage of the dimeric copper acetate because of 
imbalance in b inding . T h e structures are essentially 
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Table 1. Fractional Coordinates (X10\ X105 for Cu) and 
Equivalent Isotropic Thermal Parameters (X10) 

(1) 

mr^Zr^B, 

C(14-) 

(2) 

Fig. 1. An ORTEP drawing of the complex cations 
with thermal ellipsoids scaled at the (1) 50% and (2) 
35% probability level.15) Hydrogen atoms are 
represented by circles of radius 0.08 Â. The water 
H atoms could not be located on difference 
synthesis. 

the same as that in [Cu(PhC2H4COO)(phen)(H20)]2-
(N0 3 ) 2 -2H 20 ( C u - Cu=3.054(l) Â).9> Although the 
dihedral angles between the basal coordination planes 
around the copper atoms are 22.4° in 1 and 22.6° in 2, 
the angles between the phen planes are only 5.7° in 1 
and 4.7° in 2. The tilting of the basal planes around 
copper atoms is reflected on the Cu-O-C angles of the 
carboxylates. The angles have average values of 
128.6° for 1 and 129.2° for 2, about 5° greater than 
those found in the structures of [Cu(RCOO)2-L]2 com­
plexes. 2'3) In the Q1O2N2 basal plane of both Com­
pounds 1 and 2 the 0(1)-Cu-N(l) and 0(2)-Cu-N(2) 
angles are different from each other: 164.0(2)° and 
173.5(2)° for 1: 165.8(3)° and 172.8(3)° for 2, respec­
tively. On the other hand, the corresponding two O-
Cu-O angles(trans) in the Q1O4 basal plane of dis­
torted square-pyramidal copper(II) carboxylates, 
[Cu(RCOO)2 • L]2, are almost the same as each other in 
the range of 164—169°.3'16-19) This fact suggests that 
in both 1 and 2 the distortion of metal geometry from 

Atom 

1 Cu 
O(l) 
0(2) 
0(3) 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
N(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 

2 Cu 
O(l) 
0(2) 
0(3) 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(14) 
N(3) 
0(4) 
0(5) 
0(6) 
0(7)a) 

0(8)a) 

0(9)a) 

O(10)a) 

0(ll)a) 

X 

18793(4) 
1552 (2) 
2619 (2) 
1187 (2) 
2315 (2) 
1213 (2) 
2860 (3) 
3092 (4) 
2770 (4) 
2183 (3) 
1793 (4) 
1233 (3) 
1011 (3) 
1380 (3) 
1986 (3) 
422 (3) 
249 (3) 
655 (3) 
1829 (3) 
4897 (3) 
4346 (3) 
5370 (3) 
4944 (3) 
6036 (3) 
6699 (4) 
2594(6) 
946 (3) 

-601 (3) 
512 (4) 

-414 (3) 
1050 (3) 

-1147 (4) 
-1535 (5) 
-1195 (5) 
-406 (5) 

49 (6) 
813 (5) 
1168 (5) 
753 (4) 
-35 (4) 
1928 (6) 
2233 (5) 
1769 (5) 
987 (4) 
1530 (5) 
1824 (4) 
1728 (4) 
2286 (5) 
1424 (6) 

-1909 (7) 
-987 (10) 
-730 (19) 
145 (18) 

-597 (16) 

y 

3157(7) 
-1118 (4) 
-888 (4) 
-285 (5) 
2017 (4) 
1685 (4) 
2131 (6) 
3407 (7) 
4559 (6) 
4480 (5) 
5627 (5) 
5469 (6) 
4124 (6) 
3002 (5) 
3174 (5) 
3879 (7) 
2555 (7) 
1480 (6) 

-1383 (6) 
2591 (6) 
2137 (6) 
1818 (5) 
3859 (5) 
4754 (5) 
2308 (5) 
27993(8) 
3714 (4) 
3685 (4) 
3245 (5) 
1693 (5) 
1776 (5) 
1704 (6) 
862 (7) 
29 (6) 
10 (6) 

-821 (6) 
-757 (7) 
120 (6) 
914 (5) 
873 (6) 
214 (7) 
1073 (7) 
1847 (6) 
3987 (6) 
4743 (7) 
2354 (6) 
2146 (6) 
1984 (6) 
2880 (7) 
3141 (10) 
4763 (13) 
3486 (27) 
3732 (21) 
4339 (22) 

z 

4799(4) 
-268 (2) 
1024 (2) 
1284 (3) 
995 (2) 

-102 (3) 
1574 (3) 
1870 (4) 
1583 (3) 
968 (3) 
624 (4) 
50 (4) 

-220 (3) 
99 (3) 
712 (3) 

-795 (4) 
-1001 (4) 
-644 (4) 
-843 (3) 
3269 (3) 
3488 (4) 
3121 (3) 
3185 (3) 
2400 (3) 
2298 (3) 
36320(8) 
3360 (4) 
3281 (4) 
5185 (5) 
3620 (5) 
3877 (4) 
3495 (6) 
3463 (7) 
3544 (6) 
3685 (6) 
3802 (6) 
3983 (7) 
4009 (6) 
3880 (5) 
3706 (5) 
4201 (7) 
4229 (6) 
4072 (7) 
2560 (7) 
2526 (8) 
7186 (6) 
6309 (5) 
7846 (7) 
7404 (8) 
5481 (10) 
4949 (13) 
6024 (25) 
8049 (20) 
5641 (21) 

ßeq/A2 

27 
37 
39 
49 
26 
27 
35 
42 
41 
30 
37 
37 
31 
24 
25 
42 
46 
39 
33 
43 
73 
62 
62 
56 
79 
42 
52 
55 
75 
44 
40 
50 
63 
57 
49 
61 
63 
46 
37 
38 
60 
59 
51 
45 
72 
77 
98 
127 
165 
130 
112 
82 
126 
116 

a) Population parameters of disordered H2O: 0(7), 
0.7; 0(8), 0.5; 0(9), 0.2; and O(10) and O(ll), 0.3. 

square pyramidal to trigonal bipyramidal is slightly 
larger than that in the [Cu(RCOO)2-L]2 complexes. 
There is no significant difference in the carboxylate 
bridges between 1 and 2: the mean Cu-O distance and 
O-C-O bond angle are 1.961(4) Â and 127.7(5)°, and 
1.962(6) Â and 126.1(8)°, respectively. 



February, 1990] Di-/i-carboxylato-Bridged Binuclear Copper(II) Complexes with 1,10-Phenanthroline 367 

Table 2. Bond Lengths (Â) and Bond Angles (° ) 

Bond length (Â) 
Cu-O(l) 
Cu-0(2) 
Cu-0(3) 
Cu-N(l) 
Cu-N(2) 
0(1)-C(13) 
N(l)-C(l) 
N(l)-C(9) 
N(2)-C(8) 
N(2)-C(12) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(4)-C(9) 
C(5)-C(6) 
C(6)-C(7) 
C(7)-C(8) 
C(7)-C(10) 
C(8)-C(9) 
C(10)-C(ll) 1.370(10) 
C(ll)-C(12) 1.393(9) 
C(13)-C(14) 
N(3)-0(4) 
N(3)-0(5) 
N(3)-0(6) 
Cu-'Cu1 

C(13)-0(2i) 

1.962(4) 
1.959(4) 
2.161(5) 
2.010(4) 
2.007(4) 
1.245(7) 
1.339(6) 
1.348(6) 
1.360(6) 
1.325(7) 
1.397(9) 
1.341(9) 
1.429(8) 
1.425(8) 
1.386(7) 
1.356(9) 
1.439(8) 
1.372(7) 
1.406(8) 
1.458(7) 

1.246(9) 
1.228(8) 
1.253(8) 
3.103(2) 
1.235(7) 

1.939(6) 
1.984(6) 
2.201(7) 
2.010(7) 
2.029(7) 
1.218(12) 
1.321(9) 
1.353(11) 
1.349(10) 
1.287(11) 
1.395(13) 
1.335(13) 
1.420(13) 
1.438(13) 
1.407(12) 
1.370(14) 
1.410(13) 
1.353(11) 
1.364(14) 
1.413(10) 
1.346(14) 
1.379(13) 
1.487(13) 
1.236(11) 
1.193(11) 
1.158(14) 
3.063(3) 
1.273(10) 

Bond angle(° ) 
0(l)-Cu-0(2) 
0(l)-Cu-0(3) 
0(1)-Cu-N(l) 
0(1)-Cu-N(2) 
0(2)-Cu-0(3) 
0(2)-Cu-N(l) 
0(2)-Cu-N(2) 
0(3)-Cu-N(l) 
0(3)-Cu-N(2) 
N(l)-Cu-N(2) 
Cu-0(1)-C(13) 
Cu-N(l)-C(l) 
Cu-N(l)-C(9) 
C(l)-N(l)-C(9) 
Cu-N(2)-C(8) 
Cu-N(2)-C(12) 
C(8)-N(2)-C(12) 
N(l)-C(l)-C(2) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(3)-C(4)-C(9) 
C(5)-C(4)-C(9) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(7) 
C(6)-C(7)-C(8) 
C(6)-C(7)-C(10) 
C(8)-C(7)-C(10) 
N(2)-C(8)-C(7) 
N(2)-C(8)-C(9) 
C(7)-C(8)-C(9) 
N(l)-C(9)-C(4) 
N(l)-C(9)-C(8) 
C(4)-C(9)-C(8) 
C(7)-C(10)-C(ll) 
C(10)-C(ll)-C(12) 
N(2)-C(12)-C(ll) 
0(1)-C(13)-C(14) 
0(4)-N(3)-0(5) 
0(4)-N(3)-0(6) 
0(5)-N(3)-0(6) 
Cu-0(2)-C(13i) 
0(l)-C(13)-0(2i) 
0(2)-C(13i)-C(14i) 

91.6(2) 
95.4(2) 

164.0(2) 
91.3(2) 
88.2(2) 
93.7(2) 

173.5(2) 
99.8(2) 
97.3(2) 
82.0(2) 
125.2(4) 
128.9(3) 
113.2(3) 
118.0(4) 
113.3(3) 
129.4(4) 
117.3(4) 
121.4(5) 
120.7(6) 
119.6(5) 
124.8(5) 
115.8(5) 
119.4(5) 
121.4(5) 
120.4(6) 
119.4(5) 
123.6(5) 
117.1(5) 
124.5(5) 
115.3(4) 
120.2(5) 
124.5(5) 
116.2(4) 
119.3(4) 
118.8(6) 
120.0(6) 
122.2(5) 

121.1(6) 
117.9(6) 
121.0(6) 
132.1(4) 
127.7(5) 

92.8(2) 
92.2(3) 

165.8(3) 
91.9(3) 
89.4(2) 
92.6(3) 

172.8(3) 
100.9(3) 
95.8(3) 
81.6(3) 
128.3(6) 
127.3(6) 
111.9(5) 
120.8(7) 
112.4(5) 
129.4(6) 
118.1(7) 
119.8(8) 
122.5(9) 
118.2(8) 
125.4(8) 
117.7(8) 
116.9(8) 
120.6(8) 
121.0(9) 
119.8(8) 
122.8(9) 
117.4(8) 
123.2(7) 
116.2(7) 
120.6(7) 
121.1(7) 
117.7(7) 
121.0(7) 
119.8(9) 
119.1(9) 
122.2(8) 
119.1(5) 
122.7(9) 
120.2(9) 
116.8(10) 
130.2(6) 
126.1(8) 
114.9(8) 

Symmetry code: (i) (1) 1/2—x, y, —z, (2) ~x, y, 1/2—z. 

T h e projections of the structures a long the C u - C u 
direction are shown in Fig. 2. T h e stacking of the 
phen l igands differs from each other reflecting the 
effect of molecular packing in the crystals. T h e short­
est C---C distance between the two phen moieties in 1 
is 3.48(1 )Â, which is approximately twice of the Van 
der Waals radius of aromatic carbon atoms (1.77Â).20) 

Electronic Spectra. T h e reflectance spectra of the 
complexes are similar to one another , giving a band 
m a x i m u m at ca. 15200 c m - 1 and a low-energy 
shoulder at ca. 11500 c m - 1 (Fig. 3 and Tab le 3). T h e 
separation between these two peaks, A£=3650—3980 
cm - 1 , is relatively small as compared wi th those 
observed for [Cu(CH3COO)2(py)]2 (5000 cm-1)21-22) and 
[Cu(HCOO) 2(urea)] 2 (5170 cm-1) wi th a distorted 

(1) 

(2) 

Fig. 2. Views of the complex cations approximately 
perpendicular to the two phenanthroline mole­
cules. 

square-pyramidal copper(II) geometry. Ha thaway et 
al.23) demonstrated in their study on [Cu(bpy)2Cl]X 
that copper(II) complexes wi th the metal geometry 
close to a regular tr igonal b ipyramid show a single 
broad peak in their electronic spectra at 12500 c m - 1 , 
whereas those with the square-pyramidally distorted 
t r igonal-bipyramidal CUN4CI chromophore show a 
twin-peaked band in the region of 10000—14500 c m - 1 

with a m a x i m u m spli t t ing of 4060 c m - 1 for the com­
plex whose metal geometry is closest to the regular 
square pyramid. Th i s fact suggests that, for five-
coordinated copper(II) complexes, the Av value can be 
taken as a measure of the degree of distortion in metal 
geometry from square pyramidal to tr igonal b ipyram-

Table 3. Reflectance Spectral Data of [Cu(RCOO)-
(phen)(H20)]2(N03)2 • 4H 2 0 

R £/103 cm"1 Av/MPcm-1 

H 
CH3 

(CH3)3C 

15.20 
15.48 
15.15 

11.3 
11.5 
11.5 

3.90 
3.98 
3.65 
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P/l03cm"1 

Fig. 3. Reflectance spectra of [Cu(RCOO)(phen)-
(H20)]2(N03)2-4H20: (A) R=H, (B) R=CH3, (C) 
R=(CH3)3C. 

idal. Although the Av values observed for the present 
complexes are smaller than those of the distorted 
square-pyramidal copper(II) complexes, the values are 
much larger than those of the distorted trigonal-
bipyramidal copper(II) complexes such as [Cu(bpy)2-
C1]N03-3H20,23) [Cu(bpy)2CN]N03-2H20,24) and [Cu-
(Ph3CCOO)2(py)]2 • benzene25) (A£=2000—2510 cm"1). 
Therefore the present complexes have a slightly larger 
degree of distortion in the metal geometry from square 
pyramidal to trigonal bipyramidal than those of 
[Cu(CH3COO)2(py)]2 and [Cu(HCOO)2(urea)]2. 

Magnetic Susceptibilities. The magnetic suscepti­
bility data of the present complexes are well repre­
sented by Eq. 1 (Fig. 4 and Table 4), indicating that an 
antiferromagnetic interaction is operative between the 
copper(II) ions in these complexes. These magnetic 
and spectral data clearly indicate that Compound 3 
also have the same type of the binuclear structure as 
determined for 1 and 2. The —2/ values (86—125 
cm -1) of the present complexes are much less than one 
third of those found for the corresponding tetra-
jLt-carboxylato-bridged complexes, [Cu(RCOO)2 • L]2 
(-2/=250—555 cm-1).2'3) Although the C u - C u dis­
tances of 3.103(2) Â for 1 and 3.063(3) Â for 2 are much 
longer than those in the [Cu(RCOO)2 • L]2 com­
plexes,2'3) recent works have clearly demonstrated that 
the C u - C u separation is not the major factor in 
determining the —2/ value in these systems.3'19) 
Therefore, such a decrease in antiferromagnetic inter­
action can be explained in terms of a decrease in the 
number of the bridging carboxylato ions, through 
which superexchange interaction is operative: from 

Table 4. Magnetic Data of [Cu(RCOO)-
(phen)(H20)]2(N03)2 • 4H20 

R 

H 
CH3 

(CH3)3C 

-27 / cm- 1 

125 
86 
99 

g 

2.18 
2.16 
2.17 

CTdisXlO3 

5.61 
5.49 
6.43 

MUTO, M. MOROOKA, S. OHBA, and Y. SAITO [Vol. 63, No. 2 

3000 F 

2400 [ 

T_ 1800 f 
o 
e 
•3 

£ 

^ 1200 \ 

600 H 

0 j , , , _ j 

100 200 300 
1/ K 

Fig. 4. Temperature dependence of magnetic sus­
ceptibilities for [Cu(RCOO)(phen)(H20)]2(N03)2-
4H20: (O) R=H, (•) R=CH3, (€) R=(CH3)3C. 
The solid curves were calculated from Eq. 1 using 
the parameters listed in Table 4. 

four to two in the present complexes. Moreover, the 
distortion of copper(II) geometry from square pyrami­
dal to trigonal bipyramidal described above leads to a 
further weaker magnetic interaction in the present 
complexes. Such a decrease in the magnetic interac­
tion with increasing the distortion has been observed 
for copper(II) trichroloacetate adducts with 3-
substituted pyridines, [Cu(Cl3CCOO)2(3-Xpy)]2.

26) 
The order of decrease in the —2/ values for the 

present complexes is the formate> the 2,2-dimethyl-
propanoate> the acetate. This is the same as that for 
the corresponding [Cu(RCOO)2-L]2 complexes: the 
order of decrease in - 2 / is [Cu(HCOO)2 • L]2 (~2/= 
485—555 cm-1)2)>[Cu((CH3)3CCOO)2 • L]2 (~2J= 
319—397 cm-1)27)>[Cu(CH3COO)2-L]2 (~2/=284— 
325 cm-1).2) Recently it has been shown that there are 
little magneto-structural correlation between [Cu(H-
COO)2-L]2 and [Cu(CH3COO)2-L]2,19) though the 
copper(II) formates display much larger —2/ values 
than the copper(II) acetates and other alkanoates. 
The reason for the strongest magnetic interaction of 
the formate, 1, among the present complexes also 
remains unclear because of no significant differences 
in structure between 1 and 2. 
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Thermal Decomposition and Mass Spectra of Phosphoramidate Esters 
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Thermal decomposition of diphenyl phosphoramidate (1) and phenyl phosphordiamidate (2) was investi­
gated by DTA-TG, IR, *H NMR, 31P NMR, mass spectroscopy, and TG-GC/MS. The DTA-TG/DTG curve 
showed that the thermal decomposition of 1 occurred in one stage. Compound 1 melted at about 150 °C and 
decomposed to polyphosphates accompanied with a weight loss of about 60% in the temperature region of 200 to 
350 °C. It was confirmed from the results of IR, 1U NMR, and TG-GC/MS that this weight loss in TG of 1 is 
attributed to the liberation of ammonia and phenol and to the production of an insoluble polyphosphate 
through triphenyl phosphate or a soluble oligophosphate. The fragment ions of diphenyl ether (m/z 170) and 
aniline (m/z 93) were recognized in the mass spectrum of 1. This result indicates that phenyl radical and 
hydrogen atom in both samples transfer between three oxygen atoms and a nitrogen atom around a phosphorus 
atom. The activation energy of the thermal decomposition was estimated to be 151 k j m o l - 1 for 1 and 220 
k jmo l - 1 for 2. From the DTA-TG/DTG curve of 2, the decomposition in TG showed two stages and 
proceeded in a similar process to 1. The cleavage of 2 by the electronic impact was also similar to that of 1. 

Some aryl phosphates1) have been produced by the 
reaction of pheno l wi th phosphory l chloride in the 
presence of a tertiary amine . These phospha te esters 
have been investigated systematically as impor tan t 
intermediates of flame-proofing and fire-retardant 
agents. T h e present authors have reported on the 
thermal behavior of alkali ( including a m m o n i u m ) 
and alkal ine earth salts of phosphoramid ic acid.2) 
T h i s paper describes the thermal properties and the 
cleavage mechanism of 1 and 2 by the electronic 
impact . 

Experimental 

Preparation Methods. Commercial phenol and phos­
phoryl chloride were used without purification. Com­
pounds 1 and 2 were prepared by adding phenol to phos­
phoryl chloride according to the method described in the 
literature.3'4) 

Measurements. Thermal analyses were carried out in air 
by a Rigaku Denki TG-DTA and DSC apparatus at various 
heating rates for TG-DTA and 5 °C min - 1 for DSC, respec­
tively. Calcinated alumina was used as the reference mate­
rial. The TG-TRAP-GC/MS and TG-MS were carried out 
by a Shimadzu combined system in stationary helium gas at 
a heating rate of 10 °C min - 1 . Elemental analysis was done 
by a Hitachi CHN Analyzer-026 at Toyama Medical and 
Pharmacy University. IR spectrum was recorded by a 
JASCO IR-810 for the KBr disc or thin film between rock 
salt plates. The W, and 31P NMR spectra of 1, 2, and the 
decomposition residue were measured in deuterated chloro­
form or/and dimethyl sulfoxide by a JNM-FX-90-FT-NMR 
instrument. TMS and orthophosphoric acid were used as 
the references. Mass spectra by the EI method were taken at 
ionization potential of 20 eV by a JEOL-JMS-D300. 

Results and Discussion 

Thermal Behavior. T h e D T A - T G curves of 1 and 
2 are shown in Figs. 1 and 2 together wi th D T G . T h e 
D T A curve for 1 exhibited three endothermic peaks 
and an exothermic peak. T h e first peak (EDi at 
150.2 °C) is at tr ibuted to the mel t ing of 1. T h e 

second and third peaks (ED2 at 261.1 and ED3 at 
276.5 °C) may be due to the intermediate stages for the 
condensat ion process, du r ing which amine and 
phenyl groups are liberated to form triphenyl phos­
pha te or polyphosphates . T h e final exothermic peak 
Ex over a wide temperature range of 310 to 400 °C is 
at tr ibuted to the condensat ion accompanied wi th the 
evolution of gas. T h e T G - D T G curve shows that the 
pyrolysis process for 1 takes place in three stages. In 
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Fig. 1. Typical DTA-TG/DTG curves for 1. 
Heating rate: 5 °C min - 1 . 
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Fig. 2. Typical DTA-TG/DTG curves for 2. 
Heating rate: 5 °C min - 1 . 
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Fig. 1, the first peak of the D T G curve corresponds to 
the ED2 peak in the D T A curve for 1, with the loss of 
water and ammonia , whi le the second and third peaks 
corresponding to the ED3 and Ex peaks may be the 
condensat ion to polyphosphates . In Fig. 2 the D T A 
curve for 2 exhibited four endothermic peaks and an 
exothermic peak. T h e first endothermic peak is 
at tr ibuted to the mel t ing of 2. T h e broad endother­
mic peaks after the mel t ing of 2 indicate that water 
and a m m o n i a are released slowly, leaving 1 or tri-
phenyl phospha te behind. T h e final Ex peak for the 
formation of po lyphosphates may be the same as that 
of 1. T h e D T G curve shows that the pyrolysis of 2 
takes place in complex stages. T h e above results 
were confirmed by T L C , IR, mass, and N M R spectra 
of 1 and 2 obtained before and after these endothermic 
peaks, as will be discussed later. T h e kinetic analysis 
was carried out on this thermal decomposit ion process 
according to Ozawa's method.5 ) T h e T G curves 
obtained at the hea t ing rates of 1, 5, 7, and 10 °C m i n - 1 

in air are depicted in Fig. 3a, in which the residual 
weight is plotted against the reciprocal of absolute 
temperature. In Fig. 3b is shown the Ozawa's plot of 
the logar i thmic hea t ing rate versus the reciprocal 
absolute temperature. T h e plot should yield a 
straight line, the slope of which gives the activation 
energy. T h e activation energy of the thermal decom-
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Fig. 3. Ozawa's plots. 
a) TG curves of 1 plotted against reciprocal of 
absolute temperature. 
b) Plots of logarithmic heating rate vs. the recipro­
cal absolute temperature for given inversion of 
decomposition of 1. 

posi t ion calculated by the numerica l least-squares fit­
t ing on a microcomputer was 151 and 220 k j m o l - 1 for 
1 and 2, respectively. 

Reaction Mechanism for Thermal Decomposition 
in Solid State. At the temperatures indicated on the 
T G curves in Figs. 1 and 2, the specimens were taken 
out from the furnace of DTA-TG, cooled in a silica gel 
desiccator, and subjected to further measurements . 
T o confirm the changes in the T G curves as described 
in the previous section, IR, *H NMR, and 31P N M R 
measurements were performed. Four spots were 
noticed on the thin-layer chromatogram oxidized wi th 

Wavenumber / cm 

Fig. 4. IR spectra of the thermal decomposition 
products of 1. 
KBr method for R.T. and 360 °C; capillary film 
between rock salt plates for 200, 260, and 310 °C. 

4000 3000 2000 1500 1000 
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Fig. 5. IR spectra of the thermal decomposition 
products of 2 by KBr method. 
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iodine vapor for the residue at the 45% weight loss 
corresponding to 310 °C on the T G curve for 1. It 
was at tempted to isolate the four spots by co lumn 
chromatography on silica gel to identify the consti tu­
tion. T h e higher two spots were clearly separated 
and spectroscopically identified as tr iphenyl phos­
pha te and 1, respectively. 
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R.T. 

1 

1 200°C 

1 ,-f 

260°C 

310°C 

10 5 0 

Oppm 

Fig. 6. iHNMR spectra of the thermal decomposi­
tion products of 1. 
Solvent: CDC13. 
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Fig. 7. 1 HNMR spectra of the thermal decomposi­
tion products of 2. 
Solvent: DMSO-d6 for R.T. and 260 °C; CDCI3 for 
180 and 220 °C. 

T h e IR spectra of the decomposi t ion residues of 1 
and 2 are shown in Figs. 4 and 5. In Fig. 4, the 
absorption band at 3425 c m - 1 is assigned to the N - H 
stretching vibration; that at 1400 c m - 1 to NH4 + ; that at 
970—940 c m - 1 to the P - O - P stretching vibration. 
T h e thermal decomposi t ion of 1 at elevated tempera­
tures proceeds th rough the formation of a m m o n i u m 
salt. T h e absorpt ion of phenyl groups became 
stronger wi th increasing temperature and then disap­
peared, when direct P - O - P linkages seem to be 
formed. T h e above results suggest that tr iphenyl 
phosphate is formed as an intermediate. In the IR 
spectra of 2 in Fig. 5, the absorpt ion bands for the 
a m i n o and phenyl groups varied likewise du r ing the 
progress of thermal decomposi t ion and the decompo­
sition mechanism of 2 may be explained similarly to 
that of 1. 

T h e *H N M R spectra of the decomposi t ion residue 
of 1 and 2 are shown in Figs. 6 and 7, respectively. In 
the XH N M R spectrum of 1 before heat ing, the peak at 
about ô 7.3 is assigned to phenyl protons and that at ô 
3.3 to a m i n o protons. As the specimens were taken 
out at successively higher temperatures, the peak for 
phenyl protons splitted in to two peaks, whereas 
a m i n o protons became weaker wi th shifting to higher 
ô and then disappeared for the residue at 310 °C. In 
the *H N M R spectrum of 2 in Fig. 7, the peak at about 
ô 7.3 is assigned to phenyl protons , that at ô 4.3 to 
a m i n o protons and that at ô 2.5 and 3.8 to the pro ton 
of solvent (DMSO-dô). T h e peak for phenyl protons 
also splitted in to two wi th increasing temperature, 
whereas the peak for a m i n o pro tons became weaker 
wi th shifting to higher ô. 

T h e 31P N M R spectra of the residues of 1 are shown 
in Fig. 8. T h e 31P N M R spectra of the residues at 200, 
260, and 310 °C showed all or some of the peaks due to 
u n k n o w n material (phosphoramidate) , 1, or thophos­
phate , an endo-P04 group , and tr iphenyl phosphate . 
T h e peak which appeared at the highest magnet ic 
field (at ô —17.5) was identified as tr iphenyl phospha te 
with reference to the standard sample which was pre­
pared by an alternate procedure.5) 

The Fragmentation Mechanism of 1, 2, and Ther­
mal Decomposition Products. T h e main cleavage 
mechanism of 1 and 2 is shown in Figs. 9 and 10. 
There are five cleavage pat terns for both samples. 
T h e molecular ion peak for bo th samples was 
detected. T h e base peaks for 1 appeared at m/z 
249(M+) and for 2 at m/z 94 due to phenol . T w o very 
characteristic peaks, the ( C Ô H S O H ) * at m/z 94 and 

( C 6 H Ö N H 2 ) + at m/z 93, appeared at both samples. 
These peaks were confirmed wi th the h igh resolution 
mass spectral data (Table 1) for the identification of 
atomic content of the ions. T h i s table tabulates the 
exact mass of molecular ions, their elemental compo­
sition, the deviation of the theoretical mean values of 
the elemental composi t ion from the observed mass in 
the h igh resolution mass spectral data, and the proba-
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ble molecular structure of each identified component. 
From the fragment ion peaks at m/z 93 and 94, the 
groups such as phenyl radical and hydrogen atom 
seem to be eliminated easily by the electron impact. 
This result indicated that phenyl radical and hydro-
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Fig. 8. 31P NMR spectra of the thermal decomposi­
tion products of 1. 
a) Unknown material, b) Diphenyl amidophosphate. 
c) Orthophosphate, d) Endo-P04. e) Triphenyl 
phosphate, f) This standard sample was isolated 
by column chromatography using by silica gel. 

gen atom are transferred between oxygen and nitrogen 
atoms around a phosphorus atom. In addition, the 
peak due to the elimination of phenoxy radical (m/z 
93) has also been detected. In 1, the peak at m/z 170 
is due to the fragment ion of diphenyl ether resulting 
from the loss of PÛ2+ and NH2+ from the molecular 
ion. The peak at m/z 66 is due to a fragment ion 
created by the loss of hydrogen cyanide from aniline 
and the loss of CO from phenol, although the peak 
height is low. The principal mass spectral data for 
compounds 1 and 2 heated at various temperatures are 
summarized in Table 2. In general, these spectra 
possess several common characteristics, particularly 
the presence of a large peak at m/z 326 (the molecular 
ion of triphenyl phosphate) and those at m/z 233 and 
249. Each of these peaks were identified by the high 
resolution mass spectral data with triphenyl phos­
phates as authentic samples. It was thus confirmed 
that the thermal decomposition of 1 and 2 at elevated 
temperatures occurs through an intermediate such as 
triphenyl phosphate. 

Tandem Thermogravimetric Analyzer-Gas Chro­
matograph-Mass Spectrometer System. In order to 
investigate the thermal decomposition process of 1 
and 2 showing DTA and TG curves described above 
over the range from 200 to 500 °C, TG-MS (Method-A) 
and TG-TRAP-GC/MS (Method-B) were carried out 
in stationary He gas. The effluent gas from TG was 
directly introduced into the mass spectrometer. In 
many cases, the TG effluent gas is composed of var­
ious components. Identification of less abundant 
components is more difficult. In addition, quantita­
tive estimation of the constituents is more difficult. 
Another approach is to collect the pyrolysis products 

(<0^-°-H0>)t + H N °2 p 

^HeNOaP}1" + ® 
m/z 171 t m/z 77 

MuNOaP)1" <^-o + (OOHTNOBP)* 

N H 2 

\ * 
m/z 249 

m/z 94 m/z 155 

C6H503P + (0-NH2)1" ( @ - ° H ) t + (OoHeNOïP)* 
m/z 93 

CO 

HON + [£H 
H ^ H m/z 92 

Ù 
Fig. 9. Cleavage mechanism using by EI method for 1. 
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(CeHeNOgP)* 
T" m/z 155 

( C H T N O J P Î * Q _ 0 + ( H 4 N 2 O P ) * 
(H4N202PJ* + < i 

0 - O - P - N H z 
NH2 

+ 

H2N02P + ( O - N H Z ) 1 " 

^ m/z 93 

( © - N H ) 1 

HON + " g 
H ^ H m/z 92 

" H * m/z 66 
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m/z 94 

H^H 
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m/z 66 

Fig. 10. Cleavage mechanism using by EI method for 2. 

Table 1. Mass Spectral Data for 1 and 2 

, Relative 
m/z . . av intensity ' 

Sigma 

% 
(1) Diphenyl phosphoramidate (1) 
65 5.1 
66 10.9 
77 503.8 
93 97.6 
94 527.3 

156 236.2 
170 780.9 
171 107.0 
248 629.8 
249 1000.0 

0.35 
5.10 

11.35 
2.20 

11.88 
5.32 

17.59 
2.41 

14.19 
22.53 

(2) Phenyl phosphordiamidate (2) 
65 13.2 
66 52.4 
77 26.0 
79 370.2 
80 10.8 
93 447.3 
94 1000.0 

155 138.1 
156 11.7 
172 495.7 

0.37 
1.49 
0.92 

13.10 
0.38 

15.83 
35.39 
4.89 
0.41 

17.54 

Observed molecular 

weight 

65.0382 ( 65.0390)c) 

66.0433 ( 66.0468) 
77.0345 ( 77.0390) 
93.0539 ( 93.0576) 
94.0408 ( 94.0417) 

156.0102(156.0211) 
170.0733 (170.0729) 
171.0052 (171.0082) 
248.0383 (248.0472) 
249.0474 (249.0550) 

65.0471 ( 65.0390) 
66.0485 ( 66.0468) 
77.0371 ( 77.0390) 
79.0086 ( 79.0058) 
80.0254 ( 80.0136) 
93.0588 ( 93.0576) 
94.0342 ( 94.0417) 

155.0112(155.0133) 
156.0174(156.0211) 
172.0397 (172.0397) 

U.S.b) 

3.5 
3.0 
4.5 
4.0 
4.0 
5.5 
8.0 
6.0 
9.5 
9.0 

3.5 
3.0 
4.5 
1.5 
1.0 
4.0 
4.0 
6.0 
6.0 
5.0 

Probable ion 

composition 

C5H5 
C5H6 

C6H5 

C6H7N 
CeHeO 
C6H7N02P 
C12H10O 

C6H6N03P 
C12H11NO3P 
C12H12NO3P 

C5H5 
C5H6 

C6H5 
H4N2OP 
H5N2OP 

C6H7N 
CeHeO 
C6H6N02P 
C6H7NO2P 
C6H9N2O2P 

a) Relative intensity referred to base peak of spectrum as 1000. 
tion. c) Calculated values. 

b) U.S.=Degree of unsatura-

and analyze this collected material by GC. T h i s 
method has been appl ied to the analysis of thermal 
degradation products of samples.6 _ 9 ) Figures 11 and 
12 show T G curve and mass chromatogram of the 
liberated decomposi t ion products of 1 and 2, respec­
tively, by Method-A. T h e thermally degraded prod­

ucts for bo th samples consist of a complex mix ture of 
about five components : m/z 17, 18, 94, 249, and 326. 
In the case of 1, these components were identified by 
measur ing mass spectrum of the gas liberated from the 
pr inc ipa l por t ion of weight loss on the T G curve at 
200 to 250 °C. Also, the peak at m/z 94 in the evolu-
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Table 2. Mass Spectral Data of Decomposition Products for 1 and 2 

Temp/°C m/z 
Relative 

a) 
intensity ' 

(1) Diphenyl phosphoramidate (1) 
200 

310 

360 

450 

249 
326 
233 
249 
326 
233 
326 
233 
326 

1000.0 
12.1 

146.0 
43.8 

1000.0 
179.2 

1000.0 
198.8 

1000.0 

(2) Phenyl phosphordiamidate (2) 
180 
220 

260 

320 

249 
249 
326 
233 
249 
326 
233 
326 

832.5 
907.5 
161.5 
125.3 
549.8 

1000.0 
136.5 

1000.0 

Observed molecular 

weight 

249.0610 (249.0550)c) 

326.0428 (326.0703) 
233.0543 (233.0364) 
249.0546 (249.0550) 
326.0220 (326.0703) 
233.0312 (233.0364) 
326.0499 (326.0703) 
232.9887 (233.0364) 
326.0288 (326.0703) 

249.0543 (249.0550) 
249.0468 (249.0550) 
326.0701 (326.0703) 
233.0301 (233.0364) 
249.0539 (249.0550) 
326.0697 (326.0703) 
233.0408 (233.0364) 
326.0699 (326.0703) 

U.S.b) 

9.0 
13.0 
9.5 
9.0 

13.0 
9.5 

13.0 
9.5 

13.0 

9.0 
9.0 

13.0 
9.5 
9.0 

13.0 
9.5 

13.0 

Probable ion 

composition 

C12H12NO3P 

C18H15O4P 

C12H10O3P 

C12H12NO3P 

C18H15O4P 

C12H10O3P 

C18H15O4P 

C12H10O3P 

C18H15O4P 

C12H12NO3P 

C12H12NO3P 

C18H15O4P 

C12H10O3P 

C12H12NO3P 

C18H15O4P 

C12H10O3P 

C18H15O4P 

a) Relative intensity referred to base peak of spectrum as 1000. 
tion. c) Calculated values. 

b) U.S.=Degree of unsatura-

300 
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Fig. 11. TG curve and mass chromatogram of the 
evolved gas products by Method-A for 1. 
Heating rate: 10 °C min - 1 . 
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Fig. 12. TG curve and mass chromatogram of the 
evolved gas products by Method-A for 2. 
Heating rate: 10°Cmin - 1 . 

t ion gas was detected th roughou t the thermal process. 
For sample 2, on the other hand , the peak at m/z 17 
only appeared clearly in the evolution gas of the 
init ial por t ion of the T G curve, bu t other peaks were 
not completely elucidated in the thermal process. 
T h e peak at m/z 94 was finally appeared in a similar 
manner to 1. Also, from the fragment ion peaks at 
m/z 249 and 326 for bo th samples, the groups such as 
phenyl seem to be el iminated easily and to travel 

a round oxygen or ni t rogen atoms on phosphorus 
atom. Figures 13 and 14 show the gas chromatogram 
of thermal decomposi t ion products of 1 and 2 
obtained by Method-B. T h e thermal decomposit ion 
products consist of a mixture of six components for 1, 
and five componen t s for 2. When the Method-B was 
measured, the fragment ion peaks at m/z 249 and 326 
were not observed. It is probable that the above 
fragment ions decompose on a co lumn of porous 
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Fig. 13. Gas chromatogram of the evolved gas prod­
ucts by Method-B for 1. 
a) TII=Total Ion Intensity. 
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Fig. 14. Gas chromatogram of the evolved gas prod­
ucts by Method-B for 2. 
a) TII=Total Ion Intensity. 

O O 

CeHs-O-P-O-CeHs + H 2 0 -+ C 6 H 5 -0 -P-OH + C6H5OH 

NH2 

O 

NH2 

O 

(2) 

CeHs-O-P-O-CeHs + H 2 0 -+ C 6 H 5 -0 -P-OH + C6H5NH2 

^H2 6H (3) 

T h e water in the above reactions can come from 
adsorbed water on 1 and from a small a m o u n t of water 
in the reaction gas. Some reaction products in Eqs. 
1, 2, and 3 were confirmed by direct comparison wi th 
authent ic and commercial samples as references. 

(b) Format ion of intermediate substance 

O 

CeHs-O-P-O-CeHs + C6H5OH -+ 

NH2 

O 

CeHs-O-P-O-CeHs + NH3 

6 
i6H5 

(4) 

O 

CeHs-O-P-O-CeHs + C6H5OH 

6H 
O 

CeHs-O-P-O-CeHs + H 2 0 

6 
teH5 

(5) 

Together wi th the above reaction, a normal direct 
condensat ion was carried out. T h e corresponding 
reaction for 2 was finally carried out in a similar 
manner to the above. In the case of 2, the formation 
of t r iphenyl phospha te occured at elevated tempera­
tures th rough intermediate 1. 

T h e authors wish to thank for financial suppor t by 
the T a m u r a Foundat ion for the Promot ion of Science 
and Technology. T h e authors thank Miss Misao 
Shinoda for the mass spectra and Mr. Yoshiharu 
Yoneyama for N M R measurements. 

polymer beads of poly[oxy(2,6-diphenyl-l ,4-phenyl-
ene)](TENAX GC). 

According to these results, the following reaction 
processes can be writ ten for the thermal decomposi­
tion of 1. T h e fol lowing equat ions from Eqs. 1 to 5 
describe some typical reaction schema. 

(a) Decomposi t ion 

O 
ii 

CeHs-O-P-O-CeHs + H 2 0 -
]^H2 

O 
II 

• CeHs-O-P-O-CeHs + NH3 

6 H (1) 
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New Preparative Method of Fine Powder of Yttrium(III) Oxide by Thermal 
Decomposition of N E U Y ^ O ^ • H2O Fine Crystal Obtained by Reaction 

of a Strongly Acidic Solution of Yttrium Oxalate 
and an Aqueous Ammonia Solution 

Yukinor i MINAGAWA* and Fumikazu YAJIMA 

Department of Inorganic Chemistry, Mitsubishi Kasei Corporation Research Center, 
1000, Kamoshida-cho, Midori-ku, Yokohama 227 

(Received August 1, 1989) 

A fine powder of yttrium(III) oxide has been obtained by calcination of a quasi-stable salt of 
NH4Y(C204)2 • H2O, which was prepared by the rapid addition of an aqueous ammonia solution into a strongly 
acidic yttrium oxalate solution. The particle size distribution weakly depends on the addition time of the 
aqueous ammonia solution and the agitation speed, and strongly depends on the washing times with pure water 
and on the calcination temperature of N H U Y ^ O ^ • H2O crystal. The precipitation mechanism of 
NH4Y(C204)2 • H2O is discussed in terms of kinetics in the solution. 

A fine powder of yttr ium(III) oxide Y2O3, has been 
demanded as an additive of new ceramics, such as 
S13N4 and ZrÜ2. Usual ly, Y2O3 fine powder was 
obtained by the calcinat ion of a fine crystal of yt t r ium 
oxalate Y2(C204)3- However, it was difficult to 
obtain Y2O3 fine powder with an average diameter, 
D50, less than 2/xm by the thermal decomposi t ion of 
Y2(C204)3, which was obtained by conventional mix­
ing of a y t t r ium ion solut ion and an oxalic acid 
solution, since the size strongly depends on the mix­
ing method. O n a laboratory scale it is fairly easy to 
obta in Y2(C204)3 fine crystals, bu t on an industr ial 
scale, it is difficult to mix the two solut ions rapidly 
and to obtain a homogeneous nucleat ion which 
makes it possible to precipitate the fine crystals. 
From an industr ial viewpoint , new methods have been 
demanded for ob ta in ing Y2O3 fine powder. In the 
present work, a method for Y2O3 fine powder via 
NH4Y(C204)2 • H2O is proposed. 

Experimental 

Materials: A yttrium(III) nitrate solution 1 mol dm - 3 

was prepared by dissolving 250 g of Y2O3 powder (composi­
tion was Y2O3 99.1%, Gd2Os 0.01%, Tb 4 0 7 0.01%, Dy2Os 
0.42%, H02O3 0.14%, Er2Os 0.28%, and Yb2Os 0.05%.) in coned 
nitric acid (S.G. 1.38, 60%). The solution was heated so as 
to eliminate any excess nitric acid, and diluted to 1 dm3 with 
water. An oxalic acid solution 0.9 mol dm - 3 was prepared 
by dissolving 228 g of oxalic acid (H2C2O4 • 2H20) into 2 
dm3 of water in 20 dm3 polyethylene vessel with agitation. 

Preparation of a Strongly Acidic Yttrium Oxalate Solu­
tion:1) Two cubic decimeter aliquots of coned nitric acid 
was added to 2 dm3 of 0.9 mol dm - 3 oxalic acid solution in a 
20 dm3 polyethylene vessel. A 1.05 dm3 of 1 mol dm - 3 

yttrium nitrate solution and 3 dm3 of water were added to 
the mixture with agitation. This strongly acidic yttrium 
oxalate solution did not form any precipitate. 

Preparation of Ammonium Dioxalatoyttrate(III): A 2.3 
dm3 volume of coned aqueous ammonia (S.G. 0.9, 28%) was 
diluted with 1.7 dm3 of water in a 5 dm3 polyethylene beaker. 
This solution was rapidly poured into the yttrium oxalate 
solution in the 20 dm3 polyethylene vessel. The standard 

addition time was less than 2 seconds and the agitation 
speed was 245 rpm with a paddle mixer having four blades 
(HEIDON, Suri-wan-Moter, model G5). After the precipi­
tate was formed, the slurry was allowed to stand for an hour. 
The pH value of the slurry was in the range of 8.0 to 8.2. 

Standard Preparation of Y2O3 Powder: The slurry of the 
precipitate was filtered and washed two times with 210 cm3 

of water by suction. Then, the cake was washed with 40 
cm3 of acetone and dried in a vacuum dryer at room temper­
ature. The dried cake was taken into a platinum cricible 
and calcined at 750 °C for 1.5 h. 

Measurement of Particle Size Distribution of Y2O3 
Powder: The particle size distribution of Y2O3 powder was 
measured by a Micron Photo Sizer (Seishin Kigyo, model 
SK). About 2 mg of the Y2O3 powder was well dispersed in 
10—20 cm3 of methanol using a supersonic disperser. Par­
ticles having a diameter greater than 4 jum$ were measured 
by natural sedimentation, and those under 4 jum$ were 
measured by centrifugal sedimentation at 25+1 °C. 

Results and Discussion 

Preparative Conditions to Obtain Y2O3 Fine 
Powder. T h e re la t ionship between the addit ion t ime 
of an aqueous a m m o n i a solut ion (NH3 aq.) to a 
strongly acidic yt t r ium oxalate solution, and the 
particle-size distr ibut ion of Y2O3 powder is shown in 
Tab le 1. T h e particle-size distr ibution weakly 

Table 1. Effect of Addition Time of NH3 aq. Solution 
into Strongly Acidic Yttrium Oxalate Solution 

against Particle Size Distribution 
of Y2O3 Powder 

Addition time 
of NH3 aq. Particle size distribution of Y2O3 powder/% 

s 0—1 1—2 2—3 3—4 4—5 5—8(jum) 

2a) 79 12 3 4 0.5 1.5 
5.2 73 15 5.5 5 1.0 0.4 
9.6 66 19 7 5 1.5 1.5 

a) S tandard addi t ion t ime of NH3 aq. solut ion. Condi­
t ions: Agi ta t ion speed; 200 r p m Agita t ion t ime; 5 
min . 
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Table 2. Effect of Agitation Speed in Strongly Acidic 
Yttrium Oxalate Solution under Addition of 

NH3 aq. Solution against Particle Size 
Distribution of Y2O3 Powder 

Agitation 
speed 

rpm 

120 
200 
310 

Particle size distribution of Y2O3 powder/% 

0—1 1—2 2—3 3—4 4—5 5—8 (/mi) 

76.5 14.5 3.5 4.5 0.5 0.5 
79 11.8 4.0 4.5 0.5 0.5 
85 8 2.5 3 0.5 0.5 

Conditions: Addition of NH3 aq. soin; within 2 s. 
Agitation time; 5 min. 

Table 3. Effect of Standing Time of the Neutralized Slurry 
by Addition of NH3 aq. Soin, against Particle Size 

Distribution of Y2O3 Powder 

Standing time 
of slurry 

h 

0 
la) 

16 

Particle size distribution of Y2O3 powder/% 

0—1 1—2 2—3 3—4 4—5 5—8 (/mi) 

76.5 13.0 4.5 3.5 0.5 2.0 
76.0 12.5 3.5 4.0 2.0 2.0 
74.5 12.5 4.5 5.0 1.0 2.5 

a) Standard standing time of the slurry. 
Conditions: Addition of NH3 aq. soin; within 2 s. 
Agitation speed; 245 rpm. Agitation time; 5 min. 

depends on the addition time, up to 10 seconds. In 
order to obtain Y2O3 fine powder with a D50 less than 1 
/xm</>, it is preferable to add NH3 aq. within two 
seconds. The effect of the agitation speed during the 
mixing of the two solutions is shown in Table 2. 
The agitation speed does not strongly affect the 
particle-size distribution. Agitation over 200 rpm 
was sufficient to obtain Y2O3 fine powder with a D50 
less than 1 /xm<£. The relationship between the 
standing time of the slurry and the particle-size distri­
bution is also shown in Table 3. The standing time 
had no significant effect on the particle-size distribu­
tion within 16 h. This fact is very important from an 
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Fig. 1. Effect of water washing of precipitate 
obtained under standard conditions against particle 
size distribution of Y2O3 powder. O; $—0—1 /mi 
A; 0=1—2 /*m • ; 0=2—8 jum. 

industrial viewpoint, since there is no crystal growth 
within 16 h; control of the process is therefore very 
easy. The relationship between the washing times of 
the precipitate with pure water and the particle-size 
distribution is given in Fig. 1, which shows that a 
minimum particle size is obtained by washing twice 
with water. Without washing, particles of Y2O3 
become large since particles easily grow during calci­
nation due to inorganic salts contamination in the 
precipitate. On the other hand, when the cake is 
washed more than four times, the particle size becomes 
large due to the dissolution and recrystallization of 
NH4Y(C204)2 • H2O in the water. 

The dried precipitate obtained by the proposed 
method was analyzed by X-ray diffraction. Almost 
all diffraction peaks were assigned as NH4Y-
(C204)2-H20, except for the three small unknown 
peaks shown in Table 4. 

The thermal decomposition curve of the precipitate 
is shown in Fig. 2. Barrett et al.2) also reported 
a thermal decomposition curve of pure NH4Y-
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Fig. 2. Thermal decomposition curve of dried precipitate 
obtained under standard conditions. 
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Table 4. X-Ray Diffraction Data of Dried Precipitate 
Obtained under Standard Conditions 

dA 

7.25a) 

6.10 
5.98 
5.10 
4.84 
4.62 
4.27 
3.95 
3.67a) 

3.32 
3.13 
3.01 

I/Io 

6.8 
100 
88 
11.3 
13 
2.8 

34 
4 
4.5 

18 
20 
22 

dA 

3.00 
2.89 
2.85 
2.69 
2.68 
2.65a) 

2.59 
2.55 
2.53 
2.42 
2.33 
2.30 

I/Io 

23 
4.5 
6.8 
4 
4 
2.8 
6.8 
9.1 
8.0 

17.6 
20.4 
4.5 

dA 

2.24 
2.16 
2.14 
2.08 
2.03 
2.00 
1.89 
1.83 
1.81 
1.79 
1.77 

I/Io 

10.8 
7.9 

14.2 
5.7 
5.4 

10.8 
7.9 
9.1 

11.9 
8.5 
7.4 

a) Unidentified peak by ASTM card (22-1047). Mea­
surement conditions by Rigaku-Denki, RAD-3A: 
target/filter; Cu/Ni, tube voltage; 20 kV, time con­
stant; 2 s, chart speed ; 2 cm min - 1 , scanning speed; 

min~ 

Table 5. Effect of Calcining Temperature of Precipitate 
Obtained under Standard Conditions against 

Particle Size Distribution of Y2O3 Powder 

Calcining 
temperature 

°C 

900 
750 

Particle size distribution of Y2O3 powder/% 

0—1 1—2 2—3 3—4 4—5 5—10 (j*m) 

49 19 9.5 6 6 10.5 
76 12.5 3.5 4 2 2 

Table 6. Particle Size Distribution Data of Y2O3 Powder 
Obtained by a Trial Production under the Standard 

Preparative Conditions 

Lot number Particle size distribution of Y2O3 powder/% 
0—1 1—2 2—3 3—4 4—5 5—8 (urn) 

1 
2 
3 
4 
5 
6 

79 
77 
75 
76 
76 
79 

11 
12.5 
14 
11 
13.5 
13.5 

4 
4 
3.5 
2 
5 
4.5 

4.5 
4.5 
4.5 
6.5 
3.5 
1.5 

1.5 
1.5 
1 
2 
1.5 
1 

1 
0.5 
2 
2.5 
0.5 
0.5 

Table 7. Particle Size Distribution of Y2O3 Powder 
via Y2(C204)3 Precipitate Obtained by a Reaction 

of 0.1 mol dm - 3 Yttrium Nitrate Solution 
and 0.25 mol dm - 3 Oxalate Solution 

with a Special Equipment3* 

Source of Particle size distribution of Y2O3 powder/% 
oxalate ion 0—1 1—2 2—3 3—4 4—5 5—8 (/mi) 

H2C2O4 43 25 12 13 3 4 
(NH4)2C204 65 25 5 3 1 1 

a) PaipuRainHomoMikusa (Pipeline Homomixer), 
Model SL (Tokushu-kikakogyo K.K.). Conditions: 
Flow rate of each solution was 200 cm3 min - 1 and 
filtration, washing, drying, and calcination condi­
tions of precipitate were the same as those of the 
standard. 

(C204)2 • H2O obtained at pH 2 (plotted in Fig. 2 by 
closed circles). The sample weight does not change 
over 700 °C. The particle-size distribution is sensi­
tive to the calcination temperature. If the precipitate 
is calcined at 900 °C, the particle size of Y2O3 becomes 
much larger than that done at 750 °C, as shown in 
Table 5. According to the above-mentioned results, 
the standard preparative conditions for Y2O3 fine 
powder with a D50 less than 1 /xm$ were selected to be: 

Addition time of NH3 aq.: within 2 s 
Agitation speed: 245 rpm 
Standing time of the slurry: 1 h 
Washing times of the precipitate with water: 2 times 
Calcination conditions: 750 °C for 1.5 h 
The particle-size distribution data of Y2O3 powder 

obtained under the standard preparative conditions 
are shown in Table 6. From an industrial viewpoint, 
it can be said that this standard procedure constantly 
gives a fine Y2O3 powder having a constant quality 
regarding particle size distribution. The standard 
deviation for particles having less than 1 /xm$ was 
evaluated as being 1.5. Such fine-powder quality 
could not be industrially obtained by the usual 
method for Y2(C2Û4)3 precipitation. Even by the use 
of special equipment (Pipeline Homomixer) which is 
said to be very useful for obtaining a fine precipitate 
from solution, the obtained particle-size distribution 

Table 8. Relation between Charged Molar Ratio of H2C2O4 
to Y(N03)s and Molar Fraction of Y(C204)2- Ion 

Equil. concenr. 
of C2O42-

Molar fraction of Y-oxal. complexes Charged 
molar ratio 

mol dm - 3 

6XIO-4 

8XIO-4 

IXIO-3 

5X10-3 

1X10-2 
4X10-2 

Y(C204)+ 

0.40 
0.28 
0.20 
0.06 
0 
0 

Y(C204)2-

0.60 
0.72 
0.80 
0.85 
0.80 
0.65 

Y(C204)33-

0 
0 
0 
0.07 
0.20 
0.35 

H2C204/Y(N03)3 

1.60 
1.72 
1.80 
2.0 
2.30 
2.75 

Initial conditions: Concentr. of charged Y(NOs)3 is 1X10-1 mol dm - 3 , pH of the solution is 
over 6. 
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of Y2O3 powder shown in Table 7 indicates that our 
process, via, NKUY(0204)2 • H2O precipitate is su­
perior. 

Precipitation Mechanism of NH4Y(C204>2 • H2O. 
The formation conditions,2) the crystal structure,3* and 
solubility product4* of NH4Y(C204)2 • H2O have been 
reported. The concentration of Y3+ ion in solution 
can easily be calculated from the solubility products of 
NH4Y(C204)2-H20 and Y2(C204)3 by using the fol­
lowing equations: 

NH4Y(C204)2 • H20 «± NH4
+ + Y3+ + 2C204

2- + H20, (1) 
£Sp = [NH4

+][Y3+][C2042-]2= 1.74X10-11,4) (2) 
Y2(C204)3 «± 2 Y3+ + 3 C2042-, (3) 

and 

£sp = [Y3+]2[C204
2-]3 = 1.22 X IO-29.5) (4) 

Calculated concentrations of Y3+ ion at neutral pH 
are 1.4X10"8 mol dm"3 and 1.3X10"6 mol dm"3 

for NH4Y(C204)2 • H2O and Y2(C204)3, respectively. 
Therefore, in the equilibrium state, Y2(02O4)3 should 
precipitate predominantly from a neutral solution. 
However, in our study in which the charged molar 
ratio of H2C2O4 to Y(NOs)3 is 1.7 and the slurry pH is 
about 8, NKUY(C204)2 • H2O precipitates as confirmed 
by X-ray diffraction (Table 5). As a matter of course, 
we obtained a pure NHUY(02O4)2 • H2O by X-ray dif­
fraction for a charged molar ratio of H2C2O4 to 
Y(N03)3 of 2.0; however, these conditions were evalu­
ated to be costly and so not charming for obtaining 
fine Y2O3 powder from an industrial view­
point. Barrett et al.2) obtained NH4Y(C204)2 • H 2 0 
precipitate only in weakly acidic solutions (pH 2) and 
reported that the precipitate changed into Y2(02O4)3 
upon washing with 0.1 mol dm - 3 hydrochloric acid. 
These results indicate that NKUY(C204)2 • H2O should 
be a quasi-stable species. Furthermore, in order to 
understand the formation mechanism of NH4Y-
(0204)2 -HbO, the molar fraction of yttrium oxalate 

complexes in solution were estimated by using the 
formation constants reported by Feibush et al.6) 

(shown in Appendix). From the result, it is supposed 
that Y(C204)2" is a dominant complex ion in the wide 
range of oxalate ion concentrations. Therefore, 
Y(02O4)2" ion easily reacts with the NKU+ ion existing 
as a dominant species, to make the ion pair in solu­
tion, because both ions have counter charges. Thus, 
the formation of NH4Y(02O4)2 • H2O must be attrib­
uted to a kinetic phenomenon in nature; that is, ion 
pair formation is so fast that the NKUY(C204)2 • H2O 
mainly precipitates in spite of its higher solubility 
than that of Y2(02O4)3-

Appendix 

Why Is Y(C2C>4)2" Ion a Dominant Species in Our Condi­
tions? Feibush et al.6) reported the formation constants of 
yttrium oxalate complexes in solution as follows; 

Ki = [Y3+][C204
2-][Y(C204)+]'-1 = 3 X IO-7, 

K2 = [Y3+][C204
2-]2[Y(C204)2-]-1 = 8 X10-" , 

Ks = [Y3+][C204
2-]3[Y(C204)33-]-1 = 3.4 X 10"12. 

By the use of these constants, relation between molar frac­
tion of yttrium oxalate complexes ions and free concentra­
tions of C204

2_ ion are summarized in Fig. 3. From these 
results, relation between the charged molar ratio of H2C2Û4 

to Y(N03)3 and the molar fraction of Y(C204)2" complex ion 
and that of other complexes ions, can be obtained by using 
material balance equation under the initial conditions that 
the charged concentration of Y(NOs)3 is 1.0X10-1 mol dm - 3 

and the pH is over 6, (shown in Table 8) which is also 
shown in Fig. 4. The molar ratio, about 1.7 being our 
condition, gives high molar fraction of Y(C204)2" ion. 
This fact shows that the ion is a dominant species as 
mentioned in the text. Therefore, if the formation of the 
ion is established before precipitation, it is well understood 
why NH4Y(C204)2 • H2O precipitates predominantly from 
the solution as mentioned in the text. 

The authors are indebted to Prof. Dr. Takao 

c2°lf~] (mo1 dm"3) 

Fig. 3. Relation between the molar fraction of yttrium oxalate 
complexes and the free concentrations of C204

2" ion in 
solution. 
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Synthesis and Conformational Properties of 2-Carboxy-15-crown-5 
and Its Cation Complexes 
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2-Carboxy-15-crown-5 has been prepared by potassium permanganate oxidation in modest yield. Its 
native conformation has been assessed by using infrared, NMR, and both MM2' and MNDO calculations. 
Neutral cation complexes (of the form crown-COOH.MX) of this macrocycle with NaCl, NaBr, NaI, KCl, and 
CaCl2 have been prepared and studied. It is concluded that the carbonyl oxygen atom is a donor for the ring 
bound cation, an observation supported by the calculated lowest energy conformation of the non-complexed 
macrocycle. 

At the inception of the lariat ether research pro­
gram,1) we considered several possible subunits which 
could serve as integral portions of the macroring and 
as pivot-points (points of attachment) for the 
sidearms. Ultimately for the carbon-pivot com­
pounds, it was resolved to use the glycerol subunit 
(HOCH2CHOHCH2OH, available as glycerol or, 
with some modification, as epichlorohydrin or allyl 
chloride) since one of the primary and the secondary 
hydroxyl groups were equivalent to an ethyleneoxy 
(-CH2CH2O-) unit and the remaining primary 
hydroxyl provided a versatile attachment point. The 
nitrogen-pivot lariat ethers used diethanolamine as 
the precursor thus incorporating two ethyleneoxy sub-
units into the macroring simultaneous with providing 
a secondary amine to which the sidearm could be 
bound.2) 

An alternative to the strategy of incorporating the 
precursor unit is to prepare a functionalized crown to 
which various sidearms could be attached. Such a 
system should be readily prepared and amenable to 
connection of diverse sidearms. A molecule that is 
intriguing in this context, but one that is relatively 
unknown, is 2-carboxy-15-crown-5 (3). Although it 
should be a versatile intermediate for the preparation 
of carbon-pivot lariat ethers,1* its synthetic inaccessi­
bility has proved problematic. The compound has 
not previously been reported in the literature even 
though it is one of the simplest derivatives of 15-
crown-5. We report here its synthesis and some of the 
unusual properties that make it both interesting and 
difficult to obtain. 

Results and Discussion 

Synthesis. The obvious precursor to 3 is 2-
hydroxymethyl-15-crown-5 (2). It and its close rela­
tives have been reported several times in the past.3) 

Our own preparation of this compound was accom­
plished as follows. Benzyl alcohol was treated with 

allyl chloride in the presence of base. Benzyl allyl 
ether was then oxidized using Af-methylmorpholine 
AT-oxide and catalytic osmium tetroxide.4) The 
resulting diol, Ph-CH 2 -0-CH 2 -CHOH-CH 2 OH, 
was treated with tetraethylene glycol and sodium 
hydride in tetrahydrofuran (THF). Cyclization was 
accomplished in 58% yield and 2-benzyloxymethyl-15-
crown-5 (1) was obtained as a colorless oil after short 
path (Kugelrohr) distillation. Hydrogenolysis (H2, 
Pd-C, ethanol) afforded 2 in 93% yield as an oil. 

Oxidation was attempted under a variety of condi­
tions, most of which proved unsuccessful. Among 
these were chromium trioxide (1.7—3.6 molar equiv­
alents) in sulfuric acid and acetone, chromium tri­
oxide (2.7 equiv) in aqueous sulfuric acid, neutral 
potassium permanganate (1.1 equiv) in benzene, and 
potassium permanganate (2.15 equiv) in aqueous sul­
furic acid. Ultimately, basic potassium permanga­
nate in water (see Experimental section) was found to 

O u ~ Ou^ 
n r" 

- , kA^^A^<\ 

1 °v KMn04 \ O 

^ ^ NaOH, H20 

i. allyl chloride, base; ii. N-Methylmorpholine N-oxide and Os04; iii. Tetraethylene glycol 

ditosylate and sodium hydride in tetrahydrofuran. 

Fig. 1. Synthetic approach to 2-carboxy-15-crown-5 
(3). 
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Table 1. Infrared Spectra of 2-Carboxy-15-crown-5 
Derivatives 

: '0-Rn-
Compound *>c=o /cm -i a) 

Fig. 2. Presumed "axial" conformation of 2-car-
boxy-15-crown-5 (3). "Rn" in the figure means a 
ring. 

be most effective a l though the yield of 3 was barely 
40% in the best case. Mul t i -gram samples were 
obtained by the permangana te oxidation and the prod­
uct could be purified w i thou t dist i l lat ion to a colorless 
oil which proved to be analytically pure . Metal salt 
complexes and esters of this c o m p o u n d were all pre­
pared as described in the Exper imenta l section. 

Conformations of 2-Carboxy-15-crown-5. In CDCI3 
solut ion, 3 exhibits a triplet at ô 4.21 [CH2CH-
(COOH)] and a doublet at Ô 3.86 [CH2CH(COOH)], 
/ = 4 Hz. T h e spectrum is essentially first order wi th 
A*>//=5.3. T h e coup l ing constant normal ly ob­
served for gauche pro tons is 2—4 Hz and for trans 
methylene protons , / is usually 9—13 Hz. From the 
observed coup l ing constants, it appears that the two 
macror ing carbons adjacent to the carboxyl carbon are 
in the gauche conformation. T h i s suggests that the 
carboxyl g roup occupies an "ax ia l " pos i t ion in the 
crown r ing as i l lustrated in Fig. 2. 

In contrast, the methyl ester of 3 exhibits second 
order coup l ing pat terns for the corresponding pro­
tons. T h i s implies that the ester g roup occupies an 
"equa to r ia l " posi t ion of the crown macror ing. An 
examina t ion of Corey -Pau l ing -Kol tun (CPK) space­
filling molecular models suggested to us that the 
carboxyl g roup p ro ton m i g h t be hydrogen bonded to 
macror ing oxygens. T h i s would obviously not be 
the case for the ester which cannot function as a 
hydrogen bond donor and, in any case, appears to be 
in the wrong conformat ion for such an interaction. 
Spectral observations relevant to the interaction of the 
carboxyl g roup wi th macror ing oxygen(s) in 3 were 
obtained by *H N M R and IR spectral analyses. 

2-Carboxy-15-crown-5 almost always exhibited a 
broad, single carboxyl g r o u p resonance (CDCI3) at ô 
9.5. T h e p ro ton resonance of carboxylic acids is usu­
ally observed between ô 10 and 13 in this solvent. 
T h u s , the carboxyl g r o u p pro ton in 3 is more shielded 
than expected. T h e carboxyl p ro ton resonance was 
occasionally observed in the range ô 7.26 to 9.15, a 
p h e n o m e n o n we at t r ibute to the presence of trace 
water. Indeed, when the N M R spectrum was 
obtained in D2O solut ion, a quartet was observed for 
the pro tons of 3 suggest ing a conformat ional change. 
It seems reasonable to assume that a molecule of water 
(D2O in this case) interacts with both the macror ing 
and the carboxyl g roup . T h i s interaction should be 
especially influential if an intramolecular hydrogen 

2-Carboxy-15-crown-5 
2-Methoxycarbonyl-15-crown-5 
2-Ethoxycarbonyl-15-crown-5 

1745±3b) 

1750±3C) 

1745d) 

a) Spectrum determined in Nujol. b) Several deter­
minations of carbonyl frequencies for 2-carboxy-15-
crown-5 were in the range 1742—1748 cm - 1 ; we 
judged 1745 cm - 1 to be the most representative value. 
c) Several determinations of carbonyl frequencies were 
in the range 1747—1753 cm -1; we judged 1750 cm - 1 to 
be the most representative value, d) Error estimated 
to be ±3 cm"1. 

bond exists in the compound . 
T h e carbonyl vibration in the infrared spectrum of 3 

(Nujol mul l ) occurs at nearly the same frequency as 
that of the methyl or ethyl esters of 3 (see Table 1 ). In 
the case of fatty acid compounds,5* the carbonyl stretch 
is usually observed at lower wavenumbers than for the 
corresponding ester. T h i s is due to intermolecular 
hydrogen b o n d formation (dimerization). T h e car­
bonyl g r o u p of 3 does not, therefore, appear to interact 
as strongly wi th hydroxyl groups . O n the other 
hand , the broad - O H band is similar in shape to that 
observed for fatty acids suggesting that some hydrogen 
bond format ion occurs. These data suggest, and the 
large n u m b e r of proximate oxygen atoms reinforce the 
not ion, that an int ramolecular hydrogen bond(s) 
forms between the carboxyl and the macror ing 
oxygen(s). 

T h e infrared spectra of c o m p o u n d 3 were deter­
mined in CHCI3 (serial d i lut ion) in order to determine 
whether or no t the hydrogen bond ing was in t ramo­
lecular. T h e lack of any significant deviation in the 
spectra from each other or from the spectra obtained 
in Nujol led us to conclude that the hydrogen bond ing 
was intramolecular . 

Acidity Trends for 2-Carboxy-15-crown-5 Com­
plexes. It was thought that complexat ion of an 
alkali or a lkal ine earth metal cation by 3 would affect 
the acidity by a remote subst i tuent effect. If the car­
boxyl g r o u p is, indeed, axial then either the carbonyl 
or hydroxyl oxygen would be rotated over the r ing-
bound-cat ion. Stabilization of the developing an ion 
by a metal-ion-to-carbonyl g roup interaction should 
acidify the hydroxyl. T h e more charge-dense the 
b o u n d cation, the greater should be the p#A reduction 
(increase in acidity). Determinat ion of the PKA for 3 
(in methanol ) in the presence of no cation, K+, N a + , 
and Ca 2 + afforded the fol lowing values: 3.08, 3.05, 
3.02, 2.88.6) These differences admittedly are small 
and the first three values effectively overlap wi th in 
experimental error. Nevertheless, the trend is sugges­
tive and certainly in the correct direction. Moreover, 
the largest effect on PKA is expected for the divalent 
calcium complex and such a difference is observed and 
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is well outside of experimental error. 
Computer Simulated Conformation of 3. The 

conformation of 3 was assessed using the MM2/ 

molecular mechanics program and the MNDO molec­
ular orbital calculation program. Calculations were 
performed on an IBM 3090 computer. More than 100 
model conformers were constructed and these con-
formers were energy-minimized using MM2'.7) From 
these results, twenty low energy conformers were 
chosen for further energy minimization calculations 
using MND0.8) The structure of the lowest energy 
conformer thus obtained is shown in Fig. 3 and 
selected calculation results are shown in Table 2. 
Note that there is currently no unequivocal evidence 
that the conformer shown in Fig. 3 represents the 
global minimum although it is in reasonable agree­
ment with the spectral information reported herein. 

In the conformation shown, the carboxyl group 
occupies an axial position of the macroring and the 
protons discussed above are gauche. Further, this 
lowest energy conformer has the highest net charge on 
the carboxyl group proton. A graph of net charge vs. 
total energy for the four conformers identified in 
Table 2 was linear. It thus appears that the carboxyl 
group is the donor for a trans-annular hydrogen bond, 
again as suggested by the spectral data. 

Intramolecular Hydrogen Bond Formation. The 

conformers designated A—D (see Table 2) differ 
slightly from each other but in all cases the carboxyl 
group is axial. Additional calculations were under­
taken using MNDO and also the "Quanta" program. 
The minimum energy conformation is always the one 
in which the carboxyl group is axial to the mean 
plane of the oxygen atoms and the carboxyl hydrogen 
participates in a transannular hydrogen bond. 
Quanta shows this orientation but reports "no hydro­
gen bond" because the H-bond distance parameter is 
arbitrarily set to 2.5 Â. This is not an unreasonable 
distance but hydrogen bond interactions are known to 
be felt over longer distances.9) The calculations also 
show that there is little energy difference between 
transannular hydrogen bonding of the carboxyl group 
to either 0 9 or Ol2. Indeed the hydrogen bond, long 
as it is, may be bifurcated. It is known that hydrogen 
bonds to sp3 oxygen acceptors does not show as high a 
preference for linearity as observed for sp2 oxygen or 
nitrogen.10) The ball and stick figure is shown in 
Fig. 4. 

Metal Cation Complexes of 2-Carboxy-15-crown-5. 
Since the carboxyl group appears to be perpendicular 
to the mean oxygen plane of the macroring, the inter­
action between it and a ring-bound cation is expected 
to occur with the carbonyl group. The location of 
the counter anion is less clear but may either be on the 

"1 

Top View' Side View 

Fig. 3. Two views of the calculated energy surface for the lowest energy conformer of 
2-carboxy-15-crown-5 (3) (Conformer C). 

Table 2. 

Conformers having 

heats of formation 
less than —270 kcal 

Conformer A 
Conformer B 
Conformer Cb) 

Conformer D 

Four Lowest Energy Conformers of 2-Carboxy-15-crown 

Total 
energy 

eV 

-3945.45774 
-3945.40443 
-3945.84170 
-3945.81514 

Heat of 
formation 

kcal mol - 1 

-275.97684 
-272.74747 
-284.83130 
-284.21874 

Proton 
positionsa) 

G G 
G G 
G G 
G G 

-5 

Net charge 

of the -COOH 
proton 

0.22083 
0.21668 
0.23115 
0.22923 

a) For the protons on two adjacent macroring carbons, one of which bears the carboxyl group; 
G=gauche. b) Lowest energy conformer. 
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Fig. 4. Ball-and-stick representation of 2-carboxy-
15-crown-5 (3), which shows hydrogen bond 
directionality. 

opposi te side of the r i ng or involved in a hydrogen 
bond to the hydroxyl g roup . T h e latter a r rangement 
has the advantage that the carbonyl g roup becomes 
more charged and single-bond-like. T h i s analysis is 
in accord wi th bo th the observed infrared spectra and 
the calculated, lowest energy conformation of the non-
complexed system. 

In the case of carboxylic ester-metal cation com­
plexes, J'co shifted to lower wavenumber and J'c-o 
shifted to higher wavenumber compared wi th those of 
the free ester, because of carbonyl g roup coordinat ion 
to the metal ca t ion . n ) Cat ion complexes of 3 exhibit 
s imilar shift tendencies for the ^c=o and J'c-o bands in 
these complexes. T h i s implies that the carbonyl 
g roup of 3 coordinates to the r ing-bound metal cation. 
An examina t ion of CPK models also suggested that 
sodium ion can be solvated by the macror ing donors 
as well as the carboxyl carbonyl g roup . 

T h e data shown in Tab le 3, below, suggest several 
interest ing facts. First, the order of the ^c=o and J'c-o 
band shifts in complexes having CI" counter ions is 
C a 2 + > N a + > K + and this implies that the bandshift 
increases wi th increasing charge density of the metal 
cation. T h e weakness of the K+ interaction migh t 
also be accounted for in par t by its larger size which 
prohibi ts inclusion in the 15-membered macror ing. 
Second, in the N a + complexes, the shift in the C - O 

Table 3. IR Spectra of 2-Carboxy-15-crown-5 Complexes'0 

Complexed 
salt 

None 
NaCl 
NaBr 
Nal 
KCl 
CaCl2 

^c=o 

1745 
1715 
1733 
1738 
1740 

Vibrational frequency/ 

Difference1^ 

— 
30 
12 
7 
5 

1640,1705 105,40 

J'c-o 

1200 
1233 
1220 
1210 
1205 
1945 

cm" •l 

Difference1^ 

33 
20 
10 
5 

45 

a) Infrared spectra determined as Nujol mulls. 
b) Difference between free acid and complex. 

and C = 0 stretching bands varies with the anion. 
T h e shift order is Q - > B r - > I - , suggesting that the 
an ion affects the coordinat ion strength of the carbonyl 
g roup to metal . 

T h e infrared spectra of the complexes exhibit other 
evidence of interaction between the an ion and the 
carboxyl g roup . T h e hydroxyl g roup stretching 
band posi t ion shows the same tendency as that of *>c=o 
and *>c-o- T h i s implies that the carboxyl g roup - O H 
hydrogen bonds to the an ion and thus enhances the 
coordinat ion ability of the carbonyl group. 

Summary 

2-Carboxy-15-crown-5 has been prepared by oxida­
t ion of the corresponding alcohol . Infrared, NMR, 
and computa t iona l studies all confirm that the com­
p o u n d exists pr imari ly in a conformation in which 
the 2-carboxyl g roup is " ax i a l " to the macrocyclic 
r ing. T h i s permits a carbonyl g roup interaction 
wi th the r ing-bound cation and this is detected in PKA 
measurements and complex formation. 

Experimental 

*HNMR were recorded on a Varian EM 360A NMR 
Spectrometer or on a Hitachi Perkin-Elmer R-600 High 
Resolution NMR Spectrometer in CDCI3 solvents and are 
reported in ppm (delta) downfield from internal Me4Si. 
13CNMR were recorded on a JEOL FX90Q or Varian XL-
400 NMR Spectrometer or as noted above. IR spectra 
(reported in cm -1) were recorded on a Perkin-Elmer 298 or a 
Perkin-Elmer 599 Infrared Spectrophotometer in CHCI3 
(unless otherwise specified) and were calibrated against the 
1601 cm - 1 band of polystyrene. Melting points were deter­
mined on a Thomas Hoover apparatus in open capillaries 
and are uncorrected. Thin-layer chromatographic (TLC) 
analyses were performed on aluminum oxide 60 F-254 neu­
tral (Type E) with a 0.2 mm layer thickness or on silica gel 
60 F-254 with a 0.2 mm layer thickness. Preparative chro­
matography columns were packed with activated aluminum 
oxide (MCB 80—325 mesh, chromatographic grade, AX 611) 
or with Kieselgel 60 (70—230 mesh). Chromatotron chro­
matography was performed on a Harrison Research Model 
7924 Chromatotron with 2 mm circular plates prepared 
from Kieselgel 60 PF-254. Gas chromatographic analyses 
were conducted on a Varian Associates Model 1420 analyti­
cal gas Chromatograph equipped with a thermal conductiv­
ity detector and a 5 ft. X0.25 in. column packed with 1.5% 
OV-101 on 100/120 mesh Chromosorb G. Helium was used 
as the carrier gas, and the flow rate was ca. 60 mLmin. - 1 . 

All reactions were conducted under dry N2 unless other­
wise noted. All reagents were the best grade commercially 
available and were distilled, recrystallized, or used without 
further purification, as appropriate or as specified. Molec­
ular distillation temperatures refer to the oven temperature 
of a Kugelrohr apparatus. 

2-Hydroxymethyl-15-crown-5 (2), was prepared by 
hydrogenolysis of 2-benzyloxymethyl-15-crown-5 (1), as pre­
viously described, in 54% overall yield. The alcohol was 
obtained as a colorless oil having the spectral properties 
reported.2c) 
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2-Carboxy-15-crown-5 (3). A 125-mL Erlenmeyer flask 
was charged with 2-hydroxymethyl-15-crown-5 (1.0 g, 4 
mmol), NaOH (0.12 g, 3 mmol), and water (2.4 mL). The 
mixture was stirred at ambient temperature until the NaOH 
had dissolved. KMn0 4 ( 1.36 g, 8.6 mmol) in water (20 mL), 
was added while stirring and the reaction mixture was 
stirred at room temperature for 6 h. An additional 100 mg 
of KMn04 was then added and stirring continued overnight. 
The reaction mixture was filtered, a small amount of 
Na2SÜ3 was added to destroy excess KMn04, and the mix­
ture was filtered again. The filtrate was basified (0.04 g 
NaOH), washed with CHC13 (3X30 mL), and then acidified 
(pH 2) with coned HCl. The product was extracted with 
CH2CI2, dried (Na2S04), and reduced to minimum volume 
in vacuo. The product was a colorless oil (0.4 g, 37.9%); 
« N M R : 0=3.68, 3.73, 3.86 (d), 4.21 (t) (ring protons, 19H), 
and 9.51 (bs, 1H). IR (neat): 1745 (vc=o), 1200 (?c-o). 
Calcd for C11H20O7: C, 49.99; H, 7.63%. Found: C, 50.20; H, 
7.90%. 

2-Carboxy-15-crown-5 • NaCl Complex. A 25-mL, round-
bottomed-flask with drying tube atop was charged with 3 
(0.5 g, 1.9 mmol), NaCl (0.22g, 3.8 mmol), and CH3CN (20 
mL). The reaction mixture was stirred overnight at room 
temperature, filtered, and then reduced to minimum volume 
in vacuo. A small amount of CH2CI2 was slowly and 
carefully added until a white solid was obtained. The 
complex (0.10 g, 16%) was filtered and washed with CH2CI2, 
dried in vacuo, and had the following properties: mp 126— 
127 °C. IR: 1715 (vc=o), 1233 (?c-o). Calcd for G1H20-
OvNaCl: C, 40.94; H, 6.25%. Found: C, 41.26; H, 6.58%. 

2-Carboxy-15-crown-5 • NaBr Complex. This complex 
was prepared from 3 (0.5 g, 1.9 mmol), NaBr (0.39 g, 3.8 
mmol) in CH3CN (20 mL) essentially as described above. 
The white solid product (0.20 g, 29%) had mp 162—163 °C. 
IR: 1733 (?c=o), 1220 (?c-o). Calcd for CnH2o07NaBr: C, 
35.98; H, 5.49%. Found: C, 36.23; H, 5.72%. 

2-Carboxy-15-crown-5-NaI Complex. This complex 
was prepared from 3 (0.4 g, 1.5 mmol), NaI (0.45 g, 3 mmol) 
and CH3CN (20 mL). The reaction mixture was stirred for 
3 h at room temperature, then reduced to minimum volume. 
Dichloromethane (5.0 mL) was added to the residue and 
then filtered. The filtrate was reduced to minimum 
volume, the brown, pasty residue was diluted with diethyl 
ether (50 mL) and then allowed to stand for 2 days. The 
brown paste gradually solidified. The solid obtained by 
filtration was washed with benzene (3 times) and the white 
solid product (0.30 g, 48%) was dried at ambient temperature 
under high vacuum. IR: 1738 (^c=o), 1210 (?c-o). Calcd for 
CnH2o07NaI: C, 31.90; H, 4.87%. Found: C, 31.10; H, 
4.83%. Although the other halides were well-behaved, the 
carbon analysis for this iodide complex was in error by 0.8% 
on carbon. Although this value is outside of normally 
acceptable limits, the conclusions drawn here should not be 
affected. 

2-Carboxy-15-crown-5 • CaCb complex was prepared from 
3 (0.30 g, 1.1 mmol), CaCl2 (0.24 g, 2.2 mmol) in CH3CN (1.0 
mL) as follows. The reaction mixture was stirred for 2 days 
at room temperature, then filtered and the filtrate was 
reduced to minimum volume. To the residue, benzene was 
added and filtered. The white solid complex [0.20 g, 47%, 
mp>200 °C (decomp)] was obtained after washing with ben­
zene and drying in vacuo. IR: 1705, 1640 (^c=o), 1245 cm - 1 

(J'c-o). Calcd for CnHaoOvCaCk: C, 35.21; H, 5.37%. 
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Found: C, 35.13; H, 5.44%. 
2-Carboxy-15-crown-5-KCl Complex. This compound 

was prepared from 3 (0.30 g, 1.1 mmol) and KCl (0.16 g, 2.2 
mmol) in CH3CN (10 mL). The reaction mixture was 
stirred at room temperature for 3 h. After treatment similar 
to that described above, the white solid product (0.16 g, 38%, 
mp 145—148 °C) was obtained. IR: 1740 ( ^ o ) , 1205 (^c-o). 

2-Methoxycarbonyl-15-crown-5 (4). A 50-mL round-
bottomed-flask with reflux condenser and drying tube atop 
was charged with the sodium salt of 3 (1.3 g, 4.5 mmol), 
CH3I (1.5 g, 10 mmol), and CH2CI2 (20 mL). The reaction 
mixture was stirred at reflux temperature for 4 h. CH3I (0.5 
g) was added, reflux was continued for 8 h, 3.0 g of CH3I was 
added, reflux was continued for an additional 13 h, and 
finally, 3.0 g of CH3I was added and the mixture was 
allowed to stand for 4 d at room temperature. The reaction 
mixture was dried (Na2S04), filtered, and reduced to min­
imum volume. The crude product (0.4 g) was purified by 
Kugelrohr distillation [bp 140 °C (0.15 Torr; 1 Torr«133.322 
Pa)] to afford a colorless oil. ^ N M R : 0=3.68, 3.72, 3.86 
(ring protons including CH2CHCOO and ester), 4.16 (1H, 
m). IR: 1750 (^c=o). No OH resonance was observed in 
the NMR and no -OH vibration was detected in the IR. 

2-Ethoxycarbonyl-15-crown-5 (5). A 100-mL, round-
bottomed flask was charged with 3 (2.1 g, 8 mmol), anhy­
drous ethanol (50 mL), and H2SO4 (5 drops). The reaction 
mixture was heated at reflux for 4 h and then allowed to 
stand at room temperature overnight. The mixture was 
then neutralized (solid Na2COs), dried (Na2S04) and filtered. 
The filtrate was reduced to minimum volume and distilled 
using a Kugelrohr apparatus (bp 130—135°C/0.06 Torr). 
The product was obtained (1.0 g) as a colorless oil in 41% 
yield. ^ N M R : 0=1.28 (t), 3.68 (s), 3.82 (s), 4.21 (q); IR 
?c=o 1745 cm"1. Calcd for C13H24O7: C, 53.41; H, 8.28%. 
Found: C, 53.84; H, 8.60%. 

We warmly thank the L ion Corporat ion and the 
Nat iona l Insti tutes of Hea l th for grants (GM-31846, 
GM-36262) that suppor ted this work. 
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Formose Reactions. XXVIII. Selective Formation of 2,4-Bis(hydroxymethyl)-
3-pentulose in iV,iV-DimethyIformamide-Water Mixed Solvent 
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Department of Industrial Chemistry, Faculty of Engineering, Tottori University, Tottori 680 

(Received June 7, 1989) 

Dihydroxyacetone, DL-g/ycero-tetrulose, and 2,4-bis(hydroxymethyl)-3-pentulose (2,4-BH-3-P) were favora­
bly formed in a formose reaction by choosing a suitable ratio of water to A/,iV-dimethylformamide used as 
solvent or a suitable [thiamine • HCl]/[HCHO] ratio. The formose reaction was strongly affected by the 
concentration of formaldehyde in the water layer. Under the reaction conditions studied, thiamine decom­
posed rapidly. 2,4-BH-3-P was isolated from the reaction mixture and characterized by MS, IR, and NMR 
techniques. A pathway for the formation of 2,4-BH-3-P was also proposed. 

Formose is a complex mixture of sugars, sugar 
alcohols, saccharic acids and so on produced from 
formaldehyde by base-catalyzed condensation, Cannizzaro 
reaction, and cross-Cannizzaro reaction. T h e for­
mose reaction has received much at tent ion in connec­
tion wi th the prebiotic synthesis of carbohydrates,1) 

the microbial ut i l izat ion of formose, and the indus­
trial p roduct ion of edible carbohydrates.2"4) For 
these purposes, a high-yield product ion of desired 
sugars is required and, hence, selectivity in the reac­
tion mus t be enhanced. Recently, solvent effects on a 
formose reaction catalyzed by inorganic reagents have 
been studied from the s tandpoint of catalyst solubility 
and product distribution.5"7) T o the best of our 
knowledge, the selectivity of products has been 
investigated only in aqueous a n d / o r methanol ic sol­
vents,6"15) except for reactions catalyzed by thiazolium salts 
in Af,Af-dimethylformamide (DMF),16"18) which pro­
duce dihydroxyacetone (DHA)16'18) and Dh-glycero-
tetrulose19) selectively. Fur thermore , 2,4-bis(hydro-
xymethyl)-3-pentulose (2,4-BH-3-P) and 2-hydroxy-
methyl-3-pentulose (2-H-3-P) were found to be formed 
selectively by adding a small a m o u n t of water to 
methanol7) or D M F solvent,20) respectively. 

T h e present paper describes how the product distri­
bu t ion (especially, the yield of 2,4-BH-3-P), formalde­
hyde consumpt ion , and the yield of organic acids are 
affected by the reaction condit ions, such as solvent 
composi t ion, formaldehyde concentrat ion, and reac­
tion temperature. 

Experimental 

General Procedure. In a typical experiment the reaction 
was conducted with 5.7 g of paraformaldehyde, 60 ml of 
DMF, 30 ml of water, 90 ml of triethylamine (TEA), and 3.0 
g of thiamine • HCl at 75 °C with stirring (500 rpm) in a 
weak stream of nitrogen for 180 min. DMF was purified in 
the usual way.21) At intervals, 5 ml aliquots were with­
drawn into 10 ml flasks and cooled in a cold bath (—60 °C) to 
ca. 0°C. The reaction was practically terminated at this 
temperature. 

"*" Present address: Sanyo-kokusaku Pulp Co., Ltd., Iwakuni, 
Yamaguchi 740. 

The aliquots were immediately separated into triethyl­
amine (TEA) and H2O layers, and the formaldehyde of both 
layers was determined according to a method of Bricker et 
al.,22) except for the use of optical density at 579 nm. The 
water layer contained more than 90% of the added 
formaldehyde. 

The reaction mixture was concentrated under reduced 
pressure (25—30°C/2 mmHg; 1 mmHg«133.322 Pa) to a 
brownish syrup. The product distribution (%) was deter­
mined by GLC of their trimethylsilyl derivatives, as de­
scribed previously.8'10) The total yield (mg ml -1) of products 
was measured by the internal standard (trimethylolethane, 
CH3C(CH20H)3) method. The amount of formic acid and 
organic acids in the formose mixture was determined by a 
Shimadzu Isotachophoresis. 1H and 13C NMR spectra were 
taken on a JEOL JNM GX-270 spectrometer and chemical 
shifts were given by ppm from tetramethylsilane as an 
internal or external standard. 

Separation and Identification of Products. The reaction 
mixture (180 ml) was concentrated in vacuo at 40 °C to a 
brownish syrup (12.5 g) and dissolved into 250 ml of water. 
The solution was passed through an active-carbon column 
(3X30 cm), and concentrated in vacuo at 40 °C to a pale-
yellow syrup (5.4 g). The syrup was chromatographed on a 
cellulose powder (Whatman CF-11) column (108X2.4 cm) 
with wet 1-butanol as eluent. The product corresponding 
to GLC peak number 23 was obtained as a colorless syrup 
(1.4 g; yield, 24.3 wt%), whose spectral data were in agree­
ment with those of 2,4-bis(hydroxymethyl)-3-pentulose (2,4-
BH-3-P).7) 

Results and Discussion 

Effects of Solvent Composition (H2O/DMF). It is 
k n o w n that D H A is formed selectively in n o n a q u e o u s 
solvents from formaldehyde when thiazolium salts are 
used in the presence of a base.16"19) O n the other 
hand , the reactions in H2O gave sugars and sugar 
alcohols of carbon number 5 to 7 as the ma in prod­
ucts.7'8'12) In the present paper , the distr ibution of 
products was examined by chang ing the H 2 O / D M F 
ratio, as shown in Fig. 1. D H A was selectively 
formed at over 80% yield in DMF. With an increase 
in the water content, the carbon number of the m a i n 
product increased. When the water content was over 
70—80 vol%, 2-(hydroxymethyl)glycerol (2-HG) and 
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90/0 45/45 0/90 

H20/DMF (ml/ml) 

Fig. 1. Effect of H2O content on the product 
distribution. 
HCHO=180 mmol; [thiamine • HC1]=0.028 M; 
TEA=90 ml; temp, 75 °C; total volume=180 ml; 
reaction time=180 min. O, total yield; A, DHA; 
DL-g/ycero-tetrulose; 3 , 2-HG; D, 2,4-BH-3-P; 0, 
2,4-BHP. 

L_ I I 
0 90 180 

TEA / ml 

Fig. 2. Effect of the amount of triethylamine. 
HCHO=180 mmol; [thiamine • HC1]=0.028 M; 
temp, 75 °C; H20/DMF=l/2 ml/ml, total volume^ 
180 ml; reaction time=180 min. À, HCHO con­
sumption; D, 2,4-BH-3-P; O, total yield. 

2,4-bis(hydroxymethyl)pentitol (2,4-BHP) were the 
main products. 

From the above discussions, it could be concluded 
that the addition reaction of formaldehyde to DHA, 
Cannizzaro reaction, and cross-Cannizzaro reaction 
proceeded more smoothly with an increase in the 
amount of water. Thiamine did not catalyze the 
aldol condensation of DHA with formaldehyde effec­
tively and decomposed rapidly in solvents containing 
water. 2,4-Bis(hydroxymethyl)-3-pentulose (2,4-BH-
3-P) (43%) and DL-g/ycero-tetrulose (25%) were favora­
bly formed at an H2O/DMF ratio of 30/60 (ml/ml) 

Fig. 3. Effect of formaldehyde concentration in H2O 
layer on the formaldehyde consumption. 
HCHO=180 mmol; thiamine • HC1=5 mmol; temp, 
75 °C; reaction time=180 min. A, Total volume 
was varied and the ratio of H2O/DMF/TEA ml/ 
ml/ml was kept to 1/2/3. A, TEA volume was 
varied under H20/DMF=l/2 ml/ml and total 
volume was kept to 180 ml. 

and 10/80 (ml/ml), respectively. It was possible to 
control the product distribution in the formose reac­
tion by changing the ratio of H2O/DMF. 

Effect of Triethylamine Concentration. Reactions 
were carried out under various TEA concentrations 
keeping the H2O/DMF ratio at 1/2 (v/v) and the total 
volume of the reaction mixture at 180 ml. The 
results are shown in Fig. 2. Below 50 ml of TEA, the 
reaction mixture was homogeneous and only about 
40% of the formaldehyde was consumed. In a range 
of TEA concentration from 50 to 150 ml, the distribu­
tion of 2,4-BH-3-P was constant (ca. 30—40%), but the 
formaldehyde consumption and the yield of 2,4-BH-3-
P increased with an increase in the amount of TEA. 
The yield of 2,4-BH-3-P was maximum at ca. 150 ml 
of TEA. At 180 ml of TEA (DMF and H 2 0 were not 
added), the formaldehyde consumption and the distri­
bution of 2,4-BH-3-P were 60 and 20%, respectively. 

As described previously, most of the added formal­
dehyde was present in the H2O layer, so that the 
concentration of the formaldehyde in the H2O layer 
increased with increasing the amount of TEA and 
decreasing the amount of H2O. Increasing the con­
centration of formaldehyde and thiamine in the H2O 
layer would increase formaldehyde consumption. 
This assumption would be supported by the follow­
ing experiments. 

As shown in Fig. 3, the concentration of formalde­
hyde was changed using two different methods; these 
reactions were carried out in the presence of formalde­
hyde (180 mmol) and thiamine • HCl (5 mmol) at 75 °C. 
In both cases, the formaldehyde consumption in­
creased with an increase in the formaldehyde concen­
tration in the H2O layer. 



February, 1990] 

TEA 

ml 

2.8 

10 

50 

90 

Time 

min 

30 
60 

120 
180 
30 
60 

120 
180 
30 
60 

120 
180 
30 
60 

120 
180 

Table 

Selective Formation of 2,4-Bis(hydroxymethyl)-3-pentulose 

1. Effect of the Amount of Triethylamine on the Formose Reaction3 

HCHO cons. 

% 

53 
67 
71 
73 
67 
74 
84 
92 
67 
74 
83 
88 
66 
73 
83 
88 

Product yieldb)/mg 

glycero-Tetrulose l l 1 

160 
150 
140 
120 
54 
45 
53 
47 
45 
51 
41 
38 
39 
42 
— 
— 

200 
280 
300 
300 

66 
36 
— 
— 
— 
— 
— 
— 
14 
10 

— 
— 

2-H-3-P 

68 
140 
250 
290 
650 
750 
490 
320 
500 
370 
190 
140 
350 
270 
390 
150 

2,4-BH-3-P 

— 
— 
— 
— 
310 
610 
730 
900 
430 
610 
830 
870 
360 
570 

1500 
940 

) 

Total yieldb) 

mg 

1100 
1300 
1500 
1700 
2500 
3000 
2800 
3100 
2200 
2300 
2600 
2600 
1900 
2100 
3300 
2800 

391 

a) HCHO=180 mmol, thiamine • HC1=9 mmol, DMF=60 ml, H2O=30 ml, temp=75°C. 
b) The yield (mg) was measured by the internal standard (trimethylolethane) method. 

3 HCHO 
thiamine-HCl 

TEA 

CH20H 

C=0 

CH20H 

HCHO 

CH20H 

H0-C-CH 20H 

C=0 
I 

H0-C-CH 20H 

CH20H 

2,4-bis(hydroxymethyl)-
3-pentulose 
(2,4-BH-3-P) 

HCHO 

dihydroxyacetone 
(DHA) 

CH20H 

H0-C-CH20H 

C=0 
I 
CH0H 

HCHO 

CH20H 

C=0 
I 
CH0H 
CH20H 

dh- glycero -tetrulose 

HCHO 

CH20H 

CH0H 

L 
i 
CH0H 

CH20H 

DL-2-hydroxymethyl-
3-pentulose 
(2-H-3-P) 

CH20H 

3-pentulose 

Scheme 1. Possible pathway for the formation of 2,4-BH-3-P. 

Table 1 also shows that the rate of formaldehyde 
consumption above 10 ml of TEA was constant, 
owing to the constant concentration of formaldehyde 
in the H 2 0 layer. At 2.8 ml of TEA, the main prod­
ucts were DL-g/ycero-tetrulose, GP-111 corresponding 
to GLC peak number 111, and 2-H-3-P. Above 10 ml 
of TEA, 2-H-3-P and 2,4-BH-3-P were the major prod­
ucts and the amount of 2,4-BH-3-P became greater 
than that of 2-H-3-P above 70% of formaldehyde con­
sumption. We are presently undertaking to isolate 
and identify GP-11 \ We suppose that GP-11x would 
be 3-pentulose formed from DL-g/ycero-tetrulose and 
formaldehyde. 

In Scheme 1, the possible pathway for the formation 
of 2,4-bis(hydroxymethyl)-3-pentulose (2,4-BH-3-P) in 
the formose reaction catalyzed by thiamine and TEA is 

proposed. During the first stage one mol of dihy­
droxyacetone (DHA) is formed from three mol of 
formaldehyde with thiamine and TEA;16"18) then the 
successive aldol condensations of formaldehyde and 
ketoses catalyzed by TEA give 2,4-BH-3-P as a final 
product. 

Effects of Formaldehyde Concentration. Figure 4 
shows the effect of the formaldehyde concentration on 
the formose reaction. Upon increasing the formalde­
hyde concentration, the formaldehyde conversion 
decreased; however, the amount of consumed formal­
dehyde increased. Formaldehyde was smoothly con­
sumed for the first 30 min, after which formaldehyde 
was scarcely consumed. These results might be sug­
gestive of a loss of the catalytic ability of thiamine, 
since the C-2 position of the thiazolium ring is substi-
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Fig. 4. Effect of formaldehyde concentration on form­
aldehyde consumption and the distribution of 2,4-
bis(hydroxymethyl)-3-pentulose. 
[Thiamine -HC1]=0.028 M; temp, 75 °C; TEA=90 
ml; DMF=60 ml; H2O=30 ml; reaction time=180 
min. À, HCHO consumption; O, total yield; D, 
2,4-BH-3-P. 
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Fig. 5. Effect of thiamine • HCl concentration. 
HCHO=540 mmol; temp, 75 °C; TEA=90 ml; 
DMF=60 ml; H2O=30 ml; reaction time=180 min. 
A, HCHO consumption; D, 2,4-BH-3-P; O, total 
yield; A, T9o. 

tuted with a polyhydric alcohol group and thiazolium 
salt changes to thiazole.23) 

Above 1.0 mol dm - 3 of the formaldehyde concentra­
tion, the distribution of 2,4-BH-3-P was constant, ca. 
40%. The amount of 2,4-BH-3-P increased with an 
increase in the formaldehyde concentration. The 
yield of 2,4-BH-3-P, which was a major product in 
methanol,7) gradually increased throughout the reac­
tion. Thiamine catalyzes the formation of DHA 
from formaldehyde16"18) and a base-catalyzed addition 
of formaldehyde to DHA would form 2,4-BH-3-P. 
Hence, the [thiamine]/[HCHO] ratio would be an 
important factor in determining the product distribu­
tion. 

Formic acid was scarcely formed and the yield was 
below 6 mol%. 2,4-Bis(hydroxymethyl)pentitol (2,4-
BHP), which was a major product in water,8) was a 
minor product in DMF. It might be estimated that 
the Cannizzaro reaction and the cross-Cannizzaro reac­
tion of 2,4-BH-3-P with formaldehyde hardly pro­
ceeded under these reaction conditions. 

Effect of Thiamine • HCl Concentration. The for-
mose was scarcely formed in DMF by inorganic bases 
such as Ca(OH)2, Ba(OH)2, etc.18) The formose reac­
tion in DMF was effectively catalyzed by thiazolium 
salts.16-19'23) Figure 5 shows the effects of the thi­
amine • HCl concentration. With an increase in the 
thiamine concentration, formaldehyde was consumed 
more smoothly and T90 shortened, which was the 
reaction time when formaldehyde consumption 
reached 90%. 

As the concentration of thiamine • HCl increased, the 
total sugar yield increased and reached to a maximum 
at 0.08 mol dm - 3 of thiamine, then decreased. When 
the amount of thiamine • HCl was below 0.08 mol dm - 3 

at 540 mmol (3 mol dm -3) of formaldehyde, the distri­
bution (%) of 2,4-BH-3-P was constant (ca. 40%) and 
the yield (mgml"1) increased with an increase in the 
thiamine concentration. When the amount of thi­
amine • HCl was above 0.08 mol dm - 3 , the distribution 
and the yield of 2,4-BH-3-P decreased with an increase 
in the thiamine concentration. 2-Hydroxymethyl-3-
pentulose (2-H-3-P),20) furthermore, increased with 
increasing the thiamine concentration. 

The effects of the thiamine concentration on form­
aldehyde consumption, the yield of 2,4-BH-3-P, and 
the total sugar yield at 180 mmol (1 mol dm -3) of 
formaldehyde were similar to those at 540 mmol of 
formaldehyde. 

These results indicate that the [thiamine]/[HCHO] 
ratio would be an important factor affecting the for­
mation of 2,4-BH-3-P. With increasing the thiamine 
concentration, the formation rates of 2-H-3-P and 
dihydroxy ace tone (DHA) from formaldehyde would 
increase and most formaldehyde would be consumed 
owing to their presence. Consequently, 2,4-BH-3-P 
cannot form from 2-H-3-P, owing to a deficiency of 
formaldehyde. A similar phenomenon, that 2-H-3-P 
and DHA was formed as major products, was observed 
in the case of a low formaldehyde concentration. 

Regardless of the concentration of thiamine, form­
aldehyde was also smoothly consumed for the first 
30 min and scarcely, or very slowly, after 60 min 
because of the rapid decomposition of thiamine • HCl 
(as described previously). A further addition of thi­
amine after 60 min promoted the formose reaction 
again, as follows. 

About 30% of formaldehyde was consumed by start­
ing with 0.02 mol dm"3 of thiamine-HCl and 1.0 
mol dm"3 of formaldehyde at 75 °C for 60 min; a 
further addition of 0.02 mol dm"3 of thiamine • HCl at 
60 min caused a 60% consumption of formaldehyde for 



February, 1990] Selective Formation of 2,4-Bis(hydroxymethyl)-3-pentulose 393 

Time / min 

Fig. 6. Time courses of products. 
HCHO=540 mmol; [thiamine • HC1]=0.08 M; 
temp, 75 °C; TEA=90 ml; DMF=60 ml; H2O=30 
ml. € , GP-111; A, 2-H-3-P; D, 2,4-BH-3-P; O, 
total yield. 

Table 2. Effect of Temperature on the Formose Reactiona) 

Temp HCHO cons. 

°C % 

40 25 
50 29 
60 37 
70 45 
80 61 

Product distribution/% 

2-H-3-P 

42 
25 

7 
3 
3 

2,4-BH-3-P 

15 
32 
37 
31 
35 

Total yieldb) 

mgrnl - 1 

2.7 
4.4 
4.6 
7.6 

11.0 

a) HCHO=180 mmol, thiamine • H Cl=5 mmol, 
TEA= 90 ml, DMF=60 ml, H2O=30 ml, time=180 min. 
b) The yield (mgml - 1) was measured by the internal 
standard (trimethylolethane) method. 

120 min; by further adding the same amount of thi­
amine- HCl at 120 min, 90% of the formaldehyde was 
consumed. About 60 and 90% of the formaldehyde 
were, furthermore, consumed for 60 min by starting 
with 0.04 mol dm - 3 and 0.06 mol dm - 3 of thiamine-
HCl, respectively. It is estimated that under these 
reaction conditions thiamine • HCl would decompose 
rapidly and lose its catalytic ability.23* 

Time-Course of Product. Figure 6 shows time-
courses of the yields of GP-111, 2-H-3-P, and 2,4-BH-3-
P. The percentage of 2,4-BH-3-P increased smoothly 
with the progress of the reaction. During the initial 
stage, DL-gZycero-tetrulose and GP-111, which would 
be 3-pentulose, decreased rapidly; then, 2-H-3-P 
decreased along with an increase in 2,4-BH-3-P. 

The formose reaction catalyzed by thiazolium salt in 
a H2O-DMF mixed solvent gives 2, 4-BH-3-P favora­
bly in the presence of much formaldehyde, DL-
glycero-Tetrulose, 3-pentulose (GP-111), 2-H-3-P, and 
2,4-BH-3-P would be formed in this order by succes­
sive additions of formaldehyde to DHA, as shown in 
Scheme 1. 

Effect of Temperature. The effects of temperature 
(40—80 °C) on the formose reaction are summarized in 
Table 2. At temperatures above 50 °C, 2,4-BH-3-P 
was a main product, but 2-H-3-P increased with 
decreasing the reaction temperature. As the reaction 
temperature increased, formaldehyde was consumed 
more rapidly. 

This work was partially supported by a Grant-in-
Aid for Scientific Research No. 61303011 from the 
Ministry of Education, Science and Culture. 
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The Addition of 1,3-Diphenylisobenzofuran to Cyclooctatetraene and to 
Dimethyl Cyclooctatetraene-1,2-dicarboxylate. The Benzene Ring 

as a Dienophile in an Intramolecular Diels-Alder Reaction 

Katsuhiro SAITO,* Yoichi OMURA, Etsuro MAEKAWA, and Pau l G. GASSMAN1" 
Department of Applied Chemistry, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466 

^Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, U.S.A. 
(Received July 4, 1989) 

The reaction of cyclooctatetraene with 1,3-diphenylisobenzofuran afforded two kinds of 1:1 [27r+47r]-
cycloadducts, a cage-type 1:1 cycloadduct and two classes of 1:2 cycloadducts. The cage-type compound was 
formed from one of the [27r+47r]-cycloadducts via an unprecedented second [27r+47r]-cycloaddition reaction in 
which the double bond of the benzene moiety acted as a dienophile. A similar reaction with dimethyl 
cyclooctatetraene-1,2-dicarboxylate gave a 1:1 [27r+47r]-cycloadduct and a 1:2 cycloadduct. No cage-type 
compound was formed. 

Cyclooctatetraene (1) is known to react either as a 
d ienophi le ^ - c o m p o n e n t ) 1 ) or as a diene (4:7t-
component ) in thermal [27T+47r]-cycloaddition reac­
tions.2) Many papers have been publ ished which dis­
cuss cycloaddition reactions in which 1 acts as a diene; 
the mechanisms of these reactions have been discussed 
in detail. However, examples of cycloadditions in 
which 1 acts as a dienophi le are relatively few in 
number . 

T h e r m a l cycloaddition reactions of benzene have 
been researched extensively, and it is k n o w n that 
benzene acts only as a diene in the Diels-Alder reac­
tion.3) We are unaware of any thermal [27T+47T]-
cycloadditions in which the benzene moiety reacts as a 
dienophi le . 

As a par t of our research on the cycloaddition reac­

tions of cyclic olefins,4) we have studied the addit ion 
reactions of two cyclooctatetraenes wi th 1,3-diphenyl­
isobenzofuran (2) and have found novel reactions in 
which 1 and the benzene moiety bo th behave as dieno-
philes. We now wish to report on the details of this 
investigation.4) 

Results and Discussion 

A solution of 1 and an equ imola r a m o u n t of 2 in 
benzene was heated at 200 °C for 72 h in a sealed 
ampule . A chromatographic separation of the com­
ponents of the reaction mix ture on silica gel afforded 
two adducts 3 and 4 in 28 and 11% yield respectively. 
In the same reaction, bu t under milder condit ions 
(100 °C for 26 h), 3 and three different cycloaddition 

O*0v 

Q C0oMe 

C0oMe 
+ 2 

Fig. 1. 



396 Katsuhiro SAITO, Yoichi OMURA, Etsuro MAEKAWA, and Paul G. GASSMAN [Vol. 63, No. 2 

Fig. 2. 

C02Me M e 0 2 C 

MeO-C 

products 5, 6, and 7 were obtained in 3, 4, 6, and 30% 
yield, respectively. Dimethyl cyclooctatetraene-1,2-
dicarboxylate (8) gave two cycloadducts 9 and 10 in 9 
and 12% yields, respectively, in a related sequence of 
reactions. 

The elemental analyses and the molecular ion peaks 
in the mass spectra showed that 3, 5, and 6 were 1:1 
adducts of 1 and 2, while 4 and 7 were proven to be 1:2 
adducts of 1 and 2, respectively. 

The structure of 3 was determined mainly on the 
basis of its NMR spectral properties through the use of 
double and triple resonance techniques, as well as 
from the following facts. The reaction of 3 with 2 
and dimethyl acetylenedicarboxylate gave 1:1 adducts 
4 and 11, respectively,5) indicating that 3 has an iso­
lated olefinic bond and a conjugated diene system. 
The structure of 3 was finally confirmed by single-
crystal X-ray analysis.6'7) 

The structure of 7 was determined mainly on the 

basis of its NMR spectral properties, employing dou­
ble and triple resonance techniques. The structure of 
7 was further supported by a comparison of the 
*H NMR spectral data of 7 with those of the analogous 
compound 12, whose structure had been determined 
earlier by single-crystal X-ray analysis.8) 

The structures of 5 and 6 were determined on the 
basis of their NMR spectral properties and by their 
chemical behaviors. Upon heating at 130 °C, 5 gave 
3 and 2 in 22 and 19% yields, respectively, accompa­
nied by the recovery of 5 in 31% yield. The formation 
of 2 is the result of a retro-Diels-Alder reaction of 5, 
and the formation of 3 is the result of an intramolecu­
lar [27T+47T]-cycloaddition reaction. 

The reaction of 6 with three molar equivalents of 2 
in xylene at 110°C for 3 h afforded 7 in quantitative 
yield. The reversible nature of this cycloaddition 
reaction was demonstrated when 7 was maintained at 
140 °C for 24 h in xylene. At the end of this period, 
the reaction mixture contained 6 and unreacted 7 in 
yields of 57 and 40%. Under these reaction condi­
tions, no interconversion between 5 and 6 was 
observed. 

The structure of 10 was deduced on the basis of the 
NMR spectral properties observed using double and 

12 

Fig. 3. Fig. 4. 

\ / 
X 

/ \ 

Fig. 5. 
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triple resonance techniques and by a close compar ison 
of the ! H N M R data of 10 wi th those of 7. T h e 
structure of 9 was also deduced main ly on the basis of 
its 1H N M R spectral propert ies and by the observation 
that hea t ing of a chloroform solut ion of 10 at 60 °C for 
6 h afforded 9 in 21% yield accompanied by the recov­
ery of 10 (57%). 

It is of interest to explore the series of reactions 
described above from a mechanist ic p o i n t of view. As 
indicated, a [27r+4^]-cycloaddition of 1 to 2 formed 
pr imary products 5 and 6. 1,3-Diphenylisobenzo-
furan (2) is k n o w n to be a powerful in componen t in 
Diels-Alder reactions. As a result, it is not surpr is ing 
that 2 acted as the diene and that the role of 1 was 
changed from its usual role of diene to that of the 
d ienophi le (2n component ) . Similar conclusions can 
be drawn for the cycloaddition reaction of 8 to 2 to 
form 9. Again, 2 played the role of the in componen t 
whi le 8 took on the u n u s u a l role of the 2n componen t 
in the Diels-Alder reaction.9) 

T h e cyclohexadiene moiety of bo th 6 and 9 under­
went a second reaction wi th 2 to form 2 : 1 adducts 7 
and 10, respectively. Interestingly, 2 again served as 
the in componen t whi le the 1,3-cyclohexadiene sys­
tem provided the 2n component . 

T h e formation of 3 from 5 is considered to have 
proceeded via an int ramolecular [27r+47r]-cycloaddi-
t ion where the benzene moiety acted as a 2n compo­
nent. Benzene is k n o w n to react as a in componen t 
in thermal [2^+47r]-cycloaddition reactions with acet­
ylene and ethylene derivatives to give barrelene and 
dihydrobarrelene derivatives, respectively.3) It is also 
wel l -known that benzene reacts as a 2n componen t in 
photo induced [27r+27r]-cycloaddition reactions with 
acetylenes to give cyclooctatetraenes10a) and reacts as a 
in componen t in photo induced [47T+47T]-cycloaddi­
t ion reactions wi th conjugated dienes to give 
bicyclo[4.2.2]decatrienes.10b) 

However, we are unaware of any reactions in which 
the benzene r ing acts as a 2n componen t in thermal 
[27r+47r]-cycloaddition reactions. We believe that the 
isomerization of 5 to 3 constitutes the first example of 
a thermal [27T+47r]-cycloaddition reaction where ben­
zene reacts as a 2n component . T h e forced proximity 
of the 2p-orbitals of the benzene moiety to the 2p-
orbitals of the ends of the butadiene moiety in 5 is 
considered to account for the reaction.11) 

Ph 

3 
5 ~ 

Fig. 6. 

Exper imenta l 

All melting points are uncorrected. 1 HNMR spectra 
were measured with a Varian HA 100 or a Hitachi R-20B 
spectrometer with tetramethylsilane as an internal standard. 
UV and IR spectra were measured with Hitachi 220A and 
DS-701G spectrometers, respectively. Mass spectra were 
measured with a Hitachi M-52 spectrometer. Wakogel C-
200 and Wakogel B5F were used for column and thin-layer 
chromatography, respectively. 

Reaction of Cyclooctatetraene (1) with 1,3-Diphenyliso-
benzofuran (2) at 200 °C. A mixture of 1 (0.83 g, 80 mmol) 
and 2 (2.18 g, 81 mmol) in benzene (25 ml) was heated at 
200 °C for 72 h in a sealed ampule. After evaporation of the 
solvent the tarry residue was chromatographed on a silica-
gel column to give crystalline 3 (844 mg, 28%) by elution 
with petroleum ether-benzene (1:1) and crystalline 4 (582 
mg, 11%) by elution with petroleum ether-benzene (2:3). 
Recrystallization of 3 and 4 from ethyl acetate gave pure 
samples with the properties described. 

3: mp 217—218 °C. Found: C, 89.85; H, 5.84%. Calcd 
for C28H22O: C, 89.84; H, 5.88%. MS m/z (rel intensity): 374 
(M+, 13), 269 (6), 220 (100), 191 (7), 156 (65). UV (EtOH): 
275 nm (loge, 3.51). IR (KBr): 3050, 2910, 1600 cm"1. 
*H NMR (CDCI3): 6=2.57 (2H, m, Ha), 3.01 (2H, m, Hb), 3.20 
(2H, m, Hc), 4.59 (2H, m, Hd), 5.50 (2H, m, He), 6.27 (2H, m, 
Hf), 7.2—7.5 (10H, m, Ph). 

4: mp>300°C. Found: C, 89.18; H, 5.48%. Calcd for 
C48H36O2: C, 89.41; H, 5.63%. MS m/z (rel intensity): 346 
(2), 283 (3), 270 (12), 220 (100), 185 (4). UV (EtOH): 265 nm 
(loge, 3.70), 272 (3.71), 284 (3.65). IR (KBr): 3030, 2920, 
1600 cm*1. *HNMR (CDCI3): ô=2.03 (2H, m, Ha), 2.38 
(2H, m, Hb), 2.42 (2H, m, Hc), 2.76 (2H, m, Hd), 4.46 (2H, m, 
He), 5.67 (2H, m, Hf), 6.9—7.7 (24H, m, Ph). 

Reaction of Cyclooctatetraene (1) with 1,3-Diphenyliso-
benzofuran (2) at 100 °C. A solution of 1 (1.00 g, 96 mmol) 
and 2 (2.60 g, 96 mmol) in benzene (30 ml) was heated at 
100 °C for 26 h in a sealed ampule. After evaporation of the 
solvent the tarry material was chromatographed on a silica-
gel column to give crystalline 5 (144 mg, 3.9%) by elution 
with petroleum ether-benzene (7:3), crystalline 6 (206 mg, 
5.6%), crystalline 3 (114 mg, 3.1%), and crystalline 7 (1900 
mg, 30%) eluted in this order with petroleum ether-benzene 
(6:4). These crystalline compounds were purified by 
recrystallization from ethyl acetate and had the following 
properties. 

5: mpl73—174°C. Found: C, 89.79; H, 5.93%. Calcd 
for C28H22O: C, 89.84; H, 5.88%. MS m/z (rel intensity): 374 
(M+, 3.2), 296 (8.1), 283 (17.5), 270 (100), 241 (11), 164 (16). 
UV (EtOH): 266 nm (loge, 3.70), 273 (3.72). IR (KBr): 3030, 
2910, 1605 cm"1. *HNMR (CDCI3): ô=2.67 (2H, m, Ha), 
3.03 (2H, m, Hb), 5.48 (4H, m, Hc, Hd), 6.9—7.7 (14H, Ph). 

6: mp 176—177 °C. Found: C, 89.72; H, 6.16%. Calcd 
for C28H22O: C, 89.84; H, 5.88%. MS m/z (rel intensity): 374 
(M+, 0.5), 356 (3), 296 (23), 283 (37), 270 (100), 241 (20), 165 
(23). UV (EtOH): 266 (loge, 3.66), 273 (3.43). IR (KBr): 
3030, 2910, 1605 cm"1. *HNMR (CDCI3): ô=2.08 (2H, m, 
Ha), 3.31 (2H, m, H„), 5.71 (4H, m, Hc, Hd), 6.9—7.6 (14H, m, 
Ph). 

7: mp203—204 °C. Found: C, 89.42; H, 5.55%. Calcd 
for C48H36O2: C, 89.41; H, 5.63%. MS m/z (rel intensity): 
296 (2.4), 283 (28), 270 (100), 241 (40), 155 (96). UV (EtOH): 
265 nm (loge, 3.73), 272 (3.50). IR (KBr): 3030, 2910, 1605 
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cm-1. *H NMR (CDC13): 0=0.77 (m, Ha), 1.37 (m, Hb), 2.66 
(m, He), 3.04 (m, Hd), 3.20 (m, He), 3.53 (m, Hf), 5.48 (m, Hg), 
5.80 (m, Hh), 6.48 (m, Hi), 6.8—7.7 (27H, m, Ph). Coupling 
constants (Hz): /ab=9, /a c=4, / a g=3, /ah=2, /ce=10, /b e=6, 
/ d f = 1 0 , / f h = 4 , / g h = l l . 

Reaction of Dimethyl Cyclooctatetraene-l,2-dicarboxylate 
(8) with 1,3-Diphenylisobenzofuran (2). A mixture of 8 
(2.00 g, 91 mmol) and 2 (2.45 g, 91 mmol) in xylene (25 ml) 
was heated at 185 °C for 20 h. After evaporation of the 
solvent, the tarry residue was chromatographed on a silica-
gel column to give crystalline 9 (386 mg, 8.7%) by elution 
with petroleum ether-benzene (2:3) and crystalline 10 (822 
mg, 12%) by elution with benzene. Recrystallization from 
ethanol and benzene gave pure 9 and 10, respectively, with 
the following properties. 

9: mpl37—138 °C. Found: C, 78.30; H, 5.51%. Calcd 
for C32H26O5: C, 78.35; H, 5.34%. MS m/z (rel intensity): 
490 (M+, 0.7), 283 (10.3), 270 (100), 220 (32), 160 (60). UV 
(EtOH): 250 nm (loge, sh, 3.30). IR (KBr): 3030, 2970, 1730 
cm"1. *H NMR (CDCI3): ô=2.86 (m, Ha), 2.95 (m, Hb), 3.12 
(m, He), 3.34 (m, Hd), 3.48 (3H, s), 3.70 (3H, s), 5.71 (dd, He), 
6.10 (d, Hf), 7.0—7.8 (14H, m, Ph). Coupling constants 
(HZ): / a b = 2 , / a c = 3 , / a e = 4 , / b d = 3 , / e d = 7 , / e f = 1 0 . 

10: mp 125—126 °C. Found: C, 81.89; H, 5.31%. 
Calcd for C52H40O6: C, 82.08; H, 5.30%. MS m/z (rel inten­
sity): 296 (1), 270 (100), 241 (20), 193 (7), 135 (19). UV 
(EtOH): 243 nm (loge, 3.70). IR (KBr): 3030, 2980, 1730 
cm-1. *H NMR (CDCI3): 0=1.46 (m, Ha), 2.29 (m, Hb), 2.64 
(m, Hc), 2.98 (m, Hd), 3.12 (3H, s), 3.22 (d, He), 3.48 (3H, s), 
4.18 (d, Hf), 6.8—8.0 (28H, m, Ph). Coupling constants 
(HZ): / a b=8, /a c=4, / b d=8, /ed=6, /ef=10. 

Reaction of the 1:1 Adduct 3 with Dimethyl Acetylenedi-
carboxylate. A solution of 3 (200 mg, 0.54 mmol) and 
dimethyl acetylenedicarboxylate (310 mg, 2.18 mmol) in 
benzene (2.5 ml) was heated at 120 °C for 68 h. After 
evaporation of the solvent the residue was chromatographed 
on a silica-gel thin-layer plate using benzene as the develop­
ing solvent to give crystalline 11 (194 mg, 70%, Ri=0.25). 

11: mp 268—270 °C. Found: C, 79.00; H, 5.38%. 
Calcd for C34H28O5: C, 79.05; H, 5.46%. MS m/z (rel inten­
sity): 516 (M+, 20), 322 (35), 270 (29), 220 (100), 163 (40); UV 
(EtOH): 244 nm (loge, 4.57). IR (KBr): 3030, 2980, 1710 
cm"1. 1H NMR (CDCI3): ô=2.43 (2H, m, Ha), 2.90 (2H, m, 
Hb), 3.14 (2H, m, Hc), 3.26 (2H, m, Hd), 6.12 (2H, m, He), 
6.23 (2H, m, Hf), 7.2—7.3 (ÎOH, m, Ph). 

Reaction of the 1:1 Adduct 3 with 1,3-Diphenyliso­
benzofuran (2). A solution of 3 (57 mg, 0.15 mmol) and 2 
(41 mg, 0.15 mmol) in benzene (5 ml) was heated at 170°C 
for 24 h. After evaporation of the solvent the residue was 
subjected to thin-layer chromatography on silica gel using 
cyclohexane-benzene (3:2) as a developing solvent to give 
crystals of recovered 3 (43 mg, 75%, Ri=0.6) and crystalline 4 
(9 mg, 9.2%, flf=0.5). 

Thermal Isomerization of the 1:1 Adduct 5 to 3. A 
solution of 5 (45 mg, 0.12 mmol) in benzene (0.5 ml) was 
heated at 130 °C for 27 h and the reaction mixture was 
chromatographed on a silica-gel thin-layer plate using pet­
roleum ether-benzene (1:1) as the developing solvent to give 
crystalline 2 (6 mg, 19%, ftf=0.85), recovered 5 (14 mg, 31%, 
Ri=0.10) and crystalline 3 (10 mg, 22%, flf=0.35). 

Thermal Decomposition of the 1:2 Adduct 7. A solution 
of 7 (1.50 g) in xylene (10 ml) was heated at 140 °C for 24 h. 
After evaporation of the solvent, the residue was chromato­

graphed on a silica-gel column to give crystalline 6 (496 mg, 
57%) by elution with petroleum ether-benzene (1:1) and 
recovered 7 (588 mg), by elution with petroleum ether-
benzene (1:4). 

Reaction of the 1:1 Adduct 6 with 1,3-Diphenyliso­
benzofuran (2). A mixture of 6 (40 mg, 0.11 mmol) and 2 
(80 mg, 0.30 mmol) in xylene (0.3 ml) was heated at 110°C 
for 3 h. After evaporation of the solvent, the residue was 
separated with thin-layer chromatography on silica gel 
using petroleum ether-benzene (1:2) as a developing solvent 
to give crystalline 7 (51 mg, 74%, ßf=0.35). 

Thermal Decomposition of the 1:2 Adduct 10. A solu­
tion of 10 (470 mg, 0.62 mmol) in benzene (35 ml) was heated 
at 80 °C for 11 h. After evaporation of the solvent, the 
residue was subjected to thin-layer chromatography on sil­
ica gel using benzene-ether (9:1) as the developing solvent 
to give crystalline 2 (114 mg, 68%, #f=0.85), recovered 10 (76 
mg, R{=0.75), and crystalline 9 (239 mg, 79%, flf=0.70). 

T h e authors are indebted to Dr. Michael McGuiggan 
and Professor Louis H. Pignole t for their he lp in the 
X-ray study. P G G is indebted to the Nat ional 
Science Founda t ion for a grant which partially sup­
ported this investigation and for grant CHE77-2805, 
which aided in the purchase of an Enraf-Nonius X-ray 
diffractometer. 
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addition reactions proceed through the endo-type transition 
state (15) where cyclooctatetraene reacts in the cyclo-
octatetrarene-form (1). The secondary orbital interaction 
can stabilize 15. The endo-type intermediate (16) which is 
formed through 15 can give each final products 5 and 6 via a 
valence tautomerisation. 

In the case of that cyclooctatetraene reacts as the valence 
tautomer, bicyclo[4.2.0]cyclooctatriene (lb), four kinds of 
transition states (17, 18, 20, and 22) are considered to be 
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Fig. 8. 
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18 19 

21 22 
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possible. In all of these transition states, no secondary 
orbital interactions exist resulting that the steric stability 
controls the reaction as follws. The steric repulsion 
between the cyclohexadiene moieties of 2 and lb in 17 
should be larger than the repulsion between the cyclohexa­
diene part of lb and the ether oxygen atom of 2 in the 
transition form 18. This consideration leads to the conclu­
sion that the adduct 19 should be formed rather than 5. 

The same relation can be applied to the transition states 
20 and 22. The repulsion between the brigde-head protons 
of lb and the ether oxygen atom of 2 in 20 should be smaller 
than the repulsion between the bridge-head protons of lb 
and the cyclohexadiene part of 2 in 22, resulting that the 
adduct 21 should be afforded rather than 6. These consid­
eration seems to support the endo-addition mechanism via 
the cyclooctatetraene form. 
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13C NMR relaxation times (Tis) have been determined for monoazacrown ethers (CA15C5 and CA18C6) and 
bis(monoazacrown ether)s (BCA15C5, BCA18C6, BOA15C5, and BOA18C6) in the absence and presence of Na+ 

and K+ ions. For the monoazacrown ethers with heptyl side chain and the bis (monoazacrown ether)s with 
pentamethylene bridge chain marked changes in T\ values are observed upon the complexation, and the 
changes are dependent on the cation and on the structure of the ligands. The complexation with Na+ ion can 
give a larger effect on the T\ values for the bis(monoazacrown ether)s of 15- and 18-membered rings, especially 
on the mobility of the bridging chain carbons, which is indicative of the formation of an intramolecular 
sandwich complex. On the other hand, the present T\ study again shows the prominent effect of the oxygen in 
the bridging chain on the complexation of BOA15C5 and BOA18C6. Small differences in Tï values obtained 
between Na+ complexes and K+ complexes of these two bis(crown ether)s suggest that the complexes take an 
analogous partial structure for the two cations. 

Bis(crown ether)s are well-known to b ind a cation, 
which is larger in size than the hole of crown uni t , to 
form an in t ramolecular sandwich complex, and to 
show remarkable enhancement of the b ind ing ability 
and changes of the selectivity in compar ison with 
their monocyclic analogues.2,3) Such a 'biscrown 
effect' has been found for many bis(crown ether) com­
pounds bo th in two-phase system and in homogene­
ous solut ion. 4 - 6) A systematic study showed that the 
'biscrown effect' is p ronounced in the combina t ion 
where the rat io of hole size to cation diameter is 
smaller than 1 in the complexat ion of bis(benzocrown 
ether)s wi th alkali-metal cations in the solution. 
Bis(benzo-15-crown-5)s can form the intramolecular 
sandwich complex wi th K+ , R b + , and Cs + , and 
bis(benzo-18-crown-6)s act similarly wi th R b + and 
Cs + . O n the other hand , for the systems of bis(benzo-
15-crown-5)s-Na+ , bis(benzo-18-crown-6)s-Na+ , and 
bis(benzo-18-crown-6)s-K+ only 2 : 2 (cation : crown 
uni t ) complex could be found.6) For relatively flexi­
ble crown ether compounds , however, such a relation­
ship is not so clear. Gokel and co-workers pointed 
out that N-pivot lariat ethers, a flexible macrocycle, 
are directed by the cation to envelop and solvate in the 
geometry most appropr ia te for the cation and not for 
the macrocycle.7,8) O u r previous results showed that 
both bis(monoaza-15-crown-5)s and bis(monoaza-18-
crown-6)s can form the int ramolecular sandwich com­
plex even wi th small N a + ion, and examinat ion of 
concentra t ion-dependent changes in 13C N M R chemi­
cal shift also suppor ted the proposed structure of the 
complexes.9) T h e conclusion is in line wi th the idea 
that the " induced fit" concept is more suitable than 
the "lock and key" concept for unders tanding the 
b ind ing behavior of such flexible crown ethers.9) 

1 3 C N M R spin-lattice relaxation t ime (T\) determi­
nat ion has been used to study the complexat ion 
behavior of many mono(crown ether)s and cryptands, 

and was shown to provide further insights in to the 
l igand's structural properties, b ind ing strengths, and 
b i n d i n g dynamics.1 0 - 1 3) Especially, this technique 
offers a convenient method to assess the presence of 
specific interactions between the b o u n d cation and the 
different sites of the l igand molecule. In this paper 
the results of 13C N M R relaxat ion t ime determinat ion 
for monoazacrown ethers, bis(monoazacrown ether)s 
and their complexes are reported. T h e exper iment 
was carried out to get detailed information on the 

n = 1 , CA15C5 

n = 2, CA18C6 

n n 

n = 1, BCA15C5 

n = 2, BCA18C6 

n n 

n = 1 , BOA15C5 

n = 2, BOA18C6 

Chart 1. 
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microstructural interaction in the complexes of bis-
(monoazacrown ether)s, especially, for the formation 
of the int ramolecular sandwich complex. 

Experimental 

Material. Monoazacrown ethers and bis(monoazacrown 
ether)s used here were prepared as previously described.9-14) 
They were distilled under vacuum prior to use. Their 
structures and abbreviated names are shown in Chart 1. 
Sodium and potassium thiocyanate were purchased 
(Katayama) and dried in vacuum at least for 48 h before use. 
All solvent were spectral grade: 99.95% D2O (Merck) and 
99.8% CH3OH(Kishida). 

7i Measurements. NMR samples consisted of 0.5 ml of 
solution in 5-mm o.d. tubes which were sealed under 
vacuum after degassing by 5 freeze-pump-thaw cycles. All 
glassware was washed with 0.01 M EDTA solution to 
remove paramagnetic impurities. Relaxation time experi­
ments were performed in CH3OH : D2O=90:10 (w/w) solu­
tions 0.4—0.8 M (1 M=l mol dm -3) in the appropriate 
ethers. It was reported that no concentration dependence 
of T\ was detected under the conditions.10) Only the car­
bons 1—5 in Scheme 1 were assigned through the spectra 
determined under the non-NOE decoupling conditions. 
The T\ values for the rest of the side-arm carbons for N-
heptylmonoazacrown ethers were not determined. For Na+ 

complexes of BOA15C5 and BOA18C6 the bridging chain 
carbon C-4 shows the same chemical shift with the ring 

Scheme 1. 

carbon C-1, so that the two carbon atoms give only one T\ 
value for Na+-BOA15C5 and Na+-BOA18C6 in Tables 1 
and 2, respectively, which should be the average values for 
the two carbons. Since only single decay was observed for 
the two carbons in the T\ determination the T\ values for the 
two carbons should be close. 

13C NMR measurements were performed at 22.5 MHz on a 
Hitachi R-90HS spectrometer equipped with quadrature 
phase detection system. Relaxation times (Tis) were mea­
sured under proton-noise-decoupling conditions by the 
inversion-recovery technique. A waiting time (£w) of at 
least five times the longest relaxation time was used in each 
case. Three kinds of pulse sequence were used to determine 
T\ for different carbon atoms: for solvent methanol, £w=100 
s, 14 different pulse intervals ?=4—50 s, 10 scans; for monoa­
zacrown ethers, £w=30 s, 16 different pulse intervals T=0.1—5 
s, 80 scans; for bis(monoazacrown ether)s, £w=30 s, 16 differ­
ent pulse intervals ?=0.05—3 s, 120 scans. All spectra were 
recorded at 35±1 °C, and each run took 6—16 h. T\ values 
were determined by a linear least-squares, two-parameter fit 
of the experimental data directly performed by the spec-

Table 1. 13C NMR Relaxation Times (Ti) for Monoaza-15-crown-5, Bis(monoaza-15-crown-5)s, 
and Their Cation Complexes in 90%(w/w) Methanol Aqueous Solutiona) 

Crown 

CA15C5 

BCA15C5 

BOA15C5 

Cation 

None 
Na+ 
K+ 
None 
Na+ 
K+ 
None 
Na+ 
K+ 

\ogKs 

— 
2.76 
2.29 

2.82 
2.69 

3.63 
3.70 

C-1 

1.06 
0.83(22%) 
0.54(49%) 
0.77 
0.47(39%) 
0.53(31%) 
0.82 
0.62(24%) 
0.61(26%) 

C-2 

1.02 
0.89(13%) 
0.67(34%) 
0.52 
0.46(12%) 
0.50(4%) 
0.66 
0.54(18%) 
0.55(17%) 

C-3 

1.40 
1.37(2%) 
0.75(46%) 
0.46 
0.45(2%) 
0.48(-4%) 
0.62 
0.50(19%) 
0.53(15%) 

C-4 

2.45 
2.54(-4%) 
2.50(-2%) 
0.56 
0.45(20%) 
0.46(18%) 
0.73 
0.62(14%) 
0.64(11%) 

C-5 

1.85 
2.10(-14%) 
1.89(-2%) 
0.66 
0.45(32%) 
0.67(-2%) 

— 

CH3 

4.47 
4.33(3%) 
3.79(15%) 

— 

— 

a) All T\ values are in seconds, and values in parentheses are the percentage decrease in the T\ value when 
the ligand is complexed by the indicated cation([MSCN]/[crown ether]=l). Ks is the binding constant in 
90% MeOH : H 2 0 (w/w). 

Table 2. 13C NMR Relaxation Times (Ti) for Monoaza-18-crown-6, Bis(monoaza-18-crown-6)s, 
and Their Cation Complexes in 90%(w/w) Methanol Aqueous Solutiona) 

Crown 

CA18C6 

BCA18C6 

BOA18C6 

Cation 

None 
Na+ 
K+ 
None 
Na+ 
K+ 
None 
Na+ 
K+ 

logKs 

2.98 
4.17 
— 

3.10 
4.54 
— 

3.56 
4.75 

C-1 

1.02 
0.77(25%) 
0.51(50%) 
0.77 
0.46(40%) 
0.43(44%) 
0.72 
0.58(19%) 
0.47(35%) 

C-2 

0.73 
0.92(-26%) 
0.46(37%) 
0.53 
0.43(19%) 
0.42(21%) 
0.55 
0.48(13%) 
0.47(15%) 

C-3 

1.09 
0.63(42%) 
0.74(32%) 
0.35 
0.46(-31%) 
0.56(-60%) 
0.55 
0.49(12%) 
0.46(16%) 

C-4 

3.18 
3.15(1%) 
2.43(24%) 
0.52 
0.45(14%) 
0.56(-8%) 
0.60 
0.58(3%) 
0.52(13%) 

C-5 

2.34 
2.06(12%) 
2.09(11%) 
0.64 
0.45(30%) 
0.57(11%) 

— 
— 
— 

CH3 

4.07 
4.17(-3%) 
4.06(<1%) 

— 
— 
— 
— 
— 
— 

a) All T\ values are in seconds, and values in parentheses are the percentage decrease in the T\ value when 
the ligand is complexed by the indicated cation([MSCN]/[crown ether]=l). Ks is the binding constant in 
90% MeOH : H 2 0 (w/w). 
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trometer computer. At least ten points were included for 
each T\ calculation (correlation coefficient y>0.98). 

A minimum of three runs were accumulated for each 
systems, and the relative standard deviations were less than 
±10%. The relaxation time of the CH3OH resonance was 
used as internal standard, and the values ranged from 12.9 to 
14.6 s were in good agreement with literature values.10) 
Nuclear Overhauser enhancement (NOE) factors measured 
were those expected for a predominantly dipole-dipole 
relaxation (2.6—3.0). The only exceptions were Tis for the 
CH3 carbons in monoazacrown ethers, which exhibited 
NOE values about 2 due to spin rotational contributions.10) 

Results and Discussion 
13CNMR spin-lattice relaxation times (Tis) for 

monoazacrown ethers, bis(monoazacrown ether)s, and 
their cation complexes are summarized in Tables 1 
and 2 for the 15- and 18-membered series, respectively. 
The difference between T\ values before and after 
interaction with the designated cations is expressed as 
the percentage by which the relaxation time dropped. 
It should be noted that in the present study only the 
changes in Ti which are larger than 20% could be 
considered important and effective for discussions 
because the relative standard deviation in the measure­
ment is in the range of 1.0—10%. 

The relaxation times for any given molecule depend 
upon the molecular mobility (tumbling) and specific 
motion determined by the internal degrees of freedom 
of the molecule. Although it is difficult to distin­
guish these two aspects of the mobility, inferences 
about the relative motions could be drawn from a 
careful comparison of the T\ values for ring carbons 
(C-l and C-2) and side-arm carbons (C-3 to C-5) with 
the corresponding carbons in the closely related 
systems. 

Relaxation Times for Uncomplexed Ligands. As 
shown in Tables 1 and 2, T\ values for side-arm 
carbons of Af-heptylmonoazacrown ethers, both 
CA15C5 and CA18C6, are larger than those for their 
ring carbons, and the terminal methyl carbon shows 
the largest T\, as reasonably expected by the location 
of the carbons in the molecules. Gokel et al. reported 
that for Af-butylmonoaza-15-crown-5 the side-arm car­
bon mobility increases as the distance from the macro 
ring increases.10) For both Af-heptylmonoazacrown 
ethers here, however, the mobility of C-5 is lower than 
that of C-4. The fact shows that the side-arm length 
may affect the specific motion of the carbons in N-
alkylmonoazacrown ethers. It was reported that T\ 
values in CH3OH : D2O (9:1) for 18-crown-6 (1.28 s) is 
much smaller than that for 15-crown-5 (2.14 s).10) 

However the 7\ values of CA18C6 and CA15C5, for 
both ring carbons and side-arm carbons, are relatively 
close. 

The mobility of bis(monoazacrown ether)s is 
depressed considerably in comparison with that of 
corresponding monocyclic analogues for both ring 

carbons and side-arm carbons. Especially, the T\ 
values for bridging chain carbons of bis(monoaza-
crown ether)s are much smaller than those for side-
arm carbons of the monoazacrown ethers. Since the 
crown ether unit would be strongly solvated by the 
solvent, it can be reasonably expected that the replace­
ment of the alkyl terminal group in the side arm of 
CA15C5 and CA18C6 by a crown ring as in BCA15C5 
and BCA18C6, respectively, will reduce the motion of 
the whole molecules. It is to be emphasized that the 
T\ value of the first bridging carbon (C-3) is the 
smallest among the all carbons of the bis(monoaza-
crown ether)s in the tables, and the carbon seems to be 
a kind of pivot of the molecular motion. Further­
more, the present results indicate that introduction of 
one oxygen atom into the bridging chain of the bis-
(monoazacrown ether)s, BOA15C5 and BOA18C6, 
increases the flexibility of the chain and the mobility 
of the whole molecule. Especially, the T\ values for 
C-3 carbons increase markedly. The result is in line 
with the deduction about the effect of the chain drawn 
from the complexation behavior of BOA15C5 and 
BOAI8C6,9) and a similar result has also been 
obtained for lariat ethers.10) 

Relaxation Times for Monoazacrown Ether Com­
plexes. The previous study10) on relaxation times 
demonstrated that complexation with a cation 
decreases the mobility of crown ethers, and the 
decrease of the mobility in Af-alkylmonoazacrown 
ethers was larger for ring carbons than for side-arm 
carbons. For CA15C5 complexes in Table 1, the K+-
binding gave a larger effect on the mobility of the 
whole molecule than the Na+-binding did, although 
the binding ability of CA15C5 with Na+ is a little 
larger than that with K+ and the both complexes exist 
in 1:1 stoichiometry.9) The decrease in T\ upon the 
complexation is considered to be dependent not only 
on the affinity of the crown ether to the cation but also 
on the structure of the complex formed. The loca­
tion of larger K+ ion above the CA15C5 ring may 
cause an additional decrease of the Tis of the ring 
carbons since the cation should be more strongly 
solvated at such a position than within the crown 
ring. For the complex of K+-CA18C6, the large 
affinity of the complex may explain the large decrease 
in T\ values of C-l, C-2, C-3, and even C-4. As an 
exception, C-2 of Na+-CA18C6 complex showed an 
increase in T\. For the complex of a large crown 
ether with a small cation, this result is not unreasona­
ble since such an increase in T\ was also found for Li+ 

and Na+ complexes of cryptands, and explained by 
distortion or compression of the ligand by the cations 
having the small sizes and high charge densities.11) 

Relaxation Times for Bis(monoazacrown ether) 
Complexes. At the condition of [crown ether]= 
[cation], two types of complex may exist mainly for 
bis(monoazacrown ether)s. One is the so-called 
'intramolecular sandwich', complex 1 in Scheme 2, in 
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e>-
M of C-3 for BCA15C5 is almost unchanged, while for 

BCA18C6 the T\ value increases markedly. As menti­
oned above the mobility of C-3 is considerable con­
strained in the free bis(monoazacrown ether)s, espe­
cially in BCA18C6, because of its pivot-like behavior 
in the motion of whole molecule. The T\ behavior 
of the carbons seems to imply that the cation-binding 
changes moving pattern of the whole molecule and 
produces a recovery of the mobility of C-3 carbons in 

NT 

M N ^ 
M 

= cz>—< 

MT 

Scheme 3. 

which one cation interacts with the two crown units of 
one bis(crown ether) simultaneously. In another 
complex, however, the cation interacts only with one 
crown ring of the bis(crown ether), complex 2 or 2' in 
Scheme 3, although there may be a fast equilibrium 
between the complexes 2 and 2'. We expected that if 
the sandwich complex (1) is dominant a large decrease 
in Ti should be observed for the bridging chain car­
bons of the bis(monoazacrown ether)s upon the com-
plexation, since the motion of the chain will be 
limited greatly in such a complex. On the other 
hand, if most of the complex exists as the complex 2, 
the decrease in mobility of the bridging chain carbons 
will be relatively small. From the results in Tables 1 
and 2 we can see that bridging chain carbons C-4 and 
C-5 of BCA15C5 and BCA18C6 show a decrease in Ti 
upon the complexation with Na+, but for K+ com­
plexes of BCA15C5 and BCA18C6 the decreases in Ti 
values of the two carbons are relatively small. It is 
noticeable that the Na+-binding of BCA15C5 and 
BCA18C6 gives a larger effect than K+-binding on the 
mobility of the bridging chain carbons, in contrast to 
the results for the monocyclic analogues (CA15C5 and 
CA18C6), in which, the decreases in T\ of both ring 
carbons and side-arm carbons for K+ complexes are 
larger than those for Na+ complexes. The behavior 
of C-3 for BCA15C5 and BCA18C6 is very interesting. 
Upon the complexation with Na+ and K+ the Ti value 
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CU 
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NaSCN/BCA15C5 

Fig. 1. Influence of added NaSCN on the 13C NMR 
Ti values of BCA15C5. O, C-l; • , C-2; O, C-4; • , 
C-5. 
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Fig. 2. Influence of added KSCN on the 13C NMR Ti 
values of BCA15C5. O, C-l; • , C-2; O, C-4; • , C-
5. 
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0 1.0 2.0 

NaSCN/BCA18C6 

Fig. 3. Influence of added NaSCN on the 13CNMR 
Ti values of BCA18C6. O, C-1, • , C-2; O, C-4; • , 
C-5. 
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Fig. 4. Influence of added KSCN on the 13C NMR Ti 
values of BCA18C6. O, C-1, • , C-2; O, C-4; • , C-
5. 

the complexes of BCA15C5 and BCA18C6. 
Figures 1, 2, 3, and 4 show the cation-concentration 

dependence of the T\ values for complexes Na + -
BCA15C5, Na+-BCA18C6, K+-BCA15C5, and K+-
BCA18C6, respectively. For [MSCN]/[crown ether]= 
0 and 1 the data in Tables 1 and 2 were used. The 
error-bar in the figures represent the standard devia­
tion for each datum point. From these figures we can 
see that the T\ values for ring carbons (C-1 and C-2) 
decrease monotonously as the concentration of metal 

cations increases, but the situation is more compli­
cated for bridging chain carbons. As shown in 
Scheme 2, in the presence of excess metal cations the 
sandwich complex would turn to the 2:2 (crown 
unit .cation) complex, so that the mobility of the 
bridging chain carbons will recover partially. Thus, 
the T\ values of the bridging chain carbons (C-4 and 
C-5) show a minimum at [NaSCN]/[crown ether]=l, 
as can be seen in the case of the complexes of Na + -
BCA15C5 and Na+-BCA18C6. On the other hand, 
for K+-BCA18C6 complex there is no such a min­
imum in the T\ profile of the bridging chain carbons. 
The result suggests that BCA18C6 does not form the 
intramolecular sandwich complex with K+ ion, and is 
consistent with the result reported before.9) For K+-
BCA15C5 complex (Fig. 2) the Ti value for C-5 is 
almost unchanged upon the complexation, but C-4 
shows a minimum in T\ profile. Another feature 
observed in both Na+-BCA15C5 and Na+-BCA18C6 
complex is the fact that all carbon atoms measured 
show very close T\ values at [NaSCN]/[crown ether]= 
1. The result seems to imply the presence of molecu­
lar isotropicity and pseudo-spherical symmetry in 
these complexes, and is in agreement with the struc­
ture of the intramolecular sandwich complex (1 in 
Scheme 2). From these results we conclude that the 
intramolecular sandwich complex is formed in Na+ -
BCA15C5 and Na+-BCA18C6 but not in K+-
BCA18C6. Apparently, Na+ , whose charge-to-size 
ratio (Q/r) is larger than that of K+, strongly organizes 
the ligand structure and its solvation shell, which may 
favor the formation of the intramolecular sandwich 
complex for the flexible bis(monoazacrown ether)s. 
K+-BCA15C5 complex seems to be an intermediate 
case. Although BCA15C5 should form the intramo­
lecular sandwich complex with K+ ion as expected 
from the size-fit concept, and the existence of such a 
complex in solution has been shown by other 
methods,9) the restriction of K+ ion to the two crown 
rings may be relatively weak as compared to Na+ ion, 
so that T\ behavior here could not give clear evidence 
for the sandwich complex. 

The Ti data for the complexes of BOA15C5 and 
BOA18C6 are also shown in Tables 1 and 2. The 
previous studies9) on two-phase extraction and the 
binding constants in homogeneous solution indicated 
that the oxygen atom in the bridging chain of the two 
bis(monoazacrown ether)s can interact directly with 
the cation held in the ring, and the behavior of the 
oxygen is very similar to the additional donor atom in 
the lariat ethers. 15'16) A crystal structure study in the 
solid state also supported the conclusion.17) From T\ 
data here we can find that the effect of Na+- and K+-
binding on the 7\ values of BOA15C5 and BOA18C6 
is very close for both ring carbons and bridging car­
bons in contrast to that in the complexes of BCA15C5 
and BCA18C6. Moreover, the difference of the T\ 
values between C-2 and C-3 and that between C-1 and 
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C-4 in a limited extent, is very small for both 
BOA15C5 and BOA18C6 complexes. These results 
give clear evidence for participation of the bridging 
chain oxygen to the coordination. Thus, the oxyeth-
ylene moiety in the bridging chain can be considered 
to behave as a part of the ring neighboring to the 
nitrogen in the complexation in these complexes, and 
the complexes may take an analogous partial structure 
around a cation to lead the observation that mobility 
of the ring carbons and bridging chain carbons 
become very close. Interestingly, the decrease in T\ 
values of the bridging chain carbons (C-3 and C-4) of 
BOA15C5 and BOA18C6 upon the complexation is 
not so large in comparison with the result reported by 
Gokel et al.10) in which a large decrease in T\ values 
could be observed for side-arm carbons of lariat ethers 
in Na+ complexes. This is reasonably explained by 
the fact that the mobility of the bridging chain of the 
bis(crown ether) is rather restricted by the two terminal 
crown rings even in the free form and may be also 
affected by the coordination of the oxygen in the chain 
to the same extent with that of the ring carbons (C-l 
and C-2). It is clear that the participation of the 
bridging chain oxygen to the complexation plays a 
decisive role in the mobility of the BOA15C5 and 
BOA18C6 complexes, and makes it difficult to dis­
criminate the formation of the intramolecular sand­
wich structure for these complexes. 

Conclusion 
13C NMR relaxation times study of the bis(monoaza-

crown ether)s demonstrated that BCA15C5 and 
BCA18C6 can form an intramolecular sandwich com­
plex with Na+ ion. For the complexation with K+ 

ion, however, there is no clear evidence for the forma­
tion of such a complex. The results from the com­
plexes of flexible bis(monoazacrown ether)s are attrib­
utable to the nature of Na+ ion, which has a large 
charge-to-size ratio (Q/r) and can strongly organize 
the ligand structure and the solvation shell. For the 
complexation of BOA15C5 and BOA18C6, the 
observed T\ values seem to be controlled markedly by 
the structure including the coordination of the oxygen 
in the bridging chain. However, further informa­

tion about the whole structure of these two complexes 
could not be obtained by the present experiment. 

This work was partly supported by a Grant-in-Aid 
for Scientific Research (No. 61470088) from the Minis­
try of Education, Science and Culture. 
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Highly diastereoselective routes to cis-fused bicyclo[4.4.0]decane-2,10-diones and bicyclo[4.3.0]nonane-2,9-
diones from 5-trimethylsilyl-2-cyclohexen-l-one (la) and its 3-methyl derivative were established by utilizing an 
annulation with co-(alkoxycarbonyl)alkylzinc reagents. Bicyclo[4.4.0]decane-2,8-dione was obtained diaster-
eoselectively by the double Michael reaction of la with dienol silyl ether. The diastereoselective Diels-Alder 
reaction of la with cyclopentadiene gave an endo adduct, which can be regarded as a new chiral cyclohexenone 
synthon, with a high optical purity. 

Recently we reported the prepara t ion of enantio-
merically pure (R)- and (S)-5-trimethylsilyl-2-cyclo-
hexen-1-one (la)1* as a new cyclohexenone-type chiral 
synthon. As par t of our con t inu ing study to utilize 
l a for asymmetric na tura l -product synthesis, we were 
interested in establ ishing stereocontrolled enant io­
selective routes to polyfunctionalized bicyclo[4.4.0]-
decane and bicyclo[4.3.0]nonane derivatives start ing 
with l a and lb , since optically active bicyclic synthons 
are scarcely known except for the Wieland-Mischer 
ketone and its homologues which are prepared by 
asymmetric Robinson 's annula t ion. 2 ) 

T w o quest ions should be answered for our purpose: 
1) as we already reported,1* the stereospecificity of the 
1,4-addition of Gr ignard reagents to l a is extremely 
high, but, the degree of stereoselectivity for other 
reagents such as zinc and z inc-copper reagents which 
can be used for annu la t ion is still obscure; 2) the effect 
of trimethylsilyl g roup on the stereochemistry of the 
r ing junct ions , which depends on the substituted pat­
tern of the bicyclic systems,3* is no t explored. 

T h e diastereoselective synthesis of the bicyclo-
[4.4.0]decane system star t ing wi th l a was examined by 

us ing the 1,4-addition of the zinc-copper reagent 24) to 
rac-la. T h e reaction proceeded diastereoselectively to 
give the trans-adduct 3 as an exclusive diastereoisomer 
in 83% yield, which in turn gave bicyclodecane-2,10-
dione 4 in 72% yield by an intramolecular condensa­
tion. ^ N M R , 1 3 CNMR, and IR spectra revealed 
that one of the carbonyl groups of 4 is present mostly 
as an enol form. Methylat ion of 4 with base and 
methyl iodide gave 5 in 80% yield as a single diaster­
eoisomer. C o m p o u n d 5 was also obtained in good 
overall yield (75% from 3) by one-pot treatment of 3 
wi th J-butoxide and methyl iodide. T h e diastereo-
meric homogenei ty of 3 and 5 was confirmed by their 
1 3 C N M R spectra, and the eis junct ion of 5 was con­
firmed by the transformation into the known cis-dione 
8.5> It should be noted that in the absence of tri­
methylsilyl g roup , methylat ion of the bicyclodecane-
2,10-dione was reported to give a mixture of diaster-
eoisomers (cis/ trans=54/33).5 ) Therefore, in this se­
quent ia l transformation, the trimethylsilyl g roup 
plays a very impor tan t role in control l ing bo th of the 
newly formed chiral centers. Furthermore, the dia­
stereoselective reduction of 5 with di isobutylalumi-

TMS 

| + Cu(CN)ZnlN^xJ^( 

rac-la 

(R)-(-Ma 

OMe 
TMS1 "''//\A| 

rac-3 
(+)-3 

OMe 

(i),(H) 

TMS1 

(v) 

R^H, R2,R3=0 L 4 Rl=Y. 

. rac-5 , 
p ( W-S R =* 

J faf-6 R^Me, R2=H, R3=OH 
I (+)-6 

( i v )L 

(vi) 

or (vii), (vi) 

R2- R» 

(+)-9 R2=H, R3=OH 

8 R2,R3=0 

Scheme 1. (i) i-BuOK; (ii) H+; (iii) i-BuOK, Mel; (iv) DIBAH; 
(v) CuCl2; (vi) Pd-C; (vii) PCC. 
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Scheme 2. (i) *-BuOK; (ii) Mel. 

TMS' 

rac-la 13 

(i) 

OSIMe3 H 

14 

Scheme 3. (i) Lewis acid. 

nium hydride (DIBAH) gave a keto alcohol 6. Thus, 
the diastereocontrolled conversion of rac-la. to 4, 5, 
and 6 promises an enantioselective access from the 
optically pure la to these compound, which are indis­
pensable intermediates in the synthesis of bicyclic 
sesquiterpenes such as fukinone and ligularone.6) 

To demonstrate this, (lS,4#,6#)-5 was synthesized 
starting with (#)-(—)-la. The 1,4-addition of the zinc 
reagent 2 afforded the trans-adduct (3S,5R)-(+)-3 
(78%), which was in turn converted to (lS,4#,6#)-5 in 
58% yield by a one-pot procedure. The absolute con­
figuration was confirmed by the conversion to the 
known hydroxy ketone 95) by DIBAH reduction, oxi­
dative desilylation, and hydrogénation. 

A similar strategy was used for the diastereoselective 
construction of the bicyclo[4.3.0]nonane system. 
The 1,4-addition of zinc homoenolate7) to rac-la. and 
rac-lb gave adducts 10a and 10b in 79 and 78% yields as 
a single diastereoisomer, respectively. A sequential 
treatment of 10a and 10b with £-BuOK and methyl 
iodide gave the expected bicyclo[4.3.0]nonane deriva­
tives 12a and 12b in 49 and 50% overall yields from 10a 
and 10b, respectively. The diastereoselective homo­
geneity of 12a and 12b was confirmed by their 13C NMR 
spectra before recrystallization, and an NOE measure­
ment of 12b by 500 MHz NMR revealed a cis relation­
ship of the two angular methyl groups. Thus, dike-
tone 12b may be a valuable intermediate for the 
synthesis of cis-fused hydrindane derivatives such as 
pinguisone.8) Though the structure of 12a was not 

directly confirmed, it was tentatively assigned as 
shown in the scheme on the analogy of 12b. 

The double Michael reaction of a dienol silyl ether9) 
1310) to rac-la was examined for a synthesis of differ­
ently functionalized bicyclo[4.4.0]decane synthons. 
In this reaction, the experimental procedure was 
found to be crucial. For example, an addition of a 
Lewis acid such as SnCl4, TiCl4, TiCU-TifOPnV1* 
SnCl4-TMSCl,12> or ZnCl2-TrCl13> to a mixture of rac-
la and 13 in dichloromethane at — 78 °C gave the 
desired bicyclic derivative in less than 10% yield. 
After some trials, the addition of 13 to a mixture of 
rac-la and SnCU in dichloromethane at —78 °C over a 
period of 1 h was found to be an appropriate choice to 
furnish the bicyclo[4.4.0]decanedione 14 (66%) as a 
single diastereoisomer. Though the stereochemistry 
was not confirmed, the structure was tentatively 
assigned as depicted in the scheme from the mechanis­
tic aspects of the same type of reactions.9) 

As a typical example of [4+2]-cycloaddition reac­
tion of la, a Diels-Alder reaction with cyclopenta-
diene was carried out. The Diels-Alder reaction of 
rac-la with cyclopentadiene catalyzed by aluminium 
chloride at room temperature smoothly gave the 
adduct as a diastereomeric mixture (13.5/1), which 
was separable by careful flash column chromatog­
raphy, in 83% combined yield. On the analogy of 
the Diels-Alder reaction of 2-cyclohexen-l-one with 
cyclopentadiene,14) the major isomer was assumed to 
have an endo adduct structure and a trans relationship 
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Scheme 4. (i) Lewis acid; (ii) Q1CI2, Cu(OAc)2; (iii) K-selectride; 
(iv) PhMgBr; (v) BF3-Et20. 

wi th respect to the trimethylsilyl group. T h e endo 
stereochemistry was confirmed by the transformation 
of rac-15 in to the k n o w n c o m p o u n d rac-Yl by an 
oxidative desilylation wi th C11Q2 followed by a conju­
gate reduction wi th K-selectride.15) T h e optically 
active (~~)-15 and (+ )T6 were synthesized similarly 
from the optically pure (S)-(+)-l in 93 and 78% yields, 
respectively. Enone (+)-16 can be an alternative chi-
ral cyclohexenone synthon since the anchor , the cyclo-
adduct part , can easily be removed by retro Diels-
Alder reaction. T o realize this concept, the copper(I) 
catalyzed 1,4-addition of pheny lmagnes ium bromide 
to (+)-16 was examined. T h e reaction proceeded 
smoothly at - 7 8 °C to give (+)-17 in 76% yield. T h e 
retro Diels-Alder reaction catalyzed by BF3 etherate16) 

gave (S)-(+)-5-phenyl-2-cyclohexen-l-one (18) (72%). 
In conclusion, since the optically pure (R)- and (S)-

1 are available, the above routes offer a ready access to 
bo th the enant iomers of each of the bicyclo[4.4.0]-
decane and bicyclo[4.3.0]nonane systems wi th a struc­
tural variety not previously available in such types of 
compounds . 

Experimental 

*H NMR spectra were taken in CDCI3 on a Hitachi R-24B 
(60 MHz) and 13CNMR spectra were taken in CDCI3 on a 
JEOL FX-90Q. The NOE of 12b was measured on a JEOL 
JNM^GX-500. IR spectra were recorded on a Hitachi 260-
50 spectrophotometer. Optical rotations were measured on 
a Horiba SEPA-200 automatic Polarimeter. 

(35,5Ä)-3-[3-(Methoxycarbonyl)propyl]-5-(trimethylsilyl)-
cyclohexanone (3). A suspension of activated zinc ( 1.7 g, 26 
mmol) in 2 ml of THF containing 1,2-dibromoethane (190 

mg, 1.0 mmol) was heated at 65 °C for 1 min and then cooled 
to 25 °C. Then, chlorotrimethylsilane (0.1 ml, 0.8 mmol) 
was added. After 15 min at 25 °C, a solution of methyl 4-
iodobutyrate (5.7 g, 25 mmol) in THF (10 ml) was slowly 
added at 30 °C. After the addition was completed, the reac­
tion mixture was stirred overnight at 40 °C. To the cooled 
(—10 °C) solution was rapidly added a mixture of CuCN 
(1.98 g, 22 mmol) and LiCl (1.9 g, 44 mmol, dried at 150 °C 
for 1 h) in T H F (22 ml). The mixture was stirred at 0 °C for 
10 min and then cooled to —78 °C. A solution of la (1.6 g, 
10 mmol) and chlorotrimethylsilane (5.5 ml, 43 mmol) in 
dry ether (10 ml) was added dropwise over a period of 30 min 
to the solution of the copper reagent prepared above. After 
3 h of stirring at —78 °C, the reaction mixture was allowed to 
warm to rt overnight. Then, the mixture was poured into 
aq NH4CI and extracted with ether. The organic layer was 
washed with brine, dried over MgSÜ4, and concentrated in 
vacuo. The residue was purified by column chromatog­
raphy (hexane/ethyl acetate=300/25—300/75) to give 3. 
(3S*,5#*)-3: 83%; oil. (3S,5Ä)-(+)-3: 78%; oil; [aß1 +68.2° 
(c 1.06, CHCI3); *HNMR 0=0.00 (9H, s), 0.9—1.95 (8H, m), 
1.95—2.65 (6H, m), and 3.66 (3H, s); 13C NMR <5=-3.5, 21.5, 
22.6, 29.8, 32.5, 33.9, 37.6, 42.0, 46.6, 51.4, 173.68, and 212.5; 
IR(neat) 1715 and 1740 cm"1 (OO) . Found: C, 62.14; H, 
9.76%. Calcd for G Ä O a S i : C, 62.18; H, 9.69%. 

4-(Trimethylsilyl)bicyclo[4.4.0]decane-2,10-dione (4). Potas­
sium £-butoxide (1 gj 9 mmol) prepared from freshly di­
stilled ^-butyl alcohol was dissolved in dry THF (80 ml), and 
3 (1.22 g, 4.5 mmol) was added to the cooled (0°C) mixture. 
After stirred for 1 h at 0 °C, the mixture was poured into 2 M 
(1 M=l mol dm -3) aq HCl and extracted with hexane. The 
organic layer was dried over anhydrous MgSÜ4 and concen­
trated in vacuo. The residue was purified by flash column 
chromatography (hexane) to give 4 (0.71 g, 72% yield), rac-
4: oil; *H NMR 0=0.0 (9H, s), 0.85—2.65 (13H, m), and 15.38 
(1H, s); 13CNMR <5=-3.3, 18.3, 20.8, 30.3, 30.7, 31.5, 32.3, 
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34.4, 109.2, 185.3, and 194.6; IR (neat) 1630 (C=0) and 1595 
cm-1 (C=C). Found: C, 65.82; H, 9.75%. Calcd for 
Ci4H2402Si: C, 65.49; H, 9.30%. 

(lS,4Ä,6Ä)-l-Methyl-4-(trimethylsilyl)bicyclo[4.4.0]-
decane-2,10-dione (5). A solution of J-BuOK (5 g, 45 mmol) 
in dry THF (80 ml) was cooled to 0 °C. Keto ester 3 (3.79 g, 
14 mmol) was added to the solution, and the reaction 
mixture was stirred for 1 h. Methyl iodide (4.4 ml, 70 
mmol) was added and the mixture was stirred for another 1 
h. The reaction was quenched with 2 M aq HCl and 
extracted with hexane. The organic layer was washed with 
aq Na2S03, dried over MgS04, and concentrated in vacuo. 
The residue was purified by flash column chromatography 
(hexane/ethyl acetate=30/1—6/1) to give 5. (1S*,4#*, 
6Ä*)-5:.75%; mp 69-72°C (pentane). (lS,4Ä,6Ä)-(+)-5: 
58% [from (3Ä,5Ä)-(+)-3]; mp 69—70 °C (pentane); [aft 
+222.9° (c 1.01, CHC13); m NMR 0=0.0 (9H, s), 1.36 (3H, s), 
and 0.5—2.6 (12H, m); 13CNMR <5=-3.9, 19.4, 22.0, 25.0, 

27.1, 28.4, 38.2, 40.5, 49.3, 63.8, 209.7, and 213.5; IR (KBr) 
1692 and 1715 cm"1 (C=0). Found: C, 66.85; H, 9.74%. 
Calcd for Ci4H2402Si: C, 66.61; H, 9.58%. 

(15,4Ä,6Ä,10Ä)-10-Hydroxy-l-methyl-4-(trimethyl-
silyl)bicyclo[4.4.0]decan-2-one (6). To a solution of 5 (762 
mg, 3 mmol) in toluene (10 ml) was added a solution of 3.6 
ml of DIB AH (1 mol l " 1 in hexane) at -78°C, and the 
mixture was stirred for 10 min at that temperature. The 
reaction was quenched by an addition of saturated aq 
Na2SÜ4 until a white precipitate appeared. The solution 
was filtered through Celite, and concentrated in vacuo. 
The residue was purified by flash column chromatography 
(hexane/ethyl acetate= 10/1—2/1) to give 6. (1S*,4#*,6#*, 
10Ä*)-6: quant; oil. ( 1S ,4Ä,6Ä,10Ä) -6 : 67%;17> mp 65 °C 
(pentane); [aft +159.5° (c 1.02, CHCI3); *HNMR 0=0.03 
(9H, s), 0.8—2.6 (12H, m), 1.45 (3H, s), 2.8—3.2 (1H, m), and 
3.45 (1H, br d); 13CNMR <5=-4.0, 21.3, 23.3, 24.0, 26.7, 28.8, 
32.2, 39.0, 47.2, 53.3, 78.4, and 216.8; IR (KBr) 3550 (OH) and 
1690 cm"1 (C=0). Found: C, 65.80; H, 10.44%. Calcd for 
Ci4H2602Si: C, 66.09; H, 10.30%. 

cis-l-Methylbicyclo[4.4.0]decane-2,10-dione (8). A solu­
tion of 6 (635 mg, 2.5 mmol) and anhydrous CuCl2 (1.6 g, 12 
mmol) in DMF (20 ml) was heated to 90—100 °C. After 2.5 
h, the solution was filtered through a short pad of silica gel, 
and to the filtrate was added aq NaHC03. The solution 
was extracted with ether, and the organic layer was washed 
with aq NH4CI, dried over MgSÛ4, and concentrated. The 
residue was purified by flash column chromatography (hex­
ane/ethyl ace t a t e=10 / l - l / l ) to give (1S*,6Ä*,10Ä*)-10-
hydroxy-l-methylbicyclo[4.4.0]dec-3-en-2-one (7, 216 mg, 
48%) (though this compound was found to contain a small 
amount of impurities, it was used for the next reaction 
without further purification): oil; *HNMR 5=1.42 (3H, s), 
0.6—3.5 (9H, m), 4.22 (1H, d, /=10 Hz), 5,71 (1H, dd, /=10 
and 3 Hz), and 6.5—7.0 (1H, m); IR (neat) 1670 ( C O ) and 
3100—3650 cm-1 (OH). A solution of 7 (1 mmol, 180 mg) 
and PCC (1.1 g, 5 mmol) in dry dichloromethane (20 ml) 
was stirred at rt overnight. After addition of dry ether (20 
ml), the solution was filtered through a short pad of silica 
gel and concentrated in vacuo. The residue was purified by 
TLC (hexane/ether=l/l) to give (lS*,6#*)-l-methylbicyclo-
[4.4.0]dec-3-ene-2,10-dione (91 mg, 51%). The dione (40 
mg, 0.22 mmol) in ethyl acetate was stirred in the presence of 
a catalytic amount of Pd-C under H2 for 2.5 h. The reac­
tion mixture was filtered through Celite and concentrated 

under reduced pressure. The residue was purified by TLC 
(hexane/ether=2/l) to give cis-dione 8 (26 mg, 64%) and 6.5 
mg of the starting material. cis-S: mp 27.5—29.5 °C (pen­
tane); *HNMR 0=1.39 (3H, s) and 0.5—2.5 (13H, m); IR 
(CCU) 2997, 2870, 1724, 1701, 1550, 1446, 1377, 1315, 1261, 
1238, 1099, 1005, 987, and 979 cm"1. Found: C, 73.09; H, 
8.73%. Calcd for CnHi602 : C, 73.30; H, 8.95%. 

(15,6Ä,10Ä)-10-Hydroxy-l-methylbicyclo[4.4.0]decan-2-
one (9). An oxidative desilylation of (lS,4#,6#,10#)-6 was 
carried out as mentioned above, and a slightly impure 7, 
obtained by chromatographical purification was, hydrogen-
ated in ethyl acetate at rt for 1 h with Pd/C catalyst to give 
(lS,6Ä,10Ä)-9 in 48% yield: mp 53.4—55°C (pentane); [aft1 

+121.6° (c 0.96, CHCI3); lit,4) mp 55 °C (pentane) [aft 
+128.3° (c 2.09, CHCI3); *HNMR 5=1.15-2.7 (13H, m), 
1.50 (3H, s), 2.8—3.2 (1H, m), and 3.55 (1H, br d); 13CNMR 
0=21.7, 23.3, 24.1, 25.7, 28.7, 32.3, 38.7, 45.6, 53.5, 78.4, and 
219.6; IR (KBr) 3520 (OH) and 1665 cm"1 (C=0). 

Conjugate Addition of Zinc Homoenolate to la and lb. 
This reaction was carried out according to the method 
of Nakamura and Kuwajima.7> (3S*,5Ä*)-3-[2-(Ethoxy-
carbonyl)ethyl]-5-(trimethylsilyl)cyclohexanone (10a): 79%; 
oil; !HNMR 0=0.0 (9H, s), 1.25 (3H, t, / = 7 Hz), 0.8—2.5 
(12H, m), and 4.08 (2H, q, 7=7 Hz); 13CNMR <5=-3.5, 14.2, 
21.5, 28.2, 29.9, 32.0, 37.3, 41.9, 46.3, 60.4, 173.2, and 212.1; 
IR (neat) 1710 and 1739 cm-* (C=0). (3S*,5fl*)-3-[2-
(Ethoxycarbonyl)ethyl]-3-methyl-5-(trimethylsilyl)cyclo-
hexanone (10b): 78%; oil; *HNMR 0=0.0 (9H, s), 0.98 (3H, 
s), 1.22 (3H, t, / = 7 Hz), 0.9-2.5 (11H, m), and 4.11 (2H, q, 
/ = 7 Hz); 13CNMR <5=-3.7. 14.3, 21.7, 28.1, 29.0, 31.8, 37.1, 
39.9, 41.3, 53.5, 60.5, 173.5, and 211.9; IR (neat) 1710 and 
1740cm-!(C=O). 

A Typical Procedure for Intramolecular Condensation 
and Methylation. To a solution of potassium £-butoxide (5 
g, 45 mmol) in dry T H F (80 ml) was added keto ester 10a 
(3.78 g, 14 mmol), and the solution was refluxed for 1 h. 
Methyl iodide (4.4 ml, 70 mmol) was added and the reaction 
mixture was refluxed for another 1 h. The reaction was 
quenched with 2 M HCl and the aqueous layer was extracted 
with hexane. The organic layer was washed with aq 
Na2S03, dried over MgS04, and concentrated in vacuo. 
The residue was purified by column chromatography 
(hexane/AcOEt=20/l —10/1). (lS*,4Ä*,6Ä*)-l-Methyl-4-
(trimethylsilyl)bicyclo[4.3.0]nonane-2,9-dione (12a): 49%; 
mp 49—50 °C (pentane); *HNMR 0=0.03 (9H, s), 1.25 (3H, 
s), and 1.0—3.0 (10H, m); 13CNMR <5=-4.0, 17.7, 22.9, 23.2, 
24.8, 35.5, 38.2, 48.2, 63.2, 210.9, and 215.4; IR (KBr) 1690 
and 1750 cm-i (C=0). Found: C, 65.50; H, 9.49%. Calcd 
for Ci3H2202Si: C, 65.50; H, 9.30%. (1S*,4Ä*,6Ä*)-1,6-
Dimethyl-4-(trimethylsilyl)bicyclo[4.3.0]nonane-2,9-dione 
(12b): 50%; mp 39—40 °C (pentane); 1H NMR 0=0.04 (9H, s), 
0.87 (3H, s), 1.08 (3H, s), and 0.7—2.5(m); 13CNMR <5=-3.8, 
13.5, 22.5, 24.0, 29.2, 33.2, 33.5, 37.4, 47.3, 67.1, 212.4, and 
215.8; IR (KBr) 1690 and 1748 cm"1 (C=0). Found: C, 
66.39; H, 9.69%. Calcd for Ci4H2402Si: C, 66.61; H, 9.58%. 

(lÄ*,4Ä*,6Ä*)-4-(Trimethylsilyl)bicyclo[4.4.0]decane-
2,8-dione (14). Enone la (168 mg, 1 mmol) and tin(IV) 
chloride (0.14 ml, 1.2 mmol), dissolved in dry dichlorometh­
ane (60 ml), were cooled to — 78 °C. To the solution was 
added dropwise 2-trimethylsiloxy-l,3-butadiene (284 mg, 2 
mmol) in dichloromethane (10 ml) over a period of 1 h, and 
then the mixture was stirred at that temperature for 30 min. 
Aqueous NaHC03 was added and the aqueous layer was 
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extracted with dichloromethane. The organic layer was 
dried and concentrated in vacuo. The residue was purified 
by TLC (hexane/ether=l/l) to give 14 (155mg, 66%): oil; 
!HNMR 0=0.03 (9H, s) and 0.4—3.0 (13H m); ^CNMR 
<5=-4.1, 22.0, 24.6, 30.8, 37.2, 41.8, 42.9, 43.4, 47.4, 210.9, and 
211.6; IR (neat) 1725 cm"1 (OO) . Found: C, 65.03; H, 
9.15%. Calcd for Ci3H2202Si: C, 65.50; H, 9.30%. 

(lÄ,25,55,7Ä,85)-5-(Trimethylsilyl)tricyclo[6.2.1.027]. 
undec-9-en-3-one (15). To a solution of la (168 mg, 1 
mmol) in toluene (4 ml) was added a solution of AICI3 (33 
mg, 0.25 mmol) in toluene (4 ml), and the reaction mixture 
was stirred for 40 min under Ar. After an addition of 
freshly distilled cyclopentadiene (9.8 mmol) in toluene (2 
ml), the mixture was stirred at rt for 1 h. The mixture was 
poured onto ice-water and extracted with ether. The 
organic layer was washed with aq NaHC03, dried over 
MgS04, and concentrated in vacuo. The residue was puri­
fied by TLC (hexane/ether=10/l) to give 15. (lfl*,2S*,5S*, 
7fl*,8S*)-15: 83%; mp 39-40 °C (ethanol). (1Ä,2S,5S,7Ä, 
8S)-15: 93%; mp 48-50°C; [ct]$ -10.12° (c 1.09, CHCI3); 
!H NMR 0=0.04 (9H, s), 0.7—3.5 (11H, m), and 6.13 (2H, d, 
/ = 2 Hz); 13CNMR <5=-3.5, 19.1, 27.8, 38.7, 41.3, 46.7, 49.1, 
49.3, 51.9, 134.6, 138.0, and 213.1; IR (neat) 1700 cm"1 ( C O ) . 
Found: C, 71.87; H, 9.71%. Calcd for Ci4H22OSi: C, 71.73; 
H, 9.46%. 

(lÄ,25,7Ä,8S)-Tricyclo[6.2.1.027]undeca-4,9-dien-3-one 
(16). A solution of 15 (117 mg, 0.5 mmol), anhydrous 
CuCl2 (203 mg, 1.5 mmol), and Cu(OAc)2-H20 (100 mg, 0.5 
mmol) in DMF was heated to 85—90 °C for 3.5 h. After 
cooled to rt, the reaction was quenched with water and 
extracted with ether. The organic layer was dried over 
MgS04 and concentrated in vacuo. The residue was 
purified by TLC (hexane/ether=3/l) to give 16. (1K*,2S*, 
7fl*,8S*)-16: 63%; oil. (1Ä,2S,7Ä,8S)-16: 78%; oil; [a]h8 

+261.0° (c 1.01, CHCI3); *HNMR 0=1.33 (2H, s), 1.6-3.1 
(5H, m), 3.1—3.5 (1H, m), 5.73 (1H, dt, / = 1 and 10 Hz), 6.05 
(2H, d, / = 1 Hz), and 6.4—6.7 (1H, m); ^CNMR 0=27.3, 
33.9, 48.3, 48.8, 49.1, 128.9, 134.7, 137.4, 149.4, and 200.2; IR 
(neat) 1660 cm"1 (C=0). 

(S)-(+)-5-Phenyl-2-cyclohexen-l-one (18). A solution of 
(1Ä,2S,7Ä,8S)-16 (544 mg, 3.4 mmol), HMPA (1.83 ml, 10.2 
mmol), chlorotrimethylsilane (1.72 ml, 13.6 mmol), and 
CuBr/Me2S (36 mg, 0.17 mmol) in T H F (30 ml) was cooled 
to —78 °C. To the solution was added a T H F solution of 
phenylmagnesium bromide (10.2 mmol). After stirred at 
that temperature for 30 min, the reaction mixture was 
quenched with aq NH4CI and extracted with ether. After 
removal of the solvent, the residue was dissolved in 30 ml of 
methanol and treated with potassium fluoride at rt for 30 
min. Water was added to the reaction mixture, and the 
product was extracted with ether. The organic layer was 
dried and concentrated, and the residue was purified by 
TLC (hexane/ether=5/l) to give (lÄ,2S,5S,7Ä,8S)-5-
phenyltricyclo[6.2.1.02'7]undec-9-en-3-one (17, 630 mg, 76%); 
oil; [OL\11 +131.0° (c 1.05, CHCI3); *HNMR 0=1.1—1.9 (3H, 
m), 1.9-3.5 (8H, m), 6.25 (2H, s), and 7.22 (5H, s), 13CNMR 
0=34.8, 36.9, 37.0, 45.1, 46.3, 47.7, 48.8, 50.9, 126.0, 126.4, 

128.2, 135.1, 137.5, 144.0, and 213.4; IR (neat) 1690 cm-* 
(C=0). To a solution of ketone 17 (630 mg, 2.6 mmol) in 
dichloromethane (6 ml) was added BF3-Et20 (0.36 ml, 2.9 
mmol) and the reaction mixture was stirred at rt for 1 h. 
The same operation, i.e. an addition of BF3-Et20 (2.6 
mmol) followed by a stirring at rt for 1 h, was repeated two 
more times. The reaction was quenched with aq NaHCÛ3 
and extracted with dichloromethane. After a usual work 
up, the residue was purified by TLC (hexane/ether=3/l) to 
give (S)-(+)-18 [327 mg, 72%, [a]g +44.4° (c 1.13, CHCI3)] 
lit,1) (Ä)-(-)-18: [a]D -46.4° (c 5.00, CHCI3)]; mp 60 °C 
(pentane); « N M R 0=2.35—2.9 (4H, m), 3.0-3.6 (1H, m), 
6.00 (1H, dt, / = 2 and 10 Hz), 6.7—7.1 (1H, m), and 7.10 (5H, 
s);IR(KBr)1680cm-1(C=O). 
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Two new 3-cyano-3-cephem derivatives, potassium 3-cyano-3-cephem-4-carboxylate (2) and potassium 7 a-
phenylacetamido-3-cyano-3-cephem-4-carboxylate (3), were prepared from 7ß-aminocephalosporanic acid. 
Compounds 2 and 3 showed only weak ^-lactamase inhibitory activity in contrast to sodium 7a-[(\R)-l-
hydroxyethyl]-3-cyano-3-cephem-4-carboxylate (1), indicating the important role of the 7a-(l-hydroxyethyl) 
substituent for ^-lactamase inhibitory activity. 

A series of 7a-(l-hydroxyethyl)cephems and 1-
oxacephems which have electron-withdrawing group 
at the 3 position were prepared in our recent work.1'2) 
In those studies, we demonstrated that both of them 
have potent ß-lactamase inhibitory activity and that 
the degree of inhibitory activity reflected the electron-
withdrawing effect of the side chain at the 3 position. 
Among them, 3-cyanocephem 1 had especially potent 
inhibitory activity, but we did not elucidate the con­
tribution of the 7a-(l-hydroxyethyl) group to their 
property. Thus, in this report, we describe the syn­
thesis and biological activities of the 7-unsubstituted 
cephem (2) and the 7a-(phenylacetamido)cephem (3). 

R ^ Ï ^ S ' 

(R) 

0 ^ r N s ^ C N 

COOR, 

1 : R,= Na, R2=CH3CH(OH)-

2 : R,= K, R2=H 

3 : R,= K, R2=PhCH2CONH-

Fig. 1. Structures of 1, 2, and 3. 

Results and Discussion 

Preparation of 3-Cyano-3-cephem Derivatives, 2 
and 3. The starting compound, diphenylmethyl 7/3-
(o-hydroxybenzylideneamino)-3-hydroxymethyl-3-
cephem-4-carboxylate (4)3) was prepared from 7-
aminocephalosporanic acid (7-ACA) in 3 steps. As 
shown in Scheme 1, compound 4 was protected with t-
butyldimethylsilyl chloride and imidazole to give silyl 
ether 5 in 70% yield. 

In order to epimerize at the 7 position, compound 5 
was treated with A^iV-diisopropylethylamine and 
then deprotected with Girard's reagent T to give a 
mixture of the 7a- and the 7ß-aminocephem (6a and 
6b). The mixture was separated by silica-gel chroma­
tography to give 6a and 6b in 12% and 28% yields from 
5, respectively. 

7-Unsubstituted cephem 2 was synthesized from 6b. 
Compound 6b was deaminated as described by Hirai 
and co-workers.4) 7ß-Aminocephem 6b was con­
verted to 7ß-formamidocephem 7 with acetic formic 
anhydride in 93% yield. Dehydration of 7 was 
accomplished with phosphoryl chloride and 2,6-

OH 

7-ACA " 
£^CH=NM.S 

OR 

C00CHPh2 

A: R=H 

5: R=SiA-

n Bib c 
R 2*IlJ /5^ 

^-N-xj^C-OSiH-
° C00CHPh2 

6a:R,= H, R2= NH2 

ô b i R ^ N I V R ^ H 

H-SJLs^ 

COOCHPh2 

R=-NHCH0 

R = -NC 

R=H 

r-r^S 
^0Äf^R > o^M"1 

*R 
C00CHPh: 

10:R=-CHO 

11: R=-CH=N0H 

12:R=-CN 

CN 
COOK 

Scheme 1. 
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lutidine in dichloromethane at 4 °C for 12 h to give 
7ß-isocyanocephem 8 in 52% yield [IR (Nujol) 2150 
cm-1 (isocyano group); 1H NMR (CDCls) 0=5.17 (1H, d, 
/ = 5 Hz, H-7)]. Radical reduction of 8 was carried 
out with tributyltin hydride and a catalytic amount of 
azobisisobutyronitrile in benzene under reflux to give 
7-unsubstituted cephem 9 [XHNMR (CDCI3) <5=2.93 
(1H, dd, J=2 and 16 Hz, H-7/3), 3.60 (1H, dd, / = 5 and 
16 Hz, H-7a)] in 84% yield. Compound 9 was desily-
lated with boron trifluoride etherate in acetonitrile at 
—25 °C for 20 min. The 3-hydroxymethyl interme­
diate was so unstable that it was oxidized instantly 
with Collins reagent to give 3-formylcephem 10 
[!H NMR (CDCI3) 0=9.45 (1H, s, formyl)] in 47% yield 
from 9. 3-(Hydroxyiminomethyl)cephem 11 was pre­
pared by treatment of 10 with hydroxylamine hydro­
chloride in aqueous tetrahydrofuran in 42% yield. 
Dehydration of 11 gave 3-cyanocephem 12 [IR (Nujol) 
2220 cm"1 (cyano group)] in 68% yield. Peter and co­
workers5) synthesized 7ß-acylamino-3-cyanocephems 
via deprotection of the diphenylmethyl ester using 
trifluoroacetic acid and anisole. Additionally, 
Ohtani and co-workers6) described the mild deprotec­
tion of diphenylmethyl and ^-methoxybenzyl esters 
on carbapenems using aluminum trichloride in ani­
sole. In our case, however, these deprotection 
methods produced an undesirable amount of degrada­
tion products. After several trials, we found that a 
combination of diethylaluminum chloride and ani­
sole deprotected the diphenylmethyl ester quite effec­
tively. Thus, treatment of 12 with diethylaluminum 

Table 1. Minimal Inhibitory Concentrations^ 
of Compounds 1, 2, and 3 

Organism 

Staph, aureus 209P JC-1 
B. subtilis ATCC 6633 
Escherichia coli 29 
Kl. pneumoniae 12 

1 

50 
100 
100 
100 

M I C/mcgml"1 

2 3 

200 200 
50 25 
50 200 
50 200 

a) Mueller-Hinton agar 10~2: Stamp method; 37 °C, 20 h. 

chloride and anisole in dichloromethane at —20 °C for 
15 min afforded the desired compound 2 [IR (Nujol) 
2200, 1755 cm-1 (cyano group and /Mactam)] in 41% 
yield. 

The other desired compound 3 was obtained from 
7a-aminocephem 6a as shown in Scheme 2. Acyla-
tion of 6a gave 7a-(phenylacetamido)cephem 13 in 
97% yield, and then 13 was converted to 3 [IR (Nujol) 
2220, 1780 cm-1 (cyano group and /Mactam); 1U NMR 
(DMSO-de) ô=4.78 (1H, d, / = 2 Hz, H-6), 4.90 (1H, dd, 
/ = 2 and 8 Hz, H-7)] in a similar manner to that for 2. 

Biological Activity. The minimal inhibitory con­
centrations (MICs) of compounds 1, 2, and 3 against 
four test organisms are shown in Table 1. 7-Unsub-
stituted cephem 2 and 7a-(phenylacetamido)cephem 3 
showed only weak antibacterial activity, which was 
similar to that of 7a-(l-hydroxyethyl)cephem 1. 

The ß-lactamase inhibitory activities of compounds 
1, 2, 3 and clavulanic acid, a conventional ß-lactamase 
inhibitor, are shown in Table 2. The inhibitory 

6a 
PhCH2CONH4-pS. 

C00CHPh2 

13: R = -CH205i^i-

14: R=-CH0 

15: R=-CH=N0H 

16: R=-CN 

Scheme 2. 

PhCH2CONH^i_S-5. 

COOK 

3 

Table 2. ^-Lactamase Inhibitory Activity3' 

I Döo/mcg ml~ 
p-j^aciamase 

TEM PCase 
(Escherichia coli 18) 

la CSase 
(Enterobacter cloacae 91) 

lb CSase 
(E. coli HB101/pCF3) 

Ic CSase 
(Proteus vulgaris 9) 

1 

17 

<0.03 

<0.5 

0.9 

2 

>500 

>500 

>500 

>500 

3 

>500 

>500 

>500 

160 

Clavulanic acid 

1.0 

12 

7.8 

0.6 

a) Serial dilutions of a ß-lactamase inhibitor were incubated with enzyme solution for 10 min 
at 37 °C. Residual ß-lactamase activity was determined spectrophotometrically using the 
chromogenic substrate nitrocefin (50 meg ml-1) at 482 nm. ID50 was calculated as the 
concentration inhibiting 50% of activity. 
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Table 3. CNDO/2 Calculation Data of Compound l ' , 2', and 3 ' 

Compound 

V 
2' 
y 

COOH 

R 

(R) 
CH3CH(OH)-

H 
PhCH2CONH-

1 

Charge density of ß-lactam ring 

N Öä Ö 

-0.1812 
-0.1837 
-0.1912 

0.3495 
0.3537 
0.3575 

-0.2810 
-0.2731 
-0.2797 

dose-fifty(IDöo) against bo th the penici l l inase (PCase) 
and cephalosporinases (CSases) of compounds 2 and 3 
showed that they have only weak ß-lactamase inhibi­
tory activity.7) These results suggested that the 7a-( l -
hydroxyethyl) g r o u p of c o m p o u n d 1 has an impor tan t 
role in the potent ß-lactamase inhibi tory activity as 
well as e lect ron-withdrawing effect1*8* at the 3 posi­
tion. Us ing C N D O / 2 calculation,9*10* we investi­
gated the effect of the 7a-substi tuents on the ß-lactam 
rings of compounds 1', 2'', and 3 ' , which corresponded 
to compounds 1, 2, and 3, respectively. As shown in 
Tab le 3, the a tomic charge densities of the ß-lactams 
showed that the degree of amide resonance of com­
pounds 2 ' and 3 ' was lower than that of V. These 
calculations suggested that the ß-lactams of 2 and 3 
are more chemically reactive than that of c o m p o u n d 1 
in spite of their weak ß-lactamase inhibi tory activities. 
In other words, the 7a-(l-hydroxyethyl) moiety of 1 
may be an impor t an t subst i tuent in affinity to ß-
lactamases. 

Experimental 

All the melting points were measured with a Yanagimoto 
micro melting point apparatus without any correction. 
Optical rotations were measured with a Jasco DIF-140 auto­
matic Polarimeter. IR spectra were recorded with a Hitachi 
260-10 spectrometer. Mass spectra were recorded with a 
Finnigen MAT instrument Inc. TSQ 70 spectrometer. 
Microanalyses were performed in our laboratory. *H NMR 
were recorded using a Hitachi R-90H spectrometer. Chem­
ical shifts (ô) are recorded in ppm from sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) (in D2O) or 
tetramethylsilane (TMS, in CDCI3 and DMSO-de) as inter­
nal standard. In CNDO/2 calculation, molecular geome­
tries of structures 1', 2', and 3' were calculated by minimiz­
ing the total energy with respect to all geometrical variables, 
using the MNDO method. 

Diphenylmethyl 7j8-(o-Hydroxybenzylideneamino)-3-£-
butyldimethylsilyloxymethyl-3-cephem-4-carboxylate (5). 
To a solution of diphenylmethyl 7ß-(o-hydroxybenzylidene-
amino)-3-hydroxymethyl-3-cephem-4-carboxylate (4)3> (5.02 
g, 10 mmol) and imidazole (1.36 g, 20 mmol) in N,N-
dimethylformamide (30 mL) was added gradually t-
butyldimethylsilyl chloride (1.66 g, 11 mmol) at —20°C. 
The mixture was stirred at — 20 °C for 30 min and poured 
into a mixture of ethyl acetate (300 mL) and ice-cooled 0.5 M 

hydrochloric acid (300 mL; 1 M=l mol dm -3). The organic 
layer was separated, washed with 5% aqueous sodium hydro-
gencarbonate (200 mL) and saturated aqueous sodium chlo­
ride (200 mLX3), dried over magnesium sulfate and evapo­
rated in vacuo. The residue was chromatographed on 
silica-gel column with dichloromethane-ethyl acetate 
(10:1) to give a solid of 5 (4.30 g, 70%): mp 68—69 °C; [ajg5 

-32.0° (c 1, CHCI3); IR (Nujol) 1780, 1700, 1620 cm"1; 
*HNMR (CDCI3) 0=0.10 (6H, s), 0.93 (9H, s), 3.65 (2H, m), 
4.55 and 4.75 (2H, ABq, /=15 Hz), 5.17 (IH, d, / = 5 Hz), 5.28 
(IH, d, / = 5 Hz), 6.90—7.10 (2H, m), 7.00 (IH, s), 7.25—7.60 
(12H, m), 8.70 (IH, s), 12.30 (IH, s); FAB-MS m/z 615 (M+). 
Found: C, 66.34; H, 6.38; N, 4.39; S, 5.16%. Calcd for 
C34H38N205SSi: C, 66.42; H, 6.23; N, 4.56; S, 5.22%. 

Diphenylmethyl 7a-Amino-3-^-butyldimethylsilyloxymethyl-
3-cephem-4-carboxylate (6a) and 7j8-Isomer (6b). To a 
solution of 5 (58.0 g, 94.3 mmol) in tetrahydrofuran (1.14 L) 
was added dropwise Af,iV-diisopropylethylamine (16.4 mL, 
94.3 mmol) at 0 °C. The mixture was stood at 4 °C for 12.5 
h, poured into ice-cooled 0.1 M aqueous tartaric acid (1.5 L), 
and extracted with dichloromethane (2 L). The organic 
layer was separated, washed with water, dried over magne­
sium sulfate and evaporated in vacuo. The residue was 
dissolved in a mixture of methanol (570 mL) and ethyl 
acetate (280 mL). To the mixture was added Girard's re­
agent T (48.8 g, 219 mmol) gradually at 0°C under stirring 
for an hour, and the precipitate was filtered off. The 
filtrate was diluted with ethyl acetate (3 L) washed with 
water (1 LX3), dried over magnesium sulfate, and evapo­
rated. The residue was chromatographed on silica-gel 
column (2.5 kg) with dichloromethane-ethyl acetate (20:1) 
to give 7a-amino compound 6a (5.8 g, 12%) and 7ß-isomer 
6b (13.3 g, 28%) as colorless crystals, respectively. 7a-
Amino compound 6a: mp 116—117°C; IR (Nujol) 1760, 
1735, 1610 cm-1; *HNMR (CDCI3) 6=0.10 (6H, s), 0.90 (9H 
s), 1.60—2.00 (2H, br s), 3.40 and 3.70 (2H, ABq, /=18 Hz), 
4.20 (IH, m), 4.40—4.60 (3H, m), 7.03 (IH, s), 7.20—7.60 
(10H, m); FAB-MS m/z 511 (M+). Found: C, 63.52; H, 6.83; 
N, 5.37; S, 6.44%. Calcd for C27H34N204SSi: C, 63.50; H, 
6.71; N, 5.49; S, 6.28%. 7/Msomer 6b: mp 117—118 °C; [a]g 
+31.9° (c 1, CHCI3); IR (Nujol) 1770, 1730, 1615 cm"1; 
*HNMR (CDCI3) 5=0.10 (6H, s), 0.90 (9H, s), 1.60—2.00 
(2H, br s), 3.50 and 3.70 (2H, ABq, /=18 Hz), 4.47 and 4.67 
(2H ABq, /=15 Hz), 4.75 (IH, m), 4.95 (IH, d, / = 5 Hz), 6.97 
(IH, s), 7.20—7.60 (10H, m); FAB-MS m/z 511 (M+). 
Found: C, 63.30; H, 6.46; N, 5.43; S, 6.52%. Calcd for 
C27H34N204SSi: C, 63.50; H, 6.71; N, 5.49; S, 6.28%. 

Diphenylmethyl 7jS-Formamido-3-^-butyldimethylsilyloxy-
methyl-3-cephem-4-carboxylate (7). To a solution of 6b 
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(5.0 g, 9.8 mmol) in dichloromethane (100 mL) was added 
acetic formic anhydride (0.83 mL, 10.8 mmol) dropwise at 
0°C. The mixture was stirred at 0°C for 30 min and 
poured into 2% aqueous sodium hydrogencarbonate (100 
mL). The organic layer was separated, washed with satu­
rated aqueous sodium chloride (100 mL), dried over magne­
sium sulfate, and evaporated in vacuo to give colorless 
crystals of 7 (4.9 g, 93%): mp 122°C; [a]j? +32.9° (c 1, CHC13); 
IR (CH2CI2) 1780, 1720, 1700 cm-*; ^ N M R (CDCI3) 5=0.1 
(6H, s), 0.90 (9H, s), 3.51 and 3.62 (2H, ABq, /=15 Hz), 4.50 
and 4.67 (2H, ABq, /=18 Hz), 4.96 (1H, d, 7=5 Hz), 5.89 (1H, 
dd, / = 5 and 8 Hz), 6.74 (1H, d, / = 8 Hz), 7.20—7.50 (10H, 
m), 8.20 (1H, s); FAB-MS m/z 539 (M+). Found: C, 62.07; 
H, 6.41; N, 5.12; S, 5.99%. Calcd for C28H34N205SSi: C, 
62.42; H, 6.36; N, 5.20; S, 5.95%. 

Diphenylmethyl 7/Msocyano-3-£-butyldimethylsilyloxy-
methyl-3-cephem-4-carboxylate (8). To a solution of 7 (1.0 
g, 1.9 mmol) in dichloromethane (15 ml) were added 2,6-
lutidine (0.81 ml, 7 mmol) and phosphoryl chloride (0.22 
mL, 2.3 mmol) at 0 °C. After being kept at 4 °C for 12 h, the 
mixture was washed successively with 5% aqueous citric acid 
(15 mL), 5% aqueous sodium hydrogencarbonate (15 mL) 
and saturated aqueous sodium chloride (15 mL). The 
organic layer was dried over magnesium sulfate and evapo­
rated in vacuo. The residue was chromatographed on Flo-
risil (100—200 mesh, 20 g) with dichloromethane to give a 
yellow oil. This was triturated with petroleum ether and 
filtered to give a yellow powder of 8 (450 mg, 52%): mp 93— 
95 °C (decomposed); [a]? +29.5° (c 1, CHCI3); IR (Nujol) 
2150, 1785, 1715, 1605 cm"1; ^ N M R (CDCI3) ô=0.10 (6H, 
s), 0.90 (9H, s), 3.47 and 3.77 (2H, ABq, /=18 Hz), 4.67 (2H, 
m), 4.93 (1H, d, 7=5 Hz), 5.17 (1H, d, 7=5 Hz), 6.90 (1H, s), 
7.20—7.50 (10H, m); FAB-MS m/z 521 (M+). Found: C, 
64.96; H, 6.35; N, 5.26; S, 6.40%. Calcd for C28H32N204SSi: 
C, 64.58; H, 6.19; N, 5.38; S, 6.16%. 

Diphenylmethyl 3-^-Butyldimethylsilyloxymethyl-3-ce-
phem-4-carboxylate (9). To a solution of 8 (100 mg, 0.19 
mmol) in benzene (1.0 mL) were added azobisisobutyroni-
trile (1.0 mg) and tributyltin hydride (0.21 mL, 0.21 mmol) 
at room temperature. The mixture was refluxed for 50 min 
and evaporated in vacuo. The residue was chromato­
graphed on silica-gel column (4.5 g) with dichloromethane 
to give an oil, which on recrystallization from hexane gave 
colorless crystals of 9 (79 mg, 84%): mp 105—110 °C (decom­
posed); [a]g +55.8° (c 1, CHCI3); IR (CH2CI2) 1775, 1720 
cm-1; *HNMR (CDCI3) 5=0.10 (6H, s), 0.90 (9H, s), 2.93 
(1H, dd, / = 2 and 16 Hz), 3.55 (2H, m), 3.60 (1H, dd, 7=5 and 
16 Hz), 4.47 (2H, m), 4.65 (1H, dd, 7=2 and 5 Hz), 6.95 (1H, 
s), 7.10—7.60 (10H, m); FAB-MS m/z 496 (M+). Found: C, 
65.27; H, 6.67; N, 2.76; S, 6.59%. Calcd for C27H33N04SSi: 
C, 65.42; H, 6.71; N, 2.83; S, 6.47%. 

Diphenylmethyl 3-Formyl-3-cephem-4-carboxylate (10). 
To a solution of 9 (2.0 g, 4.1 mmol) in acetonitrile (50 mL) 
was added boron trifluoride etherate (0.75 mL, 6.1 mmol) at 
—25 °C. The mixture was stirred at — 25 °C for 20 min, 
poured into ice-cooled water, adjusted to pH 7.0 with 
sodium hydrogencarbonate and extracted with dichloro­
methane (100 mL). The organic layer was washed with 
water and saturated aqueous sodium chloride and dried over 
magnesium sulfate. To this solution was added Collins 
reagent (6.3 g, 24.5 mmol); the mixture was stirred at room 
temperature for 30 min, and the precipitate was filtered off, 
washed with 2% aqueous citric acid, water and saturated 

aqueous sodium chloride, dried over sodium sulfate, and 
evaporated in vacuo. The residue was chromatographed 
on silica-gel column (50 g) with dichloromethane to give an 
amorphous powder of 10 (0.7 g, 47%): IR (Nujol) 1770, 1730, 
1615 cm"1; *HNMR (CDCI3) ô=3.17 (1H, dd, 7=2 and 16 
Hz), 3.30 and 4.40 (2H, ABq, /=18 Hz), 3.72 (1H, dd, 7=5 
and 16 Hz), 4.77 (1H, dd, 7=2 and 5 Hz), 7.10 (1H, s), 7.10— 
7.50 (10H, m); FAB-MS m/z 379 (M+). Found: C, 66.61; H, 
4.67; N, 3.55; S, 8.41%. Calcd for C21H17NO4S: C, 66.47; H, 
4.52; N, 3.69; S, 8.45%. 

Diphenylmethyl 3-Hydroxyiminomethyl-3-cephem-4-
carboxylate (11). To a mixture of 10 (680 mg, 1.8 mmol) in 
tetrahydrofuran-water (12:1, 13 ml) was added hydroxyl-
amine hydrochloride (125 mg, 1.8 mmol) at room tempera,-
ture. The mixture was stirred at 60—65 °C for 3 h, cooled 
and diluted with ethyl acetate (50 mL), washed with water 
and saturated aqueous sodium chloride, dried over magne­
sium sulfate, and evaporated in vacuo. The residue was 
chromatographed on silica-gel column (25 g) with dichlo­
romethane to give an oil of 11 (296 mg, 42%): [a]ê5 +152.3° (c 
1, CHCI3); IR (CH2CI2) 1780, 1620, 1490, 1360 cm"1; 
*H NMR (CDCI3) 0=3.03 (1H, dd, / = 2 and 16 Hz), 3.47 and 
4.00 (2H, ABq, /=18 Hz), 3.65 (1H, dd, 7=5 and 16 Hz), 4.73 
(1H, dd, / = 2 and 5 Hz), 7.00 (1H, s), 7.10—7.60 (10H, m), 
8.15 (1H, s); FAB-MS m/z 394 (M+). Found: C, 63.95; H, 
4.78; N, 7.34; S, 7.95%. Calcd for C21H18N2O4S: C, 63.94; H, 
4.60; N, 7.10; S, 8.13%. 

Diphenylmethyl 3-Cyano-3-cephem-4-carboxylate (12). 
To a solution of N,N-dimethylformamide (0.065 mL, 0.84 
mmol) in ethyl acetate (0.4 mL) was added phosphoryl 
chloride (0.088 mL, 0.84 mmol) at 0°C. The mixture was 
stirred at 0°C for 30 min, and a solution of 11 (220 mg, 0.56 
mmol) in ethyl acetate (4 mL) was added to the mixture at 
0 °C. This mixture was stirred at room temperature for 5 h, 
poured into ice-cooled 3% aqueous sodium hydrogencarbo­
nate (20 mL), and extracted with ethyl acetate (30 mL). 
The organic layer was washed with water and saturated 
aqueous sodium chloride, dried over magnesium sulfate and 
evaporated in vacuo. The residue was triturated with di­
ethyl ether to give a yellow, amorphous powder of 12 (143 
mg, 68%): IR (Nujol) 2220, 1785, 1730, 1600 cm"1; « N M R 
(CDCI3) 0=3.12 (1H, dd, / = 2 and 18 Hz), 3.65 (2H, m), 3.74 
(1H, dd, 7=6 and 18 Hz), 4.70 (1H, dd, 7=2 and 6 Hz), 7.00 
(1H, s), 7.10—7.60 (10H, m); FAB-MS m/z 376 (M+). 
Found: C, 67.18; H, 4.49; N, 7.39; S, 8.72%. Calcd for 
C21H16N2O3S: C, 67.00; H, 4.28; N, 7.44; S, 8.52%. 

Potassium 3-Cyano-3-cephem-4-carboxylate (2). To a 
mixture of 12 (100 mg, 0.27 mmol), anisole (0.1 mL), and 
dichloromethane (3 mL) was added diethylaluminum chlo­
ride (0.59 mL, in 0.9 M hexane solution) dropwise at —25 °C. 
The mixture was stirred at — 20 °C for 15 min, poured into 
ice-cooled 6% aqueous sodium hydrogencarbonate (15 mL), 
and washed with ethyl acetate (15 mL). The aqueous layer 
was separated, adjusted to pH 2.0 with 1 M hydrochloric 
acid at 0—5 °C, and extracted with ethyl acetate (15 mLX3). 
The extract was washed with saturated aqueous sodium 
chloride, dried over magnesium sulfate and evaporated in 
vacuo until about 5 mL. To this solution was added potas­
sium 2-ethylhexanoate (0.42 mL, in 0.567 M diethyl ether 
solution) at 0°C. The mixture was evaporated in vacuo 
and the residue was triturated with diethyl ether and dried in 
vacuo to give an amorphous powder of 2 (27.2 mg, 41%); mp 
145—150 °C (decomposed); IR (Nujol) 2200,1755, 1620, 1580 
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cm-1; *HNMR (D20) 0=3.22 (1H, dd, 7=2 and 16 Hz), 3.48 
and 3.78 (2H, ABq, /=18 Hz), 3.75 (1H, dd, 7=5 and 16 Hz), 
4.80—5.00 (1H, m). Found: C, 36.40; H, 2.90; N, 10.75; S, 
11.90%. Calcd for C8H5KN2O3S • H 2 0 : C, 36.08; H, 2.65; N, 
10.52; S, 12.04%. 

Diphenylmethyl 7a-Phenylacetamido-3-£-butyldimethyl-
silyloxymethyl-3-cephem-4-carboxylate (13). To a solution 
of 6a (1.68 g, 3.3 mmol) in tetrahydrofuran (32 mL) was 
added l,3-bis(trimethylsilyl)urea (2.0 g, 9.9 mmol) at room 
temperature. The mixture was stirred at room temperature 
for 1 h, and this was added a solution of phenylacetyl 
chloride (0.48 mL, 3.6 mmol) in tetrahydrofuran (8 mL) at 
—15 °C. The mixture was then stirred at —15 °C for 30 min, 
poured into 0.5% aqueous sodium hydrogencarbonate (100 
mL) and extracted with ethyl acetate (60 mLX2). The 
organic layer was separated, washed with water and satu­
rated aqueous sodium chloride, dried over magnesium sul­
fate, and evaporated in vacuo to give an amorphous powder 
of 13 (2.0 g, 97%): 70—75 °C (decomposed); IR (Nujol) 1785, 
1735, 1685 cm-1; ^ N M R (CDCI3) 0=0.10 (6H, s), 0.90 (9H, 
s), 3.32 and 3.58 (2H, ABq, /=15 Hz), 3.60 (2H, m), 4.40 (2H, 
m), 4.60 (IH, d, 7=2 Hz), 4.80 (IH, dd, J=2 and 8 Hz), 6.20 
(IH, d, / = 8 Hz), 6.93 (IH, s), 7.10—7.50 (15H, m); FAB-MS 
m/z 629 (M+). Found: C, 66.85; H, 6.41; N, 4.46; S, 5.10%. 
Calcd for CssH^^OsSSi: C, 66.90; H, 6.65; N, 4.26; S, 5.02%. 

Diphenylmethyl 7a-Phenylacetamido-3-£ormyl-3-cephem-
4-carboxylate (14). Compound 13 was treated as described 
for compound 9 to give an amorphous powder: yield 0.52 g 
(32%); mp 140 °C (decomposed); IR (Nujol) 1820, 1720, 1660, 
1600 cm"1; ^HNMR (CDCI3) ô=3.27 and 3.73 (2H, ABq, 
/=18 Hz), 3.65 (2H, m), 4.67 (IH, dd, 7=2 and 8 Hz), 4.93 
(IH, d, 7=2 Hz), 6.10 (IH, d, 7=8 Hz), 7.10 (IH, s), 7.10— 
7.60 (15H, m), 9.37 (IH, s); FAB-MS m/z 513 (M+). Found: 
C, 68.03; H, 4.81; N, 5.68; S, 6.04%. Calcd for C29H24N2O5S: 
C, 67.95; H, 4.72; N, 5.47; S, 6.26%. 

Diphenylmethyl 7a-Phenylacetamido-3-hydroxyimino-
methyl-3-cephem-4-carboxylate (15). Compound 14 was 
treated as described for compound 10 to give an amorphous 
powder: yield 0.47 g (90%); mp 162—165 °C (decomposed); 
IR (Nujol) 1780, 1750, 1720, 1660 cm"1; ^ N M R (CDCI3-
DMSO-de, 1:1) 0=3.50 and 3.97 (2H, ABq, 7=18 Hz), 3.60 
(2H, m), 4.77 (IH, d, 7=2 Hz), 4.90 (IH, dd, 7=2 and 8 Hz), 
6.97 (IH, s), 7.20—7.60 (15H, m), 7.90 (IH, d, 7=8 Hz), 8.05 
(IH, s); FAB-MS m/z 528 (M+). Found: C, 65.67; H, 4.59; 
N, 7.69; S, 6.28%. Calcd for C29H25N3O5S: C, 66.02; H, 4.78; 
N, 7.96; S, 6.08%. 

Diphenylmethyl 7a-Phenylacetamido-3-cyano-3-cephem-
4-carboxylate (16). Compound 15 was treated as described 

for compound 11 to give an amorphous powder: yield 0.17 g 
(46%); mp 188—193 °C (decomposed); IR (Nujol) 2220, 1790, 
1730, 1660, 1600 cm"1; « N M R (DMSO-de) ô=3.55 (2H, m), 
3.73 and 3.97 (2H, ABq, 7=18 Hz), 4.90 (IH, dd, 7=2 and 8 
Hz), 5.03 (IH, d, 7=2 Hz), 7.00 (IH, s), 7.10—7.60 (15H, m), 
9.05 (IH, d, 7=8 Hz); FAB-MS m/z 510 (M+). Found: C, 
67.18; H, 4.84; N, 7.87; S, 6.41%. Calcd for C29H23N304S-
1/2H20: C, 67.16; H, 4.66; N, 8.10; S, 6.18%. 

Potassium 7a-Phenylacetanido-3-cyano-3-cephem-4-car-
boxylate (3). Compound 16 was treated as described for 
compound 12 to give an amorphous powder: yield 17.3 mg 
(46%); mp 160 °C (decomposed); IR (Nujol) 2220, 1780, 1640, 
1600 cm"1; « N M R (DMSO-d6) 5=3.37 and 3.70 (2H, ABq, 
7=18 Hz), 3.50 (2H, m), 4.78 (IH, d, 7=2 Hz), 4.90 (IH, dd, 
7=2 and 8 Hz), 7.27 (5H, s), 9.10 (IH, d, 7=8 Hz); Found: C, 
50.63; H, 3.40; N, 10.86; S, 8.26%. Calcd for C16H12KN3O4S: 
C, 50.38; H, 3.17; N, 11.02; S, 8.14%. 

T h e authors wish to express thanks to Mrs. Kazutaka 
Kato, Isao Nakanish i , and Akito T a n a k a of our labor­
atories for helpful assistance in the calculation for the 
C N D O / 2 and M N D O methods. 
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Chemical Behavior of Coenzyme PQQ toward Aminoguanidine: 
Redox Reaction and Adduct Formation 
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The reaction of coenzyme PQQ with aminoguanidine, which is known as an inhibitor of quinoprotein 
amine oxidases, was investigated in vitro. The redox reaction predominantly proceeded at pH 10.0 to give 
PQQH2 (quinol), whereas deactivation of PQQ occurred at pH 6.7 to give the triazine adduct. In the case of 
semicarbazide or acetohydrazide as the substrate, azo adduct formation was mainly observed even at pH 10.0. 
Importance of the C-5 carbinolamine-type intermediate a is discussed. 

Copper-containing amine oxidases involve a second 
organic cofactor which is covalently bound to the 
enzymes and interacts strongly with carbonyl reagents 
such as hydrazine derivatives.1) The structure of the 
organic cofactor has not been clearly identified for a 
long time, though pyridoxal phosphate (PLP) or a 
modified pyridoxal had been proposed initially as a 
possible cofactor without any conclusive evidence.1) 
In 1984, two independent groups reported that the 
enzymes might involve PQQ (4,5-dihydro-4,5-dioxo-
lH-pyrrolo[2,3-/]quinoline-2,7,9-tricarboxylic acid) as 
the cofactor.2'3) Phenylhydrazine and 2,4-dinitro-
phenylhydrazine have been generally used to detect 
the coenzyme, because they give pronounced spectral 
changes during the inhibition process.1'4) Amino­
guanidine is also known as an irreversible inhibitor of 
the amine oxidases,5) but details of its inhibitory 
action in the enzymatic system have not been clarified 
yet, because it does not produce such a strongly char­
acteristic chromophore. 

In this paper, we studied the reaction between PQQ 
and aminoguanidine in vitro to find that either redox 
reaction or adduct formation reaction occurred 
depending on the pH. The present results may give 
very important information not only for the enzymatic 
studies (inhibition mechanism) but also for the study 
on the oxidation mechanism of amine homologues by 
PQQ-

ble regioisomers (1 and 1') are considered, 1 HNMR 
and HPLC analyses indicate the presence of only one 
isomer. It is impossible to determine the actual 
structure with the spectral data available at the pres­
ent. However, the structure of type 1 is considered to 
be plausible, since an absorption spectrum character­
istic of C-5 adducts of PQQ7) appears at the initial 
stage of the reaction (a in Fig. 1). It is well-known 
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Fig. 1. Spectral change along the progress of the 

reaction of PQQ with aminoguanidine at pH 6.7. 
[PQQ]=4.0X10"5 M [aminoguanidine]=8.0X10-2 

M, 0.1 M phosphate buffer (ji=0.2 with KCl), at 
30 °C, under anaerobic conditions (N2). 

Results and Discussion 

The reaction of PQQ and aminoguanidine was 
examined spectrophotometrically in an aqueous 
buffer solution at 30 °C under anaerobic conditions. 
A slow increase in absorption at 286 and 348 nm was 
observed at pH 6.7, and the final spectrum was quite 
different from that of reduced PQQ (Fig. 1 ). Product 
analysis was carried out by using PQQTME (tri-
methyl ester of PQQ), because PQQTME is easier to 
handle than PQQ itself. Treatment of PQQTME 
with 10-fold excess of aminoguanidine sulfate in 
refluxing MeOH for 6 h gave 3-amino-1,2,4-triazine 
derivative 1 (Eq. 1). IR spectrum shows typical 
absorption at 3456, 3312, 3200, and 1646 cm-1 of the 
3-amino-1,2,4-triazine structure.6) Although two possi-
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that the C-5 adduct of H2O or acetone shows such 
characteristic spectrum which lacks in either absorp­
tion of quinonoid n—>7r* transition at around 475 nm 
(very broad and weak) and a shoulder at around 270 
nm but has two absorption maxima at around 330 and 
360 nm. Alkaline hydrolysis of the three ester groups 
of 1 gave the same compound as in the reaction of 
PQQ and aminoguanidine, indicating that the prod­

uct having /Lax 286 and 348 nm was the tricarboxylic 
acid derivative of 1 (triazine derivative of PQQ, Eq. 2). 

On the other hand, the formation of PQQH2 
(reduced PQQ in quinol form) proceeded mainly at 
pH 10.0 (Fig. 2a), and PQQ was easily regenerated by 
aeration of the final reaction solution (Fig. 2b). The 
reduced PQQ (PQQH2) was isolated in the prepara­
tive scale experiment under the same conditions (Eq. 
3). 

H COOH 

HOOC 

HOOC 

NH 
II 

H2NCNHNH2-1/2 H2SQ4 

pH 10, anaerobic condn. 

H COOH 
HOOC V 

H00C 
(3) 

From these results, we propose the mechanism 
shown in Scheme 1. The amino group of amino­
guanidine attacks the C-5 position of PQQ to form a 
carbinolamine type intermediate a. It is well-known 
that the C-5 quinone carbon is very reactive toward 
various nucleophiles.7) This kind of intermediate is 
also proposed in amine-oxidations.8) As mentioned 
above, a characteristic UV-vis spectrum of the C-5 
adduct of PQQ7) was observed at the initial stage of the 
reaction. Electron flow (shown as arrows in Scheme 
1) at the stage of the intermediate a will lead to the 
generation of PQQH2. If such electron flow is not 
fast enough, the dehydration from the intermediate a 

i. . OU 

CD 
0 

c 
rt 
a u 0 .75 

J 

0 F l ^ ^ 
w F ^mi 

â 

0 

320 

Î 

— 1 — 1 

a) 1 

j-

• •• • ] 

1.50 

CD 
Ü 

G 
cd 
'S 0.75 
o 
CO 

/ S / / \ / 
1 / --'*7 
h A 
P\ / 'v 

\ / * \ \ 
•-_--

1 — 

v~ 
" > 

f i n a l 

^—• a e r a t 

\ 

b) 

J 

i o n 

230 300 400 500 230 300 400 500 

Wavelength (nm) Wavelength (nm) 

Fig. 2. Spectral change along the progress of the reaction of PQQ with amino­
guanidine at pH 10.0. [PQQ]=4.0X10"5 M, [aminoguanidine]=4.0X 10"4 M, 
0.1 M carbonate buffer (/*=0.2 with KCl), at 30 °C. a) Under anaerobic 
conditions (N2). b) After aeration of the final reaction mixture. 
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Scheme 1. 

p redominan t ly proceeds to give the hydrazone adduct, 
wh ich is converted in to the 3-amino-l ,2,4-triazine 
derivative by subsequent in t ramolecular cyclization 
and aromatizat ion. 

It is interest ing that the p H of the solut ion controls 
the reaction pa th in the present reaction. At lower 
p H where a lmost all the guan id ino groups are proto-
nated, the electron flow must be suppressed because of 
the s t rong electron-withdrawing effect of the proto-
nated guan id ino g roup , and the acid-catalyzed dehy­
dra t ion could be accelerated. Consequently, the 
adduct formation main ly proceeded at p H 6.7. O n 
the contrary, the p ro tona t ion of the g u a n i d i n o g r o u p 
and the acid-catalyzed dehydrat ion wou ld be depressed 
at h igher p H ( p H 10) to al low the electron flow to give 
the q u i n o l as a major product . Impor tance of the 
e lect ron-withdrawing effect of the substi tuent at­
tached to hydrazino g r o u p was also found in the reac­
t ion between P Q Q and semicarbazide or acetohydra­
zide. T h e azo adduct formation (2 and 3)9) was 
main ly observed in the reaction of P Q Q and semicar­
bazide or acetohydrazide under anaerobic condit ions 
even at h igher p H ( p H 10). T h u s , it could be said 
that the more electron-withdrawing nature the substit-

MeOOC 

MeOOC 

COOMe 

R = NH2 : 2 
R = CH3 : 3 

uent at tached to the hydrazino g roup has, the more 
preferable the adduct formation is. 

Slow formation of the 3-aminotriazine adduct was 
also observed even at p H 10.0 when the reaction was 
carried ou t under aerobic condit ions. T h i s means 
the reduct ion of P Q Q (major reaction) and the forma­
tion of the 3-amino-l,2,4-triazine (minor reaction) 
competitively occurred, and P Q Q is gradually con­
verted in to the redox inactive derivative du r ing an 
aerobic autorecycling process (Scheme 1). T h e sim­
ilar inh ib i t ion process is presumed to take place in the 
enzymatic system. 

Experimental 

PQQ and its trimethyl ester (PQQTME) were prepared 
according to the reported method.10) Aminoguanidine sul­
fate, semicarbazide hydrochloride, and acetohydrazide 
hydrochloride were obtained commercially and used with­
out further purification. Ultraviolet and visible absorption 
spectra were recorded on a Shimadzu UV-265 spectropho­
tometer equipped with a temperature controlled cell holder, 
Shimadzu TCC-260. HPLC analysis was performed by 
using a Waters Model 510 (pump), a Lambda-Max Model 
481 (UV-monitor), and a Radial Compression Separation 
System (Cis). Infrared spectra were recorded on a Hitachi 
270-30 infrared spectrophotometer, and XHNMR spectra 
were obtained on a JEOL FT-NMR JNX-FX90Q (90 MHz) 
and a JEOL FT-NMR GSX 270S (270 MHz) spectropho­
tometers. Mass spectra (MS) were obtained on a JEOL 
JNX DX 303 HF mass spectrophotometer. 

Reaction of PQQ and Aminoguanidine (UV-vis Scale). 
Spectrophotometrical examination of the reaction of PQQ 
and aminoguanidine was performed under the conditions of 
[PQQ]=4.0X10"5 M, (1 M=l mol dm"3) and [aminoguani-
dine]=4.0X10"4 M at 30 °C. Typically, 1.5 ml of an aque­
ous buffer solution containing PQQ (8.0X10-5 M) was 
mixed with 1.5 ml of an aqueous buffer solution containing 
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aminoguanidine (8.0X10-4 M) in a Thunberg cuvette. 
Both solutions were degassed by bubbling N2 before the 
reaction if necessary. 

Reaction of PQQTME and Aminoguanidine. PQQTME 
(5 mg, 1.34X10-5 mol) was treated with 10-fold excess of 
aminoguanidine sulfate in refluxing methanol for 6 h. 
The resulting precipitates were collected by centrifugation, 
washed with water, and dried in vacuo to yield an orange 
solid 1 (4.5 mg, 82%): mp (decomp) 278—280 °C; *HNMR 
(DMSO-de) 0=4.03, 4.17, 4.21 (each s, 3H, OCH3), 6.61 (br s, 
2H, NH2), 8.08 (d, /=2.3 Hz, 1H, aromatic 3-H), 9.10 (s, 1H, 
aromatic 8-H), 12.60 (br s, 1H, pyrrole NH); IR (KBr, cm"1) 
1724 (-COOCH3) 3456, 3312, 3200, 1646 (aminotriazine 
NH2); Mass spectrum m/z 410 (M+). 

Product Analysis of the Reaction of PQQ and Amino­
guanidine. Hydrolysis of the methyl ester groups of 1 (2.0 
mg) was carried out in 0.1 M K2CO3 at 80 °C and was 
followed by HPLC. When no further change was observed 
(4 h), the aliquot was diluted with 0.1 M carbonate buffer 
(pH 10.0) and the UV-vis spectrum was taken. The hydrol-
ysate showed the same absorption (/Lmax at 286 and 348 nm) 
and the same retention time in HPLC analysis with those of 
the product in the reaction of PQQ and aminoguanidine at 
pH 10.0.; HPLC, solvent: MeOH/H20/85% H3PO4, 45/ 
54.5/0.5 (v/v/v). flow rate: 1.0 ml min - 1 , retention time: 12.8 
min, UV-vis spectrum (/Lmax, 0.1 M carbonate buffer, pH 
10.0), 284 and 348 nm. 

Reaction of PQQ with Aminoguanidine at pH 10 under 
Anaerobic Conditions. After quantitative hydrolysis of 
PQQTME (7.2 mg, 19.3 /rniol) to PQQ in 0.1 M Na2C03 (5 
ml) at 60 °C for 6 h, the solution was placed in the bottom of 
a Thunberg vessel (30 ml), and 50-fold excess of aminoguan­
idine sulfate in 0.1 M NaHCÛ3 (0.56 ml) was deposited in 
the side arm of the vessel. Both solutions were degassed by 
bubbling Ar for 30 min and then they were mixed to start the 
reaction. After 24 h, the reaction mixture was acidified 
with 2 M HCl to adjust the pH of the solution to 2 under Ar. 
The resulting precipitates were collected by centrifugation, 
washed with water, and dried in vacuo. *H NMR, HPLC 
analysis, and UV-vis spectrum revealed that the product was 
identical with reduced PQQ in quinol form (PQQH2).n) 

Reaction of PQQ and Semicarbazide or Acetohydrazide. 
PQQTME (10 mg, 2.69X10"5 mol) was treated with 10-fold 
excess of semicarbazide hydrochloride in methanol at 60 °C 
for 5 h to yield 1:1 azo adduct 29) as a yellow solid. 2 (64%): 
mp (decomp) 225—230 °C; *HNMR (DMSO-d6) 6=4.00, 
4.13, 4.18 (each s, 3H, -OCH3), 7.11 (br s, 2H, -NH2), 7.17 (d, 
/=2.3 Hz IH, aromatic 3-H), 8.40 (s, 1H, aromatic 8-H), 
12.40 (br s, exchangeable, pyrrole NH), 14.39 (br s, exchan­
geable, -OH); IR (KBr, cm"1) 1730 (-COOCH3), 1650 
(-NHCO-); Mass spectrum m/z 430 (M++1). 

Reaction of PQQTME and acetohydrazide hydrochloride 
was carried out in the same manner (reaction time 20 h). 3 
(85%): mp (decomp) 210—220 °C; *HNMR (DMSO-d6) 
0=3.91, 3.99, 4.07 (each s, 3H, -OCH3), 7.29 (br s, 1H, 
aromatic 3-H), 8.48 (s, IH, aromatic 8-H), 12.42 (br s, 
exchangeable, pyrrole NH), 14.41 (br s, exchangeable, 
-OH); IR (KBr, cm"1) 1724 (-COOCH3), 1668 (-NHCO-), 
1630 (C=0); Mass spectrum m/z 429 (M++1). 

Methyl ester groups of 2 and 3 were hydrolyzed in 0.1 M 
K2CO3 for 6—10 h at 60 °C to give the corresponding tricar­
boxylic acid derivatives, respectively (4 and 5). Each of the 
products showed the same UV-vis spectrum and the same 
retention time in HPLC analysis with those of the product 
in the reaction with PQQ and semicarbazide and acetohy­
drazide at pH 10.0, respectively. 4: UV-vis spectrum (/Lmax 289 
and 326 nm); HPLC retention time (12.2 min). 5: UV-vis 
spectrum (/Lax 259, 287, and 365 nm); HPLC retention time 
(11.5 min). 
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A Convenient Synthesis of l,2,4-Tri-0-acetyl-5-deoxy-5-[(JÏ)- and 
(S)-ethylphosphino and phenylphosphino]-3-0-methyl-a,jß-D-

xylopyranoses and Their Phosphinothioyl Derivatives§ 
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l,2,4-Tri-0-acetyl-5-deoxy-5-[(#)- and (S)-ethylphosphinyl]-3-0-methyl-a,/3-D-xylopyranoses (8a—d) were 
prepared from 5-deoxy-5-[(R)- and (S)-(ethoxy)ethylphosphinyl]-l,2-0-isopropylidene-3-0-methyl-a-D-
xylofuranoses in two steps. Reduction of 8a—d and their 5-(phenylphosphinyl) congeners with trichlorosi-
lane-triethylamine in benzene smoothly afforded the corresponding title 5-deoxy-5-phosphino-D-xylopyranoses 
(9a—d and 14a—d) without causing inversion of the ring-phosphorus atom. Treatment of 9a—d and 14a—d 
with sulfur in benzene efficiently provided the corresponding (phosphinothioyl)-in-ring D-xylopyranoses. 
Structural and conformational assignments of these newly obtained compounds were made on the basis of mass 
and NMR (*H and 31P) spectral data. 

A large number of sugar analogues hav ing a phos­
phorus a tom in place of oxygen in the hemiacetal r ing 
have been prepared in recent years:1) e.g., D-glucopy-
ranoses 1,2>3) D-ribofuranoses 2,4j5) and 2-deoxy-D-ribo-
furanoses 3.6) Such compounds are of interest from 
the viewpoint of their physicochemical properties and 
potent ia l biological activity. lb ) All of these sugars 
contain a phosph iny l g roup in the r ing and no ana­
logues hav ing a p h o s p h i n o g roup have been reported 
so far.7) We now describe a detailed study on a conve­
nient synthesis of the first P- in-r ing pyranose ana­
logues hav ing an ethyl- or phenyl -phosph in idene 
g roup in the hemiacetal r ing by employing 3 -0 -
methyl-D-xylopyranose as a model compound.8) 
Hi ther to unrepor ted physicochemical properties, as 
well as biological activity, of this type of compounds 
are ant icipated to be h ighly of interest. For example, 
wi th powdered sulfur these compounds are shown to 
be readily convertible in to the corresponding 5-
phosph ino th ioy l derivatives,9) of which the P=S func­
t ional g roup is expected to play an impor t an t role in 
potent ia l biological activity.10) 

HO 
V°P\R H0 

\ > 0 H 
HO \ I - 1 

OH HO OH HO 

1 _ P - R -H0-
|(0H V O H V>0H 

Results and Discussion 

Michaelis-Arbuzov reaction of 5-deoxy-5-iodo-l,2-
O-isopropylidene-3-O-methyl-a-D-xylofuranose11) (4) 
wi th diethyl e thylphosphoni te gave 5-deoxy-5-
[(ethoxy)ethylphosphinyl] derivative12) (5), which was 
now found separable in to two diastereomers 5a (color­
less pr isms, m p 70—71 °C) and 5b (colorless syrup) by 
silica-gel chromatography (Scheme 1). These com­
pounds are epimers wi th respect to the phosphorus 
a tom bu t their assignment of (R)- or (S)-configuration 

RP(0Et)2 SDMA 

% 
5 R=Et 

10 R=Ph 

HO 

0 
p~R 

(vOMeV-OH 

OH 

Ac20 

pyridine 

7 R=Et 

12 R=Ph 

(R=Et,OH) (R=Et,Ph,OH) (R=Me,C6H1]L) 

§ Although contrary to the very recently modified Chem. 
Abstr. nomenclature for some of these P-in-ring sugar ana­
logues (e.g. [lS-(la,2a,3o!,4ß,5Q!)]-l-ethyl-4-methoxy-2,3,5-
phosphorinanetriol triacetate for 9a and its 1-sulfide for 
17a), "5-deoxy-5-phosphino-D-xylopyranose" and its "5-
phosphinothioy^ , derivative will be used in this paper, 
because these have been permitted as comprehensible names 
in carbohydrate section. 

n R 

f(0MeV0Ac 

OAc 

8 R=Et 

13 R=Ph 

H5iCl3 

TEA 
* IsOMeV-OAc 
AcO^" " I A OAc 

9 R=Et 

14 R=Ph 

Scheme 1. Preparation of 5-deoxy-5-phosphino-D-
xylopyranoses. 
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p a i r 

18 

Ph 

S 

Chart 1. Structures of l,2,4-tri-0-acetyl-5-deoxy-3-0-methyl-5-phosphino-
D-xylopyranoses and their 5-phosphinyl and 5-phosphinothioyl 
derivatives. 

Table 1. 1U and 31P NMR Parameters for P-in-Ring Sugars 8, 9, 13, 14, 17, and 18 in CDC13 

Chemical shift (<5) 

H-l H-2 H-3 H-4 He-5 Ha-5 AcO-l,2,4a) MeO-3 
HC-P H'C-P Me-C-P 

(Ph(o, m, p)) 
3ipb) 

8a 
8b 
8c 
8d 
9a 
9b 
9c 
9d 

17a 
17b 
17c 
17d 
14a 
14b 
14c 
14d 

5.73 
5.21 
5.63 
5.68 
5.73 
5.26 
5.33 
5.59 
5.66 
5.35 
5.58 
5.61 
5.85 
5.58 
5.49 
6.07 

5.52 
5.64 
5.05 
4.94 
5.12 
5.23 
5.45 
5.20 
5.73 
5.66 
5.16 
5.06 
5.24 
5.34 
5.35 
4.94 

3.59 
3.41 
3.43 
3.61 
3.53 
3.25 
3.19 
3.48 
3.56 
3.39 
3.41 
3.58 
3.59 
3.39 
3.29 
3.55 

5.36 
5.39 
4.81 
4.80 
5.05 
5.05 
5.10 
5.12 
5.46 
5.49 
4.86 
4.87 
5.24 
5.17 
5.01 
5.03 

2.54 
2.61 
2.61 
2.49 
2.04c) 

2.18 
2.10 
2.05 
2.46 
2.53 
2.67 
2.55 
2.29 
2.34 
2.70 
2.54 

1.95 
1.70 
2.04c) 

2.31 
1.88 
1.55 
1.57 
1.95c) 

2.22 
2.00 
2.08 
2.31 
2.52 
2.03 
1.81 
2.05 

2.17, 
2.15, 
2.12, 
2.23, 
2.18, 
2.08, 
2.08, 
2.13, 
2.20, 
2.14, 
2.11, 
2.24, 
1.77, 
1.92, 
2.16, 
2.20, 

2.09, 
2.09, 
2.11, 
2.12, 
2.09, 
2.05, 
2.05, 
2.09, 
2.09, 
2.09, 
2.11, 
2.10, 
2.14, 
2.08, 
2.09, 
2.11, 

2.05 
2.07 
2.07 
2.08 
2.03 
2.04 
2.04 
2.04 
2.03 
2.07 
2.06 
2.06 
2.03 
2.05 
2.05 
2.02 

3.48 
3.47 
3.49 
3.50 
3.46 
3.44 
3.46 
3.47 
3.46 
3.46 
3.48 
3.49 
3.49 
3.48 
3.39 
3.43 

1.79 
1.93 
2.14c) 

1.92 
1.46 
1.62 
1.78 
1.71 
1.85 
1.96 
2.15c) 

2.07c) 

(7.35, 
(7.52, 
(7.64, 
(7.52, 

1.79 
1.77 
1.78 
1.92 
1.35 
1.50 
1.78 
1.71 
1.83 
1.94 
2.03 
2.07c) 

7.33, 
7.38, 
7.40, 
7.41, 

1.21 
1.19 
1.34 
1.34 
1.01 
1.05 
1.16 
1.16 
1.17 
1.19 
1.31 
1.34 
7.33) 
7.39) 
7.31) 
7.29) 

39.3 
35.7 
34.8 
32.9 

-38.1 
-39.5 
-38.9 
-35.0 

39.0 
38.8 
37.4 
39.3 

-35.5 
-41.5 
-35.0 
-31.9 

Coupling constant (Hz) 

P-Et 

8a 
8b 
8c 
8d 
9a 
9b 
9c 
9d 

17a 
17b 
17c 
17d 
14a 
14b 
14c 
14d 

2.9 
10.8 
10.7 
2.7 
2.5 

10.8 
10.7 
3.0 
2.7 

10.7 
10.8 
2.9 
2.2 

10.8 
11.0 
2.9 

10.2 
3.4 

11.9 
8.2 
9.6 
5.3 

10.8 
11.7 
6.9 
1.4 
8.0 
5.6 
8.9 
5.4 

18.2 
12.4 

1.8 
0 
0 
1.6 
2.0 
0 
0 
1.4 
2.0 
0 
0 
2.0 
1.7 
0 
0 
1.5 

9.1 
9.2 
9.0 
9.4 

10.0 
9.1 
9.6 
9.6 
9.8 
9.5 
9.3 
9.8 

10.0 
9.4 
9.3 
9.9 

3.8 
3.4 
2.9 
2.6 
2.5 
3.6 
1.8 
0.5 
2.0 
4.4 
2.9 
0.5 
3.3 
4.7 
2.5 
0 

8.6 
9.5 
9.5 
9.0 
9.6 
9.4 
9.8 
9.3 
9.3 
9.4 
9.7 
9.4 
9.7 
9.4 
9.7 
9.5 

4.3 
4.4 
4.3 
4.5 
3.5 
3.7 
4.4 
4.0 
4.2 
4.1 
4.2 
4.4 
3.8 
3.7 
4.0 
4.1 

10.8 
11.7 
11.7 
12.1 
12.2 
12.4 
11.9 
12.0 
11.4 
11.7 
12.3 
12.2 
12.2 
12.2 
11.7 
11.3 

6.6 
3.8 
4.2 
4.7 
3.5 
3.3 
0.5 
0.5 
4.7 
4.5 
2.8 
1.9 
2.9 
3.4 
0.5 
0.8 

14.3 
14.5 
15.2 
14.7 
12.3 
12.4 
15.1 
15.0 
13.3 
13.7 
14.8 
14.8 
12.0 
12.5 
15.4 
15.0 

17.5 
18.2 
15.7 
14.8 

c) 
7.1 
4.6 
3.5 

15.2 
15.8 
14.9 
13.5 
6.0 
6.7 
4.6 
3.1 

6.3 
3.9 
c) 

18.9 
5.9 
6.9 
7.9 
c) 

9.1 
7.4 

15.6 
16.2 
4.8 
4.3 
9.6 
9.8 

7P,H 

11.9 
15.6 

c) 
15.4 
1.7 
3.1 

15.6 
15.6 
11.4 
9.3 
c) 
c) 
d) 
d) 
d) 
d) 

2 / P , H ' 

11.9 
11.3 
5.7 

15.4 
7.8 
3.2 

15.6 
15.6 
11.4 
11.4 
15.0 

c) 

2/H,H' 

— 
15.3 
15.4 
— 

15.6 
15.6 
— 
— 

15.2 
15.2 
15.2 

c) 

3/H,H 

7.8 
7.8 
7.7 
7.7 
7.8 
7.8 
7.8 
7.8 
7.6 
7.6 
7.6 
7.6 

3/P,H 

18.1 
18.6 
17.5 
17.5 
17.6 
15.5 
17.3 
17.3 
21.2 
20.9 
20.2 
20.0 

a) The assignments of acetoxyl groups may have to be interchanged, b) Parameters for 13a—d, 6=26.7, 24.3, 
25.1, and 22.7, respectively, and for 18a—d, 6=29.1, 30.8, 28.2, and 29.6, respectively, c) Approximate or 
uncertain because of overlapping with acetoxyl signals, d) Splitting patterns of the P-phenyl group are similar 
to those of 13a—d and 18a—d (see Ref. 9). 
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was not attained because of the insignificant differ­
ences in their XH NMR spectra. 

The pure epimer 5a was reduced with sodium 
dihydrobis(2-methoxyethoxy)aluminate (SDMA) to 
give the 5-(ethylphosphinyl) derivative 6, which, on 
treatment with dilute hydrochloric acid, was con­
verted to 5-deoxy-5-(ethylphosphinyl)-3-0-methyl-
a,ß-D-xylopyranoses (7). Acetylation of 7 gave triace-
tates 813) which were separated by silica-gel chroma­
tography into four diastereomers 8a (mp 124—125 °C, 
15% from 5a), 8b (mp 244—245 °C, 13%), 8c (6%), and 
8d (4%) (see Chart 1). Structural assignments of these 
newly isolated triacetates 8a—d were made by the 
analysis of their XHNMR spectra (see below). The 
same treatment of another epimer 5b with SDMA, 
followed by acid hydrolysis and then acetylation, gave 
an almost the same ratio of a mixture of the triacetates: 
8a (14% from 5b), 8b (11%), 8c (6%), and 8d (5%). 
These results indicate that an epimerization took 
place at phosphorus atom during the reduction also 
with SDMA, although such an epimerization of acy­
clic secondary phosphine oxides by lithium alumi­
num hydride (LAH) reduction has been known.14) 

Reduction of 8a—d with an appropriate reducing 
reagent was sought in order to obtain 5-(ethyl-
phosphino) compounds 9. After examination of var­
ious reagents, trichlorosilane15'16) in boiling benzene 
in the presence of triethylamine (TEA) was found to 
give the best result (Scheme 1). Namely, a pure 5-
[(i?)-ethylphosphinyl]-û!-D-xylopyranose 8a furnished 
solely the deoxygenated 5-[(S)-ethylphosphino] deriv­
ative 9a (colorless syrup, 70% yield) with retention of 
configuration of the ring-phosphorus atom. Sim­
ilarly, 5-[(S)-P]-ß-anomer 9b (colorless syrup, 75%), 5-
[(i?)-P]-ß-epimer 9c, and 5-[(i?)-P]-o:-anomer 9d were 
prepared from the corresponding 5-[(/?,S)-ethylphos-
phinyl]-0!,ß-D-xylopyranoses 8b, 8c, and 8d, respect­
ively. It should be noticed that inversion of configu­
ration of phosphorus atom has been generally 
observed upon reduction of cyclic tertiary phosphine 
oxides with HSiCl3-TEA.17) 

Almost identical results were obtained when the 5-
deoxy-5-(phenylphosphinyl)-D-xylopyranoses 13 [pre­
pared from 4 via 5-(phenylphosphinyl) compounds 
10, 11, and 12, see Scheme 1]9> were subjected to the 
same procedures as those for 5-(ethylphosphinyl) com­
pounds 8. Namely, the four diastereomers 13a—d 
were reduced with HSiCU-TEA, providing the corre­
sponding 5-[(#)-phenylphosphino]-û!-D-xylopyranose 
14a (syrup, 81% yield), 5-[(#)-P]-ß-anomer 14b (color­
less prisms, mp 165—166 °C, 85% yield), 5-[(S)-P]-ß-
epimer 14c (colorless prisms, mp 123—125 °C, 80%), 
5-[(S)-P]-o:-anomer 14d (colorless needles, mp 143— 
145 °C, 75%), respectively, all with retention of the 
configuration of the ring-phosphorus. The configu­
rations of 9a—d and 14a—d, all approximately in the 
4CI(D) conformation, were established by analysis of 
their high-resolution mass and 1H (500 MHz) and 31P 

(81 MHz) NMR spectra by taking into account the 
known parameters of structurally related compounds 
obtained before; e.g. 8 and 139) (see below). 

Reduction of 13b, c was also performed with hexa-
chlorodisilane that has been reported16'18) to result in 
inversion of phosphorus configuration of acyclic 
phosphine oxides and simple phospholane oxides. 
The products obtained from 13b and 13c after the 
treatment with this reagent turned out to be the corre­
sponding 14b and 14c, respectively, with the complete 
retention of the ring-phosphorus configuration. 
These results of non-inversion of the ring-phosphorus 
could be explained in terms of an unfavorable confor­
mation in the transition state for inversion that would 
require an expansion of the expected equatorial C(l)-
P-C(5) bond angle to nearly 120° in order to effect an 
SN2 type of hydride transfer at the apical-apical 
position.16^ 

These 5-phosphino compounds 9 and 14 are stable 
at room temperature as long as they are kept as crystals 
or pure syrups (under nitrogen). In solution, how­
ever, they are rather unstable (particularly 9a—d) and 
tend to be slowly oxidized to 8a—d and 13a—d in an 
open air; care to avoid oxygen should therefore be 
taken even on recrystallization. Four isomers of 9 
(and 14) have almost identical R( values and therefore 
are inseparable by silica-gel column chromatography 
when a mixture of 8a—d (and 13a—d) is used as the 
starting material. 

The present preparative scheme for 9 and 14 is 
expected to be readily applicable to the preparation of 
various, similar sugar analogues having ring-phos-
phino group. 

Ç H 2 F C H 

r 
15 R=Et 
16 R=Ph 

Scheme 2. Attempted preparation of 9 and 14 via 5-
deoxy-5-phosphinyl-D-xylofuranoses. 

An alternative, shortcut preparative scheme was 
also sought to obtain 5-phosphino sugars 9 and 14 
from D-xylofuranoses 5 and 10 via their 5-phosphino 
derivatives 15 and 16, respectively, by using various 
reducing reagents (Scheme 2). Thus, phosphinate 5 
was first reduced with LAH to give apparently 5-
(ethylphosphino)-û!-D-xylofuranose 15 (on the evi­
dence of a higher R{ value of TLC than that of 
phospine oxide 6, cf. Ref. 5). Attempts to derive 9a— 
d directly from 15 even by carefully operating the 
usual method (i.e., acid hydrolysis and acetylation) 
gave the four diastereomers of the oxidized 5-
(ethylphosphinyl) compounds 8a—d after silica-gel 
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chromatography (but in a lower overall yield from 5 
in comparison with the case of SDMA reduction de­
scribed above). Likewise, 5-(phenylphosphino)-a:-D-
xylofuranose 16 prepared from 10 by LAH reduction 
(based on TLC) subsequently yielded only the oxi­
dized 5-(phenylphosphinyl)-D-xylopyranoses 13a—d. 
Use of other reagents such as phenylsilane of trichlo-
rosilane for reduction of 5 and 10 also resulted in the 
formation of 8 and 13, though these reducing reagents 
afforded the phosphine intermediates 15 and 16. The 
main reason for failure in preparation of the phos-
phino compounds 9 and 14 directly from 5 and 10 is 
mostly ascribed to the extreme lability of the interme­
diates 15 and 16 towards oxygen during deprotection 
of their 1,2-O-isopropylidene group with hot etha-
nolic HCl to effect the ring-transposition. 

§ p ?H2^0Et 
58 /-PCR U 0 \ 

9, 14 > ((OMe^OAc «-<r-- S§Mey| 
OAc 07 

17 R=Et 19 ' 

18 R=Ph 

Scheme 3. Preparation of 5-deoxy-5-phosphino 
thioyl-D-xylopyranoses. 

A versatile reactivity of the 5-phosphino-D-xylopy-
ranoses described above is demonstrated by a facile 
conversion of these compounds into the correspond­
ing 5-phosphinothioyl derivatives (Scheme 3). 
Namely, the reactions of the 5-phosphino compounds 
9a—d and 14a—d with powdered sulfur in boiling 
benzene under argon afforded the corresponding 
phosphine sulfides 17a—d and 18a—d, respectively 
(Chart 1). Yields of the products from 5 (in 5 steps 
without separation of intermediately formed 8a—d 
and 9a—d) were 17a (3.6%), 17b (3.2%), 17c (1.9%), and 
17d (1.3%) after silica-gel column chromatography, 
whereas those from 10 were 18a (6.5%), 18b (6.9%), 18c 
(3.6%), and 18d (4.5%). The product ratios of these 
compounds resembled those of 8a—d and 13a—d from 
5 and 10, respectively, thus indicating that the reac­
tions 9—>17 and 14—>18 all proceeded with retention of 
the configuration of the phosphorus atom of 9a—d 
and 14a—d. Structures and conformations of 17 and 
18 were established by the analysis of their mass and 
NMR (XH and 31P) spectra (see below). 

Compounds 18a—d had been obtained9) in 9.3% 
yield (in total) from the 5-[(ethoxy)phenylphos-
phinothioyl]-D-xylofuranose precursors 19 (prepared 
from 4 in 84%) (Scheme 3). In contrast, the present 
preparative scheme provide a 21.5% yield of the desired 
5-phosphinothioyl compounds 18a—d from 10. 
Therefore, the above procedure via intermediates of 
phosphino-in-ring type is more suitable for an effi­
cient synthesis of a wide variety of (phosphinothioyl)-

in-ring sugar analogues that are considered to be of 
interest in view of potential biological activity. 

lU and 31PNMR Spectral Analysis of Tri-O-acetyl-
5-deoxy-5-(ethylphosphino and phenylphosphino)-3-
O-methyl-D-xylopyranoses (9a—d, 14a—d) and Their 
5-Phosphinyl and 5-Phosphinothioyl Derivatives 
(8a—d, 13a—d, 17a—d, 18a—d). For the ^ N M R 
structural assignments of the new products, the chem­
ical shift of each proton signal and the dependence of 
various / values on the dihedral angles were carefully 
taken into consideration. 31P NMR spectra of these 
compounds have now become available for the first 
time in this series of studies as representative exam­
ples of ring-phosphorus-containing pyranoses. The 
precise parameters obtained at 500 MHz (for *H) and 
81 MHz (for 31P) for these compounds are summarized 
in Table 1 for comparative study. Some characteris­
tic features of 8, 9, 14, and 17 are discussed here in 
detail in comparison with the previously known 
parameters (*H NMR) of 13 and 18. 

1) The *HNMR data of the newly obtained 5-
(ethylphosphinyl) and 5-(ethylphosphinothioyl) com­
pounds 8a—d and 17a—d generally follow the charac­
teristic features observed in the 8 and / values for the 5-
deoxy-5-(phenylphosphinyl and phenylphosphino-
thioyl)-D-xylopyranoses (13, 18) which were shown to 
exist approximately in the 4CI(D) conformation in 
CDCI3 solution.9^ Namely, the axial orientation (R) 
of the ring P=0 and P=S group in 8a,b and 17a,b is 
established by a downfield shift (0.5—0.7 ppm) of the 
H-2 and H-4 signals from those of 8c,d and 17c,d 
having equatorial P=0 and P=S groups (see the 8 
values in Table 1). The a-orientation of C-l is 
derived by considering the small magnitudes of /i,2 
(2.6—2.8 Hz) and /i,5e (1.6—2.0 Hz) of 8a,d and 17a,d, 
whereas the ß-anomers 8b,c and 17b,c show large /i,2 
(10.7—10.8 Hz) and negligible /1,5c The proton sig­
nals of H-2 and H-4 of 17a and 17b appear at a slightly 
lower field (0.1—0.2 ppm) compared with those of 8a 
and 8b. The axial P=S group therefore apppears to 
exert a larger downfield shift on the signals of protons 
at the 1,3-diaxial positions in comparison with the 
same effect by the axial P=0 group. In addition, the 
geminal /H,p values (/i,P, /5e,p, and /sa,p) of 5-
phosphinothioyl compounds 17a—d and 18a—d 
become slightly smaller than the corresponding 5-
phosphinyl congeners 8a—d and 13a—d, respectively, 
particularly when the H-C-P=S dihedral angle is 
gauche. The anomalous upfield shifts observed for 
AcO-1 of 13a,b and 18a,b and the downfield shifts of 
Ha-5 signals of 13a,b (both exerted apparently by the 
anisotropic effect of the P-phenyl ring) disappeared in 
the spectra of 5-(ethylphosphinyl and ethylphos-
phinothioyl)-D-xylopyranoses 8a,b and 17a,b, whose 8 
values for AcO-1 and Ha-5 are therefore considered to 
be interent ones in this type of compounds. 

2) It is noteworthy that an appreciable upfield 
shift (ca. 0.2—0.5 ppm) is observed for signals of H-5 
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in the vicinity of a lone pair of electrons of r ing-
phosphorus in 9a—d and 14a—d compared wi th those 
close to P = 0 g roup in the corresponding 5-
phosph iny l diastereomers 8a—d and 13a—d. A 
slight upfield shift is also observed for the signals of 
H-2 and H-4 of the epimers hav ing axial P- lone pair 
(9a and 9b) compared wi th those of the respective 
equator ia l lone-pair epimers 9d and 9c), indicat ing 
that the axial lone pair exerts rather a sl ight shielding 
effect to the protons at 1,3-diaxial posi t ions. Other 
parameters inc lud ing / values of 9a—d and 14a—d are 
similar to those of the corresponding diastereomers of 
8a—d and 13a—d, suppor t ing the approx imate 4 C I ( D ) 
conformation also for these 5-phosphino-D-
xylopyranoses. A m o n g 9a—d and 14a—d, only 9b 
and 14b show small /i,p values, which are in conform­
ity of the generally observed anti-configuration1 9) of 
the lone p a i r - P - C ( l ) - H group . 

3) A l though more examples of 3 1 P N M R data for 
phosphorus -con ta in ing sugars are ant icipated to be 
accumulated, the parameters obtained in this study are 
believed to become impor tan t , s tandard values for 
r ing-phosphorus-containing pyranoses. A few remarks 
for the present data are wor th not ing . For the phos-
p h i n o c o m p o u n d s 9a—d and 14a—d, an upfield shift 
(1.6—6.0 p p m ) of signals is generally observed in the 
spectra of ß-anomers (9b,c and 14b,c) compared wi th 
the corresponding a-anomers (9a,d and 14a,d). Sim­
ilarly, the signals of the epimers hav ing axial lone 
pair (9a,b and 14a,b) appear at slightly upfield (0.6— 
6.5 p p m ) compared wi th the corresponding epimers 
hav ing equator ia l lone pai r (9d,c and 14d,c), a l though 
such a tendency has been reported in the case of 
conformational ly fixed simple pheny lphospho-
lanes.20) Similar features with respect to the direction 
of P = 0 and P=S g roup are observed for phosph iny l (8, 
13) and phosph ino th ioy l derivatives (17, 18) bu t there 
exist a few exceptions (particularly for 17 and 18). 

These precise XH and 3 1P N M R parameters obtained 
by the present study are though t to be of h i g h value in 
de termining the structures of other sugar analogues 
hav ing p h o s p h i n o , phosph iny l , and phosph ino th ioy l 
g roup in the r ing. 

Experimental 

Melting points were determined with a Yanagimoto MP-
S3 instrument and are uncorrected. All reactions were 
monitored by TLC (Merck silica gel 60F, 0.25 mm) with an 
appropriate solvent system [(A) 1:3 and (B) 1:1 AcOEt-
hexane, (C) AcOEt, and (D) 19:1 AcOEt-EtOH]; compo­
nents were detected by exposing the plates to UV light and/ 
or by spraying them with 20% sulfuric acid-ethanol, with 
subsequent heating. Column chromatography was per­
formed by Wako C-200 silica gel. The 1U and 31P NMR 
spectra were measured in CDCI3 with Varian VXR-500 and 
VXR-200 instruments (500 MHz and 81 MHz, respectively; 
the CS-NMR Lab., Okayama Univ.) at 20 °C. Chemical 
shifts are reported as ô values relative to tetramethylsilane 

(internal standard for 1H) and 85% phosphoric acid (external 
standard for 31P). The assignments of all signals were 
made by employing a first-order analysis with the aid of 
decoupling technique and, if necessary, two-dimensional 
COSY measurements (for *H). The parameters were con­
firmed by computer-assisted simulation analysis. The 
mass spectra were taken on a Shimadzu LKB-9000 low-
resolution or an A. E. I. MS 50 ultra-high resolution instru­
ment and were given in terms of m/z (rel intensity) com­
pared with the base peak. 

5-Deoxy-5-[(Ä)- and (5)-(ethoxy)ethylphosphinyl]-l,2-0-
isopropylidene-3-O-methyl-a-D-xylofuranoses (5a,b). A 
mixture of 4n> (1.00 g, 3.18 mmol) and diethyl ethylphos-
phonite (2.80 g, 18.6 mmol) was heated at 140 °C for 6'h 
under argon and then concentrated in vacuo. The residue 
was dissolved in CHCI3 and washed with water. The 
organic layer was dried (Na2SÜ4) and evaporated in vacuo. 
The residue was purified by column chromatography with 
19:1 AcOEt-EtOH, giving a 1:1 (by *HNMR) mixture of 
5a and 5b (5-[(i?)-P] and [(S)-P] diastereomer, respectively). 
The mixture was separated by fractional recrystallization 
from AcOEt-hexane. 

5a: Colorless prisms [371 mg (38%)], mp 70—71 °C (cf. 
Ref. 12, mp of a crystalline part 67.5—70°C); Rf=0.12 (C); 
*HNMR 0=1.15 (3H, dt, /PCMe=18.4, /Et=7.7 Hz, P-C-CH3), 
1.31, 1.49 (3H each, 2s, CMe2), 1.32 (3H, t, /Et=7.0 Hz, P O -
C-CH3), 1.81 (2H, dq, /PCH=14.2 Hz, PCH2), 2.11 (2H, dd, 
/5,p=14.1 and /4,5=7.0 Hz, H2-5), 3.43 (3H, s, MeO-3), 3.68 
(1H, d, /3,4=3.2 Hz, H-3), 4.06 (2H, dq, /POCH=7.2 HZ, 
POCH2), 4.53 (1H, qd, /4,p=7.2 Hz, H-4), 4.57 (1H, d, 
/i,2=3.9 Hz, H-2), 5.85 (1H, d, H-1). 

5b: Colorless syrup [377 mg (38%)], Äf=0.12 (C); 
!H NMR 0=1.16 (3H, dt, /PCMe=18.4, /Et=7.8 Hz, P-C-CH3), 
1.31 (3H, t, /Et=7.2 Hz, PO-C-CH3), 1.32, 1.49 (3H each, 2s, 
CMe2), 1.76 (2H, dq, /PCH=13.7 HZ, PCH2), 2.15 (1H, ddd, 
/5,5'=15.1, /5fp=13.9, /4,5=7.1 Hz, H-5), 2.17 (1H, ddd, 
M P = 1 2 . 0 , /4,5'=6.8 Hz, H-5'), 3.43 (3H, s, MeO-3), 3.72 (1H, 
d, /8f4=2.9 Hz, H-3), 4.08 (2H, dq, / P O CH=7.2 HZ, POCH2), 
4.47 (1H, qd, /4fp=7.2 Hz, H-4), 4.58 (1H, d, /i,2=3.9 Hz, H-
2), 5.85 (1H, d, H-1). 

l,2,4-Tri-0-acetyl-5-deoxy-5-[(Ä)- and (S)-ethylphosphin-
yl]-3-0-methyl-a,jß-D-xylopyranoses (8a—d). To a solution 
of 5a (100 mg, 0.325 mmol) in dry benzene (2 ml) was added, 
with stirring, a solution of SDMA (70% in toluene, 0.12 ml, 
1.2 equiv), in small portions, at 5°C under argon. The 
stirring was continued at this temp for 1 h. Then water (0.1 
ml) was added at 0 °C and the mixture was stirred for 30 min. 
The precipitate was centrifuged and washed with several 
portions of benzene. The organic layers were combined 
and evaporated in vacuo, giving 5-deoxy-5-[(R)- and (S)-
ethylphosphinyl]-l,2-0-isopropylidene-3-0-methyl-a-D-
xylofuranoses (6) as a colorless syrup: Rf=0.34 (C). 

This was immediately dissolved in EtOH (3 ml) and 1 M 
hydrochloric acid (3 ml) (1 M=l mol dm -3). The mixture 
was degassed with argon and then stirred at 100 °C for 4 h. 
After cooling, the product was neutralized by adding 
enough Amberlite IRA-45. The resin was filtered off and 
washed with water and EtOH. The filtrate was evaporated 
in vacuo to give crude 5-deoxy-3-0-methyl-5-[(R)- and (S)-
ethylphosphinyl]-a,/3-D-xylopyranoses (7) as a colorless 
syrup: Rr<0.03 (C). 

This was dissolved in dry pyridine (2 ml) and acetic 
anhydride (1 ml) at 0°C. The mixture was stirred at 20 °C 
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overnight, diluted with a small amount of cold water, and 
concentrated in vacuo. The residue was dissolved in 
CHCI3 and washed with water, dried (Na2SÜ4), and evapo­
rated in vacuo. The residue was chromatographed with 
19:1 AcOEt-EtOH to give 8a—d:13> 8b was separated from 
8a by recrystallization (several times); 8c and 8d were 
obtained as an inseparable mixture but their structures and 
yields were based on the *H NMR spectral data. 

8a (5-[(R)-Ethylphosphinyl]-a-isomer): Colorless nee­
dles (17.7 mg, 15% overall yield from 5a), mp 124—125 °C 
(from AcOEt-hexane); RÎ=0.2S (D); 1U and 31P NMR, see 
Table 1; MS m/z 351 (M+ 1; 2), 319 (2), 291 (68), 264 (22), 249 
(28), 235 (48), 207 (14), 189 (25), 177 (68), 129 (58), 87 (100). 

Found: m/z 351.1212. Calcd for Ci4H2408P: M+l , 
351.1209. 

8b (5-[(Ä)-P]-j3-Isomer): Colorless needles (14.9 mg, 
13%); mp 244—245 °C (from AcOEt-hexane); R(=0.2S (D), 
1H and 31P NMR, see Table 1. 

8c (5-[(S)-P]-j3-Isomer): Colorless syrup (6.9 mg, 6%); 
R{=0.22 (D); 1U and 31PNMR, see Table 1. 

8d (5-[(S)-P]-a-Isomer): Colorless syrup (4.5 mg, 4%); 
R{=0.22 (D); 1U and 31PNMR, see Table 1. 

The same procedure described above was followed for the 
conversion of 5b into 8a—d: Thus, 5b (122 mg, 0.396 
mmol) gave 8a (19.8 mg, 14% overall yield from 5b), 8b (15.4 
mg, 11%), 8c (8.6 mg, 6%), and 8d (7.1 mg, 5%). 

l,2,4-Tri-0-acetyl-5-deoxy-5-[(Ä)- and (S)-ethylphosphino]-
3-O-methyl-a, jß-D-xylopyranoses (9a—d). To a solution of 
8a (28 mg, 0.080 mmol) in dry benzene (1 ml) containing 
triethylamine (66 mg, 0.65 mmol) was added, with stirring, a 
solution of trichlorosilane (88 mg, 0.65 mmol) in dry ben­
zene (0.3 ml) in small portions at 0°C under argon. After 
30 min, the mixture was refluxed for 2 h. Saturated aq 
NaHCÜ3 (0.5 ml) was added at 0°C. The precipitate was 
centrifuged and washed with benzene. The organic layer 
was dried (Na2SÜ4), and evaporated in vacuo. The residue 
was purified by column chromatography with AcOEt-hex­
ane (1:3) as an eluant, giving 9a (5-[(S)-ethylphosphino]-a-
isomer) as a colorless syrup (18.6 mg, 70% yield): Rf=0.26 
(A); *H and 31PNMR, see Table 1; MS m/z 335 (M+l; 0.8), 
292 (M-CH2CO; 5), 275 (51), 263 (13), 249 (8), 233 (88), 221 
(25), 201 (12), 191 (100), 173 (67), 161(35), 119 (20), 87 (31). 

Found: m/z 292.1060. Calcd for Ci2H2i06P: M-CH 2CO, 
292.1076. 

Care should be taken in the chromatographic purifica­
tion, because 9a—d tend to slowly revert to 8a—d by oxida­
tion with air in the column. 

Similarly, 8b was converted into 9b (5-[(S)-P]-/3-isomer) as 
a colorless syrup in 75% yield: R{=0.26 {A); 1U and 31P NMR, 
see Table 1. 

The 3 :2 mixture of 8c and 8d gave an inseparable mixture 
(3:2) of 9c (5-[(Ä)-P]-j8-isomer) and 9d (5-[(Ä)-P]-a-isomer) 
as a colorless syrup: K^O.26 (A); 1H and 31P NMR, see Table 
1; MS m/z 334 (M+; ca. 0), 291 (M-CH3CO; 43), 264 (13), 249 
(32), 235 (37), 221 (15), 207 (26), 189 (42), 177 (52), 163 (25), 
129(40), 87(58), 43(100). 

Found: m/z 291.0986. Calcd for Ci2H2o06P: M-CH3CO, 
291.0998. 

l,2,4-Tri-0-acetyl-5-deoxy-3-0-methyl-5-[(Ä)- and (S)-phenyl-
phosphino]-a,ß-D-xylopyranoses (14a—d). A. Procedure 
by the Use of Trichlorosilane: The same procedures de­
scribed above for 8 converted 13a—d9> into the correspond­
ing phosphino compounds 14a—d. 

14a (5-[(R)-Phenylphosphino]-a-isomer): Colorless nee­
dles (81% yield from 13a), mp 144—145 °C (from AcOEt-
hexane); Rf=0.27 (A); 1H and 31PNMR, see Table 1. 

14b (5-[(Ä)-P]-j8-Isomer): Colorless needles (85% yield), 
mp 165—166 °C (from AcOEt-hexane); R(=0.23 (A); 1U and 
31PNMR, see Table 1; MS m/z 382 (M+; 0.2), 340 
(M-CH2CO; 4), 323 (21), 282 (15), 281 (100), 239 (28), 221 
(16), 209 (17), 207 (21), 167 (34), 125 (19). 

Found: m/z 382.1205. Calcd for C18H23O7P: M, 382.1182. 
14c (5-[(S)-P]-j8-Isomer): Colorless needles (80% yield), 

mp 123—125 °C (from AcOEt-hexane); #f=0.23 (A); 1U and 
31PNMR, see Table 1; MS 382 (M+, 1), 340 (M~CH2CO; 5), 
323 (20), 281 (100), 239 (32), 221 (18), 209 (15), 207 (24), 167 
(32), 125 (18). 

Found: m/z 382.1181. Calcd for C18H23O7P: M, 382.1182. 
14d (5-[(S)-P]-a-Isomer): Colorless needles (75% yield), 

mp 143—145 °C (from AcOEt-hexane); Rf=0.27 (A); 1U and 
31P NMR, see Table 1; MS m/z 383 (M+l; 2), 382 (M+; 7), 340 
(2), 323 (25), 281 (100), 239 (32), 221 (17), 209 (9), 167 (20), 125 
(17). 

Found: m/z 382.1183. Calcd for C18H23O7P: M, 382.1182. 
B. Procedure by the Use of Hexachlorodisilane: To a 

solution of 13b (15 mg, 0.038 mmol) in dry benzene (2 ml), 
was added hexachlorodisilane (12 mg, 0.045 mmol) at 5°C 
under argon. The mixture was refluxed for 2 h and satu­
rated aq NaHC03 (0.5 ml) was slowly added at 5°C to 
decompose excess hexachlorodisilane. The resulting pre­
cipitate was centrifuged and washed with benzene. The 
combined organic layer was dried (Na2S04) and evaporated 
in vacuo. The residue was purified by column chromato­
graphy to give 14b as colorless needles: 12 mg (83%). 

With the same procedure described above, 13c (15 mg) was 
converted into 14c as colorless needles: 11 mg (76%). 

l,2,4-Tri-0-acetyl-5-deoxy-5-[(Ä)- and (S)-ethylphosphin-
othioyl]-3-0-methyl-a,/J-D-xylopyranoses (17a—d). A sus­
pension of 9a—d [prepared from 5 (890 mg, 2.89 mmol) in 4 
steps] and element sulfur (176 mg, 5.50 mmol) in dry 
benzene (8 ml) was refluxed for 2 h under argon. After 
cooling, sulfur was filtered off and the filtrate was evapo­
rated in vacuo. The residue was separated by column chro­
matography to give 17a—d. Compounds 17c and 17d were 
obtained as an inseparable mixture but their structures and 
ratio were confirmed by 1H NMR. 

17a (5-[(R)-Ethylphosphinothioyl]-a-isomer): Colorless 
prisms (38 mg, 3.6% from 5), mp 109—111 °C (from AcOEt-
hexane); #f=0.20 (B); 1H and 31P NMR, see Table 1; MS m/z 
367 (M+l; 6), 366 (M+; 32), 334 (10), 307 (27), 275 (60), 265 
(19), 247 (8), 232 (100), 221 (18), 205 (21), 191 (81), 149 (14), 
113(14). 

Found: m/z 366.0924. Calcd for G4H23O7PS: M, 
366.0903. 

17b (5-[(Ä)-P]-j3-Isomer): Colorless prisms (34 mg, 3.2% 
from 5), mp 237—238 °C (from AcOEt-hexane); Äf=0.15 (B); 
*H and 31PNMR, see Table 1; MS m/z 366 (M+; 3), 334 (1), 
307 (7), 274 (46), 265 (6), 233 (26), 232 (100), 205 (5), 190 (30), 
175(10). 

Found: m/z 366.0890. Calcd for G4H23O7PS: M, 
366.0903. 

17c (5-[(S)-P]-j8-Isomer): Colorless syrup (20 mg, 1.9% 
from 5); #f=0.40 (B); *H and 31PNMR, see Table 1; MS 367 
(M+l; 3), 366 (M+; 7), 306 (26), 263 (7), 247 (47), 246 (30), 211 
(16), 205 (100), 204 (90), 188 (31), 177 (22), 155 (54), 113 (88). 

Found: m/z 366.0903. Calcd for G4H23O7PS: M, 
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366.0903. 
17d (5-[(S)-P]-a-Isomer): Colorless syrup (14 mg, 1.3% 

from 5); R(=0A0 (B); *H and 31P NMR, see Table 1. 
l,2,4-Tri-0-acetyl-5-deoxy-3-0-methyl-5-[(Ä)- and (S)-phe-

nylphosphinothioyl]-a,j8-D-xylopyranoses9> (18a—d). With 
the same procedures described above for 17, a mixture of 
13a—d (195 mg) obtained from 10 (500 mg, 1.40 mmol) was 
converted into 18a (38 mg, 6.5% from 10, lit,9) 1.8% from 19), 
18b (40 mg, 6.9% from 10, lit,9) 1.8% from 19), 18c (21 mg, 
3.6% from 10, lit,9) 2.3% from 19), and 18d (26 mg, 4.5% from 
10, lit,9) 3.4% from 19). 31P NMR for 13a—d and 18a—d, see 
Table 1. Other physical data for these compounds, see Ref. 
9. 

T h e present work was partially suppor ted by Grant-
in-Aid for Scientific Research No. 63540500 from the 
Ministry of Educat ion, Science and Culture. 
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Chlorodifluoromethyl ketones CF2CICOR, where R is an alkyl, aryl, and 1-alkynyl group, underwent the 
Reformatsky-type aldol reaction with a wide variety of aldehydes or ketones in the presence of acid-washed zinc 
dust and copper(I) chloride or silver acetate to give the corresponding a,a-difluoro-ß-hydroxy ketones in good 
to excellent yields. Specific activation of zinc metal with the metal salt is essential to achieve high efficiency of 
the reaction, depending upon the structures of the chlorodifluoromethyl ketones and the carbonyl compounds 
employed. In-situ formed intermediates in these reactions were successfully detected by 19F NMR spectroscopy, 
which suggests that their structure is not an a-metallo ketone but an oxygen-metallated species possessing the 
zinc(II) metal as counter cation. 

ß-Hydroxy carbonyl compounds are very versatile 
intermediates in organic synthesis, particularly in the 
synthesis of a variety of naturally occurring sub­
stances. General access to these ß-hydroxy carbonyl 
compounds has been accomplished by employing the 
well-established aldol reactions2) of metal enolates or 
related reactive species with aldehydes and ketones. 
On the other hand, a-fluorinated ß-hydroxy carbonyl 
compounds have been attracting much attention in 
recent years, because they are successfully applied to 
the fluorine-containing analogues3* of biochemically 
important compounds such as sugars, nucleosides, 
amino acids, or fatty acids, which often exhibit dra­
matic changes in biological activities.4) Among 
methods for the synthesis of a-fluorinated ß-hydroxy 
carbonyl compounds, the most advantageous and 
direct method is to utilize the aldol reactions of enol­
ates bearing fluorine(s) on the carbon terminus in 
their ambident anionic structure. These reactions 
are a fundamental and valuable transformation in 
organic synthesis as well as in organofluorine chemis­
try and, therefore, a number of studies relating to this 
subject have been undertaken5*12) since the McBee's 
report5) on the Reformatsky reaction of ethyl 
bromofluoroacetate. 

Recently Welch et al. succeeded in generating enol­
ates of fluoroacetates7b"d) and fluoroacetamides7e) by 
use of deprotonation with an amide base, and devel­
oped the high-yield method for their directed aldol 
reactions with various aldehydes or ketones. They 
also observed7*) that the lithium enolate of 1-fluoro-
3,3-dimethyl-2-butanone underwent aldol reaction 
with aldehydes with relatively high threo selectivity. 
The chemistry of enolates generated via reductive de-
halogenation of bromodifluoro- or iododifluoroacetate 
has been exploited by Hallinan and Fried9) and 
Kobayashi et al.,10) respectively, who thereby applied 
them to the synthesis of several g^m-difluorinated 
counterparts of natural compounds. Lang and 
Schaubn) reported that the aldol reactions of ethyl 
chlorodifluoroacetate as well as of chlorodifluoro­

methyl ketones proceed well in A^A^dimethylform-
amide to give the corresponding a,a-difluoro-ß-hydroxy 
carbonyl compounds in moderate to good yields. 

At the outset of our present work, however, little 
had been investigated about the generation and appli­
cations of enolates of a,a-difluorinated carbonyl com­
pounds except our study8a) concerning the synthesis of 
2,2-difluoroethenyl silyl ethers. Our preliminary 
experiments13) revealed that on treatment of 1,1-
difluoro-2-alkanone with a base, the abstraction of 
proton-3 occurs exclusively rather than that of proton-
1 to result in formation of the undesired enolate of 
type RCH=C(0-)CF2H. Accordingly, we decided to 

°^ base 0 
C = CHR < CF2H-C-CH2R 

CF2H 

base P 
f > C F 2 = C 

CH2R 

investigate the Reformatsky-type aldol reactions15) of 
chlorodifluoromethyl ketones (1—3), prepared from 
commercially available chlorodifluoroacetic acid or 
its ester,16) with various aldehydes and ketones in order 
to get a,a-difluoro-ß-hydroxy ketones (4—8). In this 
paper, we wish to describe our results of these reac­
tions, together with the spectral data of intermediate 
zinc enolates of difluoromethyl ketones. 

Results and Discussion 

The starting chlorodifluoromethyl alkyl (1) or aryl 
ketones (2) were obtained in good yields by the reac­
tion of chlorodifluoroacetic acid with the correspond­
ing Grignard reagent according to a slightly modified 
procedure of the reported method.17) Chlorodifluo­
romethyl 1-alkynyl ketones (3) were readily synthe­
sized by the reaction between methyl chlorodifluo­
roacetate and lithium acetylide.18) 

When thus-prepared chlorodifluoromethyl alkyl 
ketone 1 was treated with an aldehyde in the presence 
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of acid-washed zinc dust19) in refluxing tetrahydro-
furan (THF), the expected a,a-difluoro-ß-hydroxy 
ketone 4 was produced only in either low or variable 
yield, and in some cases unexpectedly long reaction 
time was required for completion of the reaction. 
For example, l-chloro-l,l-difluoro-2-octanone (la) 
was allowed to react with benzaldehyde under the 
influence of acid-washed zinc dust (3 equiv) in reflux­
ing T H F for 24 h to afford 2,2-difluoro-l-hydroxy-1-
phenyl-3-nonanone (4g) in a 49% yield. These unsat­

isfactory results prompted us to explore the reaction 
conditions capable of efficiently promoting the 
desired Reformatsky-type reaction of chlorodifluo­
romethyl ketones. 

Some recent reports demonstrate20) that zinc metal 
can be activated in situ by simple treatment with a 
small quantity of transition metal salt and that the 
resulting zinc metal is very active towards the alkyla-
tion of aldehydes and ketones. We examined 
whether or not the use of the metal salt is effective for 

CF2CI-C-R + R^CHO 

1 (R = alkyl) 

2 (R = aryl) 

3 (R = 1-alkynyl) 

Condns 

A 

B o r C 

C 

HO 0 
1 II 

H-C C 

Ri7 V \ 
F F 

4 (R = a l k y l ) 
5 (R = a r y l ) 
6 (R = 1-alkynyl) 

Condns A: Zn-cat. CuCl, THF, reflux 4 h 

B: Zn-cat. CuCl, THF-Et20 (1:4), reflux 1 h 

C: Zn-cat. CuCl-BF3•Et20, THF-Et20 (1:4), -20 °C, 1 h 

Table 1. Reformatsky Reaction of 

Entry 

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 

13 
14 
15 

16 
17 
18 
19 
20 

21 

22 
23 
24 

Chlorodifluoromethyl 
ketone 

O 
II 

CF2C1C(CH2)5CH3 

la 
la 
la 
la 
la 
la 

o II 
CF2ClCC6Hii-c 

lb 
lb 
lb 
lb 

o II 
CF2CICCH2C6H5 

l c 
l c 

O 
II 

CF2CICC6H5 
2 
2 
2 
2 

O 
II 

CF2C1CC=C(CH2)5CH3 

O 
II 

CF2ClCOCC6H5 

3b 
3b 

(la) 

(lb) 

(lc) 

(2) 

(3a) 

(3b) 

Scheme 1. 

Chlorodifluoromethyl Ketones 1—3 with Aldehydes 

Condnsa) 

A 
A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 

A 
A 
A 

B 
C 
B 
B 
C 

C 

C 
C 
C 

Aldehyde 

CH3CH2CHO 
CH3(CH2)2CHO 
(CH3)2CHCHO 
(CH3)3CCHO 
(£)-CH3CH=CHCHO 
(£)-CH3CH=C(CH3)CHO 
CeHsCHO 

CH3(CH2)2CHO 
(CH3)2CHCHO 
(£)-CH3CH=CHCHO 
(£)-CH3CH=C(CH3)CHO 
CeHsCHO 

CH3(CH2)2CHO 
(£)-CH3CH=CHCHO 
CeHsCHO 

CH3(CH2)2CHO 
CH3(CH2)2CHO 
(£)-CH3CH=CHCHO 
CeHsCHO 
CeHsCHO 

CeHsCHO 

CH3(CH2)2CHO 
CH3(CH2)sCHO 
CeHsCHO 

Yield 
/%b) 

4a, 100 
4b, 100 
4c, 81 
4d, 60 
4e, 85 
4f, 100 
4g, 90 

4h, 81 
4i, 86 
4j, 77 
4k, 93 
41, 93 

4m, 70 
4n, 93 
4o, 90 

5a, 70 
5a, 80 
5b, 100 
5c, 88 
5c, 86 

6a, 74 

6b, 84 
6c, 86 
6d, 82 

a) See Scheme 1 and the Experimental section, b) Yields refer to pure isolated products. 
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the present reaction and found, as a result, that the 
addition of a small amount of copper(I) chloride21* as 
activator not only accelerated the Reformatsky-type 
reaction of 1 with aldehydes but also improved the 
reproducibility of the reaction. 

Thus, the reaction of la with benzaldehyde in the 
presence of both acid-washed zinc dust (3 equiv) and a 
small amount of copper(I) chloride (0.3 equiv) under 
refluxing of THF occurred smoothly and was com­
pleted within 4 h, affording the aldol product 4g in 
90% yield (Table 1, Entry 7). Various kinds of 
aldehydes such as aliphatic, aromatic, and a,ß-
unsaturated aldehydes could nicely tolerate the pres­
ent reaction. Even hindered aldehyde like 2,2-
dimethylpropanal participated well in the reaction to 
give 60% yield of the product 4d (Entry 4). Similarly, 
other chlorodifluoromethyl alkyl ketones lb and lc 
also reacted readily with aldehydes under these condi­
tions (Scheme 1, Conditions A) to provide the corre­
sponding aldol products 4h—-o in good to excellent 
yields. The reactions with a,ß-unsaturated alde­
hydes led to the 1,2-addition products exclusively; 
none of the 1,4-addition products were detected in the 
reaction mixture (Entries 5, 6, 10, 11, and 14). Of 
significance is that no self-condensation reaction 
occurred in any cases. The results of these reactions 
are summarized in Table 1. 

Chlorodifluoromethyl aryl ketone like 2-chloro-2,2-
difluoro-1-phenyl-1-ethanone (2) did not react with an 
aldehyde under the Conditions A; unidentified prod­
ucts were formed under various conditions. How­

ever, replacement of T H F with a mixed solvent of 
T H F : ether (1:4) was found to permit clean reactions 
giving rise to 5 in high yields (Scheme 1, Conditions 
B). Thus, treatment of 2 with benzaldehyde in the 
presence of zinc dust (3 equiv) and a small amount of 
copper(I) chloride (0.3 equiv) at the reflux tempera­
ture of T H F : ether (1:4) for 1 h afforded 2,2-difluoro-
3-hydroxy-l,3-diphenyl-l-propanone (5c) in 88% yield 
(Table 1, Entry 19). It should be noted that the 
use of T H F as cosolvent is crucial to the present 
Reformatsky-type reaction, because the reaction per­
formed in refluxing ether without THF did not take 
place at all, the starting ketone 2 being recovered 
unchanged. Apparently, success in the reaction can 
be ascribed in part to the high coordinating ability of 
THF, which allows an intermediary zinc-mediated 
species to be generated and react readily. 

The reaction between chlorodifluoromethyl 1-
alkynyl ketones 3 and aldehydes necessitated the pres­
ence of an equimolar amount of boron trifluoride 
diethyl etherate complex, which facilitated the reac­
tion at - 2 0 °C (Scheme 1, Conditions C).22> Under 
these conditions, ketones 3 underwent the desired reac­
tion very efficiently with a variety of aldehydes to give 
the corresponding aldol products 6 in good yields 
(Table 1, Entries 21—24). As Table 1 shows, the 
present Conditions C also effected the reaction of 2 
with aldehydes (Entries 17 and 20) as comparably as 
the Conditions B (Entries 16 and 19). 

The Reformatsky-type aldol reaction of 1 with 
ketones was extremely reluctant under the Conditions 

CF2CI-C-R + 

1 (R = alkyl) 

2 (R = aryl) 

R1R2CO 

HO 

R2-C 

0 
II 
C 

Condns 

D 

E 

,i' V x' 
/V 

R1 C R 

F 'F 

7 (R = alkyl) 

8 (R = aryl) 

Condns D: Zn-cat. AgOAc-Et2AlCl, THF, reflux 

E: Zn-cat. AgOAc, THF-Et20 (1:4), reflux 

Scheme 2. 

Table 2. Reformatsky Reaction of Chlorodifluoromethyl Ketones 1 and 2 with Ketones 

Entry 

1 
2 
3 
4 

5 

6 

l o r 2 

O 
II 

CF2C1C(CH2)5CH3 

la 
la 
la 

o 
II 

CF2CICCH2C6H5 
O 
II 

CF2CICC6H5 

(la) 

(lc) 

(2) 

Condnsa) 

D 
D 
D 
D 

D 

E 

Ketone 

(CH3CH2)2CO 
Cyclohexanone 
CH2=CH(CH2)2COCH3 

C6H5COCH3 

(CH3CH2)2CO 

CH2=CH(CH2)2COCH3 

Time 
/ h 

9 
8 

15 
6 

14 

4 

Yield 
/%b) 

7a, 64 
7b, 76 
7c, 77 
7d, 84 

7e, 73 

8, 66 

a) See Scheme 2 and the Experimental section, b) Yields are of pure isolated products. 
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A—C described above. It was found, however, that 
silver acetate21) is much more effective than copper(I) 
chloride as activator for p romot ing the reaction. 
T h e combined use of chlorodiethylaluminium 2 3 ) (1.1 
equiv) wi th a catalytic quant i ty of silver acetate (0.1 
equiv) rendered the reaction more efficient (Scheme 2, 
Condi t ions D); when l a or l c was treated wi th ketones 
under the Condi t ions D, the corresponding aldol 
products 7a—e were obtained in good yields, as shown 
in Tab le 2. 

Chlorodif luoromethyl aryl ketone 2 reacted wi th 
ketone even in the absence of ch lorodie thyla luminium 
by the act ion of acid-washed zinc dust and a catalytic 
a m o u n t of silver acetate in a mixed solvent of 
T H F : ether (1:4) (Scheme 2, Condit ions E). 

T o confirm the possible intermediates like 9 and 10 
in the present Reformatsky-type reaction, detection of 
them was carried out by us ing 19F N M R spectroscopy. 

Zn-CuCl 
CFoCl-C-R 

BF3.0Et2 

THF-Et20, -20 °C 

2 (R = C6H5) 

3a (R = CfC(CH2)5CH3) 

OZnCl 

9 (R = C 6H 5) 

10 (R = CfC(CH2)5CH3) 

O n treatment of 2-chloro-2,2-difluoro-l-phenyl-1-
e thanone (2) with acid-washed zinc dust and copper(I) 
chloride in a mixture of T H F and ether (1:4) at 
—20 °C , 19F N M R of the reaction mixture was clearly 
indicative of the ketone 2 remain ing intact. How­
ever, when an equimolar a m o u n t of boron trifluoride 
diethyl etherate was added to this mixture , a singlet 
peak due to 2 changed in to one set of AB-quartet 
signals at tr ibutable to a single intermediate 924> (Table 
3 and Fig. 1). T h i s fact suggests that boron trifluo­
ride plays an impor tan t role in generat ing the spe­
cies 9, t hough its origin is unclear yet. Analogous 

i (C) 

(B) 

CFC1-, 
(A) 

Fig. 1. 19FNMR spectra of 2-chloro-2,2-difluoro-l-
phenyl-1-ethanone (2) (A), zinc enolate of 2 (B), and 
the aldol product 5c (C) in the reaction mixture. 

change in resonance pat terns of 1 9 F N M R was 
observed in the case of l-chloro-l , l-difluoro-3-decyn-
2-one (3a). It is worthy of note that the intermediates 
9 and 10 were extremely stable at r o o m temperature, so 
long as generated once at —20°C.25) U p o n the addi­
tion of benzaldehyde to the reaction mixture , the AB-
quartet signals due to 9 or 10 gradual ly disappeared 
and new signals corresponding to the aldol product 5c 
or 6a appeared as an AB quar te t (Fig. 1). 

As is evident from Table 3, the resonance patterns of 
these species 9 and 10 have a marked resemblance 
to those of trimethylsilyl l-phenyl-2,2-difluoroethenyl 
ether (ll)8a> and of diethyl l-phenyl-2,2-difluoro-
ethenyl phospha te (12),26) whereas (ethoxycarbonyl)di-
fluoromethylzinc compounds (13) are reported27) to 
exhibit singlet signals in 1 9 FNMR. Consequently, 
the intermediate in the present Reformatsky-type reac­
tion is safely considered to be such an oxygen-
metallated species as 9 or 10, no t to be an a-metal lo 
ketone. In the 1 9 F N M R spectra of 9 and 10, the 
signal intensity of boron trifluoride was appreciably 
at tenuated compared with that of the enolate.28) T h i s 
observation is strongly suggestive of its counter cation 
be ing zinc rather than boron species. 

In conclusion, we have demonstrated that the 
Reformatsky-type aldol reaction of chlorodifluoro­
methyl ketones wi th aldehydes and ketones is at tained 
by employing zinc metal activated in situ wi th cop-
per(I) chloride or silver acetate, and the present 
method can serve as an efficient and general entry for 
the synthesis of various a,a-dif luoro-ß-hydroxy 
ketones. 

Table 3. 19F NMR Data of Difluoromethyl Ketone Zinc 
Enolates and Related Compounds 

Compound 

OZnCl 
CF2=C^ (9)al 

C6H5 

OZnCl 

CF2=C (10)al 

C-C(CH2)5CH3 

/ 
,OSiMe3 

b,c) 
CF2=C (11) 

C6H5 

OP(0)(OEt)2 

CF2=C (12)b'd) 

C6H5 

O 

BrnZn(CF2COEt)2-„ (13)e) 

-118.3 (d,/=81.8 Hz) 
-107.8 (d, /=81.8 Hz) 

-114.0 (d, 7=61.0 Hz) 

-99.0 (d, 7=61.0 Hz) 

-112.0 (d, 7=69.1 Hz) 

-100.2 (d, 7=69.1 Hz) 

-106.6 (dd, 7=51.2, 8.9 Hz) 

-94.3 (dd, 7=51.2, 6.9 Hz) 

-115.3 (s)(n=l) 

-115.2 (s)(n=0) 

a) Expressed in ppm downfield from external CFCI3. 
b) Expressed in ppm downfield from internal CFCI3. 
c) Ref. 8a. d) Ref. 25. e) Réf. 26. 
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Experimental 

All boiling points are uncorrected. Infrared spectra (IR) 
were taken either on a Shimadzu IR-400 or on a JASCO IR-
810 infrared spectrophotometer. ^ N M R spectra were 
recorded on a Varian EM-390 (90 MHz), XL-200 (200 MHz), 
or a JEOL JNM-PMX60SI (60 MHz) spectrometer for solu­
tions in deuteriochloroform (CDC13). A JEOL FX90Q 
computer-controlled spectrometer was used to measure 
19F NMR spectra in CDCI3 solutions. Proton and fluorine 
chemical shifts are given in ppm downfield from tetra-
methylsilane and trichlorofluoromethane (CFCI3), respec­
tively, as an internal standard. Mass spectra (MS) were 
obtained by use of a Shimadzu GCMS-QP1000 instrument 
operating at an ionization potential of 20 eV. Column 
chromatography was carried out with Wako silica gel C-200 
(100—200 mesh) at an atmospheric pressure. 

Materials. Ether and T H F were freshly distilled from 
lithium aluminium hydride prior to use. Chlorodifluoro-
acetic acid and methyl chlorodifluoroacetate were purchased 
from Aldrich Chemical Company. Aldehydes and ketones 
were distilled (or vacuum-distilled) from calcium hydride 
and stored under argon. Alkyl halides for Grignard re­
agents and 1-alkynes for lithium acetylides were purified in 
the conventional manner. Zinc dust was washed succes­
sively with 5% HCl, water, methanol, and with ether, and 
then dried under vacuum. Butyllithium (1.57 mol dm - 3 

hexane solution) and chlorodiethylaluminium (1 mol dm - 3 

hexane solution) were commercially available from Aldrich 
Chemical Company and from Kanto Chemical Company, 
respectively. All other chemicals are of reagent grade and 
used without further purification. 

Preparation of Chlorodifluoromethyl Ketones 1 and 
2. Hexylmagnesium bromide was prepared from 1-
bromohexane (20.6 g, 125 mmol) and magnesium (3.65 g, 
150 mmol) in ether (50 cm3). A solution of chlorodif luo-
roacetic acid (6.52 g, 50 mmol) in ether (15 cm3) was gradu­
ally added under argon to the Grignard reagent at such a 
rate that the temperature did not rise above — 10°C. After 
stirring for 12 h at —20°C,29) the reaction mixture was 
hydrolyzed with aqueous HCl (6 mol dm - 3 , 50 cm3) below 
0 °C and stirred for 1 h at room temperature. The resulting 
mixture was extracted with ether (50 cm3X3) and the ethereal 
extracts were washed with a saturated NaHCCh aqueous 
solution (50 cm3X2) and brine (50 cm3X2), dried over anhy­
drous Na2SC>4, and concentrated in vacuo. The oily residue 
was distilled under reduced pressure to give l-chloro-1,1-
difluoro-2-octanone (la) (8.63 g) in 87% yield: bp 86—87 °C 
(25 mmHg);30) IR (neat) 2956 (s), 2864 (s), 1760 (vs), 1462 (m), 
1408 (m), 1380 (w), 1210 (m), 1148 (vs), 1116 (s), 1042 (s), 912 
(s), 720 (w), and 660 (m) cm"1; !HNMR (CDCI3) 6=2.72 (t, 
/=7.5 Hz, 2H), 1.67 (t, /=7.5 Hz, 2H), 1.5—1.1 (m, 6H), and 
0.88 (t, /=5.4 Hz, 3H); 19FNMR (CDCI3) <5=-68.80 (s, 2F). 
Found: C, 48.11; H, 6.29%. Calcd for C8Hi3ClF20: C, 48.37; 
H, 6.60%. 

2-Chloro-l-cydohexyl-2,2-difluoro-l-ethanone(lb): 84% 
yield; bp 74—75 °C (28 mmHg);30) IR (neat) 2946 (vs), 2856 
(vs), 1756 (vs), 1452 (s), 1378 (w), 1248 (m), 1216 (s), 1182 (m), 
1148 (vs), 1132 (vs), 1090 (m), 1058 (m), 995 (vs), 934 (vs), 918 
(vs), 880 (m), 844 (m), 796 (m), 752 (m), 710 (m), and 660 (m) 
cm"1; *H NMR (CDCI3) 6=3.1—2.7 (m, 1H) and 2.1—0.9 (m, 
10H); «F NMR (CDCI3) <5=~68.05 (s, 2F). Found: C, 48.69; 
H, 5.36%. Calcd for C8HnClF20: C, 48.87; H, 5.64%. 

l-Chloro-l,l-difluoro-3-phenyl-2-propanone (lc): 80% 
yield; bp 92—93 °C (19 mmHg);30) IR (neat) 3064 (w), 3040 
(m), 2900 (w), 1762 (vs), 1604 (w), 1498 (m), 1456 (w), 1406 
(m), 1342 (w), 1224 (s), 1142 (vs), 1076 (s), 1032 (vs), 1000 (m), 
942 (s), 912 (s), 865 (s), 822 (w), 772 (m), 718 (vs), 692 (s), and 
660 (m) cm"1; 1H NMR (CDCI3) 6=7.5—7.0 (m, 5H) and 3.97 
(s, 2H); i9F NMR (CDCI3) ô=-68.05 (s, 2F). Found: C, 
52.81; H, 3.40%. Calcd for C9H7CIF2O: C, 52.83; H, 3.45%. 

2-Chloro-2,2-difluoro-l-phenyl-l-ethanone (2): 84% yield; 
bp 92—94 °C (33 mmHg);30) IR (neat) 3060 (w), 1970 (w), 
1910 (w), 1818 (w), 1718 (vs), 1600 (m), 1580 (w), 1452 (m), 
1324 (w), 1310 (w), 1282 (m), 1272 (m), 1158 (vs), 1100 (m), 
1044 (m), 1032 (m), 1002 (s), 982 (vs), 932 (w), 886 (vs), 832 
(m), 778 (w), 708 (s), 682 (s), and 668 (s) cm"1; *H NMR 
(CDCI3) 6=8.2—8.0 (m, 2H) and 7.8—7.3 (m, 3H); 19FNMR 
(CDCI3) <5=-61.30 (s, 2F). Found: C, 50.51; H, 2.59%. 
Calcd for C8H5C1F20: C, 50.42; H, 2.64%. 

Preparation of Chlorodifluoromethyl 1-Alkynyl Ketones 
3. A hexane solution (1.57 mol dm -3) of butyllithium (7.0 
cm3, 11.0 mmol) was added dropwise to a solution of 1-
octyne (1.21 g, 11.0 mmol) in T H F (50 cm3) at - 7 8 °C under 
argon. To this mixture, after 1 h, was slowly added a T H F 
(5 cm3) solution of methyl chlorodifluoroacetate (1.45 g, 10.0 
mmol) at —78 °C. The reaction mixture was stirred for 2 h 
at the same temperature, and then poured into a saturated 
NH4CI aqueous solution (50 cm3). The resultant mixture 
was extracted with ether (50 cm3X3) and the extracts were 
dried over anhydrous Na2SÜ4, filtered, and concentrated. 
The residue was chromatographed on a column of silica gel 
to afford l-chloro-l,l-difluoro-3-decyn-2-one (3a) (1.91 g) in 
86% yield: IR (neat) 2956 (vs), 2930 (vs), 2860 (s), 2210 (vs), 
1715 (vs), 1468 (m), 1460 (m), 1381 (w), 1348 (w), 1328 (w), 
1260 (m), 1163 (vs), 1132 (vs), 984 (s), 946 (m), 876 (m), 838 
(m), and 720 (m) cm"1; 1H NMR (CDCI3) <5=2.46 (t, /=6.3 
Hz, 2H), 1.9—1.1 (m, 8H), and 0.88 (t, /=5.9 Hz, 3H); 
19FNMR (CDCI3) <5=-67.23 (s, 2F). Found: C, 53.82; H, 
5.68%. Calcd for C10H13CIF2O: C, 53.94; H, 5.89%. 

l-Chloro-l,l-difluoro-4-phenyl-3-butyn-2-one(3b): 83% 
yield; IR (neat) 3060 (w), 2926 (w), 2852 (w), 2194(vs), 2090 
(w), 1707 (vs), 1598 (m), 1491 (m), 1446 (m), 1305 (m), 1212 
(m), 1153 (s), 1057 (vs), 1026 (m), 1000 (m), 938 (vs), 800 (m), 
757 (vs), 716 (m), 686 (s), 637 (s), and 613 (vs) cm"1; *H NMR 
(CDCI3) 6=7.7—7.1 (m, 5H); ^FNMR (CDCI3) <5=-66.8 (s, 
2F). Found: C, 56.02; H, 2.30%. Calcd for G0H5CIF2O: C, 
55.97; H, 2.35%. 

Typical Procedure for the Reformatsky-Type Reaction 
of 1 with Aldehydes. Conditions A. In a 50—cm3 three-
necked flask, which had been purged with argon, were 
placed acid-washed zinc dust (0.196 g, 3.0 mmol), copper(I) 
chloride (0.030 g, 0.3 mmol), and T H F (5 cm3). After this 
suspension was stirred for 0.5 h at room temperature, pro-
panal (0.064 g, 1.1 mmol) and la (0.199 g, 1.0 mmol) were 
added thereto by use of a syringe. Then the mixture was 
refluxed with stirring for 4 h. After being cooled to room 
temperature, the reaction mixture was filtered through a pad 
of Celite 545 and the filtrate was concentrated in vacuo. 
Column chromatography of the crude product on silica gel 
eluting with hexane-ethyl acetate (3:1) provided 4,4-
difluoro-3-hydroxy-5-undecanone (4a) (0.220 g): IR (neat) 
3422 (br, s), 2956 (vs), 2932 (vs), 2858 (s), 1740 (vs), 1648 (w), 
1637 (w), 1459 (s), 1401 (s), 1379 (m), 1307 (m), 1221 (s), 1110 
(vs), 1074 (s), 1046 (s), 986 (s), 893 (w), 810 (m), 757 (w), 713 
(m), and 664 (m) cm"1; *HNMR (CDCI3) 6=4.3—3.5 (m, 
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1H), 2.9—2.3 (m, 1H), 2.69 (t, /=6.0 Hz, 2H), 2.0—1.2 (m, 
10H), 1.04 (t, /=6.8 Hz, 3H), and 0.89 (t, /=6.2 Hz, 3H); 
19FNMR (CDC13) 6 = - l 14.32 (dd, /=274.7, 6.1 Hz, IF) and 
-125.73 (dd, /=274.7, 15.9 Hz, IF); MS mlz (rel intensity) 
222 (M+; 0.1), 113 (100), 85 (55), and 42 (42). Found: C, 
59.41; H, 8.93%. Calcd for G1H20F2O2: C, 59.44; H, 9.07%. 

5,5-Difluoro-4-hydroxy-6-dodecanone (4b): IR (neat) 
3408 (br, m), 2958 (vs), 2932 (vs), 2872 (s), 1740 (vs), 1467 (m), 
1401 (m), 1380 (m), 1261 (m), 1194 (m), 1115 (s), 1065 (s), 988 
(m), and 802 (w) cm"1; « N M R (CDCI3) 6=4.4—3.5 (m, 
1H), 2.9—2.0 (m, 3H), 2.0—1.1 (m, 8H), 0.96 (t, /=5.4 Hz, 
3H), and 0.87 (t, /=5.4 Hz, 3H); 19FNMR (CDCI3) 
<5=-114.43(dd, /=273.4, 6.1 Hz, IF) and -125.78 (d,/=273.4 
Hz, IF); MS mlz (rel intensity) 236 (M+; 0.1), 113 (100), 85 
(38), and 73 (20). Found: C, 61.08; H, 9.37%. Calcd for 
C12H22F2O2: C, 60.99; H , 9.38%. 

4,4-Difluoro-3-hydroxy-2-methyl-5-undecanone (4c): IR 
(neat) 3442 (br, m), 2958 (vs), 2930 (vs), 2860 (s), 1741 (s), 1468 
(s), 1401 (m), 1376 (m), 1215 (m), 1119 (s), 1061 (s), 1030 (s), 
985 (m), 961 (w), 919 (w), and 880 (w) cm"1; « N M R 
(CDCI3) 6=4.2—3.4 (br d, /=19.5 Hz, 1H), 2.67 (t, /=6.2 Hz, 
2H), 2.5—1.2 (m, 10H), 1.01 (d, /=6.4 Hz, 6H), and 0.87 (t, 
/=5.8 Hz, 3H); ^FNMR (CDCI3) 6 = - l 10.81 (d, /=274.7 Hz, 
IF) and -124.58 (dd, /=274.7, 19.5 Hz, IF); MS mlz (rel 
intensity) 236 (M+; 0.1), 113 (100), 85 (54), and 73 (6). 
Found: C, 60.76; H, 8.99%. Calcd for G2H22F2O2: C, 60.99; 
H, 9.38%. 

4,4-Difluoro-3-hydroxy-2,2-dimethyl-5-undecanone (4d): 
IR (neat) 3484 (br, s), 2956 (vs), 2930 (vs), 2872 (vs), 1740 (vs), 
1483 (s), 1468 (s), 1401 (s), 1370 (s), 1279 (m), 1236 (s), 1195 
(s), 1172 (s), 1119 (s), 1106 (s), 1071 (vs), 1021 (s), 983 (m), 934 
(w), 895 (w), 795 (w), 770 (w), and 706 (m) cm"1; « NMR 
(CDCI3) 6=3.73 (ddd, /=22.0, 6.0, 6.0 Hz, 1H), 2.67 (t, /=7.0 
Hz, 2H), 2.5—2.1 (br s, 1H), 1.9—1.1 (m, 8H), 1.03 (s, 9H), 
and 0.90 (t, /=5.4 Hz, 3H); ^FNMR (CDCI3) 6=-105.83 (d, 
/=271.0 Hz, IF) and -124.79 (dd, /=271.0, 22.0 Hz, IF); MS 
mlz (rel intensity) 250 (M+; 0.1), 113 (68), 85 (46), and 57 
(100). Found: C, 62.43; H, 9.69%. Calcd for G3H24F2O2: 
C, 62.38; H, 9.66%. 

(E)-5,5-Difluoro-4-hydroxy-2-dodecen-6-one (4e): IR 
(neat) 3418 (br, s), 2954 (vs), 2926 (vs), 2858 (vs), 1740 (vs), 
1675 (m), 1452 (s), 1402 (s), 1379 (s), 1207 (s), 1122 (s), 1092 
(vs), 1070 (vs), 1031 (s), 967 (vs), 927 (m), 830 (m), 724 (m), 
and 663 (m) cm-1; « N M R (CDCI3) 6=6.1—5.1 (m, 2H), 
4.7—4.0 (m, 1H), 2.63 (t, /=7.2 Hz, 2H), 2.5—2.1 (br s, 1H), 
2.0—1.0 (m, 8H), 1.71 (d, /=6.4 Hz, 3H), and 0.85 (t, /=5.0 
Hz, 3H); 19FNMR (CDCI3) 6 = - l 14.42 (dd, /=269.8, 6.1 Hz, 
IF) and -123.90 (dd, /=269.8, 14.7 Hz, IF); MS mlz (rel 
intensity) 234 (M+; 0.3), 113 (80), 85 (52), and 71 (100). 
Found: C, 61.51; H, 8.43; F, 16.17%. Calcd for G2H20F2O2: 
C, 61.52; H, 8.60; F, 16.22%. 

(E)-5,5-Difluoro-4-hydroxy-3-methyl-2-dodecen-6-one 
(4f): IR (neat) 3448 (br, s), 2928 (vs), 2858 (vs), 1740 (vs), 
1669 (w), 1460 (s), 1401 (s), 1381 (s), 1204 (s), 1161 (m), 1102 
(vs), 1075 (vs), 977 (m), 934 (m), 847 (w), 790 (m), 758 (m), 718 
(m), and 664 (m) cm"1; « N M R (CDCI3) 6=5.55 (q, /=6.2 
Hz, 1H), 4.38 (dd, /=17.1, 8.5 Hz, 1H), 2.63 (t, /=7.2 Hz, 
2H), 2.7—2.0 (br s, 1H), 1.9—1.0 (m, 8H), 1.70 (s, 3H), 1.63 
(d, /=6.2 Hz, 3H), and 0.87 (t, /=5.8 Hz, 3H); 19FNMR 
(CDCI3) <5=-l 13.23 (dd, /=264.9, 8.5 Hz, IF) and -122.40 
(dd, /=264.9, 17.1 Hz, IF); MS mlz (rel intensity) 248 (M+; 
0.3), 230 (0.5), 113 (12), and 85 (100). Found: C, 63.09; H, 
8.98%. Calcd for C13H22F2O2: C, 62.88; H, 8.93%. 

2,2-Difluoro-l-hydroxyl-l-phenyl-3-nonanone (4g): IR 
(neat) 3448 (br, s), 3064 (m), 3032 (m), 2952 (vs), 2928 (vs), 
2858 (s), 1960 (w), 1888 (w), 1814 (w), 1739 (vs), 1495 (m), 
1455 (s), 1400 (s), 1379 (m), 1341 (m), 1202 (s), 1159 (s), 1107 
(vs), 1064 (vs), 1028 (s), 981 (m), 912 (w), 844 (m), 819 (m), 728 
(s), 712 (s), 698 (vs), 664 (m), and 612 (vs) cm"1; « N M R 
(CDCI3) 6= 7.26 (s, 5H), 5.03 (dd, 7=15.9, 7.3 Hz, 1H), 3.1 — 
2.5 (br s, 1H), 2.53 (t, 7=7.2 Hz, 2H), 1.8—1.0 (m, 8H), and 
0.83 (t, 7=6.0 Hz, 3H); isFNMR (CDCI3) 6 = - l 13.60 (dd, 
7=268.6, 7.3 Hz, IF) and -123.47 (dd, 7=268.6, 15.9 Hz,lF); 
MS mlz (rel intensity) 270 (M+; 2.5), 113 (68), 107 (100), and 
85 (48). Found: C, 66.66; H, 7.42; F, 14.10%. Calcd for 
G5H20F2O2: C, 66.65; H, 7.46; F, 14.06%. 

l-Cyclohexyl-2,2-difluoro-3-hydroxy-l-hexanone (4h): IR 
(neat) 3446 (br, s), 2932 (vs), 2856 (vs), 1731 (vs), 1452 (s), 1400 
(m), 1381 (m), 1317 (m), 1292 (m), 1275 (m), 1249 (m), 1220 
(s), 1174 (m), 1137 (s), 1115 (vs), 1064 (vs), 1039 (s), 981 (s), 
943 (m), 922 (w), 892 (w), 859 (w), 814 (w), 789 (w), 749 (m), 
707 (m), and 663 (m) cm"1; « NMR (CDCI3) 6=4.4—3.6 (m, 
1H), 3.2—2.5 (m, 1H), 2.4—2.1 (m, 1H), 2.1—1.1 (m, 8H), 
and 1.1—0.7 (m, 3H); 19FNMR (CDCI3) ô = - l 13.81 (dd, 
7=279.5, 6.1 Hz, IF) and -125.39 (dd, 7=279.5, 15.9 Hz, IF); 
MS mlz (rel intensity) 234 (M+; 0.1), 214 (0.5), 111 (100), and 
84 (64). Found: C, 61.67; H, 8.61%. Calcd for G2H20F2O2: 
C, 61.52; H, 8.60%. 

l-Cyclohexyl-2,2-difluoro-3-hydroxy-4-methyl-l-pen-
tanone (4i): IR (neat) 3446 (br, s), 2934 (vs), 2856 (vs), 1731 
(vs), 1467 (m), 1451 (s), 1390 (m), 1375 (m), 1332 (m), 1318 
(m), 1293 (m), 1249 (m), 1220 (s), 1175 (m), 1129 (s), 1114 (s), 
1064 (vs), 978 (s), 932 (m), 920 (m), 892 (w), 858 (w), 837 (w), 
807 (m), 744 (m), 703 (m), and 663 (m) cm"1; « N M R 
(CDCI3) 6=4.2—3.5 (m, 1H), 3.2—2.6 (m, 1H), 2.6—2.2 (m, 
1H), 2.2—0.7 (m, 11H), and 1.01 (t, 7=6.8 Hz, 6H); ^FNMR 
(CDCI3) 6=-109.77 (d, 7=275.9 Hz, IF) and -124.60 (dd, 
7=275.9, 19.5 Hz, IF); MS mlz (rel intensity) 234 (M+; 0.1), 
214 (0.5), 111 (100), and 84 (64). Found: C, 61.38; H, 8.42%. 
Calcd for G2H20F2O2: C, 61.52; H, 8.60%. 

(E)-l-Cyclohexyl-2,2-difluoro-3-hydroxy-4-hexen-l-one 
(4j): IR (neat) 3438 (br, s), 3036 (w), 2932 (vs), 2856 (vs), 
1732 (vs), 1673 (m), 1656 (w), 1451 (vs), 1379 (s), 1316 (m), 
1293 (m), 1249 (m), 1216 (s), 1172 (s), 1132 (s), 1071 (vs), 1040 
(s), 993 (m), 967 (vs), 922 (m), 892 (m), 855 (m), 832 (m), 799 
(m), 778 (w), 743 (m), and 704 (m) cm"1; « N M R (CDCI3) 
0=6.2—5.2 (m, 2H), 4.8—4.1 (m, 1H), 3.2—2.6 (m, ÎH), 
2.6—2.2 (m, 1H), 2.2—0.9 (m, ÎOH), and 1.72 (d, 7=5.4 Hz, 
3H); 19FNMR (CDCI3) 6 = - l 13.80 (dd, 7=272.2, 8.5 Hz, IF) 
and -123.44 (dd, 7=272.2, 14.7 Hz, IF); MS mlz (rel inten­
sity) 232 (M+; 0.8), 212 (0.8), 162 (27), 111 (92), 84 (100), and 
72 (92). Found: C, 62.19; H, 7.88%. Calcd for G2H18F2O2: 
C, 62.05; H, 7.81%. 

(£)-l-Cyclohexyl-2,2-difluoro-3-hydroxy-4-methyl-4-
hexen-1-one (4k): IR (neat) 3444 (br, s), 2930 (vs), 2856 (vs), 
1732 (vs), 1686 (w), 1666 (w), 1451 (vs), 1382 (s), 1352 (w), 
1317 (m), 1292 (m), 1249 (m), 1212 (s), 1171 (s), 1134 (s), 1070 
(vs), 974 (s), 945 (s), 921 (m), 893 (w), 857 (w), 845 (w), 800 
(m), 785 (m), 749 (m), 709 (m), and 665 (m) cm"1; « NMR 
(CDCI3) 6=5.56 (q, 7=7.2 Hz, 1H), 4.43 (dd, 7=17.7, 9.2 Hz, 
1H), 3.1—2.6 (m, 1H), 2.6—2.2 (m, 1H), 2.1—0.9 (m, 10H), 
1.64 (t, 7=7.2 Hz, 3H), and 0.87 (t. 7=5.8 Hz, 3H); ^FNMR 
(CDCb) 6 = - l 12.40 (dd, 7=268.6, 9.2 Hz, IF) and -122.09 
(dd, 7=268.6, 17.7 Hz, IF); MS mlz (rel intensity) 246 (M+; 
2), 226 (0.8), 162 (12.5), 111 (37.5), 86 (100), and 84 (92). 
Found: C, 63.65; H, 8.33%. Calcd for G3H20F2O2: C, 63.40; 
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H, 8.18%. 
l-Cyclohexyl-2,2-difluoro-3-hydroxy-3-phenyl-l-

propanone (41): IR (neat) 3500 (br, m), 2932 (vs), 2856 (s), 
1733 (s), 1497 (w), 1453 (m), 1379 (w), 1195 (w), 1174 (w), 
1135 (m), 1083 (m), 1071 (s), 1030 (w), and 966 (w) cm"1; 
iHNMR (CDCU) ô=7.26 (s, 5H), 5.06 (dd, /=15.9, 8.6 Hz, 
1H), 3.2—2.7 (m, 1H), 2.7—2.3 (m, 1H), and 2.1—0.6 (m, 
10H); !9FNMR (CDCU) ô=—112.58 (dd, /=272.2, 8.6 Hz, IF) 
and -123.07 (dd, /=272.2, 15.9 Hz, IF); MS m/z (rel inten­
sity) 268 (M+; 3), 248 (4), 162 (17), 111 (40), 107 (100), and 84 
(64). Found: C, 67.24; H, 6.69%. Calcd for C15H18F2O2: C, 
67.15; H, 6.76%. 

3,3-Difluoro-4-hydroxy-l-phenyl-2-heptanone (4m): IR 
(neat) 3372 (br, s), 3086 (m), 3062 (m), 3030 (m), 2960 (vs), 
2872 (vs), 1742 (vs), 1640 (w), 1498 (s), 1455 (s), 1400 (s), 1383 
(s), 1343 (s), 1314 (s), 1271 (s), 1205 (vs), 1113 (vs), 1063 (vs), 
1032 (vs), 1010 (s), 993 (s), 899 (w), 854 (w), 749 (s), 709 (vs), 
and 697 (vs) cm"1; *H NMR (CDCI3) 6=7.6—6.9 (m, 5H), 
4.4—3.7 (m, 1H), 3.97 (s, 1H), 1.9—1.2 (m, 4H), and 0.95 (t, 
/=5.8 Hz, 3H); ^FNMR (CDCb) ô = - l 13.65 (dd, /=273.4, 
6.1 Hz, IF) and -124.88 (dd, /=273.4, 15.9 Hz, IF); MS m/z 
(rel intensity) 242 (M+; 35), 119 (17), and 91 (100). Found: 
C, 64.36; H, 6.61%. Calcd for G3H16F2O2: C, 64.45; H, 
6.66%. 

(E)-3,3-Difluoro-4-hydroxy-l-phenyl-5-hepten-2-one (4n): 
IR (neat) 3404 (s), 3062 (m), 3030 (m), 2916 (m), 1745 (vs), 
1671 (w), 1604 (w), 1498 (s), 1455 (s), 1400 (s), 1380 (m), 1341 
(m), 1207 (s), 1084 (vs), 1069 (vs), 1031 (vs), 968 (m), 830 (m), 
709 (s), and 664 (s) cm"1; 1H NMR (CDCI3) 6=7.4—7.0 (m, 
5H), 6.2—5.2 (m, 2H), 4.44 (ddd, /=14.7, 8.5, 6.8 Hz, 1H), 
3.97 (s, 2H), 2.22 (br s, 1H), and 1.73 (d, /=4.6 Hz, 3H); 
19FNMR (CDCI3) <5=-l 13.73 (dd, /=269.8, 8.5 Hz, IF) and 
-123.02 (dd, /=269.8, 14.7 Hz, IF); MS m/z (rel intensity) 
240 (M+; 4), 169 (25), 91 (38), and 72 (100). Found: C, 65.35; 
H, 5.98%. Calcd for G3H14F2O2: C, 64.99; H, 5.87%. 

3,3-Difluoro-4-hydroxy-l,4-diphenyl-2-butanone (40): 

IR (neat) 3554 (vs), 3446 (w), 3086 (m), 3062 (m), 3030 (m), 
3004 (w), 2960 (m), 2914 (m), 1953 (w), 1892 (w), 1733 (vs), 
1497 (m), 1455 (vs), 1401 (s), 1352 (s), 1254 (m), 1215 (s), 1205 
(vs), 1154 (s), 1080 (vs), 1056 (vs), 1026 (m), 1006 (w), 983 (m), 
920 (w), 904 (w), 818 (m), 767 (m), and 617 (s) cm"1; *H NMR 
(CDCI3) 6=7.6—6.8 (m, 10H), 4.96 (dd, /=17.1, 6.1 Hz, 1H), 
3.80 (s, 2H), and 3.6—3.1 (br s, 1H); ^FNMR (CDCI3) 
<5=-l 12.76 (ddd, /=267.3, 6.1, 6.1 Hz, IF) and -123.13 (dd, 
/=267.3, 17.1 Hz, IF). Found: C, 69.66; H, 5.09%. Calcd 
for C16H14F2O2: C, 69.56; H , 5.11%. 

Typical Procedure for the Reformatsky-Type Reaction of 
2 with Aldehydes. Conditions B. A suspension of acid-
washed zinc dust (0.196 g, 3.0 mmol) and copper(I) chloride 
(0.030 g, 0.3 mmol) in ether (4 cm3) and THF (1 cm3) was 
stirred for 0.5 h at room temperature under argon. To this 
suspension were added butanal (0.080 g, 1.1 mmol) and 2 
(0.191 g, 1.0 mmol) via a syringe. After stirring under 
reflux for 1 h, followed by cooling to room temperature, the 
reaction mixture was filtered through a pad of Celite 545. 
The filtrate was concentrated under reduced pressure to 
leave an oily residue, which was subjected to column chro­
matography on silica gel eluting with hexane-ethyl acetate 
(3:1) to give 2,2-difluoro-3-hydroxy-l-phenyl-1-hexanone 
(5a) (0.160 g): IR (neat) 3372 (br, s), 3086 (m), 3062 (m), 3030 
(m), 2960 (vs), 2872 (vs), 1742 (vs), 1604 (w), 1498 (s), 1455 (s), 
1400 (s), 1383 (s), 1343 (s), 1314 (s), 1271 (s), 1205 (vs), 1113 
(vs), 1063 (vs), 1032 (vs), 1010 (s), 993 (s), 899 (w), 854 (m), 749 

(s), 709 (vs), and 697 (vs) cm"1; *H NMR (CDCI3) 6=7.6—6.9 
(m, 5H), 4.4—3.7 (br s, 1H), 3.97 (s, 2H), 1.9—1.2 (m, 4H), 
and 0.85 (t, /=5.8 Hz, 3H); ™F NMR (CDCI3) ô = - l 13.65 (dd, 
/=273.4, 6.1 Hz, IF) and -124.88 (dd, /=273.4, 15.9 Hz, IF); 
MS m/z (rel intensity) 288 (M+; 0.2), 123 (22), 105 (100), and 
77 (42). Found: C, 63.01; H, 6.09; F, 16.42%. Calcd for 
C12H14F2O2: C, 63.15; H, 6.18; F, 16.65%. 

(£)-2,2-Difluoro-3-hydroxy-l-phenyl-4-hexen-l-one (5b): 
IR (neat) 3400 (br, s), 3060 (m), 3034 (m), 2966 (m), 2942 (m), 
2918 (m), 2856 (m), 1697 (vs), 1598 (vs), 1579 (m), 1449 (vs), 
1397 (m), 1380 (m), 1282 (s), 1230 (m), 1181 (vs), 1122 (vs), 
1089 (vs), 1069 (vs), 1028 (s), 1001 (m), 968 (vs), 919 (s), 825 
(s), 790 (m), 715 (vs), 686 (vs), and 664 (vs) cm"1; « N M R 
(CDCU) 6=8.2-7.8 (m, 2H), 7.5-7.1 (m, 3H), 6.2-5.3 (m, 
2H), 4.63 (ddd, /=15.8, 8.5, 7.8 Hz, 1H), 3.0—2.5 (br s, 1H), 
and 1.75 (d, /=5.6 Hz, 3H); ̂ FNMR (CDCU) ô=—107.25 
(dd, /=288.1, 8.5 Hz, IF) and -116.07 (dd, /=288.1, 15.9 Hz, 
IF); MS m/z (rel intensity) 226 (M+; 0.2), 155 (90), and 105 
(100). Found: C, 63.88; H, 5.40%. Calcd for G2H12F2O2: 
C, 63.71; H, 5.35%. 

2,2-Difluoro-3-hydroxy-l,3-diphenyl-l-propanone (5c): 
IR (neat) 3448 (br, s), 3062 (m), 3032 (m), 2976 (m), 2926 (m), 
1694 (vs), 1598 (vs), 1579 (m), 1495 (m), 1450 (vs), 1389 (m), 
1340 (m), 1324 (m), 1285 (s), 1239 (s), 1182 (vs), 1123 (vs), 1066 
(vs), 1028 (s), 1001 (m), 922 (s), 838 (m), 809 (m), 773 (m), 733 
(vs), 713 (vs), 697 (vs), 686 (vs), 671 (vs), and 608 (vs) cm"1; 
!H NMR (CDCI3) 6=8.1—7.7 (m, 2H), 7.5—7.0 (m, 8H), 5.23 
(dd, /=18.3, 6.1 Hz, 1H), and 3.5—2.9 (m, 1H); 19FNMR 
(CDCI3) <5=-105.23 (dd, 7=288.1, 6.1 Hz, IF) and -116.91 
(dd, 7=288.1, 18.3 Hz, IF); MS m/z (rel intensity) 262 (M+; 
5), 155 (100), 107 (56), 105 (80), and 77 (10). Found: C, 
68.81; H, 4.62; F, 14.38%. Calcd for G5H12F2O2: C, 68.70; 
H, 4.61; F, 14.49%. 

Typical Procedure for the Reformatsky-Type Reaction of 
2 or 3 with Aldehydes. Conditions C. A suspension of 
acid-washed zinc dust (0.196 g, 3.0 mmol) and copper(I) 
chloride (0.030 g, 0.3 mmol) in ether (4 cm3) and THF (1 
cm3) was stirred for 0.5 h at room temperature under argon. 
To the mixture, which had been cooled to — 20 °C, were 
added successively benzaldehyde (0.117 g, 1.1 mmol), 3a 
(0.223 g, 1.0 mmol), and boron trifluoride diethyl etherate 
(0.156 g, 1.1 mmol). After being stirred for 1 h at - 2 0 °C, 
the reaction mixture was filtered through a pad of Celite 545 
and the filtrate was concentrated under vacuum. The resid­
ual oil was chromatographed on a column of silica gel with 
hexane-ethyl acetate (3:1 ) as eluent to furnish 2,2-difluoro-
1-hydroxy-l-phenyl-4-undecyn-3-one (6a) (0.298 g): IR 
(neat) 3424 (br, m), 3064 (m), 3034 (m), 2954 (vs), 2930 (vs), 
2858 (s), 2210 (vs), 1693 (vs), 1497 (w), 1456 (s), 1417 (m), 1381 
(m), 1321 (m), 1259 (m), 1179 (s), 1111 (s), 1069 (s), 1028 (m), 
963 (w), 908 (w), 834 (w), 800 (w), 718 (s), 698 (s), and 665 (m) 
cm"1; *H NMR (CDCI3) <5=7.25 (br s, 5H), 5.08 (dd, 7=15.9, 
8.6 Hz, 1H), 3.7—3.2 (br s, 1H), 2.35 (t, 7=6.4 Hz, 2H), 1.8— 
1.1 (m, 8H), and 0.87 (t, 7=5.4 Hz, 3H); 19FNMR (CDCI3) 
ô = - l 12.34 (dd, 7=263.7, 8.6 Hz, IF) and -121.68 (dd, 
7=263.7, 15.9 Hz, IF); MS m/z (rel intensity) 294 (M+; 2), 274 
(3), 217 (3), 187 (70), and 107 (100). Found: C, 69.52; H, 
6.89%. Calcd for G7H20F2O2: C, 69.37; H, 6.85%. 

4,4-Difluoro-5-hydroxy-l-phenyl-l-octyn-3-one (6b): IR 
(neat) 3438 (br, s), 3062 (w), 2962 (vs), 2934 (s), 2874 (s), 2194 
(vs), 1961 (w), 1893 (w), 1803 (w), 1685 (vs), 1597 (m), 1491 (s), 
1468 (m), 1459 (m), 1446 (s), 1384 (m), 1310 (s), 1272 (m), 1221 
(s), 1164 (s), 1115 (vs), 1071 (vs), 1029 (vs), 1011 (vs), 996 (vs), 
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955 (s), 925 (w), 901 (w), 857 (w), 817 (m), 758 (vs), 716 (m), 
687 (vs), 669 (m), and 637 (s) cm"1; *H NMR (CDC13) <5=7.7— 
7.0 (m, 5H), 4.4—3.8 (m, 1H), 2.8—2.4 (br s, 1H), 2.0—1.3 
(m, 4H), and 0.94 (t, /=6.4 Hz, 3H); 19FNMR (CDCI3) 
ô=—114.10 (dd, /=264.9, 8.5 Hz, IF) and -122.84 (dd, 
7=264.9, 14.7 Hz, IF); MS m/z (rel intensity) 252 (M+; 0.8), 
179 (5), and 129 (100). Found: C, 66.71; H, 5.44%. Calcd 
for C14H14F2O2: C, 66.66; H , 5.59%. 

4,4-Difluoro-5-hydroxy-l-phenyl-l-undecyn-3-one (6c): 
IR (neat) 3368 (br, m), 3058 (w), 2952 (s), 2924 (vs), 2856 (s), 
2194 (vs), 1685 (vs), 1648 (w), 1597 (m), 1571 (w), 1560 (w), 
1491 (m), 1466 (m), 1459 (m), 1445 (m), 1379 (w), 1307 (m), 
1232 (m), 1210 (m), 1161 (m), 1120 (s), 1087 (s), 1033 (m), 992 
(m), 757 (s), 715 (m)„ and 686 (s) cm"1; *HNMR (CDCI3) 
0=7.7—7.0 (m, 5H), 4.4—3.8 (m, 1H), 3.1—2.5 (br s, 1H), 
1.9—1.1 (m, 10H), and 0.89 (t, 7=5.4 Hz, 3H); 19FNMR 
(CDCI3) ô=—114.10 (dd, 7=264.9, 7.3 Hz, IF) and -122.82 
(dd, 7=264.9, 15.9 Hz, IF); MS m/z (rel intensity) 294 (M+; 
0.1), 179 (5), and 129 (100). Found: C, 69.63; H, 7.06%. 
Calcd for G7H20F2O2: C, 69.37; H, 6.85%. 

2,2-Difluoro-l-hydroxy-l,5-diphenyl-4-pentyn-3-one (6d): 
IR (neat) 3426 (br, m), 3062 (m), 3032 (w), 2922 (w), 2192 (w), 
11962 (w), 1894 (w), 1685 (vs), 1596 (m), 1571 (w), 1491 (m), 
1455 (m), 1445 (m), 1389 (w), 1306 (m), 1200 (m), 1145 (s), 
1090 (s), 1063 (s), 1028 (s), 1011 (s), 993 (s), 922 (w), 843 (w), 
823 (w), 782 (m), 757 (s), 715 (s), 697 (s), and 686 (vs) cm"1; 
!H NMR (CDCI3) 6=7.7—7.0 (m, ÎOH), 5.19 (dd, 7=15.9, 7.3 
Hz, 1H), 3.0—2.3 (br s, 1H); 19FNMR (CDCI3) ô=—111.93 
(dd, 7=262.5, 7.3 Hz, IF) and -121.37 (dd, 7=262.5, 15.9 Hz, 
IF); MS m/z (rel intensity) 286 (M+; 2.5), 268 (2.5), 266 (2.5), 
249 (1.5), 180 (100), and 129 (60). Found: C, 71.44; H, 4.20; 
F, 13.19%. Calcd for Ci7Hi2F202: C, 71.32; H, 4.23; F, 
13.27%. 

Typical Procedure for the Reformatsky-Type Reaction of 
1 with Ketones. Conditions D. Acid-washed zinc dust 
(0.196 g, 3.0 mmol) and silver acetate (0.017 g, 0.1 mmol) 
were suspended in THF (5 cm3) and this suspension was 
stirred for 0.5 h at room temperature under argon. To the 
resultant mixture were gradually added 3-pentanone (0.258 
g, 3.0 mmol), la (0.199 g, 1.0 mmol), and a hexane solution 
(1 mol dm - 3) of chlorodiethylaluminium (1.1 cm3, 1.1 mol). 
The mixture was stirred for 9 h at reflux temperature and, 
after cooling to room temperature, was filtered through a 
pad of Celite 545. The filtrate was concentrated under 
reduced pressure to leave a crude product, which was puri­
fied by column chromatography on silica gel eluting with 
hexane-ethyl acetate (3:1) to afford 3-ethyl-4,4-difluoro-3-
hydroxy-5-undecanone (7a) (0.160 g): IR (neat) 3442 (br, s), 
2930 (vs), 2858 (vs), 1740 (vs), 1701 (s), 1656 (m), 1612 (m), 
1462 (vs), 1403 (s), 1379 (s), 1269 (m), 1208 (m), 1121 (vs), 1063 
(s), 980 (s), 933 (m), 852 (w), 817 (w), 793 (w), 771 (w), and 724 
(m) cm"1; *H NMR (CDCI3) <5=2.70 (t, 7=7.2 Hz, 2H), 2.27 (s, 
1H), 1.9—1.1 (m, 12H), and 0.93 (t, 7=7.8 Hz, 9H); ^FNMR 
(CDCI3) ô=—116.12 (s, 2F); MS m/z (rel intensity) 250 (M+; 
0.1), 221 (1.5), 113 (80), and 87 (100). Found: C, 62.67; H, 
9.84%. Calcd for G3H24F2O2: C, 62.38; H, 9.66%. 

l,l-Difluoro-l-(l-hydroxycyclohexyl)-2-octanone (lb): 

IR (neat) 3448 (br, m), 2956 (vs), 2934 (vs), 2860 (s), 1737 (s), 
1703 (s), 1665 (w), 1453 (m), 1402 (m), 1376 (m), 1315 (m), 
1264 (vs), 1202 (s), 1153 (vs), 1123 (vs), 1111 (vs), 1060 (vs), 992 
(s), 909 (m), 864 (m), 798 (s), 684 (m), and 663 (m) cm"1; 
!HNMR (CDCI3) 6=2.68 (t, 7=6.5 Hz, 2H), 2.11 (s, 1H), 
2.1—1.4 (m, 10H), 1.4—1.1 (m, 8H), and 0.85 (t, 7=5.0 Hz, 

3H); 19FNMR (CDCI3) <5=-121.23 (s, 2F); MS m/z (rel 
intensity) 262 (M+; 0.1), 225 (5), 113 (48), 99 (100), and 85 
(30). Found: C, 64.32; H, 9.29%. Calcd for G4H24F2O2: C, 
64.10; H, 9.22%. 

6,6-Difluoro-5-hydroxy-5-methyl-l-undecen-7-one (7c): 
IR (neat) 3504 (br, s), 3074 (m), 2954 (vs), 2928 (vs), 2856 (vs), 
1739 (vs), 1644 (m), 1459 (s), 1402 (s), 1380 (s), 1296 (m), 1260 
(m), 1208 (m), 1123 (vs), 1069 (vs), 995 (s), 967 (s), 945 (m), 
913 (s), 842 (w), 796 (w), 770 (w), 725 (m), and 665 (m) cm"1; 
!H NMR (CDCI3) 6=6.2—5.5 (m, 1H), 5.2—4.8 (m, 2H), 2.71 
(t, 7=7.0 Hz, 2H), 2.46 (br s, 1H), 2.4—1.9 (m, 2H), 1.9—1.5 
(m, 4H), 1.5—1.1 (m, 8H), and 0.87 (t, 7=5.6 Hz, 3H); 
19FNMR (CDCI3) ô=—117.07 (d, 7=268.6 Hz, IF) and 
-120.47 (d, 7=268.6 Hz, IF); MS m/z (rel intensity) 262 (M+; 
0.1), 207 (2.5), 113 (100), 99 (58), and 85 (33). Found: C, 
64.41; H, 9.48%. Calcd for C14H24F2O2: C, 64.10; H, 9.22%. 

3,3-Difluoro-2-hydroxy-2-phenyl-4-dodecanone (7d): IR 
(neat) 3448 (br, s), 3064 (m), 3032 (m), 2952 (vs), 2928 (vs), 
2858 (s), 1960 (w), 1888 (w), 1814 (w), 1739 (vs), 1495 (m), 
1455 (s), 1400 (s), 1379 (m), 1341 (m), 1202 (s), 1159 (s), 1107 
(vs), 1064 (vs), 1028 (s), 981 (m), 912 (w), 844 (m), 819 (m), 728 
(s), 712 (s), 698 (vs), 664 (m), and 612 (vs) cm"1; *HNMR 
(CDCI3) 6=7.26 (s, 5H), 5.03 (dd, 7=15.9, 7.3 Hz, 1H), 3.1— 
2.5 (m, 1H), 2.53 (t, 7=7.2 Hz, 2H), 1.8—1.0 (m, 8H), and 
0.83 (t, 7=6.0 Hz, 3H); 19FNMR (CDCI3) ô=—113.60 (dd, 
7=268.6, 7.3 Hz, IF) and -123.47 (dd, 7=268.6, 15.9 Hz, IF); 
MS m/z (rel intensity) 284 (M+; 0.1), 121 (100), 113 (4), and 
107 (27). Found: C, 67.51; 7.56%. Calcd for C16H22F2O2: C, 
67.59; H, 7.80%. 

4-Ethyl-3,3-difluoro-4-hydroxy-l-phenyl-2-hexanone (7e): 
IR (neat) 3468 (br, m), 3086 (w), 3060 (m), 3028 (m), 2970 (s), 
2942 (s), 2884 (m), 1743 (vs), 1700 (s), 1655 (m), 1625 (m), 1618 
(m), 1604 (m), 1498 (s), 1456 (vs), 1396 (s), 1341 (s), 1268 (m), 
1207 (s), 1091 (vs), 1073 (vs), 1031 (s), 980 (s), 935 (m), 847 
(m), 774 (m), 752 (m), 719 (s), and 697 (vs) cm"1; iHNMR 
(CDCI3) 6=7.5—6.9 (m, 5H), 4.03 (s, 2H), 2.10 (br s, 1H), 1.73 
(q, 7=7.4 Hz, 2HX2), and 0.93 (t, 7=7.4 Hz, 3HX2); 19F NMR 
(CDCls) ô=—115.64 (s, 2F); MS m/z (rel intensity) 256 (M+; 
8), 169 (10), 119 (10), 91 (63), and 88 (100). Found: C, 65.77; 
H, 6.98%. Calcd for G4H18F2O2: C, 65.61; H, 7.08%. 

Reformatsky-Type Reaction of 2 with 5-Hexen-2-one. 
Conditions E. A suspension of acid-washed zinc dust 
(0.196 g, 3.0 mmol) and silver acetate (0.017 g, 0.1 mmol) in 
ether (4 cm3) and T H F (1 cm3) was stirred for 0.5 h at room 
temperature under argon. 5-Hexen-2-one (0.294 g, 3.0 
mmol) and 2 (0.191 g, 1.0 mmol) were added to this suspen­
sion by use of a syringe. The mixture was refluxed for 4 h 
with stirring and, after cooling to room temperature, was 
filtered through a pad of Celite 545. Evaporation of vola­
tile materials followed by column chromatography on silica 
gel afforded 2,2-difluoro-3-hydroxy-3-methyl-l-phenyl-6-
hepten-1-one (8) (0.168 g): IR (neat) 3492 (br, s), 3072 (m), 
2922 (vs), 2858 (s), 1693 (vs), 1643 (s), 1618 (w), 1598 (s), 1580 
(m), 1560 (w), 1545 (w), 1491 (w), 1450 (vs), 1418 (m), 1379 (s), 
1325 (m), 1279 (s), 1188 (s), 1155 (s), 1113 (vs), 1078 (vs), 1028 
(m), 1001 (m), 965 (m), 912 (vs), 840 (m), 818 (m), 782 (w), 715 
(vs), 685 (vs), and 663 (vs) cm"1; *H NMR (CDCI3) 6=8.2—7.9 
(m, 2H), 7.6—7.1 (m, 3H), 6.2—5.5 (m, 1H), 5.2—4.8 (m, 
2H), 2.83 (s, 1H), 2.6—2.0 (m, 2H), 2.0—1.6 (m, 2H), and 
1.41 (dd, 7=1.2, 1.2 Hz, 3H); i^FNMR (CDCI3) <5=-108.94 
(d, 7=290.5 Hz, IF) and -112.6 (d, 7=290.5 Hz, IF); MS m/z 
(rel intensity) 254 (M+; 4.2), 199 (6.2), and 105 (100). 
Found: C, 66.44; H, 6.56%. Calcd for G4H16F2O2: C, 66.13; 
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H, 6.34%. 
Detection of Zinc(II) Enolates 9 and 10 under the Condi­

tions C. A 50-cm3 three-necked flask purged with argon 
was charged with acid-washed zinc (0.196 g, 3.0 mmol), 
copper(I) chloride (0.030 g, 0.3 mmol), THF (1 cm3), and 
ether (4 cm3). To this suspension, after stirring for 0.5 h at 
room temperature followed by cooling to — 20 °C, were 
added dropwise boron trifluoride diethyl etherate (0.142 g, 
1.0 mmol) and 2 (0.191 g, 1.0 mmol) or 3a (0.223 g, 1.0 
mmol). The mixture was stirred for 1 h at the same temper­
ature. An aliquot of the supernatant (about 0.3 cm3) was 
introduced via a syringe into an argon-purged NMR sample 
tube, which was immediately subjected to 19F NMR analysis. 
Figure 1 depicts the spectra observed in sequential transfor­
mation of 2 to 5c through the enolate 9. Table 3 lists the 
19F NMR data of 9 and 10, along with those of the related 
compounds 11—13. 
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Direct phenol synthesis from benzene is currently one of the most important problems in modern 
chemistry. We have reported new phenol synthesis from benzene and O2 via direct activation of a C-H 
aromatic bond by the Pd(OAc)2/phenanthroline catalyst system. The evidence for direct oxidation of benzene 
by O2 was obtained using 1 80 and 2H isotopes. The mechanism was proposed on the basis of these results and 
the reactions of Ph-Pd o complex intermediates. 

In previous study,1) we developed new pheno l syn­
thesis from benzene and O2 via direct activation of a 
C - H aromat ic bond by the Pd(OAc)2/phenanthrol ine 
catalyst system. There have been many investiga­
tions concerning the reactions via the C - H bond 
activation by transi t ion metal catalysts,2* however, lit­
tle is known on the direct pheno l synthesis from 
benzene and Û2.3) O u r pheno l synthesis reaction pro­
ceeds under the condi t ions of 15 a tm of O2, 15 a tm of 
CO, equ imola r amoun t s of Pd(OAc)2, and 1,10-
phenan th ro l ine (phen) and AcOH, at 180 °C. T h e 
addi t ion of both C O and phenan th ro l ine is essential 
to b r ing about the selective synthesis of phenol . We 
have obtained evidence for direct oxidat ion of benzene 
by O2 from 1802 isotope experiments and investigated 
the mechanism us ing a P h - P d o complex prepared 
directly from benzene and Pd(OAc)2.4) In this paper 
we report these results. 

Results and Discussion 

Table 1 summarizes the results performed under 
various reaction condi t ions . In a typical exper iment 
charg ing 8 cm3 of benzene, 12 cm3 of AcOH, 0.2 m m o l 
of Pd(OAc)2, 0.2 m m o l of 1,10-phenanthroline, 15 a tm 
of O2, 15 a tm of C O in an autoclave wi th st irr ing at 
180 °C for 1 h, there were obtained pheno l in 850% 
yield (yields are all based on Pd) wi th phenyl acetate 

Table 1. Phenol Synthesis from Direct 
Oxidation of Benzene*) 

Run 
Pd(OAc)2 Reaction time Temp Yield/%1 b) 

mmol °C PhOH PhOAc 

0.2 
0.2 
0.2 
0.1 
0.5 

1 
1 

1X3 C ) 

1 
1 

180 
150 
180 
180 
180 

850(3.8) 
560(2.5) 

1270(5.6) 
1200(2.7) 
381(4.2) 

56 
40 

120 
115 
29 

a) Benzene 8 cm3, AcOH 12 cm3, 1,10-phenanthroline 
0.2 mmol, CO 15 atm, O2 15 atm. b) Based on Pd and 
numbers in parenthesis are those based on the starting 
benzene, c) O2 and CO gases were repeatedly sup­
plied to 30 atm after removal of the residual gases in 
vacuo every 1 h. 

(56%) as a by-product. T h e yield of phenol increased 
u p to 1270% when O2 and C O gases were repeatedly 
suppl ied to 30 atm, the ini t ial pressure, every 1 h to 
replace those consumed du r ing the 3 h period. 

1 802 Isotope Experiment. T h e reaction was done 
under the similar condit ions us ing 1802 (95% purity) 
with st irr ing for 3 h at 180 °C, to give phenol in 780% 
yield. After the reaction, the total pressure decreased 
from 30 a tm to 17 a tm (at room temperature) and the 
composi t ion of the gaseous phase was carbon monox­
ide (22.5%), oxygen (37.1%), and carbon dioxide 
(40.4%). T h e results are shown in Table 2. As can 
be seen from the material balance in the table, carbon 
dioxide, acetic anhydride, and water are also formed in 
addi t ion to pheno l with consumpt ion of oxygen and 
carbon monoxide . O n G L C mass analysis, it was 
found that pheno l formed contained 92% of 1 8 0 (Fig. 
1) and that carbon dioxide and acetic acid formed, 
contained 1 8 0 in the ratio of 33/100 and 3/100, respec­
tively. T h i s result clearly shows that phenol was 
formed via direct oxidat ion of benzene with molecular 
oxygen (Eq. 1). 

2 H Isotope Experiment. In order to study isotope 
scrambling, the reactions us ing benzene-do and acetic 
acid-A (CD3COOD) were carried out. 

Table 2. 

Charge 

mmol 

Material Balance in the Reaction 
of Benzene and 18Ü2a) 

After the reaction Balance 

mmol mmol 

Ph18OH 
PhOAc 
Ac2O

b) 

CO 

co2 
C 0 1 8 0 
1 8 0 2 

Ac18OH 
H2Oc) 

13.39 

13.39 

1.58 

1.56 
0.13 
0.36 
3.41 
4.59 
1.53 
5.62 
6.00 
3.68 

1.56 
0.13 
0.36 

-9.98 
4.59 
1.53 

-7.77 
6.00 
2.10 

a) Benzene 8 cm3, AcOH 12 cm3, phen 0.2 mmol, CO 
15 atm, O2 15 atm, 180 °C, 3 h. b) Analyzed by GC 
after conversion to acetanilide. c) Analyzed by Karl-
Fischer method. 
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lo 
100 

50 
66 

57 

I i 1 r 

94 

16 OH 

50 
1 i i r 

100 
1 1 

150 

M a s s n u m b e r 

loo-

50 

J 

-1 66 

1 5? 

I J éo 
l i . 1. 

1 1 1 

"96 f 

1 8 0H 

1 
iöo • • ' • 11 

Fig. 1. Mass spectra of phenol. A: Obtained from 
the reaction with O2. B: Obtained from the reac­
tion with 18Ü2. 

C6H6 +
1 8 0 2 + CO -+ C6H5

18OH + C 0 1 8 0 (1) 

W h e n the reaction was performed us ing benzene-^6 
instead of benzene, the pheno l formed contained 100% 
of deuter ium a l though the yield decreased (Eq. 2). 
O n the other hand , when reaction was performed wi th 
benzene-de us ing AcOH, both C 6D 5OD and C 6 D 5 OH 
were formed in molar rat io of 6:100 (Eq. 3). It was 
also found that when pheno l (1.5 mmol) was treated 
in CD3COOD (6 cm3) under similar reaction condi­
tions (Pd(OAc)2 , 0.2 m m o l ; phen , 0.2 mmol ; N2 , 15 
atm; 180 °C), C 6 H 5 OD and C 6 H 5 O H were obtained in 
rat io of 71:100 (Eq. 4). These results suggest that a 
P d - O P h o complex intermediate derived from O 
insert ion to a P d - P h o complex intermediate,1) reacts 
wi th A c O H to give pheno l and an A c O - P d which 
attacks benzene again to give the P d - P h intermediate 
(Eq. 5).5> 

Pd( O Ac)2/phen/CO( 15atm ) 

^ >C6D5OD (2) 
15atm 100% D 

C6D6 + 0 2 -

C6D6 + 0 2 

Pd(OAc)2/phen/CO(15atm) 

15atm 
180 °C, AcOH 

•CeDsOD+CeDöOH (3) 
6 : 100 

C6H5OH 
Pd(OAc)2/phen/N2( 15atm) 

CDsCOOD, 180°C 
-> CeHsOD+CeHsOH (4) 

71 : 100 

C 6H 50-Pd + AcOH -» C6H5OH + AcO-Pd- (5) 

Gas Balance. As is apparen t from Table 2, O2 and 
CO consumpt ion is relatively h igh as compared wi th 
the quan t i ty of pheno l formed. We assumed that O2 
and CO both coordinated to a P d / p h e n complex 
intermediate du r ing and after the reaction. T o test 
this, we performed gas recovery experiments us ing 
CO/CO2/O2 gas mixture (O2 10.2 mmol , CO 5.6 
mmol , CO2 11.4 mmol) (Table 3). As can be seen 
from the table, CO, CO2, and O2 were recovered in 5^, 
100, and 75% yields after the treatment with the solu­
tion of Pd(OAc)2 and p h e n in benzene/AcOH (at 
room temperature, st irring for 1 h under 30 atm). 
Contrary to this, in the absence of Pd(OAc)2 and phen , 
these gases were recovered almost quantitatively. 
Since CO2 can be recovered quantitatively,6* it can be 
concluded that CO and O2 coordinate to a P d / p h e n 
com-plex after the reaction. T w o roles of CO can be 
t hough t in this reaction: one is to inhibi t coup l ing of 
the P d - P h complex wi th benzene to give b iphenyl by 
occupying the coordinat ion site, and the other is to 
accept one oxygen a tom of O2, and another oxygen 
a tom being incorporated in to phenol , thus assisting 
the O - O bond cleavage. l ) T h u s , CO acts as a reduc­
ing agent of O2 to give CO2. Recently Sasaki et al. 
used H2 as a reductant in direct pheno l synthesis from 
benzene and O2 by heterogeneous catalysts.3c) 

Attempted Isolation of P d / P h e n / C O Complex. It 
is known that C O bubb l ing to Pd(OAc)2 in A c O H 
gives Pd carbonyl complexes.7) We tried to isolate a 
P d / p h e n / C O complex. T h e reaction of Pd(OAc)2 
wi th C O (0.5 atm), O2 (0.5 atm) and phen in A c O H / 
benzene/chloroform at room temperature for 3 h, gave 
red-brown P d / p h e n / C O complex (1) (2.8 g) with stoi-
chiometry of Pd4(phen)4(CO)(OAc)4. T h e reaction of 
complex 1 at 180 °C for 3 h wi th O2 (15 atm) or under 
N2 (15 a tm) gave rise to pheno l in 680 and 95% yields, 
respectively, suggesting that 1 is an intermediate 
complex. 

Reaction of Pd-Ph o Complex with O2. We have 
prepared a diphenyl t r ipal ladium(II) complex (2) from 
the reaction of Pd(OAc)2 wi th benzene in the presence 
of dialkyl sulfides (Fig. 2).4) T h e complex 2 has been 
found to react wi th olefins and CO or CO2 to give 
phenyl-subst i tuted olefins and benzoic acid, respec-
tively.4c) T h e n , reactions of 2 wi th O2 were examined 

Benzene 

cm3 

4 
4 

AcOH 

cm3 

6 
6 

Pd(OAc)2 

mmol 

0.2 

Table 3. 

phen 

mmol 

0.2 

Recovery of Gas Phase Componentsa) 

Recovered gas (mmol) 

O2 CO CO2 

10.2 5.6 11.4 
7.6 3.0 11.4 

o2 
100 
75 

Recovery ratio 

CO 

100 
54 

CO2 

100 
100 

a) Initially O2 (10.2 mmol), CO (5.6 mmol), and CO2 (11.4 mmol) were charged. 
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Table 4. Reaction of Diphenyltripalladium(II) Complex 2a) 

Run 

1 
2 
3 
4 
5 
6 

Phen 

mmol 

0.94 
0.94 
0.94 
— 

0.94 
0.94 

AcOH 

cm3 

10 
10 
10 
— 
— 
— 

T H F 

cm3 

— 
— 
— 
10 
10 
10 

CO 

atm 

15 
15 
0.5 
0.5 
0.5 
0.5 

o2 

atm 

15 
15 
0.5 
0.5 
0.5 
0.5 

Temp 

°C 

180 
100 
90 

r.t. 
60 

r.t. 

Time 

h 

1 
1 

12 
12 
12 
12 

Product 

PhOH 

Trace 
30 
0.1 
1.2 
0.9 
0.2 

yield/%b) 

PhCOOH 

0 
24 
35 
60 
55 
15 

a) Complex 2 0.32 mmol, b) Based on Pd. 

¥e ¥e
 R1 

p V ° ^ ^ P d ^ ^ P dC
s-R2 

R2 V V 
Me Me 

Rl=But 

R2=CH2Bu
t 

Fig. 2. 

under various condit ions. T h e results are summar­
ized in Tab le 4. 

As can be seen from the table, under h igher O2 and 
C O pressure (15 a tm each), phenol was formed in 30% 
yield from complex 2 wi th 24% of benzoic acid (Run 2) 
while benzoic acid was formed as a m a i n product 
under lower pressure.4) Fur thermore, reaction of 
iodobenzene with O2 in the presence of C O and Pd 
catalyst gave pheno l in 10% yield. These results show 
that under h igh pressure of CO and O2, O2 could 
undergo activation and insert in to a P d - P h o bond. 

Mechanism. O n the basis of the results described 
above, we suggest the mechanism of formation of 
pheno l from benzene and O2 as depicted in Scheme 1. 
Main cycle (right) includes electrophilic attack of an 
active species Pd(OAc)2/phen to benzene to form a 

P d - P h o complex, activation of O2 by a P d / p h e n / C O 
complex to form a P d - O P h complex, and its reaction 
with A c O H to form pheno l and a Pd(OAc)2/phen 
complex. Subcycle (left) includes oxidat ion/reduc­
t ion of C O and O2 by Pd to form CO2, H2O, and acetic 
anhydride. In the present reaction, ca. four times in 
mole of CO2 are formed for every 1 mole formation of 
phenol . Therefore, it is very impor tan t to suppress 
the oxidat ion reaction of C O in the subcycle. Now 
at tempt to make this reaction a practical chemical 
process which would substitute the cumene process, is 
currently underway. 

Experimental 

Materials and Method. Pd(OAc)2 was prepared from Pd 
black and AcOH according to the procedure of Wilkinson 
and coworkers.8) Diphenyltripalladium(II) complex (2) 
was prepared as described before.4) GLC-mass analysis was 
performed on a Hitachi M-80B apparatus. The reaction of 
benzene with 1802 was performed as described before1) charg­
ing Pd(OAc)2 (0.2 mmol), phen (0.2 mmol), benzene (8 cm3), 
AcOH (12 cm3), CO (15 atm), and 1 8 0 2 (15 atm) in a 30-cm3 

autoclave with stirring at 180°C for 3 h. The reactions 
with benzene-ofe and CD3COOD were also conducted in 
similar method as described before.1) 

The Reaction of Diphenyltripalladium(II) Complex (2) 
with O2. In a 200-cm3 autoclave was placed a 50-cm3 cen­
trifuge tube containing complex 2 (0.32 mmol), phen (0.94 

c o 2 

+ Ac20 

Phen-Pd—f-CO 
o—o 

ACOH V / P d " ° A C C 0 ' °2 

Scheme 1. Possible mechanism. 
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mmol), and AcOH (10 cm3). The autoclave was closed and 
pressurized to 30 atm by CO and O2 (15 atm each), and then 
the mixture was heated for 1 h at 100 °C with stirring. After 
the usual work-up, there were obtained phenol and benzoic 
acid in 30 and 24% yields, respectively. The results of the 
reactions done under various conditions were listed in Table 
4. 

Attempted Isolation of Pd/phen/CO Complex (1). A 
centrifuge tube containing a solution of Pd(OAc)2 (2.0 g), 
AcOH (8 cm3), benzene (12 cm3), and chloroform (10 cm3), 
was placed in an autoclave. After the autoclave was closed, 
CO and O2 was introduced (0.5 atm, each). Then the 
mixture was stirred at room temperature for 3 h. After the 
reaction red-brown precipitates formed. The precipitates 
were filtered and washed with acetone and ether to obtain 
2.8 g of the complex 2 which has IR spectrum at 1560 cm -1. 
Found: C, 47.89; H, 3.32; N, 7.39; Pd, 29.45%. Calcd for 
Pd4phen4(CO)(OAc)4: C, 48.58; H, 3.12; N, 7.95; Pd, 30.11%. 

Reaction of Complex 1 with O2. The complex 1 (0.5 g, 
0.35 mmol as Pd4Phen4(CO)(OAc)4) obtained as described 
above, was subjected to react with O2 (15 atm) or under 15 
atm N2 in benzene (4 cm3) and AcOH (6 cm3) at 180 °C for 3 
h to give phenol in 680 and 95% yields based on the complex. 

T h i s work was suppor ted in par t by grants from the 
Ministry of Educat ion, Science and Cul ture of the 
Japanese Government . 
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A. Stromnova, M. N. Vargaftig, and G. J. Mazo, / . Chem. 
Soc, Chem. Commun., 1978, 27. 

8) T. A. Stephenson, S. M. Morehouse, A. R. Powell, J. 
P. Heffer, and G Wilkinson, / . Chem. Soc, 1965, 113. 
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Hydrolase model catalysts, N-alkyl-Na-[2-(D-polyhydroxypentyl)-3-acetyl-4-thiazolidinylcarbonyl]-L-histi-
dinamide (acyclic-type catalyst) and N-(N-alkanoyl-L-histidyl)-jß-D-glucosamine (cyclic-type catalyst), which 
easily form micelles in water by themselves, have been designed and the stereostructural effects of sugar moieties 
examined on stereoselective hydrolyses of £>-nitrophenyl Af-benzyloxycarbonyl-L-(or D-)phenylalaninates. An 
acyclic-type catalyst is D-selective, while a cyclic-type catalyst is L-selective. The stereorecognition of acyclic-
type catalysts was found to be performed by a sugar moiety, rather than the histidyl type. Comparisons of the 
activities of three acyclic-type catalysts having different sugar moieties show that a mannose-derived catalyst is 
the most stereoselective. Judging from kinetic data, it is concluded that the configuration of OH on C-3 of the 
sugar moiety takes a significant part in the stereorecognition of a catalyst. 

Wi th in these years, a great number of enzyme mod­
els have been designed a n d examined in biomimet ic 
reactions, some of which have been reported to be 
excellent models for reaction selectivities.1* In hydro­
lase models, for example, a catalytic action closely 
similar to hydrolase was observed in stereoselective 
hydrolyses of p-n i t rophenyl Af-acyl-L-(or D-)phenyl-
alaninates us ing a tripeptide-type catalyst.2>3) T h e 
tr ipeptide slightly catalyzes the hydrolysis by itself, 
bu t develops a latent hydrolysis ability, and dramati­
cally exhibits h igh stereorecognition when it is used 
together wi th surfactants which provide a sutable 
reaction environment . 

Hydrolase models which do not require any surfac­
tant, on the other hand , have also been reported. 
Cyclodextrin4 ) and polyethylenimine 5 ) are representa­
tive of the models. Other type of enzyme models 
be longing to this category include catalysts hav ing 
self-micelle or vesicle-forming abilities.6_10) Such 
models have recently been modified so as to recognize 
the chiralities of substrates;11-16* then, pept ide l ipid 
models were designed a n d proposed.1 7 _ 2 0 ) Models 
compr is ing an amino acid backbone wi th a polar head 
moiety and a hydrophobic hydrocarbon g roup are 
capable of forming vesicles in water and exhibit excel­
lent catalysis in the stereoselective hydrolyses of chiral 
substrates. Such synthetic pept ide lipids are charac­
terized by their similarity to enzymes, wi th respect to 
both their structures and functions. 

We also reported that glycopeptide-type hydrolase 
models, N-stearoyl-Na-[o-[(D-glucosylimino)methyl]-
benzylidene]-L-histidinamide and Af-(Af-stearoyl-L-
histidyl)-ß-D-glucosamine, are active catalysts in the 
hydrolyses of p-n i t rophenyl Af-Z-L-(or D-)phenyl-
alanine2 2 ) (in this paper , Z indicates a benzyloxycar-
bonyl group) . These models can form micelles by 
themselves. T h e present paper describes the stereo-
structural effect of sugar moieties in glycopep tide-type 
catalysts: catalysts which contain various thiazolidine 
derivatives such as sugar moiety, N-alkyl-Na-[2-(D-
polyhydroxypentyl)-3-acetyl-4-thiazolidinylcarbonyl]-
L-histidinamide (1) (acyclic-type catalyst), are discussed 

regarding the stereoselective hydrolysis of p-ni t ro-
phenyl Z-L-(or D-)phenylalaninate (4). T w o kinds of 
cyclic g lucosamine derivatives, Af-(N-alkanoyl-L-
histidyl)-ß-D-glucosamine (3) (cyclic-type catalyst) are 
also discussed regarding their use as catalysts. 

Experimental 

Syntheses of Catalysts. Acyclic-type catalysts, N-dodecyl-
and Af-octadecyl-Na-[2-(D-g/wco-, manno-, and galacto-
pentahydroxypentyl)-3-acetyl-4-thiazolidinylcarbonyl]-L-
histidinamide (1), were prepared as follows: 

XONH-CH-CONH(CH2)nCH3 

S N-Ac &h 

Ri-4—R2 N NH 

HO—f— H 

R3-4— R4 

H-4— OH 
CH2OH Ac = CH3CO-

(1) 

(1-a) Glucose-derived catalysts: Ri=R3=H, 
R 2 =R 4 =OH 
7Î=1 1 acyclic Glu • His • Lau Amine 
7i=17 acyclic Glu • His • Ste Amine 

(1-b) Mannose-derived catalysts: Ri=R4=OH, 
R 2=R 3=H 
TI=3 acyclic Man • His • But Amine 
7i=l 1 acyclic Man • His • Lau Amine 
7i=17 acyclic Man • His • Ste Amine 

(1-c) Galactose-derived catalysts: Ri=R4=H, 
R 2 =R 3 =OH 
7i=l 1 acyclic Gal • His • Lau Amine 
7i=17 acyclic Gal • His • Ste Amine 

The N-alkyl-Na-[2-(D-g/wco-, manno-, and galacto-penta-
hydroxypentyl-3-acetyl-4-thiazolidinecarbonyl]-L-histi din-
amide: 2-(D-gluco-, manno-, and ga/acfo-pentahydroxy-
pentyl)-3-acetyl-4-thiazolidinecarboxylic acid (1.23X10-3 

mol) were prepared in accordance with the method by Rezso 
et al.21> and N-alkyl-L-histidinamide22) (1.23X10"3 mol) were 
dissolved in 100 ml of chloroform; dicyclohexylcarbodiimide 
(DCC) (1.85X10-3 mol) was added with stirring at ice-bath 
temperature. After one hour, the reaction mixture was 
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warmed up to room temperature and stirred for 24 hours. 
After filtering off Af,./V'-dicyclohexylurea the solvent was 
removed under vacuum. The resulting residue was washed 
successively with 1 mol dm - 3 HCl, 4% NaHCC>3, and water. 
It was then dissolved in and allowed to react with 50 ml of a 
1 mol dm - 3 solution of NaOCH3 in methanol at ice-bath 
temperature for 3 hours. The reaction mixture was neu­
tralized with 1 mol dm - 3 HCl. The solution was evapo­
rated, and the residue was recrystallized from acetone- petro­
leum ether (1 : 7 by volume). 

2-(D-m<2?272o-Pentahydroxypentyl)-3-acetyl-4-dodecylcar-
bamoylthiazolidine (2) (acyclic Man • Lau Amine) was pre­
pared by the reaction of 2-(D-manno-Pentahydroxypentyl)-3-
acetyl-4-thiazolidinecarboxylic acid with dodecylamine, ac­
cording to a similar method: 

of DCC23> 

j /C0NH(CH2)iiCH3 

S N - A c 

H0-

H0-
H-

H-

-H 

-H 
-OH 

-OH 

CH20H Ac=CH3C0-

(2) 

acyclic Man • Lau Amine 

Cyclic-type catalysts, A/-[A/-(lauroyl and stearoyl)-L-
histidyl]-ß-D-glucosamine (3), were prepared as described in 
a preceding paper.22) 

A 
H V N H 

_ r
 H ÇH2 

H NHC0-CH-NHC0(CH2)nCH3 

(3) 

72=10 cyclic Glu • His • Lau Acid 
72=16 cyclic Glu • His • Ste Acid 

Elemental analyses and physical data of the catalysts are 
summarized in Table 1. 

Substrates. Chiral substrates, £>-nitrophenyl A/-Z-L-(and 
D-)phenylalaninates (4), were obtained by the reaction of Z-L-
(or D-)phenylalaninate with £>-nitrophenol in the presence 

<Q)-CH20C0NH-ÇH-C00-(Q>-N02 
CH2 

é 
(4) 

Measurements of Critical Micelle Concentrations (cmc). 
The critical micelle concentration of a catalyst was deter­
mined by monitoring the turbidity of solutions of the cata­
lyst in Tris buffer (pH 8.0, 0.083 mol dm -3) over a wide 
range of concentrations.22) 

Procedure and Kinetic Measurements. The hydrolysis of 
a chiral substrate was carried out using a glycopeptide-type 
catalyst (5.67X10"3 mol) in Tris buffer (pH 8.0, 0.083 
mol dm -3) containing KCl (0.083 mol dm -3) in the absence 
or presence of hexadecyltrimethylammonium bromide 
(CTAB) (5.67X10-4 mol dm"3) at 20 °C. A micelle system of 
the catalyst was prepared by sonication, using a SUG 2820 
sonicater at 20 °C. A reaction was caused to start by the 
addition of a substrate to the micelle system. 

The reaction obeyed the usual pseudo-first-order rate law 
until it was substantially completed. The second-order rate 
constant (£2) was calculated according to 

k.2 — (&obsd—&spont)/[cataryst]o (1) 

where &0bsd and &spont are first-order rate constants in the 
presence and absence of a catalyst, respectively, and [cata­
lyst^ represents the initial concentration of the catalyst, 
regardless of whether the catalyst forms micelles or not. In 
this paper, therefore, the concentration of a catalyst is 
defined in terms moles of the catalyst charged initially. 

The binding constant (Kb) and the rate constant (&cat) 
were calculated using Eq. 2, derived form the following 
Michaelis-Menten mechanism, which is reasonably applica­
ble to the reactions in this study: 

Catalyst + Substrate ^± Complex -X Product + Catalyst 
I Î 

1 1 

ftspont 

X-
1 1 

( Ä o b s d - Äspont) ^ b ( & c a t — &spont) [ c a t a l y S t ] o (&cat—&spont) 
(2) 

where k obsd, &spont, and &cat are rate constants of corresponding 
steps. 

Table 1. Syntheses of Catalylsts 

Catalyst 
Yield 

% 

15.7 
35.5 
17.8 
29.3 
56.7 
25.4 
59.4 
68.2 
35.2 
21.5 

Mp 

°C 

82—84 
102—103 
94—95 

111—112 
118—119 
156—157 
126—127 
52—53 

152—153 
102—103 

r i20 
[«ID 

(c0.1,MeOH) 

-72.2 
-83.2 
-79.6 
-21.1 
-35.3 
-47.8 
-18.3 
+28.6 
+53.1 

+115.8 

Carbon (%) 

Calcd Found 

55.32 
55.32 
55.32 
58.90 
58.90 
58.90 
48.55 
53.33 
57.83 
61.86 

54.93 
54.84 
55.19 
59.02 
58.78 
58.81 
48.18 
52.90 
58.22 
61.45 

Hydrogen (%) 

Calcd Found 

8.11 
8.11 
8.11 
8.84 
8.84 
8.84 
7.13 
8.69 
8.43 
9.28 

8.59 
8.57 
8.00 
8.46 
8.53 
8.62 
7.36 
8.20 
7.98 
9.56 

Nitros 

Calcd 

11.13 
11.13 
11.13 
9.82 
9.82 
9.82 

13.49 
5.66 

11.24 
9.62 

?en (%) 

Found 

11.34 
11.42 
11.51 
10.28 
11.99 
9.90 

13.11 
5.85 

11.79 
9.81 

Acyclic Glu • His • Lau Amine 
Acyclic Man • His • Lau Amine 
Acyclic Gal • His • Lau Amine 
Acyclic Glu • His • Ste Amine 
Acyclic Man • His • Ste Amine 
Acyclic Gal • His • Ste Amine 
Acyclic Man • His • But Amine 
Acyclic Man • Lau • Amine 
Cyclic Glu • His • Lau Acid 
Cyclic Glu • His • Ste Acid 
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Results and Discussion 

Critical Micelle Concentrations (cmc) of Catalysts. 
Inherent cmc values could be obtained for all 
glycopeptide-type catalysts synthesized (Table 2). 
The cmc of an acyclic-type catalyst was generally 
lower than that of a cyclic-type catalyst. Since a cmc 
value is dependent mainly on the balance between the 
hydrophilic moiety of a sugar and the hydrophobic 
moiety of a long alkyl chain of a catalysts, catalysts 
having hydrophobic chains of the same carbon 
number show approximately the same cmc value. It 
was also found that an acyclic-type catalyst tends to 
form micelles more easily in comparison with a cyclic 
type. 

Stereoselective hydrolyses of chiral substrates in this 
study were carried out at a catalyst concentration 
of 5.67X10-4 mol dm - 3 (unless otherwise indicated), 
which is above the critical micelle concentration. 

Effect of Micelle Formation on Catalytic Activities. 
The effect of the catalyst concentration on catalytic 
activities was examined using a mannose-derived cata­
lyst (acyclic Man • His • Lau Amine) in stereoselective 
hydrolyses of the substrates. As shown in Fig. 1, the 
fe value for the L-substrate was almost constant over a 
range of catalyst concentration of 2X10-6—2X10"5 

mol dm -3 . On the contrary, the fe value for the D-

Table 2. Critical Micelle Coincentration 
(cmc) Values at 20 °C 

Catalyst cmc/mol dm - 3 

Acyclic Glu • His • Lau Amine 
Acyclic Man • His • Lau Amine 
Acyclic Gal • His • Lau Amine 
Acyclic Glu • His • S te Amine 
Acyclic Man • His • Ste Amine 
Acyclic Gal • His • Ste Amine 
Acyclic Man • His • But Amine 
Acyclic Man • Lau Amine 
Cyclic Glu • His • Lau Acid 
Cyclic Glu • His • Ste Acid 

1.10X10-5 

1.06X10"5 

1.08X10"5 

9.92X10-5 
9.01X10-5 
9.89X10-5 

1.03X10-5 
3.05X10-4 

2.69X10-4 

E 
jp 
"o 
E 

Catalyst concentration /10 mol dm"3 

Fig. 1. Effect of catalyst concentration on catalytic 
activities of acyclic-Man • His • Lau Amine. 
# : D-substrate, O: L-substrate, Q: ki/ki. 

substrate increased with an increase in the 
catalyst concentration; this was especially and did 
abruptly so around the cmc of the catalyst (1.06X10-5 

moldm-3). As a result, the stereoselectivity (k\/k\) 
increased by about four times at a catalyst concentra­
tion just above the cmc. This result well suggests 
that the formation of micelles is also very important 
for enhancing catalytic activities for the self-micelle-
forming catalysts examined in this study. 

Effect of Hydrophobic Moieties. Second-order rate 
constants (fe) and stereoselectivities (k\/k\) are listed 
in Table 3. The fe values of catalysts having a hydro­
phobic Cis-chain, in general, were higher than those 
having a Ci2-chain, regardless of the acyclic- and 
cyclic-type catalysts. A similar phenomenon, that is 
an increase in the fe value with the extension of an 
acyl chain, was also reported24) by lhara, who carried 
out stereoselective hydrolyses of the substrates by 

Table 3. Second-Order Rate Constants and Stereoselectivities at 20 °C 

Catalyst 
fo/mol" 

L 

74.40 
24.60 
68.45 

157.49 
92.22 

127.41 
1.34 

12.49 
31.74 
35.90 

181.50 
116.20 

1 dm3 s_1 

D 

162.00 
121.80 
175.19 
247.31 
225.75 
233.53 

1.29 
56.32 
4.19 
4.59 

101.10 
68.10 

ki/ki 

2.18 
4.95 
2.56 
1.57 
2.45 
1.83 

4.51 

hi/hi 

1.04 

7.58 
7.82 
1.08 
1.71 

Acyclic Glu • His • Lau Amine 
Acyclic Man • His • Lau Amine 
Acyclic Gal • His • Lau Amine 
Acyclic Glu • His • Ste Amine 
Acyclic Man • His • Ste Amine 
Acyclic Gal • His • Ste Amine 
Acyclic Man • His • But Amine 
Acyclic Man • Lau Amine 
Cyclic Glu • His • Lau Acid 
Cyclic Glu • His • Ste Acid 
CTAB+Af-Lau • His Amine 
CTAB+N-Ste • His Amine 

In 0.083 mol dm"3 Tris KCl buffer (pH 8.0), catalyst concentration^.67X10"3 mol dm"3. 
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micelle catalysts consist ing of hexadecyltrimetylam-
m o n i u m bromide (CTAB) and various Af-alkanoyl-L-
hist idine. From Tab le 3, it was also noted that the fe 
values obtained us ing an acyclic- type catalyst were 
comparable to those us ing a micelle catalyst consist­
ing of a combina t ion of Af-alkyl-L-histidinamide and 
C T AB.22) T h i s means that the acyclic-type catalyst, 
especially hav ing a hydrophobic Cis-chain, which can 
form micelle by itself, provides an excellent reaction 
environment , s imilar to that of CTAB. However, 
opposi te results were obtained wi th respect to stereo­
selectivities: T h e acyclic-type catalyst wi th a Cis-
chain was less stereoselective than that wi th a C12-
chain. 

T h e acyclic-type catalyst, acyclic M a n - H i s - B u t 
Amine, which did no t form micelles by itself (Table 
2), gave considerably lower fe values compared to 
those of acyclic-type catalysts hav ing longer alkyl 
chains. 

In addi t ion, the acyclic Man • His • But Amine only 
sightly exhibited a stereorecognition of chiral sub­
strates. It is clear, therefore, that the formation of 
micelles by the catalyst, itself, effectively enhances the 
catalytic activities. 

Effect of Sugar Moieties. A stereostructural effect 
of sugar moieties of catalysts was examined on the 
hydrolyses of chiral substrates. As shown in the 
Table 3, bo th the hydrolytic rate and the stereoselectiv­
ity were directly influenced by the kinds of sugar 
moieties. T h e fe value for an acyclic-type catalyst, in 
general, was h igher than that of a cyclic type-catalyst, 
probably due to the fact that an acyclic-type catalyst is 
incl ined to form micelles more easily than a cyclic-
type one, as reflected by the cmc values (Table 2). In 
order to discuss in greater detail the influence of 

micelle environments on catalytic action, hydrolyses 
catalyzed by either acyclic- or cyclic-type catalysts also 
were carried out in the presence of CTAB as an addi­
t ional surfactant. T h e resul t ing second-order rate 
constants (fe) and stereoselectivities (k\/k\) are sum­
marized in Tab le 4. For acyclic-type catalysts, the 
addi t ion of CTAB seemed to affect less remarkably the 
fe values, a l though it decreased the k 2 values wi th a 
sight increase in the kï values. Both the k\ and k 2 
values for cyclic-type catalysts, however, increased 
considerably in the presence of CTAB. Th i s fact well 
coincides wi th the result ment ioned in the previous 
pa ragraph , and suggests that a weaker micelle-form­
ing ability of a cyclic-type catalyst is assisted by 
CTAB, resul t ing in the formation of an effective reac­
tion environment . 

T h e stereos true ture of sugar moieties was also 
found to affect the stereoselectivity. It is clear from 
Tab le 3 that an acyclic-type catalyst is more D-
selective, whi le a cyclic-type catalyst is more L-
selective. T h i s fact suggests that the stereoselectivity 
defends on the stereos true ture of sugar moietes, bu t 
cannot always deny the par t ic ipat ion of the histidyl 
moiety in stereorecognition. 

Tab le 3 also compares the second-order rate con­
stants for acyclic-type catalysts wi th or wi thout the 
histidyl moiety (acyclic Man • His • Lau Amine or acyclic 
Man • Lau Amine respectively). T h o u g h the latter had 
a lower activity than the former, the stereoselectivity of 
acyclic Man • L a u Amine was almost equal to that of 
acyclic Man • His • Lau Amine. T h u s , it may be said 
that a sugar moiety is responsible for stereorecogni­
tion, rather than the histidyl moiety. 

Table 5 shows the b ind ing constants (Kb) and the 
catalytic rate constants (&cat). For catalysts hav ing the 

Table 4. Second-Order Rate Constants and Stereoselectivities in the Presence of CTAB at 20 °C 

Catalyst 
fo/mol-1 dm3 s - 1 

L D 
hi/hi hi/h 2 

Acyclic Glu • His • Lau Amine 128.7 160.5 
Acyclic Glu • His • Ste Amine 180.2 200.9 
Cyclic Glu-His-Lau Acid 157.6 141.3 
Cyclic Glu-His-Ste Acid 130.1 121.7 

1.25 
1.11 

1.12 
1.07 

In 0.083 mol dm"3 Tris KCl buffer (pH 8.0), catalyst concentrat ion^. 67X10"5 moldm" 
CTAB concentration^.67X10"3 mol dm"3. 

Table 5. 

Catalyst 

Binding Constants and Catalytic Rate Constants 

104#bL 104£c
Lat 104#? lO^at 

mol - 1 dm3 s - 1 mol - 1 dm3 s - 1 
Kb /Kb hczx/kczx 

Acyclic Glu • His • Lau Amine 
Acyclic Man • His • Lau Amine 
Acyclic Gal • His • Lau Amine 
Acyclic Glu • His • Ste Amine 
Acyclic Man • His • Ste Amine 
Acyclic Gal • His • Ste Amine 

10.38 
4.21 
8.14 
7.58 
6.25 
7.96 

18.52 
15.66 
21.37 
25.16 
31.25 
27.52 

20.74 
19.58 
17.15 
10.11 
16.67 
12.66 

20.18 
17.84 
23.28 
28.51 
33.34 
28.63 

2.00 
4.65 
2.11 
1.33 
2.67 
1.59 

1.09 
1.14 
1.09 
1.13 
1.07 
1.04 

In 0.083 mol dm"3 Tris KCl buffer (pH 8.0), substrate concentration=5.67X10"6 mol dm"3. 



446 Kazuo KAWAGUCHI, Yasukazu OHKATSU, and Toru KUSANO [Vol. 63, No. 2 

same hydrophobic g roup , the ratios of the b ind ing 
constants, (Eu/ksi), remarkably depend on the kinds of 
catalysts, compared wi th those of the catalytic rate 
constants, (Ä^at/Äcat), which are almost unity. T h i s 
aspect is considered to be one of the special features of 
the catalysts designed in this study, considering that a 
stereorecognition of catalysts synthesized so far25) can 
be observed in the last product- forming step. When 
the ratios (Eu/ksi) are compared wi th the k 2/Ä2 values 
shown in Table 3, both ratios are found to have good 
correlation. These results strongly indicate that 
stereorecognition is performed on a substrate captured 
in to the micelle formed by the catalyst itself. 

Effect of Hydroxyl Groups of Sugar Moiety. As 
discussed above, stereorecognition is in close relation 
wi th the acyclic or cyclic configurat ion of a sugar 
moiety. A cyclic-type catalyst hav ing a rather r igid 
configurat ion of the moiety seems to give higher 
stereorecognition (Table 3). 

A compar ison of stereoselectivities a m o n g three 
acyclic-type catalysts can make the effect of the config­
ura t ion of hydroxyl groups clearer. Us ing these cata­
lysts, the D-selectivity was obtained, regardless of the 
kinds of catalysts. T h i s result suggests that the O H 
configurat ion on C-3 c o m m o n to three catalysts is the 
key po in t to D-selectivity. In these three catalysts, 
however, the mannose-derived catalyst was most 
stereoselective, and the glucose- and galactose-derived 
catalysts exhibited approxmate ly the same stereoselec­
tivity. Therefore, the hydroxyl g r o u p on C-2 in 
sugar moieties may also play an impor tan t role in D-
stereorecognition. In other words, the configurat ion 
of O H on C-2, be ing in the cis-position to O H on C-3, 
promotes D-selectivity. O n the contrary, the O H on 
C-2 in the trans-posi t ion diminishes the D-selectivity 
of the O H on C-3. In this respect, the mannose-
derived catalyst is considered to have the most prefera­
ble configurat ion of hydroxyl groups to stereoselective 
capture of a substrate in to the catalyst micelles. 
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Hydroboration of 1-alkylthio-l-alkynes with dicyclohexylborane or bis(l,2-dimethylpropyl)borane pro­
ceeded smoothly, adding most of the dialkylboryl group to the «-position of the triple bond. The resulting 
alkenylboranes afforded either S-alkyl alkanethioates on a controlled oxidation with alkaline hydrogen 
peroxide in the presence of N,N,N^N'-te trame thy lethylenediamine or (Z)-l-alkylthio-l-alkenes on a basic 
protonolysis, successive treatments with methyllithium, copper(I) iodide and water in the presence of hexa-
methylphosphoric triamide. 

Mono-hydroborations of 1-halo-1-alkynes1) and 1-
(trimethylsilyl)-l-alkynes2) with dialkylboranes occur 
regio- and stereoselectively, giving corresponding (Z)-
(1-substituted l-alkenyl)dialkylboranes. These al­
kenylboranes are potentially useful synthetic interme­
diates.3) Similarly, the hydroboration of 1-alkylthio-
1-alkynes with dialkylboranes was expected to provide 
(Z)-(l-alkylthio-l-alkenyl)dialkylboranes. The sulfur-
containing alkenylboranes seemed to be interesting 
intermediates for the synthesis of some organosulfur 
compounds.4'5) 

We wish to report a hydroboration of 1-alkylthio-l-
alkynes with dialkylboranes and its applications to 
the syntheses of S-alkyl alkanethioates and (Z)-l-
alkylthio-1 -alkenes. 

Results and Discussion 

In preliminary experiments, 1-butylthio-1-hexyne 
(1 mmol) was hydroborated with dicyclohexylborane 
in tetrahydrofuran (THF) at 0°C for 2 h. Comple­
tion of the reaction was confirmed by observing no 
evolution of hydrogen upon the addition of water to 
the reaction mixture and the disappearance of 1-
butylthio-1-hexyne in the reaction mixture (examined 

by GLC). 
The regioselectivity of the hydroboration was also 

examined by estimations of the amounts of S-butyl 
hexanethioate (3a) and 1 -butylthio-2-hexanone (4a), 
subsequently formed by alkaline hydrogen peroxide 
oxidation of the hydroboration mixture (Scheme 1). 
Although the combined yield of 3a and 4a was greatly 
influenced by the oxidation conditions, a nearly quan­
titative yield was obtained by employing 3 mmol of 
hydrogen peroxide and 1 mmol of aqueous sodium 
hydroxide (3a; 80% and 4a; 16% based on starting 1-
butylthio-1-hexyne). Further, the combined yield 
became 100% by oxidation in the presence of 
AWA^Ar'-tetramethylethylenediamine (TMEDA) 
under the same reaction conditions. The ratio 3a/ 
4a=83/17 (appearing in the above quantitative oxida­
tion) suggested that the hydroboration of 1-butyl thio-
1-hexyne provided a mixture of alkenylboranes (la 
and 2a) in this ratio. 3a and 4a were isolated from the 
reaction mixture by column chromatography using a 
silica-gel column, and identified by the *H and 
13C NMR, IR, and mass spectra. 

Bis(l,2-dimethylpropyl)borane also gave a satisfac­
tory result, a 99% combined yield of 3a and 4a (72:28) 
upon a similar oxidation of the hydroboration mix-

R ^ C E C R 2 4- R2BH 
R 2 B H 

X 
RXS R2 

1 

0 
R^ëcHaR 2 

3 

H BR2 

X 
RXS R2 

2 

[ 0 ] 

0 
R ^ C H a Ö R 2 

4 

l a , 2 a , 3 a , 4 a : R1 , R2 = 11-C4H9 

Scheme 1. 
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Table 1. S-Alkyl Alkanethioates (3) and l-Alkylthio-2-alkanones (4) Obtained by the Oxidation 
of the Hydroboration Products of 1-Alkylthio-l-alkynes 

Rof 

R2BH 

c-CeHn 

C5Hnc) 

R!SQ 

R1 

n-C4Hg 
c-CöHn 
C6H5 

4-CH3C6H4 
4-ClC6H4 
7Î-C4H9 

7Î-C4H9 

7Î-C4H9 

c-CeHn 
C6H5 

4 - C H 3 C 6 H 4 

4-ClC6H4 
7Î-C4H9 

-CR2 

R2 

n-C4H9 

7Î-C4H9 

n-C4H9 

7Î-C4H9 

n-C4H9 

*-C4H9 

C6H5 

7Î-C4H9 

n-C4H9 
7Î-C4H9 

7Î-C4H9 

7Î-C4H9 

C6H5 

a 
b 
c 
d 
e 
f 
§ 
a 
b 
c 
d 
e 
§ 

Ratio/% 

3 

83 
88 
95 
95 
97 

100 
86 
72 
81 
90 
88 
91 
86 

4 

17 
12 
5 
5 
3 
0 

14 
28 
19 
10 
12 
9 

14 

Combined yield 
of products (3 and 4) 

100 
100 
90 
89 
72 

100 
100 
99 
99 
85 
90 
72 

100 

Isolated 
yield of 3 

¥] 

77 
84 
82 
82 
68 
97 
83 

a) Determined by GLC and based on 1-alkylthio-1-alkyne employed, 
chromatography, c) C5H11:1,2-Dimethylpropyl. 

b) Isolated by column 

ture. However, other mono-hydroborating reagents, 
such as 9-borabicyclo[3.3.1]nonane (r.t., 24 h), 1,3,2-
benzodioxaborole (70 °C, 4 h) and dibromoborane-
dimethyl sulfide complex (0°C, 3 h), gave unsatisfac­
tory results: a 14—27% recovery of 1-butylthio-l-
hexyne and a 6—47% combined yield of 3a and 4a. 

To reveal the further scope of the hydroboration, 
reactions of several types of 1-alkylthio- or 1-arylthio-
1-alkyne with dicyclohexylborane or bis(l,2-dimethyl-
propyl)borane were examined under similar condi­
tions. As shown in Table 1, the hydroborations pro­
ceeded nearly quantitatively, except for the case of 1-
(4-chlorophenylthio)-l-hexyne. The ratio of 3/4 var­
ies from 72/28 to 100/0 depending on the structures of 
R1 and R2 of RiSOCR2 . The electron-attracting 
character of R1 and both the electron-releasing charac­
ter and the bulkiness of R2 seem to promote the 
orientation of the boron atom to the a-alkynyl carbon 
atom. This mono-hydroboration is inferior to those 
of the l-halo-l-alkynes1* and l-(trimethylsilyl)-l-
alkynes2) regarding the regioselectivity of the addition 
of a dialkylboryl group to the a-alkynyl carbon atom. 
However, in all cases, highly pure 3 and 4 were 
isolated from the reaction mixtures by simple column 
chromatography. Thus, the present hydroboration-
oxidation process provides a method for the synthesis 
of S-alkyl alkanethioates. 

The stereochemistry of hydroboration was then 
examined by an analysis of the protonolysis product 
of the hydroboration mixture, obtained by a reaction 
of 1-butyl thio-1-hexyne with dicyclohexylborane 
under conditions in which the boron atom on the 
alkenyl carbon atom of the alkenylboranes was pro-
tonolyzed with retention of configuration. Protonol­
ysis with acetic acid, carried out at room temperature 
for 24 h, gave a 12% yield of (Z)-l-butylthio-1-hexene 
(5a) (examined by GLC). A treatment of the same 

reaction mixture with butyllithium in hexane and 
aqueous sodium hydroxide,6) an effective method for 
converting (£)-( 1 -alkylthio-1 -alkenyl)dialkylboranes 
into the corresponding (£)-1 -alkylthio-1 -alkenes,5) 

increased the yield of 5a only to 22%. By the way, 
Uchida et al. reported a transformation of the carbon-
boron bond of (Z)-[ 1 -(trimethylsilyl)-1 -alkenyl]di-
cyclohexylboranes to the carbon-lithium bond with 
retention of configuration.7) In a similar manner to 
Uchida's method, the reaction mixture was treated 
with two equimolar amounts of methyllithium in 
diethyl ether at 0°C; it was then hydrolyzed with 
water. In this case, a 50% yield of 5a was obtained. 
Further, the yield went up to 90% when the reaction 
mixture was treated with two equimolar amounts of 
methyllithium in diethyl ether in the presence of 
hexamethylphosphoric triamide (HMPT), used as a 
co-solvent, followed by the addition of a small amount 
of copper(I) iodide (0.1 mmol) at — 30 °C. However, 
in this case 5a was contaminated with many, but 
small, amounts of undefined by-products. Fortu­
nately, the amounts of these contaminants became 
negligible when an equimolar amount of copper(I) 
iodide was employed under the same reaction 
conditions. 

Similar treatments of the reaction mixtures, 
obtained by the reaction of some 1-alkylthio-1-alkynes 
with dialkylboranes, gave fairly good yields of 1-
alkylthio-1-alkenes (5). They were isolated by 
column chromatography. These results are shown 
in Table 2. 

Examinations of these 1-alkylthio-1-alkenes by 
GLC using a glass capillary column and by XH NMR 
spectra revealed that they had high isomeric purities. 
The Z-configuration was assigned to all 1-alkylthio-
1-alkenes by coupling constants (/=9.2—11.2 Hz) of 
alkenyl protons in the *H NMR spectra. The signals 
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n-CtHgSCECCtHg-n + (c -C 6 Hn) 2 BH > 
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(c-C6Hn)2B H 

n-C4H9S C4H9-n 

HN ^B(C6Hn-c)2 

n-C4H9S C4H9-n 
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n-C4H9S C4H9-n 

Scheme 2. 
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fast 
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+ 
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Scheme 3. 

Table 2. (Z)-l-Alkylthio-l-alkenes (5) Obtained by 
Protonolysis of the Hydroboration Products 

of 1-Alkylthio-l-alkynes 

R of R2BH 

C-CÔHH 

C5Hub) 

c-CöHn 

R*SO 

R1 

n-C4Hg 
7Î-C4H9 

c-CöHn 
C6H5 

4-CH3C6H4 
7Î-C4H9 

7Î-C4H9 

CR 2 

R2 

n-C4Hg 
7Î-C4H9 

n-C4H9 

7Î-C4H9 

n-C4H9 

*-C4H9 

C6H5 

a 
a 
b 
c 
d 
f 
§ 

Yield/%a) 

5 

85 
77 
86 
85 
78 
92 
84 

a) Isolated by column chromatography and based on 
1-alkylthio-l-alkyne employed, b) C5H11:1,2-di-
methylpropyl. 

expected for the £-isomer were not detected in any 
case, indicating that the hydroboration of the triple 
bond proceeded stereoselectively during cis-addition. 

Thus, the present hydroboration-protonolysis process 
provides a new method for the synthesis of (Z)-l-
alkylthio-1 -alkenes. 

Although the reaction mechanism of the above-
mentioned protonolysis is not clear at present, it is 
speculated in the following way (Scheme 3). Thus, 
the addition of two equimolar amounts of methylli-
thium to the hydroborated mixture forms a mixture of 
alkenyllithiums (6 and 7) via ate-complexes. Both 6 
and 7 are transformed into 5 during the subsequent 
hydrolysis. In the reaction carried out in a similar 
manner to the Uchida's method, the above transmetal-
lation process is probably a not so fast reaction in the 
absence of copper(I) iodide. However, the formation 
of 6 and 7 is effectively accelerated by the addition of 
copper(I) iodide to give a fairly good yield of 5. 

In conclusion, the hydroboration of 1-alkylthio-l-
alkynes with dicyclohexylborane or bis(l,2-dimethyl-
propyl)borane occurred completely during cis-addi-
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tion, t hough the regioselectivity of the addi t ion of the 
dialkylboryl g roup to the triple b o n d is no t so excel­
lent, and the resul t ing alkenylboranes can provide S-
alkyl alkanethioates or (Z)-l-alkylthio-l-alkenes. 1-
Alkylthio-1-alkenes are useful intermediates for 
organic synthesis,8) and at tempts regarding their 
stereoselective synthesis have been reported.9) T h e 
authors previously reported a h ighly stereospecific 
synthesis of (£)- l -a lkyl thio- l -a lkenes via (£)-(l-alkyl-
thio-l-alkenyl)boranes.5 ) T h u s , we are in the posi­
t ion to stereoselectively synthesize (Z)- or (£)-l-alkyl-
thio-1-alkenes via the corresponding (1-alkylthio-l-
alkenyl)boranes by employing either the present or the 
previous method. 

Experimental 

Instruments. The XH and 13CNMR spectra were 
recorded on a Jeol FX-200 (200 MHz) spectrometer and 
obtained from a CDCU solution containing TMS as the 
internal standard. The IR spectra (film) were recorded on a 
Hitachi 285 spectrometer. Mass spectra were recorded on a 
Hitachi M-52 mass spectrometer. GLC analyses using a 
glass capillary column were carried out with a Shimadzu 
GC-mini 2-gas Chromatograph equipped with a flame ioni­
zation detector and a precision needle valve (column: PEG-
HT, 50mX0.2 mm). 

Materials. Alkenes, alkynes, solvents, and some of the 
reagents employed in the reactions were used after purifying 
by methods generally employed in similar organoborane 
chemistry. The alkanesulfenyl chlorides used in the prepa­
ration of starting 1-alkylthio-l-alkynes were prepared by a 
method described in the literature.10) Commercial butylli-
thium (1.6 mol dm - 3 solution) in hexane and methyllithium 
(1.4 mol dm - 3 solution) in diethyl ether were used without 
any purification. A THF solution of BH3 was prepared by 
a method described in the literature.11) TMEDA and 
HMPT were distilled under vacuum from calcium hydride, 
and stored over Molecular Sieves-4A. Commercial cop­
per (I) iodide was used after drying in a vacuum desicator 
containing phosphorus pentaoxide. 1-Alkylthio-l-alkynes 
were prepared in the following way: In an argon-flushed 
dry 100-ml round-bottomed flask, 1-alkyne (40 mmol) and 
40 ml of dry THF were charged. To the stirred solution 
was slowly added 25 ml of butyllithium (1.6 mol dm - 3 

solution) in hexane (40 mmol) at — 70 °C, and the reaction 
mixture was stirred for 0.5 h at this temperature. Alkane­
sulfenyl chloride (40 mmol) was then added to the resulting 
1-alkynyllithium at — 70 °C. After stirring for 0.5 h at 
—70 °C, the reaction mixture was allowed to warm to room 
temperature and stirred overnight. After the work-up, 1-
alkylthio-1-alkyne was isolated by vacuum distillation. 
Their XH and 13CNMR, IR, and mass spectral data were 
coincident with those of expected structures. 

Representative Procedure. Synthesis of S-Butyl Hexane-
thioate (3a). In an argon-flushed dry 25-ml round-bottomed 
flask equipped with a sample inlet with a serum cap and a 
magnetic stirring bar, 0.17 g of 1-butylthio-l-hexyne (1 
mmol) was added to dicyclohexylborane (1 mmol) in THF 
at 0°C. The reaction mixture was stirred for 2 h at 0°C, 
and oxidized by successive additions of 0.5 ml of TMEDA, 
0.33 ml of 3 mol dm - 3 aqueous sodium hydroxide (1 mmol) 

and 0.31 ml of 30% hydrogen peroxide (3 mmol) at 0°C for 
1 h. The resulting products were extracted with diethyl 
ether, and the extract was washed with brine. The organic 
layer was analyzed by GLC (5% FFAP on Diasolid M) using 
the internal-standard method. 

In the preparative reaction, the amounts of the reagents 
and solvents used were ten-times those used in the analytical 
reaction. The worked-up solution was dried over anhy­
drous sodium sulfate, and concentrated on a rotary evapora­
tor under reduced pressure. The residue was put on a 
silica-gel column. First, 1.45 g of S-butyl hexanethioate 
(77% yield) was isolated; then, 0.28 g of l-butylthio-2-
hexanone (15%) was isolated by elution with benzene. 

Synthesis of (Z)-l-Butylthio-l-hexene (5a). After the 
hydroboration of 1-butylthio-l-hexyne (1 mmol) with dicy­
clohexylborane (1 mmol) was carried out (as described 
above), 0.5 ml of dry HMPT was added to the reaction 
mixture at 0°C, followed by the addition of 1.43 ml of a 1.4 
mol dm - 3 solution of methyllithium (2 mmol) in diethyl 
ether. After stirring for 0.5 h at 0°C, the solution was 
cooled to — 30 °C, and 0.19 g of copper(I) iodide (1 mmol) 
was then added to the solution through a sample inlet under 
a stream of argon. The resulting dark-brown solution was 
stirred for 0.5 h at - 3 0 °C and for 0.5 h at 0 °C; then, 1 ml of 
water was added at this temperature. After stirring for 1 h 
at 0 °C, the reaction mixture was analyzed by GLC (5% FFAP 
on Diasolid M) using the internal-standard method. 

The scale of the preparative reaction was the same as that 
described regarding the oxidation reaction. After filtration 
of the reaction mixture for removing copper compounds, 
the filtrate was extracted with diethyl ether. The extract 
was washed with cold brine, and dried over anhydrous 
potassium carbonate in a refrigerator. The solvent was 
removed on a rotary evaporator under reduced pressure, and 
the residue was put on a basic aluminium oxide column, 
fitted with a jacket cooled by circulation of chilled ethanol 
( - 1 5 — 2 0 °C). 1.27 g of (Z)-l-butylthio-l-hexene was iso­
lated by elution with pentane (85% yield). 

The products were identified by following data. 
S-Butyl Hexanethioate (3a):12) iHNMR (CDCI3) <5= 

0.80—0.98 (m, 6H), 1.20—1.76 (m, ÎOH), 2.53 (t, /=7.3 Hz, 
2H), and 2.87 (t, /=7.3 Hz, 2H); 13CNMR (CDCI3) 0=13.60, 
13.86, 21.95, 22.33, 25.40, 28.49, 31.12, 31.68, 44.12, and 
199.81 (>C=0); IR (film) 1690 ( C O ) cm"1; MS m/z 188 
(M+). 

l-Butylthio-2-hexanone (4a): 1U NMR 0=0.84—1.00 (m, 
6H), 1.14—1.75 (m, 8H), 2.48 (t, /=7.3 Hz, 2H), 2.61 (t,/=7.3 
Hz, 2H), and 3.19 (s, 2H); 13CNMR 0=13.60, 13.84, 21.87, 
22.27, 26.07, 31.03, 31.85, 39.91, 41.05, and 206.23 (>C=0); 
IR 1730 and 1710 (C=0) cm"1; MS m/z 188 (M+); Found: C, 
63.57; H, 10.56%. Calcd for C10H20OS: C, 63.77; H, 10.70%. 

S-Cyclohexyl hexanethioate (3b):12) iHNMR 0=0.82— 
0.98 (m, 3H), 1.00—2.00 (m, 16H), 2.50 (t, /=7.3 Hz, 2H), 
and 3.37—3.60 (m, 1H); 13CNMR 0=13.89, 22.33, 25.40, 
25.57, 25.95 (-CH2-, 2C), 31.12, 33.08 (-CH2-, 2C), 42.07 
(>CH-), 44.20, and 199.57 (>C=0); IR 1690 (C=0) cm"1; MS 
m/z 214 (M+). 

l-Cyclohexylthio-2-hexanone (4b): *HNMR <5=0.84— 
0.99 (m, 3H), 1.15—2.05 (m, 15H), 2.61 (t, /=7.3 Hz, 2H), 
and 3.23 (s, 2H); ^CNMR 0=13.86, 22.30, 25.72, 25.92 
(-CH2-, 2C), 26.10, 33.19 (-CH2-, 2C), 39,65, 40.00, 43.68 
(>CH-), and 206.84 (>C=0); IR 1715 (C=0) cm"1; MS m/z 
214 (M+); Found: C, 67.11; H, 10.28%. Calcd for G2H22OS: 
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C, 67.23; H, 10.34%. 
S-Phenyl Hexanethioate (3c):12) *HNMR 0=0.82—0.97 

(m, 3H), 1.24—1.45 (m, 4H), 1.60—1.80 (m, 2H), 2.65 (t, 
/=7.3 Hz, 2H), and 7.40 (s, 5H); 13CNMR 0=13.89, 22.33, 
25.28, 31.09, 43.68, 127.95 (>C=), 129.12 (-CH=, 2C), 129.26 
(-CH=), 134.46 (-CH=, 2C), and 197.53 (>C=0); IR 1715 
(OO) , 745, and 690 cm"1; MS m/z 208 (M+). 

l-Phenylthio-2-hexanone (4c): *HNMR 0=0.80—1.00 
(m, 3H), 1.13—1.70 (m, 4H), 2.58 (t, /=7.3 Hz, 2H), 3.66 (s, 
2H), and 7.11—7.41 (m, 5H); IR 1715 (C=0), 735, and 690 
cm-1; MS m/z 208 (M+); Found: C, 69.01; H, 7.68%. Calcd 
for Ci2Hi6OS: C, 69.18; H, 7.74%. 

S-(4-Methylphenyl) Hexanethioate (3d): *HNMR <5= 
0.83—0.97 (m, 3H), 1.20—1.45 (m, 4H), 1.60—1.80 (m, 2H), 
2.36 (s, 3H), 2.63 (t, /=7.3 Hz, 2H), and 7.06—7.33 (m, 4H); 
13CNMR 0=13.89, 21.31, 22.33, 25.31, 31.12, 43.59, 124.41 
(>C=), 129.96 (-CH=, 2C), 134.43 (-CH=, 2C), 139.51 (>C=), 
and 198.06 (>C=0); IR 1715 (C=0) and 810 cm"1; MS m/z 
222 (M+); Found: C, 70.02; H, 8.08%. Calcd for Ci3Hi8OS: 
C, 70.22; H, 8.16%. 

l-(4-Methylphenylthio)-2-hexanone (4d): *HNMR <5= 
0.87 (t, /=7.3 Hz, 3H), 1.10—1.70 (m, 4H), 2.30 (s, 3H), 2.56 
(t, /=7.3 Hz, 2H), 3.60 (s, 2H), and 6.90—7.45 (m, 4H); 
!3CNMR 0=13.81, 21.02, 22.22, 25.87, 40.35, 44.53, 129.88 
(-CH=, 2C), 130.43 (-CH=, 2C), 131.02 (>C=), 137.12 (>C=), 
and 205.86 (>C=0); IR 1715 (C=0) and 805 cm"1; MS m/z 
222 (M+); Found: C, 70.07; H, 8.09%. Calcd for Ci3Hi8OS: 
C, 70.22; H, 8.16%. 

S-(4-Chlorophenyl) Hexanethioate (3e): *HNMR <5= 
0.85—0.97 (m, 3H), 1.20—1.46 (m, 4H), 1.58—1.80 (m, 2H), 
2.64 (t, 7=7.3 Hz, 2H), and 7.24—7.47 (m, 4H); ^CNMR 
0=13.84, 22.30, 25.22, 31.09, 43.74, 126.46 (>C=), 129.38 
(-CH=, 2C), 135.66 (-CH=, 2C, and >C=), and 196.92 
(>C=0); IR 1715 (C=0), 820, and 745 cm"1; MS m/z 242 and 
244 (M+); Found: C, 59.19; H, 6.17%. Calcd for C12H15CIOS: 
C, 59.37; H, 6.23%. 

S-Butyl 3,3-Dimethylbutanethioate (3£): *HNMR <5= 
0.84—1.00 (m, 3H), 1.03 (s, 9H), 1.25—1.65 (m, 4H), 2.42 (s, 
2H), and 2.85 (t, 7=7.3 Hz, 2H); ^CNMR 0=13.60, 21.98, 

28.81, 29.72 (CH3-, 3C), 31.56 (-C-), 31.68, 56.85, and 198.14 

(>C=0); IR 1690 (C=0) cm"1; MS m/z 188 (M+); Found: C, 
63.52; H, 10.56%. Calcd for C10H20OS: C, 63.77; H, 10.70%. 

S-Butyl 2-Phenylethanethioate (3g):13> *HNMR <5= 
0.83—0.98 (m, 3H), 1.20—1.60 (m, 4H), 2.85 (t, 7=7.3 Hz, 
2H), 3.80 (s, 2H), and 7.12—7.47 (m, 5H); « c NMR 0=13.57, 
21.95, 28.96, 31.44, 50.54, 127.31 (-CH=), 128.59 (-CH=, 2C), 
129.52 (-CH=, 2C), 133.79 (>C=), and 197.53 (>C=0); IR 
1695 (C=0) and 710 cm"1; MS m/z 208 (M+). 

l-Phenyl-2-butylthioethanone (4g): *HNMR 6=0.85— 
0.98 (m, 3H), 1.20—1.70 (m, 4H), 2.56 (t, 7=7.3 Hz, 2H), 3.78 
(s, 2H), 7.35—7.63 (m, 3H), and 7.90—8.02 (m, 2H); 
13CNMR 0=13.63, 21.87, 31.00, 32.03, 37.08, 128.62 (-CH=, 
2C), 128.74 (-CH=, 2C), 133.26 (-CH=), 135.22 (>C=), and 
194.52 (>C=0); IR 1680 (C=0), 730, and, 690 cm"1; MS m/z 
208 (M+); Found: C, 68.95; H, 7.64%. Calcd for Ci2Hi6OS: 
C, 69.18; H, 7.74%. 

(Z)-l-Butylthio-l-hexene (5a): *HNMR 0=0.82—1.00 
(m, 6H), 1.15—1.80 (m, 8H), 2.02—2.20 (m, 2H), 2.65 (t, 
7=6.8 Hz, 2H), 5.54 (dt, 7=9.2 and 7.3 Hz, 1H), and 5.89 (d, 
7=9.2 Hz, 1H); ^CNMR 0=13.67, 13.96, 21.72, 22.33, 28.87, 
31.18, 32.42, 33.59,124.95 (-CH=), and 129.53 (-CH=); IR 740 
cm-1; MS m/z 174 (M+); Found: C, 69.56; H, 11.61%. Calcd 

for C10H20S: C, 69.69; H, 11.70%. 
(Z)-l-Cyclohexylthio-l-hexene (5b): *HNMR 0=0.80— 

1.00 (m, 3H), 1.10 —2.30 (m, 16H), 2.60—2.92 (m, 1H), 5.55 
(dt, 7=9.7 and 7.3 Hz, 1H), and 5.97 (d, 7=9.7 Hz, 1H); 
!3CNMR 0=13.96, 22.33, 25.71, 26.05 (-CH2-, 2C), 28.87, 
31.18, 33.78 (-CH2-, 2C), 45.63 (>CH-), 123.03 (-CH=), and 
129.89 (-CH=); IR 740 cm"1; MS m/z 198 (M+); Found: C, 
72.49; H, 11.07%. Calcd for C12H22S: C, 72.65; H, 11.18%. 

(Z)-l-Phenylthio-l-hexene (5c): « N M R 0=0.85—1.00 
(m, 3H), 1.12—1.60 (m, 4H), 2.08—2.44 (m, 2H), 5.82 (dt, 
7=9.2 and 7.3 Hz, 1H), 6.18 (d, 7=9.2 Hz, 1H), and 7.10— 
7.50 (m, 5H); ^CNMR 0=13.93, 22.30, 28.82, 31.18, 122.50 
(-CH=), 126.05 (-CH=), 128.70 (-CH=, 2C), 128.92 (-CH=, 
2C), 133.68 (-CH=), and 136.53 (>C=); IR 760, 735, and 690 
cm"1; MS m/z 192 (M+); Found: C, 74.80; H,8.28%. Calcd 
for C12H16S: C, 74.94; H, 8.39%. 

(Z)-l-(4-Methylphenylthio)-l-hexene (5d): *HNMR <5= 
0.85—1.00 (m, 3H), 1.10—1.60 (m, 4H), 2.10—2.40 (m, 2H), 
2.31 (s, 3H), 5.75 (dt, 7=9.2 and 7.3 Hz, 1H), 6.14 (d, 7=9.2 
Hz, 1H), and 6.96—7.37 (m, 4H); IR 805 and 755 cm"1; MS 
m/z 206 (M+); Found: C, 75.51; H, 8.67%. Calcd for 
C13H18S: C, 75.66; H, 8.79%. 

(Z)-l-Butylthio-3,3-dimethyl-l-butene (5£): 1H NMR <5= 
0.91 (t, 7=7.3 Hz, 3H), 1.15 (s, 9H), 1.25—1.75 (m, 4H), 2.62 
(t, 7=7.3 Hz, 2H), 5.44 (d, 7=11-2 Hz, 1H), and 5.74 (d, 
7=11.2 Hz, 1H); 13CNMR 0=13.67, 21.72, 29.67 (CH3-, 3C), 

32.20, 33.42 (-C-), 35.05, 123.25 (-CH=), and 137.75 (-CH=); 
IR 740 cm-1; MS m/z 174 (M+); Found: C, 69.54; H, 11.59%. 
Calcd for C10H20S: C, 69.69; H, 11.70%. 

(Z)-l-Butylthio-2-phenylethene (5g): 1U NMR 0=0.92 (t, 
7=7.3 Hz, 3H), 1.30—1.80 (m, 4H), 2.78 (t, 7=7.3 Hz, 2H), 
6.24 (d, 7=11-2 Hz, 1H), 6.42 (d, 7=11.2 Hz, 1H), and 7 .10-
7.60 (m, 5H); ^CNMR 0=13.64, 21.69, 32.30, 35.58, 125.20 
(-CH=), 126.53 (-CH=), 127.70 (-CH=), 128.19 (-CH=, 2C), 
128.58 (-CH=, 2C), and 137.04 (>C=); IR 770, 730, and 690 
cm-1; MS m/z 192 (M+); Found: C, 74.78; H, 8.28%. Calcd for 
C12H16S: C, 74.94; H, 8.39%. 
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Photolysis of Triarylmethylphosphonic Acids and Their Esters 
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Upon UV-irradiation in an alkaline alcohol solution, some triarylmethylphosphonic acids underwent C-P 
bond cleavage to give triarylmethanes and alkyl dihydrogenphosphates, while, in an acidic or a neutral alcohol 
solution, they afforded biaryls. Their dimethyl esters gave also biaryls and dimethyl [alkoxy(aryl)methyl]phos-
phonates, which were derived from the insertion of (dialkoxyphosphinyl)arylcarbenes into the OH bond of the 
alcohol. The carbene was generated by photo-a, «-elimination of two aryl groups of the phosphonate. 

T h e C - P bond of a lky lphosphonic acid is generally 
stable either vigorously acidic or basic hydrolysis con­
dit ions. x> Recently, the dephosphoryla t ion of alkyl­
p h o s p h o n i c acid attracts m u c h interest in connect ion 
with metabol ism of natural ly occurr ing alkylphos­
p h o n i c acids and detoxification of herbicides, insecti­
cides, and antibiotics that contain the phosphon ic 
acid moiety.2) 

Previously, we have reported on photo-dephos-
phoryla t ion of p-n i t robenzylphosphonic acid in alka­
line alcohol solution.3) T h e mechanism has been 
offered: the radical an ion produced by photo-
intramolecular electron transfer from the p h o s p h o n o 
g roup to the n i t rophenyl moiety undergoes homolyt ic 
C - P bond cleavage to give p-nitrobenzyl an ion and 
monomer ic metaphospha te anion, followed by the 
reaction wi th alcohol to afford p-ni t ro to luene and 
alkyl d ihydrogenphosphate , respectively.4* T h e 
mechanism has received m u c h at tent ion owing to the 
similarity to that of photo-decarboxylat ion of p-
nitrophenylacetate.5 ) 

In the course of these studies, we have discovered 
that u p o n irradiat ion in alkal ine media, t r iphenyl-
me thy lphosphon ic acid ( la) , despite the absence of an 
electron-withdrawing substi tuent, gave also tr iphen-
ylmethane (2a) and or thophospha te in a h igh yield. 
Fur thermore , in acidic or neutral solut ion, surpris­
ingly, l a gave b iphenyl (3a) wi thou t C - P bond cleav­
age.6* In this report , we report the results of photoly­
sis of t r ia ry lmethylphosphonic acids (1) and its esters 
(4). 

Results and Discussion 

Photolysis of Triarylmethylphosphonic Acid (1). 
U p o n i r radiat ion in an alkal ine e thanol solut ion, l a 
underwent C-P bond cleavage to afford 2a and ethyl 
d ihydrogenphosphate in a h igh efficiency of a quan ­
tum yield of 0.41. 

T h e absorpt ion spectra of the transient intermediate 
was observed by a flash photolysis of la in alkaline 
aqueous solut ion (pH 12), as shown in Fig. 1. 

Th i s spectra hav ing an absorpt ion band at 450 n m 
may be assigned to t r iphenylmethyl anion,7* which 
decayed at the first order rate constant of 1.0X10-2 s_1. 

Therefore, the photolysis of the d ian ion of la may 

proceed in the similar way as that of the d ianion of p-
ni t robenzylphosphonic acid (Scheme 1).4) 

However in acidic or neutral media, la exhibited a 
different photochemical behavior; lowering p H of the 
solut ion, the yield of 2a decreased, while the yield of 

400 500 600 
Wavelength/nm 

Fig. 1. Time-dependent absorption spectra obtained 
by Xe flash photolysis of la in water (2.0X10-4 

mol dm - 3 , pH 12). Each trace, represents each 
spectrum at regular time intervals (10 s) after 
photolysis. 

hv 

1a 

O" 
I 
P 

//W 
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Scheme 1. 
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3a increased gradually as shown in Fig. 2. 
Below p H 3, only 3a was obtained in a yield of 22% 

( q u a n t u m yield 0.012), as a result of direct G L C -
analysis of the irradiated solut ion. In order to search 
the other products than 3a, after the irradiat ion, the 
methanol solut ion was treated wi th diazomethane. 
T h e results of G L C analysis revealed the formation of 
dimethyl a-methoxybenzylphosphonate (5a) in a yield 
of 19%. 

These facts are formulated in Scheme 2. 
In order to study further this photochemical behav­

ior, photolysis of the other phosphon ic acids ( la—If) 
bear ing a variety of substi tuents were investigated. 

Table 1 shows the yields of 2a—2f and 3a—3e on the 
photolysis of la—If under the condit ions of acidic or 
basic media. 

Fig. 2. Effect of pH of photolysis of la in 90% 
methanol solution (1.0X10"2 mol dm"3) for 2 h. 
• 2a; O 3a. 

T h e acid ( lb) having ni t ro groups gave only 2b in 
alkal ine media ( pH 10), bu t in acidic media l b was 
unreactive for prolonged irradiat ion. T h e yields of 
tr iarylmethane (2) from the acids (Id—If) bear ing 
methoxyl groups were depressed, bu t in acidic media, 
the formations of biaryls (3) were facilitated, that is, 
the in t roduct ion of an electron-donat ing group , such 
as methoxyl g roup is proved to be effective for forma­
tion of 3, regardless of p H of the solution. However, 
the increase of number of methoxyl g roup introduced 
gives no addi t ional effects on their reactivities. O n 
the other hand , the C - P bond cleavage was facilitated 
by the in t roduct ion of an electron-withdrawing sub­
stituent, because the triarylmethyl an ion intermediate 
may be more stabilized by such substituents. 

Photolysis of Dialkyl Triarylmethylphosphonates 
(4). T h e photolyses of 4a—4k were carried ou t in 
methanol . T h e c o m p o u n d 4a gave not only 3a bu t 
dimethyl a-methoxybenzylphosphonate (5a) in a com­
parable yield, which was confirmed by comparison 
wi th G L C data of an authent ic sample prepared by the 
other method. 

Figure 3 illustrates the yields of 3a and 5a, and the 
conversion of 4a as a function of irradiat ion time. 

T h e rate of formation of 3a was almost the same as 
that of 5a, which increased linearly wi th the lapse of 
irradiat ion time unt i l the conversion less than 30%. 
T h e conversion of 4a reached 60% after 3 h-irradiat ion 
and their yields reached to 30% (the yield on the basis 
of the conversion was about 60%). T h e ratio of the 
products (3a/5a) did not change u p to the conversion 
of 50%. 

In e thanol , the formations of 3a (29%) and dimethyl 

o 
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+ MeO-P-O" 
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H+/MeOH 
- %J\J +VJ>-CH-

OMe O 
II 

•P-OH 
I 
OH 
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/ VcH—P-OMe 
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Scheme 2. 
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Table 1. Photolysis of 1 in Methanola) 
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la 

lb 

lc 

Id 

le 

If 

X1 

H 

N 0 2 

Me 

H 

H 

MeO 

lb) 

X2 X3 

H H 

N 0 2 NO2 

Me Me 

H MeO 

MeO MeO 

MeO MeO 

pHc) 

3 
10 
3 

10 
3 

10 
3 

10 
3 

10 
3 

10 

Product/Yield (%) 

2 

Ph3CH (2a) (0.0) 
2a (40) 
(N02C6H4)3CH (2b) (0.0) 
2b (52) 
(MeC6H4)3CH (2c) (0.0) 
2c(38) 
(MeOC6H4)Ph2CH (2d) (2.0) 
2d (6.0) 
(MeOC6H4)2PhCH (2e) (0.0) 
2e (6.0) 
(MeOC6H4)3CH (2£) (0.0) 
2£ (5.0) 

3 

Ph2 (3a) (22) 
3a (3.0) 
(N02C6H4)2 (3b) (0.0) 
3b (0.0) 
(MeC6H4)2 (3c) (25) 
3c (4.2) 
3a (20) MeOC6H4Ph (3d) (31) 
3a (19) 3d (30) 
3d (7.5) (MeOC6H4)2 (3e) (24) 
3d (7.0) 3e (25) 
3e (30) 
3e (33) 

a) The photolysis was carried out in methanol solutions of 1 (10~2 mol dm - 3) at ambient 
temperature for 2 h. 
b) v1 

^ W - P ( O H ) 2 (1) 

c) pH's of the solutions were adjusted with aqueous 2 M NaOH or 1 M HCl solutions (1 M=l 
mol dm~3). 

100 

Fig. 3. The yields of 3a and 5a, and the conversion 
of 4a as a function of irradiation time. Photolysis 
was carried out in methanol (1.0X10-2 mol dm -3). 
O yield of 3a; • yield of 5a; Q conversion of 4a. 

a-e thoxybenzylphosphonate (27%) were observed as 
similar as that in methanol . 

I rradiat ion of dimethyl [(4-methylphenyl)diphenyl-
methyl jphosphonate (4b) in a methanol solut ion, also 
gave 3a and 4-methylbiphenyl (3f) in 11 and 24% yield, 
respectively. And the corresponding two kinds of 
dimethyl [methoxy(aryl)methyl]phosphonates; 5a and 
dimethyl [methoxy(4-methylphenyl)methyl]phos-
phona te (5b) were obtained in yields of 23 and 10%, 

respectively. 
Photolysis of dimethyl [tris(4-methylphenyl)meth-

yl jphosphonate (4d) in methanol gave also 4,4'-
d imethylb iphenyl (3c) and 5b in yields of 45 and 43%, 
respectively. 

T h e photolysis of a mixture of two kinds of the 

(/ \—Ç—P-OMe + 
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,OMe 

OMe 
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4 a 
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phosphonates 4 was carried out; an equimolar mix­
ture of 4a and 4d in methanol gave 3a and 3c at the 
rat io of 4 : 1 . An intermolecular crossed product , 3f 
could not be detected (Eq. 1). T h e fact that a crossed 
product 3f is absent suggests that the reaction proceeds 
in a manner of int ramolecular e l iminat ion, namely, a 
molecular detachment of 3 or s imul taneous el imina­
tion of two aryl groups from one molecule of 4. 

In other solvents, such as diethyl ether or acetoni-
trile, photolysis of 4a also proceeds in the similar 
manner to give 3a, a l t hough the detection of the other 
products derived from the reaction wi th the solvent 
was failed. T h e photolysis of 4a in cyclohexene gave 
3a and dimethyl (7-phenyl-7-norcaryl)phosphonate 
(6) (as a 1:1 mixture of syn and ant i isomers), derived 
from addi t ion of the carbene (7) to the double bond 
of the olefin.8^ T h e photolysis of dimethyl (a-
diazobenzyl)phosphonate (8) in e thanol or cyclohex­
ene was carried ou t under the same condit ions, and the 
same product 5a or 6 was obtained, respectively 
(Scheme 3).9> 

T h e similarities of bo th results lead to further cor­
robora t ing evidence for this postulate. Therefore, 
the formation of carbene 7 as an intermediate can be 
postulated, which may be derived from 4a by photo­
chemical a, «-e l iminat ion of two aryl groups . T w o 
phenyl groups are photo-e l iminated via the init ial 
b o n d i n g between C-1 posi t ions of two phenyl groups 

Table 2. Photolysis of 4 in Methanol^ 

4a 
4b 
4c 
4d 
4e 
4f 
4g 
4h 
4i 
4j 
4k 

X1 

H 
H 
H 
Me 
H 
H 
OMe 
H 
H 
H 
H 

4b) 

X2 

H 
H 
Me 
Me 
H 
OMe 
OMe 
H 
H 
Cl 
Me 

X3 

H 
Me 
Me 
Me 
OMe 
OMe 
OMe 
F 
Cl 
Cl 
Cl 

0C> 

0.012 
0.013 
0.015 
0.018 
0.031 
0.027 
0.036 
0.021 
0.020 
0.019 
0.020 

Conv. 
% 

44 
61 
50 
60 
60 
50 

e) 

70 
46 
50 
64 

Ad) 

3a 
3a 
3c 
3c 
3a 
3e 
3e 
3a 
3a 

(C1C6H5)2 

Product (3, yield/%) 

(22) 
(H) 
(18) 
(45) 
(17) 
(10) 
(40) 
(15) 
(6) 

(3i) (17) 

B d ) 

— 
MeC6H4Ph (3f) 

3f 
— 
3d 
3d 
— 

FC6H4Ph (3g) 
ClC6H4Ph (3h) 

3h 
3b 
3h 

MeC6H4Ph (3j) 

(24) 
(29) 

(27) 
(30) 

(27) 
(32) 
(15) 
(8) 

(13) 
(13) 

a) The photolysis was carried out in methanol solutions of 4 (10~2 mol dm - 3) at ambient 
temperature for 2 h. 
b) X1 

Of 
X2 -ff V c — P ( O M e ) 2 (4) 

XJ 

c) Quantum yield based on the combined yields of all 3 produced. 
d) A=symmetry 3, B=unsymmetry 3. 
e) 4g could not be analyzed by GLC, because of the thermal instability. 

4a 
hv 

3a 

(/ y-C—P-OMe 

OMe 

N9 O a l l 2 II 
C—-P-OMe 

OMe 

(f y^C—P-OMe 

OMe -* 

MeOH 

5a 

Scheme 3. 

(ipso coupl ing) . T h e resul t ing carbene 7 either 
inserted to O H bond of the alcohol or added to the C -
C double bond of the cyclohexene to give these prod­
ucts, respectively. Hence, wha t we want to emphas-
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ize is a novel photochemical generation of carbene. 
The product arising from the hydrogen abstraction 

by the carbene could not be detected, and even in the 
presence of molecular oxygen, the yields of 3a and 5a 
were almost unchanged, consequently, we presume 
that the photo-molecular detachment of biphenyl pro­
ceed from the excited singlet state with a short life­
time. Photolysis of dimethyl [(biphenylyl)diphenyl-
methyljphosphonate (41) and dimethyl (1-naphthyl-
diphenylmethyl)phosphonate (4m) gave only a trace 
amount of 3a, respectively. Dimethyl [(4-bromo-
phenyl)diphenylmethyl]phosphonate (4n) gave a 
photo-debrominated product, 4a, (64%) and 3a (6.0%). 
The latter may be derived from the former. 

In an attempt to gain more insight in the underly­
ing mechanism responsible for the «^-elimination of 
two aryl groups, we have further studied the photoly­
sis of some ^-substituted derivatives 4b—4k under the 
similar conditions. The quantum yields of 3 and the 
selectivities of the «^-elimination of aryl groups were 
determined (Table 2). 

In general, the quantum yields of 3 from the substi­
tuted derivatives 4b—4k were larger than that of 3a 
from the unsubstituted derivatives 4a. 

The introduction of substituent, regardless electron-
donating or electron-withdrawing properties, enhan­
ces the elimination of 3, and the reactivities of mono-
substituted phosphonates 4b, 4e, 4h, and 4i may be 
subject to apparent substituent effect in the order of 
MeO, F, CI, Me, and H. For example, a quantum 
yield of 3 from 4e was much more than that from 4a. 
These facts suggest that the increasing of an inter-ring 
charge-trans fer interaction between the benzene ring 
and the substituted benzene ring may be effective for 
the a,a-elimination of two aryl groups. 

However, the ratios (A/B) of eliminations of sym­
metrical and unsymmetrical 3 from mono- or disubsti-
tuted 4 (4b, 4c, 4e, 4f, 4h, 4i, and 4j) did not so much 
deviate from the value (2.0) expected if the groups 
coupled randomly, except for the case of monochlo-
roderivatives (4i and 4k). 

Consequently, the formation of the carbene as an 
intermediate can be postulated as in Scheme 4. 

In a photo-excited state of this acid, probably, singlet 
excited state (4*), the intramolecular charge-transfer 
interaction among the three phenyl rings occurred, 
and subsequently, two phenyl groups are eliminated 
via the initial bonding between C-l positions of two 
phenyl groups (ipso coupling). The elimination of 
biphenyl may proceed in stepwise or concerted wise. 
The mechanism of this reaction is understood in terms 
of photochemical di-7r-methane rearreangement. 
Then, the carbene intermediate (7) was formed, fol­
lowed by conversion into final products by the reac­
tion with solvent, i.e., insertion into the OH-bond of 
alcohol or addition to the double bond of cyclohexene. 

Similar intramolecular charge-trans fer interaction 
was also observed among the three benzene rings of 
triptycene derivatives, where the similar photochemi­
cal generation of a carbene intermediate was proposed 
by Iwamura and Yoshimura,10) as a special case of di-
7r-methane rearrangement,11) in which the fragmenta­
tion occurs from biradical intermediates instead of 
cyclization to cyclopropane derivatives. In photoly­
sis of tetraphenylmethane12) and dibenzonorborna-
diene,13) the analogous carbene generation have been 
also reported. In the present reaction, a similar reac­
tion mechanism can be presumed. 

Geminal photochemical elimination of two aryl 
groups to give 3 has been reported on other elements 
such as Zn,14> Al,15> B,16> and Sn.17> 

Experimental 

Mps and bps were obtained with a Yanagimoto Micro 
Melting Point Apparatus and uncorrected. All of the com­
pounds reported gave satisfactory CH microanalyses with a 
Perkin-Elmer Model 240 analyzer. UV-visible spectra were 
recorded with a Hitachi 150-20 spectrometer as MeOH 
solvent. Transient absorption spectra were measured by a 
spectro multichannel photodetector, MCPD-100 (Ostuka 
Electronic Co., Ltd.). 1H NMR spectra were determined as 
a solution in CDCI3 (unless otherwise stated) with tetra-

i > { - - O M e ^ 4 * — ( G 
>OMe 

GO-

etc. 

0-'c'-f-°Me 
OMe . 

Scheme 4. 
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methylsilane (TMS) as an internal standard on a Bruker-
AM360 spectrometer. IR spectra were taken as KBr disks 
using a Hitachi Model 345. GLC analyses were carried out 
using a 2% Silicone OV-17 on Chrom. WAW DMCS (60/80 
mesh) with a Shimadzu Model 7A. GC-MS spectra were 
recorded with a JMS-DX300. Some authentic samples for 
GC were commercially available, and the others (5a and 5b) 
were prepared by the known method (see below). The 
yields were determined using 2a or 3a as internal references. 

Preparation of (Triphenylmethyl)phosphonic Acid (la). 
la was prepared by the reaction of triphenylmethanol with 
PC13 (50%),18> mp 284—287 °C, UVmax(MeOH) 260 nm (s 560 
dm3 mol"1 cm"1), IR (KBr) 2850 cm"1 (OH); m NMR 0=6.42 
(2H, br, OH), 7.20 (15H, m, Ar). Found: C, 70.46; H, 5.11; 
P, 9.38%. Calcd for C19H17PO3: C, 70.37; H, 5.28; P, 9.55%. 

[Tris(4-nitrophenyl)methyl]phosphonic Acid (lb): The 
nitration of la (3.2 g, 10 mmol) was carried out with fuming 
HNO3 (50 ml) below 0°C.3> After nitration, the mixture 
was poured on ice. The volatile acid was expelled as com­
pletely as possible with bubbling of nitrogen gas. The 
solution was concentrated in vacuo as possible and permit­
ted to stand at room temperature overnight. The crude 
product was recrystallized from water (4.2 g, 75%). Mp 
298—300 °C, UVmax(MeOH) 293 nm (s 44000 dm3 mol"1 

cm-1), IR(KBr) 2850 cm"1 (OH), iHNMR (D2O, DSS, 
NaOD, pH 12) 0=7.83 (6H, d, / H H = 8 . 4 HZ, Ar), 8.22 (6H, d, 
Ar). Found: C, 49.27; H, 3.15; N, 9.03; P, 6.49%. Calcd for 
C19H14N3PO9: C, 49.68; H, 3.07; N, 9.15; P, 6.74%. 

Preparation of Other Triarylmethylphosphonic Acids 
(lc—If). The corresponding diesters (4d—4g) were sub­
jected to demethylation by the reaction with Me3SiCl/LiBr/ 
CH3CN as follows: General procedure: A mixture of 4 (40 
mmol) and a mixture of MesSiCl (9.8 g, 90 mmol) and LiBr 
(7.8 g, 90 mmol) in acetonitrile (50 ml) was stirred at 60 °C 
for 5 h.19> After cooling, the precipitates were filtered off 
and the solvent was evaporated. The residue was treated 
with MeOH to give the crude acid, which was recrystallized 
from 80% EtOH. 

[Tris(4-methylphenyl)methyl]phosphonic Acid (lc): (11.7 
g, 80%), mp 294—297 °C, UVmax(MeOH) 268 nm (e 969 
dm3 mol"1 cm"1), 1U NMR 0=2.20 (9H, s, CH3), 6.60 (2H, br, 
OH), 6.72 (12H, s, Ph). Found: C, 72.39; H, 6.25; P, 8.29%. 
Calcd for C22H23PO3: C, 72.12; H, 6.32; P, 8.45%. 

[(4-Methoxyphenyl)diphenylmethyl]phosphonic Acid (Id): 
(11.3 g, 80%), mp 277—280 °C, UVmax(MeOH) 271 nm (e 4560 
dmSmol-^m-1), ^ N M R 0=3.75 (3H, s, CH3O), 7.00—7.40 
(14H, m, Ar). Found: C, 67.56; H, 5.11; P, 8.54%. Calcd 
for C20H19PO4: C, 67.79; H, 5.40; P, 8.74%. 

[Bis(4-methoxyphenyl)phenylmethyl]phosphonic Acid 
(le): (11.2 g, 73%), mp 250—251 °C, UVmax(MeOH) 277 nm 
(£ 3340 dm3 mol"1 cm"1), 1U NMR 0=3.74 (6H, s, CH3O), 
7.02—7.39 (13H, m, Ar). Found: C, 65.16; H, 5.52; P, 8.31%. 
Calcd for C21H21PO5: C, 65.62; H, 5.51; P, 8.06%. 

[Tris(4-methoxyphenyl)methyl]phosphonic Acid (If): 
(13.0 g, 78%), mp 270—271 °C, UVmax(MeOH) 278 nm (e 4550 
dm3 mol"1 cm"1), iHNMR 0=3.72 (9H, s, CH3O), 7.28—7.31 
(12H, m, Ar). Found: C, 62.62; H, 5.72; P, 7.20%. Calcd 
for C22H23PO6: C, 63.77; H, 5.60; P, 7.48%. 

General Procedure of Preparation of Dimethyl (Triaryl-
methyl)phosphonates (4a—4n). A benzene solution of tri-
arylmethyl chloride (30 mmol) was added into trimethyl 
phosphite (90 mmol) under refluxing temperature for 2 h. 
The mixture was cooled to 0°C, and the precipitates were 

recrystallized from MeOH. 
Dimethyl (Triphenylmethyl)phosphonate (4a): (8.5 g, 

80%), mp 155—157 °C, UVmax(MeOH) 260 nm (e 677 
dm3 mol"1 cm-1), IR(KBr) 1261 cm"1 ( P O ) , iH NMR 0=3.40 
(6H, d, / H P = 9 . 6 HZ, OMe), 7.02 (15H, s, Ph). Found: C, 
72.00; H, 5.88%. Calcd for C21H21PO3: C, 71.58; H, 6.00%. 

Dimethyl [(4-Methylphenyl)diphenylmethyl]phospho-
nate (4b): (8.8 g, 80%), mp 118—121 °C, UVmax(MeOH) 264 
nm (£ 710 dm3 mol"1 cm"1), IR(KBr) 1220 cm"1 ( P O ) , 
iHNMR 0=2.25 (3H, s, CH3), 3.50 (6H, d, / H P = 9 . 6 HZ, 
OMe), 6.70—7.30 (14H, m, Ar). Found: C, 72.24; H, 6.40. 
Calcd for C22H23PO3: C, 72.12; H, 6.33%. 

Dimethyl [Bis(4-methylphenyl)phenylmethyl]phospho-
nate (4c): (9.1 g, 80%), mp 122-124 °C. UVmax (MeOH) 
266 nm (e 734 dm3 mol"1 cm"1), IR(KBr) 1220 cm"1 ( P O ) ; 
« NMR 0=2.30 (3H, s CH3), 3.50 (6H, d, / H P = 9 . 6 HZ, OMe), 
6.70—7.30 (13H, m, Ar). Found: C, 72.39; H, 6.49%. 
Calcd for C23H25PO3: C, 72.62; H, 6.62%. 

Dimethyl [Tris(4-methylphenyl)methyl]phosphonate (4d): 
(9.7 g, 82%), mp 148—150 °C, UVmax(MeOH) 267 nm (e 932 
dm3 mol"1 cm"1), IR(KBr) 1220 cm"1 ( P O ) , m NMR 0=2.28 
(9H, s, CH3), 3.48 (6H, d, / H P = 9 . 6 HZ, OMe), 7.0 (12H, s, Ar). 

Found: C, 72.85; H, 6.63%. Calcd for C24H27PO3: C, 73.08; 
H, 6.90%. 

Dimethyl [(4-Methoxyphenyl)diphenylmethyl]phospho-
nate (4e): (9.8 g, 85%), mp 125—130 °C, UVmax(MeOH) 268 
nm (£ 2450 dm3 mol"1 cm"1), IR(KBr) 1218 cm"1 ( P O ) , 
iHNMR 0=3.50 (6H, d, /Hp=10.4 Hz, OMe), 3.70 (3H, s, 
OMe), 6.50—7.80 (14H, m, Ar). Found: C, 69.23; H, 6.18%. 
Calcd for C22H23PO4: C, 69.10; H, 6.06%. 

Dimethyl [Bis(4-methoxyphenyl)phenylmethyl]phospho-
nate (4f): (10.5 g, 85%), mp 142—145 °C, UVmax(MeOH) 277 
nm (£ 3210 dm3 mol"1 cm"1), IR(KBr) 1218 cm"1 ( P O ) , 
iHNMR 0=3.45 (6H, d, / H P = 9 . 6 HZ, OMe), 3.70 (6H, s, 
OMe), 6.40—7.60 (13H, m, Ar). Found: C, 66.40; H, 6.02; 
P, 7.37%. Calcd for C23H25PO5: C, 66.98; H, 6.11; P, 7.51%. 

Dimethyl [Tris(4-methoxyphenyl)methyl]phosphonate 
(4g): (11.9 g, 90%), mp 162—165 °C, UVmax(MeOH) 276 nm 
(£ 3900 dm3 mol"1 cm"1), IR(KBr) 1218 cm"1 ( P O ) ; JH NMR 
0=3.58 (6H, d, / H P = 9 . 6 HZ, OMe), 3.78 (9H, s, OCH3), 6.50— 
7.60 (12H, m, Ar). Found: C, 65.23, H, 6.23; P, 7.27%. 
Calcd for C24H27PO6: C, 65.15; H, 6.15; P, 7.00%. 

Dimethyl [(4-Fluorophenyl)diphenylmethyl]phosphonate 
(4h): (10.1 g, 90%), mp 143—147 °C, UVmax(MeOH) 260 nm 
(£ 1060 dm3 mol"1 cm-1), IR(KBr) 1216 cm"1 ( P O ) , ^ N M R 
0=3.48 (6H, d, / H P = 9 . 6 HZ, OMe), 6.0—7.4 (13H, m Ar). 
Found: C, 67.43; H, 5.38%. Calcd for C21H20FPO3: C, 68.10; 
H, 5.44%. 

Dimethyl [(4-Chlorophenyl)diphenylmethyl]phosphonate 
(4i): (10.4 g, 90%), mp 135—138 °C, UVmax(MeOH) 260 nm 
(£ 1500 dm3 mol"1 cm"1), IR(KBr) 1216 cm"1 ( P O ) , « NMR 
0=3.50 (6H, d, / H P = 9 . 6 HZ, OMe), 7.04 (14H, s, Ar). Found: 
C, 64.90; H, 5.04%. Calcd for C21H20CIPO3: C, 65.21; H, 
5.21%. 

Dimethyl [Bis(4-chlorophenyl)phenylmethyl]phosphonate 
(4j): (11.3 g, 80%), mp 153—156 °C, UVmax(MeOH) 261 nm 
(£ 1280 dm3 mol"1 cm"1), IR(KBr) 1216 cm"1 ( P O ) , 1H NMR 
0=3.50 (6H, d, / H P = 9 . 6 HZ, OMe), 7.0—7.2 (13H, m, Ar). 
Found: C, 59.35; H, 4.20%. Calcd for C21H19CI2PO3: C, 
59.87; H, 4.55%. 

Dimethyl [(4-Chlorophenyl)(4-methylphenyl)phenyl-
methyl]phosphonate (4k): (7.2 g, 60%), mp 138—140 °C. 
UVmax(MeOH) 270 nm (e 1000 dm3 mol"1 cm"1), IR(KBr) 
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1217 cm"1 (P=0), *HNMR 0=2.25 (3H, s, CH3), 3.50 (6H, 
/ H P = 9 . 6 HZ, OMe), 6.7—7.3 (13H, m, Ar). Found: C, 65.70; 
H, 4.76%. Calcd for C22H22C1P03: C, 65.92; H, 5.53%. 

Dimethyl [(4-Biphenylyl)diphenylmethyl]phosphonate 
(41): (8.5 g, 70%), mp 123—124 °C, UVmax(MeOH) 258 nm 
(£ 23500 dm3 mol"1 cm-1), IR(KBr) 1216 cm"1 (P=0), 
« NMR 0=3.48 (6H, d, /HP=9 .6 HZ, OMe), 6.8—7.2 (19H, m, 
Ar). Found: C, 75.66; H, 6.05%. C27H26PO3: C, 75.51; H, 
6.10%. 

Dimethyl [l-Naphthyldiphenylmethyl]phosphonate (4m): 
(9.7 g, 80%), mp 173—176 °C, UVmax(MeOH) 283 nm (s 5040 
dm3 mol"1 cm-1), IR(KBr) 1216 cm"1 (P=0), 1H NMR 0=3.32 
(6H, d, / H P = 9 . 6 HZ, OMe), 6.4—8.2 (17H, m, Ar). Found: 
C, 74.08; H, 5.11%. Calcd for C25H23P03: C, 74.62; H, 
5.76%. 

Dimethyl [(4-Bromophenyl)diphenylmethyl]phosphonate 
(4n): (8.5 g, 80%), mp 124—126 °C, UVmax(MeOH) 260 nm 
(£ 1900 dm3 mol"1 cm"1), IR(KBr) 1216 cm"1 (P=0), *H NMR 
0=3.45 (6H, d, / H P = 9 . 6 HZ, OMe), 6.4—7.4 (14H, m, Ar). 
Found: C, 58.77; H, 4.72%. Calcd for C2iH2oBrP03: C, 
58.48; H, 4.67%. 

Diethyl Triphenylmethylphosphonate (7a): A benzene 
solution of triarylmethyl chloride (30 mmol) was added into 
triethyl phosphite (90 mmol) under refluxing temperature 
for 2 h. The mixture was cooled to 0 °C, and the precipitate 
was recrystallized from MeOH. (6.8 g, 60%), mp 120— 
122 °C, UVmax(MeOH) 260 nm (e 644 dm3 mol"1 cm"1), 
IR(KBr) 1219 cm"1 (P=0); *H NMR 0=1.05 (6H, t, CH3), 3.82 
(4H, d-q, /HH=7 .0 HZ, / H P = 6 . 4 HZ OCH2), 7.10 (15H, s, Ph). 

Found: C, 72.58; H, 6.61%. Calcd for C23H25P03: C, 72.61; 
H, 6.62%. 

Preparation of Authentic Samples. Dimethyl a-Methoxy-
benzylphosphonate (5a): The phosphonate (5a) was pre­
pared by the reaction of benzaldehyde with dimethyl phos­
phonate in the presence of CsF,20> and subsequently, it was 
methylated with dimethyl sulfate. After usual work-up, 5a 
was obtained by vacuum distillation (bp 109—110°C/0.05 
mmHg; lmmHg«133.322 Pa). *HNMR 0=3.25 (3H, s, 
OMe), 3.50 (3H, d, /P H=10 Hz, POMe),21> 3.70 (3H, d, /PH=10 
Hz, POMe), 21> 5.38 (1H, d, /PH=15 Hz, HCO), 6.2—7.8 (5H, 
m, Ph). 

Dimethyl [Methoxy(4-methylphenyl)methyl]phosphonate 
(5b). The phosphonate (5b) was prepared by the similar 
manner as described above. (Bp 108—112 °C/0.05 mmHg), 
*H NMR 0=2.26 (3H, s, Me), 3.24 (3H, s, OMe), 3.50 (3H, d, 
/PH=10 Hz, POMe), 3.71 (3H, d, /PH=10 Hz, POMe), 5.37 
(1H, d, /P H=15 Hz, HCO), 6.0—7.9 (4H, m, Ar). 

A General Procedure for Photolysis. A 3-ml MeOH solu­
tion of 1 or 4 (1.0X10-2 mol dm -3) was charged in a quartz 
tube (if in alkaline media, the solution was adjusted at 
prescribed pH with 10% aqueous NaOH) and purged of 
dissolved air by bubbling with argon gas. It was irradiated 
in a quartz tube (0=10 mm) with a merry-go-round appara­
tus using a high-pressure mercury lamp (300 W) at ambient 
temperature. After irradiation of desired periods, the mix­
ture was sampled for analysis of GLC. The yields of 2 and 
3 were determined using methyl diphenylacetate as an inter­
nal standard. On the other hand, the yield and conversion 
of 3 and 4 were determined using 2a as an internal standard. 

In the case of using EtOH as a solvent, the similar result 
was obtained. 

The photolyses of 4a in other solvents, cyclohexene, ace-
tonitrile, and diethyl ether were also carried out in the 

similar manner as described above. In all cases, the yields 
of 3a were almost the same, although the corresponding 
products arising from the carbene could not be detected with 
GLC analysis, except in the case using cyclohexene as a 
solvent. The 1:1 adduct of the carbene and cyclohexene 
was determined by comparison with the GLC data of 
authentic samples, prepared as mentioned below. 

Photolysis of a Mixture of 4a and 4d. A 3-ml of MeOH 
solution of equimolar mixture of 4a and 4d (0.5X10-2 

mol dm - 3 , respectively) was irradiated for 3 h in the similar 
manner as described above. The products 3a, 3c, 5a, and 5b 
were obtained in yields of 12, 49, 11, and 47%, respectively. 
The product 3f could not be detected. 

Photolysis of 4a in the Presence of Molecular Oxygen. 
Three 3-ml MeOH solutions of 4a (1.0X10-2 mol dm -3) were 
charged in quartz tubes (0=10 mm) separately. Argon, air 
or oxygen was bubbled into the solutions at 20 °C for 10 
min, respectively, and they were irradiated at the same time, 
with a merry-go-round apparatus, in the similar manner as 
described above. In these cases, the yields of 3a were almost 
unchanged. 

Photolysis of la (in a Preparative Scale). In acidic 
media; a 100 ml MeOH solution of la (1.0X10"2 mol dm"3, 
pH 3.1) was purged of dissolved air by bubbling with argon 
gas. It was irradiated in a quartz doughnut-type cell (10 
mm thick) with a high pressure mercury lamp (300 W) at 
ambient temperature for 3 h. After the solvent was evapo­
rated, the residue was extracted with benzene. The benzene 
phase was washed with aqueous NaOH (10%), H2O and 
dried (MgS04). Concentration gave an almost pure prod­
uct (3a), which was confirmed with the spectral data of an 
authentic sample, after recrystallization from benzen. 

b) In alkaline media; a 100-ml MeOH solution of la 
(1.0X10-2 mol dm-3) was adjusted at pH 12 with a 10% 
aqueous solution of NaOH, and irradiated in the similar 
manner as described above. After the similar work-up, 
almost pure 2a was obtained, which was confirmed with the 
spectral data of an authentic sample. 

Photolysis of 4a (in a Preparative Scale). A 100-ml 
MeOH solution of 4a (1.0X10-2 mol dm -3) was irradiated in 
the similar manner as described above. After the solvent 
was removed off, the residue was chromatographed on silica 
gel using benzene and CHCI3 as eluents to give 3a and 5a, 
which were confirmed with the spectral data of authentic 
samples. 

Photolysis of Dimethyl a-Diazobenzylphosphonate (8). 
The phosphonate (8) was prepared by the known method.8) 
A 100-ml MeOH solution of 8 (20 mol dm"3) was irradiated 
in a quartz tube with a high-pressure mercury lamp for 20 
min. The product was isolated by vacuum distillation (bp 
109—110 °C/0.05 mmHg). This product was also used for 
comparison with the products obtained in photolysis of 4a. 

Photolysis of 8 in cyclohexene (10 mmol dm -3) was also 
carried out in similar manner as described above.8) 

Two 1:1 -adducts of cyclohexene and the carbene (6) were 
obtained as the results of GC-MS (ra/z=280), which may be 
syn and anti-isomers (total yield 51%). These products were 
the same as the products obtained in photolysis of 4a in 
cyclohexene. The similar result was also reported on the 
photolysis of methyl aryldiazoacetate.22* 

Flash Photolysis. An aqueous solution of la (2.0X10-4 

mol dm - 3) was put in a quartz cell (10 mmXIO mm) 
equipped a long tube with a seal septum. It was deoxygen-
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ated by bubbling with Ar. Flash photolysis was carried out 
by using a Xe-pulse lamp (50 s) at ambient temperature. 
The transmission of the sample was monitored using a 
MCPD. 

Measurement of the Quantum Yield. The quantum 
yields were measured on the bases of generated 2a or 3. A 
low-pressure mercury lamp (60 W) with a Vicor glass filter 
was used as the 254-nm radiation source. A 3-ml methanol 
solution of 4 or la (5.0X10-3 mol dm -3) in a quartz cell (10 
mmXIO mm) was irradiated (in the case of la, the pH of the 
solution was adjusted to 12 with 10% NaOH aqueous solu­
tion). As an actinometry a potassium trioxalatoferrate(III) 
solution was used.23) The yields of the products were mea­
sured by GLC (Shimadzu GC-7A, Silicone OV-7, 2%, Sup­
port; Uniport HP, 1-m glass column, 2a or 3a was used as an 
internal standard). The photolyses were carried out at the 
conversions less than 5%. 

T h e present work was partially suppor ted by a 
Grant- in-Aid for Scientific Research No. 62750785 
from the Ministry of Educat ion, Science and Culture. 
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Studies on the Stereoselective Methylation of oc-Sulfinyl Carbanions 
Generated from Three Isomeric Pyridylmethyl £>-Tolyl 

Sulfoxides and Benzyl 2-Pyridyl Sulfoxide 

Naomich i FURUKAWA,* Eri HOSONO, Hisashi FUJIHARA, and Satoshi OGAWA 

Department of Chemistry, University of Tsukuba, Tsukuba, Ibaraki 305 
(Received August 5, 1989) 

A high stereoselectivity in the methylation of 2-pyridylmethyl £-tolyl sulfoxide (2a) with lithium diiso-
propylamide and iodomethane was observed at low temperature. The chelation of Li + by both the nitrogen 
atom in the pyridine ring and the sulfinyl oxygen atom in 2a promotes the stereoselectivity as compared with 
isomeric sulfoxides. 

Numerous a-sulfinyl carbanions have been exten­
sively studied for organic synthesis.1) In general, a-
methylene protons attached to the sulfinyl group are 
nonequivalent2) and, thus, numerous a-sulfinyl car­
banions obtained upon treatment with strong bases 
are diastereotopic and react with simple electrophiles 
providing two diastereoisomers in different ratios.3) 

The sulfoxides bearing a suitable heteroaromatic ring, 
such as a pyridyl group, may promote the stereoselec­
tivity of the a-carbanion upon treatment with electro­
philes by chelating the metallic cation.4) In order to 
determine the effect of heterocycles on the stereochem­
istry of a-sulfinyl carbanions, we prepared benzyl 2-
pyridyl sulfoxide (1) and three isomeric pyridylmethyl 
p-tolyl sulfoxides (2a—2c). We first treated them 
with lithium diisopropylamide and then with iodo­
methane in tetrahydrofuran. This paper describes the 
results on the high stereoselectivity in the methylation 

of sulfoxide 2a, as compared to other isomeric sulfox­
ides at low temperatures, and discusses the structure of 
the intermediary carbanion attached to the 2-pyridyl 
group. 

Sulfoxides 1, 2a—2c were synthesized and their 
methylation performed by treatment with lithium di­
isopropylamide, and then with iodomethane, as 
shown in Schemes 1 and 2. After the usual work-up 
procedures, both erythro and threo methylated sulfox­
ides 3, 4a—4c were obtained, as shown in Table 1. 
The structures of the products were determined by XH 
NMR, IR, and elemental analysis. The ratios of the 
two isomers were determined by either isolation or by 
calculating the peak area of the methine quartet or 
methyl doublet protons by 500-MHz *H NMR. The 
results shown in Table 1 reveal the following charac­
teristic points: (1) The four sulfoxides employed in 
the methylation resulted in the predominant forma-

o— p-̂ ir cwo =s cwo • *2f ^ N ' 
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Table 1. Reaction of Sulfoxides with Iodomethane 

ib s träte 

1 
1 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2b 
2b 
2b 
2b 
2c 
2c 

Temp/°C 

- 7 8 
0 

- 8 5 
- 7 8 
- 7 8 
- 7 6 
- 7 2 
- 5 3 
- 3 3 
- 2 2 
- 1 5 

0 
- 9 0 
- 7 8 
- 5 0 

- 5 
- 8 0 
- 2 0 

Time/h 

3.0 
3.0 
5.0 
1.2 
3.5 
3.0 
4.0 
3.5 
2.5 
2.5 
2.5 
1.2 
5.0 
3.5 
3.5 
2.5 

21.5 
3.5 

Yield/% 

24 
45 
40 
89 
87 
46 
68 
94 
79 
88 
71 
86 
90 
— 
42 
45 

— 

Diastereomer ratio 
(Erythro/Threo) 

No reaction 

2.4 
1.9 

13.0 
10.0 
9.5 
2.3a) 

6.0b) 

4.1 
3.1 
2.1 
1.5 
1.5 
2.8 
2.7 
2.0 
1.4 

1.1 

a) In the presence of 12-crown-4 (3.0 equiv). b) In the presence of HMPA (1.0 equiv). 

shown in Table 1 is reciprocally linearly correlated to 
the reaction temperature between — 90 °C to 0°C. 
Thus, the plot of log(threo/erythro) of 2a against \/T 
gave a straight line and AAH* and AAS* values calcu­
lated by the Arrhenius equation of — RTlnKj/ 
KE=AAH*-TAAS*, where KJ/KE is the ratio of threo 
vs. erythro isomers, giving AAH*=11.23 k jmo l - 1 and 
AAS*=38.58 JK-imol- 1 . On the other hand, the 
threo/erythro ratio obtained from the reaction of 2b 
also gave a linear relationship against \/T to provide 
AAH*=3.47 kjmol"1 and AAS*=9.96 JK-imol- 1 , 
respectively. These results clearly indicate that the 
methylation reactions of carbanions derived from 2a 
and 2b proceed via a similar mechanistic process with 
the erythro preference. However, the stereoselectivity 
of 2a depends more on the temperature than that of 2b. 
These observations reflect the large differences in the 
activation parameters, the AAH* and AAS* values, of 
2a and 2b (as described above). These large differen­
ces of the AAH* and AAS* values between sulfoxides 
2a and 2b in the methylation reactions suggest that the 
carbanion once formed from 2a should be more rigid 
than that of 2b, since the Li+ of 2a would be strongly 
chelated at low temperature by both the sulfinyl oxy­
gen and the pyridyl nitrogen atoms, as shown in 
Scheme 3. These chelated carbanions of 2a energeti­
cally promote the preferential approach of iodo­
methane from the back side of the carbon atom che­
lated by Li+ , to form the erythro product 4a, while the 
chelation of Li+ may be weakened by elevating the 
temperature to reduce the attack of iodomethane from 
the erythro-side of the carbanion. On the other hand, 
the carbanion of 2b has no such rigidness as does that 
of 2a, since the pyridyl nitrogen atom is located far 
from the formation of chelation of the Li+ . There­
fore, the carbanion of 2b has no high stereoselectivity 
as does the benzyl p-tolyl sulfoxide. (3) The effect of 

tion of erythro isomers at temperatures as low as 
—78 °C. However, the selectivities depend on the 
position of the pyridyl group and the reaction temper­
ature employed. Interestingly, 2-pyridyl derivative 
2a gave the highest stereoselectivity among other iso­
meric sulfoxides. Analogous methylation of benzyl 
p-tolyl sulfoxide also leads to the preferential forma­
tion of erythro isomers, even though the selectivity is 
1.5 :1 (erythro : threo).5) The high stereoselectivity of 
2a can be rationally explained in terms of the form­
ation of the carbanion generated from 2a and lithium 
diisopropylamide in which the lithium cation is 
strongly chelated by the sulfinyl oxygen, carbanion 
carbon, and pyridyl nitrogen atoms. Therefore, 
iodomethane approaches to the carbanion from the 
opposite site of the chelated side, as shown in Scheme 
36) (2) The stereoselectivity of 2a depends remarka­
bly on the temperature. However, in the case of the 
reaction of 2b, the stereoselectivity is rather insensitive 
to the temperature. This result seems to be consistent 
with the methylation of 1 or benzyl p-tolyl sulfoxide 
with iodomethane. Meanwhile, sulfoxide 2c was 
found to react with iodomethane above — 20 °C, 
though the stereoselectivity was nearly in 1:1. Thus, 
these results seem to indicate that the chelation of Li+ 

by the 2-pyridyl group plays an important role in the 
stereoselectivity. The erythro-to-threo ratio of 2a 

Scheme 3. 
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the chelat ion of L i + on the reaction was also sup­
ported by an exper iment carried out in the presence of 
12-crown-4 or hexamethylphosphor ic triamide. T h a t 
the isomeric rat io in 2a decreased down to 2.3 : 1 , even 
at —76 °C, is ascribed to the removal of L i + from the 
chelat ion site by the crown ether. 

In order to confirm the stereochemical process and 
the absolute configurat ion of the start ing sulfoxide 2a 
and the two isomeric products, optically active 2-
pyridylmethyl p-tolyl sulfoxide (5) was prepared 
according to the Andersen's process start ing from 
/-menthyl p-toluenesulfinate and 2-pyridylmethyl 
l i th ium, as shown in Scheme 4. Optically pure sul­
foxide 5 was obtained in 90% yield. T h e absolute 
configurat ion of the sulfoxide 5 was determined by X-
ray crystal lographic analysis to have an R configura­
tion.7) (ß)-Sulfoxide 5 was allowed to react wi th 
l i t h ium di isopropylamide and iodomethane at —74 °C 
in a similar manner to that of racemic 2a to give a 
mixture of optically active erythro and threo isomers 
in a total yield of 91%, from which erythro isomer 6 
was separated by recrystallization, m p 92—93 °C, 
[ag>=+239.7° (c 0.70, CHC13). T h e configurat ion of 
the methylated carbon of erythro isomer 6 was deter­
mined from the following chemical procedures. 
Initially, the optically active erythro isomer 6 was 
reduced to the corresponding sulfide 7a wi th l i th ium 
a l u m i n i u m hydride in ether at 0 °C in 43% yield after 
purification, [a]2

D5=+122.2° (c 0.70, CHCI3). T h e 
optically active sulfide 7b of k n o w n configuration was 
prepared by the following procedures, as shown in 
Scheme 5, where the configuration of l-(2-pyridyl)-
e thanol has been determined previously.8) Since the 

n - B u L i 
CH-

a) -0-
a ) p 

( S ) 
- T o l - S - 0 

I 
O 

CH2"fOCH3 
O 

Scheme 4. 

optical rotat ion of the sulfide 7a, thus obtained, shows 
a positive sign, which coincides wi th that of the (R)-
sulfide prepared authentically, as shown in Scheme 5, 
the absolute configuration of the optically active sul­
foxide 6 is determined to be CRSR. Therefore, these 
stereochemical experiments clearly supported the view 
that the methylat ion of sulfinyl carbanion of 2a pre­
dominant ly gives the erythro isomer 4a, the configura­
t ion of which was tentatively determined by XH N M R 
chemical shifts. 

T h e present investigations indicate that the ni tro­
gen a tom located at the 7-posi t ion wi th regard to the 
sulfinyl g roup plays an impor tan t role in promot­
ing the stereoselectivity of the carbanions wi th 
electrophiles. 

Exper imental 

All melting points were uncorrected. IR spectra were 
recorded on JASCO A-3 spectrometer. ^ N M R spectra 
were obtained with Hitachi R-600 or Bruker AM-500. 
Preparative liquid chromatography was performed on a 
Japan Analytical Co., Ltd., Model LC-09. All reactions 
were monitored by thin-layer chromatography (TLC) 
[Merck Kieselgel 60 F254]. Silica gel used for column chro­
matography was Wako-gel C-200. Elemental analyses were 
carried out by Chemical Analysis Center at this University. 

All reagents were obtained from Wako Pure Chemical 
Industries Ltd., Tokyo Kasei Co., Ltd., or Aldrich Chemical 
Co. The reaction solvents were further purified by general 
methods. 

Benzyl 2-pyridyl sulfoxide (1) was prepared according to 
the known method as shown in Scheme 1.9> Mp 89—91 °C; 
!HNMR (CDCI3) 0=8.52—8.73 (m, 1H, 6-PyH), 6.83—7.95 
(m, 8H, 3,4,5-PyH, ArH), 4.07, 4.37 (ABq, / = 8 Hz, 2H, 
CH2); IR(KBr) 1050 cm"1. 

Synthesis of the Sulfoxides. Sulfoxides 2a—2c and opti­
cally active sulfoxide 5 were synthesized by general methods, 
as illustrated in Schemes 110> and 4.n> 

2-Pyridylmethyl p-Tolyl Sulfoxide (2a). To a stirred 
solution of sodium (0.644 g, 28.0 mmol) in ethanol (50 mL) 
at 0 °C was added dropwise a solution of ^-toluenethiol (3.41 

l-CH-
I 
CH. 
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g, 27.5 mmol) in ethanol (50 mL). To this mixture was 
added dropwise 2-pyridylmethyl chloride (3.51 g, 27.5 
mmol); the solution was stirred for 4 h at room temperature. 
The mixture was then filtrated while removing the solvent 
under reduced pressure. To the residue was added 50 mL of 
water; it was then extracted with dichloromethane (3X50 
mL). The extracts were dried with anhydrous magnesium 
sulfate, and the solvent was evaporated under reduced pres­
sure. The residue was purified by column chromatography 
(silica gel; eluent, CHCI3) to give 2-pyridyl p-to\y\ sulfide 
(8a) in 98% yield as colorless liquid: *HNMR (CDCI3) 
0=8.38—8.62 (m, 1H, 6-PyH), 6.88—7.75 (m, 7H, 3,4,5-PyH, 
ArH), 4.21 (m, 2H, CH2), 2.28 (s, 3H, CH3). To a stirred 
solution of the sulfide 8a (5.40 g, 25.1 mmol) in dichloro­
methane (120 mL) at 0°C was added m-chloroperbenzoic 
acid (mcpba) (4.75 g, 27.5 mmol) in dichloromethane (200 
mL). The mixture was stirred at 0°C for 1.5 h and treated 
with anhydrous ammonia. The resulting solid was separ­
ated by filtration and the filtrate was evaporated under 
reduced pressure to afford crude sulfoxide, which was puri­
fied by column chromatography (silica gel; eluent, CHCI3) 
to give sulfoxide 2a in 74% yield. Recrystallization from 
benzene gave colorless crystals: mp 93—94 °C; ^ N M R 
(CDCI3) 0=8.54—8.55 (m, 1H, 6-PyH), 7.18—7.65 (m, 7H, 
3,4,5-PyH, ArH), 4.15, 4.22 (ABq, /=13 Hz, 2H, CH2), 2.40 
(s, 3H, CH3); IR(KBr) 1050 cm"1; Calcd for C13H13ONS: C, 
67.50; H, 5.78; N, 6.06%. Found: C, 67.67; H, 5.78; N, 5.97%. 

3-Pyridylmethyl p-Tolyl Sulfoxide (2b). 3-Pyridylmethyl 
p-to\y\ sulfide (8b) was prepared by the same procedure as 
8a. 8b: colorless liquid; *H NMR (CDCI3) 0=8.27—8.48 (m, 
2H, 2,6-PyH), 6.87—7.65 (m, 6H, 4,5-PyH, ArH), 4.00 (s, 2H, 
CH2), 2.29 (s, 3H, CH3). To a stirred solution of sulfide 8b 
(727 mg, 3.38 mmol) in dichloromethane (15 mL) at 0°C 
was added mcpba (640 mg, 3.71 mmol) in dichloromethane 
(15 mL). After a work-up, sulfoxide 2b was obtained in 
65% yield. Recrystallization from benzene/hexane gave 
colorless crystals: mp 94—95 °C; 1HNMR(CDC13) 6=8.51 — 
8.53 (m, 1H, 6-PyH), 8.03—8.04 (m, 1H, 2-PyH), 7.21—7.42 
(m, 6H, 4,5-PyH, ArH), 3.92, 4.06 (ABq, /=13 Hz, 2H, CH2), 
2.39 (s, 3H, CH3); IR(KBr) 1035 cm"1; Calcd for C13H13ONS: 
C, 67.50; H, 5.67; N, 6.06%. Found: C, 67.60; H, 5.73; N, 
6.07%. 

4-Pyridylmethyl /?-Tolyl Sulfoxide (2c). Similarly, sul­
foxide 2c was obtained in 78% yield. Mp 165—166 °C; 
!H NMR (CDCI3) 6=8.48 (d, / = 5 Hz, 2H, 2,6-PyH), 7.23— 
7.27 (m, 4H, ArH), 6.89 (d, / = 5 Hz, 2H, 3,5-PyH) 3.93, 4.02 
(ABq, /=13 Hz, CH2), 2.40 (s, 3H, CH3); IR(KBr) 1040 cm"1; 
Calcd for G3H13ONS: C, 67.50; H, 5.67; N, 6.06%. Found: 
C, 67.56; H, 5.75; N, 6.03%. 

(Ä)-(+)-2-Pyridylmethyl p-Tolyl Sulfoxide (5). To a 
stirred solution of 2-methylpyridine (188 mg, 2.02 mmol) in 
tetrahydrofuran (THF) (1 mL) at - 2 0 °C was added 1.6 M 
BuLi (1M=1 mol dm"3) in hexane solution (1.26 mL, 2.02 
mmol). The mixture was stirred at room temperature and 
then cooled to —72 °C. The mixture was then added drop-
wise to (S)-(+)-/-menthyl ^-toluenesulfinate (594 mg, 2.20 
mmol) in THF (5 mL) with stirring at - 7 2 °C for 2 h. After 
hydrolysis and neutralization with IM HCl, the mixture was 
extracted with dichloromethane (3X20 mL). The extract 
was dried with anhydrous magnesium sulfate, and the sol­
vent was evaporated under reduced pressure. The residue 
was purified by column chromatography (silica gel; eluent, 
CHCl3 /CH3C02C2H5=l/2) to give sulfoxide 5 in 90% yield. 

Recrystallization from benzene/hexane gave colorless crys­
tals: mp 104—105 °C; 1HNMR(CDC13) 6=8.54—8.55 (m, 
1H, 6-PyH), 7.18—7.65 (m, 3,4,5-PyH, ArH), 4.15, 4.22 
(ABq, /=13 Hz, 2H, CH2), 2.40 (s, 3H, CH3); IR(KBr) 1050 
cm"1; 0]2

D5=+253.8° (c 1.0, CHCI3); Calcd for G3H13ONS: C, 
67.50; H, 5.66; N, 6.05%. Found: C, 67.52; H, 5.67; N, 5.94%. 

Reaction of Sulfoxides with Iodomethane. In a typical 
run, to a stirred solution of 2-pyridylmethyl £-tolyl sulfox­
ide (2a) (150 mg, 0.648 mmol) in T H F (7.5 mL) was added a 
solution of lithium diisopropylamide (LDA) (0.859 mmol) 
in THF (2.5 mL) under an Ar atmosphere at —78 °C for 0.5 
h. To the mixture was added iodomethane (0.2 mL, 3.21 
mmol) and the solution was stirred at — 78 °C for 1.2 h. 
After hydrolysis and extraction with dichloromethane (3X30 
mL), the extract was dried with anhydrous magnesium 
sulfate, and the solvent was evaporated under reduced pres­
sure. The residue was purified by column chromatography 
(silica gel; eluent, CHCl3 /CH3C02C2H5=l/2) to give diaste-
reomeric mixture of 1 -(2-pyridyl)-l-(£-tolylsulfinyl)ethane 
(4a) in 89% yield. The ratio of isomers 4a was determined 
by calculating the peak area of the methine quartet or 
methyl doublet protons by 500-MHz *HNMR in CDCI3. 
The results are summarized in Table 1 and chemical shifts 
were as follows. 4a: erythro; 6=8.48—8.50 (m, 1H, 6-PyH), 
7.05—7.65 (m, 7H, PyH, ArH), 4.18 (q, 7=7 Hz, 1H, CH), 
2.37 (s, 3H, Ar-CH3), 1.55 (d, / = 7 Hz, 3H, CH3). threo; 
0=8.53—8.54 (m, 1H, 6-PyH), 7.05—7.65 (m, 7H, 3,4,5-PyH, 
ArH), 3.99 (q, ]=1 Hz, 1H, CH), 2.37 (s, 3H, Ar-CH3), 1.67 
(d, / = 7 Hz, 3H, CH3). 4b: erythro; 0=8.48—8.49 (m, ÎH, 6-
PyH), 7.91—7.92 (m, 1H, 2-PyH), 6.83—7.47 (m, 6H, 4,5-
PyH, ArH), 3.84 (q, 7=7 Hz, 1H, CH), 2.35 (s, 3H, Ar-CH3), 
1.72 (d, 7=7 Hz, 3H, CH3). threo; 0=8.52—8.53 (m, 1H, 6-
PyH), 8.13—8.14 (m, 1H, 2-PyH), 6.83—7.47 (m, 6H, 4,5-
PyH, ArH), 3.87 (q, 7=7 Hz, 1H, CH), 2.38 (s, 3H, Ar-CH3), 

1.65 (d, 7=7 Hz, 3H, CH3). 4c: erythro; 0=8.45 (d, 7=5 Hz, 
2H, 2,6-PyH), 7.03—7.27 (m, 4H, ArH), 6.86 (d, 7=5 Hz, 2H, 
3,5-PyH), 3.81 (q, 7=7 Hz, 1H, CH), 2.36 (s, 3H, Ar-CH3), 
1.66 (d, 7=7 Hz, 3H, CH3). threo; 0=8.49 (d, 7=5 Hz, 2H, 
2,6-PyH), 7.03—7.27(m, 4H, ArH), 6.93 (d, 7=5 Hz, 2H, 3,5-
PyH), 3.84 (q, 7=7 Hz, 1H, CH), 2.37 (s, 3H, Ar-CH3), 1.63 
(d, 7=7 Hz, 3H, CH3). 

Absolute Configuration of Optically Active l-(2-Pyridyl-
methyl)-l-(/?-tolylsulfinyl)ethane (6). The absolute config­
uration of methylated sulfoxide 6 was determined by the 
following procedure. 

Reaction of Optically Active (Ä)-(+)-2-Pyridylmethyl p-
Tolyl Sulfoxide (5) with Iodomethane. Optically active 
sulfoxide 5 (500 mg, 2.16 mmol) in T H F (25 mL) was treated 
similarly as 2a with LDA (2.88 mmol) in THF (2.5 mL), and 
then with iodomethane (2.8 mL, 44.98 mmol) at —74 °C for 4 
h. The reaction mixture was treated with water (20 mL) 
and extracted with dichloromethane (3X50 mL). After 
column chromatographic purification (silica gel; eluent, 
CHCl3 /CH3C02C2H5=l/2) optically active 1-(2-pyridyl)-1-
(£-tolylsulfinyl)ethane (6) was obtained in 91% yield. The 
diastereomeric mixture was separated by recrystallization 
with diisopropyl ether: erythro (main diastereomer): mp 
92—93 °C, !HNMR (CDCI3) 0=8.48—8.50 (m, 1H, 6-PyH), 
7.05—7.65 (m, 7H, 3,4,5-PyH, ArH), 4.18 (q, 7=7 Hz, 1H, 
CH), 2.37 (s, 3H, Ar-CH3), 1.55 (3H, d, 7=7 Hz, CH3). 
Calcd for C14H15ONS: C, 68.53; H, 6.16; N, 5.70%. Found: 
C, 68.44; H, 6.22; N, 5.67%. [a]2

D
5=+239.7° (c 0.7, CHCI3). 

The enantiomeric excess of the sulfoxide was determined by 
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*H NMR with Eu(tfc) as a shift reagent to be about 100%. 
threo: colorless liquid; 1HNMR(CDC13) 6=8.53—8.54 (m, 
1H, 6-PyH), 7.05—7.65 (m, 7H, 3,4,5-PyH, ArH), 3.99 (q, 
7=7 Hz, 1H, CH), 2.37 (s, 3H, Ar-CH3), 1.67 (d, 7=7 Hz, 
CH3). 

Reduction of erythro-6. To a stirred solution of erythro 6 
(90 mg, 0.37 mmol) in ether (8 mL) at 0°C was added 
lithium alminium hydride (20 mg, 0.53 mmol). The reac­
tion mixture was stirred at 0°C for 3 h and treated with 
aqueous ammonia. The resulting solid was separated by 
filtration and the filtrate was extracted with dichlorometh-
ane (3X20 mL). The extract was washed with water (2X50 
mL) and dried with anhydrous magnesium sulfate. The 
solvent was then evaporated under reduced pressure. The 
residue was purified by preparative liquid chromatography 
to give l-(2-pyridyl)-l-(/?-tolylthio)ethane (7a) in 43% yield: 
colorless liquid; 1HNMR(CDC13) 0=8.38—8.58 (m, 1H, 6-
PyH), 6.82—7.73 (m, 7H, 3,4,5-PyH, ArH), 4.44 (q, 7=7 Hz, 
1H, CH), 2.38 (s, 3H, Ar-CH3), 1.66 (d, 7=7 Hz, 3H, CH3); 
[a]2

D
5=+122.20 (c 0.7, CHC13). 

Synthesis of Optically Active (Ä)-(+)-l-(2-Pyridyl)-l-(£-
tolylthio)ethane (7b). l-(2-Pyridyl)ethanol (9) was ob­
tained in 68% yield from the reduction of 2-acetylpyridine 
with sodium borohydride; bp 103—104°C/17mmHg (lit,8) 
95°C/10mmHg; 1 mmHg«133.322 Pa). A hot solution of 
9 (3.3 g, 26.8 mmol) and (2R,3R)-2,3-0-dibenzoyltartaric 
acid (9.6 g, 26.8 mmol) in ethanol (20 mL) was allowed to 
slowly cool to room temperature. The resulting crystalline 
product was recrystallized three times (mp 146—147 °C) with 
ethanol and treated with aqueous sodium hydroxide to give 
(S)-(-)-l-(2-pyridyl)ethanol (10) in 17% yield: [a]2

D
5=-43.1° 

(c 1.9, EtOH); ee=76%.8> To a stirred solution of 10 (500 
mg, 4.06 mmol) in pyridine (20 mL) at 0°C was added p-
toluenesulfonyl chloride (775 mg, 4.07 mmol). The mix­
ture was stirred at 0 °C for 6 h and treated with ice-water (40 
mL). The mixture was extracted with ether (3X50 mL). 
The extracts were dried with anhydrous magnesium sulfate 
and the solvent was evaporated under reduced pressure to 
afford the corresponding crude tosylate 11. To a stirred 
solution of sodium (103 mg, 4.48 mmol) in ethanol (100 mL) 
was added ^-toluenethiol (504 mg, 4.06 mmol). The mix­
ture was stirred at room temperature for 10 min; to this was 
added crude 11. The mixture was stirred at room tempera­
ture for 6 h and filtrated. The filtrate was treated with 
aqueous sodium hydroxide and extracted with dichloro-
methane (3X100 mL). The extracts were dried with magne­
sium sulfate and evaporated under reduced pressure. The 
residue was purified by column chromatography (silica 
gel; eluent, CHC13) to give (#)-(+)-l-(2-pyridyl)-l-(/?-tolyl-
thio)ethane (7b) in 11% yield as colorless liquid: *HNMR 
(CDC13) 0=8.38—8.57 (m, 1H, 6-PyH), 6.85—7.73 (m, 7H, 

3,4,5-PyH, ArH), 4.43 (q, 7=7 Hz, 1H, CH), 2.28 (s, 3H, Ar-
CH3), 1.66 (d, 7=7 Hz, 3H, CH3); [a]^=+\0l.5° (c 2.1, 
CHC13). 

We thank Dr. Y. Kawakami in Eisai Co. for X-ray 
crystallography. T h i s work was supported by Minis­
try of Educat ion, Science and Culture; Gran t No. 
61470019. 
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Michael Addition of Methyl 2-(Trimethylsilyl)propenoate with 
Organomagnesiums or Organolithiums Leading to 1:1 

and/or 2:1 Adducts and Subsequent Peterson 
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Michael addition of methyl 2-(trimethylsilyl)propenoate with organomagnesiums or organolithiums leads 
to 1:1 and/or 1:2 adduct anions which can be utilized in the subsequent step of Peterson olefination with 
carbonyl compounds. The 1:1/1:2 ratio depends upon the nature of donor molecules, the reaction conditions 
such as reaction temperature, polarity of solvent, and rate of addition of the acceptor molecule. Use of 
acceptors in excess results in the selective formation of 1:2 and/or 1: 3 adducts. 

We have briefly reported as a communica t ion letter 
that methyl 2-(trimethylsilyl)propenoate (1) serves as 
an excellent Michael acceptor in the reactions with 
Gr ignard reagents or organol i th iums . T h e resul t ing 
adduct anions , stabilized as ester enolates of the a-
silylated types, can be effectively appl ied to the subse­
quen t condensat ion wi th a variety of carbonyl com­
pounds . T h i s one-flask reaction, termed a Michael 
and Peterson sequence, offers an impor t an t synthetic 
route to «-alkylated « ^ - u n s a t u r a t e d esters.1) 

At the stage of Michael addi t ion of 2-silyl-
propenoate 1, 1:1 Michael adduct anions A are not the 
only products bu t are accompanied by 1 :2 adduct 
anions B which consist of one molecule of donor and 
two molecules of acceptor 1 (Eq. 1).2> T h e product 
rat io depends u p o n the na ture of Michael donors used. 
Organo l i th iums such as 2-l i thio-l ,3-butadiene and 
methyl l i thio(methylsulfinyl)methyl sulfide exclu­
sively form 1:1 adduct anions A (Mtl=Li) , while 1:2 
adduct anions B (Mt l=MgX) are formed in the reac­
tions wi th alkyl-3* and v inylmagnes ium halides. One 
exception in the reaction cases us ing Gr ignard re­
agents is pheny lmagnes ium bromide which under­
goes Michael addi t ion on to 1 leading to 1:1 adduct 
an ion A ( R = P h , Mt l=MgBr) . 

SiMe3 SiMe3 

I RMtl̂  

1 A 

A 

OMe 

OMtl 

SiMe, 

rV OMe 
(1) 

M e ^ i - ^ OMtl 
MeOOC I 

R B 

T h e present research has aimed at solving the 
de te rmin ing factors which influence the formation of 
1:1 and 1:2 Michael adducts, and also at f inding out 
how to control their selective formation. Synthetic 

appl icat ions of the resul t ing adduct anions by the step 
of Peterson olefination are described in details. 

Results and Discussion 

It was previously reported that the reaction of 1 with 
pheny lmagnes ium bromide (1.1 equiv) in the presence 
of copper(I) chloride (0.5 mol%), at —15 °C in dry 
diethyl ether, gave 80% yield of methyl 2-benzyl-3-
phenylpropenoa te (2a) after q u e n c h i n g the resul t ing 
mixture wi th benzaldehyde.1* T h e propenoate 2a 
corresponds to the Peterson olefination product 
derived from the 1:1 Michael adduct an ion A ( R = P h , 
Mt l=MgBr) . Later we became aware that this reac­
tion was extremely sensitive to the activity of copper(I) 
chloride catalyst: With a less activated catalyst, not 
only 1:1 adduct 4 bu t also 1:2 adduct 5 was produced 
after q u e n c h i n g of the reaction mixture wi th water. 
In one case, the ratio of 4 : 5 = 5 7 : 2 0 was provided; 
reproduct ion of the above exclusive formation of 1:1 
adduct an ion A ( R = P h , Mt l=MgBr) , and hence 2a or 
4, was found to be quite difficult. 

Use of pheny l l i t h ium instead of pheny lmagnes ium 
bromide was expected to solve this problem. As will 
be discussed below, a nonpo la r solvent is desirable for 
the selective formation of 1:1 adduct anions between 1 

COOMe 

P h ^ V P h 

2a 

SiMe3 

^ ^ ^ COOMe 
4 

MeOOC. 

Ph-^x 
Me3Si ( 

3 

» Y » SSSSr 
•o r 
Me3Si COOMe 5 

S ^ P h J 
^OOMe 

s*^ COOMe 

/ s . J SiMe3 

Me3Si COOMe 
6 

Chart 1. 
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and the l i th ium enolates of esters since metal chela­
tion stabilizes the intermediary 1:1 ester enolates. 
However, such chelat ion mus t be obstructive for the 
formation of 1:1 adduct an ion between 1 and phenyl­
l i th ium. Accordingly, we carried out the reaction of 
1 wi th pheny l l i th ium (1.1 equiv) in tetrahydrofuran 
(THF) at —78 °C in the presence of an additive4* and 
by means of slow addi t ion (in 2 min) of phenyll i ­
th ium. T h e resul t ing adduct anions were quenched 
with benzaldehyde. Contrary to our expectation, the 
condensat ion product 3 derived from 1:2 adduct 
an ion B ( R = P h , Mt l=Li ) was formed as a major 
product together with a mixture of two geometrical 
isomers of 2a (Entries 1 and 2 of Table 1), while the 
same reaction in diethyl ether was rather complex. 

Relative yield of 1:1 adduct A was found to be 
much improved at — 30 °C (Entries 3 and 4), and 2a 
became the only product when the addit ion of phenyl­
l i th ium was quickly completed in a few seconds at 
—30 °C (Entry 5). T h i s result indicates that the 
energy barrier for the Michael addit ion of 1 wi th 
pheny l l i th ium is low enough for the reaction to be 
completed in a few seconds, and accordingly this 
reaction is kinetically controlled. Finally the opti­
mized condit ions were found out under which quick 
addi t ion of 1.5 equivalent of phenyl l i th ium at — 30 °C 
resulted in 84% of 2a in the absence of additive (Entry 

6>-
Under these condit ions, a Michael addi t ion and 

Peterson olefination sequence of 2-silylpropenoate 1 

Ph 

2a-f 

COOMe a: R*=H,R2=Ph 
-Bu 
PhCH=CH(E) 

d: R1 = H, Rz = MeCH=CH(E) 
e: R*=R2 = Me 
f: R\R2=(CH2)5 

uuuMe a: R* = H, R' = PI 
J* R2 b: R1 = H, R2 = r-j 

^ Y c :R 1 =H,R 2 = Pl 
Ri d: R1=H,R2 = M 

COOMe MeS COOMe 

7a-d 8a-c 
a: 
b: 
c: 
d: 

M( 

S 

R = Ph a: 
R = r-Bu b: 
R = PhCH=CH(£) c: 
R = MeCH=CH(E) 

COOMe 

^ V . P ™ 

i ̂ s\- COOMe ^ s ^ 
SiMe3 

9 
COOMe 

r ^ S i M e 3 

s ^ x V COOMe 
SiMe3 11 

Chart 2. 

R = Ph 
R = Et 
R = PhCH=CH(£) 

COOMe 

A^Ph 
^ COOMe 

SiMe3 

10 

Table 1. Michael Reactions of Methyl 2-(Trimethylsilyl)propenoate 1 

Entry Michael donor 
; (Equivalent) 

1 PhLi ( l . l ) 
2 PhLi ( l . l ) 
3 PhLi ( l . l ) 
4 PhLi ( l . l ) 
5 PhLi(1.5) 
6 PhLi(1.5) 
7 PhLi(1.5) 
8 PhLi(1.5) 
9 PhLi(1.5) 

10 PhLi(1.5) 
11 PhLi(1.5) 
12 PhMgBr(l/2) 
13 PhLi ( l /3 ) 
14 C4H5Li(l.l) j ) 

15 C4H5Li(l.l) j ) 

16 C4H5Li(l.l) j ) 

17 C4H5Li(l.l) i ) 

18 C3H7OS2Li(l.l)1) 

19 C3H7OS2Li(l.l)1) 

20 C3H7OS2Li(l.l)1) 

21 MeMgl(l . l ) 
22 CH2=CHMgBr(l.l 
23 CH2=CHLi(l . l) 

Solvent-

T H F 
T H F 
T H F 
T H F 
T H F 
T H F 
T H F 
T H F 
T H F 
THF 
T H F 
EtOEt 
THF 
EtOEt 
EtOEt 
EtOEt 
EtOEt 
THF 
T H F 
T H F 
EtOEt 

) T H F 
THF 

Reaction conditionsa) 

Addition Temp./ 0 

A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

- 7 8 
- 7 8 
- 3 0 
- 3 0 
- 3 0 
- 3 0 
- 3 0 
- 3 0 
- 3 0 
- 3 0 
- 3 0 
- 1 5 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 1 5 
- 1 5 
- 7 8 

C Time/min 

60 
60 
60 
60 
20 
20 
20 
20 
20 
20 
20 
60 
20 h 
30 
30 
30 
30 
60 
60 
60 
60 
60 
90 

- Additiveb) 

HMPA 
TMEDA 
TMEDA 
TMEDA 
TMEDA 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
CuClm) 

CuClm) 

None 

Quenching reagent 

PhCHO 
PhCHO 
H 2 0 
PhCHO 
PhCHO 
PhCHO 
PhCH=CHCHO(£) 
MeCH=CHCHO(£) 
*-BuCHO 
MeCOMe 
Cyclohexanone 
H 2 0 
H 2 0 
PhCHO 
*-BuCHO 
PhCH=CHCHO(£) 
MeCH=CHCHO(£) 
PhCHO 
EtCHO 
PhCH=CHCHO(£) 
n-PrCHO 
PhCHO 
H 2 0 

Product (yield/%)c) 

2a (25) 3 (63) 
2a (51) 3 (46) 
4(60)b)5(15)d) 

2a (57) 3 (17) 
2a (85) 
2a (84, £:Z=2:3) e ) 

2b (85, £:34%,Z:51%) 
2c (78, E: 38%, Z: 40%) 
2d (66, £:Z=l:4) e ' f ) 

2e (60)g) 

2f(61)h) 

5 (87)° 
5 (37)° 6 (47)i} 

7a (74, £ :Z=2: l ) e ) 

7b (62, Z only)k) 

7c(61,£: 15%,Z:46%) 
7d (57, E: 43%, Z: 14%) 
8a (90, E only) 
8b(72, £ : Z = l : l ) e ) 

8c (71, £ only) 
9(73) 
10 (84, E: 28%, Z: 56%) 
11 (68, single isomer) 

a) Reaction conditions for the step of Michael addition. Addition of 1 to the T H F solution of phenyllithium 
took 2 min (Method A) or a few second (Method B). b) Unless otherwise stated, an additive was employed in 
one equivalent to 1. c) Yield of isolated products based on 1. d) Measured by GLC. e) Obtained as an 
inseparable mixture of two stereoisomers whose ratio was determined by 1H NMR spectrum, f—h) Accompa­
nied by 2a (f: 14%, g: 10%, h: 6%). i) Yield based on the phenyllithium or phenylmagnesium bromide, j) 2-
Lithio-l,3-butadiene. k) Accompanied by 8% of methyl 4-methylene-2-trimethylsilyl-5-hexenoate. m) Lithio-
(methylsulfinyl)methyl methyl sulfide, n) A catalytic amount (0.5 mol%) of copper(I) chloride was used. 
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and pheny l l i th ium was examined by us ing a variety of 
carbonyl compounds . Aldehydes such as pivalalde-
hyde, c innamaldehyde, crotonaldehyde as well as 
ketones such as acetone and cyclohexanone were all 
successful to t rap the 1 :1 adduct an ion A ( R = P h , 
Mt l=L i ) to give 2b—f, respectively (Entries 7—11). 

Selective formation of 1:2 adduct an ions B ( R = P h , 
Mt l=MgBr) was achieved by use of 0.5 equivalent of 
pheny lmagnes ium bromide in diethyl ether at —15 °C 
to give 1 :2 adduct 5 in 87% yield after water quench­
ing (Entry 12). Wi th 1/3 equivalent of phenyl l i ­
t h ium in T H F at —78 °C, the expected 1:3 adduct 6 
was obtained in 47% yield together wi th 1:2 adduct 5 
(37%) (Entry 13). T h e 1:2 adduct 5 was a single 
stereoisomer whose structure was determined as 
shown in Char t 1 on the basis of the chemical conver­
sion discussed in the fol lowing article.5) T h e 1:3 
adduct 6 was a mixture of two diastereomers whose 
structure was tentatively assigned on the basis of the 
possible reaction mode for the stereoselective forma­
tion of 5. 

It was already reported as a pre l iminary communi ­
cation1) that l i th ium donors such as 2-l i thio-l ,3-
butadiene and methyl l i thio(methylsulf inyl)methyl 
sulfide also led to the exclusive formation of 1:1 adduct 
anions A (Mtl=Li) . O n the other hand , Gr ignard 
reagents such as methy lmagnes ium iodide and vinyl-
magnes ium bromide exclusively formed 1:2 adduct 
anions B (Mt l=MgI or MgBr) even in the presence of 
copper(I) chloride catalyst. 

Both adduct an ions A and B can be utilized for 
Peterson condensat ions wi th aldehydes wi thou t trou­
ble to produce «-alkylated « ^ - u n s a t u r a t e d esters 7a— 
d, 8a—c, 9, and 10. T h e results are summarized in 

Table 1 (Entries 14—22). Vinyl l i th ium exception­
ally produced 1:2 adduct 11 as a single isomer after 
water quench ing , while its stereochemistry is not clear 
(Entry 23). 

T h e competi t ive formation of 1:2 adduct anions B 
in an equ imola r reaction between 1 wi th pheny lmag­
nes ium bromide or pheny l l i t h ium indicates an 
enhanced reactivity of ester enolates toward 2-
si lylpropenoate 1. Use of ester enolates as donors in 
the Michael reactions of 2-silylpropenoate 1 would 
provide a new entry to 2-silyl- and 2-alkylidene-
pentanedioates. 

T h e equ imola r reaction of 1 wi th the l i th ium eno-
late of ethyl acetate at —78 °C in T H F produced 1:2 
adduct 13a as major product a long with 1:1 adduct 

1 + RCH=C(OLi)OEt 

EtOOC 

EtOOC 

OCX ^OMe 

EtOOC 

R SiMe3 

A^X^OMe 

R SiMe3 H t O O C ^ ^ ^ O M e 

Ï I D S l M e 3 

" ^ - ^ COOMe I COOMe 
12a,b T JL 

R r^^SiMe3 

î Ç°0Me EtOOC^A-.^00^ 
A^A^Ph „ - . SlMe3 
14a,b 

13a,b C 0 0 M e 

R ^ ^ . ^ P h 

a:R = H 
b: R = Me3Si 

EtOOC 
15a,b 

COOMe 
SiMe3 

Scheme 1. 

Table 2. Michael Reactions of 1 with Lithium Enolates of Esters 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Lithium enolate 
(Equivalent) 

CH2=C(OLi)OEt(l) 
CH2=C(OLi)OEt(1.5) 
CH2=C(OLi)OEt(3) 
CH2=C(OLi)OEt(l/2) 
CH2=C(OLi)OEt(l) 
CH2=C(OLi)OEt(2) 
CH2=C(OLi)OEt(3) 
CH2=C(OLi)OEt(2) 
CH2=C(OLi)OEt(1.5) 
CH2=C(OLi)OEt(l) 
CH2=C(OLi)OEt(1.2) 
TMSCH=C(OLi)OEt(1.5) 
TMSCH=C(OLi)OEt(3) 
TMSCH=C(OLi)OEt(l/2) 
TMSCH=C(OLi)OEt( 1/2) 
TMSCH=C(OLi)OEt(2) 
TMSCH=C(OLi)OEt(2) 

Solvent 

T H F 
T H F 
T H F 
T H F 
EtOEt 
EtOEt 
EtOEt 
EtOEt 
E/Tg) 

E/Tg) 

E/Tg) 

T H F 
T H F 
T H F 
T H F 
EtOEt 
EtOEt 

Reaction conditionsa) 

Temp./°C Time/min 

- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 

60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
20 
60 
60 
60 
60 
60 
60 

Quenching reagent 

H 2 0 
H 2 0 
H 2 0 
PhCHO 
H 2 0 
H 2 0 
H 2 0 
PhCHO 
H 2 0 
H 2 0 
PhCHO 
PhCHO 
PhCHO 
H 2 0 
PhCHO 
H 2 0 
PhCHO 

Product (yield/%)b) 

12a.T3a=l:2.19c 'd) 

12a:13a=l:1.32c 'd) 

12a:13a=l:0.Hc 'd) 

15a (63)e) 

12a:13a=l:0.5c 'd) 

12a:13a=l:0.14d)12a(78) f ) 

12a (84) 
14a (88) 
12a onlyd) 

12a:13a=l:0.15c 'd) 

14a (81) 
14b (37) 15b (51) 
14b (67) 15b (26) 
13b (46)e) 

14b (5)e) 15b (74)e) 

12b (92) 
14b (60) 

a) Reaction conditions for the step of Michael addition. Addition of a lithium enolate to 1 was completed in a 
few seconds, b) Yield based on 1. c) Not separated from each other, d) The ratio was determined by GLC of 
the crude mixture, e) Yield based on the lithium enolate. f) Only 12a was isolated by column chromatog­
raphy, g) Diethyl ether/toluene=5 :1 v/v. 
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12a (12a : 13a=l : 2.19 by GLC) (Scheme 1 and Entry 1 
of Tab le 2). T h i s relatively h igh reactivity of 1:1 
adduct an ion C ( R = H ) was qui te surpr is ing since the 
reaction site of C is sterically hindered compared with 
the open carbon of the l i t h ium enolate of ethyl acetate. 
Only when 3 equivalents of the enolate was employed, 
formation of 1:2 adduct 13a was practicably sup­
pressed to less than 10% (12a : 13a=l : 0.11, Entry 3). 

Diethyl ether was found to be a solvent which 
favored the formation of 1 :1 adduct 12a more than 
T H F . For example, the reaction of 1 wi th 2 equiva­
lents of the enolate gave a 1:0.14 mixture of 12a and 
13a (Entry 6), and n o trace of 13a was detected on use 
of 3 equivalents of the enolate (Entry 7). Even better 
was toluene in which 1.2—1.5 equivalent of the eno­
late was enough to suppress the formation of D 
(Entries 9 and 11).6) Even wi th only one equivalent 
of the enolate, a h igh 1:1 product rat io (12a:13a= 
1:0.15) resulted (Entry 10, compare wi th Entry 1). 

T h e Michael addi t ions of 2-silylpropenoate 1 men­
tioned above be long to a competi t ive and consecutive 
second-order reaction on which a kinetic study was 
previously reported.7) However, the Michael reaction 
of 1 wi th l i t h ium or magnes ium donors took place too 
fast even at — 78 °C for the reaction rate to be 
measured. 

Some kinetic informations on this reaction were 
collected as follows: Each 2/15 molar por t ion of 1 
was added at once to the l i th ium enolate of ethyl 
acetate at — 78 °C in T H F (or diethyl ether). A small 
par t of the reaction mix ture was sampled after st irr ing 
for 30 m i n and quenched with water. Amounts of 
the 1:1 adduct 12a and the 1:2 adduct 13a formed 
were measured by G L C . T h e second 2/15 por t ion of 
1 was added and analyzed similarly. T h i s procedure 

Table 3. Kinetic Data for the Michael Reaction of 1 
with the Lithium Enolate of Ethyl Acetatea) 

Molar equivalent 

lb) 12ac) 13acd) Remaining CH2=C(OLi)OEte) 

In tetrahydrofuran 
0.2 0.19 + 1.31 
0.4 0.29 0.05 1.11 
0.6 0.37 0.11 0.91 
0.8 0.38 0.21 0.70 
1.0 0.36 0.32 0.50 

In diethyl ether 
0.2 0.19 + 1.31 
0.4 0.39 0.01 1.09 
0.6 0.57 0.01 0.91 
0.8 0.66 0.07 0.70 
1.0 0.62 0.17 0.56 

a) Each 0.2 portion of 1 was added to the lithium 
enolate of ethyl acetate (1.5 equivalent to a total 
amount of 1) at — 78 °C, and reaction was continued 
for 30 min. b) Total amount of 1 used, c) Based on 
GLC analysis, d) The number may be duplicated to 
calculate the yield of 13a based on 1. e) Calculated 
molar equivalent of the remaining lithium enolate. 

was repeated unt i l total a m o u n t of 1 reached 10/15 
equivalent . T h e results are summarized in Table 3. 

As clearly shown by Tab le 3, diethyl ether can be 
better used than T H F in favor for the 1:1 adduct 12a. 
A satisfactory level of product rat io, h igher than 20 :1 
(12a : 13a), could be achieved at the stage of combined 
yield of 60% in the reaction in diethyl ether. O n the 
other hand , T H F may be conveniently used for the 
formation of 1:2 adduct 13a. Compar ison of the 
results of Tables 2 and 3 shows again that quick 
addi t ion of acceptor 1 leads to the more favored forma­
tion of 1:1 adduct 12a. 

Reaction of 1 wi th 2 equivalents of the l i th ium 
enolate of ethyl acetate in diethyl ether at —78 °C and 
subsequent quench ing with benzaldehyde gave 88% of 
5-ethyl 1-methyl 2-benzylidenepentanedioate (14a) as 
a sole product (Entry 8 of Tab le 2), while the reaction 
of 1 wi th 0.5 equivalent of the enolate in T H F at 
- 7 8 °C gave 63% of 7-ethyl 1-methyl 2-benzylidene-4-
m e t h o x y c a r b o n y l - 4 - ( t r i m e t h y l s i l y l ) h e p t a n e d i o a t e 
(15a) (Entry 4). 

T h e h igh reactivity of 1:1 adduct anion C ( R = H ) 
observed above indicates the excellent property of the 
l i th ium enolate of ethyl (trimethylsilyl)acetate as a 
donor molecule, t hough sterically hindered a round 
the reaction site. Actually this bulky enolate under­
went a smooth Michael addi t ion to 1 in diethyl ether 
at — 78 °C; use of 2 equivalents of the enolate gave 
5-ethyl methyl 2,4-bis(trimethylsilyl)pentanedioate 
(12b) and ethyl 1-methyl 2-benzylidene-4-(trimethyl-
silyl)pentanedioate (14b) after quench ing of the result­
ing 1:1 adduct an ion C (R=SiMe3) with water and 
benzaldehyde, respectively (Entries 16 and 17 of Table 
2). Similarly, products from the 1:2 adduct an ion D 
(R=SiMe3) , 13b (46%) and 15b (74%), were obtained 
when 0.5 equivalent of the enolate was employed 
(Entries 14 and 15). 

In conclusion, no t only 1:1 adduct anions bu t also 
1:2 adduct anions are formed in Michael addit ion of 
methyl 2-(trimethylsilyl)propenoate (1) with organo-
magnes iums or o rganol i th iums depending u p o n the 
na ture of donor molecules and reaction condit ions. 
Since enhanced reactivity of the 1:1 adduct anions A 
as silyl-stabilized ester enolates is clearly responsible 
for this competi t ive reaction sequence, p redominan t 
formation of 1:1 adduct anions A can be achieved 
when the first step of Michael addit ion is h ighly 
accelerated. Use of o rganol i th iums is preferred for 
this purpose since they are generally more reactive 
than the corresponding organomagnes iums, bu t 
v inyl l i th ium was one exception. Also desired is the 
quick addi t ion of a donor molecule to 1 at a tempera­
ture which is h igh enough for the reaction to be 
completed in a short period. In the reactions wi th 
l i th ium enolates of esters, metal chelation would play 
a critical role. Therefore, stabilization of the 1:1 
adduct an ions C by chelation favors the formation of 
1:1 adduct anions 12. Use of less polar solvents such 
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as toluene or diethyl ether is the case. 
Some more detailed discussion on the solvent effect 

as well as that on stereochemical feature of the 
Michael addit ions to 1 will be made in the fol lowing 
paper of this series. 

Experimental 

General. Melting points were determined on a Yanagi-
moto melting point apparatus and are uncorrected. IR 
spectra were taken with JASCO IRA-1 and A-702 spectrome­
ters. 1H and 13C NMR spectra were recorded on JEOL FX-
100 (100 MHz for *H NMR and 25.05 MHz for 13C NMR) and 
GSX-270 (270 MHz for « N M R and 67.94 MHz for 
13CNMR) instruments. Chemical shifts are expressed in 
parts per million downfield from tetramethylsilane as an 
internal standard. Mass spectra and high-resolution mass 
spectra (HRMS) were measured with a JEOL-01SG-2 spec­
trometer at 70 eV of ionization energy unless otherwise 
stated. Elemental analyses were performed on a Hitachi 
026 CHN analyzer. For preparative column chromatog­
raphy, Wakogel C-200, C-300 (Wako), and Silicagel 60 
(Merck) were employed. Flash chromatography was car­
ried out on an EYELA EF-10 apparatus using a column 
(20X180 mm) packed with Silicagel 60 (Merck, size: 0.04— 
0.063 mm). Gas liquid chromatography (GLC) was 
accomplished on a Yanaco G-2800 gas Chromatograph 
(Yanagimoto) with an ionization flame detector using a 
glass column (SE-30, 3X2000 mm) or a glass capillary 
column (Silicone GE, SE-30, 0.25X50000 mm). Micro vac-
cuum distillation was carried out on a Sibata GTO-250R 
Kugelrohr distilling apparatus. Solvents were evaporated 
with a Tokyo Rikakikai rotary evaporator type-V at about 
50 °C unless otherwise stated. 

General Procedure for the Michael Addition of 1 with 
Phenyllithium and Subsequent Peterson Olefination Lead­
ing to 2a—f. As a typical procedure, the reaction of 1 with 
phenyllithium and benzaldehyde is described below: A 
solution of 18> (0.158 g, 1 mmol) in dry T H F (1 ml) was 
added, rapidly (in a few seconds) by the aid of a syringe at 
—30 °C under dry nitrogen, to the T H F solution of phenylli­
thium (1.6 M in hexane, 0.94 ml, 1.5 mmol in 5 ml of THF; 
1 M=l mol dm -3). The mixture was stirred at —30 °C for 
20 min and then benzaldehyde (0.17 g, 1.6 mmol) 
in THF (1 ml) was added. After stirring was continued at 
the same temperature for 30 min, the mixture was treated 
with saturated aqueous ammonium chloride and extracted 
with diethyl ether (20 mlX2). The combined extracts were 
dried over magnesium sulfate and evaporated in vacuo. 
The residue was chromatographed on silica gel by using 
hexane-diethyl ether (10:1 v/v) to give 2a (0.212 g, 84%) as a 
mixture of two geometrical isomers. 

Peterson olefinations using other carbonyl compounds 
were similarly carried out under the reaction conditions 
listed in Table 1 (Entries 6—11). 

Methyl 2-Benzyl-3-phenylpropenoate (2a): Obtained as a 
2:3 mixture of (£)-2a and (Z)-2a (*HNMR), from which 
only (Z)-2a was separated. (Z)-2a: Colorless liquid; Bp 
110—115°C/21 Pa (bulb-to-bulb); IR (neat) 1720, 1495, 
1435, 1220, 740, and 700 cm"1; *HNMR (CDC13) ô=3.50 (3H, 
s, COOMe), 3.70 (2H, d, /=1.5 Hz, PhCH2), 6.56 (1H, t, 
/=1.5 Hz, =CH), and 7.17 (10H, br s, Ph); 13CNMR (CDCI3) 
0=41.25 (t, PI1CH2), 51.41 (q, COOMe), 126.50, 127.77, 

128.06, 128.40, 128.89 (each d, Ph), 133.52 (s), 134.83 (d, 
=CH), 135.86, 137.90 (each s), and 169.43 (s, COOMe); MS 
m/z (rel intensity, %) 252 (M+, 32), 193 (33), 192 (base peak), 
191 (53), 165 (29), 115 (94), and 91 (46). Found: C, 80.90; H, 
6.46%. Calcd for Ci7Hi602: C, 80.92; H, 6.39%. « N M R 
(CDCI3) of (£)-2a: 0=3.64 (3H, s, COOMe), 3.90 (2H, s, 
PI1CH2), 7.17 (10H, br s, Ph), and 7.85 (1H, s, =CH). 

Methyl 2-Benzyl-4,4-dimethyl-2-pentenoate (2b): Two 
isomers were separated from each other through column 
chromatography on silica gel with hexane-diethyl ether 
(15 :1 v/v). (£)-2b: Colorless liquid; IR (neat) 1715, 1285, 
1205, 1090, 730, and 695 cm"1; *H NMR (CDCI3) <5=1.18 (9H, 
s, *-Bu), 3.58 (3H, s, COOMe), 3.83 (2H, s, PhCH2), 6.94 (1H, 
s, =CH), and 7.13 (5H, br s, Ph); MS m/z (rel intensity, %) 232 
(M+, 73), 217 (59), 172 (22), 157 (72), 143 (26), 142 (25), 141 
(33), 131 (32), 129 (63), 128 (40), 116 (39), 115 (78), 91 (base 
peak), 78 (22), and 77 (37). Found: C, 77.58; H, 8.57%. 
Calcd for C13H20O2: C, 77.55; H, 8.68%. (Z)-2b: Colorless 
liquid; IR (neat) 1725, 1235, 1200, 1100, and 700 cm"1; 
*HNMR (CDCI3) 6=1.08 (9H, s, *-Bu), 3.48 (2H, s, PhCH2), 
3.56 (3H, s, COOMe), 5.47 (1H, =CH), and 7.13 (5H, br s, 
Ph); MS m/z (rel intensity, %) 232 (M+, base peak), 217 (70), 
201 (23), 157 (26), 129 (23), 115 (35), and 91 (59). HRMS 
Found: m/z 232.1474. Calcd for C15H20O2: M, 232.1462. 

Methyl 2-Benzyl-5-phenyl-2,4-pentadienoate (2c): Two 
isomers were separated from each other through silica-gel 
column chromatography using hexane-dichloromethane 
(3:1 v/v). (2£, 4£)-2c: Colorless needles (benzene-hex-
ane); mp 81 °C; IR (KBr) 1705, 1620, 1285, 1240, 1080, 750, 
and 700 cm"1; *HNMR (CDCI3) ô=3.67 (3H, s, COOMe), 
3.83 (2H, s, PI1CH2), and 6.7—7.6 (13H, m, =CH and Ph); 
13CNMR (CDCI3) 6=32.70 (t, PhCH2), 51.80 (q, COOMe), 
123.53 (d), 126.06, 127.14, 128.20, 128.35, 128.70, 128.84, 
129.91, 136.25 (s), 139.56 (s), 139.76, 140.34 (eacn d, =CH), 
and 168.12 (s, COOMe); MS m/z (rel intensity, %) 278 (M+, 
42), 219 (23), 218 (23), 141 (24), 116 (33), 92 (22), and 91 (base 
peak). Found: C, 81.98; H, 6.52%. Calcd for Ci9Hi802: C, 
81.85; H, 6.63%. (2Z, 4£)-2c: Colorless leaflets (hexane); 
mp 43—44 °C; IR (KBr) 1710, 1225, 1205, 980, 750, and 700 
cm-1; *HNMR (CDCI3) ô=3.65 (5H, s, COOMe and 
PhCH2), 6.48 (1H, 73-4=11.0 Hz, 3-H), 6.62 (1H, d, 
7s-4=15.5 Hz, 5-H), 7.16 (10H, br s, Ph), and 7.89 (1H, dd, 
74-3=11.0 Hz, 4-H); 13CNMR (CDCI3) 6=40.25 (t, PhCH2), 
51.31 (q, COOMe), 125.58, 126.16, 127.04, 128.31, 128.40, 
128.55, 128.70, 129.57, 136.59 (s), 139.12(d), 139.31 (s), 141.32 
(d), and 167.29 (s, COOMe); MS m/z (rel intensity, %) 278 
(M+, base peak), 219 (34), 218 (29), 187 (29), and 91 (51). 
Found: C, 81.98; H, 6.52%. Calcd for Ci9Hi802: C, 81.98; H, 
6.52%. 

Methyl 2-Benzyl-2,4-hexadienoate (2d): Two isomers 
were separated from each other through column chromatog­
raphy on silica gel with hexane-dichloromethane (2:1 
v/v). (2£,4£)-2d: Colorless liquid; IR (neat) 1710, 1640, 
1240, 1080, 970, and 700 cm"1; *H NMR (CDCI3) ô=1.87 (3H, 
dd, 7=6.3 and 1.0 Hz, Me), 3.67 (3H, s, COOMe), 3.75 (2H, s, 
PI1CH2), 6.18 (1H, dq, 7s-4=15.0 and75-Me=6.3 Hz, 5-H), 6.48 
(1H, ddq, 74-5=15.0, 74-3=11.0 and/4-Me=1.0 Hz, 4-H), 7.0— 
7.3 (5H, m, Ph), and 7.33 (1H, d, /3-4=11.0 Hz, 3-H); 
13CNMR (CDCI3) 6=18.96 (q, Me), 32.41 (t, PhCH2), 51.67 
(q, COOMe), 125.93, 127.17 (each d), 127.56 (s, 2-C), 128.16, 
128.28, 139.32 (each d), 139.73 (s), 140.08 (d), and 168.38 (s, 
COOMe); MS m/z (rel intensity, %) 216 (M+, base peak), 187 
(26), 157 (80), 156 (39), 155 (40), 143 (37), 142 (35), 141 (61), 



February, 1990] A Michael Addition and Peterson Olefination Sequence of a 2-Silylpropenoate 471 

138 (21), 129 (76), 128 (59), 115 (60), 91 (84), and 77 (32). 
HRMS Found: mlz 216.1150. Calcd for Ci4Hi602: M, 
216.1149. (2Z,4£)-2d: Colorless liquid; IR (neat) 1710, 
1430, 1220, 980, 745, and 695 cm"1; *HNMR (CDC13) 6=1.82 
(3H, dd, /=7.0 and 2.0 Hz, Me), 3.60 (2H, s, PhCH2), 3.68 
(3H, s, COOMe), 5.93 (1H, dq, /5-4=15.0 and /5-Me=7.0 Hz, 
5-H), 6.35 (1H, d, /3-4=11.0 Hz, 3-H), 7.08 (1H, ddq, 
/4-5=15.0, /4-3=H.O, and /4-Me=2.0 Hz, 4-H), and 7.16 (5H, 
br s, Ph); ^CNMR (CDCI3) 6=18.55 (q, Me), 40.16 (t, 
PI1CH2), 51.20 (q, COOMe), 126.05 (d), 127.22 (s, 2-C), 
128.22, 128.63, 128.81 (each d), 137.67 (s), 139.55, 141.43 (each 
d), and 167.50 (s, COOMe); MS mlz (rel intensity, %) 216 
(M+, 28), 157 (60), 156 (31), 155 (41), 143 (31), 142 (42), 141 
(79), 129 (91), 128 (82), 127 (25), 115 (base peak), 91 (92), and 
77 (52). HRMS Found: mlz 216.1150. Calcd for Ci4Hi602: M, 
216.1171. 

Methyl 2-Benzyl-3-methyl-2-butenoate (2e): Purified by 
silica-gel column chromatography with hexane-diethyl 
ether (20:1 v/v). Colorless liquid; bp 85—87°C/239 Pa 
(bulb-to-bulb); IR (neat) 1715, 1285, 1200, 1080, and 695 cm"1; 
*HNMR (CDCI3) 6=1.80, 2.04 (each 3H, s, Me), 3.54 (3H, s, 
COOMe), 3.66 (2H, s, PhCH2), and 7.10 (5H, br s, Ph); 
13CNMR (CDCI3) 6=22.54, 23.13 (each q, Me), 35.40 (t, 
PI1CH2), 51.02 (q, COOMe), 125.81 (d), 126.23 (s), 127.99, 
128.70 (each d), 139.85, 145.13 (each s), and 169.20 (s, 
COOMe); MS mlz (rel intensity, %) 204 (M+, base peak), 173 
(40), 172 (45), 145 (50), 144 (88), 129 (20), and 91 (42). 
HRMS Found: mlz 204.1153. Calcd for Ci3Hi602: M, 
204.1149. 

Methyl 2-Cyclohexylidene-3-phenylpropanoate (2f): Puri­
fied by silica-gel column chromatography with hexane-
dichloromethane (2:1 v/v). Colorless liquid; bp 135— 
137°C/93 Pa (bulb-to-bulb); IR (neat) 1715, 1450, 1210, 850, 
and 700 cm"*; « N M R (CDCI3) 6=1.5—2.6 (10H, m, 
(CH2)5), 3.60 (3H, s, COOMe), 3.66 (2H, s, PhCH2), and 7.13 
(5H, br s, Ph); ™C NMR (CDCI3) 6=26.48, 28.06, 28.36, 31.82, 
32.81, 34.93 (each t, CH2), 51.20 (q, COOMe), 123.47 (s), 
125.81, 128.05, 128.28 (each d), 139.97, 150.06 (each s), and 
170.08 (s, COOMe); MS mlz (rel intensity, %) 244 (M+, base 
peak), 236 (22), 213 (25), 212 (58), 184 (41), 141 (25), 131 (23), 
128 (21), 104 (27), and 91 (55). HRMS Found: mlz 
244.1493. Calcd for Ci6H20O2: C, 244.1462. 

Genera Procedure for the Preparation of 3—6. Proce­
dures similar to the above one employed for the preparation 
of 2a were applied. In some cases, an additive such as 
HMPA or TMEDA (each 1 equiv) was used together with 
phenyllithium, and ice-cold water was used as a quenching 
agent. Details of the reaction conditions and results are 
listed in Table 1 (Entries 1—4, 12, 13) 

Dimethyl 2-Benzyl-4-benzylidene-2-(trimethylsilyl)pen-
tanedioate (3): Obtained as a 2.9:1 inseparable mixture 
pHNMR) of two geometrical isomers. Colorless liquid; 
IR (neat) 1740, 1450, 1260, 860, and 770 cm"1; « N M R 
(CDCI3) £-isomer: 6=0.00 (9H, s, Me3Si), 2.4—3.5 (4H, m, 
CH2), 3.72, 3.91 (ech 3H, s, COOMe), 7.2—7.6 (10H, m, Ph), 
and 7.89 (1H, br s, =CH). Z-isomer: 6=0.27 (9H, s, Me3Si), 
2.4—3.5 (4H, m, CH2), 3.72, 3.85 (each 3H, s, COOMe), 6.67 
(1H, br s, =CH), and 7.2—7.6 (10H, m, Ph); MS (20 eV) mlz 
(rel intensity, %) 410 (M+, 45), 378 (34), 338 (34), 319 (75), 278 
(55), 236 (23), 235 (base peak), 215 (74), 187 (22), 183 (28), 163 
(51), and 131 (36). HRMS Found: mlz 410.1907. Calcd for 
C24H30O4Si:M, 410.1912. 

Methyl 3-Phenyl-2-(trimethylsilyl)propanoate (4): Puri­

fied by silica-gel column chromatography with hexane-
diethyl ether (15:1 v/v). Colorless liquid; IR (neat) 1720, 
1250, 1145, 845, 750, and 700 cm"1; *HNMR (CDCI3) 6=0.12 
(9H, s, Me3Si), 2.35 (1H, dd, /=11.5 and 3.3 Hz, CH), 2.69 
(1H, dd, /gem=14.5 and /=3.3 Hz, one of PhCH2), 3.12 (1H, 
dd, /gem=14.5 and/=11.5 Hz, the other of PhCH2) 3.52 (3H, 
s, COOMe), and 7.15 (5H, br s, Ph); 13CNMR (CDCI3) 
6=2.70 (q, Me3Si), 32.53 (t, PhCH2), 39.57 (d, CH), 50.90 (q, 
COOMe), 125.93, 128.11, 128.28 (each d), 141.90 (s), and 
174.96 (s, COOMe); MS mlz (rel intensity, %) 236 (M+, 26), 
131 (30), 104 (59), 91 (26), and 89 (42). Found: C, 65.76; H, 
8.50%. Calcd for Ci3H20O2Si: C, 65.76; H, 8.50%. 

Dimethyl 2-Benzyl-2,4-bis(trimethylsilyl)pentanedioate (5): 
Purified by silica-gel column chromatography with hexane-
diethyl ether (20:1 v/v). Pale yellow liquid; IR (neat) 1720, 
1430, 1250, 1200, and 835 cm"1; « N M R (CDCI3) 6=0.00, 
0.04 (each 9H, s, Me3Si), 1.9—2.5 (3H, m, 3- and 4-H), 2.96, 
3.14 (each 1H, d, /gem=14.5 Hz, PhCH2), 3.48, 3.70 (each 3H, 
s, COOMe), and 7.1—7.3 (5H, m, Ph); 13CNMR (CDCI3) 
6=-2.88, -2.18 (each q, Me3Si), 30.54, 34.59 (each t, CH2), 
37.48 (d, 4-C), 44.71 (s, 2-C), 51.00, 51.12 (each q, COOMe), 
126.36, 128.18, 130.60 (each d, Ph), 139.71 (s, Ph), 176.48, and 
177.01 (each s, COOMe); MS mlz (rel intensity, %) 394 (M+, 
5), 145 (21), 117 (15), 91 (17), 89 (25), and 73 (base peak). 
HRMS Found: mlz, 394.1994. Calcd for C20H34O4Si2: M, 
394.1994. 

Methyl 2-Benzyl-4-methoxycarbonyl-2,4,6-tris(trimethylsilyl)-
heptanedioate (6): Purified by column chromatography on 
silica gel with hexane-diethyl ether (5:1 v/v). Colorless 
needles (hexane); mp 101—102.5°C; IR (neat) 1730, 1710, 
1690, 1245, 1180, and 830 cm"1; « N M R (CDCI3) ô=-0.12, 
0.10, 0.19 (each 9H, s, Me3Si), 1.64 (1H, dd, /gem=14.0 and 
/=2.7 Hz, one of 3-H), 1.85 (1H, dd, /gem=14.0 and /=3.0 Hz, 
the other of 3-H), 2.41 (1H, dd, /gem=14.0 and/=8.6 Hz, one 
of 5-H), 2.52 (1H, dd, /gem=14.0 and /=11.3 Hz, the other of 
5-H), 2.58 (1H, d, /gem=14.0 Hz, one of PhCH2), 2.81 (1H, m, 
6-H), 3.59, 3.61, 3.65 (each 3H, s, COOMe), 3.65 (1H, d, 
/gem=14.0 Hz, the other of PhCH2), and 7.2—7.5 (5H, m, Ph); 
13CNMR (CDCI3) 6=-1.69, -0.36, 0.55 (each Me3Si), 35.20, 
35.32, 37.81 (each CH2), 40.92, 41.01, 41.97 (CH and q-C), 
50.71, 51.10, 51.24 (each COOMe), 126.32, 127.80, 131.15, 
139.48 (each Ph), 175.63, 176.16, and 176.67 (each COOMe). 
MS mlz (rel intensity, %) 552 (M+, 5), 249 (49), 159 (19), 145 
(26), 127 (21), 117 (18), 89 (36), and 73 (base peak). Found: 
C, 58.44; H, 8.48%. Calcd for C27H4806Si3: C, 58.65; H, 
8.75%. 

General Procedure for the Michael Addition of 1 with 2-
Lithio-l,3-butadiene and Subsequent Peterson Olefination 
Leading to 7a—d. As a typical procedure, the reaction of 1 
with 2-lithio-l,3-butadiene and benzaldehyde is described 
below: Butyllithium (1.6 M, in hexane, 2.1 ml, 3.3 mmol) 
was added at —78°C under dry nitrogen to 2-(tributyl-
stannyl)-l,3-butadiene (1.132 g, 3.3 mmol) in dry T H F (6 
ml). After 20 min, 1 (0.474 g, 3 mmol) in THF (1 ml) was 
added repidly (in a few seconds) by the aid of a syringe, the 
mixture was stirred at the same temperatre for 30 min, and 
then benzaldehyde (0.318 g, 3 mmol) in THF (1 ml) was 
added. After stirring was continued at —78 °C for 30 min, 
at 0°C for 15 min, and at room temperture for 15 min, the 
mixture was treated with saturated aqueous ammonium 
chloride and extracted with diethyl ether (30 mlX2). The 
combined extracts were washed with saturated aqueous 
sodium chloride, dried over magnesium sulfate, and evapo-
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rated in vacuo. The residue was chromatographed on sil­
ica gel with hexane-diethyl ether (9:1 v/v) to give 7a (0.506 
g, 74%) and a mixture of two geometrical isomers. 

Peterson olefinations using other carbonyl compounds 
were simlarly carried out under the reaction conditions 
listed in Table 1 (Entries 14—17). 

Methyl 2-Benzylidene-4-methylene-5-hexenoate (7a): 
Obtained as an inseparable 3 :2 mixture of (£)-7a and (Z)-7a 
(GLC). Colorless liquid; IR (neat) 1725, 1210, 1100, 910, 
770, and 700 cm"1; « N M R (CDC13) £-isomer: 0=3.34 (2H, 
s, CH2), 3.61 (3H, s, COOMe), 4.9—5.4 (4H, m, =CH2), 6.41 
(IH, dd, /5-6=17.5 and 11.0 Hz, 5-H), 6.76 (IH, s, =CHPh), 
and 7.23 (5H, br s, Ph); Z-isomer: 0=3.40 (2H, s, CH2), 3.78 
(3H, s, COOMe), 4.9—5.4 (4H, m, =CH2), 6.53 (IH, dd, J5-e= 
17.5 and 11.0 Hz, 5-H), 7.31 (5H, br s, Ph), and 7.84 (IH, s, 
=CHPh); MS m/z (rel intensity, %) 228 (M+, 17), 169 (54), 168 
(27), 167 (32), 154 (25), 153 (31), 152 (22), 141 (35), 128 (27), 
116 (24), 115 (base peak), and 91 (68). Found: C, 78.75; H, 
7.16%. Calcd for Ci5Hi602: C, 78.92; H, 7.06%. 

Methyl 2-(2,2-Dimethylpropylidene)-4-methylene-5-hex-
enoate (7b): Purified by silica-gel column chromatography 
with hexane-diethyl ether (15:1 v/v). (Z)-7b was the only 
product. Colorless liquid; bp 108—110°C/267 Pa (bulb-to-
bulb); IR (neat) 1730, 1240, 1205, and 930 cm"1; « N M R 
(CDCI3) 6=1.09 (9H, s, *-Bu), 3.10 (2H, s, CH2), 3.68 (3H, s, 
COOMe), 4.9—5.4 (4H, m, =CH2), 5.48 (IH, s, =CH), and 
6.35 (IH, dd, /5-6=16.0 and 10.0 Hz, 5-H); 13CNMR (CDCI3) 
0=29.77 (q, *-Bu), 33.23 (s, *-Bu), 38.40 (t, CH2), 51.17 (q, 
COOMe), 113.98, 118.03 (each t, =CH2), 128.35 (s), 138.10 (d), 
143.07 (s), 144.14 (d), and 170.36 (s, COOMe); MS m/z (rel 
intensity, %) 208 (M+, 21), 177 (21), 161 (20), 149 (24), 138 
(base peak), 133 (52), 123 (20), 119 (25), 108 (39), 106 (46), 95 
(33), 93 (57), 91 (67), 81 (27), 79 (67), and 77 (38). HRMS 
Found: m/z 208.1457. Calcd for Ci3H20O2: M, 208.1462. 

Methyl 2-Cinnamylidene-4-methylene-5-hexenoate (7c): 
Two isomers were separated from each other by column 
chromatography on silica gel with hexane-diethyl ether 
(9:1 v/v). (£)-7c: Colorless liquid; IR (neat) 1710, 1620, 
1210, 1080, 900, and 745 cm"1; *H NMR (CDCI3) <5=3.40 (2H, 
s, CH2), 3.73 (3H, s, COOMe), 4.8—5.5 (4H, m, =CH2), 6.51 
(IH, /=17.5 and 11.0 Hz, =CH), and 6.8—7.6 (8H, m, Ph 
and =CH); iaCNMR (CDCI3) 6=28.26 (t, CH2), 51.85 (q, 
COOMe), 113.30, 116.17 (each t, =CH2), 123.63, 127.14, 
128.45, 128.70 (each d), 136.34 (s), 139.03, 140.15, 140.68 (each 
d), 143.17 (s), and 168.22 (s, COOMe); MS m/z (rel intensity, 
%) 254 (M+, 18), 195 (23), 179 (26), 178 (22), 165 (28), 163 (40), 
162 (21), 141 (63), 128 (22), 119 (21), 117 (65), 116 (71), 104 
(23), and 91 (base peak). HRMS Found: m/z 254.1300. 
Calcd for Ci7Hi802: M, 254.1306. (Z)-7c: Colorless liquid; 
IR (neat) 1710, 1620, 1210, 975, 900, 745, and 690 cm"1; 
!H NMR (CDCI3) 6=3.28 (2H, s, CH2), 3.76 (3H, s, COOMe), 
4.9—5.3 (4H, m, =CH2), 6.34 (IH, dd, /5-6=17.5 and 11.0 Hz, 
=CH), 6.55 (IH, d, /=11.5 Hz, =CH), 6.68 (IH, d, 7=15.5 Hz, 
=CHPh), 7.2—7.5 (5H, m, Ph), and 7.86 (IH, dd, 7=15.5 and 
11.5 Hz, =CH); 13CNMR (CDCI3) 6=35.82 (t, CH2), 51.61 (q, 
COOMe), 114.17, 117.83 (each t, =CH2), 125.77, 127.23 (each 
d), 127.96 (s), 128.55, 128.70 (each d), 136.84 (s), 138.39, 
138.98, 141.22 (each d), 144.05 (s), and 167.77 (s, COOMe); 
MS m/z (rel intensity, %) 254 (M+, 3), 117 (32), 116 (base 
peak), 91 (76), and 77 (31). HRMS Found: m/z 254.1311. 
Calcd for Ci7Hi802: M, 254.1306. 

Methyl [(E)-2-Butenylidene]-4-methylene-5-hexenoate (7d): 
Two isomers were separated from each other by column 

chromatography on silica gel with hexane-diethyl ether 
(15:1 v/v). (£)-7d: Colorless liquid; IR (neat) 1710, 1640, 
1210, and 900 cm"1; « N M R (CDCI3) <5=1.85 (3H, d, 7=5.0 
Hz, Me), 3.25 (2H, s, CH2), 3.71 (3H, s, COOMe), 4.7—5.4 
(4H, m, =CH2), 6.0—6.2 (2H, m, =CH and =CHMe), 6.46 
(IH, dd, 7s-6=17.0 and 11.0 Hz, 5-H), and 7.2—7.4 (IH, m, 
=CH); MS m/z (rel intensity, %) 192 (M+, 79), 137 (22), 133 
(73), 131 (22), 119 (21), 117 (58), 116 (26), 105 (86), and 91 
(base peak). HRMS Found: m/z 192.1145. Calcd for 
Ci2Hi602: M, 192.1149. (Z)-7d: Colorless liquid; IR (neat) 
1710, 1640, 1210, 980, and 900 cm"1; « N M R (CDCI3) 
6=1.83 (3H, dd, 7=7.0 and 1.5 Hz, Me), 3.20 (2H, t, CH2), 
3.72 (3H, s, COOMe), 4.9—5.4 (4H, m, =CH2), 5.92 (IH, dq, 
7=15.0 and 7.0 Hz, =CHMe), 6.32 (IH, d, /=11.0 Hz, =CH), 
6.38 (IH, dd, 75-6=17.0 and 11.0 Hz, 5-H), and 7.05 (IH, ddq, 
7=15.0, 11.0, and 1.5 Hz, =CH); MS m/z (rel intensity, %) 192 
(M+, base peak), 161 (22), 137 (33), 133 (75), 117 (43), 105 (66), 
and 91 (65). HRMS Found: m/z 192.1143. Calcd for 
Ci2Hi602: M, 192.1149. 

General Procedure for the Michael Addition of 1 with 
Methyl Lithio(methylsulfinyl)methyl Sulfide and Subse­
quent Peterson Olefination Leading to 8a—c. As a typical 
procedure, the reaction of 1 with methyl lithio(methyl-
sulfinyl)methyl sulfide and benzaldehyde is described below: 
To a solution of methyl (methylsulfinyl)methyl sulfide (0.41 
g, 3.3 mmol) in dry THF (6 ml) was added, at —78 °C under 
dry nitrogen, butyllithium (1.6 M in hexane, 2.1 ml, 3.3 
mmol). After 30 min, a solution of 1 (0.747 g, 3 mmol) in 
THF (1 ml) was added rapidly (in a few seconds) by the aid 
of a syringe. After 1 h at the same temperature, benzalde­
hyde (0.318 g, 3 mmol) in T H F (1 ml) was added. Stirring 
was continued at —78°C for 30 min, at 0°C for 15 min, and 
at room temperature for 15 min. The resulting mixture 
was cooled down to 0 °C and poured into saturated aqueous 
ammonium chloride, extracted with diethyl ether (25 mlX2). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo. The residue (0.805 g, 90%) was 
almost pure 8a which was submitted to NMR measurement. 

Peterson olefinations using other carbonyl compounds 
were smilarly carried out under the reaction conditions 
listed in Table 1 (Entries 18—20). 

Methyl 2-[2-Methylsulfinyl-2-(methylthio)ethyl]-3-phenyl-
propenoate (8a): (£)-8a was the only product. Colorless 
liquid; IR (neat) 1700, 1430, 1245, and 1040 cm"1; *HNMR 
(CDCI3) 6=2.10 (3H, s, MeS), 2.56 (3H, s, MeSO), 3.06 (IH, 
dd, 7gem=14.2 and 7=10.8 Hz, one of CH2), 3.38 (IH, ddd, 
7gem=14.2, 7=4.5, and 1.3 Hz, the other of CH2), 3.82 (3H, s, 
COOMe), 3.91 (IH, dd, 7=10.8 and 4.5 Hz, CH), 7.3—7.5 
(5H, m, Ph), and 7.85 (IH, d, 7=1.3 Hz, =CH); MS m/z (rel 
intensity, %) 235 (M+-63, 62), 234 (23), 203 (50), 187 (base 
peak), 175 (77), 160 (30), 155 (31), 143 (51), 142 (25), 129 (33), 
128 (79) 127 (22), and 115 (37). On an attempted distillation 
under vacuum (120 to 130°C/27 Pa), this compound 8a 
changed into methyl (£)-2-[2-(methylthio)ethenyl]-3-
phenyl-propenoate as a 7:4 mixture of two geometrical 
isomers in 80% yield.9) 

Methyl 2-[2-Methylslfinyl-2-(methylthio)ethyl]-2-pentenoate 
(8b): Obtained as an inseparable 1:1 mixture of (£)-8b and 
(Z)-8b (*H NMR). Purified by silica-gel column chromatog­
raphy with chloroform. Colorless liquid; IR (neat) 1710, 
1430, 1235, and 1040 cm-*; *HNMR (CDCI3) <5=1.04, 1.08 
(3H, each t, 7=7.0 Hz, Et), 2.23 (3H, s, MeS), 2.3—3.3 (8H, 
m, CH2, CH, Et, and MeSO), 6.13, and 6.93 (IH, each t, 
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/=8.0 Hz, =CH); MS m/z (rel intensity, %) 187 (M+-63, 52), 
155 (88), 127 (base peak), 99 (55), and 79 (52). No analytical 
data were available due to the absence of parent ion peak. 

Methyl 2-[2-Methylsulfinyl-2-(methylthio)ethyl]-5-phenyl-
2,4-pentadienoate (8c): (£)-8c was the only product which 
was purified by silica-gel column chromatography with 
chloroform. Colorless needles (benzene-hexane); mp 95— 
97°C; IR (KBr) 1700, 1435, 1230, 1040, and 740 cm"1; 
!HNMR (CDCls) 6=2.24 (3H, s, MeS), 2.66 (3H, s, MeSO), 
2.86 (1H, dd, /gem=14.5 and /=10.4 Hz, one of CH2), 2.42 
(1H, dd, /=14.5 and /=4.5 Hz, the other of CH2), 2.68 (1H, 
dd, /=10.4 and 4.5 Hz, CH), 3.80 (3H, s, COOMe), and 6.8— 
7.6 (8H, Ph and =CH); MS m/z (rel intensity, %) 261 (M+ 

- 6 3 , 28), 260 (22), 213 (33), 212 (23), 181 (36), 169 (46), 155 
(32), 154 (70), 153 (base peak), 152 (58), 141 (43), 128 (27), 115 
(40), 91(71), and 77 (25). 

Dimethyl 2-Ethyl-4-butylidene-2-(trimethylsilyl)pentane-
dioate (9): To the methylmagnesium iodide freshly pre­
pared from Mg (0.08 g, 3.3 mmol) and Mel (0.468 g, 3.3 
mmol) in dry diethyl ether (5 ml) was added under dry 
nitrogen copper(I) chloride (1.5 mg, 0.5 mol%). After stir­
ring at room temperature for 20 min, the mixture was cooled 
down to -15°C and 1 (0.474 g, 3 mmol) in THF (1 ml) was 
added rapidly (in a few seconds) by the aid of a syringe. 
Stirring was continued at the same temperature for 1 h and 
butanal (0.216 g, 3 mmol) was added. The mixture was 
stirred at — 15°C for 15 min and at room temperature for 
additional 15 min, poured into saturated aqueous ammo­
nium chloride, and extracted with diethyl ether (25 mlX3). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo. The residue was chromato-
graphed on silica gel by using hexane-diethyl ether (9:1 
v/v) to give (Z)-9 as a sole product (0.344 g, 73%): Colorless 
liquid; IR (neat) 1720, 1220, and 845 cm"1; 1H NMR (CDCI3) 
0=0.09 (9H, s, Me3Si), 0.89, 0.95 (each 3H, t, 7=7.5 Hz, Et 
and n-Pr), 1.2—1.9 (4H, m, n-Pr), 2.25 (2H, q, 7=7.5 Hz, Et), 
2.45, 2.94 (each 1H, d, 7gem=14.0 Hz, 3-CH2), 3.59, 3.68 (each 
3H, s, COOMe), and 5.75 (1H, t, 7=7.5 Hz, =CH); ^CNMR 
(CDCI3) ô=—2.17 (q, Me3Si), 11.27, 13.80 (each q, Et and n-
Pr), 22.66, 24.31, 31.70 36.52 (each t, Et, n-Pr, and 3-CH2), 
42.62 (s, 2-C), 50.74, 51.14 (each q, COOMe), 130.22 (s, 4-C), 
141.84 (d, =CH), 169.09, and 176.24 (each COOMe); MS m/z 
(rel intensity, %) 314 (M+, 10), 182 (39), 174 (27), 167 (31), 93 
(20), 89 (33), 81 (24), and 73 (base peak). HRMS Found: ml 
z 314.1914. Calcd for Ci6H3o04Si: M, 314.1912. 

Dimethyl 4-Benzylidene-2-(2-propenyl)-2-(trimethylsilyl)-
pentanedioate (10): A procedure similar to the above one 
employed for preparing 9 was applied by using vinylmagne-
sium bromide (1.5 M in THF, 2.2 ml, 3.3 mmol), copper(I) 
chloride (1.5 mg, 0.5 mol%), 1 (0.474 g, 3 mmol), benzalde-
hyde (0.318 g, 3 mmol). The crude product was purified by 
silica-gel column chromatography with hexane-diethyl 
ether (9:1 v/v) to give (£)-10 (0.151 g, 28%) and (Z)-10 (0.303 
g, 56%). (£)-10: Colorless liquid; IR (neat) 1720, 1245, 
1110, and 845 cm"1; *HNMR (CDCI3) <5=~0.05 (9H, s, 
Me3Si), 1.86 (1H, dd, 7gem=14.5 and 7=8.0 Hz, one of CH2), 
2.48 (1H, dd, 7gem=14.5 and 7=5.5 Hz, the other of CH2), 
2.97, 3.24 (each 1H, d, 7gem=13.5 Hz, 3-CH2), 3.43, 3.75 (each 
3H, s, COOMe), 4.7—5.0 (2H, m, =CH2), 5.5—6.1 (1H, m, 
=CH), 7.2—7.4 (5H, m, Ph), and 7.65 (1H, s, =CHPh); MS 
m/z (rel intensity, %) 360 (M+, 13), 185 (17), 115 (17), 102 (24), 
89 (30), 81 (27), and 73 (base peak). Found: C, 66.79; H, 
7.93%. Calcd for C2oH2804Si: C, 66.63; H, 7.83%. (Z)-10: 

Colorless liquid; IR (neat) 1720, 1210, 1120, and 840 cm"1; 
!HNMR (CDCI3) 6=0.13 (9H, s, Me3Si), 2.3—2.9 (2H, m, 
CH2), 2.55, 3.21 (each 1H, d, 7gem=13.5 Hz, 3-CH2), 3.55, 3.61 
(each 3H, s, COOMe), 5.03 (1H, br d, 7=10.5 Hz, one of 
=CH2), 5.06 (1H, br d, 7=16.0 Hz, the other of =CH2), 5.7— 
6.2 (1H, m, =CH), 6.58 (1H, s, =CHPh), and 7.1 —7.4 (5H, m, 
Ph); 13CNMR (CDCI3) <5=-2.35 (q, Me3Si), 36.05, 37.57 
(each t, CH2), 41.86 (s, 2-C), 51.02, 51.55 (each q, COOMe), 
117.07 (t, =CH2), 127.81, 128.11 (each d), 131.98 (s), 135.21 
(d), 135.86 (s), 136.38 (d), 170.32, and 175.72 (each s, 
COOMe); MS m/z (rel intensity, %) 360 (M+, 29), 215 (17), 
185 (31), 95 (23), 89 (31), 81 (23), and 73 (base peak). Found: 
C, 66.50; H, 7.83%. Calcd for C2oH2804Si: C, 66.63; H, 
7.83%. 

Dimethyl 2-(2-Propenyl)-2,4-bis(trimethylsilyl)pentanedioate 
(11): To the THF (6 ml) solution of dibutyldivinyltin 
(0.474 g, 1.65 mmol) was added at —78°C under dry nitrogen 
butyllithium (1.6 M in hexane, 2.1 ml, 3.3 mmol). After 20 
min, 1 (0.474 g, 3 mmol) was added rapidly (in a few 
seconds) by the aid of a syringe at —78°C under dry nitrogen. 
Stirring was continued at the same temperature for 1.5 h, 
poured into saturated aqueous ammonium chloride, and 
extracted with diethyl ether (20 mlX3). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was chromatographed on silica gel 
with hexane in order to remove the tin compound and then 
hexane-diethyl ether (9:1 v/v) to give 10 (0.351 g, 68%) as a 
single diastereomer. Colorless liquid; IR (neat) 1720, 1435, 
1250, 1205, 1155, and 843 cm"1; « N M R (CDCI3) <5=0.09 
(9H, s, Me3Si), 1.8—2.8 (3H, m, CH2 and CH), 3.54, 3.60 
(each 3H, s, COOMe), 4.8—5.1 (2H, m, =CH2), and 5.6—6.1 
(1H, m, =CH); ^CNMR (CDCI3) <5=~2.94, -2.41 (each q, 
Me3Si), 29.06 (t, CH2), 34.99 (d, 4-C), 35.58 (t, CH2), 44.09 (s, 
2-C), 50.96 (q, COOMe), 116.77 (t, =CH2), 136.56 (d, =CH), 
176.07, and 176.30 (each s, COOMe); MS m/z (rel intensity, 
%) 344 (M+, 4), 199 (14), 186 (18), 95 (34), 89 (27), and 73 (base 
peak). HRMS Found: m/z 344.1806. Calcd for Ci6H32-
04Si:M, 344.1837. 

General Procedure for the Preparation of 12a,b and 13a,b. 
As a typical procedure, the reaction leading to 12a is de­
scribed as follows: Freshly prepared LDA (3 mmol) was 
added at —78°C under nitrogen to a solution of ethyl acetate 
(0.264 g, 3 mmol) in diethyl ether (5 ml). To this solution 
was added 1 (0.158 g, 1 mmol) all at once by the aid of a 
syringe. The mixture was stirred at the same temperature 
for 1 h, poured into saturated aqueous ammonium chloride, 
and extracted with diethyl ether (15 mlX2). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was purified by vacuum distillation 
to give 12a (0.207 g, 84%). 

Preparation of 12a,b and 13a,b was performed by a similar 
procedure under the reaction conditions listed in Table 1 
(Entries 1—3, 5—7, 9, 10, 14, 16). 

5-Ethyl 1-Methyl 2-(Trimethylsilyl)pentanedioate (12a): 
Colorless liquid; bp 140— 150°C/20 Pa (bulb-to-bulb); IR 
(neat) 1720, 1430, 1250, and 840 cm"1; *HNMR (CDCI3) 
0=0.00 (9H, s, Me3Si), 1.16 (3H, t, 7=7.0 Hz, COOEt), 1.6— 
1.8 (1H, m, CH2), 1.9—2.2 (3H, m, CH2), 2.34 (1H, ddd, 
7gem=15.5, 7=8.4, and 4.8 Hz, 4-H), 3.56 (3H, s, COOMe), 
and 4.03 (2H, q, 7=7.0 Hz, COOEt); 13CNMR (CDCI3) 
<5=-2.75 (Me3Si), 14.27 (COOEt), 22.06 (3-C), 34.53 (4-C), 
36.86 (2-C), 52.44 (COOMe), 60.27 (COOEt), 173.15, and 
175.26 (COO); MS m/z (rel intensity, %) 246 (M+, 6), 215 (17), 



474 Junji TANAKA, Shuji KANEMASA, Yusuke NINOMIYA, and Otohiko TSUGE [Vol. 63, No. 2 

201 (36), 160 (37), 159 (base peak), 117 (24), 114 (26), 89 (31), 
and 73 (76). Found: C, 53.80; H, 9.37%. Calcd for 
CiiH2204Si: C, 53.63; H, 9.00%. 

Ethyl Methyl 2,4-Bis(trimethylsilyl)pentanedioate (12b): 
Obtained as a single isomer. Colorless liquid; bp 123—125 
°C/18 Pa (bulb-to-bulb); IR (neat) 1720, 1250, 1140, and 840 
cm-1; iHNMR (CDC13) 6=0.08 (9H, s, Me3Si), 1.23 (3H, t, 
/=7.0 Hz, COOEt), 1.7—2.2 (4H, m, CH2 and CH), 3.60 (3H, 
s, COOMe), 4.08, and 4.10 (each q, /=7.0 Hz, COOEt); 
!3CNMR (CDCI3) <5=-2.64 (q, Me3Si), 14.56 (q, COOEt), 
23.66 (t, 3-C), 38.04, 38.16 (each d, 2- and 4-C), 50.96 (q, 
COOMe), 59.77 (t, COOEt), 174.78, and 175.31 (each COO); 
MS m/z (rel intensity, %) 318 (M+, 10), 273 (14), 218 (15), 173 
(91), 159 (63), 147 (23), 99 (19), 89 (21), 75 (24), and 73 (base 
peak). Found: C, 52.54; H, 9.53%. Calcd for Ci4H30O4Si: 
C, 52.79; H, 9.40%. 

7-Ethyl 1-Methyl 4-Methoxycarbonyl-2,4-bis(trimethylsilyl)-
heptanedioate (13a): Obtained as an inseparable 1:1 mix­
ture of two diastereomers. Colorless liquid; bp 220°C/20 
Pa (bulb-to-bulb); IR (neat) 1710, 1425, 1245, 1150, and 840 
cm-1; *HNMR (CDCI3) <5=~0.10, -0.02, -0.01 (18H, each s, 
Me3Si), 1.12, 1.14 (each 1/2X3H, t, /=7.0 Hz, COOEt), 1.6— 
2.5 (7H, m, CH2 and CH), 3.49, 3.50, 3.51, 3.52 (each 
1/2X3H, s, COOMe), 4.00, and 4.01 (each 1/2X2H, q, /=7.0 
Hz, COOEt); 13CNMR (CDCI3) <5=~2.80, -2.65, -2.25, 
-2.01 (Me3Si), 14.48 (COOEt), 26.30, 26.37, 28.89, 29.58, 
30.79, 31.57, 34.10, 35.11, 41.97, 43.59 (CH2, CH, and q-C), 
51.30, 51.41 (COOMe), 60.44 (COOEt), 173.60, 173.97, 
175.81, 176.20, 176.26, and 176.71 (each COO); MS m/z (rel 
intensity, %) 404 (M+, 3), 259 (12), 159 (13), 99 (13), 89 (34), 75 
(21), and 73 (base peak). HRMS Found: m/z 404,2049. 
Calcd for Ci8H3606Si2: M, 404.2049. 

Ethyl Methyl 4-Methoxycarbonyl-2,4,6-tris(trimethylsilyl)-
heptanedioate (13b): Obtained as an inseparable mixture 
of two diastereomers. Purified by silica-gel column chro­
matography with hexane-diethyl ether (10:1 v/v). Color­
less liquid; bp 220°C/67 Pa (bulb-to-bulb); IR (neat) 1720, 
1435, 1250, 1150, and 850 cm"1; *HNMR (CDCI3) 6=0.06, 
0.07, 0.08, 0.09, 0.11 (27H, each s, Me3Si), 1.25 (3H, t, 
COOEt), 1.7—2.5 (6H, m, CH2 and CH), 3.54, 3.58, 3.60, 
3.64 (6H, each s, COOMe), and 4.0—4.2 (2H, m, COOEt); 
13CNMR (CDCI3) <5=-2.91, -2.85, -2.79, -2.75, -2.13, 
-2.03 (each Me3Si), 14.37, 14.43 (each COOEt), 28.84, 29.95, 
31.69, 34.43, 35.00, 43.96, 44.58 (CH2, CH, and q-C), 50.68, 
50.75, 50.91, 51.09 (each COOMe), 59.72, 59.94 (each 
COOEt), 175.59, 175.89, 175.98, 176.21, 176.34, and 176.41 
(each COO); MS m/z (rel intensity, %) 476 (M+, 6), 225 (14), 
173 (18), 159 (16), 117 (15), 89 (19), 75 (34), and 73 (base 
peak). Found: C, 52.80; H, 9.72%. Calcd for C2iH4406Si3: 
C, 52.90; H, 9.50%. 

General Procedure for the Preparation of 14a,b and 15a,b. 
Similar procedures under the reaction conditions shown in 
Table 1 (Entries 4, 8, 11 — 14, 17) gave 14a,b and 15a,b. 

5-Ethyl 1-Methyl 2-Benzylidenepentanedioate (14a): 
Obtained as an inseparable mixture of (£)-14a and (Z)-14a. 
Colorless liquid; bp 140—150°C/213 Pa (bulb-to-bulb); IR 
(neat) 1733, 1714, 1252, and 698 cm"1; *HNMR (CDCI3) E-
isomer: 0=1.22 (3H, t, /=7.0 Hz, COOEt), 2.4—3.0 (4H, m, 
CH2), 3.61 (3H, s, COOMe), 4.10 (2H, q, /=7.0 Hz, COOEt), 
7.32 (5H, br s, Ph), and 7.72 (1H, s, =CHPh). Z-isomer: 
0=1.24 (3H, t, /=7.0 Hz, COOEt), 2.4—3.0 (4H, m, CH2), 
3.80 (3H, s, COOMe), 4.13 (2H, q, /=7.0 Hz, COOEt), 6.72 
(1H, s, =CH), and 7.22 (5H, br s, Ph); 13CNMR (CDCI3) 

0=14.18, 14.24 (each COOEt), 23.12, 30.67 (each CH2), 33.40, 
33.55 (each CH2), 51.65, 52.06 (each COOMe), 60.46, 60.52 
(each COOEt), 127.93, 128.12, 128.15, 128.64, 128.66, 129.18, 
131.20, 132.41, 135.06, 135.26, 135.90, 140.44 (each Ph and 
=CH), 168.32, 169.53, 172.48, and 172.71 (each COO). MS 
m/z (rel intensity, %) 262 (M+, 8), 202 (15), 174 (18), 129 (base 
peak), 128 (30), and 115 (40). Found: C, 68.39; H, 7.12%. 
Calcd for Ci5Hi804: C, 68.68; H, 6.92%. 

5-Ethyl 1-Methyl 2-Benzylidene-4-(trimethylsilyl)pentanedioate 
(14b): Obtained as an inseparable mixture of (£)-14b and 
(Z)-14b. Purified by silica-gel column chromatography 
with hexane-diethyl ether (10:1 v/v). Colorless liquid; bp 
150—157 °C/186 Pa (bulb-to-bulb); IR (neat) 1716, 1252, 
1155, and 847 cm"1; 1H NMR (CDCI3) £-isomer: 0=0.06 (9H, 
s, Me3Si), 1.08 (3H, t, /=7.0 Hz, COOEt), 2.2—3.4 (3H, m, 
CH2 and CH), 3.76 (3H, s, COOMe), 3.94 (2H, q, /=7.0 Hz, 
COOEt), 7.0—7.5 (5H, m, Ph), and 7.62 (1H, s, =CHPh). Z-
isomer: 0=0.13 (9H, s, Me3Si), 1.21 (3H, t, /=7.0 Hz, 
COOEt), 2.2—3.4 (3H, m, CH2 and CH), 3.59 (3H, s, 
COOMe), 4.09 (2H, q, /=7.0 Hz, COOEt), 6.72 (1H, s, 
=CHPh), and 7.0—7.5 (5H, m, Ph); 13CNMR (CDCI3) 
<5=-2.64, -2.54 (each Me3Si), 14.48, 14.73 (each COOEt), 
24.41, 32.49 (each CH2), 36.86, 37.09 (each CH), 51.73, 52.10 
(each COOMe), 59.92, 60.08 (each COOEt), 127.94, 128.13, 
128.29, 128.33, 128.50, 128.59, 129.39, 132.96, 133.64, 134.58, 
135.83, 136.33, 139.82 (each Ph, =CH, and =C), 168.79, 
169.94, 174.39, and 174.75 (each COO); MS m/z (rel inten­
sity, %) 334 (M+, 8), 288 (20), 273 (20), 173 (32), 159 (20), 129 
(45), and 75 (24). Found: C, 64.77; H, 7.92%. Calcd for 
Ci8H2604Si: C, 64.64; H, 7.83%. 

7-Ethyl 1-Methyl 2-Benzylidene-4-methoxycarbonyl-4-
(trimethylsilyl)heptanedioate (15a): Obtained as an insep­
arable 1:1 mixture of (£)-15a and (Z)-15a after purification 
by silica-gel column chromatography with hexane-diethyl 
ether (2:1 v/v). Pale yellow liquid; IR (neat) 1720, 1430, 
1245, 1200, and 835 cm"1; *HNMR (CDCI3) <5=~0.03, 0.14 
(each 1/2X9H, s, Me3Si), 1.20, 1.23 (each 1/2X3H, q, 
COOEt), 1.4—3.3 (6H, m, CH2), 3.49, 3.60, 3.64, 3.77 (each 
1/2X3H, COOMe), 4.07, 4.08 (each 1/2X2H, COOEt), 6.66 
(1/2H, s, =CH(Z)), 7.1—7.4 (5H, m, Ph), and 7.74 (1/2H, s, 
=CH(E)); 13CNMR (CDCI3) <5=~2.50, -2.37 (each Me3Si), 
14.48, 14.44 (each COOEt), 26.74, 26.91, 30.38, 31.63, 31.80, 
38.31, 40.01, 41.79 (each CH2), 51.24, 51.37, 51.95, 52.26 (each 
COOMe), 60.37, 60.47 (each COOEt), 128.10, 128.27, 128.46, 
128.70, 131.67, 132.47, 135.35, 136.07, 136.15, 141.60 (Ph and 
=C), 169.05, 170.72, 173.77, 173.91, 175.67, and 176.26 (each 
COO); MS m/z (rel intensity, %) 420 (M+, 10), 155 (13), 141 
(20), 115 (24), 89 (23), and 73 (base peak). Found: C, 62.93; 
H, 7.92%. Calcd for C22H3206Si: C, 62.83; H, 7.67%. 

7-Ethyl 1-Methyl 2-Benzylidene-4-methoxycarbonyl-4,6-
bis(trimethylsilyl)heptanedioate (15b): Obtained as a 1:2 
mixture of (£)-15b and (Z)-15b which were separated from 
each other by column chromatography on silica gel with 
hexane-diethyl ether (5:1 v/v). (£)-15b: Colorless liquid; 
IR (neat) 1720, 1440, 1250, and 845 cm"1; « N M R (CDCI3) 
0=0.08, 0.11 (each 9H, s, Me3Si), 1.30 (3H, t, /=7.0 Hz, 
COOEt), 1.70 (1H, d, /gem=14.3 Hz, one of 5-H), 2.18 (1H, 
dd, /gem=14.3 and /=9.9 Hz, the other of 5-H), 2.30 (1H, d, 
/=9.9 Hz, 6-H), 3.00, 3.18 (each 1H, d, /gem=14.5 Hz, 3-H), 
3.57, 3.84 (each 3H, s, COOMe), 4.14 (2H, q, COOEt), 7.3— 
7.6 (5H, m, Ph), and 7.75 (1H, s, =CH); 13CNMR (CDCI3) 
/ = - 2 . 5 8 (Me3Si), 14.37 (COOEt), 28.87, 29.27 (3- and 5-C), 
34.67 (6-C), 42.85 (4-C), 50.70, 51.79 (each COOMe), 59.68 
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(COOEt), 128.07, 128.48, 129.17, 131.93, 136.02, 140.30 (Ph 
and =C), 168.99, 175.60, and 176.11 (each COO); MS m/z (rel 
intensity, %) 492 (M+, 2), 229 (15), 197 (11), 169 (15), 155 (14), 
141 (21), 115 (19), 89 (20), 75 (17), and 73 (base peak). 
HRMS Found: m/z 492.2344. Calcd for C25H4o06Si2: M, 
492.2362. (Z)-15b: Colorless liquid; IR (neat) 1710, 1430, 
1210, and 840 cm"1; 1U NMR (CDCls) ô=0.08, 0.16 (each 9H, 
s, Me3Si), 1.11 (3H, t, /=7.0 Hz, COOEt), 2.1—2.4 (3H, m, 
CH2 and CH), 2.79 (2H, br s, 3-H), 3.60, 3.62 (each 3H, s, 
COOMe), 3.85, 4.01 (each 1H, dq, /gem=10.0 and /=7.0 Hz, 
COOEt), 6.56 (1H, s, =CH), and 7.2—7.4 (5H, m, Ph); 
13CNMR (CDCI3) <5=-2.59, -2.23 (each Me3Si), 14.18 
(COOEt), 29.96 (5-C), 34.57 (3-C), 37.57 (6-C), 43.92 (4-C), 
50.96, 51.76 (each COOMe), 59.87 (COOEt), 127.64, 127.87, 
128.16, 133.26, 134.15, 135.98 (Ph and =C), 170.49, 175.72, 
and 176.01 (each COO); MS m/z (rel intensity, %) 492 (M+, 
2), 446 (11), 229 (12), 141 (13), 115 (13), 91 (14), 89 (17), 75 
(16), and 73 (base peak). HRMS Found: m/z 492.2367. 
Calcd for C25H40O6S12: M, 492.2362. 
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Michael addition of organomagnesiums or -lithiums with methyl 2-(trimethylsilyl)propenoate leads to 
either 1:1 or 1:2 adduct anions, depending upon the reaction conditions and the reactivity of donor molecules. 
The adduct anions, both 1:1 and 1:2 types, are quenched with alkyl halides or water in a highly stereoselective 
manner to produce a-silylated esters. A rigid intramolecular chelation working in the adduct anions is partly 
responsible for the high selectivity. 

Methyl 2-(trimethylsilyl)propenoate (1) is known as 
an excellent acceptor in the Michael reactions wi th 
o rganomagnes iums and -lithiums.1 ,2 ) T h e resul t ing 
1 :1 adduct anions are reactive as a donor enough to 
repeat Michael addi t ion to another molecule of 1 
forming 1:2 adduct an ions which are highly stabi­
lized by a rigid int ramolecular chelation, especially so 
in a nonpo la r solvent.3) P redominan t formation of 
the 1:1 adduct anions between 1 and the l i th ium 
enolates of esters can be achieved in such a nonpo la r 
solvent.3) 

Adduct anions formed in the Michael addi t ion of 1 
are the metal enolates of a-silylated esters so that they 
can be utilized for the one-flask Peterson-olefination 
procedure by condensat ion with carbonyl compounds 
leading to «-alkylated « ^ - u n s a t u r a t e d esters.1_3) 

Another uti l ization of the adduct anions in organic 
synthesis would be the in situ alkylation or protona­
tion leading to a-silylated esters which are rather 
difficult to prepare by other routes.4) 

In the present article, a stereoselective Michael 
addit ion-alkylat ion (or Michael addi t ion-protona-
tion)5) sequence us ing methyl 2-silylpropenoate 1 wi th 
o rganomagnes iums or - l i thiums is described in detail. 

Results and Discussion 

T h e Michael addi t ion of pheny l l i th ium with 
methyl 2-(trimethylsilyl)propenoate (1) has been 
reported in the preceding paper.3* T h u s , a slightly 
excess (1.2 equiv) of pheny l l i th ium was allowed to 
react wi th 1 at — 30 °C in tetrahydrofuran (THF) by 
employing a rapid mix ing method,3* and the resul t ing 
1:1 adduct an ion A was treated wi th methyl iodide at 
room temperature to give methyl 2-methyl-3-phenyl-
2-(tr imethylsilyl)propanoate (2a) in 98% yield (Scheme 
1). Use of pheny lmagnes ium bromide instead of 
pheny l l i th ium failed to lead to the selective formation 
of 1:1 adduct anion. 

Similar Michael addi t ion and alkylation sequences 
can be carried out by employing other donor mole­
cules such as 2-l i thio-l ,3-butadiene, methyl l i thio-
(methylsulfinyl)methyl sulfide, and the l i th ium eno-
late of ethyl acetate and alkylation reagents such as 

methyl, ethyl, pentyl, and octyl iodides (Scheme 1). 
T h u s , a-alkyl-a-trimethylsilyl esters 2a,b, 3a—c, 4, 
and 5 were obtained in good to excellent yields (Table 
1, Entries 1—8). 

T h e product 4 derived from the Michael addi t ion 
us ing methyl l i thio(methylsulfinyl)methyl sulfide was 
found to be a mixture of diastereomers (Entry 7). 
Th i s adduct 4 suffered from a ready e l iminat ion of the 
sulfinyl moiety on hea t ing to give ß ,y-unsaturated 
ester 5. 

Interestingly, the Michael-alkylat ion product 7a 
derived from the l i th ium enolate of ethyl (trimethylsil-
yl)acetate and methyl iodide was a single diastereomer 
(Entry 9). Alkylat ion of the same 1:1 adduct an ion 
A [R=CH(COOEt)(SiMe 3 ) ] wi th allyl and benzyl 
bromides, t hough hexamethylphosphor ic tr iamide 
(HMPA) was needed to activate the an ion A in the 
latter case, was again diastereoselective to give 7b,c as 
single isomers (Entries 10, 11). O n the other hand , 
quench ing of the same adduct an ion A with water 

SiMe3 
RLi, 

COOMe 

SiMe3 

C(OLi)OMd 

R'X 
R' SiMe3 

-*- R, jc COOMe 

COOMe 

R; SiMe3 „ R; SiMe3 

P h ^ C O O M e ^ ^ 
2a R' = Me 3a R" = Me 
2b R' = n-CsHn 3b R'= Et 

3c R' = >z-C8H17 

3d R" = D 
MeS Me SiMe3 Me SiMe3 

MeS(O)' sCOOMe MeS" COOMe 

Me SiMe3 Me3Si R'x SiMe3 

EtOOC" ^ ^COOMeEtOOC" ^ ^ ^COOMe 
7a R' = Me 
7b R' = Allyl 
7c R' = PhCH2 

Scheme 1. 
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Table 1. Michael Reactions and Subsequent Alkylation of Methyl 2-(Trimethylsilyl)propenoate 1 

Enüy 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Donor (equiv) 

PhLi(1.2) 
PhLi(1.2) 
C4H5Li(l.l)d ) 

C4H5Li(l.l)d ) 

C4H5Li(l.l)d ) 

C4H5Li(l.l)d ) 

C3H7OS2Li(l.l)e) 

CH2=C(OLi)OEt (2) 
TMSCH=CH(OLi)OEt (2) 
TMSCH=CH(OLi)OEt (2) 
TMSCH=CH(OLi)OEt (2) 

Solvent 

T H F 
T H F 
T H F 
T H F 
T H F 
T H F 
T H F 
EtOEt 
EtOEt 
EtOEt 
EtOEt 

Reaction conditions51 

Temp./°C 

- 3 0 
-30 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 

Time/h 
Alkyl halide 

Mel 
n-CöHnI 
Mel 
EtI 
n-CsHnl 
D20 
Mel 
Mel 
Mel 
CH2=CHCH2Br 
PhCH2Br8) 

Reaction conditionsb) 

Temp./°C 

- 3 0 to rt 
- 3 0 to rt 
- 7 8 to rt 
- 7 8 to rt 
- 7 8 to rt 
- 7 8 
- 7 8 to rt 
- 7 8 to rt 
- 7 8 to rt 
- 7 8 to rt 
- 7 8 to rt 

Time/h 

0.5+1 
0.5+1 
0.5+1 
0.5+1 
0.5+1 
5 min 
0.5+0.5 
2+12 
0.5+1 
2+12 
1+16 

Product 

(yield/%) ' 

2a (98) 
2b (62) 
3a (81) 
3b (79) 
3c (79) 
3d (90) 
4(79,7:4)° 
6(65) 
7a (75, single) 
7b (67, single) 
7c (49, single) 

a) Conditions for the step of Michael addition. To the solution of an acceptor was added 1 in a period of a few 
seconds, b) Conditions for the step of alkylation. c) Yield of isolated product based on 1. d) 2-Lithiol,3-
butadiene generated from 2-(tributylstannyl)-l,3-butadiene and butyllithium. e) Methyl lithio(methylsulfinyl)-
methyl sulfide, f) Isomer ratio determined by *H NMR. g) HMPA (0.5 ml for 1 mmol of 1) was added in the 
alkylation step. 

produced 7d as a 5 :4 mixture of two diastereomers 
(Entry 12). These stereoselectivity and the structural 
ass ignment of the Michael /a lkylat ion products 7a—c 
will be discussed below. 

As previously reported,3) when alkyl Gr ignard re­
agents were employed as donor molecules in the 
Michael addi t ion of 1, the reaction was not terminated 
at the stage of formation of 1:1 adduct an ions B but 
led to the selective formation of 1:2 adduct anions C 
(Scheme 2, R=alky l for both B and C). Isopropyl-
magnes ium bromide was the only exception for the 

RMgX 
SiMe3 

^ Rv^k 
B 

C(OMgX)OMe 

Me3Si ̂ ^ C(OMgX)OMe Me3Si, COOMe 

HoO 
Me3Si COOMe 

C 
Me3Si COOMe 

8a-g 
8a R = Me 8e R = /-Pr 

COOMe 8b R = Et 8f R = /-Bu 
8c R = H-Pr 8g R = Ph 
8d R = rt-Bu 

Ph" y^ 8g' 
Me3Si *COOMe 

SiMe3 

^ ^ ^ C O O M e Ph 
9 R = z-Pr 

11 R = PhCOCH2 

12 R = EtOOC(Me3Si)CH 

Me3Si COOMe 

MeOOQ 
Me^i-^ 

COOMe 

SiMe3 

Me3Sf 'COOMe 10 

SiMe3 

R 
Me3Si COOMe EtOOC 
13 R = EtOOCCH2 

14 R = PhCOCH2 

Scheme 2. 

COOMe 
SiMe3 

COOMe 

selective 1:2 adduct formation, 1:2 adduct 8e hav ing 
been accompanied by 1:1 adduct 9 (Entry 5). It was 
very surpris ing to find that the quench ing of anions C 
wi th water took place in an absolutely diastereoselec-
tive manner to give 8a—f as single diastereomers 
(Table 2, Entries 1—6). 

A similar Michael reaction between 1 and half an 
equivalent a m o u n t of pheny lmagnes ium bromide in 
diethyl ether gave 1:2 adduct 8g also as a single 
diastereomer (Entry 7), whi le the identical reaction in 
T H F produced a 3 :2 mixture of two diastereomers, 8g 
and 8g ' (Entry 8), showing the dependence of stereose­
lectivity u p o n the nature of solvent. Use of 1/3 equi­
valent of phenyl l i th ium in T H F led to the formation 
of 1:2 adduct 8g and 8g ' a long wi th 1:3 adduct 10, 
both as mixtures of two diastereomers (Entries 9, 10). 
T h u s , the na ture of the metal a tom involved in the 1:2 
adduct enolates is apparent ly responsible for the dia-
stereoselectivity in the water q u e n c h i n g reaction. 

T h e 1:1 adduct anions between 1 and the metal 
enolates of esters have a structure of monoenola te of 
pentanedioate which is c o m m o n to that of 1:2 adduct 
intermediate C, indicat ing a possibility of diastereo-
selective water quench ing . T h u s , the reaction of 1 
wi th two equivalents of the l i t h ium enolate of ethyl 
(trimethylsilyl)acetate in diethyl ether was carried out. 
Al though the 1:1 adduct 12 was obtained in an excel­
lent yield, its diastereoselectivity was poor, a 5 :4 mix­
ture of two isomers having resulted (Entry 13).6) 

Water q u e n c h i n g of the 1:2 adduct anions formed 
from the reactions of 1 wi th 1/2 equivalent of the 
l i t h ium enolates of ethyl acetate and ethyl (trimethyl-
silyl)acetate in T H F produced 1 : 2 adducts 13 and 15, 
respectively, again as mixtures of diastereomers 
(Entries 11 and 14). A similar reaction wi th the 
l i th ium enolate of acetophenone afforded 1 :1 and 1:2 
adducts, 11 and 14, even when 1.5 equivalents of the 
donor molecule were employed (Entry 12). It is inter-
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Table 2. Michael Reactions of 1 with Alkyl Grignard Reagents or Other Donor Molecules 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Donor (equiv) 

MeMgl(l) 
EtMgBr(l) 
rc-PrMgBr (1) 
rc-BuMgBr (1) 
i-PrMgBr (1) 
i-BuMgBr(l) 
PhMgBr(l/2) 
PhMgBr(l/2) 
PhLi (1/3) 
PhLi( l /3) 
CH2=C(OLi)OEt(l/2) 
CH2=C(OLi)Ph(1.5) 
TMSCH=C(OLi)OEt (2) 
TMSCH=C(OLi)OEt(l/2) 

Catalyst 

CuCl (0.5)c) 

CuCl (0.5)c) 

CuCl (0.5)c) 

CuCl (0.5)c) 

CuCl (0.5)c) 

CuCl (0.5)c) 

None 
None 
None 
None 
None 
None 
None 
None 

Solvent 

EtOEt 
EtOEt 
EtOEt 
EtOEt 
EtOEt 
EtOEt 
EtOEt 
THF 
THF 
THF 
THF 
THF 
EtOEt 
THF 

Reaction conditions^ 

Temp./°C 

- 1 5 
- 1 5 
- 1 5 
- 1 5 
- 1 5 
- 1 5 
- 1 5 
- 1 5 
- 7 8 
- 7 8 
- 7 8 
- 7 8 to 0 
- 7 8 
- 7 8 

Time/h 

1 
1 
1 
1 
1 
1 
1 
1 
1 

20 
1 
0.5+1 
1.5 
1 

Product (yield/%)b) 

8a(71)d) 

8b (73)d) 

8c (67)d) 

8d (65)d) 

8e(19)d)9(36) 
8f (62)d) 

8g (87)d) 

8g+8g'(63,3:2)e ) 

8g+8g'(65,2:3)e)10(17) f ) 

8g+8g' (37, 2:3)e) 10 (47, 7:l)e ) 

13(76, 3:2)8) 

11(27)14(30, 8: l)e) 

12(92, 5:4)h) 

15(46, 3: l)e) 

a) Conditions for the step of Michael addition, b) Yield of isolated product based on 1. c) Mole %. d) Single 
diastereomer. e) Isomer ratio determined by 1H NMR. f) No isomer ratio was available, g) Isomer ratio 
determined by 13C NMR. h) Isomer ratio determined by GLC. 

esting that diastereomer ratio was much better in the 
case of 14 (8:1) than that of 13 (3:2). Among four 
possible diastereomers of 15, only two were obtained 
in a 3:1 ratio. The first two asymmetric centers (2-
and 4-positions) of 15 must have been constructed 
stereoselectively because the alkylation of anion A 
[R=CH(SiMe3)COOEt] leading to 7a—c took place in 
an absolutely diastereoselective manner as mentioned 
above. Accordingly, stereostructure of 15 can be ten­
tatively assigned as shown in Scheme 2. 

Stereostructures of the diastereoselective 1:1 
adducts 7a—c as well as 1:2 adducts 8a—g were deter­
mined on the basis of the following chemical conver­
sions7) of 7c and 8g. Also informative was the possi­
ble mode of stereoselective Michael addition which 
will be discussed below. Compound 8g, the product 
obtained by water quenching of the 1: 2 adduct anion 
C (R=Ph, X=Br) derived from 1 and phenylmagne-
sium bromide, was reduced with lithium aluminum 
hydride (LAH) to give diol 16. Treating 16 succes­
sively with butyllithium and jfr-toluenesulfonyl chlo­
ride and subsequent cyclization of the resulting tosy-
late produced tetrahydropyran 17 in a total yield of 
55% based on 8g (Scheme 3). Diol 16 was also 
obtained by the LAH reduction of 7c which was 

SiMe* 

7c 
CH2Ph 

SiMe3 16 

M e 3 S i « s / \ / 
b,c ^ J p'Si 

£H2Ph 
SiMe* 

or 
17 

a: UAIH4 b: rt-BuLi/TsCl c: fl-BuLi 

Scheme 3. 

produced by the diastereoselective benzylation of the 
1:1 adduct anion A [R=CH(COOEt)(SiMe3)] derived 
from 1 and the lithium enolate of ethyl (trimethyl-
silyl)acetate. 

Stereostructure of 17 was determined to be 3-benzyl-
r-3,^-5-bis(trimethylsilyl)perhydropyran on the basis 
of 1 HNMR spectrum. The trimethylsilyl group 
appeared at 6=0.11 was confirmed to attach to 3-
position due to a strong NOE with benzyl protons 
(Fig. 1). This silyl group showed another NOE with 
a doublet proton at 3.99 which can be assigned to be 2-
Heq, and no NOE with 2-Hax (3.12). The trimethyl­
silyl group appeared at —0.09 must occupy the equa­
torial position regardless of the configuration at 3-
position. Therefore, the structure of 17 was assigned. 

Thus, high stereoselectivity was observed in the 
alkylation of the 1 :1 adduct of 1 with the lithium 
enolate of ethyl (trimethylsilyl)acetate and also in the 
protonation of the 1:2 adduct anions formed from 1 
and Grignard reagents in diethyl ether solvent. On 
the other hand, the adduct anions derived from orga-
nolithiums, methyl lithio(methylsulfinyl)methyl sul­
fide, and lithium enolates of esters were protonated 
nonstereoselectively. 

Michael adduct anions of 1 are the type of metal 
enolates of esters, and high diastereoselectivity was 
observed only when an additional ester group was 
introduced from the donor molecule. Unlike the 
alkylative quenching, the water quenching was 
extremely sensitive to the solvation ability of solvent; 
high selectivity was achieved only when diethyl ether 
was used as solvent and magnesium enolates as donor 
molecules. It is likely that a cyclic metal chelation 
working in the adduct anions would play a central 
role for the high selectivity, especially so in the alkyl­
ating quenching. 

A possible stereoselective path leading to 7a—c and 
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8a—g is depicted in Fig. 1. T h e Michael addi t ion of 
1 wi th the l i t h ium enolate of ethyl (trimethylsilyl)ace-
tate forms (£)-enolate E via approach D.8) T h i s 
adduct an ion E is stabilized th rough the eight-
membered chelat ion where the bulky silyl moiety sits 
at the equator ia l posi t ion. Similarly, (E)-enolates G 
are formed as 1:2 adduct anions from the reaction of 1 
wi th 1:1 adduct enolates F. T h e bulkier silyl moiety 
again exists at the equatorial posi t ion. Alkylation of 
E or p ro tona t ion of G occurrs at the outer side of these 
cyclic intermediates to give 7a—c or 8a—g all as single 
diastereomers. 

There are two comparably possible explanat ions for 
the observed h igh stereoselectivity on the water 
quench ing . One explanat ion is that water quench­
ing of enolates generally takes place wi th a poor 
diastereoselectivity because the addi t ion of h ighly 
reactive and polar reagents such as water disorders the 
chelation-ordered system.9'10) Accordingly, only the 
rigid magnes ium enolates (G: Mt l=MgX) generated in 
less polar diethyl ether could survive on water quench­
ing to be protonated diastereoselectively. T h e 8 :1 
isomer ratio for 14 (Table 2, Entry 12) is also attr ibuta­
ble to a s trong chelat ion of the benzoyl moiety. 
Water q u e n c h i n g of the 1:3 adduct an ion derived 
from pheny lmagnes ium bromide and three equival­
ents of 1 provided a 7 :1 mixture of 10 (Table 2, Entry 
10), indicat ing that the addit ional ester function 
would increase the stabilization of chelation [G: 
M t l = L i , R=PhCH 2 (COOMe)(SiMe 3 )C] . T h e two 

0.11 Me3Si 

-0.09M e3S i H 3.12 17 

SiMe3 

Me3Si 

Etcr a 

A C-Protonation 

H | 1 M > H 2 0 
M e 3 S i - ^ 

H , Me^L- EY R 

° - M t l ^ M e O ^ C T 
G F 

1 O-Protonation 
R^ SiMe3 

. HI 
Me3Si " y ^ ^ ^ . o —*"" Mixture of diastereomers 

/ \ H Me 

Fig. 1. Stereoselective formation of the Michael 
addition-alkylation products 7a—c and the 2:1 
adducts 8a—g. 

earlier asymmetric centers of 10 and 15 are most likely 
to have been constructed stereoselectively. 

T h e second explanat ion is a competi t ion between 
the C-protonat ion and O-protonat ion, as already dis­
cussed by T a k a n o and coworkers.11) Stereoselectivity 
of the C-protonat ion depends u p o n the stability of the 
chelat ing intermediate, whi le the O-protonat ion leads 
to the formation of enol forms of esters which then 
undergo nonstereoselective tautomerization produc­
ing mix ture of two stereoisomers. T h e m a g n e s i u m -
oxygen bond must be less ionic than the l i t h i u m -
oxygen b o n d so that the C-protonat ion becomes a 
major pa th in the quench ing of magnes ium enolates. 

In conclusion, a Michael addi t ion and alkylation 
sequence of methyl 2-(trimethylsilyl)propenoate 1 
provides a convenient entry to «-alkylated a-silyl 
esters which are otherwise difficult to be synthesized. 
Th i s alkylat ion takes place in an absolutely diaster-
eoselective fashion. Similarly, the Michael adduct 
anions of 1 wi th the magnes ium enolates of esters, 
when formed in a less polar solvent, can be quenched 
diastereoselectively wi th water leading to a-silylated 
esters. 

Experimental 

General and Materials. For the instruments used for the 
record of spectral data, see Refs. 2 and 3. Methyl 2-
(trimethylsilyl)propenoate (1), 1-ethyl 5-methyl 2,4-
bis(trimethylsilyl)pentanedioate (12), 7-ethyl 1-methyl 4-
methoxycarbonyl-2,4-bis(trimethylsilyl)heptanedioate (13), 
and 1-ethyl 7-methyl 4-methoxycarbonyl-2,4,6-tris(trimethyl-
silyl)heptanedioate (15) are all known compounds.3) 

General Procedure for the Michael Reactions and Subse­
quent Alkylation. As a typical procedure, the reaction of 1 
with phenyllithium and quenching with methyl iodide is 
described as follows: To phenyllithium (1 M in diethyl 
ether, 3.6 ml, 3.6 mmol; 1 M=l mol dm"3) in dry T H F (5 ml) 
was added rapidly (in a few seconds) by the aid of a syringe, 
at — 30 °C under nitrogen, the T H F (1 ml) solution of 1 
(0.474 g, 3 mmol). After 1 h at - 3 0 °C, methyl iodide (0.852 
g, 6 mmol) was added. The mixture was stirred at — 30 °C 
for 30 min, at room temperature for 1 h, poured into 
aqueous ammonium chloride, and extracted with diethyl 
ether (25 mlX2). The combined extracts were dried over 
magnesium sulfate and evaporated in vacuo. The residue 
was chromatographed on silica gel by using hexane-diethyl 
ether (19:1 v/v) to give 2a (0.733 g, 98%). 

The reaction conditions and results for other combina­
tions of donors and alkyl halides are listed in Table 1. 

Methyl 2-Methyl-3-phenyl-2-(trimethylsilyl)propanoate 
(2a): Colorless prisms (hexane): mp 64.5—66 °C; IR (KBr) 
1700, 1250, 1170, 1090, and 840 cm"1; « N M R (CDC13) 
0=0.10 (9H, s, Me3Si), 1.01 (3H, s, Me), 2.43, 3.50 (each 1H, 
/gem=13.5 Hz, PhCH2), 3.60 (3H, s, COOMe), and 7.0—7.1 
(5H, m, Ph); 13CNMR (CDCls) ô=-3.87 (q, Me3Si), 16.15 (q, 
Me), 38.34 (s, 2-C), 39.16 (t, 3-C), 51.02 (q, COOMe), 126.17, 
127.99, 129.63 (each d, Ph), 138.73 (s, Ph), and 176.84 (s, 
COOMe); MS m/z (rel intensity, %) 250 (M+, 28), 146 (32), 
131 (31), 118 (base peak), 117 (35), 116 (21), 91 (38), 89 (36), 
and 73 (65). Found: C, 67.28; H, 9.05%. Calcd for 
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Ci4H2202Si: C, 67.15; H, 8.86%. 
Methyl 2-Benzyl-2-(trimethylsilyl)heptanoate (2b): Puri­

fied by silica-gel column chromatography with hexane-
diethyl ether (19:1 v/v). Colorless liquid; bp 150—152 °C/ 
267 Pa (bulb-to-bulb); IR (neat) 1710, 1450, 1250, 1180, and 
840 cm"1; « N M R (CDCls) ô=0.09 (9H, s, Me3Si), 0.7—1.7 
(11H, m, n-CsHn), 2.70, 3.38 (each 1H, d, /gem=14.0 Hz, 
PhCH2), 3.64 (3H, s, COOMe), and 7.16 (5H, br s, Ph); 
13CNMR (CDCls) ô=-2.24 (q, Me3Si), 14.03 (q, Me), 22.42, 
25.78, 31.67, 32.80, 38.16 (each t, n-QjHn and PhCH2), 40.03 
(s, 2-C), 50.83 (q, COOMe), 126.16, 127.96, 129.82 (each d, 
Ph), 139.17 (s, Ph), and 176.55 (s, COOMe); MS m/z (rel 
intensity, %) 306 (M+, 28), 249 (34), 145 (86), 131 (19), 117 
(60), 115 (19), 91 (56), 89 (34), and 73 (base peak). Found: C, 
70.73; H, 9.93%. Calcd for Ci8H30O2Si: C, 70.53; H, 9.86%. 

Methyl 2-Methyl-4-methylene-2-trimethylsilyl-5-hexenoate 
(3a): Purified by silica-gel column chromatography with 
hexane-diethyl ether (15:1 v/v). Colorless liquid; bp 80— 
82°C/173 Pa (bulb-to-bulb); IR (neat) 1720, 1250, 1200, 
1090, and 840 cm"1; *H NMR (CDC13) 0=0.08 (9H, s, Me3Si), 
1.12 (3H, s, Me), 2.21, 2.99 (each 1H, d, /gem=14.5 Hz, 3-H), 
3.60 (3H, s, COOMe), 4.8—5.3 (4H, m, =CH2), and 6.31 (1H, 
/trans=17.5 and/ds=11.0 Hz, 5-H); 13CNMR (CDCI3) ô=-3.93 
(q, Me3Si), 16.05 (q, Me), 34.05 (t, 3-C), 36.58 (s, 2-C), 51.08 
(q, COOMe), 113.31, 117.01 (each t, =CH2), 139.90 (d, 5-C), 
143.49 (s, 4-C), and 177.42 (s, COOMe); MS m/z (rel inten­
sity, %) 226 (M+, 11), 94 (64), 89 (27), 79 (43), and 73 (base 
peak). HRMS Found: m/z 226.1385. Calcd for C12H22-
02Si:M, 226.1388. 

Methyl 2-Ethyl-4-methylene-2-trimethylsilyl-5-hexenoate 
(3b): Purified by silica-gel column chromatography with 
hexane-diethyl ether (15:1 v/v). Colorless liquid; IR 
(neat) 1730, 1715, 1255, 1205, 900, and 840 cm"1; « N M R 
(CDCI3) 6=0.11 (9H, s, Me3Si), 0.92 (3H, t, /=7.5 Hz, Et), 
1.59, 1.89 (each 1H, dq, /gem=14.0 and /=7.5 Hz, Et), 2.31, 
2.87 (each 1H, d, /gem=15.0 Hz, 3-H), 3.58 (3H, s, COOMe), 
4.7—5.3 (4H, m, =CH2), and 6.30 (1H, dd, /trans=17.5 and 
/cis=H.O Hz, 5-H); 13CNMR (CDCI3) ô=-2.23 (q, Me3Si), 
11.27 (q, Et), 24.42 (t, Et), 33.29 (t, 3-C), 41.04 (s, 2-C), 50.73 
(q, COOMe), 112.96, 116.83 (each t, =CH2), 139.97 (d, 5-C), 
143.49 (s, 4-C), and 176.89 (COOMe); MS m/z (rel intensity, 
%) 240 (M+, 8), 108 (37), 93 (42), 91 (20), 89 (31), 83 (28), 79 
(73), and 73 (base peak). HRMS Found: m/z 240.1503. 
Calcd for Ci3H2402Si: M, 240.1544. 

Methyl 4-Methylene-2-octyl-2-trimethylsilyl-5-hexenoate (3c): 
Purified by silica-gel column chromatography with hexane-
diethyl ether (15:1 v/v). Colorless liquid; IR (neat) 1730, 
1710, 1250, 1200, and 845 cm"1; « N M R (CDCI3) ô=0.10 
(9H, s, Me3Si), 0.7—1.8 (17H, m, n-CsHn), 2.31, 2.87 (each 
1H, /gem=15.0 Hz, 3-H), 3.58 (3H, s, COOMe), 4.8—5.3 (4H, 
m, =CH2), and 6.30 (1H, dd, /trans=17.5 and /d.=11.0 Hz, 5-
H); 13CNMR (CDCls) ô=—2.41 (q, Me3Si), 13.97 (q, Me), 
22.54, 26.18, 29.18, 30.59, 31.76, 33.35 (each t, rc-C8Hi7 and 3-
C), 40.51 (s, 2-C), 50.55 (q, COOMe), 112.72, 116.72 (each t, 
=CH2), 139.94 (d, 5-C), 143.43 (s, 4-C), and 176.71 (s, 
COOMe); MS m/z (rel intensity, %) 324 (M+, 4), 225 (14), 
121 (26), 94 (21), 93 (45), 91 (21), 89 (32), 79 (24), and 73 
(base peak). HRMS Found: m/z 324.2484. Calcd for 
Ci9H3602Si: M, 324.2483. 

Methyl 2-Deuterio-4-methylene-2-trimethylsilyl-5-hexenoate 
(3d): Purified by silica-gel column chromatography with 
hexane-diethyl ether (15:1 v/v). Colorless liquid; bp 70— 
72°C/160 Pa (bulb-to-bulb); IR (neat) 1720, 1250, 1205, and 

845 cm"1; *H NMR (CDCI3) ô=0.12 (9H, s, Me3Si), 2.30, 2.70 
(each 1H, d, /gem=15.5 Hz, 3-H), 3.59 (3H, s, COOMe), 4.9— 
5.3 (4H, m, =CH2), and 7.33 (1H, dd, /trans=17.5 and /d,=10.5 
Hz, 5-H); MS m/z (rel intensity, %) 213 (M+, 21), 182 (18), 109 
(32), 89 (46), 81 (70), 80 (46), and 73 (base peak). HRMS 
Found: m/z 213.1292. Calcd for CnHi9D02Si: M, 213.1294. 

Methyl 2-Methyl-4-methylthio-4-methylsulfinyl-2-(trimethyl-
silyl)butanoate (4): Obtained as an inseparable 7:4 mix­
ture of two diastereomers (*H NMR), and purified by silica-
gel column chromatography with diethyl ether. Colorless 
liquid; IR (neat) 1715, 1250, 1055, and 840 cm"1; *HNMR 
(CDCI3) 6=0.08 (9H, s, Me3Si), 1.22 (3H, s, Me), 2.15 (4/11X 
3H, s, MeS), 2.21 (7/11X3H, s, MeS), 2.2—2.4 (2H, m, 3-
H), 2.58 (7/11X3H, s, MeSO), 2.75 (4/11X3H, s, MeSO), 3.62 
(3H, s, COOMe), and 3.70 (1H, m, CH); 13CNMR (CDCls) 
ô=-3.99 (q, Me3Si), 15.26, 16.26 (each q, Me), 26.83, 29.71 
(each t, 3-C), 31.35, 33.83, 34.11, 36.64, 51.25 (q, COOMe), 
62.06, 64.64 (each d, 4-C), and 177.18 (s, COOMe). 

On the attempted purification by vacuum distillation, 4 
was quantitatively converted into methyl (£)-2-methyl-4-
methylthio-2-trimethylsilyl-3-butenoate (5): Colorless liq­
uid; bp 125—127 °C/186 Pa (bulb-to-bulb); IR (neat) 1710, 
1250, 1215, 990, and 840 cm"1; *H NMR (CDCls) <5=0.00 (9H, 
s, Me3Si), 1.32 (3H, s, Me), 2.21 (3H, s, MeS), 3.62 (3H, s, 
COOMe), 5.72 (1H, d, /trans=15.2 Hz, 4-H), and 5.99 (1H, d, 
/trans=15.2 Hz, 3-H); 13CNMR (CDC13)<5=3.99 (q, Me3Si), 
15.21 (q, Me), 43.09 (s, 2-C), 51.37 (q, COOMe), 120.30 (d, 3-
C), 127.05 (d, 4-C), and 174.66 (s, COOMe); MS m/z (rel 
intensity, %) 232 (M+, 34), 128 (base peak), 113 (21), 99 (29), 
85 (50), and 73 (95). HRMS Found: m/z 232.0954. Calcd 
for CioH2002SSi: M, 232.0952. 

5-Ethyl 1-Methyl 2-Methyl-2-(trimethylsilyl)pentane-
dioate (6): Purified by silica-gel column chromatography 
with hexane. Pale yellow liquid; IR (neat) 1730, 1705, 
1245, 1170, and 840 cm"1; *HNMR (CDCI3) 6=0.00 (9H, s, 
Me3Si), 1.12 (3H, s, Me), 1.20 (3H, t, /=7.0 Hz, COOEt), 
1.5—1.7 (1H, m, one of 3-H), 2.1—2.4 (3H, m, 3- and 4-H), 
3.50 (3H, s, COOMe), and 4.06 (2H, q, /=7.0 Hz, COOEt); 
13CNMR (CDCI3) ô=-4.03 (MesSi), 14.15 (Me), 16.05 
(COOEt); 13CNMR (CDCI3) ô=-4.03 (Me3Si), 14.15 (Me), 
16.05 (COOEt), 28.62, 30.12 (3- and 4-C), 36.27 (2-C), 51.21 
(COOMe), 60.30 (COOEt), 173.72, and 176.94 (each COO); 
MS m/z (rel intensity, %) 260 (M+, 5), 215 (15), 173 (35), 160 
(15), 128 (12), 117 (13), 99 (16), 89 (13), 75 (12), 73 (58), and 69 
(base peak). HRMS Found: m/z 260.1441. Calcd for 
Ci2H2404Si:M, 260.1439. 

5-Ethyl 1-Methyl 2-Methyl-2,4-bis(trimethylsilyl)pentane-
dioate (7a): Purified by silica-gel column chromatography 
with hexane. Colorless liquid; bp 126— 127°C/186 Pa 
(bulb-to-bulb); IR (neat) 1710, 1250, 1150, and 840 cm"1; 
!HNMR (CDCI3) 6=0.00, 0.01 (each 9H, s, Me3Si), 1.05 (3H, 
s, Me), 1.19 (3H, t, /=7.0 Hz, COOEt), 1.74 (1H, d, /4-3=10.3 
Hz, 4-H), 1.94 (1H, dd, /gem=14.0 and/3-4=10.3 Hz, one of 3-
H), 2.16 (1H, d, /gem=14.0 Hz, the other of 3-H), 3.59 (3H, s, 
COOMe), 4.01, and 4.07 (each 1H, q, /=7.5 Hz, COOEt); 
13CNMR (CDCI3) ô=-3.93, -2.99 (each q, Me3Si), 14.15 (q, 
Me), 15.44 (q, COOEt), 29.94 (t, 3-C), 35.34 (d, 4-C), 39.75 (s, 
2-C), 51.08 (q, COOMe), 59.71 (t, COOEt), 176.07, and 
176.95 (each COO); MS m/z (rel intensity, %) 332 (M+, 3), 
173 (37), 75 (18), and 73 (base peak). HRMS Found: m/z 
332.1823. Calcd for Ci5H3204Si2: M, 332.1837. 

5-Ethyl 1-Methyl 2-Allyl-2,4-bis(trimethylsilyl)pentane-
dioate (7b): Purified by silica-gel column chromatogra-
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phy with hexane. Pale yellow liquid; IR (neat) 1715, 1260, 
1160, and 845 cm"1; « N M R (CDC13) ô=-0.01, 0.00 (each 
9H, s, Me3Si), 1.14 (3H, t, 7=7.0 Hz, COOEt), 1.82 (IH, dd, 
/4-3=8.6 and 3.2 Hz, 4-H), 2.0—2.1 (2H, m, 3-H), 2.17 (IH, 
ddt, /gem=15.1, /=6.5, 1.6, and 1.6 Hz, one of allyl), 2.54 (IH, 
ddt, /gem=15.1, /=6.5, 1.6, and 1.6 Hz, the other of allyl), 3.56 
(3H, s, COOMe), 3.95, 4.01 each IH, dq, /gem=12.3 and 
/=7.0 Hz, COOEt), 4.88, 5.02 (each IH, m, =CH2), and 5.86 
(IH, ddt, 7trans=16.7, 7cis=10.3, and 7=6.5 Hz, =CH); 
!3CNMR (CDCI3) <5=-2.97, -2.49 (each Me3Si), 14.28 
(COOEt), 28.93 (3-C), 35.01 (4-C), 35.50 (Allyl), 44.04 (2-C), 
50.91 (COOMe), 59.80 (COOEt), 116.67 (=CH2), 136.58 
(=CH), 175.85, and 176.16 (each COO); MS m/z (rel inten­
sity, %) 358 (M+, 6), 233 (11), 199 (16), 185 (25), 173 (16), 
147 (16), 95 (41), 75 (19), and 73 (base peak). HRMS Found: 
m/z 358.1997. Calcd for Ci7H3404Si2: M, 358.1994. 

5-Ethyl 1-Methyl 2-Benzyl-2,4-bis(trimethylsilyl)pentane-
dioate (7c): Purified by silica-gel column chromatography 
with hexane. Colorless liquid; IR (neat) 1710, 1440, 1250, 
1150, and 840 cm"1; « N M R (CDCI3) ô=-0.05, 0.03 (each 
9H, s, Me3Si), 1.15 (3H, t, 7=7.0 Hz, COOEt), 2.02 (IH, d, 
7gem=14.5 Hz, one of 3-H), 2.08 (IH, d, 74-3=10.5 Hz, 4-H), 
2.35 (IH, dd, 7gem=14.5 and 73-4=10.5 Hz, the other of 3-H), 
2.92, 3.15 (each IH, d, 7gem=14.0 Hz, PhCH2), 3.69 (3H, s, 
COOMe), 3.91, 4.00 (each IH, dq, 7gem=12.0 and 7=7.0 Hz, 
COOEt), and 7.1—7.3 (5H, m, Ph); 13CNMR (CDCI3) 
ô=-2.60, -1.91 (each Me3Si), 14.51 (COOEt), 30.85 (3-C), 
34.75, 37.52 (4-C and PhCH2), 44.89 (2-C), 51.82 (COOMe), 
60.01 (COOEt), 126.38, 128.18, 130.70, 139.76 (each Ph), 
176.03, and 177.05 (each COO); MS m/z (rel intensity, %) 408 
(M+, 62), 377 (28), 363 (22), 249 (48), 235 (78), 232 (48), 173 
(25), 145 (base peak), 131 (30), 117 (33), and 73 (50). HRMS 
Found: m/z 408.2194. Calcd for C2iH3604Si: M, 408.2235. 

General Procedure for the Michael Reactions between 1 
and Grignard Reagents Leading to 8a—g. As a typical 
procedure, the reaction of 1 with methylmagnesium iodide 
is presented as follows: Copper(I) chloride (1.5 mg) was 
added at — 15°C under nitrogen to the freshly prepared 
solution of methylmagnesium iodide (3.3 mmol) in dry 
diethyl ether (5 ml). After 30 min, 1 (0.474 g, 3 mmol) in 
diethyl ether (1 ml) was added. The mixture was stirred at 
—15°C for 1 h, poured into saturated aqueous ammonium 
chloride, and extracted with diethyl ether (20 mlX2). The 
combined extracts were dried over magnesium sulfate and 
evaporated in vacuo. The residue was subjected to vacuum 
distillation on a Kugelrohr distilling apparatus to give 8a 
(0.707 g, 71%). 

Other reactions were carried out under the reaction condi­
tions listed in Table 2 where the results are also summarized. 

Dimethyl 2-Ethyl-2,4-bis(trimethylsilyl)pentanedioate (8a): 
Colorless liquid; bp 240°C/400 Pa (bulb-to-bulb); IR (neat) 
1715, 1250, 1155, and 840 cm"1; « N M R (CDCls) 6=0.00, 
0.03 (each 9H, s, Me3Si), 0.86 (3H, t, 7=7.3 Hz, Et), 1.39 (IH, 
dq, 7gem=14.5 and 7=7.3 Hz, one of Et), 1.6—2.1 (4H, m, 3-, 
4-H, and the other of Et), 3.50, and 3.51 (each 3H, s, 
COOMe); 13CNMR (CDCI3) ô=—3.01, -2.30 (each q, 
Me3Si), 11.12 (q, Et), 28.65 (t, Et), 30.94 (t, 3-C), 34.94 (d, 4-
C), 44.74 (s, 2-C), 50.94, 51.06 (each q, COOMe), and 176.89 
(COOMe); MS m/z (rel intensity, %) 332 (M+, 10), 301 (15), 
218 (44), 203 (19), 187 (92), 89 (25), 83 (base peak), and 73 
(87). HRMS Found: m/z 332.1835. Calcd for Ci5H32-
04Si2:M, 332.1837. 

Dimethyl 2-Propyl-2,4-bis(trimethylsilyl)pentanedioate (8b): 

Colorless liquid; bp 230°C/3332 Pa (bulb-to-bulb); IR 
(neat) 1715, 1250, and 840 cm-*; « N M R (CDCI3) ô=0.06, 
0.07 (each 9H, s, Me3Si), 0.83 (3H, t, 7=6.5 Hz, n-Pr), 1.1 — 
2.1 (7H, m, 3-, 4-H, and n-Pr), and 3.58 (6H, s, COOMe); 
13CNMR (CDCI3) ô=-3.00, -2.29 (each q, Me3Si), 15.11 (q, 
n-Pr), 19.65, 28.53, 33.65 (each t, rc-Pr and 3-C), 35.00 (d, 4-
C), 44.47 (s, 2-C), 51.06 (q, COOMe), and 176.88 (s, 
COOMe); MS m/z (rel intensity, %) 346 (M+, 4), 201 (16), 97 
(22), 89 (21), and 73 (base peak). HRMS Found: m/z 
346.1992. Calcd for Ci6H3404Si2: M, 346.1991. 

Dimethyl 2-Butyl-2,4-bis(trimethylsilyl)pentanedioate (8c): 
Pale yellow liquid; bp 250°C/4000 Pa (bulb-to-bulb); IR 
(neat) 1720, 1250, 1200, 1155, and 840 cm"1; « N M R 
(CDCI3) 6=0.00 (18H, s, Me3Si), 0.6—2.1 (12H, m, n-Bu, 3-, 
and 4-H), 3.48, and 3.50 (each 3H, s, COOMe); 13CNMR 
(CDCI3) ô=-3.06, -2.35 (each q, Me3Si), 13.82 (q, n-Bu), 
23.83, 28.41, 28.65, 31.12 (each t, n-Bu and 3-C), 34.95 (d, 4-
C), 44.30 (s, 2-C), 50.89 (q, COOMe), and 176.78 (s, 
COOMe); MS m/z (rel intensity, %) 360 (M+, 8), 218 (22), 215 
(37), 111 (47), 99 (10), 89 (28), and 73 (base peak). HRMS 
Found: m/z 360.2155. Calcd for Ci7H3604Si2: M, 360.2150. 

Dimethyl 2-Pentyl-2,4-bis(trimethylsilyl)pentanedioate (8d): 
Colorless liquid; bp 250°C/3332 Pa (bulb-to-bulb); IR 
(neat) 1720, 1260, 1150, and 840 cm"1; « N M R (CDCls) 
0=0.05, 0.06 (each 9H, s, Me3Si), 0.7—2.1 (14H, m, rc-C5Hn, 
3-, and 4-H), 3.57, and 3.59 (each 3H, s, COOMe); 13CNMR 
(CDCI3) ô=—3.10, -2.29 (each q, Me3Si), 14.18 (q, n-GjHn), 
22.53, 26..06, 28.71; 31.41, 33.12 (each t, rc-C5Hn and 3-C), 
35.09 (d, 4-C), 44.36 (s, 2-C), 50.89 (q, COOMe), and 176.83 
(s, COOMe); MS m/z (rel intensity, %) 374 (M+, 13), 229 (34), 
218 (19), 159 (16), 125 (26), 89 (27), and 73 (base peak). 
HRMS Found: m/z 374.2309. Calcd for Ci8H3804Si2: M, 
374.2306. 

Dimethyl 2-(2-Methylpropyl)-2,4-bis(trimethylsilyl)pentane-
dioate (8e): Purified by silica-gel column chromatography 
with hexane-diethyl ether (10:1 v/v). Pale yellow liquid; 
bp 250°C/4000 Pa (bulb-to-bulb); IR (neat) 1720, 1250, 1205, 
1155, and 840 cm"1; « NMR (CDCls) ô=0.00, 0.05 (each 9H, 
s, Me3Si), 0.72, 0.79 (each 3H, d, 7=6.0 Hz, i-Bu), 1.4—2.3 
(H, m, z-Bu, 3-, and 4-H), 3.46, and 3.52 (each 3H, s, 
COOMe); 13CNMR (CDCI3) ô=-2.82, -2.12 (each q, 
Me3Si), 23.60, 24.35 (each q, i-Bu), 26.24, 30.71 (each t, z-Bu 
and 3-C), 34.41 (d, 4-C), 40.89 (s, 2-C), 42.12 (d, i-Bu), 50.77, 
51.00 (each q, COOMe), 176.72, and 177.25 (each s, 
COOMe); MS m/z (rel intensity, %) 360 (M+, 5), 317 (16), 213 
(20), 111 (23), 109 (22), 89 (30), and 73 (base peak). HRMS 
Found: m/z 360.2165. Calcd for Ci7H3604Si2: M, 360.2150. 

Dimethyl 2-(3-Methylbutyl)-2,4-bis(trimethylsilyl)pentane-
dioate (8f): Pale yellow liquid; bp 240 °C/4000 Pa (bulb-to-
bulb); IR (neat) 1720, 1255, 1200, 1160, and 850 cm"1; 
« N M R (CDCI3) 6=0.08 (18H, s, Me3Si), 0.7—1.8 (13H, m, 
z-CsHii and 3-H), 1.8—2.1 (IH, m, 4-H), 3.57, and 3.58 (each 
3H, s, COOMe); 13CNMR (CDCls) <5=-3.00, -2.24 (each q, 
Me3Si), 22.36, 22.59 (each q, 1-C5H11), 28.88, 29.36, 34.94 
(each t, z-CsHn and 3-C), 35.12 (d, 4-C), 39.83 (d, 1-C5H11), 
44.24 (s, 2-C), 50.94 (q, COOMe), and 176.95 (s, COOMe); 
MS m/z (rel intensity, %) 374 (M+, 7), 229 (30), 218 (16), 89 
(28), and 73 (base peak). HRMS Found: m/z 374.2308. 
Calcd for Ci8H3804Si2: M, 374.2306. 

Methyl 4-Methyl-2-(trimethylsilyl)pentanoate (9): This 
compound 9 was purified through column chromatography 
on silica gel with hexane-diethyl ether (20:1 v/v). 
Obtained as a volatile compound contaminated by a trace of 
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8e, for which only IR 1H, and 13CNMR spectra were 
recorded. Colorless liquid; IR (neat) 1720, 1240, and 835 
cm"1; *HNMR (CDC13) ô=0.04 (9H, s, Me3Si), 0.84, 0.86 
(each 3H, d, /=7.0 Hz, i-Bu), 1.10 (1H, ddd, /gem=12.5, / 3 -
4=8.7, and 2.0 Hz, one of 3-H), 1.2—1.6 (1H, m, i-Bu), 1.81 
(1H, dt, /gem=12.5, /3-4=12.5, and 4.2 Hz, the other of 3-H), 
2.06 (1H, dd, /4-3=12.5 and 2.0 Hz, 4-H), and 3.60 (3H, s, 
COOMe); 13CNMR (CDCI3) ô=-2.82 (q, Me3Si), 21.35, 
23.12 (each q, i-Bu), 28.53 (t, 3-C), 35.60 (s, 2-C), 35.80 (d, 4-
C), 50.94 (q, COOMe), and 176.36 (s, COOMe). 

Dimethyl 2-Benzyl-2,4-bis(trimethylsilyl)pentanedioate 
(8g and 8g') and Dimethyl 2-Benzyl-4-methoxycarbonyl-
2,4,6-tris(trimethylsilyl)heptanedioate (10): The THF 
solution (5 ml) of phenyllithium (IM in benzene/diethyl 
ether, 1 ml, 1 mmol) was cooled down to — 78 °C. To this 
solution was added under nitrogen 1 (0.474 g, 3 mmol) in 
THF. The mixture was stirred at —78 °C for 20 h, poured 
into saturated aqueous ammonium chloride, and extracted 
with diethyl ether (20 mlX2). The combined extracts were 
dried over magnesium sulfate and evaporated in vacuo. 
The residue was chromatographed on silica gel with hex­
ane-diethyl ether (5:1 v/v) to give an inseparable mixture of 
8g and 8g' (0.144 g, 37%, 2 : 3 by *H NMR) and then 10 (0.257 
g, 47%, isomer ratio: 7:1 by 1H NMR). Pure 8g can be 
obtained from the reaction of 1 with phenylmagnesium 
bromide: Phenylmagnesium bromide was prepared from 
Mg (0.024 g, 1 mmol) and phenyl bromide (0.157 g, 1 mmol) 
in dry diethyl ether (10 ml). To this solution was added at 
—15 °C under nitrogen 1 (0.316 g, 2 mmol) in diethyl ether (2 
ml). After stirring was continued for 1 h at —15 °C, the 
mixture was poured into saturated aqueous ammonium 
chloride and extracted with diethyl ether (30 mlX2). The 
combined extracts were dried over magnesium sulfate and 
evaporated in vacuo. The residue was chromatographed 
on silica gel with hexane-diethyl ether (5:1 v/v) to give 8g 
(0.341 g, 87%). 

Compounds 8g and 10 are known.3) Isomer 8g' could 
not be separated from the mixture with 8g. Partial spectral 
data of 8g': « N M R (CDCI3) ô=-0.02, 0.08 (each 9H, s, 
Me3Si), 2.0—2.4 (3H, overlapping with signals of 8g, 3- and 
4-H), 2.93, 3.16 (each 1H, /gem=13.5 Hz, PhCH2), 3.62, and 
3.70 (each 3H, s, COOMe). 13CNMR (CDCI3) ô=-2.76, 
-2.16 (each Me3Si), 30.50 (3-C), 33.74 (PhCH2), 39.60 (4-C), 
and 43.25 (2-C). Other signals are overapping with those of 

8g. 
Methyl 5-Oxo-5-phenyl-2-(trimethylsilyl)pentanoate (11) 

and Dimethyl (2-Oxo-3-phenylpropyl)-2,4-bis(trimethyl-
silyl)pentanedioate (14): To the freshly prepared LDA (1.5 
mmol) in dry THF (5 ml) was added at — 78 °C under dry 
nitrogen acetophenone (0.18 g, 1.5 mmol) in T H F (1 ml). 
After 20 min, 1 (0.158 g, 1 mmol) in THF (1 ml) was added. 
The mixture was stirred at — 78 °C for 30 min, at room 
temperature for 1 h, poured into saturated aqueous ammo­
nium chloride, and extracted with diethyl ether (15 mlX2). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo. The residue was chromato­
graphed on silica gel with hexane-diethyl ether (5:1 v/v) to 
give 11 (0.074 g, 27%) and then a mixture of two isomers of 
14 (0.069 g, 30%, 8:1 by *H NMR). 

11: Pale yellow liquid; IR (neat) 1700, 1680, 1245, 1200, 
and 840 cm"1; 1HNMR(CDC13) ô=0.11 (9H, s, Me3Si), 1.9— 
2.2 (3H, m, 2- and 3-H), 2.88 (1H, ddd, /gCm=18.0, / 4 - 3=8.1, 
and 7.9 Hz, one of 4-H), 3.15 (1H, ddd, /gem=18.0, /4-3=8.5, 

and 5.1 Hz, the other of 4-H), 3.66 (3H, s, COOMe), 7.4—7.6 
(3H, m, Ph), and 7.9—8.0 (2H, m, Ph); 13CNMR (CDCls) 
ô=-2.68 (MesSi), 21.43 (3-C), 37.02 (2-C), 38.86 (4-C), 51.04 
(COOMe), 128.07, 128.58, 133.01, 136.90 (each Ph), 175.59 
(COOMe), and 199.85 (PhCO); MS m/z (rel intensity, %) 278 
(M+, 11), 246 (26), 218 (26), 159 (40), 146 (20), 105 (base peak), 
89 (21), 77 (51), and 73 (65). HRMS Found: m/z 278.1349. 
Calcd for C15H22O3SK M, 278.1360. 

14: Pale yellow liquid; IR (neat) 1700, 1450, 1250, 1200, 
1150, and 840 cm"1; *HNMR (CDCls) 6=0.09, 0.14 (each 9H, 
s, Me3Si), 1.9—2.3 (5H, m, CH2 and CH), 3.11 (2H, dd, /=9.5 
and 8.0 Hz, COCH2), 3.47, 3.65 (each 3H, s, COOMe), 7.4— 
7.6 (3H, m, Ph), and 7.9—8.0 (2H, m, Ph); 13CNMR (CDCls) 
ô=-2.98, -2.40 (each Me3Si), 25.30, 28.98, 35.00, 35.75 (each 
CH2 and CH), 43.34 (2-C), 51.11, 51.17 (each COOMe), 
128.02, 128.55, 132.81, 137.12 (each Ph), 176.24, 176.57 (each 
COOMe), and 199.88 (PhCO); MS m/z (rel intensity, %) 436 
(M+, 6), 218 (11), 192 (13), 159 (14), 105 (68), 89 (21), 77 (46), 
75 (13), and 73 (base peak). HRMS Found: m/z 436.2104. 
Calcd for C22H3605Si2: M, 436.2099. 

2-Benzyl-2,4-bis(trimethylsilyl)-l,5-pentanediol (16): To 
a solution of lithium aluminum hydride (LAH, 0.16 g, 4 
mmol) in dry diethyl ether (2 ml) was added dropwise 7c 
(0.198 g, 0.5 mmol) in diethyl ether (2 ml). After stirred at 
room temperature for 3 h, the mixture was poured into ice-
cold aqueous potassium sodium tartrate and extracted with 
diethyl ether (15 mlX2). The combined extracts were dried 
over magnesium sulfate and evaporated in vacuo to give 16 
(0.169 g, 100%). A similar treatment of 8g with LAH gave 
16 in a quantitative yield. This compound 16 was submit­
ted to the subsequent cyclization into 17 without further 
purification. 16: Colorless liquid; IR (neat) 3300, 1245, 
1030, and 825 cm"1; 1U NMR (CDCls) ô=0.04, 0.06 (each 9H, 
s, Me3Si), 1.05 (1H, ddt, /4-3=11.7, 3.2, and /4-5=3.7 Hz, 4-
H), 1.59 (1H, dd, /gem=15.1 and /3-4=3.2 Hz, one of 3-H), 
1.84 (1H, dd, /gem=15.1 and /3-4=11.7 Hz, the other of 3-H), 
2.58 (2H, br s, OH), 2.70, 2.83 (each 1H, d, /gem=13.1 Hz, 
PhCH2), 3.66 (1H, dd, /gCm=11.7 and /5-4=3.7 Hz, one of 5-
H), 3.90 (1H, dd, /gem=11.7 and /5-4=3.7 Hz, the other of 5-
H), 3.96 (2H, s, 1-H), and 7.2—7.3 (5H, m, Ph); 13CNMR 
(CDC13) ô=-2.12, -1.63 (each Me3Si), 27.10 (3-C), 29.50 (4-
C), 34.80 (2-C), 42.78 (PhCH2), 63.94, 66.38 (1- and 5-C), 
126.29, 128.17, 130.23, and 139.84 (each Ph). 

3-Benzyl-r-3,£-5-bis(trimethylsilyl)perhydropyran (17): To 
a solution of 16 (0.052 g, 0.15 mmol) in THF (1.5 ml) was 
added at - 7 8 °C butyllithium (1.6 M in hexane, 0.09 ml, 0.15 
mmol). After 30 min, p-toluenesulfonyl chloride (0.028 g, 
0.15 mmol) was added and the stirring was continued at the 
same temperature for 2 h. Another portion of butyllithium 
(0.09 ml, 0.15 mmol) was added. The mixture was stirred at 
—78 °C for 3 h, at room temperature for 12 h, poured into 
ice-cold saturated aqueous ammonium chloride, and 
extracted with diethyl ether (10 mlX2). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was chromatographed on silica gel 
by using hexane-diethyl ether (20:1 v/v) to give 17 (0.027 g, 
55%): Colorless liquid; IR (neat) 1245, 1090, 1070, and 830 
cm-1; !HNMR (CDCls) ô=-0.09, 0.11 (each 9H, s, Me3Si), 
1.2—1.3 (2H, 4-Hax and 5-H), 1.78 (1H, m, 4-Heq), 2.48 (2H, s, 
PhCH2), 2.95 (1H, m, 6-Hax), 3.12 (1H, d, Jgem=UA Hz, 2-
Hax), 3.8—3.9 (1H, m, 6-Heq), 3.99 (1H, dd, /gem=H.4 and 
/2-6=2.2 Hz, 2-Heq), 7.0—7.1 (3H, m, Ph), and 7.2—7.3 (2H, 
m, Ph); MS m/z (rel intensity, %) 320 (M+, 8), 231 (24), 230 
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(base peak), 190 (12), 189 (35), 188 (52), 158 (19), 143 (27), 
and 73 (12). HRMS Found: m/z 320.1991. Calcd for 
Ci8H320Si2: M, 320.1991. 
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In order to demonstrate the usefulness of "the peptide segment separation method" for syntheses of Asn-
rich proteins, the central area of circumsporozoite protein of human malaria parasite Plasmodium falciparum, 
Boc-(Asn-Ala-Asn-Pro)„-OBzl (n=2, 3, 4, 6, 9, 12, and 18), were prepared by the coupling reactions of H-(Asn-
Ala-Asn-Pro)*-OBzl (k=l, 2, 3, 6, 9, and 12) with Boc-(Asn-Ala-Asn-Pro)m-OH (m=l, 3, or 6) using DCC and 
HOBt as coupling reagents. The peptide chains are separated into peptide segments by the tertiary peptide 
bonds of Asn-Pro moieties and they are assembled by the sequence of Asn-Ala-Asn separated by a Pro residue. 
Regardless of the increase in the peptide chain lengths of the amino and carboxyl components, the coupling 
reactions in DMF or NMP were achieved in high yields. The excellent solubility of the peptides in highly 
polar solvents was preserved in spite of the tendency for an Asn residue to have a high potential for aggregation 
through hydrogen bond formed by the side-chain amide group. The purification of the peptide series by 
recrystallization could be completely achieved and HPLC on a gel filtration column showed all the peptides to 
be monodisperse. 

Establ ishment of chemical synthetic methods is of 
the u tmost impor tance for studies of proteins, espe­
cially the syntheses of proteins con ta in ing uncorded 
a m i n o acid residues. For this purpose the severe 
insolubil i ty of pept ide intermediates, i.e. protected 
peptides, mus t be pr imar i ly overcome as it causes 
difficulties for their further chain e longat ion, of their 
purification, and of their homogenei ty assessment. 
In order to improve the solubili ty of large peptides, we 
proposed " the peptide segment separation strategy" 
by the insert ion of tertiary pept ide bonds in a peptide 
chain at suitable intervals.2) T h e insert ion of tertiary 
peptide bonds, which are formed by Pro and Na-
dimethoxybenzyl a m i n o acid residues, induces the 
onset of a randomly coiled structure in the solid state 
and in solut ion to improve the solubility of large 
peptides.2"5) Moreover, the dimethoxybenzyl g roup 
is known to be easily removed under suitable deprotec-
t ion conditions.6 '7) T h u s , the pept ide segment sepa­
rat ion strategy is appl icable to the syntheses of large 
peptides and proteins hav ing any desired sequence. 

In a previous paper,8) we demonstrated the useful­
ness of the peptide segment separation method for the 
synthesis of macromolecular peptides by prepar ing a 
series of sequential peptides, Boc-[(Leu)3-(Pro)2-
Gly]n-OBzl ( n = l , 2, 4, 6, 8, 10, and 12). T h r o u g h o u t 
the synthesis, the coup l ing reactions in DMF were 
achieved in h igh yields regardless of the increase in the 
peptide chain length of the a m i n o components . In 
the conformational study of these model proteins by 
molar rotat ion, CD,9) and N M R measurements,10) it 
was further shown that N-terminal , internal , and C-
terminal segments are sufficiently solvated by highly 
polar solvents such as M e O H , DMF, DMA, N M P , and 
DMSO to have a randomly coiled structure. 

In the present study, we further demonstrate the 
usefulness of the peptide segment separation method 
for the synthesis of the central area of circumsporozo­
ite (CS) prote in of h u m a n malar ia parasite Plasmo­
d i u m falciparum, hav ing the sequence of - (Asn-Ala -
A s n - P r o ) n - (ra=41).11) T h e sequence is characteristi­
cally rich in Asn residues which have a h igh potential 
for aggregat ion th rough hydrogen bonds formed by 
the side-chain amide groups. T h e sequential pep­
tides hav ing the sequence of (Asn-Pro-Asn-Ala) n 

(n=2—4) were prepared by solid-phase peptide syn­
thesis and were examined for their malar ia vaccine 
activity.12) 

Results and Discussion 

Syntheses of Boc-(Asn-Ala-Asn-Pro)n-OBzl ( la— 
8a). T h e central area of CS protein has a repeated 
a m i n o acid sequence of - (Asn -Ala -Asn-Pro ) n -
(ra=41), which is assembled by the sequence of - A s n -
Ala -Asn- separated by a Pro residue. Namely, the 
peptide chain is separated in to peptide segments by 
the tertiary pept ide bonds of A s n - P r o moieties. An 
Asn residue hav ing the amide g roup in the side chain 
easily forms the intermolecular hydrogen bond 
th rough the side-chain amide g roup , causing the 
decrease in the solubility of the peptide interme­
diates.13) T h u s , the synthesis of the monodisperse-
sequential peptides la—8a is a fortunate example in 
order to demonstrate versatility of the peptide segment 
separation method even for the synthesis of Asn-rich 
proteins. 

T h e synthetic procedure for the sequential peptides 
la—8a is i l lustrated in Scheme 1. Start ing with H -
Pro-OBzl as an a m i n o component , tetrapeptide la 
was prepared by the usual stepwise elongation. In 
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order to prepare 2a—4a by fragment condensation, 
removal of the Bzl group from la was performed in 
AcOH/MeOH by hydrogenolysis in the presence of 
Pd/C as catalyst and removal of the Boc group from 
la, in TFA/anisole (4/1, v/v), respectively. The cou­
pling reaction of the resulting lb with lc was carried 
out in DMF using DCC and HOBt14> as coupling 
reagents to give 2a in 82% yield. Peptides 3a and 4a 
were obtained by the coupling reactions of lb with 2c 
and 3c, which were obtained by treatment of 2a and 3a 
with TFA/anisole (4/1, v/v), respectively. The reac­
tions were also carried out in DMF using DCC and 
HOBt as coupling reagents. Further elongation of 
the peptide chain was performed in NMP using 3.0 
equiv of the carboxyl component 3b or 5b. The 
peptides 5a, 6a, and 7a were obtained from 4c, 5c, and 
6c, respectively, in high yields regardless of the 
increase in the peptide chain lengths of the amino and 
carboxyl components. Deprotection of the carboxyl 
groups of 3a and 5a by hydrogenolysis also proceeded 
in high yields regardless of the peptide chain lengths, 
to give the corresponding acids 3b and 5b. The com­

pletion of the deprotection was confirmed by the UV 
spectra of the products which showed no absorption at 
310 nm due to the Bzl group. The coupling reaction 
of the carboxyl component 5b with the amino compo­
nent 7c also could be achieved in NMP to give dohep-
tacontapeptide 8a in 71% yield. The synthetic results 
of la—8a are summarized in Table 1. All the pep­
tides obtained were easily purified by repeated recrys-
tallizations and, as a result of this purification process, 
each peptide gave a single peak on HPLC. The 
amino acid and elemental analyses of the peptides 
shown in Tables 1 and 2 were in good agreement with 
the calculated values. 

Throughout the syntheses of la—8a, the peptides 
kept excellent solubility and high reactivity. The 
insertion of tertiary peptide bonds into the peptide 
chain at suitable intervals clearly plays an important 
role in maintaining sufficient solvation of the peptide 
chains, resulting in the exposure of the reactive 
amino- and carboxyl-termini in solution. These 
results indicate that the peptide segment separation 
method has versatility for syntheses of proteins having 
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2 KMM 

2 a (3 a) — >• 2 c (3 c) 
H , . Pd/C 

3 a <5 a) ; , > 3h (5 b) 
1, TFA/miso l i 

2 MMM 

3 a (5 a) • ' • > 3 c (5 c) 
5 a (7 a) 

1. TFA/misol i 

2, NMM 

5c (7 0 

1 b + 2 c ( 3 c) 

3 b + 3 c ( 5 c) 

5 b + 5 c (7 c) 

DCG/KOBt 

3- 3 a (4 a) 

DCC/HOBt 

^ 5 a (6 a) 
DCC/HOBt 

-s- 7 a (8 a) 

R1 - ( A s n - A l a - A s n - P r o ) n - O R 2 

1 - 8 
a =R1=Boc, R 2 =Bz l 
b =R1 =Boc, R 2 =H 
C =R1 =H , R 2 =Bzl 

1 2 3 

n I 1 2 3 4 

Scheme 1. 

9 12 I t 

Table 1. Synthetic Results and Amino Acid Analyses of Peptides la—8a 

Compound 

la-0.5H2O 
2a-2.5H20 
3a-6.0H2O 
4a-7.0H2O 
5a-14.0H2O 
6a-25.5H20 
7a-28.5H20 
8a-35.0H2O 

Yield/% 

70 
82 
78 
64 
92 
77 
77 
71 

Recrystallization 
solvents 

AcOEt 
z-PrOH 
MeOH/z-PrOH 
MeOH/z-PrOH 
MeOH 
H 2 0 /MeOH 
H 2 0/MeOH 
H 2 0/MeOH 

[ < 5 

(c 1.0 in DMF) 

-59° 
-68° 
-90° 
-78° 
-86° 
-72° 
-86° 

-102° 

Found (Calcd) 

Asp 

1.93 (2) 
4.28 (4) 
6.00 (6) 
8.00 (8) 

12.00 (12) 
17.46(18) 
22.91 (24) 
34.76 (36) 

Ala 

1.00(1) 
1.91 (2) 
2.90 (3) 
3.78 (4) 
6.38 (6) 
9.74 (9) 

12.68 (12) 
18.71 (18) 

Pro 

1.00(1) 
2.00 (2) 
3.18(3) 
4.21 (4) 
5.69 (6) 
9.00 (9) 

12.00 (12) 
18.00(18) 
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Table 2. Elemental Analyses of Peptides la—8a 

Compound Formula 
Found (Calcd) 

C/% H/% N/% 

la-
2a-
3a-
4a-
5a-
6a-
7a-
8a-

0.5H2O 
2.5H20 
6.OH2O 
7.OH2O 
H.OH2O 
25.5H20 
28.5H20 
35.OH2O 

C28H41N6O9.5 

C44H69N12O17.5 

C60H100N18O27 

C76H126N24O34 

C108H188N36O53 

C156H283N54O82.5 

C204H361N720103.5 

C3O0H5I8N1O8O146 

54.95 (54.80) 
50.69(50.51) 
47.76 (47.86) 
47.77 (47.54) 
45.67 (45.69) 
44.18(44.24) 
44.67 (44.72) 
45.20(45.19) 

6.60 (6.73) 
6.39 (6.64) 
6.73 (6.69) 
6.53 (6.61) 
6.35 (6.67) 
6.39 (6.73) 
6.48 (6.64) 
6.49 (6.54) 

13.66 (13.69) 
15.79 (16.06) 
16.88 (16.74) 
17.47 (17.50) 
17.74(17.76) 
17.89 (17.85) 
18.13(18.41) 
18.75 (18.97) 

Table 3. Solubility Properties of Peptides la—8a (c=1.0 g d l " 1 ) ^ 

Solvent 
Com-
pound DMFNMP AC AN THF TFE/CH2CI2 TFE 

DMADMSO HMPA AcOH MeOH EtOH z-PrOH PrOH AcOEt Dioxane CH2CI2 (1/4, v/v) HFIP H2O 

la 
2a 
3a 
4a 
5a 
6a 
7a 
8a 

A 
A 
A 
A 
A 
A 
A 
A 

B 
A 
B 
B 
B 
C 
C 
C 

A 
C 
C 
C 
C 
C 
C 
C 

A 
A 
B 
C 
B 
C 
C 
C 

B 
A 
C 
C 
C 
C 
C 
C 

B 
B 
C 
C 
C 
C 
C 
C 

B 
A 
B 
B 
B 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 

B 
B 
C 
C 
C 
C 
C 
C 

A 
C 
C 
C 
C 
C 
C 
C 

A 
A 
A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 
A 
A 

B 
A 
A 
A 
A 
A 
A 
A 

a) Solubility: A, soluble at room temperature; B, soluble at 80 °C or refluxing temperature; C, partially soluble 
or practically insoluble at 80 °C or refluxing temperature, b) Abbreviations: AC, acetone; AN, acetonitrile. 
Others, see Ref. 1. 

any desired sequence. 
Solubility Properties of Sequential Peptides la—8a. 

Solubility properties of sequential peptides la—8a are 
summarized in Table 3. Compared wi th the solubil­
ity of Boc-[(Leu)3-(Pro)2-Gly]n-OBzl ( n = l , 2, and 4), 
that of peptides la—5a is lower in medium-polar 
solvents such as AcOEt, T H F , CH2CI2, acetone, and 
dioxane, suggest ing that the side-chain amide groups 
of the Asn residues form an intermolecular hydrogen-
b o n d i n g network in the solid state. Peptides 4a—8a 
are also insoluble in AcOH, M e O H , E t O H , P r O H , 
and z-PrOH, being in contrast to Boc-[(Leu)3-(Pro)2-
Gly]n-OBzl hav ing the corresponding pept ide chain 
lengths. T h e hydrogen bond-dis rupt ing potent ial of 
hydrogen donor solvents is in good re la t ionship wi th 
their electron acceptor numbers,15* and those of T F E 
(59) and water (54.8) are slightly larger than those of 
A c O H (52.9) and M e O H (41.3).15>16> T h u s , it is 
remarkable that peptides la—8a are easily soluble in 
TFE/CH2CI2 (1/4, v/v) and water. O n the other 
hand , the excellent solubili ty of all the peptides in the 
strong electron donor solvents DMF, N M P , DMA, and 
DMSO is observed regardless of the increase in the 
pept ide chain length, ind ica t ing that the pept ide seg­
ment separation method is useful to improve the 
solubility of Asn-rich large peptides in these solvents. 
A l though H M P A has the highest value of electron 
donor number in the solvents shown in Table 3, the 
solubility of peptides la—8a in H M P A is as poor as 

that of Boc-[(Leu)3-(Pro)2-Gly]n-OBzl in HMPA. 
Purification of the Sequential Peptides and Their 

Homogeneity Assessment by HPLC. T h e solubility 
of the pept ide series in alcoholic solvents decreases 
gradually wi th the increase in the peptide chain 
lengths. T h u s , the purif ication of the peptide series 
by recrystallization from a mixture of M e O H and 
z-PrOH or water and M e O H could be achieved by 
chang ing their ratios a long wi th the increase in the 
peptide chain lengths. Each pept ide purified by 
recrystallization gave a single peak on H P L C on a gel 
filtration co lumn packed wi th a styrene-divinylben-
zene copolymer17) or a 2-hydroxyethyl methacrylate-
ethylene dimethacrylate coplymer,18) showing all the 
peptides to be monodisperse. Figure 1 shows the 
rela t ionship between the molecular weight and the 
elut ion volume for peptides la—8a, indicat ing that 
H P L C on a gel filtration co lumn is valuable for 
assessment of the homogenei ty of the peptides sepa­
rated in to pept ide segments by tertiary peptide bonds. 
T h e linear re la t ionship in Fig. l a suggests that con­
formational preference of all the peptides in DMF is 
the same regardless of the pept ide chain length. T h e 
structure of the peptide series will be reported 
elsewhere. 

In conclusion, the synthetic strategy of the peptide 
segment separat ion is a remarkably promis ing method 
for synthesizing Asn-rich proteins. In addi t ion to the 
excellent solubili ty and h igh reactivity of the peptides 
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Fig. 1. Relationship between molecular weight and 
elution volume for la—8a using gel filtration 
columns packed with (a) the styrene-divinylben-
zene copolymer and with (b) the 2-hydroxyethyl 
methacrylate-ethylene dimethacrylate copolymer. 
The operating conditions for (a): solvent, DMF; 
flow rate, 1 ml min - 1 ; chart speed, 1 cm min - 1 ; 
temperature, at room temperature. The operating 
conditions for (b): solvent, water; flow rate, 0.5 
ml min - 1 ; chart speed, 1 cm min - 1 ; temperature, at 
room temperature. 

separated in to pept ide segments, they are readily sus­
ceptible to easy purif icat ion by recrystallization and 
facile assessment of homogenei ty by H P L C on a gel 
filtration co lumn. 

Experimental 

General. The uncorrected capillary melting points are 
reported. The optical rotations were taken in a 1 cm cell on 
a JASCO model ORD/UV-5 optical rotatory dispersion 
recorder. The amino acid compositions of acid hydroly-
sates were determined with a Shimazdu HPLC LC-3A all 
amino acid analysis system. The acid hydrolyses of the 
peptides were carried out with 12 M HCl ( 1 M=l mol dm -3) 
or propionic acid/12 M HCl (2/1, v/v) for 2—8 days at 
115°C in evacuated and sealed tubes. HPLC equipments 
for columns packed with a styrene-divinylbenzene copoly­
mer8) (7.5X500 mm), exclusion limit of 20000, and with a 2-
hydroxyethyl methacrylate-ethylene dimethacrylate copoly­
mer19) (4.6X250 mm), exclusion limit of 80000, were de­
scribed previously. The operating conditions of HPLC are 
given in the legend of Fig. 1. 

Boc-Asn-Ala-Asn-Pro-OBzl. Boc-Asn-OH (30.2 g, 
0.13 mol) and HOBt (17.6 g, 0.13 mol) were added to a 
solution of H-Pro-OBzl-HCl (24.1 g, 0.1 mol) in CH2C12 

(400 ml) containing TEA (13.2 g, 0.13 mol). After a few 
minutes, the mixture became heterogeneous, then a solution 
of DCC (26.8 g, 0.13 mol) in CH2CI2 (50 ml) was added. 
The mixture was stirred at room temperature overnight, 
cooled by ice-chilled bath, and filtered. The filtrate was 
washed with water, followed by 10% aqueous citric acid, 
water, 5% aqueous sodium hydrogencarbonate, and water, 
then dried (Na2SC>4), and evaporated to dryness. The 

residue was recrystallized from AcOEt/hexane (300 ml/100 
ml), yielding 36.5 g (87%) of Boc-Asn-Pro-OBzl, mp 104— 
106 °C (lit,20) mp 115—116 °C). The dipeptide (36.5 g, 87 
mmol) was dissolved in 3.5 M HCl-AcOEt (300 ml) and the 
solution was stirred for 2 h under cooling in an ice-chilled 
bath, then evaporated in vacuo. The residue was dissolved 
in CH2CI2 (250 ml) containing NMM (10.6 g, 0.1 mol) and, 
Boc-Ala-OH (18.9 g, 0.1 mol) and HOBt (13.5 g, 0.1 mol) 
were added. The mixture was stirred under cooling in an 
ice-chilled bath, after which a solution of DCC (20.6 g, 0.1 
mol) in CH2CI2 (50 ml) was added. The mixture was 
stirred at 0 °C for 2 h, at room temperature overnight, then 
filtered. The filtrate was subjected to the work-up proce­
dure mentioned above. The residue was recrystallized from 
AcOEt/hexane (250 ml/50 ml), yielding 35.0 g (82%) of Boc-
Ala-Asn-Pro-OBzl, mp 105—108 °C. The tripeptide (34.9 
g, 71 mmol) was dissolved in TFA/anisole (80 ml/20 ml), 
and the solution was stirred at room temperature for 1 h, 
then hexane/ether (1/1, v/v) was added. A residual oil was 
triturated under hexane and ether repeatedly. The solid 
was collected by filtration, dried over KOH pellets in vacuo 
for 3 h, and then dissolved in DMF (100 ml) together with 
NMM (9.3 g, 92 mmol), Boc-Asn-OH (21.3 g, 92 mmol), 
HOBt (12.4 g, 92 mmol), and DCC (19.9 g, 92 mmol). After 
stirring overnight, the solution was filtered, the filtrate was 
concentrated in vacuo, and the residue was washed with 
aqueous sodium hydrogecarbonate and water, and recrystal­
lized from AcOEt (200 ml) to give 30.0 g (70%) of Boc-Asn-
Ala-Asn-Pro-OBzl. It was recrystallized from AcOEt to 
give a material, mp 144—147 °C. 

Boc-Asn-Ala-Asn-Pro-OH. The terapeptide (18.1 g, 30 
mmol) was dissolved in MeOH containing a small amount 
of AcOH and hydrogenated over 10% Pd/C (1.8 g) at room 
temperature for 36 h. After removal of the catalyst by 
filtration, the filtrate was evaporated in vacuo. The residue 
was filtered using ether and recrystallized from AcOEt to 
give Boc-Asn-Ala-Asn-Pro-OH, 13.6 g (88%). 

A General Procedure for the Preparation of Boc-(Asn-
Ala-Asn-Pro)n-OBzl (n=2, 3, and 4). Boc-(Asn-Ala-Asn-
Pro)*-OBzl (k=l, 2, and 3) (10 mmol) was treated with TFA/ 
anisole (12 ml/3 ml) as usual. H-(Asn-Ala-Asn-Pro)*-
OBzl • TFA obtained was dissolved in DMF (30 ml) together 
with NMM (1.1 g, 11 mmol), Boc-Asn-Ala-Asn-Pro-OH 
(5.7g, l lmmol), HOBt (1.5 g, 11 mmol), and DCC (2.2 g, 11 
mmol). The mixture was stirred under cooling in an ice-
chilled bath for 2 h, at room temperature for 48 h, then 
cooled in an ice-chilled bath, and filtered. The filtrate was 
poured into AcOEt and the resulting solid was collected by 
filtration and purified by recrystallization from suitable 
solvents shown in Table 1. 

Boc-(Asn-Ala-Asn-Pro)m-OH (m=3 and 6). Boc-(Asn-
Ala-Asn-Pro)m-OBzl (ra=3 and 6) (2 mmol) was dissolved 
in water containing a small amount of AcOH and hydro­
genated for 48 h. Removal of catalyst followed by evapora­
tion gave an oily residue, which was solidified by the addi­
tion of ether. The resulting solid was collected by filtration 
and purified by recrystallization. 

A General Procedure for the Preparation of Boc-(Asn-
Ala-Asn-Pro)n-OBzl (n=6, 9, 12, and 18). Boc-(Asn-Ala-
Asn-Pro)„-OBzl (n=6 and 9) was prepared in NMP by the 
coupling reactions of H-(Asn-Ala-Asn-Pro)*-OBzl (k=3 
and 6) with 3.0 equiv of Boc-(Asn-Ala-Asn-Pro)3-OH and 
Boc-(Asn-Ala-Asn-Pro)„-OBzl (n=12 and 18), by the cou-
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pling reactions of H-(Asn-Ala-Asn-Pro)*-OBzl (k=6 and 
12) with 3.0 equiv of Boc-(Asn-Ala-Asn-Pro)6-OH. The 
procedure was essentially the same as that for the prepara­
tion of Boc-(Asn-Ala-Asn-Pro)n-OBzl (n=2, 3, and 4). 
Treatment of Boc-(Asn-Ala-Asn-Pro)*-OBzl (k=3, 6, 9, and 
12) with TFA/anisole (9/1, v/v) was carried out for 1.5 h 
instead of 1 h, the solution was then poured into ether and 
the resulting solid collected by filtration, washed with ether, 
and z-PrOH repeatedly, and dried over KOH pellets in 
vacuo. 

T h e authors wish to thank Aj inomoto Co., Ltd., 
and Mitsubishi Kasei Co., Ltd., for the generous gift of 
reagents. 
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a-Helical polypeptides having a glyco moiety at one end and a fluorescent probe at the other were prepared 
and investigated on the interaction with a lipid bilayer membrane. A glycopeptide composed of poly(alanine) 
and maltose was incorporated into the lipid membrane with the glyco moiety exposed to the aqueous phase and 
the peptide chain buried in membrane above the phase-transition temperature of the lipid membrane. 
However, below the phase-transition temperature, the glycopeptide induced the aggregation of dimyristoyl-
phosphatidylcholine (DMPC) small unilamellar vesicles (SUV). Another glycopeptide composed of poly(y-
benzyl glutamate) and glucose also induced the aggregation of DMPC SUV, indicating that such the 
hydrophobic peptide tends to disturb the membrane structure significantly upon binding. The arrangement 
of the glycopeptide in a membrane was investigated by using a fluorescent probe connected to the end of the 
peptide chain. The terminal region of the peptide chain was located at the hydrophobic core of lipid 
membrane. However, the glycopeptide composed of 25 Ala residues had a smaller fraction taking perpendicu­
lar orientation to the membrane than that composed of 15 Ala residues. It was therefore considered that a part 
of the former glycopeptide molecules exits on the membrane surface, forming aggregates. 

T h e t ransmembrane region of intr insic membrane 
proteins is considered to take an a-helical structure, 
because their pr imary structure consists of helix-
forming a m i n o acid residues and the length of succes­
sive hydrophobic a m i n o acid residues in the a-helical 
conformation corresponds to the thickness of a l ipid 
bilayer membrane . l>2) In addi t ion, the a-helical con­
formation in the l ipid membrane is energetically sta­
ble due to shielding from the hydrophobic environ­
ment of the polar amide groups by in t rachain hydro­
gen bondings.3 '4* 

However, the backbone conformation of membrane 
proteins has not been well investigated by spectros­
copy. It is still u n k n o w n whether the a-helical struc­
ture is formed spontaneously in the l ipid membrane , 
or wha t determines the orientat ion of the a-helical 
segment in the l ipid membrane . Therefore, it is of 
interest and significance to investigate the interaction 
wi th a l ipid bilayer membrane of model peptides 
taking an a-helical conformation. In the present 
investigation, a-helical oligopeptides hav ing a glyco 
moiety at one end of the chain and an 9-an-
thracenecarbonyl g roup at the other end were pre­
pared. In these glycopeptides, the hydrophi l ic glyco 
moiety will reside on the surface of the l ipid mem­
brane u p o n b ind ing of the hydrophobic peptide seg­
ment to the l ipid membrane.5* Therefore, the arran­
gement and orientat ion of the pept ide chain in the 

l ipid membrane can be deduced from the location of 
the other terminal of the peptide chain by fluorescence 
spectroscopy. 

Results and Discussion 

Polymerization of NCA. T h e molecular structure 
of glycopeptides used in the present investigation and 
the synthetic routes are shown in Figs. 1 and 2, 
respectively. 

T h e elut ion profile of GlcNAc-20-Glu(OBzl) 
th rough gel chromatography was bimodal . It has 

- 0 NH4-C-ÇH-NHfC-CH2-// x> 
V \ CH3 

n=15 ; GlcNAc-15-Ala 

NHAc 

0 CH3 

CH-NH-C-CH9-N-CH 
i *• i i 

CH, 0 

n=20 ; GlcNAc-20-Glu(OBzl) 

f 0 H 0 ,0 ÇH3 v 0 0 / = 
OH C-NH4CH2^NHic-CH-NH4-C-CH2-NH-C 

n=15 ; Mal-15-Ala 
n=25 ; Mal-25-Ala 

Fig. 1. Molecular structure of glycopeptides synthesized. 
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been reported that poly(y-benzyl glutamate) obtained 
by polymerization in N,N-dimethylformamide showed 
a narrow molecular weight distribution,9* although 
that in dioxane had a very large inhomogeneity of the 
molecular weights.10) Unfavorable side reactions 
such as reaction of NCA with hydroxyl groups of the 
initiator or deamination of a-amino group of the 
initiator might occur slightly.n> On the other hand, 

polymerization using Ac-Mal-EDA as initiator is con­
sidered to have proceeded according to the "nucleo-
philic addition mechanism," because the average 
degree of polymerization coincides with the ratio of 
[NCA]/[Initiator] (Table 1).12> The average degree of 
polymerization was determined by NMR measure­
ments of glycopeptides by comparing the area of Ca-
CH3 signal of Ala with that of acetyl signal of the 
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Fig. 2. Synthetic route to glycopeptides. 

glyco moiety. 
T h e a m o u n t of the fluorescent probe introduced 

in to the N-terminal of polypeptides was estimated 
by UV spectroscopy. In the case of GlcNAc-20-
Glu(OBzl), the content of naph thy la lan ine moiety 
was as low as 10%, while it was a round 20 % for Mai-15 
or 25-Ala (Table 1). It has been reported that the 
a m i n o g r o u p at the terminal of a polymer chain easily 
lost the nucleophilicity.1 2 ) 

Conformation. IR spectra of Mai-15-Ala and Mal-
25-Ala showed the absorpt ions at 1645 c m - 1 and 1540 

c m - 1 , which are assigned to amide I and II absorptions 
of the a-helical polypeptide, respectively (data not 
shown).13) In addit ion, CD spectra of GlcNAc-15-
Ala, Mal-15-Ala, and Mal-25-Ala showed the double 
m i n i m a of negative Cotton effects in hexafluoro-2-
p ropano l (data not shown). These results indicate 
that the pept ide chain of glycopeptides takes an a-
helical conformation both in a solid state and in 
solution. 

Distribution to Lipid Bilayer Membrane. T h e dis­
t r ibut ion of glycopeptides to the l ipid bilayer mem-
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Table 1. Average Degree of Polymerization and Introduction Rate 
of Fluorescent Probe of Mal-15-Ala and Mal-25-Ala 

Glycopeptide 

Mal-15-Ala 
Mal-25-Ala 

[NCA] 

[Initiator] 

15 
25 

Average degree of 
polymerization 

16.3 
23.7 

Content of 9-anthracene 
carbonyl group/% 

22.1 
23.8 

brane was investigated by fluorescence spectroscopy. 
The emission of the glycopeptides synthesized in a 
buffer solution was not stable, because these glycopep­
tides were not well dispersed in a buffer solution and 
formed aggregates due to the high hydrophobicity. 
However, in the presence of DMPC SUV, GlcNAc-15-
Ala and Mai-15 or 25-Ala emitted stable fluorescence 
above the phase-transition temperature of the lipid 
membrane, indicating the distribution of the glyco­
peptides to the lipid bilayer membrane. On the other 
hand, GlcNAc-20-Glu(OBzl) induced the aggregation 
of DMPC SUV above the phase-transition tempera­
ture. The significant destabilization of the mem­
brane structure of DMPC SUV induced by the distri­
bution of GlcNAc-20-Glu(OBzl) should be related 
with tight binding of GlcNAc-20-Glu(OBzl) with the 
lipid membrane due to the hydrophobic peptide 
chain. Hereafter, the interaction of glycopeptides 
with the lipid membrane was examined by using Mal-
15 and 25-Ala, because glycopeptides obtained by 
using GlcNAc as initiator might contain a low-
molecular-weight fraction and poly(y-benzyl glutam­
ate) induced the aggregation of the lipid membrane. 

DPPC SUV aggregated on adding Mai-15-Ala 
below the phase-transition temperature of the mem­
brane, while it did not above the phase-transition 
temperature. The addition of Mal-25-Ala to DPPC 
SUV below the phase-transition temperature did not 
induce the aggregation. However, the vesicles con­
taining Mal-25-Ala aggregated, when the temperature 
was raised above the phase-transition temperature and 
then decreased below the phase-transition temperature 
again. It was considered that Mal-25-Ala, when 
added below the phase-transition temperature, was 
loosely bound to the lipid membrane, but that 
upon raising temperature above the phase-transition 
temperature Mal-25-Ala was incorporated into the 
lipid membrane. It was shown that the fluorescence 
depolarization (1/P) of Mal-25-Ala in the presence 
of DPPC SUV decreased upon raising temperature 
above the phase-transition temperature, indicating the 
incorporation of N-terminal of the peptide chain into 
the hydrophobic core of the membrane (Fig. 3). 
These experimental observations indicate that the gly­
copeptides are bound by the lipid bilayer membrane 
in a liquid-crystalline state so tightly that the mem­
brane structure is destabilized to cause the aggregation 
of vesicles at lower temperatures than the phase-
transition temperature. This observation is consist­
ent with the report that the defect formation in the 
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Fig. 3. The temperature dependence of fluorescence 
depolarization of 9-anthracenecarbonyl group of 
Mal-25-Ala in the presence of DPPC SUV. 
Temperature was raised up gradually from the 
point indicated by the left-side arrow and reached 
40 °C at the point indicated by the right-side arrow. 
[DPPC]=1 mM. [Mal-25-Ala]=6.7X10-5 M. 

lipid membrane triggered by the distribution of addi­
tives are more significant at lower temperatures than 
the phase-transition temperature. 14> 

Interaction with Lectin. Con A is a well-known 
agglutinin which specifically binds to glucose unit.15) 
The addition of Con A to DPPC SUV containing Mal-
15 or 25-Ala induced agglutination of vesicles as 
shown by the increased turbidity of the suspension 
(Fig. 4). In the absence of glycopeptides the turbidity 
change was not significant. Therefore, it was sug­
gested that the glyco moiety of the glycopeptides is 
exposed to the aqueous phase, and the peptide chain is 
buried in the lipid membrane. 

However, the aggregated DPPC SUVs were not 
segregated by the addition of maltose. It was sup­
posed that a tight aggregation occurred through the 
interaction of dehydrated surface of the lipid mem­
brane after Con A-induced preliminary association 
of vesicles. The dehydration of membrane surface 
should be related with the presence of defects formed 
in the lipid membrane upon distribution of the 
glycopeptides.14) 

Orientation of Glycopeptides in Lipid Membrane. 
Fluorescence quenching of Mal-25-Ala by acrylamide, 
which is a water-soluble quencher, in the presence of 
DMPC SUV was less significant than in a buffer 
solution (data not shown). This means that the 9-
anthracenecarbonyl group of glycopeptides is buried 
in the hydrophobic core of the lipid bilayer 
membrane. 
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A q u e n c h i n g g roup can be located at a certain depth 
of the l ipid bilayer membrane by dis t r ibut ing 5- or 16-
DS to the membrane.16^ Figure 5 shows that the 
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Fig. 4. Con A-induced aggregation of DPPC SUV 
containing Mal-15-Ala (A) or Mal-25-Ala (B) at 
50 °C. Aggregation was monitored by the change 
of absorbance at 360 nm. 
[DPPC]=1 mM. [grycopeptides]=6.7X10-7 M. 
[Con A]=1.7X10-6 M (at the 1st addition), 3.4X10"6 

M (at the 2nd addition). 

emission of each glycopeptide in the presence of 
D P P C SUV was quenched more efficiently by 16-DS 
than by 5-DS, imply ing that the N-terminal region of 
the glycopeptides is located near the middle of the 
membrane . 

CF Leakage. T h e addi t ion of glycopeptides to the 
suspension of CF-trapped vesicles enhanced the CF 
leakge from the vesicles (Fig. 6). However, a s imul­
taneous addi t ion of Con A and glycopeptide to CF-
ent rapped vesicles did not change the rate of CF 
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Fig. 6. CF leakage from DPPC SUV with the addi­
tion of Mal-15-Ala (A) and Mal-25-Ala (B), and the 
effect of Con A at 50 °C. 
[DPPC]=3.1X10"4 M. O; without additives. • ; 
[glycopeptide]=1.6X10-6 M. O; [glycopeptide]^ 
1.6X10-6 M, and [Con A]=4.0X10-7 M. A; [glyco-
peptide]=8.0X10-6 M. A; [glycopeptide]=8.0X10"6 

M, and [Con A]=4.0X10"7 M. 
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Fig. 5. Quenching of Mal-15-Ala (A) and Mal-25-Ala (B) by 5- ( • ) and 16-DS (O) 
in the presence of DPPC SUV according to the Stern-Volmer's plot at 50 °C. 
[DPPC]=1 mM. [glycopeptides]=1.7X10-5 M. 
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leakage. Therefore, the b ind ing of Con A to glyco 
moiety of glycopeptides, accompanying their cross-
l ink ing should not influence the CF-leakage. It 
seems that these glycopeptides are not molecularly 
dispersed in the membrane , bu t are distributed by 
forming aggregates. 

The Effect of Membrane Potential on the Orienta­
tion of Glycopeptides. A bundle of a-helical rods in 
the l ipid membrane has been proposed to form a 
voltage-dependent channel . 17> It has been considered 
that the or ientat ion of the a-helical rod in the mem­
brane can be changed in response to membrane poten­
tial due to its macrodipole moment.1 8 ) 

Membrane potent ia l was generated according to the 
concentrat ion difference of K+ across the SUV mem­
brane by the addi t ion of K+ ionophore , valino-
mycin.19* It was confirmed that the membrane poten­
tial was main ta ined for more than 3 min under the 
present condit ions, which was detected by us ing the 
fluorescence indicator of membrane potent ial , diS-
C(3)-5.2°) T h e location of N-terminal por t ion of 
some glycopeptides in the l ipid membrane can be 
evaluated by measur ing the excitation spectra of 9-
anthracenecarbonyl g r o u p connected to the N-
terminal in the presence of energy donor , N-
stearoyltryptophan.2 1 ) 

T h e excitat ion energy transfer from N-stearoyl-
t ryp tophan to 9-anthracenecarbonyl g roup of the 
present glycopeptides in the presence of D M P C SUV 
was measured and is summarized in Table 2. Nota­
bly, the energy-transfer efficiencies of Mai-15-Ala and 
Mal-25-Ala were lower than that of Ant-CO-Gly-OEt. 
Since Ant-CO-Gly-OEt is supposed to be located near 
the membrane surface because of its low hydrophobic-
ity,21) the low energy-transfer efficiencies of glycopep­
tides indicate that the N- termina l of the glycopeptides 
is deeply incorporated in to the hydrophobic core of 

Table 2. The Excitation Energy Transfer from N-
Stearoyltryptophan to the Glycopeptides 
Carrying 9-Anthracenecarbonyl Group 

in the Presence of Egg Yolk 
Lecithin SUV 

Energy-transfer efficiency/% 

Peptide Without membrane Under membrane 
potential potential 

Mal-15-Ala 4.63 5.12 
Mal-25-Ala 8.80 10.03 
Ant-CO-Gly-OEt 21.51 22.02 

[egg yolk lecithin]=6.0X10-4 M. [glycopeptides] 
=1.3X10-5 M. [Ant-CO-Gly-OEt]=2.4X10"6 M. [N-
stearoyltryptophan]=6.0X10~6 M. Egg yolk lecithin 
SUV containing 0.1 M KCl was suspended in buffer 
solution containing 0.1 M NaCl. Membrane potential 
was generated by the addition of valinomycin 
(1.6X10-5 M). The energy-transfer efficiency was eval­
uated from the excitation spectra on the basis of the 
molecular extinction coefficients; £291 of trypto-
phan=4870 and £365 of anthracene=5780. 

the l ipid membrane . T h i s result is consistent wi th 
the results of the fluorescence q u e n c h i n g experiments 
described before. However, the energy-transfer effi­
ciency of Mal-25-Ala was h igher than that of Mai-15-
Ala, indica t ing that the p ropor t ion of Mal-25-Ala 
residing near the membrane surface is h igher than 
that of Mal-15-Ala. 

U p o n appl ica t ion of membrane potential , the 
energy-transfer efficiency was slightly increased. 
Since the K + concentrat ion inside the vesicle was 
higher than that outside the vesicle, the Nernst equa­
tion predicts that the membrane potent ial was gener­
ated wi th h igher positive potent ia l in the external 
aqueous phase than in the internal aqueous phase. 
If the macrodipole of glycopeptides interacts wi th the 
electric field generated across the membrane , the frac­
t ion of glycopeptides p o i n t i n g perpendicular ly to 
the membrane surface should increase, resul t ing in 
decreased energy-transfer efficiency. However, this 
was not the case. It is considerd that the l ipid bilayer 
membrane became th inner due to the membrane 
potent ia l generated, leading to reduced distance 
between the 3-indolyl g roup and the 9-anthracene­
carbonyl g r o u p in the membrane . T h i s is likely 
explana t ion for the increased energy-transfer effi­
ciency under the membrane potent ial . 

In conclusion, the glycopeptides consist ing of a 
maltose u n i t and 15 or 25 Ala residues were incorpo­
rated in to the SUV membrane , taking a t ransmem­
brane orientat ion. When the pept ide chain consists 
of 25 Ala residues, however, the glycopeptide tended to 
stay at the membrane surface. Presumably, the gly­
copeptides should form aggregates at the membrane 
surface due to intermolecular interactions. It has 
been shown that polypeptides such as poly(leucine) 
and poly(alanine) tend to take ß-sheet structure and to 
form aggregates.22) In addi t ion, it has been reported 
that a natura l ly occurr ing t ransmembrane glycopro­
tein was reconstructed in the SUV membrane with a 
ha i rp in configurat ion hav ing the N- and C-terminal 
regions exposed to external aqueous phase.23) Tak­
ing these facts in to consideration, the glycopeptides 
Mai-15-Ala and Mal-25-Ala should not necessarily 
take the t ransmembrane or ientat ion spontaneously 
though the pept ide chain is long enough to span 
across the membrane . T h e interact ion of the pept ide 
chain wi th l ipid molecules should be influential in 
the or ientat ion of the glycopeptide in the l ipid 
membrane . 

Experimental 

Materials. The synthesis of glycopeptides used in the 
present investigation are summarized below briefly. 

GlcNAc-15-Ala: L-Alanine Af-carboxyanhydride (Ala 
NCA) was polymerized in Af,Af-dimethylformamide by 
using 2-Af-acetyl-a-D-glucosylamine (NH2-GlcNAc) as 
initiator, which was synthesized according to the method 
reported by Makino et al.6> ([Ala NCA]/[Initiator]=15). 
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After disappearance of IR absorptions characteristic to 
the NCA, 1-naphthylacetic acid succinimide ester 
(napCH^COOSu, 3-equivalent amount of the initiator) was 
added. After standing for two days at room temperature, 
the solution was poured into methanol, and the precipitate 
obtained was washed with methanol. 

GlcNAc-20-Glu(OBzl): y-Benzyl-L-glutamate Af-car-
boxyanhydride (Glu(OBzl) NCA) was polymerized by using 
NH2-GlcNAc as initiator ([Glu(oBzl)NCA]/[Initiator]=20) 
in N,N-dimethylformamide/dichloromethane (2/8) mix­
ture. After standing for three days at room temperature, N-
formylsarcosyl-2-naphthylalanine succinimide ester (HCO-
Sar-napAla-OSu, 6-equivalent amount of the initiator) was 
added. This dipeptide was prepared by the condensation of 
Af-formylsarcosine and 2-naphthylalanine benzyl ester 
using dicyclohexylcarbodiimide as a coupling reagent 
followed by hydrogénation, and esterification with N-
hydroxysuccinimide. The solution was added to acetone/ 
ether (1/1, v/v) mixture. The precipitate was fractionated 
by gel chromatography on a Sephadex LH-60 column using 
Af,Af-dimethylformamide as eluant. 

Mal-15 or 25-Ala: Maltonolactone (0.655 g) was pre­
pared according to the method reported by Williams et al.,7) 
and reacted with Af-benzyloxycarbonylethylenediamine 
(0.36 g) in N,N-dimethylformamide (2 ml) overnight. The 
product was purified on a silica-gel column using 
methanol/chloroform (3/7, v/v) mixture as eluant. The 
compound obtained (Mal-BEDA, 0.35 g) was acetylated with 
acetic anhydride (1.86 ml) and pyridine (2.66 ml) at 0°C. 
White solid (Ac-Mal-BEDA) was obtained by precipitation 
upon addition of water. Calcd for C38H50N2O21: C, 51.35; 
H, 5.89; N, 3.15%. Found: C, 51.30; H, 5.64; N, 2.77%. Ac-
Mal-BEDA (0.051 g) was subjected to the catalytic hydrogé­
nation using Pd/C in i-butyl alcohol/ethyl acetate (1/1, v/v) 
mixture. After completion of hydrogénation, the solution 
was concentrated and precipitated by the addition of hexane. 
The product obtaind (Ac-Mal-EDA) was used as an initiator 
for the polymerization of Ala NCA in Af,Af-dimethyl-
formamide. [Ala NCA]/[Initiator] was adjusted to 15 or 
25. After disappearance of IR absorptions characteristic 
to the NCA, Af-(9-anthrylcarbonyl)glycine succinimide 
ester (Ant-CO-Gly-OSu, 3 equivalent of the initiator) was 
added. Standing for two days at room temperature, the 
solution was poured into ether, and the precipitate was 
washed with methanol, acetone, and Af,Af-dimethyl-
formamide/acetic acid (1/1, v/v) mixture. 

The protected glycopeptides (20 mg) were dissolved in 
hexafluoro-2-propanol (500 /xl) and hydrolyzed in the pres­
ence of 2 M KOH (76 /zl). Standing for several hours at 
27 °C, the solution was poured into an excess amount of 
water. The white solid obtained was washed with water, 
methanol, and ether. The removal of acetyl groups from 
the glyco moiety was confirmed by IR spectroscopy. The 
products are represented as Mal-15-Ala and Mal-25-Ala for 
n=\5 and 25, respectively. 

Dipalmitoylphosphatidylcholine (DPPC), dimyristoyl-
phosphatidylcholine (DMPC), egg yolk lecithin, concana-
valin A (Con A), 5- or 16-doxylstearic acid (5- or 16-DS, 
doxyl=4,4-dimethyl-3-oxazolidinyloxy), 5/6-carboxyflu-
orescein (CF), and valinomycin were purchased from Sigma 
(USA). 

Preparation of Small Unilamellar Vesicle. Small unila­
mellar vesicle (SUV) composed of DPPC, DMPC or egg yolk 

lecithin was prepared by sonication of the lipid dispersion 
in a buffer solution (10 mM 2-[4-(2-hydroxymethyl)-l-
piperazyl]ethanesulfonic acid (HEPES), 0.1 M NaCl or KCl, 
0.1 mM EDTA, pH 7.4) and ultracentrifugation at 100000 g. 
Lipid content was assayed by colorimetric method using 
phospholipase D (Diacolor, Toyobo, Japan). 

Measurement. NMR, fluorescence, UV, and IR spectros­
copy was carried out on a JEOL-FX90Q (JEOL, Japan), a 
MPF-4 fluorescence spectrophotometer (Hitachi, Japan), a 
UVIDEC-1 UV/VIS spectrophotometer (JASCO, Japan), 
and an A-202 infrared spectrophotometer (JASCO, Japan), 
respectively. 

CF leakage from DPPC vesicles was measured according 
to the method reported by Barbet et al.8) Fluorescence 
excitation and monitoring wavelengths of CF were 470 and 
515 nm, respectively. Aggregation of vesicles induced by 
the addition of Con A was monitored by the absorp­
tion at 360 nm. Fluorescence depolarization of 9-
anthracenecarbonyl group connected to the peptides was 
measured on a MPF-4 fluorophotometer installed with an 
equipment as previously reported.5) Fluorescence excita­
tion and monitoring wavelengths of 9-anthracenecarbonyl 
group of the glycopeptides were 365 and 425 nm, 
respectively. 
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Lewis Acid-Promoted Cross Aldol Reaction of Aldehydes with Ketones 
Utilizing 3-Methyl-2-phenyl-2-(2-oxoalkyl)benzothiazolines 

as an Enolate-Transferring Reagent 

Hidenor i CHIKASHITA,* Shin- ichiro TAME, Seiji YAMADA, and Kazuyoshi I T O H 

Department of Applied Chemistry, Faculty of Engineering, Kansai University, Suita, Osaka 564 
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The treatment of a variety of 3-methyl-2-phenyl-2-(2-oxoalkyl)benzothiazolines with aldehydes in the 
presence of 2 equivalents of SnCU in dichloromethane at —78 °C underwent a carbon-carbon bond cleavage at 
the 2-position of the benzothiazoline ring releasing an 2-oxoalkyl moiety followed by the concurrent aldol-type 
reaction with aldehydes to afford the corresponding ^-hydroxy ketones. Among the Lewis acids examined, 
SnCU was found to be most effective, while a similar reaction employing trimethylsilyl trifluoromethanesul-
fonate as an electrophilic promoter mainly gave the corresponding aldol-condensation product. In the case of 
the reaction with 3-methyl-2-phenyl-2-(l-substituted 2-oxoalkyl)benzothiazolines, a diastereomeric mixture of 
«-substituted ^-hydroxy ketones as cross aldol products was obtained and the anti preference was generally 
observed for reactions with the benzothiazolines possessing an aromatic ketone moiety in modest to poor 
selectivity ranging between 69:31 and 57 :43. In contrast to this, the reaction of the benzothiazoline possessing 
an alkyl ketone moiety, 3-methyl-2-phenyl-2-(l-methyl-2-oxobutyl)benzothiazoline, with benzaldehyde showed 
syn preference in modest selectivity of 70:30. 

T h e aldol reaction is one of very impor tan t , funda­
mental , and useful reactions in organic synthesis and 
has been extensively investigated in recent years. 
A l though various types of aldol reactions in aprotic 
solvents have been reported, most of reactions can be 
fundamental ly classified in to a g r o u p of reactions 
either wi th enolates possessing a Lewis acidic metal 
counter ion or wi th a combina t ion of enol silyl ethers 
and an appropr ia te electrophil ic activator of carbon-
yls. We have recently shown that, under appropr ia te 
condit ions, hydrogen at the C-2 posi t ion of 2-
phenylbenzazolines can be nucleophi l ical ly trans­
ferred as a "hydr ide" to electrophilically activated a,ß-
unsa tura ted carbonyl compounds, 1) electron-deficient 
olefins,10'2) a-halo carbonyl compounds , and acid 
chlorides3) to give the corresponding conjugate reduc­
t ion and reductive dehalogenat ion products in h igh 
yields.4) In a par t of our at tempts to extend this 
"hydr ide" transferring ability of the 2-phenyl-
benzazoline r ing system to other an ion ic species, we 
have found that "eno la te" can be also transferred 
successfully to an aldehyde under extremely mi ld con­
di t ions us ing a Lewis acid as an electrophil ic p romo­
ter, a l lowing the realization of an enolate transfer-type 

aldol reaction.5 '6) In this paper , we wish to report 
details of a novel type of cross aldol reaction of 
aldehydes wi th ketones ut i l iz ing a combinat ion of 
a variety of 3-methyl-2-phenyl-2-(2-oxoalkyl)benzo-
thiazolines (1) as an enolate transferring reagent and a 
Lewis acid as an electrophil ic promoter and disclose 
the scope of the reaction inc lud ing its stereochemical 
aspects, l imi ta t ions , and general applicability.7) 

Results and Discussion 

Init ially, a survey of the enolate-transferring ability 
of the benzothiazolines 1 to aldehydes was conducted 
us ing the reaction of 3-methyl-2-phenacyl-2-phenyl-
benzothiazoline ( la) wi th 2 equivalents of benzalde­
hyde as a representative example (Table 1). Al­
t h o u g h any reaction of la wi th benzaldehyde could 
not have occurred wi thou t an additive, Lewis acids 
were found to promote the reaction to afford the cross 
aldol product , 3-hydroxy-3-phenylpropiophenone 
(2a), wi th varying yields depending on the type of 
Lewis acid and reaction condit ions. A mo n g the reac­
tions examined, the reaction employing 2 equivalents 
of SnCl4 at — 78 °C was the most effective (Entry 1) 
whi le the same reaction wi th 1 equivalent of SnCU or 

CH3-K .S 

Ph 

O 

R1 + R3CHO 

a : R1=Ph, R2=H 
b : R1=n-Pr,R2=H 
C : R1 = Ph, R2=Me 
d : R1 = Ph, R2=Et 
e : R1 = Et, R2=Me 

Lewis 
acid 

/R2=H 

R2*H 

Lewis 
acid 

OH O CH3 

OH O OH O 

p x A Y X^ R i + R3x^Y^\Ri + 

R2 

a n t i - 4 

R2 

s y n - 4 

Scheme 1. 
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the reaction at —40 °C produced the aldol product 2a 
in lower yield (Entries 2,3). BF3-OEt2 could also 
significantly promote the reaction while ZnCk was 
almost ineffective (Entries 4,5). T iCU is well known 
to be an efficient electrophil ic activator for a carbonyl 
g r o u p and is now used commonly in a variety of 
synthetic reactions inc lud ing aldol reactions.8) How­
ever, the reaction wi th TiCU mainly gave the aldol 
condensat ion product , chalcone (5), in 43% isolated 
yield together wi th the desired aldol product 2a (11%) 
(Entry 6). T h i s is probably due to the strong acidity 
of TiCU. Trimethyls i lyl t r if luoromethanesulfonate 
(TMSOTf) is also k n o w n as an efficient reagent for 
the electrophilic activation of the oxygen atom.9 ) 

Using 2 equivalents of this reagent for a Lewis acid, 
we have carried ou t the reaction of la wi th benzalde-
hyde in d ich loromethane at —78 °C for 6 h (Scheme 2). 
Al though the reagent could less effectively promote 
the reaction, this reaction led to the formation of the 
aldol product 2a and the condensat ion product 5 in 
19% and 16% yields, respectively. T h e reaction of la,b 
with several different aldehydes was thus examined 
under the o p t i m u m condi t ions (2 equiv of SnCU, 

CH3-N S r N x s J l 
p h / \ ^ \ R + PhCHO 

1a:R = Ph 
6 : R = OEt 

- 3 TMSOTf 

OH O 

P h - ^ ^ ^ R + P h ^ ^ V ^ R 
2a:R=Ph 
7a:R = OEt 

5:R=Ph 
7b:R=OEt 

Scheme 2. 

—78 °C). T h e results are summarized in Table 2. 
An a l iphat ic aldehyde, a hindered aldehyde, and an 
a ,ß-unsa tura ted aldehyde reacted wi th la to give the 
corresponding aldol products 2b—d wi thout their 
dehydrat ion products (Entries 2—4). It is note­
worthy that the h igh preference for non-conjugate 1,2-
addi t ion (i.e., aldol reaction) to an a ,ß-unsaturated 

Table 1. Aldol-Type Reaction of Benzothiazoline la with Benzaldehyde 
in Dichloromethane in the Presence of a Lewis Acid 

Entry 

1 
2 
3 
4 
5 
6 

Lewis acid 

SnCl4 

SnCU 
SnCl4 

BF3-OEt2 

ZnCl2 

TiCl4 

(Equiv) 

(2) 
(1) 
(2) 
(2) 
(2) 
(2) 

Time/h 

6 
8 
6 
6 
6 
6 

Temp/°C 

- 7 8 
- 7 8 
- 4 0 
- 7 8 
- 7 8 
- 7 8 

Yield of 2a/%a) 

67 
44 
60 
61 

Traceb) 

U c ) 

a) Yield of pure product after MPLC. b) T H F was used as a solvent in place of dichloro­
methane. c) The condensation product 5 (chalcone) was obtained in 43% yield. 

Table 2. Aldol-Type Reaction of Benzothiazolines la,b with a Variety of Aldehydes 
in Dichloromethane in the Presence of SnCl4 at —78 °Ca) 

Entry Reafnt 
R3CHO Time/h Product 

2 
Yield 
/%b) 

la PhCHO 

la EtCHO 12 

OH O 

Ph AA 
Ph 

OH O 

2a 

vU 2b 
Ph 

67 

54 

la *-BuCHO 12 
OH O 2c 

Ph 

OH O 
la PhCH=CHCHO 12 / ^ J L A 2d 

Ph^ ^ \ ^ \ p h 
OH O 

lb PhCHO 
2e 

Ph AJU 

18 

40 

43 

a) 1 : R3CHO : SnCl4=l : 2:2 (molar ratio), b) Yield of pure product after MPLC. 
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aldehyde is in sharp contrast to the selective conjugate 
hydride addi t ion to o?,ß-unsaturated carbonyl com­
pounds us ing 2-phenylbenzazolines and A1C13.1* As 
seen in the result of the reaction of l b wi th benzalde­
hyde giving the aldol product 2e, the cross aldol 
reaction of an a l ipha t ic ketone wi th an aldehyde pro­
ceeded successfully as well as in the case of an aro­
mat ic ketone (Entry 5). 

T h e cross aldol reaction between two different 
ketones and the similar reaction of esters wi th alde­
hydes are also of impor tance in organic synthesis. 
T h u s , we tried the reaction of l a wi th c o m m o n 
ketones under the present reaction condi t ions bu t 
found that l a could no t react wi th c o m m o n ketones at 
all. Fur thermore , we have examined the reaction of 
the benzothiazoline 6 possessing an ester moiety wi th 
benzaldehyde in the presence of T M S O T f or other 
Lewis acids under several different reaction condit ions 
(Scheme 2). However, in all cases examined, the 
formation of the expected ß-hydroxy ester 7a or its 
dehydrat ion product 7b was not observed. 

We next investigated the SnCU-promoted aldol 
reaction of aldehydes wi th a variety of 3-methyl-2-

phenyl-2-( 1 -substituted 2-oxoalkyl)benzothiazolines 
(lc—e) (Scheme 1). All the compounds lc—e used 
were prepared as a respective single diastereoisomer by 
the procedure previously reported, a l though their 
relative stereochemistries have no t been clarified.10) 

T h e results of the aldol-type reaction are summarized 
in Tab le 3. In all cases, a diastereomeric mixture of 
ant i and syn aldols 4 a — h n ) could be obtained wi thou t 
any appreciable a m o u n t of the condensat ion products. 
These results indicate that the present aldol-type reac­
t ion of ketones wi th aldehydes us ing 1 is fairly general 
and appl icable to the synthesis of «-substituted ß-
hydroxy ketones as well as ß-nonsubst i tuted ones. In 
the case of a series of reactions of the benzothiazoline 
l c possessing an aromat ic ketone moiety wi th aro­
mat ic aldehydes, the ant i preference was consistently 
observed in the selectivity r ang ing between 69: 31 and 
57:43 (Entries 1—4). T h e ant i preference was also 
observed in the reaction of l c wi th an al iphat ic alde­
hyde such as bu tana l and in the reaction of Id wi th 
benzaldehyde (Entries 5,7). In contrast to this, the 
reaction of l c wi th a relatively bulky aldehyde such as 
2-methylpropanal and the cross aldol reaction of an 

Entry 

Table 3. Aldol-Type Reaction of Benzothiazolines lc—e with a Variety of Aldehyeds 
in Dichloromethane in the Presence of SnCU at —78 °Ca) 

Reagent 
R3CHO 

PhCHO 

p-ClPhCHO 

p-N0 2PhCHO 

j 

Ph' 

a 
ii"*r 

Product 
4 

OH O 

X A 
OH O 

OH O 

1 1 ^ Y ^ - P h 

4a 

4b 

4c 

Yield 
/%h) 

43 

52 

63 

Stereoselectivity0* 
(anti-4 : syn-4)d) 

65:35 

69:31 

67:33 

lc 

lc 

lc 

lc 

lc 

lc 

02N' / 

OH O 

p-MePhCHO h 

n-PrCHO 

OH O 

OH O 

i-PrCHO 

Ph 

Ph 

Ph 

4d 

4e 

4f 

38 

52 

48 

57:43 

53:47 

46:54 

8 

Id PhCHO 

le PhCHO 

OH O 

A X 4s 
P h - ^ y ^ P h 18 

OH O 

Ph 
4h 

49 

51:49 

30:70 

a) All the reactions were carried out for 6 h using the reagent system; 1 : R3CHO : SnCU 
= 1 : 2 : 2 (molar ratio), b) Yield of pure diastereomeric mixture after MPLC. c) Determined 
by HPLC analyses, d) Stereochemistry was determined by 1H NMR or 13C NMR analyses. 
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al iphat ic ketone wi th an aromatic aldehyde by us ing 
the reaction of l e wi th benzaldehyde exceptionally 
showed an opposi te stereoselectivity giving syn-4i and 
syn-4h as major products in a low and modest selectiv­
ity of 54 :46 and 70:30, respectively (Entries 6,8). 

We have recently shown that the benzothiazolines 1 
undergo a carbon-carbon bond cleavage to give the 
corresponding ketones via enole intermediates in h igh 
yields on treatment wi th a stoichiometric amoun t s of a 
prot ic acid in d ich lo romethane-methano l at room 
temperature (see Scheme 4).12> If, in analogy to this 
reaction, the ini t ial formation of enolates from 1 can 
easily proceed wi th the aid of SnCU, the c o m m o n 
aldol pa thway involving the reaction of tin enolates 8 
wi th aldehydes should be operative in the present 
reaction (Scheme 3). In order to examine the possi­
bility of this pathway, we have carried out the reaction 
of l a wi th 2 equivalents of S n C k in d ich loromethane 
at —78 °C followed by q u e n c h i n g wi th the addi t ion of 
t r iethylamine and water (Scheme 4). However, this 
reaction did not produce significant amoun t s of aceto-
phenone wi th l a be ing recovered almost unchanged. 
T h i s result indicates that the tin enolate 8a can not be 
formed efficiently by the reaction of l a wi th SnCU 
when an aldehyde is absent in its reaction, and shows 
it to be rather unl ikely that the aldol process occurred 
after complet ion of the formation of tin enolates 8 
from 1 and SnCU as shown in Scheme 3. Accord­
ingly, we suggest that a synchronous mechanism (A) 

anti-4 

Scheme 5. 

mediated by SnCU leading to the usual six-membered 
chela t ing t ransi t ion state (B) is more likely to operate 
in the reaction (Scheme 5); that is, we postulated that 
the enolate formation induced by leaving the 3-
methyl-2-phenylbenzothiazol ium moiety and the 
actual aldol process wi th an aldehyde occurred in 
either exact or nearly exact concurrence. T h i s type of 
mechan i sm has already been reasonably proposed 
for the hydride-transfer reactions wi th 3-methyl-2-
phenylbenzazolines and well conform to the driving 
force for the formation of the stable 3-methyl-2-
phenylbenzothiazol ium salts 3.x) In addit ion, the 
ant i preference can be rationalized based on this mech­
anism because it is expected that the formation of the 
transi t ion state B leading to ant i aldols is more favora­
ble than that of the transi t ion state where R2 is located 
at an axial posi t ion, a l though the exact explanat ion of 
the mechanism and its stereochemistry in the pa th 
from A to B seems to be difficult at present. 

SnCM 

SnCU 

1a 

OSnCU 

8 

R3CHO 

OH O 

R2 

2or4 

Scheme 3. 

ÇH3 + Cd»-ph 

•>n Li o OSnCU 3^f IP 
P h ' -Ph 

H+ 

CH; 

Ph •xX Cr? ^Ph 

Scheme 4. 

-3 

OSnCU 

Ph A 
8a 

Et3N/H20 

o 
A Ph 

Experimental 

IR spectra were recorded on a JASCO A-202 spectropho­
tometer. ^ N M R spectra were measured with a JEOL 
PMX-60 spectrometer at 60 MHz using tetramethylsilane as 
an internal reference. HPLC analyses were performed on a 
Yanagimoto L-5000 high-pressure liquid Chromatograph 
system using a reversed-phase column of Chemcosorb 
7005H (4.60X300 mm). 

Materials. Dichloromethane was freshly distilled over 
CaCb before use. Lewis acids and trimethylsilyl trifluoro-
methanesulfonate were obtained as high-grade commercial 
products and used without purification. 3-Methyl-2-
phenyl-2-(2-oxoalkyl)benzothiazolines (1) were prepared by 
the reaction of 3-methyl-2-phenylbenzothiazolium fluoro-
sulfate with lithium enolates of ketones according to a 
previously reported method.10) 

General Procedure for the Aldol-Type Reaction of 3-
Methyl-2-phenyl-2-(2-oxoalkyl)benzothiazolines (1) with 
Aldehydes. A solution of an aldehyde (4 mmol) in dry 
dichloromethane (5 ml) was cooled to —78 °C under a nitro­
gen atmosphere. To this solution, SnCU (4 mmol) was 
added followed by the addition of benzothiazoline 1 (2 
mmol). After stirring for an appropriate time (see Tables 
1—3) at — 78 °C, the reaction mixture was quenched by the 
addition of wet ether (10 ml) and then stirred for 30 min at 
—78 °C. The mixture was allowed to warm to room 
temperature and triethylamine (2 mmol) was then added. 
The mixture was stirred for another 10 min at room temper­
ature and poured into ether (20 ml). After removing pre-
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cipitated benzothiazolium salt 3 by filtration, the filtrate was 
thoroughly washed with water and the organic layer was 
dried over MgS04. The solution was concentrated under 
reduced pressure and the residue was subjected to MPLC 
(benzene-ethyl acetate, 9:1 v/v) to give pure ß-hydroxy 
ketones 2 or a pure diastereomeric mixture of «-substituted 
ß-hydroxy ketones 4. 

Identification of products was performed by spectroscopic 
(NMR and IR) methods. These spectral data were in satis­
factory agreement with those of the corresponding authentic 
samples. 

The diastereomer ratio of 4 was determined by HPLC 
analyses using the solvent system of methanol-water (7:3 
v/v for 4a—c,£,g or 6:4 v/v for 4d,e,h). 

The relative stereochemistry of the anti-4 and syn-4 was 
easily distinguished by 1H NMR on the basis of the coupling 
constant between a and ß protons (/anti>/syn)13) or by 
13CNMR on the basis of the chemical shifts of the methyl 
carbon at the a-position (ôanti>ôSyn).14) 
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The splitting of methylene peaks in the 1H NMR spectra of surfactants of various alkyl length was studied 
in aqueous solutions solubilized with aromatic compounds, as a function of the carbon numbers of alkyls. In 
these spectra the methylene signals of long alkyls split into doublets. The location of the solubilization site is 
discussed while comparing the results with previous XH NMR observations of long-alkyl-substituted molecules 
in aromatic solvents. 

A m o n g the spectroscopic studies on the microstruc­
tures and properties of the interiors of micellar aggre­
gates in aqueous surfactant mixtures, there have 
recently been reported several studies involving N M R 
spectroscopy. Bun ton et al.1) and Grazel et al.2) inde­
pendent ly studied the XH N M R spectra of hexadecyl-
t r i m e t h y l a m m o n i u m bromide (CTAB). T h e signals 
of methylene protons of C T AB appeared as a singlet 
peak in the aqueous micelle, and split in to a doublet 
u p o n the addi t ion of aromat ic solubilizate. Fendler 
et al.3) reported a similar phenomena in the aromatic 
solubilizated micelles of sodium 1-dodecylsulfate 
(SDS). Miyagishi et al.4) found that a doublet peak is 
observed for SDS micelles only for a solubilizate hav­
ing a moderate hydrophobic - l iophobic balance. For 
an interpretat ion of these experimental observations, 
it was suggested that an aromatic solubilizate was 
preferentially located parallel to the surfactant mole­
cules in the palisade por t ion of the micelle; conse­
quent ly , the spl i t t ing of the methylene signal in the 
*H N M R spectra could be ascribed to shielding by the 
large diamagnet ic susceptibility of the aromatic r ing 
of the solubilizate. 

T h e present authors studied the spl i t t ing of methyl­
ene signals of the X H N M R spectra for a series of 
methyl alkanoates in aromat ic solvents and deter­
mined the aromat ic solvent-induced shift (ASIS) of the 
methylene protons for methyl alkanoates as a function 
of the chain length.5 ) In this paper the authors de­
scribe the dependence of the methylene N M R spectra 
for the surfactant molecules wi th solubilized aromatic 
compounds on its alkyl chain length, and compare the 
results of previous studies concerning solutions; they 
also discuss the solubil ization site in the interior of the 
micelles. 

Experimental 

As surfactant substances alkyltrimethylammonium bro­
mides, sodium alkanesulfonates, and sodium alkanoates were 
applied in this study. These substances contain long alkyl 
groups with carbon number, nc, from 6 to 18. All reagents 

"*" Present address: Material Development Department, 2nd 
Group, Isuzu Motors Limited, Tutidana, Fujisawa, Kana-
gawa 252. 

used were commercial and of highest grade. 
The samples for NMR measurements were prepared in 

D2O solutions with a surfactant content of 0.5, 0.2 mol dm - 3 

or saturated. In every case the content of the surfactant was 
maintained much higher than the critical micellar concen­
tration (cmc). Aromatics such as phenol, benzyl alcohol, 
and 1-chloronaphthalene were solubilized by surfactants. 
The contents of the aromatics in a D2O solution were about 
0.5 mol dm - 3 , at which the chemical shift was almost con­
stant and independent of the contents of the solubilizate.6'7* 

Measurements of the NMR spectra were performed using 
a JEOL JNM FX-100 FT NMR spectrometer operating at 
100 MHz, at ambient temperature. Chemical shifts referred 
to the terminal methyl protons as the intramolecular stand­
ard, since the relative chemical shift between the split 
peaks was important in studying the surfactant systems. 
Although, the chemical shift of terminal methyl was slightly 
shifted relative to the external TMS or a trace DHO refer­
ence, upon the addition of aromatic solubilizates it was 
considered to be almost constant for any discussion of the 
relative shifts in the present study. 

Results 

In Fig. la , 100-MHz X H N M R spectra of a series of 
sodium n-alkanoates in D2O wi th benzyl alcohol are 
shown as a typical example. Numera l letters in this 
figure indicate the total n u m b e r of carbons, nc, in long 
alkyl chains. Tr ip le t peaks at higher fields were 
assigned to their terminal methyl protons and the rest 
to methylene protons. T h e small peaks at the lowest 
field were assigned to ß-methylene protons. These 
peaks shifted to a higher field relative to the methyl 
peak with an increase in nc and were concealed in a 
methylene envelope at n c >14. «-Methylene peaks, 
which appeared at lower field, are not shown in Fig. 
là. A singlet peak of the remain ing methylenes (r-
methylenes) was observed for sodium octanoate (nc=8) 
and sodium decanoate (nc= 10). For sodium dodecan-
oate (nc—12), a doublet peak was observed, a l though 
the lower-field split peak was m u c h weaker than the 
higher-field peak. T h e intensity of the split peak at 
lower fields increased wi th the chain length relative to 
that of the higher field. Similar spectral changes 
were observed for sodium alkanoates in a pheno l 
solubilizate system. 
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Fig. 1. 100 MHz *HNMR spectra of the series of 
sodium alkanoates in D2O with benzyl alcohol as a 
solubilizate (a) and the series of methyl alkanoates 
in CÔDÔ (b). 

The behavior of the ! H N M R spectra for sodium 
alkylsulfonates with phenol or benzyl alcohol was 
quite similar to that for sodium alkanoates. A sin­
glet peak of r-methylenes was observed for sodium 1-
hexanesulfonate (nc

=6) and 1-octanesulfonate (nc=8). 
A splitting of the methylene signal was observed for 
sodium 1-decanesulfonate (nc=10). For compounds 
with longer alkyls, the intensity of the lower-field split 
peak increased relative to that of higher field with 
increasing chain length. 

When alkyltrimethylammonium bromides (cationic 
surfactants) were used, no splitting of the methylene 
signal was observed upon the solubilization of 
phenol. However, splitting was observed upon the 
addition of 1-chloronaphthalene instead of phenol; 
thus, this solubilizate was used thereafter for this case. 
In the system of cationic surfactant/ 1-chloro-
naphthalene/D20, the splitting was similar to that for 
anionic surfactants, although the line broadening was 
greater than those observed in the case of the anionic 
surfactants mentioned above. In this series, a singlet 
peak of r-methylenes was observed for compounds 
with alkyl chains of 8 and 10 carbon atoms. For the 
compounds of nc>12, split methylene peaks were 
observed. The increase in the intensity of the lower 
field peak with the alkyl chain length relative to that 
of the higher-field peak was also observed. However, 
the width of these peaks increased to a greater extent 
with the chain length than that observed in the cases 
of anionic surfactants. 

In Table 1 the smallest carbon numbers, <n c > in 
alkyls, where the splitting of the methylene signal was 
observed, are listed for several compounds with long 
alkyl groups in micelle and together with the alkyl 
compounds in aromatic solvents.5'8'9) Such splittings 
are commonly observed for compounds with an alkyl 
carbon number greater than 12. Exceptional exam­
ples are found in methyl alkanoates and normal 
alkanes in 1-chloronaphthalene solutions. In the 
former solution, the methylene signal splits into a 
doublet at nc>12 and into a triplet at nc>20.5) In the 
latter case, no splitting was observed for nc less than 
18.9> 

Figure 2 shows the chemical shifts relative to the 
terminal methyl proton of sodium alkanoates and 
sodium alkanesulfonates with solubilized benzyl alco­
hol as a function of the total carbon numbers of alkyls, 
nc. A similar result was obtained for a phenol solu­
bilized system. For these two anionic surfactants, 
there are no differences in spectral appearance. 

Table 1. The Smallest Carbon Numbers in Alkyl Chain, <nc>, where the Splitting 
of Methylene Proton Signal was Observed 

Surfactant 

Sodium alkanoate 

Sodium alkanosulfonate 

Alkyltrimethylammonium bromide 

Solute 

Methyl alkanoate 

Normal alkane 

Solubilizate 

Benzyl alcohol 
Phenol 
Benzyl alcohol 
Phenol 
l-ClNapb) 

Phenol 

Solvent 

l-ClNapb) 

Benzene 
l-ClNapb) 

Benzene 

<nc> 

12 
12 
10 
10 
12 
None 

12, 20c) 

12 
18 
None 

Ref. 

a) 
a) 
a) 
a) 
a) 
a) 

5 
5 
8 
9 

a) Present investigation, b) In 1-chloronaphthalene. c) The methylene signal of the 
compound with longer side chain than nc=20 was split into triplet. 
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8 10 12 14 16 
number of carbons 

Fig. 2. Plots of the XH chemical shifts vs. carbon 
numbers, nc, in alky Is of sodium alkanoates (A) and 
sodium alkylsulfonates (O) in D2O with benzyl 
alcohol. 

10 12 14 16 18 
number of carbons 

Fig. 3. Plots of the XH chemical shifts vs. nc for 
sodium alkanoates in D2O with benzyl alcohol (A) 
and for alkyltrimethylammonium bromides in D2O 
with 1-chloronaphthalene (D). 

Figure 3 shows a comparison between a cationic 
surfactant, alkyltrimethylammonium bromides and 
an anionic surfactant, sodium alkanoates. Since the 

8 10 12 14 16 
number of carbons 

18 

Fig. 4. Plots of the 1H chemical shifts vs. nc for 
sodium alkanoates in D2O with solubilized benzyl 
alcohol (A) and methyl alkanoates in 1-
chloronaphthalene (•). 
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Fig. 5. Plots of differences of XH chemical shifts for 
sodium alkanoates in D2O with and without benzyl 
alcohol (O), and for methyl alkanoates in CDCI3 
and 1-chloronaphthalene (•). 

«-methylene peak in alkyltrimethylammonium bro­
mide could not be observed distinctly, 1H chemical shifts 
for methyl protons in the polar head group are shown. 

Figure 4 shows the variation in the chemical shift of 
sodium alkanoates in D2O with solubilized benzyl 
alcohol and those of methyl alkanoates in 1-
chloronaphthalene solutions as a function of the alkyl 
carbon numbers. In both casées, splitting of the 
methylene signals was observed for long alkyl chains, 
and the doublet peak at higher fields behaved sim­
ilarly to the «-methylene signal with respect to the 
chain length. The separation width of the doublet 
peaks of methyl alkanoates in an aromatic solvent was 
much smaller than that observed in the micelle 
system. 

Figure 5 shows the induced shifts for surfactants 
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by aromatic solubilizate and aromatic solvent-induced 
shifts. The induced shifts for surfactants denote the 
difference of the chemical shift for a surfactant mole­
cule, with and without the aromatic solubilizate. 
(Aôm=ô(without solubilizate)-<5(with it)) ASIS (aro­
matic solvent induced shift) denotes the differences in 
the chemical shifts of a solute molecule in an aromatic 
solvent and in CDCI3 (A<5s=<5(CDCl3)-<5(aromatic sol­
vent)); these chemical shifts referred to the terminal 
methyl protons as the intramolecular standard. 

Discussion 

The peak-splitting phenomena of the methylene 
signals of the XH NMR pectra were also reported for 
normal alkanes8) and methyl alkanoates5) in aromatic 
solvents. There was no appreciable difference in the 
smallest alkyl carbon numbers, <n c >, where the split­
ting was observed in surfactants and alkyl chain deriv­
atives. Other similarities between aromatic solubil­
ized micelles and the long alkyl derivatives in 
aromatic solvents were observed for both the concen­
tration dependence3'4) and the temperature dependence 
of the NMR spectra.4'5'10"13) The marked difference 
in the spectra of the alkyl compounds in an aromatic 
solvent and surfactant molecules with an aromatic 
solubilizate is twofold. In micelles, the spectral 
shape of the methylene peaks is broader than in the 
case of an aromatic solvent and the separation of the 
split peaks is much larger in the former case than in 
the latter. The 1H NMR spectra of a series of methyl 
alkanoates in benzene solutions are shown in Fig. lb. 

The sepparation of split peaks was much greater in 
micelles than in solutions. For example, at nc—12, 
the separation for the micelle was about 4-times larger 
than that for the solution. In solutions, a solute 
molecule is surrounded by several solvent molecules. 
However, the content of aromatics solubilized in the 
micelle is much smaller. It was reported that eight 
molecules of 5-chlorobenzoxazolidone were solubil­
ized in one hexadecyltrimethylammonium bromide 
micelle, e.g. one 5-chlorobenzoxazolidone is solubil­
ized by 7.63 surfactant moleccules.14) Thus, for the 
surfactant systems the larger effect was indicated, in 
spite of smaller numbers of surrounding aromatics. 
The differences in the spectral appearance in the two 
systems may be attributed to an inhomogeneity in the 
distribution of aromatic solubilizate in the micelles, 
rather than to a difference in the microdynamic mobil­
ity of alkyl groups between the solutions and micelles. 

Figure 3 shows a comparison between cationic and 
anionic surfactants. It was reported that the peak 
splitting of methylenes was observed for SDS micelles, 
only when the solubilizate had a moderate hydro-
phobic-liophobic balance.4) In addition, 1-chloro-
naphthalene is least soluble in the system. Thus, 
measurements for an SDS/l-chloronaphthalene/D20 
system were not performed. A detailed comparison 

between anionic and cationic surfactant systems is 
impossible, since the components are different from 
one other in these systems. However, it is important 
to show that the peak-splitting mechanism in both 
anionic and cationic surfactant systems would be 
identical. In the case of ASIS phenomena in solu­
tion, the difference between 1-chloronaphthalene and 
other aromatic solvents could almost be completely 
ascribed to a difference in the magnitude of the mag­
netic anisotropy.15) The difference in cationic and 
anionic surfactants is that the separation between the 
split peaks in the former is larger than that in the 
latter. The origin of this difference may be attributed 
to the larger magnetic anisotropy of the naphthalene 
ring and to the larger interaction between the aro­
matic solubilizate and the polar head group of the 
surfactants. This interaction is larger for cationic 
than for anionic surfactants.16) In anionic surfac­
tants, the chemical shifts of «-methylene peaks varied 
depending on the alkyl carbon numbers. In alkyl-
trimethylammonium bromide, the chemical shifts of 
the methyl peaks of the polar head group do not 
depend on the chain length; this fact was attributed to 
the solubilization of the aromatics in the inner hydro­
phobic part of the micelle. 

Ulmius et al.17) and Miyagishi and Nishida18) 

reported the assignment of the split methylene signals 
of the NMR spectra in CT AB and SDS, respectively. 
In the present study, assignments were performed for 
the r-methylene peaks of the surfactants of various 
chain length, based on the intensities of the split 
peaks. The results are shown in Table 2. There are 
some small differences in the numbers of the methyl­
enes assigned to the high-field peaks. The numbers 
were approximately constant within the range of 3 to 
5, while the total methylene length varied from 10 to 
18. The number of the methylene assigned to the 
higher-field peak corresponds to the shielded part of 
the alkyl chain more strongly than other protons as a 
results of the magnetic anisotropy produced by the 
aromatic solubilizate. The length of these affected 
methylenes measured from the micelle surface is 
approximately 10 Â (about 6 methylene units near the 
polar head group, which includes a and ß methylenes 
and 4 methylene units assigned to higher peak); this 
roughly agreed with the size of phenol or benzyl 
alcohol molecules, which presumably accessed to the 
polar end of the surfactant. 

For the split r-methylene peaks of methyl alkano­
ates in solution, the aromatic solvent-induced shifts 
were almost independent of the chain length. These 
solute molecules are almost equally affected by the 
ASIS effect, regardless of any change in the chain 
length. Regarding the induced shifts for surfactant 
molecules, a stronger dependence on the chain length 
than the ASIS for methyl alkanoates was observed, 
especially for the «-methylene peaks and higher-field 
split peaks. Figure 5 shows that the ASIS contributes 
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Table 2. The Number of the Methylene Unites Assigned to Higher- and Lower-Field Split Peaks 

Surfactant 
Solubilizate 

nc 

10 
12 
14 
16 
18 

Sodium alkanoate 

BZALC) 

High 

— 
4.6 
4.7 
3.7 
3.4 

Low 

— 
3.4 
5.3 
8.3 

10.9 

Phenol 

High 

5.1 
5.2 
3.9 
4.0 

Low 

— 
2.9 
4.8 
8.1 

10.0 

Sodium alkanosulfonat 

BZALC) 

High 

4.1 
4.5 
3.4 
4.9 
— 

Low 

2.9 
4.5 
7.6 
8.1 
— 

Phenol 

High 

4.5 
5.2 
4.6 
— 
— 

Low 

2.5 
3.8 
6.4 
— 
— 

CnTA Bra) 

ClNAPd) 

High 

— 
4.8 
5.4 
3.7 
5.2 

Low 

— 
4.2 
5.6 
7.3 
9.8 

Me Cnateb) 

Benzene 

High Low 

— — 
3.9 4.1 
2.9 7.1 
2.7 9.3 
2.9 11.1 

a) Alkyltrimethylammonium bromide. 
Chloronaphthalene. 

b) Methyl alkanoate in benzene solution, c) Benzyl alcohol, d) 1-

more effectively for the surfactant with a longer chain 
length. This suggests that the difference in the 
shielding effects at the inner core and neighbor of the 
surface of the micelle varies with the chain length. 
The solubilized content of aromatics, association 
number of micelle, and so on changed with the chain 
length, though the solubilization site is not considered 
to change with the chain length since the numbers of 
the methylene units in the shielded part were almost 
independent of the total chain length, as indicated in 
Table 2. In general, the solubilized content increases 
with the chain length and more aromatics are consi­
dered to be solubilized near the polar head groups. 
Thus, for longer chain lengths the methylenes close to 
the polar head group are more shielded than are the 
inner methylenes. 

As described in the previous sections, the appear­
ance of the methylene peak splitting in the NMR 
spectra in both surfactant and aromatic solubilizate 
systems does not necessarily indicate a concentrated 
distribution of the solubilizate around surfactant 
molecules, since the splittings are observed in homo­
geneous aromatic solutions, such as methyl alkano-
ates in benzene. In these homogeneous phases, small 
differences in the preference of the orientation of the 
aromatic molecules for polar groups and the methyl­
ene part of the solute molecules, induces peak split­
ting in the r-methylene spectra, as has already been 
reported. The phenomena of the splitting of the r-
methylene peaks are common to aromatic solutions 
and surfactant systems. However, surfactant systems 
yield much larger separations and broadening of the 
split peaks compared to aromatic solutions. This 
larger separation of the split peaks can be explained in 
the context of an inhomogeneous distribution of the 
aromatics in micelles. The inhomogeneity in 
micelles must be promoted by an increase in the alkyl 
chain length of surfactants. This interpretation 
would be supported by the fact that the induced shifts 
for the surfactants depends on the chain length, while 
the induced shifts for the aromatic solutions exhibit 
no dependence on the chain length. 

Conclusion 

It was found that the splitting of the methylene 
peaks of the NMR spectra observed in micelles with 
aromatic solubilizates is induced by a magnetic aniso-
tropy produced by aromatic molecules, similar to that 
found in a homogeneous solution. However, the 
larger separation of the split peaks and marked 
dependence of the induced shifts for a- and higher-
split methylene peaks on the chain length of the 
surfactant molecules indicate a condensed distribution 
of aromatic solubilizates at the polar end of the alkyl 
chains within the micelles. 
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The Kinetics of Oxidation of Formaldehyde at a Platinum 
Electrode in an Acid Solution 
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Three types of the retardation were found for the rate of oxidation of formaldehyde at a platinum electrode 
in 0.5 mol dm~3 sulfuric acid. These rate retardations are attributed to the blocking of individual reaction sites 
by strongly chemisorbed species, the inhibition of the pairing of adjacent sites indispensable for the oxidation of 
formaldehyde, and the accumulation of oxidation intermediates. The oxidation rate under conditions 
excluding these rate retardations was independent of the potential in the potential range of about 0.4—0.6 V vs. 
a reversible hydrogen electrode and corresponded to first-order kinetics with respect to the formaldehyde 
concentrations. These kinetic data are explained in terms of a slow adsorption of formaldehyde molecules. 

T h e elucidat ion of the mechanism of the formalde­
hyde oxidat ion helps to unders tanding the mecha­
nism of methanol oxidat ion, since formaldehyde is a 
probable intermediate of the oxidation of methanol.1 _ 4 ) 

A Tafel re la t ionship have been observed for the 
overall oxidat ion of formaldehyde5 '6) and a strongly 
chemisorbed adsorbate (SCS) such as COad

7~9) also has 
been detected. A l though the Tafel re la t ionship has 
been explained in terms of a consecutive mechanism, 
the low reactivity of the detected adsorbate suggests a 
parallel mechanism. According to the parallel mech­
anism, the overall rate approximate ly agrees wi th the 
rate of a fast reaction not via SCS (this reaction is 
hereafter called React ion F), and the rate of Reaction F 
is retarded by the formation of SCS. Hence, the 
overall rate of the formaldehyde oxidat ion will vary 
due to bo th the rate retardat ion and the kinetics of 
React ion F. In the present paper, the rate retardation 
of the formaldehyde oxidat ion at a p l a t i n u m electrode 
in 0.5 mol d m - 3 sulfuric acid was examined, and the 
rate equa t ion for React ion F was derived to explain 
the reaction mechanism. 

Experimental 

The surface coverage, 0, with SCS was determined accord­
ing to the following equation. 

0 = ( Q H ° - Q H ) / Q H ° 

where the Qu° and Qa are the electric quantities required to 
cover fully the electrode surface with adsorbed hydrogen 
atoms in the absence and the presence of SCS respectively. 
These quantities were determined by the conventional hy­
drogen deposition method. 

The solution of formaldehyde was prepared by heat 
decomposition of chemical grade (Wako) paraformaldehyde 
in deoxygenated water, the solution was cooled to about 
0°C, and then dilute sulfuric acid was added until its 
concentration became 0.5 mol dm -3 . In order to prevent 
the formation of formic acid from formaldehyde by oxygen 
oxidation, all the operations were performed under a nitro­
gen atmosphere. 

The rate of the overall oxidation of formaldehyde, zt, was 
determined by stepping the potential to given potentials 

from 0.03 V at which no oxidation occurred. Conse­
quently, the available concentrations of formaldehyde was 
limited to about 0.02 mol dm - 3 , because at higher concentra­
tions a considerable amount of SCS was formed even at 0.03 
V. 

Other experimental conditions and procedures were 
almost the same as those used in the previous studies.10'11) 
All the reaction rates and the charges were measured at 0 °C. 
The potentials were referred to a reversible hydrogen elec­
trode (RHE) in 0.5 mol dm"3 H2S04 . 

Results and Discussion 

Rate Retardations. Loucka9 ) and other workers6* 
have proposed the parallel mechanism for the oxida­
tion of formaldehyde at a p l a t i n u m electrode in an 
acid solution. 

HCHOsc 
-scs-^>co2 

Reaction F (fast) 
»C0 2 , HCOOH 

According to this reaction scheme, SCS blocks the sites 
of the fast reaction, and consequently the overall rate, 
it, decreases. When only the blocking effect of SCS is 
exerted, the rate, zV, of Reaction F can be expressed by 
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Fig. 1. Variation in Z'F with surface coverage, 0.02 
mol dm-3 HCHO+0.5 mol dm"3 H2S04 . Poten­
tials (V): O 0.400; • 0.425; A 0.500; D 0.650; X 0.800. 
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In order to confirm the presence of the other rate 
retardations, the relationship between the zV and the 0 
was examined at a constant potential. As may be 
seen from curves 1, 2, and 3 in Fig. 1, the rate retarda­
tion of the formaldehyde oxidation can be classified 
into the following three types. 

Rate Retardation A: Z'F was roughly independent 
of 0 as indicated by curve 1. This means a linear 
decrease in the zt with increasing 0, i.e., the rate 
retardation was due to a simple blocking effect of SCS 
on the sites of Reaction F. The 0 increased with 
increasing time and decreasing potential at potentials 
below about 0.6 V, as shown in Fig. 2. Conse­
quently, the it at the low potentials remarkably 
decreased by increasing 0, even after the Z'F reached a 
stationary value at each surface coverage. The sta­
tionary Z'F was realized a few seconds after the start of 
the oxidation. At potentials higher than about 0.7 V, 
no rate retardation A occurred, since 0 was small, and 
decreased with increasing time. 

Curve 1 was a straight line with a small slope, the 
observed rate retardation A was more remarkable than 
that due to the simple blocking effect. Mathemati­
cally, curve 1 can be expressed by an Elovich equa­
tion. 12> 

iF = Z0=o • exp (-aO/RT) (3) 

where ie=o is the Z'F at 0=0, and a 1.4 RT. The small a 
value indicates a slight variation in the adsorption 
heat with the 0. 

Rate Retardation B: Z'F decreased remarkably as the 
0 approached a limiting coverage, dl, as indicated by 
curve 2. Similar decrease in the Z'F was observed also 
in the case of the methanol oxidation,13) and attributed 
to a special blocking effect of SCS. In this effect, the 
pairing of adjacent sites that is indispensable for the 
oxidation of methanol is inhibited by the partial 
occupation of the sites. Curve 2 in Fig. 1 had the 
same shapes as the calculated curves which had been 
derived13) from the blocking effect on the pairing of 
the adjacent sites. Therefore, rate retardations B can 
be attributed to the blocking effect of SCS on the 

j i L 

o i 2 

log( t / s ) 
Fig. 2. Variation in surface coverage with time, 0.02 

mol dm-3 HCHO+0.5 mol dm"3 H2S04. Poten­
tials (V): (1) 0.40; (2) 0.45; (3) 0.50; (4) 0.60; (5) 0.70. 

pairing of adjacent sites. 
From the comparison of Figs. 1 and 2, the ÖL1 in the 

kinetics of Reaction F agreed with the 0L2 in the SCS 
formation from formaldehyde. Probable causes of 
the 0L2 in the SCS formation are (1) a steric hin-
drance14) among adsorbate molecules and (2) the 
blocking effect13'14) of preadsorbed species on the pair­
ing of adjacent sites indispensable for the formation of 
SCS. According to Loucka9) and other workers,7'8* 
the SCS is adsorbed carbon monoxide. This adsor­
bate will have explicitly no steric hindrance, because 
0=1.0 is attained15* in the adsorption from carbon 
monoxide gas. Therefore, a steric hindrance among 
SCS molecules was excluded from the probable causes 
of the limiting coverage. Abstruction of two hydro­
gen atoms from the formaldehyde molecule is neces­
sary for the SCS formation. Probably, the pairing of 
adjacent sites is indispensable for this abstruction. 

Rate Retardation C: The zV decreased at small 
surface coverages, as indicated by curve 3. The causes 
of the rate retardation was confirmed as follows. Fig­
ure 3 shows potentiodynamic i-E curves from 0.2 V 
immediately after the preoxidation of formaldehyde at 
0.8 V. The waves of the oxidation of adsorbed hydro­
gen and formaldehyde appeared in the potential 
ranges of about 0.2—0.3 and 0.35—0.9 V respectively. 
Although the hydrogen wave was little influenced by 
the preoxidation, the wave height for the formalde­
hyde oxidation decreased with increasing time of 
preoxidation. Since the 0 is almost zero at the preox­
idation potential of 0.8 V, no rate retardations A and B 
explicitly occurred. 

An addition of formic acid to the solution of formal­
dehyde caused some rate retardation of the formalde-
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E VS.RHE / V 
Fig. 3. Potentiodynamic i-E curves immediately 

after preoxidation at 0.80 V, scan rate 0.3 Vs-1, 0.02 
mol dm-3 HCHO+0.5 moldm~3 H2S04. 
Preoxidation times (s): (1) 0; (2) 3; (3) 10; (4) 30; (5) 
100, in the absence of HCHO. 
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Fig. 4. Effect of formic acid on potentiodynamic 
i-E curves, HCOOH+0.02 mol dm"3 HCHO+0.5 
mol dm-3 H2SO4. HCOOH (mol dm"3): (1) 0; (2) 
0.005; (3) 0.01; (4) 0.02, in the absence of 
HCHO. 
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Fig. 5. Potentiodynamic i-E curves immediately 
after preoxidation at 0.8 V, 0.02 mol dm - 3 

HCOOH+0.5 mol dm-3 H2SO4. Preoxidation 
times (s): (1) 0; (2) 1; (3) 10, in the absence of 
HCOOH. 

hyde oxidat ion at low potentials , whereas at poten­
tials h igher than about 0.55 V it increased con­
siderably, as shown in Fig. 4. Since formic acid is 
more slowly oxidized at low potentials than formalde­
hyde, the rate retardat ion and increase in the overall 
rate in Fig. 4 can be explained in terms of the forma­
tion of re tarding adsorbates from formic acid and the 
further oxidat ion of formic acid respectively. Figure 
5 shows the i-E curves for the oxidat ion of formic acid 
immediately after the preoxidat ion at 0.8 V and the 
potent ial step to 0.2 V. T h e effect of the preoxidat ion 
on the i-E curve of formic acid was similar to the case 
of formaldehyde. Kita et al.16) interpreted the rate 
retardation in terms of formic acid molecules which 
were stabilized in the vicinity of the electrode surface 
by means of hydrogen bonding . Rate retardat ion C 
also can be interpreted as similar stabilization of for­
mic acid molecules, t h o u g h a further investigation is 
needed to confirm this interpretat ion. 

5 10 15 

io 3 C F / moldm"3 

2 0 

Fig. 6. Variation in it with formaldehyde concentra­
tion, HCHO+0.5 moldm- 3 H2SO4, 0.50 V, oxida­
tion time 5 s. 

Kinetics of Reaction F. In order to elucidate the 
reaction mechanism, the rate equa t ion of Reaction F 
was examined. As described above, the zV was ap­
proximated by Eq. 2 at a constant potential and form­
aldehyde concentrat ion. Moreover, the zV was almost 
independent of the potent ial in the coverage range of 
0.2—0.75. Outside this coverage range, the zV 
deviated from curve 1 due to rate retardations B and C. 
Therefore, the re la t ionship between the zV and the 
formaldehyde concentrat ion was examined wi th in the 
coverage range. Concretely, the observed coverage 
was wi th in the coverage range when the potential , the 
oxidat ion time, and the formaldehyde concentrat ion 
were 0.5 V, 5 s, and wi th in the concentrat ion range of 
0.001—0.02 m o l d m - 3 respectively. As shown in Fig. 
6, reaction order wi th respect to the formaldehyde 
concentrat ion was explicitly first order. From these 
findings, the zV can be expressed by 

iF = it /( l-0)=A-C (4) 

where C and k are the concentrat ion of formaldehyde 
and a constant respectively. T h e potential independ­
ence of the Z'F means that the zV is determined by a non-
electrochemical step such as an adsorpt ion of formal­
dehyde molecules and some surface reaction of ad­
sorbed intermediates. Several adsorbed intermediates 
were presumed5 '6* for the oxidat ion of formaldehyde 
bu t none of these were detected. T h i s may be due to 
the fact that the a m o u n t of reactive adsorbate is too 
small to be detected by the usual methods. From 
these findings, it was concluded that the adsorpt ion of 
formaldehyde molecules is slow in the overall oxida­
tion wi thou t any rate retardation. 
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The conformation of the copolymer of styrene and spin-labeled methyl methacrylate adsorbed on nonpor-
ous silica from solution was investigated by the use of the ESR method. The attached segment fraction of 
methyl methacrylate, PMMA, in the copolymer was evaluated experimentally. The attached segment fraction of 
styrene, PST, and the total attached segment fraction, PTOT, in the copolymer were estimated by means of 
numerical calculations from the value of PMMA. The amounts of saturated adsorption, As, were obtained as a 
function of the mole fraction of styrene in the copolymer. The As values of the copolymers through the mole 
fractions of styrene of 0.8 increased slightly with the mole fraction of styrene. The As values of the copolymers 
at the mole fractions of styrene in excess of 0.8 decreased steeply to that of the styrene homopolymer. The 
change in the As values of the copolymers was explicable in terms of the changes in the values of the surface 
coverage and the values of PTOT. The adsorbed methyl methacrylate homopolymer had a flat conformation, 
whereas the adsorbed styrene homopolymer had a loopy conformation. When the styrene content in the 
copolymer increased, the adsorbed conformations of the copolymers varied gradually from the conformation of 
the methyl methacrylate homopolymer to that of the styrene homopolymer. 

A n u m b e r of techniques have recently been appl ied 
to the study of the conformation of the polymers 
adsorbed at the sol id- l iquid interface; FT-IR, 1 _ 6 ) 

ESR,7"14) NMR,15"17) ellipsometry,18 '1^ and so on. 
Fontana and T h o m a s first developed a technique for 
the quant i ta t ive est imation of the segment fraction 
attached to the surface sites, us ing infrared spectros­
copy.1) Sakai and I m a m u r a reported a procedure for 
es t imat ing the three components of adsorbed polymer 
segments (train, short loop, and long loop or tail) 
from the ESR spectra of spin labeled po lymers . n ) In 
the same series of investigations,14) the dependence of 
the adsorpt ion of the methyl methacrylate homopoly­
mer on the molecular weight over a wide range wi th 
reference to the molecular conformat ion was reported. 

Several papers studying the segment fractions of the 
adsorbed copolymers have been publ ished recent­
ly 2o,2i) Kawaguchi et al. reported on the adsorpt ion 
of s tyrene-butadiene copolymers on the silica surface 
us ing IR spectroscopy.20) They estimated the b o u n d 
fractions for the two monomer components as a func­
t ion of the surface coverage (the fraction of surface 
silanol groups occupied), 0IR, and of the composi t ions 
of the copolymers. Herd et al., also us ing the IR 
method , studied the adsorpt ion of s tyrene-methyl 
methacrylate copolymers and discussed the effect of 
the addi t ion of a different solvent on the equ i l ib r ium 
adsorption.21) However, they stressed the a m o u n t of 
adsorpt ion of the adsorbed copolymer and made a 
sl ight reference to the conformat ion of the adsorbed 
copolymer. Therefore, we will discuss in detail the 
conformat ion of the adsorbed styrene-methyl meth­
acrylate copolymer (PMCS) us ing the ESR method, 
based on the est imation of the values of PMMA and PST. 
At the present stage, it is impossible to deal wi th a 
system wi th both copolymer components labeled or to 
analyze the ESR spectrum for the dynamic behavior of 

methyl methacrylate and the styrene segment indi­
vidually. 

Exper imental 

Materials and Measurements. The copolymers of styrene 
and methacryloyl chloride were prepared by radical poly­
merizations, using c^a'-azobisisobutyronitrile as an initiator 
and benzene as the solvent. The copolymers were spin-
labeled by the reaction of the acid chloride moieties with 4-
hydroxy-2,2,6,6-tetramethyl-l-piperidinyloxyl in a benzene 
solution in the presence of pyridine. The labeled copoly­
mers were precipitated by pouring the solution into 
methanol; then, the unreacted chloride atoms in the copoly­
mers were replaced by methoxyl groups. The spin-labeled 
methyl methacrylate homopolymer was prepared by the 
procedure described in a previous paper.11) A styrene 
homopolymer with a narrow molecular weight distribution 
was purchased from the Pressure Chemical Co. The poly­
mer samples are characterized in Table 1. 

The spin concentrations of the polymers used were in the 
range of one label per 400 to 1000 monomeric residues. The 
molecular weights and the M^/Mn ratios were determined by 

Table 1. Characterization of Polymer Samples Used 

Polymer 
sample 

PMMA 
PMCS-17 
PMCS-67 
PMCS-81 
PMCS-87 
PMCS-91 
PMCS-96 
PMCS-99 
PS 

Mole fraction 
of styrenea) 

0 
0.17 
0.67 
0.81 
0.87 
0.91 
0.96 
0.99 
1 

Mw
b) 

200000 
127000 
155000 
136000 
115000 
132000 
96900 
80200 

207000 

MJMn
h) 

1.5 
2.0 
1.8 
2.5 
2.0 
2.4 
1.6 
1.4 
1.1 

a) The mole fraction of styrene was determined _by 
means_of_FT-IR and : H N M R spectroscopy, b) Mw 

and Mw/Mn were determined by means of GPC in 
THF. 
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the use of the GPC method, calibrated with standard poly­
styrene. The mole fractions of the styrene in the copolymers 
were determined by means of FT-IR and 1H NMR analysis. 

Cabosil M5, with a specified surface area of 220 m2 g"1 for 
nitrogen adsorption, was used as the adsorbent. The silica 
had a 2.2 nm~2 silanol density on its surface. The silica was 
essentially nonporous and had an average particle size of 14 
nm. 

Carbon tetrachloride was doubly distilled fractionally just 
before use as the solvent. 

The experimental techniques for the adsorption of poly­
mers on the silica adsorbents were basically the same as 
those described in previous papers.14'22) The polymer solu­
tion was added to the silica adsorbent, and the mixture was 
stirred with a magnetic stirrer. The silica dispersions were 
separated by the use of a centrifuge. The amounts of 
adsorption, A (g m - 2) , of the methyl methacrylate homopo-
lymer and the styrene-methyl methacrylate copolymer were 
determined by means of ESR spectroscopy by measuring the 
difference in the polymer concentrations before and after the 
adsorption. Ce denotes the polymer concentration at the 
equilibrium state after the adsorption. The peak-to-peak 
signal amplitude for the polymer concentration in the ESR 
spectrum was calibrated by simultaneous measurement on 
an equal volume of the original solution. In the case of the 
adsorption of the styrene homopolymer, the amount of 
adsorption was determined by means of UV spectroscopy by 
measuring the decrease in the intensity at 262 nm after the 
adsorption. The amount of the saturated adsorption, As, 
was determined by taking the maximum values at Ce>lXlO~3 

gem - 3 in Fig. 1. 

The surface coverage (fraction of surface silanol groups 
occupied), 0IR, was determined by the procedure of Kawaguchi 
et al. using infrared spectroscopy.19) The differential IR 
spectra between the supernatant polymer solution and the 
silica on which the polymer was adsorbed show two charac­
teristic bands: a band located at 3730 cm - 1 due to the free 
silanol groups and another band located at 3520 cm - 1 due to 
the interaction between the silanol groups and the polymer. 
From the mole extinction coefficients (L mol - 1 cm -1) at 3730 
and 3520 cm -1, both the number of the free silanol groups 
(S3730) a n d t n e number of occupied silanol groups (S3520) can 
be determined, while the surface coverage, 0m, can be calcu­
lated from this equation: 

0IR — S3520/(S3520 + S3730). (1) 

In this experiment, we used 98.3 and 204 L mol - 1 cm - 1 as the 
mole extinction coefficients of 3730 and 3520 cm - 1 respec­
tively. All the IR spectra were recorded with a JASCO FT-
IR 7000 spectrometer. 

The ESR spectra of the adsorbed copolymer were mea­
sured in a quartz sample tube which contained ca. 0.5 cm3 of 
a silica suspension after it has been sealed under nitrogen, 
using a JEOL JES FE-3X spectrometer with a X-band 
microwave, and 100 kHz field modulation. 

Results and Discussion 

T h e adsorpt ion isotherms of the methyl methacry­
late homopolymer , the styrene homopolymer , and the 
styrene-methyl methacrylate copolymers on Cabosil 
M5 against the equ i l ib r ium concentrat ion, Ce, in the 
supernatant solut ion after the adsorpt ion are illus-

2 
Ce/10"3gcm"3 

Fig. 1(a). Adsorption isotherms of PMMA and 
PMCS on Cabosil M5 from C C k 
O: PMMA, A: PMCS-17, • : PMCS-67, A: PMCS-
81. 

Ce/10 gem"-

Fig. 1(b). Adsorption isotherms of PMCS and PS on 
Cabosil M5 from CC14. 
O: PMCS-87, • : PMCS-91, A: PMCS-96, A: PMCS-
99, D: PS. 

trated in Figs. 1 (a) and (b). T h e appearance of the 
adsorpt ion isotherms was of the high-affinity type. 
Initially, the isotherms rose steeply with the increase 
in the value of Ce before they reached a plateau region. 

T h e a m o u n t s of saturated adsorpt ion, As, are plot­
ted as a function of the mole fraction of styrene in Fig. 
2. T h e As values of the methyl methacrylate homo­
polymer and copolymers are larger than that of the 
styrene homopolymer . T h e As values of the copoly-
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0.5 1 
mole fraction of styrene 

Fig. 2. The saturated adsorption, As, of PMMA, 
PMCS, and PS against the mole fractions of styrene 
on Cabosil M5 from CCU. 

0 0.5 1 
mole fraction of styrene 

Fig. 3. Plots of the values of 0IR against the mole 
fractions of styrene on Cabosil M5 from CCI4. 

mers th rough the mole fractions of styrene of 0.8 
increased very slightly wi th the mole fraction of sty­
rene. T h e As values at the mole fractions of styrene in 
excess of 0.8 decreased steeply to the level of the styrene 
homopolymer . T h i s result is consistent wi th the 
result of Herd et al.,21) w h o reported the amount s of 
styrene and methyl methacrylate copolymers adsorbed 
onto the silica surface from a trichloroethylene solu­
tion. However, this result has now been resolved in 
detail. Therefore, we tried to elucidate it on the bases 
of the surface coverage, 0IR, and the fraction of the 
attached segment in the polymer, p. 

In Fig. 3, the values of 0IR are plot ted as a function 
of the mole fraction of styrene. As may be seen in this 
figure, the values of 6m remained constant th rough 

the mole fraction of styrene of 0.8 and then decreased 
steeply at the mole fractions of styrene in excess of 0.8. 
T h e As values of the copolymers at the mole fractions 
of styrene in excess of 0.8 decreased, as is shown in Fig. 
2. T h i s decrease is caused by the decrease in the 
values of 6m, as is shown in Fig. 3; that is, it is 
impossible for the copolymers at the mole fractions of 
styrene in excess of 0.8 to b ind effectively to all of the 
silanol groups on the surface sites. As is shown in 
Fig. 2, the As values of the copolymers th rough the 
mole fractions of styrene of 0.8 increased very slightly. 
T h i s p h e n o m e n o n is due to the increase in the loop 
segments, because the 6m values of the copolymers 
t h rough the mole fractions of styrene of 0.8 were held 
a lmost constant. 

T h e analyses of the ESR spectra of the adsorbed 
copolymers were performed us ing the procedure de­
scribed in a previous paper for the methyl methacrylate 
homopolymer.1 4) T h e ESR line-shape observed from 
the adsorpt ion system was simulated by the summa­
tion of three model spectra: a triplet line wi th a 
narrowed wid th showing h igh mobility, an interme­
diately broadened line showing a restricted segment 
mot ion , and a powder pat tern showing rigid immo­
bilization. T h e spectrum was normalized by the sig­
nal intensity obtained from a second integrat ion of the 
first-derivative spectrum. T h e ampl i tude of each 
model spectrum was determined by a least-squares 
method on the mul t ip le regression to fit the summa­
tion of the three spectra wi th the observed spectrum. 
T h e model spectra were selected to make the correla­
t ion coefficient close to uni ty between the observed 
spectrum and the summat ion of the three model spec­
tra. In the three-component analysis, a close curve-
fitting was found in every case. 

Fon tana and T h o m a s proposed the symbol "p" as 
the no ta t ion of the rat io of the segments attached on 
the solid surface to the total segments of the adsorbed 
polymer.1) Since the ni troxide-spin radicals are pres­
ent exclusively in the methyl methacrylate part , it is 
though t that this value of p expresses the rat io of the 
adsorbed segments in methyl methacrylate uni ts in the 
copolymer. Therefore, this value of p will be sym­
bolized by " P M M A " hereafter. " P S T " and " P T O T " repre­

sent the values of p for the styrene parts and for the 
total segments respectively. It should be ment ioned 
that the styrene segments are attached only th rough 
the hydrogen bond wi th the silanol groups on the 
silica surface. T h e values of PTOT and PST can be 
evaluated by means of numerical calculation from the 
PMMA value as follows. 

From the exper imental data of the amount s of the 
adsorpt ion of the copolymers, A ( g m - 2 ) , and the com­
posi t ions of the copolymers, /M M A and /ST, the numbers 
of adsorbed methyl methacrylate monomer ic uni ts per 
un i t of area, nM M A , and the numbers of adsorbed 
styrene monomer ic uni ts per un i t of area, nST, are 
obtained by means of these equat ions; 
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% M A - A X/MMAXNA/MMMA, (2) 

nST = A X / S T X N A / M S T , (3) 

where NA is Avogadro's number and where MMMA and 
MST are the molecular weights of the monomer ic uni ts 
of methyl methacrylate and styrene respectively. 

T h e number of methyl methacrylate uni ts attached 
on the solid surface per un i t of area, A/MMA, is given by 
this equat ion; 

A^MMA-% ^XPM (4) 

According to our previous studies,22) the segments of 
the methyl methacrylate homopolymer adsorbed on 
the silica surface can be divided into two groups: one 
is the segments at tached th rough the hydrogen bond 
between the carbonyl g r o u p of the polymer and the 
silanol g roup on the surface site, while the other is the 
segments attached except for the hydrogen bond. 
T h e value of the segment fractions attached th rough 
the hydrogen bond in the total train segments of the 
adsorbed polymer, /HB, is almost constant for each 
copolymer. We used 0.34 as the value of /H B in this 
experiment. Consequent ly , the number of NMMA 
mul t ip l ied by the /H B value is equal to the number of 
methyl methacrylate uni t s attached th rough the hy­
drogen bond. 

If we know the occupied area per adsorbed methyl 
methacrylate m o n o m e r on the solid surface, aMMA, we 
can calculate the surface area occupied by methyl 
methacrylate segments at tached th rough the hydrogen 
bond per un i t of surface area; SMMA (m2). 

SMMA is given by this equat ion; 

SMMA — NMMA X CFMMA. (5) 

Here, we adopted 3.62X10~19m2 as the aMMA value; it 
was calculated from the data of the adsorpt ion of the 
methyl methacrylate homopo lymer in Fig. 1 (a). 

At the saturated adsorpt ion, the area of the train 
segments th rough the hydrogen bond with the surface 
silanol site should be equal to the value of un i t of area 
mul t ip l ied by 0IR. Therefore, the r ema in ing surface 
area, 0IR—SMMA (m2), should be equal to the area 
occupied by styrene uni ts per un i t of area, SST, because 
the styrene homopo lymer adsorbs only th rough the 
hydrogen bond between the phenyl g roup of the poly­
mer and the silanol g r o u p on the surface site. If we 
know the occupied area per adsorbed styrene mono­
mer on the solid surface, aST, we can calculate the 
n u m b e r of styrene uni ts at tached on the solid surface, 
NST, by the use of this equat ion; 

NST — SST/CFST. (6) 

Here, we adopted 2.30X10_ 1 9m2 as the value of aST; it 
was calculated from the data of the adsorpt ion of the 
styrene homopolymer in Fig. 1 (b). Consequently, 
the fraction of the adsorbed uni ts in styrene uni ts in 
the copolymer, PST, is given by this equat ion; 

P S T — NST/TIST- (V) 

0 0.5 1 
mole fraction of styrene 

Fig. 4. Plots of the values of PMMA, PST, and PTOT 
against the mole fractions of styrene on Carbosil M5 
from CC14. 
O: PMMA, A: PST, D: PTOT. 

In the same way, PTOT is expressed by this equat ion; 

PTOT = ( N M M A + NsT)/(nMMA + nST). (8) 

In Fig. 4, the values of PMMA, PST, and PTOT are 

plotted as functions of the mole fraction of styrene. 
As may be seen in this figure, the values of PMMA 
increased gradual ly wi th the increase in the mole 
fraction of styrene, because the silanol g roup on the 
surface interacts more strongly wi th the carbonyl 
g roup of methyl methacrylate than with the phenyl 
g roup of styrene. T h e values of PST increased gradu­
ally to the value of 0.2 wi th the increase in the mole 
fraction of styrene. When the styrene content in the 
copolymer increased, the values of PTOT gradually 
decreased to the value of 0.2. T h i s value of PTOT for 
PMCS-99 (shown in Table 1) is almost equal to the 
value of p for the styrene homopolymer reported in 
the literature,3) us ing the infrared spectroscopy. 
From the difference in adsorpt ion ability between 
methyl methacrylate uni ts and styrene uni ts on the 
silica surface,2) it can be unders tood why the values of 
PTOT decreased wi th the increase in the mole fractions 
of styrene in the copolymer. Consequently, we can 
make the following statement on the basis of the 0IR 
values in Fig. 3 and the PTOT values in Fig. 4. It is 
possible for the methyl methacrylate homopolymer to 
b ind the si lanol groups on the surface sites more 
effectively than the styrene homopolymer ; therefore, 
the adsorbed methyl methacrylate homopolymer has a 
flat conformation, however the adsorbed styrene 
homopo lymer had a loopy conformation. When the 
styrene content in the copolymer increased, the 
adsorbed conformations of the copolymers varied 
gradually from the conformation of the methyl 
methacrylate homopo lymer to that of the styrene 
homopolymer . 
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T h e PTOT values obtained by the present work 
th roughou t the range of the mole fraction of styrene 
are somewhat h igher than those reported by Herd et 
al., w h o used infrared spectroscopy.21) Especially, 
our adsorpt ion data at a h igh content of methyl 
methacrylate in the copolymer are remarkably larger 
than those of Herd et al. However, at a low content 
of methyl methacrylate, the difference is smaller. 
T h i s behavior results in the attached methyl methac­
rylate segments consist ing of both the segments at­
taches th rough the hydrogen bond and the segments 
attaches except for the hydrogen bond. T h e IR 
method evaluates only the train segments adsorbed 
th rough the hydrogen b o n d by ut i l izing the frequency 
shift. T h e values of p proposed by Herd et al. under­
estimated because they did not take into account the 
segments of methyl methacrylate attached except for 
the hydrogen bond in the copolymer. 

T h e amoun t s of the saturated adsorpt ion of the 
copolymers were not p ropor t iona l to the composi t ion 
of the monomers , bu t they began to decrease abrupt ly 
at a content of less than 0.2 monomer fraction of the 
styrene. T h i s behavior is interpreted as be ing accom­
panied by changes in the values of 0IR and PTOT. AS is 
shown in Fig. 2, the As values of the copolymers 
th rough the mole fractions of styrene of 0.8 increased 
very slightly. T h i s p h e n o m e n o n is due to the 
decrease in the value of PTOT (i.e., the increase in the 
loop segments), because the 0IR values of the copoly­
mers th rough the mole fractions of styrene of 0.8 held 
a lmost constant. T h e As values of the copolymers at 
the mole fractions of styrene in excess of 0.8 decreased, 
as is shown in Fig. 2. T h i s was caused by the 
decrease in the values of 6m; that is, it is impossible for 
the copolymers at the mole fractions of styrene in 
excess of 0.8 to b ind effectively to all of the silanol 
groups on the surface sites. 
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In this paper we discuss the oxidation and reduction potentials of a solvated redoxcouple in photoexcited 
states, these being the extension of our foregoing theoretical treatment pertinent to the energetics of sequential 
electrooxidation (E°^f) and reduction (£^2) steps. After formulating the ionization potential and electron 
affinity of solvated molecules by using the E°$ a n d E\e^ values, the equations on the oxidation (£°/2.exc) 
and reduction (£{/2.exc) potentials in excited states are derived. From these the important relation 
(£°/2.eXc~^i/2-exc)~(^î/sH^ï^) *s obtained. For the case of a benzenoid alternant hydrocarbon (BAH) the above 
left-hand-side summation would become constant. Also, the mutual correlation of the £°/2.exc

 o r ^ï/2-exc v a l u e 

at xLa excited state to the E^fy or E°^ potential at ground state is discussed for BAH's. Finally the electron-
transfer interaction between an electron donor and an electron acceptor has been considered in photoexcited 
states by virtue of oxidation and reduction potentials. The equation thus obtained is of the same type as that 
formulated semiempirically by Rehm and Weiler. Our treatment provides theoretical background for the 
Rehm and Weiler equation. 

In previous papers we reported the general treat­
ment of the energetics of sequential electroreduction 
and electrooxidation steps of organic substances by 
applying thermodynamic energy cycles and SCFMO 
calculations.2_4) In this paper we have extended this 
procedure to electronic excited states to derive the 
general formulas of oxidation (E0$.exc) and reduction 
(E\%.exc) potentials in excited states. Using the equa­
tions thus obtained the mutual relation of E™f.exc and 
E\%.cxc is discussed and also electron-transfer interac­
tions between electron donors and acceptors at pho­
toexcited states are formulated and discussed in com­
parison with the semiempirical equation proposed by 
Rehm and Weller.5> 

Results and Discussion 

Ionization Potential and Electron Affinity in Sol­
vents and at Excited Electronic States. From the fore­
going papers2-4* we know that the first oxidation 
(£"72) and reduction (E\%) potentials for reversible 
redox systems in the ground state are given by Eqs. 1 
and 2 in eV unit, respectively. 

EfÄ (R+/R) = AG° - £ho + A£+oiv (1) 
E\% (R-/R) = AG° - e l u - A£;olv (2) 

where the absolute potential of a reference electrode is 
expressed by AG° and where AE~o]w=(E~o]w—£soiv) and 
A£foiv=(£Îoiv

—£Soiv) a r e t n e solvation energy differences 
(negative values) between monoanion or monocation 
and neutral species. Under the Koopmans theorem6* 
electron affinity (EA) equals — £lu and ionization 
potential (IP) equals — £ho, where elu and £ho are respec­
tively LUMO and HOMO energies. We can now 
rewrite the Eqs. 1 and 2 as Eqs. 3 and 4, respectively. 

ffsoiv = £ 1/2- AG° = / P + AE£ lv (3) 

t Present address: Inazawa Women's Junior College, 1-1-
41, Nishimachi, Inazawa, Aichi 492. 

ZL4solv = E \% - AG° = EA- A£~ lv (4) 

Here, it is easily understood that the ( £ ^ A G ° ) 
should correspond to IP in solvents (IPso\v), and 
the (£;e/d

2-AG°) to EA in solvents (EAso]v). Since 
AG°=-4.40 eV,4> 7Psolv and EAso], would be easily 
evaluated by measuring the E°*f and the E\% values, 
respectively; i.e., IPsoiv decreases by | A£;j~olv| from the IP 
in a gas phase, but EAso]v increases by | A£70iv|from the 
gas phase EA. 

Let us now consider the ionization potential (IPexc) 
and electron affinity (EAexc) in an excited stage (A£uv). 
We can write as A£uv=(£t

exc—Et) by employing the 
total energies in the ground (Et) and excited states 
(£t

exc), so this AEm value means the adiabatic 0-0 
transition energy. Since the gas-phase ionization 
potential (IPexc) in the excited state of A£u v may be 
given by IPexc=(£t

+—£^xc) in the total energy expres­
sion, and since £f c =£ t +A£ u v , /P e x c=(/P-A£u v) 
because of (Ef—Et)=IP in a ground gas state. Of 
course, as stated before, the IP equals —£ho in the 
approximation of Koopams' theorem (Eq. 1). 

Alternatively, elu in Eq. 2 corresponds to the total 
energy difference written as (E~—Et) so that the 
EA=(E—E~) in the ground state.2_4) This treatment 
may lead to the expression EAexc=(Elxc—E~), then the 
relation of £^exc=(£^l+A£uv) is clear. The values of 
IP, /Psolv, EA, and EAso]v, as well as E<$ and £;e/d2, are 
listed in Table 1 for benzenoid alternant hydrocarbons 
(BAH), these being assessed on the basis of our forego­
ing studies. 2"4'7) 

Oxidation and Reduction Potentials in Excited 
States. Referring to the Eqs. 3 and 4 we can now 
formulate the oxidation (£°/2.exc)

 a n d reduction 
(£ï/2-exc) potentials in the A£ u v excited state as follows: 

Eulexc = A G ° + IP~AEm + A£+;exc (5) 

£ir/1-exc = A G ° + EA+AEm - AE~{™ (6) 
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Table 1. Electrochemical Data, IP, and EA of Benzenoid Alternant Hydrocarbons 
in the Ground State and the *Lb and *La Excited Statesa) 

Compound 

Benzene 

Naphthalene 

Anthracene 

Naphthacene 

Pentacene 

Phenanthrene 

Benz[a]-
anthracene 

Chrysene 

Dibenz[a,h]-
anthracene 

Perylene 

Pyrene 

Benz[a]pyrene 

Coronene 

E$ 

V vs. SCE 

(2.68) 

(1.81) 

1.32 

0.98 

(0.78) 

(1.74) 

1.39 

1.59 

1.43 

1.04 

1.28 

1.16 

1.35 

Ground state 
rr red 
£ l / 2 

V vs. SCE 

(-3.58) 

-2.56 

-1.99 

-1.60 

-1.33 

-2.48 

-2.03 

-2.30 

-2.07 

-1.69 

-2.09 

-1.87 

-2.08 

IP 

eV 

9.52 -

8.15 

7.47 

7.04 

6.74 

7.86 

7.47 

7.60 

7.38 

7.00 

7.41 

7.12 

7.36 

EA 

eV 

-1.12 

0.152 

0.552 

— 

— 

0.308 

0.696 

0.419 

— 

0.579 

— 

— 

-/-* solv 

eV 

7.08 

6.21 

5.72 

5.38 

5.18 

6.14 

5.79 

5.99 

5.83 

5.44 

5.68 

5.56 

5.75 

LL A. solv 

eV 

0.82 

1.84 

2.41 

2.80 

3.07 

— 

2.37 

2.10 

2.33 

2.71 

2.31 

2.53 

2.32 

A£ u v 

eV 

6.21 
4.76 
4.35 
4.17 
3.31 

2.60 

2.13 
2.90 
4.23 
3.59 
3.49 
3.22 
3.89 

3.54 
3.15 
2.86 
3.67 
3.72 
3.34 
3.23 
3.08 
3.63 
2.90 

Excited state 
rpexc 

eV 

3.04 
4.49 
3.80 
3.98 
4.16 

4.44 

4.61 
3.84 
3.63 
4.27 
3.98 
4.25 
3.71 

3.84 
4.23 
4.14 
3.33 
3.69 
4.07 
3.90 
4.04 
3.73 
4.46 

EAexc 

eV 

5.09 
3.64 
4.50 
4.32 
3.86 

— 

— 

4.54 
3.90 
4.19 
3.92 
4.31 

— 
— 

4.30 
3.92 
— 

— 

( iU / iL b ) b ) 

i-oxd 
£ l / 2 -exc 

V vs. SCE 

-3.53 
-2.08 
-2.54 
-2.36 
-1.99 

-1.62 

-1.35 
-2.12 
-2.49 
-1.85 
-2.10 
-1.83 
-2.30 

-2.11 
-1.72 
-1.82 
-2.63 
-2.44 
-2.06 
-2.07 
-1.92 
-2.28 
-1.55 

j-red 
£-1/2 -exc 

V vs. SCE 

2.63 
1.18 
1.79 
1.61 
1.32 

1.00 

0.80 
1.57 
1.75 
1.11 
1.46 
1.19 
1.59 

1.47 
1.08 
1.17 
1.98 
1.63 
1.25 
1.36 
1.26 
1.55 
0.82 

a) Data were taken from Ref. (4), (15, 16), (17, 18), (7, 19, 20) for electrochemical data, IP, EA, and UV (in organic 
solvents) energies, respectively. Data in parentheses for Ey£ and E{% were the calculated values using the 
relation between electrochemical potentials and molecular orbital energies.4) b) The upper and the lower side 
numbers for each substance are for the *La and *Lb excited states, respectively. 

The solvation energy difference between a monoca-
tion in the ground state and a neutral species in 
a A£u v excited state is denoted by A£Soivexc- Also, 
AE~{w

exc has a meaning similar to the AEs^'v
exc except 

for replacing the monocation by the monoanion. We 
now calculate the values of (£°/2-eXc—ET/t) a n d 
(£ï/2-exc—E]%) by using the Eqs. 3 and 5 for the former 
and Eqs. 4 and 6 for the latter. The Eqs. 7 and 8 are 
finally obtained.8) 

^oxd 
-*1/2•exc " 

^oxd 
- 1 / 2 " 

UV 

17 red z 
^ 1 / 2 - e x c 

(A£ 
UV •Elf2 + (AE 

I rpexc . 
' ^ so lv 

I rpexc _ 
' -'-'solv 

-J? \ — 17 o x c L 
^ s o l v i - ^ 1 / 2 •AÉ •uv 

solv 
>UV -E , \ = FxedJr AÉ , 

^so lW ^ 1 / 2 ' L^Lj solv 

(7) 

^1/2 s°lv 

(8) 
It should be noted here that, as mentioned above, 
AEs

+
o;r=(Eto]-EZ^) and AE+

so]=(E^-Esolw), so, 
(AE^-AE+

solv)=-(EZ\-Eso]v). Because of A£ u v = 
Elxc—Et in the vapor state, the value of the term 
(AEm+EZ^-ES(Av) turns out to be [(ET+E%y)-
(£fr-£solv)]=A£Yoiv> which corresponds to the 0-0 tran­
sition energy in solvents,13) this solvent being recom­
mended as the same employed for the potential mea­
surement. We now do a treatment similar to the 
derivation of Eq. 7 for the evaluation of the term of 
(£ï/2-exc—£ri/2)- When one calculates the value of 
(A£-lv-A£s;lv

exc) using the relation of A£-/V
exc= 

(£soiv-£soTv) and A£;olv=(£;olv-£solv), the value comes 

out to be (£soïv—£Soiv)- Accordingly the extreme right 
hand term of Eq. 8 is easily derived. The sum of Eqs. 
7 and 8 leads to Eq. 9. This is an interesting and 
important relation. 

/ p o x d 
1^1/2 -exc + £ 1/2- exc) : •-(EV$+E red\ 

\/2) (9) 

It is well-known that the sum (E™$+ET$) becomes 
constant in the case of BAH.2'4) Therefore it is inter­
esting that this constancy is also true for the oxidation 
and reduction potentials in photoexcited states 
of BAH. In Table 1 are listed the potentials of 
ET/i-exc a n d £ï/2-exc calculated at the ]La and ]Lb excited 
states of BAH and also the other physical constants 
necessary for evaluating those potentials. The fol­
lowing is an important property of BAH. As was 
verified in the forementioned papers,2'7'9'10) Eq. 10 con­
necting oxidation-reduction potentials and singlet or 
triplet electronic transition energies is generally 
valid.11) 

(E?£-E\%) = k^AE^]u + k2 (10) 

For the case of BAH Eq. 10 was surprisingly satisfac­
tory for the correlation of (E°$—E\%) to the ]La excita­
tion energy (AE^_Xn), and the constant terms k} and 
k2 were 1.011 and —0.001, respectively.2'7* Here, the 
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spectral data employed for BAH were those in 
organic solvents.7 '19) Now, wi th in the experimental 
error (E^-AE^ ( 1 L a ) ) = £ ^ . Equa t ion 7 indicates 
(E<$-A0%y ( 1 U ) ) = £ ^ . f a : CK), so that £ ^ . e x c at the 
] L a state is equal to E\% in the g round state in a good 
approx imat ion . Also, we can write (E\e/d

2+AE^]v 

CU))=E<$ from Eq. 10 and ( £ $ + A E ™ ( 1 L a ) )=£^ . c x c 

(]La) from Eq. 8, thus E\e/d
2.exc at the ]L a state is close to 

the £°/2 value in the g round state. Inspection of 
Tab le 1 clearly reveals the above mu tua l correlation 
between E™* and £ir/2-exc (]La) values and between the 
E\e/d

2 and E™$.exc (]La) values. Of course, these rela­
tions are no t held on the ] L b excited state of BAH, for 
which the relation of Eq. 10 is not good because of a 
larger CI effect. 7> 

Electron-Transfer Interaction in Photoexcited 
States. Let us now consider the electron-transfer 
interaction from an excited donor molecule D* to a 
g round state acceptor A. T h i s interaction may cause 
an ion-pair formation 2 D + - - 2 A _ in solut ion occuring 
th rough an intermediate encounter complex. Refer­
r ing to the Mull iken type C T process12'13) this energy 
(AF) may be expressed by 

AF = IP D•exc _ 
solv EA solv - é ? 2 / £ - (H) 

where the term — e2/s • a is the Coulombic stabilization 
energy of the ion-pair in solut ion wi th the dielectric 
constant e, a be ing the cavity radius. Keeping 
in m i n d the aforementioned equat ions that are 
IPexc—IP—AEm and Eq. 3, we can easily derive the 
equat ion 7Ps*fv=(/Psolv-A£^0Yv) (see the Appendix 
for details). Also, s tar t ing from the Eq. 4 and 
EAexc—EA+AEm we can obtain the equat ion 
EAZ\v

=(EAso]v+AE^v) by a treatment similar to the 
derivation of IPZ\v ( s e e Appendix) . Let us now 
modify the Eq. 11 by in t roducing the relation 
/ P £ ; r = / P ° l v - A E £ ; V

U V for 7Ps
D

o;r to get AF= 
IP^-EA^-AE^-Me-a, which follows Eq. 12 
by the appl ica t ion of Eqs. 3 and 4. 

A 1 7 — TT-D'oxd 77 A* 
lit— £1/2

 — £ 1 / 9 
A-red 
1/2 -'solv (12) 

When an electron transfer from a g round state donor 
D to an excited acceptor A* occurs, AF is writ ten as 

AF — IP soiv — EAsol™
c -• e2/e • a (13) 

Apply ing the formula EA^—EA^+AE^ and 
Eqs. 3 and 4 to the Eq. 13 it is also possible to derive 
Eq. 14 

AF = £?;9
oxd - EtVed ~ AE^V ~ é*/e -1/2 -1/2 'solv (14) 

which has the same form as that of Eq. 12, except for 
the difference of A££|v

uv and A£s^|v
uv It is a surpr is ing 

result that in spite of the photoexci ta t ion of different 
molecular species, i.e., electron donor or acceptor, the 
equa t ion finally obtained has the same form. Note 
that this equa t ion is of the same type as that employed 
by R e h m and Weiler.5) They first gave this type of 
equa t ion from the semiempirical concept in order to 

interpret the fluorescence q u e n c h i n g phenomena 
th rough an electron transfer immediately following 
an encounter complex formation in photoexcited 
states.14) Accordingly our derivation of Eqs. 12 and 
14 has turned out to verify theoretically the above 
R e h m and Weller's empirical equat ion. 

Appendix 

Considering the energy cycle shown in Scheme 1 the /P^ïv 
is given by IPf0^=IPexc+E+o]v-EZ\v, in which the term of 
(£+iv-££ïv) is rewritten like [(£s"oiv-£Soiv)-(£soS:v-£soiv)]= 
[A£s

+
olv-A£solv], so that JPSv=JPexc+A£s

+
olv-A£solv. Since 

IPexc=IP-AEm, JPSv=JP-A£u v+A£ s
+

o l v-A£ s o l v , thus 
^Pesoîv=(^P+A£s+lv)-(A£uv+A£solc). The first term of the 
right-hand-side equation equals 7Psoiv (Eq. 3), and the 
second term is expressed by (£t

exc—Et+E^v—Eso]w)= 
(£t

exc+£esoïv)-(£t+^soiv)=A£Voiv We can then obtain 
solv •'•'solv ' solv 

solv 
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interactions in photoexcited states with Professor 
Yoshifumi Maki of Gifu Pharmaceut ical University 
and Professors Noboru Mataga and Tadashi Okada of 
Depar tment of Chemistry, Faculty of Engineer ing 
Science, Osaka University. T h e autors wish to 
express their sincere thanks to them. 
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The Moderation and Tunneling Reaction of Recoil T Atoms 
in Solid Xenon-Hydrogen Mixtures at 77 K 
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Recoil T atom reactions were studied in Xe-H2-D2 mixtures at 77 K. The isotope effect on the T-atom 
reaction with H2 and D2 (&(T+H 2 ^HT+H)/&(T+D 2 ^DT+D)) was measured on the basis of the H T and DT 
yields. The isotope effect (&(T+H2)/£(T+D2)) is 1.1 in the range of hydrogen concentrations of 0.1—1.0 mol%. 
Since the small isotope effect (1.1) is similar to the isotope effect (1.0) for a hot T-atom reaction in the gas phase, 
recoil T atoms are not thermalized at these concentrations in solid xenon and form H T and DT by means of hot-
atom reactions. At concentrations of hydrogen of less than 0.1 mol%, the recoil T atoms are thermalized before 
they encounter the solute hydrogen. The isotope effect increases with a decrease in the hydrogen concentration 
and amounts to 3.1 at a hydrogen concentration of 0.01 mol%. Since a large isotope effect is expected for the 
tunneling reaction of T atoms, the large isotope effect (3.1) at 0.01 mol% hydrogen was interpreted in terms of 
the tunneling reaction of thermalized T atoms. The present results in the solid xenon-hydrogen mixtures were 
compared with those in the gaseous xenon-hydrogen mixtures reported previously. It was concluded that hot 
T atoms in the solid xenon at 77 K are deactivated much less effectively than in the gas phase and that they 
migrate long distances with excess kinetic energies. 

T h e modera t ion and reaction of hot hydrogen 
atoms in the solid phase are interesting problems, 
related as they are to chemical kinetics in the solid 
phase, hot -a tom chemistry, radiat ion chemistry, and 
the behavior of high-energy hydrogen in nuclear-
fusion materials. The re have, however, been few 
studies of hot hydrogen a toms in the solid phase. 

T h e selective hydrogen-atom abstraction by H 
atoms in the photolysis of neopentane-e thane mix­
tures was studied at 77 K by the use of ho t atoms wi th 
different kinetic energies. It was found that the selec­
tivity of a reaction depends u p o n the kinetic energy of 
the H atoms, suggest ing that H atoms wi th small 
excess energies migrate th rough the neopentane 
matrix.1) Miyazaki proposed a long distance migra­
tion of hot H atoms th rough crystals.2) 

T h o u g h a number of studies have been made of the 
behavior of recoil T a toms in the gas phase of rare 
gases,3) studies of recoil T atoms in the solid phase of 
rare gases have been l imited to that of a xenon-e thane 
system at 77 K4> and at u l t ra low temperatures.5) T h e 
reactions of T atoms wi th ethane are too complex for 
us to elucidate the elementary processes of hot T 
atoms in the solid phase. T h u s , it is desirable to 
study such a simple reaction as the reaction of T atoms 
wi th hydrogen in a rare-gas matr ix. Since the reac­
tion of recoil T atoms wi th hydrogen in rare gas has 
previously been studied in the gas phase3'6'7) the results 
in the solid phase can be compared wi th those in the 
gas phase. 

T h e role of q u a n t u m mechanical tunne l ing in 
H2(D2)+H(D) reactions has been an impor tan t prob­
lem in the theory of chemical reaction. Recently 
direct evidence for the tunne l ing reaction of H(D) 
atoms wi th hydrogen molecules has been obtained at 
u l t ra low temperatures.8) T h u s , it is interesting to 

study the tunne l ing reaction of thermal T atoms pro­
duced by the moderat ion of hot T atoms in the rare-
gas matr ix. 

T o élucide the moderat ion process of hot T atoms 
in the solid phase and the tunne l ing reaction of ther­
malized T atoms at low temperatures, the reaction of 
recoil T a toms in a xenon matr ix conta in ing hydro­
gen has here been studied at 77 K. A large isotope 
effect on T-a tom reactions wi th H2 and D2, that is, a 
large value for & ( T + H 2 ^ H T + H ) / & ( T + D 2 ^ D T + D ) , 
can be expected for the tunne l ing reactions of thermal 
T atoms, whi le no isotope effect is expected for the hot 
T a tom reaction. T h e isotope effect on the T-a tom 
reaction wi th hydrogen is one of the most impor tan t 
values for the discr iminat ion of tunne l ing reactions of 
thermal a toms from hot -a tom reactions; thus, the iso­
tope effect has been measured in this study. 

Experimental 

6Li-enriched 6LiF, prepared from metal 6Li, has a 6Li/ 
(7Li+6Li) ratio of 0.95. The purity of Xe gas is greater than 
99.995 mol%. The purities of the H2, D2, and HD gases are 
greater than 99.999, 99.5, and 98 mol% respectively. The 
xenon-hydrogen mixtures ((4—12)X10~4 mol) and 6LiF 
(0.0015 g) were sealed into quartz cells for neutron 
irradiation. 

The neutron irradiation at 77 K was done in the JRR-4 
reactor of the Japan Atomic Energy Research Institute. 
The thermal neutron flux and the dose rate of y-rays at the 
irradiation port were 3X1017 nm~2s_ 1 and 2X106 G y h - 1 

respectively. The irradiation time was 15 s. The details of 
the irradiation procedure were described in a previous 
paper.9) 

After neutron irradiation at 77 K, the samples were 
warmed to room temperature for the analysis of H T and 
DT. The tritiated products were analyzed by means of 
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radiogas chromatography (5-m iron(III) oxide/y-alumina 
column at 77 K). 

Results 

Figure 1 shows the ratios of the H T yields to the DT 
yields against the H2/D2 ratios in the tritium reaction 
in the xenon-hydrogen (H2 and D2) mixtures at 77 K, 
where the total hydrogen concentrations (H2+D2) are 
varied from 0.01 to 1.0 mol%. The results for a Xe-
HD (0.03 mol%) mixture are also depicted in the closed 
square. The H T / D T ratio increases linearly with an 
increase in the H2/D2 ratio. However, it does not 
show zero at a zero concentration of H2. A part of the 
H T may be produced by wall reactions or reactions 
with some impurities in xenon. Thus, the isotope 
effect on the tritium reaction was estimated from the 
slope of the linear relationship between the H T / D T 
and H2/D2 ratios. 

Since hydrogen gas itself is not solidified at 77 K, 
there are two possibilities for the formation of H T and 
DT. One is that the T atoms react with the hydrogen 
dissolved in solid xenon. The other is that the T 
atoms react with hydrogen which is not dissolved in 
the xenon matrix but which exists in the gas phase in 
a sample cell. The following results support the 
former possibility. First, the hydrogen yields 
(HT+DT) in Xe-hydrogen-6LiF mixtures are 5—6 
times as large as those in hydrogen-6LiF mixtures 
without xenon. Thus, recoil T atoms injected into 
solid xenon react effectively with solute hydrogen. 

0-5 1-0 
[H2]/[D23 

Fig. 1. Yield ratio of HT/DT for recoil T atom 
reactions against isotope hydrogen ratio (H2/D2) in 
Xe-H2-D2 mixtures at 77 K. The concentrations 
of total hydrogen are 0.01 mol% (V), 0.03 mol% (D), 
0.06 mol% (A), 0.2 mol% (Ô, O , -O), and 1.0 mol% 
(<̂ >). The total amounts of xenon at 0.2 mol% 
hydrogen are varied as 12X10"4 (Ô), 8X10"4 (O), 
and 4X10"4 (-O) mole/sample. A Xe-HD (0.03 
mol%) mixtrure is represented by • . 

Second, the volume of solid xenon in a sample cell 
was varied in order to check the fraction of the solid-
state reaction. The total hydrogen yields (HT+DT) 
in Xe-hydrogen (0.2 mol%)-6LiF (0.0015 g) mixtures 
do not depend upon the total amounts of the solid 
mixtures, suggesting that almost all of the T atoms 
react in the xenon matrix. The H T / D T ratios in the 
three different amounts of solid xenon are shown in 
Fig. 1, where they are designated by O(12X10-4 mol), 
O (8XIO-4 mol), and -O (4X10~4 mol). The same 
isotope effect was obtained in these mixtures inde­
pendently of the amounts of the solid. 

Discussion 

Isotope Effect on Hydrogen-Atom Abstraction by T 
Atoms from Hydrogen. The main reaction scheme 
for the production of hydrogen in a solid xenon-
hydrogen mixture at 77 K may be represented as 
follows: 

6Li + n - ^ T * + a 
T* + H2(D2) -> HT(DT) + H(D) 

T* + Xe -+T + Xe* 
T + H2(D2) -+HT(DT) + H(D) 

(1) 
(2) 
(3) 
(4) 

Hot T atoms (T*), produced by a nuclear reaction 
(Reaction 1), react with H2 (or D2) to form H T (or DT) 
(Reaction 2). The hot T atoms are thermalized by 
collisions with xenon (Reaction 3). The thermal T 
atoms thus produced can react with hydrogen at 77 K 
by means of quantum mechanical tunneling (Reac­
tion 4), where a hydrogen atom passes through the 
potential energy barrier for the reaction because of its 
wave character. 

As for the possibility of Reaction 4, it was reported 
recently that H and D atoms react with hydrogen at 4.2 
K by means of a tunneling effect. The absolute rate 
constants for the tunneling reaction H+H2—>H2+H is 
1.8X10 cm3 mol-1 s-1 at 4.2 K.8> Takayanagi and 
Sato10) have calculated the rate constants for tunneling 
reactions T+H2 (or D2) by the use of the variational-
transition-state theory.n) The calculated rate con­
stant for the tunneling reaction T+H2—>HT+H at 77 
K is 300 times as large as that at 4.2 K. Thus, thermal 
T atoms react quickly with H2 by means of tunneling 
at 77 K, resulting in the production of HT. 

There is a possibility that the recombination reac­
tion of the thermal T and H atoms (Reaction 5), 
produced by the radiolsis of H2, may compete with 
Reaction 4: 

T + H ^ H T (5) 

If it is assumed that Reactions 4 and 5 constitute a 
diffusion-controlled reaction in solid xenon at 77 K, 
the rates for the two reactions depend upon the 
concentrations of H and H2(D2). The H atoms are 
not trapped in solid xenon at 77 K; thus, the steady-
state concentration of H atoms during the reactor 
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slope of the [HT]/[DT] vs. [H2]/[D2] plots in Fig. 1. 
Figure 2 shows the k(T+H2)/k(T+T>2) ratios as a 

function of the hydrogen concentration in xenon at 77 
K; the total yields (HT+DT) are also shown there. 
The total yields are approximately constant at all 
hydrogen concentrations. The k(T+H2)/k(T+T>2) 
ratio increases, however, with a decrease in the hydro­
gen concentration. The ratio is 1.1 at 0.2 mol% hy­
drogen, while it amounts to 3.1 at 0.01 mol% hydrogen. 

Table 1 summarizes the isotope effects on the T -
H2(D2) reactions obtained here as well as on those 
reported previously. The k(T+H2)/k(T+T>2) ratios 
for recoil hot T atoms7) and hot T atoms with 2.8 eV12) 

are known to be 1.0. The k(T+H2)/k(T+I>2) ratios 
for thermal T atoms at low temperatures have been 
calculated recently.ial3) Such a very large isotope 
effect as 5.6X106 is expected at 4.2 K, while the isotope 
effect decreases to 13—21 at 200 K. In fact, a very 
large isotope effect for the reactions of H(D) atoms was 
observed experimentally at 4.2 K.8>14) For example, 
the ratios of the rate constants for two reactions, such 
as &(H+H2^H2+H)/&(D+D2^D2+D) and k(D+U2-^ 
HD+D)/£(H+D 2 ^HD+D), are 104 and >3X104 

respectively. 
The isotope effect (1.1) for recoil T atoms, —that 

is, the ratio of the reaction probabilities of the two 
reactions (&(T+H 2^HT+H)/&(T+D 2^DT+D)) , as 
defined by Eq. 8, in a solid Xe-hydrogen (0.2 mol%) 
mixture at 77 K —is similar to the value (1.0) for hot T 
atoms. Thus, hot T atoms, produced by Reaction 1, 
migrate through solid xenon without substantial ther-
malization and react with solute hydrogen at 0.2 
mol%. The finding that the isotope effects increase 
with a decrease in the hydrogen concentration indi­
cates that some of the hot T atoms are thermalized 

Table 1. Isotope Effects on T-H2 (D2) Reactions 

Hydrogen 
atom 

Recoil T 

Recoil T 

Recoil 
h o t T 
Hot T with 
2.8ev 
Thermal T 

Thermal T 

Thermal T 

Thermal T 

Thermal 
H(D) 
Thermal 
H(D) 

Conditions 

77 K; 0.2mol% hydrogen 
in solid Xe 
77 K; 0.01mol% hydrogen 
in solid Xe 
Room temp.; gas phase 

Room temp.; gas phase 

4.2 K 

77 K 

200 K 

200 K 

4.2 K; solid hydrogen 

4.2 K; solid hydrogen 

&(T+H2) 

&(T+D2) 

1.1 

3.1 

1.0 

1.0 

5.6X106 

1.6X103 

21 

13 

104 

>3X104 

Remarks 

Experimental value in this work 

Experimental value in this work 

Experimental value quoted from Ref. 7 

Experimental value quoted from Ref. 12 

Theoretical value for tunneling reaction 
quoted from Refs. 10, 11 
Theoretical value for tunneling reaction 
quoted from Refs. 10, 11 
Theoretical value for tunneling reaction 
quoted from Refs. 10, 11 
Theoretical value for tunneling reaction 
quoted from Ref. 13 
Experimental value for tunneling- reaction-
ratio &(H+H2)/£(D+D2) quoted from Ref. 8 
Experimental value for tunneling-reaction-
ratio &(D+H2)/£(H+D2) quoted from Ref. 14 

irradiation is much lower than the concentration of 
H2 molecules. Therefore, most of the H T yields can 
be ascribed not to Reaction 5, but to Reactions 2 and 4. 

According to Reactions 2 and 4, H T and DT are 
formed by both hot and thermal T atoms; the process 
may be represented as follows: 

A(T+H2) 

T*(T) + H2 • HT + H 
&(T+D2) 

T*(T) + D2 > DT + H 

(6) 

(7) 

where k is the relative probability of reactions and 
where its ratio is defined by: 

&(T+H2)/£(T+D2) = [HT][D2]/[DT][H2] (8) 

The k(T+H2)/k(T+T>2) ratio was obtained from the 

£ 1-0 

p0-5| 

0 
3-0I 

& 
2-0 

H- 1-0 

" D 

I 0 

I 

I. .J 

D 

°\ 

D 

V 

1 

D D 1 

O 

0-01 0-1 
Hydrogen, mol % 

1-0 

Fig. 2. Concentration dependence of the isotope 
effect (&(T+H2)/£(T+D2)) for recoil T atom reac­
tion in xenon-hydrogen mixture at 77 K (O). 
Upper figure: total yields of HT and DT (D). 
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before they encounter the solute hydrogen at concen­
trations less than 0.2 mol%. T h e thermalized T 
atoms react wi th hydrogen by tunnel ing , resul t ing in 
the increase in the isotope effect. T h e large isotope 
effect at low hydrogen concentrat ions obtained in the 
present work indicates that the tunne l ing reactions of 
thermal T atoms take place at 77 K. 

T h e isotope effect (3.1 ) for recoil T atoms, — that is, 
the rat io of the reaction probabil i t ies of the two reac­
tions ( & ( T + H 2 - + H T + H ) / & ( T + D 2 ^ D T + D ) ) , at 0.01 
mol% hydrogen in the solid xenon — is m u c h lower 
than the calculated value (1.6X103)10'11) for thermal T 
atoms at 77 K. T h i s difference may be explained as 
follows. First, recoil T atoms are not thermalized 
completely before they encounter the solute hydrogen 
at 0.01 mol%. A par t of H T and D T may be formed 
by a hot T-a tom reaction even at this hydrogen con­
centrat ion. Second, the reaction of thermal T a toms 
in the solid xenon at 77 K may be part ly a diffusion-
controlled reaction, resul t ing in the low isotope effect. 
Th i rd , the reaction of recoil T a toms in the solid 
phase may take place in a hot zone of their track the 
temperature of which is higher than 77 K.15) As is 
shown in Tab le 1, the isotope effect on the thermal T-
a tom reaction at temperatures above 77 K is less than 
that at 77 K. 

Since the informat ion on the ho t T a toms in the 
solid phase is very scanty at present, we cannot con­
clude which mechanism is the most plausible. In 
any case, the increase in the isotope effect at low 
concentrat ions of hydrogen implies the reaction of 
thermal T atoms by tunnel ing . 

Moderation of Hot T Atoms in Solid Xe at 77 K. 
T h e results in the previous section show that there is 
n o isotope effect on the reaction of ho t T atoms (T*) 
wi th H2 and D2, whi le a large isotope effect can be 
expected for the reaction of thermal T atoms (T) at 77 
K. T h u s , it is reasonable to assume that &(T*+H2)/ 
&(T*+D2):z::l for a hot -a tom reaction and ^ ( T + H k ) / 
k(T+T>2)^>l for a thermal-a tom reaction. Therefore, 
when equ imola r H2 and D2 are contained in the 
xenon-hydrogen mixtures , the D T yields and equiva­
lent yields of H T are due to a hot -a tom reaction, whi le 
the rest of the H T yields comes from a thermal-a tom 
reaction. T h u s , the m a x i m u m yield of hot reaction 
is represented by Eq. 9: 

Hot reaction yields = 2[DT]/([HT] + [DT]). (9) 

Figure 3 shows the hot-reaction yields, represented 
by squares, in the solid xenon at 77 K. In order to 
compare the deactivation of hot T atoms in the solid 
phase wi th that in the gas phase, the experimental 
hot-reaction yields of recoil T atoms in the gaseous 
xenon-hydrogen mixtures at room temperature, as 
studied by Hawke and Moir,6> are shown by open 
circles in Fig. 3. T h e deactivation of ho t T atoms in 
the gas phase can be discussed theoretically by the use 
of the average logar i thmic energy loss on collision, 
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Fig. 3. Concentration dependence of hot reaction 
yields. (D) xenon-hydrogen mixtures in the solid 
phase at 77 K. (O) xenon-hydrogen mixtures in 
the gas phase at room temperature quoted from 
Ref. 6. ( • ) Theoretical concentration of hydrogen 
in gaseous xenon-hydrogen mixtures at which hot 
T atoms are thermalized completely (see text). 

a(Xe), defined as: 

a(Xe) = - l n ( £ / £ o ) (10) 

where E0 and E are the kinetic energies of the hot T 
a tom before and after a collision respectively. For 
hard-sphere elastic collisions, a(Xe) is given by: 

a(Xe) = l - [ (M-m)V2Mm] ln[(M+m)/(M-m)] (11) 

where M and m are the masses of Xe and T atoms 
respectively.16) a(Xe) is estimated as 0.0449 from the 
masses of the Xe and T atoms.17) Recoil T atoms 
wi th an ini t ial kinetic energy of 2.7 MeV lose their 
energy by collisions and enter the energy range (<250 
eV)18) of chemical reactions. T h e hot T atoms wi th 
about 250 eV are deactivated further by collisions wi th 
xenon molecules. T h e threshold energy for the 
T + H 2 (or D2) reaction, i.e., the m i n i m u m energy for a 
hot a tom reaction, is 0.43 eV. T h e number (n) of 
collisions necessary for the energy degradation of the 
hot T a toms from 250 eV to 0.43 eV can be estimated 
by the use of Eq. 12: 

(E/E0)
n = 0.43/250 (12) 

Since E/EQ is 0.956 for ex(Xe)=0.0449 (cf. Eq. 10), the 
collision n u m b e r (n) for the deactivation is estimated 
as 142. T h e cross section for T - X e collisions is 1.3 
times as large as that for T - H 2 (or D2) collisions.19 '20) 
T h e concentrat ion of the solute, at which hot T atoms 
are thermalized before they encounter the solute, is 
obtained roughly as ( l /n )XL3=( l /142)X1 .3«0 .009 
mole fraction (i.e., 0.9 mol%). Th i s value is denoted 
by a closed circle in Fig. 3; the circle coincides 
approximate ly wi th the concentrat ion obtained by the 
extrapolat ion of the experimental hot-reaction yields 
to zero (cf. open circles). 

Now, it is very interesting to compare the hot-
reaction yields in the solid xenon-hydrogen mixtures 
at 77 K wi th those in the gaseous xenon-hydrogen 
mixtures . In the solid phase, the deactivation of hot 
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T atoms becomes appreciable at hydrogen concentra­
tions of less than 0.1 mol%, whereas hot T atoms in the 
gas phase are deactivated at h igh concentrat ions such 
as about 10 mol%. T h e results mean that, in the solid 
xenon at 77 K, the ho t T atoms are no t deactivated; 
thus , they migrate long distances wi th excess kinetic 
energies unt i l they encounter solute hydrogen at a low 
concentrat ion. In the gaseous xenon, however, the 
ho t T atoms effectively lose their energy by collisions 
wi th xenon before they encounter solute hydrogen at a 
h igh concentrat ion. 

If the concentrat ion of the solute at which ho t T 
atoms are completely thermalized in the solid xenon is 
taken as 0.01 mol%, the effective mass of xenon for the 
deactivation in the solid phase can be estimated by the 
use of Eqs. 10, 11, and 12, where M is considered as the 
effective mass. T h e effective mass obtained is 13000, 
about 100 times larger than the mass of a xenon atom. 
T h e ineffective modera t ion of hot T atoms in the solid 
xenon may be related to a characteristic of crystals, 
namely, their interatomic coupled interactions. 
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Assignment of the normal vibrations of 1,2,3- and 1,3,5-trichloro- and tribromobenzenes was made through 
the vibrational analyses of the polarized Raman and infrared spectra and also through the normal coordinate 
calculation. Substitutional effect on the vibrational frequencies and modes of the hydrogen bending and 
wagging vibrations induced by the halogen atoms is discussed. 

Very recently the ass ignment of the normal vibra­
tions of 2,6- and 3,5-dichloro- and 2,6- and 3,5-
dibromopyridines was studied and a characteristic 
subst i tut ional effect on the hydrogen bending and 
wagg ing vibrations was found.1) T h e hydrogen 
bend ing and wagg ing vibrations of 2,6-dihalo-
pyridines are of the Pisa, Pi8b, and 1̂5 modes, and the 
Pi7a, Pi7b, and vu modes, respectively. In 3,5-
dihalopyridines the frequency separat ion between the 
visa, and visb vibrations and that between the vn^ and 
vnb vibrations become very small and the bend ing vw 
and wagg ing vw vibrat ions change the vibrat ional 
modes to the vs and v*> hav ing higher frequencies than 
those of the v\*> and vw modes, respectively. In order 
to study the or igin of such a subst i tut ional effect on 
the frequencies and modes of the hydrogen bending 
and wagg ing vibrat ions, the normal vibrations of 
1,2,3- and 1,3,5-trichloro- and tribromobenzenes are 
investigated. 

Several studies have been made on the normal vibra­
tions of trihalobenzenes,2 - 4) but the reliable assign­
ment based on e n o u g h exper imental evidence such as 
polarizat ion measurements of the R a m a n and infrared 
spectra has not been made. Since the or ientat ion of 
the tr ihalobenzene molecules in crystal has been 
already studied, vibrat ional analyses of the polarized 
R a m a n and infrared spectra in single crystal can be 
easily made. In this paper , the ass ignment of the 
normal vibrations of 1,2,3- and 1,3,5-trichloro- and 
tribromobenzenes is discussed first on the basis of the 
polar izat ion behavior of the R a m a n and infrared 
bands observed in single crystal and of the normal 
coordinate calculat ion, and then the subst i tut ional 
effect on the normal vibrations is discussed. 

Experimental 

Material. 1,2,3-Trichloro-, 1,3,5-trichloro-, and 1,3,5-tri-
bromobenzenes (1,2,3-TCB, 1,3,5-TCB, and 1,3,5-TBB) were 
obtained from Wako, Tokyo Kasei, and Nakarai Chemical 
Companies, respectively. 1,2,3-Tribromobenzene (1,2,3-
TBB) was synthesized from ^-nitroaniline following the 
method reported by Furuyama and Fukushi.5) The sam­
ples were purified by repeated vacuum distillations followed 

by zone-refining of about 100 passages. 
Optical Measurements. The polarized Raman spectrum 

was observed in single crystal with a JEOL 400 T Laser 
Raman Spectrophotometer. A well grown single crystal 
obtained by the Bridgman method was cut in a cube of about 
(5 mm)3. The cleavage plane was selected as one of the 
planes of the cube and the edges of the cube were cut along 
the crystal growth direction, which is on the cleavage plane, 
and the directions perpendicular to it. The sample was 
excited with the 514.5 nm line from an Ar-ion laser. The 
method of observation of the polarized Raman spectrum was 
the same as described previously. 6> Depolarization mea­
surement of the Raman spectrum was also made in molten 
phase. 

The infrared spectrum was observed in vapor and single 
crystal phases with a Hitachi Infrared Spectrophotometer 

Table 1. Force Constants for the In-Plane and Out-of-
Plane Vibrations of 1,2,3- and 1,3,5-Trichloro-

and Tribromobenzenes 

KC-az) 

Ka-c 
Kc-c 
Ka-x

b) 

Kc-H 
H c - c - c 
Hc-c-c 
Hc-c-c 
Hc-c-c 
Hc-c-c 
Hc-c-c 

Qc>-c> 
Qc'-c 
ÛC-C 
Px 
PH 

<fc'-C 
<7c-c 

m 

q_ 

In-plane vibrations 

5.0 h N m - 1 

5.0 
5.0 
2.5 (2.2)c) 

4.65 
0.25 
0.25 (0.2) 
0.25 
0.3 
0.3 
0.3 

Out-of-pl 

0.28aNmrad"2 

0.28 
0.2 
0.36 (0.37) 
0.3 

-0.06 
-0.05 

0.03 

Hc-c-x 
Hc-c-x 
Hc-C-H 
Hc-C-H 
Fc...cd) 

Fc .x d ) 

F c . . - H d ) 

p 
fßxßx 
J%H,ßH 

0.35 (0.3) h N m - 1 

0.35 (0.3) 
0.2 
0.2 
0.5 
0.5 (0.4) 
0.46 
0.25 
0.3aNmrad-2 
0.04 

ane vibrations 
1 0 

fe,x 
£,H 

4= Px,x 
PH,H 
« 

ë 

0.06aNmrad-2 

0.03 
0.03 

-0.03 
-0.02 
-0.01 
-0.02 

a) C is the carbon atom bonded to the halogen atom. 
b) X refers to the CI or Br atom, c) The first number 
is the value for trichlorobenzenes and the number in 
parentheses is that for tribromobenzenes. d) Values 
of the force constants involving the C atom are taken 
to be the same as those involving the C atom. 
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N o r m a l Vibrat ions of 1,2,3-Trichloro-

1,2,3-Trichlorobenzene 

R a m a n 

v / c m - 1 

3072 
1562 
1420 
1158 
1087 
1048 

731 
507 
345 
223 

3078 
1566 
1435 
1362 
1257 
1193 

797 
487 
395 
207 

907 
518 
204 

990 
775 
690 
425 
262 

89b) 

p o l 

~äq~ 

p 
p 

p 
p 
p 
p 
p 
p 
d p 

d p 
d p 
d p 

d p 
d p 

d p 
d p 
d p 

d p 
d p 
d p 

d p 
d p 

d p 

cry 

W W 

W W 

W W 

W W 

W W 

WW 

WW 

vv 
vv 
vv 

u u 
u u 

u u 

Infrared 

po l 

vap 

B 
B 

B 

A 

A 
A 

C 
C 

cry 

II 
II 
II 
II 
II 
II 

III 
III 
III 
III 

Calcd 

v / c m - 1 

3084 
3077 
1565 
1434 
1135 
1109 
1055 

712 
483 
315 
214 

3080 
1578 
1417 
1352 
1241 
1168 

805 
497 
393 
212 

931 
521 
202 

981 
790 
672 
451 
255 

91 
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a n d Tr ibromobenzenes 

1,2,3-Tribromobenzene 

R a m a n 

v / c m - 1 

3060 
1550 
1395 
1128 
1071 
1016 

700 
393 
220 
135 

3068 
1555 
1435 

1250 
1146 

720 
422 
325 

910 
518 
200 

980 
775 
680 
437 
237 

70 

po l 

~Üq~ 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

d p 
d p 
d p 

d p 
d p 

d p 
d p 

d p 
d p 
d p 

d p 
d p 

d p 

d p 

cry 

W W 

W W 

W W 

W W 

W W 

W W 

vv 
w 
w 

u u 
u u 

u u 

Infrared 

p o l 

cry 

II 

II 
II 
II 

III 
III 
III 
III 
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Calcd 

v / c m - 1 

3084 
3077 
1550 
1418 
1116 
1070 
1034 

683 
384 
201 
132 

3080 
1562 
1409 
1342 
1236 
1154 

746 
442 
313 
126 

930 
518 
191 

980 
790 
678 
448 
239 

61 

No . 2 

a) X refers to the CI or Br atom, b) Value taken from the combination band. 

Model 345. The single crystal sample was grown between 
two KRS-5 plates in the same way as described previously.7* 
Well grown single crystal portion of the crystal sample was 
selected under polarized light and other portion was covered 
with aluminum foil. The polarized infrared spectrum was 
observed with an AgBr wire-grid polarizer. The incident 
infrared light was polarized by the polarizer in such a way 
that the electric vector pointed in the direction of 45° from 
both the vertical and horizontal directions. The polarizer 
was rotatable by 90°. Although the spectrophotometer 
had some preferential sensitivity to the vertically polarized 
light, the two diagonally polarized components of the light 
beam behaved equally concerning the intensity. The sam­
ple crystal sandwiched between two KRS-5 plates was held 
in a cell holder in such a way that the crystal growth 
direction on the sample plane coincided with the polariza­
tion direction of the incident infrared light. 

Normal Coordinate Calculation 

T h e normal coordinate calculat ion was performed 
th rough the standard G F matr ix method with a 
FACOM M-780/10S computer at the Computer Center 
of Fukuoka University. T h e geometric parameters of 

the 1,2,3-TCB, 1,3,5-TCB, and 1,3,5-TBB molecules 
were taken from the data determined by Hazell et al.8) 

and Milledge and Pant.9 ) T h e molecular structure of 
1,2,3-TBB was assumed to be the same as that of 1,2,3-
T C B except for the C-Br bond, whose length was 
assumed to be 0.185 nm. T h e F matr ix elements for 
the in-plane vibrations were evaluated with the poten­
tial field of an improved modification of the Urey-
Bradley force field described previously.6 '7) For the 
out-of-plane vibrations the valence force field and the 
(/> type torsional coordinate were used.6'7) Values of 
the force constants used for the calculations of the in-
p lane and out-of-plane normal vibrations are listed in 
Tab le 1. T h e notat ions of the force constants are 
exactly the same as those used previously.6 '7) T h e 
calculated frequencies and modes of the normal vibra­
tions are given in Tables 2 and 3. 

Calculation of Relative Intensities of the Raman 
and Infrared Bands in Single Crystal 

1,2,3-TCB and 1,2,3-TBB crystallize in monocl in ic 
space g roup P2i/c wi th eight molecules in the un i t 
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Table 3. Normal Vibrations of 1,3,5-Trichloro- and Tribromobenzenes 

Sym 
Spec 

a i ' 

Mode 

V2 

V\2 
V\ 

C-X str (yxzf 

1,3,5-Trichlorobenzene 

Raman Infrared 

v / cm - 1 

3083 
1148 
997 
376 

pol pol 

liq cry vap cry 

P 
P 
P 
P 

Calcd 

v / c m - 1 

3082 
1173 
997 
350 

1,3,5-Tribromobenzene 

Raman 

v /cm - 1 

3075 
1118 
987 
230 

L P Q 1 

liq cry 

P 
P 
P 
P 

Infrared 

pol 

cry 

Calcd 

v / cm - 1 

3093 
1131 
985 
221 

VI 

V8 

V\<è 

V6 

C-X str (*>2o) 
Xbend (v$) 

3078 
1569 
1422 
1103 
817 
426 
190 

dp ww 
dp ww A 
dp ww 

dp ww 
dp ww 

3079 
1581 
1437 
1114 
804 
409 
213 

1555 
1412 
1095 
740 
345 
117 

dp ww 
dp ww 
dp ww 

dp ww 
dp ww 

II 
II 
II 
II 

3090 
1566 
1427 
1109 
748 
336 
133 

a2' 

e" 

a2" 

vu 
vs 

Xbend (*>is) 

*>17 

^16 

X wag (*>io) 

V5 

V4 

Xwag(*>n) 

945 
530 
221 

853b) 

660b) 

142c) 

dp vv 
dp vv 
dp vv 

C 
C 

III 
III 

1348 
1312 
537 

945 
525 
204 

865 
665 
140 

943 
507 
200 

854b) 

660b) 

122c) 

dp vv 
dp vv 
dp vv 

III 
III 

1344 
1313 
476 

947 
518 
192 

868 
667 
114 

a) X refers to the CI or Br atom, b) Taken from the infrared band, c) Taken from the combination 
band. 

Table 4. Squares of the Relative Values of the Elements 
of the Raman Tensor for 1,2,3-Trichlorobenzene 

b2 a2 

(Aaa)2 

(Abb)2 

(AcV)2a) 

(Aab)2 

(Aac')2 

(Abe7)2 

0.71 
0.28 
1.87 
0.50 
0.04 
0.03 

1.22 
0.61 
0.11 
0.15 
0.19 
0.69 

0.66 
1.32 
0.11 
0.00 
0.53 
0.42 

a) c' axis is taken to be perpendicular to both the a and 
b axes. 

cell8'10) and 1,3,5-TCB and 1,3,5-TBB crystallize in 
o r thorhombic space g roup P2i2i2i wi th four mole­
cules in the un i t cell.9) T h e re la t ionship between the 
R a m a n tensor for the free molecule and that for the 
crystal was derived based on the s imple oriented gas 
model, and the matr ix elements of the R a m a n tensor 
were evaluated in the same way as described pre­
viously.6) T h e direction cosines between the crystal 
and molecular axes were calculated usig the crystal 
data.8) T h e squares of relative values of the elements 
of the R a m a n tensor, which are propor t iona l to the 
relative intensities of the R a m a n bands, are given in 
Table 4 for 1,2,3-TCB. T h e calculat ion of the 
R a m a n tensor for 1,2,3-TBB could not be made 
because sufficient crystal data needed for the calcula­
tion were not available. T h e quant i ta t ive discussion 
can not be made on polarizat ion behavior of the 
Raman bands of 1,3,5-TCB and 1,3,5-TBB, because 

Table 5. Proportionality Factors of the Intensity 
of the Infrared Bands along the a, b, and c axes 

of the 1,2,3-Trichloro-, 1,3,5-Trichloro-, and 
1,3,5-Tribromobenzene Crystals 

1,2,3-TCB 

1,3,5-TCB 
(1,3,5-TBB) 

Pol 

/ / a 
/ / b 
/ / c 

Pol 

/ / a 
/ / b 
/ / c 

ai 

0.81 
0.25 
1.13 

b2 

0.44 
0.56 
1.21 

b i 

0.75 
1.19 
0.07 

a2" 

0.18(0.22)a) 

0.00 (0.00) 
0.81 (0.77) 

a) The first number is the value for 1,3,5-TCB and the 
number in parentheses is that for 1,3,5-TBB. 

the molecular structures of these molecules be long to 
the Dsh po in t g roup and p lura l polarizability elements 
belong to the degenerate symmetry species. 

In order to carry out the vibrat ional analysis of the 
polarized infrared spectrum, the crystal axes in the 
sample p lane sandwiched between two KRS-5 plates 
have to be determined. Since the two extinct ion 
directions found on the sample p lane of 1,2,3-TCB 
were perpendicular to each other, proport ional i ty fac­
tors of the intensities of the infrared bands a long the 
crystal a, b , and c axes were calculated assuming that 
the sample p lane is the ab or be plane. In 1,3,5-TCB 
and 1,3,5-TBB, the quant i ta t ive analysis of the polar­
ized infrared spectra can be made only for the out-of-
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plane vibrations because the infrared active in-plane e' 
vibrations are polarized in the molecular plane while 
the out-of-plane a2" vibrations are polarized along the 
direction normal to the molecular plane in these 
molecules. The results are listed in Table 5. 

Results and Discussion 

The moments of inertia calculated from the molecu­
lar structure suggest that the infrared bands belonging 
to ai, D2, and bi symmetry species show the B, A, and C 
band contours, respectively, in 1,2,3-TCB and 1,2,3-
TBB and those belonging to e' and a2" species show 
the A (or B) and C contours, respectively, in 1,3,5-TCB 
and 1,3,5-TBB. The polarized infrared spectra of the 
1,2,3-TCB, 1,2,3-TBB, 1,3,5-TCB, and 1,3,5-TBB sin­
gle crystals are shown in Fig. 1. The infrared spectra 
measured with the incident light beams polarized 
parallel and perpendicular to the crystal growth direc­
tion in the sample plane are referred to as the / / and J_ 
spectra and were drawn with the solid and dotted lines 
in the figure, respectively. As can be seen in Fig. 1, 
polarization behavior of the infrared bands in the 
1,2,3-TCB and 1,2,3-TBB crystals can be classified into 
three types. The intensity of the bands showing the 
first type polarization is stronger in the / / spectrum 
than in the _L one, while the second type bands are 
observed with almost equal intensity in the / / and _L 
spectra. The intensity of the third type bands 
observed in the _L spectrum is about twice of that in 
the / / spectrum. These three types of polarization 

behavior are referred to as the type I, II, and III, 
respectively. Figure 1 shows that polarization behav­
ior of the infrared bands observed for the 1,3,5-TCB 
and 1,3,5-TBB crystals can be classified into two types. 
The bands showing the first type polarization have 
almost equal intensity in the / / and _L spectra and the 
intensity of the second type bands is stronger in the _L 
spectrum than in the / / one. These two types of 
polarization behavior are referred to as the type II and 
III, respectively, following the case of 1,2,3-TCB and 
1,2,3-TBB. 

The polarized Raman spectra of the 1,2,3-TCB, 
1,2,3-TBB, 1,3,5-TCB, and 1,3,5-TBB single crystals 
are shown in Figs. 2 and 3. Since the crystallogra-
phic analysis for the cleavage planes of the single 
crystals of these molecules has not been reported yet, 
the crystal growth direction and the direction perpen­
dicular to it in the cleavage plane were taken to be the 
u and v axes, respectively, and the w axis was taken to 
the direction perpendicular to both the u and v axes. 
The polarized Raman spectrum was denoted by two 
characters such as uv, where the first letter refers to the 
direction of polarization of the excitation light and 
the latter to that of the scattering light. 

1,2,3-Trichlorobenzene. Since the infrared bands 
having the A, B, and C band contours showed the type 
II, I, and III polarization in crystal, respectively, the 
infrared bands showing the type I, II, and III polariza­
tion were assigned to the vibrations belonging to the 
symmetry species ai, b2, and bi, respectively. Com­
parison of these observed polarization behavior of the 

_!_ JL 
1400 1000 600 

v/cm 

J_ 
1400 1000 

v/cm -1 
600 

Fig. 1. Polarized infrared spectra of 1,2,3-trichlorobenzene (A), 
1,2,3-tribromobenzene (B), 1,3,5-trichlorobenzene (C), and 1,3,5-
tribromobenzene (D) in single crystal. For the definition of the 
symbols // and _L, see text. 
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Fig. 2. Polarized Raman spectra of 1,2,3-trichlorobenzene (A) 
and 1,2,3-tribromobenzene (B) in single crystal. For the defini­
tion of the symbols of spectra such as uu, see text. 
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Fig. 3. Polarized Raman spectra of 1,3,5-trichlorobenzene (A) 
and 1,3,5-tribromobenzene in single crystal. 

infrared bands wi th the propor t ional i ty factors given 
in Tab le 5 suggests that the p lane of the crystal sample 
is to be the ab plane. 

Species ai: T h e highly polarized R a m a n bands in 
the depolarizat ion measurement in mol ten phase and 

the infrared bands hav ing the B band contour in vapor 
and the type I polarizat ion in crystal were assigned 
straightforwardly to the vibrat ions of species ai. T h e 
depolarized R a m a n band observed at 223 c m - 1 in 
molten phase was assigned to the CI bending (j/ga) 
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vibration of ai species, because the polarization behav­
ior of this Raman band in single crystal could not be 
ascribed to any of the non-totally symmetric vibra­
tions. 

Species b2: The infrared bands having the A band 
contour in vapor and the type II polarization in crystal 
were assigned to the vibrations of species b2. The 
observed intensity of the corresponding Raman bands 
in single crystal is the strongest in the ww spectrum 
and decreases in the uu and uv spectrum in order. 
Therefore, the Raman bands having such polarization 
were assigned to the vibrations of species b2. Table 4 
shows that the relative intensity of the Raman bands 
to be assigned to the b2 vibration is the strongest in the 
c'c' polarized spectrum and decreases in the aa, ab, 
and bb spectra in order. Comparison of the observed 
polarization behavior with the expected one suggests 
that the u, v, and w axes correspond to the crystal a, b, 
and c' axes, respectively. 

Species bi: The infrared bands having the C band 
contour in vapor and the type III polarization in 
crystal were assigned to the vibrations of species bi. 
The corresponding Raman bands in single crystal 
were observed with the strongest intensity in the uu 
spectrum and with almost equal intensity in the vv 
and vw spectra. Thus the Raman bands having such 
polarization were assigned to the bi vibrations. This 
observed polarization agrees with the result given in 
Table 4 if the u, v, and w axes correspond to the crystal 
a, b, and c' axes, respectively, as in the case of the 
vibrations of species b2. The weak infrared band 
observed at 820 cm-1 having the type III polarization 
could be assigned to the combination band of the v§* 
and Vh vibrations. This gives the frequency of 89 cm - 1 

for the V5 vibration. 
Species a2: Table 4 indicates that the intensity of 

the Raman bands to be assigned to the a2 vibrations is 
the strongest in the bb(vv) spectrum and decreases in 
the aa(uu), ac'(uw), and bc'(vw) spectra in order. 
The Raman bands having such polarization in crystal 
were assigned to the vibrations of species a2. 

1,3,5-Trichlorobenzene. The infrared bands hav­
ing the A and C band contours show the type II and III 
polarization behavior in crystal, respectively. This 
suggests that the infrared bands having the type II and 
III polarization can be assigned to the vibrations of 
species e' and a2", respectively. 

Species ai': The strongly polarized Raman bands 
in molten phase were assigned to the vibrations of 
species ai'. 

Species e': The infrared bands having the A band 
contour in vapor and the type II polarization in crystal 
were assigned to the vibrations of species e'. It is 
interesting to observe that the relative intensity of the 
all corresponding Raman bands is the strongest in the 
ww spectrum although the quantitative treatment 
cannot be made for the analysis of the polarized 
Raman bands of the molecules belonging to the D^h 

point group. The CI bending vibration was assigned 
based on the polarization behavior of the Raman 
band. 

Species e": The depolarized Raman bands in 
molten phase whose corresponding infrared bands 
could not be observed were assigned to the vibrations 
of species e". It is interesting to find that the polari­
zation behavior of these Raman bands was quite sim­
ilar to each other as observed in the case of the vibra­
tions of species e'. 

Species a2": The infrared bands having the C band 
contour in vapor and the type III polarization in 
crystal were assigned to the vibrations of species a2". 
The very weak infrared band observed at 1290 cm - 1 

having the type III polarization could be assigned to 
the combination band of the v\2 and CI wagging (vn) 
vibrations. This gives the frequency of 142 cm - 1 for 
the vw vibration. 

Species a2r: The vibrations belonging to & species 
could not be determined experimentally because the 
a2r vibrations are Raman and infrared inactive. 

Normal vibrations of 1,2,3- and 1,3,5-TCB thus 
determined based on the polarization behavior of the 
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Fig. 4. Correlation diagrams for the H and Cl bend­
ing and wagging vibrations of 1,2,3- and 1,3,5-
trichlorobenzenes and of 2,6- and 3,5-dichloro-
pyridines. 
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Raman and infrared bands are summarized in Tables 
2 and 3 and Figs. 1—3. The vibrational modes were 
determined through the normal coordinate calcula­
tion. 

1,2,3-Tribromobenzene and 1,3,5-Tribromobenzene. 
The observed polarization behavior of the Raman and 
infrared bands of the 1,2,3-TBB and 1,3,5-TBB single 
crystals was exactly the same as that observed for the 
1,2,3-TCB and 1,3,5-TCB single crystals, respectively. 
The assignment of the normal vibrations of 1,2,3-TBB 
and 1,3,5-TBB was carried out based on exactly the 
same criterion as that of 1,2,3-TCB and 1,3,5-TCB, 
respectively, and the results are given in Tables 2 and 3 
and Figs. 1—3. 

The normal coordinate calculation made on 1,2,3-
TCB and 1,2,3-TBB indicates that v^ and v®> vibra­
tions mix largely with the (/>-X stretching (viz) and 
(̂ 200) vibrations, respectively, and the (/>-X stretching 
(1̂ 13) vibration interacts with the (/>-X stretching (ẑ oa) 
vibration, where X refers to the CI or Br atom. The 
calculation also indicates that the vi^ and v\§b vibra­
tions mix with the X wagging (pioa) and (v$) vibra­
tions, respectively, where the v\§b vibration interacts 
with the PA vibration and the X wagging (vs) vibration 
with the X wagging (piob) vibration. These mixings 
are found by the experimental fact that the frequencies 
of the Pea, p&b, and ï̂ i6a vibrations increase largely from 
the frequencies of the PQ and vie vibrations of benzene 
(606 and 405 cm -1). The same mixings are also 
found in 1,3,5-TCB and 1,3,5-TBB, that is, the ve and 
PIG vibrations mix largely with the (/>-X stretching (̂ 20) 

and X wagging (PIO) vibrations, respectively. 
A correlation diagram for the H and CI bending and 

wagging vibrations of 1,2,3-TCB and 1,3,5-TCB is 
shown in Fig. 4 together with a diagram for the 2,6-
and 3,5-dichloropyridines (2,6-DCP and 3,5-DCP). A 
question arising from the correlation diagram is why 
the H bending and wagging vibrations of the vs and V5 
modes in 1,3,5-TCB change to the vibrations of the vvs> 
and vu modes in 1,2,3-TCB, respectively. The modes 
of the H and CI bending and wagging vibrations of 
1,2,3-TCB and 1,3,5-TCB are given in Fig. 5. The 
normal coordinate calculation indicates that the 
degenerate H and CI bending vibrations are of the 
v\% and P9 modes, respectively, in 1,3,5-TCB. These 
vibrations split into the Pisa, and Pish, and the v^ and 
p$b vibrations in 1,2,3-TCB. The displacements of 
the three CI atoms in the V9* and v$b modes given in 
Fig. 5 suggest that in the third CI bending vibration 
the three CI atoms in both the 1,2,3-TCB and 1,3,5-
TCB molecules should rotate in the same direction 
(clockwise in Fig. 5) about a line normal to the molec­
ular plane and passing through the center of mass, 
and the H and C atoms rotate simultaneously in the 
opposite direction (counterclockwise in Fig. 5) in 
order to keep the center of mass unchanged. These 
displacements of the atoms give the vs mode to 1,2,3-
TCB and the V15 mode to 1,3,5-TCB for the third CI 
bending vibration. Thus the third H bending vibra­
tion is of the P15 mode in 1,2,3-TCB and of the vs mode 
in 1,3,5-TCB. 

The calculation also shows that the degenerate H 

Cl 

Cl J CI 

h 

H bending 
vibration 

Cl bending 
vibration !$Z& 
H wagging 
vibration 

Cl wagging 
vibration 

Fig. 5. Modes of the H and Gl bending and wagging vibrations of 
1,2,3- and 1,3,5-trichlorobenzenes. Value of the Lx vector is 
represented by length of the arrow and area of the circle for the in-
plane and out-of-plane vibrations, respectively. The bold arrow 
represents five times large value of the fine arrow. The marks O 
and • represent the upward and downward displacements from 
the molecular plane, respectively. 
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and Cl wagg ing vibrat ions are of the vn and Ï̂ IO 
modes, respectively, in 1,3,5-TCB and the degeneracy 
is released in 1,2,3-TCB. T h e displacements of the 
three CI a toms in the ẑ ioa and ĵ iob modes suggest that 
in the third CI wagging vibration the CI atoms bonded 
to the C atoms on the 1 and 3 posi t ions should 
displace in the same direction and the CI a tom bonded 
to the C a tom on the 2 posi t ion should displace in the 
opposi te direction in the 1,2,3-TCB, while the three CI 
a toms should displace in the same direction and the H 
and C atoms should displace s imultaneously in the 
opposi te direction in the 1,3,5-TCB in order to keep 
the balance. These displacements of the atoms give 
the third CI wagging vibration of the v*> mode to 1,2,3-
T C B and of the vn mode to 1,3,5-TCB. T h u s the 
third H wagg ing vibrat ion is of the vw mode in 1,2,3-
T C B and of the V5 mode in 1,3,5-TCB. T h e same 
a rgument can be made for 1,2,3-TBB and 1,3,5-TBB, 
and also for 2,6-DCP, 2,6-DBP, 3,5-DCP, and 3,5-
DBP. 

Figure 4 shows that the correlation d iagram for the 
H bend ing and wagg ing vibrations of 2,6-DCP and 
3,5-DCP is qui te similar to that for 1,2,3-DCB and 
1,3,5-DCB. T h i s fact suggests that the three H atoms 
in the 3,5-DCP molecule behave as if the molecular 
symmetry belongs to the pseudo Dzh po in t g roup for 

the H bend ing and wagg ing vibrations. T h e very 
small frequency separations between the H bending 
visa and ï̂ i8b vibrations and between the H wagging vn* 
and vnb vibrations in 3,5-DCP can be thus explained. 
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Diffusion of Polar and Nonpolar Molecules in Water and Ethanol 
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Interdiffusion coefficients of 1,2-butanediol, 1,4-butanediol, raeso-erythritol, xylitol, mannitol, and myo­
inositol in water, and of 1-butanol, 1,2-ethanediol, 1,2-butanediol, 1,4-butanediol, 1,2,3-propanetriol, water, 
and benzene in ethanol have been measured at concentrations close to infinite dilution and temperatures 
between 278 and 373 K. In water, activation energies are not sensitive to the solutes, decrease with increasing 
temperature, and are close to that for the self-diffusion of pure water. In ethanol the activation energy is largest 
for water and smallest for benzene. The quantity Drj/T (D, 17, and T are diffusivity, viscosity, and absolute 
temperature, respectively) is not sensitive to temperature in water, but shows strong dependence on the 
temperature for benzene and water in ethanol. Using the corrected Stokes-Einstein equation, the effective radii 
of the solutes were obtained in ethanol. Some differences in diffusion behavior in ethanol and water are 
discussed. 

In previous studies, we examined the l imi t ing inter-
diffusion coefficients of hydrophobic solutes such as 
aromatic hydrocarbons1 '2* and a neutral metal com­
plex3) in water. In part icular , we tried to find out if 
there is any effect of "water-structure" itself or of the 
enhanced "water-s tructure" a round solute molecules 
on the diffusion of hydrophobic molecules. We have 
also examined the diffusion in water of alcohols hav­
ing one to four hydroxyl groups.4 ) In two of the 
studies, we made measurements covering a wide 
temperature range, from the supercooled region to the 
region above the no rma l boi l ing po in t of water (265— 
433 K).2'4) Activation energies for the diffusion were 
not sensitive to the solutes and were close to that for 
the self-diffusion of pure water. Over a wide temper­
ature range of 278—433 K, the variat ion of the quan ­
tity, Drj/T, was 12% or less, a l though for the whole 
temperature range (265—433 K) the variation was 
greater for some of the solutes. In e thanol , l i terature 
data show that the quant i ty , Drj/T, is m u c h more 
sensitive to the temperature and to the solute, e.g., 23% 
increase in Drj/T for e thanol (self-diffusion) from 280 
to 338 K,5> 12% increase for water from 298 to 338 K,6> 
22% decrease for t r ioxane from 298 to 353 K.7> 

T h i s work was under taken to study the difference in 
the diffusion behavior in the two hydrogen-bonding 
solvents, water and e thanol . We report here the dif­
fusion coefficients of some alcohols, water, and ben­
zene in e thanol from 278 to 373 K. T h e diffusion 
coefficients of polyols8 ) and carbohydrates9) have been 
studied in water at 298 K, bu t their temperature 
dependence has not been studied. We also report the 

diffusion coefficients of alcohols having two to six 
hydroxyl groups in water in the same temperature 
range. We will discuss some differences in diffusion 
behavior in the two solvents. 

Experimental 

1,2-Butanediol (1,2-BD), 1,4-butanediol (1,4-BD), xylitol, 
mannitol, myoinositol (Tokyo Kasei Kogyo, guaranteed 
reagent); raeso-erythritol (Merck, biochemistry grade); 
ethanol, 1-butanol, 1,2-ethanediol (1,2-ED), 1,2,3-pro­
panetriol (1,2,3-PT), and benzene (Wako Pure Chemicals, 
special grade) were used as received. The density of ethanol 
was 0.78550—0.78557 gem"3 at 298.2 K as compared with the 
literature value of 0.78509 gem-3.10) The water was dis­
tilled twice. Diffusion coefficients were measured by the 
Taylor dispersion technique.11) A spectrophotometric 
detector (Japan Spectroscopic Co., model UVIDEC 100-IV) 
or a differential refractometer (Waters Model R-401) was 
used for benzene and for the other solutes, respectively. At 
373.2 K in water, and at 353.2 and 373.2 K in ethanol, 
slightly higher pressures (0.3—0.8 MPa) than the saturated 
vapor pressures were applied. Other details have been 
described elsewhere.1,2) 

Results and Discussion 

Tables 1 and 2 show the diffusion coefficients in 
water and in e thanol , respectively. Each value is an 
average of at least four measurements. T h e solut ions 
injected were 1 wt% or less in concentrat ion, and they 
are di luted tenfold several times as they flowed 
th rough the capillary. Accordingly, the values can 
be considered as l imi t ing interdiffusion coefficients. 

Table 1. Limiting Interdiffusion Coefficients (D/10 -9 m2s_1) in Water 

T/K 

278.2 
298.2 
313.2 
333.2 
373.2 

1,2-Butanediol 

0.491+0.003 
0.927+0.009 
1.35 +0.01 
2.01 +0.01 
3.78 +0.01 

1,4-Butanediol 

0.492+0.002 
0.913+0.003 
1.34 +0.01 
1.97 +0.01 
3.78 +0.03 

raeso-Erythritol 

0.446+0.003 
0.813+0.008 
1.18 +0.01 
1.80 +0.01 
3.30 +0.02 

Xylitol 

0.416+0.003 
0.758+0.004 
1.059+0.008 
1.67 +0.01 
3.05 +0.01 

Mannitol 

0.371+0.002 
0.678+0.007 
0.963+0.002 
1.52 +0.01 
2.78 +0.02 

myoinositol 

0.376+0.004 
0.695+0.002 
0.991+0.005 
1.52 +0.01 
2.89 +0.02 
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Table 2. Limiting Interdiffusion Coefficients (D/10~9 m2s_1) of Alcohols, Water, and Benzene in Ethanol 

T/K 1-Butanol 1,2-Ethanediol 1,2-Butanediol 1,4-Butanediol ^2,3-Propane- W a t e r Benzene 
tnol 

278.2 
298.2 
333.2 
353.2 
373.2 

0.611+0.004 
0.927+0.009 
1.84 +0.01 

3.38 +0.10 

0.536+0.007 
0.808+0.008 
1.75 +0.04 
2.52 +0.04 
3.33 +0.02 

0.493+0.003 
0.778+0.011 
1.64 +0.01 
2.38 +0.06 
3.25 +0.02 

0.433+0.002 
0.662+0.003 
1.40 +0.02 

2.83 +0.03 

0.431+0.002 
0.686+0.009 
1.48 +0.03 
2.12 +0.03 
3.08 +0.05 

0.690+0.006 
1.18 +0.01 
2.65 +0.05 
3.82 +0.04 
5.56 +0.03 

1.26+0.01 
1.86+0.01 
3.33+0.01 
4.35+0.03 
5.57+0.02 

O u r values for meso-erythritol and mann i to l at 298.2 
K are in good agreement with those by Longswor th 
(O.SOSXlO^n^s-1)12* and D u n l o p (0.666X10-9m2 

s-i),i3) respectively. T h e value for myo-inositol at 
298.2 K is 8% higher than that by Sartorio et al. 
(0.641X10 - 9 m 2 s_1).8) T h e value for water in e thanol 
at 298.2 K may be compared wi th li terature values of 
(1.08,6) 1.13,14> and 1.2215))X10-9m2s-1. T h e values 
for benzene in e thanol at 298.2 and 373.2 K may be 
compared wi th (1.8116> (298.3 K) and 5.6017>)X10~9 

m 2 s - 1 , respectively. 

Figures 1 and 2 show Arrhenius plots in water and 
ethanol , respectively. Activation energies for the dif­
fusion may be calculated from 

£D = - Ä [ d l n D / d ( l / T ) ] . (1) 

In water, the slopes of the plots (Fig. 1), or the activa­
tion energies, are insensitive to the solutes and 
decrease with increasing temperature, as has been 
already noted.2,4) Also shown in Fig. 1 are literature 
data for the self-diffusion of water.18) We see that the 
activation energies (slopes of the curves) for the solute 
studied are very close to that for the self-diffusion of 
water. In ethanol , the plots are linear wi th in experi-

Q 

C 

3 . O 

1 0 3 K / T 

3 . 5 

Fig. 1. Arrhenius plots for diffusion in water. O, 
water (Ref. 18); O, benzene (Ref. 2); A, 1-butanol 
(Ref. 4); D, raeso-erythritol; O , xylitol; V, 
mannitol. 

Table 3. Activation Energies for the Diffusion 
in Ethanol (£ü/kj mol -1) 

1-Butanol 
1,2-Ethanediol 
1,2-Butanediol 
1,4-Butanediol 
1,2,3-Propanetriol 
Water 
Benzene 

15.6 
17.0 
17.3 
17.2 
17.8 
18.9 
13.5 

mental uncertaint ies (Fig. 2). Activation energies 
calculated from Eq. 1 are shown in Table 3. With the 
exception of water, there is a tendency for ED to 
increase wi th decreasing diffusion coefficient, i.e., ED 
decreases in the order, water >1,2,3-PT>1,2-BD, 1,4-
BD, l ,2 -ED>l -bu tano l>benzene . T h e ED values for 
the hydroxylic compounds are larger than those for 
crown ethers7) when compared at the same solute size. 

T h e diffusion coefficient of a spherical solute of 
radius r in a c o n t i n u u m of viscosity rj is given by the 
Stokes-Einstein equat ion 

D = 
kT 

fwqr ' (2) 

where k is Bol tzmann's constant. T h e value of / is 4 

Q 

C 

- 1 
2 . 5 3 . O 

1 0 3 K / T 

3 . 5 

Fig. 2. Arrhenius plots for diffusion in ethanol. 
0 , benzene; O, water; À, 1-butanol; D, 1,2-

butanediol; V, 1,2,3-propanetriol. For clarity, 
data for 1,2-ethanediol and 1,4-butanediol are not 
shown. 
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a 

6 h 

Q 4 r 

250 300 350 400 

T/K 

Fig. 3. The quantity Drj/T as a function of tempera­
ture. Symbols are the same as in Fig. 2. The 
units of Drj/T are 10~15 Jm^K"1 . Dotted lines 
show the results for water (1); benzene (2); and 1,2,3-
propanetriol (3) in water. The results for 1-
butanol and 1,2-butanediol in water are close to the 
line for 1,2,3-propanetriol. 

for the slip boundary condition and 6 for the stick 
boundary condition. If the Stokes-Einstein equation 
holds, the quantity Drj/T should be constant. If 
Drj/ T varies from temperature to temperature or from 
solvent to solvent, it means either that the Stokes-
Einstein law does not hold (in terms of Eq. 2, the 
coefficient / is varying), that the effective (solvated) 
radius is varying, or both of them. Plotted in Fig. 3 
are Drj/T values in ethanol as a function of the 
temperature. Dotted lines show the results for three 
solutes, water (self-diffdision),18) benzene,1'2) and 
1,2,3-PT,4) in water. Viscosity values both for 
ethanol and water were taken from the literature.19) 
For the three diols (only 1,2-BD is shown in Fig. 3) 
and 1,2,3-PT, the temperature dependence of Drj/T is 
not great. For benzene and water as solutes, Drj/T 
values are strong functions of the temperature and are 
very different in the two solvents. For benzene as a 
solute, Drj/T values in ethanol are much larger than 
those in water and decrease with increasing tempera­
ture. However, even at 373 K, Drj/T is still higher in 
ethanol. This tendency for the decrease of Drj/T 
with increasing temperature, or with decreasing vis­
cosity, has been known for nonpolar solutes in polar 
and nonpolar organic solvents.20-24) If we take the 
coefficient / to be constant, it means that the effective 
radius r is increasing with an increase in the tempera­
ture, which is physically unrealistic. This tendency 
is preferably attributed to the breakdown of the 
Stokes-Einstein law at the molecular level, i.e., the / 
value is smaller than 4 and is decreasing with a 
decrease in the temperature, as will be seen later. For 
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Fig. 4. The coefficient, /, of Eq. 2 as a function of 
the solute van der Waals radius in ethanol. 1, 
Benzene; 2, 1-butanol; 3, 1,2-BD; 4, 1,4-BD; 5, 1,2,3-
PT; 6, 1,2-ED; 7, water. (The / values for 1-
butanol and 1,4-BD at 353.2 K were obtained from 
the interpolated diffusion coefficients.) A, Crown 
ethers from Ref. 7; D, carbon tetrachloride and 
tetraalkyltins from Ref. 20. 

water as a solute, the results are opposite from those 
for benzene, i.e., Drj/T values in ethanol are much 
smaller than those in water (self-diffusion), and 
increase with temperature. In this case, we can inter­
pret the latter trend to mean that the effective radius is 
decreasing with increasing temperature. Note that 
Drj/T, is still lower in ethanol even at 373 K, suggest­
ing that the effective radius of water is larger in 
ethanol than in water. 

Using the van der Waals radius, rw, of the solute,25) 

we can calculate the coefficient / of Eq. 2. For non-
polar solutes in various kinds of organic solvents, 
where solute-solvent interactions are weak and the 
solute radius is considered to be constant, the follow­
ing have been shown: 1 ) for a fixed solute, the / value 
of Eq. 2 decreases with an increase in the solvent 
viscosity or a decrease in the temperature,20"24) 2) for a 
fixed solvent, the / value decreases with a decrease in 
the solute size.20) Using van der Waals radii (shown 
in the 2nd column of Table 4), / values were calcu­
lated, and the results at 298.2 and 353.2 K are shown in 
Fig. 4 together with literature values for nonpolar 
solutes, carbon tetrachloride,20) tetraalkyltins,20) and 
crown ethers.7) (Unfortunately, data are not availa­
ble for nonpolar solutes at the lowest and the highest 
temperatures we studied, i.e., 278.2 and 373.2 K.) For 
the hydroxy lie solutes, the / values range from 4.6 (for 
1-butanol at 278.2 K) to 6.3 (for 1,4-BD and 1,2,3-PT at 
373.2 K), and in many cases they are within the Stokes-
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law limit , i.e., 4 < / < 6 . Slightly larger / values than 
6 may be explained by the increase in the effective 
radius. T h u s , for the hydroxylic solutes, the results 
are apparent ly understood in the framework of the 
Stokes-Einstein law wi thou t any correction. For 
benzene, however, the / values are 2.3—3.4 and are 
well below the Stokes-law limit. T h e / values smaller 
than 4 have no physical significance, and imply the 
breakdown of the Stokes-Einstein law. Robinson 
and Stokes calculated correction factors to the Stokes 
law for solutes of less than 5Â radius in water, and 
estimated the radii of heavily hydrated ions from the 
l imi t ing ionic mobilities.26) We will take the similar 
procedure in e thanol , bu t we are in a better s i tuat ion 
because we have experimental data for the diffusion of 
nonpo la r solutes in e thanol , and the case must be 
simpler than that of the ionic mobili ty in water. 

For the nonpo la r solutes, over the range of r w = 
2.64—4.76Â, / can be expressed by 

for 298.2 K and 

/ = -1.068 + 1.405rw 

/ = - 0 . 0 0 5 + 1.263rw 

(3) 

(4) 

for 353.2 K, where rw is in Â. Us ing Eqs. 2—4, we 
obtained the effective radii , r, and corresponding / 
values, which are listed in Table 4. T h e solutes of 
rw=T.7—2.8 Â are seen to be diffusing wi th an effective 
radius of r = 3 . 1 — 4.0 Â at 298.2 K. Even at 353.2 K (a 
little above the normal boi l ing po in t of the solvent), 
the effective radii are seen to be 22 to 61% larger than 
the van der Waals radii . 

Plotted in Fig. 5 are / values in water inc lud ing 

previous results of ours and others for hydroxylic 

compounds4 '18 '27) and n o n p o l a r molecules.2 '28 '29) If 

we assume that the nonpo la r molecules are no t 

hydrated (effective radius is equal to rw), we find the 

effective radii for the hydroxylic solutes (except water 

and methanol) to be 9±2% and 11+3% larger than the 

van der Waals radii at 298.2 and 373.2 K, respectively. 

These effective radii are much smaller than those in 

e thanol . T h i s may be due in par t to the fact that the 

nonpo la r molecules are hydrated (hydrophobic hydra­

tion), which increases the effective radii of the non-

Table 4. The van der Waals Radius, rw, the Effective 

Radius, r, and the Coefficient / of Eq. 2 in Ethanol 

Solute 

1-Butanol 
1,2-Ethanediol 
1,2-Butanediol 
1,4-Butanediol 
1,2,3-Propanetriol 
Water 
Benzene 

rjk 

2.75 
2.44 
2.83 
2.83 
2.73 
1.70 
2.68 

298.2 K 

3.45 
3.67 
3.73 
4.01 
3.94 
3.11 
2.57 

3.78 
4.09 
4.17 
4.57 
4.47 
3.30 
2.54 

353.2 K 

r/Â / 

3.35a) 

3.36 
3.46 
3.75a) 

3.66 
2.73 
2.56 

4.23a) 

4.24 
4.37 
4.73a) 

4.62 
3.44 
3.23 

a) These values were obtained using interpolated dif­
fusion coefficients. 

P w / A 
Fig. 5. The coefficient, /, Eq. 2, as a function of the 

solute van der Waals radius in water. 1, Water 
(Ref. 18); 2, methanol (Ref. 27); 3, ethanol (Ref. 4); 
4, 1,2-ED (Ref. 4); 5, 1-propanol (Ref. 4); 6, 1,2,3-PT 
(Ref. 4); 7, 1-butanol (Ref. 4); 8, 2-methyl-2-
propanol (Ref. 4); 9, 1,2-BD; 10, 1,4-BD; 11, meso-
erythritol; 12, pentaerythritol (Ref. 4); 13, xylitol; 
14, myoinositol; 15, mannitol; 16, 1-ethyl-
naphthalene (Ref. 2); 17, biphenyl (Ref. 2); 18, butyl-
benzene (Ref. 2); 19, naphthalene (Ref. 2); 20, benzene 
(Ref. 2); 21, xenon (Ref. 29); 22, methane (Ref. 28); 
23, argon (Ref. 28). 

polar molecules themselves and also of the hydroxylic 
compounds . For the six hydroxylic solutes studied 
here, the / values decrease from 298 to 373 K, bu t 
only by 3 to 5% (Drj/T values increase by the same 
amount ) . For 1-butanol, 2-methyl-2-propanol, and 
butylbenzene, the / values decrease by 8 to 10% from 
298 to 373 K, and for all the other solutes in Fig. 5, 
they vary n o more than 5% over the same temperature 
range. In view of the fact that water is a more "struc­
tured" solvent than ethanol , it is worth no t ing that 
both the temperature dependence and the solute 
dependence of / (in other words, Drj/T or effective 
radius) are smaller in water than in ethanol. 

Cyclic and open-chain hexahydroxylic molecules, 
myo-inositol and manni to l , were studied because 
myo-inositol has a large negative apparent molal 
compressibility,30a) and the observed partial molar heat 
capacity relative to the calculated value by an additiv-
ity relat ion is larger for myo-inositol than for man­
nitol.305) Uedaira and Uedaira have found a good 
correlation between the diffusion coefficient and the 
number of equator ia l O H groups for carbohydrates.9) 
However, we do not observe any appreciable differ­
ence in the diffusion coefficients themselves and their 
temperature dependencies for myo-inositol and man­
nitol . Finally, the diffusion coefficients of the two 
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butanediols in water and in e thanol are notable, i.e., 
they are essentially the same in water, bu t they are 
consistently smaller for 1,4-BD in e thanol . O u r pre­
l iminary measurement shows that the par t ia l molar 
volume of 1,4-BD is smaller than that for 1,2-BD in 
e thanol . T h i s suggests more compact packing or 
stronger solute-solvent interactions between 1,4-BD 
and e thanol , and may expla in the smaller diffusion 
coefficient for 1,4-BD than for 1,2-BD in e thanol . In 
water, the part ial molar volume is found to be smaller 
for 1,2-BD than for 1,4-BD,31) but the diffusion coeffi­
cients are essentially the same. T h i s is another exam­
ple of the diffusion coefficient being more sensitive to 
the solute in e thanol than in water. 

In summary, the diffusion behavior of non-
electrolytes is different in e thanol and in water. In 
e thanol , temperature dependence of the diffusion coef­
ficient is very different between polar and nonpo la r 
molecules. Further, the coefficient / of the Stokes-
Einstein equa t ion is less than four for nonpo la r 
solutes of small size. In the framework of a corrected 
Stokes-Einstein law, we obtained effective radii for the 
hydroxylic molecules. In water, the difference in dif­
fusion coefficients between polar and nonpo la r mole­
cules are much smaller than in e thanol when com­
pared at the same molecular (van der Waals) radius. 
In contrast to the large difference in e thanol , there is 
m u c h less difference in the temperature dependence of 
the diffusion coefficients between polar and nonpo la r 
molecules in water. These results may be partly due 
to the fact that nonpo la r molecules are hydrated in 
water whi le they are m u c h less solvated in ethanol . 
In order to clarify this, further work is neccesary. 
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The Reflectance Spectra of (BEDT-TTF)5Hg3Brn and (BEDT-TTF)HgBr3. 
The Estimation of Effective On-Site Coulomb Interaction 
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The reflectance spectra of (BEDT-TTF)sHg3Brn and (BEDT-TTF)HgBr3 were measured by using the 
microspectropho tome trie technique in the spectral range from 450 cm - 1 to 25000 cm -1 . In the former salt, the 
gap formation due to a metal-insulator transition was observed in the reflectance spectrum at 100 K. In the 
latter salt, the effective Coulomb interaction and the intra-dimer transfer integral were estimated and compared 
with the corresponding values of BMDT-TTF and TTF. 

In the past several years a variety of charge-transfer 
(CT) salts of B E D T - T T F and their derivatives have 
been synthesized, and their structures and physical 
properties have been extensively investigated. Sev­
eral salts of this g roup have been found to behave as 
organic superconductors.1) Simple band calculations 
based on the Extended Huckel method were recently 
carried on some of these C T salts, and the experimen­
tally determined band parameters were compared wi th 
the calculated band structures.2-4) Optical measure­
ment provides impor t an t informat ion concerning the 
band structures of these organic solids. T h e results 
of our previous optical study of a series of B E D T - T T F 
salts suggested the existence of two different types.5) 

T h e first is the type whose optical properties can be 
roughly unders tood in terms of the simple band 
model. 7C-(BEDT-TTF)2i3, /HBEDT-TTF) 2 I 3 , 0-
(BEDT-TTF) 2 I 3 and, ß"-(BEDT-TTF) 2 ICl 2 be long to 
this type. Hereafter we will denote this as the "A-
type". Most of the A-type salts show metall ic proper­
ties. T h e second is the type whose optical properties 
can not be understood wi th in the framework of the 
simple band theory. Most of them are semi­
conductors. )8 /-(BEDT-TTF)2lCl2 is an example of 
this type, which we will call as "B-type". Some of 
the typical one-dimensional organic conductors, 
involving other donors such as T M T T F , also belong 
to this type.6) T h e electron-electron correlation 
seems to play an impor t an t role in this type of salt. 

A similar classification has also been proposed by 
Mazumdar et al.7) Before the f inding of B E D T - T T F 
salts, it was not easy to obtain clear-cut experimental 
evidence to show whether the effects of Cou lomb 
interactions were large or small in comparison with 
the widths of the bands. T h e family of B E D T - T T F 
salts is u n i q u e in this respect, since the two different 
types commonly exist in one family. Th i s character 
may originate from the reduction of the electron-
electron interaction due to the expansion of 7T-HOMO 
and from the increase in dimensional i ty due to 
the intermolecular S-S interaction.8) T h e degree of 
charge-transfer and the existence of two-dimensional 
interaction seems to be a factor strongly affecting 

whether a B E D T - T T F salt becomes A-type or B-type. 
Therefore, it is of great interest to compare the optical 
properties of the B E D T - T T F salts which are mutua l ly 
different in the degree of charge-transfer and in the 
crystal structure. We will report in this paper a 
reflectance-spectrum study of (BEDT-TTF)sHg3Brn 
and (BEDT-TTF)HgBr3, bo th of which have a u n i q u e 
crystal structure con ta in ing mercury bromide. 
(BEDT-TTF) 5Hg3Brn 9) is a A-type salt wi th a semi-
metall ic band structure, inc lud ing B E D T - T T F 4 / 7 + ; 
it exhibits a meta l - insu la to r transi t ion at 120 K. 
(BEDT-TTF)HgBr3

9> is a B-type salt inc lud ing 
BEDT-TTF"1" wi th a strongly dimerized structure. 
For the latter salt, we shall estimate the effective 
Cou lomb interaction (Utn) by the use of the dimer 
model. T h i s is the first est imation of Utü in a s imple 
salt of B E D T - T T F with a dimerized structure. 

Experimental 

Single crystals of (BEDT-TTF)5Hg3Brii and (BEDT-
TTF)HgBr3 were electrochemically obtained from a benzo-
nitrile solution by the use of (Et4N)2HgBr4 and (Me4N)HgBr3 
respectively as electrolytes.9) The typical sizes of the crystal 
used in the optical measurement were 2.0 mmX0.4 mmX0.03 
mm for (BEDT-TTF)5Hg3Brn and 1.4 mmX0.2 mmX0.03 
mm for (BEDT-TTF)HgBr3. The reflectance spectra were 
measured by the use of Olympus MMSP microspectro-
photometer from 4200 cm - 1 to 25000 cm"1 and with a Jasco 
MIR 300 microspectrophotometer from 450 cm"1 to 4200 
cm -1. The temperature control was achieved by the use of a 
closed cycle cryogenic refrigerator manufactured by CTi 
SPECTRIM tm for the visible spectrometer and by the use of a 
continuous flow helium cryostat manufactured by Oxford 
Instruments respectively. The details of these apparatuses 
have been described elsewhere.3a'10'n) The crystal face and 
the crystal axes of the sample were determined by the use of 
the X-ray diffraction technique. 

Results and Discussion 

(BEDT-TTF)5Hg3Brii. T h e ten B E D T - T T F mol­
ecules in the un i t cell of this salt can be divided in to 
two groups.9) T h e three B E D T - T T F molecules hold­
ing a 2 + charge are sandwiched by the an ion sheets. 
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The rest of the BEDT-TTF molecules, holding a 4/7+ 
charge, form a chain along the [Ï02] axis. The con­
duction path is formed mainly through the latter 
group of BEDT-TTF molecules. According to the 
simple band picture, this material can be expected to 
have a semimetallic band structure. The reflectance 
spectra were measured on the ac-plane for the light 
polarization along the optical axes, which were them­
selves determined by rotating the polarizer at 3300 cm-1. 
By the X-ray diffraction, the optical axes thus deter­
mined were found to be parallel and perpendicular to 
[Ï02], i.e. parallel and perpendicular to the chain 
direction of BEDT-TTF4/7+. 

Figure 1 shows the temperature dependence of the 
reflectance spectra. Although the maximum disper­
sion is found for the light polarization along the [Ï02] 
direction, a weak dispersion is also found for the other 
polarization. This weak dispersion clearly indicates 
the existence of a significant interchain interaction, as 
is usually found in BEDT-TTF salts. The infrared 
broad dispersions, appearing for both polarizations, 
can be ascribed to the inter-band transition overlap­
ping with the intra-band transition. This interpreta­
tion is the same as that which we have previously 

reported for the reflectance spectra of semimetallic 
BEDT-TTF salts.1*1*» The outstanding peak at 
12000 cm"1 in the //[102] spectrum is attributable to 
the local excitation of BEDT-TTF2"1". The excitation 
energy of this transition is higher by about 1000 cm - 1 

than that of the corresponding transition of BEDT-
TTF P + (0<p<l). This dispersion appears strongly 
in the //[Ï02] spectrum, because the long axis of 
BEDT-TTF2+ has a large component along the [Ï02] 
axis.14) 

This salt is known to become an insulator at 120 K.9) 

The reflectivity below 1000 cm - 1 decreases for both 
polarization when the phase transition takes place. 
This phenomenon is ascribed to the gap formation 
associated with metal-insulator transition. On the 
contrary, the reflectance spectra near the plasma edge 
does not change below and above the transition 
temperature. This result is markedly different from 
what has been observed in other BEDT-TTF salts. A 
hump does appear at the plasma-edge region on going 
to the insulator phase in the cases of a-(BEDT-
TTF)3(Re04)2,13) and a-(BEDT-TTF)2I3,13) and a grad­
ual increase in reflectivity near the plasma edge was 
observed below the transition temperature in the case 
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Fig. 1. Temperature dependence of the reflectance 
spectra of (BEDT-TTF)5Hg3Brn for the polariza­
tion (a) parallel and (b) perpendicular to the [102] 
axis. 
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Fig. 2. Temperature dependence of the conductivity 
spectra of (BEDT-TTF)5Hg3Brn for the polariza­
tion (a) parallel and (b) perpendicular to the [102] 
axis. 
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of (BEDT-TTF)3(C104)2.1 2 ) Figure 2 shows the 
frequency-dependent conductivity obtained th rough 
the Kramers-Kronig t ransformation of the reflectance 
spectra shown in Fig. 1. Al though three types of 
in terpola t ion were made in the Kramers-Kronig anal­
ysis, the resul t ing spectra were little affected by the 
choice of interpolat ion. In the spectrum at 100 K, the 
conductivity sharply decreases at the low-wavenumber 
l imi t of the spectrum. T h i s is likely to be associated 
wi th the appearance of a band gap, which is reported 
to be 0.06 eV (480 cm - 1 ) from the d.c.-conductivity 
measurement.9) 

By in tegra t ing the conductivity spectra from the 
zero wave number to 8000 cm - 1 , we calculated the 

i— 1 or 2). bv the use of the 

<wPi/eV 
*i/eV 
coP2/eV 
*2/eV 
t2/h 

(BEDT-TTF)5Hg3Brii 

R.T. 

0.91 
0.17 
0.38 
0.06 

200 K 

0.96 
0.19 
0.40 
0.06 

ca. 0.3 

100 K 

0.99 
0.20 
0.42 
0.07 

(1) 
R.T. 

1.30 
0.12 
0.55 
0.07 

ca. 0.6 

(2) 
R.T. 

1.18 
0.12 
0.60 
0.08 

ca. 0.7 

(3) 
R.T. 

1.39 
0.25 
0.29 
0.03 

ca. 0.1 

(1): (BEDT-TTF)3(C104)2,12> (2): (BEDT-TTF)3(Re04)2,13) 
(3): (TMTSF)2PF6.

16> 

ù)pi2 = Sfoi((o)d(o, (1) 

where the subscript (z—1 or 2) represents the direction 
either parallel or perpendicular to the stacking axis. 
In order to estimate the anisotropy from the p lasma 
frequencies, we assumed the s imple band structure 
expressed by 

E(ki, k2) = -2*icos(Äidi) -2t2cos(k2d2). (2) 

T h i s model is based on the or thorhombic lattice, 
where the lattice constants, d\ and d,2, are the distance, 
between adjacent B E D T - T T F 4 / 7 + wi th in the chain 
and the distance between adjacent chains of BEDT-
T T F 4 / 7 + w i th in the conduct ing sheet respectively. 
T h e corresponding transfer integrals, h and £2, may be 
considered to be weighted averages of several transfer 
integrals in the correct triclinic band structure. By 
virtue of this simplification, the values of copi and coP2 
were numerical ly calculated from t\ and £2 by the use 
of the L i n d h a r d equation.1 5 ) Figure 3 shows the 
results of numerica l calculat ion on the relation 
between (copi, coP2) and (h, £2). By the use of this figure 
and these parameters, di=4.32 Â, ^2=6.20 Â, and Vm 

(the volume per B E D T - T T F 4 / 7 + ) = 6 5 5 Â3, the effective 
transfer integrals (h, £2) were estimated from the 
plasma frequencies. T h e obtained transfer integrals 
are listed in Table 1, together wi th the transfer inte­
grals of other organic conductors obtained by the same 
procedure. T h e anisotropy of the transfer integral, 
i.e., t2/t\, is 0.3 in this material . T h i s value is consider­
ably smaller than that of a-(BEDT-TTF)3(Re04)213) or 
(BEDT-TTF)3(C104)2,1 2 ) b u t it is larger than that of 
(TMTSF)2PF6

16>. 

(BEDT-TTF)HgBr3 . Figure 4 shows the crystal 
structure of this salt.9) Like other B E D T - T T F salts 
the B E D T - T T F molecules form conduct ing sheets 
parallel to the (010) plane; these molecules are sepa­
rated from each other by the anions . T h e BEDT-
TTF"1" ions in this complex are strongly dimerized, 
and the dimers are over lapping, wi th an eclipsed 
configuration.9) T h e direction connect ing the center 
of the two B E D T - T T F molecules wi th in the dimer is 
in the (001) p lane rather than in the (010) plane. 
Hereafter we will call this direction axis the L-axis. 
T h i s axis is roughly parallel to the [Ï10] axis. T h e 
long axis of the B E D T - T T F molecule is also roughly 
in the (001) p lane, almost perpendicular to the L-axis. 
T h e overlap integrals between H O M O , depicted in 
Fig. 4, were calculated to be al=39.95X10"3 , a2— 
-0 .98X10- 3 , c=-10 .51X10- 3 , p 2 = - 0 . 3 0 X 1 0 - 3 , and 
pl=—0.08X10-3, respectively. Th i s calculation ex­
plicitly shows the strong dimerization in this salt. By 
us ing this equa t ion tca\c

=E-al; £ = 1 0 eV, tca\c is calcu­
lated to be 0.39 eV wi th in a dimer. Th i s value is 
qui te large as compared wi th the usual transfer inte­
gral in B E D T - T T F salt. 

T h e reflectance spectra were measured on the (001) 
p lane for the l ight polarizat ion parallel and perpen-

following equat ion: 

Fig. 3. Relation between the plasma frequencies 
(ojpi, ojp2) and the transfer integrals (h, t2) in the 
orthorhombic two-dimensional two-sevenths (or 
five-sevenths) filled tight-binding model. The 
dotted line denotes the boundary between the open 
(A) and closed (B) Fermi surface. The bottom 
graphs show normalized plasma frequencies, i.e. 
(Hù)pi/die)(Vm/16ti)V2 ( t=l , 2). Vm, di, and d2 are the 
volume per BEDT-TTF4 /7 + molecule, the distance 
between adjacent BEDT-TTF4/7 + within the chain, 
and the distance between adjacent chains of BEDT-
XTF4/7+ within the conducting sheet, respectively. 

Table 1. The Mean Transfer Integral and Plasma 
Frequency of (BEDT-TTF)sHg3Brn and 

Several Organic Conductors 
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a 

nXr j 

Fig. 4. (a) The crystal structure of (BEDT-
TTF)HgBr3 in the conducting plane. The overlap 
integrals between HOMO's depicted in the figure 
areal=39.95X10-3, a2=-0.98X10"3, c=-10.51X10"3, 
p2=-0.30X10-3 , and pl=0.08X10-3, respectively. 
(b) The crystal structure projected onto the ab-
plane. L-axis connects the centers of two BEDT-
T T F molecules within the dimer. 

dicular to the L-axis and on the (010) p lane for the 
polarizat ion parallel to the c-axis. Figure 5 shows 
the reflectance spectra ( / / L , (OOl)iJL, / / c ) and the 
conductivity spectra ( / / L , (OOl)-LL) of this salt at 
room temperature. From the definition of the L-
axis, the dispersion appear ing in the / / L spectrum is 
ascribed to the charge-transfer excitation wi th in the 
dimer. O n the other hand , the dispersion in the 
(OOl)i-L spectrum is ascribed to the local excitation of 
B E D T - T T F + , because the long axis of B E D T - T T F + is 
in this direction, as have been described above. T h i s 
interpretat ion is consistent wi th the previously 
reported results on s imple salts of B M D T - T T F , where 
local excitations at 11000 c m - 1 and 21000 c m - 1 were 
found to be polarized a long the molecular long axis.17) 

Since the charge-transfer excitation at 10000 c m - 1 in 
the / / L spectrum is close to the local excitation at 
11000 cm" 1 in the (001)JLL pectrum, they do no t 
separate from each other in the case of an improper 
choice of polarizat ion direction. However, the inher­
ent mix ing of the charge-transfer excitation wi th the 
local excitation is not expected to appear in this salt, 
because the overlap of the ne ighbor ing B E D T - T T F 
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Fig. 5. (a) The reflectance spectra (//L, (001 )JJL, / /c) 
and (b) conductivity spectrum (//L, (001 )±L) of 
(BEDT-TTF)HgBr3 at room temperature. 

molecule wi th in the dimer is eclipsed; hence, the 
molecular p lane is a lmost perpendicular to the L-axis. 

In the / / c spectrum, a weak dispersion also appears 
at 11000 c m - 1 . T h i s dispersion is ascribed to the 
superposi t ion of the c-component of the C T transi t ion 
wi th in the dimer and the c-component of the local 
excitation a long the molecular long axis. T h e other 
t ransi t ion is not clearly observed in the / / c spectrum. 
Therefore, it is concluded that the C T transit ion origi­
nally polarized a long the c-axis is negligible in this 
salt in spite of the relatively large overlap integral 
a long the c-axis (c=—10.51X10-3; see Fig. 4). T h i s 
suggests that the electronic structure of this material is 
inherent ly described by a dimer model. T h u s we can 
safely assume the dimer model in order to estimate the 
effective on-site Cou lomb repuls ion energy (C/eff) and 
the transfer integral (t), bo th of which appear in the 
H u b b a r d Hami l ton ian . In this model, the p lasma 
frequency and the peak posi t ion are described by the 
following equat ions: 

cüp2 =[16TT aWß/i2].[*VV^eff2/4+4*2] , (3) 

h(OCT= C/eff/2+V £/eff2/4+4*2 , (4) 

where a, Q, COCT, and cop are the distance between the 
molecules forming a dimer, the volume per dimer, the 
excitation energy, and the p lasma frequency respec­
tively. These values are ß=978 .8 Â3, a=3.62 Â, 
COCT=9100 c m - 1 , and cop=10000 cm- 1 , where cop has 
been calculated by integrat ing the conductivity spec­
t rum from 5000 cm" 1 to 15000 cm"1 . By the use of 
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Table 2. Comparison of £7eff Values Obtained in Various Complex 

(4) (5) (6) (7) (8) 
Structure** dimer Id Id ^ Id 

/ / / / a / / c / / c / / b / / c 

(ucT/lOScm-1 10.0 4.4 5.0 4.9 8.9 11.7 
a/A 3.62 4.47 5.84 5.63 7.50 3.57 
C/eff/eV*** 0.69d 1.20c 0.57d(1.0c) 0.60d l.ld 1.25d 

*/eV*** 0.35d 0.22c 0.09d (0.14c) 0.08d <0.11d 0.28d 

SX10-3 39.0 — 10.6 12.5 5.1 — 

(4): (BEDT-TTF)HgBr3, (5): (BEDT-TTF)AuCl2Br2,
18> (6): (BMDT-TTF) AsF6,

17> (7): (BMDT-
TTF)SbF6,

17> (8): (TTF)Br0.79.
19> 

** Id: one-dimensional chain structure, 2d: anisotropic two-dimensional structure. *** d: 
results of dimer model, c: results of linear-chain model. 

this value, Utü and t are estimated to be 0.69 eV and 
0.35 eV respectively, by solving the Eqs. 2 and 3. The 
obtained value of the transfer integral is very close to 
the calculated value (£Caic=0.39 eV). Table 2 compares 
the C/eff value obtained in this study with the pre­
viously reported values. Some of the Uta values in 
this table are those obtained by the use of the linear-
chain model, while others are those obtained by the 
use of the dimer model. It should be kept in mind 
that the choice of model is not necessarily appropriate 
in the cases of (TTF)Br0.7919) and (BMDT-TTF)SbF6.

17> 
The C/eff value of (BEDT-TTF)HgBr3 is comparatively 
smaller than that of (BEDT-TTF)AuCl2Br2.18) This 
implies an incompleteness in the description of the 
electronic structure due to the assumed Hubbard 
Hamiltonian; in other words, the nearest neighbor 
Coulomb interaction is non negligible in this case, as 
we have previously pointed out (cf. Réf. 17). 

Within the framework of the dimer model, the Ucii 
in the Hubbard Hamiltonian can be exactly re­
placed by JJ— V in terms of the Extended Hubbard 
Hamiltonian, where JJ and V are the on-site Coulomb 
interaction and the nearest neighbor Coulomb inter­
action respectively. Therefore, in the material with a 
strongly dimerized structure it is possible to analyze 
the optical spectrum by the use of the Extended 
Hubbard Hamiltonian. Hence, 0.69 eV can be taken 
as the exact JJ—V value in the case of (BEDT-
TTF)HgBr3. Because of the strongly dimerized struc­
ture of (BEDT-TTF)HgBr3, the V value could be a 
little larger than the corresponding values in other 
BEDT-TTF salts, but their difference should be small. 
Thus, we can consider that the JJ— V value is about 0.7 
eV in the family of BEDT-TTF salts. 

Unfortunately, no exact solution has yet been estab­
lished for the linear-chain Extended Hubbard model. 
Although the analysis based on the linear-chain 
Hubbard model is no longer applicable when we take 
the Extended Hubbard Hamiltonian, it may be used 
for a qualitative discussion. As we have pointed out 
in Ref. 17, the value of JJ—V in the material with a 
linear-chain structure can be expected to be larger 
than the Utü value obtained by the use of the dimer 
Hubbard model and smaller than the Ueff value 

obtained by the use of the linear-chain Hubbard 
model. This is consistent with the fact that the UQa 
in the (BEDT-TTF)AuCl2Br2

18> obtained by the use of 
the linear-chain model is considerably larger than the 
JJ— V value estimated in this study. 

The value of JJ—V was found to be between 1 and 
0.6 eV17> in the case of the BMDT-TTF salt; this is 
comparable to the corresponding value in the BEDT-
T T F salt. On the other hand, the Ueff of (TTF)Br0.97 

estimated by the use of the dimer model was 1.25 eV.19) 

Since this material has a uniform structure, the value 
mentioned above gives the lowest limit of the JJ— V 
value. Therefore, we can consider that the JJ— V 
value is smaller in BEDT-TTF and BMDT-TTF salts 
than in T T F salts. This smallness of the JJ— V value 
may be the origin of the frequent appearance of type-A 
in the family of BEDT-TTF salts. 

Summary and Conclusion 

In this paper we reported on the reflectance spectra 
of (BEDT-TTF)5Hg3Brii, and (BEDT-TTF)HgBr3. 
In the former salt, spectral change due to the metal-
insulator transition is observed at 100 K below 1000 
cm -1. The ratio of transfer integrals perpendicular 
and parallel to the [Ï02] axis is estimated to be 0.3. In 
the latter salt, we found that C7eff= JJ—V=0.69 eV, and 
£=0.35 eV by the use of dimer model. The value of 
JJ— V in the BEDT-TTF family is comparable to that 
of the BMDT-TTF family, but considerably smaller 
than the corresponding value in the TTF family. 
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Graphite Furnace Atomic Absorption Spectrometric Determination 
of Bismuth(III) after Coprecipitation with Hafnium Hydroxide 
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A method for the coprecipitation of bismuth(III) with hafnium hydroxide followed by a graphite-furnace 
atomic absorption spectrometric determination is described. Hafnium hydroxide coprecipitates quantitatively 
0.05—3 fig of bismuth(III) from 50—400 cm3 of sample solution at p H 5.8—11.2. The presence of 2.5—50 mg 
of hafnium in 25 cm3 does not affect the atomic absorbance of bismuth(III). The calibration curve is linear for 
0.05—3 /JLg of bismuth(III) in 25 cm3 and passes through the origin. Interference from the presence of large 
amounts of silver can be eliminated by removing silver as the ammine complex produced by the coprecipitation 
procedure at above p H 11 with aqueous ammonia. Several other matrix ions investigated do not interfere with 
the determination in at least a 500-fold mass ratio to bismuth(III). This method was successfully applied to the 
determination of trace bismuth(III) in commercial metal silver (purity: 99.99%), and is also applicable to the 
determination of trace amounts of bismuth(III) in water sample. 

Recently, b ismuth(II I ) has been widely used in var­
ious materials such as medicaments , superalloys, or 
semiconductors and has increasingly been recognized 
to be impor t an t as a rare metal. Under these circum­
stances, the need for a trace analysis of bismuth(III) 
has also increased, and its pre l iminary enr ichment has 
sometimes been required for extending the detection 
l imit and for the separat ion of bismuth(III) from a 
sample matr ix. T h e coprecipi tat ion method is one 
of the most useful enr ichment techniques, and sever­
al coprecipitants for bismuth(III)1-1 3) have been 
proposed. 

U p unt i l now we have been examin ing hafn ium 
hydroxide as a new coprecipi tant and have suggested 
that hafn ium hydroxide is an effective coprecipi tant 
for concentrat ion pr ior to the trace analyses of cad­
mium,1 4) copper,15) beryllium,16^ gallium,17) indium,17) 
and tin18) by the graphite-furnace a tomic absorpt ion 
spectrometry because it has a good collecting ability 
for these ions and coprecipitates few matr ix ions, such 
as alkali and alkal ine earth metals. We have found 
that hafn ium hydroxide is also an excellent collector 
of trace amoun t s of bismuth(III) and that the copre-
cipitated bismuth(III) can be determined satisfactorily 
by graphite-furnace a tomic absorpt ion spectrometry. 
T h e method proposed here is s imple and reproduci­
ble, and is available for the determinat ion of trace 
amoun t s of bismuth(III) in metal silver and in water 
samples. 

For the determinat ion of bismuth(III ) in metal 
silver, some coprecipi tants such as hydroxides of iron-
(III),6~9) aluminum,1 0 '1 1) and zirconium2) have been 
proposed, bu t no coprecipi tat ion methods have been 
used pr ior to the determinat ion by the graphite-
furnace atomic absorption spectrometry. For bismuth-
(III) in a water sample, only z i rconium hydroxide1) 
has been used for a determinat ion by graphite-furnace 
a tomic absorpt ion spectrometry. Fur thermore , each 
of these coprecipitants has its own disadvantages. 
For example, iron(III) hydroxide19 '20) is ap t to copre-

cipitate fairly large quant i t ies of alkali and alkaline 
earth metals which may interfere with the determina­
tion. T h o u g h zirconium hydroxide21) is a good 
coprecipi tant , it is dissolved in acid slowly. In the 
case of a l u m i n u m hydroxide,10) the determinat ion of 
bismuth(III ) in silver is complicated, because the re­
covery of bismuth(III) is seriously decreased wi th a rise 
in p H by the addi t ion of aqueous ammon ia to remove 
silver as an a m m i n e complex. T h e use of hafn ium 
hydroxide overcomes these disadvantages. 

T h i s paper describes the fundamental condit ions 
for the coprecipi tat ion of bismuth(III ) wi th hafn ium 
hydroxide and for a graphi te furnace atomic absorp­
tion spectrometric determinat ion of bismuth(III) . 

Experimental 

Apparatus. A Hitachi 170-70 Zeeman-effect atomic 
absorption spectrometer with a Hitachi bismuth(III) hol-
lowcathode lamp was used for the atomic absorption spec­
trometric measurements and a Hitachi-Horiba Model M-5 
glass electrode pH meter was used for the pH measurements. 

Reagents. Standard Bismuth(III) Solution: A solution 
containing about 1 mg cm - 3 of bismuth(III) was prepared by 
dissolving guaranteed reagent grade bismuth(III) nitrate in 
a small amount of concentrated nitric acid diluted with 
distilled water. The bismuth(III) concentration was deter­
mined by complexometric titration using Xylenol Orange as 
an indicator. This solution was diluted as required. 

Hafnium Solution: Hafnium chloride (Nakarai Chemi­
cals Co.) was dissolved in distilled water. For removing 
chloride ion, hafnium hydroxide was precipitated by adding 
aqueous ammonia (1+1) to the solution, filtered with a 3G4 
glass filter, and washed with distilled water. Then, a solu­
tion containing about 5 mgcm - 3 of hafnium was prepared 
by dissolving this precipitate with a small amount of con­
centrated nitric acid and diluting with distilled water. The 
hafnium concentration was determined by complexometric 
back titration with a standard thorium solution using 
Xylenol Orange as an indicator. 

All of the other reagents used were of guaranteed reagent 
grade. 
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Table 1. Operating Conditions for the Atomic 
Absorption Spectrometer 

Analytical wavelength 
Lamp current 
Slit width 
Argon flow-rate 

Sheath gas 
Carrier gas 

Injection volume 
Cuvette 

Drying conditions 
Ashing conditions 
Atomizing conditions 

223.1 nm 
12.5 mA 
No.3 (2.2 nm) 

3 dm3 m in - 1 

0 cm3 min - 1 

10 mm3 

Uncoated tube type 
graphite furnace 
24A(ca.l70°C),45s 
92A(ca.940°C),40s 
310A(ca.2830°C), 5 s 

Recommended Procedure. A solution containing 20 mg 
of hafnium is added to a sample solution (50—400 cm3) 
containing 0.05—3 fig of bismuth(III) and the pH of the 
solution is adjusted to about 9.5 with aqueous ammonia 
(1+1). After the precipitate has been allowed to settle, the 
solution is filtered by suction using a 3G4 glass filter. The 
obtained precipitate is washed with a small amount of 
aqueous ammonia (pH about 9.5) and dissolved with 1 cm3 

of concentrated nitric acid. The solution is diluted to 25 
cm3 with distilled water; then the atomic absorbance of 
bismuth(III) is measured under the operating conditions 
shown in Table 1. The blank is also taken through the 
same procedure, using distilled water instead of a sample 
solution. 

Results and Discussion 

Effect of p H on Coprecipitation. T h e effect of the 
p H on coprecipi tat ion wi th hafn ium hydroxide was 
studied wi th a solut ion (about 50 cm3) conta in ing 1 fig 
of bismuth(III) . T h e results are shown in Fig. 1. 
Almost 100% recoveries were obtained over the p H 
range 5.8—11.2. Therefore, the p H of the solut ion 
was adjusted to about 9.5 with aqueous a m m o n i a 
(1+1) in further experiments . 

Effect of Amount of Coprecipitant on Coprecipita­
tion. T h e necessary a m o u n t of hafn ium for the 
coprecipi tat ion was examined wi th a sample solu­
tion (50—400 cm3) con ta in ing 1 fig of bismuth(III) , 
according to the recommended procedure. More 
than 2.5 m g of hafn ium should be added to 100 cm3 of 

100 

50 

- Qxx-

-

o 
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o O c 

I 

HD—Q 

10 

pH 

Fig. 1. Effect of p H on bismuth(III) recovery. 
Bi(III): 1 fig/25 cm3, Hf: 10 mg/25 cm3. 

solut ion for a quant i ta t ive collection. As the volume 
of sample solut ion increases, however, the necessary 
a m o u n t of hafn ium was increased to 20 m g of haf­
n i u m in 400 cm3 of sample solut ion. T h e presence of 
ha fn ium did not affect the determinat ion of bis-
muth(I I I ) , and the peak heights of bismuth(III) were 
almost constant over the range 2.5—50 m g of hafn ium 
in 25 cm3. 

Effect of Standing Time of Precipitate. T h e recov­
ery of bismuth(II I ) reached almost 100% for a few 
minutes after the formation of hafn ium hydroxide and 
remained unchanged u p o n s tanding for 6 h. There­
fore, the s tanding time was left out of consideration 
and the precipitate was filtered after some settlement 
had occurred. 

Dissolution of Hafnium Hydroxide. Hafn ium 
hydroxide dissolves easily in c o m m o n concentrated 
mineral acids, except sulfuric acid.14) In this work, 
the determinat ion of bismuth(III) in silver is one of 
the purposes; thus, nitr ic acid is used for the dissolu­
tion of ha fn ium hydroxide in order to avoid the for­
mat ion of silver chloride. T h e effect of the nitr ic acid 
concentrat ion on the a tomic absorbance of b ismuth-
(III) was examined with a solut ion conta in ing 1.25 fig 
of bismuth(II I ) . As the a m o u n t of nitr ic acid 
increased, the absorbance gradually decreased wi th in 
the range 0—5 cm3 of concentrated nitric acid. In the 
presence of 5 cm3 of ni tr ic acid the absorbance was 
about 30% lower than that in the absence of acid. In 
these experiments 1 cm3 of concentrated nitric acid 
was used. 

Optimum Instrumental Parameters. T h e opti­
m u m opera t ing condit ions for the determinat ion of 
bismuth(II I ) by atomic absorpt ion spectrometry are 
summarized in Tab le 1. They were examined wi th a 
solut ion con ta in ing 80 n g c m - 3 of bismuth(III) , 0.8 
m g c m " 3 of hafnium, and 0.6 mol c m - 3 of nitric acid. 
T h e peak he ight of bismuth(III) became higher wi th 
an increase in the drying current from 19.8 to 31.8 A; it 
remained nearly constant above 23 A. Dur ing the 
ash ing stage, the peak height of bismuth(III) increased 
wi th an increase in the hea t ing current, and reached a 
m a x i m u m at 90— 105 A. Dur ing the atomizing stage, 
the m a x i m u m peak he ight was obtained at 310 A, the 
highest current obtainable in this apparatus . Wi th 
regard to the effect of the hea t ing time dur ing each 
stage, a drying t ime of 30—90 s, an ashing time of 20— 
60 s, and an a tomizing t ime of 2.5—7.5 s gave almost 
constant absorbances. 

Calibration Curve. A straight line passing 
th rough the or igin was obtained over the concentra­
tion range 0.05—3 fig of bismuth(III ) in 25 cm3 u s ing 
the recommended procedure. T h e relative standard 
deviation was 1.41% for 1 fig of bismuth(III) in 100 cm3 

of sample solut ion (five determinations) and the detec­
tion l imit (signal to noise rat io of two) of this method 
was 40 n g of bismuth(III) in 400 cm3 of initial sample 
solution. 
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Effect of Foreign Ions. T h e effect of 25 foreign 
ions on the determinat ion of 1 fig of bismuth(III) was 
examined by the recommended procedure. Accord­
ing to the results shown in Table 2, large amount s of 
sodium, potass ium, magnes ium, and calcium did no t 
interfere wi th the determinat ion of bismuth(III) . 
Other ions, except for copper, chromium(III) , cobalt, 
and nickel, can also coexist at a concentrat ion 1000-
fold that of bismuth(III) . Copper, chromium(II I ) , 
cobalt, and nickel gave negative errors on the determi­
na t ion of bismuth(III) ; however, these effects could be 
removed by coprecipitat ion above p H 11 with aque­
ous ammon ia . For the purpose of the determinat ion 
of bismuth(II I ) in silver, the effect of silver was studied 
in detail. As shown in Fig. 2, the presence of u p to 
0.04 m g c m " 3 of silver did not interfere wi th the deter­
mina t ion , t h o u g h the absorbance of bismuth(III) was 
gradually reduced a long wi th an increase in the 
a m o u n t of silver. As the results show in Table 2, 
however, it makes it possible to remove u p to 1000 m g 
of silver as an ammine complex which is produced by 
adjust ing the p H of the solut ion to above 11 wi th 
aqueous ammonia . 

Determination of Bismuth(III) in Silver. Based on 
the above results, bismuth(III) in commercial metal 
silver was determined. T h e procedure for the deter­
mina t ion is as follows. An adequate a m o u n t of 
metal silver is taken in such a manner that 0.05—3 fig 
of bismuth(III) is contained in it, and is dissolved in a 
small a m o u n t of concentrated nitr ic acid by heat ing. 
T h e solut ion is diluted to 40—100 cm3 wi th distilled 

Ag/mgcm * 

Fig. 2. Effect of amount of silver on bismuth(III) 
peak height. 
Bi(III): 40 ngcm-3 , Hf: 0.4 mgcm"3. 

water and 10 m g of hafnium is added to it. An 
aqueous a m m o n i a (1+1) is then added to the solut ion 
un t i l the precipitate of silver oxide is dissolved. After 
the precipitate of hafn ium hydroxide has settled, the 
solut ion is filtered by suction us ing a 3G4 glass filter. 
T h e obtained precipitate is washed with a small 
a m o u n t of aqueous ammon ia ( pH about 9.5) and 
dissolved wi th 1 cm3 of concentrated nitric acid. T h e 
solut ion is di luted to 25 cm3 wi th distilled water; then, 
the atomic absorbance of bismuth(III) is measured 
under the opera t ing condit ions shown in Table 1. 

Table 2. Effect of Foreign Ions on the Determination 
of 1 fig of Bismuth(III) in about 50 cm3 of Water 

Ion 

Li+ 

Na+ 
K+ 

Mg2+ 
Ca2+ 

Sr2+ 

Ba2+ 

Al3+ 

Ga3+ 

In3+ 

Sn4+ 

pb2+ 
Sb3+ 

Cu2+ 

Cu2+a) 

Zn2+ 

Cd2+ 

Amount 
added 

mg 

1 
50 
20 
6 
6 

Bi(III) 
found 

Mg 

0.98 
0.98 
0.96 
0.97 
0.98 
0.98 
0.98 
1.01 
1.00 
1.02 
0.97 
1.00 
1.01 
0.90 
1.01 
0.97 
0.97 

Ion 

La3+ 

Th4 + 

Cr3+ 

Cr3+a) 

Mo(VI) 
W(VI) 
Fe3+ 
Co2+ 

Co2+a) 

Ni2+ 

Ni2+a) 

Ag+a) 

Ag+a) 

Ag+a) 

Ag+a) 

Amount 
added 

mg 

1 
1 
0.1 
0.5 
1 
1 
1 
1 
1 
1 
1 

50 
100 
500 

1000 

Bi(III) 
found 

Mg 

1.00 
0.99 
0.89 
1.00 
1.00 
0.99 
1.02 
0.91 
1.02 
0.94 
0.99 

1.00 
1.00 
0.96 
0.96 

a) Coprecipitation was carried out at pH 11.2. 

Table 3. Results of the Determination 
of Bismuth(III) in Silvera) 

Sample No. 

Silver 
taken 

Bi(III) found/jug 

mg 

Calibration 
method 

Standard 
addition 
method 

1 
2 
3 
4 

500 
500 
500 
500 

0.21 
0.21 
0.20 
0.20 

0.24 
0.22 
0.20 
0.21 

a) Commercial metal silver (purity: 99.99%) was used. 

Table 4. Recoveries of Bismuth(III) from Spiked Water Samples 

Sample 
Sample 
volume 

cm3 

Bi(III) added(0.05 fig) Bi(III) added(l /zg) 

Bi(III) found RSDb) Bi(III) found RSDb 

Mg' Mg 
Distilled water 
Sea water 
River water 

400 
400 
400 

0.052 
0.055 
0.054 

10.41 
7.04 
8.52 

1.00 
0.99 
0.99 

1.73 
5.71 
1.28 

a) The recoveries obtained are the average of four replicate determinations, b) Relative 
standard deviation. 
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T h e b lank is also taken th rough the same procedure, 
us ing distilled water instead of a sample solut ion. 

As shown in Tab le 3, the results of analyses 
obta ined us ing the cal ibrat ion method and the stand­
ard addi t ion method were in good agreement with 
each other. 

Recovery of Bismuth(III) from Spiked Water Sam­
ples. According to the recommended procedure, the 
recoveries of bismuth(II I ) from river and sea water 
samples spiked wi th bismuth(II I ) were examined. 
T h e samples were filtered th rough a Toyo Roshi T M -
2p membrane filter (pore size 0.4 pm) as soon as 
possible after sampl ing , and adjusted to about p H 2 
wi th concentrated nitr ic acid. T h e obtained results 
are shown in Tab le 4. From these results, it seems 
that this method is also applicable to analyses of these 
water samples. 
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The isomer shift in the 57Fe-Mössbauer spectra of xCaO-(90—x)Ga203- 10Fe2O3 (x=40—60) and 
%BaO • (90—x)Ga203 • 10Fe2C>3 (x=65—70) glasses decreases gradually from 0.28 to 0.16 mm s_1 with increasing 
GaO or BaO contents. This indicates a formation of nonbridging oxygen atoms in the GaCX and FeCX 
tetrahedra. Large quadrupole splitting (A) values ranging from 0.98 to 1.24 m m s - 1 indicate a noticeable 
distortion of the GaC>4 and FeC>4 tetrahedra. Mössbauer parameters of xCaO • (95—x)Al203 • 5Fe203 glasses 
(x=55—60) are comparable to those of the xCaO-(90—x:)Ga203- 10Fe2O3 glasses, suggesting that the local 
structures are essentially the same with each other. The glass transition temperatures (Tg) of the calcium 
gallate, barium gallate, and calcium aluminate glasses are 702—728, 580—583, and 750—773 °C, respectively. 
It is found that the Tg of several oxide glasses is proportional to the A, being expressed by Tg=aA+b, where "a" 
is 680 0 Cmm _ 1 s and " b " is —180 °C when the Fe3+ ions are present at substitutional sites of the network former 
(NWF). The "Tg-A rule" is also applicable to the Fe3+ ions present at interstitial sites, in which case "a" and 
"b" are 35 °C m m - 1 s and 260 °C, respectively. These findings indicate that the Tg is primarily determined by 
the distortion of NWF-oxygen polyhedra. 

Gallate glasses have attracted much at tent ion 
because they have highly optical transparency over the 
wide range of wavelength u p to IR region (ca.7 /xm).1-5) 
Structural studies of gallate glasses have been per­
formed by use of IR,2~4> Raman,5) NMR,6) and 
Mössbauer7) techniques. It was reported that Ga 3 + 

ions consti tute GaÛ4 tetrahedra in the gallate 
glasses.2-7) T h e IR2) and NMR 6 ) studies revealed that 
small amoun t s of GaOô octahedra, besides the GaÛ4 
tetrahedra, consti tute the gallate glasses when the 
alkali or a lkal ine earth oxides content is low. Tn the 
IR3,4) a n ( j Mössbauer7) studies, however, n o evidence 
of the GaOô octahedra was obtained. It is known 
that gallate glasses have so called "three-fold coordi­
nated ' ' oxygen atoms,3 - 5) which may cause a great 
local distortion. 

It is reported that a lumina te glasses also have a 
h ighly optical transparency in the visible to IR 
region.4 '8 '9) Hafner et al.8) proposed a re la t ionship 
between the IR absorbing frequency and the chemical 
bond strength or reduced mass of the cations constitut­
ing a lumina te glasses. Th i s f inding was further 
extended by Kokubo et al.4j9) They elucidated that 
the cut-off wavelength (ca. 6 /xm) in the IR region 
increased wi th increasing mass of cations and wi th 
decreasing single bond strength between the cations 
and oxygen atoms. Kokubo et al.4) also reported that 
a lumina te glass (45K20 - 3 5 N b 2 0 5 • 20Al2O3) had an 
optical transparency similar to that of gallate glass 
(45K 2 O-35Nb 2 O 5 -20Ga 2 O 3 ) . A structural study of 
alkali and alkal ine earth a lumina te glasses was per­
formed by use of IR technique,4 '9) and it was suggested 
that AIO4 tetrahedra consti tuted the glasses. T h e 
structure of a lumina te glasses was previously dis­
cussed by Stanworth,10) w h o suggested that calcium 
a lumina te glass would be composed of AIO4 

tetrahedra. His idea was based on the fact that 
12CaO-7Al 2 03 crystal was composed of AIO4 
tetrahedra wi th and wi thou t nonbr idg ing oxygen 
(NBO) atoms. O n the other hand, it was reported 
that CaO • Al 2 03 crystal comprised A I O Ô octahedra.11) 

T h i s study was carried out for e lucidat ing the local 
structure of calcium gallate, b a r i u m gallate, and cal­
c ium a lumina te glasses and a re la t ionship between the 
structure and the physical properties such as glass 
transit ion temperature (Tg) and highly optical trans­
parency in the IR region. These glasses include 
small amoun t s (10 or 5 mol%) of Fe2Û3 for the 
Mössbauer study. D T A measurements were made in 
order to obta in the Tg, since it is known that Tg reflects 
the structural changes of glass matrix.7 '12-23) A brief 
summary on the Mössbauer spectroscopy and D T A is 
given by Nishida,23) re la t ing to the structure and elec­
trical conductivity of oxide glasses. 

Experimental 

Calcium and barium gallate glasses denoted by 
xCaO • (90-x)Ga2O3 • 10Fe2O3 and xBaO • (90-x)Ga2O3 • 
10Fe2O3 were prepared by melting individual mixtures (0.5 
g) of commercially available CaCOs or BaCOs, Ga2Ü3, and 
Fe2Ü3, of guaranteed reagent grade. Each mixture in a 
platinum crucible was melted for 0.5 to 1.5 h at 1400 and 
1350 °C in the cases of calcium and barium gallate glasses, 
respectively. Calcium aluminate glasses denoted by 
xCaO • (95-x)Al203 • 5Fe2Os and xCaO • (90-x)Al2O3 • 10Fe2O3 

were prepared by fusing individual mixtures (1 g), com­
posed of CaCOs, Al(OH)3, and Fe2Os, at 1400 °C for 2 to 10.5 
h. After the fusion in air, each melt was quenched by 
quickly immersing the bottom of the platinum crucible into 
ice-cold water. As a result, transparent and brown glasses 
could be obtained in the regions 40^x^60 and 65^x^70 in 
the cases of xCaO- (90-x)Ga2O3- 10Fe2O3 and xBaO-
(90—x)Ga203- 10Fe2O3 glasses, respectively. In the case of 
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xCaO • (95—:c)Al203 • 5Fe203 glasses, transparent and light 
brown glasses could be prepared in the region 55^x^60. 
Only the 60CaO-30Al2O3-10Fe2O3 glass sample could 
be prepared in the xCaO*(90—x)Al203- 10Fe2O3 series. 
Mössbauer measurements were made on pulverized samples 
at room temperature by using a constant acceleration 
method. Cobalt-57 (10 mCi) diffused into a palladium foil 
was used as the Mössbauer source. As the reference of 
isomer shift, a piece of metallic iron foil enriched with iron-
57 was used. The iron foil was also used for calibrating the 
velocity scale of the spectrometer. Each Mössbauer spec­
trum was analyzed into a quadrupole doublet peak having 
an equal linewidth by use of a least-squares method. DTA 
measurements of the gallate and aluminate glasses were 
made at a heating rate of 5°Cmin"1 , ranging from room 
temperature to 900 °C. Alpha-AI2O3 powder was used as 
the standard in the DTA measurements. 

Results and Discussion 

Mössbauer spectra of typical gallate and a luminate 
glasses are illustrated in Fig. 1. All the Mössbauer 
spectra studied in this paper consist of quadrupo le 
doublet peaks. Some of them are shown in Fig. 1. 
T h e doublet peaks indicate the presence of paramag­
netic i ron species homogeneously distributed in the 
glass matrix. We can unders tand from Fig. 1 that the 
posi t ion and spli t t ing width (quadrupole split t ing) of 
the doublet peaks depend on the composi t ion. T h e 
Mössbauer parameters of gallate and a luminate 
glasses are summarized in Table 1, together with the 
glass transit ion temperatures (Tg). T h e isomer shift 
(ô) indicates that Fe 3 + ions are tetrahedrally coordi­
nated wi th oxygen atoms, because each ô value is 
smaller than 0.4 m m s - 1 as was observed in several 
kinds of oxide glasses.7 '15-23) It is therefore consid­
ered that the Fe3 + ions are forming FeÛ4 tetrahedra at 
substi tut ional sites of the GaÜ4 or AIO4 tetrahedra. 
T h e presence of GaÛ4 and AIO4 tetrahedra has already 
been proposed in the IR 3 4 9 ) and Mössbauer7* studies. 
Figure 2 indicates that an increasing CaO or BaO 
content results in a cont inuous decrease in the <5. 

Th i s is ascribed to an increased s-electron density at 
the iron nucleus caused by a formation of NBO atoms 
in the GaÛ4 and AIO4 tetrahedra. T h e formation of 
NBO in BO4 a n d / o r SiÛ4 tetrahedra has been observed 
in borate24'25* and borosilicate26) glasses in the form 
of a decrease in the ô of Fe 3 + ions. In the case 
of potass ium gallate glasses, XK2O • (90—x)Ga203 • 
10Fe2O3,7) the formation of NBO was clearly observed 
as an increase in the absorpt ion area (fraction). Fig­
ure 2 indicates that a curve drawn for the composi t ion 
dependency of ô for the calcium gallate glasses (Fig. 
2a) holds for the results of ba r ium gallate glasses (Fig. 
2b). We can speculate from Fig. 2a and 2b that the 
structural change of calcium gallate glasses is essen­
tially the same as that of ba r ium gallate glasses. Fig­
ure 2c indicates that the ô of calcium aluminate glasses 
is a little smaller than that of the calcium gallate 
glasses (Fig. 2a). Th i s f inding suggests that the 
Al 3 +(Fe 3 +)-oxygen bond is more covalent than the 
Ga 3 + (Fe 3 + ) -oxygen bond because of the smaller ionic 
radius of Al 3 + ion (0.050 nm27)) and therefore shorter 
Al 3 + -oxygen bond length. (The ionic radius of Ga 3 + 

ion is reported to be 0.062 nm.27)) T h e similar com-
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Fig. 1. Mössbauer spectra of (a) 40CaO • 50Ga2O3 • 
10Fe2O3, (b) 65BaO-25Ga2O3-10Fe2O3, and (c) 
55CaO • 40Al2O3 • 5Fe203 glasses measured at room 
temperature. 

Table 1. Mössbauer Parameters and Glass Transition Temperature of Gallate and Aluminate Glasses 

Composition 

40CaO • 50Ga2O3 • 10Fe2O3 

45CaO • 45Ga2Os • 10Fe2O3 

50CaO • 40Ga2O3 • 10Fe2O3 

55CaO • 35Ga2Os • 10Fe2O3 

60CaO • 30Ga2O3 • 10Fe2O3 

65BaO-25Ga2O3-10Fe2O3 

67.5BaO • 22.5Ga203 • 10Fe2O3 

70BaO-20Ga2O3-10Fe2O3 

55CaO-40Al2O3-5Fe2O3 

58CaO-37Al203-5Fe203 

60CaO-35Al2O3-5Fe2O3 

60CaO • 30Al2O3 • 10Fe2O3 

ôa) 

m m s - 1 

0.28 
0.28 
0.25 
0.24 
0.21 
0.16 
0.16 
0.18 
0.19 
0.20 
0.18 
0.19 

Ah) 

m m s - 1 

1.20 
1.23 
1.23 
1.21 
1.24 
0.98 
0.98 
1.01 
1.26 
1.29 
1.30 
1.28 

r > 

m m s - 1 

0.61 
0.66 
0.65 
0.64 
0.62 
0.53 
0.50 
0.57 
0.66 
0.69 
0.67 
0.63 

Tg
d) 

& 

°C 

702 
708 
710 
720 
728 
580 
580 
583 
750 
767 
773 
761 

a) The isomer shift. The error is estimated to be ±0.01 mm s_1. b) The quadrupole splitting 
with the error of ±0.02 mm s_1. c) The linewidth (FWHM) with the error of ±0.02 mm s_1. 
d) The glass transition temperature. The error is ±5 °C. 
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Fig. 2. The isomer shift (Ô) of (a) xCaO-(90-x) 

Ga2Os • 10Fe2O3, (b) xBaO • (90-x)Ga2O3 • 10Fe2O3, 
and (c) xCaO'(95—x)Al203*5Fe203 glasses plotted 
against the CaO or BaO contents. 

position dependencies of ô observed in the calcium 
gallate and calcium aluminate glasses suggest that 
these glasses have very similar local structures with 
each other. 

Quadrupole splitting (A), corresponding to the dif­
ference in the energy level of nucleus (excited state) 
having a nuclear spin of 3/2, is expressed by 

A= (e2qQ/2)X(1 + rj2 / 3)1/2, (1) 

where eq and Q are the electric field gradient tensor 
(—Vzz) along the z-axis and the nuclear quadrupole 
moment, respectively.28) The rj is an asymmetry 
parameter of the electric field gradient {{Vxx— Vyy)/ 
Vzz).28) The A will give us useful information on the 
local distortion of glasses, i.e., a deviation from the 
cubic symmetry. Figure 3 demonstrates the composi­
tion dependency of A for the calcium gallate, barium 
gallate, and calcium aluminate glasses. A solid tri­
angle indicates the A of 60CaO • 30Al2O3-10Fe2O3 glass 
(1.28 mms - 1) , which is identical with that of 
60CaO• 35A1203• 5Fe203 glass (1.30 mms - 1) within 
the experimental error of ±0.02 mms - 1 . In contrast 
to the gradual decrease observed for ô (Fig. 2), the A of 
xCaO-(90-x)Ga2O3-10Fe2O3 (Fig. 3a) and %BaO-
(90—x)Ga203- 10Fe2O3 (Fig. 3b) glasses has a discrete 
composition dependency. Figure 3a demonstrates 
that the A of calcium gallate glasses is much greater 
than that of barium gallate glasses (Fig. 3b). The A 
of Fe3+ ions, having a symmetric 3d5 electron configu­
ration, evidently reflects the electric field gradient (eq) 
caused by the distortion of FeÛ4 (GaÛ4 and AIO4) 
tetrahedra. Therefore, it is understood that the GaÛ4 
tetrahedra in the calcium gallate glasses are much 
more distorted than those in the barium gallate 
glasses. The A of xCaO • (95—x)Al203 • 5Fe2Û3 glasses 
(Fig. 3c) is only a little larger than that of 
xCaO-(90—x)Ga203-10Fe2O3 glasses (Fig. 3a), indi­
cating that the AIO4 tetrahedra are a little more dis­
torted than the GaÛ4 tetrahedra. However, the 
almost comparable ô and A obtained for the calcium 
gallate and calcium aluminate glasses suggest that 
these glasses have very similar local and skeleton 

0.8 
40 50 60 70 

CaO or BaO / mol0/. 

Fig. 3. The quadrupole splitting (A) of (a) xCaO-
(90-x)Ga2Os • 10Fe2O3, (b) xBaO • (90-%)Ga2O3 • 
10Fe2O3, and c) xCaO • (95-x)Al203 • 5Fe2Os glasses 
plotted against the CaO or BaO contents. 

(three-dimensional network) structures with each 
other. On the other hand, the local distortion of 
barium gallate glasses (Fig. 3b) seems to be much less 
than that of the calcium gallate (Fig. 3a) and calcium 
aluminate (Fig. 3c) glasses. This can be explained by 
the difference in the ionic potential of Ba2+ ion (Z/ 
r=14.8 nm-1) which is smaller than that of Ca2+ ion 
(20.2 nm - 1) . The ionic potential is obtained by using 
the ionic radii of 0.135 and 0.099 nm for Ba2+ and 
Ca2+, respectively.27) The Ba2+ ions having smaller 
Z/r will cause less distortion in the GaÛ4 tetrahedra 
than the Ca2+ ions having larger Z/r. The increase in 
A observed with increasing CaO or BaO contents (Fig. 
3a—3c) is ascribed to the relatively large ionic poten­
tial of the Ca2+ and Ba2+ ions compared with that of 
alkali metal ions. The Ca2+ and Ba2+ ions will easily 
attract the oxygen atoms constituting the Ga04 and 
AIO4 tetrahedra at the neighboring sites. By the way, 
the formation of NBO was observed in the form of a 
simultaneous decrease in ô and A in the case of potas­
sium borate24j25) and potassium borosilicate26) glasses. 
The K+ ion having a small Z/r (7.52 nm"1) will 
produce a small distortion in the Fe04, BO4, and Si04 
tetrahedra. In such a case a decrease in A will be 
observed when the NBO is formed, because the chemi­
cal interaction between the Fe3+ ions and NBO atoms 
is superior to that between the K+ ions and oxygen 
atoms. This is also the case for the potassium gal­
late,7) potassium tellurite,16) and potassium vana­
date17'19) glasses. Large A values obtained for the 
gallate glasses may partly be related to the presence of 
so called "three-fold coordinated oxygen" atoms,3-5) 
especially when the Ga203 content is high. The 
"three-fold coordinated oxygen" will cause a great 
distortion in the Ga04 and Fe04 tetrahedra. 

The glass transition temperature (Tg) is illustrated 
in Fig. 4, which presents three straight lines with 
positive slopes. A solid triangle indicates the Tg of 
60CaO.30Al2O3-10Fe2O3 glass, 761 °C, which is 
almost identical with that of 60CaO • 35A1203 • 5Fe203 
glass. It is noteworthy that Fig. 4 has a characteristic 
composition dependency similar to that of Fig. 3. 
The Tg of xCaO • (90~x)Ga2O3 • 10Fe2O3 glasses (702— 
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728 °C) is much higher than that of xBaO • (90-x)Ga2O3 • 
10Fe2O3 glasses (580—583 °C). This is also explained 
in connection with the difference in the ionic poten­
tial (Z/r) of Ca2+ and Ba2+ ions. A strong chemical 
bond between the Ca2+ and oxygen will bring about 
much distorted GaÛ4 tetrahedra, which will be 
reflected in the higher Tg of calcium gallate glasses. 
The local distortion of xCaO • (95—x)Al203 • 5Fe2Û3 
glasses, having the Tg of 750—773 °C and A of 1.26— 
1.30 mms"1 , is the most noticeable among all the 
oxide and non-oxide glasses studied so far by this 
authors' group. In the study of gallate,7) tellu­
rite,15'16) and vanadate17-23) glasses, the Tg and A 
changed drastically when the glass matrix (skeleton) 
underwent a drastic structural change, depending on 
the ionic potential (Z/r) of the alkali or alkaline earth 
metal ions. These experimental results indicate that 
both the Tg and A have a close relationship with the Z/ 
r of Ca2+ or Ba2+ ions, which play a role of network 
modifier (NWM) at the interstitial sites. Figure 5a 
presents the Tg-A plot for the gallate and aluminate 
glasses studied in this paper (indicated with open 
circles) and for the potassium gallate7) and several 
tellurite15'16) and vanadate17-22) glasses studied 
recently. The latter results are illustrated with solid 
circles. Figure 5a indicates a linear relationship 
between the Tg and A: all the Tg values are increased in 
proportion to the A, i.e., to the distortion of network 
former (NWF)-oxygen polyhedra. The Tg (°C) and A 
(mm s-1) can be expressed by the following equation, 

Tg — aA-\- b, (2) 

where "a" is 680 °C m m - 1 s and "6" is -180 °C when 
the Fe3+ ions are present at substitutional sites of the 
NWF in the oxide glasses. Figure 5a demonstrates 
that most of the Tg values obey the "Tg-A rule" within 
the error of ±100 °C. It seems that the Tg is little 
related to the single bond energy of NWF-oxygen 
bond. According to the calculation made by Sun,29) 

the bond energies are reported to be 3.9—4.9, 3.0, 3.9— 
5.2, 2.9, and 3.4—4.4 eVmol - 1 for V-O, Te-O, B-O, 
Ga-O, and Al-O bonds, respectively. It is known 
that vanadate glasses have much lower Tg (165— 
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CaO or BaO / mol%. 

Fig. 4. The glass transition temperature (Tg) of (a) 
xCaO • (90-x)Ga2O3 • 10Fe2O3, (b) xBaO • (90-x) 
Ga203 • 10Fe2O3, and (c) xCaO • (95-x)Al203 • 
5Fe203 glasses plotted against the CaO or BaO 
contents. 
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Fig. 5. (a): A Tg-A plot of xCaO- (90-x)Ga2O3-
10Fe2O3, xBaO • (90~x)Ga2O3 • 10Fe2O3, and xCaO • 
(95—x)Al203 • 5Fe203 glasses (open circles). The 
Tg and A of other oxide glasses7'15-22* are also illus­
trated with solid circles; (b): A Tg-A plot of phos­
phate32) and fluorozirconate33) glasses; (c); A Tg-A 
plot of sulfate glasses.34) 

337 °C17-22>) than the gallate (580—728 °C) and alumi­
nate (750—773 °C) glasses, although the V-O bond 
energy (3.9—4.9 eV) is higher than that of the Ga-O 
(2.9 eV) and Al-O (3.4—4.4) bonds. The Tg of R 2 0 -
B2O3) glasses (R=Li, Na, K, Rb, Cs) has already been 
reported to be in the range of 332—482°C,30> and the 
Tgs of CaO-B203 and BaO-B203 glasses were reported 
to be 660—667 and 578—610 °C, respectively.31) The 
Tg values are located between those of the gallate and 
tellurite glasses, although the single bond energy of 
B-O bond (3.9—5.2 eV) is much greater than that of 
the Ga-O (2.9 eV) and Te-O (3.0 eV) bonds. Nishida 
and Takashima reported that A of K2O-B2O3 glasses 
containing 7 mol% Fe203 is in the range of 0.86—1.07 
mms*1.24* The A values are also located between 
those of the gallate and tellurite glasses illustrated in 
Fig. 5a, indicating that borate glasses obey the "Tg-A 
rule". (In the Mössbauer study of K20-B203-Fe203 
glasses,24) no DTA measurement was made.) The Tg 

and A of these glasses are increased in the following 
order: 

vanadate<tellurite<borate<gallate<aluminate glasses. 

On the other hand, the single bond energy is increased 
in the order: 

gallate<tellurite<aluminate<vanadate<borate glasses. 

In the light of these results, we can conclude that the 
Tg is primarily determined by the distortion of NWF-
oxygen polyhedra and is little related to the single 
bond energy of the NWF-oxygen bond. 

We have already elucidated that Tg has a close 
relationship with the structural changes such as a 
formation of NBO, a change of the coordination 
number of NWF, and a change of the dimension of 
skeleton structure.7'14-26) It should be noted that 
these structural changes, at the same time, accompany 
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the distortion of NWF-oxygen polyhedra. It is 
expected that the "Tg-A rule" is also applicable to the 
study of oxide glasses in which Fe3+ ions are present at 
interstitial sites of the glass matrix. In such a case, 
the Tg-A plot will give different "a" and "b" values 
because such Fe3+ ions have different local distortion 
and structure. This is shown in Fig. 5b, in the region 
0.4 mm s~l^A<.0.6 mm s-1, in which case the Fe3+ ions 
are present at the interstitial sites of K20-P20s-Fe203 
glasses composed of PO4 tetrahedra.32) Figure 5b indi­
cates that Tg is proportional to the A, although "a" 
(35 °C mm-is) and "b" (260 °C) are quite different 
from those obtained for the several oxide glasses in 
which the Fe3+ ions are present at substitutional sites 
of the individual NWF. The much smaller "a" value 
indicates that Tg is a little affected by the local distor­
tion of the NWM-oxygen polyhedra present at the 
interstitial sites. 

It is considered that the Tg-A plot for non-oxide 
glasses will also give characteristic "a" and "6" 
values. Figure 5b (Tg plotted in the region 0.7 mm s - 1 

<zl<1.0 mms - 1) and 5c are the results of BaF2-ZrF4-
FeF2(FeF3)

33> and K2S04-ZnS04-Fe2(S04)334) glasses 
studied by this authors' group. These glasses also 
have "a" value (35 °C m m - 1 s) smaller than that of the 
oxide glasses ( 'V=680°C m m ^ s ) in which the Fe3+ 

ions are present at substitutional sites of the individ­
ual NWF. It is already reported that the Fe3+ ions are 
present at the interstitial sites in these glasses.33>34) 

The " 6 " values obtained for the BaF2-ZrF4-FeF2(FeFs) 
and K2S04-ZnS04-Fe2(S04)3 glasses are 260 and 
420 °C, respectively. As is shown in Fig. 5b, the "a" 
and " 6 " values obtained for the BaF2-ZrF4-FeF2(FeF3) 
glasses are the same as those obtained for the K2O-
P20ö-Fe203 glasses. These findings indicate that "a" 
depends on whether the Fe3+ ions are present at the 
substitutional or interstitial sites, and that " 6 " 
depends on whether the glass matrix has a continuous 
network structure or not. The K2S04-ZnS04-
Fe2(S04)3 glasses are composed of ionically packed 
SO4 tetrahedra.34) These experimental results suggest 
that the Tg-A plot is useful for determining whether 
the Mössbauer ions (Fe3+ in this paper) are present at 
the substitutional or interstitial sites. 

On the basis of the experimental results obtained in 
this paper, it is considered that the highly optical (IR) 
transparency of the gallate (ca. 7 /xm) and aluminate 
(ca. 6 /xm) glasses has a close relationship with their 
noticeable local distortion shown in Fig. 5a and with a 
great number of NBO atoms. This is also the case for 
the tellurite glasses,15'16* although they have less extent 
of distortion than the gallate and aluminate glasses. 
It seems that the relatively high IR transparency of the 
tellurite glasses (ca.5 /xm) is ascribed to a large number 
of NBO atoms, because the local distortion of the 
tellurite glasses is comparable to that of the vanadate 
glasses (Fig. 5a). These results suggest that the 
noticeable local distortion and/or a large number of 

NBO atoms produce the highly optical (IR) transpar­
ency of the oxide glasses. 

Conclusion 

1) The Fe3+ ions are present at the substitutional 
sites of the Ga3+ and Al3+ ions (NWF) constituting the 
Ga04 and AIO4 tetrahedra, respectively. 

2) Introduction of CaO or BaO into the Ga203 and 
AI2O3 matrix results in a formation of NBO in the 
Ga04 and AIO4 tetrahedra, respectively. At the same 
time, a little increased local distortion is brought 
about in the three-dimensional network structure. 

3) The local distortion becomes more noticeable 
with an increasing ionic potential (Z/r) of the alkaline 
earth metal ions (Ca2+ and Ba2+) present at the inter­
stitial sites neighboring to the oxygen atoms. 

4) The Tg of several oxide glasses is proportional 
to the distortion of NWF-oxygen polyhedra, being 
expressed by Tg=aA+b, where "a" is 680 °C mm - 1 s 
and "6" is —180°C when the Fe3+ ions are present at 
the substitutional sites of the individual NWF. The 
°a" and "b" are 35 °C mm- 1 s and 260 °C, respectively 
when the Fe3+ ions are present at the interstitial sites. 

5) The highly optical (IR) transparency of the 
gallate and aluminate glasses is closely concerned 
with the noticeable local distortion and a large 
number of NBO atoms in the Ga04 and AIO4 
tetrahedra. 

One of the authors, Tetsuaki Nishida, is grateful to 
the Casio Science Promotion Foundation for a finan­
cial support. 
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Concentration of trace metals forming complexes with large organic molecules in natural waters have been 
determined. Natural water samples (sea water and lake water) were filtered through a membrane filter (pore 
size: 0.45 /zm) just after sampling, and concentrated by ultrafiltration. The concentrated natural water samples 
were fractionated by high performance gel filtration chromatography, and metal ion concentration in each 
fraction was determined by inductively coupled plasma atomic emission spectrometry and/or by graphite 
furnace atomic absorption spectrometry. Concentration of zinc forming large molecular complexes (LMC) 
in sea water was 0.07 ngmL - 1 , and that in lake water was 0.06 ngmL - 1 . Copper, iron, vanadium, and 
molybdenum forming LMC in natural waters were also determined. The present results suggest the existences 
of LMC-forming metal ions, some of which may be metalloenzymes dissolved in natural waters. 

In the early stage, the investigations of trace ele­
ments in na tura l waters mostly dealt wi th the mea­
surements of their total concentrat ions. Recently it 
has been, however, recognized that the chemical 
behaviors of each trace element in envi ronmenta l sys­
tems depend on its dissolved state.1,2) There have been 
two basic approaches to the identification of the 
chemical species of trace elements in na tura l water. 
One approach has been to develop some models appl i ­
cable to the mar ine environment , and this has been 
done on the basis of our knowledge of the thermody­
namic properties of elements. Many investigators 
have speculated the major forms of trace elements 
from the calculations of chemical equi l ibr ia of ion 
concentrat ions in sea water.3>4) In such studies, how­
ever, metal complexes in organic forms have been 
usually ignored. 

T h e second approach has been to develop experi­
mental techniques which can separate the various 
chemical forms of trace elements in na tura l waters. 
Fur thermore , in these studies, sensitive analytical 
methods or preconcentrat ion techniques are required 
in order to identify or determine the different chemical 
species, since even the total concentrat ion of each 
element is mostly not more than the p p b ( n g m L - 1 ) -
level. There have been several reports employing 
this second approach. Florence et al. reported that 
only a par t of copper, lead, cadmium, or zinc in sea 
water was removed wi th the chelat ing resin (Chelex-
100).5) Sug imura et al. reported that most of vana­
d ium, iron, cobalt, copper, and cadmium in sea water 
existed as the organic forms, where they used Amberite 
XAD-2 resin for separation.6) T h e present authors 
have identified alkal ine phosphatase as one of chemi­
cal species for zinc in na tura l waters us ing its specific 
enzymatic activity, after separat ion wi th gel filtration 
chromatography.7 '8) T h e presence of carboxypepti-

dase (a zinc enzyme) and nitrate reductase (a molybde­
n u m / i r o n enzyme) in sea water have also been 
suggested.9,10) 

In this paper , trace metal ions forming large molec­
ular complexes (hereafter abbreviated as LMC) in 
natura l waters are determined by inductively coupled 
p lasma a tomic emission spectrometry (ICP-AES) a n d / 
or graphi te furnace atomic absorpt ion spectrometry 
(GFAAS) after preconcentrat ion with ultrafil tration 
and separat ion wi th h igh performance l iquid chroma­
tography (HPLC) us ing a porous gel column. 

Experimental 

Chemicals. All chemicals used in the present study were 
of analytical reagent grade. A glass-fiber filter (Whatman 
GF/C; pore size: 10 /xm; diameter: 47 mm) and a membrane 
filter (Toyo Kagaku Sangyo Co., TM-2; pore size: 0.45 /zm, 
diameter: 47 mm; equivalent to Millipore HA-type mem­
brane filter) were used for filtration of natural water sam­
ples. An ultrafilter (Type UK-10; diameter: 62 mm; equi­
valent to Amicon UM-10), purchased from Toyo Kagaku 
Sangyo Co., was used to concentrate molecules larger than 
lOOOOgmol-^M.W.). 

Standard proteins for molecular weight calibration in 
HPLC were as follows: Ferritin (indicator protein, from 
Boehringer-Mannheim Co., M.W.: 450000);11) catalase 
(Bovine liver, from Sigma, M.W.: 250000);12> alkaline phos­
phatase (E. coli, from Sigma, M.W.: 89000);13) carbonic anhy-
drase (Bovine erythrocytes, from Sigma, M.W.: 31000);14> and 
cytochrome-c (indicator protein, from Boehringer-
Mannheim Co., M.W.: 125000).15) Distilled water used was 
further purified with a sub-boiling distiller from Daiken 
Sekiei Co.16) 

Instruments. Ultrafiltration was carried out with an 
Amicon Diaflo Cell (Type 202) and an Amicon Sample 
Reservoir (Type RG-5, made of glass fiber). A Shimadzu 
LC-3A high performance liquid chromatography with an 
SPD-2A spectrophotometric detector was used for HPLC-
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separation together with a fraction collector (Toyo Kagaku 
Sangyo Co., Signal Fracon SF-60L). Metal contents were 
determined with an ICP-AES instrument (Jarrell-Ash 
Plasma Atom Comp Mk II) and/or an atomic absorption 
spectrophotometer (Shimadzu Model AA-640-13) equipped 
with a graphite furnace atomizer (Model GFA-3). 

Water Sampling and Pre-Concentration. Surface sea 
water was collected off the coast of Misaki (Kanagawa pre­
fecture, Japan) on September 16, 1981. Lake water was 
collected in Takahamairi Bay of Lake Kasumigaura on July 
20, 1981.8> Both samples were filtered with a membrane 
filter immediately after sampling, and stored in a plastic 
container at 0 °C. 

Four liters of filtered water was concentrated to ca. 4 mL 
(concentration factor of 1000 times) using ultrafiltration 
(UF) technique. During this procedure, the sample was 
kept at around 4 °C in a thermostatic bath. All the analyses 
were performed no later than 6 months after sampling. All 
the equipments and filters were cleaned and sterilized by 
soaking in 7 M nitric acid (1 M=l mol dm -3) and/or 40% 

Table 1. Operating Conditions for ICP-AES and GFAAS 

ICP atomic emission spectrometry 

Jarrell-Ash Plasma Atomcomp Mk II 
1.1 kW 

Instrument: 
RF power: 
Gas flow rate: 

coolant argon 19 L m i n - 1 

auxiliary argon 0.4 L min - 1 

carrier argon 1.0 L m i n - 1 

Observation height: 17 mm above load coil 

Graphite furnace atomic absorption sperctrometry 

Instrument: Shimadzu AA-640-13 with Shimadzu 
GFA-3 graphite furnace atomizer 

Wavelength : 213.8 nm 
Sample volume: 10 /xL 
Temperature program: 

drying 150 °C, 40 s, ramp mode 
ashing 600 °C, 30 s, ramp mode 
atomizing 1700 °C, 5 s, step mode 

Table 2. 

Element 

Al 
V 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 
Mo 
Cd 
Pd 

Detection Limits for Various Elements 
in ICP-AES 

Wavelengtha) 

nm 

308.2 
292.4 
205.2 
257.6 
259.9 
228.6 
231.6 
324.7 
213.8 
202.0 
228.8 
220.3 

I 
II 
JjO 

II 
II 
II 
JjO 
I 
JO 
II 
JO 
II 

Detection limitb) 

ngmL" 1 

19 
3.9 
6.3 
0.3 

11 
7.5 

14 
2.7 
6.0 
7.5 
3.6 

33 

a) I and II represent atomic and ionic lines, respec­
tively, b) The detection limits were estimated as the 
analyte concentration corresponding to three times of 
standard deviations of background signals at each 
wavelength, c) Second order lines were used. 

ethanol aqueous solution. 
Separation with HPLC. Two hundred microliters of the 

concentrated sample were injected into HPLC, equipped 
with a Shimadzu aqueous porous gel column W-71 (7.9 mm 
i.d.X30 cm long). As a carrier, 16 mM of dipotassium 
hydrogenphosphate-nitric acid buffer (pH 7.30) was used 
with the flow rate of 1.0 mL min - 1 . The effluent was 
collected with a fraction collector every 0.8 min, and then 10 
/xL of concentrated nitric acid was added to each fraction to 
prevent precipitation of metal species. Since about 2 mL of 
sample solution was required in the ICP-AES measurement, 
the procedures described above were repeated 3 times. 
Thus 2.4 mL of each sample fraction was available for the 
ICP-AES measurement. 

Determination of Metal Concentration. The concentra­
tion of metal elements in fractionated samples were deter­
mined simultaneously by ICP-AES. The matrices of the 
standard solution for ICP-AES were matched with that of 
the HPLC carrier ( 16 mM phosphate buffer, pH 7.30). The 
concentration of zinc was also determined by GFAAS. The 
operating conditions for ICP-AES and GFAAS are summar­
ized in Table 1. Analytical lines used in ICP-AES are 
shown in Table 2. 

Results 

UF/HPLC/ICP-AES Chromatograms of Metallo-
enzymes. T o evaluate the present U F / H P L C / I C P -
AES system, metalloenzymes such as catalase, Bovine 
carbonic anhydrase, and E. coli alkaline phosphatase 
were analyzed. Catalase is an i ron-conta ining metal-
loenzyme, and carbonic anhydrase and alkaline phos­
phatase are zinc-containing metalloenzymes. In Fig. 
1, the ch romatogram of zinc in alkaline phosphatase 
is shown as one of the examples. Respective peaks 
for iron and zinc corresponding to those for UV absor-
bance at 280 n m were observed in the chromatograms. 
At the present condit ion, more than 95% of the metal 
contents for metalloenzymes in the original dilute 
sample were recovered in the fractions of their peaks 
after U F / H P L C / I C P - A E S analysis. 

Chromatograms of Natural Waters. Figure 2 shows 
the chromatogram for copper in sea water obtained by 
the U F / H P L C / I C P - A E S method. T h e measure­
ments were duplicated in order to test the reproduci­
bility of the present method. T h e fraction eluted 
earlier than ca. 10 m i n were considered as those con­
ta in ing LMC's of copper (M.W>10000) . T h e chro­
matograph ic patterns of the duplicates had some dif­
ferences. T h e small deviations in the analytical 
values may be ascribed mostly to errors in the ICP-
AES measurements . From the peak areas in both of 
the chromatograms, however, it was calculated that 
100+10 n g L - 1 of copper was dissolved in the form of 
LMCs, which gave good reproducibili ty. 

Figures 3 shows the chromatogram for zinc in lake 
water obtained by the U F / H P L C / G F A A S method 
a long wi th that by the UV absorption method. 
According to calculat ion from the peak areas, about 60 
n g L " 1 of zinc in the form of L M C (LMC-Zn) was 
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present in na tura l lake water. 
Figure 4 also shows the chromatograms for copper 

and iron in lake water observed by the U F / H P L C / 
ICP-AES method. It was found from the chromato­
graphic peak areas that 200 n g L - 1 of i ron and 50 
n g L - 1 of copper were dissolved as LMCs in lake 
water. T h e chromatographic patterns for i ron and 
copper are clearly different from each other, which 
shows the difference of the dissolved states of those 
elements. It should be noted here that the elut ion 
peak for i ron appeared only at about 5.5 min , which 
corresponds to some large molecule. O n the other 
hand , three clear peaks were observed for copper, and 
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H 0.02 

0.01 

E 
c 
o 
00 
CM 

o 
o 
c 
co 

- Q 
v_ 
O 
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- Q 
CO 

time/min 
Fig. 1. HPLC chromatogram for E. coli alkaline 

phosphtase. 
Sample: ultrafiltration-concentrated (X1000) sam­
ple of 0.1 m g L - 1 E. coli alkaline phosphatase, 
sample volume: 200 /xL. : zinc concentration 
determined by ICP-AES at 218.3 nm; : UV 
absorbance at 280 nm. 

10 
time/min 

Fig. 2. HPLC chromatograms for concentrated sea 
water detected by ICP-AES at 324.7 nm. 
Sample: concentrated (X1200) sea water collected 
off Misaki on September 16, 1981. : measure­
ment No. 1; : measurement No. 2. Elution 
times for standard proteins: a: ferritin (M.W.: 
450000); b: E. coli alkaline phosphatase (M.W.: 
89000); c: Bovine carbonic anhydrase (M.W.: 31000); 
d: cytochrome c (M.W.: 12500). 

one of them was consistent wi th that for iron. 
T h e chromatogram for zinc in sea water by the U F / 

H P L C / G F A A S method is also shown in Fig. 5. 
LMC-Zn in the sea water was a round 90 n g L*1. 

T h e analytical results for LMC-forming metal ions 
in natura l waters examined are summarized in Table 
3. T h e concentrat ion level of LMC-Fe in sea water 
was too low to be determined by the present method. 
Tota l values for lake water shown in Table 3 were 
estimated by ICP-AES wi thou t preconcentrat ion, and 
those for sea water were determined by the ga l l ium 
coprecipi ta t ion/ ICP-AES technique.1 7 ) 

0.04-

o 
00 

10.02 J5 

Fig. 3. HPLC chromatograms for concentrated lake 
water. 
Sample: concentrated (X930) lake water collected 
from Lake Kasumigaura (Sta. 2) on July 20, 1981. 

: zinc concentration determined by ICP-AES at 
213.8 nm; : UV absorbance at 280 nm. Elu­
tion times for standard proteins: a: ferritin; b: E. 
coli alkaline phosphatase; c: Bovine carbonic 
anhydrase. 

100 

JÛ 
a 
a 
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10 
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Fig. 4. HPLC chromatograms for concentrated lake 
water. 
Sample: concentrated (X 930) lake water collected 
from Lake Kasumigaura (Sta. 2) on July 20, 1981. 

: iron concentration determinde by ICP-AES at 
259.9 nm; : copper concentration determined 
by ICP-AES at 324.7 nm. Elution times for stand­
ard proteins: a: ferritin; b: E. coli alkaline phospha­
tase; c: Bovine carbonic anhydrase; d: cytochrome c. 
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Table 3. Analytical Results for Total and Speciated Metal Contents in Lake and Sea Waters 

Element 

Zn 
Cu 
Fe 
V 
Mo 

Totalc) 

(3.7) 
2.7 

(9.3) 
NDg) 

(3.5) 

Lake watera) 

LMCd) 

0.06 
0.05 
0.2 
0.025 
0.009 

Concentra tion/ng m L - 1 

APf) 

0.0006 

Totale) 

2.3 
0.7 
3.2 
_ h ) 

_ h ) 

Sea waterb) 

LMCd) 

0.07 
0.1 
NDg) 

0.14 
0.35 

APf) 

0.00002 

a) Freshwater sampled from Lake Kasumigaura on July 20, 1981. b) Sea water sampled off 
Misaki on September 16, 1981. c) Determined by ICP-AES; figures in parentheses are more 
than standard deviations of background signals but below three times of them, d) Concen­
tration of LMC-forming metal ion determined by ICP-AES. e) Determined by Ga-
coprecipitation and ICP-AES. f) Concentration of zinc in alkaline phosphatase, g) Not 
detected, h) Not determined. 

Fig. 5. HPLC chromatograms for concentrated sea 
water. 
Sample: concentrated (X1200) sea water collected 
off Misaki on September 16, 1981. : zinc con­
centration determined by ICP-AES at 213.8 nm; — 
—: UV absorption at 280 nm. Elution times for 
standard proteins: a: ferritin; b: E. coli alkaline 
phosphatase; c: Bovine carbonic anhydrase; d: 
cytochrome c. 

Discussion 

Concentration Techniques. There are a number of 
concentration techniques for metal ions in the solu­
tion samples, and they can be classified into (i) exclu­
sion of solvents from the solution, and (ii) separation 
of solutes from the solution by changing the form of 
the solutes. Ultrafiltration (UF), reverse osmosis 
extraction (RO), rotary evaporation (RE), and freeze-
drying (FD) are included in the first category: Copre-
cipitation, salting out, and adsorption on resins 
belong to the second one. In the RO, RE, and FD 
techniques, ionic strengths of metal ions in solution 
are generally increased during the concentration pro­
cess. In the course of concentration of solutes such as 
metal complexes, it is required that the physical and 
chemical forms of solutes and the ionic strength of 

solutions should remain constant, and also that the 
chemical equilibria should not be changed. In addi­
tion, a high recovery ratio and low contamination are 
required. 

The ultrafiltration technique satisfies most of the 
conditions described above. The only problem of 
ultrafiltration is the recovery of solutes in concentra­
tion. Actually adsorption on the filter sometimes 
caused less effective concentration. In the case of the 
concentration factor of not more than 1000 times for 
the lake water samples, the recovery was more than 
90% (more than 95%, in the case of very clean samples 
such as dilute metalloenzyme standard solutions). In 
the case of the factor over 1000 times, however, the 
recovery was seriously deteriorated, because insolubil-
ized organic compounds started to be adsorbed on 
filter surface. The practical limit of concentration 
for the lake water was therefore 1000 times, while that 
for the sea water used in the present study (containing 
less organic compounds than the lake water) was ca. 
5000 times. This limitation will, of course, vary after 
the composition of the natural water. 

By ultrafiltration, some small-molecular weight 
metal complexes (SMC's) were still remaining in the 
concentrated sample, whose concentration could be 
no less than that in the original sample. It may 
mislead the estimation of the concentration of large-
molecular weight complexes (LMC's). Thus we ap­
plied high performance gel filtration technique to 
separate LMC's and SMC's. In addition, the present 
technique is useful to characterize LMC's by their 
molecular weights. For example, molecular weights 
of major LMC-Zn were about 30000 and 90000 (Fig. 5). 
As shown in the figure, the peaks of UV-absorbance 
(280 nm) and those of zinc concentration were not 
corresponded. It suggested that only small portion 
of UV-absorbing compounds were complexed with 
zinc; zinc ion itself does not absorb UV light at 280 
nm. 

Conventional (low-pressure) gel filtration might be 
useful for the present purpose. High performance 
gel filtration is, however, superior to conventional 
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one, because the former requires shorter analytical 
t ime than the latter. Longer run time may cause 
denatural izat ion of the organic compounds a n d / o r 
dissociation of the complexes. 

Evaluation of the Present Analytical System. In 
Fig. 1, a p redominan t peak for zinc concentrat ion and 
that for absorbance at 280 n m can be observed at the 
same elut ion time. Other smaller peaks are seen in 
the chromatogram wi th UV-absorbance, no corre­
spond ing peak appear ing in the chromatogram wi th 
zinc concentrat ion. They may be considered as the 
peaks of denaturalized proteins in the sample. T h e 
results for standard metalloenzymes provided h igh 
recovery ratio (>95%) of the metal ions in the present 
system. When only alkal ine phosphatase was 
injected, nei ther peaks of i ron nor copper were found, 
and no other peaks than i ron were found when cata-
lase was injected. T h u s the present technique can be 
a p romis ing one to determine L M C in na tura l waters. 

Determination of LMC in Natural Waters. T h e 
concentrat ions of LMC-forming zinc, i ron, copper, 
vanad ium, and molybdenum are summarized in Table 
3. These were obtained by s imul taneous multiele­
men t determinat ion of such metals in chromatogra­
ph ic fractions, which provided the chromatograms 
similar to those in Fig. 4. As can be seen in Table 2, 
the detection l imits for these elements in the ICP-AES 
measurement were low enough at the concentrat ion 
level of their organic-formed species. 

O n the other hand , L M C of a l u m i n u m , ch romium, 
manganese , cobalt, nickel, cadmium, and lead could 
no t be determined, maybe due to the poor detectability 
of the present analytical method and low concentra­
tions of these elements in na tura l waters. Either an 
increase in the concentrat ion factor of the sample, 
preconcentrat ion of the effluents of H P L C prior to 
detection, or improved sensitivity of the detection 
methods would be required to determine many kinds 
of LMC-forming metal elements. 

LMC and Metalloenzymes. In Table 3 the value of 
zinc combin ing with alkal ine phosphatase is shown, 
which was estimated from the enzymatic activity us ing 
the specific enzymatic activity of E. coli alkaline phos­
phatase (Boehr inger-Mannheim Co., No. 15429).7>8) 

T h e zinc content as alkal ine phosphatase (AP-Zn) was 
corresponding to 0.03—1% of total LMC-Zn, 1 — 
20X10 - 5 of total Zn in na tura l water. A l though its 
concentrat ion corresponded to only an extremely 
small par t of total dissolved zinc, AP-Zn in natura l 
waters plays qui te a significant role in the cycles of 
nut r ien t elements in na tura l water.18) 

These facts suggest that LMC-Zn contains no t only 
nonspecific zinc-containing proteins, bu t also possi­

bly other zinc-containing metalloenzymes such as car-
boxypeptidase and carbonic anhydrase, a l though 
enzyme assay other than alkal ine phosphatase was no t 
carried out. Further researches on the speciation of 
individual complexes such as metalloenzymes and 
characterization of trace elements dissolved in na tura l 
waters wou ld complement to elucidate LMC's in 
organic complexes of metal ions6 ) and complex ing 
capacity of na tura l waters. 19>20) 

T h e present authors express their sincere thanks to 
Dr. Keiichiro Fuwa and Dr. Akira Otsuki in the 
Nat ional Inst i tute for Envi ronmenta l Studies for their 
k ind he lp in sampl ing and valuable discussion. 
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Synthetic Inorganic Ion-Exchange Materials. LIV. The Amphoteric Behavior 
of Hydrous Titanium Dioxide Ion Exchangers in Different Preparations 
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Hydrous titanium dioxides in amorphous form (Am-HTDO ) were prepared in a state demineralized as 
much as possible through different processes. The equiadsorption point (EAP) for anion and cation was 
determined at an ionic strength of 0.1 with the use of alkali metal chloride solution. The EAP values were 
strongly affected by the synthetic method, especially hydrolysis pH, and by the kind of probing cations, ranging 
from 2.7 to 4.5. Chloride ion uptake was not dependent on the kind of coexisting cations. The EAP value of 
Am-HTDO prepared at pH>13 was appreciably lower than that of Am-HTDO prepared at pH 7—8. The 
"ion-free" Am-HTDO prepared by using the sol-gel method with Ti[OCH(CH3)3]4 showed approximately the 
same EAP value as that of Am-HTDO hydrolysed at a similar pH by NaOH solution. 

The zero point of charge (ZPC) has been widely used 
for describing the amphoteric nature of hydrous 
oxides and hydroxides.1) They are defined by the pH 
value where the positive charge and negative charge 
are equal on the oxide surface, i.e., the overall surface 
charge density, as, will be zero: 

as = F(z+r++z_r_) 
r+=M+/s+, r_=M./s. 

where F is the Faraday constant; z+(z_) the valence 
including sign; /^(JH-) the adsorption density of the 
ionic species; S+(S_) the surface area available for 
cations or anions; and M+(M-) the uptake of ions. 
The ZPC has been electrokinetically determined in 
the presence of a supporting electrolyte. Alkali metal 
chlorides are often used for ZPC determination: z+= 
z_=l. If the surface areas available for monovalent 
anions and cations are the same, equal uptake for each 
will give as=0. Unfortunately the surface area avail­
able for anions and cations cannot be measured 
independently. 

The ion-exchange process is implicitly involved in 
the preparation of hydroxides or hydrous oxides of 
multivalent metals through several routes. Alkali 
and alkaline earth cations are usually incorporated 
into the precipitate of metal hydroxides by ionic bond­
ing. Often, they cannot be removed by washing with 
water alone. When the material contains exchangea­
ble components such as Na+ and CI" and complexing 
organic ions such as acetate and oxalate, the involved 
process (1) and/or (2) will not allow the determination 
of the intrinsic ZPC of the pure material without ionic 
impurities. 

-M-0-B+ + H20 <± -M-OH + BOH ( 1 ) 

-M-OH2+X- + H 2 0 <± ^VI-OH + H 3 0 + + X" (2) 
or 

-M-X + 2H20 <± -M-OH + H30+ + X~ (3) 

where M denotes the central metal ion. Accordingly, 

+ Present address: Kao Co., Tokyo Res. Lab., 2-1-3, Bunka, 
Sumidaku, Tokyo 131. 

the presence of exchangeable cationic impurity will 
shift the ZPC to a larger value, while the presence of 
the anionic impurity will shift the ZPC to a smaller 
value. Little attention has hitherto been paid to 
those exchangeable components by other authors. 

It was difficult to remove K+ completely in a cryp-
tomelane-type hydrous manganese dioxide (CRYMO) 
because of an extremely high selectivity even though 
concentrated nitric acid was used as the conditioning 
solution. The CRYMO in the 'H + form' still con­
tained 0.06 mequiv K+/g. Its ZPC was estimated to 
be smaller than 2,2) while Healy et al.3) reported a 
value of 4.5±0.5. They used a synthetic cryptome-
lane containing a considerable amount of K+ ions. 
The surface area, determined by the N2 adsorption 
method, was employed for the determination of the 
charge density on the ionogenic surface. The surface 
area strongly depends on the crystal structure, and on 
the amounts of ions incorporated into a solid which 
often clog the ion channel and produce a much 
smaller surface area.4) Hence, it is a primary consid­
eration to remove exchangeable ionic impurities as 
completely as possible and to determine the surface 
areas S+ and S_ for the evaluation of the intrinsic ZPC. 
However, it is not easy to measure each surface area, 
because the N2 molecule and the exchanging ions have 
different dimensions. It is often assumed that S+=S_ 
to locate the ZPC. 

The nature of hydrous oxides of multivalent metals 
can be well specified by a new concept of the equiad­
sorption point (EAP).5) It was introduced as an acid-
strength parameter and defined as the pH where the 
equivalent uptake of K+ and CI" takes place: 

[-M-0-K+] = [=M-OH2
+Cl-] (mequiv g"1) 

The ion-exchange processes have been clearly defined 
by the above Eqs. 1 and 2 on the various hydrous 
oxides.6"8) When S+=S. and z+=z-, the ZPC will be 
equal to the EAP. The EAP value is a more direct 
parameter than the ZPC as the index of the ampho­
teric nature of the oxides or hydroxides. The ionic 
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potent ial (Z/r) has been found to be the pr incipal 
parameter for the de terminat ion of the EAP for MO2-
type oxides.9) Z and r denote the formal charge and 
the cystal ionic radius1 0 ) of the metal ion, M z + . T h e 
EAP is parallel wi th the ionic potent ial sequence: 

Si02 < Mn0 2 < T i 0 2 < Sn0 2 < Zr02 < Ce02 < T h 0 2 

A similar order in the ZPC value has been found by 
Ahmed and Maksimov. 1 U 2 ) 

Nevertheless, a large discrepancy can be found 
a m o n g the EAP values reported for hydrous t i t an ium 
dioxides. There have been several types of hydrous 
t i t an ium dioxides k n o w n as the ion exchanger: amor­
phous , anatase- and rutile-types9) and layered t i tanic 
acids.13 '14) A reported EAP is 3.4 for amorphous tita­
n i u m dioxide and 4.5 for anatase-type hydrous tita­
n i u m dioxide.15) It may be due to the degree of 
crystallization, modification, possibly contaminat ion , 
and other factors. 

T h e present paper describes the ' intr insic ' EAP of 
hydrous t i t an ium dioxides of amorphous type. 

Experimental 

Preparation of Amorphous Hydrous Titanium Dioxide 
(Am-HTDO). A-l: A 70 g aliquot of titanium tetraiso-
propoxide Ti[OCH(CH3)2]4 (TTP) was hydrolyzed by 
adding it dropwise into demineralized water (750 cm3) at 
5 °C with mild stirring. The precipitate was aged at 5 °C 
for 3 d, washed thoroughly with water centrifuged at 13000 
rpm and air-dried at room temperature. The dried material 
was ground and sieved into 100—200 mesh size. The 
adhering fine particles were removed by washing before use. 

A-2: TTP/cyclohexane solution (40 g of TTP/520 cm3 

cyclohexane) cooled at 10°C was floated on water (430 cm3) 
at the same temperature. A precipitate was allowed to form 
in the interface of cyclohexane and water. The precipita­
tion rate was slower than by method A-l. The precipi­
tate was washed in the similar manner as A-l and dried at 
85 °C. 

A-3: A 70 g aliquot of T T P solution was hydrolyzed by 
adding slowly to an 820 cm3 of 1.8 M (M=moldm-3) NaOH 
solution at 5°C. The precipitate was aged for one week, 
and then excess NaOH and isopropyl alcohol were removed 
by washing. The dried semitransparent material was 
ground, sieved into 100—200 mesh size and conditioned into 
the H + form with the column method by using 0.02 M HNO3 
solution. 

B-l: This was prepared by the method reported pre­
viously.15) A 50 cm3 aliquot of TiCU was preliminarily 
hydrolyzed by adding 150 cm3 of water, followed by precipi­
tation with a slow addition of 800 cm3 of 2.8 M NaOH 
solution. The precipitate was washed repeatedly, perco­
lated with a filter paper and air-dried. The conditioning 
procedure was the same as for A-3. 

B-2: A precipitate was prepared by adding 2.8 M NaOH 
solution to the prehydrolyzed TiCU aqueous solution until 
pH 7—8. The subsequent procedure was the same as for B-
1. 

Materials Characterization. Sodium and Ti were deter­
mined by atomic absorption spectrometry and inductively 

coupled plasma (ICP) emission spectrometry (SEIKO, 
Model SPS 7000), respectively. Nitrate ion was determined 
spectrophotometrically by the brucine method. 1f) Powder 
X-ray diffraction analysis was carried out using Cu Ka radi­
ation with a JEOL Model JDX-7E X-ray diffractometer. 
Thermal analyses (TG and DTA) were undertaken with a 
Rigaku Denki thermoflex-type thermal analyzer, Model 
8076 at a heating rate of 10 °C min - 1 by using a-Al203 as the 
reference material. Infrared spectra were measured with 
the KBr disk method by using a JEOL spectrometer, Model 
DS-701G. 

Ion-Exchange Study. A 20 cm3 aliquot of 0.1 M 
(MCl+MOH or HCl) (M=Li, Na, or K) was added to an 
0.200 g portion of the H + form sample. After 7 d equilibra­
tion, pH and concentrations of metal ions and Cl~ were 
analyzed for the liquid phase. Ion uptake was determined 
from the difference relative to the initial concentration. 

Reagents. All the chemicals used were supplied by Wako 
Pure Chemical Ind., Ltd. These were of reagent grade. 

Results and Discussion 

Ion-Exchange Materials. All the products in the 
H + form were amorphous except the sample A-2 with 
a weak (101) reflection, indica t ing it to be weakly 
crystallized (Fig. 1, left). T h e endothermic peak was 
observed at 100 °C for the sample A-2 and at 130 °C for 
the others (Fig. 2). T h e exothermic peak appeared at 
400 °C for the samples A-3 and B-l prepared by addi­
t ion of N a O H up to p H > 1 3 . A-l and weakly crystal­
lized A-2 showed the exothermic peak at 350 and 
320 °C respectively. These exothermic peaks were 
assigned to the crystallization to anatase-type hydrous 
t i t an ium dioxide, which was indicated by the X-ray 
pat tern (Fig. 1, r ight) . 

T h e large IR absorpt ion peak at 3500—2900 c m - 1 

can be assigned to the stretching mode and the absorp­
tion band at 1630 c m - 1 to the bend ing mode of water 
adsorbed on the solid (Fig. 3). Absorption bands were 
observed at 1530 and 1330 c m - 1 in the sample B-l 
before condi t ion ing wi th 0.1 M HNO3 solution. 
These could be assigned to the symmetric mode and 
the asymmetric mode of the CO32" adsorbed.17) 
There was n o absorpt ion band between 2960—2850 
c m - 1 characteristic for isopropyl alcohol and cyclo­
hexane. Hence, these organics could be completely 
removed by wash ing wi th H2O a n d / o r condi t ioning 
wi th 0.1 M H N O 3 solution. T h e chemical composi­
t ion of these samples is given in Tab le 1 a long wi th 
the synthetic condit ions. 

EAP Values. Hydrous t i t an ium dioxides (A-l) 
indicated the amphoter ic na ture (Fig. 4). At lower 
p H than 4, they indicated a monoacidic base and at 
higher p H than 4 they indicated a dibasic acid. T h e 
difference between the b lank and the titration curve 
should give the apparen t capacity at the specified p H 
value if the ion-exchange process is predominant . 
Actually the uptakes determined for each ion agreed 
well wi th the calculated uptake from the t i tration 
curve in the p H range studied. Accordingly, the 
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Fig. 1. Powder X-ray diffraction patterns of hydrous titanium dioxides 
prepared at various conditions. Left: as prepared in H + form, Right: 
sample heated upto the temperature indicated, where the exothermic 
peak ends. 
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Fig. 2. TG and DTA curves of hydrous titanium 
dioxides. Heating rate: 10 °C min - 1 . 
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Fig. 3. Infrared spectra of various hydrous titanium dioxides. 



562 Mitsuru SUGITA, Masamichi Tsuji, and Mitsuo ABE [Vol. 63, No. 2 

12 

10 

8 

£ 6-

A 

2 

n 

1 / ^ 

! ^ / 

i i t i t 

o L l + 

t i t 

1 0 1 2 3 A 5 6 
[H + l < | > COH'] ( m e q / g ) 

en 
cr 

E 

a 
Q. 
a 
o 
*c 
u_ 
a 
Q. 
Q. 

< 10 12 K 

Fig. 4. pH titration curves (top) and apparent 
capacities (bottom) of sample A-l. HTDO: 0.20 g, 
soin: 0.1 M (MC1+HC1 or MOH), total vol.: 20 cm», 
temp: 30 °C. 

1 
CH+] 

5 

7 o . * 
or 

F 3 
lu 

-2 2 
Q. 
D 

• - 1 
CJ 

0 1 2 
< i Ï r n i - f i 
* 1 t Lun j 

• Ö Sample A - l 

• • Sample A - 2 

• O Sample A - 3 

A A Sample B - 1 

T V Sample B - 2 

" 

3 A 
(meq/g) 

5 6 

4 

A 

\ 

U on 
O" 
a» 

3 | 
a> 

.M 

2 2 
CL 
D 

Hits 

pH 
10 12 K 

0 

Fig. 6. p H titration curves (top) and apparent 
capacities (bottom) of HTDO prepared at different 
conditions. The conditions of measurement are 
the same as Fig. 4. 

12 

10 

8 

5. 6 

A 

2 

0 

-

-

-

-

-o 

_L 

c=rr=^ 

L 

£ < ^ 

Blanks— —~~ 

l i 1— -J 1 

o Li* 

A Ncr* 

a K+ 

, 

10 

2 1 
[H+] 

ai ° 
cr 

E 

a 
ÛL 
a 

CJ 

"c 
\_ 
a 
ÛL 

< 

0 1 2 3 4 
H—y COH-] (meq/g) 

Fig. 5. pH titration curves (top) and apparent 
capacities (bottom) of sample B-1. The conditions 
of measurement are the same as Fig. 4. 

< 
LU 

6 h 

h 

h 

h 

r 

{ 

I n t \ 
_ •X «Al « B e 

r \ « # F e 

\ C e 

T Z r 

v Ti 

Sn# Vn(A-1) 

O T i \ 
(B-1) \ 

AMn 

l i l I, ... ..i 1 
3 4 5 6 7 8 9 

Ionic Potential ( Z / r ) 

Fig. 7. Linear correlation between the ionic poten­
tial and the EAP value of hydrous oxides of multi­
valent metals. Exchanging ions: K+, Cl~. Ionic 
strength: 0.1, • Ref. 5, D: Ti02(A-l), O: Ti02(B-l), 
A: M n 0 2 from Ref. 2. 



February, 1990] Amphoteric Behavior of Hydrous Titanium Dioxide 563 

Table 1. Synthetic Conditions, Chemical Compositions, and EAP 
of Hydrous Titanium Dioxides for Different Preparations 

Sample Starting materials y H M Drying temp XRD Chemical composition Exchanging F A p 
(impurities) ions 

A-l 
T T P 70 g + 
H 2 0 750 cm3 5°C, p H 7 20 °C Amorphous Ti0 2 -1 .68H 2 0 

(free from ions) 

Li, CI 
Na, CI 
K, CI 

4.5 
4.4 
4.0 

TTP/cyclohexane 
A-2 (40 g/520 cm3) 

+ H 2 0 430 cm3 
10 °C, p H 7 85 °C 

Very weakly 
crystallized 
to anatase-type 

Ti0 2 -1 .36H 2 0 
(free from ions) 

Na, CI 4.4 

A " 3 S NaOH 820 cm» 5 ° C > P H > 1 3 20 °C Amorphous 
Ti0 2 -1 .68H 2 0 
(Cl-, NOS <DLa)) Li, CI 3.6 

B-1 

TiCl4 50 cm3 

+ H 2 0 150 cm3 

+2.8M NaOH 
800 cm3 

Ti0 2 -1 .25H 2 0 Li, CI 3.6 
20 °C, pH>13 20 °C Amorphous (Na+0.045 mequiv Na, CI 3.3 

g-1; CI", NO3- <DLa)) K, CI 2.7 

B-2 
TiCl4 50 cm3 

+ H 2 0 150 cm3 

+2.8M NaOH 
20 °C, pH7—8 

Ti0 2 -1 .14H 2 0 
20 °C Amorphous (Cl", NO3" <DLa); Na, CI 

Na+ 0.045 mequiv g-1) 
4.4 

a) DL=detection limit. DL for CI": 0.001 mequiv g -1 , NO3": 0.005 mequiv g -1 . 

up take of alkali metal ions and CI" wi th A-l prepared 
by the sol-gel procedure was due to the ion-exchange 
process. T h e apparen t capacity of the cation 
increased in the order: L i + < N a + < K + at p H < 7 . 5 and 
K + < N a + < L i + at p H > 1 0 . T h e reversal of the capac­
ity will be due to the steric h indrance coming from the 
crystal ionic radius of exchanging ions and the l imited 
space of the exchange sites. T h e small L i + can go 
in to the small ion-exchange cavity whi le the large K+ 

cannot access the cavity. T h e CI" uptake was no t 
dependent on the variety of the co-existing cation. 
T h e EAP determined was 4.5, 4.4, and 4.0 for LiCl , 
NaCl, and KCl systems, respectively. 

T h e t i t rat ion curve of the sample B-1 gave the small 
EAP values: 2.7 for KCl system, 3.3 for NaCl system 
and 3.6 for LiCl system (Fig. 5). These data are in 
good agreement wi th those reported previously.15 '18) 
T h e values are smaller than those for the sample A-l . 
If the sample contains exchangeable components , the 
EAP value will be shifted to larger or smaller values, 
as ment ioned above, according to the Eq. 1 or 2. 
Chemical analysis showed an exchangeable impur i ty 
of 0.045 mequiv g"1 for N a + and <0.005 mequiv g"1 for 
NO3". Therefore, the effect by the process (1) will be 
larger than by the process (2). It means that the EAP 
value of the sample B-1 should become higher than 
that of the sample A-l con ta in ing negligible amounts 
of ionic impuri t ies . Accordingly, the lower EAP 
value cannot be ascribed to these ionic impuri t ies of 
the sample B-1. T h e EAP values were compared for 
the samples prepared under different condit ions (Fig. 
6). A m - H T D O s prepared at p H 7 showed a h igher 
EAP than those prepared at h igh p H (>13) us ing the 
same start ing material . More acidic ion-exchange 
sites are formed over a h igh p H region. T h e start ing 

materials did no t substantially affect the EAP. 
T h e EAP values determined for the A m - H T D O s are 

summarized in Tab le 1. They were found to vary 
depending on the exchanging ions used and the p H 
on hydrolysis even though the ionic impuri t ies were 
lowered to a negligible level. Some selected EAP 
values were plot ted against the ionic potential (Z/r) 
a long wi th the EAP value for a cryptomelane-type 
hydrous manganese dioxide (Fig. 7). T h e latter value 
was taken from the reference.2) These EAP values for 
various H T D O fall on a straight l ine and ranged from 
2.7 to 4.5. T h e results indicate the importance of 
hydrolysis p H in the prepara t ion of H T D O and the 
complete removal of exchangeable ionic impuri t ies . 
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Bismacrocyclic Ni(II)Ni(II) and Cu(II)Ni(II) complexes, i.e., 7,7/-polymethylenebis[2,12-dimethyl-
3,7,1 l,17-tetraazabicyclo[l 1.3. l]heptadeca-l(17),2,ll,13,15-pentaene]dinickel(II) Perchlorates and 7,7r-poly-
methylenebis[2,12-dimethyl-3,7,ll,17-tetraazabicyclo[11.3.1]heptadeca-l(17),2,ll,13,15-pentaene]copper(II)-
nickel(II) Perchlorates with polymethylene bridges 2—6-C long, were found to exist in an equilibrium between 
square planar and octahedral Ni(II) ions in water. The equilibrium constants and the thermodynamic 
parameters, AH and AS, for the Cu(II)Ni(II) complexes were evaluated on the basis of the analyses of the 
temperature-dependent absorption spectra. The formation of octahedral species was found to be exothermic; 
this reflects the predominant contribution of an exothermic change to the formation of Ni(II)-water bonds. 
The absolute values of AS corresponding to those expected for the liberation of two molecules of water are not 
in conflict with the equilibrium proposed. For both the Ni(II)Ni(II) and Cu(II)Ni(II) complexes, the 
equilibrium shifts toward the octahedral side as the polymethylene bridge is shortened. 

T h e proximate effect of two metal ions is a very 
interest ing problem and has been investigated by the 
use of chelat ion wi th bismacrocyclic l igands in which 
two macrocycles are l inked with a C-C bond or a series 
of polymethylene bridges. For example, binuclear 
Cu(II)Cu(II)1-5) and Ni(II)Ni(II)4-7> complexes were 
synthesized and characterized by ESR spectro­
scopic,1'3"5) magnetic,1) X-ray diffraction,2) and 
electrochemical methods.3 - 7) O u r electrochemical 
study7) of the Ni(II)Ni(II) complexes wi th L 2—L 6 

revealed that the half-wave potent ia ls of [ N i " N i " ] / 
[ N i n N i m ] and [Ni I INi I I I] /[Ni I I INi1 1 1] shift toward the 
positive side as the polymethylene bridge becomes 
short. 

<£>N NH 

ü 

( O N N-(CH2)n-N N O ) 

L2 :n = 2 
IP :n=3 
L* :n=4 
L5 :n = 5 
L6 :n = 6 

In this paper we will show that the length 
of the polymethylene bridge affects the square 
planar-octahedral equ i l ib r ium of the bismacrocyclic 
Ni(II)Ni(II) and Cu(II)Ni(II) complexes. 

T h e spectrophotometr ic studies of the monomacro-

cyclic Ni(II) complex wi th the L 1 l igand showed that 
the equ i l ib r ium between the diamagnetic square 
p lanar (low-spin) and paramagnet ic pseudo octahe­
dral (high-spin) species in water, as is shown in Equi ­
l ibr ium 1: 

[Nin(Li)]2+ + 2H 2 0 <± [Nin(Li)(OH2)2]2+, (1) 

was influenced by various factors, e.g., the tempera­
ture, the addi t ion of salts, and the lack of saturat ion of 
the ligand.8 '9) 

We expected that homobinuc lea r Ni(II)Ni(II) com­
plexes wi th L 2 —L 6 would enable us to clarify the 
effects of the polymethylene bridge length on the 
square planar-octahedral equ i l ib r ium and that the 
heterobinuclear Cu(II)Ni(II) complexes, hav ing one 
Ni(II) ion, wou ld facilitate the evaluation of the equi­
l ib r ium constant a n d / o r the thermodynamic parame­
ters, as will be discussed in the text. 

These expectations were indeed realized by means of 
visible absorpt ion spectroscopy and by detailed anal­
yses of the temperature-dependent absorpt ion spectra, 
as will be described below. 

Experimental 

Materials. The syntheses of Ni(II)Ni(II)7> and Cu(II)-
Ni(II)10> complexes with L2—L6 were reported previously. 
The Cu(II)Cu(II) complexes with L2—L6 were synthesized 
according to the method by Murase and his co-workers.1) 
The water used was purified by the use of a Millipore Milli-
Q system. 

Measurements. The absorption spectra were measured 
with a Hitachi recording spectrophotometer, model 340, 
equipped with a data printer, the absorbance being recorded 
within ±0.001. The temperature was determined with a 
thermistor digital thermometer, Takara model D621, with a 
Teflon coated sensor, Takara DXK-67, directly inserted into 
the tightly sealed cell. The readings of the temperature 
were corrected within ±0.1 K by the use of a standard 
thermometer. 

Analyses of the Data. The physical data, including the 
molar absorption coefficients of the component species, the 
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equilibrium constants, and the thermodynamic parameters, 
were derived as follows. 

The equilibrium constant according to Equilibrium 1 is 
defined at an arbitrary temperature Tj as: 

Kj = [octahedral species]/[square planar species]. (2) 

At an arbitrary wavelength Xi and temperature Tj, this 
equation is transformed into Eq. 3 by introducing the 
apparent molar absorption coefficient, Sobsij, and the molar 
absorption coefficients, ssi and s0i, for the square planar and 
octahedral species respectively:11) 

&ij \8si Sobsij)/[Sobsij Soi)- {*) 

The following relationship is then readily derived by trans­
forming Eq. 3: 

(Kij+1 )sdbsij = SoiKij + s^. (4) 

The temperature-dependent equilibrium constant Kij is 
given by Eq. 5: 

Klj = exp(AS/R-AH/RTj). (5) 

Actual calculations were performed according to the fol­
lowing procedure by means of a computer program written 
by the present authors for this study. 

(1) Set the initial values of AH and AS and calculate the 
values of Kij at various temperatures Tj by means of Eq. 5. 

(2) Plot the values of (Kij+l)s0bsij against Kij at various 
wavelength Xi according to Eq. 4, and then evaluate the 
values of sQi, the slope, and ssi, the intercept, at various Ai 
values by means of the least-square fit. 

(3) Calculate the values of Kij at various Tj and Ai values 
with the values of s0i and ssi derived in (2) by means of Eq. 3. 
Call the equilibrium constants thus obtained Kif, thus 
distinguishing them from the Kij values derived in (1). 

(4) Calculate the value of E 2 ( ^ ~ ^ / ) 2 -
i i 

(5) After changing the initial values of AH and AS, 
repeat the operations from (1) to (4), until the value of 
'SSi(Kij—Kij')2 reaches the minimum. A set of optimum 
» i 

values of AH and AS can then be obtained, as well as s0i and 
Ssi; the Simplex method12) is employed for the optimization. 
Confirm the coincidence of the calculated values of £Caid/ 
with those of Sobsij 

measured at various Tj and Ai values. 
The calculations were carried out on a NEC personal 

computer, model VX4, equipped with a numeric data co­
processor (80287, 8 MHz). 

Results and Discussion 

T h e monomacrocycl ic Ni(II) complex wi th L 1 

shows three absorpt ion bands strong, medium, and 
weak a round 400, 480, and 700—800 n m respectively 
in an aqueous solution.8) These bands are ascribed to 
the charge-transfer from C=N bonds to the Ni(II) ion, 
to the d-d transi t ion of square p lanar Ni(II) ions, and 
to that of octahedral Ni(II) ions respectively.13) All 
the bismacrocyclic Ni(II)Ni(II) complexes investi­
gated also showed these three bands in aqueous solu­
tions, indicat ing the presence of a square planar-
octahedral equi l ibr ium. It is wel l -known that, in the 
monomacrocycl ic Ni(II) complex, the square p lanar 
form increases wi th an increase in the temperature: 

•m 1 1 

1 ll^r^Nk 

1 7 

I F\ 
IT/TMI 

r ^ \ l l 

(a) 

V_iL 
J ^ L H 

(b) 

400 500 600 700 800 

Wavelength/nm 
Fig. 1. (a) Absorption spectra of 4.00X10-4 mol dm - 3 

[Nin
2(L2)]4+ in aqueous solution at 281.0 (1), 285.6 

(2), 290.4 (3), 294.4 (4), 298.6 (5), 303.0 (6), 308.6 (7), 
313.8 (8), 318.6 (9), 323.2 K (10). (b) Absorption 
spectra of 5.00X10"4 mol dm"3 [Cu ^ " ( L 3 ) ] 4 * in 
aqueous solution at 277.9 (1), 284.3 (2), 291.1 (3), 
297.0 (4), 304.2 (5), 312.2 (6), 317.2 K (7). 

that is, the equ i l ib r ium shifts to the left side of 
Equ i l ib r ium 1. Figure 1(a) shows the tempera­
ture-dependent absorpt ion spectra of the bismacrocy­
clic complex, [NiH2(L2)]4+ . T h e reversible spectral 
change observed herein is very similar to that observed 
in the corresponding monomacrocyclic Ni(II) com­
plex wi th IA8 '9 ) T h e formation of other species, e.g., 
the 5-coordinate species, can be excluded because of 
the observation of an isosbestic po in t at 628 nm. 
Similar temperature-dependent spectra were observed 
for other Ni(II)Ni(II) complexes wi th L3—L6 . 

T h e temperature-dependent absorpt ion spectrum of 
the heterobinuclear complex, [Cu Ni (L3)]4 + , in 
water shows absorpt ion bands at ca. 400 n m and 
a round 560—570 n m ascribable to the charge-transfer 
from C=N bonds to the Ni(II) ion and to the d-d 
transi t ion of the Cu(II) ion respectively (Fig. 1(b)).1'10) 
As the temperature rises, the absorpt ion band at 400 
n m increases remarkably: however, that a round 
560—570 n m increases only slightly. T h u s , the 
temperature-dependency of the absorpt ion band is 
significant on the Ni(II) r ing, bu t not on the Cu(II) 
r ing. Similar temperature-dependent absorpt ion 
spectra were obtained in other Cu(II)Ni(II) complexes 
wi th L2 and L4—L6 . These results suggest that, on 
the Ni(II) ion, the square planar-octahedral equi­
l ibr ium is also attained in the heterobinuclear 
Cu(II)Ni(II) complexes. 

Figure 2(a) shows the absorpt ion spectra of 



February, 1990] 

c m n »_ o a) n < 

0.25 

400 

Square Planar-Octahedral Equilibrium of Bismacrocyclic Complexes 

2.0 

567 

500 600 700 

Wavelength/nm 

800 

Fig. 2. (a) Absorption spectra of 1.0X10-4 mol dm - 3 

[Ni 2(Ln)]4+ (n=2—6) in aqueous solutions at 
298.2+0.2 K. (b) Absorption spectra of 4.0X10"4 

mol dm"3 [Oi Nin(Ln)]4 + (n=2—™ '« - — 
solutions at 298.2+0.2 K. 
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Fig. 3. (a) Absorption spectra of 4.0X10-4 mol dm - 3 

[Ni 2(Ln)]4+ (n=2—6) in nitromethane solutions at 
298.2+0.2 K. (b) Absorption spectra of 4.0X10"4 

mol dm"3 [Cu"Nin(Ln)]4+ (n=2—6) in nitro­
methane solutions at 298.2+0.2 K. 

Ni(II)Ni(II) complexes wi th L 2—L 6 in aqueous solu­
tions. A l though the spectra were taken under the 
same condi t ions, the apparen t molar absorpt ion coef­
ficients e are undoubtedly affected by the length of the 
polymethylene chains (see Table 1); as the bridge 
becomes shorter, the intensity of the absorpt ion band 
at 400—500 n m decreases, whereas that at 700—800 
n m increases. A remarkable difference is observed 
between [Nin

2(L2)]4+ a n d [Nin
2(L3)]4+.14> 

Figure 2(b) shows the absorpt ion spectra of an aque­
ous solut ion of the Cu(II)Ni(II) complexes. As was 
observed in Ni(II)Ni(II) complexes, the intensity of 
the absorpt ion band due to the Ni(II) r ing decreases 
remarkably a long wi th the sequence of the polymeth­

ylene bridge. O n the other hand, the absorpt ion 
band based on the Cu(II) r i ng depends scarcely at all 
on the length of the methylene chain.15) 

T h u s , shor ten ing the polymethylene bridge has the 
same effect as lowering the temperature for bo th the 
h o m o and hetero binuclear complexes. 

In n i t romethane or sulfolane, the square p lanar 
species should predominate over the octahedral ones, 
because these solvents have a m u c h poorer coordinat­
ing ability than water.9) Indeed, in these solvents, the 
Ni(II)Ni(II) complexes showed the absorpt ion band 
no t a round 700—800 n m , b u t a round 400—500 n m , 
indica t ing the presence of only square p lanar species. 
T h e spectral features and intensities were independent 

Table 1. Absorption Spectral Data at 298.2+0.2 K 

Complex 

[Nin2 (L2)]4+ 
[NiVL 3 ) ] 4 * 
[Ni 2 (L4)]4+ 
[Nin2 (L5)]4+ 
[mu

?(U)Y+ 
[Cu nNi n (L2)]4+ 
[Cu n Ni n (L3)]4+ 

[Cu nNi n (L4)]4+ 

[Cu"Ni;;(L5)]4+ 
[Cu nNi n (L6)]4+ 

/max 

nm 

396 
398 
398 
399 
399 
396 
398 
398 
399 
399 

Water 

(*) 
mol - 1 

dm3 

cm - 1 

(590) 
(1200) 
(1500) 
(1800) 
(1900) 

(350) 
(700) 
(910) 
(970) 

(1100) 

£480 nm 

moi - 1 

dm3 

cm - 1 

230 
480 
560 
660 
680 
160 
340 
400 
430 
470 

Nitromethane 

/max 

nm 

395 
395 
395 
395 
395 
395 
395 
395 
395 
395 

(*) 
mol - 1 

dm3 

cm - 1 

(3400) 
(3100) 
(3200) 
(3300) 
(3300) 
(1900) 
(1700) 
(1800) 
(1700) 
(1800) 

£480 nm 

moi - 1 

dm3 

cm - 1 

1000 
990 
980 

1000 
1000 
650 
650 
660 
650 
670 

/max 

nm 

398 
400 
400 
400 
400 
398 
402 
402 
401 
402 

Sulfolane 

(«) 
moi - 1 

dm3 

cm - 1 

(3500) 
(3000) 
(3300) 
(3100) 
(3100) 
(1800) 
(1600) 
(1800) 
(1700) 
(1700) 

£480 nm 

moi - 1 

dm3 

cm - 1 

1200 
1200 
1200 
1100 
1100 
710 
760 
750 
700 
740 
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of the temperature and the length of the methylene 
chain of both the Ni(II)Ni(II) and Cu(II)Ni(II) com­
plexes (see Fig. 3(a)(b) and Table 1). 

It is known that the molar absorption coefficients 
around 400 nm of the octahedral species are much 
smaller than those of square planar species for the 
monomacrocyclic [Ni (L1)]2*.8) As a similar relation 
of e can be expected for the bismacrocyclic complexes, 
the absorbance values around 400 nm enable us to 
estimate the ratio of [square planar form]/[octahedral 
form] (—fiobsiy/(ßsi—ßobsi/)) roughly; the larger the ab­
sorbance, the more amount of the square planar form. 
The amount of the square planar form in water 
increases according to the sequence of L2<CL3< 
L4<L5<L6 , which clearly indicates that, as the poly-
methylene bridge is shortened, the equilibrium is 
shifted to the side of the octahedral species. 

In order to estimate the exact ratio of [square planar 
form]/[octahedral form], it is necessary to know the 
equilibrium constants and/or the thermodynamic 
parameters, AH and AS. For this purpose, it is neces­
sary to record the spectra of the pure square planar 
and pure octahedral species. However, such spectra 
might not be obtained, because the square planar-
octahedral equilibrium occurs immediately after the 
Ni(II) complexes have been dissolved in water. In 
these cases, the conventional method involving the use 
of a large excess of sodium Perchlorate has often been 
employed.16-18) This method was used in the mono­
macrocyclic Ni(II) complex with cyclam,16'17) but it 
could not be used for the present bismacrocyclic Ni(II) 
complexes because the complexes were precipitated by 
the addition of an excess of sodium Perchlorate. 
This might be attributable to the large positive charge 
(+4) in the binuclear complexes. Although the addi­
tion of an excess of calcium chloride17) was examined, 
the intended spectra could not be obtained because 
new absorption bands appeared. This might be 
caused by the coordination of chloride ions to the 

Table 2. Thermodynamic Parameters and Molar 

Complex 

[Ni11 (Li)]2+a) 

[CunNi (L2)]4+ 
[Cu nNi n (L3)]4+ 

[Cu n Ni n (L4)]4+ 

[Cu n Ni n (L5)]4+ 
[Cu nNi n (L6)]4+ 

[Ni11 (cyclam)]2+ 

Absorption Coefficients 

-AH 

104J 
mol - 1 

2.12 
2.64 

1.68 

1.92 

2.0s 
2.O4 
1.97 

2.3b) 

1.9C) 

- A S 

J K - i 
mol - 1 

59.4 
66.9 
55.6 
69.o 
75.3 
74.9 
71.1 
84b) 

7 1 c ) 

P400 nm fcs 

lOSmol"1 

dm3 

cm - 1 

1.17 
1.4o 
1.32 

1.38 

1.29 
1.3a 
0.062d) 

0.0645e) 

0.063f) 

£400 nm 

102mol"1 

dm3 

cm - 1 

— 
I.60 
0.45 

0.94 

1.3o 
1.34 

— 
— 
— 

a) Ref. 8. b) The units of the values in Ref. 16 are 
changed (X4.184). c) The values in Ref. 17 are also 
changed, d) £s at 450 nm. e)£s at 445 nm in Ref. 16. 
f)£sat451 nminRef. 17. 

bismacrocyclic Ni(II)Ni(II) complexes. 
Therefore, we used the computational method 

which enabled us to determine the equilibrium con­
stants and the thermodynamic parameters in which 
detailed analyses of the temperature-dependent 
absorption spectra for the square planar-octahedral 
equilibrium are included (see Experimental section). 

This method was applied to the square planar-
octahedral equilibrium of an aqueous solution of 
monomacrocyclic [Nin(cyclam)]2+. The values of 
AH, AS, and s of the square planar species at 450 nm 
thus obtained are in good agreement with those 
reported previously16'17) (Table 2). Encouraged by 
the satisfactory results, we next applied the computa­
tional method to the bismacrocyclic complexes. 

For the homobinuclear Ni(II)Ni(II) complexes, 
both Ni(II) ions attain the square planar-octahedral 
equilibrium; thus, the following two equilibria 
should exist; 

[NinNin(L*)]4+ + 4H20 <± [NinNin(Ln)(OH2)2]4+ + 2H20 <=> 

[NinNin(Ln)(OH2)4]4+. (6) 

In this case, the evaluation of thermodynamic parame­
ters is difficult, because seven unknown parameters, 
three spectra of the components, and two sets of AH 
and AS are present. On the other hand, for the 
heterobinuclear Cu(II)Ni(II) complexes, the situation 
becomes simpler because only one equilibrium for the 
Ni(II) ion needs to be taken into consideration.19) 
Thus, an analysis similar to that done for 
[Nin(cyclam)]2+ should be applied to the Cu(II)Ni(II) 
complexes (see Analyses of the data). 

The thermodynamic parameters thus evaluated are 
given in Table 2. The values of AH are comparable 
to those for [Nin(cyclam)]2+16>17) and for monomacro­
cyclic [NiII(L1)]2+.8) For some monomacrocyclic 
Ni(II) complexes, the Ni-N bond length has been 
reported to be (2.07—2.10)X10"8 cm in the octahedral 
complexes and (1.88—1.91 )X10-8 cm in the square 
planar complexes.20) Therefore, if only the Ni-N 
bond is considered, the formation of the octahedral 
species should be endothermic, because the bond 
strength of Ni-N is weakened in the octahedral spe­
cies. The AH values for all the Cu(II)Ni(II) com­
plexes, however, were negative, indicating that the 
formation of octahedral species is exothermic. These 
results might show that the exothermic contribution 
to the formation of Ni-water bonds exceeds the endo­
thermic contribution attributable to the Ni-N bonds. 

The values of AS are also comparable to those for 
[Nin(cyclam)]2+16>17> and [Ni^L1)]2*.8) The absolute 
values of AS correspond to those expected for the 
effective liberation of two water molecules from the 
complexes in an aqueous solution, viz., (30—40)X2 
J K"1 mol-1.21) Thus, the entropy change agrees with 
that to be expected for the square planar-octahedral 
equilibrium of one Ni(II) ion, indicating that it is 
acceptable to take only one equilibrium into consider-
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Table 3. Equilibrium Constants and 
the Ratios of the Speciesa) 

[square planar] [octahedral] 
Complex K 

% % 

[Cu n Ni n (L2)]4+ 13.2 7 93 
[Cu n Ni n (L»)]4+ 1.08 48 52 
[Cu n Ni n (L4)]4+ 0.58s 63 37 
[Cu n Ni n (L5)]4+ 0.52o 66 34 
[Cu n Ni n (L6)]4+ 0.38v 72 28 

a) At 298.2 K. 

a t ion in the analyses of the Cu(II)Ni(II) complexes. 
T h e molar absorpt ion coefficients at 400 n m for the 

square p l ana r species, ei0 0 n m
 a r e a i m 0 s t constant 

(1300—1400), regardless of the polymethylene bridge 
length (Table 2). Therefore, the change in the 
absorpt ion band at si00 nm a t t r ibutable to the length of 
the polymethylene bridge should directly reflect the 
[square p lanar form]/[octahedral form] ratio. In 
fact, the equ i l ib r ium constants, K, at 298.2 K and the 
[square p lanar form]/[octahedral form] ratios calcu­
lated by the use of the A H and AS values depended on 
the length of the polymethylene bridge; the amount s 
of the square p l ana r species monotonical ly decrease 
wi th the decrease in the length of the polymethylene 
chain. T h e amoun t s of the square p lanar form in 
water increase according to the sequence of: 
L 2«CL3<L4<L5<L6 (Table 3). 

T h u s , all the data obtained herewith clearly indicate 
that the equ i l ib r ium is shifted to the side of the 
octahedral species as the polymethylene bridge is 
shortened. O n the basis of our previous conclusion 
that the electrostatic repuls ion between two Ni(II) 
ions increases as the polymethylene chain becomes 
short,7* the present results migh t be explained in the 
fol lowing manner . In the Ni(II)Ni(II) complexes 
wi th a short methylene chain, the octahedral form 
should be favored, because the electron-donating coor­
d ina t ion of water reduces the electrostatic repuls ion 
between the Ni(II) ions. 

T h e present work was part ial ly supported by a 
Grant- in-Aid for Scientific Research No. 62740352 
from the Ministry of Educat ion, Science and Culture. 
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that a similar temperature-dependence in the spectra occurs 
on the side of the Cu(II) ion of the Cu(II)Ni(II) complexes, 
the small absorbance change ascribed to the Cu(II) ring was 
corrected by using the absorbance change observed for the 
Cu(II)Cu(II) complexes. 
20) For a detailed discussion, see L. Y. Martin, C. R. 

Seperati, and D. H. Busch, / . Am. Chem. Soc, 99, 2968 

(1977); P. O. Whimp, M. F. Bailey, and N. F. Curtis, / . 
Chem. Soc. A, 1970, 1956; L. N. Swink and M. Atoji, Acta 
Crystallogr., 13, 639 (1960); J. M. Waters and K. R. Whittle, 
/ . Inorg. Nucl. Chem., 34, 155 (1972): T. Ito and K. Toriumi, 
Chem. Lett, 1978, 1395. 
21) F. P. Hinz and D. W. Margerum, Inorg. Chem., 13, 

294 (1974). 
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Preparation of Iron and Cobalt Phthalocyanine-1,2:3,4:8,9:10,11 : 
15,16:17,18:22,23:24,25-octakis(iV-decyldicarboximide) and 

Their Catalytic Behavior for Electroreduction of Oxygen 

Nagao KOBAYASHI,* Keigo SUDO, and Te t suo O S A * 

Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980 
(Received July 27, 1989) 

The iron and cobalt phthalocyanines included in the title have been synthesized. Their absorption spectra 
are unusual compared to other metallophthalocyanines, showing intense hypochromism in the Q band region. 
The cobalt and iron derivatives show 4-electron reduction capability in the electroreduction of oxygen over the 
entire range of pH values and in neutral and alkaline pH, respectively, although the potentials are not 
necessarily positive enough. 

In the electroreduction of oxygen us ing monomer ic 
i ron and cobalt macrocyclic complexes as catalysts, 
there is a general agreement that cobalt complexes 
p romote the O2 reduct ion process via two electrons to 
give H2O2 whereas i ron complexes can catalyze the 
more desired 4-electron reduction to water.1) Phtha­
locyanines (Pes) are not exceptions from this category. 
In the presence of CoPcs, oxygen is reduced to H2O2 
over the entire range of p H values, and FePcs are 
active in alkal ine media for the 4-electron reduction.2) 
In this study, we have at tempted to prepare Co- and 
FePcs which are active for the 4-electron reduction 
over a wide range of p H values. If such Pes exist, 
they mus t be different from c o m m o n Pes in some 
respect, and we have selected the shape of absorpt ion 
spectra as a measure of departure from the behavior of 
the c o m m o n Pes. Absorpt ion spectra reflect the elec­
tronic structure of molecules, and the catalytic activity 
of catalysts has often been discussed in terms of their 
electronic structures.3) Hence, if we use Co- and 
FePcs hav ing c o m m o n electronic spectra, there is a 
s t rong possibility that their behavior will not differ 
from the general results described above. Conversely, 
the use of Pes wi th u n u s u a l spectroscopic shape may 
provide an oppor tun i ty to obtain better catalytic activ­
ity. From these considerations, we have synthesized 
the Co- and FePc included in the title (Scheme 1). 

R R 

R=H, Mt=Co; CoOIPc 

R=H, Mt=Fe ; FeOIPc 

R=C10H21, Mt=Co; CoODIPc 

R=C10H21- M t = F e ; FeODIPc 

The i r absorpt ion spectra have been found to be unus ­
ual compared to those of c o m m o n Pes as a result of 
s t rong per turbat ion by the 8 imide groups, and they 
do show a desired 4-electron reduction over a wide 
range of p H values. 

Experimental 

Measurements. Absorption spectra were obtained on a 
Shimadzu UV-360 spectrophotometer and magnetic circular 
dichroism (MCD) on a JASCO J-400X spectrodichrometer 
equipped with an electromagnet which produced magnetic 
fields up to 1.17 Tesla (T). Cyclic potential sweeps were 
generated by an NF circuit design FG-100 AD function 
generator in conjunction with a potentiostat which was 
built according to the literature,4) while differential pulse 
voltammetric responses were obtained on a Yanaco Model 
P-1000 voltammetric analyzer. For rotating ring-disk 
experiments, an electrode rotator (Nikko-RRD-1) was used 
and voltammograms were recorded with a Princeton Ap­
plied Research Model 173 instrument. 

Materials. For cyclic voltammetric measurements, a 
highly oriented pyrolytic graphite (HOPG, Union Carbide) 
of area 0.22 cm2 was used. The rotating ring-disk electrode 
(RRDE) consisted of a glassy carbon (GC, Tokai Carbon) 
disk (area=0.26 cm2) surrounded by a platinum (Pt) ring 
mounted in a Teflon rod (Nikko Keisoku Co.). The collec­
tion efficiency was determined to be 0.33 at 100 rpm with the 
ferrocyanide-ferricyanide redox couple. The Pt ring and 
the GC surface of the RRDE were first polished with no. 
2000 emery paper and then with alumina slurry (particle 
sizes 1 and 0.05 /JLUI) and well rinsed with 2 and 0.05 M (1 
M=l mol dm -3) H2SO4 and distilled water before each run. 
In order to obtain a fresh surface of HOPG, a piece of Scotch 
tape was briefly pressed onto the surface and then gently 
lifted off. Usually at least two layers were removed between 
each adsorption study. Immobilization of the catalysts to 
electrodes was effected by pipetting aliquots of the catalyst 
solutions in chloroform onto a fresh electrode and allowing 
the solvent to evaporate slowly. 

o-Dichlorobenzene for spectroscopy was stored for several 
days over molecular sieves (4Â) and distilled under nitrogen 
and reduced pressure. 0.05 M H2SO4, 0.1 M potassium 
phosphate buffer (pH 7.0), and 1 M NaOH were used for 
aqueous experiments. 

Most of the chemicals used for synthesis were commer­
cially available guaranteed reagents and used as received. 
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Cobalt- and Iron Phthalocyanine-1,2:3,4:8,9:10,11:15, 
16:17,18:22,23:24,15-octakis(dicarboximide) (CoOIPc and 
FeOIPc). Benzene hexacarboxylic acid (mellitic acid) pre­
pared from the corresponding hexamethyl ester (Tokyo 
Kasei) by acid hydrolysis5) was changed to its trianhydride by 
refluxing it in acetic anhydride for 3 h.6) 0.15 mol of the 
trianhydride, 3.75X10"3 mol of CoCl2, 0.1 mol of urea, 
2.12X10-4 mol of ammonium molybdate were mixed in a 
mortar and then charged in a 50 ml round bottomed flask 
containing 10 ml of nitrobenzene. The mixture was heated 
to ca. 200 °C for 2 h, after which a further 0.1 mol of urea was 
added. After heating for a further 2 h, the green-black solid 
was washed with 6 M HCl, boiling water, and methanol. 
This procedure was repeated three times until the washings 
remained colorless. The product was added to 3 ml of 
concentrated sulfuric acid, shaken for 5 h at room tempera­
ture and then filtered. The filtrate was then added to 
crushed ice. After standing for several hours, the mixture 
was centrifuged, the supernatant liquid decanted, and the 
precipitate was collected on a glass filter, washed with water 
until the washings were nearly neutral, and then with 
ethanol. The solid was dried at reduced pressure over 
diphosphorus pentaoxide for 24 h. Yield 83.5%. Found: 
C, 49.68; H, 0.66; N, 20.31%. Calcd for C48H8Ni6Oi6Co: C, 
51.31; H, 0.72; N, 19.94%. FeOIPc was similarly obtained 
in 37.1% yield using FeCl2 instead of C0CI2 in the above 
procedure. Found: C, 49.77; H, 0.64; N, 20.52%. Calcd for 
C48H8Ni6Oi6Fe: C, 51.45; H, 0.72; N, 20.00%. The com­
pounds have IR bands at 3000—3200, 1770—1780, 1700— 
1720, 1460, 1400, 1050, and 760—800 cm"1. The former 3 
bands are ascribed to cyclic imides,7) and the others are the 
common vibrations of phthalocyanine compounds.8^ 

Cobalt and Iron Phthalocyanine-1,2:3,4:8,9:10,11:15, 
16:17,18:22,23:24,25-octakis(N-decyldicarboximide) (CoO-
DIPc and FeODIPc). To 2X10~3 mol of CoOIPc in DMF 
(30 ml) was added 9X10~3 mol of sodium hydride and stirred 
for 1 h, after which the whole solution was cooled in an ice-
water bath and 9X10"3 mol of decyl bromide was added 
dropwise with stirring. After 12 h, a small amount of 
saturated NH4CI was added and the solvent was removed 
under reduced pressure. The residue was dissolved in 1,2-
dichloroethane and filtered through a G4 glass filter. The 
filtrate was washed with water and the organic layer dried 
over anhydrous MgS04. After removal of the MgS04 by 
filtration the solvent in the filtrate was removed by using an 
evaporator, and the residue was imposed on a silica-gel 
column using chloroform-ethanol as eluent. A black-
colored portion was collected, and after evaporation of the 
solvent, the residue was recrystallized from chloroform-
ether. The precipitate was then imposed on a Bio-beads 
SX-2 column using dichloromethane as eluent. The first 
colored eluate was collected and dried. Yield 4.9%. Found: 
C, 68.43; H, 7.45; N, 9.71%. Calcd for C^HiesNieOieCo: C; 
68.46; H, 7.54; N, 9.98%. FeODIPc was obtained similarly 
in 3.4% yield. Found: C, 68.44; H, 7.45; N, 10.24%. Calcd 
for Ci28Hi68Ni6Oi6Fe: C, 68.56; H, 7.55; N, 9.99%. 

Results and Discussion 

Absorption and MCD Spectra. Absorpt ion and 
MCD spectra of Co- and FeODIPc are shown in Fig. 1. 
T h e shape of the absorpt ion spectra are markedly 
different from those of c o m m o n Pes with first row 

300 500 700 900 
Wavelength/nm 

Fig. 1. UV-visible absorption (bottom) and MCD 
(top) spectra of FeODIPc (solid lines) and CoODIPc 
(dotted lines) in o-dichlorobenzene. [FeODIPc]/ 
M=1.09X10-4 and [CoODIPc]/M=1.00X10-l Cell 
pathlength was 5 and 10 mm. The absorption 
spectrum of tetraneopentoxyphthalocyaninato-
cobalt(II) in o-dichlorobenzene (broken line) is re­
produced from Ref. 20 as a typical spectrum of 
common phthalocyanines. 

t ransit ion metals.9) A very intense reduction of the 
absorpt ion coefficients (hypochromism) is observed, 
part icularly in the Q band region, and the Soret band 
is more intense than the Q band. Also, as has been 
observed for phthalocyanine-2,3 :9,10:16,17 :23,24-
tetrakis(A/'-alkyldicarboximide),1°) the Q band extends 
into the near-IR region (ca. 1000 nm). T h u s , the 
a t tachment of a 5-membered imide r ing greatly affects 
the electronic structure of Pes. Since Pes wi th a 5-
membered anhydride r ing show the normal type 
absorpt ion spectra,10) the cause of these unusua l spec­
tra is at t r ibuted to the ni t rogen in the imide r ing. O n 
the other hand , the MCD spectra obtained are those 
expected from meta l lophthalocyanines with D^h sym­
metry.11) Faraday A terms appeared corresponding to 
the ma in Q bands and the region of the Soret bands. 
From the shape of the MCD spectra, the Soret bands of 
Co- and FeODIPc appear to lie at a round 350 and 
380—90 n m , respectively. These Q and Soret bands 
are shifted to longer wavelength by ca. 20—40 n m 
compared wi th those of c o m m o n Pes, reflecting the 
polysubst i tut ion in the Pc periphery.12) 

Catalytic Electroreduction of Oxygen. Figure 2 
shows cyclic vol tammetr ic (CV) diagrams and differ­
ential pulse (DP) vo l tammograms on Fe- and 
CoODIPc-adsorbed electrodes, recorded in oxygen-
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FeODIPc 
pH7.0 

IlOOjjAforCV j^y s\ 
J^AforDP^^\J> 

a 

CV 

-0.5 -1.0 
E/V vs. SCE 

0 -0.5 -1.0 
E/Vvs-SCE 

Fig. 2. CV diagrams at FeODIPc- (left) and CoO-
DIPc (right)-adsorbed electrodes (curves a) and at a 
bare HOPG electrode (curves b) in the presence of 
oxygen, and DP voltammograms at FeODIPc- (left) 
and CoODIPc (right)-adsorbed electrodes in the 
absence of oxygen. CV curves a were recorded at 
sweep rates of 20, 50, 100, and 200 mV s_1 and curves 
b at 50 mV s_1, while DP responses were obtained at 
sweep rate of 2 mV s_1. 

saturated or ni t rogen-saturated solut ion at several 
pHs . Redox couples of FeODIPc cannot be seen even 
by the D P method. However, O2 reduct ion proceeds 
in two steps at p H ' s 7 and 14 (CV diagram). T h e 

currents at these two peaks are propor t ional to the O2 
concentrat ion and the square root of the scan rate, 
indica t ing that the current is controlled by diffusion 
of O2. In the case of the CoODIPc-adsorbed elec­
trode, a cobalt redox couple (plausibly the C o n / I cou­
ple) is discerned in the DP diagram. When oxygen is 
admit ted in to the solution, the onset of O2 reduction 
commences at approximately the same potential as the 
Co1171 couple. One O2 reduct ion wave is observed at 
p H 1, and two at 14. Responses at the CoODIPc-
adsorbed electrode at p H 7 are close to those observed 
at p H 14. 

O2 reduct ion was further studied by us ing a ro ta t ing 
ring-disk electrode (Fig. 3). In the case of previously 
reported FePc catalysts, oxygen is reduced to water 
only in alkal ine solution. 2> At the FeODIPc-
adsorbed electrode, however, oxygen is reduced to 
water at bo th p H 7 and 14, a l though its potent ial is 
fairly negative (ca. —1.2——1.3 V).13) Us ing Eq. 1, 
which is appl icable to a ro ta t ing disk electrode,14) the 
calculated n values 

i = 0.62 n¥AD2/3v-1/6(o1/2c (1) 

are 3.7 and 3.2 at p H 7 and 14, respectively. In Eq. 1, 
i, F, A, D, c, co, and v are the l imi t ing disk current, 
Faraday's constant, the electrode area, the diffusion 
coefficient of O2, the O2 bu lk concentration, the rota­
tion speed, and the kinemat ic viscosity of water, 
respectively, and the fol lowing values are used: 
D=1 .7X10- 5 cm2 s-1,15* c = l , 1, and 1.2 mM16> at p H 1, 
7, and 14, respectively, w=13.3 n rad s_1, and i>=0.01 
cm2 s_1.2d'15) J u d g i n g from the responses at the r ing, 
the p roduc t ion of H2O2 is larger at p H 7 than 14. In 
addit ion, the difference between the onset potent ial of 
O2 reduct ion and the potent ia l required for 4-electron 
reduction of O2 is about twice as large as for pre­
viously reported FePc catalyst systems.2) 

FeODIPc 

. I 

CoODIPc 

pH 1.0 

•— IR=O \^y 

T200jjAforiD 

ll00jjAforiR 
pH K.0 

-0.5 -1.0 
E/V vs. SCE 

-1.5 -0.5 -1.0 
E/V vs. SCE 

-1.5 

Fig. 3. Ring-disk i-E curves for the reduction of O2 at FeODIPc-
(left) or CoODIPc (right)-adsorbed electrodes. Ring potentials 
were set at 1.04, 0.90, and 0.72 V vs. SCE at pH 1, 7, and 14, 
respectively. Rotation rate/rpm=400. Broken curves are 
responses after several sweeps. 
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T h e behavior at the CoODIPc-adsorbed electrode is 
also different from that reported previously for CoPcs, 
in that a 4-electron reduct ion is obtained. T h e limit­
ing disk currents at —0.5 V in p H 1 and at a round 
—1.2——1.3 V in p H 14 solut ions correspond to ca. 3.5 
electrons. Recently, Ikeda et al.17) reported that a 
polymeric catena-cyano-Co Pc-adsorbed electrode 
shows 4-electron reduct ion capabili ty only in the 
onset of O2 reduction. In our system, oxygen appears 
to be reduced to water in one step at p H 1 at a 
freshly prepared electrode (solid lines). However, the 
responses after several scans (broken lines) indicate 
that O2 is reduced in two steps to water via H202,18) as 
interpreted for similar i-E curves of i ron porphyr­
ins.1^16* Al though no t yet proven in any similar sys­
tem by spectroscopy, such a decrease of catalytic activ­
ity after several scans has been at tr ibuted to either 
degradat ion of the catalysts or to part ial removal of 
the catalysts from the electrode surface. In the pres­
ent system, at least the latter possibility is conceivable, 
since a steep increase in disk current (probably hydro­
gen product ion) was recognized at a fairly negative 
potent ia l (broken line, ca. —1.0 V). At p H 14, O2 
reduct ion proceeds in two steps even at a freshly 
prepared electrode, and the H2O2 to H2O process 
occurs at a significantly more negative potent ia l than 
the O2 to H2O2 process. 

T h e mechanism of O2 reduction at the FeODIPc -
adsorbed electrode is difficult to deduce because no 
redox couple of FeODIPc could be detected under a 
ni t rogen atmosphere. However, from results in Figs. 
2 and 3, the following mechanisms may be appropr ia te 
for the reduct ion at CoODIPc-adsorbed electrodes. 

2ConODIPc + 2e- -+ 2CoIODIPc £1 (2) 
Î 

I 
2CoIODIPc + I/2O2 + 2H+ - • 2ConODIPc + H 2 0 (3) 

and 

2ConODIPc + 2e- -+ 2CoIODIPc £1 (4) 
t 

I 
Co'ODIPc + I/2O2 + H+ -+ Co"ODIPc + I/2H2O2 (5) 

Co'ODIPc + I/2H2O2 + H+ - • Co"ODIPc + H 2 0 (6) 

Equa t ions 2 and 3 are for fresh electrodes at p H 1 and 
Eqs. 4—6 are for electrodes after several scans at p H 1 
or fresh electrodes at p H 14. 

T h e effect of substi tuents on the electroreduction of 
oxygen has been discussed previously for i ron por­
phyr in catalysts. l f '9) T h e rate constants for O2 reduc­
tion and the a m o u n t of catalyst required to achieve 4-
electron reduction were greatly affected by the nature 
and number of substi tuents. lf>g) In the case of Pes 
however, no such report has appeared to date. Irres­
pective of the k ind of Pc, 4-electron reduction has been 
achieved by the use of FePcs in alkal ine solut ion, and 
2-electron reduction has been observed with CoPc 

catalysts.2) O u r present results indiate, however, that 
substi tuent groups do affect the catalytic activity of 
phthalocyanines if they are able to cause a s trong 
per turbat ion of the Pc electronic structure. Oxygen 
was reduced to water in bo th neutral and alkal ine 
solut ion by an FePc and the whole range of p H by a 
CoPc. Wi th porphyr ins , the monocobal t complex of 
a cofacial d iporphyr in is k n o w n to catalyze the 4-
electron reduct ion of oxygen,19) a l though general 
cobalt po rphyr in monomers show only a 2-electron 
reduction capability. No reason has been given for 
this phenomenon . However, this fact and our results 
in the present study strongly indicate that the catalytic 
activity can be controlled by chang ing the surround­
ings of the catalytic center (i.e. metal) in metal lopor-
phyr ins and phthalocyanines . 
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Extractive permeation is demonstrated in the permeation of Zn(II) and Cd(II) chloride complexes through 
an anion-exchange membrane. A selective permeation between Cd(II) and Zn(II) was observed. This selectiv­
ity well corresponded to the sorption selectivity with an anion-exchange resin. Under the large concentration 
gradient of chloride ions across a membrane, Cd(II) chloride complex was selectively enriched in the receiving 
solution. The concentration ratios between the source and the receiving solution after 40 h reached 5.8 for 
Cd(II) and 1.2 for Zn(II) when chloride ions of 0.5 mol dm-3 were added to the source solution. 

Solvent extraction is known to be a useful method 
to confirm and separate metal ions from solutions.1) 
In this method, the separation selectivity is enhanced 
by a specific reaction between the metal ions and the 
complexing agents. A hydrophobic complex formed 
in an aqueous solution is selectively extracted into 
organic solution and a hydrophilic complex is 
retained in the aqueous solution (masking). To 
make a continuous process of such a system, liquid 
membrane systems have been developed.2) However, 
the unstability of these systems pose a large problem 
to the practical industrial applications. In this 
respect, separation systems using polymer membranes 
are prominent. 

Regarding the hyperfiltration process, Nguyen et al. 
reported that metal ions could selectively be ultrafil-
trated using a reaction of metal ions with water-
soluble macromolecules.3) Similar attempts were 
also made by Lee and co-workers.4) Selective hyper­
filtration of a heavy-metal acetylacetonate complex 
through a hydrophobic polystyrene membrane was 
reported by Igawa et al.5) A chelate-forming heavy 
metal was selectively transported through the polysty­
rene membrane by some coupling process with a 
solvent flow under hydraulic pressure. In the dialy­
sis process, Wallece introduced a "Donnan dialysis" 
system for membrane separation, in which the Don-
nan equilibrium principle6) was applied to a dialysis 
system utilizing separation by an ion-exchange mem­
brane.7) By applying a high-concentration gradient 
of receiving electrolytes across a cation-exchange 
membrane, the metal ions can be effectively enriched 
against the concentration gradient into the receiving 
solution. Wallece7) and Davis et al.8) reported an 
enrichment of metal ions, such as uranil ion, accord­
ing to this method. A selective enrichment of metal 
ion by using a reaction with chelating agents was also 
shown by Wallece7) and Cox et al.9-11) 

During the course of our study we studied the 
production of a polymer membrane which exibits 
selective separation ability similar to that of the liquid 
membrane systems.12-17) For a selective permeation 
of metal ions through the membrane, certain metal 

species must first be preferentially sorbed into the 
membrane over other metal species in the solution. 
However, the interaction of the hydrated metal ions 
and conventional polymeric membranes and the dif­
ference in ionic radii among metal ions are generally 
slight for metal separation. This fact suggests the 
difficulty in achieving the selective separation of 
metal ions by the polymer membranes. 

On the other hand, some metal ions are known to 
complex with halide ions to form metal halide com­
plexes as follows: 

M2+ +X- <± MX+ (1-1) 

MX+ + X- 4 MX2 (1-2) 

M X ^ ' H X " *± MX~(m~2) (1-m) 

Here, Km stands for the m-th successive complex for­
mation constants between metal (M2+) and halide (X-) 
ions. These complexes are selectively extracted into 
an organic solution containing an anion exchanger, 
such as lipophilic quaternary ammonium salts.1) 
According to the differences in the formation con­
stants of metal ions with halide ions and the interac­
tion between metal halide complexes and extractant 
cations, the selective extraction behavior of metal ions 
has been observed. A similar selective sorption has 
been reported for anion-exchange resins.18) There­
fore, a membrane having an anion-exchange group 
(anion-exchange membrane) is expected to show an 
excellent separation ability for metal halide com­
plexes. In this separation method, the metal ion is 
selectively sorbed (or "extracted") into the membrane 
as an anionic halide-complex form and transfers 
across the membrane to the opposite-side solution. 
Furthermore, the large concentration difference of 
halide ions across the membrane is expected to cause 
an "uphill" transport of metal halide complexes due 
to Donnan equilibrium. 

The aim of this present study was to examine and 
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verify the above-mentioned hypothesis. We investi­
gated the sorpt ion and permeat ion behavior of Zn(II) 
and Cd(II) chloride complexes wi th the anion-
exchange resin and membrane . 

Experimental 

Stock solutions of Zn(II) and Cd(II) chlorides (in 0.1 
mol dm - 3 HCl or HNO3) and MgCh solution were stored in 
polyethylene bottles. Metal chloride solutions were pre­
pared by mixing and diluting these stock solutions. The 
concentrations of the metal ions were measured with a 
Shimadzu AA-630-02 atomic absorption spectrophotometer. 
The reagents used in the study were reagent-grade commer­
cial products and were used without further purification. 

Anion-exchange resin (Amberlite CG-400, Rohm & Hass 
Co., Ltd.) was purified by treating with 1 mol dm - 3 NaOH, 
1 mol dm - 3 HCl and finally by washing with pure water. 
The ion-exchange capacity was 3.7 mequiv/g-dry resin. 
The anion-exchange membrane (Selemion AMV, ion-
exchange capacity: 2.0—2.3 mequiv/g-dry membrane) was 
provided by Asahi Glass Co., Ltd. The membrane was 
soaked twice in 1 mol dm - 3 HCl and pure water prior to an 
experiment. 

The sorption experiments were performed according to a 
previously described procedure.12) One-tenth of a gram of 
resin (finer than 100 mesh) was suspended in 10 cm3 of a 
MgCl2 solution containing 1 mmol dm - 3 Zn(II) and Cd(II) 
(the solution pH was adjusted to 1.7 by HCl); the mixture 
was shaken on a mechanical shaker until equilibrium was 
attained (12 h). After filtering the solution the residual 
concentration of metal ion was then measured by atomic 
absorption spectrophotometry. The sorption behavior of 
metal ions was estimated by means of the degree of sorption 
(S) and distribution ratio (D): 

and 

[M]i-[M]f 

S(%) = X100 
[Ml 

[M]r-[M]f Fw 
D(mL g-i) = X 

[Ml Wm 

(2) 

(3) 

where [MJ and [M]f are the initial and final metal concentra-

Fig. 1. Dialysis cell: (A) receiving solution, (B) 
source solution, (C) membrane, (D) silicone pack­
ing, (E) screw, (F) clamp, (G) magnetic stirrer. 

tions, respectively. Vw is the volume of the solution (cm3), 
and Wm the weight of the resin (g). 

The dialysis experiments were carried out by using a 
cylindrical glass cell, as shown in Fig. 1. The membrane 
was attached to the bottom of a cell with silicone packing 
(effective membrane area is 1.1 cm2). A clamp and screws 
made from polycarbonate were used to prevent contamina­
tion by metal ions. The cell, which contained 5 cm3 of 
pure water as a receiving solution, was dipped into 97 cm3 of 
the source solution containing various concentrations of 
MgCl2 and 0.1 mmol dm - 3 metal ions (the pH was adjusted 
to 2.7 by HNO3). The solutions were magnetically stirred, 
and the concentration change of metal ions after 40 h in the 
source and the receiving solution were measured. The 
experiments were carried out in a water bath at 30 °C. 

Results and Discussion 

Sorption of Zn(II) and Cd(II) Chloride Complexes. 
Some metal ions are known to form anionic metal 
complexes wi th hal ide or pseudohal ide ions such as 
CI- , Br-, I - , and SCN" in solution.19) These com­
plexes are expected to interact selectively wi th the 
anion-exchange site in the membrane . In the present 
study we investigated the sorpt ion and permeat ion 
behavior of Zn(II) and Cd(II) chloride complexes. 
Figure 2 shows the sorpt ion behavior of Zn(II) and 
Cd(II) on the anion-exchange resin under various 
concentrat ions of chloride ion. Cd(II) sorpt ion 
increased significantly wi th an increase in the chloride 
concentrat ion. T h i s indicates that Cd(II) is sorbed in 
the form of an anionic chloride complex, such as 
CdCl 2-w The selective sorption was observed for Cd(II) 
over Zn(II). The successive stability constants (Km) for 
Zn(II) and Cd(II) are reported as follows:19) \ogKm of 
Zn(II): - 0 . 4 9 ( m = l ) , 0.51 (m=2) , - 0 . 0 9 (m=3); logKm 

of Cd(II): 1.58 ( m = l ) , 0.65 (m=2) , 0.12 (m=3). As can 
be seen from the values, the difference in the sorpt ion 
of these ions on the an ion-exchange resin can main ly 
be at t r ibuted to a difference in the complexat ion abil­
ity wi th chloride ions. In general, the ion-exchange 

0 0.2 0.4 0.6 

Conen, of chloride / mol dm "3 

Fig. 2. Effect of chloride concentration on metal 
sorption: 10 cm3 of MgCh solution (pH 1.7) con­
taining 1 mmol dm - 3 Z11CI2 and CdCl2; anion-
exchange resin, 0.1 g; (O) Cd(II); (A) Zn(II). 
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resins show a h igh sorpt ion ability for less-hydrated 
ions.20) Therefore, the difference in hydrophobic 
na ture of metal chloride complexes is considered to 
also affect the sorpt ion selectivity. 

Mechanism of Sorption. When the ion pair is 
formed between the anion-exchange site and the metal 
chloride complexes, the following equat ions can be 
used: 

7l(RCl)r + (M2+)a + 2(Cl-)a <± (RnMCln+2)r (4) 

and 

Kex = [ R n M C l n + 2 ] r / [ R C l ] ? [ M 2 + ] a [ C l - ] 2 , (5) 

where R represents the anion-exchange site in the 
resin, and subscripts " r " and " a " denote the resin and 
the aqueous phase, respectively. Equa t ion 5 can be 
expressed logari thmical ly as 

log ßD = 21og [Cl-]a + nlog [RCl]r + log£ex, (6) 

where D and ß represent the dis tr ibut ion rat io of the 
metal ions and the coefficient related to the chloride 
ion concentrat ion, respectively. When the overall 
stability constant is ßu the values of D and ß can be 
defined by 

and 

D = [R„MCl„+2]r/2[MClT']a 
i=0 

0 = Ej8i[Cl-]i 
i'=0 

(7) 

(8) 

In the case that the concentrat ion of (RnMCln+2)r is 
negligible compared wi th that of (RCl) r , the value of 
[RCl] r in Eq. 6 can be regarded as be ing constant. 
Therefore, the re la t ionship between logßD and 
log[Cl-] a is readily estimated from Eq. 6. T h i s rela­
t ionship for the sorpt ion of Zn(II) and Cd(II) chloride 

log a c r 

Fig. 3. Sorption of metal chloride complexes as a 
function of chloride activities in solution: plots 
according to Eq. 6. Conditions and symbols are 
similar to those in Fig. 2. 

complexes on the resin is shown in Fig. 3. T h e 
activities of the chloride ions (aa-) were calculated 
us ing the Debye-Hückel equation.21) Both plots gave 
a straight l ine wi th a slope of 2, suggesting that the 
reaction depicted in Eq. 4 indeed took place. 

We have recently reported that the Cd(II) chloride 
complex is sorbed on the crown ether resin in the ion-
association form of K+ • CdClä" (anion-exchange sorp­
tion). In this system, when magnes ium chloride was 
used as a complex ing salt, which has little interaction 
wi th crown ether in the resin, Cd(II) sorption was 
negligible.17) T h e sorpt ion of metal chloride com­
plexes was also negligible for a porous polystyrene 
resin, which consists of a mat r ix of the anion-
exchange resin. Hence, the sorption of metal chlo­
ride complexes wi th the anion-exchange site is the 
m a i n reaction for this sorption. 

Unfortunately, the n-value was not determined in 
the present study because of difficulties in evaluat ing 
the [RCl] r value in Eq. 6. However, we consider that 
n-values of 1 or 2 may be favorable in compar ison 
wi th the ion-association extraction systems re­
ported. 22) 

Permeation of Zn(II) and Cd(II) Chloride Com­
plexes. On the basis of the selective interaction of 
metal chloride complexes wi th the anion-exchange 
site ment ioned above, a selective permeation of metal 
ions th rough an anion-exchange membrane can be 
expected. T h e permeat ion mechanism of this system 
is shown in Fig. 4 (a 1:1 ion-pair was assumed 
between metal hal ide complex and ion-exchange site 
in the membrane for simplicity; n=3 in Eq. 4). In 
this permeat ion, the metal ions are selectively sorbed 
(or "extracted") in the form of metal chloride com­
plexes, and transported to the receiving solut ion due 
to a migra t ion of a metal chloride complex between 
the fixed-carriers (anion-exchange site) in the mem­
brane. As can be seen from the figure, the membrane 
is permeable only to the metal and the chloride ions in 
the system. Therefore, the free energy change (AG) 
of the system is simply expressed6) as 

AG = RT\n 
[M«+]R[Cl-]ft 

[M2+]s[Cl-]i 
(9) 

where R is the gas constant and T is the absolute 

Source Membrane Receiving 
solution . , , , , , solution 

2+ C r ^ J ^ M . 2CI 

I^MCIJ^1 

Fig. 4. Permeation mechanism of metal chloride 
complexes through anion-exchange membrane. 
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temperature. Subscripts " S " and " R " denote the 
source and the receiving solution, respectively. At 
the equ i l ib r ium condi t ion, AG becomes zero, and Eq. 
9 becomes: 

[M2+]R [Cl-]1 
7 = > (10) 

[M2+]s [Cl-]i 

T h i s equa t ion should be more complicated, because 
the concentrat ion of free metal ion varies wi th the 
reaction of complex formation between metal and 
chloride ions. However, it quali tat ively indicates 
that mata l ion can be enriched in the receiving solu­
t ion due to the large concentrat ion gradient of chlo­
ride ion across the membrane . Under the present 
condit ions, M g C b was added to the source solut ion in 
large excess. Therefore, a selective uph i l l t ransport 
of the metal ions also can be expected in this system. 

Figure 5 shows the effect of the chloride ion concen­
trat ion on the permeat ion of Zn(II) and Cd(II) 
th rough the anion-exchange membrane . T h e per­
meat ion of Cd(II) increased significantly wi th an 
increase in the chloride ion concentrat ion, and Cd(II) 
was selectively enriched in the receiving solut ion, as 
expected. T h e concentrat ion ratios of the source and 
receiving solut ion after 40 h reached 5.8 for Cd(II) and 
1.2 for Zn(II) when chloride ions of 0.5 mol d m - 3 were 
added to the source solut ion. Apparent ly, the Zn(II) 
chloride complex was less permeable th rough the 
membrane . T h i s was due to the low sorptivity of 
Zn(II) in the membrane . Consequent ly , the selective 
permeat ion of Cd(II) to Zn(II) could be at tained in this 
system. T h e decrememt of both metal ions in the 
source solut ion showed higher values compared to the 
increasing degree of the receiving solution. T h i s 
suggests that the anion-exchange membrane retained 
metal chloride complexes to some extent. However, 

0 0.2 0.4 0.6 

Conen, of chloride / mol dm~3 

Fig. 5. Permeation behavior of metal chloride com­
plexes through anion-exchange membrane: source 
solution, 97 cm3 of MgCl2 solution (pH 2.7) con­
taining 0.1 mmol dm - 3 ZnCl2 and CdCb; receiving 
solution, 5 cm3 of pure water; metal concentration 
in the source solution (O, Cd(II); A, Zn(II)), in the 
receiving solution ( • , Cd(II); A, Zn(II)). 

the retent ion amount s of metal ions calculated from 
the mass balances were very small: the values after 40 h 
were 0.09 mmol /g -d ry membrane for Cd(II) and 0.07 
mmol /g -d ry membrane for Zn(II), respectively, when 
the chloride concentrat ion in the source solution was 
0.5 mol d m - 3 . Therefore, the migrat ion of metal 
chloride complexes between a fixed carrier in an 
anion-exchange membrane can readily occur in this 
dialysis. 

Equa t ion 10 indicates that the degree of metal 
enr ichment increases wi th an increase in the chloride 
ion concentra t ion. However, the leakage of additive 
salts (MgCk) also increases wi th an increase in the 
MgCl2 concentra t ion because of a decreasing D o n n a n 
repuls ion effect in the membrane . T h i s pheno­
menon causes a negative effect for the permeat ion of 
metal ions, since the retent ion of metal chloride com­
plexes in the membrane increses wi th increasing chlo­
ride concentrat ion in the receiving solution. There­
fore, o p t i m u m condit ions are considered to exist in 
this system. Details of these effects are now under 
investigation. 

In conclusion, it was found that the selective trans­
por t of Cd(II) chloride complexes can be observed 
th rough an anion-exchange membrane. T h e per­
meat ion selectivity of the metal ions was essentially 
induced by a selective uptake of metal chloride com­
plexes in to the anion-exchange membrane. Hence, 
an extractive permeat ion similar to l iquid membrane 
systems could be at tained in the present system. 

We thank Asahi Glass Co., Ltd., for providing an 
anion-exchange membrane . We also thank Mr. 
Marty Utterback (Texas Tech University) for his he lp­
ful advice. T h i s work was partly supported by a 
Grant- in-Aid for Encouragement of Young Scientists 
from the Ministry of Educat ion, Science and Cul ture 
of Japan . 
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The Ionization Constants of Nitrobenzoic and Benzoic 
Acids in Water-Ethanol Mixture at 25 °C from 

Conductance Measurementst 
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Molar conductances of dilute solutions of 2-, 3-, 4-nitrobenzoic and benzoic acids are reported at 25 °C in 
ethanol-water (EtOH-HfeO) mixtures over composition range from 0 to 70 wt% of ethanol. The ionization 
constants and limiting molar conductances of these acids have been computed from the data using Fuoss 1978 
conductance equation. Solvent effect on the ionization of acids in EtOH-HfeO mixtures has been discussed in 
terms of free energy of transfer of respective anions of the acids from H2O to EtOH-HfeO mixtures. It is found 
that the order of ionization of these acids in EtOH-HkO system is 2-nitrobenzoic acid>3-nitrobenzoic acid —4-
nitrobenzoic acid>benzoic acid. 

Previous reports from this laboratory presented the 
study of the rmodynamic dissociation constants of 
aminobenzoic, pyridinecarboxylic, and some a m i n o 
acids in e thanol -water ( E t O H - H 2 0 ) mixtures;1) and 
the solvent effect on the ionization of 2-, 3-, and 4-
nitrobenzoic acids in methanol -wate r ( M e O H - H 2 0 ) 
mixtures2) at 25 °C respectively. In bo th reports ben­
zoic acid was taken as a model c o m p o u n d since it has 
been widely studied in a lcohol-water mixed solvent 
system. 

E thanol -wate r consti tute nonideal binary solvent 
system,3) in which solvent-solvent interact ions play a 
considerable par t and properties of the mixtures can­
not always be interpreted on the basis of cont inuous 
miscibility of the components in all mixtures. Sol­
vent effect of such system as in Ref. 1 was differentiat­
ing on the ionization of neutral acids and on those 
which exist as zwitterions (dipolar in nature). Pres­
ent paper reports molar conductances of di lute solu­
tions of 2-, 3-, 4-nitrobenzoic and benzoic acids in 
E t O H - H 2 0 mixtures r ang ing in composi t ion from 0 
to 70 wt% ethanol , at 25 °C. T h e l imi t ing molar 
conductance (Ao) and the ionization constants (Kd) of 
the four acids were computed from conductance-
concentrat ion data us ing Fuoss 1978 conductance 
equa t ion wi th some modifications.4) From the 
pKa(=—\og Kd) values of these acids in E t O H - F b O 
mixtures values of free energy of transfer of carboxy-
late ions (AG° t r(A-)) from H 2 0 to E t O H - H 2 0 mix­
tures have been calculated. T h e results are discussed 
in terms of solvent effect on the ionizat ion of nitroben­
zoic acids and solute-solvent interactions. 

Experimental 

The acids were of ultrahigh purity product of E. Merck. 
These were recrystallized and dried in a way already de­
scribed elsewhere.2) Acids and KCl were stored in a desicca­
tor over P2O5. 

Ethanol (Absolute-Merck) was purified according to 
procedure described by Shedlovsky et al.5> After refluxing 

î Financial support from University Research Fund is 
acknowleged gratefully. 

with magnesium ethoxide, ethanol was distilled under ni­
trogen gas and middle fraction was collected in nitrogen 
filled flask. Further, it was immediately used after distilla­
tions. Deionized water was twice distilled for preparation 
of solvent mixtures and as aqueous medium. It was also 
stored in a flask filled with nitrogen gas. The specific 
conductances of EtOH and H2O were between 2—5X10~8 

and 2—4X10"7 Sern"1 respectively. The EtOH-H 2 0 mix­
ture were prepared in w/w composition. 

The viscosities and densities of EtOH-FbO mixture were 
measured in the same way as described earlier6) and are in a 
good agreement with those cited in literature.5'7) The di­
electric constants of mixtures were taken from liter­
ature.5'7) 

Conductance measurements were carried out using an 
autobalance precision bridge (Wayne Kerr, B641) at 1592 Hz 
in the same way as described elsewhere.7'8) Two different 
cells with cell constants 0.5498 and 1.0532 cm - 1 were used. 
The temperature of water bath was controlled at 25+0.02 °C. 
The cells were calibrated following the known procedures9) 
using KCl solutions in the concentration range (2—30)X 
10~4 mol dm - 3 . Duplicate measurements of each mixture 
were made. The results varied within ±0.1% only. 

Calculations and Results 

Physical propert ies of E t O H - H 2 0 mixtures are 
listed in Tab le 1. T h e molar concentrations and 
corresponding values of the molar conductances are 
given in Tab le 2 for all the four acids in solvent 

Table 1. Physical Properties of E tOH-H 2 0 
Mixtures at 25 °C 

% EtOH 
(w/w) 

0 
10 
20 
30 
40 
50 
60 
70 

d 

g • cm - 3 

0.9971 
0.9811 
0.9662 
0.9530 
0.9318 
0.9074 
0.8866 
0.8637 

*. 
cPa) 

0.890 
1.325 
1.810 
2.409 
2.375 
2.361 
2.234 
2.013 

D 

78.54 
72.80 
66.99 
62.10 
55.02 
48.50 
43.40 
36.70 

d=density; 77=viscosity; D=dielectric constant. 
a) 1 P=0.1 Pas. 
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Table 2. Molar Conductivities, A (S cm2 mol -1) and Molar Concentrations, C (mol dm -3) of Acids 
in Ethanol-Water Mixtures at 25 °C 

Wt% EtOH 
104C 

1.923 
5.357 
8.333 

10.938 
13.235 
15.227 
17.105 
18.750 
20.238 
21.591 

Wt% EtOH 
104C 

8.333 
10.938 
13.235 
15.277 
17.105 
18.750 
20.238 
21.591 

1.923 
5.357 

Wt% EtOH 
104C 

2.678 
4.167 
5.498 
6.618 
7.639 
8.553 
9.375 

10.119 
10.796 
0.962 

Wt% 
104C 

5.357 
8.333 

10.973 
13.275 
15.222 
17.105 
18.250 
20.238 
21.590 

1.923 

0 

A 

387.36 
368.57 
354.40 
344.02 
335.82 
329.18 
323.64 
318.96 
314.95 
311.47 

10 

A 

134.76 
121.92 
113.38 
107.24 
102.56 
98.86 
95.87 
93.38 

211.39 
157.01 

0 

A 

245.87 
218.38 
201.15 
189.36 
181.03 
174.02 
168.61 
164.15 
160.43 
301.99 

0 

A 

115.63 
95.96 
85.29 
78.423 
73.58 
69.95 
67.12 
64.85 
62.97 

172.28 

10 

A 

284.44 
262.83 
247.82 
237.42 
229.52 
223.29 
218.18 
213.96 
210.39 
207.33 

20 

A 

77.05 
68.86 
63.55 
59.77 
56.93 
54.70 
52.71 
51.43 

132.61 
91.87 

10 

A 

180.51 
155.93 
141.41 
131.80 
125.15 
119.66 
115.45 
112.00 
109.18 
238.22 

10 

A 

57.19 
50.02 
42.57 
39.21 
37.76 
36.36 
33.91 
32.75 
31.42 
95.22 

20 

A 

30 

A 

40 

A 

2-Nitrobenzoic acid 
169.61 
147.83 
134.82 
126.54 
120.57 
116.03 
112.44 
109.52 
107.10 
105.05 

30 

A 

143.61 
114.63 
100.38 
92.10 
86.44 
82.29 
79.07 
76.52 
74.44 
72.69 

40 

A 

96.62 
72.78 
62.31 
56.49 
52.61 
49.80 
47.66 
45.98 
44.61 
43.47 

50 

A 

3-Nitrobenzoic acid 
44.42 
39.49 
36.32 
34.09 
32.41 
31.09 
30.05 
29.19 
79.711 
53.49 

30 

A 

27.43 
24.29 
22.28 
20.89 
19.88 
19.01 
18.35 
17.81 
50.83 
33.28 

70 

A 

19.01 
16.78 
15.36 
14.38 
13.64 
13.06 
12.60 
12.23 
36.24 
23.22 

50 

A 

53.42 
38.36 
32.27 
28.99 
26.85 
25.32 
24.16 
23.25 
22.53 
21.92 

60 

A 

10.16 
8.93 
8.16 
7.62 
7.23 
6.92 
6.67 
6.46 

19.90 
12.49 

20 

104C 

4-Nitrobenzoic acid 
85.43 
71.31 
62.96 
58.93 
55.45 
52.84 
50.79 
49.14 
47.77 

121.41 

20 

A 

12.55 
10.54 
8.92 
8.15 
7.62 
7.22 
6.91 
6.66 
6.42 

19.78 

30 

A 

5.357 
8.333 

10.973 
13.275 
15.222 
17.105 
18.750 
20.238 
21.590 

1.923 

40 

A 

Benzoic acid 
40.56 
33.04 
29.09 
26.59 
24.84 
23.56 
22.54 
21.73 
21.07 
64.19 

24.17 
19.72 
17.37 
15.89 
14.85 
13.90 
13.04 
12.42 
12.00 
38.09 

11.97 
9.52 
8.23 
7.49 
7.04 
6.54 
6.19 
5.93 
5.76 

19.23 

A 

102.02 
85.73 
76.72 
70.85 
66.67 
63.53 
61.07 
59.08 
57.44 

146.25 

50 

A 

8.38 
6.72 
5.86 
5.33 
4.96 
4.69 
4.48 
4.31 
4.17 

13.98 

60 

A 

32.01 
22.45 
18.74 
16.77 
15.49 
14.58 
13.90 
13.36 
12.93 
12.56 

70 

104C 

0.961 
2.678 
4.167 
5.498 
6.618 
7.639 
8.553 
9.375 

10.119 
10.796 

70 

104C 

4.167 
5.498 
6.618 
7.639 
8.533 
9.375 

10.119 
10.796 
0.961 
2.678 

40 

A 

43.15 
35.64 
31.61 
29.03 
27.21 
25.85 
24.80 
23.95 
23.25 
65.35 

60 

A 

6.57 
5.26 
4.60 
4.18 
3.89 
3.67 
3.51 
3.38 
3.27 

10.96 

A 

9.04 
7.95 
7.25 
6.77 
6.42 
6.14 
5.92 
5.87 

17.86 
11.23 

50 

A 

25.28 
20.81 
18.40 
16.88 
15.86 
15.03 
14.41 
13.91 
13.50 
38.73 

A 

17.13 
12.23 
10.27 
9.22 
8.53 
8.04 
7.66 
7.37 
7.14 
6.94 

0 

A 

176.06 
159.33 
148.24 
140.22 
134.13 
129.30 
125.38 
122.15 
274.88 
206.10 

60 

A 

14.59 
11.94 
10.53 
9.64 
9.02 
8.56 
8.20 
7.91 
7.67 

22.82 

70 

104C 

2.678 
4.167 
5.498 
6.618 
7.639 
8.533 
9.375 

10.119 
10.796 
0.962 

A 

6.48 
5.25 
4.50 
4.09 
3.80 
3.59 
3.43 
3.31 
3.20 

10.78 

mixtures of different composi t ions listed therein. 
T h e experimental data were analyzed wi th Fuoss 1978 
conductance equation4) wi th some modifications. 
T h e l imi t ing molar conductances (Ao) and ionization 
constants (K<I=1/KA where KA is association constants 

for the process H++A~<=* H + A _ ) were deduced 

from the set of equat ions; 

A=p[Ao( 1+AX/X)+A/le] ( 1 ) 

=p[Ao-S(t)Cil/2+E(t)CànCi+Ji(t^/R)Ci+j2(t,fi/R)Ci3/2 

(2) 

KA=C2PyZ/(l-y) (3) 
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and 

-\nf=e2y/2DKT(\+kR) (4) 

where ß(=e2/Di<T) is twice the Bjerrum distance, p is 
the fraction of acid cont r ibu t ing to the conductance 
current AX/X is the relaxation field effect, AAQ is the 
electrophoretic counter current, l/k is the radius of the 
ion a tomsphere , D=dielectr ic constant of the solvent, 
e is the electron charge, K is Bol tzmann constant , R is 
the Gurney-sphere diameter, y is the fraction of solute 
present as unpa i red ions, C is the molari ty of the 
solut ion, d=Cy. T h e activity coefficients were cal-
cualted from the Debye-Hückel equa t ion (Eq. 4). 

T h e Gurney-sphere diameter serves as an adjustable 
parameter chosen to minimize the sum of the square 
of the residuals in the fitting of the conductance 
function to experimental data. However, for weak 
acids the variat ion in a, the standard deviation, as a 
function of R is too small to be significant in compari­
son to the experimental scatter of the data. Based on 
the recommendat ion of Fuoss,4) the value of R was set 
at twice the Bjerrum distance (R=e2/DkT). Tr ia l 
calculat ions with R set at ten times this values lowered 
pK* by only ±0.01 . 

Tab le 3 lists Ao values and Kd values of each acid in 
e thanol -water mixture . Values of oA(%) are standard 
deviation expressed as a percentage of Ao. Figure 1 is 
a p lot of pK* for the four acids versus composi t ion of 
solvent mixtures. 

T h e solvent effect on the ionizat ion of nitrobenzoic 
acids was calculated us ing re la t ionship 

<5(AGl(HA))=RT In (K?/Kl) (5) 

=5.7l(pKl-plC) (in kj mol"1) (6) 

where s and w refer to mixed solvent and H2O 
respectively, and pK& are respective values of —logKd 
in these media. T h e free energy of transfer of carbox-
ylate ions of each acid was calculated us ing Wells 
procedure10) 

AG?T(A-)=RT In (K:/Kl)-AG?r(H
+) (7) 

AGS(A-)=5.71 (p^-p^aW)-AGt°r(H+) 

18.01 & 
or 

+5, 7Hog(-
Ms-dw 

(8) 

where M s =100/(w/46.07)+((100-^) /18 .015) , w is the 
weight% of e thanol in mixture , <iw and ds are densities 
of pure water and mixtures at 25 °C. T h e values of 
AGt°r(H+) were taken from literature.11) T h e depend­
ence of values of G£(A -) of each nitrobenzoate and 
benzoate ions on composi t ion of mixture ( E t O H -
H2O) is shown in Fig. 2. 

In case of benzoic acid in 60 and 70% E t O H - F b O 
water system, association of ( H + A _ ) was so h igh that 
extrapolat ion to zero concentrat ion was impossible. 
For these systems, a p lot of log^l against l o g C was 
linear, wi th slope equal to —0.5. T h e conductance 
parameters were derived us ing Aprano et al. proce­
dure.17) They have suggested that in such cases 
Arrhenius approx ima t ion y—A/Ao (i.e. neglecting the 
effect of long-range electrostatic forces) should be 
used, so that the mass action equat ion reduces to 

CA*=A2
0/KA (9) 

which predicts a slope of —0.5 for the log- log plots 
and calls for constancy of the CA2 product. By a 
short extrapolat ion of plots of Waiden product Aot] 
against mole fraction of e thanol , values of Ao could be 
estimated for these systems, and then from the average 

6-0 

5.0 

3.0 

2.0 

o 2-Nitrobenzoic acid 

A 3-Nitrobenzoic acid 

A A- Nitrobenzoic acid 

• Benzoic acid 

7.0 

6-0 

5.0 

4.0 
30 40 

Wt% EtOH 

50 60 80 

Fig. 1. Dependence of pKa values of acids on composition of ethanol-
water mixtures at 25 °C. 
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Table 3. Conductance Parameters of Acids 
in (EtOH-H20) Mixtures at 25 °C 

%EtOH 
w/w 

0 
10 
20 
30 
40 
50 
60 
70 

0 
10 
20 
30 
40 
50 
60 
70 

0 
10 
20 
30 
40 
50 
60 
70 

0 
10 
20 
30 
40 
50 
60 
70 

A0 

S cm2 mol - 1 

OA 

% 

2-Nitrobenzoic acid 
401.56 
304.97 
190.97 
184.31 
141.87 
92.17 
62.34 
30.24 

0.005 
0.010 
0.008 
0.015 
0.020 
0.023 
0.017 
0.024 

3-Nitrobenzoic acid 
406.65 
315.26 
257.05 
186.34 
145.24 
132.49 
103.75 
107.72 

0.045 
0.070 
0.057 
0.031 
0.008 
0.015 
0.020 
0.033 

4-Nitrobenzoic acid 
370.35 
337.08 
275.02 
227.00 
174.28 
115.32 
86.78 
97.64 

Benzoic acic 
394.33+8.93 
292.24+6.55 
264.22+5.33 
204.13+1.78 
131.27+2.24 
105.35+4.37 

(125.22)a) 

(130.48)a) 

0.013 
0.020 
0.041 
0.022 
0.008 
0.017 
0.046 
0.044 

i 
0.041 
0.038 
0.035 
0.018 
0.045 
0.045 

— 
— 

Kd 

6.412X10"3 

2.993X10"3 

1.385X10-3 
5.236X10-4 

2.748X10-4 
1.503X10-4 
1.054X10-4 
5.636X10"5 

3.125X10-4 
2.052X10-4 
1.037X10-4 
6.022X10"5 

3.543X10"5 

1.935X10-5 
8.548X10-6 

3.111X10"6 

3.471X10-4 
1.626X10-4 
1.142X10-4 
5.846X10-5 
4.235X10-5 
2.070X10-5 
1.111X10-5 
4.808X10"6 

6.237X10-5 
4.735X10-5 
2.070X10-5 
6.123X10-6 

3.265X10-6 

1.963X10"6 

(1.109X10"6)a) 

(6.607X10"7)a) 

a) Values estimated using Eq. 9 i.e. 
values. 

approximate 

of CA2 for a given system, the corresponding associa­
tion constant was calculated. A summary of the 
derived constants is given in Table 3. 

Discussion 

T h e pKa values of benzoic and 2-, 3-, and 4-
nitrobenzoic acids in H2O are in good agreement wi th 
those quoted in li terature mainly derived by Potentio­
metrie methods. T h e ionizat ion constants of these 
acids in a few mixtures of E t O H - H 2 0 are also availa­
ble in literature12) which are in accord wi th values 
reported in this paper. Lah i r i et al.3) have studied 4-
nitrobenzoic acid in E t O H - H 2 0 system by solubility 
and Potent iometr ie methods. T h e pKa values derived 
by them are less than those derived in this study. 
T h i s may be due to their procedural digression from 
the no rma l Potent iometr ie method for determinat ion 
of pKa values of carboxylic acids in mixed solvent 

o 
S 

o 2-Nitrobenzodte 

A 3-Nitrobenzoate 

A 4-Nitrobenzoate 

• Benzoate 

Wt% EtOH 

Fig. 2. Dependence of transfer free energy values of 
carboxylate anions on the composition of ethanol-
water mixtures at 25 °C. 

1/DX102 

Fig. 3. Dependence of pKa values of 2-nitrobenzoic 
(O, • ) , 3-nitrobenzoic (A, A), and 4-nitrobenzoic 
acids (D, • ) on inverse of dielectric constant of 
E tOH-H 2 0 and MeOH-H 2 0 systems at 25 °C. 
Filled symbols for MeOH-HfeO system. 
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system.114) They measured p H values of saturated 
solut ion of 4-nitrobenzoic acid and calculated the 
respective pKa values. 

It has been found that these acids easily dissociate in 
MeOH-IHbO mixtures as compared in E t O H - H 2 0 
mixtures. T h i s would be at tr ibuted to lower values 
of relative viscosities and higher values of dielectric 
constants of M e O H - E b O media as compared wi th 
E t O H - H 2 0 mixed solvent system (see Fig. 3). 

Figure 1 shows that the plots of the respective pKa 

values of nitrobenzoic and benzoic acids versus % 
composi t ion of E t O H - E b O mixtures are nonl inear in 
mixtures wi th contents of E t O H more than 50%. 
Similarly in Fig. 2, plots of free energy of transfer of 
nitrobenzoate ions (AG t r(A-)) in k j m o l - 1 versus sol­
vent composi t ion are nonl inear . These values of 
AGtr(A-) become more positive as acids get transferred 
from aqueous to E t O H - E ^ O mixtures wi th higher 
contents of E t O H . It means that all these acids show 
remarkable deviation from pKa' calculated by us ing 
Born's equat ion: 

AGtr(el)=p^,
a=122 (l/D-0.0128)[(l/rH++l/rA_)] (10) 

where rH+, rA_ are respective ionic radii of p ro ton and 
an ion of an acid. 

These deviations suggest that the effect of E t O H -
H2O mixtures on the acidity of nitrobenzoic acids does 
not depend solely on electrostatic features, as predicted 
by Born.15) It may also be caused by ignor ing the 
variat ion in dielectric constant of the solvent mole­
cules in the vicinity of an ion.1) Further, it is found 
that on division of AG t r(diss) in to AG t r(el)(electrostatic 
free energy) and AG t r(chem)(the non-electrostatic 
chemical free energy) parts , the contr ibut ion of chemi­
cal free energy increases as the E t O H concentrat ion is 
raised. It means that specific chemical interactions 
are taking place between solvent molecules and the 
ions of respective acid. Similar conclusion can be 
drawn from calculations of APa (the change in pro ton 
affinity of conjugate base (A -) of an acid) values 
detailed by Wells:18) 

APa=5.707(Ap£a)+AGtr(H+)-C (11) 

where C is the last term in Eq. 8. 
T h e ionization or dissociation order in respect of 

the acids studied in ( E t O H - H 2 0 ) mixtures turns ou t 
to be: 2-nitrobenzoic acid>3-nitrobenzoic acid—4-
nitrobenzoic acid>benzoic acid. It means that 
p ro ton is easily released from 2-nitro substituted acid 

as compared wi th 3- and 4-nitro substituted acids. It 
can be at t r ibuted to difference of intramolecular hy­
drogen bond ing , inductive and resonance effects of the 
subst i tuent and its respective posi t ion on the benzene 
r ing wi th respect to carboxyl group.1 2 a ) Further, 2-
nitrobenzoate anions are more solvated than 3- and 4 
nitrobenzoate an ions wi th solvent molecules. 

Finally the normalized Waiden products (rfAVrfÂ") 
against percentage of E t O H in E t O H - H 2 0 system, 
decreases as the solvent mixture is riched in ethanol . 
T h e changes in the Waiden product are not only due 
to viscosity or dielectric constant variations bu t also to 
an al ter ing pro ton transfer mechanism.16) 
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The diamagnetic susceptibilities of benzamide, methylbenzamides, and hydroxybenzamides have been 
accurately measured. From these measurements and the calculated values of the in-plane susceptibilities, the 
semi-experimental anisotropics have been obtained. The magnetic data are correlated with the arrangement of 
these molecules in the crystals. 

Aromatic hydrocarbons are characterized by strong 
magnetic anisotropy. The principal molecular sus­
ceptibility Ks (normal to the plane of the ring) is 
greater than the principal susceptibilities K\ and K2 
(in the plane of the ring). This is usually interpreted 
in terms of "ring currents" involving the motion of 
mobile 7r-electrons around cyclic interatomic paths.1'2) 
The contribution of the ring current to the magnetic 
properties of aromatic molecules has been calculated 
recently by several authors.3-8) An interesting discus­
sion on the use of ring current concept has been also 
given by Gomes.9) The contribution of the o-
electrons and the local effect to the anisotropics of 
benzene and other systems were also investigated.10'11) 

Hoarau12) suggested that the London anisotropy 
probably accounts for not more than half of the 
observed anisotropy of benzene, and the rest is due to 
the anisotropics of localized a-electrons and n-
electrons according to the equation: 

A£obs=A£London+AK„+rï2Kn ( 1 ) 

O'Sullivan and Hameka13) reported that the suscepti­
bility can be represented as a sum of three terms, 
namely the contribution from the a-electrons and that 
from the 7r-electrons and the contribution from o-n 
interactions. 

The principal molecular susceptibilities K\, K2, and 
Ks, where K\, K2 are the in-plane susceptibilities and 
Ks (or KL) is the out-of-plane susceptibility, can be 
estimated by measuring the crystal susceptibilities (Xi, 
X2, and X3) along its principal axes combined with the 
orientation of the molecule in the crystal. The 
mathematical relations concerning the transition 
from the crystal susceptibilities (Xi, X2, and X3) to 
molecular susceptibilities (K\, K2, and £3) have been 
given by Lonsdale and Krishnan.14) Many investiga­
tions for aromatic hydrocarbons have been made in 
this way.15-17) One of the main disadvantages of this 
method is that, the accuracy of measurements depends 
on the success of obtaining large single crystal, and 
the detailed X-ray structures should be also known. 

Akamatu and Matsunaga18) calculated the values of 
the in-plane and out-of-plane susceptibilities for a 
number of aromatic hydrocarbons from the measured 
values of the mean molar susceptibilities. In recent 
series of papers,6'19) Blustin uses a localized 7r-bond 

model with a success of calculating both the magnetic 
susceptibilities and chemical shifts of a variety of 
benzenoid hydrocarbons. 

In the present work, the anisotropy of the molecule 
has been calculated semi-experimentally. According 
to Hoarau,12) the value of the in-plane susceptibility is 
given by 

K » = j (K1+K2) = 2 * A+na (2) 

where n is the number of trigonally hybridized carbon 
atoms and a is a constitutive correction (a=3.8X10~6 

emu mol -1) expressing quantitatively the effect of AKn 

of Eq. 1 on the in-plane susceptibilities. Since, the 
magnetic anisotropy AK of the molecule is defind as: 

AK=K3 - - | (K1+K2)=K±-KK 

and 

„obs_ 2K^+K± 

therefore 

A^Semi=3(XMS-^11) (3) 

According to Akamatu and Matsunaga,18) the aniso­
tropic part of the AK is mainly due to the circulation 
of the 7r-electrons in the plane of molecule, whereas K\ 
and K2 or 1/2 (K\+K2) is the isotropic part and will be 
the sum of the atomic susceptibilities based on the 
distribution of electrons being spherically symmetric. 
Thus we have 

Kl{ =2x"(AV) (4) 

where x"(AV) is the average of the two principal 
components of the susceptibility when the field is in 
plane. Equation 4 has been used by Mason20) and by 
Amos et al.3) for the calculations of the in-plane sus­
ceptibilities of some aromatic compounds. In this 
paper, the values of the in-plane susceptibilities have 
been calculated according to Eqs. 2 and 4 and the 
average is taken. This seems to us more accurate. 

In previous work,16'17) we have studied the effect of 
the inter- and intramolecular hydrogen bonds to the 
magnetic anisotropics of some aromatic molecules 
experimentally. Recently, we have also studied semi-
experimentally some aromatic molecules.21'22) 
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Experimental 

The compounds studied in the paper are: Benzamide, o-
methylbenzamide, m-methylbenzamide, ^-methylbenzamide, 
o-hydroxybenzamide, m-hydroxybenzamide, and £>-hydroxy-
benzamide. The crystal structures of these compounds are 
known23-28) except for the last compound. 

The Gouy method was used for the measurements of the 
mean molar susceptibility, XMS of each compound. In this 
method, the purified material was finely powdered and was 
uniformly packed in the specimen tube. The effect of the 
container was taken into account. The accuracy of the 
balance amounts to 10~5 gm. A correction for the porosity 
of the packed powder was applied. Since good powdering 
and packing were followed, random orientation might be 
assumed. Thus the results obtained from adopting such a 
procedure gave consistent diamagnetic susceptibility values. 

Results and Discussion 

The observed and the calculated molar susceptibili­
ties, XMS and XM1C for each compound are listed in 
Table 1. The method used for the calculation of XM1C 

is as follows (the numerical values are in the units of 
10"6 emu mol_ 1 in the follwing): 

a. The mean molar susceptibility of the benzene 
ring is taken as —55.20.3) 

b. The drop in diamagnetism of the benzene ring 
due to the replacement of one hydrogen atom by 
another atom or group is 2.00. 

c. The diamagnetic susceptibility of the (CONH2)+ 

is taken as —17.10.29) Accordingly, the diamagnetic 
susceptibility of the neutral CONH2 is —(17.10+ 

Table 1. Observed and Calculated Susceptibilities 

Compound 106Xt/ \&XM/ 
emu mol - 1 emu mol - 1 AXM 

Benzamide 
o-Methylbenzamide 
m-Methylbenzamide 
£>-Methylbenzamide 
o-Hydroxybenzamide 
m-Hydroxybenzamide 
^-Hydroxybenzamide 

-73.40 
-83.34 
-83.71 
-83.39 
-77.63 
-78.20 
-77.81 

-72.74 
-83.96 
-83.96 
-83.96 
-77.44 
-77.44 
-77.44 

-0.66 
+0.62 
+0.25 
+0.57 
-0.19 
-0.76 
-0.37 

Multiplying each value of XM, AX, K, and AK in 
emu mol - 1 by 4n gives those in cm3 m l - 1 of the SI 
units. 

2.44)=-19.54. 
d. The mean molar susceptibility of the CH3 group 

is —13.22.30) The mean molar susceptibility for the 
OH group is — 6.70.31) Thus for benzamide, XM1C is: 
(-55.20+2-19.54)=-72.74, which is in agreement 
with a value of —71.90 given in Ref. 29. 

The slight differences in XMS of the methylbenzam-
ide molecules can be explained in terms of the posi­
tional isomerism of the CH3 group. The CONH2 
group is m-directing. On the other hand, the CH3 is 
o,p-directing.32> Thus the order of magnitude of the 
XMS values should be m>p>o.ss) This is seen to be 
so. However, these difference in XMS are small to be 
significant. This is to be expected, since CONH2 is 
not strong m-directing21a) and the CH3 and/or the OH 
groups are o,p-directing groups.32'33) 

The compounds under investigations are strongly 
hydrogen bonded in their crystalline states. The 
molecular packing modes of primary amides and the 
hydrogen bonded contacts of amide groups have been 
considered by Leiserowitz and Schmidt.34) Accord­
ingly, the majority of amides form centrosymmetric 
hydrogen-bonded pair, the centers of which coincide 
with centers of symmetry of the unit cell. For benz­
amide molecules23) the hydrogen bonding system con­
sists of centrosymmetric pairs linked side by side to 
other pairs, which are b-translation related. Infinite 
ribbons, two molecule wide, therefore extend along 
the b-direction with the width of ribbon roughly in 
the c-direction.23) In Fig. 1 the 8-membered centro­
symmetric hydrogen bonded ring formed within the 
dimer together with that formed by the two COOH 
groups (for comparison) are shown. 

Benzamide molecules 

0 

Acid molecules 

The 8-membered ring 

01 02 

The 8-membered ring 

Fig. 1. 

Table 2. The Principal Molecular Susceptibilities (in 10~6 emu mol -1) 

Compound SXA 
i(K!+K2) 

—2xA+rca 
i(Ki+K2) 
=2xfl(AV) 

i(Ki+K2) 
mean K}1 Kz or KL 

Benzene 
Benzamide 
o-Methylbenzamide 
m-Methylbenzamide 
p-Methylbenzamide 
o-Hydroxybenzamide 
m-Hydroxybenzamide 
p - Hy dr oxyb enzamide 

-56.40 
-77.70 
-89.10 
-89.10 
-89.10 
-82.30 
-82.30 
-82.30 

-33.60 
-51.10 
-62.50 
-62.50 
-62.50 
-55.70 
-55.70 
-55.70 

-35.52 
-49.94 
-58.55 
-58.55 
-58.55 
-53.48 
-53.48 
-53.48 

-34.56 
-50.52 
-60.52 
-60.52 
-60.52 
-54.59 
-54.59 
-54.59 

-95.46 
-119.16 
-128.98 
-130.09 
-129.13 
-123.71 
-125.42 
-124.25 
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Table 3. 

M. M. ABDEL-KADER 

The Contribution of Hydrogen Bonding (in 

Compound AK'=K3—SXA 

Benzene 
Benzamide 
o-Methylbenzamide 
m-Methylbenzamide 
^-Methylbenzamide 
o-Hydroxybenzamide 
m-Hydroxybenzamide 
£>-Hydroxybenzamide 

-39.06 
-41.46 
-39.88 
-40.99 
-40.03 
-41.41 
-43.12 
-41.95 

A^semi 

-60.9 
-68.64 
-68.46 
-69.57 
-68.61 
-69.12 
-70.83 
-69.66 

Alcaic 

-64.05 
-64.05 
-64.05 
-64.05 
-64.05 
-64.05 
-64.04 

L 10~6 emu 

A 

— 
-4.59 
-4.41 
-5.52 
-4.56 
-5.07 
-6.78 
-5.61 

mol"1) 

Hydrog( 

[Vol. 63, No. 2 

m bond 
distances/Â 

Within 
a dimer 

2.933 
3.001 
3.220 
2.968 
2.76 
2.94 

— 

Between 
dimers 

2.907 
2.859 
2.970 
3.013 
2.98 
2.94, 2.98 

— 

The planarity of the last ring and its contribution to 
the magnetic anisotropy of the acid molecules have 
been discussed. 16'17'21'22) For the methylbenzamide 
molecules similar hydrogen bonding systems are 
observed. For the hydroxybenzamide compounds, 
the OH group participate in the hydrogen bonding 
systems. Thus for the o-hydroxybenzamide, the 
molecules are connected by two N - H - O hydrogen 
bonds, the first set forming a dimer across the center of 
symmetry and the second set, joining such dimers into 
an endless chain extended along the a-axis. For the 
m-hydroxybenzamide, there are three types of hydro­
gen bonds.28) The reference molecule at (x, y, z) is 
connected by the first set of 0-H---0 (amide) with the 
molecule at (l—x, 1— y, 1—z) to form a molecular pair 
across the center of symmetry. The pairs are piled up 
infinitely along the b-axis by second set of N - H - O 
(amide). The third hydrogen bonds, N-H---0 
(hydroxy), join the neighboring piles which is related 
to each other by the screw axis. A summary of the 
hydrogen bond lengths is given in Table 3. 

It is of interest to correlate the magnetic data of 
these compounds with their hydrogen bonding sys­
tems. The first report on the diamagnetism and the 
hydrogen bonding was first observed by Angus and 
Hill.35) Rumpf and Segun36) used the Pascal-Pacault 
method for the determination of XM1C and compared it 
with XMS for certain hydrogen bonded molecules; a 
lowering was observed which they attributed to the 
contribution of the hydrogen bonding of the mole­
cule. A change in diamagnetism of 1—5% was 
observed by Haberditzal8) with the formation of the 
hydrogen bonding. 

Lonsdale37) suggested that any satisfactory study of 
the effect of the hydrogen bonds on diamagnetism 
must take into account the three principal susceptibil­
ities (Ki, K2, and Ks) of the molecule. The value of 1/2 
(K1+K2) and the out-of-plane susceptibility, £3 for the 
compounds are given in Table 3. The magnetic data 
for the benzene ring are also included for comparison. 
The effect of the hydrogen bonding on the anisotropy 
of the molecule can be investigated by comparing the 
derealization anisotropy of the molecule by that of 

the benzene ring. According to Mason20) the hy­
drogen bond can give rise to electron derealization 
resulting in magnetic anisotropy. The derealiza­
tion anisotropy AK' is given by 

The atomic susceptibilities used in the calculation of 
SXatomic are: Xc=~7.4 and XH=2.0, given by Mason20) 
and Xo——4.6.38) For the XN, we have two different 
values, —9.020) and —5.6,38) thus the mean of these two 
values is taken, i.e. XN~—7-30. On the other hand, 
the average susceptibilities x"(AV) used for the calcu­
lation of K^ are: 

xU(AV)=-3.23,8> x!(AV)=-2.69,3> 

x[!)(AV)=-3.45,39) XN(AV)=-4.00,2°) 

xSU(AV)=-4.50.2°) 

The values of AK' of the molecules are given in 
Table 3. For the benzene ring, the value most 
recently calculated is —37.80.6) The experimental 
value of this term is —38.20.40) The method used in 
this work yields the value of —39.06. It can be seen 
from Table 3 that the value of any benzamide mole­
cule is numerically greater than that of the benzene 
ring. This additional anisotropy of the molecule is 
attributable to the effect of the electron derealization 
resulting from the hydrogen bonding as suggested by 
Mason.20) 

One can investigate the effect of the hydrogen bond­
ing to the magnetic anisotropy of a given molecule by 
comparing the semi-experimental anisotropy AKsemi of 
that molecule with the calculated value, Altaic. The 
difference between them may be taken as the contribu­
tion of the hydrogen bond. The magnetic anisotropy 
of the benzene ring has been extensively considered 
both theoretically and experimentally.3'4'7) The aver­
age value of this anisotropy is about —60. The 
method used in this paper yields the value of —60.90 as 
given in Table 3. The magnetic anisotropy of the 
O O group is 3.15.15) The OH and the CH3 groups 
are assumed to be magnetically isotropic. 

Thus the anisotropy of one molecule without any 
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contr ibut ion of hydrogen bond ing is about —64.05. 
T h e difference between the semi-experimental aniso-
tropy of one molecule and that value is taken as the 
effect of the hydrogen bond ing on its anisotropy. 

From the data shown in Tab le 3 it is clear that the 
values A^semi are numerical ly h igher than the calcu­
lated one (i.e. 64.05). T h e average increase in the 
anisotropy of one molecule of methylbenzamides 
(and /or benzamide) is about 4.77. T h u s the com­
bined effect of two molecules (i.e. one dimer) is there­
fore 9.54. Referring to the structures of these mole­
cules, this value 9.54 is ascribed to the magnet ic 
anisotropy of the 8-membered r ing (Fig. 1) formed by 
two hydrogen b o n d i n g of these molecules. 

O n the other hand , the corresponding increase in 
the anisotropy of one molecule of hydroxybenzamides 
is about 5.82. T h u s for two molecules (one dimer) 
this value is 11.64, which is slightly higher than that 
of methylbenzamide dimer. Th i s is very interesting 
because for hydroxybenzamide dimer we have beside 
the 8-membered r ing formed by intermolecular hydro­
gen bond, there is a 6-membered r ing result ing from 
the in t ramolecular hydrogen bonds i.e. the O H 
groups are part ic ipated in the hydrogen bond ing sys­
tems.27'28) In other words, we have stronger hydrogen 
bond and hence h igh (numerically) magnet ic aniso­
tropy. T h e results of hydroxybenzamides shown in 
Tab le 3 confirm this conclusion. 
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A distinct correlation between the reducibility of metal oxides in hydrogen and the strength of the oxygen 
bond in their surface layer has been found. Simultaneously it has been shown that the widely accepted concept 
for a correlation between the melting points of oxides and their reducibility needs a critical reconsideration. 

T h e ini t ial stages of interaction play an impor tan t 
role in the reduct ion of metal oxides. The i r studies 
are associated wi th a series of problems such as the 
chemical compatibi l i ty of the metal oxides and the 
elucidat ion of the kinetics and mechanism of reduc­
t ion processes. In this connection, special a t tent ion 
is pa id to the ini t ial temperature of reduct ion of metal 
oxides, which is regarded as an impor tan t characteris­
tic of their activity.1'2) 

In previous papers the ini t ial temperature of reduc­
tion was compared wi th the mel t ing points of the 
oxides, wi th the t ransi t ion po in t doped to intrinsic 
conductivity, and wi th the width of the forbidden zone 
of semiconduct ing oxides.3 '4) 

Some authors5 '6 ) have used the ini t ial temperature of 
reduct ion as a measure of the strength of oxygen bond 
in metal oxides. In a paper of ours7) a satisfactory 
correlation between these quant i t ies was found. 
However, the data available permit ted a semiquant i ­
tative compar ison only. 

Very reliable data are obtained du r ing the recent 
years on the temperatures at which close rates of the 
init ial reduct ion of oxides of the 1st t ransi t ion metal 
series wi th hydrogen are achieved.8) 

It is of interest to find a correlation between these 
data and the results on the b ind ing energy of oxygen 
in the surface layer of metal oxides. For that pur­
pose, we used the values of the bond ing energy of 
oxygen in the surface layer of metal oxides obtained by 
the method of oxygen isotopic exchange.9 '11) T h e 
exchange of gas-phase oxygen with the oxygen of 
metal oxides is a subject of numerous studies.7'9'12) As 
is k n o w n the homomolecu la r oxygen isotopic 
exchange may obey one of three mechanisms depend­
ing u p o n the na ture and pretreatment procedure of 
oxides; 

I. Wi thou t the par t ic ipa t ion of oxygen from the 
oxide surface. 

II. Wi th the par t ic ipa t ion of one a tom of the sur­
face oxygen in each act of displacement. 

III. Wi th the par t ic ipa t ion of two atoms of surface 
oxygen of the oxide in each act of exchange. 

It has been established by numerous studies that in 
the cases when the 3rd mechanism of exchange is 
obeyed the activation energies of exchange practically 
coincide wi th the energies of oxygen bond ing to the 

oxide surface.13'14) T h i s was confirmed also by 
adsorption-calorimetric and other independent mea­
surements of the bond ing energy of oxygen in the 
surface layer of different metal oxides.14) Simultane­
ously we took in to consideration that in the study of 
the two processes (the reduct ion wi th hydrogen and 
the oxygen isotopic exchange) the oxides are subjected 
to similar treatments. As was already noted in our 
previous papers,7) this method of determinat ion of the 
bond energy of surface oxygen (q/) has some advan­
tages and belongs to the most reliable methods (IO). 
T h e reciprocal value of the temperature at which a 
definite rate of the reduct ion wi th hydrogen Ru2=l/TT 

is achieved is taken as measure of the oxides reducibil­
ity. T h e values of qs' and Ru2 for oxides of the metals 
of the 4th Period of the Periodic Tab le are compared 
in Fig. 1. Obviously, there is a clearly expressed 
correlation. Figure 2 shows that there is also a satis­
factory correlat ion between the oxygen bond ing ener­
gies of the oxides and the ini t ial activation energy of 
their reduction. T h i s leads to the supposi t ion that 
dur ing the reduct ion of the oxides with hydrogen a 
simple correlation of the type of the Br^ns ted-Polanyi 
relationship1 2) is followed; i.e.; 

E, = E0 + ßq/ (1) 

where ß is a propor t ional i ty coefficient which depends 

x 

80 160 
g. ' /kj • mol"1 

240 

Fig. 1. Relationship between the binding energy of 
the surface oxygen in metal oxides (qi) and the 
reciprocal temperature at which a given rate of 
reduction is attained, RH2. 
1, C03O4; 2, Mn02 ; 3, CuO; 4, NiO; 5, Fe2Os; 6, 
ZnO; 7, V2O5; 8, T i0 2 . 
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g s /kj • mol - 1 
240 

Fig. 2. Relationship between the binding energy of 
surface oxygen in metal oxides and the activation 
energy of their reduction in hydrogen, £ared 

(kjmol-i). 

on the na ture of the reducing agent. Evidently, in 
this case the value of the bond ing energy of surface 
oxygen is included in the value of the activation 
energy of the reduct ion process. It may be expected 
that this would also be valid for other gaseous reduc­
ing agents such as C O , hydrocarbons, alcohols, and 
other organic compounds , if the reduction is not 
complicated by secondary processes (autocatalysis, dis-
p ropor t iona t ion of C O , transport phenomena etc). 
T h e presence of a correlation of the above type 
expressed by Eq. 1 facilitates predictions of the reduci­
bility of metal oxides wi th various gaseous reducing 
agents. If the correlation is valid, wi th the change of 
the gaseous reducing agent the oxide reducibilities 
would vary in an analogous manner . Of course, 
other factors have also to be taken in to consideration, 
e.g. the acidity or basicity of oxides and reducing 
agents, the specificity of activation of the reducing 
agent molecule, the possibility of blocking the oxide 
surfaces by the reaction products etc. 

As was already poin ted out, in some papers2 ) it is 
stated that there is a correlation between the ini t ial 
temperature of reduct ion of metal oxides and their 
mel t ing points . In some of the papers, a quant i ta t ive 
rat io between these parameters is found,2>4) which is 
expressed by the equat ion: 

J- initial reduction 0.46Tmeiting+250 

T h e analysis of the experimental data on metal 
oxides reduct ion gives no convincing evidence of this 
correlation. It suffices to note that the mel t ing 
points of N i O and Si02 do not substantially differ 
from each other. At the same time, the differences 
between the ini t ial temperatures of oxides reductions 
with gaseous reducing agents, exceeds 1000 °C. T h e 
h igh dissipation of the points in Fig. 3 indicates the 
necessity of reconsideration this widely accepted 
concept.2 '4) 

Finally it should be pointed out that the above 
examples and data agree wi th our op in ion according 

U 
o 

\ 

600 

500 

400 

1000 1500 2000 2500 
7V°C 

Fig. 3. Relationship between the temperature at 
which a given rate of reduction of metal oxides is 
attained Tr and their melting temperatures, Tm. 
1, V2O5; 2, CuO(Cu20); 3, Fe203; 4, T i0 2 ; 5, NiO; 6, 
ZnO; 7, Co304(CoO). 

to which the data on the bond strength of surface 
oxygen in metal oxides and in complex oxide systems 
can successfully be used to predict their reducibility. 
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The Polarographie behavior of Cu(II), Pb(II), T1(I), Sn(II), In(III), Cd(II), and Zn(II) was investigated in 
the presence of polyethylene glycol (PEG) in 0.1 mol dm - 3 potassium chloride. PEG was adsorbed on mercury 
drops within the potential range from ca. —0.2 through —1.50 V vs. SCE, and shifted the half-wave potentials of 
Sn(II), In(III), Cd(II), and Zn(II) toward the negative direction, leaving the wave heights unchanged. On the 
other hand, the polarograms of Cu(II), Pb(II), and T1(I) were not affected by the presence of PEG. Linear 
relationships between the wave heights for Cu(II), Pb(II), In(III), Cd(II), Zn(II), and their concentrations were 
obtained in the presence of PEG. Among these ions, the Polarographie waves of In(III) and Cd(II), whose 
reduction potentials are very close together, became well separated in the presence of PEG. It is, therefore, 
possible simultaneously determine In(III) and Cd(II) in this medium. Interference between In(II) and Pb(II) 
was observed in freshly prepared solutions. It is, however, feasible to precisely determine both ions by using 
PEG as a reduction potential-shift reagent for In(III) in order to eliminate the interference. 

It is well known that some kinds of surfactants 
suppress the m a x i m u m waves of d.c. polarograms or 
render the Polarographie reaction irreversible, result­
ing in shifts of half-wave potentials of ions toward the 
negative side.1-3* Reilley et al.4) successfully deter­
mined Bi(II) and Pb(II) by amperometr ic t i trat ion in 
the presence of gelation, which exhibits an electro­
chemical masking effect u p o n the reduction of Pb(II). 
Fuj inaga et al.3) also appl ied this effect for the deter­
mina t ion of Cu(II) and T1(I). 

There seems, however, to have been few studies on 
the Polarographie behavior of other metal ions in 
addi t ion to those ment ioned above in the presence 
of a surfactant. T h i s paper deals wi th the effect of 
polyethylene glycol (PEG) on the behavior of polaro­
grams for Cu(II), Pb(II), T1(I), Sn(II), In(III), Cd(II), 
and Zn(II). A m o n g these ions, the half-wave poten­
tials for In(III) and Cd(II) are generally very close 
together; it is therefore no t easy to determine them 
separately us ing a convent ional suppor t ing electro­
lyte, such as hydrochloric acid or potassium chloride. 

Several at tempts5 - 7) have been made to s imultane­
ously determine the ions by us ing different suppor t ing 
electrolytes, such as KI or KBr, where the difference of 
the reduction potent ials becomes somewhat large 
th rough selective complexat ion. In the presence of 
P E G the reduction potent ials of these ions become 
qui te separated, a l though their polarograms become 
irreversible. It was, therefore, feasible to determine 
In(III) and Cd(II) s imultaneously. 

Fur thermore, the reduct ion potentials for Pb(II) and 
In(III) are also close together. Al though interference 
between these two ions was observed, it could be 
el iminated by us ing P E G as a reduction potent ial 
shift-reagent for In(III). PEG, therefore, plays an 

ï Preliminary reports were presented at the 33rd Meeting of 
the Japan Society for Analytical Chemistry, Nagoya, 
October 1984 and the 34th Meeting of the same society, 
Kobe, October 1985. 

impor tan t role in a s imul taneous determinat ion of the 
ions. T h e wave height, reduction potential , relation­
ship between the wave height and the concentration 
were also investigated for the s imultaneous determina­
tion of these ions in the presence of P E G in this 
medium. 

Experimental 

Apparatus and Reagents. The Polarographie limiting 
current was measured using a Yanagimoto Model P-8 Pola-
rograph at 25+0.05 °C. The dropping mercury electrode 
had the following characteristics: ra=0.863 m g s - 1 in water, 
£=1.28 s (a forced drop time) in 0.1 mol dm - 3 KCl at mercury 
column height of 70 cm. These characteristics were 
obtained with an open circuit at 25+0.05 °C. A saturated 
calomel electrode was employed as a reference electrode. 
The solutions were deaerated with pure nitrogen for 5 min 
before measurements. 

Polyethylene glycol (Mw=1000, 2000, 3000, 7500, and 
20000) was supplied by Tokyo Kasei Co., Ltd. Stock solu­
tions of Cu(II), Pb(II), T1(I), Sn(II), In(III), Cd(II), and 
Zn(II) were prepared from reagent-grade CuS04-5H20, 
Pb(N03)2, TlNOs, SnCl2, InCl3-4H20, CdCl2-2-1/2H20, 
and ZnS04 • 5H 2 0 were supplied by Kanto Chemical Ltd. 
and used without further purification. 

Results 

Polarographic Behavior for In(III) and Cd(II) in the 
Presence of PEG. Figure 1 shows polarograms of 
In(III) in 0.1 mol d m - 3 KCl in the presence of various 
amounts of PEG. T h e l imi t ing current for In(III), 
wi th a half-wave potent ia l of —0.59 V vs. SCE, gradu­
ally decreased wi th an increase in the PEG concentra­
tion, whereas another wave was observed at —1.65 V 
vs. SCE. Above 2.4X10"4 mol dm" 3 in P E G concen­
tration, the reduction wave for In(III) appeared to be 
negative wi th a value of ca. —1.65 V vs. SCE. T h e 
Polarographie behavior of In(III) in the presence of 
P E G was almost independent on the molecular 
weight of the polymer (Fig. 2). T h e l imi t ing current 
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of In(III) obtained wi thou t PEG was equal to that 
shifted to ca. —1.65 V vs. SCE. Figure 3 shows polar-
ograms of Cd(II) at different concentrat ion of PEG. 
As the concentrat ion of P E G increases, the reduction 
wave of Cd(II) shifts toward the negative side, com­
pr is ing two waves. T h e sum of these l imi t ing cur­
rents for Cd(II) wi th half-wave potentials at —0.72 and 
—1.10 V vs. SCE was equal to that wi thou t PEG. 
T h e first and second reduction currents remained 
almost unchanged in the P E G concentrat ion range 
from 2.4X10-4 mol dm" 3 to 1.2X10"1 mol dm"3 . As 
the molecular weight of P E G increased, the current of 
the first wave decreased; the current of the second one 

increased so as to compensate each wave height , main­
ta in ing the total current constant , equal to that 
obtained wi thout P E G (Fig. 4). T h e behaviors of 
In(III) and Cd(II) induced by the presence of P E G 
were not observed when ethylene glycol was 
employed. T h e ratio of the l imi t ing current to the 
square root of the mercury co lumn height for In(III) 
or Cd(II) was constant, indicat ing that the reduct ion 
process for both ions are diffusion controlled. Figure 
5 shows electrocapillary curves for solutions contain­
ing various amoun t s of PEG. P E G begins to absorb 
on the mercury drop from ca. —0.20 th rough —1.60 
Vvs. SCE wi th in this potent ial range, the electro-

Potential (V vs. SCE) 

Fig. 1. D.c. polarograms for In(III) in the presence 
of PEG. 
Conen of PEG: 1) 0, 2) 9.6X10"4 mol dm"3, 
3) 2.4X10-3mol dm-3, 4) 2.4X10"2—1.2X10"1 mol 
dm - 3 , concn of In(III): 4.0X10-4 mol dm - 3 , concn of 
KCl supporting electrolyte: 0.1 mol dm~3, molecu­
lar weight (Mw) of PEG: 20000, temperature: 
25+0.05 °C. 

i _L i 

-0.3 -0 .7 - 1 . 1 

Potential ( V vs. SCE) 

-1 .5 

Fig. 3. D.c. polarograms for Cd(II) in the presence 
of PEG. 
Concn of PEG: 1) 0, 2) 2.4X10-4-1.2X10-1 mol 
dm -3 , concn of Cd(II): 4.0X10-4 mol dm - 3 , concn of 
KCl supporting electrolyte: 0.1 mol dm - 3 , Mw of 
PEG: 20000, temperature: 25±0.05 °C. 
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Fig. 2. Dependence of limiting current for In(III) on concentration 
of PEG. 
Mw of PEG: • : 1000, 0 : 2000, € : 3000, 0 : 7500, O: 20000. Concn 
of In(III): 4.0X10-4 mol dm - 3 , : limiting current with £1/2= 
—0.67 V, : limiting current with £1/2=—1.67 V, concn of KCl 
supporting electrolyte: 0.1 mol dm - 3 , temperature: 25+ 0.05 °C. 
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chemical reductions of In(III) and Cd(II) become 
irreversible. 

Nezu et al.8>9) reported that crown ether absorbs on a 
mercury drop while rendering the electrochemical 

0,75 L v " -
K i l l 1 i 

2000 3000 7500 20000 

Molecular Weight of PEG 

Fig. 4. Dependence of limiting current for Cd(II) on 
molecular weight of PEG. 
0 : current for 1st wave, O: current for 2nd wave, 
•.•current for total wave, concn of Cd(II): 4.0X 
10-4 mol dm"3, concn of PEG: 2.4X10"2 moldm"3, 
Mw of PEG: 20000, concn of KCl supporting electro­
lyte: 0.1 mol dm - 3 , temperature: 25+0.05 °C. 

-1.6 

Potentials vs. SCE) 

Fig. 5. Electrocapillary curves for 0.1 mol dm - 3 KCl 
solution containing various amounts of PEG. 
Concn of PEG: O: 0, (D: 1.2X10"3 mol dm"3, 
• : 2.4X10-2 mol dm~3, Mw of PEG: 20000, tempera­
ture: 25±0.05 °C. 

reaction of metal ions irreversible, or to shift their 
reduction potent ials toward the negative side, while 
keeping the reduction current unchanged. P E G also 
absorbs on a mercury drop while collecting metal ions 
and forming a complex like crown ether. P E G is 
supposed to have a sufficient number of oxygen atoms 
to form a r ing that would grasp a cation inside the 

r ing 10) 

Matsuda et al.11_13) tried to interpret the mechanism 
of a two-step reduction of Cd(II) us ing PEG in NaNÛ3 
suppor t ing electrolyte in terms of the formation of a 
polymer-meta l ion complex on an electrode. T h e 
reduction of ions in this exper iment would also be due 
to the formation of complexes with the PEG absorbed 
on the mercury drop. T h e fact that the diffusion 
currents for In(III) and Cd(II) remain unchanged in 
this exper iment explains the formation of the com­
plexes ment ioned above. T h e diffusion current dras­
tically decreases when reducible ions form a complex 
with a polymer in a bu lk solut ion to diffuse to an 
electrode, since the diffusion coefficient of the poly­
mer-meta l ion complex becomes much smaller than 
that of only the ion.14) T h e reduction wave of In(III) 
did not appear when NaNÛ3 was used as a suppor t ing 
electrolyte instead of KCl, while the polarogram of 
Cd(II) is a two-step reduction wave like that in KCl 
medium. T h e Polarographie behavior of Cd(II) and 
In(III) in the presence of PEG, therefore, seems to be 
so complicated that a precise interpretation of this 
reduction mechanism should be the subject for future 
study. At any rate, P E G is a noteworthy example as a 
reduction potential-shift reagent in polarography. 

In the presence of PEG, the reduction potentials of 
In(III) and Cd(II) become m u c h separated from each 
other, imply ing that a s imul taneous determinat ion of 
these ions is feasible in a KCl medium. Linear rela­
t ionships between the concentrat ion of In(III) and the 
reduction current were found, passing th rough the 
origin in the presence of P E G a n d / o r Cd(II) (Table 1). 

Table 1. Relationship between the Diffusion Current for In(III) 
and the Concentration in 0.1 mol dm - 3 KCl 

Concn of 
In(III) 

No PEG present PEGa) present PEGa) and Cd(II)b) present 

mmol dm - 3 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.8 

id/pA 

0.765 
1.536 
2.303 
3.106 
3.840 
4.615 
6.230 

I=i 

Av. 
s 

C.V. 

d / C ^ i V ß 

8.099 
8.132 
8.128 
8.222 
8.131 
8.143 
8.245 

: 8.157 
: 0.054 
: 0.66% 

id/fJiA 

0.747 
1.538 
2.304 
3.069 
3.870 
4.626 
6.154 

I=u/Cm?inv* 

Av. 
s 

C.V. 

7.908 
8.142 
8.131 
8.123 
8.195 
8.163 
8.145 

: 8.115 
: 0.094 
: 1.16% 

ià/lxA 

0.750 
1.520 
2.301 
3.111 
3.900 
4.590 
6.100 

I=u/Cm2iHV* 

Av. 
s 

C.V. 

7.940 
8.046 
8.120 
8.234 
8.258 
8.099 
8.073 

: 8.110 
.0.109 
: 1.35% 

a) Concentration of PEG: 1.2X10"1 mol dm"3, Mw of PEG: 20000. b) Concentration of Cd(II): 
4.0X10-4 mol dm"3, C: concentration of In(III): ra=0.863 mgs"1 , £=1.28 s, s: standard of 
deviation, c.v.: coefficient of variation, temperature: 25+0.05 °C. 
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Table 2. Relationship between the Diffusion Current for Cd(II) 
and the Concentration in 0.1 mol dm-3 KCl 

Conen of 
Cd(II) No PEG present PEGa) present PEGa) and In(III)b) present 

mmol dm - 3 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.8 

id/[xA 

0.358 
0.690 
1.065 
1.455 
1.755 
2.115 
2.882 

I=i 

Av. 
s 

C.V. 

d/Cm2/3^/6 

3.790 
3.653 
3.759 
3.851 
3.713 
3.732 
3.810 

: 3.758 
: 0.065 
: 1.74% 

id/fxA 

0.354 
0.699 
1.080 
1.410 
1.713 
2.073 
2.931 

I=id/CmVHVe 

Av. 
s 

C.V. 

3.748 
3.700 
3.812 
3.732 
3.627 
3.658 
3.879 

: 3.736 
: 0.087 
: 2.33% 

id/pA 

0.355 
0.700 
1.079 
1.420 
1.725 
2.070 
2.940 

I=id/Cm2/Hvs 

Av. 
s 

C.V. 

3.758 
3.706 
3.808 
3.759 
3.653 
3.653 
3.891 

: 3.747 
: 0.086 
: 2.29% 

a) Concentration of PEG: 1.2X10"1 moldm"3, Mw of PEG: 20000. b) Concentration of In(III): 
4.0X10-4 mol dm-3, C: concentration of Cd(II), ra=0.863 nigs-1, £=1.28 s, s: standard devia­
tion, c.v.: coefficient of variation, temperature: 25+0.05 °C. 

Table 3. Effects of the Co-existence of In(III) and Cd(II) on Their Currents in 0.1 mol dm~3 KCl 

Conen of In(III) 

mmol dm~3 

0.1 
0.1 
0.1 
0.1 
0.1 

0 
0.1 
0.5 
1.0 
5.0 

Conen of Cd(II) 

mmol dm - 3 

0 
0.1 
0.5 
1.0 
5.0 

0.1 
0.1 
0.1 
0.1 
0.1 

id for In(III) 

pA 

0.656 
0.651 
0.645 
0.650 
0.654 

— 
— 
— 
— 

c.v.(%) 
(n=6) 

1.10 
2.07 
1.89 
0.83 
1.22 

— 
— 
— 
— 
— 

id for Cd(II) 

jLtA 

— 
— 
— 
— 

0.369 
0.369 
0.366 
0.364 
0.369 

c.v.(%) 
(n=6) 

— 
— 
— 
— 

0.51 
2.30 
1.95 
1.25 
1.28 

c.v.: coefficient of variation, n: number of measurement, concentration of PEG: 2.4X10-1 

mol dm-3, Mw of PEG: 20000, temperature: 25+0.05 °C. 

Similar relationships for Cd(II) were also obtained in 
the presence of PEG and/or In(III) (Table 2). The 
effects of the co-existence of In(III) and Cd(II) on their 
currents were also investigated (Table 3). These facts 
suggest that a simultaneous determination of both 
ions is possible without any interference in the pres­
ence of a fifty-fold excess of the other ion. Indium 
and cadmium often exist in sphalerite. From a 
metallurgical point of view, there are practical needs 
for determing small amounts of cadmium in large 
amouts of indium. The reduction potential of Cd(II) 
is more positive than that of In(III) in this method. 
Therefore, it is suitable that this kind of determina­
tion uses PEG as a reduction potential-shift reagent 
rather than using Kl as a supporting electrolyte, since 
the reduction potential of Cd(II) is more negative than 
that of In(III) in a KI medium. 

Polarographic Behavior of Pb(II)-In(III) and 
Pb(II)-Cd(II) in the Presence of PEG. Pb(II)-In(III). 

Since the Polarographie reduction potentials of 
Pb(II) and In(III) are also close together, interference 
was observed between both ions in a freshly prepared 
solution. Although the reduction potential for 

Pb(II) is not affected by the presence of PEG, the wave 
height for Pb(II) increases up to ca. 10% of its original 
height when In(III) co-exists (Fig. 6). This kind of 
interference was observed when using HCl or NaClO* 
as a supporting electrolyte. This is probably because 
part of the In(III) is subject to reduction with Pb(II). 
On the other hand, the wave height for In(III) 
remained unchanged because the amounts of In(III) 
reduced beforehand at the reduction potential for 
Pb(II) was negligibly small compared to the total 
In(III) content in bulk solution. The interference, 
however, was removed by the presence of PEG, which 
shifted the reduction potential of In(III) to a much 
more negative value. A linear relationship between 
the reduction current for Pb(II) and its concentration 
was obtained in the presence of PEG and In(III). 
Similar relationships were also obtained for a solution 
of In(III) in the presence of PEG and Pb(II). It is, 
therefore, possible to precisely determine both Pb(II) 
and In(III) in this medium using PEG. 

Pb(II)-Cd(II). Although the difference in the 
reduction potentials of Pb(II) and Cd(II) is almost the 
same as that for Pb(II) and In(III), no interference was 
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1) without PEG 

Conen of In(IH)(10~4M) 

Fig. 6. Effect of In(III) on limiting current for 
Pb(II). 
• : in the presence of PEG, O: without PEG, concn 
of Pb(II): 2.0X10-4 moldm-3, concn of PEG: 
1.2X10-1 mol dm - 3 , concn of KCl supporting elec­
trolyte: 0.1 mol dm~3, Mw of PEG: 20000, tempera­
ture: 25+0.05 °C. 

7 

J 

0.5/iA 
L 

Pb(iu/ 

Cu(II) J 

L_L 1 

cddi) ^0tm 

1 

J In(in) 

_J L 
-0.5 -1.0 -1.5 

Potential (V vs. SCE). 

-2.0 

Fig. 7. D.c. polarogram for solution containing 
Cu(II), Pb(II), In(III), and Cd(II) in the presence of 
PEG. 
Concn of each ions: 2.0X10-4 mol dm - 3 , concn of 
PEG: 1.2X10-1 mol dm~3, concn of KCl supporting 
electrolyte: 0.1 mol dm"3, Mw of PEG: 20000, 
temperature: 25+0.05 °C. 

observed for the former pair , different from the latter 
case. A linear re la t ionship between the reduction 
current and the concentrat ion for Pb(II) or Cd(II) was 
obtained in the presence of PEG. 

As ment ioned above, in this med ium the interfer­
ence between In(III) and Pb(II) would give rise to an 
appreciable error in any determinat ion of the Pb(II) 
concentrat ion; also, the reduction potentials for 
In(III) and Cd(II) are so close together that any precise 
determinat ion of the concentrat ion for these ions is 
a lmost impossible. However, these difficulties were 
overcome by us ing P E G as a reduction potential-shift 

Fig. 8. Half wave potentials for ions in the presence 
of PEG and without PEG. 
Concn of KCl supporting electrolyte: 0.1 mol dm - 3 , 
Mw of PEG: 20000. 

reagent in the determinat ion of these ions. Figure 7 
shows successful polarograms of Cu(II), Pb(II), Cd(II), 
and In(III) obtained in the presence of PEG. 

Other Ions. Polarograms of Cu(II) and T1(I) were 
not affected by the presence of PEG, while the reduc­
tion potent ials of Sn(II)15> and Zn(II) shifted toward 
the negative side: from —0.45 to —0.65 V vs. SCE, and 
from - 1 . 0 3 to - 1 . 3 4 V vs. SCE, respectively. T h e 
wave heights for all these ions remained unchanged. 
T h e change in the half-wave potentials is shown in 
Fig. 8. When s imul taneous determinations of these 
ions are necessary, P E G would be a useful reagent for 
separat ing the ions by selectivity. 

T h e au thor wishes to thank Prof. M. Kasagi of this 
Academy for his useful comments on this work. 
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The simultaneous determination of In(III) and Cd(II) was investigated by d.c. polarography in the presence 
of polyethylene glycol (PEG) in 0.1 moldm"3 hydrochloric acid. The PEG shifts the half-wave potential of 
Cd(II) from —0.67 to —0.82 V vs. SCE and reduces the wave height. A linear relationship between the wave 
height for Cd(II) and the concentration was obtained in the presence of various molecular weights of PEG. An 
increase in the molecular weight of PEG also causes a decrease in the wave height. On the other hand, a 
reduction wave of In(III) was not observed down to the reduction potential for hydrogen at a certain 
concentration of PEG. It is, therefore, possible to determine In(III) and Cd(II) separately, since Cd(II) can be 
determined by multiplying by a calibration factor. In(III) can also be determined by the difference between the 
merged-wave height for In(III) plus Cd(II) and the wave height for the determined Cd(II). 

In a previous paper,1) it was reported that In(III) 
and Cd(II), whose reduct ion potentials are very close 
together,2"4) can be s imul taneously analyzed in a pot­
assium chloride suppor t ing electrolyte in the presence 
of polyethylene glycol (PEG). P E G works as a reduc­
tion potential-shift reagent on these ions in this 
med ium, a l t hough it renders those Polarographie 
reduction process irreversible. In a hydrochloric acid 
suppor t ing electrolyte, P E G also plays an impor tan t 
role in the determinat ion of these ions. In the pres­
ence of P E G , the reduct ion wave he ight of Cd(II) 
decreases and then remains constant, whi le that of 
In(III) does not appear . T h i s fact makes it possible 
to determine bo th ions simultaneously. T h e results 
agree qui te well wi th those obtained in a KI medium.5) 

Experimental 

Apparatus and Reagents. Polarographic limiting cur­
rents were measured using a Yanagimoto Model P-8 Polaro-
graph at 25+0.05 °C. The dropping mercury electrode had 
the following characteristics: ra=0.863 mgs"1 in water, 
£=1.28 s (a forced drop time) in 0.1 mol dm"3 HCl at mercury 
column height of 70 cm. These characteristics were 
obtained with an open circuit at 25+0.05 °C. A saturated 
calomel electrode was employed as a reference electrode. 
The solutions were deaerated with pure nitrogen for 5 min 
before measurements. Polyethylene glycol (Mw=1000, 
2000, 3000, 7500, 20000) was supplied by Tokyo Kasei Co., 
Ltd. Reagent grade CdCl2 • 2 • 1/2H20 and InCl3-4H20 
were from Wako Pure Chemical Ltd. and used without 
further purification. 

Results 

Figure 1 shows polarograms of Cd(II), followed by 
the hydrogen wave, in the presence of various 
amounts of PEG. As the concentrat ion of P E G 
increases, the reduct ion wave height decreases, reach-

+ A preliminary report was presented at the 37th Meeting 
of the Japan Society for Analytical Chemistry, Sapporo, 
September 1988. 

ing a certain value. T h e half-wave potential of the 
polarogram gradually shifts toward the negative side as 
the po la rogram changes in to an irreversible reaction. 
T h e wave current of In(III), also followed by a hydro­
gen wave, decreased sharply and then did not appear 
in this potent ia l range a long wi th an increase in the 
concentrat ion of P E G (Fig. 2). Figure 3 shows the 
dependence of the currents for Cd(II) and In(III) on 
the concentrat ion of PEG. When the mole ratio, /, of 
ethylene glycol residue to Cd(II) exceeds 10, the reduc­
tion current for Cd(II) remains a definite value, whi le 
that for In(III) completely disappears. T h e ratio of 
the l imi t ing current to the square root of the mercury 
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i i L / /7TC(5) 

r i i i i i i I 

-0.5 -0.7 -0.9 -1.1 -1.3 -1.5 

V vs.SCE 

Fig. 1. D.c. polarograms for Cd(II) in the presence 
of PEG. 
Conen of PEG: 1) 0, 2) 1.2X10"3 mol dm"3, 3) 
3.0X10-3 mol dm-3, 4) 6.0X10"3 mol dm"3, 5) 1.2X 
10-2 mol dm-3, concn of Cd(II): 6.0X10"4 mol dm"3, 
Mw of PEG: 1000, concn of HCl supporting electro­
lyte: 0.1 mol dm-3, temperature: 25+0.05 °C. 
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V vs.SCE 

Fig. 2. D.c. polarograms for In(III) in the presence 
of PEG. 
Conen of PEG: 1) 0, 2) 6.0X10"4 mol dm"3, 
3) 3.0X10-3 moldm - 3 , 4) 6.0X10-3 mol dm"3, Mw of 
PEG: 1000, concn of In(III): 6.0X10-4 moldm"3 , 
concn of HCl supporting electrolyte: 0.1 moldm - 3 , 
temperture: 25+0.05 °C. 
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Fig. 3. Dependence of currents for Cd(II) or In(III) 
on concentration of PEG. • : Cd(II), O: In(III), 
/=[PEG]/[Cd] or [In(III)], concn of In(III): 6.0X 
10-4 moldm-3 , concn of Cd(II): 6.0X10-4 moldm"3 , 
concn of HCl supporting electrolyte: 0.1 moldm - 3 , 
Mw of PEG: 1000, temperature: 25+0.05 °C. 

co lumn height for In(III) or Cd(II) was constant, 
indicat ing that the reduct ion process for bo th ions is 
diffusion controlled. Figure 4 shows electrocapillary 
curves for 0.1 mol d m - 3 hydrochloric acid conta in ing 
various amoun t s of PEG. P E G begins to absorb on a 
mercury drop at —0.20 V vs. SCE. Figure 5 shows the 
dependence of the diffusion currents for Cd(II) on the 
molecular weight of P E G . T h e diffusion current for 

-1 .5 

V vs . SCE 

Fig. 4. Electrocapillary curves for 0.1 moldm - 3 HCl 
containing various amounts of PEG. 
• : 0, 0 : 4.8X10-4 moldm - 3 , (D: 1.2X10-4 moldm - 3 , 
O: 2.4X10-4 moldm - 3 , Mw of PEG: 1000, tempera­
ture: 25+0.05 °C. 

0 1000 5000 10000 20000 

Molecular Weight of PEG 

Fig. 5. Dependence of h for Cd(II) on molecular 
weight of PEG. 
Concn of Cd(II): 6.0X10-4 mol dm - 3 , concn of PEG: 
8.0X10-3 moldm - 3 , concn of HCl supporting elec­
trolyte: 0.1 moldm - 3 , temperature: 25+0.05°C. 

Cd(II) gradual ly decreases as the molecular weight 
increases. In a previous paper,1) the reduction wave 
of Cd(II) was shown to change in to a two-step reduc­
tion wave in the presence of P E G in 0.1 mol d m - 3 KCl. 
T h e molecular weight dependence of the wave height 
for Cd(II) in 0.1 m o l d m - 3 H C l is almost similar to 
that of the first wave for Cd(II) in 0.1 m o l d m - 3 KCl. 
However, it is difficult to be certain whether the 
second wave of Cd(II) will appear at a more negative 
potent ial in 0.1 m o l d m - 3 HCl , since the reduction 
wave of a hydrogen a tom appears. On the contrary, 
the dependence of the wave height for In(III) on the 
molecular weight is in contrast to that for Cd(II). At 
a certain concentrat ion of P E G , the wave height for 
In(III) becomes small; then, it gradually increases as 
the molecular weight increases (Fig. 6). T h e cause of 
the decrease and increase in the diffusion current for 
In(III) has not yet been clarified. In a potass ium 
chloride med ium, the Polarographie wave for In(III) 
in the presence of P E G becomes irreversible, and shifts 
to the negative side, leaving its wave height 
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2.0 

1.0k 

I y^ ° 

without PEG 

In(IÏÏ) Cd(II) 

with PEG 

Cd(II) 

0 1000 5000 10000 20000 

Molecular Weight of PEG 

Fig. 6. Dependence of h for In(III) on molecular 
weight of PEG. 
Conen of In(III): 6.0X10"4 mol dm"3, concn of PEG: 
6.0X10-4 mol dm - 3 , concn of HCl supporting elec­
trolyte: 0.1 mol dm - 3 , temperature: 25+0.05 °C. 

.1.0 

2.0 4.0 6.0 8.0 

Concn of Cd(II) (10"4M) 

Fig. 7. Relationship between diffusion current for 
Cd(II) and concentration in the presence of In(III) 
and different molecular weight of PEG. 
©: without PEG, 0 : 1000, O: 4000, • : 6000, d : 
20000. Concn of PEG: 8X10~3 mol dm"3, concn of 
In(III): 6.0X10-4 mol dm"3, concn of HCl support­
ing electrolyte: 0.1 mol dm - 3 , temperature: 25+ 
0.05 °C. 

unchanged. In a hydrochloric acid supporting elec­
trolyte, the Polarographie behavior of In(III) within 
the potential range of ca. —0.70 through —1.50 V is 
similar to that in a potassium chloride medium. 
However, it is almost impossible to assure whether the 
reduction wave for In(III) will be observed at a much 
more negative potential in 0.1 mol dm - 3 HCl or 
whether no wave for In(III) will appear in this 
medium, as in NaN03,6) due to interference of the 
hydrogen wave. The Polarographie behavior there­
fore seems to be significantly affected by the nature of 
supporting electrolyte. 

Linear relationships between the diffusion currents 
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Fig. 8. Procedure for Polarographie determination 
of In(III) and Cd(II) in 0.1 mol dm"3 HCl. 

for Cd(II) and the concentration were obtained using 
different molecular weight of PEG (Fig. 7). The 
same relationships were obtained when 6X10-4 

mol dm~3 In(III) co-existed. The effect of In(III) on 
the current for Cd(II) was investigated in the presence 
of PEG. The wave height for Cd(II) was not affected 
by the presence of In(III) in a 50-fold excess over 
Cd(II). These facts suggest that it is feasible to deter­
mine In(III) and Cd(II) separately by the procedure 
shown in Fig. 8. 

At first, it is recommended that one obtains the 
relationship between the wave current for In(III) and 
the concentration without PEG. Similar relation­
ships for Cd(II) both in the presence of PEG and 
without PEG should also be obtained. Thus, the 
calibration factor, y, for the wave height of Cd(II) is 
given. Then, polarograms for the targeted solutions 
containing In(III) and Cd(II) are measured both with 
and without PEG. For the above-mentioned solu­
tion with PEG, only the reduced-height wave for 
Cd(II) will be obtained. 

A determination of Cd(II) is, therefore, carried out 
by using the calibration factor, while referring to the 
relationship between the current for Cd(II) and its 
concentration. A determination of In(III) is also pos­
sible using the difference between the merged-wave 
current for In(III) plus Cd(II) and that for the deter­
mined Cd(II), while referring to the relationship 
between the wave height for In(III) and its concentra-



600 Takuzo KUROTU [Vol. 63, No. 2 

Sample No. 

Table 1. Determination of the Concentration for In(III) and Cd(II) 
in 0.1 mol dm-3 HCl or 1 mol dm"3 KI 

Composition Results I Results II 
of sample T n n 1 mn} H m _ 3 H r i w - t h pvr&) T n ] mn} H m _ 3 K T 

mol dm - 3 mol dm - 3 mol dm - 3 

Cd(II): 2.00X10-4 

In(III): 2.00X10-4 

Cd(II): 4.00X10-4 

In(III): 2.00X10-4 
Cd(II): 8.00X10-4 

In(III): 2.00X10-4 

2.00X10-4 
1.95X10-4 

4.00X10-4 
1.95X10-4 
8.05X10-4 
1.95X10-4 

2.05X10-4 
1.95X10-4 
4.00X10-4 
2.00X10-4 
7.95X10-4 
1.95X10-4 

a) Conen of PEG: 1.2X10"1 mol dm"3, Mw of PEG: 1000, temparature: 25+0.02 °C. 

tion. 
Pola rographic measurements were carried out on 

sample solutions con ta in ing various ratios of In(III) 
and Cd(II) us ing 1 mol d m r 3 KI suppor t ing electrolyte 
and this medium. T h e obtained results us ing this 
method practically agree with the theoretical values 
and are also comparable to those in a KI med ium 
(Table 1). T h e above ment ioned method is suitable 
for practical purposes. When it is difficult to prepare 
sufficient amount s of solut ion wi th and wi thou t P E G 
for the Polarographie measurements , for example; as 
in the case of very small a m o u n t of sample. T h i s 
procedure may be advisable, since a solut ion contain­
ing In(III) and Cd(II) can be prepared and suppl ied to 
the Polarographie measurement; then, P E G is added 

to the solut ion in order to e l iminate the wave of In(III) 
for a subsequent measurement. 

T h e au thor wishes to thank Prof. M. Kasagi of this 
Academy for useful comments on this work. 
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The Reductions of Azido-, Thiocyanato-, and Isothiocyanato-
pentacyanocobaltate(III) Anions by Titanium(III) 

in Aqueous Acidic Solution 
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The reductions of azido-, thiocyanato-, and isothiocyanato-pentacyanocobaltate(III) anions by aquatita-
nium(III) have been studied in aqueous solution with 7=1.0 moldm"3 (LiCl) 7=25°C. The reactions are 
found to have inverse acid dependence of the form: k0bsd=kK/(K+[H+]). The estimated values of k and K are 
1.47 dm3 mol - 1 s - 1 and 1.0X10-2 mol dm - 3 for the azido complex and 4.85 dm3 mol - 1 s - 1 and 6.0X10-3 mol dm - 3 

for the thiocyanato complex. Various criteria including the ÄN3-/&NCS- and ÄSCN-/&N3- ratios among others are 
used to suggest inner-sphere mechanism for these reactions. 

T h e reductions of the three pentaamminecobal t ( I I I ) 
complexes of the general formula [Co(NH3)sX]2 + ( X = 
:N3- , :SCN~, and :NCS") by various reductants (Cr(II), 
V(II), Fe(II), Eu(II) U(III) , Ti(III) , Ru(II) , Cu(I)) have 
been widely investigated. 1"12) 

T h e general reactivity trend that has been 
observed1-12 ) for the reduct ion of these cobalt(III) com­
plexes is &SCN->&N3->&NCS-. In part icular , the magni ­
tude of the rat io &N3-/&NCS- has been used extensively 
in d iagnos ing mechanism of electron transfer. A 
very large rat io (>103) is usually indicative of inner-
sphere mechanism while a much smaller value (<10) 
implicates outer-sphere mechanism. T h e ratio &SCN-/ 
&N3- also has been used ( though less frequently) to 
diagnose electron transfer mechanism. A relatively 
large value &SCN-/&N3- (ca. 200) indicates outer-sphere 
mechanism while small values (<10) imply inner-
sphere mechanism. Many of these authors1 - 1 2) also 
employed the use of log - log plots, based on Marcus 
l inear free energy (LFE) re la t ionship as further evi­
dence in the interpretat ion of the mechanisms of the 
reactions. 

Unl ike these pentaamminecobal t ( I I I ) complexes, 
the reductions of the pentacyano analogues are yet to 
be exhaustively studied. T h e ru thenium(II ) reduc­
tions of [Co(CN) 5 Xf- ( X = H 2 0 , O H - , N C S - , N 3 - , 
n=2 or 3) reported recently,13'14* and the vanadium(II) 
reductions of [Co(CN)5X]"- (X=C1- , Br-, I", SCN- , 
N3- , and H2O, n—ï or 3) reported by Espenson and 
Davies,15) are the few examples of the redox behavior 
of pentacyanocobaltate(III) complexes. We here 
present a report of the reductions of [Co(CN)sX]3-
( X = N 3 - , SCN- , and NCS") by aquat i tanium(II I ) in 
aqueous acidic solut ion. T h e study is a imed at com­
pa r ing the effects of the replacement of the nonbr idg-
ing ammine (NH3) l igands by the anionic cyano (CN~) 
l igands and also invest igat ing the coulombic effects in 
the reductions of the negatively charged anionic pen­
tacyano complexes as compared to the positively 
charged cationic p e n t a a m m i n e complexes by cationic 
reductants. 

Exper imenta l 

Materials. K3[Co(CN)sN3] was prepared according to the 
method described by Wilmarth and others.16) It was puri­
fied and characterized by its electronic and infrared absorp­
tion maxima. Its absorption peaks and absorption coeffi­
cients agree with literature values. 16'17) The complexes 
K3[Co(CN)5SCN] and K3[Co(CN)5NCS] were prepared, puri­
fied and characterized by means of their infrared and elec­
tronic absorption spectra as reported in the literature.17'183) 
Hexaaquatitanium(III) solutions were prepared from tita­
nium metal according to literature procedures.19'21) Their 
electronic spectra agreed well with literature values.19-21) 
The concentrations of the titanium(III) solutions were deter­
mined by both titrimetric and spectrophotometric dilution 
methods. Both methods agreed within 5%. The free acid 
concentrations in the titanium(III) solutions were deter­
mined by both ion-exchange titrations (using either Dowex 
50W-X8 or IR120 Amberlite resin columns) and by sub-
stracting three times the titanium(III) concentration from 
the total hydroxyl concentration according to the equation: 

[H+] = [OH-]-3[Ti(III)] (1) 

assuming quantitative conversion of Ti(III) to Ti02(s) based 
on the equation: 

4Ti3+ + O2 + 120H- - • 4Ti02(s) + 6H2O (2) 

Kinetics. All the reactions were followed by conven­
tional technique using a Pye-Unican SP 500 series 2 UV-Vis 
spectrophotometer. Absorbance changes were monitored 
at A=380 nm for the Ti(III)/[Co(CN)5N3]3- systems and at 
A=340 nm for Ti(III)/[Co(CN)5X]3- (X= :SCN~, :NCS~) 
systems. All reactions were studied under pseudo-first-
order conditions with the concentrations of the Ti(III) spe­
cies in at least ten fold excess over those of the Co(III) 
oxidants. The cell compartment was well-thermostated to 
25.0+0.1 °C. The reactions were studied at an ionic 
strength of 1.0 mol dm - 3 (LiCl). 

All the solutions used were thoroughly deoxygenated with 
pure nitrogen that has been previously scrubbed in chrom-
ous towers. Ti(III) solutions for use in kinetic runs were 
freshly prepared from a stock solution that had been stored 
under nitrogen in the refrigerator. During kinetic runs, 
nitrogen gas blanket was maintained over the solution mix­
tures in the serum-capped 4 cm spectrophotometric cell. 
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Results 

Spectrophotometr ic t i trat ions showed that the stoi-
chiometry of all the redox reactions was 1 :1 , i.e. one 
mole of the oxidant was always consumed by one mole 
of the reductant . Pseudo-first-order plots us ing both 

Table 1. Kinetic Data for the Reduction of [Co(CN)5N3]3-
by Ti(III) at 25 °C and 7=1.0 mol dm"3 (LiCl) 

[H+r 
mol dm - 3 

0.005 

0.020 

0.030 

0.050 

0.075 

0.100 

104[Co(III)] 103[Ti(III)] 

mol dm - 3 mol dm - 3 

1.005 
1.005 
1.005 
1.005 
1.005 
1.005 
1.005 
0.997 
0.997 
0.997 
0.997 
1.000 
1.005 
1.000 
1.000 
0.997 
0.997 
1.005 
1.000 
1.000 
1.005 
1.005 
1.005 

3.06 
5.10 
7.14 
2.04 
3.06 
5.10 
7.14 
3.06 
5.10 
7.14 
3.06 
5.10 
7.14 
2.04 
3.06 
5.10 
7.14 

10.24 
2.04 
3.06 
5.10 
7.14 

10.24 

104&s 

S " 1 

35.56 
51.51 
84.25 

8.67 
14.44 
22.49 
32.34 
11.08 
18.05 
25.49 

6.30 
12.80 
16.14 

3.41 
5.18 
8.27 

11.99 
17.20 
2.51 
3.76 
6.38 
9.07 

12.90 

h a> 
tobsd 

dm3 mol - 1 s - 1 

1.064 
1.010 
1.180 
0.425 
0.472 
0.441 
0.453 
0.362 
0.354 
0.357 
0.206 
0.251 
0.226 
0.167 
0.169 
0.162 
0.168 
0.168 
0.124 
0.123 
0.125 
0.127 
0.126 

a) £obsd=MTi(IH)]. 

Table 2. Kinetic Data for the Reduction of [Co(CN)5-
SCN]3- by Ti(III) at 25 °C and 7=1.0 

mol dm-3 (LiCl) 

[H+] 

mol dm - 3 

0.010 

0.020 

0.050 

0.075 

0.100 

104[Co(III)] 

mol dm - 3 

2.20 
2.20 
2.94 
2.94 
2.94 
4.12 
4.12 
4.12 
2.20 
2.75 
2.97 
2.97 
2.97 
2.20 
2.20 
2.75 
2.20 
2.75 
2.75 
2.97 

103[Ti(III)] 

mol dm - 3 

2.22 
3.33 
4.44 
6.67 

11.11 
4.44 
6.67 
8.89 
2.22 
3.33 
5.50 
6.67 
8.89 
2.22 
4.44 
7.78 
3.33 
5.56 
6.67 
8.89 

103&s 

s-1 

3.79 
5.83 
8.63 

12.00 
19.51 
5.20 
7.22 
9.96 
1.17 
1.60 
2.69 
3.35 
4.45 
0.79 
1.56 
2.80 
0.90 
1.51 
1.83 
2.40 

h a) 
ftobsd 

dm3 mol - 1 s - 1 

1.706 
1.749 
1.941 
1.800 
1.756 
1.170 
1.081 
1.119 
0.525 
0.480 
0.489 
0.502 
0.500 
0.356 
0.352 
0.360 
0.270 
0.272 
0.274 
0.270 

infinity and Gugge inhe im methods1 8 b ) were linear to 
more than three halflives in all cases. Several 
a t tempts made to study the t i tanium(III) reduct ion of 
[Co(CN)sNCS]3- showed it to be very slow and no 
detailed kinetic study of this system was under taken 
because of complicat ions/errors accompanying such 
slow t i tanium(III ) reactions. For the r emain ing two 
systems, the observed second-order rate constants, &0bsd 
decreased wi th increasing acidity as evidenced in 
Tables 1 and 2 thus showing that T i O H 2 + is the 
p redominan t Ti(III) reductant. Plots of &0bsd vs. 
[ H + ] - 1 gave curves for bo th systems, while plots of 1/ 
&obsd vs. [ H + ] (Figs. 1 and 2) were linear for the two 
reactions. T h i s is consistent wi th the rate equat ions: 

or 

ftobsd 

1 

kK 
K+[H+] 

= — + — [ H + ] 
ftobsd k kK L J 

(3) 

(4) 

0.06 0.08 
-3 

0.10 

[H ] / mol-dm" 

Fig. 1. Dependence of l/&0bsd o n [ H + ] for the 
Ti ( I I I ) / [Co(CN) 5 N 3 ] 3 - reaction; 7=1.0 m o l d m " 3 , 
t=25°C. 

a) &obsd=MTi(III)]. 

0,02 0.04 0.06 0.08 0.10 

[H+] / mol-dm"3 

Fig. 2. Dependence of l/£0bsd o n [ H + ] for the 
Ti ( I I I ) / [Co(CN) 5 SCN] 3 - reaction; 7=1.0 m o l d m " 3 , 
t=25°C. 
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From the plots of Figs. 1 and 2 and using least 
square analysis of the data in Tables 1 and 2 at 25 °C, 
K was estimated to be (1.0±0.1)X10-2 mol dm"3 with 
a correlation coefficient of 0.99 and £=(1.47+0.16) 
dm3 mol"1 s"1 for the reduction of [Co(CN)sN3]3-. 
For the reduction of [Co(CN)5SCN]3", similar treat­
ment gave £=(6.0±0.8)X10-3 mol dm - 3 with a correla­
tion coefficient of 0.99 and a k value of (4.85+0.62) 
dm3 mol - 1 s"1. 

Discussion 

The second-order rate constants obtained in this 
study follow the trend ÄSCN->ÄN3->ÄNCS- in agreement 
with the earlier reports.1-12) Espenson4* observed that 
the azido and the isothiocyanato ligands in complexes 
of the types M-N=N=N: and M-N=C=S: coordinate 
with metal-ion reductants in the activated complex 
states. In such cases, the attack from the usually hard 
reductant metal center is on the nitrogen atom for 
azido complex and on the sulfur atom for the iso­
thiocyanato complex. The intermediate formed by 
the azido complex with the hard reductant is more 
stable and therefore reactions involving :N3~ as the 
bridging ligand are expected to be much faster than 
those involving :NCS~ as bridging ligand. The fact 
that the reduction of [Co(CN)sNCS]3~ was too slow 
to be measurable under our conditions shows that 
[Co(CN)5N3]3" is reduced at a much faster rate. Birk8) 

as well as Bakac and Orhanovic9) also observed such 
very slow reactions in the Ti(III) reduction of 
[Co(NH3)5NCS]2+. The very slow rate observed for 
the reduction of [Co(CN)5NCS]3_ in this study sug­
gests a relatively high &N3-/ÄNCS- ratio which as earlier 
indicated by other authors1"12) supports an inner-
sphere mechanism. Similar high ratios have been 
used to classify many reactions as inner-sphere (Table 
3) based on the higher stability of the N3" bonded 
intermediate over the NCS - bonded one. 

When SCN" is the bridging ligand, the complex 
formed has been shown1) to have a bent shape of the 

form 

Co111-S 
\ C = N: 

For this complex, attack by the reductant can either be 
an adjacent one on the sulfur atom or a remote attack 
on the nitrogen atom. Shea and Haim1* had observed 
that in the inner-sphere reductions of [Co(NH3)sX]2+ 

(X=N3- and SCN-) by Cr2+, the two oxidants are 
reduced at comparable rates. We may therefore in a 
similar manner propose again an inner-sphere mecha­
nism in the present study in which [Co(CN)sSCN]3" 
and [CO(CN)ÖN3]3" are reduced at comparable rates. 
Our observed low value of 3.3 for the ÄSCN-/&N3- ratio 
is therefore in agreement with inner-sphere mecha­
nism (Table 3). 

From our results, the values of K (Eq. 3) obtained in 
mol dm-3 are 6.02X10"3 and 1.01X10"2 for the thiocya-
nato and the azido oxidants respectively. While the 
K value for the reduction of the azido complex is much 
higher than the typical range of values of (1.2— 
5.0)X10-3 mol dm - 3 often quoted12'22'23* for the simple 
hydrolysis of Ti(III), the K value for the thiocyanato 
complex is only slightly higher than the upper limit 
of this hydrolytic constant of Ti(III). The higher 
values in both cases indicate that there are other 
preequilibria processes19* including the formation of 
the precursor complexes along with that of the simple 
hydrolysis of Ti(III) in the reactions (i.e. the kineti-
cally determined K is a composite equilibrium con­
stant) which supports inner-sphere mechanism. A 
similar result was reported by Bakac and Orhanovic9) 

in the Ti(III) reduction of the thiocyanato- and azido-
pentaammine cobalt(III) complexes where the K 
values were given as 5.3X10-3 and 4.4X10~2 mol dm - 3 

respectively. A plausible explanation for the present 
observation and that of Bakac and Orhanovic9) for 
cases where the K values are close to the normal values 
of K* (hydrolytic constant of Ti(III)) is that the simple 
hydrolysis of Ti(III) plays a more significant role over 
that of other participating preequilibria processes in 

Table 3. Relative Rates of Reduction of Azido, Thiocyanato, 
and Isothiocyanato Complexes at 25 °C 

Oxidant 

[Co(NH3)5X]2+ 

[Co(CN)5X]3-

Reductant 

Cr2+ 
V2+ 

Fe2+ 

Eu2+ 

XJ3+ 

Cu+ 
TiOH 2 + 

[Cr(bpy)3]2+ 

[Ru(NH3)e]2+ 

[Ru(NH3)5H20]2+ 

[Ru(NH3)6]2+ 

[Ru(NH3)5H20]2+ 

TiOH 2 + 

ÄN3-/ÄNCS-

2X104 

43 
3X103 

4X103 

4X104 

103 

4X105 

4 
1.5 
2.2 
2.1 
2.1 
>103 

ÄSCN-/ÄN3-

0.6 
2.3 

14.3 
16.0 
— 
— 
4.2 

50 
200 
278 

— 
— 
3.3 

Mechanisma) 

i.s 
i.s 
i.s 
i.s 
i.s 
i.s 
i.s 
o.s 
o.s 
o.s 
o.s 
o.s 
i.s 

Reference 

1 
2,3 
3,4 
5 
6 

12 
7,9 
2,12 
11 
11 
14 
14 

This work 

a) i.s: inner-sphere, o.s: outer-sphere. 
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these reactions. 
Sutin24* as well as Poon and others25* have p u t an 

uppe r l imit of 50 dm 3 m o l - 1 s - 1 to the rate constants 
for the inner-sphere reductions of some cationic com­
plexes by V(II). [Co(CN)5SCN]3- and [Co(CN) 5N 3] 3-
are reduced by V(II)15) wi th rate constants of 138 and 
112 d n ^ m o l - 1 s - 1 respectively and are still classified as 
inner-sphere redox reactions. These exceptions have 
been l inked wi th the an ion ic na ture of the oxidants 
which confer h igher stability on their precursor com­
plexes in the transi t ion states. V2 + has been shown26) 
to be a more efficient reductant than T i O H 2 + in inner-
sphere redox reactions. T i O H 2 + reduces19* [Co(CN)s-
SCN] 3 - and [Co(CN) 5N 3] 3- wi th rate constants of 4.85 
and 1.47 dm 3 m o l - 1 s - 1 respectively. These values are 
m u c h lower than those of V 2 + reductions15* of the same 
complexes in agreement wi th T h o m p s o n and Sykes26) 

observations for inner-sphere processes. 

T h e pen t aammine analogues of the present oxi­
dants were reduced by Ti(III)9 ) under similar condi­
tions with rate constants of 1.0X103 and 45.6 dm 3 m o l - 1 

s - 1 respectively. When the nonbr idg ing l igand NH3 
is exchanged for CN~, the respective rate costants are 
4.85 and 1.47 d m 3 m o l " 1 s " 1 . T h e higher reactivity of 
the pen t aammine complexes over the pentacyano 
complexes can be explained in terms of nonbr idg ing 
l igand effect. T h e NH3 l igand is at a lower field 
strength in the spectrochemical series and therefore 
more weakly b o u n d to the cobalt than the CN~ l igand. 
T h i s makes the NH3 l igand to provide a lower energy 
pa th for redox reactions and hence it is expected that 
the rates of Ti(III) reductions of the pen taammine 
oxidants would be faster than the corresponding pen­
tacyano oxidants. T h e present result is in line wi th 
this expectation and is in agreement wi th what 
Benson and Haim27* as well as Bifano and Linck28* 
reported in their studies of nonbr idg ing effects in 
reductions of some cobalt(III) complexes. Conver­
sely, coulombic considerations resul t ing from the dif­
ferent nonbr idg ing l igands require that the penta­
cyano complexes, which are anionic , be reduced at a 
faster rate by the positively charged Ti(III) species 
than the pen taammine complexes which are also posi­
tively charged as the Ti(III) species. T h e reverse is 
the case in this study and it therefore seems that the 
nonbr idg ing l igand effect in this instance has a greater 
influence than the coulombic effect. 

Financial suppor t from Obafemi Awolowo Univer­
sity Research Commit tee is gratefully acknowledged. 
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Extraction-Spectrophotometric Determination of Chromium(VI) 
with Hydroxyamidines 
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A new, simple, rapid, and selective spectrophotometric method for determining Cr(VI) by extraction with 
hydroxyamidines in chloroform over 0.2—0.8 M HCl is described. The molar extinction coefficient of the 
complexes of Cr(VI) with 10 different hydroxyamidines lie in the range of (1.30—1.52)X1041 mol - 1 cm - 1 at /Lax 
390—400 nm. Of these, the simplest compound, A^ydroxy-A^A^-diphenylbenzamidine (HDPBA) has been 
chosen for the detailed studies. The limit for detection is 0.1 jug Cr/cm3. The composition of the complex, 
and the effect of solvents, acids and diverse ions on the extraction of the metal are discussed. The method is free 
from interference of most of the metal ions except Mn(VII) which is removed by reducing with sodium nitrite. 
The method has been applied for determination of chromium(VI) to water samples containing the metal at ppb 
levels. 

C h r o m i u m exists in two stable oxidat ion states 
Cr(III) and Cr(VI). Tr ivalent Cr is not as toxic as 
hexavalent Cr and it is also considered essential for 
maintenance of the glucose tolerance factor of the body 
whereas hexavalent Cr is a serious heal th hazard.1) 
Chromium(VI) causes skin irr i tat ion result ing in the 
dermati t is and ulcer formation, adverse effect in the 
lungs, and interference in the sulfur uptake of the 
cells.2_4) Therefore, a number of spectrophotometr ic 
methods for the determinat ion of Cr in a variety of 
complex materials are reported.5_14) Of these, the 
Chromate and 1,5-diphenylcarbonohy-drazide methods 
are frequently used for determinat ion of the metal. 
T h e first method is no t sensitive and suffers from 
interference of e.g., Fe, Cu, U, Ce, etc.5) T h e selectiv­
ity and sensitivity of its extraction method wi th large 
cations is also poor.6 - 8) T h e diphenylcarbazide 
method is h ighly sensitive bu t involves the serious 
interference of many metal ions e.g. Fe(III), Cu(II), 
V(V), Mo(VI), Ce(IV), Hg(II), Ag(I), etc.9"10) Numerous 
other reagents i.e. 8-quinol inol , tributyl phosphate , 
t ropolone, and 2-(5-bromo-2-pyridylazo)-5-(diethyl-
amino)pheno l are claimed for the determinat ion of 
the metal bu t subjected to interference of c o m m o n 
ions e.g. Cu, Hg , Fe, Bi, Pd, V, U, etc., and some 
experimental difficulties e.g. rigidity of p H or temper­
ature. n " 1 4 ) Therefore, in this paper, hydroxy­
amidines (HOA) are proposed for extract ion-spectro-
photometr ic de terminat ion of Cr(VI) in industr ial 
waste water. They quanti tat ively extract the metal 
over 0.2—0.8 mol d m - 3 HCl . T h e method is repro­
ducible and removes the most of the interference of 
established methods above. It enhances the sensitiv­
ity of the classical Chromate method approximately 
three folds with improved selectivity. 

Experimental 

Apparatus. A Varian DMS-100 UV-VIS Spectropho­
tometer matched with 1-cm quartz cells was employed for 
the absorbance measurements. 

Reagents. All reagents used were of analytical grade (E. 
Merck). A standard solution of Cr(VI) was prepared by 
dissolving 0.283 g K2Cr207 in deionized water and diluted to 
100 cm3. Hydroxyamidines were synthesized as in the liter­
ature15) and their 0.007 mol dm - 3 solution in chloroform 
were used. A 5 mol dm - 3 HCl acid was employed to main­
tain the acidity. 

Procedure. An aliquot of the solution containing 5—90 
jug Cr(VI) is taken in a 100-cm3 separatory funnel and treated 
with 1 cm3 HCl acid. The aqueous solution is diluted to 10 
cm3 with deionized water, and shaken with 10 cm3 chloro­
form solution of hydroxyamidine for 2 min. The extract is 
separated and dried over anhydrous sodium sulfate. The 
aqueous phase is repeatedly washed with two fresh portions 
of 3 cm3 chloroform. All extract is combined and trans­
ferred to a 25 cm3 volumetric flask and the volume is made 
upto the mark with chloroform. A reagent blank is pre­
pared similarly and used as reference to measure the absor­
bance of the complex. 

Results and Discussion 

Absorption Spectra. T h e absorpt ion spectra of 
Cr(VI) -HDPBA complex against the reagent b lank 
and that of the reagent b lank in chloroform are shown 
in Fig. 1. T h e complex exhibits the absorpt ion max­
i m u m a r o u n d 390 nm. T h e reagent b lank has h igh 
absorpt ion at this region, hence it was used as a 
reference for all further measurements. 

Effects of Acids. T h e effect of various acids e.g. 
HCl and H2SO4 on the extraction of the metal wi th 
HDPBA into chloroform were examined. T h e 
extraction of the metal is quant i ta t ive with these two 
acids bu t the absorbance of the extract was relatively 
h igher wi th HCl , hence it was selected for the detailed 
studies. T h e o p t i m u m acidity range is found to be 
0.2—0.8 mol d m - 3 HCl , and all experimental work 
was carried ou t at 0.5 mol d m - 3 . 

Effect of Solvents. T h e effect of various solvents 
on the extraction of the metal wi th HDPBA was 
examined. T h e complex could be quanti tat ively 
extracted in solvents 1-pentanol (PN), (s, 900; Amax 380 
nm) ; ethyl acetate (EA) (s, 800; /Lax 390 nm); isobutyl-
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Fig. 1. Absorption spectra of the complex and the 
reagent blank in chloroform. (A), Cr(VI)-HDPBA 
complex, Ccr(vi)=3.8X10-5 mol dm"3. (B), the re­
agent blank, CHDPBA=2.7X10-3 mol dm"3. 

methylketone (IBMK) (e, 1200; Amax 380 nm); diethyl 
ether (DEE) (e, 9500; Amax 380 nm); cyclohexane (CH) 
(e, 5300; /Imax 375 nm); carbon tetrachloride (CTC) (e, 
6300; Amax 370 nm); chloroform (C) (e, 14500; Amax 395 
nm); benzene (B) (e, 9700; /Imax 390 nm); and toluene 
(T) (e, 11100; /Imax 380 nm). Of these, chloroform was 
chosen as diluent due to easy handling, high color 
intensity of the complex, high distribution of the 
reagent (B, T, CT) and selective extraction of the 
metal (PN, EA, IBMK, DEE, CH). 

Percentage Extraction. A known amount of 
Cr(VI) (20, 50, and 80 /xg) is extracted separately as in 

the procedure. The extract is separated out and the 
metal left in the aqueous phase is determined by spike 
method with 1,5-diphenylcarbonohydrazide.5) The 
percentage extraction of the metal with HDPBA in 
chloroform is found to be 99.2% in a single extraction. 

Effect of Reagent, Dilution, Electrolyte, and Stand­
ing Time. In order to get the maximum extraction of 
the metal at least 0.005 mol dm - 3 HDPBA in chloro­
form is necessary. The color intensity of the complex 
remains unaffected upto 0.009 mol dm -3 . Hence, all 
extraction was carried out with 0.007 mol dm - 3 

HDPBA. The order of addition of reagents is not 
critical. The color intensity of the complex remains 
constant over a volume ratio of the organic to the 
aqueous phase 1:0.5 to 1:3.5. No adverse effect on 
the extraction of the metal upto 1 mol dm - 3 of KCl or 
NH4CI was noticed. The extract is stable for at least 
3 h at room temperature (27±2 °C). An equilibration 
time of 1 min is sufficient for complete extraction of 
the metal and prolonged extraction upto 10 min 
causes no adverse effect. 

Hydroxyamidines as Extractants. The potentiality 
of 10 different hydroxyamidines towards the extrac­
tion of Cr(VI) in chloroform was examined. The 
introduction of the substituents e.g. Cl, CH3 in the 
phenyl rings of xV-hydroxy-xVjxV'-diphenylbenz-
amidine (HDPBA) does not much affect the spectral 
properties of the extracted complexes as shown in 
Table 1. The value of molar extinction coefficient 
with these hydroxyamidines lie in the range of (1.30— 
1.52)X104 lmo l - 1 cm-1 at Amax 390—400 nm. Of 
these, the simplest compound, N-hydroxy-N,N'-
diphenylbenzamidine (HDPBA) has been chosen for 
the detailed studies. The detection limit of the 
method is 0.1 /xg Cr/cm3 with HDPBA. The system 

Table 1. Spectral Data of Cr(VI) with Various Hydroxyamidines 

S.No. Compound 
nm 

395 
395 

390 

400 

390 

400 

390 

395 

400 

395 

L • mol-1 cm-1 

14500 
14500 

13000 

13000 

13500 

15200 

14400 

13200 

13300 

13200 

1. A^Hydroxy-iV, iV'-diphenylbenzamidine 
2. N-Hydroxy-N-(4-tolyl)-N/-(2,4-xylyl)-

2-chlorobenzamidine 
3. N-Hydroxy-N-(2-chlorophenyl)-N/-

(2,5-xylyl)benzamidine 
4. N- Hydroxy -N-(4-chlorophenyl)-N/-

(3-chloro-4-methylphenyl)benzamidine 
5. N-Hydroxy-N-(4-chlorophenyl)-N/-

(2,3-xylyl)benzamidine 
6. N-Hydroxy-N-(4-chlorophenyl)-N/-

(4-tolyl)-2-chlorobenzamidine 
7. N-Hydroxy-N-(3-tolyl)-N/-(2,3-xylyl)-

2-chlorobenzamidine 
8. N-Hydroxy-N-(4-chlorophenyl)-N/-

(4-chloro-6-methylphenyl)-
4-methylbenzamidine 

9. N-Hydroxy-N-(4-tolyl)-N/-phenyl-
2-chlorobenzamidine 

10. iV-Hydroxy-iV-(4-toly lJ-iV'-pheny 1-
4-methylbenzamidine 
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obeys Beer's law over the range of 0.2—3.6 ppm Cr. 
The precision of the method was evaluated by taking 
10 replicate measurements at level of 2 ppm Cr in 
chloroform and the rel. std. dev. was found to be 
±1.2%. 

Extraction Mechanism of the Complex. The solid 
complex was synthesized by mixing Cr(VI) and the 
ethanolic solution of HDPBA in 1:2 molar ratio at 0.5 
mol dm - 3 HCl. The complex formed was filtered 
and dried. The complex was analyzed by the acid 
digestion and elemental analysis techniques. The 
results obtained correspond to the empirical formulae, 
[Cr02(OA)2]. The composition of the complex was 
further verified by curve fitting method by plotting 
logD (distribution ratio of the metal) vs. log 
concentration of HDPBA in chloroform, Fig. 2. 
This curve shows a slope of 1.9, very close to integer 2 
and supports the formation of above complex in chlo­
roform. It is assumed that -OH groups of H2&O4 
are substituted by OA_ (where HOA denotes the 
monobasic, bidentate chelating agent: hydroxyami­
dine) in the fashion similar to replacement of -OH by 
CI-, Br-, HSO4-, H2PO4-, etc16) The probable reac­
tion mechanism may be expressed as: 

H2Cr207 + 4HOAo ̂  2[Cr02 • (OA)2]o + 3H20 

The relation between D and K is 

Q 1 

[HDPBA] 

Fig. 2. Determination of ratio of the metal to the 
reagent in the extracted complex. 
CHCI=0.5 moldm-3, Ccr(vi)=9.61X10-5 moldm-3, 
logD versus log CHDPBAO. 

P[CrQ2(OA)2]o 
[HOA]4

0 

P[CrQ2-(OA)2], 
r Kd(UOA)T 

L 1+kd •r 
where subscripts o, [HOA]0, [ H O A ] T , kd, D, and K 
denote to the organic phase, concentration of hydroxy­
amidine in chloroform, total analytical concentration 
of hydroxyamidine taken, distribution ratio of the 
reagent, distribution ratio of the metal, and condi­
tional extraction constant, respectively. The value of 
Kd, D, and K are found to be 20.33, 124, and 1.16X1013 

respectively at temperature 23±2 °C. 
Effect of Diverse Ions. The effect of various diverse 

ions on the extraction of the metal was studied as 
described in the procedure. The results show that a 
number of common metal ions do not interfere in 
determination of the metal. Manganese(VII) 
seriously interferes in the determination of Cr(VI). 
The tolerance limit of various diverse ions causing an 
error less than 2% in the determination of 50 /xg Cr(VI) 
are summarized in Table 2. 

Application of the Method. The method has been 
applied for the determination of Cr(VI) in industrial 
waste water obtained from Electrode Adwani Orelikan 

Table 2. Effect of Diverse Ions on the Determination 
of 50jiig Chromium(VI) 

Ion added 

Zn(II), Ni(II) 
F-, EDTA, S2OT2- , citrate 
Be(II), La(III), Zr(IV), N 0 2 

Oxalate 
Br-, P O t 
Co(II) 
Al(III), Sb(III), NO3 
W(VI) 
Cu(II), Pb(II), Hg(II), Bi(III), Fe(III), 
U(VI) 
Re(VII) 
Mn(VII) 
T1(I), Sb(III) 
Cd(II) 
Mo(VI) 

Tolerance limit 
/ ppm 

800 
400 
200 
160 
120 
80 
20 

5 (28)a) 

20 

16 
10b) 

10 
5 

(4)c) 

a) Masked with NaF (4 mg). b) reduced with NaN0 2 

(1 mg). c) masked with citrate (4 mg). 

Table 3. Determination of Chromium(VI) in Water Samples 

Samplea) 

PWW 
TWW 

Volume 
of sample 
taken 

ml 

500 
500 

Cr(VI) 
added 

ppb 

500 
500 

1,5-Diphenylcarbonohydrazide method 

Cr(VI) found Cr(VI) content 
present 

ppb 

526 
515 

ppb 

26 
15 

Present method 

Cr(VI) Cr(VI) Rel. std. 
found content dev. 

ppb P r e s e n t +% 
ppb 

525 25 1.2 
514 14 1.3 

a) PWW=plant waste water; TWW=total waste water, b) Five determinations were made. 
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plant , Raipur . A known volume of the sample is 
taken, its volume is reduced to about 10 ml and the 
a m o u n t of Cr(VI) is determined by standard spike 
method as in the procedure. T h e results of analyses 
are compared with 1,5-diphenylcarbonohy-drazide 
method5* and results are shown in Tab le 3. 

We are thankful to Ravishankar University, Ra ipu r 
for award ing scholarship to Golwelker. 
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Kinetics and Mechanism of the Oxidation of Ethyl Acetoacetate and 
Diethyl Malonate by Dodecatungstocobaltate(III) 
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of Science, Jadavpur, Calcutta 700032, India 
(Received June 15, 1989) 

The reactions of dodecatungstocobaltate(III) with ethyl acetoacetate (EAA) and diethyl malonate (DEM) 
have been studied in aqueous acidic medium at 60 °C. A first-order dependence of rate on both the 
concentrations of oxidant and reductant is obtained and the reactions are catalyzed by alkali metal ions. The 
general rate law for the reactions is expressed as &obs=2(Äo+&[M+])[R] where ko and k denote the spontaneous 
and catalyzed paths respectively and [R], the reductant concentration. For EAA oxidation the values of 
&o=(1.82±0.10)X10-4 dm8 mol"1 s"1 and ^Li+=(2.23±0.09)X10-3dm6mol-2s-1, W=(1.19±0.07)X10-3 dm6mol"2 

s"1, &K+=(1 .01X0.02)X10- 3 dm6 mol"2 s"1. The corresponding values for DEM are &o=(2.63±0.07)X10-5 

dmSmol-is-1 and ^Li+=(2.11±0.07)X10-4dm6mol-2s-1, W=(9.13±0.25)X10~5 dm6mol-2s-1 , &K+=(8.25± 
0.06)X10~5 dm6 mol - 2 s-1. The less resonance stabilization of the protonated free radical species compared to 
the free radical obtained from the ester itself in the rate-determining step would cause a lowering in rate and this 
seems to explain the [H + ] _ 1 dependence for the ester oxidations. A plausible mechanism considering an outer-
sphere association between the complex and reductant has been suggested. The phenomenon of catalysis is 
explained by assuming an intermediate bridge formation via alkali metal ions between the reactants. 

T h e redox reactions of dodecatungstocobaltate(III) 
have been the subject of con t inu ing interest as wit­
nessed by the recent publ icat ions related to the interac­
tion of this poly an ion wi th carboxylic acids,1-3) sug­
ars,4) alcohols,5) thiols,6'7) iodide,8) hydroxylam-
m o n i u m ion9) etc. T h i s paper reports the reactions 
of two esters namely ethyl acetoacetate and diethyl 
malona te wi th this po lyanion . C o m p o u n d s wi th an 
a -CH to a carbonyl function are known to undergo 
keto-enol tautomerism1 0) and in the redox reactions of 
these compounds either the keto or the enol form has 
been found to be reactive.11-21) T h e complex under 
investigation possesses h igh negative charge and spe­
cific metal ion catalysis has been obtained in its reac­
tions wi th bo th neutral4) and anionic1 - 3) species. 
T h e present study therefore aims at the explorat ion of 
the reactivities of the tautomeric forms of the esters 
and their behavior towards metal ion catalysis dur ing 
the oxidat ion process. 

Experimental 

Materials and Reagents. The methods of preparation 
and standardization22»23) of the potassium salts of dodeca-
tungstocobaltate(III) [C0W12O40]5" and dodecatungstocobal-
tate(II), [C0W12O40]6-, (hereafter designated as CoIHW and 
ConW respectively) are the same as reported earlier. Ethyl 
acetoacetate (E. Merck) is purified by usual procedure.24) 
Diethyl malonate (E. Merck) has been distilled thrice before 
use. Analytical grade perchloric and acetic acid are used to 
maintain the pH of the solutions. Doubly recrystallized 
sodium acetate, sodium Perchlorate, potassium nitrate, and 
lithium nitrate have been used for studying the metal ion 
dependence on rates of the reactions. 

Kinetic Studies. The rates of the reactions have been 
followed in a Pye-Unicam SP8-150 UV/VIS spectropho­
tometer equipped with thermostated cell compartments. 
The reactions have been monitored at 388 nm, the absorp­
tion maximum of the complex. A few kinetic studies have 

also been carried out at 625 nm, the absorption maximum of 
ConW. The results obtained at both the wavelengths are 
identical. The kinetic results are not affected by dissolved 
oxygen or the buffer used to adjust the pH. The pH 
measurements have been performed with Systronics digital 
pH meter (model 335, India). 

Polymerization Studies. Generation of free radicals dur­
ing the course of reaction has been confirmed by the poly­
merization of acrylonitrile in aqueous solution. The reac-
tant solutions are degassed separately with dinitrogen and 
mixed together and acrylonitrile (5% v/v) is then added to 
the reaction mixture containing ComW and the esters. The 
appearance of a white precipitate within five minutes of 
reaction at 60 °C indicates that the reaction proceeds 
through free-radical formation. Blank tests performed by 
adding acrylonitrile separately to the reactant solutions do 
not show any polymerization. 

Stoicheiometry and Reaction Products. The overall stoi-
cheiometry of the reactions of ethyl acetoacetate and diethyl 
malonate with CoIHW corresponds to the following equa­
tions established through spectral measurement. 

2 Co111 W + CH3COCH2COOC2H5 + H2O - • 

2 CoIIW + CH3COCH(OH)COOC2H5 + 2H+ (la) 

TTT /COOC2H5 
2Co I I IW + C H 2

/ +H2O-+ 
XCOOC2H5 

2Co I IW + C H ( O H ) x
/ C O O C 2 H 5 + 2H+ (lb) 

xCOOC2H5 

The reaction products are characterized as the correspond­
ing hydroxy keto esters25) in a 1:1 ([complex] : [ester]) reac­
tion mixture. A drop of the aqueous test solution is mixed 
with one drop each of 25% Na2CÜ3 solution and 5% o-
dinitrobenzene (in benzene). The mixture is kept on a 
water-bath and shaken from time to time. A light violet 
color appears within five minutes, confirming the forma­
tion of hydroxy keto ester. It has been observed that after 
prolonged heating at 80—90 °C of stoicheiometric mixtures 
containing excess ComW ([ComW] : [ester]=6 :1), the absor-
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bance due to Co W increases and both the reaction show a 
4:1 ([complex] : [ester]) stoicheiometry. The reaction solu­
tions are then tested by the same procedure as described 
above but adding 4% HCHO solution. A light violet colo­
ration confirms the presence of 1,2-diketones. 

Results and Discussion 
H I T T h e reactions of EAA a n d DEM wi th C o m W have 

been investigated in mi ld acidic condit ions. A first-
order dependence of rate on complex concentrat ion is 
obtained from the linearity of the plot of —log 
(At—Aoo) vs. t over 80% of the reaction. T h e depend­
ences on reductant concentrat ion have been carried 
ou t under the fol lowing condit ions: for EAA, at 
p H = 1 . 0 , [Na + ]=1.00 mol d m r 3 and temperature 60 °C, 
and for DEM at p H = 2 . 5 , [Na + ]=1.0 mol dm" 3 and 
temperature 60 °C. In either case a first-order 
dependence of rate on reductant concentrat ion is 
obtained and the results are summarized in Table 1. 
T h e corresponding rate law may be formulated as 

d[ComW] _, 

d* 
= 2 M C o W][R]=fcobs[Co W] (2) 

where [R] represents the concentrat ion of ester and the 
factor 2 accounts for the stoicheiometric ratio. 

T o determine the effect of hydrogen ion on the 
reaction rates, p H variat ion experiments have been 
carried out. N a O A c - H O A c buffer has been used to 
adjust the h igh p H range (3.2—4.3) and at lower 
region n o change in p H is observed dur ing the reac­
tion. A decrease in rate wi th the increase in [ H + ] is 
obtained for these reactions and a p lo t of k0x(—k0bs/ 
2[R]) vs. [ H + ] _ 1 yields a straight l ine wi thou t any 
intercept on the rate axis. T h i s has been depicted in 
Fig. 1. 

T h e effect of alkali metal ions added as suppor t ing 
electrolytes have been investigated for these systems. 
T h e reactions are found to be influenced by both the 

Table 1. Kinetic Data for the Variation of Ester Concen-
tration in the Reaction of Co W with Ethyl 

Acetoacetate and Diethyl Malonate at 
[ComW]=2X10-4 moldm-3, 

[Na+]=1.0 mol dm"3 and 
Temperature=60 °C 

TT? <=»rlin~tQntl 

0.01 
0.03 
0.05 
0.06 
0.07 
0.08 
0.10 
0.13 
0.16 

EAAa) 

105&obs 

S" 1 

0.40 

1.84 

2.53 

3.85 
4.79 
5.68 

DEM b ) 

105&obs 

S"1 

0.22 
0.71 
1.08 

1.42 

1.80 
2.24 

[H+ ] ,mof dm3 

Fig. 1. A plot of &ox (=&obs/2[ester]) vs. [H+]"1 for the 
reactions of ComW with 1) diethyl malonate at 
[DEM]=0.08 mol dm"3, [Na+]=0.50 mol dm"3, 
[ComW]=2X10-4 mol dm"3 and temperature 60 °C, 
2) ethyl acetoacetate at |"EAA]=0.10 mol dm"3 

[Na+]=1.0 mol dm"3, [ContW]=2X10-4 mol dm"3 

and temperature 60 °C. Dark points indicate 
[ComW]=5X10-3 mol dm-3. 

na ture and concentrat ion of alkali cations. Such 
behavior has been encountered in our previous stu­
dies.1"4) An increase in rate is obtained wi th the 
increase in alkali metal ion concentration. But a 
reactivity order L i + > N a + > K + has been observed here 
in contrast to the order K + > N a + > L i + obtained by us1_4) 

and also by other workers26-28* previously. Conse­
quent ly an a t tempt to correlate the rate constants wi th 
polarizabili ty fails here. T o discriminate the pheno­
menon of catalysis and ionic strength effect, the 
results have been subjected to the extended Brônsted-
Chris t iansen-Scatchard relation3) given by Eqs. 3—5 

a)pH=1.0. b)pH=2.5. 

0.5 
l ,mol dm"3 

Fig. 2a. Brönsted-Christiansen-Scatchard plot show­
ing the dependence of log£b on ionic strength for 
the electron-transfer reaction between ComW and 
ethyl acetoacetate (EAA) in LiNC>3 (O), NaClC>4 
(A), and KNOs ( o ) media; pH=2.0, [ComW]= 
2X10-4 mol dm"3, [EAA]=0.10 mol dm"3 and 
temperature=60 °C. 



February, 1990] Oxidation of Ethyl Acetoacetate and Diethyl Malonate by Dodecatungstocobaltate(III) 611 

-3.51 Conbining the Eqs. 3 and 4 

1. mol dm"* 

Fig. 2b. Brönsted-Christiansen-Scatchard plot, log 
kb vs. 7 for the reaction of ComW with diethyl 
malonate (DEM) in L1NO3 (O), NaC104 (A), and 
KNO3 ( o ) media at pH=2.5, [ComW]=2X10-4 

mol dm - 3 , [DEM]=0.08 mol dm - 3 , température^ 
60 °C. 

log kox=\og ka.+2AzAZB~ 
^ 

log kh=\og kox—2AzAZB-

l+VT 
•+BI, 

l+VT 

(3) 

(4) 

log kb=log ki+BL (5) 

Since one of the reacting species is neutral ZAZB—0, so 
that log kb=log kox. Plots of log Ab vs. / (which is 
equivalent to the concentrat ion of metal ions) as 
shown in Figs. 2a and 2b deviates from linearity. 
T h i s indicates the presence of some nonelectrostatic 
interaction in addi t ion to the electrostatic forces and is 
reminiscent of specific metal ion catalysis. T h e spe­
cific effect of metal ions has been further checked in 
the fol lowing way. Different ratios of Na2SÛ4 and 
NaC104 have been used to adjust the total metal ion 
concentrat ion of the solut ions so that the ionic 
strength varies bu t [Na+]totai remains constant. Table 
2 contains such data. N o rate enhancement due to 
the increased ionic strength suppor ts the occurence of 
specific metal ion catalysis. 

T h e individual effect of cations on the reactions is 
shown by the p lo t of kQx vs. [M + ] (where M = L i , Na, or 
K) which is l inear wi th a positive intercept on the rate 
axis. For each of the esters, (R) a common intercept 
is obtained for all the cations and the results are listed 
in Table 2. T h e above results may be explained by 
Eq. 6 as 

k0* = ko + k[M+] (6) 

Table 2. Kinetic Data for the Variation of Metal Ions in the Reaction of ComW with Ethyl Acetoacetate 
and Diethyl Malonate at 60 °C [ComW]=2X10-4 mol dm"3. Other Conditions 

are EAA : pH=2.0, [EAA]=0.10 mol dm"3; DEM : pH=2.5, 
[DEM]=0.08moldm-3 

rA/f+1/w-.^i ^w-»-3 
[M j /moi am ° 

0.10 
0.20 
0.30 
0.40 
0.50a) 

0.60 
0.70b) 

0.80 
0.90 
1.00c) 

103&ox(EAA)/dm3mol-

[Li+] 

0.59 

1.11 

1.46 

2.02 

2.36 

[Na+] 

0.35 

0.50 

0.77 (0.79) 

1.00 (0.98) 

1.41 (1.42) 

h-1 

[K+] 

0.29 

0.47 

0.67 

0.89 

1.09 

104MDEM)/dm3mol-

[Li+] 

0.67 

1.10 

1.54 

1.87 

2.38 

[Na+] 

0.36 

0.53 

0.75 (0.72) 

0.91 (0.92) 

1.17(1.18) 

is"1 

[K+] 

0.34 

0.49 

0.70 

0.82 

1.00 

Li+ £o=(1.72±0.61)X10-4 dmSmol-is-1 

£=(2.23±0.09)X10"3 dmemol-ss-1 

Na+ &o=(1.92±0.40)X10-4 d i ^ m o ^ s " 1 

£=(1.19+0.07)X10-3 dm^mol-^-1 

K+ Ao=(1.81±0.10)X10-4 dmSmol-is"1 

Ä=(1.01±0.02)X10-8 dmemol-V-1 

Äo(av)=( 1.82+0.10)X 10"4 dn f tno l -V 

&o=(2.61+0.41)X10-5 dmSmol-is-1 

&=(2.11±0.07)X10-4 dmemol-V-1 

&o=(2.70±0.15)X10-5 dmSmol-is"1 

&=(9.13±0.25)X10-5 dmemol^s-1 

£o=(2.58±0.11)X10-5 dnAnol^s" 1 

&=(8.25±0.06)X10-5 dmemol^s-1 

^o(av)=(2.63±0.07)X10-5dm3mol-1s-

The parenthetical values are obtained at constant [Na+] but different ionic strength using a 
mixture of Na2S04 and NaC104. The contribution of [H+] and [CoHIW] towards ionic 
strength is <0.023 mol dm - 3 and constant for all the experiments done. Their contribution 
has been neglected. 
a) 0.2 mol dm-3 Na2SO4+0.1 mol dm"3 NaC104; / (Na2SO4+NaClO4)=0.7 mol dm"3. For 
experiments with NaC104 alone, 7=0.5 mol dm - 3 , b) 0.3 mol dm - 3 Na2SO4+0.1 mol dm - 3 

NaC104; 7(Na2SO4+NaClO4)=1.0 mol dm"3. For experiments with NaC104 alone, 7=0.7 
mol dm"3, c) 0.2 mol dm"3 Na2SO4+0.1 mol dm"3 NaC104; / (Na2SO4+NaClO4)=1.40 
mol dm - 3 . For experiments with NaC104 alone, 7=1.0 mol dm - 3 . 
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where ko represents the spontaneous reaction and k the 
catalyzed pa th . T h e corresponding rate parameters 
are shown in Tab le 2. 

O n the basis of above discussion, the plausible 
mechanism for the spontaneous and catalyzed pa ths 
may be expressed as, 
(a) Spontaneous pa th 

Co IHW+R ä {ComW, R} -^> Co nW+R (7) 

(A) 
(b) Catalyzed pa th 

Co l n W+M + +R <± {Co i nW--M+ -R} - ^ 
ConW+M++R- (8) 

where Ki and K2 represent the formation constants of 
the species (A) and (B) respectively and k\ and fe are 
their corresponding decomposi t ion rates. T h e over­
all rate thus turns to 

fcobs=2{fci£i+/t2£2[M+]}[R] (9) 

k0z=k1K1+k2K2[M+] (10) 

which is similar to Eq. 6 wi th ko—k\K\ and k—k^K^. 
Here R ' represents the corresponding free radical 

produced in the rate-determining step for the oxida­
tion of EAA and DEM. T h e reaction scheme 
account ing for the stoicheiometry and oxidat ion prod­
uct may be presented as, 

O H O 
II I II TTT 

R'-C-C-C-OR" + ComW •£• 
I 

H 
O O 

R'-C-C-C-OR" + Co11 W + H+ (11) 
I 

H 
O O 

R'-C-C-C-OR" + H 2 0 + ComW -+ 
I 

H 
O O H O 

R'-C-C — C-OR" + ConW + H+ (12) 
I 

H 

However, in presence of excess complex over the ester, 
further decomposi t ion of the hydroxy keto ester takes 
place (vide supra) and the formation of 1,2-diketones 
may be given by the fol lowing scheme, 

O O H O 
II I II TTT 

R'-C-C— C-OR" + CoHIW ^ 
I 

H 
O O H O 

R'-C-C — C-OR" + H+ + ConW (13) 

O O H O 
II I II TTT 

R'-C-Ç — C-OR" + Co111 W -+ 
O O 

R'-C-C-C-OR" + ConW + H+ (14) 
II o 

for EAA, R '=-CH 3 and R n =-C 2 H 5 j 
for DEM, R , =-OC 2 H 5 and-Rn=-C2H5 l 

It is apparen t from the above results that the reactions 
of the esters wi th C o m W is of outer-sphere type. T h e 
complex is a subst i tut ion inert one1 _ 4 ) and formation 
of a single isosbestic po in t at 510 n m dur ing spectral 
scanning also indicates that no stable intermediate is 
formed du r ing the reaction. T h e alkali metal ion 
catalysis may be explained by considering an outer-
sphere bridge formation between the oxidant and 
reductant via alkali metal ions. T h e reversal of cata­
lytic order is however difficult to explain. A consid­
eration of the size of the hydrat ion sphere of these 
metal ions gives a order K + < N a + < L i + and therefore 
the catalysis is expected to follow the opposite 
sequence K + > N a + > L i + . A possible interpretation 
would therefore involve the true ionic sizes which 
seems to be somewhat unlikely at [H+ ]<0.01 mol d m - 3 . 
Unfortunately no other explana t ion is befitting here. 
It is however noteworthy that at [H + ]>1 .0 m o l d m r 3 , 
n o metal ion catalysis is observed. T h i s may arise 
from excess H + in the solut ion, thus causing disfavor 
in the bridge formation. Conforming to our earlier 
studies, variat ion of an ionic counterpar t of the alkali 
metal salt ( C l O ^ N O s - , OAc", SO42-) has no effect on 
the reaction rates. 

T h e relevance of [ H + ] - 1 dependence to mechanist ic 
pathways seems interesting in this study. An expla­
na t ion for such dependence may be offered by consid­
er ing the resonance stabilization of the free radical 
species (I—III) generated in the rate-determining step 
(11) as, 

O O Ô O 
II . II l II 

R'-C-CH-C-OR" +* R'-C=CH-C-OR" 
I II 

O Ô 

^ R'-C-CH=C-OR" 
III 

For a pro tonated species such stabilization would be 
disfavored due to the pro tona t ion (IV) and this in turn 
wou ld increase the reverse pa th in the rate-
de termining step (11) and thus cause a lowering in 
rate than the free ester. 

0 0 
H . H 

R'-C-CH-C-OR" 
I IV 1 

Tempera tu re variat ion experiments have been car­
ried out for bo th the EAA and DEM oxidations. T h e 
second-order rate constants (kQx) for these esters at 
different temperatures are presented in Table 3, along-
wi th the corresponding activation parameters evalu­
ated us ing Eyr ing equat ion . These parameters how­
ever should be treated as composite since they take 
in to account the contr ibut ion of bo th catalyzed and 
uncatalyzed paths . T h e negative value of AS^ is con­
sistent wi th the proposed mechanism whereby a 
crowded intermediate may be conceived to be formed 
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Table 3. The Rate Constants and Activation Parameters 
for the Reaction of ComW with Ethyl Acetoacetate 

at pH=1.0 and Diethyl Malonate at pH=2.5, 
[ComW]=2X10-4 moldm-3, 

[Na+]=1.0moldm-3 

Temperature 104&OX(EAA)/ 104^ox(DEM )/ 
/°C dmSmol-is"1 dnAnol^s - 1 

50 1.24 0.57 
60 1.83 1.14 
70 3.36 3.78 

EAA: Affé=(43±7) kjmol"1 ; AS*=(-188±20) JK"1 

mol"1. DEM: AH*=(83±6) kjmol"1; AS*=(~71±47) 
JK-imol"1 . 

pr ior to its rate-determining decomposit ion. 
As it has been ment ioned in the introductory par t of 

this paper , one of the objectives of this study is to 
verify whether the keto or enol form of these esters is 
reactive towards the heteropolyacid. It is impor tan t 
to ment ion here that in the oxidat ions of cyclohexa-
none , 2-butanone, and 1,3-dihydroxyacetone wi th the 
same heteropolyanion,2 9) we have obtained a zero-
order rate in complex at h igh oxidant and low acid 
concentrat ions, and a first-order rate in complex at 
h igh acid and low oxidant concentrat ions. These 
results have been explained by considering the enol 
form of the carbonyl compounds as the reactive spe­
cies. Similar results are obtained by N g and Henry17) 

in the oxidat ion of cyclohexanone by a number of 
tris(polypyridyl) iron(III) complexes. However, for 
the present system no such behavior is observed over a 
wide range of acidity and oxidant concentrat ion (Fig. 
1). T h u s it is evident that for the oxidat ion of ethyl-
acetoacetate and diethyl malonate , the keto form of the 
esters is the reactive species. T h i s is also suppor ted 
by the [ H + ] and [M + ] variat ion results of this system. 
T h e alkali metal ion dependence also sites one of the 
rare examples4 '30) where the reaction between a neutral 
and a negatively charged species is catalyzed by alkali 
metal ions. In such cases possibly the br idg ing by 
alkali cations is mediated via ion-induced-dipole 
interaction exerted by M + on the neutral reductant. 

M G thanks U G C (new Delhi) for financial assistance. 
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Bromocresol Green—A Hydrophobic Spectrophotometric Probe 
for Human Serum Albumin 
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Bromocresol Green (BCG) has been developed as a new spectrophotometric probe for human serum 
albumin (HSA). The competing ligands naproxen (NP), 8-anilino-l-naphthalenesulfonate (ANS), and dan-
sylsarcosine (DS) have been found to share common binding sites in HSA and their ability to displace BCG from 
the first competition site is in the order NP>ANS>DS. 

H u m a n serum a l b u m i n (HSA), a p lasma protein, 
reversibly binds a variety of small molecules in the 
b lood and transports them to their site of action. 
Methods such as equ i l ib r ium dialysis,1* fluorescent 
probe technique,2* circular dichroism,3 ) and gel filtra­
tion4) have been utilized to characterize the b ind ing 
p h e n o m e n o n . However, the versatility of the spec­
t rophotometr ic technique offers advantage for carry­
ing ou t the interact ion studies and in the present 
investigation we report the applicabil i ty of Bromo­
cresol Green (BCG) as a new spectrophotometr ic 
probe for HSA. Hi ther to , only 2-(4-hydroxyphenyl-
azo)benzoic acid has been reported as a spectrophoto­
metric probe for BSA56) for the determinat ion of the 
relative affinities of drugs. 

T h e dye, BCG, finds application7) in the determina­
tion of a l b u m i n in the blood. T h e existence of BCG, 
at the physiological p H , in the form of nonpo la r 
an ion wou ld be favorable for its b ind ing onto the 
hydrophobic regions of HSA. T h i s p rompted us to 
employ BCG as a novel hydrophobic spectrophoto-

Bromocresol Green 

metric probe for HSA. T h e l igands naproxen (NP), 
8-ani l ino- l -naphthalenesul fonate (ANS), and dansyl-
sarcosine (DS) are h ighly nonpo la r and they possess 
structural resemblance a m o n g them. T h i s made us 
to choose these three l igands as suitable competi tors 
for BCG. BCG has been employed by us as a spectro­
photometr ic probe for characterizing the b ind ing of 
ANS and N P in BSA.8) Hence from the compet ing 
ability of these three l igands it is our a im to determine 
the strength of the HSA-competi tor complexes. Also 
this study would enl ighten on the applicabil i ty of 
BCG as a spectrophotometr ic probe for HSA. 

Experimental 

Materials. Human serum albumin (HSA) (fatty acid-
free), 8-anilino-l-naphthalenesulfonate (ANS), and dansyl-

sarcosine (DS) were obtained from Sigma Chemical Co., 
USA. Pure samples of naproxen (gift from Cipla Ltd.) and 
Bromocresol Green (BCG) (from Sisco-Chem, India) were 
used without purification. All experiments were carried 
out at pH 7.4 of 0.05 M phosphate buffer (1M=1 mol dm"3) 
at 25 °C. The concentrations of HSA were determined 
assuming a molecular weight of 66X103 and checked by 
measuring the absorbance at 280 nm (jE^m^S9*). 

Methods. BCG shows absorption maximum in the vis­
ible region and the binding of BCG to HSA is quantified by 
absorbance change method.10) In a typical experiment, to a 
fixed [BCG]=28.0 MM, varying [HSA] of 1.04 to 8.36 jzM 
were added and the absorbance of BCG and BCG-HSA 
mixtures were measured after 30 min at 621 nm using Carl-
Zeiss Specord UV-Vis spectrophotometer. For the competi­
tion experiments, the [BCG]/[HSA] ratio was maintained at 
6.7 and absorbances were measured in presence of increasing 
[Competitor]. The experiments were conducted in pres­
ence of NP, ANS, or DS as competitors to study their effect 
on binding of BCG. 

Results and Discussion 

Binding of BCG to HSA in Absence of Competitor. 
Figure 1A shows the absorbance of BCG in presence of 

18 16 14 

Wavenumber /10 3 c 

16 

Fig. 1. (A) Absorption spectra at pH 7.4 of HSA-
BCG complex, a: 24.0 fxM of BCG only, b—d in 
presence of HSA. [HSA] (in MM)=b: 2.09; c: 4.18; d: 
6.27. 
(B) Absorption spectra at pH 7.4 of HSA-BCG 
complex in absence and in presence of ANS as 
competitor, a: 24.0 ;uM of BCG only, b: BCG+6.27 
MM of HSA. c: BCG+HSA+10.0 fxM of ANS. 
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varying [HSA]. The decrease in absorbance without 
change i n /-max evidently indicates the presence of a 
single spectroscopic complex. It is well-known11) 
that electronic transitions of the phthaleins are sus­
ceptible to polar effects. BCG is a phthalein dye and 
the decrease in absorbance in presence of HSA can be 
attributed to the creation of nonpolar environment 
for the dye in HSA. An identical explanation 
advanced12) for the similar spectral phenomenon for 
bromosulfophthalein-HSA complex supports our 
inference. The results of binding are analyzed by the 
Scatchard equation13) 

= nK-YK (1) 

where F denotes the moles of ligand bound per mole of 
protein, CF is the free concentration of the ligand and 
nK is the total binding constant of the complex. The 
basic principle of the present spectrophotometric 
investigation is the change in the physical property, 
namely the absorbance of BCG by addition of increas­
ing [HSA]. The [BCG]/[HSA] ratio employed in the 
study, for observing change in absorbance, varies from 
3.0 to 27.0. As the change in absorbance cannot be 
monitored below the [BCG]/[HSA] ratio of 3.0, the r 
values greater than 3.5 (in the absence of NaCl) or 2.4 
(in the presence of NaCl) could only be observed (Fig. 
2). The linear Scatchard plots (Fig. 2) represent the 
presence of identical sites for BCG in HSA. The nK 
and n values are respectively 25.0X105 M - 1 and 5.0. 
The corresponding values in presence of 0.2 M NaCl 
are found to be 4.1X105 M"1 and 9.0. As CI" can form 
ion pairs with the cationic residues of HSA, the des-
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Fig. 2. Scatchard plots for the BCG-HSA interac­
tion at pH 7.4 in the absence and in the presence of 
NaCl. At constant [BCG]=28.0 fxM, [HSA] (in 
AtM)=1.04to8.36. 

truction of dipolar forces between the SO3" group of 
BCG and cationic residues of HSA lead to the predom­
inant loss in the affinity in presence of NaCl. Further­
more, as n is increased to 9, the conformational 
changes brought about by NaCl leading to the crea­
tion of additional sites cannot be discounted. 

Effect of pH. In addition to the investigation at 
pH 7.4, binding of BCG to HSA has also been studied 
at pH 6.0 [where HSA is in N (neutral) form] and pH 
8.7 [where HSA is in B (base) form] to understand the 
mechanism of binding of BCG. Figure 3 depicts the 
binding constant as a function of pH. It is discerni­
ble from the pH-profile that the affinity of BCG is 
higher for N than for the B form of HSA. As HSA 
acquires more net negative charges in the B form, 
effective dipolar interaction between BCG and HSA is 
prevented leading to the weakening of the binding. 
This weakening of binding in B form parallels the 
effect of CI - at pH 7.4, wherein the screening of the 
cationic charges in HSA by CI" has caused decrease in 
the affinity of BCG. Hence, the presence of the catio­
nic residues in HSA is essential for the formation of 
dipolar interaction with BCG and consequently both 
hydrophobic and dipolar forces contribute to the 
binding of BCG. 

Competition by Ligands. The spectral pheno­
menon occurring in presence of a competitor, ANS, 
has been depicted in Fig. IB. The partial occupation 
of the BCG sites in HSA by the competitor results in 
the decrease of D—Di value (D=absorbance of 
unbound BCG; Di=the absorbance of HSA-BCG 
complex). The decrease in D~Di value is due to the 
displacement of BCG by the competitor and not due to 
change in e of BCG-HSA complex as proven in our 
previous report14) by equilibrium dialysis. 

The phenomenon of competition can be analyzed 
by either the method of Steinhardt et al.15) or the 
modified Hill method as developed by Flanagan.16) 

Fig. 3. pH- profile of the binding constant of BCG-
HSA complex. At constant [BCG]=28.0 pM, 
[HSA]=1.04 to 8.36 fxM at pH 6.0 and 7.4 and 1.04 
to 10.45 MM at pH 8.7. 
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T h e ma in dist inction between the two methods can be 
described briefly as follows, (i) In the method of 
Steinhardt et al., which is based on mul t ip le equil i ­
bria, there is no requi rement such as the saturat ion of 
compet ing sites by the probe whereas for the method 
of F lanagan to be appl icable the essential criterion is 
that the compet ing sites should be saturated so as to 
conform to the following Eq. 2. 

pA + pC— 1 (2) 

where pA is the fractional saturat ion of HSA by the 
probe in presence of the competi tor; pc is the frac­
t ional saturat ion of the probe sites by the competi tor 
in presence of the probe, (ii) Further , in the method 
of Steinhardt et al. it is assumed that there is no 
interact ion between the b o u n d species, namely the 
probe and the competi tor , whereas such an assump­
tion is no t valid in the F lanagan method. Since the 
present study is based on the saturat ion of the compet­
ing sites in HSA, F lanagan method would be more 
suitable relative to the other method and it would be 
advantageous as to detect the occurr ing interaction 
between the probe and the competi tor du r ing the 
compet i t ion. Accordingly, for the compet i t ion phe­
n o m e n o n described by Eq. 3 

PAn+XC t± PAn-xC&XA (3) 

where P , A, and C are respectively HSA, probe, and 
competi tor; n and X are respectively the number of 
sites for the probe and sites replaced, the following 
deduct ion can be made. 

X=-
dlog[ft c / ( l-f tc)] 

dlog([C]/[i4]) 
(4) 

Hence from the Hi l l p lo t of log [ p c / ( l — pc)] vs. 
log([C]/[^4]), the ext rapola t ion respectively of the 
slope (for X=l) or the l imi t ing slope (for X^l) to the 
abscissa gives Kc/K&. 

As BCG binds, to five sites on HSA, to ensure the 
saturat ion of compet ing sites, the [BCG]/[HSA] rat io 
employed for the compet i t ion studies is 6.7. From 
the Hi l l p lo t (Fig. 4) the b ind ing constants, Kc, wi th 
respect to the first compet ing site for the three compet­
itors are presented in Tab l e 1. Earlier reports 17~19) of 
the b i n d i n g of N P , ANS, and DS to HSA established 
the presence of one s t rong and several weak sites for 

+ 0-20 

CL -0-20 
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-0-80 

HILL PLOTS 
Plot Competitor 

A NP 

B ANS 
C DS 

-0-8 -0-6 -0-4 -0-2 

[ C ] 

0-2 

log [ A ] 

Fig. 4. Hill plots for the replacement of the BCG 
from HSA by the competitors NP, ANS, and DS at 
pH 7.4. The [BCG]=28.0 fxM and [HSA]=4.18 MM 
such that [BCG]/[HSA]=6.7 for the saturation of 
the competing sites. 

each of the l igands. As the strong, high-affinity site 
wou ld be occupied first (initially) it is obligatory to 
know the b i n d i n g constant (Kc) when each of the 
l igands competes for the first competi t ion site of BCG 
than for the subsequent sites. T h e Kc and K\ (the 
b ind ing constant for the high-affinity site) values 
agree reasonably well (Table 1) indicat ing that the 
first compet i t ion site of BCG is common to all the 
three l igands. Hence, the strong site (initially occu­
pied) for the three l igands is c o m m o n in HSA. T h i s 
observation is different from the one made from our 
studies wi th BSA8) us ing BCG as a probe, where the 
initially occupied sites of N P and ANS are not com­
mon , and present in distinct regions. From the inter­
action (indicated by X) exerted by the competitors on 
BCG sites in HSA (Table 1), it can be inferred that the 
compet ing ability is found to decrease for N P and DS 
whereas it remains unal tered for ANS with increase in 
pc. As Kc values in Tab le 1 signify the strength of 

Table 1. Binding Paremeters for the Competitors for the BCG Sites in HSA (from Hill Plots) 
and Comparison with the Literature Values 

Competing 
ligand 

NP 
ANS 
DS 

Interaction 

Negative 
No interaction 
Negative 

Kc 

* A a ) 

for the first 
competing site 

2.23 
1.62 
0.79 

10-5£c 

M"1 

11.1 
8.0 
3.9 

10-5£i/M-i 
(from literature) 

14.017> 
9.019> 
3.118> 

a) KA is 
nK 

4.97X105 M"1 . 
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the strong complexes of compet i tor -HSA, it is logical 
to deduce further that the displacing ability of the 
competitors for the first compet ing site of BCG is in 
the order N P > A N S > D S . Therefore, the present 
study has enabled to evaluate the strength of the 
b ind ing of nonpo la r l igands in HSA by util izing BCG 
as a spectrophotometric probe and creates further pos­
sibility for employing BCG as a probe for varied, 
strongly bound, an ionic nonpo la r drugs and ligands. 
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Synopsis. The mechanism of copolymerization of silicic 
acid and metal ions was found to depend on the magnitude 
of the hydrolysis constant of the aqua-metal cations. It was 
also demonstrated that the pH of the solution is the major 
factor governing the Si/metal ion ratios in the solid phases. 

Silicic acid forms a variety of minerals u p o n crystal­
lization wi th metal ions. Al though the polymeriza­
tion processes1* involving silicic acid and metal ions 
(M"+) are impor t an t reactions as a preceding step to 
crystallization (or nucleation), little is known about 
the mechanism of the reaction. Low-temperature 
syntheses of silicate minerals have been widely stud-
ied,2) where an unders tand ing of the initial process of 
polymerizat ion is considered to be vital. In this 
paper we describe the mechanism of the reaction 
between silicic acid and metal ions with an emphasis 
on the acid-base equil ibr ia of silicic acid and aqua-
metal cations. 

A typical procedure for the reaction of silicic acid 
with metal ions in this work is as follows. A solut ion 
of 1—70 mM 3 ) of sodium orthosilicate, Na4SiC>4,4) in 
200 cm3 of deionized water was acidified with 1 M 
hydrochloric acid and the p H was adjusted to 3.0. In 
the resultant solut ion was dissolved 0.2—50 m m o l of 
metal chlorides. T h e polymerization was init iated 
by slowly adding 0.1 M sodium hydroxide to the 
mixture at room temperature. As aqueous sodium 
hydroxide was added the solut ion became turbid and 
precipi tat ion occurred. T h e IR spectra of the precip­
itates showed a strong absorpt ion centered at 940— 
1020 c m - 1 , reflecting S i - O - M bonds. Table 1 sum­
marizes the chemical composi t ions of the precipitates 
prepared from MgCl2 (or ZnCl2), Si(OH)4 , and N a O H . 
T h e concentrat ions of Si, Mg, and Zn were determined 
by use of a tomic absorpt ion spectroscopy. As shown 
in Tab le 1, an increase in the amount s of hydroxide 
ion resulted in an increase in the magnes ium (or zinc) 
contents in the precipitates. 

T h e t i trat ion curves for the silicic acid-magnesium 
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10 

Fig. 1. Titration curves for addition of 0.1 M NaOH 
to 200 cm3 of a solution containing 2 mM of 
Si(OH)4 and 2 mM of either MgCl2 (solid line) or 
ZnCb (dashed line). 

(and zinc) chloride mixtures are shown in Fig. 1. In 
order to examine the mechanism of the init ial step of 
the polymerization, the equi l ib r ium p H of the suspen­
sions conta in ing 2 m m o l of silicic acid, 2 m m o l of 
metal chlorides, and 1 m m o l of sodium hydroxide in 1 
L of deionized water was measured after the suspen­
sions were aged for 72 h. T h e observed p H values 
(pHgei) are plotted against the hydrolysis constants5) of 
the metal ions (p*£i) in Fig. 2. Based on the plot, the 
metal ions can be divided in to two groups; G r o u p A 
consists of Al3+, Cu2+, Y3+, Zn2+, Ni2+, and Co2+ 
whose pHgei values linearly correlate with p*2£i, and 
G r o u p B consists of Mg2+, Ca2+, and Ba2+ whose pHgei 
values are independent on p * £ i values. 

Because the aqua-metal cations for G r o u p A are 
more acidic than silicic acid (pKa=9.86)), we can 
assume that the pro tona t ion-depro tona t ion equil i­
b r ium of aqua-metal cations (Eq. 1) is established 
first, followed by condensat ion wi th silicic acid (Eq. 
2). 

Table 1. Effects of Amounts of Hydroxide Ion on the Chemical Compositions of Silicate Gelsal 

Metal ions 
M"+ 

Mg2+ 
Mg2+ 
Mg2+ 
Zn2+ 

Zn2+ 

Zn2+ 

OH-/Si 
molar ratios 

0.75 
1.50 
2.25 
0.75 
1.50 
2.25 

Mn+(mmol) 
in gels 

1.0 
2.2 
3.3 
1.3 
2.6 
3.3 

Si4+(mmol) 
in gels 

3.5 
3.7 
3.7 
3.0 
3.4 
3.6 

Mn +/Si molar 
ratios in gels 

0.29 
0.59 
0.89 
0.43 
0.76 
0.92 

a) The gels were allowed to precipitate from 200 cm3 of aqueous solutions containing 19 
mmol of Si(OH)4 and 17 mmol of MgCb (or ZnCb) by the addition of 1 M sodium hydroxide 
and aged for 24 h. 
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Mg2* Ca2* Ba * 

K>- O O 

j < 1 . 1 • . . -

* 5 6 7 8 9 10 11 12 13 tt 
p*Ki 

Fig. 2. Correlation between pHgei and p*Ki. Values 
of pHgei were determined by measuring the pH of 
the solutions containing 2 mM of Si(OH)4, 2 mM of 
metal chlorides and 1 mM of NaOH after the solu­
tion was aged for 72 h. 

M(OH2)n+ + OH" <=> M(OH)(""1)+ + H 2 0 (1) 

-Si-OH + M^H)*"" 1 ^ -> -Si-0-M(""1)+ + H 2 0 (2) 

When we assume that the p H of the suspension is 
determined solely from the acidity of aqua-meta l 
cations, the pHgei values can be calculated from p*Ki 
values as follows. T h e hydrolysis constant *Ki is 
defined5) by 

_[M(OH)("-D+][H+] 
Kl [M"+][H20] ( } 

When [NaOH]o/[M"+]o=0.5 and the values of the p H 
are in a neutral range,7) then [M(OH)<n"1>+]^=[M , ,+]. 
Under these condit ions, Eq. 3 reduces to 

pH = p*£ i -1 .74 , (4) 

which is plotted wi th a dashed line in Fig. 2. 
As shown in Fig. 2, for the metal ions of G r o u p A, 

the observed values of pHgei agree well wi th those 
calculated from Eq. 4. T h i s agreement indicates that 
the values of the p H of the reaction mixtures are 
determined by the p ro tona t ion -depro tona t ion equil i ­
bria of aqua-meta l cations (Eq. 1). In addit ion, it 
suggests that bo th coordinat ion of silicate species to 
the metal ions (Eq. 2) and subsequent polymerizat ion 
have minor effects on the acidity of the metal cations 
incorporated in the gels. 

Because the aqua-meta l cations of G r o u p B are less 
acidic than silicic acid, we can assume that the equil i ­
b r ium of silicic acid (Eq. 5) is established first, fol­
lowed by bond formation of metal cations to silicate 
an ion (Eq. 6). 

-Si-OH + OH" <± -Si-O" + H 2 0 (5) 

-Si-Cr + M"+—• -Si-O-M*""1)* (6) 
I I 

As shown in Fig. 2, the pHgei values for G r o u p B metal 
ions are constant , regardless of the p*Ki values. T h i s 
indicates that the values of pHgei are primari ly deter­
mined from the equ i l ib r ium of silicic acid (Eq. 5). 
T h e discrepancy between pKa of silicic acid and the 
values of pHgei for G r o u p B metal ions may be attr ibu­
table to the effect of the polymerizat ion on the acidity 
of silicic acid. We suggest that the coordinat ion of 
the oxygen atoms of silicic acid to metal ions increases 
the acidity of silicic acid and, consequently, the pHgei 
is smaller than that calculated from pKa of silicic acid. 

In conclusion, this work illustrates that the initia­
t ion reaction of silicate gel formation can be 
accounted for in terms of the acid-base equi l ibr ia of 
silicic acid and aqua-meta l cations. We suggest that 
the polymerizat ion proceeds in two different mecha­
nisms according to the magni tude of p*K\ of the aqua-
metal cations. It is also demonstrated that the 
amoun t s of hydroxide ion added (or p H of the aque­
ous phase) is the most impor tan t factor governing the 
Si /meta l ion ratios in the solid phases. 

References 

1) a) R. Brace and E. Matijevic, / . Inorg Nucl. Chem., 
35, 3691 (1973); b) E. Matijevic and P. Scheiner, / . Colloid 
Interface Sei., 63, 509 (1978); c) V. C. Farmer, A. R. Fraser, 
and J. M. Tait, Geochim. Cosmochim. Acta, 43, 1417 (1979); 
d) M. F. Bechtold, W. Mahler, and R. A. Schunn, / . Polym. 
Sei., Polym. Chem. Ed., 18, 2823 (1980). 

2) a) R. M. Barrer, "Hydrothermal Chemistry of Zeo­
lites," Academic Press, London (1982), pp. 105—182; b) C. De 
Kimpe, M. C. Gastuche, and G. W. Brindley, Am. Mineral., 
46, 1370 (1961); c) B. Siffert and R. Wey, Proc. of the Int. 
Clay Conf., 1972, 159 (1973); d) H. Harder, Clay Minerals, 
12, 281 (1977); e) K. Wada, M. Wilson, Y. Kakuto, and S. 
Wada, Clays Clay Miner., 36, 11 (1988). 

3) M=mol-dm-8 . 
4) The silicon content of the sodium orthosilicate sam­

ple was obtained by atomic absorption spectrophotometry. 
5) J. Burgress, "Metal Ions In Solution," Ellis Horwood 

Ltd., Chichester (1978), p. 259. 
6) G. B. Alexander, W. M. Heston, and R. K. Her, / . Phys. 

Chem., 58, 453(1954). 
7) The relation between *Ki and the proton concentra­

tion is given by 
*K [NaOH]o+[H+]-[OH-] [H+] 

1 [M"+]o-[NaOH]o-[H+]+[OH-] ' [H20] 

Under the experimental conditions, i.e. [NaOH]o=lX10"3 

M, [Mn+]o=2X10-3 M, the equation above reduces to Eq. 4 in 
the pH range from 3.5 to 10, where [NaOH] 0 >[H + ] - [OH"] 
and [M"+]o-[NaOH]o>[OH-]-[H+]. 



620 © 1990 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 63, 620—622 (1990) [Vol. 63, No. 2 

The Syntheses, Crystal and Molecular Structures, and Their Thermal Properties 
of Tetramethylammonium [Octakis(isothiocyanato)lanthanoidates(III)] • 

benzene (1/2), [(CH3)4N]5[M(NCS)8] • 2C6H6 (M=La, 
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy) 

N a o m i MATSUMURA,1" Tosh io T A K E U C H I , ^ a n d Akira O U C H I * 
Department of Chemistry, College of Arts and Sciences, The University of Tokyo, Komaba, Meguro-ku, Tokyo 153 

^Department of Chemistry, School of Hygienic Sciences, Kitasato University, Kitasato, Sagamihara-shi, Kanagawa 228 
^Department of Natural Sciences, Faculty of Science and Technology, Sophia University, Kioi, Chiyoda-ku, Tokyo 102 

(Received July 17, 1989) 

Synopsis. The titled series of isomorphous complexes, 
the first octakis(isothiocyanato) complexes of lanthanoids, 
were obtained. Their crystals are tetragonal, space group 
P4nc, Z=2. The cell dimensions of the praseodymium 
complex, for example, are «=15.871(7), c=l 1.543(6) Â, 
£7=2908(3) A3, and Dm=1.29(3), Dx=1.29 gem"3, n(MoKa)= 
11.60 cm -1 , with a final R value of 0.069. The metal atom 
is octa-coordinated by eight isothiocyanate ions in an inter­
mediate geometry between cube and square-antiprism. 
The benzene included in the praseodymium complex crys­
tals was retained up to 174°C (DTA), and was not removed 
even after being heated for 12 h at 110°C. In cases of the 
other isomorphous members, the benzene was removed at 
lower temperatures, respectively. The isomorphous fluo-
robenzene adduct was obtained only for the lanthanum 
complex. 

Since Mart in et al. reported the structure of tetra-
b u t y l a m m o n i u m [hexakis( isothiocyanato)lanthanoi-
dates],1) it has been widely believed that the octahedral 
hexa-coordinat ion is the only geometry of such com­
plexes.2"4) Recently, the authors reported the struc­
tures of crystals inc lud ing [M(NCS)7]4" ions;5>6) 

as the next step we expected to obta in crystals includ­
ing [M(NCS)s]5~ ions by us ing l ight lanthanoids and 
te t ramethy lammonium cation. 

From pre l iminary tests, the title p raseodymium 
complex crystals were found to include benzene; this 
was hard to remove, even after be ing heated for 12 h at 
110°C. T h i s thermal stability of the adduct was 
abnormal , because the included benzene was always 
removed under 100 °C from all of the type adducts 
previously reported.5 '7) We have therefore synthe­
sized a series of its i somorphous complexes, and have 
examined their crystal and molecular structures, as 
well as their thermal properties. 

Experimental 

Praseodymium and tetramethylammonium thiocyanates 
were obtained as previously reported.6) The methanol 
solution (7 cm3) including praseodymium thiocyanate (1.0 
mmol) and tetramethylammonium thiocyanate (0.69 g, 5.2 
mmol) was left standing for several days in benzene vapor, 
and pale-green crystals of [(CH3)4N]5[Pr(NCS)8]-2C6H6 were 
deposited. The yield was 0.9 g (0.80 mmol, 80%). The 
isomorphous complexes from lanthanum to dysprosium 
were obtained in the same way and almost in the same 
yield.8) By this method, the isomorphous erbium and ytter­
bium complexes were not precipitated; instead, [(CH3)4N]4-
[M(NCS)7] (M=Er, Yb) were deposited.6) When the starting 
solution was left standing in fluorobenzene vapor, the iso­
morphous complex was obtained only for the lanthanum.8) 

In the X-ray structure analysis, the intensities were mea­
sured on a Rigaku AFC-6A automated 4-circle X-ray diffrac-
tometer with graphite monochromated M o ^ a radiation 
(A=0.71073 Â), the w-26 scan technique being employed (co-
scan s p e e d s 0 min - 1). The intensities were corrected for 
Lorentz and polarization factors, but not for absorption. 
The structure of the gadolinium complex was first solved by 
the heavy-atom method. Hydrogen atoms were not 
included in the structure calculations. The block-diagonal 
least-squares method was used for the refinement. The 
position of the metal atom was fixed at the origin, and the x 
and y coordinates of the N(31) atom of a cation, were fixed to 
be zero. The methyl carbon atoms around N(31), C(31), 
and C(32), were disordered into two with occupancy factors 
of 0.5, considering the site symmetry. The structures of the 
other isomorphous complexes were obtained by starting 
from the final positional and thermal parameters of the 
gadolinium complex: they were refined in the same way. 
The fluorine atom of the fluorobenzene adduct of the lan­
thanum complex was obtained from its difference synthesis 
map: it is bonded to C(61), which is also disordered into two, 
considering the site symmetry.8) All of the calculations 
were carried out on a HITAC M-682H computer at the 
Computer Center of The University of Tokyo, using a local 
version of the UNICS program.9) The atomic-scattering 
factors were taken from Ref. 10. 

Simultaneous thermogravimetric (TG) and differential 
thermal analysis (DTA) were carried out with a Rigaku 
"Thermoflex" M-8075 using samples weighing about 10 
mg, at a heating rate of 10 °C min - 1 in air, with a-alumina 
used as a reference. 

Results and Discussion 

A crystal-packing d iagram of the praseodymium 
complex projected along the c-axis is shown in Fig. I.8'11) 

Fig. 1. Projection of the unit cell of the praseody­
mium complex along the c-axis. Notation of the 
atoms: a, Pr; b, N(l); c, C(l); d, S(l); e, N(2); f, C(2); 
g, S(2); h, N(31); i, N(41); j , C(61); k, Ntfl'). 
( i=0.5-*, 0.5+y; 0.5+z). 
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Table 1. Cell Dimensions and M-N Bond Lengths of the Complexes [(CH3)4N]5[M(NCS)8] • 2G 
(M=La—Dy, G=C6H6; M=La, G=C6H5Fa)) 

M= La Ce Pr Nd Sm Eu Gd Tb Dy Laa) 

F.W. 
a/A 
c/k 
U/k* 
M-N(l) (l/k) 
M-N(2) (l/k) 

1130.49 
15.888(5) 
11.579(2) 
2923(1) 
2.59(2) 
2.56(2) 

1131.71 
15.879(8) 
11.548(3) 
2912(3) 
2.57(2) 
2.53(2) 

1132.50 
15.871(7) 
11.543(6) 
2908(3) 
2.57(1) 
2.50(1) 

1135.83 
15.872(9) 
11.527(4) 
2904(3) 
2.54(2) 
2.50(2) 

1141.95 
15.859(3) 
11.479(2) 
2887(1) 
2.53(1) 
2.41(2) 

1143.55 
15.857(9) 
11.447(5) 
2886(3) 
2.50(1) 
2.46(1) 

1148.84 
15.860(7) 
11.468(4) 
2884(2) 
2.48(2) 
2.43(2) 

1150.51 
15.856(8) 
11.454(3) 
2879(3) 
2.46(1) 
2.43(1) 

1154.09 
15.848(6) 
11.443(4) 
2874(2) 
2.45(1) 
2.43(2) 

1166.47 
15.922(8) 
11.546(4) 
2924(3) 
2.58(2) 
2.57(2) 

a) The isomorphous fluorobenzene adduct of the lanthanum complex. 

T h e cell d imensions and the M - N b o n d lengths of all 
the i somorphous complexes are shown in Table 1. 
Both of the P r - N bond lengths, for example, are 
slightly shorter than the sum of the Shannon ' s crystal 
radii, 2.59 Â.12> In the [Pr(NCS)8]5" ion, the metal 
a tom is octa-N-coordinated in an intermediate geome­
try between a cube and a square-ant iprism. T h e 
intersecting angle between the projections on the ab-
p lane of the diagonals of the top and the bo t tom 
squares of the l igat ing N-atoms was 26°. T h e isothio-
cyanate ions are arranged approximately on [011] or 
[01T]. T h e N(31) a tom is in the middle of a pair of 
ne ighbor ing metal a toms a long the c-axis, and the 
N(41) a tom of the other cation is in the middle of a 
metal and the N(31) a tom approximately a long [110]. 
T h e center of the benzene r ing, 0.5, 0, 0, is in the 
middle of a pair of ne ighbor ing metal atoms a long the 
a-axis. 

T h e relations between the average M - N bond 
lengths, a- and c-axis lengths, and the Shannon ' s 
metal crystal radii of the complexes12) are shown in 
Fig. 2. They decrease as the metal a tomic number , 
t hough the a-axis length changes qui te slowly. Since 

15.90 11.65 

15.80 11.55 

15.65 11.40 

Dy Tb Gd Eu Sm Nd Pr Ce La 

T ï ë Tas ITiö L22 Tüi 1T26 ïTii îTiô" 

( l/M 

Fig. 2. The relation between the Shannon's crystal 
radii of the central metal atom, and the a- and c-axis 
lengths (shown by a and c) and M-N bond lengths 
(average of the observed values of the respective 
complexes and the sums of the respective Shannon's 
crystal radii). 

benzene molecules are arranged a long the a-axis, its 
length is t hough t to be sensitive to the size of the space 
where the benzene r ing is included, and the range of 
the o p t i m u m size is qui te likely to be limited. 

T h e fluorobenzene molecule, which is larger than 
benzene, can be included only in a complex of lantha­
n u m which has the largest metal crystal radius. 

T h e features of the T G and D T A curves of the 
p raseodymium complex are shown in Fig. 3. It lost 
benzene ( judging from the weight loss) at po in t 1 of 
T G (165 °C) and at peak 11 of D T A (174°C). T h e 
temperatures were much higher than expected, since 
benzene was no t expected to make any effective hydro­
gen bonds in the crystal. At 2 of T G and 12 of DTA, 
one mole of [(CH3)4N](SCN) was removed ( judging 
from the weight loss). At 3 of T G , and 13, 14, and 
some other small peaks near them of DTA, the com­
plex decomposed completely; after the sample was 
heated u p to 1000 °C the residue was metal oxide. 

T h e features of the T G and D T A curves of the other 
i somorphous complexes are approximately the same, 
except for the temperatures at 1 and 11. T h e relation 
between the temperatures and the Shannon ' s metal 
crystal radii of the complexes are shown in Fig. 4. 
T h e praseodymium complex showed m a x i m u m 
values. T h e fluorobenzene was removed from its 
adduct at approximately the same temperature as the 
benzene adduct of l an thanum. 

T h e h igh thermal stability of the praseodymium 
complex crystals was also examined by heat ing for 12 
h at 110 °C: neither the weight loss nor any changes of 

TG 

DTA 

> 

1 

V 
11 

~A2 

V 
12 

14 
i 

\3 = "̂  

1 I \ 

v1 

13 
300 

°C ) 

500 

Fig. 3. TG( ) and DTA( ) curves of the pra­
seodymium complex. Mass loss of the TG was 
taken downwards and the exothermic change of 
DTA was taken upwards. 
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Fig. 4. The corresponding temperatures of the 
respective complexes at the points 1 and 11 of Fig. 3. 
The abscissa of the figure is taken as proportional 
to the crystal radii of the central metal atom. 

the infrared spectral peaks (3090, 3050, 1030, and 680 
c m - 1 peaks of the included benzene and 2060, 740, and 
475 c m - 1 peaks of isothiocyanate ions) were recog­
nized. As was expected from the thermo-analytical 
result, the i somorphous neodymium complex also 
showed almost the same thermal stability, t hough the 
eu rop ium complex lost half of its benzene wi th in 10 h, 
and the gado l in ium complex lost all of it wi th in 6 h at 
110°C. T h e benzene in the l an thanum, cerium, ter­
b ium, and dysprosium complexes, as well as the fluo­
robenzene in the l a n t h a n u m adduct, were completely 
removed wi th in 2 h at 110 °C. 

T h e authors wish to thank the Shin-Etsu Chemical 
Ind. Co., Ltd., for p rov id ing them with the highly 
pure l an thano id oxides. They also express their grat­
i tude to Dr. F. S. Howel l of Sophia University for the 
revision of this manuscr ipt . 
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Synopsis. 3-Acyl-l,2-naphthalenediols prepared by the 
photoinduced addition reaction of 1,2-naphthoquinone 
with alkanals were oxidized with Fremy's salt to give 3-acyl-
1,2-naphthoquinones in good yields. The diols were 
reduced with amalgamated zinc, followed by oxidation to 
afford 3-alkyl-l,2-naphthoquinones in moderate yields. 

The quinone moiety plays an extremely important 
role in biological systems. For instance, it is well-
known that 2-methyl-l,4-naphthoquinone (menadi­
one) is a key structure for the physiological activities 
of the vitamin K series.1) 3-Alkyl-l,2-naphtho-
quinones, analogues of menadione, are therefore of 
interest for their biological activities. Acylquinones 
are also distributed in nature.2) However, no effective 
synthesis of 3-aklyl- and 3-acyl-l,2-naphthoquinones 
has been reported so far.3) A direct introduction of an 
alkyl or acyl group into the quinonoid nucleus of 1,2-
naphthoquinone by the Friedel-Crafts reaction has 
been very difficult, because 1,2-naphthoquinone easily 
decomposes under acidic reaction conditions owing to 
the inherent unstableness of the quinones.4) How­
ever, the photochemical reaction of 1,2-naphtho­
quinone (1) with alkanals proceeded under neutral 
conditions via a radical process to give 3-acyl-l,2-
naphthalenediols (2).5) The products, 2, directly pro­
duced by introducing an acyl group into position 3 of 
1, can be useful starting materials for the preparation 
of the title compounds. In this paper we describe the 
effect of an additive metal ion on the yields of 2 and 
the preparation and physical properties for the title 
quinones. 

Results and Discussion 

After irradiation of an acetonitrile-benzene (3 : 7 v/ 
v) solution of 1 and acetaldehyde with a 300-W high-
pressure mercury arc lamp through Pyrex, 3-acetyl-
1,2-naphthalenediol (2a) was easily isolated by column 
chromatography in 7 % yield. In order to increase the 
yield of 2a, the reaction was undertaken in the pres­
ence of a metal Perchlorate, the results of which are 
shown in Table 1. The effect of the additive metal 

Perchlorates on the yield of 2a increased in the order 
Mg(II)>Co(II)>Ce(III)>Ni(II)>Ca(II)>Li(I). Thus, 
the effect of magnesium Perchlorate on the yields of 2a 
was superior to that of other metal Perchlorates exam­
ined in this work. Though the molar ratio of 
Mg(C104)2 to 1 was varied up to 3 equivalents, the 
yield of 2a remained almost unchanged, as shown in 
Table 1. Thus, the yield of 2a increased up to 30% 
when the reaction was carried out in the presence of 
one equivalent mole of Mg(C104)2. 

When tetrabutylammonium Perchlorate (n-
BU4NCIO4) was used in the place of metal Perchlo­
rates, no additive effect on the yield of 2a could be 
observed. This result clearly indicates that the 
increase in the yield of 2a is not caused by Perchlorate 
anion, but by metal cation.6) The irradiation of 1 
with propanal, butanal, and pentanal in the presence 
of Mg(C104)2 also yielded 2b, 2c, and 2d in yields of 29, 
27, and 25%, respectively (Table 1 and Eq. 1). 

Table 1. Effect of Metal Perchlorates on the Yields of 
3-Acyl-l,2-naphthalenediol (2) in the Photoaddition 
Reaction of 1,2-Naphthoquinone (1) with Alkanala) 

Alkanal 

CH3CHO 

CH3CH2CHO 
CH3(CH2)2CHO 
CH3(CH2)3CHO 

Metal Perchlorate 

c) 
LiC104 

Mg(C104)2 

Ca(C104)24H20 
Co(C104)26H20 
Ni(C104)26H20 
Ce(C104)38H20 
rc-Bu4NC104 
Mg(C104)2 

Mg(C104)2 

Mg(C104)2 

Molar ratio 

1 : Metal 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
2 
3 
1 
1 
1 
1 
1 
1 
1 
1 

Yield of 2 

/%b) 

7 
9 

30 . 
28 
26 
16 
28 
18 
21 

5 
29 
27 
25 

a) Reaction was carried out in acetonitrile-benzene 
(3:7 v/v). b) Yield is isolated yield based on the 
quinone used, c) Reaction was carried out in the 
absence of metal Perchlorate. 

0£fc RCHO 
h v , M(C10 4 ) n 

CH3CN-C6H6 ' 

a: R=CH3 ; b: R=CH2CH3; 

c: R=CH2CH2CH3; 

d: R=CH2CH2CH2CH3 

OH -ON(S03K)2 

COR 

Zn(Hg) •ON(S03K)2 

HCl 
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Table 2. *H NMR, IR, and Mass Spectral Data of 3-Acyl-l,2-naphthoquinone (3) 

Quinone iHNMR^DCls, ô) IRfKBrJ/cm-1 MS m/z(M+) Mp/°Ca) Yield/%b) 

3a 

3b 

3c 

3d 

2.65 (s, CH3), 7.58—7.78 (m, 3H), 
8.16 (d, Hb), 8.22 (s, Ha) 
1.16 (t, CH3), 3.04 (q, CH2), 
7.57—7.77 (m, 3H), 8.16 (d, Hb), 
8.20 (s, Ha) 
0.98 (t, CH3), 1.69 (six, CH2), 
2.99 (t, CH2), 7.56—7.76 (m, 3H), 
8.16 (d, Hb), 8.18 (s, Ha) 
0.94(t,CH3), 1.37 (six, CH2), 
1.64 (qui, CH2), 3.01 (t, CH2), 
7.57—7.77 (m, 3H), 8.15 (d, Hb), 
8.17 (s, Ha) 

1715, 
1665 
1705, 
1665 

1680, 

1680, 

1690, 

1680, 

1660 

1660 

200 

214 

228 

242 

134—136 

135—137 

88—89 

138—139 

98 

97 

95 

96 

a) Uncorrected melting point, b) Yield is isolated yield based on used 2. 

Potassium nitrosodisulfonate (Fremy's salt; 
• ON(S03K)2) is an useful reagent for the oxidation of 
phenols to benzoquinones (i.e., o-benzoquinones and 
p-benzoquinones) under very mild conditions. How­
ever, one of the disadvantages of this oxidation is that 
electron-withdrawing substituents in phenol can usu­
ally inhibit the reaction.7) However, when 3-acyl-l,2-
naphthalenediols (2) were treated with Fremy's salt in 
Teuber's conditions8) (see Experiment), the oxidation 
smoothly proceeded to give 3-acyl-l,2-naphtho-
quinones (3) in almost quantitative yields (Table 2 
and Eq. 1). This successful oxidation with Fremy's 
salt in spite of the presence of electron-attracting acyl 

2a 

OH 1 0 

Q5C- - o X 
OH OH 

COCHo Et 

OH 

5^ 
OH 

OH 
CH3 

OH 

CH0 

(3) 

(4) 

Et 

7 

a LiAlH,-AlCl0 in Et«0 then H 4 3 2 
b Air or S i l i c a gel 

group is probably due to the 1,2-diol structure of 2. 
It has been reported that alkyl aryl ketones are 

readily reduced by mixed hydride (L1AIH4-AICI3) to 
hydrocarbons.9) However, when this reducing agent 
was applied for the reduction of 2a, the alcohol (5) was 
obtained, which was very unstable and easily oxidized 
into the corresponding quinone (6) during purifica­
tion (Eq. 3). This finding suggests that an intramo­
lecular hydrogen-bonded carbonyl group in 2a is 
hardly reduced to methylene group even with the 
powerful reducing agent. This was supported by the 
fact that the reduction of 4/-hydroxyacetophenone 
with the reducing reagent yielded 4-ethylphenol, but 
that of 2/-hydroxyacetophenone afforded 2-(l-
hydroxyethyl)phenol (Eq. 4). 

We next examined the Clemmensen reduction of 
3a. The ketone 3a was conveniently reduced by the 
Clemmensen reduction to 3-ethyl-l,2-naphthalene-
diol, which was unstable and partially oxidized into 3-
ethyl-l,2-naphthoquinone (4a) and other unidentified 
products under chromatographic separation condi­
tions. Therefore, the reducing product was not iso­
lated and, subsequently, oxidized with Fremy's salt to 
afford 4a in 58% yield (Eq. 2). Similarly, other 3-acyl-
1,2-naphthalenediols (2b—d) were reduced with amal­
gamated zinc, followed by oxidation to yield 3-alkyl-
1,2-naphthoquinones (4b—d) in considerable yields, 
as listed in Table 3. 

Table 3. ^ N M R , IR, and Mass Spectral Data of 3-Alkyl-l,2-naphthoquinones (4) 

Quinone 

4a 

4b 

4c 

4d 

1H NMR(CDC13, d) 

1.18 (t, CH3), 2.48 (q, CH2), 
7.17 (s, Ha), 1.27—7.64 (m, 3H), 
8.04 (d, Hb) 
0.98 (t, CH3), 1.58 (six, CH2), 
2.41 (t, CH2), 7.17 (s, Ha), 
7.27—7.63 (m, 3H), 8.04 (d, 1H) 
0.94 (t, CH3), 1.39 (m, CH2), 
1.52 (m,CH2), 2.44 (t,CH2), 
7.17 (s, Ha), 7.29—7.64 (m, 3H), 
8.04 (dd, Hb) 
0.91 (t, CH3), 1.32—1.61 (m, 
CH2X3), 2.43 (dt, CH2), 7.17 
(s, Ha), 7.30—7.64 (m, 3H), 
8.04 (dd, Hb) 

IR(KBr)/cm-1 

1698, 1662 

1700, 1665 

1695, 1660 

1695, 1658 

MS m/z(M+) 

186 

200 

214 

228 

Mp/°Ca) 

97—98 

72—73 

78—80 

90—92 

Yield/%b) 

58 

60 

55 

52 

a) Uncorrected melting point, b) Yield is isolated yield based on used 2. 



February, 1990] N O T E S 625 

T h o u g h the yields of 2 are still not satisfactory, 
there is no method superior to the present one for a 
direct in t roduct ion of an acyl g roup in to posi t ion 3 of 
1. Therefore, the present methods provide a short-
step synthesis of the title compounds , which have not 
been reported so far. 

Experimental 

The NMR spectra were measured on a JEOL GX-270 FT-
NMR spectrometer using TMS (<5=0.00) as an internal 
standard. IR spectra were recorded on a Hitachi 260-50 
spectrometer. The mass spectra (MS) were recorded with 
ESCO EMD-05A spectrometer. Elemental anslysis data (C 
and H) agreed within ±0.3% for the calculated values. The 
yields of 3-acyl-l,2-naphthalenediols are based on the qui­
none used. 

Photochemical Preparation of 3-Acyl-l,2-naphthalene-
diols (2). The typical procedure was as follows: To a 
solution of 1,2-naphthoquinone (79 mg, 0.5 mmol)10) and 
magnesium Perchlorate (111.6 mg, 0.5 mmol) in 20 ml of 
CH3CN-C6H6 (3 : 7 v/v) an excess amount of acetaldehyde (1 
ml) was added; and the solution was irradiated with a 300-W 
high-pressure Hg arc lamp through Pyrex for 15 h at room 
temperature. The irradiating solution was concentrated 
and 10% of an aqueous solution of NH4CI was added to the 
residue, and then extracted with CHCI3. The organic layer 
was dried over Na2SÜ4, and concentrated in vacuo. The 
residual oil was chromatographed on a silica-gel column 
using benzene as an eluting solvent. The first yellow com­
ponent was collected and evaporated to give 2a as orange 
prisms (60 mg, 30%). 

In all other cases, 2b—d were also easily isolated by silica-
gel chromatography with benzene in 29, 27, and 25% yields, 
respectively. The physical properties of these products 
were described in our previous paper.5) 

Synthesis of 3-Acyl-l,2-naphthoquinones (3). The diol 
(2, 0.5 mmol) was dissolved in MeOH (10 ml) and added to a 
solution of Fremy's salt (0.6 g) dissolved in water (20 ml) and 
1/6 M KH2PO4 solution (5 ml; 1 M=l mol dm"3). After 
stirring for 1 h at room temperature, the solution was 
extracted with CHCI3; the organic layer was then washed 
with water, dried over Na2SÜ4, and finally evaporated to 
give the quinone (3) as red needles in almost quantitative 
yields. The acylquinones were purified by recrystallization 
from benzene-hexane. The physical properties of the qui-
nones are shown in Table 2. 

Reduction of 2a with LiAlEU-AlCls. To an ether solu­
tion (10 ml) of L1AIH4 (24.7 mg, 0.65 mmol) a solution of 
granular AICI3 (86 mg, 0.65 mmol) in 10 ml of ether was 
added rapidly. Five minutes later, a solution containing 
101 mg (0.5 mmol) of 2a and 66.7 mg (0.5 mmol) of AlCls in 
20 ml of ether was introduced at a rate such as to produce 
gentle reflux. After stirring for 30 min, the reaction mix­
ture was carefully hydrolyzed and ether layer was separated; 
the aqueous layer was then extracted with ether. The com­
bined ether extracts were dried and evaporated to give 5, 
which was easily oxidized during purification by silica-gel 
column to 3-(l-hydroxyethyl)-l,2-naphthoquinone (6): 
orange plates (43 mg, 47%), mp 103—105 °C; *HNMR 
(CDCI3) 0=1.48 (d, 3H, CH3, /=7.0 Hz), 2.65 (br, 1H, OH), 

4.94 (q, 1H, CH, /=7.0 Hz), and 7.35—8.12 (m, 5H, aromatic 
protons); IR (KBr) 3410 (m, OH), 1693 (w, C=0), and 1655 (s, 
C O ) cm"1. 

When 4/-hydroxyacetophenone was treated as described 
above, 4-ethylphenol was obtained in 63% yield. However, 
a similar treatment of 2/-hydroxyacetophenone with 
L1AIH4-AICI3 gave 2-(l-hydroxyethyl)phenol in 54% yield: 
oil; *H NMR (CDCI3) ô=1.53 (d, 3H, CH3, /=6.6 Hz), 3.43 (s, 
1H, OH), 5.01 (q, 1H, CH, /=6.6 Hz), 6.79—7.17 (m, 4H, 
aromatic protons), and 8.15 (s, 1H, OH); IR (CHCI3) 3600 
(OH) and 3375 (OH) cm"1. 

Synthesis of 3-Alkyl-l,2-naphthoquinones (4). A mix­
ture of amalgamated zinc prepared from 600 mg of zinc sand 
and 45 mg of mercury(II) chloride, 0.3 ml of water, 0.6 ml of 
cone, hydrochloric acid, and 0.5 mmol of 2a was refluxed for 
1.5 h. The reaction mixture was cooled to room tempera­
ture and extracted with ether. The organic layer was 
washed with saturated aqueous NaCl, dried over Na2S04, 
and evaporated to afford 3-ethyl-l,2-naphthalenediol as a 
pale red oil. Since the diol was unstable, it was subse­
quently oxidized with Fremy's salt without isolation to give 
3-ethyl-1,2-naphthoquinone (4a). The quinone was puri­
fied by preparative TLC and then carefully recrystallized 
from benzene-hexane. The other quinones, 4b—d, were 
prepared by the same methods from 2b—d and were 
obtained as red prisms or needles; their physical properties 
and yields are summarized in Table 3. 
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(1974), Part I, p. 113. 
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Cooperation of Imidazolyl and Carboxylate Residues for Efficient Cleavage 
of Bis(nitrophenyl) Hydrogenphosphates 

Makoto KOMIYAMA 

Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305 
(Received August 23, 1989) 

Synopsis. 4-Imidazoleacetate efficiently catalyzes the 
cleavage of bis(2,4-dinitrophenyl) hydrogenphosphate and 
bis(4-nitrophenyl) hydrogenphosphate (1600 and 15000 fold 
acceleration at pH 8.0 at 1.0 mol dm -3). The effective catal­
ysis is ascribed to the intramolecular cooperation of the 
imidazolyl and the carboxylate residues. 

Currently considerable interest has been focusing to 
the prepara t ion of artificial nucleases. l ) There , small 
catalytic molecules are at tached to the moieties show­
ing specific interaction wi th the nucleic acids. 

Virtually all of the systems previously studied 
employ metal complexes as the catalytic sites, mainly 
because no organic molecule has shown sufficient 
catalysis. T h u s , the enhancement of the activity of 
organic catalysts for the cleavage of phosphodiesters, 
the most stable form of phosphoesters,2 ) is highly 
required for the further development of the field. 

Breslow reported that imidazole catalyzes the cleav­
age of uridylyl(3'-5')uridine.3 ) T h e catalysis of cyclo-
dextrins b r ing ing two imidazolyl groups for the cleav­
age of cyclic phospha te of 1,2-benzenediol was also 
shown.4 ) T h e present paper reports that 4-imida-
zoleacetate exhibits significantly large catalytic activ­
ity for the cleavage of bis(2,4-dinitrophenyl) hydro­
genphosphate (1) and bis(4-nitrophenyl) hydrogen­
phospha te (2), due to the cooperation of the 
imidazolyl and the carboxylate residues. 

Experimental 

The substrate 1 was prepared from phosphoryl chloride 
and 2,4-dinitrophenol according to the literature.5) The 
cleavage of 1 and 2 was carried out at 50 °C, and was 
followed by the increase of the absorbance at 400 nm (due to 
the appearance of the nitrophenolates). The second-order 
catalytic rate constant £cat was determined from the slope of 
the linear plot of the pseudo first-order rate constant vs. the 
concentration of the corresponding species. The pK* 
values of the imidazoles were evaluated by the titration. 

Results and Discussion 

4-Imidazoleacetate exhibited qui te an efficient catal­
ysis for the cleavage of 1 and 2: at the concentrat ion 1.0 
mol d m - 3 and p H 8.0, the acceleration was 1600 and 
15000 fold. T h e k^x value for the cleavage of 1 is 4.6 
times as large as the corresponding value of unsubst i-
tuted imidazole. T h e pH-rate constant profile 
showed that the active species involves both neutral 
imidazolyl residues and carboxylate ion. 

Figure 1 shows the Brönsted plot for the cleavage of 
1 catalyzed by various imidazoles. T h e points for all 
the imidazoles, except for 4-imidazoleacetate (number 
1), satisfactorily fit the straight line of the slope 0.12. 
T h e basicity of the imidazolyl residue governs the 

6 8 
pKa of imidazole 

10 

Fig. 1. Brönsted plot for the imidazole-catalyzed 
cleavage of 1 at 50 °C: The numbers near the circles 
refer to the substituents in imidazoles. (1) 4-
CH2COO-; (2) 4-CH3; (3) N-CH3; (4) 2-CH3; (5) H 
(unsubstituted imidazole); (6) 4-CH2OH; (7) 4-
(CH2)2NH3

+. 

efficiency of the catalysis. 
However, the po in t for 4-imidazoleacetate signifi­

cantly deviates from the straight line: the &cat value is 
about 3 times as large as the value estimated from the 
straight line. T h i s enhancement is ascribed to the 
cooperat ion of the imidazolyl residue and the adjacent 
carboxylate. T h e intramolecular cooperation is defi­
nitely confirmed by no measurable cooperation of 
unsubst i tu ted imidazole and acetate ion for the cleav­
age of 1. Furthermore, the 4-imidazoleacetate-
catalyzed cleavage of 1 exhibits a significant D2O 
solvent isotope effect (&Cat(in H20)/£Cat(in D20)=2.3), 
showing proton-transfer in the rate-determining 
step.6) 

In the t ransi t ion state for the present catalysis, 
formed by the nucleophi l ic attack of the ni t rogen 
a tom of the imidazolyl residue to 1, the adjacent 
carboxylate part ial ly abstracts a p ro ton from the other 
ni t rogen a tom of the imidazolyl residue. T h i s sup­
presses the formation of a positive charge in the 
imidazolyl residue, p romot ing the catalysis (Fig. 2). 
T h e mechan ism is associated wi th the "charge-relay" 
system, proposed for serine proteases71 and further 
supported by the model systems,8) a l though the imida­
zolyl residue in the "charge-relay" system functions as 
general-base catalyst rather than nucleophi l ic catalyst. 

T h e above a rgument has been supported by the fact 
that no D2O solvent isotope effect is observed for 
the catalysis by the imidazoles other than 4-
imidazoleacetate. Here the catalysis proceeds via 
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Fig. 2. Proposed mechanism for the hydrolysis of 1 
and 2 catalyzed by 4-imidazoleacetate: R shows 2,4-
dinitrophenyl or 4-nitrophenyl residue. 

nucleophi l ic attack by the imidazolyl residues wi thout 
rate-determining pro ton transfer. 

In conclusion, 4-imidazoleacetate is qui te efficient 
for the cleavage of phosphodiesters 1 and 2, due to the 
cooperat ion of the catalytic residues. T h i s f inding 
indicates a s trong possibility of the development of the 
artificial nucleases involving organic moieties as the 
catalytic sites. 

T h i s work was part ial ly supported by a Grant- in-
Aid for Scientific Research from the Ministry of Edu­

cation, Science and Culture. 
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A Cyclopropane Sliding Reaction of J3-Africen-10-yl Cation 

Kiyoharu HAYANO, Ha ruh i sa SHIRAHAMA,*>+ and Takesh i MATSUMOTO++ 

Chemical Laboratory, Sapporo College, Hokkaido University of Education, Sapporo 002 
^Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received August 24, 1989) 

Synopsis. Rearrangement of zf3-africen-10-yl cation, 
generated by the treatment of 10ß-chloro-zf3-africene with 
silica gel, accompanied cyclopropane sliding. 

Previously we reported1 '2) biogenetic like conversion 
of h u m u l e n e (1) in to zl8(13>-capnellene and dactylol. 
A characteristic feature of these syntheses was cyclo­
p ropane s l iding reactions accompanying an apparen t 
1,2-shift of a methyl g roup . These cyclopropane 
s l iding reactions occurred by generat ion of a carboca-
tion at «-posit ion of the cyclopropane r ing. In con­
nection wi th our project directed toward biogenetic 
like synthesis of cyclohumulanoids , we investigated 
the rearrangement of zl3-africen-10-yl cation, gener­
ated from 10ß-chloro-zl3-africene (5) with an a im to 
establish the generality of cyclopropane sl iding reac­
tion of tricyclo[6.3.0.02 '4]undecane skeleton. In this 
report, we wish to describe a rearrangement of 5, 
which resulted in cyclopropane sl iding (Scheme 1). 

10ß-Chloro-zl3-africene (5) was synthesized from Az-

Hh H 

Scheme 1. 

2 X=H, Y=OH 

H 3 X=Y=0 

4 X=OH, Y=H 

5 X=H, Y=CI 

Fig. 1. 

"ff" Present address: Department of Bioscience and Technol­
ogy, School of Engineering, Hokkaido Tokai University, 
Minaminosawa Minamiku, Sapporo 005. 

africen-10a-ol, which had been previously prepared3 ) 

from 1, via zl3-africen-10jS-ol (4) by the following 
sequence of reactions: 1) Coll in 's oxidation, 2) ster­
eoselective reduction of zl3-africen-10-one (3) (90%, 
from 2), a n d 3) treatment of 3 with phosphorous 
pentachloride. Wi thou t any purification, unstable 5 
was directly absorbed on silica-gel column. After 1 h, 
elut ion wi th hexane gave a mixture of three olefins 
(6—8). These compounds were separated by a 
co lumn chromatography us ing silica gel impregnated 
wi th 10% AgNOs to give 6, 7, and 8 in 26, 1.8, and 27% 
yields from 3, respectively (Fig. 1). T h e h igh resolu­
tion mass spectra of these products showed the same 
molecular formula C15H22. For the purpose of eluci­
da t ing its structure, 6 was converted to epoxy alcohol 
9. Oxida t ion of 6 wi th m-chloroperbenzoic acid 
afforded a mixture of diastereomeric diepoxides. 
T h i s mixture was separated by a silica-gel co lumn 
chromatography to yield major diepoxide (40%) and 
minor one (27%). Reduct ion of the minor diepoxide 
wi th l i t h ium a l u m i n u m hydride gave rise to 9 as a 
single product . ^ N M R studies on 9 inc lud ing 
extensive decoupl ing experiments in the presence of a 
shift reagent [Eu(fod)3] revealed the existence of par­
tial structures depicted in Fig. 2. Considerat ion of 
the possible combinat ion of these fragments, probable 
reaction course and lan thanide induced shift values4* 
of several pro tons (Fig. 2) suggested that structure of 
the epoxy alcohol was represented by 9. Therefore, 
structure of the diene was figured as formula 6. 
^ N M R spectrum of 7 was so similar to that of 6 
except for olefinic methyl p ro ton (3H) in 6 and exo-
methylene (2H) in 7. T h u s , 6 and 7 were impl ied to 
be isomers about posi t ion of double bond. From the 
results the molecule should be depicted as formula 7. 
Fur thermore , examinat ion of XH N M R spectrum of 8 
and the corresponding diepoxide 10, which was 
obtained from 8 by epoxidat ion wi th m-

Ha3C \± Hb Hd 

He He 

CH3f 
C-f-C 

OH 

C 

c4-
Hh 

Hg Hi 

CH3i c+c 
CH3k 

Fig. 2. The following partial structure of 9 was 
revealed by ^ N M R spectra in the presence of 
Eu(fod)3 (Eu/9=0.37). 

Lanthanide induced shift values [Aô/([Eu]/[9])] 
a=4.8, b=9.7, c=10.4, d=9.7, e=15.4, f=5.0, g=31.1, 
h=8.3, i=7.2,j=1.6,k=3.9. 

CH3 
C + C 

CH3 

H3Q H 
X2 

H H 

C fe C Ĉ 

Fig. 3. Partial structures in the molecule of 8. 
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chloroperbenzoic acid (72%) as a sole product , revealed 
that the absence of cyclopropane and the presence of 
part ial structures depicted in Fig. 3 in the molecule of 
8. Consider ing the above results and possible reac­
tion process, the structure of the triene was presumed 
to be expressed by the formula 8. 

As described above, it was found that cyclopropane 
sl iding was also took place in acidic rearrangement of 
10ß-chloro-zl3-africene (5). These results combined 
wi th the previous one could suggest that carbocations 
generated at C-l or C-5 posi t ion of tricyclo-
[6.3.0.02 '4]undecane skeleton (a-carbon of the cyclo­
propane ring) rearranged through cyclopropane sliding 
in general. 

Experimental 
1H NMR and 13C NMR spectra were recorded on a HITA­

CHI R20B (60 MHz) and a JEOL JNM FX-100 (25 MHz) 
instrument using TMS as an internal standard, respectively. 
High-resolution mass spectra were measured on a JEOL 
JMS D-300 mass spectrometer. All reactions were carried 
out under argon atmosphere and stirring. 

£-2,6,6,9-Tetramethyl-£raws-l-£raw.soid-l,2-£is-2-tri-
cyclo[6.3.0.02'4]undec-9-en-r-5-ol (4). (10-Hydroxyafricene). 
To a suspension of Collin's reagent (630 mg, 2.4 mmol) and 
dry Celite (1.0 g) in dry CH2CI2 (10 ml) was added a solution 
of 2 (150 mg, 0.55 mmol) in CH2CI2 (2 ml) at room tempera­
ture. After stirring for 0.5 h at room temperature, the 
reaction mixture was diluted with Et20 (20 ml) and filtered 
through Celite bed. After the filtrate was concentrated in 
vacuo, the crude oil was dissolved in THF (5.0 ml) and 
LiAlH4 (20 mg, 0.53 mmol) was added to the solution at 
room temperature. After stirring at room temperature for 1 
h, the solution was cooled to 0°C, diluted with Et20, 
quenched by the addition of ice, and dried over Na2S04. 
After filtration, the solvent was removed in vacuo and the 
residue was chromatographed on silica-gel column (4% 
EtOAc-C6H6) to yield a pure product 4 (135 mg, 90%): 
*HNMR (CDCI3) 0=1.01 (3H, s), 1.05 (6H, s), 1.60 (3H, bs), 
3.84 (IH, d, / = 6 Hz), 5.24 (IH, bs); IR (neat) 3600—3200 cm"1. 
Found: m/z 220.3537. Calcd for G5H24O: M, 220.3540. 

re/-(3J?,55,8J?)-2,6,6,9-Tetramethyltricyclo[6.3.0.03'5]un-
deca-l,9-diene (6), 6,6,9-Trimethyl-2-methylene-fraw5-l-
£ransoid-l,3-£is-3-tricyclo[6.3.0.03'5]undec-9-ene (7), and 
^ran5-2,6,6,9-Tetramethylbicyclo[6.3.0]undeca-2,4,9-triene 
(8). To a solution of PC15 (162 mg, 0.74 mmol) in a 
mixture of C6H6 (27 ml) and C6H5CH3 (27 ml) was added 185 
mg (0.89 mmol) of 4 at 0 °C and the mixture was stirred for 1 
h at room temperature. The reaction mixture was 
quenched with saturated NaHCOs aqueous solution (25 
ml), and extracted with CÔHÔ three times. The combined 
extracts were washed with water, dried over Na2S04 and 
concentrated in vacuo to give a pasty mass which was 
absorbed on Si02 (WAKO silica gel, 8 g) with hexane. 
After 1 h, mixture of hydrocarbons was eluted with hexane. 
Separation of the mixture with AgNOs silica-gel column 

(0.5% EtOAc-hexane) afforded 6 (44 mg, 26%), 7 (3 mg, 1.8%), 
and 8 (45 mg, 27%). 6: *H NMR (CDCI3) 6=0.6—1.1 (4H, 
m), 1.0, 1.2 (each 3H, s), 1.65 (6H, bs), 5.29 (IH, bs). Found: 
m/z 202.3386. Calcd for G5H22: M, 202.3388. 7: *H NMR 
(CDCI3) 0=0.2—0.8 (3H, m), 0.93, 1.23 (each 3H, s), 1.63 
(3H, bs), 4.73 (2H, bs), 5.29 (IH, m). Found: m/z 202.3384. 
Calcd for G5H22: M, 202.3388. 8: *H NMR (CDCI3) 5=1.08, 
1.13 (each 3H, s), 1.65, 1.75 (each 3H, bs), 5.2, 5.9 (4H, m); 
!3CNMR (CDCI3) 6=14.8 (q), 19.7 (q), 23.6 (q), 33.4 (s and t, 
2C), 34.8 (q), 40.8 (t), 45.4 (d), 46.8 (d), 123.0 (d), 123.3 (d), 
125.4 (d), 139.5 (s), 140.1 (d), 141.3 (s). Found: m/z 
202.3382. Calcd for C15H22: M, 202.3388. 

re/-(15,2Ä,3J?,55,8J?,95)-l,2-Epoxy-2,6,6,9-tetramethyl-
tricyclo[6.3.0.03'5]undecan-9-ol (9). To a solution of m-
chloroperbenzoic acid (183 mg, 1.01 mmol) in CH2CI2 (20 
ml) at 0°C was added 97 mg (0.48 mmol) of 6. After 
stirring for 1 h at room temperature, usual workup followed 
by chromatographic separation with silica-gel column (2% 
EtOAc-hexane) «afforded minor diepoxide (30 mg, 27.7%): 
iHNMR (CDCI3) 0=0.0-0.9 (3H, m), 0.99, 1.11, 1.3, 1.4 
(each 3H, s), 1.74 (IH, d, 7=15 Hz), 2.22 (IH, dd, 7=15 and 
1.5 Hz), 3.3 (IH, bs), and major diepoxide (45 mg, 40%): 
!H NMR (CDCI3) 6=0.1—1.0 (4H,m), 1.0, 1.1, 1.33, 1.4 (each 
3H, s), 1.8 (IH, dd, 7=16 and 2.5 Hz), 2.33 (IH, d, 7=16 Hz), 
3.3 (IH, d, 7—2.5 Hz). A solution of the minor diepoxide 
(30 mg, 0.13 mmol) in THF (0.5 ml) was added to a well 
stirred slurry of LiAlH4 (5.4 mg, 0.14 mmol) in THF (15 ml) 
at 0°C. After stirring for 2 h at room temperature, the 
excess of reagent was decomposed by the addition of ice-
water and the mixture was extracted with EtOAc three times. 
The combined extracts were dried over Na2S04 and evapo­
rated in vacuo to give paste, which was purified with chro­
matography on a silica-gel column (10% EtOAc-CôHô) to 
afford 9 (27 mg, 89%): IR (neat) 3600—3200 cm"1; *H NMR 
(CDCI3) 0=0.0—0.9 (3H, m), 0.99, 1.11, 1.18, 1.35 (each 3H, 
s). Found: m/z 236.3531. Calcd for G5H24O2: M, 236.3534. 

re/-(lJ?,25,3J?,85)-2,3,9,10-Diepoxy-2,6,6,9-tetramethyl-
bicyclo[6.3.0]undec-4-ene (10). To a solution of m-
chloroperbenzoic acid (56 mg, 0.33 mmol) in CH2CI2 (12 ml) 
at 0°C was added 8 (30 mg, 0.15 mmol) and the reaction 
mixture was stirred for 2 h at room temperature. Usual 
workup followed by chromatographic purification with 
silica-gel column (2% EtOAc-hexane) gave a pure diepoxide 
10 (25 mg, 72%): *H NMR (CDCI3) 0=1.1,11.2, 1.3, 1.35 (each 
3H, s), 3.26 (IH, bs), 3.3 (IH, s), 5.39 (IH, d, 7=11 Hz), 5.51 
(IH, d, 7=11 Hz). Found: m/z 234.3374. Calcd for 
C15H22O2: M, 234.3376. 
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Synopsis. Reaction of phenyldiazomethane (1) with 
tetrafluoro-l,4-benzoquinone (2a) gave isomeric mixtures of 
stilbenes (3, cis/trans=4.7) and spirooxetanes (4a, cis/trans^ 
1.1) via zwitterion intermediates. Similarly, tetrabromo-
1,4-benzoquinone (2c) provided 3 and spirooxetane (4c); 
however, the cis/trans ratio of 3 dropped to 2.3 and 4c was 
solely the trans isomer. On the other hand, reaction with 
tetraiodo-l,4-benzoquinone (2d) afforded jio spirooxetane 
and gave a further reduced isomer ratio of 3 of 1.9. 

Phenyldiazomethanes are reported to give cis-
stilbenes in preference to their more stable trans-
isomers on the metal salt-catalyzed decomposi t ion by 
cerium(IV) a m m o n i u m nitrate,1) copper(II) Perchlo­
rate and bromide,2^ l i t h ium bromide,3* and rhod ium-
(II) acetate and iodorhodium(III ) tetraphenylpor-
phyrin,4 ) and by photosensitized and anodic oxida­
tion. 5> These stereoselective reactions can be 
explained by several alternative mechanisms; (1) car-
bene formation accompanied by the stereocontrolled 
attack of the second molecule of diazoalkanes,2j4) (2) 
highly ordered a l ignment of two molecules of phenyl­
diazomethanes by sandwich ing of two l i th ium ions 
wi th the 7i-electron system of diazoalkanes,3) (3) face-
to-face interact ion performed by orbital m ix ing 
between the H O M O of the phenyldiazomethanes and 
the L U M O of their corresponding radical cations.5) 

We also observed formation of czs-stilbene over 
trans-isomer together wi th Jram-spirooxetane from 
the reaction of te trachloro-l ,4-benzoquinone (2b) wi th 
phenyldiazomethane (1).6) We have now extended 
the work to a series of tetrahalogenated qu inones 
(tetrafluoro-, tetrabromo-, and tetraiodo-l,4-benzo-
quinones , 2a, 2c, and 2d) to gain a better understand­
ing of steric and electronic effects in the stereochemi­
cal course of the reactions. 

Results and Discussion 

Reaction of 2 equiv of phenyldiazomethane (1) wi th 
qu inones 2a, 2c, and 2d at 20 °C in 1,2-dichloro-

ethane proceeded to give stilbenes (3) and spiro­
oxetanes (4) (Scheme 1). T h e results are summarized 
in Table 1 together wi th the previous data for 2b.6a) 

As noted, 3 predominated over 4 in all the cases and 
the relative yields of 3 to 4 increased in the order of 
2a<2b<2c<2d . T h e eis : trans isomer ratios of 3 well 
exceeded uni ty bu t gradually decreased from 4.7 to 1.9 
wi th the increasing bulk of qu inones . For 4, qu i -
none 2a provided a slight excess of cis-isomer, whereas 
qu inones 2b and 2c furnished solely trans-isomers and 
the most vo luminous 2d gave no 4. 

As previously described, formation of 3 and 4 can be 
rationalized by the reaction sequence involving gener­
at ion of 1:1 zwitterion intermediates (I), addi t ion of 
the second molecule of 1 giving 1:2 zwitterion (II), 
and product -determining e l iminat ion of N2 and qu i -
none (Path A) and cyclization (Path B), respectively 
(Scheme 1). Possible reasons why pa th A yields more 
cis-3 than trans-3 can be at t r ibutable to: (1) addi t ion of 
1 to I controlled by conformer steric effects as well as 
electronic at tract ion of the positive diazonium and 
negative q u i n o n e functions, thus the result ing threo-
mer II-C be ing more preferred than erythromer II-T, 
(2) conformational rotat ion of II-C and II-T to II-C' 
and II-T', respectively, and (3) ant i -e l iminat ion of 

Table 1. Reaction of Phenyldiazomethane (1) with 
Tetrahalogenated 1,4-Benzoquinones (2a—d)a) 

Quinone 

2a 
2b 
2c 
2d 

Products yields/%b'c) 

Relative 

3 (cis/trans) 

59 (4.7) 
62 (3.3)d) 

74 (2.3) 
100(1.9) 

4 (cis/trans) 

41 (1.1) 
38 (0)d) 

26(0) 
0 

Total 

81 
76 
58 
51 

a) Carried out by addition of 2 equiv of 1 relative to 
quinones 2. b) Determined by HPLC analysis, c) 
Based on 1 used, d) From Ref. 6c. 

PhCH=N2 

1 PhCH=CHPh + 2 

3 

Ph X X 

Scheme 1. 
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trans-3 

trans-4 -N2 -2 

cis-3 

-N2 -2 cis-4 

ll-C ll-C 

eis- and 
trans-3 

eis-and -N2 -2 
trans-4 

Scheme 2. 

N2 

Ph H 

H^VSh trans-3 

O -N2 -2 trans-4 

Table 2. 

Quinone 

Photoaddition of eis- and £rans-Stilbene (3) with Equimolar Quinones 2a—d 

Concentration Reaction Oxetane (4) 

mmol dm.—3 time/h Yield/% (cis/trans) 

2a 
2a 
2b 
2b 
2c 
2c 
2d 

CIS 

trans 
eis 
trans 
eis 
trans 
trans 

80 
80 
50 
50 
70 
70 
30 

4 
4 
3 
3 
3 
3 
4 

i6 (o.ior 
17 (0.06)al 

78 (0)b) 

79 (0)b) 

54 (0)c) 

61 (0)a) 

0 

a) Determined by HPLC. b) From Ref. 6b. c) Analyzed by NMR. 

ni t rogen and q u i n o n e (Scheme 2). T h e more popu­
lous II-C leads to cis-3 and cis-4 and the less popu lous 
I I -T to trans-3 and trans-4. El-type e l iminat ion from 
II-C and I I -T must be taken in to consideration 
because of exceptionally labile leaving g roup of N2. 
Such pr ior loss of N2 is expected to afford the stable 
trans-3 and trans-4 for II-C and isomeric mixtures of 3 
and 4 for I I -T in view of the conformational arrange­
ments as well as the apparen t release of rotat ional 
strain. 

T h e decreasing tendency to produce 4 wi th increas­
ing bulkiness of ha logen atoms (F—>I) can be inter­
preted by the increasing steric h indrance for the cycli-
zation of intermediates II and I F compared to 
unst ra ined olefin formation. Such steric repulsive 
effect is also reflected on the stereochemistry of formed 
4; the smallest F substi tuents permit ted the slightly 
excess formation of less stable cis-4a. from the con-
former I I -C' , however, bulkier CI and Br substituents 
could no t al low cis-isomers and the bulkiest I substit­
uents even stable trans-isomer. In accordance wi th 
these steric considerations, photochemical (2+2) 
cycloaddition of qu inones 2a—d wi th eis- and trans-3 
was found to give a mix ture of eis- and trans-4^ for 2a 
and only trans-4h9c for 2b and 2c. Here, again, iodo-
substituted 2d was no t able to take par t in this photo-

cyclization (Table 2). It is noticeable that 4 were 
photochemical ly produced in essentially the same 
yields and the comparable isomer rat io in spite of the 
geometrical difference of s tart ing 3, t hough the e is / 
trans rat io (=0.06—0.10) of 4a drastically dropped 
when compared wi th the reaction with 1. T h i s 
observation may be due to fast rotat ion a round the 
central C - C bond of biradical intermediate65) and the 
photoisomerizat ion of 3. In fact, unreacted 3 showed 
considerable stereorandomization ( c i s / t r ans^ l . l ) on 4 
hours of i r radiat ion in the presence of qu inone 2a. 

T h e decreasing eis : trans ratios of 3 in go ing from 
2a to 2d can be at tr ibuted to the significantly increas­
ing conformational barrier of the main route (II-
C—•II-C') for cis-3, since this rota t ion includes clearly 
the large torsional energy associated wi th eclipsing of 
two phenyl groups . Accordingly, the popu la t ion of 
I I - C appears to be lowered wi th the bulk of halogens 
and the leak from the preferred conformer II-C to 
trans-3 and trans-4 will become appreciable. 

Exper imental 

The IR, NMR, UV, and mass spectra were taken on a 
Perkin Elmer 983G, a Varian EM 390, a JASCO UVIDEC-
505, and a JEOL JMS-DX 303 HF spectrometers, respec-
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tively. HPLC was made by using a Hitachi 655A-12 pump, 
a 655A UV monitor, and a D-2000 chromato integrator. 
The HPLC conditions using a Waters radial pak cartridge 
(8MBC18 1 0 M; 8X100 mm) are as follows: eluents, 20 and 
25% aqueous methanol (v/v); flow rate, 1 ml min - 1 UV 
detector, 280 nm. 

Materials. The 1,2-dichloroethane was refluxed over 
phosphorus pentaoxide and fractionated. Phenyldiazo-
methane was synthesized just before use according to the 
method of Closs and Moss.7) Commercially available qui-
none 2a was chromatographed through silica gel with 30% 
hexane-benzene (v/v) and then recrystallized from a mixture 
of hexane and benzene; mp 175—176 °C. Quinones 2c and 
2d were prepared by the literature procedure8) and were 
purified by recrystallization; mp 295 °C (from benzene) and 
mp 276 °C (from ethyl acetate), respectively. 

Reaction with Tetrafluoro-l,4-benzoquinone (2a). Phen-
yldiazomethane (1) (0.40 g, 3.4 mmol) in 1,2-di-chloroethane 
(5 ml) was added over 5 min to a stirred solution of 2a (0.31 
g, 1.7 mmol) in 1,2-dichloroethane (10 ml) at20°C. After 1 
h stirring, the reaction solution was diluted with benzene up 
to 50 ml. A two-milliliter aliquot was mixed with a given 
volume of standard solution of naphthalene in benzene and 
immediately analyzed by HPLC to determine the absolute 
yields and isomer ratios of stilbenes (3) and spirooxetanes 
(4a). The rest of reaction mixture was concentrated in 
vacuo and chromatographed on silica gel. Elution with a 
hexane-benzene mixture (9:1, v/v) gave 3 (105 mg, eis/ 
trans=3.5) and increasing benzene (ca. 30% by volume) pro­
vided, successively, benzaldehyde (trace), benzaldehyde azine 
(10 mg), recovered 2a (72 mg), trans Aa. (74 mg), and cisAa 
(79 mg). The lower cis/trans ratio of isolated 3 may be due 
to the loss of especially volatile cis-isomer upon 
evaporation. 

Reaction with Tetrabromo-l,4-benzoquinone (2c) and 
Tetraiodo-l,4-benzoquinone (2d). To a stirred suspension 
of 2c (0.72 g, 1.7 mmol) or 2d (1.05 g, 1.7 mmol) in 1,2-
dichloroethane (10 ml) was added a solution of 1 (0.40 g, 3.4 
mmol) over 5 min at 20 °C. After 2 h (for 2c) and 5 h (for 
2d) stirring, the solvent was evaporated. The NMR spec­
trum of the reaction mixture for 2c showed the characteristic 
two doublets (6=4.88 and 6.88, 7=9.0 Hz in CDC13) assigna­
ble to transAc, whereas no such signals were observed for the 
product mixture for 2d. The pasty residues were washed 
with benzene (3X10 ml) to leave recovered quinone 2c (0.36 
g) or 2d (0.64 g). The washing solutions were diluted with 
benzene up to 50 ml and a two-milliliter aliquot was used 
for HPLC analysis as above. Chromatographic treatment 
of the rest of the reaction mixture of 2c gave 3 (125 mg, eis/ 
trans=l.l) with a hexane-benzene mixture (9:1, v/v), 2c 
(0.14 g), benzaldehyde (trace) and benzaldehyde azine (15 
mg) with 30% volume benzene in hexane and unidentified 
resinous products (0.18 g) with a mixture of benzene and 
ether (20:1, v/v). Compound trans Ac was not obtained in 
this work-up probably because of decomposition to trans-3 
and 2c on silica gel. Therefore, authentic transAc was 
prepared by photoaddition of cis-3 (125 mg) and 2c (300 mg) 
in benzene (see Table 2). The solvent was evaporated and 
the residue was dissolved in CDCI3 containing a known 
amount of 1,1,1,2-tetrachloroethane as internal standard. 
Analysis of the reaction mixture by NMR spectroscopy 
showed that the yield of transAc was 54%. Compound 4c 
(145 mg, 34%) was carefully isolated by quick chromatog­
raphy on silica gel with a hexane-benzene mixture (1:1, v/v). 

Similar column chromatographic separation of the reac­
tion product of 2d provided 3 (109 mg, cis/trans=1.3), 2d 

(0.21 g), benzaldehyde(trace), benzaldehyde azine (34 mg). 
Later resinous fractions (0.19 g), eluted by increasing ben­
zene and by adding small amount of ether, showed ill-
defined peaks in the NMR spectra and could not be 
identified. 

Physical Properties of Diphenylspiro[2,5-cyclohexadiene-
l,2'-oxetan]-4-one Derivatives. (The physical properties of 
trans Ah are given in elsewhere60)). 

2,3,5,6-Tetrafluoro-<:is-3',4'-diphenylspiro[2,5-cyclo-
hexadiene-l,2'-oxetan]-4-one {eis Ad): Colorless prisms 
(from hexane-benzene); mp 137—138 °C; IR (KBr) 1681, 
1305, 993, 699 cm"1; *HNMR (CDCI3) 6=5.32 (d, /=9.7 Hz, 
1H, methine), 6.50 (d, /=9.7 Hz, 1H, methine), 6.6—7.5 (m, 
10H, aromatic); UV (THF) /Ux 223.5 nm (loge 4.21), 276 
(3.80); MS m/z 254 (M+-PhCHO). Calcd for C20H12O2F4: C, 
66.67; H, 3.36%. Found: C, 66.85; H, 3.41%. 

2,3J5,6-Tetra£luoro-fran5-3/,4/-diphenylspiro[2,5-cyclo-
hexadiene-l,2'-oxetan]-4-one (trans-4a): Colorless prisms 
(from hexane-benzene); mp 124—125 °C; IR (KBr) 1691, 
1302, 985, 934, 756, 695 cm"1; *HNMR (CDCI3) 6=5.03 (d, 
/=9.0 Hz, 1H, methine), 6.43 (d, /=9.0 Hz, 1H, methine), 
7.1—7.7 (m, 10H, aromatic); UV (THF) /Uc 219 (loge 4.17), 
231.5 (4.14), /Ishoui 270 nm (3.89); MS m/z 254 (M+-PhCHO). 
Calcd for C20H12O2F4: C, 66.67; H, 3.36%. Found: C, 66.92; 
H, 3.36%. 

2,3J5,6-Tetrabromo-fran5-3/,4/-diphenylspiro[2,5-cyclo-
hexadiene-l,2'-oxetan]-4-one (transAc): Colorless prisms 
(from hexane-benzene); mp 130 °C (decomp); IR (KBr) 1673, 
1561, 1058, 965, 749, 697 cm"1; *HNMR (CDCI3) 6=4.88 (d, 
/=9.0 Hz, 1H, methine), 6.88 (d, 7=9.0 Hz, 1H, methine), 
7.0—7.7 (m, 10H, aromatic); UV (THF) /Ux 220 nm (loge 
4.25), 271 (4.00), Ash0ui 300 (3.86); MS m/z 423 (M+-
PhCH=CHPh). Calcd for C2oHi202Br4: C, 39.77; H, 2.00%. 
Found: C, 39.90; H, 2.18%. 

Photochemical (2+2) Addition of eis- and frans-Stilbene 
(3) with Quinones, 2a, 2c, and 2d. General procedures are 
exemplified in case of cis-3 and quinone 2a as follows. 
Equimolar solution of cis-3 (145 mg, 80 mmol) and 2a (145 
mg, 80 mmol) in benzene (10 ml) was irradiated through 
Pyrex under nitrogen atmosphere by using a 100 W high-
pressure mercury lamp at 20 °C for 4 h. The yields and 
isomer ratios of photoadducts were determined by means of 
HPLC or NMR as above. 
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Molecular Complex of a Cationic Porphyrin and p-Nitrophenol. 
Verification of the Porphyrin Dimerization 

Koji KANO* and Shizunobu HASHIMOTO 
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Synopsis. Complexation between 4,4',4",4'"-(21H,23H-
porphine-5,10,15,20-tetrayl) tetrakis[ 1 -methylpyridinium] 
chloride (TMPyP) and p-nitrophenol has been studied in 
water. Upon the addition of p-nitrophenol, the coalesced 
fluorescence Q bands of TMPyP are resolved into well-
separated Q(0-0) and Q(0-1) bands and the fluorescence 
decay comes to involve two exponential components. 
These results can be explained by the dimer model of 
TMPyP. 

A cationic porphyr in , 4 ,4 ' ,4" ,4 '" - (21H,23H-
porphine-5,10,15,20-tetrayl) tetrakis[ 1 -methylpyr id i ­
n i u m ] chloride (TMPyP) , shows a novel spectroscopic 
behavior, as described in a previous paper.1) Espe­
cially the fluorescence behavior of T M P y P in water, 
such as coalesced Q bands , short fluorescence lifetime, 
and resolution of the coalesced Q bands u p o n the 
addi t ion of methanol or anionic surfactant and u p o n 
an increase in temperature,2 ) cannot be explained by 
the monomer model of T M P y P claimed by 
H a m b r i g h t and Fleischer3* and Pasternack and his co­
workers,4 '5) w h o concluded that T M P y P in water does 
not dimerize under condit ions in which anionic por­
phyr ins associate spontaneously. We1'2) as well as 
Brookfield et al.6) have demonstrated that all novel 
fluorescence behavior can be interpreted in terms of 
T M P y P existing as the dimer form in water, even at 
very low concentrat ions (>2X10 - 7 mol d m - 3 ) . T h e 
fairly s t rong ability of T M P y P to form 7T-complexes 
wi th 3,6-diaminoacridinium cation and 9,10-
anthraquinone-2-sulfonate an ion supports the dimer 
model.7) 

In the present study we found that the addi t ion of p-
n i t ropheno l (PNP) in to an aqueous T M P y P solut ion 
results in a resolution of the fluorescence Q bands, an 
increase in the fluorescence yield, and a p ro longa t ion 
of the fluorescence lifetime of T M P y P . These find­
ings can be understood in terms of the dimer model of 
T M P y P . 

H3C-N, N-CH3 

Experimental 

The synthesis and purification of TMPyP have been 
described.7) PNP (Nacalai Tesque) was recrystallized from 
benzene. 

The absorption and fluorescence spectra were taken on a 
Shimadzu UV-200S spectrophotometer and a Hitachi 650-60 
spectrofluorometer (uncorrected, bandwidth=10 nm), 
respectively. 400-MHz *HNMR spectra in D 20 were 
recorded with a JEOL GX-400 spectrometer at 23+0.5 °C. 
Sodium 3-trimethylsilyl-l-propanesulfonate (Merck) was 
used as an external standard for determining chemical shifts. 
Fluorescence decay curves were measured with an Ortec-
PRA single-photon-counting apparatus, as described pre­
viously.7) All measurements were carried out under aerobic 
conditions. 

Results and Discussion 

In the complexat ion of T M P y P with 2,6-diamino-
acr id in ium hydrogensulfate (PF1), static fluorescence 
q u e n c h i n g of T M P y P occurs.7) Electron transfer 
from photoexcited T M P y P to PF1 may take place in a 
complex. In the T M P y P - P N P system, however, the 
coalesced fluorescence Q bands of T M P y P (1X10 - 6 

mol d m - 3 ) are resolved in to well-separated Q(0-0) and 
Q(0-1) bands and their intensities increase u p o n the 
addit ion of P N P (Fig. 1). 

T M P y P in water shows a phyllo-type absorpt ion 
spectrum, as il lustrated in Fig. 2. Namely, the opti-

600 700 

Wavelength/nm 

800 

TMPyP 

Fig. 1. Fluorescence spectral change of TMPyP 
(1X10-6 mol dm - 3) in water upon addition of PNP 
at 20 °C. TMPyP was excited at 568 nm. 
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Table 1. Binding Constants (K) and Thermodynamic 
Parameters for Complexation between 

TMPyP and PNP 

500 550 600 650 700 

Wavelength/nm 

Absorption spectral change Fig. 2. Absorption spectral change of TMPyP 
(1X10-5 mol dm -3) in water upon addition of PNP 
at20°C. 

cal densities of the Q bands decrease in the order of the 
Qy(0-1), Qpc(O-l), Qy(0-0), and Qx(0-0) bands. T h e 
addi t ion of P N P causes a spectral change (Fig. 2), and 
an aqueous T M P y P solut ion in the presence of 7X10 - 3 

mol d m - 3 P N P reveals an etio-type absorpt ion spec­
t rum, which is similar to the absorpt ion spectrum of 
T M P y P in methanol . These spectral data indicate 
the formation of a molecular complex of T M P y P and 
P N P . 

T h e formation of the 7r-complex of T M P y P and 
P N P is suppor ted by ^ N M R . As reported in a 
previous paper1) the py r id in ium r ing protons of 
T M P y P (1X10-3 mol dm- 3 ) in D 2 0 appear at Ô 9.00 
and 9.33 and the porphyr in r ing protons show a broad 
singlet at ô ca. 9.2 T h e broadening of the porphyr in 
r ing pro tons may be ascribed to the relatively slow rate 
of the N - D tautomerism of the porphyrin.8 ) T h e 
r ing protons of P N P (1X10"2 mol dm- 3 ) in D 2 0 are 
observed at ô 6.93 and 8.14, which shift to ô 6.31 and 
7.41, respectively, u p o n the addit ion of 1X10 - 3 

mol d m - 3 T M P y P . Meanwhi le , the pyr id in ium r ing 
protons of T M P y P resonate at lower magnet ic fields (<5 
9.12 and 9.43) and the broad singlet due to the por­
phyr in r ing protons shifts to a h igher magnet ic field 
(ô ca. 9.1) when P N P coexists. These ! H N M R data 
can be explained by the formation of the 7r-complex of 
T M P y P and P N P . 

T h e b ind ing constants (K) for complexat ion 
between T M P y P and P N P were determined at various 
temperatures by us ing the Benesi -Hi ldebrand plot for 
changes in the fluorescence intensity of TMPyP. 9 ) 

T M P y P was excited at 568 nm, which corresponds to 
the isosbestic po in t observed in Fig. 2. T h e results 
are summarized in Tab le 1. T h e entropie change is 
negative and relatively large, suggesting that the 
hydrophobic interaction does not contr ibute to com­
plex formation. As in the case of the T M P y P - P F l 
complex,7 ) a van der Waals interaction is considered to 
be the ma in b ind ing force. T h e polar structure of 
P N P may be impor tan t for realizing a dipole-induced 
dipole interaction. 

T h e r emain ing problem is whether T M P y P exists 

77K 

283 
288 
293 
298 
303 

tf/mol^dm3 

1300+150 
1120+50 
780+90 
550+50 
380+40 

AH/kJ mol"1 

-46.1+3.8 

AS/JtmolK)-1 

-99.9+11.7 

as a monomer or dimer in water. T h e fluorescence of 
T M P y P (1X10 - 5 mol d m - 3 ) in water decays single-
exponential ly, the fluorescence lifetime (Tf) be ing 4.8 
ns. In the presence of P N P , however, the fluores­
cence decay consists of two exponent ia l factors. T h e 
Tfi and Tf2 are 5.1 (75%) and 10.4 ns (25%) in the 
presence of 1X10"3 mol d m " 3 P N P and 5.9 (53%) and 
10.8 ns (47%) in the presence of 5X10"3 mol dm" 3 P N P . 
T h e chi-squares in the fittings for the former and 
latter two-exponential decay curves are 1.02 and 1.06, 
respectively. T h e long-lifetime component increases 
wi th increasing the P N P concentrat ion, suggesting 
that T M P y P having longer fluorescence lifetime cor­
responds to the species which reveals the well-
separated fluorescence Q bands (see Fig. 1). T h e 
short-lifetime component should correspond to 
T M P y P , which shows broad and coalesced fluores­
cence Q bands. It has been k n o w n that the coales­
cence of the fluorescence Q bands and the decrease in 
the fluorescence yield are observed when porphyr in 
dimerizes.10'11) T h e effect of P N P on the yield and the 
decay of the T M P y P fluorescence is hardly interpreted 
in terms of the monomer model. T h e dimer model 
can provide a reasonable explanat ion. Since the 
Benesi-Hildebrand equat ion can be applied, the 1:1 
stoichiometric complex of the T M P y P dimer 
((TMPyP)2) and P N P should be formed: 

(TMPyP)2 + PNP< 

(TMPyP)2 + PNP* 

t TMPyP • PNP • TMPyP ( 1 ) 
(complex 1) 

>(TMPyP)2-PNP (2) 
(complex 2) 

Complex 1 represents a PNP-separated T M P y P pair 
in which a P N P molecule is interposed by two 
T M P y P molecules. Complex 2 means the complex 
where a P N P molecule stacks on the face-to-face dimer 
of T M P y P . It is expected that the electronic structure 
of T M P y P in complex 2 is similar to that of the 
T M P y P dimer while T M P y P in complex 1 has mono-
meric nature . Assuming the formation of complex 1, 
all results obtained in this study can be reasonably 
understood. Namely, the T M P y P dimer seems to 
reveal coalesced fluorescence Q bands, lower fluores­
cence yield, shorter fluorescence lifetime, and phyl lo-
type absorpt ion spectrum. O n the other hand, 
T M P y P in the PNP-separated T M P y P pair (complex 
1) is assumed to show a fluorescence and absorpt ion 
spectroscopic behavior which is similar to the typical 
porphyr ins which exist as monomers in solutions. 

In conclusion, the present study supports the dimer 
model of T M P y P . 
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Synthesis and Spectral Properties of 5,5'-Di(4-pyridyl)-
2,2'-bithienyl as a New Fluorescent Compound 

Riichiro NAKAJIMA,* Hi royuki IIDA, and Tadash i HARA 
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Synopsis. A new type of fluorescent compound, 5,5'-
di(4-pyridyl)-2,2,-bithienyl, has been synthesized and its 
fluorescence intensity measured at 510 nm in a 40% aqueous 
methanol (pH<3.0) with excitation at 425 nm. The quan­
tum yield was found to be 0.52. The thienylpyridine ske­
leton was found for the first time as a new fluorophore. 

In the course of an investigation of new viologen 
derivatives, 5,5'-di( 1 -alkyl-4-pyridinio)-2,2 /-bithienyl 
dihalides according to the procedure out l ined in 
Scheme 1, we have found that an intermediate, 5,5'-
di(4-pyridyl)-2,2'-bithienyl (DPBT), is an intensely 
fluorescent c o m p o u n d and that the thienylpyridine 
skeleton is a new fluorophore. Being very stable and 
intensely fluorescent, some of the new thienylpyridine 
derivatives may be utilized as laser dyes, electro-
chromic compounds , analytical reagents,1'2) etc. 
Especially, the quaternary salts of D P B T can be 
expected to be useful redox materials which become 
nonfluorescent when they are reduced chemically or 
electrochemically. We report here the synthesis and 
spectral properties of DPBT. 

Results and Discussion 

DPBT was prepared from 4-iodopyridine and 2-
iodoth iophene as out l ined in Scheme 1. No conve­
nient methods for the prepara t ion of 4-(2-thienyl)-
pyridine (TP) had been reported3-8* previously and the 
Busch-type reaction is a convenient method for the 
prepara t ion of pure biaryls.9) T h e new compounds , 
4-(5-iodo-2-thienyl)pyridine (TP-I) and DPBT, were 

characterized by mass and N M R spectra, and by ele­
mental analysis. 

UV-vis absorpt ion and fluorescence spectroscopy 
was employed to evaluate DPBT. Absorption spectra 
of D P B T varied wi th change of p H in 40% aqueous 
methanol ; the wave length of the absorpt ion m a x i m a 
was 381 n m (£=39500) at p H above 7.0, where D P B T is 
present as the free base, and 425 n m (£=50600) at p H 
below 3.0, where it is present as the diprotonated form. 
T h e behavior of the spectra in the range of p H 3.0 to 
7.0 was very similar to that of a monoacidic base such 
as pyridine and T P . Fluorescence spectra of D P B T 
in 40% aqueous methanol at bo th p H 1.44 and 10.10 
are shown in Fig. 1. T h e fluorescence spectra of T P 
were also determined since pyridine and th iophene 
showed no luminescence.10) T h e fluorescence quan­
tum efficiencies of these free bases and their proto-
nated forms were calculated and are shown in Table 1. 
T h e values of absorpt ion max ima and molar absorp-
tivities of T P are in good agreement wi th those 
reported by Wynberg et al.4) T P and D P B T are very 
stable, and their acidic and basic aqueous methanol 
solutions do not exhibit a significant change in the 
fluorescence intensity even after deaeration wi th ni tro­
gen or elapse of two years. 

It is therefore concluded that the thienylpyridine 
skeleton is a new fluorophore, which exhibits excel­
lent fluorescence emission characteristics such as a 
h igh q u a n t u m efficiency, relative narrow emission 
band, and h igh absorpt ion efficiency. Similar fluo­
rescence has been found in 4-(5-methyl-2-thienyl)-

o * --̂  0-^-^0^ 
TP TP-I 

DPBT 

Scheme. 1. a) N2H4 • H 2 0 , PdHg, NaOH, H 2 0; b) H I 0 4 • 2H 2 0, I2, 80% 
HOAc; c) N2H4 • H 2 0 , PdHg, NaOH, 50% MeOH; d) RX, CHC13. 

Table 1. Spectroscopic Properties of DPBT and TPa) 

Compound Form 

DPBT Diprotonated 
Nonprotonated 

TP Monoprotonated 
Nonprotonated 

Absorption 

/lmax/nm 

425 
381 
334 
295 

8 

5.06X104 

3.95X104 

2.12X104 

1.60X104 

Emission 

/lmax/nm </>f 

510 0.52b) 

455 0.10C) 

395 0.07d) 

353 0.21d) 

a) 40% Aqueous methanol, b—d) Detrermined relative to the fluorescence quantum efficien­
cies of b) uranin ((/>r=0.90, Aex=436 nm), c) quinine hydrogensulfate in 0.05 mol dm - 3 H 2S0 4 

(</>r=0.55, Aex=365 nm), and d) 1,2-dihydroacenaphthylene (</>r=0.39, Aex=313 nm). 
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Fig. 1. Excitation ( ) and emission ( ) spectra 
of 6.56X10"8 moldm- 3 DPBT (corrected). 
(a) pH=1.44, /U=426 nm, /U=495 nm. (b) p H = 
10.10, /lex=384 nm, /Um=455 nm. 

pyridine and 5-(4-pyridyl)thiophene-2-carbaldehyde.1) 

Some of 5,5 /-di(alkyl-4-pyridinio)-2,2 /-bithienyl di-
bromides are under investigation. 

Experimental 

Melting points were not corrected. *H NMR spectra were 
recorded on a Jeol JNM-GX400 FT spectrometer in CDC13 

or CD3OD using TMS as the internal standard. High-
resolution mass spectra were taken with a Hitachi M-80B 
mass spectrometer. UV-vis spectra and fluorescence spectra 
were obtained on a Shimadzu UV-265 spectrophotometer or 
a Hitachi 850 spectrofluorophotometer, respectively. 

Preparation of TP. A mixture of 4-iodopyridinen) (50 
mmol), 2-iodothiophene12) (50 mmol), hydrazine hydrate (60 
mmol), palladium amalgam9) (PdHg, 1.2 mmol), and 
NaOH (0.50 mol) in H2O (64 ml) was refluxed with stirring 
for 6 h. The resulting mixture was filtered and the residual 
amalgam was washed with chloroform, and subsequently 
with water. A mixture of TP and 4,4/-bipyridyl was 
extracted into dilute hydrochloric acid from the separated 
organic layer, back-extracted into CHCI3 after the solution 
was made alkaline, isolated by ball-tube distillation, and 
chromatographed on silica gel with acetone as an eluent to 
give TP as the first fraction (15.1 mmol, 30%). Mp 93.0— 
94.0 °C, lit,4) 92.5—93.5 °C. Found: C, 67.30; H, 4.21; N, 
8.73%. 

Preparation of TP-I. A mixture of TP (16.3 mmol), 
iodine (14.3 mmol), periodic acid dihydrate (9.45 mmol), 
and 80%HOAc (30 ml) was heated at 80 °C for 8 h. The 
mixture was then made alkaline. Na2S2Ü3 was added and 
the product extracted with hot CH3CI, and distilled in vacuo 
(230°C/0.5 kPa, 13.2 mmol, 81%). White solid, mp 200.0— 
201.0 °C, Found: C, 37.92; H, 2.10; N, 5.00%, m/z 286.9255. 
Calcd for C9H6NSI: C, 37.65; H, 2.11; N, 4.88%; M, 286.9266. 
« N M R (400MHz, CDCI3) ô=8.59 (2H, dd, /=4.5 and 1.7 
Hz, H-2 and H-6 in pyridine ring), 7.38 (2H, dd, /=4.5 and 

1.7 Hz, H-3 and H-5 in pyridine ring), 7.28 (1H, d, /=3.8 Hz, 
H-4 in thiophene ring), and 7.16 (1H, d, /=3.8 Hz, H-3 in 
thiophene ring). 

Preparation of DPBT. A mixture of TP-I (10 mmol), 
NaOH (50 mmol), PdHg (0.5 mmol), and 50% MeOH (6.4 
ml) containing hydrazine hydrate (6 mmol) was refluxed for 
10h. The mixture was filtered and the residual amalgam 
washed with CH3CI and H2O. The organic layer was con­
centrated, distilled in vacuo to remove TP, and the residue 
sublimed at 230°C/0.4 kPa to give DPBT in a 46% yield 
(2.31 mmol). Yellow crystals, mp 241.0—242.0 °C, Found: 
C, 67.78; H, 3.95; N, 8.72%; m/z 320.0414. Calcd for 
C18H12N2S2: C, 67.48; H, 3.77; N, 8.74%; M, 320.0440. 
« N M R (CD3OD, 50°C) 0=8.53 (4H, dd, /=4.6 and 1.8 Hz, 
H-2 and H-6 in pyridine ring), 7.65—7.68 (6H, m, H-3 and 
H-5 in pyridine ring, and thiophene ring protons), and 7.40 
(2H, d, 7=4.0 Hz, thiophene ring protons). 

We wish to express our thanks to Professor Yasuharu 
Nishikawa and Mr. Yoshitake Yamamoto of Kinki 
University for the measurement of the fluorescence 
q u a n t u m yield. T h e present work was partially sup­
ported by a Science and Engineer ing Research Grant-
in-Aid from the Science and Engineer ing Research 
Insti tute of Doshisha University. 
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Bis(ferrocenecarbothioyl) Sulfide. Synthesis and Characterization 
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Synopsis. Bis(ferrocenecarbothioyl) sulfide 1 was syn­
thesized and characterized. The sulfide 1 was found to 
serve as an efficient ferrocenecarbothioylating reagent for 
amines, alcoholates, thiolates, and selenolates. 

Since the discovery of ferrocene, a number of ferro­
cene derivatives have been prepared.1) However, the 
preparation of ferrocenecarbothioyl chloride and bis-
(ferrocenecarbothioyl) sulfide which are expected to 
serve as ferrocenecarbothioylating reagent has been 
still remained, because of the difficulty in synthesis. 
In the earlier studies concerning thio- and dithiocar-
boxylic acid derivatives, we have developed the prepa­
ration of ammonium ferrocenecarbothioates2) and 
-dithioates3) and bis(acyl)-4) and bis(thioacyl) sul­
fides.5) We now report the first isolation and charac­
terization of bis(ferrocenecarbothioyl) sulfide 1 and its 
some thioacylating reactions.6) 

Bis(ferrocenecarbothioyl) sulfide 1 was found to be 
isolated from the reaction of piperidinium ferrocene-
carbodithioate with 2-chloro-l-methylpyridinium 
iodide (Eq. 1). 

A typical procedure is as follows. A methanol 
solution of piperidinium ferrocenecarbodithioate (1 
mmol) was added to a suspension of 2-chloro-l-
methylpyridinium iodide (0.5 mmol) in methanol at 

—20 °C and stirred for 1 h at that temperature. Filtra­
tion of the precipitates and washing with cold 
methanol afforded 76% of chemically pure bis(ferro-
cenecarbothioyl) sulfide as dark blue crystals. 

Bis(Ferrocenecarbothioyl) sulfide is relatively stable 
thermally and towards oxygen and water. It can be 
stored in refrigerator (—20 °C) for over one year and 
did not change at 20 °C for 5 h. The sulfide 1 readily 
reacted with primary and secondary amines, sodium 
alcoholates, thiolates, and selenolates at room temper­
ature to give the corresponding ferrocenecarbothio-
amides 2, cafbothioic O-esters 3, carbodithioic esters 4, 
and carboselenothioic S^-esters 5 in moderate to good 
yields, respectively (Eq. 2 and Table 1). 

J£ CH3 

-20 °C, 1h 

Fe Fe 

Table 1. Yields and Spectral Data of Ferrocenecarbothioamides 2, O-Alkyl and O-Aryl Ferrocenecarbothioates 
3, Phenyl Ferrocenecarbodithioate 4, and Se-Phenyl Ferrocenecarboselenothioate 5 

No. 

2a 

2b 

3a 

3b 

4 

5 

FcCS-E 
E 

o 
C6H5NHe) 

CH3Of) 

C6H5Of) 

C6H5S
f) 

C6H5Sef) 

Yielda) 

% 

83 

45 

38 

68 

71 

46 

Mp 

°C~~ 

79—81 

128—129 

69 -71 

121—124 

139—141 

104—105 

IR (KBr) 
y O S / c m -

1239 

1216 

1273 

1275 

TINMR15) 
1 ô 

1.6—1.9 (m, 6H, CH2) 
3.8—4.1 (m, 4H, CH2) 
4.1— 4.6 (m, 9H, Cp) 
4.2—5.0 (m, 9H, Cp) 
7.2—7.7 (m, 5H, Ar) 
8.79 (s, 1H, NH) 

4.16 (s, 3H, CH3) 
4.5—5.0 (m, 9H, Cp) 

4.2—5.2 (m, 9H, Cp) 
7.0—7.5 (m,5H, Ar) 

4.2—5.3 (m, 9H, Cp) 
7.48 (s, 5H, Ar) 

4.2—5.2 (m, 9H, Cp) 
7.4—7.6 (m, 5H, Ar) 

13CNMRb) 

ô 

24.4, 52.9, 69.0 
71.2,71.7,88.1 
198.8 (C=S) 
69.1,70.9,71.2 
71.6,84.9, 124.1 
126.5, 129.0 
138.8, 199.3 (OS) 
58.2 (CHsO) 
70.7, 70.9, 72.3 
82.3, 217.3 (OS) 

71.2,73.0,81.9 
122.4, 126.2, 
129.5, 154.4 
216.1 (OS) 
70.2,72.1,73.3 
88.0, 127.5, 
129.4, 130.0, 
135.9, 227.9 (OS) 
69.4, 70.3, 72.3 
73.6, 90.3, 129.3 
129.5, 137.2, 
229.2 (OS) 

UV/Vis/nmc; 

Amax(log e) 

280 (4.22) 
463 (2.78) 

287(4.15) 
334sh 
475 (3.00) 

255 (3.09) 
304 (4.04) 
364 (3.28) 
483 (3.76) 
255 (4.51) 
310 (4.58) 
370 (3.81) 
498 (3.76) 
251sh 
316(4.15) 
539 (3.32) 

269 (4.27) 
344(4.11) 
543 (3.36) 

1 Exact MSd) 

m/z 

Found 313.05816 
Calcd 313.05865 
for Ci6Hi9NSFe 
Found 321.04223 
Calcd 321.02737 
for Ci7Hi5NSFe 

Found 259.99333 
Calcd 259.99756 
for Ci2Hi2OSFe 

Found 322.01429 
Calcd 322.01140 
for Ci7Hi4OSFe 

Found 337.98859 
Calcd 337.98855 
for Ci7Hi4S2Fe 

Found 385.93036 
Calcd 385.93299 
for Ci7Hi4SSeFe 

a) Isolated Yields, b) CDCI3/TMS. c) CH2C12. d) 70 eV. e) Bis(ferrocenecarbothioyl) disulfide was 
obtained in 43% yields as a by-product, f) Sodium ferrocenecarbodithioate was obtained as a by-product. 
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R' = H, alkyl, aryl 

RONa 
• 

RSNa 

PhSeNa 
i • 

Fc-C-SePh 
Fc = Ferrocene c 

Experimental 

The melting points were obtained by using a Yanagimoto 
micro melting point apparatus and are uncorrected. The 
IR spectra were measured on a JASCO grating IR spectro­
photometer (IR-G and A-302). The UV/Vis spectra were 
taken from a Hitachi 124 and 330 spectrometer. The 1H 
and 13C NMR spectra were recorded on a JEOL JNM-GX-
270 (270 MHz) with tetramethylsilane as an internal stand­
ard. The mass spectra were taken from a Hitachi RMU-6M 
mass spectrometer. High resolution mass spectroscopy was 
taken by a Shimadzu high-resolution mass spectrometer 
(GCMS 9020-DF/PAC-1100). Elemental analyses were 
performed by the Elemental Analyses Center of Kyoto 
University. 

Materials. Piperidinium ferrocenecarbodithioate2) and 
diphenyl diselenide7) were prepared according to literatures. 
Sodium alcoholates and thiolates were prepared from the 
reaction of the corresponding alcohols or thiols with 
sodium metal. Solvents were dried with sodium metal. 

Bis(ferrocenecarbothioyl) Sulfide (1). To a suspension of 
2-chloro-l-methylpyridinium iodide (256 mg, 1.0 mmol) in 
methanol (10 ml), a solution of piperidinium ferrocenecar-
bodithioate (694 mg, 2 mmol) in methanol (40 ml) was 
added dropwise at —20 °C and the mixture was stirred for 1 h 
at that temperature. Filtration of the resulting precipitates 
and washing with cold methanol (5 ml) afford 392 mg (76%) 
of 1 as dark blue microfine crystals. Mp 101—102 °C. MS 
(70 eV) m/z (relative intensity): 490 (M+, 8), 326 (22), 262 
(71), 229 (100), 154 (50); UV/Vis (CH2C12) Amax (loge): 263 
(4.10), 324 (4.19), 590 (3.62) nm; *HNMR (CDCls): ô=4.31 (s, 
10H), 4.81 (t, 4H), 5.15 (t, 4H); ^CNMR (CDCls): 0=71.1, 
72.3, 74.8, 91.1, 221.0 (OS); IR (KBr): 1436, 1422, 1405, 1395, 
1372, 1244, 1315, 1292, 1206, 1195, 1071, 1061, 1050, 1004, 
995, 920, 909, 880, 860, 814, 764, 642, 570, 525, 490 cm"1. 
Found: C, 53.59; H, 3.45%. Calcd for C22Hi8S3Fe2: C, 53.89; 
H, 3.70%. 

Typical thioacylating procedures are described below. 
The spectral data were collected in Table 1. All reactions 
were carried out under nitrogen atmosphere. 

2V-(Ferrocenylcarbothioyl)piperidine (2a): An ether solu­
tion (10 ml) of piperidine (170 mg, 2.0 mmol) was added at 
15 °C to a solution of bis(ferrocenecarbothioyl) sulfide 1 (180 
mg, 0.36 mmol) in ether (20 ml), and the mixture was stirred 
for 5 h at that temperature. Filtration of the resulting 
precipitates gave 84 mg (67%) of piperidinium ferrocenecar-
bodithioate. Ether (40 ml) and water (40 ml) were added to 
the filtrate. The organic layer was washed with water (40 
ml) and dried with anhydrous sodium sulfate. The ether 
was evaporated by rotary evaporator. The residue was 

chromatographed on silica-gel column [CH2Cl2/hexane 
(1:1), Ri=0.25] to yield 96 mg (83%) of 2a as brown micro-
fine crystals. 

O-Methyl Ferrocenecarbothioate (3a): A mixture of sodium 
methanolate (136 mg, 2.5 mmol) and bis(ferrocenecarbo-
thioyl) sulfide 1 (246 mg, 0.5 mmol) in methanol (50 ml) was 
stirred at 20 °C for 20 h. The mixture was concentrated to 
ca. 3 ml under reduced pressure. Ether (60 ml) was added, 
washed with water (3X50 mL). The organic layer was 
dried with anhydrous sodium sulfate. The solvent was 
removed by rotary evaporator. The residue was chromato­
graphed on silica-gel column [CH2Cl2/hexane (1:4), Rt= 
0.37] to give 50 mg (38%) of 3a as orange crystals. Mp 66— 
68 °C. 

O-Phenyl Ferrocenecarbothioate (3b): A mixture of sodium 
phenolate (290 mg, 2.5 mmol) and bis(ferrocenecarbothioyl) 
sulfide 1 (123 mg, 0.25 mmol) in tetrahydrofuran (THF, 20 
ml) was stirred at 0 °C for 5 h. The solvent was removed by 
rotary evaporator. Ether (40 ml) was added and washed 
with water (2X20 ml). The organic layer was dried with 
sodium sulfate. The solvent was evaporated in vacuo and 
the residue was chromatographed on silica-gel column 
[CH2Cl2/hexane (1:4), #f=0.30] to give 55 mg (68% of 3b as 
red crystals. Mp 121—124°C. 

Phenyl Ferrocenecarbodithioate 4: A mixture of sodium 
benzenethiolate (212 mg, 1.6 mmol) and bis(ferrocenecarbo-
thioyl) sulfide 1 (160 mg, 0.32 mmol) in THF (40 ml) was 
stirred at 17 °C for 5 h. The solvent was removed by rotary 
evaporator. Ether (40 ml) was added and washed with 
water (2X20 ml) and then dried with anhydrous sodium 
sulfate. The ether was distilled in vacuo and the residue 
was chromatographed on silica-gel column [CH2Cl2/hexane 
(1:4), Äf=0.36] to give 80 mg (71%) of 4 as dark red crystals. 
Mp 139—141 °C. 

Se-Phenyl Ferrocenecarboselenothioate 5: A solution of 
bis(ferrocenecarbothioyl) sulfide 1 (246 mg, 0.5 mmol) in 
ether (40 ml) was added dropwise to sodium benzeneseleno-
late (0.5 mmol) at — 20 °C, freshly prepared by treatment of 
diphenyl diselenide (78 mg, 0.25 mmol) with sodium boro-
hydride (0.5 mmol) in a mixed solvent (12 mL) of methanol 
and ether (1:5). The mixture was stirred at 0°C for 1 h. 
Ether (40 ml) was added and washed with water (3X40 ml). 
The organic layer was dried with anhydrous sodium sulfate. 
The solvent was distilled in vacuo and the residue was 
chromatographed on silica-gel column [C^C^/hexane 
(1:1), Ri=0A9] to give 88 mg (46%) of 5 as purple crystals. 
Mpl04—105°C. 

References 

1) "Organometallic Compounds of Iron," ed by G. R. 
Knox, Chapman and Hall, New York (1985). 

2) T. Katada, M. Nishida, S. Kato, and M. Mizuta, / . 
Organomet. Chem., 129, 189 (1977). 

3) S. Kato, W. Wakamatsu, and M. Mizuta, / . Organomet. 
Chem., 78, 405 (1974). 

4) S. Kato, T. Katada, and M. Mizuta, Angew. Chem., 88, 
844 (1976): Angew. Chem., Int. Ed. Engl, 15, 766 (1976); S. 
Kato, H. Shibahashi, T. Katada, T. Takgai, I. Noda, M. 
Mizuta, and M. Goto, Liebigs Ann. Chem., 1982, 1229; S. 
Kato, H. Masumoto, M. Kimura, T. Murai, and M. Ishida, 
Synthesis, 1987, 304. 

5) H. Masumoto, H. Tsutsumi, T. Kanda, M. Komada, 
T. Murai, and S. Kato, Sulfur Lett., 7, 103 (1989). 

6) A number of attempts to prepare ferrocenethiocarbonyl 
chloride from the reaction of ferrocenecarbodithioic acid 
with sulfuryl chloride failed. 

7) J. L. Piett and M. Renson, Bull. Soc. Chim. Belg., 79, 
360 (1970). 



640 © 1990 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 63, 640—642 (1990) [Vol. 63, No. 2 

A Facile, Practical Synthesis of 2-(6-Methoxy-2-naphthyl)propenoic Acid 
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Synopsis. A facile and practical method for the synthesis 
of 2-(6-methoxy-2-naphthyl)propenoic acid, a precursor of 
anti-inflammatory agent naproxen, is described. The 
method involves ( 1 ) Pd-catalyzed ethynylation of 2-bromo-6-
methoxynaphthalene, (2) regioselective addition of HX to 
the triple bond, and (3) Pd-catalyzed carbonylation of the 
resulting vinyl halide followed by (4) alkaline hydrolysis. 

Nonsteroidal anti-inflammatory agents, 2-arylpro-
panoic acids, have recently grown to be used widely 
for chemotherapy.1) Of these, (S)-2-(6-methoxy-2-
naphthyl)propanoic acid,2) so called naproxen (1), is 
becoming more common due to its high potency. 
Thus, practical asymmetric synthesis of this agent in 
particular has been studied extensively.3) A promis­
ing route should be the one which involves asym­
metric hydrogénation of 2-(6-methoxy-2-naphthyl)-
propenoic acid (2) using a chiral transition metal 
catalyst.4) However, the unsaturated acid 2 is not 
readily accessible by the procedures4'5) reported so far: 
all employ l-(6-methoxy-2-naphthyl)ethanone (3) as 
the starting material which is prepared by the Friedel-
Crafts acetylation of 2-methoxynaphthalene in nitro­
benzene or polyphosphoric acid.6) This particular 
step is pointed out to be incompatible to industrial 
production. We report a highly efficient procedure 
for the synthesis of 2 starting with readily accessible 2-
bromo-6-methoxynaphthalene (4). 

OH 

MeO 

COOH 

MeO 

COOH 

MeO MeO 

Br 

Our procedure is summarized in Scheme 1. 
Though a similar route is previously claimed in a 
patent,5b) it employs 3 as the starting material and 
toxic nickel carbonyl for a carbonylating reagent. 
We started with 2-bromo-6-methoxynaphthalene 4 
which is now commercially available. The bromide 
was coupled with 2-methyl-3-butyn-2-ol, an oily acet­
ylene equivalent, under the Hagihara's conditions7*) 
to give 5 which upon treatment with alkali7b) was 
converted into 2-ethynyl-6-methoxynaphthalene (6) in 
almost quantitative yield. Carbonylation of 6 carried 
out using palladium black and hydriodic acid8) 

afforded in 56% yield methyl ester 8 accompained by 
the ketone 3 (6%). To improve the yield, we first 
treated 6 with hydriodic acid to produce in situ the 

MeO 

Br 

MeO 

MeO MeO 

7a (X = I) 
7b (X = Br) 

MeO 

COOMe 

MeO 

COOH 

i: HOCC(Me)2OH, PdCl2(PPh3)2/ Cul, Et2NH, reflux 
ii: NaOH, H20-PhMe, reflux 
iii:HX 
iv: CO (20 atm), Pd cat, MeOH, Et3N, 65-70°C 
v:K0H,Me2C0-H20,r.t 

Scheme 1. 

intermediary vinyl iodide 7a which was then success­
fully transformed to the methyl ester 8 (82% yield based 
on the consumed acetylene). All attempts to isolate 
the vinyl iodide 7a in an analyticaly pure form failed 
due to its instability to light and air. In contrast, the 
corresponding vinyl bromide 7b was proved to be 
relatively stable and was produced by treatment of 6 
with hydrobromic acid (90% yield) or preferably with 
anhydrous hydrogen bromide (97% yield). Though 
isolated and characterized spectrometrically, the 
bromide 7b became colored soon after a couple of days 
but underwent the carbonylation reaction using 
Pd(PPh3)4 catalyst to give the methyl ester 8 in 90% 
yield (or 96% yield based on the conversion). The 
ester was found to polymerize upon exposure to air. 
However, immediate hydrolysis afforded the desired 
acid 2. The acid was shown to be relatively stable. 
The total yield from 4 to 2 through the vinyl bromide 
7b is 86% or 91% on the basis of conversion. Asym­
metric hydrogénation of 2 to give (S)-naproxen (1) of 
high optical purity is achieved by means of a chiral 
ruthenium catalyst.4) 

The procedure reported herein should find wide 
application to the synthesis of various types of 2-
arylpropenoic acids and chiral 2-arylpropanoic acids 
as well in combination with the asymmetric hydrog­
énation process. 

Experimental 

4-(6-Methoxy-2-naphthyl)-2-methyl-3-butyn-2-ol (5). In 



February, 1990] N O T E S 641 

a 200 ml-flask were placed 6-methoxy-2-bromonaphthalene 
(4, 14.23 g, 60 mmol), bis(triphenylphosphine)palladium 
dichloride (0.42 g, 0.60 mmol), and copper(I) iodide (0.114 g, 
0.60 mmol) under an argon atmosphere. To this mixture 
were added diethylamine (120 ml) and 2-methyl-3-butyn-2-
ol (7.57 g, 8.72 ml, 90 mmol), and the resulting mixture was 
heated to reflux for 17 h. Excess diethylamine was evapo­
rated under reduced pressure, and the residue was dissolved 
in ether (ca. 300 ml), and the insoluble material was filtered 
off. The ethereal solution was washed successively with sat 
sodium chloride aq solution, 10% citric acid aq solution (3 
times), sat sodium chloride aq solution, 5% sodium hydro-
gencarbonate aq solution, and finally with sat sodium chlo­
ride aq solution, dried over anhydrous magnesium sulfate, 
and then concentrated in vacuo to give pale yellow solid 
(16.3 g). Recrystallization from hexane-ethyl acetate 
afforded 5 as colorless needles (10.7 g, 75% yield). The 
mother liquor was concentrated, and the residue was puri­
fied by medium-pressure column chromatography (silica 
gel, hexane-ethyl acetate 3:1) to give additional product 5 
(3.8 g, 25% yield). Total yield was quantitative. Mp 119— 
121 °C. *HNMR (CDCls) 6=1.62 (s, 6H), 2.30 (br s, 1H), 
3.81 (s, 3H), 7.02—7.83 (m, 6H); IR (KBr) 3450 (br), 2230, 
1627, 1605, 1500, 1490, 1385, 1253, 1167, 1158, 1027, 937, 895, 
858, 818, 474 cm"1; MS m/z (rel intensity) 240 (M+, 47), 225 
(70), 182 (10), 139 (15), 43 (100). Found: C, 80.09; H, 6.79%. 
Calcd for Ci6Hi602: C, 79.97; H, 6.71%. 

2-Ethynyl-6-methoxynaphthalene (6). A mixture of 5 
(8.28 g, 34.5 mmol), powdered sodium hydroxide (1.38 g, 
34.5 mmol) and toluene (250 ml) was heated to reflux for 17 
h under an argon atmosphere. The reaction mixture was 
diluted with ether, washed successively with aq. sodium 
chloride solution, 10% citric acid aq solution, sat sodium 
chloride aq solution, 5% sodium hydrogencarbonate aq 
solution, and finally with sodium chloride aq solution, and 
dried over anhydrous magnesium sulfate. Concentration 
followed by medium-pressure column chromatography (sil­
ica gel, hexane-ethyl acetate 8:1) afforded 6 as colorless 
solid (6.23 g, 99% yield). Mp 109—109.5°C; « N M R 
(CDCI3) 0=3.07 (s, 1H), 3.89 (s, 3H), 7.07(s, 1H), 7.10—7.78 
(m, 4H), 7.91 (s, 1H); IR (KBr) 3280, 2110, 1627, 1600, 1500, 
1485, 1390, 1270, 1230, 1170, 1030, 903, 857, 818, 480 cm-1; 
MS m/z (rel intensity) 183 (M++1, 15), 182 (M+, 100), 167 
(14), 140 (10), 139 (79). Found: C, 85.49; H, 5.55%. Calcd 
for G3H10O: C, 85.69; H, 5.53%. 

Methyl 2-(6-Methoxy-2-naphthyl)propenoate (8). A mix­
ture of 6 (1.82 g, 10.0 mmol), tetrahydrofuran (THF, 15 ml), 
and hydriodic acid (55—58%, 1.48 ml, 11.1 mmol) was heated 
under an argon atmosphere to reflux for 2 h to prepare the 
vinyl iodide 7a. The reaction mixture, methanol (12 ml), 
triethylamine (0.70 ml, 5.0 mmol), and palladium black 
(0.106 g, 1.00 mmol) were placed in an autoclave, and the 
atmosphere was replaced by 20 atm of carbon monoxide. 
The autoclave was heated at 65 °C for 17 h under vigorous 
stirring. The excess gas was purged, and the reaction mix­
ture diluted with ether was washed with sat sodium chloride 
aq solution, 10% citric acid aq solution, and then with sat 
sodium chloride aq solution. Concentration followed by 
medium-pressure column chromatography (silica gel, hex­
ane-ethyl acetate 6:1) gave 8 as colorless solid (1.69 g, 70% 
yield, 82% yield based on the conversion) along with 3 (0.19 
g, 9%) and the starting material 6 (0.27 g, 15%). The ester 8 
showed following physical data. Mp 65—68 °C. *H NMR 
(CDCls) 6=3.80 (s, 3H), 3.88 (s, 3H), 5.93 (d, /=1.2 Hz, 1H), 
6.34 (d, /=1.2 Hz, 1H), 7.06—7.98 (m, 6H); IR (KBr) 3020, 
2960, 1725, 1620, 1605, 1494, 1435, 1430, 1386, 1295, 1260, 
1220, 1200, 1178, 1165, 1027, 992, 952, 930, 900, 860, 820, 755, 
715, 665, 480 cm"1; MS m/z (rel intensity) 243 (M++1, 17), 
242 (M+, 100), 199 (10), 185 (16), 184 (15), 183 (72), 168 (13), 

140 (20), 139 (32). Found: C, 74.28; H, 5.75%. Calcd for 
Ci5Hi403: C, 74.36; H, 5.82%. 

One-pot Synthesis of 8. In an autoclave were placed 6 (91 
mg, 0.50 mmol); palladium black (5.3 mg, 0.05 mmol), 55— 
58% hydriodic acid (25 mg, 0.11 mmol), THF (1 ml), and 
methanol (1 ml), and the atmosphere was repalced by 20 atm 
carbon monoxide. The whole was heated at 65 °C for 2 h. 
Workup as before followed by purification gave 8 (68 mg, 
56% yield), 3 (6 mg, 6% yield) and a product tentatively 
assigned as dimethyl 2-(6-methoxy-2-naphthyl)-2-butene-
dioate (7 mg, 5%), mp 109—112 °C; *H NMR (CDCls) 0=3.80 
(s, 3H), 3.93 (s, 3H), 4.00 (s, 3H), 6.41 (s, 1H), 7.1—7.7 (m, 
6H); MS m/z (rel intensity) 301 (M++1, 19), 300 (M+, 100), 
242 (18), 243 (47), 182 (25), 139 (47), 59 (16). 

Alternative Synthesis of 8. Preparation of l-Bromo-l-(6-
methoxy-2-naphthyl)ethene (7b). A mixture of 6 (3.64 g, 
20.0 mmol), T H F (60 ml), and 47% hydrobromic acid (10 ml, 
86.5 mmol) was heated to reflux for 3 h. The reaction 
mixture was extracted with ether (ca. 400 ml), and the 
ethereal extract was washed three times with sat sodium 
chloride aq solution and dried over magnesium sulfate. 
Concentration and medium-pressure column chromatog­
raphy (hexane-ethyl acetate 10:1) gave, in addition to 3 
(0.35 g, 9% yield), 7b (4.74 g, 90% yield) as colorless solid 
which became colored after a couple of days. Mp 104— 
105.5 °C [lit5b>78—80 °C]. *H NMR (CDCI3) ô=3.92 (s, 3H), 
5.82 (d, 7=2.0 Hz, 1H), 6.19 (d, 7=2.0 Hz, 1H), 7.10 (s, 1H), 
7.14—7.27 (m, 1H), 7.63—7.86 (m, 3H), 8.00 (br s, 1H); IR 
(KBr) 2970, 2950, 1627, 1610, 1595, 1485, 1270, 1200, 1185, 
1170, 1030, 880, 860 cm"1; MS (50 eV) m/z (rel intensity) 264 
(M++2,17), 262 (M+, 18), 184 (15), 183 (100), 168 (18), 152 (9), 
140 (22), 139 (28). Found: C, 59.50; H, 4.13%. Calcd for 
CisHnBrO: C, 59.34; H, 4.21%. 

Alternative Preparation of 7b. Anhydrous hydrogen 
bromide gas was bubbled into a dichloromethane (60 ml) 
solution of 6 (1.82 g, 10 mmol) at room temperature for 6 h. 
The solvent was evaporated under reduced pressure, and the 
residue was chromatographed as above to give 7b (2.54 g, 
97% yield) as colorless solid. 

Carbonylation of 7b. In a 100 ml-stainless steel auto­
clave were placed the bromide 7b (1.32 g, 5.0 mmol), tetrakis-
(triphenylphosphine)palladium (0.29 g, 0.25 mmol), trieth­
ylamine (0.51 g, 5.0 mmol), T H F (10 ml), and methanol (10 
ml), and the mixture was stirred at 70 °C for 21 h under an 
atmosphere of 20 atm of carbon monoxide. After cooling 
and releasing the excess CO, the reaction mixture was dil­
uted with diethyl ether (ca. 150 ml) and washed twice with 
sat sodium chloride aq solution. The organic layer was 
dried over anhydrous sodium sulfate and concentrated to 
give a yellow oil which was purified by medium-pressure 
column chromatography (hexane-ethyl acetate 6:1). The 
desired ester 8 (1.09 g, 90% yield) was obtained as colorless 
solid. The bromide 7b (0.08 g, 6%) was recovered 
unchanged. Thus, the yield of 8 based on the consumed 
bromide was 96%. 

2-(6-Methoxy-2-naphthyl)propenoic Acid (2). A mixture 
of 8 (0.86 g, 3.6 mmol), potassium hydroxide aq solution (2 
mol dm - 3 , 2.66 ml, 5.3 mmol), and acetone (7 ml) was stirred 
at room temperature for 16 h. The reaction mixture was 
extracted with ether. The aqueous layer was then acidified 
with dil hydrochloric acid and extracted with ether. The 
ethereal extract was washed with sodium chloride aq solu­
tion and dried over anhydrous sodium sulfate. Concentra­
tion gave practically pure acid 2 (0.80 g, 99% yield) as 
colorless solid. Mp 173.5-175.5 °C (CHCI3) [lit5e> 175 °C]. 
*H NMR (CDCls and CDsOD) 0=3.91 (s, 3 H), 6.01 (d, 7=1.3 
Hz, 1H), 6.41 (d, 7=1-3 Hz, 1H), 7.05-7.86 (m, 6H); IR 
(KBr) 3200—2200 (br), 1710, 1682, 1601, 1422, 1288, 1260, 
1232, 1200, 1162, 1028, 901, 854, 814 cm"1; MS m/z (rel 
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intensity) 229 (M++l,32), 228 (M+, 100), 185 (33), 184 (16), 
183 (64), 168 (14), 152 (11), 140 (28), 139 (41), 129 (10), 115 
(10), 114 (10), 63 (13). Found: m/z 228.0792. Calcd for 
C14H12O3: M, 228.0785. 

We thank Syntex (USA), Inc., for financial suppor t 
and generous gift of 2-bromo-6-methoxynaphthalene. 
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Synopsis. The kinetic study was made by 1H NMR for 
the Cope rearrangement of 4,4-dicyano-5-ethyl-l,5-
heptadiene in a variety of solvents at 90 °C, which revealed 
that the reaction is affected by solvent polarity to some 
extent but is insusceptible to hydrogen bonding with protic 
solvents, in agreement with our prediction as to solvation of 
the dipolar transition state for [3,3]sigmatropic reactions. 

Protic solvents such as methanol and ethanol have 
generally been accepted as much better ionizing sol­
vents for the substrates undergoing heterolysis than 
dipolar aprotic solvents such as dimethyl sulfoxide 
(DMSO) and A^N-dimethylformamide (DMF), 
because common leaving group anions are highly 
stabilized by hydrogen bonding with protic solvents.1) 
We have recently demonstrated that SN1-E1 reactions 
can be classified into two types: one is hydrogen-bond-
susceptible, and the other hydrogen-bond-insus­
ceptible.2) In the latter reaction, ionizing power of 
protic solvents is extremely weakened because of the 
extensive charge dispersal in the leaving group anion 
so that the order of the rates is inverted between the 
above-mentioned protic and aprotic solvents. As 
another interesting pattern of the reaction that 
excludes the solvation due to hydrogen bonding, we 
have also reported an azo Cope rearrangement3) and a 
thione-to-thiol conversion reaction.3'4) These [3,3]-
sigmatropic rearrangements proceed via dipolar tran­
sition states, in which both termini of the negatively 
charged fragment are blocked up by those of the 
positively charged counterpart in the pericyclic inter­
action. We wish to report here a kinetic study of the 
well-discussed Cope rearrangement of 4,4-dicyano-5-
ethyl-l,5-heptadiene (I)5-9) in various solvents, which 
presents definitive evidence for the hydrogen-bond-
insusceptible behavior of this kind of rearrangement. 

Results and Discussion 

The first-order rate constants for the rearrangement 
1 —» 2 at 90.0 °C in fourteen solvents were determined 
by lH NMR (Table 1). Among the solvents used, the 
least efficient is cyclohexane and the most efficient is 
DMSO, although the rate difference is small (Arei, 
1:3.8). Cope and his co-workers reported the activa­
tion parameters for the rearrangement in the liquid 
phase in which rates were determined by following the 
change in refractive index: AH*=25.0±0.6 kcal mol - 1 

(1 cal=4.184 J), AS*=-11.0±1.5 eu.6) The rate at 
90 °C (2.63X10-5 s-1) calculated from their parameters 
falls within the range of our data. However, the rate 
data reported by Wigfield and Feiner (UV method)8) 
are considerably different from ours: both of their rates 
in 1,4-dioxane (4.7X10"5 s"1) and in ethanol (4.9X10~5 

s-1) at 79 °C are about twice as much as those mea-

Table 1. Solvent Effect on the Rate of the Cope 
Rearrangement of 1 at 90.0 °Ca) 

Solvent 

(1) DMSO-de 
(2) DMF-dv 
(3) HMPT-dis 
(4) Pyridine 
(5) MeCN-ds 
(6) Methanol-^ 
(7) Ethanol-de 

Ethanolb) 

10^/s" 1 

4.28 
3.50 
3.18 
3.10 
3.05 
2.95 
2.87 
2.72 

Solvent 

(8) DCB 
(9) CDCI3 

(10) Acetone-d6 
(11) Dioxane-ds 
(12) Benzene 
(13) CCI4 
(14) Cyclohexane-di2 

10^ / s - 1 

2.65 
2.60 
2.43 
2.29 
2.13 
1.43 
1.12 

a) Rate constants are reliable to ±2% unless otherwise 
noted, b) Reliable to ±3.7%. 

//% 

sured by us at 90 °C. Although the origin of this 
discrepancy is uncertain, we will discuss here the effect 
of solvation on the basis of our own data. 

It has empirically been established that the ionizing 
power of the following four aprotic solvents increases 
in the order of acetone<pyridine<DMF<DMSO in 
polar unimolecular reactions of any type.2'3) The 
rearrangement 1 —» 2 obeys this order of solvent ioniz­
ing power as well. Figure 1 shows a plot of RTIn kTQ\ 
against Wion together with other relevant plots. Wi0n 
(=RTInfcon,rei where fcon is the rate constant for the 
SN1-E1 decomposition of p-methoxyneophyl tosylate 
reported by Winstein and his co-workers10)) is the most 
reliable scale of solvent ionizing power for hydrogen-
bond-susceptible reactions throughout a large number 
of protic and aprotic solvents, since the decomposition 
does not involve internal return. The above four 
data points define a good straight line with a rather 
gentle slope compared with other polar [3,3]-
sigmatropic rearrangements such as the azo Cope rear­
rangement of 33) and the thione-to-thiol conversion of 
4,3'4> suggesting that the activated complex is distinctly 
polarized but to a limited extent. It is evident that 
both the methanol and ethanol points exhibit down­
ward shifts. If the transition state for the rearrange­
ment is stabilized through hydrogen bonding, these 
points should have values large enough to be placed 
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c 

Acetone Pyridine 

-3 - 2 - 1 0 
' ' ion kcal /mol 

Fig. 1. Plot o f - A A G # vs. l̂ ion. 
The rate data including Wion are those obtained 
from the reactions in deuteriated solvents except for 
pyridine. The Wion values were calculated based 
on the data from Ref. 2 and this work (the rate in 
ethanol-^6 only). 

on the line,2'3) namely, 6.4X10~5 s - 1 for methanol and 
5.5X10"5 s - 1 for e thanol . These values are about 
twice as m u c h as those observed, indicat ing that the 
differences between the calculated and observed rate 
constants are m u c h greater than limits of experimen­
tal error (±2%). We therefore conclude that the Cope 
rearrangement of 1 behaves as a hydrogen-bond-

insusceptible reaction analogously to the above-
ment ioned s igmatropic reactions. These three exam­
ples in Fig. 1 provide sufficient evidence that such 
behavior qu i te commonly arises irrespective of the 
na ture of the bonds cleaved and formed. 

T h e observed lower sensitivity to solvent ionizing 
power in the rearrangement of 1 suggests a tighter 
pericyclic interaction. It should be noted that even 
though the extent of charge separat ion is small, mix­
ing of such an int ramolecular charge-transfer-type 
interact ion is responsible for h i g h stabilization of the 
transi t ion state as can be inferred from the fact that the 
rate increases wi th increasing electron-withdrawing 
power of substituents attached to a saturated 
carbon.5 '6) 

T h e effects of a variety of solvents are compared 
wi th those in the azo Cope rearrangement of 3 in Fig. 
2. A good linear free energy relat ionship holds when 
four data points [methanol -A, ethanol-dß, o-
dichlorobenzene (DCB), and CDCI3] are omitted. 
U p w a r d shifts of the protic solvent points suggest that 
the effect of hydrogen bond ing still survives slightly in 
the rearrangement of 1 as compared wi th that of 3. 
T o date we cannot explain large deviations of the 
DCB and CDCI3 points; these two solvents may have 
substrate-dependent specific interactions. 

Exper imenta l 

Compounds 1 and 2 were prepared according to the 
literature procedure.5) The XH NMR spectra were obtained 
on a Varian EM-390 spectrometer operating at 90 MHz in 
the CW mode at about 34 °C. The rates were determined by 
monitoring the decrease in the intensity of the doublet 
signal due to the olefinic methyl protons of 1 relative to that 
of the methyl signal of anisole added as an internal refer­
ence. Initial concentrations were about 0.1 M (1 M^ l 
mol dm -3). For reactions in solvents other than ethanol, a 
sample solution in a sealed NMR tube was heated in a 
thermostated water bath (±0.01 °C) and was subjected to 
NMR measurement at appropriate intervals. 

r e l 

Fig. 2. Plot of log &rei of the Cope rearrangment of 1 at 90 °C 
against log kKi of the azo Cope rearrangement of 3 at 60 °C 
[Numbers correspond to those in Table 1; the slope is 0.375 
(#=0.993) when the four data points, methanol (6), ethanol 
(7), DCB (8), and CDCI3 (9), are omitted]. 
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The rate in ethanol was measured for the purpose of 
comparison with that in ethanol-^6. Thirteen ampoules 
each containing 2 ml of an ethanol solution of 1 (0.05 M, 
including anisole) were simultaneously heated at 90 °C. At 
1.5 h intervals one of them was withdrawn and immediately 
ice-cooled. The content was poured onto 10 ml of CCI4, 
and the solution was washed with water three times, dried, 
quickly concentrated to 1 ml below 40 °C, and subjected to 
NMR measurement. 

Rates for the rearrangement of 3 at 60 °C in the solvents 
other than those reported3) were measured: &X105 (s_1) 
hexamethyl-dis-phosphoric triamide (HMPT-dis), 139; 
ethanol-^6, 44.4; 1,4-dioxane-^s, 43.8; cyclohexane-^12, 7.80. 
Further, the rate for the decomposition of jb-methoxy-
neophyl tosylate in ethanol-^ at 75 °C was measured [&X105 

(s-1) 54.5 (cf. 62.5 in ethanol10))]. 

T h i s work was part ial ly suppor ted by a grant from 
the Ministry of Educat ion, Science and Cul ture . We 
are grateful to Dr. Takayuk i Kawashima for useful 
suggestions. 
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Synopsis. The binding energies of S 2p and Ni 2p of the 
bis(l,2-diaryl-l,2-ethylenedithiolato)nickels were measured 
by means of X-ray photoelectron spectroscopy using a sil­
icone oil as a reference. The results indicated that a 
reasonable correlation exists between Hammett substituent 
constants op on phenyl group in the nickel complexes and 
the binding energy and between charge of complexes and 
the binding energy. 

Bis( 1,2-diaryl-1,2-ethylenedithiolato)nickels 1 are 
useful as organic functional dyes for optical data 
storages, due to their characteristics of near infrared 
absorpt ion and abilities of singlet oxygen quench­
ing. 1,2) We have reported the substi tuent effects on 
bo th the absorpt ion m a x i m a and the reduction poten­
tial of these complexes, and suggested that the phenyl 
r ings in the complex 1 are conjugated with the chelate 
rings.1) T h e subst i tuent effects on the nickel-sulfur 
stretching frequencies in 1 were also examined by 
means of the resonance R a m a n technique.3) 

X-Ray photoelectron spectroscopy, XPS, is a power-
full method for the study of the bond ing energy in 
these complexes. In the present study, we have ap­
plied the XPS to the ethylenedithiolato nickel com­
plexes 1 and 2, in order to evaluate the detailed elec­
tronic state of sulfur a toms in 1 and 2, and the 
subst i tuent effects on the b ind ing energies of S 2p and 
N i 2 p . 

Experimental 

The XPS spectra were taken on a Shimadzu ESCA 850 
spectrometer. M g ^ a radiation was used as the excitation 
source. The measurements were conducted at room 
temperature under a vacuum of about 10~5 Pa. The nickel 
complex dissolved in benzene was put on silicon single 
crystal plate. After drying, thickness of a sample layer was 
about 100 jLtm. About 3X10~3cm3 of silicone oil (Shin-etsu 
Kagaku Corp. KF851) solution in benzene (1 wt%) was added 
to the sample layer using a capillary. The binding energies 
of the complexes were calibrated by assigning 102.2 eV to the 
Si 2p peak of silicone oil. First, the binding energy of Ni 
2p and S 2p of the complex was determined by using the 
energy reference of the Si 2p peak. Second, the binding 
energy of C Is of the complex without silicone oil was 
calibrated by using the energy reference of Ni 2p, determined 
above, because the C Is peak of the complex with silicone oil 
was broadened by the shoulder peak assigned to the C Is of 
silicone oil. 

The reproducibility of the binding energies thus obtained 
was within+0.1 eV. Appreciable X-ray damage was not 
observed throughout the experiments. Ethylenedithiolato 
nickel complexes were previously prepared.1,4) 

Results and Discussion 

T h e C Is level or Au 4f7/2 level is generally used as 
the reference energy in XPS spectra, however, there are 

M 

l a : 

l b : 

l c : 

I d : 

l e : 

5 5 
0 Ni 

X=Y=H 

X=Y=Me 

X=Y=C1 

X=Y=OMe 

X=Y=CF3 

I f : X=H, Y=N(Me)2 

N(Bu)4 

2a: X=H 

2b: X=OMe 

2 c : X=CF3 

some disadvantages. T h e b ind ing energy of C Is of 
substituted benzene derivatives are shifted by the sub­
sti tuent group.5) For the nonconduc t ing materials, 
the gold deposit ions tend to result in islands which are 
uneven in size and have uneven chargings. T h i s 
unevenness causes an uncer ta in evaluation of b ind ing 
energy due to the broadening of the Au 4f peak or the 
apparent shifts of the b ind ing energies of the sam­
ples.6'7) O n the other hand , homogeneous disper­
sion of silicone oil in to the sample layer is very easy, 
and its concentrat ion in sample layer can be con­
trolled wi th the di lut ion. Silicone oil seems, there­
fore, to be a suitable energy reference for nonconduct­
ing materials. We have at tempted the appl icat ion of 
Si 2p level of silicone oil to an energy reference in XPS 
spectra. 

T h e b ind ing energies measured by this method are 
given in Tab le 1. T h e S 2p electron spectrum of la 
clearly showed two peaks, as shown in Fig. 1. T h e S 
2p peak of la can be graphical ly separated in to two 
peaks hav ing an intensity rat io of 10:7 wi th full-
width of 1.0 eV at half-height, as indicated by the 
broken lines in Fig. 1. T h e interval between the two 
peaks was 1.2 eV. T h e two peaks were assigned to S 
2pi/2 and S 2p3/2 electrons, respectively, from compari­
son of those of known sulfur compounds.8) T h i s 
indicates that four sulfur a toms in la are equivalent in 
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Table 1. Binding Energies for Ethylenedithiolate 
Nickel Complexes 

Compd. 
Binding energya)/eV 

C l s S 2p3/2 Ni 2p3/2 

la 
lb 
lc 
Id 
le 
If 

2a 
2b 
2c 

284.6(1.3) 
285.0(1.5) 
285.1(1.5) 
284.7(2.5)b) 

285.5(1.5) 
284.2(2.4)b) 

284.3(2. l)b) 

284.3(2.2)b) 

285.0(1.9)b) 

162.6(1.0) 
162.3(1.1) 
162.8(1.2) 
162.2(1.1) 
163.1(1.2) 
162.0(1.3) 
163.1(1.3) 
161.7(1.5) 
161.6(1.3) 
162.2(1.8) 

855.4(1.4) 
855.2(1.4) 
855.7(1.5) 
855.1(1.5) 
855.9(1.4) 
854.8(1.9) 

854.5(1.9) 
854.4(1.7) 
854.9(2.1) 

a) Full width at half-height (eV) are given for each 
element in parenthèse, b) Broadening is due to 
shoulder peak assigned to methyl or butyl groups. 

170 160 166 160 
Binding energy/eV 

Fig. 1. The XPS spectra of S 2p for la and If. 

xXx 
Scheme 1. 

solid state. T w o peaks on the spectra were similarly 
observed for the other ethylenedithiolato nickel com­
plexes l b — l e and 2a—2c. T h u s , the structure of 1 is 
represented by us ing Kekulé-type structures which are 
assumed to be delocalized aromatic 10-7T electron sys­
tem wi th neutral p lanar structure, as shown in 
Scheme 1. O n the other hand, in the S 2p spectrum 
of If hav ing unsymmetr ica l l igands two kinds of 
sulfur a toms are found by similar wave analysis (Fig. 
1). T h e two S 2p3/2 peaks, which have the intensity 
rat io of 3:1, were observed at 162.0 and 163.1 eV. T h e 
higher b ind ing energy in If suggests that one sulfur 
a tom is cationic, as the S 2p peak of cationic sulfur 
a tom in aromat ic sulfur compounds is higher by ca. 
1.0 eV than that of neut ra l sulfur atom.9) Therefore, 
it is concluded that four sulfur atoms in If are not 
equivalent in solid state. 

As shown in Fig. 2, good linear relat ionships exist 
between the b ind ing energy of the Ni 2p3/2 or S 2p3/2 of 
1 and H a m m e t t subst i tuent constants ap (correlation 

^ 163 
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Û) 
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Fig. 2. Correlation between Hammett Substituent 
constants ap and the binding energy of (a): S 2p3/2 
and (b): Ni 2p3/2. 

coefficient: 0.96—0.98). T h e slope of these linear 
subst i tuent effects is similar to that of b ind ing energy 
of C Is in substituted benzene derivatives to a.5) A 
reasonable correlation exists also between the b ind ing 
energy of C Is of 1 and H a m m e t t substi tuent constants 
op. T h i s result indicates that the phenyl groups of 
complex 1 are conjugated wi th both the chelate r ing 
and nickel, and is consistent both wi th the P P P - M O 
calculat ion and wi th the experimental results from 
absorpt ion and R a m a n spectra, as reported 
previously.1 '3,10) 

T h e reduced species 2a—2c have clearly lower bind­
ing energy of S 2p3/2 and Ni 2p3/2 than the correspond­
ing neutral species. T h i s shift was about 0.8 eV. 
T h e slope of the b ind ing energy of S 2p3/2 to o was 
same to that the Ni 2p3/2. These results are consistent 
wi th the conclusion from the hyperfine spl i t t ing in 
the ESR spectrum of 2a,4) that is, the charge in 2 is 
delocalized over both nickel and the ligands. 

Gr im et al. reported that the b ind ing energies of Ni 
2p3/2 and S 2p of l a are 852.9 and 161.1 eV, respec­
tively, and that those of [Et4N][NiS4C4Ph4] are 852.5 
and 160.8 eV, respectively.11) These values were 
determined by the gold-deposited method, and the 
energy difference in Ni 2p or S 2p between l a and 
[Et4N][NiS4C4Pfi4] are slightly different from the data 
in Table 1. We also measured the b ind ing energies of 
Ni 2p and S 2p for the complexes la—If by the gold-
deposited method, however, no significant substi tuent 
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effect on XPS spectra was observed. These disagree­
ments between the gold-deposited method and the 
silicone oil dispersed method may be due to the disad­
vantage of gold-deposited method, described above. 

References 

1) H. Shiozaki, H. Nakazumi, and T. Kitao, / . Soc. 
Dyers Colour., 104, 173 (1988). 

2) H. Shiozaki, H. Nakazumi, Y. Nakado, T. Kitao, and 
M. Ohizumi, Chem. Express, 3, 61 (1988). 

3) H. Nakazumi, H. Shiozaki, and T. Kitao, Spectrochim. 
Acta, 44A, 209 (1988). 

4) A. Davison, N. Edelstein, R. H. Holm, and A. H. 
Maki, Inorg. Chem., 2, 1227 (1963). 

5) B. Lindberg, S. Svensson, P. A. Malmquist, E. Basilier, 
U. Gelius, and K. Siegbahn, Chem. Phys. Lett., 40, 175 
(1976). 

6) Y. Uwamino and T. Ishizuka, / . Electron Spectrosc. 
Relat. Phenom., 23, 55 (1981). 

7) L. J. Matienzo and S. O. Grim, Anal. Chem., 46, 2052 
(1974). 

8) T. Yoshida, K. Yamasaki, and S. Sawada, Bull. Chem. 
Soc. Jpn., 52, 2908 (1979). 

9) H. Nakazumi, T. Yoshida, S. Sawada, and T. Kitao, 
Nippon Kagaku Kaishi, 1976, 849. 

10) H. Shiozaki, H. Nakazumi, and T. Kitao, Shikizai 
Kyokaishi, 60, 415 (1987). 

11) S. O. Grim, L. J. Matienzo, and W. E. Swartz, Inorg. 
Chem., 13, 447 (1974). 



February, 1990] © 1990 The Chemical Society of Japan N O T E S Bull Chem. Soc. Jpn., 63, 649—651 (1990) 649 

Photochemical Reaction of (PhO)2P(OC6H4)Mn(CO)4 with Ph2C2; 
Definitive Characterisation of an Insertion Product with a 
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Synopsis. The main isolated product from the photo­
chemical reaction of (PhO)2P(OC6H4)Mn(CO)4 with Ph2C2 

(previously characterised as a 772-acetylene adduct) is shown 
by an X-ray crystal structure analysis to be (PhO)2-

i>(OC6H4)C(Ph)=C(Ph)]vIn(CO)4, formed by insertion of the 
alkyne into the Mn-C bond. [Crystals are tetragonal, space 
group Mi/a, «=30.813(6) Â, c=12.647(5)Â, F=12007(6)Â3, 
Z=16, #=0.0793 for 1589 reflections with />3a(/)]. 

T h e reactions of alkynes with organo-transi t ion 
metal complexes provide many useful syntheses.1) 
We2) and others3) have recently shown that alkynes 
react wi th o r thomangana ted aryl ketones and related 
species to form products wi th fused five-membered 
rings, e.g. Eq. 1: 

^pMn(CO)4 +Ph2C2 ^ r j T> -Ph (1) 

^ ^ Ph 

T h e mechanism of this reaction is not known, bu t a 
reasonable sequence of steps can be proposed.2) T h e 
first of these involves displacement of a CO l igand to 
give a 772-alkyne complex, which subsequently under­
goes an alkyne insert ion reaction in to the M n - C bond. 
No direct evidence for these intermediates could be 
found in our o r thomangana ted ketone study, so it was 
of interest that we noted the report by Onaka et al.,4) 

which described the product of the photochemical 
reaction of PI12C2 wi th the related o r thomangan­
ated tr iphenyl phosph i te (PhO)2P(OC6H4)Mn(CO)4, 
1, as the adduct 2. However the spectroscopic charac­
terization of 2 did no t seem to be completely unambig­
uous so we have examined the system in more detail 
and now report that the product of the reaction is, in 
fact, the novel, seven-membered metallocycle 3. 

Experimental 

Photolysis was performed under a nitrogen atmosphere 
using a Hanovia 125 W medium-pressure mercury lamp. 
Infrared spectra were recorded on a Digilab FTS-45 FTIR 
and NMR spectra on a JEOL FX-90Q instrument. 

Synthesis of (PhO)2^(OC6H4)C(Ph)=C(Ph)]vlln(CO)4 (3). 
A mixture of 15> (1.10 g, 2.30 mmol) and Ph2C2 (0.42 g, 2.30 
mmol) was irradiated in benzene (50 ml) for 14 h. The 
solvent was evaporated and the residue was chromato-
graphed on silica plates, eluting with petroleum ether. 
The third band was removed from the plate and recrystal-
lized from cyclohexane-petroleum ether to give white crys­
tals of 3. A CO-region infrared spectrum in hexane solu­
tion showed four bands at 2080s, 2011s, 1995vs, 1973m cm"1 

(cf. Onaka et al.,4) 2080vs, 1995vs, 1961s as a Nujol mull). 
13C and 31P NMR spectra of 3 were indistinguishable from 
those published by Onaka et al.4) The compound was 
unambiguously identified by an X-ray structure analysis. 

X-Ray Crystallography. White needle-shaped crystals 
were obtained from cyclohexane-petroleum ether. Preli­
minary precession photography showed 4/m Laue symme­
try, with systematic absences consistent with space group 
Mi/a. Accurate cell dimensions and intensity data were 
recorded on a Nicolet P2> automatic diffractometer using 
monochromated Mo Ka X-rays (0.7107 Â). 

Crystal data: C36H240vMnP, Mr=654.5, tetragonal, space 
group Mi/a, «=30.813(6) Â, c=12.647(5)Â, F=12007(6)Â3. 
Dc=1.42 gem-3 for Z=16. F(000)=5376, ii(MoKa)=5.6 cm"1, 
T=-110°C, crystal size 0.60X0.12X0.12 mm. 

A total of 3923 diffraction intensities were collected using 
Wyckoff scans in the range 4°<20<45°. These were cor­
rected for Lorentz, polarization, and absorption effects. 
The 1589 reflections for which I>3a(I) were used in all 
calculations. 

The structure was solved by direct methods and developed 
and refined routinely. In the final cycles of full-matrix 
least-squares refinement the Mn and P atoms were treated 
anisotropically, other non-hydrogen atoms isotropically, 
and hydrogen atoms were included in their calculated posi­
tions with isotropic temperature factors. The four mono-
substituted phenyl rings were included as rigid hexagons, 
but the phenyl group incorporated in the metallocyclic ring 
was refined without constraints. Refinement converged at 
#=0.0793, #w=0.0845, where w=[a2(F)+0.00694F2]~1. No 
parameter showed final shifts >0.1a, and a final difference 
map showed no features greater than ±0.6 eÂ - 3 . Posi­
tional parameters are given in Table 1 and selected bond 
lengths and angles are included in the caption to Fig. 1, 
which shows the geometry of the complex. Calculations 
used SHELXS-86 and SHELX-76 programs.6) 

Discussion 

T h e reaction between (PhO)2P(OC 6H 4)Mn(CO) 4 (1) 
and diphenylacetylene in benzene under UV photoly­
sis proceeds exactly as described by Onaka et al.4) 

Pure 3 was obtained by chromatography, together 
wi th unreacted start ing materials. T h a t our product 
3 was the same as that previously assigned structure 2 
was shown by the IR, 13C and 31P N M R spectra, and by 
the re la t ionship between the triclinic un i t cell found 
in the earlier study4) and that described herein.7) T h e 
formulat ion as 3 was proved by a structure determina­
tion. 

T h e geometry of the complex is shown in Fig. 1. It 
is a tetracarbonylmanganese derivative, wi th the man­
ganese further bonded to the P a tom of the phosphi te 
l igand and to a carbon a tom of the inserted acetylene 
g roup which forms a bridge to the ortho-carbon of the 
phenyl g roup originally attached to the manganese. 
T h e insert ion of the alkyne has increased the métallo-
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cyclic ring from five-membered in 1 (generally 
accepted as the most favorable size for cyclomangan-
ated rings8) to seven-membered in 3. Seven mera-
bered rings have been formed by insertion reactions of 
alkynes with orthocobaltated azobenzenes but these 
contain unsaturated bonds further coordinated to the 
cobalt atom.9) With cyclopalladated complexes, reac­
tions with PI12C2 gave nine-membered rings by a dou­
ble insertion process, with no mono-inserted species 
being detected. Only with alkynes containing 
electron-withdrawing CF3 or COOMe groups were 
seven-membered rings corresponding to that observed 
for the manganese complex 3 found.10) 

The seven-membered ring of 3 has adopted a boat 
conformation which can be defined by three planes; (i) 
0(3)-C(31)-C(32)-C(4) (maximum deviation 0.03 Â), 
(ii) P-0(3)-C(4)-C(5) (maximum deviation 0.015 Â) 
and (iii) P-Mn-C(5). The dihedral angle between 
planes (i) and (ii) is 132°, while that between planes 
(ii) and (iii) is 135°. There is no indication of strain 
in the metallocyclic ring, with normal bond lengths 
and angles, except for the Mn-C(5)-C(4) angle of 130 ° 
which is probably deformed as a result of non-bonded 
interactions between adjacent phenyl groups on C(4) 
and C(5). The C(4)-C(5) bond at 1.31 (2)Â is a 
normal double bond, while the Mn-C(5) distance of 
2.12 (1) Â is comparable with other Mn-C(sp2) 
bonds. 5 'n) 

C(22]/ C(5H 

0(7)5 

C(51) C(52) 

0(6) 

C(21)i 

Fig. 1. A view of complex 3 showing the seven-
membered ring. Selected bond parameters are: Bond 
lengths (Â) Mn-P 2.201(5), Mn-C(5) 2.12(1), C(5)-
C(4) 1.31(2), C(4)-C(32) 1.50(2), P-O(l) 1.62(1), P-
0(2) 1.59(1), P-0(3) 1.61(1), 0(3)-C(31) 1.42(2), 
C(31)-C(32) 1.35(2). Bond angles(°) P-Mn-C(5) 
81.8(6), Mn-C(5)-C(4) 130(1), C(5)-C(4)-C(32) 
122(1), C(4)-(32)-C(31) 124(1), 0(3)-C(31)-C(32) 
122(1), Mn-P-0(3) 119.0(5). 

With hindsight, the analytical and spectroscopic 
data reported by Onaka et al. can be equally well 
assigned to 3. The four i/(CO) bands found for the 
complex in solution in the present study, in positions 
close to those found for other cyclomanganated spe­
cies with a tetracarbonylmanganese unit,11) provided 
the first clue to the reassignment; in the original 
study4) only three bands were noted because the middle 
two bands were not resolved under the solid suspen­
sion conditions used. Similarly, the unusually low 



February, 1990] N O T E S 651 

31P chemical shift found for 3 arises because of the 
relaxation of angu la r strain in the seven-membered 
r ing compared wi th that in the more normal five-
membered species, whi le the 13C spectrum can not 
dis t inguish between structures 2 and 3. 

T h e full characterizaion of 3 lends suppor t for the 
first two steps in the mechanism proposed for the 
reaction of o r thomangana ted ketones with alkynes.2) 

For the ketones subsequent intramolecular addi t ion to 
the C = 0 g roup in the analogue of 3 would lead to the 
observed products,2* whereas for 3 the lack of reactive 
sites in the molecule after insertion allows the isola­
tion of 3 as a stable complex. 

We thank the New Zealand Universities Grants 
Commit tee and the New Zealand Lotteries Board for 
financial support , and Dr Ward T . Robinson, Univer­
sity of Canterbury, for collection of X-ray intensity 
data. 

References 

1) For a recent review see N. E. Schore, Chem. Rev., 88, 
1081 (1988). 

2) N. P. Robinson, L. Main, and B. K. Nicholson, / . 
Organomet. Chem., 364, C37 (1989). 

3) L. S. Liebeskind, J. R. Gasdaska, J. S. McCallum, and 
S. J. Tremont, / . Org. Chem., 54, 669 (1989). 

4) S. Onaka, N. Furuichi, and Y. Tatematsu, Bull. 

Chem. Soc. Jpn., 60, 2280 (1987). 
5) R. J. McKinney, R. Hoxmeier, and H. D. Kaesz, / . 

Am. Chem. Soc, 97, 3059 (1975). 
6) G. M. Sheldrick, SHELX-76, a Program for Crystal 

Structure Determination, University of Cambridge, 1976; 
SHELXS-86, a Program for solving Crystal Structures, Uni­
versity of Gottingen, 1986. The remaining bond lengths 
and angles, the coordinates and isotropic temperature fac­
tors of hydrogen atoms, the anisotropic thermal parameters 
of the non-hydrogen atoms, and the FQ—FC tables have been 
deposited as Document No. 8908 at the Office of the Editor 
of Bull. Chem. Soc. Jpn. 

7) The triclinic unit cell «=22.904, 6=22.918, ^=12.795 
Â, «=106.32, ß=106.28, 7=85.53°, reported earlier4) is trans­
formed into the tetragonal unit cell described in the present 
paper by the matrix [—1 1 0/—1 —1—1/0 0 1]. 

8) I. Omae, "Organometallic Intramolecular Coordina­
tion Compounds," Elsevier, Amsterdam (1986). (/. Orga­
nomet. Chem. Library, 18, (1986)). 

9) M. I. Bruce, B. L. Goodall, and F. G. A. Stone, / . 
Chem. Soc, Dalton Trans., 1975, 1651. 

10) A. Bahsoun, J. Dehand, M. Pfeffer, M. Zinsius, S. E. 
Bouaoud, and G. Le Borgne, / . Chem. Soc, Dalton Trans., 
1979, 547; C. Arien, M. Pfeffer, O. Bars, and D. Grandjean, / . 
Chem. Soc, Dalton Trans., 1983, 1535; F. Maassarani, M. 
Pfeffer, and G. Le Borgne, Organometallies, 6, 2029 (1987). 

11) J. M. Cooney, L. H. P. Gommans, L. Main, and B. K. 
Nicholson, / . Organomet. Chem., 349. 197 (1988); N. P. 
Robinson, L. Main, and B. K. Nicholson, ibid., 349, 209 
(1988). 



652 © 1990 The Chemical Society of Japan N O T E S Bull Chem. Soc. Jpn., 63, 652—654 (1990) [Vol. 63, No. 2 

Synthesis of Several New Pyridazines and 3,5-Diarylanilines 

Kamal Usef SADEK,* Maghraby Ali SELIM,1" and R a m a d a n Maawad ABDEL-MOTALEB^ 
Chemistry Department, Faculty of Science, Minia University, Minia, A. R. Egypt 

+Chemistry Department, Faculty of Science, Aswan, Assiut University, A. R. Egypt 
^Chemistry Department, Faculty of Science, Cairo University, Giza, A. R. Egypt 

(Received April 11, 1989) 

Synopsis. Several new pyridazines and 3,5-diarylanilines 
were obtained from (l-arylethylidene)malononitriles lb—e 
as starting compounds. 

In recent years great emphasis has been placed on 
the utilities of organic cyano compounds in organic 
synthesis. l j2 ) In previous work3) we could show that 
the methyl function in (1-phenylethylidene) malono-
nitr i le ( la) is extremely reactive toward electrophilic 
reagents. T h i s extra reactivity could be utilized to 
the synthesis of a variety of polyfunctionally substi­
tuted cyclic aromatic compounds . T h e reactivity of 
this methyl function was however decreased by replac­
ing the phenyl subst i tuent (in 1) by a 2-furyl or 2-
thienyl substituent.4* In order to shed further l ight 
on the effect of subst i tuent in this posi t ion on the 
reactivity of methyl function, a variety of 1 were 
prepared and their reactivity toward electrophilic rea­
gents was investigated. It has been found that the 
product of coup l ing 1 wi th benzenediazonium chlo­
ride depends on appl ied reaction condit ions. T h u s , 
lb—d couple wi th benzenediazonium chloride in 
E t O H / N a O A c to yield the corresponding coup l ing 
products 2a—c. These were readily cyclized in to the 
3(2H)-pyridazinones 3a—c on reflux in aqueous acetic 
acid. C o m p o u n d s 3a—c are assumed to be formed 
via intermediacy of the imines 4a—c. Attempted iso­
lat ion of the imines 4a—c were unsuccessful. 

However, long contact of l e wi th benzenediazo­
n i u m chloride afforded the bis-coupl ing product 5. 
T h e behavior of l e is thus similar to the reported 
formation of b is-coupl ing products by reaction of l a 
wi th benzenediazonium and p- to luenediazonium 
chlorides under these conditions.3 ) Attempted cycli-
zation of 5 in refluxing acetic acid in the presence of 
acetic anhydride afforded the acetyl derivative 6. 
T h i s is assumed to be formed via exchange of one of 
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the arylazo functions in 5 by an acetyl group. 
Exchange of arylazo functions by pro tons and by acyl 
groups has been previously observed.3) T h e structure 
assigned for compounds 3 and 5 was confirmed by 
13CNMR.5> 

C o m p o u n d s lb—e also reacted wi th (arylmethyl-
ene) malononi t r i l e derivatives 7a—c to yield products 
of condensat ion via H C N el iminat ion. These were 
formulated as 8a—h based on analogy to the well 
established behavior of la , f, and g toward 7.3j4) 

Compounds lb—e failed to react with trichloroaceto-
nitr i le under condi t ions utilized to effect addi t ion of 
the latter reagent toward la.3) 

In conclusion it can be assumed that the activity of 
the methyl function in 1 is no t affected by subst i tut ion 
in the aryl moiety. Such a g roup which adjacent to 
activated douple b o n d wi th two cyano groups on the 
ß-carbon is sufficiently acidic. However, when this 
aryl function is replaced by a five membered hetero-
cycle, the behavior toward arenediazonium salts 
changes.4 ) Since l e has been shown to couple wi th 
benzenediazonium chloride, it can be stated that the 
difference in the behavior toward arenediazonium 
salts between If, g, and e may be rationalized by 
a s suming that bo th If and g exist in equ l i b r i um wi th 
their const i tuents in slightly basic media. 

Experimental 

All melting points are uncorrected. IR spectra were 
recorded (KBr) with a Pye-Unicam SP-1100 spectropho­
tometer. ! H N M R were measured in DMSO on a Varian 
EM-390-90 MHz spectrometer using TMS as internal stand­
ard and chemical shifts are expressed as ô (ppm). Analyti­
cal data were obtained from the analytical data unit at Cairo 
University. 

l-(Arylethylidene)malononitrile derivatives lb—e were 
synthesized following our previously reported procedure.4) 

[l-(4-Tolyl)ethylidene]malononitrile lb formed colorless 
crystals from ethanol; mp 90 °C; yield 80%; IR: 2970 (CH3); 
2200, 2190 cm-1 (CN bands). « N M R : 0=1.12, 1.31 (two 
singlets, 6H, 2CH3); 7.3—8.2 (m, 4H, C6H4). 

C12H10N2 Found C 79.12 H 5.39 N 15.36% 
(182.2) Calcd C 79.09 H 5.53 N 15.37% 
[l-(4-Chlorophenyl)ethylidene]malononitrile (lc) formed 

colorless crystals from ethanol; mp 88 °C; yield 75%; IR: 2980 
(CH3); 2200, 2190 cm-1 (CN bands). 

C11H7N2CI Found C 65.22 H 3.33 N 13.86% 
(184.2) Calcd C 65.19 H 3.48 N 13.82% 
[l-(4-Hydroxyphenyl)ethylidene]malononitrile (Id) formed 

yellow crystals from ethanol; mp 125 °C; yield 70%; IR: 2990 
(CH3); 2200, 2190 cm"1 (CN bands). 

CnH 8 N 2 0 Found C 71.74 H 4.31 N 15.22% 
(184.2) Calcd C 71.72 H 4.37 N 15.21%. 
[l-(4-Methoxyphenyl)ethylidene]malononitrile (le) formed 

pale yellow crystals from ethanol; mp 76 °C; yield 75%; IR: 
2990 (CH3); 2200, 2190 cm"1 (CN bands). 

C12H10N2O Found C 72.54 H 4.92 N 14.02% 
(198.2) Calcd C 72.70 H 5.08 N 14.13% 
Coupling of Compound 1 with Benzenediazonium Chlo­

ride (General Procedure): (a) Monocoupling Product. An 
ice cold solution of 0.01 mol of benzenediazonium chloride 
(prepared from 0.01 mol of aniline and the appropriate 
amount of sodium nitrite and hydrochloric acid) was added 
to a solution of lb—d (0.01 mol) in ethanol (50 ml) contain­
ing sodium acetate (5 g). The precipitate was filtered off 

and crystallised from dioxane. 
(b) Biscoupling Product 5. An ice cold solution of 0.01 

mol of benzenediazonium chloride was added to a solution 
of le (0.01 mol) in ethanol (50 ml) containing sodium 
acetate (5 g). The reaction mixture was left for 6 hours. 
The solid product, so formed, was collected by filtration and 
crystallised from dioxane. 

[2-Phenylhydrazono-l-(4-tolyl)ethylidene]malononitrile 
(2a), brown crystals; mp 186 °C; yield 78%; IR: 3340 (NH); 
2200 cm-1 (br., CN bands). ^ NMR: 0=2.32 (s, 3H, CH3); 
7.4—7.8 (m, Il H, aromatic, ylidenic and NH protons). 

C18H14N4 Found C 75.58 H 4.82 N 19.57% 
Calcd C 75.50 H 4.92 N 19.56% 

[2-Phenylhydrazono-1 -(4-chlorophenyl)ethylidene]malo-
nonitrile (2b), brown crystals; mp 204 °C; yield 70%; IR 3260 
(NH); 2220, 2210 (CN bands); 1590 cm"1 (C=C). ^ N M R : 
6=7.4—7.7 (m, 10H, aromatic, ylidenic and NH protons). 

C17H11N4CI Found C 66.48 H 3.87 N 18.32% 
(306.8) Calcd C 66.55 H 3.61 N 18.26% 
[2-Phenylhydrazono-l-(4-hydroxyphenyl)ethylidene]-

malononitrile (2c), brown crystals; mp>250°C; yield 60%; 
IR: 3240 (NH); 2220, 2210 cm"1 (CN bands). 

C17H12N4O Found C 70.34 H 4.18 N 19.22% 
(288.3) Calcd C 70.82 H 4.19 N 19.43% 
[2-Phenylazo-2-phenylhydrazono-1 -(4-methoxyphenyl)-

ethylidenejmalononitrile 5, brown crystals; mp 130 °C; yield 
50%; IR: 3240 (NH); 2220 cm"1 (br. CN bands). 

C24Hi8N60 Found C 70.84 H 4.58 N 20.49% 
(406.5) Calcd C 70.92 H 4.46 N 20.67% 
5-Aryl-3-oxo-2-phenyl-2,3-dihydropyridazine-4-carbo-

nitriles (3a—c). A solution of either 2a—c (0.01 mol) in 
aqueous acetic acid (30 ml; 70%) was refluxed for 2 h then 
left to cool. The solid products so formed were collected by 
filtration and crystallised from the proper solvent. 

3-Oxo-2-phenyl-5-(4-tolyl)-2,3-dihydropyridazine-4-
carbonitrile (3a) formed orange crystals from acetic acid-
water mixture; mp 100 °C; yield 70%; IR: 2220 (CN); 1680 
cm"1 ( C O ) . iHNMR: 0=2.33 (s, 3H, CH3); 7.2, 7.8 (m, 
9H, aromatic protons). 

C18H13N3O Found C 75.19 H 4.62 N 14.53% 
(287.3) Calcd C 75.24 H 4.56 N 14.62% 
5-(4-Chlorophenyl)-3-oxo-2-phenyl-2,3-dihydropyri-

dazine-4-carbonitrile (3b) formed red crystals from acetic 
acid-water mixture; mp 280 °C; yield 60%; IR: 2220 (CN); 
1690 cm"1 ( C O ) . iHNMR: 0=7.0—7.9 (m, 9H, aromatic 
protons). 

G7H10N3OCI Found C 66.23 H 3.24 N 13.48% 
(307.8) Calcd C 66.34 H 3.27 N 13.65% 
5-(4-Hydroxyphenyl)-3-oxo-2-phenyl-2,3-dihydropyri-

dazine-4-carbonitrile (3c), formed yellow crystals from 
ethanol; mp 210 °C; yield 60%; IR 2220 (CN); 1680 cm"1 

( C O ) . 
C17H11N3O2 Found C 70.32 H 3.68 N 14.22% 
(289.3) Calcd C 70.57 H 3.83 N 14.52% 
6-Acetyl-5-(4-methoxyphenyl)-3-oxo-2-phenyl-2,3-dihy-

dropyridazine-4-carbonitrile (6), formed yellow crystals from 
acetic acid-water mixture; mp 259 °C; yield 65%; IR: 2990 
cm"1 (CH3); 2220 (CN); 1690—1670 cm"1 (br. CO groups). 

C20H16N4O2 Found C 69.53 H 4.52 N 16.57% 
(344.4) Calcd C 69.75 H 4.68 N 16.27% 
Condensation of Compounds lb—e with (Arylmethylene)-

malononitrile Derivatives 7a—c (General Procedure). A 
solution of compund lb—e (0.01 mol) and the appropriate 
(arylmethylene)malononitrile derivatives (0.01 mol) in 
ethanol (50 ml) was treated with piperidine (1.0 ml). The 
reaction mixture was heated under reflux for 3 h and then 
evaporated in vacuo. The solid product, so formed, was 
collected by filtration and recrystallized from the proper 
solvent. 
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Compound 8a formed orange crystals from ethanol; mp 
248 °C; yield 75%; IR: 3360, 3100 (NH2); 2210, 2190 (CN 
bands); 1630 cm"1 (Ô NH2). *H NMR: 0=2.31 (s, 3H, CH3); 
7.0—7.9 (m, ÎOH, aromatic protons); 8.82 (s, 2H, NH2). 

C21H15N3 Found C 81.48 H 5.07 N 13.72% 
(309.4) Calcd C 81.52 H 4.88 N 13.58% 
Compound 8b formed pale yellow crystals from acetone; 

mp 247 °C; yield 76%; IR: 3390 (NH2); 2220 (CN bands); 1640 
cm"1 (<5 NH2). XHNMR 0=2.32 (s, 3H, CH3); 7.2—7.9 (m, 
8H, aromatic protons); 8.3 (br., s. 2H, NH2). 

C19H13N3O Found C 76.47 H 4.56 N 14.22% 
(299.3) Calcd C 76.23 H 4.37 N 14.03% 
Compound 8c formed pale yellow crystals from ethanol; 

mp 231 °C; yield 77%; IR: 3390 (NH2); 2220, 2210 (CN 
bands); 1640 cm"1 (Ô NH2). 

C19H13N3S Found C 72.48 H 4.37 N 13.22 S 10.32% 
(315.4) Calcd C 72.35 H 4.15 N 13.32 S 10.16% 
Compound 8d formed colorless crystals from acetone; mp 

253 °C; yield 77%; IR: 3390, 3250 (NH2); 2220 (CN bands); 
1645 cm"1 (Ô NH2). ^ N M R : 0=7.2—7.9 (m, 10H, aro­
matic protons); 8.2 (br. s, 2H, NH2). 

C20Hi2N3Cl Found C 72.53 H 3.65 N 12.58% 
(329.8) Calcd C 72.83 H 3.66 N 12.74% 
Compound 8e formed pale yellow crystals from dioxane; 

mp 275 °C; yield 72%; IR: 3360, 3260 (NH2); 2210 (CN 
bands); 1650 cm"1 (<5 NH2). 

C18H10N3OCI Found C 67.68 H 3.55 N 13.36% 
(319.8) Calcd C 67.61 H 3.15 N 13.14% 
Compound 8f formed pale yellow crystals from dioxane; 

mp 277 °C; yield 70%; IR: 3370, 3260 (NH2); 2220 (CN); 1650 
cm"1 (Ô NH2). 

C18H10N3SCI Found C 64.52 H 3.08 N 12.48 S 9.52% 
(335.8) Calcd C 64.37 H 3.00 N 12.51 S 9.54% 
Compound 8g formed yellow crystals from ethanol; 

mp>250°C; yield 60%; IR: 3380 (NH2); 2220 (CN bands); 
1640cm-1(ÔNH2). 

C18H11N3OS Found C 68.55 H 3.43 N 13.01% 
(317.4) Calcd C 68.12 H 3.49 N 13.24% 
Compound 8h formed orange crystals from acetone; mp 

255 °C; yield 70%; IR: 3380, 3250 (NH2); 2220, 2210 (CN 
bands); 1640 cm"1 (<5 NH2). 

C2iHi5N30 Found C 77.57 H 4.44 N 12.82% 
(325.4) Calcd C 77.52 H 4.64 N 12.91% 

K. U. Sadek is indepted to the Alexander von H u m ­
boldt foundat ion for g ran t ing a fellowship. 
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Erratum: Bull. Chem. Soc. Jpn., 62, 4036 (1989) 

Synthesis and Characterization of a 3-Thio-2,4-pentanedionate Pt(II) Complex; 
Bis(dimethylphenylphosphine)[2,4-pentanedione-3-thiolato(2~)-0,S]-

platinum(II) Prepared by S-S Bond Cleavage of 
2,3-Dithio-1,1,4,4-tetraacety lbutane 

Shinsaku YAMAZAKI,* T o m o h a r u AMA,+ Masashi Hojo,1^ a n d T a m i o UENO1"1" 
Chemistry Laboratory, Kochi Gakuen College, 292 Asahi Tenjin-cho, Kochi 780 

^Department of Chemistry, Faculty of Science, Kochi University, 2-5-1 Akebono-cho, Kochi 780 
^Department of Agriculture, Kyoto University, Oiwake-cho Kita-Shirakawa, Sakyo-ku, Kyoto 606 

Page 4037, Table 1. 
Characteristic bands IR 
'V(OC) or i/(C=C)" 
should read 
'V(OC) or i / ( 0 0 ) " . 

Page 4037, line 2 from the bottom at the left hand column: 
"Resonances at 24.5 and 19.7" 
should read 
"Resonances at 25.7 and 194.7". 

Page 4038, line 9 from the bottom at the left hand column: 
"S-S bond cleavage occurs by and attack of " 
should read 
"S-S bond cleavage occurs by an attack of ". 
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Heat Capacities and Phase Transitions of Crystalline 
l,3,5-Trichloro-2,4,6-trimethylbenzenet 
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Heat capacities were measured of l,3,5-trichloro-2,4,6-trimethylbenzene by adiabatic calorimetry from 3 to 
327 K covering the three stable solid phases, II, III, and IV. The phase transitions, III-II and IV-III, are of first 
order and accompanied by a hysteresis effect. The IV-III transition occurs at 163.5 K when the crystal cooled 
slowly from Phase II, whereas the heat capacity anomaly splits into two at 158.7 and 163.5 K if the crystal was 
cooled rapidly. From the time dependence of Raman spectra at low frequencies, kinetics of transition II—III was 
studied; it is best explained by diffusionless nucleation mechanism. The thermal hysteresis can be rationalized 
by assuming the existence of a metastable phase IV'. 

The re are a series of interest ing crystals between 
hexamethylbenzene and hexachlorobenzene produced 
by successive replacement of chlor ine a toms wi th 
methyl groups . Whereas a methyl g roup and a 
chlor ine a tom have very similar van der Waals radi i 
(0.177 and 0.178 nm, respectively), the properties of 
crystals are not simply dependent on the size of the 
substi tuents; the interact ion between methyl groups 
has not been fully understood. 

In our previous studies on hexamethylbenzene,x ) it 
has been elucidated that the phase transit ion at 117 K 
was not a second order transi t ion as had been believed2) 

bu t it was of a first order superimposed by a broad 
anomaly in the heat capacity related to coupled 
in ternal rota t ion of methyl groups. N M R studies 
confirmed such c o u p l i n g of methyl rotation3 ) from the 
field-cycling experiments . T h e calorimetric investiga­
t ion also revealed an interesting hysteresis phenome­
non.^ Fully deuterated hexamethylbenzene, Ce(CD6)6, 
showed a lmost twice as large an entha lpy of t ransi t ion 
between phase III a n d phase II as its hydrogen 
ana logue Ce(CH3)6.5) T h u s , the behavior of methyl 
g roups in hexamethylbenzene turned ou t to be far 
more complicated than one would think. It was then 
considered that if the methyl groups are decoupled by 
alternate replacement wi th chlorine atoms, we would 
see a simplified version of methyl g roup interact ion 
and mot ion . 

We measured heat capacities of l,3,5-trichloro-2,4,6-
tr imethylbenzene (hereafter referred to as T C T M B ) 
wi th par t icular a t ten t ion to phase relations and 
hysteresis effects, p ro ton spin-lattice relaxation time, 
and R a m a n spectra over a wide range of temperature. 
T h e N M R par t of the studies has been publ ished 
elsewhere.6) T h e crystal structure was determined at 
r oom temperature in phase III;7) its space g roup is PJ 
with two molecules in a un i t cell of a—0.8866 nm, 

ï Contribution No. 16 from Microcalorimetry Research 
Center, Faculty of Science, Osaka University. 

£=0.8905 nm, c=0.7767nm, «=113.59°, £=107.10°, 
and 7=59 .63° . T h e molecules are stacked in a tilted 
co lumn in an antiferroelectric manner , i.e. a chlorine 
a tom of a molecule comes on top of a methyl g r o u p of 
the ne ighbor ing molecule. Structure in other phases is 
not known. 

Experimental 

A sample of l,3,5-trichloro-2,4,6-trimethylbenzene (TCTMB) 
was synthesized by chlorination of 1,3,5-trimethylbenzene 
(mesitylene). Mesitylene and carbon tetrachloride were 
purchased from Wako Pure Chemicals Industries, Ltd. 
Gaseous chlorine was bubbled into a mixture of mesitylene 
and carbon tetrachloride cooled by ice-water while stirring. 
TCTMB precipitated, which was recrystallized several times 
from hot ethanol: Found: C, 48.36; H, 4.04; CI, 47.38%, 
Calcd: C,48.36; H, 4.06; CI, 47.58%. The gas chromatog­
raphy and high resolution NMR (90 MHz) of the sample 
were consistent with the target product. It was further 
purified by sublimation in vacuo at 45 °C. The final purity 
of sample was better than 99.9 moles percent by gas 
chromatography. 

The sublimed specimen was melted at 210 °C in dry 
helium gas, cooled slowly to room temperature, pulverized, 
and used for calorimetry. The mass of the specimen used for 
heat capacity measurements was 14.2973 g (0.0639614 mol). 
Its heat capacity contributed about 64% to the total heat 
capacity at 10 K, about 41% at 150 K, and about 48% at 300 K. 
A small amount of helium gas (5.3 kPa at 27 °C) was used for 
heat exchange inside the calorimeter vessel and its contribu­
tion to the total heat capacity was safely ignored. 

The adiabatic calorimeter assembly and thermometers 
used for the measurements were the same as described 
previously.8* A platinum resistance thermometer (Model 
8164, Leeds & Northrup Co.), calibrated on the IPTS-68, was 
used above 13.81 K and a germanium resistance thermometer 
(CryoCal Inc.) was used below 14 K. The resistance of the 
thermometers was measured with a thermometer bridge 
(Leeds Sc Northrup, Model 8079 type ER). The temperature 
scales were described elsewhere.0 The calorimeter vessel was 
made of gold-plated copper with an inside volume of about 
31 cm3. 
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For the DTA measurements, a specimen was sealed in a 
glass tube with helium gas at 6 kPa (room temperature) for 
thermal exchange. 

The Raman spectra were recorded on JASCO Model R800 
spectrophotometer at 514.5 hm, 220 mW with an Ar ion laser 
between 5 and 80 cm - 1 and between 78 and 320 K. The 
powdered specimen was loaded in a glass capillary tube with 
helium gas at 10 kPa for heat exchange. 

Results 

Differential Thermal Analysis (DTA). Prior to the 
heat capasity measurements , DTA measurements were 
made. O n hea t ing the specimen, which had been 
cooled to 88 K, four endothermic peaks were observed 
approx imate ly at 160 K (a), 314 K (b), 401 K (c), and 
485 K (d). In the cool ing direction, on the other hand , 
the anomaly cor responding to the anomaly a was not 
observed b u t the other three exothermic peaks were 
observed at about 281 K, abou t 399 K, and about 474 K, 
respectively. 

T h e peak d at 485 K is the mel t ing transi t ion, the 
largest of the four. T h e one at 401 K (c) is a lambda-
shaped peak, whereas the transit ions a and b are the 
first order sol id-solid transit ions. N o addi t ional 
anomalies were found by heat capacity measurements. 
Altogether there are four phases in the solid state of 
T C T M B . We denote the phases I, II, III, and IV from 
the mel t ing po in t downwards . 

Heat Capacity. Measured heat capacities of T C T M B 
between 3 to 327 K are given in Tab le 1 and a por t ion 
of the data are shown in Fig. 1 covering only the lower 

two phase transit ions. As the anomaly a round 160 K 
shows a complicated feature depending on the sample 
history a n d it is also related to the t ransi t ion at 314 K 
as described later, two representative runs are shown. 
T h e difference between the two runs is whether the 
sample has experienced the transi t ion at 314 K or not , 
that is, the lower temperature peak corresponds to the 
' ' v i rg in" sample and the higher one corresponds to the 
sample once heated above the transi t ion at 314 K. We 
denote the virgin sample by A, and the one once heated 
above 314 K in the calorimeter by B. As the discussion 
in the following will give certain evidence, Sample A 
is considered to be in the non-equi l ib r ium state, 
whereas Sample B is considered to represent the 
equi l ib r ium state. 

III-IV Transition. Sample A was cooled down to 
132 K, subjected to several cycles of the III - IV 
t ransi t ion region, and then cooled down again to 
100 K, where the specimen was b rough t to phase IV. 
After hea t ing it u p to 144 K, the heat capacity 
measurement was started, wa i t ing as long as 2 hours 
after every heat i n p u t for equi l ibr ium. 

T h e result is shown in Fig. 2, where spl i t t ing of the 
anomaly in to two peaks is seen at 158.7 and 163.5 K. 

O n the other hand, if we waited only about 30 m i n 
after a heat i npu t , only a single peak resulted at 
158.7 K. Since this fact was considered to show that the 
specimen was in a non-equ i l ib r ium state, the effect of 
annea l ing was studied. T h u s , the sample A was cooled 
from room tempera ture to 100 K and then heated to 
161 K, an intermediate temperature between the two 

T/ K 

77 K 

Fig. 1. Molar heat capacities of l,3,5-trichloro-2,4,6-trimethylbenzene 
between 3 and 327 K. Sample A (O) and Sample B (A) differ only in the 
transition region at about 160 K; therefore only data of Sample A are 
plotted except in the transition region. 
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Table 1. Measured Molar Heat Capacities of l,3,5-Trichloro-2,4,6-
trimethylbenzene. Relative Molar Mass=223.53 

T 

K 

Series 
54.287 
55.946 
57.645 
59.366 
61.260 
63.296 
65.264 
67.081 
68.846 
70.658 
72.455 
74.267 
76.067 
77.857 
79.641 
81.407 
83.310 
85.330 
87.311 
88.944 
90.926 
92.907 
94.890 
96.839 
98.792 
100.749 
102.759 
104.822 
106.857 
108.866 
110.852 
112.813 
114.842 
116.927 
118.978 
121.003 
123.215 
125.406 
127.364 
129.305 
131.233 
133.204 
135.225 
137.229 
139.215 
141.186 
143.142 
145.083 
147.007 
148.981 
151.003 
153.009 
154.993 
156.932 
158.879 
160.882 
162.751 

Series 
152.565 
154.274 
156.181 

CP 

J K"1 mol"1 

1 
75.713 
77.495 
79.313 
81.010 
82.767 
84.675 
86.308 
87.798 
89.270 
90.683 
92.061 
93.342 
94.650 
95.945 
97.186 
98.450 
99.775 
101.14 
102.50 
103.61 
104.96 
106.25 
107.58 
108.87 
110.13 
111.31 
112.58 
113.94 
115.28 
116.61 
117.88 
119.10 
120.46 
121.72 
123.32 
124.45 
125.88 
127.08 
128.47 
129.71 
131.02 
132.17 
133.52 
134.86 
136.01 
137.37 
138.59 
139.98 
141.36 
142.71 
143.90 
146.08 
149.00 
158.50 
165.51 
158.89 
157.36 

2 
142.24 
143.40 
144.83 

T 

K 

158.092 
159.981 
161.878 
163.816 
165.770 
167.737 
169.785 
171.882 
173.959 
176.017 
178.058 
180.083 
182.093 
184.086 
187.053 
189.974 
191.919 
193.876 
195.883 
197.938 
199.982 
202.014 
203.957 
205.945 
207.928 
209.901 
211.898 
214.405 
216.897 
218.893 
220.879 
222.889 
224.927 
226.957 
228.977 
231.025 
233.098 
235.200 
237.332 
239.450 
241.560 
243.696 
241.545 
243.847 
246.123 

Series 
213.579 
215.586 
217.584 
219.572 
221.550 
223.556 
225.587 
227.607 
229.620 
231.622 
233.615 
235.633 
237.679 
239.639 
241.663 
243.675 

CP 

J K-i mol" 1 

147.21 
147.56 
147.90 
148.90 
149.97 
151.04 
152.18 
153.24 
154.53 
155.72 
156.93 
158.17 
159.31 
160.55 
162.39 
163.83 
165.10 
166.29 
166.92 
168.38 
169.72 
171.00 
171.83 
172.86 
173.77 
175.17 
176.48 
177.75 
179.05 
180.28 
181.50 
182.63 
183.67 
184.87 
186.07 
187.48 
188.77 
189.75 
191.08 
192.34 
193.60 
194.66 
193.49 
195.08 
196.50 

3 
177.18 
178.58 
179.49 
180.76 
181.96 
182.94 
184.09 
185.37 
186.41 
187.72 
188.84 
190.75 
191.42 
192.42 
193.68 
194.69 

T 

K 

245.679 
247.674 
249.695 
251.743 
253.782 
255.811 
257.833 
259.905 
262.027 
264.139 
266.282 
268.514 
270.787 
273.058 
275.306 
277.549 
279.781 
282.002 
284.211 
286.469 
288.770 
291.058 
293.336 
295.603 
297.859 
300.105 
302.340 

Series 
12.048 
13.094 
14.072 
15.034 
16.011 
17.003 
18.065 
19.183 
20.345 
21.612 

Series 
12.799 
13.759 
14.697 
15.644 
16.769 
17.952 
19.091 
20.320 
21.590 
22.951 
24.353 
25.724 
27.115 
28.575 
30.167 
31.769 
33.386 
35.112 
36.912 
38.808 
40.764 
42.723 

CP 

J K"1 mol"1 

196.01 
197.24 
198.35 
199.58 
200.76 
202.13 
203.38 
204.51 
205.99 
207.22 
208.62 
210.31 
211.71 
215.07 
214.44 
216.03 
217.57 
219.03 
220.54 
222.12 
223.97 
225.77 
226.87 
228.26 
230.00 
231.81 
233.32 

4 
5.434 
7.174 
8.687 
10.226 
11.836 
13.550 
15.451 
17.543 
19.761 
22.190 

5 
6.725 
8.198 
9.653 
11.202 
13.102 
15.223 
17.372 
19.709 
22.160 
24.837 
27.589 
30.259 
32.960 
35.728 
38.746 
41.766 
44.754 
47.823 
50.993 
54.154 
57.347 
60.403 
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T 

K 

44.691 
46.661 
48.554 
50.351 
52.095 
53.824 

Series 
143.227 
145.314 
147.381 
149.431 
151.463 
153.474 
155.465 
157.475 
159.486 
161.481 
163.504 
165.537 
167.561 
169.591 
171.554 
173.449 
175.334 
177.269 
179.248 
181.218 
183.178 
185.184 

Series 
157.777 
159.252 
160.719 
162.180 
163.633 
165.079 
166.520 
167.953 
169.380 

Series 
144.795 
145.755 
146.646 
147.534 
148.420 
149.303 
150.119 
150.870 
151.618 
152.364 
153.107 
153.786 
154.340 
154.769 
155.136 
155.561 
156.106 
156.707 
157.359 
158.047 
158.718 
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CP 

J K"1 mol"1 

63.337 
66.128 
68.743 
71.093 
73.220 
75.289 

6 
137.74 
139.19 
140.52 
141.85 
143.33 
145.12 
148.12 
157.73 
168.17 
160.60 
156.14 
154.14 
153.32 
153.63 
154.13 
155.01 
155.90 
156.97 
157.90 
159.17 
160.37 
161.53 

7 
144.96 
145.97 
146.88 
147.78 
148.62 
149.52 
150.20 
150.95 
151.72 

8 
139.04 
139.77 
140.32 
140.75 
141.36 
142.07 
142.35 
143.34 
144.04 
144.98 
145.69 
146.09 
147.53 
148.16 
148.90 
150.14 
151.55 
155.13 
161.19 
181.05 
178.24 

Table 1. (Continued) 

T 

K 

159.394 
160.133 
160.992 
161.913 
162.837 
163.765 
164.807 
165.961 
167.177 
168.461 
169.751 
171.037 
172.374 
173.767 
175.160 
176.549 
177.932 
179.369 

Series 
151.787 
153.778 
155.749 
157.682 
159.565 
161.437 
163.304 
164.746 
165.785 
166.891 
168.060 
169.247 
170.494 

Series 
149.694 
151.698 
153.314 
154.547 
155.831 
157.163 
158.174 
158.865 
159.554 
160.245 
160.999 
161.875 
162.804 
163.724 
164.699 
165.909 
167.302 
168.759 
170.394 

Series 
3.612 
3.661 
4.309 
4.758 
5.190 
5.599 
5.988 
6.377 

CP 

J K"1 mol"1 

174.81 
169.93 
167.62 
165.13 
163.58 
160.78 
164.27 
163.15 
159.98 
155.40 
155.14 
155.42 
155.45 
155.45 
156.06 
156.70 
157.22 
158.07 

9 
143.37 
144.98 
147.28 
156.56 
163.66 
157.63 
164.17 
164.33 
161.66 
158.03 
157.51 
156.03 
155.00 

10 
141.97 
143.59 
144.67 
146.08 
148.06 
151.56 
164.93 
168.96 
167.31 
165.89 
161.06 
159.88 
164.21 
165.82 
165.77 
161.66 
159.05 
157.08 
156.63 

11 
0.1520 
0.1624 
0.2896 
0.3896 
0.5126 
0.6480 
0.7882 
0.9420 

T 

K 

6.782 
7.227 
7.730 
8.306 

Series 
3.769 
4.102 
4.468 
4.882 
5.292 
5.700 
6.100 
6.500 

Series 
4.151 
4.518 
4.901 
5.300 
5.958 
6.372 
6.813 
7.295 
7.844 
8.395 
9.004 
9.720 
10.487 

Series 
7.431 
8.043 
8.653 
9.304 
10.018 
10.869 
11.843 
12.863 
13.918 

Series 
9.256 
10.037 
10.914 
11.877 
12.918 
14.026 
15.131 

Series 
147.173 
149.360 
151.522 
153.661 
155.769 
157.805 
159.774 
161.814 
163.946 
166.084 
168.150 
170.204 
172.307 
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CP 

J K-i mol"1 

1.122 
1.344 
1.644 
2.025 

12 
0.1805 
0.2428 
0.3151 
0.4215 
0.5464 
0.6766 
0.8289 
0.9836 

13 
0.2437 
0.3349 
0.4273 
0.5448 
0.7745 
0.9405 
1.135 
1.382 
1.706 
2.087 
2.545 
3.177 
3.945 

14 
1.442 
1.845 
2.264 
2.770 
3.477 
4.372 
5.525 
6.790 
8.312 

15 
2.775 
3.504 
4.426 
5.556 
6.882 
8.545 
10.743 

16 
140.27 
141.69 
143.27 
145.10 
148.41 
166.83 
168.79 
158.05 
153.85 
152.82 
153.36 
153.15 
154.11 

No. 
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T 

K 

174.402 
176.649 

Series 
297.966 
300.599 
303.110 
305.489 
307.795 
310.150 
312.538 
314.898 
319.203 
321.593 
324.017 
326.458 
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CP 

J K"1 mol"1 

155.31 
156.39 

17 
230.18 
232.39 
233.75 
235.52 
237.19 
239.14 
241.19 
242.64 
275.84 
262.50 
250.48 
250.39 

Table 

T 

K 

174.667 
177.005 
179.332 
181.645 

310.140 
312.095 
313.680 
315.253 
319.402 
323.542 
325.085 
326.624 

1. (G 

Series 

Series 

ontinued) 

T 

19 

20 

CP 

K"1 mol"1 

156.35 
156.98 
158.02 
159.21 

239.13 
240.48 
241.90 
243.38 
528.14 
251.24 
248.73 
249.78 

T 

K 

Series 
310.197 
311.969 
313.733 
314.823 
315.018 
316.590 
318.204 
319.588 
320.568 
321.488 
322.579 
323.839 
325.210 
326.519 

J_ 
23 

CP 

K"1 mol"1 

238.94 
240.32 
241.75 

1109.89 
341.98 
251.47 
245.04 
244.49 
245.16 
245.58 
246.21 
247.03 
248.16 
250.10 

661 

152.029 143.65 Series 24 
Series 18 154.486 145.55 308.999 238.55 

82.787 99.604 156.760 147.14 310.859 239.95 
84.813 100.99 158.851 149.26 312.770 242.21 
86.881 102.38 160.922 151.70 314.667 245.40 
88.990 103.80 162.390 152.65 316.527 258.84 
91.137 105.24 163.266 154.27 317.782 1403.85 
93.232 106.63 164.273 160.79 318.720 349.68 
95.284 107.98 165.524 177.10 320.189 257.18 
97.384 109.35 166.884 178.27 321.328 245.62 
99.452 110.70 168.258 167.65 322.382 246.17 
101.523 111.95 169.518 160.24 323.547 246.71 
103.601 113.27 170.652 157.61 324.712 247.58 
105.728 114.69 171.860 156.38 325.873 248.49 
107.905 116.10 173.142 155.90 
110.044 117.61 174.491 156.05 Series 25 
112.163 118.96 175.909 156.25 307.463 236.91 
114.331 120.39 177.674 157.02 309.394 238.27 
116.586 121.79 179.643 157.89 311.370 239.64 
118.852 123.36 313.404 240.86 
121.129 124.74 Series 21 315.432 241.75 
123.495 126.20 151.350 141.36 317.516 243.81 
125.909 127.67 153.397 142.55 319.652 244.52 
128.370 129.20 155.428 143.76 321.840 245.72 
130.874 130.75 157.444 144.94 324.079 246.84 
133.323 132.31 159.445 146.28 
135.738 133.67 161.434 147.37 
138.193 135.37 163.410 148.49 
140.625 136.90 165.372 149.65 
142.999 138.28 167.323 150.71 
145.363 140.01 
147.749 141.41 Series 22 
150.155 143.05 148.302 141.39 
152.631 144.82 150.528 142.94 
155.133 146.94 152.822 144.47 
157.689 149.57 155.269 146.33 
159.974 151.90 157.864 148.90 
161.908 155.30 160.511 152.11 
163.658 159.57 163.197 158.05 
165.141 167.51 165.784 177.80 
166.449 169.62 171.431 161.68 
167.687 160.62 176.802 156.71 
168.941 158.21 178.760 157.65 
170.354 156.68 180.789 158.80 
172.317 156.02 
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peaks, where it was annealed for 15 h. T h e measure­
ments , made after cool ing it down to 100 K again , still 
showed split peaks wi th a larger high- temperature 
peak; therefore, the peak at 163.5 K grows as a result of 
anneal ing . A longer annea l ing time at 161 K did not 
make any difference. 

In the case of Sample B, a single peak of t ransi t ion 
anomaly was observed at 166.4+0.5 K in the hea t ing 
direction when it had been cooled down to 88 K prior 
to the commencement of measurement. It was interest­
i ng to note that in Sample B the t ransi t ion temper­
a ture depends on the "reverse" temperature Trev, i.e. 
the lowest temperature to which the sample was cooled 
w i th in the region of Phase IV, and that the lower the 
reverse temrerature, the higher the transi t ion temper­
ature. Once the crystal has become Sample B, i.e. once 
it has been heated above the II—III t ransi t ion, it does 
no t revert to Sample A. In other words, Sample B 
always shows a single peak a round 165 K, the 

180 

o 
E 

160 

o * 

uo 

Fig. 2. Heat capacities of Sample A in the IV-III 
transition region. 

tempera ture of the anomaly depending on the im­
mediate past thermal history. 

T h e en tha lpy of t ransi t ion IV—»III also depends on 
the thermal history. Tab le 2 shows the enthalpies and 
the t ransi t ion temperatures for Samples A and B 
measured from different reverse temperature Trev. 
Note, however, that there is a considerable a m o u n t of 
uncer ta inty in AH t which comes from difficulty of 
evaluat ing the " n o r m a l " par t of heat capacity. Tab le 2 
shows that (1) AH t is larger when Trev is lower and (2) 
in the case of Sample B the transi t ion temperature is 
significantly h igher when Trev is below 100 K and AH t 

is correspondingly larger. 
II-III Transition. T h e heat capacity anomaly at 

this t ransi t ion po in t is associated wi th a superheat ing 
effect. T h e po in t a of Fig. 3, which is a cumulat ive 
enthalpy in III—II .transition region, corresponds to an 
apparen t equ i l ib r ium state; the calorimeter reaches a 
steady temperature 20 min after heat ing was turned 
off. At the po in t b , a slow cool ing drift persisted 
which was though t of as the beg inn ing of the phase 

7 
O 

b 
— > 
=s 
Q. 

c 
UJ 

t /\ 
IkJmol"1 / 

| 3KK / i/ 
r o \ 

\ 
Vb 

y a 

y i 
\ p i j 310 

r/K 
320 

Fig. 3. Cumulative enthalpy in the III—II transition 
region. Points a and b correspond to superheated 
states. 

Table 2. Enthalpy of Transition IV->IIIa^ 

7VK 

Sample A 
158.8±0.3 
158.8±0.4 
158.4±0.2 
159.0±0.3 
158.9±0.3 

Sample B 
163.6±0.2 
163.5±0.2 
165.9±0.2 
166.4±0.2 
166.5±0.1 

7V/K 

— 
164.1 ±0.5 

— 
163.5±0.5 
163.6±0.5 

AH t/kJ mol"1 

0.142 
0.150 
0.237 
0.158 
0.184 

0.087 
0.099 
0.121 
0.140 
0.174 

Trev/K 

147 
142 
100 
109 
109 

128 
120 
82 
80 
77 

Remark 

a 
b 
a 
c 
d 

a) Tt is the lower transition temperatures and 7Y is the upper transition temperature of split peaks. Trev 

is the temperature to which the specimen was cooled before measurements, a: "Quick" measurement 
waiting for 30 min after heat input, b: "Slow" equilibrium measurement, c: Annealed at 161 K for 
15 h and measured from 151 K. d: Annealed at 161 K for 40.5 h and measured from 149 K. 
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Fig. 4. Temperature dependence of Raman frequencies of 
Sample B in the lattice mode region; heating direction (O) and 
cooling direction (•) . 

t ransi t ion. Another heat i n p u t is done after b; the 
temperature then d ropped (point c) by about 0.4 K and 
reached a steady state (±0.002 K min- 1 ) after about 40 h 
under adiabatic condit ions. Such observation indicates 
that the t ransi t ion is of the first order and that it occurs 
very slowly by thermal s t imulat ion. T h e equ i l ib r ium 
transi t ion po in t in the hea t ing direction is tentatively 
defined as 314 K for the sample which was cooled to 
211 K pr ior to the measurement . 

T h e enthalpy of t ransi t ion as well as the temper­
ature of the t ransi t ion depends on the reverse 
temperature Trev, the temperature to which the sample 
was cooled; the lower the reverse temperature, the 
larger the enthalpy of transit ion. T h i s observation is 
very similar to that for the IV—>III transit ion. 

Raman Spectra. Temperature dependence of Raman 
spectra in the lattice mode region in Phases II, III, and 
IV is shown in Fig. 4. The re is no difference between 
Sample A and Sample B except that a weak shoulder at 
abou t 60 c m - 1 becomes even weaker in Sample A as it 
is cooled in Phase IV. In Phase III, a b a n d at about 
33 c m - 1 is miss ing wh ich exists in Phase II. T h e 
temperature coefficient of the R a m a n frequencies 
shows differences a m o n g the phases: T h e band at 
60 c m - 1 , which is seen only in Sample B has a constant 
downward slope (Fig. 4) whereas the band at 20 c m - 1 

has a break at each t ransi t ion point . Because the 
potent ia l barrier h inder ing the internal rotat ion is 
only 2.4 k j m o l - 1 h i g h in Phase IV wi th a correspond­
ingly small t unne l ing frequency of 830 MHz,6) the 
R a m a n bands probably originate from translat ional 
and rotat ional modes. 

Kinetics of Transition, II—>III. Figure 5 shows the 
change of R a m a n spectrum wi th t ime of Sample B 
which was undercooled from Phase II and kept at 
292 K. T h e band at 33 c m - 1 gradual ly decreases its 

Istart 

Fig. .5. Intensity of Raman bands as a function of 
time at 292 K. Disappearance of the band at 33 cm - 1 

shows progress of the II—III transition. 

intensity in about 5 h. Its integrated intensity, 
normalized in reference to the intensity of the band at 
55 c m - 1 , was taken as a measure of the fraction y of the 
specimen that had been transformed to Phase III (Fig. 
6). Figure 6 is typical rate behavior for a homogeneous 
nuc lea t ion /growth mechanism in the solid state, 

y = 1 - exp[- (kt)»], (1) 
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Fig. 6. Avrami plot of the fraction y which was trans­
formed from Phase II to Phase III as a function of time t, 
corresponding to the change in Fig. 5. Solid line repre­
sents Eq. 1. 

which is known as Avrami or Johnson-Mehl 9 ) 

equat ion . Here k is the reciprocal of the "growth 
t ime" and n is an exponen t which depends on the 
model . F i t t ing of Eq. 1 to the exper imental data for 
t>79 s gave n=2 .4 and fe=5.5X10_3 s_1; the parameters 
well reproduce the experimental results as shown by 
the solid curve in Fig. 6. T h e value of the exponent n 
is close to that of the model of diffusionless transi t ion 
in wh ich nuclea t ion of the new phase occurs at the 
beg inn ing and cont inues at grain edges at later 
times.10) 

Discussion 

T h e phase behavior of T C T M B is very complicated 
because certain propert ies of the phase transi t ions 
studied here are dependent both on temperature and 
on t ime in addi t ion to the thermal history of the 
specimen. In order to establish a reasonable model of 
the phase re la t ionship , we begin by summariz ing 
exper imental results wi th part icular a t tent ion to the 
time effect, temperature effect, and thermal history. 

The II-III Transition: (1) T h e transit ion from 
Phase II to Phase III is a sluggish one. Phase II is 
easily undercooled down to 293 K and while main ta in­
ing the specimen at 292 K, it takes at least about 5 h for 
the transit ion II—>III to complete (as far as the 
sensitivity of R a m a n spectroscopy permits the detec­
t ion of Phase III). In the hea t ing direction, the 
transi t ion III—>II also proceeds very slowly; it took 
about 40 h in the calorimeter at 314 K. 

(2) Single crystals were grown at 298 K from a 
benzene solution, which we believe existed in Phase II 
because the phase usual ly undercools down to 293 K. 
Such a single crystal undergoes a deformation charac­
teristic to a Martensitic transit ion by app ly ing a small 
external stress10) (see Fig. 7). Apparent ly, the 

Fig. 7. Microscope photograph showing a stress-
induced transition of Martensite type in 1,3,5-
trichloro-2,4,6-trimethylbenzene. A single crystal 
shows characteristic deformation by application of 
an external stress. 

deformation was accompanied by the transit ion from 
Phase II to Phase III. 

(3) T h e enthalpy of III—II transi t ion depends on the 
temperature to which the specimen had been cooled 
prior to the heat capacity measurements. T h e lower 
the temperature, the larger the enthalpy. However, the 
heat capacity anomaly at the III—II t ransi t ion always 
showed a single peak. 
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T 

Fig. 8. Proposed Gibbs energy diagram for 1,3,5-
trichloro-2,4,6-trimethylbenzene. Point a corre­
sponds to a transition, metastable-supercooled states. 

The III-IV Transition: (4) Sample A showed split 
peaks in the heat capacity curve whereas Sample B 
always showed a single peak. Sample B does not revert 
to Sample A. 

(5) Annea l ing Sample A at a temperature between 
the two peaks has some effect of enhanc ing the higher 
peak bu t the split peak feature persists. If measured 
quickly, only one anomaly at 158.7 K is seen in Sample 
A. 

(6) T h e en tha lpy of t ransi t ion is larger when T rev IS 
lower for bo th Sample A and Sample B. T h e temper­
ature of t ransi t ion is h igher when Trev is lower in the 
case of Sample B bu t it is not the case for Sample A. 

Let 's now assume that Sample B in Phase III repre­
sents the thermodynamic equi l ibr ium state; this 
a s sumpt ion is considered to be a plausible hypothesis 
in view of (1). If Phase II is cooled rapidly in to the 
Phase III region as in the prepara t ion of Sample A, the 
specimen will become a mixture of Phase III and 
undercooled Phase II because of ( 1 ). A work ing Gibbs 
energy will then be someth ing like Fig. 8 where 
Sample A at the lowest temperature consists of Phases 
I V and IV and Sample B is purely in Phase IV. 

T h e split peaks of Sample A (4) are the manifesta­
t ion of the t ransi t ions at poin ts a and b of Fig. 8. 
Because the enthalpy change at po in t a mus t be larger 
t han that at po in t b , it is unders tood that the entha lpy 
of t rans i t ion is larger in Sample A than that for 
Sample B (Table 2). The re is an effect of Trev only on 
the t ransi t ion at po in t b and not on the t ransi t ion at 
po in t a; this is probably because there can hardly be a 
reproducible hysteresis effect between metastable phases. 
It is inferred that there is a large hysteresis loop 
associated wi th the t ransi t ion at b , i.e. the III-IV 
t ransi t ion. T h u s , when Phase III is cooled th rough 
the po in t b , it is transformed progressively bu t slowly 

in to Phase IV as the temperature is lowered. T h i s can 
explain (6). 

Whi le such a work ing model can explain, by and 
large, all the major experimental observation, it is 
difficult to rationalize the effect of annea l ing (5). It 
may be that stabilization of undercooled Phase II is 
also a slow kinetic process having a s trong temper­
ature dependence of the rate of stabilization. 

T h e hysteresis effect and split anomalies in the heat 
capacity curve observed in T C T M B appear to be 
similar to the corresponding effects in hexamethyl-
benzens b u t their or igin is qui te different. T h e 
occurrence of split peaks in the heat capacity is related 
to the thermal hysteresis in either crystal: However, it 
is due to a "memory" effect in the case of hexamethyl-
benzene, whereas it is inferred to be due to two separate 
t ransi t ions in the case of T C T M B . Such a difference is 
probably related to a difference in the intermethyl 
interaction; there is a coupled, collective mode in the 
methyl reorientat ion in H M B in contrast to indepen­
dent stochastic reorientat ion in T C T M B . A very small 
activation energy (2.4 k j mol_ 1)6 ) for methyl rota t ion 
in T C T M B as compared to that in H M B (8.0 k j mol"1) 
suppor ts this idea. T h i s also means that me thy l -
methyl interact ion between neighbor molecules has a 
comparable magn i tude to the interaction wi th in the 
same molecule and is relatively more impor tan t in 
T C T M B . 

T h i s work was suppor ted by the Grant- in-Aid (No. 
58470013) for Scientific Research from the Ministry of 
Educat ion, Science and Culture. 
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Kinetics of crystal growth of transition-metal fluorides, MF2 (M=Znn and Pb11) has been studied by the use 
of both constant composition and conventional methods. The effective orders in an empirical reaction-rate 
function of supersaturation were 1.71 (2.0) for ZnF2-4H20 and 0.88 (1.2) for PbF2 (The values in the parentheses 
are from the conventional method). These findings suggest that the crystals of zinc fluoride grow by a spiral 
growth (surface reaction) mechanism and lead fluoride by a bulk diffusion controlled mechanism. 

Since the well k n o w n BCF theory was reported,x) 

many exper imental techniques have been developed to 
measure crystal-growth rates wi th a h igh precision 
and the growth mechanisms have been discussed. 
A m o n g the recent investigations in aqueous solut ion 
systems, the gravimetric technique for various inor­
ganic salts and compute r s imulat ions by Bennema et 
al.,2) the Potent iometr ie technique for sparingly 
soluble alkal ine earth salts by Nancollas et al . ,3 '5 _ 7 ) 

and the in situ observation method for Ba(NC>3)2 by 
Sunagawa et al.,4) can be cited as representatives. 

T h e crystal g rowth mechanism of a series of fluoride 
salts of the alkal ine earths have been kinetically 
studied in the seeded aqueous-solut ion systems by 
Nancol las et al.5_7) We extend the studies to divalent 
t ransi t ion-metal fluoride crystals and investigate the 
correlat ion between the types of crystal growth and the 
structure of the crystals. 

T h e rates of the crystallization were measured by 
us ing the constant composi t ion and the conventional 
methods. T h e constant composi t ion method which 
requires a cont inua l mon i to r ing of the supersaturated 
solut ions can be readily appl ied to the present salts by 
the use of a reliable fluoride-ion selective electrode. 
Solut ions con ta in ing the lattice ions are automatical ly 
added in to a prec ip i ta t ing phase ma in t a in ing super-
saturation constant, while, in the conventional method, 
the supersaturat ion decreases du r ing the crystalliza­
t ion and must be determined by taking samples at 
appropr ia te intervals. 

Experimental 

All chemicals were of reagent grade. Potassium nitrate, 
zinc nitrate hexahydrate, and lead nitrate were recrystallized 
twice from water. Potassium fluoride was purified by two-
time recrystallization of potassium hydrogen fluoride from 
water, followed by removing hydrogen fluoride on heating 
on a platinum plate under nitrogen. Stock solutions of KF 
and M(N03)2 (M=Zn and Pb) were prepared using doubly 
distilled water. Potassium ion concentration was deter­
mined by exchanging for hydrogen ion on Dowex-50 ion-
exchanger column and titrating the liberated acid. The KF 
solution was stored in polyethylene bottles. Transition 

metal ion concentrations in the stock solutions and samples 
taken at conventional runs were determined by chelatometric 
titration with EDTA. The slope of the tangent to the 
resulting crystal-growth curve is the growth rate at each time 
with the corresponding supersaturation. 

Seed crystals were prepared with an apparatus as shown in 
Fig. 1. The solutions of potassium fluoride and transition-
metal nitrate were added by dropping to doubly distilled 
water with top-stirring in order to prevent the crystals from 
being ground and under a nitrogen atmosphere in order to 
eliminate the carbonate formation. The precipitated seed 
crystals were washed with saturated solutions of the 
corresponding metal fluorides and were allowed to age in a 
Teflon bottle for at least one month at 25 °C before use. In 
crystallization experiments, the seed crystals were added as a 
slurry. 

The specific surface areas (SSA) of the seed crystals 
measured by using a BET method through nitrogen 
adsorption, were 1.4 and 1.3m2-g_1 for ZnF2-4H2<3 and 
PbF2, respectively. 

M(N03)2 solution KF solution 

stirrer 

/ 

* \ 

) 

1 
" n—' 

f 
1 
/I 

reaction vessel 

Fig. 1. Apparatus to prepare the seed crystals. 
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Crystal growth was studied with the constant composition 
and conventional methods under a nitrogen atmosphere 
using a round-bottomed polyethylene cell of 500 ml capac­
ity. The round bottomed shape was selected in order to 
avoid the seed crystals stagnating at the bottom corner of the 
ordinary beaker. The cell was maintained at 25 °C by 
circulating thermostated water through the outer jacket. 
Stirring was effected using a variable-speed stirrer with top-
loading propeller. 

Supersaturated solutions of metal fluorides were prepared 
at 25 ° C by mixing solutions of metal nitrate and potassium 
fluoride in the range as wide as possible of relative 
supersaturation, a defined as follows: 

(a MFZ 
1/3 . 1/3 

*MF2 
)/a MF2 

1/3 (1) 

Table 1. Experimental Conditions of 
Crystal-Growth Kinetics of PbF2 

Run -

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Total lead 

10~3mol'dm~3 

4.463 
4.448 
4.228 
4.230 
3.973 
3.984 
3.731 
3.731 
3.487 
3.487 
3.240 
3.240 

Seeds 

g 

0.123 
0.144 
0.143 
0.137 
0.133 
0.129 
0.162 
0.157 
0.155 
0.151 
0.135 
0.159 

Supersaturation 

0 

0.379 
0.375 
0.316 
0.318 
0.249 
0.252 
0.183 
0.183 
0.116 
0.116 
0.0466 
0.0466 

Table 2. Experimental Conditions of Crystal-
Growth Kinetics of ZnF2*4H20 

Run -

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Total zinc 

10_1 mol-dm - 3 

1.093 
1.093 
0.9939 
0.9939 
0.8946 
0.8946 
0.7952 
0.7952 
0.6958 
0.6958 

Seeds 

g 

0.141 
0.141 
0.141 
0.141 
0.141 
0.141 
0.424 
0.424 
0.424 
0.565 

Supersaturation 

0 

0.547 
0.547 
0.432 
0.432 
0.314 
0.314 
0.190 
0.190 
0.0654 
0.0654 

where CLMY2 and OMY2 are the activities of the metal fluorides in 
the supersaturated and saturated solutions, respectively. 

The supersaturation ratio, o in Eq. 1 was determined on 
the basis of the concentrations of ionic species in each 
supersaturated solution which was calculated in terms of 
successive approximations and by considering equations of 
mass balance, electroneutrality, and the formation of the 
various species associated with the equilibria (Table 3). 

In the constant composition method, by the automatic 
injection of two titrant solutions consisting of metal nitrate 
and potassium fluoride from mechanically coupled burets, 
the concentrations of metal fluoride and the back-ground 
electrolyte were kept constant by following addition of seed 
crystals to supersaturated solutions. Seed crystals were added 
as a slurry after thermal equilibration for the supersaturated 
solution. The rate of titrant addition was controlled by 
monitoring emf of a specific fluoride-ion selective electrode 
(Orion Model 94-09) through a Hiranuma Reporting 
Titrator (COMTITE-8) which was modified to control 
mechanically coupled burets. The crystal-growth rate was 
calculated from the rate of addition of the titrant solutions. 

The fluoride electrode was coupled with an electrolytic 
silver/silver chloride reference electrode with double junc­
tions of liquid.6) 

The present potentiostat system controlled changes in 
supersaturation ratio within 1% during crystallization 
reactions. 

All the experimental conditions are listed in Tables 1 and 
2. The ratio of fluoride to metal ions was kept to be 2 for 
every run. 

The solid phase collected during the experiment was 
inspected using a scanning electron microscope (SEM: 
Akashi ALPHA-30). The samples were taken from the 
seeded growth mixtures as a slurry or from the stocked seed 
slurries. The slurries were filtered with a Millipore filter 
paper (0.22 |im) under suction and air-dried. Before being 
placed in the microscope, the dried samples (1 cmXl cm) 
were coated using a vacuum deposition method with 200-Â 
(for PbF2) and 400-Â (for ZnF2-4H20) layers of Au for 
electric conduction. 

Other experimental details are similar to those in the 
previous paper.6) 

Similar experiment for crystal growth of MnF2 (SSA=0.4 
m2-g_1) was carried out, but reproducible results were not 
obtained because of high stickiness of MnF2 crystals. 

Results and Discussion 

Figures 2 and 3 show typical growth curves, the 
slopes of wh ich are related to the rate of crystallization, 

Table 3. Thermodynamic Data for Complex Formation and Solubility Product (25°C) 

Reaction Thermodynamic equilibrium constants Ref. 

H + + F - ^ H F 
H F + F " ^ H F 2 -
Z n 2 + + F - ^ Z n F + 
Zn 2++2F-^ZnF 2 (s) 
Zn2++OH" ^ ZnOH+ 
P b 2 + + F - ^ P b F + 
Pb 2 + +2F+^PbF 2 ( s ) 
P b 2 + + O H - ^ P b O H + 

1510 
3.39 
13.8 
8.19X10-5 

4.36X104 

64.4 
3.13X10-8 

5.48X106 

12 
12 
13 

This work 
14 
15 

This work 
16 
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> 

Fig. 2. A typical crystal-growth curve of lead fluoride: 
a=0.379 (see Table 1). 

E 
> 

Fig. 3. A typical crystal-growth curve of zinc fluoride: 
a=0.314 (see Table 1). 

for the constant composition methods in the ZnF2-
4H2O and PbF2 systems, respectively. 

It is expected that the rate is proportional to the 
active surface area of seed crystals as will be mentioned 
later. The rate for lead fluoride gradually increased 
with time, while that for zinc fluoride decreased after 
halfway. Therefore, the rate data for zinc fluoride were 
obtained from the curves up to about 40% of growth. 
The decrease may be attributed to aggregation of the 
seed crystals in the course of the crystallization owing 
to the stickiness of them. The increase of the rate for 
lead fluoride was slower than that estimated assuming 
an isotropic growth process, which is understood 
based on the SEM observation as will be described 
later. 

By analogy of the results of previous crystallization 
studies,5_7) the rate of crystal growth can be expressed 
by 

R' = k-s-o". (2) 

In this equation, k is the rate constant for crystal 
growth, s is a function of the surface area related to the 
number of active sites of growth on the added seed 

Fig. 4. Plots of —log(Rate) against —log a for crystal 
growth of lead fluoride. 

2.8 

2.4 h 

2.0 

? 1.6 h 

1-2 h 

0.8 

0.4 J I L 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

-loger 

Fig. 5. Plots of —log(Rate) against —log a for crystal 
growth of zinc fluoride. 

crystals, and n is the effective order of reaction. 
Further, a normalized growth rate per unit area is 
expressed by 

R = R'/s = k>on. (3) 

The value of n can be obtained from plots of —log R as 
a function of - l o g a. 

Figures 4 and 5 show —logK vs. —log a plots for 
each system. The n's obtained from the slopes are 
0.88+0.04 and 1.71+0.07, for PbF2 and ZnF2-4H20, 
respectively. In these cases, the corrections were not 
made for changes of surface areas, because only initial 
and nearly linear parts of growth curves were used for 
analysis. 

From the conventional method, 1.2+0.1 and 2.0±0.1 
were obtained for n's of PbF2 and ZnF2-4H20, 
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Fig. 6. Scanning-electron-micrographic views of the seed crystals, (a) initial seeds, (b) \ 
grown seeds, (c) 80%-grown seeds for lead fluoride, (d) initial seeds, (e) 70%-grown seeds 
for zinc fluoride. 

respectively. The measured values by the two different 
methods agreed approximately. 

Figure 6 shows scanning electron micrographs of 
the solids taken from both the seeded crystallization 
systems of lead and zinc fluorides at various times. 
From the micrographs of PbF2, a growth process may 
be depicted as shown in Fig. 7. That is to say, the seed 
crystals are columnar and their corners are rounded, 
the 20%-grown crystals have angular corners, and the 

-grown crystals are plate-like. Thus, it is seen that 

growth rates to particular directions are much faster 
than the others, which means that the active surface 
area on the seed crystals is less than that estimated for 
the isotropically-grown crystals. On the other hand, 
the crystals of ZnF2-4H20 change only sizes keeping 
similar proportion of the form. 

If a crystallization process is entirely diffusion-
controlled, the growth rate can be represented by 

Ri fci-a. (4) 
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Fig. 7. Schematic views for the growth of PbF2 seed 
crystals, (a) initial, (b) 20%-grown, (c) 80%-grown 
seeds. 

In the case of surface-reaction-controlled growth, 
F rank derived Eq. 5 by consider ing spiral growth 
where k ink (active) sites can be cont inuously provided, 
and by solving a diffusion equation:8 ) 

7?2 = k.2-o-y (5) 

In these equat ions , ki and fe are constants, and y is 
called crystal g rowth affinity of a dr iving force for 
crystal growth and is expressed as follows: 

y = Aii/RT = \n(o+ 1), (6) 

where A/JL is the excess chemical potent ia l of solute in a 
supersaturated solut ion over that in saturated solu­
tion. 

O n the other hand , Gi lmer and Bennema obtained 
Eq. 7 from their polynuclear growth (birth and spread) 
model and the cation dehydrat ion mechanism.* 

R3 = k3.yVS,02/3.e-B/y (7) 

In this qua t ion , B/y=AG*/kT, where AG* is the 
excess free energy of the two-dimensional critical 
nucleus formation on the crystal surface. B can be 
estimated wi th 

B = (l/3)7r/i-2{ln(cx/cs)}2, (8) 

where Ji is the average n u m b e r of water molecules 
su r round ing a prec ip i ta t ing cat ion and an ion in a 
solut ion, and cx and cs are the concentrat ions of the 
solute in pure crystals and of that in a saturated 
solution, respectively.10* 

In order to compare the growth rate equat ions 
derived from these hypothet ical growth mechanisms 
wi th those from the present experimental results, Eqs. 
5 and 7 were arranged as follows: 

T h e results of the growth reaction rates wi th 
ki—hz—10~3 are presented as plots of —log R vs. —log o 
in Fig. 8. T h e spiral g rowth models by Frank yields 
a lmost l inear plots (full line) over an extensive o range 
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Fig. 8. Plots of —log/? against —log a. Full line for 
Ri (Eq. 5); broken line for R3 (Eq. 7). 
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Fig. 9. The slope, n, as a function of B in the region 
of o=0.2—0.5. Full line 1 for R2 (Eq. 5); broken 
line 2 for R3 (Eq. 7). 

wi th n « 1 . 8 . In contrast, the plots in the polynuclear 
model are curved depending u p o n the value of o for 
each B. Since n is the slope of curves, it varies wi th o 
andJ5. 

Since for many sparingly soluble salts, plots of 
— logR as a function of —log a often show good 
linearity, the n's were determined as effectively 
constant values in the l imited region of supersatura-
t ion (a=0.2—0.5). Figure 9 shows the plots of n vs. B 
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within the limited region. A zone around line 1 
corresponds to a spiral (or adsorption layer) growth 
mechanism and zone around line 2 to a birth and 
spread or polynuclear mechanism. As can be seen 
from Fig. 9, the obtained experimental point for the 
crystal growth of ZnF2-4H20 is close to line 1, 
suggesting a spiral growth mechanism. In contrast, 
since the point for PbF2 is apart from two lines and 
obeys Eq. 4, it can be considered that the crystals grow 
by a bulk diffusion controlled mechanism. 

It was found from Figs. 6 and 7 that the rate of 
growth to particular directions is much faster than the 
others in PbF2 crystals. The growth rate may correlate 
with the crystal structure. PbF2 has a PbCb-type 
crystal structure,11* where a (100) face contains only 
Pb2+ ions or only halide anions, alternately, whereas 
(010) and (001) faces necessarily contain Pb2+ and 
halide ions in the ratio of 1 to 2. Therefore, species on 
the (100) face is unstable and much more active for 
crystal growth than the others. This can be correlated 
with the above-mentioned finding about growth rate 
difference in the crystal faces. 
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Formation of Molecular Complexes of a Water-Soluble Porphyrin 
with Amino Acids: Importance of Hydrophobic Interaction 
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Amino acid interacts with 5,10,15,20-tetrakis(4-sulfonatophenyl)-21H,23H-porphine (H2TPPS4) to form 
molecular complex. The formation constants (logK) defined as HA+H2TPPS4^^HAH2TPPS4 were found 
to be 2.00+0.05, 1.43+0.03, 0.83+0.02, -0.41+0.07, and -0.96+0.09 for L-tryptophan (Trp), L-tyrosine (Tyr), 
L-phenylalanine (Phe), L-leucine (Leu), and L-valine (Val) respectively, at 25 °C and an ionic strength of 
0.1 mol dm - 3 (NaNOs), where HA denotes a neutral form of amino acid. The formation constants are linearly 
correlated to the hydrophobicity of the side-chain of amino acid: L-tryptophan exerts the largest interaction with 
porphyrin among them. Amino acids also interact with porphyrin adsorbed to an anion-exchange resin. 
Partition coefficient and retention volume were determined by batch and column methods using the porphyrin-
loaded resin. The distribution coefficient and the retention volume of amino acid increase with the 
hydrophobicity of side-chain of amino acid. The formation of the molecular complex was also confirmed by 
W NMR spectra for H2TPPS4 /Trp and H2TPPS4/Leu. 

Water-soluble p o r p h y r i n associates strongly wi th 
a romat ic l igands such as pyridines, 1,10-phenathro-
l ines , 1 - 3 ) and quinol ines . 4 ) T h e interact ion wi th 
po rphyr in depends on the nature of associating 
l igands. T h e possible kinds of interact ion wi th 
po rphyr ins are (1) aromat ic- r ing stacking or n-n 
complexat ion wi th 1,10-phenanthrolines,^ (2) van der 
Waals interact ion between an ionic porphyr in and 
anionic aromatics,4) (3) electrostatic interaction between 
positively charged metal-18-crown-6 complexes and 
p o r p h y r i n plane,5 ) and (4) intercalat ion of po rphyr in 
in to DNA.6 ) Aim of these studies is to elucidate factors 
which govern the interact ions and to determine the 
extent to which the interactions occur. 

We have recently reported two studies which show 
the impor tance of hydrophobici ty of side-chains of 
a m i n o acids involving both aromatic and al iphat ic 
a m i n o acids: one is catalytic effect of a m i n o acid on the 
reaction of zinc(II) wi th 5,10,15,20-tetrakis(4-sulfona-
tophenyl) -21H,23H-porphine (H2TPPS4) ,7 ) and other 
is enhanced stability constant of binary and ternary 
copper(II) complexes wi th a m i n o acids.8) In the 
kinet ic study we have proposed the formation of 
molecular complexes as a reaction intermediate, where 
Zn( I I ) -amino acid complex sits on po rphyr in plane. 
However, the format ion constants were no t directly 
determined because of short-life t ime of the reaction 
intermediate. T o overcome this problem we decided to 
study the formation constant of the molecular com­
plex of te t rakis(4-sulfonatophenyl) -21H,23H-por-
p h i n e wi th a m i n o acids in the absence of zinc(II). T h e 
use of a m i n o acids (L-valine (Val), L-leucine (Leu), 
L-phenylalanine (Phe), L-tyrosine (Tyr), and L-tryp­
t o p h a n (Trp) al lows a systematic var iat ion of the 
hydrophobici ty of the side-chain of a m i n o acid. 

We have determined the formation constant of the 
molecular complex spectrophotometrically. In addi­
t ion, we found an in teract ion between a m i n o acid and 
the porphyr in- loaded resin. Distr ibut ion coefficient 

and retent ion volume of a m i n o acids were determined 
by batch and c o l u m n methods us ing the porphyr in-
loaded resin. 

T h e formation constants of the molecular com­
plexes, the dis t r ibut ion coefficients, and the retention 
volumes of a m i n o acids are correlated to the hydro­
phobici ty of side-chain of a m i n o acids. A m i n o acid 
wi th h igher hydrophobici ty interacts more strongly 
wi th porphyr in . In addi t ion, XH N M R spectra for a 
mix ture of H2TPPS4 and L-tryptophan or L-leucine 
give upfield shifts due to the hydrophobic interact ion 
between po rphyr in p lane and side-chain of a m i n o 
acid. 

Experimental 

Reagents. 5,10,15,20-Tetrakis(4-sulfonatophenyl)-21H,23H-
porphine (H2TPPS4) was synthesized by the methods 
described in literatures.9'1® The sodium salt of porphyrin 
(Na4Ü2TPPS4) was purified by successive reprecipitation 
from an aqueous acetone solution (70% v/v) and by a column 
chromatography. The purity of Na4Ü2TPPS4 was checked 
by a thin-layer chromatography and NMR spectroscopy.11* 
Anionic exchange resin, Muromac l-X-2 (100—200 mesh) of 
nitrate form, was used for preparation of porphyrin-loaded 
resin. Buffer solutions were prepared by mixing sodium 
citrate with hydrogen chloride or sodium hydroxide for 
pH=3.41, 4.32, 5.00, and 6.68, and by mixing sodium 
hydrogencarbonate with sodium carbonate or sodium 
hydroxide for pH=8.52, 9.21, and 11.21.12) All other reagents 
were analytical reagent grade. 

Preparation of Anion-Exchange Resin Modified with 
H2TPPS4. Anion-exchange resin (4.0 g) was added to a 1:1 
acetone-water solution (200 cm3) containing H2TPPS4 (0.1 
mmol).13) This mixture was shaken until the solution 
became colorless. The resin was filtered and dried in room. 
H2TPPS4 is strongly bound to the anion-exchange resin by 
ion-pair formation and physical adsorption. The porphyrin 
resin was stable for a few months, and H2TPPS4 was not 
eluated under the present experimental conditions at pH 
3 - 1 1 . 
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Determination of Formation Constants of Molecular 
Complexes of H2TPPS4 with Amino Acids. The formation 
constant was determined spectrophotometrically at pH 7, 
25 °C, and an ionic strength of 0.1 mol dm - 3 (NaNOs) in the 
presence of various concentrations of amino acids. The 
absorption spectra were recorded by a Hitachi 323 UV-VIS 
spectrophotometer in a 1-cm cell with a thermostated water 
jacket. 

Distribution Coefficients (Kd) of Amino Acids to the 
Anion-Exchange Resin Modified with H2TPPS4. The por-
phyrin-loaded resin (100 mg) was equilibrated with a 10-cm3 

solution involving 10-4 mol dm - 3 amino acid at 25 °C, and 
for 30 min under a mild shaking. The concentration of 
amino acid in the aqueous solution was determined by the 
ninhidrin reaction.14) 

Separation of Amino Acids Using the Porphyrin-Resin 
Column. A glass column (length 15 cm, i.d. 0.8 cm) was 
filled with a citrate buffer (pH 5.0), and packed with the 
porphyrin-modified resin (8 g). A 1-cm3 sample solution 
containing amino acid was added to the top of the column, 
and eluted by citrate buffer (pH 5.0) at a flow rate of 1 cm3 

per min. The eluate was fractionated by 1-cm3 portions with 
a Gilson FC 203 fraction collector. The fractionated 
solution was analyzed for the determination of amino acid 
by the ninhidrin method at pH 5.O. 

!HNMR Spectroscopy. The *H NMR spectra were re­
corded on a JEOL GX-270 spectrophotometer (270 MHz) at 
25 °C in D2O solvent, using the center peak of the 
tetramethylammonium ion as internal reference.10 All 
chemical shifts were converted to a sodium 3-(trimethyl-
silyl)-l-propanesulfonate (DSS) reference by adding 3.188 
ppm. The use of DSS reference is unreliable, since XH NMR 
signals of trimethylsilyl group shift considerably by hydro­
phobic interaction between DSS group and aromatic moiety 
of ligands. A routine Fourier-transfer program was used to 
analyze the XH NMR spectra, where data were accumulated 
over 100 times. 

Results and Discussion 

Formation of Molecular Complexes of H2TPPS4 
with Amino Acids. Absorpt ion spectrum of H2TPPS4 
changed considerably in the presence of a m i n o acid as 
observed for the react ion of H2TPPS4 wi th metal-18-
crown-6 complexes or l ,10-phenanthroline.2 '5 ) T h e 
absorpt ion m a x i m u n at 413 n m (Soret band) decreased 
wi th increasing of a m i n o acid. T h e isosbestic points 
are 388 and 420 n m . Under the present exper imental 
condi t ions ( p H 7.0) porphyr in is free base form, 
because the p ro tona t ion constants of H2TPPS4 to form 
H3TPPS4 and H4TPPS4 are 1 0 4 " and 104-76, respective­
ly, and a m i n o acid is neutra l form (HA).16) T h u s the 
reaction of H2TPPS4 wi th a m i n o acid may be given by 

nHA + H2TPPS4 ^ = ^ (HA„)H2TPPS4 , (1) 

and the equ i l ib r ium constant is defined by 

K = [(HA») • H2TPPS4][HA]-"[H2TPPS4]-1. (2) 

Equa t ion 2 can be rearranged in logar i thmic form as 
follows: 

l o g * = log([(HA„).H2TPPS4]/[H2TPPS4]) - nlogfHA]. 

(3) 

T h e first term in r igh t -hand side of Eq. 3 was 
determined from the absorbances in the various 
concentrat ions of a m i n o acid, and is plot ted against 
logar i thmic concentrat ion of a m i n o acid in Fig. 1. 
T h e plot gives a straight l ine wi th a slope of uni ty 
(n=l), a n d shows that one molecule of H A reacts wi th 
an H2TPPS4. T h e format ion constants of molecular 
complexes of H2TPPS4 wi th a m i n o acids were 
determined from Eq. 3, and summarized in Tab le 1. 
T h e format ion constant increases in the order V a l < 
L e u < P h e < T y r < T r p . T h e formation constants of 
H2TPPS4 wi th glycine, and L-alanine were not able to 
be determined, because the formation constants were 
very smal l . In Fig. 2 the format ion constants are 
plot ted against the hydrophobicity-scale1 7 ) of a m i n o 

-4.0 -3.0 -20 -1.0 
logffHAl/moldm"3) 

Fig. 1. Plotsoflog([HAVH2TPPS4]/[H2TPPS4])vs. 
log([HA]/mol dm"3) for the reaction of H2TPPS4 

with L-tryptophan (O) and L-phenylalanine (D) at 
pH 7.0, 25°C, and7=0.1 mol dm"3 (NaNOa). CH2TPPS4= 
1.95X10-6moldm-3. 

Table 1. Formation Constants of Molecular Complexes 
of (HA-H2TPPS4), Distribution Coefficients 

(Kd) of Amino Acids, and Their Retention 
Volumes (F1/2) to a Column of 

Porphyrin-Loaded Resin 

Amino acids 

Trp 
Tyr 
Phe 
Leu 
Val 

log£a> 

2.00±0.05 
1.43±0.03 
0.83±0.02 

-0.41±0.07 
-0.96±0.09 

£da) 

18.5 
8.8 
7.9 
3.8 
0.0 

VV2a) 

48.4 
16.5 
8.6 
5.0 
4.5 

AGa'b> 

14.2 
9.6 

10.5 
7.5 
6.3 

a) Units of the constants are mol - 1 dm3, cm3 g_1, cm3, 
and kj mol - 1 for K, Kd, F1/2, and AG, respectively, b) 
Hydrophobicity scale was determined from the 
solubility of amino acids in various mixed aqueous 
solutions of ethanol or dioxane (Ref. 17). 
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acid side-chain. Figure 2 suggests that the stability of 
molecular complex increases with the hydrophobicity 
of amino acid side-chain. The result is in agreement 
with the observation in the enhanced stability for the 
ternary complexes with amino acids and in the kinetic 
effect of amino acid on metalloporphyrin forma­
tion.7'8) 

We notice the high stabilization for L-tyrosine com­
pared with other amino acids. The extra stabilization 
for L-tyrosine was also observed in the distribution 
coefficient to the porphyrin resin described below, and 
in the catalytic effect of L-tyrosine on the metallopor­
phyrin formation. In these case, the extra stabilization 
may result from other factors such as a hydrogen 
bonding between hydroxyl group of L-tyrosine and 
porphyrin pyrrole nitrogen atom. Nevertheless, in 
this case too, the hydrophobicity of the side-chain has 
an influence on the stability increase. 

Distribution Coefficient (Kd). Distribution coef­
ficients of amino acids to the porphyrin-resin were 
calculated using the following equation: 

AGt/kJmol 

Fig. 2. Formation constants of molecular complexes 
of amino acids with H2TPPS4 are plotted against the 
hydrophobicity scale of amino acid residue. 

Kd 
(Amount of amino acid in resin) X (Volume of aqueous phase (cm3)) 

(Amount of amino acid in aqueous phase) X (Weight of resin (g)) (4) 

Logarithmic value of distribution coefficient is plotted 
against pH in Fig. 3. The distribution coefficients are 
constant at pH 4—7, and increase with pH. Amino 
acids deprotonate to form the anionic amino acids at 
higher pH. Since the formation constant of molecular 
complex of amino acid with porphyrin is independent 
of pH at pH 6—9, the dependence of distribution 
coefficient on pH shows the higher stabilization of the 
molecular complex at higher pH by ion-pair forma­
tion between the anionic form of amino acid and the 
remaining cationic groups in the porphyrin-loaded 
resin, in addition to the hydrophobic interaction 
between the side-chain of amino acid and porphyrin 
plane. 

The distribution coefficients determined at pH 5.0, 
where the following column-chromatographic separa­
tion was carried out, are given in the third column of 
Table 1. The distribution coefficients of amino acids 
increase in the order: V a l < L e u < P h e < T y r < T r p . It 
is expected that the distribution coefficient may 
depend on the formation constant of molecular 
complex. As shown in Table 1, the distribution 
coefficient increases with the formation constant of 
molecular complex. Amino acids with high hydro­
phobicity are adsorbed strongly to the porphyrin-
loaded resin. 

Retention Volume of Amino Acids to Porphyrin-
Loaded Resin. Formation constant of the molecular 
complex and distribution coefficient of amino acid 
suggest the separation of amino acids on column of 
the porphyrin-adsorbed resin. A column of the resin 
modified with porphyrin was equilibrated with citrate 

buffer of pH 5.0. A 1 cm3 of amino acid solution 
containing citrate buffer (pH 5.0) was added to the top 
of the column, and amino acid was eluated with the 
same buffer solution. The elution using citrate buffer 
of pH 5.0 enables us to determine amino acid without 
any pH adjustment before analysis of amino acid by 
the ninhidrin method. Void volume of the column 
was 5 cm3, which was determined by loading a sodium 
chloride solution (234 ppm) and by a flame spectro-

o 

1.0 

0 

1.0 

5.0 

Phe 

•°" • 

pH 10.0 

I 

Fig. 3. Effect of pH on the distribution coefficients 
of L-tryptophan, L-phenylalanine, and L-tyrosine to 
the porphyrin-loaded resin. 
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HOD ret 

50 60 
Eluate/cm3 

Fig. 4. Separation of L-valine, L-phenylalanine, L-
tyrosine, and L-tryptophan from a column of the 
porphyrin-loaded resin by elution of citrate buffer 
(pH 5.0). 

photometry of sodium in fractions. The elution 
graphs of amino acids on a column of the porphyrin-
loaded resin are shown in Fig. 4. The retention 
volumes (Fi/2) are given in Table 1. Amino acids were 
eluted in the order of the distribution coefficients and 
of the formation constants of the molecular com­
plexes. Broad elution of tryptophan is owing to strong 
retention of tryptophan to the porphyrin-adsorbed 
resin. 

iHNMR. Figure 5 illustrates lH NMR spectra of 
H2TPPS4, L-tryptophan, and mixtures of H2TPPS4 
and L-tryptophan or H2TPPS4 and L-leucine in D2O. 
The *H NMR spectrum of a 10"2mol dm"3 H2TPPS4 

shows two doublets at ô 7.577 and 8.232 due to the 
ortho and meta protons at pD 6.70. Two broad peaks 
are attributed to the pyrrole protons and are largely 
due to a slow rate of tautomerism of the porphyrin 
imine protons.18) The addition of 10~2 mol dm~3 L-tryp­
tophan to a solution of H2TPPS4 results in upfield 
shifts to ô 7.386 and 8.180 for ortho and meta phenyl 
protons. Similarly, the resonances of ortho and meta 
phenyl protons of H2TPPS4 are shifted to ô 7.482 and 
8.203 by addition of 10_1 mol dm - 3 L-leucine. 

The upfield shifts were also observed for XH NMR 
spectra of L-tryptophan in the presence of H2TPPS4. 
The *H NMR chemical shifts (ô/ppm) for free L-
tryptophan are 7.323 (H-2), 7.743 (H-4), 7.235 (H-5,6), 
7.546 (H-7), 4.067 (H-a), 3.472 (H-ß) at pD 6.40. The 
lH NMR chemical shifts (ppm) for L-tryptophan move 
to 7.163 (H-2), 7.545 (H-4), 7.022 (H-5,6), 7.316 (H-7), 
3.990 (H-a), and 3.242 (H-ß) in a mixture of 1:1 
H2TPPS4 and L-tryptophan at pD 6.42. The signals 
for ß-protons overlap on the shoulder of signal for 
tetramethyl ammonium (internal standard) in the 
presence of H2TPPS4. 

Since the formation constant of molecular complex 
between H2TPPS4 and L-leucine is low (\ogK= 

HOD 

m 0 

JUL 

ref 

U-_ JLJLJ 

H-S 

1 H" f t ) r l 

H_2 HOD ref 

H-7 

H-4! 

H-5,6 H-tf 

|H-, 
PI 

HOD ref H-8 

H-Wr 

H-* 

li 
m o 

JL u L 
HOD ref 

H-7 

H-2 

JJk^J 

H-* 

nH-Äi 

I I • • ' 

8 6 4 2 0 
S/ppm 

8 6 ^ 2 
6/ppm 

Fig. 5. *H NMR spectra of H2TPPS4 (a), L-tryptophan 
(b), 1:1 H2TPPS4/L-tryptophan (c), 1.0.5 H2TPPS4/ 
L-leucine (d), and 1:10 H2TPPS4/L-leucine (e) at 
pD 6.70 (a), 6.40 (b), 6.42 (c), 6.43 (d) and 6.38 (e), 
and at 25 °C and 7=0.1 (NaNOa). Concentration of 
H2TPPS4 is 10-2 mol dm-3. Chemical shifts are given 
as a standard of 3-(trimethysilyl)-l-propanesulfonate 
(DSS). 

—0.41+0.09), ^ N M R spectra of L-leucine gives a 
slight shift in a mixture of H2TPPS4 and L-leucine as 
shown in Fig. 5. Chemical shifts (ppm) for L-leucine 
in the presence of H2TPPS4 are 3.786 (H-a), 1.764 (H-
ß,y), and 0.998 (H-<5) for a 1.0.5 mixture of H2TPPS4 

and L-leucine, and 3.771 (H-a), 1.751 (H-/J,y), and 
0.989 (H-<5) for a 1:10 mixture of H2TPPS4 and L-
leucine at pD 6.38. The upfield shifts for L-leucine by 
addition of H2TPPS4 is small, but the signals for 
porphyrin protons (especially ortho phenyl proton) 
clearly shift to upfield in the presence of L-leucine. 

The i H N M R experiments on the H2TPPS4 /Trp 
and H2TPPS4 /Leu systems indicate directly the 
interaction between the side-chains of amino acids and 
the porphyrin plane. Large change in chemical shifts 
for indole protons shows the strong interaction for 
indole moiety of L-tryptophan with the porphyrin 
plane. In contrast, alkyl-side chain of L-leucine 
interacts very weakly with the porphyrin. Further­
more, change in chemical shifts of a- and ß-protons of 
L-tryptophan by addition of H2TPPS4 are much 
smaller than that of indole protons. 

The above upfield shifts support the hydrophobic 
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interact ion between side-chain of a m i n o acid and the 
porphyr in plane. A possible structure for the 
molecular complex of H2TPPS4 wi th L-tryptophan or 
L-leucine is that the side-chain of a m i n o acid sits above 
the po rphyr in p lane , and that the amine and carboxyl 
groups ou t of the po rphyr in plane. 

One of the most interest ing features of present study 
is the interaction between the al iphat ic side-chain of 
a m i n o acid (e.g. L-leucine) and the po rphyr in plane. 
T h e extent of the interact ion is small bu t not 
negligible. We have previously proposed the impor t ­
ance of the a romat ic -a l ipha t i c interact ion in the 
enhanced stability of ternary copper(II) complexes.8) 

T h e aromat ic-a l iphat ic interact ion was also proposed 
in the ternary complexes of (His)Cu(Val), (phen)Cu-
(Leu) and (phen)Zn(Leu) from Potentiometrie studies, 
where His denotes L-histidine.19 '20) T h e interact ion 
was directly confirmed by the upfield shifts in 
lH N M R for (phen)Zn(Leu) and (GlyPhe)Pd(al iphat ic 
amine) , where GlyPhe refers glycylphenylalanine.2 0 '2 1 ) 

Aromat ic- r ing s tacking has so far received m u c h 
at tent ion in the l igand- l igand interaction. However, 
the a romat ic -a l ipha t ic interaction also stabilizes the 
format ion of molecular complexes, the extent is small 
compared wi th the aromat ic-r ing stacking though. 
T h e l i gand- l igand interact ion is favored for aromat ic 
or bulky aliphatic-side chains wi th h igh hydropho­
bicity, whi le it is no t favored for small aliphatic-side 
chains wi th low hydrophobici ty . T h u s the formation 
constants of the molecular complexes are correlated to 
the hydrophobici ty even for somewhat structurally 
different a m i n o acids as shown in Fig. 2. T h i s 
observation corresponds to the enhanced stability of 
binary- or ternary metal complexes by the hydro­
phob ic interact ion between the b o u n d l igands, and to 
the catalyzed react ion by a m i n o acids for the metal-
loporphyr in formation.7»8) 
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X-Ray Crystal Structures of Nickel Complexes with 2-Methyl-
8-quinolinol, Ni(mq)2(H20)2 and Na3Ni3He(mq)i5 • H2O 
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Department of Applied Chemistry, Nagoya Institute of Technology, Gokiso, Showa, Nagoya 466 
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Two Ni(II) complexes with 2-methyl-8-quinolinol (Hmq) were prepared and their structures determined by 
single-crystal X-ray diffraction techniques. In Ni(mq)2(H20)2, which is orthorhombic, space group Pccn, Z=8, 
the geometry is trans(0,0), cis(N,N), and cis(H20,H20), and the octahedron is appreciably distorted. In 
Na3Ni3H6(mq)i5-H20, which is monoclinic, space group P2i/c, Z=4, three binuclear units Ni(l)-Na(l), 
Ni(2)-Na(2), and Ni(3)-Na(3), are involved. All the Ni atoms are surrounded by three ligands in a mer 
configuration. The Na(l) and Na(2) atoms are five-coordinated with two ligands and an O atom bridging Na 
and Ni atoms within a dimer. The Na(3) atom has, together with the ligands, a coordinated water which is 
hydrogen-bonded to the O atom coordinating to the Ni(3) atom. These dimeric units are infinitely linked by 
intermolecular hydrogen bonds. Compared to the corresponding complexes of 8-quinolinol derivatives without 
2-methyl substituent, the Ni-N is elongated by 0.06—0.12 Â, whereas the Ni-O is shortened by 0.01—0.05 Â. An 
increase in the bond angle (7—11 deg) between a N atom of a ligand and the donor atom (Y) which occupies the 
trans position to the O atom of the same ligand, reduces the steric interaction between the methyl group and Y 
in Hmq complexes. Shorter contacts between ligands in Hmq complexes than those in Hq complexes lead to 
their lower stabilities and, thus, the lower extractabilities. 

8-Quinolinol1* reacts wi th divalent t ransi t ion metal 
ions (M2 + : Co 2 + , Ni 2 + , Zn2 + , Cd2 +) to form sparingly 
soluble complexes of Mq2(H20)2 in aqueous solutions. 
T h e structure of Znq2(H20)2 has been determined by 
X-ray crystal lography; O and N atoms of the l igands 
and two water molecules, respectively, occupy posi­
tions trans to each other in a distorted octahedral 
configuration.2»3* Other metal complexes are expected 
to have the same structure. When an organic solvent is 
added to such an aqueous solut ion, on the other hand , 
M2H3q6X, MHq3, and M2H2q6 are extracted depending 
on the p H , total concentrat ions of M 2 + and H q , anions 
present (X~) and organic solvents.4) T h e crystal 
structures of Ni2H3q6X and Ni2H2q6 have recently been 
determined.4"7* In Ni2H3q6X, bo th two nickel a toms 
are sur rounded by three l igands wi th a facial 
configurat ion about their oxygen atoms; these com­
plexes are joined by three hydrogen bonds to form a 
dimeric structure. In Ni2H2q6, on the other hand, two 
nickel complexes, respectively, adopt facial and 
mer id iona l configurat ions, and two hydrogen bonds 
are involved for dimerizat ion. T w o water molecules of 
Mq2(H2Û)2 at posi t ions trans to each other are replaced 
by the th i rd l igand occupying eis posi t ions in the 
extracted species. 

2-Methyl-8-quinol inol is k n o w n to show in some 
cases different reactivities to metal ions from 8-
qu ino l ino l owing to the substi tuent adjacent to the 
donor a tom; e.g., a l u m i n u m can no t be effectively 
precipi tated or extracted wi th 2-methyl-8-quinolinol 
as wi th 8-quinolinol,8 '9 ) or vanadium(V) forms a black 
jLi-oxo dimeric complex wi th 8-quinolinol and a 
yellow monomer ic complex wi th 2-methyl-8-quino-
linol.10-14* It has been believed that divalent t ransi t ion 
metal ions form precipitates of monohydra ted com­

plexes M(mq)2(H20)15) and are extracted as M(mq)2 
wi th this reagent.16_19) 

Very recently, we have made a systematic study on 
these extract ion systems and found that Zn2 + and Cu 2 + 

are just extracted as M(mq)2, whereas Ni 2 + and Co 2 + 

are extracted as M3H(mq)6X, M2H3(mq)6X, M3(mq)6, 
M2(mq)4 , and M H ( m q ) 3 a n d / o r M2H2(mq)6.20) T h e 
structures of Ni3H(mq)6C104, Ni2H3(mq)6C104 and 
Ni3(mq)6 have also been determined. In several 
a t tempts to isolate the other complexes, we have 
obtained unexpected compounds : a monomer ic 1:2 
complex, Ni(mq)2(H20)2 (1) by recrystallization from 
aqueous e thanol and a mixed metal complex wi th 
sodium, Na3Ni3H6(mq)i5 • H2O (2) by sodium silicate 
gel method.21) 

Table 1 summarizes the structures of the metal 
complexes with 2-methyl-8-quinolinol previously deter­
mined by X-ray crystallography. As expected from 
steric crowdedness, a coordinat ion number of five is 
p redominan t for smaller metal ions. There have been 
no reports on a tris complex wi th this l igand. T h i s 
paper describes the first X-ray crystallographic study 
of the tris complex to show how a substi tuent close to a 
donor a tom is accomodated in an octahedral configu­
ration. 

Experimental 

Preparation of the Complexes. A crude 1:2 complex was 
prepared as described previously.29) The water content has 
been determined by Karl Fischer's method to be 4.72%, which 
is in good agreement with that (4.58%) calculated for 
Ni(mq)2(H20). 

Ni(mq)2(H20)2 was obtained by recrystallizing the above 
compound from aqueous ethanol. Found: C, 58.44; H, 5.03; 
N, 6.68%. Cacld for Ni(mq)2(H20)2: C, 58.43; H, 4.91; N, 
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6.82%. IR spectrum of this compound was practically the 
same as that of Ni(mq)2(H20), except that the absorption 
centered at 3450 cm - 1 is more intense. 

Na3Ni3H6(mq)i5- H2O was prepared by sodium silicate gel 
method;21) 7 cm3 of 2 mol dm - 3 Na2Si03 solution, 8 cm3 of 
1 mol dm - 3 NiSÛ4 solution and 15 cm3 of water were mixed 
and left standing in a test tube to gel. After gelation, 
0.7 mol dm - 3 Hmq solution in ethanol was gently placed 
over it. After two months, greenish brown crystals suitable 
for X-ray structural determination were obtained. Since only 
small amounts of crystals were obtained, we could not 
perform sufficient chemical analyses about this compound. 
Sodium and nickel were determined by atomic emission and 
absorption spectrophotometry, respectively, after dissolving 
crystals in hydrochloric acid. Found: Na, 3.0; Ni, 7.4%. 
Calcd for Na3Ni3H6(mq)i5-H20: Na, 2.6; Ni, 6.7%. 

X-Ray Analysis. Crystallographic details for 1 and 2 are 
given in Table 2. X-Ray diffraction data were collected on a 

Rigaku AFC-5R automated four-circle diffractometer with 
graphite-monochromatized C u ^ « radiation (A= 1.54178 Â). 
The o)-20 scan technique was employed with a co-scan width 
of (1.2+0.2 tan 0) deg and a 20max of 100.0 deg at a scan rate of 
6 deg min - 1 with 5-second background counts. Only 69 and 
67% of unique reflections measured for 1 and 2 were observed 
because of the smallness of the crystals used. No significant 
variations in intensities of 3 standard reflections monitored 
every 100 measurements were observed during data collec­
tion. Intensities were corrected for Lorentz and polarization 
effects. Absorption corrections were not applied because of 
the constancy of the correction factors in the range of 20 for 
crystals approximated as being spherical with a small fxR 
value (IJLR^OA for 1 and 2). The structures were solved by 
the heavy-atom method and improved by a block-diagonal 
least-squares refinement of the positional and the thermal 
parameters of the non-H atoms and the positional ones of 
the H atoms except those of H2O for 1 and except those of 

Table 1. Coordination Numbers (n) and Structures of 2-Methyl-8-Quinolinol 
Complexes Determined by X-Ray Crystallography 

Complex 

HV02(mq)2 

Al(mq)2-0-Al(mq)2 
GaCl(mq)2 

VO(mq)2 

Fe(mq)2-0-Fe(mq)2 
Ti(mq)2(phenoxo)2 
TcOCl(mq)2 

RuCl(mq)2(NO) 
RuCl(mq)2(NO) 
Ni(mq)2(H20)2 
Na3Ni3H6(mq)i5- H2O 

n 

5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
5 

Structure*0 

Trigonal bipyramidal 
jLt-Oxo dimeric 
Trigonal bipyramidal 
Trigonal bipyramidal 
jLt-Oxo dimeric 
trans(0,0); cis(N,N); cis(A,A) 
cis(0,0); cis(N,N); cis(A,B) 
cis(0,0); trans(AT,A0; cis(A,B) 
cis(0,0); cis(AgV); cis(A,B) 
trans(0,0); ds(N,N); cis(A,A) 
mer about Ni 
Trigonal bipyramidal about Na 

Ref. 

14 
22 

23,24 
23 
25 
26 
27 
28 
28 

This work 
This work 

a) A and B denote monodentate ligands. 

Table 2. Crystallographic Details for 1 and 2 

Formula (mq: CioHgNO") 
Formula weight 
Crystal system 
Space group 
a/A 
b/k 
c/k 
ß/deg 
V/k* 
z 
Dc/g cm - 3 

D0/g cm - 3 

fxiCuKaycm-1 

Crystal size/mm 
Total no. of unique reflections 
No. of observed reflections with I>3o(I) 
c2 in weighting scheme 
R, 2 | A F | / 2 | F 0 | 
Rw, CZw\AF\V^w\F0\

2)1/2 

S, [2^1 AF|2/(no. observations-no. variables)]172 

No. of reflections used at the last stage of refinement 
Max. peak height in the last difference electron density 

map/e Â - 3 

Max. ratio of shift to a of refined parameters 

Ni(mq)2(H20)2 

411.1 
Orthorhombic 
Pccn 
22.018(9) 
22.087(7) 
7.816(2) 

— 
3801(2) 
8 
1.437 
1.438 
16.6 
0.15X0.1X0.1 
1948 
1344 
0.00603 
0.072 
0.099 
1.202 
1270 
0.3 

Na3Ni3H6(mq)i5 • H2O 
2641.8 
Monoclinic 
P2i/c 
13.597(1) 
26.146(4) 
36.487(3) 
96.63(1) 
12885(2) 
4 
1.362 
1.38 
11.9 
0.2X0.2X0.15 
13245 
8928 
0.00328 
0.055 
0.076 
1.183 
8224 
0.4 

0.1 0.5 
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H2O, -OH, and -CH3 for 2. The temperature factor of each 
H atom was assumed to be isotropic and equal to the 
equivalent isotropic temperature factor of the attached atom. 
The weighting scheme was w=[o2(F0)+c2\F0\

2]-1 for the 
observed reflections with w1 / 2 |AF|<3. Reflections with 
u;1/2 |AF|>3 mostly found in those of weak intensities were 
excluded, because the |FC| values calculated during the last 
stage of refinement were thought to be good estimates of the 
corresponding |F0 | values. A comparatively high R-value of 
1 is probably due to the poor quality of crystals. 
Computations using the programs of MULTAN84, PLUTO 
and XPACK86 SHIONOGI were performed on a FACOM 
M-730 computer at Shionogi Research Laboratories.30'31) 

Results and Discussion 

Atomic coordinates and equivalent isotropic thermal 
parameters for 1 and 2 are listed in Tables 3 and 4. 
F o r m u l a uni t s of 1 and 2 found in respective 
asymmetr ic uni ts are shown in Figs. 1 and 2. T h e 
a t o m - n u m b e r i n g system for the l igand is presented in 
Fig. 1. T h e crystal of 2 is composed of the three 
binuclear uni ts N i ( l ) - N a ( l ) , Ni(2)-Na(2), and Ni(3)-
Na(3), as shown in Fig. 3. T h e atoms of the two 
l igands coordinated to the Ni( l ) a tom are numbered 
similarly to those of 1, and the third one and the two 
l igands a round the Na( l ) a tom are represented by the 
numbers of the 200, 300, and 400 levels, respectively. 
T h e a toms in the Ni(2)-Na(2) u n i t are given by the 

Table 3. Atomic Coordinates (X104) and Equivalent 
Isotropic Temperature Factors (Â2X10) with e.s.d. 

Values in Parentheses for Ni(mq)2(H20)2 

Atom 

Ni 
N(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
0(12) 
N(101) 
C(102) 
C(103) 
C(104) 
C(105) 
C(106) 
C(107) 
C(108) 
C(109) 
C(110) 
C( l l l ) 
0(112) 
O(201) 
0(202) 

X 

1720(1) 
1417(3) 
1191(4) 
1181(4) 
1371(4) 
1822(4) 
1989(4) 
1974(4) 
1786(4) 
1606(4) 
1596(4) 
925(4) 

1742(2) 
878(3) 
409(4) 

-115(4) 
-128(4) 

324(4) 
836(5) 

1363(5) 
1367(4) 
846(4) 
337(4) 
454(5) 

1844(2) 
2638(3) 
2035(3) 

y 

471(1) 
-408(3) 
-611(4) 

-1230(4) 
-1643(4) 
-1860(4) 
-1650(4) 
-1039(4) 
-601(4) 
-843(4) 

-1465(4) 
-174(4) 

-24(2) 
921(3) 
907(4) 

1273(5) 
1617(4) 
1985(4) 
1962(5) 
1598(5) 
1262(4) 
1280(3) 
1623(4) 
567(5) 
931(2) 
244(3) 

1207(2) 

z 

1136(2) 
2058(8) 
3539(11) 
3923(11) 
2836(12) 
-66(13) 

-1608(13) 
-1957(12) 
-766(12) 

893(10) 
1202(11) 
4784(12) 

-1037(6) 
1257(8) 
166(11) 
554(14) 

1939(14) 
4639(14) 
5707(14) 
5311(12) 
3791(10) 
2726(9) 
3140(12) 

-1403(15) 
3371(7) 
1256(7) 

-470(8) 

ßeqa) 

31.9(5) 
35(3) 
36(3) 
43(4) 
44(4) 
50(4) 
44(4) 
45(4) 
35(3) 
33(3) 
37(3) 
43(4) 
32(2) 
33(3) 
36(3) 
52(4) 
51(4) 
50(4) 
63(5) 
53(4) 
37(3) 
29(3) 
40(3) 
64(5) 
32(2) 
38(2) 
39(2) 

corresponding pr imed numbers and those of the 
Ni(3)-Na(3) un i t given by the double-primed n u m ­
bers. T h e O atoms of water molecules are represented 
by O(201) and 0(202) for 1, and O(501) for 2. 

Structural Description. In 1, the two l igands coor­
dinate wi th the O atoms trans and the N atoms eis. T h e 
coordinated water molecules occupy posit ions eis to 
each other. T h e octahedron is appreciably distorted. 
T h e molecules related by a o g l i d e p lane normal to the 
a-axis are l inked by the intermolecular hydrogen 
bonds to form a molecular cha in extended a long the 
o a x i s : 0(12) . - .0(201) ( 1 / 2 - % , y, - l / 2 + z ) = 2 . 5 8 7 ( 8 ) A, 
0 ( 1 1 2 ) . - 0 ( 2 0 1 ) ( 1 / 2 - x , y, l /2+z)=2 .948(9)A, and 

Fig. 1. Perspective drawing of Ni(mq)2(H20)2 with 
atomic numbering system of mq~. 

a) ßeq=4/32;2yft /a,a,. 

Fig. 2. Perspective drawing of Na3Ni3H6(mq)i5*H20. 
Broken lines represent the intermolecular hydrogen 
bonds. 
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Table 4. Atomic Coordinates (X104) and Equivalent Isotropic Temperature Factors 
(Â2X10) with e.s.d. Values in Parentheses for Na3Ni3H6(mq)i5*H20 

Atom 

NÎ(ïj 
N(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
0(12) 
N(101) 
C(102) 
C(103) 
C(104) 
C(105) 
C(106) 
C(107) 
C(108) 
C(109) 
C(110) 
C(l l l ) 
0(112) 
N(201) 
C(202) 
C(203) 
C(204) 
C(205) 
C(206) 
C(207) 
C(208) 
C(209) 
C(210) 
C(211) 
0(212) 
Na(l) 
N(301) 
C(302) 
C(303) 
C(304) 
C(305) 
C(306) 
C(307) 
C(308) 
C(309) 
C(310) 
C(311) 
0(312) 
N(401) 
C(402) 
C(403) 
C(404) 
C(405) 
C(406) 
C(407) 
C(408) 
C(409) 
C(410) 
C(411) 
0(412) 
Ni(2) 
N(l') 

X 

3033.4(7) 
1645(3) 
1229(4) 
312(5) 

-174(5) 
-224(4) 

235(4) 
1163(4) 
1648(4) 
1162(4) 
231(4) 

1738(5) 
2532(3) 
2342(3) 
1725(4) 
1274(5) 
1433(6) 
2275(6) 
2936(6) 
3408(6) 
3205(5) 
2536(4) 
2081(5) 
1524(5) 
3599(3) 
4527(3) 
4944(4) 
5992(5) 
6581(4) 
6704(5) 
6248(5) 
5227(5) 
4629(4) 
5113(4) 
6158(4) 
4305(5) 
3660(3) 
3611.5(16) 
5431(3) 
6108(5) 
7126(5) 
7445(5) 
7040(4) 
6344(5) 
5325(4) 
5037(4) 
5749(4) 
6762(4) 
5752(6) 
4059(2) 
2839(3) 
2804(5) 
2117(5) 
1493(5) 
895(5) 
953(5) 

1618(4) 
2224(4) 
2199(4) 
1515(4) 
3556(6) 
2835(3) 
2585.7(6) 
1149(3) 

y 

8262.5(4) 
8546(2) 
9009(3) 
9090(3) 
8700(3) 
7786(3) 
7312(3) 
7255(2) 
7670(2) 
8152(2) 
8210(3) 
9450(3) 
7618(1) 
8210(2) 
7868(3) 
7968(3) 
8413(3) 
9260(3) 
9593(3) 
9468(3) 
9013(2) 
8660(2) 
8788(3) 
7373(3) 
8889(2) 
7951(2) 
7695(2) 
7621(3) 
7802(3) 
8290(3) 
8551(3) 
8621(3) 
8423(2) 
8145(2) 
8079(3) 
7485(3) 
8490(2) 
6971.4(9) 
6761(2) 
6921(3) 
6842(3) 
6572(3) 
6077(3) 
5893(3) 
6012(3) 
6293(2) 
6483(2) 
6376(2) 
7202(3) 
6403(2) 
7035(2) 
7440(2) 
7471(3) 
7082(3) 
6212(3) 
5801(3) 
5795(3) 
6209(2) 
6641(2) 
6640(2) 
7863(3) 
6228(2) 
5064.6(4) 
5302(2) 

z 

966.1(2) 
1126(1) 
1116(2) 
1257(2) 
1401(2) 
1560(2) 
1573(2) 
1436(2) 
1302(1) 
1280(1) 
1419(1) 
943(2) 

1187(1) 
388(1) 
211(2) 

-154(2) 
-330(2) 
-305(2) 
-120(2) 

235(2) 
401(2) 
210(2) 

-145(2) 
391(2) 
740(1) 
969(1) 
719(2) 
754(2) 

1049(2) 
1640(2) 
1890(2) 
1843(2) 
1533(2) 
1271(2) 
1322(2) 
388(2) 

1477(1) 
1485.5(6) 
1549(1) 
1819(2) 
1810(2) 
1531(2) 
950(2) 
689(2) 
706(2) 
990(2) 

1271(2) 
1247(2) 
2133(2) 
1014(1) 
2133(1) 
2351(2) 
2618(2) 
2656(2) 
2460(2) 
2239(2) 
1969(2) 
1935(1) 
2171(1) 
2436(1) 
2322(2) 
1666(1) 
916.7(2) 

1065(1) 

ßeqa) 

46.0(3) 
47(2) 
56(2) 
65(3) 
63(3) 
61(3) 
58(2) 
49(2) 
45(2) 
45(2) 
53(2) 
68(3) 
47(1) 
54(2) 
60(3) 
77(3) 
81(3) 
75(3) 
78(3) 
72(3) 
55(2) 
52(2) 
68(3) 
66(3) 
53(2) 
45(2) 
55(2) 
63(3) 
66(3) 
76(3) 
76(3) 
63(3) 
50(2) 
49(2) 
57(2) 
70(3) 
50(1) 
54.1(8) 
51(2) 
61(3) 
71(3) 
73(3) 
57(2) 
61(3) 
55(2) 
45(2) 
48(2) 
55(2) 
75(3) 
51(1) 
50(2) 
55(2) 
64(3) 
62(3) 
65(3) 
64(3) 
54(2) 
46(2) 
43(2) 
52(2) 
70(3) 
53(2) 
42.5(3) 
42(2) 
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Table 4. (Continued) 

Atom x y z Btq
a) 

C(2') 
C(3') 
C(4') 
C(5') 
C(6') 
C(7') 
C(8') 
C(9') 
C(IO') 
C(ll ' ) 
0(120 
N(1010 
C(102') 
C(1030 
C(104') 
C(1050 
C(106/) 
C(107/) 
C(108') 
C(109') 
C(110/) 
C( l l l ' ) 
0(112') 
N(201') 
C(202') 
C(203') 
C(204') 
C(205') 
C(206') 
C(2070 
C(208') 
C(209') 
C(210') 
C(211/) 
0(212') 
Na(2) 
N(3010 
C(3020 
C(3030 
C(3040 
C(3050 
C(3060 
C(3070 
C(3080 
C(3090 
C(3100 
C(3110 
0(3120 
N(4010 
C(4020 
C(4030 
C(4040 
C(4050 
C(4060 
C(4070 
C(4080 
C(4090 
C(4100 
C(4110 
0(4120 
Ni(3) 
N(l") 
C(2//) 
C(3") 
C(4") 

681(4) 
-219(4) 
-637(4) 
-584(4) 
-95(5) 
840(4) 

1284(4) 
744(4) 

-179(4) 
1090(5) 
2181(2) 
1899(3) 
1349(4) 
949(5) 

1100(5) 
1881(5) 
2455(5) 
2876(4) 
2695(4) 
2076(4) 
1676(4) 
1144(5) 
3021(3) 
4102(3) 
4560(5) 
5597(5) 
6140(4) 
6226(4) 
5713(5) 
4686(4) 
4160(4) 
4661(4) 
5702(4) 
3955(5) 
3185(2) 
3240.3(16) 
5038(4) 
5678(5) 
6706(5) 
7061(5) 
6749(5) 
6093(5) 
5072(5) 
4749(4) 
5404(4) 
6423(4) 
5212(6) 
3756(3) 
2448(4) 
2284(5) 
1637(5) 
1236(5) 
1024(4) 
1204(5) 
1801(5) 
2178(4) 
2031(4) 
1405(4) 
2763(7) 
2695(3) 
2484.8(7) 
1047(3) 
481(4) 

-420(4) 
-708(5) 

5752(2) 
5818(3) 
5436(3) 
4513(3) 
4054(3) 
4013(2) 
4434(2) 
4906(2) 
4947(3) 
6176(2) 
4412(1) 
4941(2) 
4564(2) 
4595(3) 
5007(3) 
5861(3) 
6234(3) 
6178(2) 
5752(2) 
5357(2) 
5420(3) 
4095(2) 
5699(2) 
4789(2) 
4533(2) 
4447(3) 
4635(3) 
5122(3) 
5400(3) 
5471(3) 
5280(2) 
4987(2) 
4911(2) 
4326(3) 
5364(1) 
3763.6(9) 
3590(2) 
3751(3) 
3655(3) 
3385(3) 
2869(3) 
2710(3) 
2841(3) 
3135(2) 
3314(2) 
3181(3) 
4030(3) 
3255(2) 
3741(2) 
4130(3) 
4081(3) 
3635(3) 
2707(3) 
2311(3) 
2390(2) 
2873(2) 
3278(2) 
3194(3) 
4635(3) 
2973(2) 
1901.2(4) 
2071(2) 
2489(2) 
2511(3) 
2100(3) 

1034(2) 
1188(2) 
1356(2) 
1537(2) 
1543(2) 
1416(2) 
1274(1) 
1242(1) 
1385(1) 
824(2) 

1161(1) 
344(1) 
184(2) 

-189(2) 
-392(2) 
-431(2) 
-263(2) 

108(2) 
312(1) 
132(1) 

-236(2) 
403(2) 
665(1) 
930(1) 
684(2) 
741(2) 

1041(2) 
1633(2) 
1872(2) 
1803(2) 
1484(1) 
1240(1) 
1310(2) 
351(2) 

1409(1) 
1422.1(6) 
1493(1) 
1776(2) 
1792(2) 
1522(2) 
948(2) 
666(2) 
649(2) 
922(2) 

1220(2) 
1226(2) 
2080(2) 
911(1) 

2068(1) 
2276(2) 
2558(2) 
2626(2) 
2456(2) 
2233(2) 
1940(2) 
1892(2) 
2124(1) 
2409(2) 
2216(2) 
1599(1) 
799.0(2) 
992(1) 
969(2) 

1126(2) 
1313(2) 

47(2) 
55(2) 
57(2) 
61(3) 
60(3) 
52(2) 
45(2) 
42(2) 
49(2) 
57(2) 
45(1) 
45(2) 
50(2) 
63(3) 
64(3) 
66(3) 
67(3) 
54(2) 
46(2) 
45(2) 
55(2) 
61(3) 
49(1) 
46(2) 
56(2) 
61(3) 
62(3) 
63(3) 
65(3) 
54(2) 
46(2) 
45(2) 
52(2) 
70(3) 
46(1) 
54.3(8) 
56(2) 
63(3) 
75(3) 
77(3) 
67(3) 
71(3) 
62(3) 
51(2) 
53(2) 
60(3) 
80(3) 
59(2) 
54(2) 
63(3) 
71(3) 
67(3) 
66(3) 
71(3) 
57(2) 
47(2) 
46(2) 
53(2) 
87(4) 
57(2) 
49.3(3) 
49(2) 
51(2) 
63(3) 
67(3) 
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Table 4. (Cont inued) 

Atom 

05") 
C(6") 
C(7") 
C(8") 
c(9") 
C(10") 

c(\r) 
0(12") 
N(101//) 
C(102") 
C(103") 
C(104") 
C(105") 
C(106") 
C(107") 
C(108") 
C(109") 
QUO") 
Q U I " ) 
0(112") 
N(201") 
C(202") 
C(203") 
0(204") 
C(205") 
C(206") 
C(207") 
C(208") 
C(209") 
C(210") 
0(211") 
0(212") 
Na(3) 
N(301") 
C(302") 
C(303") 
C(304") 
C(305") 
C(306") 
C(307") 
C(308") 
C(309") 
C(310") 
C(311") 
0(312") 
N(401") 
C(402") 
C(403") 
C(404") 
C(405") 
C(406") 
C(407") 
C(408") 
C(409") 
C(410") 
C(411") 
0(412") 
0(501) 

X 

-354(5) 
281(5) 

1177(5) 
1430(5) 
788(4) 

-124(4) 
761(5) 

2260(3) 
1727(3) 
1216(5) 
705(6) 
696(6) 

1259(6) 
1820(6) 
2358(5) 
2304(4) 
1743(4) 
1227(5) 
1206(7) 
2753(3) 
4012(4) 
4441(5) 
5454(6) 
5963(5) 
6074(5) 
5610(5) 
4627(5) 
4101(4) 
4573(4) 
5558(5) 
3872(6) 
3155(3) 
4110.5(18) 
5915(4) 
6560(6) 
7575(5) 
7929(6) 
7661(5) 
7011(5) 
5999(5) 
5653(4) 
6306(5) 
7321(4) 
6086(6) 
4681(3) 
2948(4) 
2787(5) 
2085(6) 
1570(6) 
1174(5) 
1322(5) 
2017(4) 
2554(4) 
2397(4) 
1702(5) 
3356(7) 
3231(3) 
3584(5) 

y 

1220(3) 
815(3) 
815(3) 

1232(2) 
1659(2) 
1658(3) 
2944(2) 
1262(2) 
1719(2) 
1304(3) 
1315(3) 
1738(3) 
2620(3) 
3022(3) 
3008(3) 
2582(3) 
2153(3) 
2179(3) 
824(3) 

2548(2) 
1651(2) 
1393(3) 
1235(4) 
1322(4) 
1740(3) 
2022(3) 
2180(3) 
2049(2) 
1756(3) 
1591(3) 
1298(4) 
2202(2) 

0.9(10) 
55(2) 

333(3) 
356(3) 
96(3) 

-509(3) 
-780(3) 
-788(3) 
-506(2) 
-209(3) 
-206(3) 

615(3) 
-495(2) 

214(2) 
678(3) 
728(4) 
320(4) 

-609(4) 
-1059(4) 
-1098(3) 

-668(3) 
-189(3) 
-157(3) 
1116(3) 

-688(2) 
540(2) 

z 

1552(2) 
1596(2) 
1426(2) 
1231(1) 
1191(2) 
1358(2) 
754(2) 

1064(1) 
259(1) 
132(2) 

-226(2) 
-441(2) 
-531(2) 
-394(2) 
-33(2) 
184(2) 
41(2) 

-318(2) 
354(2) 
526(1) 
779(1) 
525(2) 
595(2) 
922(2) 

1540(2) 
1783(2) 
1707(2) 
1369(2) 
1112(2) 
1193(2) 

156(2) 
1275(1) 
1598.0(7) 
1614(1) 
1844(2) 
1809(2) 
1533(2) 
995(2) 
776(2) 
815(2) 

1090(2) 
1334(2) 
1281(2) 
2140(2) 
1138(1) 
2072(1) 
2216(2) 
2485(2) 
2579(2) 
2499(2) 
2334(2) 
2073(2) 
1997(2) 
2163(2) 
2419(2) 
2098(3) 
1753(1) 
1141(2) 

ßeqa) 

72(3) 
75(3) 
65(3) 
53(2) 
50(2) 
56(2) 
60(3) 
57(2) 
52(2) 
70(3) 
82(3) 
82(3) 
79(3) 
82(3) 
69(3) 
55(2) 
53(2) 
63(3) 
93(4) 
52(2) 
56(2) 
68(3) 
92(4) 
85(3) 
76(3) 
74(3) 
59(3) 
48(2) 
53(2) 
67(3) 

102(4) 
52(1) 
61.9(9) 
58(2) 
74(3) 
83(3) 
92(4) 
79(3) 
71(3) 
60(3) 
51(2) 
57(2) 
66(3) 
85(3) 
54(2) 
62(2) 
77(3) 
98(4) 
94(4) 
86(3) 
82(3) 
62(3) 
55(2) 
57(2) 
74(3) 

101(4) 
59(2) 

111(3) 

a) Beq=4/32i2</j8tfa/a /. 
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Fig. 3. Perspective drawing of Ni(l)-Na(l) (left) and Ni(3)-Na(3) 
(right) of 2. A broken line represents the intermolecular hydrogen 
bond O(501)---O(12"). 

Table 5. Metal-Ligand Distances (Â) and Angles (°) with e.s.d. 
Values in Parentheses for Ni(mq)2(H20)2 

Ni-N(l) 
Ni-N(lOl) 
Ni-O(201) 
N(l)-Ni-0(12) 
N(l)-Ni-0(112) 
N(l)-Ni-O(202) 
0(12)-Ni-0(112) 
O(12)-Ni-O(202) 
N(101)-Ni-O(201) 
O(112)-Ni-O(201) 
0(201 )-Ni-O(202) 

2.176(7) 
2.106(7) 
2.085(7) 

78.6(2) 
101.6(3) 
163.5(3) 
170.6(2) 
84.9(2) 

164.8(3) 
87.2(3) 
84.0(3) 

Ni-0(12) 
Ni-0(112) 
Ni-O(202) 
N(l)-Ni-N(101) 
N(l)-Ni-O(201) 
O(12)-Ni-N(101) 
O(12)-Ni-O(201) 
N(101)-Ni-O(112) 
N(101)-Ni-O(202) 
O(112)-Ni-O(202) 

2.020(5) 
2.039(6) 
2.168(7) 

97.8(3) 
93.9(3) 

108.3(2) 
83.4(2) 
81.0(2) 
87.3(3) 
94.6(2) 

0(112)...0(202) (1 /2-x , y, l/2+z)=2.699(9) A. 
For 2, the molecular structure of the Ni(l)-Na(l) 

unit is shown in Fig. 3(left); the Ni(l) atom is 
surrounded by three ligands in a mer configuration 
about O atoms of ligands, and the Na(l) atom is five-
coordinated with two bidentate ligands and 0(12) 
which bridges the Ni(l) and Na(l) atoms. The 
structure of the Ni(2)-Na(2) unit is almost the same as 
that of Ni(l)-Na(l). In the Ni(3)-Na(3) unit [Fig. 
3(right)], the Na(3) atom has, together with the 
ligands, a coordinated water which is connected to the 
0(12") atom by the hydrogen bond O(501)...0(12")= 
2.601(9) Â. These dimeric units are linked by the 
intermolecular hydrogen bonds to form an infinite 
chain extended along the fc-axis: 0(312)—0(112')= 
2.566(7) Â, 0(412)-0(212')=2.512(6)Â, 0 ( 3 1 2 ' ) -
O(112")=2.609(7)Â, 0(412')-0(212")=2.454(7)Â, 
0(112)-0(312")=2.525(7)Â, and 0(212)-0(412")= 
2.472(7) Â. 

Metal-ligand distances and angles for 1 and 2 are 
summarized in Tables 5 and 6. 

Coordination Geometry around Ni Atoms. Adducts 
of bis complexes of Ni(II) with two neutral monoden-
tate ligands (C) usually show a configuration of 
trans(C,C), for example, Ni(5-Cl-q)2Py2,32) Ni(acac)2-

(H20)2,33) and Ni(acac)2Py2.34) However, Ni(mq)2-
(H20)2 does not adopt this configuration because of 
the expected short contact between an O atom of one 
mq" and a methyl group of the other. Even with the 
cis(C,C) configuration, there is an appreciable prox­
imity, as shown in Table 7. In contrast to the Ni-8-
quinolinol complexes described in introduction,2-7) 
the Ni complex in 2 can simply be derived from 1 by 
replacing two water molecules with mq". This causes 
a new contact between a N atom and a methyl group to 
make other methyl-O contacts further short. 

When 2-methyl-8-quinolinolate complexes are com­
pared with the corresponding ones of 8-quinolinol 
derivatives without 2-methyl substituent (Table 8), the 
Ni-N bonds are elongated by 0.06—0.12 Â, Ni(mq)2-
(H20)2 compared to Ni(5,7-Cl2-q)2Py2 or Ni(5,7-Br2-
q)2Py2, Ni2H3(mq)6+ compared to Ni2H3q6+, and 
Na3Ni3H6(mq)i5-H20 compared to Ni2H2q6. To 
compensate the weakening of Ni-N bonds, Ni-O 
bonds are slightly shortened (0.01—0.05 Â). The bite 
angles are practically the same for both Hq and Hmq 
complexes. An increase in the bond angle (7—11 deg) 
between a N atom of a ligand and the donor atom (Y) 
which occupies the trans position to the O atom of the 
same ligand, reduces the steric interaction between a 
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Table 6. Metal-Ligand Distances (Â) and Angles (°) with e.s.d. 
Values in Parentheses for Na3Ni3H6(mq)i5*H20 

Ni-N(l) 
Ni-0(12) 
Ni-N(lOl) 
Ni-0(112) 
Ni-N(201) 
Ni-0(212) 
Na-0(12) 
Na-N(301) 
Na-0(312) 
Na-N(401) 
Na-0(412) 
Na-O(501) 
N(l)-Ni-0(12) 
N(l)-Ni-N(101) 
N(l)-Ni-0(112) 
N(l)-Ni-N(201) 
N(l)-Ni-0(212) 
O(12)-Ni-N(101) 
0(12)-Ni-0(112) 
O(12)-Ni-N(201) 
0(12)-Ni-0(212) 
N(101)-Ni-O(112) 
N(101)-Ni-N(201) 
N(101)-Ni-O(212) 
O(112)-Ni-N(201) 
0(112)-Ni-0(212) 
N(201)-Ni-O(212) 
O(12)-Na-N(301) 
0(12)-Na-0(312) 
O(12)-Na-N(401) 
0(12)-Na-0(412) 
N(301)-Na-O(312) 
N(301)-Na-N(401) 
N(301)-Na-O(412) 
O(312)-Na-N(401) 
0(312)-Na-0(412) 
N(401)-Na-O(412) 
O(501)-Na-N(301) 
O(501)-Na-O(312) 
0(501 )-Na-N(401) 
O(501)-Na-O(412) 

Table 

(a) Around Ni of complex 
C(ll)-0(112) 

(b) Around Ni of complex 
C(ll)-0(112) 
C(lll)-0(12) 
C(ll)-C(108) 
C(lll)-C(8) 
C(211)-N(101) 

(c) Around Na of complex 
C(311)-C(411) 
0(312)-0(412) 

7. Short 

1 
3.36 

2 
3.09 
3.13 
3.18 
3.40 
3.27 

: 2 
3.59 
3.09 

Ni(l)-Na(l) 

2.169(5) 
2.020(4) 
2.212(5) 
2.025(5) 
2.187(5) 
2.047(5) 
2.415(5) 
2.518(6) 
2.402(6) 
2.701(6) 
2.342(6) 

— 
80.4(2) 
89.5(2) 

102.5(2) 
164.2(2) 
86.5(2) 

101.7(2) 
177.1(2) 
92.5(2) 
90.2(2) 
78.5(2) 

105.9(2) 
166.6(2) 
84.7(2) 
89.9(2) 
79.3(2) 

137.2(2) 
107.6(2) 
94.2(2) 

115.9(2) 
66.7(2) 

114.2(2) 
105.3(2) 
145.2(2) 
81.3(2) 
64.6(2) 

— 
— 
— 
— 

Contacts (Â) between 

C(lll)-0(12) 

c(ir)-o(ii2 /) 
C(ll l ' ) -0(12') 
C(ll')-C(108') 
C(lll ')-C(8') 
C(211/)-N(101/) 

C(311')-C(411') 
0(312')-0(412') 

Ni(2)-Na(2) 

2.177(5) 
2.030(4) 
2.212(5) 
2.017(5) 
2.179(5) 
2.041(4) 
2.352(5) 
2.471(7) 
2.458(6) 
2.703(7) 
2.314(6) 

— 
80.4(2) 
89.0(2) 

101.4(2) 
164.3(2) 
87.2(2) 

100.7(2) 
178.0(2) 
90.9(2) 
92.1(2) 
78.7(2) 

105.5(2) 
165.8(2) 
87.5(2) 
88.7(2) 
80.0(2) 

136.6(2) 
107.3(2) 
94.7(2) 

123.8(2) 
67.3(2) 

113.2(2) 
98.7(2) 

145.8(2) 
81.7(2) 
64.2(2) 

— 
— 
— 
— 

Ligands within a Complex 

3.14 C(ll)-C(108) 

3.02 C(ll")-0(112") 
3.07 C(lll")-0(12") 
3.23 C(ll")-C(108") 
3.28 C(lll")-C(8") 
3.22 

3.77 C(311")-C(411" 

Ni(3)-Na(3) 

2.199(5) 
1.972(5) 
2.168(5) 
2.017(5) 
2.186(6) 
2.025(5) 

— 
2.451(7) 
2.324(6) 
2.536(7) 
2.270(6) 
2.237(8) 

79.6(2) 
89.3(2) 

101.9(2) 
162.6(2) 
88.6(2) 

100.1(2) 
178.4(2) 
88.0(2) 
89.3(2) 
80.2(2) 

104.9(2) 
169.8(2) 
90.5(2) 
90.5(2) 
79.0(2) 

— 
— 
— 
— 

68.5(2) 
132.2(2) 
126.5(2) 
154.3(2) 
88.1(2) 
67.4(2) 

102.4(3) 
85.3(3) 

101.5(3) 
123.6(3) 

3.41 

3.10 
3.04 
3.26 
3.35 

) 3.92 
3.12 0(312")-0(412") 3.19 

methyl group and Y in Hmq complexes. 
Coordination to Na Atoms. Three Na complexes, 

respectively, have rather short contacts between methyl 

groups and between phenolate oxygen atoms (Table 
7). Only this configuration, however, allows the 
orientation of the O atoms favorable for two hydrogen 
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Tabe 8. Average Bond Lengths (Â) and Angles (°) Relevant to Metal Centers 
of Nickel(II) Complexes with 8-Quinolinol Derivatives 

Complex 

Ni(mq) 2 (H 2 0)2 
Ni(5,7-Cl2-q)2Py2 

Ni(5,7-Br2-q)2Py2 

Ni2H3(mq)6C104 
Ni2H3q6l3 
(H2q)(Ni2H3q6)2(C104)3 
Ni2H3q6SCN 

Na3Ni3H6(mq)i5* H 2 0 
Ni2H2q6 

Ni-O 

2.03 
2.05 
2.04 

Tris 
2.05 
2.07 
2.07 
2.08 

Tris 
2.02 
2.07 

Ni-N 

2.14 
2.08 
2.07 

complexes 
2.14 
2.06 
2.06 
2.06 

Ni-Ca> ZN-Ni-Ob> 

Bis complexes 
2.13 79.8 
2.09 80.2 
2.11 80.5 

; having three hydrogen bonds 
79.4 
79.3 
79.5 
79.7 

complexes having two hydrogen bonds 
2.19 
2.07 

79.6 
79.9 

ZN-Ni-Ya> 

105.0 
94.4 
93.4 

104.9 
98.2 
98.4 
97.5 

102.7 
95.1 

nc) 

2 
2 
8 

6 
6 

12 
3 

9 
6 

Ref. 

This work 
35 
36 

20 
5 
6 
7 

This work 
4 

a) See text for details, b) Bite angle, c) Number of data averaged. 

bonds to the Ni complexes. An unbalanced arrange­
men t of five donor a toms a round the Na( l ) and Na(2) 
a toms is also ascribed to this, together wi th a stacking 
of q u i n o l i n e r ings between the N a and Ni complexes. 
T h e Na(3) complex, on the other hand , has an usual 
structure that is intermediate between a tr igonal 
b ipyramid and a square pyramid, due to the presence 
of a coordinated water. 

Alkali metal and silver ions (M') react wi th 8-
qu i no l i no l to give compounds of a general formula, 
M'H»q(»+i), n—\ for L i + , Na + , K+, and Ag + ; n=2 for 
K+, R b + a n d Cs+.37> T h e structures of KHq 2 , KH2q3 , 
and AgHq2Py have been determined.38»39) In these 
complexes, as well as some nickel complexes in Tab le 
8, hydrogen bonds are generally found to form 
polynuclear species or an extended network between 
complexes. 

Implication for the Extraction Behavior. W h e n 
N i 2 + in sulfate m e d i u m is extracted wi th 8-quinol inol 
in to chloroform, the extracted species are NiHq3 and 
Ni2H2q64) In the case of 2-methyl-8-quinolinol , on the 
other hand , Ni2(mq)4 is extracted under the corres­
p o n d i n g conditions.2 0 ) Only at a very h igh concentra­
t ion of the e x t r a d a n t ( > 0 . 3 mol d m - 3 ) , NiH(mq)3 or 
Ni2H2(mq)6 is extracted. T h e structures of these 
extracted species are reflected in the Ni complex par t of 
2. Shorter contacts between l igands in 2 than in 
Ni2H2q6 lead to a lower stability and, thus, a lower 
extractability of this complex. 
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Preparation of Single Crystals of a New Compound, TasBô 
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Single crystals of a new compound TasBô was prepared by the high temperature aluminium solution 
method using tantalum and boron powder as starting materials in an argon atmosphere. The experimental 
conditions for obtained single crystals of relatively large size were established. The optimum conditions for 
growing TasBô single crystals were found to include atomic ratios of starting materials B/Ta=1.2 and 
Al/Ta=8.38, soaking temperature 1650 °C, soaking time 5 h and a cooling rate of 25 °C h_1. Single crystals of 
TaôBô, having a grey color and metallic luster, were generally obtained in the form of an irregular or trapezoidal 
shape: the latter crystals were enclosed by two large {010} planes. The largest crystals prepared have maximum 
dimensions of about 0.12 mmXO. 13 mmX0.23 mm. The crystals are orthorhombic with a space group of either 
Cmm2, Cm2m, C222, or Cmmm and the unit cell dimensions a=3.1385(10) Â, 6=22.609(7) Â, c=3.2865(8)Â, 
and F=233.20(12) Â3. The X-ray density is 13.808(2) g cm -3 . The present study of growing TasBô crystals is the 
first single crystal growth study of a V5B6 type crystal. 

T h e t ransi t ion metal b inary borides have several 
u n i q u e chemical and physical properties, which are of 
great impor tance in many cases from technological 
appl ica t ions . A m o n g their attractive propert ies are 
h i g h mel t ing points , chemical stability, h igh electrical 
and thermal conductivity, h igh hardness and h igh 
mechanical toughness.1* 

Previously, the propert ies of most borides have been 
studied on polycrystall ine specimens. T h e need for 
precise data have led to an increased interest in the 
prepara t ion of single crystals of these materials. 
P repara t ion of single crystals of the binary borides is 
fairly difficult because of their mel t ing poin ts and 
chemical stability. T h e simplest method of p repar ing 
single crystals of borides, in terms of growth tech­
nology at lower temperatures , is provided by the 
crystal g rowth from solut ion in metall ic melts.2) 

Several reports have been publ ished in recent years on 
the growth of single crystals of binary borides from 
metal l ic solut ions. For example , the prepara t ion of 
pure z i rconium and hafn ium diborides from copper, 
t in and lead melts has been studied.3) Single crystals of 
the incongruent ly me l t ing borides M02B5 and W2B5 
have been prepared from an a l u m i n i u m solution.4 ) We 
reported earlier the g rowth of single crystals of TiB2, 
ZrB2, HfB2 , VB, V3B4, VB2 , NbB 2 , T a B , TaB 2 , CrB, 
Cr3B4 , Cr2B3 , CrB2 , W2B5-*(WB2), and Mo2B5-*(MoB2) 
from an a lumin ium-f lux soaked at 1300—1550°C for 
1 — 10h. 5 _ 7 ) F rom the exper imenta l results of these 
reports it is appa ren t tha t a great n u m b e r of t ransi t ion 
metals react wi th boron in metall ic melts to form 
borides. 

In the t a n t a l u m - b o r o n system the intermediate 
phases Ta 2 B, Ta3B2 , T a B , Ta3B4, and T a B 2 have been 
reported.8»9) Recently we have prepared small crystals 
of T a B and T a B 2 from tan ta lum and boron powder as 
s tar t ing materials u s ing an a lumin ium-f lux tech­
nique.10* Fur ther detailed experiments on the T a - B 

system have led us to obtain a new binary metal boride, 
TaöBo in single crystalline form. In the present paper , 
we report the exper imental condi t ions for g rowing the 
new boride as well as its crystallographic data. 

Exper imental 

The synthesis of crystals was carried out in a resistance 
furnace equipped with a tantalum heating element. The 
starting materials were tantalum metal powder (particle size, 
—325 mesh: purity, 99.9%), crystalline boron (particle size, 
— 115 mesh: purity, 99.5%) and aluminium metal chips 
(purity, 99.995%). The starting materials were placed in an 
alumina crucible (purity, 99.8%) and heated at a rate of 
300 o Ch _ 1 up to a temperature of 1650 °C in an argon 
atmosphere. After the specimen was kept at this temperature 
for 5 h and cooled to 1000 °C at a rate of 25 °C h_1, it was 
cooled to room temperature by switching off the electric 
power of the furnace. After cooling, the as-grown crystals in 
the reaction mixtures were separated from the solidified 
matrix by dissolving the excess metal in 6 mol dm - 3 

hydrochloric acid for about 5 days. The experimental 
conditions for each run as well as the crystalline phases 
obtained are shown in Table 1. The crystalline phases and 
the unit cell dimensions were examined using a powder X-
ray diffractometer (Rigaku Denki Co., Ltd., RU-200) with 
monochromatic Cu Ka radiation (wavelength A=1.541743 Â) 
or an XDC 1000 Guinier-Hägg foucusing X-ray powder 
diffraction camera with strictly monochromatic Cuira i 
radiation (wavelength A= 1.5405981 Â) and semiconductor 
grade silicon (purity, 99.9999%, a=5.431065Â) as internal 
calibration standard.n) The Guinier-Hägg film was used 
for measuring X-ray diffraction intensities, which was 
performed with a Line Scanner (Model LS-18).12) The 
relative amounts of the product phases can be assumed to be 
proportional to the relative intensities of the phases 
disregarding absorption and possibly preferred orientation 
effects.13) The non-overlapping diffraction lines I221 (TaB), 
I150 (TaôBô), Ii2i(Ta3B4), and Iioi(TaB2) were selected for 
calculation of the relative intensities. The relative intensity 
of a phase is defined as 
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Table 1. Preparation Conditions of TasBô Crystals from Molten 
Aluminium Solution, Soaked at 1650°C for 5 h 

Composition of starting material 
R u n ' (atomic ratio) p h a s e s i d e n t i f i e d 

1 1 1.10 100.60 TaB, Ta3B4, Ta5B6 

2 1 1.15 100.60 TaB, Ta3B4, Ta5B6 

3 1 1.20 100.60 Ta3B4, Ta5B6, TaB 
4 1 1.25 100.60 Ta3B4, Ta5B6, TaB 
5 1 1.30 100.60 Ta3B4, Ta5B6, TaB, TaB2 

6 1 1.35 100.60 Ta3B4, TaB2, Ta5B6 

7 1 1.40 100.60 Ta3B4, TaB2, Ta5B6 

8 1 1.20 3.35 TaB, Ta5B6, Ta3B4 

9 1 1.20 8.38 Ta5B6, TaB, Ta3B4 

10 1 1.20 16.77 Ta5B6, Ta3B4, TaB 
11 1 1.20 50.30 Ta3B4, Ta5B6, TaB 
12 1 1.20 100.60 Ta3B4, Ta5B6, TaB 
13 1 1.20 217.96 Ta3B4, TaB, TaB2, Ta5B6 

The starting materials for Run Nos. 1 to 7 consist of 2.00 g Ta, 0.13 to 0.17 g Boron and 30.0 g Al, the starting 
materials for Run Nos. 8 to 13 consist of 2.00 g Ta, 0.14 g Boron and 1.0 to 65.0 g Al. 

Ji(rel.) = / i / E / j 
j = i 

where i, j=TaB, TasBe, Ta3B4, and TaB2. 
Some crystals were examined to collect data on crystal 

plane orientations or other crystal data using Weissenberg, 
oscillation and precession cameras, and a four-circle type 
automatic diffractometer (Rigaku Denki Co., Ltd., AFC-6), 
equipped with a graphite monochrometer using Mo Ka 
radiation (wavelength A=0.710678 Â). Binocular microscope 
and scanning electron microscope (SEM)(JEOL, JSM-840) 
were used for morphological investigations. The alumi­
num content of the crystals was analyzed using an electron 
probe microanalyzer (EPMA)QEOL, JSM-35C). The X-ray 
density was determined using the results of the unit cell 
dimension measurements and the assumption that TasBô is 
iso-structural with V5B6. 

Results and Discussion 

Conditions of Synthesis for TasBß Crystals. T h e 
synthesis was performed under constant condi t ions of 
hea t ing rate 300 ° C h - 1 , soaking temperature 1650 °C, 
soaking t ime 5 h, cool ing rate 25 ° C h _ 1 and an a tomic 
ra t io A l / T a =100.60. T h e a tomic rat io B / T a in the 
start ing material was varied from 1.10 to 1.40 (Run No. 
1 to 7). T h e a m o u n t of t an ta lum in the start ing 
material was fixed at 2 g th roughou t all the experi­
ments . T h e crystalline phases obtained were identified 
by X-ray powder diffraction. T h e results are listed in 
Tab le 1, and typical X-ray diffraction patterns are 
shown in Fig. 1. As seen from Tab le 1 a n d Fig. 1, four 
kinds of t an ta lum borides, i.e., TaB , the new phase 
TaoBô, Ta3B4, and TaB2 were formed, while crystals of 
Ta 2 B, Ta 3B 2 , A1B2,

14) a-AlBi2,15 '16) /3-AlBi2,
14> y-AlBi2,

17> 
and TaöAhBjt18* were no t detected by powder X-ray 
diffraction. T h e variat ion of the a tomic ratio of the 
s tar t ing materials gave different product phases. Wi th 
increased boron concentration, more boron-rich phases 

are formed. T h e desired TasBô crystals were invariably 
obta ined as a phase mix ture for all a tomic ratios B / T a 
in the start ing material (Run No. 1 to 7). However, the 
relative X-ray intensity of formed TasBô became 
remarkably large for B /Ta=1 .20 to B/Ta=1 .30 . From 
T a b l e 1 ( R u n No. 1 to 7), it is evident that the most 
favorable a tomic rat io B / T a for ob ta in ing TasBô 
crystals is 1.20. 

T h e influence of the a m o u n t of mol ten a l u m i n i u m 
used in the crystal g rowth of TasBô was studied under 
constant condi t ions of soaking temperature 1650 °C, 
soaking t ime 5 h and already established a tomic rat io 
of the s tar t ing materials B /Ta=1 .20 . T h e results of the 
powder X-ray analysis of the product specimens are 
presented in Tab le 1 (Run No. 8 to 13) and Fig. 2. In 
all experiments on influence of the a m o u n t of 
a l u m i n i u m solut ion, TasBô crystals were obtained as a 
phase mix ture together wi th crystals of T a B and Ta3B4 
or T a B 2 for A l / T a = 3 . 3 5 to 217.96. When start ing 
materials wi th the a tomic rat io of A l /Ta=8 .38 were 
used, the TasBô phase shows the strongest relative X-
ray intensity. However, from start ing materials 
conta in ing a very small a m o u n t of a l u m i n i u m 
(Al /Ta=3 .35) (Run No. 8) and from those con ta in ing 
larger a m o u n t of a l u m i n i u m (Al/Ta>16.77) (Run No. 
10 to 13), only small amoun t s of TasBô crystals were 
obtained. 

It is clear from the above results that for all B / T a 
and A l / T a a tomic ratios of the start ing materials, 
TaoBô crystals were obtained as a phase mixture 
together w i th crystals of T a B and Ta3B4 or TaB 2 . T h e 
relative X-ray intensity of formed TasBô became 
remarkably large for soaking temperature 1650 °C, 
soaking t ime 5 h, and the a tomic ratios of the start ing 
materials: B / T a = 1 . 2 and Al /Ta=8 .38 . 

TaoBô crystals were deposited in substantial q u a n ­
tities on the wall and bo t tom of the a lumina crucible. 
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B / T a = l . l 

J 4 e 

» cP le 
^ . 

B/Ta=1.2 

fe&JS&U 

B/Ta=1.4 

• 

lAjlgJ^l 
10 20 30 40 

20 ( ° ) CuKa 
50 60 

Fig. 1. Powder X-ray patterns (diffractometer data, 
Cu Ka radiation) of the products obtained from 
several starting materials with various compositions. 
The atomic ratio Al/Ta of the starting materials is 
fixed at 100.60. The starting materials are heated at 
1650°C for 5 h. (©) Ta5B6, (O) TaB, (0) Ta3B4, (•) 
TaB2, (a) a-Al203. 

This was because the crystals sank in the alumi­
num solution due to the difference in density between 
Ta5B6 (dcaic=13.808gcm-3) and aluminum (d20= 
2.6989 g cm-3).19> A SEM photograph of the Ta5B6 

crystals obtained is shown in Fig. 3. The shape of the 
TaoBô crystals was mostly irregular, though there were 
trapezoidally shaped crystals, enclosed by two large 
{010} planes. TasBô crystals had a grey color and 
metallic luster. The largest crystals prepared had 
maximum dimensions of about 0.12 mmX0.13 mmX 
0.23 mm. Although the TasBô crystals were not 
analysed chemically, the electron microprobe analysis 
showed that the aluminium concentration in the 
crystals is generally below the detection limit (<0.05% 
Al). Occasionally, however, higher values were 
registered. They were shown to originate in small 
closed pores containing aluminium or in minute 
fragments of AI2O3 (from the crucible) adhering to the 
crystal surface. Accordingly, the solid solubility of 

c 
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Fig. 2. Relative X-ray intensity of each phase in the 
products obtained from several starting materials 
with various aluminium contents. The atomic ratio 
B/Ta is fixed at 1.2. The starting materials are heated 
at 1650°Cfor 5h. 

aluminium in TasBô could be negligible. In addition 
to aluminium, only traces of iron and silicon were 
detected, which suggests that the crystals were very 
pure. The EPMA technique was also used to measure 
the distribution of tantalum and boron on the surface 
of the crystals obtained by varying the atomic ratio of 
the starting materials (B/Ta, Al/Ta), soaking tem­
perature, and soaking time. From these examinations 
it can be concluded that the distribution of Ta and B in 
the crystal surface is homogeneous. 

Characterization of the Single Crystals. The TasBô 
crystals obtained were examined in Weissenberg and 
precession cameras. A crystal of the size, 0.08 mmX 
0.09mmX0.13 mm, was selected for single-crystal X-
ray diffraction analysis. An oscillation photograph 
taken with the c axis as rotation axis displayed mirror 
symmetry perpendicular to the rotation axis. The 
Weissenberg (zero and first layer) and oscillation 
photographs showed that the symmetry is ortho-
rhombic. The approximate cell dimensions were 
found to be a=3.17 Â, 6=22.65 Â, and <:=3.29 A. The 
observed systematic extinctions were: 

hkl : h + k = 2n 

hkO : h + k = 2n 

h00:h = 2n 

0&0 : k = 2n 

The presented extinction conditions and the sym­
metry observed lead to the possible space groups 
Crara2, Cra2ra, C222, and Cmmm.20) A precession 
photograph of the a*-b* plane was taken using Cu K 
radiation and //=25° (Fig. 4). The photograph shows 
that the crystal has no satellites or intergrown phases. 
The basic crystal data are collected in Table 2. The 
unit cell dimensions presented in the Table were 
obtained from Guinier-Hägg X-ray powder diffrac-
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Fig. 3. Scanning electron microphotograph of TasBe 
single crystals. 

Tb* 
Table 2. Crystal Data of TasBô Single Crystal 

Formula unit 
Crystal system 
a/k 
b/k 
c/k 
V/k? 
Space group 

dx-ray/g C m " 3 

Z 

Ta5B6 

Orthorhombic 
3.1385(10) 

22.609(7) 
3.2865(8) 

233.20(12) 
Cmm2 or Cm2m or C222 or 

Cmmm 
13.808(2) 
2 

reported at the 32nd I U P A C Congress.23) It showed 
that TaoBô is iso-structural wi th V5B6 as anticipated. A 
complete descript ion of the structure refinement will 
be publ i shed shortly.24) T h e present study of the new 
c o m p o u n d , TasBô is the first crystal growth study of a 
material crystallizing in the VoBô-type structure. 

Fig. 4. A precession photograph of a TasBô single 
crystal, c axis, zero-level, ix—25°; CuK, Ni filter. 

T h e financial suppor t of the Swedish Natura l 
Science Counci l and the Research Counci l of the 
Swedish Board for Technical Development. 

t ion films.21) 

T h e cell dimensions presented are in good agreement 
wi th those obtained by us ing a four-circle single 
crystal diffractometer. G u i n i e r - H ä g g X-ray diffrac­
t ion intensities for TasBô are presented in Tab le 3 
together wi th observed and calculated in terplanar 
spacings (dobs and dcaic, respectively). T h e diffraction 
data for TasBe are very similar to those reported for 
V5B6 (Space g r o u p Ammm, a=3.058Â, 6=21.25 Â, 
c=2.974 Â.22) A complete structure determinat ion and 
refinement of TasBô has been carried ou t and was 
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Table 3. Powder X-Ray Diffraction Data of TasBô 

h k l 
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0 6 0 
0 0 1 
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1 1 0 
1 3 0 
0 4 1 
0 8 0 
1 5 0 
0 6 1 
0 10 0 
1 1 1 
1 7 0 
1 3 1 
0 8 1 
1 5 1 
1 9 0 
0 12 0 
0 10 1 
1 7 1 
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1 9 1 
0 0 2 
0 12 1 
0 2 2 
0 14 0 
0 4 2 
2 0 0 
2 2 0 
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1 13 0 ' 
2 4 0 
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1 1 2 
0 14 K 
2 6 0 ' 
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2 0 1 
0 16 0 
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15 
12 
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1.173 
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1.130 

1.125 
1.116 

1.113 
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85.0 
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8.0 
8.1 

17.7 
— 

29.0 
55.8 
4.9 
— 

50.6 
4.8 

7.1 

4.0 
9.0 

2.9 

6) S. Okada, T. Atoda, I. Higashi, and Y. Takahashi, / . 
Mater. Science, 22, 2993 (1987). 

7) S. Okada, T. Atoda, and I. Higashi, / . Solid State 
Chem., 68, 61 (1987). 

8) J. M. Leitnaker, M. G. Bowman, and P. W. Gilles, / . 
Electrochem. Soc, 108, 568 (1961). 

9) G. V. Samsonov and I. M. Vinitskii, "Handbook of 
Refractory Compounds," IFI/Plenum, New York (1980), p. 
5. 

10) S. Okada, T. Atoda, and Y. Takahashi, Nippon 
Kagaku Kaishi, 1985, 1535. 

11) R. D. Deslattes and A. Henins, Phys. Rev. Lett, 31, 972 
(1973). 

12) K. E. Johanson, T. Palm, and P.-E. Werner, / . Phys. 
£.,13, 1289(1980). 

13) S. Okada, T. Atoda, I. Higashi, and Y. Takahashi, / . 
Less-Common Metals, 113, 331 (1985). 

14) J. A. Kohn and D. W. Eckart, Anal. Chem., 32, 296 
(1960). 

15) T. Ito, I. Higashi, and T. Sakurai, / . Solid State Chem., 
28, 171 (1979). 

16) I. Higashi, T. Sakurai, and T. Atoda, / . Solid State 
Chem., 20, 67 (1977). 

17) I. Higashi, / . Solid State Chem., 47, 333 (1983). 
18) H. Holleck, Monatsh. Chem., 95, 552 (1964). 
19) Iwanami Shoten, "Rikagaku Jiten," 3rd ed., (1976), p. 

55. 
20) International Tables for Crystallography. Vol. A. ed 

by T. Halm and D. Reidel, Dordrecht, Holland (1983). 
21) S. Andersson and B. Callmer, / . Solid State Chem., 10, 

219(1974). 
22) K. E. Spear and P. W. Gilles, High Temp. Sei., 1, 86 

(1969). 
23) H. Bolmgren, T. Lundström, S. Okada, L.-E. Tergenius, 

and I. Higashi, Contribution to the 32nd IUPAC Congress, 
Augast 2—7, Stockholm, 1989. 

24) H. Bolmgren, T. Lundström, S. Okada, L.-E. Tergenius, 
and I. Higashi, / . Less-Common Metals, in press. 



692 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 61 692—696 (1990) [Vol. 63, No. 3 

Divalent Metal Ion-Mediated Phosphodiester Bond Formation from 
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Model Reaction for Nucleotidyl Transfer 
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Some divalent metal ions mediated in phosphodiester bond formation from adenosione-5'-phosphor-
imidazolide (ImpA) and glycolic acid or lactic acid giving glycolyl adenylate or lactyl adenylate. The effect of 
divalent metal ions on this reaction was in the order: P b 2 + > N i 2 + > C o 2 + > Z n 2 + > C u 2 + > M n 2 + > C a 2 + > M g 2 + > 
none>Hg2 + . The metal ions promoted the reaction orienting the substrates and increasing the nucleophilicity 
of the hydroxy group of «-hydroxy acid by coordination. On the other hand, very little or no phosphodiester 
bond formation took place from ImpA and 3-hydroxypropionic acid or 4-hydroxybutyric acid in the presence of 
metal ions. 

Nucleotidyl and phospha te transfer reactions play 
key roles in biological systems such as bioenergy 
metabol i sm and biosynthesis. T h e enzymes which 
catalyze these reactions require divalent metal ions 
such as Mg2+, Mn2+, or Zn2+ for their activity. l ) T h e 
role of divalent metal ions in enzymatic activity has 
been of considerable interest. It has been postulated 
that metal ions work as; (i) a k ind of template for the 
precise a l ignment of substrates in to enzymic catalytic 
site, (ii) a factor in p r o m o t i n g the nucleophil ici ty of 
the hydroxyl g roup of the substrate by coordinat ion, 
and (iii) a factor in the charge neutra l izat ion of the 
phospha te group. x ) Several nonenzymatic model 
reactions have been performed by us ing divalent metal 
ions to study the catalytic role of divalent metal ions in 
enzymatic phosphory l transfer reactions. Cooperman 
and his research g r o u p reported that Zn2+ ion catalyzes 
the phosphoryl transfer from phosphoryl- imidazole 
(PIm) to pyridine-2-carbaldehyde oximate (PCA) 
an ion via the formation of a PCA-Zn 2 +-PIm ternary 
complex.2 ) Fur ther S igman and his g roup found that 
Zn2+ ion catalyzes the phosphory la t ion of 2-hydroxy-
methyl - l ,10-phenanthrol ine by A T P th rough the 
formation of a reactive ternary complex which favors 
the phospha t e transfer.3) O n the other hand , 
Lowenstein and his g r o u p stated that the transfer of 
the phosphory l g r o u p from A T P to acetate and 
inorgan ic phospha te is catalyzed by divalent metal 
ions.4) Recently nonenzymatic phosphory la t ion of 
peptides in the hydroxyl g roup of tyrosine and serine 
by A T P has also been reported.5) T h e phosphoryl 
transfer reaction is catalyzed by Mn2+ ion b u t no t by 
Mg 2 + ion in neut ra l aqueous solut ion. In these 
reactions, divalent metal ions increase the rate of 
phospha t e transfer to a greater extent than that of the 
hydrolysis of P I m or A T P . 

Very little has been reported about metal ion-
catalyzed nucleotidyl transfer reactions. Previously we 
showed that metal ions such as Zn2+, Pb 2 + , and U 0 2 2 + 

catalyze the condensat ion of I m p A in aqueous 

solution to form oligoadenylic acids.6»7) We postulated 
that metal ions served as a template or ient ing ImpA by 
coordinat ion and enhanced the nucleophil ici ty of the 
2 ' - or 3 '-hydroxyl g roup of ImpA, thereby facilitating 
the adenylyl g roup transfer to form an internucleotide 
l inkage. In this paper I further examined the effects of 
the metal ions on adenylyl g r o u p transfer from ImpA 
to hydroxyl g r o u p of glycolic acid or lactic acid in 
neutral aqueous solution. 

Experimental 

Materials: Adenosine-5'-phosphorimidazolide (ImpA) was 
prepared by modifying the published procedure.® N-
Ethylmorpholine, from Tokyo Kasei, was distilled before 
use. Other reagents were obtained commercially and used 
without further purification. 

Standard Procedure for the Reaction of ImpA with 
Hydroxy Acid: A reaction mixture containing ImpA 
(25 mM; 1 M=l mol dm - 3), glycolic acid (50 mM), and metal 
chloride or metal nitrate (25 mM) in a 0.2 M iV-ethyl-
morpholine buffer (pH 7.0 or 8.0) (0.1 ml) was kept at 25 °C. 
When the reaction was carried out at pH 5.0, 6.0, and 9.0, no 
buffer was used and the pH value of the reaction mixture was 
adjusted with 0.1 M NaOH or 0.1 M HCl solution through a 
microcapillary tube. The solutions were withdrawn after 1 — 
10 d and treated with 20 ul of 0.25 M EDTA or Versenol 
solution to break down the nucleotide-metal complex. The 
reaction mixtures were then subjected to analysis by high 
performance liquid chromatography (HPLC). 

The reactions of ImpA with lactic acid, 3-hydroxypro­
pionic acid or 4-hydroxybutyric acid were carried out in the 
same way as described above, and the samples were analyzed 
by HPLC. 

The reaction of ImpA (25 mM) with methanol (50 mM) 
was performed in the presence of zinc chloride or lead(II) 
nitrate (25 mM) in 0.2 M iV-ethylmorpholine buffer (pH 7.0) 
(0.1 ml) at room temperature. This reaction was also done in 
the presence of sodium acetate (50 mM) to examine the effect 
of carboxyl group on the phosphodiester bond formation. 

High Performance Liquid Chromatography: HPLC was 
performed using a Hitachi 638 equipped with a RPC-5 
column9 (4 mmX25 cm). The elution was carried out with a 
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linear gradient of NaClC>4 solution (0—2 mM) buffered with 
2 mM Tris-acetate (pH 7.5) and 0.1 mM EDTA in 20 min at 
a flow rate of 1.0 ml min - 1 . The eluate was monitored by UV 
absorption at 260 nm. Yields were calculated from peak 
integrals of the reaction products on the HPLC chromato-
grams. No correction for hypochromicity of each compound 
was done in the calculation. 

Characterization of the Products: The products were 
identified by comparing the HPLC chromatogram with that 
of the authentic samples. Glycolyl adenlate was isolated 
from the reaction mixture of ImpA (25 mM), glycolic acid 
(50 mM), and lead(II) nitrate in 0.2 M Af-ethylmorpholine 
buffer (pH 7.0) (5 ml) after 2 d at 23 °C. The mixture was 
treated with 0.25 M EDTA solution and subjected to QAE-
Sephadex A-25 column chromatography with a linear 
gradient elution consisting of triethylammonium hydrogen-
carbonate buffer (pH 7.5) [0.0 M (500 ml)—0.5 M (500 ml)]. 
The appropriate UV absorbing fractions were collected and 
lyophilized. The isolated yield was 77% based on the starting 
ImpA. The structure of GA-pA was confirmed by NMR and 
IR. iH NMR in D 20; 0=8.46 (1H, 8-H), 8.20 (1H, 2-H), 6.15 
/=5 .4Hz (IH, l'-H), 4.33 (2H, 5'-H), 4.21 (2H, HOOC-
CH2-). IR (KBr); 1070, 1403, 1600. Ru 0.45 in TLC with 
2-propanol-concd NH3 a q - H 2 0 (7:1:2) on a Merck cel­
lulose F TLC plate. 

Isolation and identification of lactyl adenylate (LA-pA) 
were carried out by the same procedure employed for those of 
glycolyl adenylate. 1U NMR in D20; 0=8.50 (IH, 8-H), 8.18 
(IH, 2-H) 6.10 /=6.0 Hz (IH, l'-H), 1.55 7=7.0 Hz (3H, 
-CH3). 

Authentic 3-hydroxypropionyl adenylate (HA-pA) was 
prepared by modification of the method described by 
Chang.10) Condensation of pA with benzyl 3-hydroxypro-
pionate in dry pyridine using dicyclohexylcarbodiimide as a 
condensing agent yielded the protected HP-pA, which was 
subjected to hydrogenolysis on Pd-carbon under the atmos­
pheric pressure of hydrogen gave HA-pA. Rf. 0.59 in TLC 
with 2-propanol-concd NH3 a q - H 2 0 (7:1:2) on a Merck 
cellulose F TLC plate. 

Authentic methyl adenylate was prepared from pA and 
methanol using l-ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide as a condensing agent.8) Rf. 0.68 in TLC with 2-
propanol-concd NH3 a q - H 2 0 (7:1:2) on a Merck cellulose F 
TLC plate. 

Results and Discussion 

T h e reaction of I m p A with glycolic acid was 
performed in aqueous solut ion in the presence of 
divalent metal ions. T h e reaction mix ture was 
homogeneous wi th Ca2+, Mg2+, Co2+, Ni2+, or Mn2+ 
ions, whi le the use of Pb 2 + , Zn2+, Hg2+, or Cu2+ ions 
induced precipi ta t ion. GA-pA and pA were formed 
a long wi th small amoun t s of diadenosine pyrophos­
pha te (AppA) and oligoadenylates ((pA)„). ImpA 
disappeared as the reaction progressed. Typical 
H P L C profiles of the reaction mixture , where Pb2+ 
and Zn2+ ions were used, are shown in Fig. 1. T h e 
H P L C profile of the control experiment, in which no 
divalent metal ion was present, is also shown in Fig. 1. 
Tab le 1 lists the yield data of the reaction of ImpA 

10 
Time/ min 

10 15 
Time/mi n 

(c) 

10 
Time/min 

Fig. 1. HPLC profiles of the reaction mixture of 
ImpA and glycolic acid, (a) The lead(II) ion-mediated 
GA-pA formation from ImpA and glycolic acid at 
room temperature for 8 h. (b) The zinc ion-mediated 
GA-pA formation from ImpA with glycolic acid at 
room temperature for 7 d. (c) The reaction of ImpA 
with glycolic acid in the absence of divalent metal ion 
at room temperature for 7 d. 



694 Hiroaki SAWAI [Vol. 63, No. 3 

wi th glycolic acid. Metal ions such as Pb2+, Ni2+, 
Co2+, and Zn2+ enhanced the GA-pA formation. T h e 
rat io of the yield of GA-pA to that of pA roughly 
expresses the selectivity of adenylyl g roup transfer to 

Fig. 2. Effect of pH on GA-pA formation. Selectivity 
of GA-pA formation, the ratio of yield of GA-pA to 
that of pA, is shown in the ordinate. A reaction in the 
presence of Pb(NOa)2 or ZnCl2 was carried out at 
28 °C for 8 h and 1 d for the reaction below 8.0 and 
9.0, respectively. Reactions without metal ions were 
carried out at 23 °C for 1 d and 10 d, for the raction 
below 7.0 and 9.0, respectively. 

the hydrolysis of ImpA. Pb2+ demonstrated the 
highest activity and increased the rat io by 150—300 
fold compared to the control reaction in which 
divalent metal ion was omitted. T h e effect of the metal 
ions on the reaction was in the following order; 
P b 2 + > N i 2 + > C o 2 + > Z n 2 + > C u 2 + > M n 2 + > C a 2 + > M g 2 + > 
none>Hg 2 +. T h e order is the same as that of metal 
ion-catalyzed oligoadenylate synthesis from ImpA,6 ) 

except for the Zn2+, Mn2+, and Cu2+ ions. T h e 
similarity of metal ion dependency suggests that the 
metal ions have ana logous roles in bo th of the 
reactions. T h e effect of the p H of the reaction med ium 
on the GA-pA format ion is shown in Fig. 2. T h e 
efficiency of the phosphodiester bond formation was 
o p t i m u m at p H 7.0 wi th Pb2+ ions, and at p H 8.0 wi th 
Zn2+ ions. 

Similarly, metal ions such as Pb2+, Ni2+, Co 2 + , and 
Zn2+ promoted the phosphodiester bond formation 
from ImpA and lactic acid giving lactyl adenylate (LA-
pA). Tab le 2 shows the yield data of LA-pA 
formation. T h e yields of LA-pA were lower than that 
of GA-pA, due to the steric effect of the methyl g roup 
on lactic acid. 

Very little or n o phosphodies ter bond formation 
took place from ImpA wi th 3-hydroxypropionic acid 
or 4-hydroxybutyric acid in the presence of metal ions 
as shown in Tab le 3. T h e divalent metal ion also did 

Table 1. Yields of Products from the Reaction of ImpA with Glycolic Acid 

Time 

8 h 
8 h 

7 d 
7 d 
7 d 
7 d 
7 d 
7 d 
7 d 
7 d 

Metal salt 

Pb(N03)2 

ZnCl2 

ZnCl2 

NiCl2 

C0CI2 
CuCh 
MnCl2 

CaCl2 

MgCl2 

None 

GA-pA 

74.5 
31.2 

45.6 
52.7 
45.7 
22.2 
8.5 
1.6 
1.3 
1.2 

pA 

18.6 
29.8 

43.1 
26.6 
39.4 
71.5 
52.6 
70.9 
77.0 
88.5 

Yield/% 

AppA 

2.3 
2.4 

3.0 
1.9 
5.3 
2.3 

23.0 
13.7 
12.0 
3.5 

(pA)„ 

3.1 
4.0 

6.8 
1.3 
4.2 
2.8 
8.8 
2.9 
1.4 
0.7 

ImpA 

1.5 
32.6 

1.5 
17.6 
5.3 
1.2 
7.1 

10.9 
8.3 
6.1 

Selectivity 
[GA-PA]/[pA] 

4.01 
1.05 

1.06 
1.98 
1.16 
0.31 
0.16 
0.02 
0.02 
0.01 

Reactions were run at 23 °C and pH 7.5. 
used. 

25 mM ImpA, 50 mM glycolic acid, and 25 mM metal chloride were 

Table 2. Yields of Products from the Reaction of ImpA with Lactic Acid 

Time 

1 d 
1 d 
1 d 

7 d 
7 d 
7 d 
7 d 

Metal chloride 

Pb(N03)2 

ZnCl2 

CuCl2 

NiCl2 

CoCl2 

MgCl 
None 

LA-pA 

37.1 
7.4 
8.7 

7.9 
8.2 
0.4 
0.4 

pA 

40.8 
59.9 
77.2 

53.1 
60.1 
77.7 
86.5 

Yield/% 

AppA 

2.1 
3.9 
5.3 

3.3 
6.7 

12.0 
3.2 

(pA)„ 

17.1 
10.9 
2.8 

2.8 
14.1 
1.7 
1.6 

ImpA 

2.9 
17.9 
6.0 

32.8 
10.9 
7.9 
8.3 

Selectivity 
[LA-pA]/[pA] 

0.1 
0.12 
0.11 

0.15 
0.14 
0.005 
0.005 

Reactions were run at 23 °C and pH 7.5. 25 mM ImpA, 50 mM lactic acid, and 25 mM metal chloride were used. 
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Table 3. Yields of Products from the Reaction of ImpA with 3-Hydroxypropionic 
Acid or 4-Hydroxybutyric Acid 

Time Metal chloride 

3-Hydroxypropionic Acid 
1 d 
7 d 
7 d 
7 d 

Pb(N03)2 

ZnCl2 

MgCl2 

None 

4-Hydroxybutyric Acid 
1 d 
7 d 
7 d 

Pb(N03)2 

ZnCl2 

None 

HA-pA 

3.6 
1.4 
tr 
tr 

3.5 
0.5 
tr 

PA 

42.6 
73.2 
73.1 
87.5 

50.3 
72.7 
88.6 

Yield/% 

AppA 

2.5 
3.1 

18.3 
3.6 

2.8 
4.3 
4.0 

(pA)„ 

45.2 
19.2 
0.7 
1.1 

41.9 
20.7 
2.0 

mpA 

6.1 
3.1 
7.9 
7.8 

1.5 
2.2 
5.2 

Reactions were run at 23 °C and pH 7.0. 25 mM ImpA, 50 raM hydroxyacid, and 25 mM metal chloride were 
used. 

HAT 

ln r f -0 > aA 

^T A 

/CH2)n 
CH2 Ç=0 

Chart 3. 

Chart 1. Proposed scheme for metal ion-mediated 
internucleotide linkage formation. 

P 
H-}tX P-

v\0 

-0^-CRH-0-^0-ioyA 

HOOH 

Chart 2. Proposed scheme for metal ion-mediated 
GA-pA formation. 

no t mediate methyl adenylate formation from ImpA 
and methano l in neutral aqueous solution. 

These results suggest that GA-pA is formed via a 
ternary complex composed of glycolic acid, ImpA and 
metal ions. Metal ion orients the ImpA and glycolic 
acid, thereby facil i tating the adenylyl g roup transfer. 
Glycolic acid coordinates wi th the metal ions such as 
Pb2+, Ni2+, Co2+, and Zn2+ wi th its carboxyl and 
hydroxyl groups forming five-membered chelate r ing. 
T h e chelat ion wi th carboxyl g roup can promote the 
coordina t ion and depro tonat ion of hydroxyl g roup of 
«-hydroxy acid. T h e metal ions, therefore, increase the 
nucleophi l ic i ty of the hydroxyl g r o u p of glycolic acid. 
T h e hydroxyl g roup activation involved in the five 
membered chelate r ing formation is also possible in 
the case of lactic acid. 

O n the other hand, in the case of 3-hydroxypropionic 

acid or 4-hydroxybutyric acid, metal ions could no t 
make a proper or ientat ion of the reaction site to 
activate the hydroxyl g roup favorable for phospho­
diester b o n d formation, since six or seven-membered 
chelate r ings as in chart 3 are unlikely. T h e chelate 
effect can account to the stability constants of metal 
complexes. It has been established that five-membered 
chelate r ings are more stable than comparable six-
membered r ings , p rovid ing no resonance effects are 
involved.11* The re are few complexes k n o w n wi th 
seven-membered chelate r ings. T h e weak coordinat ing 
ability of hydroxyl g roup could make impossible the 
six-membered chelate r ing. T h e impor tance of the 
hydroxyl activation by the metal-chelate for the 
phosphodies ter b o n d formation was also indicated by 
the fact that n o methyl adenylate was obtained from 
I m p A and me thano l in neut ra l aqueous solut ion in 
the presence of lead(II) nitrate or zinc chloride. 

A n u m b e r of enzymes catalyzing phosphory l or 
nucleotidyl g roup transfer require Zn2+ for their 
activity.1* O n e possible role for Zn2+ in the catalytic 
reaction is in coord ina t ing and p r o m o t i n g the 
nucleophi l ic i ty of the substrate and securing the 
proper or ienta t ion of enzyme and the substrate. T h e 
Zn2+ ion in the enzymatic reactions plays a comparable 
mechanis t ic role to the metal ions in the adenylyl 
g roup transfer from ImpA to hydroxyl g roup of G A 
and from the ImpA to 2 '- or 3'-hydroxyl g roup of 
another ImpA.6 ) T h e Zn2+ ion can be removed from 
some of the zinc enzymes which catalyze the transfer of 
phosphates and nucleotides. Replacement of Zn2+ by 
divalent metal ions such as Co2+ is possible, a l though 
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the catalytic activities wil l be more or less lost.12) 

Pb 2 + , Ni2+, Co2+, and Zn2+ were h igh ly active in the 
non-enzymatic adenylyl transfer reactions. A m o n g the 
metal ions we studied, P b 2 + showed the highest 
activity. Th i s ion presumably increases the nucleo-
phil ici ty of the hydroxyl g r o u p of the substrate more 
efficiently than any other metal ions. 

T h i s work was part ial ly suppor ted by Grant- in-Aid 
for Scientific Research No. 63470076 from the Ministry 
of Educat ion, Science and Cul ture . 
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Thermodynamics and Kinetics of Propidium Binding 
to Poly(A) • Poly(U) in Aqueous Solution 

Naoki SUGIMOTO,* Nor iko MONDEN, and Muneo SASAKI 

Department of Chemistry, Faculty of Science, Konan University, 8-9-1 Okamoto, Higashinada-ku, Kobe 658 
(Received September 2, 1989) 

The propidium binding to poly(A)-poly(U) has been investigated thermodynamically and kinetically in 
buffers containing different concentrations of NaCl at various temperatures. Free propidium had an absorption 
maximum at 493 nm, and this shifted to about 530 nm for propidium fully bound to poly(A)-poly(U) in all 
solutions. The association constant for the reaction was 1.42X106mol_1 dm3 at 2.02X10~2mol dm - 3 of Na+ 

concentration, and about 26 times larger than that at 1.02 mol dm - 3 Na+. The dependence of the association 
constants indicated the enthalpies for the reaction at the low and high Na+ concentrations were 39.8 and 
—8.3 kj mol -1 , respectively. The entropies were 251 and 63 J K_1 mol -1 , respectively. These thermodynamical 
results suggested that the association reaction of propidium to poly(A)-poly(U) may play different behaviors at 
the low and high salt concentrations. Kinetic results by a micro stopped-flow method indicated that the 
propidium binding to poly(A)-poly(U) was a single step at the low Na+ concentration, while at the high Na+ 

concentration it consisted of two steps which contained the slow unimolecular process after the binding step. 

Recently the reactions of drugs b i n d i n g to DNA's 
have been extensively studied in a different concentra­
tion of a salt. Breslauer and co-workers investigated 
the calorimetrically-drived characterization of the 
thermodynamics of e th id ium and p r o p i d i u m b ind ing 
to a series of DNA's.1} It was reported that the b i n d i n g 
constants of the drugs wi th synthetic and na tura l 
DNA's decreased wi th increasing the salt concentra­
tion. Wilson et al. w h o studied the react ion of 
p r o p i d i u m with poly- and oligodeoxyribonucleotides 
containing A - T base pairs showed the same dependence 
of the b ind ing constants on the salt concentration.2 '3 ) 

We also found the same tendency at the cases of 
actinomycin D,4) tetrakis(4-A^methylpyridyl)porphine,5) 

a n d azure B6) to DNA's . However, despite the im­
portance, little is examined about the salt dependence 
of the reaction of the drugs b ind ing to RNA's.7 ) 

In the present work, we have investigated thermo­
dynamics and kinetics of p r o p i d i u m (PD) b ind ing to 
poly (A), poly (U) in 10"2 mol d m - 3 N a 2 H P 0 4 , 10"4 mol 
d m - 3 Na2EDTA, p H 7.0 con ta in ing different con­
centrat ions of NaCl at various temperatures by us ing a 
spectrophotometr ic and a micro stopped-flow method. 
T h e results have been compared wi th those for 
e th id ium (ED) b ind ing to nucleic acids. It should be 
noted that P D is a dication con ta in ing a large, charged 
side chain, whi le ED is a monoca t ion hav ing a neut ra l 
side chain as shown in Fig. 1. 

Experimental 

Materials. Poly(A) • poly(U) and propidium diiodide were 

H2N^Q^Q-NH2 

j=r\ ( a ) R I : C 2 H 5 

V ^ (b) R2:(CH2)3N(C2H5)2CH3 

Fig. 1. The structures of (a) ethidium (ED) and (b) 
propidium (PD). 

obtained from Yamasa Shoyu Co. and Sigma Chemical Co., 
respectively. All solutions were prepared using a buffer 
consisting of 10~2moldm~3 Na2HPÜ4 and 10~4moldm~3 

Na2EDTA. Each buffer solution was adjusted to the desired 
final Na+ concentration by adding NaCl up to 1 mol dm - 3 

followed by readjustment of the pH to 7.0. The Na+ 
concentration was calculated as the sum of the concentra­
tions from NaCl, Na2HPÜ4, and Na2EDTA. The solutions 
of the nucleic acid were prepared and dialyzed against each 
buffer containing the desired concentration of the salt at 4 °C 
for 1—2 days. The propidium (PD) and poly(A)-poly(U) 
concentrations were determined spectrophotometrically 
using the following extinction coefficients; £493—5.90X103 

mol - 1 dm3 cm - 1 for PD1* and £260—6.34X103 mol - 1 dm3 cm - 1 

for poly(A)poly(U) listed in Yamasa's catalog No. 7078. 

Equilibrium Mesurements. Absorbance measurements 
in the UV-visible region were made on a Hitachi U-3200 
programable spectrophotometer. Wavelength scans were 
made in cells having a path length of 10 mm. Cell holders 
were thermostated by a Hitachi SPR-7 temperature con­
troller. In all experiments temperature was controlled 
within ±0.1 ° C 

The absorbance of PD obeyed the Beer-Lambert law at the 
concentration range used in the experiment (10~5—10~4 mol 
dm -3). The absorption change of the drug at 480 nm with 
increasing the concentration of poly(A)poly(U) was mea­
sured in each buffer to make a spectrophotometric titration. 
Following each addition of the nucleic acid, a time scan was 
made on the absorbance of the drug at the wavelength to 
confirm that the equilibrium was reached, and then the 
absorbance was recorded. The value of r which was defined 
as the average fraction of lattice binding sites of the nucleic 
acid occupied by the drug was calculated from the titration 
curve, finally being obtained an association constant of the 
drug with the nucleic acid in each solution. 

Kinetic Measurements. The kinetic experiments were 
performed on an Otuka Denshi RA-401 stopped-flow 
apparatus and a micro stopped-flow one (Wakenyaku Co.) 
interfaced to an NEC PC-9801-VX computer. Only 
1.7X10-5 dm3 of each sample solution was needed to measure 
each kinetic run on the micro stopped-flow apparatus. 

The rate of the association of PD with poly(A) poly(U) in 
2.02X10-2 and 1.02 mol dm"3 Na+ was determined by 
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monitoring the change of absorbance with time at 480 nm. 
In the experiments the initial concentration of the nucleic 
acid was always regulated to large excess over that of the 
drug, and temperature was kept at 25.0±0.1°C. The 
obtained kinetic runs were analyzed with nonlinear least-
squares fitting to single or double exponential curves. 

Results and Discussion 

Spectra and Association Constants at 25 °C. Free 
P D had an absorpt ion m a x i m u m at 493 n m at 25 °C, 
which shifted to about 530 n m for P D fully b o u n d to 
poly(A).poly(U) in solut ion. T h e spectral shapes at 
2.02X10 - 2 mol d m - 3 N a + were shown in Fig. 2, and the 

spectra were very similar at each temperature and in 
each solut ion con ta in ing a different N a + concentra­
tion. T h e absorbance of P D at 480 n m decreased wi th 
the increasing poly(A)-poly(U) concentrat ion, and the 
m i n i m a l absorbance was reached by about 1 0 - 3 m o l 
dm- 3 po ly (A) .po ly (U) . 

T h e results of the spectrophotometr ic t i trations at 
480 n m were converted to b ind ing isotherms. Typical 
plots at 2.02X10-2 and 1.20X10"1 mol d m " 3 Na+ were 
shown in Fig. 3. T h e data were analyzed wi th the 
theory for site-exclusion binding. 8 ) For this k ind of 
b inding , Eq. 1 is often used; 

r/b = K (1 - nr)n (1 - (n - ljr)1" (1) 

400 A 50 500 550 600 

Wavelength / nm 

Fig. 2. Spectrophotometric titration of PD with 
poly(A).poly(U) in 2.02X10"2 mol dm"3 Na+, pH 
7.0 at 25 °C. The constant concentration of PD is 
3.62X10~5mol dm - 3 . The concentration range of 
poly(A)#poly(U) is from zero at the top curve to 
2.48X10-4 mol dm - 3 at the bottom curve at 480 nm. 
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Fig. 3. Binding isotherms of PD to poly(A)*poly(U) 
in (a) 2.02X10-2 and (b) 1.20X10"1 mol dm"3 Na+ 
at25°C. 

where r is the average fraction of lattice b ind ing sites of 
poly(A) • poly(U) occupied by PD, b the molar concentra­
tion of free PD, K the b ind ing constant for p rop id ium 
to poly(A)-poly(U), and n the number of consecutive 
lattice residues made inaccessible by the b ind ing of a 
single P D molecule. In Eq. 1 the intercept on the r/b 
axis is K a n d the intercept on the r axis is \/n. But the 
de terminat ion of n by this me thod is subject to large 
uncertaint ies , and these affect the values of K.9) 

Therefore, in this work the derivative of Eq. 1 in the 
l imit of low r was used to obtain the values of K: 

limr^o [d(r/b)/dr] = - K(2n-1). (2) 

T h e obtained values of K and n at 2.02X10"2, 
1.20X10-1, and 1.02 mol d m " 3 Na+ at 25 °C were listed 
in Table 1 wi th those at the other temperatures. 

T h e value of K at 2 . 0 2 X 1 0 - 2 m o l d m - 3 Na+ was 
1.42X106 m o l - ^ m 3 at 25 ° C corresponding to AG°=-
35.1 k j m o l - 1 . T h i s value of the free energy was close 
to that for e th id ium (ED) to poly(A).poly(U) which 
had been determined calorimetrically to be — 36.4 k j 
m o l " 1 at 1.6X10-2 mol d m - 3 Na+ at 25°C.9> In 
addition, the b inding constant of PD to poly(A) • poly(U) 
was 4.3X105 m o l " 1 d m 3 at 1.20X10"1 mol d m " 3 Na+ at 
25 °C, and the value was about 20 times larger than the 
value of K of P D b ind ing to poly(dA). poly(dT).2> T h i s 
different affinity of P D to these R N A and DNA 
polymers was abou t the same in the case of ED.10) T h e 
values of n at 2.02X10"2 and 1.20X10"1 mo l d m " 3 Na+ 
were 5.4 and 6.1, respectively, which was consistent 
wi th 5.9 for the case of ED in 4 X 1 0 - 2 m o l d m - 1 T r i s 
buffer.11* Therefore, these results suggest that the 
behavior of P D in the b i n d i n g step at a low N a + 

concentrat ion may be very similar to the intercalat ion 
of ED to base pairs of the nucleic acids. 

Salt and Temperature Effects on Association Con­
stants. T h e values of K for P D b i n d i n g to poly(A) • 
poly(U) decreased wi th increasing Na+ concentrations 
at the given temperature as shown in Table 1. It 
suggests the b ind ing is no t only stacking bu t 
electrostatic in origin.12) 
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Table 1. The Dependence of K and n for Propidium Binding to Poly(A)'Poly(U) 
on Na+ Concentration at Several Temperaturesa) 

Low Na+ concnb) High Na+ concnc) 

77° C 
lO-s^/mol-idm3 n \0~4 K/mol-1 dm3 n 

25.0 14.2(4.3)d> 5.4(6.1)d> 5.42 10.9 
20.0 11.4 5.2 5.29 9.0 
15.0 7.81 5.0 6.69 7.8 
10.0 6.29 4.8 6.25 8.0 

AH°/kJ mol"1 39.8 -8.3 
AS°/J K"1 mol"1 251 63 
AG^/kJmol"1 -35.1 -27.1 

a) Accurate to within ±15% for K and n. b) 2.02X10"2 mol dm"3 Na+. c) 1.02 mol dm"3 Na+. d) 1.20X10"1 

mol dm-3 Na+. 

The polyelectrolyte theory of Manning13* and 
Record et al.14) is very useful to interpret the effects of 
counterion concentration on ligand binding to poly-
electrolytes. From this theory, Eq. 3 can be obtained: 

(d log K/d log [Na+]) = - m > . (3) 

Here m' is the number of ion pairs that form with the 
polyelectrolyte on binding of one ligand, and i// is the 
sum of fraction of counterions which are directly 
condensed onto the polyelectrolyte and the fraction of 
screening counterions per phosphate. 

When the average axial charge spacing along the 
helical axis for poly(A)-poly(U) is assumed to be 
0.16nm,6) the value of i/f is calculated to be 0.89 at 
25 °C. Therefore, the value of m' between 2.02X10"2 

and 1.02 mol dm~3 Na+ is about 0.94. The result 
suggests that one ion-pair contributes mainly to a 
formation of the complex between PD and poly(A)-
poly(U) when the same reaction mechanism at the low 
and high salt concentrations is assumed. 

The changes of enthalpy (AH°), entropy (AS°), and 
free energy at 25 °C (AG£5) for the association of PD 
with poly(A).poly(U) at 2.02X10"2 and 1.02 mol dm"3 

Na+ are shown in Table 1. The value of AG25 for PD 
binding to poly(A)-poly(U) at low Na+ concentration 
is slightly smaller than —34.7 and —31.2 kj mol - 1 for 
PD binding to tRNAPhe7> and poly(I).poly(C),15> 
respectively. As shown in Table 1, this negative value 
of AG25 is due to a very favorable entropie driving 
force. The favorable entropie driving force PD 
binding may reflects the fact that the binding releases 
many counterions from the duplex of poly(A) • poly(U) 
and/or induces desolvation of the drug and the duplex 
because PD has two positive charges and a large side 
chain which can disrupt the layers of hydration and 
Na+ for the duplex. This disruption of hydration and 
Na+ layers can be envisioned as an endothermic 
process, thereby reducing the exothermicity of the bulk 
drug-binding, especially at the low salt concentration. 
This could result in the observed positive value of AH° 
at 2.02X10-2 mol dm"3 Na+. 

I 1 1 I T 

0.10 \r 

§ L\ J 
< 0.06ft \ A 
< \\ \ 

\ \ (a) 

I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 

t / s 

Fig. 4. Stopped-flow kinetic traces for the association 
reaction of PD with poly(A)-poly(U) at 25 °C in 
(a) 2.02X10-2 and (b) 1.02 mol dm"3 Na+. The RNA 
concentration kept 1.9X10~3mol dm-3 in both 
buffers was about 50 times larger than PD concentra­
tion. The smooth dotted lines represent nonlinear 
least-squares fitting to single and double exponential 
curves for curves a and b, respectively. 

Kinetics at Low Na+ Concentration. The positive 
and negative values of AH° at the low and high Na+ 
concentrations, respectively, indicate that a mecha­
nism of the reaction might be different in the low and 
high salt concentrations. Therefore, association kinetics 
of PD to poly(A).poly(U) have been investigated to 
provide insights into salt effect on the mechanism of 
the binding behaviors. Figure 4 shows typical kinetic 
runs at 2.02X10"2 and 1.02 mol dm"3 Na+ at 25 °C. The 
kinetic run at the low Na+ concentration was fitted 
with a single exponential function, but the run at the 
high Na+ concentration was not, as shown in Fig. 4. 
On the kinetic curve at the high Na+ concentration a 
fast step finished within about 50 ms and was followed 
by the slower step. 

In kinetic measurements at 2.02X10-2 mol dm - 3 Na+ 
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0 0.5 1.0 1.5 2.0 2.5 

103[poly(A)poly(U)]/moldrrf3 

Fig. 5. Dependence of kQbS on poly(A)*poly(U) 
concentration in 2.02X10"2 moldm"3 Na+ at 25°C. 

the stopped-flow trace obeyed a first-order kinetic 
equation when the poly(A)-poly(U) concentration was 
in large excess over the PD concentration. The plots of 
the observed rate constant, &0bs, against the initial 
concentration of poly(A).poly(U), [B]0, at 25 °C were 
linear in agreement with Eq. 4 as shown in Fig. 5: 

&obs = kl [B]o + k-l (4) 

In Eq. 4, k\ and k-\ were the association and dis­
sociation rate constants, respectively. The value of k\ 
determined from the dependence of kob* on [B]o by a 
least-squares method was 1.81 XI04 mol - 1 dm3 s_1. On 
the other hand, the value of k-i which was the 
intercept on the x axis in this treatment was near zero 
and was too small to be reliable. The value of k-\ can 
be calculated to be 1.3X10-2s_1 by the relation that 
k-i=ki/Ki and £i=1.42X106 mol"1 dm3 in Table 1. 

The association constants of PD at 2X10"1 mol dm~3 

NaCl at 15 °C were reported as 1.25X106 and 1.06X106 

mol"1 dm3 s - 1 for poly(dAT). poly(dAT) and calf thymus 
DNA, respectively.2) However, the association con­
stant with poly(dA) -poly(dT) was quite small (4.8X104 

mol - 1 dm3 s-1).2) This different behavior between the 
altenating and nonalternating A/T polymers was also 
found in the results with oligomers: That is, the 
association constants at 5°C were 2.1X105 and 
4.3X104mol-idm3s-1 for d(A-T)6 and d(A6-T6), re­
spectively.3) In the present work, the value of 
1.81X104mol-1dm3s-1 for poly(A).poly(U) is very 
small even at the high temperature (25 °C). This 
might be due to the nonalternating A/U sequence, 
and/or the difference between RNA and DNA. 

Kinetics at High Na+ Concentration. The associa­
tion reaction at 1.02 moldm- 3 Na+ gives the two 
observed rate constants of &0bs,i and &0bs,2. Figure 6 
shows the dependences of kohs,i and &0bs,2 on [B]o at 
25 °C. These linear and hyperbolic concentration 
dependences of £0bs,i and &obs,2, respectively, at the high 

Na+ concentration cannot be explained by the simple 
one-step mechanism at 2.02X10"2 mol dm"3 Na+. It is 
known that poly(A)-poly(U) suffers disproportiona­
t e into a poly(A)-poly(U) triple helix and a single 
poly (A) strand at a very high ionic strength.16) 
However, the disproportionation hardly occurs in the 
present salt concentration at 25 °C.17) In addition, in 
about 3 mol dm - 3 Na+ in which a poly(A)-poly(U) 
triple helix mainly exists, a binding isotherm shows a 
very different behavior from Fig. 3b: The value of r/b 
increases with increasing r at low r.18) These suggest 
that the disproportion does not contribute the present 
reaction at 1.02moldm-3 Na+. It could be also 
considered that there is an allosteric conversion, 
discussed in DNA,19) from some nonstandard RNA 
state to a usual A-form double helix, before the 
binding of the drug. Again, the allosteric conversion 
cannot give the probable explanation for the linear 
and hyperbolic dependences of &0bs,i and &obs,2, respective­
ly, on the poly(A).poly(U) concentration.20) 

Finally, the results may be consistent with a two-
step mechanism in which the fast bimolecular 
association process is followed by a slow unimolecular 
process: 

PD + poly(A).poly(U) <—> Complex 1 <—> Complex 2 
k-i k-2 (5) 

where Complexes 1 and 2 are the different types of the 
PD-poly(A).poly(U) complex. When the poly(A). 
poly(U) concentration was in excess over the PD 
concentration, &0bs,i and &0bs,2 for this mechanism are 
given by Eqs. 6 and 7, respectively:21) 

&obs,i — &i[B]o H- k-i (6) 

£obs>2 = fe[B]o/([B]o+l/£i) + k-2 (7) 

Here, ki, k-i, fe, and k-2 are the rate constants as 
indicated in Eq. 5, and Ki=ki/k-i. The linear plot in 
Fig. 6a by a least-squares method gives 1.91X104 mol - 1 

dm3 s-1, 33.8 s-1, and 5.65X102mol-1dm3 for ki, k-i, 
and K\, respectively. The curve in Fig. 6b by a 
nonlinear least-squares method gives 17.5 s - 1 and 
8.78 s_1 for fe and k-2, respectively. 

It is known that conversions of Z to B-form22) and of 
A to B-form23) of nucleic acids are very slow. However, 
in the present reaction, the unimolecular process in 
Eq. 5 is quite faster than these conversions. The result 
suggests that poly(A).poly(U) in about 1 mol dm"3 

Na+ and 25 °C may have small structural variations 
induced by PD such a A' conformation,16) and the 
structual variations may be minor in comparison with 
the major conformational variations. The study for 
poly(I).poly(C) will be able to show whether this 
initial results on poly(A) • poly(U) has the generality in 
the other ribo-homopolymers. Although there are 
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poly(A)*poly(U) concentration in 1.02 mol dm - 3 

Na+at25°C. 

other possible explana t ions for the complex kinetics of 
the association, there can be n o ques t ion that the 
association displays different behaviors at the low and 
h igh salt concentrat ions. 

T h i s work was part ly suppor ted by Grants- in-Aid 
for Scientific Reaseach, Nos. 01740272 and 01540386, 
from the Ministry of Educat ion, Science and Culture. 
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15N and 1 70 NMR spectra have been measured for a series of 4'-substituted trans-NNO -azoxybenzenes 
(AZOXY) and the obtained substituent chemical shift (SCS) values have been analyzed by means of the LSFE 
equation. Both the resonance and the polar contribution of substituents are important in determining the 
15N(0) SCS and the adjacent terminal 1 70 SCS in the -Na=Nß(Ö)- function of the AZOXY set. 1 he resonance 
contributions of the AZOXY sets differ from those of the corresponding PYNO sets in view of a depressed 
pi-acceptor resonance contribution. That is, the resonance susceptibility ratio in the LSFE equation, pn

+/pn~, 
varies from 1.4 (PYNO) to 2—4 (AZOXY) for both 15N and 1 70 SCS. The results are compared with the 13C SCS 
of the corresponding positions in the relevant aromatic side-chain systems, and characterized in terms of 
repulsive pi-acceptor interaction between the substituents and the side-chain pi-electron systems. The 
importance of such dual resonance susceptibility has been shown for understanding characteristic features of the 
15N and the adjacent 1 70 SCS. 

Azoxybenzenes (AZOXY) have a - N a = N ^ ( 0 ) - func­
t ion in the aromat ic side-chain pi-electron system 
which involves a characteristic N —• O dative bond. 
A l though m u c h a t tent ion has been attracted to this 
class of compounds,1* the reactivities or physico-
chemical propert ies of the composit ive a toms in the 
N N O function have been less studied than those in the 
corresponding pyr idine 1-oxides (PYNO), especially 
wi th systematic and quant i ta t ive fashions.2_4) T o 
know the electronic propert ies of n i t rogen and oxygen 
a toms incorporated wi th the AZOXY pi-electron sys­
tem, 15N and 1 7 0 N M R approaches5 - 7* were conducted 
several 4 '-substi tuted trans-NNO-azoxybenzenes, each 
carrying an oxygen a tom in the N^ posi t ion of the 
-N a =N0- double bond. 

Appl icat ions or applicabil i t ies of the LSFE equa­
t ion (Eq. 1) to the subst i tuent effects on reactivity data, 
especially on N M R substi tuent chemical shift (SCS) 
data, have been demonstrated in our several earlier 
papers.8 _ 1 2 ) 

SCS = PiCTi + Pn+On
+ + PTTOTT (1) 

Here, the LSFE subst i tuent parameters are defined as 
follows: 

a = 0.74 oi 

an
+ = 0.42 AäR+ 

an- = 0.73 AäR-

0° = Oi + On
+ + On~ 

Since the parameters of ox, on
+, and on~ are dependent 

solely on electronic natures of substi tuents and 

independent of aromat ic posi t ions to which sub­
stituents are attached, the LSFE treatment mus t be a 
powerful tool for unders tanding general substi tuent 
electronic effects, beyond benzene systems, of fused 
aromatic , heteroaromatic , or aromatic side-chain 
systems. In this paper , we report the 15N and 1 7 0 N M R 
SCS data and analyses of 4'-substituted trans-NNO-
azoxybenzenes in DMSO. T h e results are compared 
wi th those of the corresponding P Y N O system n ) and 
other relevant aromat ic side-chain systems.7) T h e 
validity of the LSFE equat ion (Eq. 1) to the mul t i -
nuclear SCS systems is presented. 

Experimental 

Materials. 4/-MeO-, 4/-Me-, 4/-Cl-substituted azoxyben­
zenes were prepared from condensation of nitrobenzene with 
the corresponding 4-substituted phenyliminodimagnesium 
reagent by using the previously reported procedure.4) 4'-CF3, 
4'-CN, and 4'-N02 derivatives were obtained by the reaction 
sequence of (1) condensation of 4-nitroaniline with nitro-
sobenzene, (2) oxidation with m-chloroperbenzoic acid, and 
(3) isomerization with Cr0 3 in CH3COOH.213> 4 ,-COCH3 

derivative was obtained by oxidation of 4'-C2Hs one. The 
unsubstituted one was taken from a commercial sample. All 
were purified several times by recrystallization from appro­
priate solvent, e.g., petroleum ether or aqueous ethanol. 
Melting points2-4«13«14* of 4/-substituted trans-NNO -azoxy­
benzenes utilized were as follows [X, mp (°C)]: 4/-MeO, 
70.8—71.2; 4,-Me, 48.0—48.1; H, 32.5—32.8; 4'-Cl, 66.1— 
66.3; 4'-CF3, 99.0—99.7; 4'-COCH3, 121.0—121.5; 4'-CN, 
114.0—115.0; 4'-N02 , 155.0—155.3. 

NMR Measurements. NMR spectra were measured on a 
Bruker AM360 spectrometer at 48.84 MHz at 80 °C for 
17ONMRn«15«16> and 36.50 MHz at room temperature for 
1 5NNMR, n ) with a 10 mm </> tube for solutions of 200— 
300 mg in DMSO (2 mL). Typical experimental conditions 
for 1 70 NMR measurements were acquisition time of 15 ms, 
Ik data points, 33 kHz spectral width, 1X106 scans, 4k data 
for processing (3k zero-filling). 1 70 chemical shift values 
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were determined from the 1 70 signal of DMSO as an internal 
reference. In some cases, Burg's maximum entropy method 
(MEM)17) was utilized for FID data processing instead of FFT 
to get relatively sharp 1 70 signals. Data records have been 
acquired with the above NMR spectrometer and transferred 
to FACOM S3500 superminicomputer, being a host com­
puter in our TASMAC system, ISIR, Osaka Univ.18) The 
obtained SCS values usually have an estimated error of 
±2 ppm, except for 4'-CF3 and 4'-COCH3 (±4 ppm). 

On the other hand, typical experimental conditions for 
15N INEPT measurements were acquisition time of 2.4 s, 
spectral width of 3.4 kHz, 16k data points, and At=0.25/ 
( / N H ) = 0 . 1 2 2 S . 15N chemical shift values were determined 
with external CH3NO2 in a capillary tube. The obtained 
SCS values have an estimated error of ±0.1 ppm. 

Pi-Electron Density Calculations. Calculations of geo­
metries for various 4'-substituted trans-NNO-azoxybenzenes 
were carried out on the FACOM S3500 superminicomputer 
(ANCHOR in TASMAC System)18) by using MNDO 
molecular orbital methods. 19«20) The geometries were 
obtained from the standard DFP optimization procedures. 
Except where noted otherwise, all geometrical variables were 
allowed to optimize by using default values. For ab initio 
MO calculations,21*22) the MNDO optimized geometries were 
employed subsequently in single point calculations of 
Gaussian 80 program with the STO-3G basis set.23) The 
corresponding 0(2pv) and N(2pv) values of gross orbital 
charges in Mulliken population analysis were utilized for 
calculations of Agn(0) and Ag^N) values. 

X-Ray Structure Analysis. Crystals for X-ray analysis of 
4/-Cl derivative (AZOXY) were obtained by slow evaporation 
from a solution in hexane at room temperature. X-Ray 
structure determination was performed with the same 
method as that for the other compounds solved by our 
groups on the TASMAC.25) The obtained crystal structure 
shows that the two phenyl rings are coplanar each other.24) 

The crystal data of £rans-4'-chloro-MVO-azoxybenzene, 
C12H9N2O1CI1, are as follows: triclinic, space group PÏ , 
a=11.205(4), 6=7.744(2), ^=6.664(2) A, <*=74.46(3), ß= 
98.76(3), 7=97.88(3)°, J/=547.8 A«, Z=2, pcdcd= 1.411 gem-», 
#=0.066 for unique 1203 reflections (MoKa, /l=0.71069 A). 
Atomic coordinates, bond lengths and angles, thermal 

parameters, and F0—Fc tables have been deposited as 
Document No. 8914 at the Office of the Editor of Bull. 
Chem. Soc. Jpn. 

Results and Discussion 

T h e 15N and 1 7 0 N M R subst i tuent chemical shift 
(SCS) values for the AZOXY system as well as those for 
the corresponding P Y N O system11»10 are summarized 
in Tab le 1. Assignment of the two ni t rogen peaks 
(15N(a) and 15N(/3)) in the AZOXY set was carried ou t 
from a combined appl ica t ion of (1) li terature data of 
15N chemical shift on the basis of a 15N labelled 
sample,26) (2) b roaden ing of 15N I N E P T peak, and (3) 
comparison of proton-nondecoupled 15N spectral 
pat tern wi th the calculated one by us ing 5 /NH— 1.5 Hz. 

15N(0) and 1 7 0 SCS are shifted downfield by electron 
acceptor substi tuents (Hammet t o scale), bu t 1 5N(a) 
SCS is shifted upfield in the AZOXY system. 

Neither the 15N(/3) SCS nor 1 7 0 SCS in the AZOXY 
set provides excellent overall linearities wi th the 
corresponding 15N or 1 7 0 SCS in the P Y N O set:n> i.e., 
correlation coefficient (r) for a 1 7 0 - 1 7 0 plot between 
the AZOXY and the P Y N O sets is 0.989 (n=7) and that 
for a 1 5N-1 5N plo t is 0.987 (n=7) . Th i s suggests certain 
difference of substi tuent effects on the two types of the 
N —• O function such as an aromat ic N —• O and an 
aromat ic side-chain N —• O. O n the other hand , the 
15N(ß) SCS in the AZOXY set shows much better l inear 
re la t ionship , ( inc luding pi -donor to pi-acceptor sub­
stituents), wi th the lsC(ß) SCS in the 4-substituted ß-
nitrostyrene set,26) 

(15N(/3) AZOXY SCS) 

= 2.48(13C(/3) /3-NO2-STYRENE SCS) 

(r = 0.996, n = 6), 

0.53 

compared wi th that in the 4-substituted styrene set 
(r=0.978 (n=7))W 

Table 1. NMR SCS in DMSO and Relative Pi-Electron Density of 
4/-Substituted fram-AWO-Azoxybenzenesa) 

Subst 

4'-CH30 
4'-CH3 

H 
4'-F 
4,-Cl 
4'-CF3 

4'-COCH3 

4'-CN 
4'-N02 

1 70 SCS 
/ppm 
80°C 

- 1 1 
- 5 

0C> 

2 
8f> 
8f> 

15 
16 

WAq^O) 
/eu 

(STO-3G)h> 

- 9 
- 3 

0*> 
- 1 

(9) 

8g) 

14 
22 

AZOXY 
15N(j3) SCS 

/ppm 
r.t. 

-6.7 
-2.4 

0.0d> 

0.8 
5.0 
4.1 
5.5 
6.5 

WAq7r(N)ß 

/eu 
(STO-3G)h> 

- 3 
- 1 

0» 
0 

(6) 

3g) 

8 
9 

15N(a) SCS 
/ppm 

r.t. 

-2 .4 
-0.7 

0.0e> 

- 3 . 2 
- 2 . 4 
- 1 . 1 
- 2 . 9 
- 3 . 5 

PYNOb> 
1 7 0 SCS 15N SCS 

/ppm /ppm 
80°C r.t. 

- 3 3 -18.0 
- 1 3 -6 .6 

0 0.0 

6 -2 .5 

39 8.7 
52 9.2 
65 13.3 

a) Negative sign indicates a high field shift in NMR SCS and an increase in pi-electron density, b) Ref. 11. c) 444 ppm 
from solvent DMSO. d) —57.3 ppm from external CH3N02. e) —52.1 ppm from external CH3N02. f) an estimated error 
is ±4 ppm. g) Partially optimized, h) Refs. 19, 20—23. i) q7r(0)=\Ai2. j) qrTr(N)i8 = 1.255. 
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3: 

4: 

5: 

7: 

9: 

Table 2. LSFE Results for 15N, 1 70, 13C SCS of Azoxybenzene and Related Systems*-1» 
SCS=piOi+ptot+pnO^ 

No. 

1: 

2: 

System 

"°>o 
*^3H~° 

Solvent 

DMSO 
DMSO 
DMSO 

DMSO 
DMSO 

Probe 

1 7 0 
15N(/3) 
15N(a) 

1 7 0 

1 5 N 

A 

20 
9 

(ca. — 

57 
5 

•7) 

pi 

50 
31 

(ca. 3) 

150 
50 

PTT 

22 
8 

(ca. 2) 

110 
37 

Pt/Prr 

ca. 2 
3.9 

1.4 
1.4 

Notec) 

0.985[8] 
0.995[8] 
0.949[8] 

See lit. [10] 
See lit. [10] 

Ref. 

Present 
Present 
Present 

11 
11 

DMSO 

CDC13 

DMSO 

DMSO 

DMSO 

1 5 N 

1 5 N 

13C(0) 

"C(0) 

13C(4) 

13C(4) 

«C(j8) 

10 36 ca. 19 ca. 1.8 0.995[6] 

28 

3.4 11.4 

4.9 10.6 

0.6 22.6 

17 

3.9 

9.3 

8.5 

1.7 0.997[9] 

2.4 21.7 19.4 

2.7 0.998[20] 

1.1 0.992[24] 

3.9 8.4 

28a 

28b 

2.9 0.9985[11] 27a 

1.1 0.9945[12] 27b 

9b 

9a 

0.9 0.9968[13] 27d 

a) Substituent parameters utilized are taken from Ref. 10c. b) Parentheses show values based on a correlation coefficient 
less than 0.95 in nonconjugative positions, c) Correlation coefficient [number of points]. 

T h e LSFE equa t ion (Eq. 1)8-12> was used to separate 
the obta ined 15N and 1 7 0 N M R SCS data in to po la r 
and resonance (pi-electronic) contr ibut ions. Results of 
the correlation analysis are summarized in Tab le 2, 
together wi th those for the corresponding P Y N O , n ) 

benzene,9a) 4-nitrobenzene,9b) Af-(phenylmethylene)ben-
zenamin^BA),283* a,N-diphenyl nitrone(NITRONE),28b> 
styrene,27^ ß-nitrostyrene,27a) and stilbene27^ systems in 
DMSO solution. Generally, 15N SCS is 2—3 times 
more sensitive than the corresponding 13C SCS:7) 

compar i son of the system Nos. 1, 3, 4 wi th 9 (Table 2). 
T h e results at the conjugated posi t ions in Tab le 2 

show that substi tuent effects are indicative of variously 
varying resonance susceptibility rat io (the relative 
cont r ibut ion of p i -donor resonance to pi-acceptor 
resonance, pn

+/pn~) at different systems and different 
probe atoms. T h e impor tan t feature of the AZOXY" set 
is a decreasing contr ibut ion of pi-acceptor resonance 
(pn~ value), especially compared wi th tha t of the 
corresponding P Y N O set. T h u s , the pn+/pn~ value 
increases from 1.4 (PYNO 2) to 3.9, ca. 2 (AZOXY 1) 
for 15N(/3), 1 7 0 SCS, respectively. 

In the case of 13C N M R SCS, w h e n a NO2 g r o u p is a 
fixed substi tuent attached directly to the probe carbon 

a tom in an aromat ic or aromat ic side-chain system, the 
pn+/pn~ value increases substantially from 1.1 (13C(4) in 
8 or 13C(/3) in 6) to 2.8 (13C(4) in 7 or 13C(/3) in 5). T h i s 
p h e n o m e n o n has been rationalized in terms of 
depressed resonance contr ibut ion from pi-acceptor 
substi tuents which arises from the repulsive interac­
t ion at the probe a tom wi th the positive charge 
induced by the directly bonded NO2 group.9 b ) T h e 
in t roduct ion of a phenyl g r o u p in the ß posi t ion of the 
styrene system does not provide a large change in the 
pn+/pn~ magni tude ; that is, from 1.1 (13C(ß) in 6) to 0.9 
(13C(/3) in 9). 

In the case of 15N(/3) SCS of the aromat ic side-chain 
systems, the relative contr ibut ion of p i -donor reson­
ance effect of substi tuents to po la r effect (pn

+/pi) is 
nearly equal for the three AZOXY, BA, N I T R O N E 
systems (3.4 for 1, 3.6 for 3, 3.5 for 4), and is a 
somewhat larger value than that for the corresponding 
styrene systems (2.2 for 6, 2.2 for 9). T h i s observation 
reflects an enhanced pi -donor resonance from sub­
stituents to the Nß ni t rogen a tom incorporated in the 
funct ional g r o u p such as - N = N ^ ( 0 ) - , -CH=N^- , or 
- C H = N ^ ( 0 ) - . T h i s effect is ascribed to the greater 
pi-acceptor character of these functional groups due to 
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the electronegative nitrogen atom. Whilst the relative 
contribution of pi-acceptor resonance effect of substi­
tuents to polar one (pn~/pi) is almost equal for the 
NITRONE, BA (2.1 for 4, ca. 2 for 3) and styrene, 
stilbene systems (1.9 for 6, 2.2 for 9), this ratio value for 
the AZOXY system is characteristically small (0.9 for 
1), and close to that for the ß-nitrostyrene system (1.1 
for 5). One possible interpretation is this is due to 
compensation by pi-electrons of the adjacent oxygen 
as expected by a canonical structure. If this is true, the 
PiT/pi value for the 1 70 SCS should be enhanced. 
However, this effect is not enhanced (see later). 
Fortunately, we can use numerical values of A<JR~ 
parameter in the Yukawa-Tsuno equation, as a 
measure of the relative pi-acceptor resonance ability of 
the whole group: AäR" is 0.31 for -N=N-C6H5, ca. 0.37 
for -CH=CH-N0 2 , 0.14 for -CH=N-C6H5.8b) Since a 
larger AaR~ value may be expected for -N=N(0)-C6Hs, 
the depressed effect is due to repulsive interaction 
between pi-acceptor substituents and the pi-acceptor 
functional group. Then, the above donor-acceptor 
two types of resonance contribution are combined in 
the magnitude of pn

+/pn~, resulting in 1.0 (styrene, 
stilbene), 1.7 (BA, NITRONE), and 3.9 (AZOXY). 

On the other hand, the 1 70 SCS is less reliable than 
the 15N SCS because of the substantial broadenings of 
1 70 signals. The p^/p\ value for the AZOXY is 
nevertheless obtained to be approximately the same as 
that for the PYNO set (ca. 3 for 1, 2.6 for 2). The pn~/pi 
value for the AZOXY is approximately a half of that 
for the PYNO set (ca. 1 for 1, 1.9 for 2). Again, the 
depressed pi-acceptor resonance is supported. Con­
sequently, the identical results of such depressed pi-
acceptor resonance for both the 15N(/3) SCS and the 
adjacent 1 70 SCS indicate that there are only weak pi-
acceptor resonance interactions between the sub­
stituents and the side-chain NNO pi-system in the 
AZOXY set. 

In the Taft's DSP treatment,7 »29) such a change of the 
relative resonance contribution (pn

+/pn~) might be 
replaced and masked by the change of one of four 
resonance parameters, (a0, CTR(BA), OR+, CTR-).270'^ 

By contrast, the LSFE analysis is unsuccessful to 
15N(a) SCS in the nonconjugated position of the 
-N«=N(0)- function, as shown typically by correlation 

coefficient data (r<0.95) in Table 2. Reverse and 
relatively large polar effect might be noted. This type 
of reverse substituent effects has been generally 
observed for 15N and 13C SCS of certain aromatic side-
chain systems, as mentioned in the literature.5c,7,30,3D 

ab initio MO calculations at STO-3G level have 
already known to be useful, for example, for 13C, 15N, 
19F, and other NMR SCS.5c'7'21»32> The 1 70 SCS gives a 
satisfactory correlation with Aqn(0), relative pi-
electron density at oxygen, for a combined data set of 
the AZOXY (4-substituents, n=6) and the PYNO (3-
and 4-substituents, n^ll) sets. The slope is 990 
ppm/pi-electron; r=0.987, n=17 (Fig. 1). This SCR 
(shift-charge ratio) value is a somewhat smaller one 
than that for the other oxygen systems reported.&,7,29,32b) 
The 15N(0) SCS vs Aqn(N) plot for the same combined 
data set of the AZOXY (4-substituents, n=6) and the 
PYNO (3- and 4-substituents, n=ll) shows a slightly 
scattering pattern; (SCR^ca. 750 ppm/pi-electron, 
7=0.88, ?z=17). The primary cause of such a pattern 
comes from the deviations of 3-substituted PYNO. 

The obtained 15N and 1 70 SCS, coupled with the 
reported 13C SCS of the relevant systems in the 
literature,33) provide an overall pattern of the sub­
stituent effect at various probe atoms incorporated 
with the AZOXY pi-electron system, as illustrated in a 
Chart. At a first glance, branching terminal 1 70 SCS 
seems to be parallel to adjacent 15N(/3) SCS in the 
AZOXY set, since both SCS data give normal sub­
stituent effects (NSE). At a more advanced level, the 
nitrogen and the adjacent oxygen SCS of the side-
chain N —• O in the AZOXY system have a different 

"O SCS 

50 i-

r •/ 

Fig. 1. A plot of observed 170 NMR SCS (ppm) 
against calculated pi-electron density at oxygen (eu) 
of the AZOXY and PYNO sets: O 3-X-PYNO, • 
4-X-PYNO, A 4-X-AZOXY. 

(15N(0) AZOXY SCS) = 7.8ar + 13.6aR(BA) 
(r = 0.994, n = 8) 

(170 AZOXY SCS) = 20a! + 25aR(BA) 
(r = 0.991, n = 8) 

(i5N PYNO SCS) = 12.6a! + 34.5aR(BA) 

(r = 0.992, n = 9) 

("O PYNO SCS) = 65ar + 117aR° 
(r = 0.996, n = 9) 

r A 

L A° 

1 1—L 1 . 

I 0 3 > 

1 
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NSE RSE 

/ / NSE 

/
NSE 

RSE 
NSE 

Chart 1. A pattern of observed and calculated sub­
stituent effects (SE) in the AZOXY set. NSE: (Normal 
SE): RSE: (Reverse SE). 

resonance susceptibili ty ra t io (pn
+/pn~) from those of 

the a romat ic r ing N —• O in the P Y N O o n e , n ) main ly 
due to more decreasing cont r ibut ion of pi-acceptor 
resonance in the AZOXY set. T h i s type of analysis has 
been performed by u s i n g the LSFE treatment wh ich 
allows dual types of resonance susceptibility. 
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Analysis Center, ISIR, Osaka University. Par t of this 
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Research (No. 01470023) from the Ministry of Educa­
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A variety of ^-butylgermacyclohexanes was prepared and their 13C and 73Ge (when possible) NMR spectra 
were determined. It was estimated that the conformational energy of a £-butyl group bonded to germanium is 
about 1.3 kcal mol - 1 by NMR data though the molecular mechanics calculations gave variable results 
depending on the parameter for germanium used; 0.33 kcal mol - 1 by Allinger's parameter while 1.23 kcal mol - 1 

by Ouellette's parameter. The origin of this discrepancy was discussed. The molecular orbital calculations 
(MNDO) gave an intermediate value (0.60 kcal mol -1). 

In the previous communicat ions we have reported the 
p repara t ion and structural study of l-methyl-2 ) and 1-
phenyl-3 ) germacyclohexanes based on 13C and 73Ge 
N M R , molecular mechanics calculations (MM2) and 
molecular orbital calulat ions (MNDO). It was found 
that the conformational energy of a methyl g roup 
bonded to ge rman ium is as small as ca. —0.2 kcal 
m o l - 1 (i.e., in favor of the axial conformation; 
1 cal=4.184 J)2) whi le tha t of a phenyl g r o u p is also 
small (ca. 0 kcal mol_ 1) .3 ) As an extension of this 
investigation, a stereochemical study of germacyclo­
hexanes wi th a £-butyl g r o u p bonded to ge rman ium 
will be of par t icular interest in relat ion to that of 
corresponding £-butylcyclohexanes. 

Of £-butylcyclohexanes, the structure of cis-1,4-di-t-
butylcyclohexane (hereafter abbreviated as as-10C: see 
the structure) was once a target of extensive structural 
studies by various authors . T h u s , it was reported that 
a cyclohexane r i n g tends to deform from a chair form 
to a noncha i r when a £-butyl g roup is forced to be axial 
in a chair form. Evidently by taking a nonchai r , the 
bulky £-butyl g r o u p can be either equator ia l or 
pseudo-axial .4 _ 6 ) 

IG 
2G 
3G 
4G 
5G 
6G 
7G 
8G 
9G 

10G 
6G' 
7G' 
8G' 
9G' 

10G' 

R i 

H 
Me 
H 
H 
Me 
t-Bu 
H 
*-Bu 
*-Bu 
t-Bu 
t-Bu 
CI 
t-Bu 
*-Bu 
*-Bu 

R i ' 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Cl 
Cl 
Cl 
Cl 
Cl 

Rs 

H 
H 
Me 
H 
H 
H 
H 
Me 
H 
H 
H 
H 
Me 
H 
H 

R4 

H 
H 
H 
Me 
Me 
H 
*-Bu 
H 
Me 
*-Bu 
H 
*-Bu 
H 
Me 
t-Bu 

C: Cyclohexane (X=C). G: Germacyciohexane (X=Ge). 

Schubert et al.7) reported that at 110 °C and in the 
vapor phase cis-10C exists as a mixture of a chair and a 
nonchai r form wi th a most probable mixture of about 
one third chair and two thirds nonchai r forms. 

Remijnse et al.8) determined 1H N M R sepectra of 
this c o m p o u n d and based on the values of vicinal 
coup l ing constants they concluded that the non-chai r 
(most stable twist) form wi th two pseudo-equator ia l 
£-butyl g roups is prevai l ing in l ine wi th the report by 
van Bekkum et al.5) 

From the advent of molecular mechanics (or force 
field) calculat ions, the conformat ion of ^-butylcyclo-
hexanes was frequently investigated, van be Graaf 
et al.9) concluded from the compar ison wi th available 
exper imental data that bo th force field proposed by 
Allinger et al. and by Schleyer et al. gave results which 
suppor t previous evidences that bo th cis-WC and 
£ram-l,2-di-£-butylcyclohexane exist as conformational 
mixtures. They also proposed that the best conform­
at ional energy for a £-butyl g r o u p in cyclohexanes is 
4.73 kcal m o l - 1 . T h i s value was experimental ly 
confirmed by M a n o h a r a n and Eliel10) w h o analyzed 
the solut ion conformation of m-4-£-butyl-l-phenyl-r-
l-(AT-piperidyl)cyclohexane hydrochloride. An ab 
ini t io calculations (STO-3G) was also at tempted to 
indicate that the boat form is most stable for such a 
c o m p o u n d as eis-10Cn) 

T h u s , all the available experimental and theoretical 
approaches seem to indicate that an axial £-butyl 
g roup is extremely unfavorable due to the excessive 
1,3-diaxial repuls ion between the subst i tuent and the 
axial hydrogen at C-3,5, and that this repuls ion can be 
relieved by assuming otherwise unfavorable twist-boat 
or boat form. In other words, 1,3-diaxial interact ion 
between a £-butyl g roup and axial H-3,5 is even larger 
than the increase of energy associated wi th a twist-
boat. 

In this connect ion it will be interest ing to introduce 
a i-butyl g r o u p on the g e r m a n i u m a tom of a 
germacyciohexane r ing and to assess its conformational 
energy. Since the conformational energy of a phenyl 
g r o u p is small if bonded to germanium, 3 ) it is expected 
that that of a £-butyl g roup is also not very large mostly 
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due to the enhanced C-Ge bond length. In other 
word, if the conformational energy of a £-butyl group is 
smaller than that associated with a twist-boat, a £-butyl 
group can be axial in germacyclohexanes. Then it can 
be expected that if a methyl or an even larger £-butyl 
group (an anchoring group) is introduced, the \-t-
butyl group may be axial in the £ram-l,3-disubstituted 
and a.s-l,4-disubstituted compounds. If such will be 
realized, this could be the first example of an axial 
£-butyl group bonded to a flexible cyclic system. 

With these prospects in mind, we prepared a variety 
of 1-^-butylgermacyclohexanes, i.e., 1-^-butyl- (6G), 1-
£-butyl-3-methyl- (8G), l-*-butyl-4-methyl- (9G), and 
1,4-di-^-butyl- (10G) germacyclohexanes. For the sake 
of reference, 4-^-butylgermacyclohexane (7G) was also 
prepared. 

Results and Discussion 
13C Chemical Shifts. In the previous studies, the 

13C chemical shifts have extensively been used to assess 
the stereochemistry of germacyclohexanes. 13C che­
mical shifts of C-4 and Me-4 of cis-bG are essentially 
identical with those for trans-5G in which two methyls 
are necessarily equatorial (i.e., trans-5Gee). Thus, the 
conformation of cis-bG is exclusively 1-axial, 4-
equatorial (5Gae), and any significant contribution of 
1-equatorial, 4-axial (5Gea) should be denied since in 
the latter, the C-4 and Me-4 resonances should appear 
in a much higher field than those of trans-5Gee.12) 

Hence, it is expected that 13C and 73Ge NMR data are 
also useful for analyzing the stereochemistry of t-
butylgermacyclohexanes. In Table 1, the 73Ge and 13C 
chemical shifts of germacyclohexanes 6G—10G are 
tabulated. For the sake of reference, those for 
germacyclohexane (IG), 1-methyl- (2G), 3-methyl-
(3G), 4-methyl- (4G), and 1,4-dimethyl- (5G) germa­

cyclohexanes are also included.2) 

The assignment of 13C signals of ^-butylgermacyclo­
hexanes is more or less straightforward, based on the 
comparison with previous results and on the number 
of attached proton(s) as indicated by the INEPT 
experiment. 

From the intensities of 13C signals, it was shown that 
the eis:trans ratio is ca. 1:1 for 8G and ca. 7:3 for 9G. 
The major component of 9G exhibits its Me-4 signal 
in a high field (1.69 ppm) as compared with the minor 
one. This difference can be explained in terms of a 
contribution of d.s-9Gea with an axial Me-4, or a twist 
boat form. The latter possibility is excluded in the 
light of the molecular mechanics calculations (vide 
infra). This assignment is consistent with other 
chemical shift values, e.g., C-4 (1.68 ppm higher than 
that for trans-9G(9Gee). A similar upfield shifts are 
observed for C-3 (1.45 ppm) and Me-3 (1.28 ppm) 
signals of one isomer of 8G. This is again consistent 
with a contribution of trans-SGea. in which Me-3 is 
axial. Thus, a £-butyl group bonded to germanium 
and a methyl group bonded to carbon is conforma-
tionally of a comparable size in the sense that the 
equilibrium between an axial-^-butyl, equatorial-
methyl isomer and an equatorial-^-butyl, axial-methyl 
isomer is not one-sided. 

It seems now possible to make a rough estimation of 
the equilibrium between two invertmers of trans-SG 
and of cis-9G. If trans-SG remains, for instance, 
exclusively in trans-SGea, the chemical shift differ­
ence at Me-3 between trans- and cis-SG should amount 
to 4.3 ppm (estimated from 2C). The observed 
difference is 1.28 ppm which corresponds to the 
contribution of ca. 30% of 8Gea. A similar estimation 
with other carbon chemical shifts indicates 8Gea 
contributes ca. 30% in average. This in turn 

Table 1. 73Gea) and 13Cb> NMR Chemical Shifts of /-Butylgermacyclohexanes (IG—10G) 

Compound 

1GC> 
2GC> 
3GC> 
4GC> 
trans-5Gc) 

cw-5Gc> 

6G 
7G 
trans-SG 
cis-SG 
trans-9G 
cis-9G 
trans -10G 

cis-lOG 

Ge-1 

-131.2 
-65.3 

-131.2 
-134.3 
-61.5 

-73.4 

-27.8 
-131.6 
^37.5d> 
-37.5d> 
-41.2e) 

-41.2e) 

C-2 

9.32 
12.10 
17.55 
8.02 

11.76 

10.84 

9.44 
9.53 

17.76 
18.15 
8.38 
7.26 

10.01 

10.18 

C-3 

26.78 
25.58 
33.18 
34.76 
34.81 

33.51 

26.60 
28.00 
32.12 
33.57 
34.96 
33.69 
28.38 

27.74 

C-4 

29.80 
29.61 
37.90 
34.98 
35.27 

35.19 

30.34 
51.52 
37.79 
38.72 
35.84 
34.16 
52.54 

51.96 

C-5 

26.78 
25.58 
25.71 
34.76 
34.81 

33.51 

26.60 
28.00 
24.63 
26.16 
34.96 
33.69 
28.38 

27.74 

C-6 

9.32 
12.10 
8.10 
8.02 

11.76 

10.84 

9.44 
9.53 
8.45 
8.27 
8.38 
7.26 

10.01 

10.18 

Me 

-7.01 
27.09 
23.45 

-5.77(1) 
23.70(4) 

-7.83(1) 
23.70(4) 

— 
— 

26.68 
27.96 
23.74 
22.05 

— 

" 

t-Bu (q) 

20.79 
33.47 
21.16 
21.16 
20.17 
21.08 

f) 
f) 

21.65(1) 
33.76(4) 

t-Bu (Me) 

28.68 
27.84 
29.26 
28.58 
28.30 
28.88 
28.72(1) 
28.14(4) 
29.44(1) 
27.99(4) 

a) In ppm relative to external GeMe4 (0=0). b) In ppm relative to internal SiMe4 (0=0). c) Data taken from Ref. 2a. 
d, e) Unresolved, f) Unidentified. 
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corresphonds to the energy difference of ca. 0.5 kcal 
mol - 1 between 8Gae and 8Gea in favor of the former. 
If a simple additivity of conformational energy is 
assumed, this energy difference should correspond to 
the difference of conformational energy of a methyl 
group bonded to carbon atom (whether the ring is a 
cyclohexane or a germacyclohexane will not cause 
much difference) minus that of a £-butyl group bonded 
to germanium. Thus, the conformational energy of a 
£-butyl group bonded to germanium is ca. 1.3 kcal 
mol"1 (=1.8-0.5 kcal mol"1). 

It must be added that a much the same conclusion 
can be drawn as for the conformational energy of a 
£-butyl group from the similar consideration of 
chemical shifts of 9G. 

Variable temperature study of 13C NMR spectra of 
9G is helpful. Unfortunately, as was the case with 
other germacyclohexanes,2) the ring reversal could not 
be frozen at such a low temperature as — 120°C. 
Nevertheless, it is evident that C-2,6, C-4, and Me-4 of 
the major component (eis isomer) showed a much 
enhanced temperature shifts to lowfield as compared 
with other carbon nuclei. Thus, these three signals of 
eis isomer shift to downfield as the temperature lowers 
from ambient temperature to — 120°C. This can be 
explained by an increasing contribution of more stable 
conformer of cw-9G(9Gae) as the temperature lowers. 
A rough estimation based on the equation AG° = 
—RTln K indicates that the population of more stable 
isomer (in this case 9Gae) will increase by ca. 10% as 
the temperature lowers by 150 °C. 

Since in cyclohexanes an axial methyl group will 
cause an upfield shift of ca. 3.7 ppm at C-2, a 10% 
increase of 9Gae conformer will cause a downfield 
shift of 0.4 ppm at most, which is larger than the 
observed shift at C-2 (ca. 1 ppm). Considering that, 
however, an involvement of a £-butyl group will make 
the comparison more difficult (vide infra), the 
agreement may the regarded reasonable, which in turn 
supports our discussion. 

If the conformational energy of a £-butyl group is as 
large as 1.3 kcal mol - 1 , 6G should exist mostly in 6Ge. 
Hence, the chemical shift difference between 6G and 
IG should give the substituent chemical shift (SCS) of 

an equatorial £-butyl group in germacyclohexanes. 
SCS of an equatorial £-butyl group can be estimated by 
use of different compounds, e.g., as the chemical shift 
difference between cis-SG (exclusively 8Gee) and 3G, 
or trans-9G (exclusively 9Gee) and 4G, respectively. 
The estimated values are listed in Table 2 together 
with the SCS of an equatorial £-butyl group in 
cyclohexanes, i.e., the chemical shift difference between 
6C and 1C.13) The SCS values are uniformly small and 
somewhat scattering, indicating that these values are 
not very effective as a means of assignment and 
assessment of stereochemistry of germacyclohexanes in 
a sharp contrast with the substituent effect of a methyl 
group. 

This situation will make the assignment of 13C 
resonances of 10G isomers more difficult. From the 
13C intensities, the ratio of two isomers is ca. 3 :1 . By 
subtracting chemical shifts of 7G from the correspond­
ing shifts of each isomer, two sets of substituent effects 
of a £-butyl group can be estimated and summarized in 
Table 2. The one (minor component) which gives 
substituent effects closer to SCS of an equatorial t-
butyl group is assigned to trans-lOG (necessarily 
lOGee; i.e., the one with and equatorial £-butyl group 
on germanium). It must be admitted that this 
stereochemical assignment is not free from ambiguity, 
and an alternative assignment is equally justifiable. 
This situation, on the other hand, excludes a 
contribution of a boat or a twist boat form where a 
large upfield shift should be observed.13) 

73Ge Chemical Shifts. In the case of 1-methyl-
germacyclohexanes,2) the 73Ge chemical shifts is very 
sensitive to the stereochemistry of a methyl group 
bonded to germanium. Thus, that of cis-5G (5Gae) is 
ca. 12 ppm upfield as compared with that of trans-bG 
(5Gee). Hence it is possible to estimate the ratio of 
equatorial and axial isomers of 2G based on its 73Ge 
chemical shifts. It will be interesting to see if 
1-^-butylgermacyclohexanes are also sensitive to the 
stereochemistry of the £-butyl group and can be a 
means to distinguish whether the molecule has an 
axial £-butyl group, or a twist form. 

Unfortunately, however, due to the enhanced 
asymmetry of electric field gradient around the 

Table 2. Substituent Chemical Shifts (SCS)a) of an Equatorial 
£-Butyl Group in Germacyclohexanes 

Compds used for estimation 

6G-lGb> 
cw-8Gee-3Ge 

trans-9Gee-4Ge 
trans-10Gee-7Ge 

cw-10G-7Geb> 
6C-1CC> 

C-2,6 

+0.12 
+0.60(2) 
+0.17(6) 
+0.36 
+0.48 

+0.65 
+0.6 

C-3,5 

-0.18 
+0.39(3) 
+0.45(5) 
+0.20 
+0.38 

-0.26 
+0.2 

C-4 

+0.54 
+0.82 

+0.86 
+1.02 

+0.44 
-0 .3 

Others 

+0.87 (Me-3) 

+0.29 (Me-4) 
+0.33 (t-Bu (q)) 
+0.30 (f-Bu (Me)) 

a) For definition, see text, b) The conformation of the £-butyl group on germanium is not necessarily fully 
equatorial, c) Data taken from Ref. 12. 
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germanium nuclei together with the increased molec­
ular weights, the half-width of 73Ge resonances of 8G 
and 9G was large (ca. 150 Hz or 30 ppm) and could not 
be resolved. Furthermore, no signal was recorded for 
10G although a reasonable concentration was employ­
ed. 

Nevertheless, the chemical shift values are very 
revealing. For 8G and 9G, the center of signals are at 
ca. —38 ppm and —41 ppm, respectively, both are 
upfield to that of 6G (—27.8 ppm). Since the 
substituent effect of Me-3 or Me-4 on 73Ge shifts is 
small if any, this upfield shift is accounted for by a 
contribution of an axial £-butyl group. 

Molecular Mechanics Calculations. In our pre­

vious studies on 1 -methylgermacyclohexanes,2b) the 
conformational energy of a methyl group estimated by 
NMR chemical shifts are essentially identical with that 
estimated by molecular mechanics calculations. As 
has thoroughly been established, the conformational 
energy of a £-butyl group is as large as 4.9 kcal mol - 1 in 
cyclohexanes.10) In germacyclohexanes, our estima­
tion based on NMR chemical shifts of ^-butylgermacy-
clohexanes 6G—9G is about 1.3 kcal mol -1 . It is 
interesting to estimate the value by means of the 
molecular mechanics calculation. Another important 
point to be discussed is the possibility of deforming of 
^-butylgermacyclohexane ring from a chair into a 
nonchair (e.g., a twist boat). 

Table 3. MM2 Component Steric Energies'0 of Germacyclohexanes 
and Corresponding Cyclohexanes 

Compounds'5-c ) 

IG 

2Ge 

2Ga 

6Ge 

6Ga 

9Gee 

9Gaa 

9Gea 

9Gae 

lOGee 
lOGaa 
lOGea 
lOGae 
IGT 

lOGTaa 

lOGTea 

icd> 
2Ced> 
2Cad> 
6Ce 
6Ca 
9Caa 
9Cea 
9Cae 

lOCee 
lOCaa 
lOCea 
1CT 

lOCTee 
lOCTaa 
lOCTea 

A 
Od> 
A 
Od> 
A 
Od> 
A 
O 
A 
O 
A 
O 
A 
O 
A 
O 
A 
O 
A 
A 
A 
A 
A 
O 
A 
O 
A 
O 

Es 

6.11 
5.72 
5.20 
4.83 
4.95 
4.61 
8.79 
7.08 
9.12 
8.31 
9.38 
7.64 

11.03 
10.33 
10.57 
8.99 
9.68 
8.83 

16.72 
21.03 
20.27 
16.97 

9.94 
11.16 
19.74 
19.78 
20.01 
20.06 

6.55 
6.89 
8.69 

13.31 
18.31 
20.48 
15.30 
18.53 
19.90 
29.92 
24.64 
11.91 
19.74 
25.20 
25.47 

Ec 

0.38 
0.40 
0.38 
0.41 
0.38 
0.40 
1.05 
0.95 
1.07 
1.01 
1.25 
1.15 
1.23 
1.20 
1.22 
1.15 
1.26 
1.21 
2.45 
2.33 
2.36 
2.48 
0.42 
0.42 
2.38 
2.31 
2.37 
2.29 
0.34 
0.45 
0.48 
1.38 
1.49 
1.62 
1.50 
1.58 
2.35 
2.64 
2.48 
0.43 
2.38 
2.44 
2.41 

£b 

1.68 
1.88 
1.66 
1.83 
1.67 
1.85 
2.19 
2.26 
2.30 
2.04 
2.32 
2.38 
2.99 
3.29 
2.77 
2.90 
2.44 
2.79 
4.12 
6.90 
6.66 
4.33 
2.52 
2.53 
4.99 
4.85 
5.06 
4.94 
0.37 
0.47 
0.97 
1.97 
4.34 
4.94 
2.60 
4.45 
3.63 
8.20 
5.95 
0.74 
4.99 
4.08 
4.27 

Esb 

0.14 
0.14 
0.14 
0.14 
0.14 
0.14 
0.17 
0.18 
0.17 
0.18 
0.19 
0.20 
0.25 
0.27 
0.25 
0.26 
0.20 
0.21 
0.43 
0.57 
0.58 
0.44 
0.17 
0.17 
0.48 
0.49 
0.48 
0.49 
0.08 
0.11 
0.15 
0.30 
0.43 
0.50 
0.37 
0.45 
0.51 
0.76 
0.64 
0.12 
0.48 
0.57 
0.57 

£ t 

1.24 
1.27 
1.25 
1.33 
1.24 
1.38 
1.20 
1.31 
1.78 
2.32 
1.24 
1.35 
2.61 
3.24 
2.10 
2.20 
1.81 
2.33 
3.01 
4.98 
4.45 
3.51 
3.30 
5.19 
5.44 
7.51 
5.42 
7.50 
2.16 
2.14 
3.09 
3.73 
5.45 
6.48 
4.64 
5.43 
5.31 
8.95 
7.01 
5.59 
5.44 
9.49 
9.34 

£l,4 

3.69 
3.15 
3.29 
2.75 
3.30 
2.73 
7.70 
6.02 
7.42 
5.64 
8.22 
6.54 
8.08 
6.28 
8.33 
6.66 
7.93 
6.15 

10.04 
10.63 
10.88 

9.69 
4.48 
4.08 

11.27 
9.41 

11.33 
9.47 
4.67 
5.20 
5.32 
7.165 
7.90 
8.52 
7.79 
8.42 
9.66 

11.13 
10.40 

5.89 
11.26 
11.20 
11.26 

-Eother 

- 1 . 0 2 
- 1 . 1 4 
- 1 . 5 2 
- 1 . 6 3 
- 1 . 7 9 
- 1 . 8 8 
- 3 . 5 1 
- 3 . 6 4 
- 3 . 6 1 
- 3 . 4 8 
- 3 . 8 3 
- 3 . 9 9 
- 4 . 1 3 
- 3 . 9 6 
- 4 . 0 9 
- 4 . 1 9 
- 3 . 9 6 
- 3 . 8 7 
- 3 . 3 4 
- 4 . 3 8 
- 4 . 6 6 
- 3 . 4 7 
- 1 . 2 3 
- 1 . 2 4 
- 4 . 8 1 
- 4 . 7 9 
- 4 . 6 5 
- 4 . 6 4 
- 1 . 0 6 
- 1 . 4 7 
- 1 . 3 4 
- 1 . 2 4 
- 1 . 3 0 
- 1 . 5 8 
- 1 . 5 9 
- 1 . 8 1 
- 1 . 5 5 
- 1 . 7 7 
- 1 . 8 5 
- 0 . 8 6 
- 1 . 8 5 
- 2 . 5 7 
- 2 . 5 2 

a) For definition of each component steric energies, see text, b) Small letters "e" and "a" represent equatorial 
and axial, respectively. Thus, 9Gea is 1-equatorial, 4-axial isomer of 9G. "T" stands for a twist boat structure. 
c) A: Allinger model, O: Ouellette model, d) Data taken from Ref. 2b. 
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It is expected that the conformat ional energy for a 
£-butyl g r o u p wil l considerably be reduced in germa­
cyclohexanes as compared wi th that in cyclohexanes. 
At the same time, the energy difference between a chair 
form and a twist boat would also be reduced in 
germacyclohexanes. T h e n whether such a c o m p o u n d 
as cis-10G is a chair form or a twist boat will depend 
on the relative m a g n i t u d e of two effects, i.e., a relief of 
1,3-diaxial interact ion by convert ing a chair form to a 
twist boat , and the increase of energy due to 
n o n b o n d i n g interact ion and other effects such as 
torsional term associated wi th a twist boat. 

Molecular mechanics calculations were carried out 
for a variety of £-butylgermacyclohexanes us ing the 
MM214) p rogram. Parameters for g e r m a n i u m was 
taken from Allinger 's compi la t ions (hereafter Allinger 
model).15) T h e results are given in Table 3. In Table 3, 
not only the steric energy bu t also its componen t 
energies are listed for each compound . In MM2 
calculat ions, total steric energies (Es) are the sum of 
compression energy (Ec), bend ing energy (Eb), stretch-
bend energy (£sb), torsional energy (£ t), and van der 
Waals energy which is subdivided in to the energy 
associated wi th 1,4-interaction (£1,4) and that wi th 
other interactions (£other). 

T h e steric energy difference between axial- and 
equator ia l -6G is only 0.33 kcal m o l - 1 in favor of the 
equator ia l isomer. T h e discrepancy from the estim­
at ion based on N M R chemical shifts is significant. If 
this predic t ion is correct, a i-butyl g r o u p on ger­
m a n i u m is conformationally m u c h " l igher" not only 
t han a £-butyl g r o u p on carbon bu t also than a methyl 
on carbon. Hence, trans-SG and cis-9G should exist 
exclusively in 1-axial, 3 (or 4)- equator ia l form. As 
described before, this is not consistent wi th the 
chemical shifts of Me a n d the carbon nuclei bonded to 
Me. 

It is interest ing to notice that a m u c h higher 
conformational energy of a £-butyl g roup is calculated 

if ge rman ium parameters proposed by Ouellette et 
al.16) some years ago (hereafter Ouellette model) are 
employed. These parameters were used for the 
calculat ions of 1-methylgermacyclohexanes2b) and 3-
methylgermacyclohexanes1 7 ) wi th success. T h e results 
obta ined wi th Ouellet te model are also included in 
Tab le 3. T h e conformat ional energy of a £-butyl 
g roup bonded to ge rman ium is 1.23 kcal m o l - 1 in a 
good agreement wi th the predict ion based on N M R 
data. T h e calculat ion wi th Allinger model predicts an 
exclusive cont r ibut ion of 8Gae and 9Gae over 8Gea 
and 9Gea, respectively. Wi th Ouellette model , the 
steric energy difference between the two invertmers 
9Gae and 9Gea is only 0.16 kcal m o l - 1 , which is 
consistent wi th the observations by NMR. Wi th 
Allinger model the difference amounts to 0.89 kcal 
m o l - 1 . 

In order to see why this discrepancy arises, we 
calculated some other germacyclohexanes wi th bo th 
models. T h e results are included in Table 3. T h e 
conformat ional energy of a methyl g roup obtained 
wi th All inger model is —0.25 kcal m o l - 1 which is 
essentially identical wi th that by Ouellette model 
(—0.22 kcal mo l - 1 ) . T h u s , a serious deviation seems 
to arise only when the steric strain involved in the 
molecule is excessive. 

An examina t ion of each componen t steric energies 
indicates that the two models gave much the same 
results for 2Ge and 2Ga. O n the contrary, there are a 
few considerable difference for 6G. For instance, the 
difference of bend ing term Eb (i.e., Eb (ax) — £ b (eq)) is 
0.11 kcal m o l - 1 by Allinger model and 0.38 kcal m o l - 1 

by Ouellet te model , and the difference of torsion term 
Et is 0.58 kcal m o l - 1 by Allinger model and 1.01 kcal 
m o l - 1 by Ouellette model. 

T h i s is more clearly shown if the structural 
parameters listed in Table 4 are compared. Evidently, 
Allinger model seems to predict m u c h larger flattening 
of the r i n g a r o u n d ge rman ium. T h u s , the dihedral 

Table 4. Structures of ^-Butylgermacyclohexanes and £-Butylcyclohexanesa'b) 

IG 

2Ge 

2Ga 

6Ge 

6Ga 

6Ce 
6Ca 

A 
O 
A 
O 
A 
O 
A 
O 
A 
O 

n,2 

nm 

0.1949 
0.1947c) 

0.1949 
0.1945c> 
0.1949 
0.1947c> 
0.1949 
0.1947 
0.1951 
0.1950 
0.1544 
0.1546 

T2,3 

nm 

0.1536 
0.1538 
0.1538 
0.1538 
0.1538 
0.1538 
0.1538 
0.1538 
0.1538 
0.1537 
0.1537 
0.1533 

^3,4 

nm 

0.1541 
0.1543 
0.1542 
0.1543 
0.1541 
0.1543 
0.1542 
0.1543 
0.1540 
0.1542 
0.1533 
0.1534 

0i 

0 

102.8 
101.6 
102.9 
101.8 
102.6 
101.7 
102.9 
101.9 
104.9 
102.5 
108.6 
108.9 

02 

0 

110.7 
109.9 
110.7 
109.8 
110.7 
109.9 
110.5 
109.7 
111.8 
111.2 
112.3 
114.2 

03 

0 

113.8 
113.5 
113.8 
113.5 
113.8 
113.5 
113.8 
113.5 
114.1 
113.6 
110.9 
110.3 

04 

0 

114.2 
114.6 
114.3 
114.7 
114.3 
114.7 
114.3 
114.6 
114.0 
114.4 
110.0 
110.5 

m,2 

0 

43.2 
47.8 
43.1 
47.7 
43.3 
47.5 
43.6 
47.5 
37.8 
42.4 
55.4 
51.7 

(W2,3 

0 

56.1 
58.2 
56,1 
58.0 
56.1 
57.9 
56.2 
58.0 
53.1 
55.9 
57.4 
51.8 

<W3,4 

0 

67.5 
66.4 
56.4 
66.4 
67.5 
66.3 
67.5 
66.7 
68.8 
67.5 
56.7 
54.7 

a) A; Allinger model, O; Ouellette model, see text, b) The definition of the structural parameters are as follows: n,2 
is the distance between Ge-1 and C-2 in nm, 0i is the bond angle C-6-Ge-l-C-2 in degrees and 0)1,2 is the torsion angle in 
degrees defined by the C-6-Ge-l-C-2-C-3 moiety. The other parameters are defined analogously, c) Data taken from 
Ref. 2b. 
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angle coi,2 (C-6-Ge-l-C-2-C-3) is estimated to be about 
48° by Ouellette model and 43° by Allinger model. 
For 2Ge and 2Ga, as well as 6Ge, the dihedral angle is 
essentially identical with that of IG whichever 
models are used. Hence, a flattening of this magnitude 
is not sufficient to relieve the strain caused by an axial 
methyl group. 

For 6Ga, both models predict an enhanced flatten­
ing: the angle is 42° by Ouellette model and 38° by 
Allinger model. It seems that the strain caused by an 
axial £-butyl group will more effectively be released in 
the latter model where the ring around germanium is 
very flat. 

As for the values of parameters for computation are 
concerned, Allinger model is not very far from 
Ouellette model except the V3 term of torsion energy. 
This influences both the dihedral angle and torsion 
energy as was observed. 

It is well established both by experiments and by 
calculations that the C-l-C-7 bond length of t-
butylcyclohexane is somewhat prolonged to release the 
strain. In 4-^-butylcyclohexanecarboxylic acid, the 
length by X-ray crystallography is 0.1550 nm, ca. 
0.004 nm longer than the normal bond length.18) The 
calculated bond length of Ge-C-7 bond is ca. 0.199 nm, 
an enhanced length of the same order. 

Based on molecular mechanics calculations, van de 
Graaf et al.9) has predicted that the position for both an 
equatorial and an axial £-butyl group with respect to 
the cyclohexane ring differs from perfectly staggered. 
The deviation from the perfectly staggered along C-
l-C-7 amounts to 8.4° for 6Ce and 20.9° for 6Ca. In 
6G this deviation is much less than that for 6C. Thus 
the deviation is almost null for 6Ge while it is about 6° 
for 6Ga in Allinger model. 

All these data seem to indicate that in germacyclo-
hexanes the prolonged C-Ge bond length deduces the 
repulsion between a £-butyl group and the ring to a 
considerable extent, making the deviation of the ring 
structure of 6G from that of IG much less than the 
corresponding deviation between 6C and 1C. It seems 
that the Allinger model tends to give a large relaxation 
as compared with Ouellette model concerning the 
twist of a £-butyl group. 

Next we calculated the steric energy for a twist boat 
of some germacyclohexanes. The results are also 
included in Table 3. The differences in the steric 
energy between a chair IG and a twist boat IG 
(abbreviated as IGT) is 3.83 kcal mol - 1 (Allinger 
model) or 5.44 kcal mol - 1 (Ouellette model), which is 
not so much different from the corresponding value 
between 1CT and 1C (5.36 kcal mol -1). This value is 
comparable with the conformational energy of a t-
butyl group in cyclohexane (4.9 kcal mol_1,10) 5.00 kcal 
mol - 1 by our calculation: see Table 3), and hence, 
according to our estimation (vide infra), is con­
siderably larger than the conformational energy of a 
£-butyl group in germacyclohexanes. Thus, in 

germacyclohexanes the increment of steric energy 
associated with the ring deformation cannot be 
compensated by conversion of a £-butyl group from 
axial to equatorial or to pseudo-axial. 

In the case of 10G, czs-lOGea, and trans-lOGaa. will 
be stabilized (0.26 and 1.29 kcal mol - 1 , respectively, in 
Allinger model) if the ring assumes a twist boat. The 
gain for czs-lOGea is, for instance, much less than the 
steric energy difference from as-lOGae (3.04 kcal mol - 1 

in Allinger model and 4.04 kcal mol - 1 in Ouellette 
model). Hence the equilibium is shifted to the chair 
form of czs-lOGae rather than to lOGTea. Similarly, 
lOGTaa is much higher in energy than lOGee in 
contrast to the case of lOCTaa which has a comparable 
energy with lOCee. 

Thus, in the case of 10G, in contrast to 10C, 
molecular mechanics calculations predict that in 
germacyclohexanes a twist-boat is not possible, which 
is in a qualitative agreement with the NMR data. This 
is another characteristics of germacyclohexanes in 
contrast to cyclohexanes which tend to convert to a 
twist boat when two £-butyl groups are in unfavorable 
orientation. 

Molecular Orbital Calculations. In our previous 
study on phenylgermacyclohexanes we empolyed 
MNDO calculations in order to assess the conform­
ational energy of a phenyl group bonded to germ­
anium of germacyclohexane since the lack of para­
meters for germanium bonded to sp2-hybridized 
carbons has made molecular mechanics calculations of 
such compounds impossible.3* Thus, the difference in 
heat of formation between equatorial- and axial-
phenylgermacyclohexanes is only 0.06 kcal mol -1. This 
unexpectedly small difference was supported by the 
similarly small difference in heat of formations 
between 2Ge and 2Ga (0.04 kcal mol"1). 

With these results in mind, we calculated the heat of 
formation of some £-butylgermacyclohexanes by means 
of MNDO together with the parameter for germanium 
proposed by Dewar et al.19) The results are given in 
Table 5. The difference for 6Ga and 6Ge is 
0.60 kcal mol - 1 , a value between the two values 
estimated by MM2 calculations with two different 
models. Remembering that MNDO has, however, a 
tendency to overestimate the ring flattening,20* and 
hence to underestimate the heat of formation of the 
axial isomer, the actual conformational energy of a 
£-butyl group should considerably be larger than the 
calculated value of 0.60 kcal mol - 1 , which supports 
Ouellette model for ^-butylgermacyclohexanes. 

Nevertheless, the results for 10G can reproduce the 
tendency as predicted by MM2 calculations. Thus, the 
difference in heat of formation between lOGee and 
lOGaa (5.14 kcal mol -1) corresponds to the difference 
in conformational energies (4.31 kcal mol -1). It is 
certain that MNDO calculations can be used as a 
means to estimate the conformational energy of 
germacyclohexanes in an approximate manner. 
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Table 5. MNDO Heat of Formation of Germacyclohexanes 

Conformation Heat of formation Difference3-b) 

2Ga 
2Ge 
6Ga 
6Ge 

lOGaa 
lOGee 
lOGae 
lOGea 

-31.29 
-31.33 
-38.68 
-39.28 
-27.92 
-33.06 
-31.28 
-27.83 

0.04 (-0.25) 

0.60 (0.33 or 1.23)c> 

5.14(4.31) 

-3.45 (-3.30) 

a) The difference is, e.g., defined as the difference in heat of formation between 2Ga and 2Ge, i.e., between the 
one with an axial substituent on germanium and the other with the equatorial. A positive value indicates the 
equatorial isomer is more stable, b) Values in parentheses are the corresponding difference in MM2 steric 
energies (Table 2). The sign of figures indicates the same situation as above, c) For explanation, see text. 

In conclusion, it seems that the conformational 
energy of a £-butyl g r o u p in germacyclohexane is most 
likely ca. 1.3 kcal m o l - 1 , as is indicated by N M R data, 
wh ich is suppor ted by molecular mechanics calcula­
tions wi th Ouellette model . It will be interesting to 
estimate the conformat ional energy of a £-butyl g roup 
in other heteracyclohexanes, or that of m u c h bulkier 
g roups in germacyclohexanes. Study a long this l ine is 
under progress in our laboratory. 

Experimental 

Infrared spectra were obtained with a JASCO A102 
grating infrared spectrophotometer as a liquid film. 

The 1H NMR spectra were recorded with a Varian EM-390 
spectrometer as CDCI3 solution containing a small amount 
of tetramethylsilane (TMS) as the internal standard. 

The 73Ge NMR spectra were recorded as solutions in CDCI3 
(1:1 v/v) on a JEOL FX-90Q spectrometer equipped with an 
NM-IT 10LF low-frequency insert, operating at 3.10 MHz, 
in a 10 mm tube at 30 °C. Typical measurement conditions 
were as follows: pulse width, 150 jus (90°); spectral width, 
2000 Hz; number of scans, 5000; pulse delay, 100 ms; data 
points, 4096. The 13C NMR spectra were determined for the 
same solution on the same instrument at 22.50 MHz. 
Typical measurement conditions were as follows: pulse 
width, 13 //s (40°); spectral width, 2000 Hz; number of scans, 
500; pulse delay, 1 s; data points, 4096. 

Molecular Mechanics Calculations. The program used 
was Allinger's MM2.14) Since in MM2 the parameters for 
germanium are not available, we installed the parameters 
reported by Ouellette16) and those by Allinger15) in MM2. 
Since the former parameters were prepared for the older force 
field of Allinger21) (before MM1) based on the experimental 
values of methylgermane and dimethylgermane, there is 
some doubt as for the consistency between parameters 
for germanium and for other atoms. This point was dis­
cussed in the previous communication2^ where it was shown 
that the use of the combination of MM2 and germa­
nium parameters of Ouellette16) is acceptable, and this com­
bination is used throughout this investigation. 

For the sake of comparison, calculations were also carried 
out for the corresponding cyclohexanes, and the results were 
also included in Table 2. 

Molecular Orbital Calculations. The one in the AMPAC22) 

package was used as the computation program. For input 
geometry of J-butylgermacyclohexanes, we used the optimiz­
ed (by MM2) structures. The computation was carried out by 

means of micro VAX II with Ultrix-32 ver. 2.0-1 and VAX 
FORTRAN. 

Preparation of Germacyclohexanes (6G—10G). The prep­
aration of necessary precursors for 8G and 9G, 1,5-
dibromo-2-methylpentane and l,5-dibromo-3-methylpentane 
were previously described.2b) Preparation of l,5-dibromo-3-£-
butylpentane was carried out according to the literature.23) 

£-Butyltrichlorogermane: Trichlorogermane (113.6g, 
0.635 mol) was dissolved in diethyl ether (500 ml) to which 
£-butyl chloride (58.4 g, 0.635 mol) was added under ice 
cooling. Stirring was continued for 10 h at room temper­
ature. The solvent was removed under a reduced pressure, 
and the residual pale yellow oil was recrystallized from 
pentane to afford very hygroscopic white crystals of the title 
compound (58 g, 25%). 

l-£-Butyl-l-chlorogermacyclohexane (6G'): 1,5-Dibromo-
pentane (5.4 g, 0.023 mol) was caused to react with Mg 
(1.91 g, 0.081 mol) in diethyl ether (50 ml) to afford the bis-
Grignard reagent, which was added, under the atmosphere 
of argon and with stirring, to ^-butyltrichlorogermane 
(5.61 g, 0.023 mol) in diethyl ether (100 ml) under reflux 
(inverse Grignard method). Refluxing was continued for 
3 h, the resultant solid was filtered, and the ether was 
evaporated from the remaining oil which was distilled under 
a reduced pressure to afford 6G' (3.87 g, 73%). 

l-*-Butylgermacyclohexane (6G) : 6G' (3.87 g, 0.017 mol) 
was treated with lithium aluminum hydride (LAH; 0.68 g, 
0.017 mol) in diethyl ether (30 ml) under argon. After the 
remaining LAH was decomposed with water, the ether layer 
was washed with water, dried over CaCb and evaporated. 
The distillation of the residue under a reduced pressure 
afforded 6G (1.70 g, 50%). 6G rapidly polymerizes in air. 

4-£-Butyl-l,l-dichlorogermacyclohexane (7G'): The bis-
Grignard reagent of l,4-dibromo-3-£-butylpentane (5.0 g, 
0.017 mol) was prepared in tetrahydrofuran (THF, 50 ml) 
with Mg (0.93 g, 0.038 mol), which was added to tetrachloro-
germane (GeCl4; 4.13 g, 0.019 mol) in diethyl ether (120 ml) 
under argon under reflux. Refluxing was continued for 3 h 
and the precipitate was rapidly filtered off. The solvent was 
evaporated under reduced pressure, and the residue was 
distilled in vacuo to afford 7G' (1.62 g, 34%). 

4-*-Butylgermacyclohexane (7G) : 7G' ( 1.62 g, 0.006 mol) 
and LAH (0.30 g, 0.008 mol) in diethyl ether was refluxed 
under argon for 1.5 h. The residual LAH was decomposed 
with water under ice cooling, and the organic layer was 
washed with water, dried over CaCk, and evaporated. The 
residue was distilled in vacuo to afford 7G (0.62 g, 51%). 

l-*-Butyl-3-methyl- (8G) and l-*-Butyl-4-methyl- (9G) ger-
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Table 6. Physical Properties of Germacyclohexanes (6G-10G) and Their Precursors'0 

*HNMR C o m p o u n d 
(Formula) 

6G 
(C9H2oGe) 

7G 
(C9H2oGe) 

8G 
(CioH22Ge) 

9G 
(CioH22Ge) 

10G 
(Ci3H2 8Ge) 

6 G ' 
(C9Hi9ClGe) 

7 G ' 
(C9Hi8Cl2Ge) 

8 G ' 
(Ci0Hi9ClGe) 

9 G ' 
(CioHi9ClGe) 

10G' 
(Ci3H2 7ClGe) 

Yielda> 

% 

50 

51 

30 

47 

12 

73 

34 

44 

49 

27 

Isomer rat io 
eis : trans 

— 

— 

1:1 

7:3 

3:1 

— 

— 

— 

— 

— 

Bp Ob 

°C/mmHg c> 

9 8 - 1 0 2 / 2 0 

125/23 

86/14 

88/9 

106/12 

72—75/20 

93—95/116 

105—108/2 

122—127/20 

75—78/27 

IR ( G e - H ) 

pH (neat) 

2042 

2050 

2040 

2038 

2035 

2050 

— 

— 

— 

2040 

OH (90 MHz; CDCl3)
b) 

1.00 (9H, s, *-Bu), 3.58 (1H, m, H-1) 

0.83 (9H, s, *-Bu), 2.16 (1H, m, H-4), 
3.41 (2H, m, H-1) 
0.96 (3H, s, J=l Hz, Me-3) 
1.10 (9H, s, f-Bu), 3.56 (1H, m, H-1) 
1.03 (3H, d , / = 6 H z , Me-4) 
1.06 (9H, s, *-Bu), 3.46 (1H, m, H-1) 
0.83 (9H, s, *-Bu), 1.07 (9H, s, t-Bu) 
3.56 (LH, m, H-1) 

a) Yields based on the immediate precursor, b) Values for the major isomers, c) 1 mmHgÄS133.322 Pa. 

macyclohexane: These compounds were prepared by the 
reaction between ^-butyltrichlorogermane and the bis-
Grignard reagent of l,5-dibromo-2-methylpentane, and 1,5-
dibromo-3-methylpentane, respectively, via the correspond­
ing 1-^-butyl-l-chlorogermacyclohexane 8G' and 9G'. 

l,4-di-£-Butylgermacyclohexane (10G): The preparation 
of this compound was carried out in an essentially indentical 
procedure employed for the preparation of other germacy­
clohexanes from l,5-dibromo-3-£-butylpentane and £-butyl-
trichlorogermane via 1-^-butyl-l-chloro derivative (10G'). 

In cases of 6G, 8G—10G, separation of stereoisomers were 
unsuccessful partly because of the scarcity of the sample and 
partly because of the instability of germacyclohexanes with a 
hydrogen atom bonded to germanium. 

The yield and physical properties of the J-butylgerma-
cyclohexanes are summarized in Table 6. 

T h e authors thank the Ministry of Educat ion, 
Cul ture and Heal th for Grant- in-Aid for Scientific 
Research on Priori ty Areas (01648007) and the ASAI 
G e r m a n i u m Research Inst i tute for financial support . 
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Thermal Decomposition of 2,2-Bis(£-butyldioxy)alkanes 
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The thermal decomposition of 2,2-bis(*-butyldioxy)propane (la) has been studied in cumene. The 
activation parameters obtained by the thermolysis of la are AH*= 145.6 kj mol - 1 and AS*=47.3 J K_1 mol -1 . 
The decomposition products of la are acetone, *-butyl alcohol, *-butyl hydroperoxide, *-butyl peracetate, *-butyl 
1-methyl-1-phenylethyl peroxide, and bis(l-methyl-1-phenylethyl). The peroxyacetal cleaves homolytically at 
one of dioxy bonds to yield an intermediate alkoxyl radical with a-^-butyldioxy group, which decomposes 
subsequently to J-butyldioxyl and methyl radicals via ^-elimination. The thermal decomposition of 2,2-bis(£-
butyldioxy)butane and 2,2-bis(*-butyldioxy)-3-methylbutane have also been examined. Relative rates of ß-
elimination of radicals from alkoxyl radicals are concluded to be isopropyl : ethyl .^butyldioxyl : methyl 
=133:33:7:1, revealing a facile scission of dioxyl radical. 

T h e decomposi t ion behavior of peroxyacetals is 
qu i t e interest ing because of the presence of two dioxy 
bonds on one carbon a tom, and is impor tan t as an 
in i t ia tor for practical polymerizat ions. But only a few 
studies have been reported on the thermal decomposi­
t ion of them.1 _ 4 ) Mageli and co-workers3) studied the 
thermal decomposi t ion of butyl 4,4-bis(£-butyldioxy)-
valerate in dodecane. As decomposi t ion products they 
obtained acetone, £-butyl alcohol, butyl propionate , 
and butyl levulinate. J-Butyl peracetate (3) was 
assumed to be an intermediate p roduc t d u r i n g the 
decomposi t ion, bu t it could not be obtained under the 
condi t ions . Previously we reported on the thermal 
d e c o m p o s i t i o n of 2,2-bis(£-butyldioxy)-3-methyl-
bu tane (lc) in diphenylmethane. 4 ) T h e results have 
shown that the O - O homolysis of the acetal yields 
l-(£-butyldioxy)-l ,2-dimethylpropoxyl radical, which 
cleaves competit ively to £-butyldioxyl or isopropyl 
radical. T h e ^ -e l imina t ion process was demonstrated 
by identifying isopropyl methyl ketone and 3 as 
decomposi t ion products . 

In the present paper we summarize our detailed 
study on the thermal decomposi t ion of 2,2-bis(£-
butyldioxy)alkanes (1) in order to elucidate the 
decomposi t ion mechan ism focusing on the facile ß-
e l iminat ion of ^-butyldioxyl radical. 

CH3 

*-BuOO-C-OOBu-* 
i 

R 

(1) 

(la): R = CH3, (lb): R = CH2-CH3, (lc): R = CH(CH3)2 

Results and Discussion 

Decomposition Mechanism of la. T h e thermal 
decomposi t ion of 2,2-bis(£-butyldioxy)propane ( la) 

Table 1. Rate Constants and Activation Parameters 
for the Decomposition of 2,2-Bis(£-butyl-

dioxy)propane (la) in Cumenea) 

Activation parameters 
Temp Ä1XIO5 

— AH* AS* 
OQ s - l 

kj mol"1 J K-1 mol"1 

90 0.216±0.007 
100 0.914±0.018 145.6±3.3 47.3±8.8 
110 2.97 ±0.02 
120 9.56 ±0.12 

a) The decomposition of la was carried out up to 
about 70% conversion under nitrogen. Initial la con­
centration: [la]o=0.1 M (1 M=l mol dm -3). 

was carried ou t in cumene under ni trogen. T h e 
thermolysis rates, determined by measur ing the disap­
pearance of la by G L C analyses, satisfied the first-
order kinetics. For example , the first-order rate 
constants remained constant by chang ing a forty-fold 
increase in the ini t ial concentrat ion of la. T h i s means 
that the induced decomposi t ion of the peroxide is 
negligible, if any, under these condit ions. T h e 
resul t ing kinetic data are listed in Tab le 1. T h e 
activation parameters for la are qui te close to those for 
di-^-butyl peroxide (i.e., A H ^ ^ l ô S . S k J m o l " 1 and 
AS*=48.1 J K ^ m o l - 1 ) , 5 * indica t ing a non-concerted 
homolyt ic cleavage of one dioxy bond in la. 

T h e decomposi t ion products of la in cumene, as 
identified by G L C a n d / o r GC-MS analyses, were 
acetone, £-butyl alcohol, £-butyl hydroperoxide, £-butyl 
peracetate (3), £-butyl 1-methyl-1-phenylethyl per­
oxide, and bis( l -methyl- 1-phenylethyl) (Table 2). T h e 
dependence of products on reaction t ime is shown in 
Fig. 1. T h e total recovery for £-butyl g roup from la 
was pretty h igh , e.g., 1.92 mol% or 96% for the 
decomposi t ion at 120 °C. A likely scheme leading to 
major products is shown by the following equat ions . 



March, 1990] Thermal Decomposition of Peroxyacetal 

Table 2. Products for Decomposition of laa) 

717 

Temp 

°C 

100 
120 

120d> 
120e> 

Time 

h 

24 
2 

2 
2 

Me2CO *-BuOH *-BuOOH 

A) Decomposition in cumene 
67 107 15 
88 110 16 

B) Decomposition in the presence 
f) f) 11 
f) f) 8 

Product yieldb)/% 

*-BuOOBu* 

< 1 
< 1 

MeC03Bu-* 

12 
14 

of a-methylstyrene 
< 1 
< 1 

13 
13 

*-BuOOR 

48 
52 

f) 
f) 

R-R 

32 
33 

f) 
f) 

Epoxidec) 

8 
17 

a) [la]o=0.1 M. b) Yields of products: [(moles of products)/(moles of la consumed)]X100. The conversion of la was 
about 50%. Me=CH3, R=C6H5C(CH3)2. c) a-Methylstyrene oxide, d) 0.1 M a-methylstyrene. e) 0.5 M a-methylstyrene. 
f) Not determined. 

\ 
u 
O 
U 

10 ( 

8 

6 

4 

2 

n 

/ <i^^ 

5= Î 

/% 

Û -

•, 

A 

-A 

*-BuOO. + R- *-BuOOR 

30 

t/h 

Fig. 1. Concentration change of products during the 
thermal decomposition of la in cumene at 100°C. 
[la]o=0.1 M. O: la, 3 : acetone, • : *-butyl alcohol, 
A: £-butyl hydroperoxide, A: 3, D: £-butyl 1-methyl -
1-phenylethyl peroxide, • : bis(l-methyl-1-phenyl-
ethyl). 

CH3 CH3 

*-BuOO-C-OOBu-* —^-> *-BuOO-C-0 • + *-BuO • ( 1 ) 

CH3 CH3 

(la) (2) 

k2 
O 

k3 

>CH3-COOBu-* + CH3-

9 
2 - ^ - ^ CH3-C-CH3 + ^-BuOO-

^-BuO. + RH > /-BuOH + R. 

O 

^-BuO. > CH3-C-CH3 + CH3 . 

(2) 

(3) 

(4) 

(5) 

R. + R . R-R 

(6) 

(7) 

Here, R H denotes cumene and R - R is bis( 1-methyl-1-
phenylethyl) . T h e O - O homolysis of l a produces t-
butoxyl and a-butyldioxyalkoxyl radical (2) (Eq. 1). 
T h e two major products , acetone and £-butyl alcohol , 
are formed by the ß-e l iminat ion of £-BuOO- from 2 
(Eq. 3), the e l imina t ion of methyl radical from t-
B u O - ( E q . 5), and the hydrogen abstraction of £-BuO-
from solvent cumene (Eq. 4). T h e following coup l ing 
reaction of relatively stable £-BuOO- and 1-methyl-1-
phenylethyl radicals (Eqs. 6 and 7) affords £-butyl 1-
methyl-1-phenylethyl peroxide and bis( 1 -methyl-1-
phenylethyl) in relatively h igh yields (i.e., 30—50%). 

T h e formation of £-butyl peracetate (3) is well 
explained by Eq. 2 as a compet ing fragmentat ion of 
methyl radical. An alternative route via a radical 
coup l ing is unl ikely since acyl radical is no t formed in 
the present reaction. T h e n , the relative yields of 3 and 
acetone are roughly the relative rates of Eqs. 2 and 3. 
T h e details are discussed in the next section. 

£-Butyl hydroperoxide was obtained as a m ino r 
product as shown in Tab le 2A. T w o routes are 
conceivable for its formation. One involves a 
hydrogen abstract ion of 2 from cumene to yield 
hemiacetal 4 (Eq. 8a), which wou ld decompose to t-
butyl hydroperoxide and acetone (Eq. 8b). T h e other 

2 + R H 
ÇH3 

^BuOO-Ç-OH + R. 
CH3 

(4) 

*-BuOOH + (CH3)2CO 

*-BuOO. + R H -+ *-BuOOH + R. 

(8a) 

(8b) 

(9) 

route is a hydrogen abstraction of £-BuOO- from 
cumene (Eq. 9). T o differenciate the two routes, the 
decomposi t ion of l a was carried ou t in the presence of 
a-methylstyrene (Table 2B). Whi le the yield of ester 3 
remained unchanged by the addi t ion of the olefin, the 
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a m o u n t of J -BuOOH decreased significantly, afford­
ing the cor responding epoxide. T h e radical epoxida-
t ion wi th alkyldioxyl radical (Eq. 10) is well known.6* 

*-BuOO- + CH2=CH(g> - > * - B u O O C H 2 - C - @ > 

CH3 

*-BuO- + 

CH3 

O 

CH2-Ç-<g) 
CH3 

( 1 0 ! 

These facts suggest that £-BuOO- radical is clearly 
formed and the precursor for £-BuOOH in the reaction 
of la. Moreover, the yield of £-BuOOH was decreased 
by the increasing concentrat ion of a-methylstyrene. 
J u d g i n g from all of these results, £-BuOOH is formed 
ma in ly from Eq. 9 and no t from Eq. 8. T h i s is qu i t e 
interest ing since the hydrogen abstraction of t-BuO • is 
k n o w n to be faster than tha t of £-BuOO • by a factor of 
1Q4 7) T h e u n i m p o r t a n c e of Eq. 8a in the present case 
is s imply due to a facile scission of i -BuOO- from 2; 
that is, the life t ime of 2 is too short to abstract a 
hydrogen a tom from solvent. 

Di-£-butyl peroxide could not be detected in the 
reaction mix ture (less than 1%). T h i s indicates that the 
coup l ing reaction of t-BuOO • to form the peroxide8 ) 

does no t occur at all and the p redominan t one is the 
hydrogen abstraction from solvent (Eq. 9). 

Relative Rates of ^-Elimination of Radicals. In 
order to obta in accurate ratios of ß-e l iminat ion from 
alkoxyl radical 2, the fol lowing equat ion was derived 
by app ly ing a steady-state assumpt ion on [3] in Eqs. 1, 
2, and3.4> T h a t is, 

d[3]/d* = a*i[la] - &4[3] (11) 

where «=^2/(^2+^3), a n d A4 is the rate constant for the 

decomposi t ion of 3 (Eq. 12). 

O 

- ^ C H 3 - C O . +*-BuO. 

Integrat ion of Eq. 11 gives 

[3] = aÄi[la]o(e-*4' - e-*i')/(*i - k4) 

(12) 

(13) 

T h e most appropr ia te values for a were obtained by 
compute r s imula t ion , a n d are listed in Tab le 3. A 
typical correlat ion between the observed and calcul­
ated concentra t ion of 3 is shown in Fig. 2. T h e 
resul t ing a values of 0.21—0.25 mean that the rate 
ra t io of ^-butyldioxyl and methyl radicals is about 4 in 
the ß-el iminat ion from 2. 

T h e relative rates of ethyl and isopropyl radicals for 
the ^ -e l imina t ion in intermediate alkoxyl radicals 
were also investigated in the thermal decomposi t ion of 
2,2-bis(£-butyldioxy)butane ( lb) and 2,2-bis(*-butyl-

Tabl 

Tempa) 

°C 

e 3. Ratios of ^-Elimination of 2 

Ä1XIO5 /uX105 

S"1 S"1 

«»w 
or' 

90 
100 
110 
120 

0.216±0.007 
0.914±0.018 
2.97 ±0.02 
9.56 ±0.12 

0.378±0.003 
1.47 ±0.02 
4.92 ±0.06 

16.1 ±0.1 

0.21 
0.23 
0.25 
0.24 

a) For reaction conditions see footnote a in Table 1. 
b) a=Ä2/(Ä2+£3) was obtained as noted in the text and 
Eq. 13. 

CM 

O 

Fig. 2. Concentration change of £-butyl peracetate (3) 
during the thermal decomposition of la (O), lb (3), 
and lc ( • ) in cumene at 100°C. [l]o=0.1 M. The 
curve shows a theoretical line calculated from Eq. 13. 

Table 4. Products for Decomposition of lb and lca) 

Products 

Acetone 
Alkyl methyl ketone 
£-Butyl alcohol 
£-Butyl hydroperoxide 
Di-^-butyl peroxide 
£-Butyl peracetate 
£-Butyl 1-methyl-1-phenylethyl 

peroxide 
Bis( 1 -methyl-1 -phenylethyl) 

Yieldb>/% 

lb 

15 
16c> 

104 
< 1 
< 1 
61 
8 

86 

lc 

11 
10d> 

108 
< 1 
< 1 
84 
2 

76 

a) Decomposition was carried out at 100 °C. Reaction 
time: lb, 11 h; lc, 6 h. b) Yields of products: [(moles of 
products)/(moles of lb or lc consumed)]X100. The 
conversion of lb or lc was about 50%. c) Yield of ethyl 
methyl ketone, d) Yield of isopropyl methyl ketone. 

dioxy)-3-methylbutane (lc). Rate constants for the 
decomposi t ion of l b and l c were 1.84X10~5s_1 and 
S . n X l O ^ s - 1 , respectively, at 100°C. T h u s , the 
decomposi t ion rates of 2,2-bis(£-butyldioxy)alkanes 
decrease in the order of l c > l b > l a , the ratios be ing 
3.5:2.0:1.0. 

T h e decomposi t ion products of l b and l c are listed 
in Tab le 4. In contrast to the case of la, h igher yields 
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of £-butyl peracetate was obtained, whi le £-butyl 1-
methyl-1-phenylethyl peroxide and £-butyl hydroper­
oxide con ta in ing dioxy g roup were of m u c h smaller or 
trace amoun t . These results indicate that the 
e l imina t ion of ethyl or isopropyl radical from alkoxyl 
radical 6 (Eq. 14a) is faster than that of ^-butyldioxyl 
radical (Eq. 14b). T h e formation of £-butyl hydroper-

CHa-COOBu-f 

-BuOO-

(14a) 

(14b) 

oxide in only trace a m o u n t is consistent wi th the very 
mino r e l iminat ion of ^-butyldioxyl radical from 6. By 
the same calculat ion as the case of la , the a values of 
0.83 and 0.95 were obtained for ethyl and isopropyl 
radicals at 100 °C. T h e correlations between the 
observed and calculated data are shown in Fig. 2. 
T h u s , the resul t ing relative rates of radicals for the 
e l imina t ion from ^-alkoxyl radicals 6 are of isopropyl : 
ethyl : *-butyldioxyl : me thy l=133 :33 :7 :1 . 

Several studies have been reported on the ß-
e l iminat ion from alkoxyl radicals wi th simple alkyl 
substitueras.9-12* A m o n g them, Wal l ing and Padwa9 ) 

have investigated the ß-el iminat ion of ^-alkoxyl 
radicals by carrying out the photodecomposi t ion of a 
series of £-alkyl hypochlori tes in the presence of 
cyclohexane in carbon tetrachloride. From the 
competi t ive reactions of Eqs. 15a and 15b, it was found 

CÔHI: 

R1R2R3CO. H 
-> R1R2R3COH + C6H11. (15a) 

-> R2R3OO + R1. (15b) kß 

out that the rate rat io for the ß-el iminat ion of radicals 
at 70 ° C was isopropyl : ethyl :methy l=1300:40 :1 . In 
order to compare more precisely wi th ou r results, we 
calculated the kß/k* value at 100 ° C from the reported 
difference in activation energies between the decom­
posi t ion and abstraction (i.e., Eß—E*) and in the 
frequency factor (i.e., Aß /A*). T h e calculated rate rat io 
at 100 ° C is i sop ropy l : e thy l :me thy l=167 :7 :1 , which 
is close to the present value of 133:33:1.1 3 ) 

Finally, it is interesting to note that the e l iminat ion 
of ^-butyldioxyl radical is qui te easy in compar i son 
wi th that of methyl radical. So far, the e l iminat ion of 
alkyl radicals has been explained by their polar effect 
in the t ransi t ion state, i.e., the impor tance of 7b in Eq. 
16."> 

R i 

R2 

-ç-o. 
R3 

R2 

- > [ R i ( > 0 < 

R3 
(7a) 

+ R2COR3 

A 2 
• R i + 6 ^ 0 -

R3 
(7b) 

R i 

(16) 

However, in the present case of ^-butyldioxyl radical, it 
is clearly shown that the stability Qf radical or the 
cont r ibut ion of 7a is also impor t an t for the ß-
el iminat ion of radicals. 

Experimental 

*H NMR spectra were recorded on a JEOL JNM MH-100 
spectrometer. GLC analyses were performed with a 
Shimadzu GC-9A gas Chromatograph with a flame ioniza­
tion detector by using a 15 m flexible fused silica capillary 
column (0.53 mm in diameter) coated with silicone OV-1. A 
Shimadzu Chromatopac C-R6A integrator was used for 
quantitative analyses. Mass spectra were obtained on a 
JEOL JMS-DX300 mass spectrometer at 70 eV under 
electron impact condition. 

Materials. 2,2-bis(£-butyldioxy)propane (la) was prepar­
ed in the following procedure. To a solution of acetone 
(5.8 g, 0.10 mol) and 94.0% *-butyl hydroperoxide (24.0 g, 
0.25 mol), cooled to 0 °C, was added dropwise a solution of 
65% sulfuric acid (15.1 g, 0.10 mol). After stirring for 30 min 
at 10 °C, 50 ml of ice water was added, and the organic layer 
was separated, washed with 2% sodium hydroxide and 
distilled water, dried over anhydrous magnesium sulfate. 
Trace amount of di-^-butyl peroxide was removed in vacuo. 
The purity of la was 98.2% by iodometric titration1* and 
98.6% by GLC analysis:MS (70eV) m/z (rel intensity) 131 
(2), 73 (75), 58 (32), and 43 (100). lH NMR (CDCI3) 0=1.20 
(18H, s, *-CH3) and 1.36 (6H, s, CH3). 

2,2-Bis(£-butyldioxy)butane (lb) was similarly prepared 
from ethyl methyl ketone (7.2 g, 0.10 mol) with 94.0% £-butyl 
hydroperoxide (24.0 g, 0.25 mol). The purity of lb was 97.2% 
by GLC analysis:MS (70eV) m/z (rel intensity) 145 (2), 73 
(44), 57 (30), and 43 (100). m NMR (CDCI3) ô=0.96 (3H, d, 
CH2-CH3), 1.24 (18H, s, *-CH8), 1.36 (3H, s, CH3), and 1.76 
(2H, q, CH2-CH3). 

Likewise, 2,2-bis(£-butyldioxy)-3-methylbutane (lc) was 
prepared from isopropyl methyl ketone (8.6 g, 0.10 mol) with 
94.0% £-butyl hydroperoxide (24.0 g, 0.25 mol). The purity of 
lc was 98.5% by GLC analysis: MS (70 eV) m/z (rel intensity) 
159 (2), 73 (100), 59 (28), and 43 (44). ^H NMR (CDCI3) 
0=0.94 (6H, d, CH(CH3)2), 1.20 (21H, m, t-CHs), and 2.22 
(1H, q, CH). 

Cumene was purified by distillation after washing with 
concentrated sulfuric acid. 

Typical Procedure for the Thermolysis. A 2 ml cumene 
solution of 0.1 M 2,2-bis(£-butyldioxy)alkane (1) was placed 
in a glass ampoule. The ampoule was purged with nitrogen, 
sealed, and immersed in a constant-temperature bath 
regulated ±0.1 °C. The decomposition products were 
analyzed by GLC and/or GC-MS in comparison with 
authentic samples. 
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Asymmetric Trasformation of Symmetrical Epoxides to Allylic Alcohols by 
Lithium (S)-2-(N,N-Disubstituted aminomethyl)pyrrolidide 
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Enantioselective deprotonation of symmetrical epoxides was studied by using chiral lithium amide, 
prepared from (S)-2-(Af,Af-disubstituted aminomethylpyrrolidine and butyllithium. Chiral allylic alcohols 
were obtained with moderate to high enantiomeric excesses (ee's) (41—92% ee) from several cyclic and acyclic 
epoxides employing lithium (S)-2-(l-pyrrolidmylmethyl)pyrrolidide in tetrahydrofuran (THF) in the presence 
of l,8-diazabicyclo[5.4.0]undec-7-ene (DBU). 

Asymmetric synthesis is a potentially direct and 
effective method for the construction of chiral frame­
work and extensive effort has been devoted to find 
new and efficient methodology.1'2* Asymmetric 
reactions are classified into six categories, that is 
enantioface-, enantiotopos-, enantiomer-, diastereo­
face-, diastereotopos-, and diastereomer-differentiat-
ing reaction, according to the classification proposed 
by Izumi and Tai.2) Most of highly stereoselective 
asymmetric reactions reported to date are classified into 
diastereoface- or enantioface-differentiating reaction 
and only a limited number of highly diastereotopos- or 
enantiotopos-differentiating reactions are known3'50'6^'1'7* 
leaving asymmetric reactions using enzymes out of 
account. 

We have been studying highly stereoseletive asym­
metric reactions by the use of chiral diamines prepared 
from (S)-proline based on the fundamental idea of 
using conformational^ restricted cis-fused five-mem-
bered ring structure in asymmetric raction,4) and 
developed highly enantioface-,5a) and diastereoface-5b) 

differentiating reactions. Furthermore, a highly 
diastereotopos-differentiating reaction was also 
achieved by using (#)-2-amino-2-phenylethanol.5c) 

Thus we started to explore the selective deprotona­
tion of enantiotopically related protons in symmetrical 
epoxides leading to chiral allylic alcohols using chiral 
lithium amide as an example of the enantiotopos-
differentiating reaction. Such type of the reaction was 
first reported by Whitesell and Felman in 1980 only for 
cyclohexene oxide, but the selectivity was not high 
(<31% enantioneric excess (ee)).6a) In 1984 we found 
that lithium (S)-2-(l-pyrrolidinylmethyl)pyrrolidide 
(la) showed high selectivity for cyclohexene oxide,7a) 

and the reaction was further extended to other sym­
metrical epoxides.7b) Herein we describe the results in 
detail. 

Results and Discussion 

Chiral diamines, (S)-2-(Af,Af-disubstituted amino-
methy 1 pyrrolidine (2a—f) employed in the present 
study are derived from commercially available (S)-N-
(benzyloxycarbonyl)proline (Scheme 1). (S)-iV-(Benzyl-

oxycarbonyl)proline was coupled with several kinds of 
amines using dicyclohexylcarbodiimide (DCC) as the 
condensing reagent in dichloromethane to afford 
corresponding amides (3a—f), respectively. Catalytic 
hydrogenolysis of 3a—e under a hydrogen atmosphere 
in the presence of catalytic amount of 5% Pd-C in 
methanol gave Af,Af-disubstituted (S)-prolinamides 
(4a—e), which were then reduced with lithium 
aluminium hydride (L1AIH4) to give chiral diamines 
2a—e. Chiral diamine 2f was prepared by selective 
reduction of amide carbonyl of 3f with diborane to 
(S)-l-benzyloxycarbonyl-2-(N-methylanilinomethyl)pyr-
rolidine (5f ) followed by removal of benzyloxycarbonyl 
group by catalytic hydrogenolysis, because (S)-pro-
linol was obtained as a major product by the reduction 
of (S)-N-methylprolinanilide (4f) with L1AIH4. 

In the first place, the asymmetric transformation of 
cyclohexene oxide was examined using chiral lithium 
amide la—f, prepared in situ from diamine 2a—f and 
butyllithium. The reaction was carried out as follows: 
To a tetrahydrofuran (THF) solution of diamine 2 
(3.3 mmol) was added a hexane solution of butyl­
lithium (3.0 mmol) at 0 °C. After 30 min, the reaction 
mixture was cooled to —78 °C and a T H F solution of 
cyclohexene oxide (2.0 mmol) was added. The 
reaction temperature was gradually warmed to room 
temperature and the reaction mixture was stirred 

§ Ü C C 2 R 5%Pd-C H R 

a 
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c 
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e 

f 

| -NRR' 

-0 
-0 
-N(C 2 H 5 ) 2 
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BHo LiAlH4 

z 
5 

R 5% Pd-C H 'R 

Z:0C0CH 2Ph 

Scheme 1. 
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Table 1. Asymmetric Transformation of Cyclohexene Oxide by Chiral Lithium Amides la—£a) 

R 

:o 

i) 
L l1 

H30T * 0<" 
D i a m i n e Yield/%b> [a]D ( temp, c(CHCl3)) ee/ 

1 
2 
3 
4 
5 
6 

2a 
2b 
2c 
2d 
2e 
2f 

78 
71 
69 
70 
67 
55 

-100.8° (18, 0.65) 
- 9 0 . 6 ° (20, 0.61) 
- 9 3 . 3 ° (18, 0.61) 
- 9 5 . 9 ° (17, 0.61) 
- 7 6 . 3 ° (17, 0.60) 
- 5 3 . 0 ° (18, 0.54) 

90(S)C> 
81(S)C> 
83(S)C> 
86(S)C> 
68(S)C> 
47(S)C> 

a) T h e reaction was carried ou t us ing 1.5 equivalent of chiral l i t h ium amide 1 in T H F at — 78°C to r o o m 
temperature overnight , b) Isolated yield as 2-cyclohexenyl benzoate. c) Absolute configurat ion. 

Tab l e 2. Effects of Solvent and Reaction Tempera tu re on Asymmetr ic Trans format ion 
of Cyclohexene Oxide by L i t h i u m Amide laa ) 

Solvent Yield/%b> [ a ] D ( temp, c(CHCl3)) 

1 
2 
3 
4 
5 

T H F 
THFC> 
Ether 
DME 
Benzened) 

78 
77 
71 
72 
29 

-100.8° (18, 0.65) 
-102.6° (20, 0.61) 
- 6 2 . 1 ° (18, 0.95) 
- 8 9 . 0 ° (18, 1.05) 
- 2 4 . 8 ° (28, 0.60) 

90 
92 
55 
71 
22 

a) T h e reaction was carried out us ing 1.5 equiv of l a at — 78 °C to room temperature overnight unless otherwise 
noted, b) Isolated yield as 2-cyclohexenyl benzoate. c) T h e reaction was carried ou t at 0 ° C to room temperature, 
d) T h e reaction was carried ou t under reflux for 2 h. 

overnight. After the reaction mixture was worked u p in 
usual m a n n e r (see Exper imenta l section), the result­
i ng alcohol was converted to 2-cyclohexenyl benzoate 
to determine the yield. T h e absolute configurat ion 
and ee were determined by compar ing the optical 
rota t ion of 2-cyclohexen-l-ol wi th reported value8) 

( [a ] D - 1 1 2 ° (c 0.6, CHC13) for optically pure (S)-2-
cyclohexen-1-ol) after hydrolysis of the benzoate 
and bulb-to-bulb disti l lation. H i g h selectivity was 
achieved in cases the d iamine 2a, 2b, 2c, or 2d was used 
whi le the selectivity decreased when the d iamine 2e 
or 2f was used as shown in Tab le 1. 

Next, the effect of the reaction solvent and temper­
ature on the selectivity was examined. T h e transfor­
ma t ion of cyclohexene oxide was carried ou t in T H F , 
ether, 1,2-dimethoxyethane (DME), and benzene us ing 
l a as chiral l i th ium amide. As shown in Tab le 2, T H F 
gave the best result. T h e reaction was supposed to take 
place near room temperature because the similar result 
was obta ined even when the reaction was carried ou t at 
0 ° C to room temperature in T H F (Entry 2). T h e 
reaction did not proceed at room temperature when 
benzene was used as solvent, thus the reaction mix ture 
was refluxed for 2 h. T h e reaction, however, gave poor 
yield (29%) and poor selectivity (22% ee). 

As h igh selectivity was actually realized for cyclo­
hexene oxide, the reaction was appl ied to an acyclic 

symmetrical epoxide, (Z)-4-octene oxide. (£)-5-Octen-
4-ol9) was obta ined in 52% yield us ing chiral l i t h ium 
amide l a in ref luxing T H F for 2 h. T h e ee of the 
alcohol was determined to be 52% by 1H N M R 
spectrum of the corresponding acetate us ing tris[3-
h e p t a f l u o r o b u t y r y l - d - c a m p h o r a t o ] e u r o p i u m ( I I I ) 
(Eu(hfbc)3) as chiral shift reagent. T h e absolute con­
figurat ion was determined by the conversion of the 
alcohol to (S)-l ,2-pentanediol ([«]§> -8 .66° (c 3.65, 
E tOH) ; lit,«» [a]f? +16.2° (c 8.00, C2H5OH) for (Ä)-l,2-
pentanediol) by benzoylation followed by oxidative 
cleavage of the double bond and reduction wi th 
L1AIH4. T h e n several kinds of additives which 
coordinate to the l i t h ium cation of l i th ium amide l a 
were examined to improve the ee. Bicyclic amid ine 
bases, l,5-diazabicyclo[4.3.0]non-5-ene (DBN) and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), were effective 
and the ee was increased to 60%. T h e results are 
summarized in Tab le 3. 

T h e n the reaction was appl ied to (Z)-2-butene oxide, 
cyclopentene oxide, and cyclooctene oxide us ing l a in 
T H F in the presence of DBU. As shown in Tab le 4, all 
epoxides examined gave the corresponding alcohol 
having S-configuration wi th moderate to good selec-
tivities (41—70% ee). In the case of cyclopentene oxide, 
the reaction was carried ou t in ref luxing T H F for 1.5 h 
as the reaction did no t proceed at room temperature. 
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Table 3. Asymmetric Transformation of (Z)-4-Octene Oxide by 
Lithium Amide la in the Presence of Additivea) 

Q^.0 
H .0- H 1a OH 

y-k" 
H7C3 C3H7 ii) H3O4* H 5 C 2 \ H C3H7 

Additive Yield/%b> [a]D (temp, c(CHCl3)) ee/ 
1 
2 
3 
4 
5 
6 
7 
8 

Pyridine 
(C2H5)3N 
TMEDAC> 
HMPAd> 
DBN 
DBU 
DBUe> 

52 
63 
66 
64 
59 
66 
64 
66 

-2.76° (29, 3.30) 
-3.33° (31, 3.24) 
-3.39° (31, 3.36) 
-3.32° (30, 3.28) 
-2.67° (29, 3.75) 
-3.53° (30, 3.40) 
-3.53° (29, 3.23) 
-3.63° (28, 2.96) 

52 
56 
56 
56 
50 
58 
60 
60 

a) The reaction was carried out using 1.5 equivalent of lithium amide la and additive in THF under reflux for 
1—3 h unless otherwise noted, b) Isolated yield, c) A^A^A/^AT-Tetramethylethylenediamine. d) Hexamethyl-
phosphoric triamide. e) The reaction was carried out at room temperature overnight. 

Table 4. Asymmetric Transformation of Sym­
metrical Epoxides by Lithium Amide laa) 

Epoxide Yield/% ee/% 

1 (Z)-4-Octene oxide 
2 (Z)-2-Butene oxide 
3 Cyclopentene oxidee) 

4 Cyclooctene oxide 
5 Cyclooctene oxidee ) 

66b> 
60d> 
53d> 
4 5 b , f ) 

84b> 

60(S)C> 
72(S)C> 
41(S)C> 
58(S)C> 
50(S)C> 

a) The reaction was carried out using 1.5 equivalent of 
chiral lithium amide la and DBU in THF at room 
temperature overnight unless otherwise noted, b) Iso­
lated yield, c) Absolute configuration, d) Isolated yield 
after benzoylation. e) The reaction was carried out 
under reflux for 2h. f) Cyclooctene oxide was re­
covered (50%). 

2-Cycloocten-l-ol was obta ined in 45% yield wi th 58% 
ee and 50% of the s tar t ing material was recovered by 
the reaction of cyclooctene oxide at room temperature 
overnight (Entry 4). T h e yield was improved to 84% 
when the reaction was carried out in refluxing T H F for 
2 h, bu t ee decreased to 50% (Entry 5). T h e ee's and 
absolute configurat ions were determined as follows, 
respectively. 3-Buten-2-ol was converted to 1,2-
propanedio l by benzoylat ion followed by ozonolysis 
and reduct ion wi th L1AIH4. T h e absolute configura­
t ion and ee were determined by c o m p a r i n g its optical 
rota t ion ([a]f>7+14.5° (c 2.4, H 2 0 ) ) wi th the reported 
value11) ([a]f>3+20.1° (c 7.5, H 2 0 ) for (S)-l ,2-propane-
diol). For 2-cyclopenten-l-ol and 2-cycloocten-l-ol, ee's 
were determined by the conversion to the correspond­
ing acetates and measurements of their 1 H N M R 
spectra u s ing Eu(hfbc)3 as chiral shift reagent. T h e 
absolute configurations were determined by compar ing 
optical rota t ions of the alcohols and the acetates wi th 
literature values.12_15) 

We assume the fol lowing stereochemical course for 

^ 0 Sr>3 
H'^>Li hf^ Li i£H.i 

FU'\ Co \ ^C>C6 /CMR 
H / ^ > , H } R / ^ J ^ C H 2 R 

CH2R 

A B 

Fig. 1. Transition states model for the reaction by 
chiral lithium amide la. 

this asymmetr ic reaction as all epoxides examined 
gave alcohols having S-configuration preferentially. 
Conformational ly restricted cis-fused five-membered 
r ing structure is formed in chiral l i th ium amide 1 by 
an in t ramolecu la r chelat ion of the ni t rogen a tom on 
the side cha in to the l i t h ium cation. T h e r igid 
structure will play an impor tan t role to achieve h igh 
selectivity, and less selectivity wi th d iamine 2f may be 
attr ibuted to less basicity of the ni trogen a tom on the 
side chain. T w o transi t ion states depicted in Fig. 1 are 
possible for the reaction as l i t h ium amide promoted 
t ransformation of epoxides to allylic alcohols is 
supposed to proceed in a cyclic concerted manner.1 6 ) 

Trans i t ion state B is disfavored because of steric 
interact ion between chiral l i t h ium amide l a and 
epoxide, so that the alcohols having S-configuration 
are obta ined via t ransi t ion state A. T h e additive may 
serve to increase the steric interaction between chiral 
l i t h ium amide l a and epoxide in t ransi t ion state B by 
coordinat ing to the l i th ium cation. 

A l though a few studies of enatioselective deprotona-
tion of enant io topic protons in symmetrical com­
pounds have been reported us ing chiral l i th ium 
amides , 6 * '^ ' 0 none of those has succeeded in realizing 
selectivity for acyclic compounds . It is noteworthy 
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that enantioselective deprotonat ion of acyclic sym­
metrical epoxides as well as cyclic ones has been 
achieved wi th moderate to h igh selectivities (41—92%) 
by chiral l i th ium amide la. 

Experimental 

General. Melting and boiling points are uncorrected. 
: H NMR spectra were recorded on a Hitachi R-24B 
spectrometer with tetramethylsilane as internal standard. 
IR spectra were taken on a Shimadzu IR-440 spectropho­
tometer. High-resolution mass spectra were obtained on a 
Hitachi M-80 GC-MC spectrometer operating with an 
ioniztion energy (70 eV). Optical rotations were measured 
on a JASCO DIP-SL or a JASCO DIP-181 Polarimeter. All 
solvents used were purified according to the standard 
procedure. 

Preparation of 2V,2V-Disubstituted iV^Benzyloxycarbonyl)-
prolinamide (3). To a dichloromethane (30 ml) solution of 
(S)-Af-(benzyloxycarbonyl)proline (24.9 g, 100 mmol) was 
added a dichloromethane (60 ml) solution of DCC (20.6 g, 
100 mmol) at 0°C under a nitrogen atmosphere. After 
stirring for 30 min, a dichloromethane (40 ml) solution of 
amine (100 mmol) was slowly added to the mixture at 0 °C 
and the mixture was slowly warmed to room temperature 
and further stirred overnight. After removal of the 
precipitate by filtration, the filtrate was washed 
successively with 2% HCl solution, 4% NaHCC>3 solution, 
water, and brine and dried over anhyd Na2SC>4. The 
solvent was evaporated in vacuo, and the crude product 
was purified by recrystallization or column chromatography 
to afford 3. The treatment with 2% HCl solution was 
omitted in the preparation of 3e. 

(S)-l-[2V-(Benzyloxycarbonyl)prolyl]pyrrolidine (3a): Yield 
63%; mp 130—132 °C (ethyl acetateXlit,1?) 130—133 °C 
(acetone)); [aß9-13.0° (c 1.67, CH3OH)(lit, 17> [aß2-14.1° (c 
1.61, CH3OH)); IR(KBr): 2950, 2880, 1710, 1640, 1415, 1355, 
1125, 1090, 765, 735, and 700 cm"1; *H NMR (CDCI3) 5=1.4— 
2.1 (m, 8H), 3.1—4.1 (m, 6H), 4.2—4.7 (m, 1H), 4.8—5.4 (m, 
2H), and 7.32 (d, 5H). Found: C, 67.24; H, 7.25; N, 9.25%. 
Calcd for C17H22O3N2: C, 67.32; H, 7.33; N, 9.27%. 

(S)-l-[2V-(Benzyloxycarbonyl)prolyl]piperidine (3b): Yield 
63%; mp 90—91 °C (ethyl acetate); [a]f?-14.3° (c 2.00, 
C2H5OH); IR(KBr): 2940, 2890, 2860, 1705, 1640, 1440, 1420, 
1350, 1130, 770, 740, and 700 cm"1; 1H NMR (CDCI3) 0=1.1— 
2.5 (m, 10H), 3.1—3.9 (m, 6H), 4.5—5.0 (m, 1H), 5.0—5.3 (m, 
1H), and 7.30 (d, 5H). Found: C, 68.23; H, 7.63; N, 8.95%. 
Calcd for C18H24O3N2: C, 68.33; H, 7.65; N, 8.85%. 

(S)-N, iV-Diethyl-iVa-(benzyloxycarbonyl)prolinamide (3c): 
Yield 52%; viscous oil (silica gel/ethyl acetate); [a]™ — 20.0° 
(c 2.30, C2H5OH); IR(neat): 2950, 2870, 1705, 1690, 1660, 
1640, 1410, 1350, 1255, 1115, 765, 735, and 695 cm"1; *H NMR 
(CDCI3) 0=0.7—2.6 (m, ÎOH), 2.7—2.9 (m, 6H), 4.2—4.8 (m, 
1H), 4.9—5.2 (m, 2H), and 7.30 (s, 5H). Found: m/z 
304.1760. Calcd for C17H24O3N2: M, 304.1785. 

(S)-4-[iV-(Benzyloxycarbonyl)prolyl]morpholine (3d): Yield 
73%; mp 141—142 °C (ethyl acetate); [a]!?-16.5° (c 2.00, 
C2H5OH); IR (KBr): 2950, 2840, 1690, 1640, 1420, 1350, 1265, 
1230, 1105, 765, 735, and 700 cm"1; m NMR (CDCI3) 0=1.6— 
2.4 (m, 4H), 3.0—4.0 (m, ÎOH), 4.3—4.9 (m, 1H), 4.9—5.3 (m, 
2H), and 7.27 (s, 5H). Found: C, 64.00; H, 6.94; N, 8.79%. 
Calcd for: C17H22O4N2: C, 64.13; H, 6.97; N, 8.80%. 

(S)-4-Methyl-l-[2V-(benzyloxycarbonyl)prolyl]piperazine 
(3e): Yield 53%; mp 92—93 °C (ethyl acetate-hexane); 
[ o ^ - l l . O 0 (c 2.00, C2H5OH); IR (KBr): 2990, 2940, 2890, 
2790, 1695, 1440, 1410, 1350, 765, 735, and 695 cm"1; W NMR 
(CDCI3) 6=1.6—2.9 (m, 11H), 3.1—3.9 (m, 6H), 4.4—4.9 (m, 
1H), 4.9—5.3 (m, 2H), and 7.30 (d, 5H). Found: C, 65.15; H, 
7.59; N, 12.39%. Calcd for C18H25O3N3: C, 65.23; H, 7.60; N, 
12.68%. 

(S)-iV-Methyl-iVa-(benzyloxycarbonyl)prolinanilide (3f): 
Yield 71%; viscous oil (silica gel/ether); [a]% +123.6° (c 2.10, 
C2H5OH); IR (neat) 3030, 2940, 2860, 1720, 1705, 1690, 1660, 
1590, 1400, 1340, 1110, 760, 700, and 600 cm-1; ^ N M R 
(CDCI3) 0=1.5—2.2 (m, 4H), 3.14 (d, 3H), 3.3—3.8 (m, 2H), 
3.8—4.5 (m, 1H), 5.0—5.2 (m, 2H), and 7.33 (s, 5H). Found: 
m/z 338.1635. Calcd for C20H22O3N2: M, 338.1629. 

Preparation of (S)-2-(2V,2V-Disubstituted aminomethyl)-
pyrrolidine (2a—e). Af,Af-Disubstituted (S)-Af-(benzyloxy-
carbonyl)prolinamide 3a—e (70 mmol) and 5% Pd-C catalyst 
(1.3 g) were stirred vigorously in methanol (100 ml) under a 
hydrogen atmosphere overnight. Then the reaction mixture 
was filtered through celite and the filtrate was concentrated 
in vacuo to give crude Af,Af-disubstituted (S)-prolinamide 
(4a—e) as viscous oil. Crude 4a—e in T H F (75 ml) was 
slowly added to a T H F (75 ml) suspension of L1AIH4 (9.1 g, 
240 mmol) at 0 °C under a nitrogen atmosphere and the 
mixture was refluxed for 20 h. Then saturated Na2SC>4 
solution was added to the mixture at 0 °C. After removal of 
the inorganic material by décantation and removal of the 
solvent in vacuo, fractional distillation under reduced 
pressure afforded 2a—e as colorless oil. 

(S)-2-(l-Pyrrolidinylmethyl)pyrrolidine (2a): Yield 69%; 
bp 84 °C/5 mmHg (lit,18> 99—101 °C/12 mmHg; 1 mmHg= 
133.322 Pa); [a]$ +8.2° (c 2.38, C2H5OH) (lit,18> [afj +8.5° 
(c 2.40, C2H5OH)); IR (neat): 3250, 2950, 2860, 2780, 1460, 
1400, 1345, 1310, 1290, 1140, and 870 cm"1; 1H NMR (CDCI3) 
0=1.0—2.1 (m, 8H), 1.96 (s, 1H), and 2.1—3.4 (m, 9H). 
Compound 2a gave a dipicrate which showed mp 168— 
170 °C (lit,18> 170 °C). Found: C, 41.03; H, 3.95; N, 18.28%. 
Calcd for C2iH24Oi4N8: C, 41.18; H, 3.95; N, 18.30%. 

(S)-2-(Piperidinomethyl)pyrrolidine (2b): Yield 69%; bp 
95 °C/6 mmHg (lit,19> 100 °C/1 mmHg); [a]??+18.6° (c 9.85, 
C2H5OH), [aß8 +19.1° (c 1.04, C2H5OH) (lit,19> [ a ^ + 1 4 0 (c 
10, C2H5OH)); IR (neat): 3300, 2940, 2850, 2800, 1440, 1300, 
1155, 1120, 1040, 860, and 780 cm-1; ^ N M R (CDCI3) 
0=1.0—2.0 (m, 10H), 2.0—3.0 (m, 9H), and 3.22 (t, 1H, 
/ = 6 Hz). Compound 2b gave a dipicrate which showed mp 
153—155 °C. Found: C, 41.98; H, 4.12; N, 17.72%. Calcd for 
C22H26O14N8: C, 42.17; H, 4.18; N, 17.89%. 

(S)-2-(Diethylaminomethyl)pyrrolidine (2c): Yield 61%; 
bp 68°C/7mmHg (lit,18> 103—105 °C/56 mmHg); [alg+ 
14.5° (c 1.10, C2H5OH) (lit,18> [a]$ +13.4° (c 1.14, C2H5OH)): 
IR (neat): 3300, 2960, 2860, 2800, 1450, 1380, 1285,1200, 1150, 
1060, and 760 cm-1; ^ N M R (CDCI3) 0=1.00 (t, 6H, 
/ = 7 Hz), 1.2—2.0 (m, 4H), 2.14 (s, 1H), 2.36 (q, 4H, ]=1 Hz), 
and 2.0—3.4 (m, 5H). Compound 2c gave a dipicrate 
which showed mp 133—134 °C. Found: C, 41.01; H, 4.25; N, 
18.00%. Calcd for C2iH260i4N8: C, 41.04; H, 4,26; N, 18.24%. 

(S)-2-(Morpholinomethyl)pyrrolidine (2d): Yield 57%; 
bp 106 °C/7 mmHg; [a]% +17.6° (c 9.98, C2H5OH), [a]% 
+17.8° (c 1.28, C2H5OH) (lit,19> [a]ff +10.4° (c 10, C2H5OH)): 
IR (neat): 3300, 2940, 2840, 2800, 1435,1285, 1265, 1135, 1115, 
1100, 910, and 860 cm"1; W NMR (CDCI3) 0=1.0—2.0 (m, 
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4H), 2.0—2.6 (m, 7H), 2.6—3.1 (m, 2H), 3.20 (t, 1H, ]=1 Hz), 
and 3.60 (t, 4H, / = 5 Hz). Compound 2d gave a dipicrate 
which showed mp 170—171 °C. Found: C, 39.95; H, 3.83; N, 
17.92%. Calcd for C21H240i5N8: C, 40.13; H, 3.85; N, 17.83%. 

(S)-2-[(4-Methyl-l-piperazinyl)methyl]pyrrolidine (2e): 
Yield 55%; bp 117 °C/8 mmHg; [ajg +17.8° (c 1.28, C2H5OH); 
IR (neat): 3250, 2920, 2850, 2790, 1450, 1365, 1290, 1160, 1140, 
1100, 1010, 920, and 815 cm"1; m NMR (CDC13) 0=1.1—2.1 
(m, 4H), 2.1—3.2 (m, 9H), 2.23 (s, 3H), and 3.20 (t, 1H, 
/ = 6 Hz). Compound 2e gave a tripicrate which showed mp 
241—243 °C. Found: C, 38.50; H, 3.48; N, 19.06%. Calcd for 
C28H30O21N12: C, 38.62; H, 3.47; N, 19.31%. 

(S)-2-(N-Methylanilinomethyl)pyrrolidine (2f). To a THF 
(5 ml) solution of diborane (5.0 mmol) was added a THF 
(4 ml) solution of 3f (1.015 g, 3.0 mmol) at 0°C. After 
refluxing for 1 h, 2 M (M=mol dm~3) HCl (3 ml) was added 
to the reaction mixture and THF was removed. Sodium 
hydroxide was added until the solution became alkaline and 
the mixture was extracted with ether. After removal of the 
solvent, the resulting viscous oil (crude 5£) and 5% Pd-C 
catalyst (0.2 g) were stirred vigorously in methanol (5 ml) 
under a hydrogen atmosphere overnight. Then the reaction 
mixture was filtered through celite and the filtrate was 
concentrated in vacuo. The resulting oil was purified by 
bulb-to-bulb distillation to afford (S)-2-(N-methylanilino-
methy 1 pyrrolidine 2f (0.435 g, 76%) as a slightly yellow oil: 
bp 190 °C (oven temperature)/1.2 mmHg; [af£ +3.1° (c 1.07, 
C2H5OH); IR (neat): 3300, 3080, 3040, 3000, 2940, 2850, 1595, 
1565, 1500, 1440, 1360, 1245, 1210, 1190, 1115, 1080, 990, 745, 
and 690 cm"1; *H NMR (CDCI3) 0=1.1—2.1 (m, 4H), 1.88 (s, 
1H), 2.7—3.1 (m, 2H), 2.93 (s, 3H), 3.1—3.7 (m, 3H), 6.4—6.9 
(m, 3H), and 7.0—7.4 (m, 2H). Compound 2£ gave a p-
hydroxycinnamate which showed mp 164—166 °C. Found: 
C, 69.12; H, 7.30; N, 8.58%. Calcd for C19H24O3N2: C, 69.49; 
H, 7.37; N, 8.53%. 

Asymmetric Transformation of Cyclohexene Oxide. To 
(S)-2-(Af,Af-disubstituted aminomethyl)pyrrolidine 2 (3.3 
mmol) in solvent (10 ml) was added a hexane solution of 
butyllithium (2.0 ml, 3.0 mmol) at 0°C under a nitrogen 
atmosphere. The reaction mixture was stirred at 0°C for 
30 min and cyclohexene oxide (2.0 mmol) in solvent (5 ml) 
was added to the reaction mixture at 0 °C or —78 °C. The 
reaction temperature was gradually warmed to room tem­
perature and the reaction mixture was stirred overnight. 
Saturated ammonium chloride solution was added to the 
reaction mixture and it was extracted with ether. The 
organic layer was washed successively with 2% HCl (10 ml) 
solution, water, and brine, and dried over anhyd Na2SC>4. 
The solvent was removed at atmospheric pressure and the 
resulting crude 2-cyclohexen-l-ol was benzoylated with 
benzoyl chloride (4 mmol), pyridine (8 mmol), and catalytic 
amount of 4-dimethylaminopyridine in dichloromethane 
(5 ml) for several hours. After addition of water and ether, 
the organic layer was washed with 2 M HCl (10 ml), water, 
and brine. After drying (anhyd Na2SC>4) and evaporation of 
the solvent in vacuo, the oily substance was purified by 
preparative TLC or column chromatography (silica gel/ 
hexane-ether) to give 2-cyclohexenyl benzoate; IR (neat): 
3070, 3040, 2940, 1710, 1650, 1600, 1585, 1490, 1450, 1315, 
1270, 1175, 1110, 1070, 1050, 1025, 1010, 920, and 710 cm-1; 
!H NMR (CCU) 0=1.3—2.5 (m, 6H), 5.1—5.6 (m, ÎH), 5.6— 
6.1 (m, 2H), 6.9—7.6 (m, 3H), and 7.6—8.3 (m, 2H). 

Then the resulting 2-cyclohexenyl benzoate was hydro-
lyzed with sodium hydroxide (0.4 g) in methanol (10 ml) by 
stirring overnight at room temperature. After removal of 
methanol at atmospheric pressure, ether and water were 
added to the mixture. The organic layer was washed with 
water and brine, then dried over anhyd Na2SC>4. The solvent 
was removed at atmospheric pressure, and the resulting 
crude 2-cyclohexen-l-ol was purified by bulb-to-bulb 
distillation (180 °C (bath temperature)/70 mmHg) to mea­
sure the optical rotation. The yields, the optical rotations, 
and ee's are summarized in Tables 1 and 2. 

Asymmetric Transformation of (Z)-4-Octene Oxide. To 
a THF (2.5 ml) solution of 2a (254 mg, 1.65 mmol) was added 
a hexane (1.0 ml) solution of butyllithium (1.5 mmol) at 0 °C 
under a nitrogen atmosphere. The reaction mixture was 
stirred at 0°C for 30 min and a THF (2.5 ml) solution of 
additive (1.65 mmol) was added at this temperature. After 
30 min, a T H F (2.5 ml) solution of (Z)-4-octene oxide 
(128 mg, 1.0 mmol) was added and the reaction mixture was 
refluxed for 1—3 h or stirred overnight at room temper­
ature. Saturated ammonium chloride solution was added to 
the reaction mixture and it was extracted with ether. The 
organic layer was washed with 2% HCl solution (10 ml), 
water, and brine, then dried over anhyd Na2SÜ4. After 
removal of the solvent, the residue was purified by column 
chromatography (silica gel/hexane-ether) to afford (£)-5-
octen-4-ol.9) IR (neat): 3320, 2970, 2930, 2880, 1665, 1460, 
1375, 1120, 1060, 1020, 1000, and 970 cm-1; ^HNMR (CC14) 
0=0.6—2.3 (m, 13H), 3.6—4.1 (m, 1H), and 5.0—5.6 (m, 2H). 
The yields, the optical rotations, and ee's are summarized in 
Table 3. 

Benzoylation of (£)-5-octen-4-ol ([<*]§>-2.76° (c 3.30, 
CHCI3) (139 mg, 1.1 mmol) was conducted with benzoyl 
chloride (305 mg, 2.2 mmol), pyridine (342 mg, 4.3 mmol), 
and catalytic amount of 4-dimethylaminopyridine in CH2CI2 
at room temperature overnight. After the reaction mixture 
was worked up in a similar manner as described for 2-
cyclohexenyl benzoate, 232 mg of (£)-l-propyl-2-pentenyl 
benzoate (92%) was obtained. [a]g*+11.8° (c 2.15, CHCI3); 
IR (neat): 3050, 2980, 2950, 2890, 1720, 1600, 1585, 1450, 1315, 
1270, 1175, 1110, 1070, 1030, 970, 940, and 715 cm"1; m NMR 
(CCU) 5=0.7—2.3 (m, 12H), 5.0—6.1 (m, 3H), 7.0—7.5 (m, 
3H), and 7.6—8.1 (m, 2H). Found: m/z 232.1438. Calcd for 
C15H20O2: M, 232.1461. To a solution of the benzoate 
(232 mg, 1 mmol) in H 2 0 (1.1 ml) and 1,4-dioxane (3.3 ml) 
was added osmium tetraoxide (5 mg). After stirring for 
5 min, sodium periodate (0.9 g, 4.2 mmol) was added to the 
reaction mixture in several portions during 30 min. After 
1.5 h, ether was added to the reaction mixture and the 
organic layer was dried over anhyd Na2SÜ4. After removal of 
the solvent in vacuo, resulting oily substance was reduced with 
excess L1AIH4 in ether (5 ml) at 0°C to afford 1,2-
pentanediol (40 mg) in 36% yield from the benzoate after 
purification by column chromatography (silica gel/ethyl 
acetate). [a]g> -8.66° (c 3.65, C2H5OH). 

Acetylation of (£)-5-octen-4-ol was conducted with acetic 
anhydride (2 equiv), pyridine (4 equiv), and catalytic amount 
of 4-dimethylaminopyridine in dichloromethane at room 
temperature for several hours. (£)-l-Propyl-2-pentenyl 
acetate was obtained after the reaction was worked up in a 
similar manner as above. IR (neat): 2960, 2940, 2870, 1735, 
1665, 1460, 1370, 1015, 965, 940, and 820 cm"1; 1U NMR 
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(CC14) 6=0.7—1.7 (m, 10H), 1.7—2.2 (m, 2H), 1.94 (s, 3H), 
and 5.0—6.0 (m, 3H). Found: m/z 170.1276. Calcd for 
O0H18O2: M, 170.1305. The ee was determined on the basis 
of *H NMR taken with Eu(hfbc)3 which exhibited the 
acetoxyl methyl signals at the different chemical shifts 
depending upon the enantiomers. 

Asymmetric Transformation of (Z)-2-Butene Oxide. The 
reaction was carried out in a similar manner as described for 
(Z)-4-octene oxide using DBU as additive and the reaction 
mixture was stirred at room temperature overnight. After 
drying the organic layer over anhyd Na2S04, the solvent was 
removed at atmospheric pressure and resulting crude 3-
buten-2-ol was benzoylated in a similar manner as described 
for 2-cyclohexen-l-ol to afford l-methyl-2-propenyl ben-
zoate in 60% yield form (Z)-2-butene oxide after purification 
by preparative TLC. [a]% +32.3° (c 1.01, CHCI3) (lit,20> 
[a]f +48.03° (C2H5OH) for 92% ee of (S)-l-methyl-2-
propenyl benzoate). 

Conversion of the benzoate to 1,2-propanediol was 
conducted as follows. Ozone was bubbled into a methanol 
(3 ml) solution of the benzoate (266 mg, 1.5 mmol) at — 78 °C 
for several minutes and excess NaBIHU was added to the 
solution. After addition of ether and water to the reaction 
mixture, the organic layer was separated and washed with 
water and brine. After drying over anhyd Na2S04 and 
removal of the solvent, excess L1AIH4 was added to an ether 
(5 ml) solution of the resulting oily substance (201 mg) at 
0 ° C. After the reaction mixture was gradually warmed to 
room temperature was added saturated Na2S04 solution to 
the reaction mixture. The resulting inorganic material was 
removed by décantation and the solvent was removed in 
vacuo. The resulting oil was purified by column chromatog­
raphy (silica gel/ethyl acetate) to afford 1,2-propanediol 
(36 mg) in 43% yield from the benzoate. [ctffi +14.5° (c 2.4, 
H2O). 

Asymmetric Transformation of Cyclopentene Oxide. 
The reaction was carried out in a similar manner as 
described for (Z)-2-butene oxide and the reaction mixture 
was refluxed for 2 h. After a similar treatment of the reaction 
mixture, 2-cyclopentenyl benzoate was obtained in 63% yield 
from cyclopentene oxide. [a]% -98.9° (c 2.05, CHCI3); IR 
(neat): 3080, 2940, 2850, 1710, 1600, 1585, 1450, 1340, 1315, 
1270, 1175, 1110, 1070, 1030, 940, 885, and 710 cm"1; *H NMR 
(CDCI3) 0=1.7—2.8 (m, 4H), 5.5—6.2 (m, 3H), 7.0—7.6 (m, 
3H), and 7.6—8.1 (m, 2H). 

The hydrolysis of the benzoate was conducted under 
similar conditions used for 2-cyclohexenyl benzoate to afford 
2-cyclopenten-l-ol in 57% yield. [a]g r-57.4° (c 2.35, CC14) 
(lit,12> [a]2)1 +22.8° (c 5, CC14) for (R)-2-cyclopenten-l-ol). 

2-Cyclopenten-l-ol was then converted to the correspond­
ing acetate in a similar manner as described for (£)-5-octen-
4-ol, and 2-cyclopentenyl acetate was obtained in 80% yield 
after purification by column chromatography (silica gel/ 
pentane-ether). [a]% -83.8° (c 1.09, CH2CI2) (lit,14* [a]D+ 
5.7° (CHCI3) for (#)-2-cyclopentenyl acetate). IR (neat): 
3050, 2940, 2850, 1725, 1430, 1370, 1360, 1240, 1160, 1110, 
1030, 960, 915, 900, 880, and 730 cm-1; ^ N M R (CC14) 
0=1.5—2.7 (m, 4H), 1.90 (s, 3H), and 5.2—6.0 (m, 3H). The 
ee was determined to be 41% on the basis of *H NMR taken 
with Eu(hfbc)3 which exhibited the acetoxyl methyl signals 
at the different chemical shifts depending upon the 
enantiomers. 

Asymmetric Transformation of Cyclooctene Oxide. The 
reaction was carried out in a similar manner as described for 
(Z)-4-octene oxide using DBU as additive and the reaction 
mixture was refluxed for 2 h. After a similar treatment of 
the reaction mixture, 2-cycloocten-l-ol was obtained in 84% 
yield after purification by column chromatography (silica 
gel/hexane-ether). [a]% +28.0° (c 0.89, CHCI3) (lit,13> 
[a]D-48° (c 0.8, CH2CI2) for (#)-2-cycloocten-l-ol). 

2-Cycloocten-l-ol was converted to the corresponding 
acetate in a similar manner as described for (£)-5-octen-4-ol, 
and 2-cyclooctenyl acetate was obtained in 89% yield after 
purification by column chromatography (silica gel/pen-
tane-ether). [a]f? +47.0° (c 5.01, hexane) (lit,15> [a]% -50.5° 
(c 5.08, hexane) for (JR)-2-cyclooctenyl acetate). IR (neat): 
3010, 2920, 2840, 1730, 1445, 1365, 1240, 1025, 960, 900, 760, 
and 710 cm"1; *H NMR (CC14) 0=1.1—2.5 (m, ÎOH), 1.92 (s, 
3H), and 5.1— 5.9 (m, 3H). Found: m/z 168.1155. Calcd for 
C10H16O2: M, 168.1149. The ee was determined to be 50% on 
the basis of *H NMR taken with Eu(hfbc)3 which exhibited 
the acetoxyl methyl signals at the different chemical shifts 
depending upon the enantiomers. 

The yield was 45% and ee was 58% ([a]% +30.4° (c 1.14, 
CHCI3)) when the reaction was carried out at room 
temperature overnight. 

T h e au tho r wou ld like to thank Dr. Keisuke Suzuki, 
Keio University, for h igh resolut ion mass spectra 
measurements . 
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The mechanism of the infrared multiple-photon decomposition (IRMPD) of saturated cyclic ethers (1—7) 
has been systematically studied on the basis of product analysis, particularly with the aim of finding a suitable 
cyclic ether for oxygen-isotope separation. The main products are H2CO, CO, H2, and lower hydrocarbons. 
Acetaldehyde is additionally formed in the IRMPD of 1 and 3—6, while acetone is produced only in the IRMPD 
of 3b. The initial process is the homolytic cleavage of the C-O bond to yield the corresponding biradical with a 
high internal energy. The biradical decomposes sequentially of through secondary IRMPD to yield the primary 
products with high internal energies. The decomposition of the biradicals proceeds mainly via ß-fission, but 
also partly via y-fission. Some of the primary products further decompose sequentially or through secondary 
IRMPD into stable products. Several radical intermediates are trapped with Br2. The product distributions are 
clearly dependent on the irradiation parameters. This dependence and the branching ratio are discussed in 
terms of sequential decomposition, the collisional effect, and the internal energy of the transient species. On the 
basis of the experimental results, it is suggested that, among cyclic ethers, the best starting ether in the oxygen-
isotope separation by a TEA CO2 laser is tetrahydropyran (4). 

In the previous paper we have described the infrared 
mul t ip le -pho ton decomposi t ion ( IRMPD) of saturated 
open-cha in ethers (ROR' ; R = R ' = alkyl) induced by 
T E A C02-laser irradiation.2 ) T h e ini t ia l process is the 
homolyt ic cleavage of the C - O b o n d to yield the cor­
r e spond ing alkyl and alkoxyl radicals wi th h i g h 
internal energies. Therefore, the radicals decompose 
sequential ly or th rough secondary I R M P D wi th in a 
laser pulse to yield the p r imary products wi th h igh 
in ternal energies. T h e n the p r imary products also 
decompose, at least part ly either sequential ly or 
t h rough secondary I R M P D , in to the stable products . 
T h e oxygen a tom of the decompos ing ether appears 
main ly in carbon monoxide (CO) as a stable oxygen-
con ta in ing prodcut after the sequent ial decomposi­
t ion of formaldehyde, acetaldehyde, and acetone. 

W h e n the 1 8 0 selective I R M P D of ethers occurs at 
the wavenumber resonant to the absorp t ion of the 
C - 1 8 0 bond, the selectivity of the cleavage of the C - 1 8 0 
b o n d is expected to reflect the 1 8 0 content in the final 
product , CO. In fact, the 1 8 0 selective I R M P D of 
d imethyl ether has been successfully performed by 
Vizhin et al.,3) by Kutschke et al.,4) and the present 
authors.5 ) O n the other hand , n o study of oxygen-
isotope separat ion in the I R M P D of cyclic ethers has 
been reported. T h e mechanis t ic studies of the I R M P D 
of 2,5-dihydrofuran,6) tetrahydrofuran,7 ) methylated 
tetrahydrofuran,8) oxetanes,9) and tetramethyldioxetane10) 

show that the cleavage of the C - O b o n d is involved in 
the ini t ia l step. Therefore, the 1 8 0 selective I R M P D 
can be expected to occur in some cyclic ethers. 

In the present work we have systematically studied 
the mechan ism of the I R M P D of saturated cyclic 
ethers, oxacycloalkanes con t a in ing two to six methyl­

ene g roups a n d one or two oxygen a toms (1—7), in 
order to find a suitable cyclic ether for oxygen-isotope 
separat ion. We have analyzed the stable decomposi­
t ion products . Several intermediates have been 
t rapped by Br2 in the presence of Br2. T h e effects of the 
i r radiat ion parameters have been studied wi th respect 
to a b r anch ing ra t io of compet i t ive pa thways in the 
decomposi t ion of the transient species. O n the basis of 
the results, it is discussed whether or no t cyclic ether is 
suitable for use as a s tart ing material and which is the 
best such start ing material . 

Exper imenta l 

The experimental procedure has been described in the 
previous work.2) Briefly, the beam from a TEA CO2 laser 
was passed through a 1-cm aperture and focused, by means 
of BaF2 lens with focal length of 7.5 or 20 cm, into the center 
of a Pyrex reaction cell. The cells were cylindrical Pyrex 
tubes 10 and 36 cm long and with volumes of 50 and 132 cm3 

respectively. The incident laser power was attenuated using 
polyethylene films and was measured with a disk calorim­
eter. The laser fluence at the focus was estimated from a 
focus area of 7.1X10"4 or 5X10"3cm2 for the 7.5- and 20-cm 
focal-length BaF2 lenses respectively. After irradiation the 
samples were analyzed by using an IR spectrometer, a gas 
Chromatograph, and a gas chromatograph-mass spectrom­
eter. 

The propylene oxide (1), oxetane (2), tetrahydrofuran (3a), 
eis- and fram-2,5-dimethyltetrahydrofuran (3b), tetrahydro­
pyran (4), oxepane (5), 1,3-dioxacyclopentane (6), and 1,4-
dioxacyclohexane (7) were obtained from Tokyo Kasei Kogyo 
or Nakarai Chemicals. Each ether was distilled and degassed 
by several freeze (—196 °C)-pump-thaw cycles. 
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Table 1. Irradiation Parameters in the IRMPD of 1—7a) 

Ether À/cm-1 103 e/Torr-1 cm"1 £P/J pulse-1 F/Jcm -2 

1 944.19 0.687 0.270 380 
2 982.10 1.26 0.247 348 
3a 1078.59 4.87 0.201 283 
3b 944.19 1.21 0.218 307 
4 1046.85 3.10 0.337 475 
5 1078.59 1.24 0.238 335 
6 1046.85 2.24 0.327 460 
7 944.19 6.26 0.301 424 

a) k, wavenumber of the laser; e, 1<— 0 absorption coefficient; Ep, incident pulse energy; F, laser fluence at 
the focus. 

Table 2. Product Yields in the IRMPD of 1—7a) 

103Y/Torr pulse-1 

Ether 

1 
2 
3a 
3b 
4 
5 
6 
7 

103Yd/Torr pulse -1 

0.37 
1.14 
1.77 
1.02 
2.07 
1.61 
1.26 
1.52 

H2 

0.27 
0.11 
0.52 
0.31 
1.03 
0.67 
0.46 
0.59 

O-compnd 

0.30 
0.68 
1.28 
0.67 
1.35 
1.01 
2.16 
2.25 

Hydrocarbon 

0.35 
0.72 
1.34 
0.87 
2.15 
2.23 
0.89 
0.79 

MB/% 

82 
60 
72 
66 
65 
63 
86 
74 

a) Yd(Decomposition yield of ether)=[decomposed ether]/(number of pulses), Y (yield of product)^ 
[product]/(number of pulses), and MB (material balance)=[(total pressure of the oxygen-containing products)/ 
{(consumed ether)X(number of oxygen atoms in the ether)}]X100. 

Results 

Decomposition Yields. The significant IRMPD 
occurred upon the irradiation of 3-Torr ( l T o r r = 
133.322 Pa) ethers (1—7) with a focused laser beam at a 
283—475 J cm - 2 focused fluence from a TEA C 0 2 

laser. The laser line was tuned to the frequency which 
corresponded to the absorption peak of each ether in 
the tunable range of the laser. The 1«—0 absorption 
coefficient (e) at the laser wavenumber (X) is shown in 
Table 1. The value of e changes in the range of 
6.9X10-4—6.3X10 -3Torr -1cm -1. The incident pulse 
energy (£p) and the laser fluence at the focus (F) are 
also shown in Table 1. When the numbers of the laser 
pulses were 100—500, the conversions were 10—20%. 
The decomposition yield (Yd=[decomposed ether])/ 
(number of pulses)) was found to be 3.0X10-4— 
2.0X10-3 Torr pulse - 1 (Table 2). 

Ethylene oxide (cyc/o-C2H4O) is the smallest cyclic 
ether, and 1 is the methyl derivative of C7C/0-C2H4O. In 
contrast to 1, ryc/o-C2H40 has no strong IR absorption 
in the tunable range of the laser. We could not detect 
any decomposition, even if 3 Torr of ryc/o-C2H40 was 
irradiated with 1000 focused laser pulses (0.2 J pulse -1, 
282 J cm -2) at either 934.90 or 1050.40 cm -1 . It should 
be noted that, among the cyclic ethers examined, e is 
the smallest and that Yd is also the smallest in the 
IRMPD of 1. Although e is not clearly correlated with 
Yd, the compound with a larger e value tends to give a 
larger Yd value. Therefore, the 1«—0 absorption is 

Table 3. Relative Yields of the Oxygen-
Containing Products 

Product 

CO 
H2CO 
CH3CHO 
CH3COCH3 

1 

84 
12 
3 
0 

Relative yields of 

2 3a 3b 4 

14 57 56 87 
86 11 4 6 
0 32 30 7 
0 0 10 0 

product/% 

5 

61 
32 

7 
0 

6 

13 
85 
2 
0 

7 

28 
72 
0 
0 

important for the IRMP excitation of the ether. In 
addition to the l«-0 absorption, the dissociation 
energies of the bonds in the initial and sequential 
processes seriously affect the Yd in the IRMPD. 

Products. The products were H2, oxygen-contain­
ing compounds (O-compnds.), and lower hydro­
carbons, whose yields (Y=[product]/(number of 
pulses)) are shown in Table 2. The yield of an 
oxygen-containing product relative to the total yield 
of the oxygen-containing products and the yield of 
a hydrocarbon product relative to the total yield of 
the hydrocarbon products are shown for each ether in 
Tables 3 and 4 respectively. No other products were 
detected in the IR-spectroscopic, gas-chromatograph-
ic, and mass-spectrometric analyses. The material 
balances were satisfactory, i.e., >60%, as is shown in 
Table 2, where the material balances (MB) based on 
the oxygen atoms were calculated thus: MB= [(total 
pressure of the oxygen-containing products)/{(consum-
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Table 4. Relative Yields of Hydrocarbon Products 

Product 

CH4 

C2H6 

C2H4 
C2H2 
C3H8 

C3H6 
cyclo -C3H6 
CH3CCH 
CH2CCH2 
?2-C4HlO 
A^-CAH% 
Î-CAH% 
J 1 3 -C 4 H 6 

J^CsHio 

1 

25 
45 
11 
8 
7 
0.8 
0 
0.8 
0.3 
1 
0.5 
0 
0 
0 

2 

0 
0 

83 
17 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3a 

11 
1 

61 
3 
0.5 

20 
0.7 
0 
0 
0 
2 
0 
0 
0 

Relative yields of product/% 

3b 

3 
4 

25 
3 
0.7 

62 
0 
0 
0 
0 
1 
0 
0 
0 

4 

24 
0.8 

42 
16 
1 
3 
0 
0 
2 
0 
5 
0 
4 
0.5 

5 

2 
3 
7 

28 
1 
0 
0.7 
1 
3 

14 
8 
0.4 
2 

22 

6 

63 
0.5 

22 
14 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

7 

9 
2 

75 
14 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

ed ether)X(number of oxygen atoms in the ether)}] 
X100%. 

As the oxygen-containing products, CO and form­
aldehyde (H2CO) were obtained in the IRMPD of all 
ethers (Table 3). Acetaldehyde (CH3CHO) was also 
formed in the IRMPD of 1 and 3—6. Acetone 
(CH3COCH3) was obtained in a relative yield of 10% 
only in the IRMPD of 3b. Because of the good 
material balance, the oxygen atoms in the decompos­
ing ether seem mostly to be contained in CO, H2CO, 
and CH3CHO. 

The small hydrocarbon products, together with 
their yields relative to the total yield, are shown in 
Table 4. The distribution of hydrocarbons shows a 
correspondence to the structure of the ether. The main 
hydrocarbon products were such C2 hydrocarbons as 
ethane (C2H6), ethylene (C2H4), and acetylene (C2H2). 
In the IRMPD of 3, propylene (C3H6) was also one of 
the main products. Considerable amounts of C4 and 
C5 hydrocarbons were formed in the IRMPD of 4 and 
5. It is noteworthy that the product distribution is 
relatively simple in the IRMPD of 2, 6, and 7. 
Specifically, only C2H4 and C2H2 were obtained as the 
hydrocarbon products in the IRMPD of 2. 

The irradiation of each final product (1.0 Torr) 
under the same conditions did not cause any IRMPD 
at all or produced decomposition products in only in a 
negligibly small yield. Therefore, the final products 
are stable against laser irradiation. 

Trapping of Radical Intermediates by Br2. In order 
to confirm the radical species formed primarily, ethers 
(3.0 Torr) were irradiated in the presence of excess Br2 
(3.0 Torr). It was found that Br2 can be used as a 
trapping reagent of the radical species formed initially 
in the IRMPD of organic compounds. For example, 
CH3 and CF3 radicals were trapped as CFbBr and 
CF3Br in the IRMPD of dimethyl ether-Br2 and 
perfluorodimethyl ether-Br2 mixtures in the studies by 
Vizhin et al.3) and by the present authors,2) respective­

ly. A number of bromine-containing hydrocarbons 
were detected, while the yields of the products 
decreased slightly. In the IRMPD of the 1-Br2 

mixture, methyl bromide (CH3Br), dibromomethane 
(CH2Br2), ethyl bromide (C2HsBr), 1,2-dibromoethane 
(C2H4Br2), and vinyl bromide (CFbCHBr) were ob­
tained in the ratio of 39:27:12:11:11. This is 
consistent with the intermediaries of CH3, CH2, 
C2H5, CH3CH, and CH2CH respectively. 

The bromine-containing compounds in the IRMPD 
of the 4-Br2 mixture were mainly C2HsBr, C2HsBr, and 
C2FUBr2. In addition, Ci and C4 bromine-containing 
compounds, such as CH3Br, CH2Br2, C4HgBr, C4H?Br, 
and C4HgBr2, were also obtained as minor products. 
Small amounts of C3 bromine-containing compounds, 
such as C3H?Br, C3HsBr, and C3HeBr2, were detected. 
The ratio among Ci, C2, C3, and C4 bromine-
containing products was roughly 9:78:2:11. There­
fore, it may be suggeted that C2H5, C2H3, and C2H4 are 
formed as the main intermediaries, while CH3, CH2, 
C4H9, C4H7, and C4H8 are also produced as the minor 
intermediaries, together with C3H7, C3H5, and C3H6. 

In the IRMPD of the 5-Br2 mixture, CH3Br, C2H5Br, 
CH2CHBr, C3H7Br, C3H5Br, C5HnBr, and C5H9Br 
were formed. This is consistent with the inter­
mediaries of such transient species as CH3, C2H5, 
CH2CH, C3C7, C3H5, C4H9, C4H7, C5H11, and C5H9 
respectively. Similarly, the bromine-containing com­
pounds were obtained in the IRMPD of other cyclic 
ether-Br2 mixtures. Therefore, a relatively large 
number of radical intermediates are involved in the 
IRMPD. In addition, radical-radical reactions well 
known in pyrolyses at high temperatures contribute to 
the formation of hydrocarbons, at least in part. 

Effects of Irradiation Parameters. The analyses of 
the final products in the IRMPD of 4 under various 
conditions of laser irradiation were carried out in order 
to examine the effects of irradiation parameters on the 
IRMPD, particularly the branching ratio of the 
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Fig. 1. Effects of number of pulses on relative yields 
of a product to total yield of all products. H2 (O), 
CO (•), H2CO (A), CH3CHO (A), CH4 (D), C2H4 
(•), and C2H2 (X). Po, 3.0 Torr; pulse energy, 
0.2 J pulse"1; F, 282 J cm"2. 

Fig. 2. Plots of product yield (Y) vs. Po. H2(0),C2H4 
(•), CO (A), CH4 (D), C2H2 (•), and C3H6 (X). 
Number of pulses, 200; pulse energy, 0.2 J pulse-1; 
F, 282 J cm"2. 

competitive pathways. 
Number of Laser Pulses: When 3.0 Torr of 4 was 

irradiated with the CO2 laser radiation at a pulse 
energy of 0.2 J and a focus fluence of 282 J cm -2 , the 
consumption of 4 was followed by IR spectroscopy 
and gas chromatography as a function of the number 
of laser pulses. Plots of In (Po/P) vs. the number of 
pulses less than 400 gave a straight line. Po and P 
denote the pressure of 4 before and after irradiation 
respectively. According to the first-order kinetics, the 
fractional yield of the decomposition (kd) is deter­
mined to be &d=8.5X10-4 pulse - 1 from the slope of the 
straight line. 

The yields of the main products increased linearly 
with the increase in the number of pulses from 20 to 
400. The conversion amounted to 27% at 400 pulses. 
The product distribution did not change with the 
variation in the number of pulses, as is shown in Fig. 
1. 

Pressure of 4: The pressure dependence of the 
product yields for 4 was studied in the range of 0.1 — 
10 Torr. When irradiations of 4 with 200 pulses were 
carried out at several pressures, the conversions were 
less than 15%. No dielectric breakdown was observed 
below 10 Torr, log-log plots of Po vs. the product 
yield ( Y) in Torr are shown in Fig. 2. With an increase 
in Po, Y increased according to the relation of Yoc(P0)

2. 
A log-log plot of Po vs. the consumption of 4 
(C=Po—P in Torr) also gave a linear line and the 
relationship of C^(Po)2. 

As is shown in Fig. 3, there were two different 
pressure regions, below and over 4 Torr. The 
distribution of the hydrocarbon products was almost 
independent of the Po value over 4 Torr. In contrast, 
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Fig. 3. Effects of Po on yields of a hydrocarbon 
product relative to total yield of all hydrocarbon 
products. C2H4 (O), C2H2(#), C3H8(A),C3H6(A), 
zn-CÄ (D), and J1-3-C4H6 (•). For experimental 
conditions see the caption in Fig. 2. 

the distribution changed significantly with Po below 
4 Torr. With an increase in the Po value up to 4 Torr, 
the relative yields of C2 hydrocarbonds, such as C2H4 
and C2H2, increased considerably, while those of C3 
hydrocarbons, such as C3H6 and C3H8, decreased 
sharply. Among the C4 hydrocarbons, the relative 
yield of zl1'3-C4H6 increased, while that of zf1-C4Hs 
decreased, though only a little. The relative yield of 
the total C4 hydrocarbons increased slightly. 
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Fig. 4. Effects of Po on yield of an oxygen-contain­
ing products relative to total yield of all oxygen-
containing products. CO (O), H2CO ( • ) , and 
CH3CHO (A). For experimental conditions see the 
caption in Fig. 2. 

500 1000 

F / J cm"2 

Fig. 5. Plots of conversion (C) vs. laser fluence at 
the focus (F). Pressure of 4, 3.0 Torr; number of 
pulses, 200. 

T h e relative yields of oxygen-containing products to 
the total yield of all oxygen-conta in ing products are 
plot ted against Po in Fig. 4. Wi th an increase in Po, 
CO and C H 3 C H O decreased in their relative yields, 
whi le that of H2CO increased. T h e material balance 
based on the oxygen a tom falls in the 85—95% range, 
independent ly of the Po value. 

Laser Fluence and Focal Length of Lens: T h e 
decomposi t ion yields and product distr ibutions for 
3.0 T o r r of 4 were examined at various focus fluences 
(F) u s ing lenses wi th 7.5- and 20-cm focal lengths. 
Both the decomposi t ion yield and the total product 
yield increased wi th the increase in F in 140— 
704 J c m - 2 . T h e log- log plot of C vs. F in J c m - 2 

showed a re la t ion of C^F1-7, as is presented in Fig. 5. 
T h e total p roduc t yield increased wi th the increase in 
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Fig. 7. Effects of F on relative yields of hydrocarbon 
products. C2H4 (O), C2H2 (• ) , C3H8 (A), C3H6 (A), 
Ai-CtHs (D), and A^-CAH& ( • ) . For experimental 
conditions see the caption in Fig. 5. 

F. Wi th the increase in F, the relative yields of H2CO 
and C H 3 C H O decreased, whi le that of CO increased, 
as is show in Fig. 6. O n the other hand , the distr ibu­
t ion of the hydrocarbon products except for CH4 was 
hardly affected by F in the range of 140—704 J c m - 2 , as 
is shown in Fig. 7. T h e relative yield of C2H2 slightly 
increased, and that of A^Cdls decreased, wi th the 
increase in F. Only CH4 increased considerably wi th 
the increase in F. 

T h e dis t r ibut ion of hydrocarbon products changed 
significantly when the laser beam was mildly focused 
by a 20-cm focal length lens (/), as is tabulated in 
Tables 5 and 6. At 0.2 J pulse"1 , the values of F were 
estimated to be 282 and 40 J c m - 2 for lenses wi th 7.5-
and 20-cm / respectively. In the case of a 20-cm / lens, 
H 2 C O , C2H4, ^ 1 -C 4 H 8 , and J 1 ' 3 - C 4 H 6 increased in their 
relative yields, whi le CO, C H 3 C H O , C3H8 , and C 3 H 6 

decreased and C2H2 was not formed, as compared to 
the results for 7.5-cm /. Precisely, H2CO increased by a 
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/ /cm 

7.5 
20 

7.5 

Table 5. 

F/J cm"2 

282 
40 

282 

IR Photochemistry of Cyclic Ethers 

Relative Yields of Oxygen-Containing Productsa) 

Ar/Torr 

0 
0 

20 

Relative yield of product/% 

CO H2CO CH3CHO 

87 7 7 
67 28 3 
22 77 1 

733 

a) Yield of product relative to the total yield of oxygen-containing products. F and / denote a fluence at 
the focus and a focal length. 

/ /cm 

7.5 
20 

7.5 

F/J cm"2 

282 
40 

282 

Table 6. 

Ar/Torr 

0 
0 

20 

Relative 

C2H4 

52 
58 
67 

Yields of Hydrocarbon Productsa) 

C2H2 

9 
0 
0 

Relative yield of product/% 

C3H8 

3 
2 
1 

C3H6 

9 
5 
1 

^ - C Ä 

12 
19 
21 

A^-CMHB 

10 
12 
10 

a) Yield of product relative to the total yield of hydrocarbon products. 
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20 

Fig. 8. Plots of C vs. Ar pressure. For experimental 
conditions see the captions in Figs. 1 and 2. 

factor of 5, while CH3CHO, C3H8, and C3H6 decreased 
to half their relative yields. The total yields of oxygen-
containing products and hydrocarbon products de­
creased to 30 and 33% respectively. Similar resulfs were 
obtained for 1.0 Torr of 4, though in this case the 
change in the product distribution was more signifi­
cant. In the case of 20-cm /, the total product yield 
decreased to 23% of that for 7.5-cm /. 

Under the tightly focused condition, an irradiation 
of less than 100 pulses produces an easily detectable 
amount of products. On the other hand, the products 
were detected by a gas Chromatograph after a 1000-
pulse irradiation of 3.0 Torr of 4 at 20 J cm - 2 using the 
20-cm / lens. However, no product was detected when 
3.0 Torr of 4 was irradiated with 104 unfocused laser 
pulses at 0.2 J pulse - 1 and 0.26 J cm -2. 

Added Gases: When 0—20 Torr of Ar was added to 
3.0 Torr of 4, the C value was measured. The addition 
of Ar below 4 Torr hardly affected the C value, while it 

1-7 
(R= H5~CH3; x= 1-4) 

/(CH2)XCHR 

1,(x+2)-biradical 

1,(x+2)-biradical n / 7 v - radicals and products 

Scheme 1. 

decreased significantly with an increase in the pressure 
of Ar over 4 Torr, as is shown in Fig. 8. The 
decomposition yield decreased to 37% of its initial 
value at 20 Torr of Ar. The addition of Ar also 
changed the product distribution considerably, as is 
tabulated in Tables 5 and 6. The relative yield of 
H2CO increased, while those of CO and CH3CHO 
decreased. Of the hydrocarbon products, C2H4 and 
zf1-C4Hs increased at the expense of C2H2, C3H8, and 
C3H6. The variation in the product distribution was 
similar to that caused by mild focusing. 

Discussion 

Mechanism. On the basis of the experimental 
results reported above, the homolytic cleavage of the 
C-O bond can be said to occur initially in the highly 
vibrationally excited ether (ether+t) formed through 
IRMP excitation, thus yielding the corresponding 
biradical in Scheme 1. (The double-dagger denotes 
vibrational excitation). This process is similar to that 
in the IRMPD of open-chain ethers,2) in which the 
initial cleavage of a C-O bond yields an alkyl radical 
and an alkoxyl radical. The C-O bond is obviously 
the weakest; the dissociation energy (£diss) is 74.6 kcal 
mol - 1 in 3a.7) The £diss values have been reported to be 
52, 60, and 53 kcal mol"1 for l,11* 2,12) and 3a13> 
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respectively. 
Since organic molecules are excited over the £diSS in 

the IRMPD, the primary fragments are formed with 
high internal energies. Therefore, the fragments 
decompose into stable products sequentially or through 
secondary IRMPD.27 '14) Similarly, the transient 
biradical intermediates are formed with high internal 
energies in the IRMPD of ethers, and they decompose 
sequentially or through secondary IRMPD. In fact, 
the biradical intermediates were not trapped by Br2. 
This suggests that the bromine-containing compound 
of the biradical decomposes rapidly because an O-Br 
bond would be instable,15) even if it is formed. 
Alternatively, it may be suggested that the transient 
biradical with a high internal energy decomposes, 
either sequentially or through secondary IRMPD 
within a laser pulse, before being trapped by Br2. On 
the other hand, the trapping experiment of the radical 
species by Br2 shows that many radical species 
originate from the transient biradical intermediate. 

Along with Scheme 1, the mechanisms in the 
IRMPD of 1—7 under the present experimental 
conditions may be considered to be as follows. 

1: The initial cleavage of the different C-O bonds 
may yield two corresponding 1,3-biradicals with high 
internal energies in the IRMPD of 1. The O-radicals 
ß-fission of the two 1,3-biradicals occurs sequentially 
or through secondary IRMPD. .OCH2CH(CH3). 
yields H2COt+ethylidene (CH3CH), while OCH-
(CH3)CH2- yields CH3CHO++CH2 or C H 3 + C H 2 -
CHO+ (Scheme 2). (The dagger denotes internal 
excitation). Both H2CO+ and CH3CHO+ decompose 
secondarily into H2+CO and CH4+CO respectively. 
The secondary decompositions in the relatively high 
yields have been discussed in the IRMPD of dimethyl 
and diethyl ethers in the previous study2) and in that of 
3.7>8) Alternatively it may be suggeted that H2CO+ and 

CH2-CHCH3 

\ / n / 7 v . ~ -OCH2CH(CH3) 
0 

I— H2CO++ CH3CH 
I-C2H4 
l -C 2 H 2 + H2 

^•OCHtCHsJCHz 
f— CH3CHO+ + CH2 

•-^CHs + -CH2CHO+ 

H2CO+ — p H 2 + CO 
l~H2CO 

CH3CHO tT-CH4 + CO 
"-CH3CHO 

•CH 2CHO+~CO, CH3j CH2 j H, (CH2CO)2 

2 C H 3 — C 2H 6 

2 CH2 — C2H4 j C2H2 j CH4, H2 

Scheme 2. 

CH3CHO+ decompose into CO as a final oxygen-
containing product through the cleavage of the C-H 
and C-C bonds respectively and through sequential 
hydrogen-ab s traction from HCO by radicals, similarly 
to the thermolyses of H2CO and CH3CHO,16> 

CH3CH seems to undergo H scrambling and H2 
elimination to yield C2H4 and C2H2+H2 respectively. 
It is well established that CH3CH is formed as an 
intermediate and undergoes the same reactions in the 
triplet sensitized photolyses of C2H4.17) The formation 
of C2H6 is explained by the radical coupling of 
CH3. CH2CHOt decomposes into CO, CH3, CH2, 
and H or yields the low-volatile ketene dimer, since 
CH2CO is not detected. CH2 yields C2H4, C2H2, CH4, 
and H2. The formation of C3 and C4 hydrocarbon 
products in relatively lower yields can be explained by 
complicated pathways involving CH2, CH3, and the 
primary C2 products. 

The high yield of the secondary decomposition in 
the IRMPD of 1 is contrast to the relatively low yield 
(30—50%) in the IRMPD of dimethyl or diethyl 
ethers.2) The difference is probably attributable to the 
high absorption energy of 1++ and the high strain 
energy of 1 (27.2 kcal mol - 1 for propylene oxide18)) 
compared with the case of open-chain ethers. Thus, 
the primary products are formed with relatively high 
internal energies in the IRMPD of 1. Therefore, the 
secondary decomposition of the primary products 
occurs predominantly. From the yield of CO relative 
to the total oxygen-containing product yield in Table 
2, it is generally true that the secondary decomposition 
of H2CO+ and CH3CHO+ occurs in high yields in the 
IRMPD of such cyclic mono-ethers as 1, 3, 4, and 5 
(though not for 2). A similar mechanism involving 
the cleavages of the two different C-O bonds has been 
proposed in the thermolysis of l.n> . OCH2CH(CH3). 
and OCH(CH3)CH2. form C2H5CHO and CH3-
COCH3 respectively via intramolecular H transfer in 
the thermolysis. On the other hand, the same 
biradicals are not stabilized into these compounds but 
decompose sequentially or through the secondary 
IRMPD into H2CO++CH3CH and into CH3CHOt+ 
CH2 (or CH3+.CH2CHO) respectively (Scheme 2). 
This difference can be explained by the higher internal 
energy contents of the biradicals in the IRMPD of 1 
compared with those in the thermolysis. 

2: The products in the IRMPD of 2 were CO, 
H2CO, C2H4, and C2H2. The simple distribution of 
the products is consistent with the cleavage of the C-O 
bond to yield . OCH2CH2CH2 . . The 1,4-biradical 
decomposes further via radical ß-fission into H2CO+ 
and C2H4+ (Scheme 3). According to this mechanism, 
H2COt and C2H4+ are formed in the ratio of 1:1. This 
is confirmed by the ratio of ([C2H4]+[C2H2])/([CO]+ 
[H2CO])=l.l. Alternatively the concerted decomposi­
tion of 2+î into H2CO+ and C2H4

t without the 
intermediary of .OCH2CH2CH2- can be suggested. 
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CH2-CH2 

1 1 -
CH2-0 

2 

CH2-CH2 

- * * * - I - — H 2 C O + + 
CH 2 -0* 

H, 1pn+ , 1 4%-. 11 JL m 
ri2v«'Vj •—••- |-(2 + UvJ 

186% ^ u p A r..T..». 1120 Vj 

C 2 H / ,17%» C2H2 + H2 

^S3^_C2H4 

Scheme 3. 

C2H4+ 

The secondary decomposition of H2CO+ and C2H4+ 
occurs in 14 and 17% yields respectively. These yields 
are considerably lower than those in the IRMPD of 1, 
3, 4, and 5. This may be attributable to the low £diss for 
the concerted pathway. In the concerted process, 
H2CO+ and C2H4+ are formed with a relatively low 
internal energy. Therefore, the secondary decomposi­
tion occurs in a lower yield. The concerted 
pathway has also been proposed in the thermolysis of 
2.12'19> Since .OCH2CH2CH2 . is formed with enough 
internal energy for the cleavage of the C-C bond, 
radical ß-fission probably proceeds very rapidly. The 
product distribution can not distinguish clearly the 
concerted process from the step-by-step process via the 
IRMPD of the 1,4-biradical. Consequently, it is found 
that the structure of the cyclic ethers plays an 
important role in the determination of the decomposi­
tion pattern. 

3a: The IRMPD of 3a7> and 3b8> has already been 
reported by Kramer, although the products have not 
been fully analyzed. We have studied the IRMPD of 3a 
and 3b in order to compare it with the IRMPD of the 
other ethers. Since our experimental results were 
essentially similar to Kramer's,7>8) the same mech­
anism as in the previous studies may be proposed for 
the IRMPD. Following the initial cleavage of the C-O 
bond, • CH2CH2CH2CH2O • further decomposes via 
the cleavage of two C-C bonds (Scheme 4). The 
CH2CH2CH2CH2O. splits into C2H4+CH2CH2O. 

and H2CO+.CH2CH2CH2-; the channels require 94.4 
and 83.9 kcal mol - 1 respectively as the activation 
energies (£a).

7'16) Therefore, the latter splitting rather 
than the former is the thermodynamically favored 
pathway. -CThCFbO- and -CTbŒbCIrb- rearrange 
mainly to CH3CHO+ and to C3H6 or cyclopropane 
(cyclo-CzHe) respectively. In the thermolysis, CH2-
CH20- yields not only CH3CHO, but also cyclo-
C2H4O. However, ryc/o-C2H40 was not observed as a 
product in the IRMPD of 3a. The collisional 
deactivation is not effective in stabilizing cyclo-C2H40 
with a high internal energy under our experimental 
conditions. Therefore, ryc/o-C2H40 is not formed, 
while -CTbCFbO- rearranges mainly to CH3CHO+ 
with a high internal energy and then further decom-

H2C — CH2 

H2CV C H 2 - ^ 
O 

3a 

H2C—CH2 

H2C »CH2 

1,5-biradical 

1,5-biradical-pC2H4
+ + •OCH2CH2 

^CHsCHO1" 

L H 2 C O + + -CH2CH2CH2 

L-CsHe, cyclo-C3H6 

H2COT (CHsCHO1") 

Scheme 4. 

X H2 + CO (or CH4 + CO) 
H2CO (or CH3CHO) 

H2C—CH2 

CH3-HC CH-CH3 - ^ _ CH3-HC 
O ^ 

3b 

a 
6_J^C—CH2 

T -CH-CH3 
x O -

1,5-biradical i a - C3H6 + 
I b _̂ ^ I _ I _ ^ U 

1,5-biradical 

- ^ u 3 r t 6 + -OCH(CH3)CH2 
ö - ^CH 3 CHO t + •CH2CH2CH(CH3) 

>OCH(CH3)CH2 —r - CH3CHOT + CH2 

h-CH 3COCH 3
t 

L- CH3 +-CH2CHO+ 

CH 2 CH 2 CH(CH 3 )^2 C2H4 

^A1-C 4 H 8 

CH3CHO r p C H 4 + CO 
L C H 3 C H O 

CH3COCH31" ^CH 3 COCH3 

C2H4 or C2H2 + H2 CH2 

•CH2CH01" - C H 3 + CO 

Scheme 5. 

poses to CH4++CO. 
3b: The initial cleavage of the C-O bond of 3b 

yields .OCH(CH3)CH2CH2CH(CH3) with a high 
internal energy. The 1,5-biradical further decom­
poses via the cleavage of two C-C bonds, as is shown 
in Scheme 5. The a cleavage should be the main 
channel, because the yield of C3H6 is 60% of the total 
yield of the hydrocarbon products. The b cleavage, 
leading to the formation of CH3CHO, is thermodynami­
cally more favored than the a cleavage. 

The -OCH(CH3)CH2- produced in a cleavage 
isomerizes into CH3COCH3 via H-atom migration. At 
the same time, the radical may decompose into 
CH2+CH3CHO or CH3+CH2CHO. Further decom­
position of CH3CHO and CH2CHO may produce 
CH4+CO and CH3+CO respectively, as has been 
proposed for the radical in the IRMPD of 1. However, 
we could not detect CH3COCH3 in the IRMPD of 1, 
probably because the decomposition occurred more 
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rapidly than the H-atom migration. CH3CHO is also 
produced directly from the b cleavage in the 1,5-
biradical. The hydrocarbon biradical CH2CH2CH-
(CH3)- subsequently decomposes into 2C2H4 or 
rearranges into 1-butène ( z ^ ^ H s ) . The material 
balance on the basis of C-atoms was calculated 
to be {3[C3H6]+2([C2H2]+[C2H4]+[C2H6])+[CH4]}/ 
(6[3b])=40%. This relatively low value seems to 
suggest that a significant fraction of CH2CH2CH-
(CH3)- is converted into a large molecule via a 
complicated reaction with some reactive species. 

Kramer has reported that C2H6 is the second largest 
product at 0.3 Torr of 3b.8) He has pointed out that the 
£a for the cleavage of the C-CH3 bond is only 5.4— 
7.8 kcal mol - 1 higher than that for the cleavage of the 
C-O bond in 3b. Therefore, he has proposed that the 
cleavage of C(2)-CH3 or C(5)-CH3 bonds occurs 
initially. The 5-methyltetrahydrofuran-2-yl radical 
and CH3 are thus formed. The former radical 
decomposes into fragments, while CH3 yields C2H6 
via coupling. However, C2H6 was formed in only a 4% 
yield relative to the total hydrocarbon yield at 3.0 Torr 
of 3b (Table 2). CH3COCH3 was formed in a 10% yield 
relative to the total yield of the oxygen-containing 
products, although Kramer did not detect acetone. 
These results show that the initial cleavage of the C-O 
bond occurs at 3 Torr of 3b. The high-energy channel 
occurs more than the low-energy channel at a lower 
pressure. Therefore, it is possible that the cleavage of 
the C-CH3 bond partly occurs at 0.3 Torr of 3b. 

4: Following the initial cleavage of the C-O bond, 
• CH2CH2CH2CH2CH2O • further decomposes via com­
petitive cleavages of three C-C bonds denoted by a, b, 
and c in Scheme 6. The 1,6-biradical splits into 
H2COt+CH2CH2CH2CH2- (Pathway a) and into 
C2H4t+.CH2CH2CH20. (Pathway b) via radical ß-
fission pathways. Pathway a is thermodynamically 
favored over b, similarly to the cleavage of the 1,5-

H2C CH2 a H 2 C ^ ' C H 2 

H2C CH2 - ^ - H2C • 
X 0 X 0 ' 

CH2 

1,6-biradical 

1,6-biradical-T^^H2CO+ + 'CH2CH2CH2CH2 

I 
C2H4,C2H2, A1-C4Hs, 
A1,3-C4H6 

( - ^ - C 2 H 4
t + •OCH2CH2CH2 

H 2 co + C2H4 

—CH2CH2CH2 + -OCH2CH2 

C3H8 , C3H6 CH3CHOT 

H2CCCH2 

biradical formed in the IRMPD of 3a. . CH2CH2CH2-
CH2- and CH2CH2CH2O. further yield C2H4+, A1-
C4H8 (or 1,3-butadiene (A^-QUe)) and H2COt+ 
C2H4+. The formation of C3 hydrocarbons and 
CH3CHO in lower yields suggests that the radical 7-
fission pathway (c) occurs as a minor pathway. In 
Pathway c, CH2CH2CH2. and CH2CH2O. are 
formed and rearrange to C3 hydrocarbons and CH3-
CHO respectively. C4 hydrocarbons are formed only 
in Pathway a, while Cs hydrocarbons are formed in 
Pathway c. 

5: The most important feature is that 1-pentene 
(J1-CÖHIO) is formed as the main product. The initial 
cleavage of the C-O bond yields . CH2CH2CH2CH2-
CTbCT^O- with a high internal energy. The 1,7-
biradical further splits into H2CO+, C2H4+, and other 
biradicals via two ß-fission and two y-fission path­
ways (Scheme 7). - C ^ Q ^ C ^ C T f e C T b - rearranges 
to zf1-CöHio and decomposes into C2H4++ • CH2CH2-
CH2 •. The rearrangement and the decomposition of 
the other smaller biradicals have already been discus­
sed in connection with the IRMPD of 3 and 4. The 
formation of J1-CsHio as the main product suggests 
that the ß-fission pathway to H 2 COt+. CH2CH2CH2-

^CH2-CH2 

H2C ^CH2 a 

d 
Ar cxCH2 /CH2 -d 

H2C ^ CH2 

H2CV ,CH 2 H2C 

5 

\ , 
•CH2 

1,7-biradical 

157-biradical-^-H2CO+ + •CH2CH2CH2CH2CH2 

-A1-C5H1 0 

•C2H4
++-CH2CH2CH2 

w i 12 

p - C 2 H 4
t + •OCH2CH2CH2CH2 

k -OCH 2 CH 2 +-CH2CH2CH2CH2 

l^-CH2CH2CH2 +-OCH2CH2CH2 

Scheme 7. 

CH2-Ox CH 2 -0 

CH2
 n h v | > I • C H 2 T - H 2 C O t + -CH2OCH2 

CH2-0- t CH2-0 

6 

CH2-0, 

H2COT+ CH2 

•*-H2CO+ + -OCH2CH2 

CH3CHO+ 

v-rn 2 -w N 

" I / CH 2 T -C 2 H 4 " t + -OCH20-
•CH2<> * 

H 2 0 T +CO 
or HC02H 

L-HzCÖ1 + -OCH2CH2 

CH3CHO+ 

Scheme 6. Scheme 8. 



March, 1990] IR Photochemistry of Cyclic Ethers 737 

CTbCTb- is much more favored than the others. 
6: In contrast to 1—5, 6 and 7 have two oxygen 

atoms in the rings. There are two kinds of C-O bonds 
in 6, with similar £diss values. The initial cleavages of 
both C-O bonds are involved in the IRMPD of 6, as is 
shown in Scheme 8, and two 1,5-biradicals are 
generated. • CH2OCH2CH2O • further splits into 
H 2 COt+ .CH 2 CH 2 0 . and into H2COt+.CH2OCH2•, 
while .CH2CH2OCH2O. splits into H2COt+.CH2-
CH2O • and into C2H4++ • OCH2O.. The 1,3-biradical, 
• CH2CH2O •, rearranges to CH3CHO+ or decomposes 
into H2COt+CH2. Thel,3-biradicals .CH2OCH2- and 
• OŒfeO- decompose into H2CO++CH2, and prob­
ably into H2O++CO as well. There is a possibility 
that • OCH2O • rearranges into HCO2H. The forma­
tion of CH4 among the hydrocarbon products suggests 
that CH3CHOÏ decomposes into CH4+CO in a high 
yield and that CH2 also leads to the formation of C2H4 
or C2H2+H2, much as in the IRMPD of 1 and 3b. 

7: The main products in the IRMPD of 7 were CO, 
H2CO, and C2H4. The simple distribution of the 
products suggests that the initial cleavage of the C-O 
bond is followed by the sequential formation of 
H2CO+ and C2H4+ via radical ß-fission (Scheme 9). 
Two ß-fission pathways are involved in the secondary 
decomposition of the 1,6-biradical ( OCH2CH2OCH2-
CH2) . However, both pathways yield H2CO+ and 
C2H4t. 

Consequently, the mechanisms in the IRMPD of 1— 
7 under the present experimental conditions may be 
summarized as follows. The initial process in ethertt 
is the homolytic cleavage of the C-O bond to yield the 
corresponding 1, (x+2)-biradical with a high internal 
energy (Scheme 1). The biradical then further 
decomposes and rearranges into the primary products, 
mainly via radical ß-fission. Since the primary 
products are also formed with a high internal energy, 
they decompose partly into the final products, either 
sequentially or through secondary IRMPD. 

Alternatively, the concerted decomposition of ethertt 
into the primary products without an intermediary of 
a 1,4-biradical may take place in the IRMPD of 2, 
considering the product distribution. In the IRMPD 
of 6 and 7, the simple product distributions suggest 
that the concerted decomposition into the primary 

H2C CH2 

H2C ^pH2 

. 0 , 
H2C CH2 

- n ^ H 2 C .CH 2 

^ 0 * 

|—^C2H4
t+ •OCH2CH20-

2 H2C0+ 

L—H 2 C0 T + -CH2OCH2CH2 

H2CO t + C2Hf 

Scheme 9. 

products occurs competitively with the biradical 
mechanism. When the sequential decomposition of 
the biradical intermediates occurs rapidly, the product 
distribution is rather simple and similar to that in the 
concerted pathway. Therefore, we can not recognize a 
clear difference between the two mechanisms with 
respect to the product distribution. 

Effects of Irradiation Parameters in the IRMPD of 
4. We have estimated the branching ratios of several 
competitive pathways in the primary and secondary 
cleavages on the basis of the product distribution. 
However, the product distribution depends on the 
irradiation parameters in the IRMPD of organic 
compounds.1'4»5'14'20»21) In fact, we have found that the 
distribution of the products varies with the laser 
fluence, the pressure, and the additive gases in the 
IRMPD of 4. 

As is shown in Fig. 5, C increased with an increase 
in F according to the relation of C^F1-7. Assuming a 
3/2 power law in a focused beam geometry,22* the value 
of Äd=8.5X10-4 pulse - 1 leads to a threshold fluence of 
5.2 J cm-2. 

Branching Ratio of Sequential Decomposition: 
The predominant formation of C2 bromine-contain­
ing compounds indicates that Pathways a and b occur 
mainly in the IRMPD. In addition, the formation of 
C4 and C3 bromine-containing compounds clearly 
shows the participation of Pathways a and c respective­
ly. However, the considerable amounts of Ci bromine-
containing products suggest that some pathways to 
yield Ci fragments are involved in the sequential 
decomposition of the transient biradicals, radicals, and 
primary products. 

Accroding to Scheme 6, H2CO and C2H4 are the 
main products from Pathways a and b, while C4 
hydrocarbons are formed only in Pathway a. The 
products in Pathway c are mainly C3 hydrocarbons 
and CH3CHO. Therefore, the branching ratio of 
Pathway c can easily be estimated to be 0.18 from [C3 
hydrocarbons]/(0.5X[C2 hydrocarbons]+[C3 hydrocar-
bons]+[C4 hydrocarbons]). The relatively small ratio 
of 0.18 for 3.0Torr of 4 at 282.2Jem"2 can be 
explained by the higher energy required for Pathway c 
than for a or b. 

The decomposition yield increased with an increase 
in the number of pulses, according to the first-order 
kinetics. The product distribution is almost invariant 
if the number of pulses is less than 600 with a 
conversion of 40%. These results suggest that 
unimolecular decomposition occurs at a constant 
branching ratio among the competitive pathways in 
Scheme 6. However, the decomposition yield and the 
product distribution were apparently changed by 
variations in other irradiation parameters, such as the 
pressures of 4 and Ar, F, and /. 

Collisional Effects: The relations of Y^(Po)2 in 
Fig. 4 and Coc(Po)2 were obtained in the range of 
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Fig. 9. Schematic diagram of the vibrational state 
distributions of 4^ depending upon Po and F and 
activation energies (£act) of Pathways a, b, and c. 
Shaded parts indicate the states with higher energies 
than £act for Pathway c. 

Po=0.1—10 Torr. These results suggest that colli-
sional up-pumping contributes to the accumulation 
of sufficient energy for the cleavage of the C-O bond at 
higher pressures of 4. 

The product distributions were significantly chang­
ed with Po, as is shown in Figs. 3 and 4. The results are 
explained by collisional deactivation processes com­
peting with the IRMP excitation and with the 
sequential decomposition of the transient species and 
the primary products. Since the rate of collisional 
deactivation increases with an increase in Po, the 
average internal energy of 4+t decreases and the 
sequential decompositions are quenched at higher 
pressures, as is shown in Fig. 9. Consequently, the 
branching ratio of the low-energy pathway, a or b, 
increases, accompained with the decrease in Pathway 
c. The sequential decomposition of the primary 
products with high internal energies also decreases. In 
fact, the relative yields of C2 and C4 hydrocarbons and 
H2CO in Pathways a and b increased with the increase 
in Po, while those of C3 hydrocarbons and CH3CHO in 
Pathway c decreased. It was also observed that the 
yield of CO from the sequential decomposition of 
H2COÏ and CH3CHOÏ decreased. The branching ratio 
of Pathway c decreased from 46 to 9% when Po was 
increased from 0.5 to 10 Torr. 

It is noteworthy that the distribution of hydrocarbon 
products is almost independent of the Po value over 
4 Torr. This fact suggests that not only collisional 
deactivation, but also other reactions between the 
transient radicals and 4, occur in the IRMPD of 4. At 
higher pressures, transient radicals such as 1,6-

biradical, 1,4-biradicals (Scheme 6), alkyl radicals, and 
vinyl radicals can abstract hydrogen atoms on 2-, 3-, 
and 4-positions of 4 to yield 2-, 3-, and 4-tetrahydro-
pyranyl radicals respectively. These radicals rearrange 
and split sequentially via the radical ß-fission of C-O 
or C-C bonds. Thus, the decomposition should 
produce H2CO and C2 and C4 hydrocarbons, similarly 
to Pathways a and b. In support of this pathway, 
H2CO, C2 and C4 hydrocarbons were the main 
products at higher 4 pressures, as is shown in Figs. 3 
and 4, and Y increased with the increase in Po with the 
relation of Yoc(P0)

2. 
The effects of Ar on C, Y, and the product 

distribution suggest that collisional up-pumping 
and/or rotational hole-filling, as well as collisional 
deactivation,23* are involved in the formation of 4++. 
These collisional processes increase with the increase 
in the pressures of 4 and Ar. Collisional up-pumping 
and rotational hole-filling lead to a higher average 
vibration energy of 4+t and higher internal energies of 
the primary products. On the other hand, collisional 
deactivation behaves in the opposite manner. Colli­
sional up-pumping and rotational hole-filling are 
quantitatively comparable to collisional deactivation 
below 4 Torr of Ar, while collisional deactivation 
occurs dominantly over 4 Torr of Ar, as is shown in 
Fig. 8. 

Internal Energy of Transient Species: The effect of 
F on the product distribution in Figs. 6 and 7 can be 
explained by the change in the sequential decomposi­
tion rate of H2CO+ or CH3CHO+. The increase in F 
enhances the rate of IRMP absorption.21* Consequent­
ly, a larger vibrational energy is accumulated in 4+t 
and the primary products are formed with higher 
internal energies, as is shown in Fig. 9. Thus, the 
sequential decomposition of the primary products is 
accelerated. However, the branching ratio among the 
three pathways in Scheme 6 and the rates of the 
sequential decomposition of hydrocarbon products 
seem to be scarcely affected by the variation in F in 
140—704 J cm-2. 

The effect of / on IRMPD has been well characteriz­
ed using many compounds. In the IRMPD of SF6,24) 

the decomposition rate per unit of volume is in­
dependent of / at F values larger than the threshold 
fluence. On the other hand, the decomposition yields 
an increase at a shorter / in the IRMPD of trans-2-
deuteriovinyl chloride,25) H2CO,20 and tetrahydrofuran,7* 
in spite of the decreasing reaction volume. The effect 
of / on the IRMPD of 4 in Tables 5 and 6 is similar to 
the latter. 

It is noteworthy that the relative yields of C4 
hydrocarbons increased slightly when / was changed 
from 20 to 7.5 cm. The addition of Ar led to similar 
changes in the yields of C4 hydrocarbons. These 
results are consistent with the fact that a lower energy 
is required for Pathway a than for b. 
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Comparison. In convent ional pyrolyses of the 
cyclic ethers, a concerted decomposi t ion occurs, 
together wi th the homolyt ic cleavage of a C - O 
bond.1 1 - 1 3 '2 7 ) Exceptionally, the thermolysis of 2 
proceeds via only a concerted pathway, in which 
radical species are no t involved.12) T h e thermal 
decomposi t ion of r y c / o ^ P U O and 3a has been studied 
beh ind reflected shocks in a single-pulse shock tube 
over the range of 800—1500K.28) T h e product 
dis t r ibut ions are expla ined main ly by concerted 
pathways. 

O n the other hand , the homolyt ic cleavage of a C - O 
b o n d has been considered to be a p redominan t 
pa thway in the UV photolyses of cyclic ethers.27 '29) 

However, many competi t ive pathways are involved in 
the sequential decomposi t ion of the biradical inter­
mediates. Therefore, the product distr ibutions are 
ra ther complex and are strongly dependent on the 
excitat ion procedure: the wavelength of l ight, direct or 
sensitized excitation, the l ight intensity, and the 
sample pressure.29) 

T h e IRMPD is essentially similar to thermolysis, 
a l t h o u g h it occurs via a h ighly vibrationally excited 
molecule . T h e mechan i sm in the I R M P D of 1—7, 
probably except for 2, is explained by a C - O b o n d 
cleavage instead of a concerted pa thway. O n the other 
hand , the concerted pa thway is consistent wi th the 
results in the shock tube pyrolyses as well as those in 
the convent ional pyrolyses. We assume that the 
difference is the result of the relatively h igh pressures 
(80—400 Tor r ) in the pyrolyses27>28) compared wi th 
tha t (3 Tor r ) used in the present work. At a h igher 
pressure, the coll is ional deactivation mus t occur 
rapidly; therefore, the decomposi t ion proceeds via the 
lowest energy channel , i.e., the concerted pathway. 
T h e product distr ibutions in the pyrolyses are different 
from those in the IRMPD because of reactions between 
the radical species. In addit ion, the start ing ether is 
easily involved in radical reactions in the pyrolyses at 
h igher pressures. O n the other hand , the ether is 
excited to a h igher state than the lowest threshold at 
lower pressures in the IRMPD. Therefore, the h igh-
energy channel occurs easily in the IRMPD. It is also 
noteworthy that the temperature a round a focused 
po in t is estimated to be h igher than 2000 K on the basis 
of absorbed energy per molecule. T h i s is also 
consistent wi th the occurrence of the high-energy 
channel in the IRMPD. 

Possibility of Oxygen-Isotope Separation. Simi­
larly to open-cha in ethers, cyclic ethers can be used as 
s tar t ing molecules in the oxygen-isotope separation by 
the use of a T E A CO2 laser. However, the complicated 
decomposi t ion pathways of biradical intermediates 
yield several oxygen-conta in ing products . Wi th 
respect to this point , open-chain ethers are better than 
cyclic ethers. T h e best s tar t ing ether should have a 
large isotope shift of absorpt ion in the tunable range 

of a T E A CO2 laser and a h igh selectivity of the 
oxygen-isotope in the C - O bond cleavage. Con­
sequently, the best is 4 because of its h igh yield, s imple 
pathway, and s imple oxygen-containing product . 
Therefore, the 1 8 0 enr ichment us ing the IRMPD of 4 
has been investigated and publ ished separately.30) 

We wish to thank Mr. Masahiro Toyoda, under­
graduate s tudent of Science University of Tokyo in 
1982—1983, for his he lp in a par t on the experiments. 
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A Time-Resolved Photoacoustic Method with Pulsed Laser Excitation 
in the Condensed Phase: The Relation between Signal 

Intensity and Decay-Rate Constant 
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The photoacoustic signal magnitude in the condensed phase with a piezoelectric transducer and a pulsed 
laser is theoretically calculated for various quantum yield of the triplet formation (0isc) and decay rate constants 
from the triplet state. The results show that the #iSC value and the triplet lifetime can be determined from the PA 
signal intensity. 

Photothermal methods, such as the photoacoustic 
(PA) and thermal lens (TL) methods, are suitable for 
sensitively detecting nonradiative transition. The time 
resolution of the TL method is usually short, of an 
order of submicroseconds. By using this advantage, 
the TL method has been used to separate the nonradia­
tive decay processes of a microsecond order and those 
of nanosecond order by the time-resolved manner.1-11) 

In view of this good time-resolution, this method has 
subsequently been successfully applied to the deter­
mination of the triplet lifetime,1»® the quantum yield 
of the triplet formation (0iSC),1,3) the enthalpy dif­
ference between reactant and product,2) and so on. 

Contrary to the TL method, the time response of the 
PA signal with a microphone and mechanically 
modulated excitation light is rather slow.12-15) There­
fore, the time resolved study with the PA method has 
been done by measuring the dependence of the 
amplitude or the phase shift of the PA signal on the 
modulation frequency.16-1® However, for the PA 
method with a piezoelectric transducer (PZT) and 
pulsed laser light, even these indirect time-resolved 
methods have never been applied. Recently, though, 
Beck et al. have developed a time-resolved PA method 
with a microsecond time-resolution by using a PZT 
and pulsed laser light. 19»20) They estimated the 
nonradiative decay rate by analyzing the waveform of 
the PA signal. They intended, however, to analyze the 
signal in the gas phase, in which the main deactiva­
tion process is slow. The lifetime of the excited state 
should be comparable to, or longer than, the acoustic 
transit time, ra=/?/<ya, where R is the beam radius of 
the excitation laser and where vA is the velocity of 
sound in that medium. Usually, the acoustic transit 
time in an experimental setup is of a microsecond 
order. In a condensed phase, on the other hand, there 
are usually two kinds of pathways for nonradiative 
decay. One is much shorter than the transit time under 
ususal experimental conditions (less than a nanosec­
ond order), while the other is rather long (longer than 
a microsecond order). For instance, the Ti-So 
intersystem crossing (isc) is included in the latter 
processes, while vibrational relaxation and internal 
conversion are included in the former processes. In 

such a case, since the waveform of PA signal depends 
on 0iSC and the decay rate constant of the slow process 
in a complicated manner, the analysis of the waveform 
becomes difficult. Moreover, the waveform easily 
suffers from the time response of the instruments used 
for the measurement. 

Beside the analysis of the waveform, the PA signal 
magnitude may be expected to give information on the 
decay-rate constant (Fig. 4 of Ref. 19). However, the 
relation between the PA signal intensity obtained by 
using a PZT and the decay rate constant is not clear. 
So far, the contribution to the PA signal intensity 
from the slow decay process has been neglected, and 
the PA signal intensity has been analyzed by consider­
ing only the contribution from the fast decay processes 
(vide infra).21) The quantum yield of the triplet 
formation has been measured under this assumption.21) 

There are no theoretical grounds, however, for 
answering the question; how long should the triplet 
lifetime be in order to satisfy the above assumption? 

In this paper, we will focus our attention on the 
relation between the PA signal intensity obtained by 
using a PZT after pulsed laser excitation and the decay 
rate constant when there are two kinds of heating 
processes. As will be described below, we find a simple 
correlation between the PA signal intensity and the 
decay-rate constant of the slow decay process. By using 
this correlation, we show that the quantum yield of the 
triplet formation and the triplet lifetime can be 
determined from the PA signal intensity. Finally, we 
will discuss the solute dependence of the PA signal 
under the air-saturated condition reported previ­
ously.22* 

Experimental 

The experimental setup for the PA detection is essentially 
the same as that reported previously.22* The system is, 
however, modified to measure simultaneously the lifetime of 
the triplet state by a flash photolysis method (Fig. 1). A 
nitrogen laser (Molectron UV-400) (ca. 10 |ij/pulse) was used 
for excitation. The laser-beam diameter was 2 mm#. The 
signals from a PZT for the PA measurement and those from 
a photomultiplier (Hamamatsu R928) for the flash-photoly­
sis measurement were fed into a transient memory (Iwatsu 
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Fig. 1. Experimental setup for the simultaneous 
measurement of PA and transient absorption. 

DM-901) and averaged up to 100 times in order to improve 
the S/N ratio. For monitoring the transient absorption of 
quinoxaline in benzene, light from an Xe lamp (Ushio 
500 W) was made collinear with the nitrogen laser beam. 
The detection wavelength was 420 nm. 

Quninoxaline purchased from the Wako Co. was purified 
by vacuum sublimation. The absorbance of the sample 
solution at 337.1 nm was adjusted to 0.1. 

Theoretical 

The PA signal intensity is calculated on the basis of 
the formalism of Lai and Young.23) When the thermal 
diffusion and the effect of électrostriction are neglect­
ed, the excess pressure P, which is proportional to the 
PA signal, is expressed as: 

P = K 
30 
dt (1) 

where K=aß/Cp, with a being the optical absorption 
coefficient; ß, the volume expansivity, and Cp, the 
molar heat capacity at a constant pressure. Further, 0 
is the velocity potential and is given by the solution of 
Eq. 2: 

and: 

1 ô2 

(- — V 2) 0 = I [V* dt* } ' 

I = Ef(t) g(r), 

(2) 

where r denotes the two-dimensional displacement 
transverse to the axis of the beam, where E is the total 
energy released from the excited solute, where f(t) is the 
temporal profile of the deactivation process, and where 
g(r) is the radial profile of the excited solute in the 
solution. 

When reflection can be ignored, Eq. 2 can be solved 
as Eq. 3 in an infinite medium with outgoing wave 
conditions at infinity. 

0(t, r) = K (t-t')-V*f(t')dt' (3) 

where f (t) is an effective temporal profile, 

fit) Kt + —)g{r')àr' (4) 

and where: 

K = (2nyJT)EyfU7. 

The PA signal intensity is numerically calculated by 
using Eqs. 1—4. 

For the radial profile, we use the Gaussian radial 
distribution: 

g(r) = 
1 

V2TT#2 
exP(~("2H2"))' (5) 

where R is the beam radius. For the temporal profile 
of the deactivation processes, a biexponential decay is 
assumed. 

f(t) = Atk&xp (— ktt) + Asksexp(—kst), (6) 

where kf and ks represent the rate constants of the fast 
decay processes (e.g., vibrational relaxation, Si-Ti isc, 
and Si-So internal conversion) and a slow decay 
process (Ti-So isc), respectively. The pre-exponential 
factors, A{ and As, represent the heat contribution from 
the fast and slow decay components, respectively. The 
sum of the pre-exponential factors is defined to be 
unity, so that f(t) is normalized in such a way that: 

JfWt = I-

The quantum yield of the triplet formation is 
represented by: 

<frsc = As(Eex—<l>fEf)/ET 

where Eex, E{, and Ej represent the photon energy of 
the excitation laser, that of the fluorescence, and the 
energy of the Ti state, respectively. Further, $f means 
the quantum yield of the fluoresence. The decay-rate 
constant, kf, is set so to as be sufficiently larger than 
1/Ta (Ta=1.6|is) and of the same order as TP (=10 ns), 
which is the width of the Gaussian temporal profile of 
the exitation laser pulse. The value of ki is fixed 
throughout this calculation. Since the time dependence 
of nonradiative decay follows that of the excitation 
laser pulse under the condition of A£>l/ra, the 
variation in kf under the condition &£>1/Ta does not 
affect the calculated result. The slow decay-rate 
constant, ks varies over the range of 0.05<AsTa<20. 

Results and Discussion 

Result of the Calculation. T h e time-dependence of 
the PA signal, as calculated by using Eqs. 1—6, is 
shown in Fig. 2. The peak height from the bottom to 
the peak is taken to be the PA signal magnitude. In 
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Fig. 2. Typica l t ime dependence of the calculated 
PA signal by us ing Eqs. 1—6 wi th As/At=1.0 a n d 
£sTa=10. 
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Fig. 3. Plot of the calculated PA signal intensity vs. 
decay rate constant of the slow decay process (ksra). 
(a) As/At=0.0, (b) As/At=0.2, (c) As/A{=0.b, (d) 
As/At=1.0, and (e) As/A{=\0.0. 

Fig. 3, the PA signal intensity for various ks and AJAi 
values is shown. T h e results show that the signal 
intensity varies smoothly wi th the variat ion in the ks 

and As/Ai values. T h e signal intensity remains 
constant un t i l £sTa becomes smaller than 5.0; then, it 
decreases wi th the decrease in ksza. T h e signal 
intensity again takes a p la teau value in &sTa<0.1. T h e 
p la teau value in the small range of A J At is the same as 
the signal intensity (/p) calculated by neglecting the 
contr ibut ion of the slow decay process: 

h=n ( i - 0JSC£T 
) (7) 

where /£ is the PA signal intensity wi th As/Af=0, where 
Ej is the energy of the tr iplet state, and where Eex is the 
p h o t o n energy of the excitat ion laser. T h e 4>-ISCET/E<,x 

factor represents the heat cont r ibut ion from the triplet 
state. However, the signal intensity at £sTa>0.2 differs 
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Fig. 4. Experimentally obtained PA signal intensity 
of quinoxaline in benzene vs. the triplet lifetime 
(open circules). The data point at air saturated con­
dition is indicated by a closed circle. The calculated 
curve with As/A{=2.5 is also shown. 

from the value calculated by us ing Eq. 7 (the plateau 
value of the signal intensity in £sTa<0.1). Especially 
for large AJAi values, the deviation becomes large. 
For example , in the case of As/Af=10.0, the signal 
intensities calculated from Eqs. 1—6 and those cal­
culated from Eq. 7 are no t the same values in the range 
of £sTa>0.05. If Ta is 1.6 jis (the transit t ime under our 
exper imenta l condit ions) , the contr ibut ion of the slow 
decay process cannot be neglected unless £S<3.1X104 s - 1 . 

Comparison with Experimental Results. T h e 
q u a n t u m yield of the triplet format ion of qu inoxa l ine 
is uni ty , and the phosphorescence from the T i state 
can be neglected in a benzene solut ion at room 
temperature . Oxygen efficiently quenches the T i state 
of qu inoxa l ine . After the laser excitation to the h igher 
vibrat ional level of the Si state, the fast nonradiat ive 
decay processes (vibrational relaxat ion to the zero 
vibrat ional level of the Si state, S i - T i isc, and 
vibrat ional re laxat ion to the T i state) occur wi th in a 
nanosecond t ime scale, followed by the slow nonrad i ­
ative decay process (Ti-So isc). In order to compare the 
theoretical results wi th the experimental results, we 
measured the PA signal intensity as a function of the 
lifetime of the T i state of qu inoxa l ine in benzene. T h e 
lifetime of the T i state was varied by b u b b l i n g in a 
mixed gas of oxygen and ni t rogen. T h e experimental 
results are shown in Fig. 4. T h e exper imental data 
could be fitted well by us ing Eqs. 1—6 wi th As/A{=2.5 

((/>isc=L0). 
T h e method of ob ta in ing (/>iSC and ks is summarized 

as follows. First, the PA signal intensities under the 
condit ion of a very fast triplet decay (fes>5/Ta) and of the 
sufficiently slow triplet decay (£S<0.05/Ta) should be 
measured. F rom the rat io of the intensities, the value 
of (/>isc can be determined. Once the value of (/>isc is 
determined, the triplet lifetime (ks) can be estimated 
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from the signal intensity. Even if the signal inensities 
of fes>5/Ta and fes<0.05/Ta cannot be measured for some 
reason, still (/>isc can be determined by fitting the 
variat ion in the signal intensities at various decay rates 
t o E q s . 1—6 (Fig. 3). 
Under our exper imental condit ions, the uppe r l imit of 
the t ime resolut ion was ca. 2X106 s - 1 , which was 
determined by the transit t ime and the response of our 
PZT. Recently, Tarn et al.24> and Heihoff et al.25> have 
reported a PA method wi th a very fast t ime response 
(ca. 10 ns). If such a detection system wi th a smaller 
beam radius is used, the uppe r l imit of the t ime 
resolut ion becomes m u c h larger. 

Quantitative Measurement by the PA Method. O u r 
results (Fig. 3) show that the PA signal intensity is 
sensitive to the nonradiat ive decay rate constant wi th in 
0.1<&sTa<2.0. We should emphasize that even the signal 
intensity at fes~2/Ta is only slightly different from that 
in £S>10/Ta for large (/>iSC values. T h i s means that we 
should be m u c h more careful in the quant i ta t ive 
measurement of the PA signal. Frequently, the 
q u a n t u m yield of luminescene, the absorptivity of a 
solut ion, and the en tha lpy difference between react-
ants and products are determined by compar ing the 
PA signal intensities of samples wi th those of s tandard 
solutions.26-34* However, the decay rate constant of the 
nonradia t ive t ransi t ion has scarcely been taken in to 
account in the interpretat ion of the signal intensity. 

Previously, we have reported that the PA signal 
intensity depends on the nature of the solute.22) At that 
time, we found that the signal intensity of qu inoxa l ine 
was m u c h smaller t han those of other solutes under 
air-saturated condit ions. In this work, we note that the 
lifetime of the triplet state of qu inoxa l ine under air-
saturated condi t ions is indeed shorter than those of ra, 
bu t it is no t sufficiently shorter than ra; that is, ks is no t 
as large as £sTa>10.0 (Fig. 4). T h i s means that the 
PA signal intensity of qu inoxa l ine under air-saturated 
condi t ions should be smaller than that of other solute 
which releases heat energy prompt ly (fes>10/Ta). T h e 
expected small signal intensity of qu inoxa l ine agrees 
wi th the reported solute dependence of the PA signal 
reported previously.22) T h a t is, different PA signal 
intensities due to different decay-rate constants a m o n g 
the various solutes can be one of the reasons for the 
solute-dependent PA-signal intensity. 

Conclusion 

T h e PA signal intensities for various values of (/>iSC 

and triplet lifetimes were calculated numerical ly. T h e 
results showed that the signal intensity depends on 
these quant i t ies sensitively in the range of 0.1<£sTa<2. 
T h i s means that the triplet lifetimes and (/>iSC values can 
be measured from the PA signal intensity. Under our 
experimental condi t ions, the upper l imit of the time 
resolut ion is ca. 2X106 s - 1 , which is determined by the 
transit t ime and the response of our PZT. 

T h e present work was supported by Grants-in-Aid 
for Scientific Research (Nos. 63540364 and 01740252) 
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Studies on the Formation of Magnetite Colloidal Dispersions 
in the Presence of Poly(vinyl alcohol) 
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The formation of magnetite in aqueous solutions containing Fe3+ and Fe2+ ions in 2:1 —1:2 ratio and 
polyvinyl alcohol) at room temperature has been studied by magnetic susceptibility and optical absorption 
measurements. It has been found that the yield reaches a maximum after allowing the solutions at pH 10.5 to 
stand in a sealed state for 24 h. Transmission electron micrographs for their cast films have revealed that 
colloidal particles with diameters of 40—100 Â form either chain-like or cluster-like agglomerates. The particles 
have been identified as magnetite crystals by electron diffraction analysis and by direct observation of the crystal 
lattice structures. 

Recently, much at tention has been paid to biomagne-
tism, the m a i n subject of which is the format ion of 
fine magnet i te particles in such biological systems as 
magnetotact ic bacteria1-3* and another organism.4 ) 

Interestingly, the fine particles of magnet i te in 
magnetotact ic bacteria have found many biochemical 
and medical applicat ions.5 ) Furthermore, studies of 
immobi l iz ing enzymes on synthetic magnet i te par­
ticles have also been worthy of remark.6* It is 
wel l -known that magnet i te is easily synthesized as 
precipitates by add ing a large quan t i ty of 10% N a O H 
to an aqueous so lu t ion of Fe3 + and Fe 2 + ions in 2:1 
ra t io a n d hea t ing at 80 ° C wi th stirring.7) Magneti te 
colloidal dispersions have been prepared by boi l ing, 
sonicating, or shear ing the mixtures of the above 
magnet i te precipitates immersed in water and surfac­
tants such as soap, dodecylamine, and sodium car-
boxymethylcellulose,8 ) a l t hough these colloids are not 
always stable. P o l y v i n y l alcohol) (PVA) also is a pro­
tective agent which can stabilize some inorganic col­
loids.9 '10* The re have been brief reports on the prepa­
ra t ion of magnet i te colloidal dispersions in the pres­
ence of PVA and its modif ica t ion . n ) T h e purpose of 
this paper is to investigate in detail the mode of forma­
tion of magnet i te colloidal dispersions in the presence 
of PVA at room temperature and to examine the result­
ing colloidal dispersions by transmission electron 
microscopy. 

Experimental 

Materials. Hydrolyzed (100%) PVA with the average 
molecular weight of 14000 was purchased from the Aldrich 
Chemical Co. In this work, the concentration of PVA was 
expressed as [PVA polymer residue] in terms of monomeric 
residues. Iron(III) and iron(II) sulfates of guaranteed grade 
were used without further purification as sources of Fe3+ and 
Fe2+ ions respectively. The pH of the aqueous solutions was 
adjusted with NaOH without any buffer. 

Measurements. Magnetic susceptibility measurements of 
colloidal dispersions were carried out at room temperature 
by the usual Gouy method for solutions. 12»13) The ultraviolet 
and visible absorption spectra of colloidal dispersions were 

recorded at room temperature with a Hitachi U-2000 
spectrophotometer using 0.1 mm quartz cell. Transmission 
electron micrographs for the colloidal dispersions were 
measured on both JEOL JEM-2000FX-II and JEM-2000EX 
electron microscopes. The samples for these microscopes 
were prepared as follows: A copper grid was coated with a 
thin collodion film and then with a thin amorphous carbon 
film by vaccum evaporation. Next, it was ion-irradiated in 
order for the surface to become hydrophilic. The grid thus 
treated was soaked with a sample colloidal dispersion and 
then placed on absorbent paper to remove excess solution. It 
was finally allowed to dry in the air at room temperature. 

Results and Discussion 

Preparation of Magnetite Colloidal Dispersions. 
Figure 1 shows the change of effective magnet ic 
m o m e n t (neff) for all Fe ions wi th t ime in the solut ion 
con ta in ing 10.0 m M Fe3 + ions, 5.00 m M Fe2 + ions, and 
200 m M PVA at p H 10.5 in a sealed state. T h e ueff 

value increases wi th t ime, bu t levels off after 24 h, 
where the neff value is m u c h h igher than the spin-only 
neff value of 5.9 B.M. for free Fe3 + ions. T h i s indicates 
that Fe 3 + a n d Fe 2 + ions in the solut ions aggregate to 
form some ferromagnetic substance. Actually this 
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Fig. 1. Time dependence of JJLCH at 20.0°C for the 
solution containing 10.0 mM Fe3+ ions, 5.50 mM 
Fe2+ ions, and 200 mM PVA at the initial pH of 
10.5 ( l M = l m o l d m - 3 ) . 
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Fig. 2. pH dependence of ßtii for the solutions 
containing 10.0 mM Fe3+ ions, 200 mM PVA, and 
Fe2+ ions in the following conditions after stand­
ing at 20.0°C for 24 h: O, 5.0 mM Fe2+ ions, in a 
sealed state; 3 , 5.50 mM Fe2+ ions, in a sealed state; 
• , 5.0 mM Fe2+ ions, under N2 atmosphere. 

ferromagnetic substance is magnet i te , as will be 
described later. In conclus ion, it takes abou t 24 h to 
produce magnet i te in a highest yield by this procedure. 
O n the other hand , Fig. 2 shows the p H dependence of 
ueff for s imilar solut ions after s tanding at room 
tempera ture for 24 h. Interestingly, it has been found 
for the first t ime that there is an op t ima l p H for the 
format ion of magnet i te at room temperature; in other 
words, its yield decreases remarkably at h igh p H values 
above the o p t i m u m . Fur thermore , the yield becomes 
higher , as the solut ion is held more completely under 
anaerobic condi t ions. Since the Fe2 + ions added are 
gradual ly oxidized in the solut ion, the yield is 
improved by add ing in advance a slight excess of Fe2+ 
ion stoichiometrically. 

T h e sample solut ion becomes darker with an 
increase in the yield of magnet i te . When the darkened 
solut ion is exposed to air, the surface solut ion readily 
changes to the same reddish-brown color as in the 
complex of Fe3 + ions wi th PVA at p H > 3 , 1 4 ) o w i n g to 
the a i r -oxidat ion of Fe2+ ions in the solut ion. Figure 3 
shows ultraviolet and visible absorpt ion spectra of the 
solut ions at p H 5.0, 8.0, and 10.5 after s tand ing at 
r o o m temperature in a sealed state for 24 h. These 
spectra are s imilar in l ine shape to each other, b u t a 
remarkable raise of the base line is observed for the 
spectrum at the last p H which is most suitable for the 
yield of magneti te . T h i s is reasonably considered to be 
due to l ight scattering by colloidal particles formed in 
this solut ion. 

It is impor tan t to determine the total yield of 
magnet i te in the colloidal solut ions at p H 10.5, 
a l t h o u g h it is no t always easy to do so. In this work, 

A/nm 

Fig. 3. Absorption spectra of the solutions contain­
ing 10.0 mM Fe3+ ions, 5.50 mM Fe2+ ions, and 
200 mM PVA after standing in a sealed state at 
room temperature for 24 h (0.1 mm quartz cell): A, 
pH 5.0; B, pH 8.0; C, pH 10.5. 

Fig. 4. TEM photograph of the solution containing 
5.00 mM Fe3+ ions, 3.00 mM Fe2+ ions, and 100 mM 
PVA at pH 10.5 after standing in a sealed state at 
room temperature for 24 h. 

we tried this according to two methods us ing the 
magnet i te-PVA composite powder which was isolated 
by p o u r i n g the colloidal solutions to acetone. One 
method is to compare the magnet izat ion between the 
above sample powder and a simple mixture of 
commercial PVA and magnet i te powders, us ing a 
magnetometer of a sample-vibrat ion type. Another 
method is to utilize Mössbauer spectroscopy for the 
sample powder. Both methods have revealed that 
magnet i te in the s lut ions is produced in a 90% or 
h igher yield. Detailed experimental data on these 
powder samples will be reported elsewhere.15) 

Transmission Electron Microscopic (TEM) Ex­
amination. All the T E M pho tog raphs taken for the 
cast films of the present colloidal dispersions demon­
strate that particles wi th diameters of 40—100 Â form 
either chain-l ike or cluster-like agglomerates, as 
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Fig. 5. TEM photograph (A) and X-ray energy dis­
persive analysis (B) of the same solution as in Fig. 4. 
In (A), the numbers express the spacings of lattice 
plane in units of Â for the crystalline particles shown 
by arrows, while the numbers in parentheses are the 
Miller indices corresponding to those spacings. 

exemplified by Fig. 4. In general, this type of 
agglomerat ion is characteristic of magnet ic particles. 
Interestingly, crystal lattice structures can be observed 
for many of the particles, a l t hough their images are 
not clear. We tried to improve the resolution to a much 
h igher degree than that in Fig. 4, b u t the trial was 
unsuccessful. T h i s is probably due to the presence of 
PVA which thickly coats every magnet i te particle. In 
this study, unfortunately, we could not obta in any 
informat ion on the m a n n e r in which PVA coats the 
particles, namely, on the interaction mode between 
PVA and the particles, a l t hough this p rob lem is most 
interesting for us. T h e electron diffraction patterns 
observed for the particles which are no t shown here 
were typical of the cubic crystal system, to which 
magnet i te crystals belong. Figure 5 (A) shows another 
T E M p h o t o g r a p h in which crystal lattice structures of 
some particles are in comparatively clear focus. 
Spacings of the lattice planes for some crystal lattice 
structures could be directly measured from the 
enlarged pho tog raph , a n d the corresponding Miller 
indices of the magnet i te crystals were assigned, as 
shown in Fig. 5 (A).16) Th i s , together wi th the electron 

diffraction result ment ioned above, leads to a conclu­
sion that the present colloidal particles are unques­
t ionably ultrafine magnet i te crystals. T h e elemental 
analysis performed for the cast film of the sample in 
the field of vision of Fig. 5 (A) by an energy dispersive 
X-ray microanalyzer at tached to the T E M gave the 
result shown in Fig. 5 (B). T h i s is consistent wi th the 
entity of magnet i te and PVA with some impuri t ies 
such as Na2S0 4 and N a O H . 

In this paper , we have demonstrated that an 
extremely stable colloidal dispersion of magneti te 
crystals wi th diameters of 40—100 Â is easily formed in 
the presence of PVA at room temperature under 
anaerobic condit ions. Compared wi th this colloid, 
any of the magnet i te colloids so far prepared by the 
convent ional methods 7 »8) are no t stable. Fur thermore, 
these colloids have been reported to consist of 
aggregates of somewhat larger particles of about 100 Â 
in diameter, a l t h o u g h this seems to be an objective of 
re-examinat ion by advanced techniques. 
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The polyelectrolyte models of two different configurations are used in order to show that the counter-ion 
density and the electric field on the surface of a polyelectrolyte model can not be strongly sensitive to the 
configuration of the model. These models are a layer and a cylinder in which charged groups are packed. 
Counter-ion densities and electric fields, which appear in water on the surfaces of the layer and the cylinder 
because of ionic dissociation, are estimated on the basis of the Poisson-Boltzmann equation. Their estimations 
show that both the counter-ion density and the electric field on the surface of the cylinder are approximately 
equal to those on the surface of the layer. 

Polyelectrolytes shou ld be generally sur rounded by 
counter- ion atmospheres in a solut ion. Some knowl­
edge of the propert ies of counter- ion atmospheres have 
been obtained by us ing polyelectrolyte models, poly­
electrolyte solut ion model-systems consist ing of these 
models , a n d the electrostatic potent ials of the model 
systems described by the Poisson-Bol tzmann equa­
t i o n . 1 ^ 

Analytically r igorous solut ions of the Po i s son-
Bol tzmann equa t ion give bo th one-dimensional1* and 
cylindrically symmetric3* solutions; they can be used in 
invest igat ions of two types of solut ion model systems, 
namely, the systems of polylectrolyte layers4* and those 
of polyelectrolyte cylinders.5-6) If the analytically 
r igorous solut ions of the Poisson-Bol tzmann equa t ion 
are employed to investigate the systems, they must be 
salt free, a n d in bo th the layers and the cylinders the 
charged groups mus t be packed in uni form densities. 

By a p p l y i n g the analytically r igorous solut ions to 
the model systems, it can be determined whether or not 
the counter- ion density and the strength of the electric 
field, est imated us ing the Poisson-Bol tzmann equa­
t ion, are influenced by the model configurat ion. It is 
the purpose of this investigation to ascertain if they are 
indeed insensitive to the model configurat ion. 

Polyelectrolyte molecules have a variety of configur­
at ions. If the insensitivity ment ioned here is establish­
ed, it is anticipated, from aspects of the est imations 
based on the Po i s son-Bol tzmann equa t ion , that this 
variety does no t influence either the counter- ion 
density in the vicinity of the surfaces of polyelectrolyte 
molecules or the s t rength of the electric field on the 
surfaces. 

G u é r o n and Weisbuch7 ) concluded from their results 
that the counter- ion densities in the immedia te 
vicinity of polyelectrolytes are not strongly dependent 
on the configurat ions of the polyelectrolytes. They 
used charged plates, charged cylinders, and charged 
spheres, all of wh ich carry un i form surface charge 
densities, as polyelectrolyte models. By us ing the 
Po i s son-Bol t zmann equat ion , they estimated the 

counter- ion densities in the immedia te vicinity of the 
surfaces of these models. In this paper , the strength of 
the electric field on the surface of a polyelectrolyte 
model is also est imated us ing the Poisson-Bol tzmann 
equat ion ; it is not a certain value used as a boundary 
condi t ion in order to solve this equat ion. 

Formulae 

T h e Po i s son-Bol tzmann equa t ions used to describe 
the electrostatic potent ia l \\i in salt-free solut ion-model 
systems at a certain temperature T are as follows: 
w i th in a layer and a cylinder in which charged groups 
are packed wi th a density of ng, it is: 

1 ! , \ zeijf 
y2ijj = — ]— z'erig + zenoexp I —-

while outside the layer and the cylinder, it is: 

„„, zeno 
p2)A = _ _ e x P L kT 

\_zeijf_ 
L kT 

(1) 

(2) 

In the above, ze is the charge of a counter ion, —z'e is 
the charge of a charged g roup , no is a normal iza t ion 
constant , a n d k is Bol tzmann 's constant . In Eq. 1, it is 
assumed that bo th the dielectric constant in the layer 
and that in the cylinder are equa l to the dielectric 
constant, e, of water. 

If the center of a layer of thickness 2d is designated as 
the or igin, and if the x-axis is perpendicular to the 
surface of the layer, then the counter- ion density UL is 
given by an approx imate solut ion for Eq. 1 and an 
analytically r igorous solut ion of Eq. 2 as follows :4) 

with in the layer, it is: 

nh(x) = — ngexp 

AoL 

+ In A aiJ-exp [ju(d — x)] 

"J2 
while outside the layer, it is: 

AaL 

In A OL] - exp [— ju(d — x)] (3) 

file:///_zeijf_
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nh(x) — <V 1 -
1 

- AaLjLi(d — x) 
2ekT V y/2 

In the above , A2=z/2zfekTng, ju2=zzß'e2ng/ekT', a n d 

(4) 

aL = e 
di/t 

dx 

_ dil/ 

x=-d dx x = d. 

I n a d d i t i o n , t h e s o l u t i o n of E q . 2 u s e d i n d e r i v i n g E q . 

4 m u s t sat isfy t h e f o l l o w i n g b o u n d a r y c o n d i t i o n : 

$ ( ± <*>) = 0, a n d 
dijf 

~dx~ 
= 0. 

A l s o , t h e s o l u t i o n s t o E q . 1 a n d t o E q . 2 m u s t l i n k 

c o n t i n u o u s l y b o t h a t x=—d a n d a t x—d, w h i l e t h e 

d e r i v e d f u n c t i o n s of t h e s e s o l u t i o n s m u s t l i n k c o n ­

t i n u o u s l y b o t h a t x=—d a n d a t x—d. T h e v a l u e of OL 

c a n b e c a l c u l a t e d u s i n g t h e f o l l o w i n g f o r m u l a e 

AaL = — V ^ t a n h [// d] • In AaL. (5) 

T h i s f o r m u l a c a n b e d e r i v e d b y c o n s i d e r i n g t h e 

f o l l o w i n g c o n d i t i o n : 

dij/ 

~dx~ 
= 0. 

A l t h o u g h t h e v a l u e of CJL c a l c u l a t e d u s i n g E q . 5 h a s 

p r e v i o u s l y b e e n c a l l e d t h e su r f ace c h a r g e dens i ty , 4 ) i t is 

t h e s t r e n g t h of t h e e l e c t r i c f ie ld e s t i m a t e d b y t h e 

P o i s s o n - B o l t z m a n n e q u a t i o n ; i t a c t u a l l y r e p r e s e n t s i t s 

s t r e n g t h o n t h e su r f ace of a l ayer . 

A l t e r n a t i v e l y , if t h e d i s t a n c e f r o m t h e a x i s of a 

c y l i n d e r w i t h a r a d i u s of a is d e n o t e d b y r, t h e n t h e 

c o u n t e r - i o n d e n s i t y nc is g i v e n b y a n a p p r o x i m a t e 

s o l u t i o n for E q . 1 a n d a n a n a l y t i c a l l y r i g o r o u s 

s o l u t i o n of E q . 2 a s fo l l ows : 6 ) w i t h i n t h e c y l i n d e r , i t i s : 

ttc(r) = — ngexp| zeac 

ekT juh(jLia) 

w h i l e o u t s i d e t h e c y l i n d e r , i t is : 

•/o(//r) (6) 

Mr) = 7^.(l-^,Y]l-(l-^,yln^ (ze)2r2 

I n t h e a b o v e : 

2ekT 2ekT 

(7) 

— ac = — e 
dij/ 
dr 

I n E q . 6, h{fxr) a n d Ii(jur) a r e m o d i f i e d Besse l f u n c t i o n s . 

I n a d d i t i o n , t h e s o l u t i o n t o E q . 2 u s e d i n d e r i v i n g 

E q . 7 m u s t satisfy t h e f o l l o w i n g b o u n d a r y c o n d i t i o n : 

— 8 
dtjj_ 
dr = 0. 

A l s o , t h e s o l u t i o n s t o E q . 1 a n d t o E q . 2 m u s t l i n k 

c o n t i n u o u s l y a t r—a, w h i l e t h e d e r i v e d f u n c t i o n s of t h e 

s o l u t i o n s m u s t l i n k c o n t i n u o u s l y a t r=a. T h e v a l u e of 

Oc c a n b e c a l c u l a t e d b y m e a n s of t h e f o l l o w i n g 

f o r m u l a : ^ 

zeac IojjLia) _ ju2a2 

ekT ' juh(jLia) 2 
zeaac 

2ekT 
1 (8) 

T h i s f o r m u l a c a n b e d e r i v e d b y c o n s i d e r i n g t h e 

f o l l o w i n g c o n d i t i o n : 

dr = 0. 

T h e v a l u e of a c c a l c u l a t e d b y E q . 8 r e p r e s e n t s t h e 

s t r e n g t h of t h e e l ec t r i c f ie ld o n t h e su r face of a 

c y l i n d e r . 

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

C o u n t e r - I o n D e n s i t i e s o n the Surfaces of M o d e l s . 

T h e c o u n t e r - i o n d e n s i t y , nc(a), o n t h e s u r f a c e of a 

c y l i n d e r c a n b e c a l c u l a t e d b y u s i n g E q . 7. T h u s , t h e 

d e p e n d e n c e of nc(a) o n a c a n b e f o u n d to b e a s is s e e n 

i n F i g . 1. T h e v a l u e of oc u s e d i n c a l c u l a t i n g nc (a) c a n 

b e o b t a i n e d b y n u m e r i c a l l y s o l v i n g E q . 8. 

T h e c o u n t e r - i o n d e n s i t y , rih(d), o n t h e s u r f a c e of a 

l a y e r c a n b e c a l c u l a t e d b y u s i n g E q . 4 . T h e v a l u e of OL 

u s e d i n c a l c u l a t i n g nh(d) c a n b e o b t a i n e d b y n u m e r i ­

ca l l y s o l v i n g E q . 5. T h e p o i n t s i n F i g . 1 r e p r e s e n t t h e 

d e p e n d e n c e of n^d) o n d. 

A c o u n t e r - i o n d e n s i t y e s t i m a t e d b y E q . 7 is 

1 0 ' 

10 

ng=i.69xio28m"3 

- o o -

ng=o.4xio2 8m"3 

10.0 20.0 30.0 
Size of model ( a or d ) / l 0 ~ ITI 

Fig. 1. T h e counter- ion densities, n, on the surfaces 
of the models at 298 K. T h e solid lines represent the 
counter- ion densities on the surfaces of the cylinders, 
i.e., nc(a). T h e circles represent the counter- ion 
densities o n the surfaces of the layers, i.e., rih(d). 
Both the values of nc(a) and nh(d) are calculated 
a t z e = z ' e = 1 . 6 X 1 0 - 1 9 C . 
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dependent u p o n a. However, as a increases, the 
counter- ion density approaches a function independ­
ent of a, as is shown in Fig. 1. W h e n ng is large, it 
rapidly approaches a function independent of a, 
according to the increase in a. If a is larger than 
10X// -1, then nc (a) becomes almost independent of a. 
In Fig. 1, the value of 10X//"1 at rcg=1.69X1028m-3 is 
equa l to 8.2X10"1 0m a n d the value of \0Xju~1 at 
rzg^O.éXlO28 m - 3 is equal to 1.7X10-9 m. As may be seen 

o 

0.4 

0.3 

0.2 

0.1 

A 

I 1 
o 
0 

1 

*•*-— 
o 

^ 
o 

, J — 

1 -1 1— 

ng = 1 . 6 9 x 1 0 2 8 m " 3 

o o-
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0 10.0 20.0 30.0 
Size of model ( a or d ) / l ( f ITI 

Fig. 2. The strength of the electric field, a, on the 
surfaces of the models at 298 K. The solid lines 
represent the strength of the electric field on the 
surfaces of the cylinders, i.e., ac calculated using 
Eq. 8. The circles represent the strength of the 
electric field on the surfaces of the layers, i.e., OL 
calculated using Eq. 5. Both the values of ac 

and OL are calculated at ze=z'e= 1.6X10-19 C. 

in Fig. 1, the values given by the function independent 
of a are a lmos t equa l to the counter- ion density on the 
surface of a layer. 

T h e results shown in Fig. 1 are similar to those 
which G u é r o n and Weisbuch7 ) obta ined by us ing 
charged plates, charged cylinders, and charged spheres. 
W h e n a is large, the counter- ion density in the vicinity 
of a cylinder wi th a packing density, ng, of charged 
groups approaches that in the vicinity of a layer wi th 
the same p a c k i n g density, ng. As a result, it is possible 
that the difference between the configurations of a 
cylinder a n d a layer causes hardly any difference 
between the counter- ion densities on their surfaces. 
T h u s , it can be suggested that the counter- ion density 
in the vicinity of the surface of a polyelectrolyte is no t 
strongly dependent on the configurat ion of the region 
occupied by the charged groups and chains of the 
polyelectrolyte. 

The Strength of the Electric Field on the Surface of a 
Model. In this invest igation, the electric field on the 
surface of a model is defined as the electric field 
appea r ing in an ionic dispersed state described by the 
Po i s son-Bol tzmann equa t ion . T h e strength of the 
electric field on the surface of the model is determined 
in accordance wi th the degree of the ionic dissociation 
of the model in the ionic dispersed state. T h e behavior 
of this electric field is s imilar to that of a counter- ion 
density on the surface of the model. As is shown in 
Fig. 2, as a increases, the s t rength of the electric field, 
Oc, calculated us ing Eq. 8 closely approaches the CJL 
value calculated us ing Eq. 5. W h e n a is large, even 
t h o u g h n% is no t a large value, oc is a lmost equa l to CJL. 

1.0 

c 
\ 
c 

0.5 

20.0 

Distance ( T or X ) / 10 1° ITI 

Fig. 3. The distribution of counter ions within and 
outside the models with ng=0.4X1028 m~3 at 298 K. 
The solid lines represent the distribution of counter 
ions within and around the cylinders, i.e., nc(r)/ng 

calculated on a basis of Eqs. 6 and 7. The circles 
represent the distribution of counter ions within 
and outside the layers, i.e., n\{x)/n% calculated on a 
basis of Eqs. 3 and 4. Both the values of nc(r)/ng 

and n\{x)/n% are calculated at ze=z'e=1.6X10-19 C. 
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The behavior of ac at a small value of a has been 
discussed in a previous paper.6) 

As is shown in Fig. 3, if a layer has sufficient 
thickness, then the znh(x)/z'ng within the layer has a 
value close to 1, but in the vicinity of the layer surface 
it is much smaller than 1 (Fig. 3 shows its behavior at 
ze=z'e=1.6X10~19 C). Similarly, the znc(r)/z'ng within 
a cylinder of a large radius has a value nearly close to 1, 
but in the vicinity of the cylinder surface it is much 
smaller than 1 (Fig. 3 shows its behavior at ze—z'e~ 
1.6X10"19C). Therefore, it can be inferred that the 
charged groups which contribute significantly to the 
strength of the electric field on each of the surfaces of 
the layer and the cylinder are located close to their 
surfaces. 

The strength of an electric field, according to Gauss' 
law, can be related to a counter-ion density n as 
follows: 

,(— V i/OndS = — I j — z'enè + zen dV, (9) 

where (— v *A)n is the component of — V iji perpendi­
cular to a surface element dS and where dV is a 
volume element in a volume V defined by a closed 
surface 5. 

By using a suitable closed surface S on which the 
following relation can be considered: 

8 ' ( - r*)n 

the following formula can be derived from Eq. 9: 

- <V z'eng\ 
j-E^i\id, 

where 8 is an arbitrary value satisfying the following 
relation: 

0 > ô/a > 1 and 1 -
znc(a— ô) 

z'ng 

« 1 . 

When a is large, the value of the definite integral over 
the interval which belongs in the vicinity of r=a may 
contribute significantly to the magnitude of —ac 

because a function znc(r)/z'ng may behave as is seen in 
Fig. 3. The behavior of the function shown in Fig. 3 is 
that at ze=z'e=1.6X10-19C. 

By applying a suitable closed surface S on which the 
following relation can be considered: 

V*)n E 

the fol lowing formula can be derived from Eq. 9: 

z'nR ) — OL
 : z'enA 

)d-b Z n& 
dx , (11) 

where ô is an arbitrary value satisfying the following 
relation: 

0 < 6/d < 1 and 
zriL(d — ô) 

z'n* <z:i. 

The value of the definite intergral over the interval 
which belongs in the vicinity of x=d may contribute 
significantly to the magnitude of —CJL, because of the 
behavior of zn\Xx)/z'ng shown in Fig. 3, when d is 
large. 

The function n\Xx) described by Eq. 3 can be 
modified by considering Eq. 5 as follows: 

nh(x) = — n g e x p 
zeoL cosh[jux] 
ekT ' jusinh [jud] J • 

Hence, an approximate expression of WL(X) at large 
values of jux and jud is: 

TIL(X) • rcgexp 
zeoL 1 
ekT ' ju 

exp[—jii(d — x)] (12) 

Similarly the function nc(r) described by Eq. 6 has the 
following approximate expression at large values of jur 
and jua: 

n c ( r ) : 
ngexp ekT 

i [7 
exp[-//(a - r)] (13) i. 

Equa t ions 12 and 13 suggest that nc(r) at large values 
of jur and jua may app roach n^x) at large values of jux 
and jud in the vicinity of r—a. 

T h e definite integral at the second term on the r ight-
h a n d side of Eq. 10 can be approximately carried ou t 
by a p p l y i n g an app rox ima te formula to a definite 
integral. As a result, if the interval which belongs in 
the vicinity of r—a is [a—ô, a] when a is large, the 
fol lowing approx ima te formula can be obta ined by 
considering Eq. 13: 

\l zr*c(r) | 
Ô( z'rio > 

dr 1 - -£ exp[- \J~2Aoc] 

- | exp[- yf2Aojy*\ - \ exp[- y/2A oct] 

2 a 
Aoc 

+ -£ -7J- 1 + -£11 + —j=- *1/2) exp[- yf2AoetW] 

+ j (l + -^jf t) exp[- ^/2Aoct]} •<5, (14) 

where: 

t = exp[— ju ô]. 
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In order to derive Eq. 14, ô/a<Cl has been considered. 
If the interval wh ich belongs in the vicinity of x—d 

is [d—8, d] when d is large, the definite integral at the 
second term on the r igh t -hand side of Eq. 11 can be 
approximate ly carried ou t by considering Eq. 12 and 
by a p p l y i n g an a p p r o x i m a t e formula to a definite 
integral as follows: 

2 1 ) 
- -g exp[- y/~2 AoLtV2] - -gexp[- ^/~2AaLt]lô. 

(15) 

T h e compar i son of Eq. 14 wi th Eq. 15 suggests that, as 
a increases, the value of definite integral at the second 
term on the r igh t -hand side of Eq. 10 can approach 
that at the second term on the r igh t -hand side of Eq. 
11. T h e value of the definite integral evaluated by Eq. 
14, according to the counter- ion dis t r ibut ion seen in 
Fig. 3, should contr ibute significantly to the magni ­
tude of — oc via Eq. 10 when a is large. T h u s , the 
app roach of oc to CJL at a large value of a is a t t r ibutable 
to the dis t r ibut ion of counter ions. 

In addi t ion, if T is constant , then the ac derived from 
Eq. 8 is a function oc(a, ng) of a and ng. If n^ng, then 
it is not possible that as a increases, the value of oc(a, 
ngi) approaches the value of oc{a,ng2). As may be seen 
in Fig. 2, the difference between the value of oc(a, ng\) 
at 7^1=1.69X10 m 2 8 m - 3 a n d the value of ac {a, ng2) at 
7^=0.4X10 2 8 m~3 becomes constant as a increases. T h e 
difference between the value of oc(ai, ng) at 0,1=5.OX 
10"10 m and the value of oc(a2, ng) at Ö ^ ^ . O X I O " 1 0 m is 
a lmost constant , as may be seen in Fig. 4, if ng is large. 
It is no t possible that the value of oc(ai, ng) is a lmost 
equa l to the value of OC(CL2, ng) because of a large value 
of ng (for example , 7^=3X1028 m - 3 ) if a\ and ai are not 
large and if a\ is no t equa l to «2- Alternatively, the OL 
derived from Eq. 5 is a function, Oh(d, ng), of d and ng if 
T is constant . T h e proper ty of Qh(d, ng) differs from 
that of Oc(a, ng). Even t h o u g h d\ is no t equa l to di, the 
value of Oh(di, ng) agrees well wi th the value of Oh(d2, 
ng) w h e n d\ and d% are no t small . As may be seen in 
Fig. 4, the value of Oh(di, ng) at d i ^ ^ . O X l O - 1 0 m agrees 
well wi th the value of aL(^2, ng) at Gfe^.OXlO"10 m. (In 
addit ion, the behavior of ac àt a small value of ng has 
been discussed in a previous paper.6*) 

T h e results in Fig. 2 suggest that the difference 
between the configurat ions of polyelectrolyte molec­
ules does no t influence the strength of the electric field 
on the surfaces of polyelectrolyte molecules if they 
have an equa l pack ing density of charged groups and 
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Fig. 4. The relationship between ng and the strength 
of the electric field, a, on the surfaces of the models at 
298 K. The solid lines represent ac calculated using 
Eq. 8. The broken line represents OL calculated at 
d=12.0X10~10 m by using Eq. 5. The circles represent 
GL calculated at d=3.0X10-10 m by using Eq. 5. Both 
the values of ac and OL are calculated at ze=z'e= 
1.6X10-19C. 

if they are sufficiently large. T h e results shown in Fig. 
4 suggest that , when an associat ion consists of small 
polyelectrolyte molecules, the strength of the electric 
field on the surface of the association can no t be equa l 
to that on the surface of one of the polyelectrolyte 
molecules, even though the value of ng in the 
polyelectrolyte molecules and the value of ng in the 
association increase u p o n the control to the p H value 
of a solut ion in which the polyelectrolyte molecules 
and the association are dispersed. 

Appendix 

An approximate formula to a definite integral is given as 
follows: 

b — a f / a + b \\ 
/(*) dx = - g — (/(a) + f(b) + 4 / ( - 2 - ) [ 
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Time-Resolved Dissociation of Ionized Propanoic Acid 
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The appearance energies of C3H502+, C3H50+ , C3H40+, C3H30+ , CH02+, and C2H5
+ from propanoic acid 

were obtained. The kinetic shifts were observed for the formation of C3HÖ02 + , C 3 H S O + , and C3H40+. The 
dissociation of ionized propanoic acid is metastable for the loss of a hydrogen atom and water. The results of the 
metastable-ion-intensity ratios, collisional activation mass spectra and kinetic-energy releases indicate that the 
propanoic acid ion isomerizes to a more stable enol tautomer prior to dissociation. 

T h e structures of the ions formed in a mass spectrom­
eter are of fundamenta l interest. O n e of the 
approaches for ob t a in ing ion structural informat ion 
is a precise determinat ion of the heats of formation 
for ions in the gas phase . For this reason, the 
development of exper imenta l techniques us ing an 
energy-selected electron and p h o t o n beam enabled us 
to measure the appearance energies and ionization 
energies wi th uncer ta int ies of less than 0.05 eV. More 
precise heats of format ion have been obtained from 
low-temperature photo ioniza t ion experiments. These 
can lead to reliable 0 K critical energies, provided that 
a sample cooled by the appropr i a t e methods , such as a 
supersonic beam, is available. In most cases, these are 
no t always pract icable because of problems of sample 
condensat ion and reduced sample pressure. T h e other 
or ig in to yield the uncer ta inty is a kinetic shift, i.e., an 
energy in excess of the critical energy required to drive 
the dissociat ion at a rate sufficient to be observed on 
the jus t ime scale. T h u s , the kinetic shift can be 
obtained from the time-resolved experiments. 

T h e reaction mechan i sm for the dissociation of ions 
con ta in ing oxygen a toms such as ethyl acetate,1* 
butanoic acid,2) methyl acetate,3* and their isomers is 
usually complex in a mul t i s tep isomerizat ion/dis-
sociation pattern. Moreover, the dissociation shows 
s t rong metastable peaks in the mass spectra, a l t hough 
the act ivat ion energy is less than 1 eV.4) In such case, 
the predicted rates on the basis of R R K M theory are 
m u c h greater than 107 s_1 , whi le the measured rates are 
in the 10 5 s _ 1 range. For this explana t ion , one has 
proposed that the reaction involves isomerization in to 
sufficiently stable isomers or ion-d ipo le complexes5* 
pr ior to dissociation. In addi t ion, t unne l ing th rough 
a potent ia l barrier6* and par t ic ipat ion of an anhar-
mon ic interact ion potential7* have been studied for the 
or ig in of the slow dissociation. T h e dissociation of 
p ropano ic acid cations is the same class in a reaction 
system as stated above. 

Generally, the ionized enol form is more stable than 
the keto form, whi le for the neutral keto and enol form 
the the rmodynamic stability is in reverse order. In 
the cases of ionized methyl acetate8* and acetic acid,9* 
the enol forms are ca. 1 eV more stable than the 

corresponding carbonyl forms of ions. In the 
metastable dissociation of ionized p ropano ic acid, the 
major processes are the hydrogen a tom and water-loss 
reactions. T h e deuter ium-label ing experiment10* 
indicated that these reactions involve isomerization to 
the enol forms pr ior to dissociation. It is complicated 
to determine the energy barrier of isomerization to the 
enol forms. Occasionally, the barrier is above the 
critical energy of dissociation. T h i s is the case in rate-
de termining isomerization. T h e classic example of 
this s i tuat ion was first described by Hvistendahl and 
Williams11* in a study of the isomeric o x o n i u m ions 
C H 3 C H 2 0 = C H 2 + and CH 3 CH=OCH 3 +. However, 
according to the label ing experiment10* the enol form 
is likely to be a p roduc t structure. T h u s , the energy 
barrier of isomerization seems to be lower than the 
dissociation limit. 

In this paper we reexamine the reaction mechanism 
of p ropano i c acid ions concerning the keto-enol 
isomerization followed by dissociation wi th par t icular 
appl ica t ion to the time-resolved experiments. 

Experimental 

The ion-storage technique is the same as that described in 
detail by Herod and Harrison.12* Briefly, the space charge 
formed by a continuous 5 eV electron beam is used to store 
ions produced when a negative ionizing pulse is applied to a 
filament. At a known delay time after the ionizing pulse, a 
positive pulse is applied to a repeller electrode in order to 
remove ions for mass analysis. The ionizing pulse is applied 
to the filament at a 1-ms interval. These pulse-sequence and 
data-acquisition systems are both computer-controlled. The 
metastable intensities and collisional activation (CA) spectra 
were measured with a home-made tandem-type mass 
spectrometer. The temperature of the ion source was 423 K. 
The CA spectra were measured at a 30% decrease in the main 
beam intensity by increasing the He gas pressure in a 
collision cell. 

Results and Discussion 

Figure 1 displays semi-log plots of the electron 
ionization efficiency (EIE) curves at ion-storage times 
of £=0 and 900 |is. T h e EIE measurements were 
performed wi th a constant detection sensitivity. T h e 
efficiency of the ion storage decreases with an increase 
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in the storage t ime. For this correction, EIE curves for 
t=900 |is were normal ized us ing the EIE curve of 
paren t ions. T h e electron impact energy was not 
mono-energetic; its resolution, as estimated from the 
second derivative of a he l ium EIE curve, was ca. 1 eV at 
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Fig. 1. The semi-log plots of the electron ionization 
efficiency (EIE) vs. nominal electron energy, V for 
propanoic acid; the storage times of £=0 (open mark) 
and 900 us (closed mark). 

the full wid th of half m a x i m u m . Because of the poor 
energy resolution, the AE values were determined by 
c o m p a r i n g the EIEs wi th the reference EIE curve of a 
known critical energy. Unfortunately, since the EIE 
curves are no t parallel , the AEs were obtained from 
semi-log plots at an EIE intensity of 101, which is 
sufficiently statistical. For Fig. 1, the ionizat ion 
energy (IE) of p ropano ic acid was used as the energy 
reference; IE=10.41 eV.9) T h e AE results are listed in 
Tab le 1. T h e metastable ion yields are shown in Fig. 2 
wi th the metastable dissociation of ethyl acetate, 
C H 3 C O O C 2 H 5 + - > C 4 H 6 0 + + H 2 0 . T h e AEs of metasta­
ble ions were determined in the same manner us ing 
ethyl acetate as the reference, whose AE=10.31 eV has 
been obta ined from the pho to ion-photoe lec t ron coin­
cidence experiments.1 3 ) Another convenient procedure 
for the AE determinat ion has been described by 
Burgers and Holmes.1 4 ) O n the basis of this procedure, 
we obtained the same AE values wi th in experimental 
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Fig. 2. The semi-log plots of the metastable ion yield, 
ra* vs. nominal electron energy; 74—>73 and 74—>56 
indicate the hydrogen atom and water loss from pro­
panoic acid ions, respectively, and 73—»55 does the 
water loss from the m/z 73 fragment. The metastable 
dissociation of ethyl acetate, CH3COOC2H5

+-> 
C4H6Û++H20(88—• 70) is used as an energy reference. 

Table 1. Appearance Energies in the Mass Spectra of Propanoic Acid 

Ion 

74 
73 
57 
56 
55 
45 
29 
74-* 73*e> 
74->56* 
73-»55* 

C2H5COOH+ 

C3H502
+ 

C 3H 50+ 

C3H4O+ 
C3H30+ 
C H 0 2

+ 

C2H5
+ 

t=0\is 

10.4 
11.3±0.1 
11.5 
11.1 
13.1 
12.6 
12.4 
11.1 (11.0)9 
11.2(11.1) 
13.1 

£ = 900 us 

11.1 
11.2 
10.9 
13.1 
12.6 
12.4 

AE/eV 

m/z 
Ref. 

10.41/) 10.53,b) 10.51c> 
11.7d> 
12.2,d) 11.00°) 
11.6,d) ca. 10.5C) 

12.8d) 
12.9d) 

a) Ref. 9. b) Ref. 17. c) Photoionization mass spectrometry.16) d) Normal electron impact mass spectrometry.15) 
e) Metastable ions, f ) Values in parentheses were obtained on the basis of the AE determination procedure of 
Burgers and Holmes.14) 
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error. 
Kinetic shifts were observed for m/z 73, 57, and 56 

ions, becoming large since the slope of a rate vs. energy 
curve rises slowly. T h e AE values of m/z 57 and 45 are 
in fair agreement wi th those of the literature. It is 
noted that the AE of m/z 55 agrees wi th that for the 
metastable ion, 73->55. T h i s indicates that the m/z 55 
ions are formed by sequent ial dissociation. A quest ion 
arises concern ing the AEs for m/z 73 and 56. T h e EIE 
curve of m/z 56 exhibits a long tail, so that its AE is 
observed to be lower than for m/z 73. T h i s is 
consistent wi th the previous results of no rma l electron 
impac t mass spectrometry.15* Moreover, the pho to ion-
ization experiment16* indicated that the AE of m/z 56 
was very close to the ionizat ion energy. T h i s was also 
due to the long tai l ing. O n the other hand , the AE 
values are in reverse order for measurements of 
metastable ions. In order to make this clear, the 
metastable ion intensities were measured as a function 
of the ion-storage time. As the storage t ime increased, 
the dissociation of ions the energy of which is m u c h 
closer to the critical energy could be sampled. As can 
be seen in Fig. 3, the intensity of m/z 73 is always 
larger than that of m/z 56 over long storage times. 
T h i s means that the dissociation rate of m/z 73 is 
greater than of m/z 56. In other words, the AE of m/z 
73 is below that of m/z 56, suppo r t i ng the AE reasult 
for metastable ion experiments . T a k i n g in to account 
the different AE est imation, we concluded that the AEs 
of m/z 73, 57, and 56 are 11.0+0.1, 11.2, and 11.1 eV, 
respectively. 

Shown in Fig. 4 is an energy d iagram constructed 
from recently publ i shed energetic information17* and 
the heat of formation of ions obtained from a m o n o -

en 

LU 

7.3 

45+*C2H5 

6.5 

6.3 157** OH 

73* H 

57^ 

G^COOH 
keto 5.4 

56**H20 

46 

CH3CH(OH)2 
enol 

Fig. 4. A potential energy diagram of ionized pro­
panoic acid and its isomer for the isomerization/dis-
sociation path. 

energetic electron experiment.9* The heat of formation 
for the keto and enol ion of propanoic acid is 5.68 and 
4.55 eV, respectively.9* The transition-state energies 
for dissociation are those derived from the present AE 
measurements; the heat of formation of the keto form 
plus the activation energy (=AE—IE). The ion 
structures of CH3CH=CO+(ra/z 56), C2H5CO+ (m/z 
57), and COOH+ (m/z 45) were employed for an 
energy estimation of the products. The reverse activa­
tion energy was assumed to be zero for the dissocia­
tion of 73++H (Fig. 4), because the heat of formation 
for m/z 73 was not available. In the case of the prior 
isomerization, the enol form is a reacting precursor for 
m/z 73 and 56 formation. Their activation energies are 
so large that the minimum rates calculated from 
RRKM theory are as slow as 20 s_1. If the transition 
state energy is not for the dissociation, but for the 
isomerization, rate-determining isomerization is a 
possible process. In such a case, because of the small 
activation energy, the predicted rates are much greater 
than the metastable dissociation range. Therefore, 
rate-determining isomerization may be ruled out. 

For the enol ion of m/z 74 generated by a McLafferty 
rearrangement from 2-methylbutanoic acid, the meta­
stable dissociation and collisional activation (CA) 
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t/\is 

0 
5 

50 

Table 3. 

7 4 ^ 7 3 

10±5 
<10 
<10 

Kinetic Energy Releases for the Keto ar 

Propanoic acid 

74->56 

60±10 
60 
30 

To.5/meV 

73->55 

60±10 

id Enol Forms 

2-Methylbutanoic acid 

74->73 74->56 

5 60±10 

Table 2. Collisional Activation Spectra of the 
Keto and Enol Forms of C3H6O2"1" 

t/\LS 

0 
4 

20 
50 

0 

73 

1 
1 
1 
1 

1 

Relative aboundance 

56 

0.36 
0.37 
0.41 
0.36 

0.39 

m/z 
55 

Keto form 
0.18 
0.21 
0.17 
0.20 

Enol form 
0.40 

46 

0.07 
0.06 
0.06 
0.06 

0.09 

45 

0.16 
0.15 
0.17 
0.17 

0.30 

mass spectra were measured. T h e metastable-ion-inten-
sity rat io of m/z 73 and 56 was 2.2. T h i s was consistent 
wi th the rat io of 2.3 for p ropano ic acid. Also, as can be 
seen in T a b l e 2, the CA spectra of the enol form were 
s imilar to those of p ropano ic acid. These indicate that 
the enol form is a react ing structure for the dissoci­
a t ion of the hydrogen a n d water loss. Its structure 
seems to be stable in a |is t ime scale, because the CA 
spectra are independent of the storage t ime, as shown 
in Tab le 2. T h e kinetic-energy releases indicated in 
Tab l e 3 also show the same values for ionized 
p ropano ic acid and the enol ion form 2-methylbu-
tanoic acid. Final ly, it is concluded that ionized 
p ropano ic acid isomerizes to the more stable enol form 
pr ior to dissociation by the loss of hydrogen a tom and 
water. 

T h e au thor wishes to thank Dr. M. Ar imura for 
helpful discussion. 
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The Interaction of DNA with Hoechst 33258 Studied by 
Fluorescence Spectroscopy 

Yukio KUBOTA 

Department of Chemistry, Faculty of Science, Yamaguchi University, Yamaguchi 753 
(Received September 20, 1989) 

The interaction of DNA with the bi-lH-benzimidazole dye Hoechst 33258 at a high molar ratio of DNA 
phosphate to dye has been studied by means of steady-state and nanosecond time-resolved emission 
spectroscopy. The spectral shifts and lifetime data, which can be interpreted in terms of the solvent-solute 
relaxation, are consistent with the existence of two types of bound species. One type, less hydrated bound 
species, predominates at high ionic strength, whereas the other, more hydrated bound species, occurs at low 
ionic strength. 

T h e bi-lH-benzimidazole dye Hoechst 33258 [H33258; 
2 /-(4-hydroxyphenyl)-5-(4-methyl-l-piperazinyl)-2,5 /-
bi - lH-benzimidazole ; Fig. 1] has been extensively used 
as a base-specific fluorescent probe for metaphase 
chromosomes1»2* and DNA.3 _ 9 ) T h i s f luorochrome, 
which is only weakly fluorescent in aqueous solution, 
gives an intense fluorescence especially when b o u n d to 
AT-r ich regions in DNA and chromation. 3 _ 9 ) Spectro­
scopic and hydrodynamic studies show that H33258 
does no t b ind to D N A by intercalat ion, b u t rather 
b inds externally to the double helical structure of 
DNA.3~10) T w o types of b ind ing modes have been 
proposed.4 '5 '8 _ 1 0 ) T h e pr imary (strong) b ind ing mode 
occurs at a h igh molar rat io of DNA phospha te to dye 
(P /D>5—20) wi th b i n d i n g constant (106—107) dm 3 

m o l - 1 , exhibits a s t rong specificity for A T base pairs, 
and shows little dependence on ionic strength. T h e 
secondary (weak) b i n d i n g mode occurs at low P / D 
ratios wi th a weaker b i n d i n g constant of (104—105) 
dm 3 m o l - 1 , shows little base specificity, causes quench­
ing of the fluorescence, and is weakened wi th 
increasing ionic strength. Foo tpr in t ing studies9»11 '12) 

have shown that the s t rong b i n d i n g site of H33258 
spans three to five base-pairs which predominant ly 
involve A T pairs and the minor groove of B-DNA has 

H3C^CT> 

H 

H33258 

x>C2H5 

H33342 

Fig. 1. Chemical structures of H33258 and H33342. 

been impl ica ted as the site of b i n d i n g by compet i t ion 
studies wi th other known groove-binding molecules 
such as net ropsin . Recent X-ray crystal lographic 
studies of the complex of H33258 wi th B-DNA 
d o d e c a m e r s d ( C G C G A A T T C G C G ) 1 3 1 4 > a n d 
d(CGCGATATCGCG) 1 5> have revealed that the bind­
ing is indeed th rough the minor groove of B-DNA. 

In order to better unders tand the microenvironment 
of b o u n d H33258, we appl ied steady-state and nano­
second time-resolved fluorescence spectroscopy and 
investigated the physical propert ies of the b i n d i n g of 
H33258 to na tura l DNAs and synthetic polynucleo­
tides at h i g h P / D ratios. A m o n g the results, it is 
revealed that there are two types of b o u n d species 
depending on the degree of hydrat ion. 

Experimental 

The following DNAs and synthetic polynucleotides were 
commercial products: calf thymus DNA (CT DNA, 42% GC; 
Worthington), Micrococcus lysodeikticus DNA (ML DNA, 
72% GC; Sigma), poly(dA-dT). poly(dA-dT) and poly(dG-
dC)-poly(dG-dC)(P-L Biochemicals), poly(rA) and poly(rU) 
(Yamasa Shoyu). Double-stranded poly(rA)-poly(rU) was 
prepared by mixing aliquots of poly(rA) and poly(rU) 
solutions and equilibrating the mixtures for two days at 4 °C 
to complete complex formation. H33258 and Hoechst 33342 
[H33342;2,-(4-ethoxyphenyl)-5-(4-methyl-l-piperazinyl)-2,5/-
bi-lH-benzimidazole; Fig. 1], chromatographically pure, 
were obtained from Sigma. Analytical grade reagents and 
double-distilled water were used for the preparation of all 
aqueous solutions. 

Absorption and circular dichroism spectra were recorded 
with a Hitachi U-3200 spectrophotometer and a JASCO J-20 
spectropolarimeter, respectively. Steady-state fluorescence 
spectra were recorded with a Hitachi MPF-2A spectrophoto-
fluorometer. Observed fluorescence spectra were corrected 
for the unequal wavelength sensitivity of the detector system. 
Fluorescence quantum yields were determined by comparing 
the area under the fluorescence spectrum with the corre­
sponding area of the fluorescence standard; quinine sulfate 
was used for the standard.16»17* Fluorescence decay curves 
and nanosecond time-resolved fluorescence spectra were 
measured with an Ortec nanosecond emission spectropho­
tometer. Further details and the analysis of data are described 
elsewhere.1® 
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Flow dichroism measurements were made as described 
elsewhere.1* 

All measurements were made in phosphate buffer (pH 6.9) 
at 25 °C; ionic strength was controlled by adding NaCl 
solution. Dye concentrations and P/D values for fluores­
cence measurements were (1.8—2.0)X10_6moldm-3 and 
200—300, respectively. The equilibrium dialysis exper­
iments showed that the amount of unbound dye is negligibly 
small at high P/D values (P/D>50). 

Results 

T h e absorpt ion spectrum of H33258 is well k n o w n 
to undergo changes in bo th intensity and m a x i m u m 
wavelength in the presence of DNA.3 _ 7 ) T o gain a 
deeper ins ight in to the b i n d i n g interaction, we first 
reexamined absorpt ion and CD spectra of DNA-
H33258 systems as a funct ion of P / D under various 
salt concentra t ions . Figures 2 and 3 show typical 
results obta ined wi th C T DNA-H33258 systems. T h e 
free dye exhibits an absorpt ion m a x i m u m at 338 nm, 
whereas the spectrum at a low P / D value shows a 
marked hypochromici ty which is accompanied by a 
red shift in the absorpt ion m a x i m u m . There are a 
progressive increase in absorpt ion intensity and a 
con t inued red shift w i th increasing P / D un t i l there is 
n o further change at a h igh P / D (P /D>50) . In 
agreement wi th the previous findings,5-7* CD spectra 
of DNA-H33258 complexes exhibit a broad positive 
b a n d wi th a m a x i m u n a round 335 n m at a low P / D 

300 350 400 
X / nm 

450 

Fig. 2. (a) Absorption and (b) CD spectra of CT 
DNA-H33258 complexes in 0.005 mol dm"3 phos­
phate buffer. P/D: (1)0; (2) 4.9; (3) 9.6; (4) 19; (5) 
48; (6) 201; (7) 226. The dye concentrations were 
1.3X10-5moldm-3 for (1)—(5), 6.3X10"6 moldm"3 

for (6), and 2.6X10"6 mol dm"3 for (7). 

value. As the P / D value increases, this is progressively 
replaced by an intense positive band at 335—360 nm. 
There is n o negative band at wavelengths above 
300 n m at any P / D value. T h e CD band a round 335 
n m at a low P / D value has been assigned to the dye 
aggregates wh ich causes q u e n c h i n g of the fluores­
cence;0 this b a n d was found to decrease wi th 
increasing ionic strength. Careful inspection of Figs. 2 
and 3 reveals some interesting features in absorpt ion 
and CD spectra. (1) Both absorpt ion and CD spectra 
approach l imits at h igh P / D values (P /D>50) . (2) T h e 
absorpt ion spectrum at a h igh P / D value is almost 
identical wi th the corresponding CD spectrum. (3) 
T h e appa ren t peaks of bo th spectra shift to shorter 
wavelengths wi th increasing ionic strength. (4) T h e 
nar rowing of bo th absorpt ion and CD bands occurs at 
h igh ionic strength when compared to those at low 
ionic strength. In view of findings (1) and (2), it is 
qu i te likely tha t the spectra at h igh P / D values result 
from isolated monomer ic b o u n d species. 

In order to avoid the compl ica t ion due to the 
presence of different b i n d i n g processes, the following 
fluorescence studies were performed at sufficiently 
h igh P / D values (P /D>200) where strong b ind ing 
predominates and concentrat ion of free dye is negligi­
ble. 

In agreement wi th the findings previously report­
ed,3"8) fluorescence max ima (A^*) of DNA-H33258 
complexes at h igh P / D values are blue-shifted as 
compared to that of free H33258 (Af

max =510 nm) . More-

300 350 400 450 
X / n m 

Fig. 3. (a) Absorption and (b) CD spectra of CT 
DNA-H33258 complexes in 0.005 mol dm"3 phos­
phate buffer, 0.5 mol dm - 3 NaCl. Legends to each 
spectrum are as described for Fig. 2. 
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Table 1. Fluorescence Decay Parameters and Quantum Yields for H33258 
Bound to Various Polynucleotides3* 

Polynucleotide 

CT DNA 

ML DNA 

Poly(dA-dT). poly(dA-dT) 

Poly (dG-dC) • poly(dG-dC) 

Poly(rA).poly(rU) 

[NaCl]b> 

mol dm - 3 

0 
0.04 
0.2 
0.5 
0 
0.5 
0 
0.5 
0 
0.5 
4.0^ 
0 

^max 

nm 

359 
354 
352 
352 
360 
351 
359 
351 
360 
347 
350 
367 

Jf c) 
A335 

nm 

470 
464 
462 
460 
482 
464 
482 
468 
488 
480 
488 
484 

Ti 

ns 

2.1 
2.4 
2.1 
2.3 
2.3 
2.5 
2.1 
2.4 
2.4 
1.9 
— 
— 

a i 

0.43 
0.70 
0.78 
0.83 
0.58 
0.89 
0.32 
0.85 
0.65 
0.86 
— 
— 

T2 

ns 

4.1 
4.1 
4.0 
4.2 
4.5 
4.7 
4.2 
4.7 
4.7 
4.6 
3.4 
4.9 

« 2 

0.57 
0.30 
0.22 
0.17 
0.42 
0.11 
0.68 
0.15 
0.35 
0.14 
1.0 
1.0 

&F 

0.75 
0.77 
— 

0.76 
0.37 
0.40 
0.82 
0.78 
0.27 
0.19 
0.21 
0.72 

a) Buffers used were 0.005 mol dm - 3 for DNAs and synthetic polydeoxynucleotides and 0.01 mol dm - 3 for 
poly(rA)«poly(rU). The excitation wavelength was 335 nm and the decay was observed at each apparent 
emission peak. The amplitudes (a's) are normalized to unity. The &F values for free H33258 were 0.03 and 0.05, 
respectively, in 0.005 mol dm - 3 phosphate buffer and 0.005 mol dm - 3 phosphate buffer, 0.5 mol dm - 3 NaCl. 
b) The concentration of NaCl in buffer solutions, c) A{

335 denotes the fluorescence maximum upon the excita­
tion at 335 nm. ^ a x and 4 3 5 of free H33258 were 338 nm and 510 nm. d) Poly(dG-dC)-poly(dG-dC) exists 
as a left-handed helix, which was confirmed by circular dichroism measurements.20) 
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300 400 500 
X / nm 
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Fig. 4. Absorption (A) and fluorescence (F) spectra 
of (a) CT DNA-H33258 and (b) ML DNA-H33258 
complexes in 0.005 mol dm - 3 phosphate buffer 
(—) and 0.005 mol dm - 3 phosphate buffer, 0.5 mol 
dm - 3 NaCl ( ). Fluorescence spectra were ob­
served upon excitation at 335 nm. 

over, it was found that fluorescence spectra of H33258 
b o u n d to DNA as well as absorpt ion spectra are 
markedly affected by ionic strength. As shown in Fig. 
4 and Tab le 1, bo th absorpt ion m a x i m a (A^ax) and Xl

m2iX 

shift toward shorter wavelengths wi th increasing ionic 
strength. In order to make clear the spectral shifts 
dependent on ionic s trength (Figs. 2—4), fluorescence 
and fluorescence-excitation spectra of complexes were 
measured as a function of the excitation wavelength 

_ 
1 

2y 

III ' /// ' 
/// ' /// ' // / ' 

<#\' 1 

^ 4 
/ 

| 

% 

L L 

(b) | 

^ ^ v 

1 

400 500 
X /nm 

600 

Fig. 5. Fluorescence spectra of (a) CT DNA-H33258 
and (b) ML DNA-H33258 complexes in 0.005 mol 
dm - 3 phosphate buffer as a function of excitation 
wavelength. The spectra were corrected for distor­
tions by scattering and are shown for excitation 
wavelengths of (1) 335 nm, (2) 365 nm, (3) 380 nm, 
(4)395nm, and (5) 410 nm. 

and emission wavelength, respectively. As typical 
results are shown in Fig. 5, it was found that X{

m&x is 
red-shifted wi th an increase in the excitation wave­
length. It was also observed that the apparent peak of 
the fluorescence-excitation spectrum shifts to the 
longer wavelength wi th increasing the emission 
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Table 2. Fluorescence Decay Parameters for 
Function of the Excitation (Àex) 

DNA 
nm nm 

CT DNA 335 430 
450 
460 
470 
490 

380 460 
405 460 

ML DNA 335 440 
465 
490 

380 465 

a) The solvent was 0.005 mol dm - 3 phosphate buffer. 

wavelength (data no t shown) . These spectral shifts, 
observed anew in this study, were p ronounced at low 
ionic strength and for DNA with h igh A T content. 

T o further clarify the p h e n o m e n o n of red shifts of 
fluorescence spectra u p o n red-edge excitation, we mea­
sured the dependence of fluorescence decays u p o n 
the excitation and emission wavelengths. It was found 
that the fluorescence decay curves of the DNA-H33258 
complexes can be well resolved in to two-exponent ia l 
componen t s cor responding to the short (TI) and long 
(T2) lifetimes (Tables 1 a n d 2). Tab le 1 summarizes 
fluorescence decay parameters and q u a n t u m yields 
(<PF) u p o n b i n d i n g of H33258 to various polynucleo­
tides, where the excitation wavelength was 335 n m and 
the decay curves were observed at each apparen t 
fluorescence peak. It can be clearly seen from Tab le 1 
tha t the ampl i tudes (a 's) depend on bo th the base 
composi t ion of DNA and ionic strength. Tab le 1 also 
shows that 0 F values of DNA-H33258 complexes are 
a lmost constant irrespective of ionic strength, suggest­
i ng that the cont r ibut ion of the weak b i n d i n g mode 
which results in q u e n c h i n g of the fluorescence is 
negl igible at h i g h P / D values. Tab le 2 shows that the 
fluorescence decay parameters for H33258 complexed 
wi th C T DNA and M L DNA depend on bo th the 
excitation and emission wavelengths; the ampl i tude 
(«2) corresponding to the long lifetime (T2) increases 
wi th increasing excitation and emission wavelengths. 

F rom determinat ions of the time-resolved emission 
spectra of DNA-H33258 complexes, it was found that 
large t ime-dependent spectral shifts are observed (Fig. 
6); this behavior was p ronounced at low ionic 
strength. Inspection of Figs. 5 and 6 shows that the 
fluorescence spectrum at a shorter t ime range (<4 ns) 
resembles the steady-state fluorescence spectrum ex­
cited at a wavelength shorter than the absorp­
t ion m a x i m u n , whi le the fluorescence spectrum at a 
longer t ime range ( > 1 0 n s ) is s imilar to that excited 
at a wavelength longer than it. 

We next examined absorpt ion, CD, and fluorescence 

258 Bound to CT DNA and ML DNA as a 
Emission (Aem) Wavelengthsa) 

T l 

ns 
2.5 
2.5 
2.1 
2.4 
2.3 
2.5 
2.1 
2.7 
2.3 
2.2 
1.9 

Oil 

0.92 
0.65 
0.43 
0.45 
0.36 
0.38 
0.36 
0.90 
0.58 
0.55 
0.51 

T2 

ns 
4.7 
4.4 
4.1 
4.6 
4.1 
4.3 
4.3 
5.1 
4.5 
4.6 
4.3 

« 2 

0.08 
0.35 
0.57 
0.55 
0.64 
0.62 
0.64 
0.10 
0.42 
0.45 
0.49 

The amplitudes (a's) are normalized to unity. 

X /nm 

Fig. 6. Nanosecond time-resolved fluorescence spec­
tra of (a) CT DNA-H33258 and (b) ML DNA-H33258 
complexes in 0.005 mol dm - 3 phosphate buffer. The 
excitation wavelength was 335 nm and the spectra 
were not corrected for instrumental wavelength 
response. (1) Total fluorescence (£=0—90 ns); (2) 
£=0—4 ns; (3) t=\0—90 ns. t denotes the time after 
the initial rise of the nanosecond flash lamp. 

properties us ing H33342 which has a structure very 
similar to H33258 (Fig. 1). It was found that H33342 
exhibits a lmost the same optical behavior as that of 
H33258. Here, Fig. 7 shows typical steady-state and 
time-resolved fluorescence spectra obtained wi th the 
C T DNA-H33342 complex. Fluorescence lifetimes 
and q u a n t u m yields of the C T DNA-H33342 complex 
in 0.005 mol dm~3 phospha t e buffer were as follows: 
Ti=2.4 ns, T2=4.7 ns, and 0F=O.76. 

T o obtain some information concerning the orienta­
t ion of the dye b o u n d to DNA, we lastly investigated 
the flow dichroism of the C T DNA-H33258 and C T 
DNA-H33342 complexes. T h e flow dichroism for the 
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Table 3. Flow Dichroism of CT DNA-H33258 and CT DNA-H33342 Systems3* 

[NaCl]b) A ac> 
Dye P / D (Afi/fi)3040 ß(a) c ) 

mol dm"3 nm 
H33258 0 66 360 0.223 0.60 46.9 

0.5 99 355 0.206 0.58 47.2 
H33342 0 99 360 0.140 0.49 48.3 

0.5 99 355 0.130 0.44 49.0 

a) The buffer used was 0.005 mol dm - 3 phosphate buffer and dye concentrations were (2.0—2.3)X 10~5 mo dm - 3 . 
b) The concentration of NaCl in buffer solutions, c) The uncertainties in B(a) are estimated to be ±0.05, 
corresponding to approximately ±1° in a. 

400 500 600 
X /nm 

Fig. 7. (a) Fluorescence and (b) nanosecond time-
resolved fluorescence spectra of CT DNA-H33342 
complexes in 0.005 mol dm - 3 phosphate buffer. 
Legends to each spectrum are as described for Figs. 5 
and 6. 

absorpt ion region of DNA bases, 220—280 nm, was 
negative as expected for double-stranded DNA wi th 
the planes of the bases oriented more or less 
perpendicular ly to the DNA helix. T h e flow 
dichroism for the dye absorpt ion band, 320—400 nm, 
was positive, in contrast to the intercalators such as 
acridine dyes which show negative flow dichroism.19) 

T h e reduced d ichroism at a velocity gradient of 
3040 s-1, (A£/£)304o, was found to be - 0 . 2 2 2 — 0 . 2 8 4 at 
260 n m and 0.130—0.223 at the absorpt ion max ima 
(355—360 nm) (Table 3); here, As is the difference 
between the molar absorpt ion coefficient for the l ight 
polarized a long to the flow line and that polarized 
perpendicularly to it, and £ is the molar absorpt ion 
coefficient of the sample . T h e reduced dichroism at a 
perfect or ienta t ion, B(a), can be estimated from the 
dependence of the reduced dichroism on the velocity 
gradient and is given by21) 

B(a) = 3(3cos2a - l)/2 (1) 

where a is the angle between the direction of electronic 
transit ion m o m e n t of the chromophore and the DNA 
helix axis. Tab le 3 summarizes the values of B(a) and 
a, demons t ra t ing that the or ienta t ion of the b o u n d 
H33258 and H33342 is more parallel than perpendic­
ular to the DNA helix. 

Discussion 

T h e present data of absorpt ion, CD and fluorescence 
q u a n t u m yields confirm that the s t rong b i n d i n g mode 
predominates at h i g h P / D values. T h e previous 
optical and hydrodynamic studies claim that the 
s t rong b i n d i n g mode shows little dependence on ionic 
strength.5»8) However, the present fluorescence studies 
of DNA-H33258 complexes clearly indicate that the 
b o u n d H33258 at h igh P / D values exists in at least two 
distinct species. O n e type (Type I) predominates at 
h igh ionic strength, whi le the other (Type II) occurs at 
low ionic strength. Optical properties obtained wi th 
C T DNA are summarized as follows (Table 1): for 
T y p e I, A^ax=325 nm, A f

335=460nm and T = 2 . 1 — 2.4 ns; 
for T y p e II, A^ax=359 nm, Af

335=470 n m and r=4 .0— 
4.2 ns. Here, A£35 denotes the fluorescence peak u p o n 
excitation at 335 nm. 

We also observed that H33258 in polar viscous 
solvents exhibits large t ime-dependent spectral shifts 
as well as 8-ani l ino-l-naphthalenesulfonate (ANS),22) 

6-(p-toluidino)-2-naphthalenesulfonate (TNS),23* and N-
acetyl-L-tryptophanamide.2 4 ) T h i s p h e n o m e n o n has 
been ascribed to the d ipo le -d ipo le interaction between 
the solvent and excited-solute molecules.22_24) There­
fore, the present observation suggests a large increase 
in the dipole m o m e n t of H33258 u p o n electronic 
excitation; this means that the excited state of H33258 
can be stabilized th rough the solvent-solute relaxation, 
that is, t h rough the reorientat ion of solvent molecules 
a round H33258 subsequent to excitation. Further­
more, it is found that ANS and T N S b o u n d to proteins 
or membranes2 3»2 0 and t ryp tophan residues in pro­
teins2 6»^ also show both t ime-dependent spectral 
shifts and fluorescence shifts u p o n red-edge excitation. 
These phenomena depend on the binding-si te environ-
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ment or to what extent chromophores are exposed to 
the surrounding solvent. If the rate of the dipole-
dipole relaxation is too slow or too fast compared to 
the excited lifetimes of chromophores, no time-
dependent spectral shifts are observed.23.25-27) Such a 
case results from chromophores that exist in the non-
polar environment, namely, in the interior of proteins 
or chromophores that are much exposed to the rapidly 
relaxing aqueous solvent. Thus, we attribute the 
fluorescence shifts upon red-edge excitation (Fig. 5) 
and the wavelength-dependent lifetimes (Table 2) to 
the reorientation of the solvent around the excited state 
of the bound H33258. On the red edge of the 
fluorescence spectra (490 nm), the longer lifetime is 
predominant because the relaxed emission is formed 
from the initially excited unrelaxed state. On the blue 
edge of the spectra (430—440 nm), the shorter lifetime 
is mainly observed because the blue emission is formed 
by the transition from the unrelaxed excited state to 
the ground state. 

X-Ray crystallographic studies13"15* show that the 
strong binding mode occurs through the groove 
binding and the bound H33258 is buried deep within 
the minor groove. This idea is consistent with the data 
obtained from chemical footprinting experiments.11»1^ 
Furthermore, the interior of the minor groove is more 
negative which could explain the stronger binding in 
this site.28) The reduced flow dichroism at a perfect 
orientation indicates that the H33258 transition 
moment is inclined by about 47° from the helix axis 
(Table 3), consistent with the idea that H33258 binds 
inside and parallel to the DNA groove. The same 
angle (43+3°) is also reported for netropsin and 
distamycin, typical groove-binding drugs.29) 

In view of these results, it seems reasonable to 
conclude that Type I is ascribed to H33258 buried deep 
in the DNA minor groove, less hydrated bound species, 
whereas Type II is attributed to the dye bound not 
deep in the DNA grooves (minor or major grove), more 
hydrated bound species, which is exposed to some 
extent to the surrounding solvent molecules. This 
conclusion explains that the bound species Type I is 
not completely relaxed by the solvent-solute inter­
action during the excited lifetime, while the bound 
species Type II fluoresces from the relaxed state and 
thus shows time-dependent spectral shifts. The 
present data also indicates that H33342 having a 
chemical structure very similar to H33258 can exist in 
two bound species. A comparison of chemical 
structures between H33258 and H33342 (Fig. 1) 
suggests that the ethylation of the phenyl group may 
not exert a significant effect upon the binding nature. 

Carrondo et al.15) have found that the conformation 
of H33258 bound to the B-DNA dodecamer 
d(CGCGATATCGCG) considerably differs from that 
found in the other dodecamer d(CGCGAATTCGCG).1314> 
This suggests that the base sequence may play an 

important role in the binding mode. In agreement 
with this, it is observed that the fractions of Types I 
and II (ai and «2) at low ionic strength depends on the 
GC content of DNA (Table 1). It is also conceivable 
that a number of conformational states are in constant 
equilibrium, depending on the base sequence. There­
fore, our results may be interpreted as indicating that 
the bound species are classified into two main 
categories, Types I and II. 

Table 1 shows that the bound species Type I 
predominates at high ionic strength. It is expected 
that an increase in ionic strength decreases the binding 
of dye molecules and affects the conformations of the 
DNA-dye complexes.30»31) For the above finding, 
therefore, there are two possible explanations. One is 
that the bound species Type II, the more outside-
bound species, may be readily dissociated and the 
relative population of Type II may be decreased with 
increasing ionic strength, because the outside binding 
is primarily an electrostatic interaction. The other is 
that increasing salt concentration may change the 
conformation of the DNA-dye complex to one where a 
local motion of the bound dye would be somewhat 
restricted,7» 15»31) disturbing the solvent-solute relaxa­
tion and hence the bound species Type I may occur 
predominantly at high ionic strength. Both the time-
dependent fluorescence anisotropy and static fluores­
cence anisotropy (0.31+0.01 upon excitation at the 
absorption maximun) of the DNA-H33258 complexes 
were found to be almost independent of ionic strength, 
suggesting that the local mobility of the bound dye 
may be insensitive or only slightly sensitive to ionic 
strength.7) Judging from this finding, the former 
explanation appears more acceptable. 

Interestingly, for H33258 when bound to double-
stranded poly(rA)poly(rU) and left-handed form of 
poly(dG-dC)poly(dG-dC), the fluorescence decay 
kinetics obeys a single exponential decay law (Table 1) 
and almost no time-dependent spectral shifts are 
observed. This means that there exists only one bound 
species in the cases of poly(rA)poly(rU) and left-
handed DNA (Z-DNA). Poly(rA)poly(rU) has a 
conformation with a deep major groove and a shallow 
minor groove compared to B-DNA and both grooves 
are a little narrow for H33258 to lie sideways in the 
grooves.31) Therefore, it is expected that the binding 
affinity of H33258 to poly(rA)poly(rU) is weak, 
compared with B-DNA; in fact, the binding of H33258 
remarkably decreased with increasing ionic strength. 
On the other hand, the major groove of Z-DNA is 
wide, but is filled with cytosine C5 and guanine N7, Cs 
atoms and its minor groove is deep and narrow.31) 

Taking into account the conformational structures of 
poly(rA)poly(rU) and Z-DNA, it is concluded that 
H33258 bound to these polynucleotides is exposed to a 
large extent to the surrounding solvent molecules and 
thus the emission from the completely relaxed state is 
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observed. 
T h e fluorescence q u a n t u m yield (4>F) of b o u n d 

H33258 decreases wi th increasing G C content of DNA 
(Table 1); this suggests that there occurs the specific 
interact ion between a G C pair and the b o u n d H33258 
as well as some aminoacridines.18»32) Fur ther study 
concerning the specific interaction is in progress. 

In conclusion, this study indicates that H33258 
b o u n d to DNA can be described as consist ing of at least 
two different types of b o u n d species at h igh P / D 
values. It may be that time-resolved emission spectro­
scopy can contr ibute to an unders tanding of the bind­
ing mechanism of other fluorescent groove-binding 
drugs. 

T h e au thor wishes to thank Ms. Satomi Murashige 
and Mr. Hi royuk i N a k a m u r a for their technical 
assistance. 
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Circuit Resonance Energy. On the Roots of Circuit 
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The circuit characteristic polynomial plays an important role in the theory of circuit resonance energy of 
polycyclic conjugated molecules. Although in the use of circuit resonance energy it is essential that the circuit 
characteristic polynomial has real roots, the definition of circuit characteristic polynomial does not ensure that 
the roots of this polynomial are real numbers. It is proved that the circuit characteristic polynomial for any 
circuit in a polycyclic conjugated molecule has no imaginary roots if this molecule is a nonfused polycyclic 
conjugated molecule or a fused bicyclic system. 

Re-examination of Hückel molecular orbital theory 
from a graph-theoretical point of view clarified that 
the coefficients of the characteristic polynomial of a 
graph G can be calculated from a set of certain 
subgraphs (called Sachs graph) of G.1_3) The 
topological resonance energy TRE defined on the 
basis of this finding was found to be an excellent index 
for aromaticity. The coefficients of the reference 
polynomial in the TRE theory are constructed from 
acyclic Sachs graphs for G.2) Thus the reference 
polynomial R(G; X) does not contain the contribution 
of any circuit found in G while the characteristic 
polynomial P(G;X) contains the contributions of all 
the circuits. The TRE of a cyclic conjugated molecule, 
which is given by the difference between the 7z:-electron 
energy of the system and that of the reference system, 
represents the degree of cyclic conjugation of n-
electrons due to the presence of the circuits found in 
the system. 

Ring aromaticity or local aromaticity is a useful 
concept for prediction of the chemical behavior of a 
given ring in a polycyclic hydrocarbon.4) The circuit 
resonance energy plays a significant role in the theory 
of local aromaticity. Although the TRE theory is very 
useful in predicting the whole aromaticity of a 
conjugated molecule, this theory does not allow one to 
estimate quantitatively the contribution of each circuit 
in a polycyclic conjugated molecule to the TRE 
(circuit resonance energy, CE). This difficulty was 
overcome by introducing two new polynomials, the 
circuit characteristic polynomial, P(G/Cn; X),5) and 
the circuit reference polynomial, R(G/Cn; X)ß The 
former polynomial contains the contribution of the 
circuit Cn only while the later polynomial contains the 
contributions of the other circuits except Cn. By using 
the two polynomials circuit resonance energy was 
defined in two different manners by Aihara5) and by 
Gutman and Bosanac.6) 

Two problems of circuit resonance energy CE have 
been pointed out. One is a problem associated with 
the Hückel rule.6) Since the stabilities of cyclic 
conjugated molecules obey the Hückel rule,7) it is 
desirable that the circuit resonance energies obey rules 

similar to the Hückel rule. However circuit resonance 
energies defined by Gutman violate the Hückel rule.6) 

Recently, by using a Coulson-type integral formula8) 

we proved mathematically that the circuit resonance 
energies defined by Aihara obey the 4n+2 rules.9) The 
stabilities of Möbius polycyclic conjugated molecules 
obey the anti-Hückel rule.10_12) We applied the theory 
of circuit resonance energy also to Möbius polycyclic 
conjugated molecules and proved the rules for circuit 
resonance energies of Möbuis-type circuits.9) These 
rules are, of course, in accord with the anti-Hückel 
rule for the stabilities of Möbius systems.10'11* Another 
problem is that the circuit resonance energies should 
be real values. The existence of imaginary roots of 
circuit characteristic polynomial or circuit reference 
polynomial obscures the meaning of the estimated 
values of ring aromaticities. The definitions of the 
two polynomials do not ensure that these polynomials 
have no imaginary roots. It has been reported that the 
circuit reference polynomial has imaginary roots in 
some cases.13) We have calculated the roots of the 
circuit characteristic polynomials for a large number 
of polycyclic conjugated molecules and found that the 
roots are real numbers in all cases. Accordingly it is 
conjectured that the circuit characteristic polynomial 
for any circuit of any system has real roots. The 
Coulson integral expression for the circuit resonance 
energy enables us to show that circuit resonance 
energies are real values for any Hückel and Möbius 
polycyclic conjugated molecules with an even number 
of carbon atoms. However this does not mean that the 
circuit characteristic polynomial has no imaginary 
roots.14) 

The aim of this paper is to discuss the problem of 
whether the roots of the circuit characteristic poly­
nomials are real or not. 

Circuit Characteristic Polynomial 

Let G be a graph representing the 7z:-electron 
network of a polycyclic conjugated molecule without 
bond alternation and Cn be a circuit in G. The circuit 
resonance energy of the circuit Cn is given by5) 
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CE(C) = ^gj{Xj(P(G/Cn; X)) - X,-(P(G;X))}. (1) 
j 

In Eq. 1 Xj(P(G/Cn; X)) and Xj(R(G;X)) are the / - t h 
roots of the circuit characteristic po lynomia l 
P ( G / d ; X ) and the reference po lynomia l R(G;X), 
respectively, and gj is the occupat ion n u m b e r of the 
/ - t h MO. 

Hucke l and Möbius polycyclic conjugated mole­
cules are represented by generalized graphs in which 
each edge has a we igh t of 1 or — 1 . 1 5 ) Circuits in 
generalized graphs are classified in to Hückel- type 
circuits or Möbius- type circuits.11* T h e former is a 
circuit in wh ich the n u m b e r of edges wi th the weight 
—1 is even and the latter is a circuit i n which the 
number of edges wi th the weight —1 is odd. A 
generalized g raph is said to be Hückel- type if it does 
no t have any Möbius-type circuit and Möbius-type if it 
has at least one Möbius-type c i rcui t . n ) T h e thermo­
dynamic stabilities of generalized graphs obey 
modu le 4 rules, wh ich are the unified rules for Hückel 
and Möbius polycyclic conjugated molecules . n ) 

Let G G be one of the generalized g raphs for G 
obtained by giving each edge in G the weight 1 or — 1 . 
T h e explicit equat ions for the circuit characteristic 
po lynomia ls for Hückel- type and Möbius-type circuits 
in the generalized g r aph G G were obtained as follows:9) 

for Hückel- type circuit Gn 

P(GG/C„; X) = R(G;X) - 2 R(GGCn;X), (2) 

for Möbius-type circuit Cn 

P(GG/C„; X) = R(G; X) + 2 R(GQCn; X), (3) 

where the g r a p h GQGn is a subgraph of G obta ined by 
delet ing the circuit Gn and all the edges incident to Gn 

from G.x) In the der ivat ion of Eqs. 2 a n d 3 it was used 
that the reference po lynomia l of the generalized g raph 
G G is identical wi th tha t of the or ig inal g r aph G . n ) 

Since the second term of the r igh t -hand side of Eq. 2 

Ca -CD 
a b 

Fig. 1. Two generalized graphs for benzocyclo-
butene. Graph a is Hückel-type and graph b is 
Möbius-type. 

0 ' Co O 
C1 G0C, G 0 C 2 C2 C 3 

Fig. 2. Three circuits in benzocyclobutene and the 
subgraphs associated with them. 

(or Eq. 3) represents the contr ibut ion of the Hückel-
type (or Möbius-type) circuit Gn, the circuit resonance 
energy of the circuit given by Eq. 1 is considered to 
represent the contr ibut ion of the circuit Cn to the T R E . 

Let us take one example to il lustrate the above 
terminologies . T w o of the generalized graphs la and 
l b for the benzocyclobutene g raph are shown in Fig. 1. 
(In these g raphs we have not shown the weight 1. T h i s 
omiss ion is used t h r o u g h o u t this paper) . Figure 2 
shows three circuits contained in the benzocyclobutene 
g r a p h and three subgraphs associated wi th these 
circuits. G r a p h la, which is the benzocyclobutene 
g raph itself, contains the Hückel- type circuits only, 
whi le l b is a Möbuis-type g raph because this g raph 
conta ins two Möbius- type circuits Ci and C3. So we 
have for the Hückel- type circuit Ci of la 

P(Ia/Ci;X)=Ä(G; X ) - 2 Ä ( G e & ; X), 

and for the Möbius-type circuit Ci of l b 

P( lb/Ci;X)=Ä(G;X)+2Ä(GeCi;X) . 

Graph Corresponding to Circuit Characteristic 
Polynomial. T h e definition of the circuit character­
istic po lynomia l does no t give any informat ion about 
structure corresponding to the polynomial . T h e 
structure is represented by a g raph whose characteristic 
po lynomia l is equal to the circuit characteristic 
po lynomia l . Let such g r ap h be denoted by C c p . T h e 
characteristic po lynomia l for G c p , P(GC P ; X), satisfies 

P(GCP; X) = det |X / -4 (G C P ) | = P(GG/C„; X). (4) 

In Eq. 4 /1 (G c p ) is the adjacency matr ix of G c p ; / i s the 
un i t matr ix . T h e objective of this paper is to obta in 
G c p under the condi t ion that the adjacency matr ix is 
Hermi t ian . 

In order to get G c p we consider a directed and edge-
weighted g r a p h G* which is obta ined by replacing 
each (undirected) edge r—s of the original graph G wi th 
the two directed edges r—•$ and s—>r wi th the weights 
given by 

WrS = exp(itv5) for r —> s edge, 

wSr — exp (ivsr) for s —> r edge, (5) 

where i—V — 1. We suppose that vrs is a real n u m b e r 
bu t satisfies the condit ion: 

Vsr = — Vrs. (6) 

T h i s condi t ion ensures that the characteristic poly­
nomia l for G* has real roots. T h e Sachs formula3) 

allows us to express the characteristic po lynomia l of 
G* as follows:1 0 

P(G*; X) = R(G; X) - 22Ä(G0Q;X) cos(F(Q)) 
j 

+ 4 2 2 P(G0Q0C*;X) cos(F(Q)) cos(F(C*)) ~ • 
(7) 
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In Eq. 7 the g raph G e Q e C * is a subgraph of G 
obtained by delet ing two disjoint circuits Q and C& 
and all the edges inc ident to the two circuits; the first 
sum runs over all the circuits found in G, and the 
second one over all the possible pairs of disjoint 
circuits; V(Cj) is the s u m of vrs over all the edges in the 
circuit Q a long one direction. Equa t ion 7 shows that 
P(G*; X) is dependent on the cos(F(C)) values (not 
on the vrs values for individual edges). 

It is seen from Eq. 7 that if the parameters vrs satisfy 

cos(F(Q)) = 0 for any circuits except C„, (8) 

then we have 

P(G*; X) = R(G; X) - 2P(GGC„; X) cos (V(Cn)), 

which contains the cont r ibut ion of Cn only. Further, if 
the parameters vrs for the edges in Cn satisfy 

cos(F(C„)): 
1 when Cn in GG is Hückel-type 

— 1 when Cn in GG is Möbius-type, 
(9) 

then P(G*;X) is equa l to P(G/Cn;X) for C„ in the 
generalized g raph G G (see Eqs. 2 and 3). T h u s it is seen 
that if the parameters vrs in the g raph G* satisfy Eqs. 8 
and 9, then the g raph G* is a desired g raph G c p for the 
circuit Cn in GG. 

One cannot always assign arbitrary values to V(Cj)'s 
for all the circuits in a poly cyclic g raph because the 
V(Cj) terms for all the circuits are not independent as 
shown below. Let Cz and Q be two circuits wi th some 
c o m m o n edges and circuit C& be d + Q (see Fig. 3). For 
these circuits it follows from Eq. 6 that 

V(d) + V(Cj) 
— (fl2 + ^23 H" VM-IM 4 VMT + Vrs + 4 Vz\) 

4 {VMM+\ + + VN-\N 4 VN\ + V\z + + Vsr 

4 VTM) 

— V12 4 V23 + ' ' ' ' + VM- \M 4" VMM+ 1 4 • • • • 

H~ VN-IN 4- vm 

= V(Ck). (10) 

In the above the two circuits Cz and C, are not 
necessarily fundamenta l circuits. Fundamenta l cir­
cuits in a g raph are called ring.17) T h u s Eq. 10 means 
that the n u m b e r of the independent V(Cf) quant i t ies is 
equal not to the n u m b e r of the circuits bu t to that of 

M-1MM+1 

"N- T ^ 

» / 
tZ 

2 ' N 

Fig. 3. Two circuits d and C> 

the r ings . For example , in the case of benzocyclo-
butène, we have 

F(Ci) + V(C2) = V(Ce). (ID 

T h e difference between the number of r ings and the 
number of circuits in g raph arises from condensat ion 
of r ings. Accordingly we divide polycyclic graphs in to 
three categories as shown below. 

a) Polycyclic Generalized Graphs without Fused 
Rings. T h e number of the circuits in any graph of 
this type is equa l to the n u m b e r of rings. Therefore, 
for any circuit in the g raph it is possible to choose the 
parameters vrs so as to satisfy Eqs. 8 and 9. T h u s we 
can obta in a g raph G c p for any circuit in any 
generalized g raph of this type. 

T w o graphs 4a and 4b in Fig. 4 are two examples for 
the p- terphenyl g raph G l which contains three 
fundamemta l circuits (rings), Ci, C2, and C3. T h e 
characteristic po lynomia l of the directed and edge-
weighted g raph G l * for G l (see Eq. 7) is 

P(G1*; X) = P(G1; X) - 2{P(GlGCi; X) cos (F(Ci)) 

4 P(G1GC2; X) cos (V(C2)) 

4P(GlGC3 ;X)cos(F(C3))} 

4 4{P(GlGCiGC2; X) cos (F(Ci)) cos (V(C2)) 

4 P(GlGCiGC3; X) cos (V (Ci)) cos (F(C3)) 

4 P(G1GC2GC3;X) cos(F(C2)) cos (V(C&))}. (12) 

In g raph 4a the circuit Ci conta ins the edges wi th the 
weight 1 only whi le two circuits C2 and C3 contain a 
pai r of directed edges wi th the weights i and —i besides 
the edges wi th the weight 1. Accordingly we have 
F(Ci)=0 and V(C2)=V(Cs)=±7t/2, which satisfy Eqs. 8 
and 9. T h u s Eq. 12 for 4a reduces to 

P(4a; X) = P(G1; X) - 2P(GlGCi; X). (13) 

C3
N 

Fig. 4. Graphs (a and b) corresponding to the circuit 
characteristic polynomials for Ci and for C2 in p-
terphenyl. Graph c is a graph corresponding to the 
reference polynomial of jb-terphenyl. 
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Therefore it follows that 4a is a g r aph G c p for the 
circuit Ci of the p- terphenyl graph. As seen from this 
example , a circuit wi th a pair of directed edges wi th 
the weights i a n d —i makes no cont r ibu t ion to the 
characteristic polynomial . 1 8 ) T h i s effect is not 
dependent on the type nor the size of the circuit. 
Similarly it is easily unders tood that 4b contains the 
con t r ibu t ion of C2 only a n d thus this g r aph is a g r aph 
G c p for C2 in the p- terphenyl graph. 

It shou ld be noted that the results for 4a and 4b are 
no t dependent on the sizes of the circuits in these 
g raphs . So it is seen tha t if one edge in each circuit 
except a circuit Cn in a nonfused polycyclic generalized 
g raph is replaced by a pa i r of directed edges wi th the 
weights ± i , then such a g raph is a g raph G c p for the 
circuit Cn of the generalized graph. 

b) Fused Bicyclic Generalized Graphs. A l though 
for graphs of this type it is impossible to assign 
arbitrary values to V(Cj)'s for all the circuits, we can 
obta in a g r aph G c p for any circuit in any g r aph of this 
type because any g raph of this type contain only three 
circuits. 

T o i l lustrate this result let us take benzocyclobutene 
as an example. Since n o disjoint circuit is found in the 
benzocyclobutene g r aph G2 (see Figs. 1 and 2), the 
characteristic po lynomia l of the directed and edge-
weighted g raph G2* for G2 (see Eq. 7) is 

P(G2*; X) = R(G2; X) - 2{R(G2©G; X) cos (F(G)) 
+ R(G20G; X) cos (F(G)) 
+ R(G2©G; X) cos (F(G))}. (14) 

A l though the V(C) values for the three circuits Ci, C2, 
and C3 satisfy Eq. 11, we can obta in graphs G c p for the 
Hückel- type g raph l a and for the Möbius-type g raph 
l b , wh ich are shown in Fig. 5. For 5b we have 
V(Ci)=V(Ca)=±n/2 and F(C2)=0. So, from Eq. 14 we 
have 

P(5b; X) = R(G2; X) - 2fl(G2©G; X), 

wh ich is the circuit characteristic po lynomia l for the 
Hückel- type circuit C2 in the Möbius-type g raph l b . 
Therefore it was shown that g raph 5b is a g raph G c p 

for the circuit C2 in the Möbius-type benzocyclobutene 
g raph l b . Since for g r aph 5c V(Ci)=V(C2)=±n/2 and 
V(Cs)=7i, from Eq. 14 we have 

Fig. 5. Graphs corresponding to the circuit charac­
teristic polynomials for G in la and for G and C3 in 
lb. Graphs la and lb are the generalized graphs for 
benzocyclobutene (see Fig. 1). 

P(5c; X) = R(G2; X) + 2R(G20G; X). 

Therefore it follows that g r aph 5c is a g raph G c p for 
the Möbius- type circuit C3 in the Möbius-type g raph 
l b . Now it wil l be easily unders tood that g raph 5a is a 
g raph G c p for the Hückel- type circuit G in the 
Hückel- type g raph la . 

As seen from the above examples , it is possible to 
obta in a g r ap h G c p for any circuit in any fused bicyclic 
g r aph because any circuit that contains a pai r of 
directed edges wi th the weights ± i makes n o contr ibu­
tion to the characteristic po lynomia l and the number 
of the circuits in the g raph is larger than the number of 
the r ings by only one. It should be noted that the 
results for 5a, 5b, and 5c are no t dependent on the sizes 
of the circuits in these graphs. Accordingly it follows 
that one can obta in a g raph G c p for any circuit of any 
fused bicyclic generalized graph. 

c) Polycyclic Generalized Graphs with More than 
T w o Fused Rings. In the case of a g raph of this type 
the difference between the number of the circuits and 
that of the r ings is at least larger than three. T h i s 
means that it is impossible to ob ta in graphs corre­
spond ing to the circuit characteristic polynomials for 
graphs of this type. 

T h i s result wil l be i l lustrated by consider ing 
anthracene as an example . T h e anthracene g raph 
contains six circuits. T h e three fundamental circuits 
are shown in Fig. 6 and the other three circuits are 
C 4 ( = G + C 2 ) , C5(=C2+C3) , and C « ( = C i + & + C s ) . Now 
we try to obta in a g raph G c p fot the circuit G . G r a p h 
6b in Fig. 6 is obtained by giving the weights i and —i 
to each edge in C2 and C3. For this g raph we have 
F ( G ) = 0 , V(C2)=V(Cs)=V(C4)=±7i/2y and V(G>)= 
V(C6)—±n (see Eq. 10). So the contr ibut ions of three 
circuits C2, C3, and C4 are e l iminated bu t those for two 
circuits C5 and CO are not e l iminated (the cos(F(C)) 
values for the two circuits are —1 and so the two 
circuits are Möbius-type). Therefore graph 6b in Fig. 6 
is no t a g r ap h G c p for the circuit G in the anthracene 
graph. 

It is seen from this example that it is impossible to 
obta in a g r aph G c p for any polycyclic generalized 
g raph wi th more than two fused r ings because of Eq. 
10. 

T h e me thod of giving the weights i and —i to some 
edges in generalized graphs is useful also in the study 
of graphs corresponding to the reference polynomials . 

Fig. 6. Three fundamental circuits in anthracene and 
graph obtained by giving the weights i and —i to two 
edges in the two circuits G and G . 

1 I M -1 
-1 > *^ - ' ceo 
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From the above discussion, it wil l be evident that for a 
nonfused polycyclic system an appropr ia te choice of 
the vrs values al lows us to obta in a g raph correspond­
i n g to the reference po lynomia l . G r a p h 4c, shown in 
Fig. 4, is an exmple for p- terphenyl . Since any circuit 
in this g raph does no t contr ibute to the characteristic 
po lynomia l , the characteristic po lynomia l of this 
g r aph is equa l to the reference po lynomia l of the p-
terphenyl graph. A l though it was proved that the 
roots of the reference po lynomia l for any graph are 
real,19) Eq. 10 does no t al low us to obtain graphs 
cor responding to the reference polynomia ls for fused 
polycyclic systems wi thou t certain symmetries.18 '20* 

Concluding Remarks 

It has been shown that under the condi t ion that the 
adjacency matr ix is Hermi t i an , one can obtain a g raph 
whose characteristic po lynomia l is equa l to the circuit 
characteristic po lynomia l for any circuit in a poly­
cyclic conjugated molecule provided that this system is 
a nonfused polycyclic conjugated molecule or a fused 
bicylic system. T h u s it has been proved that the roots 
of the circuit characteristic po lynomia l for any circuit 
in such a molecule are real numbers . T h i s result holds 
irrespective of the type of system, namely Hückel- type 
or Môbius-type. 

In the use of Aihara 's circuit resonance energy it is 
essential that the circuit characteristic po lynomia l has 
real roots. A l though the method used in this paper 
can be appl ied to only certain types of molecules, this 
does no t mean that Aihara ' s circuit resonane energy 
canno t be used for o ther types of molecules because 
extensive numer ica l calculat ions show that all the 
circuit characteristic po lynomia ls which have been 
calculated have real roots. 
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The Determination of a Small Amount of a Biological Constituent by 
Use of Chemiluminescence. XVI. High-Sensitive Detection 

of Proteins by an Ion-Exchange Chromatograph-
Chemiluminescence Detector System 
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Department of Chemical Engineering, Faculty of Engineering, Doshisha University, 

Karasuma Imadegawa, Kamigyo-ku, Kyoto 602 
(Received May 11, 1989) 

An ion-exchange chromatograph-cherriiluminescence detector system was developed by connecting a high-
resolution ion-exchange column with a chemiluminescence detector using a 1,10-phenanthroline-hydrogen 
peroxide-copper(II) system which was first developed by the authors for the detection of protein. A sodium 
tetraborate-hydrochloric acid buffer solution was found to be suitable for the development of well-defined 
chromatogram without lowering the resolution of an ion-exchange column and the sensitivity of a 
chemiluminescence detector. The elution of protein was carried out by a gradient elution method. According to 
the present method, two mixture samples of ovalbumin-trypsin inhibitor (from soybean, crude) or bovine serum 
albumin-trypsin inhibitor (from soybean, crude)-trypsin inhibitor (from chicken egg white), which were too 
dilute to detect by a UV detector, gave chromatograms similar as in UV detection. 

A flow-injection analysis (FIA) us ing the chemilu­
minescence (CL) detection was previously established by 
the authors1* for the de terminat ion of a small a m o u n t 
of protein. T h e determinat ion of protein is based on 
the lower ing of the catalytic activity of a metal ion or 
a metal complex by the formation of a meta l -pro te in 
complex in the presence of protein. T h e FIA us ing a 
1,10-phenanthroline (phen)-hydrogen peroxide (H2O2)-
copper(II) (Cu(II)) system as a C L system was about 
102—106 times as sensitive as convent ional methods 
such as colorimetry and fluorometry.2 _ 4 ) T h i s method 
has been utilized as a detection method in immunoaf-
finity ch romatography , 0 metal chelate affinity chro­
m a t o g r a p h y , 0 and chromatography us ing a zeolite 
column.7 ) These appl ica t ions made it feasible to 
selectively determine a lbumin in a serum sample or to 
separate and determine the individual consti tuent in a 
mixed a l b u m i n - g l o b u l i n sample by employing iso-
cratic e lut ion or pH-grad ien t elut ion, respectively. 

Wi th the object of app ly ing the C L detector to the 
separation and determinat ion of several proteins in 
their mixtures , the present study deals wi th the 
connect ion of a C L detector and a high-resolut ion ion-
exchange co lumn. A buffer solut ion was first selected 
so as to give a well-defined ch romatogram wi thou t 
lower ing the resolut ion of an ion-exchange co lumn 
and the sensitivity of the C L detector. T h e e lut ion of 
prote ins from the co lumn was made by use of the salt 
solut ion in which the concentrat ion of the salt was 
al lowed to change cont inuously . Hereafter this 
e lu t ion is termed "salt-gradient e lu t ion" . T h e method 
established on the basis of the experimental results was 
appl ied to two mixture samples of ova lbumin- t ryps in 
inhibi tor (from soybean, crude) (STI) or bovine serum 
a lbumin -STI - t ryps in inhibi tor (from chicken egg 
white) (TI) , which were too di lute to detect by a UV 
detector. Chromatograms similar as in UV detection 
were obtained. 

Experimental 

Reagents. All reagents were of commercially available 
special grade. Deionized water was distilled for use. 

A phen solution contained 5.0X10~5mol dm - 3 phen, 
4.0X10~3mol dm - 3 ethylhexadecyldimethylammonium bro­
mide, 2.0X10~7mol dm - 3 tetraethylenepentamine, and l.OX 
10 -1 mol dm - 3 sodium hydroxide (NaOH) was prepared. A 
6.0 wt% H2O2 solution was prepared by diluting 30wt% 
H2O2 with water. A 1.0X10-7mol dm"3 Cu(II) catalyst 
solution was prepared by diluting a 2.0X10-3 mol dm - 3 Cu(II) 
stock solution (biuret reagent) with a buffer solution 
consisting of either 2.0X10-1 mol dm - 3 boric acid (H3BO3) 
and 2.0X10-1moldm-3 potassium hydroxide (KOH) (Buff-
A; pH 12.19) or 1.50X10"1 mol dm"3 sodium chloride (NaCl) 
and 3.96X10-1 mol dm"3 NaOH (Buff-B; pH 13.20). 

The following buffer solutions were used for the 
equilibration of an ion-exchange column and for the feed of 
a protein solution: 5.0X10"3 mol dm"3 H3BO3-5.0X10-4 mol 
dm"3 KOH (Buff-C; pH 8.04), 9.5X10-3moldm-3 disodium 
hydrogenphosphate (Na2HPO4)-5.0X10~4moldm~3 sodium 
dihydrogenphosphate (NaH2P04) (Buff-D; pH 8.23), 2.4X 
lO"2 mol dm"3 Na2HPO4-1.0X10-3mol dm"3 potassium di­
hydrogenphosphate (KH2PO4) (Buff-E; pH 8.33), 2.00X 
10~2moldm~3 Tris-1.17X10-2 mol dm - 3 hydrochloric acid 
(HCl) (Buff-F; pH 8.00), and 2.0X10"2mol dm"3 sodium 
tetraborate (Na2B4O7)-1.7X10-4mol dm"3 HCl (Buff-G; pH 
8.04). 

NaCl solutions obtained by dissolving NaCl in Buff-C— 
Buff-G were used as an eluent for salt-gradient elution. The 
following proteins were dissolved in Buff-C—Buff-G and 
diluted for use; ovalbumin (Ova) (Sigma Chemical Co.), STI 
(Sigma Chemical Co.), TI (Sigma Chemical Co.), human 
serum albumin (HSA) (Miles Laboratories, Inc.), bovine 
serum albumin (BSA) (Nakarai Chemicals, Ltd.), bovine 
serum y-globulin (ByG) (Sigma Chemical Co.), human 
serum a2-macroglobulin (o&M) (Sigma Chemical Co.), 
apoferritin (ICN Pharmaceuticals, Inc.), and conalbumin 
(Sigma Chemical Co.). 

Apparatus and Procedure. High-sensitive ion-exchange 
chromatography with CL detection was carried out using 
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Fig. 1. Schematic diagram of the ion-exchange 
chromatograph-CL detector system. [CL detector] a: 
phen solution, b: H2O2 solution, c: Cu(II) catalyst 
solution, d: regulator, e: N2 cylinder, f: flowmeter 
equipped with a needle valve, g: flow-cell, h: 
thermostat, i: mixing coil, j : reaction tube, k: cooling 
tube, 1: photomultiplier, m: amplifier, n: recorder, 
o: integrator, p: four-way cock, q: column, [Sample 
injector] r: six-way cock, s: sampling loop, t: syringe, 
u: sample solution, [Eluting system] a': NaCl 
solution, b': peristaltic pump, c': gradient-mixer, 
d': magnetic stirrer, and e': pump. 

the high-performance liquid chromatography (HPLC) 
system (Fig. 1) equipped with a CL detector and an 
apparatus for the salt-gradient elution. The CL detector was 
operated as follows: All the tubes and connectors in the line 
were made of Teflon. Each solution of phen (a), H2O2 (b), 
and Cu(II) (c) was fed by means of 2.9X105 Pa gauge pressure 
of nitrogen gas; the flow rate was adjusted to 1.0 cm3 min - 1 

by a flowmeter (f) (Gilmont) equipped with a needle valve. 
A phen solution and a H2O2 solution were mixed through a 
mixing coil (i) placed in a thermostat (h) held at 25 °C. After 
a carrier solution was fed at the flow rate 1.0 cm3 min - 1 by a 
pump (e') (Nihon Seimitsu Kagaku Co., Ltd., NP-DX-3U). 
A 50 mm3 sample of protein solution was introduced onto a 
4.6 mm i.d. X35 mm ion-exchange column (q) (Tosoh Co., 
TSKgel DEAE-NPR) by means of a sampling loop (s) and a 
six-way cock (r). 

The protein held on the ion-exchange column was next 
subjected to the salt-gradient elution as follows: A definite 
concentration of NaCl solution (a') was fed at a flow rate of 
0.5 cm3 m in - 1 by means of a peristaltic pump (b') (PERISTA 
MINI PUMP SJ-1211) to the gradient-mixer (c') in which 30 
or 40 cm3 of Buff-C—Buff-G had been previously placed. 
The solution in a gradient-mixer was well-stirred by a 
magnetic stirrer (d') and was fed into ion-exchange column 
at a flow rate of 1.0 cm3 m in - 1 using a constant flow pump. 
The protein eluted from the ion-exchange column was first 
mixed with a Cu(II) catalyst solution and then passed 
through a reaction tube (j) (0.40 m), held at 95 °C, and a 

f-< Sample injector >| 

I - S ^ - I f 

-to waste 

< Eluting system >-

Fig. 2. Schematic diagram of the ion-exchange 
chromatograph-UV detector system. [UV detector] 
a: UV detector, b: recorder, c: integrator, d: column, 
[Sample injector] e: six-way cock, f: sampling loop, 
g: syringe, h: sample solution, [Eluting system] a': 
NaCl solution, b': peristaltic pump, c': gradient-
mixer, d': magnetic stirrer, and e': pump. 

cooling tube (k) (0.64 m), held at 0°C, in that order. The 
reaction solution was further mixed with the phen-H202 
solution, which had been throughly premixed by means of a 
2.0 m mixing coil; the solution thus obtained was passed 
through a flow cell (g) (25 cmX0.8 mm i.d. polyvinyl 
chloride) tube). The CL intensity of the solution passing 
through the cell was measured by means of a photomulti­
plier (g) (Hamamatsu TV Co., Ltd., R928), amplified with an 
amplifier (1) (Horiba Ltd., OPE-402), and recorded on both a 
recorder (m) (Yokogawa Electric Works, Ltd., 3046) and an 
integrator (n) (Shimadzu Co., Chromatopac C-R3A). The 
distance between x and y was 3 cm. 

The FIA using direct-injection was carried out by injecting 
a 50 mm3 portion of a protein sample solution into the 
eluent line and by operating a four-way cock and a six-way 
cock equipped with a sample loop. 

The selection of a buffer solution was carried out using the 
HPLC system (Fig. 2) equipped with an ultraviolet 
spectrophotometer (UV) and an apparatus for the salt-
gradient elution as follows: All the tubes and connectors in 
the line were Teflon-made. After a carrier solution (c') was 
fed at the flow rate of 1.0 cm3 min - 1 by a pump (e') (Nihon 
Seimitsu Kagaku Co., Ltd., NP-DX-3U), a 50 mm3 of protein 
sample solution was introduced onto a 4.6 mm i.d.X35 mm 
ion-exchange column (d) (Tosoh Co., TSKgel DEAE-NPR) 
by means of a sample loop (f) and a six-way cock (e). The 
protein held on the ion-exchange column was next eluted by 
the salt-gradient elution as in high-sensitive ion-exchange 
chromatography with CL detection. The protein eluted 
from the ion-exchange column was detected at 280 nm by a 
UV detector (a) (Shimadzu Co., SPD-6a) and recorded by 
both a recorder (b) (Yokogawa Electric Works, Ltd., 3046) 
and an integrator (c) (Shimadzu Co., Chromatopac C-R3A). 

Results and Discussion 

Development of Various Chromatography Col-
umns-CL Detector Systems. No C L detector has been 
used for the pos t -column detection of protein, such a 
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detector is h ighly sensitive bu t it is ap t to be influence 
by the measurement condit ions. However, the authors 
have succeeded in the following separation and 
determinat ion of pro te in us ing the combinat ions 
between each c o l u m n and a CL detector by the 
opt imizat ion of the measurement condit ions: 1) 
Separation and determinat ion of 3 X 1 0 - 4 — l X 1 0 - 1 g 
d m - 3 HSA by the isocratic e lut ion wi th an HCl -po t a s -
s ium chloride (KCl) buffer solut ion ( p H 2.2) on the 
immunoaff in i ty c o l u m n - C L detector system.5* 2) 
Separat ion and determinat ion of BSA ByG, and 
lysozyme in each 1.0X10"4— 1.0X10"1 g d m " 3 by the 
pH-grad ien t e lut ion ( p H 8.0—»4.0) wi th an aqueous 
acetic acid solut ion on the metal chelate affinity 
c o l u m n - C L detector system.6) 3) Separat ion and 
determinat ion of HSA in 1X10" 5 —5X10" 3 gdm- 3 and 
of H y G in 2X10" 5 —5X10" 3 gdm" 3 by the isocratic 
e lu t ion wi th a N a O H - N a C l buffer solut ion ( p H 12.0) 
on the zeolite c o l u m n - C L detector system.7) 

In the present study, CL detection has been 
combined for the first t ime wi th ion-exchange 
chromatography in wh ich an eluent was unnecessary 
for any organic solvent. Separat ion of proteins of 
more than two kinds was feasible. Salt-gradient 
e lut ion was first used since both salt-gradient elut ion 
and ion-exchange chromatography had not previously 
been examined by the au thors for the separat ion and 
determinat ion of proteins. 

Salt-Gradient Elution. In ion-exchange chroma­
tography, it is rare to elute the desired substances wi th 
a s tar t ing buffer solut ion alone, because it takes too 
m u c h t ime and al lows the concentrat ion of the desired 
substances to d imin ish . In those circumstances the 
e lu t ion method, in wh ich the ability for e lu t ing the 
desired substance is gradual ly enhanced, is often used. 
T o enhance the e lu t ing ability, the following two 
procedures are supposed: 1) an increase in the ionic 
s t rength of an eluent , and 2) a change in p H of an 
eluent . Since it is difficult to change the p H of an 
eluent linearily, the latter is seldom used. T h e former 
e lut ion procedure which depends u p o n increasing the 
ionic s trength by the addi t ion of a salt at a definite p H 
is usually employed. T w o methods for chang ing the 
ionic strength of an eluent are as follows: One is the 
stepwise method and another is the cont inuous 
me thod (gradient method) . In the present study, the 
salt-gradient elut ion, in which the ionic strength of an 
eluent was changed cont inuously and linearily, was 
adopted by the e lu t ing system shown in Figs. 1 and 2. 
T h e fol lowing four salts were examined for the salt-
gradient elut ion: NaCl and KCl consist ing of a 
monovalent cation and a monovalent an ion , magne­
s ium chloride (MgCl2) consist ing of a bivalent cation 
and two monovalen t anions , and sod ium sulfate 
(Na2SÛ4) consist ing of two monovalent cations and 
a bivalent anion. Nei ther MgCl2 nor Na2S04 gave 
well-defined chromatograms, but NaCl and KCl gave 

an identical and well-defined chromatogram. In the 
present study, inexpensive NaCl was used exclusively. 
T h e concentrat ion change of a salt in an eluent was 
derived from the balance equa t ion in a cont inuous 
stirred tank reactor (CSTR) as follows: 

CA = CA,o X (v2 ~ vi) X t/V0 (1) 

where t (min): gradient time, CA (mol dm - 3 ) : concentra­
t ion in a gradient-mixer (c') after t minutes , CA,O 
(mol d m - 3 ) : concentrat ion of NaCl (a') fed to a 
gradient-mixer (c')> V\ (=0.5 cm3 m i n - 1 ) : flow rate of 
NaCl (a') fed to a gradient-mixer (c'), V2 (=1.0 cm3 

m i n - 1 ) : flow rate of an eluent (c') fed to an ion-
exchange co lumn, and Vo (cm3): ini t ial volume in a 
gradient-mixer (c') at t=Q. 

Equa t ion 1 was valid only when v^=-2v\. Therefore 
CA was p ropor t iona l to t when V2—2v\. T h i s was 
confirmed by the argentometr ic t i t rat ion of chloride in 
an eluent. 

Selection of an Optimum Buffer Solution. T h e 
buffer solut ions as carrier solut ions of the protein were 
selected on the fol lowing basis. H3BO3-KOH Buffer 
solut ion (Buff-C),1 '6 '8-11* N a 2 H P 0 4 - N a H 2 P 0 4 buffer 
solut ion (Buff-D),7> and N a 2 H P 0 4 - K H 2 P 0 4 buffer 
solut ion (Buff-E)5) were used successfully as carrier 
solut ions of the prote in in FIA and H P L C wi th a C L 
detector wh ich were reported by the authors. T r i s -
HC1 buffer solut ion (Buff-F) was widely used in the 

Table 1. Selection of an Optimum Buffer Solution 

Buffer solution 
Responsea) 

without protein 
Response*0 

with protein 

Buff-C 

Buff-D 

Buff-E 

Buff-F 

Buff-G 

a) Each response shows an absorbance (280 nm) curve 
against a 10-min linear salt-gradient (0—»0.5 mol dm - 3 

NaCl). 
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co lumn charged wi th weakly basic anion-exchange 
resin.1 2 - 1 4 ) Since Buff-C—Buff-F were not suitable for 
the present purpose , as shown from Table 1 and Fig. 3, 
Na2B407-HCl buffer solut ion (Buff-G) was finally 
selected so as to satisfy the following two conditions: 1) 
T h e buffer solut ion was a round p H 8 which was 
generally used in anion-exchange chromatography of 
proteins, and 2) the buffer solut ion did not give any 
slightly soluble copper(II) precipitate or stable copper-
(II) complex compound . T o optimize the buffer 
solut ion as a carrier solution, the responses recorded 
us ing the appara tus shown in Fig. 2 (UV) and Fig. 1 
(CL) were examined. T h e results in Table 1 show the 
respeonses obtained app ly ing salt-gradient elut ion 
wi th or wi thou t inject ing 1.0X10 -1 g d m - 3 B 7 G after 
the co lumn in Fig. 2 was equil ibrated wi th various 
buffer solut ions . As can be seen from Tab le 1, Buff-C, 
Buff-D, and Buff-E could no t be used for the 
acquis i t ion of a correct response for protein, bu t Buff-
F and Buff-G gave the possibility for it. 

T h e appl icabi l i ty of Buff-F and Buff-G to a C L 
system was next examined us ing the FIA appara tus 
shown in Fig. 1. T h e results obtained are shown in 
Fig. 3. T h o u g h in case of Buff-F the CL intensity of 
the base-line was small and distinct responses for B y G 
were no t observed, in case of Buff-G the CL intensity 
of the base-line was large and distinct responses for 
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time 
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Fig. 3. Comparison of Buff-F and Buff-G in a CL 
system. Sample: 50 mm3 of 1.0X10~3gdm~3 ByG. 

Table 2. Formation Constant of Cu(II) Complex 

Ligand 

Tris 

EDTA 

NH3 

Formation constant 

logtfi 3.98 ) 
log £2 3.49 
logKs 3.20 J 

logtfi 18.79 

logtfi 4.27 \ 
log #2 3.55 
log £3 2.90 
log £ 4 2.18 > 

log K 10.67 

l o g * 18.79 

log K 12.90 

B 7 G were observed. As can be seen from Tab le 2, the 
result in case of Bufff-F was supposed to be due to the 
complex format ion between Cu(II) and Tr i s as a 
componen t of Buff-F. Accordingly Buff-G was used as 
a carrier solut ion in the following exper iment 
pe r t a in ing to the separation and C L detection of 
proteins. 

Selection of an Optimum Buffer Solution for a 
Cu(II) Catalyst Solution. A mixture sample consist­
ing of 1 .0X10- 3 gdm- 3 Ova and 1 .0X10- 3 gdm- 3 STI 
as model proteins was separated by us ing an appara tus 
in Fig. 1 (CL) and a Cu(II) catalyst solut ion (c) 
con ta in ing Buff-A (Fig. 4). Here, a l inear salt-gradient 
e lut ion was appl ied for 10 minutes in the range of 

J 0. 50 -

-^0.25 Ü 

2 4 6 

Elution time / min 

Fig. 4. Chromatograms for a protein mixture in case 
of Buff-A. Sample: 50 mm3 of 1.0X10"3 g dm"3 Ova 
and 1.0X10-3gdm-3STI. 

ON 

0.50 ~ 

H 0.25 u 

es 

Elution time / min 

Fig. 5. Chromatograms for a protein mixture in case 
of Buff-B. Sample: 50 mm3 of 1.0X10"3 g dm"3 Ova 
and l .0X10- 3 gdm- 3 STI . 
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0->0.5 mol d m - 3 NaCl. Pi , P2 , and P 3 in Fig. 4 showed 
the responses for proteins. T h e dotted l ine showed a 
base-line which was confirmed by a b lank experiment. 
As can be seen from Fig. 4, the dotted l ine (base-line) 
varied markedly wi th the elut ion time. Th i s was 
at tr ibuted to an increase of NaCl concentrat ion wi th 
elut ion t ime in a CL system. 

T o e l iminate the unfavorable effect of NaCl 
concentrat ion on a base-line, Buff-B was used instead 
of Buff-A in Fig. 1. T h e p H at the reaction (j ) between 
Cu(II) and prote in was adjusted to abou t 13, and that 
at flow cell (g) to abou t 10.5, as opt imized in the 
previous paper.7) T h e result was shown in Fig. 5. As 
can be seen from Fig. 5, a satisfactory result almost was 
obta ined wi th a 10-min linear gradient from 0 to 
0.5 mol d m - 3 NaCl. T h o u g h a buffer solut ion 
con ta in ing higher concentrat ion of NaCl was further 
examined, no improvement could be obtained for the 
stabilization of the base-line. 

Effect of Gradient Time. T h e effect of gradient 
t ime on the chromatogram was examined for the 
separat ion of a mixture sample consist ing of 1.0X10-3 

g d m - 3 Ova and 1.0X10 -3 g d m - 3 STI as model pro­

teins (Fig. 6). Here, l inear salt-gradient e lut ion was 
appl ied for 10—50 minutes in the range of 0—>0.5 mol 
d m - 3 NaCl. T h e results showed that separation of pro­
teins was generally improved, bu t their peaks became 
m u c h smaller wi th an increase of elut ion time. 

T h e chromatogram (CL) obta ined wi th a 30-min 
l inear gradient from 0 to 0.5 mol d m - 3 NaCl is shown 
in Fig. 7 together wi th that (UV) obtained wi th a 10-
m i n l inear gradient from 0 to 0.5 mol d m - 3 NaCl . As 
can be seen from Fig. 7, bo th chromatograms were 
roughly s imilar in their shapes, and a CL detector was 
m u c h more sensitive than a UV detector. Separation 
and detection of a mixed sample consist ing of 
1 .0X10- 3 gdm- 3 Ova and 1 .0X10- 3 gdm" 3 STI were 
difficult u s ing a UV detector, bu t those of a mixed 
sample consis t ing of 1.0X10 -4 g d m - 3 Ova and 1.0X 
10~4 g d m - 3 STI were feasible us ing a CL detector. 

Separation of a Mixture Sample . T h e retention 
times of individual proteins were examined wi th a 10-
min linear gradient from 0 to 0.5 mol d m - 3 NaCl 
before the present me thod was appl ied to a mix ture 
sample (Table 3). Since the retent ion times of STI, T I , 
and BSA were far apar t from each other, these proteins 
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Fig. 6. Relationship between elution time and chromatogram. 
Sample: 50 mm3 of 1 .OX 10"3 g dm"3 Ova and 1 .OX 10"3 g dm"3 

STI. 
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1.0 x 10- VH 
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(a) Chromatogram using a UV detector. 
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(b) Chromatogram using a CL detector. 

Fig. 7. Comparison of both detectors for the separa­
tion of a model sample. Sample: Ova and STL 

Table 3. Retention Times of Individual Proteins 

Protein 

Ova 
STI 
TI 
HSA 
BSA 
ByG 
«2M 
Apoferritin 
Conalbumin 

Retention time/min 

2.93, *3.40 
3.57, *4.97 

*2.96 
*5.41 

*5.34, 6.40 
*3.80 
*5.59 
*7.03 
*2.33 

* means the retention time of the principal peak. 

were used for the prepara t ion of a mixed sample and 
the sample so obtained was subjected to separation. 
T h e chromatograms obta ined wi th a 50-min linear 
gradient from 0 to 0.5 mol d m - 3 NaCl us ing a C L 
detector and a UV detector were shown in Fig. 8. As 
can be seen from Fig. 8, the chromatogram obtained by 
connec t ing a C L detector wi th an ion-exchange 
co lumn was almost satisfactory even wi th a hundred th 
of the concentrat ion required for a UV detector. 

0.50 

0.25 
\ 

o 

50 10 20 30 40 

Elution time / min 

(a) Chromatogram using a UV detector. 

Sample: 50mm3 of 1.0 x 10"! g dm"3 TI(P,), 
1.0 x 10-1 g dm"3 STI(P,), 
and 1.0 x 10"l g dm"3 BSA(P3). 

0.50 

0.25 

10 20 30 40 50 

Elution time / min 

(b) Chromatogram using a CL detector. 

Sample: 50 mm3 of 1. 0 x 10~3 g dm"3 TI(P,), 
1.0 x 10-3 g dm-3 STKP,), 
and 1.0 x 10-3 g dm-3 BSA(P3). 

Fig. 8. Ion-exchange chromatograms of a mixture 
sample. 

The High-Sensitive Detection of Proteins by an Ion-
Exchange Chromatograph-CL Detector System. T h e 
high-sensitive ion-exchange ch roma tog raph -CL detec­
tor system for the detection of a small a m o u n t of 
protein was established by connect ing a CL detector 
wi th a high-resolut ion ion-exchange column. Its 
connect ion was made feasible by in t roduc ing a 
Na 2 B 4 07-HCl buffer solut ion (Buff-G; p H 8.04) by 
which a well-defined chromatogram of a protein could 
be obtained wi thou t lowering the resolution of the 
ion-exchange c o l u m n and the sensitivity of the C L 
detector, and by in t roducing a salt-gradient elut ion 
which had no t previously been examined for the 
separat ion and de terminat ion of protein by the 
authors . By injecting 50 m m 3 of mixture sample 
conta in ing each 1.0X10-4 g d m ~ 3 protein (pl=3.9— 
6.8) in to a co lumn and by app ly ing salt-gradient 
e lut ion (0—»0.5 mol d m - 3 NaCl) to the sample for 30 or 
50 min , each prote in could be separated and identified. 
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A C L detector gave a paek even when the protein 
was too di lute to be detected by a UV detector. It also 
gave a peak cor responding to the peak given by a UV 
detector. T h e chromatograms obtained by bo th 
detectors did no t coincide since they were based on 
qui te different principles . T h e results suggest that any 
proteins which can be separated by an ion-exchange 
co lumn may be sensitively detected by the present 
method. 

T h e present study was suppor ted by a Grant- in-Aid 
for Scientific Research No. 63550567 from the Ministry 
of Education, Science and Culture. 
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57Fe-Mössbauer Spectroscopic Study of Ferrocenylruthenocene, 
[l^l^lOFerrocenotlKlJOruthenocenophane, and Reaction 

Products with Some Oxidizing Agents 

Masanobu WATANABE and Hiro toshi SANO* 

Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, Fukasawa, Setagaya-ku, Tokyo 158 
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Ferrocenylruthenocene reacts with sulfuric acid-NH4BF4 to give a mono-oxidized diamagnetic 
ferrocenylruthenocenium BF4~ salt, while it reacts with /?-benzoquinon-BF3(Et20) to give a trioxidized 
paramagnetic ferrocenylruthenocenium (BF4~)3 salt. Mössbauer parameters of the former salt are very similar to 
those of neutral ferrocenylruthenocene, suggesting that the structure of the salt is expressed as 
[Cp(C5H4)Fe(II)(C5H4)CpRu(III)-Ru(III)Cp(C5H4)Fe(II)(C5H4)Cp]2+(BF4-)2 with an antiferromagnetic Ru-
(III)-Ru(III) bond in the solid state. Well-dissolved quadrupole splitting (Q.S.) values observed for the latter 
salt (e.g., 0.61 mm s_1 at 4.2 K) suggest the presence of a kind of intramolecular electronic effect of a 
ruthenocenium moiety on the Fe(III) in the ferrocenium moiety. 

A l though most ferrocene derivatives are oxidized by 
I2 and SuCU, giving paramagne t ic ferrocenium salts, 
ru thenocene reacts wi th the oxidizing agents, giving 
d iamagnet ic adducts determined as [RuCp2]-2i2 and 
[RuCp2]-1.5SnCl4 wi th R u - I and R u - S n bonds , 
respectively, as found in the results of X-ray analysis or 
129I- and 119Sn-Mossbauer spectroscopy.1_3) Moreover, 
we have recently reported that ferrocenylruthenocene 
reacts wi th I2, HgCh, a n d SnCU, giving d iamagnet ic 
adducts wi th R u - I , R u - H g , Fe -Hg , and R u - S n bonds, 
respectively, based on the results of 57Fe- and 119Sn-
Mössbauer and 1 3C-CP-MAS N M R spectroscopies.4"9* 
T h e results show that the ruthenocene moiety is a 
weaker Lewis base than the ferrocene moiety because 

of the 4d-electrons. The re has been no report on the 
ferrocenylruthenocenium and [l]ferroceno[l]rutheno-
c e n o p h a n i u m salts, which have structures wi th well-
separated ferrocence and ruthenocene moieties. T h e 
present study was p lanned to provide informat ion 
about the chemical state of the iron atoms in the 
ferrocenylruthenocenium and [l]ferroceno[l]rutheno-
c e n o p h a n i u m cations by means of 57Fe-Mossbauer 
spectroscopy and other physico-chemical measure­
ments. 

Experimental 

Materials: Ferrocenylruthenocene10* and ferrocenylruthe-

@>—© ©-•-<§) ß^*-® 

Ferrocenylruthenocene Ferrocenylruthenocenyl-

methane 

Fe 
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Scheme 1. 
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nocenylmethane11* were prepared by the method described in 
previous reports. 

[l]Ferroceno[l]ruthenocenophane-l,13-dione (3) was first 
prepared in the present study by the reaction of ruthenocene 
and l.l/-bis(chloroformyl)ferrocene (2) prepared from 1.1'-
ferrocene dicarboxylic acid (1), as shown in Scheme 1. A 
solution of ruthenocene (17.3 g, 0.075 mol) in CH2CI2 
(100 ml) was added to a solution of AICI3 (52 g) in CH2CI2 
(600 ml) at 0 °C and then a solution of (2) (23.3 g, 0.064 mol) 
in CH2CI2 (200 ml) was added as in the case of preparation of 
[1.1 Jferrocenophane-1,13-dione.12) The crude products were 
separated by column chromatography on alumina. A 
purple-red band eluted by CH2CI2-CH3COOC2H5 (9:1) was 
determined to be the compound (3). Purple-red products 
were recrystallized from CHCI3 (10.6 g, 30%). Found: C, 
56.46; H, 3.60%. Calcd for C22Hi602FeRu: C, 56.30: H, 
3.44%. [l]Ferroceno[l]ruthenocenophane (4) was prepared 
by the following method. The compound (3) (4.7 g, 
0.01 mol) was treated with LiAlH4 (7.6 g, 0.2 mol) and AICI3 
(26.8 g, 0.2 mol) in diethyl ether (400 ml). The mixture was 
diluted with water, filtered, and extracted with ether and 
hexane. The crude products were separated by column 
chromatography on alumina. The compound (4) was eluted 
as a yellow band by a mixture of hexane and benzene (1:1). 
The products were recrystallized from hexane mixed with 
benzene as yellow precipitates (4.1 g, yield; 92%). Found: C, 
60.30; H, 4.82%. Calcd for C22H2oFeRu: C, 59.87; H, 4.57%. 

Ferrocenylruthenocene was treated with a stoichiometric 
amount of p-benzoquinone and BF3-Et20 in dry hexane 
mixed with benzene and gave dark brown products. The 
products were recrystallized from nitromethane mixed with 
ether and determined as ferrocenylruthenocenium (BF4~)3. 
Found: C, 35.09; H, 3.33%. Calcd for C2oHi8FeRuB3Fi2: C, 
35.55; H, 2.68%. Ferrocenylruthenocenium BF4~ and PF6~ 
salts were prepared by dissolving the ferrocenylruthenocene 
(100 mg) in 2 cm3 of concentrated H2SO4. The green 
solution was allowed to stand at room temperature for 
15 min and cooled in ice. The cold solution was filtered and 
the filtrate added to a concentrated aqueous solution of 
NH4BF4 or NH4PF6. The solid formed was filtered and 
washed with H2O and dried in vacuo over P2O5. Found: C, 
48.80; H, 4.06%. Calcd for C2oHi8FeRuBF4: C, 47.84; H, 
3.61%. Found: C, 42.98; H, 3.33%. Calcd for C20H18-
FeRuPF6: C, 42.87; H, 3.23%. 

[l]Ferroceno[l]ruthenocenophane was treated with a 
stoichiometric amount of p-benzoquinone and BF3-Et20 in 
dry hexane mixed with benzene. It gave red-brown product, 
which was recrystallized from acetonitrile and determined as 
[l]ferroceno[l]ruthenocenophanium BF4~. Found: C, 50.68; 
H, 3.88%. Calcd for C22H2oFeRuBF4: C, 50.03; H, 3.82%. 
[l]Ferroceno[l]ruthenocenophanium PF6~ and ferrocenyl-
ruthenocenylmethanium PF6~ were prepared under the 
conditions used for the ferrocenylruthenocenium PF6~ salt. 
Found: C, 44.86; H, 3.44%. Calcd for C22H2oFeRuPF6: C, 
45.07; H, 3.44%. Found: C, 44.21; H, 3.45%. Calcd for 
C2iH2oFeRuPF6: C, 43.91; H, 3.51%. [l]Ferroceno[l]ruthe-
nocenophanium picrate salt was prepared by the reaction 
with a stoichiometric amount of p-benzoquinone and a large 
excess of picric acid in benzene. It gave yellow-green 
products, which were recrystallized from acetonitrile and 
determined as [l]ferroceno[l]ruthenocenophanium picrate. 
Found: N, 6.40; C, 50.75; H, 2.95%. Calcd for C28H22O7N3-

FeRu: N, 6.27; C, 50.24; H, 3.31%. [l]Ferroceno[l]rutheno-
cenophane-1,13-dione was treated with p-benzoquinone and 
BF3-Et20 under the conditions used for the [l]ferroceno[l]-
ruthenocenophanium BF4~ salt and gave black products, 
which were recrystallized from acetonitrile and determined 
as l,13-dioxo[l]ferroceno[l]ruthenocenophanium BF4~. 
Found: C, 47.91; H, 3.57%. Calcd for C22Hi802FeRuBF4: C, 
47.51; H, 2.90%. 

Measurements: 57Fe-Mössbauer spectroscopic measure­
ments were carried out by using a 57Co(Rh) source moving 
in a constant acceleration mode. The isomer shift (I.S.) 
value for 57Fe was measured with respect to metallic iron and 
the experimental error of the I.S. and Q.S. values was 
estimated within ±0.02 mm s_1. Cyclic voltammograms 
were obtained by using a Hokuto Denko HB-107A function 
generator and a Hokuto Denko HA-201 potentiostat 
combined with a standard three-elecrtrode configuration. A 
working electrode of platinum button (Beckman) and an 
Ag/AgCl reference electrode were connected via a salt bridge 
containing (0.1 mol dm"3) [(C4H9)4N]C104 in CH3CN. 

Results and Discussion 

Typica l 57Fe-Mossbauer parameters of ferrocenylru­
thenocene, [ l ] ferroceno[l]ruthenocenophane, and the 
related compounds are listed in Tables 1 and 2. 
[ l ]Ferroceno[l]ruthenocenophane-1,13-dione gives a 
relatively smaller Q.S. value (2.21 m m s_1, at 78 K). 
T h i s is probably because of the effect of electron 
attractive carbonyl groups attached to the cyclopen-
tadienyl r ings . T h e values of ferrocenylruthenocene 
(2.36 m m s _ 1 at 78 K) and [l]ferroceno[l]ruthenoceno-
p h a n e (2.41 m m s _ 1 at 78 K) correspond to the value of 
ferrocene itself (2.41 m m s _ 1 at 78 K), suggesting the 
absence of direct interact ion between the Fe and R u 
atoms in the neutra l ferrocenylruthenocene and 
[ 1 ]ferroceno[ 1 ] ruthenocenophane. 

Ferrocenylruthenocene is oxidized by p-benzoqui-
none-BFs(Et20) giving a paramagnet ic ferrocenylru­
thenocen ium (BF4~)3 salt. T h e results of 57Fe-
Mössbauer study of the ferrocenylruthenocenium 
(BF4~)3 salt show that well-resolved Q.S. values are 
observed at temperatures between 4.2 to 300 K, as 
shown in Fig. 1. T h e doublet is ascribed to a low-spin 
Fe(III) species. Most of the ferrocenium salts only 
show a broad singlet l ine in their spectra because of 
fast relaxat ion, as seen in ferrocenium BF4~ salt (Fig. 
3-a). T h e magnet ic susceptibility of the tr icationic 
BF4~ salt shows that the BF4~ salt is paramagnet ic at 
temperatures between 78—300 K; e.g., the effective 
magnet ic m o m e n t is found to be 2.1 B.M. at 78 K, 
which is a little smaller than the value of no rma l 
ferrocenium salt (2.5 B.M. for ferrocenium BF4~ salt). 
These facts suggest that the tricationic ferrocenylru­
thenocen ium (BF4_)3 salt is expressed as [CpFe(III)-
(C5H4)(C5H4)Ru(IV)Cp]3+(BF4-)3. 

T h e results of ESR studies show that the electronic 
configurat ion 2E2g[(alg)2(e2g)3] can be assigned to the 
ferrocenium ground state.13) T h e E2g state is split in to 
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Table 1. 57Fe-Mössbauer Parameters of Ferrocenylruthenocene and Related Compounds 

Compound Temp/K Q.S./mm s"1 I.S./mm s"1 I(II)/I(III)a> 

Ferrocene 
Ferrocenylruthenocene 

Ferrocenylruthenocenylmethane 
Ferrocenylruthenocenium (BF4~)3 

Ferrocenylruthenocenium BF4~ 

Ferrocenylruthenocenium PF6~ 

Ferrocenylruthenocenium BF4~b) 

Ferrocenylruthenocenylmethanium PF6~ 

a) I(II)/I(III) stands for the relative areal intensities of spectral components assigned to Fe(II) and Fe(III) 
state, b) Dispersed in poly(methyl methacrylate). 

Table 2. 57Fe-Mössbauer Parameters of [l]Ferroceno[l]ruthenocenophane and Related Compounds 

Compound Temp/K Q.S./mm s"1 I.S./mm s"1 I(II)/I(III)a> 

[ 1 ]Ferroceno[ 1 Jruthenocenophane 

[ 1 ]Ferroceno[ 1 Jruthenocenophane-1,13-dione 

[ 1 ]Ferroceno[ 1 Jruthenocenophanium BF4~ 

78 
78 
300 
78 
4.2 
78 
300 
78 
190 
300 
78 

190 

78 

78 

2.41 
2.36 
2.29 
2.44 
0.61 
0.59 
0.64 
2.34 
2.33 
2.33 
2.25 
0.34 
2.08 
0.35 
2.32 
0.00 
2.21 
0.00 

0.49 
0.53 
0.53 
0.53 
0.49 
0.45 
0.41 
0.48 
0.47 
0.42 
0.47 
0.47 
0.46 
0.46 
0.48 
0.48 
0.48 
0.49 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
0.32 

0.18 

2.44 

0.64 

[ 1 ]Ferroceno[ 1 Jruthenocenophanium PF6~ 

[l]Ferroceno[l Jruthenocenophanium picrate 

1,13-Dioxo[ 1 ]ferroceno[ 1 ]rutheno-
cenophanium BF4~ 

78 
300 
78 
300 
78 

140 

190 

238 

300 

78 

300 

78 

190 

300 

78 

190 

300 

2.41 
2.40 
2.21 
2.20 
2.23 
0.32 
2.20 
0.29 
2.21 
0.30 
2.20 
0.27 
2.21 
0.27 
2.33 
0.00 
2.35 
0.00 
2.22 
0.00 
2.20 
0.00 
2.20 
0.00 
2.17 
0.34 
2.17 
0.33 
2.13 
0.29 

0.49 
0.45 
0.51 
0.45 
0.51 
0.47 
0.50 
0.46 
0.48 
0.44 
0.45 
0.40 
0.44 
0.38 
0.47 
0.46 
0.42 
0.42 
0.45 
0.46 
0.43 
0.40 
0.40 
0.42 
0.46 
0.45 
0.44 
0.42 
0.42 
0.40 

— 
— 
— 
— 
— 
1.96 

1.71 

1.09 

0.79 

0.54 

0.31 

0.19 

6.18 

5.76 

4.95 

0.38 

0.32 

0.21 

a) I(II)/I(III) stands for the relative areal intensities of spectral components assigned to Fe(II) and Fe(III) state. 

two Kramers doublets . A negligibly small energy Mössbauer l ine (about 0 . 6 m m s _ 1 ) and the smaller 
difference between the two Kramers doublets is k n o w n magnet ic moments found in the ferrocenylrutheno-
to be the reason for the fast re laxat ion t ime and for the cenium (BF4~)3 salt imply a larger energy difference 
b road singlet in 57Fe-Mossbauer spectra of most between the two Kramers doublets in the ferrocenyl-
ferrocenium salts. Therefore, the spl i t t ing of the 57Fe- ru thenocen ium (BF4_)3 salt. T h i s suggests the 
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Fig. 1. 57Fe-Mössbauer spectra of ferrocenylruthe-
nocene (a) and tricationic ferrocenylruthenoce-
nium (BF<r)3 salt (b,c), at indicated temperatures. 

-50 

jj 

j 

3 o 
H 

J 

50 

100 

t 
i \ 
1 \ I V 

a ) / A
 V < ^ 

A 
1 : i V 1 

/-'V? ^ 
— / / ' . - • = » — » 

/ / ••/"' S 

'-- -h< I j 
--'-" x j / 

- CA: K / 
/ v*- / r r o i 

/ c ) \ '< \ \ u f 

/ \// V 
_ ̂  }J 

\ I j 
\ E o x / v ! 

— L 1 1 1 1 1 1 » 1 
1.0 0.0 

Potential/V 

Fig. 2. Cyclic voltammograms of ferrocenylruthe-
nocene (a), ferrocene (b), and ruthenocene (c) in 
acetonitrile. (Sweep rate; 300 mV s_1). 

presence of some k ind of electronic effect of a 
ru thenocen ium moiety on the Fe(III) ion in the 
ferrocenium moiety. T h e tricationic BF4~ salt is so 
unstable that h igh spin Fe(II) species are observed in 
the Mössbauer spectroscopic measurement when the 
salt stands at room temperature for a few days. 

T h e results of the cyclic vo l tammography of 

ferrocenylruthenocene show a reversible one-electrpn 
oxidat ion peak (£ox; 0.45 V) and two irreversible one-
electron ox ida t ion peaks (£ox; 0.85 and 0.92 V), as 
i l lustrated in Fig. 2. Based on the results of cyclic 
vo l t ammography of ferrocene (£ox; 0.44 V) and ru­
thenocene (£ox; 0.72 V), the former value (0.45 V) can 
be ascribed to an oxidat ion of a ferrocene-type i ron 
a tom and the latter (0.85 and 0.92 V) to that of a 
ruthenocene- type r u t h e n i u m atom. T h i s indicates 
that R u a tom is less easily oxidized than the Fe a tom in 
ferrocenylruthenocene. Actually ferrocene is oxidized 
in sulfuric acid and dichlorodicyanobenzoquinone, 
g iving the green ferrocenium salt, bu t ruthenocene is 
not oxidized by the same treatment. 

Ferrocenylruthenocene is mono-oxidized in sulfuric 
acid, g iving a green-colored solut ion characteristic of 
ferrocenium salts. Addit ion of a concentrated aqueous 
solut ion of NH4BF4 to the green colored solut ion gives 
red-brown precipitates determined as ferrocenylruthe-
n o c e n i u m BF4-. N o peak is observed in XH and 
1 3 C N M R spectra of ferrocenylruthenocenium BF4-
salt dissolved in acetonitri le probably because of the 
pa ramagne t i sm of the monomer ic cations, bu t sharp 
signals are observed in 13C-CP-MAS N M R spectra of 
the BF4~ salt in the solid state. T h i s indicates that the 
paramagnet i sm of monomer ic ferrocenylruthenoce­
n i u m cat ion should be quenched th rough an antifer-
romagnet ic interaction by p roduc ing dimeric cations. 
T h e magne t ic susceptibility study shows that the BF4-
salt is d iamagnet ic at temperatures from 78 to 300 K. 

Figures 3-b and -c show the 57Fe-Mossbauer spectra 
of the ferrocenylruthenocenium BF4~ salt, where only 
one k ind of chemical state is observed for the i ron 
species and the Mössbauer parameters correspond well 
to those of ferrocenylruthenocene itself. T h e absence 
of either a broad singlet l ine or an anomalously larger 
Q.S. l ine than that of ferrocenylruthenocene indicates 
that the ferrocene moiety of the ferrocenylrutheno­
cenium is neither oxidized to ferrocenium nor b o u n d 
wi th an Fe-Fe bond ing as described in [(CsH4)CpRu-
(C5H4)CpFe-FeCp(C5H4)RuCp(C5H4)]2 + in a solid. 
However, the BF4~ salt is so uns table in solut ion that 
the d iamagnet ic BF4~ salt dissolves in acetonitrile 
c h a n g i n g in to a paramagnet ic ferrocenium salt. T h i s 
suggests the dissociation of the dimeric BF4~ salt to a 
monomer ic ferrocenylruthenocenium salt in solution. 

Ferrocenylruthenocene is oxidized in sulfuric acid 
conta in ing NH4PF6, giving deep purp le precipitates 
determined as ferrocenylruthenocenium PF6~. In 
contrast wi th the diamagnet ic BF4~ salt, the PF6~ salt 
is pa ramagne t ic from 78 K to 300 K. T h e effective 
magnet ic m o m e n t of the P F Ö - salt is found to be 
2.0 BM at 300 K which is smaller than the value of 
no rma l ferrocenium salts. In the spectrum of the PF6~ 
salt measured at 78 K, two kinds of chemical states of 
i ron species are observed, as shown in Table 1 and Fig. 
4(a—c). T h e componen t wi th a smaller Q.S. value 



March, 1990] 57Fe-Mössbauer Studies of Ferrocene Derivatives and Their Salts 781 

100 

92 

100 

L. >*t*i*<*Atv< 

" • * * . . 

Ä*W*»YV 
a) 

78 K 

h Ar^V-V . ^ j * ^ f ^ v V 

96 

b) 

78 K 

100 

98 

» . • 300 K 

• * / 

1 t 1 1 

Velocity/mm s 

Fig. 3. 57Fe-Mössbauer spectra of ferrocenium BF4~ 
(a) and ferrocenylruthenocenium BF4" (b,c) salts, 
at indicated temperatures. 
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Fig. 4. 57Fe-Mössbauer spectra of ferrocenylruthe­
nocenium PF6~ (a—c) salt and ferrocenylruthenoce­
nium BF4~ salt in poly(methyl methacrylate) (d), at 
indicated temperatures. 

(2.25 mm s_1) than the value of neutral ferrocene is 
ascribed to a low-spin Fe(II) species and the other 
component with a small Q.S. value (0.34 mm s_1) to a 

low-spin Fe(III) species, although all the mononuclear 
ferrocene and ferrocenium derivatives are known to 
show only a single spectral component in their 
spectra. Moreover, areal intensity of the Fe(III) is 
much larger than that of Fe(II). The facts indicate that 
a large portion of ferrocene moiety (more than 77% at 
78 K) of the ferrocenylruthenocene is oxidized into 
ferrocenium in the ferrocenylruthenocenium PF6~. 

All the results obtained in the present study suggest 
that the difference of Môssbauer and magnetic 
properties of the ferrocenylruthenocenium BF4~ salt 
from those of the PF6 - salt in the solid state could not 
be interpreted in terms of an intramolecular effect in a 
monomeric cation. However they could be interpreted 
by assuming an intermolecular effect such as forma­
tion of dimeric cations. In order to confirm this 
conclusion, ferrocenylruthenocenium BF4~ was dis­
solved in acetonitrile and dispersed in poly(methyl 
methacrylate). In the Môssbauer spectrum of the salt 
measured at 78 K, two kinds of iron atoms were 
observed; one is in an Fe(II) state and the other is in an 
Fe(III) state, as shown in Fig. 4-d. This Môssbauer 
spectrum is very different from that of the dimeric BF4-
salt in a solid (shown in Fig. 3-b,c) and similar to that 
of ferrocenylruthenocenium PF6~, except for the areal 
intensities of spectral components assigned to Fe(II) 
and Fe(III). Based on the fact that ferrocenylrutheno­
cene is not oxidized in acetonitrile with poly(methyl 
methacrylate), it can be concluded that dissociation of 
the dimeric BF4~ salt gives a monomeric ferrocenyl­
ruthenocenium BF4~ salt in the solution. 

Droege et al. already reported that oxidation of 
osmocene by Ce(NH4)2(NOs)6 and NH4PF6 gives a 
diamagnetic [Cp20s]2(PF6)2. salt and determined the 
crystal structure by using X-ray diffraction, conclud­
ing that the two osmocenium cations are jointed by an 
Os(III)-Os(III) bond; [Cp2Os-OsCp2]2+(PF6-)2.14) Based 
on the analogy to the dimeric osmocenium PF6~ salt 
and the absence of an Fe-Fe bond in the ferrocenyl­
ruthenocenium BF4~ salt, it may be reasonable to 
assume that the reaction product of ferrocenylrutheno­
cene with H2SO4-NH4BF4 is expressed as [Cp(CsH4)-
Fe(II)Cp(C5H4)Ru(III)-Ru(III)(C5H4)CpFe(II)(C5H4)-
Cp]2+(BF4-)2 with a Ru(III)-Ru(III) bond in a solid, 
although the metal-metal chemical bond may be 
unstable in solution probably because of dissociation 
of the dimer cation; i.e., the dimeric BF4~ diamagnetic 
cation dissolves in acetonitrile, giving a monomeric 
[Cp(C5H4)Fe(III)Cp(C5H4)Ru(II)]+BF4- paramagnetic 
cation. On the other hand, ferrocenylruthenocenium 
PF6- salt can be expressed as [Cp(C5H4)Fe(III)Cp-
(C5H4)Ru(II)]+PF6~ including a small amount of 
[Cp(C5H4)Fe(II)Cp(C5H4)Ru(III)-Ru(III)(C5H4)CpFe-
(II)(C5H4)Cp]2+(PF6-)2. This assumes that the antifer-
romagnetic Ru(III)-Ru(III) bond in the PF6- salt is 
not as stable as in the BF4- salt. 

All attempts to prepare [Cp2Ru(III)-Ru(III)Cp2]2+ 
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cation by means of chemical and electrochemical 
oxidation of ruthenocene have been unsucessful, 
probably because of the instability of the Cp2Ru+ 
cation. Based on the results of electrochemical studies, 
it is known that osmocene is oxidized in two one-
electron steps (£i/2, 0.75 and 1.37 V), while rutheno­
cene in a two-electron step (£1/2, 0.78 V).15»16) The 
ruthenocene moiety of ferrocenylruthenocene is found 
to be oxidized in two one-electron steps (£ox, 0.85 and 
0.92 V), associated with an antiferromagnetic bond 
formation, Ru(III)-Ru(III). 

[l]Ferroceno[l]ruthenocenophane was prepared in 
the present study by reduction of [l]ferroceno[l]-
ruthenocenophane-l,13-dione, as shown in Scheme 1, 
in order to improve the poor yield in Westerhoff's 
method.17* Studies of the cyclic voltammography of 
[l]ferroceno[l]ruthenocenophane show a reversible 
one-electron oxidation peak (£ox; 0.39 V) and an 
irreversible two-electron oxidation peak (£ox; 0.89 V). 
The former value (0.39 V) is ascribed to the oxidation 
of ferrocene-type Fe atoms and the latter (0.89 V) to 
that of ruthenocene-type Ru atoms. 

[l]Ferroceno[l]ruthenocenophane is easily oxidized 
by p-benzoquinone-BF3(Et20) in benzene, giving a 
paramagnetic dark brown [l]ferroceno[l]ruthenoceno-
phanium BF4~ salt. The effective magnetic moments 
of the BF4- salt is found to be 2.0 BM at 300 K. This 
value corresponds well with the value for the 
ferrocenylruthenocenium PF6~ salt (2.0 BM at 300 K). 
57Fe-Mossbauer spectroscopic studies of [l]ferroceno-
[l]ruthenocenophanium BF4~ salt show that two 
chemical states of the iron species are observed, as 
shown in Table 2 and Fig. 5. The component with a 
little smaller Q.S. value (2.23 mm s_1) than the value of 
neutral metallocene is ascribed to a low-spin Fe(II) 
species and the other component with a small Q.S. 
value (0.32 mm s_1) to a low-spin Fe(III) species. 
Moreover, the decreased intensity in the large Q.S. 
component and the increased intensity in the small 
Q.S. component are observed with increasing temper­
ature. I(II) and I(III) in Tables 1 and 2 stand for the 
relative areal intensities of the spectral components 
assigned to the Fe(II) and Fe(III) state respectively. 
The intensity ratio, I(II)/I(III), in [l]ferroceno[l]-
ruthenocenophanium BF4~ is found to be 1.96 and 0.54 
at 78 and 300 K, respectively. The temperature 
dependence of the intensity ratio of I(II)/I(III) is much 
larger than those found in a number of mixed-valence 
(trapped-valence type) biferrocene derivatives. This 
indicates that the large temperature dependence of the 
areal intensities of the Fe(II) and Fe(III) state in the 
[l]ferroceno[l]ruthenocenophanium BF4- salt cannot 
be ascribed to the difference in the recoil-free fraction 
of the iron atoms in the molecule. 

Based on the results of ferrocenylruthenocenium 
BF4~ and PF6~, it is reasonable to assume that the 
[l]ferroceno[l]ruthenocenophanium BF4~ salt has an 
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Fig. 5. 57Fe-Mössbauer spectra of [l]ferroceno[l]-
ruthenocenophanium BF4~ salt, at indicated tem­
peratures. 

antiferromagnetic Ru(III)-Ru(III) bond at lower tem­
peratures, although the Ru-Ru bond is more unstable 
than that of ferrocenylruthenocenium BF4~ salt. This 
is probably because of steric hindrance in the 
[l]ferroceno[l]ruthenocenophanium salt. It is found 
that the Ru(III)-Ru(III) bond in the dimeric BF4" salt 
dissociates easily at higher temperatures giving a 
monomeric [(C5H4)2Fe(III)(CH2)2(C5H4)2Ru(II)]+BF4-
salt. Therefore, it is concluded that the [l]ferroceno-
[l]ruthenocenophanium BF4~ salt is expressed as 
[(C5H4)2Fe(II)(CH2)2(C5H4)2Ru(III)~Ru(III)(C5H4)2(CH2)2-
Fe(II)(C5H4)2]2+(BF4~)2 including a small amount of 
[(C5H4)2Fe(III)(CH2)2(C5H4)2Ru(II)]+BF4- in the solid 
at low temperatures. 

[l]Ferroceno[l]ruthenocenophane is also oxidized 
by p-benzoquinone-picric acid in benzene, giving a 
paramagnetic green-yellow [l]ferroceno[l]ruthenoceno-
phanium picrate salt. The effective magnetic moments 
of the picrate salt is found to be 1.6 BM at 300 K, which 
is much smaller than the value of normal ferrocenium 
salts (2.4—2.6 BM). A ferrocene-type Mössbauer line 
component (Q.S. 2.22 mm s"1 at 78 K) with a small 
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a m o u n t of ferrocenium-type Mössbauer line com­
p o n e n t is observed in the Mössbauer spectra of the 
picrate salt, as shown in Fig. 6-a and -b, a l t hough the 
temperature dependence of the intensity rat io is m u c h 
smaller than that of the BF4~ salt. T h e facts indicate 
that an antiferromagnetic Ru(III)-Ru(III) bond is 
more stable in the picrate than in the BF4~ salt. T h e 
picrate salt is expressed as [(C5H4)2Fe(II)(CH2)2(C5H4)2-
Ru(III)-Ru(III)(C5H4)2(CH2)2(C5H4)2Fe(II)]2+(picrate)2 
inc lud ing a small a m o u n t of [(C5H4)2Fe(III)(CH2)2-
(C5H4)2Ru(II)]+ picrate, as in the case of the BF4- salt. 

Contrary to the picrate salt, [ l ] ferroceno[l]rutheno-
c e n o p h a n i u m PF6~ salt gives ferrocenium type 
Mössbauer lines wi th a small por t ion of ferrocene 
type's l ine componen t , as shown in Fig. 6-c and -d. 
T h e fact that the Mössbauer spectroscopic features of 
the [ l ] fe r roceno[ l ] ru thenocenophanium PF6~ salt are 
similar to those of the ferrocenylruthenocenium PF6~ 
suggests that the ant iferromagnetic Ru(II I ) -Ru(II I ) 
bond is unstable in the [ l]ferroceno[l]ruthenoceno-
p h a n i u m PF6~ salt. T h e PF6~ salt is expressed as 
[(C5H4)2Fe(III)(CH2)2(C5H4)2Ru(II)]+PF6- inc lud ing a 
small a m o u n t of [(C5H4)2Fe(II)(CH2)2(C5H4)2Ru(III)-

Ru(III)(C5H4)2(CH2)2(C5H4)2Fe(II)]2+(PF6-)2. 

[ 1 ]Ferroceno[ 1 ] ruthenocenophane-1,13-dione was 
first prepared in the present study. T h e cyclic 
vo l t ammography of the [ l]ferroceno[l]ruthenoceno-
phane-1,13-dione shows a reversible one-electron 
oxidat ion peak (Eox; 0.92 V, assigned to ferrocene 
moiety) and an irreversible two-electron oxidat ion 
peak (1.21 V, assigned to ru thenocene moiety). T h e 
m u c h h igher values than those of ferrocenylrutheno-
cene and [ l ] ferroceno[l ] ruthenocenophane are ascrib­
ed to the effect of an electron-attractive carbonyl 
groups. [ 1 ]Ferroceno[ 1 ]ruthenocenophane-1,13-dione 
is oxidized by p-benzoquinone and BF3-Et20 as in the 
case of ferrocenylruthenocenium BF4-, giving a 
paramagnet ic (effective magnet ic moment , 2.1 BM at 
300 K) dark b rown l ,13-dioxo[l]ferroceno[l]rutheno-
c e n o p h a n i u m BF4- salt. T h e two types of i ron a toms 
(Q.S.; 2.17 m m s"1, assigned to Fe(II) and 0.34 m m s"1 

to Fe(III) species, bo th at 78 K) are observed. T h e 
m u c h larger areal intensity of the Fe(III) componen t 
than that of Fe(II) suggests that the antiferromagnetic 
Ru(I I I ) -Ru(I I I ) b o n d is uns table in the BF 4 " salt, 
probably because of the effect of electron attractive 
carbonyl g roups on the e2g electrons of the R u a tom. 
T h e BF 4 - salt is expressed as [(C5H4)2Fe(III)(CO)2-
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(C5H4)2Ru(II)]+BF4~ inc lud ing a small a m o u n t of 

[(C5H4)2Fe(II)(CO)2(C5H4)2Ru(III)-Ru(III)(C5H4)2-
(CO)2(C5H4)2Fe(II)]2+(BF4-)2. 

T h e ferrocene moiety is so separated from a 
ru thenocene moiety in a ferrocenylruthenocenylmeth-
ane molecule compared in ferrocenylruthenocene that 
the Fe and R u atoms canno t directly interact wi th each 
other. Ferrocenylruthenocenylmethane reacts wi th 
sulfuric acid con ta in ing NH4PF6, giving a monocat-
ionic ferrocenylruthenocenylmethanium PF6~ salt. 
In the Mössbauer spec t rum of the salt, two types of 
i ron a toms (Q.S., 2.21 m m s_1, ascribed to ferrocene 
type and 0.0 m m s_1, to ferrocenium type) are observed, 
as seem in Fig. 7-c. Because there is no possibility of 
an in t ramolecular electron-transfer process between 
the R u and Fe atoms, the presence of Fe(II) componen t 
in the P F 6 " salt suggests the Ru(III) -Ru(III) bond 
formation in the salt, a l though the Ru(III ) -Ru(III ) 
b o n d may not be as stables as that of ferrocenyl-
ru thenocen ium BF4~. 

All the results ob ta ined in the present studies 
suppor t the relatively stable chemical-bond formation 
between the Ru(III) and Ru(III) a toms in ferrocenyl-
ru thenocen ium BF4~ and [l]ferroceno[l]ruthenoceno-
p h a n i u m picrate salt. Further studies must be 
conducted to provide direct evidence to prove the 
Ru(I I I ) -Ru(I I I ) coordina t ion bond in the salts by 
us ing " R u Mössbauer spectroscopy a n d / o r single 
crystal X-ray analysis. 
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X-Ray Structural Studies of Green and Brown Crystals of trans-
[CoCl2(N48)]X (N48= 1,4,7,10-Tetraazacyclopentadecane, 

X = N 0 3 - , BF4-, and CIO4-) 
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Crystal structures of green (X=N03-(1), BF4"(2)) and brown (X=BF4
_(3) and C104~(4)) salts of trans-

[CoCl2(N48)]X (N48= 1,4,7,10-tetraazacyclopentadecane) were determined by an X-ray diffraction method. The 
complex cation is a RSSR(SRRS) isomer for the four chiral nitrogen atoms and has approximate C2 symmetry. 
Green crystals 1 and 2 are monoclinic and have the chiral space group P2i, comprising one antipode of the 
complex ion by spontaneous resolution, whereas brown crystals 3 and 4 are orthorhombic and a racemate. The 
eight-membered chelate ring formed by the N48 ligand and the Co atom takes a distorted boat-boat (BB) form in 
1 and 2, whereas the conformation is disordered in 3 and 4 with BB (40%) and distorted twist-boat-chair (TBC; 
60%) forms at room temperature. At 113 K, the eight-membered chelate ring in 4 takes exclusively the TBC form. 
The crystal data are as follows: [CoCl2(CiiH26N4)]X, monoclinic NO3 salt, 1, P2i, a=9.672(3), 6=12.285(5), 
t=7.051(2) A, 0=94.70(3)°, J/=835.0(5) A*, Z=2, T=300(1)K, final R=0.037 for 2381 reflections. Monoclinic 
BF4 salt, 2, P2i, a=9.857(2), 6=12.694(2), c=7.065(l)A, 0=94.34(2)°, F=881.5(2)A3, Z=2, T=300(1)K, final 
7?=0.031 for 1880 reflections. Orthorhombic BF4 salt, 3, Pcab, a=12.816(l), 6=22.359(2), c=12.388(l)A, 
J/=3549.8(5) A3, Z=8, T=300(l) K, final 7?=0.095 for 2086 reflections. Orthorhombic C104 salt at 300(1) K, 4a, 
Pcab, a=12.829(l), 6=22.376(2), c=12.425(l)A, J/=3566.7(6)A3, Z=8, final R=0.070 for 1764 reflections; 
orthorhombic C104 salt at 113(2)K, 4b, a= 12.630(2), 6=22.276(5), c= 12.354(2) A, F=3475.7(11)A3, final 
R=0.109 for 2215 reflections. 

D u r i n g our study of 1,4,7,10-tetraazacycloalkane 
cobalt(III) complexes,1* we found that trans-[CoCh-
(N48)]X (N48=l,4,7,10-tetraazacyclopentadecane), in 
which the complex ion is a racemate wi th RSSR and 
SRRS configurat ions for the four chiral n i t rogen 
a toms and has approx ima te C2 symmetry, crystallizes 
in different colors; the BF4~ and C10 4

_ salts form green 
and b rown crystals, whi le the NC>3~ salt only green 
ones. T h e green crystals turn blue-green and the 
b rown ones yellow-green at l iqu id ni t rogen temper­
ature, bu t in solut ion all of these crystals show the 
same 13C N M R and electronic spectra. 

T o examine molecular structures of these crystals, 
X-ray structure analyses of the green NC>3~ (1), the 
green BF4~(2), the b rown BF4~(3) and the b rown C1C>4~ 
(4a) salts, and the b r o w n CIO4- salt at 113 K (4b) have 
been carried out. T h e paper also reports electronic 
spectra in the solid state of the green BF4~ and b rown 
CIO4- salts at 303 and 113 K. 

Experimental 

Green crystals of 1 (monoclinic) were grown by slow 
evaporation of a methanol solution of the complex chloride1* 
containing a few drops of 60% nitric acid. Green and brown 
crystals of 2 (monoclinic) and 3 (orthorhombic), respectively, 
and brown crystals of 4 (orthorhombic) were grown by 
keeping nitromethane solutions of the respective complex 
saltsx) and diethyl ether in a desiccator. Two types of crystals 
grow simultaneously, but can be easily distinguished by 
their crystal habit. Monoclinic crystals are prisms surround­
ed by {100}, {010}, {001}, and {Oil} planes. Orthorhombic 
ones are bipyramids with forms {111}. 

Experimental conditions and refinement information are 
listed in Table 1. Intensities were measured on a Rigaku 
AFC-5 four circle diffractometer with graphite-monochro-
matized Mo Ka radiation (A=0.71073 A) up to 20=55° (20=60° 
for 1). The co scan technique was employed for orthorhom­
bic crystals because of the broad peak profile. Data collec­
tion of 4b at 113 K was carried out in a stream of cold 
nitrogen gas. Systematic absences of the monoclinic 
modification suggested the space group P2i or P2i/m. Since 
Z=2 and the complex cation can neither lie on the special 
positions with site symmetry m nor those with /, the space 
group was deduced to be P2i. Lattice constants were obtain­
ed from 18—25 20 values (2O°<20<3O°). 

The structures were solved by the Patterson-Fourier 
method. The function Ew(|F0 | —|FC|)2 was minimized by 
block-diagonal least-squares refinement with weight w~1=o2-
(\F0\)+(0.015|FO|)2. Complex neutral-atom scattering factors 
were used.2) The calculations for 1 were carried out on a 
HITAC M-680H computer at the Computer Center of 
Institute for Molecular Science and those of other complexes 
were performed on a FACOM M-380R computer at Keio 
University with the program system UNICS III.* The final 
atomic parameters are listed in Table 2.4) All the hydrogen 
atoms in 2 and 21 of 26 hydrogen atoms in 1 were found on 
the different synthesis. The structural chirality was 
determined by the anomalous-scattering technique. For 3 
and 4, more than two possible positions were recognized for 
the C(8), C(9), and C(10) atoms of the eight-membered 
chelate ring. Thus the split atom model was adopted to 
construct several possible forms of the carbon chain. 
Because there were ambiguity which atoms are bonded or 
not, it was difficult to create the model structure. The 
populations of the atoms were estimated with the condition 
that the isotropic thermal parameters should be nearly equal 
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to each other. The number of hydrogen atoms found on 
difference synthesis was 19 and 13 among 26 for 3 and 4a, 
respectively. The hydrogen atoms bonded to the carbon 
atoms in the eight-membered chelate ring were not taken 
into account because of the disordered structure. Aniso­
tropic thermal parameters were introduced for all the non-
hydrogen atoms except for the B atom of 3 and C(9B) and 
C( 11 ) atoms of 4b. The proposed split atom model seems to 
represent the disordered structure adequately although small 
residual electron densities remained on the difference maps. 
Bond distances and angles in the disordered carbon chain 
were 1.18(5)—1.79(7) Â and 93(2)—142(3)°. 

Electronic Spectra in the solid state were obtained on a 
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HITACHI U-3400 spectrometer. A nujol mull sample was 
coated on a quartz glass plate, and the plate was covered with 
a polyethylene film. The diffuse transmission light passed 
through the sample was collected on a integrating sphere 
and detected. Measurements at 113 K were carried out with a 
stream of cold nitrogen, and the temperature was monitored 
by a Cu-constantan thermocouple. 

Results and Discussion 

Crystal data show that the green and brown crystals 
are monocl in ic and o r thorhombic modifications, 
respectively, irrespective of the counter anions NO3""", 

cid) 

cid) 

Q C(3) 
C ( A ) | ^ i C(2) 

cd) 

(4b) 

CK2) 

C3) 

Fig. 1. ORTEP drawings5* with 10% probability ellipsoids. In 3 and 4 the conformation 
of the eight-membered chelate ring is disordered. The numberings of disordered atoms 
are given in Fig. 2. 
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BF 4 - , and OCX" (Table 1). Perspective views of the 
complexes in 1—4, and the side views of the eight-
membered chelate r i ng are presented in Figs. 1 and 2, 
respectively. T h e b o n d lengths and bond angles in the 
complex cation are listed in Tab le 3. Tab le 4 lists the 
hydrogen bonds. They are formed exclusively between 
the four-l igat ing n i t rogen atoms of the complex 
cat ions and the oxygen or fluorine a toms of the 
counter anions . Complex cations and anions are held 
together by these hydrogen bonds. In all crystals, the 
complex cations have a RSSR(SRRS) configurat ion 
for the four n i t rogen a toms of the N48 l igand. T h e 
conformat ion of the eight-membered chelate r ings, 
however, differs noticeably, reflecting the flexibility of 
the eight-membered chelte r ing. Green crystals 1 and 2 

have the chiral space g r o u p and comprise one 
an t ipode of the complex ion, whereas b rown crystals 3 
and 4 are a racemate. T h e structural chiralities of the 
crystals of 1 and 2 used for X-ray work happened to be 
the same (SRRS). T h e a tomic parameters of 3 and 4 in 
Tab l e 2 were selected to represent the asymmetric 
n i t rogen atoms, SRRS for convenience of compar ison 
wi th 1 and 2. T h e five-membered chelate r ings 
involving N( l ) -C( l ) -C(2) -N(2) and N(3)-C(5)-C(6)-
N(4) moieties take a distorted envelope conformation, 
whi le that involving the N(2)-C(3)-C(4)-N(3) moiety a 
gauche one. T h e chelate angle of N( l ) -Co-N(4) for 
the e ight-membered chelate r i ng is from 104.0(1) to 
107.2(3)°. T h e C o - N ( l ) and Co-N(4) bond lengths are 
2.017(3)—2.048(8) Â, which is longer by ca. 0.1 Â than 
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Fig. 2. Side views of the eight-membered chelate rings. 
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the Co-N(2) and Co-N(3) bonds, 1.920(5)—1.952(4) Â. 
The fairly large distortion from the regular octahedron 
indicates a strained structure of the N48 ligand 
involving the planar arrangement of three five-
membered chelate rings8) and a medium-sized eight-
membered chelate ring.1»® 

The conformations of the eight-membered chelate 
rings in 1 and 2 are similar and take a distorted boat-
boat (BB) form, which can be assigned from the endo-
cyclic torsion angles.6) On the other hand, the confor­
mation is disordered in 3 and 4. A distorted twist-boat-
chair (TBC) form (60%) is also observed besides the BB 
one (40%) at room temperature, although the central 
C(9) atom in the TBC form of 3 occupies two pos­
sible positions in the ratio of 2:1 (Fig. 2 and Table 2). 
At 113 K, the population of the TBC form in 4b is 
estimated to be 100%, where the central C(9) atom 
occupies two possible positions in the ratio of 3:2. The 
temperature dependence of the population in 4a and 
4b suggests that the BB form is slightly less stable than 
the TBC form in crystals of the orthorhombic 
modification. It is reported that the conformational 
disorder of ethylenediamine (en) chelate rings (8 or X) 
in [Cr(en)3](SCN)3-0.75H2O at 293 K disappears at 
113 K, forming the lel3 (A(ôôô), A(XXX)) conforma­
tion.1® Conformational studies of the five-, six-, and 
seven-membered chelate rings revealed that the chelate 
rings become more flexible in this order.n) The above 
observations indicate that the eight-membered chelate 
rings are more flexible and sensitive to the molecular 
environment. The molecular-mechanics calculation is 
needed for further discussion on the flexibility of the 
eight-membered chelate ring.12) 

The electronic spectra in the d-d transition region of 
green 2 and brown 4 crystals are shown in Fig. 3. The 
lowest energy band (2: 15700 cm -1, 4: 15400 cm -1) can 
be assigned to one split component (la) of the first d-d 
band, and the two shoulders around 20000—25000 
cm - 1 (2: ca. 21000 and 22500 cm -1 , 4: ca. 20500 and 
22000 cm -1) to the other split component (lb) and the 
second d-d band, respectively. All the bands of 2 are 
shifted by 300—700 cm - 1 towards higher energy than 
the corresponding bands of 4 at either temperature. 
The complex in CH3CN solution shows the corre­
sponding bands at 15800, 20900, and 22700 cm-1.1) At 
113 K, the bands of both 2 and 4 show a small blue 
shift (ca. 100 cm -1), and become a little sharp with 
appearance of a new band around 26000 cm -1. The 
origin of the new band is not clear, but the band may 
be assigned to a split component of the second d-d 
band. No apparent spectral difference is seen between 
green 2 and brown 4. 
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Table 2. Positional Parameters (X104; X105 

for Co of 2) and Equivalent Isotropic 
Temperature Factors7) 

Table 2. Table 2. (Continued) 

Co 
Cl(l) 
Cl(2) 

O(l) 
0(2) 
0(3) 
N(l) 
N(2) 
N(3) 
N(4) 
N(5) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 

Co 
Cl(l) 
Cl(2) 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
B 
F(l) 
F(2) 
F(3) 
F(4) 

Co 
Cl(l) 
Cl(2) 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 

Q2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8A)b> 
C(8B)C> 

X 

2999(1) 
3009(1) 
2949(1) 

-2527(5) 
-3411(5) 
-1219(5) 
3348(4) 
5014(3) 
3031(4) 
912(3) 

-2384(5) 
4892(6) 
5648(5) 
5422(5) 
4381(6) 
1753(6) 
578(5) 
-74(5) 
200(7) 
127(9) 

1148(7) 
2678(7) 

30550(4) 
3107(1) 
3015(1) 
3351(4) 
5019(3) 
3090(3) 
1013(3) 
4869(5) 
5646(4) 
5447(4) 
4442(4) 
1851(4) 
705(4) 
88(4) 

344(5) 
175(6) 
1162(5) 
2664(5) 
7706(5) 
7557(4) 
7378(4) 
9069(3) 
7030(5) 

4707(1) 
3831(2) 
5635(2) 
5917(6) 
4358(6) 
3387(6) 
4891(6) 
5864(10) 
4774(10) 
3244(9) 
3043(8) 
3438(9) 
3892(9) 
5229(13) 
6438(16) 
5998(27) 

y 

l 
oa> 

1262(1) 
-1275(1) 

-27(6) 
-1383(5) 
-1307(5) 
-1143(4) 

37(5) 
1202(4) 
93(4) 

-910(4) 
-1262(6) 
-258(6) 
1052(6) 
1246(5) 
1164(5) 
1019(5) 
182(6) 

-523(6) 
-1724(6) 
-2287(5) 
-2220(5) 

2 
0a> 

1093(1) 
-1118(1) 
-1198(3) 

23(4) 
1240(2) 
126(3) 

-1373(4) 
-381(4) 
1060(4) 
1336(4) 
1267(3) 
1067(3) 
168(4) 

-608(4) 
-1773(4) 
-2257(4) 
-2247(4) 
-946(4) 

79(3) 
-1617(3) 
-1146(3) 
-1193(4) 

3758(1) 
4385(1) 
3131(1) 
4353(4) 
4199(3) 
3349(4) 
3151(4) 
4746(5) 
4816(4) 
4110(5) 
3452(6) 
2744(5) 
2794(5) 
3310(7) 
3285(9) 
3809(16) 

Z B/B 

2096(1) 
4423(1) 
-242(2) 

-1878(7) 
-559(9) 
-804(8) 
4167(6) 
2055(5) 
339(5) 
1656(5) 

-1067(6) 
4525(9) 
3969(8) 
1206(8) 
-466(7) 
-983(7) 
302(8) 

3189(7) 
4918(8) 
4724(10) 
3547(8) 
4126(9) 

23358(6) 
4849(1) 
-191(1) 
4196(5) 
2294(4) 
739(4) 
1945(4) 
4505(8) 
4113(7) 
1616(7) 
-18(6) 

-561(5) 
705(6) 

3516(6) 
5116(7) 
4672(8) 
3387(7) 
4008(8) 
9021(8) 
8459(5) 
7569(5) 
9507(5) 
10549(8) 

3562(1) 
4674(2) 
2508(2) 
3674(6) 
2260(6) 
3304(6) 
4767(6) 
2662(10) 
2345(9) 
2010(8) 
2195(8) 
3694(9) 
4829(9) 
5892(9) 
6060(15) 
6094(20) 

eq(Â2)X10 

23 
33 
38 
64 
75 
62 
33 
35 
31 
28 
37 
47 
46 
41 
40 
38 
38 
42 
45 
59 
46 
47 

23 
34 
37 
35 
35 
28 
26 
51 
47 
41 
39 
33 
34 
40 
45 
56 
46 
50 
40 
74 
78 
69 
103 

34 
48 
53 
48 
42 
40 
44 
67 
58 
58 
56 
57 
59 
90 
61 
77 

C(9A)C> 
C(9B)d> 
C(9C)C> 
C(10A)b> 
C(10B)C> 

C(ll) 
B 
F(l) 
F(2) 
F(3) 
F(4) 

Co 
Cl(l) 
Cl(2) 
Cl(3) 
O(l) 
0(2) 
0(3) 
0(4) 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8A)b> 
C(8B)C> 
C(9A)b> 
C(9B)C> 
C(10A)b> 
C(10B)C> 

C(ll) 

Co 
Cl(l) 
Cl(2) 
Cl(3) 
O(l) 
0(2) 
0(3) 
0(4) 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9A)b> 
C(9B)C> 
C(10) 
C(ll) 

X 

6788(27) 
7056(61) 
7061(30) 
7371(15) 
7228(23) 
7045(9) 
4463(3) 
3989(8) 
4848(9) 
3824(9) 
5068(12) 

4709(1) 
3833(2) 
5629(2) 
543(2) 

-232(8) 
83(8) 

1067(7) 
1235(7) 
5917(5) 
4350(5) 
3401(6) 
4923(5) 
5879(8) 
4774(9) 
3229(7) 
3068(7) 
3454(7) 
3930(8) 
5217(9) 
6413(13) 
5997(27) 
6886(18) 
7077(18) 
7373(13) 
7210(21) 
7054(7) 

4718(1) 
3818(2) 
5666(2) 
505(2) 

-372(8) 
122(9) 

1017(7) 
1226(8) 
5945(6) 
4382(6) 
3373(7) 
4881(7) 
5901(10) 
4766(10) 
3254(8) 
3045(8) 
3438(9) 
3882(10) 
5237(12) 
6433(11) 
6576(23) 
7207(24) 
7351(12) 
7073(11) 

y 

3962(15) 
3359(29) 
3597(16) 
4129(10) 
3689(14) 
4159(7) 
3685(2) 
3239(5) 
3985(5) 
3969(5) 
3553(5) 

4a 
3756(1) 
4386(1) 
3133(1) 
3695(1) 
3530(5) 
4035(5) 
3191(4) 
4043(5) 
4345(3) 
4194(3) 
3348(3) 
3150(3) 
4754(5) 
4806(4) 
4120(5) 
3464(5) 
2735(4) 
2789(5) 
3286(6) 
3288(8) 
3785(17) 
3939(11) 
3476(14) 
4151(8) 
3628(17) 
4166(6) 

4b 
3755(1) 
4377(1) 
3134(1) 
3691(1) 
3528(5) 
4072(5) 
3176(4) 
3992(5) 
4341(4) 
4197(3) 
3351(4) 
3137(5) 
4744(6) 
4827(5) 
4126(5) 
3457(6) 
2728(5) 
2776(5) 
3271(10) 
3286(7) 
3957(10) 
3484(14) 
4115(9) 
4136(7) 

Z B/B 

5836(21) 
5260(58) 
5436(24) 
5034(15) 
4422(23) 
3797(10) 
-798(3) 
-425(7) 
-88(9) 

-1287(12) 
-1343(9) 

3580(1) 
4688(2) 
2530(2) 
4218(2) 
3539(9) 
5009(7) 
4653(7) 
3695(11) 
3704(6) 
2278(5) 
3331(5) 
4772(6) 
2723(9) 
2336(8) 
2024(8) 
2190(8) 
3733(8) 
4841(8) 
5899(8) 
6063(13) 
6026(18) 
5694(18) 
5365(23) 
5023(14) 
4479(23) 
3843(9) 

3569(1) 
4685(2) 
2516(2) 
4170(2) 
3566(10) 
4976(8) 
4612(7) 
3531(12) 
3722(7) 
2257(7) 
3298(6) 
4774(7) 
2722(10) 
2353(10) 
1989(9) 
2155(9) 
3662(10) 
4822(9) 
5917(10) 
6052(11) 
5986(16) 
5184(26) 
5124(14) 
3922(12) 

eq(Â2)X10 

70 
92 
90 
61 
68 
77 

-14 
131 
135 
186 
174 

29 
43 
46 
45 
130 
120 
95 
160 
41 
36 
38 
40 
58 
57 
46 
58 
48 
56 
75 
48 
90 
101 
67 
53 
86 
72 

19 
28 
31 
24 
73 
72 
49 
96 
29 
19 
19 
33 
43 
36 
23 
30 
33 
36 
78 
54 
56 
36 
70 
50 

a) This parameter was used to define the origin of B axis 
and listed without e.s.d. b—d) Population parameters 
of disordered carbon atoms: b) 0.6, c) 0.4, d) 0.2. 
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Co-Cl(l) 
Co-Cl(2) 
Co-N(l) 
Co-N(2) 
Co-N(3) 
Co-N(4) 
N(l)-C(l) 
N(l)-C(ll) 
N(2)-C(2) 
N(2)-C(3) 
N(3)-C(4) 
N(3)-C(5) 
N(4)-C(6) 
N(4)-C(7) 
C(l)-C(2) 
C(3)-C(4) 
C(5)-C(6) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C(10)-C(ll) 

Cl(l)-Co-Cl(2) 
Cl(l)-Co-N(l) 
Cl(l)-Co-N(2) 
Cl(l)-Co-N(3) 
Cl(l)-Co-N(4) 
Cl(2)-Co-N(l) 
Cl(2)-Co-N(2) 
Cl(2)-Co-N(3) 
Cl(2)-Co-N(4) 
N(l)-Co-N(2) 
N(l)-Co-N(3) 
N(l)-Co-N(4) 
N(2)-Co-N(3) 
N(2)-Co-N(4) 
N(3)-Co-N(4) 
Co-N(l)-C(l) 
Co-N(l)-C(ll) 
C(l)-N(l)-C(ll) 
Co-N(2)-C(2) 
Co-N(2)-C(3) 
C(2)-N(2)-C(3) 
Co-N(3)-C(4) 
Co-N(3)-C(5) 
C(4)-N(3)-C(5) 
Co-N(4)-C(6) 
Co-N(4)-C(7) 
C(6)-N(4)-C(7) 
N(l)-C(l)-C(2) 
N(2)-C(2)-C(l) 
N(2)-C(3)-C(4) 
N(3)-C(4)-C(3) 
N(3)-C(5)-C(6) 
N(4)-C(6)-C(5) 
N(4)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(10) 
C(9)-C(10)-C(ll) 
N(l)-C(ll)-C(10) 

Table 3. 

1 

2.257(2) 
2.272(2) 
2.033(4) 
1.952(3) 
1.930(4) 
2.020(3) 
1.501(7) 
1.473(8) 
1.481(7) 
1.452(9) 
1.467(7) 
1.486(6) 
1.503(7) 
1.503(6) 
1.502(10) 
1.505(7) 
1.521(8) 
1.501(9) 
1.484(10) 
1.509(11) 
1.505(10) 

179.0(1) 
87.8(1) 
92.9(2) 
86.7(1) 
91.0(1) 
92.2(1) 
88.1(2) 
93.6(1) 
88.1(1) 
85.4(2) 

168.2(2) 
104.8(2) 
84.5(2) 

169.3(2) 
85.8(2) 

107.0(4) 
124.0(3) 
110.2(5) 
108.7(3) 
109.4(4) 
118.7(5) 
109.8(3) 
108.8(3) 
118.6(4) 
107.5(3) 
125.3(3) 
106.6(4) 
112.0(5) 
105.4(5) 
105.8(4) 
104.5(4) 
104.7(4) 
109.5(4) 
117.5(5) 
119.7(6) 
118.6(6) 
120.0(6) 
118.4(5) 

M. KITA, M. NONOYAMA, S. OHBA, Y. 

Bond Lengths 

2 

and Bond Angles 

3 

Bond length (//Â) 
2.251(1) 
2.279(1) 
2.017(4) 
1.939(3) 
1.938(3) 
2.017(3) 
1.512(6) 
1.495(6) 
1.475(6) 
1.473(7) 
1.478(5) 
1.472(5) 
1.499(5) 
1.490(5) 
1.510(7) 
1.505(6) 
1.514(6) 
1.506(7) 
1.518(7) 
1.511(8) 
1.512(7) 

2.263(3) 
2.255(3) 
2.048(8) 
1.943(7) 
1.949(8) 
2.031(8) 
1.532(14) 
1.517(14) 
1.483(12) 
1.474(14) 
1.461(13) 
1.438(14) 
1.511(14) 
1.502(14) 
1.460(18) 
1.511(17) 
1.526(16) 

Bond angle (<£/°) 
179.44(4) 
87.5(1) 
92.3(1) 
87.6(1) 
91.3(1) 
91.9(1) 
87.5(1) 
92.9(1) 
89.1(1) 
85.7(1) 

169.6(1) 
104.0(1) 
85.2(1) 

169.7(1) 
85.3(1) 

107.3(3) 
124.9(3) 
108.6(4) 
109.5(3) 
109.2(3) 
118.8(4) 
109.5(2) 
109.4(2) 
120.0(3) 
107.4(2) 
124.2(2) 
107.4(3) 
111.2(4) 
105.4(3) 
105.6(4) 
105.2(3) 
104.4(3) 
110.6(3) 
117.3(4) 
118.2(4) 
117.0(5) 
118.9(4) 
117.4(4) 

177.52(11) 
86.1(3) 
94.4(2) 
87.7(2) 
91.4(2) 
92.5(2) 
87.5(2) 
94.1(3) 
87.1(3) 
84.3(3) 

166.6(3) 
107.2(3) 
84.4(3) 

167.4(3) 
84.7(3) 

106.5(6) 
122.9(7) 
106.8(8) 
109.3(6) 
109.2(6) 
119.3(7) 
110.0(6) 
110.3(6) 
118.6(8) 
107.0(6) 
123.9(7) 
108.8(8) 
108.9(10) 
105.3(8) 
105.3(9) 
104.2(9) 
105.0(9) 
108.4(9) 

SAITO, and J. FUJITA [Vol. 63, 

4a 

2.268(3) 
2.245(3) 
2.042(8) 
1.947(7) 
1.933(8) 
2.029(7) 
1.526(14) 
1.518(11) 
1.473(11) 
1.485(11) 
1.501(12) 
1.466(11) 
1.511(13) 
1.481(14) 
1.505(15) 
1.493(16) 
1.502(14) 

177.70(11) 
86.0(2) 
94.3(2) 
87.7(2) 
92.3(2) 
92.5(2) 
87.3(2) 
94.0(2) 
86.4(2) 
85.2(3) 

167.3(3) 
105.9(3) 
84.2(3) 

167.5(3) 
85.4(3) 

107.7(6) 
124.8(6) 
106.1(7) 
109.9(5) 
110.3(5) 
118.0(7) 
108.3(5) 
110.0(6) 
119.9(7) 
106.3(6) 
125.9(6) 
106.2(7) 
109.3(8) 
106.9(8) 
102.1(8) 
105.1(8) 
104.8(7) 
109.5(8) 

4b 

2.261(3) 
2.245(3) 
2.035(8) 
1.943(8) 
1.951(9) 
2.038(10) 
1.528(15) 
1.510(16) 
1.490(13) 
1.471(13) 
1.490(13) 
1.461(14) 
1.497(16) 
1.512(16) 
1.516(18) 
1.527(17) 
1.543(17) 

177.52(11) 
86.2(2) 
95.1(3) 
87.1(3) 
91.1(3) 
92.5(2) 
86.9(3) 
94.6(3) 
87.3(3) 
85.3(3) 

167.1(4) 
106.8(4) 
84.3(4) 

166.8(4) 
84.4(4) 

105.9(6) 
122.8(7) 
109.8(9) 
109.9(6) 
110.2(6) 
115.8(7) 
109.4(6) 
109.7(7) 
117.2(8) 
107.9(7) 
125.4(8) 
108.6(9) 
110.4(10) 
102.5(9) 
104.0(9) 
103.5(9) 
103.9(9) 
107.9(9) 

No. 3 
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Table 4. Interatomic Hydrogen Bonds 

A---H-B (Symmetry code) 

1 
0(2)-
0(2)-
0(3). 

2 
F(2)-
F(3)-
F(4)» 

3 
F(3)-. 

4a 
0(2)-

4b 
0(2)-

• • N ( 2 ) ( i ) 
••H(N3)-N(3) (ii) 
••H(N4)-N(4) (iii) 

•H(N3)-N(3) (iv) 
•H(N4)-N(4) (v) 
•H(N2)-N(2) (vi) 

•H(N3)-N(3) (vii) 

••H(N2)-N(2) (viii) 

••H(N2)-N(2) (viii) 

A -B 

3.037(8) 
2.992(8) 
3.103(6) 

3.021(5) 
2.958(4) 
2.864(6) 

3.195(14) 

2.933(11) 

2.901(13) 

l/k 

A - H 

2.19(5) 
2.30(5) 

2.41(3) 
2.24(4) 
2.10(4) 

2.37(8) 

2.26(9) 

2.31(1) 

H-B 

1.02(5) 
0.96(5) 

0.64(3) 
0.87(4) 
1.01(5) 

0.97(8) 

0.84(8) 

0.89(5) 

•+-» 

=> 
>» 
Ö 

V 
c 
O 

n 
i_ 

o 
< 

Symmetry code: (i) x, l+y,l+z; (ii) 1—x, 1/2+y, 1—z; 
(iii) 1+x, 1+y, 1+z; (iv) 1-x, -1 /2+y, 1-z; (v) 1+x, y, 
1+z; (vi) x, y, 1+z; (vii) - 1 / 2 - % , y, -1 /2+z; (viii) 1/2-%, 
y, 1/2+z. 

V^N / 

yy s^y 

\ 

/ ! \y 

i 

(a) 

/ \ J\ 

(b) i 
IA 

j / 

/ ' 
y <\ / / 

1 1 
15 20 

p7103crrr 

25 

Fig. 3. Electronic spectra in the solid state for (a), trans-
[CoCl2(N48)]BF4 (green) and (b), ^am-[CoCl2(N48)]-
C104 (brown) at 303 K ( ) and 113 K ( ). 

Par t of the cost of this investigation was met 
Scientific Research Nos. 63628513 and 61430013 from 
the Ministry of Educat ion, and the X-ray analysis of 1 
was performed wi th a diffractometer and a computer at 
the Inst i tute of Molecular Science, to wh ich the 
au thors ' thanks are due. 
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Preparation and Some Properties of [CoIIorin {Rhm 

(aet or L-cys-A^S)3}2]-Type S-Bridged 
Trinuclear Complexes 

T a k u m i KONNO,* Sen-ichi AIZAWA, Ken-ichi OKAMOTO, and J insai HIDAKA 

Department of Chemistry, University of Tsukuba, Tsukuba, Ibaraki 305 
(Received August 25, 1989) 

The reactions of /ac-[Rh(aet)3] (aet=2-aminoethanethiolate) or AiA,L-fac-[Rh(L-cys-N,S)3]3~ (L-cys=L-
cysteinate) wi th [CoCl(NH3)5]2 + produced [ C o i n { R h i n (aet or L-cys-iV,S)3}2]3+or3-, while the reactions with 
Co2+ formed [Con{Rh in(aet or L-cys-iV,S)3}2]2+or4~ which were oxidized to give [Co in{Rh in (aet or L-cys-
iV,S)3}2]3+or3~. These complexes were optically resolved or separated by fractional crystallization or column 
chromatography, and characterized from their absorption, CD and 13C NMR spectra. The reactions of/AC-JLLL-
[Rh(L-cys-iV,S)3]3~ with [CoCl(NH3)5]2+ or Co2+ at room temperature proceeded with retention of the starting 
^LLL configuration to give the ^LLL^LLL isomer, while the reaction with Co2+ at high temperature (ca. 95 °C) 
was accompanied by inversion to form the ^LLL^LLL, ^LLL^LLL, and Z/LLL^LLL isomers. Cyclic 
vol tammetr ic measurements of [Co l n {Rh m (ae t or L-cys-iV,S)3}2]3+or3- in water showed a quasi-reversible 
redox couple corresponding to the central Co(III)/(II) at ca. —0.3 V vs. Ag/AgCl. Their absorption and CD 
spectra and cyclic voltammograms are discussed in comparison with those of the corresponding [Co in{Com (aet 
or L-cys-JV,S)3}2]3+or3-. 

T h e facially arranged thiolato atoms in /ao[Co(aet)3] 
(aet=2-aminoethanethiolate , NH2CH2CH2S-) or fac-
[Co(L-cys-Ar,S)3]3- (L-cys=L-cysteinate, N H 2 C H ( C O O - ) -
C F b S - ) function as a terdentate l igand to a variety of 
transit ion metal ions forming the S-bridged trinuclear 
complexes, [M{Com(aet or L-cys-N,S)3}2]"+or"- ( M = 
Fe(III), Co(III), Ni(II), Cu(I), Cu(II), Zn(II), Ru(III) , 
Pb(II)).1_12) These complexes exhibited characteristic 
absorpt ion and CD spectra of the tr inuclear structure. 
In the reaction of ^LLL-/a<>[Co(L-cys-Af,S)3]3~ wi th 
[CoCl(NH3)5]2 + , ^LLL^LLL-[Com{CoIII(L-cys-N,S)3}2]3-
was selectively formed whi le re ta in ing star t ing Z/LLL 
configurat ion, t h o u g h the reaction wi th Co2+ was 
accompanied by inversion to form the ^ / L L L ^ L L L and 
AuiiAiAJL isomers.9-10»12) A similar chemical behavior 
is also expected for the use of /ac-[Rh(aet)3] or fac-
[Rh(L-cys-Af,S)3]3~ as a s tar t ing complex. Hence, in 
order to investigate the source of these spectrochemical 
and stereochemical propert ies, we have undertaken the 
prepara t ion of S-bridged trinuclear complexes wi th 
two fac-[Rhm (aet or L-cys-Af,S)3] terminals. 
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Fig. 1. Structure of AÂ- or JLLL^LLL-[Coin{Rhnl(aet 
or L-cys-JV,S)3}2]3+or3-; R=H for aet and R=COO" 
for L-cys. 

In this paper we repor t on the reactions of fac-
[Rh(aet)3] or newly prepared fac-AujL-[Rh(L-cys-NfS)s]3~ 
with Co2+ or Co3+ ([CoCl(NH3)5]2+). T h e resul tant 
S-bridged tr inuclear complexes wi th the fac-[Rhm (aet 
or L-cys-Af,S)3] terminals (Fig. 1) were optically 
resolved or separated, and the isomers were character­
ized from their absorption, CD, and 13C N M R spectra 
in compar i son wi th those of the corresponding 
[ C o n i { C o m (aet or L -cys -A^S^] 3 ^ 3 - . 8 - 1 1 * T h e absorp­
t ion and CD spectra and cyclic vo l tammograms of 
[ C o m { R h m (aet or L-cys-Af,S)3}2]3+or3~ were discussed in 
terms of the terminal RI1N3S3 and central COSÔ 
chromophores in the trinuclear complexes. 

Experimental 

1) Preparation of Complexes. a) /ac-[Rh(aet)3] was 
prepared by the method of Kita et al.13) Found: C, 21.29; H, 
5.53; N, 12.43%. Calcd for [Rh(aet)3]-0.5H2O=C6Hi8N3S3-
Rh.0.5H2O: C, 21.75; H, 5.48; N, 12.68%. 

b) JLLL-/tt£-H3[Rh(L-cys-2V,S)3]. To a solution contain­
ing 3.32 g (83.0 mmol) of NaOH and 5.06 g (41.8 mmol) of 
L-cysteine in 20 cm3 of water was added 2.18 g (10.4 mmol) of 
RI1CI3. The mixture was stirred at 95 ° C for 8 h and to this 
was added 300 cm3 of water. When the pH of the reaction 
solution was adjusted to ca. 2 with 1 mol dm - 3 HCl, a bright 
yellow precipitate appeared and was collected by filtration. 
This complex was recrystallized from water by adding 
1 mol dm - 3 HCl and washed with 1 mol dm - 3 HCl, ethanol, 
and then ether. It was found from the absorption, CD and 
13C NMR spectral measurements that this complex contain­
ed only the Au^-fac isomer. Found: C, 22.91; H, 3.91; N, 
8.98%. Calcd for H3[Rh(L-cys)3]=C9Hi8N306S3Rh: C, 23.33; 
H, 3.92; N, 9.07%. 

c) [Con{RhIH(aet)3}2](N03)2. To a deoxygenated suspen­
sion containing 0.12 g, (0.36 mmol) of /ac-[Rh(aet)3] in 
10 cm3 of water was added a deoxygenated solution 
containing 0.21 g, (0.72 mmol) of Co(N03)2-6H20 in 3 cm3 

of water. The mixture was stirred at room temperature for 
5 min under a nitrogen atmosphere, whereupon the solution 



March, 1990] [Coiiorin {Rhm ( a e t o r L.cys-A^,S)3}2]-Type Complexes 793 

became dark red and a red precipitate appeared. The 
resulting red complex was collected by filtration and washed 
with deoxygenated ethanol under a nitrogen atmosphere. 
Found: C, 16.16; H, 4.65; N, 12.43%. Calcd for [Co{Rh-
(aet)3}2](N03)2-3H20=Ci2H36N806S6CoRh2.3H20: C, 16.02; 
H, 4.71; N, 12.46%. 

d)(-)%$>-AA-, (+)$>-AA-, and AA-[Co™{Rh™ (aet)3}2](N03)3. 
To a suspension containing 1.0 g (3.0 mmol) of fac-
[Rh(aet)3] in 20 cm3 of water was added 0.5 g (1.7 mmol) of 
Co(N03)2-6H20 in 5 cm3 of water. The mixture was stirred 
at room temperature for 10 min, whereupon the solution 
became dark red and the red precipitate of [Con{Rhm 

(aet)3}2](N03)2 appeared. To this was added 5 cm3 of 3% 
H2O2, the solution was stirred at room temperature for 1 h, 
whereupon the solution became dark brown. To the dark 
brown solution was added 2 cm3 of saturated NaNÜ3, which 
was kept in a refrigerator overnight. The resulting dark 
brown crystals (A-l) were collected by filtration. After 
removing the A-l isomer by filtration, the filtrate was 
concentrated to a small volume using a rotary evaporator 
and then kept in a refrigerator overnight. The resulting 
needle crystals (A-2) were collected by filtration. The A-l 
and A-2 isomers were recrystallized from water by adding a 
few drops of saturated NaNÜ3. It was found from the optical 
resolution procedure that the A-l and A-2 isomers contained 
meso- and rac-[Com{Rhln(aet)3}2]3+ respectively. Found for 
A-l: C, 14.84; H, 4.34; N, 12.95%. Calcd for [Co{Rh(aet)3}2]-
(N03)3-3.5H20=Ci2H36N909S6CoRh2-3.5H20: C, 14.85; H, 
4.47; N, 12.99%. Found for A-2: C, 15.47; H, 4.13; N, 13.53%. 
Calcd for [Co{Rh(aet)3}2](N03)3-1.5H20: C, 15.42; H, 4.21; 
N, 13.49%. 

A solution containing 0.14 g (0.21 mmol) of K2[Sb2(d-
tart)2]-3H20 in 3 cm3 of water was added to a solution 
containing 0.25 g (0.27 mmol) of rflc-[Co{Rh(aet)3}2](N03)3-
I.5H2O (A-2) in 5 cm3 of water and the mixture was stirred at 
60 °C for 10 min. When this was allowed to stand at room 
temperature for 1.5 h, brown crystals of the (+)6oo diastereo-
mer appeared and were collected by filtration. This was 
recrystallized from warm water. Found: C, 16.58; H, 3.63; N, 
6.80%. Calcd for [Co{Rh(aet)3}2][Sb2(d-tart)2]N03-7H20= 
C2oH4oN70i5S6CoRh2Sb2.7H20: C, 16.62; H, 3.77; N, 6.78%. 

Zero point one gram of (+)6oo -[Co{Rh(aet)3}2][Sb2(d-
tart)2]NÜ3 • 7H2O was dissolved in a solution containing 4 g 
of NaNÜ3 in 15 cm3 of water and the solution was kept in a 
refrigerator for a week. The resulting crystals of (+)6oo -AA-
[Co{Rh(aet)3Î2](N03)3 were collected by filtration. The Ae 
values of this complex were evaluated from the absorption 
spectral datum of the racemic salt. The A-2 (racemic) isomer 
was also resolved by SP-Sephadex C-25 column chromatog­
raphy using 0.075 mol dm - 3 aqueous K2[Sb2(d-tart)2]-3H20 
as an eluent. Two bands containing (-)QQQ-AA and (+)^-AA 
isomers were eluted in this order. The A-l isomer was not 
optically resolved by fractional crystallization of the diaster-
eomer with [Sb2(d-tart)2]2~ nor by column chromatography. 

The meso and racemic isomers of [Co{Rh(aet)3}2]3+ were 
also prepared by a method similar to that described above, 
using [CoCl(NH3)5]Cl2 instead of Co(N03)2-6H20. The 
reaction of /ac-[Rh(aet)3] (0.10 g, 0.30 mmol) with [CoCl-
(NH3)5]C12 (0.05 g, 0.20 mmol) in 10 cm3 of water (60 °C, 1 h) 
yielded the dark brown solution containing [Co{Rh(aet)3}2]3+. 

e)(+)j5Do-(+)S^LLi^LLL-Na3[CoIII{RhIII(L-cys-N,5)3}2]. 
Zero point two-nine gram (0.63 mmol) of A^u^-fac-Hs[Rh-

(L-cys-iV,S)3] was dissolved in 15 cm3 of water by adding 
0.5 mol dm"3 NaOH. To this yellow solution (pH=7—8) 
was added a solution containing 0.08 g (0.32 mmol) of 
[CoCl(NH3)ö]Cl2 in 15 cm3 of water; the mixture was stirred 
at 50 °C for 1 h. To the reaction mixture was added a large 
amount of ethanol in an ice bath. The resulting brown 
complex was collected by filtration. This complex was 
recrystallized from water by adding ethanol in an ice bath. It 
was found from the QAE-Sephadex A-25 column chromatog­
raphy and the absorption and CD spectral measurements 
that this complex contained only ( + ) 4 ^ - ( + ) ^ - J L L L ^ L L L -
[CoIII{Rh111 (L-cys-JV,S)3}2]3-. Found: C, 16.77; H, 4.50; N, 
6.52; Co, 4.05; Rh, 14.55%. Calcd for Na3[Co{Rh(L-
cys)8}2].14H20=Ci8HaoN60i2Na3S6CoRh2.14H20: C, 16.62; 
H, 4.49; N, 6.46; Co, 4.53; Rh, 15.82%. 

0 (-)4C50-(-)40^LLiy4LLL- and ( - )Sg . (+)ffi-^IJLL4uUL-

Na3[Co in{Rhni (L-cys-N,S)3}2]. Zero point six gram (1.29 
mmol) of ^LLL-/0<>H3[Rh(L-cys-Ar,S)3] was dissolved in 
20 cm3 of water by adding 0.5 mol dm - 3 NaOH. The yellow 
solution (pH=7—8) was deoxygenated with nitrogen and to 
this was added a deoxygenated solution containing 0.2 g 
(0.84 mmol) of C0CI26H2O in 5 cm3 of water. The yellow 
solution immediately turned dark red. The dark red solution 
was stirred at 95 °C for 1 h under a nitrogen atmosphere and 
then opened to the air. The dark red solution gradually 
turned brown and this was poured onto a column of QAE-
Sephadex A-25 (CI - form, 3.5 cmX90 cm). After the column 
had been swept with water, the adsorbed band was eluted 
with 0.15 mol dm - 3 aqueous NaCl. A large amount of the 
dark brown (B-l), a small amount of the reddish brown (B-
2), and the dark brown (B-3) bands were eluted in this order. 
It was found from the absorption and CD spectral 
measurements that the B-3 eluate contained ( + ) ^ - ( + ) ^ -
^LLL^LLL-[CoIII{RhIII(L-cys-A^,S)3}2]3- and the B-2 eluate did 
a by-product. The B-l eluate was concentrated to a small 
volume with a rotary evaporator below 30 °C. The deposited 
NaCl was filtered off and the filtrate was passed through a 
column of Sephadex G-10 (3.5cmX90cm) by eluting with 
water. The eluate was again concentrated to a small volume 
and to this was added a large amount of ethanol in an ice 
bath. The resulting B-l precipitate was collected by 
filtration. An aqueous solution of the B-l precipitate was 
chromatographed on a QAE-Sephadex A-25 column (Cl~ 
form, 3.5 cmX90 cm), eluting with 0.075 mol dm - 3 aqueous 
K2[Sb2(rf-tart)2] • 3H2O. After the adsorbed band was sepa­
rated into two bands, the column was eluted with 0.2 mol 
dm - 3 aqueous NaCl. It was found from the absorption and 
CD spectral measurements that the earlier and later moving 
bands contained ( - ^ - ( - ^ - ^ L L L ^ L L L - and (—)S-(+)S" 
^LLL^LLL-[Coin{Rhin(L-cys-A^,S)3}2]3- respectively. Each 
isomer was isolated by the same procedure as that used for 
the isolation of B-l. The formation ratio of the three iso­
mers, ^LLL^LLL : ̂ LLL/ILLL : ̂ LLL^LLL, was about 6:20:74. 

Found for (-)S8-(-)4oo isomer: C, 17.28; H, 3.81; N, 6.72%. 
Calcd for Na3[Co{Rh(L-cys)8}2]-8.5H2O.0.75NaCl: C, 17.36; 
H, 3.80; N, 6.75%. Found for (-)£8-(+)So isomer: C, 16.99; 
H, 3.90; N, 6.57%. Calcd for Na3[Co{Rh(L-cys)3}2]-9.5H20. 
NaCl: C, 17.48; H, 3.91; N, 6.57%. 

When the reaction of JLLL-/ao[Rh(L-cys-Ar,S)3]3~ with 
C0CI26H2O was carried out at room temperature under a 
nitrogen atmosphere, the red L-cys isomer was formed. It 
was found from the absorption and CD spectral measure-
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ments that this red isomer contained only ^LLL^LLL-
[Con{Rhni(L-cys-N,S)3}2]4". When this red isomer was 
oxidized by the air, the brown JLLL^LLL-[Coni{Rhni(L-cys-
Af,S)3}2]3~ isomer was selectively formed. The absorption an 
CD spectral changes of the red ^LLL^LLL-[Con{RhIH(L-cys-
iV,S)3}2]4~ isomer by the air oxidation were monitored and 
the concentration of this isomer was evaluated from the 
absorption spectral datum of the resulting ^LLL^LLL-
[Coin{Rhni(L-cys-iV,S)3}2]3~. The isodichroic points were 
observed at 526, 396, 341, and 276 nm for the CD spectral 
change. 

g) ^LLL-/ac-K3[Co(L-cys-N,S)3]-9H20,8) ^LLI^LLL-K3[CO-
{Co(L-cys-N,S)3}2]-6.5H20,8> and rao[Co{Co(aet)3}2](N03)3-
1.5H2O-0.25NaNO3n) were prepared by the methods de­
scribed in previous papers. 

3) Reduction of [CoIH{Rh(aet)3}2]3+. To an anaerobic 
aqueous solution of [Com{Rhni(aet)3}2](N03)3 was added a 
few drops of NR4BH4 (R=CH3 or C2H5) in a small amount 
of water under a nitrogen atmosphere. The dark brown 
solution turned dark red within a few minutes. Contact with 
the air caused the dark red solution to revert back to the 
original dark brown. 

4) Measurements. The electronic absorption spectra were 
recorded with a JASCO UNIDEC-505 or JASCO UVIDEC-
6IOC spectrophotometer, and the CD spectra with a JASCO 
J-20 spectropolarimeter. The concentrations of Co and Rh 
in (+)4C5Do-(+)îoDo^LLi^LLL-[Coin{Rhnl(L-cys-^,S)3}2]3- were 
determined with a Jarrel-Ash Model-975 ICP spectrophoto­
meter. The 13C NMR spectra were recorded with a JEOL 
JNM-FX-100 or FX-90Q NMR spectrometer at the probe 
temperature in D2O. Sodium 4,4-dimethyl-4-silapentane-l-
sulfonate (DSS) was used as the internal reference. Electro­
chemical measurements were made with a CV-1B apparatus 
(Bioanalytical Systems, Inc.) using a platinum-disk working 
electrode (Bioanalytical Systems, Inc., PTE). An aqueous 
Ag/AgCl/NaCl (3 mol dm"3) electrode (Bioanalytical Sys­
tems, Inc., RE-1) and platinum wire were used as reference 
and auxiliary electrodes, respectively. Electrochemical 
experiments were conducted at 22 °C in water with 
0.1 mol dm - 3 NaNU3 as the supporting electrolyte and 
complex concentrations of 1.0 mmol dm - 3 . 

Results and Discussion 

Structural Assignments. T h e absorpt ion and CD 
spectra of the l ight yellow Rh(III) complex, [R1I(L-
cys)3]3", are shown in Fig. 2, together wi th those of fac-
[Rh(aet)3] and ̂ LLL-/a<>[Co(L-cys-A^S)3]3-, and the data 
are summarized in Tab l e l. T h e l ight yellow complex 
shows the two d-d absorpt ion bands at 25.4 and 
30.12X103 cm" 1 and the sulfur-to-metal charge transfer 
(SMCT) band at 43.10x103 cm- 1 . T h i s absorpt ion 
spectrum coincides well wi th that of /ac-[Rh(aet)3],13) 

suggest ing that the l ight yellow complex is /ac-[Rh(L-
cys-Ar,S)3]3-. T h e d -d absorpt ion and S M C T bands for 
/ac-[Rh(aet or L-cys-Af,S)3]0or3~ commonly shift to 
h igher energy than those for /ac-[Co(L-cys-Af,S)3]3~ 
(Fig 2). T h e 1 3 C N M R spectrum of /ac-[Rh(L-cys-
N,S)sf- gives three signals (0=36.7, 69.3, and 181.0) 
due to the methylene, methine, and carboxylato car­
bon atoms respectively. T h i s indicates that /ac-[Rh(L-

-1_ J_ J_ _1_ _L _L 

H-20 

16 20 2A 28 32 36 A0 AA A8 
cr/K^cm'1 

Fig. 2. Absorption and CD spectra of dLLL-fac-
[Rh(L-cys-JV,S)3]

3- ( ), /ac-[Rh(aet)3] ( M L L L -
/ac-[Co(L-cys-iV,S)3]3- ( ), and JLLL^LLL-
[Coin{Coln(L-cys-JV,S)3}2]3- (——). 

cys-Af,S)3]3" takes either of the Z/LLL or ^ILLL configura­
t ion hav ing a C3 symmetry. T h e CD spectrum of 
/ac-[Rh(L-cys-AT,S)3]3~ exhibits a weak negative band 
(24.63X103 c m - 1 ) at lower energy of the d-d absorpt ion 
band region and a positive band (42.74X103cm-1) in 
the S M C T b a n d region (Fig. 2). T h i s CD spectral 
behavior corresponds wi th that of Au^i^-fac-[Co(L-cys-
N,S)3]3~, considering that the absorption bands of 
/ac-[Rh(L-cys-AT,S)3]3- shift to h igher energy than 
those of /ac-[Co(L-cys-Af,S)3]3~. T a k i n g these facts in to 
consideration, it is probable that /ac-[Rh(L-cys-Af,S)3]3~ 
selectively takes the Z/LLL configurat ion, as does 
/flc-[Co(L-cys-MS)3]3-.14 '15) 

As shown in Figs. 3 and 4 and Tab le 1, the b r o w n 
complexes which were formed by the reactions of fac-
[Rh(aet or L-cys-N,S)3]0or3- wi th [CoCl(NH3)5]2 + show 
m u c h intense absorpt ion bands in the visible region in 
comparison wi th /ac-[Rh(aet or L-cys-Af,S)3]0or3~. Simi­
lar intense visible bands have been observed for the 
S-bridged tr inuclear complexes, [Co i n {Co m (aet or L-
cys-Af,S)3}2]3+or3~, which were formed by the reactions 
of/ac-[Co(aet or L-cys-N,S)3}2]°°r3- wi th [CoCl(NH3)5]2+ 
or Co2+ (Fig. 2).1 '2 '8"1 2 ) T h e elemental analytical data 
for all the present b rown complexes are in good 
agreement wi th the proposed formulas, [Co{Rh(aet or 
L-cys-Af,S)3}2]3+or3~, and the p lasma emission spectral 
analysis for the representative isomer, (+)45o*(+)4oo-
[Co{Rh(L-cys-Af,S)3}2]3", indicates that the molar rat io 
of Co:Rh in the complex is 1:2. These facts suggest 
that the b rown complexes take the S-bridged trinuclear 
structure (Fig. 1), [Co m {Rh n l ( ae t or L-cys-N,S)3}2]3+or3-. 
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Table 1. Absorption and CD Spectral Data of the Complexes 

Complex 
Absorption maxima 

a/ 103 cm-1 

(log e/mol - 1 dm3 cm -1) 

25.4 (2.9 sh) 
30.12 (3.08) 
43.10 (4.55) 

17.8 (3.4 sh) 
23.42 (4.14) 
28.5 (3.9 sh) 
33.11 (4.35) 
44.25 (4.61) 

17.9 (3.3 sh) 
23.47 (4.15) 
28.3 (3.9 sh) 
32.46 (4.16) 
45.04 (4.51) 

17.3 (3.4 sh) 
23.14 (4.12) 
28.3 (3.8 sh) 
32.86 (4.26) 
44.64 (4.54) 

18.7 (3.4 sh) 
23.56 (4.11) 
28.7 (3.9 sh) 
33.61 (4.26) 
49.38 (4.80) 

CD extrema 
d/ lO^m" 1 

( Ae/mol -1 dm3 cm-1) 

24.63 (-4.21) 
29.59 (-2.26) 
42.74 (+49.8) 
46.73 (+32.6) 
16.86 (-36.3) 
20.0 (+7.3 sh) 
23.58 (+88.6) 
27.93 (-28.9) 
30.48 (+10.5) 
32.15 (-7.5) 
34.48 (+31.7) 
37.59 (-12.1) 
43.10 (+48.3) 
16.66 (+2.0) 
19.60 (-0.6) 
22.73 (-1.8) 
25.32 (+6.3) 
32.05 (+9.6) 
35.97 (-8.8) 
39.22 (+3.9) 
42.19 (-5.2) 
45.87 (-25.9) 
16.77 (+35.8) 
19.9 (-7.8 sh) 
23.25 (-74.5) 
27.74 (+27.1) 
29.94 (-1.9) 
32.36 (+41.5) 
36.10 (-18.5) 
43.47 (-108.9) 
48.07 (+14.3) 
16.86 (-37.3) 
20.3 (+5.0 sh) 
23.69 (+81.4) 
27.93 (-27.0) 
30.31 (+10.9) 
32.68 (-30.0) 
36.63 (+32.1) 
43.86 (+117.4) 

A LLL-/ac-[Rh(L-cys-JV,S)3]
3-

(+)S8" (+ffî-A LLLA LLL-[Co{Rh(L-cys-A ,̂S)3}2]3-

(-)^-(+)SS-^LLL^LLL-[Co{Rh(L-CyS-^,S)3}2]3-

(-)4C5D0-(-)4C0D0-^LLL^LLL-[Co{Rh(L-CyS-^,S)3}2]
3-

(-)feDo-^-[Co{Rh(aet)3}2]
3-

^-[Co{Rh(aet)3}2]
3+ 14.0 (2.2 sh) 

18.5 (3.4 sh) 
23.70 (4.20) 
29.15 (3.93) 
49.14 (4.82) 

Sh denotes a shoulder. 

This assignment is supported by their 13C NMR and 
CD spectral behavior (vide infra). 

Three isomers (Z/LLL^LLL, ^LLL^LLL, and AULIAULL) 

are expected for [Com{Rhm(L-cys-Af,S)3}2]3~, consider­
ing the absolute configuration of the two terminal fac-
[Rhnl(L-cys-Af,S)3] moieties. As shown in Fig. 3, the 
absorption spectra of the three isomers, (+)So-(+)Sß, 
(-)£5

Do-(+)£)Do, and (-)S8-(-)SB are quite similar to one 
another. Each of the two isomers, (+)§o-(+)4<io a n d 
(-)Sjg-(-)SB exhibits three 13C NMR signals due to the 
methylene, methine, and carboxylato carbon atoms for 
the six L-cys ligands (0=38.25, 66.58, and 178.07 for the 
(+)SB-(+)SB isomer and 0=38.19, 63.11, and 178.45 for 

the (-)S8-(-)S8 one), while the (-)Sg-(+)SK isomer 
does six signals (0=38.08, 39.19, 62.79, 66.20, 178.13, 
and 178.50). Furthermore, the (+)gj5-(+)S8 and 
(~")450* (~")S8 isomers show intense CD bands which are 
almost enantiomeric to each other, though the 
(~~)450"(~l~)40o isomer does weak CD bands over the 
whole region (Fig. 3). These facts suggest that the 
former isomers correspond to the Z/LLL^LLL, and 
^ILLL^LLL configurations having a D3 symmetry and 
the latter isomer does the ^LLL^LLL having a C3 
symmetry. The 13C NMR signal due to the methine 
carbon atom for the (+)^-(+)SJo isomer locates at ca. 
3 ppm lower magnetic field than that for the (—)§o-
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16 20 2 A 28 32 36 A0 AA A8 
or/103 cm"1 

Fig. 3. Absorption and CD spectra of (+)45o" (+)4<io-
^LLL^LLL"( ), (—)450'(+)400-^LLL^LLL-( ), a n d 
(-)SS-(-)SS-^LLL^LLL-[C0"I{Rh"I(L-CyS-N,S)3}2i3-
( ), and ALLL-fac-[Rh(i.-cys-N,S)3Y- ( ). 

16 20 2A 28 32 36 A0 AA A8 
a/103 cm"1 

Fig. 4. Absorption and CD spectra of (-)eoo-AA-
( ) and J^-[CoIII{RhIII(aet)3}2]3+ ( ), and 
A LLLA LLL-[CoIII{RhIII(L-cys-N,S)3}2]3~ ( ). 

(~)m isomer, a l t hough the signal due to the methylene 
or carboxylato carbon a tom for the former isomer 

0-0 -0-2 -0-4 -0-6 
E(V) vsAg/AgCl 

Fig. 5. Cyclic voltammograms of rac-[Coin{Rhni-
(aet)3}2]

3+ (a) and JLLL^LLL-[CoIII{RhIII(L-cys-A^,S)3}2]3-
(b) in water (0.1 mol dm - 3 NaN03) at a platinum 
disk electrode (scan rate 50mVs - 1 , initial potential 
0.0 V). 

locates at nearly the same pos i t ion as that for the latter 
one. T h i s 13C N M R spectral behavior of the (+)go-
(+)4<io a n d (~-)45o-(~-)4oo isomers are in good agreement 
with those of the ^ L L L ^ L L L , and ^ L L L ^ L L L isomers of 

the ana logous [Com{Com(L-cys-Af,S)3}2]3~ respective­
ly 8,9) Accordingly, it can be assigned that the 
(+)45o-(+)4<io isomer takes the Z/LLL^LLL configuration 
and the (—)So-(—)8o isomer does the ^ L L L ^ L L L one. 

For [CoIII{RhIII(aet)3}2]3+. three isomers {AA, AA, and 
AA) are also possible. T h e A-2 isomer of [ C o m { R h i n -
(aet)3}2]3+ was optically resolved in to the (+)6oo a n d 
(~")6oo ones, whi le the A-l isomer could not. T h i s 
result indicates that the A-l and A-2 isomers take the 
meso (AA) and racemic (AA and AA) forms, respective­
ly, taking the similarity of their absorpt ion spectra 
in to considerat ion (Fig. 4 and Tab l e 1). As shown in 
Fig. 4, the CD spectrum of the (—)§Jo isomer agrees well 
wi th that of zfLLL^LLL-[Com{Rhni(L-cys-MS)3}2]3-. 
Accordingly, the (—)^o and (+)§jo isomers can be 
assigned to A A- and ylyl-[Coni{Rhni(aet)3}2]3+ respec­
tively. 

Electrochemistry of the Trinuclear Complexes. As 
given in Fig. 5 and Tab le 2, the cyclic vo l tammograms 
for [Con l{Rh i n(aet)3}2]3+ and [Co i n{Rhm(L-cys-N,S)3]3-
at a Pt-disk electrode display one quasi-reversible 
redox couple at ca. E°'=—0.3 V, and no other redox 
process is observed in the potent ial region of +0.8— 
—0.8 V (vs. Ag/AgCl) . In analogy to the characterized 
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Table 2. Electrochemical Data of [Co{M(aet or L-cys-JV,S)3}2]
3+or3- (M=Rh(III), Co(III)) 

Complex £ P c / V £°' /V 

A LLLZJ LLL-[Co{Rh(L-cys-A ,̂S)3}2]3-
rac-[Co{Rh(aet)3}2]

3+ 

m^o-[Co{Rh(aet)3}2]3+ 

rao[Co{Co(aet)3}2]
3+ 

0.42 
0.40 
0.39 
0.70 

-0.19 
-0.32 
-0.31 
-0.62 

-0.31 
-0.36 
-0.35 
-0.66 

At 22 °C in water (0.1 mol dm - 3 NaN03) at a platinum disk electrode with scan rate 50 mV s-1. E°f-
(£pc+£Pa)/2 in V vs. Ag/AgCl (3 mol dm - 3 NaCl) from cyclic voltammetry. 

electrochemistry of the [Co m {Co m ( ae t or L-cys-Af,S)3}2] 
system,10»11) this redox process is assigned as the redox 
couple corresponding to the reaction: [ C o m { R h m ( a e t 
or L-cys-N,S)3}2]3 + o r 3-+e-^=^[Con{Rh i n(aet or L-cys-
Af,S)3}2]2+or4~. T h e peak current is propor t iona l to the 
square root of the scan rate and the ra t io of anodic to 
cathodic peak currents is nearly uni ty for each of the 
present complexes. At a scan rate of 50 mV s_1, the 
observed peak separat ion (£p c

—£p a) is 80 mV for 
[Co I I I{Rh I I I(aet)3}2]3+ and that for [Com{Rhm (L-cys-
N,S)shY- is m u c h larger (230 mV). T h e redox 
potent ia ls due to the central Co(III)/(II) for [ C o m -
{Rh m (ae t or L-cys-N,S)3}2]3+or3- are ca. 300 mV more 
positive than those for the analogous [Co m {Co n l (ae t or 
L-cys-N,S)3}2]3+or3- (Table 2 ) , 1 0 ' n ) indicat ing that re­
p lacement of the /ac - [Co m (ae t or L-cys-Af,S)3] terminal 
by the / a o [ R h n i ( a e t or L-cys-N,S)3] one dramatical ly 
stabilizes the central Co(II) oxidat ion state. T h i s can 
be ascribed to the poorer e lectron-donat ing ability of 
the facially a r ranged thiolato a toms in the fac-
[ R h m ( a e t or L-cys-Af,S)3] terminal . T h e reduct ion 
potent ia l difference resul t ing from the difference in the 
configurat ion of the complexes is very slight; the E° ' 
value for ra£so-[Com{Rhm(aet)3}2]3+ is only 10 mV 
more positive than that for the corresponding racemic 
isomer (Table 2). T h e difference is more p ro found for 
chang ing l igand from aet to L-cys, where Z/LLL^LLL-
[Coin{RhII1[(L-cys-N,S)3}2]3- is reduced 50 mV more 
easily than mc-[Co I I I{Rh I I I(aet)3}2]3+ (Table 2). 

Formation and Properties. T h e reactions of fac-
[Rh(aet)3] or JLLL-/^-[Rh(L-cys-A^S)3]3- wi th [CoCl-
(NH3)5]2+ readily gave the brown trinuclear com­
plexes, [Con i{Rh i n(aet)3}2]3 + or zfLLL^LLL-[Conl{Rhm-
(L-cys-Af,S)3}2]3~, as the reactions of /ac-[Co(aet)3] or 
^LLL-/flc-[Co(L-cys-N,S)3]3- wi th [CoCl(NH3)5]2 + .8 '9 '1 2 ) 

T h i s indicates that /ac-[Rh(aet or L-cys-A^S^]0™3-
function as a terdentate l igand coordina t ing to a metal 
ion t h rough the facially arranged thiolato donor 
atoms, as in the case of /ac-[Co(aet or L-cys-Af,S)3]0or3~. 
T h e reaction of /#c-[Rh(aet)3] wi th Co2+ initially 
formed the red complex which was changed to the 
b rown [Com{Rhni(aet)3}2]3+ complex by the H2O2 or 
air oxidat ion, t h o u g h the red complex was fairly stable 
under a n i t rogen a tmosphere . T h e red aet complex 
was also formed by the reduct ion of the b rown 
[Co I I I{Rh I I I(aet)3}2]3+ complex wi th use of BH 4 " . As 
shown in Fig 6, the pat tern of absorpt ion spectral 

16 20 
J L 

2A 28 32 
I 1 I I L 

-A0 

36 40 AA 
a/103 cm"1 

A8 

Fig. 6. Absorption and CD spectra of [Con{Rh in-
(aet)3}2]2+ ( ), ^LLL^LLL-tCo^Rh^HL-cys-
JV,S)3}2]4- ( ), ^LLL^LLL-tCo^HRh^HL-cys-
JV,S)3}2]

3- ( ), and JLLL-/flc-[Rh(L-cys-N,S)3]
3-

( )• 

deviat ion between the red aet complex and /ac-[Rh(aet 
or L-cys-Af,S)3]0or3~ is similar to that between [ C o i n -
{Rh m (ae t or L-cys-N,S)3}2]3+or3- and /ac-[Rh(aet or L-
cys-A/,S)3]0or3_, t hough the absorpt ion intensity in the 
visible region of the red aet complex is weaker than 
those of [Co i n {Rh i n ( ae t or L-cys-A^S)3}2]3+or3-. T a k i n g 
these facts and the elemental analytical result in to 
considerat ion, the red aet complex is assigned to take 
the trinuclear structure wi th Co(II) center, [ C o n { R h m -
(aet)3}2]2+. Similarly, the reaction of JL L L- /ac-[Rh(L-
cys-Af,S)3]3~ wi th Co 2 + formed the red L-cys complex. 
T h e absorpt ion spectrum of the red L-cys complex 
coincides well wi th that of the red [Con{Rhm(aet)3}2]2+ 

complex (Fig. 6), t hough the red L-cys complex could 
no t be isolated because of its qu i te h igh solubility and 
the oxidat ion to the b rown [Co in{Rh in(L-cys-N,S)3}2]3-
complex. Accordingly, it is possible to say that the red 
L-cys complex also takes the S-bridged trinuclear struc­
ture, [Con{Rh in(L-cys-N,S)3}2]4-. T h e reactions oifac-
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[Co(aet or L-cys-Af,S)3]0or3~ wi th Co2+ have immediate­
ly produced [Co l n {Co n l (ae t or L-cys-N,S)3]3+or3- be­
cause of the rap id air oxida t ion , and the intermediate 
[Co n {Co i n (ae t or L-cys-Af,S)3}2]2+or4- complexes could 
no t be observed.1 '2 '8 - 1 2 ) T h e detection of the inter­
mediate Co(II) complexes in this work indicates that 
the / ac - [Rh m ( ae t or L-cys-Af,S)3] terminal stabilizes the 
central Co(II) oxidat ion state in compar ison wi th the 
[Co m ( ae t or L-cys-Af,S)3] one, and this is in l ine wi th 
the fact that the Ec/ values of the central Co(III)/(II) 
for [Co m {Rh m ( ae t or L-cys-Af,S)3}2]3+or3~ are much more 
positive than those for [Co m {Co m ( ae t or L-cys-
Af,S)3}2]3+or3~ (vide supra) . T h e air oxidat ion of the red 
[Con{Rhin(L-cys-Af,S)3}2]4~ complex which was formed 
at room temperature caused a CD spectral change 
s imul taneously wi th the absorpt ion spectral change to 
^LLL^LLL-[CoIII{RhIII(L-cys-N,S)3}2]3- and the well-
defined isodichroic poin ts observed at 526, 396, 341, 
and 276 n m confirm that the red L-cys complex 
changed only to JLLL^LLL-[Coin{Rhni(L-cys-Af,S)3}2]3-. 
F rom this CD spectral behavior, it is suggested that the 
red L-cys complex is the Z/LLL^LLL isomer of [Co11-
{Rhin(L-cys-Af,S)3}2]4~. In contrast to the reaction at 
r oom temperature, ^ L L L ^ L L L - ^ L L L ^ L L L - , a n d ^ L L L -
^LLL-[CoIII{RhIII(L-cys-N,S)3}2]3- were formed in a 
ra t io of ca. 74:20:6 when the red solut ion of ^ / L L L ^ L L L -
[Con{Rhni(L-cys-Ar,S)3}2]4- was heated at ca. 95 °C for 
1 h followed by the air oxidat ion. However, no 
configurat ional inversion occurred u p o n heat ing the 
solution of zfLLL^LLL-[Coin{Rhin(L-cys-N,S)3}2]3- under 
the same condi t ions . These facts p o i n t ou t that the 
configurat ional inversion occurs in [Con{Rhn l(L-cys-
Af,S)3}2]4~. For the reaction of AujL-fac-[Co{L-cys-
NfS)s]3~ wi th Co2+, the configurat ional inversion has 
occurred even at room temperature to give the three 
isomers, Z / L L L ^ L L L - , ^ L L L ^ L L L - , and ^LLLyÏLLL-[Coln-
{Com(L-cys-Af,S)3}2]3~.8'9) T h i s implies that an electron 
transfer from the central Co(II) to the terminal M(III) 
( M = C o or Rh) , which makes the z/LLL-/ao[M(L-cys-
N,S)3] te rminal labile,5»9 '12) takes place wi th m u c h 
energy for Rh(III) than for Co(III). 

As shown in Fig. 6, each of the present tr inuclear 
complexes shows an intense absorpt ion band at ca. 
42X10 3 cm _ 1 , wh ich corresponds to the S M C T band 
for the mononuc lea r /ac-[Rh(aet or L-cys-Af,S)3]0or3~ 
complexes. In the corresponding region, each of the 
AA type tr inuclear isomers shows a positive CD band 
as does z/LLL-/ao[Rh(L-cys-Af,S)3]3~. Accordingly, it is 
likely that the absorpt ion and CD spectral contribu­
tions in this region of the tr inuclear complexes are 
mainly at t r ibuted to the terminal Rh m N3S3 chromo-

phore . T h e intense absorpt ion band (ca. 23.5X103 

cm- 1 ) and the shoulder (ca. lSXKFcm- 1 ) of [ C o m -
{Rh m (ae t or L-cys-Af,S)3}2]3+or3~ in the visible region 
(ca. 15—25X103cm_ 1) are obviously related to the 
central Co m S6 chromophore , taking account of the 
absorpt ion spectral behavior of /ac-[Rh(aet or L-cys-
NfS)s]0or3~ in the corresponding region (Figs. 2 and 6). 
In the CD spectra, AA- or z/LLL^LLL-[Com{Rh in(aet or 
L-cys-AT,S)3}2]3+or3~ exhibi t the intense negative (ca. 
17X103 cm"1) and positive (ca. 23X103 cm"1) CD bands 
in the visible region, whi le in the corresponding 
region ^LLL^LLL-[Con{Rhin(L-cys-Ar,S)3}2]4- gives the 
weak and broad CD bands which are comparable to 
those of ^LLL-/a<>[Rh(L-cys-Af,S)3]3- (Fig. 6). These 
facts suggest that the six asymmetric sulfur atoms 
a round the central metal ion are fixed more tightly in 
A A- or JLLL^LLL-[Co i n{Rh i n(aet or L-cys-N,S)3}2]3+or3-
than in zfLLL^LLL-[Con{Rhin(L-cys-N,S)3}2]4-, taking 
in to considerat ion that each sulfur a tom in all the 
present A A type trinuclear isomers is regulated to the R 
configurat ion. 
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Magnetic Properties of Molybdenum(IV) Trinuclear Coordination Compounds, 
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The magnetic susceptibilities of two molybdenum(IV) trinuclear coordination compounds with cores 
[Mo3(//3-S)(//-0)3] and [Mo3(//3-S)(//-S)3] were measured in the temperature region from liquid He to room 
temperature. They had some extra diamagnetic susceptibilities in addition to the calculated values which have 
been discussed in anticipation of mesoscopic electronic devices. 

Diamagne t i sm of capped and edge-bridged trian­
gular tr inuclear clusters of molybdenum(IV) are dis­
cussed in relation to Ba[Mo3C>3S(Hnta)3]- 10H2O(H3nta: 
nitrilotriacetic acid)(l) and Cai.5[Mo3S4(Hnta)2(nta)]-
I2H2O (2), which are incomplete cubane-type clusters. 
Sample 1 has a core of [Mo3(jU3-S)(ju-0)s]4+ and 2 that of 
[Mo3(//3-S)(//-S)3]4+. These coordinat ion compounds , 
which have no magnet ic ions, have some character­
istics c o m m o n to the superatom,1* which is one of the 
mesoscopic systems.2) 

Experimental 

Sample 13) was prepared from Mg[Mo203S(edta)] • 6H2O 
(edta: ethylenediaminetetraacetate(4—) anion),4) which was 
a dimer of molybdenum(V) with a core of [Mo2(//-0)(//-S)]. 
Sample 25) was synthesized from Na2[Mo202S2(cys)2]-4H20 
(cys:cysteine(2—) anion),4) which was also a dimer of 
molybdenum(V) with a core of [Mo2(//-S)2]. The complex 
anions of 1 and 2 are compared in Figs. 1 and 2 (quoted from 
Refs. 5 and 3). 

The magnetic susceptibilities of powder samples of 1 and 
2 were measured in the temperature region from about 2 K to 
room temperature by a magnetic balance (Oxford Instru-

Fig. 1. [Mo303S(Hnta)3]2-ionofsamplel(Ref.5). H 
atoms are not shown. 

ments) while using the Faraday method,6'7) at the Institute 
for Solid State Physics, the University of Tokyo. In this 
method a magnetic field of constant strength of 5000 Oe is 
applied with a homogeneous gradient of 500 Oe cm -1. The 
powder sample was put into a quartz cell together with a 
minimum amount of liquid paraffin of special grade, 
sufficient to cover the powder sample in order to prevent the 
water content from changing. A thermometer was fixed to 
the cryostat wall. Its indication was corrected by the 
magnetic susceptibilities of a paramagnetic [Cr(NH3)6]Cl3 
measured in the same temperature range during measure­
ments of the samples. For each measurement the sample cell 
site in the cryostat was checked, as well as the pressure of the 
heat exchange He gas and the time schedules of the 
temperature variation to get precise magnetic suscepti­
bilities. Electron spin resonance attempted on powder samples 
1 and 2 at room temperature gave no signal of paramagnetic 
complex ions. The absorption spectra of samples 1 and 2 
showed no absorption peak near the infrared region. 

In the description of the present work, units of CGSemu 
nonrationalized system are used, which are listed in Ref. 8 
with their conversions. 

0 

Fig. 2. [Mo3S4(Hnta)2(nta)]2-ionofsample2(Ref.3). 
H atoms are not shown. Oxygen atoms of the nta 
ligand coordinated to Mo3 are disordered. 
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Results and Discussion 

T h e results of the magnet ic susceptibilities are 
shown in Figs. 3 and 4, where no correction for 
diamagnet ic susceptibilities has been applied. T h e 
m a i n par t of the data is in the diamagnet ic region, 
except for data at very low temperatures, where the 
susceptibilities increased to the paramagnet ic region. 
Since the molybdenum ions were chemically deter­
mined to be Mo(IV), samples 1 and 2 were considered 
to be d iamagnet ic salts con ta in ing some paramagnet ic 

1 I I ! I I I I I I I I i I I I I I I I 

Ba[Mo3Û3S|Hnta]3]-10H2Û 

' ° o e o e © o < $ > 0 o o o ° o o o o o o 0 0 o 0 

I I I I I I I I I I I I I I I l I I I I 1 1 1 I 1 
100 7 / K 150 200 250 

Fig. 3. Molar magnetic susceptibility of sample 1, 
Ba[Mo3O3S(Hnta)3]-10H2O as a function of 
temperature. 
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Fig. 4. Molar magnetic susceptibility of sample 2, 
Cai.5[Mo3S4(Hnta)2(nta)]-12H20 as a function of 
temperature. 

impur i t ies . Fi t t ings of the data to XM—(C/T)+a gave 
for 1, a = - 0 . 5 7 8 X 1 0 - 3 c m 3 and for 2, a = - 0 . 6 5 7 X 1 0 - 3 

cm3. C of 1 was <0 .00179cm 3 K and C of 2 was 
<0.00115 cm 3 K. If the paramagnet ic impuri t ies are 
assumed to have S = l / 2 and g = 2 , every 200 molecules 
of sample 1 and about 300 molecules of sample 2 carry 
one impur i ty . T h e molecular d iamagnet ic suscepti­
bilities calculated by the Pasca l -Pacau l t -Hoarau 
method9) are -0 .5119X10- 3 cm 3 for 1 and -0 .5856X 
lO"3 cm3 for 2. 

T h e molybdenum(IV) ion has a temperature-inde­
pendent paramagnet ic susceptibility, XTIP, due to spin-
orbit coupl ing , if it takes the 3 Ti g term. M0O2, which 
is considered to be an oxide of Mo(IV), has a XTIP of 
0.33X10-6 CGSemu per gram (0.0422X10 - 3cm3 per 
mole).10) T h e Mo ion in the M0O2 forms an MoOe 
octahedra, bu t in the chain of the MoCVs Mo ions are 
alternately nearer to and farther from each other. T h e 
dimeric state, in which the nearer M o - M o distance is 
2.50 Â and farther distance is 3.10 Â, indicates the 
presence of a direct bond between the Mo atoms, a 
si tuation that is very similar to the metal-metal bonds 
in samples 1 and 2. Us ing this value of the 
temperature- independent paramagnet ic susceptibility 
for samples 1 and 2, their XTIP of 0.127X10 - 3 cm3 was 
assumed. T h e n , sample 1 has an extra molar 
d iamagnet ic susceptibility of — 0.193X10 - 3 cm3 and 2 
has that of - 0 . 1 9 8 X 1 0 - 3 cm3. Sample 1 shows 
absorpt ions at ca. 530 n m (£=352 M - 1 cm - 1 ) and ca. 
330 n m (£=1830 M - 1 cm - 1 ) , and 2 at ca. 620 n m 
(£=350 M - 1 cm- 1) and 370 n m (£=5200 M - 1 cm"1) , re­
spectively. If these are assumed to be due to spin-orbit 
interact ions and the parameters obtained from the 
lowest absorptions, 18870 c m - 1 and 16130 c m - 1 , are 
used in to Figgis 's formula11) for the magnetic suscep­
tibility of the d2 configurat ion in 3Tig , the temper­
a ture- independent parts of the magnet ic suscepti­
bilities become 0.114X10-3cm3 and 0.129X10 - 3cm3 , 
respectively, which are near to the XTIP obtained from 

Table 1. Some Averaged Interatomic Distances in the Capped and Edge-Bridged 
Triangular Trinuclear Complex Ions of Molybdenum 

Complex ions 

a) [Mo304(C204)3(H20)3]2-
b) [Mo304(02CCH2)2NCH3}3]2-
c) [M03O4F9]5-
d) [Mo 6 0 8 (EDTA) 3 ] 4 -

e) [Mo 3 0 3 S(Hnta ) 3 ] 2 -
f) [Mo3S4(Hnta)2(nta)]3-
g) [Mo3S4{HN(CH2C02)2}3]2-
h) [Mo3S4(CN)9]5-
i) [Mo3S4(CN)9]5-
j) [Mo3S4(SCH2CH2S)3]2-
k) [Mo3S4Cl4(PEt3)3(MeOH)2] 
1) [Mo3S4Cl4(PEt3)4(MeOH)] 

m) [Mo3S4(h-C5H5)3]+ 

Mo-Mo 

Â 

2.486 
2.495 
2.505 

|2.504 
l2.508 
2.589 
2.750 
2.754 
2.765 
2.773 
2.783 
2.766 
2.790 
2.812 

M O - ( M 3 - L ) 

Â 

2.019 
2.043 
2.032 
2.038 
2.045 
2.360 
2.332 
2.349 
2.363 
2.361 
2.345 
2.355 
2.359 
2.314 

[L] 

O 
O 
O 
O 
O 
S 
S 
S 

s 
s 
s 
s 
s 
s 

MO-(M-L) 

Â 

1.921 
1.918 
1.920 
1.926 
1.915 
1.917 
2.286 
2.295 
2.312 
2.322 
2.293 
2.288 
2.289 
2.293 

[L] 

O 
O 
O 
0 
0 
0 

s 
s 
s 
s 
s 
s 
s 
s 

Ref. 

12 
13 
14 
15 

3 
5 

16 
17 
18 
19 
20 
20 
21 
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M0O2. 
In Tab le 1, the interatomic distances in the capped 

and edge-bridged t r iangular trinuclear complex ions 
of Mo(IV) wi th cores of [Mo3(//3-0)(//-0)3], [Mo3(//3-
S)(//-0)3], and [Mo3(//3-S)(//-S)3] are shown. Müller et 
al.22) g a v e a meta l -meta l bond length of 2.47—2.524 Â 
for M03 clusters wi th a six-electron configurat ion wi th 
a coordinat ion number 6 of simple donor l igands of 
each Mo ion. T h e averaged M o - M o interatomic dis­
tances of a), b), c), and d) of Table 1 is 2.500 Â, which 
is wi th in the lengths given by Müller. Half of 2.500 Â 
is considered to be the radius of the Mo(IV) ion in the 
complex ions given in Tab le 1; then, the length of 
Mo-(ju-O) is the sum of the radii of a Mo(IV) ion and a 
ju-O2- ion, the length of Mo-(jU3-0) is the sum of the 
radii of a Mo(IV) ion and a / /3-O2 - ion, the length of 
Mo-(ju-S) is the sum of the radii of a Mo(IV) ion and a 
ju-S2- ion and the length of Mo-(//3-S) is the sum of the 
radi i of a Mo(IV) ion and a //3-S2 - ion. T h e averaged 
values of radii were 1.25 Â for the Mo(IV) ion, 0.67 Â 
for the ju-O2- ion, 0.79 Â for the JU3-O2- ion, 1.05 Â 
for the ju-S2- ion, and 1.10 Â for the JU3-S2- ion, 
respectively, which are very near to the bond lengths of 

Fig. 5. [Mo303S]4+ core of sample 1, Ba[Mo303S-
(Hnta)3]' IOH2O. The upper figure is a projection to 
the Mo triangular plane and the lower one is drawn 
along an axis perpendicular to the Mo triangular 
plane. The largest circles are Mo4+ ions, the middle 
one is the jU3-S2~ ion and the smallest ones are /JL-02~ 
ions. Radii are shown in the text. 

covalent or metall ic bonds of each ion.23) Us ing these 
radii , the cores of 1, [Mo3(jU3-S)(ju-0)3]4+, and 2, 
[Mo3(//3-S)(//-S)3]4+, are given in Figs. 5 and 6. Sample 
1 has a l igand of three Hnta , where six oxygen a toms 
of the three H n t a take sites on the same side, wi th the 
capped sulfur ion to the p lane made by three 
mo lybdenum ions; the three ni t rogen atoms of the 
three H n t a take sites on the same side with the bridged 
oxygen ions to the plane made by the three molyb­
d e n u m ions. Sample 2 has l igands of two H n t a and 
one nta. The i r coordinat ion to the molybdenum ions 
are similar to sample 1. 

Bürsten et al.24) observed the photoelectron spectra 
of t r iangular trinuclear coordinat ion compounds 
Re3Cl9 and Re3Br9 and analized the spectra on the basis 
of the results of SCF-X-SW and Fenske-Hal l molecular 
orbital calculations. Of course, these compounds are 
m u c h different from samples 1 and 2 in the present 
paper , bu t Re3Clg and Re3Brg have a-type b o n d i n g 
between the Re metal ions of 5d4. Some figures of the 

Fig. 6. [Mo3S4]
4+ core of sample 2, Cai.5[Mo3S4-

(Hnta)2(nta)]-I2H2O. The upper figure is a projec­
tion to the Mo triangular plane and the lower one 
is drawn along an axis perpendicular to the Mo 
triangular plane. The largest circles are Mo4+ ions, 
the middle one is /JL3-S2~ ion and the smallest ones 
are fx-S2~ ions. Radii are shown in the text. 
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electron density dis t r ibut ion in the planes made wi th 
triangle of three Re atoms show some l inked electron 
contour dis tr ibut ions wi thou t us ing any node poin ts 
of the wave functions. A similar electron dis tr ibut ion 
linked in each contour is shown in the case of 
Ru3(CO)i2 by Delley et al.25) These results cause us to 
imagine that when a magnet ic field is appl ied in a 
direction perpendicular to the p lane of a triangle, 
there will be a d iamagnet ic susceptibility due to the 
Larmor rotat ions of the electrons of each contour 
linked. Bürsten et al.26) examined the bondings in 
several structures of t r iangular tr inuclear molybde-
num(IV) cluster compounds . They proceeded con­
siderations from the [Mo3]12+ core to a [Mo302]8+ core, 
then to a [M03O6] core. T h e first one is a "n ak ed " 
tr iangle of three Mo4+ ions. T h e second one is a 
tr iangle of three Mo4+ ions wi th capped O 2 - ions at 
both sides of the triangle plane. T h e third one is the 
triangle of three Mo4+ ions doubly bridged by O 2 - ions 
between two Mo4+ ions. In the first one of D3/1 
symmetry, one 4dy orbital and one 4de orbital of each 
Mo4+ make bondings which l ink three Mo ions 
together into a triangle and six valence electrons are 
expected to occupy these orbitals resul t ing in a bond 
order of one between each pair of Mo ions. In the 
second one, the metal tr iangle framework was not 
significantly influenced by the capped l igands. T h e 
4dy orbitals, which were directed to the centre of the 
triangle in the first one, were strongly bonded with 2p 
orbitals of capped O 2 - ions. T h e highest occupied Mo 
of the second one is not the a n t i b o n d i n g orbital but , 
rather, the bond ing which makes the b o n d i n g tight. 
Bürsten et al. concluded that the c a p p i n g oxygen 
atoms in [Mo302]3+ were b o u n d pr imar i ly th rough 
M o - O covalent a-interaction and only in a secondary 
was by 71-donation from the oxygen a toms in to empty 
meta l -meta l orbitals. In the third one, the presence of 
edge-bridging oxygen atoms did not cause the me ta l -
metal b o n d i n g to rehybridize; however, s t rong co­
valent M o - O bondings were found, as in second one. 
T h e n , Bürsten et al. examined a [Mo304]4 + core that 
comprised t r iangular three Mo4+ wi th a capped O 2 -

and three edge-bridged O 2 - , compared wi th the above-
ment ioned cores. T h e results are shown in the table of 
the Mull iken popula t ions . Electron densities wi th in 
the capped and bridged tr iangle were not significantly 
changed by other l igands. O n the other h a n d the 
lower symmetry C3V of [Mo304]4 + than D3/,, which 
[Mo302]8+ and [M03O6] have, has b rough t s t rong 
m i x i n g of edge b r idg ing de-type orbitals and increased 
the electron popu la t ion to the capped oxygen orbitals 
of Mo ions. Let us re turn to Fig. 5. Sample 1 has a 
core of [Mo303S]4+ , wh ich may be considered to be 
ana logous to the [Mo304]4 + . F igure 5 makes us 
imagine the three Mo ions of the [Mo303S]4+ would 
have a dis tr ibut ion of 4d electrons l inked wi thou t any 
node wi th in the t r iangular area a n d the capped S ion 

wou ld supply more electrons to the l inkage. T h e 
bridged three oxygens are tightly bonded to the Mo 
ions. They could have a l inked electron distr ibut ion 
a long the t r iangle, together wi th the Mo ions. In the 
core [Mo3S4]4+ of sample 2 (Fig. 6) the bridged S ions 
seem to make the M o - M o direct bondings weaker than 
those in [Mo303S]4+. T h e density of the electrons 
distributed in the parallel planes to the triangle may be 
smaller than that of the [Mo303S]4+ core. If a magnet ic 
field is appl ied in a direction perpendicular to the Mo 
tr iangle p lane , those electrons m a k i n g links wi thou t a 
node po in t will begin La rmor rotat ions and show 
some d iamagnet i sm. As in the case of [Mo304]4 + , 
where there are s t rong bondings between the Mo ions, 
the capped ion and Mo ions and bridged ions and Mo 
ions, some electrons will be b rough t into the Larmor 
rotat ions. Fol lowing the results of Bürsten et al., some 
electrons from the M O in Tab le IV of Ref. 26 could 
contr ibute to this extra d iamagnet i sm. T h i s aniso­
tropic d iamagnet i sm could be approximated by a 
magnet ic susceptibility formula given by Lonsdale27) 

for the aromatic rings, namely, Xnng—(~Afe2/4 mC2)^ r2, 
where N is the Avogadro number , m is the electron 
mass (g), p is the number of ro ta t ing electrons, r is the 
distance of an electron from the centre of the molecule 
in cm and other symbols have their usual meanings. If 
in Fig. 5, a circular area wi th a diameter of about 2.2 Â 
(the diameter of the capped S2 _ ion) is assumed to be 
an orbital area sufficient to produce an extra dia­
magnet ic susceptibili ty of — 0.193X10 - 3 cm3 for 1, the 
number of electrons par t ic ipa t ing in the Larmor 
rotat ions is about 9.4. If a similar consideration is 
made regarding sample 2, the number of electrons 
par t ic ipa t ing in the Larmor rotat ions on a r ing of 
diameter of about 2.2 Â, is about 9.6. Unti l the real 
n u m b e r of electrons par t ic ipa t ing in the La rmor 
rotat ions could be known, the number of electrons 
which contr ibute to the extra diamagnet ism caused by 
the Larmor rota t ions are only estimated numbers . 
T h i s extra d iamagnet i sm due to the Larmor rotat ions 
would main ly have arisen from the direct metal-metal 
bondings , which are remarkable in triangle 4d metal 
coordinated compounds wi th single-atom bridges. 

Some magnet ic polynuclear coordinat ion com­
p o u n d s have been used as catalyzers28) because they 
have more magnet ic momen t s than monomer mag­
netic ions. T h o u g h the present tr inuclear compounds 
are not magnet ic , if they are compared wi th the 
mesoscopic superatoms, the capped ion size would 
determine the supera tom's core diameter and number 
of electrons b rough t in to the La rmor rotat ion would 
correspond to the n u m b e r of donors modula t ion-
doped in to the superatoms. Diamagnet ic polynuclaer 
coordinat ion c o m p o u n d s can be designed in a manne r 
similar to a superatom. The i r crystal lattices would 
construct arrays of l inked electron densities which 
wou ld provide a step to us ing diamagnet ic poly-
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nuclear coordinat ion compounds in electronic devices, 
since they can rotate more electrons a long the 
overlapped molecular orbitals wi thout a node poten­
tial than a single ion of the same size. 

T h e authors wish to express their sincere thanks to 
Professor Minoru Kinoshi ta and Dr. Tadash i Sugano, 
the University of Tokyo , for the measurements of the 
magnet ic properties. 
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7j3-Allyl(methyl)platinum(II) Complexes. Synthesis, Conversion into r^-Allyl 
Complexes, and Electrochemical Behavior in Comparison with Thermolysis 
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Complexes of the type [Pt(r73-allyl)Me(L)] (1) (allyl=C3H5, l-MeC3H4, or 2-MeC3H4; L=tertiary phosphine) 
as well as [Pt(r73-C3Hö)Bu(PPh3)] have been synthesized and characterized by NMR (*H, 13C) and mass 
spectroscopy. By the reaction with bidentate tertiary phosphines (L-L), [Pt(773-C3H5)Me(PPh3)] (lb) was 
converted into ^-allyl complexes of the type [Pt(r71-C3H5)Me(L-L)]. With PPh3, cis-[Pt(,n1-C&H5)Me(PPh.3)2] was 
isolated. The reaction of lb with neat 2,4-pentanedione (Hacac) afforded [Pt(acac)Me(PPli3)]. Complexes 1 
thermally decompose in the solid state and in diphenylmethane solely giving propylene and methane, but the 
allyl-alkyl coupling reaction to form 1-butène is promoted by the addition of maleic anhydride. A similar 
coupling-promoting effect was observed in the electrochemical oxidation of lb in THF at 23° C without 
additive. By taking into account the one-electron oxidation and the participation of the PPI13 ligand in its 
oxidation process, a possible mechanism of this electrochemically promoted coupling is proposed. 

Many u n i q u e catalytic reactions directed toward 
organic synthesis are possible wi th the use of 
pa l l ad ium compounds,1* bu t the utili ty of p l a t i num 
compounds as catalysts is rather l imited possibly 
because of their relative inertness. We previously 
reported on the thermolytic behavior of 773-allyl-
(methyl)(tertiary phosphine)pal ladium(II) , which were 
synthesized as models of palladium-catalyzed allylic 
alkylation.2) T h e complexes were found to thermally 
decompose with preferential evolution of ethane 
rather than 1-butène, the allylic-alkylation product. 
However, the addi t ion of maleic anhydride as a 7r-acid 
greatly enhanced the evolut ion of 1-butène, a l though 
PPI13 and other additives had only the med ium effect 
to p romote coupl ing . In order to obtain further 
ins ight in to the catalytic ability of metals for 
al lyl-alkyl coup l ing reactions, we at tempted to syn­
thesize the cor responding p l a t i n u m complexes and to 
compare their thermolyt ic behavior wi th that of the 
pa l lad ium(II ) complexes. In our knowledge, such an 
r73-allyl(methyl)platinum(II) complex has not been 
synthesized yet, a l t hough the ^ - a l l y l - ^ - a l l y l com­
plex,3) allyl-platinacycles,4) and the allyl-aryl com-

/ 7 * n Me 

H 

1 

a: Ri=R2=H; L=PCy3 

b: Ri=R2=H; L=PPh3 

c: R!=R2=H; L=PMePh2 

d: R!=R2=H; L=PMe2Ph 
e: Ri=R2=H; L=PBu3 

f : R ^ M e , R2=H; L=PPh 3 

g: R!=H, R2=Me; L=PPh 3 

Pt 
/ \ 

L Me 

5 

a: 2L=Ph2PCH2CH2PPh2 (dppe) 
b: 2L=Ph2PCH=CHPPh2 (dppen) 
c: L=PPh 3 

plexes con ta in ing phenyl5 ) and polyhalogenated phen-
yl6) have been k n o w n so far. We here report on the 
thermolytic and electrolytic behavior of the first 
isolated i73-allyl(methyl)(tertiary phosph ine)p la t inum-
(II) complexes (1), wi th emphasis placed to a novel 
electrochemical coup l ing-p romot ing effect. Conver­
sion of 1 in to the ^ - a l l y l complexes 5 is also described. 

Experimental 

All preparations were carried out under nitrogen unless 
otherwise stated. Solvents and reagents were redistilled 
under and purged with argon, respectively. The ether 
solution of LiMe (0.87 mol dm - 3) and the hexane solution of 
LiBu (15.2 wt%) was used as gifted from Tosoh Akzo 
Corporation. The allyl complexes [Pt(C3H5)Cl]4,

7) [Pt(//-
Cl)(r73-2-MeC3H4)]2,

8) [Pt(773-C3H5)C1(L)],9> and [Pt(r73-l-MeC3-
H4)Cl(PPli3)]10) were prepared by the published methods. 
Tertiary phosphines and other reagents were purchased and 
used without further purification. Standard gases were also 
purchased. 

Synthesis of Complexes la—le. To a stirred solution or 
suspension of [Pt(r73-C3Hö)Cl(L)] in toluene kept at —10 °C 
a stoichiometric amount of LiMe in ether was added drop-
wise. After being stirred for a while, the mixture was gradual­
ly warmed up to room temperature with stirring. The white 
precipitate formed was filtered off and evaporation was 
carried out in vacuo at room temperature. The residue was 
extracted with hexane and the extract was again evaporated 
to leave la—le as a colorless amorphous solid or oil. 

la: Colorless solid (77%); mp 156—157 °C (decomp); 
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1H NMR (CeDe) (for proton and carbon numbering schemes, 
see the structure for 2) ô=1.32 (3H, d, /P=4.6, /Pt=86.0 Hz, 
Pt-Me), 2.12 (IH, H2), 2.22 (IH, H3) (coupling constants 
could not be evaluated due to overlapping with the ligand 
signal), 3.41 (IH, dd, /4=1.7, /5=4.1 Hz, H1), 3.59 (IH, m, 
H4), and 4.38 (IH, m, H5); 13C NMR (C6D6) <5=-20.4 (d, 
/ P = 7 . 3 , /Pt=808 Hz, Pt-Me), 51.5 (d, /P=39.6, /pt=132 Hz, Cc), 
54.1 (s, /pt=29.3 Hz, Ca), and 108.7 (s, /Pt=16.2 Hz, Cb). 

Found: C, 48.18; H, 7.55%. Calcd for C22H4iPPt: C, 49.70; 
H, 7.77%. 

lb: Pale yellow solid (81%); mp 138—140 °C (decomp); 
1U NMR (C6De) ô=1.39 (3H, d, / P = 6 . 2 , /Pt=97.0 Hz, Pt-Me), 
2.37 (IH, dd, /5=10.7, / P = 1 0 . 3 , /Pt=63.0Hz, H3) (/5 and / P 

values were evaluated by application of a homodecoupling 
technique to the H5 signal), 2.43 (IH, d, /5=13.0, /pt=41.0 
Hz, H2), 3.37 (IH, dd, /4=2.2, /5=7.3 Hz, H1), 3.69 (IH, m, 
H4), and 4.51 (IH, m, H*); 13CNMR (C6D6) <5=-15.9 (d, 
/ P = 7 . 3 , /P t=806Hz, Pt-Me), 50.8 (d, /P=42.5, /Pt=156Hz, 
Cc), 62.2 (s, /P t=22.0Hz, Ca), and 110.2 (d, / P = 2 . 9 , 
/pt=17.6Hz, Cb). 

Found: C, 51.86; H, 4.55%. Calcd for C22H23PPt: C, 51.46; 
H, 4.51%. 

lc: Pale yellow solid (76%); mp 48—49 °C; ^ N M R 
(CeDe) 0=1.39 (3H, d, /P=6.6, /Pt=87.4 Hz, Pt-Me), 2.27 (IH, 
d, H2), 2.33 (IH, t, H3) (coupling constants could not be 
evaluated because of the very closely situated H2 and H3 

signals), 3.30 (IH, dd, /4=1.8, /5=7.2 Hz, H1), 3.69 (IH, m, 
H4), and 4.42 (IH, m, H5); ^CNMR (C6D6) ô=—18.3 (d, 
/ P = 5 . 9 , /P t=804Hz, Pt-Me), 50.4 (d, /P=44.0, /Pt=144Hz, 
Cc), 59.4 (s, /pt=24.9 Hz, Ca), and 109.8 (s, /Pt=16.1 Hz, Cb). 

Found: C, 45.73; H, 4.77%. Calcd for Ci7H2iPPt: C, 45.23; 
H, 4.69%. 

Id: Brownish yellow liquid (61%); 1H NMR (C6D6) 
0=1.37 (3H, d, /P=6.8, /Pt=87.0Hz, Pt-Me), 2.19 (IH, d, 
/5=12.9, /Pt=42.0, H2), 2.30 (IH, t, /=11.0, /Pt=61.0Hz, H3), 
3.35 (IH, dd, /4=2.2, /5=7.3 Hz, H1), 3.65 (IH, m, H4), and 
4.39 (IH, m, H5); 13C NMR (C6D6) <5=-19.5 (d, /P=5.9, 
/Pt=798 Hz, Pt-Me), 50.3 (d, /P=44.0, /Pt=144 Hz, Cc), 56.5 (s, 
/Pt=28.0 Hz, Ca), and 109.7 (s, /Pt=16.2 Hz, Cb). 

Found: C, 36.50; H, 4.84%. Calcd for Ci2Hi9PPt: C, 37.02; 
H, 4.92%. 

le: Pale yellow liquid (93%); ^ N M R (C6D6) 6=1.29 
(3H, d, / P = 6 . 1 , /Pt=86.4Hz, Pt-Me), 2.11 (IH, d, /5=12.9, 
/Pt=42.4Hz, H2), 2.22 (IH, t, /=11.0, /Pt=56.0 Hz, H3), 3.42 
(IH, dd, /4=2.2, /5=7.2Hz, H1), 3.60 (IH, m, H4), and 4.35 
(IH, m, H5); 13C NMR (C6D6) <5=-21.2 (d, /P=6.9, /Pt=796 
Hz, Pt-Me), 50.9 (d, / P = 4 1 . 1 , /P t=134Hz, Cc), 53.3 (s, / P t = 
20.8 Hz, Ca), and 109.1 (s, /Pt=17.6 Hz, Cb). 

Found: C, 42.15; H, 7.86%. Calcd for Ci6H35PPt: C, 42.38; 
H, 1.1 

H4 ,Me 

Me.H$-fc{'-

C — H 3 

Pt 
/ 

Me 

Synthesis of Complex If. Complex If was prepared from 
[Pt(773-l-MeC3H4)Cl(PPh3)] and LiMe by the method 
analogous to the preparations of la—le. Brownish yellow 
solid (71%); 1H NMR (C6D6) (for proton and carbon 
numbering schemes, see the structure for 2) ô=1.13 (3H, d, 
/ P = 5 . 0 , /Pt=84.4Hz, Pt-Me), 1.85 (3H, t, /Pt=44.4Hz, Me), 
2.20 (IH, d, /5=12.6, /P t=40.2Hz, H2), 2.83 (IH, m, / P t = 
67.1 Hz, H3), 3.20 (IH, d, /5=7.3 Hz, H1), and 4.43 (IH, m, 
H5); 13C NMR (C6D6) <5=-5.4 (d, /P=5.8, /Pt=834 Hz, Pt-Me), 
16.0 (d, /P=4.4Hz, Me), 56.3 (s, /Pt=42.6 Hz, Ca), 64.9 (d, 
/ P = 3 9 . 6 , /Pt=131 Hz, Cc), and 112.0 (s, /Pt=20.5, Cb). 

Synthesis of Complex lg. To a stirred solution of [Pt(ju-
Cl)(773-2-MeC3H4)]2 in THF kept at - 2 0 °C a twice molar 
amount of PPh3 in THF was added dropwise. The solution 
was warmed up to room temperature resulting in a pale 
yellow suspension, to which an ether solution of LiMe (a 
three quaters equivalent based on the amount of PPh3) was 
added dropwise with stirring. The resulting yellow solution 
was dried up in vacuo and the residue was treated as 
described above. Brownish yellow solid (30%); mp 104— 
107 °C (decomp); W NMR (C6D6) (for proton and carbon 
numbering schemes, see the structure for 2) ô=1.39 (3H, d, 
/ P = 6 . 2 , /Pt=86.4Hz, Pt-Me), 1.70 (3H, s, /Pt=44.4Hz, Me), 
2.43 (IH, dd, /4=2.2, /P=11.0, /Pt=64.0Hz, H3), 2.46 (IH, s, 
/Pt=40.0Hz, H2), 3.47 (IH, d, /4=2.9Hz, H1) and 3.48 (IH, 
m, H4); 13CNMR (C6D6) ô=—17.3 (s, Pt-Me), 24.6 (s, Me), 
52.1 (d, / P = 4 4 . 1 , /Pt=164 Hz, Cc), 61.6 (s, Ca), and 123.4 (s, Cb) 
(coupling constants except that for Cc are unknown because 
of low resolution of the spectrum). 

Found: C, 53.88; H, 4.83%. Calcd for C23H25PPt: C, 52.38; 
H, 4.78%. 

Synthesis of [Pt(T?
3-C3H5)Bu(PPh3)] (3). Complex 3 was 

prepared from [Pt(r73-C3H5)Cl(PPh3)] and LiBu by the 
method analogous to the preparations of la—le. Brownish 
yellow solid (34%); mp 82—84 °C (decomp); *H NMR (C6D6) 
(for proton and carbon numbering schemes, see the structure 
4) 0=0.99 (3H, t, /8=7.3Hz, H9), 1.47 (2H, m, H8) 
(application of a homodecoupling technique for this signal 
reduced the multiplicity of the H9-triplet to a singlet), 2.06 
(4H, m, H6 and H7), 2.43 (IH, d, /5=13.7, /pt=41 Hz, H2), 
2.47 (IH, t, / 5 = / P = 1 0 . 7 H Z , H3), 3.36 (IH, dd, /4=2.0, 
/5=7.3Hz, H1), 3.68 (IH, m, H4), and 4.60 (IH, m, H5); 
isC NMR (C6D6) 0=10.4 (d, / P = 4 . 4 , /Pt=774Hz, Cd), 14.5 (s, 
C^), 29.1 (s, /pt=50.6 Hz, Ce), 39.0 (s, / P t =l 1.8 Hz, Cf), 51.6 (d, 
/ P = 4 3 , /pt=187 Hz, Cc), 61.7 (s, Ca), and 110.0 (s, Cb). 

Found: C, 54.33; H, 5.25%. Calcd for C25H29PPt: C, 54.05; 
H, 5.26%. 

Hl4' 
C C - H 3 

W 
Pt 

d C H 2
6 - e C H 2

7 - f C H 2 8 - 9 C H 3
9 

C — H 2 
\ , 

C ^ - H 2 

Conversion of lb into r^-Allyl Complexes 5a—5c. 
Synthesis of 5a. Complex lb (0.941 mmol) and dppe 
(0.941 mmol) were placed in a flask kept at —60 °C. Toluene 
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(20 cm3) precooled to —50 °C was added to the flask and the 
mixture was warmed up to room temperature over an 1 h 
interval with stirring, during which the pale yellow 
suspension changed to a yellow solution. The solvent was 
removed in vacuo, the residue was extracted with ether, and 
then the extract was concentrated. On addition of hexane, a 
white precipitate was deposited, which was filtered, washed 
with hexane, and dried in vacuo. Colorless solid (62%); mp 
146—149 °C (decomp); IR (Nujol) 1601cm"1 (C=C); 1H 
NMR (CÔDÔ) (for proton and carbon numbering schemes, see 
the structure for 6) 0=1.48 (3H, t, /P)trans=/P,cis=7.3, /Pt=69.6 
Hz, Me), 3.07 (2H, q, /5=/p,tnUi.=/p,ci.=9.3, /Pt=99.4Hz, 
Pt-CH2) 4.68 (1H, dt, /5=9.8, /p,t«n,=/p,d,=2.9, /Pt=27.3 Hz, 
Hi), 4.87 (1H, d, /5=16.6, /P=*0, /Pt=27.8 Hz, H2), and 6.59 
(1H, m, H*); 13CNMR (C5D6) 0=4.24 (dd, /P)trans=96.9, 
/p,d.=7.2, /P t=616Hz, Me), 27.42 (dd, /P)trans=89.5, /Pi«,=4.4, 
/P t=549Hz, Ca), 104.4 (d, /P)trans=7.4, /pt=61.6Hz, Cc), and 
1 4 6 . 8 ( d , / P ) t r a n s = 7 . 4 , / P t = 6 4 . 6 H Z , C b ) . 

Found: C, 55.08; H, 4.94%. Calcd for C3oH32P2Pt: C, 55.47; 
H, 4.97%. 

Synthesis of 5b. To a solution of lb (0.292 mmol) in 
toluene (5 cm3) kept at —30 °C a toluene (10 cm3) solution of 
dppen (0.290 mmol) precooled to — 30 °C was added drop-
wise with stirring. The solution became turbid at the 
initial stage of addition and turned again homogeneous 
finally. The resulting solution was warmed up to room 
temperature and stirred for further 30 min. After the solvent 
was removed in vacuo, the residue was extracted with ether 
and the extract was evaporated to dryness to leave a pale 
yellow solid, which was washed with a large amount of 
hexane and dried in vacuo. Pale yellow solid (59%); mp 
143—145 °C (decomp); IR (Nujol) 1607 cm"1 (C=C); *H 
NMR (C6D6) 0=1.53 (3H, t, /P,trans=/P,cis=7.3, /Pt=70.3Hz, 
Me), 3.05 (2H, q, /5=/p,t»n,=/p,ci.=9.1, /P t=100Hz, Pt-CH2), 
4.66 (1H, dt, /5=9.8, /P)trans=/P)cis=2.9, /pt=28.3 Hz, Hi), 4.96 
(1H, dt, /5=16.9, /P)trans=/P)cis=3.2, /pt=28.8 Hz, H2), and 6.56 
(1H, m, H5); isC NMR (C6D6) 0=3.53 (dd, /P)trans=98.3, 
/P)cis=5.9, /Pt=640 Hz, Me), 26.12 (d, /P,trans=92.4, /Pt=555 Hz, 
Ca), 105.0 (d, /P)trans=7.4, /pt=66.0 Hz, Cc), and 146.6 (d, 
/p>tom,=7.3,/pt=61.6Hz, Cb). 

Found: C, 56.12; H, 4.71%. Calcd for C3oH3oP2Pt: C, 
55.64; H, 4.67%. 

Synthesis of 5c. To a solution of lb (0.263 mmol) in 
toluene (5 cm3) kept at —40 °C a toluene (10 cm3) solution of 
PPh3 (0.263 mmol) precooled to — 30 °C was added slowly 
with stirring. When the solution was warmed gradually, a 
white precipitate began to form at about — 25 °C. The 
yellow suspension thus obtained was stirred for further 
20 min and cooled again to —50 °C. The supernatant liquid 
was removed by filtration, the residue was washed twice with 
cold (—50 °C) toluene and hexane (ca. 20 °C), successively, 
and then dried in vacuo. White solid (67%), mp 163 °C; IR 
(Nujol) 1600 cm"1 (C=C); ^ N M R (CDC13) ô=0.55 (3H, t, 
/ P , t r a n s = / P , c i s = 7 . 6 , / P t = 6 7 . 4 H z , M e ) , 2 . 1 8 ( 2 H , q , / 5 = / P , t r a n s = 

/p,ci.=9.5, /P t=94.8Hz, CH2), 4.30 (2H, m, H1 and H2), and 
5.84 (1H, m, H5); 13C NMR (CDCI3) 0=11.19 (dd, /P)trans=93.0, 
/P)cis=7.9, /P t=636Hz, Me), 31.11 (d, /P)trans=87.5, /Pt=560Hz, 
Ca), 104.0 (d, /P)trans=6.40, /Pt=69.9 Hz, Cc), and 145.2 (d, 
/ P ) t r a n s = 7 . 9 , / P t = 6 3 . 4 H z , C b ) . 

Found: C, 60.95; H, 4.90%. Calcd for C4oH38P2Pt: C, 61.93; 
H, 4.94%. 

The Reaction of lb with 2,4-Pentanedione. Complex lb 

pt y 

6 

(0.39 mmol) was dissolved in 2,4-pentanedione (Hacac) 
(20 cm3) and the resulting solution was stirred overnight. 
Concentration and the addition of hexane gave a white 
precipitate of [Pt(acac)Me(PPh3)] (7), which was filtered, 
washed with hexane, and dried in vacuo. GLPC analysis of 
the gaseous components liberated during the reaction 
qualitatively confirmed the evolution of propylene exclu­
sively. White powder (68%); mp 204—208 (decomp); 
*HNMR (CDCI3) 6=0.65 (3H, d, /P=2.4, /Pt=75.0 Hz, 
Pt-Me), 1.62 (3H, s, acac-Mecis-P), 1.96 (3H, s, acac-Metrans-P), 
5.34 (1H, s, acac-CH); 13C NMR (CDCI3) ô=-18.0 (d, /P=9.2, 
/P t=721Hz, Pt-Me),27.6 (d, /P=5.6Hz, acac-Metrans-p), 28.0 
(s, acac-MeCis-P), 101.2 (s, acac-CH), and 184, 186 (s, acac-CO). 

Found: C, 50.03; H, 4.40%. Calcd for C24H2502PPt.C, 
50.44; H, 4.41%. 

Thermolysis. A solid or solution sample was placed in a 
Schlenk tube and degassed several times by the freeze-pump-
thaw method. A standard gas of a constant volume was 
introduced to the tube through a manometer, and then the 
sample was thermolyzed and the gases liberated were ana­
lyzed by GLPC. Propane was used as an internal standard 
and diphenylmethane as a solvent. The area of a gas 
chromatographic peak in comparison with that of a 
standard was used for quantitative purpose. The area was 
corrected for the relative solubility of a particular gas to 
propane in the employed solvent. A Yanaco G-180 gas 
Chromatograph was employed for the gas analysis. Porapak 
Q (80—100 mesh, 2 m) or TCP C-22 (60—80 mesh, 8 m) was 
also used as packings. 

Electrochemical Apparatus and Procedures. Voltammetrie 
experiments were carried out in a standard three-electrode 
cell using a glassy carbon as working, a platinum rod as 
counter, and Ag/AgCl as reference electrodes, respectively. 
Controlled-potential electrolysis and coulometric exper­
iments were performed in a specially designed cell equipped 
with the double junction connecting working and reference 
electrodes. A glassy carbon, a platinum rod (separated by an 
ungrazed tube), and Pt/(i3~4T~) were used as working, 
counter, and reference electrodes, respectively. Use of the 
Pt/(l4~+I~) electrode is recommended for the high potential 
stability for variation of electric current and the small 
hysteresis effect on a thermal change.n) A Yanaco 
Polarographie analyzer Model PI 100 was employed as the 
voltammetric unit. 

For these electrochemical experiments, THF was used as a 
solvent and (Bu4N)+(PF6)- (hereafter abbreviated as TBAHFP) 
as a supporting electrolyte. The Pt/(l3~+I~) reference 
electrode was constructed by mixing two acetonitrile 
solutions of I2 (0.05 mol dm -3) and Nal (0.1 mol dm -3) in the 
volume ratio of 1:1 and placing a platinum rod in the 
resulting solution. All experiments were performed under 
argon at 23 °C. GLPC analysis of the gaseous components 
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liberated on electrolysis was carried out using the same 
instrument and columns as described above. In this case, the 
gaseous components liberated on electlolysis were collected 
in a gas sampler and analyzed. Instead of propane, argon 
was used as an internal standard and the treatment for 
quantitative purpose was the same as that done in the 
thermolysis experiments. 

Measurements. IR (Nujor or neat) spectra were recorded 
on .a Jasco DS-701G spectrometer. Proton (400 MHz) and 
carbon-13 (100.5 MHz) NMR spectra were recorded on a 
JEOL JNM GX-400 instrument, both with SiMe4 as internal 
standard. Mass spectra were measured with a JEOL JMS-
D300 spectrometer (electron-impact type) by means of the 
direct injection method at an ionization potential of 30 eV. 
Melting points were determined on a Yanaco melting point 
apparatus Model MP-21. 

Results and Discussion 

Synthesis and Characterization of i73-Allyl(methyl)-
platinum(II) Complexes. Complexes of the type [Pt-
(773-allyl)Me(L)] (la—If) were first synthesized by the 
method analogous to that for the corresponding 
p a l l a d i u m ( I I ) complexes , i.e., the react ion of 
[Pt(773-allyl)Cl(L)] with LiMe in toluene at - 1 0 °C 
(Eq. 1). 

[Pt(773-allyl)Cl(L)] + LiMe —•[Pt(i73-allyl)Me(L)] + LiCl 

(1) 
T h e basically same method was employed for the 
synthesis of lg , bu t in this case [Pt2(//-Cl)2(i73-2-
MeC3H4)2] was used as a s tar t ing mater ial , and the 
mononuc lear complex formed by the reaction wi th 
PPI13 in T H F was subjected to further reaction in situ. 
Recently, Clark et al.5) reported their experimental 
results on the reaction between [Pt(773-C3H5)Cl(PMePh2)] 
and SnMe4 in the 1:4 molar rat io in CDCI3. When the 
reaction mixture was kept in the dark for 2 weeks, they 
identified, on the basis of its *H N M R , the formation of 
complex l c as one of the reaction products . However, 
the complex was not at tempted to isolate. 

All the newly isolated p l a t i n u m complexes l a — l g 
are air-stable amorphous solids or oily substances and 
their structures are fully characterized by the 1H and 
13C N M R data given in the Exper imenta l section. 
Complexes la and l g are very difficult to obtain in an 
analytically pure state and probably contain some 
impuri t ies , but these are essentially pure on the N M R 

basis. 
Some significant features of the lH and 13C N M R are 

worthy of remark: (1) T h e methyl p ro ton-p la t inum 
coupl ing constants (84—97 Hz) are very h igh relative 
to those (about 50—85 Hz) observed for several 
methylpla t inum(II ) complexes,12) suggesting that the 
methyl g roup b ind very strongly to the metal in the 
present complexes. (2) T h e coup l ing constant (40.0— 
42.4 Hz) of the allylic p ro ton H 2 to 195Pt is somewhat 
smaller than that (56.0—67.1 Hz) of H 3 to 195Pt, 
probably reflecting stronger trans influence of the 
methyl than phosph ine . (3) All the allylic carbons of 
l a — l e coupled to 195Pt and the observed asymmetry in 
the /p t coupl ing constants, i.e., /pt-ca=20.8—29.3, 
/pt-cb=16.1 — 17.6, and /pt-cc=132—156 Hz, seems to 
result from the cont r ibut ion of asymmetric rj1-^2 allyl 
bond ing modes to the symmetrical i73-allyl arrange­
ment as was argued for the asymmetric /p t values of 
[Pt (r73-C3H5)Ph(P(4-FC6H4)3)](/pt-ca=18.0 /p t-cb=12.2, 
/pt-c<=152.3 Hz).5> 

Interestingly, of the potentially possible four struc­
tural isomers of the i73-l-methylallyl complex, only the 
syn isomer wi th the methyl subst i tuent trans to P was 
isolated exclusively. T h i s was identified on the basis 
of a compar i son wi th chemical shift data of the 
unsubst i tuted allyl complexes and of the disappear­
ance of a complex mul t ip le t originally observed for 
H4 . 

T h e characteristic mass spectral data for l a— l e and 
l g are given in Tab le 1. All the complexes exhibi t 
their molecular- ion peaks. In contrast wi th the case of 
pa l lad ium, the fragment of ML+ was not detected, 
indicat ing that in the p l a t i num complexes coupl ing of 
the allyl and methyl groups to form 1-butène or 2-
methyl-1 -butène is difficult to occur. It is noteworthy 
that three par t icular fragments are detected, especially 
in the fol lowing order of intensity; (PtL- l )+>Pt-
(allyl)L+>PtMeL+. T h e first fragment corresponds to 
loss of both the methyl radical and propylene molecule 
from the molecular ion. T h u s the complexes tend to 
first lose the methyl g r o u p and then the allyl g roup in 
remain ing Pt(allyl)L+ abstracts a H-radical from the 
coordinated phosph ine l igand, l iberating propylene or 
2-methylpropene. These characteristics are similar to 
those of the [Pd(i73-allyl)Me(L)] complexes, a l though 
in the latter case somewhat different trend, i.e., 

Table 1. Characteristic Mass Spectral Data for Complexes la—le and lga) 

Complex 

la 
lb 
lc 
Id 
le 
lg 

M+ 

531(27) 
513(19) 
451(27) 
389(41) 
453(24) 
527(15) 

Pt(allyl)L+ 

516(100) 
498(100) 
436(100) 
374(100) 
448(100) 
512(100) 

PtMeL+ 

490(50) 
472(14) 
410(9) 
348(15) 
412(12) 
472(3) 

(PtL-l)+ 

474(307) 
456(161) 
394(182) 
332(208) 
396(175) 
456(109) 

a) For convenience, the peak intensity (%) of the [Pt(allyl)L]+ fragment is used as a base and only the most 
intense peak containing 195Pt and 12C isotopes is listed for each fragment. 
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Pd(allyl)L+>PdL+>(PdL-l)+, was observed.2) 
Synthesis and Characterization of Ty3-Allyl(butyl)-

platinum(II) Complex. The butyl complex 3 was 
also synthesized from [Pt(r73-C3H5)Cl(PPh3)] and LiBu 
by the method analogous to the preparations of la—If. 
Complex 3 is an air-stable amorphous solid and the 
structure is fully characterized by the *H and 13C NMR 
data given in the Experimental section. 

Conversion into the T71-Allyl(methyl)platinum(II) 
Complexes. On addition of tertiary phosphines, the 
773-allyl ligand in lb was converted into the r^-allyl 
bonding and r71-allyl(methyl)platinum(II) complexes 
5a—5c were isolated as air-stable solids. Although 
platinum is known to exhibit a most marked 
preference for forming ^-allyl complexes between the 
nickel triad metals, examples of such a complex 
containing both ^-allyl and alkyl ligands on a same 
central metal have never so far, to our knowledge, been 
known; only ^-ally^polyhalogenated phenyl)plati-
num complexes have been synthesized by Kurosawa 
et al.6> All of the 1H and 13C NMR signals of 5a—5c 
can be readily assigned to the methyl and ^-allylic 
protons and carbons as shown in the Experimental 
section. Kurosawa et al. proposed the trans configura­
tion for the PPI13 ligands in complexes of the type 
[Pt(r71-allyl)(aryl)(PPh3)2] on the IR spectral basis. In 
the present case, however, the eis configuration is 
unequivocally shown for 5c on the basis of a coupling 
mode of the methyl carbon to phosphorus atoms, 
namely a doublet of doublets but not a triplet. The 
most striking aspect of the NMR data for these 
complexes is that remote coupling through five bonds 
to phosphorus are observed for the terminal olefinic 
protons of the ^-allyl ligand as well as a four-bond 
coupling to phosphorus for C3. These results, together 
with the high /pt-cH2 value of about 95—100 Hz, 
strongly suggest that in these complexes the ^-allylic 
carbon is bound very strongly to platinum. 

Isolation of the Methyl (2,4-pentanedionato)platinum-
(II) Complex. When 773-allyl(methyl)platinum(II) com­
plex lb was allowed to react with an equimolar 
amount of 2,4-pentanedione in benzene overnight, the 

starting complex was recovered. However, lb gradual­
ly reacted with neat 2,4-pentanedione to give the air-
stable [Pt(acac)Me(PPh3)] complex (7) with the evolu­
tion of propylene. 

2,4-Pentanedione is usually present as an equilib­
rium mixture of keto-enol tautomers. Therefore, it 
behaves as an electrophile in certain cases and as a 
nucleophile in other cases. In the present case, 
however, Hacac does not act as an electrophile, 
because no evolution of a methane gas is recognized 
during the reaction. Instead, Hacac attacks on the 
metal center to form either one or both of the two 
possible intermediates represented in Eq. 2. Although 
the subsequent reaction seems to contain the electro-
philic attack by the enol proton on the allyl terminal 
carbon or the methyl group, the preferential formation 
of the final product 7 but not the [Pt(acac)(r71-
allyl)(PPri3)] complex might reflect the much more 
reactive nature of the ^-allyl group than the methyl. 

Thermolysis of the T73-Allyl(methyl)platinum(II) 
Complexes. The PCy3 and PPI13 complexes, la and 
lb, have a relatively high melting point (>138 °C), and 
hence the thermolysis of the solid samples la—lc were 
performed under the conditions of 120 °C for 2 h in 
vacuo. These results are listed in Table 2, together 
with those obtained for [Pd(r73-C3H5)Me(PPh3)]2) for 
comparison. Owing to the high thermal stability of 
these platinum complexes, the total molar amount of 
the gases evolved on thermolysis are small in spite of 
the rather severe conditions than in the case of the 
palladium(II) complexes. As is seen in Table 2, the 
thermolysis of la—lc in the solid state evolved 
propylene and methane as main organic products and 
no formation of 1-butène, the allylic alkylation 
product, was found. When the thermolysis was 
performed in diphenylmethane, no drastic change was 
recognized in the relative composition of propylene 
and methane (see Table 3, runs 1, 2, and 8). The 
propylene to methane ratio a little decreased only. 
These results are entirely different from those obtained 
for the corresponding palladium(II) complexes, in 
which ethane was a major organic product (see Tables 

Pt 

Me 

PPh3 

+ Hacac 

Me HO () Me 

Pt 
/ \ 

HO O PPh3 

Pt 
V PPh3 
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Tab le 2. Gases Evolved in the Thermolysis of Complexes l a — l c in the Solid Statea) 

Complex To ta l mol per Pt 
Evolved gas rat io 

Methane Ethylene E thane Propylene 1-Butène 

la 
lb 
lc 
Pdb> 

0.06 
0.20 
0.37 
0.42c> 

14.1 
21.5 
18.0 
3.2 

1.0 
1.0 

77.5 

85.9 
77.5 
80.0 

3.3 
1.0 

16.1 

a) Thermolys is in an evacuated tube under the condi t ions of 120 °C, 2 h. b) Data for [Pd(r73-C3Hö)Me(PPh3)] 
(100°C, 40 min) ; see Ref. 2. c) In this case, the figure represents a total mol per Pd. 

Tab l e 3. Gases Evolved in the Thermolysis of Complexes l a — l c and 5a in Solutiona ) 

R u n Complex Additiveb) To ta l mol per Pt 
Evolved gas rat io 

Methane Ethylene Ethane Propylene 1-Butène 

1 
2 
3 
4 
5 
6 
7 
8 
9 
0 

la 
lb 
lb 
lb 
lb 
lb 
lb 
lc 
5a 
Pdc> 

N o n e 
N o n e 
P P h 3 

Hacac 
St 

Ph 2 C 2 

ma 
N o n e 
N o n e 
N o n e 

0.05 
0.17 
0.10 
0.28 
0.08 
0.08 
0.82 
0.11 
0.07 
0.36d> 

30.8 
37.4 
5.9 

19.9 
31.8 
38.0 
1«6.5 
23.9 

9.7 
4.2 

1.1 
0.6 
0.3 
1.2 
0.6 
4.3 
1.5 
0.6 

79.7 

69.2 
61.5 
93.5 
79.6 
67.0 
58.4 
28.4 
74.6 
84.9 
12.9 

0.2 

3.0 
50.8 

4.7 
3.2 

a) Thermolys is of the sample (50 mg) in the degassed PI12CH2 (1 cm3) under the condi t ions of 100°C, 2 h. b) Hacac= 
2,4-pentanedione; st=stilbene; ma=maleic anhydride. An equimolar amount per complex was added, c) Data for 
[Pd(V-C3H5)Me(PPh3)] (50 °C, 1 h); see Ref. 2. d) In this case, the figure represents a total mol per Pd. 

2 and 3). In the latter case, we proposed that the 
evolution of ethane occurs intermolecularly through 
the binuclear methyl-bridged intermediate [Pd2(ju-
Me)2(i73-ally 1)2] formed by phosphine dissociation. 
The present results seem to reflect the rather substitu­
tion-inert character of these platinum complexes to 
prevent dissociation of phosphine. 

Next we examined the effect of PPI13 and other 
additives on thermolytic products. However, neither 
of the phosphine, olefin, acetylene, nor 2,4-pentanedi­
one as a proton source could have an effect to cause the 
allyl-alkyl coupling. These results are somewhat 
different from the case of the palladium(II) complexes, 
in which the addition of phosphines and olefins also 
brought about the medium effect to promote cou­
pling.2* As described earlier, the addition of PPI13 
converts lb into the ^-allyl complex 5c. The results 
shown in Table 3 (runs 3 and 9) imply that in the 
771-allyl(methyl)platinum(II) complexes the allyl-metal 
bond is more preferentially cleaved. In contrast to 
these additives, the addition of maleic anhydride as a 
7r-acid increased the total molar amount of the 
liberated gases and resulted in the evolution of 1-
butene in the relative molar ratio of 50.0%. 

The addition of maleic anhydride and other 7i-acidic 
olefins is known to accelerate reductive elimination of 
two organic groups in the complexes [Pd(r73-allyl)-
(aryl)(phosphine)].13_15) The reaction was ascertained 
to proceed via the 16-electron intermediary complex 

formed by replacement of the phosphine ligand by 
olefin. 14'15) Based on the extended Huckel MO 
calculations for [Pd(r73-C3H5)Me(H2C=CH2)] employed 
as a model, Kurosawa et al.15) concluded that the 
coordination of olefin in place of the phosphine 
lowers the activation energy for reductive elimination 
and its effect is brought about by elevating HOMO of 
the allyl-Pd-Me fragment interacting properly with 
the 7T* orbital of in-plane coordinated olefin. We are 
therefore interested in examining whether the electro­
chemical oxidation of the present complexes can have 
the effect comparable to the addition of 7r-acidic olefins 
to promote coupling or not. 

Voltammetric Behavior of lb and Related Com­
plexes. Table 4 lists the peak potential values (vs. 
Ag/AgCl) from cyclic voltammograms for complexes 
la—lc and 5a in the presence or absence of additive in 
THF. Complexes lb and lc gave an irreversible 
cathodic peak at a potential near the negative limit of 
potential window, indicating that the complexes are 
hard to be electrochemically reduced. On the other 
hand, an anodic peak appeared at about 1.0 V for all 
complexes of la—lc, suggesting that the complexes 
are subject to oxidation rather than reduction, 
although the oxidation process was also irreversible. 
No correlation was found between anodic peak 
potential (Epa) of the complex and basicity (pKa) of the 
phosphine ligand. 

Figure 1 shows the cyclic voltammograms for com-
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plex lb, PPI13, and a 1:1 mixture of lb and PPI13, in 
THF. In addition to the irreversible cathodic peak at 
—2.78 V and the anodic peak at 1.22 V, lb shows one 
broad anodic peak at —0.28 V and one small cathodic 
peak at about —1.5 V. The former can be ascribed to 
oxidation of the species formed by a subsequent 
chemical reaction of the cathodic reduction product, 
while the latter to reduction of the chemical species 
originating from the anodic oxidation product. As the 
anodic peak at 1.22 V and the following small peak at 
— 1.5V resemble those of PPI13 in both shape and 
potential (see Fig. 1), we can suppose that the PPI13 
ligand participates, more or less, in the oxidation 
process of lb. Moreover, it was confirmed by 
controlled-potential coulometry that the oxidation 
process of lb is that of one-electron. This result also 
supports the participation of PPI13 since the ligand 
itself is known to undergo one-electron oxidation.16) 

The shape and potential of the anodic peak of lb do 

Table 4. Anodic and Cathodic Peak Potential 
Values (EPa and Epc vs. Ag/AgCl) from Cyclic 

Voltammograms for Complexes 
la—lc and 5a in the Presence 

or Absence of Additivea) 

Complex 
la 
lb 
lc 
5a 

Complex+additive 
lb PPh3 
lbc> PPh3 

lb St 
lb ma 

Additive aloneb) 

PPh3 

St 
ma 

*-<pa 

V 

1.12 
1.22 
1.04 
1.06, 0.65 

b) 

1.20, 0.85 
1.2, 0.2 br 
1.26 
1.22 

1.67 
Undetected 
Undetected 

£pc 

V 

Undetected 
-2.78 
-2.78 
-2.98 

-2.78 
-1.66 
-2 .9 br 
-1.14, -2.45 

Undetected 
-2.67 
-1 .14 , -2 .45 

a) In THF at 23 °C; scan rate=0.1 V s"1; [complex]= 
0.1 mol dm-3; [TBAHFP]=0.1 mol dm"3; [additive]= 
1.0 mmol dm -3; br=broad. b) st=stilbene; ma=maleic 
anhydride, c) After electrolysis at 0.85 V. 

not appreciably change by the addition of olefins like 
stilbene and maleic anhydride. However, the addition 
of PPI13 causes the appearance of a new anodic peak at 
0.85 V with the formation of [Pt(r71-C3H5)Me(PPh3)2] 
in solution. The cyclic voltammogram having two 
anodic peaks is also observed for 5a and it seems to be 
the characteristic of the ^-allyl complexes (for 5b, see 
Table 4). Such an oxidizable property of the ^-allyl 
complexes may enhance nucleophilicity of the com­
plexes as the result of elevating their HOMO. When 
an equimolar mixture of lb and PPI13 in THF was 
electrolyzed at the first anodic peak potential of 0.85 V 
(corresponds to 0.63 V vs. Pt/(l3~+I~), see Table 5, 
footnote c) and the resulting solution was subjected to 

lb -I- PPh3 j20/xA 

- j _ 

2.0 1.0 0 - 1 . 0 - 2 . 0 - 3 . 0 

E / V vs. Ag /AgCI 

Fig. 1. Cyclic voltammograms for complex lb, PPI13, 
and an equimolar mixture of lb and PPI13, in THF; 
[complex]=1.0 mmol dm"3; [TBAHFP]=0.1 mol 
dm -3; scan rate=100 mV s-1. 

Table 5. Gases Evolved in the Electrolysis of Complex lb in THFa) 

Run 

1 
2 
3 
4 
5 

Additiveb) 

None 
PPh3 

PPh3 

St 
ma 

£c> 

V 

0.88 
0.62 
0.86 
1.04 
0.98 

Total mol per Pt 

0.80 
0.91 
1.20 
0.62 
0.31 

Methane 

19.2 
28.4 
17.6 
18.3 
36.0 

Ethane 

0.0 
4.5 
6.2 
0.0 
5.6 

Evolved gas ratio 

Propylene 

5.1 
10.2 
9.8 
6.7 
1.3 

1-Butène 

50.0 
53.4 
56.6 
53.3 
47.9 

Othersd> 

25.7 
3.4 
9.8 

21.7 
9.2 

a) Electrolysis at 23 °C under argon; [complex]=3.9 mmol dm - 3; [TBAHFP]=0.1 mol dm - 3; [additive]=3.9 mmol 
dm -3 , b) st=stilbene; ma=maleic anhydride, c) Controlled-potential (vs. Pt/(l3~+I~)) applied in electrolysis; E (vs. 
Ag/AgCl)=E (vs. Pt/(l3~+I~))+0.22 V. d) Runs 1 and 4 each includes butane as a main other species. 
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Nua":—M24z"Nub -> Nu a —M 2 —.Nu _} Nua'—-Nub + M 2 + 

cyclic voltammetry, an irreversible cathodic peak 
appeared at —1.66 V (see Table 4). The peak potential 
is in accord with the reduction potential (—1.65 V) due 
to the chemical species originating from the electro­
chemical oxidation product of PPI13 (see Fig. 1), 
suggesting that PPI13 participates in the oxidation 
process of [Pt^-CsHsJMefPPhsk], too. 

Electrochemical Oxidation of lb in the Presence or 
Absence of Additive. Controlled-potential electroly­
sis of lb at the anodic peak potential (0.88 V vs. 
Pt/(I3-+I-)) in T H F at 23 °C gave 1-butène as a main 
organic product, indicating that the allyl-alkyl cou­
pling reaction is largely promoted by the electrochemical 
oxidation of the complex (Table 5, run 1). This 
coupling-promoting effect is comparable to that of the 
addition of maleic anhydride in the thermolysis. A 
control experiment confirmed that the T H F solution 
of lb in the presence of TBAHFP does not evolve any 
gases when permitted to stand for 48 h at 23 °C 
without electrolysis. Hence, the amount of the 
coupling product shown in Table 5 (run 1) is due to 
the net effect of electrochemical oxidation. This net 
effect was also observed in the electrolysis of lb in the 

Path 1 

Me .Me 

Pt > <[ Pt 

\ PPh 3 

presence of PPI13 or stilbene as an additive. As is seen 
in Table 5 (run 5), two effects of the electrochemical 
oxidation and the addition of maleic anhydride are not 
cooperative in the electrolysis of lb in the presence of 
maleic anhydride, implying that only the addition of 
maleic anhydride without heating never causes cou­
pling to form 1-butène. In fact, we confirmed that 
when a mixture of lb and maleic anhydride in THF 
was allowed to stand at 23 °C for 4 h under argon, any 
gases are not evolved. 

The coupling-promoting effect of the electrolysis at 
an anodic peak potential can be schematically 
represented as shown above where Nua and Nub 
represent an allyl group and a methyl group, respec­
tively, taken as nucleophiles. If electrochemical oxida­
tion is to remove one electron from each of the Nua and 
Nub to anode, the Nua and Nub will become radical­
like to readily form the coupling product, Nua:Nub. 
Thus anode is shown to function in the same manner 
as an electron withdrawing 7r-acid. When the one-
electron oxidation and the participation of the PPI13 
ligand in its oxidation process are taken into account, 
the following two pathways are conceivable: 

+ PPh3
+# » M° + CH2=CHMe + PPh3+' 

Path 2 

/ 
Me 

Pt - e 

^PPh3 

Pt 

Me 

> P h 3 

-> M° + CH2-CHMe + PPh3
+' 

In path 1, the PPI13 ligand in complex lb is oxidized to 
dissociate as a cation radical, while in path 2, the whole 
molecule of the complex is oxidized by the removal of 
one-electron from HOMO of the complex and then 
coupling proceeds with the simultaneous formation of 
the PPh3-cation radical. Based on the fact that any 
indications of the promotion or the depression of 
coupling were not recognized by the addition of PPI13 
and stilbene, path 1 is ruled out.17) Therefore, we can 
conclude that in either case of the addition of 7r-acid or 

the electrochemical oxidation, HOMO of the complex 
plays an important role as a transition state for 
promoting coupling. The electrochemical oxidation 
of diorganonickel(II) complexes of the type [NiRR'L2] 
(R, R'=aryl or alkyl; L=tertiary phosphine) is also 
considered to give coupling products RR' via similar 
diorganonickel(III) cationic species [NiRR'L2]+.18_20) 

A few electrochemical studies on 773-allyl complexes 
have been reported so far and their attention has been 
focussed only on reduction reactions, i.e., cathodic 
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electron transfer reactions.2 1 - 2 3 ) T h e coup l ing reaction 
of a coordinated allyl l igand to give a hexa-l ,5-diene 
complex has been k n o w n to occur by the chemical 
oxidat ion us ing silver(I) oxidant , bu t a t tempts to 
synthesize such a complex by electrochemical oxida­
tion have not been done.24) 

T h e authors wish to thank Tosoh Akzo Corporat ion 
for generous gifts of the LiMe-e ther and L iBu-hexane 
solut ions. T h i s work was part ial ly suppor ted by a 
Grant- in-Aid for Scientific Research No. 63470040 
from the Ministry of Educat ion, Science and Culture. 

References 

1) J. Tsuji, "Organic Synthesis with Palladium Com­
pounds," Springer-Verlag, Berlin (1980); J. P. Collman, L. S. 
Hegedus, J. R. Norton, and R. G. Finke, "Principles and 
Applications of Organotransition Metal Chemistry," Univer­
sity Science Books, California (1987), Part II and III. 

2) Y. Hayashi, Y. Nakamura, and K. Isobe, / . Chem. Soc, 
Chem. Commun., 1988, 403; Y. Hayashi, K. Matsumoto, Y. 
Nakamura, and K. Isobe, / . Chem. Soc, Dalton Trans., 1989, 
1519. 

3) B. Henc, P. W. Jolly, R. Salz, S. Stobbe, G Wilke, R. 
Benn, R. Mynott, K. Seevogel, R. Goddard, and C Kruger, / . 
Organomet. Chem., 191, 449 (1980). 

4) G K. Barker, M. Green, J. A. K. Howard, J. L. 
Spencer, and F. G A. Stone, / . Chem. Soc, Dalton Trans., 
1978, 1839. 

5) H. C. Clark, M. J. Hampdem-Smith, and H. Ruegger, 
Organometallics, 7, 2085 (1988). 

6) S. Numata, R. Okawara, and H. Kurosawa, Inorg. 
Chem., 16, 1737 (1977). 

7) J. Lukas, Inorg. Synth., Vol. XV, 75 (1974). 
8) D. J. Mabbort, B. E. Mann, and P. M. Maitlis, / . Chem. 

Soc, Dalton Trans., 1977, 294. 
9) G Carturan, A. Scrivanti, B. Longato, and F. 

Morandini, / . Organomet. Chem., 172, 91 (1979). 

10) H. Kurosawa and G Yoshida, / . Organomet. Chem., 
120, 297 (1976). 

11) J. F. Coetzee and C. W. Gardner, Jr., Anal. Chem., 54, 
2530, 2625 (1982). 

12) J. D. Ruddick and B. L. Shaw, / . Chem. Soc A, 1969, 
2801; F. H. Allen and A. Pidcock, ibid., 1968, 2700. 

13) S. Numata and H. Kurosawa, / . Organomet. Chem., 
131, 301 (1977). 

14) H. Kurosawa, M. Emoto, A. Urabe, K. Miki, and N. 
Kasai, / . Am. Chem. Soc, 107, 8253 (1985). 

15) H. Kurosawa, M. Emoto, H. Ohnishi, K. Miki, N. 
Kasai, K. Tatsumi, and A. Nakamura, / . Am. Chem. Soc, 109, 
6333 (1987). 

16) S. Torii, "Yu-uki Denkai Gosei (Electroorganic 
Synthesis)", Kodansha Scientific Publishers, Tokyo (1981), 
p. 293. 

17) The addition of PPh3 causes the formation of the rj1-
allyl complex in solution, but, if electrochemical oxidation 
of the r71-allyl complex accompanies dissociation of PPI13 as 
is in path 1, the original 773-allyl complex should be 
regenerated in solution. Hence, the oxidation at the anodic 
peak potential (0.63 V) for the ^-allyl complex does not 
cause electrolytic oxidation (0.88 V) of the regenerated 77s-
allyl complex and, therfore, coupling should be depressed 
in path 1. 

18) M. Almemark and B. Akermark, / . Chem. Soc, Chem. 
Commun., 1978, 66. 

19) T. T. Tsou and J. K. Kochi, / . Am. Chem. Soc, 100, 
1634(1978). 
20) J. M. Coronas, G Muller, and M. Rocamora, / . 

Organomet. Chem., 301, 227 (1986). 
21) G Carturan, M. Biasiolo, S. Daniele, G A. Mazzocchin, 

and P. Ugo, Inorg. Chim. Acta., 119, 19 (1986). 
22) S. Torii, H. Tanaka, T. Katoh, and K. Morisaki, 

Tetrahedron Lett., 25, 3207 (1984). 
23) W. Qiu and Z. Wang, / . Chem. Soc, Chem. Commun., 

1989, 356. 
24) R. J. McKinney, / . Chem. Soc, Chem. Commun., 1980, 

603. 



March, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 813—818 (1990) 813 

NAD (P)+-NAD (P)H Models. 69. Mechanism of Stereospecific 
(NET) Hydride Transfer Controlled by Electronic Effect 

Atsuyoshi O H N O , * Masahiko OGAWA,+ Yuji MIKATA, and Mutsuo G O T O 
Institute for Chemical Research, Kyoto University, 

Uji, Kyoto 611 
(Received August 12, 1989) 

The enantiotopic C4-hydrogen in MeßMQPH is abstracted stereospecifically by certain oxidizing reagent 
such as metal ions and quinones. The stereospecificity depends on the reactivity of the oxidizing reagent. 
Namely, in the oxidation with Fe(III) or Co(III) ion, a Br0nsted-like correlation is observed between the 
specificity and pK& of amine added to the reaction system, whereas the stereospecificity of the oxidation with 
quinones is not affected by amine. The mechanism of this electronically controlled stereospecificity is discussed. 

In previous papers of this series from our laboratory, 
it was reported that 3-(A^-methyl-A/^-a-methylbenzyl)-
carbamoyl- l ,2 ,4- t r imethylquinol in ium cation (Me3-
MQP+) is reduced by certain reducing reagent in to 3-
( N-methyl-N-a-methylbenzyl)carbamoyl-1,2,4-trimeth-
yl- l ,4-dihydroquinol ine (IVfeMQPH).1-4* T h e former 
c o m p o u n d has an axial chirali ty wi th respect to the 
ring-C3-carbonyl carbon single b o n d because the free 
ro ta ion of this carbonyl g roup is prohibi ted. Al­
though the free rotat ion of the carbonyl g roup in the 
latter c o m p o u n d is allowed, it has a central chirality at 
the ring-C4 posit ion. These two different kinds of 
chiralit ies are interconverted each other on reduct ion 
and oxidat ion. However, the stereospecificity as­
sociated with the redox reactions varies largely from 
racemic to quant i ta t ive and the specificity of the 
reduct ion from Me3MQP+ to M e s M Q P H varies from 
33% e.e. to more than 98% e.e. depend ing on the 
reducing reagent employed. 3*4) Us ing a chiral 
reducing reagent, it has been demonstrated that the 
react ing face of Me3MQP+ is strictly defined and the 
orientat ion of the carbonyl g roup plays a crucial role 
in de termining the reacting face.4'5) At the same time, 
oxidat ion of MesMQPH to Me3MQP+ takes place wi th 
a variety of stereospecificity and, sometimes, the 
reversion of the configurat ion, say, from the R- to the 
S-preferency or vice versa, is observed.6_8) Both in 
oxida t ion and reduct ion, the (net) hydride syn to the 
carbonyl-oxygen seems to be more reactive than the 
ant i one. 

When a series of substi tuted benzoquinones are 
employed as the oxidants , a good l inear free energy 
re la t ionship (LFER) can be observed between the half-
wave reduction potent ia l of the q u i n o n e and loga­
r i thm of the stereospecificity; the logar i thmic ratio of 
the yields of (R)- and (S)-Me3MQP+ (log R/S)ß O n the 
other hand , when a series of ß-diketonato complexes of 
metal ions are subjected to the oxida t ion , L F E R n o 
more holds. Instead, the reactivity (measured as the 
yield of Me3MQP+ after 24 hours of the reaction) seems 

+ Present address: Toso Co., Ltd., 1-7-7 Akasaka, Minato-
ku, Tokyo. 

to have certain extent of the l inear re la t ionship wi th 
logi?/S.7> 

Since subst i tuents in bo th benzoquinones and metal 
complexes have no appreciable difference in steric 
bulkiness, steric effect is no t a candidate to expla in the 
difference in stereospecificity of the reactions. T h u s , 
we believe that the stereospecificities observed in these 
redox reactions are controlled solely by an electronic 
effect. The re has been only one example, to the 
author ' s best knowledge, in which the variation in 
stereospecificity can be accounted for by the electronic 
effect from the substituent.9) 

In order to elucidate the mechanism to control the 
stereochemistry of the reaction by electronic effect, we 
have studied the react ion in detail and found that the 
presence of an amine affects the stereochemistry in the 
oxidat ion of M e s M Q P H by certain class of oxidizing 
reagents, whereas the oxidat ion by other oxidizing 
reagents is no t affected by amines . Th i s report will 
describe the mechanism of amine-control led stereo­
chemistry and, at the same time, the total aspects of the 
mechanism of (net) hydride transfer from a carbon-
hydrogen bond in a dihydropyridine ring. 

' • N ^ N C H 3 ^ ^ ^ N ^ ^ C H 

I I 
CH3 CH3 

(11fl)-Me3MQP+ (11 R)-Me3MQPH 

Results 

(4i?)-Me3MQPH was reacted wi th two equivalent 
amounts of tr is( l ,10-phenanthroline)Fe(III) ion, Fe-
(phen)33+ , or wi th tris(2,2'-bipyridine)Co(III) ion, 
Co(bpy)33+ , in acetonitr i le at room temperature under 
an argon a tmosphere for 7 h (for Fe(phen)33+) or 12 h 
(for Co(bpy)33+) in the dark in the presence or absence 
of an equivalent a m o u n t of amine or of Mg(II) ion. 
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Table 1. Effect of Base on the Stereochemistry of Oxidation of (4Z?)-Me3MQPH with Fe(phen)33+ 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Amine 

Mg2+ 

None 
4-Nitroaniline 
3-Cyanopyridine 
3-Nitroaniline 
3-Acetyl pyridine 
3-Chloroaniline 
2-Naphthylamine 
2,2'-Bipyridine 
2-Methylaniline 
3-Phenylpyridine 
Aniline 
8-Methylquinoline 
3-Methylaniline 
4,4/-Bipyridine 
N,N-Dimethylaniline 
4-Methylaniline 
Pyridine 
4-Methoxyaniline 
2-Methylquinoline 
3-Methylpyridine 
4-Methylpyridine 
1 -Methylimidazole 
2-Methylimidazole 
1,2-Dimethylimidazole 
4-Aminopyridine 
4-(Dimethylamino)pyridine 
1,8-Bis(dimethylamino)-

naphthalene (H+-Sponge) 

P#a 

— 
— 
1.11 
1.45 
2.47 
3.18 
3.50 
4.10 
4.12 
4.45 
4.58 
4.60 
4.60 
4.72 
4.82 
5.06 
5.10 
5.29 
5.34 
5.42 
5.79 
5.98 
7.33 
7.56 
7.85 
9.17 
9.71 

12.3 

Diastereomer ratio/ 

1/3.3 
1/2.8 
1/1.8 
1/1.8 
1/1.3 
1/1.5 
1/1.5 
1/4.3 
1.2/1 
1/3.1 
1/1.1 
1/2.7 
1.3/1 
1/2.2 
1.2/1 
1/3.3 
1/2.1 
1.0/1 
1/2.4 
1/1.1 
1.2/1 
1/1.2 
1.3/1 
1.4/1 
1.2/1 
1.3/1 
1.1/1 

1/3.4 

Chemical yield/% 

88 
94 
88 
98 
83 
68 
79 
76 
60 

100 
72 
84 
79 

100 
99 
71 
75 
70 
75 
82 
90 
83 
73 
94 
91 
92 
63 

72 

a) Diastereomeric ratio in Me3MQP+. 

Table 2. Effect of Base on the Stereochemistry of Oxidation of (4i?)-Me3MQPH with Co(bpy)3
3+ 

No. 

1 
2 
3 
4 
6 

12 
14 
21 
24 
25 
26 
27 

Amine 

Mg2+ 
None 
4-Nitroaniline 
3 -Cyanopyr idine 
3-Acetylpyridine 
Aniline 
3-Methylaniline 
3-Methylpyridine 
2-Methylimidazole 
1,2-Dimethylimidazole 
4-Aminopyridine 
4-(Dimethylamino)pyridine 

p£a 

— 
— 

1.11 
1.45 
3.18 
4.60 
4.72 
5.79 
7.56 
7.85 
9.17 
9.71 

Diastereomer ratio/ 
(i?/S)a> 

1/6.2 
1/7.7 
1/6.2 
1/5.8 
1/4.4 
1/5.6 
1/8.1 
1/5.4 
1/3.0 
1/3.0 
1/1.7 
1/2.9 

Chemical yield/% 

76 
58 
75 
67 
65 
76 
55 
82 
77 
88 
53 
50 

a) Diastereomeric ratio in Me3MQP+. 

T h e syn /an t i selectivity10* of the reaction was mon i ­
tored by measur ing relative intensities of the signals 
from pro tons in the methyl g roup of the reaction 
products , (S)- and (i?)-Me3MQP+, by 200 MHz 1H 
N M R spectroscopy. Chemical yield was also moni tor ­
ed on a XH N M R spectrum wi th an internal s tandard 
of 1,1-diphenylethylene. Results are summarized in 
Tables 1 and 2. 

In the oxida t ion of MeßMQPH wi th a series of 
qu inones , the presence of amine did not affect the 

stereochemical result of the reaction. T h e oxidat ions 
wi th jß-diketonato complexes of Fe(III), Co(III), and 
other metal ions did not proceed in the presence of an 
amine , probably because the a m i n e chelates on to the 
metal ion resul t ing in the decrease in its oxidizing 
power. 

Discussion 

When logar i thm of the R/S rat io is plot ted against 
the pKa of amine , it is recognized that a l inear free 
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Fig. 1. The linear free energy relationship observed 
for the stereoselectivity and the pKa of conjugated 
acid of amine in the oxidation of (4R)-Me3MQPH 
with Fe(phen)33+. The numbers correspond to those 
listed in Table 1. 
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Fig. 2. The linear free energy relationship observed 
for the stereoselectivity and the pKa of conjugated 
acid of amine in the oxidation of (4i?)-Me3MQPH 
with Co(bpy)33+. The numbers correspond to those 
listed in Table 2. 

energy re la t ionship , the Brdnsted-type correlation, 
exists except for a par t icu lar g r o u p of amines of pKa 

4—6 as depicted in Figs. 1 and 2. T h a t is, 
stereochemistry of the oxidat ion of MesMQPH by 
Fe(phen)33 + or Co(bpy)33+ ion is affected by the basicity 
of the amines . T h i s is no t true in the oxida t ion wi th a 
series of n o n - D D Q q u i n o n e s . n ) It should be noted that 
the metal cations have m u c h h igher oxidizing power 
than the qu inones . T h e influence of amines on the 
present oxidat ion reaction indicates that the stereo-
de te rmin ing step in the reaction wi th a metal ion, 

S- product 

R- product 

Fig. 3. Schematic energy diagram for the oxidation 
of (4JR)-Me3MQPH with quinones, where the first 
process contributes mainly to the rate-determining 
step. 

S- product 

product 

Fig. 4. Schematic energy diagram for the oxidation 
of (4i?)-Me3MQPH with metal ions, where the 
second process contributes mainly to the rate-
determining step. 

which has a h igh oxidat ion potent ial , involves a 
process of proton-transfer (or, more precisely, a 
process wh ich can be a subject of base-catalysis) as the 
ra te-determining step, whereas the stereoselectivity of 
the reaction wi th a substrate of low oxidizing power 
such as q u i n o n e s is determined in a step which is no t 
affected by the presence of a base, or non-pro ton-
migra t ing process. T h e Hammet t - type correlation 
observed in the reaction of qu inones suggests that this 
ini t ial process is equivalent to the electron-transfer. 

Based on the observation described above, we can 
propose energy diagrams for the reactions as depicted 
in Figs. 3 and 4, provided the following two impor t an t 
assumpt ions are acceptable. 

1. T h e reaction involves at least one diastereomeric 
charge-transfer intermediate. 

2. T h e syn-type structure (1) is more preferred than 
the anti- type structure (2) when the proton-acceptor 
comes closer to the intermediate at the transition-state 
of the proton-transfer process or vice versa. 
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In Fig. 3, which represents the reactions with 
quinones, the formation of the intermediate is 
reversible and rate-determining. The transition-state 
for the initial electron-transfer step comes earlier in the 
reaction with a substrate of high oxidation potential 
than that with a substrate of low oxidation potential, 
and the charge-transfer complex intermediate formed 
from a substrate of the former type has looser 
interaction between the electron-donor and -acceptor 
than the complex from a substrate of the latter type. 
Since the charge-transfer electron-acceptor is at the 
same time the proton-accepter in this reaction, and 
since the proton-transfer is a fast process, the 
transition-state for the proton-transfer process has 
tighter structure in the reaction with a substrate of low 
oxidation potential than in the reaction with a 
substrate of high oxidation potential. Therefore, the 
assumption 2 predicts that the reaction with a 
substrate of high oxidation potential tends to produce 
the i?-product, whereas a substrate of low oxidation 
potential prefers to produce the S-product. Thus, the 
proton-transfer step is fast in the reaction with 
quinones, the base-catalysis is not observed. When the 
reactivity, or the oxidizing power, of a substrate 
becomes stronger, the energy level of the intermediate 
is lowered remarkably and the electron-transfer process 
is no more the rate-determining as shown in Fig. 4. In 
other words, there is no meaningful difference in 
stability of the syn- and anti-type intermediates in this 
reaction. Rather, the interaction between the electron-
donor and -acceptor in the charge-transfer complex is 
very weak in this reaction. On the other hand, since 
the proton-abstraction process is now the rate-
determining, a stronger base catalyzes the reaction 
more efficiently than a weak base and the transition-
state for the former reaction comes earlier than that in 
the latter reaction. Again, the assumption 2 predicts 
that the former reaction produces the R-product, 
whereas the latter reaction produces the S-product, 
predominantly. Without added amine, acetonitrile, 
the solvent, plays a role of a base and this very weak 
base requires very tight interaction at the transition-
state of proton-abstraction to afford the S-product 
predominantly. 

The above explanation explains why the reaction 
with metal ions exerts a Br^nsted-type correlation with 
the pKa of the catalyzing amines instead of a Hammett-
type correlation with the oxidation potentials of the 

metal ions.13) 

The energy diagrams drawn in Figs. 3 and 4 are the 
same with that proposed previously based on kinetics 
and thermodynamics,14-10 where the proposal offered 
an initial electron-transfer to form a charge-transfer 
intermediate and the pro ton-transfer from the inter­
mediate as the second step. However, it was 
impossible to prove the presence of an intermediate of 
relatively high energy-level unequivocally from the 
viewpoint of kinetics and thermodynamics, and 
successive electron and proton transfers cannot be 
distinguished from a one-step hydrogen-transfer pro­
cess. 12'17-20) However, stereochemical viewpoint, which 
has a background entirely different from kinetics and 
thermodynamics, has succeeded to prove the existence 
of an intermediate of high energy-level along the 
reaction coordinate of (net) hydride-transfer. The 
energy diagram proposed herein does not contradict to 
the observation and proposal by Miller and his co­
workers that DDQ exerts an exceptional behavior 
among other quinones in the oxidation of Af-benzyl-
1,4-dihydronicotinamide (BNAH):12) this strongly elec­
tron-deficient quinone produces as stable inter­
mediate complex as those from metal ions and the 
stereochemical course from this intermediate turns out 
to be the S-preference. 

The energy diagram explains why the reaction of 
Fe(III) complex (JE°=1.07 V)21> is so largely affected by 
amines as to invert its stereospecificity, whereas the 
Co(III) complex (£°=0.30 V)21> is not affected so 
seriously: the Marcus theory22* predicts that the less 
reactive Co(bpy)33+ requires higher activation energy 
for the initial electron-transfer process than the 
Fe(phen)33+. Therefore, the stereo-determining pro­
ton-transfer process becomes more important in the 
reaction with Fe(phen)33+ than that in the reaction 
with Co(bpy)33+. 

Fukuzumi and his co-workers have studied the 
kinetics of the amine-catalyzed reaction of Fe(phen)33+ 

with BN AH extensively.23) They proposed that an 
electron is transferred from BNAH to Fe(phen)33+ at 
the initial step. In the second step, a proton in the 
resulted cation-radical, BNAH-, is abstracted by an 
amine to afford a free radical, BNA-, which is followed 
by another electron-transfer process to yield the final 
products. Thus, the mechanism proposed by the 
present authors on the bases of stereochemistry again 
coincides with that proposed on the bases of kinetics. 

Substituted anilines of pKa 4—6 behaved differently 
from other amines (Fig. 1). Although, at present, the 
authors have no conclusive explanation for this 
special effect, the deviation from the linear relation­
ship can be understood in terms of tight interaction to 
predominate the syn-route. All the amines in this class 
except for Af,Af-dimethylaniline have a proton or 
protons to hydrogen bond onto the carbonyl oxygen in 
Me3MQPH. Further studies are required to obtain a 
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conclusion on this phenomenon . 
T h e stereochemistry control led by electronic effect 

can be seen in the react ions catalyzed by dehydro­
genases.2^ Hence, the present observation seems to 
provide, from the v iewpoint of organic chemistry, an 
i m p o r t a n t evidence on the mechanism of chemical 
evolut ion of isozymes. In order to make the 
stereochemical proof unequivocal , relative stability of 
the syn- and anti-type structures, which was assumed 
at the beg inn ing of the present discussion wi thou t any 
scientific reason, should be elucidated. T h e order in 
stability proposed for the syn- and anti-type structures 
should also be witnessed in the future. 

Experimental 

Instruments. 1H NMR spectra were recorded at 100 and 
200 MHz on a JEOL JNM-FX100 FT and Varian VXR 200 
FT NMR spectrometers, respectively. IR spectra were 
recorded on a Hitachi EPI-S2 infrared spectrometer. UV-
visible spectra were recorded on a Union Giken SM-401 
spectrophotometer. Elemental analyses were perfomed with 
a Yanaco MT-3 elemental analyzer. 

Materials. Me3MQP+,3> Me3MQPH,3> Fe(phen)3(C104)3-
H20,21> and Co(bpy)3(C104)3-3H20

25'26> were synthesized 
according to the literature procedures, respectively. The 
stability of axial and central chiralities in Me3MQP+ and 
Me3MQPH, respectively, under the reaction conditions was 
confirmed previously.3) Tetrahydrofuran was distilled in the 
presence of sodium ketyl of benzophenone. Acetonitrile was 
distilled over diphosphorus pentaoxide. Magnesium Per­
chlorate was powdered, dried at 100 °C under reduced 
pressure in the presense of diphosphorus pentaoxide, and 
kept in a vacuum-sealed tube. Other reagents were purchased 
from commercial sources. Metal complexes were purified by 
recrystallization. 

Oxidation of Me3MQPH. In a 50 mL round-bottomed 
flask equipped with a magnetic stirrer and sealed with a 
serum cap, 0.06 mmol of a metal complex was placed. The 
atmosphere inside the flask was replaced with argon and 
8 mL of acetonitrile was injected through a syringe. To the 
solution, 10 mg (0.03 mmol) of (4R,llR)-Me3MQPH (and 
0.03 mmol of a base, if necessary) in 7 mL of acetonitrile was 
injected through a syringe. The mixture was stirred for 7 h 
(for oxidation with Fe(phen)33+) or 12 h (for oxidation with 
Co(bpy)33+) at room temperature in the dark. After the 
evaporation of the solvent below 40 °C, Me3MQP+ was 
extracted with T H F from the residue. After the evaporation 
of THF, crude Me3MQP+ was dissolved in CD3CN and 
subjected to XH NMR spectroscopy to elucidate the diaste-
reomer ratio and the yield of the product. The procedure for 
the quantitative analyses was described in the previous 
paper.3) Results are listed in Tables 1 and 2. 

T h e authors thank Dr. S. Fukuzumi of Osaka Univer­
sity for his fruitful advice and discussions. T h e 
authors also wish to t hank financial suppor t for this 
research by a Grant- in-Aid for Scientific Research Nos. 
01470022 and 01303007 from the Ministry of Education, 
Suience and Culture. 
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Transesterification of Benzyl Phenylacetate Using Polymeric Quaternary 
Ammonium Salt of l,8-Diazabicyclo[5.4.0]undec-7-ene 

T o m o m i c h i ISHIKAWA,* Yasuyuki OHSUMI, and Tadash i KAWAI 
Department of Industrial Chemistry, Faculty of Technology, 

Tokyo Metropolitan University, Fukazawa, Setagaya-ku, Tokyo 158 
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When benzyl phenylacetate was treated with aqueous alcohols in the presence of polymer-attached 
quaternary ammonium hydroxide (PCS-DBU) prepared from l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 
chloromethylated polystyrene, the transesterification to methyl phenylacetate preceded the hydrolysis to 
phenylacetic acid. The characterization of this PCS-DBU resin was studied by comparison with other 
analogous resins. It was found that the PCS-DBU resin has the highest catalytic activity and the strongest 
attractive affinity to the substrate among the three resins studied in this work, and plays an important role in the 
formation of alkoxide ions by the reaction of alohols with the hydroxide ions above the resin, in the protection 
of the alkoxide ions against the attack of water molecules, and in the attraction of the substrate. These effects 
were attributed to the specific and planar bicyclic system of the DBU, including hydrophobic long alkylene 
groups, in addition to the lipophilic function of polymeric skeleton. The reaction could be explained in terms 
of the mechanism of phase-transfer catalysis. 

Extensive studies on the role of ion-exchange resins 
in acid-base reactions have been reported. Strongly 
basic a n i o n exchange resins were active as a catalyst in 
the Aldol and Knoevenagel condensations, cyanoethyl-
at ion, a n d so on.1 _ 3 ) Li t t le is k n o w n concerning 
studies on the hydrolysis4) and transesterification5* of 
esters by an ion exchange resins, compared wi th those 
by cat ion exchange resins.6) O n the other hand, a 
variety of organic reactions have been reported to be 
catalyzed by te t raa lky lammonium salts,7) and the 
hydrolysis of esters in aqueous sodium hydroxide is 
a m o n g their reactions. Insoluble phase-transfer 
catalysts l inked to a polymer mat r ix were first 
described by Regen,8) and polymeric tetraalkylammo­
n i u m salts 1 were used in a wide series of an ion-
promoted reactions. 

It was described in a previous paper9 ) that the 
polymer-suppor ted quaternary a m m o n i u m salts 2 
l inked l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to 
chloromethylated polystyrene were synthesized, and a 
free base form of the polymer (PCS-DBU) has low 
reactivity for chloride and sulfate ions. Th i s fact 
indicates tha t the hydroxide ions are strongly attracted 
to the quaternary a m m o n i u m cations to form ion pairs 
on the polymer. Because the DBU residues l inked to 
the resin are composed of a p lanar bicyclic system with 
included hydrophobic alkylene groups , we expected 
the characteristically catalytic function of the P C S -
DBU resin. In this study, when benzyl phenylacetate 

was treated wi th methanol-water mixtures in the 
presence of the PCS-DBU resin, it was found that 
transesterification to methyl phenylacetate precedes 
hydrolysis to phenylacetic acid. T h i s paper therefore 
describes the effect of the P C S - D B U resin on the 
reaction, compared wi th other analogous resins. 

Experimental 

Materials. Quaternary ammonium polymers were pre­
pared by the amination of chloromethylated polystyrene 
with DBU, trimethylamine, and triethylamine, respectively, 
according to a method described in a previous paper.9) 

Chloromethylated polystyrene were prepared by chloro-
methylation of 2% divinylbenzene-styrene copolymer (200— 
400 mesh; Eastman Kodak Co.) according to Refs. 10 and 11. 
Commercial DBU (Extra pure; Sanyo Kasei Kogyo Co.) was 
purified by distillation; bp 88—89 °C (400 Pa). Benzyl 
phenylacetate was washed with water, dried on calcium 
chloride, and distilled; bp 175—177 °C (3200 Pa). Other 
chemicals of reagent grade were used without further 
purification. 

Preparation of Free Base Form Resins. The quaternary 
ammonium chloride forms of the resins were treated with 
2M sodium hydroxide ( ÎM^I mol dm - 3), and then recovered 
by filtration. The resin was washed with water, dried in 
vacuo and submitted to analysis and subsequent reaction. 

Determination of Ion-Exchange Capacities. The ion-
exchange capacity was calculated from the amounts of 
hydrochloric acid reacting with the free base form resins 
according to the general method12) for the total ion-exchange 
capacity. 

General Procedure for Reaction of Benzyl Phenylacetate in 
Aqueous Alcohols. In a 200-cm3 round-bottomed flask 
equipped with a stirrer, a reflux condenser, and a 
thermometer were placed 1.2 mmol of benzyl phenylacetate 
and 50 cm3 of 30% methanol-water mixtures; to this, 
0.26 mmol (converted to hydroxide ion) of the free base forms 
of resins was added. The reaction was carried out at 60 ° C. 
After a given time, some part of this mixture was removed 
and the detection of the substrate and products was 
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performed by a GLC equipped with a Silicone OV-17 
chemically bonded capillary column (25 m). 

Determination of the Amount of Compounds Attached to 
the Resins. In 30% methanol-water mixtures involving 
0.28 mmol of benzyl phenylacetate, methyl phenylacetate, or 
benzyl alcohol was added 0.26 mmol (converted to the DBU 
quaternary ammonium group) of chloride form of the PCS-
DBU resin. The treatment was carried out at 60 ° C. During 
every prescribed time interval, the concentrations of the 
solutes were determined by GLC, in the same way as 
described above. 

Determination of the Degree of Swelling. Into a 10-cm3 

graduated cylinder was placed a weighed quantity of the dry 
resin (W/g); its volume (Vi/cm3) was then measured; to this, 
5 cm3 of distilled water was added. The mixture was allowed 
to stand for 2 days at room temperature with occasional 
outgassing under ultrasonic vibration, and the volume 
(ÊVcm3) of the swelling resin was measured. The degree of 
swelling ( Vs/cm3 g_1) was determined using 

Vs=(V2- Vl)/W: 

Results and Discussion 

Reaction in Methanol-Water Mixtures. When benz­
yl phenylacetate was treated wi th 30% methanol -wate r 
mixtures in the presence of the PCS-DBU resin, benzyl 
alcohol and methyl phenylacetate were produced. 
Along wi th the hydrolysis of benzyl phenylacetate 
proceeds; t h o u g h phenylacetic acid should be formed, 
it was no t detected. T h e reaction of phenyl benzoate in 
a s imilar m a n n e r produced methyl benzoate and 
phenol , ind ica t ing that the degree of hydrolysis was 
negligibly small. T h e reaction of phenyl benzoate 
wi th e thanol in the presence of sodium hydroxide can 
be formulated as follows: 

100 

CeHsCOOCeHs + NaOH 

C2H5OH + NaOH ^ 
CeHsCOOCeHs + C2H5ONa 

CeHsCOONa + C6H5OH 
(1) 

C2H5ONa + H2O (2) 
- C6H5COOC2H5 

+ C6H5ONa (3) 

However, it is k n o w n that the reaction rate of Eq. 3 is 
about 1000-times faster than that of the reaction of Eq. 
1.13) In spite of the reaction in alcohol-water mixtures , 
the result obta ined in this study was similar to that 
described above. T h e results of the reaction of benzyl 
phenylacetate are shown in Figs. 1 and 2. As can be 
seen from Fig. 1, the difference between the yield of 
methyl phenylacetate and that of benzyl alcohol was 
observed, and a mater ia l balance was unsatisfactory. 
Figure 2 shows the effect of the reaction temperature. 
In Figs. 1 and 2, it can be assumed that a decrease in the 
concentrat ion involves an addit ional change owing to 
l ipoph i l i c /hydrophob ic interaction between the resin 
and the solutes. Therefore, in order to determine the 
degree of its interaction, variations in the concentra­
t ion of benzyl phenylacetate, methyl phenylacetate, 
and benzyl a lcohol wi th t ime in the presence of the 

60 

40 h 

20 

60 120 180 

Time / min 

Fig. 1. Transesterification of benzyl phenylacetate 
with 30% methanol-water mixtures at 60 °C in 
the presence of the PCS-DBU Resin. O: Benzyl 
phenylacetate; • : benzyl alcohol; ©: methyl phen­
ylacetate. 

Fig. 2. Effect of reaction temperature in the 
transesterification of benzyl phenylacetate. • : Data 
at 42 °C; ®: data at 60 °C; O: data at 70 °C. 

same a m o u n t of chloride form of the P C S - D B U resin 
as that of addi t ion for the transesterification in 30% 
methano l -wa te r were investigated. T h e result is 
shown in Fig. 3. T h e adsorpt ion noted in this figure 
was represented by the percentage decrease in the 
quant i ty of solutes. F rom these results, it was found 
that the solutes are fully adsorbed by the resin, and 
wi th in 60 minutes the adsorpt ion attains in every 
solute equ i l i b r ium fairly rapidly. T h e degree of 
adsorpt ion by the resin increases wi th an increase in 
the hydrophobic affinity of the compounds . From this 
result, it became apparen t that there is appreciable 
interact ion between the resin and solutes. T h e 
interact ion seems to result from the l ipophi l ic effect of 
the carbon skeleton in the ma in -cha in of the resin and 
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0 60 120 180 240 

Time / min 

Fig. 3. Adsorption of benzyl alcohol (•) , methyl 
phenylacetate (©), and benzyl phenylacetate (O) on 
chloride form PCS-DBU resin. Dotted curve shows 
the corrected conversion of benzyl phenylacetate in 
the presence of free base form PCS-DBU resin. 

100 

80 

60 

40 

20 

0 20 40 60 80 100 

Methanol content / % 

Fig. 4. Effect of methanol content on the conversion 
at 150 min in the transesterication of benzyl 
phenylacetate at 60°C in the presence of the PCS-
DBU resin. 

~* * *~ 

some effect of the DBU residues anchor ing in the side-
cha in of the resin. Consequent ly , when the value of 
the adsorpt ion obta ined in Fig. 3 was subtracted from 
the conversion of benzyl phenylacetate in the trans­
esterification determined in Fig. 1, the time dependence 
of its corrected conversion could be depicted by the 
dotted curve in Fig. 3; further, an increase in the 
conversion obeyed good first-order kinetics. Similarly, 
benzyl a lcohol and methyl phenylacetate were produc­
ed in an approximately equal ratio. 

Sodium alcoholate is usual ly used in transesterifica­
tion. In a lcohol-water mixtures, however, the esters 
are hydrolyzed wi th hydroxide ion which is formed by 
the reaction of alkoxide ions wi th water molecules. 
Figure 4 shows the dependence of the methanol 
content on the conversion for benzyl phenylacetate. As 
can be seen from this figure, in absolute methanol 
conversion at tained a 90% level after 150 minutes . In 
methanol -water mixtures, however, the value was only 
60% under the same condit ions, and was independent 
of the methano l composi t ion. Such similar behavior 
was observed in the relat ion between the methanol 
content and the selectivities of methyl phenylacetate 
and benzyl alcohol. 

For a compar ison wi th catalysis by a resin, benzyl 
phenylacetate was treated wi th 60% methanol -wate r 
mixtures at 26 ° C in the presence of 0.26 m m o l of 
sodium hydroxide. T h e results are shown in Fig. 5. 
After the transesterification to methyl phenylacetate 
was rapidly and favourably completed, the selectivity of 
methyl phenylacetate decreased gradually to a low 
value because of a secondary hydrolysis. In contrast 
wi th the above result, such secondary hydrolysis was 
no t observed for a react ion in the presence of the P C S -
DBU resin. 

60 120 180 

Time / min 

240 

Fig. 5. Change in distribution of substrate and 
products in the transesterification of benzyl 
phenylacetate (1.2 mmol) with 60% methanol aq 
solution (50 cm3) at 26°C in the presence of sodium 
hydroxide (0.26 mmol). O: selectivity of benzyl alco­
hol and conversion of benzyl phenylacetate; • : 
selectivity of methyl phenylacetate. 

Catalytic Activity of the PCS-DBU Resin. As 
described above, reactions in methanol -water mixtures 
were t roublesome. Therefore, the dependence of 
conversion on the charge of the resin for benzyl 
phenylacetate was studied in absolute methanol . T h e 
results are shown in Figs. 6 and 7. A catalysis cyclic 
system was observed from the results shown in Fig. 6. 
As can be seen from Fig. 7, the selectivity of benzyl 
a lcohol produced was over 90% d u r i n g the early stages 
of the react ion in the presence of substrate, over 5-
times that of the resin. Further , this reaction could be 
treated as first-order kinetics. Consequently, the 
chemical reactivities of alcohols were established by 
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comparisons of the pseudo first-order rate constants 
for several alcohols. T h e results are shown in Table 1. 
T h e reactivity of the alcohols was of the order 
m e t h a n o l > 2 - m e t h o x y e t h a n o l > e t h a n o l > l - p r o p a n o l . 
2-Propanol was unreactive. These results are similar 
to those of general transesterification, and are under­
standable on the basis of the electrostatic and steric 
effects of substituent groups on the methanol mole­
cule. 

We expected that the P C S - D B U resin will play 
specifically because the quaternary a m m o n i u m groups 

Fig. 6. Effect of substrate/resin molar ratio on the 
reaction of benzyl phenylacetate in the presence of 
the PCS-DBU resin. (D: Data for 1:1 ratio; O: data for 
3:1 ratio; © : data for 5:1 ratio; • : data for 10:1 ratio. 

on the resin are made u p of the DBU residue of p lanar 
bicyclic system, inc lud ing hydrophobic long alkylene 
groups. Therefore, the transesterification of benzyl 
phenylacetate in the presence of the PCS-DBU resin 
was compared wi th those for the analogous polymeric 
quaternary a m m o n i u m salts anchor ing trimethyl-
amine (PCS-TMA) and tr iethylamine (PCS-TEA). 
T h e results studied in absolute me thano l are shown in 
Table 2. From these results, it was found that the 
PCS-DBU resin has the highest catalytic activity 
a m o n g the three resins studied in this work. As can be 
seen in Table 2, the degree of quaternizat ion of the 

20 40 60 

Conversion / % 

Fig. 7. Relationship between selectivity of benzyl 
alcohol and conversion of benzyl phenylacetate. For 
symbols see Fig. 6. 

Table 1. Reactivity of Alcohols on the Transesterification of Benzyl 
Phenylacetate in the Presence of the PCS-DBU Resin 

Alcohol Substrate/Resin molar ratioa) k» 

min~ 
Relative reactivity 

CH3OH 
CH3CH2OH 
CH3(CH2)2OH 
(CH3)2CHOH 
CH30(CH2)2OH 

5 
5 
5 
5 
5 

2.83X10"3 

9.OIXIO-5 

7.OOXIO-5 

Unreactive 
I.I6XIO-4 

31.4 
1.00 
0.77 

1.29 

a) Converted to hydroxide ion on the PCS-DBU resin, b) Determined at 60 °C. 

Table 2. Additional Effect of Quaternary Ammonium Resins in the 
Transesterification of Benzyl Phenylacetate with Methanola) 

Abbreviation 

PCS-DBU 
PCS-TEA 
PCS-TMA 

Quaternary ammonium resin 

Degree of 
quaternizationb) 

% 

88.4 
67.1 
59.0 

Ion-exchange 
capacity 

mequiv g_1 

1.94 
1.33 
2.46 

Degree of 
swelling 

cm3 g_1 

1.01 
0.10 
0.60 

Catalytic 

k 

min - 1 

2.83X10"3 

1.37X10-3 
2.22X10-3 

activity 

Relative 

activity 

1.00 
0.49 
0.78 

a) Reacted in 50 cm3 of methanol at 60 °C by using 1.2 mmol of benzyl phenylacetate in the presence of 
0.26 mmol of hydroxide ion calculated on the basis of ion-exchange capacity for each resin, b) Determined from 
the yield of quaternary ammonium resin. 



March, 1990] Transesterification of Benzyl Phenylacetate by DBU Polymer 823 

PCS 

Fig. 8. Presumed bond-structur of quaternary 
ammonium group on the PCS-DBU resin. 

resins was of the order PCS-DBU>PCS-TMA>PCS-
TEA. This order was the same as that of the catalytic 
activity of the resins. However, because all experi­
ments were carried out in the presence of the same 
amounts of hydroxide ions (calculated on the basis of 
the ion-exchange capacity of each resin), the catalytic 
activity of the resins excludes the possibility of the 
effect of concentration on hydroxide ion being above 
the quaternary ammonium groups of the resins. More­
over, the effect of polymer main-chain on catalysis by 
PCS-DBU seems to be nearly equal to those of PCS-
TMA and PCS-TEA, since all of resins studied in this 
work were prepared from the same chloromethylated 
polystyrene. Therefore, the difference of catalytic 
activity owing to the type of resin can be attributed to 
the property of the amine residues anchoring in the 
side-chain of each resin. The quaternary ammonium 
salt of the DBU must be made up of structure 3, which is 
more stable than structure 4 because of a resonance 
(illustrated in Fig. 8). The hydroxide ion as a counter­
part ion to the DBU quaternary ammonium cation 
must be situated in the position of near center above 
the planar DBU bicyclic system; it will then be less 
sterically hindered than those of the PCS-TMA and 
PCS-TEA resins. This seems to be one explanation for 
the high catalytic of the PCS-DBU resin. 

On the other hand, it was found that the percentage 
of attachment of the solutes to the PCS-TMA resin 
determined in a similar manner as described for the 
PCS-DBU resin were 6% for benzyl phenylacetate and 
less than 1% for methyl phenylacetate and benzyl 
alcohol, respectively. These values were much lower 
than that of the PCS-DBU resin. This fact indicates 
that the catalytic activity of the resin is associated with 
an affinity to attract a substrate. It is thought that this 
attraction effect results from a lipophilic interaction 
between the carbon skeleton in the main chain of the 
resins and the substrates. As described above, however, 
because the structure of the PCS-DBU polymer matrix 
is identical to those of the PCS-TMA and PCS-TEA 
resins, the lipophilic affinity of the PCS-DBU resin is 
nearly equal to those of the other resins. Therefore, it 
is evident that a bicyclic DBU system which includes 
long alkylene groups, participates largely in the 
lipophilic attraction of the substrate. 

Role of the Resin in Transesterification. Accord­

ing to the mechanism of a phase transfer catalysis, the 
quaternary ammonium groups on the catalyst exist in 
either the aqueous7) or the organic14) phase; through 
interface between the aqueous and organic phases the 
counterpart ion to an ammonium ion is exchanged 
with the other anions derived from a nucleophile. 
Consequently, the nucleophile is carried into the 
organic phase. The reaction formed dibenzyl ether 
from benzyl chloride in the presence of quaternary 
ammonium salts in aqueous sodium hydroxide could 
be explained in terms of a latter mechanism15) that is 
operative in the organic phase. 

As described above, it appeared that, in aqueous 
methanol solutions, the PCS-DBU resin well attracts 
the substrate by lipophilic/hydrophobic affinity. On 
the other hand, the quaternary ammonium groups of 
DBU including the hydrophobic alkylene groups may 
exist in the organic phase without transferring to the 
aqueous phase. Alkoxide ions, which are taken in the 
organic phase through the interface, attacks benzyl 
phenylacetate attached on the organic resin. The 
reaction mechanism may be interpreted in the form of 
Eqs. 4—6. 

PCS-DBU+ "OH + CH3OH ; = ^ 
PCS-DBU+-OCH3 + H2O 

PCS-DBU+ -OCH3 + PhCH2COOCH2Ph ^ 
(4) 

PCS-DBU+ "OCH2Ph = PhCH2COOCH3 (5) 
PCS-DBU+ "OCH2Ph + H20 ^ = * 

PCS-DBU+ -OH + PhCH2OH (6) 

As can be seen in Table 2, the PCS-DBU resin was 
more swollen than the other resins in water. In the 
conformational structure for the resins,16) the swelling 
of the resins leads to exposure of the quaternary 
ammonium groups, which are the catalytic active sites 
in the resins. Therefore, the catalysis increases with an 
increase in the swelling of the resins. This agreed with 
data on the reaction rate constant given in Table 2. In 
Eq. 4, the formation of methoxide ions is inhibited by 
the addition of water into the reaction mixtures. As 
illustrated in Fig. 4, however, the conversion of benzyl 
phenylacetate was independent of the water content. 
This result is believed to be due to the reaction at or 
near the interface between the aqueous and organic 
phases.17) In absolute methanol, on the other hand, 
the quaternary ammonium groups is buried into the 
polymer chains. This results in a greater concentra­
tion of catalytic active sites and, consequently, in an 
increased reaction rate. 

In spite of reaction in aqueous solution, the 
transesterification of benzyl phenylacetate was per­
formed. This is because methoxide ions, which are 
placed in the hydrophobic reaction fields on the PCS-
DBU resin, are protected from the attack of water 
molecules. As described in a previous paper,9) 

hydroxide ions are strongly combined with the 
quaternary ammonium cations on the PCS-DBU 
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resin. Therefore, the hydrolysis of benzyl phenyl-
acetate wi th hydroxide ions is more difficult. How­
ever, the catalytic activities of the resins are immediate­
ly independent of the strength of ionic b o n d i n g 
between the hydroxide ion and the quaternary 
a m m o n i u m ion. Despite such a restriction, hydroxide 
ions were exchanged wi th methoxide ions. T h i s is 
because, in the organic phase, a methoxide ion more 
easily forms a ion pa i r wi th the quaternary am­
m o n i u m cat ion than hydroxide ion.18) If the reaction 
of Eq. 4 is ini t iated, the ease of this type of an ion 
exchange should depend on the pKa value for alcohols. 
T h e results represented in Table 1 suppor t this idea. 

In addi t ion to benzyl phenylacetate, when benzyl 
chloride was treated in a similar manner , benzyl 
methyl ether was selectively produced. T h i s result can 
be expla ined in terms of a reaction mechanism similar 
to that described above. In conclusion, in order to 
promote the catalytic activity of resins, the attraction 
of the substrate can be regarded as an impor tan t ini t ial 
step for the reaction. T h e attraction of the substrates 
depends on the structure of the amine residues in the 
quaternary a m m o n i u m resins, except for the function 
of the polymer main-cha in . One impor t an t character­
istic of the P C S - D B U resin is the fact that it has a 
p lanar DBU bicyclic system conta in ing a l i poph i l i c / 
hydrophob ic alkylene chain and is less sterically 
hindered than those of the other resins. 
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Reaction of Trimethylsilyl Isoselenocyanate 
with Oxiranes and Oxetane 

Kazuaki SuKATAt 
Nihon Tokushu Kagaku Kogyo Co., Ltd., 

1 Takijiri-aza-hashimoto, Izumi-cho, Iwaki, Fukushima 970-04 
(Received August 24, 1989) 

The reaction of trimethylsilyl isoselenocyanate with oxiranes and oxetane gave 2-trimethylsiloxyalkyl 
selenocyanates and 3-trimethylsiloxypropyl selenocyanate, respectively, in good to excellent yields. Effects of 
solvents and catalysts on regioselectivity were examined. 

Oxiranes and oxetanes have been reported to react 
wi th trimethylsilyl cyanide to give trimethylsiloxy 
nitriles in the presence of a l u m i n u m compounds x ) or to 
give trimethylsiloxy isocyanides in the presence of 
Lewis acids such as ZnX2,2) Pd(CN)2 , l c ) SnCl2 , l c ) or 
Me3Ga. lc) Trimethylsi lyl azide reacts analogously 
with oxiranes to produce 2-trimethylsiloxyalkyl azides.3) 

O n the other hand , I have recently reported the 
synthesis and reaction of trimethylsilyl isoselenocy­
anate (TMS-NCSe) in wh ich the reaction of T M S -
NCSe wi th aldehydes gave 1-trimethylsiloxyalkyl 
cyanides (Eq. 1).4) 

C = 0 +- TMS-NCSe 
R x 70SiMe3 

W XCN 
(1) 

tr imethylsiloxyalkyl selenocyanates in h igh yields 
wi thou t the release of selenium. 

In a pre l iminary experiment, the reaction was 
carried ou t wi th 2-ethyloxirane (1) and TMS-NCSe 
(Table 1). In hexane the reaction was considerably 
slow even in the presence of ZnCl2 , whereas the 
reaction was completed after 3 h in CH3CN. For 
different reaction condit ions, the product was only 2-
tr imethylsi loxybutyl selenocyanate (la), and no l b and 
no nitri le were produced (Eq. 2). 

SeCN 

TMS-NCSe -

OSiMe, 

(2) 

1 

SiMe3 SeCN 

19 100 : 0 1b 

I now wish to report the r ing-open ing reactions of 
oxiranes and oxetane wi th TMS-NCSe to produce 

Because TMS-NCSe isolation is very troublesome, 
TMS-NCSe was no t isolated and 1 was added directly 

Solvent 

Hexane 
Hexane 
CH3CN 

Catalyst 

ZnCl2
c) 

Table 1. Reaction of 1 with TMS-NCSea) 

Time/h 

7 
7 
3 

Temp/°C Conversion of TMS-NCSe/%b> 

60 10 
60 26 
40 100 (95)d> 

a) Reactions were carried out with 1 (5.25 mmol), TMS-NCSe (5 mmol), and a solvent (5 ml), b) Determined 
by GLC. c) 0.3 mmol, d) Isolated yield of la purified by column chromatography. 

Table 2. One-Pot Reaction of 1 with TMS-NCSe in the Presence of KSeCNa> 

Solvent Catalyst Time/h Temp/°C Conversion of TMS-NCSe/%b> 

Hexane 
Hexane 
Hexane 
Hexane 
Hexane 
Hexane 
CH2CI2 
CH2CI2 
CH3CN 

— 
— 
— 

KSeCN/XAD-4c> 
ZnCl2

d) 

Ti(OPrV> 
— 

18-Crown-6d> 
— 

7 
24 

7 
3 
7 
0.5 
7 
7 
1 

60 
60 
40 
60 
60 
40 
40 
40 
40 

74 
100 (97) 
47 
100 (96) 
98 (91) 
100 (80)e> 
16 
68 
100 (93) 

a) After a mixture of TMS-C1 (7.5 mmol) and KSeCN (9 mmol) in a solvent (10 ml) was stirred overnight at 
room temperature, 1 (7.88 mmol) and a catalyst were added, b) Determined by GLC. Unless otherwise noted, 
values in parentheses are the isolated yields of la. c) KSeCN (9 mmol)/XAD-4 (2.0 g) was used in place 
of KSeCN (9 mmol), d) 0.3 mmol, e) GLC yield of la. 

1* Present address: Orient Chemical Industries, Co., 
Ltd., 8-1, Sanra-higashi-machi, Neyagawa, Osaka 572. 
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to the flask in which the TMS-NCSe was prepared. 
Tab le 2 shows the results of the one-pot reaction of 1 
wi th TMS-NCSe under various condit ions. In 
CH3CN, the reaction was completed wi th in 1 h at 
40 ° C and the rate was in the order of C H 3 C N » 
hexane>CH2Cl2. Excess KSeCN enhanced the rate 
and the use of KSeCN impregna ted on Amberli te 
XAD-4 resin (KSeCN/XAD-4) in place of KSeCN and 
the addi t ion of a catalytic a m o u n t of 18-crown-6 
significantly increased the reaction rate. T h e addi t ion 
of a catalytic a m o u n t of Lewis acid, ZnCh or 
Ti(OPr f)4, also p romoted the reaction more strongly 
than only KSeCN. T h e present findings are qui te in 
contrast to the results of the one-pot reaction of T M S -
NCSe wi th aldehydes,4) in which results the reaction 
released selenium, the rate was in the order of 
hexane>benzene f = s îCH2Cl2^>CH3CN, and addi t ion of 

a catalytic a m o u n t of 18-crown-6 gave a negative effect. 
T h e present results suggest a p u s h and pu l l mech­
an i sm by a Lewis acid and base (Eq. 3), which is 

SeCN 

SeCN 
SiMe. 

(3) 

ana logous to that proved in the reaction of trimethyl-
silyl cyanide wi th oxiranes catalyzed by Znl2.2) O n the 
other hand , the reaction wi th aldehydes seems to 
proceed t h ro u g h a qui te different mechanism, which 
involves a non ion ic intermediate. It appears that a 
small a m o u n t of TMS-SeCN,5 ) wh ich seems to exist as 
the isomer of TMS-NCSe, is the true reactant and a 
driving-force for the release of selenium is the 
coordinat ion of - C N g roup to silicon atom (Eq. 4). 

Table 3. One-Pot Reaction of TMS-NCSe with Oxiranes and Oxetanea) 

Oxirane Solvent Catalyst Time/h Temp/°C Yield/%b> 

PhO 

Ph-N^2 

7 

8 

Hexane 
Hexane 
Hexane 
Hexane 

_ CH3CN 

Hexane 
Hexane 
CH3CN 

Hexane 
Hexane 
CH3CN 

1 Hexane 
Hexane 
Hexane 
Hexane 
Hexane 
Hexane 
Hexane 

L CH3CN 

r Hexane 
Hexane 
Hexane 
Hexane 

L CH3CN 

Hexane 
CH3CN 

Hexane 
Hexane 
CH3CN 

— 
— 

KSeCN/XAD-4c> 
ZnCl2

d) 

— 

Ti(OPr'')4
d) 

— 

KSeCN/XAD-4c> 
— 

KSeCN/XAD-4c> 
ZnCl2

d) 

ZnCl2
e) 

ZnCl2
f) 

Z11CI20 

Ti(OPr ' ) 4
d ) 

— 

KSeCN/XAD-4c> 
ZnCl2

d> 
Ti(OPr ' ) 4

d ) 

— 

— 

KSeCN/XAD-4c> 

— 

7 
24 

3 
7 
7 

7 
0.5 

12 

7 
1 
7 

7 
3 
7 
6 

30 
30 
0.5 
1 

96 
7 

24 
3 
2 

5 
1 

24 
7 
1 

40 
40 
40 
40 
40 

40 
40 
40 

40 
40 
40 

60 
60 
60 
60 
60 
60 
40 
40 

60 
60 
40 
40 
60 

60 
40 

40 
40 
40 

ca. 100 
68 

95 
77 
88 

84h> 
87h> 
62h> 

9 3 ^ 
88 
91 
90h> 
86h> 
56h> 
72h-i 

J) 

87 
84» 
80h> 
71h> 
66 

98 
92 

96 
92 
93 

(70) 
(100) 
(100) 
(75) 
(58) 

(97) 
(100) 
(100) 

(100) 
(100) 
(69) 

> (100) 
(100) 
(100) 
(100) 
(100) 
(100) 

> (100) 

(100) 
(100) 
(100) 
(100) 
(100) 

(100) 
(100) 

(100) 
(100) 
(100) 

100 
100 
100 
100 
100 

100 
100 
100 

100 
100 
100 

75 
54 
53 
37 
13 
6 
3 

87 
82 
80 
34 
37 

0 
0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

25 
46 
47 
63 
87 
94 
97 

13 
18 
20 
66 
63 

a) Unless otherwise noted, after a mixture of TMS-C1 (7.5 mmol) and KSeCN (9 mmol) in a solvent (10 ml) was 
stirred overnight at room temperature, oxirane (7.88 mmol) and a catalyst were added, b) Isolated yields. Values in 
parentheses are TMS-NCSe conversions, c) KSeCN (9 mmol)/XAD-4 (2.0 g) was used in place of KSeCN (9 mmol). 
d) 0.3 mmol, e) 1.0 mmol, f) ZnCl2 (0.3 mmol) was used without KSeCN. g) ZnCl2 (4.5 mmol) was used without 
KSeCN. h) Determined by G L C i) KSeCN (27 mmol), TMS-C1 (22.5 mmol), oxirane (23.6 mmol), and hexane (20 or 
30 ml) were used, j) Substantial quantities of unidentified products were observed. 
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TMS-NCSe ^ T M S - S e C N 

c=o 
(4) 

i : -Se, 
A .^iMe-5 C ^ 

9 
SiMeo 

In order to reveal the regioselectivity, reactions were 
carried ou t wi th other oxiranes under various condi­
t ions (Table 3). In general, the best yields of 
tr imethylsiloxyalkyl selenocyanates were obtained in 
hexane. T h e use of KSeCN/XAD-4, KSeCN in 
CH3CN, or Lewis acids such as Z11CI2 and Ti(OPr')4 
gave lower yields probably because of the polymeriza­
t ion of the oxiranes. Interestingly, in the case of the 
1,2-epoxyalkanes hav ing an electron-withdrawing 
g r o u p at the C-3 pos i t ion such as l-chloro-2,3-
epoxypropane (2), l ,2-epoxy-3-methoxypropane (3), 
and l ,2-epoxy-3-phenoxypropane (4), the reaction in 
CH3CN was slower than in hexane. T h e reaction of 2, 
3, or 4 gave only the n o r m a l addi t ion product , type a, 
identical to 1. O n the other hand , the reaction of 2-
phenyloxi rane (5) or 2,2-dimethyloxirane (6) gave a 
mix ture of type a and the abnormal addi t ion product , 
type b, the rat io of wh ich depended on the catalysts 
a n d the solvents. T h e reaction us ing excess KSeCN 
catalyst in hexane gave p redominan t ly type a product , 
whereas the reaction wi th a Lewis acid catalyst or the 
reaction in CH3CN produced main ly type b product . 
In part icular , the reaction of 5 gave regioselectively 5b 
(5a:5b=3:97) in the presence of Ti(OPr<)4. 

Ph, Ph SeCN Ph OSiMe, 

0 

5 

+ TMS-NCSe (5) 
0SiMe3 

5a 

SeCN 

5b 

V 
SeCN 

TMS-NCSe 

0SiMe3 

63 

V-1 

SeCN 

6b 

0SiMe3 

(6) 

2-Trimethylsiloxycyclohexyl selenocyanate (8) obtain­
ed from cyclohexene oxide (7) was estimated to be trans 
by !H NMR. 

^0S.Me 3 

y + TMS-NCSe — • | ] (7) 
SeCN 

Oxetane (9) reacted analogously to give 3-trimethyl-
si loxypropyl selenocyanate (10) in excellent yield. 

Q + TMS-NCSe -> M ^ C (8) 

CI 

SeCN SeCN 

OSiMe, 
MeO' 

OSiMe 
P h O ' 

SeCN 

J&Me^ 

2a 3a 4a 

10 

Experimental 

Materials. All the solvents were dried with Molecular 
Sieves 4A. Trimethylsilyl chloride (TMS-C1), oxiranes, 
oxetane, ZnCb, and Ti(OPr')4 were used as obtained. TMS-
NCSe was prepared by the method previously reported.4) 

Potassium selenocyanate was dried under vacuum (0.05— 
0.01 mmHg, 1 mmHg=133.322 Pa) at 90 °C for 4 h. KSeCN/ 
XAD-4 was prepared as follows: XAD-4 (2.0 g) was added 
to a solution of KSeCN (1.3 g, 9 mmol) in 50% aqueous 
methanol (3 g) and the whole mixture was then allowed to 
stand for 0.5 h. The solvent was removed under reduced 
pressure (ca. 20 mmHg) at ambient temperature to 90 °C. 
The half-dried KSeCN/XAD-4 reagent was further dried at 
90 °C for 4 h under vacuum (0.05—0.01 mmHg). 

All of the reactions were carried out in a nitrogen 
atmosphere. 

Reaction of 1 with TMS-NCSe. After a mixture of 1 
(5.25 mmol) and TMS-NCSe (5.0 mmol) was stirred in a 
solvent (5 ml) under the indicated conditions (Table 1), the 
resulting mixture was directly analyzed by GLC (Silicone 
SE-30, 10%, 1 mX3 mm, 60 °C, 140 °C). 

One-Pot Ring-Opening Reaction of Oxiranes and Oxetane 
with TMS-NCSe. 2-Trimethylsiloxybutyl Selenocyanate 
(la): After a mixture of TMS-C1 (0.81 g, 7.5 mmol) and 
KSeCN (1.3 g, 9 mmol) in hexane (10 ml) had been stirred at 
room temperature overnight, 1 (0.57 g, 7.88 mmol) was 
added and the whole mixture was stirred for 24 h at 60 °C. 
GLC showed the complete conversion of TMS-NCSe and 
only one product. After the solid material was filtered, the 
filtrate was passed through a 50 mm Si02 column and 
eluted with CH2CI2 (30 ml). Removing the solvent gave 
1.82 g (98% purity, 97% yield) of la, distillation of which 
gave 1.54g (82% yield) of pure la, bp 92.0—93.0°C/2 
mmHg. IR (neat): 2150 cm-1 (-SeCN). *H NMR (CDCI3): 
0=0.156 (9H, s), 0.928 (3H, t, J=l Hz), 1.630 (2H, qui, 
7=7 Hz), 3.075 (1H, dd, /=11.5, 6.5 Hz), 3.555 (1H, dd, 
7=11.5, 4.4 Hz), 3.7—4.1 (1H, m). MS (m/z): 236,234 
(M+-CH3), 222, 220 (M+-CH3-N). Found: C, 38.10; H, 
7.00; N, 5.38%. Calcd for C8Hi7NOSeSi: C, 38.39; H, 6.85; N, 
5.60%. 

2-Trimethylsiloxy-3-methoxypropyl Selenocyanate (3a): 
After a mixture of TMS-C1 (0.81 g, 7.5 mmol) and KSeCN 
(1.3 g, 9 mmol) in CH3CN (10 ml) had been stirred for 0.5 h 
at room temperature, l,2-epoxy-3-methoxypropane (3) (0.70 
g, 7.88 mmol) was added and the whole mixture was stirred 
at 40 °C for 12 h. The solid material was filtered and the 
solvent was removed. The residue was dissolved in hexane 
(20 ml) and the solid material was filtered. The filtrate was 
passed through a 50 mm SiÛ2 column and eluted with 
CH2CI2. Removing the solvent gave 1.83 g (97% purity, 88% 
yield) of 3a, distillation of which gave 1.40 g (70% yield) of 
pure 3a, bp 100.0—100.5 °C/1.5 mmHg. IR (neat): 2150 
cm-1 (-SeCN). *H NMR (CDCI3): <5=1.64 (9H, s), 3.1—3.6 
(7H, m), 3.9—4.2 (1H, m). MS (m/z): 252, 250 (M+-CH3). 
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Found: C, 35.73; H, 6.66; N, 5.15%. Calcd for C8Hi7N02SeSi: 
C, 36.08; H, 6.44; N, 5.26%. 

3-Chloro-2-trimethylsiloxypropyl Selenocyanate (2a): Bp 
97.0—99.0°C/0.5 mmHg (slightly decomposed during di­
stillation). IR (neat): 2155 cm-1 (-SeCN). *H NMR (CDC13): 
0=0.200 (9H, s), 3.0—3.7 (4H, m), 4.0—4.4 (1H, m). MS 
(m/z): 258, 256, 254 (M+-CH3). Found: C, 30.85; H, 5.07; N, 
5.10%. Calcd for C7Hi4ClNOSeSi: C, 31.06; H, 5.26; N, 
5.17%. 

2-Trimethylsiloxy-3-phenoxypropyl Selenocyanate (4a): 
This compound was purified by column chromatography 
(SiÛ2, Wako gel Q-12; eluted with hexane, hexane+CH2Cl2, 
and CH2CI2), because of its vigorous decomposition during 
distillation. IR (neat): 2150cm"1 (-SeCN). « N M R 
(CDCI3): 0=0.203 (9H, s), 3.235 (1H, dd, /=11.5, 6.0 Hz), 
3.516 (1H, dd, /=11.5, 4.2 Hz), 3.951 (2H, d, 7=5 Hz), 4.1 — 
4.4 (1H, m), 6.79—7.43 (5H, m). MS (m/z): 329, 327 (M+), 
314, 312 (M+-CH3). Found: C, 46.58; H, 5.40; N, 3.74%. 
Calcd for Ci3Hi9N02SeSi: C, 47.40; H, 5.81; N, 4.25%. 

2-Trimethylsiloxy-2-phenylethyl Selenocyanate (5a): After 
a mixture of TMS-C1 (2.43 g, 22.5 mmol) and KSeCN (3.9 g, 
27 mmol) in hexane (20 ml) had been stirred overnight at 
room temperature, 2-phenyloxirane (5)(2.84g, 23.6 mmol) 
was added and the whole mixture was stirred for 24 h at 
60 ° C. GLC showed the ratio of 5a : 5b=75:25 (Silicone SE-
30, 10%, 1 mX3 mm, 60 °C, 180 °C). A similar work-up as la 
gave 6.90 g (91% purity, 93% yield) of an isomeric mixture 
(5a:5b=75:25), which was twice distilled using a 150 mm 
column (with 5 mmX5 mm raschig ring) to give an 
analytical sample of 5a (97% purity), bp 108.5—109.5 °C/0.3 
mmHg. IR (neat): 2150 cm-1 (-SeCN). « NMR (CDCI3): 
0=0.073 (9H, s), 3.310 (2H, d, 7=6.3 Hz), 4.970 (1H, t, 
7=6.3 Hz), 7.319 (5H, s). MS (m/z): 284, 282 (M+-CH3). 
Found: C, 48.39; H, 5.82; N, 4.62%. Calcd for Ci2Hi7NOSeSi: 
C, 48.31; H, 5.75; N, 4.70%. 

2-Trimethylsiloxy-l-phenylethyl Selenocyanate (5b): After 
a mixture of TMS-C1 (2.43 g, 22.5 mmol) and KSeCN (3.9 g, 
27 mmol) in hexane (20 ml) had been stirred overnight at 
room temperature, 5 (2.84 g, 23.6 mmol) and Ti(OPr')4 
(0.24 g, 0.9 mmol) were added and the whole mixture was 
stirred for 0.5 h at 40 °C. GLC showed the ratio of 
5a:5b=3:97. A similar work-up as la gave 5.10 g (94% 
purity, 72% yield) of an isomeric mixture, which was twice 
distilled using a 100 mm coulmn (with 5 mmX5 mm 
rasching ring) to give an analytical sample of 5b (>98% 
purity), bp 117.5—118.0 °C/0.3 mmHg. IR (neat): 2150 cm' 1 

(-SeCN). iH NMR (CDCI3): 0=0.139 (9H, s), 4.143 (2H, d, 
7=6.5 Hz), 4.831 (1H, dd, 7=7.17, 5.86 Hz), 7.351 (5H, s). MS 
(m/z): 284, 282 (M+-CH3). Found: C, 48.71; H, 5.73; N, 
4.77%. Calcd for Ci2Hi7NOSeSi: C, 48.31; H, 5.75; N, 4.70%. 

2-Methyl-2-trimethylsiloxypropyl Selenocyanate (6a): 
After a mixture of TMS-C1 (2.43 g, 22.5 mmol) and KSeCN 
(3.9 g, 27 mmol)/XAD-4 (6.0 g) in hexane (30 ml) had been 
stirred for 1 h at room temperature, 2,2-dimethyloxirane (6) 
(1.71 g, 23.6 mmol) was added and the whole mixture was 
stirred for 7 h at 60 ° C GLC showed the ratio of 
6a:6b=82:18 (silicone SE-30,10%, 1 mX3 mm, 60 °C, 140 °C). 

A similar work-up as la gave 4.74 g (97% purity, 84% yield) of 
an isomeric mixture, which was twice distilled using a 80 
mm column (with 5 mmX5 mm raschig ring) to give an 
analytical sample of 6a (>98% purity), bp 94.5—95.0°C/3 
mmHg. IR (neat): 2150 cm-1 (-SeCN). *H NMR (CDCI3): 
0=0.132 (9H, s), 1.420 (6H, s), 3.279 (2H, s). MS (m/z): 236, 
234 (M+-CH3). Found: C, 38.63; H, 7.07; N, 5.67%. Calcd 
for CsHrzNOSeSi: C, 38.39; H, 6.85; N, 5.6%. 

l,l-Dimethyl-2-trimethylsiloxyethyl Selenocyanate (6b): 
Since this compound could not be isolated in the pure state, 
a mixture of 6a:6b=40:60 (GLC), bp 83 °C/2.5 mmHg, was 
analyzed. IR (neat): 2150 cm' 1 (-SeCN). ^U NMR (CDCI3): 
0=0.14 (9H, s), 1.425 (6a) and 1.638 (6b) (6H, s), 3.282 (6a) 
and 3.630 (6b) (2H, s). GC-MS (m/z): 236, 234 (M+-CH3). 
Found: C, 38.14; H, 6.92; N, 5.63%. Calcd for C8Hi7NOSeSi: 
C, 38.39; H, 6.85; N. 5.60%. 

2-Trimethylsiloxycyclohexyl Selenocyanate (8): Bp 117.5— 
118.5 °C/2 mmHg. IR (neat): 2150 cm"1 (-SeCN). m NMR 
(CDCI3): 6=0.161 (9H, s), 1.1—2.2 (8H, m), 3.1—3.7 (2H, m). 
MS (m/z): 277, 275 (M+), 262, 260 (M+-CH3). Found: C, 
43.56; H, 7.34; H, 4.86%. Calcd for GoHigNOSeSi: 43.47; H, 
6.93; N, 5.07%. 

3-Trimethylsiloxypropyl Selenocyanate (10): Bp 87.0— 
87.5 °C/2 mmHg. IR (neat): 2150 cm"1 (-SeCN). 1H NMR 
(CDCI3): 6=0.127 (9H, s), 2.094 (2H, qui, 7=6 Hz), 3.230 (2H, 
t, 7=6.5 Hz), 3.708 (2H, t, 7=5.5 Hz). MS (m/z): 236, 234 
(M+-1), 222, 220 (M+-15). Found: C, 35.02; H, 6.60; N, 
5.66%. Calcd for C7H15 NOSeSi: C, 35.59; H, 6.40; N, 5.93%. 
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Some indolizine derivatives having (2-cyanoethyl)thio or (2-ethoxycarbonylethyl)thio group at the 
2-position were prepared in moderate to good yields starting from the corresponding pyridinium l-(thiocar-
bonyl)methylides. The treatment of these indolizines with a strong base such as potassium J-butoxide in 
N.N-dimethylformamide (DMF) gave smoothly title compounds, 2-indolizinethiols, with the elimination of 
acrylonitrile or ethyl acrylate. 

In our previous papers,2 ) we have reported the 
preparat ions of 2-[(ethoxycarbonylmethyl)thio]indo-
lizines possessing cyano a n d / o r acyl groups at the 1-
and 3- posit ions and their facile and regiospecific cycli-
zations to thieno[3,2-a]- and thieno[2,3-fr]indolizine 
derivatives. However, it has become apparent that the 
app l ica t ion of this me thod for the prepara t ions of 
polyfunctionalized indolizines other than 2-[(ethoxy-
carbonylmethyl)thio]indolizines described above is 
very difficult or synthetically useless from the follow­
ing reasons. 1) T h e cis-trans isomerization of the 1-
vinyl g r o u p in the py r id in ium salt leads to the 
formation of regioselective cyclization products. 2) 
There is the possibil i ty of s trong intra- and intermole-
cular interactions between the active methylenes and 
the acyl or the cyano g r o u p on the 1-vinyl moiety in 
the pyr id in ium salt. 3) There are two different types of 
reaction routes, the r ing contraction-desulfulization 
and the r ing contraction-rearrangement,3 ) depending 
u p o n the 1-substituent of pyrido[2,l-c][l ,4]thiazine 
intermediates. Hence, we focused our a t tent ion on the 
preparat ions of indolizines with the protected mercapto 
g r o u p at the 2-posit ion, which are obtainable from the 

regiospecific cyclizations of the corresponding pyri­
d i n i u m salts and are convertible to versatile thiol 
derivatives by their deprotections. After considerations 
of some subjects such as the reaction condi t ions, 
mechanisms, and ready availability of reagents, we 
selected 2-cyanoethyl a n d 2-ethoxycarbonylethyl 
g roups as the protec t ing g roups for the mercapto 
function. Namely, the reaction sequence employed 
by us is a combina t ion of the in t roduct ion of the 
protect ing g roup by Michael addi t ion and of its 
deprotect ion by /^-elimination.4* In this paper we wish 
to report the prepara t ions of 2-[(2-cyanoethyl)thio]-
and 2-[(2-ethoxycarbonylethyl)thio]indolizines and 
their facile derivation to the corresponding 2-indoliz­
inethiols. 

Results and Discussion 

Preparations of Pyridinium l-(Thiocarbonyl)methyl-
ides. Pyridinium l-(thiocarbony)methylides 4a—1 bear­
ing a (2-cyanoethyl)thio or (2-ethoxycarbonylethyl)-
th io g r o u p were prepared in 40-67% yields by the 
Michael addi t ion of pyr id in ium l-(dithiocarboxy)-
methylides 2, generated in situ by the reactions of 1-
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(ethoxycarbonylmethyl)- and 1-acetonylpyridinium 
halides la—f with carbon disulfide in the presence of a 
base, to acrylonitrile (3a) or ethyl acrylate (3b) (Scheme 

These methylides 4a—1 showed clearly the charac­
teristic absorption bands due to a cyano (2238— 
2248 cm"1) or an ester carbonyl group (1719—1728 
cm -1) attached to the tetrahedral carbon in the (2-
cyanoethyl)thio or (2-ethoxycarbonylethyl)thio group 
in their IR spectra, and also exhibited the ethylene 
protons as two methylene triplets at 8 near 2.8 and near 
3.6 in their XH NMR spectra. 

Preparations of 2-[(2-Substituded Ethyl)thio]in-
dolizines. According to our previous papers,2) these 
pyridinium methylides 4a—1 were treated with bro-
moacetonitrile (5a) or ethyl bromoacetate (5b) in 
chloroform at room temperature for ca. 3—6 d and the 
resulting pyridinium salts were allowed to react with 
l,8-diazabicyclo[4.3.0]undec-7-ene (DBU) as a base and 
then with chloranil as a dehydrogenating agent in the 
same solvent at 0°C for 5—12 h to afford the 

corresponding 2-[(2-cyanoethyl)thio]- 6a—c, g—i, m— 
o and 2-[(2-ethoxycarbonylethyl)thio]indolizine deriva­
tives 6d—f, j — 1 , p—r in moderate to good yields. Only 
when ethyl bromoacetate 5b was used, small amount 
of 2-[(ethoxycarbonylmethyl)thio]indolizines (7a—f) 
could be also detected by means of their XH NMR 
spectral inspections (Scheme 2). The formations of 
these compounds 7a—f could be almost suppressed 
by performing the S-alkylations at low temperature 
(below 20 °C), and were increased considerably on 
heating. Thus, compounds 7a—f must be generated 
via the transalkylation of the (2-cyanoethyl)thio or (2-
ethoxycarbonylethyl)thio group in the corresponding 
pyridinium salts with the excess alkylating agent 5b. 

The 1H NMR spectra (Table 1) of these compounds 
6a—r exhibited the ethylene proton signals at 8 2.58— 
2.79 (2H) and 3.21—3.53 (2H) as slightly broad triplets. 
The skeletal proton and methyl proton signals 
appeared in the range of 8 6.83—10.07 and 8 2.30— 
2.78, respectively. Their IR spectra showed a distinct 
absorption band due to a cyano (2230—2240 cm - 1 or a 

Table 1. 1H NMR Spectral Data of 2-(Substituted Ethylthio)indolizines 

Compda> 
No. C-5 

6a 9.60 
b r d 

6b 9.48 
d 

6c 9.31 
br s 

6d 9.69 
b r d 

6e 9.43 
d 

6f 9.28 
br s 

6g 9.50 
b r d 

6h 9.38 
d 

6i 9.28 
br s 

6j 9.56 
b r d 

6k 9.40 
d 

61 9.29 
br s 

6m 10.07 
b r d 

6n 9.70 
d 

6o 9.70 
br s 

6p 9.95 
b r d 

6q 9.85 
d 

6r 9.73 
br s 

C-6 

7.09 
dt 

6.93 
dd 

2.38 
s 

7.03 
dt 

6.87 
dd 

2.33 
s 

7.00 
dt 

6.83 
dd 

2.33 
s 

7.00 
dt 

6.79 
dd 

2.30 
s 

7.01 
dt 

6.84 
dd 

2.33 
s 

7.01 
dt 

6.88 
dd 

2.31 
s 

a) T h e coup l ing constants are as 

C-7 

7.44 
br t 
2.49 

s 
7.02 
br s 
7.41 
br t 
2.48 

s 
6.97 
br s 
7.38 
br t 
2.44 

s 
6.90 
br s 
7.34 
br t 
2.43 

s 
6.83 
br s 
7.43 
br t 
2.46 

s 
6.96 
br s 
7.40 
br t 
2.44 

s 
6.94 
br s 

follows: 

C-8 

7.78 
b r d 
7.52 
br s 
2.78 

s 
7.78 
b r d 
7.48 
br s 
2.73 

s 
8.36 
b r d 
8.12 
br s 
2.45 

s 
8.39 
b r d 
8.13 
br s 
2.43 

s 
8.42 
b r d 
8.13 
br s 
2.45 

s 
8.41 
b r d 
8.18 
br s 
2.45 

s 

J5,6=J6,7=7.0, 

Ô(CDC13) 
CH2CH2S 

2.79 
br t 
2.77 
br t 
2.70 
br t 
2.71 
br t 
2.73 
br t 
2.63 
br t 
2.59 
br t 
2.58 
br t 
2.60 
br t 
2.58 
br t 
2.54 
br t 
2.56 
br t 
2.58 
br t 
2.58 
br t 
2.61 
br t 
2.58 
br t 
2.56 
br t 
2.59 
br t 

/7,8=9.C 

3.53 
br t 
3.51 
br t 
3.38 
br t 
3.52 
br t 
3.53 
br t 
3.38 
br t 
3.31 
br t 
3.29 
br t 
3.21 
br t 
3.32 
br t 
3.27 
br t 
3.18 
br t 
3.32 
br t 
3.33 
br t 
3.15 
br t 
3.33 
br t 
3.30 
br t 
3.17 
br t 

), 76,8=2.0, 

R ' 

— 

— 

— 

1.26 4.13 

t q 
1.26 4.18 

t q 
1.23 4.13 

t q 
— 

— 

— 

1.21 4.10 

t q 
1.18 4.08 

t q 
1.20 4.11 

t q 
— 

— 

— 

1.20 4.10 

t q 
1.18 4.09 

t q 
1.22 4.12 

t q 

/ E I = 7 . 0 , a n d / , 

R and R4 

1.44 4.60 

t q 
1.43 4.51 

t q 
1.49 4.51 

t q 
1.46 4.44 

t q 
1.46 4.47 

t q 
1.46 4.47 

t q 
1.47 1.48 

t t 
1.16 1.46 

t t 
1.46 1.49 

t t 
1.48 1.48 

t t 
1.44 1.44 

t t 
1.41 1.44 

t t 
2.94 1.44 

s t 
2.96 1.46 

s t 
2.93 1.43 

s t 
2.94 1.47 

s t 
2.91 1.45 

s t 
2.93 1.43 

s t 

4.47 4.52 

q q 
4.47 4.49 

q q 
4.50 4.52 

q q 
4.48 4.50 

q q 
4.44 4.44 

q q 
4.43 4.47 

q q 
4.41 

q 
4.45 

q 
4.46 

q 
4.47 

q 
4.46 

q 
4.49 

_ q 

;thylene=7.0 and 7.0 Hz. 
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1)BrCH 2 R / C H C 1 3 a t r . t . 
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Table 2. 1H NMR Spectral Data of 2-Indolizinethiols 

Compda) 

No. C-5 C-6 C-7 
<5(CDC13) 

C-8 SH R and R4 

8a 

8b 

8c 

8d 

8e 

8f 

8g 

8h 

8i 

9.57 
b r d 
9.49 

d 
9.36 
br s 
9.61 
b r d 
9.40 

d 
9.34 
br s 

10.16 
b r d 

10.05 
d 

9.89 
br s 

6.97 
dt 

6.79 
dd 

2.28 
s 

6.93 
dt 

6.73 
dd 

2.31 
s 

6.94 
dt 

6.77 
dd 

2.30 
s 

7.37 
br t 
2.40 

s 
6.94 
br s 
7.33 
br t 
2.40 

s 
6.94 
br s 
7.39 
br t 
2.67 

s 
6.99 
br s 

7.68 
b r d 
7.41 
br s 
2.65 

s 
8.25 
b r d 
7.97 
br s 
2.50 

s 
8.21 
b r d 
8.20 
br s 
2.46 

s 

4.39 
s 

4.36 
s 

4.34 
s 

7.12 
s 

7.06 
s 

5.98 
s 

8.25 
br s 
7.97 
br s 
6.38 
br s 

1.47 
t 

1.44 
t 

1.45 
t 

1.48 
t 

1.45 
t 

1.43 
t 

2.70 
s 

2.69 
s 

2.73 
s 

4.42 

q 
4.40 

q 
4.42 

q 
1.48 

t 
1.45 

t 
1.48 

t 
1.48 

t 
1.48 

t 
1.41 

t 

4.46 

q 
4.44 

q 
4.43 

q 
4.41 

q 
4.40 

q 
4.42 

q 

4.48 

q 
4.44 

q 
4.47 

q 

a) The coupling constants are as follows: j5,6=j6,i=7-0, Ji,s=9.0, /6,8=2.0, / E I = 7 . 0 . 
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carbonyl (1715—1733 cm -1) group attached to a 
tetrahedral carbon in the 2-substituents. The chemical 
shifts and signal patterns of the protons and methyl 
protons attached to the pyridine ring were, in 
particular, quite similar to those of 2-(alkylthio)indo-
lizine derivatives prepared earlier by us2»3) and other 
investigators.5) The structures of minor products 7a—f 
were determined by the comparisons of their lH NMR 
spectral data with those of authentic samples2) and 
partially by their independent syntheses (vide post). 

Preparations of 2-Indolizinethiols. When a small 
excess of potassium ^-butoxide was added to the DMF 
solution of ethyl l-cyano-2-[(2-cyanoethyl)thio]-3-in-
dolizinecarboxylate (6a) at room temperature, the 
rapid evolution of acrylonitrile 3a was observed by its 
odor: the quenching of the resulting mixture with 
aqueous hydrochloric acid gave ethyl l-cyano-2-
mercapto-3-indolizinecarboxylate (8a) in 52% yield. 
The same product 8a could also be obtained in 67% 
yield by the similar reactions of 2-[(2-ethoxycarbonyl-
ethyl)thio]indolizine derivative 6d with the evolution 
of ethyl acrylate 3b. Analogously, 2-indolizinethiols 
8b—i were prepared from the basic treatment of the 
protected indolizines 6b, c, 6g and 6j, 6h, i, 6m and 6p, 
and 6n, r, respectively (Scheme 3). During these 
deprotection reactions no attack of the base or solvent 
to the other functional groups such as cyano, 
ethoxycarbonyl, and acetyl groups could be observed. 

The structures of compounds 8a—i could be easily 
determined by the indications of the proton signals 
that appeared in the range of ô 4.34—8.25 in their 
XH NMR spectra (Table 2) and of the weak absorption 
bands shown at 2370—2520 cm - 1 due to the mercapto 
group in their IR spectra (Table 5). 

These 2-indolizinethiol derivatives 8a—i are con­
siderably stable and can be stored at room temperature 
for a few months without appreciable decomposition. 
Presumably, the high stability of these compounds 
8a—i is owing to the presence of the favorable 
hydrogen-bonding between the 2-mercapto and the 1-

or 3-acyl carbonyl groups. 
S-Alkylatiori of 2-Indolizinethiol Derivatives. Since 

the facile elimination of the protecting groups from 
indolizines 6 could be confirmed, the possibility of the 
functionalization of the mercapto group was examin­
ed by using ethyl bromoacetate (5b) as an alkylating 
agent. The addition of 5b to a DMF suspension of 
ethyl 1 -cyano-2-[(2-cyanoethyl)thio]-3-indolizinecarboxyl-
ate (6a) and potassium ^-butoxide caused a rapid 
exothermal reaction to give the expected ethyl 1 -cyano-
2-[(ethoxycarbonylmethyl)thio]-3-indolizinecarboxyl-
ate (7g) in 56% yield. The same compound 7g could be 
also obtained in 64% yield by the similar treatment of 
indolizine 6d with 5b. Analogously, the S-alkylated 
indolizines 7a—c, h, i were prepared from the reactions 
of indolizines 6g and 6j, and 6h, i, b, c with 5b in the 
presence of base. On the other hand, the similar 
treatment of indolizines 6m and 6p, and 6n, o 
possessing a 3-acetyl group did not afford any 2-
[(ethoxycarbonylmethyl)thio]indolizine derivatives 
(7d—f), but provided 3-methylthieno[2,3-fr]indolizines 
(9a—c) in good yields (Scheme 4). These tricyclic 
indolizine derivatives 9a—c must be formed via the 
intramolecular condensations between the 3-acetyl 
carbonyl and the active methylene group in 7d—f 
generated in situ initially. Recently, we have observed 
the actual conversions of indolizines 7d—f to thieno-
indolizines 9a—c under the alkaline conditions.2) 

Indolizines 7g—i and thienoindolizines 9a—c were 
completely in accord with the authentic samples2* 
synthesized by us in all respects. 

The chief advantages of our method stated above are 
1 ) the easy introduction of the protecting groups by the 
Michael addition, 2) the smooth deprotection by the 
jS-elimination, 3) the ready availability of reagents, 
and 4) if necessary, the removal of the vinyl component 
formed is quite simple. On the other hand, the ability 
and the readiness for the ß-eliminations of these 2-
cyanoethyl and 2-ethoxycarbonylethyl groups are 
approximately equal but, as long as their handlings 
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are concerned, the latter is slightly superior to the 
former because of its h igh solubility for organic 
solvents. 

Experimental 

Melting points were measured with a Yanagimoto 
micromelting point apparatus and are uncorrected. The 
microanalyses were carried out on a Perkin-Elmer elemental 
analyzer. The 1H NMR spectra were determined with a 
Varian EM360A spectrometer in deuteriochloroform with 
tetramethylsilane as an internal standard and the chemical 
shifts are expressed in <5 values. The IR spectra were taken 
with a Hitachi 260-10 infrared spectrophotometer. 

Preparations of Pyridinium l-[(2-Substituted Ethylthio)-
thiocarbonyljmethylides. General Method: To the stirred 
ethanolic solution (100 ml) of l-(ethoxycarbonylmethyl)-
pyridinium halides (0.1 mol), an aqueous solution (10 ml) of 
sodium hydroxide (4.4 g, 0.11 mol) was added dropwise in a 
period of 10 min and the resulting dark red solution was 

stirred for further 30 min. Acrylonitrile 3a (8 g, 0.15 mol) or 
ethyl acrylate 3b (15 g, 0.15 mol) was then added, and the 
reaction mixture was allowed to react at room temperature 
for 2 h under stirring. The reaction solution was poured 
into 500 ml of ice-water, and the product that precipitated 
was collected by filtration and air-dried. Recrystallization 
from chloroform-ether gave the corresponding pyridinium 
methylide. 

Pyridinium methylides 4a, c, f, i were obtained as yellow 
prisms, 4b, e, q, 1 as yellow needles, and 4d, h, j , k as yellow 
flakes. Some physical and spectral data of these pyridinium 
methylides are listed in Table 3. 

Preparations of 2-[(2-Substituted Ethyl)thio]indolizines. 
General Method: A chloroform solution (10 ml) of pyri­
dinium methylide 4 (4 mmol) and bromoacetonitrile 5a or 
ethyl bromoacetate 5b (5 mmol) was kept on standing at 
room temperature until the material 4 was completely 
alkylated (ca. 3—6 d). After further 20 ml of chloroform was 
added, the resulting solution was allowed to react with DBU 
(0.76 g, 5 mmol) and then chloranil (0.98 g, 4 mmol) in an ice 

Table 3. Some Data of Pyridinium Ylides 

Compd 
No. 

4a 
4b 
4c 
4d 
4e 
4f 
4g 
4h 
4i 
4j 
4k 
41 

Reac fc ,nfc 

la 
lb 
lc 
la 
lb 
lc 
Id 
le 
If 
Id 
le 
If 

3a 
3a 
3a 
3b 
3b 
3b 
3a 
3a 
3a 
3b 
3b 
3b 

Yield 

% 

63 
40 
46 
59 
45 
55 
50 
67 
59 
64 
62 
58 

Mp 

°C 

147—148 
197—198 
182—184 
175—177 
147—148 
190-192 
200—202 
196—197 
204—205 
161 — 163 
176—178 
189—191 

^(KBrJ/cm-1 

CO and CN 

1640 2242 
1625 2248 
1647 2240 
1654 1720 
1608 1728 
1641 1721 
1575 2238 
1577 2242 
1575 2240 
1575 1722 
1584 1726 
1573 1719 

<5(CDCl3)
a) 

C H 2 C H 2 S 

2.88 3.58 
2.85 3.56 
2.88 3.57 
2.81 3.60 
2.79 3.59 
2.80 3.59 
2.84 3.58 
2.84 3.58 
2.85 3.55 
2.79 3.60 
2.77 3.57 
2.78 3.59 

Formula^ 

C13H14N2O2S2 

C14H16N2O2S2 

C15H18N2O2S2 

C15H19NO4S2 

C16H21NO4S2 

C17H23NO4S2 

C12H12N2OS2 

C13H14N2OS2 

C14H16N2OS2 

C14H17NO3S2 

C15H19NO3S2 

C16H21NO3S2 

a) The proton signals of these methylene groups appeared as triplets or almost triplets coupled with 7.0 Hz. 
b) Satisfactory analytical data (within 0.3% for C, H, and N) were obtained for all new compounds. 

Table 4. Some Data of 2-(Substituted Ethylthio)indolizines 

Compd 
No. 

6a 
6b 
6c 
6d 
6e 
6f 
6g 
6h 
6i 
6j 
6k 
61 
6m 
6n 
6 0 

6p 
6q 
6r 

Reacuiiiià 

4a 
4b 
4c 
4d 
4e 
4f 
4a 
4b 
4c 
4d 
4e 
4f 
4g 
4h 
4i 
4j 
4k 
41 

5a 
5a 
5a 
5a 
5a 
5a 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 

Yield 

% 

50 
65 
51 
52 
65 
59 
69 
84 
76 
72 
81 
83 
43 
38 
51 
32 
36 
61 

Mp 

°C 

129—130 
130—131 
149—151 
76—77 
95—96 

105—107 
81—82 
94—95 
52—53 
88—89 
69—70 
51—52 
89—91 

117—118 
75—76 
61—63 
55—56 
47—48 

KKBrycm-1 

CO and CN 

1673 
1673 
1674 
1676 
1675 
1670 
1675 
1670 
1667 
1670 
1668 
1668 
1624 
1611 
1606 
1620 
1619 
1626 

2210 2240 
2205 2240 
2210 2236 
1733 2200 
1717 2200 
1715 2200 
1685 2230 
1685 2230 
1705 2233 
1688 1730 
1685 1725 
1720 
1691 2240 
1683 2240 
1718 2240 
1690 1720 
1690 1720 
1725 

Formulaa) 

C15H13N3O2S 

C16H15N3O2S 

C17H17N3O2S 

C17H18N2O4S 

C18H20N2O4S 

C19H22N2O4S 

C17H18N2O4S 

C18H20N2O4S 
C19H22N2O4S 

C19H23NO6S 

C20H25NO6S 

C21H27NO6S 

C16H16N2O3S 

C17H18N2O3S 

C18H20N2O3S 

C18H21NO5S 

C19H23NO5S 

C20H25NO5S 

a) Satisfactory analytical data (within 0.3% for C, H, and N) were obtained for all new compounds. 
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Table 5. Some Data of 2-Indolizinethiols 

Compd 
No. 

8a 

8b 
8c 
8d 

8e 
8f 
8g 

8h 
8i 

React. 

6a 
6d 
6b 
6c 
6g 
6j 
6h 
6i 
6m 
6p 
6n 
6r 

Yield 

% 

52 
67 
75 
80 
70 
66 
75 
62 
94 
78 
84 
50 

Mp 

°C 

130—131 

143—146 
149—151 
80—82 

83—85 
52—53 

114—116 

151 — 152 
73—75 

KKBrVcm-1 

CO, CN, and SH 

1685 2200 2450 

1680 2200 2500 
1670 2197 2520 
1680 2500 

1650 1675 2450 
1675 2470 
1605 1641 2370 

1610 1657 2380 
1610 1668 2490 

Formulaa) 

C12H10N2O2S 

C13H12N2O2S 

C14H14N2O2S 

C14H15NO4S 

C15H17NO4S 

C16H19NO4S 

C13H13NO3S 

C14H15NO3S 

C15H17NO3S 

a) Satisfactory analytical data (within 0.3% for C, H, and N) were obtained for all new compounds. 

bath for 5—12 h. The solution was then concentrated under 
reduced pressure and the residue was separated by column 
chromatography (alumina) using chloroform as an eluent. 
Recrystallizations from ethanol afforded the corresponding 
indolizine derivatives 6a—r having the (2-cyanoethyl)thio or 
(2-ethoxycarbonylethyl)thio group at the 2-position. 

When ethyl bromoacetate 5b was used as an alkylating 
agent, the presence of 2-[(ethoxycarbonylmethyl)thio]indo-
lizine derivatives 7a—f were also detected by the 1H NMR 
spectral inspections of the crude products, but the isolations 
of pure 7a—f from them were unsuccessful because of their 
low yields (below 3%) and like solubilities. The formations 
of these 7a—f could be almost suppressed by lowering the 
temperature of the S-alkylations to below 20 °C. All 
compounds 6a—r were obtained as colorless needles. These 
results and some physical and spectral data are summarized 
in Tables 1 and 4. 

Preparations of 2-Indolizinethiols. General Method: To 
a DMF solution (1—2 ml) of 2-[(2-cyanoethyl)thio]- or 2-[(2-
ethoxycarbonylethyl)thio]indolizine 6 (1 mmol), potassium t-
butoxide (0.14 g, 1.25 mmol) was added at room temperature 
and, after the sufficient stirring using a spatula, the resulting 
mixture was kept on standing for additional 15 min. The 
reaction mixture was acidified with dilute hydrochloric acid 
(5 ml), and the precipitates that separated were collected by 
filtration and washed twice with water (20 ml). The crude 
product was again dissolved in chloroform (30 ml) and freed 
from water by the filtration through a phase-separating filter 
paper. The chloroform layer was concentrated under 
reduced pressure and the residue was purified by column 
chromatography (alumina) using chloroform as an eluent. 
Recrystallizations from ethanol gave the corresponding 2-
indolizinethiol derivatives 8a—i as colorless needles. 

When potassium £-butoxide was added to indolizines 6, 
the rapid elimination of the protecting group could be easily 
confirmed by the characteristic odor of acrylonitrile 3a or 
ethyl acrylate 3b. These results and some physical and 
spectral data are listed in Tables 2 and 5. 

5-Alkylations of 2-Indolizinethiol Derivatives. General 
Method: To a DMF suspension (1—2 ml) of indolizine 6 

(1 mmol) and potassium J-butoxide (0.14 g, 1.25 mmol), 
ethyl bromoacetate 5b (0.20 g, 1.2 mmol) was added at room 
temperature and the resulting solution was then kept on 
standing at room temperature for 1 h with occasional 
stirring. The usual work-ups gave the corresponding 2-
[(ethoxycarbonylmethyl)thio]indolizines 7a—c, g—i and 3-
methylthieno[2,3-è]indolizines 9a—c. 

Products 7a—c, g—i and 9a—c were in accord with 
authentic samples synthesized earlier2) in all respects. These 
results are shown below: 7a, 68% from 6g or 71% from 6j, mp 
53 °C. 7b, 67% from 6h, mp 59—60 °C. 7c, 76% from 6i, mp 
103—104 °C. 7g, 56% from 6a or 64% from 6d, mp 88—89 °C. 
7h, 50% from 6b, mp 101 —102° G. 7i, 74% from 6c, mp 
107—109° C. 9a, 69% from 6m or 64% from 6p, mp 194— 
195 °C. 9b, 67% from 6n, mp 173—174 °C. 9c, 77% from 60, 
mpl27—128 °C. 
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A Facile Preparation of O-Alkyl Selenocarboxylates and 
Selenoamides via Se-Alkynyl Selenocarboxylates1* 
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Se-Alkynyl selenocarboxylates (1) were found to readily react with alcohols and amines to give O-alkyl 
selenocarboxylates (4) and selenoamides (6) in moderate to good yields, respectively. The formation mech­
anisms of 4 and 6 via selenoketene and ammonium alkyneselenolate, respectively, are proposed. 

Past two decades, great advances have been made in 
the chemistry of se lenium reagents.2_12) Lit t le have 
been k n o w n in the chemistry of selenium isologues of 
carboxylic acid derivatives,13) t hough the h i g h util i ty 
of selenocarboxylic acid esters for organic synthesis 
has been described.14_17) In the previous studies 
concern ing the sulfur isologues of carboxylic acid 
derivatives, we have found that S-alkenyl thio- and 
dithiocarboxylates serve as efficient precursors for 
generat ion of alkenethiolate anions. 18»19) T o our best 
knowledge, however, n o prepara t ion of Se-alkenyl and 
Se-alkynyl selenocarboxylates has been still remained. 
Here in we report Se-alkynyl selenocarboxylates (1) 
serve as excellent precursors for the synthesis of O-
alkyl selenocarboxylates (4) (hereafter called seleno-
esters) and selenoamides (6). 

Results and Discussion 

T h e start ing Se-alkynyl selenocarboxylates (1) can 
be readily obta ined in good yields from the reaction of 
l i t h ium alkyneselenolates wi th acyl chlorides (Eq. 1; 

benzene, Se-phenylethynyl selenoacetate ( lb) was 

stable at least for 24 h. 
In general, Se-alkynyl selenocarboxylates (1) do not 

react wi th alcohols at room temperature. Under acidic 
and dark condi t ions, however, 1 readily reacted wi th 
a l iphat ic alcohols to yield selenoesters 4 in moderate to 
good yields together wi th the corresponding car­
boxylic acid ester (Eq. 2; T a b l e 2). For example , w h e n 
a solut ion of Se-phenylethynyl selenoacetate ( lb) 
(3.0 mmol ) in e thanol con ta in ing a catalytic a m o u n t 
of p- toluenesulfonic acid was refluxed for 2 h , the 
solut ion quickly changed from colorless to orange. 
After the usua l work-up of the reaction mixture , 
ch romatograph ic separat ion of the residue on silica 

CH^C-Se-C=CR R'OH 
H + / dark 

60-80 °C, 2 h 

(2) 

Se 
II 

RCHoC-O-R1 

O 
II 

CH-5C-O-R1 

R'CEC-Se" Li + 
RCOC1, 0 °C O 

II 
RC-Se-C=C-R' 

(1) 

Tab le 1). T h e Se-alkynyl selenocarboxylates (1) 
obta ined are stable thermally and towards mois ture 
and oxygen. They can be stored in refrigerator (—5 °C) 
for 3 months . Even under refluxing condit ions of 

gel afforded 86% of O-ethyl a-phenylselenoacetate (4d) 
as yellow l iquid. Under similar condit ions, the 
reactions wi th other alcohols such as methanol and 
1-propanol, etc. yielded the corresponding selenon-
esters (4a—4c, 4e—4f) in 60—88% yields. A l though 
hydrogen chloride, sulfuric acid, and trifluoroacetic 
acid were also examined as a catalyzer, p- toluene-
sulfonic acid and trifluoroacetic acid appear to be 

Table 1. Se-Alkynyl Selenocarboxylates 1 

No. 

la 
lb 
lc 
Id 
le 
If 

lg 

R 

CH3 

C6H5 

RCOSeOCR' 
R' 

4-CH3C6H4 

n-C4Hg 

C6H5 

4-ClC6H4 

n-C4Hg 

C6H5 

4-CH3C6H4 

COHÖ 

Yielda> 

% 

40 
67 
84 
61 
87 
91 
92 

Mp 

°C 

100/1.3b> 
130/2.0b> 
83—84 

133/0.3b> 
88—91 
81—82 
77 -78 

IR (cm-1) 
v(C=C) 

2170c> 
2200c> 
2170d> 
2175c> 
2175d> 
2170d> 
2170d> 

13C NMRe> 
0(C=0) 

196.6 
195.3 
194.4 
191.0 
189.4 
188.7 
188.7 

a) Isolated yield, b) Bp (°C/Torr). c) Neat, d) KBr-disk. e) CDCI3. 



836 

No. 

4a 
4b 
4c 
4d 

4e 
4f 
4g 
4h 
4i 

R 

72-C4H9 

C 6 H 5 

4-ClCeH, 

H . ISHIHARA, M . YOSHIMI, N . HARA, H. ANDO, and S. 

Table 2. Yields of O-Alkyl Selenocarboxylates 

RCH 2 C(Se)-OR' 
R ' 

C H 3 

C2H5 

C H 3 

C2H5 

z-C3H7 

CH(CH 3 )CH(CH 3 ) 2 

cyclo-CdHiii 
i C H 3 

C2H5 

KATO 

(4) 

React ion condi 
Catalyzer^ 

T s O H 
T s O H 
T s O H 
T s O H 
H2SO4 
HCl 
CF3COOH 
T s O H 
T s O H 
T s O H 
T s O H 
T s O H 

tions 
T e m p / ° C 

66 
80 
66 0

0
0

0
 

00 00 00 00 

80 
80 
80 
66 
80 
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Yieldb> 

% 

67 
60 
88 
86 
72 
76 
77 
83 
77 
80 
64 
70 

a) Used 10mol%. b) Isolated yield. 

0 
11 

C H . C - S e - C E C - R R'OH 
CH3COOR' 

[ R - C E C - S e H 

2 

R - C H = C = S e ] 

3 

R'OH 
S e 
II 

RCH2C-O-R' 

4 

Scheme 1. 

more preferable than the others in a viewpoint of 
purification. In contrast with aliphatic alcohols, the 
reaction of lb with phenol did not afford the expected 
O-phenyl a-phenylselenoacetate under various condi­
tions. Instead, cis-(5a.) and frvms-2,6-dipheny 1-1,4-
diselenafulvenes (5b)20) were obtained as pale yellow 
crystals in moderate yields.21) In addition, the same 
reaction in the presence of catalytic amount of acid 
such as trifluoroacetic acid and p-toluenesulfonic acid 
led to the formation of tams-diselenafulvene (5b).22) 

The structures of 4 and 5 were established by Mass, IR, 
XH and 13C NMR, and electron spectra and micro­
analyses. 

alcohols.23) 

Previously, Brandsma and his co-workers reported a 
preparation of Af,Af-diethylselenoamides from the 
reaction of lithium alkyneselenolates with diethyl-
amine.24* Similar treatment of Se-alkynyl selenocar­
boxylates (1) with amines is expected to yield 
selenoamides. In fact, the Se-alkynyl esters (1) were 
found to readily react with primary and secondary 
amines at 20 °C to give the corresponding seleno­
amides in good yields (Eq. 3). For example, 

o 
11 

CH^C-Se-CECR NHR^R 2 * 3 20 ° C , 3 h 

Ph . - S e Ph vc=c 
- S e H 

5 a 

I, 
Ph Se 

Se 

5b 

/ C = C . 
Ph 

A plausible reaction pathway for the formation of 
selenonesters (4) is shown in Scheme 1. Thus, the 
carbonyl carbon of Se-alkynyl esters (1) is firstly 
attacked by alcohol to form alkyneselenol (2) or 
selenoketene (3) as an intermediate. Then the formed 
selenoketene further reacts with alcohol to give 
selenonester (4). At the present stage, attempts to 
obtain the spectral evidences for the formation of these 
intermediates failed. The similar formation mech­
anism has been proposed for the preparation of 
selenonesters by treatment of 1,2,3-selenadiazoles with 

Se 
3 2 w 3 

diethylamine (440 mg, 6.0 mmol) was added to a 
solution of Se-phenylethynyl selenoacetate (lb) (670 
mg, 3.0 mmol) and the mixture was stirred at 20 °C for 
3 h. After usual work-up, purification on silica-gel 
column Chromatograph yielded 88% of N,Af-diethyl-a-
phenylselenoacetamide (6h) as yellow crystals. The 
reaction with other Se-alkynyl esters (1) under the 
same conditions afforded the corresponding seleno­
amides (6a—g, i,j) in 48—97% yields. The structures 
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Table 3. Yields of Selenoamides 6 

R1CH2-C(Se)-NR2R3 Yielda> Mp 
r^o 

6a 
6b 
6c 
6d 
6e 
6f 
6g 
6h 

6i 

6j 

a) Isolated yield. 

R1 

72-C4H9 

C O H Ö 

0 
11 1 

C H n C - S e - C = C R 

1 

N R 2 R 3 

N H C H 2 C 6 H 5 
N ( C 2 H 5 ) 2 
N H C H 2 C 6 H 5 
NHC3H7-z 
NHC8Hi7-n 
NHCisHav-n 
NHC6H5 

N(C2H5)2 

0 
0 

NHR 2 R 3 

" R 1 

R 

C: 

c= 

=C-

= C = 

% 

82 
91 
95 
68 
48 
59 
97 
88 

77 

78 

- S e " + N H 2 R 2 R 3 

t 
= S e +l J H 2 R 2 R 3 

°c 
48—49 

Oil 
95—97 
89—91 
65—67 
68—70 
99—102 
70—72 

91-

110-

-93 

-112 

Se 
1 " 2 3 

R ' C H 9 C - N R Z R J 

Scheme 2. 

of 6 were established by high-resolut ion mass spectro­
scopy, IR, and XH and 13C N M R spectral data. 
Presumably, the selenoamides (6) wou ld be formed via 
the corresponding a m m o n i u m alkyneselenolate, though 
no spectral evidence is no t on hand. Selenoamides (6) 
have also been obtained by several methods: treatment 
of selenadiazoles wi th amine,2 5 ) t reatment of nitri le 
wi th hydrogen selenide,26) reaction of amides wi th 
phosphorus pentaselenide,27) t reatment of imidic esters 
or its hydrochloride salts wi th hydrogen selenide,14'28»29) 

and reaction of l i th ium alkyneselenolates wi th diethyl-
amine.22* These methods , however, involve the use of 
less available and unp leasan t smell reagents. T h e 
present me thod provides the readily available start ing 
compounds , the s imple procedures, and h igh yields. 

Experimental 

Measurments. The IR spectra were measured on a 
JASCO grating IR spectrometer IR-G. The 1U and 
13C NMR spectra were recorded on a JEOL JNM-GX-270 
(270 and 67.9 MHz) spectrometer with tetramethylsilane as 
an internal standard. The mass specta were taken from a 
Shimazu high-resolution mass spectrometer (GCMS-QP 1000 
and GCMS-9020DF). 

Materials. Selenium (powder), phenylacetylene, 1-hexyne, 

acyl chlorides, /?-toluenesulfonic acid, trifluoroacetic acid, 
alcohols, amines, and butyllithium were commercial grade, 
and used without further purification. Solvents were dried 
with sodium metal or phosphorus pentaoxide and degassed. 

Typical procedures are described for the preparation of 
Se-alkynyl selenocarboxylates (1), O-alkyl selenocarboxyl­
ates (4), and selenoamides (6). All manipulations were 
carried out under argon atmosphere. 

Se-(l-Hexynyl) Selenoacetate (la): Similarly to Se-phenyl-
ethynyl selenoacetate (lb), the reaction of lithium 1-
hexyneselenolate (3 mmol) with acetyl chloride (236 mg, 
3 mmol) yielded 244 mg (40%) of la as colorless liquid; 
100 °C/1.3 Torr (1 Torr~133.322 Pa). IR (neat) 2980, 2960, 
2860, 2170 (C=C), 1745, 1722 (C=0), 1610, 1460, 1423, 1350, 
1325, 1230, 1097, 995, 935, 562 cm"1; iH NMR (CDCU) 
0=0.90 (t, 3H), 1.4-1.6 (m, 4H), 2.48 (t, 2H), 2.49 (s, 3H); 
13C NMR (CDCI3) 6=13.5, 20.4, 21.9, 30.6, 33.1, 56.4 (=C-C), 
109.9 (Se-O), 196.6 (C=0); MS (EI, 20 eV) m/z 204 (M+), 124, 
119, 81; Found: m/z 204.0060. Calcd for C8Hi2OSe: M, 
204.0053. 

Se-Phenylethynyl Selenoacetate (lb): Butyllithium (3 
mmol) was added to a solution of phenylacetylene (306 mg, 
3 mmol) in ether (20 mL) at 0 °C in 50 mL flask covered on 
aluminum foil and mixture was stirred at this temperature 
for 15 min. Then, selenium (240 mg, 3 mmol) was added, 
followed by stirring at 20 °C for 1 h. To the resulting 
lithium phenylethyneselenolate (3 mmol) was added acetyl 
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chloride (236 mg, 3 mmol) and the mixture was stirred at 
0 ° C for 1 h. The solvent was evaporated by rotary 
evaporator. Distillation of the residue in vacuo yielded 
450 mg (67%) of lb as a slightly yellow liquid; bp 
130 °C/2.0 Torr. IR (Neat) 3060, 3030, 2970, 2940, 2860, 2200 
(OC) , 1735sh, 1723 (OO) , 1600, 1578, 1492, 1443, 1418, 1335, 
1282, 1268, 1225, 1090, 1027, 992, 940, 758, 693, 563, 528 cm-1; 
!H NMR (CDCb) 6=2.61 (s, 3H), 7.2—7.5 (m, 5H); 13C NMR 
(CDC13) 6=33.1, 67.7 (=C-Ar), 108.0 (Se-O), 122.7, 128.9, 
131.7, 133.0, 195.3 (C=0); MS (EI, 20 eV) m/z 224 (M+), 182, 
144, 129, 89, 63; Found: m/z 223.9709. Calcd for CioH8OSe: 
M, 223.9739. 

Se-(4-Chlorophenylethynyl) Selenoacetate (lc): Similar­
ly to lb, the reaction of lithium (4-chlorophenyl)ethynesenol-
ate (3 mmol) with acetyl chloride (236 mg, 3 mmol) yielded 
654 mg (84%) of lc as colorless crystals; mp 83—84 °C. IR 
(KBr) 3040, 2940, 2170 (OC) , 1745sh, 1715 (C=0), 1583, 1485, 
1394, 1343, 1260, 1230, 1093, 1076, 1008, 945, 820, 672, 569, 
519 cm-1; *H NMR (CDCI3) ô=2.63 (s, 3H), 7.3—7.4 (m, 4H); 
13CNMR (CDCI3) 0=33.2, 69.1, 106.9, 121.4, 132.9, 135.1, 
194.4 (C=0); MS (EI, 20 eV) m/z 258 (M+), 216, 215, 180, 43; 
Found: m/z 257.9337. Calcd for GoH7OClSe: M, 257.9350. 

Se-(l-Hexynyl) Selenobenzoate (Id): Similarly to lb, the 
reaction of lithium 1-hexyneselenolate (3 mmol) with 
benzoyl chloride (422 mg, 3 mmol) yielded 485 mg (61%) of 
Id as colorless liquid; bp 133 °C/0.3 Torr. IR (Neat) 3050, 
2940, 2920, 2860, 2175 (OC) , 1740, 1705 (OO) , 1600, 1580, 
1443, 1380, 1313, 1270, 1198, 1172, 1100, 1070, 1000, 865, 760, 
705, 683, 660, 617, 500 cm"1; m NMR (CDC14) ô=0.94 (t, 3H) 
1.4—1.7 (m, 4H), 2.55 (t, 2H), 7.40—8.20 (m, 5H); 13C NMR 
(CDCI3): 6=13.6, 20.4, 21.9, 30.7, 54.9, 110.0 (Se-O), 127.1, 
129.2, 130.6, 134.4, 191.0 (C=0); MS (El, 20 eV) m/z 266 (M+), 
186, 119, 105, 77, 50; Found: m/z 266.0214. Calcd for 
Ci3Hi4OSe: M, 266.0209. 

Se-Phenylethynyl Selenobenzoate (le): Similarly to lb, 
the reaction of lithium phenylethyneselenolate (3 mmol) 
with benzoyl chloride (422 mg, 3 mmol) followed by silica-
gel column Chromatograph [hexane/ether (5:1), the second 
eluent] yielded 744 mg (87%) of le as colorless crystals; mp 
89—91 °C. IR (KBr) 3050, 2175 (OC) , 1740, 1706 (C=0), 
1595, 1576, 1480, 1440, 1315, 1198, 1175, 1065, 1020, 995, 868, 
765, 757, 692, 660, 515, 425 cm"1; *H NMR (CDCI3) ô=7.20— 
7.85 (m); 13C NMR (CDCI3) ô=66.4 (OCSe), 108.0 (OCSe), 
122.9—136.8 (Ar), 189.4 (C=0); MS (El, 20 eV) m/z 286 (M+), 
206, 181, 105, 77, 51; Found: m/z 285.9905. Calcd for 
CisHioOSe: M, 285.9896. 

Se-(p-Tolylethynyl) Selenobenzoate (If): Similarly to lb, 
the reaction of lithium /?-tolylethyneselenolate (3 mmol) 
with benzoyl chloride (422 mg, 3 mmol), followed silica-gel 
column Chromatograph [hexane/ether (5:1), the first eluent] 
yielded 816 mg (91%) of If as colorless drystals; mp 81 — 
82 °C. IR (Neat) 3015, 2910, 2820, 2170 (OC) , 1738sh, 1712 
(C=0), 1600, 1577, 1488, 1447, 1302, 1202, 1163, 1073, 1020, 
920, 870, 814, 780, 735, 690, 595, 470 cm"1; *H NMR (CDCI3) 
0=2.39 (s, 3H), 7.2—7.7 (m, 9H); 13C NMR (CDCI3) 0=21.8, 
66.6, 100.8 (Se-O), 123.0—134.3, 145.9, 188.7 (C=0); MS (EI, 
20 eV) m/z 300 (M+), 220, 195, 105, 77, 51; Found: m/z 
300.0075. Calcd for Ci6Hi2OSe: M, 300.0053. 

Se-Phenylethynyl 4-Methylbenzenecarboselenoate (lg): 
Similarly to lb, the reaction of lithium phenylethyneseleno-
ate (3 mmol) with /?-toluoyl chloride (464 mg, 3 mmol) 
followed by silica-gel column Chromatograph [hexane/ether 

(5:1), the secound eluent] yielded 826 mg (92%) of lq as 
colorless crystals; mp 77—78 °C. IR (Neat) 2170 (OC), 1742, 
1712 (C=0), 1602, 1570, 1480, 1418, 1402, 1304, 1212, 1200, 
1177, 1065, 1022, 916, 868, 818, 778, 757, 710, 690, 610, 522, 
482, 450 cm"1; *H NMR (CDCI3) ô=2.39 (s, 3H), 7.2—7.7 (m, 
9H); 13C NMR (CDC14) 6=21.8, 66.6, 100.8, 123.0 127.0, 128.3, 
128.7, 129.9, 131.8, 134.3, 145.9, 188.7 (C=0); MS (El, 20 eV): 
m/z 300 (M+), 220, 181, 119, 91, 65; Found: m/z 300.0055. 
Calcd for Ci6Hi2OSe: M, 300.0053. 

O-Methyl Hexaneselenoate (4a): Similarly to O-ethyl a-
phenylselenoacetate (4d), the reaction of S^-(l-hexynyl) 
selenoacetate (la) (610 mg, 3 mmol) with methanol (20 mL) 
in the presence of /?-toluenesulfonic acid (55 mg, 0.3 mmol) 
yielded 388 mg (67%) of 4a as yellow liquid. IR (Neat) 2950, 
2930, 2860, 2850, 1438, 1377, 1278, 1240, 1217, 1190, 1140, 
1075, 997, 940, 782, 724 cm"1; UV/Vis (cyclohexane) 255 
(logs 4.39), 378sh, 454nm (1.92); ^ N M R (CDC14) 6=0.90 
(t, 3H), 1.32—1.35 (m, 4H), 1.78 (tt, 2H), 2.66 (t, 2H), 4.21 
(s, 3H); !3CNMR (CDCI3) 0=13.7, 22.2, 28.2, 30.7, 52.4 
(CH2CSe), 62.9, 237.5 (C=Se); MS (EI, 20 eV) m/z 194 (M+), 
113 (M+-SeH), 99 (C5H11CO+), 81, 71 (C5H11+); Found: m/z 
194.0227. Calcd for C7Hi4OSe: M, 194.0209. 

O-Ethyl Hexaneselenoate (4b): Similarly to 4d, the 
reaction of Se-1-hexynyl selenoacetate (la) (610 mg, 3 mmol) 
with ethanol (20 mL) in the presence of /?-toluenesulfonic 
acid (55 mg, 0.3 mmol) yielded 373 mg (60%) of 4b as yellow 
liquid. IR (Neat) 2955, 2930, 2870, 2860, 1460, 1366, 1290, 
1280, 1243, 1210, 1187, 1075, 1016, 974, 882, 786, 760, 
727cm"1; UV/Vis (cyclohexane) 260 (loge 4.73), 369sh, 450 
(1.93) nm; *H NMR (CDCI3) ô=0.90 (t, 3H), 1.31 — 1.36 (m, 
4H), 1.47 (t, 3H), 1.77 (tt, 2H), 2.66 (t, 2H), 4.62 (q, 2H); 
13CNMR (CDCI3) 0=13.6, 13.9, 22.3, 28.3, 30.8, 53.1 
(CH2CSe), 72.7, 236.8 (C=Se); MS (El, 20 eV) m/z 208 (M+), 
127 (M+-SeH), 99 (BuCH2CO+), 81, 71 (C5H11+); Found: 
m/z 208.0339. Calcd for C8Hi6OSe: M, 208.0366. 

O-Methyl ot-Phenylselenoacetate (4c): Similarly to 4d, 
the reaction of Se-phenylethynyl selenoacetate (lb) 670 mg, 
3 mmol) with methanol (20 mL) in the presence of p-
toluenesulfonic acid (55 mg, 0.3 mmol) yielded 562 mg (88%) 
of 4c as yellow liquid. IR (neat) 3060, 3030, 2990, 2945, 2840, 
1600, 1497, 1450, 1440, 1290, 1260, 1195, 1184, 1177, 1093, 
1027, 1002, 913, 882, 784, 760, 698 cm-1; UV/Vis (cyclohex­
ane) 265 (log £ 4.33), 465 nm (1.97); m NMR (CDCI3) ô=4.00 
(s, 2H), 4.12 (s, 3H), 7.29 (m, 5H); 13C NMR (CDCI3) ô=59.1 
(CH2CSe), 63.5, 127.0, 128.4, 129.0, 134.8, 232.8 (C=Se); MS 
(El, 20 eV) m/z 214 (M+), 182 (PhCHCSe+), 134 (M+-Se), 
118 (PhCHCO+), 91 (C7H7

+), 65; Found: m/z 213.9871. Calcd 
for C9HioOSe: M, 213.9896. 

O-Ethyl ot-Phenylselenoacetate (4d): Se-Phenylethynyl 
selenoacetate (lb) (672 mg, 3.0 mmol) was added to ethanol 
(20 mL) containing /?-toluenesulfonic acid (55 mg, 0.3 
mmol) and the reaction mixture was refluxed for 2 h under 
dark. After washing with water (20 mLX3) and drying with 
anhydrous sodium sulfate, the solvent was evaporated in 
vacuo. Chromatography of the resulting residue on silica-
gel column [tetrachloromethane/chloroform (95:5), yellow 
eluent] gave 589 mg (86%) of 4d as yellow liquid. IR (Neat) 
3060, 3030, 2980, 2955, 2930, 2860, 1600, 1495, 1454, 0364, 
1298, 1256, 1178, 1125, 1083, 1017, 855, 754, 697 cm"1; UV/Vis 
(cyclohexane) 278 (log£ 4.09), 457 nm (1.97); ^ N M R 
(CDCI3) 0=1.37 (t, 3H), 4.00 (s, 2H), 4.55 (q, 2H), 7.2—7.4 (m, 
5H); 13CNMR (CDCI3) 6=13.5, 59.5 (CH2CSe), 73.1, 127.0, 



March, 1990] Synthesis and Reactions of O-Alkyl Selenocarboxylates and Selenoamides 839 

128.4, 129.0, 134.9, 231.7 (OSe); MS (EI, 20 eV) m/z 228 
(M+), 182 (PhCHCSe+), 148 (M+-Se), 118 (PhCHCO+), 91 
(C7H7+), 65; Found: m/z 228.0079. Calcd for Ci0Hi2OSe: M, 
228.0053. 

O-Propyl a-Phenylselenoacetate (4e): Similarly to 4d, 
the reaction of Se-phenylethynyl selenoacetate (lb) (670 mg, 
3 mmol) with 1-propanol (20 mL) in the presence of p-
toluenesulfonic acid (55 mg, 0.3 mmol) yielded 600 mg (83%) 
of 4e as yellow liquid. IR (Neat) 3050, 2990, 2950, 2820, 1600, 
1497, 1452, 1385, 1350, 1294, 1262, 1175, 1114, 1090, 1025, 998, 
968, 880, 760, 700 cm: UV/Vis (cyclohexane) 279 (log e 4.28), 
460 nm (1.81); JH NMR (CDC13) ô=0.93 (t, 3H), 1.82 (m, 2H), 
4.02 (s, 2H), 4.48 (t, 2H), 7.2—7.3 (m, 5H); 13C NMR (CDCI3) 
0=10.3, 21.5, 59.7 (CH2CSe), 78.8, 127.1, 128.5, 129.2, 135.1, 
232.1 (C=Se); MS (El, 20 eV) m/z 242 (M+), 182 (PhCHCSe+), 
118 (PhCHCO+), 102, 91 (C7H7+), 65; Found: m/z 242.0234. 
Calcd for CnHuOSe: M, 242.0209. 

0-(l,2-Dimethylpropyl) a-Phenylselenoacetate (4f): Simi­
larly to 4d, the reaction of Se-phenylethynyl selenoacetate 
(lb) (670 mg, 3 mmol) with 1,2-dimethyl- 1-propanol (2 mL) 
in THF (10 mL) containing of /?-toluenesulfonic acid 
(20 mg, 0.1 mmol) yielded 621 mg (77%) of 4f as yellow 
liquid. IR (Neat) 3050, 3000, 2950, 2820, 1600, 1498, 1451, 
1365, 1345, 1298, 1255, 1169, 1085, 1024, 988, 944, 902, 840, 
758, 698 cm"1; UV/Vis (cyclohexane) 282 (log e 4.10), 454 nm 
(1.86); !HNMR (CDCI3) 6=0.83 (d, 6H), 1.24 (d, 3H), 1.96 
(m, 1H), 4.10 (m, 2H), 5.52 (m, 1H), 7.2—7.3 (m, 5H); 
!3CNMR (CDCI3) 0=15.3, 17.8, 17.9, 32.4, 60.4 (CH2CSe), 
88.2, 127.0, 128.4, 129.2, 131.5, 231.4 (OSe); MS (EI, 20 eV) 
m/z 270 (M+), 200, 182 (PhCHCSe+), 118 (PhCHCO+), 91 
(C7H7+), 65; Found; m/z 270.0538. Calcd for Ci3Hi8OSe: M, 
270.0522. 

O-Cyclohexyl a-Phenylselenoacetate (4g): Similarly to 
4d, the reaction of Se-phenylethynyl selenoacetate (lb) 
(670 mg, 3 mmol) with cyclohexanol (20 mL) in the presence 
of /?-toluenesulfonic acid (55 mg, 0.3 mmol) yielded 674 mg 
(80%) of 4g as yellow liquid. IR (Neat) 3050, 2940, 2860, 
1600, 1496, 1450, 1350, 1290, 1251,1168, 1090, 1029, 1000, 958, 
1000, 985, 885, 761, 698 cm"1; UV/Vis (cyclohexane) 260 
(log £ 4.56), 310sh, 456 nm (1.81); m NMR (CDCI3) <5=1.3— 
1.6 (m, 8H), 1.90 (m, 2H), 4.00 (s, 2H), 5.55 (m, 1H), 7.2—7.3 
(m, 5H); 13C NMR (CDCI3) ô=23.2, 25.2, 30.3, 60.2 (CH2CSe), 
84.8, 126.9, 128.4, 129.0, 135.1, 230.8 (OSe); MS (El, 20 eV) 
m/z 282 (M+), 201 (M+-Se), 118 (PhCHCO+), 91 (C7H7+), 65; 
Found: m/z 282.0545. Calcd for Ci4Hi8OSe: M, 282.0522. 

O-Methyl a-(4-Chlorophenyl)selenoacetate (4h): Simi­
larly to 4d, the reaction of Se-(4-chlorophenyl)ethynyl 
selenoacetate (lc) (773 mg, 3 mmol) with methanol (20 mL) 
in the presence of /?-toluenesulfonic acid (55 mg, 0.3 mmol) 
yielded 456 mg (64%) of 4h as yellow liquid. IR (neat) 3025, 
2990, 2940, 2870, 2840, 1595, 1495, 1440, 1404, 1297, 1256, 
1182, 1105, 1082, 1014, 1002, 884, 837, 800, 783, 755, 735, 
668 cm-1; UV/Vis (cyclohexane) 260 (log e 4.65), 456 nm 
(1.99); m NMR (CDCI3) ô=3.95 (s, 2H), 4.15 (s, 3H), 7.24 (m, 
4H); 13C NMR (CDCI3): 0=58.2 (ÇH2CSe), 63.5, 128.5, 130.4, 
133.0, 133.2, 231.9 (OSe); MS (El, 20 eV) m/z 248 (M+), 216 
(ClC6H4CHCSe+), 168 (M+-Se), 152 (ClC6H4CHCO+), 125 
(C1C7H6+), 65; Found: m/z 247.9524. Calcd for C9H9C10Se: 
M, 247.9507. 

O-Ethyl a-(4-Chlorophenyl)selenoacetate (4i): Similarly 
to 4d, the reaction of Se-(4-chlorophenyl)ethynyl selenoacet­
ate (lc) (773 mg, 3 mmol) with ethanol (20 mL) in the 

presence of/?-toluenesulfonic acid (55 mg, 0.3 mmol) yielded 
530 mg (70%) of 4i as yellow liquid. IR (neat) 2980, 2950, 
2920, 2855, 1590, 1490, 1402, 1362, 1296, 1250, 1178, 1124, 
1086, 1013, 833, 798, 726, 655 cm"1; UV/Vis (cyclohexane) 
263 (logs 4.44), 457 nm (1.98); JH NMR (CDCI3) ô=1.43 (t, 
3H), 3.95 (s, 2H), 4.58 (t, 2H), 7.27 (s, 4H); 13C NMR (CDCI3) 
0=13.5, 58.7 (CH2CSe), 73.3, 128.6, 130.5, 133.0, 133.4, 231.1 
(OSe); MS (EI, 20 eV)m/z 262 (M+), 216 (ClC6H4CHCSe+), 
182 (M+-Se), 152 (ClC6H4CHCO+), 137, 125 (C1C7H6+); 
Found: m/z 261.9655. Calcd for GoHnClOSe: M, 261.9663. 

Reaction of S^-Phenylethynyl Selenoacetate with Phe­
nol: A solution of phenylethynyl selenoacetate (lb) (670 
mg, 3 mmol) and phenol (1.12 g, 12 mmol) in ether (20 mL) 
was stirred at 20 °C for 5 h and then refluxed for 2 h. After 
evaporation of the solvent in vacuo, column chromatogra­
phy of the resulting residue on silica gel (eluent CC14) 
afforded 160 mg (34%) of m-2,6-diphenyl-l,4-diselenaful-
vene (5a) as pale yellow crystals; mp 144—146°C, and 
310 mg (46%) of lb. 

5a: IR (KBr) 3100 (w), 1575 (m), 1582 (m), 1548 (w), 1430 
(m), 1335 (w), 1270 (w), 1178 (w), 1140 (w), 1090 (w), 1068 (w), 
1022 (w), 903 (w), 890 (w), 880 (m), 815 (m), 750 (s), 687 (s), 
610 (w), 600 (w), 550 (w), 520 (w), 500 (m) cm"1; 1H NMR 
(DMSO-de) 6=7.84 (s, 1H), 7.2—7.5 (m, 11H); 13C NMR 
(DMSO-cfe) 6=114.2 (d), 122.6 (d), 125.3 (s), 126.3 (d), 126.4 
(d), 127.0 (d), 128.2 (d), 128.6 (d), 128.9 (d), 136.0 (s), 138.1 (s), 
138.4 (s); MS (EI, 20 eV) m/z (rel intensity) 364 (M+, 53), 284 
(M+-Se, 6), 262 (PhCHCSe2+, 3), 204 (M+-2Se, 10), 203 (14), 
202, 182 (PhCH=OSe+, 58), 102 (PhC=CH+, 100). 

Found: C, 53.14; H, 3.32%. Calcd for G6Hi2Se2: C, 53.06; 
H, 3.34% 

Reaction of Se-Phenylethynyl Selenoacetate with Phenol 
in the Presence of Trifluoroacetic Acid: A solution of 
phenylethynyl selenoacetate (lb) (670 mg, 3 mmol), phenol 
(940 mg, 30 mmol) and trifluoroacetic acid (30 mg, 0.3 
mmol) in tetrahydrofuran (20 mL) was refluxed for 50 h. To 
the reaction mixture was added ether (30 mL). The organic 
was washed with water (3X20 mL) and dried with anhydrous 
sodium sulfate. The solvent was distilled by rotary 
evaporater. Column chromatography of the residue on silica 
gel (eluent: CC14) gave 170 mg (31%) of fcww-2,6-diphenyl-l,4-
diselenafulvene (5b) as pale yellow crystals; mp 224—226 °C, 
and 180 mg (27%) of lb. 

5b: IR (KBr) 3100 (w), 1578 (m), 1548 (w), 1483 (m), 1442 
(m), 1335 (w), 1178 (w), 1142 (w), 1090 (w), 1065 (w), 1018 (w), 
884 (m), 824 (m), 810 (m), 742 (s), 684 (s), 606 (w), 540 (w), 500 
(m) cm"1; *H NMR (DMSO-d6) ô=7.84 (s, 1H), 7.2—7.5 (m, 
11H); 13CNMR (DMSO-d6) 6=114.9 (d), 122.0 (d), 126.3 (d), 
126.4 (d), 126.8 (s), 127.0 (d), 128.3 (d), 128.6 (d), 128.9 (d), 
135.6 (s), 138.2 (s), 138.6 (s); MS (EI, 20 eV) m/z (rel intensity) 
364 (M+, 32), 284 (M+-Se, 4), 262 (PhCHCSe2+, 2), 204 
(M+-2Se, 6), 203 (10), 202, 182 (PhCH=OSe+, 41), 102 
(PhC=CH+, 100). 

Found: C, 53.16; H, 3.30%. Calcd for G6Hi2Se2: C, 53.06; 
H, 3.34%. 

Treatment of cis-2,6-Diphenyl-l,4-diselenafulvene (5a) 
with Trifluoroacetic acid: A solution of cz*5-2,6-diphenyl-
1,4-diselenafulvene (5a) (364 g, 1 mmol) and trifluoroacetic 
acid (10 mg, 0.1 mmol)in CH2C12 (10 mL) was stirred at 
20 °C for 2h. After washing with water (3X5 mL), and 
drying with sodium sulfate, the solvent was removed in 
vacuo to give 306 mg (84%) of crude £rarcs-2,6-diphenyl-l,4-
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diselenafulvene (5b). Recrystallization from benzene gave 
204 mg (56%) of 5b; mp 220—226 °C. 

iV-Benzylpentaneselenoamide (6a): Similarly to iV-benz-
yl-a-phenylselenoacetamide (6c), the reaction of Se-(l-
hexynyl) selenoacetate (la) (610 mg, 3.0 mmol) with benzyl-
amine (642 mg, 6 mmol) yielded 660 mg (82%) of 6a as pale 
yellow crystals; mp 48—49°C. IR (KBr) 3200, 3050, 2920, 
2840, 1720, 1600, 1530, 1490, 1450, 1410, 1380, 1340, 1322, 
1198, 1153, 1090, 1018, 970, 925, 720, 685, 550 cm-1; UV/Vis 
(cyclohexane) 240sh, 312 (log e 4.27), 440 nm (2.17); 1H NMR 
(CDC13) 6=0.88 (t, 3H), 1.30 (m, 4H), 1.78 (m, 2H), 2.73 (t, 
2H), 4.82 (s, 2H), 7.32 (m, 5H), 8.52 (br, 1H); 13C NMR 
(CDCI3) 6=13.7, 22.1, 29.3, 30.7, 50.5, 53.4,128.0,128.1,128.7, 
135.2, 211.0 (OSe); MS (EI, 20 eV) m/z 269 (M+), 188 
(M+-HSe), 132, 91, 65; Found: m/z 269.0668. Calcd for 
Ci3Hi9NSe: M, 269.0682. 

iV,iV-Diethylpentaneselenoamide (6b): Similarly to 6c, 
the reaction of Se-1-hexynyl selenoacetate (la) (610 mg, 
3.0 mmol) with diethylamine (440 mg, 6 mmol) yielded 
640 mg (91%) of 6b as a yellow oil. IR (KBr) 2930, 2850, 2840, 
1505, 1450, 1420, 1370, 1350, 1280, 1220, 1150, 1090, 1070, 
1060, 1050, 815, 720 cm"1; UV/Vis (cyclohexane) 260sh, 307 
(log a 4.34), 435 nm (2.38); 1H NMR (CDCI3) ô=0.91 (t, 3H), 
1.2—1.4 (m, ÎOH) 1.7—1.9 (m, 2H), 2.91 (t, 2H), 3.58 (q, 2H), 
4.11 (q, 2H); 13C NMR (CDCI3) 0=11.0, 12.9, 13.6, 22.1, 29.6, 
31.1, 46.1, 46.9, 51.6, 207.0 (OSe); MS (El, 20 eV) m/z 235 
(M+), 220, 154, 71, 68, 43; Found: m/z 235.0834. Calcd for 
CioH2iNSe: M, 235.0838. 

iV-Benzyl-a-phenylselenoacetamide (6c): To the solution 
of Se-phenylethynyl selenoacetate (lb) (670 mg, 3.0 mmol) in 
dry ether (20 mL) was added benzylamine (642 mg, 6.0 mmol) 
and the reaction mixture was stirred at 20 °C for 3 h, 
followed by washing with water (20 mLX3) and drying with 
anhydrous sodium sulfate. The solvent was evaporated in 
vacuo. Column chromatography of the residue on silica gel 
(eluent: benzene) gave 822 mg (95%) of 6c as yellow crystals; 
mp 95—97 °C, (lit,2« 95—96 °C). IR (KBr) 3130, 3020, 2875, 
1600, 1575, 1545, 1495, 1454, 1443, 1432, 1417, 1318, 1238, 
1177, 1100, 1067, 1026, 950, 896, 825, 748, 695, 620, 612, 580, 
550 cm"1; UV/Vis (cyclohexane) 260sh, 303 (log e 4.14), 
424 nm (2.09); m NMR (CDCI3) ô=4.19 (s, 2H), 4.83 (s, 1H), 
4.85 (s, 1H), 7.15—7.38 (m, 10H), 7.8 (br, 1H); 13CNMR 
(CDCI3): 6=53.6, 56.8, 127.8—129.4, 134.5, 206.9 (C=Se); MS 
(El, 20 eV) m/z 289 (M+), 183, 208, 171, 117, 91, 65; Found: 
m/z 289.0351. Calcd for Ci5Hi5NSe: M, 289.0369. 

iV-Isopropyl-a-phenylselenoacetamide (6d): Similarly to 
6c, the reaction of Se-phenylethynyl selenoacetate (lb) 
(670 mg, 3.0 mmol) with isopropylamine (355 mg, 6 mmol) 
yielded 490 mg (68%) of 6d as slightly yellow crystals; mp 
89—91 °C. IR (KBr) 3150, 3020, 2950, 2870, 1597, 1535, 1488, 
1450, 1432, 1417, 1387, 1363, 1335, 1300, 1195, 1163, 1120, 
1078, 1058, 1025, 907, 776, 732, 698, 643, 590, 463 cm-1; 
UV/Vis (cyclohexane) 257sh, 301 (loge 4.34), 421 nm (2.11); 
iH NMR (CDCb) 6=1.20 (d, 6H), 4.15 (s, 2H), 4.75 (m, 1H), 
7.2—7.4 (m, 5H), 7.80 (br, 1H); 13C NMR (CDCI3) ô=20.7, 
50.9, 57.0, 128.0, 129.3, 129.4, 134.3, 204.2 (C=Se); MS (EI, 
20 eV) m/z 241 (M+), 183, 160, 91, 65; Found: m/z 241.0378. 
Calcd for CnHi5NSe: M, 241.0369. 

N-Octyl-a-phenylselenoacetamide (6e): Similarly to 6c, 
the reaction of Se-phenylethynyl selenoacetate (lb) (670 mg, 
3.0 mmol)with octylamine (744 mg, 6 mmol) yielded 455 mg 
(48%) of 6e as slightly yellow crystals; mp 65—67 °C. IR 

(kbr) 3170, 3020, 2920, 2840, 1600, 1532, 1494, 1452, 1432, 
1402, 1283, 1270, 1088, 1037, 765, 730, 675 cm-1; UV/Vis 
(cyclohexane) 255sh, 301 (loge 4.14), 417 nm (2.21); 1U NMR 
(CDCI3) 0=0.87 (t, 3H), 1.22 (s, 10H), 1.56—1.59 (m, 2H), 
3.64 (q, 2H), 4.18 (s, 2H), 7.23—7.40 (m, 5H), 7.55 (br, 1H); 
13CNMR (CDCI3) 0=14.0, 22.6, 26.7, 27.4, 29.0, 31.6, 49.5, 
56.9, 128.0, 129.4, 129.6, 134.3, 205.8 (C=Se); MS (EI, 20 eV) 
m/z 311 (M+), 230, 183, 132, 91; Found: m/z 311.1161. Calcd 
for Ci6H25NSe:M, 311.1151. 

iV-Octadecyl-a-phenylselenoacetamide (6f): Similarly to 
6c, the reaction of Se-phenylethynyl selenoacetate (lb) 
(445 mg, 2.0 mmol) with octadecylamine (1.08 g, 4 mmol) 
yielded 531 mg (59%) of 6f as slightly yellow crystals; mp 
68—70 °C. IR (KBr)3150, 3030, 2920, 2840, 1600, 1580, 1542, 
1492, 1464, 1450, 1437, 1418, 1120, 1093, 1065, 765, 720, 
700cm"1; UV/Vis (cyclohexane) 258sh, 301 (loge 4.25), 
410 nm (2.07); m NMR (CDCI3) ô=0.87 (t, 3H), 1.26 (s, 30H), 
1.5—1.7 (m, 2H), 3.64 (q, 2H), 4.18 (s, 2H), 7.2—7.5 (m, 5H), 
7.55 (br, 1H); 13CNMR (CDCI3) 0=14.1, 22.7—32.0, 40.1, 
49.6, 57.1, 126—129, 206.0 (C=0); MS (El, 20 eV) m/z 451 
(M+), 370, 132, 91, 65; Found: m/z 451.2725. Calcd for 
C26H45NSe: M, 451.2715. 

iV-Phenyl-a-phenylselenoacetamide (6g): Similarly to 6c, 
the reaction of Se-phenylethynyl selenoacetate (lb) (670 mg, 
3.0 mmol) with aniline (560 mg, 6 mmol) yielded 797 mg 
(97%) of 6g as slightly yellow crystals; mp 99—102 °C. IR 
(KBr) 3150, 3000, 1577, 1492, 1432, 1358, 1365, 1270, 1144, 
1088, 1054, 1009, 988, 731, 682, 613, 588, 555, 470 cm"1; 
UV/Vis (cyclohexane) 228 (loge 3.97), 332 (4.24), 471 nm 
(2.20); m NMR (CDCI3) ô=4.25 (s, 2H), 7.25—7.60 (m, 12H), 
9.40 (br, 1H). 13C NMR (CDCI3) ô=58.7, 124.0—134.5, 139.4, 
206.4 (C=Se); MS (El, 20 eV) m/z=275 (M+), 194, 183, 91, 65; 
Found: m/z 275.0235. Calcd for Ci4Hi3NSe: M, 275.0213. 

iV,iV-Diethyl-a-phenylselenoacetamide (6h): Similarly to 
6c, the reaction of Se-phenylethynyl selenoacetate (lb) 
(670 mg, 3.0 mmol) with diethylamine (440 mg, 6 mmol) 
yielded 670 mg (88%) of 6h as slightly yellow crystals; mp 
70—72 °C, (lit,2® 71— 72 °C). IR (KBr) 2940, 2920, 1600, 
1517, 1490, 1465, 1450, 1423, 1380, 1375, 1350, 1317, 1300, 
1282, 1222, 1183, 1141, 1082, 1070, 1048, 1020, 996, 817, 765, 
718, 700, 683, 618, 598, 547, 463 cm"1; UV/Vis (cyclohexane) 
260sh, 313 (log a 4.31), 428 nm (2.33); ^ N M R (CDCI3): 
0=1.10 (t, 3H), 1.33 (t, 3H), 3.46 (q, 2H), 4.11 (q, 2H), 4.47 (s, 
2H), 7.2—7.4 (m, 5H); 13C NMR (CDCI3) ô=10.9, 12.6, 47.1, 
51.6, 54.2, 126.9, 127.7, 128.8, 135.5, 202.3 (C=Se); MS (EI, 
20 eV) m/z 255 (M+), 183, 174, 145, 118, 91, 65; Found: m/z 
255.0531. Calcd for Ci2Hi7NSe: M, 255.0525. 

iV-Pyrrolidinyl-a-phenylselenoacetamide (6i): Similarly 
to 6c, the reaction of Se-phenylethynyl selenoacetate (lb) 
(670 mg, 3.0 mmol) with pyrrolidine (425 mg, 6 mmol) 
yielded 582 mg (77%) of 6i as slightly yellow crystals; mp 
91—93 °C. IR (KBr) 2930, 2860, 1598, 1490, 1443, 1342, 1322, 
1267, 1243, 1204, 1181, 1143, 1075, 1062, 1033, 1020, 985, 802, 
744, 720, 697, 623, 498, 454 cm"1; UV/Vis (cyclohexane) 
255sh, 307 (log s 4.25), 436 nm (2.22); XH NMR (CDCI3) 
0=1.92-2.08 (m, 4H), 3.37 (t, 2H), 3.85 (t, 2H), 4.33 (s, 2H), 
7.2—7.4 (m, 5H); 13C NMR (CDCI3) ô=24.2, 26.6, 51.8, 58.0, 
126.9, 128.3, 128.6, 134.5, 199.2 (OSe); MS (El, 20 eV) m/z 
253 (M+), 183, 172, 130, 116, 91, 65; Found: m/z 235.0378. 
Calcd for Ci2Hi5NSe: M, 253.0369. 

iV-Piperidino-a-phenylselenoacetamide (6j): Similarly to 
6c, the reaction of Se-phenylethynyl selenoacetate (lb) 
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(670 mg, 3.0 mmol) with piperidine (510 mg, 6 mmol) 
yielded 620 mg (78%) of 6j as slightly yellow crystals; mp 
110—112 °C. IR (KBr) 2920, 2840, 1600, 1510, 1495, 1445, 
1417, 1358, 1340, 1322, 1284, 1265, 1240, 1198, 1116, 1048, 
1028, 1020, 1002, 956, 897, 855, 838, 800, 783, 732, 705, 698, 
620, 607, 557, 465 cm-1; UV/Vis (cyclohexane) 255sh, 319 
(log £ 3.99), 422 nm (1.95); *H NMR (CDC13) 6=1.2—1.3 (m, 
2H), 1.55—1.65 (m, 2H), 1.65—1.75 (m, 2H), 3.51 (t, 2H), 4.38 
(t, 2H), 4.51 (s, 2H), 7.2—7.4 (m, 5H); 13C NMR (CDCI3) 
0=23.2, 25.1, 25.7, 52.4, 54.5, 56.2, 126.7, 127.6, 128.6, 135.2, 
201.3, (C=Se); (El, 20 eV) m/z 267 (M+), 186, 183, 130,116, 91, 
65; Found: m/z 267.0550. Calcd for Ci3Hi7NSe: 267.0525. 

We wish to thank Dr. Nor ih i ro Toki toh , T h e 
University of Tokyo , for his helpful suggestions to the 
der terminat ion of the structures of eis and trans-2,6-di-
phenyl-1,4-diselenaf ulvenes. 
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Solid-Phase Synthesis of Steroidogenesis-Activator 
Polypeptide under Continuous Flow Conditions1* 
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(Received November 7, 1989) 

4-(Hydroxymethyl)phenoxymethyl copoly(styrene-l% divinylbenzene) resin beads loosely packed in a glass 
column were satisfactorily employed as a solid support for synthesis of a triacontapeptide, steroidogenesis-
activator polypeptide, under the Fmoc strategy. Peptide sythesis was carried out in a continuous DMF flow 
without generation of any considerable back pressure. Change of volume of the resin bed in the column was 
monitored in the course of peptide elongation. After cleavage from the resin, the product was purified on HPLC 
to give the desired triacontapeptide in an overall yield of 39% based on the C-terminal amino acid linked to the 
resin. 

Solid-phase peptide synthesis2) can be performed in 
continuous flow mode.3_5) Many advantages of the 
continuous flow method of solid-phase peptide syn­
thesis (CF-SPPS) over the traditional batchwise method 
are known,3'6»7* but the former method is still less 
popular. The limited application of CF-SPPS to 
peptide chemistry may be partly due to the recognition 
that soft resin supports commonly used in the 
batchwise method are troublesome for column opera­
tion required in CF-SPPS;37) the soft supports 
variably swollen in different solvents are often 
compressed in the column to disturb normal flow of 
the solvents and reagents and cause unexpected high 
back pressure. Indeed a high-pressure liquid delivery 
system was employed for CF-SPPS using copoly-
(styrene-1% divinylbenzene) based supports and con­
siderable back pressure was observed.0 Recently 
Krchfiâk, et al. showed that soft supports, benzhydryl 
or 4-methylbenzhydrylamine copoly (styrene-1% di­
vinylbenzene) resin beads, are applicable to low 
pressure CF-SPPS under the Boc strategy, if sufficient 
space is left in the column packed with the resin.8»9) 

In previous paper,10) the author showed that low 
pressure CF-SPPS of an eicosapeptide antibiotic, 
magainin l,11»12) can be achieved on a soft support, 
4-(hydroxymethyl)phenoxymethyl copoly(styrene-l% 
divinylbenzene) resin (Wang resin),13) under the Fmoc-
protecting strategy.14-10 The satisfactory overall yield 
(31%) of the antibiotic showed utility of the CF-SPPS, 
where 2 hours' acylation was adopted using Fmoc-
amino acid HOBt ester (3-fold moles per mole of the 
amine component). The investigation revealed that 
the soft resin beads swollen in DMF and packed in a 
glass column with sufficient space settled in the 
coulmn to form a gel bed, which is mechanically stable 
enough to allow easy permeation of liquids under low 
pressure conditions. However, during the arrange­
ment of the eicosapeptide sequence, the volume of gel 
bed increased to about 1.5 fold of the original one, 
suggesting that preparation of peptides with longer 
sequences causes greater expansion of the support; 
more space may be required to be left in the reactor 

column for growing peptides and will result un­
favourable dilution of the acylating reagents. 

In order to obtain further information about the CF-
SPPS, especially about the properties of swollen resin 
bed in the column, was tried preparation of a 
triacontapeptide, steroidogenesis-activator polypeptide 
(SAP) (Fig. 1).17) The peptide was chosen as the target 
compound because of its moderate molecular size 
containing various kinds of amino acid residues and of 
considerable recent interest in the peptide. 

Peptide synthesis was performed according to a 
route illustrated in Fig. 2. Fmoc group was used for 
temporary protection of a-amino group and £-butyl 
ester or ether for side functional groups. A manual 
synthesizer similar to that designed by Dryland and 
Sheppard7) was used in the preparation. Schedule of 
peptide elongation (Table 1) was essentially similar to 
that shown in the literature,7) except for the acylating 
reagents. For removal of the Fmoc group, 20% 
piperidine in DMF16) was used. For acylation, 1 hour's 
circulation of a DMF-dioxane solution of preformed 
Fmoc-amino acid HOBt ester (3-fold moles per mole of 
the amine component) was carried out, the period for 
the coupling reaction being shortened compared to 
that adopted in the previous preparation in order to 
research conditions for rapid peptide synthesis. Single 
coupling procedure was employed and no monitor was 
carried out on the progress of the reaction. Through­
out the synthesis a constant flow or circulation of the 
solvent or reagents were easily maintained without 
generation of any considerable back pressure. Table 2 
shows heights of the resin bed in the column at some 
stages of the peptide elongation. The resin carrying a 

I le-Val-Gln-Pro-I le-He-Ser-Lys-Leu-Tyr-Gly-Ser-Gly-Gly-Pro-

1 10 

Pro-Pro-Thr-Gly-Glu-Glu-Asp-Thr-Asp-Glu-Lys-Lys-Asp-Glu-Leu 

20 30 

Fig. 1. Amino acid sequence of steroidogenesis-
activator polypeptide. 
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Table 1. Schedule of Coupling Cycle 

Operation Reagent Mode of liquid deliverya) Time/min 

Coupling Fmoc-amino acid HOBt ester in 
DMF-dioxaneb> 

Washing DMF 
Pausede> DMF 
Deblocking 20% piperidine in DMF 
Washing DMF 

Circulation 

Flowc> 
Stopped 
Flow 
Flow 

60 

10 
10 
10 
20 

a) A flow rate of 2 ml min - 1 was maintained by a pump, b) Added immediately after removal of dicyclohexylurea by 
filtration, c) The injector and the circulating line of the synthesizer were also rinsed with DMF. d) In a separate vessel, 1 M 
DCC in dioxane was added into a DMF solution of Fmoc-amino acid and HOBt to prepare the active ester used in the next 
coupling cycle, e) At the end of the pause, the height of resin bed was observed (Fig. 3). 

Fmoc-Leu-0CH2-C6H4-0CH2-C6H4-resin 

1. 20% piperidine in DMF 

2. Fmoc-amino acid HOBt ester 

Bu* Boc ÇuL 
Fmoc-Ile-Val-Gln-Pro-Ile-Ile-Ser-Lys-Leu-Tyr-

Bu1- BuL 0BuL 

Gly-Ser-Gly-Gly-Pro-Pro-Pro-Thr-Gly-Glu-

OBi^OBi^Bu* O B u V ^ Ç o c Boc QBu^Bu* 
Glu-Àsp-thr-Âsp-Glu-Lys-Lys-Asp-Glu-Leu-0CH2-C6H.-0CH2-C6H4-resin 

1. 20% piperidine in DMF 

2. TFA/anisole, 8:1 

SAP trifluoroacetate 

Fig. 2. Route of the synthesis of steroidogenesis-activator 
polypeptide. 

certain peptide sequence swelled in a similar extent in 
DMF (washing), 20% piper id ine in DMF (deblocking), 
and in a DMF-d ioxane solut ion of Fmoc-amino acid 
H O B t ester (coupling). Presence or absence of the 
Fmoc g r o u p at the N- te rmina l of the sequence little 
affected the swell ing volume. T h i s stability of the bed 
vo lume mus t be qu i t e favourable to main tenance of 
l iqu id delivery under low pressure condi t ions du r ing 
the repeated operat ions. 

It is noteworthy that the volumes of the peptide-resin 
changed no t l inearly in the course of pept ide 
e longat ion (Fig. 3). T h e m a x i m u m volume (1.75 fold 
of the or iginal volume) was observed when the resin 
contained the nonapep t ide sequence, whi le the resin 
carrying the tridecapeptide sequence showed a less 
expanded volume (1.42 fold). T h e volume of resin 
con ta in ing the t r iacontapeptide sequence (1.67 fold) 
was still less than that of the suppor t l inked to the 
nonapept ide . T h e resin conta in ing the eicosapeptide 

XS 

x: 

5 10 15 20 25 30 

Number of coupling cycle 

Fig. 3. Heights of Fmoc-peptide-resin bed settled in 
the reactor column. The height of Fmoc-Leu resin 
(0.372 mmol Leu/g, 0.600 g) packed in a 0.8X10 cm 
column is shown at coupling cycle No. 1. The 
heights were measured in DMF after 10 mins' pause 
of flow from the end of washing procedure. 
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Table 2. Heights of Resin Bed in the Reactor Column under Operation 

Number of coupling cyclea) 
Heightb) (cm)/Operation 

Coupling 

8.2 
7.4 
7.9 
8.7 
8.6 

Washing 

8.3 
7.5 
8.0 
8.7 
8.7 

Deblockingc) 

8.3 
7.7 
7.7 
8.8 
_ d ) 

Washingc) 

8.0 
7.6 
8.0 
8.8 
8.6 

9 
14 
18 
21 
27 

a) Coupling cycle No. 1 began at washing of Fmoc-Leu-resin (0.372 mmol Leu/g, 0.600 g) packed in a 
0.8X10 cm column and ended at washing procedure after deblocking, b) Measured at the end of every operation 
without stopping liquid delivery, c) Fmoc group on the peptide-resin has been removed, d) Not observed. 

O.D. at 220 nm O.D. at 220 nm 

(B) 

20 40 60 

Time/min 
20 40 60 

Time/min 

Fig. 4. HPLC profiles of synthetic Steroidogenesis-Activator Poly­
peptide. Crude peptide cleaved from the resin (A) and purified peptide 
(B). TSK-gel ODS 80TM column (0.46X15 cm); /-PrOH/0.1% TFA 
in water, 1:4; 0.5 ml min - 1 . 

sequence of SAP showed a more expanded volume 
(1.62 fold) than that con ta in ing the eicosapeptide 
sequence of maga in in 1 (1.52 fold), bu t direct 
compar ison of the volumes was impossible because of 
different load ing of the C-terminal a m i n o acids on the 
resin. T h i s f inding on the change of resin volume 
seems to contradict the fact that the swollen volume of 
copoly (styrene-1% divinylbenzene) resin beads incre­
ases in the course of peptide synthesis.1 0 It is not likely 
that loss of peptides from the resin du r ing synthesis 
caused the decrease of vo lume of resin observed, 
because the protected tr iacontapeptide-resin was ob­
tained in a 103% yield based on the theoretical weight. 
A possible explana t ion for this f inding is that the 
volume of peptide-resin reflects some conformational 
features of the g rowing pept ides on the suppor t in 
DMF. It seems difficult to forecast the volume of 
swollen suppor t con ta in ing a certain pept ide sequence 
wi thou t consideration of the folding of peptides on the 
support . 

After complet ion of the a r rangement of a m i n o acids, 
the peptide was cleaved from the resin in TFA-aniso le . 

T h e crude pept ide (Fig. 4-A) was purified on a 
reversed-phase H P L C co lumn to give the desired 
t r iacontapept ide in an overall yield of 39% based on 
the C-terminal leucine l inked to the support . H o m o ­
geneity of the synthetic pept ide was confirmed by 
means of analytical H P L C (Fig. 4-B), T L C , fast a tom 
bombardmen t (FAB) mass spectroscopy, and a m i n o 
acid analyses of the acid hydrolysates. T h e data 
showed an average yield of 96.9% per step was obtained 
in the CF-SPPS employ ing the 1 hour ' s single 
coupl ing procedure. T h e reason for the higher yield of 
SAP is no t clear since SAP is more abundan t in 
sterically h indered amide bonds than maga in in 1, the 
latter c o m p o u n d be ing obtained wi th an average yield 
of 94.3% per step. 

Present study showed that rap id and efficient CF-
SPPS of a pept ide wi th a considerably h igh molecular 
weight is possible on a copoly(styrene-l% divinylben­
zene) based suppor t employing the Fmoc strategy 
under low pressure condit ions. Al though further 
work is necessary to unders tand fully the properties of 
swollen peptide-resin, CF-SPPS using soft resin 
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suppor ts commonly used in the batchwise method, 
which have superior load ing capacities of a m i n o acids 
and are less expensive compared to the r igid suppor ts 
specially designed for CF-SPPS,4»7) is a convenient 
t echnique in pept ide synthesis under the Fmoc 
strategy. 

Experimental 

All reactions were carried out at room temperature if not 
mentioned otherwise. DMF (GR grade, Wako Junyaku Co.) 
was stored over Merck Molecular Sieve 4 A and was used 
without further purification. 4-( Hydroxy me thy l)phenoxy-
methyl copoly(styrene-l% divinylbenzene) (0.67 mequiv O H / 
g) was purchased from Kokusan Kagaku Co. The manual 
peptide synthesizer consisted of a FMI PR-SY-ICSC ceramic 
pump, a Rheodyne 3 way, a 4 way, and a 6 position Teflon 
rotary valves, a Chemco Low Prep glass column (0.8X10 cm) 
with Teflon filter discs, and a glass injector barrel (2 ml), 
which were connected with Teflon tubes (0.1 cm in diameter) 
as shown in the literature.7) The total volume within the 
circulating loop except for the column reactor was about 
1 ml. Back-pressure was monitored using a FMI CD-100 LF 
pressure meter. For analytical HPLC, a TSK-gel ODS 80TM 
column (0.46X15 cm) was used with a solvent system of 
2-propanol/0.1% TFA in water (1:4) at a flow rate of 0.5 ml 
min"1. For preparative HPLC, a TSK-gel ODS 80TM 
column (0.8X50 cm) was employed with a stepwise gradient 
of 2-propanol/0.1% TFA in water (1:4.5 to 1:1.7) at a flow 
rate of 1.83 ml min - 1 . Amino acid analyses were carried out 
on a JEOL 6AS automatic amino acid analyzer. Optical 
rotation was observed using a JASCO DIP-370 digital 
Polarimeter. A JEOL JMS-SX 102 mass spectrometer was 
used for FAB mass spectroscopy. 

Preparation of Fmoc-Leucyl Resin. To a suspension of 
4-(hydroxymethyl)phenoxymethyl copoly(styrene-l% divinyl­
benzene) (1.012 g), Fmoc-Leu-OH (0.719 g), and 4-dimethyl-
aminopyridine19> (0.125 g) in DMF (10 ml),' was added 1 M 
DCC (1 M = l m o l d m - 3 ) in dioxane (2.03 ml), and the 
mixture was stirred for 4.5 h. After washed with DMF and 
CH2CI2, the dried resin was suspended in ice-cooled CH2CI2 
(12 ml) and pyridine (0.4 ml). Benzoyl chloride13) (0.44 ml) 
was added to the suspension and the mixture was stirred for 
15 min at ice-bath temperature. The resin was washed with 
CH2CI2 and MeOH, and vacuum-dried over CaCk. The 
resin (25.33 mg) was treated with 20% piperidine in DMF for 
20 min, washed with DMF, and suspended in TFA for 0.5 h. 
After filtration, the resin was washed with AcOH. The 
filtrate and the washing solution was combined and 
concentrated to give a residue, which was subjected to amino 
acid analysis to show 0.372 mmol leucine/g of the resin. 

Preparation of Fmoc-Amino Acid HOBt Esters. To a 
solution of Fmoc-amino acid (0.67 mmol) and HOBt 
(0.091 g) in DMF (generally 1.5 ml. In case of Fmoc-Gln-
OH, 2.5 ml), was added 1 M DCC in dioxane (0.67 ml) and 
the mixture was stirred for 40 min. The mixture was filtered 
and the precipitates were washed with DMF (0.6 ml). The 
combined filtrate was translated to the injector barrel of the 
synthesizer and pumped into the column. The vessels and 
the injector were rinsed with additional DMF (0.5 ml), which 
was also added to the column reactor. 

Synthesis of SAP. The Fmoc-leucyl resin (0.600 g, 

containing 0.223 mmol Leu) was placed in the column 
reactor and swollen in DMF. The resin was subjected to the 
procedures for stepwise peptide elongation. After the final 
acylation, the pressure meter was equipped between the 
pump and the column. DMF was pumped into the column 
at a rate of 2 ml min - 1 to find the back pressure less than 
0.3 kg cm - 2 in flowing or circulating mode. 

The peptide-resin was translated on a filter, washed with 
DMF and MeOH, and vacuum-dried over P2O5 and NaOH. 
1.624 g. A part of the peptide-resin (0.200 g) was suspended 
in 20% piperidine in DMF (20 ml) and the mixture was 
stirred for 20 min. After filtration, the peptide-resin was 
washed with DMF and MeOH, and vacuum-dried over CaCk 
and NaOH. 0.189 g. The peptide-resin was suspended in 
TFA (8 ml) and anisole (1 ml), and the mixture was stirred 
for 1 h. The resin collected on a filter was washed with 
AcOH and the combined filtrate was concentrated to give an 
oil, which was solidified with trituration in ether. The solid 
collected with décantation was washed with additional ether, 
and vacuum-dried over CaCh and NaOH. 0.122 g. The 
crude product (0.121 g) was purified on the preparative 
HPLC column (ten repeated runs). The fractions contain­
ing the desired peptide were combined and evaporated to 
give an oil, which was solidified by addition of ether. The 
solid collected by décantation was washed with additional 
ether and vacuum-dried over P2O5 and NaOH. Colorless 
solid, 42.82 mg. 39% based on the C-terminal Leu linked to 
the resin. Found: C, 46.71; H, 6.21; N, 11.40%. Calcd for 
Ci4iH22605iN34-7CF3COOH: C, 46.41; H, 5.81; N, 11.87%. 
Retention time on the analitical HPLC: 28 min. R{ 0.35 
(Avicel-cellulose, n-BuOH/pyridine/AcOH/H20, 16:10:3: 
12, ninhydrin detection), m/z: 3213.38 (M+H)+, 3236.28 
(M+Na)+. Amino acid ratio in acid hydrolysate (6 M HCl, 
110 °C, 16 h) (Theoretical value in parentheses): Asp 3.06 (3), 
Thr 1.94 (2), Ser 1.95 (2), Glu 4.99 (5), Pro 3.80 (4), Gly 4.09 
(4), Val 0.48 (1), Ile 1.73 (3), Leu 2.00 (2), Tyr 0.88 (1), Lys 
3.17 (3). (6 M HCl, 110 °C, 48 h): Asp 3.01 (3), Thr 1.82 (2), 
Ser 1.72 (2), Glu 5.02 (5), Pro 3.84 (4), Gly 4.08 (4), Val 0.78 
(1), Ile 2.49 (3), Leu 2.10 (2), Tyr 0.87 (1), Lys 3.04 (3). 
[a]% -87.3° (c 0.3, 10% AcOH in water). 
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the staff of the Central Labora tory of Toyo Jozo Co. 
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e lemental analyses. He is also grateful to Prof. Ichi ro 
Muramatsu , Rikkyo University, for helpful discus­
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The reaction of benzenethiol with ethyl benzoylacetate in polyphosphoric acid (PPA) at low temperature 
gave mainly ethyl 3-phenyl-3,3-bis(phenylthio)propionate 8 as an intermediate in the synthesis of thioflavones, 
while that from £-butylthiobenzene under similar conditions gave ethyl 3-(phenylthio)cinnamate 7 as a major 
product and many by-products. The reaction constant for intramolecular cyclic condensation of 7 in 98% 
sulfuric acid was —0.46 and —0.54 using Hammett substituent constants, am and cr+, respectively. It is suggested 
that the increase of electron density at the ring closure site of the benzenethiol moiety of 7 promotes this ring 
closure reaction. 

We have prepared some 2-phenyl-4H-l-benzothio-
pyran-4-ones (thioflavones) 1 and their 1,1-dioxides 
which exhibi t an t imicrobia l activity.1_4) Thiof lavone 
1 has been prepared by cyclic condensat ion of 
benzenethiol 5 wi th ethyl benzoylacetate 6.2»5). Poly­

phosphor ic acid (PPA), as a dehydrat ing agent, 
p romotes this cyclization. A l though it is well known 
that this me thod us ing P P A affords thioflavone free 
from the isomeric 4-phenyl thiocoumarins , in some 
reactions of benzenethiol wi th dimethoxy-substi tuted 
ethyl benzoylacetate, th iocoumar in derivative 26) is 
isolated. When ma lon ic acid was reacted wi th 2-t-
butyl thiobenzaldehyde, instead of unstable 2-mer-
captobenzaldehyde, benzothiopyran derivatives are pro­
duced in h igh yield.7) We also have reported that 
condensat ion of ^-butylthiobenzene 9, which is an S-
protected benzenethiol , wi th 6 gives the corresponding 
thioflavone in a suitable yield.6) 

We have a t tempted to examine reaction inter­
mediates from benzenethiol and ^-butylthiobenzene in 

order to find a more advantageous method to obtain 
thioflavone. T h o u g h only 3-(phenylthio)crotonic 
acids8 »9) are reported as intermediates in a similar 
prepara t ion of 4H-l-benzothiopyran-4-ones having 
the same heterocyclic r ing to thioflavone, these 
reaction mechanisms are no t known in detail. 

In this paper , we report on the distr ibutions of 
intermediates in the reactions of 5 and 9, respectively, 
wi th 6 in P P A or di luted P P A at low temperature. T h e 
kinetics of the formation of thioflavones from an 
intermediate to examine the substi tuent effect in cyclic 
condensat ion is also discussed. 

Results and Discussion 

Intermediates from Reaction of Benzenethiols or t~ 
Butylthiobenzenes with Ethyl Benzoylacetate. T h e 
reaction of 5 wi th 6 in P P A (phosphorus pentaoxide 
85%) at 90 ° C generally gives thioflavone in h igh yield, 
except for some methoxy-substi tuted derivatives. In 
the reaction of benzenethiol 5a wi th ethyl 3,4-dimeth-
oxybenzoylacetate, disulfide 48) and compound 3 
together wi th thioflavone derivative were isolated. We 
have now found that the same reaction of 5a ( R 1 = H ) 
wi th 6a ( R 2 = H ) in di luted P P A (phosphorus penta­
oxide 75%), which has low viscosity even at 5—15 °C, 
selectively gave ethyl 3-phenyl-3,3-bis(phenylthio)pro-
p iona te 8a isolated by crystallization. Its structure was 
assigned on the basis of the lH N M R spectra and a 
compar ison of the reported mel t ing po in t of 8a 
prepared by a similar reaction us ing hydrogen 
chloride and zinc chloride.10) F rom other benzenethiol 
derivatives the corresponding thioacetals 8 were 
main ly isolated under the same condit ions (Table 1). 
T h e by-products were a mix ture of ethyl (£)- and (Z)-3-
(phenyl thio)cinnamates . T h u s , this method is useful 
for the selective p repara t ion of 8. A singlet resonance 
corresponding to the resonances for methylene protons 
characteristically appeared at 8 ca. 3.00 p p m in the XH 
N M R spectrum of 8 (Table 2). In the mass spectra 8, a 
fragmentat ion of M+—SC6H4R1 was characteristic, bu t 
their molecular ion was no t observed. T h e configura-
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R1C6H4SH 

5 

R2C6H4COCH2C02Et 

6 

+ H + 
0 H 2 

R2C6H4-C-CH2C02Et 

SC6H4R1 

-H3O + 

-EtOH R2C6H4C=CHC02Et 

SC6H4R1 

7 

-R1C6H4SH 

+ R1C6H4SH 

+ R1C6H4SH 
- H 3 0 + 

SC6H4R1 

R2C6H4-C-CH2C02Et 

SC6H4R1 

8 

For 7 and 8 a; R1 =H, R2 = H 

b; R1 = 4-Me, R2 = H 

c; R1 = 4-MeO, R2 = H 

d; R1=4-CI, R2 = H 

e; R1 =4-MeO, R2 = 4-MeO 

f; Ri=2,5-(MeO)2, R2 = H 

Scheme 1. 

Table 1. Products Obtained by Reaction of Benzenethiols 5 or 9 with 
Ethyl Benzoylacetate 6 in PPA at low Temperature 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

5 or 9 
5a 
5b 
5c 
5d 
5e 
5f 
9a 
9b 
9c 
9d 
9e 

Benzenethiol 
R1 

H 
4-Me 
4-OMe 
4-C1 
4-OMe 
2,5-(OMe)2 

H 
4-Me 
4-OMe 
4-C1 
4-OMe 

R2 

H 
H 
H 
H 
4-OMe 
H 
H 
H 
H 
H 
4-OMe 

8 

82 
50 
70 
48 
61 
— 
— 
— 
— 
— 
— 

Productsa)/% 
(£)-7 

1.6 
12 
18 
0.3 

17 
27 
18 
22 
37 
9.8 

19 

W-l 
1.1 
5.5 
3.4 
1.8 
5.6 
9.9 

26 
16 
20 
10 
9.0 

1 
— 
— 
— 
— 
— 
— 
22 
11 
1.8 
8.3 

— 

Conversion/% 

99 
91 
84 
32 
92 
39 
86 
40 
84 
27 
35 

a) Isolated yield based on the converted benzenethiol. Compound 5 (0.5-
and other by-products existed in runs 7, 9, 10, and 11. 

-3.0%) was observed in runs 8—10 

Table 2. Ethyl 3-Phenyl-3,3-bis(phenylthio)propionate 8 

Compound !H NMR (CDC13) <5/ppm MS m/z 
(relative intensities) 

8b 

8c 

8d 

8e 

1.08 (3H, t, /=7.7 Hz), 2.20 (6H, s), 3.04 (2H, s), 3.90 
(2H, q, /=7.7), 6.84—7.48 (13H, m ) 

1.16 (3H, t, 7=7.5 Hz), 3.04 (2H, s), 3.76 (6H, s) 
4.10 (2H, q, 7=7.5 Hz), 6.64—6.80 (4H, m), 7.12—7.52 
(9H, m) 

1.08 (3H, t, 7=7.6 Hz), 3.06 (2H, s), 3.96 (2H, q, 7=7.6 
Hz), 7.00—7.48 (13H, m) 

1.12 (3H, t, 7=7.5 Hz), 3.00 (2H, s), 3.68 (9H, s), 
4.00 (2H, q, 7=7.5 Hz), 6.56—6.76 (6H, m), 7.04—7.32 
(6H, m) 

299 (30), 253 (18), 225 (100), 
210(18), 121 (43) 

315 (25), 314(41), 269(14), 
242 (48), 140 (100), 139 (36), 
121 (53) 

321 (23), 319 (55), 245 (29), 
185 (33), 149(30), 144(100), 
143 (51), 109(82) 

345 (1.3), 289 (1.4), 278(5.3), 
271 (2.3), 246(4.1), 140(100) 
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Table 3. Ethyl (Z)- and (£)-3-(Phenylthio)cinnamates (Z)-7 and (£)-7 

Compound JH NMR (CDC13) <5/ppm 
MS m/z 

(relative intensities) 

(Z)-7d 1.36 (3H, t, /=7.8 Hz), 4.28 (2H, q, /=7.8 Hz), 6.08 (1H, s), 
6.92—7.52 (9H, m) 

(Z)-7e 1.28 (3H, t, /=7.5 Hz), 376 (6H, s), 4.16 (2H, q, /=7.5 Hz), 
5.88 (1H, s), 6.40—7.52 (8H, m) 

(Z)-7f 1.28 (3H, t, /=7.5 Hz), 3.48 (3H, s), 3.52 (3H, s), 3.72 (2H, q, 
7=7.5 Hz), 5.92 (1H, s), 7.08—7.80 (8H, m) 

(£)-7d 0.96 (3H, t, 7=7.8 Hz), 3.84 (2H, q, 7=7.8 Hz), 5.36 (1H, s), 
6.92—7.44 (9H, m) 

(£)-7e 1.00 (3H, t, 7=7.5 Hz), 3.60 (3H, s), 3.68 (3H, s), 3.84 (2H, q, 
7=7.5 Hz), 5.12 (1H, s), 6.40—7.52 (8H, m) 

(£)-7f 1.00 (3H, t, 7=7.5 Hz), 3.68 (3H, s), 3.76 (3H, s), 3.84 (2H, q 
7=7.5 Hz), 5.36 (1H, s), 6.68—7.52 (8H, m) 

320 (M++2; 26), 318 (M+, 73), 
273 (46), 245(100), 210(46), 
147 (64), 144 (36), 121 (100) 

344 (M+; 78), 299(21), 271 (21), 
236(23), 205(78), 177(100), 
161 (23), 151 (66), 140 (32) 

344 (M+; 100), 299 (18), 272 (65), 
257 (23), 241 (33), 121 (77) 

320 (M++2; 28), 318 (M+, 70), 
273 (44), 245 (100), 210 (48), 
147 (63), 144 (96), 121 (78) 

344 (M+; 66), 299 (24), 271 (24), 
252 (34), 236 (26), 205 (84), 
177 (100), 151 (66), 140 (74) 

344 (M+; 100), 299(17), 272(75), 
257 (25), 240 (35), 121 (94) 

R C . H . S t - B u 
6 4 

[ 7 ' ] 

Scheme 2. 

t ion of ethyl (Z)-3-(phenylthio)cinnamates was estab­
lished on the basis of the XH N M R spectra, from an 
analogy of the assignment for the reported methyl (Z)-
and (£)-2-chlorocinnamates . n ) T h e resonances of the 
vinylic p ro ton and the ethoxycarbonyl g roup appeared 
constantly at lower field (ca. 0.3—0.7 p p m ) for the (Z)-
isomer than those for the (£)-isomer, as shown in 
Tab le 3. React ion of chloro-substi tuted benzenethiol 
wi th 6 (run 4) leads to a significantly low conversion, 
due to the low nucleophi l ic i ty of the thiol . In the case 
of 2,5-dimethoxy-substituted benzenethiol (run 6), no 
thioacetal 8 was obtained, t hough 7f was isolated as 
the ma in product , together wi th an unidentif ied 
p roduc t of ra/z=372 (2.0%). T h i s shows that the 
formation of thioacetal 8 may be inhibi ted by a steric 
h indrance of the 2-substituent g roup of benzenethiol. 

W h e n the reaction temperature increased to 60 ° C in 
a reaction of 5 wi th 6, the formation of thioflavone 1 
together wi th intermediate 8 was observed. Inter­
mediate 8 was also obta ined from a reaction of 
7 wi th 5 in di lute PPA at 20 °C. 

O n the other hand, the same reaction of 9 at 20— 
30 ° C in P P A (phosphor ic pentaoxide 85%) gave 7 as 
the m a i n product ; the formation of 8 was no t observed. 
N o reaction of 9 us ing di luted P P A (phosphor ic 
pentaoxide 75%) occurred under the same condi t ions 
for the p repara t ion of 8. T h e chloro derivative of 9 
also leads to a low conversion. F rom the react ion of 9, 

many by-products were observed by GC-mass analysis, 
t hough no t isolated. 

Cyclization of intermediates 7 a n d 8 bo th in P P A 
(phosphor ic pentaoxide 85%) or 98% sulfuric acid gave 
thioflavone 1 in h igh yield. T h u s , intermediates 7 and 
8 are impor tan t precursors of thioflavones. T h e 
reaction from 5 is favored for the prepara t ion of 
thioflavones over that from 9, since oxidat ion and a 
side reaction of 5 are less than those of 9. 

In conclusion, in a reaction u s i n g benzenethiol 5, 
thioflavone 1 wou ld be formed th rough 7'—»7, 
7'—>8—>7, and 7'—>7—>8—>(7); however in a reaction 
us ing 9, thioflavone 1 wou ld be produced only 
th rough intermediates 7' and 7, no t th rough 8 (Scheme 
2). T h i s is because a direct at tack of 9 on 7 ' may be 
difficult and deprotection of 9 accompanies the 
oxidat ion of 9 and 5. 

Kinetics of Formation of Thioflavone from Inter­
mediate 7. T h e rate of format ion of 1 from 7 in 98% 
sulfuric acid at 20 ° C was determined spectrophoto-
metrically so as to investigate the subst i tuent effect in 
cyclic condensat ion. The re was an isosbestic po in t at 
380 n m in this reaction, as s h o w n in Fig. 1, a n d 
absorbances of the two max ima at 280 and 370 n m 
increased wi th t ime, the final spectrum being in good 
agreement wi th that of 1. T h e reaction from (Z)-7-
obeyed first-order kinetics; results are shown in Tab le 
4. T h e reaction from the (£)-form of 7 gave similar 
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Table 4. First-Order Rate Constants for Formation of 1 from 7 at 20°C in 98% Sulfuric Acid 

Starting compound * X 1 ° 3 Average deviation**X1Q3 
No. R1

 s - i s - i 

7a H 2.39 ±0.16 
7b 4-Me 2.35 ±0.07 
7c 4-OMe 1.90 ±0.10 
7d 4-CI 1.46 ±0.09 

a) Average from two results. 

Wavelength/nm 

Fig. 1. Cyclic condensation of 7a in 98% sulfuric acid 
at 20°C. 

rate constants. W h e n log (kx/kn) was plot ted against 
the H a m m e t t subst i tuent constant , om or a*, a good 
l inear correlat ion was observed; however, p lo t t ing 
against ap or a* did no t give any correlation. T h e 
reaction constants us ing om and a* are —0.51 and —0.46, 
respectively, m u c h lower than that obtained for 
various forms of electrophilic substi tution. 

T h e rate-determining step may be a r ing closure step 
of 7 in this reaction. T h i s subst i tuent effect suggests 
that an increase of the electron density of the r ing 
closure site (at the posi t ion or tho to the sulfur) or 
benzenethiol moiety of 7 promotes this in t ramolecular 
cyclization. 

An e lec t ron-wi thdrawing substi tuent, such as a 
chlor ine a tom, leads to a decrease in the rate of 
formation of 1. T h o u g h acetyl derivative 7g (R 1 = 4-Ac, 
R 2 = H ) having a stronger electron-withdrawing sub­
st i tuent g r o u p gave n o thioflavone, it afforded 5g 
(R!=4-Ac), 6 ( R 2 = H ) , and 3-hydroxy-l-indenone12> at 
a yield of 73, 53, and 31%, respectively. T h e 
decomposi t ion of 7g also obeyed first-order kinetics 
and its rate ( / ^ S ^ l X l O ^ s - 1 ) is slower than the 
observed rate of cyclic condensation. 

A l t h o u g h small reaction constants show that sub­
sti tuent par t ic ipat ion is not h ighly significant in 
de termining the reaction rate, an aromatic r ing of 
benzenethiol moiety of 7 is deactivating by electron-
wi thd rawing substi tuent . T h i s result suggests that a 
mechanis t ic change occurs for an acetyl-substituted 
compound . 

After all , even if intermediates 7 having electron-
wi thd rawing subst i tuent groups are formed in the 
reaction of 5 or 9 wi th 6, they are no t converted in to 
thioflavone. T h u s , the selection of benzenethiol 
hav ing a donor-subst i tuent g roup may be favorable to 
the prepare thioflavone. 

Experimental 

All melting points are uncorrected. 1H NMR spectra were 
taken on a JEOL JNM-MH-100 spectrometer with tetra-
methylsilane as an internal standard. Elemental analyses 
were recorded on a Yanaco CHN recorder MT-2. Mass 
spectra were recorded on a Shimadzu LKB 9000 GC-Mass 
spectrometer operating at 70 eV with glass capillary column 
SE-54 (0.3 mmX25 m, column temperature 130 °C). 

Reaction of Benzenethiol with Ethyl 3,4-Dimethoxyben-
zoylacetate. A mixture of benzenethiol (0.029 mol) and 
ethyl 3,4-dimethoxybenzoylacetate (0.036 mol) was added to 
PPA (62 g) and then stirred for l h at 90—100 °C. The 
mixture was poured into ice-water and filtered. The crude 
products were purified by column chromatography on silica 
gel using benzene as the eluent. The corresponding 
thioflavone 14> (0.7%), 3 (2.5%), and 48> (6.1%) were isolated. 

3: mp 194—195 °C; IR 3400 cm"1 (OH) and 1680 cm"1 

(CO); TJ.NMR (CDC13) 0=1.96 (1H, s), 2.88 (1H, d, 
/=18 Hz), 3.48 (1H, d, /=18Hz), 3.56 (3H, s), 3.72 (3H, s), 
3.84 (3H, s), 3.92 (3H, s), 5.96 (1H, s), 6.52 (1H, s), 7.08 (1H, 
s), 7.24 (1H, s), 7.32—7.68 (3H, m), and 8.28—8.52 (1H, m), 
the OH proton being overlapped in the range of 3.5— 
3.92 ppm; MS m/z 488 (M+; 100), 459 (50), 458 (46), and 444 
(24). 

Found: C, 68.35; H, 4.55%. Calcd for C28H24O6S: C, 68.84; 
H, 4.95%. 

Reaction of Benzenethiol or t-Butylthiobenzene with 
Ethyl Benzoylacetate at low Temperature. A mixture of 
benzenethiol 5 (0.018 mol) and ethyl benzoylacetate 6 
(0.023 mol) was added to PPA (phosphoric pentaoxide 75%, 
16 g), which was the grade of commercial origin, at 5—15 °C 
with stirring and kept for 1 h at 15 °C. 

The reaction mixture was poured into ice-water (100 ml) 
and extracted with ether (3X30 ml). The ethereal layer was 
dried over magnesium sulfate and concentrated. The 
products were purified by column chromatography on silica 
gel using benzene-hexane (1:1) as eluent, and were assigned 
on the basis of their 1H NMR and mass spectra. The ratio of 
the (Z)-and (£)-forms of ethyl 3-(phenylthio)cinnamate 7 was 
determined from ratio of integrations for the vinyl proton in 
1H NMR spectra. These compounds did not crystallize, 
except for 7a,13) 7b,14) 7c,14> and 8a.10> Spectral data and 
elemental analyses of new derivatives of 7 and 8 are 
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Table 5. Elemental Analyses of 7 and 8 

Analyses/% 
C o m p o u n d Formula Calcd (Found) 

C H 

(Z)-7d C17H15O2SCI 64.05 (63.84) 4.74 (4.95) 
(Z)-7e C19H20O4S 62.26 (66.48) 5.85 (5.62) 
(Z)-7f C19H20O4S 66.26 (66.05) 5.85 (6.08) 
(£)-7d C17H15O2SCI 64.05 (63.72) 4.74 (4.50) 
(£)-7e C19H20O4S 66.26 (65.98) 5.85 (5.56) 
(£)-7f C19H20O4S 66.26(66.50) 5.85(6.12) 
8b C25H26O2S2 71.05 (71.32) 6.20 (6.48) 
8c C25H26O4S2 66.05 (65.81) 5.77 (6.02) 
8d C23H20O2CI2S2 59.61 (59.88) 4.35 (4.62) 
8e C26H28O5S2 64.44(64.18) 5.82(5.60) 

summarized in Tables 1—3. 
W h e n the react ion tempera ture was raised to 60 ° C in a 

reaction of 5a wi th 6a, thiflavone la6 ) (3.2%) was isolated 
together wi th 8a.10) 

A mix tu re of benzenethiol 5a (0.15 mmol ) wi th 7a 
(0.16 mmol ) was added to 75% PPA (1.0 g) at 20 °C wi th 
st irr ing. After 1 h, the react ion mix ture was worked u p , as 
described above. On ly thioacetal 8a was isolated (48% yield). 

In the react ion of £-butylthiobenzene, P P A of 85% 
p h o s p h o r i c pentaoxide , w h i c h was the grade of commercia l 
or ig in , was used a n d the react ion tempera ture was 20— 
30 °C. After 1 h, the react ion mix tu re was worked u p , as 
described above. Th io f l avone 1 and benzenethiol 5 were 
confirmed by direct compar i sons of au thent ic samples.4«0 

Ethyl (Z)-3-(4-Acetylphenylthio)cinnamate (7g). Sodium 
hydroxide (0.20 g) was added to a mix tu re of p-mer-
cap toace tophenone (0.361 g, 2.4 mmol ) and ethyl 3-chloro-
c innamate (0.5 g, 2.4 mmol ) ; the mix ture was then kept for 
36 h at 70 ° C wi th st irr ing. T h e reaction mix tu re was poured 
in to water, and extracted wi th ether, the layer of wh ich was 
dried over magnes ium sulfate and concentrated. T h e 
residual oil was purif ied by co lumn ch romatography on 
silica gel u s ing benzene as e luent to give the (Z)-form (17%) 
and the (£)-form (0.9%); (Z)-7g: *H N M R (CDCI3) 0=1.32 
(3H, t, / = 7 . 5 Hz), 2.80 (3H, s), 4.24 (2H, q, / = 7 . 5 Hz), 6.18 
(1H, s), 7.00—7.40 (7H, m), and 7.60 (2H, d, / = 7 . 5 Hz); MS 
m/z 326 (M+; 100), 281 (63), 253 (29), and 239 (22); Anal . 
(C19H18O3S) C, H . (£)-7g: ! H N M R (CDCI3) 0=1.00 (3H, t, 
7=7 .5 Hz), 2.60 (3H, s), 3.92 (2H, q, / = 7 . 5 Hz), 5.60 (1H, s), 
and 7.08—7.84 (9H, m); MS m/z 326 (M+; 100), 281 (46), and 
253 (46); Anal . (Ci 9 Hi 8 0 3 S) C, H . 

Kinetics Measurements. A solu t ion of 98% sulfuric acid 
was kept in a 25 ml volumetr ic flask at 20 °C, and 4 ml of 
98% sulfuric acid was transferred to a UV cell in which the 
isolated ethyl (Z)-3-(phenylthio)cinnamate 7 (ca. 0.017 mg) 
was placed. A cell con ta in ing this solut ion of 7 (1.99X10 - 5 

mol d m - 3 ) was p u t in cell holders thermostat ted at 20 ° C 
(±0.05 °C) d u r i n g the measurement . 

T h e absorbance was measured at an absorp t ion m a x i m u m 
(293 n m ) of 1 formed for ca. 6—7 min . T h e rate constants 
were de termined graphica l ly us ing plots of ln(At—A0) vs. 
t ime (correlat ion coefficients 0.97—0.99). T h e kinetic data 
for the formation of thioflavones are shown in Tab le 4. 

Preparation of Thioflavone from 7 and 8. Method 
A: Th ioace ta l 8a (1.0 g) or ethyl (Z)-3-(phenylthio)cin-
nama te 7a (50 mg) was added to P P A (15 g or 1 g) at 90 °C 

wi th st irr ing. After 1 h, the mix ture was worked u p , as 
described above. Thiof lavone la6 ) was isolated in 95% and 
98% yields, respectively. 

Method B: Th ioace ta l 8a (1.0 g) or ethyl (Z)-3-(phenyl-
th io)c innamate 7a (0.5 g) was added to coned H2SO4 (15 ml 
or 4 ml) at 20 °C, wi th st irr ing. After 20 min , the mix tu re 
was worked u p , as described above. Thiof lavone l a was 
isolated in 85 and 90% yields, respectively. 

Decomposit ion of Ethyl (Z)-3-(4-Acetylphenylthio)cin-
namate. C o m p o u n d 7 g (100 mg) was added to coned 
H2SO4 (5 ml) at 20 ° C wi th s t i r r ing and the mix ture was kept 
for 1 h at 20 °C . T h e react ion mix tu re was poured in to ice-
water (50 ml) and extracted w i th ether. T h e products were 
purified by c o l u m n ch romatography on silica gel u s ing 
benzene-ace tone (3:1) as e luent to give 5g (R!=4-Ac) (73%), 6 
(53%), and 3-hydroxy-l-indenone12> (31%). 

5g: * H N M R (CDCI3) 5=2.50 (3H, s), 3.65 (1H, s), 7.22 
(2H, d, / = 1 0 Hz), and 7.74 (2H, d, 10 Hz); MS m/z 152 (M+; 
58), 137 (100), 109 (42); Anal . (C8H8OS) C, H. 
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Optimum conditions for the electrooxidation of l,3-dichloro-2-propanol (1) to 1,3-dichloroacetone (2) by 
using a double redox system of Ru(VIII)/Ru(IV) and [Cl+]/Cl~ are elucidated. The electrolysis of 1 in an 
AcOEt-aqueous NaCl (2:3 v/v) system buffered at pH 2—4 in a divided cell at 0—5 °C gives 2 in 98% selectivity 
toward 1,1,3-trichloroacetone (3) under the current efficiency of 92%. 

1,3-Dichloroacetone (DCA, 2) constitutes a key 
segment of a variety of pharmaceut ical ly impor t an t 
heterocycles1_4) and certain useful agrochemicals.5 ) 

For example, Af2-sulfamoyl-3-[[(2-guanidino-4-thiazol-
yl)methyl]thio] p rop ionamid ine (famotidine), a hist­
amine H2-receptor and antagonis ts , 0 is usually synthe­
sized by combin ing 2 wi th Af"-(thiocarbamoyl)guani-
dine. T h e prepara t ion of 2 has conventionally been 
performed by chlor ina t ion of acetone wi th molecular 
chlor ine in the presence of iodine monochloride.7 ) 

However, the ch lor ina t ion often faces con tamina t ion 
of inevitable by-products such as mono- , tri-, and 
perchloroacetones, each of them being unseparable by 
dist i l lat ion because of small differences in their 
bo i l ing points . In contrast, the most clear access to 
1,3-dichloroacetone (2) must be the oxidat ion of 1,3-
dichloro-2-propanol (1)8) derived from allyl chloride 
via epichlorohydrin. We appl ied the indirect electro­
oxidat ion procedure wi th a r u t h e n i u m tetraoxide 
(Ru04) /ac t ive chlor ine species [Cl+] system for the 
conversion of 1.9) Wi th an obl igat ion to meet wi th 
demands requested in its puri ty as fine chemicals, we 
optimized electrolysis condit ions to exclude formation 
of 1,1,3-trichloroacetone (TCA, 3) which is produced 
by chlor inat ion of 2 dur ing the electrolysis of 1. 

îx^ci HCl CI' 

-2e, Ru04/Ru02 

ci -[ci+]/cr 
OH o 

2, Y=CH2C1(DCA) 
3, Y= CHC12 (TCA) 

Results and Discussion 

We first examined a suitable solvent in a two-phase 
electrolysis system; the results are shown in Tab le 1. 
H i g h yields of 2 were obtained in ethyl acetate or 
dichloroethane when 2 F m o l - 1 of electricity was 
passed. T h e yield of 2 increased almost linearly in 
p ropor t ion to charged electricities in ethyl acetate, 
whi le the selectivity of 2 in dichloroethane decreased 
u p o n passing electricity of more than 2.5 F m o l - 1 . T h e 
formation of 1,1,3-trichloroacetone (3) tends to 
increase in dichloromethane and chloroform. 

T h e re la t ionship between the yield and charged 
electricity wi th different substrate concentrat ions in 
ethyl acetate is shown in Fig. 1. Almost l inear lines 
were obtained in the range of 25—40 wt% concentra­
t ions. T h e yields became flat at about 80% with 
increasing the by-product 3 when the substrate 
concentrat ion was 60 wt%. 

T h e correlation between the yields and charged 
electricity under various amoun t s of r u t h e n i u m 
dioxide is plot ted in Fig. 2. T h e presence of 
2.4—4.8 mol% of r u t h e n i u m dioxide provided linear 
lines in p roduc ing 1,3-dichloroacetone (2), in good 
accordance wi th electricity consumed. T h e yield of 2 
decreased when the a m o u n t of ru then ium dioxide was 
reduced to 0.6mol% (based on 1) under a current 
density of 20—80 mA cm - 2 . Electrolysis at a lower 
current density caused a decrease in bo th the yields and 

Table 1. Indirect Oxidation of 1 in Various Organic Solvent-Aqueous Saturated NaCl Systemsa) 

No. 

1 
2 
3 
4 
5 
6 
7 

a) Carried out by using 1 (5.0 mmol) in presence of Ru02*2H20 (0.16 mmol) at 20 mA cm - 2 by passing 2F mol - 1 

at 5°C. b) Based on GC analyses. Rest of products was the starting 1. 

Organ ic so lven t -FbO 
(satd NaCl) (v/v) 

CH3CN-H2O (1/1.5) 
CH3COCH3-H2O (1/1.5) 
CICH2CH2CI-H2O (1/1.5) 
CH2CI2-H2O (1/1.5) 
A c O E t - H 2 0 (1/1.5) 
CHCI3-H2O (1/1.5) 
CCI4-H2O (1/1.5) 
C y c l o h e x a n e - H 2 0 (1/1.5) 

Products, Yield/%b> 

2 3 

10 1 
45 3 
62 1 
40 3 
62 1 
33 10 
30 26 
40 1 
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100 

1.0 2.0 3.0 
Electricity / Fmol 

4.0 

Fig. 1. Effect of the substrate concentration (wt%) 
in AcOEt. Data points were obtained by electroly­
sis in AcOEt-saturated NaCl (pH 2, 2:3 v/v) at 
40 mA cm -2. Symbols follows: (—); yield of DCA. 
25 wt% (O), 40wt% (D), 60wt% (•) . ( ); yield of 
TCA. 

100 

2.0 3.0 
Electricity / FmolJ 

Fig. 2. Relationships between yield and added 
R11O2 (mol%). Symbols follows: (—); 0.6mol% 
(•) , 2.4mol% (O), 4.8mol% (A) in AcOEt. ( ); 
theoretical line. 

current efficiencies. 
In order to k n o w the durabi l i ty of the r u t h e n i u m 

catalyst for the present oxidat ion, repeated exper­
iments for a recycle use were examined in the 
fol lowing manner . W h e n electrooxidation was com­
pleted, the aqueous layer was separated from an 
organic layer. T h e concentra t ion of the organic phase 
gave the desired ketone and the aqueous layer was 
combined wi th the next organic layer con ta in ing the 
s tar t ing material 1. T h e mixture was subjected to a 
second electrolysis in a similar manne r as before. As 
shown in Fig. 3, the h igh reproducibil i ty was found on 
both yields and current efficiencies in every cases for 

1 2 3 4 5 6 7 8 
Repeated Number 

Fig. 3. Repeated experiments for ruthenium cata­
lyst. Symbols follows: yield of DCA (O), current 
efficiency of DCA (•) , yield of TCA (A). 

Electricity / Fmol 

Fig. 4. Yields of DCA and TCA in an undivided and 
a divided cell. Symbols follows: (—); yield of DCA. 
( ); yield of TCA. Undivided cell ( • ) , divided cell 
(O). 

10-time repeated experiments. 
T h e fol lowing two th ings remain as unexplored 

problems for an elaborat ion of this reaction in a 
practical sense: one is a complete suppression of the 
format ion of 3 and the second is an improvement in 
the current efficiency, reaching almost 100%. In order 
to find such optimized condit ions, electrooxidation in 
a divided cell was investigated as shown in Fig. 4. 
Fur thermore , a suitable adjus tment of the p H value in 
the aqueous phase (Fig. 5) provided 1,3-dichloro-
acetone (2) in excellent current efficiency. Actually, 
more than 92% of the current efficiency was at tained at 
the range of p H 2—4 in a divided cell. Inferior current 
efficiency in an undivided cell is presumably due to 
competi t ive reductions of a positive chlorine species at 
the cathode. Scale-up oxidat ion of l,3-dichloro-2-
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No. 

1 
2 
3 
4 

5 

S. TORII, 

Substrate 

PhCH(OH)CH2Cl 
PhCH(OH)CH2Br 
MeCH(OH)CH2Cl 
MeCHClCH(OH)Me 

T. INOKUCHI, S. MATSUMOTO, T. SAEKI, and T. 

Table 2. Oxidation of Halohydrinsa) 

Product^ 

PhCOCH2Cl 
PhCOCH2Br 
MeCOCH2Cl 
MeCHClCOMe 

Selectivity 

% 

85 
83 
98 
97 

98 

OKI [Vol. 63, No. 3 

Current efficiency/% 

82 
80 
93 
94 

95 

a) Substrates (1 mmol) were electrolyzed in the presence of Ru0 2*2H 20 (0.032 mmol) at 20 mA cm - 2 by passing 
2F mol - 1 at 5 °C in a divided cell, b) All compounds exhibited 1H NMR and IR spectra which were consistent 
with the assigned structures. 

4 5 
pH Value 

Fig. 5. Relationships between current efficiency and 
pH. Symbols follows: divided cell (O), undivided cell 

p r o p a n o l (1) in about 0.3 mol can afford 1,3-dichloro-
acetone (2) in good yields. 

We extended the procedure to the oxidat ion of other 
alicyclic and acyclic halohydr ins ; the results are listed 
in Tab le 2. In these conversions, acidic condi t ions are 
essential for a selective formation of a-halo ketones. 

O u r conclusion is that the present r u t h e n i u m 
mediated electrooxidation method, coupled with a 
previously reported one,9b) can be extended in a 
preparat ive scale for the oxidat ion of a wide range of 
alcohols only by c h a n g i n g electrolysis cell, p H value, 
and electrolysis medium. 

Experimental 

Material. R u 0 2 - 2 H 2 0 purchased from Nippon Engel­
hard Co. was used as received. Aqueous buffered solutions 
were prepared by dissolving appropriate phosphates to 
aqueous saturated NaCl. 

l,3-Dichloro-2-propanol (1). To a solution of aqueous 
35% HCl (109.4 g, 1.05 mol) was added dropwise epichloro-
hydrin (92.5 g, 1.00 mol) by keeping the temperature at 10— 
40 °C on an ice-water bath. After being stirred for an 
additional 1 h, the mixture was neutralized at pH 6.5 with 

aqueous 15% NaOH, and then extracted with AcOEt 
(100mlX2). Extracts were washed with brine, dried 
(Na2S04), and concentrated. Distillation at 85—88°C/30 
Torr (1 Torr«133.322Pa) gave 115 g (89%) of 1 (purity was 
97% by GC analyses), contaminated with 3% of 2,3-dichloro-
1-propanol. 1: IR (neat) 3330 (OH), 2966, 1433, 1299, 1203, 
1149,1077, 1054, 965, 886, 830, 760, 702 cm"*; *H NMR (CDC13, 
500 MHz) 0=2.50 (br, 1H, OH), 3.68 (d, /=5.3 Hz, 4H, 
CH2C1), 4.05 (quint, /=5.3 Hz, 1H, CH-O); 13C NMR (CDCI3, 
50 MHz) 0=45.72, 70.78. 

Electrolysis Apparatus. Electrolysis in an undivided cell 
was carried out in a 30 ml beaker-type cell (2.5 cm diameter 
and 10 cm height) fitted with a condenser, a stirring bar, a 
thermometer, and two platinum foil electrodes (3 cm2) being 
placed parallel to each other 10 mm apart. An H-type cell 
separated by a sintered glass diaphragm (5—10 mm porous 
hole) was used for the electrolysis in a divided cell. 

General Procedure for the Electrooxidation in an Un­
divided Cell. R u 0 2 - 2 H 2 0 (85 mg, 0.50 mmol) and a 
solution of l,3-dichloro-2-propanol (1, 2.0 g, 15.5 mmol) in 
AcOEt (8 ml) were placed over an aqueous saturated NaCl 
buffered at pH 2 with 0.2 M NaH 2 P0 4 (12 ml; 1 M=l mol 
dm - 3). The mixture was electrolyzed under a constant 
current of 40 mA cm - 2 at about 5°C with a vigorous 
stirring. The electrolysis was continued until the organic 
phase changed to yellow from greenish black. It required 
about 3 F mol - 1 of electricity (based on 1). The mixture was 
treated with 2-propanol (0.5 ml) to deactivate excess oxidants. 
The organic layer was separated and the aqueous layer was 
extracted with CHCI3. Combined extracts were washed with 
water, dried (Na2S04), and concentrated under vacuum to 
give 1.92 g of crude crystals. The yield and selectivity of 
1,3-dichloroacetone (2) were determined by gas chromatog­
raphy as 94 and 96%, respectively. IR (Nujol) 2986, 2938, 
1787, 1736 (CO), 1396, 1321, 1294, 1052, 957, 820, 723 cm-1; 
m NMR (CDCI3, 60 MHz) 0=4.43 (s, ClCH2CO). 

Electrolysis in a Divided Cell, a General Procedure. A 
solution of 1 (2.0 g, 15.5 mmol) in AcOEt (8 ml), Ru0 2 -
2H 2 0 (85 mg, 0.50 mmol), and an aqueous saturated NaCl 
(12 ml) were placed in the anodic compartment of a divided 
cell. The cathodic compartment was filled with an aqueous 
saturated NaCl (20 ml). The anolyte was maintained at pH 
3—4 by adding aqueous saturated Na2C03 during electroly­
sis. Electrolysis under a constant current of 40 mA cm - 2 was 
continued until the organic layer changed from greenish 
black to slightly yellow. It required about 2.08 F mol - 1 of 
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electricity (based on 1). The mixture was treated with 2-
propanol (0.5 ml) and worked up in the manner described 
above. The crude crystalline products (1.92 g) were analyzed 
by gas chromatography and the yield and selectivity of 2 
were determined to be 96 and 98%, respectively. 

Analysis.10) Starting l,3-dichloro-2-propanol (1) and prod­
ucts (2 and 3) were analyzed by GC on a Shimadzu Model 
GC7AG with a packed column of 10% PEG 20 M supported 
on CW-HP (80/100 mesh). Carrier: N2 (30 ml min"1), 
Column temp: 130 °C. Retention times (Rt, min) were as 
follows: DCA (2); 14.9, TCA (3); 19.0, 1; 25.3. 

T h i s work was part ial ly supported by the Grant- in-
Aid for Developmental Scientific Research (No. 
63850172) from the Ministry of Educat ion, Science and 
Cul ture of Japan . We are grateful to the SC-NMR 
laboratory of Okayama University for N M R exper­
iments wi th Varian VXR-500 and -200 instruments . 
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The rates of solvolysis of a-f-butylbenzyl tosylates were determined in 80% aqueous acetone (80A) and 80% 
aqueous ethanol (80E) for an extended series of substituents. The substituent effect can be linearly correlated in 
terms of the Yukawa-Tsuno LArSR relationship, with a p value of —5.542 and an r value of 1.093 in 80A, and 
—5.650 and 1.106 in 80E, respectively. The large negative p and exalted r values suggest the operation of the kc 

mechanism in this solvolysis without nucleophilic solvent assistance and methyl participation. From a 
comparison of the substituent effects, the exalted r value of 1.15 observed in the solvolysis of a-methylbenzyl 
chlorides can be attributed to the enhanced resonance demand characteristic of secondary benzylic system rather 
than to a correlational artifact arising from nonlinearity due to SN1-SN2 mechanistic change. The solvolysis of 
this system can be utilized as an appropriate reference system for the accurate estimation of o+ constants in 
various solvents. 

T h e Y u k a w a - T s u n o LArSR equation3 ) account ing 
for the variable resonance effect has been widely used 
for the analysis of subst i tuent effects on the solvolyses 
generat ing a conjugative carbocation,1 '4 - 8) 

log(*/*o) = p(o° + rAäJ), (l) 

where the resonance demand parameter r value is 
taken to be reference s tandard r=1.00 (by definition) 
for the solvolysis of a-cumyl chlorides ( 1 -methyl-1-
phenylethyl chlorides). In the s imple Brown equa­
tion, 

\og(k/ko) = p+o+, (2) 

a+ appears to be the best average to fit most cases and 
practically applicable wi th in satisfactory precision to 
the electrophilic conjugative reactions hav ing r value 
in the range 0.8 to 1.2,4a) while a definite set of a+ can 
no t describe the subst i tuent effect in the reaction 
hav ing the r value outside of this range.5 - 7) T h e r 
parameter in Eq. 1 has been verified to be a useful 
measure of the degree of resonance cont r ibu t ion from 
substi tuents in the rate-determining transi t ion state, 
and is appl icable to the es t imat ion of the electronic 
structure of t ransi t ion states. In the «-substituted 
benzylic series, the resonance demand of the solvolyses 
was found to be parallel to the stabilities of the parent 
benzylic cations.6 '7 ) We already reported earlier that 
the subst i tuent effects on the solvolysis of a-methyl-
benzyl chlorides was described wi th excellent precision 
in terms of an appreciably enhanced resonance 
demand r value of r=1.15.u>h) It has been noted, 
however, that most systems favored by the LArSR 
treatment are secondary substrates in nucleophi l ic 
solvents, and such systems may also be subject to 
nucleophi l ic solvent participation.9* In secondary 
benzylic solvolyses, solvent par t ic ipat ion migh t be­
come impor tan t as the substi tuent becomes more 
electron attracting, to give a monotonical ly concave a+ 
plot . It has thus often been noted in the l i terature that 

the h igher r value observed in such a case will be less 
reliable.8 '10) 

In order to confirm the intr insic resonance demand 
of secondary benzylic solvolysis, the system to be 
studied shou ld be a secondary benzylic one completely 
free from concurrent SN2 mechanism. We have chosen 
for the present study the solvolysis of a-J-butylbenzyl 
tosylates in which the solvent nucleophi l ic assistance 
is structurally prevented, owing to the neopentyl 
structure of the reaction center.11) 

T h e solvolysis rates of a-cumyl chlorides are too 
fast, even in 90% aq acetone, and the rates of strongly 
activated substrates, especially those of p-MeO and p-
MeS derivatives, were hardly determined accurately.12) 
It therefore appears necessary to redetermine the a+ 
values for h igh ly act ivat ing subst i tuent groups. T h e 
a-J-butylbenzyl system shows a rate retardation by 103 

compared wi th a-methylbenzyl system,13) and is 
convenient for an accurate determinat ion of the 
solvolysis rate, especially for act ivat ing substituents in 
most ordinary solvents. T h e solvolysis rates of a wide 
series of m-and p-subst i tuted a-J-butylbenzyl tosylates 
have been determined, and the substi tuent effect has 
been analyzed based on the LArSR Eq. 1, and a 
reexaminat ion of a+ values has been carried out in the 
present system. 

Results 

T h e solvolysis rates of a-J-butylbenzyl tosylates in 
80% (v/v) aqueous acetone (80A) for an extended set of 
substi tuents were conductometrical ly determined at 
ini t ial ester concentrat ions of 10 - 4 —10 _ 5 moldm~ 3 . 
T h e rate constants from repeated runs were reproduc­
ible w i th in an accuracy of 1.5% and are summarized in 
Tab le 1 together wi th the activation parameters. For 
the extremely reactive p-MeO derivative the rate was 
unable to follow directly in 80A by our method at the 
ordinary temperature. T h e rate of this derivative in 
80A at 25 ° C was estimated from the rate in 90A at 
0 ° C, us ing a l inear logar i thmic rates relat ion between 
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Table 

Subst. 

p-MeO 

p-MeS 

/?-PhO 
4-MeO-3-Cl 
4-MeO-3-Br 

2-Fluorenyl 
3,4-Me2 

4-MeS-3-Cl 
p-Me 

4-MeO-3-CN 

p-t-Bu 

p-Ph 
ß-Naph 
3,5-Me2 

4-MeS-3-CN 
p-¥ 

ra-Me 
H 

ra-MeO 
4-Me-3-Cl 
p-Cl 

p-Br 

ra-MeS 
m-F 

ra-Cl 

m-Br 

3,4-Cl2 

ra-CF3 

m-CN 

/?-CF3 

ra-N02 
p-CN 
p-S02Me 
3,5-Cl2 

Solvolysis of a-MSutylbenzyl Tosylates 

1. Solvolysis 

Temp/°C 

0 
25 
0 

25 
25 
25 
0 

25 
25 
0 

25 
25 
0 

25 
0 

25 
0 

25 
25 
25 
25 
25 
0 

25 
45 
25 
25 
45 
25 
25 
25 
45 
65 
25 
45 
65 
25 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
55 

100 
25 
60 

100 
25 
25 
25 
25 
25 

Rates of a-MSutylbenzyl Tosylates in 80% aq Acetone 

AH?5°ca) 

1 f\5 U / C-— 1 : 
1 IP K/ S l 

kcal mol - 1 

1210b> 
94600c> 

262.5, 52.99b> 
1011,b> 5592d> 
1760 
1180 

51.78 
1130 19.4 
1100 

6.339, 1.001b> 
186.7 21.3 
105.0 

3.224, 0.4644b> 
95.07 21.3 

1.784 
53.20 21.4 

1.102 
39.16 22.5 
22.37 
18.65 
6.023 
5.335 
0.01432b-e> 
3.835, 0.5650b> 
7.053b> 
2.862 
1.420 24.0 

19.26 
0.6096 
0.3847 
0.378e> 24.3 
5.293 

54.24 
0.252e> 24.6 
3.631 

38.20 
0.1673 
0.0138e> 26.1 
0.2344 
8.957 
0.00691e) 26.8 
0.1261 
5.260 
0.00659e> 26.4 
0.1159 
4.606 
0.00483e> 26.7 
0.08750 
3.619 
0.00119e> 27.3 
0.08820 

15.43 
0.000720e) 27.1 
0.09849 
8.785 
0.000434f> 
0.000295f> 
0.000242f> 
0.000189f> 
0.0000983^ 

AS?5°c
a) 

e.u. 

-2 .4 

0.4 

-0 .9 

-1 .8 

1.4 

-0 .3 

-1 .9 

-1 .8 

-2 .3 

-1 .5 

-2 .8 

-2 .4 

-3.1 

-4 .8 

857 

a) 1 cal=4.184 J. b) In 90A. c) Calculated from logarithmic relation between 80A at 25 °C and 90A at 0°C (see 
text), d) Estimated by log &-log k relation between 0°C and 25 °C. e) Extrapolated from rate constants at other 
temperatures, f) Calculated by logarithmic correlation between tosylates and m-nitrobenzenesulfonates 
at 25 °C (see text). 
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9 0 A ( 0 ° C ) a n d 8 0 A ( 2 5 ° C ) . 

log feoA(25 °C) = 0.8857 log £90A(0 °C) + 1.674 

react ing substrates were followed by the chloride 
solvolysis and the relative tosylate reactivities were 
calculated from 

(R = 0.9997, SD = ± 0.038, and n = 4) log &OTS = 0.945 log kc\ + 3.508. 

O n the other hand , the rates of strongly deactivating 
derivatives were too slow to be obtained directly by 
means of ordinary conductivity measurement . T o 
avoid relatively less reliable extrapolat ion from higher 
temperatures , the rates of these substrates were deter­
mined us ing the m-nitrobenzenesulfonates which were 
solvolyzed about fifty times as fast as the correspond­
ing tosylates. Rate data for m-nitrobenzenesulfonates 
are listed in Tab le 2. A good l inear logar i thmic rates 
re la t ionship exists between solvolyses of the tosylates 
and m-nitrobenzenesulfonates at 25 °C over a wide 
range of substituents from p-t-Bu to m-CN, 

log &OTS = 1.051 log &ONS - 1.508 

(R = 0.9998, SD = ± 0.041, n = 5) 

Rate constants for the tosylate solvolysis were estimat­
ed from the rates of m-nitrobenzenesulfonates us ing 
this relation and are also included in Table 1. 

Solvolysis rates in 80% (v/v) aq e thanol (80E) were 
determined in a similar way. A direct rate determina­
t ion by tosylate solvolysis was made only for less 
reactive derivatives than the ß-phenoxy derivative in 
this faster solvolyzing solvent. T h e rates of faster 

Table 2. Solvolysis Rates of a 

Subst. 

p-t-Bu 

ra-Me 
H 
ra-Cl 
m-CN 

p-CFs 

ra-N02 

p-CN 

p-S02Me 

3,5-Cl2 

-J-Butylbenzyl 
m-Nitrobenzenesulfonates in 

Temp/ 

0 
25 
25 
25 
25 
25 
45 
65 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 

80% aq Acetone 

°C lO^ / s " 1 

51.73 
1454 

132.2 
69.06 
0.4584 
0.04417a> 
0.8137 

10.62 
0.02989a> 
0.5555 

23.72 
0.02069a> 
0.3770 

15.69 
0.01712a) 

0.3334 
15.11 
0.01355a> 
0.2797 

13.67 
0.007269a> 
0.1521 
7.561 

AH25°C 

21.0 

26.9 

27.0 

26.8 

27.4 

27.9 

28.1 

Asr5°c 

3.5 

2.5 

2.0 

0.7 

2.4 

3.8 

2.9 

a) Extrapolated from rate constants at other temper­
atures. 

O n the other hand , rates for deactivated substrates were 
estimated likewise from the rates of solvolyses of 
corresponding m-nitrobenzenesulfonates. Rate data 
are summarized in Tables 3, 4, and 5. 

Figure 1 shows the logar i thmic p lo t of solvolysis 
rates of a-J-butylbenzyl tosylates in 80E against those 
in 80A, giving a slope of 1.024 (#=0.9994, SD=±0.087, 
and n=33). T h e precise l inear re la t ionship wi th a un i t 
slope strongly indicates essential identity of substi­
tuent effect on the solvolysis in bo th solvents. 

T h e LArSR Eq. 1 has been appl ied statistically to 
this system, and for a compar ison, the Brown p+o+ 

equa t ion has also been applied. T h e results of 
statistical analysis are summarized in Table 6. T h e 
substi tuent parameters employed primari ly in this 
analysis are mostly the standard values taken from our 
previous papers.4 a 'b '5 b ) 

Discussion 

From the above results, the subst i tuent effects may 
be considered to be essentially identical in bo th 80A 
and 80E solvents. Of course solvent modification is 
evidently impor tan t for some part icular substituents; 
this po in t will be considered separately below. 

Solvolysis in 80A gives an excellent l inear LArSR 

3 

2 

1 

0 

-1 

- 2 

- 3 

P-CH30 

>-Ç—C-CH 
CTs NCH3 

in 80% aq. Ethanol at 25°C p-PhO 
2-FL 

m-CHjO 
p-CL 

p-Br 

p-CH30-m-CL 

p-CH3S-m-Cl A 

rp 3,4-(CH3)2 

p-Ph Z 0 p-CH3 

jS-Naph g/3D p-CH30-m-CN 
3,5-(CH3)2 / P-t-Bu 

u /J p-CH3S-m-CN 
* m-CH3 

p-CH3-m-Cl 
m-CH3S 

3,4-Cl; 

m-CF 

P-CF; 

p-CN 

m-CL 
m-Br 

m-CN 
m-N02 

p-S02CH3 

3,5-CL2 

H ^CHs 
•C—C-CH3 

X " v _ y CTsNCH3 

in 8096 aq. Acetone at 25°C 

log(k/k0) 

-1 

Fig. 1. Linear logarithmic rates plot between solvo­
lyses in 80E and 80A. 
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Table 3. Solvolysis Rates of a-J-Butylbenzyl Tosylates in 80% aq Ethanol 

Subst. 

p-MeO 
p-MeS 
p-PhO 

4-MeO-3-Cl 

2-Fluorenyl 

3,4-Me2 

4-MeS-3-Cl 

p-Me 

4-MeO-3-CN 
p-t-Bu 

p-Fh 
ß-Naph 
3,5-Me2 

4-MeS-3-CN 
p-F 

m-Me 

H 

ra-MeO 
4-Me-3-Cl 
p-Cl 
p-Br 
ra-MeS 
m-F 

m-Cl 

m-Br 

3,4-Cl2 

ra-CF3 

ra-CN 

p-CFs 
ra-N02 

p-CN 
p-S02Me 
3,5-Cl2 

Temp./°C 

25 
25 
0 

25 
0 

25 
0 

25 
0 

25 
0 

25 
0 

25 
25 

0 
25 
25 
25 
0 

25 
25 
0 

25 
0 

25 
15 
25 
45 
25 
25 
25 
25 
25 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
25 
25 
25 
25 

KFÄ/s"1 

1568000a> 
104500a> 

1211 
28290b> 

603.3 
14660b> 

612.0 
14860b> 

62.00 
1715b> 

49.16 
1193 

31.26 
862.9 
372.2 

10.69 
347.5 
289.7 
230.1 

1.437 
53.12 
46.15 

1.040 
38.48 
0.6577 

25.53 
3.156 

12.55 
148.8 

6.807 
3.638 
4.017 
2.824 
1.750 
0.1321c) 

1.898 
58.23 
0.06670c> 
1.007 

32.92 
0.06392c) 

0.9313 
29.08 

0.06105c> 
0.8484 

24.93 
0.01124c> 
0.1795 
6.308 
0.004608c> 
0.07815 
2.966 
0.004408d> 
0.002370d> 
0.002130d> 
0.001234d> 
0.001036d> 

AH?5°c 

kcal mol - 1 

20.1 

20.9 

22.0 

22.8 

22.8 

23.1 

22.8 

24.5 

25.0 

24.7 

24.2 

25.5 

26.1 

AS?5°c 

e.u. 

-0 .1 

2.1 

4.8 

2.9 

2.3 

2.5 

0.1 

-3 .2 

-3 .0 

-4 .2 

-5 .8 

-4 .7 

-4 .6 

a) Calculated from linear logarithmic relation between tosylates and chlorides in 80E at 25 °C (log &OTS=0.945 
logÄa+3.508 (J?=0.9993, SD=±0.032, and n=5)). b) Estimated based on the log Ä-logÄ relation between 0°C 
and 25 °C (log /e25°c=0.943 log /e0°c+1.260 (i?=0.9998, SD=±0.031, n=13)). c) Extrapolated from rate constants 
at other temperatures, d) Calculated from linear logarithmic relation between tosylates and m-nitroben-
zenesulfonates at 25°C (log ÄOT.=1.090 log/JONS-1.282 (i?=0.9999, SD=±0.019, n=4)). 
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Table 4. Solvolysis Rates of a-J-Butylbenzyl 
m-Nitrobenzenesulfonates 

i aq Ethanol 

Subst. Temp/°C l O ^ / s " 1 AHf5°c ASf5° 

m-Me 
H 
m-Cl 
ra-CN 
p-CFs 

ra-N02 

p-CN 

p-S02Me 

3,5-Cl2 

25 
25 
25 
25 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 
25 
45 
75 

729.5 
409.5 

3.273 
0.2749 
0.2670a> 
3.943 

125.3 
0.1511a> 
2.220 

70.06 
0.1370a> 
2.007 

63.13 
0.08301a> 
1.334 

47.25 
0.07072a> 
1.096 

37.05 

24.8 

24.7 

24.7 

25.6 

25.2 

-0.9 

-2.2 

-2 .5 

- 0 .6 

-2 .0 

a) Extrapolated from rate constants at other temper­
atures. 

Table 5. Solvolysis Rates of a-t-Butylbenzyl 
Chlorides in 80% aq Ethanol 

Subst. Temp/°C 

p-MeO 

p-MeS 

p-PhO 
4-MeO-3-Cl 
3,4-Me2 

p-Me 

4-MeO-3-CN 

0 
25 
0 

25 
25 
25 
25 
45 
75 
25 
45 
75 
25 
45 
75 

l O ^ / s " 1 

14.29 
357.8 

0.6519 
20.39 
5.491 
2.386 
0.2446a> 
2.959 

72.78 
0.1340a> 
1.374 

27.33 
0.05386a> 
0.6436 

15.58 

AH<f5°c 

20.3 

21.7 

22.9 

21.3 

22.8 

AS?5°c 

- 1 . 8 

- 2 . 7 

- 7 . 4 

- 1 3 . 8 

- 1 0 . 8 

a) Extrapolated from rate constants at o ther temper­
atures. 

correlation of p=—5.542 and r^l.093 and solvolysis in 
80E results in the identical LArSR correlation. The 
LArSR p value agrees with the pm value within 
experimental uncertainty. The SD values for LArSR 
correlations are of the order of ±0.06 (or 0.01—0.015 
a-unit) which are just identical with the SD value for 
the meta correlation (of single parameter treatment). 
Furthermore, they are also comparable with the SD 
values 0.04—0.08 of log-log relations between solvents 
and between tosylates and nosylates (m-nitrobenzene-
sulfonates). Consequently, the precision index of 
±0.015 in a-unit may be regarded as the reference level 
of the acceptable conformity to the LArSR equation. 
Both the large negative p value and the enhanced r 
value close to (or even larger than) unity suggest that 
this solvolysis proceeds through a highly charged 
transition state of a rate-determining /^-ionization 
leading to a carbocation intermediate. Furthermore, 
this precise linear relationship rules out either 
nucleophilic solvent assistance or neighboring methyl 
participation. 

The Brown a+ correlations for the corresponding 
data set are compared in Table 6. We can clearly see 
that the LArSR equation can describe the present 
reaction more precisely than the Brown p+o+ treat­
ment; the SD values are twice as large as those of the 
corresponding LArSR correlations. The p+ values are 
slightly more negative than the corresponding pm 

values, and those of limited electron donors are even 
more negative, presumably implying the higher re­
sonance demand of this secondary solvolysis than that 
of a-cumyl system, or otherwise nonlinear a+ correla­
tion. Nevertheless, as a practical approximation, the 
a+ correlations in Table 6 should also be regarded as 
being good correlations of acceptable conformity. The 
simple Brown treatment provides satisfactory correla­
tion for the present system, just within the limit of the 
usual accuracy of Hammett-type linear free energy 
relationships: The accuracy of the substituent con­
stants is generally estimated to be ca. ±0.03 a-unit.14) A 
sophisticated treatment with an additional term 
should give more satisfactory results than the simpler 
treatment. However, essentially a small difference in 
the r-value between the present and Brown's reference 

Table 6. Results of Correlation Analysis 

Solv. 

80A 
80A 
80A 
80E 
80E 
80E 

Substituent sets 

all 
all 
meta, p-(+R)d> 
all 
all 
meta, p-(+R)d) 

Correlation 

LArSR 
a+ 
a° 
LArSR 
a+ 
a° 

na) 

31 
31 
13 
30 
30 
13 

P 

-5.542±0.040 
-5.852±0.051 
-5.501±0.063 
-5.650±0.045 
-5.991±0.072 
-5.564±0.045 

r 

1.093 
1.00 

1.106 
1.00 

SDb> 

0.060 
0.114 
0.064 
0.067 
0.157 
0.046 

Re) 

0.9997 
0.9989 
0.9992 
0.9996 
0.9980 
0.9996 

a) Number of subst i tuents involved, b) Standard deviation, c) Correlat ion coefficient, d) All meta substi tuents 
and /?-7r-acceptor subst i tuents . 
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-P-CH3O- H / C H 3 

Ç—C-CH3 
OTs NCH3 

-P-CH3« 

—p-PhO-

- 2 - F L " 

in 8096 aq. Acetone 

p-CH30-m-CL 
p-CH30-m-Br 

3,4-(CH3)2
 > 

p-CH3 

p-t-Bu_ 
P- & 

-p-CH3S-m-CL — 

-p-CH 30-m-CN-

= = % jS-Naph 

3,5-(CH3)2 ( 

m-CH3
 L - p - F -

_p-CH3S-m-CN_ 

m-CH30 

m-CH3S " 

p-CH3-m-CL 
p-Br 

m-F 

m-CL V m-Br 
3,4-CL2

L 

m-CF3 

P-CF3 

m-Ni 

km-CN 

O scale 
p-CN 

-1.0 -0 .5 0.5 

Fig. 2. LArSR plot for the solvolysis of a-t-buty\-
benzyl tosylates in 80A at 25 °C; open circles a+, 
closed a0, and squares ö for r=1.09. 

reactions may not result in significant improvement of 
the correlation wi th the LArSR treatment. 

In the present compar ison , it is not simply the 
overall goodness of the fit, the standard deviation or 
the correlat ion coefficient, that matters bu t the pat tern 
of deviations of the plot . In Fig. 2 the a+ plots 
construct a practically good straight-line correlation, 
t h o u g h there is a clear trend of upward curvature: 
More strictly speaking, s t rong p-rc-donor substituents 
all deviate slightly bu t definitely in the direction of 
enhanced reactivity, to fall on a separate l ine parallel 
to the meta correlation line. T h e deviations are clearly 
p ropor t iona l to the Aö£ values of the substituents. 
T h i s d iscont inuous correlation plot is indeed hardly 
interpreted in terms of ordinary factors other than a 
different resonance demand. O n the other hand , the 
LArSR plots give a single straight l ine correlation for 
all substi tuents inc lud ing resonance insensitive ones. 
T h e complete l inearity indicates an operat ion of a 
single mechanism th roughou t the range of substi­
tuents. 

The Resonance Demand of Secondary Benzylic 
Solvolysis. T h e present LArSR analysis provides 
s t rong evidence for the kc ionization mechanism of this 
solvolysis wi thou t either nucleophi l ic solvent assist­
ance or ne ighbor ing methyl par t ic ipat ion. O n the 
other hand , it has frequently been poin ted out that 

3 h 

- 2 U 

_ 

in 80% 

0 

— O 

— 
m-

m-F , 

~ / m-CL 
m-Br 

|__ 

^g>-Ç-CH3 
X CL 

aq. Acetone at 45°C 

p-CH3S-m-CL 

P-CH30 

p-CH3S / 

p-PhO y 

/ p-CH30-m-CL 
/ p-CH30-m-Br 

p-CH30-m-CN X ° 3 f 4 _ ( cH 3 ) 2 

3,5-(CH3)2 / ° p-t-Bu 

** r& P " P h 

H /O p-CH3S-m-CN 
m-CH30 >6 m -CH 3 

^H3S /j 
rf> P-CL 

/ p-Br 

in 80% 

Log(k/k0) 
I I i I 

H CH3 

^ Ç - C ^ C H 3 

X OTS CH3 

aq. Acetone at 25°C 

I I I 

Fig. 3. log k-\og k plot between solvolyses of a-t-
butylbenzyl tosylates at 25 °C and a-methylbenzyl 
chlorides at 45 °C in 80A. 

most of secondary benzylic solvolyses are borderline 
case, as is the solvolysis of benzyl tosylates.8_10) We 
have already reported on a LArSR analysis of the 
solvolysis of a-methylbenzyl chlorides, and poin ted 
ou t that this secondary substrate has an appreciably 
enhanced resonance demand r value of r=1.15.4 a 'b ) 

Solvent par t ic ipa t ion may become impor tan t as the 
substi tuent becomes more electron attracting, and the 
a+ plot wil l be monotonica l ly concave upwards . As a 
result, a reduced p value given by slowly solvolyzing 
substi tuents may give rise to a h igher r-value in the 
LArSR correlation.8 '1 0 ) If this is the case, the enhanced 
resonance demand observed should only be an artifact 
of the mechanist ic complexity.8 '10) 

From various viewpoints , the solvolysis of a-t-
butylbenzyl tosylates can be an appropr ia te reference 
scale for the analysis of substi tuent effects in kc 

solvolyses generat ing secondary benzylic carbocations. 
T h e solvolysis of a-methylbenzyl chlorides in 80A 
shows a l inear free energy re la t ionship against the a-t-
butylbenzyl solvolysis (Fig. 3) wi th an essentially un i t 
slope of 0.927 (#=0.9985 and SD=±0.098) . T h e r 
value for the a-£-butyl system is indetectably different 
from the value of 1.15 for the a-methylbenzyl system, 
bu t appears still to be detectably h igher than the r value 
of uni ty for the a-cumyl system. T h e Brown a+ 
treatment gives the a-methylbenzyl solvolysis a bisect­
ed correlat ion wi th a p+ of —5.9 for the region of the 
electron donor substi tuents and —4.95 for at tract ing 
substituents.15) T h i s fact led to a S N 1 - S N 2 mechanist ic 
shift wi th the substi tuent in this solvolysis. Whereas 
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the SN1-SN2 mechanistic shift may be a possible cause 
of the exalted r value observed in the solvolysis of a-
methylbenzyl chlorides, the similarly exalted r value in 
the a-J-butylbenzyl system is unlikely to be attribut­
able to the deviation from the o+ linearity caused by 
solvent participation, because of its neopentyl struc­
ture. According to Brown's assumption of the single 
a+ linearity, the substituent effect on the present 
system must be considered to be practically linear, 
both with the a-cumyl substituent effect and also with 
the a-methylbenzyl one. We do agree at least for these 
ordinary stable benzylic solvolysis systems because of 
insignificant differences in the r values of these three 
systems. This may imply, however, that the o+ 
treatment should be intrinsically incapable of detect­
ing such a curvature of the plot of a-methylbenzyl as 
well as of a-J-butylbenzyl solvolysis. This close-
similarity of the r value in ordinary benzylic solvolyses 
is indeed the source of controversies concerning the 
real merit of the r parameter in the Yukawa-Tsuno 
equation.8'16) 

For the solvolysis of a-methylbenzyl chlorides in 
relatively less nucleophilic aqueous TFE, where 
solvent participation must be unimportant, we found 
a linear relationship against a-J-butyl solvolysis; the r 
values of both systems are essentially the same as the 
value in 80A.2b) The use of the Brown a+ may be the 
only reason for a curve break in the substituent effect 
correlation in many cases.7b'10) The break of the 
linearity should be examined very carefully since it 
may often lead to an unlikely conclusion concerning 
mechanistic change.7b'8) In conclusion, the SN1-SN2 

mechanistic shift, even if conceivable for the a-
methylbenzyl solvolysis, should be completely irrele­
vant to the observation of an enhanced r value in the 
present a-J-butylbenzyl system. The resonance de­
mand for the secondary benzylic SNI solvolysis must 
intrinsically differ from that for a-cumyl solvolysis. 

The steric loss of coplanarity of the reaction center 
has been pointed out as one of the important factors 
affecting the resonance demand r parameter. Tanida et 
al. reported earlier an r value of 0.491 for the solvolysis 
of û!,Q!-di-£-butylbenzyl p-nitrobenzoates in 70A.17) 

This remarkably reduced r value from the value of 
unity for most of tertiary benzylic solvolyses was 
attributed to the loss of coplanarity by twisting 
between the benzene ring and the incipient carboca-
tion center in the transition state. The r value of the 
present system having one a-J-butyl group is only 
insignificantly reduced from the r=1.15 assigned for 
the a-methyl analogue and remains still exalted from 
the value of unity for cumyl and related stable tertiary 
systems. Provided the comparable polar effects of 
methyl and £-butyl groups, the essential identity of the 
r value indicates no effective twisting from coplanarity 
in the transition state of the a-J-butyl solvolysis.1® 
The rate retardation of 103 by the a-J-butyl group 

relative to a-CH3 should be attributed largely to 
destabilization due to a steric restriction of solvation in 
the transition state.18) 

Reexamination of the Brown a+. The present a-t-
butylbenzyl tosylates solvolyze by a fixed kc mech­
anism without any mechanistic change with sub­
stituent, and the apparent substituent effect should be 
characteristic of secondary benzylic solvolysis. It can 
consequently serve as an appropriate reference system 
for a critical examination of o+ constants. 

Apparent substituent constants ö values in each 
solvent are derived using p value based only on meta 
and rc-accepting para substituents, in exactly the same 
manner as that utilized by Brown when he defined his 
a+ values from a-cumyl solvolysis, and the results are 
given summarized in Table 7. The o+ values in the 
literature4b) as well as the original Brown values12) 

based on the solvolysis of substituted a-cumyl chlor­
ides in 90A at 25 °C are also included for comparison 
in this Table. The apparent substituent constants, ö 
values, are consistently more negative than the 
corresponding Brown a+ values for para TT-donor 
substituents. More strictly, the increment, öp—o°, 
appears to be even precisely proportional to the 
resonance strength Aö£ of substituents as shown in 
Fig. 4 for the aqueous acetone set. The increments 
öp—o° of 7r-donor substituents are most reasonably 
ascribed to the enhanced resonance contribution in 
this system which corresponds to the term rAä£ in the 
LArSR Eq. 1. Obviously, the present set of apparent 

Fig. 4. The plot of resonance enhancement oP—o° 
for a-f-butylbenzyl solvolysis in 80A against Aä£. 
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Subst. 

p-MeO 
p-MeS 
p-FhO 
4-MeO-3-Br 
4-MeO-3-Cl 
2-Fluorenyl 
3,4-Me2 

p-Me 
4-MeS-3-Cl 
4-MeO-3-CN 
p-t-Bu 
p-Fh 
ß-Naph 
3,5-Me2 

4-MeS-3-CN 
p-F 
m-Me 
H 
ra-MeO 
4-Me-3-Cl 
p-C\ 
p-Br 
ra-MeS 
ra-F 
ra-Cl 
ra-Br 
3,4-Cl2 
m-CFz 
ra-CN 
/?-CF3 

ra-N02 

p-CN 
/?-S02Me 
3,5-Cl2 

ä(80A)a> 

-0.882 
-0.660 
-0.570 
-0.535 
-0.539 
-0.533 
-0.394 
-0.341 
-0.349 
-0.296 
-0.272 
-0.228 
-0.213 
-0.125 
-0.115 
-0.089 
-0.067 
-0.012 

0.055 
0.094 
0.092 
0.124 
0.156 
0.352 
0.406 
0.409 
0.434 
0.544 
0.583 
0.623 
0.653 
0.669 
0.688 
0.739 

Solvolysis of ot-t-B\ utylbenzyl Tosylates 

Table 7. Substituent Constants 

ä(80E)a> 

-0.904 
-0.696 
-0.596 

-0.545 
-0.546 
-0.380 
-0.327 
-0.352 
-0.263 
-0.258 
-0.244 
-0.226 
-0.113 
-0.102 
-0.088 
-0.057 
-0.002 

0.045 
0.093 
0.085 
0.112 
0.149 
0.348 
0.400 
0.404 
0.407 
0.537 
0.606 
0.609 
0.657 
0.665 
0.707 
0.721 

a +b) 

-0.778 
-0.604 
-0.539e> 
-0.491f> 
-0.490f> 
-0.491 
-0.3768) 
-0.311 
-0.270f> 
-0.255f> 
-0.256 
-0.179 
-0.135 
-0.128«> 
-0.043f) 
-0.073 
-0.066 

0.000 
0.047 
0.1108) 
0.114 
0.150 
0.158 
0.352 
0.399 
0.405 
0.424^ 
0.520 
0.562 
0.612 
0.674 
0.659 
0.697h) 
0.7011) 

a+(80A)c> 

-0.815 
-0.594 
-0.515 
-0.470 
-0.475 
-0.487 
-0.377 
-0.324 
-0.282 
-0.231 
-0.262 
-0.205 
-0.195 
-0.125 
-0.050 
-0.065 
-0.067 
-0.012 

0.055 
0.111 
0.108 
0.138 
0.156 
0.352 
0.406 
0.409 
0.449 
0.544 
0.583 
0.623 
0.653 
0.669 
0.688 
0.739 

a+(80E)d> 

-0.828 
-0.620 
-0.533 

-0.472 
-0.495 
-0.361 
-0.308 
-0.276 
-0.189 
-0.247 
-0.218 
-0.205 
-0.113 
-0.028 
-0.061 
-0.057 
-0.002 

0.045 
0.113 
0.103 
0.128 
0.149 
0.348 
0.400 
0.404 
0.425 
0.537 
0.606 
0.609 
0.657 
0.665 
0.707 
0.721 
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a) Apparent o values of a-J-butylbenzyl tosylates: a=(log k/ko)/(—5.542) for 80A and a=(log Ä/ÄO)/(—5.650) 
for 80E. b) Calculated from solvolysis of a-cumyl chlorides in 90A at 25 °C; Ref. 12. c) a+ values calculated 
from (ä(80A)-0.093Aä£). d) a+ values calculated from (ä(80E)-0.106Aä£). e) Ref. 4a. f) Ref. 4b. g) Ref. 12d. 
h) X. Creary, M. E. Mehrsheikh-Mohammadi, and M. D. Eggers, /. Am. Chem. Soc, 109, 2435 (1987); in 
EtOH. i) X. Creary, /. Am. Chem. Soc, 103, 2463 (1981); in EtOH. 

substituent constants should be referred to as the 
substituent constants of r= 1.093 in the resonance 
demand scale. 

A set of secondary o+ values in the Brown scale, i.e., 
the values at r=1.00 in our resonance demand (r) scale, 
are derived from the apparent ö values for p-rc-donors 
in 80A and 80E by the calibration for the resonance 
enhancements. Because of the absolutely small 
calibration term (r— 1.00)AÖR for the r value, the 
uncertainty involved in the AÖR parameters employed 
will not affect the calculated a+ values. The calculated 
values are compared with the a+ values available in 
the literature. The Brown a+ values can be accurately 
reproduced in this manner within ±0.01 in o+ unit. 
Both the a+ sets in aq ethanol and in aq acetone are in 
precise agreement within ±0.01 in o unit for all typical 
substituents except p-MeO, p-MeS, p-PhO, 4-MeO-3-CN, 
and 4-MeS-3-CN groups. It is worthy of note that the 
o+ value of p-MeO is appreciably more negative than 

Brown's value, and that the a+ value derived from the 
present system is identical to a value of —0.82 
estimated from a-methylbenzyl4a) or from benzhydryl 
solvolysis.19) Thus, the Brown a+ value for the p-MeO 
group must involve a relatively large uncertainty 
caused by remote extrapolation for its extremely high 
reactivity in the cumyl chloride solvolysis.12a) We 
already pointed out an exalted a+ value for the p-MeO 
group in a correlation analysis of substituent effects on 
the relevant a+-type solvolysis reactivities in aqueous 
acetone solution.4a) A revised a+ value of —0.5412c) for 
p-MeS group was recently proposed by Brown et al., 
whereas the present result lends support for the pre­
ference of the original a+ value of —0.60 for this 
group.12a) It should be emphasized that the poor 
constancy of the a+ values of strong p-7r-donor substi­
tuents appears to arise in most cases from changes in 
the resonance demand with the system, rather than 
from mechanistic complexity. We should take into 
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account the effect of varying resonance demand before 
analyzing the solvent-dependence of the a+ value. 

Deviations of a few par t icular substi tuents from the 
simple linearity in Fig. 1 may be at tr ibuted to the 
solvent modificat ion of their subst i tuent effects caused 
by a specific solvent-substituent interaction, bu t 
practically the solvent changes of substi tuent constant 
values are no t very serious in these solvents. T h u s , the 
set of a+ values listed in Tab le 7 can be appl ied to the 
subst i tuent effect analysis of the reactivity data in aq. 
acetone and in aq. E t O H . However, a set of precise ö 
values in each solvent account ing for the solvent-
modificat ion will be needed for precise subst i tuent 
effect analysis. T h e present a-J-butylbenzyl system is 
useful for de termining solvent-modified a+ constants. 

T h e apparen t ö constants for electron at tract ing 
meta substi tuents are close to the a j rather than to a m 
values, even t h o u g h o° and a+ values for these 
deactivating groups may be generally assumed to be 
identical. T h i s appears to be rather general5* while 
more relevant data mus t be required. Most of electron-
at t ract ing subst i tuents in the solvolysis of a-methyl-
benzyl chlorides in 50A in fact show an excellent l inear 
relat ion against the a-J-butylbenzyl substi tuent effect 
in 80A (#=0.9995, SD=±0.063 , n=18) as in Fig. 5. 
While the a-methylbenzyl solvolysis has often been 
suggested to be subject to solvent nucleophi l ic 
assistance,9* the above linear correlation provides 
s t rong suppor t for the absence of solvent nucleophi l ic 
assistance in the solvolysis of strongly electron attract-

2 \— 
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Fig. 5. Linear logarithmic rate relationship between 
solvolyses of a-J-butylbenzyl tosylates (80A, 25 °C) 
and a-methylbenzyl chlorides (50A, 45 °C). 

ing substi tuents in 50A solvent. 
T h e a+ values of m-CN and m-NÛ2 are found to be 

slightly less electron at t ract ing than their o° or o 
values, whereas the values of m- and p-CFz groups are 
slightly more at t ract ing than their o° values. These 
deviation behaviors are commonly observed in most 
benzylic solvolyses,20) bu t the reasoning wil l not be 
immediately possible. In part icular , the more enhanc­
ed electron wi thdrawal by the CF3 g roup at either meta 
or para pos i t ion in the more electron deficient system 
does not appear to be theoretically explicable in terms 
of ordinary electronic effects. We mus t wait for more 
sufficient data to substantiate the unusus l behavior of 
this substituent. 

Experimental 

Materials. Substituted phenyl £-butyl ketones (pivalo-
phenones): Most of substituted phenyl £-butyl ketones were 
synthesized according to Ford's procedure.21) Grignard 
reagant prepared from an appropriately substituted bromo-
benzene and magnesium in ether was added dropwise to the 
ethereal solution of 10% excess of pivaloyl chloride at 
—15 °C. After stirring overnight the reaction mixture was 
decomposed with an 18% HCl solution, extracted with ether, 
washed with 10% NaOH, and dried over MgS04. Crude 
ketones obtained were purified by silica-gel column chro­
matography or by distillation. 

4-MeO-3-Br and 4-Mes-3-Br pivalophenones were obtain­
ed by bromination of p-MeO and p-MeS pivalophenones. 
Bromine (2 equiv) was added to ketone in acetic acid at 50 ° C 
with stirring. The reaction mixture was poured into water, 
treated with NaHSC>3, extracted with ether, and purified by 
silica-gel column chromatography. 

4-MeO-3-CN, 4-MeS-3-CN, £-CN, and m-CN derivatives 
were prepared from the bromo precursors by the Friedman-
Shechter method.22) The bromo derivatives were refluxed 
with copper(I) cyanide (2 equiv) in DMF for 6h. The 
reaction mixture was decomposed with FeCU-hydrochloric 
acid, extracted with benzene, and purified by silica-gel 
column chromatography. 

ra-Nitropivalophenone was prepared by nitration of the 
unsubstituted ketone, according to the typical procedure for 
the nitration of acetophenone.23) To the ketone dissolved in 
coned sulfuric acid, a mixture of coned nitric acid and coned 
sulfuric acid was added at —15 °C. The reaction mixture was 
poured into ice water, extracted with ether and purified by 
silica-gel column chromatography (oil). 

p-MeSÖ2 pivalophenone was prepared by the oxidation of 
p-MeS derivative, by refluxing for 4 h in 35% H202-acetic acid 
and purified by silica-gel column chromatography, mp 
77.0—87.0 °C. 

Substituted a-f-butylbenzyl alcohols: All the substituted 
alcohols were prepared from corresponding ketones by 
reduction with NaBH4 in ethanol at room temperature. The 
obtained alcohols were purified by silica-gel column 
chromatography. 

Substituted a-f-butylbenzyl arenesulfonates: Most of the 
arenesulfonates were synthesized according to a modified 
Liu's method.10) Commercial butyllithium in hexane, 
1.62 mol d m - 3 (1 equiv), was added dropwise to a-t-
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butylbenzyl alcohol in T H F at 0°C with stirring under a 
nitrogen atmosphere. The mixture was stirred for 1 h; then, 
p-toluenesulfonyl chloride or ra-nitrobenzenesulfonyl chlo­
ride (1 equiv) in T H F was added dropwise at —40 °C. After 
stirring overnight, the reaction mixture was poured into 
ether, washed with cold water and dried over MgS04. In the 
case of highly unstable p-MeO and p-MeS derivatives, the 
solvent ether was removed under vacuum to dryness to give 
solid ester without treatment with cold water to avoid 
hydrolysis. The esters were purified by repeated recrystal-
lization from benzene-hexane. 

a-£-Butyl-(m-nitro)benzyl ra-nitrobenzenesulfonate was 
prepared by the Tipson procedure24* from the corresponding 
alcohol and m-nitrobenzenesulfonyl chloride in pyridine. 

Physical and analytical data of arenesulfonates are 
summarized in Table 8. 

Solvents. Commercial acetone was refluxed with KMn04 
for 6 h and distilled. The distillate was dried over anhydrous 
Na2C03 for two days and fractionated. Ethanol (95%) was 
dehydrated twice by refluxing with magnesium ethoxide. 
Deionized water was refluxed with KMn04 and distilled, and 
redistilled immediately before use. 

Aqueous organic solvents (80% acetone and 80% ethanol) 
were prepared by mixing corresponding volumes of two 
components at 25 °C. 

Kinetic measurement. The solvolysis rates in aqueous 
organic solvents were followed in the usual manner 
according to a conductometric method described before.25) 

Conductivity readings were taken by using a conductivity 
meter (CM-50AT equipped with time interval unit and 
printer, TOA Electric Ltd.). Solvolyses were followed by 
taking at least 50 points at appropriate intervals for 2.5 half-
lives, and an infinity reading was taken after 10 half-lives. 

For relatively fast reacting substrates, a complete solution 
can be attained relatively quickly by adding a substrate 
dissolved in a small amount of organic component of the 
solvent into the thermostated solvent in a cell flask involving 
adjustable amount of water. 

The rates of solvolysis for slow reacting substrates at high 
temperatures were followed by using the ampoule technique 
with a conductivity determination. The reaction was 
quenched by rapid cooling with ice-water at appropriate 
intervals over 2 half-lives. The quenched ampoule was 
opened and fitted with a conductivity cell and the 

Table 8. Physical Data of a-J-Butylbenzyl Arenesulfonates 

Subst. 

Tosylates 
/?-PhO> 
4-MeO-3-Cla> 
3,4-Me2 

4-MeS-3-Cl 
p-Me 
4-MeO-3-CN 
p-t-Bu 
p-Ph 
ß-Napha> 
3,5-Me2 

4-MeS-3-CN 
p-F 
ra-Me 
H 
ra-MeO 
4-Me-3-Cl 
p-C\ 
p-Br 
ra-MeS 
m-F 
ra-Cl 
ra-Br 
3,4-Cl2 

ra-CF3 
ra-CN 

m-NitrobenzenesL 
ra-Me 
H 
ra-Cl 
ra-CN 
p-CF3 

p-CN 
ra-N02 

p-S02Me 
3,5-Cl2 

Mp/°C 

50.0—51.0 
68.5—69.0 
49.5—50.5 
67.8—68.2 
52.0—53.0 
85.0—88.0 
56.0—57.0 
66.2—66.5 
58.0—58.5 
67.5—68.0 
94.5—98.1 
65.8—66.9 
64.0—65.0 
68.2—68.9b> 
66.5—67.5 
74.0—78.0 
67.8—68.0 
64.5—64.7 
71.0—72.8 
71.8—72.2 
83.0—84.0 
73.5—75.0 
94.0—95.0 
77.6—78.1 
77.0—77.5 

ilfonates 
51.8—52.0 
53.0—54.0 
69.5—70.0 

102.0—103.0 
73.0—74.0 
98.0—99.0 
82.3—82.7 

102.5—103.0 
86.9—87.3 

Carbon/% 

Found 

69.29 
57.04 
68.65 
64.27 
70.52 
73.06 

69.32 
61.54 
64.32 
68.64 
67.95 
65.41 
62.17 
61.18 
54.82 
62.55 
64.32 
61.34 
54.59 
55.90 
59.06 
66.67 

59.64 
58.41 
53.38 
58.02 
51.90 
57.72 
52.09 
50.52 
48.99 

Calcd 

69.33 
57.20 
68.64 
64.32 
70.55 
73.06 

69.33 
61.67 
64.26 
68.64 
67.89 
65.49 
62.20 
61.27 
54.41 
62.60 
64.26 
61.27 
54.41 
55.82 
59.05 
66.45 

59.49 
58.44 
53.19 
57.74 
51.80 
57.74 
51.77 
50.57 
48.81 

Hydroge 

Found 

7.58 
5.72 
7.24 
6.12 
8.03 
6.65 

7.60 
6.03 
6.41 
7.26 
6.98 
6.83 
6.27 
5.95 
5.46 
6.74 
6.29 
6.03 
5.29 
5.21 
5.49 
6.23 

5.76 
5.61 
4.82 
4.93 
4.40 
4.76 
4.68 
4.86 
4.18 

m/% 

Calcd 

7.56 
5.81 
7.28 
6.21 
8.07 
6.64 

7.56 
5.95 
6.29 
7.28 
6.96 
6.94 
6.32 
6.00 
5.33 
6.64 
6.29 
6.00 
5.33 
5.20 
5.48 
6.16 

5.82 
5.48 
4.73 
4.85 
4.35 
4.85 
4.60 
4.95 
4.10 

Niti 

Found 

3.63 

3.62 

3.86 

3.73 
3.95 
3.63 
7.23 
3.35 
7.41 
7.09 
3.25 
3.40 

:ogen/% 

Calcd 

3.75 

3.60 

4.08 

3.85 
4.01 
3.65 
7.48 
3.36 
7.48 
7.10 
3.28 
3.35 

a) Unstable to give accurate elemental analysis, b) Lit,n) mp 75—76 °C. 
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conductivity readings were taken after equilibration at a 
sufficiently low temperature. Several ampoules were 
allowed to react for 10 half-lives at higher temperature to 
provide an infinity reading. 

The first-order rate constant was determined by the least-
squares computer program; the precision of the fit to first-
order kinetics was generally satisfactory over 2.5 half-lives 
with correlation coefficient >0.99999. 
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Unimolecular Decomposition Rate Theory at the High Pressure 
Limit and Its Application to the Dissociations of 

Methanes and Ethanes 
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A rate theory for the thermal decomposition by a single bond fission at the high pressure limit was derived 
from the conceptions that the equilibrium between the active molecule and the activated complex is adiabatic 
and that the zero point energy difference between the molecule and the complex (A£*) participates in the 
entropy term of the rate constant (k™) and is not related to the enthalpy term. It was also proposed a method 
calculating k^ by replacing the vibrational state sum with the entropy term. The values of k™ for methanes and 
ethanes were calculated using the present theory and the Gorin activated complex model. From good 
correspondences between the experimental and calculated values, the values of AH°298(CH3(g))=143.2, 
Do(CH3-CH3)=393.0, and Do(CH3-H)=449.1 kj mol - 1 were obtained for the standard heat of formation and the 
chemical bond dissociation energy. The apparent activation energy for k™ decreases drastically by increasing of 
the reaction temperature. This fact means that the estimation of thermodynamic values from the apparent 
activation energy is not adequate. It was also found that the vibrational temperature in the complex is 
considerably higher than the reaction temperature by the contribution of A£* mainly. This result denotes that 
the chemical equilibrium constant cannot be evaluated from the ratio of k™/k™, where k™ means the high 
pressure limiting rate constant of the radical-radical recombination reaction. 

By assuming that the activated complex is in a state 
of equ i l ib r ium wi th the reactant, Eyring1* has derived 
a rate theory us ing the par t i t ion function. T h e theory 
of absolute reaction rates has been extensively used for 
the theoretical calculat ion of specific rates of many 
kinds of reaction.2 ) O n the other hand , Marcus3 ) has 
derived the R R K M theory, by es t imat ing more strictly 
the state sum on the basis of the RRK theory.4) T h e 
R R K M theory has been widely used for rate calcula­
tions of un imolecu la r decomposit ions of chemically 
and thermally activated species.5) 

T h e proprie ty of these rate theories must be 
examined under the following condit ions: the physical 
constants for the activated complex such as the 
vibrat ional frequency and the m o m e n t of inertia 
should no t be used as a parameter in order to adjust the 
calculated value to the experimental values; a common 
activated complex model and the same physical 
constants should be used when a c o m m o n species is 
involved in the activated complexes of reactions of the 
same kind; when a c o m m o n product is involved in 
similar reactions, the same standard heat of formation 
mus t be used on the est imation of the chemical bond 
dissociation energy; the kinetic isotope effect should be 
expla ined rat ionally; the results calculated under these 
restrictive condi t ions mus t be consistent inclusively 
wi th the experimental results. 

F rom the theories cited above, however, comprehen­
sive agreements between the calculated and experi­
menta l results were no t obtained as will be discussed 
later. In this work, therefore, a new rate theory for 
un imolecu la r decomposi t ions at the h igh pressue 
l imit was derived. In this theory, the entropy term for 
the es t imat ion of the vibrat ional state sums of the 
active molecule and the activated complex was 

int roduced together wi th the assumpt ion that the 
t ransi t ion process from the active molecule to the 
activated complex is adiabatic. T h e present theory was 
appl ied to thermal decomposi t ions of s imple mole­
cules which is adaptable to the Gor in model.6) T h e n , a 
satisfactory agreement between the calculated and 
experimental results was obtained. 

Theoretical 

T h e reaction mechanism for the thermal decomposi­
t ion by single b o n d fission of X - Y molecule can be, in 
general, expressed by 

Äi[M] Ä3 k5 

X-Y ^ = f X-Y* ^ = ^ (X-Y)? » X + Y (1) 
k2[M] k4 

from the combina t ion of L indemann ' s mechanism7 ) 

and the theory of absolute reaction rates. l ) Here, 
X-Y*, ( X - Y ) * , and M mean the active molecule, the 
activated complex, and the heat ba th molecules, 
respectively. 

From the mechanism, the specific rate for the 
thermal decomposi t ion, kd, is given by 

*1*3*5[M] 
d k2(k4 + Ä5)[M] + k3k5 ' { } 

T h e rate constant at the h igh pressure limit, k™, 

becomes 

k,2 &4 1 H~ &ö/&4 

According to Bol tzmann's dis tr ibut ion law, the 
existence probabil i ty of the active molecules hav ing 
the vibrat ional energy of £ v in the isothermal 



868 Sukeya KODAMA [Vol. 63, No. 3 

equ i l ib r ium state of X - Y ; 
expressed by 

-X-Y*, P(£v), can be 

P(£v) = exp(-2fiv(i)/Är)/n<?v(0 
\ ,=1 ' ,=1 z = l 

~E*/RT/qv. (4) 

Here, 5, sv(i), q\(i), and gv mean the vibrat ional degree 
of freedom in the X-Y molecule, the energy of z-th 
vibrat ion, the par t i t ion function for z-th vibration, and 
the total vibrat ional par t i t ion function, respectively. 
Since £ v distr ibutes over the range from 0 to oo, the 
differential form of the vibrat ional par t of Ä1/Ä2 can be 
expressed by 

d(fei/fe2)vib _ 
d(EJRT) F(^}' (5) 

When the activated complex is in an equi l ib r ium 
relat ion wi th the active molecule, Ä3/Ä4 can be 
expressed by 

&3 [ (X-Y)?] 
[X-Y*] 

= g-AGVRT (6) 

us ing the free energy change (AG*). If it is assumed 
that process 3 is adiabatic, the total internal energy 
inc lud ing the zero p o i n t energy in the activated 
complex is equivalent to that in the active molecule, 
that is, the en tha lpy change (AH*) is zero. T h e n , Eq. 6 
becomes 

k3/k4 = eASVR, (7) 

where AS* means the entropy change. 
Equa t ion 7 can also be derived from the concept of 

the statistical probabil i ty (W)8) us ing the relations of 

kz/kt W*/W* (8) 

and 

S = k In W. (9) 

T h e vibrat ional por t ion of kz/kt is given by 

(WkiU = eAS*7*, (10) 

and 

AS* = SV*-S*. (11) 

Here, S* and S* mean the entropies for the vibrations 
of the active molecule and the activated complex, 
respectively. 

T h e last term of Eq. 3 corresponds to kT/h: 

k5 

1 + h/k* 2d 
kT 
h ' 

(12) 

wh ich is derived from the mean velocity pass ing 
t h rough the transi t ion state (v=(2kT/nm)1/2), the 

par t i t ion function for the one-dimensional translat ion 
in the reaction co-ordinate (q*=(2nmkT)V2ô/h), and 
the relat ion of Ä5/Ä4—1 by the reason that the forward 
velocity in the range of the transit ion state (S) is equal 
to the backward velocity.x) 

When the energy corresponding to Do of the total 
vibrat ional energy (Ev) exist ing in the s vibtrations was 
accumulated to the X-Y bond, the transfer of the active 
molecule to the activated complex becomes possible, 
where Do means the chemical bond dissociation energy 
of the X-Y b o n d at 0 K. Since the decomposit ion is 
possible when £ v>Do, Ec in the relation 

£v = Do + £e (13) 

corresponds to the excess energy carried in the 
activated complex. T h e n , P(E„) can be expressed as 

P(Ew) = e-D°/RTe-E</RT/qv. (14) 

By combin ing Eqs. 3, 5, 10, 12, and 14 and 
consider ing the cont r ibut ion of rotat ions of (&i/&2)rot— 
qf/qT and {k^/k^roi—q^qi/q^, the differential form of 
k™ can be derived as 

dkl 
kT qTq 
h qTqv 

. ç-Do/RT eAS*/R G-Ee/RT j l 
( — ) 
\RTI 

(15) 

Here, qT and qf mean the rotat ional par t i t ion 
functions of the X-Y molecule and the activated 
complex, qf denotes the par t i t ion function for the 
internal free rotat ions in the complex. 

T h e differential of Eq. 13 leads to dEv=dE e , because 
Do is constant. T h u s , the final form for k™ can be 
expressed by 

Loo_ kT qlqt 
h qxq^ 

-Do/RT I eAS*, 

• 'A 

/R ~-Ec/RT i— 
\RT 

) > (16) 

when AS*/R can be appl ied as a function of EJR T. 

Calculations and Results 

O n the unimolecula r decomposi t ion by a single 
bond fission, the activated complex should be very 
loose, because it mus t have the same structure as that 
for the radical-radical recombinat ion which is a 
reverse reaction. T h u s , the Gor in model6) was adopted 
for the activated complex. 

Accroding to the Gor in model , the X and Y species 
in the ( X - Y ) J is in an associated state due to the 
intermolecular force. Therefore, the activated complex 
can be treated as the problem of two bodies for the X 
and Y species. T h e n , the par t i t ion function for the 
rotat ion of the complex can be expressed by9) 

Qr 
# = 87i2r(2/3)/xfer / 2^\i/3 

ah2 \kTl 
(17) 
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Here, o, r, and fi denote the symmetry number, the 
gamma function, and the reduced mass, respectively. 

The constant of the attractive term in the inter-
molecular potential, A, can be expressed by 

A = ^dis + ax/XD(Y)2 

+ «Y/XD(X)2 + 2/ID(X)2/ID(Y)2/3&7\ (18) 

where a and /JLT> mean the polarizability and the dipole 
moment of X or Y species. The dispersion term, A dis, 
can be estimated from the approximation by Slater and 
Kirkwood.10> 

dls 47rm1
e/

2[(a/Ne)1x/2 + («/Ne)V2l 

Here, e and me mean the charge and mass of an 
electron. NQ is the number of outer-shell electrons. 

The vibrational partition function of the molecule 
exclusive of the zero point energy term is given as 

9v = n ( i - o - 1 (20) 

by the harmonic oscilator approximation, where 
Xi—hvi/kT. Here, vt is the frequency of the z-th vibra­
tion. 

The vibrational energy accumulated in the 5—1 
vibrations, except for the stretching vibration of the 
X-Y bond, EQ, can be calculated from 

as a function of temperature. The entropy for the 5—1 
vibrations, S*, can be estimated from the equation 

S* = RVI-T^-T " In (1 - e"* )1 (22) 
i=iL e ' — 1 J 

as a function of temperature. Thus, S* can be 
evaluated as a function of EQ from the correlation of S* 
and Ee at the same temperature. 

Similarly, the energy and the entropy for the s* 
vibrations of the activated complex, E* aiid ST, can be 
calculated from the equations 

ET = R 7 ? 2 xf/(exr ~ 1 ) (23) 

S* = R 2 \x?/(exî - 1 ) - In (1 - e"**)] (24) 

as a function of TT, where xf=hvf/kTT. Here, vf and 
Tf mean the frequency of the z-th vibration and the 
vibrational temperature of the complex. Therefore, ST 
can be evaluated as a function of E* from the 
correlation of ST and ET at the same Tf. 

On the other hand, the total energy including the 
zero point energy for the s— 1 vibrations of the 

molecule should be equal to the total sum of the 
vibrational and zero point energies for the s* 
vibrations and the energy for the p* internal free 
rotations of the activated complex, because process 3 is 
adiabatic. Provided that the rotational temperature for 
the internal free rotations in the complex is equivalent 
to the reaction temperature (T), the relation 

£e + Ez = ET + Et + p*RT/2 (25) 

is formed. When the zero point energy difference 
(AEf) is expressed by 

AEÎ = EZ- Ef = 2 W 2 - ^hvf/2, (26) 

Eq. 25 can be rewritten as 

ET = AEt - p*RT/2 + £e. (27) 

Thus, ET, ST, and AST can be estimated as a function 
of £e from the relations of Eqs. 13 and 23—27. 

In order to ascertain the adequacy of the present 
theory, the thermal decompositions of CH4 —• CH3+H, 
CD4-+CD3+D, C2H6-+2CH3, and C2D6-+2CD3 were 
chosen as the object of the calculations by the 
following reasons: these decompositions are based on 
the single bond fission; the Gorin model can be 
applied for the activated complexes, because X and Y 
are simplest species such as H and CH3; the physical 
constants for the molecules and the complexes are 
known; in comparison with the calculated results, 
many experimental results for the decompositions 
have been reported. 

The values used in the calculations of the thermal 
decomposition rates are shown in Tables 1 and 2 for 
the wavenumbers of the vibrations of CH4,11) CD4,12) 

C2H6,n) C2D6,
12) CH3,

13) and CD3
13> and for the 

moments of inertia of the rotations of CH4,14) CD4,14) 

C2H6,
15) C2D6,

15) CH3,16) and CD3.
16> Since the free 

methyl radicals are planar (point group, Dsn), the 
dipole moment is zero. Thus, the value of A estimated 
from Eq. 19 was 1.89X10"78 J m6 for ( C H 3 - H ) ^ and 
(CD 3 -D)f and l l . l6X10- 7 8 Jm 6 fo r (CH3-CH 3 ) Jand 
(CD3-CD3)J, by using the values of a=0.401X10-30 

m3 17> and N c=l for H and D and of a=2.24X10"30 m3 17> 
and Nc=l for CH3 and CD3. 

The values of Sf/R on the decompositions of CH4 
and CD4 are shown in Fig. 1 as a function of ET, from 
the correlation of ET and ST calculated by Eqs. 23 and 
24 using the same T*. The values of Sf/R, Sf/R, and 
AST/R on the decompositions of methanes are shown 
in Fig. 2 as a function of Ee. These values were 
calculated by the following procedures: EQ and S* at an 
optional temperature (T) can be calculated from Eqs. 
21 and 22; ET can be evaluated from Eq. 27 using the 
values of EQ and T;18) ST corresponding to the ET can 
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Table 1. Physical Constants for the Molecules and the Activated Complexes 
on the Thermal Decompositions of CH4 and CD4 

Wavenumber/cm_1 

Moment of inertia/10~47 kg m2 

CH4 

1306(3) 
1534(2) 
2917(1) 
3019(3)a> 

5.26(3) 

Molecule 

CD4 

996(3) 
1092(2) 
2109(1) 
2259(3)a> 

10.51(3) 

( C H a - H j ; 

617(1) 
1396(2) 
3044(1) 
3162(2) 

5.85(1) 
2.92(2) 

Complex 

(CD8-D)J 

463(1) 
1026(2) 
2513(1) 
2381(2) 

11.68(1) 
5.84(2) 

a) d stretching vibration. 

Table 2. Physical Constants for the Molecules and the Activated Complexes 
on the Thermal Decompositions of C2H6 and C2D6 

Molecule Complex 

C2H6 

289(1) 
822(2) 
995(1 )a> 

1190(2) 
1379(1) 
1388(1) 
1468(2) 
1469(2) 
2896(1) 
2954(1) 
2969(2) 
2985(2) 

10.43(1) 
42.19(2) 

C2D6 

208(1) 
594(2) 
843(1 )a> 
970(2) 

1077(1) 
1155(1) 
1041(2) 
1081(2) 
2083(1) 
2087(1) 
2226(2) 
2235(2) 

20.84(1) 
60.83(2) 

(CH3-CH3J; (CDs-CDs)? 

Wavenumber/cm -1 617(2) 
1396(4) 
3044(2) 
3162(4) 

463(2) 
1026(4) 
2513(2) 
2381(4) 

Moment of inertia/10~47 kg m2 5.85(2) 
2.92(4) 

11.68(2) 
5.84(4) 

a) Stretching vibration of the C-C bond. 
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of Et on the pyrolyses of methanes. — , CH4; , 
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be estimated from the relat ion in Fig. 1; AS* can be 
calculated from Eq. 13 us ing the values of S* and S*. 

It is found in Fig. 2 that AS* possesses the same 

positive value as Sf at £ e = 0 . T h e facts are due to the 
fol lowing reasons: since bo th £ e and p*RT/2 in Eq. 27 
are zero at T=0 K, E* at £ e = 0 is equivalent to AEf ; 
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since AEf has a positive value, S* has also a positive 
value at E*=AEf as is seen in Fig. 1; since S* is zero at 
£e—0, AS* is equal to S* at Et—0. It is also found in 
Fig. 2 that AS*/R decreases with an increase of EQ, 
because S*/R increases more rapidly than S*/R. On 
the decompositions of C2H6 and C2D6, the values of 
S*/R, S*/R, and AS*/R which were calculated by the 
same procedures as those mentioned above are shown 
in Fig. 3 as a function of Ee. The same trends as those 
in Fig. 2 were also found in Fig. 3. 

The calculation of the last term of Eq. 16 was 
performed by the numerical integration using the 
values of AS* in Figs. 2 and 3. The calculated values of 
the frequency factor 

A: = 
kT qlqt 

qTqv 

- d ( - ^ 
RTl' 

(28) 

are shown in Table 3. The values of k™ were 
calculated using the values of A™ listed in Table 3 and 
Do(CH3-H)=449.1 and Do(CH3-CH3)=393.0kJ mol"1 

which will be discussed later. The Arrhenius plot of 
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Fig. 3. Plots of S?/R, S?/R, and ASï/R versus £e on 
the pyrolyses of ethanes. —, C2H6; , C2D6. 

Table 3. Calculated Values of AI for the Thermal 
Decompositions of Methanes and Ethanes 

the calculated values of k™ for the decomposition of 
CH4 is shown in Fig. 4 together with those of the 
experimental values of k™ obtained by Chen and 
Back19) and of kd which were reported by various 
workers.20_27) 

On the decomposition of C2H6, the values of kd 
which were measured as a function of the pressure 
were reported by several investigators.28_31) Using 
these values, the experimental values of k™ for C2H6 
were obtained from the intercepts of the plots of l/&d 
versus 1/[M] or l/[M]n (n<l) on the basis of the 
relation 

-i-=-U 1 
ÄI[M] 

(29) 

derived from Eqs. 2 and 3. The experimental values of 
k™ for C2H6 obtained by this procedure are shown in 
Table 4. The Arrhenius plot for the calculated values 
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Fig. 4. Arrhenius plots of kd on the pyrolysis of CH4. 

Calculated value: —, the present theory; , the 
RRKM theory; , the theory of absolute reaction 
rates. Experimental value: O, Ref. 19; A, Ref. 20; 
- D - , Ref. 21; V, Ref. 22; T, Ref. 23; -A-, Ref. 24; 
- 0 - , Ref. 25; - • - , Ref. 26; • , Ref. 27. The 
experimental values other than Ref. 19 (O) are not the 
high pressure limiting rate constant. 

Table 4. 

T/K 

800 
1000 
1200 
1400 
1600 
1800 
2200 
2600 

^d/lO^s"1 

CH4 

27.3 
25.6 
21.9 
17.7 
13.8 
10.4 
5.78 
3.24 

CD4 

21.5 
16.6 
11.9 
8.19 
5.55 
3.74 
1.71 
0.83 

T/K 

800 
900 

1000 
1200 
1400 
1600 
1800 
2000 

^d/lO^s"1 

C2H6 

11.59 
9.34 
7.20 
3.93 
2.00 
0.987 
0.482 
0.236 

C2D6 

14.34 
9.52 
6.12 
2.41 
0.929 
0.361 
0.144 
0.059 

T/K 

822.9 
838 
839.2 
840.2 
843.7 
843.7 
857.9 
872.9 

Thermal Decomp 

fcd/s-1 

1.5X10"7 

4.3X10"7 

2.5X10"7 

3.IXIO-7 

5.5X10"7 

5.6XIO-7 

1.3X10-6 

3.1X10-6 

Ref. 

28 
31 
30 
29 
28 
29 
28 
28 

osition 

T/K 

873.2 
893.5 
913.2 
933.2 
958.7 
978.0 
999.5 

of C2H6 

fcd/s"1 

2.0X10-6 
9.5X10-6 
3.3X10"5 

7.IXIO-5 

2.4X10"4 

6.3X10"4 

1.3X10"3 

Ref. 

30 
28 
29 
29 
29 
29 
29 
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10 
TVIO^K"1 

Fig. 5. Plots of \ogk7 versus \/T on the thermal 
decomposition of C2H6. Calculated value: — , the 
present theory; , the RRKM theory; , the 
theory of absolute reaction rates. Experimental 
value: O, the values listed in Table IV; A, Ref. 27; 
V, Ref. 32 (average of five values of kZ at 1300 K); • , 
Ref. 33; A, Ref. 34; D, Ref. 36. 

800 1200 1600 
T/K 

2000 

Fig. 6. Plots of kd (CD4)/Äd (CH4) versus T. Calculated 
value: — , the present theory; , the RRKM 
theory; , the theory of absolute reaction rates. 
Experimental value: O, Ref. 39. The experimental 
values are not the rate constant ratio at the high 
pressure limit. 

of k™ on the decomposi t ion of C2H6 is shown in Fig. 5 
together wi th the plots for the values of k™ listed in 
Tab le 4 and the exper imenta l values of k™ which were 
reported by various investigators.27»32-30 

O n the kinetic isotope effect, the rate constant rat io 
for the decomposi t ions of CH4 and CD4 can be 
calculated from the equat ion. 

800 1200 1600 
T/K 

2000 

Fig. 7. Temperature dependences of fSiCoDeVk^Ceth). 
Calculated value: — , the present theory; , the 
RRKM theory; , the theory of absolute reaction 
rates. Experimental value: O, Ref. 31. The experi­
mental values are not the rate constant ratio at the 
high pressure limit. 

*r(CD4)/*r(CH4) = A7(CD4) e-AD°/RT/A:(CH4) (30) 

T h e difference between the chemical bond dissociation 
energies, ADo, is equivalent to the zero po in t energy 
difference which can be estimated from the frequencies 
of stretching vibrat ion for the breaking bond (*>st). 

ADo = D0(CD3-D) - Do(CH3-H) 

= (h/2)[>rt(CH4) - MCD4)] (31) 

T h e ratios of &~(CD4)/&~(CH4) calculated us ing the 
values of ^ r ( C D 4 ) and ^ r ( C H 4 ) listed in Table 3 and 
ADo=4.83 k j m o l - 1 obtained from the wavenumbers in 
Tab l e 1 are shown in Fig. 6 together wi th the 
exper imenta l values obtained by Chen and Back,39) 

a l though none of these are the ratios at the h igh 
pressure l imit. Similarly, the ratios of k^^De)/ 
^^(C2H6) calculated us ing the values of A^(C2De) and 
^ r ( C 2 H 6 ) in Tab le 3 and AD0=0.91 k j mol" 1 are 
shown in Fig. 7 together wi th the ratios observed by 
Clark and Quinn, 3 1 ) t h o u g h their values are also no t 
the ratios at the h igh pressure limit. 

Discussion 

Thermodynamic Considerations. T h e enthalpy per 
mole of a gaseous substance at T / K and 1 atm, H?, can 
be, in general, expressed as 

Hy £0 + < £ t > + < £ r > + <£v> + RT, (32) 

where £0 denotes the in ternal energy at 0 K. < £ t > , 

file:///ogk7
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< £ r > , and <E V > indicate the average energies for the 
translational, rotational, and vibrational motions at 
77K, respectively. Therefore, the energy change at 0 K 
for the reaction of CH4(g) -+ CH3(g)+H(g), A£0(CH4), 
can be expressed by 

A£o(CH4) = £o(CH3) + £0(H) - £0(CH4) 

= AH?(CH 4 ) -RT[ | + ( ! | - e ^ T ) c H 3 

from the following relations: <Et>=3RT/2 for H, 
CH3, and CH4; <ET>=3RT/2 for CH3 and CH4; 
< £ r > = < £ v > = 0 for H; <£v>=#T2x, / [exp(xO- l ] 
for CH3 and CH4. The enthalpy change of the 
reaction, AJF/J(CH4) , can be calculated from the heats 
of formation of H, CH3, and CH4 at 7YK and 1 atm. 
Similarly, the energy change at 0 K for the reaction of 
C2H6(g)-+2CH3(g), A£o(C2H6), is given by 

A£o(C2H6) = 2£o(CH3) - £o(C2H6) 

because of <Et>=<ET>=3RT/2 for CH3 and C2H6. 
AH?(C2H6) means the enthalpy change of the reac­
tion at 77K and 1 atm. 

The chemical bond dissociation energy (Do) can be 
calculated from 

Do = A£o + A£* (35) 

by using Eqs. 26, 33, and 34. The electronic bond 
dissociation energy (De) is given by 

De = Do + hvst/2, (36) 

where hvst/2 is the zero point energy for the stretching 
vibration of the breaking bond. 

The values of Do, De, A£*, A£o, and AH^g for the 
decompositions of CH4 and C2H6 were calculated from 
Eqs. 26 and 33 to 36 by using the wavenumbers in 
Tables 1 and 2 and the standard heats of formation of 

218.0 for H(g),4o> 143.2 for CH8(g), -74.8 for CH4(g),4D 
and —84.7 kj mol - 1 for C2H6.41) These values are 
shown in Table 5 together with the values calculated 
for the decomposition of CH3I(g) - • CH3(g)+I(g).42) 

The values listed in Table 5 appear to be reasonable 
by the following reasons: the values of k™ calculated 
using the present theory and the values in Table 5 are 
in excellently accord with the experimental values of 
k™ for the decompositions as are seen in Figs. 4 and 5; 
the value of AH°298(CH3)=143.2 kj mol"1 (34.2 kcal 
mol -1) which was used commonly for the three 
decompositions are appropriate, judging from the 
previously reported values of 33.0,43> 33.2,44) 33.9,45> 
34.0,46> 34.1,47> 34.4,48> 34.7,49> 34.8,50> 34.9,51> and 
35.152) kcal mol - 1 . The values in Table 5 suggest that 
Do, De, A£o, and AH£98 should not be used confusedly, 
because these have different definitions and values 
with one another. 

The apparent activation energy for the unimole­
cular decomposition of C2H6 at the high pressure 
limit, £apP, was calculatd from the relation 

.C/app 
RT1T2 

In 
(K)i 

T2 ~ Ti (k7)Tl 
(37) 

420 

800 1200 1600 
T/K 

2000 

Fig. 8. Temperature dependences of the apparent 
activation energy on the thermal decomposition of 
C2H6 at the high pressure limit. Calculated value: 
—, the present theory; , the RRKM theory; 

, the theory of absolute reaction rates. 

Table 5. Thermodynamic Values for the Thermal Decompositions of C2H6, CH4, and CH3I 

Reaction 

C2H6—CH3+CH3 
CH 4->CH 3+H 
CH3I->CH3+I 

Do 

393.0 
448.4 
243.7 

De 

399.0 
466.5 
246.9 

A£f 

kj mol"1 

30.9 
18.9 
13.1 

A£o 

362.1 
429.5 
230.6 

A H 298 

371.1 
436.0 
236.3 
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us ing the values of A™ in Table 3 and Do=393.0 k j m o l - 1 

which were suppor ted experimental ly as seen in Fig. 5. 
It is found in Fig. 8 that £a p P calculated at intervals of 
T2—Ti=200 K decreases drastically wi th an increase of 
the reaction temperature . T h i s fact suggests that the 
est imations of the the rmodynamic quant i t ies of Do, 
AEo, AH°, and others from the apparent activation 
energy are not suitable. 

Comparisons of k™. In order to compare the results 
calculated by the present theory wi th those by the 
theories which were proposed previously, the calcu­
lations on the basis of the theory of absolute reaction 
rates1* and the R R K M theory3) were performed us ing 
the same activated complex model and physical 
constants as the case of the present theory. 

T h e specific rate by the theory of absolute reaction 
rates,1* ^ ( A R R ) , can be expressed by the equat ion 

theory are very h igh as compared with the experimental 
ratios as are seen in Figs. 6 and 7. These results suggest 
that the in tegra t ion term in Eq. 39 or the approx ima­
tion for vibrat ional energy-level sums54) does not 
correspond to the real behavior. 

O n the other hand , the present theory and the 
calculat ion procedure seem to be proper judg ing from 
the following reasons: the parameters to adjust to the 
experimental values were not used totally; the common 
activated complex model and physical constants were 
used for three decomposi t ion reactions; the calculated 
values of k~ and C(CD3I)/&;T(CH3l)42> were in 
excellently accord wi th the experimental values. 

Reverse Reaction and Chemical Equilibrium. T h e 
reverse reaction of the X-Y bond dissociation reaction, 
that is, the recombina t ion reaction of X and Y species 
can be expressed by the scheme 

*:(ARR) = 
kT qiqtqZ -AEo/RT 

h <Zr<Zv 
(38) 

as is well known. Us ing qf=Yl{\— exp(—hvf/kT)}-1 

and A£0(CH4)=429.5 and A£0(C2H6)=362.1 k j mol" 1 

in Tab le 5, the values calculated from Eq. 38 are 
shown in Figs. 4—8. It is found in Figs. 4 and 5 that 
the values of k^(ARR) are too h igh as compared wi th 
the experimental values. 

A m a i n reason for the h i g h specific rates originates 
in the fact that AEo was appl ied in place of Do because 
of the a s sumpt ion that the equ i l ib r ium between the 
molecule and the activated complex is isothermal. T h e 
fact suggests that AEf is not used to reduce the 
en tha lpy term from Do to AEo in very short t ime as a 
vibrat ional per iod of the X-Y stretching vibrat ion in 
the reaction coordinate and that AE* part icipates in 
the entropy term of the activated complex. 

T h e specific rate at the h igh pressure l imit by the 
RRKM theory, / ^ ( R R K M ) , is given by53> 

&d(RRKM) = — • 
h qTqv T ( 1 + £ V 2 ) 

X J 2P(fiv*)( kT
 V ) e-EVkTd(EVkT). 

0 (39) 

T h e values of Ä J ' ( R R K M ) calculated us ing the 
app rox ima t ion for vibrat ional energy-level sums54) are 
also shown in Figs. 4—8. 

It is found in Figs. 4 and 5 that the apparent 
temperature dependence of ^ J (RRKM) is h igh as 
compared wi th that of the present theory, that is, £apP 

by / ^ ( R R K M ) little decreases wi th an increase of the 
reaction temperature as is seen in Fig. 8. Hence, the 
deviation from the experimental values enlarges wi th 
an increase of the reaction temperature as is seen in 
Fig. 5. T h e kinetic isotope ratios of k^(CD4}/k^(CH4) 
and C(C2D6)/fc;r(C2H6) calculated by the RRKM 

X + Y (x-Y)? X-Y* 
k2[M] 

X-Y (40) 

from the same concept as that for the decomposi t ion 
expressed in Eq. 1. From the scheme, the specific 
recombina t ion rate at the h i g h pressure limit, k™, is 
given by 

K = ke/(l + Ä5/Ä4). (41) 

T h e specific rate by the theory of absolute reaction 
rates, / ^ (ARR) , is given as55) 

/C(ARR) 

2r(2/3)NA (2nkT\V2 I 2A y* qc((X...Y)?) 
1 \TF) <?e(X) qe(Y) 

(42) 

by us ing Eq. 17 based on the Gor in model , where qQ 

denotes the electronic par t i t ion function. It is well-
k n o w n that the calculated values by Eq. 42 are accord 
wi th the exper imental values wi th in the limits of the 
depression by the steric h indrance factor (f).56) For 
example, f for the recombinat ion of methyl radicals is 
aboun t one half.57) However, the equi l ibr ium constant 
for the chemical equ i l ib r ium XY(g) ^ X(g)+Y(g), Kp, 
can not be evaluated from the ratio of k™( ARR)/ /£ (ARR) 
a l though both were derived on the basis of the same 
conception, because &~(ARR) are not consistent wi th 
the exper imental values of k™ as are seen in Figs. 4 and 
5. 

According to the Gor in model , the vibrat ional 
temperature in (X---Y)f is a lmost the same as the 
reaction temperature (T), because the interaction 
between X and Y in (X---Y)f is very weak. O n the 
other hand , T* in (X---Y)f is calculable by the 
fol lowing procedures: the values of Ef at designated T 
and T* can be evaluated from Eqs. 21, 23, and 27; T* 
corresponding to T can be estimated from the plots of 
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Fig. 9. Relations of the vibrational temperature in 
the activated complex (Tt) and the reaction tem­
perature (T) on the pyrolyses of ethanes. — , 
C2H6; , C2D6. 

T and T* against £* . It is found in Fig. 9 that T* on 
the thermal decomposi t ions of C2H6 and C2D6 are 
considerably h igh as compared wi th the exper imental 
temperature . T h e m a i n contr ibut ions to T* in the 
lower and h igher tempera ture ranges are due to AEf 
and £ e , respectively. T h e similar d iagram as Fig. 9 was 
also found on the decomposi t ions of CH4 and CD4. 

These results ob ta ined on the basis of the present 
theory exhibi t which the vibrat ional temperature in 
(X. . .Y)Î is h igher than tha t in (X—Y)f, a l t h o u g h the 
same Gor in model was appl ied for bo th activated 
complexes. Therefore, the X and Y species formed by 
Eq. 1 are in more vibrat ional ly excited states than 
those in the thermal equ i l i b r ium state. T h u s , these 
f indings suggest generally that the ra t io of k™/k™ is 
different from Kp in the thermal equ i l ib r ium state, that 
is, the equ i l i b r i um cons tant can no t be evaluated from 
k™ and k™ which were obtained separately. 

KP # k7/K (43) 
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The rate constants on the thermal decompositions of CH3I and CD3I at the high pressure limit, k™, were 
evaluated from the decomposition rates, measured as functions of the reaction time and the pressure of meth­
yl iodide. The values of K{CUzl) at 606.8, 620.2, 633.5, and 649.5 K were 2.92, 8.22, 22.0, and 68.2X10-6S-1, 
respectively. The values of C(CD3l)/C(CH3I) were 0.290 at 620.2 K, 0.285 at 633.5 K, and 0.279 at 649.5 K. 
Meanwhile, the calculations for k™ were carried out using a rate theory derived from the assumption that the 
zero point energy and the vibrational energy are concerned in the entropy term of k™. From good 
correspondence between the experimental and calculated values, the values of Do (chemical bond dissociation 
energy)=243.7, A£0 (energy change at 0 K)=230.6, and AH%98 (enthalpy change at 298 K)=236.3 kj mol"1 were 
obtained for the CH3-I bond dissociation. On the decomposition of equimolar mixture of CH3I and CD3I at 
633.5 K and 10.67 kPa of the total pressure, it was found that the initial rate ratio of ß0(CH4+CH3D)/JR

0(CD4+ 
CD3H) is 1.94 and the excitations to the active molecules of CH3I and CD3I in the mixture are less effective than 
those in the separated systems of CH3I and CD3I, respectively. 

Methyl iodide is one of such molecules that the 
experimental and theoretical approaches for the 
un imolecu la r decomposi t ion rate are easy by the 
fol lowing reasons: the bond dissociation energy of the 
C-I b o n d is considerably low as compared wi th those 
of the C - C and C - H bonds of hydrocarbons; so, it is 
easy to control the react ion and to obta in the rate 
constant at the h igh pressure limit, because the 
decomposi t ion proceeds at relatively low tempera­
tures; the reaction mechanism is simple, because the 
m a i n hydrocarbon produc t is methane only; the 
p re sumpt ion of activated complex model and the 
theoretical calculat ion are easy. 

O n the thermal decomposi t ion of CH3I, Butler and 
Polanyi1* have studied the pyrolysis of CH3I in N2 of 
about 820 Pa and obta ined 2.33 to 7.80X10"2 s"1 as the 
rate constant at 767 K. Horrex and Lapage2 ) have 
reported that the rate constant depends strongly on the 
total pressure and is 2.8X10"2 s"1 at 800 K and 80.5 kPa. 
They have also obtained the rate expression of 
*d(s-1)=2.6X1018 exp {-54.7(kcal mo\-i)/RT}. Saito et 
al.3) have investigated the thermal decomposi t ion of 
CH3I di luted in Ar by means of the beh ind shock 
waves in the temperature range from 1050 to 1500 K 
and the total density range of 3.5X10"6 to 3.9X10"5 mol 
c m - 3 . T h e y have found that the in i t ia t ion reaction is 
the C-I bond fission, the rate constant decreases by 
decreasing of the total density, and the rate constant at 
the low pressure l imit is given by ^2nd(cm3mol_1 s _ 1 )= 
1015.40 e x p {-42.56(kcal mo\-l)/RT}. Saito et al.4> have 
also reported that the pre-exponential term of k2nd is 
1 Q15.0 for Kr and 1015-88 cm 3 mol _ 1 s _ 1 for H e from the 
pyrolysis of CH3I diluted in Kr and He. 

Since bo th pre-exponent ia l and exponent ia l terms 
of the rate constant vary wi th the pressure of the 
system,5) the exper imental determinat ion of the rate 
constant at the h igh pressure l imit is desirable to 

obta in the the rmodynamic values such as the bond 
dissociation energy and the enthalpy change of 
reaction. However, the exper imental rate constants 
cited above are no t the values at the h igh pressure 
l imit . O n the other hand , a rate theory was derived by 
considering the cont r ibut ion to the entropy term of 
rate constant of the zero po in t energies and the 
vibrat ional energies.5) In order to examine the 
propriety of the rate theory, it is advisable to study the 
kinetic isotope effect together wi th the adaptabil i ty to 
the exper imenta l rate constants at the h igh pressure 
limit. From these points of view, the pyrolyses of CH3I 
and CD3I were carried out in this work. 

Experimental 

The reaction cell used for the pyrolysis was a quartz cylinder 
of 5.0 cm innner diameter and 11.5 cm length, with a volume 
of 227.5 cm3. The reaction cell was inserted into a copper 
vessel with a thickness of 9 mm to make temperature 
uniform in the reaction cell. The copper vessel was set in a 
cylindrical electric furnace which can be heated from three 
sides of the lower, middle, and upper parts to reduce the 
temperature gradient in the furnace. The reaction tempera­
ture was observed using a chromel-alumel thermocouple 
which was corrected with the melting points of Bi, Hg2Cl2, 
Pb, PbBr2, Cdl2, Zn, AgCl, Lil, PbCl2, LiBr, and CdCl2. The 
temperature in the cell was kept within ±0.5 K during the 
reaction period. 

CH3I obtained from Wako Pure Chemicals was above 
98.0% in purity. CD3I was obtained from Merk Japan, and 
its minimum extent of deuterium was 99%. Both samples 
were purified each time before use by means of condensation 
and evacuation at 77 K. 

The main products in the pyrolysis of CH3I were CH4 and 
I2. Trace formations of C2H6, C2H4, and C2H2 were also 
found. The iodine-contained hydrocarbons could not be 
detected in the gas chromatographic analysis using a 
Porapak Q column (3 m) at 428 K. The reaction products in 
the pyrolysis of CD3I were also the same as those for CH3I. 
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The thermal decomposition was carried out by intro­
ducing CH3I or CD3I into the reaction cell maintained at a 
fixed temperature. After reaction, the reaction mixture was 
removed to a trap at 77 K. Methane, passing through the 
trap, was collected in a Toepler gauge, and its amount was 
determined. The degree of conversion of methyl iodide 
which was estimated from the ratio of the twofold amount of 
formed methane to the introduced amount of methyl iodide 
was less than 2.8% for CH3I and 4.7% for CD3I. The pyrolysis 
of equimolar mixture of CH3I and CD3I was also carried out 
by the same procedure as mentioned above. The separation 

of methanes was performed using a mass spectrometer 
(Hitachi, RMU-6E) at the ionizing voltage of 16 eV. 

The vibrational wavenumbers of CD3I in the vapor phase 
were observed by an infrared spectrometer. 

Results 

T h e a m o n n t of CH4 forming in the pyrolysis of 
CH3I, FCH4, was measured as functions of the reaction 
temperature , the pressure of CH3I, and the reaction 
t ime (t). T h e results are shown in Tab le 1. T h e results 

Table 1. Formation Amount of CH4 from CH3I, Measured as Functions of the Reaction 
Temperature, the Pressure of CH3I, and the Reaction Time 

606.8 K 

Reaction ' /CH 4 

time/min pinol 

5.33 kPa 
20 0.357 
28 0.515 
40 0.724 
60 0.932 

10.67 kPa 
20 0.784 
40 1.32 
60 1.88 

16.00 kPa 
20 1.23 
40 2.27 
60 3.00 

21.33 kPa 
20 1.82 
40 3.36 
60 4.13 

620.2 K 

Reaction ^CH4 

time/min ^mo\ 

12 
42 
62 

12 
24 
36 
54 

10 
20 
30 
45 

: 
8 

16 
24 
38 

2.60 kPa 
0.154 
0.566 
0.787 

6.80 kPa 
0.703 
1.13 
1.76 
1.94 

14.39 kPa 
2.13 
2.46 
4.24 
4.29 

24.26 kPa 
3.03 
4.50 
6.58 
7.23 

633.5 K 

Reaction F c H4 
time/min ^mo\ 

10 
13 
20 
30 

10 
20 
30 

10 
20 
30 

10 
20 
30 

5.33 kPa 
0.815 
0.929 
1.37 
1.82 

10.67 kPa 
1.89 
2.89 
4.05 

16.00 kPa 
3.28 
4.81 
6.50 

21.33 kPa 
4.50 
6.50 
7.89 

649.5 K 

Reaction F CH 4 

time/min ^ m o j 

5.33 kPa 
6 0.978 
7 1.08 
9 1.37 

15 2.18 
25 3.05 

10.67 kPa 
5 2.24 

15 4.88 
16.00 kPa 

5 3.43 
15 7.53 

21.33 kPa 
5 4.71 

15 10.4 
30 17.8 

Table 2. Formation Amount of CD4 from CD3I, Measured as Functions of the Reaction 
Temperature, the Pressure of CD3I, and the Reaction Time 

620.2 K 

Reaction VCD± 
time/min ^mo\ 

5.33 kPa 
20 0.381 
40 0.759 
60 1.23 

10.67 kPa 
20 0.861 
40 1.34 
60 2.01 

16.00 kPa 
20 1.21 
40 1.85 
60 2.57 

21.33 kPa 
20 1.53 
40 2.53 
60 3.71 

633.5 K 

Reaction ^CD4 
time/min ^mo\ 

12 
20 
40 
48 
60 

15 
30 
45 

15 
30 
45 

10 
15 
27 
45 

5.33 kPa 
0.459 
0.730 
1.20 
1.51 
1.87 

10.67 kPa 
0.980 
1.65 
2.32 

16.00 kPa 
1.32 
2.62 
3.47 

21.33 kPa 
1.28 
1.62 
2.97 
4.82 

649.5 K 

Reaction ^CD4 
time/min ^mo\ 

5.33 kPa 
10 0.742 
15 1.04 
25 1.75 
30 2.09 

10.67 kPa 
10 1.47 
16 2.11 
30 3.35 

16.00 kPa 
10 2.63 
16 3.51 
30 5.20 

21.33 kPa 
10 3.45 
16 4.47 
30 7.11 

665.5 K 

Reaction ^CD4 

time/min ^mo\ 

5.33 kPa 
5 0.893 

12 1.89 
15 2.33 

10.67 kPa 
5 1.96 

11 3.73 
15 4.64 

16.00 kPa 
5 2.81 

10 4.34 
15 6.54 

21.33 kPa 
5 3.76 
9 5.32 

15 9.05 

681.5 K 

Reaction FCD 4 

time/min ^ m o j 

5.33 kPa 
3 1.17 
9 3.09 

15 4.62 
10.67 kPa 

3 2.45 
9 5.95 

15 9.70 
16.00 kPa 

3 3.48 
5 4.76 
9 8.40 

15 15.1 
21.33 kPa 

3 5.16 
7 8.55 
9 10.8 

15 19.0 
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for CD3I measured wi th the same procedure are shown 
in Tab le 2. As an example , the relat ions of Vcu, versus 
t in the pyrolysis of CH3I at 633.5 K are shown in Fig. 
1, and it is found that the slope of Vcu4 to t decreases 
wi th an increase of the react ion time. T h i s trend was 
found in all cases. 

T h e ini t ia l format ion rates of methanes were 
determined by u s ing various empir ical equat ions . As 
an instance, the equa t ion 

Vcm = at/(1 + bt°-*) 

was used for the pyrolysis of CH3I at 633.5 K, where a 
and b mean the ini t ia l formation rate and a sup­
pression factor for the me thane formation, respective-

Fig. 1. Formation amount of CH4, measured as a 
function of the reaction time in the pyrolysis of CH3I 
at 633.5 K. • , 5.33 kPa; € , 10.67 kPa; O, 16.00 kPa; 
G, 21.33 kPa. 

ly. Above equa t ion can be rewritten as 

t/Vcm = l/a + (b/a)tQ-*. 

T h e plots of t/Vcu* versus t0-8 are shown in Fig. 2 and 
the ini t ia l format ion rates (i?cH4) were obtained from 
the intercepts. 

T h e ini t ia l formation rates obtained by these 
procedures are shown in Fig. 3 for CH3I and in Fig. 4 
for CD3I as functions of the react ion temperature and 
the concentra t ion of methyl iodide. It is found in bo th 
figures that the ini t ia l format ion rate increases wi th 
h igher order than the first order for the concentrat ion 
of methyl iodide. 

(CH3I]/I0"3moldm_-

Fig. 3. Plots of /?CH4 versus [CH3I]. ©, 606.8 K; # , 
620.2 K; € , 633.5 K; O, 649.5 K. 

1 2 3 4 

(CD3n/lO"3moldm"3 

Fig. 2. Plots of t/VcH4 versus t0-8 in the pyrolysis 
of CH3I at 633.5 K. • , 5.33 kPa; € , 10.67 kPa; O, 
16.00 kPa; G, 21.33 kPa. 

Fig. 4. Plots of RCD4 against [CD3I]. • , 620.2 K 
(#2D 4 X10); C, 633.5 K; O, 649.5 K; G, 665.5 K; Q, 
681.5 K. 
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o 
£ 

E > . 

Fig. 5. Plots of Vm and t/Vm versus t in the pyrolysis 
of equimolar mixture of CH3I and CD3I at 633.5 K 
and the total pressure of 10.67 kPa. O, Vm; • , t/Vm. 

20 40 
t /min 

Fig. 6. Plots of the formation ratios of methanes 
against the reaction time in the pyrolysis of 
equimolar mixture of CH3I and CD3I at 633.5 K. 
€), /?CH4//?CD4; O , /?CHD3/-RcD4; G, RCH4/RCH3D', 3 , 
i?(CH4+CH3D)//?(CD4+CHD3). 

T h e pyrolysis of equ imola r mix tu re of CH3I and 
CD3I was carried ou t at 633.5 K and the total pressure 
of 10.67 kPa. Plots of the total format ion a m o u n t of 
methanes (Vm) and t/Vm versus t are shown in Fig. 5. 
T h e ini t ia l rate for the total formation of methanes, 
# ° , was found to be 9.35X10"12 mo l m l " 1 s"1 from the 
intercept of the t/Vm vs. t curve. Plots of # C H / R C D 4 , 
RCHDS/RC»„ ACH/RCHSD, and # (CH 4 +CH3D) / J R(CD 4 + 

CHD3) against t are shown in Fig. 6. Both init ial rate 
ratios of RCH/RCHSD and RCHDS/RCD* were found to be 
about 3.4 from the intercepts. 

Discussion 

Reaction Mechanism and Kinetics. From the results 
obtained above, the following mechanism was postu­
lated for the m a i n reactions in the pyrolysis of CH3I, 
where CH3I* and CH3I* mean the active molecule and 
the activated complex, respectively: 

CH3I + CH3I 

CH3I* + CH3I 

CH3I* > CH3I* 

CH3I* > CH3I* 

CH3I* > CH3 + I 

» CH3I + CH3I* 

-» CH3I + CH3I 

CH3 + CH3I CH4 + CH2I. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Iodine a toms and CH2I radicals formed by Reactions 
5 and 6 seem to disappear by the self-dimerization and 
cross-combination reactions 

I + I -> I2 

I + CH2I (M) 
CH2I2 

(M) , 
CH2I + CH2I -^H> C2H4I2, 

where M is a deactivator molecule. T h e formation rate 
of CH4 decreases wi th increasing of the reaction t ime 
as is seen in Fig. 1. T h i s suppression may be due to the 
reactions of CH3 radicals wi th I and I2 which were 
accumulated du r ing the pyrolysis.6) 

CH3 + I - ^ U CH3I 

CH3 + I2 > CH3I + I 

T h e trace formations of C2H6, C2H4, and C2H2 seem to 
be caused by the reactions such as CH3+CH2I —• C2H5+I, 
C2H5+CH3I -+ C2H6+CH2I, 2CH 3 -+ C2H6 , CH3+CH2I 
-+C2H4+HI , C2H4I2-+C2H4+I2, and C2H4I2-+C2H2+ 
2HI. T h e reaction mechanism for the pyrolysis of 
CD3I appears to be the same as that for CH3I. 

From the mechanism of Reactions 1—6, the ini t ial 
rate for the formation of methane is given by 

R 
ÄiÄ3ycH3 i ]2 

CH4 k3k5 + M*4 + fa)[CH8l] 

Equa t ion 7 can be rewritten as 

[CHJ] 1 1 
•. 0 0 1 

RCH, *d K • Ài[CHsI]' 

(7) 

(8) 

Here, k" means the rate cons tant at the h igh pressure 
l imit , and it is given by 
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* : = 
kikzkö 

ki{k± + k*>) ' 
(9) 

Plots of [ C H 3 I ] / Ä C H 4 versus 1/[CH3I] are shown in 
Fig. 7. Figure 8 shows the relat ions of [ C D 3 I ] / # C D 4 

against l / [CD3i] . T h e values of k™ obtained from the 
intercepts in Figs. 7 and 8 and the rat io of Ä " ( C D 3 I ) / 
k™(CH3l) are shown in Tab le 3. 

Kinetic Isotope Effect. On the basis of Reactions 
1 —6, the following reaction mechanism was postulated 
for the formation of methanes in the pyrolysis of 
mixture of CH3I and CD3I: 

CH3I + CH3I or CD3I = F = ^ CH3I* + CH3I or CD3I 
&2a 

5 10 15 20 

(CH3ir ,/l02dm3mor1 

Fig. 7. Plots of [CH 3 I ] / /?CH 4 versus 1/[CH3I]. e , 
606.8 K; • , 620.2 K; € , 633.5 K; O, 649.5 K. 

2 4 6 8 10 

( C D o i r / l o W m o f 1 

Fig. 8. Plots of [CD8I] /ÄCD4 versus 1/[CD3I]. • , 
620.2 K; (([CD 3I] / JRCD 4) /10); € , 633.5 K; O, 649.5 K; 
G, 665.5 K; ©, 681.5 K. 

CD3I + CH3I or CD3I = F = ^ CD3I* + CH3I or CD3I 
fob 

&3a 

CH3P 

CD3P ^ 

^ CH3I* " ^ - * CH3 + I 

&4b 

CH3 + CH3I 

CH3 + CD3I 

CD3 + CH3I 

CD3 + CD3I 

CD3P &5b * CD3 + I 

-» CH4 + CH2I 

-» CH3D + CD2I 

-» CD3H + CH2I 

-» CD4 + CD2I. 

(6a) 

(6b) 

(6c) 

(6a) 

From the mechanism of Reactions la—6d, the 
decomposi t ion rates of CH3I and CD3I, #2(CH3l)m and 
Ä2(CD3I)m, can be estimated from the relations of 

R°(CH3I)m = R°ma/(l +a) (10) 

and 

R°d(CDzl)m = R°m/(l +a). (11) 

Here, R^= RCH.+RCHSD+RCDSU+RC^ and a is given by 

a = ( R 2 H 4 + ßcH3D)/(ßcD3H + «CD,). (12) 

W h e n the exper imental values of i ? ° = 9 . 3 5 p m o l m l _ 1 

s-1 and a = 1 . 9 4 at 633.5 K and 10.67 kPa of the total 
pressure were appl ied to Eqs. 10 and 11, Äd(CH3l)m= 

6.17 and #d(CD 3 I )m=3.18 p m o l m l " 1 s"1 were obtained. 
O n the other hand , the ini t ia l decomposi t ion rate of 

CH 3 I at 633.5 K and 10.67 kPa of CH 3 I only, R°d 

(CH3I), was 20.76 p m o l m l - 1 s_1. Since the mole 
fraction of CH3I in the mix ture is one half, the rat io of 
the ini t ia l decomposi t ion rate of CH3I in the mix ture 
to that of CH3I only, T7(CH3I), was estimated to be 
0.594 from the relation 

77(CH3I) = 2Rd(CH3I)m/#d(CH3I). 

Similarly, the rat io of the ini t ia l decomposi t ion rate of 
CD3I in the mix tu re to that of CD3I only, 17(CD3I), was 
evaluated to be 0.772 us ing the relation 

Table 3. Experimental Values of kd(CH.3l), 
Ä?(CD3I), and Ä ? ( C D 3 I ) / Ä ? ( C H 8 I ) 

T 

K 

606.8 
620.2 
633.5 
649.5 
665.5 
681.5 

kà(CH3l) 

10-6S"1 

2.92 
8.22 

22.0 
68.2 

Ä?(CD 3 I ) 

ÎO-6s"1 

2.38 
6.27 

19.0 
54.5 

149 

Ä?(CD 3 I ) 

AÏ(CHsI) 

0.290 
0.285 
0.279 
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TKCDal) = 2RS(CD3I)m/#d(CD3I). 

and #d(CD 3 I )=8.24 p m o l m l " 1 s"1 at 633.5 K and 10.67 
kPa of CD3I only. 

These results suggest that bo th excitations to the 
active molecules of CH3I and CD3I by cross-collisions 
in the mix ture are less effective than those in the 
separated systems of CH3I and CD3I. 

O n the other hand , the exchange reactions between 
CH3 and CD3 radicals by the iodine a tom abstraction 
from methyl iodide are conceivable in the pyrolysis of 
the mixture of CH3I and CD3I. 

CH3 + CD3I 
kl3n 

k 13b 
CD3 + CH3I (13) 

Since the relations of i?d(CH3l)m>JRd(CD3l)m and 
hence [CH3]>[CD3] exist in this system, the reaction to 
shift to the r igh t side seems to proceed. T h e shift leads 
to the increase of r7(CD3l) and the decrease of 77(CH3l). 
Accordingly, if we assume &i3a/(&6a+&6b)—Äi3b/(&6c+&6d), 
the value of &i3a/(&6a+&6b) can be estimated from the 
equat ion 

&13a _ ß-a 

+ *6b (a-l)(ß+\)' 
(14) 

the kinetic isotope effect on the rate constant ratios 
appears to be caused mainly by the zero po in t energy 
difference, j u d g i n g from the exper imental value of 
&6a/&6b or kec/ksd and the factor. Similar results were 
also found on the hydrogen abstraction reactions by 
C H 3 or CD 3 from H 2 or D2,9) by CD 3 from C 2H 6 or 
C2D6,10) and o thers . n ) 

T h e r m o d y n a m i c Considerat ions. T h e enthalpy 
change of the thermal decomposi t ion 

CHal(g) CH3(g) + 1(g) 

at 298 K, AH^98(CH3I), is given by 

AH2°98(CH3I) = AH°298(CH3(g)) + AH°298(I(g)) 

- AH°298(CH3I(g)) (17) 

us ing the s tandard heat of format ion (AH^s)- T h e 
energy change at 0 K, A£o(CH3l), can be calculated 
from the equa t ion 

A£o(CH3I) = AH?98(CH3I) - RT\ i+fc Xi 

I/CH3 

2-
R e** 1 /CH3I (18) 

where ß means the rat io of the real decomposi t ion rate 
of CH3I to that of CD3I in the mixture . When the 
values of ^= JR°(CH3I) / JRd(CD3I)=2.52 (i7(CH3I)= 
77(CD3I)=0.645) and a=1 .94 were appl ied to Eq. 14, the 
value of &i3a/(&6a+&6b) was 0.175. 

T h e result suggests that the rate of iodine abstrac­
t ion is fairly slow as compared wi th the rate of 
hydrogen abstraction, t hough the exchange between 
CH3 and CD3 radicals by the iodine abstraction is 
conceivable. 

O n the formations of CH 4 , CH 3 D, C H D 3 , and CD4 , 
the rate expressions 

and 

RCH/RCHSD — &6a/&6b 

ß c H D 3 / ß c D 4
 — &6c/&6d 

(15) 

(16) 

can be derived when [CH3I] is equal to [CD3I]. Both 
exper imental values of ke^/keb and &6c/&6d were found 
to be 3.4 from Fig. 6. 

O n the other hand , the wavenumber of doubly 
degenerate stretching vibrat ion of the C - H bond of 
CH3I is 3060.3 cm_ 1 ,7 ) and the wavenumber for CD3I is 
2160 cm - 1 . Therefore, the difference between the zero 
po in t energies of the vibrations becomes 5385 J m o l - 1 . 
If the zero po in t energy is assumed to contr ibute to the 
en tha lpy term of the rate constant of the hydrogen 
abstraction reaction,8* the rate constant rat io of &6a/&6b 
or &6c/&6d seems to depend on the factor of exp 
(5385/flT), and the factor at 633.5 K was 2.8. Therefore, 

derived us ing the pr inc ip le of the equipar t i t ion of 
energy for the t ranslat ional and rotat ional energies, 
RT^xt/(ex.pxi—l) for the vibrat ional energy, and 
AH=AE+AnRT. Here, Xi—hcVi/kT and Vi means the 
wavenumber of z-th vibration.5) 

T h e dissociat ion energy at 0 K, Do(CH3-I), can be 
calculated from 

Do(CH3-I) = A£o(CH3I) + A£*(CH3I), 

where 

A£*(CH3I) = £Z(CH3I) - £?(CH3) 

(19) 

= lSÄ^)aw-(S^/2)cH.- <20> 

Here, £z(CH3l) means the total sum of zero po in t 
energies for all vibrat ions except for the stretching 
vibrat ion of the CH3-I bond. £J(CH3) denotes the 
over-all zero po in t energy for the vibrations of CH3. 

When the wavenumbers listed in Tab le 4 for the 
vibrat ions of CH3I and CH3, and the thermochemical 
values of AH°2 9 8(CH3I(g))=13.8, AH°2 9 8(CH3(g))= 
143.2,5> and AH£298(I(g))=106.912> k j mol" 1 are adopted, 
the values of A£0(CH3I)=230.6 and D0(CH3-I)=243.7 
k j m o l - 1 were obta ined from Eqs. 18 and 19. T h e 
value of AH^298(CH3l(g)) adopted above seems to be 
reasonable, j u d g i n g from the reported values of 9.6,13) 

13.8,14> 14.2,15> and 15.916>kJ mol" 1 . 
T h e value of Do(CD3-I) can be estimated from the 
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Table 4. Physical Constants for the Molecules and the Activated Complexes 
on the Thermal Decompositions of CH3I and CD3I 

Molecule 

CH3I CD3I 

Complex 

(CH3-I)* (CDs-1)* 

Wavenumber/cm -1 

Moment of inertia/10~47 kg m2 

533.2(1 )a) 

882.7(2) 
1250.8(1) 
1438.2(2) 
2953.2(1) 
3060.3(2) 

5.52(1) 
111.5(2) 

491(1 )a> 
514(2) 
940(1) 
964(2) 

2085(1) 
2160(2) 

11.02(1) 
138.6(2) 

617(1) 
1396(2) 
3044(1) 
3162(2) 

5.85(1) 
2.92(2) 

463(1) 
1026(2) 
2513(1) 
2381(2) 

11.68(1) 
5.84(2) 

a) Stretching vibration of the C-I bond. 

relation 

Do(CD3-I) = Do(CH3-I) 

+ /ic[i7st(CH3I) - MCD3I)]/2, (21) 

where Vst means the wavenumber of the C-I stretching 
vibration. A£o(CD3l) can be calculated by the equa­
t ion 

A£o(CD3I) = Do(CD8-I) - [£Z(CD3I) - £?(CD3)]. (22) 

T h e value of £z(CD3l)—Ef(CT>3) can be estimated by 
the same equa t ion as Eq. 20 for CH3I. By us ing the 
wavenumbers listed in Tab le 4 and Do(CH3-I) ob­
tained above, the values of D0(CD3-I)=244.0 and 
AE0(CD3I)=240.9 k j m o l - 1 were obtained from Eqs. 
21 and 22. 

Calculations and Comparisons of k™. T h e calcu­
lations of k™ for the thermal decomposit ions of CH3I 
and CD3I were carried ou t us ing the equa t ion 

kT q*qtrt-D°/RT 

h qrqv J 
pASvVß ~-Ec/RT m (23) 

derived previously.5) T h e activated complex for a 
s ingle-bond fission should be very loose, because it 
mus t have the same structure as that for the radical-
radical recombinat ion which is a reverse reaction. 
T h u s , the Gor in model17) which free methyl radical 
and iodine a tom are in an associated state by the 
intermolecular force was adopted. T h e physical 
constants for the molecules and the activated com­
plexes based on the Gor in model are shown in Tab le 4 
for the wavenumbers of vibrations of CH3l,7) CD3l,18) 

CH3,19) and CD3,19) and the moments of inertia of the 
rotat ions of CH3I,

20> CD3I,20) CH3,21) and CD3.21) 

T h e rota t ional par t i t ion function of the activated 
complex, q*, is given by 

^ = 8n2r(2/3)nkT 1 2A \W 
q< o*h2 \ kT I ' 

(24) 

when the Gor in model can be adopted for the 
complex.22) Here, \x, a*, and /"denote the reduced mass, 
the symmetry number , and the g a m m a function, 
respectively. Since bo th free CH3 (CD3) radical 
(planar, DM) and I a tom are nonpolar , the attractive 
potent ia l constant in the Lennard-Jones 12-6 inter­
molecular potent ia l , A, can be calculated from the 
Slater and Kirkwood equa t ion for the dispersion 
term.5»23) T h e value of A calculated us ing the values of 
a(CH3)=a(CD3)=2.24X10-3 0 m3,24* a(I)=5.04Xl(H» m3,24> 
and Ne(CH3)=Afe(CD3)=Ne(I)=7 for the polarizability 
(a) and the number of outer-shell electrons (Ne) was 
2 .01X10- 7 7 Jm 6 . 

T h e vibrat ional energy accumulated in all vibra­
tions of methyl iodide except for the stretching 
vibrat ion of the C-I bond, £ e , can be calculated from 
the equa t ion 

£e = # T 2 x / / ( e * ' - 1). (25) 

Meanwhi le , the vibrat ional energy which is carried in 
the activated complex, £*, is given by the relation5* 

ET = àEf - 3RT/2 + £e. (26) 

T h e vibrat ional temperature in the complex, Tf, 
can be estimated by the procedure described previously.5) 

It is found in Fig. 9 that T* is considerably higher 
than the react ion temperature (T). As is found from 
the relat ion of Eq. 26, the m a i n contr ibut ions to T* in 
the lower and higher temperature ranges are due to 
AEf and £ e , respectively. T h e increase of T*(CH3l)— 
T f (CD3I) by decreasing of T is based on the relat ion of 
A£?(CH3i)>A£?(CD 3I) . Meanwhile , the proximity of 
77(CD 3 I ) to 77(CH 3 I ) by increasing of T is caused by 
£e(CD3l)>£e(CH3I). 

T h e value of AS* can be calculated us ing Eqs. 
27—29 

AS? = s: • s * (27) 

S* = Ä2[xi/(e* - 1) - In (1 - e-*')] (28) 
1=1 
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800i Table 5. Calculated Values of Ä?(CH 3 I ) , 
ké(CDsl), and Ä?(CD3I)/Äd(CH3I) 

800 1600 
T /K 

2400 

Fig. 9. Relations of the vibrational temperature in 
the activated complex (T?) and the reaction temper­
ature (T). — , CH3I; , CD3I. 
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Fig. 10. Plots of Sf/R, Sï/R, and ASf/R as a func­
tion Of Ee. , CH3I; , CD3I. 

Sf = R^[xf/(e^ - 1) - In (1 - e-*?)], 
1=1 

(29) 

where xf—hcvf/kTf. Here, Vf denotes the wave-
number of z-th vibrat ion of the complex. 

T h e values of S*, Sf, and ASf calculated us ing the 
procedure described previously5* are shown in Fig. 10 
as a function of Et. Both values of £ e and S*/R at 0 K 
are zero. While , the values of Sf/R and ASf/R at EQ=0 
have positive value, because AEf and £ * at 0 K are 
positive from the relat ion of Eq. 26. However, it is seen 
in Fig. 10 that ASf/R decreases wi th an increase of £ e , 
because S*/R increases more rapidly than Sf/R. 

T h e values of C ( C H 3 I ) , C ( C D 3 I ) , and A"(CD8I)/ 

Ä ? ( C H 3 I ) Ä?(CD3I) Äd(CD3I) 

K 

400 
600 
800 

1000 
1200 
1600 

S"1 

3.88X10-17 

1.70X10-« 
2.87X10"1 

3.28X102 

3.08X104 

6.48X106 

S"1 

1.59X10"17 

5.02X10-7 

6.40X10-2 
5.76X101 

4.40X103 

6.93X105 

Ä?(CHsI) 

0.404 
0.293 
0.222 
0.175 
0.143 
0.107 

400 800 1200 1600 
T/K 

Fig. 11. Temperature dependence of kd(CT>3l)/ 
Ädi(CH3I). Calculated value: — , calculated using 
Eq. 23; , the RRKM theory; , the theory 
of absolute reaction rates. Experimental value: O, 
the present work. 

&~(CH3I) calculated from Eq. 23 us ing the values in 
Tab le 4, D 0(CH 3-I)=243.7, and D0(CD3-I)=244.0 k j 
m o l - 1 are shown in Tab le 5. T h e calculations of 
JC(CH8I) , *r(CD 8 I ) , and C ( C D 3 I ) / C ( C H 3 I ) on the 
basis of the theory of absolute reaction rates25) and the 
R R K M theory2 6 ) were a lso carr ied o u t u s i n g the 
same activated complex model , the physical constants 
listed in Tab le 4, the values of Do exhibited above, 
A£0(CH3I)=230.6, and A£0(CD3I)=240.9 k j mol" 1 , in 
the same way as the calculations for the thermal 
decomposit ions of methanes and ethanes.5) 

Figure 11 shows the calculated values of &^(CD3I)/ 
&~(CH3I) together wi th the exper imental values. It is 
found in Fig. 11 that the values calculated us ing Eq. 23 
are in well accord wi th the experimental values, bu t 
the values calculated wi th the R R K M theory are too 
h igh compared wi th the experimental values. 

T h e Arrhenius plots for the calculated values of 
&^(CH3I) are shown in Fig. 12 together wi th those for 
the experimental values, where the experimental 
values1-4* except for the values in the present work are 
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Fig. 12. Plots of log Ä?(CH 3 I ) versus \/T. Calculated 
value: — , calculated using Eq. 23; , the RRKM 
theory; , the theory of absolute reaction rates. 
Experimental value: O, the present work; A, Ref. 1 
(ca. 820 Pa); • , Ref. 2 (80.5 kPa); D, Ref. 3 (5.8 
Hmolcm-3); • , Ref. 3 (13.2|Limol cm"3); A, Ref. 3 
(27.3 jimol cm -3). All experimental values except 
for those in the present work (O) are not the rate 
constant at the high pressure limit. 

no t those at the h i g h pressure l imit. In Fig. 12, it is 
found that the values calculated us ing Eq. 23 consist 
fully wi th the exper imental values in the present work, 
and the values calculated wi th the theory of absolute 
reaction rates are fairly h igh compared wi th the 
exper imenta l values. T h e increase of k™ depends 
main ly on the decrease of the enthalpy term of k™ by 
the relat ion of AEo=Do—A£? in Eq. 19. T h i s fact 
suggests that AEf part icipates in the entropy term of 
k™, bu t is not related to the enthalpy term.5) 

T h e temperature dependence of &~(CH3l) calculated 
by the R R K M theory is fairly h igh compared wi th that 
calculated from Eq. 23 in common wi th those on the 
thermal decomposi t ions of CH4 and C2H6.0 There­
fore, the conformity wi th the experimental values 
grows worse in the lower and h igher temperature 
ranges as is seen in Fig. 12. 
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Liquid Crystalline Properties of Alkyl 
4-[4-(4-Methoxybenzoyloxy)benzylideneamino]benzoates and 

4-[4-(4-Methoxybenzylideneamino)benzoyloxy]benzoates 

Yoshio MATSUNAGA,* Hi royuki MATSUZAKI, and N o b u h i k o MIYAJIMA 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received September 8, 1989) 

The mesomorphic properties of homologous series of alkyl 4-[4-(4-methoxybenzoyloxy)benzylideneamino]-
benzoates and the isomeric compounds, 4-[4-(4-methoxybenzylideneamino)benzoyloxy]benzoates have been 
studied, employing thirty ester alkyl groups. The nematic phase appearing in the former series is thermally 
more stable than that in the latter: even the £-butyl and 1,1-dimethylpropyl esters are nematogenic. The 
mesophases in these esters are significantly promoted relative to those in the isopropyl and 1-methylpropyl 
esters, respectively. An alternation in the thermal stability of the nematic phase occurs when the branching 
methyl group is moved progressively to the penultimate carbon of the chain in both series. In the second series, 
the stabilization of the smectic A phase by 3- or 4-methylation is observed for both butyl and pentyl esters. 

Gray and Harr i son were the first to systematically 
study the effects of the b ranch ing of ester alkyl groups 
on the l iqu id crystalline properties. T h e compounds 
chosen for their work were 4-(4-X-substituted benzyl-
ideneamino)cinnamates , where X = C N and Ph.1'2* 
Whi le the esters are purely nematogenic when X = C N , 
those wi th X = P h are purely smectogenic. Branching 
of the ester alkyl g roups diminishes the thermal 
stabilities of the nemat ic and smectic A phases. T h e 
effects of a 1-methyl g roup is so serious that the 
nemat ic phases become monot ropic , or are even 
completely el iminated. As the methyl g roup is moved 
towards the end of a given chain, the effect becomes 
smaller. Branch ing at any carbon of the chain has a 
greater effect on the nemat ic than on the smectic 
thermal stability, at least in these series. T h e general 
pat tern of effects on l iquid-crystal t ransi t ion temper­
atures shown by these c innamates was suppor ted by 
further work on some other types of mesogen 
inc lud ing cyanobiphenyls and p-terphenyls wi th 
branched terminal alkyl groups connected directly to 
the aromatic nuclei.3) 

O n the other hand , our earlier studies on 4-(4-
phenyl- and 4-(4-alkoxybenzylideneamino)benzoates car­
rying branched ester alkyl groups revealed the emer­
gence of a nemat ic phase by 2-methylation in a 
number of purely smectogenic butyl and pentyl esters.4_6) 

T h i s f inding is in marked contrast wi th the trends 
cited above. Fur thermore , our recent study on dialkyl 
4,4'-[ 1,4-phenylenebis(methylidynenitr i lo)]bis[benzo-
ates] disclosed a p ronounced al ternat ing variation in 
the nemat ic- isot ropic t ransi t ion temperature by a shift 
of the b ranch ing methyl g roup from the first carbon of 
the chain towards the end of the chain,7) t hough such a 
variat ion was no t detected wi th the monoester series 
studied before.4-6* 

Evidently, further work, especially on compounds 
which have molecular frameworks different from the 
above-mentioned a n d / o r exhibit bo th nemat ic and 
smectic phases, are needed in order to clarify the effects 

of chain b r a n c h i n g on the l iqu id crystalline p rop­
erties. Interest in this p rob lem led us to examine 
alkyl 4-[4-(4-methoxybenzoyloxy)benzylideneamino]-
benzoates (1) and 4-[4-(4-methoxybenzylideneamino)-
benzoyloxy]benzoates (2), empoly ing thirty ester alkyl 
groups . A similar, bu t less extensive, study has been 
carried ou t by the present authors on alkyl 4-(4-phenyl-
benzylideneamino)benzoates.4 ) 

CH3O-

-C00R 

(1) 

CHUO 

No—(O/ C00R 

(2) 

Experimental 

Materials. 4-(4-Methoxybenzoyloxy)benzaldehyde was 
obtained by a condensation reaction between 4-methoxy-
benzoyl chloride and 4-hydroxybenzaldehyde dissolved in 
pyridine. Alkyl 4-aminobenzoates were prepared as describ­
ed in our previous work.7) Compounds 1 were synthesized by 
condensing the above-mentioned benzaldehyde derivative 
and alkyl 4-aminobenzoates in boiling ethanol. The 
reaction between 4-methoxybenzaldehyde and 4-aminoben-
zoic acid produces 4-(4-methoxybenzylideneamino)benzoic 
acid. Alkyl 4-hydroxybenzoates were prepared by the 
esterification of 4-hydroxybenzoic acid with appropriate 
alcohols in boiling benzene, employing sulfuric acid as a 
catalyst.8) Compounds 2 were synthesized by the reaction of 
4-(4-methoxybenzylideneamino)benzoic acid with alkyl 4-
hydroxybenzoates in chloroform, following a procedure of 
Hassner and Alexanian.9) 

Measurements. The mesophases were identified by ex­
amining their textures with the aid of a polarizing 
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microscope in conjunction with a heated stage. The 
transition temperatures and associated enthalpy changes 
were determined by calorimetric curves recorded on a Rigaku 
Denki Thermoflex differential scanning calorimeter. 

Results and Discussion 

T h e mel t ing po in t s and liquid-crystal t ransi t ion 
temperatures measured for these closely-related two 
series are presented in Tables 1 and 2. Here, 
crystalline, smectic A, nemat ic , and isotropic l iqu id 
phases are denoted by K, SA, N, and I, respectively. 

T h e thermal stability of the nematic phase of the 
c o m p o u n d in series 1 tends to be h igher than that in 
the cor responding member in series 2; that is, the N-I 
t ransi t ion temperatures were 267 ° C vs. 258 ° C for the 
propyl esters (No. 5) and 2 1 4 ° C vs. 2 0 9 ° C for the 
heptyl esters (No. 30). O n the other hand , the smectic 
A phase appea r ing in series 2 is thermally more stable 
t han that in series 1. As a matter of fact, all of the 
c o m p o u n d s in series 2 except for methyl , ethyl and 
1,2,2-trimethylpropyl esters (Nos. 1, 2, and 12) exhibit a 
stable smectic A phase, whereas the corresponding 
member in series 1 is ei ther not smectogenic at all or 
the phase is mostly metastable. 

T o our surprise, even compounds carrying two 
b r a n c h i n g methyl g roups at the 1 posi t ion in series 1 

are mesogenic. T h u s , the £-butyl and 1,1-dimethyl-
propyl esters (Nos. 4 and 8) produce a stable nematic 
phase, the temperature ranges of the existence be ing as 
wide as 81 and 97 °C respectively. It mus t be 
emphasized that the mesophase in the former ester is 
enhanced by as m u c h as 66 ° C by the second methyl 
g r o u p in t roduced to the 1 posi t ion. Whi le the 1,1,2-
t r imethylpropyl ester (No. 11) exhibits a nematic 
phase stable over 11 ° C as well as a metastable smectic 
A phase, the 1,1-dimethylbutyl ester (No. 19) is purely 
smectogenic. It was no t possible to study the 
cor responding compounds in series 2 because of the 
difficulty in p repar ing the precursors, alkyl 4-hydroxy-
benzoates. 

N - I Transition and Chain Branching. T h e change 
in the N-I t ransi t ion temperature by the in t roduct in of 
a b r anch ing methyl g roup to propyl , butyl, and pentyl 
g roups a n d also by the shift to the end of the alkyl 
chains can be fully examined in series 1 because all the 
members exhibi t a stable nemat ic phase. As is shown 
in Fig. 1, the nematic property of the propyl ester is 
reduced by 1-methylation by as m u c h as 83 °C. T h e 
2-methylpropyl ester (No. 7) gives an N-I transit ion 
temperature lower only by 12 ° C than the unbranched 
propyl ester. T h e relat ion between the t ransi t ion 
temperature and the posi t ion of the methyl g roup 

Table 1. Transition Temperatures (°C) and Enthalpy Changes (kj mol -1) of Compounds la) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Alkyl group K 

CH3 

CH2CH3 
CH(CH3)2 

C(CH3)3 

CH2CH2CH3 
CH(CH3)CH2CH3 

CH2CH(CH3)2 
C(CH3)2CH2CH3 
CH(CH3)CH(CH3)2 

CH2C(CH3)3 

C(CH3)2CH(CH3)2 

CH(CH3)C(CH3)3 

CH(CH2CH3)2 

CH[CH(CH3)2]2 

CH2CH2CH2CH3 

CH(CH3)CH2CH2CH3 

CH2CH(CH3)CH2CH3 

CH2CH2CH(CH3)2 

C(CH3)2CH2CH2CH3 

CH(CH3)CH2CH(CH3)2 

CH(CH2CH3)CH2CH2CH3 

CH2CH(CH2CH3)2 

CH2CH2CH2CH2CH3 

CH(CH3)CH2CH2CH2CH3 

CH2CH(CH3)CH2CH2CH3 

CH2CH2CH(CH3)CH2CH3 

CH2CH2CH2CH(CH3)2 

CH2CH2CH2CH2CH2CH3 

CH2CH(CH3)CH2CH2CH2CH3 

CH2CH2CH2CH2CH2CH2CH3 

161 (39) 

151 (42) 

146(41) 
135 (30) 
129 (38) 
154 (48) 

142(31) 

141 (37) 
122 (29) 
155 (46) 
111 (21) 
143 (30) 
139 (39) 
122 (28) 

133 (33) 

160 (48) 

151 (57) 
108 (35) 

SA N 

210 (55) 
201 (52) 
[. 145(0.3)] 
197 (57) 
165 (46) 
[. 129(1.1)] 
139 (39) 
193 (52) 
[. 125(0.2)] 
[. 115(0.1)] 
[. 115(0.2)] 
[. 128(0.5)] 
149 (58) [. 
[. 100 (1.5) 
171 (58) 
[. 134(0.6)] 
[. 114 ( —)] 
[. 150 (0.5)] 

120 (2.4) 
152 (0.3) 
126 (2.3) 

[. 121 (0.1)] 
161 (54) 
. 141 (0.7) 

110(38) 
[. 153 (0.3)] 
153 (44) 
[. 139(0.1)] 
. 123 (0.1) 
150 (66) 

I 

316 ( - ) 
282 (0.6) 
212(0.1) 
278 (0.5) 
267 (0.5) 
184(0.1) 
255 (0.4) 
290 (0.5) 
217 (0.1) 
230 (0.2) 
140 (0.2) 
163 (0.2) 
139 (0.5)] 

] 
237 (0.3) 
158(0.1) 
223 (0.3) 
213 (0.5) 

193 (0.2) 
237 (0.5) 
150 (0.2) 
219 (0.3) 
203 (0.2) 
216 (0.5) 
217 (0.5) 
204 (0.3) 
214 (0.5) 

a) The latter quantities are in parentheses. The braced quantities represent monotropic transitions. 
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Table 2. Transition Temperatures (°C) and Enthalpy Changes (kjmol-1) of Compounds 2a) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Alkyl group K S 

CH3 

CH2CH3 
CH2(CH3)2 

C(CH3)3 

CH2CH2CH3 
CH(CH3)CH2CH3 

CH2CH(CH3)2 

C(CH3)2CH2CH3 

CH(CH3)CH(CH3)2 

CH2C(CH3)3 

C(CH3)2CH(CH3)2 

CH(CH3)C(CH3)3 

C(CH2CH3)2 

C[CH(CH3)2]2 

CH2CH2CH2CH3 

CH(CH3)CH2CH2CH3 

CH2CH(CH3)CH2CH3 

CH2CH2CH(CH3)2 

C(CH3)2CH2CH2CH3 

CH(CH3)CH2CH(CH3)2 

CH(CH2CH3)CH2CH2CH3 

CH2CH(CH2CH3)2 

CH2CH2CH2CH2CH3 

CH(CH3)CH2CH2CH2CH3 

CH2CH(CH3)CH2CH2CH3 

CH2CH2CH(CH3)CH2CH3 

CH2CH2CH2CH(CH3)2 

CH2CH2CH2CH2CH2CH3 

CH2CH(CH3)CH2CH2CH2CH3 

CH2CH2CH2CH2CH2CH2CH3 

A 

212 (56) 
185 (53) 

153 (38) 

159 (52) 
144 (36) 
134(41) 

147 (27) 
145 (39) 

166 (48) [ 
145 (33) 
119(31) 
157 (55) 
125 (31) 
126 (34) 
145 (41) 

121 (34) 
124 (32) 
114(21) 
150 (29) 
119(32) 
105 (34) 
146 (40) 
150 (46) 
145 (50) 
92 (26) 

142(51) 

177 (1.7) 

161 (0.1) 
168 (1.4) 
156 (0.3) 

162 (0.7) 
164 (0.7) 

157 (1.9)] 

170 (0.5) 

163 (0.5) 
185 (1.5) 

159 (0.6) 
172 (0.4) 

158 (0.3) 
184(1.1) 
182 (0.8) 

. 178 (0.5) 

. 165 (0.6) 

. 181 (0.5) 

N I 

. 301 (0.8) 

. 268 (0.6) 

. 205 (0.4) 

. 258 (0.3) 

. 184(0.1) 

. 246 (0.9) 

. 182 (0.1) 

. 224 (0.8) 

[. 165 (0.2)] . 
153 (2.6) 
139 (3.7) 

. 231 (0.5) 
169 (3.3) 

. 221 (0.4) 

. 209 (0.5) 

171 (4.2) 
151 (3.9) 

. 194 (0.2) 

. 228 (0.8) 
164 (3.3) 

. 217 (1.2) 

. 203 (0.4) 

. 212 (0.7) 

. 213 (0.7) 

. 207 (0.6) 

. 209 (0.7) 

a) The latter quantities are in parentheses. The braced quantities represent monotropic transitions. 

observed for the propyl ester is reproduced by chain 
branching in the butyl and pentyl esters, although the 
transitions in the latter two are located, more or less, at 
lower temperatures. The following findings regarding 
the 3-methylbutyl and 3-methyl- and 4-methylpentyl 
esters (Nos. 18, 26, and 27) may be particularly 
noteworthy. We can see in Fig. 1 that the shift of a 
methyl group from the 2 position to the 3 position in 
the butyl ester decreases the nematic stability by 10 °C. 
A similar tendency is found by comparing the 2-
methyl- and 3-methylpentyl esters; a decrease by 
16 °C. The transition temperature given by the 4-
methylpentyl ester (No. 27) is lower by 3 °C than that 
of the 2-methylpentyl ester, even though it is higher by 
13 °C than that of the 3-methylpentyl ester. Regarding 
series 2, the corresponding esters are not necessarily 
nematogenic; nevertheless, the above-mentioned tend­
encies may also be noted in Fig. 2. These observations 
agree qualitatively with those made earlier for the 
diesters.7) Examining the effects of methyl branching 
at the penultimate carbon of a chain (-(CH2)nCH-
(CH3)2 groups), Gray and Harrison pointed out that 
quite large alternation in the nematic stabilities occurs 
as n changes progressively.1'2* Their conclusion may 
be regarded being one part of other more general 
tendencies disclosed in the present work. 

One of the most fascinating findings is an enhance­
ment of the nematic stability by methylation, observed 
for the following two esters in series 1 (see Fig. 3). The 
nematic thermal stability in the 1,1-dimethylpropyl 
ester (No. 8) is promoted by 106 °C and that in the 
1,2-dimethylpropyl ester (No. 9) by 33 °C compared 
with that of the 1-methylpropyl ester (No. 6), whereas 
the transition temperature in the 1,2-dimethylpropyl 
ester is lower by as much as 38 °C than that of the 
2-methylpropyl ester (No. 7). In contrast, the N-I 
transition in the 1,2-dimethylpropyl ester in series 2 
occurs at a slightly lower temperature than that in the 
1-methylpropyl ester. 

The 1-ethyl- and 2-ethylbutyl esters (Nos. 21 and 22) 
are mesogenic and their data provide the means for 
comparing the effects of branching methyl and eth­
yl groups. The depression of the nematic phase 
relative to the unbranched alkyl ester by 1-alkylation is 
quite large and the assessment cannot be complete 
(namely, 70 ° C by a methyl group vs. more than 111 ° C 
by an ethyl group in series 1 and 74 °C vs. more than 
105 °C in series 2). In the case of 2-alkylation, the 
following values are obtained: 14 °C vs. 44 °C in series 
1 and 10 °C vs. 36 °C in series 2. Furthermore, the 
effects of branching 1-methyl and isopropyl groups 
may be compared on the basis of the data for the esters 
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250 h 

200 h 
cj 

150 h 

100 

250 h 

200 
u 

150 h 

100 
2 0 2 0 

Fig. 1. Plots of the SA-N (•) and N-I (O) transition 
temperatures against the position of the branching 
methyl group. The unmethylated alkyl ester is 
denoted by 0. (a) propyl, (b) butyl, and (c) pentyl 
esters in series 1. 

Fig. 2. Plots of the SA-N/SA-I (•) and N-I (O) 
transition temperatures against the position of the 
branching methyl group. The unmethylated alkyl 
ester is denoted by 0. (a) propyl, (b) butyl, and (c) 
pentyl esters in series 2. 

Nos. 7, 9, and 14. T h e depressions are follows: 38 ° C 
vs. more t han 155 ° C in series 1 and 22 ° C vs. more 
than 107 ° C in series 2. 

SA-I or SA-N Trans i t ion and Cha in Branching. Al­
t h o u g h the S A - N transi t ions measurable for series 1 are 
very l imited, the smectic A phase in the 2-methylbutyl 
ester is t ransformed in to the nemat ic phase certainly at 
a lower temperature than that of the 1-methylbutyl 
ester (see Fig. lb) . Comple te data available for series 2 
are very remarkable as depicted in Fig. 2. Whi le the 
in t roduc t ion of a methyl g r o u p to the 1 pos i t ion of the 
p ropy l chain enhances the smectic properties, a 
s imilar modificat ion to the butyl and pentyl chains 
gives rise to opposi te effects. T h e methyl g roup at the 
2 posi t ion d iminished the smectic thermal stability 
relative to the unb ranched ester and the magn i tude 
increases u p o n the e longat ion of the alkyl chain. 
These observations indicate that the effect of chain 
b r a n c h i n g on the smectic behavior is no t independent 
of the length of the alkyl g roup to which a b ranch ing 
methyl g roup is introduced. It mus t be added that the 
smectic A phases given by the 3-methylbutyl and 3-
methyl - and 4-methylpentyl esters (Nos. 18, 26, and 27) 
are considerably more stable compared not only to that 
given by the 2-methyl derivatives (Nos. 17 and 25) bu t 
also to the unbranched esters (Nos. 15 and 23). T h e 

Propyl 

-83 -12 

/ \ 
1-Me 2-Me 

•106 +33 -38 -25 

/ V \ 
1J-Me2 1,2-Me2 2,2-Me2 

-134 -61 -54 -67 

U2-Me3 1.2,2-Me3 

Fig. 3. The change in the N-I transition temperature 
(°C) of the propyl ester in series 1 by the introduction 
of a branching methyl group. 

stabil ization of a smectic A phase by chain b r a n c h i n g 
is no t entirely a new finding. T h e smectic A phase in 
butyl 4-(4-phenylbenzylideneamino)benzoate was found 
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to be stabilized by 3-methylation; however, molecular 
m a n i p u l a t i o n by methyla t ion at the other posi t ions or 
by u s ing the other alkyl groups did no t give such a 
change in that series.4) In addi t ion to these findings, 
which are not in conformity wi th the trend described 
by Gray a n d Har r i son , it may be noted that the S A - N 
t ransi t ion in the 4-methylpentyl ester is located at a 
lower temperature than that in the 3-methylpentyl 
ester. 

Finally, the effects of methyl , ethyl, and isopropyl 
g roups on the thermal stability of smectic A phase 
may be compared wi th each other, employ ing the data 
of the aforementioned branched alkyl esters. T h e 
changes relative to the unbranched esters can be 
est imated only for series 2. In the case of 1-alkylation 
of the butyl ester, the depression is merely 1 ° C by a 
methyl g roups vs. 19 ° C by an ethyl g r o u p (compare 
Nos. 16 and 21 wi th No. 15). Similarly, 7 ° C vs. 11 ° C 
is obta ined in the case of 2-alkylation (Nos. 17 and 22). 
T h e transi t ion temperature of the 2-methylpropyl ester 
(No. 7) is increased by 6 ° C by a methyl g roup and is 
decreased by 23 ° C by an isopropyl g r o u p (Nos. 9 and 
14). Apparent ly , the smectic behavior is less affected 
by these substi tuents. 

T h e mesomorph ic propert ies of a c o m p o u n d are 
determined, in pr inc ip le , by the features of molecule as 
a whole . T h e results presented here firmly establish 
tha t the change in the local molecular organizat ion by 
chain b ranch ing in nemat ic and smectic phases 
depends appreciably u p o n the molecular framework as 

well as u p o n the length of the alkyl chain to which 
b r a n c h i n g g roups are to be introduced. Since the 
nature of a substi tuent located at the other end of the 
molecule is k n o w n to be an impor tan t structural 
parameter in de te rmin ing the mesomorphic proper­
ties, this terminal substi tuent could exert a consider­
able influence u p o n the effects of the chain b ranch ing 
under investigation. Work employ ing substi tuents 
other than a methoxyl g roup will be reported in 
for thcoming papers. 
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Some Mechanochemical Considerations on the Numbers 
of Spins Induced by Ultraviolet Light 
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The number of spins/g (NOS) generated in a binary powder of glycolic acid and silica-alumina (SA) 
increased during ultraviolet (UV) irradiation. After stopping illumination, the NOS value was found to 
decrease up to a constant number of sping/g (CNS), which was remarkably greater than the NOS value obtained 
before UV irradiation. The CNS values, thus obtained, were influenced not only by the calcination temperature 
of SA (Tea) and by the atmosphere of storage, but also by the duration of UV irradiation (DI). The values of CNS 
obtained at a low Tca (below 400 °C) were also influenced by the time interval between stopping shaking and the 
start of UV irradiation (U). Values of NOS having attained CNS remained unchanged for a long period, but 
finally began to decrease. The duration of CNS (DCNS) was also affected by Tca, the atmosphere of storage, DI, and 
U. DCNS decreased when CNS increased, and became unchanged when CNS reached a constant value. Values of 
CNS and DCNS induced by UV light were also influenced by the size of SA particles and by the mechanical 
energy given by shaking or compressing. Such mechanochemical effects are available, at least for studying the 
generation mechanism of UV-induced surface activity, for an improvement of the reproducibility of 
physicochemical data obtained during or after UV irradiation, and for the method of obtaining materials of 
constant efficiency. 

Mechanochemistry is concerned wi th changes in the 
properties of materials due to the mechanical forces 
appl ied to organic or inorganic solids and powders. 
Specifically, the effects of sintering, lubricat ion, wear, 
adsorpt ion, wetting, structural changes, chemical 
reactions, such as oxidat ion, reduct ion, decomposi­
tion, polymerization, and corrosion have recently been 
investigated.x) These transformations are usually 
preceded by a variat ion in surface structures, the 
ejection of electrons, the formation of ion pairs , the 
cleavage of covalent bond ing , or the local formation of 
h igh energy sites, due to the energy or the heat evolved 
in the materials du r ing the course of the mechanical 
processes.1* Mechanochemical changes can also be 
caused by exposing materials to y-rays, X-rays, l ight, 
or ul trasonic waves.l) 

We have already observed the formation of radicals 
in binary powders of a saccharide and a metal oxide,2 »3) 

and of a metal oxide and an organic compound4* by 
means of electron spin resonance (ESR) spectroscopy. 
Subsequently, the effects of mechanical energy given 
by shaking or compressing on the n u m b e r of spins 
(NOS) generated in a binary powder of glycolic acid 
(GA) and s i l i ca-a lumina (SA) were examined.5* A 
mixed powder of GA and SA may be taken as a model 
not only for s tudying the reactivity of a contact 
reaction occurr ing on the surface of a solid-acid 
catalyst, bu t also in consider ing the effects of 
mechanical forces on the solid acidity of an a l u m i n o -
silicate when utilized as an antacid. Such mechano­
chemical effects on the transformation of physico-
chemical propert ies would provide a method for 
manufac tur ing antacids or catalysts possessing con­
stant physicochemical properties, or a method of 
forcing drugs or catalysts to exhibi t constant effi­
ciency. Under these circumstances, the time-courses of 

N O S for per iods of u p to 5 years after m i x i n g were 
considered mechanochemical ly.6 '7 ) We reported there­
in that N O S increased init ial ly, remained at a 
maximal value for a long period, and finally began to 
decrease from the m a x i m u m . 

Recently, we observed the characteristic behaviors of 
N O S induced by ultraviolet (UV) l ight with a binary 
mixture of GA and SA. New mechanochemical 
factors, such as the dura t ion of UV irradiation (DI) 
and the time interval between the stop of shaking and 
the start of UV irradiat ion (U), were found to affect 
N O S induced by UV light significantly. T h e n , the 
object of this paper was to describe the influences of DI 
or U on the behavior of N O S , followed by some 
consideration of the reproducibil i ty of physico-
chemical properties induced by UV light and on the 
induct ion of spin-generat ing sites. 

Experimental 

Materials. Commercial GR-grade GA was used after 
being recrystallized from water and dried in vacuo. Nikki 
Kagaku N631-L Type SA was calcined for 5 h at 200, 400, or 
600 °C. 

ESR Measurement. The spectrometer, the instrumental 
settings, and the method of the determination of NOS were 
described previously.5,0 

Procedure. GA (10%) was mixed with SA (100—150, 
150—200, 200—250, or 250—325 mesh) in nitrogen, dry air, 
or humid air and was shaken by a Taiyo SR-II type 
reciproshaker for 15 min. This mixed powder was stored in 
a desiccator or an ESR cell in nitrogen, dry air, or humid air 
for a given period (U) dit 25 °C in the dark. The mixed 
powder was then irradiated with UV light for a given 
duration (DI) and left as such at 25 °C for a suitable period; 
then an ESR spectrum was finally measured at 25 °C. A 
JEOL ES-05 H-type UV irradiation unit fitted with a 500-W 
mercury lamp was used for illumination. 
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The method to determine the duration of constant number 
of spins/g (DCNS) was as follows: SA was mixed with a 
small amount (less than 1%) of GA, left for a period of U, 
irradiated with UV light for a period of DI, and then mixed 
again with GA (10%) immediately after the NOS value of the 
irradiated mixture started to decrease from a constant 
number of spins/g (CNS). The DCNS value is defined by the 
time interval between the end of the second mixing with 
GA and the start of the second decrease in NOS.7) 

A method for obtaining dry or humid air,8) and that of 
applying compressive stress0 were described previously. 

Results and Discussion 

Characterization of Spins. T h e ESR spectra of GA-
SA mixtures were demonstra ted in a previous paper.6) 

ESR signals obta ined wi th a binary powder of GA and 
SA comprised two components : 2,2'-oxydiacetic acid 
radicals, and electrons or holes t rapped in SA.6) 

Time-Courses of NOS. A) Increase in N O S during 
UV Irradiation. In the first place, the time-courses of 
N O S d u r i n g UV irradia t ion were exmined wi th a 
binary system of G A (10%) and SA (150—200 mesh) at a 
constant shak ing dura t ion (15 min) and constant k 
(170 h) . An ESR spect rum was measured under UV 
irradiation from immediately after the start of i l lumina­
t ion. Some examples of the time-courses of N O S are 
shown in Fig. 1. T h e N O S value at T c a =600°C in 
ni t rogen rapidly increases for a per iod of u p to 2 h 
after the start of UV irradiat ion; it then increases very 
slowly, and finally reaches an entirely constant value 
(75X1015 sp ins /g) at ca. 70 h after the start of the 
i l lumina t ion . A similar time-course of N O S is 
observed at a Tca of 400 or 200 ° C in ni t rogen. 
However, N O S at T c a=400 or 200 °C increases remark­
ably for a per iod of u p to ca. 8 or 30 h, respectively, and 
reaches an entirely constant N O S (68 or 56X1015 

sp ins /g , respectively) at ca. 100 or 300 h, respectively, 
after the start of UV irradia t ion. T h e values of N O S , 

time-courses of N O S , and the dependences of the time-
courses of N O S on Tea in dry air were identical wi th 
those in ni t rogen. Al though the time-courses of N O S 
in h u m i d air (relative humid i ty (RH)=60%) were 
ana logous to those described above, their N O S values 
were smaller than those in ni t rogen, while their 
variations in N O S cont inued for longer periods. 

T h e ra t io of entirely constant N O S obtained at 
D I = 3 0 0 h to an N O S at D I = 0 h decreased wi th an 
increase in Tca. Moreover, the N O S ratio obtained in 
n i t rogen was identical wi th that in dry air, bu t was 
considerably smaller than that obtained in h u m i d air. 

B) Decrease in NOS after the Stop of UV Irradiation. 
Figure 2 depicts the time-courses of N O S after 
s topp ing UV irradiat ion for a binary powder of GA 
(10%) and SA (150—200 mesh). T h e experimental 
condit ions were: shaking dura t ion, 15 min; U, 170 h; 
DI, 32 h. N O S values were measured from immediate­
ly after the stop of UV irradiat ion. As shown in Fig. 2, 
N O S is greatest immediately after s topping UV 
irradiat ion, gradual ly decreasing, and finally reaching 
a constant n u m b e r of s p i n s / g (CNS). In an atmos­
phere of ni t rogen, the CNS value increases with an 
increase in l ca> while the time required for a t ta in ing a 
constant n u m b e r of s p i n s / g (£CNS) decreases. T h e 
values of CNS and £CNS in dry air were almost identical 
wi th those in ni t rogen. However, in h u m i d air, the 
CNS values were smaller, and the £CNS values were 
greater than those in ni t rogen (e. g., CNS in h u m i d air 
at T c a=200, 400, or 600 °C was 26, 41, or 47X1015 

sp ins /g , respectively, and the corresponding £CNS was 
ca. 48, 24, or 3 h, respectively). 

C o m p a r i n g the time-courses shown in Fig. 1 wi th 
those shown in Fig. 2, N O S varies hysteretically. T h a t 
is, CNS at DI=32 h (CNS32), for example, is less than 
N O S du r ing i l lumina t ion , bu t is greater than N O S 
just before UV irradiat ion (NOSo). T h e CNS32/NOS0 
rat io in dry air was small at T c a =600°C (1.06), bu t 

t / h 

Fig. 1. Time-courses of NOS during UV irradiation 
for the binary system of GA and SA. Experimental 
conditions were: rc a=200°C in nitrogen (D), TCa= 
400°C in nitrogen (O), TCa=600oC in nitrogen (A), 
or Tca=400°C in humid air (RH=60%) ( • ) . 

Fig. 2. Time-courses of NOS after the stop of UV 
irradiation for the binary mixture of GA and SA. 
Symbols are the same as those in Fig. 1. 
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Fig. 3. Dependences of CNS on DI for the binary 
powder of GA and SA. Symbols are identical with 
those in Fig. 1. 

increased at a decreased Tca (1.12 or 1.62, respectively, 
at a Tea of 400 or 200 °C). The CNS32/NOS0 ratio in 
nitrogen was identical with that in dry air, but was 
smaller than that in humid air (1.18, 1.32, or 1.86, 
respectively, at a Tca of 600, 400, or 200 °C). 

Dependences of CNS on the Conditions of UV 
Irradiation. A) Effects of DI on CNS. Next, the 
nature of CNS was examined. First, CNS was found to 
be influenced by DI. The values of CNS obtained with 
a binary powder of G A (10%) and SA (150—200 mesh) 
at a constant shaking duration (15 min), and constant 
U (170 h) are dependent on DI in the manner 
demonstrated in Figure 3. As can be seen from Fig. 3, 
CNS increases with an increase in DI, decreases its 
increase, and finally reaches a plateau at a saturated 
CNS (SCNS). The dependences of SCNS (obtained at 
DI=32 h) On 1 ca and on the atmosphere of storage have 
already been described (Fig. 2). Unsaturated CNS 
values obtained at a decreased DI were, of course, less 
than SCNS, but varied with Tca or with the atmosphere 
of storage in a manner similar to SCNS values. 

The value of DI required for attaining SCNS 
(DISCNS) also depended On 1 ca and on the atmosphere 
of storage. For example, a DISCNS value obtained in 
nitrogen at Tca=200, 400, or 600 °C is ca. 24, 6, or 2 h, 
respectively. A DISCNS value in dry air (e.g., ca. 6 h at 
Tea—400° C) was identical with that in nitrogen, but 
was smaller than that in humid air (e.g., ca. 15 h at 
Tca=400°C). 

B) Effects of U on CNS. Some CNS values were 
influenced by U. The effects of U on CNS were observed 
at Tca=200°C in nitrogen or in dry air, and at a Tca 

below 400 °C in humid air. At a Tca of 600 °C, the 
effects of U were not observed. Figure 4 demonstrates 
the relationship between CNS and U for the binary 
powder of G A (10%) and SA (150—200 mesh) at a 
constant shaking duration (15 min). As illustrated in 
Fig. 4, CNS is the greatest at F 0 h , decreases 
gradually, and reaches a constant value at a suitable U. 

t j / h 

Fig. 4. Relationship between CNS and U for the GA-
SA mixture obtained at Tca=200 °C and at a DI of 1.0, 
(D), 8.0 (O), or 24 (A) h in nitrogen, or at Tca=400 °C 
and at a DI of 1.0 ( • ) , 8.0 (•) , or 24 (A) h in humid 
air. 

The value of U required to reach constant CNS 
decreased with an increase in DI. That is, the ratio of 
CNS at ti=0 h to the constant CNS independent of U 
decreased with an increase in DI and reduced to unity 
at a DI of greater than 30 h. In addition, this ratio 
obtained in humid air was greater than that in nitro­
gen or dry air. The dependences of CNS on U in dry air 
were identical with those in nitrogen. 

Dependences of DCNS on the Conditions of UV 
Irradiation. A) Effects of DI on DCNS. As can be 
predicted by previous reports,6«7* NOS values remained 
constant at CNS for a long period, but finally began to 
decrease. The time when NOS began to decrease 
agreed with the time when free GA molecules mixed 
with SA disappeared.6»7) Then, DCNS may be a good 
measure of the rates of the contact reactions on the 
surface of SA.6'7) 

Figure 5 shows the effects of DI on the CNS 
(ordinate) vs. DCNS (abscissa) plots for the binary 
powder of GA (10%) and SA (150—200 mesh) at 
ti=n0h. Although not shown in Fig. 5, DCNS in 
nitrogen obtained at Tca=200 ° C and at DI=0,1.0, 3.0, or 
32 h was ca. 1100, 1060, 1040, or 1020 d, respectively, 
while the corresponding value of CNS was the same as 
that in dry air (shown in Fig. 5). As can be seen from 
Fig. 5, DCNS is dependent on Tca, on the atmosphere 
of storage, and on DI. DCNS decreased when CNS 
increased. On the contrary, when the slope of the de­
crease curve of CNS increased, the slope of the increase 
curve of DCNS increased. In addition, both CNS and 
DCNS reached constant values under identical experi­
mental conditions. 

At a Tea of 600 °C, DCNS values are almost inversely 
proportional to the corresponding CNS values. 
Therefore, NOS induced by UV light may increase 
directly the rates of contact reactions on the surface of 
SA. At a Tea of 200 °C, however, CNS increases greatly 
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Fig. 5. Effects of DI on the CNS vs. DCNS plots for the 
binary powder of GA and SA at a constant U (170 h). 
Experimental condi tions were.* 1 ca— 600 °C in 
nitrogen (®), Tca=200 (D), 400 (O), or 600 (A) °Cin 
dry air, or Tca=200 ( • ) , 400 (• ) , or 600 (A) °C in 
humid air. The DI values employed were: 0 (a), 1.0 
(b), 3.0 (c), 10 (d), and 32 (e) h. The symbol d,e, for 
example, denotes that both CNS and DCNS values 
became unchanged at a DI value of above 10 h. 

wi th an increase in DI, whereas the decrease in DCNS 
is m u c h smaller than that expected from the inverse 
propor t ional i ty . Therefore, only par t of spins 
produced by UV ir radia t ion may increase the rates of 
the contact reactions. An intermediate re la t ionship 
between CNS and DCNS is obtained at Tc a=400 °C. 

B) Effects of ti on DCNS. Figure 6 depicts the 
effects of U on the plots of CNS against DCNS for the 
binary powder of GA (10%) and SA (150—200 mesh) at 
a constant shaking dura t ion (15 min) and constant DI 
(1.0 h). A l though not shown in Fig. 6, DCNS obtained 
in n i t rogen at T c a = 2 0 0 ° C and at fr=0, 8, 30, or 100 h 
was ca. 1030, 1040, 1050, or 1060 d, respectively, 
whereas the cor responding value of CNS was the same 
as that in dry air (shown in Fig. 6). T h e DCNS value 
was influenced by U at Tc a=200 ° C in ni t rogen or in dry 
air, and at a Tca of below 400 ° C in h u m i d air. At a Tca 

of 600 °C , the effects of U on DCNS were not observed. 
As can be seen from Fig. 6, a DCNS value is the 
smallest at U=0 h , increased wi th an increase in U and 
finally reached a constant value. Eventually, the 
DCNS value induced by ti was dependent on 1 ca., on 
the a tmosphere of storage, and on DI. DCNS 
decreased when CNS increased, and became constant 
when CNS reached a constant value. 

T h e DCNS values obtained at Tc a=400 ° C in h u m i d 
air are almost inversely p ropor t iona l to the corre­
spond ing CNS, whereas those obta ined at Tc a=200 °C 
are m u c h smaller than those expected from the inverse 
propor t ional i ty . Therefore, only par t of spins induced 
by t\ may increase the rates of contact reactions at a Tca 

o f 2 0 0 ° C . 
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Fig. 6. Effects of U on the plots of CNS (ordinate) 
against DCNS (abscissa) for the binary system of GA 
and SA at DI=1.0 h. Experimental conditions were: 
Tca=200°C in dry air (D), or Tca=200 < •>. or 400 (•) 
°C in humid air. The U values examined were: 0 (a), 
8.0 (b), 30 (c), 60 (d), and 100 (e) h. 

Effects of the Content of GA. Needless to say, 
DCNS increased wi th an increase in the content of 
GA. O n the other hand , CNS and £CNS were inde­
pendent of the content of GA in the region of 0.1 — 

Results Obtained with Other Atmosphere of Storage. 
Values of CNS and £CNS in dry oxygen were identical 
wi th those in ni t rogen or dry air. O n the other hand , 
CNS decreased, and £CNS increased at an increased R H 
of the a tmosphere used. Needless to say, DCNS values 
decreased wi th an increase in the content of oxygen or 
moisture of the a tmosphere used. Al though DCNS 
decreased, and CNS and the rat io of CNS to N O S 
before i l l umina t ion increased wi th an increase in R H 
of the a tmosphere used, CNS or DCNS was dependent 
on DI or U in a manner similar to that in a h u m i d air of 
RH=60%. 

Formation of Spins in a Binary Mixture Containing 
SA without Any Calcination. T h e N O S values in a 
binary mix ture of GA and SA wi thou t any calcinat ion 
were also affected by UV irradiat ion. T h e values of the 
N O S obtained du r ing UV irradiat ion at DI=0 , 10, 30, 
100, or 300 h in ni t rogen were determined to be 7.0, 16, 
25, 29, or 31X1015 sp ins /g , respectively, whi le the 
corresponding CNS obtained after the end of the 
i l lumina t ion was 7.0, 11, 16, 18, or 19X1015 sp in s /g 
respectively. DCNS values of this mixture were too 
great (>2000 d) to be measured. 

NOS Generated in a Binary Mixture Containing SA 
Irradiated in Advance. SA calcined at 200 ° C (150— 
200 mesh) was irradiated wi th UV light independently, 
and then mixed wi th GA (10%). T h e N O S value for 
this mix ture was init ial ly small , gradual ly increased, 
and reached a m a x i m u n . T h e max ima l value in 
ni t rogen at DI=0 , 10, 30, 100, or 300 h, for example, 
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was determined to be 21, 25, 27, 28, or 29X1015 spins/g, 
respectively, which indicated that SA illuminated in 
advance could induce spins after having been mixed 
with GA. The corresponding DCNS values (>2000 d) 
were too great to be measured. These facts suggest that 
the physicochemical properties of antacids or of solid-
acid catalysts, for example, can be affected by the UV 
irradiation in advance to the powders of alumino­
silicates. 

Effects of the Particle Size of SA. Values of NOS or 
CNS obtained with GA-SA mixtures were found to 
increase with a decrease in the particle size of SA. 
Whereas, DCNS or tcNs decreased with decrease in the 
size of SA particles in a manner similar to that 
described previously.7) For a constant particle size of 
SA (100—150, 200—250, or 250—325 mesh), CNS, 
DCNS, or £CNS showed almost the same dependences on 
Tea, on the atmosphere of storage, on DI, or on U as 
those obtained with SA of 150—200 mesh described 
above. In every case, the value of CNS, the increment 
of CNS, the decrement of DCNS, and so forth became 
greatest when SA possessing of the smallest particle 
size (250—325 mesh) was used. 

Effects of Shaking or Compressing. CNS, DCNS, 
£CNS, and their dependences on DI and U were affected 
by the mechanical energy given by shaking or 
compressing. For example, the increments of CNS 
and the decrements of DCNS and of tcm with an 
increase in Tca or DI, or with a decrease in U or the 
particle size of SA increased remarkably with an 
increase in shaking duration or in compressive stress 
in a manner similar to those described previously.7) 

NOS Generated in Binary Mixtures of SA and Other 
Organic Compounds or of GA and Other Alumino­
silicates. The NOS values obtained with a binary 
system of SA and ascorbic acid, salicylic acid, acetic 
acid, indole, or glycerol, or with a binary mixture of 
GA and a zeolite, or an antacid (e.g., aluminum 
silicate, magnesium silicate, or magnesium aluminum 
silicate) were dependent on Tca, the atmosphere of 
storage, DI, U, the particle size of SA, mechanical 
energy given by shaking or compressing, and so on in 
a manner similar to those obtained with GA-SA 
mixtures. Among the aluminosilicates examined, SA 
afforded the greatest NOS upon contact with an 
organic compound, probably due to its strong solid 
acidity (the acidity function (H0)<-8).9> DCNS 
obtained with a mixture containing ascorbic acid was 
too small, while that obtained with a mixed system 
containing acetic acid, or glycerol was too great for 
studying the time-courses of mechanically induced 
spins (e.g., CNS, DCNS, and tcNs) in various atmos­
pheres. Contact reactions of GA occurring on the 
surface of SA in nitrogen or dry air were found to be 
relatively simple.6) Eventually, a GA-SA mixture was 
chosen as a convenient model of an antacid in contact 
with organic compounds and of a solid-acid catalyst 

used in some contact reactions. 
Reproducibility of NOS Induced by UV Light. 

Physicochemical properties (e.g., CNS, DCNS, or £CNS) 
of mixed systems containing aluminosilicates were 
quite hard to reproduce the same phenomena con­
stantly. As described above, mechanochemical con­
siderations were important for a quantitative dis­
cussion of physicochemical properties. 

In previous reports,5-7* the effects of the storage 
temperature, humidity, atmosphere, Tca, the size of SA 
particles, mixing duration, machines used for mixing, 
compressive stress on the behaviors of NOS were 
described using binary mixtures containing SA. In the 
present paper, we introduce some new factors available 
for considering the mechanochemical effects induced 
by UV light. 

The effects of such new factors on NOS, CNS, 
DCNS, or £CNS may be part of the important factors for 
explaining the lack of the reproducibility of the 
physicochemical properties of relatively complicated 
systems, and therefore may be useful for improving the 
degree of the reproducibility of the physicochemical 
data. Mechanochemical considerations may also 
provide a new method of supplying drugs or catalysts 
of constant efficiency. 

Nature of the Spin-Generating Sites. An adsorp­
tion equilibrium for a mixture of an organic com­
pound and an aluminosilicate is known to be attained 
2 d or more after mixing.9* Therefore, the state of the 
GA-SA mixture during or immediately after the 
application of mechanical energy might be regarded as 
being non-equilibrium. The results described in this 
paper seem to indicate that the NOS values induced by 
UV irradiation at a non-equilibrium state differed from 
those induced by the illumination at an equilibrium 
state. Especially, the difference became significant 
when illuminated at a non-equilibrium state remote 
from the equilibrium to be reached (U=0 h). We hope 
that the effects of DI and tx on CNS and DCNS might 
be generalized for the dependences of many physico-
chemical properties on commonly employed mechan­
ical processes. 

Comparing again the time-courses shown in Fig. 1 
with those shown in Fig. 2, the CNS values are smaller 
than NOS during UV irradiation, but are greater than 
NOS values before the illumination, indicating the 
occurrence of a hysteretical increase in NOS and a 
decrease in DCNS by UV irradiation, even for a very 
short period. Of course, no spin formation was 
observed in SA powder alone. However, as described 
above, spins are induced in a binary powder con­
taining SA without any calcination or in a mixture 
containing SA illuminated independently in advance. 

The active sites for the formation of spins on the 
surface of an aluminosilicate have been attributed to 
Lewis acid sites.10) Lewis acid sites are known to be 
produced from Brönsted acid sites at an elevated Tca 
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(over 500 °C).10) However, the results described in this 
paper suggest that Lewis acid sites are formed even at a 
low Tea (less than 200 °C) or in a h u m i d condit ion. An 
increase in NOS in h u m i d air du r ing and after UV 
ir radia t ion may then be explained by the gradual 
format ion of weak Lewis acid sites, whereas a decrease 
in N O S at the final stage may be resulted from the 
gradual decay of Lewis acid sites, where s t rong Lewis 
acid site indicates an active site which induces spins 
relatively soon after m i x i n g with an organic com­
p o u n d (e.g., the spin-genera t ing site on the surface of 
SA calcined at 600 °C) , whi le weak acid site means a 
mechanical ly induced spin-generat ing site exhibi t ing 
t ime and process dependences. Whether CNS is 
inversely p ropor t iona l to DCNS or not (shown in Figs. 
4 and 6) may have some significance on the induct ion 
mechanism of weak acid sites (mechanically induced 
Lewis acid sites). Fur ther details will be presented in 
subsequent papers. 

Conclusion 

Mechanochemical considerations are of impor tance 
for unders tand ing the lack of the reproducibil i ty of the 
physicochemical propert ies of relatively complicated 
systems con ta in ing aluminosil icates. Therefore, they 
may also provide a method of supply ing catalysts or 
drugs of constant efficiency. In the present work, we 
int roduced some new factors, such as DI and U, which 
were available for mechanochemical considerations on 
the behaviors of spins, resul t ing in a further increase 
in the degree of reproducibil i ty of physicochemical 

data. Mechanochemical considerations may also be 
useful for s tudying the induct ion mechanism of the 
surface activity (in part icular , the generation mecha­
nism of mechanical ly induced Lewis acid sites) of 
aluminosil icates, which suggest a new way of th ink ing 
of the induc t ion mechanism of Lewis acid sites from 
comprehensive and correlative po in t of view. 
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The Raman spectra of the phenothiazine crystal were measured at high pressures up to 20 kbar in a diamond-
anvil cell (DAC) at several temperatures. A pressure-induced phase transition was found to occur at 2.2 kbar and 
297 K. The high-pressure phase was shown to be the same as the low-temperature ferroelastic phase previously 
found at atmospheric pressure. The wavenumber of the fluorescence band Ri of ruby, used as the pressure 
monitor in DAC, was precisely measured to obtain its temperature dependence in the temperature region where 
the present Raman measurements were carried out. 

T h e phenoth iaz ine crystal undergoes a phase transi­
t ion at T c=248.8 K at a tmospher ic pressure.x) T h e 
space g r o u p of the low-temperature phase (LTP) is 
considered to be P2i /n , 2 ' 4 ) while that of the high-
temperature phase ( H T P ) is Pbnm.2-4) L T P is 
ferroelastic.® T h e R a m a n spectra revealed that a 
small-wavenumber optical p h o n o n shows a part ial 
softening as the temperature approaches Tc in LTP.1»® 
T h e sound-velocity measurements revealed that the 
stiffness C55 shows an a lmost complete softening as it 
approaches Tc in H T P . 6 ) T h e phenomenologica l 
theory, in which the shear strain es is taken as the order 
parameter , well-explains bo th the temperature depen­
dence of C55 and that of the wavenumber of the above 
optical phonon. 6 ) Therefore, the phase transit ion of 
the phenoth iaz ine crystal at a tmospher ic pressure is a 
proper ferroelastic t ransi t ion which arises mainly from 
the instability of the acoustic p h o n o n , bu t is accom­
panied by a sl ight par t i c ipa t ion of the optical p h o n o n 
th rough the p h o n o n - p h o n o n coupl ing. 

In this paper , we wil l report the results of h igh-
pressure R a m a n measurements on phenothiazine 
crystals at several temperatures. T h e measurements 
were carried out in a d iamond-anvi l cell (DAC). We 
found a pressure-induced phase t ransi t ion by monitor­
ing the wavenumber shifts of lattice p h o n o n s as well 
as those of some intramolecular vibrations. It is 
concluded that the high-pressure phase is the same 
phase as L T P found at a tmospher ic pressure. How­
ever, the p h o n o n - c o u p l i n g strengths in the h igh-
pressure region seem larger than those at a tmospher ic 
pressure. T h e difference in the wavenumber shifts of 
some int ramolecular vibrat ions is discussed in connec­
t ion wi th the character of the vibrat ional modes. It is 
po in ted ou t that the transi t ion curve on the temper­
ature-pressure ( T-P) p lane is obviously curved a round 
room temperature . T h e volume change at the phase 
transi t ion at a tmospher ic pressure is estimated from 
the slope of the t ransi t ion curve in the low-pressure 
region, and it is compared wi th the similar results for 

t Present address: Kao Corporation, Bunka 2-1-3, Sumida-
ku, Tokyo 131. 

1,3,5-triazine. 
T o estimate the pressure in DAC, the fluorescence 

band Ri of ruby7) is generally used.8»9) However, the 
temperature dependence of the wavelength or the 
wavenumber of this band a round room temperature 
has not yet been established, a l t hough some data have 
been reported.9-11* Therefore, we carried ou t precise 
measurements of the ruby fluorescence over a wide 
temperature range, inc luding the range where the 
present high-pressure R a m a n measurements were 
carried out . T h e results of these measurements are 
briefly reported and are then used to estimate the 
pressure in DAC at different temperatures. 

Experimental 

High-Pressure Raman Measurements. The Raman mea­
surements under high pressures were carried out with the 
back-scattering geometry using a DAC, Toshiba Tungaloy 
Co., XK5582, operated with high-pressure nitrogen gas. The 
DAC was installed in a hand-made cryostat, and its 
temperature was controlled with cold nitrogen gas and an 
electric heater. A 0.2 mm-thick inconel plate with a 0.3 mm-
diameter hole was used as the gasket. Liquid paraffin was 
used as the pressure medium, since phenothiazine is resolved 
into or reacts with other conventional fluids. The pressure 
was monitored by measuring the fluorescence of ruby8'9) 

placed near the sample in DAC. Liquid paraffin was found 
to give an almost homogeneous pressure in the cell up to 
16 kbar at room temperature. Above this pressure, liquid 
paraffin gave some Raman bands which are considered to 
arise from the lattice vibrations in the solidified paraffin. 
Therefore, liquid paraffin is not appropriate as the pressure 
medium in the ultrahigh pressure region. 

The 514.5 nm radiation from an Ar+-ion laser was used as 
the excitation light with the power of 100 mW. The 
equipments for the Raman measurements were almost the 
same as used in the previous study,^ with a small 
modification of the lens system. A Spex 1403 monochro-
mator was used both for the measurements of the Raman 
spectra and for the ruby fluorescence measurements to be 
described below. 

Phenothiazine (Tokyo Kasei Kogyo Co.) was purified by 
recrystallization from methanol and by zone-refining. Small 
crystalline samples were cut from the zone-refined ingots, 
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and the crystal orientation of the sample in DAC was 
determined by comparing the polarization behavior of the 
Raman spectra with that of known spectra.1* 

Measurement of Temperature Dependence of Ruby Ri 
Band Wavenumber. The wavenumber of the ruby-fluores­
cence band Ri was measured as the function of the 
temperature in the temperature range of 93—439 K. A small 
portion of the ruby crystal synthesized at Shinkosha Co., 
Ltd., was mounted in an Oxford DN1704 cryostat, which 
was then charged with nitrogen gas as the heat conductor. 
The temperature of the sample was estimated with a 
chromel-alumel thermocouple placed near the sample. The 
power of the excitation light, the 514.5 nm radiation of the 
Ar+-ion laser, was kept at 5 uW, as samll as possible to avoid 
the local heating of the sample. The Ri band overlaps with 
the R2 band in the high-temperature region above 400 K. 
Therefore, we deduced the wavenumber of the Ri band by 
the least-squares fitting of the band shapes of these two 
bands. The scale of the wavenumber was determined with 
the vacuum wavenumber of the excitation laser light12) as the 
point of origin. 

Results and Discussion 

Temperature Dependence of Ruby Fluorescence. 
T h e temperature dependence of the wavenumber of 
the ruby Ri b a n d has been reported previously.9 _ 1 1 ) 

However, the data reported so far are no t given in the 
form of precise numer ica l data or are restricted to the 
temperatures below room temperature. T h e change in 
the wavenumber obta ined in the present work is 
slightly larger than the result reported by McCumber 
and Sturge.10) A similar disagreement is seen in the 
room-tempera ture region in Fig. 1 in the paper of 
Buchsbaum et a l . n ) O u r results were found to be 
represented by the fol lowing equat ion us ing the least-
squares method: 

Wem-1 = 14400.34 - 0.1413(77K - 300) 

- 0.000219(T/K - 300)2 

T h e factor of the linear term agrees well wi th that re­
por ted tentatively by Barnett et al.9) T h e temperature 
dependence of the above equa t ion a round 300 K agrees 
well wi th that of the equa t ion of Buchsbaum et a l . , n ) 

a l though there is a discrepancy of 2.4 c m - 1 between the 
absolute wavenumbers given by these two equat ions at 
300 K. Above 300 K, the equat ion of Buchsbaum et al. 
starts to deviate from the measured temperature 
dependence. Therefore, we use our own equa t ion for 
the temperature dependence of the Ri wavenumber 
between 250 and 370 K. In the following study, we 
assume that the Ri wavenumber depends on both the 
pressure and temperature independently; the quadrat ic 
equa t ion given by P ie rmar in i et al.8) was used to 
estimate the pressure effect on the wavenumber shift. 

Pressure Evolution of Raman Spectra of Pheno-
thiazine Crystal in Lattice-Vibrational Region. Figure 
1 shows the pressure evolut ion of the smal l -wavenum-
ber R a m a n spectra observed at 332 K for the sample 

Wavenumber / c m - 1 

Fig. 1. The small-wavenumber Raman spectra of 
the phenothiazine crystal at different pressures at 
332 K. The polarization of the measurement was 
b(ac)b before the pressure was applied. See the text 
about the numbering of the bands. 

which had the b(ac)b or ientat ion before the pressure 
was applied. We number the small-wavenumber 
bands according to the system of nota t ion used in the 
previous paper. x ) Band 3 is the characteristic band 
which shows a par t ia l softening in the temperature-
induced phase t ransi t ion and which appears most 
strongly in the (ac) spectrum (B2g in H T P and Ag in 
L T P ) . Band 2 is another characteristic band which 
appears in the (cc) spectrum wi th a very strong 
intensity (Ag bo th in H T P and L T P ) . T h e fact that 
Band 2 weakly appears in the (ac) spectrum before the 
pressure is appl ied is considered to be due to the 
imperfectness of the sample orientat ion. 

When the pressure was increased to 2.2 kbar, Band 2 
was suddenly observed wi th a very strong intensity. At 
this stage, we ascertained that n o change in the sample 
or ientat ion or in the sample shape occurred. As the 
pressure increased further, Band 3 obviously increased 
its wavenumber in contrast wi th Band 2 which showed 
only a small increase in the wavenumber . These 
changes in the spectra were reversible. T h e behavior of 
Band 3 is very similar to its par t ia l softening in L T P at 
a tmospher ic pressure. We consider, therefore, that the 
crystal underwent a phase transit ion just below 
2.2 kbar at 332 K. T h e fact that Band 2 appeared more 
strongly in the (ac) spectrum of the high-pressure 
phase than in that of L T P at a tmospher ic pressure 
m i g h t be due to the larger change in the molecular 
or ientat ion accompanying the phase transit ion under 
h igh pressure. 

Phase Diagram and Volume Change at Phase 
Transition. Similar spectrum evolutions were also 
observed by app ly ing pressure at 272, 295, and 368 K. 
Figure 2 summarizes the wavenumber change of Band 
3 on the T-P plane. Apparently, the phase found under 
h igh pressure is the same phase as L T P . T h e 
intersection of the two curved surfaces, which corre-
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20 

Pressure / k bar 

Fig. 2. The temperature and pressure dependences of 
the band 3 wavenumber. The dotted line is the phase 
boundary between the ferroelastic and paraelastic 
phases. 

spond to the two phases respectively, gives the phase 
d iagram. Obviously, the T-P phase d iagram is curved 
a round room temperature, a l though the accuracy of 
the critical-pressure est imation at each temperature is 
poor because of the poor resolut ion of the pressure 
mon i to r us ing the ruby fluorescence. T h e above 
curved d iagram is in contrast wi th the almost l inear 
transit ion curve seen for l,3,5-triazine13) which has 
been known to show the ferroelastic transit ion at 
198 K.14> 

If we can assume the linearity of the curve of 
phenothiazine in the lowest-pressure region, we can 
estimate the volume change ÀV from L T P to H T P at 
a tmospher ic pressure by the Claus ius-Clapeyron 
equat ion . T h e inc l ina t ion of the transi t ion curve, 
0.04 kbar K_ 1 a round 250 K, and the observed enthalpy 
of transi t ion, 0.2 k j mol_ 1 ,5 ) give the value of ÀV as 
0.2 cm3 m o l - 1 . T h e entha lpy of transit ion of 1,3,5-
triazine, 74.5 J mol_ 1 ,1 5 ) and the incl inat ion of the 
t ransi t ion curve, 0.053 kbar K_1,13) give the value of ÀV 
as 0.071 cm3 m o l - 1 . F rom the crystal data of pheno th i ­
azine^ and l,3,5-triazine,16) the molar volumes of these 
crystals at room temperature are calculated to be 146.5 
and 59.2 cm 3 mol _ 1 respectively. Therefore, the volume 
changes at the phase transi t ion relative to the molar 
volumes are almost the same for phenothiazine and 
1,3,5-triazine. 

Couplings between Phonons. Figure 3 shows the 
shifts of some smal l -wavenumber bands against the 
pressure at 295 K. T h e par t ia l softening of Band 3 
may be explained by the coup l ing wi th the acoustic 
phonon. 6 ) Figure 3 indicates that Bands 10 and 12 
show similar pressure dependences of their wavenum-
bers to that of Band 3. Therefore, it is considered that 
Bands 10 and 12 are also affected by the coup l ing wi th 
the acoustic p h o n o n under h igh pressure. These 
bands have been found no t to be affected at all or to be 
affected only slightly by the phase transi t ion at 

20( 
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Fig. 3. The pressure dependences of the small-
wavenumber bands of phenothiazine at 295 K. See 
the text about the numbering of the bands. 

a tmospher ic pressure.1* Therefore, the p h o n o n -
p h o n o n coupl ings seem to increase under h igh 
pressure. 

T h e temperature- or pressure-dependences of the 
p h o n o n frequencies are due to the anharmonic i ty of 
the v ibra t ional potent ia l . Therefore, it is inferred that 
the change in the molecular conformations may be 
larger in the phase transi t ion under h igh pressure than 
in that at a tmospher ic pressure, since the shifts of the 
R a m a n bands are m u c h larger in the transit ion under 
h igh pressure. 

In contrast wi th Bands 3, 10, and 12, Band 2 seems 
no t to be affected by the phase transi t ion at all, even 
under h igh pressure. T h i s band has been found to 
show almost no change in the temperature-induced 
phase t ransi t ion at a tmospher ic pressure.x) T h i s band 
has been at tr ibuted to a vibrat ional mode which 
involves main ly the intramolecular bending at the 
S- • -N intersection of the phenothiazine molecule.x) It is 
an open ques t ion why this mode does not couple wi th 
other modes. However, the fact that the behavior of 
Band 2 in the pressure-induced transi t ion is almost the 
same as that in the temperature- induced t ransi t ion 
indicates that the symmetry a round a phenothiaz ine 
molecule under h igh pressure is the same as that in 
L T P at a tmospher ic pressure. T h i s supports our 
previous conclusion that the pressure-induced phase is 
the same phase as LTP. 

Pressure Effects on Intramolecular Vibrations. In 
Fig. 4, the shifts of some in t ramolecular vibrat ional 
bands observed in the (aa) spectra are plotted against 
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Fig. 4. The pressure dependences of the three 
intramolecular vibrational bands of phenothiazine 
at 295 K. See the text about the naming of the bands. 

the pressure. Band A corresponds to that which has 
the smallest wavenumber a m o n g the R a m a n bands 
observed for phenothiaz ine in the l iquid state.17) T h i s 
band is considered to arise from an int ramolecular 
mode related to the deformation of the central ring.17) 

Such a small-wavenumber intramolecular mode may 
mix wi th some lattice modes. Therefore, the shift of 
Band A under the h i g h pressure is unders tandable as 
the results of lattice deformation. 

Band B in Fig. 4 shows a very small pressure 
dependence u p to 12 kbar. Such behavior is usually 
considered to be normal for large-frequency intramolec­
ular modes, since the vibrat ional potentials of these 
modes may be main ly determined by the intramolec­
ular potent ial . However, the behavior of Band C 
shown in Fig. 4 poses a quest ion about the above 
ordinary explana t ion . T h i s band shows a very large 
pressure dependence, a l t hough its wavenumber is 
m u c h larger than that of Band B. It should be noted 
that Band B is considered to accompany the antisym­
metric pheny l - su l fu r -pheny l stretching in the central 
r ing, whi le Band C is the symmetric brea th ing mode of 
the two phenyl rings.1 7 ) Therefore, the former mode 
may not be accompained by a large change in the 
molecular volume, whi le the latter mode is considered 

to change it very much . T h i s explains the difference 
between the pressure dependences of the wavenumbers 
of these two bands. T h e assignments of the R a m a n 
bands of phenoth iaz ine have no t yet been established, 
a l though quali tat ive assignments have been given to 
some bands.1 8 ) T h e behavior of the R a m a n bands 
under h igh pressure may offer a g round for checking 
the reliability of the assigments. 
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Pathways for the thermal unimolecular reactions of the CH2CH2NH diradicals, both singlet and triplet, 
have been investigated by ab initio MO calculations using 4-31G basis functions. The minimum-energy paths 
for possible isomerizations and fragmentations are traced by the SCF gradient procedure, and multireference 
double-excitation (MRD) CI calculations carried out for all the stationary structures located. The results of 
calculation show that the energetically most favorable unimolecular reaction possible to the triplet diradical is 
an a-hydrogen detachment giving rise to CH2=CH-NH (2A"), whereas that to the singlet diradical is a 1,2-
hydrogen migration to give CH3CH=NH (W). The activation barrier heights calculated for the two processes 
are 103 and 74 k j mol - 1 , respectively. It is concluded that, in the gas phase, CH3CN and HCN should be formed 
concurrently by the a-bond cleavages of the doublet radical CH3CH=N (2A'), which will arise most readily from 
the vibrational^ hot CH3CH=NH (W). 

Chemistry of the i m i n o radical N H is in t r igu ing in 
relat ion to that of a tomic oxygen. Despite the close 
similarity in electronic structure, however, chemical 
behavior of N H in the gas phase has not yet been 
explored as comprehensively. Exper imenta l studies 
worthy of note are only those on the addi t ion of N H 
toward ethylene,1* the reactions of N H ( X 3 2 ~ ) with N O 
and O2 to give N2 and N O , respectively,2»3) the 
insert ion of NH(axA) in to a C - H bond of paraffins 
wi th a concomi tan t H a tom abstraction,4 »5) and the 
reaction of NH(axA) wi th N O giving rise to N2O 
( X 1 2 + ) as the u l t imate product.6* Molecular orbital 
theoretical studies have greatly assisted understand­
ings of the mechanist ic features of chemical reactions 
of the N H radicals in different electronic states.6~10) 

T h e reaction of N H ( 3 2 ~ ) with ethylene in the gas 
phase is one of the most fundamental types of 
chemical prosseses associated wi th the N H radical. 
Cornell , Berry, and Lwowski photolyzed hydrazoic 
acid HN3 in the presence of ethylene to investigate the 
reaction.1) They found that, under the ho t flash and 
isothermal steady photolysis condi t ions, the final 
products were CH3CN, H C N , CH4, and H2. Apparent­
ly, the pr imary step of the reaction is the addi t ion of 
N H to ethylene: 

CH2=CH2 + NH(»2-) > CH2-CH2-NH (0) 

They inferred that the triplet C H 2 C H 2 N H diradical 
thus formed would then be isomerized in to triplet 
ethylni trene CH3CH2N, which would subsequently 
suffer cleavages of the bonds associated wi th the a-
carbon a tom, to give CH3CN and H C N eventually. 
A l though the overall reaction mus t involve isomeriza­
tions (hydrogen a tom migrat ions) and fragmentations 
(bond scissions), its exact pa thway still remains to be 
clarified. Even the intermediacy of triplet ethylnitrene 
is a matter of inquiry. 

T h e present study is a imed at unravel ing the 

intricated mechanism of the C2H4-NH reaction 
theoretically. Specifically, the isomerization-fragmenta-
tion pathways possible to the CH2CH2NH diradicals, 
bo th triplet and singlet, are examined by ab ini t io M O 
calculations. T o this end, the minimum-energy pa th 
for each elementary reaction is traced by the SCF 
procedure to locate the transit ion state involved. 
Multireference double-excitation (MRD) configura­
t ion-interact ion (CI) calculations are then carried out 
for the t rans i t ion states as well as the intermediates. It 
is concluded that the precursor directly responsible for 
the formations of CH3CN and H C N sould be a doublet 
radical CH3CH=N (2A')> which has arisen from the 
singlet CH2CH2NH diradical via the 1,2-hydrogen 
migra t ion followed by the N - H bond cleavage. 

Method of Calculations 

Geometries of the CH2CH2NH diradicals and their 
unimolecular reaction intermediates were optimized 
by the U H F SCF procedure. Those for the stable 
products in the g round singlet state were treated by the 
R H F SCF method. T h e Gaussian 70 program 
package11* was used for this purpose. T h e basis a tomic 
orbital functions adopted were the conventional split-
valence 4-31G sets.12) 

T h e min imum-energy pa ths for the hydrogen a tom 
migrat ions and the fragmentat ion reactions of CH2-
CH2NH were traced mostly by the U H F procedure. 
Some reactions of the singlet CH2CH2NH diradical 
giving stable g round singlet-state products were 
treated by a mul t i -conf igurat ional (MC) SCF method. 
T h e t ransi t ion states (energy saddle points) located 
were checked by the vibrat ional normal-mode analy­
ses. T h e necessary force constant matrices were 
constructed by numerical differentiations of the energy 
gradients. 

All the t ransi t ion states and the SCF energy 
m i n i m u m structures were then subjected to the MRD-
CI calculations.1 3 ) T h e Tab l e MRD-CI p rogram 
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furnished by Buenker14»15) was used. T h e configura­
tion-selection and extrapolat ion routines13) were fol­
lowed. T h u s , the m i n i m u m threshold Tm for the 
configurat ion selection was set equal to a certain value 
between 5 to 20 jihartrees in order to select 8000—10000 
symmetry-adapted configurat ional functions (SAF) 
out of the total SAF's generated. For addi t ional 
threshold values T increasing stepwise from Tm at a 
5-jihartree interval were adopted in order to enable the 
extrapolat ion of the CI energy to the l imit T—>0. T h e 
l imi t ing CI energy thus extrapolated will hereafter be 
denoted as ECI,T-+O. 

In calculat ing the CI energies at a given set of Tm 

and T's , all the configurat ions whose contr ibut ions 
\d\2 to a state under considerat ion exceed 0.2% were 
regarded as the reference (main) configurations. T h e 
total n u m b e r of the reference configurations employed 
was typically 1 to 5 depending on the structure and 
symmetry of the molecular systems treated, and the 
total sum of the weights 2 |C*| 2 of the reference 
configurations usually ranged from 0.90 to 0.95. 

T h e ECI,T^O values tend to be lowered as the numbers 
of the reference configurations adopted and, hence, 
their total weights 2 | C ; | 2 increase. T h e uncertainty 
at tached to £ci,r->o is a reflection of insufficiency in the 
evaluation of the electron correlation effects. T h e 
deficiency is remedied by invoking the generalized 
Langhoff-Davidson correction,13»16) which is consider­
ed to take account of possible correlation errors that 
may arise from the use of a l imited number of reference 
configurations. T h e CI energy wi th this correction 
can be regarded as an estimate of the full CI l imi t 
value. 17'18) Because this corrected CI energy is 
relatively insensitive to the number of the reference 
configurat ions chosen, we will adopt it as the final CI 
energy t h r o u g h o u t this study and will denote it as Eci. 

General Outlook 

Scheme 1 represents the isomerization and frag­
menta t ion pathways possible to the singlet and triplet 
CH2CH2NH diradicals. Various intermediates are 
arranged in such a m a n n e r that in each co lumn the 
total n u m b e r of the C, N, and H a toms are retained. 
O n shift ing from the first (leftmost) co lumn to the 
second and the third, the number of the hydrogen 
atoms b o u n d to the heavy atoms is decreased one by 
one. T h u s , the vertical shifts correspond to isomeriza-
tions or the C-C bond scissions, whi le the shiftings to 
the r igh t -hand ne ighbor ing co lumns result in hydro­
gen-atom detachments. T h e numerical figures append­
ed to the various entries indicate their calculated CI 
energies Eci p lus the energy of the detached hydrogen 
atom(s), which are expressed in k j / m o l relative to the 
triplet CH2CH2NH diradical. Geometric isomers, eis 
and trans, are differentiated wi th the respective 
subscripts c and t, wherever appropr ia te . When more 

+H +2H 

CH3 + HCN 
A ('S*) 144 

>~ CH3-C=N 
9(1A') 149 

->- CH2=CH > 
i(1FF) -38 4( 2A") t 19 

(2A")C 46 

N-Y N 
/ \ 

H2C CH2 

VC^-IÔO 

(XA') 306 

,N-
/ 

CH2-CH2 > CH2=CH 
8(2A") 400 (-'A') 492 

(iA") 444 
AEci in kJ/mol (3A") 3 8 7 

Scheme 1. 

than one min imun-energy structure be longing to the 
same spin state and geometric configurat ion are found 
to be possible (as in the staggered vs gauche forms or in 
the s-cis vs. s-trans conformations), the most stable 
structure has been selected for listing. 

Inspect ion of Scheme 1 shows that the doublet 
radical which is directly responsible for the formation 
of CH3CN is likely to be CH 3 CH=N (6), the other 
precursor radical CHßC^NH (5) being less stable and 
hence be ing produced wi th a lesser possibility. H C N 
will also be formed from 6. T h e central issue here is, 
therefore, h o w this key radical 6 can be formed from 
the start ing 1,3-diradical C H 2 C H 2 N H (1). 

J u d g i n g from the stability data calculated for the 
intermediates alone, the pa thway involving an inter-
mediacy of e than imine C H ß C H ^ N H (2(xAr)) appears 
to be the most favorable in the case of the singlet 
CH2CH2NH. More confidently, however, its possible 
dominance over the pathways th rough ethylnitrene (3) 
and the v iny lamino radical (4) should be judged from 
the relative heights of the energy barriers involved. Let 
us denote these pa thways leading to the key precursor 
radical (6) as Routes a—c: 

Route a 1 -

Route b 1 -

Route c 1 > 4 

> 2 > 6 

» 3 > 6 

-> 6 
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Note that the ini t ia l steps of Routes a—c are the 1,2-
hydrogen migrat ion, 1,3-hydrogen migrat ion, and a-
hydrogen e l iminat ion, respectively. T h e relative eases 
of Routes a—c may well be different in the case of the 
triplet CH2CH2NH. 

In wha t follows, we will exmained the potential 
energy profiles for Routes a—c theoretically. We will 
first treat the tr iplet case, because the species to be 
formed ini t ial ly by the addi t ion of N H ( 3 2 ~ ) toward 
ethylene is the CH2CH2NH diradical in the triplet 
state. T h e case of the singlet CH2CH2NH will then be 
considered likewise. In bo th cases, whether the second 
steps giving 6 would indeed be the lowest-energy 
pathways for 2, 3, and 4 will be examined cautiously. 
Finally, the un imolecula r decomposit ions of 6 will be 
examined. 

Potential Energy Profiles 

(A) Reactions of the Triplet CH2CH2NH. T h e 
CH2CH2NH diradical has four stable conformations.8 ) 

These arise from the local geometries of the terminal 

methylene g r o u p in the face (F) and edge (E) 
or ientat ions to the C-N bond on one h a n d and from 
the orientat ions of the N - H bond s-trans (Et) and s-cis 
(Ec) to the C-C bond on the other. Of these four 
conformations, the most stable is found to be the one 
in the face-methylene (F) and s-cis (Ec) structure 
designated as 3FEC. In reality, the 3FEC conformer has 
no structural symmetry, though; the dihedral angle 
( f tHWCPC 1 ) (see Fig. 1) is 25.8°. Its precise geometry 
optimized by the U H F SCF procedure is given in 

H5 

H 6 ^ 

Fig. 1. Labeling of the atoms in the CH2CH2NH 
diradical. 

Table 1. Geometry and Energies of the C2NH5 Isomers 

Bond distances (r/Â) 
r(C2&) 
r(N3C2) 
r(H4N3) 
r(H*0) 
r(H5Cl) 
r ^ C 1 ) 
r(H7C2) 
r(H8C2) 
r(H«Cl) 

Bond angles (6/°) 
OiWCPC1) 
0(H4N3C2) 
ö f ^ G C 2 ) 
ôfHFOC2) 
ÔfffDC2) 
OilF&C1) 
6(H8C2C^ 
öfHPOC2) 

Dihedral angles (<f>/°) 
0(H4N3C2C1) 
(WH'OCW) 
(WHSOOW) 
«(HPC^N») 
^ I T O O N 3 ) 
c/KHSGON3) 

Energies (£/hartree) 
£SCF+132 
£CI,T^O+132 

£ci+132 

1 
(3FEC) 

1.491 
1.484 
1.015 

1.072 
1.074 
1.080 
1.088 

115.6 
110.6 

121.1 
120.5 
111.6 
110.4 

25.8 

95.1 
-78.0 

-121.9 
119.6 

-0.80058 
-1.03306 
-1.04972 

Triplet state 

2 
(3n7T*) 

1.498 
1.415 
1.012 

1.087 
1.084 
1.075 

1.082 

117.4 
114.8 

111.5 
111.4 
119.2 

110.3 

107.2 

64.3 
-55.7 

-144.8 
175.7 

-0.80610 
-1.03944 
-1.05498 

3 
(3A") 

1.531 
1.462 

1.082 
1.082 
1.082 
1.085 
1.085 

111.1 

110.8 
110.8 
110.4 
110.7 
110.7 

-60.1 
60.1 

180.0 
-120.4 

120.4 

-0.84971 
-1.07094 
-1.08904 

r 
OFF) 

1.499 
1.473 
1.015 

1.071 
1.073 
1.078 
1.083 

104.5 
109.9 

119.3 
120.1 
111.3 
111.6 

79.1 

74.8 
-86.5 

-116.6 
122.1 

-0.79917 
-1.04633 
-1.06419 

Singlet state 

2't 
(XA') 

1.492 
1.258 
1.006 

1.085 
1.079 
1.083 

1.085 

121.6 
115.6 

110.8 
109.7 
115.9 

110.8 

180.0 

120.5 
0.0 

180.0 

-0.87181 
-1.14207 
-1.16429 

3/a) 

(XA') 

1.531 
1.447 

1.082 
1.082 
1.082 
1.087 
1.087 

112.0 

110.7 
110.7 
110.4 
110.5 
110.5 

-60.0 
60.0 

180.0 
-120.8 

120.8 

-0.77798a> 
-1.00527 
-1.02422 

a) Optimized by the two-configurational SCF procedure. It is essentially degenerate with the 1A" state. 
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Table 1. 
We now consider the first steps of Routes a—c: 

T h e activation barrier heigths A £ o * and the energy 
changes for reaction A £ o have then been evaluated 

> CHs-CH-NH (la) 
2(3ri7r*) 

CH2-CH2-NH > CH3-CH2-N- (lb) 
1(3FEC) I 3(3A") 

> CH2=CH-NH + H (lc) 
4c(2A,/) 

Reaction la is a 1,2-hydrogen migra t ion to give 
e than imine (2) in its first excited triplet state (3n7i*). 
Reaction lb is a 1,3-hydrogen migra t ion giving triplet 
ethylnitrene (3(3A")). T h e radical formed by reaction 
lc is the eis isomer of the v iny lamino radical (4) in its 
g round electronic state (2A"). T h e optimized geom­
etries of the products 2 and 3 are given in Table 1. 
T h e geometry optimized for the doublet radical 4c(2A") 
is given in Table 2. 

T h e min imum-enegry paths for the unimolecular 
reactions la—c have been traced by the SCF calcula­
tions. Geometries of the respective transit ion states 
TSl(a)—(c) located are illustrated in Fig. 2. Only the 
TSl(b) is symmetric (Cs) wi th respect to the CCN 
skeletal plane. 

MRD-CI calculations have been carried out for the 
reactant (1), products (2—4), and the transi t ion states. 

TS1 (a) 

C1 L C 2 

TSl (b) 

Fig. 2. Transition state geometries for unimolecular 
reactions of 1 (3FEC). Bond distances are given in 
units of Â. TSl (a), reaction la; TSl(b), reaction lb; 
TSl(c), reaction lc. 

Bond distances (r/Â) 
r(C20) 
r(N3C2) 
r(H4N3) 
r(H4Q) 
r (H 5 0) 
r (H 6 0) 
r(H7C2) 

Bond angles (6/°) 
6(N*C2Cl) 
0(H4N3C2) 
6(H"ClC2) 
öfHFOC2) 
flfH'OC2) 
d(¥PC2Cl) 

Dihedral angles (4>/°) 
«(HWCPC1) 
« ( H ^ C W ) 
(WHSOCW) 
«(HPOCPN8) 
cWPTOON3) 

Energies (£/hartree) 
£SCF+132 

ECI.T-O+132 

£ci+132 

Table 2. 

4c 
(2A") 

1.389 
1.335 
1.011 

1.073 
1.071 
1.074 

126.1 
113.6 

121.4 
121.1 
118.8 

0.0 

0.0 
180.0 
180.0 

-0.26873 
-0.51672 
-0.53401 

Geometry and Energies 

4t 
(2A") 

1.386 
1.334 
1.008 

1.071 
1.071 
1.078 

120.5 
113.8 

119.7 
121.5 
118.5 

180.0 

0.0 
180.0 
180.0 

-0.26950 
-0.52633 
-0.54421 

of the C2NH4 

5c 
(2A7) 

1.487 
1.243 
1.014 

1.082 
1.082 
1.086 

137.4 
120.5 

110.2 
110.2 
111.7 

0.0 

120.7 
-120.7 

0.0 

-0.23993 
-0.49934 
-0.51894 

Isomers 

5t 
(2A') 

1.484 
1.244 
1.005 

1.082 
1.082 
1.083 

130.7 
119.0 

110.4 
110.4 
110.4 

180.0 

120.6 
-120.6 

0.0 

-0.24627 
-0.51188 
-0.53125 

6 
(2A') 

1.504 
1.280 

1.080 
1.083 
1.083 
1.079 

123.6 

110.9 
110.4 
110.4 
118.1 

0.0 
120.5 

-120.5 
180.0 

-0.28015 
-0.52531 
-0.54464 
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Table 3. Activation Barrier Heights and the Energy Changes for Unimolecular 
Reactions of the CH2CH2NH Diradicals (kj mol"1)^ 

No. 

0 
la 
lb 
lc 
Id 
l'a 
l 'b 
l 'c 
2a 
2b 
2c 
2'a 
2'b 
2'c 
2'd 
3a 
3b 
3'a 
3'b 
3'c 
4a 
4b 
4'a 
4'b 
5a 
5b 
6a 
6b 

Reaction 

C2H4+0(3P)-*1 
1 ^ 2 
1 ^ 3 
l ->4c+H 
1-*CH2+CH2=NH 
l ' ->2 ' t 
l ' ->3 ' 
l ' ->4 t+H 
2 ^ 3 
2->5c+H 
2->6+H 
2 ' t ->3 ' 
2't ->5t+H 
2 ' t ^ 6 + H 
2't->CH3+CH=NH 
3-*6+H 
3->CH3+CH2=N 
3 '->6+H 
3'->CH3+CH2=N 
3 ' ^ 2't 
4c—»5c 
4c->6 
4t->5t 
4t->6 
5c->6 
5c->CH3CN+H 
6->CH3CN+H 
6->CH3+HCN 

Spin multiplicity 

3 
3 
3 
3 
3 
1 
1 
1 
3 
3 
3 
1 
1 
1 
1 
3 
3 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 

Barrier heights 

A£ci* 

49 
228 
117 
103 
131 
74 

226 
172 
164 
135 
115 
380 

No barrier 
No barrier 
No barrier 

169 
140 
55 
46 
12 

292 
169 
320 
196 
221 
105 
156 
147 

A£o*b) 

56 
219 
108 
86 

121 
73 

213 
152 
143 
104 
93 

359 
top 
top 
top 

140 
118 
29 
24 
0 

271 
148 
299 
174 

133 
128 

Energy changes 

A£ci 

- 1 
- 1 3 

-103 
46 

109 
-263 

105 
57 

- 9 0 
99 
32 

368 
354 
319 
388 
121 
126 

- 4 9 
- 4 4 

-368 
39 

- 2 8 
34 

- 1 
- 3 5 

63 
131 
126 

A£ob) 

11 
- 8 

- 9 2 
23 
94 

-248 
113 
31 

- 8 4 
69 
3 

361 
313 
277 
347 
86 
90 

- 8 4 
-80 

-361 
38 

- 2 9 
33 

- 2 
- 3 1 

39 
106 
102 

a) Calculated using the 4-31G basis sets.12) 

subscript 0 stands for CI+vib. 
b) Corrected for the vibrational zero-point energies; the 

from these CI energy data. Both the A£C i* and A£ci 
values are corrected for the vibrat ional zero-point 
energy and denoted as AEo* and AEo, respectively. All 
the results are collected in Table 3. 

As can be seen in T a b l e 3, reaction l c has the lowest 
energy barrier AE*, even though its product state has 
the h ighes t AE and hence is the least stable. T h e CI 
energy barrier A £ o * calculated for reaction lc is 
103 k j m o l - 1 . It is noteworthy that the A£Cr* value 
(117 k j m o l - 1 ) for the 1,3-hydrogen migra t ion (lb) is 
m u c h lower than that (228 k j mol"1) for the 1,2-
hydrogen migra t ion ( la) , so that reaction l b may well 
compete wi th reaction 1 c. T h e barrier heights AEo* for 
reactions lb and lc corrected for the vibrat ional zero-
po in t energy are 108 and 86 k j m o l - 1 , respectively.19) 

We next examine the second steps of Routes a—c, i. 
e., the un imolecu la r processes of 2, 3, and 4c. For the 
triplet intermadiate 2(3n7i*), possible candidates are: 

Reaction 2a is the 1,2-hydrogen migrat ion from the 
n i t rogen a tom on to the a-carbon atom. Reactions 2b 
and 2c are hydrogen a tom detachments from the a-
carbon and the ni trogen atoms, respectively. 

Geometries of the product doublets 5c and 6 and 
those for the t ransi t ion states of reactions 2a—c were 
optimized by the SCF procedure. T h e geometrical 
parameters obtained for 5c and 6 are given in Table 2. 

MRD-CI calculat ions were then carried out for the 
three transit ion states. T h e activation barrier heights 
AE* evaluated are given in Tab le 3. T h e barrier 
heights based on the Eci data are 164, 135, and 
115 k j m o l - 1 , for reactions 2a, 2b, and 2c, respectively. 
Apparent ly , reaction 2c giving rise to 6 is the most 
favorable of the three elementary reactions under 
consideration. T h e T S geometry (TS2) of this 
part icular reaction is i l lustrated in Fig. 3. 

T h e second step of Route b is 

2(3n;r*) 

-> 3(3A") (2a) 

-> 5c(2A') + H (2b) 

-*> 6(2A') + H (2c) 

3(3A") -> 6(2A') + H (3a) 

T h e T S geometry obtained is illustrated in Fig. 3 
(TS3). T h e barrier he ight calculated by the CI 
procedure is A£C i*=169 k j m o l - 1 . Whether reaction 3a 
wil l indeed be the most favorable pathway for the 
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TS2 1 . 5 8 9 X T 4 

TS3 

TS4 

Fig. 3. Transition state geometries for the reactions 
giving 6 (2A'). Bond distances are given in units of Â. 
TS2, reaction 2c; TS3, reaction 3a; TS4, reaction 4b. 

un imolecu la r decomposi t ion of 3(3A") needs to be 
judged cautiously, however.20) 

T h e transi t ion states for the 1,2- and 1,3-hydrogen 
migrat ions of 4c (2A") 

4c(2A") -> 5c(2A') 

6(2A') 

(4a) 

(4b) 

were examined likewise. CI treatments have given the 
barrier heights A£ci* of 292 and 169 kJ m o l - 1 for 
reactions 4a and 4b, respectively. T h e 1,3-hydrogen 
migra t ion (4b) is far more favorable than the 1,2-
hydrogen migra t ion (4a) just as in the case of the 
triplet diradical 1. Since the hydrogen detachments 
giving ket imine and vinylni trene are bo th highly 
endothermic , it is doubtless that reaction 4b giving 
6(2A') is the most favorable process possible to 4c(2A"). 
T h e T S geometry (TS4) for reaction 4b as the second 
step of Route c is i l lustrated in Fig. 3. 

5c(2A') is a relatively unstable species. Of its two 
decomposit ions: 

5c(2A') , > 6 (5a) 

> CH3CN + H (5b) 
9(!A') 

reaction 5b should be kinetically the more dominant , 
the calculated A£cr* being 220 and 105 k j m o l - 1 for 
reactions 5a and 5b, respectively. Either way, however, 

228 

K3FEC) —r~7 

3(3A") 

Fig. 4. Potential energy profiles for the reactions of 
triplet CH2CH2NH (3FEc) leading to the formation of 
CH3CHFN (6). The energy gaps shown (kj mol-1) 
are based on the calculated Eci values. — , Route a 
(reaction la followed by reaction 2c); , Route b 
(reaction lb followed by reaction 3a); , Route c 
(reaction lc followed by reaction 4b). 

the formation of 5c itself is difficult, as has already 
been described. Therefore, any mechanism involving 
the intermediacy of 5 can totally be ignored. 

In Fig. 4, the potent ia l energy profiles for Routes 
a—c of our concern obtained on the basis of the Eci 
values are compared. A l though the first step (reaction 
lc) of Rou te c is energetically the most favorable, its 
second step (reaction 4b) is a process of a considerably 
h igh act ivat ion energy barrier. T h e first step of Route 
b (reaction lb) giving triplet ethylnitrene (3) is perhaps 
capable of compet ing wi th reaction lc. However, 
because the transi t ion state of its second step (reaction 
3a) lies below the barrier top of the first step, the triplet 
nitrene, if formed by the first step, will get decomposed 
spontaneously. The re is n o doubt that Route a is the 
least favorable pa thway for 1 to lead to 6. 

(B) Reaction of the Singlet CH2CH2NH. Accord­
ing to Cvetanovic, the reaction of the 0 ( 3 P ) a tom wi th 
ethylene in the gas phase gives ethylene oxide and 
acetaldehyde as the pr inc ipa l products.2 1 ) H e has 
concluded that the triplet CH2CH2O diradical formed 
init ial ly by the addi t ion of 0 ( 3 P ) toward ethylene 
converts itself in to a singlet state, which in tu rn 
undergoes the ring-closure and the 1,2-hydrogen 
migrat ion. By analogy to this scheme, the triplet 
CH2CH2NH diradical u p o n its formation by reaction 
0 may suffer an intersystem crossing into the singlet 
state before undergoing the isomerization and frag­
menta t ion reactions. Examinat ions of the potent ial 
energy profiles for the singlet-state counterparts of 
Routes a—c thus appear to be indispensable in this 
context. 
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In the case of the singlet CH2CH2NH diradical (1') 
also, there can exist four equilibrium conformations.8) 

As in the case of triplet CH2CH2NH, the terminal CH2 
group can be in either the face (F) or the edge (E) 
orientation. The N - H bond, on the other hand, either 
lies in the s-trans orientation (Et) with the dihedral 
angle ( ^ H ^ C ^ C ^ I S O 0 or is projected out of the 
CCN skeletal plane in the face form (F), for which 
</>(H4N3C2C1)=79.1°. Of the four conformations 
arising from the combinations of the local geometries 
of the CH2 group and the N - H bonding, the most 
stable is the one that has both the CH2 and NH group 
in the face form, which is designated as XFF.8) Detailed 
geometrical parameters of CH2CH2NH (XFF) are given 
in the fourth column of Table 1. 

The XFF conformer is structurally unique in that its 
two singly-occupied molecular orbitals (SOMO) local­
ized mostly on the terminal C and N atoms lie nearly 
on the plane of the CCN skeleton. This implies a 
bonding interaction between the SOMO's to effect a 
special stabilization of this conformer. In fact, MRD-
CI calculations have shown that x¥¥ is more stable by 
38 kj mol - 1 than 3FEC, and its diradical character is 
diminished appreciably. The bonding interaction 
develops continuously as the CCN bond angle is 
decreased. Thus, XFF cyclizes into aziridine (7) with 
virtually no activation barrier, a process which 
constitutes the most favorable pathway of isomeriza-
tion possible to the singlet CH2CH2NH. Variations in 
electronic structure with the progress of cyclization 
was described in detail in a previous paper.8) 

The issues which we concern primarily in the 
present study are the energetics for the isomerization-
fragmentation Routes a—c. As in the case of the 
triplet diradical (3FEC), the first steps of these routes are 
represented as follows:22) 

TSl ' (a) 

CH2-CH2-NH 
l'(!FF) 

-> CH3-CH=NH (l'a) 
2't(1A') 

- ^ CH3-CH2-N (l'b) 

> CH2=CH-NH + H (l'c) 
4t(2A") 

In tracing the minimum-energy path for reaction 
Ta, the multi-configurational (MC) SCF method has 
been used, since a considerable extent of closed-shell 
character has proved to inhere in its transition state. 
Specifically, a six-electron five-orbital model was 
adopted for use. For reactions l 'b and l'c, the UHF 
SCF procedure was utilized for the sake of ex­
pedience.23* The TS geometries obtained, TSl'(a)—(c), 
are shown in Fig. 5. As in the case of the triplet 
diradical, only TSl'(b) for the 1,3-hydrogen migration 
(reaction l'b) takes on a symmetric (Cs) structure. 

»MV3 

113.4 I i ^ 

H; 
\ 

r 1 i-r2 

- >v L472 y -
--- 1 . 5 3 8 > v * 1-204 \ _ 

H5 > H 8 H7 

TSl'(b) 
1.342 XT 3 

TSl ' (c) 

Fig. 5. Transition state geometries for unimolecular 
reactions of 1' (*FF). Bond distances are given in 
units of Â. TSl'(a), reaction l'a; TS 1'(b), reaction 
l'b; TS He), reaction l'c. 

Geometry parameters for the singlet products 2't(1A') 
and Vi}Ar) are given in Table 1. Geometry of the 
doublet product 4t(2A") is listed in Table 2. 

All the products and the transition states have then 
been subjected to MRD-CI calculations. The activa­
tion barrier heights A£ci* and the energy changes for 
reaction A£o were evaluated from the CI energy values 
obtained. The results are given in Table 3, together 
with the A£o* and A£o values. 

As the CI energy data listed in Table 3 show, the 
barrier height for the 1,2-hydrogen migration (reaction 
l'a) is markedly low in the case of the singlet 
CH2CH2NH diradical, the A£Ci* value being 74 kj 
mol -1 . Neither reaction l 'b, for which A£o*—226 kj 
mol -1 , nor reaction l'c, for which A£ci*=172 kj mol -1 , 
can possibly compete with reaction l'a. Reaction l 'a 
is also far more preferential over the various unimolec­
ular reactions of the triplet diradical. Its activation 
barrier height corrected for the vibrational zero-point 
energy is A£o*=73 kj mol -1 . 

The second step of Routes a—c are: 

2,t(1A/) 

Vi}A!f) 

4t(2A") 

-H 

- H 6(2A') 

(2'c) 

(3'a) 

(4'b) 
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TS3 
H4 

rf. 

H« / 

TS5 

Fig. 6. Transition state geometries for unimolecular 
reactions of singlet CH3CH2N(3')- Bond distances 
are given in units of Â. TS3', reaction 3'a; TS5, 
reaction 3'c. 

Obviously, there is no energy barrier in reaction 2'c; 
the endothermici ty ar is ing from the N - H bond 
cleavage should consti tute an essential par t of its 
activation energy.24* T h e T S for reaction 4 'b should be 
c o m m o n to that for reaction 4b, since 4t has first to 
take the eis form in order to enter in to the 1,3-
hydrogen transfer. T h e T S geometry for reaction 3'a 
(TS3') is shown in Fig. 6. It is essentially similar to 
that for its triplet counterpar t , reaction 3a, a l t hough it 
lies at a somewhat earlier stage of reaction, the C 2 - H 8 

bond distances at the transi t ion staes being 1.774 and 
2.010 Â for reactions 3'a and 3a, respecively. 

MRD-CI calculat ion was required only for reaction 
3'a. Unl ike the case of triplet e thylni trene (3A"), the 
a-hydrogen detachment from singlet ethylnitrene ( W ) 
has a relatively low activation barrier height. Its A £ o * 
value is as low as 55 k j m o l - 1 , whi le that for the triplet 
ni trene is 169 k j m o l - 1 (see Table 3).25) 

Figure 7 illustrates the £o-based potent ia l energy 
profiles of Routes a—c for the case of the singlet 
CH3CH2NH diradical . Evidently, Route a via an 
intermediacy of e than imine C F k C H ^ N H (2) in its 
g round electronic state is the most favorable pathway 
to CH3CH=N (6) in the singlet potential-energy space. 
It is also more advantageous than any reaction pa th 
possible on the triplet energy surfaces. 

(C) Decompositions of CH3CH=N. T h e doublet 
radical (6) is t hough t to be an immedia te precursor to 
CH3CN and H C N , which are the u l t imate products of 
the e thy lene -NH reaction. CH3CN and H C N are to be 
formed by the a-hydrogen detachment and the C-C 
bond cleavage, respectively: 

6(2A') -*• CH3CN + H (6a) 

-** CH3 + HCN (6b) 

TS1 

(b) 

; (c) \ 
7 ^ " 

TS4? n 
t' \ 

2\(W) 

Fig. 7. Potential energy profiles for the reactions of 
singlet CH2CH2NH OFF) leading to the formation of 
CH3CH=N (6). The energy gaps shown (kj mol-1) 
are based on the calculated £ci values. — , Route a 
(reaction l'a followed by reaction 2'c); , Route b 
(reaction l 'b followed by reaction 3'a); , Route c 
(reaction l 'c followed by reaction 4'b). 

TS6(a) 

TS6(b) 

It is confirmed by SCF calculat ions that bo th 

Fig. 8. Transition state geometries for the decom­
position of CH3CH=N (6). TS6(a) reaction 6a; 
TS6(b), reaction 6b. 

decomposi t ions proceed by ma in ta in ing the C5-
symmetry. Geometries for the transi t ion states TS6(a) 
and (b) located are shown in Fig. 8. 

Results of subsequent MRD-CI calculations for 
reactions 6a and 6b are compared in Table 3. React ion 
6a appears to be slightly less favorable than reaction 
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6b; the CI barrier he ight A£ci* for the former reaction 
is 156 kJ m o l - 1 , whi le that for the latter is 147 kJ 
mol" 1 . Vibrat ional energy corrections have lowered 
the barr ier heights to 133 and 128 k j m o l - 1 , respective­
ly, as is shown in Tab le 3. Relative dominances of 
reactions 6a and 6b are thus hard to predict. T h e 
b ranch ing ratio will be nearly half and half wi th a 
marg ina l preference of the latter reaction (6b) over the 
former (6a). 

Discussion 

As can be seen in Scheme 1, the e thaniminyl radical 
CH3CH=N (6) is the most stable entity of the various 
C2NH4 doublets. It is also regarded as a key 
intermediate in the C2H4-NH reaction system in the 
sense that it can be a direct precursor radical for the 
formations of CH3CN and H C N as ul t imate stable 
products. 

According to the potent ia l energy profiles calculated 
in the présent work (Figs. 4 and 7), the energetically 
most favorable pa thway leading to the formation of 6 
is Route a over the singlet potent ial energy surface. 
T h e pa thway involves the intermediacy of the ground-
state e than imine CTbCH^NH (2')> which should 
result readily from the 1,2-hydrogen migra t ion of the 
singlet CH2CH2NH diradical (XFF). T h e imine 2 /(1A /) 
u p o n its formation by the hydrogen migra t ion is 
energetically hot , i.e., vibrationally energized suffici­
ently h ighly to effect the N - H bond scission to give 6. 

As has already been ment ioned, the most favorable 
pat tern of isomerization possible to CH2CH2NH (XFF) 
is its cyclization giving aziridine (7) 

NH 

/ \ 
CH2-CH2-NH > H 2C—CH 2 (7) 

l'^FF) 7(!A7) 

T h e product aziridine should, however, be vibration-
ally ho t at the instance of its format ion in the gas 
phase. In other words, 7 should remain in dynamical 
equ i l ib r ium with 1' (XFF) unless its excess internal 
energy is removed efficiently. In fact, there is no 
indicat ion that aziridine is found in the product 
mix ture of the C2H4-NH reaction in the gas phase.1* 
T h e singlet C H 2 C H 2 N H diradical (*FF) may well 
suffer the hydrogen migra t ion and detachment to give 
6 before the hot cyclic isomer (7) is vibrationally 
deactivated. 

T h e above arguments are based on the p resumpt ion 
that the diradical formed by the addi t ion of N H ( 3 2 ~ ) 
toward ethylene has been converted in to the singlet 
state before it enters in to subsequent isomerizations 
and fragmentat ions. If the spin conversion is no t 
efficient, the C H 2 C H 2 N H diradical (3FFC) wil l be most 
liable to give the v inylamino radical 4c (2A") according 
to reaction lc, for which A£ci*—103 k j m o l - 1 . T h e 

doublet species 4 seems to be a fairly stable radical; it is 
reluctant to fragmentations (see Shceme 1). Its most 
favorable un imolecular reaction is the 1,3-hydrogen 
migra t ion to give 6, the calculated barrier he ight be ing 
169 k j m o l - 1 . Attempts to identify 4 spectroscopically 
are wor thwhi le in order to clarify whether or not the 
C2H4-NH reaction can proceed over the triplet-state 
potent ia l energy surfaces. 

T h e second possibility of the unimolecular reaction 
of the triplet diradical (3FEC) is the 1,3-hydrogen 
migra t ion ( lb) giving triplet ethylnitrene 3(3A"). 
React ion l b could well compete wi th the a-hydrogen 
detachment (lc); the activation barrier height calcul­
ated for the former reaction is 117 k j m o l - 1 , which is 
only a bit greater than the value 103 k j m o l - 1 

calculated for the latter. T h e triplet ni t rene, if it is 
formed, will be collapsed in to 6 spotaneously, as can 
be understood from Fig. 4. T h u s , Route b of the triplet 
reaction involving an intermediacy of 3(3A") appears 
at first s ight to be an un ignorab le possibility to the 
occurrence of the key radical 6. However, there is one 
s trong drawback against this possibility. T h a t is, 
3(3A") is more susceptible to the C - C bond cleavage 
(3b) than to the a-hydrogen detachment (3a); the 
activation barrier heights calculated for these two 
reactions are 140 and 169 k j m o l - 1 , respectively, which 
are lowered to 118 and 140 k j m o l - 1 , respectively, by 
the vibrat ional zero-point energy corrections. T h e 
view that CH3CN will be formed th rough an 
intermediacy of triplet ethylnitrene1* is, therefore, 
somewhat dubious. 

Investigations of the unimolecular reactions of 
ethylni t rene are most relevant to the above issue. 
Cornell et al.1* photolyzed ethyl azide C2H5N3 in the 
gas phase for this purpose. They found that the ma in 
gaseous products were CH3CN and H C N also in this 
case in the product rat io being approximately the same 
as that observed in the C2H4-NH reaction. T h e results 
suggest strongly that the two types of reactions, i.e., 
the C2H5N3 photolysis and the C2H4-NH reaction, 
proceed via a c o m m o n intermediate which is capable 
of g iving rise to CH3CN and H C N . Cornell et al. took 
this f inding as an indicat ion that both the reactions 
involved the intermediacy of triplet ethylnitrene. 
Logically, however, the c o m m o n intermediate men­
t ioned above need not be ethylnitrene, if the ni t rene 
generated by the azide photolysis readily suffers 
hydrogen detachment to give 6. In other words, it may 
well be 6 itself that should be regarded as the c o m m o n 
intermediate. T h e result of the ethyl azide photolysis, 
therefore, cannot be evidence against the possibility 
that 6 is formed most favorably th rough e than imine 
(*A') in the case of the C2H4-NH reaction. 

Recently, Bock and Dammel2 7 ) have developed 
extensive investigations of the pyrolysis of azides in the 
gas phase. According to their observations, the 
u l t imate products of pyrolysis in the case of alkyl 
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azides are nitriles almost exclusively. More impor tan t 
in relat ion to the present context is their revelation 
that the singlet imines R C H = N H as the intermediates 
of pyrolysis are identifiable by the photoelectron 
spectroscopy or can actually be isolated in some cases. 
They infer that the alkyl azides are decomposed 
thermally to give singlet imines either directly (by a 
concerted 1,2-hydrogen migra t ion wi th the N-N2 bond 
cleavage) or by an intermediacy of singlet alkyl-
nitrenes. O u r calcula t ion shows that singlet ethyl-
ni t rene (3') can readily isomerize in to trans-ethan-
imine (2 /t(1A /)) by a hydrogen a tom migra t ion from 
the a-carbon on to the ni t rogen a tom (reaction 3'c)25*; 
the calculated barrier he igh t is as low as A £ o * = 1 2 k j 
m o l - 1 . T h e imine 2 ' t thus formed should be 
"chemical ly act ivated" to enter in to the N - H bond 
cleavage almost spontaneously to give 6. T h e 
processes 3'—>2't—>6, i. e., reaction 3'c (TS5) followed by 
reaction 2'c, mus t be the most d o m i n a n t un imolecula r 
reaction route for singlet ethylnitrene (3'). 

T h e overall mechan ism of the C2H4-NH reaction 
has a close similarity to the mechanist ic pat tern of the 
reaction between ethylene and the triplet oxygen(3P) 
atom. Beside Cvetanovic's demonstrations,21* which 
have already been ment ioned, the following two 
channels of the reaction have recently been disclosed 
experimentally: 

CH2=CH2 + 0(3P) -^ CH3 + CHO (8a) 

- • CH2CH=0 + H (8b) 

T h e concurrent formations of the formyl radical C H O 
and the formylmethyl radical C H 2 C H = 0 have been 
observed by the ultraviolet absorpt ion spectroscopy28* 
and by the microwave kinetic spectroscopy.29* In either 
channe l of reaction, the ini t ia l step mus t be the 
addi t ion of 0 ( 3 P ) toward ethylene to give the 
CH2CH2O diradical. Apparent ly, reaction 8a is a 
consequence of the C-C bond cleavage of the vibration-
ally ho t acetaldehyde which has resulted from the 1,2-
hydrogen migra t ion of the CH2CH2O diradical. 
React ion 8b, on the other hand , is due to the a-
hydrogen e l iminat ion of the diradical. Theoretical 
investigations30* show that the 1,2-hydrogen migra t ion 
of singlet CH2CH2O diradical to give CH3CHO is an 
elementary reaction hav ing a noticeably low energy 
barrier, whi le the most favorable un imolecula r reac­
t ion of the triplet CH2CH2O diradical is the a-
hydrogen detachment . T h e results of the theoretical 
studies are not only in ha rmony wi th the experimental 
f indings bu t also in l ine wi th the conclusions reached 
for the case of the CH2CH2NH radical of our present 
concern. 

T h e major mechanis t ic difference of the CH2CH2-
N H case from the isoelectronic CH2CH2O case lies in 
the fact that the ground-state CH3CH=NH formed 

from the singlet CH2CH2NH diradical is more subject 
to the N - H bond scission (reaction 2'c) than to the 
C-C bond cleavage (reaction 2'd). Chemical behavior 
of the double t radical (6) should consti tute an 
i m p o r t a n t final step of the C2H4-NH reaction in the 
gas phase. T h e ease of this final step hinges on the 
he ight of its activation barrier. T h e step is essentially 
un imolecu la r decomposi t ions to give CH3CN and 
H C N , i.e., reactions 6a and 6b. T h e calculated barrier 
heights for reactions 6a and 6b are 156 and 147 kJ 
m o l - 1 , respectively. When vibrational zero-point 
energy corrections are made, these are reduced respec­
tively to the theoretical activation energies A£o*=133 
and 128 k j m o l - 1 . T h e results indicate that reactions 
6a and 6b can proceed competitively wi th each other to 
give nearly equal amoun t s of CH3CN and H C N under 
different condi t ions , in h a r m o n y wi th the experimen­
tal results.1 '26* 

O n all these grounds , the most probable pa thway for 
the reaction between ethylene and N H is likely to be 
the one which involves the intermediacy of CH3CH= 
N H (2rt(1A , /)) followed by CH 3 CH=N (6(2A')). T h e 
triplet CH2CH2NH diradical (1(3FEC)), which migh t be 
formed by the addi t ion of N H ( 3 2 ~ ) toward ethylene, 
would be spin-converted in to the singlet state to give 
l ' ^ F F ) . Because the addi t ion of N H ( 3 2 - ) toward 
C2H4, react ion 0, is calculated to be nearly ther-
moneu t ra l and because its calculated barrier he ight is 
49 k j mol - 1 ,8* the adduct will possess an internal 
energy sufficient to overcome the barrier for the 
process 1'—»2't to reach 6 + H eventually (see Fig. 7). 
T h e doublet radical 6 wil l then be decomposed 
thermally to give CH3CN and H C N in nearly equal 
amounts . 

Finally, it will be most appropr ia te to make 
comments on the accuracy of the present theoretical 
computa t ions . In this work, all calculations have been 
based on the convent ional 4-31G basis sets th rough­
out. Generally, however, results of such calculations 
are dependent on the size of the basis functions used, 
par t icular ly on the use of polar izat ion functions. In 
order to check these poin ts , we calculated the energy 
changes AE for the overall reactions 

CH2=CH2 + NH(32") - • CH3CN + 2H (9a) 

-*- CH3 + HCN + H (9b) 

us ing the 6-3 IG** basis sets31* as well as the 4-31G 
functions. T h e reason for choosing these reactions is 
simply that the experimental heat-of-formation data 
are available for all the species involved.32'33* T h e 
results of calculation are summarized in Table 4. 

As can be seen in Tab le 4, the A£o values calculated 
us ing the 4-31G sets are in reasonably good agreement 
wi th the exper imental heats of reaction AH°. Wi th the 
6-3IG** sets, the relative stabilities of the product 
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Table 4. Comparisons of the Calculated Energy Changes (AE) for the Overall Reactions 
9a and 9b with the Experimental Heats of Reaction (AH°) 

AE/k] mol"1 AH0C> 
Reaction Basis seta) 

SCF CI CI+vibb> kjmol"1 

9a 4-31G//4-31G 216 148 112 112±12 
6-31G**//6-31G** 190 128 91 

9b 4-31G//4-31G 189 143 102 92±12 
6-31G**//6-31G** 165 112 76 

a) The basis sets used for the MRD-CI calculations // the sets used for the SCF geometry optimizations. 
b) AEo, corrected for the vibrational zero-point energies, c) Based on the heat-of-formation data available 
in the literature.32>33) 

states (CH3CN+2H being ca. 20 k j mol" 1 less stable than 
C H 3 + H C N + H ) are better reproduced, bu t the ab­
solute values for AEo show no better agreement wi th 
AH 0 than do the 4-31G results. Probably, the results of 
the 4-31G CI calculat ions given in this work are 
mostly accurate to wi th in 10 k j m o l - 1 , so that they will 
be sufficiently reliable for at least semiquant i ta t ive 
considerat ions of the energetics of the various ele­
mentary processes involved. 

Conclusion 

1. T h e doublet radical CH 3 CH=N( 2 A') , which mus t 
be the direct precursor to CH3CN and H C N , wil l arise 
most readily from the vibrationally hot e than imine 
CH 3 CH=NH( 1 A / ) . 

2. E than imine is formed from the singlet CH2CH2-
N H diradical by the 1,2-hydrogen a tom migra t ion , the 
barrier he ight be ing 74 k j m o l - 1 . 

3. T h e most favorable reaction pa thway possible to 
the triplet CH2CH2NH is the a-hydrogen de tachment 
g iv ing the v iny lamino radical CH2=CHNH( 2 A') , the 
calculated barrier he igh t be ing 103 k j m o l - 1 . 

4. Singlet e thylni t rene CH3CH2N, if formed chem­
ically in the gas phase, wil l readily be isomerized in to 
e than imine ; the calculated barrier he ight for the 
isomerization is as low as 12 k j m o l - 1 . 

T h i s work was suppor ted by the Grants- in-Aid 
Nos. 61470007 and 62303002 from the Ministry of 
Educa t ion , J a p a n . T h e authors are grateful to 
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CI p r o g r a m to them. All calculat ions were carried ou t 
on a H I T A C M-280 at the Compute r Center of the 
Inst i tute for Molecular Science. T h e authors thank the 
Center for an al locat ion of C P U time. 
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state located by the SCF routine has a symmetric (Cs) 
geometry with the C-C distance of 2.300 Â. The barrier 
height calculated by the MRD-CI method is A£Ci*=140kJ 
mol - 1 , a value which is significantly smaller than the value 
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(169 kj mol -1) obtained for reaction 3a. 
21) R. Cvetanovic, Adv. Photochem., 1, 115 (1963). 
22) The final states of reactions 1 'a and 1 'c are both found 

to be in the trans structure. 
23) Aside from the TS for reaction l 'a, geometries 

optimized by the MC SCF method do not alter appreciably 
from those determined by the conventional UHF SCF 
procedure. 

24) That the N - H bond scission of 2(1A/), i.e., reaction 
2'c, is energetically more favorable than its other unimolec­
ular reactions 

Z'x^A.') 

-* 5t(2A') + H 

(2'a) 

(2'b) 

is apparent from the relative stability of 6+H (see Scheme 1). 
The C-C bond scission (not show in Scheme 1) 

2,t(1A/) -* CH3 + CH=NH (2A') (2'd) 

has also proved to be less favorable than reaction 2'c; the 
calculated bond dissociation energy is A£ci=388 kj mol -1 , 
which is appreciably greater than 319 kj mol - 1 obtained for 
reaction 2'c (see Table 3). 
25) It should be noted that reaction 3'a is not the lowest-

barrier unimolecular process possible to singlet ethylnitrene 
3'. It is less favorable than the C-C bond scission 

for which A£ci* is calculated to be 46 kj mol -1 . Further, the 
1,2 hydrogen migration leading to 2/t(1A/) 

^ ( W ) 2't(1A') (3'c) 

which is the reverse process of reaction 2'a is by far more 
advantageous; the calculated barrier height is A£ci*=12kJ 
mol - 1 (see Table 3). Geometry of the TS (TS5) obtained by 
the MC SCF procedure is shown in Fig. 6. Other patterns of 
unimolecular reactions of 3 ' including the intramolecular 
insertion giving 7 were dealt with elsewhere.20 

26) T. Fueno, / . Mol. Struct. (Theochem), 170, 143 (1988). 
27) H. Bock and R. Dammel, Angew. Chem., Int. Ed. Engl., 

26, 504, (1987), and the references cited therein. 
28) H. F. Hunziker, H. Knappe, and H. R. Wendt, / . 

Photochem., 17, 377, (1981). 
29) Y. Endo, S. Tsuchiya, C. Yamada, E. Hirota, and S. 

Koda, / . Chem. Phys., 85, 4446 (1986). 
30) T. Fueno, K. Yamaguchi, and Y. Takahara, Chem. 

Phys. Lett., in press. 
31) P. C. Hariharan and J. A. Pople, Theor. Chim. Acta 

(BerL), 28, 213 (1973). 
32) S, W. Benson, "Thermochemical Kinetics," 2nd ed, 

Wiley, New York (1976). 
33) The experimental heat of formation, AH°fo=3.65+ 

0.10 eV, for N H ( 3 2 - ) has been taken from L. G. Piper, / . 
Chem. Phys., 52, 1303 (1980). 

$'(W) CH3 + CH2=N (2B2) (3'b) 
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Accurate Determination of NMR Chemical Shifts in Alkali Halides 
and Their Correlation with Structural Factors 
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High-resolution solid-state NMR spectra of alkali halides have been measured using the magic angle 
spinning (MAS) of the sample, and chemical shifts of 7Li, 23Na, 87Rb, 133Cs, 35C1, 79Br, and 127I have been 
determined accurately. The 39K chemical shifts have been determined by NMR without MAS. As the ratio of the 
cation radius to the anion radius (Rm) increases, the chemical shifts of halogen nuclei show an upheld shift 
when Rm<0.6, while they show a downfield shift when Rm>0.6. The chemical shifts of the halogen nuclei are 
explained in terms of the first and the second nearest neighbor interactions, both of which cause a downfield 
shift. On the other hand, the chemical shifts of alkali nuclei show a downfield shift for the ratio of the anion 
radius to the cation radius (Rx) less than 1.6, while they show an upheld shift for Rx>\.6. The chemical shifts of 
the alkali nuclei are expressed by the sum of the nearest neighbor interaction in the absence of the halogen-
halogen interaction and the "isolation effect" caused by the halogen-halogen interaction. The "isolation effect" 
makes the chemical shifts approach to the values of the isolated ions. 

Alkali halides have NaCl- and CsCl-type struct­
ures,x) and their bonds are almost ionic. They are 
suitable for nuclear magnet ic resonance (NMR) study, 
since they all contain components which can be easily 
observed by NMR; i.e., 7 Li , 23Na, 39K, 8 7Rb, 113Cs, 19F, 
35C1, 37C1, 79Br, sißr, a n d 127I. A l though all the nuclei 
o ther than 19F have q u a d r u p o l e moments , the cubic 
structure leads to n o q u a d r u p o l a r b roadening . Due to 
these favorable propert ies , N M R chemical shifts in 
alkal i halides have been well studied in the past, both 
experimental ly and theoretically.2-10 ) Al though the 
accuracy of the theoretical calculat ion was not very 
good, the basic ideas have been estabilished by Yoshida 
and Moriya4) and by Kondo and Yamashita.6 ) 

Yamagata7 ) has improved the agreement between the 
exper imenta l and the calculated shift values of the 
ha logen nuclei by tak ing in to account the second 
nearest ne ighbor interactr ion in addi t ion to the nearest 
ne ighbor interaction. 

Since the p ioneer ing work of Andrew et a l . n ' 1 2 ) and 
Lowe,13) N M R techniques have been markedly deve­
loped, which makes it possible to obta in h igh-
resolut ion spectra in solids. T h e technique called 
"mag ic angle s p i n n i n g (MAS)" can nar row the 
resonance l ine, enab l ing the accurate determinat ion of 
the isotropic chemical shift. T h e MAS technique is 
now used in a variety of fields.14) 

M u c h effort has been made to correlate the chemical 
shift wi th structural parameters.1 5 _ 3 2 ) 29Si N M R in 
silicates and aluminosi l icates has been studied inten­
sively, and several correlations between the 29Si 
chemical shift and structural factors have been 
presented. 1 5 - 2 0 T h e following factors have been 
proposed; the S i - O b o n d length, 15'20) the number of 
AIO4 tetrahedra l inked to the SiÛ4 te t rahedron, 1 0 the 
ca t ion-oxygen b o n d strength,17) the Si-Si distance,1 0 

the S i -O-S i angle,is»19,21,23,24) t h e number of neighbor­
ing s i l icon-oxygen tetrahedra,22) and the g r o u p ele­
ctronegativi ty.2 0 Similar correlations have been 

presented for other nuclei such as 3ip,26-3D 27^1 28) a n c j 
17 Q 32) 

There are only a few reports on alkali halides 
studied by means of MAS NMR. Tabeta et al.33 '34) 

have recorded 2 3Na MAS N M R spectra of inorganic 
salts i nc lud ing halides, and have at tempted to relate 
the 2 3Na chemical shift to the degree of electron 
transfer and to the N a - O distance. Weeding and 
Veeman3 5 ) have determined 35C1 and 37C1 chemical 
shifts in alkal i chlorides, and have tried to relate them 
with the electronegativity and the cation redius. T h e 
best correlation was obtained between the chemical 
shift and the electronegativity divided by the coordi­
na t ion number . T h e p rob lem in their work is the 
miss ing of data of LiCl , which does not obey the above 
correlation, as had been poin ted ou t by Yamagata.7) 

In the present work, we determine the chemical 
shifts in alkali halides accurately by means of MAS 
N M R , wh ich can be used as shift references in solid-
state NMR. A par t of 2 3Na shift values have been 
reported previously.36) We discuss the correlation 
between the chemical shifts and structural factors, 
based part ly on the established theories.6 '7) Finally, we 
propose empir ical formulas which relate the chemical 
shifts wi th the structural factors. 

Experimental 

The materials were used as obtained commercially. NMR 
spectra were measured at room temperature by a Bruker 
MSL400 pulsed spectrometer, whose magnetic field was 
9.40 T. 7Li, 23Na, 87Rb, 133Cs, 35C1,79Br, and 127I NMR spectra 
were measured using the magic angle spinning of the 
sample, while 39K spectra were measured for a static sample 
because of instrumental limitations. The ordinary single-
pulse sequence was used. The spinning rates were varied in 
the range between 2 and 5 kHz. The chemical shifts are 
presented with respect to 1 M (=1 mol dm -3) MCI (M=Li, 
Na, K, Rb, and Cs) aqueous solutions for alkali nuclei, and 
with respect to solid KX (X=F, CI, Br, and I) for halogen 
nuclei. The higher-frequency side is expressed as positive. 
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Results 

Figures 1 and 2 show 7 Li and 35C1 MAS N M R 
spectra of alkal i halides. T h e sp inn ing rate of the 
sample is 4.0 kHz, unless otherwise stated. T h e spectra 
of the other nuclei have similar features, and thus they 
are not shown. Tables 1 and 2 summarize the chemical 
shifts. T h e exper imental errors listed reflect the 

reproducibi l i ty of the measurements . Tables 3 and 4 
list the l ine widths bo th in the MAS experiment and in 
the static sample . We expla in the characteristics of the 
spectra below. 

7 Li MAS NMR. Figure 1 shows 7Li MAS N M R 
spectra of l i t h ium halides. T h e spectrum of L iF is very 
broad, since the dipolar interact ion wi th 19F is large. 
T h e gyromagnet ic rat io of 19F is very large, and its 
na tura l abundance is 100%. Al though sp inn ing at 
4.8 kHz is no t e n o u g h to separate the center peak from 

Li CI 

LiCl 
^ v . 

Li Br 
_y^_ 

Li I 

20 - 20 

Fig. 1. 7Li MAS NMR spectra of lithium halides, 
measured at a resonance frequency (vo) of 155.509 
MHz. The spinning rate is 4.8 kHz for LiF, while 
it is 4.0 kHz for the other compounds. The 1H high-
power decoupling is carried out for Lil sample. 
The chemical shift is expressed with respect to 1 M 
LiCl aqueous solution. 

NaCl 

KCl 

RbCl 

CsCl 

Fig. 2. 35C1 MAS NMR spectra of alkali chlorides 
at i>o=39.206 MHz. The chemical shift is expressed 
with respect to solid KCl. 

Table 1. NMR Chemical Shifts of Alkali Nuclei in Alkali Halides 

Halogen 
component 

*>/k 7Li 2 3Na 
ôm/ppmb> 

39KC) 8 7Rb 133Cs 

F 

Cl 

Br 

I 

1.33 

1.81 

1.96 

2.20 

-0.30 
(0.10) 
-1.19 
(0.03) 
-2.04 
(0.03) 
-4.57 
(0.03) 

7.13 
(0.03) 
7.21d> 
(0.03) 
5.04d> 
(0.02) 
-3.25d> 
(0.06) 

22.6 
(0.1) 
47.8 
(0.1) 
55.1 
(0.1) 
59.3 
(0.1) 

60.22 
(0.08) 

123.43 
(0.06) 

149.51 
(0.08) 

177.08 
(0.06) 

176.27 
(0.10) 

218.52 
(0.14) 

250.97 
(0.09) 

271.05 
(0.14) 

a) Ionic radius cited from Ref. 37. b) Shift from IM MCI aqueous solution. Values in the parenthesis are 
experimental errors, c) Chemical shifts are determined from the static spectra, d) This value has already been 
reported in Ref. 30. 
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Table 2. NMR Chemical Shifts of Halogen Nuclei in Alkali Halides 

Alkali 
component fi/k 19 p ) 35C1 

ôx/ppmb> 
™Br 127J 

Li 

Na 

K 
Rb 

Cs 

0.76 

1.02 

1.38 
1.52 

1.67d> 
1.74e> 

- 7 4 

- 9 1 

0 
42 

122 

1.31 
(0.06) 

- 4 9 . 7 3 
(0.03) 
0 

41.13 
(0.09) 

105.96 
(0.11) 

64.74 
(0.12) 

- 5 2 . 8 9 
(0.08) 
0 

71.66 
(0.15) 

227.43 
(0.08) 

215.28 
(0.35) 
33.53 
(0.23) 
0 

76.91 
(0.12) 

368.69 
(0.12) 

a) Ionic radius cited from Ref. 37. b) Shift from solid KX. Values in the parenthesis are exper imental errors. 
c) From Ref. 38. T h e chemical shift of hexafluorobenzene is —33 p p m with respect to solid KF. d) Sixfold-
coordinated, e) Eightfold-coordinated. 

Tab le 3. Line Widths in Alkali N M R of Alkali Hal ides 

Halogen 

c o m p o n e n t 

F 

Cl 

Br 

I 

Mode 

MAS 
Static 
MAS 
Static 
MAS 
Static 
MAS 
Static 

7Li 
155.509 MHz 

40b) 

148 
2.6 

44 
2.1 

41 
1.3 

32 

23Na 

105.844 MHz 

10.6 
77 

1.9 
24 

1.9 
29 

1.8 
27 

Ai>/ppma) 

3 9 K 

18.672 MHz 

— 
11.8 
— 
8.4 
— 

14.7 
— 

13.3 

8 7 Rb 
130.928 MHz 

3.7 
29 

1.8 
10.2 
4.2 

12.5 
7.0 

11.7 

i 3 3 Cs 

52.484 MHz 

3.0 
31 

1.4 
16.7 
5.0 

18.3 
7.5 

16.3 

a) F W H M . In the MAS mode, the line width of the isotropic peak at the s p i n n i n g rate of 4 kHz is shown. 
b) The spinning rate is 4.80 kHz, but the isotropic peak is not separated completely from the sidebands. 

Table 4. Line Widths in Halogen NMR of Alkali Halides 

Alkali 

component 

Li 

Na 

K 

Rb 

Cs 

Mode 

MAS 
Static 
MAS 
Static 
MAS 
Static 
MAS 
Static 
MAS 
Static 

35C1 
39.206 MHz 

1.8 
32 

1.0 
19.6 
0.5 
6.7 
1.9 

10.8 
2.8 

13.5 

Ai>/ppma) 

79Br 
100.256 MHz 

3.9 
32 
2.1 

20.3 
1.4 

10.2 
3.5 

11.7 
5.7 

14.2 

127J 

80.073 MHz 

19.4 
31 
6.9 

18.5 
3.8 

10.0 
6.8 

13.1 
11.1 
16.0 

a) FWHM. In the MAS mode, the line width of the isotropic peak at the spinning rate of 4 kHz is shown. 

the sidebands, the chemical shift can be estimated 
accurately to be —0.30+0.10 p p m wi th respect to 1 M 
LiCl aqueous solut ion. LiCl , LiBr, and L i l have 
chemical shifts of —1.19, —2.04, and —4.57 p p m , 
respectively. LiCl and LiBr have a small shoulder at 
about Oppm, which m i g h t be ascribed to hydrated 
species. L i l has the second small peak at —1.7 p p m . XH 
high-power decoupl ing enhances the relative height of 
the —1.7 p p m peak a little (The specrtum of L i l shown 
in Fig. 1 is measured under XH high-power decoupl­

ing). T h i s fact suggests that the —1.7 p p m peak is 
ascribed to hydrated species like L i l L b O . 3 9 * T h e line 
widths of the isotropic peak in the MAS experiment 
are in the fol lowing decreasing order; L i F > L i C l > 
L iBr>Li I . In summary, an upfield shift is observed in 
7Li N M R of LiX, as the an ion size increases. 

2 3Na MAS NMR. N a F has broad peaks because of 
the large dipolar interact ion wi th 19F, while NaCl , 
NaBr, and N a l have nar row peaks wi th full widths at 
half m a x i m u m (FWHM's) of about 1.9 p p m . T h e 



916 Shigenobu HAYASHI and Kikuko HAYAMIZU [Vol. 63, No. 3 

chemical shifts are 7.13, 7.21, 5.04, and —3.25 ppm for 
NaF to Nal, respectively. The isotropic peak shifts 
towards upfield from NaCl to Nal, as the anion size 
increases. NaF is an exception, taking a value a little 
smaller than NaCl. Nal has a small second peak at 
about 2 ppm, which might be ascribed to hydrated 
species. 

39K Static NMR. 39K spectra have been measured at 
^o—18.672 MHz in a static state because of the 
instrumental limitations. The FWHM's are between 
8.4 and 14.7 ppm, and thus the accuracy of the shift 
values is somewhat worse than that in the MAS NMR 
spectra. However, this accuracy is enough to discuss 
the dependence of the chemical shift on structural 
factors. As is listed in Tables 1, a downfield shift takes 
place as the anion size increases. 

87Rb MAS NMR. Much more spinning sidebands 
are observed in the 87Rb MAS NMR spectra, when 
compared with the MAS NMR spectra of the other 
alkali nuclei. The isotropic peak shifts towards 
downfield as the anion size increases, similarly to 39K, 
although the change in the peak position is much 
larger. The line widths of the isotropic peak in the 
MAS experiment increase in the following order; 
RbCKRbF<RbBr<RbI. 

133Cs MAS NMR. The intensity of the spinning 
sidebands is small. The peak shifts towards downfield 
with the anion size, similarly to 39K and 87Rb. Im­
purity peaks are detected at 73 and 101 ppm in CsF, 
and at about 240 ppm in CsBr. They might be ascribed 
to hydrated species, since hydrated species are expected 
to be observed at a position between the anhydrous 
species and the aqueous solution. The line widths in 
the MAS experiment are CsCKCsF<CsBr<CsI. 

35C1 MAS NMR. Figure 2 shows 35C1 MAS NMR 
spectra of alkali chlorides. A very sharp isotropic peak 
is observed, especially in KCl whose FWHM is only 
0.5 ppm. The line widths in the MAS experiment 
increase as follows; KCKNaCKLiCKRbCKCsCl . A 
downfield shift is observed from NaCl to CsCl, as the 
cation size increases. LiCl is an exception, and takes a 
shift value between KCl and RbCl. To compare with 
literature data, the spectrum of IM NaCl aqueous 
solution is measured, whose chemical shift is —3.90± 
0.02 ppm. The shift values of NaCl to CsCl reported 
by Weeding and Veeman35) agree to the present results. 

79Br MAS NMR. Many spinning sidebands accom­
pany the isotropic peak, as has been reported in KBr by 
Frye and Maciel.40) Similarly to 35C1, the isotropic 
peak shifts towards downfield from NaBr to CsBr, 
while LiBr has a shift value between KBr and RbBr. 
The line widths in the MAS experiment are expressed 
as KBr<NaBr<RbBr<LiBr<CsBr. 

127I MAS NMR. Many spinning sidebands are 
produced, similarly to the 79Br MAS NMR spectra. 
The line widths of the isotropic peak are as follows; 
K K R b K N a K C s K L i l . As the cation size increases, a 

Table 5. The Parameters Obtained 
from the Simulation^ 

Nucleus C/ppm A /ppm B D/ppm 

Li 0 0.0028 2.54 -0.1 
Na 5 0.0009 4.5 0.9 
K 76 0.00001 8.7 -51 
Rb 208 0 — -122 
Cs 213 0 — 5 

F 785 2100 2.93 -918 
Cl 796 1970 4.02 -702 
Br 2650 4530 2.74 -2520 
I 9460 14200 1.48 -11550 

a) The subscripts, m and x, are omitted. 

downfield shift takes place from KI to Csl, while an 
upfield shift from Lil to KI. Consequently, KI has the 
most upfield shift. The spectrum of 1 M KI aqueous 
solution is very broad, having a FWHM of 26 ppm, 
whose chemical shift is —169.1 ppm. 

Discussion 

Shift References. The shift values in Tables 1 and 2 
can be used as shift references in solid-state NMR. The 
19F shift values are added38) to complete the tables. 
They have been determined by means of MAS NMR, 
in which the spinning rate was about 9 kHz and the 
static magnetic field was 11.7 T. 

In NMR of alkali nuclei, MCI aqueous solution can 
be the first standards. In the present work, chemical 
shifts of 1 M MCI aqueous solutions are assumed to be 
Oppm. Alkali halides can be used as the second 
standards. Among them, solid MCI is the most 
adequate for the second standards, since the residual 
line width is small in the MAS NMR spectra. 

On the other hand, some aqueous solutions have 
broad signals in NMR of halogen nuclei,41) as is shown 
in the 127I NMR results in this work. Hexafluoroben-
zene and 1 M NaCl aqueous solutions can be used as the 
first standards in 19F and 35C1 NMR. However, to 
unify the shift references, solid KX is used as the first 
standards in the present work. KX has the narrowest 
line width among the alkali halides, as shown in 
Table 4. 

Correlation with Structural Factors. In order to 
elucidate what structural factors determine the che­
mical shift, we try to relate the chemical shifts with 
structural factors. Various structural factors have been 
used in the past as described above. We have attempted 
to apply them to the alkali halides, and among them 
ionic radius,37) electronegativity,42) and lattice con­
stants1* are found to be appropriate. In the discussion 
below, we adopt the ionic radius, although similar 
discussion is possible by utilizing the other factors. 

The chemical shifts listed in Tables 1 and 2 are 
regarded as having tendencies described below: 

(1) There is a basic tendency that the signal shifts 
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towards downfield wi th the increase in the radius of 
the counter ion. T h e upfield shift is regarded as an 
exception. 

(2) In N M R of alkali nuclei, K, Rb, and Cs obey 
the basic tendency. L i is an exception, in which the 
upfield shift is observed. Na is in the intermediate 
case, in which NaCl has the most downfield shift 
value. 

(3) In N M R of ha logen nuclei, the basic tendency 
is appl ied in the region of the larger cation radius. O n 
the other hand , the upfield shift takes place in the 
region of the smaller cat ion radius. T h u s , the most 
upfield shifts are exhibi ted in N a F (19F), NaCl (35C1), 
NaBr (79Br), and KI (127I). 

Conclusively, the chemical shift is not linearly 
correlated wi th the ionic radius. 

Theoretical ly, the magnet ic shielding is separated 
in to two parts; d iamagnet ic and paramagnet ic terms. 
In alkali halides, the paramagne t ic term plays an 
impor tan t role in the chemical shift. T h u s , according 
to Kondo and Yamashita6 ) the chemical shift is 
expressed as:7) 

300 

200h 

100 

16 AT 0 ^ 1 A 

Y-N^2<-^><KE> (1) 

where N is the n u m b e r of nearest ne ighbors , JUB the 
Bohr magne ton , r the distance between the central 
nucleus and an outermost p-electron of the ion, A the 
overlap integral, and < A £ > the mean excitation energy 
of the electron. A m o n g the above parameters, the 
overlap integral is varied largely from material to 
material . T h e overlap integral is expressed in the form 
as7> 

A — A exp (— Bn), (2) 

where ra is the in tera tomic distance, and A and B are 
constants characteristic of the a tomic components . 
General ly, as the size of the counter ion increases, the 
overlap integral increases, resul t ing in the downfield 
shift. T h i s is called " the nearest ne ighbor interac­
t ion ," which explains the basic tendency. Tabeta et 

a i 33,34) have proposed the concept of "electon transfer" 
to expla in the 2 3Na chemical shift. T h e concept of the 
"electron transfer" is equivalent to the m e a n i n g of the 
above overlap integral . In other words, the electron 
transfer from the l igand species to 3p orbital of Na+ 
ion makes the overlap integral increase, resul t ing in a 
paramagnet ic shift. 

In the case of alkali halides, the radius of the counter 
ion does nor correlate linearly wi th the degree of the 
electon transfer. T h e upfield shifts wi th increase in 
the counter ion size canno t be expla ined only by the 
nearest ne ighbor interaction. T h i s problem is solved 
as described below. In Figs. 3 and 4 we p lo t the 
chemical shifts as a function of the rat io of ionic radii 
instead of the ionic radius. One notes that the 

Fig. 3. Dependence of chemical shifts of alkali 
nuclei (ôm) on the ratio of the ionic radii (Rx=rx/rm). 
O: 7Li, • : 23Na, A: 39K, • : 87Rb, and D: 133Cs. 

Fig. 4. Dependence of chemical shifts of halogen 
nuclei (ôx) on the ratio of the ionic radii (Rm=rm/rx). 
O: 19F (from Ref. 38), • : 35CJ, A: 79Br, and À: 127I. 

m a x i m u m or m i n i m u m always takes place at a certain 
ratio of the ionic radii. In N M R of alkali nuclei, the 
most downfield shifts are observed at Rx (=rx/rm)Ätf1.6, 
a l t hough only the 2 3Na results exhibi t the m a x i m u m . 
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On the other hand, the halogen nuclei show the most 
upfield shifts at Rm (=rm/rx)^0.6. It is interesting that 
the product of the above Rx and Rm values is 
approximately 1. This means that the extremas locate 
at the same rm/rx ratio in alkali and halogen NMR, 
which suggests that similar mechanisms are applied to 
the irregularities in NMR of both alkali and halogen 
nuclei. 

In the case of halogen NMR, Yamagata7) has 
interpreted the irregularity in terms of the second 
nearest neighbor interaction. As Rm decreases, the 
interaction between halogen nuclei increases, which is 
the second nearest neighbor interaction. This effect 
causes paramagnetic shift, since the overlap integral 
between halogen atoms increases. The second nearest 
neighbor interaction is dominant when #m<0.6. 

According to the above discussion, the shift value of 
halogen nuclei is assumed to be the sum of the 
following terms: 

Ox = Cxtfm + Ax exp(- BxRm) + Dx, (3) 

where Cx, Ax, Bx, and Dx are parameters characteristic 
of the halogen nuclei. Cx, Ax, and Bx are always 
positive. The first term expresses the nearest neighbor 
interaction, which is assumed to be linear with Rm 

from the results of the larger cation size. The second 
term expresses the interaction with the second nearest 
neighbor, i.e., the halogen-halogen interaction. The 
exponential form is derived from Eq. 2, since the 
parameters A and B are constants for a given nucleus. 
The most upfield shift is observed at 

_ _ 1 . AXBX 

Rmi - -j^ln Cx , (4) 

where Rmi=0.6 experimentally. 
A similar discussion is possible also in alkali NMR. 

The downfield shifts in the region of i?x<1.6 are 
explained in terms of the nearest neighbor interaction. 
The shifts caused by this interaction are assumed to be 
linear with the ratio of the ionic radii, Rx (—rx/rm). 
The deviation from the linear relation takes place in 
the region of high Rx ratios. The interaction between 
alkali nuclei, which is the second nearest neighbor 
interaction, is negligible because the cation radius is 
small compared to the anion radius. Especially when 
Rx is large, the interaction between the alkali ions is 
reduced nearly to zero. As the Rx ratio increases, the 
interaction between halogen atoms increases, and the 
interatomic distance might be restricted only by the 
anion radius. Consequently, the interatomic distance 
between an alkali atom and its nearest neighboring 
halogen atom might be longer than that expected from 
the sum of the cation and anion radii. This means that 
the overlap integral between the alkali and the 
halogen ions decreases when Rx increases. In other 

words, the alkali ions are slightly isolated from the 
nearest neighbor halogen ions by the strong halogen-
halogen interaction. We call this effect as "isolation 
effect" for convenience. This effect makes the 
chemical shift approach to the values of the isolated 
alkali ion in the gas phase. In fact, the chemical shift 
of Na+(gas) is —55.4 ppm,34) which is shifted towards 
upfield very much. The "isolation effect" is the 
reverse side of the second nearest interaction in the 
halogen NMR. 

According to the above discussion and by analogy 
with halogen NMR, we propose a formula which 
expresses the chemical shift of alkali nuclei: 

&n = CmRx + Am(\- exp(£m#x)) + Dm , (5) 

where Cm, Am, Bm, and Dm are parameters characteristic 
of the alkali nuclei. Cm, Am, and Bm are posivite. The 
first term expresses the interaction with the nearest 
neighbors expected when the halogen-halogen inter­
action is absent. The second term corresponds to the 
"isolation effect." The second term becomes zero 
when Rx approaches to zero, which behavior is 
reasonable. The most downfield shift takes place at 

*-> m si m*-> m 

where i?xi=1.6 experimentally. 
The ionic radii (rm, rx) can be used in place of the 

ratios of the ionic radii (Rm, Rx) in Eqs. 3 and 5. In 
those cases, Rmi and Rxi depend on the halogen and 
alkali components. 

To demonstrate the validity of the above discussion, 
the chemical shift data are simulated using Eqs. 3 and 
5. The agreements between the experimental and the 
calculated values are good, although a small deviation 
remains in 127I NMR. The coefficients obtained are 
listed in Table 5. There are two types of crystal 
structure, NaCl- and CsCl-types, in the alkali halides. 
The coordination numbers are six and eight, respec­
tively. Although we did not take into consideration 
the difference in the crystal structure explicitly in the 
above discussion, no problems take place. The ionic 
radii are different for the different coordination, by 
which the crystal structure is taken into consideration 
implicitly. 

We have tried to relate the coefficients with some 
structural parameters, but no linear correlations could 
be found. However, we can extract several trends. In 
both the alkali and the halogen NMR, the coefficient 
C in the nearest neighbor interaction increases with 
the atomic number. This is interpreted by that the 
magnitude of the overlap integral depends on the size 
of the observed nucleus itself as well as the size of the 
counter ion. In halogen NMR except for 19F, Ax 

increases with the atomic number, while Bx decreases. 
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Hafemeister and Flygare43) have calculated the overlap 
integral in the alkali halides lattices. According to 
them, the coefficients A and B in the Eq. 2 of the 
ha logen-ha logen interact ion show the similar depen­
dences on the a tomic number . In the alkali NMR, 
wi th the increase in the a tomic number Am rapidly 
decreases whi le Bm increases. T h e magn i tude of the 
" isolat ion effect" depends on Bm m u c h more than on 
Am. Therefore, this effect is in the fol lowing 
increasing order; L i < N a < K . T h i s order is reasonable, 
since the overlap integrals between alkali ions show 
the similar increasing order.43) 

In summary, we have discussed the correlation 
between the chemical shifts and the structural factors 
in the alkali halides. In halogen NMR, the chemical 
shifts can be determined from the contr ibut ions of the 
first and the second nearest ne ighbor interactions. O n 
the other hand , the chemical shifts of alkali nuclei can 
be expressed by the sum of the nearest ne ighbor 
interact ion in the absence of the ha logen-ha logen 
interaction and the " isolat ion effect." 

T h e authors are thankful to Prof. E. Oldfield in 
University of Il l inois at Urbana -Champa ign for 
permission to use the 19F data before publ icat ion. 
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Selective and active transport of In3+ was studied through a polypropylene membrane impregnated with 
AT-nitroso-AT-p-octadecylphenylhydroxylamine ammonium salt (3). In3+ is selectively concentrated from 
In3+-Zn2+, In3+-Al3+ and In3+-Zn2+-Al3+ mixtures by an antiport mechanism as a counter flow of H+ , 
respectively. The selective transport of In3+ was found to be attributed to the chelating affinity between 3 and 
In3+. As a model experiment of the practical use, the separation of In3+ from the solution of containing 10—100 
folds of Zn2+ was investigated. The present membrane selectively separates In3+, the separation factor is 
200—250. It is suggested that the present membrane system is useful for separation of indium from the ore 
containing indium such as the zincblende. 

In connect ion wi th an increasing need for resources 
and energy-savings, selective separat ion of rare metal 
on aqueous phase becomes an impor t an t * problem. 
For the separation, various technics which consume 
m u c h heat and electronic energy such as adsorption, 
electrolysis, carbonat ion, sedimentat ion, and solvent 
extract ion have been industr ial ly used. O n the other 
hand, membrane separation is one of the most 
p romis ing methods of energy-saving technic. T w o 
const i tut ions of l iqu id membrane have been reported 
for the membrane separat ion of mult ivalent metal ions 
from aqueous phase. One is l iqu id surfactant 
membrane , and the other is impregnated membrane 
us ing hydrophobic microporous membrane such as 
polypropylene, polyethylene, and poly (te traf luoroe thy 1-
ene) as a suppor t of the carrier. T h e latter is more 
practical and useful method, because of its stability 
and simplicity. In recent year, t ranspor t th rough 
impregnated membrane us ing chela t ing agents, ion-
pai r extractant as carriers have been investigated 
for the selective separat ion of divalent metal ion in 
aqueous phase. For example , t ransport of Cu2+ with 
LIX65N (2-hydroxy-5-nonylbenzophenone oxime), 
SME529 (2-hydroxy-5-nonylacetophenone oxime), batho-
cuproine , and thioether as a car r ie r , 1 - 0 t ransport of 
U 0 2 2 + w i th LIX65N and tributyl phospha te as a 
carrier,6»7) t ransport of Zn2+ and Eu3+ wi th bis(2-
ethylhexyl)hydrogenphosphate as a carrier8»9* were 
reported. However, the carrier mediated selective 
t ransport of trivalentrare metal ions such as Ga3+ and 
In3+ wi th membrane have been scarcely studied. 

In the previous paper , the au thors reported the 
selective and active t ransport of Ga3+ from a Ga3+-Al3+ 
binary solut ion th rough long-chain alkylated cupfer-
ron impregnated membrane.1 0 ) T h e authors described 
that Ga3+ was selectively t ransported and concentrated 
from a Ga 3 +-Al 3+ binary solut ion by an ant ipor t 
mechanism, in which long-chain alkylated cupferron 
played a role as carrier of Ga3+, and H+ transport was 
used as a dr iving force. Also, the authors found that 

long-chain alkylated cupferron selectively adsorbed 
Ga3+ wi th a separat ion factor greater than 1000, even 
in the presence of a large a m o u n t of Al3+ ( Ga3+:A13+, 
1:200 w / w ) in the acidic solut ion ( p H = l ) . n ) 

It is well k n o w n that i n d i u m is an impor t an t source 
for new semiconductor materials such as InP , InAs 
and InSb, and its demand is rapidly increasing. A 
ma in source of i n d i u m is leaching solut ion by 
hydrochlor ic acid of zincblende, 13»14) which is contain­
ing large a m o u n t of zinc and a l u m i n u m . Many 
informations about enr ichment of ind ium appear in 
patent , they are concerned wi th solvent extraction, 
sedimentat ion and adsorpt ion wi th chelate resin. 
The re is n o publ ica t ion about the selective separat ion 
of ind ium with membrane. Af-Nitrosophenylhydroxyl-
amine a m m o n i u m salt (cupferron) is one of the most 
c o m m o n chelat ing agents for mult ivalent metal ions. 
Many metal ions form cupferron chelate in acidic 
condi t ion above a certain p H values characterized by 
every metals. In3+ forms cupferron-chelate in h igher 
concentrated acid solut ion than Zn2+ and Al3+.14) 

T h e present paper describes the selective and active 
t ransport of In3+ from In3+-Zn2+, In3+-Al3+, and 
In3+-Zn2+-Al3+ mixture th rough impregnated mem­
brane wi th N-nitroso-N-^-octadecylphenylhydroxyl-
amine a m m o n i u m salt as a carrier. 

Experimental 

Synthesis of N-Nitroso-iV-p-octadecylphenylhydroxylam-
ine Ammonium salt (3). Nitrooctadecylbenzene was syn­
thesized as described previously.10) The nitrooctadecyl­
benzene was dissolved in hexane-chloroform (90—10, v/v), 
and then the solution was subjected to silica-gel column 
(Merck, Kieselgel 60, 3.4 cm$X35.0 cm) to isolated p-
nitrooctadecylbenzene (1); mp 42 °C. The N-nhroso-N-p-
octadecylphenylhydroxlamine ammonium salt (3) was syn­
thesized from 1 according to Fig. 1; mp 78 °C. 

1H NMR spectra were recorded at 270 MHz on a JEOL 
JNM-GX270 FTNMR spectrometer. The spectra were 
measured at 25 °C, using 30 g dm"3 CDC13 (for 1) or 2 g dm"3 

DMSO-öfe (for 3) with tetramethylsilane (TMS) as an internal 
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CH3(CH2)17-{3-N02 

Zn powder 

2wt% NHACl (pH 6) 

70 t , 1h 

CH3(CH2)17-Q-NOH 
100 

NH3, n-CAH90N0 

Diethyl ether 

15 "C, 0.5h 

CH3(CH2)17^NONH, 
N=0 

Fig. 1. Synthetic scheme of Af-nitroso-Af-p-octadecyl-
phenylhydroxylamine ammonium salt (3). 

standard. The XH NMR spectrum of 1 shows peaks at ô 8.13 
and 7.32 for phenyl protons; 2.72, 1.65, 1.26, and 0.88 for 
alkyl-chain protons. The 1H NMR spectrum of 3 shows 
peaks at ô 8.18 and 7.51 for phenyl protons; 2.73, 1.58, 1.24, 
and 0.86 for alkyl-chain protons. The area of peak 
correspond exactly with the number of protons. The raio of 
the peak areas for phenyl protons (8.13/7.32 for 1 and 
8.18/7.51 for 3) are around one, respectively. 

IR spectra were taken on Parkin-Elmer 1750 FTIR 
spectrometer. The IR spectrum of 1 shows the following 
specific absorption bands; 1517 cm - 1 (asymmetric stretching 
vibration of -NO2); 1353 cm - 1 (symmetric stretching vibra­
tion of -NO2); 860 cm - 1 (stretching vibration of -C-N=); 
719 cm - 1 (rocking bending vibration of the zigzag methyl­
ene). The IR spectrum of 3 contains the following specific 
absorption bands; 1430 cm - 1 (stretching vibration of -N-N=0); 
3148 cm - 1 (stretching vibration of NH4+); 1411 cm - 1 (bend­
ing vibration of NH4"1"); 719 cm - 1 (rocking bending vibration 
of zigzag methylene). 

Elemental analysis of 1 shows the following. Found: C, 
76.90; H, 11.11; N, 3.78%. Calcd for C24H41NO2: C, 76.80; H, 
10.93; N, 3.73%. Elemental analysis of 3: Found: C, 70.45%; 
H, 10.97; N, 9.92%. Calcd for C24H45N3O2: C, 70.76; H, 11.06; 
N, 10.32%. 

Preparation of Membrane Containing 3. A microporous 
polypropylene (PP) membrane (Ube Industrials Ltd., 
5 cmX5 cm, 30 urn thickness, 73% porosity, 0.27 urn average 
pore size), was used as a support of the impregnated 
membrane. The membrane was impregnated with 3 as 
follows: the microporous PP membrane was immersed in 
4.91X10 -4—2.46X10 -3moldm -3 kerosene solution of 3 for 
30 min under ultrasonication. 

Transport through the Membrane. The cell of transport 
through the membrane was used as described previously.10»1^ 
The metal ions solution were prepared by dissolving 
commercial indium chloride, zinc chloride, and alminum 
chloride in buffer solution (potassium chloride / hydro­
chloric acid, pH 1.0 and 2.0; potassium hydrogen phthalate/ 
hydrochloric acid, pH 3.0; potassium hydrogen phthalate/ 
sodium hydroxide, pH 4.0 and 4.8). The solution of metal 
ions (In3+, Zn2+, Al3+, In3+-Zn2+, In3+-Al3+, and In3+-
Zn2+-Al3+) were placed on one side or both side of the 
membrane. The PP membrane impregnated with 3 was 
placed between the two chambers of the transport cell, each 

"O 
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< 

Fig. 2. Effect of pH on the adsorption of In3+, Zn2+, 
and Al3+ by 3. [In3+]=[Zn2+]=[Al3+]=5X10-3 mol 
dm -3; molar ratio of In3+ or Al3+ to 3=1:3; molar 
ratio of Zn2+ to 3=1:2; adsorption time 8 h. 
Adsorbed/% is defined as ([M]o-[M]r)/[M]oX100, 
where [M]Q and [M]r are the concentration of metal 
ions in the initial and residual solutions, 
respectively. 

of which was equipped with a magnetic stirrer. The 
transport experiments were carried out at ambient tem­
perature. Concentration of metal ions were mesured with a 
Shimadzu AA-670 atomic absorption spectrometer. 

The flux is defined from the concentration of metal ions in 
the chamber as 

M 
A t (1) 

where, / is flux (mol cm - 2 s-1) of metal ions; M is transported 
metal ions (mol); A is membrane area (cm2); t is transporting 
time (s). 

Results and discussion 

Interaction of 3 and Metal Ions. T h e interaction of 
carrier and substrate is one of the essential factors 
wh ich governs the selectivity of the t ransport t h rough 
membrane . In present paper , the interaction of 3 and 
metal ions were investigated by means of the adsorp­
t ion of metal ions by 3. 3 was added to aqueous 
solutions of metal ions at certain p H , and vigorous 
st irr ing at an ambient temperature. Adsorbed metal 
ions were estimated by measur ing the concentrat ion of 
metal ions in the residual aqueous solution. In Fig. 2, 
the adsorpbed of metal ions on 3 are plotted against 
the p H of the ini t ial aqueous solution. T h e adsobed 
metal increased wi th p H . Every metal ions has a 
characteristic pH-adsorp t ion profiles. T h e a m o u n t of 
In3+ adsorbed on 3 at lower p H values is more than 
Zn2+ and Al3+. It is suggested that the hydrophobic 
membrane conta in ing 3 can selectively transport In3+ 
other than Zn2+ and Al3+. 

The Effect of p H and Carrier Concentration on 
Transport of Metal Ion. T a k i n g in to account the 
above characteristics of 3, the t ransport of In3+, Zn2+, 
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and Al3+ through the membrane cansisting of 3 in 
kerosene/PP microporous membrane (3/PP mem­
brane) was studied. The effect of pH on the flux of 
metal ions through the 3/PP membrane is shown in 
Fig. 3. The initial concentration of metal ions of the 
feed side (L side) and the pH of the permeate side (R 
side) were maintained 5X10-3 mol dm - 3 and about 0.5, 
respectively. Of every metal ion, the flux increased 
with increasing pH (pH of the L side —pH of the R 
side), as was expected from the fact that the adsorption 
of metal ions on 3 increased with pH. Also, the flux of 
In3+ exceeds that of Zn2+ or Al3+. For example, in the 
case of the pH 3 (the initial pH of L side), the In3+ flux 
is about 35 folds of Al3+ flux and about 190 folds of 
Zn2+ flux, respectively. It is considered that the 3/PP 
membrane function as selective and active transport 
membrane of In3+ from In3+-Zn2+ and/or In3+-Al3+ 
mixture. Figure 4 shows the effect of concentration of 
3 in the membrane on In3+ flux. In this concentration 

range, In3+ flux was proportional to the concentration 
of 3. The membrane without 3 did not show 
observable tranport of In3+. It is suggested that 3 play 
a role as carrier of metal ions, the driving force of 
transport is a counter flow of H+. 

Selective and Active Transport of In3+ through 
3/PP Membrane. The typical time-transport curves 
of In3+ are shown in Figs. 5, 6, and 7. The 
concentration of In3+ on the R side increased, while 
that on the L side inversely decreased. No transfer of 
chloride anion from the L side to the R side was 
observed during the transport experiment. At the 
initial stage of transport, change of pH of L side was 
negligible. However, pH of L side was slightly 
decreased with time. As a control experiment, In3+ 
solution without buffer was placed on the L side of the 
membrane, and then transport experiment was carried 
out. Adjusting the pH of the L side being ca. 5, the pH 
of the L side was extremely decreased with the transfer 

1.0 h 
E u 

"o 
E 

"2 0.5 
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0 1 2 3 A 5 
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Fig. 3. Effect of pH of the feed side on the fluxes of 
In3+, Zn2+, and Al3+ through the 3/PP membrane. 
Initial conditions. R side, pH 0.5; L side, [M]= 
5X10-3 mol dm"8, [3]=2.46X10"3 mol dm"3. 
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Fig. 4. Effect of carrier concentration on the flux of 
In3+ through the 3/PP membrane. [In3+]R=[In3+]L= 
3X10"3 mol dm"3; R side, pH 0.5; L side, pH 3.0. 
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Fig. 5. Time-transport curve of the In3+-Zn2+ binary 
solution through 3/PP membrane. Initial condi­
tions. [In3+]=[Zn2+]=3X10-3 mol dm"3; L side, pH 0.5; 
L side, pH 3.0; O, In3+; • , Zn2+; — , R side; , 
L side. 
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Fig. 6. Time-transport curve of the In3+-Al3+ binary 
solution through 3/PP membrane. Initial condi­
tions. [In3+]=[Al3+]=3X10-3moldm-3; R side, pH 
0.5; L side, pH 3.0; O, In3+; 3 , Al3+; — , R side; 

, L side. 
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50 100 

Time / h 

Fig. 7. Time-transport curve of the In3+-Zn2+-Al3+ 
ternary solution through 3/PP membrane. Initial 
conditions. [In3+]=[Zn2+]=[Al3+]=3X10-3 mol dm"3; 
R side, pH 0.5; L side, pH 3.0; O, In3+; • , Zn2+; 3 , 
Al3+; — , R side; , L side. 

5 10 
[Ml x 106/ mol cm"3 

Fig. 8. Effect of initial concentration of metal ion on 
the fluxes of In3+ and Al3+ in the In3+-Al3+ binary 
solution through 3/PP membrane. [C]0=2.46X10-3 

mol dm"3; [In3+]/[Al3+]=1.0; R side, pH 0.5; L side, 
pH 3.0. 

of In3+. These results support that the driving force of 
the In3+ transport is counter-flow of the H+ from the R 
side to the L side. On the other hand, the concentra­
tion change of Zn2+ and Al3+ was hardly observed 
during the transport experiment. The order of the 
concentration change of metal ion is the following: 
In3+^>Al3+>Zn2+. This order coincides with that of 
the flux in the single component system as shown in 
Fig. 3. Namely, it is concluded that the present 
membrane selectively and actively transports In3+ from 
In3+-Zn2+, In3+-Al3+, and In3+-Zn2+-Al3+ mixtures by 
an antiport mechanism. 

Figure 8 shows the dépendance of the initial flux on 

the concentration of metal ion on L side in In3+-Al3+ 
binary system. The pH of L side and that of R side are 
0.5 and 3.0, and the concentration of 3 in the 
membrane is 2.46X10-3 mol dm -3 . The relationship of 
the initial flux and the concentration of metal ion on 
L side indicates a Michaelies-Menten type profile. 
This result supports a carrier-mediated transport for 
In3+ and Al3+ through 3/PP membrane. The flux is 
presented by the following equation: 

D K[C]o[M] 
J / 1 + K[M] 

(2) 

In this equation, / is the flux of metal ions; K is the 
complex formation constant between 3 and metal ions; 
D is diffusion coefficient of the complex in the 
membrane; [C]o denotes the concentration of 3 in the 
membrane; [M] is concentration of metal ion. In these 
concentration region, In3+ flux is larger than Al3+ flux, 
that is, In3+ is selectively transported by 3/PP 
membrane. Also, the ratio of In3+ flux and Al3+ flux in 
the present system is nearly equal to that in the single 
component system (Fig. 3). The selectivity is one of 
most important function of membrane. In the present 
membrane, the selectivity can represent by the ratio of 
the flux of each metal ion in the mixture transport 
system. In the case of carrier-mediated transport, the 
selectivity is governed by the complex formation 
constant between the carrier and the transport species 
and/or the diffusion coefficient of the complex in the 
membrane. In order to evaluate the high selectivity of 
the present membrane for In3+ transport in In3+-Al3+ 
binary system, a Lineweaver-Burk plot (Fig. 9) was 
obtained by using data shown in Fig. 8. The slope and 
the intercept of the line in Fig. 9 gave value of K and D. 
The results are shown in Table 1. The difference of 
the diffusion coefficient, D, is small, because of the 
ionic radii of In3+ and Al3+ are 0.81X10_8cm and 
0.55X10_8cm, respectively. While, the complex 
formation constant, K, of In3+ is approximetely 50 fold 
of K for Al3+. These results show that selective 
transport of In3+ through the present membrane is 
largely attributed to the chelate interaction between 
In3+ and 3. 

The interactions between In3+, Zn3+, or Al3+ and 3 
were also investigated by FTIR spectrometry. The 
band shift of stretching vibration of Af-nitroso moiety 
(-N-N=0) in the infrared spectra of treated 3 with 
In3+, Al3+, and Zn2+ are summarized in Table 2, which 
shows that interaction towared 3 decreases in the 
following order: In3+^>Al3+>Zn2+. This order is in 
accord with that of the flux in Fig. 4. This result 
suggested that Af-nitrosohydroxyamino group in 3 may 
interact with In3+ more preferential than Al3+ and Zn2+. 
As a result, the selective transport of In3+ is achieved by 
PP membrane containing 3. These FTIR data support 
the carrier-mediated selective transport of In3+ through 
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the present membrane. 
Selective Separation of In 3 + in the Presence of Large 

Amount of Zn2+. As described above, i n d i u m is 
found mainly in zincblende with large a m o u n t of zinc. 
A leaching residue of zincblende wi th hydrochloric 
acid is one of a raw material of ind ium. Accordingly, 
the present study was investigated wi th selective 
separat ion of In3+ in the presence of large a m o u n t of 
Zn2+. T h e metal ion solut ion con ta in ing from 10 to 
100 folds of Zn2+ to In3+ was placed on the L side 

105(1/[Al3+])/ modern3 

105(1/[In3+])/mOr cm3 

Fig. 9. Relationship between reciprocal of the metal 
ion flux and reciprocal of the initial concentration of 
metal ion. 

Table 1. Complex Formation Constant between 
3 and In3+ or Al3+, K, and Diffusion 

Coefficient of Complex, D 

Ion ÀVmol-1 cm3 D/cm2 s"1 

In3+ 
Al3+ 

(1.20±0.33)X106 

(2.66±0.98)X104 
(1.63±0.10)X10-7 

(0.62±0.21)X10-7 

chamber. T h e p H ' s of R side and L side is 0.5 and 3.0, 
respectively. Selectivity was evaluated by separation 
factor as follows: 

Separation factor = 
[In3+]R/[Zn2+]R 

[In3+]L/[Zn2+]L 
(3) 

where a denominater and a numera to r express init ial 
concentrat ion of metal ions on the L Side and 
concentrat ion of metal ions on the R side after 24 
hours , respectively. Obta ined results are shown in 
Table 3. In these rat io of ini t ial concentration, 3 /PP 
membrane has been achieved selective separation of 
In3+. These separat ion factors indicate the close value 
to the rat io of flux of In3+ and Zn2+ (In3+flux/Zn2+-
f lux=about 190) in the single component t ransport 
exper iment as shown in Fig. 3. T h e h igh selective 
separation of In3+ is caused by complex formation 
between In3+ and 3. It is found that the present 
membrane can selectively separate In 3 + even in the 
presence of large a m o u n t of Zn2+ in the above 
conditions. T h i s result suggests that i nd ium is 
selectively separated from acidic residue of ind ium 
con ta in ing ore such as zincblende by the present 
membrane system. 

In conclusion, the membrane impregnated wi th 3 
has been achieved selective and active t ransport of In3+ 
from In3+ -Zn2+, In3+-Al3+, and In3+-Zn2+-Al3+ mixture. 
T h e transport of metal ions th rough the present 
membrane shows a Michael ies-Menten type profile. It 
is found that the chelate interaction between 3 and In3+ 
is cause of the selectivity for In3+ by the present 

Table 2. Results of Spectroscopic Measurement 
of 3 Treated with Various Metal Ion by FTIR 

Metal ion ^_N_N=o/cm_1 

Non 
In3+ 
Al3+ 
Zn2+ 

1430 
1362 
1407 
1421 

3, 1.8X10-4mol; [In3+]=[Al3+]=[Zn2+]=10-2 mol dm"3, 
100 cm3; 3 was added to aqueous solution of metal ions 
at pH 3, and vigorous stirring at ambient temperature 
for 6 h with N2 gas bubbling. The resulting product 
was dried under vacuum at ambient temperature for 
48 h. 

Table 3. Selective Separation of In3+ in the Presence of Large 
Amount of Zn2+ through the 3/PP Membrane 

[M]LX103/moldm-3a) 

In3+ Zn3+ 
[M]RX10Vmoldm-3b) 

In3+ Zn3+ Separation factor 

1.00 
1.00 
1.00 
1.00 

10 
20 
50 

100 

5.18 
5.14 
4.65 
3.76 

0.23 
0.41 
0.98 
1.73 

225 
251 
237 
217 

Concentration of 3, 2.46X10-3 mol dm - 3 kerosene solution; ambient temperature, a) Initial concentration of 
metal ion in L chamber, b) Concentration of metal ion in R chamber after 24 h. 
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membrane . Fur thermore , the present membrane 
functions as selective separation membrane of In3+ in 
the presence of large a m o u n t of Zn2+. 
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Synopsis. The binding isotherm of dodecyltrimethyl-
ammonium ion to partially hydrolyzed poly(potassium 
vinyl sulfate) was determined potentiometrically as a 
function of the average separation (d) between neighboring 
ionic groups. The cooperativity in binding process was 
found to decrease rapidly to about (i^O.44 nm and eventually 
disappear at 6^3.7 nm. 

Recently, extensive studies have been carried out on 
the cooperative b ind ings of surfactant ions to a variety 
of polyions of bo th synthetic and biological origins.1* 
A h ighly cooperative character of such b indings is 
well-demonstrated by the b ind ing isotherm which 
rises steeply in qu i te nar row range of equ i l ib r ium 
surfactant concentration.1* At constant salt concentra­
t ion, the cooperativity in b ind ing process increases 
regularly wi th increasing hydrophobici ty of the 
surfactant ion.2 _ 5 ) T h e increase in salt concentrat ion 
causes the increase in the surfactant concentrat ion at 
which the steep rise in b ind ing isotherm occurs.2»3 '6_8) 

In addi t ion, the cooperativity parameter which charac­
terizes the steepness of the b ind ing isotherm is found 
to depend markedly on the local structure of polyions 
even for a given surfactant ion.4»9) So far as we know, 
however, the study on the charge density dependence 
of the b ind ing cooperativity is l imited only to anionic 
polysaccharide systems.4) These observations p rompt ­
ed us to study further the effect of poly ion charge 
density on the cooperative b i n d i n g of surfactant ion to 
a s imple synthetic polyelectrolyte. In this paper is 
described the Potent iometr ie determinat ion of the 
b i n d i n g isotherms of dodecyl t r imethylammonium ion 
(DTA+) to part ial ly hydrolyzed poly(potassium vinyl 
sulfate) (PVS). 

Experimental 

Polyions of varying charge density were prepared by 
hydrolyzing PVS (Wako Pure Chemical Industries Ltd. 
Degree of esterification 0.969) in 0.2 mol dm - 3 HCl for 
several hours at 80 ° C. After cooling, the reaction mixture 
was titrated with NaOH in order to estimate the degree of 
hydrolysis (0). The resulting solution was dialized against 
water and passed through a cation-exchange resin in the H+ 
state. The polyion concentration (CP) expressed in molarity 
of ionic groups was determined by titrating the polyacid 
with KOH. Dodecyltrimethylammonium bromide (purity> 
99%, Tokyo Kasei Kogyo Co., Ltd.) was used without further 
purifications. The binding isotherms of DTA+ to polyions 
were determined potentiometrically at 25 ° C by using the 
following poly(vinyl chloride)(PVC) membrane electrode. 

Ag-AgCl| 1 mol dm - 3 NH4NO3 Agar bridge| Reference 
solution (1 mmol dm - 3 DTABr)| PVC membrane | Sam­
ple solution (PVS, CP: DTABr, C: KCl, Cs)| 1 mol dm"3 

NH4NO3 Agar bridge| Ag-AgCl 
The preparation of PVC membrane electrode is described 

elsewhere.10) The electromotive force (E) of the cell was 
measured with a Takeda Riken vibrating reed electrometer 
TRB 411 to a precision of 0.1 mV. All measurements were 
conducted at 25 ° C under the conditions of constant CP and 
Cs. 

Results and Discussion 

In the absence of polyion, the semilogari thmic plot 
of E vs. log C gave a straight l ine with a slope of 
58.3 mV down to 1X10"5 m o l d m " 3 DTABr. T h i s 
cal ibrat ion curve permits the est imation of an equil i­
b r i um surfactant ion concentrat ion (Cf) which leads 
immediately to the b ind ing degree of the surfactant 
ion defined by ß—{C — Cf)/Cp. In Fig. 1 is shown the 
b i n d i n g isotherm of DTA+ to PVS of varying charge 
density. At lower values of 0, the b ind ing isotherm is 
seen to rise steeply in na r row range of Cf as low as 
10~4 mol d m - 3 . T h i s characteristic behavior which is 
c o m m o n to all surfactant ion-po ly ion systems1* 
reflects the s t rong cooperativity in b ind ing process 
ar is ing from the hydrophobic interaction a m o n g 
b o u n d surfactant ions. T h i s in tu rn suggests that the 
average distance (d) between ne ighbor ing ionic groups 
of the po ly ion is small e n o u g h to permi t the 
over lapping of the hydrocarbon chains of the b o u n d 
surfactant ions. As would be expected, however, the 
slope of the b ind ing isotherm decreases successively 
wi th increasing value of 0, suggesting the rap id 
decrease in the b ind ing cooperativity. In Fig. 1 is also 
shown the calculated b ind ing isotherm based on the 
following equa t ions . n ) 

2ß - 1 = (y - 1)/[(1 - y)2 + 4yu~1]1^2 (1) 

y = Cf/(Cf)o.5 (2) 

where, (Cf)o.5 refers to the value of d at half b i n d i n g 
and w_1 to a cooperativity parameter which is defined as 
an equ i l ib r ium constant for the following process . n ) 

(00)+ (11) ^ = ^ 2(01) (3) 

Here, (00) and (11) represent the ne ighbor ing u n b o u n d 
ionic site pai r and b o u n d site pair , respectively. T h e 
est imation of u can easily be at tained by us ing a curve 
fitting method except for 0=0.93 where the exper­
imenta l value of (Cf)o.5 is unavailable. In this case, 
however, the b ind ing process becomes virtually statis­
tical, i.e., M = 1 . T h e theoretical isotherm for 0=0.93 in 
Fig. 1 is based on the statistical b ind ing model wi th 
the intr insic b ind ing constant (K) of 500 m o l - 1 dm3 . 
As is clearly shown in Fig. 1, the calculated isotherm 
reproduces well the exper imental curves at h igher 
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Fig. 1. The binding isotherms of DTA+ to partially 
hydrolyzed PVS with varying values of 0 at 25 °C. 
CP=2.00X10-4 mol dm"3. CS=1.00X10-2 mol dm"3. 
Solid lines show the calculated isotherms from Eq. 1 
with the values of u given in Table 1. 

values of 0 than 0.6. However, the agreement is 
limited to about ß=0.5 at lower values of 0. In this 
connection, it is worth to remember that Eq. 1 is based 
on an one-dimensional lattice model in which the 
nearest neighbor interaction at a constant surface 
potential is taken into account. Therefore, the 
observed deviations between theoretical and exper­
imental binding isotherms at lower values of 0 are 
supposed to arise partly from the contraction of the 
polymer chain which leads to the deviation from 
linearity, since an increase in ß is necessarily 
accompanied by an increase in overall hydrophobicity 
of polymer molecule. It should be noted that an 
increase in 0 causes a regular increase in the fraction of 
hydrophilic OH groups on the polymer chain. At 
higher values of 0, therefore, it is highly probable that 
the polymer chain takes comparatively extended 
conformation even at higher values of ß. The decrease 
in the surface potential arising from the increase in 0 
may also be responsible for this phenomenon. Figure 
2 shows the plot of u vs. 0. The numerical values of u 
are summarized in Table 1 together with the average 
separation between neighboring ionic groups for a 
fully extended chain. It can immediately be seen that 
the value of u decreases rapidly to about 0=0.4 and 
goes gradually to unity at 0=0.93. The values of 0=0 

1000 

u 
500 

Q I 1 ! ! I I I i I ~T-Q 1 

0 0.5 1.0 

e 

Fig. 2. A plot of u against 0. 

Table 1. The Estimated Values of u 
at Varying Values of 0 

0 d/nm u 

0 0.26 900 
0.26 0.35 400 
0.42 0.45 100 
0.50 0.52 70 
0.66 0.77 50 
0.82 1.45 30 
0.93 3.73 1 

and 0.4 correspond to d of 0.26 and 0.44 nm 
respectively. This in turn suggests that the value of d 
less than 0.44 nm is essential for the appearance of the 
strong hydrophobic interaction between neighboring 
bound surfactant ions. In fact, the slope of u vs. d 
curve in this range is as large as —4000 nm - 1 . Another 
interesting feature of Fig. 2 is the gradual decrease in u 
above 0.4. It should be noted that the small but 
appreciable cooperativity is still observed even at 
0=0.82 (d=1.45 nm). We must keep in mind that d 
defined here represents an average distance between 
neighboring ionic groups based on the assumption of 
uniform distribution of ionic groups on the polymer 
chain. In fact, the probability of persisting the ionic 
site pair with an initial separation of 0.26 nm at 0=0 is 
given by (1— 0)2 provided that the hydrolysis reaction 
proceeds in a random fashion. Thus the observed 
cooperativity at higher values of 0 will reasonably be 
attributed partly to the presence of ionic sites which 
locate closely with each other and take part in effective 
hydrophobic interaction. The critical distance d=3.73 
nm (0=0.93) at which the surfactant ion binding 
becomes statistical is comparable with twice the chain 
length of a fully extended dodecyl chain (ca. 1.8 nm). 

The present result demonstrates well the importance 
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of the charge density or the separat ion between 
ne ighbor ing ionic g roups in de termining the cooper-
ativity of the surfactant ion b i n d i n g to polyions . A 
similar result was obtained by Malovikova et al.4) for the 
b ind ings of Af-tetradecylpyridinium ion to pectate and 
pect inate of varying charge density. They estimated 
the values of u of 250, 26, 12, and 12 at d=0A4, 0.56, 
0.82, a n d 1.49 n m in 0.01 mol d m - 3 NaCl solut ions, 
respectively. T h i s trend is just the same as what is 
found for the present experiment , t h o u g h the magni ­
tude of u is somewhat different from that given above 
because of the difference in the hydrophobici ty of the 
surfactant ion. It their study of the cooperative 
b ind ings of dodecyl- and tetradecyl tr imethylammoni-
u m (DTA+ and TTA+) ions to carboxylic polyelectro-
lytes, Hayakawa et al.9) obtained the values of u of 600 
for TTA+-polyacry la te (d=0.25 nm) , 30 for TTA+-car -
boxymethylcellulose (d=0.54 nm) , 500 for D T A + - p o l y -
acrylate, and 650 for DTA+-dextran sulfate (d=0.26 nm) 
in 0.01 mol d m - 3 NaCl solut ions, respectively. These 
results are also in accord wi th the predict ion based on 
the charge density considerat ion. As is poin ted ou t by 
them, however, add i t iona l factors such as cha in 
flexibility and hydrophob ic character of repeat ing un i t 

should be taken in to account for the clear understand­
ing of the cooperative interact ion between surfactant 
ion and polyion. 
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Coordination Selectivity in the Fe(II) Complex with 8-Hydroxy-7-
[(2-hydroxy-5-carboxyphenyl)azo]-5-quinolinesulfonic Acid 
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Synopsis. The coordination of the title ligand (hcqs) to 
Fe(II) has been studied on the basis of its electronic 
absorption spectral characteristics, equilibrium, and stop-
ped-flow kinetics in comparison with those of the related 
ligands. The bifunctional hcqs coordinates to Fe(II) not 
with a quinolinol (O-N) moiety, but selectively with a 
dihydroxyazo (O-N-O) one. The reaction mechanism of 
hcqs with Fe(II) and the thermodynamic stability of the 
complex are also discussed. 

We have previously reported1* that 8-hydroxy-7-[(2-
hydroxy-5 -ca rboxypheny l )azo ] -5 -qu ino l inesu l fon ic 
acid (hcqs) reacts wi th Al(III) to form, initially, a 
yellow complex wi th the qu ino l ino l (O-N) coordina­
tion mode; finally, it changes to a red complex wi th 
the dihydroxyazo (O-N-O) mode (this complex shows 
a l inkage isomerism). In contrast, the coordinat ion 
reaction of hcqs wi th Fe(II), which has an octahedral 
coordina t ion like Al(III), revealed that the l igand 
reacts selectively wi th the metal ion to form a complex 
wi th the dihydroxyazo (O-N-O) coordinat ion mode; 
the complex shows no l inkage isomerism. 

Chart 1. hcqs: X=N, Y=OH, Z=COOH, W=H; 
hens: X=CH, Y=OH, Z=COOH, W=H; cqs: 
X=N, Y=H, Z=H, W=COOH. 

T h e present paper will be concerned wi th the 
coordinat ion selectivity1-2) and reaction mechanism of 
hcqs to Fe(II) on the basis of the absorpt ion spectral 
characteristics, the equi l ib r ium, and the kinetics in 
compar ison wi th those of the three related l igands. 

Experimental 

Materials. The syntheses of these ligands—hcqs, 4-
hydroxy-3-[(2-hydroxy-5-carboxyphenyl)azo]-1 -naphthalene-
sulfonic (hens), and 7-[(4-carboxyphenyl)azo]-8-hydroxy-5-
quinolinesulfonic (cqs) acids—have been described in a 
previous paper.1* The 8-hydroxy-5-quinolinesulfonic acid 
(hqs) was supplied by the Aldrich Chemical Co. The Fe(II) 
solution was made according to the method in the literature3) 

by dissolving Fe(NH4)2(SC>4)2-6H20 in dilute perchloric 
acid.4) 

Measurements. The apparatus and general procedures 
have been described elsewhere.a> The equilibrium and 
kinetics were studied in a 0.10 mol dm - 3 aqueous NaClC>4 
solution at 22.0+0.1 °C. All the solutions were prepared 
anaerobically with N2 gas. The reactions of Fe(II) with the 
ligands were monitored at 502 nm for hcqs, 500 nm for hens, 

497 nm for cqs, and 615 nm for hqs. 

Results and Discussion 

Coordination Mode of Fe(hcqs)2 - . Figure 1 shows 
the absorpt ion spectra of the present complexes and 
l igands. In the region of 14—27X103cm-1 , Fe(hcqs) 2 -

exhibits spectral characteristics similar to those of 
Fe(hcns) 2 - , where hens functions as a dihydroxyazo 
(O-N-O) terdentate l igand as in the Al(III) complex.x ) 

O n the other hand , these spectral characteristics differ 
from those of the Fe(cqs) - , in wh ich cqs functions as a 
qu ino l ino l (O-N) bidentate l igand,^ a l though cqs 
shows an absorp t ion b a n d due to the azo g roup qui te 
similar to those shown by hcqs and hens. These 
absorpt ion spectral characteristics indicate that hcqs 
coordinates to Fe(II) wi th its dihydroxyazo (O-N-O) 
coordina t ion mode, bu t no t wi th its qu ino l ino l (O-N) 
coordinat ion mode. 

Stability Constants. T h e composi t ions of the com­
plexes were confirmed by the method of con t inuous 
variation;5* a 1:2 (Fe(II) : l igand) complex was formed 
for bo th hcqs and hens, whi le a 1:3 complex was 
formed for cqs and hqs.6 ) These results differ from 

28 36 

O7l03cm-1 

Fig. 1. Absorption spectra of ligands and their 
Fe(II) complexes: , complex; a, Fe(hcns)2-; 
b, Fe(hcqs)2-; and c, Fe(cqs)-; , ligand; a, 
Fbhcns2-; b, Fbhcqs2-; and c, Hcqs2-; 0.10 mol dm - 3 

NaC104, 22°C, pH 3.8. 
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those of the Al(III) complexes, where only the 1:1 
complexes were formed for hcqs, hens, and cqs.1) 

T h e stability constant of [Fe(hcqs)2]6~ was deter­
mined on the basis of the fol lowing equ i l ib r ium wi th 
H4edta at a constant p H : 

[Fe(hcqs)2]6- + H2edta2" + 2H+ 

;==± [Fe(edta)]2" + 2H2hcqs2- (1) 

Since bo th [Fe(hcqs)2]6~ and hcqs give an absorbance 
at 502 n m , bu t others do not , Eq. 2 can be derived thus 
under the exper imental condit ions of ChCqs>3 CFC and 

Y = / W 
/8Fe ,ed,a) (a!T) : 

X (2) 

a J P = 1 + £al[H+](l + £a2[H+] 

(1 + Ka3[H+](l + Xa4[H+]))) 

( l + ^ H + K i + r j H + D ) ) 

X = (1 - X)[Chcqs - 2 X C F e ] V x 

Y — C/edta X L F e 

X — \A max A)/ {Am&x -^min) 

Chcqs, CFe, and Cedta are the total concentrat ions of hcqs, 
Fe(II), and edta respectively. £2 and ßFe(edta) are the 
stability constants of the [Fe(hcqs)2]6 _ and [Fe(edta)]2" 
complexes. KÙ and K'^ are the p ro tona t ion constants 
of hcqs (z=l—4)7> and edta (z=l—4).8> Am^ and Amm are 
the absorbances of the hcqs and the [Fe(hcqs)2]6~ 
solut ions, and A is the absorbance of a solut ion in 
which the [Fe(hcqs)2]6~ and the [Fe(edta)]2 - complexes 
coexist. According to Eqs. 5—7, the exper imental data 
plot ted on Y against X may be expected to give a l inear 
relat ion so long as Eq. 2 holds. A linear relat ion 
between X and Y was obtained for the Fe(II)-hcqs 
system, from the slope of which the stability constant 
of [Fe(hcqs)2]6- was obta ined as log ß2=25.79±0.10 
m o l - 2 dm6 . In the same way, the stability constants 
were determined to be log fc=Zl.59+0.05 mol" 2 dm 6 

for [Fe(hcns)2]6- and log ß3=22.56±0.10 m o l " 3 dm 9 for 
[Fe(cqs)3]7~. [Fe(cqs)3]7~ exhibits a qui te similar 
magn i tude of the stability constant to [Fe(hqs)3]4~ 
(log ß i=8 .4 m o l - 1 dm3 , log /?2=15.7 mol~2 dm6 , log £3= 
21.75 m o l - 3 dm9);6) the qu ino l ino l (O-N) coordinat ion 
mode is possible for bo th cqs and hqs . These results 
are in l ine wi th the fact that the dihydroxyazo 
(O-N-O) coordinat ion mode exhibited a larger stabi­
lity than did the q u i n o l i n o l (O-N) coordina t ion mode 
in Al(III) complexes.1 '2* 

Kinetics and Mechanism. T h e reaction rate of 
Fe(II) wi th hcqs was first-order in concentrat ions of 
bo th hcqs and Fe(II); a monophas ic rate-determining 
step was observed for more than 3.5 half-life periods. 
In contrast to the case of the Al(III)-hcqs complex,1) no 
evidence was observed for the l inkage isomerism of the 

Fe(II)-hcqs complex. Similar kinetic results were 
obta ined for the reactions of Fe(II) wi th hens , cqs, and 
hqs . These results indicate that the coordinat ion of 
the first l igand to the central metal is the rate-
de te rmin ing step,3 '9) which follows a rapid coordina­
tion9) of the next l igand. 

In order to deduce the react ion pathways, the 
dependence of the reaction rate on —log[H+] was 
analysed under pseudo-first-order kinetic condit ions, 
CFe»Chcqs. In the same way as has been described 
previously,1«10 '11) three possible reaction pathways may 
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for Fig. 2. a) Relation between k'ohsd and [H+] 
Fe(II)-hcqs and Fe(II)-hcns complexes. (1): CFe(ii), 
3.00X10-4moldm-3; ChCqs, 1.43X10"5 mol dm"3, A, 
502 nm; (2): CFe(ii), 1.50X10"4 moldm"3; ChCns, 8.59X 
10-6moldm-3 , A, 500 nm; 0.10 mol dm"3 NaC104, 
22°C. b) Relation between Hbsd and [H+] for Fe(II)-
hqs and Fe(II)-cqs complexes. (1): CFe(ii), 1.00X10"3 

moldm"3; Chqs, 6.90X10"5 mol dm"3, A, 615 nm; (2): 
CFe(ii), 3.00X10-4moldm-3 ; Ccqs, 1.39X10-5mol 
dm"3, A, 497 nm; 0.10 mol dm"3 NaC104, 22°C. 
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Table 1. Kinetic Parameters of Iron(II) Complexes 

Pathway Rate constant/mol -1 dm3 s_1 

hcqs hens cqs hqs 
Fe(II)+H2L k22: (1.42±0.25)X10* k22: (1.75±0.30)X103 - -
Fe(II)+HL — k23: (9.73±0.20)X106 k22: (6.52±0.20)X102 k2i: (1.31±0.20)X103 

Fe(II)+L — - to (1.37±0.22)X106 -

H2L: H2hcqs2" and H2hcns2", HL: Hhcns3", Hcqs2", and Hhqs", and L: cqs3". 0.10 mol dm"3 NaC104, 22°C. 

be proposed, wi th their rate equat ions (pH 2—4): 

d[Fe(hcqs)2-]/d* 

= {Ä23[Hhcqs3-] + £22[H2hcqs2-] + ^2i[H3hcqs-]}CFe2+ 

- (Ä-2s[H+] + (k-22[U+f + Ä-2i[H+]3)[Fe(hcqs)2-] (8) 

where fey refers to the rate constants for the forward 
reaction pathways of Fe2+ wi th HU-yhcqs-7'-, while k-q 
refers to the rate constants for the backward reaction 
pathways (;—1—3). By considering the pro tona t ion 
equi l ibr ia of hcqs, the dependence of the observed rate 
constant , febsd, on —log [H+] can be expressed as 
follows: 

fc'obsd = *obsd/{l/jSl + CFe/«kC q S} 

= k23K&i[U+] + k22K&lKa2[H+f + falK^K^K^H+f (9) 

where k'ohsd and ßi are the modified rate constant and 
the stability constant of Fe(hcqs) 2 - respectively. Since 
l / jß i«CFe/aH c q s under the present experimental con­
dit ions, &'obsd can be calculated as: 

Kbsd = ^obsda^VCFe (10) 

T h e k'ohsd is plot ted versus [H+] in Fig. 2(a). T h e best-
fi t t ing curve to Eq. 9 shows that &'obsd is dependent on 
only [H+]2: Fe(hcqs-0,Af,0)2~ is formed mainly through 
the react ion pa thway (Ä22) of Fe2+ wi th Hfehcqs2-. 
Similarly, the analyses of kinetic data (Fig. 2 (a) and 
(b)) revealed that the Fe(hcns-0 ,N,0) 2 ~ is formed 
main ly t h rough the reaction pathways of Fe2+ wi th 
H h c n s 3 - and Hkhcns 2 - ; Fe(cqs) - , t h rough those of Fe2+ 
wi th H c q s 2 - and cqs 3 - , and Fe(hqs), t h rough that of 
Fe2+ wi th H h q s - . These rate constants are sum­
marized in Table 1. 

T h e depro tona t ion at the phenola te oxygen causes 
an increase in the rate constant (&22«&23) in the 
Fe(II)-hcns and -cqs complexes (Table 1). T h e rate 
constants Ä22 of the Fe(II)-hcns and -cqs complexes 
and that Ä21 of the Fe(II)-hqs complex have the same 
magni tudes (Table 1). These data suggest that the 
mechanist ic ra te-determining steps in the formation of 
these complexes are control led by the same factor: the 

dona t ion of the phenola te oxygen on the naphtha lene 
or the q u i n o l i n e r ing to Fe(II). Accordingly, the 
mechanist ic rate-determining step of the Fe(II)-hcqs 
complex may also be the dona t ion of the phenola te 
oxygen on the heterocyclic r ing of hcqs, since it has a 
coordina t ion mode ana logous to that of the Fe(II)-
hens complex. T h e tendency of the Ä22 values in the 
Fe(II)-hcqs, -hens , and -cqs complexes to decrease is 
in line wi th the tendency of the pro tonat ion con­
stants1* of the phenola te oxygen on the naph tha lene 
( l og£ a 2 = 6 .74 for hens) or qu ino l ine rings ( l o g £ a 2 = 

6.36 for hcqs and l o g £ a i = 7 . 4 0 for cqs) of the 
corresponding l igands to increase. T h i s fact indicates 
that the basicities of the phenola te oxygen plays an 
impor tan t role in the donat ion process. 

References 

1) Z. P. Bai, H. Einaga, and J. Hidaka, Bull. Chem. Soc. 
Jpn., 61, 1959(1988). 

2) a) K. Hayashi, K. Okamoto, J. Hidaka, and H. Einaga, 
/ . Chem. Soc, Dalton Trans., 1982, 1377; b) H. Iwasaki, K. 
Okamoto, J. Hidaka, and H. Einaga, / . Coord. Chem., 12, 219 
(1983); c) I. Ohkura, K. Fujiwara, K. Okamoto, J. Hidaka, 
and H. Einaga, / . Coord. Chem., 13, 221 (1984). 

3) a) G. K. Pagenkopf and D. W. Margerum, Inorg. 
Chem., 7, 2514 (1968); b) J. Xu and R. B. Jordan, ibid., 27, 
4563 (1988). 

4) Fe(II) is expected to be present in the form of 
hexaaquairon(II) species in this stock solution and the 
reaction solution (log )SFeso4—0.04 mol - 1 dm3 (1.1 mol dm - 3 

NaC104), 30.5°C).12> 
5) H. L. Schläfer, "Komplexbildung in Lösung," 

Springer, Berlin (1961), Chap. 8. 
6) J. C. Tomkison and R. J. P. Williams, / . Chem. Soc, 

1153,2010(1958). 
7) The protonation constants1* of hcqs: logeai (phenol-

ate-O/J)=10.26, log£ a 2 (quinolinolate-OH)=6.36, logKœ-
(-COOH)=3.60, and log# a 4 (quinoline-N=)=2.98. 

8) The protonation constants of edta: log K'^l0.26, 
log ^2=6.16, log£;3=2.67, and log< 4 =2.0; (G. Schwar-
zenbach and H. Ackermann, Helv. Chim. Acta, 30, 1798 
(1947)). 

9) R. H. Holyer, C. D. Hubbard, S. F. A. Kettle, and R. 
G. Wilkins, Inorg. Chem., 5, 622 (1966). 

10) M. Eigen, Pure Appl. Chem., 6, 97 (1963). 
11) A. Albert, Biochem. J., 54, 646 (1953). 
12) L. G. Sillen and A. E. Martell, "Stability Constants of 

Metal-Ion Complexes," Chem. Soc, London (1964), Sp. 
Pub. No. 17, p. 240. 



932 © 1990 The Chemical Society of Japan NOTES Bull Chem. Soc. Jpn., 63, 932—934 (1990) [Vol. 63, No. 3 

On the Reaction of iV-[(3-Oxo-2-cyclohexenyl)imino]triphenylphosphorane 
with of-Bromo Ketones and c*,/MJnsaturated Ketones1* 

Makoto N I T T A , * H i ronobu SOEDA, and Yukio IINO 
Department of Chemistry, School of Science and Engineering, Waseda University, Shinjuku-ku, Tokyo 169 

(Received July 12, 1989) 

Synopsis. The thermal reaction of Af-[(3-oxo-2-cyclo-
hexenyl)imino]triphenylphosphorane with a-bromo ketones 
and a,/3-unsaturated ketones underwent an enamine-type 
alkylation and a subsequent aza-Wittig reaction to give 
substituted l,5,6,7-tetrahydro-4H-indol-4-ones and 7,8-dihy-
dro-5(6H)-quinolinones albeit in modest yields. 

T h e reaction of tertiary p h o s p h i n e wi th an organic 
azide to produce im inophospho rane is known as the 
Staudinger reaction.2) However, the synthetic applica­
tions of the methodology for ni t rogen heterocycles 
have attracted increasing a t tent ion only recently.3) We 
have recently demonstra ted a s imple prepara t ion of 
A^(vinyl imino)phosphoranes , 4 - 6 ) wh ich reacted wi th 
a - b r o m o ketones, « ^ - u n s a t u r a t e d ketones, and 
t ropone derivatives in an enamine alkylat ion process 
followed by an aza-Wittig reaction to provide novel 
routes to pyrroles,4) pyridines,5* and 1-azaazulene 
derivatives.6) A l though the N-(vinyl imino)phospho-
rane is considered to be an equivalent for enamine, like 
enols, enamines are generally unstable and undergo a 
rap id conversion in to the imine tautomer. T h u s , 
s imple enamines have no synthetic utility. However, 
ß -amino enones are stable and easily isolated. A recent 
example , 3-amino-2-cyclohexen-l-one (1), has been 
widely used for the synthesis of l,5,6,7-tetrahydro-4H-
indol-4-ones and 7,8-dihydro-5(6H)-quinolinones.7 a _ e ) 

In a search for more detailed behavior as well as 
synthetic util i t ies of N-(vinyl imino)phosphoranes , 
and in compar i son wi th the enamine 1, we report here 
on the first example of a reaction of Af-[(3-oxo-2-
cyclohexenyl) imino] t r iphenylphosphorane (2) wi th a-
bromo ketones and « ^ - u n s a t u r a t e d ketones to give 
l,5,6,7-tetrahydro-4H-indol-4-ones and 7,8-dihydro-
5(6H)-quinol inones. 

C o m p o u n d 2 was prepared by the established 
method (see Exper imental ) . A l though the Af-(vinyl-
imino)phosphorane derivatives are generally hydro-
lyzed easily to give the corresponding carbonyl 
compounds,6* c o m p o u n d 2 is stabilized8* and it is not 
hydrolyzed on a T L C plate. T h e 13C N M R signals due 
to ß-carbon a toms of the enone moieties of 2 and 3 
appear at h igher fields, compared wi th that of the 
cor responding carbon a tom of cyclohexenone (4)9) 

(Fig. 1). T h u s , a h i g h electron density of the ß-carbon 
a tom as well as the possibility for an enamine-type 
alkylation of 2 were suggested. 

T h e react ion of 2 wi th a -b romo ketones 5a—f in the 

2 + B r y ^ R 1 heat -HT 

N-PPho 

5a-f 6a-f 

NHo 

109 .23 

174 .98 

N=PPh 3 

R' pi 

7a-f 

0 D2 

8a-f 

0 R2 

ou => Ö£- - ô f < 
9a-f 

98.00 

163.00 

O 
. 
1 3 0 . 0 

5 0 . 5 

a: R 1 = P h , R2= H; b: R1= 4-Me-C ß H 4 , R2= H; 

c: R 1 = 4 - C 1 - C 6 H 4 , R2= H; d: R1= 4 - B r - C 6 H 4 , R2= H; 

e: R 1 =Me, R2= H; f : R 1=R 2= Ph 

Fig. 1. Scheme 1. 

Entry 

Table 1. Results for the Reaction of 2 with a-Bromo Ketones 5a—f to give 9a—f 

Molar ratio 
of 5/2 

Solvent Reaction time/h Product yield/% Recovery of 5 

1 
2 
3 
4 
5 
6 

5a 
5b 
5c 
5d 
5e 
5f 

2.0 
1.2 
1.0 
1.0 
3.0 
1.2 

Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 

20 
27 
24 
23 
6 
60 

56 
28 
42 
38 
39 

6 

45 
63 
47 
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Table 2. Results for the Reaction of 2 with a,ß-Unsaturated Ketones 10a—f to give 14a—d 

Entry 10 
Molar ratio 
of 10/2 

Solvent Reaction time/h Product yield/% Recovery of 10 

1 
2 
3 
4 
5 
6 
7 

10a 
10a 
10b 
10c 
lOd 
10e 
lOf 

1.0 
1.1 
9.0 
3.0 
2.0 
1.0 
1.1 

Dioxane 
PhMe 
PhMe 
PhMe 
PhMe 
Dioxane 
PhMe 

27 
24 
96 

150 
48 

168 
168 

52 
52 
60 
18 
20 

0 
0 

84a> 

100 
100 

a) A mixture of 10c and its dimer (Ref. 10) in a ratio of 7/3. 

presence of potass ium carbonate gave 1,5,6,7-tetrahy-
dro-4H-indol-4-ones 9a—f (Scheme 1). T h e results are 
summarized in Tab l e 1. In the reaction of 5f, which 
has an addi t ional subst i tuent on the a-carbon atom, 9f 
was produced in low yield (Entry 6). A l though the 
results are very similar to those of Af-(l-phenylvinyl-
imino)phosphoranes wi th a-bromo ketones,4* higher 
temperatures and p ro longed hea t ing were required for 
the reaction of 2. A l though no reaction of 3-amino-2-
cyclohexen-1-one 1 wi th a -bromo ketones appeared, 
the react ion of 1 wi th 5a in d ioxane under ref luxing 
gave 9a in an 18% yield, which is even worse than those 
of Entry 1 (see Experimental) . T h e structures of 
k n o w n c o m p o u n d s 9a,b and 9e,f were identified by 
compar isons of the physical data wi th those reported 
in the l i terature (see Experimental) . C o m p o u n d s 9c,d 
were new and compar isons of physical data wi th those 
of 9a,b and 9e,f clearly supported the given structures. 

Possible reaction sequences are also shown in 
Scheme 1. T h e ini t ial step in an enamine-type 
alkylat ion of 2 on to 5a—f to give 6a—f, and 
subsequent depro tona t ion regenerate iminophospho-
ranes 7a—f. Intermediates 7a—f then undergo an 
in t ramolecular aza-Wittig reaction to give 8a—f, of 
wh ich aromat iza t ion gives 9a—f. T h e low yield of 9f 
may be ascribed to a steric h indrance of the phenyl 
g r o u p at the «-posi t ion in the enamine alkylat ion 
process. 

O n the other hand , the reaction of 2 wi th a,ß-
unsatura ted ketones 10a—d in toluene or in dioxane 
under ref luxing wi th a complete consumpt ion of 2 
gave 7,8-dihydro-5(6H)-quinolinones 14a—d (Scheme 
2). T h e results are summarized in Tab le 2. T h e 
reaction of 2 wi th 10a,b, bo th of which have n o 
substi tuent at bo th the a- and ß-posit ions, gave 14a,b 
in moderate yields (Table 2, Entries 1—3). However, 
the reaction of 2 wi th 10c,d, bo th of which are 
substi tuted at the a-carbon atom, gave 14c,d in low 
yields; in the former case a dimerization10) (Diels-Alder 
reaction) of 10c occurred (Entry 4). Moreover, the 
a t tempted reaction of 2 wi th 10e,f, bo th of which have 
a subst i tuent at the ß-carbon a tom, gave no product , 
and enones 10e,f were recovered quanti tat ively. T h i s 
fact may be ascribed to a steric h indrance of the 
subst i tuent at the ß-posi t ion of 10e,f. T h u s , the 
reaction of 2 seems to be sensitive to a steric h indrance , 
as compared to those of A^(vinyl imino)phospho-
ranes.4 '5 ) C o m p o u n d s 14a—d were k n o w n and their 

o 0 R3 R2 

2 + Ii heat 

N-PPho 

10a-f 11a-f 

0 R' 3 R^ 

^^^N=PPho 

0 R3 0 RJ 

I IN^R 1 ^ U W R 1 

12a-f 13a-f 14a-d 

a: R1=Ph, R2=R3=H; b: R1=Me, R2=R3=H; 

c: R1=Ph, R2=Me, R3=H; d: R1-R2= -(CH2)3-, R3= H; 

e: R1=R3=Ph, R2= H; f : R1=Ph, R2= H, R3=Me 

Scheme 2. 

structures identified by compar isons of the physical 
data wi th those reported in the l i terature (see 
Experimental) . 

T h e reaction sequences are also shown in Scheme 
2.5) T h e en amin e alkylat ion of 2 to the ß-carbon a tom 
of 10a—d ini t ial ly occurs to give 11a—d, and 
subsequent hydrogen migrat ion regenerate iminophos-
phoranes 12a—d. Intermediates 12a—d then undergo 
an in t ramolecular aza-Wittig reaction to give dihydro-
pyridines 13a—d, which are dehydrogenated to give 
14a—d under the reaction condit ions in the presence of 
P d - C . 

Al though the reaction of N-v iny l iminophosphorane 
2 wi th a -b romo ketones a n d a ,ß-unsa tura ted ketones 
were clarified, no synthetic pr ior i ty of 2 to 1 could be 
observed. Strong reaction condit ions were required for 
2, as compared wi th the related reactions of N-(l-
phenylv iny l imino)phosphorane , probably because of 
the presence of an electron-withdrawing carbonyl 
g roup . 

Experimental 

The 1H NMR spectra were recorded on a R-90H spectrom­
eter. High-resolution mass spectral studies were con­
ducted using a JEOL DX-300 spectrometer. All melting 
points are uncorrected. 

Prepatation of iV-[(3-Oxo-2-cyclohexenyl)imino]triphenyl-
phosphorane (2). A solution of triphenylphosphine (8.38 
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g, 32 mmol) and 3-azido-2-cyclohexen-l-one (4.16 g, 32 
mmol) in dry benzene (80 cm3) was stirred for 4 h under a 
nitrogen atmosphere. After the benzene was removed in 
vacuo, the residue was crystallized from benzene-hexane to 
give 2 (11.7 g, 95%): mp 150—152.5 °C (lit,8* 163—163.5 °C); 
13CNMR (CDC13) 0=197.76, 174.98, 132.45, 132.17, 128.90, 
128.12, 109.23, 36.37, 35.87, 22.65. 

Preparation of 3-(l-Pyrrolidinyl)-2-cyclohexen-l-one (3). 
A solution of 1,3-cyclohexandione (1.12 g, 10 mmol) and 
pyrrolidine (1.24 g, 17.5 mmol) in dry benzene (10 cm3) was 
refluxed by using a Dean-Stark apparatus for 5 h. After the 
usual workup, the enamine 3 was obtained: mp 83—85 °C 
(lit,11) mp 86—88 °C); 13C NMR (CDCI3) 6=195.44, 163.00, 
98.00, 45.57, 35.56, 27.63, 24.72, 21.84. 

General Procedure for the Reaction of 2 with a-Bromo 
Ketones 5a—f. A mixture of 2 (186 mg, 0.5 mmol), a-bromo 
ketones 5a—f, and potassium carbonate (138 mg, 1 mmol) in 
dry dioxane was refluxed for a period with a complete 
consumption of 2 under nitrogen atmosphere. After the 
reaction mixture was filtered through Celite and concen­
trated, the residue was separated by TLC on silica gel to give 
pure samples of 9a—f. In the isolation of 9a—c, 
AcOEt-hexane (6/1) was used as a developer. In the 
isolation of 9d, the TLC plates were developed five times by 
using AcOEt-hexane (1/1). In the case of 9e, ethanol-
hexane (1/6) was used as the developer. In the isolation of 9f, 
AcOEt was used as the developer. Both the reaction 
conditions and the yields of the products are summarized in 
Table 1. For 2-phenyl-l,5,6,7-tetrahydro-4H-indol-4-one 
(9a): mp 227—228 °C (from ethanol) (lit,12* 232 °C). For 2-(4-
methylphenyl)-l,5,6,7-tetrahydro-4H-indol-4-one (9b): mp 
275—277 °C (from methanol) (lit,13> 270 °C). For 2-(4-
chlorophenyl)-l,5,6,7-tetrahydro-4H-indol-4-one (9c): mp 
264—266 °C (from methanol); 1U NMR (CDCI3) <5=2.22 (2H, 
q, /=6.6 Hz), 2.52 (2H, t, /=5.9 Hz), 2.88 (2H, t, /=6.2 Hz), 
6.80 (1H, d, /=2.9 Hz), 7.37 (4H, s), 8.45—8.65 (1H, broad s). 
Found: m/z 245.0628 and 247.0569. Calcd for C14H12CINO: 
M, 245.0608 and 247.0578. For 2-(4-bromophenyl)-1,5,6,7-
tetrahydro-4H-indol-4-one (9d): mp 277—279 °C (from meth­
anol); 1H NMR (CDCI3) 6=2.23 (2H, q, /=5.6 Hz), 2.52 (2H, 
t, /=5.7 Hz), 2.88 (2H, t, /=5.8 Hz), 6.81 (1H, d, /=2.0 Hz), 
7.32 (2H, d, /=9.0 Hz), 7.52 (2H, d, /=9.0Hz), 8.40—8.65 
(1H, broad s). Found: m/z 289.0081 and 291.0067. Calcd for 
Ci4Hi2BrNO: M, 289.0102 and 291.0082. For 2-methyl-
l,5,6,7-tetrahydro-4H-indol-4-one (9e): mp 199—200 °C (from 
benzene) (lit,14> 210—211 °C). For 2,3-diphenyl-l,5,6,7-
tetrahydro-4H-indol-4-one (9f): mp >300°C (from meth­
anol) (lit,^ 314—316 °C). 

Reaction of 3-Amino-2-cyclohexen-l-one (1) with 5a. A 
mixture of 1 (33 mg, 0.3 mmol), 5a (120 mg, 0.6 mmol), and 
potassium carbonate (83 mg, 0.6 mmol) in dry dioxane 
(2 cm3) was heated under reflux for 7 h with complete 
consumption of 1. After the reaction mixture was filtered 
through Celite and concentrated, the residue was separated 
by TLC on silica gel using AcOEt as the developer to give 5a 
(76 mg, 64%) and 9a (11.3 mg, 18%), which was identical with 
the authentic specimen. 

General Procedure for the Reaction of 2 with a,ß-
Unsaturated Ketones 10a—f. A mixture of 1 (186 mg, 
0.5 mmol), 10a—f and 5% Pd-C (0.025 g atom) in dry toluene 
or dioxane was refluxed under nitrogen atmosphere. After 

the reaction mixture was concentrated, the residue was 
separated by TLC on silica gel. In the isolation of 14a,c, 
AcOEt-hexane (3/1) was used as the developer. In the 
reactions of 10b and lOd—f, AcOEt-hexane (1/1) was used as 
the developer to give 14b, 14d or the starting materials, 10e— 
f. The reaction conditions and the yields are summarized in 
Table 2. 

For 2-phenyl-7,8-dihydro-5(6H)-quinolinone (14a): mp 
126.5—127.5 °C (from ethanol) (lit,16> 121—122 °C). For 2-
methyl-7,8-dihydro-5(6H)-quinolinone (14b):17) oil. For 3-
methyl-2-phenyl-7,8-dihydro-5(6H)-quinolinone (14c): mp 
69.5—70.5 °C (from ethanol) (lit,1«» 70—71 °C). For 1,2,3, 
5,6,7,8-hexahydro-8H-cyclopenta[è]quinolin-8-one (14d): mp 
58—59 °C (from cyclohexane) (lit,15> 60—61 °C). 
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Synopsis. Upon irradiation, 2-benzoyl-2-methylcyclo-
hexanone gave 4-benzoyl-2-methylcyclohexanone via Type II 
cyclization and a subsequent ring opening in 79% yield, 
whereas 2-benzoylcyclohexanone gave only the Type II 
elimination product. 2-Benzoyl-2-methyl-l-tetralone also 
underwent photo transformation to 4-benzoyl-2-methyl-l-
tetralone. 

Type II pho toe l imina t ion and cyclization reactions 
of alkyl aryl ketones have been extensively investigat­
ed. x) These reactions involve a 1,4-biradical inter­
mediate, formed t h rough y-hydrogen abstraction by 
the excited carbonyl group.2-3 ) Aryl cycloalkyl ketones 
also undergo Type II reactions, t hough the q u a n t u m 
yields are no t high.4 ) T h e int roduct ion of a carbonyl 
g r o u p to the a-posi t ion of the cycloalkane r ing in the 
aryl cycloalkyl ketones increases the photoreactivity of 
the ketones. T h e q u a n t u m yield of Type II el imina­
t ion for 2-benzoylcyclohexanone (la)5) is ca. 34-times 
h igher than that for benzoylcyclohexane.4e) A methyl 
g roup on the a-carbon of aryl cycloalkyl ketones favors 
the Type II cyclization over e l iminat ion , a long wi th 
an enhancement of the the a-cleavage.4c-e) We report 
here on the photoreac t ion of 2-benzoylcyclohexanones 
in which a remarkable changeover in the reaction 
course was produced by in t roducing a methyl g roup 
on the 2-position. 

Previously, the photoreact ion of l a was reported to 
give only a Type II e l imina t ion product , l-phenyl-6-
heptene-l ,3-dione (2), in 71—82% yield.5-6) N o evidence 

for the format ion of the cyclization product has been 
observed.5_7) O n the other hand , i rradiat ion of l b gave 
3 in 79% yield. T h e structure of 3 was elucidated from 
spectral data and elemental analysis. T h e XH N M R 
spectrum of 3 showed a doublet methyl signal (8 1.08) 
and a C4-hydrogen signal be ing coupled to four 
hydrogens (8 3.93). Neither the Type II e l iminat ion 
product nor a-cleavage products could be isolated. O n 
the contrary, the photoreact ion of l a yielded no 4-
benzoylcyclohexanone, corresponding to a photore-
arangement . Similarly, a photorear rangement of 2-
benzoyl-2-methyl-l- tetralone (6) in benzene gave a 
rearranged product , 8, in 36% yield,8) while 2-benzoyl-
1-tetralone, which exists a lmost completely in the enol 
form, did no t show any photoreactivity. T h e *H N M R 
of 8 showed a methyl doublet (S 1.31) and a C4-methine 
hydrogen coupled wi th two hydrogens (8 5.09). 

T h e format ion of the 4-benzoylcyclohexanone 3 and 
the 4-benzoyltetralone 8 can be explained in terms of a 
retro-aldol type r ing open ing of Type II cyclization 
products 5 and 7, respectively. T h e undetectabili ty of 
the bicyclic alcohol , bo th 5 and 7, is not surpr is ing in 
view of their thermal instability. We have already 
reported a similar rearrangement , ethyl 2-benzoyl-
valerates rearranged to ethyl 4-benzoylvalerates via 
cyclobutanols,9 ) t hough the chemical and the quan­
tum yield were low. In that case, the ma in reaction 
course was T y p e II el imination.9 ) T h e rearrangement 
of l b was very efficient. T h e q u a n t u m yields for the 

0 0 

Ph 

°Me° 
Ph -Ü*-> ay 

8 * * 
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Table 1. Quantum Yields and Kinetic Data 

Ketone 

Benzoylcyclohexane 
1 -Methylbenzoylcyclohexane 

la 
lb 

</>cya) 

_ e ) 

0.045^ 
— 

0.79 

0elb) 

0.024 
— 

0.82 
— 

</></> 

— 
0.20f> 

— 
— 

kq$ 

M"1 

0.74 
29 

9.1 
56 

T 

10"9s 

0.15 
5.8 
1.8 

11.2 

1/T 

W S " 1 

68 
1.7 
5.5 
0.9 

Ref. 

4e 
4e 
5 

a) Quantum yield for Type II cyclization product formation in benzene, b) Quantum yield for Type II 
elimination product formation in benzene, c) Quantum yield for a-cleavage product formation, d) Slope of 
Stern-Volmer plots for quenching of Type II product, e) Not detected, f) In 0.01 M dodecanethiol-benzene. 

formation of the 4-benzoylcyclohexanone, 3, and the 
disappearance of the s tar t ing ketone, l b , were 0.79 and 
uni ty , respectively. These values indicate the absence 
of the reverse hydrogen-transfer process from the 1,4-
biradical intermediate, 4b, to the start ing material , l b , 
because of in t ramolecular hydrogen b o n d i n g between 
the hydroxy 1 and the cycloalkanone carbonyl groups. 
T h e hydrogen b o n d i n g between the hydroxyl g roup 
and the cyclohexanone carbonyl g roup also possible in 
the cyclobutanol , 5 a n d so the r ing open ing occurs 
easily.9) T h e changeover from exclusive Type II 
e l iminat ion to exclusive Type II cyclization u p o n a-
methyl subst i tu t ion has rarely been observed. In a 
r igid bicycloalkyl phenyl ketone system, a 2-benzoyl-
bicyclo[2.2.2]octane and 2-benzoyl-2-methylbicyclo-
[2.2.2]octane pair, this changeover has been reported.4c) 

However, in a flexible monocycloalkyl phenyl ketone 
system, the m a i n compet ing process is the a-cleavage 
reaction; 1 -benzoyl- 1-methylcyclohexane mainly gave 
an a-cleavage product , together wi th Type II cycliza­
t ion product.4e ) T h e enhanced formation of a Type II 
cyclization product caused by the a-methyl g roup can 
be explained analogously to a similar behavior in 
acyclic and cyclic alkyl aryl ketones wi th the a-methyl 
g roup , in terms of the presence of unfavourable 
n o n b o n d i n g interact ions in the t ransi t ion states for 
elimination.40-10) 

T h e photoreac t ion of l b was quenched by 2,5-
dimethyl-2,4-hexadiene wi th a l inear Stern-Volmer 
plots. T h e kinetic data are summarized in Tab le 1. 
T h e kqr value was determined to be 56 M _ 1 . T h e 
lifetime (T) and 1/T values were calculated to be 
11.2X10_ 9s and 0.9X10 8s _ 1 respectively, assuming kq 

to be the diffusion-controlled rate constant (5X109 M _ 1 

s _ 1 in benzene). T h e lifetime (T) of l b is twice that of 
1-methylbenzoylcyclohexane. T h e rate constant for 
the 7-hydrogen abstraction (kr) can be defined as 
&r—</>TyPe I I /T . Therefore, the kr value for l b can be 
calculated to be 0.71X108 s_1. T h i s value is ca. 9-times 
larger than that for l-methylbenzoylcyclohexane.4e ) 

These results reflect the fact that the Type II reaction is 
the m a i n reaction course in l b , whereas a-cleavage is 
the ma in course in the 1-methylcyclohexane. T h i s 
migh t be due to an increase in the popu la t ion of 
favorable conformers for the 7-hydrogen abstraction 
because of a decrease in the r ing flexibility by the 
in t roduct ion of a carbonyl g roup in the cycloalkane 
r ing or a n o n b o n d i n g carbonyl-carbonyl repulsive 
interaction. 

Experimental 

The IR spectra were recorded with a JASCO A-3 
spectrometer, XH and 13C NMR spectra were measured with a 
JEOL FX90Q or a Bruker AM400 spectrometer using 
tetramethylsilane as an internal standard, and the mass 
spectra were recorded with a JEOL JMS-OlSG-2 spectrom­
eter. An Ushio 100 W or 450 W high-pressure mercury 
lamp was used as irradiation source. 

Preparation of 2-Benzoyl-2-methylcyclohexanone (lb). A 
solution of tetrabutylammonium bromide (1.48 g, 4.6 mmol) 
and sodium hydroxide (0.38 g, 9.5 mmol) in 5 cm3 water was 
added to a stirred solution of la (0.92 g, 4.6 mmol) and 
methyl iodide (3.24 g, 2.3 mmol) in 5 cm3 chloroform. The 
mixture was stirred overnight at room temperature and then 
extracted with 10 cm3 of chloroform. The chloroform 
solution was washed with water and then dried over calcium 
chloride. After filtration the solvent was evaporated in 
vacuo. To the residue was added 10 cm3 of benzene. An 
insoluble material in benzene was filtered off. The residue 
was chromatographed on silica-gel column (Merck Kieselgel 
60). Elution with benzene gave lb (0.77 g, 3.6 mmol, 78%): 
bp 116 °C/3 mmHg (1 mmHg=133.222 Pa); IR (neat) 1670 
and 1710cm"1; « N M R (CDCI3) 0=1.17—2.97 (8H, m, 
CH2), 1.47 (3H, s, CH3), 7.14—7.63 (3H, m, aromatic), and 
7.8—8.0 (2H, m, aromatic). Found: C, 77.51; H, 7.49%. 
Calcd for Ci4Hi602: C, 77.75; H, 7.46%. 

Preparation of 2-Benzoyl-2-methyl-l-tetralone (6). The 
diketone 6 was prepared according to a similar procedure 
previously reported by us.n ) Condensation of 1-tetralone 
(2.92 g, 20 mmol) and benzaldehyde (2.12 g, 20 mmol) using 
Af-methylanilinomagnesium bromide (prepared from 20 
mmol of ethylmagnesium bromide and 20 mmol of N-
methylaniline) as a condensing agent followed by oxidation 
with Jones reagent gave 2-benzoyl-1-tetralone (2.00 g, 8.0 
mol, 40%): mp 68 °C (from hexane); IR (CHCI3) 1615 and 
1600cm"1; « N M R (CDCI3) 6=2.66—2.88 (4H, m, CH2-
CH2), 7.05—7.75 (7H, m, aromatic), 7.80—8.15 (2H, m, 
aromatic), and 16.90 (1H, s, OH).1^ Found: C, 81.65; H, 
5.71%. Calcd for Ci7Hi402: C, 81.58; H, 5.64%. The 2-
benzoyl-1-tetralone was methylated by methyl iodide (1.20 g, 
8.5 mmol) and sodium hydride (0.34 g, 8.5 mmol) in ben-
zene-DMF (2/1 (v/v), 20 cm3) according to a method in the 
literature.13) Column chromatography on silica gel eluted 
with hexane-ethyl acetate (6:1) and recrystallization from 
hexane gave 6 (1.3 g, 5.0 mmol, 63%): mp 102 °C; IR (CHCI3) 
1690 cm"1; 1H NMR (CDCI3) <5=4.59 (3H, s, CH3), 1.75—2.36 
(1H, m, 5-H), 2.58—3.35 (3H, m, 4-H2 and 5-H), and 7.08— 
8.15 (9H, m, aromatic). Found: C, 81.86; H, 6.18%. Calcd for 
Ci8Hi602: C, 81.79; H, 6.10%. 

Photoreaction of lb. A solution of lb (201 mg, 0.93 
mmol) in 50 cm3 of benzene was irradiated with a 450 W 
high-pressure mercury lamp through a Pyrex filter for 
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20 min. After removing the solvent the residue was 
chromatographed on a silica-gel column. Elution with 
benzene gave the unreacted starting ketone, lb (92 mg), and 3 
(86 mg, 79%). 3: mp 87—88 °C (from a mixture of 
benzene-hexane); IR (KBr) 1680 and 1720 cm"1; iH NMR 
(CDCls) 6=1.08 (3H, d, J=6.5 Hz, CH3), 1.70 (IH, ddd, 
/=12.0, 12.0, and 12.0 Hz, 3-H), 1.97 (IH, ddd, /=6.5, 12.0, 
and 12.0 Hz, 5-H), 2.24—2.29 (2H, m, 3-H and 5-H), 2.47— 
2.82 (3H, m, 2-H and 6-H2), 3.93, (IH, dddd, /=3.3 , 3.3, 12.0, 
and 12.0 Hz, 4-H), 7.49—7.62 (3H, m, aromatic), and 7.94— 
8.00 (2H, m, aromatic); 13C NMR (CDC13) ô=14.3 (q), 29.7 (t), 
37.9 (t), 40.3 (t), 43.8 (d), 44.1 (d), 128.1 (d, 2C), 128.7 (d, 2C), 
133.2 (d), 135.7 (s), 201.3 (s), and 211.1 (s); MS m/z 216 (M+). 
Found: C, 77.74; H, 7.39%. Calcd for Ci4Hi602: C, 77.75; H, 
7.41%. 

Photoreaction of 6. A solution of 6 (599 mg, 2.274mmol) 
in 120 cm3 of benzene was irradiated with a 100 W high-
pressure mercury lamp through a Pyrex filter for 2.5 h. After 
removing the solvent the residue was chromatographed on a 
silica-gel column. Elution with hexane-ethyl acetate (6:1) 
gave the unreacted starting ketone, 6 (353 mg), and the 
rearranged product, 8 (88 mg, 36%).8> 8: mp 78 °C (from 
cyclohexane); IR (CHCI3) 1690 cm"1; iH NMR (CDCI3) 
0=1.31 (3H, d, /=6.5 Hz, CH3), 2.26 (IH, ddd, /=13.5, 13.5, 
and 13.5 Hz, 5-H), 2.36 (IH, ddd, /=4.5, 4.5, and 13.5 Hz, 
5-H), 2.74 (IH, ddq, /=4.5, 13.5, and 6.5 Hz, 6-H), 5.09 (IH, 
dd, /=4.5 and 13.5 Hz, 4-H), 7.04 (IH, d, /=7.5 Hz), 7.39 (IH, 
t, /=7.5 Hz), 7.43 (IH, t, /=7.5 Hz), 7.52 (2H, t, /=7.5 Hz), 
7.62 (IH, t, /=7.5 Hz), 8.03 (2H, d, /=7.5 Hz), and 8.12 (IH, 
d, /=7.5 Hz) (aromatic); 13C NMR (CDCI3) 0=15.3 (q), 35.6 
(t), 41.9 (d), 47.6 (d), 127.4 (d), 127.8 (d), 128.6 (d), 128.8 (d, 
2C), 128.9 (d, 2C), 132.7 (s), 133.4 (d), 133.6 (d), 136.7 (s), 142.2 
(s), 199.1 (s), and 201.2 (s). Found: C, 81.61; H, 6.09%. Calcd 
for C18H16O2: C, 81.79; H, 6.10%. 

Quantum Yields and Rate Constant Determination: Ben­
zene solutions of lb (ca. 0.05 mol l"1) containing a known 
concentration of eicosane (ca. 0.001 mol l"1) as a caliburant, 
were placed in 15X150 mm Pyrex culture tubes. In 
quenching experiments, the solutions also contain appro­
priate concentrations of 2,5-dimethyl-2,4-hexadiene. The 
tubes were degassed with three freeze-pump-thaw cycles and 
then sealed. Irradiation was performed on a "merry-go-
round" apparatus with a 450 W high-pressure mercury 
lamp. A potassium Chromate filter solution was used to 
isolate the 313 nm line.14) Analyses were performed on a 
Shimazu GC-4B gas Chromatograph equipped with a flame 
ionization detector using a 2 m column containing OV-1. 

Quantum yields were determined by the use of a valero-
phenone actinometer.2b) 
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Synopsis. Direct photophosphonations of naphthalene 
and phenanthrene with trialkyl phosphites occurred in the 
presence of electron acceptors to give arylphosphonates and 
dihydroarylphosphonates. 

T h e formation of ca rbon-phosphorus bonds has 
synthetic potent ial . T h e synthesis of a ry lphosphon­
ates is achieved by the reaction of aryl hal ide wi th 
dialkyl phosphona tes or trialkyl phosphi tes in the 
presence of metal catalyst,x) and the photoreact ion of 
aryl hal ide wi th dialkyl phosph i t e anions2 ) or trialkyl 
phosphites 3 ) as well as the Friedel-Crafts reaction of 
arènes wi th phospho rus trichloride followed by 
alcoholysis,4) since usual Arbuzov reaction is not 
appl icable to the formation of aryl carbon-phos­
phorus bonds. However, only few methods have been 
reported for a direct in t roduct ion of the phosphona te 
g roup to aromatic hydrocarbons.5 ) 

As parts of our investigation on synthetic applica­
tions of photochemica l electron transfer, we have 
extensively investigated the adding of nucleophi les to 
the cation radicals of aromatic hydrocarbons (ArH) 

ArH 

T 

P(OR)3 
hv 

DCNB 
2 and 3 

0 

P(OEt)2 

2b R=Me 

2c R=Et 

Î? 9 
* - Ar-P(OR)2 + H-ArH-P(OR)2 

P(OEt)2 

4a 
9 

^ _ / P ( O R ) 2 

Ab R= Me 

Ac R= Et 

Scheme 1. 

®§rP ( 0 E t )> 
3a 

generated by photochemical electron transfer to 
electron acceptors . 6 - 0 T h u s , photochemical electron 
transfer has proved to be a useful tool for the direct 
in t roduct ion of functional groups, such as cyano and 
a m i n o groups , to a romat ic nuclei.6»7) From these 
poin ts of view, we have investigated the direct p h o -
tophosphona t ion of naph tha lene and phenan threne 
wi th trialkyl phosphi tes (P(OR)3) in the presence of 
m-dicyanobenzene (DCNB) (Scheme 1). 

Results and Discussion 

I r radiat ion of an acetonitrile solut ion conta in ing 
naph tha l ene ( la) , DCNB, and P(OEt)3 under a ni t ro­
gen a tmosphere by high-pressure mercury l a m p gave 
diethyl 1-naphthylphosphonate (2a), diethyl 2-naph-
thylphosphonate (3a), and diethyl (1,4-dihydro-l-naph-
thy l )phosphona te (4a) in 39, 32, and 2% yields, 
respectively. In the case of phenan th rene ( lb) , diethyl 
9 -phenan th ry lphosphona te (2b), the isomer of 2b (3b), 
and diethyl (9,10-dihydro-9-phenanthryl)phosphonate 
(4b) were obta ined in 33, 9, and 13% yields, respec­
tively. T h e results are shown in Tab le 1. T h e aryl­
phosphona tes (2 and 3) was predominant ly formed 
from a photoreact ion in acetonitrile or A^Af-dimethyl-
formamide (DMF) under oxygen or ni trogen a tmo­
sphere, whi le more d ihydroarylphosphonates (4a and 
4b) were formed in acetoni tr i le-water (19:1) than in 
acetonitrile. Moreover, DCNB was substantially 
consumed to give l-alkyl-2,4-dicyanobenzenes (5) 
du r ing the pho tophosphona t i on of l b with P(OR)3 in 
acetonitri le, whereas high-yield DCNB was recovered 
in the case of la, as is shown in Tab le 2. 

T h e p h o t o p h o s p h o n a t i o n was initiated by electron 
transfer from the excited singlet state of ArH to DCNB 
to generate the cat ion radical of ArH (ArH + • ) and the 
an ion radical of DCNB ( D C N B ~ ) ( E q . 1), since the 
photoreact ions were carried ou t under condit ions in 

Table 1. Photophosphonation of Arènes with P(OR)3a) 

Run 
No. 

Arènes R Solvent/atmosphere Products (yield/%)b> Conv. Recov. 
of ArH/% of DCNB/% 

1 
2 
3 
4 
5 
6 

a) See text. 

la 
la 
lb 
lb 
lb 
lb 

Et CH3CN/N2 
Et CH3CN-H20(19:1)/N2 

Et CH3CN/N2 
Et CH3CN-H20(19:1)/N2 

Me CH3CN/O2 
Me DMF/O2 

b) Isolated yields based on arene used. 

2a (39) 3a (32) 4a ( 2) 
2a (18) 3a (32) 4a (13) 
2b (33) 3b ( 9) 4b (13) 
2b (12) 3b (14) 4b (52) 
2c (58) 3c (17) 4c (20) 
2c (52) 3c ( 7) 4c ( 4) 

85 
65 
74 
84 
96 
88 

64 
72 
32 
76 
78 
80 

t Present address: Department of Industrial Chemistry, 
Miyakonojo National College of Technology, Yoshio, 
Miyakonojo, Miyazaki 885. 
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Table 2. The Formation of l-Alkyl-2,4-dicyanobenzene (5) from the Photoreaction 
of lb with P(OR)3 in the Presence of DCNBa> 

Run No. R Irradn. time/h Products (yield/%)b> Conv. of DCNB/% Recov. of lb/% 

1 Me 70 5a (15) 15 43 
2 Et 58 5b (62) 80 50 
3C> Et 60 5b ( 0) 8 — 
4 *-Pr 55 5c (32) 82 13 

a) For 100 ml of acetonitrile solution containing DCNB (5 mmol), P(OR)3 (50 mmol), and lb (5 mmol). 
b) Isolated yields based on DCNB used, c) In the absence of lb. 

which the fluorescence of l a or l b was exclusively 
quenched by DCNB, b u t negligibly by P(OR) 3 . 
Notable observations of mechanis t ic significance are 
i) less regioselective compared wi th pho toamina t ion 
by amines and photocyana t ion by cyanide anion,6 '7* 
ii) the close oxidat ion potent ia ls of P(OR)3 to that of 
ArH, i.e. £%(P(OEt) 8 )=1 .25 , £?/2(la)=1.22,8> and 
Eif2(lb)=l.n eV,8) and iii) a considerable consump­
tion of DCNB. 

ArH + DCNB ^ — ArH*- + DCNBT (1) 

ArH+- * P(0R)3 — ArH • P(0R)3
+- (2) 

P(0R); — -P(0)(0R)2 • R+ (3) 

ArH + -P(0)(0R)2 — -ArH-P(0)(0R)2 (4) 

•ArH-P(0)(0R)2
 Q X ' d - / " H ^ 2 or 3 (5) 

\ D C N B ' / H ; . /, (6) 

_ H . R 

DCNB + R+ • - f f V C N (7) 
T , 5a R= Me 

C N & R= Et 

5c. R= i-Pr 

It has been repor ted tha t the nucleophi les , such as 
cyanide a n i o n and amines , added selectively at CI of 
l a + • or at C9 of l b + •, where the highest positive charge 
m i g h t develop. 6b»7) However, p h o t o p h o s p h o n a t i o n is 
too less-regioselective to proceed only by a nucleo-
ph i l i c addi t ion of P(OR)3 to ArH+*. Previous studies 
on pho toamina t i on showed that the dialkylamines of 
the ox ida t ion potent ia ls close to that of A r H undergo 
an electron exchange wi th ArH+- in compet i t ion wi th 
nucleophi l ic addition.6 b ) F rom the above observations, 
it is, therefore, strongly suggested that the electron 
exchange between P(OR)3 and ArH+- occurs to 
generate P(OR)3+* wh ich wou ld decompose to the 
d ia lkoxyphosphory l radicals ( -P(0)(OR)2) and car-
bocat ion (Eqs. 2 and 3). T h e less regioselective 
p h o s p h o n a t i o n can be at t r ibuted to the addi t ion of the 
• P ( 0 ) ( O R ) 2 to ArH, as is shown in Eqs. 4—6. T h e 
resul t ing phosphorylary l radicals become fully aro­
mat ic (2 and 3) u p o n oxidat ion followed by deprotona-
t ion a n d / o r are reduced wi th D C N B - - followed by 
p ro tona t ion to give 4. A similar mechan i sm has been 
reported for the free-radical p h o s p h o n a t i o n by 'P (O) -
(OR)2, generated from diethyl p h o s p h o n a t e and t-

butyl peroxide.® Moreover, the formation of 5 wou ld 
arise from the reaction of D C N B - - wi th carbocation 
generated from P(OR)3

+* (Eq. 7). 

Experimental 

The 1H and 13C NMR spectra were taken on a JEOL 
JNM60 and a JEOL FX 90 spectrometer, respectively, for a 
CDCb solution using tetramethylsilane as the internal 
standard. Gas chromatography was performed on a 
Shimadzu GC-8A using a 50 cm column of 2% OV-17 on 
Chromosorb W. The fluorescence quenching experiments 
were performed for a degassed acetonitrile solution on a 
Hitachi MPF-4 spectrometer. Mass spectra were measured 
on a JEOL D-300S equipped with a JMA 2000 data analyzer. 
Measurements of oxidation potentials were performed for 
deaerated acetonitrile solutions containing P(OEt)3 (1X10-3 

mol dm - 3) and a supporting electrolyte, tetraethyl ammo­
nium tetrafluoroborate (0.1 mol dm - 3), vs. Ag/AgN03 of 
reference electrode at 23+0.1 °C by a Hokuto Denko 
HA-501G potentiostat and a Hokuto Denko HB-105 voltage 
generator. 

Photoreactions of Arènes. Irradiation was performed for 
a solution (100 ml) containing an arene (10 mmol), m-
dicyanobenzene (5 mmol), and a trialkyl phosphite (50 
mmol) by a high-pressure Hg lamp under cooling with 
water. After evaporation under reduced pressure, the 
photolysates were dissolved in 100 ml of benzene and then 
extracted with 50 ml of water. The benzene solution was 
chromatographed on silica gel with hexane, benzene, and 
ethyl acetate as the eluents; the products were thus isolated. 
The structure of 2a or 2b was determined by comparisons 
with authentic samples prepared from the reaction of 1-
bromonaphthalene or 9-bromophenanthrene with sodium 
diethyl phosphite in the presence of cupper(I) iodide. 
Although the structures of 3b and 3c could not unambigu­
ously be determined, they were reduced to be 1-phenanthryl-
phosphonates from the *H NMR spectra. 4a—c could not be 
purified by rapid aromatization to la or lb during 
purification. 

Diethyl 1-Naphthylphosphonate (2a). ^ N M R 0=1.31 
(t, / = 7 Hz, 6H), 4.14 (dq, / = 7 and 12 Hz, 4H), 7.46—7.69 (m, 
3H), 7.86—8.58 (m, 4H), 13CNMR 0=16.3 (d, /=6Hz) , 62.2 
(d, / = 6 Hz), 124.2,124.8,126.3,126.7 (d, 7=3 Hz), 127.4,128.7, 
128.8, 133.6 (d, 7=3 Hz), 133.9, 134.6 (d, 7=9 Hz), MS m/z 264 
(M+), 235, 190, 155, 138. 

Diethyl 2-Naphthylphosphonate (3a). ^ N M R 0=1.35 
(t, 7=7 Hz, 6H), 4.15 (dq, 7=7 and 11 Hz, 4H), 7.5—8.0 (m, 
6H), 8.42 (d, 7=15 Hz, 1H). 13C NMR 0=16.4 (d, 7=6 Hz), 
62.2 (d, 7=5 Hz), 126.5 (d, 7=11 Hz), 126.9, 127.8,128.0,128.2, 
128.8 (d, 7=7 Hz), 129.0,132.1,132.8,134.1 (d, 7=10 Hz), MS m/z 
264, IR 1230 cm"1. 

Diethyl (l,4-Dihydro-l-naphthyl)phosphonate (4a). 1H 
NMR 0=1.2 and 1.3 (t, 7=7 Hz, 6H), 3.4 (m, 2H), 3.8 (dq, 7=7 
and 12 Hz, 4H), 4.1 (m, 1H), 5.9—6.0 (m, 2H), 7.0—7.1 (m, 
3H), 7.2—7.25 (m, 1H), MS m/z 266 (M+), 128, IR 1230 cm"1. 
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Diethyl 9-Phenanthrylphosphonate (2b). *H NMR 0=1.3 
(t, / = 7 Hz, 6H), 4.0 (dq, 7=7 and 11 Hz, 4H), 7.6—7.7 (m, 
4H), 8.0 (d, 7=8.1 Hz, IH), 8.5—8.7 (m, 4H), 13CNMR 
0=16.4 (d, 7=6 Hz), 62.3 (d, 7=5 Hz), 122.6, 123.0 (d, 7=1 Hz), 
127.0, 127.2, 127.2, 127.6 (d, 7=3 Hz), 129.2, 129.8 (d, 
7=4 Hz), 130.0, 130.0, 130.5, 130.7, 132.3, (d, 7=3 Hz), 138.2 
(d, 7=9 Hz), MS m/z 314 (M+), 205, 178, IR 1250 cm"1. 

Isomer of 2b (3b). 1U NMR ô=1.3 (t, 7=7 Hz, 6H), 4.0 
(dq, 7=7 Hz, 4H), 7.3—7.8 (m, 7H), 8.5—8.7 (m, IH), 9.0 (d, 
7=16 Hz, IH), i 3 C N M R 0=16.3 (d, 7=6 Hz), 62.1 (d, 
7=5 Hz), 122.5, 122.9, 126.2, 127.1, 127.8 (d, 7=7 Hz), 128.0 
(d, 7=5 Hz), 128.4 (d, 7=3 Hz), 128.6, 128.9, 129.4, 130.0, 
131.5, 132.1 (d, 7=3 Hz), 134.3 (d, 7=9 Hz), MS m/z 314 (M+), 
286, 258, 240, 205, 178, IR 1230 cm-1. 

Diethyl (9,10-Dihydro-9-phenanthryl)phosphonate (4b). 
iH NMR 0=1.2—1.3 (t, 7=7 Hz, 6H), 2.8-3.2 (m, 2H), 3 . 3 -
3.4 (m, IH), 3.8 (dt, 7=7 and 9 Hz, 4H), 7.0—7.2 (m, 6H), 
7.46-7.7 (m, 2H), MS m/z 316 (M+), 206, 178, IR 1250 cm"*. 

Dimethyl 9-Phenanthrylphosphonate (2c). *H NMR ô= 
3.82 (d, 7=11-5 Hz, 6H), 7.6—7.8 (m, 4H), 7.9—8.1 (m, 1H), 
8.4—8.8 (m, 4H), MS m/z 286 (M+), 191, 178. 

Isomer of 2c (3c). ^ N M R 0=3.69 (d, 7=11 Hz, 6H), 
7.54-7.67 (m, 3H), 7.74-7.86 (m, 4H), 8.77 (d, 7=8.2 Hz, 
1H), 9.13 (d, 7=14 Hz, IH), MS m/z 286 (M+), 191, 178, IR 
1250 cm"1. 

Dimethyl (9,10-Dihydro-9-phenanthryl)phosphonate (4c). 
1H NMR 0=3.0—3.95 (m, 2H), 3.03 and 3.36 (d, 7=10 Hz, 
6H), 3.4—3.6 (m, 1H), 7.03—7.23 (m, 6H), 7.47—7.67 (m, 
2H), MS m/z 288 (M+), 178, IR 1250 cm"1. 

The spectral data of 1-methyl and l-ethyl-2,4-dicyanoben-

zenes (5a, b) have been reported;6*0 5b, mp 66—67 °C. 
l-Isopropyl-2,4-dicyanobenzene (5c). mp 78—79 °C, *H 

NMR 0=1.30 (d, 7=6 Hz, 6H), 3.30 (sept, 7=6 Hz, 1H), 7.13 
(d, 7=8 Hz, 1H), 7.43 (d, 7=8 Hz, 1H), 7.50 (s, IH), MS m/z 
170, IR 2240 cm-1. 

T h i s research was supported by a Grand-in-Aid for 
Scientific Research from the Ministry of Educat ion, 
Science and Cul ture (No. 01750789). 
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Synopsis. The reactions of acetanilides with a calculated 
amount of benzyltrimethylammonium tetrachloroiodate in 
acetic acid at room temperature or at 70 °C gave, selectively, 
the desired chloro-substituted acetanilides in good yields. 

T h e chloro-substi tuted acetanilides 2 have usually 
been prepared by the Af-acetylation of chloro-substitut­
ed anilines. T h e direct nuclear chlor inat ion of acet­

anilides 1 has been scarcely reported. As a novel 
chlor ina t ing agent for 1, t i tanium(IV) chloride in the 
presence of trifluoroperacetic acid has been used in 
place of molecular chlorine.2) 

Recent work wi th this series has shown that benzyl­
t r ime thy lammonium tetrachloroiodate (BTMA ICU) 
is an excellent ch lor ina t ing agent for the nuclear 
chlor inat ion of aromatic ethers3) and arenes,4) and for 

Substrate 
1 

Table 1. Chlorination of Acetanilides 1 with BTMA K 

Molar ratio Reaction conditions Product 

BTMAICI4/I Time/h Temp/°C 2 

2U in AcOH 

Yielda> 
% 

Mp (°C) 

found reported 

ACNH 

(la) 

la 

AcNH-(f^Me 

(lb) 

Me 

A c N H ^ Q ) 

( l c ) Me 

Me 

AcNH-̂ f̂ N 

( ld)M e 

/* 
AcNH-<Q 

Me 

(le) 

le 

MeO 

AcNH-<r^> 

Me 

(If) 

If 

,OMe 

AcNH-

1.0 

4.0 

1.0 

1.0 

1.0 

2.0 

3.0 

2.0 

4.0 

2.0 

24 

24 

24 

24 

20 

24 

24 

24 

24 

24 

r t 

70 

r t 

r t 

70 

70 

70 

r t 

70 

r t 

Mixtureb) 

C I 

AcNH 

(2a-2) 

AcNH-O^N-Me 

( 2 b - l ) 

Me. 

AcNH 

*.7\Me (2c-l) 
Me C l 

AcNH^n> 

C l v ,Me 

AcNH-<f^))-Cl 

/9„_9\ Me 

87 

85 

92 

87 

93 
(2e-2) 

C l Me 

(2e-3f lM- 81 

MeON 

A C N H H O V C I 
^ ( 86 

X : i (2f-2) 
MeO C l 

A c N H ^ Y ^ - C l 

(lg) 

(2f-4) 

OMe 

A c N H - < J ^ ) - C l 

C l ' 

(2g-2) 

C l ' NC1 85 

87 

141 — 142 

113—115 

182 

148 

146—147 

223 

134—135 

223-225 

158—159 

143—1446> 

114— 1157> 

1778) 

149—1509) 
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Substrate 
1 

l g 

AcNH-<f^OMe 

( lh) 

l h 

EtO 

A c N H ^ Q ) 

(H) 

/ 0 E t 

AcNHH^V) 

(lj) 

l j 

AcNH-(^) -OEt 

( lk) 

Molar rat io 

BTMA ICI4/I 

4.0 

2.0 

3.0 

2.0 

2.0 

2.0 

2.0 

Table 

Reaction cond 

T i m e / h 

24 

24 

24 

24 

24 

24 

24 

N O T E S 

1. (Cont inued) 

it ions 

T e m p / ° C 

70 

rt 

70 

rt 

rt 

rt 

rt 

Product 
2 

Cl OMe 

AcNH-«^))-Cl 

C 1 (2g-3) 

AcNHn(f^-OMe 

C l 
(2h-2) 
c i c i 

AcNH-<O>-0Me 

(2h-3) c l 

EtO 

AcNH-(W)-Cl 

(2i-2) c l 

/ 0 E t 

AcNH-(f^))-Cl 

C l ' 
(2j-2) 

C l ^ O E t 

AcNH-tt^tt-Cl 

C1^2j -3 ) 

AcNH-<T^)-OEt 

(2k-2) c l 

e r , c i 

Yielda) 

% 

86 

86 

91 

92 

93 

82 

93 
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Mp (°C) 

found reported 

184 — 

189—190 — 

169—170 — 

121 — 

147 -

134—136 — 

164 16410> 

lk 3.0 24 70 
AcNH-<Y^n-OEt 

/9b_*\ Cl 
91 130—131 

(2k-3) 

a) Yield of isolated product, b) Product was obtained as a mixture of 2a-l and la, and the product ratio was determined 
by its 1H NMR spectrum as 2a- l / l a=l /2 . 

the benzylic chlorination of alkyl-substituted aromatic 
compounds.5) In this paper we wish to report on the 
chlorination of 1 by the use of BTMA ICI4. 

Results and Discussion 

A reaction of 1 with a calculated amount of BTMA 
ICI4 in acetic acid at room temperature or at 70 °C gave 
2 together with benzyltrimethylammonium dichloro-
iodate (BTMA IC12). The produced BTMA IC12 is so 
hardly soluble in acetic acid at room temperature that 
it is easily separable from the reaction mixture. The 
results are summarized in Table 1, and XH NMR and 
analytical data of the new compounds are shown in 
Table 2. 

CH^CONH -of 
n BTMA ICI. 

AcOH, rt or 70°C 

+ n BTMA IC1_ 

ci„ 

(R= H, Me, Me2, MeO and EtO) 

Usually, monochloro-substituted acetanilides can be 
obtained from 1 by the use of an equimolar amount of 
BTMA ICI4. Di or trichloro-substituted acetanilides 
have been obtained by the use of corresponding 
amounts of BTMA ICI4. Then, we can selectively 
prepare the desired chloro-substituted acetanilides by 
using calculated amounts of BTMA ICI4. 

Exceptionally, as shown in Table 1, the reaction of 
acetanilide (la) with an equimolar amount of BTMA 
ICI4 gave a mixture of 4-chloroacetanilide (2a—1) and 
starting material la. The reaction of 2-methoxyacet-
anilide (If), 3-methoxyacetanilide (lg), and 4-meth-
oxyacetanilide (lh) with 1 equiv of BTMA ICI4 gave a 
mixture of monochloro-substituted methoxyacetani-
lides which were governed independently by the 
orientation of methoxy and acetamido group, respec­
tively. That is, it was difficult to ascertain which 
orientation was stronger, the methoxy or acetamido 
group. Pure 2,4-dichloroacetanilide (2a-2) and 2,4,6-
trichloro-3-methoxyacetanilide (2g-3) were obtained 
from la and 3-methoxyacetanilide (lg) with 4 equiv of 
BTMA ICI4, respectively. 

We believe that the procedure for the chlorination of 
1 using BTMA ICI4 is an efficient method owing to its 
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Product 

2e-2 

2e-3 

2f-2 

2f-4 

2g-2 

2g-3 

2h-2 

2h-3 

2i-2 

2j-2 

2j-3 

2k-3 

C H 3 C O N H , 

2.28 (s, CH 3 ) 

2.24 (s, CH 3 ) 

2.24 (s, CH 3 ) 

2.16 (s, CH 3) 
9.66 (br. s, N H ) 

2.28 (s, CH 3 ) 

2.20 (s, CH 3 ) 
9.04 (br. s. N H ) 

2.20 (s, CH 3) 

2.24 (s, CH 3 ) 
8.80 (br. s, N H ) 

2.20 (s, CH 3 ) 
7.72 (br. s, N H ) 

2.24 (s, CH 3 ) 
7.60 (br. s, N H ) 

2.24 (s, CH 3 ) 

2.28 (s, CH 3 ) 
7.70 (br. s, N H ) 

N O T E S 

Table 2. lH N M R Data and . 

1H N M R (CDCI3/TMS) <5, / / H z 

Alkyl or Alkoxy 

2.44 (s, 5-CH3) 
2.52 (s, 3-CH3) 

2.52 (s, 3 and 5-CH3) 

3.96 (s, OCH3) 

3.82 (s, OCH3) 

3.96 (s, OCH3) 

3.92 (s, OCH3) 

3.92 (s, OCH3) 

3.92 (s, OCH3) 

1.46 (t, / = 8 h z , OCH2CH3) 
4.04 (q, / = 8 hz, OCH2CH3) 

1.46 (t, / = 8 H z , OCH2CH3) 
4.12 (q, / = 8 Hz, OCH2CH3) 

1.48 (t, / = 8 H z , OCH2CH3) 
4.12 (q, / = 8 Hz, OCH2CH3) 

1.48 (t, / = 8 Hz, OCH2CH3) 
4.12 (q, / = 8 Hz, OCH2CH3) 

Analytical Data of 2 

Aromat ic p ro tons 

8.20 (s, 6-H) 

7.08 (s, 3-H) 
8.48 (s, 6-H) 

7.40 (s, 6-H) 
8.28 (s, 3-H) 

7.44 (s, 5-H) 

7.08 (s, 3-H) 
7.92 (s, 6-H) 

8.12 (s, 6-H) 

6.84 (s, 3-H) 
8.48 (s, 6-H) 

7.32 (s, 6-H) 
8.16 (s, 3-H) 

7.44 (s, 5-H) 

8.40 (s, 6-H) 

F o u n d (%) and (Cal 

C H 

51.89 
(51.75 

44.88 
(45.06 

46.59 
(46.18) 

36.05 
(35.68 

46.03 
(46.18 

40.21 
(40.26 

46.38 
(46.18 

40.17 
(40.26 

48.99 
(48.41 

48.30 
(48.41 

42.55 
(42.51 

42.48 
(42.51 

4.78 
4.78 

4.04 
3.78 

3.79 
3.87 

2.34 
2.23 

3.82 
3.87 

2.98 
3.00 

3.88 
3.87 

2.94 
3.00 

4.53 
4.47 

4.42 
4.47 

3.69 
3.57 

3.56 
3.57 

943 

led (%)) 

N 

6.15 
6.03) 

5.23 
5.25) 

6.09 
5.98) 

4.48 
4.62) 

6.03 
5.98) 

4.95 
5.22) 

6.01 
5.98) 

5.03 
5.22) 

5.54 
5.65) 

5.71 
5.65) 

4.88 
4.96) 

4.82 
4.96) 

ease, mildness of condi t ions, and good product yields. 
T h i s me thod afforded good results for the chlorina-

t ion of 1, bear ing an e lectron-donat ing g r o u p in their 
a romat ic r ing. Unfor tunately , the less-reactive 1, such 
as nitroacetanilides, gave no products. 

Experimental 

4-Chloro-2,5-dimethylacetanilide (2c-1); Typical Proce­
dure: BTMA ICU (1.30 g, 3.1 mmol) was added to a 
solution of 2,5-dimethylacetanilide (lc) (0.50 g, 3.10 mmol) 
in acetic acid (30 ml), and the mixture was stirred for 24 h at 
room temperature. During this time, BTMA ICU gradually 
reacted with lc to give both a product and a yellow 
precipitate. The precipitate, which was BTMA ICI2 (1.06 g, 
3.04 mmol), was filtered off. The filtrate was concentrated in 
vacuo and the residue was treated with 5% NaHSÜ3 (10 ml) 
and with 5% NaHCÜ3 (15 ml), and then extracted with 
dichloromethane (20mlX3). The organic layer was sepa­
rated and a trace amount of acetic acid in the solution was 
taken away be column chromatography on alumina. The 
eluent was concentrated in vacuo to give colorless crystals 
2c-1; yield 0.56 g (92%); mp 182 °C (from methanol-water 
(l:3))(lit ,8>mpl77°C). 
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Synopsis. In the presence of organic bromides, toluene 
was oxidized photochemically by molecular oxygen, produc­
ing benzaldehyde as the major product. A modified 
procedure using hydrobromic acid and bubbling air also 
gave benzaldehyde with high efficiency and can be applied 
for the synthetic purpose. Similarly ethylbenzene gave 
acetophenone. 

In relat ion to the recent study on the photolysis of 
polybromobenzenes in several organic solvents,1_3) the 
photochemical behavior of aromat ic bromides in 
alkylbenzenes was examined. For this purpose, some 
aromat ic bromides were photolyzed in toluene and 
ethylbenzene in the presence or absence of molecular 
oxygen, the results be ing given in Tab l e 1. T i m e -
conversion curves of the two typical runs are shown in 
Fig. 1. In order to supply air or oxygen, the gas was 
bubbled in to the irradiated solut ion at a rate of 
40 ml m i n - 1 wi th effective mixing.4 ) 

T h e pho toox ida t ion proceeded predominant ly in 
the runs (runs 1 to 9) carried out under aerobic 
condi t ions. When the aerobic photolysis ( run 1) was 
compared to an anaerobic reaction carried ou t wi th the 
same system under similar condi t ions (run 10), 
formation of a more than stoichiometric a m o u n t of 
benzaldehyde was shown to be very characteristic of 
the reaction under aerobic condit ions (run 1 ), suggest­
ing the involvement of a very efficient pa th of 
oxida t ion on the benzylic hydrogen of toluene. In 
contrast to the qu i te different behavior of toluene 
under the two condi t ions , nearly the same amounts of 
benzene were produced from bromobenzene in these 
condi t ions (runs 1 and 10). T h i s suggests that the 
ini t ial photolyt ic cleavage of C-Br bonds should 
proceed wi th nearly equal rates indifferent to the 
presence of oxygen. T h u s produced b romine a tom can 
be expected to abstract the benzylic hydrogen from 
toluene, generat ing benzyl radical from which all 
secondary products are derived. In the presence of 
molecular oxygen, benzyl radical can be assumed to 
react very rapidly wi th oxygen in i t ia t ing the oxidat ion 
via a free radical cha in mechanism commonly known 
as autoxidation,5»6) which can produce a more than 
stoichiometric a m o u n t of benzaldehyde and other 
benzylic compounds . Further oxida t ion p roduc ing 
benzoic acid proceeds far less significantly under these 
condi t ions (Fig. 1(a)). A trace of 1,2-diphenylethane 
was detected in addi t ion to the products in Fig. 1(a) 
and Table 1. 

Pho toox ida t ion products of ethylbenzene in the 
presence of bromobenzene are given in the runs 2 and 3 
in Tab le 1. Overall features of the reactions are similar 
to the corresponding reactions of toluene, giving 
acetophenone as the major products . A measurable 

a m o u n t of 1-phenylethanol was also obtained as a 
mino r product (as shown in the time-conversion curve 

C6H5CH2OH 

CeH5Br 

C6H5CH2Br 

C6H5CHCH3___ 
OH 

P6H5Br 

C6H5CHBrCH3 
— A — 

Fig. 1. Time-conversion curves for the photooxida­
tion of (a) toluene and (b) ethylbenzene by air in the 
presence of bromobenzene ( # ). 



Run 
No. 

Table 1. Products of the Photochemical Reactions of Various Bromides in the Presence of Alkylbenzenes as Solventsa) 

Reactant Reaction conditions Conversion^ 
P r n r l n r t / VijalM/%\b) 11 oauct ( l leia/ /o) ' 

Halogen compd Alkylbenzene Atmosphere Lamp Period % 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0C> 

C6H5Br 
(0.06 mol"1) 

C6H5Br 
(0.20 mol 1"1) 

C6H5Br 
(0.20 mol"1) 

C6H5CH2Br 
(0.10 mol"1) 

HBr 47% aq. 
(2 ml) 

HBr 47% aq. 
(2 ml) 

HBr 47% aq. 
(2 ml) 

HBr 47% aq. 
(2 ml) 

HBr 47% aq. 
(2 ml) 

C6H5Br 
(0.06 mol"1) 

C6H5CH3 

C6H5C2H5 

C6H5C2H5 

C6H5CH3 

C6H5CH3 

C6H5CH3 

C6H5C2H5 

C6H5C2H5 

C6H5C2H5 

C6H5CH3 

Air 

Air 

O2 

Air 

Air 

Air 

Air 

O2 

O2 

N2 

L 

H 

H 

4hd> 

4h 

4he> 

8h 

8h 

8h 

10h 

10h 

8h 

4h 

47.5 

21.2 

29.0 

33.0 

52.0 

C6H6 (26.5), C6H5CH2Br (16.7), 
CeHsCHO (233), C6H5CH2OH (43.3) 

C6H5COCH3 (43.6), C6H5CH(OH)CH3 (42.0), 
C6H5CHBrCH3 (12.4) 

C6H5COCH3 (165), C6H5CH(OH)CH3 (85.4), 
C6H5CHBrCH3 (15.5) 

CeHsCHO (192), C6H5COOH (9.0), 
C6H5CH2OH (30.1) 

CeHsCHO (66.8), C6H5CH2Br (25.5), 
C6H5CH2OH (7.7) 

CeHsCHO (79.3), C6H5CH2Br (8.5), 
CeHsCHsOH (12.2) 

C6H5COCH3 (42.7), C6H5CH(OH)CH3 (40.8), 
C6H5CHBrCH3 (16.5) 

C6H5COCH3 (40.2), C6H5CH(OH)CH3 (39.0),. 
C6H5CHBrCH3 (20.7) 

C6H5COCH3 (48.7), C6H5CH(OH)CH3 (33.9), 
C6H5CHBrCH3 (12.1) 

C6H6 (26.7), C6H5CH2Br (5.3), 
CH3C6H4C6H5 (14.0, isomeric mixture) 

2 
O 
H 
w 

a) 70 ml. b) Conversions and yields (%) in reference 
formed by O2 present as an impurity of N2 gas. d) 
10 h's irradiation. 

to the bromides are given, c) Very small amount of benzaldehyde was detected as a product which was probably 
Amount of benzaldehyde attained 280% after 10 h's irradiation, e) Amount of acetophenone attained 230% after 
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for r u n 2 in Fig. 1(b)). Small amount s of meso and 
racemic 2,3-diphenylbutanes were detected in the gas 
chromatogram of the products . Similar reaction could 
be ini t iated by the photolysis of benzyl bromide (run 4) 
wi th a rate considerably slower than the r u n 1. 

A iming at the synthesis of benzaldehyde, a new 
procedure for the oxidat ion of toluene by hydrogen 
peroxide has recently been developed.7) T h u s , the 
procedure of our photolyt ic oxidat ion was modified 
taking in to account the synthetic appl icat ion. If 
b romine a tom would play a crucial role in in i t ia t ing 
and p ropaga t ing the reaction, the oxidat ion leading to 
the corresponding carbonyl compounds could be 
expected to proceed similarly by use of hydrogen 
b romide as the source of b romine a tom. In this 
expectat ion, the pho toox ida t ion of alkylbenzenes in 
the presence of hydrogen bromide was examined (runs 
5—9). When these runs were carried out in the 
presence of 47% hydrobromic acid, two immiscible 
l i qu id layers coexist. But we could perform the 
reaction wi thou t difficulty by mix ing the two hetero­
geneous layers wi th b u b b l i n g air. Compos i t ion of the 
products is very s imilar to those of the corresponding 
reactions init iated by the photolysis of bromobenzene 
or benzyl bromide. In the runs us ing hydrogen 
bromide, immiscible aqueous hydrogen bromide layer 
can be removed very easily after the complet ion of the 
oxidat ion. T h e aqueous bromide layer can be recycled 
and the similar pho toox ida t ion can be repeated many 
times wi thou t considerable loss of b romine com­
pound . T h i s migh t be advantageous for the possible 
synthetic appl ica t ion of the reaction. Format ion of the 
carbonyl c o m p o u n d seemed to be favored by use of 
high-pressure l a m p j u d g i n g from the h igher yields of 
benzaldehyde and acetophenone in the runs 6 and 9, 
respectively. 

In order to examine the photolyt ical ly induced 
reactions in the presence of other halides, i rradiat ions 
of hydrochloric acid, hydroiodic acid, chlorobenzene, 
and ^-di iodobenzene were carried ou t in the presence 
of toluene under the similar aerobic condit ions. 
Photooxida t ion leading to benzaldehyde took place in 
nei ther cases and toluene was recovered almost intact. 
T h i s fact showed that the pho toox ida t ion of alkylben-
zene proceeds only in the presence of organic or 
inorganic bromides, suggesting the par t ic ipat ion of 
b romine a tom (free radical) as the ini t ia tor and the 
chain carrier of the photooxidat ion. 5 ) Under anaero­
bic condi t ions , bibenzyl ( P h C H R C H R P h ) and benzyl 
bromide (PhCHRBr) tend to be produced more 
favorably.8) T h e rat io of benzyl alcohol to benzoyl 
c o m p o u n d ( [ P h C H R O H ] / [ P h C O R ] ) was also in­
creased by the insufficient supply of oxygen. 

In conclusion, this procedure for the photooxida­
t ion of alkylbenzenes can produce benzaldehyde or 
alkyl phenyl ketones in enough yields to be used for 
the practical synthetic purpose, if the contact of 
molecular oxygen to the reactive free radical species is 
effected efficiently. 

Experimental 

Photoreactions were carried out using a 30 W low-pressure 
mercury arc lamp (Rikokagaku UVL-30L). In some runs, a 
100 W high-pressure mercury arc (Rikokagaku UVL-100H) 
was used. 

Routine gas chromatographic analyses of the products 
were carried out by a Shimadzu GC-6A or a GC-4B-PTF 
apparatus equipped with a Silicone SE 30 or a PEG 20M 
stainless steel column (3 mmX2 m). Gas chromatography/ 
mass spectrometry measurements were carried out by a 
Shimadzu LKB-9000B mass spectrometer. 

T h e authors thank Mr. Chih i ro Miura, Mr. Kazuo 
Ogawa, and Miss Reiko Hayashida for their coopera­
tion in the laboratory works and Mr. Tetsuo Ishii for 
the measurement of G C / M S spectra. T h i s research 
was partly suppor ted by a Grant- in-Aid for Scientific 
Research from the Ministry of Educat ion, Science and 
Cul ture to which the authors are also grateful. 
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Synopsis. A method for the oxidation of cyclic alcohols 
to the corresponding cyclic ketones with 2,2,6,6-tetramethyl-
1-piperidinyloxyl (a mediator) and chlorine is described. 
This oxidation involves an oxoaminium salt, formed from 
the nitroxide radical and chlorine, which oxidizes cyclic 
alcohols to give the corresponding ketones in good yields. 

It is wel l -known that 2,2,6,6-tetramethyl-1-piperi-
dinyloxyl1* (nitroxide radical 1) and its derivatives 
show a u n i q u e redox behavior (Scheme 1). A mo n g 
these c o m p o u n d s 1—3, oxoamin ium salt 2 is widely 
utilized as both stoichiometric and catalytic oxidant 
for the oxidat ion of some alcohols,2«3) amines,4) and 
hydroxide ion.5) Whereas 2 is usually prepared by 
chlor ine or b romine oxidat ion of 1,2»5) in the catalytic 
reaction 2 is generated in situ from catalytic a m o u n t of 
1 by the ox ida t ion wi th the added oxidant such as 
copper(II) ion, iron(III) ion, hypobromite ion and 
electrode (anode).3»4) However, neither chlorine nor 
bromine had been used as the apparent oxidant in 
these catalytic reactions mediated by 1, probably 
because of the fact that chlorine (or bromine) itself is 
capable of oxidizing substrates. However, it should be 
possible to construct a new redox system us ing 
chlor ine and 1 if chlor ine reacts wi th 1 sufficiently 
faster than wi th substrate and product , and it is very 

MeO MeO MeO 

7 % A ~ e > T ^ N A " e/H+> /^N^V 
I 
0 

Scheme 1. 

OH 

likely in the case where the substrate is alcohol . O n 
the other hand, a l though several suitable oxidants 
such as CrOs/pyridine,6 ) CrOs/H2S047 ) and dimethyl 
sulfide/iV-chlorosuccinimide8) are reported for the 
oxidat ion of cycloalkanols, each of them suffers 
disadvantages such as harmfulness of Cr(VI) and the 
cost. If a novel oxidat ion system consist ing of a 
catalytic a m o u n t of 1 and chlorine as an apparen t 
oxidant can be performed, it is of great use in the l ight 
of the simplicity of the reaction system and the cost. In 
this paper we describe both stoichiometric and 
catalytic oxidat ion of cycloalkanols. 

Results and Discussion 

Before s tudying on the catalytic oxidat ion us ing 1, 
stoichiometric reaction with 2 was carried out, since 2 
is formed in situ in the catalytic reaction wi th 1. 
Various cycloalkanols were oxidized wi th 1.0 to 1.5 
fold of 2 in dichloromethane at room temperature. In 
the cases of unsubst i tuted cycloalkanols the oxidat ion 
proceeded smoothly (within 10 minutes the yield 
reached over 80%) to yield the corresponding ketones 
regardless the ring-size. However, since 2 is a sterically 
bulky oxidant , in the cases of 2-substituted cyclo-
hexanols the yield of ketones decreased with the 
increase of the bulkiness of the subst i tuent at the 2-
posi t ion of the substrate (Table 1). In addi t ion, eis 
alcohol seems more reactive to 2 than trans one, 
though its origin remains obscure at the moment . 
Besides the oxidat ion product , hydroxylamine 3 was 
quant i ta t ively obtained as the salt of hydrochloric 
acid. These results suggest the possibility of ni t roxide 
radical-catalyzed oxidat ion of cycloalkanols with 
chlorine. 

T h e n the new oxidat ion system con ta in ing 1 as a 

Table 1. Oxidation of Cycloalkanols with Oxoaminium Chloride 2a) 

Substrate 

Cyclopentanol 
Cyclohexanol 
Cycloheptanol 
Cyclooctanol 
Cyclododecanol 
2-Methylcyclohexanol 
2-Cyclohexylcyclohexanol 
(lS,2S,5fl)-Neomenthol 
dl- Menthol 

Configuration 
(Cis: Trans) 

— 
— 
— 
— 
— 

23:76c> 
70:30b> 

100:0 
0:100 

Oxidant 

equiv 

1.0 
1.0 
0.9 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

Time 

mm 

60 
60 
30 
60 
5 

30 
60 
60 
60 

Yieldb) 

% 
85 (64) 
81 (63) 
89 (79) 
89 (59) 
86 (74) 
44 
3 2 d ) 

22 
8 

a) In dichloromethane at room temperature, b) Determined by GC using an internal standard. Isolated yield 
in parentheses was determined in the experiment using 1.5 equivalent of 2 (100% conversion), c) Owing to 
supplier, d) Configuration of recovered alcohol was cis:trans=52:48. 
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Table 2. Chlorine Oxidation of Cycloalkanols Mediated by la) 

Ring size 

6 
6 
6 
6 
6 
6 
5 
7 
8 

12 

Chlorine 

equiv 

1.0 
1.4 
0.8 
0.8d> 
1.0 
1.6 
1.6 
1.8 
1.8 
1.6 

1 

mol% 

10 
10 
1 
0.5 
0 
0 

10 
10 
10 
10 

Conv.b> 

% 

76 
100 
21 
40 
21 
30 
76 
91 
86 
96 

Yieldb) 

% 

63 
85 
14 
28 
12 
16 
64 
76 
74 
80 

Chlorocycloalkanoneb) 

% 

2 
2 
1 
2 
4 
7 

_ e ) 

2 
_ e ) 

3 

Selectivityc) 

% 

83 
85 
67 
71 
56 
55 
84 
83 
85 
84 

a) In dichloromethane at room temperature. Chlorine introduction rate was 0.35 equiv h - 1 . b) Conversion 
of cycloalkanol, yield of cycloalkanone, and yield of 2-chlorocycloalkanone were determined by GC using 
an internal standard, c) Selectivity=yield of cycloalkanone/conversion of cycloalkanol. d) Chlorine intro­
duction rate was 0.035 equiv h_1. e) Not detected. 

mediator and gaseous chlor ine as an apparen t oxidant 
(actual oxidant was 2) was constructed. All the 
required and possible reactions are shown in Eqs. 1 — 
7. Equa t ions 1 and 2 are identical wi th those of the 
stoichiometric oxidat ion. Because hydrochloric acid 
generated du r ing the oxidat ion prevents the oxidat ion 
cycle3c) (while 3 is oxidized easily even by oxygen,9) 

probably hydroxylamine hydrochloride (4) is not 
oxidized easily to ni t roxide radical), it is necessary to 
convert 4 to 3 by the act ion of base (Eq. 3). T h e n , 
chlorine oxidizes 3 to 1 while the base neutralizes 
hydrochloric acid (Eq. 4). T h e sum of Eqs. 1—4 
results in chlorine oxidat ion of cycloalkanol to 
cycloalkanone (Eq. 5). O n the other hand , the other 
reactions such as direct oxidat ion of cycloalkanol wi th 
CI2 (Eq. 6) and ch lor ina t ion of generated cyclo­
a lkanone with CI2 (Eq. 7) may also proceed. 

: N - 0 ' + 1/2 Cl2 >/N=0+Cl-

- N O + C 1 - + cycloalkanol 
> cycloalkanone +^N + -OH 

H Cl-

-N+-OH + base O N - O H + salt 
I 

H Cl 

^N-OH + 1/2 Cl2 + base O N - O ' + salt 

CI2 + cycloalkanol + 2 base 
> cycloalkanone + 2 salt 

cycloalkanol + CI2 
-> cycloalkanone + 2 HCl 

cycloalkanone + CI2 
chlorocycloalkanone + HCl 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Prel iminari ly, chlor ine was introduced slowly (us­
ing microfeeder, 0.35 equiv h _ 1) to the mix ture of 
cyclohexanol and 10mol% of 1 to the alcohol and 
Na2C03 (2 equiv, powder) in dichloromethane. But 

wi th in 30 min , red color of the reaction mixture owing 
to 1 and 2 faded ou t (suggesting that 1 and 2 were no t 
regenerated) and a very small a m o u n t (below 1%) of 
cyclohexanone was detected. Since Eq. 3 is a heter­
ogeneous reaction, it may be the rate-determining step 
of this redox cycle. We investigated some bases such as 
N a O H wi th t r ie thylbenzylammonium chloride (as a 
phase-transfer catalyst) and basic a lumina , and found 
that finely g round and ignited Na2C03 was an effective 
base. By us ing finely g round Na2C03, the ni troxide 
radical-mediated chlorine oxidat ion of cycloalkanol 
was carried ou t under various condit ions. Results are 
listed in Tab le 2. Wi th 10 mol% of 1 to the alcohol, the 
conversion of cyclohexanol reached 76% wi th an 
equivalent of CI2, and wi th 1.4 equivalent of chlor ine 
the conversion reached 100%. Moreover, the oxidat ion 
selectivity (yield of ketone/convers ion of alcohol) was 
over 80% even at the last stage where the concentrat ion 
of cyclohexanol became low and that of cyclohex­
anone h igh . In contrast, the control exper iment 
wi thou t 1 resulted in a low conversion of cyclohexanol 
and a low selectivity. Wi th 1 mol% of 1, bo th the 
conversion and the selectivity were unsatisfactory. In 
this case, the rate of the chlor ine in t roduct ion seems to 
be too fast since an easy calculat ion suggests that 
0.35 e q u i v / h roughly equals to 2 min/cycle . A ctually, 
slower in t roduct ion of chlorine enhanced the selec­
tivity even wi th 0.5 mol% of 1 (8.5 min/cycle) . In this 
case, the turnover number of 1 (calculated wi thou t 
regarding the direct oxidat ion of alcohol and ketone 
by chlorine) reached 56 turns. 

As well as cyclohexanol, the other cycloalkanols 
were oxidized by this system in h i g h selectivity (over 
80%) under the same condi t ions . In all cases, little or 
n o chlorinated cycloalkanones were detected even at 
the last stage of the oxidat ion, suggesting that the 
oxidat ion by this catalytic reaction cycle is superior to 
the direct oxidat ion by chlorine. 

In conclusion, a new and simple oxidat ion system 
was established employ ing 1 as an effective mediator 
and chlorine as an apparen t oxidant. T h i s system 
possesses three (or more) ou t s tand ing characteristics as 
follows: i) H i g h conversion and h i g h selectivity can be 



March, 1990] NOTES 949 

at ta inable in this system, ii) T h i s system contains 
nei ther harmful t ransi t ion metals such as Cr(VI) nor 
co-catalysts such as phase-transfer catalysts, iii) T h i s 
system has the advantage of us ing chlorine which is 
one of the most inexpensive oxidant. 

Experimental 

Materials. Extra pure grade cycloalkanols were obtained 
from Tokyo Kasei Co. and used without further purification. 
Solvents were distilled over common drying agents. 1-Oxo-
4-methoxy-2,2,6,6-tetramethypiperidinium chloride (2) as 
well as nitroxide radical (1) were prepared by the previously 
reported method.2b) 

GC Experiments. Typical procedure. To a solution 
containing cyclopentanol (100 mg, 1.16 mmol) and dodecane 
as an internal standard in dichloromethane (10 ml) was 
added freshly prepared 2 (299mg, l.Oequiv) at room 
temperature. Yield of the product was determined by GC 
using an internal standard. 

Isolation Experiments. The oxidation was carried out 
using 2.0 mmol of an alcohol with 3.0 mmol of 2 in 
dichloromethane (10 ml) at room temperature for 30 min. 
The solvent was evaporated and subsequently diluted with a 
small amount of ether. Precipitated hydroxylamine hydro­
chloride 4 was filtered off and the solvent was evaporated. By 
the distillation of the residue under reduced pressure, the 
corresponding ketone, which had the identical IR spectrum 
with the authentic spectrum,10) was isolated. 

Catalytic Oxidations. Into a mixture of cyclohexanol 
(200 mg, 2 mmol), 1 (37 mg, 0.2 mmol), finely ground 
Na2CÜ3 (1.5 g, 14 mmol), and chlorobenzene (internal 
standard) in dichloromethane (20 ml), gaseous chlorine was 
slowly bubbled through a Teflon tube using microfeeder 
(equipped with a 100 ml syringe). Every introduction of 

5 ml of chlorine, the reaction progress was monitored by GC. 
The products other than cycloalkanone detected were 
identified by means of GC-mass spectroscopy. Monochlo-
rocycloalkanones as well as higher chlorinated cycloal-
kanones were detected in some cases. 
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Synopsis. Triphenylbismuthonium diacylmethanides 
underwent the copper(I)-assisted transylidation with di­
methyl sulfide and triphenylarsine in benzene at room 
temperature, giving the corresponding sulfonium and 
arsonium ylides in moderate to good yields, but they failed to 
exchange the ylide functionality with triphenylphosphine in 
most cases and with triphenylstibine in all cases examined, 
decomposition leading to the C- or O-phenylation of 1,3-
dicarbonyl portion being the major reaction that took place. 

Al though the b i s m u t h o n i u m ylide was first ob­
tained by Lloyd and Singer in 1967 as an unstable 
solid, l ) the chemistry of this class of compounds has 
remained yet unexplored. Recently, we reported some 
u n i q u e reactions of a stabilized b i s m u t h o n i u m ylide, 
t r iphenylb i smuthonium 4,4-dimethyl-2,6-dioxocyclo-
hexanide (1), wi th aldehydes,2) alkynes,3) isothiocy-
anate,4) and sulfenes.5) In the present paper, we 
describe the first example of the transylidation of 
b i s m u t h o n i u m ylides with organic sulfide, phosph ine 
and arsine. In contrast to the ylides of lighter VB and 
V I B g r o u p elements, the exchange of the ylide 
functionali ty of b i s m u t h o n i u m ylides has been found 
to occur only wi th a l imited range of neutral 
nucleophiles. 

Moderately stabilized b i s m u t h o n i u m ylides (2a—2d) 
were generated by the interaction of sodium salts of the 
parent active methylene compounds with tr iphenyl-
b i smuth dichloride or t r iphenylbismuth oxide. These 
ylides were comparatively stable in solutions in inert 
organic solvents at room temperature, bu t at tempts to 
isolate them led to complete decomposit ion, the C -
phenylated 1,3-dicarbonyl compounds and triphenyl-

Table 1. Transylidation of Bismuthonium 
Ylides 1 and 2 with Dimethyl Sulfide 

Ylide R1 R2 Reaction 
time/min 

Yield of 3/% 

1 
2a 
2b 
2c 
2d 

OCCH 2 C(CH3)2CH 2 CO 
C H 3 C O CH3CO 
CH3CO C 6 H 5 CO 
CH3CO CH3OCO 
C6H5SO2 C6H5SO2 

48 h 
30 
30 
30 
30 

357> 
817> 
3 2 7 ) 

27?) 

206) 

b i smuth ine be ing the major products obtained. T h e 
ylides 2a—2d underwent a facile ylide-exchange 
reaction with dimethyl sulfide in benzene at room 
temperature in the presence of copper(I) chloride, 
giving the corresponding dimethylsulfonium ylides 
(3a—3d) in moderate to good yields. T h e transylida­
tion did not occur in the absence of copper(I) salt. 
Decrease in yields of the products was mainly 
at t r ibuted to the concurrent C-phenylat ion of the 1,3-
dicarbonyl moiety. Diphenyl sulfide failed transylida­
tion probably because of its low nucleophil ici ty. 
High ly stabilized b i s m u t h o n i u m ylide 1 was qui te 
reluctant to undergo the ylide exchange (Table 1). 

p ^n 
, 2 / 

C=Bi(C6H5)3 + (CH3)2S 
CuCl 

C6H6, r o t o 

M>S(CH3)2 + (C6H5)3Bi 

a : 

b : 

c : 

d : 

CH3C0 

CH3C0 

CH3C0 

C 6 H 5 S0 2 

CH3C0 

C6H5CO 

CH30C0 

C 6H 5S0 2 

Bismu thon ium ylides also underwent transylidation 
wi th t r iphenylars ine under the catalysis of copper(I) 
salt to form a r son ium ylides (4a) in moderate yields 
(Table 2). Attempts to effect transylidation wi th 
t r iphenylst ibine were unsuccessful under the similar 

Table 2. Transylidations with Pnictnide Nucleophiles 

Nucleophi le 

(C6H5)3P 
(C6H5)3As 
(C6H5)3Sb 

Ylide 1 

Reaction t i m e / h 

24 
24 
24 

Yield/% 

0a> 

259> 
010, a) 

Ylide 2a 

Reaction t i m e / m i n 

30 
30 
30 

Yield/% 

188'b> 
529> 

Oio. c> 

a) Dimedone was the major product obtained, b) 3-Phenyl-2,4-pentanedione (6) was obtained in 63% yield. 
c) Diketone 6 was obtained in 23% yield. 

t Present address: Department of Chemistry, Faculty of 
Science, Kyoto University , Kitashirakawa, Sakyo-ku, Kyoto 
606. 
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condit ions. In the latter case decomposit ion leading to 
the C-phenylated active methylene compounds and 
b ismuth-conta in ing polymeric substance was the only 
reaction that took place. 

Results were rather embarrassing for the transylida-
tion with t r iphenylphosphine . Stable ylide 1 failed to 
exchange the ylide functionality with t r iphenylphos­
phine ; recovery of the s tar t ing ylide under mi ld 
condit ions and decomposi t ion to a yellow resinous 
substance under forced condit ions were the respective 
results obtained. More reactive ylide 2a underwent a 
part ial ylide exchange wi th the p h o s p h i n e to give the 
corresponding p h o s p h o n i u m ylide (5a) in a low yield 
(Table 2). T h e major product was 3-phenyl-2,4-
pentanedione (6). Low efficiency in the ylide exchange 
may be at tr ibuted to the concomitant interaction of 
copper(I) chloride with t r iphenylphosphine to form a 
crystalline complex, which lacks the ability to 
promote the transylidation. 

CuCl 
(CH3CO)2C = B i ( C 6 H 5 ) 3 + ( C 6 H 5 ) 3 M > 

( C H 3 C O ) 2 C = M ( C 6 H 5 ) 3 + CH3COC(C6H5)=C(OH)CH3 

4a: M=As 6 

5a: M=P 

+ ( C 6 H 5 ) 3 B i 

Moderately stabilized b i s m u t h o n i u m ylide 2a was 
found to react wi th 5,5-dimethyl-l,3-cyclohexanedione 
(dimedone) in the presence of an equimolar a m o u n t of 
t r iethylamine to exchange the carbanionic por t ion of 
the ylide, giving the h ighly stabilized ylide 1 in 69% 
isolated yield. In the absence of tertiary amine, 
however, n o exchange reaction took place. 

Recently, Varvoglis and co-worker reported the 
transylidation of pheny l iodon ium bis(aryl/alkylsul-
fonyl)methanides with a variety of nucleophiles such 
as pyridine, t r iphenylphosphine , tr iphenylarsine, di­
methyl sulfide and sulfoxide.6* In contrast to this, the 
b i s m u t h o n i u m ylides has been found to be subject to 
the copper(I) assisted transylidat ion only with a qui te 
limited range of heteroatom nucleophiles. 

Experimental 

Bismuthonium ylides 2a—2d were prepared by the 
reaction of the sodium salt of appropriate active methylene 
compounds with triphenylbismuth dichloride or oxide in 
tetrahydrofuran (THF) and used as a benzene solution 
without further purification. Ylide 1 was obtained as 
previously reported.4* 

Transylidation of Bismuthonium Ylides (1 and 2) with 
Heteroatom Nucleophiles. General Procedure: To a 
stirred suspension of sodium hydride (2 mmol; washed 
thoroughly with hexane prior to use) in dry THF (3 ml) 
cooled to 0 °C, a solution of an active methylene compound 
(1 mmol) in the same solvent (2 ml) was slowly added 
through the septum by means of a syringe under an 
atmosphere of nitrogen. After the cease of hydrogen 
evolution, a solution of triphenylbismuth dichloride (1.1 
mmol) in T H F (2 ml) was added and the mixture was stirred 
for 30 min. The resulting turbid, pale yellow solution was 
evaporated under reduced pressure to leave an oil containing 
a white powdery matter, to which was added a heteroatom 
nucleophile (1.0 mmol) in dry benzene (1 ml) followed by 
copper(I) chloride (0.2 mmol). The mixture which turned 
deep green (in the case of dimethyl sulfide) or blue (in other 
cases) was stirred for a time given in Tables 1 and 2, and then 
filtered to remove insolubles (sodium chloride and Bi-con-
taining polymeric substances). The filtrate was evaporated 
and the residue was chromatographed over silica gel to give 
the corresponding ylides in yields as shown in the Tables. 
Products were known and identified by spectroscopic 
comparison to the authentic samples. 
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Synopsis. Two benzofuro[2,3-c]quinoline derivatives, 6-
methylbenzofuro[2,3-c]quinoline and 6(5H)-benzofuro[2,3-
c]quinolinone, were synthesized by the condensation of 2-
amino-2/-hydroxybenzophenone with chloroacetone, ethyl 
bromoacetate, or chloroacetonitrile. The benzofuroquino-
linone, thus obtained, was converted to 6-chloro and 
6-cyanobenzofuro[2,3-c]quinolines. 

In the course of our studies of polycyclic hetero-
aromat ic compounds , we studied the synthesis of 
benzofuroquinol ines in order to test their activities as 
mutagens, carcinogens, and also an t i tumor substances. 
In our previous papers, we reported the syntheses of 
some benzofuro^^-fc]-,1* [3,2-fc]-,2) and [3,2-c]quino-
lines.1* In this paper we report on a new synthesis of 
benzofuro[2,3-c]quinolines. Fryer et al. reported that 
10-chloro-5-(2-dimethylaminoethyl)-5,7-dihydro-6H-in-
dolo[2,3-c]quinolin-6-one having a similar skeleton 
showed a strong ant i - tumor activity.3) We therefore 
expect some activities for benzofuro[2,3-c]quinolinones. 

T w o benzofuro[2,3-c]quinolinones have already 
been reported: 5-methylbenzofuro[2,3-c]quinolin-6(5H)-
one (5: R / / = M e ) was prepared by photocyclization of 
N-methyl-N-phenyl-2-benzofurancarboxamide4 ) and its 
2-chloro derivative was prepared by cyclization of 6-
ch l o ro -4 - (2 - f l uo ropheny l ) -3 -hyd roxy -2 ( lH) -q u in o -
linone.5 ) However, these are syntheses only to 
benzofuro[2,3-c]quinolin-6(5H)-ones. So, we p laned a 
new approach to various derivatives of benzofuro-
[2,3-c]quinoline. 

Our key intermediate, 2-amino-2'-hydroxybenzo-
phenone (1), was prepared by the demethylat ion of 
2-amino-2 /-methoxybenzophenone.6 ) Condensat ion of 
1 wi th chloroacetone gave 6-methylbenzofuro[2,3-
c]quinol ine (4a) in 56% yield after refluxing wi th 
potass ium carbonate in acetone. Similar condensa­
tions of 1 wi th chloroacetaldehyde or chloroacetal-
dehyde dimethyl acetal did not afford unsubst i tuted 
benzofuro[2,3-c]quinoline (4: R = H ) . A similar con­
densat ion of 1 wi th ethyl bromoacetate gave ethyl 2-(2-
aminobenzoyl)phenoxyacetate (2b) (52%), which was 
easily converted to benzofuro[2,3-c]quinolin-6(5H)-
one (5a) in 53% by treating the mix ture wi th sodium 
ethoxide. Similarly, 1 was condensed with chloroace­
tonitrile to give [2-(2-aminobenzoyl)phenoxy]aceto-
nitrile (2c) (94%), which was converted to 5a in 61% by 
refluxing wi th potass ium hydroxide in 2-ethoxyeth-
anol for 6 h. A mi ld treatment of 2c with potass ium 
hydroxide in refluxing ethanol gave 3-(2-aminophenyl)-
2-benzofurancarbonitrile (3c) (73%), which was also 
converted to 5a in 57% by refluxing with potass ium 
hydroxide in 2-ethoxyethanol. 

T h e structure of 5a was confirmed by a direct 
compar ison wi th a sample prepared according to the 
method reported by Kanaoka and San-nohe.4 ) T h u s , 
N-benzyl-N-phenyl-2-benzofurancarboxamide (6) was 
converted to 5-benzylbenzofuro[2,3-c]quinolin-6(5H)-
one (5b) by photocyclization to 7 followed by 
dehydrogenat ion of 7. Debenzylation of 5b was 
effective by refluxing with methanesulfonic acid to 

*N 0 
CH2Ph 

5 a R"= H 

b R"= CH2Ph 



March, 1990] NOTES 953 

give 5a (40%), which was identical wi th a sample 
synthesized from 1. 

Chlor ina t ion of 5a wi th phosphorus pentachloride 
in refluxing phosphory l chloride gave 6-chlorobenzo-
furo[2,3-c]quinoline (4b) (86%), which was converted 
to 6-cyanobenzofuro[2,3-c]quinoline (4c) in 29% by 
ref luxing wi th sodium cyanide in DMF. T h e 6-chloro 
derivative, 4b, showed a similar UV spectrum as the 
6-methyl derivative, 4a. 

Experimental 

All melting points are uncorrected. IR spectra were 
measured using a Hitachi EPI-S2 spectrophotometer in 
potassium bromide disks; UV spectra were measured using a 
Hitachi 220A spectrophotometer in ethanolic solutions. 
Mass spectra were recorded on a JEOL JMS-OISG-2 mass 
spectrometer; 1H NMR spectra were recorded on a JEOL 
PMX-60Si NMR spectrometer. 

2-Amino-2'-hydroxybenzophenone (1). To a suspension 
of anhydrous aluminum chloride (17.1 g) in dry benzene 
(550 ml) was added a solution of 2-amino-2'-methoxybenzo-
phenone6) (13.6 g, 59.9 mmol) in dry benzene (300 ml) for 
1.5 h; the mixture was then heated under reflux for 1 h. The 
hot reaction mixture was poured into dilute hydrochloric 
acid. After cooling, the mixture was neutralized with 5% 
sodium hydroxide, and the benzene layer was collected. The 
aqueous layer was extracted again with ether, and the ether 
layer was combined with the benzene layer. The combined 
extracts were re-extracted with a 5% sodium hydroxide 
solution. The alkaline layer was neuralized to ca. pH 7 with 
10% hydrochloric acid and re-extracted with ether. This 
ether layer was washed with a sat. sodium chloride solution 
and dried over anhydrous sodium sulfate. After removing 
the solvent under reduced pressure, crude 2-amino-2'-
hydroxybenzophenone (1) was obtained as a yellow oil in 
94% yield: IR (liquid film) 1620cm"*; « N M R (CDC13) 
0=4.9 (2H, s, NH2), 11.3 (1H, s, OH); MS m/z 213 (M+). This 
aminophenol 1 showed one spot in TLC and was used for 
the next step without further purification.7* 

6-Methylbenzofuro[2,3-c]quinoline (4a). A solution of la 
(1.59 g, 7.46 mmol) in dry acetone (50 ml) was treated with 
anhydrous potassium carbonate (2.1 g, 15 mmol) and potas­
sium iodide (1.3 g, 7.8 mmol); the mixture was then heated 
under refluxed for 30 m with stirring. To this mixture was 
added a solution of chloroacetone (720 mg, 7.78 mmol) in 
dry acetone (10 ml); the mixture was heated under reflux for 
4h with stirring. After cooling, the mixture was diluted with 
cold water. The precipitates were recrystallized from ethanol 
to give 6-methylbenzofuro[2,3-c]quinoline (4a) (1.22 g, 70%) 
as colorless needles: mp 125.5—126.5 °C; UV 238 (log £4.65), 
243 (4.70), 308 (4.28), 322 nm (4.18); « N M R (CDCI3) 
<5=3.0(3H, s, 6-Me); Found: C, 82.64; H, 4.73; N, 6.13%; M+, 
233. Calcd for CieHnNO: C, 82.38; H, 4.75; N, 6.01%; M, 233. 

Benzofuro[2,3-c]quinolin-6(5H)-one (5a). From 1 and 
Ethyl Bromoacetate: According to the procedure described 
above for 4a, 1 (3.06 g, 14.4 mmol) was treated with ethyl 
bromoacetate (2.97 g, 17.8 mmol). An yellow oil was 
obtained as ether extracts and was crystallized from benzene-
cyclohexane to give ethyl 2-(2-aminobenzoyl)phenoxyacetate 
(2b) (2.25 g, 52%) as pale yellow plates: mp 81—81.5 °C; IR 
1730 (ester CO) and 1620 cm"1; m NMR (CDCI3) 0=1.3 (3H, 
t, / = 7 Hz, OCH2CH3), 4.2 (2H, q, J=l Hz, OCH2CH3), 4.6 
(2H, s, COH2C02Et), 6.0 (2H, s, NH2); Found: C, 68.32; H, 
5.70; N, 4.69%; M+, 299. Calcd for C17H17NO4: C, 68.21; H, 
5.73; N, 4.68%; M, 299. This ester 2b (2.06 g, 6.89 mmol) was 
dissloved in ethanol (40 ml) and added to a cold ethanolic 
sodium ethoxide solution, prepared from sodium metal 

(0.50 g, 21.7 mmol) and ethanol (30 ml); the mixture was 
stirred at room temperature for 1.5 h, and poured into dilute 
hydrochloric acid. The precipitates were recrystallized from 
2-ethoxyethanol to give benzofuro[2,3-c]quinolin-6(5H)-one 
(5a) (0.85 g, 53%) as colorless powder: mp 322—324° C; IR 
1675 cm"1; UV 224 (log e 4.68), 233sh (4.57), 240sh (4.49), 263 
(3.90), 275sh (3.90), 285 (4.06), 295 (4.15), 313sh (3.91), 322 
(3.99), 337 nm (3.85); Found: C, 76.85; H, 4.01; N, 6.24%; M+. 
235. Calcd for G5H9NO2: C, 76.58; H, 3.86; N, 5.96; M, 235. 

From 1 and Chloroacetonitrile: According to the pro­
cedure described above, 1 (4.07 g, 19.1 mmol) was similarly 
treated with chloroacetonitrile (2.13 g, 28.2 mmol) to give 
2-amino-2/-(cyanomethyloxy)benzophenone (2c) (4.50 g, 94%) 
as pale yellow needles after crystallization from benzene-
hexane: mp 95—96 °C; IR 1630 cm"1 (CO); 1U NMR (CDCI3) 
0=4.6 (2H, s, OCH2CN), 6.3 (2H, s, NH2); Found: C, 71.38; 
H, 4.80; N, 11.11%; M+, 252. Calcd for G5H12N2O2: C, 
71.41; H, 4.80; N, 11.11; M, 252. To a solution of this 
cyanomethoxy intermediate 2c (1.17 g, 4.64 mmol) in 2-
ethoxyethanol (50 ml), potassium hydroxide (1.30 g, 23.1 
mmol) was added; the mixture was heated under reflux 
under nitrogen atmosphere for 6 h with stirring. After 
cooling, the mixture was poured into dilute hydrochloric 
acid. The precipitates were recrystallized from 2-ethoxy­
ethanol to give 5a (660 mg, 61%). However, a similar 
treatment of 2c with potassium hydroxide in refluxing 
ethanol gave 3-(2-aminophenyl)-2-benzofurancarbonitrile 
(3c) as a colorless powder in 97%: mp 247.5—248 °C; Found: 
C, 76.99; H, 4.25; N, 11.89%; M+, 234. Calcd for G5H10N2O: 
C, 76.91; H, 4.30; N, 11.96%; M, 234. This intermediate 
benzofuran 3c was converted to 5a in 57% by an additional 
treatment with potassium hydroxide in refluxing 2-ethoxy­
ethanol. 

Photocyclization: According to a procedure reported by 
Kanaoka and San-nohe,4) a solution of iV-benzyl-iV-phenyl-
2-benzofurancarboxamide (6) (2.00 g, 6.12 mmol) in ace-
tonitrile (200 ml) was irradiated under nitrogen atmosphere 
for 45 h using a 100 W high-pressure mercury lamp through 
a Pyrex jacket (Rikosangyo photochemical apparatus). After 
removing the solvent under reduced pressure, the residue was 
crystallized from ethanol to give £ram-5-benzyl-6a,llb-
dihydrobenzofuro[2,3-c]quinolin-6(5H)-one (7) (1.65 g, 82%) 
as pale yellow needles: mp 183—184 °C; IR 1710 cm"1 (CO); 
iH NMR (CDCI3) ô=4.7 (2H, s, 6a-H and llb-H), 5.2 (1H, d, 
/=16 Hz, NCHHPh), 5.3 (1H, d, /=16 Hz, NCHHPh). This 
dihydrobenzofuroquinolinone 7 was dehydrogenated by 
refluxing with 5% palladium-carbon in decalin for 12 h. 
After cooling, the mixture was diluted with chloroform and 
filtered to remove the catalyst. After removing the solvent 
under reduced pressure, the residue was crystallized from 
ethanol to give 5-benzylbenzofuro[2,3-c]quinolin-6(5H)-one 
(5b) (260 mg, 65%) as colorless powder: mp 215—217 °C; IR 
1660 cm"1 (CO); ^ N M R (CDCI3) ô=5.1 (2H, s, NCH2Ph); 
Found: C, 81.48; H, 4.78; N, 4.34%; M+, 325. Calcd for 
C22H15NO2: C, 81.21; H, 4.65; N, 4.31%; M, 325. The 
benzylquinoUnone 5b (0.55 g, 1.7 mmol) was debenzylated 
by heating with methanesulfonic acid (8 ml) at ca. 125 °C for 
5 h with stirring. After treating with ice-water, the 
precipitates were washed with chloroform and recrystallized 
from 2-ethoxyethanol to give 5a (0.16 g, 40%), which was 
identical with the sample from 1 and ethyl bromoacetate of 
chloroacetonitrile, described above. 

6-Chlorobenzofuro[2,3-c]quinoline (4b). To a solution 
of 5a (0.54 g, 2.3 mmol) in phosphoryl chloride (25 ml) was 
added phosphorus pentachloride (0.47 g, 2.3 mmol); the 
mixture was heated under reflux for 2 h with stirring. After 
cooling, the mixture was poured into ice-water. The 
precipitates were recrystallized from ethanol to give 6-
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chlorobenzofuro[2,3-<r]quinoline (4b) (0.50 g, 86%) as color­
less needles: mp 157.5—158.5 °C; UV 224sh (loge 4.45), 
237sh (4.66), 243 (4.74), 262 (3.82), 296sh (4.10), 309 (4.28), 
323.5 (4.20), 336 nm (3.92); Found: C, 71.04; H, 3.04; N, 5.40; 
M+, 253. Calcd for Ci5H8ClNO: C, 71.02; H, 3.18; N, 5.52%, 
M. 253. 

6-Cyanobenzofuro[2,3-£]quinoline (4c). A mixture of 4b 
(1.64 g, 6.47 mmol), sodium cyanide (0.51 g, 14 mmol), dry 
DMF (15 ml) was heated under reflux for 6 h. After cooling, 
the mixture was diluted with cold water, and the precipitates 
were treated well with chloroform. The precipitates, which 
were insoluble in chloroform, were recrystallized from 
ethanol to give quinolinone 5a (0.04 g, 3%). The parts 
soluble in chloroform were chromatographed on a short 
silica-gel column to give 6-cyanobenzofuro[2,3-c]quinoline 
(4c) (0.45 g, 29%) as colorless needles and starting material 4b 
(0.23 g, 15%). 4c: mp 223—224 ° C; UV 230sh (log e 4.46), 245 
(4.70), 276 (3.67), 328 (4.25), 348sh (3.95), 365 nm (3.88); 
Found: C, 78.40; H, 3.27; N, 11.25%; M+, 244. Calcd for 
Ci6H8N20: C, 78.68; H, 3.30; N, 11.47%; M, 244. 
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Synopsis. 3,5-Difluorophenylcarbamates and 3,5-bis(tri-
fluoromethyl)phenylcarbamates of cellulose and amylose 
were prepared and used as chiral stationary phases for 
high-performance liquid chromatography to resolve optical 
isomers. Their optical resolving abilities were compared 
with those of 3,5-dimethylphenylcarbamates and 3,5-dichlo-
rophenylcarbamates of the polysaccharides. 3,5-Difluoro­
phenylcarbamates afforded practically useful columns. 

Phenylcarbamates of polysaccharides, such as cellu­
lose and amylose, have been used as chiral stationary 
phases for high-performance l iqu id chromatography 
(HPLC).1* The i r chiral recogni t ion abilities are 
altered by the int roduct ion of substituents on the 
phenyl g roup of the derivatives.2 '3) A l though the 
int roduct ion of substituents at or tho-posi t ion reduces 
chiral recognit ion abilities, the in t roduct ion at meta-
or para-posi t ion often improves the chiral recognit ion 
ability, and 3,5-disubstituted derivatives, such as 3,5-
dimethyl- and 3,5-dichlorophenylcarbamates, show 
part icular ly interesting optical resolving abilities for 
many compounds . In this study we synthesized new 
3,5-disubstituted derivatives, 3,5-bis(trifluoromethyl)-
phenylcarbamates (1) and 3,5-difluorophenylcarba-
mates (2, 5); their chiral recognit ion abilities as 
stationary phases for HPLC were then compared wi th 
those of the previous disubst i tuted derivatives (3, 4, 6, 
7). 

Experimental 

The phenylcarbamates of polysaccharides were synthesized 
by the reaction of cellulose (Merck, Avicel) or amylose 
(Nacalai Tesque, Mw ^16000) with an excess of 3,5-
bis(trifluoromethyl)phenyl isocyanate or 3,5-difluorophenyl 
isocyanate in pyridine at 100 °C. The isocyanates were 
synthesized from the corresponding aniline derivatives. The 
polysaccharide derivatives were precipitated in a methanol-
water mixture. Macroporous silica gel (Macherey-Nagel, 
NUCLEOSIL 4000-7) was treated with (3-aminopropyl)tri-
ethoxysilane. Packing materials were prepared by adsorbing 
the polysaccharide derivatives (25 wt%) on silanized silica 

gel, and were packed in a stainless-steel tube (25X0.46 
(i.d.)cm) by a slurry method. Optical resolution was carried 
out with a JASCO TRIROTAR-II Chromatograph equipped 
with a JASCO UVIDEC-100-III UV and DIP-181C Polari­
metrie detectors. Chromatographic analyses were performed 
at a flow rate of 0.5 ml min - 1 using a hexane-2-propanol 
mixture as an eluent. An elution time of 1,3,5-tri-^-
butylbenzene was used as the dead time (Jo) of the 
chromatography.4* 

Results and Discussion 

Figure 1 shows the optical resolut ion of Tröger base 
(8) on cellulose tris(3,5-difluorophenylcarbamate) (2). 
(+)-Isomer eluted at 11.7 m i n (=h) and (—)-isomer at 
14.4 min (=te). T h e capacity factor of the first eluted 
enant iomer, ki=(h—to)/to, and separation factor, a= 
(t2—to)/(h—to), have been determined as 0.88 and 1.73, 
respectively. 

In Tab le 1 are summarized the results of the optical 
resolution of racemic c o m p o u n d s 8—17 on 3,5-
disubsti tuted phenylcarbamates of cellulose (1—4). 

to 

1 1 

:1 

1 ' 

i 
1 W-| W2 1 
1 1 1 1 I 1 

4 8 12 

Elut ion Time / min 

16 

Fig. 1. Optical resolution of Tröger base (8) on 
cellulose tris(3,5-difluorophenylcarbamate) (2). (Eluent: 
hexane-2-propanol (90:10), 0.5 ml min -1). 
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Table 1. Optical Resolution and Retention Time of Acetone on Cellulose 
Tris(3,5-disubstituted phenylcarbamate) Derivatives^ 

Racemate 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

7Y> 

w 
0.31(+) 
0.25(+) 
0.65(-) 
0.09(+) 
0.79(+) 
0.34(+) 
1.66(-) 
0.51(-) 
1.60(-) 
0.20(-) 

1(3,5-(CF3)2) 

OL 

ca. 1 
1.54 
1.42 

ca. 1 
ca. 1 

1.47 
1.09 

ca. 1 
1.28 

ca. 1 

9.13 min 

Rs 

1.03d) 
1.40d> 

1.20 

1.69 

W 
0.88(+) 
0.51(+) 
0.34(-) 
0.44(+) 
1.70(+) 
1.72(+) 
3.62(-) 
2.01(-) 
3.77(-) 
0.68(+) 

2(3,5-F2) 

a 

1.73 
1.81 
1.27 

ca. 1 
1.05 
2.36 
1.21 
1.18 

ca. 1 
1.63 

22.6 min 

Rs 

3.25 
3.06 

6.94 
1.90 
1.64 

2.46 

3(3,5-Cl2)
b) 

W 
0.87(+) 
0.56(+) 
0.28(-) 
0.40(+) 
1.62(+) 
0.76(+) 
2.65(-) 
1.55(-) 
3.08(-) 
0.59(+) 

15.0 

OL 

1.65 
1.84 
1.38 
1.29 
1.11 
1.82 
1.26 
1.20 
1.21 
1.41 

min 

4(3,5-Me2)
b) 

W 
0.97(+) 
0.74(-) 
2.13(-) 
1.37(+) 
2.36(-) 
0.42(+) 
1.17(-) 
1.47(-) 
2.43(+) 
0.83(+) 

8.40 

a 

1.32 
1.68 
2.59 
1.34 
1.83 

ca. 1 
1.15 
1.41 
1.58 
3.17 

min 

a) Eluent: hexane-2-propanol (90:10), 0.5 ml min -1 , b) Ref. 2. c) The sign in parentheses shows optical rotation of 
first-eluted enantiomer. d) Eluent: hexane-2-propanol (98:2). e) Retention time of acetone. 

C cHc %Û 
•CTSjy A 6 5 C H H C P 3 (C5H5)3CCHOH 

Co(acac)3 

13 

C6H5 

9 

cr 
C6H5 

14 

10 
0 

C6H5 

^ ^ O ^ c 6 H 5 

11 

(VHrCHCOCVH - 6 n 5 l 

OH 
6 n 5 

15 
'Y-

12 

^ x p C O N H C 6 H 5 

^•••••CONHC6H5 

17 
'Y-

For a comparison, capacity factors and separation 
factors on 3,5-dichloro- and 3,5-dimethylphenylcarba-
mates are also shown. Chiral recognition abilities 
depended greatly on the substituents. Although 
difluoro derivative (2) showed a somewhat similar 
chiral recognition ability to dichloro derivative (3), 
bis(trifluoromethyl) derivative (1) showed quite a 
different chiral recognition ability. Except for 
derivative 1, chiral recognition seems to depend on the 
inductive effect of the substituents. The racemic 
compounds carrying the hydroxy 1 group, 10,11, and 
12, were more retained on 4 than on 2 and 3. In 
contrast, carbonyl compounds, 13, 14, and 15, were 
more retained on 2 and 3 than on 4. Similar results 
have been observed for 4-substituted phenylcarbamates 
of cellulose.2) These results may be ascribed to the 
interaction shown in Fig. 2. When the substituent is 
electron-withdrawing, the hydrogen bonding between 
NH and a carbonyl group is likely to be enhanced; if 
the substituent is electron-donating, the hydrogen 
bonding between CO and a hydroxyl group may be 
enhanced. Therefore, a change in the capacity factor 
may be associated with a change in the polarity of the 
urethane moiety induced by the substituent. This is 
supported by XH NMR spectroscopy. The chemical 
shifts of the N-H proton moved to a lower magnetic 
field in the order 4, 2, and 1. Therefore, the elution 
time of acetone which is probably adsorbed on N-H 

^ r 

Glucose Unit 
/ 

0 

-0-

Fig. 2. Adsorbing site of phenylcarbamate deriva­
tives. 

group is expected to increase in the order 4, 2, and 1. 
However, the elution time of acetone on 1 was especially 
shorter. Shorter elution times on 1 were also observed for 
other racemates. The bulky trifluoromethyl groups at 
the 3- and 5-positions may prevent the racemates from 
adsorbing on urethane bonds. 

Table 2 shows the results of the optical resolution 
on amylose tris(3,5-disubstituted phenylcarbamate)s. 
The same substituents effect on the retention time of 
acetone was also observed, although the effect was less 
pronounced compared with that on cellulose deri­
vatives. A similar substituent effect was observed for 
the retention times of hydroxy (10—12) and carbonyl 
compounds (13—15). 

3,5-Difluorophenylcarbamate of cellulose (2) can 
more effectively resolve some racemic ^-blockers than 
cellulose tris(3,5-dimethylphenylcarbamate).5) Pro-
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Table 2. Optical Resolution and Retention Time of Acetone on Amylose 
Tris(3,5-disubstituted phenylcarbamate) Derivatives^ 

Racemate 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Ta
C> 

ki 

0.78(+) 
0.32(+) 
0.39 
0.48(+) 
2.03 
2.58(-) 
2.19(-) 
1.40(+) 
3.53(-) 
0.83(+) 

5(3,5-F2) 

ca 

ca 

12.2 

a 

1.13 
1.30 
1.00 
1.64 
1.00 
1.08 
1 
1.50 
1 
1.51 

min 

Rs 

0.70 

1.83 

2.36 

1.76 

6(3,5-Cl2)
b) 

ki 

0.84(+) 
0.50(+) 
0.37 
0.88(+) 
1.10(+) 
0.63(+) 
1.26(-) 
1.62(+) 
6.08(+) 
0.59(-) 

10.4 

a 

1.34 
1.32 
1.00 
2.25 

ca. 1 
ca. 1 
ca. 1 

1.10 
ca. 1 

1.11 

min 

7(3,5-Me2)
b> 

ki 

0.53(+) 
0.42(+) 
1.30(+) 
2.65(+) 
2.46(-) 
0.25(-) 
0.61(-) 
0.93(+) 
3.14(-) 
3.25(+) 

8.16 

a 

1.58 
3.04 
1.15 
1.98 
2.11 

ca. 1 
ca. 1 

1.12 
1.21 
2.01 

min 

a) Eluent: hexane-2-propanol (90:10), 0.5 ml min -1, b) Ref. 3. c) Retention time of acetone. 

0CH2CHCH2NHCH(CH3)2 

, \ i ÔH 

20 40 

Elut ion Time /m in 

4 8 12 

Elut ion Time / min 

Fig. 3. Optical resolution on cellulose tris(3,5-di-
fluorophenylcarbamate) (2). A: oxyprenolol (Eluent: 
hexane-2-propanol (90:10)), B: styrene oxide (Eluent: 
hexane-2-propanol (98:2)). 

p ranolo l (a=2.17) and oxyprenolol (Fig. 3A,a=6.81) 
were resolved wi th larger a values. However, the a 

value of 1.49 for a lprenolo l on 2 was inferior to that of 
cellulose tris(3,5-dimethylphenylcarbamate). P indolo l 
and atenolol did not show any distinct peaks because 
of slow elut ion. Styrene oxide, which was not resolved 
on other polysaccharide phenylcarbamate derivatives, 
was completely resolved (Fig. 3B, a=1.20). 

As shown in Tab le 1, 2 was especially useful for the 
separat ion of carbonyl compounds . Other carbonyl 
compounds , like 3-methylcyclopentanone (a—1.06) 
and ß-butyrolactone (a=1.08), which were not resolved 
on other polysaccharide derivatives at all, were 
resolved in to two peaks wi th hexane-2-propanol 
(90:10) as an eluent. Another advantage of 2 compared 
wi th 3 is the fact that solubility of 2 in hexane-2-
p ropano l is lower than that of 3. Therefore, the 
c o l u m n packed wi th 2 was no t damaged by an eluent 
system con ta in ing 10% 2-propanol in hexane which 
could not apply to the co lumn packed with 3. 
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Synopsis. Using an ab initio configuration interaction 
(CI) treatment, the He trimer interaction energy for the 
equilateral triangular configuration was calculated. The CI 
included all single and double electronic excitations (SD CI). 
The resulting three-body component was significantly larger 
than the third-order perturbation calculation. 

There have been several reports in which the 
interaction energy between He atoms was calculated 
by the use of an ab ini to M O method.1 _ 9 ) It is k n o w n 
that the He dimer system has a repulsive g round state, 
wi th only a van der Waals m i n i m u m . In a recent 
paper of our group , we presented van der Waals 
potent ia l energy curves of a H e tr imer th rough the 
configurat ion interaction (CI) treatment.1 0 ) T h e CI 
included all single and double excitations from the 
SCF ground state (SD CI). For a weakly bonded system 
the basis set superposi t ion error (BSSE) in the H e 
trimer energies could not be neglected and reference 
calculations approximated by the simple formula were 
performed in order to el iminate this error. As a result a 
reliable interaction potent ia l of the H e tr imer could be 
obtained for the linear configurat ion (Dooh). However, 
the three-body component of the interaction energy for 
the equilateral t r iangular configurat ion (Dad) was 
significantly larger than the many-body per turbat ion 
calculation of Wells and Wilson.1* T h i s discrepancy 
was considered to be mainly due to the defect of the 
basis set employed in our calculation. 

In this* paper we report on the results of SD CI 
calculations of the interaction energy of the He trimer 
for an equilateral t r iangular configurat ion, where two 
large Gaussian-type [8s4p2dlf] and [7s5p2dlf] basis sets 
were employed. These were chosen so as to provide an 
improved description of H e - H e interaction and to 
lower the BSSE in the H e trimer energy. Moreover, 
since the third-order Moller-Plesset per turbat ion (MP3) 
energy can be obtained in the SD CI calculation 
process, the interaction energy of the H e trimer by the 
MP3 treatment is also presented. T h e results 
concerning the three-body components of the He 
trimer interaction energies derived from the MP3 and 
SD CI treatments are discussed. 

Details of Calculations 

In the present work, two Gaussian- type basis sets, 
[8s4p2dlf] and [7s5p2dlf], were employed for the H e 
atom. T h e [8s4p2dlf] basis set comprised (8s4p2dlf) 
even-tempered primit ive functions. T h e exponents 
were determined by a progression (£k=aß*, k=l,2,---), 
the values of a and ß taken from the work of Schmidt 
and Ruedenberg11* («=0.061317, ß=3.06930). T h e first 
eight exponents given by this prescript ion were 

employed for s-type pr imit ive functions, the first four 
for p-type primitives, the first two for d-type primitives 
and the first one for a single f-type primit ive function 
in the [8s4p2dlf] basis set. O n the other hand , the 
[7s5p2dlf] basis set comprised the (16s6p2dlf) pr imit ive 
functions. T h e exponents of (16s) primitive functions 
were taken from Schmidt even-tempered basis set;11* 
these primitives were contracted to (6,5,1,1,1,1,1 ). T h e 
contract ion was performed so that the a tomic energy 
wi th the contracted set came close to that wi th an 
uncontracted set. T h e exponents of the (6p) primit ive 
functions were taken from the work of Knowles et 
al.,12) and the (6p) primit ives were contracted to 
(2,1,1,1,1). T h e contraction was performed in the He 
dimer system at an internuclear distance of 5.6 Bohr 
after the SCF calculat ion wi th an uncontracted (6p) set 
placed on the [7s] contracted set. T h e exponents of 
two d-type primit ives were taken to be 1.5212) and 0.20, 
and the exponent of 0.30 for the f-type primit ive 
function. These [8s4p2dlf]and [7s5p2dlf] sets were 
designed so that it is possible to obta in a satisfactory 
description of the H e interaction, while the BSSE is 
effectively el iminated. T h e SCF, MP3, and SD CI 
energies of the H e a tom (EHC) for these two basis sets 
are indicated in Tab le 1. 

T h e results of MP3 and SD CI calculat ions for the 
interaction energy of the supermolecule system must 
be corrected in order to e l iminate the BSSE.13_17) T h e 
interaction energy for the system of n he l ium atoms 
(£5?) at some nuclear geometry may be obtained us ing 
the difference between the energy of the supersystem 
(EHC) and an appropr ia te reference energy (Zw), 

Eint — Enen ~ Erei- (1) 

T h e reference energy of a H e dimer system by the MP3 
treatment is defined as twice the MP3 energy of the H e 
a tom which is calculated wi th the full basis set of the 
dimer system; the reference energy of a H e trimer 
system for an equilateral t r iangle is defined as three 
times the MP3 energy of the H e a tom with the full 

Table 1. Calculated SCF, MP3, and SD CI 
Energies of the He atom (Enc) 

£He/a.u.a) 

Method 
[8s4p2dlf] [7s5p2dlf] 

SCF -2.861507099 -2.86167952e 
MP3 -2.89965244 -2.90082187 
SD CI -2.90073219 -2.90183194 

a) 1 a.u.=4.359814X10-18J. 
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Table 2. The He Dimer Interaction Energies (£i„t2) for the Internuclear Distance of 5.6 Bohr 

Basis set Method £He2/a.u.a> £ref/a.u. BSSE/Kb> E^/K 

[8s4p2dlf] MP3 -5.79935835 -5.79933123 -8.32 -8.56 
SDCI -5.80089249 -5.80086522 -8.26 -8.61 

[7s5p2dlf] MP3 -5.80167829 -5.80165135 -2.40 -8.51 
SDCI -5.80305799 -5.80303110 -2.25 -8.49 

a) 1 a.u.=4.359814X10-18 J. b) 1 K=1.380662X10"23 J. 

Table 3. The He Trimer Interaction Energies (£int3) for the Equilateral Triangle of Side 5.6 Bohr 

Basis set Method £He3/a.u.a) £ref/a.u. BSSE/Kb> E^/K 

[8s4p2dlf] MP3 -8.69911248 -8.69903031 -23.05 -25.95 
SD CI -8.70050515 -8.70042617 -22.69 -24.94 

[7s5p2dlf] MP3 -8.70256898 -8.70248729 -6.84 -25.80 
SDCI -8.70370905 -8.70363117 -6.39 -24.59 

a) 1 a.u.=4.359814X10-18 J. b) 1 K=1.380662X10"23 J. 

basis set of a tr imer system. O n the other hand, the 
reference energy of a H e dimer system th rough the SD 
CI t reatment is given by the formula of Price and 
Stone,14> 

£ref = 2[£T + (1 - ao2)£scF]/(2 - ao2) + fi, (2) 

where £SCF, ET, and ao represent the SCF energy, total 
SD CI energy, and the SCF g round state coefficient of 
H e a tom calculated wi th the full basis set of a dimer 
system. T h e constant e is determined so that the 
interaction energy becomes zero when two H e atoms 
are infinitely separated. T h e reference energy of the 
H e tr imer for the equi la teral t r iangle can also be 
writ ten as10) 

£ref = 3[£T + 2(1 - ao2)£scF]/(3 - 2ao2) + e. (3) 

In this case £SCF, ET, and ao are the SCF energy, total 
SD CI energy, and the SCF g round state coefficient of 
the H e a tom with the full basis set of a trimer system. 

T h e three-body componen t of the He trimer 
interaction energy th rough the MP3 and SD CI 
treatments is determined by the 'site-site ' counterpoise 
me thod of Wells and Wilson.1) In this method, the 
three-body component (£(3)) for an equilateral triangle 
is given by 

£(3) = ££? - 3££f, (4) 

where £ £ ? ' represents the interaction energy of the He 
dimer, which is calculated in terms of the trimer basis 
set. 

All calculat ions were carried out for the H e dimer 
and the H e tr imer at an internuclear distance of 5.6 
Bohr (2.963392X10-1 0m), this distance corresponding 
to the m i n i m u m in the van der Waals interact ion 
potent ia l for the d imer system. T h e M O calculat ions 
were performed on a H I T A C M682H system at the 
Compu te r Center of the University of Tokyo us ing the 
Gaussian 86 program provided by J. A. Pople et al. 

Table 4. The Three-Body Compnents (£(3)) of 
the He Trimer Interaction Energies for the 

Equilateral Triangle of Side 5.6 Bohr 

Basis Set 

[8s4p2dlf] 
[7s5p2dlf] 

£(3)/Ka> 

MP3 SD CI 

-0.14 1.02 
-0.14 1.03 

a) 1K=1.380662X10"23J. 

Results and Discussion 

Tab le 2 indicates the H e dimer interact ion energies 
for two different basis sets found by the MP3 and SD 
CI calculations. T h e BSSE is estimated by E(MP3)-2E^3) 

for the MP3 treatment, and £is
eP

CI)-£g?2
CI) (R=«>) for 

the SD CI treatment , where R is the internuclear 
distance between H e atoms. T h e MP3 and SD CI 
interact ion energies calculated wi th the same basis set 
are in good agreement wi th each other. Al though 
these interact ion energies can give only 77—79 percent 
of the recent empir ical van der Waals well depth 
(10.948 K),18) the BSSE in the reference energies are 
considerably reduced, compared wi th our previous 
calculations. From Tab le 2 we expect that an obscure 
balance of the basis set for the interact ion energy is 
removed and that the BSSE is effectively eliminated. 

Tab le 3 indicates the He trimer interaction energies 
for an equi la teral t r iangle t h rough both the MP3 and 
SD CI calculations. T h e BSSE is estimated by 
£ (

13P3)-3£gf3) for the MP3 treatment, and £iSePCI)-£g°CI) 

(R=°°) for the SD CI t reatment . It can be seen from 
Tab le 3 tha t these four He tr imer interaction energies 
are about three-times larger than the corresponding 
dimer interact ion energies. T h i s is due to the fact that 
there are three H e - H e interact ions in the t r iangular 
configuration. 

Finally, the three-body components of the H e trimer 
interact ion energies for the two basis sets by the MP3 
and SD CI calculat ions are shown in Table 4. T h e 
three-body components are obtained using the site-site 
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counterpoise method of Wells and Wilson. T h e 
agreement is excellent for values which are derived 
from the same t reatment (MP3 or SD CI). T h e MP3 
values are coincident wi th the third-order many-body 
per turba t ion (=MP3) result of Wells and Wilson 
(—0.43X10"6 a.u.=—0.14 K).1* In the present calculations 
two [8s4p2dlf] and [7s5p2dlf] basis sets are defined 
independent ly and the different BSSE effects arise in 
£He3- F rom these results it is considered that the 
agreement of the three-body components derived from 
the same treatment for thses two basis sets is not 
fortuitous. 

However, the SD CI three-body components are 
significantly larger than the MP3 values and of 
opposi te sign. In the CI calculat ions the SD CI energy 
can be described by a sum of the MP3 energy and 
par t ia l higher-order M P per turba t ion energies which 
are obtained by us ing the SD CI matr ix elements.19) As 
shown in Tab le 3, £He3 and Zw are affected by these 
par t ia l higher-order energies. T h e three-body com­
ponents of the H e t r imer energies are m u c h smaller 
than those E g ^ - E g ™ * and £(

r
s
e?

CI)-£$P3> values 
(1 K=3.166791X10-6 a.u.). T h u s the difference of the 
three-body components between the MP3 and SD CI 
treatments is considered to be main ly due to the effect 
of these part ial higher-order per turbat ion energies. 

It may be concluded from the results of this 
investigation that the MP3 and SD CI calculations 
give the different three-body componen ts of the H e 
trimer interaction energies for the equilateral tri­
angu la r configurat ion. T h i s discrepancy is considered 
to be mainly due to the methodological difference 
between the MP3 and SD CI calculations. It seems that 
more extensive M P and CI treatments wh ich include 
triple and h igher electronic excitations from the SCF 
g round state is necessary to determine the three-body 
componen t exactly. 
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51V NMR Chemical Shift and Anisotropy in Solid Metavanadates 
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Synopsis. 51V NMR spectra of alkali and ammonium 
metavanadates have been measured with and without magic 
angle spinning (MAS) of the sample at a high static 
magnetic field (9.40T). The isotropic chemical shifts have 
been determined accurately from the MAS spectra, while the 
principal values of the shift tensor have been estimated from 
the static spectra. Correlations between the NMR parame­
ters and structural factors have been briefly discussed. 

In metavanadates, VO4 tetrahedra form one-dimen­
sional chains, shar ing two oxygen atoms wi th other 
VO4 tetrahedra. T h e 51V N M R spectra of the meta­
vanadates include informat ion on both the quad-
rupole and chemical shift effects. Baugher et al.1* and 
Segel and Creel2) have estimated the quadrupo le 
coup l ing constants. T h e two groups have used low 
magnet ic fields (resonance frequencies less than 
25 MHz), which are useful for the est imation of the 
quadrupo le effects, bu t are disadvantageous for the 
study of the chemical shift effects. Mas t ikh in et al.3) 

have measured 51V N M R spectra of alkali vanadates at 
a resonance frequency of 78.86 MHz, and have 
estimated the pr inc ipa l values of the chemical shift 
tensor. 

Magic angle s p i n n i n g (MAS) of the sample can 
nar row the resonance line.4»5) Oldfield et al.6) have 
reported 51V MAS N M R spectra of NaVC>3 and 
NH4VO3, and have discussed the contr ibut ions of 
several effects on the l ine shape. Eckert and Wachs7«8) 

have de termind the isotropic chemical shifts of some 
vanadates by means of the MAS technique. 

In the present work, 51V isotropic chemical shifts 
have been determined accurately for alkali and 
a m m o n i u m metavanadates by use of the MAS tech­

n ique and a h igh static magnet ic field systematically, 
and pr inc ipa l values of chemical shift tensors have 
been estimated wi thou t us ing MAS. Correlations 
between the obtained 51V N M R parameters and struc­
tural factors are discussed briefly. 

Experimental 

Materials were purchased from commercial sources: 
LiV03 from Soekawa Chemicals, NaVÛ3 and KVO3 from 
Nacalai Tesque, Inc., RbV03 and CSVO3 from Cerac Inc. 
(Milwaukee, U.S.A.), and NH4VO3 from Kanto Chemical 
Co., Inc. The supplied NaVÜ3 were in the ß form, and the a 
form was obtained by heating at 500 °C for 4 h, according to 
Lukâcs and Strusievici.9) 

51V NMR spectra were measured by a Bruker MSL400 
pulsed spectrometer at room temperature. The magnetic 
field was 9.40 T, which corresponds to a resonance frequency 
(i/o) of 105.25 MHz. The ordinary single pulse sequence was 
used with or without 1H dipolar decoupling. The flip angle 
of the pulse was set at 7r/12,10) and the recycle time was 1 s. 
The shift values are presented with respect to VO3CI neat 
liquid, with the higher frequency being positive. For 
routine use, a 0.16 M (M=mol dm -3) NaVÛ3 aqueous 
solution was used as the second external reference, whose 
chemical shift is —574.28 ppm. 

Results 

In the 51V MAS N M R spectra of metavanadates, 
sp inn ing sidebands spread over a range of more than 
8000 p p m (840 kHz), most of which are caused by the 
satellite transit ions. T h e isotropic peak can be 
identified by chang ing the sp inn ing rate of the sample. 
T h e full widths at half m a x i m u m of the isotropic 

peak are about 12 p p m (1.2 kHz). T h e obtained 

Table I. Summary of 51V NMRa> 

Compound 

LiV03 

<*-NaV03 

ß-NaV03 

KVO3 

RbV03 

CsV03 

NH4VO3 

<5i 

ppm 

-577.1 
-578.2 
-576 
-516.4 
-557.7 
-553 
-569.1 
-582.6 
-571.5 
-570 

ôi 

ppm 

-394 
-364 
-360 
-264 
-304 

— 
-314 
-344 
-374 
-370 

Ô2 

ppm 

-544 
-524 
-530 
-264 
-494 

— 
-524 
-524 
-524 
-530 

Ô3 

ppm 

-794 
-824 
-840 

-1024 
-854 
— 

-864 
-874 
-814 
-830 

A<5 

ppm 

-325 
-380 
-395 
-760 
-455 

— 
-445 
-440 
-365 
-380 

V 

0.69 
0.65 
0.66 
0 
0.64 
— 

0.71 
0.62 
0.62 
0.63 

Ref. 

This work 
This work 

8 
This work 
This work 

8 
This work 
This work 
This work 

8 

a) The following definitions are used; ô\: isotropic shift, ôi, 62, and 63: principal values of shift tensor, Aô: 
shift anisotropy, and 77: asymmetry factor in shift tensor. |Ô3— <5,| |̂<5i— <5i| ë|Ô2— <5i|, ôi=(ôi+Ô2+Ô3)/3, Aô= 
Ô3—(ôi+Ô2)/2, rj=(Ô2— <5i)/(Ô3— ft). The experimental errors in this work are ±0.5 ppm for <5i and ±20 ppm 
for ôi to Ô3. 
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isotropic chemical shifts are listed in Table 1, together 
with the values of Eckert and Wachs.8) Other literature 
data1-3 '7) are not listed in the table, since the accuracy 
is not so good as in the present work. The isotropic 
shifts (<5i) obtained in the present work are in the 
following decreasing order; ß-NaV03>KV03>RbVC>3 
>NH4V03>LiV03>a-NaV03>CsV03. 

The principal values can be estimated from the 
spectra in the static state, since only one component is 
present. The obtained parameters are summarized in 
Table 1. The magnitudes of the shift anisotropy (|A<5|) 
are in the following decreasing order; ß-NaVC>3> 
KV03>RbV03>CsV03>a-NaV03>NH4V03>LiV03. 
The powder pattern indicates axial symmetry in ß-
NaVÖ3, while all other metavanadates show a non-
axial symmetry with asymmetric factors of about 0.7. 

It was possible that the ß-NaVC>3 sample is hydrated. 
The content of water is about 0.6 wt%, checked by 
thermogravimetric analysis, and dehydration of the 
sample has no effect on the spectrum. XH dipolar 
coupling effect might remain in NH4VO3. To check 
it, XH dipolar-decoupled spectra have been measured 
both with MAS and in the static state. However, the 
decoupling has no effect on the spectra. 

Discussion 

At first, the origin of the line shape in the static state 
is briefly discussed. XH high-power decoupling has no 
effect on the line shape in NH4VO3, demonstrating 
that the dipolar interaction with XH spins is negligi­
ble. Dipolar interaction with alkali nuclei is also 
negligible, since the 7 values of alkali nuclei are much 
smaller than that of XH. Chemical shift anisotropy can 
contribute to the line shape. Quadrupole effect can 
also contribute to the line shape, especially in low 
magnetic fields.n) The quadrupole coupling con­
stants (e2Qq/h) in the metavanadates are about 
4 MHz.1-2) The central transition (m=l/2++—1/2) is not 
affected by the first-order effect, but the second-order 
effect might broaden the resonance line.12'13) In the 
static state, the contribution of the second-order 
quadrupole effect to the line width is 10~20 ppm in 
the metavanadates at the present resonance frequency 
of 105.25 MHz, which is a negligible order of 
magnitude. On the other hand, in the MAS spectra the 
contribution reduces to 2~5 ppm, being negligible. 
Consequently, chemical shift anisotropy is the dom­
inant mechanism to determine the line shape. Chem­
ical shift anisotropy is an inhomogeneous line-
broadening mechanism, and thus the signal splits into 
many lines under MAS. 

To obtain the true chemical shifts, the shift values 
experimentally obtained should be corrected, since the 
second-order quadrupole interaction causes the fre­
quency shift of the signal.14) The second-order 
quadrupole shifts are estimated to be —2—5 ppm. 
Since the estimated corrections are small, the obtained 
shift values are not corrected in the following 
discussion. 

Much efforts have been made to correlate the 
chemical shift with structural factors, especially in 
29SiNMR of silicates and aluminosilicates.15-22) We 

also attempt to correlate the isotropic chemical shifts 
with structural factors. 

The crystal structures of the metavanadates have 
been studied in detail.23-26) In the metavanadates 
except for ß-NaVC>3, the vanadium atom is coordi­
nated by four oxygen atoms. The tetrahedral oxyan-
ions, VO43-, are connected linearly by sharing two 
oxygen atoms, forming VO3 chains. The adjacent 
chains are linked by cations. The crystal structures of 
KVO3, RbV03 , CsV03, and NH4VO3 are orthorhom-
bic, and the cations are coordinated by eight oxygen 
atoms. The crystal strutures of L1VO3 and a-NaVC>3 
are monoclinic, and two types of cations are present, 
both of which are sixfold-coordinated. The structure 
of ß-NaVC>3 is much different, since the vanadium 
atom is coordinated by five oxygen atoms, although 
the crystal symmetry is orthorhombic. 

There are following trends in the observed chemical 
shift: 

( 1 ) ß-NaVC>3 has a large downfield shift compared to 
the other metavanadates. The vanadium atom is 
fivefold-coordinated in ß-NaVC>3, while it is fourfold-
coordinated in the other metavanadates. As long as the 
first coordination sphere is concerned, downfield shift 
takes place with the increase in the coordination 
number around the vanadium atom. 

(2) KVO3, RbV03 , CsV03, and NH4VO3 have the 
same crystal structure. The ionic radii are K + <Rb + < 
Cs+,27) while the chemical shifts are —557.7, —569.1, 
and -582.6 for KVO3, RbV03 , and CsV03, respective­
ly. In conclusion, the chemical shift value decreases as 
the radius of the cation increases. It is reasonable that 
NH4VO3 and RbVÛ3 have similar chemical shifts, 
since the ionic radii of NH4+ and Rb+ are of similar 
magnitudes. This trend is caused by the second 
coordination sphere. 

(3) Although the ionic radii of Li+ and Na+ are 
shorter than those of K+ and Rb+, LiVC>3 and a-NaVC>3 
have upfield shifts compared with KVO3 and RbVC>3. 
The cation coordination is sixfold in LiVC>3 and a-
NaV03 , while it is eightfold in KVO3 and RbV03 . In 
the crystalline lattice, the number of the cation 
coordination is equal to the number of cations 
coordinated to the oxygen. This means that the large 
coordination number in the second coordination 
sphere causes downfield shift. 

Thus, the contribution of the second coordination 
sphere should be taken into consideration in addition 
to the first coordination sphere. In order to facilitate 
the understanding, we propose a tentative formula 
which can correlate the chemical shifts with structural 
factors as follows: 

ôi = CX + D, (1) 

where the two terms in Eq. 2 express the contributions 
from the first and the second coordination spheres, 
respectively. C (positive) and D are constants, rv the 
average interatomic distance between V and O, rm the 
average interatomic distance between the cation and 
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O, Cv the coordina t ion number of V, and cm the 
coord ina t ion n u m b e r of the cation, p a positive 
constant de te rmin ing the relative cont r ibut ion of the 
second coordinat ion sphere to the first coordinat ion 
sphere, and n represents the dependence on the 
distance. Equat ions 1 and 2 express that a downfield 
shift takes place wi th increase in the coordinat ion. 
T h i s behavior is consistent with the idea of " the 
overlap integral" introduced by Kondo and Yamashita.28) 

It should be noted that the formula is no t un ique . For 
example , different n values can be used for the two 
terms, a l t h o u g h the same n value is assumed in the 
present work. 

After trial-and-error calculations, we estimate the 
coefficients which can be appl ied to the present results 
as follows: n=1 .2 , p=2/3, C=172, and D = - 1 7 7 0 . In 
the course of this treatment, the coordinat ion of Li+ is 
assumed to be fivefold. One should note that one 
interatomic distance is markedly long (2.670 Â) com­
pared to the other distances, and also compared to the 
sum of the ionic radi i (2.16Â).27) Since two types of 
L i + ions are present in L1VO3, the average fivefold 
coordinat ion means that half of the L i + ions are 
fourfold-coordinated and the other half are sixfold-
coordinated. 

Several efforts have been made to correlate the 31P 
chemical shift anisotropy with some structural factors 
such as the P - O bond length29) and the O - P - O 
angle.30) We deduce the following conclusions from a 
detailed inspect ion of the results and the crystal 
structure. /3-NaVC>3 is omit ted in the present discus­
sion, since the vanad ium coordinat ion is different. 

( 1 ) T h e magn i tude of the chemical shift anisotropy 
is much more dependent on 0(O(3)-V-O(3')) than on 
the other O - V - O angles. T h e 0 ( 3 ) - V - 0 ( 3 ' ) bond is 
the backbone of the VO3 chain. 

(2) T h e chemical shift anisotropy is smallest for the 
0 ( 3 ) - V - 0 ( 3 ' ) angle larger than 111 ° rather than for 
the perfect tetrahedral angle (109.5 °). 

(3) T h e other O - V - O angles play some role in the 
chemical shift anisotropy. a -NaV03 and L1VO3 have 
the larger anisotropics than the values extrapolated 
from the other four metavanadates which are orthor-
hombic . T h i s deviat ion can be explained by the fact 
that some O - V - O angles in L1VO3 and a -NaV03 
deviate very m u c h from the perfect tetrahedral angle. 
T h e 0 ( 2 ) - V - 0 ( 3 ' ) angles are 103.23° and 105.3° in 
L1VO3 and a -NaV03, respectively. 
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Synopsis. (NH4)ZnH3(P04)2H20[NZHP] was prepared 
by a wet method. NZHP was gradually decomposed to di-
(P2) and oligophosphates (rc=3—9: Poiigo). A part of the 
formation of Poiigo involved hydrolysis of the - P - O - P -
linkages of P2, which was accerelated by humidity. 7-
Zn2P207 partially crystallized from P2. Above 350 °C, NZHP 
was changed to long-chain ß-Zn(POs)2. 

A m m o n i u m zinc phosphate , (NH4)ZnP04, and its 
hydrates are k n o w n wi th regard to gravimetric 
determinat ions of zinc.1>2) They have also been studied 
regarding thermal decomposit ion.3 _ 7 ) 

It has been indicated in the literatures8 '9) that zinc 
cyc/o-tetraphosphate, Zn2P40i2, wi th an eight-mem-
bered r ing an ion was formed th rough dehydration-
condensat ion of zinc bis(dihydrogenphosphate) di-
hydrate Z n ( H 2 P 0 4 ) 2 - 2 H 2 0 . 

Frazier et al.10) reported the formation and X-ray 
diffraction data of ( N H 4 ) Z n H 3 ( P 0 4 ) 2 H 2 0 [ N Z H P ] . 
Since its molar rat io of zinc to phosphorus is 1/2, like 
that of Z n ( H 2 P 0 4 ) 2 - 2 H 2 0 , N Z H P is though t to pro­
duce zinc metaphospha tes wi th long-chain or eight-
membered r ing anions . 

Al though the thermal decomposi t ion of (NH4)-
ZnPÜ4 has been well studied, as ment ioned above, that 
of N Z H P has been reported only by Acharyya and 
Roy . n ) However, they did not refer to any method for 
separat ing and identifying, phospha te a n i o n s . n ) T h e 
purpose of the present work was to investigate the 
thermal decomposi t ion of N Z H P wi th regard to the 
effect of humid i ty and the formation of zinc cyclo-
te t raphosphate . Analysis of the various phospha te 
anions was performed by means of HPLC-FIA 
(HPLC-f low injection analysis), similar to in previous 
work.12"14) 

Experimental 

NZHP was prepared by a method different from that 
described in Ref. 11. Forty grams of phosphoric acid were 
mixed with 80 cm3 of distilled water. Two grams of zinc 
oxide were added to the diluted phosphoric acid solution to 
dissolve. The pH of the solution was adjusted to three with 
concentrated aqueous ammonia; it was then allowed to stand 
for four days at room temperature. The formed precipitate 
was filtered off, and washed with cold water, 50% (v/v) 
ethanol-water, and then acetone. The product was air-dried. 
It was characterized by X-ray diffractometry,10> and by 
determinations of phosphorus, ni trogen 12_14> and zinc.2) 

Streams of dry N2 gas and of two kinds of humid air 
(50 cm3 min - 1) were employed in order to investigate the 

+ Present address: Dainichiseika Kogyo Co., Ltd., Bakuro-
cho, Nihonbashi, Chuo-ku, Tokyo 103. 
++ Present address: Kanamori Kagaku Kogyo Co., Ltd., 

Shodaitajika-cho, Hirakata-shi, Osaka 573. 

effect of humidity on the thermal decomposition. The 
humid air streams were prepared by the use of an Ace 
Constant-humidity Generator Model AHC-1 (Ace Scientific 
Laboratory Co., Ltd.), as reported by Nariai et al.15) The 
humidity of the streams was controlled by changing the 
pressure of the air introduced into the apparatus, which was 
kept at the required temperature. One of the humid air 
streams, thus prepared, supplied ca. 1.0 mg of water vapor 
per minute, and the other ca. 1.9 mg min - 1 . Thermal 
decomposition was studied mainly by the use of a dynamic 
heating method (heating rate: 2.5 K min - 1). Isothermal 
experiments were also carried out at a fixed reaction time 
(5 h). The other experimental procedures were essentially 
the same as those described in the literature.12-14* 

Results and Discussion 

Figure 1 shows an example of thermal analyses (TG-
DTA) measured in air. T h e weight loss was ca. 2.1% at 
120 °C. Isothermal products heated at 120 ° C in a N 2 

gas stream did no t produce a weight loss as m u c h as 
that of ca. 4.7%, which was smaller than that 
calculated for the following equat ion (6.12%): 

(NH4)ZnH3(P04)2-H20 -* (NH4)ZnH3(P04)2 + H 2 0 . 

Since the isothermal products at 120°C contained a 
small amoun t of diphosphates, it is probably impossible 
to obtain anhydrous (NH4)ZnH3(P04)2 by a thermal 
treatment. Even the isothermal products hardly lost 
ammonia ; thus, the endothermic peaks at 80 and 
110 ° C can be at tr ibuted to the l iberation of a par t of 
the hydrated water of N Z H P . 

T h e notches of the DTA curve observed between 150 
and 450 ° C changed for each measurement , which 
must be due to the tendency of N Z H P to sputter. A 
weight loss of u p to 600 ° C was ca. 23.7%, which was 
close to that calculated according to the following 
equat ion (24.15%). 

100 200 300 400 500 600 
T/-C 

Fig. 1. Thermal analysis of (NH4)ZnH3(P04)2'H20 
measured in air. Heating rate: 2.5 K min -1 . 
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200 300 
T / * C 

400 

Fig. 2. Effect of humidity on the changes in the 
amounts of mono- (Pi) and diphosphates (P2) in the 
decomposition products of (NH4)ZnH3(P04)2-H20. 
O and A: Pi and P2 in dry N2 gas, © and A: Pi and P2 
in ca. 1.0 mg-HbO, • and A: Pi and P2 in ca. 1.9 mg-
H2O. 

400 
T/ 'C 

Fig. 3. Effect of humidity on the changes in the 
amounts of oligophosphates (n—?>—9) in the 
decomposition products of (NH4)ZnH3(P04)2-H20. 
O: dry N2 gas, €): ca. 1.0 mg-HbO, • : ca. 1.9 mg-Hb. 

(NH4)ZnH3(P04)2«H20 -> Zn(P03)2 + NH3 + 3H 20. 

Figures 2 and 3 represent the percentage of phospho­
rus a toms present as m o n o - (Pi), di- (P2) and oligo-
phospha tes (chain length n—Z—9: Poiigo) in the prod­
ucts, obta ined by hea t ing u p to the temperatures 
indicated by the arrows in Fig. 1. T h e products heated 
u p to temperatures below 380 ° C were dissolved well 
in a 0.1 mol d m - 3 Na2H2edta (disodium dihydrogen 
ethylenediaminetetraa^etate dihydrate) solut ion used 
for HPLC-FIA, whi le those heated u p to 450 and 
600 °C were not dissolved completely in the Na2H2edta 
solution. Therefore, since the HPLC-FIA data of the 
products above 450 ° C were not t hough t to show 
accurate percentages of phosphates in the products, 
the results are no t i l lustrated in Figs. 2 and 3. There 
were X-ray diffraction lines only due to zinc poly­
phospha te ß-Zn(PC>3)216) in the products heated u p to 
450 and 600 °C. Pre l iminary isothermal experiments 
in air gave the formation of ß-Zn(PC>3)2, even at 
350 °C; thus, jß-Zn(P03)2 was formed above 350 °C. 

Figures 2 and 3 show that the humid i ty decreased 
the amoun t s of d iphosphates (P2) between 250 and 
380 °C, whi le it increased those of ol igophosphates 
(Poiigo); thus, the formation of Poiigo probably involved 

ÜLAJ^VJ 
o X-ZmPiOi 

LJI^JKJSJ^ 

(a) 

D /3-Zn(P03)2 

• C^2-Zri2P40l2 

(c) 

Fig. 4. X-Ray diffraction patterns of the isothermal 
products under dry conditions, (a): at 250 °C for 5 h, 
(b): at 300°C for 5 h, (c): at 500°C for 5 h. CuKa 
radiation was used. 

a p a r t i a l hydro lys i s of - P - O - P - l inkages of P2. 
McGilvery and Scott reported such a hydrolytic effect 
of water vapor.17) T h e hydrolysis of P2 produces 
acidic monophospha t e s (Pi). In other words, it results 
in an increase in the hydroxyl groups. Reasonably, as 
indicated by T h i l o and Seemann,1 8 ) the increase causes 
more chances that the hydroxyl groups of the Pi 
encounter those of other phospha tes (ri^Z). It is 
certainly favorable for a heterogeneous solid-state 
reaction th rough which Poiigo is formed, i.e., condensa­
tion. Since some of a m m o n i a was evolved unt i l 300 ° C 
(ca. 20% against its content of NZHP) , the phosphates 
(ri^Z) mus t also have - O H groups to perform the 
condensat ion. As shown in Fig. 2, the humid i ty 
hardly made any apparen t differences in the dis­
appearance of monophospha tes (Pi), which implies 
that the condensat ion of the acidic Pi wi th the 
phosphates (ri^Z) took place immediately, indepen­
dent of the humidi ty . Therefore, in the temperature 
range (250—380 °C), humid i ty is though t to be more 
effective for the hydrolysis of the - P - O - P - linkages 
than for the retardation of l iberation of the water 
vapor produced by condensation. 

Figure 4 shows X-ray diffraction patterns of the 
isothermal products heated at 250, 300, and 500 ° C 
under dry condit ions. T h e products at 170 °C were 
amorphous , whi le those at 250 °C could not be 
characterized. T h e diffraction patterns of these 
products were not changed by the humidi ty . T h e 
diffraction lines of the samples heated at 300 °C under 
dry condi t ions, agreed wi th those due to y-Zn2P207 
(Fig. 4(b)).7) A l though h u m i d condit ions gave some 
lines, except for those of y-Zn2P207, these lines could 



966 NOTES [Vol. 63, No. 3 

no t be characterized in the present work. Anyway, 
y-Zn2P207 was obviously formed th rough dispro-
por t ionat ion . Isothermal experiments (reaction time: 
5 h) hardly showed any effect of humid i ty on the 
compos i t ion of phospha t e ions of the products , which 
mus t be at t r ibuted to the a t ta inment of equi l ibr ium. 
Perhaps the only format ion of y-Zn2P207 under dry 
condi t ions migh t result from a larger quant i ty of P2 
before the a t ta inment of equi l ib r ium (Fig. 2). 

X-Ray diffraction pat terns showed isothermal pro­
ducts at 500 ° C to consist of long-chain ß-Zn(PC>3)2 
and cyclo-tetraphosphate «2-Zn2P40i2.19) T h e h u m i ­
dity did no t cause any difference in the patterns. 
Beucher and Grenier19) reported that «2-Zn2P40i2 had 
strong diffraction lines at 13.8, 19.9 and 30.7° (d(A) 
reported are converted to 20(°) :Cu Ka radiation). 
C o m p a r i n g the corresponding lines in Fig. 4 wi th the 
strongest l ine of j8-Zn(P03)2 at 25.8°, 16> a2-Zn2P40i2 

was t hough t to be a m ino r component . T h e products 
were al lowed to s tand in a 0.1 mol d m - 3 Na2Fbedta 
solut ion for three days at room temperature. They 
were apparent ly fairly dissolved in the Na2Fbedta 
solut ion. If the solubil i ty of «2-Zn2P40i2 was the same 
as that of ß-Zn(PC>3)2, and if these phospha te ions were 
not hydrolyzed, the H P L C - F I A for the supernatant 
solut ion showed that ca. 90% and ca. 5% of phosphorus 
atoms in the products were present as polyphosphate 
ions and cyclo-tetraphosphate ions, respectively. And 
H P L C - F I A by the use of a rap id metathesis for 5 min , 
wi th a 10% (w/w) sodium sulfide aqueous solution, 
also gave results that there were hardly any cyclo-
t e t raphosphate ions. Therefore, we should like to 
conclude that the Zn(PÜ3)2 formed was no t zinc cyclo-
te t raphosphate Zn2P4Ûi2, but zinc po lyphospha te 
0-Zn(PO3)2 . 

T h e present work was partially supported by a 
Grand- in-Aid for Scientific Research No. 01750742 
from the Ministry of Educat ion, Science and Culture. 
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Dehydrogenation of Hydroaromatic Components in Coal-Derived 
Hydrocarbons for Structural Analysis 

Yoshikazu SUGIMOTO,* Yasuo MIKI, Masaaki OBA, and Shoko YAMADAYA 

National Chemical Laboratory for Industry, Higashi 1-1, Tsukuba-shi, Ibaraki 305 
(Received July 13, 1989) 

Synopsis. The dehydrogenation technique was evaluated 
by using several cyclic hydrocarbons, and was successfully 
used to convert hydroaromatic components in coal-derived 
nonpolar fractions into the corresponding aromatic com­
pounds. 

Detailed analyses of coal-derived l iquids are required 
for the development of coal liquefaction and utiliza­
tion. Since coal-derived l iquids include many 
hydrogenated homologues of polyfused aromatic 
compounds , dehydrogenat ion must be a useful 
pretreatment for structural analyses.1-3* 

T h e purpose of this work was to evaluate the 
dehydrogenat ion technique by us ing several cyclic 
hydrocarbons and to apply this technique to the 
dehydrogenation of coal-derived hydrocarbons. 

Experimental 

The standard hydroaromatic mixture was produced from 
the hydrogénation of 1-methylnaphthalene, fluorene, phen-
anthrene, fluoranthene, and pyrene over a presulfided 
Ni-Mo/AbOa catalyst at 375 °C for 1 h. Their conversions 
were 91, 12, 74, 92, and 68%, respectively. Anthracene and 
l,l'-binaphthyl were individually hydrogenated under the 
same conditions and the conversions were 99% for anthra­
cene and 100% for l,l '-binaphthyl. Other organic com­
pounds were used as received. 

Two samples derived from coal were used in this work. 
Sample A was a nonpolar fraction in the 280—450 °C middle 
distillate, which was produced from Wandoan coal in 
tetralin at 450 °C for 1 h. Sample B was a nonpolar fraction 
separated from the 250—400 °C middle distillate, which was 
produced by the further hydrocracking of Wandoan coal-
derived asphaltene over a presulfided Ni-Mo/Al203 catalyst 
at 375 °C for 2 h. 

200 mg of a 5%-Pt/Al203 catalyst was placed in the three-
necked flask(20 cmX2 cm, Fig. 1) and activated at 350 °C for 

Sample 

H2/N2 J J L 

Thermometer 

Magnetic 
st irrer 

1 h in a H2 stream. 500 mg of a sample was dropped and 
treated at 325 °C for 1 h in a H2/N2 (1:1) stream. The 
temperature was controlled at the outer wall of the flask and 
the inner temperature was also determined. The product 
was cooled to room temperature in a N2 stream, and analyzed 
by using a capillary GC and GC/MS. 

Results and Discussion 

Chromatograms of the standard hydroaromatic 
mixture and the dehydrogenated product (Fig. 2) 
showed that the dehydrogenat ion proceeded satisfac­
torily. T h e hydroaromatic components were converted 
over 90% in to the corresponding aromatic compounds 
(Table 1). T h e set temperature was 325 °C but the real 
reaction temperature was 275 ° C because the reaction 
system contained lower-boil ing-point compounds , 
such as hydrogenated 1-methylnaphthalenes and 1-
methylnaphtha lene (bp 242 °C). 

Cyclohexylbenzene, dodecylcyclohexane, hydrogen­
ated anthracene, and hydrogenated l , l ' -b inaph thy l 
were added to the standard mix ture individually and 
dehydrogenated under the same conditions. T h e 
hydroaromat ic components in the standard mixture 
were dehydrogenated sufficiently in all experiments, 
and hydrogenated l , l ' -b inaph thy l was dehydrogenated 
over 95%. However, conversions of the other cyclic 
hydrocarbons were not sufficient (65% for cyclohexyl­
benzene, 72% for hydrogenated anthracene and 49% for 
dodecylcyclohexane). T h e dehydrogenation of their 
compounds migh t require a higher temperature than 
275 °C. An at tempt was again made to dehydrogenate 
a mixture of hydrogenated anthracene and dodecyl­
cyclohexane at 325 °C (inner temperature 310 °C). 

a ®ô 

cô 

aW @o§> 

h ®è 
ce, 

@3@ 

M L A -

©©)„ jûr 

\ / L _ 

50 70 90 
Retention Time (min) 

Fig. 1. Reaction apparatus for dehydrogenation. 
Fig. 2. Gas chromatograms of standard hydroaroma­

tic mixture(a) and the dehydrogenated product(b). 
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Table 1. 

Aromatic compound 

1-Methylnaphthalene 
Fluorene 
Phenanthrene 
Fluoranthene 
Pyrene 

NC )TES 

Dehydrogenation of Standard Hydroaromatic 

Feedc) 

9 
88 
26 

8 
32 

none 

94 
100 
98 

100 
100 

Content of 

Ol 

93 
100 
96 

100 
99 

Mixture 

aromatic compound/%a) 

Additiveb) 

0 2 

94 
100 
97 

100 
99 

0 3 

93 
100 
99 
99 
99 

S 

28 
97 
78 

100 
99 

[Vol. 63, No. 3 

N 

76 
98 
94 
99 
99 

325°C, 1 h, Each additive is 5 wt% of the standard mixture, a) in the corresponding homologues, b) Ol: 
dibenzofuran, 02: l,l'-biphenyl-2-ol, 03 : anthrone, S: dibenzothiophene, N: benzo[/i]quinoline. c) The 
composition of each hydrogenated homologues is; lOH(decahydro-) 2%, 4H 89% for 1-methylnaph-
thalene, 6H 12% for fluorene, 12H 1%, 8H 40%, 4H 14%, 2H 19% for phenanthrene, 10H 28%, 4H 64% for 
fluoranthene, 10H 9%, 6H 36%, 2H 23% for pyrene. 

m/z 178 

70 72 74 76 78 80 

n 
< 

m/z 182 x 2 i l 

\ m/z 180 x4 

70 72 74 76 

Retention Time (min) 

78 80 

@i*T 

m/z 194 x2 

76 78 80 82 84 86 

76 78 80 82 

Retention Time (min) 

84 86 

Fig. 3. Single ion chromatograms of m/z 178, 180, 182 and m/z 192, 194, 196 for Sample A, 
coal-derived nonpolar distillate(a), and the dehydrogenated product(b). 

Anthracene and dodecylbenzene were produced over 
95% from the corresponding hydroaromatic compounds. 
Therefore, if a sample does not contain relatively low-
boiling-point components, the dehydrogenation will 
proceed sufficiently. 

Coal-derived liquids contain some kinds of hetero­
aromatic compounds; each of the heteroaromatic 
compounds was added to a standard mixture and 
dehydrogenated individually (Table 1). The oxygen-
containing compounds had little effect on the dehydro­
genation, but dibenzothiophene depressed the conversion 
remarkably. 

This dehydrogenation method was applied to struc­
tural analyses of coal-derived hydrocarbons. Sample 
A, coal-derived nonpolar distillate, was dehydro­
genated and the product was analyzed by GC/MS. 
Figure 3 shows ion chromatograms of m/z 178, 180, 
182 and m/z 192, 194, 196. Dihydro(2H)- and tetra-
hydro(4H)-phenanthrenes were converted to phenan­

threne completely, and 2H/4H-anthracenes were suffi­
ciently converted to anthracene, although a small 
amount of 2H-anthracene remained. Hydrogenated 
anthracene was one of the hydroaromatic compounds 
difficult to be dehydrogenated; therefore, the high 
conversion of 2H/4H-anthracenes implied that almost 
all hydroaromatic components in this sample were 
sufficiently converted to the corresponding aromatic 
compounds. The peaks unaffected by the dehydrogena­
tion treatment were the other compound-types, such as 
fluorenes (m/z 180, 194) and acenaphthenes/dibenzo-
furans (m/z 182, 196). 

Sample B, asphaltene-derived nonpolar distillate, 
contained much larger amounts of hydroaromatic 
compounds (Fig. 4a), and the assignment of each peak 
was more difficult due to a lack of authentic samples. 
However, the dehydrogenated product afforded a 
much simpler gas chromatogram (Fig. 4b), which 
consisted of aromatic compounds well-known to be 
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182 
222 

i5T 
196 196 

«*•"! H 2 ^ 2 ? 6 , 208?26 

l I L i ü J ^ 
218 

262 236 

—i 
100 80 90 

Retention Time (min) 

Fig. 4. Gas chromatograms of Sample B, asphaltene-derived 
nonpolar distillate(a), and the dehydrogenated product(b). 

present in anthracene oil4) such as phenanthrene , 
phenylnaphthalenes , f luoranthene, pyrene, benzacena-
phthene , benz[a]anthracene, b inaphthyls and their 
alkylated derivatives. 

T h i s work demonstrated that the dehydrogenat ion 
of hydroaromat ic compounds proceeded sufficiently 
over a PL/AI2O3 catalyst and that dehydrogenat ion is a 
very useful pretreatment for structural analyses of coal-
derived hydrocarbons. 
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The Amino-Imino Tautomerization of the 2-Aminopyridine-Acetic 
Acid System in Isooctane 
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The UV absorption spectra of 2-aminopyridine were measured in isooctane (2,2,4-trimethylpentane) 
containing various amounts of acetic acid at room temperature; the temperature dependence (20 — —80 °C), of 
the spectra was also determined, while the concentration of acetic acid was maintained constant. An 
additional shoulder band appeared around 335 nm in the spectra obtained when the acetic acid concentration 
was higher than 1X10-2 mol dm - 3 . The band corresponding to the 335 nm band was observed for 
monomethyl-substituted 2-aminopyridine. The 335 nm band was assigned to the 7T-7T* transition of the (E)-
2(lH)-pyridinimine moiety in the 2-aminopyridine-acetic acid complex. The proton transfer from acetic acid 
to 2-aminopyridine in the complex may be difficult energetically in the ground state. 

Numerous papers have been published on lactam-
lactim tautomerizations of 2-hydroxypyridine and its 
related compounds,1-6* while only a limited number 
of papers have reported on the amino-imino tautomer­
izations involving 2-aminopyridine and its related 
compounds. 

In a previous paper,7) from the UV absorption and 
the fluorescence spectral data concerning the 2-
aminopyridine-acetic acid system in isooctane (2,2,4-
trimethylpentane), it has been found that the forma­
tion of 2(lH)-pyridinimine (tautomer) and 2-
aminopyridinium (monocation) occurs in the lowest 
n,n* excited singlet state by means of interaction with 
acetic acid. Similarly, an amino-imino tautomeriza­
tion in the lowest excited n,n* singlet state was 
observed for the 4-amino-2-methyl-5H-chromeno[3,4-
c]pyridin-5-one (CPD :abbrev.)-acetic acid system,8* 
because CPD has 2-aminopyridine as a partial struc­
ture in the molecule. However, it is difficult to form 
2(lH)-pyridinimine directly from 2-aminopyridine in 
the ground state due to the large stability of the amino 
form. It was pointed out that an additional weak 
band appeared around 335 nm on the addition of 
acetic acid, whose concentration is higher than 10-2 

mol dm - 3 , to an isooctane solution of 2-amino­
pyridine. The nature of the additional band was not, 
however clarified in the previous paper.7) The band 
corresponding to the 335 nm band was not observed in 
the 2-aminopyridine-ethanol system. On the other 
hand, in the case of the 2,6-diaminopyridine-ethanol 
system, an additional band was observed around 345 
nm as a shoulder; it was assigned to the n,n* transition 
of 6-amino-2[lH]-pyridinimine.9) 

This paper aims to clarify the nature and the origin 
of the additional 335 nm band in the 2-amino­
pyridine-acetic acid system based on the concentra­
tion and temperature dependences of the absorption 
spectra and on MO theories. 

Experimental 

The purification of 2-aminopyridine and isooctane was 

described in a previous paper.7) The 3-methyl- and 6-
methyl-2-aminopyridine were purified by vacuum distilla­
tion to give samples with boiling points of 106.0—106.5 °C/ 
2.2 kPa and 80.4—80.6 °C/0.93 kPa respectively. The 4-
methyl- and 5-methyl-2-aminopyridine were recrystallized 
several times from benzene and hexane respectively. 2-
Dimethylaminopyridine was distilled at 119.0—119.5°C/1.3 
kPa prior to use. Acetic acid of an ultra-pure grade (Kanto 
Chemical Co., Inc.) was used without further purification. 
The apparatus of UV absorption measurements was used as 
has been described elsewhere.7) The absorption measure­
ments for various temperatures were carried out on the 
samples in a 10-mm-square quartz cell placed in a metallic 
Dewar vessel with two quartz windows. The temperature-
regulation of the samples was carried out by using liquid 
nitrogen. 

Methods of Calculation and Molecular Models 

The molecular models of 2-aminopyridine, (£)- and 
(Z)-2(lH)-pyridinimine, and 2-aminopyridinium which 
were obtained by the MINDO/3 method with full 
geometry optimization were used.7) For the sake of 
simplicity, the formic acid model was used for the 
acetic acid model in the present calculations. The 
following experimental values were used for the 
model of formic acid:10) 

C-H: 1.085 Â; C-O: 1.312 Â; C O : 1.245 Â; 

O-H: 0.95 Â; ZOCO: 124.3°; ZCOH: 107.8°. 

The molecular model of formate which was obtained 
by the 4-31G method was used.11) 

Figure 1 shows the three kinds of complex models. 
Model (1) corresponds to the 2-aminopyridine-acetic 
acid complex; Model (2), to the (£)-2(lH)-pyridin-
imine-acetic acid complex (tautomer model), and 
Model (3), to the 2-aminopyridinium-formate 
(proton-transferred model). The present complex 
models have three kinds of parameters-^, a, and ß, 
and they are all planar, as is also shown in Fig. 1. 
The geometry of each complex model was optimized 
with respect to the distance, R, and the angles, a and 
ß. The total energies (£T) of the complex models 
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(1) (2) (3) 

Fig. 1. The molecular models of three complexes 
used in the present calculation. The Model (1) 
corresponds to the 2-aminopyridine-acetic acid 
complex, the Model (2) to the (£)-2(lH)-pyri-
dinimine-acetic acid complex, and the Model (3) to 
the 2-aminopyridinium-acetoxide anion. 

were calculated under the assumption that the 
composite parts of the complex are invariant on com­
plex formation. The total energy of each complex 
model was calculated by changing R, a, and ß until it 
reached a minimum, by means of the ab initio STO-
3G method.12) 

Results and Discussion 

The addition of a small amount of acetic acid 
perturbs the absorption spectrum of 2-aminopyridine 
in isooctane, as is shown in Fig. 2. The large band 
shift to the longer wavelength, the enhancement of the 
band intensity, and the presence of the isosbestic point 
at 293 nm were attributed to the formation of a 
hydrogen-bonded 1:1 complex like Model (1), as is 
shown in Fig. 1.7) An additional band appears around 
335 nm in the spectrum of the 2-aminopyridine-acetic 
acid system in isooctane when the concentration of 
acetic acid is higher than 10-2 mol dmr3 (Fig. 2); then, 
the isosbestic point shifts to the longer wavelength. 
This experimental result indicates the appearance of 

0.6h 

c 
a 

< 

300 
Wavelength/nm 

Fig. 2. The UV absorption spectra of the 2-amino­
pyridine-acetic acid system in isooctane at 20 °C. 
Concentration of 2-aminopyridine: 1.0X10-4 mol 
dm -3; concentrations of acetic acid (mol dm -3): 
(1) 0, (2) 5X10-4, (3) 1X10-3, (4) 2X10-3, (5) 5X10~3, 
(6) 1X10-2, (7) 5X10-2, (8) 1X10-1. 

< 

300 
Wavelength/nm 

Fig. 3. The temperature effect on the UV absorption 
spectra of the 2-aminopyridine (1X10-4 moldm - 3 ) -
acetic acid (1X10-2 mol dm - 3) system in isooctane: 
(1) 20 °C, (2) 0 °C, (3) - 2 0 °C, (4) - 4 0 °C, (5) - 6 0 °C, 
(6)-80°C. 

c 
Ö 

< 0.5 

250 300 350 
Wavelength/nm 

Fig. 4. The temperature effect on the UV absorption 
spectra of the monomethyl-substituted 2-amino­
pyridine (1X10-4 mol dm-3)-acetic acid (1X10-2 

mol dm-3) system in isooctane: (1 ) 20 °C, (2) 0 °C, (3) 
- 2 5 °C, (4) - 5 0 °C, (5) - 7 5 °C, (6) - 9 5 °C. 
(a): 3-methyl-2-aminopyridine, (b): 4-methyl-2-
aminopyridine, (c): 5-methyl-2-aminopyridine, (d): 
6-methyl-2-aminopyridine. 

the other complex in the 2-aminopyridine-acetic acid 
system. Figure 3 shows the temperature dependences 
of the absorption spectra of the 2-aminopyridine-
acetic acid system in isooctane, the concentration of 
acetic acid being kept 10"2 mol dm - 3 . The intensity 
of the additional 335 nm band increases with the 
decrease in the temperature. The UV absorption 
spectra of monomethyl-substituted 2-aminopyridines 
at a constant concentration of acetic acid under var-
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ious temperatures are measured in order to ascertain 
the effect of methyl substi tution on the 335 n m band of 
2-aminopyridine. As is shown in Fig. 4, the bands 
corresponding to the 335 n m bands were observed for 
3-methyl-, 4-methyl-, 5-methyl-, and 6-methyl-2-
aminopyr id ines at low temperatures; however, the 
re la t ionsh ip between the band intensity (or the maxi­
m u m wavelength) and the methyl-substi tuted posi­
tion could not be clarified because of some uncertainty 
in the measurement. Further, in order to elucidate 
the relat ion of the 335 n m band wi th the NH2 g roup at 
the 2-position, the UV absorpt ion spectrum of the 2-
dimethylaminopyr idine-acet ic acid system was mea­
sured, as is shown in Fig. 5. T h e similar shoulder 
band observed in Fig. 2 was not found for the 2-

0.6 

£ 0.4 

0.2 h 

260 300 340 

Wavelength/nm 

Fig. 5. The UV absorption spectra of the 2-di-
methylaminopyridine-acetic acid system in isooc-
taneat20°C. 
Concentration of 2-dimethylaminopyridine: 1.9X 
10~4 mol dm -3; concentrations of acetic acid (mol 
dm-3): (1) 0, (2) IXIO-3, (3) 2X10~3, (4) 5X10~3, 
(5) 1X10-2, (6) 5X10-2, (7) 1X10-1. 

n 
r 

I L 

1 / * V 

I \ 

v V 

dimethylaminopyr id ine-ace t ic acid system. Accord­
ingly, this result suggests that the appearance of the 
shoulder band may be connected wi th the NH2 group. 

Table 1 shows the total energies and dipole 
moments of the 2-aminopyr idine and its related com­
pounds , as calculated by the ab ini t io STO-3G 
method. T h e present calculations show that 2-
aminopyr id ine is more stable than (£)- and (Z)-2(1H)-
pyr id in imine by 88.3 and 101.9 k j m o l " 1 respectively 
in the g round state. 

2-Aminopyridine in isooctane may be expected to 
form the following three complexes in the presence of 
acetic acid: 

1 
1 

,0 

®U - ®k CH3COOH 

vhr ^N' 

CH3 

( I ) 

•H 

S 

\ 

CH3 

(ID 

In the present calculations, Complexes I, II, and III 
correspond to Models (1), (2), and (3) respectively (cf. 
Fig. 1). 

T h e total energies, ET, and the equi l ib r ium dis­
tances, Rt, and angles, at and ße, of the three complex 
models were obtained after the opt imizat ion of the 
parameters, R, a, and ß, which are shown in Fig. 1, by 

Table 1. The Total Energies (ET), Energy Differences (AET), and Dipole Moments (/*) 
of the Optimized MINDO/3 Models of 2-Aminopyridine and Its Related 

Compounds, as Calculated by the Ab Initio STO-3G Method 

Compound ET/Z.U. AET/k] mol - Mcalc/D Mobs/D 

2-Aminopyridine 
(E)-2(1H)-Pyridinimine 
(Z)-2( 1H)-Pyridinimine 
2-Aminopyridinium 

-297.94762 
-297.91398 
-297.90879 
-298.41252 

0 
88.3 

101.9 
-1220 

1.763 
2.118 
3.380 

2.04a) 

a) M. T Rogers, / . Phys. Chem., 60, 125 (1956). 

Table 2. The Total Energies (ET), Equilibrium Distance Re
a), and Angles ae and ße

a) of 2-Amino­
pyridine-Formic Acid Complexes, the Energy Differences (AET) between the Complexes and 
Initial State, and the Dipole Moments (/*), as Calculated by the Ab Initio STO-3G Method 

Complex 

Model (1) 
Model (2) 
Model (3) 

£i /a .u. 

-484.18352 
-484.15616 
-484.14035 

Äe/A 

1.702 
1.835 
1.349 

«e/deg 

120.0 
130.5 
172.0 

ße/deg 

191.2 
180.0 
122.6 

AEi/kJmol- 1 

-74.5 
-2.84 
38.6 

/x/D 

1.389 
1.199 
6.337 

a) The equilibrium distances and angles of the models correspond to the R, a, and ß 
parameters of the three models shown in Fig. 1. 
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means of the ab initio STO-3G method. The calcu­
lated results are shown in Table 2. Each of the total 
energies of the complex models was compared with 
that of the initial state, that is, the sum of the total 
energies of 2-aminopyridine and formic acid. In 
Table 2, Model (1) is of the most stable among the 
three models. The A £ T of Model (1) corresponds to 
the hydrogen-bond energy of the 2-aminopyridine-
acetic acid system. The calculated value of 74.5 
kj mol-1 is larger than the experimental value of 47.3 
kj mol - 1 for the 2-aminopyridine-acetic acid system.7) 
However, it is noteworthy that Model (2) is more 
stable than the initial state, although the energy 
difference between Model (2) and the initial state is 
small. This calculated result suggests that the indi­
rect formation of a tautomer may be possible energeti­
cally in the ground state through the complex-
formation with acetic acid, although the direct forma­
tion of a tautomer is difficult. However, judging 
from the A£T value of Model (3), the proton transfer 
from acetic acid to 2-aminopyridine may be difficult 
in the ground state. 

The charge densities of Models (1) and (2) are shown 
in Fig. 6. 2-Aminopyridine and formic acid have dual 
characters, such as a proton donor and a proton accep­
tor, in the present models. In Model (1), the electron-
charge transfer occurs from 2-aminopyridine to formic 
acid by 0.005 electron units, while there is no electron 
transfer in the ̂ -electron system. However, in Model 
(2) the electron transfer occurs from formic acid to 
2(lH)-pyridinimine by 0.017 electron units, while 
there is no electron transfer in the ^-electron system. 
In both models, the charge transfer occurs in the a-
electron system through the hydrogen bonds. 

The first n-ri* absorption band of 2-aminopyridine 
in a strong acidic aqueous solution and that of the 2-
aminopyridine trichloroacetate salt appear at 305 nm; 
they are attributed to the first n-n* absorption band of 

2-aminopyridinium.7) The first n-n* absorption 
band of 2-aminopyridinium appears at a shorter wave­
length than the present shoulder band at about 335 
nm. Therefore, it may be unreasonable to attribute 
the shoulder band near 335 nm to Complex III. In 
Fig. 2 if it is assumed that the 335 nm shoulder band is 
to be assigned to (£)-2(lH)-pyridinimine, the energy 
difference between the first n-n* bands of 2-amino­
pyridine and (£)-2(lH)-pyridinimine is about 4600 
cm -1. The corresponding value as calculated by the 
CNDO/CI method is 4620 cm-1.7) 

Mason13) measured the absorption spectrum of 2-
imino-l-methyl-l,2-dihydropyridone, which can be 
regarded as a model compound of 2(lH)-pyridinimine. 
The model compound shows two absorption bands at 
317 and 251 nm in water and at 362 and 255 nm in 
cyclohexane. The first band at a longer wavelength 
is very broad in comparison with that of 2-amino­
pyridine, and its band maximum, as observed in 
water, shifts by 3900 cm - 1 in cyclohexane. The band 
maximum of the first band depends on the polarity of 
the solvent. From the methyl-substitution effect and 
dependence of the first band on the polarity of the 
solvent of 2-imino-l-methyl-1,2-dihydropyridone, the 
335 nm band position is in good agreement with that 
of 2-imino-1 -methyl-1,2-dihydropyridone. Therefore, 
the present assignment may be reasonable in view of 
both calculated and experimental results. It is inter­
esting that the fluorescence spectrum resulting from 
excitation at 330 nm was observed at 360 nm. The 
fluorescence spectrum at 360 nm was assigned to 2-
aminopyridinium in a previous paper.7) No fluores­
cence spectrum which corresponds to 2(lH)-pyridin-
imine was observed near 420 nm.7) These experi­
mental results suggest that the (£)-2(lH)-pyridin-
imine-acetic acid complex is converted rapidly into 
the cation complex, as is shown in Model (3) in the 
lowest excited n,n* singlet state. 

5.750 (0.901) 
0.8K 

8.3 46 0-
(1.801) 

0.94 3 

*} 7.459 (1.797) 0.914 

Ö.736 

.0 8.305(1.335) 

5.726 (0.864) 

0.926 

0.928 

[6.024 (0.913) 

'0.944 

T6.102 (1.107) 

5.752(0.903) 
0.867 

7.434 
,' (1.369) 

ModeKD 

0.702 

0 8.335(1.803) 
5.719(0.860) 

Fig. 6. The charge densities of the Models (1 ) and (2) 
for the 2-aminopyridine-formic acid complexes cal­
culated by the ab initio STO-3G method. The values 
of 7r-charge densities are shown in parentheses. 
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A statistical thermodynamic study of polar organic liquids has been worked out on the basis of the liquid 
model as an assembly of particles immersed in a uniform background potential, which was proposed in the 
preceding paper (Bull. Chem. Soc. Jpn., 63, 307 (1990). The liquid model is regarded as a kind of mean field 
approximation. Calculations of thermodynamic functions of eight polar liquids (acetone, 2-butanone, 
dimethyl sulfoxide, chlorobenzene, bromobenzene, benzonitrile, nitrobenzene, and aniline) have been per­
formed. The results show that the theory is effectively applicable to four polar liquids (acetone, 2-butanone, 
dimethyl sulfoxide, and nitrobenzene) as well as to nonpolar ones. However, for other four liquids (chloroben­
zene, bromobenzene, benzonitrile, and aniline) some deviations of calculated values from experimental data 
have been found, which are supposed to occur from some restriction of free rotation of molecules in these 
liquids. Detailed considerations have been given on this subject. 

Statistical thermodynamic calculations for non-
polar organic l iquids have been reported recently,1* 
and the l iqu id model which is described as an ensem­
ble of hard spheres immersed in a uni form back­
g round potent ia l resul t ing from attractive forces 
between molecules has turned out to be adequate and 
effective for nonpo la r l iquids. Therefore, we have 
under taken here the computa t ion of statistical ther­
modynamic functions for eight polar organic com­
pounds (acetone, 2-butanone, dimethyl sulfoxide, 
chlorobenzene, bromobenzene, benzonitri le, ni t roben­
zene, and anil ine) to elucidate the appl icabi l i ty of the 
l iquid model further and to have new insight in to 
polar organic l iquids. 

Theoretical 

The Basic Liquid Model. As shown in the preced­
ing paper, l ) a l iquid is regarded as an assembly of 
particles immersed in the uni form background poten­
tial. T h e uni form background potent ia l comes from 
the overall effect of the actions of the attractive forces 
between molecules. In the model, which is a kind of 
mean field approx imat ion , a molecule in the l iquid is 
regarded as a free rotor and, wi th respect to vibrat ional 
mot ions , in t ramolecular modes only are taken in to 
consideration. 

The Partition Function and Thermodynamic Func­
tions. T h e total par t i t ion function Z for the model 
used is expressed as a product 

Z= Qtrans. Q,rot. Qvib. Q,BG ( 1 ) 

in terms of the translat ional , rota t ional , vibrat ional 
and background potent ia l cont r ibut ion , respectively. 
T h e theoretical scheme, and nota t ions used, are qui te 
identical to that in the preceding paper,1* and only the 
equat ions required for the following calculat ions are 
given here. Its details are described in the previous 
papers.1 _ 4 ) 

Concern ing the translat ional par t i t ion function 
fol lowing expressions2 - 4* are given in the com­

bined form wi th the background potential factor QBG-

Qtrans. * Q,BG — 
2nmkT \3/2 

h* I 
efv exp(-<FN>av./&T), (2) 

where v is the volume for a molecule (=V/N) and 
—<FN>av. is the uniform background potential . T h e 
effective free volume fraction / is derived from the 
volume fraction f of hard sphere molecules in the 
l iquid. 

l&zSLV (3) 

(4) 

/ = ( l - f ) e x p L { 2 ( 1 _ ^ 

T o calculate f, the following expression is used. 

(1-f)3 RT 

T h e term a-JV in Eq. 4 corresponds to the uniform 
background potent ial — <FN> a v . 

T h e rota t ional par t i t ion function Qwt. and the 
vibrat ional par t i t ion function QVib. are expressed as 

äo t .= ~("^H (/A/B/C)1/2 

I" r f exp(hvj/2kT) Y\N 

[j=\ I l—i 

(5) 

(6) -exp(—hvj/kT)). 

where r is the number of intramolecular vibrat ional 
modes. 

Numerical Computations 

Procedure of Computations. As described in the 
preceding paper,x) the energy parameter an is deter­
mined th rough Eq. 7 from the heat of vaporization 
AHvap and V. 

au=V(AH^-RT), (7) 

T h e n , f is determined by Eq. 4 and a is 

a = (6(;N/nV)W. (8) 

Fundamenta l parameters an and a inc luding calcu­
lated values of f at 25 °C are shown in Table 1 together 
wi th the dipole moment /JL, the density d, AHvap and V. 
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AilTvap 

kjmol- 1 

30.96b) 

34.75e) 

52.89h) 

40.96k) 

44.43° 
55.47g) 

55.00n) 

55.75p) 

V 

cm3 mol - 1 

73.99 
90.17 
71.32 

102.2 
105.5 
103.0 
102.8 
91.54 

d 

gcm~3 

0.7849c) 

0.7997f) 

1.096° 
1.101c) 

1.488m) 

1.001c) 

1.198c'o) 

1.017° 

an 

kj cm3 mol - 2 

2107 
2910 
3595 
3933 
4426 
5459 
5399 
4876 

s -
0.4717 
0.4897 
0.5500 
0.5143 
0.5259 
0.5564 
0.5553 
0.5571 

a 

Â 

4.80 
5.19 
4.99 
5.50 
5.60 
5.66 
5.66 
5.45 

M 

Debyea) 

2.90d) 

2.76g) 

4.3j) 

1.782d) 

1.73d) 

4.14d) 

4.21d) 

1.53d) 

Table 1. Fundamental Energy Parameters AHvap, V, Density d, an, Calculated Values 
of £, a and Dipole Moment /x for Polar Compounds (25 °C) 

(CH3)2CO 
CH3COC2H5 
(CH3)2SO 
C6H5C1 
C6H5Br 
C6H5CN 
C6H5N02 

C6H5NH2 

a) Debye=3.3356X10-30 Cm. b) B. D. Smith and R. Srivastava, "Thermodynamic Data for 
Pure Compounds. Part A. Hydrocarbons and Ketones," Elsevier, Amsterdam (1986), p. 264. 
c) J. Timmermans, "Physico-chemical Constants of Pure Compounds," Elsevier, Amsterdam 
(1950). d) "Kagaku-Binran Kiso-Hen II," rev. 3rd ed, ed by Chem. Soc. Jpn., Maruzen, 
Tokyo (1984), pp. 720—722. e) J. K. Nickerson, K. A. Kobe, and J. J. Mcketta, / . Phys. 
Chem.,65, 1037 (1961). f) "International Critical Tables of Numerical Data, Physics, Chem­
istry and Technology," McGraw-Hill, New York (1926), Vol. Ill, p. 27 ff. R. W. Gallant, 
Hydrocarbon Processing, 47(8), 127 (1968). g) J. A. Riddick and W. B. Bunger, "Organic 
Solvents: Physical Properties and Methods of Purification," 3rd ed, Wiley Interscience, New 
York (1970). h) L. Clever and E. F. Westrum, / . Phys. Chem., 74, 1309 (1970). i) J. F. 
Casteel and P. G. Sears, / . Chem. Eng. Data, 19, 196 (1974). j) D. Martin, A. Weise and H. J. 
Niclas, Angew. Chem. Int. Ed. Engl. 6, 318 (1967). k) W. J. Jones and S. T. Bowden, Phyl. 
Mag., 37, 480 (1946). 1) D. R. Stull, E. F. Westrum Jr., and G. C. Sinke "The Chemical 
Thermodynamics of Organic Compounds," John Wiley and Sons, New York (1969). m) J. 
Meyer and B. Mylius, Z. Phys. Chem., 95, 349 (1920). n) K. M. Watson, Ind. Eng. Chem., 23, 
360 (1931). o) G. Palmer, Ind. Eng. 40, 89 (1948). p) W. E. Hatton, D. L. Hildebrand, G. C. 
Sinke, and D. R. Stull, / . Chem. Eng. Data, 7(2), 229 (1962). 

Table 2. Molecular Parameters IA, IB, le, o 

/ A / B 

10-4 0gcm2 10-40gcm2 10-40gcm2 

(CH3)2COa) 

CH3COC2H5
a) 

(CH3)2SOa) 

C6H5Cla) 

C6H5Bra) 

C6H5CNa) 

C6H5N02
a) 

C6H5NH2
b) 

82.55 98.54 170.89 2 
ZA-/B-/C=5961.2X10-3 7 gem2 1 
ZA-/B-/C=2880.0X10-3 7 g cm2 1 

147.9 535.8 683.8 2 
148.0 847.7 996.0 2 
148.3 542.5 691.0 2 
209.2 653.6 861.2 2 
149.5 323.6 472.2 1 

a) "Landolt-Bôrnstein Tabellen," Neue Serie, II Band, 
4 Teil, SS. 22 ff., Springer-Verlag, Berlin (1961). 
b) Moment of inertia was calculated from molecular 
structural data ("Landolt-Börnstein Tabellen," Neue 
Serie, II Band, 7 Teil, S. 334, Springer-Verlag, Berlin 
(1961)). 

Molecular parameters IA, h, le and o required to 
calculate thermodynamic functions are shown in 
Tab le 2. T h e int ramolecular vibrat ional frequencies 
have been taken from various sources.5~10) 

Free energy F and entropy S are expressed as 
follows: 

Firms.—~R T In 

Frot. =-RT In 

F vih.=-RT In 

2nmkT \3/2 

efv 
h2 I 

7iV21 Sn2kT \3/2 

h2 

<P/N>av. 

( / A / B / C ) 1 / 2 

n 
1 

11 l—Gxp(—hvj/kT) JJ 

(9) 

(10) 

(11) 

Strans. — R I n 

Srot. = R In 

•Jvib. 

2nmkT \3/2 

h2 

nW I Sn2kT \3/2 

+YR> 

« 2 

° \ h2 

(hvj/kT)exp(-hvj/kT) 

efv 

( / A / B / C ) 1 / 2 

l—exp(hvj/kT) 
•ln{l-exp(-hvj/kT)} 

(12) 

(13) 

(14) 

where zero-point vibrat ional energy is subtracted in 
Eq. 11. 

Calculated Results. Computa t ions of thermody­
namic functions, F, U, and S have been carried out 
according to the qui te identical procedure as described 
in the preceding paper1* and the results are given 
th rough Fig. 1 to Fig. 8 and th rough Table 3 to Tab le 
10. 

Discussion 

Liquid Structural Feature of Polar Compounds. 
According to the development of the l iquid state the­
ory in recent years , n ) f is wel l -known as the most 
impor tan t quant i ty which pr imari ly governs the ther­
modynamic properties of fluids. For normal fluids 
treated in the preceding paper1* its magni tudes are 
nearly 0.47—0.48, as shown formerly by the computer 
s imula t ion studies by Hoover and Ree.12) 

As seen in Tab le 1, the magni tudes of f are larger 
than 0.51 except for the cases of acetone and 2-
bu tanone . There is seen a pararell ism between 
AHvap or flu/ V and f, which is considered to be natura l . 
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Fig. 1. Temperature dependence of U and F for liq­
uid (CH3)2CO. 
a) 44.39 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) R.C. Wilhoit, J. Chao, and K.R. Hall, / . Phys. 
Chem. Ref. Data, 14, 1 (1985). 

t/°C 

Fig. 3. Temperature dependence of U and F for liq­
uid (CH3)2SO. 
a) 70.12 k j mol"1 (AHsub at 0 K) has been added to U. 
b) H.L. Clever and E.F. Westrum, Jr., / . Phys. 
Chem., 74, 1309 (1970). 
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Fig. 2. Temperature dependence of U and F for liq­
uid CH3COC2H5. 
a) 50.84 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) G.C. Sinke and F.L. Oetting, / . Phys. Chem., 68, 
1354 (1964). 
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Fig. 4. Temperature dependence of U and F for liq­
uid C6H5CI. 
a) 57.24 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) D.R. Stull, / . Am. Chem. Soc, 59, 2726 (1937). 
C.L. Yaws and J.L. Liang, Chem. Eng., 82, Oct. 27, 
119(1975). 
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t/°c 
Fig. 5. Temperature dependence of U and F for liq­

uid C6H5Br. 
a) 61.38 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) See footnote b) of Fig. 4. 

Especially for the cases of dimethyl sulfoxide, ben-
zonitrile, nitrobenzene and aniline, where /JL is larger 
than 4 Debye (Debye=3.3356X10-30 Cm) with the 
exception of aniline, the magnitudes of f are seen to 
amount to 0.55. This gives a clear account of strong 
compactness of molecular packing in these strong 
polar liquids in general. 

Behaviors of Thermodynamic Functions (Acetone, 
2-Butanone, Dimethyl Sulfoxide and Nitrobenzene). 
From Figs. 1, 2, 3, and 7, Tables 3, 4, 5, and 9, it can be 
seen that calculated values of F, U and S are rather in 
good agreement for acetone, 2-butanone, dimethyl 
sulfoxide and nitrobenzene in spite of the strong 
polarities of these compounds. The deviations of Scaic 

from Sobs are under 6% for these polar liquids. Espe­
cially for dimethyl sulfoxide and nitrobenzene, the 
calculated values are fundamentally in good agree­
ment with the observed ones in spite of their very 
strong polarity. This means that the liquid model of 
free rotor picture immersed in uniform background 
potential is applicable enough to such strong polar 
compounds. 

Effectiveness of the Generalized van der Waals Pic­
ture for Liquids. As shown in the preceding para­
graph the present liquid model has turned out to be 
useful to represent thermodynamic properties of 
strong polar fluids, dimethyl sulfoxide and nitroben­
zene as well as to be so for nonpolar liquids.1* The 
present model is a kind of the mean field approxima-
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Fig. 6. Temperature dependence of U and F for liq­
uid C6H5CN. 
a) 70.12 kj mol"1 (AHsub at 0 K) has been added to U. 
b) Thermodynamic functions have been calculated 
from specific heat data of solid, heat of fusion (data 
from Design Institute for Physical Property Data, 
issued by American Institute of Chem. Engineers, 
New York (1989)) and specific heat data of liquid 
(A.A. Mir aliev, Sh. G. Shakhmuradov, and S.O. 
Guseinov, Izv. Vyssh. Uchebn. laved., Neft Gaz, 
30(4), 55 (1987)). 

tion and also a form of the generalized van der Waals 
picture. It is the idea that the harsh repulsive forces, 
the hard core interactions, dominate the liquid struc­
ture for dense fluids where the overall attractive inter­
actions play as a uniform background potential to the 
motions of hard core molecules on the whole.13'14* 

It has been shown by the authors group that the 
model is useful in describing the thermodynamic 
behaviors of liquid metalsl6). 

Concerning the dynamical properties of fluids, 
Dymond and Alder16) proved the usefulness of the 
picture in the calculation of transport coefficient for 
rare gas fluids at densities greater than their critical 
regions, where the free-flight approximation as the 
movement of particles in straight lines between hard 
core collisions dominates the Brownian-motion ap­
proximation17* involving many soft collisions occur-
ing from attractive part of the potentials (Rice-Alnatt 
theory17*). This situation is supposed to occur at 
high densities as stated by Weeks, Chandler, and 
Andersen,18) and the authors group and others have 
shown it in the MD simulation studies.19'20* 

In addition to the overall views concerning the 
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t/°c 

Fig. 7. Temperature dependence of U and F for liq­
uid C6H5N02 . 
a) 73.78 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) Thermodynamic functions have been calculated 
from specific heat data of G.S. Parks, S.S. Todd, 
and W.A. Moore, / . Am. Chem. Soc, 58, 398 (1936) 
and N.B. Vargaftik, 'Tables on the Thermophysi-
cal Properties of Liquids and Gases," 2nd ed., Hals­
ted Press, New York (1975). 

generalized van der Waals picture described above, it 
has turned out in the present work inc lud ing preced­
ing paper1* that the l iquid model is useful in represen­
tation of their thermodynamic behaviors when their 
effective hard sphere diameters are determined from 
the equa t ion of state even if their molecular shapes are 
not spherical. T h i s has proved to be true for s trong 
polar fluids such as dimethyl sulfoxide when no spe­
cific or associative molecular interactions are present. 
T h e usefulness is suppor ted by the constancy of the 
magn i tude of the effective hard sphere diameter a wi th 
variat ion of temperature as shown in Table 1 of the 
preceding paper.x ) St rong polari ty has an effect in 
general to increase the packing fraction f (Table 1) 
and this strengthens the above-described dominance 
of hard core interactions as Weeks et al. emphasized.18) 

T h e most impor t an t reason why the present l iquid 
model is so successful in representing thermodynamic 
behaviors of non-associated l iquids in spite of its 
simplicity is clearly ascribed to the usefulness of the 
equa t ion of state as a k ind of h igh temperature 
approx ima t ion as follows; 

«a pV l+£+£2 

NkT (l-£)3 NkTV + 0 7̂ 2 
(15) 

trc 
Fig. 8. Temperature dependence of U and F for liq­

uid C6H5NH2. 
a) 71.63 kj mol"1 ( AHsub at 0 K) has been added to U. 
b) See footnote p) of Table 1. 

We use Eq. 15, ignor ing the term O (1/T 2) in the 
present work. Equa t ion 15 has a striking feature that 
the first and second terms in the h igh temperature 
expansion series are large in their magni tudes and 
have inverse sign, and the approx imat ion in Eq. 4 is 
always effective. 

Fur thermore , in the present calculation we have 
used no adjustable parameters as usually made in 
these calculations. We used experimental values of 
AHvap at 25 °C to determine an, which has turned ou t to 
be practically kept constant in the range of tempera­
tures for these l iquid as shown in Table 1 in the 
preceding paper.x) 

Behaviors of Entropy for Benzene Derivatives. In 
Tables 6, 7, and 8, it is seen that deviations of Scaic from 
Sobs a m o u n t to 10—15% for chlorobenzene, bromoben-
zene and benzonitrile. In these molecules, it is sup­
posed that the rotat ion a r o u n d the axis of the largest 
momen t of inertia is restricted (Table 2). In these 
cases, vibro-rotat ional mot ion in intermolecular 
vibrat ional modes is expected instead. As for benzene 
and benzene derivatives in solid state, such intermolec­
ular vibrat ional mot ions have been observed. 

These intermolecular vibrat ional frequencies are 
reported as 40—50 cm - 1 2 1 '2 2) for solid benzene, and 
then it is expected that there exist nearly the same 
intermolecular vibrational frequencies near 40 cm - 1 , a 
little smaller than those in solid state may be, for 
benzene derivatives in l iqu id state. 
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Table 3. Entropy of Liquid (CH3)2CO (J K"1 mol"1) 

t 

0 
10 
20 
25 
30 
40 
50 

o trans 

68.8 
70.8 
72.7 
73.7 
74.6 
76.3 
78.1 

Orot 

94.1 
94.6 
95.0 
95.2 
95.4 
95.8 
96.2 

o a) 
Ovib 

37.0 
38.5 
40.1 
40.8 
41.6 
43.2 
44.7 

Ototal 

199.9 
203.9 
207.8 
209.7 
211.6 
215.3 
219.0 

Oobs 

188.7 
192.9 
197.5 
199.6 
201.7 
205.8 
209.6 

a) VJ were adopted from Ref. 5, p. 123. b) See footnote b) 
of Fig. 1. 

Table 4. Entropy of Liquid CH3COC2H5 
(JK-imol-1) 

t 

0 
10 
20 
25 
30 
40 
50 
60 

0 trans 

69.5 
71.6 
73.5 
74.5 
75.4 
77.2 
79.0 
80.7 

Orot 

106.0 
106.4 
106.8 
107.1 
107.3 
107.7 
108.1 
108.4 

0 a) 
Ovib 

53.7 
55.9 
58.2 
59.3 
60.4 
62.6 
64.9 
67.1 

Ototal 

229.2 
233.9 
238.5 
240.9 
243.1 
247.5 
252.0 
256.2 

Oobs 

225.1 
230.7 
236.1 
238.8 
241.5 
246.6 
251.8 
256.8 

a) VJ were adopted from Ref. 5, p. 149. b) See footnote b) 
of Fig. 2. 

Table 5. Entropy of Liquid (CH3)2SO (J K"1 mol"1) 

t 

25 
30 
40 
50 
70 

0 trans 

58.8 
59.8 
61.8 
63.8 
67.6 

Orot 

104.0 
104.2 
104.6 
105.0 
105.8 

0 a) 
Ovib 

37.7 
38.6 
40.4 
42.2 
45.9 

ototal 

200.5 
202.6 
206.8 
211.0 
219.3 

Oobs 

188.8 
190.8 
195.8 
200.8 
210.5 

a) VJ were adopted from Ref. 6, p. b) See footnote b) of 
Fig. 3. 

Table 6. Entropy of Liquid C6H5C1 (J K"1 mol"1) 

t 

0 
10 
20 
25 
30 
40 
50 
60 

0 trans 

70.7 
72.8 
74.8 
75.7 
76.6 
78.5 
80.2 
81.9 

Orot 

109.4 
109.8 
110.3 
110.5 
110.7 
111.1 
111.5 
111.9 

ç a) 
Ovib 

30.5 
32.6 
34.8 
35.9 
36.9 
39.1 
41.4 
43.6 

Stotal 

210.6 
215.2 
219.9 
222.1 
224.2 
228.7 
233.1 
227.4 

o b) 
Oobs 

184.5 
189.8 
195.0 
197.5 
200.1 
205.0 
209.8 
214.6 

a) VJ were adopted from Ref. 7. b) See footnote b) 
of Fig. 4. 

Table 7. Entropy of Liquid C6H5Br (J K"1 mol"1) 

t 

0 
10 
20 
25 
30 
40 
50 
60 

O trans 

72.2 
74.3 
76.3 
77.3 
78.2 
80.1 
81.8 
83.6 

Orot 

112.8 
113.3 
113.7 
113.9 
114.1 
114.6 
114.9 
115.3 

ç a) 
Ovib 

34.2 
36.3 
38.5 
39.6 
40.8 
43.0 
45.3 
47.6 

ototal 

219.2 
233.9 
228.5 
230.8 
233.1 
237.7 
242.0 
246.5 

Oobs 

194.5 
200.0 
205.4 
208.1 
210.5 
215.7 
220.7 
225.6 

a) VJ were adopted from Ref. 7. b) See footnote b) of 
Fig. 4. 

Table 8. Entropy of Liquid C6H5CN (J K"1 mol"1) 

t 

0 
10 
20 
25 
30 
40 
50 
60 

0 trans 

57.8 
60.1 
62.3 
63.4 
64.5 
66.5 
68.5 
70.4 

Orot 

109.5 
109.9 
110.4 
110.6 
110.8 
111.2 
111.6 
112.1 

Ovib 

39.8 
42.2 
44.7 
45.9 
47.1 
49.6 
52.2 
54.7 

ototal 

207.0 
212.2 
217.4 
219.9 
222.4 
227.3 
232.3 
237.2 

oobs 

176.0 
181.9 
187.7 
190.6 
193.4 
199.1 
204.6 
210.1 

a) Vj were adopted from Ref. 8. b) See footnote b) 
of Fig. 6. 

Table 9. Entropy of Liquid C6H5N02 (J K"1 mol"1) 

t 

10 
20 
25 
30 
40 
50 
60 

0 trans 

62.7 
64.9 
65.9 
67.0 
68.9 
70.9 
72.7 

Srot 

118.8 
119.2 
119.5 
119.7 
120.1 
120.5 
120.8 

0 a) 
Ovib 

41.6 
44.2 
45.5 
46.9 
49.6 
52.3 
55.0 

ototal 

223.1 
228.3 
230.9 
233.6 
238.6 
243.7 
248.5 

oobs 

214.9 
221.2 
224.4 
227.4 
234.9 
239.7 
245.6 

a) VJ were adopted from Ref. 9. b) See footnote b) 
of Fig. 7. 

Table 10. Entropy of Liquid C6H5NH2 (J K"1 mol"1) 

t 

0 
10 
20 
25 
30 
40 
50 
60 

0 trans 

55.4 
57.7 
59.9 
61.0 
62.0 
64.0 
66.0 
67.8 

Orot 

111.5 
112.0 
112.4 
112.6 
112.8 
113.2 
113.6 
114.0 

ç a) 
Ovib 

29.0 
31.3 
33.6 
34.8 
36.0 
38.5 
40.9 
43.4 

Ototal 

195.9 
201.0 
205.9 
208.4 
210.9 
215.7 
220.5 
225.2 

Oobs 

174.8 
181.5 
188.0 
191.3 
194 
200 
206 
213 

a) VJ were adopted from Ref. 10. b) See footnote b) 
of Fig. 1. 
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Table 11. Recalculated Thermodynamic Functions for C6H5C1, C6H5Br, and C6H5CN (25 °C) 

C6H5C1 

C6H5Br 

C6H5CN 

cale 
recale 
ob s 

cale 
recale 
ob s 

cals 
recale 
ob s 

F 

kjmol- 1 

-32.83 
-25.12 
-25.49 

-32.25 
-26.07 
-27.45 

-31.88 
-24.17 
-23.27 

kin 

7.45 
6.21 

7.45 
6.21 

7.45 
6.21 

vib 

7.20 
7.20 

7.74 
7.74 

8.74 
8.74 

U 

kj mol" 

in ter-
mol 

— 
2.25 

— 
2.25 

— 
2.25 

-î 

C/BG 

18.74 
18.74 

19.43 
19.43 

17.11 
17.11 

Total 

33.39 
34.40 
33.39 

34.58 
35.63 
34.60 

33.30 
34.31 
33.56 

trans 

75.7 
75.7 

77.3 
77.3 

63.4 
63.4 

J 

rot 

110.5 
66.0 

113.9 
68.0 

110.6 
66.1 

S 

K-imol"1 

., inter-vib , mol 

35.9 — 
35.9 22.0 

39.6 — 
39.6 22.0 

44.6 — 
44.6 22.0 

Total 

222.1 
199.6 
197.5 

230.8 
206.9 
208.1 

218.6 
196.1 
190.6 

Thus, a tentative consideration is made as in the 
following. That is, for chlorobenzene, bromoben-
zene and benzonitrile the thermodynamic functions 
are recalculated, deleting one mode of free rotation 
corresponding to the largest moment of inertia and 
counting in one intermolecular vibrational mode 
instead. The partition function for intermolecular 
vibro-rotational mode is expressed as Eq. 16. 

= n([exp(-Ä/y/2ÄT)][l-•exp(-Ä/y/ÄT)]-i), (16) 

where /, is the intermolecular vibrational frequencies 
and r is the number of degree of freedom (r=l in the 
present case). The partition function for two free 
rotational mode is expressed as Eq. 17. 

Qrot. = [(I/OF) (S^kT/h2) ( / A / B ) 1 / 2 ] ^ (17) 

where IK and IB are the moments of inertia for free 
rotational axes. Thermodynamic functions are cal­
culated from Eqs. 16 and 17. The recalculated values 
are given in Table 11. 

In Table 11, the results show very good agreement 
of Scale with Sobs than original calculated values. 
Thus, it can be said that for such compounds as 
chlorobenzene, bromobenzene and benzonitrile free 
rotation is forbidden about the largest moment of 
inertia and a rotational vibration appears instead, and 
to other two axes free rotation is allowed. 

The situation is different for nitrobenzene and ani­
line. The reason why rather good agreement is seen 
between calculated and observed values for nitroben­
zene in sharp contrast with the case of benzonitrile, 
which has quite similar properties with nitrobenzene 
(Table 1), is not clear. For aniline some deviations 
are observed. The reason is attributed to the presence 
of hydrogen bonds between molecules, probably. 

Concluding Remarks 

The statistical thermodynamic approach presented 
in the preceding paper was applied to estimate ther­
modynamic functions of eight polar liquids. Calcu­
lated values were rather in good agreement with 

observed ones on the whole for polar compounds such 
as acetone, 2-butanone, and dimethyl sulfoxide 
including nitrobenzene in spite of their strong polari­
ties. For aromatic derivatives such as chlorobenzene, 
bromobenzene, and benzonitrile, however, fairly large 
deviations of calculated values from observed ones 
were found. The reason was elucidated by taking 
account of restricted rotation of the molecules and 
intermolecular vibrational mode in these liquids. 

The liquid model presented here has, thus, proved 
to be effective and useful as well for polar liquids as 
for nonpolar ones if the method is applied 
deliberately. 
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Effect of Starting Compositions on the Growth of Calcium 
Tungstate Crystals from Sodium Tungstate Flux 
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Experimental evidence for the effect of starting compositions on the growth of CaWÜ4 crystals from 
Na2WÜ4 flux was given on the basis of the obtained solubility data. Crystal growth was conducted by heating 
mixtures at 1100 °C for 5 h, followed by cooling to 500 °C at a rate of 5 °C h_1. Octahedral crystals up to 4.5 mm 
in size were grown. Mixture with ATSL(—Tsoak temperature-Tuquidus temperature)—340 °C produced 226 crystals measur­
ing about 2.2 mm on the average. The crystal sizes decreased gradually and crystal numbers increased 
remarkably with a decrease in ATSL. The crystal sizes were mainly determined by the number of crystals 
grown. The value of ATSL played an important role in controlling the size and number of the crystals grown. 
It was experimentally confirmed that a greater ATSL or lower solute content resulted in larger crystals. 

T h e flux growth of many inorganic substances has 
been carried ou t by a slow cool ing method with spon­
taneous nucleat ion. In a t t empt ing to grow large 
crystals of an oxide from a flux, it is generally neces­
sary to perform many "tr ial and error" experiments. 
First, choosing the flux is very difficult due to a lack of 
fundamental data as well as the crystal-chemical pr in­
ciples of b o n d i n g in solut ion. Even if a suitable flux 
is chosen, large numbers of small crystals are usually 
obtained. T h e flux-solute ratios are varied at a given 
soak temperature unt i l a small number of crystals of 
the desired size grow. In this way, it is empirically 
well known that the sizes of crystals grown from fluxes 
are significantly influenced by the start ing composi­
tion. However, u n a m b i g u o u s evidence for the effect 
of the start ing composi t ions on the sizes of crystals 
grown has scarcely been reported. As an example of 
the attention given to starting compositions, Wanklyn1* 
has proposed empirical rules for the start ing composi­
tions for p roduc ing large crystals of some complex 
oxides. 

We have proposed the gu id ing pr inciple to choose a 
suitable flux for the growth of oxide crystals.2) O n 
the basis of this pr inciple , Na2WC>4 was chosen as flux 
for the growth of CaWC>4 crystals.2) Octahedral crys­
tals of CaW04, u p to 3 m m in size, were grown from 
the flux.2) According to the growth runs , it was also 
found that Na2W04 flux was non-volat i le at h igh 
temperatures. Therefore, C a W 0 4 - N a 2 W 0 4 is a suit­
able system to investigate the effect of start ing compo­
sitions on the flux growth of oxide crystals. Another 
advantage of Na2W04 flux is that it dissolves rapidly 
in water. Some papers have been reported3 - 6) regard­
ing the growth of CaW04 crystals from Na2W04 flux; 
Roy et al.4'5) and Roy6) have investigated the effect of 
the cooling rate on crystallization. 

T h e present paper describes the effect of the start ing 
composit ions on the growth of C a W 0 4 crystals from 
Na2W04 flux. T h e sizes and numbers of crystals 
grown were examined. T h e solubili ty of CaW04 in 
Na2W04 was also determined. O n the basis of solu­

bility data, the effect of the difference between the soak 
and l iquidus temperatures, ATSL(—Tso&k temperature 

TYiquidus temperature), on the sizes and numbers of crystals 
grown is discussed. 

Experimental 

Reagent grade CaCOß, WO3, and Na2CÛ3 were used for 
the flux growth of CaWÛ4. Mixtures having CaW04 con­
tents of 5, 10, 15, 20, 25, 30, 35, 40, and 45 mol% were 
prepared. The weights of the mixtures were about 41 g 
(about 36 g as CaW04-Na2W04) during all growth runs. 
The mixtures were put into platinum crucibles of 30 cm3 

capacity. After the lids were closely fitted, the crucibles 
were placed in an electric furnace with silicon carbide heat­
ing elements. The furnace was heated at a rate of about 
50°Ch"1 to 1100°C, held at this temperature for 5 h and 
then cooled at a rate of 5°Ch" 1 to 500 °C. When the 
cooling program was completed, the furnace was allowed to 
cool down to room temperature. Crystal products were 
separated by dissolving the flux in warm water. The 
obtained crystals were investigated by X-ray diffraction. 
Photographs of the crystals grown were taken. The 
numbers of the crystals of over 0.5 mm in size were counted 
during respective growth runs. The sizes of grown crystals 
were measured. In addition, the morphology of the crystals 
grown was also observed. 

The solubility of CaWÜ4 in Na2WÛ4 was determined by 
subtracting the amount of CaW04 crystals left after heating 
at temperatures 550—1200°C from the amount of the origi­
nal CaWÛ4. Prepared mixtures of excess crystals (1—3mm 
in size) of CaWÛ4 and Na2WÛ4 powder prepared were put 
into platinum vessels. The total charge was 3—10. g. 
After dissolution of CaWÜ4 in Na2WÜ4 flux had proceeded 
for 5 h at a controlled temperature, the undissolved CaWÛ4 
crystals were separated from the quenched CaW04-Na2W04 
system by dissolving the Na2WÛ4 flux in warm water, where 
small crystals of CaW04 dissolved in the flux were left. 

Results and Discussion 

Solubility of C a W 0 4 in N a 2 W 0 4 . T h e solubility 
of CaWÜ4 in Na2WC>4 was determined wi th in the 
range 550 to 1200 °C. It was confirmed in prel imi-
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Fig. 1. Solubility of CaWÛ4 in Na2WÛ4 as a func­
tion of temperature. 

nary experiments that maintaining a given tempera­
ture for 5 h was sufficient for equilibration. Evapo­
ration of Na2WC>4 was scarcely observed during 
solubility experiments. 

The dependence of the solubility on the tempera­
ture is shown in Fig. 1. At temperatures below 
595 °C, the CaW04-Na2W04 system did not melt. At 
600 °C, CaWC>4 was dissolved in Na2W04 at a concen­
tration of about 4.7 mol% (about 4.8 g in 100 g 
Na2WC>4). The solubility increased with tempera­
ture. At 1200 °C, CaW04 had a solubility of about 
47.5 mol% (about 88.6 g in 100 g Na2W04). The 
solubility at a soak temperature of 1100°C corre­
sponds to a starting composition of CaWC>4 (39.4 
mol%)-Na2WO4(60.6 mol%). On the basis of the sol­
ubility curve, the saturation temperatures of the mix­
tures containing 5, 10, 15, 20, 25, 30, 35, 40, and 45 
mol% solute are about 600, 680, 760, 830, 910, 980, 
1050, 1110, and 1170°C, respectively. It was found 
that mixtures containing between 5 and 35 mol% 
solute are unsaturated at the soak temperature of flux 
growth runs. In the case of a mixture containing 40 
or 45 mol% solute, the solution is incomplete at the 
soak temperature. Figure 1 indicates that mixtures 
containing 10 to 45 mol% solute can produce CaWC>4 
crystals by slow cooling. On the other hand, a mix­
ture containing 5 mol% solute can not produce 
CaW04 crystals. 

Regarding the solubility of CaW04 in Na2W04 or a 
pseudobinary system, CaW04-Na2W04, some data 
have been reported.3>4>7>8) However, they are in dis­
agreement with one another. The solubility meas­
ured in this study is close to that reported by Roy and 
Packter4) at temperatures between 650 and 900 °C. At 
1000 or 1100 °C, our solubility is somewhat lower than 
that obtained by them.4) In this study, solubility 

Fig. 2. CaWÛ4 crystals grown in Na2WÛ4 flux (1 
division=l mm). 
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Fig. 3. X-ray diffraction patterns (CuKa) of CaWÛ4 

crystals. 
(a): Octahedral crystal, (b): Pulverized crystallite, 
(c): CaW04 JCPDS data.9) 

investigations were performed under equilibrium con­
ditions. It is therefore considered that the obtained 
solubility is well suited for studying flux growth by 
slow cooling. 

Flux Growth of CaW04 Crystals. Mixtures con­
taining 15 to 45 mol% solute produced crystals of 
varying sizes. On the other hand, mixtures contain­
ing 5 and 10 mol% solute did not produce crystals of 
over 0.5 mm in size. It can be seen from Fig.l that a 
mixture containing 5 mol% solute did not produce 
crystals. Ten mol% solute was considered to be insuf­
ficient for growing crystals of over 0.5 mm in size. 

Some typical crystals grown are shown in Fig. 2. 
The obtained crystals were identified as CaW04 by an 
X-ray powder diffraction method. Calcium tung-
state crystals were octahedral, colorless, and transpar-
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ent. Solute contents in mixtures did not change this 
habit. The proportion of well-formed crystals was 
larger at lower solute contents. In order to determine 
the Miller indices of grown crystal faces, the crystals 
were laid on a holder plate and investigated by X-ray 
diffraction. Figure 3 shows X-ray diffraction profiles 
of octahedral crystals, pulverized crystallites, and 
CaW0 4 JCPDS data.9) As shown in Fig. 3(a), only 
the diffraction patterns of the (112) and (224) planes 
were prédominent. It is therefore considered that 
octahedral crystals are bounded by well-developed 
{112} faces.10) The basic form of CaWC>4 crystals is a 
regular octahedron. Bulky CaWC>4 crystals grown 
from KCl flux were also bounded by the {112} faces.n) 

According to observations under a microscope, visible 
flux inclusions were rarely found in colorless crystals. 

During these growth runs, evaporation of the flux 
was less than 1 wt%. The influence of evaporation on 
crystal growth was negligible. The platinum cruci­
bles were found to be undamaged after use. Sodium 
tungstate flux did not attack the platinum crucibles. 

Sizes of CaW04 Crystals. In the same way as the 
usual exploratory flux growth, successive cooling 
runs from the soak temperature were carried out. 
The starting compositions of varied solute-flux ratios 
in the range from 5 to 45 mol% solute were used. On 
the basis of the obtained information from solubility 
d a t a , t h e A T S L ( — Tso&k temperature- ^Liquidus temperature) V a l u e s 

of the mixtures containing 5, 10, 15, 20, 25, 30, 35, 40, 
and 45 mol% solute were estimated to be about 500, 
420, 340, 270, 190, 120, 50, -10, and - 7 0 °C, respec­
tively. Figure 4 shows the relation between the 
number of grown crystals over 0.5 mm in size and 
ATSL (solute content in mixture). The number of 
crystals grown from a mixture with A T S L Z Z 3 4 0 ° C was 

226. The crystal numbers tended to increase as ATSL 
decreased. When ATSL was —70 °C, crystals amount­
ing to 1788 were grown. In the case of A T S L = 3 4 0 to 
50 °C, crystals were grown from unsaturated solutions 
at a soak temperature of 1100°C on subsequent slow 
cooling. The numbers of crystals grown from the 
mixtures with ATSL—~~10 and — 70 °C appeared to be 
related to the presence of an undissolved solute. Any 
undissolved solute particles in the solution were likely 
to act as nucleation centers when crystallization 
occurred. Wanklyn et al.12) have reported that the 
number of a-Fe2C>3 crystals grown from a PbO-V20s 
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Fig. 4. Relation between number of crystals and 
ATSL (solute content in mixture). 
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flux increased as A T S L decreased. In order to grow a 
small number of a-Fe2C>3 crystals, the soak tempera­
ture was at least 65 °C above the l iquidus 
temperature.1 2 ) 

T h e size distr ibutions of grown crystals of over 0.5 
m m in size are shown in Fig. 5. In Fig. 5, the relative 
frequency is plot ted against the size of the crystals. 
Crystals u p to 4.5 m m in size were grown. T h e sizes 
of grown crystals were dependent on the value of 
ATSL. It was found that mixtures wi th a higher value 
of A T S L tended to produce larger crystals. T h e varia­
t ion of the average sizes of grown crystals of over 0.5 
m m in size wi th A T S L (solute content in mixture) is 
shown in Fig. 6. T h e average size of crystals grown 
from the mixture wi th A T S L : Z : 3 4 0 O C was about 2.2 
mm. T h e average sizes of the crystals gradually 
decreased as A T S L decreased. When A T S L was 

~70 °C, the average size was about 0.9 m m . 
It is obvious from Figs.4—6 that the crystal sizes 

were mainly determined by the numbers of crystals 
grown. T h e crystal sizes decreased and the crystal 
numbers increased wi th decreasing ATSL- T h e 
smaller the number of crystals grown, the more favor­
able the growth was likely to be. T h i s tendency is 
similar to that for growth from aqueous solution. 13> 
When A T S L was great, the rate of formation of nuclei 
was small and the growth of the nuclei previously 
formed proceeded faster than those formed later. 
When A T S L was small, the rate of formation of nuclei 
was large and the new particles were formed even after 
the nucleat ion. When A T S L was —10 or — 70 °C, an 

excessive degree of nuclea t ion was likely to result due 
to undissolved solute particles. These effects are 
mainly related to the increase in nucleus number wi th 
the decrease in A T S L . It is considered that, at greater 
value of A T S L , smaller numbers of nuclei were formed 
and larger crystals grew on to these nuclei. 

In this way, the value of A T S L played an impor tan t 
role in cont ro l l ing the number or size of the crystals 
grown. It is confirmed from Figs. 1 and 4—6 that a 
greater A T S L results in a smaller number of large 
crystals. Soaking at temperatures well above the 
l iquidus reduced the number of crystals obtained on 
subsequent slow-cooling. T a k i n g the results of flux 
growth and solubility in to account, it is usually 
rewarding to use mixtures wi th greater value of A T S L , 
or dilute solut ion, to grow larger crystals. 

Conclusion 

T h e growth of CaWC>4 crystals from Na2WC>4 flux 
was found to be influenced by the start ing composi­
tions of mixtures. T h e experimental evidence was 
given on the basis of the obtained solubility data. 

(1) T h e crystal sizes gradual ly decreased wi th 
decreasing A T S L . 

(2) T h e crystal numbers increased as A T S L 
decreased. 

(3) It is confirmed that a greater ATSL, or lower 
solute content, resulted in larger crystals. 
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Single layered polysilicate kanemite (NaHSi20s • 3H2O) was allowed to react with alkyltrimethylammo-
nium chloride solutions to form alkyltrimethylammonium-kanemite complexes. During the organic interca­
lation, the SiÛ2 layers in the complexes were condensed to form three-dimensional SiÛ2 networks. The 
calcined products of the complexes had micro pores 2—4 nm in diameter, and the surface areas were ca. 900 
m 2 g - 1 . The pore size of the calcined products was altered with the variation in the alkyl-chain length of the 
alkyltrimethylammonium ions employed. 

Kanemite (NaHSi20s -3H20) , one of the layered 
polysilicates, has been found by J o h a n et al.1* A 
synthetic method has been developed by Beneke and 
Lagaly.2) T h e layers of kanemite are composed of 
single-layered sheets of SiÛ4 tetrahedra, such as 
KHSi2053) and a-Na2Si20s,4) a l t hough the precise crys­
tal structure has not yet been determined. A report 
on organic intercalation compounds of kanemite has 
already been presented by Beneke and Lagaly.2) 

According to this report, it was possible to exchange 
N a + ions in the interlayer space of kanemite wi th 
organic cations. T h e intercalat ion of alkylamines 
in to the interlayer space of acid-treated kanemite was 
also possible. 

29Si-MAS N M R spectroscopy is a useful method for 
the structural study of silicates. Chemical shifts of 
29Si atoms in silicates depend mainly on the number 
and kind of atoms connected wi th SiÛ4 tetrahedra.5) 

In previous studies,6-8* the 29Si-MAS N M R spectra of 
layered polysilicates, such as <5-Na2Si205, KHS12O5, 
and kanemite, indicated only the signals due to Q 3 

environments in SiÛ4 tetrahedra (-OSi(OSi s)3), for 
these layered polysilicates consist of single-layer sheets 
of S i 0 4 tetrahedra. However, the 29Si-MAS N M R 
spectrum of H2Si205-III,6,8) which is the acid deriva­
tive of <5-Na2Si205, KHS12O5, and kanemite, showed 
the signal due to the Q 4 envi ronment in SiÛ4 
tetrahedra (Si(OSi=)4) in addi t ion to the signal due to 
the Q 3 environment . T h i s means that H2S12O5-III is 
relatively unstable and that interlayer condensat ion 
between S iOH groups on the surface of the SiÛ2 layers 
in this layered polysilicic acid occurs. In our prel im­
inary study,9) it was confirmed by means of 29Si-MAS 
N M R that the delaminat ion of kanemite also occurred 
dur ing the ion-exchange of interlayer N a + ions wi th 
a lkyl t r imethylammonium ions. Wi th regard to 
KHS12O5, it has been confirmed very recently that 
delaminat ion and interlayer condensat ion occurred 
dur ing the ion-exchange of interlayer K+ ions wi th 
a lky lammonium ions.8) 

O n the other hand , there has been g rowing interest 
in the so-called pillared clays because of their possible 
use for catalysts and molecular sieves, since the pore 

sizes can be designed to be larger than those of zeo­
lites.10) It seems that, by varying the size of the pillars 
and the spacing between pil lars, porous silicates wi th 
adjusted pore sizes can be prepared. However, in 
general, the ion- exchange capacities of clays are not 
variable in a broad range, and the kinds of polyoxocat-
ions or clusters which can be intercalated are also 
l imi ted . n ) T h u s , the pore sizes and the pore-size dis­
t r ibut ion of pi l lared clays can not be regulated freely. 
Since the deformation of the layers in kanemite can be 
expected on organic intercalat ion, a specific SiÛ2 net­
work would form if organic guest substances were 
selected appropriately. 

Therefore, in the present study, we used kanemite as 
the start ing material and investigated the SiÛ2 struc­
ture of the a lky l t r imethy lammonium complexes. 
Furthermore, we discussed their conversion to inor­
ganic porous materials by means of calcination. 

Experimental 

Starting Materials. The kanemite was prepared by the 
method described by Beneke and Lagaly.2) A mixture of 
amorphous silica and NaOH (S1O2: NaOH=l : 1) was 
dispersed in 100 ml of methanol with cooling; it was then 
dried at 100 °C for 2 weeks. After this dried material had 
then been calcined at 700 °C for 5.5 h, the product was 
dispersed in water, filtered, and air-dried. The formation 
was checked by means of X-ray powder diffraction and 29Si-
MAS NMR. The chemical analysis also showed that the 
composition was the same as that of NaHSi20s • 3H2O. 

Preparation of Alkyltrimethylammonium-Kanemite 
Complexes and the Thermal Treatment. Alkyltrimethyl-
ammonium-kanemite complexes were prepared by cation-
exchange, as has been described by Beneke and Lagaly.2) 
One hundred ml of a 0.1 mol dm - 3 alkyltrimethylammo­
nium chloride (CnH2n+i(CH3)3N+Cl-, n=12, 14, 16, or 18) 
aqueous solution was added to 1 g of kanemite, and then the 
suspension was stirred for one week at 65 °C. While the 
suspension was being stirred, this pH was kept between 8 
and 9. After the filtration of the product, the same proce­
dure was repeated. Then, the product was washed with an 
excess of acetone and air-dried. 

The complexes were calcined up to 700 °C in air by means 
of a thermal analyzer, in which the alkyltrimethylammo-
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nium ions were pyrolyzed completely. 
Analyses. The X-ray powder diffraction patterns were 

obtained with a Rigaku Rad-IB diffractometer using Ni-
filtered Cu Ka radiation. The 29Si-MAS NMR spectra were 
obtained with a JEOL GSX-270 spectrometer at 53.67 MHz. 
The external standard was tetramethylsilane, and a gated 
high power proton decoupling technique without cross 
polarization was employed with a 45° pulse. The 29Si-CP 
MAS NMR spectra were obtained with a JEOL GSX-400 
spectrometer at 79.42 MHz. The matched radiofrequency 
field amplitude of CP was 38.46 kHz, the 90° pulse was 6.5 
Ms, the CP contact time was 2 ms, and the pulse repetition 
time was 5 s. The IR spectra were recorded on a Shimadzu 
IR-435 infrared spectrometer. The Brunauer-Emmet-
Teller (BET) surface areas of the calcined products were 
determined by means of N2 adsorption at the temperature of 
liquid nitrogen using a Shimadzu Digisorb 2600 apparatus. 
The pore-size distributions of the calcined products were 
determined by use of a cylindrical capillary model12) from N2 
adsorption-desorption isotherms using a Digisorb 2600. 
Some calcined alkyltrimethylammonium-kanemite com­
plexes were also examined by means of transmission elec­
tron microscopy (TEM), using a thin-section technique. 
The powder samples were first embedded in Quetol 65113> 
and then sectioned with a glass knife. Micrographs were 
taken with a Hitachi H-700H electron microscope at 200 kV. 

Results and Discussion 

Alkyltrimethylammonium-Kanemite Complexes. 
T h e X-ray powder diffraction pat terns of kanemite 
and the product obtained by the reaction wi th dode-
cy l t r imethy lammonium ions are shown in Fig. 1. 
Only the peaks at d=0.433 nm, 0.406 nm, and 0.250 
n m were observed after the reaction. These peaks 
could be at tr ibuted to dehydrated kanemite.2 ) Th i s 
means that the single-layered silicate structure derived 
from kanemite was partly retained in the product. 
T h e broad peak at a round 20=15—30° indicated that 
the crystallinity of the product decreased drastically 
and that de laminat ion proceeded. T h e products pre-

Swr \**t»mNW W^ UJ 
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Fig. 1. X-Ray powder diffraction patterns of a) 
kanemite and b) dodecyltrimethylammonium-
kanemite complex. 

pared by the reaction wi th other a lkyl t r imethylammo-
n i u m ions also exhibited similar X-ray powder dif­
fraction patterns. 

A similar pat tern has been reported in the KHSi20s-
ethyl- or h e p t y l a m m o n i u m system, in which broad 
reflections are observed in the 5—10° 20 range and in 
the 20—30° 20 range, accompanied by some sharper 
peaks. 

Figures 2c—e show the variat ion in the X-ray 
powder diffraction pat terns of the dodecyltrimethyl-
a m m o n i u m reaction products wi th the reaction time. 
Each pat tern shows two peaks at 3.7 n m and 3.1 nm. 
T h e latter peak agreed wi th the result obtained by 
Beneke and Lagaly.2) T h u s , this peak was ascribable 
to dodecyl t r imethylammonium intercalated kanemite, 
which has no interlayer condensat ion. In fact, the 
peak at 3.1 n m disappeared after washing wi th ace­
tone. Figures 2c—e show that the intensity of the 
peak at 3.7 nm, which was possibly attr ibutable to the 
interlayer condensed product , increased with the reac­
tion time. T h i s result agreed wi th that from 29Si-CP 
MAS N M R , which will be described below. In fact, 
after a reaction time of 2 weeks, the peak at 3.1 n m 
disappeared. (Fig. 2b) T h e powder X-ray diffraction 
patterns of the products obtained by the reaction wi th 
other a lky l t r ime thy lammonium ions for 2 weeks indi­
cated similarly large d-spacings: 4.1 nm, 4.6 nm, and 
5.0 n m in the tetradecyl-, hexadecyl-, and octadecyl-
t r ime thy lammonium kanemites respectively. 

T h e 29Si-MAS N M R spectrum of kanemite (Fig. 3a) 

a) x\ 
b) 

c) 

d) 

e) 
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Fig. 2. X-Ray powder diffraction patterns in lower 
26 region of a) kanemite and b—e) dodecyltrimethyl-
ammonium-kanemite complexes. 
(Reaction time: b) 2 weeks, c) 1 h, d) 3 h, and e) 1 d.) 
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Fig. 3. 29Si-MAS NMR spectra of a) kanemite, b) 
dodecyltrimethylammonium-kanemite complex, 
and c) calcined (700 °C) dodecyltrimethylammo-
nium-kanemite complex. 
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Fig. 4. 29Si-CP MAS NMR spectra of dodecyltrime-
thylammonium-kanemite complexes. (Reaction 
time: a) 1 h, b) 3 h, and c) 1 d.) 

showed only one peak, at —97.2 p p m , which was 
assigned to the Q 3 envi ronment in SiÛ4 tetrahedra 
(OSi(OSi=)3),5) s imilar to the result reported by 
Pinnavaia et al.7) T h i s result supported the single-
layered silicate structure of kanemite. However, 
the spectrum of the dodecy l t r imethy lammonium-
kanemite complex (Fig. 3b) showed a further peak at 
— 109.2 p p m , which was definitely assigned to the Q4 

envi ronment in SiÛ4 tetrahedra (Si(OSi=)4). When 
magadi i te and kenyaite were used as start ing layered 
polysilicates, the 29Si-MAS N M R spectra showed no 
changes between the or iginal layered polysilicates 
and their a lky l t r ime thy lammonium ion-exchanged 
forms. 14'15) J u d g i n g from these results, some of the 
silicate layers of kanemite were condensed dur ing the 
ion exchange reaction, and a three-dimensional SiÛ2 
network was formed. Other a lkyl t r imethylammo-
n i u m - k a n e m i t e complexes also exhibited similar 29Si-
MAS N M R spectra. 

Figure 4 shows the 29Si-CP MAS N M R spectra of the 
complexes which were prepared by the reaction wi th 
dodecyl t r imethylammonium chloride solut ions for 
various reaction times. Even the spectrum of the 
product which was treated for 1 h shows the Q4 peak; 
the intensity of this Q4 peak increased wi th the reac­
tion time. These results show that the interlayer 
cross-l inking occurred partial ly, even du r ing the 
init ial cation exchange, and that it proceeded 
gradually. 

T h e IR spectra of these a lky l t r imethy lammonium 

products indicated the absorpt ion peaks due to the 
a lky l t r imethy lammonium ions. ICP results showed 
that these products contained no N a + ions. From 
these results, it can be said that the N a + ions in the 
interlayer spaces of kanemite were exchangeable wi th 
a lky l t r imethy lammonium and that alkyltr imethylam-
m o n i u m - k a n e m i t e complexes were formed. 

Elemental analysis of all the alkyl t r imethylammo-
n i u m - k a n e m i t e complexes showed that they con­
tained about 0.1 mol of a lky l t r imethylammonium 
ions per mol of SiÛ2. T h i s result indicated that not 
all the N a + ions were exchanged wi th alkyltrimethyl­
a m m o n i u m ions. As has been described above, 
a lky l t r ime thy lammonium-kanemi te complexes con­
tained no N a + ions. A previous report2) indicated 
that about 70% of the N a + ions were exchanged wi th 
protons at p H = 8 . 5 when kanemite was titrated wi th 
dil. HCl . Therefore, some of the N a + ions must have 
been exchanged wi th protons to form Si-OH groups. 
Silanol g roups on ne ighbor ing SiÛ4 tetrahedra layers 
are thought to be condensed wi th each other, because 
the cat ion-exchange was conducted under the condi­
tions of 65 °C and p H = 8 — 9 . 

Since kanemite is made u p of single layers com­
posed of SiÛ4 tetrahedra, the layers are easily 
deformed. Therefore, it is considered that the neigh­
bor ing bent layers in the a lky l t r ime thy lammonium-
kanemite complexes are able to be condensed wi th 
each other. T h e a lky l t r imethylammonium ions in 
the complexes were surrounded by these bent layers. 
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Therefore, it was considered that the layered structure 
derived from kanemite was still retained, at least in 
part, in the three-dimensional structure of the com­
plexes. The fact that the X-ray diffraction peaks due 
to dehydrated kanemite appeared at 0.433 nm, 0.406 
nm, and 0.25 nm supported this model. However, 
since the detailed structure of kanemite has not yet 
been clarified, a concrete structural model of the com­
plexes can not be displayed at present. 

Heat Treated Products of the Alkyltrimethylammo-
nium-Kanemite Complexes. The 29Si-MAS NMR 
spectrum of the heat-treated product of the dodecyl-
trimethylammonium-kanemite complex indicated a 
broadened peak whose top was at —108.6 ppm (Fig. 
3c). Although this peak was mainly due to the Q4 

environment, judging from the chemical shift, the 
broadening and the low symmetry of this peak sug­
gested some presence of the Q3 peak. From this find­
ing, it appears that the structure of the dodecyltrimeth-
ylammonium-kanemite complex changed further. 
However, the X-ray powder diffraction pattern of the 
calcined product indicated a pattern similar to that of 
the untreated dodecyltrimethylammonium-kanemite 
complex. From this result, it can be assumed that the 
three-dimensional SiÛ2 network in the calcined dodec-
yltrimethylammonium-kanemite complex was still 
retained after the heat treatment. In the calcined 
products obtained from other alkyltrimethylammo-
nium-kanemite complexes, the three-dimensional 
SiÛ2 networks were retained after calcination, since 
their X-ray powder diffraction patterns indicated d 
values similar to those of the alkyltrimethylammo-
nium-kanemite complexes. 

Each specific surface area of the calcined products 
has almost the same value; about 900 m2g~1. On the 
other hand, the specific surface area of H-kanemite 
(H2S12O5-III) calcined at 700 °C was only about 50 
m 2g- i This means that adsorption by N2 mole­
cules was introduced to the inner surface of the cal­
cined products. Judging from the results obtained by 
means of the Cranston-Inkley method,12) most of the 
surface areas in the calcined products resulted from 
the surface of mesopores less than 10 nm in diameter. 
If the large surface area arises from the pores among 
the surfaces of small aggregated, non-porous SiÛ2 
particles, the diameter of the particles should be about 
2.9 nm. However, as is shown in the transmission 
electron micrograph to be described below, such 
aggregated particles could not be found. Therefore, 
the influence of the external surface of the particles on 
the surface areas was estimated to be very low. That 
is to say, even after the alkyltrimethylammonium ions 
in the complexes had been eliminated by calcination, 
the three-dimensional SiÛ2 networks were well 
retained and micro pores were formed. 

The pore-size distribution of the calcined products 
was then calculated by means of the Cranston-Inkley 
method12* (Fig. 5), from these results, the range of the 

d/nm 

Fig. 5. Pore size distributions in the calcined prod­
ucts obtained from a) dodecyl-, b) tetradecyl-, 
c) hexadecyl-, and d) octadecyl-trimethylammo-
nium-kanemite complexes. 

a) 

b) 

100 nm 

Fig. 6. Transmission electron micrographs of the 
a) octadecyltrimethylammonium-kanemite com­
plex and b) calcined (700 °C) octadecyltrimethylam-
monium-kanemite complex. 

pore-size distribution of each calcined product was 
very narrow; the pore size increased from about 2 nm 
to about 4 nm with the length of the alkyl chain in the 
alkyltrimethylammonium ions employed. This fact 
indicated the synthesis of porous SiÛ2, whose pore size 
was controlled by varying the kind of alkyltrimethyl-
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ammonium ion. 
The transmission electron micrographs of the 

octadecyltrimethylammonium-kanemite and its cal­
cined product are shown in Fig. 6. Although the 
alkyltrimethylammonium-kanemite has seemingly 
retained its layer structure (Fig. 6a), the single-layered 
silicate sheet is so thin that the lines in the TEM 
image can not correspond to the single layered sheet 
itself. The precise observation of the image sug­
gested that the lamellar lines indicated the formation 
of uneven layers. Since the other data, obtained by 
means of 29Si-MAS NMR and X-ray powder diffrac­
tion, indicated the formation of a three-dimensional 
SiÛ2 network, the image probably exhibited just the 
overall arrangement of the condensed SiÛ2 skeleton at 
its macromolecular level. The micrograph of the 
calcined product (Fig. 6b) showed a form similar to 
that of the uncalcined complex. The image also 
suggested that the uneven SiCh layers were retained in 
a similar manner. This finding was in agreement 
with the XRD results for the calcined product, in 
which the large d spacing remained. The TEM 
images of other alkyltrimethylammonium kanemites 
before and after calcination were also similar. 

In conclusion, alkyltrimethylammonium-kanemite 
complexes were synthesized by the treatment of 
kanemite with alkyltrimethylammonium chloride 
solutions. 29Si-MAS NMR and X-ray powder diffrac­
tion clarified that SiÛ2 layers in the complexes were 
condensed with each other to form three-dimensional 
SiÛ2 networks. The calcined products of the com­
plexes have micropores whose sizes increased with the 
length of the alkyl chain in the alkyltrimethylammo­
nium ions used. These facts indicated the synthesis 
of porous SiÛ2 with a controlled pore size. 
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Electrostatic and Hydrophobie Interactions in the Ion Associations 
between Tripositive Complex Ions and Sulfonate Anions 
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The ion associations of [Co(NH3)6]3+, [Cr(en)3]3+(en=ethylenediamine), leh-[Cr(R-chxn)3]3+ (leh=lel, 
lel,lel-, and chxn=£rarc5-l,2-cyclohexanediamine), [Co(bpy)3]3+ (bpy=2,2'-bipyridine), [Co(phen)3]3+(phen= 
1,10-phenanthroline), and [Cr(phen)3]3+ with CI", S04

2", CH3SO3-, C6H5S03-, (CH2S03)2
2-, and m-

C6H4(S03)22~ were investigated at 25 °C by means of conductivity measurements of aqueous mixed electrolyte 
solutions with a stoichiometrically constant ionic strength of 0.01 mol dm - 3 . The ion-association constants 
thus obtained were compared with each other and also with those estimated by the use of electrostatic theories of 
ion association. Some specific interactions besides such usual electrostatic ones were found to play important 
roles in the ion associations of S0 4

2 _ with [Co(NH3)6]3+ and [Cr(en)3]3+, in those of CeHsSO-r and m-
C6H4(S03)22- with [Co(phen)3]3+, [Cr(phen)3]3+, and [Co(bpy)3]3+, and in those of S04

2", C6H5S03-, and m-
C6H4(S03)2

2~ with /^/3-[Cr(ß-chxn)3]3+. The specific interactions existing in the first group were presumed to 
be short-range electrostatic ones, such as hydrogen-bonding, and in the second group, the so-called hydrophobic 
ones. The complex ion, /^/3-[Cr(K-chxn)3]3+, seemed to have both interactions, depending on the counter 
anions. 

T h e kinetics of the aqua t ions of cobalt(III) or 
iron(II)-complex cations hav ing hydrophobic l igands 
are, unusual ly , affected by the presence of sulfonate 
anions . 1 _ 3 ) These u n u s u a l effects have been ascribed 
to hydrophobic interact ions between the complex 
cations and the sulfonate anions. In these cases, the 
hydrophobic interaction affects the reactions with an 
electrostatic one. In the present study, the ion-
association constants between several tripositive metal 
complex ions wi th hydrophobic or hydrophi l ic 
l igands and various an ions wi th hydrophobic or 
hydrophi l ic groups were obtained by the conductivity 
method in order to establish what kinds of cations and 
anions form ion pairs more easily than would be 
expected from pure electrostatic interaction. Con­
ductivity measurements were made at a stoichiometri­
cally constant ionic strength (Jst—0.01) according to 
the cont inuous-var ia t ion method, the usefulness of 
which has previously been demonstrated for the mixed 
systems of [Co(NH3)6]Cl3-Na2S04 and [Co(en)3]Cl3-
Na2S04.4) T h i s method was confirmed to be useful 
and convenient for the investigation of ion association 
by means of chang ing counter ions, a l t hough the abso­
lute values of the ion-association constants still 
include some uncertainties, dependending on the 
assumpt ions made on the analysis. As the present 
purpose is to examine systematically the specific inter­
actions by compar ing the various ion-association con­
stants obtained, this method is expected to be applica­
ble. Various kinds of complex cations and anions 
(listed in the synopsis) were used to examine whether 
or not specific interactions such as the hydrophobic 
one between the ions are present. T h e magni tudes of 
specific interactions cont r ibu t ing to the ion associa­
tion were estimated by compar ing the experimental 
ion-association constants wi th those calculated from 
electrostatic theories of ion association.5 _ 7 ) 

Experimental 

Materials. The complex salts, [Co(NH3)6]Cl3 (Complex 
1),8> [Cr(en)3]Cl3 • 3H 2 0 (Complex 2),9> lel,lel,lel-[Cr(chxn)3]-
C13-3H20 (Complex 3),10> [Co(bpy)3]Cl3 • 4H 2 0 (Complex 
4),n> and [Co(phen)3]Cl3 • 5H 2 0 (Complex 5),n> were pre­
pared and recrystallized according to the methods in the 
literature. The [Cr(phen)3]Cl3 • 6H 2 0 complex (Complex 6) 
was obtained from the Perchlorate;12) an aqueous solution of 
the Perchlorate was passed through chloride ion-exchange 
resin, and then the chloride was crystallized from the solu­
tion in a rotating evaporator. The recrystallization was 
performed from a water-ethanol solution with the addition 
of benzene. The purities of the crystals were confirmed by 
elemental analyses of the hydrogen, carbon, and nitrogen 
and by comparing the maxima of the absorption spectra 
with the literature values. The results of the elemental 
analysis were as follows. Complex 2 Found: C, 18.1; H, 7.9; 
N, 21.6%. Calcd for [Cr(en)3]Cl3-3H20: C, 18.4; H, 7.7; N, 
21.4%. Complex 3 Found: C, 43.0; H, 8.2; N, 16.5%. Calcd 
for [Cr(chxn)3]Cl3: C, 43.2; H, 8.5; N, 16.8%. Complex 4 
Found: C, 50.6; H, 4.5; N, 12.0%. Calcd for [Co-
(bpy)3]Cl3 • 4H 2 0: C, 51.0; H, 4.6; N, 11.9%. Complex 5 
Found: C, 53.7; H, 4.0; N, 10.6%. Calcd for [Co-
(phen)3]Cl3 • 5H 20: C, 54.3; H, 4.3; N, 10.6%. Complex 6 
Found: C, 54.0; H, 4.2; N, 10.1%. Calcd for [Cr-
(phen)3]Cl3 • 6H 2 0: C, 53.6; H, 4.5; N, 10.4%. The number 
(nh) of the water of crystallization in the metal-complex 
crystals were determined by both Karl-Fischer titrations and 
elemental analyses. The rah values of both the 1,10-
phenanthroline complexes given above were less than those 
in the literature.11'12) 

The sodium halides and the sodium sulfate used were 
guaranteed reagents of Wako Pure Chemical Industries, Ltd. 
The sodium methanesulfonate was obtained by neutraliza­
tion of methanesulfonic acid with aqueous sodium hydrox­
ide and was recrystallized from a water-methanol solution. 
The sodium benzenesulfonate, of a practical grade from the 
same company, was recrystallized from a water-ethanol 
solution and dried at 80 °C in vacuo. The sodium ethane-



994 Masayasu IIDA, Masayo IWAKI, Yumi MATSUNO, and Haruhiko YOKOYAMA [Vol. 63, No. 4 

disulfonate and m-benzenedisulfonate were also purchased 
from the Wako Co. in practical grades. They included 
significant amounts of sodium sulfate as an impurity; these 
impurities were removed as follows. The aqueous solu­
tions of the reagents were passed over the cation resin of 
Dowex-50W-X8 (H-type), and the eluate was neutralized 
with a Ba(OH)2 aqueous solution. Through this proce­
dure, the sulfate ion was removed as a BaSCU precipitate. 
The remaining solution containing the barium disulfonate 
was passed again over the cation resin of Dowex-50W-X8(Na 
type) and was then condensed to crystallize out the sodium 
salt in a rotating evaporator. The crystals thus obtained 
were dried in a vacuum at 120 °C. The purity of the crystal 
was confirmed by elemental analyses of the carbon and 
hydrogen. Found: C, 10.4; H, 1.8%. Calcd for Na2-
(CH2S03)2: C, 10.3; H, 1.8%. Found: C, 25.2; H, 1.6%. Calcd 
for Na2C6H4(S03)2: C, 25.5; H, 1.4%. 

Conductivity Measurements. The conductivity measure­
ments were performed with an admittance linear bridge 
(Fuso 362A) operated at 1 kHz. The conductivity cell with 
platinized platinum electrodes (cell constants: 0.4315 cm - 1 

or 0.1519 cm -1) was fixed in a double layer bath controlled to 
25.000+0.005 °C. The conductivity of water used for the 
preparation of solutions was usually about 6X10-7 S cm -1. 
Aqueous mixed electrolyte solutions with a stoichiometri-
cally constant ionic strength (7st—0.01) were prepared by 
mixing xv dm3 of a 0.001667 mol dm - 3 MCI3 solution (M is a 
complex ion) and (\—x)v dm3 of a 0.01 mol dm - 3 NaA (A is a 
monovalent anion) solution or of a 0.003333 mol dm - 3 Na2A 
(A is a divalent anion) solution, where x and 1—x are the 
volume fractions of the respective solutions involved in the 
volume y of a mixed solution. Conductivities were mea­
sured for eleven solutions, from x=0 to 1 at 0.1 intervals, for 
each mixed electrolyte system. 

Conductivity measurements of aqueous single-salt solu­
tions at low concentrations (10-4—10~3 mol dm -3) were also 
carried out in order to obtain the limiting molar conductivi­
ties of the following ions: [Cr(en)3]3+, /£/3-[Cr(chxn)3]3+, 
[Co(bpy)3]3+, [Co(phen)3]3+, [Cr(phen)3]3+, CH3SO3-, C6H5-
SO3-, (CH2S03)2

2-, and m-C6H4(S03)22-. Chlorides of the 
complex cations and sodium salts of the above anions were 
used for the measurements. 

Results 

Figure 1 shows some typical conductivities (/cmix) of 
aqueous mixtures of electrolytes inc lud ing c\x 
mol dm~3 of MCI3 and C2 (1—x) mol d m - 3 of Na n A (n= 
1 or 2) as functions of the volume fraction (x) of the 
complex salt solut ion at a stoichiometrically constant 
ionic strength of 0.01. 

T h e observed /cmiX values deviated negatively from 
the hypothet ical additivity(/cadd) given by solid lines in 
Fig. 1; the deviations of /cmix from /cadd given by: 

A/C = /Cmix — /Cadd = Kmix — (XKl + ( 1 ~ X)K2), (1) 

were assumed to be due to the ion association between 
M 3 + and A - (or A 2 - ) , s imilar to the assumpt ion made 
by Katayama and Tamamushi . 4 ) T h e conductivity 
data obtained for the MCl3-Na nA mixtures (n=l or 2) 
were analyzed by considering the following ion-
association equil ibria: 

Ĉ 

o o.e\-

0 0.5 1.0 

Volume Fraction, X of Complex Solution 

Fig. 1. Observed conductivities (/cmix) of mixed elec­
trolyte solutions as a function of the volume frac­
tion, x, of the complex salt solution. 

(/st=0.01,25°C) 
a) [Co(phen)3]Cl3-C6H5S03Na system, b) [Co-
(phen)3]Cl3-Na2S04 system, c) [Co(phen)3]Cl3-ra-
CeH4(S03Na)2 system. Solid lines are /cadd. 

and: 

M3+ + C1- = M3+C1-

M3+ + AW- = M3+AW-

(2) 

(3) 

T h e other equil ibria, such as the formations of 
Na + A n ~ and triple ions, were disregarded. T h e ion-
association constants at 7st=0.01 are given by: 

£c(MA) = -

£c(MCl)= 

[MA] [MA] = 

[M][A] " (cix-[MA]-[MCl]){c2( l-x)-[MA]} 
(4) 

[MCI] [MCI] 
[M] [CI] (ax - [MA] - [MCI]) (3cix - [MCI]) 

(5) 

O n such assumptions , we can express / w and /cadd as 
follows: 

103/cmix = AM(*ix-[MA] - [MCI]) + ÀA{C2(1-X) - [MA]} 

+ AMA[MA] + AMci[MCl] + nÀNac2(l-x) 

+ Àa(3cix-[MCl]) 

= (AM + 3Xci)cix + (n^Na + AA)C"2( 1—X) 

+ (AMA-AM -AA)[MA] + (AMCI-AM-ACI)[MC1] (6) 

and 

103/Cadd = AMA;(<:i-[MCl]x=i) + AA<:2(l-A;) + AMciA;[MCl]x=i 

+ nANaC2(l-A;) + AciA;(3ci-[MCl]x=i) 

= (AM + 2>Xc\)c\x + (nANa + AA)C2( 1— X) 

+ X(AMCI-AM-ACI)[MC1]*=I (7) 

where [MCI] and [MA] are the concentrations of 
M3 +C1~ and M3 +An~ respectively in the mixtures; where 
[MCl]*=i is that of M 3 + C1" in the simple salt solut ion of 
MCl3(x=l) , and where AM, AA, ^Na, ACI, AMCI, and AMA are 
the molar conductivities of the corresponding ionic 
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species (the ionic charges are abbreviated). T h e first 
and the second terms of the final equa t ion in Eq. 6 
correspond to the conductivit ies of complex salts 
(MCI3) and sodium salts (NanA) respectively if they are 
assumed to be completely dissociated in the single-salt 
systems. Assuming that these terms are approxi ­
mately equal to those in Eq. 7, we can derive the 
following equat ions from Eqs. 1, 6, and 7: 

where 

and 

where 

103A/C = [MA]AAMA + Ô, 

AAMA — ̂ MA AM ÀA 

Ô = ([MCI] - x[MCl]*=i) AAMCI, 

AAIV 4MCI" 

(8) 

(9) 

(10) 

(11) 

Katayama and Tamamushi4) assumed that the [MCI]/ 
[MA] rat io was small enough to neglect the [MCI] in 
the mixed systems of [Co(NH3)6]Cl3-Na2S04 or 
[Co(en)3]Cl3-Na2S04 . By pu t t i ng 0=0 in Eq. 8 and 
[MC1]=0 in Eq. 4, they reduced the number of 

Table 1. Limiting Molar Conductivities 
of Ions, Aion°°/S cm2 mol - 1 

Ion 

Na+ 

[Co(NH3)6]3+ 

[Cr(en)3]3+ 

Z*Z3-[Cr(chxn)3]
3+ 

[Co(bpy)3]3+ 
[Co(phen)3]3+ 

[Cr(phen)3]3+ 

2- °° 
Aion 

50.1a) 

306a) 

227 
135 
167 
156 
160 

Ion 

ci-
SO42-

CH 3S0 3 -
C6H5S03-
(CH2S03)2

2-
m-C6H4(S03)22-

Aion 

76.4a) 

160b) 

49.8(48.8)c) 

34.9 
138 
119(119.2)d) 

a) Data from Ref. 20. b) Data from Ref. 21. 
c) Data(in parentheses) from Ref. 22. d) Data(in par­
entheses) from Ref. 23. 

u n k n o w n parameters to two (KC(MA) and AAMA); they 
then analyzed their conductivity data in two manners : 
(1) by treat ing AAMA as an u n k n o w n adjustable 
parameter and (2) by giving AAMA values independ­
ently estimated. Al though the analysis by the first 
method is simpler than that by the second one, the 
former gives KC(MA) values wi th systematic errors 
much larger than those given by the latter method. 
T h i s is because KC(MA) and AAMA compensate for each 
other, as may be presumed from Eqs. 4 and 8. We, 
therefore, used the second method in the present anal­
ysis; we took in to account the formation of M3 +C1~, 
since the condi t ion of [MC1]/[MA]<C1 did not hold for 
the systems wi th log Kc(MA)<c.a. 2.6—2.7. 

According to a treatment previously reported,4) the 
values of Ai0n at Jst=0.01 were estimated by the use of 
the Onsager l imi t ing equation1 3) from their l imit­
ing molar conductivities (Aion°°) (given in Table 1, 
where the values for AM°° and AA°° were estimated from 
the molar conductivities of single salts extrapolated to 
an infinite d i lu t ion by means of the Onsager plot) . 
T h e values of AMA°° and AMCI°° were approximated to be 

{(3—n)2/9}Xu° in a manne r similar to be previously 
described.4'14) T h i s approx ima t ion is based on the 
Stokes law, where it is assumed that the Stokes radius 
of M 3 + A n - or M 3 + C1" is close to that of M 3 + and that 
the hydrodynamics of the ion pairs is controlled by 
that of the complex cations. T h i s approx imat ion is 
rather rough , bu t the cont r ibut ion of AMA values to the 
AAMA values estimated for M3+A2~ is only about 10%. 
T h e uncertainty of AAMA values, therefore, may have a 
negligible effect on the KC(MA) values for M3+A2~, bu t 
it may still have a significant effect on those for M3+A-.15) 

Even in the latter case, a relative comparison for a 
given cation mus t be useful wi th changing kinds of 
counter anions . 

Table 2. Ion-Pair Formation Constants, log (Äx/dm3 mol -1), between the Tripositive Metal Complex 
Cations and the Monovalent Anions and the Differences, Alog (Äx/dm3 mol -1), between 

the Experimental Values and the Theoretical Values. (25 °C, 7st=0.01). 

[Co(NH3)6]3+ : Cl-
CH 3S0 3 -
CeHoSOs-

[Cr(en)3]3+ : Cl~ 
CH 3 S0 3 -
C6H5S03-

Z*Z3-[Cr(chxn)3]
3+ : Cl" 

CH 3 S0 3 -
C6H5S03-

[Co(bpy)3]3+ :C1-
CH 3 S0 3 -
C6H5S03-

[Co(phen)3]3+:Cl-
CH 3 S0 3 -
C6H5S03-

Experimental 
\ncrK lOgiVc 

1.40+0.06 
1.30+0.04 
1.27+0.03 
1.40+0.03 
1.26+0.05 
1.34+0.05 
1.56+0.04 
1.26+0.05 
1.42+0.06 
1.26+0.04 
1.00+0.04 
1.60+0.05 
1.26+0.06 

a) 
1.70+0.03 

Theoretical 
log*, 

Fuoss 

1.11 
1.05 
1.03 
1.06 
1.03 
1.02 
1.03 
1.02 
1.03 
1.02 
1.02 
1.03 
1.02 
1.03 
1.04 

c 

E-Y-Y 

1.27 
1.19 
1.14 
1.21 
1.14 
1.10 
1.14 
1.08 
1.05 
1.11 
1.06 
1.02 
1.09 
1.04 
1.01 

Alog£c(= 
=losr 

logtfc (th 

Fuoss 

0.29 
0.25 
0.24 
0.34 
0.23 
0.32 
0.53 
0.24 
0.39 
0.24 

-0.02 
0.57 
0.24 
a) 

0.66 

Kc (exp)-
eor)) 

E-Y-Y 

0.13 
0.11 
0.13 
0.19 
0.12 
0.24 
0.42 
0.18 
0.37 
0.15 

-0.06 
0.58 
0.17 
a) 

0.69 

a) The deviation, A/c, was too small for us to obtain the exact associaton constant. 

file:///ncrK
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Table 3. Ion-Pair Formation Constants, log (Kc/dm3 mol-1), between the Tripositive Metal Complex 
Cations and the Divalent Anions and the Differences, Alog (Kc/dm3 mol-1), between 

the Experimental Values and the Theoretical Values. (25 °C, 7st—0.01). 

[Co(NH3)6]3+ : S04
2" 

(CH2S03)2
2-

m-C6H4(S03)22-
[Cr(en)3]3+ : S04

2" 
(CH2S03)2

2-
m-C6H4(S03)2

2-
Z*Z3-[Cr(chxn)3]

3+ : S04
2" 

(CH2S03)2
2-

m-C6H4(S03)2
2-

[Co(bpy)3]3+ : S04
2" 

(CH2S03)2
2-

m-C6H4(S03)2
2-

[Co(phen)3]3+ : S04
2" 

(CH2S03)2
2-

m-C6H4(S03)2
2-

[Cr(phen)3]3+ : S04
2" 

(CH2S03)2
2-

m-C6H4(S03)2
2-

Experimental 
lncr K — lOgiVc 

3.02+0.01 
(2.98)a) 

2.35+0.01 
2.32+0.01 
2.79+0.02 
2.35+0.02 
2.38+0.02 
2.89+0.01 
2.43+0.01 
2.64+0.01 
2.09+0.02 
2.23+0.01 
2.45+0.01 
1.98+0.02 
2.21+0.02 
2.65+0.01 
1.95+0.01 
2.13+0.01 
2.62+0.02 

Theoretical 
logfr 

Fuoss 

2.52 

2.27 
2.20 
2.34 
2.14 
2.09 
2.14 
2.01 
1.97 
2.08 
1.96 
1.93 
2.05 
1.94 
1.91 
2.05 
1.94 
1.91 

c 

E-Y-Y 

2.48 

2.31 
2.27 
2.36 
2.23 
2.20 
2.23 
2.14 
2.14 
2.19 
2.11 
2.08 
2.17 
2.09 
2.07 
2.17 
2.09 
2.07 

AlogKc(= =loer£c (exp)-
logKc (theor)) 

Fuoss 

0.50 

0.08 
0.12 
0.45 
0.21 
0.29 
0.75 
0.42 
0.67 
0.01 
0.27 
0.52 

-0.07 
0.27 
0.74 

-0.10 
0.19 
0.71 

E-Y-Y 

0.54 

0.04 
0.05 
0.43 
0.12 
0.18 
0.66 
0.29 
0.50 

-0.10 
0.12 
0.37 

-0.19 
0.12 
0.58 

-0.22 
0.04 
0.55 

Calculations to obtain ^C(MA) values were, there­
fore, made with Eqs 4, 5, and 8—11 by taking into 
account the effect of the ion association of CI - , coex­
isting in solutions as a counter ion of the complex, on 
the ion-association constants. In order to estimate 
the ^c(MCl) values, we also measured the conductivi­
ties of MCh-NaCl mixtures at Jst^O.Ol, and analyzed 
them by the use of these equations: 

[MCI] = 103A/C/AAMCI + x[MCl]x=i, 

and 

£c(MCl) = 
[MCI] 

(cix-[MC\]){c2(l-x)+3cix-[MCl]} 

(12) 

(13) 

Equation 12 was derived by putting [MA]=0 into Eqs. 
8—11. The values of Kc(MCl) were obtained by suc­
cessive approximations with Eqs. 12 and 13 for each 
composition of the solutions. Table 2 lists the 
log^c(MCl) values thus obtained, which were then 
used to obtain logA^MA). 

The log^c(MA) values are summarized in Tables 2 
and 3. In obtaining the values, all analyses were 
performed by ignoring the changes in the ionic 
strength due to the ion association. In the solution 
of x=0.5 of the [Co (NH3)6]3+-S04

2- system, the ionic 
strength decreased by about 25%. If we consider this 
effect, we must use Eq. 7 including the Aion values at a 
depressed ionic strength (/dep) in order to estimate /cadd, 
the expression of which may be given approximately 
by: 

103/<add = ^(MCl3, / = /deP)ciA:+^(NanA, I = hcP)c2{\-x), (14) 

where A(MCh, /=/deP) and ^(NanA, /=/deP) are the 
molar conductivities of the single salts at 7=/deP and 

can roughly be estimated by assuming a linear rela­
tionship between A(MCh) or ^d(NanA) and \J~T. The 
change in AAMA or AAMCI with the decrease in the ionic 
strength can be easily estimated in the same way as has 
been described in the text, but this change is relatively 
slight compared with that in A/c(=/cmiX—/cadd). These 
corrections lead to larger Kc values (0.02—0.03 in 
logKc). However, the extrapolation of logÄ^c values 
from I=hcp to 7=0.01 decreases them again. The 
resulting change in log^ c at x=0.5 after all the correc­
tions were —0.03——0.05, dependent on the mixed 
systems. These values should decrease with the 
approach of x to 0 or 1. As is shown in Table 3, the 
standard deviations for the logÄ^c values were less than 
0.02 over a wide x range for each system; this finding 
indicates that the effect of the decrease in the ionic 
strength will not be so large as has been estimated 
above. 

Discussion 

Tables 2 and 3 show that the ion-association con­
stants obtained are largely dependent on the kind of 
ion besides the ionic charge. In order to estimate the 
contribution of the usual long-range electrostatic 
interactions to the ion-association constants obtained, 
we calculated the ion-association constants from the 
electrostatic theories of Fuoss5) and of Ebeling6)-
Yokoyama-Yamatera7) (abbreviated to E-Y-Y) by 
assuming the ions to be spherical. The values of a 
(the closest distance of the approach of the ions) were 
assumed to be equal to the sums of the effective ionic 
radii (ref), as estimated from the van der Waals 
volumes of the ions. These volumes were calculated 
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Table 4. Ionic Radii Used for the Theoretical Calculation 
of the Ion-Association Constants 

10 ref/nm 

[Co(NH3)6]3+ 

[Cr(en)3]3+ 

Zé?Z3-[Cr(chxn)3]
3+ 

[Co(bpy)3]3+ 
[Co(phen)3]3+ 

[Cr(phen)3]3+ 

ci-
CH 3 S0 3 -
CeHsSOs" 
S04

2" 
(CH2S03)2

2-
m-C6H4(S03)2

2-

3.10 
3.62 
4.45 
4.80 
4.98 
4.98 

1.82 
2.57 
3.09 
2.33 
3.15 
3.39 

a) 
a) 
b) 
c) 
c) 
c) 

a) 
d) 
d) 
e) 
d) 
a) 

a) See Ref. 17. b) See Ref. 24. c) Estimated from 
their ionic partial molar volumes (see Ref. 26). 
d) Estimated on the basis of the method in Refs. 16 and 
17. e) See Ref. 21. 

from the ionic part ial molar volumes by the use of 
Glueckauf 's equation16 '17* or from the van der Waals 
increments of a toms tabulated by Edward.17j l8) T h e 
effective ionic radi i thus obtained are given in Tab le 4. 
As the theoretical values calculated are given for the 
solut ions at an infinite d i lu t ion (1=0), they were 
extrapolated to 7=0.01 by the use of the Debye-Hückel 
equa t ion for activity coefficients.19) In Tables 2 and 3 
the theoretical association constants thus obtained for 
7=0.01 are listed. T h e theoretical Kc values are no t 
greatly dependent on the theories used. In several 
cases, the experimental l o g ^ c values are significantly 
larger than the theoretical values. Th i s difference 
can be at t r ibuted to the presence of specific interac­
tions besides the s imple electrostatic one. We shall 
express the cont r ibut ion of these specific interactions 
by the differences in logKc values: AlogÄ^c (=logKc 

(exp)—logÄ^c (theor)), the values of which are shown 
in Tables 2 and 3 and also in Fig. 2 (a and b). These 
results reveal that if both the cation and the an ion 
have hydrophobic groups, the value of AlogÀ^c is 
significantly large, whi le if only either the cation or 
the an ion has them, it is approximately zero. It is 
also clear that the affinity to the benzenesulfonate ion 
increases in the order of the cyclohexanediamine 
( c h x n ) < t h e bipyridine(bpy) < the 1,10-phenanthroline 
(phen) complex. Th i s order corresponds to that of 
the number of carbon atoms in the l igands, suggest ing 
the presence of hydrophobic interactions. T h e 
hydrophobici t ies of [Co(phen)3]3 + and [Cr(phen)3]3 + 

are considered to be similar to each other because their 
AlogÄ^c values for the m-benzenedisulfonate ions are 
close. A similar A l o g ^ c value(0.56 from the E-Y-Y 
theory) was estimated for the ion association between 
[Fe(phen)3]2 + and m-C6H4(S03)22-.25) T h i s result 
shows that such excess values in the ion-association 
constants are due to hydrophobic interactions between 
the ions and that they are not affected by the ionic 

en o 

0.6 

0M 

0.2 

0.0 

•0.1 

1 

£^r\, 

1 _ 

1 J 
• 

J 

4 
"Q^l 
/ -J 

1 _ 1 

complexes 

5 

a) cr 

0.6 r-

0.£h 

0.0 h 

-0.2h 

CH3S03-

1 

C6H5S03" 

•j 

A 

complexes 

. 5(1) 
» 6(D) 

L 3 

• 1 

b) (CHaS0jr CWSOa),2 

Fig. 2. The AlogKc values for the formation of ion 
pairs between M3+ and An~ (n=l , 2) where 
MogKc=logKc(exp)-\ogKc (E-Y-Y theor). 
M3+=(l) [Co(NH3)6]3+, (2) [Cr(en)3]3+, (3) leh-
[Cr(chxn)3]3+, (4) [Co(bpy)3]3+, (5) [Co(phen)3]3+, 
(6) [Cr(phen)3]3+ 

a) For monovalent anion (n=\). b) For divalent 
anion (n=2). 

charges of the complex ions. 
For both the disulfonate ions, the chxn complex has 

a specific affinity and the magn i tude is larger than 
that of the bpy complex in spite of the smaller number 
of the carbon atoms. T h i s can be ascribed to the 
property of the chxn complex, which has no t only the 
hydrophobici ty , bu t also the a m i n o protons a long the 
threefold axis (C3) of symmetry of the complex. T h e 
a m i n o pro tons form hydrogen b o n d i n g wi th the oxy­
gen atoms of the oxoanions to stabilize the ion pairs. 
T h i s role of the amino protons is suppor ted by the 
relatively large Alog^c values for the ion-pairs: [Cr-
(chxn) 3] 3 + • SO42-, [Co(NH3)6]3 + • S 0 4

2 " , and [Cr-
(en)3]3+ • SO42". No specific effects were found in the 
ion pairs of m-C6H4(S03)22- wi th [Co(NH 3 ) 6 ] 3 + or 
[Cr(en)3]3 + and of C2H4(S03)22- except for the 
[Cr(chxn)3]3+ complex, which has slight specific 
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effects. T h e f inding of no such specific interactions is 
consistent wi th the fact that the hydrophobic interac­
t ion occurs between hydrophobic solutes. 

All the specific interactions detected in this study 
can, therefore, be at t r ibuted to the hydrophobic inter­
action or the hydrogen-bonding. 

T h e authors are gratefully indebted to Professor 
Sumio Kaizaki of Osaka University for his supply of 
the W3-[Cr(chxn)3]Ci3 crystals. We also wish to 
thank Mrs Midori Kubo for the pre l iminary experi­
ments. T h e present work was part ial ly suppor ted by 
a Grant- in-Aid for Scientific Research (No. 61134043) 
from the Ministry of Educat ion, Science and Culture. 
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Ni(II) Complexes of N,iV/-Ethylenebis(o-mercaptobenzamide): 
A Quadridentate Thiolato Amide {S2N2} Ligand 
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(Received September 16, 1989) 

Three nickel(II) complexes with N,N/-ethylenebis(o-mercaptobenzamide), FUebtsa, a quadridentate {S2N2} 
ligand classified as a PAC (polyanionic chelating) ligand, were isolated. Although they were different in their 
apparent charges, their coordination units were revealed to be equal from their physicochemical behavior. 
They will be described as Ni(H2ebtsa). EXAFS and XANES study was undertaken for one of the new 
compounds, and the results were compared with those for similar three MS2N2 complexes, (Af,iV-ethylenebis(o-
mercaptobenzylidenaminato))Ni(II), (N,N/-ethylenebis(o-mercaptobenzylaminato))Ni(II) and (NEt4)[Ni-
(SPh)4]. From these results and a comparison with the results for [Ni(ebtsa)]2, it was concluded that a square 
planar {S2N2} unit was reliable as the coordination sphere of NifFbebtsa). The character of the amide proton 
in the coordination unit was also studied. 

Bonds between metals and amide ni t rogen are 
k n o w n to stabilize h igh oxidat ion states1-4* or to lower 
the oxida t ion potential.5) FLiebtsa (Fig. 1),** first pre­
pared by T a n a k a about 20 years ago,6) is the mercapto 
correspondent of N,N /-ethylenebis(salicylamide)7 '8 ) 

and belongs to the family of amide type PAC (polyani­
onic chelating) ligands,1 _ 3 ) which have been shown 
to stabilize the h igh valent states of manganese 
(Mn4>5+),4> osmium (Os4*6*),1* copper (Cu3+),2> and 
cobalt (Co4+).3> 

Recently, Cruger and Holm 8 ) have reported the syn­
thesis of (NEt4)2[Ni(ebtsa)] and shown the trap of N i 3 + 

in an electrolytic E P R cell. We ourselves also have 
previously reported, independently, the synthesis of 
(NEt4)[Ni(H2ebtsa)](OH) and the generation of Ni3+ 
in solution.9 ) In the recent trend to synthesize high-
valent complexes,1_4 '8) Ni(III) occupies a noble situa­
tion in the context of b io inorganic chemistry. Its 
study includes the background chemistry of the N i 3 + 

sites of uptake hydrogenases,10_12) which oxidize H2. 
In spite of this si tuation of Ni/ebtsa , the details of 
nickel/ebtsa synthesis has not yet been published. 
Here, we wish to report the isolation of three Ni /ebtsa 
complexes, the study of their oxidat ion behavior, and 
the ionization of the amide proton. 

T h e compounds represented here are two types of 
nickel /ebtsa compounds , which are different in 

Fig. 1. Right; H4ebtsa=A^Af'-ethylenebis(o-merca-
ptobenzamide) or N,N/-ethylenebis(thiosalicyl-
amide). 
Left; H3tsa=o-mercaptobenzamide or thiosalicyl-
amide. 

H4ebtsa=N,N/-ethylenebis(o-mercaptobenzamide) or 
N,N/-ethylenebis(thiosalicylamide). 

apparent charge from each other and also from that 
reported by Cruger and Holm. 8 ) A l though these com­
pounds seemed to form a class described as 
[Ni(H„ebtsa)](2-")- [n=0, 1, 2) on the basis of the 
analytical and 1H N M R data, the comparat ive studies 
of these compounds wi th Ni(tsalen),*** Ni-
(ebmba),*** and [Ni(H2ebtsa)]213) by us ing UV-vis. 
and XAFS (XANES and EXAFS) measurements have 
revealed that they have the same coordinat ion uni t , 
Ni(H2ebtsa), wi th a square p lanar NiS2N2 coordina­
tion sphere. The i r IR (in solid) and N M R (in solu­
tion) signals were compared wi th those of (NEt4)2 
[Ni(H2tsa)2](OH)2,*** in order to reveal the ionization 
character of the amide hydrogen of Ni(H2ebtsa). It 
was impossible to obtain evidence for a steady N - H 
bond in the coordinat ion uni t . 

Experimental 

Preparation of Compounds. All the treatment of the 
materials including thiol or thiolate moieties were con­
ducted under an argon atmosphere. The solvents for com-
plexation were dried on appropriate drying agents and 
degassed prior to use. The phenyl o-mercaptobenzoate 
(thiosalol) was prepared according to Mayer's method.14) 
Ni(tsalen) and Ni(ebmba) were prepared by the published 
methods.15'16) 

FLiebtsa: 25.9 g (0.113 mol) of thiosalol was dissolved in 
250 cm3 of xylene, into which 3.6 g (0.0534 mol) of ethylene-
diamine was added slowly with vigorous stirring under 
reflux. The reaction was continued for a further 12 h. 
The reaction mixture was cooled to room temperature. 
The resulting insoluble yellow material was collected by 
filtration, washed with three 50 cm3 portions of xylene, and 
dried in vacuo. This material was washed further with 
three 100 cm3 portions of hot EtOH. The residue was then 
treated with 100 cm3 of EtOH at room temperature, and the 
white suspension observed in the solution was removed by 

*** H3tsa=o-mercaptobenzamide or thiosalicylamide. 
H2tsalen=N,N/-ethylenebis(o-mercaptobenzylidenamine)or 
N,N/-ethylenebis(thiosalicylidenamine).15) 
H2ebmba=N,N/-ethylenebis(o-mercaptobenzy lamine).16) 
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décantation. This procedure was repeated several times 
until the white suspension was not observed. The second 
crop was recovered from the hot, 300 cm3 EtOH washings. 
Yield: 11.8 g (67%). This material was used for the next 
reaction without further purification. Recrystallized from 
DMF. Found: C, 57.54; H, 4.89; N, 8.42%. Calcd for 
C16H16O2N2S2: C, 57.81; H, 4.85; N, 8.43%. « NMR (DMSO-
d6) 6=8.51 (2H, s, -CONH-), 7.85—7.05 (8H, ring), 5.36 (2H, 
s, -SH), 3.40 and 3.44 (4H, s, -NCH2CH2N-). 

H3tsa: 18 g (78.2 mmol) of thiosalol was dissolved in 300 
cm3 of aqueous ammonia solution (coned) and stirred for 4 
days. The solution was heated to remove the ammonia and 
then distilled under reduced pressure. The sublimation of 
the residue gave ca. 11 g of a milky white powder, which was 
then recrystallized from xylene, washed with small amount 
of ether, and dried in vacuo. White needles. Yield: 7.8 g 
(72%). Found: C, 55.04; H, 4.67; N, 9.03; S, 20.75%. Calcd 
for C7H7NOS: C, 54.88; H, 4.61; N, 9.14; S, 20.93%. 
!HNMR (DMSO-de) ô=8.00 (2H, d, -CONH2), 7.69—7.08 
(4H, 4H), 5.43 (1H, s, -SH). 

(NEt4)[Ni(H2ebtsa)](OH), 1: 3.06 mmol of Li4ebtsa was 
prepared by dissolving 0.085 g (12.2 mmol) of lithium metal 
and 1.02 g (3.06 mmol) of H4ebtsa in MeOH. The MeOH 
was then removed completely. The Li4ebtsa was suspended 
in 10 cm3 of acetonitrile, to which a 50 cm3 of acetonitrile 
solution containing 1.9 g of (NEt4)2NiBr4 was added slowly. 
The reaction mixture was stirred for more than 2 h under 
reflux and then filtered to remove the supernatant. The 
precipitate was washed with another 50 cm3 of the refluxing 
acetonitrile. The dissolution of the residue in acetonitrile/ 
MeOH (1:1) led to the appearance of a green-white suspen­
sion of impurities, which was then filtered off. The solvent 
was distilled off from the filtrate. This treatment to remove 
the green-white suspension in acetonitrile/MeOH was 
repeated several times. The solvents were then removed, 
and the residue was dried in vacuo. Yield: 1.5 g (75%). 
Found: C, 53.50; H, 6.44; N, 7.44%, CI trace amount. Calcd 
for C24H35N303S2Ni: C,53.74; H, 6.58; N, 7.83%. m NMR 
(DMSO-de) 0=1.04—1.22 (12H, t, cation's -CH3), 3.00 (4H, s, 
-NCH2CH2N-), 3.09—3.30 (8H, q, cation's -CH2), 6.53— 
6.79 (4H, ring proton), 7.00—7.09 (2H, ring proton), 7.81 — 
7.90 (2H, ring proton). 

(PPh4)[Ni(H2ebtsa](OH)(H20), 2: 6.02 mmol of Li4ebtsa 
was prepared from 2.00 g (6.02 mmol) of H4ebtsa and 0.17 g 
(24.1 mmol) of lithium in 60 cm3 of MeOH. After the 
solvent had been removed, and the residue dried well under a 
vacuum, 40 cm3 of acetonitrile was introduced into the flask, 
into which an acetonitrile solution (50 cm3) containing 5.29 
g (6.02 mmol) of (PPh4)2[NiCl4] was then added drop by 
drop under a reflux. After 1 h, white precipitates appeared. 
These were filtered off, and the solvent was removed from 
this filtrate. The residue was redissolved in a 150 cm3 of 
acetonitrile, and the brown precipitates which appeared 
again in the solution were filtered off. The filtrate was 
mixed with a 75 cm3 of acetone, and left at —10 °C for 2 days. 
The fine powders which then appeared in the solution were 
filetered off, and the filtrate was allowed to stand for 2 weeks 
in a refrigerator (—10°C). The green crystals which grew 
in the flask were collected, dried in vacuo, and recrystallized 
from acetonitrile three times. Yield: 1.2 g (26.6%). Found: 
C, 62.89; H, 4.53; N 3.70%, CI trace amount. Calcd for 
C4oH3704N2NiPS2: C, 62.92; H, 4.88; N, 3.67%. *HNMR 
(DMSO-de) 6=3.02 (4H, s, -NCH2CH2N-), 6.41—6.79, 

6.84—7.12 (6H, ring proton/ligand), 7.48—8.24 (22H, ring 
proton/ligand and cation). 

[Ni(H2ebtsa)]2(CH3OH)2(H20)2(CH3COCH3), 3: 4.25 mmol 
of Li4ebtsa was prepared by the procedure described 
above. This was suspended into a 10 cm3 of acetonitrile 
including a small amount of MeOH with vigorous stirring. 
A 50 cm3 of acetonitrile solution including 3.73 g (4.24 
mmol) of (PPh4)2[NiCl4] was added to this suspension. 
This resulted a brown powder in the solution. After the 
solution had been refluxed for 1.5 h, the powder was 
removed by filtration. The filtrate and the acetonitrile 
washings were combined and concentrated to 30 cm3, to 
which a 50 cm3 of acetone was added: the mixture was 
allowed to stand in a refrigerator for a week. The greenish 
block crystals which appeared in the flask were collected by 
décantation and washed with acetonitrile/acetone. Crude 
yield: 1.20 g (73%). Final purification was done from an 
acetonitrile/acetone mixed solvent. Found: C, 47.61; H, 
5.51; N, 4.40%. Calcd for C24H3808N2NiS2: C, 47.62; H, 
6.33; N, 4.63%. The numbers of the solvents were con­
firmed by !HNMR. *HNMR (DMSO-d6) ô=1.16 (6H, 
CH3- of MeOH), 2.10 (12H, -CH 3 of acetone), 3.02 (4H, s, -
NCH2CH2N-). The ring proton signals of this compound 
were observed at the same positions as 1. 

(NEt4)2[Ni(H2tsa)2](OH)2 or (NEt4)2[Ni(Htsa)2](H20)2, 5: 
1.52 g (0.01 mol) of H3tsa and 0.4 g (0.01 mol) of NaOH were 
dissolved in 100 ml of absolute EtOH, to which a solution of 
NiCl2-6H20 (1.19 g; 0.005 mol)/EtOH(50 cm3) was added 
dropwise. The brown precipitates were then filtered off. 
After solvent had been removed from the filtrate, the residue 
was mixed with 0.4 g (0.01 mol) of NaOH in 100 cm3 of 
water. The resulting wine-red solution was passed 
through a glass frit. Then the solvent was removed under 
reduced pressure. The residue was treated with 1.66 g (0.01 
mol) of NEt4Cl in EtOH (50 cm3) for 20 min. The resulting 
NaCl was filtered off. The solution was then reduced to 8 
cm3 and mixed with 50 cm3 of acetone. Stirring for 10 min, 
and subsequent filtration afforded a polycryStaline brown 
powder. The crystals were collected, washed with 100 cm3 

of acetone, and dried in vacuo. Yield: 1.14 g. The second 
crop from the filtrate combined with the washing was 0.74 g. 
Total yield: 1.88 g (60%). Found: C, 54.57; H, 8.44; N, 
8.35%. Calcd for C3oH54N4Ni04S2, 5: C, 54.79; H, 8.28; N, 
8.52%. *HNMR (DMSO-d6) 6=6.56—6.86 (4H, ring), 
7.12—7.18 (2H, ring), 7.74—7.84 (2H, ring). 

XAFS (EXAFS and XANES) Study: The nickel k-edge 
X-ray absorptions for (NEt4)[Ni(H2ebtsa)](OH), Ni(tsalen), 
Ni(ebmba), and (NEt4)2[Ni(SPh)4] were measured on the 
EXAFS facilities at the BL-7C beamline of Photon Factory 
in the National Laboratory of High Energy Physics (KEK-
PF). Syncrotron radiation from the electron storage ring 
(2.5 GeV, 180—300 mA) was monochromated with a two-
crystal Si( 111) monochromator. The experiments were car­
ried out at room temperature in transmission mode on 
polyethylene pellets prepared under an argon atmosphere. 
Energy calibration was done at the absorption edge of 
nickel foil (8333eV). The extraction of the EXAFS, 
x(k)=(p(k)—fjLo(k))/fjLo(k), from the absorption pattern, the 
Fourier transformation and the curve fitting were processed 
by using the EXAFS 1 program.17) The continuous absorp­
tion background was subtracted by approximating a 
Victreen function18) to the spectrum. The main absorption 
beyond the edge was smoothed by cubic spline method. 
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Extracted EXAFS modulation was normalized and then 
analyzed on the basis of single scattering model.19) 

Other Physicochemical Measurements: The UV-vis. and 
NIR spectra were recorded on HITACHI 228A and 3400 
Spectrophotometers. The electrochemical measurements 
were performed with a YANACO P-1100 Polarographic 
Analyzer or a HOKUTO HA-201 Potentiostat/Galvanostat 
equipped with a FUSO 321 Potential Scanning Unit and a 
HOKUTO HF-201 Coulomb/Amperehour Meter. The *H 
and 13CNMR spectra were recorded on a JEOL FX 100 
Spectrometer. The IR experiments were carried out with a 
HITACHI 260-10 Spectrophotometer. Thermogravimetry 
was performed on a ULVAC TGD 3000M thermal analyzer 
equipped with a thermal program controller by using a 
platinum-rhodium cell. 

Results and Discussion 

Synthesis. In the old method reported by Tanaka, 
H4ebtsa was prepared from o-mercaptobenzoyl chlo­
ride.6»8) In this study we have developed a new route 
via phenyl o-mercaptobenzoate14) as the precursor. 
Our method affords crystalline HUebtsa in a better 
yield. 

Ox ° (H)/—\(H) P 

«£"-"•—<£<b 
The complexation of Li4ebtsa with [NiCU]2" 

afforded three kinds of compounds, apparently differ­
ent in charge. The reaction of Li4ebtsa with 
(PPh4)2[NiCi4] afforded very deliquescent crystals 
of (PPh4)[Ni(H2ebtsa)](OH)(H20), 2. However, the 
same reaction system (Li4ebtsa/[NiCl4]2~) also led to 
the formation of highly efflorescent crystals of 
[Ni(H2ebtsa)] - 2(CH3OH) - 2(H20) - 2(CH3COCH3), 3, 
when the system was conditioned to contain a small 
amount of MeOH. (NEt4)[Ni(H2ebtsa](OH), 1, was 
also obtained from Li4ebtsa and (NEt^NiCU]. 
Kruger and Holm reported the isolation of 
(NEt4)2[Ni(ebtsa)],8) 4, from the reaction of Hiebtsa 
with 4 equiv of NaH and (NEt4)2NiCl4 (the details of 
the synthesis were not given). 

Equality. Table 1 presents the absorption maxima 
(Amax), the oxidation potentials (£ap or £i /2 for 
Ni2+—>Ni3+), and the *H NMR signals for the chromo-

Table 1. Absorption Maxima and Redox-peak Positions 
of 1—4 and 6. 

Compound 

1 
2 
3 
48) 
613> 

>/tmax(£) 

585(185) 
588(226) 
581(178) 
581(176) 
666(400) 

503(sh, 118) 
500(sh, 118) 
500(sh, 130). 
502(sh, 132)d) 

504(450) 

E b) 

i-'ap 

+0.03c) 

+0.02 
+0.01c) 

+0.00c) 

+0.40 

& c p 

-0.08c) 

-0.08 
-0.09c) 

-0.07c) 

-1.37 

a) nm (10~3 mol cm2), observed in DMSO (CH3SOCH3) 
except for 4. b) V, vs. SCE. c) In DMF (N,N-di-
methylformamide). d) In EtOH.8) 

phores of Compounds 1—4, as well as those for 
[Ni(ebtsa)]2, 6.13) The cyclic voltammograms (CV) 
for 1—3, as studied with a glassy carbon electrode in 
DMSO, DMF, or acetonitrile, were all the same, all 
giving a quasireversible redox couple at £i/2=—0.04 V 
(vs. SCE) for Ni3 + /Ni2 + . This value is just the same 
as that reported for 4 by Kruger and Holm.8) 

1—3 exhibited two absorption bands, at 581—588 
nm (fi 178—200) and at ca. 500 nm (sh, s 118—130), in 
DMSO. These bands in the d-d transition region are 
assigned to any of the three spin-allowed transitions 
(1Aië-^

1B2ë,
 1Aig->1Eg, and 1Aig->

1Big) for a regular, 
square-planar environment, which are generally not 
very well-resolved, being obscured by charge-transfer 
transitions.20'21) These band features agree well with 
those of the absorption spectrum of 4 (581 nm (e 176), 
502 nm (sh, 132), in EtOH) reported by Kruger and 
Holm.8) A substantial agreement between 1—3 was 
also seen in the *H NMR of their coordination units. 
From this conformity, we conclude that Compounds 
1—4 possess the same coordination unit, at least in 
solution. 

Characterization. The analytical and ^ N M R 
data for 3 indicate that the coordination unit of 3 
is apparently neutral. The data for 1 and 2 show 
that each of them includes one eq. of NEt4 and 
PPtu respectively. Therefore, these compounds are 
monoanionic from the point of view of apparent 
charge. On the other hand, the Ni/ebtsa compound 
reported by Kruger and Holm has a dianionic center, 
[Ni(ebtsa)]2-.8) All of these compounds seem to have 
different coordination units in their formal charges, 
forming a class of compounds describable as 
[Ni(Hnebtsa)](2~n)~ (n=0, 1, 2). However, as has been 
mentioned above, they are the same, at least in aprotic 
solvents. In order to clarify this inconsistency, we 
undertook several experiments, since this problem is 
also related to the ionization of the amide protons in 
aprotic solvents. 

The key for understanding this problem is Com­
pound 3. Because of its apparent neutrality (that is 
to say, 3 includes no cation in its formula), 3 can be 
described as Ni(H2ebtsa). On the basis of this, a 
possible formula for the coordination unit of 1 and 2 
seems to be [Ni(H2ebtsa)(OH)]~, considering their 
apparent mono-anionic character. However, the 
equality of the coordination units of 1, 2, and 3 
obviates this. 1 and 2 should also have Ni(H2ebtsa), at 
least in solution. Thus, the O H - anion, which was 
introduced into the formula of 1 and 2 to explain the 
elemental analysis, is possibly located in the outer-
sphere of the coordination unit, or is eliminated from 
it in solution. 

It is noticed that the analytical data for 1 and 2 can 
also be interpreted by introducing H 2 0 instead of 
OH". If this is true, the ligand can be formulated as 
Hebtsa3", in which only one of the two amides 
is deprotonated, and Compounds 1 and 2 can 
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be described as (NEt 4)[Ni(Hebtsa)](H 20) and (PPh4)-
[Ni(Hebtsa)](H20)2 respectivelv.22) However, it was 
impossible to observe the release of water from Com­
p o u n d 1 in either the solid phase (thermogravimetry) 
or in so lu t ion (*H N M R in a strictly dried DMSO-d6; 
refluxed three days on CaH2). T h e thermogravime­
try showed a two-step el iminat ion of one NEt4ÛH 
(one half of the N E t 4 O H at 55—100 °C and the 
r e m a i n i n g half at 100—130 °C). O n the other hand, 
the p H t i t rat ion us ing HCl aq. soin. (7=0.2 M 
NEt4C104) revealed the monobasic character of 1, sug­
gest ing the existence of a free O H - . (The c o m p o u n d 
was decomposed by more than 1.4 equiv of H + . ) 
Fur thermore , the 13C N M R s of 1 and 2 were the same 
as that of 3 at either the amide carbon (8 166.9) or the 
other carbon posi t ions for the coordinat ion uni t . 
Consequent ly , bo th 1 and 2 include one equiv of O H ~ 
in the outer sphere of Ni(H2ebtsa) in solut ion 
(DMSO). T h e inclusion of O H - in the solid of 1 and 
2 u p o n prepara t ion would be the result of the strong 
tendency of the amide g roup to hydrogen-bond, by 
which means the part anchors O H - to Ni(H2ebtsa). 
In solid 3, this O H - would be displaced with the 
M e O H , H2O, or acetone. 

In contrast wi th the above-mentioned syntheses, 
which start from the l i thiat ion of H4ebtsa, the proce­
dure wi thou t an alkaline reagent afforded another 
ebtsa compound . T h a t is, the reaction of H4ebtsa 
wi th Ni(acac)2 in DMSO gave another bis-complex, 
[Ni(H2ebtsa)]2. Th i s was shown by X-ray structural 
analysis to have two NiS202 units.13) Physicochemi-
cal propert ies of 1—4 presented in Table Tare differ­
ent from those of [Ni(H2ebtsa)]2. T h i s suggests that 
the coordinat ion sphere of 1—4 is not {(S2O2} like that 
of [Ni(H2ebtsa)]2 . It should be {S2N2}. 

T h e Fourier transform of the nickel EXAFS (Fig. 2) 
for C o m p o u n d 1 contains, similarly to those for Ni(t-
salen) and Ni(ebmba), one major peak which repres-

^ 1 1 . 2 0 

X 
8 . 40 

U 
O 

D i s t a n c e R/A 

Fig. 2. Fourier transform (k=3.5—10.5 A -1, kz 

weighting) of Ni EXAFS of (NEt4)[Ni(H2ebtsa)]-
(OH). The dashed curve represents the filter win­
dow used for curve fittings. 
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Fig. 3. Normalized Ni K-edge XANES spectra of (a) 
(NEU) [Ni(H2ebtsa)](OH); ( ), (b) Ni(tsalen); 
( ), and (c) Ni(ebmba); ( ). 

ents a shoulder in the shorter radial region. T h i s 
major peak was Fourier filtered (FF range; 1.0—2.5 Â) 
and curve-fitted. T h e ampl i tude and the phase func­
tion of this peak were fitted to sulfur in the first 
approximat ion . T h e enhancement of the shoulder 
in the Fourier transformation in a shorter k range 
(AmaxOÂ -1) indicates that the or igin of this shoulder 
is not noise, but l ight a toms (nitrogen or oxygen). 
T h u s , the major peak was analyzed by a two-atom 
fit (sulfur and nitrogen or oxygen). T h e best fit 
was obtained for S2.iN(0)i.i, wi th the bond distances 
N i -S=2 .15Â and N i - N ( 0 ) = 1 . 8 9 Â . We could not 
observe any scattering Ni in the second coordinat ion 
sphere. T h i s suggests a monomer ic structure for 

Table 2. Ni-S and Ni-N Bond Distances of (NEu)-
[Ni(H2ebtsa)](OH), 1, Ni(tsalen),a) Ni(ebmba),b) 

and (NEt4)2[Ni(SPh)4], as Extracted 
from the EXAFS Data. 

Compounds Scatterer 
EXAFS X-ray 

Ni(tsalen) 

Ni(ebmba) 

[Ni(Sph)4]2" 

merer 

N 
S 
Ne) 

ge) 

N 
S 
Ne) 

s.) 
N 
S 
Ne) 

ge) 

S 

r / Â 

1.89 
2.15 
1.89 
2.16 
1.86 
2.16 
1.86 
2.16 
1.94 
2.17 
1.96 
2.18 
2.29 

Nc) 

1.1 
2.1 
2.0 
2.0 
1.0 
1.0 
2.0* 
2.0* 
1.8 
2.5 
2.0 
2.0 
4.1 

Rd) 

0.021 

0.020 

0.044 

0.045 

0.016 

0.018 

0.024 

r/Â 

— 

1.86 
2.15v 

1.94s 
2.167 

2.300 

N 

— 

2 
2 

2 
2 

4 

a) H2tsalen=A/^A/v-Ethylenebis(o-mercaptobenzyliden-
amine. b) H2ebmba=iV,iV'-Ethylenebis(o-mercapto-
benzylamine. c) Number of scatterers. 
d) Reliability factor for curve fitting: R = 
{2[(x • *3)obsd-(x • ^3)caic]2/S[(x^3)obsd]2}1/2. e) Fixed 
at 2. 
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Ni(H2ebtsa), obviating Ni-S-Ni or Ni-N(0)-Ni 
bridging. The results are listed in Table 2, together 
with those for Ni(tsalen), Ni(ebmba), and [Ni(SPh)4]2_. 

EXAFS method is not precise in counting the 
number of back-scatterers. The calculation for light 
atoms, especially for those interfered by heavy atoms 
in the Fourier transform, as is seen in Fig. 2, is not 
reliable. Thus, two ways of curve-fitting were exam­
ined (Table 2). In the first calculation, we did not fix 
the numbers of the back-scatterers. This converged 
to NiS2N(0). In the second, we fixed the first coordi­
nation sphere as S2N2. Practically, there were almost 
no changes between the two methods in the bond-
distance calculations. As a result, 1 is proposed to be 
four-coordinate, with a NiS2N(0)2 central unit. The 
XANES pattern of 1 was almost superimposable on 
those of Ni(tsalen) and Ni(ebmba), both of which have 
recently been shown to be S2N2 square-planar (Fig. 
3) 15,16) XANES is now recognized to respond to coor­
dination geometry.23) 

Considering all of these findings and the results of 
UV-vis. and XAFS comparison among 1—3 and 
[Ni(H2ebtsa)]2, Ni(tsalen), and Ni(ebmba), it can rea­
sonably be concluded that all the compounds, 1—3, 
have a square-planar {S2N2} unit. 

The amide ligands which have previously been 
reported are usualy ionized to -CON~R in metal-
complexes. 24,25) Metal-peptides systems, which pro­
vide extensive chemistry for M-N - bonds,24) are exam­
ples of this. If our compounds are truely described by 
Ni(H2ebtsa), they are the first examples of the com­
plexes which retain N-H bonds in the M-amide part. 
However, the IR spectra (KBr pellets) of the two metal 
complexes 1 and 2 did not show any ^NH (and ^ND26))> 
although the free ligand itself, H4Ebtsa, showed both 
PNH and VND (Z'NH—3300 cm -1; value of associated secon­
dary amide (broad), ^ND=2470-—2400 cm -1; theoreti-
cal=2409 cm"1 for 3300 cm -1). However, this is not 
necessarily evidence for the full ionization of the 
amide protons of Ni(H2ebtsa) in the solid state, for 
(NEt4)2[Ni(H2tsa)2](OH)2 gave no I/NH, either.22) The 
behavior in the solution was studied by ! H N M R 
(DMSO-A, or DMSO-d6/CD3CN=3/l). The amide 
proton of Hiebtsa, which was observed at ô 8.51, 
vanished after the complexation. The amide proton 
of the Ni-tsa system behaved in the same manner. 
Furthermore, the 13CNMR for the carbonyl carbon (S 
166.9) of Ni(H2ebtsa) in DMSO-d6 did not show any 
vicinal coupling by the amide proton. However, this 
was not observed for also the free ligands, probably 
because of the rapid exchange of amide protons in 
DMSO-de. The possibility of isomerism; -CONH-
ï± -C(OH)=N- was also obviated by the 13CNMR 
measurement. Consequently, we could obtain corro­
borative evidence for neither the presence of a steady 
N-H bond nor the full ionization of the amide proton 
of Ni(H2ebtsa), at least in DMSO. There is still some 
possibility of the existence of a N-H bond for 

Ni(H2ebtsa) in aprotic solvents, considering the 
similar behavior of the amide proton of (NEt4)2-
[Ni(H2tsa)2](HO)2 or (NEt4)2[Ni(Htsa)2](H20)2. The 
denial of the existence of the N-H bond for this 
complex because of the experimental findings that 
show no positive evidence for tight N-H binding leads 
to the erroneous supposition of -CON 2 - for this com­
plex. This is unlikely. 

Oxidation. The peak separation (95 mV) and the 
Zpa/zpc ratio (ca. 1) of CV for 1—3 suggest a quasi-
reversible character of these complexes for electrode 
processes. This agrees with the aspects of the chemi­
cal oxidation and the reduction of the compounds. 
Compounds 1—3 were easily oxidized to comparably 
stable species by the I2 in polar aprotic solvents (DMF, 
DMSO), changing their colors from dark green 
(Amax=589 nm) to blue (Amax=720 nm). The oxidized 
state was gradually quenched to its original state in 
aprotic solvents, as may be seen in Fig. 4. It was 
possible to recover almost all of the oxidized species by 
the further addition of I2 (dashed line a in Fig. 4). 
The time course obeys the equation in Fig. 4, which 
presumes a reaction between the oxidized species and 
about an equimolar amount of the reductant (experi­
ments revealed that the reductant was not water!) in 
solutions (DMSO, DMF). The oxidized species of 
1—3 afforded just the same CV as their reduced form. 
It was impossible to isolate the oxidized species, which 
was easily decomposed at a low temperature. The 
oxidation of 1—3 by I2 in protic solvents (water and 
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Fig. 4. The time (s) dependent absorption change of 
oxidized (NEu)[Ni(H2ebtsa)](OH) in DMSO. The 
dashed line represents the spectrum recovered from 
the fully quenched one (dotted) by the addition of 
excess I2. This time course obeyed the equation; 

I0/I=\+kyot 
absorbance of the oxidized species at time t. 
the maximum intensity of / that was recovered 
by the addition of excess (not too much) amount 
of I2. 
reaction rate. 
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time (min). 
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alcohols) or in aprot ic solvents contaminated by water 
caused the decomposi t ion of the coordinat ion unit . 

Ebtsa is not potent ia l as a PAC ligand. It did not 
ionize the amide proton, nor did stabilize Ni 3 + . We 
could not isolate the dianionic uni t , [Ni(ebtsa)]2 - , 
despite the use of strictly dried solvents in the prepara­
t ion procedures. In order to overcome the difficulty, 
it will be necessary to synthesize a new l igand which 
has electron wi thdrawing groups on the benezenethio-
late rings. 

T h e authors wish to thank Professor Yasuhiro 
Iwasawa of Tokyo University for his he lp in the 
EXAFS experiment and Professor Yutaka Fukuda of 
Ochanomizu University for the thermogravimetry 
and differential thermal analysis. T h i s study was 
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Structures and Spectral Properties of Some Bis(/?-diketonato)copper(II)-
Diazole Complexes. II.1) The 1:1, 1:2, and 1:3 Adducts of 

Bis( 1,1,1,5,5,5-hexaf luoro-2,4-pentanedionato)copper (II) 
and 4-Methyl-lJï-pyrazole 
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The preparation of Cu(hfac)2(4-Hmpz) (1), Cu(hfac)2(4-Hmpz)2 (2), and Cu(hfac)2(4-Hmpz)3 (3) by stoichio­
metric reactions of Cu(hfac)2 (Hhfac=l,l,l,5,5,5-hexafluoro-2,4-pentanedione) with 4-methyl-lH-pyrazole (4-
Hmpz) in petroleum ether is reported. The structure of 2 has been determined by X-ray analysis. Crystal data 
for 2: triclinic, P i , «=9.301(3), 0=10.815(2), c=6.457(l) A, «=104.71(2), 0=101.38(2), 7=75.41(2)°, F=601.8(3) A«, 
Z=l , and #=0.057. The geometry about each copper atom is approximately a tetragonal bipyramid. The 
axial positions are occupied by two oxygen atoms one from each of the bidentate hfac ligands, the other oxygen 
atoms of which are in the basal plane with two nitrogen atoms from 4-Hmpz molecules. The two nitrogen 
atoms are situated trans to each other. The axial oxygen atoms have a considerably long Cu-0(2) distance 
(2.346(3) A). In the IR spectrum of 2, unsplit v C-O and v N-H bands were observed at 1678 and 3441 cm -1, 
respectively. The structures of 1 and 3 are estimated on the basis of their IR spectra. 

T h e abili ty of bis(fluorinated ß-diketonato)copper-
(II) complexes to behave as strong Lewis acids and to 
react wi th unidenta te or bidentate ni t rogen l igands to 
form addi t ion complexes have been reported.2) Par­
ticularly several X-ray investigations have been 
reported on the six-coordinated adducts of Cu(hfac)2 
wi th ni t rogen bases. For example, Cu(hfac)2 (bpy)3) 

(bpy=2,2 ' -bipyridine) and Cu(hfac)2(py)24) ( py= pyri­
dine) have cis-N202 octahedral structure (c) and Cu-
(hfac)2(ted)5> (ted=l,4-diazabicyclo[2.2.2]octane) and 
Cu(hfac)2(pyz)6) (pyz=pyrazine) have O4 octahedral 
structure (a). T h e bond lengths of C u - O ( l ) , C u - 0 ( 2 ) , 
and C u - N ( l ) are 2.004(7), 1.924(7), and 2.529(9) A 
respectively in Cu(hfac)2(pyz), and 1.958(5), 1.954(5), 
and 2.566(7) A respectively in Cu(hfac)2(ted). These 
data show that the structures of these adducts exactly 
belong to the O4 octahedral type. Trans-N2Û2 
octahedral structure (b) has not been reported so far 
and adduct 2 may be the first example wi th a structure 
assigned to this type. 

Cu Xîu Cu 

"[" 

(a) 0 4 Oh (b) trans-N202 Oh (c) cis-N202 Oh 
Cu(hfac)2(pyz) Cu(hfac)2(bpy) 
Cu(hfac)2(ted) Cu(hfac)2(py)2 

Cu(hfac)2 adduts with nitrogen heterocycles. 

In this paper, we report on 1:1 , 1:2, and 1:3 
adducts of Cu(hfac)2 wi th 4-methyl- lH-pyrazole and 
discuss the relations between the structures and spec­
tral properties of them. 

"ff Present address: Chemistry Laboratory, Faculty of Edu­
cation, Yamagata University, Koshirakawa, Yamagata 990. 

Exper imenta l 

Materials. Bis( 1,1,1,5,5,5-hexafluoro-2,4-pentanedio-
nato)copper(II) was prepared by the reported method.7) 4-
Methyl-lH-pyrazole, lH-pyrazole (Hpz), and 4-iodo-lH-
pyrazole (4-Hipz) (Aldrich Chemical Co.) were used without 
further purification. 

Preparation of the Complexes. Cu(hfac)2(4-Hmpz): 
Cu(hfac)2 was dissolved in petroleum ether with an equimo-
lar quantity of 4-methyl-lH-pyrazole. The solution was 
boiled under reflux for 1 h. On cooling, green crystals were 
formed. They were separated by filtration and recrystal-
lized from petroleum ether. Found: C, 30.17; H, 1.36; N, 
5.08%. Calcd for Ci4H8N204Fi2Cu: C, 30.04; H, 1.44; N, 
5.00%. 

Cu(hfac)2(4-Hmpz)2: Cu(hfac)2 was dissolved in petro­
leum ether with twice molar quantities of 4-methyl-lH-
pyrazole. The solution was boiled under reflux for 1 h. 
After standing for a few days, light green crystals were 
formed. They were separated by filtration and recrystal-
lized from petroleum ether. Found: C, 33.72; H, 2.16; N, 
8.80%. Calcd for C18H14N4O4F12CU: C, 33.68; H, 2.20; N, 
8.73%. 

Cu(hfac)2(4-Hmpz)3: Cu(hfac)2 was dissolved in petro­
leum ether with three times molar quantities of 4-methyl-
lH-pyrazole. The solution was boiled under reflux for 1 h. 
After standing for a few days, bluish green crystals were 
formed. They were separated by filtration and dried in 
vacuo. Found: C, 36.47; H, 2.73; N, 11.57%. Calcd for 
C22H2oN604Fi2Cu: C, 36.50; H, 2.78; N, 11.61%. 

Cu(hfac)2(Hpz)2 and Cu(hfac)2(4-Hipz)2: These com­
plexes were prepared by a similar method as described 
above. Cu(hfac)2(Hpz)2: IR 3429 (N-H) and 1668 (C-O) 
cm"1; Found: C, 31.36; H, 1.64; N, 8.95%. Calcd for 
Ci6HioN404Fi2Cu: C, 31.31; H, 1.64; N, 9.13%. Cu(hfac)2(4-
Hipz)2: IR 3418 (N-H) and 1661 (C-O) cm"1; Found: C, 
22.24; H, 0.77; N, 6.19%. Calcd for Ci6H8N404Fi2I2Cu: C, 
22.20; H, 0.93; N, 6.17%. 

Cu(hfac)2(bpy)3> and Cu(hfac)2(dmed)2
8> (dmed=N,N-

dimethylethylenediamine) were prepared by the reported 
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methods. 
Spectral Measurements. The diffuse reflectance spectra 

were recorded on a Hitachi Model 3410 spectrophotometer 
and IR on a Nicolet 5ZDX Fourier transform infrared 
spectrometer. 

Crystal Structure Analysis for 2. Crystallographic data 
and experimental details of the adduct are listed in Table 1. 
The X-ray diffraction data were collected by use of an 
automated four-circle diffractometer, Rigaku AFC-5, with 
a graphite-monochromated Mo Ka radiation (A=0.71073Â) 

Table 1. Crystallographic Data and Experimental Details 

Formula 
M 
Crystal system 
Space group 
a/A 
b/k 
c/k 
a/° 
ß/° 
y/° 
LVÂ3 

z 
Dm /Mgm- 3 

ZVMgmr 3 

Crystal size/mm 
F(000) 
niMoKaycm-1 

Scan rate/0 min - 1 

Scan range (20)/° 
No. of reflection measured 
No. of unique data for calc. 

\F0\>3(o\F0\) 

D b) 

CUC18H14F12N4O4 
641.86 
Triclinic 

P i 
9.301(3) 

10.815(2) 
6.457(1) 

104.71(2) 
101.38(2) 
75.41(2) 

601.8(3) 
1 
1.77 
1.771 

0.45X0.35X0.30 
319 
10.3 
6 

2—60 
3831 
2673 

0.057 
0.054 

a ) # = 2 l | F o | - | F c | | / 2 | F o | . b)Äw=[53^(|/ ro|-|Fc|)V 
2>|Fo|2]1 / 2; w=l/\ AF|2,1 AF\2=a\Fo\2+b\F0\+c, where 
a=0.0017, b=-0.026, and c=0.46. 

Table 2. Final Atomic coordinates (XI04), with Estimated 
Standard Deviations in Parentheses, and Their Equiva­

lent Isotropic Temperature Factors, for 2 

Atom ßeq/A2 

Cu 
F(l) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 
O(l) 
0(2) 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 

0 
-1884(3) 
-997(4) 

-3365(4) 
-5081(5) 
-4392(5) 
-5663(4) 
-827(3) 

-2210(3) 
1455(4) 
938(3) 

-2083(5) 
-1997(4) 
-3116(5) 
-3160(4) 
-4595(5) 

1148(4) 
1790(4) 
1965(5) 
2188(8) 

0 
3025(3) 
4140(3) 
4369(3) 
3078(4) 
1318(5) 
1500(7) 
1517(2) 
620(3) 
762(4) 

1127(3) 
3500(4) 
2399(3) 
2503(4) 
1587(4) 
1838(5) 
2351(4) 
2750(4) 
1704(5) 
4046(6) 

0 
-4275(4) 
-1305(5) 
-2185(6) 

3087(9) 
3900(8) 

939(8) 
-1370(4) 

1582(5) 
4475(6) 
2580(5) 

-2218(7) 
-1073(5) 

76(7) 
1269(6) 
2284(8) 
2969(6) 
5087(6) 
5986(7) 
6150(10) 

3.1 
5.5 
6.6 
7.1 

11.0 
11.4 
14.4 
3.7 
4.1 
4.4 
3.5 
4.3 
3.3 
4.1 
3.6 
5.1 
3.8 
3.9 
4.7 
5.7 

Table 3. Selected Bond Lengths and Bond Angles around 
the Copper Atom, with Estimated Standard 

Deviations in Parentheses, for 2 

Bond length (Z/Â) Bond angle (</>/°) 

Cu-O(l) 
Cu-0(2) 
Cu-N(2) 
0(1)-C(2) 
0(2)-C(4) 
C(2)-C(3) 
C(3)-C(4) 

1.975(3) 
2.346(3) 
1.988(3) 
1.264(5) 
1.219(5) 
1.360(6) 
1.414(6) 

Cu-0(1)-C(2) 
Cu-0(2)-C(4) 
0( l ) -Cu-0(2) 
0(1)-Cu-N(2) 
0(2)-Cu-N(2) 

129.0(3) 
121.2(3) 
86.1(1) 
90.5(1) 
88.3(1) 

up to 20=60°, the 0-20 scan technique being employed. 
The diffraction intensities were monitored by five standard 
reflections for every 50 reflections recorded. No signs of 
decomposition of the crystal were observed. The usual 
corrections for Lorentz and polarization effects were made 
with the crystal, but no absorption correction was applied. 
Independent reflections with |F0 | >3a (\FQ\), 2673 reflec­
tions, were used for the structure determinations. Calcula­
tions were carried out on a FACOM M-760 computer at the 
Rikkyo University Computer Center using the UNICS-III9) 

and ORTEP Programs.10) The atomic-scattering factors 
including the anomalous scattering factors were taken from 
Ref. 11 for non-hydrogen atoms and from Ref. 12 for 
hydrogen atom. The structure was solved by the heavy 
atom method, and refined by standard Patterson, Fourier, 
and block-diagonal least-squares techniques. The final R 
value was 0.057. The positions of all hydrogen atoms were 
determined from the difference Fourier map. The final 
atomic coordinates of the complex are given in Table 2, and 
the geometry of the metal coordination sphere in Table 3.13) 

Results and Discussion 

T h e reaction products of Cu(hfac)2 with 3-methyl-
lH-pyrazole (3-Hmpz) and with 4-methyl- lH-
pyrazole are shown in Scheme 1. 4-Hmpz molecule 
gives 1 :1 , 1:2, and 1:3 adducts by the reaction (Table 
4), while 3-Hmpz molecule gives 1:1 and 1:4 adducts 
as described in our previous paper.1) 

3-Hmpz 

Cu(hfac)2 " 

- • 1 : 1 and 1:4 adducts 

• 1:1, 1:2, and 1:3 adducts 

4-Hmpz 

Scheme 1. Reaction products of Cu(hfac)2 with 3-
methyl-lH-pyrazole and with 4-methyl-lH-
pyrazole. 

As the scheme shows, the products with correspond­
ing composi t ions are not always obtained when differ­
ently substituted lH-pyrazole is used as a base in the 
reaction. Al though 3-Hmpz and 4-Hmpz molecules 
have similar pK* values of 3.3 and 3.1, respectively, 3-
H m p z molecule gives a 1:4 adduct rather than a 1:2 
adduct. It is observed that still weaker bases i.e., Hpz 
molecule (pK*=2.5) and 4-Hipz molecule (pKa=0.S) 
also yield 1:2 adducts wi th Cu(hfac)2. Probably the 
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Table 4. IR Spectral Data of the Adducts 
with Assignments 

Complex 

Cu(hfac)2(4-Hmpz) 

Cu(hfac)2(4-Hmpz)2 

Cu(hfac)2(4-Hmpz)3 

vN-U 
3396 

3441 

3427 

Assignment / c m - 1 

*>c-o 
1644 
1656 
1678 

1670 
ca.3200(br) 

*>C=C 

1559 

1552 

1557 

ôsCF3 

592 
581 
590 
578 
576 

Fig. 1. A perspective drawing of the structure of 2, 
showing the numbering scheme of the atoms (50% 
probability thermal ellipsoids). 

difference in basicity between 3-Hmpz and 4-Hmpz 
molecules may have some effects on the reaction of 
adduct formation. 

ORTEP projection of 2 is shown in Fig. 1 with the 
atomic numbering. The molecule has a center of 
symmetry and the geometry about each copper atom is 
approximately a tetragonal bipyramid. The axial 
positions are occupied by two oxygen atoms one from 
each of the bidentate hfac ligands. The other oxygen 

atoms of each hfac ligand are in the basal plane with 
two nitrogen atoms from 4-Hmpz molecules. The 
two nitrogen atoms are situated trans to each other. 
The axial oxygen atoms have a considerably long Cu-
0(2) distance (2.346(3) Â), which is longer than that of 
equatorial Cu-O in this adduct (1.975(3) Â) and is 
similar to that of Cu-O between a copper atom and a 
unidentate hfac ligand (2.341(5) Â) in Cu(acac)(hfac)-
(phen).14> Also the axial Cu-O bond lengths in cis-
N2O2 octahedral complexes have generally similar 
values. For example, in Cu(hfac)2(py)24) and Cu(hfac)2-
(bpy),3> the corresponding bond lengths are 2.283(12) 
and 2.296 Â, respectively. 

The C(2)-0(l) and C(4)-0(2) distances are different, 
i.e., 1.264(5) and 1.219(5) Â, respectively, and the C(2)-
C(3) and C(3)-C(4) distances have also the different 
values of 1.360(6) and 1.414(6) Â, respectively. Differ­
ent C-O and C-C distances have also been observed in 
one of the hfac chelate rings of Cu(hfac)2(5-Hmpz).1) 

These values may suggest the derealization of elec­
trons in the hfac ring. In the IR spectrum, v C-O 
band of 2 is observed at 1678 cm - 1 which is higher 
than any other v C-O frequencies of hfac in copper(II) 
complexes so far reported (Table 5). A single v C=C 
band was observed at 1552 cm-1 and two separate 
bands with approximately equal intensities are 
observed at 590 and 578 cm-1, which may be assigned 
to CF3 deformation.5'6'14) The former band is assigna­
ble to the CF3 group attached to the carbonyl group 
with common Cu-O distance, while the latter to the 
CF3 group attached to the carbonyl group with long 
Cu-O distance. It is to be noted that no splitting of v 
C-O and ẑ C=C bands are observed, although the dif­
ferent C-O and C=C distances are found in the hfac 
chelating ligands. 

The sharp band at 3441 cm - 1 of 2 is definitely 
assignable to v N-H vibration of free imino groups 
which suggests that imino groups are not hydro­
gen-bonded.1) 

Although the structure of 1 has not been analyzed, it 

Table 5. IR Spectral Data of hfac Ligands with Assignments 

Complex 

Cu(hfac)2(4-Hmpz)2 

[Cu(acac)(phen)(OH2)][hfac] • H20
14> 

Cu(hfac)2(dmed)28) 
Cu(acac)(hfac)(phen)14> 
Cu(hfac)2(5-Hmpz)41) 

Cu(hfac)2(bpy)2) 

Cu(hfac)2(py)2
4> 

Cu(hfac)2(ted)5> 
Cu(hfac)2(pyz)6> 
(tedH)+(hfac)-5> 
(tmndH)+(hfac)-5> 

Nature 

Trans-N202 Oh 

Uncoordinated hfac 
Unidentate hfac 
Unidentate hfac 
Unidentate hfac 

Cis-N202 Oh 

Cis-N202 Oh 
0 4 O h 
0 4 O h 
Ionic 
Ionic 

Assignment/cm" 

vC-O 

1678 

1673 
1670 
1660 
1663 
1650 
1659 

1655 
1640 
1639 
1666 
1665 

*>C=C 

1552 

1587 

1552 

1558 
1553 

-1 

osCFs 

590 
578 
572 
574 
570 
576 

586 
578 

593 
590 
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is very likely that it has a structure similar to 
Cu(hfac)2(5-Hmpz), which has a geometry of a tetra­
gonal pyramid with a 5-Hmpz molecule in the basal 
plane. The IR spectra have some similarities 
between them. In 1, two bands were observed in the 
carbonyl stretching region at 1644 and 1656 cm -1, 
which may be assigned to the v C-O vibrations of the 
two unequivalent hfac chelate rings. The band at 
3396 cm - 1 is assignable to v N-H vibration. These 
spectral data can be comparable with those of 
Cu(hfac)2(5-Hmpz). The spectrum of Cu(hfac)2(5-
Hmpz) has three bands in the carbonyl region at 1644, 
1662, and 1669 cm-1 and a sharp band in the N-H 
stretching region at 3424 cm-1.1 ' 

In the diffuse reflectance spectrum, 1 has a broad 
maximum at 760 nm, while the maximum of 
Cu(hfac)2(5-Hmpz) is observed at 793 nm (Fig. 2). 

From these data of IR and UV spectra, it may be 
assumed that 1 has a structure similar to Cu(hfac)2(5-
Hmpz). It may be suggested from the IR spectrum 
that the axial Cu-O bond length is shorter than that of 
Cu(hfac)2(5-Hmpz). 

The preparation of 3 is rather difficult, for the 
formation of it sensitively depends on the reaction 
conditions. On recrystallization, it loses one 
molecule of 4-Hmpz yielding 2. Accordingly, it is 
assumed that 2 and 3 are structually closely related. 

The structure of 3 has not been determined owing to 
the difficulty in obtaining single crystals suitable for 
X-ray analysis. Thus we try to estimate a possible 
structure of 3 on the knowledge of IR and UV spectra. 
The relations between the coordination modes of hfac 
ligands and IR spectra have been discussed on Cu-
(hfac)2 adducts. However, the spectral data have had 
limited use for structural determination. For exam­
ple, close structural resemblance has often been 
expected between analogous complexes when similar 
spectral data are obtained for them. Recently, we 
have found that significant information can be 
obtained from spectral data and their diagnostic use 

—i 1 1 1 
800 700 600 500 

Wavelength/nm 
Fig. 2. The diffuse reflectance spectra of the adducts 

(/Lax (nm) in parentheses): (a) Cu(hfac)2(5-Hmpz) 
(793), (b) Cu(hfac)2(4-Hmpz) (760), (c) Cu(hfac)2(4-
Hmpz)2 (689), (d) Cu(hfac)2(4-Hmpz)3 (686), and (e) 
Cu(hfac)2(5-Hmpz)4 (552). 

for the structure determination of adducts may be very 
helpful. The IR spectrum of 3 has two bands in N-H 
stretching region at 3427 and at about 3200 cm-1. 
The former is assigned to the N-H stretching vibra­
tion of free imino groups, and the latter to that of 
hydrogen-bonded imino groups. Similar broad 
peaks at about 3200 cm - 1 have been observed in the 
spectra of Cu(hfac)2(dmed)2 and Cu(hfac)2(5-Hmpz)4, 
in which the presence of N-H---0 hydrogen bonds has 
been established. 

Thus, it may be safe to conclude that 3 has both free 
imino and N - H -O hydrogen-bonded imino groups. 

The bands at 1670 and 576 cm"1 are assignable to v 
C-O and ô SCF3, respectively. From the IR spectra of 
many Cu(hfac)2 adducts, it can be assumed that the 
presence of a single v C-O band in the range of 1638 
to 1678 cm - 1 shows the equivalence of the two hfac 
ligands in the complexes. For example, Cu(hfac)2(5-
Hmpz) has three bands in this region, as described 
above. On the other hand, most of the com­
plexes with equivalent hfac's, e.g. Cu(hfac)2(dmed)2, 
Cu(hfac)2(pyz), Cu(hfac)2(py)2 and so on, have a single 
band in the region. The only exception is 
Cu(hfac)2(5-Hmpz)4, which has v C-O bands at 1650 
and 1663 cm - 1 although two unidentate hfac ligands 
are equivalent. These data may suggest that two 
hfac's are equivalent in 3. 

The frequencies of v C-O and ô SCF3 of 3 are similar 
to those of Cu(hfac)2(dmed)2, which may suggest the 
similarity of the coordination mode of hfac ligands 
between both adducts. In Cu(hfac)2(dmed)2, the 
geometry about each copper atom is approximately a 
tetragonal bipyramid, with four nitrogen atoms from 
dmed molecules in the equatorial plane and two oxy­
gen atoms one from each hfac ligand in the axial 
position. The hfac ligands are stabilized by intramo­
lecular hydrogen bonding between uncoordinated 
oxygen atoms of hfac ligands and NH2-nitrogen 
atoms of dmed ligands. 

The diffuse reflectance spectrum of 3 resembles to 
that of 2, showing a broad maximum at 686 nm (Fig. 
2). It may suggest a similarity of the coordination 

Fig. 3. The possible structure of 3 illustrated sche­
matically. 
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envi ronment a round a copper a tom between 2 and 3. 
In conclusion, these spectral data of 3 are consistent 

wi th the following structure. It has a geometry of a 
tetragonal pyramid, two ni t rogen atoms from 4-Hmpz 
molecules and two oxygen atoms from two unidenta te 
hfac l igands being in the basal plane. T h e uncoordi­
nated oxygen a toms of hfac's are hydrogen bonded to 
the im ino groups of 4-Hmpz molecules. T h e two 
ni t rogen a toms are trans to each other; At the apex 
another n i t rogen a tom from 4-Hmpz molecule is situ­
ated. Figure 3 schematically illustrates the possible 
structure of 3. 

T h e authors are grateful to Ms. Michiko Umehara 
of Rikkyo University for the Weissenberg pho tog raph 
techniques and Mr. Takayoshi Ozawa of this Insti tute 
for the elemental analysis. 
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of (2ÄS,7SÄ)-2,7-Diacetoxybicyclo[2.2.1]heptane and 

(2ÄS,7ÄS)-2,7-Diacetoxybicyclo[2.2.1]heptane 
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Enzyme-catalyzed hydrolyses of (2KS,7SK)-2,7-diacetoxybicyclo[2.2.1]heptane (2) and its (2RS,7RS)-isomer 
6 occurred with regiospecificity combined with enantiomeric specificity to give the diacetates and the 
monoacetates in optically active forms, and the acetoxyl group located on the methano bridge in the diacetates 
was preferentially hydrolyzed to give the monoacetates. Treatment with lithium aluminum hydride converted 
(-)-2 and (+)-(2S,7K)-2-acetoxybicyclo[2.2.1]heptan-7-ol into (+)-(2K,7S)-bicyclo[2.2.1]heptane-2,7-diol (1) and 
(—)-(2S,7jR)-bicyclo[2.2.1]heptane-2,7-diol (1), respectively, from which both enantiomers of 1 with >98% e.e. 
were readily obtained by further recrystallization. Similarly, (—)-(2ß,7ß)-2,7-diacetoxybicyclo[2.2.1]heptane 
(6) and (+)-(2S,7S)-2-acetoxybicyclo[2.2.1]heptan-7-ol (6) were converted into (+)-(2#,7#)-bicyclo-
[2.2.1 ]heptane-2,7-diol (5) and (-)-(2S,7S)-bicyclo[2.2.1 ]heptane-2,7-diol (5), respectively. The absolute config­
urations of the products were determined by a chemical correlation with £*;o-2-acetoxybicyclo[2.2.1]heptane of 
known absolute configuration. 

The use of enzymes as practical chiral catalysts for 
the preparations of optically active compounds has 
been well-documented.l) Hydrolytic enzymes, which 
operate without requiring expensive coenzymes, are 
especially useful for the preparations of alcohols in 
optically active forms. Our continuing interests in 
the kinetic resolution with enzymes2* prompted us to 
prepare optically active diols, which may serve as a 
chiral subunit for constructing chiral host molecules, 
by enzyme-catalyzed enantioselective hydrolysis of 
racemic diacetates. Recently, we reported the syn­
theses of bicyclo[3.3.1]nonane-2,6-diol and 3,3,7,7-
tetramethylbicyclo[3.3.1]nonane-2,6-diol with high 
optical purity by enzyme-catalyzed enantioselective 
hydrolyses of the corresponding diacetates of C2-
symmetry and the preparations of chiral crown ethers 
using these diols as a chiral subunit.3) An attractive 
additional advantage of enzymes is their ability to 
combine a different specificities in a single-step reac­
tion. In this paper, we wish to report the enzyme-
catalyzed enantioselective and regioselective hydro­
lyses of (2i?S,7Si?)-2,7-diacetoxybicyclo[2.2.1]heptane 
(2) and (2^S,7^S)-2,7-diacetoxybicyclo[2.2.1]heptane 
(6). 

Results and Discussion 

The substrates evaluated were the racemic diacetates 
2 and 6, which were derived from (2RS,7SR)-
bicyclo[2.2.1]heptane-2,7-diol (1) and (2RS,7RS)-
bicyclo[2.2.1]heptane-2,7-diol (5), respectively. 
Crandall4) has reported that the acid-catalyzed hydra­
tion of exo-2,3-epoxybicyclo[2.2.1]heptane provided 1, 
mp 179.5—181 °C and 5, mp 204.5—206°C and that 
performic acid hydroxylation of bicyclo[2.2.1]hept-2-
ene gave also the mixture of 1, 5, and the other 
alcohols. 

Treatment of bicyclo[2.2.1]hept-2-ene with 98% for­

mic acid and 30% aqueous solution of hydrogen 
peroxide followed by hydrolysis with 30% aqueous 
solution of sodium hydroxide gave a mixture of dia-
stereomeric diols. Chromatography of the mixture on 
silica gel followed by recrystallization gave 1 (25% 
yield), mp 178—179 °C and 5 (19% yield), mp 204— 
206 °C. Treatment of 1 and 5 with acetic anhydride 
and pyridine afforded 2 and 6, respectively. 

Enzyme-catalyzed hydrolyses of (±)-2 and (±)-6 were 
performed in 0.1 M (1 M=l mol dm -3) phosphate 
buffer solution at 25—30 °C, and terminated at, or 
closs to, the 50%-of-hydrolysis point. In every cases, 
the product was extracted with dichloromethane and 
purified by chromatography on silica gel. The 
results are summarized in Table 1. 

RiJ 0 R 2 R'O H 

( + ) - l Rl= R2= H (+)-5 R ] = R 2 = H 

( - ) - 2 R!=R 2 =Ac ( - ) -6 R ^ R ^ A c 

( - ) - 3 R l = A c R2=H H - T R ' z A c R 2=H 

( + ) - 4 R l = H R2=Ac ( - ) - 8 R ' = H R 2 = A C 

The next task was the determination of the struc­
tures of the monoacetates obtained by enzyme-
catalyzed hydrolysis. Oxidation with chromium tri-
oxide converted the (2S,7#)-isomer (+)-3, [a]D +24.0°, 
which was obtained as a major monoacetate, into the 
ketone (-)-9, [a]D -24.0°. The IR spectrum of 9 
exhibiting the carbonyl absorption bands at 1780 and 
1740 cm - 1 indicated that a strained cyclic ketone 
moiety as well as an acetoxyl group was incorporated 
in 9. Similarly, oxidation of the major (2S,7S)-
monoacetate (+)-7, [O:]D +15.8°, gave also (—)-9, [O:]D 
—20.0°. The chemical conversions as well as the IR 
spectral data confirmed the structure of 9, and clearly 
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Table 1. Enantioselective Hydrolysis of Racemic Diacetates 

Substrate 

(±^2 

(±)-2 

(±)-2 

(±)-2 

(±)-2 

(±)-2 

(±)-6 

(±)-6 

Enzyme 
(pH) 

PLE 
(8.0) 

Lipase A 
(7.7) 

CCL 
(7.7) 

Lipase N 
(6.9) 

Lipase F 
(6.9) 

Lipase R 
(7.7) 

PLE 
(8.0) 

Lipase A 
(7.7) 

Timea)/h 

18 

11 

48 

69 

215 

336 

14 

9 

Product (% isolated yield) 

(-)-(lS,2K,4K,7S)-2(35%) 
( + ) - ( 1 Ä , 2 S , 4 S , 7 Ä ) - 3 (37%) 
(+)-(lS,2K,4K,7S)-4(16%) 
( + ) - ( 1 Ä , 2 S , 4 S , 7 Ä ) - 2 ( 4 4 % ) 

(-)-(lS,2K,4K,7S)-3(29%) 
(-)-(lK,2S,4S,7K)-4(16%) 
( - ) - ( 1 S , 2 Ä , 4 Ä , 7 S ) - 2 ( 3 4 % ) 

( + ) - ( 1 Ä , 2 S , 4 S , 7 Ä ) - 3 (19%) 

(+)-(lS,2Ä,4Ä,7S)-4(13%) 
(-)-(lfi,2S,4S,7Ä)-l (23%) 
( - ) - ( 1 S , 2 Ä , 4 Ä , 7 S ) - 2 ( 2 3 % ) 

( + ) - ( 1 Ä , 2 S , 4 S , 7 Ä ) - 3 ( 2 8 % ) 

( + ) - ( 1 S , 2 Ä , 4 Ä , 7 S ) - 4 ( 1 2 % ) 
(-)-(lfi,2S,4S,7Ä)-l (40%) 
( - ) - ( 1 S , 2 Ä , 4 Ä , 7 S ) - 2 ( 1 7 % ) 
(+)-(lfi,2S,4S,7Ä)-3( 6%) 
( + ) - ( 1 S , 2 Ä , 4 Ä , 7 S ) - 4 ( 9%) 

( - ) - ( 1 S , 2 Ä , 4 Ä , 7 S ) - 2 ( 5 9 % ) 

( + ) - ( 1 Ä , 2 S , 4 S , 7 Ä ) - 3 ( 1 7 % ) 
( + ) - ( 1 S , 2 Ä , 4 Ä , 7 S ) - 4 ( 6%) 

( - ) - ( 1 S , 2 Ä , 4 R , 7 Ä ) - 6 (38%) 
(+)-(lfi,2S,4S,7S)-7 (42%) 
( - ) - ( 1 S , 2 Ä , 4 R , 7 Ä ) - 6 (33%) 
(+)-(lÄ,2S,4S,7S)-7(38%) 
( - ) - ( 1 S , 2 Ä , 4 R , 7 Ä ) - 2 ( 5%) 

e.e. 

81% 
98% 
73% 
23% 
21% 
57% 
55% 
55% 
44% 
44% 
80% 
41% 
78% 
38% 
91% 
29% 
75% 
77% 
29% 
18% 
43% 
83% 
43% 
63% 
41% 

a) The time at, or close to, the 50%-of-hydrolysis point. 

(+)-3- A 
OAc 

( - ) - 9 

•(+)-7 

OAc OAc b OAc 
(+)-10 11 

OAc 
(+)-12 

demonstrated that the acetoxyl group located on the 
methano bridge in 2 and 6 was preferentially hydro-
lyzed. Oxidation of the minor (2iR,7S)-isomer (+)-4, 
[a]D +34.2°, afforded (+)-10, [a]D +1.58°, with the 
carbonyl absorption bands at 1750 and 1740 cm - 1 in its 
IR spectrum. 

The enantiomer excess (e.e.) measurements of the 
diols 1 and 5 were performed by HPLC on their 
bisphenylcarbamate derivatives which were prepared 
by treatment of the diols with phenyl isocyanate. On 
the basis of the e.e. values of 1 and 5, conversions of 
the acetates into the diols with L1AIH4 permitted us to 
calculate the e.e. values of the acetates as follows. 

The e.e. value of (+)-l, [O;]D +10.5°, which was 
derived from (—)-2, [OL\D —64.2°, by L1AIH4 reduction, 
was determined to be 81% and, eventually, the conver­
sion revealed the e.e. value of (—)-2 (81% e.e.). Sim­

ilarly, the conversions of (+)-3, [a]D +24.0°, and (+)-4, 
[a]D +34.2°, into (-)-l , [a]D -12.7°, and (+)-l, [a]D 

+9.47°, respectively, determined the e.e. values of the 
monoacetates (+)-3 and (+)-4 to be 98% and 73%, 
respectively. In the cases of the (2R,7R)-isomer (—)-6, 
[a]D -16.1°, (+)-7, [a]D +15.8°, and (-)-8, [a]D -4.38° 
were converted into (+)-5, [a]D +0.430° (48% e.e.), (-)-
5, [a]D -0.749° (83% e.e.), and (+)-5, [a]D +0.343° (41% 
e.e.), respectively, and the e.e. value of 5 was also 
determined by HPLC. 

The optical purities of the diols 1 and 5 obtained by 
LiAlH4 reduction as mentioned above were easily 
enriched to give both enantiomers of 1 and 5 with 
>98% e.e. by further recrystallization, because both 
diols 1 and 5 are a crystalline solid. 

Finally, the absolute configurations of the optically 
active products were established by a chemical correla­
tion with the known compound 12, whose absolute 
configuration has been reported by Berson.5) Treat­
ment of (—)-9 with 1,2-ethanedithiol and boron tri-
fluoride etherate in acetic acid gave 11, the desulfuriza-
tion of which with Raney nickel in refluxing ethyl 
acetate gave (+)-(lS,2S,4i?)-12, whose structure was 
confirmed by comparisons of its IR spectrum and 
GLC behavior with those of the authentic sample.6) 

The chemical conversion assigned the 1^,25,45-
configuration to (—)-9. On the basis of this assign­
ment, the correlation reactions mentioned above 
revealed unambiguously the absolute configurations 
of all the other products as illustrated in their struc­
tural formulas.7) 



1012 K. NAEMURA, N. TAKAHASHI, S. TANAKA, M. UENO, and H. CHIKAMATSU [Vol. 63, No. 4 

OAc 

We wish to comment briefly on the CD spectrum 
of (—)-9. T h e octant projection formula of (—)-
(li?,2S,4S)-9 exhib i t ing a negative Cot ton effect 
a r o u n d 300 n m is d rawn as shown above and a sole 
subst i tuent g r o u p of (—)-9 lies in a lower-right octant 
in this formula. As Lightner8 ) described that (+)-
( l^ ,2S ,4S) -^xo-2-methy lb icyc lo [2 .2 .1 ]hep tan-7-one 
exhibited a negative Cot ton effect a round 290 n m in 
its CD spectrum and the lone dissymmetric methyl 
perturber in this molecule lies not in (+)-back octant 
bu t in (—)-front octant in its octant projection dia­
gram, the apparen t "ant i -octant" effect exhibited by 
(—)-9 may be interpreted not as an "ant i -octant" effect 
b u t as a no rma l octant effect with the subst i tuent lying 
in a (—)-front octant. 

A number of features in Table 1 deserve comment . 
Wi th all enzymes examined here, the acetoxyl g roup 
located on the me thano bridge in the diacetates 2 and 6 
was preferentially hydrolyzed to yield 3 and 7 as the 
major monoacetate. Especially, hydrolysis of (+)-6 
wi th P L E occurred wi th complete regiospecificity for 
the acetoxyl g roup at C-7 to give (+)-7 as a sole 
monoacetate. In the cases of hydrolysis of (±)-2 cata­
lyzed by PLE, CCL, and lipase A, e longat ion of the 
reaction t ime led to a formation of a small a m o u n t of 
1. In contrast wi th these hydrolyses, the monoacetate 
smoothly underwent further hydrolysis to give a sig­
nificant a m o u n t of 1 by hydrolysis of (±)-2 wi th lipase 
N and lipase F. Lipase F-catalyzed hydrolysis of (±)-2 
which was stopped after the 50%-of-hydrolysis po in t 
gave ( - ) - l wi th the same configurat ion as that of (+)-3 
in a moderate yield, and the e.e. value of (—)-2 re­
covered in a low yield was enriched. A reversal of the 
stereochemistry was observed in lipase A-catalyzed 
hydrolysis of (±)-2, but , hydrolysis of (±)-6 wi th lipase 
A gave the same products as those obtained by PLE-
catalyzed hydrolysis. 

Recently, 2,3-disubstituted bicyclo[2.2.1 ]heptene 
derivatives with h igh optical puri ty have been pre­
pared by PLE-catalyzed hydrolysis of dimethyl 
( ± ) - ( 2 # S , 3 # S ) - b i c y c l o [ 2 . 2 . 1 ] h e p t - 5 - e n e - 2 , 3 - d i c a r -
boxylate.9) As described above, hydrolyses of (±)-2 
and (±)-6 catalyzed by P L E provided also a practical 
and facile method for the prepara t ion of optically 
active bicyclo[2.2.1]heptane derivatives hav ing func­
tional groups at C-2 and C-7 posi t ions, because the 
enzymatic hydrolyses occurred smoothly wi th regio­
specificity as well as wi th h igh enantioselectivity. 

Experimental 

Melting points and boiling points are uncorrected. 
Infrared spectra were recorded on a Hitachi 260-10 spec­

trometer. Circular dichroism data were collected with a 
JASCO J-500 spectropolarimeter. Optical rotations were 
measured with a JASCO DIP-40 automatic Polarimeter. 
^ N M R spectra were obtained from a JNM-MH-100 and 
chemical shift are reported in parts per million (8) down-
field from tetramethylsilane. Elemental analyses were 
determined on a Yanagimoto CHN-Corder, Type II. 

Oxidation of Bicyclo[2.2.1]hept-2-ene. To a mixture of 
98% formic acid (240 mL) and 30% aqueous solution 
of hydrogen peroxide (56 mL) was slowly added 
bicyclo[2.2.1]hept-2-ene (37.0 g, 0.394 mol) over a period of 
2.5 h while the temperature of the reaction mixture was 
maintained at 40—45 °C. After the addition was com­
pleted, the resulting mixture was warmed at 40—45 °C for 
an additional 3 h. The formic acid and water were removed 
by distillation under reduced pressure. An ice cold solu­
tion of sodium hydroxide (32 g) in water (60 mL) was added 
to the residual viscous oil with care that the temperature of 
the mixture did not exceed 45 °C and then the mixture was 
stirred at room temperature for 12 h. The mixture was 
extracted with ethyl acetate and the extract was washed with 
water, dried (MgS04), and concentrated under reduced pres­
sure. To the residue was added hexane and the solid pre­
cipitated was collected by filtration. The solid was chro-
matographed on silica gel. Early fractions eluted with 
dichloromethane-methanol (98/2 v/v) gave a solid, which 
was recrystallized from hexane-dichloromethane to provide 
1 (12.6 g, 25% yield), subsequent fractions eluted with the 
same solvent gave a mixture (7.50 g) of 1 and 5 together with 
a small amount of unidentified diols, and latter fractions 
eluted with dichloromethane-methanol (95/5 v/v) gave a 
solid, recrystallization of which from dichloromethane gave 
5 (9.58 g, 19% yield). (±)-l: mp 178—179 °C (lit,3) mp 
179.5—181 °C); IR (KBr) 3350, 1430, 1080, 1060, 1045 cm"1. 

Found: C, 65.40; H, 9.41% Calcd for C7H12O2: C, 65.59; H, 
9.44%. 

(±)-5: mp 204—206 °C (lit,3) mp 204.5—205.5 °C); IR 
(KBr) 3300, 1350, 1090, 1070, 1000 cm"1. 

Found: C, 65.45; H, 9.40% Calcd for C7H12O2: C, 65.59; H, 
9.44%. 

(2ÄS,7SÄ)-2,7-Diacetoxybicyclo[2.2.1]heptane (2). A mixture 
of 1 (5.00 g, 0.0391 mol), acetic anhydride (12.0 g, 0.117 mol), 
and pyridine (30 mL) was stirred at room temperature for 12 
h. After the reaction mixture was poured into ice water, it 
was extracted with ether. The extract was washed with 
dilute hydrochloric acid, aqueous solution of sodium hydro-
gencarbonate, and water, and dried (MgS04). After remo­
val of the solvent, the residue was distilled to give 2 (6.96 g, 
84% yield), bp 150—152 °C (13 mmHg (1 mmHg=133.322 
Pa)); IR (neat film) 1740, 1365, 1250, 1060 cm"1; iHNMR 
(CDCI3) 5=1.1—2.5 (8H, m), 1.99 (3H, s), 2.04 (3H, s), 4.62 
(1H, s), 4.6—4.8 (1H, m). 

Found: C, 62.08; H, 7.57% Calcd for CnHi604 : C, 62.25; H, 
7.60%. 

(2ÄS,7ÄS)-2,7-Diacetoxybicyclo[2.2.1]heptane (6). By using 
the same procedure described above, reaction of 5 (1.88 g, 
0.0147 mol) with acetic anhydride (6.00 g, 0.0588 mol) and 
pyridine (12 mL) gave 6 (2.92 g, 94% yield), bp 144—146 °C 
(20 mmHg); IR (neat film) 1740, 1280 cm"1; ^ N M R 
(CDCI3) 0=1.2—2.4 (8H, m), 2.02 (3H, s), 2.04 (3H, s), 4.5— 
4.6 (1H, m), 4.94 (1H, s). 

Found: C, 62.10; H, 7.55% Calcd for CnHi604 : C, 62.25; H, 
7.60%. 
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Enzyme-Catalyzed Hydrolyses of Racemic Diacetates. 
Hydrolysis with PLE: A mixture of (+)-2 (500 mg, 2.36 
mol) and PLE (600 /zL) (100 Units/mg, Boehringer 
Mannheim Gmbh Co.) in 0.1 M phosphate buffer solution (pH 
8.0, 1600 mL) was stirred at 25—30 °C. The reaction was 
monitored by GLC and terminated at, or closs to, the 50%-of-
hydrolysis point. After stirring for 18 h, the reaction mix­
ture was extracted with dichloromethane and the extract was 
washed with water, dried (MgS04), and concentrated. 
Silica-gel column chromatography of the residue provided 
(—)-2 (eluted with benzene-ether (98/2 v/v)), (+)-4 (eluted 
with benzene-ether (95/5 v/v)), and (+)-3 (eluted with ben­
zene-ether (9/1 v/v)). (-)-2: 175 mg (35% Yield); [aJU 
-64.2° (c 0.750, CHCls). (+)-3: 148 mg (37% yield); [a]% 
+24.0° (c 1.05, CHCls); ^ N M R (CDCI3) 5=1.0—2.2 (8H, 
m), 2.05 (3H, s), 3.9-4.0 (1H, m), 4.7-4.9 (1H, m). 

Found: C, 63.11; H, 8.20%. Calcd for C9H14O3: C, 63.51; 
H, 8.29%. 

(+)-4: 64 mg (16% yield); [a]$ +34.2° (c 0.680, CHCI3); 
iHNMR (CDCI3) 0=1.0—2.2 (8H, m), 2.07 (3H, s), 3.7—3.9 
(1H, m), 4.4—4.9 (1H, m). 

Found: C, 63.22; H, 8.19%. Calcd for C9H14O3: C, 63.51; 
H, 8.29%. 

Hydrolysis with Lipase A: Hydrolysis of (+)-2 (500 mg) 
with lipase A (500 mg) (from Aspergillus niger (Amano 
pharmaceutical Co. Nagoya, Japan)) was carried out in 0.1 
M phosphate buffer solution (pH 7.7, 1500 mL) for 11 h. 
The usual workup gave (+)-2 (220 mg, 44% yield); [a]% 
+18.2° (c 0.810, CHCI3), (~)-3 (116 mg, 29% yield); [a]% 
-5.09° (c 0.825, CHCI3), and (-)-4 (64 mg, 16% yield); [a]% 
-26.7° (c 1.05, CHCI3). 

Hydrolysis with CCL: Hydrolysis of (+)-2 (500 mg) with 
CCL (10.0 g) (from Candida cylindracea (Sigma Chemical 
Co.)) was carried out in 0.1 M phosphate buffer solution 
(pH 7.7, 1500 mL) for 48 h. The usual workup gave (-)-2 
(170 mg, 34% yield); [a]$ -43.6° (c 1.01, CHCI3), (+)-3 (76 
mg, 19% yield); [a]% +13.3° (c 0.760, CHCI3), and (+)-4 (52 
mg, 13% yield); [a]g +20.6°. 

Hydrolysis with Lipase N: Hydrolysis of (+)-2 (500 mg) 
with lipase N (500 mg) (from Rhizopus niveus (Amano 
pharmaceutical Co.)) was carried out in 0.1 M phosphate 
buffer solution (pH 6.9, 1500 mL) for 69 h. The usual 
workup gave (—)-l (eluted with ether) (69 mg, 23%); [a]g> 
-5.71° (c 1.10, MeOH), (-)-2 (115 mg, 23% yield); [ajg 
-63.4° (c 0.922, CHCI3), (+)-3 (112 mg, 28% yield); [a]g 
+9.94° (c 0.650, CHCI3), and (+)-4 (48 mg, 12% yield); [ajg 
+36.5° (c 0.580, CHCI3). 

Hydrolysis with Lipase F: Hydrolysis of (+)-2 (500 mg) 
with lipase F (500 mg) (from Rhizopus javanicus (Amano 
pharmaceutical Co.)) was carried out in 0.1 M phosphate 
buffer solution (pH 6.9, 1500 mL) for 215 h. The usual 
workup gave (-)-l (120 mg, 40% yield); [a]g» -4.93° (c 1.20, 
MeOH), (-)-2 (85 mg, 17% yield); [a]f>5 -72.2° (c 0.940, 
CHCI3), (+)-3 (24 mg, 6% yield); [a]# +7.03° (c 0.553, 
CHCI3), and (+)-4 (36 mg, 9% yield); [ajg +35.1° (c 0.540, 
CHCI3). 

Hydrolysis with Lipase R: Hydrolysis of (+)-2 (500 mg) 
with lipase R (500 mg) (from Pénicillium requeforti 
(Amano pharmaceutical Co.)) was carried out in 0.1 M 
phosphate buffer solution (pH 7.7, 1480 mL) for 336 h. 
The usual workup gave (—)-2 (295 mg, 59% yield); [a]?J 
-61.1° (c 1.05, CHCI3), (+)-3 (68 mg, 17% yield); [a]$ +7.03° 
(c 0.850, CHCI3), and (+)-4 (24 mg, 6% yield); [a]fj +8.42° (c 

0.538, CHCI3). 
Hydrolysis with PLE: Hydrolysis of (+)-6 (500 mg, 2.36 

mmol) with PLE (600 /-tL) was carried out in 0.1 M phos­
phate buffer solution (pH 8.0, 1600 mL) for 14 h. The 
usual workup afforded (-)-6 (190 mg, 38% yield); [a]g 
-14.4° (c 0.765, CHCI3), and (+)-7 (168 mg, 42% yield); [a]# 
+15.8° (c 0.923, CHCI3); !HNMR (CDCI3) 5=1.1—2.3 (8H, 
m), 2.00 (3H, s), 4.22 (1H, br s), 4.5—4.6 (1H, m). 

Found: C, 63.25; H, 8.18%. Calcd for C9H14O3: C, 63.15; 
H, 8.29%. 

Hydrolysis with Lipase A: Hydrolysis of (+)-6 (500 mg) 
with lipase A (500 mg) was carried out in 0.1 M phosphate 
buffer solution (pH 7.7, 1500 mL) for 9 h. The usual 
workup afforded (-)-6 (165 mg, 33% yield) [ajg -14.4° (c 
1.30, CHCI3), (+)-7 (152 mg, 38% yield); [a]2

D
8 +12.0° (c 0.985, 

CHCI3), and (~)-8 (20 mg, 5% yield); [a]g -4.73° (c 0.530, 
CHCI3), !HNMR (CDCI3) 5=1.1—2.3 (8H, m), 2.02 (3H, s), 
3.6—3.8 (1H, m), 4.98 (1H, br s). 

Oxidation of (+)-(2S,7#)-2-Acetoxybicyclo[2.2.1]heptan-
7-ol (3). To a solution of (+)-3, [a]D +24.0°, (147 mg, 0.865 
mmol) in acetone (30 mL) was added an excess of 8 N Jones 
reagent10) with ice cooling. After the mixture was stirred at 
room temperature for 2 h, a small amount of isopropyl 
alcohol was added to the reaction mixture. The solution 
was decanted and concentrated under reduced pressure. 
The residue was diluted with water and extracted with ether. 
The extract was washed with aqueous solution of sodium 
hydrogencarbonate and water, dried (MgS04), and concen­
trated. The residue was chromatographed on silica gel and 
fractions eluted with benzene provided (—)-9 (81 mg, 56% 
yield); [a]2

D
9 -24.0° (c 1.48, CHCI3); IR (neat film) 1780, 1740, 

1240 cm-1; ^ N M R (CDCI3) 5=1.5—2.4 (8H, m), 2.01 (3H, 
s), 4.8—4.9 (1H, m); CD (c 2.33X10"2, 2,2,4-trimethyl-
pentane) [0] (nm) -5.28X102 sh (292), -5.67X102 (296), 
-5.49X102 (301), -4.49X102 sh (306). 

Found: C, 64.35; H, 7.18%. Calcd for C9H12O3: C, 64.27; 
H, 7.19%. 

Oxidation of (+)-(2S,7S)-2-Acetoxybicyclo[2.2.1]heptan-
7-ol (7). By using the same procedure described above, (+)-
7, [a]D +15.8°, (400 mg, 2.35 mmol) was converted into (—)-9 
(215 mg, 56% yield); [ajg -20.0° (c 0.913, CHCI3) as an oil 
after silica-gel chromatography. GLC behavior and IR 
and CD spectra of this specimen were in agreement with 
those of (—)-9 derived from (+)-3. 

Oxidation of (+)-(2Ä,7S)-7-Acetoxybicyclo[2.2.1]heptan-
2-ol (4). Treatment of (+)-4, [a]D +34.2°, (50 mg, 0.29 
mmol) with an excess of Jones reagent in acetone gave (+)-
10 (29 mg, 63% yield); [a]# +1.85° (c 0.720, CHCI3) as an oil 
after silica-gel chromatography (eluted with benzene); IR 
(neat film) 1750, 1740 cm"1. 

Found: C, 64.30; H, 7.20%. Calcd for C9H12O3: C, 64.27; 
H, 7.19%. 

Lithium Aluminum Hydride Reduction of (—)-(2R,7S)-
2,7-Diacetoxybicyclo[2.2.1]heptane (2). To a suspension of 
L1AIH4 (950 mg, 25.0 mmol) in dry ether (30 mL) was added 
a solution of (~)-2, [a]D -64.2°, (530 mg, 2.50 mmol) in dry 
ether (20 mL) and then the mixture was gently refluxed for 7 
h. To a chilled reaction mixture was carefully added aque­
ous solution of ammonium chloride with ice cooling, and 
an inorganic solid was removed by filtration. The filtrate 
was washed with water and dried (MgS04). Removal of the 
solvent gave (+)-l (220 mg, 69% yield); [aJB +10.5° (c 1.08, 
MeOH), which was recrystallized from dichloromethane-
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cyclohexane to give 1 (105 mg); [a]g +12.8° (c 1.01, MeOH). 
IR spectrum and GLC behavior of this specimen were in 
agreement with those of (+)-l. 

To a mixture of (+)-l, [OJ]D +10.5°, (20 mg, 0.16 mmol) 
and phenyl isocyanate (74 mg, 0.63 mmol) was added one 
drop of pyridine, and then the mixture was stirred at room 
temperature for 3 h. The resulting solid was washed with 
benzene to give the bisphenylcarbamate as a white solid. 
HPLC of this derivative was carried out on Simazu LC-6A 
using a chiral column (250X4.6 mm) packed with cellulose 
tris(3,5-dimethylphenylcarbamate) on silica gel11) (hexane/ 
ethanol 9/1) and showed that the e.e. value of (+)-l, [CK]D 
+10.5°, was 81%. 

Lithium Aluminum Hydride Reduction of (—)-(2,R,7R)-
2,7-Diacetoxybicyclo[2.2.1]heptane (6). By using the same 
procedure described above, treatment of (—)-6, [CX]D —14.4°, 
(636 mg, 3.00 mmol) with LiAlH4 (1.14 g, 30.0 mmol) in dry 
ether gave (+)-5 (290 mg, 76% yield); [a]g +0.386° (c 0.955, 
MeOH), which was recrystallized from dichloromethane-
cyclohexane to give 5 (110 mg); [a]g +0.884° (c 0.960, 
MeOH). IR spectra and GLC behavior of this specimen 
were in agreement with those of (+)-5. 

HPLC of the bisphenylcarbamate derived from (+)-5, [CK]D 
+0.884°, determined the e.e. value of this specimen to be 
98%. 

Lithium Aluminum Hydride Reduction of (+)-(2,S,7R)-2-
Acetoxybicyclo[2.2.1]heptan-7-ol (3). By using the same 
procedure described above, treatment of (+)-3, [Œ]D +24.0°, 
(160 mg, 0.941 mmol) with LiAlH4 (380 mg, 10.0 mmol) in 
ether gave (-)-l (117 mg, 97% yield); [a]g -12.7° (ç 1.01, 
MeOH) (98% e.e.). 

Lithium Aluminum Hydride Reduction of (+)-(2R,7S)-7-
Acetoxybicyclo[2.2.1]heptan-2-ol (4). Treatment of (+)-4, 
[<X]D +34.2°, (60 mg, 0.35 mmol) with LiAlH4 (150 mg, 3.95 
mmol) in ether gave (+)-l (40 mg, 89% yield); [aJS +9.47° (c 
0.850, MeOH) (73% e.e.). 

Lithium Aluminum Hydride Reduction of (+)-(2S,7S)-2-
Acetoxybicyclo[2.2.1]heptan-7-ol (7). Treatment of (+)-7, 
[<X]D +15.8°, (180 mg, 1.06 mmol) with LiAlH4 (418 mg, 11.0 
mmol) in ether gave (-)-5 (105 mg, 77% yield); [a]$ -0.749° 
(c 0.708, MeOH) (83% e.e.). 

Lithium Aluminum Hydride Reduction of (—)-(2,R,7R)-7-
Acetoxybicyclo-[2.2.1]heptan-2-ol (8). Treatment of (—)-8, 
[a]D -4.38°, (25 mg, 0.15 mmol) with LiAlH4 (58 mg, 1.5 
mmol) in ether gave (+)-5 (16 mg, 85%), [a]g +0.343° (c 
0.600, MeOH) (41% e.e.). 

(+)-exo-2-Acetoxybicyclo[2.2.1]heptane (12). A mixture 
of (-)-9 (110 mg, 0.655 mmol), 1,2-ethanedithiol (0.5 mL), 
boron trifluoride etherate (0.5 mL), and acetic acid (2 mL) 
was stirred at room temperature for 24 h. The reaction 
mixture was poured into ice water and extracted with ether. 
The extract was washed with aqueous solution of potassium 
carbonate and water, dried (MgS04), and concentrated under 
reduced pressure. The residual oil was dissolved in ethyl 
acetate (15 mL) and an excess of Raney nickel was added to 

the solution. After the mixture was refluxed for 12 h, the 
solid was removed by filtration and the filtrate was concen­
trated under reduced pressure. The residue was chromato-
graphed on silica gel and fractions eluted with pentane gave 
(+)-12 (55 mg, 55% yield); [a]$ +11.5° (c 1.15, CHCls). Its 
IR spectrum and GLC behavior were in agreement with 
those of the authentic sample prepared according to 
Berson's procedure.6) 
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l,2,3-Trithia[3]ferrocenophane (la) and related compounds show a well-defined reversible one-electron 
oxidation wave (Fe(III)/Fe(II)) in cyclic voltammetry. The [3]ferrocenophanes with S and/or Se atoms in the 
bridge show unusually high oxidation half-wave potentials which have not been observed either in [3]ferroceno-
phane or in l,l/-bis(methylchalcogeno)ferrocenes. The effect of chalcogen atoms at the 1,3-positions in the 
bridge on the positive shift of half-wave potentials is larger than that at the 2-position. Two kinds of electron-
attracting effects of chalcogen atoms at the 1,3-positions in the bridge are proposed: an inductive electron-
attracting effect ("through-bond" effect) and the interaction between the d-orbitals of Fe and chalcogen 
("through-space" interaction). The role of the sulfur atom at the 2-position in the bridge is to stabilize the 
electron attracted by the sulfur atoms at the 1,3-positions by conjugation of three sulfur atoms. 

Since the discovery of the fluxionality of the 1,2,3-
tri thia[3]ferrocenophane by Davison and Smart,1) sev­
eral reports on the activation energies and on the 
mechanism of bridge reversal of chalcogen-atom-
bridged [3]ferrocenophanes us ing variable tempera­
ture N M R technique have appeared.2 ) An X-ray crys-
ta l lographic study of l ,2,3-trithia[3]ferrocenophane 
was also reported.3) T h e Môssbauer spectra of 1,2,3-
tri thia[3]ferrocenophane (la) were also reported by 
Good et al.4) They estimated the d e r e a l i z a t i o n of d-
electrons of i ron th rough the three-sulfur bridge, 
based on the isomer shift ( A E Q ) value, which is about 
one half of those of other ferrocenophanes. T h e elec­
trochemistry of ferrocenophanes has been studied by 
Kasahara et al.,5a) Sato et al.,5b) and T o m a et al.5c) 

Kasahara et al. have reported that the values of oxida­
tion half-wave potent ia ls (£1/2) of [n]ferrocenophanes 
decrease with the decrease in the number (n) of methyl­
ene groups . O n the other hand, the electrochemical 
behavior of l ,2,3-trichalcogena[3]ferrocenophanes has 
not yet been studied despite the interesting behavior of 
the three-sulfur bridge of la found in the Môssbauer 
spectra.4) We have.prel iminari ly reported the unusu­
ally h igh oxidat ion potentials of tr i thia and triselena-
[3]ferrocenophanes.6) We wish to report here full 
details of the electrochemical results of [3]ferroceno-
phanes which have chalcogen atoms in their bridge 
and to discuss the stability of chalcogen-atom-bridged 
[3]ferrocenophanes against electrochemical oxidation, 
based on photoelectron spectroscopy. 

Experimental 

Materials. The ferrocenophanes (la—le and 2a—2e) 
used in this study were prepared according to the methods 
given in the literature,1'7-11) and were identified by the 
measurements of XH NMR, 13C NMR, and mass spectra. 

Tetraethylammonium Perchlorate (TEAP) used as a sup­
porting electrolyte was of special Polarographie grade; it 

was purchased from Nakarai Chemicals, Co., Ltd. Silver 
Perchlorate of guaranteed reagent grade, purchased from 
Wako Pure Chemical Industries, Ltd., was recrystallized 
from water and was vacuum-dried in the dark at room 
temperature for 2 days, then at 50 °C for 3 days. The 
purification of acetonitrile was carried out by Walter and 
Ramaley's method.12) 

Measurements. Cyclic voltammograms and normal 
pulse voltammograms were recorded with a Huso polaro-
graph Model 312 equipped with a Riken Denshi X-Y 
recorder Model F-42DG and a Huso potential scanning unit 
Model 321. All the measurements were carried out at 25 °C 
under argon atmosphere by a three electrode system consist­
ing of a test electrode (stationary platinum disk: 2 mm in 
diameter), a coiled platinum wire counter electrode, and Ag | 
0.1 mol dm - 3 AgClÛ4 in acetonitrile as a reference electrode. 

The 1H and 13C NMR spectra of the ferrocene derivatives 
used in this study were recorded on a JEOL GX-270 FT-
NMR spectrometer with tetramethylsilane (TMS) as an 
internal standard in CD2CI2. The assignments of 13C NMR 
spectra were based on the assignments of 1H NMR spectra by 
Abel et al.2) and of ^ C ^ H COSY NMR spectra measured in 
this study. The 77SeNMR spectra were measured on the 
same instrument using diphenyl diselenide as an internal 
standard (464.1 ppm from dimethyl selenide in CDCI3) in 
CDCI3. 

The photoelectron spectra were measured using the 
instrument described elsewhere.13) 

The electronic absorption spectra in methanol solutions 
of the ferrocene derivatives used in this study were recorded 
on a Hitachi 228 spectrophotometer. 

Results and Discussion 

T h e compounds which we studied are listed below. 
1. Electrochemistry. l ,2 ,3-Tr i th ia[3]fer roceno-

p h a n e ( la) exhibits a one-electron reversible oxidat ion 
ascribable to Fe(III)/Fe(II) of the ferrocene moiety 
(Fig. 1). T h e oxidat ion reversible half-wave poten­
tials (£1/2) of the trichalcogena[3]ferrocenophanes and 
the related ferrocene derivatives are listed in Table 1. 
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2d: E=Se, E'=S 
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2b:E = Se 

< 3 > _ CH, 

Fe 

<3>"C H2 

< 3 > - E H CHq 

Fe 

1c le:E = S 

2e:E = Se 

CH-, 

The £1/2 value of la is 335 mV (vs. Ag|0.1 mol dm"3 

AgC104 in CH3CN). This value is 310 mV more 
positive than that of ferrocene. A similar positive 
shift of the E{ß value is also observed for 1,2,3-
triselena[3]ferrocenophane (2a) in which two cyclo-
pentadienyl rings are bridged by three selenium 
atoms, l,3-dithia[3]ferrocenophane (lb), and 1,3-
diselena[3]ferroceno-phane(2b) in which two chalco-
gen atoms are at the 1,3-positions in the bridge. In 
contrast to the above results, the E\ß values of 
non-bridged chalcogen compounds such as 1,1'-
bis(methylthio)ferrocene (le) and l,l'-bis(methyl-
seleno)ferrocene (2e), are more negative than those of 
chalcogen-bridged ferrocenes. The E\ß value of le is 
25 mV more negative than that of ferrocene. These 
results suggest that a characteristic property of high 
E{ß values of trichalcogena[3]ferrocenophanes is due 
to the bridging of two cyclopentadienyl rings in ferro­
cene by at least two chalcogen atoms at 1- and 3-

o.o 0.2 0.4 0.6 0.8 

E I y (vs. Ag | 0.1 mol dm - 3 AgCl04 in CH3CN ) 

Fig. 1. (A): Cyclic voltammograms of la (scan rate/ 
rnVs"1: (a) 100, (b) 80, (c) 60, (d) 40) in 0.1 mol dm"3 

TEAP-acetonitrile solutions. (B): corresponding 
normal pulse voltammograms (sampling time/ms: 
(a) 30, (b) 50, (c) 70). 

posit ions. 
In order to evaluate the factors which control the 

magni tude of the positive shift of the E[ß values, the 
following two effects were taken into consideration: 
(1) the effect of b r idg ing by chalcogen atoms and (2) 
the effect of the number and posi t ion of the chalcogen 

Table 1. Half-Wave Potentials and Chemical Shifts of the Compounds 1, 2, and Ferrocene 

Ei/2/mV1) 

iH NMR2) 
Ô-H2 

Ô-H5 
Ô-H3 
Ô-H4 
other 

13CNMR2) 
Ô-Ci 
Ô-C2 
Ô-C5 
Ô-C3 
Ô-C4 
other 

Ferrocene 

25 

4.14 
4.14 
4.14 
4.14 
— 

68.28 
68.28 
68.28 
68.28 
68.28 

— 

la 

335 

4.52 
3.83 
4.38 
4.45 
— 

90.76 
79.41 
68.71 
69.88 
72.22 

— 

lb 

245 

4.34 
4.34 
4.10 
4.10 
4.173) 

82.86 
73.76 
73.76 
71.10 
71.10 
53.173) 

lc 

62 

4.18 
4.18 
4.07 
4.07 
3.003) 

88.46 
70.31 
70.31 
68.84 
68.84 
2.8.55») 

Id 

293 

4.51 
3.80 
4.32 
4.43 

— 

93.13 
79.12 
69.43 
69.61 
71.68 

— 

le 

0 

4.26 
4.26 
4.20 
4.20 
2.294> 

85.80 
72.34 
72.34 
70.19 
70.19 
19.864) 

2a 

238 

4.49 
3.88 
4.37 
4.38 

— 

88.79 
78.49 
69.90 
71.10 
71.46 

— 

2b 

206 

4.34 
4.34 
4.12 
4.12 
4.183) 

78.90 
74.91 
74.91 
70.85 
70.85 
34.393> 

2d 

277 

5.33 
3.88 
4.41 
4.51 
— 

87.71 
78.81 
69.95 
70.92 
71.55 

— 

2e 

49 

4.28 
4,28 
4.18 
4.18 
2.124) 

128.44 
74.70 
74.70 
70.71 
70.71 
9.404) 

1) vs. Ag I 0.1 mol dm - 3 AgC104 in CH3CN. 2) In ppm from internal TMS. Measured at 
room temperature in CD2CI2. 3) Methylene group. 4) Methyl group. 
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atoms on the oxidation potential of the bridged 
ferrocene. 

(1) [3]Ferrocenophanes, in which two cyclopenta-
dienyl rings are bridged by three methylene chains, 
exhibit no unusual electrochemical properties: its £1/2 
value has been reported to be 363 mV (vs. SCE),5a) 

which corresponds to —41 mV vs. Ag|0.1 moldmr3 

AgClC>4 in CH3CN. Based on the £1/2 value of 
[3]ferrocenophane5a) and the reported quarter-wave 
potential value of l,l'-diethylferrocene14) (194 mV vs. 
SCE in CH3CN corresponds to - 8 8 mV vs. Ag|0.1 
moldm-3 AgC104 in CH3CN), the shift of the £1/2 
value from non-bridged l,l'-diethylferrocene to meth­
ylene bridged [3]ferrocenophane is positive but the 
magnitude of the shift is only 47 mV. Compared to 
these values, the positive shifts of the £1/2 value from 
le to lb (245 mV) and that from 2e to 2b (157 mV) are 
unusually large. These results show that the effect of 
bridging of chalcogen atoms on the £1/2 value is five 
(in -S-CH2-S-) to three (in -Se-CEb-Se-) times larger 
than that of methylene. 

(2) The effect of one sulfur atom at the 1- or 3-
position in the bridge on the positive shift of the £1/2 
value can be estimated from the difference of the £1/2 
values (A£i/2

a) between lb (-S-CH2-S-) and [3]ferro-
cenophane (A£i/2a=286 mV). The effect of one sul­
fur atom at the 1- or 3-position is thus (A£i/2a)/2=143 
mV. Similarly, the effect of the sulfur atom at the 
2-position in the bridge on the positive shift of £1/2 
(A£i/20) between le (-CH2-S-CH2-) and [3]ferroceno-
phane (A£ 1/2^=103 mV). A schematic diagram of the 
£1/2 values of these compounds is shown in Fig. 2. In 
order to examine whether these A£{/2a and AEißß 

values have additivity or not, these values were app­
lied to la (-S-S-S-): the sum of A£i/2 value of la, 389 
mV, is 54 mV higher than the observed value, 335 mV. 
This suggests some additional factors which include 
the interaction between the two types of sulfur atoms, 
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_y 

AE r
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TV«^ ^ 
• l * c 

Fig. 2. Diagram of the effects of chalcogen atoms in 
the bridge and the effects of bridging on E[ß values. 

the sulfur atoms at the 1- and 3-position and that at 
the 2-position. Similar effects are observed in the 
case where chalcogen atoms are replaced by selenium 
atoms. These results show that the electron-
attracting effect of one sulfur atom at the 1- or 3-
position on the positive shift of the £1/2 is larger than 
that of the sulfur atom at the 2- position of the bridge 
in the chalcogen-atom-bridged [3]ferrocenophanes. 

2. 77Se and 13CNMR. The first measurement of 
the 77Se NMR spectra of five compounds which have 
selenium atoms in their bridge: 2a, 2b, 2d, Id, and 2e 
have been made. The results are shown in Table 2. 

The 77Se NMR spectrum of 2a consists of two sig­
nals ascribed to the selenium atoms at the 1- and 3-
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Fig. 3. Plots of £1/2 values vs. chemical shifts of ipso carbon in 
(C5H4)- rings. 
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Table 2. 

ô-Sei,3 
Ô-Se2 

"Se NMR Chemical Shifts of Id and 2a) 

2a 2b 2d Id 2e 

307.6 182.4 387.6 — 102.6 
919.7 — — 1101.1 — 

a) In ppm from internal diphenyl diselenide, mea­
sured at room temperature in CDCI3 at 51.6 MHz. 

posi t ion and a signal ascribed to the selenium atom at 
the 2-position in the bridge. T h e signal which 
appears at 307.6 p p m corresponds to the former, and 
the other signal at 919.7 p p m corresponds to the latter. 
These ass ignments are based on the result that 2d has a 
signal in h igher field than Id. There is an interest­
ing tendency that the c o m p o u n d with a higher oxida­
tion potent ial gives the signal in a lower field. But 
no satisfactory explana t ion for the relat ionship 
between the oxidat ion half-wave potential and the 
chemical shifts of 77Se N M R can be made yet. 

A linear re la t ionship between the oxidat ion half-
wave potentials and the chemical shifts of ipso-carbon 
in 1 3 C N M R was obtained for all bridged ferrocenes 
except l c (Fig. 3). T h i s l inear re la t ionship suggests 
that the chalcogen atoms, which are located in the 
bridge, attract electrons from the ferrocene moiety 
th rough the bonds. 

3. Photoelectron Spectroscopy. In order to obtain 
more direct evidence for the electron-attracting effect 
of the three-sulfur-atom-bridge in la, we compared 
the photoelectron spectra of la wi th those of l e and 
ferrocene. T h e ionization potent ial (IP) values of la, 
le, and ferrocene are given in Tab le 3. In all the 
compounds , the lowest-lying bands in the spectra can 
be assigned to the electron emission from the MO's 
mainly localized at Fe 3d orbitals in character.15) T h e 
first vertical ionization potent ial (IP) of la is 7.30 eV, 
which is much higher than those of l e (6.83 eV) and 
ferrocene (6.86 eV). These results indicate that the 
positive charge on the Fe a tom in la is increased 
relative to that in le and ferrocene, if the relaxation 
effects of these compounds in the final ionic state are 
similar. T h e band at IP=8.75 eV observed in the 
spectrum of ferrocene is at t r ibuted to the degenerate 
M O consisting mainly of the 71-orbitals of the cyclo-
pentadienyl rings. T h i s band is split in to two bands 
in la and le, owing to the lowering of the symmetry of 
these compounds . T h e higher- lying n-bands of la is 

Table 3. Vertical Ionization Potentials31 

of la, le, and Ferrocene 

la le Ferrocene 

Fe-3d 

ns 

Cp-7l 

7.30 
7.55 
8.52 
9.35 
9.87 

6.83 
7.17 

ca. 7.9 
8.33 
8.88 

6.86 
7.23 
— 
— 

8.75 

observed at IP=9.87 eV bu t that of le is seen at 
IP=8.88 eV. These data can be interpreted by the 
electron density of the cyclopentadienyl r ings; the 
density of la is less than that of l e or ferrocene. 
Detailed discussions of the photoelectron and 
P e n n i n g ionizat ion electron spectra will be given 
elsewhere.15) 

4. Electronic Absorption Spectra and Related 
Phenomena. Wi th respect to the electronic absorp­
tion spectra (Fig. 4), the chalcogen-containing 
[3]ferrocenophanes can be classified into two groups , 
A and B, according to the absorpt ion patterns in their 
spectra. T h e compounds of g roup A, with a bridge 
constructed by three chalcogen atoms, show an intense 
absorpt ion band at a region of 330—370 n m which is 
not observed in the g roup B compounds which have 
no bridge or have a bridge constructed by chalcogen 
atoms and carbon a toms ( -E -CH2-E- or - C H 2 - E -
CH2-, E: chalcogen atom). T h i s new band originates 
from the M O correlated to the conjugated chalcogen 
atoms in the bridge. A similar classification of the 
compounds can be made based on the signal pat terns 
in 1¥L N M R spectra. G r o u p A compounds show four 
nonequiva len t signals ascribable to the cyclopentadie­
nyl r ing pro tons in *H NMR.2 ) Th i s shows that the 
r ing inversion wi th bridge reversal12) of g roup A com­
pounds is slow at room temperature on the N M R time 
scale. T h e h igh activation energies reported for the 
bridge reversal in the chalcogen-bridged [3]fer-
rocenophanes (>50 kjmol" 1) 2) suggest that 1,2,3-
trichalcogena[3]ferrocenophanes have rigid bonds in 
their bridge at room temperature. 

T h i s result is in accord wi th the presence of par t ia l 
double b o n d i n g in the three-sulfur bridge of la pro­
posed by Good et al.4) 

5. General Discussion. T h e results described in 
the preceeding sections show that the unusua l ly h igh 
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Fig. 4. Electronic absorption spectra of la ( ), lb 
( ), lc ( ), Id ( ), le (—-) , 2a 
( ), and ferrocene ( ) in methanol 
solutions. 
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oxidation half-wave potentials of the chalcogen-
bridged [3]ferrocenophanes are ascribed to the stabili­
zation of the electrons in HOMO localized at the iron 
atom. The stabilization comes from the electron 
attraction by the chalcogen atoms in the bridge. The 
roles of the chalcogen atoms at the 1- and 3-positions 
are more important than that at 2-position. The 
explanation is the electron-attracting effect of chalco­
gen atoms at the 1- and 3-positions in the bridge: The 
chalcogen atom attached to a conjugated system 
donates electrons by mesomeric effect but attracts elec­
trons by inductive effect. The opposite electronic 
effect of chalcogen atoms between bridged and non-
bridged ferrocenes can be explained by the degree of 
overlap of p-orbitals of chalcogen atoms and n-
orbitals of cyclopentadienyl rings: in the bridged com­
pounds, the p-orbitals of the chalcogen atoms at Im­
positions have poor overlap with 7i-orbitals of the 
cyclopentadienyl rings due to the twisting of C-S or 
C-Se bonds by bridging. Consequently, the induc­
tive effect of the sulfur atom is dominant over its 
mesomeric effect, and this results in the higher oxida­
tion half-wave potentials of la, lb, and Id. But in a 
non-bridged compound such as le, the electron-
donating mesomeric effect is dominant over the 
electron-attracting inductive effect, since the overlap 
of the p-orbitals of sulfur atoms with the 7i-orbi.tals of 
the cyclopentadienyl rings is possible. 

Another explanation might be possible for the 
electron-attracting effect of chalcogen-atom-bridge in 
di- and trichalcogena[3]ferrocenophanes: that is 
"through-space'' interaction between the occupied d-
orbital (HOMO, dx^-y^) of the iron atom of the ferro­
cene moiety and the unoccupied d-orbital (dxz) chalco­
gen atoms at the 1,3-position in the bridge. A similar 
interaction of the occupied d-orbital of iron with the 
unoccupied p-orbital of a-carbonium ion is reported 
for the stabilization of 1-ferrocenylalkyl cation.16) 

However, we do not have any evidence that this type 
of interaction is operating in the di- and tri-
chalcogena[3]ferrocenophanes. 

As described in section 4, the sulfur atom at the 2-
position plays an important role in stabilizing the 
electrons on the sulfur atoms at the 1- and 3-position: 
the electrons on the 1- and 3-position can be delocal-
ized on three sulfur atoms if the overlap of p-orbitals 
of the three sulfur atoms is possible. The characteris­
tic absorption band of la and the high value of energy 
barrier for the bridge reversal of la2) strongly suggest 
the presence of partial double bonding in the -S-S-S-

bridge. This implies that the derealization of elec­
trons is present in the three-sulfur-atom bridge, which 
brings about the unusually high stability of la against 
the removal of an electron from iron. A similar effect 
of adjacent three chalcogen atoms was found in other 
trichalcogen-atom-bridged [3]ferrocenophanes based 
on the results of electrochemical and spectroscopic 
data. 
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Diphenylacetylene homologues having a chiral alkyl group, synthesized by a palladium-catalyzed coupling 
reaction, provide a new series of liquid crystalline materials which form chiral smectic C (SmC*) phases 
exhibiting ferroelectric properties. Mesomorphic properties of the compounds composed of three aromatic 
rings is strongly affected by the position of an acetylenic linkage and the direction of an ester linking unit. The 
effect of variations in terminal chain length on the thermal stabilities of the smectic A (SmA) and SmC* the two 
and three aromatic ring systems has been systematically studied. 

Owing to the utility based on the ferroelectric prop­
erties of SmC* liquid crystalline compounds, they 
have been received a considerable amount of attention. 
Clark and Langerwall showed1) in 1980 that the SmC* 
liquid crystals exhibit ferroelectric properties and 
extremely fast response to an applied electric field. 
Considerable interest in the synthesis of new SmC* 
liquid crystalline materials suitable for application to 
microelectric devices has continued since then. The 
fast switching is based on a spontaneous polarization, 
Ps, and the switching time (r) is inversely proportion­
ate to it (Eq. 1). 

V 
z — rj: viscosity, E: electric field (1) 

Ps-E 

As it was pointed out that the size of a dipole 
moment near the asymmetric center almost decides the 
Ps, the investigations on chiral groups2) were the 
forcus of the synthesis of the liquid crystalline com­
pounds; research on chiral Sm liquid crystals was not 
attached weight to a core so much as that on nematic 
liquid crystals. Hence not many investigations have 
been reported about the effect of core structures on 
mesomorphic properties except of the cores such as 
benzylideneaniline, phenylpyrimidine, and biphenyl 
which are frequently adopted for the core of the SmC* 
liquid crystalline compounds. Currently the core 
structure is receiving an attention3) aiming at decreas­
ing viscosities, rj, and at improving orientation of 
liquid crystalline molecules because too large Ps 
results in losing bistability.4) 

Previously we have showed5) that tolan (dipheny­
lacetylene) is competent to a core structure for liquid 
crystalline compounds. No examples of SmC* liq­
uid crystalline compounds incorporating a tolan 
structure have appeared so far in literatures. The 
present paper describes the synthesis of the tolan 
homologues, I and II, and the analogues, III, IV, and 
V, as well as systematic studies about the effect of 
molecular structures on mesomorphism. 

R * O O C - ^ > - C E C - ^ O C n H 2 n + 1 

R*OOC-/~^>-C E C - / ~ V COO-^~^-OCnH2 n + 1 

R*OOC-/"^C=C-^~^-OOC-^~^-OC 1 0 H 2 1 

R*OOC^~VoOC- /~^ -C E C - ^ V o C , 0 H 2 1 

R*OOC-^~^COO-/~^CEC-^~^-OC., 0 H 2 1 

a : R*= (S)-C9HcCHCH9- ; b : R*= 

I a - d 

I I a , b 

I I I a , b 

l V a , b 

Va ,b 

(R) -C 6 H 1 3 ÇH- ; 

èH3 ^ ' ' >CH3 

Results and Discussion 

The synthetic routes of compounds I—V are shown 
in Scheme 1. 

Terminal acetylene compounds 2 and 4 were pre­
pared by the coupling reaction of arylbromides with 2-
methyl-3-butyn-2-ol using a palladium catalyst,6) fol­
lowed by the elimination of acetone.7) Compounds 
I—V were obtained in good yields by the coupling of 2 
or 4 with esters (5—f) using a palladium catalyst and 
purified by column chromatography. Purification 
of I and IV may be easily performed due to their blue 
fluorescence on irradiation with UV light (254 nm). 
Thermal behaviors and transition temperatures of I— 
V were determined with a polarizing microscope and a 
differential scanning calorimeter. Mesophases were 
identified by comparison with textures reported in the 
literatures.8) The SmC* phases observed for I, II, and 
IV were confirmed by measuring dynamic response to 
a changing external electric field, and the others were 
determined by a contact method with IV. Colored 
schlieren textures having fluidity for chiral nematic 
(N*) phases, forcal-conic fan textures for SmA phases, 
and forcal-conic fan textures having stripes corre­
sponding to the helical pitch for SmC* phases were 
observed. Melting points and mesomorphic transi­
tion temperatures for the homologue series, I and II, 
are summarized in Tables 1 and 2. 
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B r H Q ^ O C n H 2 n + 1 — 

/—v * i ' i i 

B r - / \\-COOR 

(3.) 

Br-^~^-COCl + HO-/~^~COOR 

Br / 3 - O O C H Q ) ^ COC1 + HÖR 

Chiral Tolans 

* HCEC-<Q-0CnH2n + 1 

(2 ) 

HCEC-/~^-COOR* 

Br COOR 

( 5 a , b ) 

p y r i d i n e y—. /-—v * 
> B r - ^ \VOOC-^ \\-COOR 

1021 

(4.) 

p y r i d i n e 

( 5 c , d ) 
/—> p y r i d i n e .—. ,—i 

B r - O " C 0 C 1 + H 0 - C / ° C n H 2 n + 1 > B r " C / C 0 0 H C / °CnH2n+1 
( 5 e ) 

<& 
p y r i d i n e 

Br-// NVOH + C10C 
.—v pyridine /—. y—-v 

- ^ O C 1 0 H 2 1 > B r ^ ^ O O C ^ - O C 1 0 H 2 1 

(5f) 

i n 
(2) + (3) > I 

(4_) + (5_f ) * III 

(5c,d) + (2) * V 

(•4) + (5e) _ 

(5afb) + (2) 

> II 

Table 1. 

Reagents i: HCEC-C(CH3)2OH, PdCl2(PPh3)2 , Cul, N(C 2H 5) 3; 

ii: NaH, toluene; iii: PdCl2(PPh3)2/ Cul, N(C 2H 5) 3. 

Scheme 1. 

Phase Transition Temperatures20 

for Compounds I 

Transition Temperatures1 

a n— 5 
6 
7 
8 
9 

10 
11 
12 

b n=10 
c n= 8 
d n = 8 

Mpc) 

49 [39] 
40 [15] 
36 [26] 
51 [29] 
58 [37] 
54 [39] 
65 [50] 
59 [43] 
78 [72] 
54 [<25] 
58 [<25] 

Sl 

.(49) 

.(512 

SmC* 

.(27) 

.(33) 
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.(45) 

SmA 

.(41)d) 
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a) In heating process, b) Mp: melting point, Sl 
unidentified smectic phase, SmC*: chiral smectic C, 
SmA: smectic A, N*: chiral nematic, Iso: isotropic 
liquid, c) [ ]: Temperature of crystallization. 
d) ( ): Mono tropic transition. 
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Table 2 

Compound II 

a n= 8 
10 

b n= 6 
7 
8 
9 

10 
11 
12 

. Phase Transitior 
for Compounds 

L Temperatures 
,11 

Transition Temperatures/°C 

Mp 

84 [65] 
91[67] 
92 [57] 
83 [58] 
84 [57] 
87 [67] 
87 [72] 
91 [73] 
91[75] 

SmC* 

. 120 

. 122 

. (62) 

. 85 

. 90 

. 99 

. 102 

. 107 

. 105 

SmA 

.159 

.158 

.122 

.117 

.117 

.112 

.112 

.109 

.109 

N* Iso 

.176 

.168 

Abbreviations and footnotes, see Table 1. 

Fig. 1. Plots of transition temperatures against the 
number of carbon atoms (n) in the alkoxyl chain of 
homologous series la. 

T h e homologue series of la [R=(S)-2-methylbutyl] 
shows a sequence, Iso-N*-SmA or Iso-SmA-SmC*. 
Figure 1 shows that the thermal stability of the SmA, 
and SmC* phases increase as the alkyl chain length 
increases.9) T h e Iso-SmA transi t ion temperatures 
clearly exhibit the no rmal trend, that is odd-even 
al ternat ion whose ampl i tude decays according to an 
increase in the number of carbons, n. When the alkyl 
chain has five carbon atoms, a N * phase forms. 
However lb which has a bulky lateral g roup in the 
ne ighbourhood of the core forms no mesophases, and 
Ic and Id which have long terminal chains exhibit no 

file:////-COOR
file:////-COOR
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SmC* phase. 
It is known that the core length of l iquid crystalline 

molecules gives s trong influences to the thermal sta-
bilitiy of mesophases. Hence we expected that la 
(n=8) would form more stable mesophases than 
b iphenyl derivatives6) because the diphenylacetylene 
structure may have a longer rigid core with the similar 
rigidity and polari ty to those of biphenyl . As shown 
in Scheme 2, however, la showed just the same 
sequence of mesophases wi th almost the same thermal 
stabilities and t ransi t ion enthalpies (AH) as b iphenyl 
derivative 6. T h i s fact may indicate that for the ther­
mal stabilities of smectic phases formed by these 
compounds the d ipole-d ipole and quadrupole -
quadrupo le interactions10) are more impor tan t than 
the dispersion interactions11) and the excluded molec­
ular volume effect based on the rod-like structure 
model theory.12) 

Different from I the homologue series Ha and l ib 
exhibit the phase sequences of Iso-N*-SmA-SmC* and 
Iso-SmA-SmC*. T h e mesomorphic trends of the 
homologue series l ib are shown in Fig. 2. T h e Iso-

Ila 
91 122 158 168 

Cryst < >• SmC* + ± SmA 4 > N* * > Iso 

90 157 172 
Ilia Cryst > SmA < > N* < y Iso 

60X S 74 
SmC* 

53 54 67 131 169 172 
IVa Cryst <—>• Sm2 4—> Sm1 <—>SmC* < > SmA < — • N* 4—>Iso 

67 90 113 164 
Va Cryst <—> Sm1 <—> SmC* « > N* < > Iso 

Scheme 3. Phase sequences and transition tem­
peratures of series a (abbreviations, see Table 1). 

87 102 112 
lib Cryst * > SmC* < > SmA 4 > Iso 

82 130 
Illb Cryst • SmA -« > Iso 

72 N S 75 

Sm1 

64 97 112 128 
IVb Cryst < > Sm1 * > SmC* 4 >» SmA * >• Iso 

Vb 
63 94 99 101 

Cryst 4 > Sm1 * > SmC* < > N* 4 • Iso 

Scheme 4. Phase sequences and transition tempera­
tures of series b (abbreviations, see Table 1). 
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Fig. 2. Plots of transition temperatures against the 
number of carbon atoms (n) in the alkoxyl chain of 
homologous series lib. 

SmA transi t ion temperatures for l ib showed odd-even 
al ternation, and the transi t ion temperatures are 
reduced wi th an increase in the number of carbons, n, 
whereas the SmA-SmC* transi t ion temperatures 
increase wi th odd-even al ternat ion as the number of 
carbons increase. T h e thermal stabilities of the 
SmC* phases of II were h igher than those of I com­
posed of two aromatic rings. 

T h e thermal stabilities of the SmC* phases are 
strongly affected by the polar groups in the core.13) 

In order to investigate in more details the effect of the 
l ink ing g r o u p ( - C O O - ) in the core on the phase tran­
sition temperatures, analogues Ilia—Va and Il lb—Vb 
having the same terminal chiral g roup and alkyl 
chain have been synthesized. The i r mesomorphic 
properties as well as those of II are listed in Schemes 3 
and 4, which reveal that there are some characteristic 
tendencies for the mesomorph ic transit ion of ana­
logue series a and b bear ing 2-methylbutyl and 1-
methylheptyl , respectively, as the chiral g roup . T h e 
thermal stabilities of the SmA phases are in the order 
of IV>II^III for series a, and of III^IV>II for series b; 
those of the SmC* phases are in the order of IV>II>V 
for series a, and of IV>II^V for series b. T h e order of 
the thermal stabilities of SmA phases differs from that 
of SmC* phases. T h e results obtained in the present 
work, thus, reveal that the thermal stabilities of both 
the SmA and SmC* phases are strongly affected by the 
posi t ion and direction of the polar l inking g roup in 
the core, whi le their effects on the SmA are essentially 
different from those on the SmC* phases. 

Experimental 

IR spectra were obtained with a HITACHI 270-30 
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Infrared Spectrophotometer and ^ N M R spectra were 
recorded on a JEOL JNM-PX60. Transition temparatures 
were measured, and mesomorphic properties were observed 
using a NIKON OPTIPHOTPOL polarising microscope in 
conjunction with a Mettler FP82 heating stage and a Shi-
madzu DT-308 differential scanning calorimeter. The rate 
of heating or cooling was fixed to 5 °C min - 1 . 

/?-Alkoxyphenylacetylens (2). l-Bromo-4-(octyloxy)ben-
zene (1, ra=8) (66.7 g, 234 mmol) and 2-methyl-3-butyn-2-ol 
(29.6 g, 352 mmol) were dissolved in triethylamine (200 ml) 
under an atmosphere of nitrogen. Copper(I) iodide (160 
mg), triphenylphosphine (1.0 g) and dichloroibis(triphenyl-
phosphine)palladium (520 mg) were added to the strirred 
solution. The solution was heated to 90 °C for 16 h. After 
cooling the precipitate of triethylammonium bromide was 
filtered off and washed with benzene. The combined fil­
trates were evaporated under a reduced pressure, and the 
residue wes chromatographed on a column (Si02, CH2CI2) 
to yield 4-(p-octyloxyphenyl)-2-methyl-3-butyn-2-ol (mp 
61.9 °C). The elimination of acetone was performed with 
sodium hydride. To a solution of 4-(p-octyloxyphenyl)-2-
methyl-3-butyn-2-ol (31.6 g, 110 mmol) in anhydrous 
toluene (220 ml) was added sodium hydride (350 mg) as a 
60% dispersion in oil. The stirred suspension was slowly 
heated and distilled until the boiling point of the distillate 
reached 110°C. After a standard work-up procedure, the 
residue was distilled in vacuo to leave 2 (ra=8). The other 
acetylenes were prepared in the same manner. The physi­
cal constants and yields are summarized in Table 3. 

Chiral /?-(Aloxycarbonyl)phenylacetylenes (4). p-{\-
Methylheptyloxycarbonyl)phenylacetylene (4a) was pre­
pared by the coupling reaction of (R)-( 1-methylheptyl p-
bromobenzoate (3a) (|>]2

D
5=-31.0, c 5, CHCI3) with 2-

methyl-3-butyn-2-ol, followed by the elimination of acetone 
as descrived above for 2. The physical constants and yields 
are shown in Table 5. 

Ester 5. They were prepared by an esterification reaction 
between the selected acid chloride and phenols or alcohols 
in T H F containing pyridine at room temperature during 24 
h according to the literature method.14) The ester obtained 
was purified by column chromatography or by recrystalliza-
tion from ethanol. Transparent liquid or white crystalline 
products were obtained in 88—99% yields. 

(5)-4-(2-Methylbutoxycarbonyl)phenyl 4-Bromobenzoate 
(5a). !H NMR (CDCI3) ô=8.2—7.9 (m, 4H), 7.6 (d, 2H, / = 8 
Hz), 7.3 (d, 2H, 7=9 Hz), 4.2 (d, 2H, 7=6 Hz), and 2.1—0.7 
(m, 9H); IR (KBr film) 2964 (CH), 1744 and 1720 ( O O ) 

cm-1; [a]ff=+2.8 (c 5, CHCI3). 
(jR)-4-(l-Methylheptyloxycarbonyl)phenyl 4-Bromoben­

zoate (5b). iHNMR (CDCI3) 5=8.2—8.0 (m, 4H), 7.6 (d, 
2H, 7=8 Hz), 7.3 (d, 2H, 7=9 Hz), 5.1 (m, 1H), and 2.1—0.7 
(m, 16H); IR (KBr film) 2928 (CH), 1744 and 1714 ( O O ) 
cm"1, [a]f>5=-21.6 (c 5, CHCI3). 

(S)-2-Methylbutyl 4-(4-Bromophenoxycarbonyl)benzoate 
(5c). « NMR (CDCI3) ô=8.2 (S, 4H), 7.5 (d, 2H, 7=9 Hz), 
7.1 (d, 2H, / = 9 Hz), 4.2 (d, 2H, 7=6 Hz), and 2.1—0.7 (m, 
9.H); IR (KBr disk) 2964 (CH), 1742 and 1720 (C=0) cm"1; 
[a]f)5=+3.4 (c 5, CHCI3); mp=46.4—47.7 °C. 

(jR)-l-Methylheptyl 4-(4-Bromophenoxycarbonyl)benzoate 
(5d). !H NMR (CDCI3) ô=8.2 (S, 4H), 7.5 (d, 2H, / = 9 Hz), 
7.1 (d, 2H, / = 9 Hz), 5.2 (m, 1H), and 2.1—0.7 (m, 17H); IR 
(KBr disk) 2932 (CH), 1744 and 1720 (C-O) cm"1; 
[a]2

D
5=-25.4 (c 5, CHCI3); mp=50.7—52.5 °C. 

4-(Decyloxy)phenyl 4-Bromobenzoate (5e). *HNMR 
(CDCI3) ô=8.0 (d, 2H, 7=8 Hz), 7.6 (d, 2H, 7=8 Hz), 7.0 (d, 
2H, / = 9 Hz), 6.8 (d, 2H, 7=9 Hz), 3.9 (t, 2H, 7=6 Hz), 2.2— 
0.7 (m, 19H); IR (KBr disk) 2920 (CH), 1742 (C=0) cm"1; 
mp=98.6—99.7°C. 

4-Bromophenyl 4-(Decyloxy)benzoate (5f). *H NMR 
(CDCI3) ô=8.1 (d, 2H, 7=9 Hz), 7.5 (d, 2H, 7=8 Hz), 7.1—6.9 
(m, 4H), 4.0 (t, 2H, 7=6 Hz), and 2.2—0.7 (m, 19H); IR (KBr 
disk) 2920 (CH), 1726 (C=0) cm"1; mp=80.4—80.8 °C. 

Chiral 4-Alkoxycarbonyl-4/-alkoxytolans I. (S)-2-Methyl-
butyl p-bromobenzoate (3b: [a]f)5=+4.3, c 5, CHCI3) (1.56 g, 
5.76 mmol) and p-(decyloxy)phenylacetylene (2, n=10) (1.50 
g, 5.76 mmol) were dissolved in triethylamine (30 ml) under 
an atmosphere of nitrogen. Copper(I) iodide (6 mg), tri­
phenylphosphine (100 mg) and dichlorobis(triphenylphos-
phine)palladium (50 mg) were added to the stirred solution. 
The solution was heated to 80 °C for 16 h. Afer cooling the 
precipitate formed was filtered off, and the solvent was 
removed by rotary evaporation. Ether was added to the 
residue, and the solution was washed with water and brine, 
then dried. The solvent was removed by rotary evapora­
tion, and the crude product was purified by column chroma­
tography and recrystallization from hexane. The other 
tolan derivatives were synthesized in the same manner. 
White crystalline products were obtained in 53—86 yields. 
!HNMR (CDCI3) Compound la (n=10): ô=7.9 (d, 2H, 7=8 
Hz), 7.5 (d, 2H, 7=8 Hz), 7.4 (d, 2H, 7=9 Hz), 6.8 (d, 2H, 7=9 
Hz), 4.1 (d, 2H, 7=6 Hz), 3.9 (t, 2H, 7=9 Hz), and 2.2—0.7 
(m, 28H). Compond lb (n=10): ô=7.9 (d, 2H, 7=8 Hz), 7.5 
(d, 2H, 7=8 Hz), 7.4 (d, 2H, 7=9 Hz), 6.8 (d, 2H, 7=9 Hz), 5.1 
(m, IH), 3.9 (t, 2H, 7=6 Hz), and 2.1—0.6 (m, 35H). IR 

Table 3. Spectral Data 

Compound 

2 n=5 
6 
7 
8 
9 

10 
11 
12 

4a 
4b 

Bp (°C)/mmHg 

74—77/0.22 
75—76/0.18 
88—89/0.17 

113—115/0.23 
130—132/0.30 
125—127/0.20 
28.1d) 

26.9—27.4d) 

79—81/0.23 
110—111/0.15 

Yield/%a) 

78 
48 
57 
82 
47 
70 
80 
68 
67 
63 

»(cm" 1 ) 

^=CH 

3292 
3292 
3300 
3296 
3320 
3316 
3288 
3316 
3292 
3300 

^c=c 

2108 
2108 
2112 
2108 
2112 
2112 
2112 
2108 
2112 
2112 

NMR <5b) 

= C H 

2.9 
2.9 
2.9 
2.9 
2.9 
2.9 
2.9 
2.9 
3.2 
3.2 

Mrf 
— 
— 
— 
— 
— 
— 
— 
— 
+5.6 

-40.0 

a) Yields from 1 or 3. b) In CDCI3. c) In CHCI3. d) Melting points. 
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Table 4. Elemental Analyses and [a]2)5 for Compounds I 

Compounds I 

a n— 5 
6 
7 
8 
9 

10 
11 
12 

b n=10 
c n= 8 
d n= 8 

Calcd(%) 

C 

79.33 
79.56 
79.77 
79.96 
80.40 
80.32 
80.48 
80.63 
80.77 
80.32 
80.63 

H 

7.99 
8.22 
8.43 
8.63 
8.51 
8.99 
9.15 
9.30 
9.45 
8.99 
9.30 

Found(%) 

C 

79.39 
79.62 
79.88 
80.26 
80.14 
80.05 
80.76 
80.74 
80.94 
80.39 
80.68 

H 

7.85 
7.95 
8.49 
8.42 
8.81 
8.78 
8.80 
9.06 
9.28 
9.24 
9.48 

M 2
D

5 

(CHC13) 

+2.8 
+3.7 
+3.6 
+3.1 
+3.3 
+3.3 
+3.0 
+3.0 

-33.9 
+3.4 
+2.7 

(KBr disk) Compound la (ra=10): 2924 (CH), 2216 (OC) , 
and 1714 ( C O ) cm"1. Compound lb (n=10): 2920 (CH), 
2216 (OC) , and 1710 (C=0) cm"1. 

Other physical constants are summarized in Table 4. 
Chiral 4-Alkoxycarbonyl-4'-(/?-alkoxyphenoxycarbonyl)-

tolans II. Chiral tolans II were prepared by the coupling 
reaction of chiral p-(alkoxycarbonyl)phenylacetylens (4) 
with 4/-alkoxyphenyl 4-bromobenzoate (5e) as described 
above for I. The other tolans were obtained in the same 
manner. White crystalline products were obtained in 65— 
93% yields. (CDCI3) Compound Ha (n=10): 5=8.8—8.0 (m, 
4H), 7.7—7.5 (m, 4H), 7.1 (d, 2H, / = 9 Hz), 6.9 (d, 2H, / = 9 
Hz), 4.2 (d, 2H, / = 6 Hz), 4.0 (t, 2H, / = 6 Hz), and 2.3—0.7 
(m, 28H). 

Compound lib (n=10): =8.2—7.9 (m, 4H), 7.7—7.5 (m, 
4H), 7.1 (d, 2H, / = 9 Hz), 6.9 (d, 2H, 7=9 Hz), 5.2 (m, 1H), 
3.9 (t, 2H, 7=6 Hz), and 2.0—0.7 (m, 35H). IR (KBr disk) 
Compound Ha (n=10): 2922 (CH), 1736 and 1720 (C=0) 
cm"1. Compound lib (n=10): 2920 (CH), 1736, 1720 and 
1704 ( C O ) cm"1. 

Chiral 4-[/?-(Alkoxycarbonyl)phenoxycarbonyl-4'-(decylo-
xy)tolans IV. Chiral tolans IV were prepared by the cou­
pling reaction of p-decyloxyphenylacetylene (2) (ra=10) with 
chiral esters (5a and 5b) as described above for I. White 
crystalline products were obtained in 77 and 71% yields, 
respectively. 

Comopound IVa: IR (KBr disk) 2920 (CH), 2216 (OC) , 
1736 and 1720 ( C O ) cm"1; *H NMR (CDCI3) 5=8.2—8.0 (m, 
4H), 7.7—7.2 (m, 6H), 6.9 (d, 2H, 7=9 Hz), 4.2 (d, 2H, 7=6 
Hz), 4.0 (t, 2H, 7=6 Hz), and 2.1—0.6 (m, 28H); Calcd for 
C37H44O5: C, 78.14; H, 7.80%. Found: C, 78.42; H, 7.88%; 
[a]2

D
5=+2.0 (c 5, CHCI3). 

Table 5. Elemental Analyses and [a]^5 for Compounds II 

Compounds II 

a n= 8 
10 

b n— 6 
7 
8 
9 

10 
11 
12 

Calcd(%) 

C 

77.75 
78.14 
77.95 
78.14 
78.32 
78.49 
78.65 
78.81 
78.96 

H 

7.46 
7.80 
7.63 
7.80 
7.96 
8.11 
8.25 
8.39 
8.52 

Found(%) 

C 

78.01 
78.33 
78.06 
78.19 
78.31 
78.59 
78.91 
78.79 
79.06 

H 

7.60 
7.55 
7.50 
7.62 
7.85 
8.02 
8.35 
8.54 
8.61 

M? 
(CHCI3) 

+2.8 
+2.6 

-31.3 
-30.8 
-30.1 
-28.8 
-28.6 
-27.6 
-27.1 

Compound IVb: IR (KBr disk) 2924 (CH), 2216 (OC) , 
1738 and 1718 ( C O ) cm"1. *H NMR (CDCI3) 6=8.1—8.0 (m, 
4H), 7.6—7.1 (m, 6H), 6.8 (d, 2H, 7=9 Hz), 5.1 (m, 1H), 3.9 
(t, 2H, 7=6 Hz), and 2.1—0.7 (m, 35H); Calcd for C40H50O5: 
C, 78.65; H, 8.25. Found: C, 78.73; H, 8.10%; [a]2

D
5=-20.2 (c 

5, CHCI3). 
Chiral 4-[p-Alkoxycarbonyl)phenylcarbonyloxy]-4/-(de-

cyloxy)tolans V. Chiral tolans V were prepared by the 
coupling reaction of p-decyloxyphenylacetylene (2) (ra=10) 
with chiral esters (5a and 5b) as described above for I. 
White crystalline products were obtained in 50 and 46% 
yields, respectively. 

Compound Va: IR (KBr disk) 2924 (CH), 2216 (OC) , 1740 
and 1720 ( C O ) cm"1; *HNMR (CDCI3) ô=8.2 (s, 4H), 7.6— 
7.1 (m, 6H), 6.8 (d, 2H, 7=9 Hz), 4.2 (d, 2H, 7=6 Hz), 4.0 (t, 
2H, 7=6 Hz), and 2.1—0.6 (m, 28H); Calcd for C37H44O5: C, 
78.14; H, 7.80%. Found: C, 78.17; H, 7.67%; [a]2

D
5=+2.3 (c 5, 

CHCI3). 
Compound Vb: IR (KBr disk) 2928 (CH), 2216 (OC) , 1736 

and 1716 ( C O ) cm"1; *HNMR (CDCI3) <5=8.2 (s, 4H), 7.6— 
7.1 (m, 6H), 6.8 (d, 2H, 7=9 Hz), 5.2 (m, 1H), 4.0 (t, 2H, 7=6 
Hz), and 2.4—0.4 (m, 35H); Calcd for C40H50O5: C, 78.65; H, 
8.25%. Found: C, 78.80; H, 8.26%; [c*]2

D
5=-20.2 (c 5, CHCI3). 

Chiral 4-Alkoxycarbonyl-4'(/?-alkoxyphenylcarbonyloxy)-
tolans III. Chiral tolans III were prepared by the coupling 
reaction of chiral p-(alkoxycarbonyl)phenylacetylenes (4a 
and 4b) with ester 5f as described above for I. White crystal­
line products were obtained in 65 and 72% yields, 
respectively. 

Compound Ilia: IR (KBr disk) 2920 (CH), 2216 (OC) , and 
1724 (broad, C O ) cm"1; *HNMR (CDCI3) 6=8.2—7.9 (m, 
4H), 7.6—7.5 (m, 4H), 7.2 (d, 2H, 7=8 Hz), 6.9 (d, 2H, 7=9 
Hz), 4.0—3.9 (m, 4H), and 2.1—0.7 (m, 28H); Calcd for 
C37H44O5: C, 78.14; H, 7.80%. Found: C, 78.01; H, 7.52%; 
[c*]2

D
5=+2.5 (c 5, CHCI3). 

Compound Illb: IR (KBr disk) 2924 (CH), 2216 (OC) , 
and 1718 (broad, C O ) cm-*; *HNMR (CDCI3) 5=8.2—7.9 
(m, 4H), 7.7-7.4 (m, 4H), 7.2 (d, 2H, 7=8 Hz), 6.9 (d, 2H, 
7=9 Hz), 5.2 (m, 1H), 4.0 (t, 2H, 7=6 Hz), and 2.1—0.6 (m, 
35H); Calcd for C40H50O5: C, 78.65; H, 8.25%. Found: C, 
78.72; H, 8.26%; [a]2

D
5=-26.1 (c 5, CHCI3). 

We thank the Material Analysis Center, I.S.I.R, 
Osaka University for microanalyses. 
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The First Synthesis and Properties of 2,3-Di-f-butylthiophene. Reaction of 
3,4-Di-f-butyl-l,2-dithiete with Dimethyl Acetylenedicarboxylate 
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Department of Chemistry, Faculty of Science, Saitama University, Urawa, Saitama 338 
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Heating 3,4-di-£-butyl-l,2-dithiete (5) with dimethyl acetylenedicarboxylate (5 equiv) in refluxing o-
dichlorobenzene affords dimethyl 2,5-di-^butyl-3,4-thiophenedicarboxylate (6) (44%), dimethyl 2,3-di-£-butyl-
4,5-thiophenedicarboxylate (7) (5%), tetramethyl l,4-dithiin-2,3,5,6-tetracarboxylate (8) (4%), and tetramethyl 
2,3,4,5-thiophenetetracarboxylate (9) (43%). Mechanism of the formation of these products is discussed. 
Treatment of the hindered ester 7 with lithium 1-propanethiolate affords 2,3-di-£-butyl-4,5-thio-
phenedicarboxylic acid (13) in 59% yield, which can be decarboxylated by treatment with copper powder to give 
2,3-di-£-butyl thiophene (4) in 88% yield. The thiophene 4 rearranges to 2,4-di-£-butyl thiophene (1) on 
treatment with aluminum chloride. Oxidation with ra-CPBA affords the corresponding sulfone (23). Elec-
trophilic substitutions (bromination and nitration) of 4 occur exclusively at the less hindered and more 
electronically favored 5-position. 

The five- and six-membered aromatic compounds 
having two £-butyl groups at the vicinal position 
constitute a body of overcrowded molecules. Their 
chemistry has been extensively investigated from 
interest in theories, syntheses, structures, and reactivi­
ties. Among the four di-£-butylthiophene isomers, 
2,4- and 2,5-di-^-butylthiophenes (1 and 2) which are 
nearly free from steric strains are easily synthesized.1) 
3,4-Di-^-butylthiophene (3) having a large strain 
energy2) was first synthesized in 1980 by Brandsma et 
al.3) after many unsuccessful attempts by others.4) We 
have also recently developed a convenient synthesis 
of 3 and investigated its reactivities.5) The fourth 
isomer, 2,3-di-^-butylthiophene (4), has remained 
unknown6) and is reported here. It is noteworthy 
that Krebs et al. have recently succeeded in the prepa­
ration of 2,3,4,5-tetra-^-butylthiophene.7) 

1 2 

3 4 

Results and Discussion 

3,4-Di-£-butyl-l,2-dithiete (5),8> which is one of a few 
isolable l,2-dithietes9) and posesses two £-butyl groups 
at the vicinal position in itself, was chosen as the 
starting material for the synthesis of 4. Thus, a solu­
tion of 5 and dimethyl acetylenedicarboxylate 
(DMAD) (5 equiv) in o-dichlorobenzene was heated 
at reflux for 3 h. Chromatographic workup of 

the mixture afforded dimethyl 2,5-di-£-butyl-3,4-
thiophenedicarboxylate (6)10) (44%), dimethyl 2,3-di-£-
butyl-4,5-thiophenedicarboxylate (7) (5%), and the 
known compounds tetramethyl l,4-dithiin-2,3,5,6-
tetracarboxylate (8)n) (4%) and tetramethyl 2,3,4,5-
thiophenetetracarboxylate (9)12> (43%). 

The molecular formula of 6 was determined to be 
C16H24O4S based on elemental analyses and MS. 
Both *H and 13CNMR data showed that the com­
pound has two equivalent £-butyl and methoxycar-
bonyl groups on the thiophene ring. Two isomeric 
thiophenes 6 and 15 are compatible with these NMR 
data. Therefore, the compound was hydrolyzed 
under alkaline conditions to give the dicarboxylic acid 
10 in 97% yield. The diacid 10, when heated above its 
melting point, smoothly eliminated water to give the 
corresponding acid anhydride 11 quantitatively. 
Thus, the structure of the compound was unambigu­
ously determined to be 6. 

Compound 7 also has a molecular formula of 
C16H24O4S. *H and 13CNMR spectra revealed that 
the compound has two nonequivalent £-butyl and 
methoxycarbonyl groups on the thiophene ring. 
Two isomeric structures 7 and 16 are again in har­
mony with the observed NMR data. We then hydro­
lyzed the compound under the conditions which the 
hydrolysis of 6 was cleanly attained (potassium 
hydroxide in refluxing aqueous ethanol). The reac­
tion afforded compound 12 as the sole product in 
which the more hindered ester group remained 
untouched. This ester was not hydrolyzed even on 
prolonged heating (42 h) with potassium hydroxide in 
boiling water. These results show that the ester car-
bonyl is highly sterically hindered and resists the 
usual based-catalyzed hydrolysis involving a tetrahed-
ral intermediate. A number of procedures have been 
developed to overcome such difficulty. The use of 
lithium 1-propanethiolate in hexamethylphosphoric 
triamide (HMPA) is one of the excellent methods 
which can cleave the alkyl-oxygen bond of hindered 
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HMPA 

HO 

H 0 2 C ^ s > V 

EtOH/H 2 0 
13 

Me02C, 

JL x 

H O 2 C T \ S 

12 

X 
Me02Cr^ s / ^C0 2 Me 

15 

Me02C, 

X V S ^ c o 2 Me 

16 

esters.13* Application of this method to 7 satisfactori­
ly afforded the dicarboxylic acid 13 in 59% yield. In 
contrast to the results with the diacid 10, 13 did not 
lose water upon heating to give the corresponding 
acid anhydride 14.14) It could be converted to 14 in 
72% yield by heating it with acetic anhydride. Thus, 
the structure of the compound was rigidly established 
to be 7. 

As to the mechanism of the formation of 6—9, the 
following seems probable. The unexpected forma­
tion of 6 may involve a stepwise [2+2]cycloaddition of 
DMAD to the double bond of 5 which is activated by 
large angle strains and electron-donating divalent sul-
furs, though the process seems unfavorable sterically. 
The resulting 17 then undergoes ring opening to give 
the 1,2-dithiin 18 which loses sulfur to produce 6. It 
is known that 1,2-dithiins thermally extrude sulfur to 
afford the corresponding thiophenes.15) 

The simplest explanation for the formation of 7 
involves the valence tautomerization of 5 to the a-
dithione 19, which undergoes [4+2]cycloaddition 
with DMAD to give the 1,4-dithiin 20.16) Thermal 
sulfur extrusion of 1,4-dithiins yielding thiophenes is 
well documented17) and hence 20 would give rise to 7 
under the applied conditions: Although these are the 
very processes that we expected to occur at the begin-

s A 

s -s 

21 

DMAD + S8 

- s 
-^ 7 

E=C02Me 

ning of the present study, currently we do not have 
any evidence for the presence of the dithiete-dithione 
tautomerization.18) Therefore, an alternative path 
which involves electrophilic addition of DMAD to the 
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sulfur of 5 followed by collapse of the resulting 
betaine 21 to 20 cannot be ruled out. 

The straightforward explanation is available for the 
formation of 8 and 9. Thermal sulfur extrusion of 8 
yielding 9 is a known reaction.llc) Also known is the 
formation of 9 by reaction of DMAD with elemental 
sulfur which probably involves 8 as the interme­
diate.12) Therefore, in the present case, the sulfur 
extruded from 18 and 20 would react with DMAD to 
give 8, which then loses sulfur to produce 9. 

We have also examined the reaction of 5 with 
phenyl vinyl sulfoxide19) at 180 °C using benzene as 
solvent in a stainless steel autoclave with expectation 
of obtaining the dithiin 22. However, no reaction 
occurred with recovery of 5 in 87% yield. The dithiete 
5 is also inactive toward benzyne generated by thermal 
decomposition of 2-carboxybenzenediazonium chlo­
ride in the presence of propylene oxide;20) 5 was reco­
vered in 86% yield. Irradiation of a solution of 5 in 
hexane containing excess DMAD with a 400-W 
medium-pressure mercury lamp afforded an intracta­
ble mixture;18) no expected 20 was obtained. 

22 

Since we could obtain the dicarboxylic acid 13 
though in low overall yield, its decarboxylation 
was attempted to prepare the parent 2,3-di-^-butyl-
thiophene (4). Heating 13 with copper powder in 
refluxing quinoline cleanly afforded 4 in 88% yield as 
a colorless liquid. In the XHNMR spectrum, two 
nonequivalent ^-butyls of 4 appear at ô 1.45 and 1.55 as 
sharp singlets indicating that the rotation about the 
thienyl-to-^-butyl bonds is fast on the XHNMR time 
scale at room temperature. The same conclusion is 
also reached by 13CNMR spectrum in which each 
signal of two ^-butyls consists of one singlet due to 
quaternary carbon and one quartet due to three equi­
valent methyl carbons. These NMR behaviors are 
analogous to those of 35> and o-di-£-butylbenzene.21) 

Meanwhile, the protons at C-4 and C-5 appear at ô 
6.94 and 7.10, respectively, with /=5.4 Hz.22) In the 
13C NMR, the signals due to C-4 and C-5 appear at ô 
131.0 and 116.4, respectively, while those of two car­
bons carrying a £-butyl group appear at lower fields of 
ô 144.6 and 149.1.23> 

Finally reactivities of 4 were briefly examined. 
Treatment of 4 with aluminum chloride at room 
temperature caused a smooth rearrangement to the 
thermodynamically stable 2,4-isomer 1. An analo­
gous rearrangement to 1 has been observed with the 
2,5- and 3,4-isomers 21] and 3.5> Oxidation of 4 with 
excess m-chloroperbenzoic acid (m-CPBA) cleanly 
afforded 2,3-di-^-butylthiophene 1,1-dioxide (23) in 
79% yield. This reactivity resembles that of the 3,4-

isomer 3.5) The oxidation of the 2,5-isomer with m-
CPBA is known to give the first isolable thiophene 
sulfoxide, 2,5-di-£-butylthiophene 1,1-dioxide, though 
in low yield.24) Electrophilic substitutions of 4, as 
expected, exclusively occur at the less hindered and 
more electronically favored 5-position.25) Thus, 
treatment of 4 with N-bromosuccinimide (NBS) 
afforded the bromide 24 in 79% yield. Nitration with 
fuming nitric acid in acetic acid produced the com­
pound 25 quantitatively. 

Experimental 

General. Melting points were determined on a MEL-
TEMP capillary tube apparatus and are uncorrected. Both 
1H and 13CNMR spectra were recorded on a JEOL FX-90Q 
or a Bruker WM-400 spectrometer. Chemical shifts are 
expressed in parts per million from tetramethylsilane as an 
internal standard. Mass spectra were determined on a Shi-
madzu QP-1000 or a JEOL DX-303 spectrometer. High 
resolution mass spectra were determined on a JEOL DX-303 
spectrometer. IR spectra were taken on a Hitachi 270-50 
spectrometer. 

Column chromatography was conducted using E. Merck 
silica gel 60 (70—230 mesh). 2,3-Di-*-butyl-l,2-dithiete 
(5) was prepared in the following way. 0-(Methyl-
sulfonyl)pivaloin prepared from pivaloin26) and methane-
sulfonyl chloride, was treated with potassium thiocyanate in 
N, N -dime thy lace tamide (DMA) to give 2,2,5,5-tetramethyl-
4-thiocyanato-3-hexanone.27) The cyanate was then treated 
with sodium hydroxide to give 2,2,5,5-tetramethyl-4-thioxo-
3-hexanone,8'27) which was sulfurized with freshly prepared 
Lawesson's reagent28) to furnish 5.8> Dimethyl acetylenedi-
carboxylate (DMAD) was purified by distillation prior to 
use. 2-Carboxybenzenediazonium chloride was prepared 
according to the literature method.20) 

Reaction of 3,4-Di-Mmtyl-l,2-dithiete (5) with DMAD. 
A solution of 1.07 g (5.3 mmol) of 5 and 3.76 g (26.5 mmol) 
of DMAD in 40 ml of o-dichlorobenzene was heated under 
reflux for 3 h. The dark brown mixture was evaporated 
under reduced pressure. The residue was chromato-
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graphed on a column of silica gel (120 g). The column was 
first eluted with hexane to remove the remaining o-
dichlorobenzene and then with benzene to give 1.13 g of 
dimethyl 2,5-di-«-butyl-3,4-thiophenedicarboxylate (6) con­
taminated with DMAD. Recrystallization of this material 
from hexane gave 0.73 g (44%) of pure 6. Further elution of 
the column with benzene gave 0.13 g of crude dimethyl 2,3-
di-«-butyl-4,5-thiophenedicarboxylate (7). Rechromatog-
raphy of the above material gave 82 mg (5%) of pure 7. 
The column was then eluted with dichloromethane to 
give 0.13 g of crude tetramethyl l,4-dithiin-2,3,5,6-
tetracarboxylate (8). Pure 8, 80 mg (4%), was obtained by 
purifing the above material with rechromatography. 
Further elution of the original column with dichlorome­
thane gave 0.72 g (43%) of tetramethyl 2,3,4,5-thio-
phenetetracarboxylate (9). 

In a separate experiment, when 5 was allowed to react 
with a lesser amount of DMAD (1—3 equiv), elemental 
sulfur could be isolated in a considerable amount. 

6: Mp 93—93.5 °C (hexane); *HNMR (CDC13) 6=1.40 
(18H, s, «-butyl), 3.77 (6H, s, C02Me); 13CNMR (CDCI3) 
0=31.17 (q), 35.12 (s), 51.81 (q), 128.84 (s), 152.41 (s), 166.17 
(s); IR (KBr) 1270, 1728 cm"1 (ester); MS m/z 312 (M+), 281, 
265 (base), 233. Anal. (C16H24O4S) C, H. 

7: Viscous oil; 1U NMR (CDCI3) ô=1.48 (9H, s, «-butyl), 
1.58 (9H, s, «-butyl), 3.77 (3H, s, C02Me), 3.85 (3H, s, 
C02Me); 13CNMR (CDCI3) 6=32.96 (q), 33.82 (q), 36.05 (s), 
37.18 (s), 51.92 (q), 52.37 (q), 123.92 (s), 142.44 (s), 144.23 (s), 
157.77 (s), 161.35 (s), 168.77 (s); MS m/z 312 (M+), 281, 265 
(base); IR (film) 1214, 1734 cm - 1 (with two shoulders) (ester). 
HRMS Found: m/z 312.1375. Calcd for C16H24O4S: M, 
312.1395. 

8: Mp 123—123.5 °C (lit,lla> mp 126—127 °C); *HNMR 
(CDCI3) 6=3.82 (s); 13C NMR (CDCI3) 6=53.49 (q), 134.59 (s), 
161.62 (s). 

9: Mp 125-126.5 °C (lit,12c> mp 125-126 °C); *HNMR 
(CDCI3) 6=3.88 (s); 13CNMR (CDCI3) 6=52.83 (q), 53.00 (q), 
135.94 (s), 136.86 (s), 160.05 (s), 162.60 (s). 

Conversion of 6 to 2,5-Di-£-butyl-3,4-thiophenedicarbox-
ylic Anhydride (11). A mixture of 0.50 g of potassium 
hydroxide, 100 mg (0.32 mmol) of 6, 2 ml of water, and 8 ml 
of ethanol was heated under reflux for 24 h. The resulting 
clear solution was evaporated under reduced pressure and 
the residue was dissolved in 5 ml of water and acidified with 
12 M hydrochloric acid (1 M=l mol dm - 3). The resulting 
white crystalline material was extracted with dichloro­
methane. The extracts were washed with water, dried over 
anhydrous sodium sulfate, and evaporated to give 88 mg 
(97%) of 2,5-di-«-butyl-3,4-thiophenedicarboxylic acid (10): 
mp 188—190 °C (from benzene); *HNMR (CDCI3) 6=1.43 
(18H, s, «-butyl), 11.00 (2H, broad s, CO2H); IR (KBr) 1698 
cm-1 (CO2H). 

Heating the diacid 10 at its melting point for a few 
minutes in a small test tube afforded the anhydride 11 
quantitatively: mp 129.5—130 °C (from hexane); *HNMR 
(CDCI3) 6=1.50 (s); 13CNMR (CDCI3) 6=30.25 (q), 35.72 (s), 
128.63 (s), 157.07 (s), 160.05 (s); IR (KBr) 1820, 1768 cm"1. 
Anal. (C14H18O3S) C, H . 

Conversion of 7 to 2,3-Di-£-butyl-4,5-thiophenedicarbo-
xylic Anhydride (14). To a stirred solution of 560 mg (7.4 
mmol) of 1-propanethiol in 8 ml of hexamethylphosphoric 
triamide (HMPA) was added dropwise 2.7 ml of a 1.5 M 
solution of butyllithium in hexane at 0°C. The mixture 

was stirred for 0.3 h at room temperature and then cooled to 
0 °C. To this mixture a solution of 209 mg (0.67 mmol) of 7 
in 2 ml of HMPA was added under ice-cooling. The mix­
ture was slowly warmed to room temperature and stirred for 
7 h. The resulting mixture was acidified with 1 M 
hydrochloric acid and was extracted with ether. The 
extracts were shaken with 2 M sodium hydroxide (2X10 ml). 
The alkaline layers were washed with ether and then acidi­
fied with 1 M hydrochloric acid. The mixture was 
extracted with ether. The ether extracts were washed with 
water, dried over anhydrous sodium sulfate, and evaporated. 
The residue (129 mg) was triturated with hexane to give 112 
mg (59%) of pure 2,3-di-«-butyl-4,5-thiophenedicarboxylic 
acid (13): mp 246—249 °C; *H NMR (DMSO-A,) 6=1.48 (9H, 
s, «-butyl), 1.56 (9H, s, «-butyl), 13.0 (2H, broad s, CO2H); 
13CNMR (DMSO-de) 6=32.75 (q), 33.49 (q), 35.74 (s), 36.67 
(s), 123.82 (s), 143.46 (s), 143.51 (s), 155.89 (s), 161.71 (s), 
168.93 (s). HRMS Found: m/z 284.1089. Calcd for 
G4H20O4S: M, 284.1083. 

The diacid 13 (10; 3 mg) was heated in refluxing acetic 
anhydride (0.5 ml) for 3 h. The mixture was evaporated 
under reduced pressure and the residual solid was purified 
by sublimation to provide 6.9 mg (72%) of the anhydride 14: 
mp 114— 116°C; XHNMR (CDCI3), 6=1.60 (9H, s, «-butyl), 
1.63 (9H, s, «-butyl); IR (KBr) 1832, 1772 cm"1; MS m/z 266 
(M+), 251, 233. HRMS Found: m/z 266.0980. Calcd for 
C14H18O3S: M, 266.0977. 

Alkaline Hydrolysis of 7. A mixture of 82 mg (0.26 
mmol) of 7 and 330 mg of potassium hydroxide in 1.7 ml of 
water and 6.5 ml of ethanol was heated under reflux for 23 h. 
The mixture was evaporated under reduced pressure and the 
residue was dissolved in 5 ml of water. The solution was 
acidified with 12 M hydrochloric acid. The mixture was 
extracted with ether. The ether extracts were washed with 
water, dried over anhydrous sodium sulfate, and evaporated 
to give 61 mg (79%) of the half ester 12: mp 208—211 °C; 
iHNMR (CDCI3) 6=1.50 (9H, s, «-butyl), 1.60 (9H, s, 
«-butyl), 3.83 (3H, s, C02Me), 9.38 (1H, broad s, CO2H). 

Heating 12 with potassium hydroxide in boiling water for 
42 h resulted in the quantitative recovery of 12. 

2,3-Di-*-butylthiophene (4). A mixture of 92 mg (0.32 
mmol) of the dicarboxylic acid 13 and 0.5 g of copper 
powder in 1.5 ml of quinoline was refluxed for 3 h. The 
mixture was placed on a column of silica gel (50 g). The 
column was eluted with pentane to give 56 mg (88%) of 4 as a 
colorless liquid: *HNMR (CDCI3) 6=1.45 (9H, s, «-butyl), 
1.55 (9H, s, «-butyl), 6.92 (1H, d, /=5.4 Hz, ring proton at C-
4), 7.10 (1H, d, /=5.4 Hz, ring proton at C-5); 13CNMR 
(CDCI3) 6=33.68 (q), 33.92 (q), 34.85 (s), 35.61 (s), 116.38 (d), 
131.01 (d), 144.63 (s), 149.07 (s); MS, m/z 196 (M+), 181 
(base). HRMS Found: m/z 196.1285. Calcd for C12H20S: 
M, 196.1285. 

Isomerization of 4 to 2,4-Di-i-butylthiophene (1). A mix­
ture of 10 mg (0.05 mmol) of 4 and 8 mg of aluminum 
chloride in 1.5 ml of carbon disulfide was stirred for 3.5 h at 
room temperature. The mixture was evaporated and the 
residue was made alkaline by adding 2 M potassium hydrox­
ide (2 ml) and extracted with ether. The extract was 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated. The residue was passed through a short 
column of silica gel using hexane as solvent to give 7.4 mg 
(74%) of 1, whose XH and 13C NMR spectra agreed with those 
synthesized independently.1) 
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2,3-Di-J-butylthiophene 1,1-Dioxide (23). To a stirred 
solution of 10 mg (0.05 mmol) of 4 in 1.5 ml of dichlorome-
thane, 27 mg (0.16 mmol) of ra-CPBA was added in small 
portions. The mixture was stirred for 17 h at room temper­
ature. The mixture was diluted with 10 ml of dichlorome-
thane, washed with aqueous sodium carbonate, dried over 
anhydrous sodium sulfate, and evaporated. The residue 
was passed through a short column of silica gel using 
benzene as eluent to give 9.7 mg (79%) of 23: mp 89—90 °C; 
*HNMR (CDCls) 6=1.37 (9H, s), 1.58 (9H, s), 6.48 (1H, d, 
/=7.1 Hz), 7.01 (1H, d, /=7.1 Hz); ^CNMR (CDCI3) 
0=31.17 (q), 31.72 (q), 34.50 (s), 35.18 (s), 126.29 (d), 133.66 
(d), 141.47 (s), 144.71 (s); IR (KBr) 1134, 1280 cm"1 (SO2). 
HRMS Found: m/z 228.1221. Calcd for G2H20O2S: M, 
228.1184. 

5-Bromo-2,3-di-£-butylthiophene (24). To a stirred solu­
tion of 10.7 mg (0.055 mmol) of 4 in 1 ml of acetic acid and 1 
ml of dichloromethane, 11 mg (0.062 mmol) of N-
bromosuccinimide was added. The mixture was stirred for 
2 h at room temperature. The resulting mixture was dil­
uted with 10 ml of dichloromethane, washed with water, 
dried over anhydrous sodium sulfate, and evaporated. The 
residue was passed through a short column of silica gel 
using hexane as eluent to give 12 mg (79%) of 24 as a 
colorless oil: ^ N M R (CDCI3) 6=1.41 (9H, s), 1.51 (9H, s), 
7.00 (1H, s); 13CNMR (CDCI3) 6=33.51 (q), 33.62 (q), 35.07 
(s), 36.25 (s), 104.95 (s), 133.64 (d), 145.81 (s), 151.13 (s); MS 
m/z 276 (M+, «ißr), 274 (M+, 79Br), 261 (base), 259, 205, 203. 
HRMS Found: m/z 274.0368. Calcd for Ci2Hi9BrS: M, 
274.0391. 

2,3-Di-^-butyl-5-nitrothiophene (25). Fuming nitric acid 
(3.5 mg, 0.05 mmol) was dissolved in 0.5 ml of acetic acid. 
To this solution, a solution of 9 mg (0.046 mmol) of 4 in 1 
ml of acetic anhydride was added at 0 °C. The mixture was 
slowly warmed to room temperature and stirred for 8 h. 
The reaction was quenched by adding ice (ca. 5 g). The 
mixture was extracted with ether. The extract was washed 
with aqueous sodium carbonate and then with water, dried 
over anhydrous sodium sulfate, and evaporated. The 
residue was passed through a short column of silica gel 
using carbon tetrachloride as eluent to give 11 mg (99%) of 
25 as pale yellow solid: mp 75—76 °C; *HNMR (CDCI3) 
0=1.47 (9H, s), 1.58 (9H, s), 7.95 (1H, s); ^CNMR (CDCI3) 
0=33.33 (q), 33.35 (q), 35.55 (s), 37.25 (s), 132.39 (d), 146.51 
(s), 159.94 (s); MS m/z 241 (M+), 226, 184. HRMS Found: ml 
z 241.1128. Calcd for G2H19NO2S: M, 241.1136. 

Elemental analyses were performed by the Analyti­
cal Center of Sai tama University, for which we thank 
Professor M. Sato and his staff. 

References 

1) H. Wynberg and U. E. Wiersum, J. Org. Chem., 30, 
1058 (1965). 

2) E. H. Wiebenga and H. Bouwhuis, Tetrahedron, 25, 
453 (1969). 

3) L. Brandsma, J. Meijer, H. D. Verkruijsse, G. 
Bokkers, A. J. M. Duisenberg, and J. Kroon, J. Chem. Soc, 
Chem. Commun., 1980, 922. For X-ray crystal structure 
analysis of 3, see G. Bokkers, A. J. M. Duisenberg, J. Kroon, 
and L. Brandsma, Cryst. Struct. Chem., 10, 361 (1981). 

4) H. Wynberg, Ace. Chem. Res., 4, 65 (1971). 

5) J. Nakayama, S. Yamaoka, and M. Hoshino, 
Tetrahedron Lett., 29, 1161 (1988). 

6) R. M. Kellogg, "Comprehensive Heterocyclic Chem­
istry," ed by C. W. Bird and G. W. H. Cheeseman, Pergamon 
Press, Oxford (1984), Vol. 4, p. 721. 

7) We thank Professor A. Krebs of University of Ham­
burg for informing us of this successful synthesis prior to 
the publication. 

8) B. Köpke and J. Voss, J. Chem. Res. (S), 1982, 314. 
9) C. G. Krespan, B. C. McKusick, and T. L. Cairns, J. 

Am. Chem. Soc, 82, 1515 (1960); C. G. Krespan, ibid., 83, 
3434 (1961); J. Hencher, Q. Shen, and D. G. Tuck, ibid., 98, 
899 (1976); A. Krebs, H. Colberg, U. Höpfner, H. Kimling, 
and J. Odenthal, Heterocycles, 12, 1153 (1979); R. B. Boar, 
D. W. Hawkins, J. F. McGhie, S. C. Misra, D. H. R. Barton, 
M. F. C. Ladd, and D. C. Povey, J. Chem. Soc, Chem. 
Commun., 1975, 756; W. Küsters and P. de Mayo, J. Am. 
Chem. Soc, 95, 2383 (1974); M. Breitenstein, R. Schulz, and 
A. Schweig, J. Org. Chem., 47, 1979 (1982). 

10) Although the formation of 6 was previously reported, 
its properties were not given in detail: J. Buter, S. 
Wassenaar, and R. M. Kellogg, J. Org. Chem., 37, 4045 
(1972). 

11) a) O. Scherer and F. Kluge, Chem. Ber., 99, 1973 
(1966); b) W. Ried and W. Ochs, ibid., 105, 1093 (1972); c) S. 
C. Olsen and J. P. Snyder, Acta. Chem. Scand., Sect. B, 32, 
152 (1978). 
12) a) A. Michael, Ber., 28, 1633 (1895); b) H. Hopff and J. 

von der Crone, Chimia, 13, 107 (1959); c) T. Sone, Y. Abe, 
and T. Oikawa, Nippon Kagaku Zasshi, 92, 1193 (1971); d) J. 
Nakayama, M. Kashiwagi, R. Yomoda, and M. Hoshino, 
Nippon Kagaku Kaishi, 1987, 1414. 

13) P. A. Bartlett and W. S. Johnson, Tetrahedron Lett, 
1970, 4459. 

14) In the parent thiophene, the bond angle HC(3)C(4) 
(123°36') is smaller than the bond angles HC(2)C(3) 
(128°41') and C(2)C(3)H (124°17'): B. Back, D. Christensen, 
L. Hansen-Nygaard, and J. Ras tr up-Ander sen, J. Mol. Spec-
trosc, 7, 58 (1961). This, along with symmetrical structure 
of 10, should make the formation of 11 easier. 

15) F. Bohlmann and K.-M. Kleine, Chem. Ber., 98, 3081 
(1965); W. Schroth, F. Billing, and G. Reinhold, Angew. 
Chem., Int. Ed. Engl, 6, 698 (1967). 

16) P. de Mayo and A. C. Weedon, J. Org. Chem:, 44, 1977 
(1979). 

17) W. H. Parham and V. J. Traynelis, J. Am. Chem. 
Soc, 76, 4960 (1954); R. Grigg, R. Hayes, and J. Jackson, J. 
Chem. Soc, Chem. Commun., 1969, 1167; K. Kobayashi, K. 
Mutai, and H. Kobayashi, Tetrahedron Lett, 1979, 5003; J. 
Nakayama, M. Shimomura, M. Iwamoto, and M. Hoshino, 
Heterocycles, 23, 1907 (1985). 

18) Semiempirical SCF-MO calculations show that the 
conversion of an a-dithione to a 1,2-dithiete is allowed 
photochemically; the thermal processes, both forward and 
reverse, are forbidden: J. P. Snyder, "Organic Sulphur 
Chemistry," ed by C. J. M. Stirling, Butterworths, London 
(1975), p. 307. 

19) L. A. Paquette, R. E. Moerck, B. Harirchian, and P. 
D. Magnus, J. Am. Chem. Soc, 100, 1597 (1978). 
20) B. H. Klanderman and T. R. Criswell, J. Org. Chem., 

34,3426(1969). 
21) W. A. Gibbons and V. M. S. Gil, Mol. Phys., 9, 163 

(1965). 



April, 1990] 2,3-Di-^-butylthiophene 1031 

22) /2,3 (As) of thiophenes has an average value of 4.90— 
5.80: see Ref. 6, p. 730. 
23) In the thiophene 3, the signal due to C-2 (C-5) appears 

at Ô 122.3 and that due to C-3 (C-4) at 150.6 (Ref. 5). 
24) W. L. Mock, / . Am. Chem. Soc, 92, 7610 (1970). 
25) S. Rajappa, "Comprehensive Heterocyclic Chemis­

try," ed by C. W. Bird and G. W. H. Cheeseman, Pergamon 
Press, Oxford (1984), Vol. 4, p. 741; G. R. Newkome and W. 

W. Paudler, "Contemporary Heterocyclic Chemistry," John 
Wiley, New York (1982), p. 92. 
26) J. M. Snell and S. M. McElvain, Org. Synth., II, 114 

(1943). 
27) N. J. Jacobson, P. de Mayo, and A. C. Weedon, Nouv. 

J. Chim., 2, 331 (1978). 
28) B. S. Pedersen, S. Scheibye, N. H. Hilsson, and S.-O. 

Lawesson, Bull. Soc. Chim. Belg., 87, 223 (1978). 



1032 © 1990 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 63,1032—1038 (1990) [Vol. 63, No. 4 

Structural Determination of Ancovenin, a Peptide Inhibitor of 
Angiotensin I Converting Enzyme 

Tateak i WAKAMIYA,* Yasuyuki UEKI, Te tsuo SHIBA,* Yasuji K I D O , ^ and Yoshinobu M O T O K I ^ 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
ffUbe Research Laboratory, Fujirebio Inc., Ube, Yamaguchi 759-02 

(Received November 17, 1989) 

The structure of ancovenin, a new peptide inhibitor of angiotensin I converting enzyme was determined 
chemically. Ancovenin is composed of 16 amino acid residues including three lanthionine residues which 
form a complex tricyclic structure bridged by sulfide bonds. Moreover, this peptide includes dehydroalanine as 
one of its unusual amino acids. In the present study, plausible mechanisms of the Edman degradation of 
dehydroalanine and lanthionine-containing peptides were also elucidated. 

A new lan th ion ine-con ta in ing peptide named anco­
venin (Fig. 1) was isolated from a culture broth filtrate 
of Streptomyces sp. No . A647P-2 in a soil sample 
collected at Hachioj i , Tokyo.1) Ancovenin showed 
an inhibi tory activity against angiotensin I converting 
enzyme (ACE). T h e a m i n o acid composi t ion of 
ancovenin was already determined by a m i n o acid ana­
lyses of the intact molecule as well as the peptide 
obtained by part ial hydrogénation.1) Three kinds of 
unusua l a m i n o acids were found in the molecule, i.e., 
dehydroalanine (Dha), m ^ o - l a n t h i o n i n e ( m ^ o - L a n ) , 
and threo-methyllanthionine (threo-Melan). Although 
ancovenin is composed of 16 a m i n o acid residues, it is 
conveniently regarded as nonadecapept ide, since lan­
th ionine residue is formally represented as two Ala 

Fig. 1. Structure of ancovenin. 

residues which are l inked by a sulfide bond to each 
other, i.e., Ala Ala, and similarly methyl lan th ionine 

1— s—' 
as Ala Abu. T h e exact molecular weight of anco­
venin was given to be 1960 by measurement of fast 
a tom b o m b a r d m e n t mass spectrum.2 3) T h e value 
thus obtained indicated that two of four carboxyl 
groups related to three acidic amino acids and C-
terminal one are present in amide form. 

T h e sequence analysis of ancovenin was carried ou t 
as summarized in Fig. 2. T h r o u g h the sequencing 
study, we realized that the Edman degradat ion 
s topped at the posi t ion of Dha residue due to a forma­
tion of pyruvoyl pept ide as shown in Fig. 3. O n the 
other hand, L a n or Melan residue was cleavable as 
shown in Fig. 4. However, we could not detect phe-
nyl( th iohydantoin) (Pth) derivatives of these a m i n o 
acids, since a thiazolinone par t formed at the first cycle 
migh t be decomposed via ß-el iminat ion under basic 
condit ions du r ing several reaction steps. T a k i n g 
account of these facts, the presence of Dha residue near 
Af-terminal region was first assumed, since the E d m a n 
degradat ion of ancovenin did not produce any P th 
derivative after the fourth cycle of the reaction. In 
fact, the posi t ion of Dha 6 was confirmed as Ala6 in 

Entry 
Peptide Modification 

1/2g 1/2g 1/2g 1/2g 1/2g 1/2g 
I 1 1 5 10 I I 15 I 

H-Ala-Val-Gln-Ala-Ala-Dha-Phe-Gly-Pro-Leu-Abu-Trp-Ser-Ala-Asp-Gly-Asn-Abu-Lys-OH 

Ancovenin Intact 

1 Reduction of Dha 

2 Addition of HSCH2COOCH3 
to Dha 

3 Proline Specific Endopeptidase 
Digestion 

4 Reduction and Desulfurization 

5 Ala 

5 X 
/ Mcm\ 

io \X=Cys ) 

r 
I m\ ^ ^ . _ _ _ _ 5 _ I 

1 5 Ala Cha 

l 1 

10 

^ ^ __5^ 

15 

- - • ^ 1 ? 

Fig. 2. Sequence analysis of intact and modified ancovenin. 
*: Edman degradation ( < Pth derivative was not detected). 

t Present address: Peptide Institute, Protein Research 
Foundation, Minoh, Osaka 562. 
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peptide 1 prepared by mild hydrogénation of anco­
venin and also as S-(methoxycarbonylmethyl)-
cysteine6, i.e., Cys(Mcm)6, in peptide 2 prepared by an 
addition of HSCH2COOCH3 to ancovenin. Although 
we could not determine the sequence beyond 11th 
amino acid residue of peptide 2, Pro9 residue was 
observed in the peptide. Based on this information, we 
carried out a proline specific endopeptidase diges­
tion4) to cleave ancovenin molecule in a middle part of 
the molecule. Interestingly, the enzymic digestion 
produced peptide 3 as a sole product. This fact indi­
cated that Pro residue must be located in one of the 
sulfide rings. The Edman degradation of peptide 3 
possessing two amino terminals in the molecule was 

Rm ÇH2 Rn 

Ph-N=C=S + H2N-CH-CO-NH-C-CO-NH-CH-CO-

l)OH 
2)H+ 

Ph-NH-C = NH 
I I 
S CH-R.T 

V 

CH2 ?• 

/ 

11 
O 

S = C — N H 
I I 

Ph-N CH-R,, 

V 
ll 

o 

+ H2N-c-co-NH-CH-co 

ÇH3 Rn 

HN=C-CO-NH-CH-CO-

ÇH3 Rn 

NH3 + 0=C-CO-NH-CH-CO---

Fig. 3. Plausible mechanism of the Edman degrada­
tion of dehydroalanine-containing peptide. 

then carried out. In principle, each degradation 
should give two Pth derivatives arising from two 
chains. However at the first step, the residue 1 did 
not give Pth derivative as known in the degradation of 
the intact ancovenin. At the second step, only Pth 
derivative of Val which can be assigned at the residue 2 
was observed indicating that the residue 11 in another 
chain may be involved in a moiety of either lanthio-
nine or methyllanthionine. On the other hand, at 
the third step, both of Pth derivatives of Gin and Trp 
were obtained. Since Gin can be assigned as the 
residue 3, Trp must be now determined as the residue 
12 (see 3 in Fig. 2). 

On the basis of the results obtained in this way, we 
revealed a partial sequence of ancovenin shown as 3 in 
Fig. 2. In order to obtain more informations about 
three sulfide amino acid residues, ancovenin was 
strongly hydrogenated under increased pressure at 
50 °C to prepare a desulfurized peptide 4. In this 
compound, several amino acid residues as well as 
sulfide amino acids were present in modified forms, 
i.e., Dha for Ala, ra^so-Lan for two Ala, threo-Melan 
for Ala and a-aminobutyric acid (Abu), and Phe for 3-
cyclohexylalanine (Cha). However, we could not 
detect Trp as 3-(octahydroindolyl)alanine (Oha) in 
amino acid analysis, since Oha was not eluted from 
the column under analytical conditions so far used. 
The Edman degradation of peptide 4 proceeded com­
pletely until the last cycle. Although we failed to 
detect Oha and Ser as Pth derivatives at 12th and 13th 
cycles because of decompositions, these positions were 
already assigned as Trp12 and Ser13 from the sequence 
analysis of the peptide 3. Consequently, the whole 
sequence of ancovenin was given as depicted at the 

Ph-N=C=S + 
?' 

H2N-CH-CO!-NH-CH-CO -]NH-CH-CCKNH-CH-CO 

CH-R 
V 

CH-R* 

J 

?" 

Ph-NH-C = NH 
l l 
S CH-CH-R 

C 
11 

o 

l)OH 
2)H+ 

H2N-CH-CO-

(R, R ' = H o r C H 3 ) 

"NH-CH-CO-NH-CH-CO 

CH-R* 
J 

S=C — N H HN — C = S 
I I I I 

Ph-N CH-CH-R R'-CH-CH N-Ph 

C v S ' C 
it H 

o o 

( not detected ) 

Rn 
+ H2N-CH-CO-

u 
Next Cycle | 

Fig. 4. Plausible mechanism of the Edman degradation of 
lanthionine-containing peptide. 
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upper line in Fig. 2. At this stage, six positions 
belonging to three sulfide amino acid residues were 

1/2S 1/2S 
I I 

shown as Ala or Abu, since any informations about 
mode of sulfide bridges were not yet obtained. 

The assignment of the position of sulfide bridge 
was first focused on three Ala residues, i.e., Ala1, 
Ala4, and Ala5, belonging to sulfide amino acids by 
application of the Edman-dansyl (Dns) method. For 
this purpose, three authentic Dns derivatives of the 
sulfide amino acids, i.e., Dns-D-Ala L-Ala (A), Dns-L-

(threo) (threo) 
Ala D-Abu (B), and Dns-D-Ala D-Abu (C) were prepared 

These compounds were effectively separated in HPLC 
as shown in Fig. 5. Thus, each Dns derivative origi­
nating from Ala1, Ala4, and Ala5 was clearly assigned 
to be B, A, and B, respectively. (Fig. 6) Since the 
enantiomers of the above three authentic samples also 
give the same pattern in HPLC, the absolute stereo­
chemistry of each derivative was not yet decided at this 
stage. However, this result unequivocally indicated 
that Ala14 must be the counterpart of m^so-Lan 
residue together with Ala4 giving us an assignment of 

the first sulfide bridge between Ala4 and Ala14. 
In order to determine the positions of other two 

sulfide bridges, we then applied the subtractive-
Edman method to the peptide 3 obtained above (Fig. 
7a). Two cycles of the Edman degradation were car­
ried out showing a stepwise disappearance of threo-
Melan residue after each cycle of the reaction indicat­
ing that Ala1 was not a partner of Abu11, because other­
wise stepwise disappearance of threo-Melan can not be 
explained (Table 1). In order to confirm this result, 
one of threo-Melan residues was attempted to be dif­
ferentiated as S-(2,3-dihydroxy-3-oxopropyl)-3-methyl-
cysteine [3MeCys(Hpr), Hpr Abu]. Namely, Ala1 

•—s—' 
residue was converted into 2-hydroxypropionyl (Hpr) 
residue by deamination with sodium nitrite as shown 
below.5) The modified peptide was then digested 

(Ala) (Abu) 
H2N-CH-CO NH-CH-CO-

I I 
CH2 S CH-CH3 

NaNQ2 

(Hpr) 
HO-CH-CO-

CH2 

(Abu) 
NH-CH-CO--

I 
S CH-CH3 

[3MeCys(Hpr)] 

Dns-OH 

A 

B 

C 

. Dns-D-Ala 

: Dns-L-Ala 

: Dns-D-Ala 

L-Ala 

(threo) 
D-Abu 

- S — J 

(threo) 
D-Abu 

- s — J 

Fig. 5. HPLC profile of mono-Dns derivatives of 
meso-lanthionine and £/ireo-methyllanthionine. 

with proline specific endopeptidase to obtain peptide 
5 in Fig. 7. The subtractive Edman degradation of 
peptide 5 (Fig. 7b) gave a result that threo-Melan still 
remained in 1st cycle but disappeared in 2nd cycle, 
whereas 3MeCys(Hpr) remained even at the second 
cycle of the reaction as shown in Table 2. These facts 
suggested that the second sulfide bond must be located 
between Ala1 and Abu18 and the third one between 
Ala5 and Abu11. (Fig. 7c) 

Thus the whole structure of ancovenin was now 
obtained as mentioned above except for stereochemis­
try. The configurations of usual amino acids were 
determined by gas chromatography based on the sepa­
ration of enantiomer of each amino acid. Acid hyd-
rolyzate of ancovenin was treated with HCl in iso-
propyl alcohol and then with (CF3CO)20.6) The 
mixture of Af-(trifluoroacetyl) amino acid isopropyl 

1/2S 1/2S 1/2S 1/2S 1/2S 1/2S 
I I 15 10 I l 15 l 

H-Ala-Val-Gln-Ala-Ala-Dha-Phe-Gly-Pro-Leu-Abu-Trp-Ser-Ala-Asp-Gly-Asn-Abu-Lys-OH 

Dns derivative B 

Dns derivative A 

Dns derivative B 

4 

—— : Edman degradation 

| : Dansylation 

1/2S /1 /2 S 1/2S \ 1/2S 

I / I I \ I 

H-Ala-Val-Gln-Ala-Ala-Dha-Phe-Gly-Pro-Leu-Abu-Trp-Ser-Ala-Asp-Gly-Asn-Abu-Lys-OH 
4 14 

Fig. 6. Assignment of sulfide bridge belonging to m^o-lanthionine. 
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Alle. 
}5 . a) H-Ala-Val-Gln-Ala-Ala-Dha-Phe-Gly-Pro-OH 

1st 2nd 

A 1 0 I » 1 5 I 

H-Leu-Abu-Trp-Ser-Ala-Asp-Gly-Asn-Abu-Lys-OH 
1st 2nd 

A/2S 

15 
b) Hpr-Val-Gln-Ala-Ala-Dha-Phe-Gly-Pro-OH 

1/2S X 1/2S 

10 I ' 1 5 I 
H-Leu-Abu-Trp-Ser-Ala-Asp-Gly-Asn-Abu-Lys-OH 

1st "2nd" 

C) r 

# 

"^ 1 ^ 5 11 > 18 
H-Ala-Val-Gln-Ala-Ala-Dha-Phe-Gly-Pro-Leu-Abu-Trp-Ser-Ala-Asp-Gly-Asn-Abu-Lys-OH 

* V> s J 14 • 

Fig. 7. Assignment of sulfide bridge belonging to £/ireo-methyllanthionine on the basis of 
the subtractive Edman degradation of peptides 3 and 5. 

Table 1. Result of Subtractive Edman Degradation 
of Peptide 3 

Amino acid 

Asp 
Ser 
Glu 

threo-Melan 
Pro 

meso-Lan 
Gly 
Val 
Leu 
Phe 
Lys 
Trpb) 

Amino acid composition 

Intact 

2.09 
0.94 
1.02 
2.01 
0.84 
1.06 
2.00 
0.72 
0.99 
0.90 
0.97 
— 

1st cycle 

2.22 
1.07 
0.99 
1.16 
1.02 
1.01 
2.00 
0.78 
0.15 
0.91 
0.50a) 

— 

2nd cycle 

2.16 
1.27 
1.12 
0.55 
1.51 
1.07 
2.00 
0.04 
0.07 
0.97 
0.58a) 

— 

a) A low recovery of Lys is due to an incomplete 
hydrolysis of Af£-phenylthiocarbamoyl group, b) Not 
detected. 

Table 2. Result of Subtractive Edman Degradation 
of Peptide 5 

Amino acid 

3MeCys(Hpr) 
Asp 
Ser 
Glu 

threo-Melan 
Pro 

meso-Lan 
Gly 
Val 
Leu 
Phe 
Lys 
Trp 

Amino acid composition 

Intact 

1.00 
2.09 
1.02 
0.97 
1.14 
0.94 
1.08 
2.00 
0.99 
1.03 
1.04 
1.14 
— 

1st cycle 

0.98 
2.10 
1.03 
0.99 
1.02 
1.18 
1.16 
2.00 
0.99 
0.14 
1.10 
0.69 
— 

2nd cycle 

0.93 
2.06 
0.99 
0.94 
0.39 
1.00 
1.02 
2.00 
1.06 
0.12 
1.01 
0.63 
— 

1 L-Ala 

D-Ala fl D-Abu 

I h Ml /V A_ 
« i 

10 
r/min 

20 

Fig. 8. Gas chromatographic analysis for configura­
tions of Ala and Abu residues in peptide 4. 

esters thus prepared was gas-chromatographed on a 
glass capillary column coated with chiral stationary 
phase.7) From the result in this experiment, all usual 
amino acids were determined to be of L-form.2'3) 

Configurations of amino acids in the desulfurized 
peptide 4 in Fig. 2 were next analyzed in a similar 
manner. In this case, the analysis was carried out 
isothermally at 95 °C in order to focus on the separa­
tion of enantiomers of Ala and Abu residues. The 
gas chromatogram indicated that the configuration of 
a-carbon atom of Abu part in two threo-Melan 
residues was undoubtedly of D-form. (Fig. 8) On the 
other hand, we observed D-Ala and L-Ala in a ratio of 
1.65 to 3.35. This result indicated the presences of 3 
mol of DL-Ala and 2 mol of L-Ala residues in peptide 4 
suggesting the formation of DL-Ala from 1 mol of Dha 
and 1 mol of meso-Lan under reductive conditions for 
desulfurization. Therefore, the remaining 2 mol of 
L-Ala residues were assumed to be attributed from Ala 
counterpart in threo-Melan residues and thus the 
absolute structure of this thiobis[amino acid] was 

(threo) 
concluded to be L-Ala D-Abu. Indeed, the specific 

rotation of threo-Melan isolated from the hydrolyzate 
of ancovenin was quite identical with that of authentic 
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Dns-OH 

Dns-D-Ala L-Leu-L-Ala 
-S 

Derivative from ancovenin 

4 
Dns-L-Ala L-Leu-D-Ala 

t/min 

Fig. 9. HPLC profile of diastereoisomeric deriva­
tives of m^o-lanthionine. 

(threo) 
L-Ala D-Abu synthesized in our previous work.8) 

Finally we had to determine the configurations of 
Ala4 and Ala14 belonging to m^o-lanthionine. For 
this purpose, we attempted to prepare a suitable dia-
stereoisomer of this amino acid. Mono-Dns-m^o-
Lan obtained by the Edman-dansyl method of ancovenin 
(Fig. 6) was coupled with Af-[iV-(£-butoxycarbonyl)-
L-leucyloxy]succinimide (Boc-L-Leu-OSu) whose t-
butoxycarbonyl (Boc) group was then removed. Dns-
Ala4 L-Leu-Ala14 thus obtained was completely iden-

1 s 1 
tical with authentic Dns-D-Ala L-Leu-L-Ala in HPLC 

I s 1 
as shown in Fig. 9. As a result, the stereochemical 
arrangement of m^o-lanthionine was assigned to be 
D-Ala4 L-Ala14. Consequently, we now propose the 
total structure of ancovenin as shown in Fig. 1. 

Experimental 

General Procedure of Amino Acid Analysis of Peptide. 
Each 25 nmol of peptide was hydrolyzed with 6 M HCl (100 
fil; 1 M=lmol dm -3) in the presence of thioglycolic acid (2-
mercaptoacetic acid) (4 jul) at 110°C for 24 h in a sealed tube 
after sufficient evacuation. The hydrolyzate was concen­
trated in vacuo at 60 °C and the residue was dissolved in 0.2 
M sodium citrate buffer (pH 2.20, 500 jul) for amino acid 
analysis. The analysis was carried out with a Hitachi 
KLA-5 analyzer under following conditions—column: 
packed with a Hitachi #2618 resin (0.9X25 cm) and warmed 
at 55 °C; buffer: sodium citrate buffers of 0.2 M (pH 3.00, 80 
min)-0.2 M (pH 4.25, 40 min)-0.8 M (pH 6.60, 110 min). 

Mild Hydrogénation of Ancovenin—Preparation of Pep­
tide 1. Ancovenin (11 mg, 5.7 jumol) was dissolved in a 
mixture of water (10 ml), methanol (2 ml), and acetic acid 
(0.2 ml). Hydrogen was introduced into the solution in the 
presence of Pd black (170 mg). The hydrogénation was 
continued until starting material disappeared in HPLC 
analysis. The reaction mixture was filtered to remove the 
catalyst and the filtrate was lyophilized. The residue was 
purified by preparative HPLC (Cosmosil 5Cis, 4X125 mm, 
31% aqueous acetonitrile containing 0.1% of TFA, 1.0 
ml min -1) to obtain peptide 1 (0.59 mg, 5.3%). 

Addition of Methyl Thioglycolate to Dehydroalanine 

Residue—Preparation of Peptide 2. Ancovenin (0.20 mg, 
0.10 jumol) was dissolved in 1 M N-ethylmorpholine acetate 
buffer (pH 8.5, 10 jul) and ethanol (10 jul). To the solution 
was added methyl thioglycolate (5.0 fxl, 55 jumol) and the 
mixture was allowed to stand for 5 d at room temperature. 
The reaction mixture was concentrated in vacuo to obtain 
an oily residue which was triturated with ether several times 
and then dissolved in a small amount of water. The solu­
tion was lyophilized to obtain peptide 2 (0.14 mg, 70%) as a 
white powder. 

Proline Specific Endopeptidase Digestion of Ancovenin— 
Preparation of Peptide 3.4> To a solution of ancovenin (1.4 
mg, 0.71 jumol) in 70 jul of 20 mM tris(hydroxymethyl)ami-
nomethane hydrochloride (Tris-HCl) buffer (pH 7.0) was 
added proline specific endopeptidase solution (20 jul, 
enzyme/substrate=l/40 (w/w)) purchased from Seikagaku 
Kogyo Co., Ltd., Japan. The digestion was carried out for 
17 h at room temperature. The reaction mixture was 
directly purified by preparative HPLC (Cosmosil 5Gs, 
6X250 mm, 31% CH3CN in 0.1% aqueous TFA, 2.0 ml min"1). 
The fraction including peptide 3 was lyophilized to obtain a 
pure material as white powder, yield 1.1 mg (78 %). 

Reductive Desulfurization of Ancovenin—Preparation of 
Peptide 4. Ancovenin (0.98 mg, 0.50 jumol) dissolved in 
water (2.5 ml) and acetic acid (40 jul) was hydrogenated with 
Pd black catalyst (50 mg) in a pressure bottle under 10 
kg cm - 2 for 2 d at 50 °C The reaction mixture was centri-
fuged and the supernatant was lyophilized to obtain peptide 
4 (0.32 mg, 34 %) as white powder. 

Preparation of 3-Cyclohexylalanine (Cha) and 3-
(Octahydroindolyl)alanine (Oha). L-Phenylalanine (0.10 
g, 0.61 mmol) in water (20 ml) and acetic acid (0.4 ml) was 
hydrogenated in the presence of Pd black (50 mg) under 
increased pressure (10 kg cm -2) for 20 h at 50 ° C The 
reaction mixture was centrifuged and the supernatant was 
lyophilized. The residue was purified by column chroma­
tography on HP-20. Water eluate containing Cha was 
lyophilized to obtain pure compound, yield 25 mg (24%); 
retention time in amino acid analysis: 147.9 min. 

L-Tryptophan (0.10 g, 0.49 mmol) in water (15 ml) and 
acetic acid (0.3 ml) was hydrogenated in the presence of Pd 
catalyst (150 mg) under the same conditions as mentioned 
above. The product was purified in a similar manner to 
the case of Cha, yield 112 mg (84%). Oha was not detected 
in amino acid analysis under our analytical conditions 
mentioned above. 

Deamination5) and Proline Specific Endopeptidase Diges­
tion of Ancovenin—Preparation of Peptide 5. To a solu­
tion of ancovenin (0.59 mg, 0.30 jumol) in water (240 fxl) was 
added 1 M aqueous acetic acid (60 jul) and 8.7 M sodium 
nitrite solution (120 fxl, 1 mmol). The reaction mixture 
was allowed to stand for 10 min at 0 °C and the reaction was 
quenched by adjustment of pH to 8 with 1 M aqueous 
ammonia. A desalting was immediately carried out by 
preparative HPLC (Nucleosil 7Cis, 8X250 mm, linear gra­
dient of 1—60% aqueous acetonitrile containing 0.1% TFA, 
3.0 ml min -1). To a solution of white powder obtained by 
lyophilization in 0.2 M ammonium acetate buffer (pH 8.0, 
300 jul) was added proline specific endopeptidase solution 
(30 fxl, enzyme/substrate=l/12 (w/w)) and the mixture was 
allowed to stand for 15 h at room temperature. The reac­
tion mixture was purified by preparative HPLC (Cosmosil 
5Ci8, 4X125 mm, 31% aqueous acetonitrile containing 0.1% 
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TFA, 1.0 ml min -1) to obtain peptide 5 as white powder, 
yield 0.14 mg (23%). 

Preparation of S-(2,3-Dihydroxy-3-oxopropyl)-3-methyl-
cysteine [3MeCys(Hpr)]. To a solution of (2R)-S-[Af-benzyl-
oxycarbonyl-(2S,3S)-3-methylalanin-3-yl]cysteine8> (1.7 mg, 
4.8 jumol) in water (1 ml) was added 1 M aqueous acetic acid 
(200 jul) and 8.7 M sodium nitrite solution (400 /xl, 3.3 mmol) 
under cooling in an ice bath. The mixture was allowed to 
stand for 5 min at 0 °C and then extracted with ethyl acetate. 
The extract was concentrated in vacuo and a residue was 
hydrolyzed with 6 M HCl in a sealed tube for 12 h at 110°C. 
The hydrolyzate was concentrated in vacuo to obtain 
3MeCys(Hpr) as an oily substance which gave a single peak 
at 26.7 min in amino acid analysis. 

General Procedure of Sequencing of Peptides. Each pep­
tide (50 nmol) was subjected to the Edman degradation and 
the reaction was carried out according to Tarr's procedure.9) 
Pth derivative of amino acid obtained was analyzed in 
HPLC under following conditions—column: Nucleosil 
5Ci8 (4X250 mm); eluent: acetonitrile-0.01 M sodium acetate 
buffer of pH 4.5 (42:58 v/v); flow rate: 1.0 ml min -1; detec­
tion: UV at 269 nm. 

Preparation and Analysis of 5-Dimethylaminonaph-
thalene-1-sulfonyl [Dansyl (Dns)] Amino Acid from 
Peptide. A small amount (0.2—200 jumol) of ancovenin or 
peptide after the Edman degradation in 40 mM Li2C03-HCl 
buffer (pH 9.5, 200 jul) was dansylated with Dns-Cl in 
acetonitrile (100 jul of 1.5 mgml_ 1=5.6 mM solution) accord­
ing to Tapuhi's procedure.10) Dansyl derivative of peptide 
was hydrolyzed with 6 M HCl (100 jul) and thioglycolic acid 
(4 jul) in a sealed tube for 12—18 h at 105 °C. Each Dns-
amino acid was dissolved in 10 jul of 95% ethanol and a 
suitable amount of the solution was applied to HPLC 
analysis which was carried out under following condi­
tions—column: Cosmosil 5Gs (4X125 mm); eluent: 5% to 
50% CHaCN in 0.05 M Tris-HCl (pH 7.75) (gradient elu-
tion); flow rate: 1.0 ml min - 1 ; detection: UV at 340 nm. 

Authentic samples of mono-Dns derivative of sulfide 
amino acids were prepared in a similar manner from N-
benzyloxycarbonyl-(2R)-S-[(2S)-alanin-3-yl]cysteine (D-Ala 

Z-L-Ala),11) (2#)-S-[Af-benzyloxycarbonyl-(2S,3S)-3-methyl-
- S — ' (threo) 
alanin-3-yl]cysteine (L-Ala Z-D-Abu),8> and (2S)-S-[Af-benzyl-

1 S ' 
oxycarbonyl-(2S,3S)-3-methylalanin-3-yl]cysteine (D-Ala 

(threo) _ _ L 

Z-D-Abu),8) respectively. Benzyloxycarbonyl group was finally 
- S — ' 
removed by acid hydrolysis to obtain mono-Dns-raeso-Lan 
or mono-Dns-£/ireo-Melan. 

Preparation of Diastereoisomeric Derivative of meso-
Lanthionine. An aliquot of (2ß)-S-[N-(5-dimethylamino-
naphthalene-1 -sulfonyl)-(2S)-alanin-3-yl]cysteine (Dns-D-
Ala L-Ala) prepared as mentioned above was dissolved in 

N,A^-dimethylformamide (50 jul) and coupled with an excess 
of N-(A^-^-butoxycarbonyl-L-leucyloxy)succinimide in the 
presence of triethylamine at 0°C. The reaction mixture 
was allowed to stand overnight and concentrated in vacuo. 
A solution of the residue in trifluoroacetic acid (100 jul) was 
allowed to stand for 1 h and dried by blowing of nitrogen. 
The oily residue was dissolved.in 95% ethanol and analyzed 
in HPLC under following conditions—column: juBondapak 

Ci8 (8X100 mm); eluent: 5% to 50% CH3CN in 
0.05 M Tris-HCl (pH 7.75) (gradient elution); flow rate: 1.0 
ml min - 1; detection: UV at 340 nm. Diastereoisomer 
of the above compound was similarly prepared from Dns-L-
Ala D-Ala which was obtained as follows. Monobenzyl-

oxycarbonyl derivative of meso-lanthionine (D-Ala Z-L-Ala) 

(2—3 mg) was dissolved in a small amount of saturated 
sodium acetate solution (1 ml) and acetylated with acetic 
anhydride for 2 h at 0°C. The reaction mixture was 
acidified with 1 M HCl and extracted with ethyl acetate. 
The extract was concentrated in vacuo and the residue was 
dissolved in 25% hydrogen bromide in acetic acid (200 jul) 
and anisole (200 jul). After 3 h at room temperature, ether 
and hexane were added to the solution. The precipitates 
were collected by centrifugation and washed with ether. 
The residue was dansylated and then hydrolyzed as men­
tioned above to obtain D-Ala Dns-L-Ala. 

i — : s — J 
Dns-meso-Lanthionine derivative obtained by the 

Edman-dansyl method of ancovenin (Fig. 5) was treated in a 
similar manner and the product was analyzed in HPLC. 

Gas Chromatographic Analysis for Configuration of 
Amino Acids. Acid hydrolyzate of each peptide (0.2—1 
jumol) was treated with saturated hydrogen chloride in iso­
propyl alcohol and then with trifluoroacetic anhydride.6) 
The mixture of trifluoroacetyl amino acid isopropyl ester in 
acetone (0.3 ml) was gas-chromatographed on a glass capil­
lary column coated with chiral stationary phase.7) The 
analysis was carried out under following conditions— 
column length: 0.25 mmX30 m; temperature: 100 °C to 
190 °C (3°Cmin-1) for 30 min and then kept at 190 °C for 
further 50 min (proline was reanalyzed at 120 °C); pressure: 1 
kg cm - 2 (nitrogen). Alanine and a-aminobutyric acid 
obtained from peptide 4 were analyzed at 95 °C for 20 min. 
In each case the D-isomer was eluted prior to the L-isomer. 

T h e authors are grateful to Drs. Takekiyo Matsuo 
and Itsuo Katakuse, Osaka University, for the mea­
surement of FAB-MS. We also appreciate to Dr. 
Shoichi Kusumoto , Osaka University, for his kindness 
given for the measurement of stereoselective gas 
chromatography. 
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All the eight possible diastereomers of 6,8-dihydroxy-5,7-dimethyltridecane, taken as the model example for 
the construction of four consecutive asymmetric centers, were stereoselectively synthesized from two common 
starting materials, a-hydroxy-/3-methyl-y,ô-unsaturated acids (la and lb), wherein a newly introduced stereo­
selective epoxidation of )8-methylhomoallylic alcohols and the subsequent alkylative opening of epoxide rings 
were utilized as key steps. 

Consecutive asymmetric centers with methyl and 
hydroxyl groups arranged in an alternating way on an 
acyclic carbon chain has frequently appeared in some 
classes of acetogenins such as macrolides and polyeth-
ers, reflecting the incorporation of propionate in their 
biosynthetic route. 

Efforts devoted to the total syntheses of these natural 
products have promoted the development of many 
useful methodologies for acyclic stereocontrol includ­
ing those for consecutive asymétrie centers.1) For 
example, related to their first total synthesis of rifa-
mycin S which bore eight consecutive asymmetric 
carbon atoms of the above type in its ansa chain part,2) 

Kishi et al. have developed two different methodolo­
gies for the construction of three consecutive asym­
metric centers, which could lead to the selective prepa­
ration of any diastereomer out of possible four.2c'3) 
Though the ansa chain part of rifamycin S was then 
successively synthesized by different groups by differ­
ent stereoselective methodologies,4) their interest was 
mainly focused on the particular configuration of the 
above ansa-macrolide, and no methodology which 
enabled the stereocontrolled construction of any 
desired configuration of four or more consecutive 
asymmetric centers has been reported until recently 
when Stork et al. have described a general approach to 
the stereoselective construction of contiguous chiral 

carbons via butenolide intermediates.5'6) 
The present authors have also communicated 

recently a new general approach to the stereoselective 
construction of four consecutive asymmetric centers, 
where eight diastereomers of 5,7-dimethyl-6,8-
tridecanediol have been chosen as model targets.7) 
Full details of the study will be described here. 

Results and Discussion 

The basic strategy is represented by Scheme 1 in 
retrosynthetic manner. The most crucial step in this 
approach was the stereocontrolled epoxidation of 
homoallylic alcohols (step b) and much consideration 
was given to this point in connection with the choice 
of starting materials. Although trans- as well as cis-
jß-methylhomoallylic alcohols were considered to 
serve as the possible starting materials in principle, 
the author adopted the eis compounds from the fol­
lowing reasons: i) Sato et al. recently reported that the 
epoxidation of ß-methyl-Jrans-homoallylic alcohols 
exhibited poor diastereoselection.8) ii) Kinoshita et 
al. reported that the reaction of hydroxyl-protected ß-
methyl-y,ô-m-epoxy alcohol derivatives with 2-
lithio-l,3-dithiane proceeded with high regioselectiv-
ity, while the corresponding trans-epoxy compounds 
showed poor regioselectivity.9) iii) The starting ß-

?" 1 
R ^ V v

R " -:step c. n | * | * ^ 
OH OH 
(iv) 

R= alkyl, R*= Me 
or 
R= Me, R' = alkyl 

step a R 
< | T / 

^^A^co^ 
OH 

(i) 

R « 
^—* 1 * * 

K cr * T * 
OH 

(iii) 

[2,3]Wittig 

rearrangement 

Scheme 1. 

R , 
^te^b X V . 
\ T* 

OH 
(ii) 

R 

^ ^ o ^ c o 2 - < 

R" 

t Present address: Institute for Molecular Science, 
Myodaiji, Okazaki 444. 
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methyl-czs-homoallylic alcohols (ii) were considered 
to be derived from y,ô-unsaturated «-hydroxy-ß-
methyl carboxylic acid (i) which was easily obtained 
by [2,3]Wittig rearrangement of Jrans-alkenyloxy-
acetic acid ester.10) 

For the epoxidation of j8-methyl-cz*5-homoallylic 
alcohols, Mihelich et al. have already shown that a 
VO(acac)2-£-butyl hydroperoxide (TBHP) system 
generally gave epoxides anti to the ß-methyl group 
with high diastereoselectivity.n) The remaining 
problem was, therefore, the syn-selective epoxidation 
of the same substrate. The ds-homoallylic alcohol of 
this type is considered to take preferred conformation 
with the ß-hydrogen atom in the plane of the double 
bond as depicted by Fig. 1. Therefore, if the hydroxyl 
group was protected with a bulky protective group to 
shield the top face of the double bond and if a bulky 
and poorly oxygenophilic epoxidizing agent was 
chosen, the reagent would be forced to approach the 
double bond from its bottom face, giving the desired 
syn-selectivity. This was realized as described below 
by a combination of O-triisopropylsilylation and 
WOs-HMPA oxidation. 

The next problem was the opening of the epoxide 
rings (step c) by methylation or butylation to work out 
the remaining two chiral centers with desired regio-
and stereochemistry. It was recognized that regio-
chemistry in this reaction was quite dependent on 
reaction conditions and substrates, and in the present 
study also, much elaboration had been required until 

Fig. 1. 

optimum conditions for each substrate were obtained. 
Preparation of ß-Methyl-cts-homoallylic Alcohols. 

The preparation of 5yn-jß-methylhomoallylic alcohols 
(2a and 2b) proceeded uneventfully by conventional 
methodology as described below (Scheme 2). [2,3]-
Wittig rearrangement product (la) was first converted 
to the corresponding T H P ether (3a)12) in 94% yield. 
Compound (3a) was then reduced by L1AIH4 and the 
resulting alcohol (4a) was treated with methanesul-
fonyl chloride and triethylamine to give the methane-
sulfonate (5a) in 69% yield. As the replacement of the 
methanesulfonyloxyl group by a butyl group by using. 
LiCuBu2 or LiBu failed, an indirect method was 
adopted. The sulfonate (5a) was converted to the 
epoxide (7a) in 95% yield by treatment with a catalytic 
amount of p-toluenesulfonic acid in methanol, 
followed by cyclization of the resulting hydroxy 
methanesulfonate (6a) with aqueous NaOH. The 
reaction of the epoxide (7a) with LiCuBu2 at —20 °C 
proceeded smoothly to give the desired syn-
homoallylic alcohol (2a) in 81% yield. Another (Z)-
homoallylic alcohol (2b) was also prepared from lb in 
the same manner except that the volatile epoxide (7b) 
was used for the next reaction without purification, as 
a pentane extract of the reaction mixture. 

Next, la and lb were transformed into the a,ß-anti-
jß-methyl-cz5-homoallylic alcohols (9a and 9b), with 
the inversion of stereochemistry at the a-carbon atom. 
This time, la was first converted to the methanesulfo­
nate (10a) in 83% yield. Reduction of 10a with 
L1AIH4 followed by Fisher's work up13) gave a mixture 
of the alcohol (Ha) and the anti-epoxide (12a) in 61% 
and 34% yields, respectively. Compound (12a) is con­
sidered to be partly formed from 11a during the work­
up under basic conditions. Treatment of Ha with 
aqueous KOH gave 12a in 81% yield. Butylation of 
12a with LiCuBu2 gave a,ß-anti-ß-methyl-cis-
homoallylic alcohol (9a) in 82% yield. No contami­
nation with yyn-homoallylic alcohol (2a) was detected 
in the product. Compound (lb) was also transformed 
into 9b in the same manner as described for 9a except 

OTHP 

OTHP 

OH 

COj< 

la,b 

a R= Bu 

b R= Me 

3a,b 

OMs 

OTHP 
OH 

4a,b 

OMs 

5a,b 6a,b 7a,b 2a,b 

10a,b 
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Table 1. Epoxidation of Silyl Ether Derivatives of Homoallylic Alcohols 

15a R=*-BuMe2Si 
18a R=Et3Si 
19a R=z-Pr3Si 

OR 

(syn) 
16a R=£-BuMe2Si 

20a R=z-Pr3Si 

(anti) 
17a R=£-BuMe2Si 

21a R=z-Pr3Si 

Substrate Oxidizing agent syn : anti 

15a 
15a 
18a 
19a 

M0O5 • HMPA 
WOs-HMPA 
WOs-HMPA 
WOs-HMPA 

5 
5.5 

10.8 

that the intermediary epoxide (12b) was used for the 
next reaction wi thou t purif icat ion because of its h igh 
volatility. 

Epoxidation of cis-Homoallyulic Alcohols. T h e 
czs-homoallylic alcohols (2a, 2b, 9a, and 9b) thus 
obtained was first converted to ß,y-anti-ß-methyl-y,d-
ds-epoxy alcohols (13a, 13b, 14a, and 14b), respec­
tively, by us ing Mihelich procedure.11) In all these 
cases, the epoxidat ion proceeded smoothly wi th h igh 
anta-selectivity (>30 :1 ) and good yields (Fig. 2). 

T h e n , our efforts were directed to syn-selective 
epoxidat ion of the same substrates (2a, 2b, 9a, and 9b) 
as ment ioned above. O n considering the conforma­
tion represented by Fig. 1, these compounds were 
modified wi th trialkylsilyl protect ing groups. T h e 
epoxidat ion of the £-butyldimethylsilyl (TBDMS) 
ether (15a) was first examined. T h e reaction wi th 
Mo02(acac)2-TBHP system did not give the desired 
product bu t only the deprotected c o m p o u n d (2a) was 
obtained.14) O n the other hand , the t reatment of 15a 
with M o O s - H M P A and wi th WOs-HMPA 1 5 ) in 1,2-
dichloroethane at room temperature gave the syn-
epoxide (16a) as the major isomer in a rat io of 5 :1 and 
in a rat io of 5 .5 :1 , respectively (Table 1). T h e low 
reaction temperature (0 °C) did not improve the diaste-
reoselectivity. T h e triethylsilyl (TES) ether protec­
tion (18a) was cleaved under the reaction condit ions 
us ing M0O5 • H M P A or WO5 • H M P A . T h e n , 2a was 
protected wi th more stable and more bulky triisopro-
pylsilyl (TIS) group.1 6 ) T h e reaction of the T IS ether 

Table 2. Syn-Selective Epoxidation of Triisopropylsilyl 
Ethers of ß-Methylhomoallylic Alcohols 

Substrate The major epoxy Selectivity 
silyl ether ; 

OTIS 

22b 

OTIS 

23b 

80 

89 

74 

67 

10.8:1 

16.7:1 

8.2:1 

7.4:1 

(19a) and W O s - H M P A in dichloroethane at room 
temperature proceeded smoothly with h igh syn-
selectivity (10.8:1) and good chemical yield. T h e 
results are shown in Tab le 2 together with the exam­
ples of other three T I S ethers (19b, 22a, and 22b). 
T h e resul t ing syn-epoxy silylethers (20a, 20b, 23a, and 
23b) were easily purified by co lumn chromatography. 
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T h u s , all the possible diastereomers of y,ô-c7S-epoxy- Regioselective Alkylation of y,d-cis-Epoxy Alco-
ß-methyl alcohol were obtained stereoselectively in hols and Their Silyl Ethers. Wi th these epoxy alco-
the form of free alcohols (anti-epoxide series) or of hols (13a, 13b, 14a, and 14b) and epoxy silylethers 
corresponding T I S ethers (syn-epoxide series). (20a, 20b, 23a, and 23b) in hand , our at tent ion was 

Table 3. Opening of y,ô-m-Epoxy Alcohols and Their Silyl Ethers 

Entry Substrate Temp 
Yield/% 

1,3-Diol 1,4-Diol Hydroxy ketone 

10 

11 

OTBDMS OH OTBDMS 

OH OH 

0 OTBDMS 
I T 

26 

0 OTBDMS 

0 OTIS 

(6) 

(16) 

(1) 

OH OH OH OH OH OH 
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next focused on the regioselective opening of epoxide 
rings giving the desired 1,3-diols. 

Sato et al., recently reported that the reaction of the 
trimethylsilyl ether of y-trimethylsiryl-y,ô-£rans-
epoxy-ß-methyl alcohol with vinylmagnesium bro­
mide in the presence of copper(I) iodide gave a 1,3-diol 
highly regioselectively, whereas the same epoxy alco­
hol without protection gave a mixture of 1,3- and 1,4-
diols.8) Therefore, we first examined the ring-
opening reaction of the hydroxyl-protected epoxy 
alcohol (24) with 2-lithio-l,3-dithiane according to 
Kinoshita's procedure.9) However 24 did not react 
even under the forced conditions. The alkylation of 
the same substrate using cuprates or alkyl metal-
Lewis acid systems also failed.17) Only the higher 
order mixed cuprate in ether18) was found to be effec­
tive for the regio- and stereoselective ring opening. 
However, the reaction at 0 °C was slow and the yield of 
25 was unsatisfactory (57%). At 20 °C, the undesired 
ketone (26, 15%) was formed as a by-product besides 
the desired 25 (60%), though the starting material was 
entirely consumed. As this undesired epoxy-ketone 
rearrangement was considered to be brought about by 
Lewis acidic lithium ion, we examined various addi­
tives in order to suppress the effect of the lithium ion 
and found that the addition of tributylphosphine 
could improve the yield of 25 up to 80%, though a 
considerable amount (19%) of 26 was still formed 
(Table 3, entry 1). Unlike 24, treatment of diastereo-
meric 27 with Li2Cu(CN)Bu2 even in the presence of 
tributylphosphine gave the undesired ketone (29) as a 
major product (49%) together with the 1,3-diol deriva­
tive (28, 46%). Then we examined the direct alkyla­
tion of the parent, OH-nonprotected epoxy alcohols 
(13a, 13b, 14a, and 14b). Treatment of 13a with 
Li2Cu(CN)Me2 at room temperature gave the 1,3-diol 
(30) as a major product (78%) with the formation of a 
small amount of the ketone (31, 14%) (entry 3), unlike 
the alkylation of trans-epoxy alcohol.8) Other three 
ß,y-anti-epoxy alcohols (13b, 14a, and 14b) were also 
converted in the same manner to the corresponding 
1,3-diols (32, 35, and 38) in good yields, though a 
small amount of respective 1,4-diols and ketones were 
formed (entries 4, 5, and 6). 

In the series of ß,y-syn-epoxy alcohols, however, 
nonprotected forms gave poor regioselectivity, as 
exemplified by the reaction of the epoxy alcohol (41) 

where the undesired 1,4-diol (43) was the predominant 
product (entry 7). When the corresponding triiso-
propylsilyl (TIS) ethers (20a, 20b, 23a, and 23b) were 
used as substrates (entries 8—11), 1,3-diol derivatives 
became the almost exclusive products and the forma­
tion of regioisomeric 1,4-diols were not observed. 
Among these compounds, 20a and 23a having termi­
nal butyl group were reluctant to react with 
Li2Cu(CN)Me2 at room temperature, and the alkyla-
tive opening was effected at an elevated temperature in 
THF, though the appreciable amount of starting 
materials (20a, 54%; 23a, 19%) were recovered. 

The difference in the regioselectivity of epoxide-
ring opening between non-protected anti- and syn-
epoxy alcohols may be explained as follows. In both 
cases, the hydrogen atom at the ß-position is con­
sidered to be synperiplanar to the ô-substituent (R1) to 
minimize the steric repulsion between R1 and substit­
uent at the ß-carbon atom and, therefore, syn- and 
antio-epoxy alcohols are considered to take the pre­
ferred conformation A and B, respectively, as depicted 
in Fig. 3. In the conformer A, the nucleophile 
anchored to alkoxide anion can attack the proximate 
y-carbon atom in an intramolecular fashion, leading 
to the undesired 1,4-diol. In the conformer B, how­
ever, the anchored nucleophile can not attack either 
epoxy carbon in an intramolecular fashion. The 
intermolecular attack of the nucleophile at the y-
carbon atom was also disturbed by an eclipsing inter­
action of the approaching nucleophile with ß-methyl 
group, and therefore the attack at the ô-carbon atom 
leading to 1,3-diols is preferred. 

The monosilyl ethers (25, 44, 45, 47, and 49) 
obtained here were easily hydrolyzed to the corre­
sponding 1,3-diols (32, 42, 51, 52, and 53), respectively, 
by treatment with n-Bu4NF in T H F at room tempera­
ture. Thus, stereoselective synthesis of all the possi­
ble eight diastereomers (30, 32, 35, 38, 42, 51, 52, and 
53) of 5,7-dimethyltridecane-6,8-diol were successfully 
attained. 

Experimental 

Melting points are uncorrected. !HNMR spectra were 
recorded with JEOL JNM GX400 spectrometer in CDC13 

using TMS as the internal standard. IR spectra were 
recorded on Hitachi 260-10 infrared spectrophotometer. 

Isopropyl (2Ä*,3S*,4Z)-2-(2-Tetrahydropyranyloxy)-3-
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methyl-4-nonenoate (3a). A solution of isopropyl (2ft*, 
3S*,4Z)-2-hydroxy-3-methyl-4-nonenoate10> (la, 144.9 mg) in 
CH2CI2 (5 ml) was treated with dihydropyran (120 ul) and a 
catalytic amount of pyridinium /?-toluenesulfonate.12> The 
mixture was stirred overnight under nitrogen atmosphere at 
room temperature. The solution was concentrated under 
vacuum and chromatographed on silica gel with hexane-
ethyl acetate (20:1), giving the product (3a, 191.9 mg, 93%) 
as an oil. 

Found: C, 69.16; H, 10.23%. Calcd for Ci8H3204: C, 
69.19; H, 10.32%. 

(2Ä*,35*,4Z)-2-(2-Tetrahydropyranyloxy)-3-methyl-4-
nonen-1-ol (4a). A solution of LiAlH4 in T H F (1 mol 
dm - 3 , 675 ul) was added to a solution of 3a (191.9 mg) in dry 
T H F (4 ml) at 0°C. After stirring for 10 min at the same 
temperature, the reaction mixture was carefully quenched 
according to the Fisher's procedure.13) The resulting solu­
tion was filtered through Celite and evaporated in vacuo to 
give 164.9 mg of the crude product, which was used in the 
next reaction without purification. 

(2Ä*,35*,4Z)-2-(2-Tetrahydropyranyloxy)-3-methyl-4-
nonennyl Methanesulfonate (5a). The crude alcohol (4a, 
164.9 mg) in CH2CI2 (5 ml) was treated with methanesul-
fonyl chloride (64.6 ul) and triethylamine (125 ul), and the 
solution was stirred at room temperature for 1 h. The 
mixture was filtered, concentrated, and chromatographed 
over silica gel with hexane-ethyl acetate (10:1) to give the 
methanesulfonate (5a, 142.6 mg, 69% from 3a). 

Found: G, 57.32; H, 8.95%. Calcd for Ci6H3i05S: C, 
57.28; H, 9.31%. 

(2Ä*,3S*,4Z)-l,2-Epoxy-3-methyl-4-nonene (7a). A solu­
tion of 5a (142.6 mg) in methanol (3 ml) containing a 
catalytic amount of ^-toluenesulfonic acid was stirred at 
room temperature for 10 min. Ether and water were added 
to the reaction mixture. The organic layer was separated 
and concentrated to give the corresponding alcohol (6a) 
which was used for the following reaction without purifica­
tion. Aqueous NaOH (2.138 mol dm"3, 260 ul) was added 
to a solution of 6a in methanol (3 ml). After 1 h, the 
mixture was extracted with ether with the addition of water, 
and the extract was concentrated and chromatographed on 
silica gel with hexane-ether (20:1) to give 7a (62.1 mg, 95%) 
as an oil; « N M R 0=0.89 (t, 3H, 7=6.8 Hz), 1.09 (d, 3H, 
/=6.8 Hz), 1.25—1.35 (m, 4H), 2.00—2.10 (m, 2H), 2.30— 
2.40 (m, 1H), 2.52 (dd, 1H, 7=2.4 and 4.9 Hz), 2.72 (dd, 1H, 
/=3.9 and 4.9 Hz), 2.75—2.80 (m, 1H), 5.22 (dd, 1H, 7=9.8 
and 11.2 Hz), 5.44 (dt, 1H, /=7.3 and 11.2 Hz). 

Found: C, 77.68; H, 11.61%. Calcd for CioHisO: C, 77.87; 
H, 11.76%. 

(6Ä*,7Ä*,8Z)-7-Methyl-8-tridecen-6-ol (2a). To an ethe­
real solution of lithium dibutylcuprate (8.42 mmol) at 
—20 °C was added an ethereal solution of the epoxide (7a, 
1.08 g) at — 20 °C. The reaction was run overnight at the 
same temperature and then quenched by the addition of a 
mixture of saturated aqueous NH4CI and coned aqueous 
ammonia (9:1, 40 ml). After stirring for 30 min at room 
temperature, the mixture was extracted with ether, and the 
extract was dried over Na2SÜ4 and concentrated in vacuo, 
yielding an oil that was chromatographed on silica gel with 
hexane-ethyl acetate (20:1) to afford 2a (1.21 g, 81%) as an 
oil; *HNMR 0=0.89 (t, 3H, /=6.8 Hz), 0.90 (t, 3H, /=6.8 
Hz), 0.99 (d, 3H, /=6.8 Hz), 1.20—1.40 (m, 10H), 1.40—1.60 
(m, 3H), 2.00—2.10 (m, 2H), 2.50—2.60 (m, 1H), 3.35—3.40 

(m, 1H), 5.20 (ddt, 1H, /=9.8 and 11.2 Hz), 5.41 (ddt, 1H, 
/=7.3 and 11.2 Hz). 

Found: C, 78.89; H, 13.25%. Calcd for C14H28O: C, 79.18; 
H, 13.29%. 

Isopropyl (2Ä*,35*,4Z)-2-(2-Tetrahydropyranyloxy)-3-
methyl-4-hexenoate (3b). The compound was prepared 
from isopropyl (2R*,3S*,4Z)-2-hydroxy-3-methyl-4-hexenoate 
(lb)10) in a similar manner to that described for 3a. Yield: 
92%. 

Found: C, 66.50; H, 9.54%. Calcd for C15H26O4: C, 66.64; 
H, 9.69%. 

(2Ä*,3S*,4Z)-2-(2-Tetrahydropyranyloxy)-3-methyl-4-
hexenyl Methanesulfonate (5b). The compound was pre­
pared from 3b in a similar manner to that described for 5a. 
Overall yield: 91%. 

Found: C, 53.68; H, 8.15%. Calcd for C11H20O5S: C, 
53.40; H, 8.27%. 

(2Ä*,3S*,4Z)-2-Hydroxy-3-methyl-4-hexenyl Methanesul­
fonate (6b). A solution of 5b (2.32 g) in MeOH (10 ml) 
containing a catalytic amount of ^-toluenesulfonic acid was 
stirred for 1 h. To the solution was added a small amount 
of triethylamine and the mixture was concentrated. The 
residue was chromatographed on silica gel with hexane-
ethyl acetate (1:1) to give 6b (1.53 g, 93%) as an oil; *H NMR 
0=1.07 (d, 3H, /=6.8 Hz), 1.64 (dd, 3H, 7=2.0 and 6.8 Hz), 
2.27 (br s, 1H), 2.60—2.70 (m, 1H), 3.05 (s, 3H), 3.65 (ddd, 
1H, 7=2.4, 7.3, and 8.3 Hz), 4.11 (dd, 1H, 7=7.3 and 10.3 Hz), 
4.32 (dd, 1H, 7=2.4 and 10.3 Hz), 5.18 (ddq, 1H, 7=2.0, 8.3, 
and 10.7 Hz), 5.55 (ddq, 1H, 7=2.0, 6.4, and 10.7 Hz). 

(2Z,4Ä*,5Ä*)-4-Methyl-2-decen-5-ol (2b). To a mixture of 
a solution of 6b (1.408 g) in pentane (15 ml) and water (8 ml) 
was added aqueous KOH (1 mol dm - 3 , 7.4 ml). After the 
solution was stirred vigorously for 1 h, the organic layer was 
separated, dried over alumina, and concentrated carefully at 
atmospheric pressure to a small bulk. To an ethereal solu­
tion of lithium dibutylcuprate (13.4 mmol) was added at 
—20 °C the above concentrate which contained the epoxide 
(7b) formed. The reaction was run overnight at this 
temperature and the mixture was worked up in the usual 
manner to give, after chromatography on silica gel with 
hexane-ethyl acetate (4:1), 2b (775 mg, 67%) as an oil; 
*HNMR 0=0.89 (t, 3H, 7=6.8 Hz), 0.99 (d, 3H, 7=6.8 Hz), 
1.20—1.60 (m, 9H), 1.64 (dd, 3H, 7=1.5 and 6.8 Hz), 2.50— 
2.60 (m, 1H), 3.35—3.45 (m, 1H), 5.24 (ddq, 1H, 7=1.5, 9.8, 
and 10.7 Hz), 5.51 (dq, 1H, 7=6.8 and 10.7 Hz). 

Found: C, 77.34; H, 12.95%. Calcd for C11H22O: C, 77.58; 
H, 13.02%. 

Isopropyl (2Ä*,3S*,4Z)-2-Methylsulfonyloxy-3-methyl-4-
nonenoate (10a). Triethylamine was added dropwise to a 
solution of the ester (la, 160.9 mg) and methanesulfonyl 
chloride (70.9 ul) in CH2CI2 (5 ml) and the mixture was 
stirred at room temperature for 1 h. Filtration followed by 
removal of solvent and chromatography on silica gel with 
hexane-ethyl acetate (30:1) gave the methanesulfonate (10a, 
179.0 mg, 83%) as an oil; *H NMR 0=0.90 (t, 3H, 7=6.8 Hz), 
1.05 (d, 3H, 7=6.8 Hz), 1.28 (d, 3H, 7=5.9 Hz), 1.29 (d, 3H, 
7=5.9 Hz), 1.30—1.40 (m, 5H), 2.00—2.10 (m, 1H), 3.11 (s, 
3H), 3.10—3.20 (m, 1H), 4.77 (d, 1H, 7=5.4 Hz), 5.10 (m, 1H, 
7=5.9 Hz), 5.27 (ddt, 1H, 7=2.0, 9.8, and 10.7 Hz), 5.48 (ddt, 
1H, 7=1.0, 7.8, and 10.7 Hz). 

Found: C, 54.87; H, 8.27%. Calcd for C14H26O5S: C, 
54.88; H, 8.55%. 

(2Ä*,3S*,4Z)-2-Methylsulfonyloxy-3-methyl-4-nonen-l-ol 
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(11a). A solution of LiAlH4 in THF (1 mol dm"3, 760 ul) 
was added to a solution of 10a (179.0 mg) in dry THF (4 ml) 
at 0°C. After stirring for 10 min at the same temperature, 
the reaction mixture was carefully quenched according to 
the Fisher's procedure. The resulting solution was filtered 
through Celite and evaporated in vacuo to give a mixture of 
two compounds as an oil. The mixture was chromato-
graphed on silica gel first with hexane-ether (20:1) to give 
the epoxide (12a, 30.8 mg, 34%) and then with hexane-ethyl 
acetate (1:1) to give the alcohol (11a, 89.5 mg, 61%). 

Found: C, 52.86; H, 9.03%. Calcd for C11H22O4S: C, 
52.77, H, 8.85%. 

(2Ä*,3Ä*,4Z)-l,2-Epoxy-3-methyl-4-nonene (12a). 
Aqueous KOH (1 mol dm - 3 , 7.24 ml) was added to a solution 
of 11a (1.510 g) in MeOH (15 ml). After the solution was 
stirred for 1 h at room temperature, water and ether were 
added to the mixture. The separated organic layer was 
dried over Na2SÜ4, concentrated in vacuo, and chromato-
graphed on silica gel with hexane-ether (20:1) to give 12a 
(753 mg, 81%) as an oil; ^ N M R 0=0.89 (t, 3H, 7=5.4 Hz), 
1.01 (d, 3H, /=7.3 Hz), 1.20—1.40 (m, 4H), 2.03 (m, 2H), 2.54 
(dd, IH, /=2.9 and 4.9 Hz), 2.58 (m, IH), 2.70 (dd, IH, 7=3.9 
and 4.9 Hz), 2.85 (ddd, IH, 7=2.4, 3.9, and 4.9 Hz), 5.19 (ddt, 
IH, 7=1.5, 9.3, and 10.7 Hz), 5.45 (ddt, IH, 7=1.0, 7.3, and 
10.7 Hz). 

Found: C, 77.60; H, 11.68%. Calcd for GoHisO: C, 77.87; 
H, 11.76%. 

(6Ä*,7S*,8Z)-7-Methyl-8-tridecen-6-ol (9a). The com­
pound was prepared from 12a in a similar manner to that 
described for 2a. Yield: 82%. 

An oil; « NMR 0=0.89 (t, 3H, 7=6.8 Hz), 0.90 (t, 3H, 
7=6.8 Hz), 0.96 (d, 3H, 7=6.8 Hz), 1.20—1.60 (m, 14H), 
2.00—2.10 (m, 2H), 3.25—3.35 (m, 1H), 5.22 (dd, 1H, 7=10.3 
and 11.2 Hz), 5.53 (dt, 1H, 7=7.8 and 11.2 Hz). 

Found: C, 78.97; H, 13.25%. Calcd for Ci4H280: C, 79.18; 
H, 13.29%. 

Isopropyl (2Ä*,35*,4Z)-2-Methylsulfonyloxy-3-methyl-4-
hexenoate (10b). The compound was prepared from lb in 
a similar manner to that described for 10a. Yield: 87%. 

An oil; ^ N M R 0=1.05 (d, 3H, 7=6.8 Hz), 1.27 (d, 3H, 
7=6.3 Hz), 1.28 (d, 3H, 7=6.3 Hz), 1.65 (dd, 3H, 7=1.5 and 
6.8 Hz), 3.11 (s, 3H), 3.10—3.20 (m, IH), 4.78 (d, 1H, 7=5.4 
Hz), 5.05—5.15 (m, IH), 5.30 (ddq, IH, 7=1.5, 9.8, and 10.7 
Hz), 5.58 (ddq, IH, 7=1.0, 6.8, and 10.7 Hz). 

Found: C, 49.92; H, 7.58%. Calcd for G1H20O5S: C, 
49.98; H, 7.63%. 

(2Ä*,3S*,4Z)-2-Methylsulfonyloxy-3-methyl-4-hexen-l-ol 
(lib). A solution of LiAlH4 in THF (1 mol dm"3, 97 ul) 
was added to a solution of 10b (23.4 mg) in dry THF (2 ml) 
at 0°C. After stirring for 10 min, aqueous HCl (2 mol 
dm - 3 , 60 ul) was carefully added to the reaction mixture. 
The mixture was extracted with ether and the extract was 
dried over Na2S04, concentrated, and chromatographed on 
silica gel with hexane-ethyl acetate (1:1) to give l ib (18.3 
mg, 99%) as an oil; ^ N M R 0=1.08 (d, 3H, 7=6.8 Hz), 1.65 
(dd, 3H, 7=2.0 and 6.8 Hz), 2.06 (br s, IH), 2.80—2.95 (m, 
IH), 3.12 (s, 3H), 3.71 (dd, IH, 7=7.3 and 12.7 Hz), 3.87 (dd, 
IH, 7=2.7 and 12.7 Hz), 4.50—4.60 (m, IH), 5.20 (ddq, IH, 
7=2.0, 9.8, and 10.7 Hz), 5.57 (dq, IH, 7=6.8 and 10.7 Hz). 

Found: C, 45.77; H, 7.69%. Calcd for C8Hi604S: C, 46.14; 
H, 7.74%. 

(2Z,4Ä*,5S*)-4-Methyl-2-decen-5-ol (9b). The compound 
was prepared from l i b in a similar manner to that described 

for 2b. Yield: 52%. 
An oil; « N M R 0=0.89 (t, 3H, 7=6.8 Hz), 0.96 (d, 3H, 

7=6.8 Hz), 1.20—1.60 (m, 9H), 1.65 (dd, 3H, 7=2.0 and 6.8 
Hz), 2.45—2.60 (m, IH), 3.30—3.40 (m, IH), 5.26 (ddq, IH, 
7=2.0, 9.8, and 10.7 Hz), 5.61 (dq, IH, 7=6.4 and 10.7 Hz). 

Found: C, 77.21; H, 12.94%. Calcd for G1H22O: C, 77.58; 
H, 13.02%. 

(6Ä*,75*,8S*,9Ä*)-8,9-Epoxy-7-methyl-6-tridecanol(13a). 
To a solution of 2a (69.8 mg) in dry CH2C12 (3.5 ml) 
containing oxobis(2,4-pentanedionato)vanadium(IV) (1.7 
mg, 2 mol%) was added an anhydrous £-butyl hydroperoxide 
solution (6.15 mol dm -3 , 80 ul) in dichloroethane at — 20 °C. 
The mixture was gradually warmed to room temperature 
and stirred overnight. After a small amount of Me2S was 
added, the mixture was concentrated in vacuo to give an oily 
residue. Chromatography on silica gel with hexane-ethyl 
acetate (9:1) gave 13a (63.6 mg, 85%) as an oil; « N M R 
0=0.89 (t, 3H, 7=6.8 Hz), 0.93 (t, 3H, 7=7.3 Hz), 0.96 (d, 3H, 
7=7.3 Hz), 1.20—1.70 (m, 15H), 1.80 (br s, IH), 2.89 (dd, IH, 
7=4.4 and 9.3 Hz), 2.90—3.00 (m, IH), 3.65—3.75 (m, IH). 

Found: C, 73.29; H, 12.13%. Calcd for Ci4H2802: C, 
73.63; H, 12.36%. 

(2Ä*,35*,45*,5Ä*)-2,3-Epoxy-4-methyl-5-decanol (13b). 
The compound was prepared from 2b in a similar manner to 
that described for 13a. Yield: 81%. 

An oil; « N M R 0=0.89 (t, 3H, 7=6.8 Hz), 0.96 (d, 3H, 
7=6.8 Hz), 1.29 (d, 3H, 7=5.4 Hz), 1.20—1.40 (m, 6H), 1.40— 
1.60 (m, 3H), 1.90 (br s, IH), 2.88 (dd, IH, 7=4.4 and 9.3 Hz), 
3.10 (dq, IH, 7=4.4 and 5.4 Hz), 3.65—3.75 (m, IH). 

Found: C, 70.78; H, 11.81%. Calcd for C11H22O2: C, 
70.92; H, 11.90%. 

(6Ä*,7Ä*,8Ä*,9S*)-8,9-Epoxy-7-methyl-6-tridecanol 
(14a). The compound was prepared from 9a in a similar 
manner to that described for 13a. Yield: 95%. 

An oil: « N M R 0=0.88 (t, 3H, 7=6.8 Hz), 0.93 (t, 3H, 
7=6.8 Hz), 0.95 (d, 3H, 7=7.3 Hz), 1.20—1.65 (m, 15H), 2.51 
(br s, IH), 2.86 (dd, IH, 7=4.4 and 9.3 Hz), 2.90—3.00 (m, 
IH), 3.60—3.70 (m, IH). 

Found: C, 73.51; H, 12.21%. Calcd for Ci4H2802: C, 
73.63; H, 12.36%. 

(2Ä*,35*,4S*,5S*)-2,3-Epoxy-4-methyl-5-decanol (14b). 
The compound was prepared from 9b in a similar manner to 
that described for 13a. Yield: 94%. 

An oil; « N M R 0=0.90 (t, 3H, 7=6.8 Hz), 0.95 (d, 3H, 
7=6.8 Hz), 1.30 (d, 3H, 7=5.9 Hz), 1.20—1.80 (m, 9H), 2.40 
(br s, IH), 2.86 (dd, IH, 7=4.4 and 9.8 Hz), 3.05 (dq, IH, 
7=4.4 and 5.9 Hz), 3.65—3.75 (m, IH). 

Found: C, 70.69; H, 11.83%. Calcd for C11H22O2: C, 
70.92; H, 11.90%. 

(2Z,4Ä*,5Ä*)-4-Methyl-5-triisopylsiloxy-2-decene (19b). 
Triisopropylsilyl triflate (128 ul) and 2,6-lutidine (110 ul)16> 
were added at room temperature to a solution of 2b (64.1 mg) 
in dry CH2CI2 (1 ml). The mixture was stirred for 1 h at 
room temperature, and concentrated in vacuo. Column 
chromatography of the residue with hexane gave the corre­
sponding TIS ether (19b, 89.0 mg, 73%) as an oil; « N M R 
0=0.89 (t, 3H, 7=6.8 Hz), 0.94 (d, 3H, 7=6.8 Hz), 1.00—1.15 
(m, 21H), 1.20—1.60 (m, 8H), 1.61 (d, 3H, 7=4.9 Hz), 2.55— 
2.65 (m, IH), 3.70 (dt, IH, 7=4.9 and 6.3 Hz), 5.30—5.45 (m, 
2H). 

Found: C, 73.40; H, 13.00%. Calcd for C2oH42OSi: C, 
73.54; H, 12.96%. 

(6Ä*,7Ä*,8Z)-7-Methyl-6-triisopropylsiloxy-8-tridecene 
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(19a). The compound was prepared from 2a in a similar 
manner to that described for 19b. Yield: 76%. 

An oil; « NMR 0=0.85—0.92 (m, 6H), 0.93 (d, 3H, /=6.4 
Hz), 0.96—1.20 (m, 21H), 1.20—1.60 (m, 12H), 2.00—2.10 
(m, 2H), 2.50—2.60 (m, 1H), 3.68 (dt, 1H, /=4.9 and 6.4 Hz), 
5.25—5.40 (m, 2H). 

Found: C, 74.77; H, 13.01%. Calcd for C23H48OSi: C, 
74.92; H, 13.12%. 

(6Ä*,7S*,8Z)-7-Methyl-6-triisopropylsiloxy-8-tridecene 
(22a). The compound was prepared from 9a in a similar 
manner to that described for 19b. Yield: 85%. 

An oil; « N M R 0=0.85—0.90 (m, 6H), 0.90—1.15 (m, 
24H), 1.20—1.50 (m, 12H), 1.95—2.10 (m, 2H), 2.55—2.65 
(m, 1H), 3.65—3.70 (m, 1H), 5.30—5.40 (m, 2H). 

(2Z,4Ä*,5S*)-4-Methyl-5-triisopropylsiloxy-2-decene(22b). 
The compound was prepared from 9b in a similar manner to 
that described for 19b. Yield: 74%. 

An oil; ^ N M R 0=0.85—0.90 (m, 3H), 0.95—1.15 (m, 
21H), 1.02 (d, 3H, /=5.9 Hz), 1.20—1.60 (m, 8H), 1.61 (dd, 
3H, /=1.5 and 6.4 Hz), 2.60—2.70 (m, 1H), 3.70 (dt, 1H, 
7=3.4 and 6.4 Hz), 5.30—5.50 (m, 2H). 

Found: C, 73.51; H, 12.82%. Calcd for C2oH42OSi: C, 
73.54; H, 12.96%. 

(2Ä*,35*,4S*,5S*)-2,3-Epoxy-4-methyl-5-(triisopropyl-
siloxy)decane (20b). A mixture of 19b (7.1 mg) and WO5-
HMPA14> (30 mg) in C1CH2CH2C1 (500 ul) was stirred over­
night at room temperature. After removal of the solvent in 
vacuo, the residue was dissolved in ether and filtered 
through a short silica-gel column to remove inorganic mate­
rial. The filtrate was concentrated to give a mixture of two 
diastereomers in the ratio of 16.7:1. The mixture was 
chromatographed at medium pressure by using Lobar 
column, LiChroprep Si 60 supplied by E. Merck, with 
hexane-ethyl acetate (300:1) to give the epoxide (20b, 89%) as 
an oil in a pure form. « NMR 0=0.88 (t, 3H, 7=6.8 Hz), 
0.95—1.20 (m, 24H), 1.20—1.70 (m, 9H), 1.29 (d, 3H, 7=5.4 
Hz), 2.99 (dd, 1H, 7=4.4 and 9.3 Hz), 3.07 (dt, 1H, 7=4.4 and 
5.4 Hz), 3.88 (ddd, 1H, 7=2.0, 4.4, and 8.8 Hz). 

Found: C, 70.20; H, 12.11%. Calcd for C20H42O2Si: C, 
70.11; H, 12.35%. 

(6Ä*,7Ä*,8Ä*,9S*)-8,9-Epoxy-7-methyl-6-(triisopropyl-
siloxy)tridecane (20a). The compound was prepared from 
19a in a similar manner to that described for 20b. The ratio 
of 20a and its anti-isomer before chromatography was 10.8:1. 
Yield: 80%. 

An oil; « N M R 0=0.88 (t, 3H, 7=6.8 Hz), 0.92 (t, 3H, 
7=6.8 Hz), 1.00—1.20 (m, 24H), 1.20—1.60 (m, 15H), 2.90— 
3.00 (m, 1H), 3.01 (dd, 1H, 7=3.9 and 9.3 Hz), 3.85—3.90 (m, 
1H). 

Found: C, 71.67; H, 12.46%. Calcd for C23H4802Si: C, 
71.81; H, 12.58%. 

(6Ä*,7S*,8S*,9Ä*)-8,9-Epoxy-7-methyl-6-(triisopropyl-
siloxy)tridecane (23a). The compound was prepared from 
22a in a similar manner to that described for 20b. The ratio 
of 23a and its anti-isomer before chromatography was 8.2:1. 
Yield: 74%. 

An oil; « N M R 0=0.89 (t, 3H, 7=6.8 Hz), 0.92 (t, 3H, 
7=6.8 Hz), 0.95—1.10 (m, 21H), 1.11 (d, 3H, 7=6.8 Hz), 
1.20—1.70 (m, 15H), 2.89 (dd, 1H, 7=3.9 and 8.8 Hz), 2.90— 
3.00 (m, 1H), 3.75—3.85 (m, 1H). 

Found: C, 71.57; H, 12.41%. Calcd for C23H4802Si: C, 
71.81; H, 12.58%. 

(2Ä*,35*,4S*,5Ä*)-2,3-Epoxy-4-methyl-5-(triisopropyl-

siloxy)decane (23b). The compound was prepared from 
22b in a similar manner to that described for 20b. The ratio 
of 23b and its an^'-isomer before chromatography was 7.4:1. 
Yield: 67%. 

An oil: « N M R 0=0.89 (t, 3H, 7=6.8 Hz), 0.95—1.10 (m, 
21H), 1.12 (d, 3H, 7=6.5 Hz), 1.20—1.65 (m, 9H), 1.29 (d, 3H, 
7=5.4 Hz), 2.91 (dd, 1H, 7=3.9 and 9.3 Hz), 3.10 (dq, 1H, 
7=3.9 and 5.9 Hz), 3.75—3.85 (m, 1H). 

Found: C, 70.02; H, 12.06%. Calcd for C20H42O2Si: C, 
70.11; H, 12.35%. 

(2Ä*,35*,4Ä*,5Ä*)-2,3-Epoxy-4-methyl-5-(f-butyldi-
methylsiloxy)decane (24). A solution of £-butyldimethyl-
silyl chloride (67.3 mg) in dry DMF (1 ml) and a solution of 
imidazole (68.4 mg) in the same solvent (1 ml) were added at 
room temperature to 13b (58.3 mg). The mixture was 
stirred overnight at room temperature and diluted with 
ether. The ethereal solution was washed with water, dried 
over Na2S04, concentrated, and chromatographed on silica 
gel with hexane-ethyl acetate (100:1) to give the silyl ether 
(24, 75.1 mg, 80%) as an oil; « N M R 0=0.07 (s, 6H), 0.85— 
0.90 (m, 6H), 0.90 (s, 9H), 1.27 (d, 3H, 7=5.4 Hz), 1.20—1.40 
(m, 7H), 1.40—1.60 (m, 2H), 2.82 (dd, 1H, 7=4.4 and 9.8 Hz), 
3.08 (dt, 1H, 7=5.4 and 9.8 Hz), 3.82 (m, 1H). 

Found: C, 68.16; H, 11.80%. Calcd for Ci7H3602Si: C, 
67.94; H, 12.07%. 

(5Ä*,6S*,7Ä*,8S*)-5,7-Dimethyl-6,8-tridecanediol(30). Dry 
ether (1 ml) was added to copper(I) cyanide (41.5 mg) 
and the slurry was cooled to — 20 °C. Ethereal MeLi (1.09 
mol dm - 3 , 850 ul), dimethyl sulfide (37.4 ul), and tributyl-
phosphine (125.5 ul) were successively added dropwise to 
this producing a clear solution, and the mixture was then 
warmed to 0°C. The epoxide (13a, 21.1 mg) was dissolved 
in dry ether (500 ul) and added to the above solution of the 
cuprate. The mixture was stirred for 48 h at room tempera­
ture and then quenched by the addition of a 30% H 2 0 2 

solution (300 ul). After 5 min, saturated aqueous NH4C1 
and ether were added to the reaction mixture and then 
extracted with ether. The extract was dried over Na2S04. 
After filtration, ether was removed in vacuo, yielding a 
mixture of three compounds as an oil (22.3 mg). The 
mixture was chromatographed at medium pressure by using 
a Lobar column with hexane-ethyl acetate (4:1) to give 30 
(17.6 mg, 78%) and 31 (2.9 mg, 14%). 

30: A white solid: mp 58.5—59.0 °C; « NMR 0=0.85 (d, 
3H, 7=7.3 Hz), 0.88—0.95 (m, 9H), 1.20—1.80 (m, 16H), 2.34 
(br s, 2H), 3.49 (dd, 1H, 7=4.4 and 7.8 Hz), 3.87 (ddd, 1H, 
7=2.0, 2.4, and 8.8 Hz). 

Found: C, 73.77; H, 13.06%. Calcd for Ci5H3202: C, 
73.71; H, 13.20%. 

31: An oil; « N M R 0=0.86—1.0 (m, 6H), 1.12 (d, 3H, 
7=5.8 Hz), 1.20—1.80 (m, 14H), 2.40—2.65 (m, 3H), 3.60— 
3.70 (br s, 1H), 3.75—3.85 (m, 1H). IR 1700 cm"1 (C=0). 

(5Ä*,6Ä*,75*,8Ä:i:)-5,7-Dimethyl-6,8-tridecanediol(32). The 
epoxide (24, 19.9 mg) was treated with LiCu(CN)Bu2 in 
a similar manner to that described for the preparation of 30, 
giving a mixture of two compounds (25 and 26) as an oil 
(23.1 mg). To this mixture dissolved in THF (1 ml), was 
added a tetrabutylammonium fluoride solution in THF (1 
mol dm - 3 , 127 ul) and the reaction mixture was stirred for 30 
min. After filtration, THF was removed in vacuo. The 
residue was chromatographed on preparative TLC with 
hexane-ethyl acetate (4:1) to give the diol (32, 11.9 mg, 74%) 
as an oil; « NMR 0=0.86—0.92 (m, 9H), 0.94 (d, 3H, 7=7.3 
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Hz), 1.00—1.90 (m, 16H), 2.46 (br s, 2H), 3.34 (dd, IH, /=5.4 
and 6.4 Hz), 3.92 (ddd, IH, /=2.0, 2.4, and 8.3 Hz). 

Found: C, 73.42; H, 13.15%. Calcd for C15H32O2: C, 
73.71; H, 13.20%. 

(5Ä*,6S*,7Ä*,8Ä*)-5,7-Dimethyl-6,8-tridecanediol (35). 
The compound was prepared from 14a in a similar manner 
to that described for 30. Yield: 72%. 

An oil; *HNMR 0=0.75 (d, 3H, /=6.8 Hz), 0.84 (d, 3H, 
/=6.8 Hz), 0.90 (t, 6H, 7=6.8 Hz), 1.20—1.80 (m, 16H), 3.23 
(br s, 2H), 3.51 (dd, IH, 7=2.0 and 9.3 Hz), 3.64 (dt, 1H, 
/=2.4 and 7.8 Hz). 

Found: C, 73.47; H, 12.99%. Calcd for C15H32O2: C, 
73.71; H, 13.20%. 

(5Ä*,6Ä*,7S*,8S*)-5,7-Dimethyl-6,8-tridecanediol (38). 
The compound was prepared from 14b in a similar manner 
to that described for 30. Yield 56%. 

An oil; *H NMR 0=0.77 (d, 3H, /=6.8 Hz), 0.85—0.95 (m, 
6H), 0.99 (d, 3H, /=6.8 Hz), 1.10—1.70 (m, 16H), 2.95 (br s, 
2H), 3.42 (dd, 1H, /=2.4 and 8.8 Hz), 3.63 (dt, 1H, /=2.4 and 
7.8 Hz). 

Found: C, 73.53; H, 13.10%. Calcd for C15H32O2: C, 
73.71; H, 13.20%. 

(5Ä*,65*,7Ä*,8Ä*)-5,7-Dimethyl-6-hydroxy-8-(triisopro-
pylsiloxy)tridecane (44). To a suspension of copper(I) cya­
nide (25.4 mg) in dry THF (1 ml) was added methyllithium 
in ether (1.09 mol dm - 3 , 534 ul) at room temperature. A 
solution of 20a (23 mg) in dry THF (500 ul) was added to the 
above solution of the cuprate. The reaction mixture was 
refluxed for 24 h, then cooled to room temperature, and 
quenched by the addition of a 30% H2O2 solution (160 ul). 
After 5 min, a saturated NH4CI solution and ether were 
added to the mixture. The organic layer was separated and 
dried over Na2SÜ4. After filtration, the filtrate was concen­
trated in vacuo and the residue was chromatographed at 
medium pressure by using Lobar column with hexane-ethyl 
acetate (300:1) to give 44 (10.8 mg, 45%) and the recovered 
20a (12.5 mg, 54%). 

An oil; ^ N M R 0=0.89 (t, 6H, /=6.8 Hz), 0.90 (d, 3H, 
/=7.3 Hz), 0.95 (d, 3H, /=6.4 Hz), 1.00—1.20 (m, 21H), 
1.20—1.40 (m, 10H), 1.40—1.80 (m, 6H), 2.98 (s, IH), 3.45 
(dd, IH, /=2.9 and 7.8 Hz), 3.98 (ddd, IH, 7=2.0, 2.0, and 
10.3 Hz). 

(5Ä*,6S*,7S*,8Ä*)-5,7-Dimethyl-6,8-tridecanediol (42). 
A tetrabutylammonium fluoride solution in THF (1 
mol dm - 3 , 96 ul) was added to a solution of the alcohol (44, 
19.2 mg) in THF (1 ml) and the reaction mixture was stirred 
for 1 h. After filtration, T H F was removed in vacuo. The 
residue was chromatographed on preparative TLC with 
hexane-ethyl acetate (4:1) to give the diol (42, 9.4 mg, 80%) 
as an oil; « N M R 0=0.88 (d, 3H, 7=7.3 Hz), 0.88 (t, 6H, 
7=7.3 Hz), 0.96 (d, 3H, 7=6.4 Hz), 1.20—1.80 (m, 16H), 2.72 
(br s, IH), 2.82 (br s, IH), 3.45 (dd, IH, 7=1.5 and 7.3 Hz), 
3.75—3.85 (m, IH). 

Found: C, 73.58; H, 13.10%. Calcd for C15H32O2: C, 
73.71; H, 13.20%. 

(5Ä*,6S*,7Ä*,8S*)-5,7-Dimethyl-6-hydroxy-8-(triisopropyl-
siloxy)tridecane (47). The compound (47) was prepared 
from 23a in a similar manner to that described for 44. 
Yield: 59%. 

An oil; « N M R « N M R 0=0.89 (t, 6H, 7=6.8 Hz), 1.00 
(d, 3H, 7=6.4 Hz), 1.05 (d, 3H, 7=6.8 Hz), 1.00—1.15 (m, 
21H), 1.15—1.40 (m, 14H), 1.50—1.70 (m, 1H), 1.70—1.90 
(m, 1H), 3.62 (dd, 1H, 7=1.5 and 9.3 Hz), 3.77 (d, 1H, 7=6.4 

Hz), 3.92 (ddd, 1H, 7=2.0, 2.4, and 10.3 Hz). 
Found: C, 71.78; H, 12.90%. Calcd for C24H5202Si: C, 

71.93; H, 13.08%. 
(5Ä*,6Ä*,7Ä*,8S*)-5,7-Dimethyl-6-,8-tridecanediol (51). 

The compound was prepared from 20b in a similar manner 
to that described for 32. Yield: 68%. 

An oil; « N M R 0=0.80 (d, 3H, 7=6.4 Hz), 0.85—0.95 (m, 
9H), 1.00—1.45 (m, 14H), 1.50—1.60 (m, IH), 1.60—1.70 (m, 
IH), 2.50 (br s, 2H), 3.47 (dd, IH, 7=1.5 and 9.3 Hz), 3.80— 
3.85 (m, IH). 

Found: C, 73.57; H, 13.09%. Calcd for C15H32O2: C, 
73.71; H, 13.20%. 

(5Ä*,6S*,7S*,8S*)-5,7-Dimethyl-6-,8-tridecanediol (52). 
The compound was prepared from 47 in a similar manner to 
that described for 42. Yield: 81%. 

A white solid; mp 61.0—61.5°C; « N M R 0=0.89 (t, 6H, 
7=6.3 Hz), 0.99 (d, 3H, 7=6.8 Hz), 1.00 (d, 3H, 7=6.8 Hz), 
1.15—1.40 (m, 12H), 1.40—1.75 (m, 4H), 2.36 (br s, IH), 2.49 
(br s, IH), 3.60—3.65 (m, 2H). 

Found: C, 73.61; H, 13.15%. Calcd for C15H32O2: C, 
73.71; H, 13.20%. 

(5Ä*,6Ä*,7Ä*,8Ä*)-5,7-Dimethyl-6-,8-tridecanediol (53). 
The compound was prepared from 23b in a similar manner 
to that described for 32. Yield: 75%. 

A white solid; mp 56.0—56.5°C; « N M R 0=0.78 (d, 3H, 
7=6.8 Hz), 0.85—0.95 (m, 6H), 0.99 (d, 3H, 7=7.3 Hz), 1.00— 
1.70 (m, 16H), 2.33 (br s, 2H), 3.63 (dd, IH, 7=1.5 and 9.3 
Hz), 3.60—3.70 (m, IH). 

Found: C, 73.59; H, 13.17%. Calcd for G5H32O2: C, 
73.71; H, 13.20%. 
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Research (No. 61224009) from the Ministry of Educa­
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Irradiation of (£)-3-(£-methoxyphenyl)-3-pentenyl, (£)-4-(£-methoxyphenyl)-4-hexenyl, and (E)-5-(p-
methoxyphenyl)-5-heptenyl 9-phenanthrenecarboxylates (B-2E, B-3E, and B-4E, respectively) in benzene gave 
intramolecular [2+2] cycloadducts, cyclobutane derivatives (CB-2, CB-3, and CB-4, respectively) possessing the 
same conformation as an intermolecular [2+2] cycloadduct (CB-0) between methyl 9-phenanthrenecarboxylate 
(9-MCP) and Jrans-anethole (t-AN), and oxetane derivatives (OX-2, OX-3, and OX-4, respectively) arising from 
intramolecular cycloaddition between the carbonyl group and the olefinic double bond. However, (E)A-(p-
methoxyphenyl)-3-butenyl and (£)-5-(£-methoxyphenyl)-4-pentenyl 9-phenanthrenecarboxylates (A-2E and A-
3E, respectively) afforded only products derived from oxetane precursors. 

Exciplexes are intermediates in [2+2] photocycload-
dit ions, and the products formed are those of maxi­
m u m "sandwich" overlap of the chromophores at the 
transi t ion state for the reaction.1 _ 3 ) Incorpora t ion of 
two chromophores in one molecule separated by a 
certain number of a toms changes the photochemical 
propert ies of the respective chromophores by impos­
ing new restrictions on in t ramolecular processes.4,5) 

O n excitation of 9-cyanophenanthrene wi th trans-
anethole (£-AN, Érans-l-(p-methoxyphenyl)propene), 
only a "head- to-head" product was obtained, bu t sub-
stituents in some cases caused the formation of "head-
to-tai l" products . l b ) For s tudying the effects of con­
format ional constraints on the phenanthrene-s ty rene 
reaction, we have prepared two series (A-nE and B-nE) 
of b ich romophor ic esters with different l ink ing sites 
and chain lengths, and compared their photochemical 
and photophysica l behavior. 

f f^l i f ^ l (^J|OMe 

S^jjC02(CH2)n . | ^ 0 C ° 2 ( C H ^ n [ f ^ 

il rù CT 
A-nE B-nE 

n = l - 4 n = l - 4 

A m o n g esters A-nE ( n = l — 4) and B-nE (n=l—4), 
several compounds showed much lower fluorescence 
intensities and much shorter fluorescence lifetimes 
compared with those of an un l inked model, methyl 9-
phenanthrenecarboxylate , and some of them exhibited 
longer wavelength emissions due to intramolecular 
exciplexes.6) In photochemistry the esters also pro­
vided a novel aspect caused by conformational con­
straints, a competit ive addi t ion of intramolecular 
exciplexes involving carbonyl addit ion. In this 
paper we compare photochemical behavior of intra­

molecular exciplexes; some of A series esters afford 
only oxetane adducts, whereas some of B series esters 
give bo th of oxetane and head-to-head cyclobutane 
adducts. In the accompanying paper7) we describe 
efficiency of in t ramolecular q u e n c h i n g of the phenan-
threne singlet by the styrene moiety on the basis of 
measurements of fluorescence lifetimes and q u a n t u m 
yields. 

Experimental 

General. Proton nuclear magnetic resonance spectra (*H 
NMR) were recorded on a Hitachi R-24B (60 MHz) and a 
JEOL JNM-MH-100 spectrometer ( 100 MHz). Tetramethyl-
silane (TMS, ô 0.0) was used as an internal standard for 
*HNMR. The spectra are reported as follows: chemical 
shift, multiplicity, number of protons, coupling constant 
(when measured), and assignment (if known). Carbon 13 
NMR spectra were recorded on a JEOL FX-100 spectrometer 
(100 MHz). Chloroform (<5 77.7) was used as an internal 
reference for 13C NMR. Infrared spectra (IR) were obtained 
on a Hitachi 215 spectrophotometer, and ultraviolet absorp­
tion spectra (UV) were taken on a Hitachi 200-20 spectro­
photometer. Fluorescence spectra were obtained on a 
Hitachi MPF4 fluorescence spectrofluorimeter. 

Quantum yields for disappearance of substrates were mea­
sured by irradiating their degassed benzene solutions (5X10-5 

mol dm - 3 , three freeze-thaw cycles) with 366-nm light iso­
lated from a 400-W high-pressure mercury lamp through a 
Toshiba UV-D36B glass filter. Product yields were deter­
mined on a Shimadzu LC-2 HPLC with a Zorbax-ODS 
column. Potassium tris(oxalato)ferrate(III) actinometry 
was used for determining light intensity.8) 

Materials. Benzene was distilled from calcium hydride 
before use. Isoprene was purified by distillation, trans-
Anethole was distilled under reduced pressure before use. 

Methyl 9-Phenanthrenecarboxylate (9-MCP). 9-Phenan-
threnecarboxylic acid was converted to the acid chloride 
with thionyl chloride; mp 102—104 °C (lit,9) 103—104 °C). 
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The acid chloride was reacted with methanol in benzene 
containing pyridine. The product was crystallized from 
methanol; mp 115—116°C (lit,10) 115.5—116°C); UV (PhH) 
/Lax 306 nm ( e 10500), 358 (480). 

(E)-3-(/>-Methoxyphenyl)-2-propenyl 9-Phenanthrenecar-
boxylate (A-1E). Ethyl (£)-3-(£-methoxyphenyl)propenoate 
was prepared according to the literature11) from p-
methoxybenzaldehyde and ethyl acetate in the presence of 
sodium ethoxide (64%); bp 125—129°C/1 mmHg (lit,11) 
132°C/1 mmHg) (1 mmHg=133.32 Pa). 

The ester was treated with L1AIH4 in ether to give (£)-3-
(£-methoxyphenyl)-2-propen-l-ol (65%); mp 74—77 °C (lit,12) 
76 -78 °C). 

The propenol was reacted with 9-phenanthrenecarbonyl 
chloride in benzene containing pyridine to give A-1E (46%). 
The product was crystallized from 1 :1 benzene-hexane; mp 
134—135 °C; ^ N M R (CDCI3) 6=3.69 (s, 3H, CH3O), 5.01 
(d, 2H, / = 6 Hz, CH2), 6.32 (d. t, IH, /=15, 6 Hz, C=CH), 6.72 
(d, IH, /=15 Hz, C=CH), 6.72—7.31 (m, 4H, ArH), 7.44— 
9.04 (m, 9H, ArH); UV (PhH) Amax 299 nm (e 14100), 358 
(470). Calcd for C25H20O3: C, 81.52; H, 5.43%. Found: C, 
81.15; H, 5.43%. 

(E)-4-(/?-Methoxyphenyl)-3-butenyl 9-Phenanthrenecar-
boxylate (A-2E). A solution of 2,3-dichlorotetrahydrofuran 
(28.2 g, 0.20 mol) in ether (30 cm3) was slowly added to the 
Grignard solution prepared from magnesium (8.0 g, 0.33 
mol) and p-bromoanisole (56.1 g, 0.30 mol) in ether (50 
cm3).13) The solution was refluxed for 2 h and quenched 
with cold dil H2SO4. The solvent was evaporated and the 
residue was distilled under reduced pressure to give a pale 
yellow oil of 2-(£-methoxyphenyl)-3-chlorotetrahydrofuran 
(6.4 g, 43%); bp 122—126°C/2.5 mmHg. 

To sodium particles (1.42 g, 0.062 mol) in ether (50 cm3) 
was added a solution of 2-(£-methoxyphenyl)-3-chlorotetra-
hydrofuran (6.0 g, 0.028 mol) in ether (50 cm3) in a period of 
3 h with stirring.14) The solution was refluxed for 3 h and 
treated with ice. The solvent was evaporated and the 
residue was column chromatographed (SiÜ2, 2:3 CHCI3-
ether) to give a pale yellow oil of transA-(p-methoxy-
phenyl)-3-buten-l-ol (1.5 g, 30%). 

The butenol was reacted with 9-phenanthrenecarbonyl 
chloride in benzene containing pyridine to give A-2E (0.85 g, 
50%). The product was crystallized from 1:1 benzene-hex­
ane; mp 96—97.5 °C; XH NMR (CDCI3) ô=2.62 (d.t, 2H, /=6 , 
6 Hz, OC-CH2), 3.63 (s, 3H, CH3O), 4.46 (t, 2H, / = 6 Hz, 
OCH2), 6.05 (d.t, IH, /=16, 6 Hz, C=CH), 6.40 (d, IH, /=16 
Hz, O C H ) , 6.65—7.27 (m, 4H, ArH), 7.35—9.06 (m, 9H, 
ArH); UV (PhH) Amax 301 nm (e 13400), 358 (470). Calcd for 
C26H22O3: C, 81.65; H, 5.80%. Found: C, 81.53; H, 5.82%. 

(E)-5-(£-Methoxyphenyl)-4-pentenyl 9-Phenanthrenecar-
boxylate (A-3E). Ethyl hydrogen pentanedioate was pre­
pared according to the literature15) from pentanedioic anhy­
dride with ethanol (63%), and converted to ethyl 4-
(chloroformyl)butanoate with thionyl chloride (68%); bp 
116.5—118 °C/24 mmHg (lit,16) 102.5—103.5 °C/10 mmHg). 

The acid chloride (16.6 g, 0.093 mol) was slowly added to a 
stirred mixture of anisole (11.1 g, 0.10 mol) and AICI3 (24.8 
g, 0.19 mol) in (CHC12)2 (100 cm3) cooled at 0°C.17) The 
mixture was stirred at 0 °C for 3 h and quenched with cold 
dil H2SO4. The solvent was evaporated and the residue was 
crystallized from hexane to give colorless crystals of ethyl 4-
(p-methoxybenzoyl)butanoate (6.1 g, 26%); mp 58.5—59 °C. 

The keto ester (3 g, 0.012 mol) was reduced with NaBH4 

(0.45 g, 0.012 mol) in ethanol (50 cm3) to give ethyl 5-
hydroxy-5-(£-methoxyphenyl)pentanoate (2.7 g, 90%). 

After reflux of the hydroxy ester (2.7 g, 0.011 mol) in 
benzene with p-toluenesulfonic acid (0.8 g) (300 cm3) for 30 
min, the product was treated with SiÜ2 column (benzene) to 
give a colorless oil of ethyl (£)-5-(p-methoxyphenyl)-4-
pentenoate (1.5 g, 66%). 

Treatment of the pentenoate with L1AIH4 in ether gave 
(£)-5-(£-methoxyphenyl)-4-penten-l-ol (1.6 g, 86%); mp 
72-73.5 °C. 

The pentenol was reacted with 9-phenanthrenecarbonyl 
chloride in benzene containing pyridine to give A-3E (0.96 g, 
48%); mp 59—60.5°C; « N M R (CDCI3) <5=2.05 (t.t, 2H, 
/=6 , 6 Hz, O-C-CH2), 2.33 (d.t, 2H, 7=6, 5 Hz, C=C-CH2), 
3.66 (s, 3H, CH3O), 4.40 (t, 2H, 7=6 Hz, OCH2), 6.08 (d.t, 
IH, 7=16, 5 Hz, C=CH), 6.38 (d, IH, 7=16 Hz, CH=C), 
6.66—7.27 (m, 4H, ArH), 7.45—9.04 (m, 9H, ArH); UV 
(PhH) /Lax 301 nm (e 13300), 358 (480). Calcd for C27H24O3: 
C, 81.79; H, 6.10%. Found: C, 81.88; H, 6.05%. 

(£)-6-(/?-Methoxyphenyl)-5-hexenyl 9-Phenanthrenecar-
boxylate (A-4E). Ethyl hydrogen hexanedioate was pre­
pared according to the literature18) by refluxing a mixture of 
hexanedioic acid and diethyl hexanedioate in ethanol in the 
presence of HCl (60%), and converted to ethyl 5-(chloro-
formyl)pentanoate with thionyl chloride (89%); bp 95°C/10 
mmHg (lit,19) 120°C/15 mmHg). 

The acid chloride was reacted with anisole in (CHCl2)2 in 
the presence of AICI3 to give ethyl 5-(£-methoxybenzoyl)-
pentanoate (50%); mp 52—54 °C. Treatment of the keto 
ester with NaBH4 in ethanol gave ethyl 6-(£-methoxy-
phenyl)-6-hydroxyhexanoate (quantitative). 

The hydroxy ester was converted to ethyl (E)-6-(p-
methoxyphenyl)-5-pentenoate by refluxing with p-toluene-
sulfonic acid in benzene (quantitative). 

The pentenoate was treated with L1AIH4 in ether to give 
(£)-6-(£-methoxyphenyl)-5-penten-l -ol (69%). 

The pentenol was reacted with 9-phenanthrenecarbonyl 
chloride in benzene containing pyridine to give A-4E (45%); 
mp 42.5—44°C; XHNMR (CDCU) 6=1.36—1,92 (m, 4H, C-
CH2CH2-C), 2.11 (d.t, 2H, 7=6, 6 Hz, C=C-CH2), 3.60 (s, 
3H, CH3O), 4.27 (t, 2H, 7=6 Hz, OCH2), 5.94 (d.t, IH, 7=15, 
6 Hz, C=CH), 6.24 (d, IH, 7=6 Hz, C=CH), 6.60—7.12 (m, 
4H, ArH), 7.29—8.96 (m, 9H, ArH): UV (PhH) Amax 301 nm 
(£ 11000), 358 (410). Calcd for C28H26O3: C, 81.92; H, 6.38%. 
Found: C, 81.81; H, 6.39%. 

(£)-2-(p-Methoxyphenyl)-2-butenyl 9-Phenanthrenecar-
boxylate (B-1E). p-Methoxyphenacyl bromide was pre­
pared by bromination20) of p-methoxyacetophenone (25.0 g, 
0.17 mol) with bromine (26.6 g, 0.17 mol) in chloroform (70 
cm3) (24 g, 64%); mp 69—70 °C (lit,20) 70—71 °C). 

The bromide (11.5 g, 0.05 mol) was converted to p-
methoxyphenacyl acetate by the reaction with acetic acid 
(26.3 g, 0.44 mol) in acetone (50 cm3) in the presence of 
triethylamine (27.8 g, 0.28 mol)21) (7.3 g, 70%); bp 140— 
141.5°C/2.5 mmHg (lit,22) 157—160°C/15 mmHg).22) 

The acetate (9.5 g, 0.046 mol) was reacted with the Wittig 
reagent prepared from ethyltriphenylphosphonium bro­
mide (18.6 g, 0.05 mol) and butyllithium (21.4 g, 0.05 mol) 
in ether (150 cm3)23) and stirred for 5 h. The usual work-up 
gave a mixture of (£)- and (Z)-2-(p-methoxyphenyl)-2-
butenyl acetate (1.8 g, 18%). 

The mixture of the acetate was treated with LiAlH4 in 
ether to give a mixture of (£)- and (Z)-2-(£-methoxyphenyl)-
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2-buten-l-ol(l.l g, 76%). 
The mixture of the butenol was reacted with 9-

phenanthrenecarbonyl chloride in benzene containing pyri­
dine to give a mixture of B-1E and B-1Z (1.5 g, 61%). 

B-1E was separated by HPLC (Si02, 30:1 hexane-AcOEt) 
and crystallized from methanol to give colorless needles; mp 
100—102 °C; *H NMR (CDC13) ô=1.96 (d, 3H, / = 7 Hz, CH3), 
3.73 (s, 3H, CH3O), 5.33 (s, 2H, CH2), 6.01 (qr, 1H, ]=1 Hz, 
C=CH), 6.74—7.43 (m, 4H, ArH), 7.42—8.77 (m, 9H, ArH); 
UV (PhH) Amax 303 nm (e 11400), 358 (460). Calcd for 
C26H22O3: C, 81.65; H, 5.80%. Found: C, 81.77; H, 5.78%. 

(E)-3-(/?-Methoxyphenyl)-3-pentenyl 9-Phenanthrenecar-
boxylate (B-2E). To a suspension of zinc powder (6.9 g, 
0.11 mol) in benzene (30 cm3) was added a solution of ethyl 
bromoacetate (17.6 g, 0.11 mol) and p-methoxypropio-
phenone (17.3 g, 0.11 mol) in benzene (30 cm3).24) The 
mixture was refluxed for 3 h and quenched with 10% H2SO4. 
The solvent was evaporated and the residue was distilled 
under reduced pressure to give a yellow oil of ethyl 3-(£-
methoxyphenyl)-3-hydroxypentanoate (17 g, 64%); bp 153— 
157°C/3mmHg. 

The hydroxy ester was treated with LiAlH4 in ether. 
Column chromatography (SiC>2, 1:3 CHCk-ether) of the 
product gave 3-(£-methoxyphenyl)-l,4-pentanediol (4.7 g, 
78%). 

Distillation of the diol under reduced pressure gave (£)-3-
(£-methoxyphenyl)-3-penten-l-ol (3.2 g, 50%); bp 142— 
144°C/3mmHg. 

The pentenol was reacted with 9-phenanthrenecarbonyl 
chloride in benzene containing pyridine to give B-2E (4.0 g, 
83%); mp 84—85 °C (1:1 benzene-hexane); *H NMR (CDCI3) 
0=1.85 (d, 3H, / = 7 Hz, CH3), 2.97 (t, 2H, / = 7 Hz, C=C-
CH2), 3.66 (s, 3H, CH3O), 4.06 (t, 2H, / = 7 Hz, OCH2), 5.74 
(qr, 1H, / = 7 Hz, O C H ) , 6.70—7.29 (m, 4H, ArH), 7.34— 
8.96 (m, 9H, ArH); UV (PhH) Amax 304 nm (e 11200), 358 
(490). Galcd for C27H24O3: C, 81.79; H, 6.10%. Found: C, 
81.66; H, 6.14%. 

(£)- and (Z)-4-(/?-Methoxyphenyl)-4-hexenyl 9-Phe-
nanthrenecarboxylate (B-3E and B-3Z, Respectively). Ethyl 
3-(£-methoxybenzoyl)propanoate was prepared from 
butanedioic anhydride by similar procedures to those 
employed for preparation of ethyl 4-(£-methoxybenzoyl)-
butanoate; mp 51—53 °C. 

The keto ester (9.9 g, 0.046 mol) was reacted with the 
Wittig reagent prepared from ethyltriphenylphosphonium 
bromide (17.1 g, 0.046 mol) and butyllithium (15 wt% in 
hexane, 28.4 cm3, 0.046 mol) in ether (150 cm3).23) The 
mixture was stirred for 5 h at room temperature. The usual 
work-up gave a mixture of (£)- and (Z)-isomers of ethyl 4-(p-
methoxyphenyl)-4-hexenoate (1.7 g, 16%). 

The mixture of the hexenoate was treated with L1AIH4 in 
ether to give a mixture of (£)- and (Z)-4-(£-methoxyphenyl)-
4-hexen-l-ol (quantitative). 

The mixture of the hexenol was reacted with 9-
phenanthrenecarbonyl chloride in benzene containing pyri­
dine to give a mixture of B-3Z and B-3E (2.0 g, 72%). Each 
isomer was separated by HPLC (SiÜ2, 30:1 hexane-AcOEt). 

B-3E: mp 71— 73 °C; *HNMR (CDCI3) ô=1.81 (d, 3H, 
/ = 7 Hz, CH3), 1.90 (t.t, 2H, / = 8 , 7 Hz, O-C-CH2), 2.73 (t, 
2H, / = 8 Hz, C=C-CH2), 3.74 (s, 3H, CH3O), 4.40 (t, 2H, / = 7 
Hz, OCH2), 5.73 (qr, 1H, / = 7 Hz, O C H ) , 6.72—7.35 (m, 
4H, ArH), 7.47—9.09 (m, 9H, ArH); UV (PhH) Amax 305 nm 
(£ 10700), 358 (430). Calcd for C28H26O3: C, 81.92; H, 6.38%. 

Found: C, 81.67; H, 6.37%. 
B-3Z: mp 73—76°C; « N M R (CDCI3) <5=1.58 (d, 3H, 

/ = 7 Hz, CH3), 1.86 (t.t, 2H, / = 7 , 7 Hz, O-C-CH2), 2.54 (t, 
2H, ]=1 Hz, C=C-CH2), 3.75 (s, 3H, CH3O), 4.37 (t, 2H, ]=1 
Hz, OCH2), 5.57 (qr, 1H, / = 7 Hz, C=CH), 6.74—7.17 (m, 
4H, ArH), 7.47—9.01 (m, 9H, ArH); UV (PhH) Amax 307 nm 
(£ 11800), 358 (500). Calcd for C28H26O3: C, 81.92; H, 6.38%. 
Found: C, 81.74; H, 6.33%. 

(£)- and (Z)-5-(£-Methoxyphenyl)-5-heptenyl 9-Phe-
nanthrenecarboxylate (B-4E and B-4Z, Respectively). Ethyl 
4-(p-methoxybenzoyl)butanoate was reacted with the Wittig 
reagent obtained from ethyltriphenylphosphonium bro­
mide and butyllithium in ether23) to give a mixture of (£)-
and (Z)-isomers of ethyl 5-(£-methoxyphenyl)-5-heptenoate 
(18%). 

The mixture of the heptenoate was treated with L1AIH4 in 
ether to give a mixture of (£)- and (Z)-5-(p-methoxyphenyl)-
5-hepten-l-ol(91%). 

The mixture of the heptenol was reacted with 9-phe­
nanthrenecarbonyl chloride in benzene containing pyridine 
to give a mixture of the corresponding ester (43%). The (£)-
(B-4E) and (Z)-isomer (B-4Z) of the ester were separated by 
HPLC (Si02, 50:1 hexane-AcOEt). 

B-4E: oil; « N M R (CDCI3) ô=1.79 (d, 3H, / = 7 Hz, 
CH3), 1.64 (m, 4H, C-CH2CH2-C), 2.59 (t, 2H, / = 7 Hz, 
C=C-CH2), 3.69 (s, 3H, CH3O), 4.37 (t, 2H, / = 6 Hz, OCH2), 
5.64 (qr, 1H, / = 7 Hz, C=CH), 6.63—7.27 (m, 4H, ArH), 
7.46—8.92 (m, 9H, ArH); UV (PhH) Amax 304 nm (e 10700), 
357 (460). Calcd for C29H28O3: C, 82.04; H, 6.64%. Found: C, 
81.75; H, 6.65%. 

B-4Z: oil; *HNMR (CDCI3) ô=1.54 (d, 3H, / = 7 Hz, 
CH3), 1.62 (m, 4H, C-CH2CH2-C), 2.41 (t, 2H, / = 7 Hz, 
C=C-CH2), 3.69 (s, 3H, CH3O), 4.36 (t, 2H, / = 6 Hz, OCH2), 
5.49 (qr, 1H, / = 7 Hz, C=CH), 6.66—7.10 (m, 4H, ArH), 
7.46—8.92 (m, 9H, ArH); UV (PhH) Amax 306 nm (e 9600), 357 
(410). Calcd for C29H28O3: C, 82.04; H, 6.64%. Found: C, 
82.05; H, 6.58%. 

Irradiation of Methyl 9-Phenanthrenecarboxylate (9-MCP) 
with trans-Anethole (*-AN). A solution of 9-MCP (119 mg, 
0.020 mol dm~3) and t-AN (122 mg, 0.033 mol dm"3) in 9:1 
benzene-isoprene (25 cm3) was irradiated with a 450-W 
high-pressure mercury lamp through a Pyrex wall for 2.5 h 
under nitrogen atmosphere at room temperature. After 
evaporation of the solvent, the residue was separated with 
TLC (SiÜ2, 7 :3 benzene-hexane) to give a colorless solid of 
the head-to-head adduct (CB-0) of 9-MCP and J-AN (149 mg, 
77%). Crystallization from methanol gave colorless crys­
tals: mp 135—137 °C; *HNMR (CDCI3) ô=1.10 (d, 3H, / = 6 
Hz, CHCH3 (exo)), 2.51 (m, 1H, CHCH3), 3.34 (d, 1H, / = 8 
Hz, CHAr), 3.50 (s, 3H, OCH3), 3.67 (s, 3H, CO2CH3), 3.94 
(d, 1H, /=10 Hz, CH), 6.24 (d.d, 1H, / = 8 , 2 Hz, ArH), 6.72— 
7.21 (m, 4H, ArH), 6.50—7.94 (m, 7H, ArH); *3CNMR 
(CDCI3) 6=57.3, 55.1, 52.5, 52.1, 47.4, 39.2, 17.8; IR (KBr) 
1720 cm"1 (^c=o). Calcd for C26H24O3: C, 81.25; H, 6.25%. 
Found: C, 81.43; H, 6.37%. 

Irradiation of A-2E. A solution of A-2E (197 mg, 
4.1X10-4 mol dm -3) in benzene (1.25 dm3) was irradiated 
with a 450-W high-pressure'mercury lamp through a Pyrex 
wall for 40 min under nitrogen atmosphere at room temper­
ature. After evaporation of the solvent, the residue was 
separated by TLC (SiÜ2, 3:1 CHCU-ether) to give a color­
less solid of 3-(£-methoxyphenyl)-2-(9-phenanthryl)-
oxacyclohex-2-en-4-ol (DHPL, 107 mg, 54%). Crystalliza-
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tion from benzene-hexane gave colorless crystals; mp 145— 
150°C; « N M R (CDC13) <5=2.00 (s, 1H, OH), 2.20 (t.d, 2H, 
/ = 6 , 3 Hz, 5-CH2), 3.52 (s, 3H, OCH3), 4.37 (t, 2H, / = 6 Hz, 
6-CH2), 4.79 (t, 2H, / = 3 Hz, 4-CH), 6.50—7.02 (m, 4H, 
ArH), 7.39—8.71 (m, 9H, ArH); ^CNMR (CDCI3) 6=31.33 
(5-C), 54.86 (OCH3), 61.97 (6-C), 63.69 (4-C); IR (KBr) 3450 
cm"1 (I/O-H), 1650 (i/C=c). Calcd for C26H22O3: M, 382.1563, 
Found: m/z 382.1565. 

Irradiation of A-3E. A solution of A-3E (191 mg, 
4.0X10-4 mol dm -3) in benzene (1.2 dm3) was irradiated 
similarly with a 450-W high-pressure mercury lamp 
through a Pyrex wall for 15 min. TLC separation (SiC>2, 
3 :2 CHCl3-benzene) of the reaction mixture gave a colorless 
oil of 3-(£-methoxyphenyl)-2-(9-phenanthryl)oxacyclo-
hepta-2,4-diene (DHO, 87 mg, 57%); « N M R (CDCI3) 
0=2.71 (d.t, 2H, 7=5, 4 Hz, 6-CH2), 3.41 (s, 3H, OCH3), 4.48 
(t, 2H, 7=5 Hz, 7-CH2), 5.90 (d.t, IH, 7=12, 4 Hz, 5-CH=), 
6.08 (d, IH, 7=12 Hz, 4-CH=), 6.36—6.93 (m, 4H, ArH), 
7.33—8.61 (m, 9H, ArH). 

Irradiation of A-4E. A solution of A-4E (98.6 mg, 
3.4X10-4 mol dm -3) in 9:1 benzene-isoprene (700 cm3) was 
irradiated for 30 min with a 400 W high-pressure mercury 
lamp through a Toshiba UVD-35 glass filter. TLC separa­
tion of the reaction mixture gave the eis isomer (A-4Z, 36%) 
and recovered the trans isomer (30%). A-4Z: « N M R 
(CDCI3) 6=3.62 (s, 3H, OCH3), 5.50 (d.t, IH, 7=11-7 Hz, 
C=CH). 

Irradiation of B-2E. A solution of B-2E (203 mg, 4.3X10"4 

mol dm -3) in benzene (1.2 dm3) was irradiated with a 450 W 
high-pressure mercury lamp through a Pyrex wall for 30 
min under nitrogen atmosphere at room temperature. 
After evaporation of the solvent, the residue was separated 
by TLC (Si02, 7:3 benzene-CHCl3). Two oily products 
were obtained; Rt 0.36 (130 mg, 65%) and 0.07 (30 mg, 15%). 

The minor product was identified as a [2+2] cycloadduct 
(CB-2) of a structure analogous to CB-0 from 9-MCP and 
*-AN; *H NMR (CDCI3) ô=1.05 (d, 3H, 7=7 Hz, CHCH3 
(exo)), 2.58—3.03 (t+m, 3H, CO2C-CH2, CHCH3), 3.55— 
3.67 (m+s, 4H, CH, CH3O), 6.15 (d.d, 1H, 7=8, 2 Hz, ArH), 
4.79 (t, 2H, CO2CH2), 6.63—7.18 (m, 4H, ArH), 6.42—8.03 
(m, 7H, ArH); IR (KBr) 1720 cm"1 (vc=0). Calcd for 
C27H24O3: M, 396.1719, Found: m/z 396.1708. 

Repeated TLC (SiOa, 1:1 benzene-CHCl3) of the major 
product gave a colorless oil of 3-(£-methoxyphenyl)-2-(9-
phenanthryl)oxacyclopent-2-ene (DHF, 92 mg, 51%); 
1H NMR (CDCI3) 0=3.24 (t, 2H, 7=9 Hz, 4-CH2), 3.52 (s, 3H, 
OCH3), 4.57 (t, 2H, 7=9 Hz, 5-CH2), 6.48—6.87 (m, 4H, ArH), 
7.44—8.72 (m, 9H, ArH); IR (KBr) 1660 cm-i (vc=c). Calcd 
for C25H20O2: C, 85.20; H, 5.72%. Found: C, 85.10; H, 5.67%. 

During NMR measurements in CDCI3 of the major prod­
uct the spectrum changed gradually by its decomposition 
giving acetaldehyde [ô=2.02 (d, 3H), 9.60 (qr, IH)] and the 
oxacyclopentene. The residual signals were assigned to 5-
(p-methoxyphenyl)-6-methyl-l-(9-phenanthryl)-2,7-dioxa-
bicyclo[3.2.0]heptane (OX-2B); *HNMR (CDCI3) 6=1.04 (d, 
3H, 7=7 Hz, 6-CHCH3), 2.66 (t, 2H, 7=6 Hz, 4-CH2), 3.36 (s, 
3H, OCH3), 4.39—4.61 (m, 3H, 3-CH2, 6-CHCH3), 6.29— 
6.71 (m, 4H, ArH), 7.22—8.57 (m, 9H, ArH). 

Irradiation of B-3E. A solution of B-3E (69 mg, 3.4X10"4 

mol dm -3) in 9:1 benzene-isoprene (500 cm3) was similarly 
irradiated with a 450 W high-pressure mercury lamp for 30 
min. TLC separation (SiOa, PhH:Et2O=205:15) of the 
reaction mixture gave two oily products together with re­

covered B-3E (4 mg, 6%) and its isomer B-3Z (7 mg, 10%). 
The major product (30 mg, 49%) was identified as 3-(£-

methoxyphenyl)-2-(9-phenanthryl)oxacyclohex-2-ene 
(DHP); mp 164.5—165.5 °C; *HNMR (CDCI3) 6=2.20 (qr, 
2H, 7=6 Hz, 5-CH2), 2.59 (t, 2H, 7=6 Hz, 4-CH2), 3.47 (s, 3H, 
OCH3), 4.23 (t, 2H, 6-CH2), 6.40—6.88 (m, 4H, ArH), 7.43— 
8.67 (m, 9H, ArH); IR (KBr) 1640 cm"1 (pc=c). Calcd for 
C26H22O2: C, 85.21; H, 6.05%. Found: C, 85.21; H, 6.05%. 

The minor product (19 mg, 28%) was identified as a [2+2] 
cycloadduct (CB-3) of a structure analogous to CB-2 from B-
2E; ^ N M R (CDCI3) ô=0.86 (d, 3H, 7=7 Hz, CHCH3 
(exo)), 2.38 (m, 5H, CH2CH2, CHCH3), 3.62 (s, 3H, OCH3), 
3.77 (d, IH, CH), 4.29 (m, 2H, CO2CH2), 6.41 (d.d, IH, 7=6, 
2 Hz, ArH), 6.54—7.10 (m, 4H, ArH), 7.10—8.09 (m, 7H, 
ArH). 

Irradiation of B-4E. A solution of B-4E (107 mg, 3.2X10"4 

mol dm -3) in 9:1 benzene-isoprene (800 cm3) was similarly 
irradiated for 30 min. TLC separation gave two oily prod­
ucts together with recovered B-4E (21 mg, 20%) and its 
isomer B-4Z (33 mg, 31%). 

The major product (19 mg, 20%) was identified as 3-(p-
methoxyphenyl)-2-(9-phenanthryl)oxacyclohept-2-ene 
(THO); !HNMR (CDCI3) ô=2.03 (m, 4H, 5,6-(CH2)2), 2.78 
(t, 2H, 4-CH2), 3.53 (s, 3H, CH3O), 4.13 (t, 2H, 7-CH2), 
6.41—6.89 (m, 4H, ArH), 7.25—8.67 (m, 9H, ArH). 

The minor product (16 mg, 15%) was identified as a [2+2] 
cycloadduct (CB-4) of the structure as that from B-2E; 
!HNMR (CDCI3) 6=1.07 (d, 3H, 7=7 Hz, CHCH3), 2.10 (m, 
8H, (CH2)3, CHCH3, CH), 3.70 (s, 3H, OCH3), 4.47 (m, 2H, 
CO2CH2), 6.3—8.50 (m, 11H, ArH). 

Results and Discussion 

Preparation of Bichromophoric Esters. T w o series of 
the b ichromophor ic esters, 9-phenanthrenecarboxyl-
ates with a straight chain, A-nE (n= l—4) , and those 
wi th a branched chain, B-nE (n= l—4) , were prepared 
from 9-phenanthrenecarbonyl chloride and the corre­
spond ing alcohols, which were obtained by the routes 
shown in Scheme 1, where MeO<ï> means a p-
methoxyphenyl group. Series A esters are all in trans 
geometry, and with series B esters (E)- and (Z)-isomers 
were separated by T L C (cf. Experimental) . 

Photoreaction of Methyl 9-Phenanthrenecarboxyl-
ate (9-MCP) with frans-Anethole (J-AN). T h e pho to­
chemical cycloaddition of 9-MCP to t-AN afforded a 
head-to-head adduct of the expected l b ) stereochemis­
try. I r radiat ion of 9-MCP (0.02 mol dm"3) wi th t-AN 
(0.033 mol d m - 3 ) at ambient temperature in benzene 
conta in ing 10 vol% isoprene as a triplet quencher wi th 
a high-pressure mercury l a m p th rough a Pyrex wall 
gave the head-to-head adduct (CB-0) in 77% yield 
(Scheme 2). T h e structure was determined on the 
basis of various spectral data, mainly *H and 13C N M R 
and similarity of the XH N M R spectrum to that of the 
photoadduc t of 9-cyanophenanthrene and £-AN.lb) 

T h e reaction is a singlet process. We observed a 
Stern-Volmer constant &qr=46 dm 3 m o l - 1 for quench­
ing of 9-MCP fluorescence by t-AN in benzene at 
ambient temperature. Weak exciplex emission wi th 
^max at 450 n m was observed. T h e l imi t ing q u a n t u m 
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1) 
MeO<E>CH=CHC02Et > MeOOCH=CHCH2OH > A-1E 

2) 
MeOOBr + 2,3-Ci2THF > 2-MeOO-3-ClTHF 

3) 
> MeOOCH=CH(CH2)2OH > A-2E 

4) 
MeOOH + ClCO(CH2)nC02Et > MeOOCO(CH2)nC02Et 

5) 
> MeOOCH(OH)(CH2)nC02Et 

6) 
> MeOOCH=CH(CH2)n-iC02Et 

1) 
» MeOOCH=CH(CH2)nOH > A-nE 

(n=3,4) 
7) 

MeOOCOCH2CKX)Me > CH3CH=C(0>OMe)CH2OCOMe 

1) 
> CH3CH=C(OOMe)CH2OH »B-1E 

8) 
MeO^COEt > EtC(OOMe)(OH)CH2C02Et 

1) 
> EtC(OOMe)(OH)CH2CH2OH 

9) 
> CH3CH=C(<DOMe)CH2CH2OH »B-2E 

7) 
MeO<E>CO(CH2)n-iC02Et > CH3CH=C($OMe)(CH2)n-iC02Et 

1) 
> CH3CH=C(0>OMe)(CH2)nOH > B-nE 

(n=3,4) 

Scheme 1. 1) LiAlH4, 2) Mg, 3) Na, 4) A1C13, 5) NaBH4, 6) H+, 
7) Ph3P=CHCH3 , 8) BrCH2C02Et/Zn, 9) Distillation. 

behaves similarly to 9-cyanophenanthrene. 
Photoreaction of B-2E and B-3E. Irradiation of B-

2E (4.3X10 - 4 mol d m - 3 ) in benzene with a h igh-
pressure mercury l a m p th rough a Pyrex wall afforded 
a cyclobutane (CB-2, 15% yield) and a bicyclic acetal 
(OX-2B, 65%) (Scheme 3). T h e structure of CB-2 is 
ana logous to that of CB-0 obtained from 9-MCP and t-
AN as demonstrated by compar ison of their N M R 
spectra. Acetal OX-2B is a [2+2] cycloadduct between 
the carbonyl g roup and the olefinic double bond.2 5 _ 2 8 ) 

During the measurement of an N M R spectrum in CDCI3, 
OX-2B was slowly decomposed to a dihydrofuran (DHF) 

Scheme 3. 

yield, the fraction of the quenched excited 9-MCP 
resul t ing in product formation, was estimated to be 
0.11 from t-AN concentrat ion dependence of the prod­
uct formation. These results confirm that 9-MCP 

CB-0 
<ï>OMe : /7-methoxyphenyl 

Scheme 2. 
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C02(CH2): 

B-3E 

OMe 

ÄV ••lOOMe 

OX-3B 

OOMe 
+ MeCHO 

DHP 

Scheme 4. 

C02(CH2)4 

B-4E 

OMe 

hv '''OOMe 

+ MeCHO 

OOMe 

Scheme 5. 

SCO^CH^ .J hv 

A-2E ^ ^ O M e DHPL 

and acetaldehyde as revealed by the spectrum. Repeated 
chromatography of OX-2B on silica gel wi th CHCI3 
gave D H F (51% yield based on B-2E consumed).29) 

A similar i r radiat ion of B-3E (3.4X10"4 mol dm"3) 
in 9 :1 benzene-isoprene afforded a dihydropyran 
(DHP, 49%) and a cyclobutane (CB-3, 28%) (Scheme 4). 
T h e product D H P can be rationalized by the init ial 
formation of a carbonyl adduct (OX-3B), analogous to 
B-2E—»OX-2B reaction, followed by loss of acetalde­
hyde. T h e structure of CB-3 was similar to CB-2 as 
demonstrated by compar ison of their N M R spectra. 
Isomerization of the olefinic double bond (formation 
of the corresponding (Z) isomer, B-3Z, 10%) was also 
observed in this case. 

I r radiat ion of B-1E and B-4E was carried out under 
similar condit ions. N o cycloaddition products were 
detected and only isomerized and dimeric products 
were obtained in the case of B-1E; however, B-4E 
(3.2X10-4 mol dm- 3 ) afforded a cyclobutane (CB-4, 
15%) wi th a similar structure to CB-3 and a tetrahy-
drooxepin ( T H O , 20%) aris ing from loss of acetalde­
hyde from a carbonyl adduct (Scheme 5). 

Photoreaction of A-2E and A-3E. I rradiat ion of 
esters A-2E (4.1X10"4 mol dm"3) and A-3E (4.0X10"4 

mol d m - 3 ) in benzene with a high-pressure mercury 
l a m p th rough a Pyrex wall gave a dihydropyranol 
( D H P L , 54%) and a d ihydrooxepine (DHO, 57%), 
respectively (Schemes 6 and 7). There was no spot in 
the T L C of either reaction mixture that could be 
ascribed to a cyclobutane adduct. T h e only unident i ­
fied spots showed rf^O and corresponded to small 
amoun t s of material . T h e products D H P L and 
D H O can be rationalized by the init ial formation of 
acetals, OX-2A and OX-3A, respectively, analogous to 
the B-2E-*OX-2B reaction, followed by obvious polar 
rearrangements and dehydrat ion for D H O . T h a t 
D H P L and D H O are not p r imary products is shown 
by their absence in T L C of reaction mixtures. 

I r radiat ion of A-IE and A-4E was carried out under 
similar condit ions; however, no cycloaddition prod­
ucts were detected, and only isomerized and dimeric 
products were obtained. 

Intermediacy of Exciplexes in the Photocycloaddi-
tion. Fluorescence spectra of phenanthrenecarbox-
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Fig. 1. Emission spectra of bichromophoric esters. 

350 
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WAVENUMBER/103 cm"1 
16 

Fig. 2. Difference spectra of bichromophoric esters 
normalized at 383 nm. 

ylates, 9-MCP, A-nE (n=l—4,), and B-nE (n=l— 4) 
were measured in benzene at ambient temperature. 
All the bichromophoric esters exhibited similar fluo­
rescence spectra to that of 9-MCP with emission max­
ima at 367 and 383 nm, and, except A-1E and A-2E, 
showed emission tailing in the longer wavelength 
regions (Fig. 1). Normalization of the spectra at the 
emission maximum (383 nm) and subtraction of the 9-
MCP spectrum from those of the esters gave residual 
emissions with a maximum around 450 nm (Fig. 2). 
These spectra can be assigned to intramolecular 
exciplexes. 

Disappearance quantum yields measured by irra­
diating benzene solutions of the substrates with 366-
nm light are as follows: B-2E, 0.70; B-3E, 0.63; B-4E, 
0.15; A-2E, 0.36; A-3E, 0.61 (Table 1).7> As will be 
reported in the accompanying paper, the much lower 
fluorescence quantum yields and much shorter singlet 
lifetimes of these esters compared to 9-MCP clearly 
demonstrate dominant intramolecular singlet interac­
tion between chromophores, and the high disappear­
ance quantum yields confirm its ultimate chemical 
nature. That exciplexes are indeed intermediates in 
at least the formation of the oxetanes from A-2E and 
A-3E is strongly suggested by a 10—20% greater 
quenching of product formation than of the phenan-

threnecarboxylate fluorescence by molecular oxy­
gen. 30'31) The efficiency of cycloadduct formation 
from the exciplexes will be discussed in detail in the 
accompanying paper. 

Conformations of Intramolecular Exciplexes. 
That structures so different as cyclobutanes CB-2, CB-
3, and CB-4 and oxetanes OX-2B and OX-3B arise 
from exciplexes with identical fluorescence maxima 
suggests that the energies of these exciplexes are rather 
insensitive to their geometries. The intramolecular 
cycloaddition of McCullough behave analogously.5) 
Various photophysical measurements for intramolec­
ular exciplexes32) afford the same conclusion. 

We believe that the strong preference for oxetane 
rather than cyclobutane formation from the esters 
employed arises from the conformational constraints 
of the aroyl ester group.33-37) Esters in general 
strongly prefer a conformation for the C-O single 
bond in which the alkyl group and carbonyl group are 
eis, and the carbonyl and O-alkyl bonds are 
coplanar.33_37) In all such conformations, the forma­
tion of cyclobutane is precluded as can readily be seen 
from Dreiding models. That CB-2, CB-3, and CB-4 
form at all is evidence that these conformations are not 
absolutely enforced. It is also possible that restricted 
rotation around the phenanthrene-carbonyl bond 
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Table 1. Disappearance Quantum Yields 
and Exciplex Emission Maxima 

Compound 

A-2E 
A-3E 
B-2E 
B-3E 
B-4E 
9-MCP 

0(disapp)! 

0.36 
0.61 
0.70 
0.52 
0.15 
0.1 lc) 

contributes to the disfavoring of cyclobutane forma­
tion, since models show that such rotat ion is probably 
necessary for close approach of the C=C double bonds. 
Al though apparent ly undocumented for esters, the 
ana logous restriction for benzaldehydes and acetophe-
nones is well-known,34 '35) as is its relevance to aryl 
ketone photochemistry.38 '39) Finally, the models 
show that access of the carbonyl oxygen to the ß-
posi t ion of the p-methoxystyryl moiety, which leads 
to all the oxetanes, can be accomplished in the favored 
conformation of the ester C - O single bond wi thout 
serious difficulty (Fig. 3). 
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The efficiency of [2+2] photocycloadduct formation was examined by measuring fluorescence lifetimes and 
the quantum yields of fluorescence and product formation in two series of p-methoxyphenylalkenyl 9-
phenanthrenecarboxylates (A-raE and B-raE). In (£)-3-(£-methoxyphenyl)-3-pentenyl, (£)-4-(£-methoxy-
phenyl)-4-hexenyl, and (£)-5-(£-methoxyphenyl)-5-heptenyl 9-phenanthrenecarboxylates (B-2E, B-3E, and B-
4E, respectively) the intramolecular quenching leads to product (cyclobutane+oxetane) formation in almost 
unit efficiency, while in (£)-4-(£-methoxyphenyl)-3-butenyl and (£)-5-(£-methoxyphenyl)-4-pentenyl 9-
phenanthrenecarboxylates (A-2E and A-3E, respectively) exciplex—»product efficiency is a half to three quarters. 
Intermediacy of plural exciplex intermediates is suggested in the present bichromophoric systems on the basis of 
exciplex quenching results. 

In the preceding paper1) we reported a novel aspect 
in the phenanthrene-s tyrene reaction2'3* brought about 
by in te rchromophor ic links4j5) wi th an ester group, a 
competit ive cycloaddition of int ramolecular exci­
plexes involving carbonyl addi t ion caused by confor­
mat ional constraints.6) T h u s , in two series (A-nE and 
B-nE, n=l—4) of b ichromophor ic p h e n a n threnecar-
boxylate esters wi th different l ink ing sites and chain 
lengths, some of A series esters afforded only oxetane 
adducts, whereas some of B series esters gave both of 
oxetane and head-to-head cyclobutane adducts. 

Scheme 1. 

In this paper we compare photophysical and pho to­
chemical behavior of p lura l intramolecular exciplexes 
and discuss the efficiency of cycloadduct formation 
th rough int ramolecular q u e n c h i n g of the phenan-
threne singlet by the styrene moiety on the basis of 
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measurements of fluorescence lifetimes and q u a n t u m 
yields, and also of exciplex q u e n c h i n g results. 

Experimental 

Ultraviolet absorption spectra (UV) were taken on a 
Hitachi 200-20 spectrophotometer. Fluorescence spectra were 
recorded on a Hitachi MPF4 fluorescence spectrofluorime-
ter. The fluorescence quantum yield of methyl 9-
phenanthrenecarboxylate (9-MCP) was determined in ben­
zene by comparing its corrected fluorescence spectrum with 
that of phenanthrene, of which the fluorescence quantum 
yield is reported, $f=0.13.7) The fluorescence quantum 
yields of the phenanthrene moiety of bichromophoric esters 
were determined by comparing the peak height at the 0,0 
band (367 nm) of their corrected spectra with that of 9-MCP. 
The fluorescence quantum yields of intramolecular exci­
plexes were determined for the residual emissions. Fluores­
cence lifetimes were measured by single photon counting by 
using an Ortec/Applied Photophysics SP-3X system. 

Quantum yields for disappearance of substrates were 
measured by irradiating their degassed benzene solutions 
(5X10-5 mol dm - 3 , three freeze-thaw cycles) with 366-nm 
light isolated from a 400-W high-pressure mercury lamp 
through a Toshiba UV-D36B glass filter. Product yields 
were determined on a Shimadzu LC-2 HPLC with a Zorbax-
ODS column. Potassium tris(oxalato)ferrate(III) actinome-
try was used for determining light intensity.8) 

Benzene was distilled from CaH2 before use. Isoprene 
was purified by distillation. Traras-Anethole |>AN, \-{p-
methoxyphenyl)propene] and dimethyl acetylenedicarbox-
ylate (DMAD) were distilled under reduced pressure before 
use. Synthetic procedures for phenanthrenecarboxylates 
were described in the preceding paper.1) 

Results and Discussion 

Fluorescence Spectra. All the b ichromophor ic 
esters exhibi ted similar fluorescence spectra to that of 
methyl 9-phenathrenecarboxylate (9-MCP) wi th emis­

sion m a x i m a at 367 and 383 nm, and, except A-IE and 
B-1E, showed a weak emission in the longer wave­
length regions (Fig. 1 in the preceding paper).1) Nor­
malizat ion of the spectra at the 0,0 peak (367 nm) or at 
the emission m a x i m u m (383 nm) and subtraction of 
the 9-MCP spectrum from those of the esters gave 
residual emissions with a m a x i m u m around 450 n m 
due to in t ramolecular exciplexes (Fig. 2 in the preced­
ing paper).1 ) It is noteworthy that all the exciplex 
emissions show their m a x i m a at 450 nm, indicat ing 
that in t ramolecular interact ion is energetically very 
similar a m o n g the esters in spite of the difference in 
l ink ing chain length and site. T h i s is in contrast 
wi th the case of a,co-dipyrenylalkanes,9) in which the 
emission m a x i m u m is shifted wi th the chain length. 

T h e q u a n t u m yields for fluorescence due to the 
phenanthrenecarboxylate ch romophore and the intra­
molecular exciplexes ((/>mf and c/>ef, respectively) were 
determined in benzene relative to that of phenan­
threne (0.13)7) as summarized in Table 1. 

T h e fluorescence lifetimes (TS) of 9-MCP and the 
b i ch romophor i c esters were also measured in benzene 
by single p h o t o n coun t ing techniques and are listed in 
Tab le 1. T h e phenanthrenecarboxylates affording 
photoadducts , i.e., A-2E, A-3E, B-2E, and B-3E, 
exhibit m u c h lower fluorescence q u a n t u m yields and 
m u c h shorter fluorescence lifetimes compared to 9-
MCP, indica t ing that the reactions proceed from the 
phenanthrenecarboxyla te singlets. T h e fluorescence 
q u a n t u m yields and lifetimes of A-IE and B-1E are 
also lower than those of 9-MCP; however, their low 
fluorescence efficiency may be due to intramolecular 
static q u e n c h i n g of phenan th rene singlets. No exci­
plex emission in these esters supports the static 
quench ing . 

For the intermolecular case of 9-MCP and trans-
anethole (t-AN), the fluorescence of 9-MCP was 
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Table 1. Quantum Yields for Fluorescence (<fcf) and 
Disappearance (0r) of Phenanthrenecarboxylatesa) 

Compound $mfb) $efb) rs
c) /Lax

ed) 0r 

9-MCP 0.25 — 15.3 450e) 0.1 lf) 

A-1E 0.10 — 10.7 No — 
A-2E 0.07 <0.001 3.9 450 0.36 
A-3E 0.04 0.01 3.2 450 0.61 
A-4E 0.15 0.02 12.1 450 0.05 
B-1E 0.13 — 7.4 No — 
B-2E 0.06 0.005 5.2 450 0.70 
B-3E 0.09 0.008 7.5 450 0.52 
B-4E 0.15 0.01 14.4 450 0.15 

a) 10~4 mol dm-3 in benzene at room tempera­
ture, b) Fluorescence quantum yields for the 
phenanthrene moiety ($mf) and exciplexes (0ef). 
c) Fluorescence lifetimes of the phenanthrene 
moiety, d) Wavelenghs of exciplex emission 
maxima. Results are identical for normalization 
at 367 (0,0) or 383 nm (Àmax). e) With t-AN. 
f) Extrapolated to infinite t-AN concentration. 

quenched efficiently by t-AN, and a weak emission 
appeared in the 400—500 nm region (Amax 450 nm). 
The quenching rate constant of 4.2X109 mol - 1 dm3 s - 1 

was obtained by dividing the Stern-Volmer constant 
(46 mol"1 dm3) by 15.3 ns of the 9-MCP singlet lifetime 
determined above. Absorption spectrum measure­
ments gave no evidence for a ground-state charge-
transfer complex between 9-MCP and t-AN and also 
in the bichromophoric systems. 

Quantum Yields for Reactions. For the esters 
affording products their disappearance quantum 
yields (c/>r) were measured at low conversion (<20%) by 
irradiating their benzene solutions with 366 nm light. 
The values obtained are listed in Table 1. As men­
tioned in the preceding paper,1* the four esters, B-2E, 
B-3E, A-2E, and A-3E, exhibit high disappearance 
quantum yields (0.36—0.70). For the intermolecular 
case the quantum yields were determined at various t-
AN concentrations; the limiting quantum yield, the 
fraction of the quenched excited ester resulting in 
product formation was estimated to be 0.11 by extrap­
olating to infinite t-AN concentration (Table 1). 

Exciplex Quenching. As described in the preced­
ing paper,1} the oxetane formation was quenched by 
oxygen 10—20% more efficiently than phenanthrene 
fluorescence. More quantitative experiments were 
carried out by using other quenchers. The exciplex 
emission and cycloadduct formation from B-2E and A-
3E were quenched by dimethyl acetylenedicarboxylate 
(DMAD).10) The fluorescence from the phenanthrene 
nucleus was scarcely quenched by DMAD. Table 2 
lists the Stern-Volmer constants (Ksvc=keqZe) for the 
exciplex quenching in 9:1 benzene-isoprene, where 
keq and Te are the quenching rate constant by a 
quencher (Q) of the exciplex and its lifetime, respec­
tively. The Ksve values in Table 2 are different 
among the phenomena of each ester. If a common 
exciplex intermediate exhibited the emission and gave 

Table 2. Stern-Volmer Constants 
for Exciplex Quenching 

iCsvVmol-idm3 for Ester/DMAD 
Phenomenon 

B-2E A-3E 
Exciplex emissiona) ca.10 ca.9 
Oxetane formation 5.1 3.7 
Cyclobutane formation 7.5 

a) Exciplex emissions of B-2E and A-3E were too weak 
to allow determination of their lifetimes by single 
photon counting. 

the cycloadducts, #sve's should be the same10) for the 
two (for A-3E) or three phenomena (for B-2E). The 
present results suggest that the exciplex emission, 
oxetane formation, and cyclobutane formation are 
ascribed to discrete exciplexes and these exciplexes 
might be formed directly from the locally excited 
singlet state, though involvement of the partial equilib­
rium among these exciplexes cannot be excluded.n) 

The above results are consistent with indications of 
the absence of serious geometrical restrictions for 
emissive intramolecular exciplex formation12) and 
with the observation that the exciplex emission is not 
significant in the intermolecular case of 9-MCP and t-
AN giving the head-to-head cycloadduct. 

Estimation of Rates for Exciplex Formation and 
Exciplex—»Product Probability. Combination of the 
disappearance quantum yields with the fluorescence 
data affords the exciplex—»product probabilities. 
The processes concerning cycloadditions can be de­
scribed as shown in Scheme 3, where A and D repre­
sent the phenanthrene and styrene moieties of a 
bichromophoric ester, respectively. 

Because of high quantum yields of substrate disap­
pearance and a single exponential decay nature of XA* 
fluorescence in A-D we neglected a return process 
from exciplex to local excited state [1(A-D)*->1A*-D]. 
Under this assumption, the lifetime of XA* (TS) and 
quantum yields for *A* fluorescence (#mf) and intra­
molecular quenching (#q) can be described by the 
following equations. 

Ts =l/(&mf+&md+&q) (1) 

kq = l/TS-(&mf+&md) (2) 

A-D — ^ V >A*-D - ^ '(A-D),* 

KJ W *ed/J Ver 

A-D A-D A-D A-D A=Dk 

+ hV + hv" 

y \ 
A A + Äv' 

Scheme 3. 
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Table 3. Rate Constants for Fluorescence Emission (kmf) 
and Intramolecular Quenching (kq) 

Compound 

9-MCP 
A-1E 
A-2E 
A-3E 
A-4E 
B-1E 
B-2E 
B-3E 
B-4E 

^mf 

1.6X107 

0.9X107 

1.8X107 

1.3X107 

1.2X107 

1.7X107 

1.2X107 

1.2X107 

1.0X107 

ftmd 

4.9X107 

rvq 

3.5X107 

1.9X108 

2.5X108 

2.2X107 

6.9X107 

1.3X108 

7.2X107 

1.0X107 

A b) 0q 

0.38 
0.74 
0.80 
0.26 
0.51 
0.69 
0.54 
0.15 

$ r / $ q 

0.49 
0.76 
0.19 

— 
1 
0.96 
1 

a) A nonradiative decay rate constant of 9-MCP. 
b) Quantum yields for intramolecular quenching. 

t>mf : 

0q : 

: &mfTS 

:&qTs 

(3) 

(4) 

When the fluorescence (&mf) and nonradiat ive deac­
tivation (&md) rate constants of the phenanthrenecar-
boxylate ch romophore are assumed to be independent 
of the structure and identical wi th those of the m o n o -
functional system, 9-MCP, the decrease in the singlet 
lifetime of bifunctional systems can be ascribed to 
in t ramolecular quenching, 1 3 ) and thus we can esti­
mate the total q u e n c h i n g rate (kq) for XA*-D interac­
t ion in the excited singlet state by Eq. 2 ' . Also, km[ 
was estimated from (/>mf and TS according to Eq. 4 ' . 
T h e estimated kq, c/>q, and kmt values are summarized 
in Tab le 3. 

kq = 1/TS—(kf+kd) 

kmi — $mf/TS 

(2') 

(47) 

T h e kmi values are almost constant as expected and 
the kq values for the reactive substrates are in the order 
of 108 s_1, wh ich is s imilar to the kq values estimated 
for nonreactive substrates under a similar assumpt ion, 
and h ighly reasonable for in t ramolecular singlet 
quenching. 1 3 ) 

Compar i son of the disappearance q u a n t u m yield 
wi th the efficiency of in t ramolecular q u e n c h i n g esti­
mated from Eq. 4 ' shows that for the reactive sub­
strates the localized singlet is efficiently quenched by 
the styrene moiety and the exciplex thus formed 
affords the cycloadducts qui te efficiently, especially 
for B-2E and B-3E the exciplex—»product probabil i ty 
be ing almost uni ty. T h e h igh reactivity of the exci-
plexes and lower q u e n c h i n g rates for product forma­
tion than those for exciplex emission as well as insig­
nificant exciplex emission in A-2E m i g h t reflect 
involvement of nonrelaxed exciplexes in the oxetane 
formation due to lack of conformational mobil i ty in 
the l ink ing chains.14~16) 

Caldwell10) reported experimental evidence for the 
intermediacy of emissive exciplexes in the intermolec-
ular photocycloaddi t ion of 9-cyanophenanthrene-
styrene systems. These systems take a conformation 

favorable for exciplex formation. As described 
above, however, in the case of the b ichromophor ic 
esters the conformat ional constraints by interchromo-
phor ic l ink br ings about p lura l conformations in 
which the two chromophores can interact strongly 
enough to afford exciplexes;17) some of them give 
specific products , and others undergo radiative decay. 
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A New Synthesis of o-Quinonemethides and Their Inter-
and Intramolecular Cyclization Reactions 
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Department of Applied Chemistry, Faculty of Engineering, Yokohama National University, 

Tokiwadai, Hodogaya-ku, Yokohama 240 
(Received October 17, 1989) 

The reaction of o-[l-(alkylthio)alkyl]phenols with silver(I) oxide at room temperature generated o-
quinonemethides in good yields along with silver alkanethiolate. This mechanism, based upon one-electron 
oxidation, is excluded in view of several experimental facts. The resulting o-quinonemethides reacted 
efficiently with ethyl vinyl ether to afford ds-chromans as the result of endo cycloaddition between (E)-o-
quinonemethides and the ether. Similarly, o-[l-(alkylthio)allyl]phenols were converted to ds-chromans via 
the corresponding (£)-o-quinonemethides (6-allylidenecyclohexadienone). In the absence of dienophiles, 
some chromenes were obtained from the allylphenols. 

T h e chemistry of qu inonemeth ides has received 
m u c h at tent ion concerning their formation and 
behavior in organic chemistry1) and their relation to 
their an t i tumor activity in biochemistry.2) Since 
qu inonemeth ides , especialy o-quinonemethide , act as 
heterodienes, precursors of chromenes or alkenyl-
phenols , or electrophiles,3) they are impor tan t inter­
mediates in the synthetic field. 

Al though p-quinonemeth ides are prepared more 
easily by oxidat ion processes,4) a variety of methods for 
o-quinonemeth ide generat ion have been reported; for 
example, pyrolysis of o-hydroxybenzyl compounds,5) 
one-electron oxidat ion of o-substituted phenols,6) 
desilylation of an o-hydroxybenzyl a lcohol disilyl 
ether,7) dehydrogenat ion of a l ly lphenols wi th DDQ, 8 ) 

etc.9) However, as most of these reactions have been 
carried ou t under forced condit ions to generate a 
h igh-energy qu ino id structure, the start ing phenols 
are limited. Hence a general and efficient method for 
generat ion of o-quinonemethides under milder condi­
tions has long been desired. 

We recently reported that the t reatment of a mixture 
of a pheno l and an alkyl isopropyl sulfide wi th 
sulfuryl chloride followed by tr iethylamine at 
low temperature afforded o-[l-(isopropyl thio)alkyl]-
phenols (2) in good yields. 10a'b) We then expected that 
o-quinonemethides 1 could be generated from the 

viewpoint.12) 

R2 A 
0 ^ - " ^ O H 

1 2 

phenols by e l iminat ion of the alkyl thio g roup on the 
benzyl posi t ion because of its small b o n d dissociation 
energy.11) In this way we achieved an easy formation 
of o-quinonemethides by treatment of 2 wi th silver(I) 
oxide at room temperature. We describe herein, in 
full detail, the generat ion of o-quinonemethides and 
the appl ica t ion to the synthesis of oxygen hetero-
cycles. We also discuss the reaction from a mechanistic 

Results and Discussion 

o-(Methylthiomethyl)phenol (2a) was selected as a 
prototype system to develop the basic methodology. 
Most of the o-alkylphenol species employed in this 
study were prepared from phenols and alkyl isopropyl 
sulfides or symmetrical dialkyl sulfides by us ing the 
improved procedure of the [2,3]sigmatropic rearrange­
ment.10) When allylic sulfides were used in the 
[2,3]sigmatropic rearrangement , ort/io-allylated phen­
ols were obtained in good yields, wi th the stereochem­
istry of the double bonds intact. 

When 2a was stirred wi th silver(I) oxide (1.2 mole 
equiv) in ethyl vinyl ether, (which was known to 
trap o-quinonemethides to give chromans in h igh 
efficiency6a)) at room temperature for 18 h, 2-ethoxy-
chroman (3a) and 2-[2-(methylthiomethyl)phenoxy-
methyl jphenol (4) were obta ined in 32 and 30% yield, 
respectively, after co lumn chromatography (Scheme 
1). In the absence of ethyl vinyl ether, only the latter 
was obtained in 74% yield. Trea tment of 2a wi th 
mercury(II) oxide in ethyl vinyl ether also gave 3a and 
4 in similar yields. Other metal oxides such as man­
ganese dioxide, lead dioxide, copper(II) oxide, and 
nickel dioxide failed to afford the chroman. 

When 2-[a-(isopropylthio)-4-methoxybenzyl]-4,5-
(methylenedioxy)phenol (2b) was treated wi th silver(I) 

a0„ 
2a 

CH2SCH3 

l 

Ag20 
( l . 2 e q ) D 

r.t. oa 

2a 
Ag20 

"ITIcT 

OEt 

1a 

3a 

aCH2SCH3 

OEt + H O " ^ 
4 

2a 

Scheme 1. 
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/Ov^ x AqzO 

OH 
<: 

R Table 2. Synthesis of 3d under Various Conditions 

o \ A o 
1 

2 and 1 ; b:R = p-Cel-kOMe 
c:R = Sfyryl 

Scheme 2. 

Table 1. Synthesis of 3a by Use of Metal Salts 

Reagent (mole ratio) Yield/% 

A g 2 0 
HgO 
AgOAc 
Hg(OAc)2 

AgNOs 
AgCl 

(1.2) 
(1.2) 
(1.2) 
(1.2) 
(1.2) 
(1.2) 

32 
30 
36 
17 
8 

— 

oxide in diethyl ether at room temperature for 18 h in 
the absence of ethyl vinyl ether, an orange-colored 
crystalline material was isolated (36% yield). Its spec­
tral and physical data agreed well wi th the reported 
data for (£)-6-(4-methoxybenzylidene)-3,4-methyl-
enedioxy-2,4-cyclohexadien-l-one (lb).13) In a sim­
ilar way, another stable (£)-o-quinonemethide lc1 3 ) 

was also isolated from 2-(l- isopropylthio-3-phenyl-2-
propenyl)-4,5-(methylenedioxy)phenol (2c) in 50% 
yield (Scheme 2). 

It is noteworthy that the t reatment of 2a wi th silver 
or mercury salts (silver acetate, mercury(II) acetate, 
and silver nitrate) in the presence of ethyl vinyl ether 
again afforded the same ch roman 3a (Table 1). 
Al though certain kinds of phenols have been con­
verted to the corresponding chromans by one-electron 
oxidat ion process wi th silver oxide,6c'13'14) the present 
reaction seems different from the reported ones in the 
following features: (a) pheno l 2a was converted to 
chroman 3a wi th silver(I) or mercury(II) oxide or their 
salts bu t no t wi th other metallic oxidants inc luding 
basic K3[Fe(CN)6], whereas the one-electron oxidat ion 
of o-substituted phenols proceeds wi th various metal­
lic oxidants bu t no t wi th silver salts; (b) a half mole of 
silver oxide is enough to convert all the pheno l 2a to 
3a and 4 (vide infra), whereas one-electron oxidat ion 
process requires at least an equ imola r a m o u n t of 
silver(I) oxide to the substrates. 

T h e stoichiometry of the present reaction was inves­
tigated by us ing 2-[a-(isopropylthio)benzyl]phenol 
(2d) which gave mainly ch roman 3d and only a minor 
a m o u n t of the dimer u p o n treatment wi th silver oxide 
in ethyl vinyl ether. As Table 2 shows, the pheno l 2d 
was completely converted to the products wi th 0.6 mol 
of silver(I) oxide. If a phenoxyl radical intermediate 
resulted from one-electron transfer were involved in 
this reaction, the stoichiometric re la t ionship should 
necessitate the ß-e l iminat ion of a thiyl radical from 
the intermediate in order to generate o-quinone-

0 
Ag20 

(mole ratio) 

0.3 
0.6 
1.2 

Ph . Ph 

2 d 3 d 

Conversion 

% 3d 

62 47 
100 62 
100 79 

+ (dimer] 
^OEt 

Yield/% 

Dimer 

3 
11 

trace 

> 

Total 

50 
73 
79 

methide. However di isopropyl disulfide, which 
would result from combina t ion of the two thiyl radi­
cals, was no t detected by GC. 

T h e present reaction was next examined in the 
presence of galvinoxyl,15* a radical scavenger which 
was reported to form a 1:1 adduct16) wi th a phenol ic 
c o m p o u n d in radical reactions. When 2b was treated 
wi th silver(I) oxide and galvinoxyl in diethyl ether for 
3 h and the filtered reaction mixture treated wi th ethyl 
vinyl ether, ch roman 3b was obtained in 50% yield. 
T h i s is close to the yield of 3b obtained in the absence 
of galvinoxyl (Table 3). O n the contrary, the known 
reaction of o-benzylphenol 5 wi th silver(I) oxide to 
produce ld13) was suppressed to a considerable extent 
by the galvinoxyl added in the reaction (Entries 3, 4). 
These results suggest that the present reaction does 
no t proceed by a one-electron oxidat ion. 

T h e alkyl thio moiety, which is el iminated from o-
[ l -(alkylthio)alkyl]phenol u p o n the conversion of the 
pheno l to the o-quinonemethide , was traced by 
us ing 2-[l-(citronellylthio)-3,7-dimethyl-6-octenyl]-4-
methylphenol (2e) as a s tar t ing phenol (Scheme 3). 
When 2e (1.0 mmol) was treated wi th silver(I) oxide 
(0.5 equiv) in ethyl vinyl ether, the result ing mixture 
was filtered and concentrated and then di luted wi th 

Table 3. Synthesis of 3b in the Presence 
of a Free-Radical Scavenger 

OMe OMe 

I) AgzO y A 
vOH 2) II ° 

^OEt 

2b;x='prs 3b 
5 ;x= H 

Entry Substrate , ^ O Scavenger* b) 
1 (mole ratio) (mole ratio) 

1 
2 
3 
4 

2b 
2b 
5 
5 

0.5 
0.5 
3.0 
3.0 

1.1 

1.1 

50 
49 
38 
55 

a) Galvinoxyl was used, b) Determined by GC. 
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s^^k^^^ 
Ag20 

(0.5eq) 

^OH l, ,r.t. 
OEt 

2e 

AgS' 

3 e 

Scheme 3. 

6e 

acetone to precipitate olive-drab-colored crystalline 
material, which was collected and treated with 
hydrochloric acid in ethyl acetate to give silver chlo­
ride (70%) and 3,7-dimethyl-6-octene-l-thiol (70%). 2-
Ethoxychroman derivative (3e) and cycloadduct (6e) 
were isolated from the methanol solution by column 
chromatography in 57 and 10% yields, respectively. 
These results indicate that silver oxide is not reduced 
to metallic silver but converted to silver 3,7-dimethyl-
6-octene-l-thiolate (7) during the reaction. It there­

i n 
Ri 

R2 

OH 

£ / R 3 -AgSR3 

fore seems most likely that the possible intermediate 
in this reaction is not a phenoxyl radical species, but a 
trivalent sulfur species such as A, by which the effec­
tiveness of various silver and mercury compounds for 
the present reaction can be accounted for. 

Next, we applied the present method to other o-
substituted phenols (Table 4). All the phenols pro­
vided higher yields of chromans compared to that of 
3a. The steric hindrance of the substituents on the 
benzyl positions would interfere with the 1,4-addition 
between o-quinonemethides and the starting phenols. 
Moreover, in spite of the mild and neutral reaction 
conditions, cycloadduct (6g) was obtained by the 
intramolecular Diels-Alder reaction of o-quinone-
methide with a simple olefin, with which the inter-
moleculer reaction of o-quinonemethide does not 
occur as readily.17) Hence the present methodology is 

Entry 

1 
2 
3 
4 
5 

6 

7 

8 

9 

c 
JPrS 

X 

Table 4. 

2 

2 

2b 
2d 
2d 
2d 
2d 

iPrS 

2f 

2g 
2g 
JPrS 

2h 

Ag20 

x» 

Chroman Synthesis from 2 

1 Dienophile. r 
r • p 

Dienophilea) 

CH2=CHOEt 
CH2=CHOEt 
CH2=CHOEt 
CH2=CHOEt 
CH2=CHOEt 

CH2=CHOEt 

CH2=CHOEt 

_ 8 > 

CH2=CHOEt 

-ci 
3,6 

oa 

.x 
Ŷ 

Chroman (yield/%) 

3b(60) 
3db)(79) 
3db)(50)c) 

3db)(58)d) 

3db)(54)e) 

^ ^ o ^ E t 
3ff)(64) 

3gf)(61) 6g(19) 
6g(37) 

f 

^>A0A0 E t 

3hf)(73) 

a) Used as a solvent, b) trans : cis=3 :97. c) A 3 : 7 (volume) mixture of CH2=CHOEt and 
hexane was used as solvent, d) A 3:7 (volume) mixture of CH2=CHOEt and benzene was 
used as solvent, e) A 3:7 (volume) mixture of CH2=CHOEt and acetonitrile was used as 
solvent, f) trans : cis=l : 99. g) Diethyl ether was used as solvent. 
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convenient and h ighly efficient for the ch roman syn­
thesis from various types of o-substituted phenols 
which can be prepared via [2,3]sigmatropic rear­
rangement . 

T h e stereochemistry of the cycloadducts (3b,d,f—h) 
has been established by 270 MHz 1H N M R analysis on 
the basis of the coup l ing constants of H-2 and H-4 
protons.5 a ) T h e thermal method gives a mixture 
of eis- and Jrans-4-substituted 2-alkoxychromans.5 a ) 

However, our present me thod produced a s - c h r o m a n s 
predominant ly . These czVchromans would be derived 
from endo attack of a vinyl ether on the (£)-
o-quinonemethide th rough a concerted mecha-
nism.5a>3'18) A concerted cycloaddition process rather 
than an ionic process is also suppor ted by the similar 
reaction rates in polar and nonpo la r solvents (Entries 
3—5).19) T h e h igher stereoselectivities compared 
wi th those observed for thermally-generated o-
qu inonemeth ides may be due to the mi ld reaction 
conditions.3) 

T h e easy conversion of a l ly lphenol 2h in to (E)-6-
allylidene-2,4-cyclohexadien-l-one ( lh) is shown by 
t r app ing l h wi th ethyl vinyl ether in Entry 9. Th i s is 
the first observation of intermolecular hetero-Diels-
Alder reaction of 6-allylidenecyclohexadienones wi th 
dienophiles . 

Finally, the behaviors of other al lylphenols 2c,i—k 
in this reaction were investigated. In the presence of 
d ienophi le , intermolecular cycloadducts 3c,i—k were 
prepared wi th the in t ramolecular formation of chro-
menes 8c,i—k, respectively (Table 5). These chro-
menes migh t have been obtained th rough the iso-
merization of (£)-6-allylidenecyclohexadienone or 
carbenium intermediates. However, the carbenium 
mechanism suffers from the disadvantage that the 
present reaction also proceeded on the basis of a 
concerted mechanism because of the p redominan t for­
mat ion of m - c h r o m a n s 3c,i—k. Wi thou t a dieno­
phi le , the treatment of 2j and k wi th silver(I) oxide (1.2 

Table 5. Benzopyran Synthesis from Allylphenol 

!PrS R' (*^R2 

2 3 8 

2, 3, and 8; c : R=4,5-methylenedioxy, R*=H, R2=Ph 
i : R=4-Me, R*=H, R2=Me 
j : R=4-Me, R*=R2=Me 
k : R=4-Me, R*=H, R2=Ph 

Entry Allylphenol Dienophilea) Benzopyran (yield/%) 

1 2c CH2=CHOEtb) 3c(42) 8c(44) 
2 2i CH2=CHOEt 3i(47) 8i(10) 
3 2j CH2=CHOEt 3j (57) 8j (14) 
4 2k CH2=CHOEt 3k(49) 8k(20) 

a) Used as a solvent, b) A 1:1 (volume) mixture of 
CH2=CHOEt and acetone was used as a solvent. 

mole equiv) in cyclohexane afforded the increased 
yields of chromene 8j and k in 51 and 67%, respectively 
(cf. Entries 3 and 4). These results indicate that this 
methodology is also appl icable to the synthesis of 2-
substi tuted chromenes. 

In conclusion, we have found a new synthetic 
methodology for p repar ing o-quinonemethides from 
available o-[l-(alkylthio)alkyl]phenols, which is more 
effective and general than the methods previously 
described.5a'6a'18) T h e resul t ing (£)-o-quinonemethides 
can be converted predominant ly in to cw-4-substituted 
2-alkoxychromans in the manne r of endo [4+2]-
cycloaddition wi th vinyl ethers in h igh efficiency. 
Moreover, chromenes are obtained via the intermolec­
ular reaction of o-[l-(alkylthio)allyl]phenols in the 
absence of a dienophi le . 

Exper imenta l 

Melting points were determined on a Shimadzu MM-2 
hot-stage apparatus and are uncorrected. IR spectra were 
measured on a Hitachi 260-10 spectrometer. 1H NMR spec­
tra were obtained with a JEOL JNM-C-60M, a JEOL FT-90-
Q or a JEOL JNM-FX270 with TMS as an internal stand­
ard. 13C NMR spectra were measured on a JEOL FT-90-Q 
or a JEOL JNM-FX270. Mass spectra were recorded with a 
HITACHI M-80 (double-focusing GC mass spectrometer). 
Column chromatography was normally effected with 
Wakogel C-200 (Wako pure Chemical Industries). 

General Procedure for the Preparation of o-[l-(Alkylthio)-
alkyl]phenol 2. Sulfuryl chloride (1.62 g, 12 mmol) was 
added dropwise to a mixture of sulfide (10 mmol), phenol 
(30 mmol) and pyridine (0.95 g, 12 mmol) in dry dichlo-
romethane (50 ml) at — 40 °C for 5 min under nitrogen. 
After the reaction mixture had been stirred for 10 min at 
—40 °C, the mixture was poured into a solution of trieth-
ylamine (12 g, 0.12 mol) in cyclohexane (50 ml) under 
vigorous stirring. After 1 h of stirring, 100 ml of ether were 
added to the slurry, the suspension filtered, and the filter 
cake thoroughly washed with ether. The filtrate and wash­
ings were poured into 200 ml of water. The organic layer 
was washed successively with water and brine, dried 
(MgS04), and then evaporated. The residue was chromato-
graphed on a column with 4% EtOAc-hexane containing 1% 
triethylamine to afford 2, which was immediately used for 
the subsequent reaction because of its lability. The spectral 
data of the compounds are as follows. 

2-[a-(Isopropylthio)benzyl]phenol (2d): 1U NMR (90 
MHz) (CC14) 6=1.22 (6H, d, C(CH3)2 7=6.4 Hz), 2.67 (1H, 
septet, SCHMe2, /=6.4 Hz), 5.23 (1H, s, ArCH), and 6.47— 
7.43 (10H, m, ArH and OH); IR (neat) v 3450, 2950, 750, and 
700 cm"1. 

2-[l-(Citronellylthio)-3,7-dimethyl-6-octenyl]-4-methyl-
phenol (2e): *H NMR (60 MHz) (CC14) ô=0.85 (6H, bd, Me-
3' and 3" 7=5 Hz), 1.58 (6H, s, Me-7' and 7"), 1.67 (6H, s, H-
8' and 8"), 2.24 (3H, s, ArCH3), 1.02—2.30 (16H, m, H-2', 5', 
and 1"—5"), 3.93 (1H, t, H- l ' , 7=7 Hz), 4.97 (2H, bt, H-6' 
and 6", / = 8 Hz), 6.75 (1H, d, H-6, 7=8 Hz), 6.80 (1H, s, H-3), 
6.96 (1H, d, H-5', 7=8 Hz), and 7.01 (1H, s, OH); IR(neat) v 
3290, 2930, and 810 cm"1. 

2-[l-(Isopropylthio)propyl]phenol (2f): 1U NMR (60 
MHz) (CCU) 0=0.87 (3H, t, H-3', 7=7 Hz), 1.12, 1.20 (6H, 
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each d, C(CH3)2, 7=7 Hz), 1.83 (2H, quintet, H-2', 7=7 Hz), 
2.55 (IH, septet, SCHMe2, 7=7 Hz), 3.77 (IH, t, H-1' , 7=7 
Hz), 6.43—7.10 (4H, m, ArH), and 7.19 (IH, s, OH); IR(neat) 
v 3250, 2900, and 750 cm"1. 

2-(3,7-Dimethyl-l-isopropylthio-6-octenyl)phenol (2g): 
*HNMR (CC14) ô=0.91 (3H, bt, Me-3', 7=5 Hz), 1.15, 1.23 
(6H, each d, C(CH3)2, / = 7 Hz), 1.60 (3H, s, Me-7'), 1.66 (3H, 
s, H-8'), 1.07—2.11 (7H, m, H-2'—H-5'), 2.60 (IH, septet, 
SCHMe2, / = 7 Hz), 4.01 (IH, t, H-1' , 7=7 Hz), 4.90 (IH, t, H-
6', 7=8 Hz), 6.55—7.03 (4H, m, ArH), and 7.21 (IH, s, OH); 
IR(neat) v 3250, 2900, and 750 cm"1. 

2-(l-Isopropylthio-2-propenyl)-4-methylphenol (2h): 1H 
NMR (90 MHz) (CDCI3) 6=1.25, 1.27 (6H, each d, C(CH3)2, 
7=7.0 Hz), 2.25 (3H, s, Me-4), 2.78 (IH, septet, SCHMe2, 
7=7.0 Hz), 4.67 (IH, dd, H-1, 7=1.2 and 7.6 Hz), 5.17 (IH, 
dd, H-3', 7=1.2 and 17.0 Hz), 5.18 (IH, dd, H-3', 7=1.2 and 
10.0 Hz), 6.10 (IH, ddd, H-2', 7=7.6, 10.0, and 17.0 Hz), 6.32 
(IH, s, OH), 6.77 (IH, d, H-6, 7=8.0 Hz), 6.91 (IH, s, H-3), 
and 6.98 (IH, d, H-5, 7=8.0 Hz); IR(neat) v 3300, 2900, 910, 
and 810 cm"1. 

2-(l-Isopropylthio-2-butenyl)-4-methylphenol (2i): 1U 
NMR (90 MHz) (CDCI3) 6=1.22, 1.26 (6H, each d, C(CH3)2, 
7=7.0 Hz), 1.71 (3H, d, H-4', 7=5.0 Hz), 2.25 (3H, s, Me-4), 
2.73 (IH, septet, SCHMe2), 4.61 (IH, d, H-1' , 7=6.0 Hz), 
5.5—5.9 (2H, m, H-2' and 3'), 6.78 (IH, d, H-6, 7=8.1 Hz), 
6.89 (IH, s, H-3), 6.98 (IH, d, H-5,7=8.1 Hz), and 7.0 (IH, s, 
OH); IR(neat) v 3300, 2900, 960, and 810 cm"1. 

2-(l-Isopropylthio-3-methyl-2-butenyl)-4-methylphenol 
(2j): *HNMR (90 MHz) (CDCI3) 6=1.21, 1.27 (6H, each d, 
C(CH3)2, 7=7.0 Hz), 1.74 (3H, s, Me-3'), 1.78 (3H, s, H-4'), 
2.25 (3H, s, Me-4), 2.69 (IH, septet, SCHMe2,7=7.0 Hz), 4.87 
(IH, d, H-1 ' , 7=10.0 Hz), 5.50 (IH, d, H-2', 7=10.0 Hz), 6.79 
(IH, d, H-6, 7=8.1 Hz), 6.90 (IH, s, H-3), 6.98 (IH, d, H-5, 
7=8.1 Hz), and 7.31 (IH, s, OH); IR(neat) v 3300, 2900, and 
810 cm-1. 

2-(l-Isopropylthio-3-phenyl-2-propenyl)-4-methylphenol 
(2k): *HNMR (60 MHz) (CC14) 6=1.22 (6H, d, C(CH3)2, 
7=7 Hz), 2.19 (3H, s, Me-4), 2.58 (IH, septet, SCHMe2, 7=7 
Hz), 4.80 (IH, dd, H-1' , 7=2 and 5 Hz), 6.29 (2H, m, H-2' 
and 3'), 6.70 (IH, d, H-6, 7=8 Hz), 6.80 (IH, s, OH), 6.90 
(IH, s, H-3), 6.98 (IH, d, H-5, 7=8 Hz), and 7.1—7.4 (5H, m, 
ArH); IR(neat) v 3250, 2950, 960, 810, 750, and 690 cm"1. 

2-[a-(Isopropylthio)-4-methoxybenzyl]-4,5-(methylene-
dioxy)phenol (2b). 2-Propanethiol (0.5 ml) was added 
dropwise to a solution of lb13) (0.23 g, 0.90 mmol) in 
triethylamine (2 ml) at room temperature. After 10 h the 
reaction mixture was concentrated. The crude product was 
chromatographed on column with 30% EtOAc-hexane to 
afford 2b (0.25 g, 83%): *H NMR (90 MHz) (CDCI3) 6=1.26 
(6H, d, C(CH3)2,7=6.9 Hz), 2.77 (IH, septet, SCHMe2,7=6.9 
Hz), 3.78 (3H, s, OCH3), 5.28 (IH, s, ArCH), 5.87 (2H, s, 
OCH20), 6.49 (2H, s, H-3 and 6), 6.85 (2H, d, H-3' and 5', 
7=8.3 Hz), 7.27 (IH, s, OH), and 7.32 (2H, d, H-2' and 6', 
7=8.3 Hz); IR(neat) v 3300, 2900, 1040, and 840 cm"1. 
Found: C, 69.39; H, 5.46%. Calcd for C22H20O4S: C, 69.47; 
H, 5.26%. 

2-(l-Isopropylthio-3-phenyl-2-propenyl)-4,5-(methylene-
dioxy)phenol (2c). 6-Cinnamylidene-3,4-methylenedioxy-
2,4-cyclohexadien-l-one lc13) (0.32 g, 1.32 mmol) was con­
verted to 2c in a similar way in 82%: *HNMR (90 MHz) 
(CDCI3) 6=1.29, 1.30 (6H, each d, C(CH3)2, 7=7.0 Hz), 2.85 
(IH, septet, SCHMe2, 7=7.0 Hz), 4.81 (IH, bd, H-1' , 7=5.4 
Hz), 5.89 (2H, s, OCH20), 6.4—6.5 (3H, m, H-6, 2', and 3'), 

6.66 (IH, s, H-6), and 7.2—7.5 (6H, m, ArH and OH); 
IR(neat) v 3300, 2950, 960, and 840 cm"1. Found: C, 69.34; 
H, 5.92%. Calcd for Ci9H2o03S: C, 69.51; H, 6.10%. 

Treatment of 2a with Ag20 in Ethyl Vinyl Ether. Ag20 
(1.16 g, 5.0 mmol) was added to a solution of 2a (0.62 g, 4.0 
mmol) in ethyl vinyl ether (60 ml) at room temperature. 
After 18 h the reaction mixture was filtered, and evaporated. 
The residue was chromatographed on a column with 20% 
CH2Cl2-hexane to afford 2-ethoxychroman (3a) (0.23 g, 
32%): *H NMR (270 MHz) (CDC13) 0=1.19 (3H, t, CH3,7=7.3 
Hz), 1.9—2,1 (2H, m, H-3a and 3e), 2.64 (IH, ddd, H-4a, 
7=3.0, 6.2, and 11.6 Hz), 2.97 (IH, ddd, H-4e, 7=3.0, 3.3, and 
6.2 Hz), 3.64 (IH, dq, OCHMe2, 7=9.9 and 7.3 Hz), 3.89 (IH, 
dq, OCHMe2, 7=9.9 and 7.3 Hz), 5.25 (IH, dd, H-2, 7=3.0 
and 3.0 Hz), 6.8—6.9 (2H, m, H-6 and 8), and 7.0—7.2 (2H, 
m, H-5 and 7); IR(neat) v 2900, 1220, 1050, and 850 cm"1. 

Using 50% CH2Cl2-hexane as the eluting solvent 2-[2-
(methylthiomethyl)phenoxymethyl]phenol (4) was obtained 
(0.39 g, 30%): !HNMR (90 MHz) (CDC13) 6=1.99 (3H, s, 
SCH3), 3.68 (2H, s, SCH2Ar), 5.13 (2H, s, OCH2Ar), and 
6.8—7.3 (9H, m, ArH and OH); IR(neat) v 3400, 2920, 1240, 
1110, 1010, and 760 cm"1. Found: m/z 260.0862. Calcd for 
Ci5Hi602S: M, 260.0869. 

Treatment of 2e with Ag2Ü in Ethyl Vinyl Ether. Ag20 
(0.116 g, 0.5 mmol) was added to a solution of 2e (0.416 g, 0.5 
mmol) in ethyl vinyl ether (20 ml) at room temperature. 
After 18 h the reaction mixture was filtered and the solvent 
removed in vacuo. The residual gum (0.55 g) was dissolved 
in acetone (50 ml) to precipitate olive-drab crystals. The 
crystals (0.21 g) were dissolved in 10 ml of EtOAc and coned 
HCl was added to separate the AgCl (0.1 g, 70% based on 
Ag20). The EtOAc filtrate from the separation of AgCl 
was evaporated and the residue was chromatographed on a 
column with 10% CH2Cl2-hexane to afford 3,7-dimethyl-6-
octene-1-thiol (0.12 g, 70%): *H NMR (60 MHz) (CDC13) 6= 
0.88 (3H, d, CH3-3,7=6 Hz), 1.60 (3H, s, CH3-7), 1.68 (3H, s, 
H-8), 1.2—1.7 (6H, m, H-2—4 and SH), 1.97 (2H, dt, H-5, 
7=7 and 7 Hz), 2.70 (2H, bt, H-1, 7=7 Hz), and 5.08 (IH, bt, 
H-6, 7=7 Hz); IR(neat) v 2950, 1450, and 1380 cml"1. 
Found: m/z 172.1278. Calcd for CioH20S: M, 172.1284. 

The acetone filtrate was evaporated and the residual oil 
chromatographed on a column with 10% CH2Cl2-hexane 
to give 2,6,6,9-tetramethyl-6a,7,8,9,10,10a-hexahydro-6H-
dibenzo[M]pyran (6e) (0.24 g, 10%): *HNMR (270 MHz) 
(CDC13) 6=0.89 (IH, q, H-10a, 7=13.2 Hz), 0.99 (3H, d, Me-9, 
7=6.6 Hz), 1.05 (IH, m, H-7 or 8), 1.12 (3H, s, Me-6), 0.95— 
1.14 (IH, m, H-7 or 8), 1.37 (3H, s, Me-6), 1.30—1.40 (IH, m, 
H-6a or 9), 1.57 (IH, m, H-6a or 9), 1.83 (2H, m, H-7' and 
8'), 2.26 (3H, s, Me-2), 2.39 (2H, m, H-10e and 10a), 6.66 (IH, 
d, H-4, 7=8.2 Hz), 6.89 (IH, d, H-3, 7=8.2 Hz), 7.03 (IH, s, 
H-1); 13CNMR (270 MHz) (CDC13) 6=20.22, 20.92, 22.82, 
27.80, 28.23, 32.69, 35.01, 35.77, 39.77, 47.08, 77.38, 116.98, 
125.26, 126.54, 128.01, 128.68, 151.07; IR (neat) v 2900, 1490, 
1250, 1150, and 820 cm"1. Found: m/z 244.1828. Calcd for 
Ci7H2 40:M, 244.1825. 

A later fraction for the Chromatograph gave 2-ethoxy-4-
(2,6-dimethyl-5-heptenyl)-6-methylchroman (3e) (0.18 g, 
57%): *HNMR (90 MHz) (CDC13) 6=0.88 (3H, m, Me-2'), 
1.22 (3H, t, OCCH3, 7=7.11 Hz), 1.59 (3H, s, Me-6'), 1.68 
(3H, s, H-7'), 2.01 (IH, m, H-3e), 1.1—2.1 (8H, m, H-3a, 1', 
2', 3', and 4'), 2.26 (3H, s, Me-6), 2.96 (IH, m, H-4), 3.58 (IH, 
dq, OCHMe2, 7=9.5 and 7.1 Hz), 3.98 (IH, dq, OCHMe2, 
7=9.5 and 7.1 Hz), 5.11 (IH, m, H-5'), 5.12 (IH, dd, H-2, 
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7=3.0 and 5.9 Hz), 6.72 (1H, d, H-8, 7=7.1 Hz), 6.90 (1H, d, 
H-7, 7=7.1 Hz), and 6.94 (1H, s, H-5); IR(neat) v 2900, 1500, 
1220, 1120, 1020, and 820 cm"1. Found: m/z 316.2401. 
Calcd for C21H32O2: M, 316.2401. 

General Procedure for the Preparation of 2-Alkoxy-
chroman. Ag2Û (0.39 g, 18 mmol) was added to a solution 
of 2-[l-(isopropylthio)alkyl]phenol (15 mmol) in ethyl vinyl 
ether (15 ml) at room temperature. After 18 h the reaction 
mixture was filtered, and evaporated. The residual oil was 
chromatographed on a column to give 2-alkoxychroman. 

râ-2-Ethoxy-4-phenylchroman(<:is-3d): mp 61.2—62.6 
°C; *HNMR (270 MHz) (CDCI3) 6=1.26 (3H, t, OCCH3, 
7=7.3 Hz), 2.19 (IH, ddd, H-3a, 7=8.6, 11.2, and 13.2 Hz), 2.4 
(IH, ddd, H-3e, 7=2.3, 5.9, and 13.2 Hz), 3.68 (IH, dq, 
OCHMe2, 7=9.6 and 7.3 Hz), 4.06 (IH, dq, OCHMe2, 7=9.6 
and 7.3 Hz), 4.21 (IH, dd, H-4, 7=5.9 and 11.2 Hz), 5.26 (IH, 
dd, H-2,7=2.3 and 8.6 Hz), 6.7—7.3 (9H, m, ArH); IR(KBr) v 
2900, 1230, 1050, 750, and 700 cm"1. Found: m/z 254.1300. 
Calcd for C17H18O2: M, 254.1306. 

îraws-2-Ethoxy-4-phenylchroman (trans-3d): XH NMR 
(270 MHz) (CDCI3) 6=1.21 (3H, t, OCCH3, 7=6.9 Hz), 2.14 
(IH, ddd, H-3a, 7=2.6, 11.9, and 13.3 Hz), 2.26 (IH, ddd, H-
3e, 7=2.6, 5.9, and 13.3 Hz), 3.68 (IH, dq, OCHMe2, 7=9.9 
and 6.9 Hz), 3.91 (IH, dq, OCHMe2, 7=9.9 and 6.9 Hz), 4.30 
(IH, dd, H-4, 7=5.9 and 11.9 Hz), 5.29 (IH, dd, H-2, 7=2.6 
and 2.6 Hz), 6.7—7.3 (9H, m, ArH). 

cis-2-Ethoxy-4-ethylchroman (3f): *HNMR (270 MHz) 
(CDCI3) 6=0.98 (3H, t, H-2', 7=7.6 Hz), 1.25 (3H, t, OCCH3, 
7=6.9 Hz), 1.71 (IH, ddq, H-1 ' , 7=9.3, 14.1, and 7.6 Hz), 1.83 
(IH, ddd, H-3a, 7=6.6, 8.2, and 13.5 Hz), 1.95 (IH, ddq, H-1", 
7=9.3, 14.1, and 7.6 Hz), 2.15 (IH, ddd, H-3e, 7=2.5, 6.5, and 
13.5 Hz), 2.8 (IH, m, H-4), 3.62 (IH, dq, OCHMe, 7=9.6 and 
6.9 Hz), 3.96 (IH, dq, OCHMe, 7=9.6 and 6.9 Hz), 5.15 (IH, 
dd, H-2, 7=2.5 and 6.6 Hz), 6.84 (IH, dd, H-8, 7=8.2 and 1.3 
Hz), 6.89 (IH, ddd, H-6, 7=1.3, 7.3, and 7.3 Hz), 7.11 (IH, 
ddd, H-7, 7=1.0, 7.3, and 8.2 Hz), 7.14 (IH, dd, H-5, 7=1.0 
and 7.3 Hz); IR(neat) v 2900, 1480, 1220, 1050, and 750 cm"1. 
Found: m/z 206.1310. Calcd for Ci3Hi802: M, 206.1305. 

cis-2-Ethoxy-4-(2,6-dimethyl-5-heptenyl)chroman (3g): 
*HNMR (270 MHz) (CDCI3) 6=0.93, 0.95 (3H, each t, Me-2', 
7=6.1 Hz), 1.22 (3H, t, OCCH3, 7=7.3 Hz), 1.59 (3H, bs, Me-
6'), 1.66 (3H, bs, H-7'), 2.13 (IH, ddd, H-3e, 7=2.9, and 13.1 
Hz), 1.1—2.1 (8H, m, H-3a, V, 2', 3', and 4'), 2.92 (IH, m, H-
4), 3.58 (IH, dq, OCHMe, 7=9.6 and 7.3 Hz), 5.10 (IH, bt, H-
5', 7=6.8 Hz), 5.16 (IH, dd, H-2, 7=2.9 and 6.0 Hz), 6.8—6.9 
(2H, m, H-6 and 8), 7.1—7.2 (2H, m, H-5 and 7); IR(neat) v 
2900, 1490, 1250, 1140, 950, and 740 cm"1. Found: m/z 
302.2248. Calcd for C20H30O2; M, 302.2243. 

ctt-2-Ethoxy-6-methyl-4-vinylchroman (3h): 1U NMR 
(270 MHz) (CDCI3) 6= 1.23 (3H, t, OCCH3, 7=6.92 Hz), 1.92 
(IH, ddd, H-3a, 7=6.6, 7.7, and 13.5 Hz), 2.19 (IH, ddd, H-3e, 
7=2.6, 6.6, and 13.5 Hz), 2.25 (3H, s, Me-6), 3.6 (IH, m, H-4), 
3.62 (IH, dq, OCHMe, 7=6.9 and 9.6 Hz), 3.96 (IH, dq, 
OCHMe, 7=6.9 and 9.6Hz), 5.1—5.2 (3H, m, H-2 and 2'), 
5.9—6.0 (IH, m, H-1'), 6.74 (IH, d, H-8,7=7.9 Hz), 6.90 (IH, 
s, H-5), and 6.92 (IH, d, H-7, 7=7.9 Hz); IR(neat) v 2900, 
1490, 1210, 1010, 910, and 810 cm"1. Found: m/z 218.1314. 
Calcd for Ci4Hi802: M, 218.1306. 

c«-2-Ethoxy-6-methyl-4-(l-propenyl)chroman (3i): 1H 
NMR (270 MHz) (CDCI3) ô=1.25 (3H, t, OCCH3, 7=7.0 Hz), 
1.74 (3H, d, H-3', 7=5.6 Hz), 1.92 (IH, ddd, H-3a, 7=7.3, 8.6, 
and 13.2 Hz), 2.16 (IH, ddd, H-3e, 7=2.6, 6.4, and 13.2 Hz), 
2.24 (IH, s, H-6), 3.44 (IH, ddd, H-4, 7=8.6, 8.6, and 6.3 Hz), 

3.64 (IH, dq, OCHMe, 7=9.6 and 7.0 Hz), 3.99 (IH, dq, 
OCHMe, 7=9.6 and 7.0 Hz), 5.15 (IH, dd, H-2,7=2.6 and 7.3 
Hz), 5.68 (IH, dq, H-2'm 7=15.4 and 5.6 Hz), 5.57 (IH, dd, 
H-1' , 7=8.6 and 15.2 Hz), 6.73 (IH, d, H-8, 7=6.7 Hz), 6.89 
(IH, s, H-5), and 6.92 (IH, d, H-7, 7=6.7 Hz); IR(neat) v 
2900, 1490, 1210, 1020, 890, and 820 cm"1. Found: m/z 
232.1466. Calcd for C15H20O2: M, 232.1462. 

ci5-2-Ethoxy-6-methyl-4-(2-methyl-l-propenyl)chroman 
(3j): *HNMR (270 MHz) (CDCI3) ô=1.24 (3H, t, OCCH3, 
7=6.9 Hz), 1.75 (3H, d, Me-2', 7=1.3 Hz), 1.78 (3H, d, H-3', 
7=1.0 Hz), 1.79 (IH, ddd, H-3a, 7=8.0, 9.2, and 13.3 Hz), 2.14 
(IH, ddd, H-3e, 7=2.4, 6.4, and 13.3 Hz), 2.32 (3H, s, Me-6), 
3.63 (IH, dq, OCHMe, 7=9.6 and 6.9 Hz), 3.85 (IH, ddd, H-
4, 7=6.4, 9.2, and 9.2 Hz), 4.02 (IH, dq, OCHMe, 7=9.6 and 
6.9 Hz), 5.18 (IH, dd, H-2, 7=2.4 and 8.0 Hz), 5.22 (IH, bd, 
H-1' , 7=9.2 Hz), 6.72 (IH, d, H-8, 7=7.0 Hz), 6.82 (IH, s, H-
5), and 6.94 (IH, d, H-7, 7=7.0 Hz); IR(neat) v 2900, 1490, 
1210, 1150, 890, and 840 cm"1. Found: m/z 246.1611. 
Calcd for C16H22O2: M, 246.1617. 

cw-2-Ethoxy-6-methyl-4-[(£)-styryl]chroman (3k): mp 
119.0—120.5 °C; *HNMR (270 MHz) (CDCI3) 6=1.24 (3H, t, 
OCCH3, 7=7.3 Hz), 2.01 (IH, ddd, H-3a, 7=6.3, 7.3, and 13.5 
Hz), 2.24 (3H, s, Me-6), 2.26 (3H, ddd, H-3e, 7=2.6, 6.6 and 
13.5 Hz), 3.6—3.7 (IH, m, H-4), 3.63 (IH, dq, OCHMe, 
7=9.6 and 7.3 Hz), 4.00 (IH, dq, OCHMe, 7=9.6 and 7.3 Hz), 
5.22 (IH, dd, H-2, 7=2.6 and 6.3 Hz), 6.36 (IH, dd, H-1' , 
7=8.9 and 15.5 Hz), 6.54 (IH, d, H-2', 7=15.5 Hz), 6.77 (IH, 
d, H-8, 7=8.6 Hz), 6.93 (IH, s, H-6), 7.07 (IH, d, H-5, 7=8.6 
Hz), and 7.2—7.4 (5H, m, ArH); IR(KBr) v 2900, 1490, 1210, 
1140, 1020, 900, 820, 750, and 690 cm"1. Found: m/z 
294.1614. Calcd for C20H22O2; M, 294.1618. 

6,6,9-Trimethyl-6a,7,8,9,10,10a-hexahydro-6H-dibenzo-
[6,d]pyran (6g). Ag20 (190 mg, 0.80 mmol) was added to a 
solution of 2g (200 mg, 0.66 mmol) of diethyl ether (15 ml). 
The reaction mixture was stirred for 36 h and then filtered 
through Cerite. The filtrate was concentrated and the oil 
chromatographed on a column using 10% CH2Cl2-hexane as 
eluent to give 6g (55 mg, 36%): 1U NMR (270 MHz) (CDCI3) 
6=0.90 (IH, q, H-10a, 7=12.2 Hz), 0.99 (3H, d, Me-9, 7=6.6 
Hz), 1.08 (IH, m, H-7 or 8), 1.14 (3H, s, Me-6), 1.1—1.2 (IH, 
m, H-7 or 8), 1.39 (3H, s, Me-6), 1.30—1.40 (IH, m, H-6a or 
9), 1.63 (IH, m, H-6a or 9), 1.82 (2H, m, H-7' and 8'), 2.45 
(2H, m, H-10e and 10a), 6.76 (IH, dd, H-4,7=1.3 and 8.2 Hz), 
6.82 (IH, ddd, H-2, 7=1.3, 8.1, and 9.4 Hz), 7.08 (IH, s, H-3, 
7=0.8, 8.1, and 8.2 Hz), and 7.23 (IH, dd, H-1, 7=0.8 and 9.4 
Hz); 13CNMR (270 MHz) (CDCI3) 6=20.35 (q), 21.15 (q), 
27.80 (t), 28.23 (q), 32.69 (d), 35.00 (t), 35.74 (d), 39.74 (t), 
46.98 (d), 77.47 (s), 117.25 (d), 119.70 (d), 125.62 (s), 126.14 
(d), 127.40 (d), 153.40 (s).17> 

ci5-2-Ethoxy-6,7-methylenedioxy-4-[(£)-styryl]chroman 
(3c). Acetone (3 ml), ethyl vinyl ether (3 ml), 2c (70 mg, 
0.21 mmol) and Ag20 (60 mg, 0.25 mmol) were combined. 
The reaction mixture was stirred for 72 h and filtered 
through Cerite. The filtrate was concentrated in vacuo 
and the oil chromatographed on a column using 20% 
CH2Cl2-hexane as eluent. 6,7-Methylenedioxy-2-phenyl-
2H-chromene (8c)13) (24 mg, 44%) was first eluted followed 
by the chroman 3c in the ratio ca. 1:1. 3c had the follow­
ing characteristics: mp 92.0—93.9 °C; *HNMR (270 MHz) 
(CDCI3) 6=1.25 (3H, t, OCCH3, 7=7.3 Hz), 1.97 (IH, ddd, 
H-3a, 7=6.1, 7.3, and 13.7 Hz), 2.23 (IH, ddd, H-3e, 7=2.4, 
6.8, and 13.7 Hz), 3.57 (IH, ddd, H-4, 7=6.8, 7.3, and 9.2 Hz), 
3.62 (IH, dq, OCHMe, 7=9.7 and 7.3 Hz), 3.97 (IH, dq, 
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OCHMe, /=9.7 and 7.3 Hz), 5.18 (IH, dd, H-2, /=2.4 and 6.1 
Hz), 5.85 (2H, s, OCH20), 6.36 (1H, dd, H-l ' , J=9.2 and 15.4 
Hz), 6.42 (1H, s, H-8), 6.51 (1H, d, H-2', /=15.4 Hz), 6.60 
(1H, s, H-5) and 7.2—7.4 (5H, m, ArH); IR(KBr) v 2950, 
1480, 1250, 1160, 1040, 940, 750, and 700 cm"1. Found: mlz 
324.1361. Calcd for C20H20O4; M, 324.1362. 

We wou ld like to thank Mrs. H i roko Suezawa for 
measur ing 90 MHz N M R spectra, and the staffs of 
Odawara Research Center of N i p p o n Soda Co., Ltd. 
for the measurement of mass and 270 MHz N M R 
spectra. 
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In the selective a-cleavage cycloaddition of oxiranes with heterocumulenes catalyzed by tetraphenylstibo­
nium iodide, the direction of oxirane fission at first stage is not significant, while the difference of reaction 
behaviors of two antimony alkoxide intermediates (Ph4SbOCH2CH(R1)I and Ph4SbOCH(R1)CH2I), insertion 
of heterocumulenes and cyclization to original oxiranes, is responsible for the unusual selectivity. 

Recently, we reported the unusua l cycloaddition 
promoted by te t raphenyls t ibonium iodide, where 
monosubst i tu ted oxiranes added to isocyanates or car-
bodiimides via a selective cleavage at the substituted 
site (a-cleavage) of oxirane r ings, p roduc ing 3,4-
disubsti tuted oxazolidine derivatives (1) (Eq. I).1* 

P h 4 S b l 
+ R^-N=C=Z . 

7 
. R 1 R1 

z z 

1 

T h e results are summarized in Table l.la»c) T h i s type 
of cycloaddition has not been achieved by us ing con­
ventional catalysts which predominant ly gave 3,5-
disubsti tuted derivatives 2 instead of 1.2) Some at­
tempts to produce 3,4-disubstituted 2-oxazolidinones 
by us ing l i t h ium bromide3 ) or a l u m i n i u m trichloride4) 
resulted in failure, part icularly even in the case of 
a l u m i n i u m trichloride expected to cleave oxirane 
r ings at the a-site effectively due to its h igh Lewis 
acidity. T h u s it appears unreasonable why tetraphen­
yls t ibonium iodide plays as a peculiar and active 
catalyst under very mi ld condi t ions inspite of its low 
acidity and non ion ic character.5) We now wish to 
discuss the mechanist ic investigations of this u n i q u e 
catalytic cycloaddition of oxiranes wi th heterocumu­
lenes; isocyanates and carbodiimides. 

Table 1. Cycloaddition of Oxiranes with Heterocumulenes Catalyzed 
by Tetraphenylstibonium Iodide 

Entry 

1 
2 
3 
4 
5 
6 
7 
ga) 
9 

10b) 

11 
12c) 

13d) 

14e) 

15f) 

R1 

Me 
Me 
Me 
Me 
Et 
Et 
Et 
Et 
Ph 
PhOCH2 

Et 
Et 
Me 
Me 
MeOCH2 

V7 + R2-NCZ 
0 

R2 

Ph 
P-C1C6H4 

p-MeOC6H4 

Bu 
Ph 
Ph 
Ph 
CH2=CHCH2-
Ph 
Ph 
Tsg) 

Ph 
Ph 
Ph 
Ph 

Ph^Sbl 

Z 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
N-Ph 
N-Ph 
N-Ph 

/-TR 1 Rl 

Z 
1 

Solv. 

CH2C12 

CH2C12 

CH2C12 

CH2C12 

CH2C12 

PhH 
THF 
CH2Br2 

PhH 
CH2Br2 

CH2C12 

CH2C12 

PhH 
PhH 
PhH 

V 
z 
2 

VR2 

Yield 

% 

100 
89 
72 

100 
100 
86 
85 
81 
86 

100 
100 

0 
97 
84h) 

86 

Ratio 

1 : 2 

80: 20 
65: 35 
88: 12 
81: 19 

100: 0 
78: 22 
79: 21 

100: 0 
99: 1 
91: 9 
0:100 
— 

100: 0 
41: 59j) 

100: 0 

Oxirane/heterocumulene/Pli4SbI=20/10/l mmol, 40 °C, solv. 5 mL, isocyanate was added 
dropwise for 1 h and carbodiimide was added at one portion, a) 80 °C. b) 90 °C. 
c) Catalyzed by Ph4SbOTf. d) 15 h. e) Catalyzed by Ph4SbBr, 110 h. f) 38 h. 
g) p-Toluenesulfonyl. h) Isolated yield, i) Determined by 1H NMR. 
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Results and Discussion 

T h e r ing cleavage reaction of oxiranes at the a-site 
is generally considered to take place under acidic 
condit ions and to follow a "borderl ine S N 2 " mecha­
nism.6) N o reaction, however, was promoted by 
te t raphenyls t ibonium triflate7) hav ing an extremely 
lower nucleophi l ic an ion species than tetraphenyl­
s t ibonium iodide (Entry 12).8) Generally, the selec­
tivity order in a-cleavage of oxiranes with hydrogen 
halides (HX) as typical acid reagents is known to be 
X = C l > B r > I . 6 ) O n the contrary, the selective forma­
tion of 1 is inherent in te t raphenyls t ibonium iodide 
(Entries 13 and 14). Moreover, te t raphenyls t ibonium 
iodide isn ' t s t rong Lewis acid as ment ioned above. 
These results indicated that this unusua l cycloaddi­
t ion of oxiranes can not be expained only by "border­
line S N 2 " mechanism. 

O n the other hand , the reaction mechanism of the 
cycloaddition of oxiranes with heterocumulenes by 
free-anion catalysts such as quar ternary a m m o n i u m 
salts and l i th ium salts is though t as follows (Scheme 
1)9) and 3,5-disubstituted 2-oxazolidinones are formed 

V + x" "O-^v-X 

H O ^ \ ^ - X + Ph4SbOMe 

X = B r , CI 

[Ph 4 SbO-

t ion catalyzed by te t raphenyls t ibonium iodide, where 
the intermediacy of an t imony ß-iodo alkoxides was 
formed, occurred under the similar condit ions. 
Accordingly, it seems reasonable that the equ i l ib r ium 
between oxiranes and an t imony ß-iodo alkoxides is 
facilely established in different from the cases of quar­
ternary a m m o n i u m and l i th ium salts. From these 
results and conceptions, we speculated that the reac­
tion behaviors of an t imony ß-iodo alkoxides con­
trolled the specific cycloaddition of oxiranes catalyzed 
by te t raphenyls t ibonium iodide, a l though two types 
of an t imony ß-iodo alkoxides, that is, a-cleavage ones 
3 (Ph 4 SbOCH 2 CH(R 1 ) I ) and ß-cleavage ones 4 (Ph4-
SbOCH(R 1 )CH 2 I ) are formed in the first step. First, 
the reactivity of an t imony ß-halo alkoxides in cycliza-
tion was examined (Eqs. 3 and 4) and the clear differ­
ence between both isomers was observed. T h e low 
reactivity of an an t imony alkoxide compared wi th 
l i th ium one was also confirmed in the reaction wi th 
diphenylcarbodi imide (Eqs. 5 and 6), because l i th ium 

"CKV-X + YOZ 

z 

"Y^O-V-X 
T 
Z 

V . x -
z 

Scheme 1. 

E t 
" V ^ C l + Ph4SbOMe 

OH 

4 0 ° C , 3 h 

CHoC-L o 

Et 

"V7 
0 

64 % 
(3) 

selectively. First step, where a ß-halo alkoxide is 
obtained from an oxirane and a free hal ide ion, is 
known to be slow. T h i s difficulty of oxirane cleav­
age requires drastic condit ions in the case of conven­
t ional catalyst systems. Al though no counter cation 
is not taken in to considerat ion at all in this free-anion 
mechanism, the role of te t raphenyls t ibonium moiety 
must be impor tan t because bo th the a n t i m o n y -
iodine5) and an t imony-oxygen bonds1 0 ) are highly 
covalent no t to be dissociated in to ions in organic 
solvents especially. Indeed, the h igh reactivity of 
te t raphenyls t ibonium iodide as a catalyst indicated 
the facile formation of an t imony ß-halo alkoxide, 
which was unaccountable by a s imple nucleophi l ic 
attack of the iodide ion wi thout the par t ic ipat ion of 
te t raphenyls t ibonium moiety. Consequently, it seems 
that this cycloaddition proceeds in three steps like 
as free-anion mechanism, that is, oxirane cleavage, 
insert ion of heterocumulenes and r ing closure to 
cycloadducts. O n the other hand , our current report 
revealed that an t imony ß-halo alkoxides were readily 
transformed in to the corresponding oxiranes (Eq. 
2 ) . n ) Both cyclic ether formation and the cycloaddi-

E t 
"N^^OH + Ph4SbOMe 

CI 

4 0 ° C , 3 h E t , 

CH 2C1 2 * v I» (4) 

Ph 4 SbOPr + Ph-N=C=N-Ph 

r t , 2 h H+ Ph-NH OPr 

- T 
THF N 

(5) 

Ph 39 % 

LiOPr + Ph-N=C=N-Ph 

r t , 2 h H+ Ph-NH OPr 

• T 
THF N (6) 

Ph 87 % 

ß-halo alkoxides are though t to be formed in the 
cycloaddition us ing l i th ium halides as a conventional 
catalyst.9) T h i s result proved that the insertion of 
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Ph, Ph.SbO-^i 
Et 

R2-NCZ I 

|Ph,Sb-N-C-(xÀl l 
R2Z 
5 

R2-NCZ 

I R1 -. 
Ph-Sb-N-C-O-k^I 

L A2 4 J 

/ -< 
W 

z 
1 

I 
I 

- Ph^Sbl 

1 7 M 

FTZ 
6 

z 

Scheme 2. 

heterocumulenes to antimony alkoxide isn't facile in 
contrast with the cycloaddition by conventional cata­
lysts.9) Moreover, it is plausible that reactivity of 
antimony alkoxides 3 to insertion of heterocumulenes 
is higher than that of antimony alkoxides 4, perhaps 
because a primary alkoxide is more active than the 
secondary one. From these informations, we propose 
the reaction mechanism of the cycloaddition of oxi-
ranes with heterocumulenes catalyzed by tetraphenyl­
stibonium iodide as shown in scheme 2. 

In the first step, non selective cleavage of oxiranes 
occurs and two types of antimony alkoxides 3 (a-
cleavage) and 4 (ß-cleavage) are produced. Both 
higher reproducible ability to original oxiranes and 
lower nucleophilicity of 4 would be responsible for 
little formation of antimony carbamates 6. On the 
other hand, antimony alkoxides 3, which would be 
hardly transformed into oxiranes, would readily react 
with heterocumulenes to afford antimony carbamates 
5, producing 3,4-disubstituted oxazolidine derivatives. 
Consequently, even though the fission of oxirane 
rings by tetraphenylstibonium iodide at the first stage 
might be ß-cleavage preferential,12) 3,4-disubstituted 
cycloadducts 1 via a-cleavage were obtained selec­
tively. The most significant factor of the formation 
of 1 is not the direction of oxirane cleavage but the 
difference in reaction behaviors of two antimony 
alkoxides 3 and 4, and the former react with hetero­
cumulenes and the latter reproduce starting oxiranes. 
Specifically higher selectivity in the reaction with 
carbodiimides can be explained by the idea that the 
difference of two antimony alkoxides in reaction 
behaviors would be exactly distinguished by moder­
ate electrophilicity of carbodiimides. As the high 
electrophilicity of acid chloride, however, led to 
unclear distinction of two antimony alkoxides, a ß-
cleavage product was obtained in a considerable selec­
tivity (Eq. 7). 

Dichloromethane was the most suitable solvent for 
the selective formations both of 3,4-disubstituted 2-
oxazolidinoneslc) and of the oxirane formation from 

V—y + Phcoci + Ph 4 sb i 
60°C, 19 h 

PhH 

Et 

PhC-O^N^I 
II 
0 

+ PhC-O^V-3 
II I 

(7) 

Me, 

0 Et 
15 % 28 % 

.Me Me 
o o ph4SbI „ rX > - \ 
Y 80X26 h, PhH V > h + V S h (8) 

N^ 0 0 Ph 

\ ~ 7 + R?NC0 
0 

0 % 71 % 

,R1 

V 
VI 

- û — 0 y N . R 2 ( 9 ) 

0 

ß-halo alkoxides as previously reported.11) We 
rationalized this result as promoting the oxirane 
reproduction from antimony ß-iodo alkoxides by this 
solvent. The worse selectivity of 1 in the reaction 
using tetraphenylstibonium bromide as a catalyst 
(Entry 14) is due to lower ability of antimony ß-bromo 
alkoxides to reproduce oxiranes, permitting the reac­
tion of 4 with heterocumulenes. 

The reaction with isocyanates has another problem 
in the cyclization step. 2-Oxazolidinones have been 
reported to be formed via the rearrangement of 1,3-
dioxolan-2-imines (7) as well, the formation of which 
is irrespective of the direction of oxirane cleavge.2a) 

However, as shown in Eq. 8, the resulting selective-
isomerization of 4-substituted l,3-dioxolan-2-imines 
to 3,5-disubstituted 2-oxazolidinones excluded this 
possibility of producing 1 from 7 (Eq. 9). Therefore, 
it was suggested that 3,4-disubstitued ones 1 are 
obtained by direct cyclization of 5, which the possibil­
ity of the formation of 3,5-disubstituted ones 2 from 5 
can be also proposed. A little contamination of 2 in 
the reaction of isocyanates is partly due to this rearran­
gement from l,3-dioxolane-2-imines in addition to the 
higher electrophilicity of isocyanates than carbodiim­
ides. In the case of electron-withdrawing substitu-
tent isocyanates, especially £>-toluenesulfonyl isocya-
nate, the lower nucleophilic attack of nitrogen atom 
leads to the intramolecular O-alkylation in 5 gives a 
l,3-dioxolan-2-imine selectviely (Entry 11), while the 
path via 6 is still important. However, in the case of 
carbodiimides, the lack of the rearrangement also 
makes it possible to form 3,4-disubstituted 2-oxa-
zolidinimines exclusively. 

In conclusion, tetraphenylstibonium iodide-cat­
alyzed cycloaddition of oxiranes with heterocumu­
lenes consists of three steps, that is, ring opening of 
oxiranes, insertion of heterocumulenes and cycliza-
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t ion of an t imony carbamates. T h e difference in the 
reaction behaviors between an t imony alkoxides 3 (a-
cleavage) and 4 (ß-cleavage) is the most decisive factor 
and the selectivity of r i ng cleavage direction of oxi-
ranes is no t so significant as to be thought . T h e 
preferential reaction of 3 wi th heterocumulenes more 
than 4 leads to the specific a-cleavage cycloaddition. 
Al though the detailed investigation is necessary, as 
te t raphenyls t ibonium par t was confirmed to play an 
effective role in oxi rane r i n g cleavage,12) the mildness 
of reaction condit ions was due to " p u l l and p u s h " 
effect of te t raphenyls t ibonium moiety and anionic 
iodide. 

Experimental 

Melting points were obtained by using a Yanaco Micro-
melting point apparatus and are uncorrected. The IR spec­
tra were recorded on a Hitachi 260-30 spectrometer using 
potassium bromide pellets or KRS-5 cells. Mass spectra 
were obtained on a JEOL JMS-DX303 mass spectrometer. 
The « N M R and 13CNMR spectra were performed on 
Hitachi R-90H. Analytical GLC was performed on a Shi-
madzu GC-8A with FID. Elemental analyses were per­
formed by the section on elemental analysis in our depart­
ment. 

All oxiranes were freshly distilled from calcium hydride. 
Isocyanates were commercial ones and used without further 
purification. All carbodiimides, tetraphenylstibonium 
iodide, tetraphenylstibonium bromide,lc) tetraphenylstibo­
nium triflate7) and tetraphenylstibonium propoxide14) were 
produced according to described methods. 

General procedures for the preparation of 3,4-di-
substituted 2-oxazolidinones and 3,4-disubstitued 2-oxa-
zolidinimines are refered to our previous report.10) 

The Reaction of Tetraphenylstibonium Propoxide and 
Lithium One with Diphenylcarbodiimide. To a solution 
of tetraphenylstibonium propoxide (0.49 g, 1 mmol) in 5 
mL of dry T H F was added diphenylcarbodiimide (0.20 g, 1 
mmol) successfully at ambient temperature under nitrogen. 
The reaction mixture was stirred at room temperature for 2 
h. The solution was chromatographed over silica gel by 
using benzene as an eluent to give the product, N,N'-
diphenyl-O-propylisourea (0.10 g, 39%). The reaction of 
lithium propoxide prepared from 1-propanol and butylli-
thium was performed in a similar manner and the yield was 
87% (0.22 g). 

The Formation of Ethyloxirane from 2-Chloro-l-butanol 
and l-Chloro-2-butanol. The reaction and determination 
were carried out by the described procedure.11) 2-Chloro-l-
butanol was obtained from the reduction of 2-chlorobutanal 
by lithium aluminium hydride. l-Chloro-2-butanol was 
prepared from the reaction of ethyloxirane and trimethyl-
silyl chloride,15) followed by desilylation. 

The Reaction of Ethyloxirane with Benzoyl Chloride in 
the Presence of Tetraphenylstibonium Iodide. To a solu­
tion of ethyl oxirane (0.43 g, 6 mmol) and tetraphenylstibo­
nium iodide (1.02 g, 2 mmol) in 5 mL of dry benzene was 
added benzoyl chloride (0.28 g, 2 mmol) at room tempera­
ture under nitrogen. The mixture was stirred at 60 °C for 
19 h. After the removal of volatiles under reduced pres­
sure, the residue was subjected to silica-gel column chroma­

tography and nearly pure products were obtained (eluted by 
benzene). Yields were determined by GLC. 

The Isomerization of 4-methyl-l,3-dioxolan-2-imine. 
To a solution of 4-methyl-l,3-dioxolan-2-imine (0.27 g, 1.5 
mmol) prepared by the described method16) in 3 mL of dry 
benzene was added tetraphenylstibonium iodide (0.084 g, 
0.15 mmol) at room temperature under nitrogen atmo­
sphere. The resulting mixture was stirred at 80 °C for 26 h. 
After the removal of volatiles, the residue was subjected to 
active alumina column Chromatograph (eluted by benzene). 
Identification was achieved by « NMR and the yield was 
determined by GLC. 

3-(£-Tolylsulfonyl)-5-ethyl-l,3-oxazolidin-2-one. Mp 
105—107 °C (benzene-hexane); IR (KBr) 1760 cm' 1 (C=0); 
MS m/z 269 (M+). « NMR (CDCk) ô=0.97 (t, 3H, /=7.0 
Hz), 1.03—1.95 (m, 2H), 2.48 (s, 3H), 3.63 (dd, 1H, /=7.5 and 
8.6 Hz), 4.14 (t, 1H, /=7.5 Hz), 4.25—4.65 (m, 1H), 7.20— 
7.50 (m, 2H), 7.75—8.10 (m, 2H); "CNMR (CDCk) 6=8.34 
(q), 21.51 (q), 27.12 (t), 49.10 (t), 75.60 (d), 127.86 (d), 129.66 
(d), 133.80 (s), 145.48 (s), 151.51 (s); Found: C, 53.48; H, 5.51; 
N, 5.13%. Calcd for C12H15O4NS: C, 53.52; H, 5.61; N, 
5.20%. 

tyN'-Diphenyl-O-propylisourea. Bp 157 °C (0.01 mmHg) 
(Kügelrohr); IR (neat) 1660 cm"1 (C=N); « N M R (CDCI3) 
0=1.05 (t, 3H, /=7.5 Hz), 1.60—2.05 (m, 2H), 4.36 (t, 2H, 
7=6.3 Hz), 5.65—6.10 (m, 1H), 6.75—7.50 (m, 10H); 
13CNMR (CDCI3) 6=10.75 (q), 22.15 (t), 68.49 (t), 120.45 (d), 
122.83 (d), 129.08 (d), 138.53 (s), 147.83 (s), 149.96 (s). 

2-Chloro-l-butanol. Bp 68 °C (36 mmHg); IR (neat) 
3330 cm-1 (O-H); « N M R (CDCk) <5=1.07 (t, 3H, 7=6.8 
Hz), 1.65—2.40 (m, 3H), 3.60—4.85 (m, 3H). 

l-Chloro-2-butanol. Bp 57 °C (30 mmHg); IR (neat) 
3320 cm"1 (O-H); « N M R (CDCk) <5=1.00 (t, 3H, 7=7.5 
Hz), 1.35—1.90 (m, 2H), 2.19 (d, 1H, 7=4.8 Hz), 3.30—4.20 
(m, 3H). 

l-(Iodomethyl)propyl Benzoate. Oil; IR (neat) 1720 cm - 1 

(C=0); « N M R (CDCI3) 6=1.00 (t, 3H, 7=7.8 Hz), 1.60— 
2.20 (m, 2H), 3.45 (d, 2H, 7=5.5 Hz), 4.65—5.15 (m, 1H), 
7.10—7.80 (m, 3H), 7.80—8.3 (m, 2H); 13CNMR (CDCI3) 
0=7.97 (t), 9.37 (q), 27.21 (t), 73.68 (d), 127.43 (s), 128.16 (d), 
129.47 (d), 132.83 (d), 165.30 (s). 

2-Iodobutyl Benzoate. Oil; IR (neat) 1720 cm"1 (C=0); 
« N M R (CDCI3) 6=1.06 (t, 3H, 7=7.8 Hz), 1:60—2.20 (m, 
2H), 4.10—4.50 (m, 1H), 4.50—4.7 (m, 2H), 7.10—7.80 (m, 
3H), 7.80—8.35 (m, 2H); 13CNMR (CDCI3) 6=13.76 (q), 
29.74 (t), 32.91 (d), 68.95 (t), 127.43 (s), 128.16 (d), 129.47 (d), 
132.83 (d), 165.30 (s). 

4-Methyl-l,3-dioxolan-2-imine. Bp 120 UC (0.01 mmHg); 
IR (neat) 1710 cm"1 (C=N); « N M R (CDCI3) 6=1.35—1.6 
(m, 3H), 4.00 (t, 1H, 7=7.0 Hz), 4.35—5.05 (m, 2H), 6.70— 
7.70 (m, 5H). 

Th i s work was suppor ted by the Grant- in-Aid for 
Scientific Research No. 62550613 from the Ministry of 
Educat ion, Science and Cul ture . 
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Thermal Behavior and Characterization of Some 2-Oxazolidinone Derivatives^ 

Choichi ro SHIMASAKI,* Shuichi HAYASE, Atsuko MURAI, J u n k o TAKAI, 
Eiichi TSUKURIMICHI, and Tosh iak i YOSHIMURA 

Faculty of Engineering, Toyama University, Gofuku, Toyama-shi 930 
(Received October 30, 1989) 

Four kinds of 2-oxazolidinone derivatives, (1) [5-phenoxymethyl-3-phenylcarbamoyl-2-oxazolidinone (la), 
2,4-bis(2-oxo-3-oxazolidin-3-ylcarbonylamino)toluene (lb), N,N/-bis(2-oxo-3-oxazolidin-3-ylcarbonyl)-l,6-
hexanediamine (lc), and l,4-bis(3-phenylcarbamoyl-2-oxo-5-oxazolidin-5-ylmethoxy)benzene (Id)], were pre­
pared with the addition of 2-oxazolidinone, 5-phenoxymethyl-2-oxazolidinone (2), and l,4-bis(2-oxo-5-
oxazolidin-5-ylmethoxy)benzene (3) to mono- or diisocyanates by using Af,Af-dimethylformamide or benzene as 
solvents and l,4-diazabicyclo[2.2.2]octane as a catalyst. Compound 1 was found to be thermally stable by 
thermal analysis. DSC curves of these compounds revealed an endothermic peak due to melting, except for Id 
which was obtained from 3. The main fragmentation mechanism by electron impact for 1 was. found to consist 
of two processes: simple cleavage and a rearrangement reaction. Further, each process was followed by 
cleavage modes. The proportion of fragment ions containing the benzene ring in the main fragmentation was 
greater than 80%. From the DTA-TG/DTG curves, the difference between El-cleavage and thermal decompo­
sition for la was elucidated. 

Linear macromolecules with a pendan t 2-oxazoli­
d inone r ing have been extensively investigated.2) 
However the polymers con ta in ing 2-oxazolidinone 
rings in their ma in chains have scarcely been investi­
gated, probably because of experimental difficulties. 
Recently, Ishikawa et al.3) developed a new synthetic 
method for the 2-oxazolidinone derivatives (1). Four 
kinds of 1 were synthesized with the addi t ion of 2-
oxazolidinone, 5-phenoxymethyl-2-oxazolidinone (2), 
and 1,4-bis(2-oxo-5-oxazolidin-5-ylmethoxy )benzene 
(3) to mono- or diisocyanates. The i r structual for­
mula are shown below. 

T h e r m a l analysis has been used main ly to examine 
the thermal behavior of these compounds . In the 
present study, the pyrolysis process for these com­
pounds was examined in order to carry out further 
studies for the appl ica t ion of 2 as a thermally stable 
plasticizer. Both 1H or 13C N M R and mass spectros­
copy were used to determine the structure and the 
ma in fragmentat ion by electron impact . T h e pyroly­
sis mechanism is also discussed. 

Exper imenta l 

Materials. All chemicals were of analytical grade and 
were used without further purification. Compound 2 was 
prepared as described by Henkel.4) Compound 3 was 
obtained by reacting tris(2,3-epoxypropyl)isocyanurate with 
hydroquinone in the presence of an alkali catalyst.1'3) 
Compounds 2 and 3 were recrystallized twice in water and 
an acid medium of glacial acetic acid. 

Preparation of Compounds. All compounds were pre­
pared by methods described in the literature,3) or analogous 
methods. By way of example, Id was synthesized by the 
following method. Compound 3 (2.0 g), phenyl isocyanate 
(1.5 g), and l,4-diazabicyclo[2.2.2]octane(0.14 g) were dis­
solved in 30 ml N,N-dimethylformamide; the mixture was 
reacted under nitrogen atmosphere at 90 °C for six hours. 
The filtrate was distilled under reduced pressure, and the 
soluble residue was removed by extraction with small quan­

tities of ethanol. Compound Id was further purified by 
crystallization twice from N,N-dimethylformamide-water 
(1:1). Compounds 2 and 3 were prepared by a reaction of 
tris(2,3-epoxypropyl)isocyanurate with phenol and hydro-

1 a 5-Phenoxymethyl-3-phenylcarbamoyl-2-oxazolidinone 

oTj^NHiÇÏNHÇ-N^b 

l b 2 ,4-Bis(2-oxo-3-oxazol id in-3-ylcarbonylamino) to luene 

Q^^NH-{CH2)6-NHÇ-N'r> 
8 0 0 Ö 

le N,N -Bis(2-oxo-3-oxazolidin-3-ylcarbonyl)-1,6-hexanediamine 

Id 1,4-Bis(3-phenylcarbamoyl-2-oxo-5-oxazolidin-5-ylmethoxy)benzene 

/-vCH20^O> 
HN^O 

ii 

0 
2 -5-phenoxymethyl-2-oxazolidinone 

/ - ^ C H 2 0 ^ œ H 2 7 - x 
HN^O 0\/NH 

ii i 

0 0 
3 1,4-bis(2-oxo-5-oxazolidin-5-ylmethoxy)benzene 

Chemical Formula. 



April, 1990] Thermal Characterization of 2-Oxazolidinone Derivatives 1075 

Table 1. Physical Properties of la, lb, le, and Id 

Formula (Mol. wt.) 
Elemental analysis C 
Found (Calcd)/% H 

N 
Melting point/ °C 
IR spectra/cm -1 vc=0 

^NH 
Mass spectra (70 eV, m/z M+) 

la 

C17H16N2O4 (312.33) 
65.29 (65.38) 

5.21 ( 5.16) 
8.96 ( 8.97) 

141.9—144.5 
1765 
3240 

312 

Compound 

lb 

C15H16N4O6 (348.31) 
52.42 (51.72) 
4.72 ( 4.63) 

15.62 (16.09) 
206.0—207.0 

1740 
3260 
348 

lc 

C14H22N4O6 (342.35) 
49.21 (49.11) 

6.53 ( 6.48) 
16.22 (16.37) 

126.0—128.5 
1745 
3350 
342 

Id 

C28H26N4O8 (546.52) 
60.33 (61.53) 
4.97 ( 4.80) 

10.24 (10.25) 
210.0—220.0 

1745 
3260 
(308)a) 

a) The M+ is not detectable and the value in parentheses indicates the maximum m/z. 

quinone in the presence of sodium hydroxide as a catalyst in 
a refluxing solution of N,N-dimethylformamide. As shown 
in Table 1, the purity of the compounds was checked by 
elemental analyses of carbon, hydrogen, and nitrogen and 
by IR and/or NMR. 

Measurements. Thermal analysis was performed by 
using a Rigaku Denki TG-DTA and TG-DSC apparatus in 
air at a heating rate of 5 °C min"1. TG-TRAP-GC/MS and 
TG-MS were carried out with the Shimadzu combined sys­
tem in stationary helium gas at a heating rate of 10 °C 
min - 1 . The IR spectrum was recorded on an Nihon Bunko 
IR-810 using the KBr-disc method. The mass spectrum 
was taken with an ionization potential of between 20 and 70 
eV using a JEOL-JMS-D300. The 1U and 13C NMR spectra 
were obtained at room temperature for a chloroform-d and 
dimethyl-^6 sulfoxide solution containing 1% te trame thylsi-
lane (TMS) as the internal standard. A JNM-FX 90, Four­
ier transform spectrometer was used for the measurement of 
1H and 13C NMR, respectively. 

The melting points were determined on a Mitamura 
micromelting apparatus without correction. Preparative 
TLC was carried out on silica gel (Kieselgel 60, Merck A. G., 
Darmstadt). Elemental analysis was performed by the Ana­
lytical Center at the Faculty of Pharaceutical Science at 
Toyama Medical and Pharmaceutical University. 

Results and Discussion 

Thermal Analysis. Figure 1 shows the DSC and 
T G curves for 1, as determined at a heat ing rate 5 °C 
m i n - 1 . T h e DSC curves for la exhibited two endo­
thermic peaks; for l b , lc , and Id there were three and 
four endothermic peaks. T h e second endothermic 
peak for la and both the second and third for l b was 
due to thermal decomposi t ion; this was confirmed by 
T G . O n the other hand, the DSC curve for Id exhib­
ited four endothermic peaks. T h e first three peaks 
comprise two mel t ing points wi th a transition. T h e 

Table 2. Heat of Fusion of 1 

Compound Mp/°Ca ) Heat of fusion 
/k jmol" 1 

la 
lb 
lc 
! , (Form-I 

IForm-II 

142.7 
206.3 
127.6 
202.0 
229.0 

12.9 
5.2 
8.9 

10.1 
5.1 

a) DSC peak temperature. 
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Fig. 1. DSC and TG curves of 1. 
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fourth peak is due to thermal decomposit ion. T h e 
T G curves show that the pyrolysis process for l a take 
places in one stage and for l b , lc , and Id in two stages. 
T h e heat of fusion for 1 was evaluated as shown in 
Tab le 2. 

T h e problem is now discussed from a slightly differ­
ent po in t of view. T h e DSC measurements of the 
first three peaks for Id are carried out by the following 
three methods in which the samples are sealed in an 
a l u m i n u m pan: 

A) T h e powder sample was firmly loaded in to an 
a l u m i n u m pan and then hermetically sealed with a 
jack. 

B) T h e powder sample was firmly loaded in to an 
a l u m i n u m pan. 

C) T h e powder sample was lightly loaded with the 
aid of a special holder in to an a l u m i n u m pan (the 
usual packing method). 

Wi th an increased pack ing density the leakage of 
decomposi t ion gas decreased in method (A). As 
shown in Fig. 2, the temperature of the thermal 
decomposi t ion varies wi th the self-generated atmos­
phere formed by the decomposi t ion gas because of the 
decomposi t ion and recombinat ion process. T h e 
change in the pressure of the self-generated atmos­
phere had no influence on the temperatures for the 
three endothermic peaks. 

T h e heat ing-cool ing cycle process was measured 

200 
Temp./'C 

Fig. 2. Effect of different packings on the DSC curve 
of Id. 

wi th a DSC appara tus over the temperature range 
from 30 to 230 °C. In the first process, three endo­
thermic peaks were observed for the DSC curve of Id. 
After the first heat ing-cool ing process, E D I and ED2 
disappeared and only the ED3 peak remained. 

T h e kinetic analysis of the thermal decomposit ion 
was carried ou t according to the Ozawa method.5 ) 

T h e sample was l ightly loaded with the aid of a 
special holder in to an a l u m i n u m pan. T h e r m a l 
decomposi t ion was studied at hea t ing rates of 2.5, 5.0, 
10.0, and 20.0 °C min" 1 . According to the Ozawa 
theory the weight loss (0) at constant heat ing rate is 
expressed by the following equat ion: 

d=AE/aR-P(AE/RT), (1) 

where AE is the activation energy, a the heat ing 
rate, and R the gas constant. Also, in the case 
6 0 > A £ / # T > 2 0 , 

log P (AE/RT) = - log a - 0A56AE/RT. (2) 

From plots of the logar i thms of the heat ing rate versus 
the reciprocal of the absolute temperature for the 
given residual weight, the activation energy was 
obtained by the slope of the straight lines. Figure 3 
shows plots for la . Linear relat ionships were also 

Table 3. Kinetic Data for the Thermal Decomposition 
Process of 1 

Compound A£/kJmol-

la 

lb 

lc 

(First stage 
1 Second stage 

, , (First stage 
1 Second stage 

138.9 
260.2 
174.8 
143.5 
97.8 

148.3 

0.999 
0.935 
0.690 
0.984 
0.961 
0.985 

a) Linear correlation coefficient. 
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WW 
x j _ 
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1000/T, K"1 

2.0 

Fig. 3. Plots of logarithms of heating rate versus the 
reciprocal of absolute temperature for the given 
conversation of pyrolysis of la. 
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obtained for lb, lc, and Id during the initial stage of 
the thermal decomposition process in the TG curve. 
The results are summarized in Table 3. 

Mass Spectra. The thermal decomposition process 
may be directly predictable from the corresponding 
mass spectra. Measurements of the mass spectra are 
the same at from 10 to 75 eV. The low-resolution 
mass spectra for la, lb, lc, and Id are shown in Fig. 4. 
These spectra indicate that the M+ peak is present for 
all samples, except for Id. These observed fragment 
ions of the low-resolution mass spectra for each com­
pound in Fig. 4 were confirmed by high-resolution 
mass spectral data for the identification of m/z, its 
corresponding elemental composition, and the proba­
ble molecular structure. The detailed cleavage mech­

anism for 1, except lc,1* is unknown at present. The 
main cleavage mechanism for 1, except lc, is shown in 
Schemes 1, 2, and 3. 

To obtain the relative intensity of the raw peak 
height of the fragment ion, the ion of largest intensity 
in the spectrum is selected. The intensity of this ion 
peak is called the base peak intensity. The base peaks 
for la and Id appeared at m/z 119 due to phenyl 
isocyanate, for lb at m/z 174 due to (CgH6N202)+, and 
for lc at m/z 143 due to (C5H7N203)+. The peaks at 
m/z 91 and 64 for la and Id are the results of the ions 
from those base peaks. 

In Scheme 1, the first process involves the shifting of 
electrons. After the formation of the M+ ion at m/z 
312, the well-known McLafferty rearrangement leads 

-CH20-^P> 
NH-C-N 0 

0 V 

0 (1A) M/z 312 

NCO 

M/Z 119 

f 
CH2-CH-CH2 

)N 

M/Z 91 

(O) 
M/z 64 

0 
M/z 99 

HN 0 
V 
« 
0 

M/Z86 

Scheme 1. 

Hv 
1 

CH20 

M/z 94 

M/z 193 

[ H O © ] * [cH30<g>f 
M/z 108 

100-

50-1 56 64* 

100. 

50 H 

^100. 

50 H 

100-

50 H 

1A 

193 

312(MT) 

87 

IB 

348(MT) 

59 

70 

168 212 

J I 

lc 

342 (MT) 
I 

I 
100 

119 
ID 

209 

r 
200 

I 
300 400 

M/Z 

Fig. 4. Low resolution mass spectra (from m/z 50 to 
500 at 20 eV.) of 1. 

O v NH 

f—\ fOTCf^ r-\ 

Y ÔÛ HÖ Y 
0 

dB) M/z 348 

M/z 87 

rCHo 

0 Ô H M/Z 261 

kNCO 

ÇH2-ÇH2 

0 — W . 
J Û ; C H 3 
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Scheme 2. 
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( Ç ^ N H Ç - N ^ O 

0 

/ - T -CH 2 0-<O)HXH2- r ^ 
OWN-ÇNHHQ> 
V 

II 

0 
(ID) M/Z 546 

^ 

® N C O ] ^ < 0 ) N + 

M/Z 119 M/Z 91 

*@ 
M/Z 64 

r-nrc^o^ocHa-T—x 
HN v 0 0VNH 

o o 
M/z 308 

H O ^ O + 

M/z 109 

HO-^ -OCty - j—\ 
OyNH 

0 
M/z 209 

Scheme 3. 

to two species at m/z 193 and 119. The former frag­
ment ion splits into many species, such as m/z 86, 94, 
99, 100, and 108. 

After the formation of the M+ ion at m/z 348 in 
Scheme 2, the cleavage of the M+ ion follows to 
produce ions at m/z 87 (oxazolidinone) and m/z 261. 
The former fragment ion leads to the species at m/z 
59. The formation of the fragment ion at m/z 261 
occured by a McLafferty rearrangement. This frag­
ment ion splits into an ion at m/z 146 via an ion at 
m/z 174. 

As shown in Scheme 3 for Id, the intense fragment 
ion at m/z 308 is characteristic for 3. After the loss of 
C4H5NO2, the cleavage produces a fragment ion at 
m/z 209. The simple cleavage of the O-CH2 bond 
between the benzene ring and the oxazolidinone ring 

of this ion leads to a species at m/z 109. 
Tandem Thermogravimetric Analyzer-Gas Chro-

matograph-Mass Spectrometer System. To investi­
gate the thermal decomposition processes which cause 
the DTA and the TG curves over the range from 200 to 
500 °C for la, the TG-TRAP-GC/MS (Method-A) and 
the TG-MS (Method-B) were carried out in stationary 
He. For Method-R, the effluent gas from TG was 
directly introduced into a mass spectrometer. How­
ever, in many cases the TG effluent gas was composed 
of various components. The identification of less 
abundant components became increasingly difficult. 
In addition, a quantitative estimation of the constitu­
ents is very difficult. Another approach is to collect 
the pyrolysis products and to then analyze this col­
lected material by GC. This method has been ap-

M5TH0D-B 

M/Z 

119(XI) 

27(X50) 

43(X50) 

93(X10) 

25.0 
RETENTION TIME/MIN 

r 
5.0 10.0 15.0 

RETENTION TIME/MIN 

r 
20. 

Fig. 5. Mass chromatogram of the decomposition products of la 
TG-TRAP-GC/MS (Method-A) and TG-MS (Method-B). 

with 
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Fig. 6. Chemical species of pyrolysis(I) and main 
fragment ion by the electron impact(II) for la. 

pl ied to the analysis of thermal degradat ion prod­
ucts.6) Figure 5 shows a mass chromatogram of the 
liberated decomposi t ion products of la , wi th Method-
A and B, respectively. T h e thermally degraded prod­
ucts of l a from both methods consist of a complex 
mixture of about six components : H C N , H N C O , 
C 6 H 5 NH 2 , C 6 H 5 O H , C 6 H 5 C H O , and C 6 H 5 NCO. 
These components were identified by measur ing the 
mass spectrum of the liberated gas from the pr inc ipa l 
por t ion of the weight loss on the T G curve between 
200 and 250 °C. T h e peak at m/z 119 due to 
C O H Ö N C O was the most intense. T h e chemical spe­
cies of l a by thermal decomposi t ion was compared 

with those of the fragment ions of l a by electron 
impacts (Fig. 6). T h i s figure indicates that the cleav­
age mechanism between the two degradation processes 
differs from one another. 

We thank Mr. Yoshiharu Yoneyama for the N M R 
measurements and Miss Misao Shinoda for the Mass 
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Preparation of Optically Pure (3S,5S)- and (3£,5£)-2,6-
Dimethyl-3,5-heptanediol 
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Optically pure 2,6-dimethyl-3,5-heptanediol (1), a new chiral auxiliary, has been prepared by the enantio-
differentiating hydrogénation of 2,6-dimethyl-3,5-heptanedione over tartaric acid-NaBr-modified Raney nickel 
catalyst (TA-NaBr-MRNi), and the preferential recrystallization of the hydrogénation product. Absolute 
configuration of 1 was determined to be 3S, 5S by the chemical correlation with (—)-ethyl (S)-3-hydroxy-4-
methylpentanoate. 

This report deals with a facile preparation of opti­
cally pure (3S,5S)- and (3ft,5#)-2,6-dimethyl-3,5-
heptanediol(l), promising chiral auxiliaries for 
enantio- and diastereo-differentiating reactions. The 
characteristics of 1 are the presence of bulky isopropyl 
groups on its chiral centers and its nonhygroscopic 
nature. Thus, 1 is expected to be a more efficient and 
handy chiral auxiliary than (2R,4R)- and (2S,4S)-2,4-
pentanediol (PD) which have been developed by our 
group and commercialized.l) The excellence of 1 as a 
chiral auxiliary has been proved by our preliminary 
study on diastereo-differentiating Simmons-Smith 
reaction.2) 

OH OH OH OH 

( 3 S , 5 S ) - 1 ( 3 R , 5 R ) - 1 

Results and Discussion 

The preparation procedure of an optically pure 1 
consists of the enantio-differentiating hydrogénation 
of 2,6-dimethyl-3,5-heptanedione(2) over tartaric acid-
NaBr-modified Raney nickel (TA-NaBr-MRNi)1) 
and the subsequent enantiomeric and diastereomeric 
purification of the hydrogénation product by conven­
tional recrystallizations from ether. 

The starting material 2 was prepared from methyl 

isobutyrate and methyl isopropyl ketone by Claisen 
condensation.3^ Carefully purified 2 was hydrogen-
ated over TA-NaBr-MRNi under the same conditions 
employed for the preparation of PD from 2,4-
pentanedione. The hydrogénation of 2 proceeded in 
two steps, via 5-hydroxy-2,6-dimethyl-3-heptanone (3) 
as an intermediate. The second step of hydrogéna­
tion was found to be much slower than the first step 
and the reaction time to complete the reduction was 5 
to 10 times longer than that in the case of PD. 

The hydrogénation of 2 over (JR,JR)-TA-NaBr-
MRNi gave a levorotatory hydrogénation product as a 
mixture of (3R*,5R*)-1 and (3i?*,5S*)-l (meso isomer) 
in a ratio of 80 to 20. Two to three successive recrys­
tallizations of the reaction product from diethyl ether 
gave optically and diastereomerically pure (—)-
(3i?*,5i?*)-l as colorless needles. The overall yield of 
(-)-(3R*,5R*)-l was 25 to 30% based on 2. The opti­
cal purity of this compound was proved both by 
HPLC analysis with an asymmetrically modified 
column and by NMR with a chiral shift reagent, (+)-
Eu(hfmc)3. 

Optically pure (+)-(3i?*,5i?*)-l was also obtained 
by the same procedures as described above except for 
the use of (S,S)-TA-NaBr-MRNi instead of (R,R)-
TA-NaBr-MRNi as the catalyst. 

The absolute configuration of (—)-(3i?*,5i?*)-l was 
assigned to be 3S,5S by the chemical correlation as 
shown in Scheme 1. That is, (—)-ethyl 3-hydroxy-4-
methylpentanoate(4), prepared by hydrogénation of 
ethyl 3-oxo-4-methylpentanoate with (R,R)-TA-

OR OR 

OEt 
a , b 

OH-

OR 

d , e 

OR OH 

4 R=H 

5 R=MEM 

6 R=MEM 7 R=MEM 8 R=MEM 

1 R=H 

a:MEMCl,i-Pr EtN,CH CI ; b:LAH,ether; c:PCC,CH CI ; d:i-PrMgBr,ether ; 

Scheme 1. 
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N a B r - M R N i , was converted to the 2-methoxy-
ethoxymethyl(MEM) ether(5) which was reduced by 
l i t h ium a l u m i n u m hydride to give alcohol (6) in 55.2% 
yield. Oxida t ion of 6 wi th P C C followed by the 
addi t ion of the Gr ignard reagent prepared from iso-
propyl b romide and magnes ium afforded 8. T h e 
deprotection of the MEM group in 8 wi th perchloric 
acid in aqueous T H F gave (—)-l and meso-1 in a rat io 
of 96.2 to 3.8. Since the absolute configurat ion of 
(+)-4 has been assigned to be R by chemical correla­
t ion wi th (—)-(#)-dihydrotubaic acid,4) absolute con­
figuration of (—)-l was assigned to be 3S,5S and that of 
(+) - l was 3R,5R. 

Exper imenta l 

All the temperatures are uncorrected. NMR and IR spec­
tra were taken with a JEOL GX-400 spectrometer and a 
JASCO IR-810 spectrometer. Optical rotation was mea­
sured with a JASCO DIP-360 Polarimeter. Analytical GLC 
was conducted with a Shimadzu GC-6A gas Chromatograph 
using 3m-3mm i.d. glass column packed with 5% NPGS on 
Shimalite W. Preparative MPLC was carried out with a 
Lobar column (Lichroprep-Si 60, MERCK) using a Waters 
R403 refractometer as a detector. Analytical HPLC was 
conducted with a Waters HPLC system using Chiro Pack 
O T + column (Daicel Chemical Industries, Ltd.). All 
chemicals except 2,6-dimethyl-3,5-heptanedione(2) and 
ethyl 3-oxo-4-methylpentanoate were obtained from com­
mercial sources. 

2,6-Dimethyl-3,5-heptanedione(2). This was obtained 
from methyl isobutyrate and methyl isopropyl ketone by the 
reported method,3) and distilled twice (bp 78—80°C/16 
mmHg; 1 mmHg«133.322 Pa) 

TA-NaBr-MRNi. This was prepared from 38 g of 
Raney alloy (Ni/Al=42/58, Kawaken Fine Chemicals Co.) 
by the method reported before except for modification 
temperature (90—95°C).1> 

Hydrogénation of 2. In an autoclave (1000 ml capacity) 
were introduced 102 g of 2, 220 ml of THF, 2 ml of acetic 
acid, and (R,R)-TA-NaBr-MRNi prepared above. The 
autoclave was charged with hydrogen to a pressure of 100 
kg cm - 2 and the mixture in the autoclave was kept at 100 °C 
for a week with shaking. After cooling the autoclave and 
evacuation of hydrogen, contents of the autoclave was taken 
out and filtered. Evaporation of solvent from the filtrate 
gave 101 g of colorless solid. 

Analysis of Hydrogénation Products. A small portion of 
the product was subjected to MPLC separation over silica 
gel to afford (3R*,5R*)-1 and (3R*,5S*)-1, whose yields were 
66% and 16%, respectively. Reaction intermediate^) was 
also isolated in 17% yield ([a]g )=-29.8° (c 1.0, methanol), 
59% e.e. of S). The e.e. value of (3R*,5R*)-1 fl>]g>=-53.9° 
(c 1.0, methanol)) isolated by the MPLC was determined to 
be 85% by both the HPLC analysis and the *H NMR mea­
surement of its derivatives. 

(3S,5S)-2,6-Dimethyl-3,5-heptanediol (1). A major por­
tion (99 g) of the hydrogénation product was recrystallized 
three times from 200 ml each of ether to give (3S,5S)-1 as 
colorless needles (28.7 g, 29% yield based on 2), mp 89— 
91 °C, Found: C, 67.01; H, 12.59%. Calcd for C9H20O2: C, 
67.45; H, 12.58%, [a]g )=-64.50 (c 1.0, methanol). IR(KBr) 

3360, 2980, 2920, 1410, 1390, 1040 cm"1; 1HNMR(CDC13) 
0=3.65 (m, 2H, CH-OH), 2.13 (brs, 2H, OH), 1.70 (m, 2H, 
CH-CH3), 1.60 (m, 2H, CH2), 0.93 (d, J=1A Hz, 12H, CH3). 
The optical purity of this sample was determined to be over 
99.5% by two following methods. 

HPLC Analysis of the Optical Purity of 1. Dibenzoate 
derived from 1 was purified by MPLC and subjected to 
HPLC analysis on Chiro Pack O T + column(supplied by 
courtesy of Daicel Chemical Industries, Ltd.) with a mixture 
of MeOH-EtOH (1:2) as an eluent (5°C, 0.5 ml min-1). 
Dibenzoate of (3S,5S)-1 had a longer retention time (49.7 
min) than that of (3R,5R)-1 (32.6 min). 

MPLC Analysis of the Optical Purity of 1. The sample 
was acetylated with acetic anhydride (1 equiv) in pyridine 
and the monoacetate was isolated by MPLC on silica gel 
(hexane : ethyl acetate=9 :1 ). *H NMR spectra of a solution 
of the monoacetate in CDCI3 was measured in the presence 
of (+)-Eu(hfmc)3. The signal due to the acetyl group of 
(3S,5S)-enantiomer was appeared in a lower field than that 
of (3i?,5R)-enantiomer on the addition of the shift reagent. 

(3Ä,5Ä)-2,6-Dimethyl-3,5-heptanediol (1). The hydro­
génation product of 2 over (S,S)-TA-NaBr-MRNi was 
recrystallized by the same procedure as above to give opti­
cally pure (+)-(3H,5R)-l, [a]g> =+64.5° (c 1.0, methanol). 

Partial Oxidation of (3S,55)-1. A mixture of 478 mg of 
(3S,5S)-1 (67% e.e.), 720 mg of PCC and 20 ml of dichloro-
methane was stirred and the reaction was monitored by thin-
layer chromatogram. When a new compound, 3, became a 
major component, saturated aqueous solution of sodium 
hydrogencarbonate was poured into the reaction mixture. 
The crude mixture was subjected to MPLC separation over 
silica gel to afford 186.7 mg of (-)-3 (39.6% yield); [a]g> = 
-33.8° (c 1.0, methanol). *HNMR and IR spectra were 
consistent with those of the compound in a literature.5) 

(—)-Ethyl (S)-3-Hydroxy-4-methylpentanoate (4). This 
was obtained from ethyl 3-oxo-4-methylpentanoate by the 
reported method.6) [a]g>=-14.3° (c 0.3, methanol), bp 79— 
80 °C/5 mmHg. The enantiomeric purity was determined 
to be 80% e.e. by NMR analysis of its methyl ester using (+)-
Eu(hfmc)3. 

(—)-(S)-3-(2-Methoxyethoxymethoxy)-4-methyl-l-pentanol 
(6). Into a solution of 1.60 g of (—)-ethyl (S)-3-hydroxy-4-
methylpentanoate(4) and 3.5 ml of iV,A/-diisopropyl-
ethylamine in 100 ml of dichloromethane was added drop-
wise 1.75 ml of 2-methoxyethoxymethyl chloride at room 
temperature and the solution was kept stirring overnight. 
The reaction mixture was treated with water and ether with 
shaking. The separated ether layer was washed with brine, 
dried over Na2S04 and concentrated under reduced pressure 
to give 2.71 g of an oily residue. The solution of 2.61 g of 
the residue in 15 ml of ether was added drop wise to a 
suspension of 293 mg of lithium aluminum hydride in 29 ml 
of ether at room temperature and stirred vigorously for 30 
minutes. The reaction mixture was treated with ethyl ace­
tate and saturated solution of Na2S04 was added dropwise 
till the slurry became clear. The solution was taken out by 
décantation, washed with brine, dried over Na2S04 and 
concentrated to give 2.93 g of crude product. This was 
subjected to column chromatogram separation to obtain 
1.14 g of 6 (55.2% yield from 4), [a]g>=-24.6° (c 1.14, 
methanol). IR(neat) 3450, 2950, 2870, 1465, 1385, 1365, 
1200, 1100, 1040, 925 and 845 cm"1. « N M R (CDCI3) 
0=4.79 (d, /=6.9 Hz, 1H, 0 - C H 2 - 0 ) , 4.74 (d, /=6.9 Hz, 1H, 
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O-CH2-O), 3.9—3.83 (m, 1H, CH-OCH2), 3.9—3.75 (m, 
IH, CHaHbOH), 3.73-3.66 (m, 1H, CHaHbOH), 3.67-3.62 
(m, 2H, OCH2CH2O), 3.6—3.55 (m, 2H, OCH2CH2O), 3.40 
(s, 3H, OCH3), 2.82 (t, /=6.2 Hz , IH, OH), 1.95—1.85 (m 
IH, CH-CH3), 1.8—1.7 (m, IH, CHaHbCH2OH), 1.65—1.55 
(m, IH, CHaHbCH2OH), 0.90 (d, 7=7.0 Hz, 3H, CaH3CH), 
0.90 (d, 7=6.8 Hz, 3H, CbHCH). 

(—)-(S)-3-(2-Methoxyethoxymethoxy)-4-methylpentanal 
(7). To a solution of 1.14 g of 6 in 75 ml of dichloro-
methane was added 11.13 g of powdered molecular sieves 3A 
and then 2.16 g of PCC. The mixture was kept stirring for 
2 hours. The reaction mixture was filtered and the filtrate 
was washed with saturated solution of NaHC03 and with 
brine, dried over Na2S04 and concentrated to give 812.4 mg 
of crude 7. This was subjected to MPLC separation to 
afford 597.4 mg of 7 in 53.1% yield, [«]g>=-26.30 (c 1.01, 
CHCI3). IR(neat) 2960, 2880, 1730, 1470, 1390, 1370, 1280, 
1240, 1200, 1170, 1105, 1040, 930, 850 cm"1. ^ N M R 
(CDCb) 6=9.81 (dd, 7=2.9, 1.5 Hz, IH, CH=0), 4.78 (d, 
7=7.3 Hz, IH, OCHaHbO), 4.75 (d, 7=7.3 Hz, IH, 
OCHaHbO), 4.0—3.95 (m, IH, CH-O), 3.75—3.6 (m, 2H, 
OCH2CH2O), 3.56—3.52 (m, 2H, OCH2CH2O), 3.38 (s, 3H, 
OCH3), 2.60 (ddd, 7=16.1, 8.1, 2.9 Hz, IH, CHaHbCH=0), 
2.49 (ddd, 7=16.1, 4.0, 1.5 Hz, IH, CHaHbCH=0), 2.0—1.9 
(m, IH, CH-CH3), 0.92 (d, 7=7.0 Hz, 3H, CaH3-CH), 0.92 (d, 
7=6.6 Hz, 3H, CbH3-CH). 

(—)-(S)-5-(2-Methoxyethoxymethoxy)-2,6-dimethyl-3-heptanol 
(8). To a solution of 597.4 mg of 7 in 8 ml of ether was 
added 6 ml of 1 M ethereal solution of Grignard reagent 
prepared from isopropyl bromide and magnesium turnings. 
After stirring for ten minutes, the reaction mixture was 
treated with saturated solution of NH4CI. The ethereal 
extract was washed with brine, dried over Na2S04 and 
concentrated to give 519.6 mg of crude 8, 71.5% yield. 

(3S,5S)-2,6-Dimethyl-3,5-heptanediol (1) from 8. A solu­
tion of 508.6 mg of the crude 8, 112 ml of THF, 24 ml of 70% 
aqueous solution of HCIO4 and 24 ml of water was kept 
stirring for 1.5 hours. The reaction mixture was poured 
into saturated solution of NaHC03 and extracted with ether. 
The ethereal layer was washed with brine, dried over Na2S04 
and concentrated to give 262.3 mg of a residue. A part of 
the residue was subjected to the capillary GLC analysis 
(PEG 20M, 25 m) to determine that a ratio of (3R*,5R*)-1 
and meso-l was 96.2 to 3.8. This was subjected to the 
MPLC separation to obtain 68.6 mg of levorotatory 1 (20.9% 
yield, [a]g>=-41.3° (c 1.03, methanol). 

We especially thank to Dr. T . Shibata, Daicel 
Chemical Industries, L T D for the instruct ion of the 
H P L C condi t ions . We also thank to Dr. Y. Inoue at 
Himej i Inst i tute of Technology for the helpful 
discussion. 
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Circuit resonance energy CE defined by Aihara is one of indices for local aromaticity. The CE for a circuit 
of a polycyclic conjugated molecule is calculated from the roots of the reference polynomial and circuit 
characteristic polynomial. It is reported that there exist polycyclic conjugated molecules which have identical 
reference polynomials and identical circuit characteristic polynomials and thus identical circuit resonance 
energies. 

Since 1972 when Clar published a book1* "The 
Aromatic Sextet" it became evident that aromaticity is 
not a global property of polycyclic conjugated 
molecules, but that an aromatic character can be 
associated with particular rings of the conjugated 
systems. A large number of topological indices for 
measuring the local aromaticity have been proposed,2) 
among which the circuit resonance energy plays a 
significant role. Within the framework of the 
topological resonance energy (TRE) theory3* circuit 
resonance energy was defined in two different 
manners: by Aihara4) and by Gutman and Bosanac.5) 

In both of these approaches the circuit resonance 
energy of a given circuit Cn, CE(Cn), is a measure of 
the contribution of the circuit to the TRE of the 
respective molecule. Since the stability of a 
(poly)cyclic conjugated molecule (which can be 
predicted from the TRE value of the molecule) obeys 
the generalized Hückel 4n+2 rule,6) it is desirable that 
circuit resonance energies also obey similar rules. 
Unfortunately the circuit resonance energies 
calculated by the method of Gutman and Bosanac5) for 
some hydrocarbons violate the Hückel rule. On the 
other hand one of the authors7) has recently shown 
that the CE's defined by Aihara strictly obey the 
Hückel rule. Moreover the same author extended the 
notion of CE to Möbius-type circuits and proved that 
4n+2 rules apply to these circuits as well. 

The actual relation between TRE and the circuit 
resonance energies is nowadays not completely 
understood. The ideal case would be if TRE could 
be represented as a sum of the pertinent circuit 
resonance energies. However, in reality the situation 
is somewhat more complicated, because TRE depends 
not only on effects of individual circuits but also on 
collective effects of pairs, triplets etc. of circuits. 
Only for monocyclic systems TRE coincides with 
circuit resonance energy. Anyway, the circuit 
resonance energy can be interpreted as the part of TRE 
which originates from the respective circuit of the 
conjugated system considered. 

The present paper is concerned with Aihara's cir­
cuit resonance energy. Until now it has not been 
reported that there exist topologically nonequivalent 

conjugated systems having identical circuit resonance 
energies. Here we point out a whole class of such 
conjugated systems. 

The Main Results 

Let G be a graph representing the Tt-electron net­
work of a polycyclic conjugated molecule without 
bond alternation. Denote the reference polynomial 
of G in the topological resonance energy theory3* by 
R(G;X). This polynomial is also called the matching 
polynomial and can be expressed in the form 

R(G;X) = 2 (-1)* m(G,k) X"-**, (1) 
k 

where N is the number of vertices of the graph G and 
where m(G,k) denotes the number of &-matchings of 
G. The circuit characteristic polynomial for a circuit 
Cn in G, P(G/Cn;X), is expressed in terms of reference 
polynomials as 

P(G/Cn;X) = R(G;X) - 2#(G0Cn;X), (2) 

where G©C n is a subgraph of G obtaind by deleting 
all the vertices in Cn and edges incident to Cn from 
G.7) The second term on the right-hand side of Eq. 2 
represents the contribution of the circuit Cn- The 
reference polynomial R(G;X) has no contribution 
from any circuit. Circuit resonance energy of the 
circuit Cn defined by Aihara is given by 

CEA(Cn) = 2 gjXj(P(G/Cn) - 2 gjXj(R(G)), (3) 

where X/(P(G/Cn)) and Xj(R(G)) denote the /- th roots 
of P(G/Cn,X) and of R(G;X), respectively and gj is the 
occupation number of the /- th MO. 

If two graphs G' and G" satisfy the following two 
equations at the same time 

P(G';X) = R(G";X) and P(GVC';X) = P(G"/C";X), 

i.e. 

R(G';X) = R(G";X) andP(G'0C';X) = P(G"eC";X), (4) 

where C'and C" are circuits in G' and in G", then we 
have 

CEA(C in G') = CEA(C" in G"). 

We now find graphs which satisfy Eq. 4. 
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Z(Vj) 

Fig. 1. Graph Z(Vy). 

Consider a molecular graph Z(Vj) shown in Fig. 1, 
which is constructed as follows. Let X be a graph 
possessing p vertices v\, V2,"", vp which satisfy 

R(X - Vl) = R(X - v2) = - = R(X - vp). (5) 

Let Y be another graph and vo its certain vertex. 
Denote the set {v\, vi, ••••, vp} by V. Let VJ={VJV Vj2, ••••, 
Vjq} be a certain ^-element subset of V. Construct the 
graph Z=Z(Vy) by connecting the vertex vo of Y with 
the vertices Vjv v]2, —, Vjq of X. Hence q new edges are 
to be introduced; they are denoted by e\, e2, •••, £<?, 
respectively. 

Proposition I. Suppose that q is a fixed number. 
Then the reference polynomial of Z is the same for all 
choices of the subsets Vy. Moreover 

R(Z) = R(X)>R(Y)-qR(X-v)'R(Y-v0), (6) 

where v is an arbitrary element of Vy. 
Proof of Proposition I. Denote by G1UG2 the graph 

composed of two disconnected components Gi and 
G2. Recall that Ä(GiUG2)=Ä(Gi)-Ä(G2). Divide 
the Ä-matchings of Z(Vy) as follows: 

a) The matchings which do not contain the edges e\, 
£2, •••£<?; there are m(XUY,k) such matchings. 

b) The matchings which contain one of the edges e\, 
£2, •••£<?, say ei\ these matchings cannot contain the 
edges ei, ei, —£j-i, ei+i, eq, their number is equal to 
m(Z—vj— vo,k—1 )=m(X—VJ}JY—vo,k— 1 ). 

Consequently 

m(Z,k) = m(XUY,k) + 'Em(X-VitUY-vo,k-l). (7) 

When substituted into Eq. 1 relation 7 gives 

R(Z) = R(XUY) - 2 R(X - VjPY- vo). (8) 

1=1 

Now 

R(XUY) = R(X)-R(Y), 

R(X-vjlUY-v0) = R(X-vji)-R(Y-vo). 
Since the vertices from Vy satisfy Eq. 5, Proposition I 
follows. 

Proposition Ha: Suppose that q^3. Let Ci be a 
circuit of Z(\j) containing (among others) the vertices 

vo, Vjx and Vj2. Then Z©Ci is independent of the 
choice of the vertices Vj3, —, Vjq. 

Proof of Proposition Ha. If we delete from Z(Vj) the 
vertices of the circuit C\ then we also must delete all 
edges of Z incident to vo. This means that Z©Ci dose 
not contain the edges £3, ***, eq and therefore the actual 
choice of the vertices Vj3, —, Vjq is immaterial. 

Proposition lib: Suppose that q^2. Let C2 be a cir­
cuit containing (among others except the vertex vo) all 
the vertices satisfying Eq. 5. Then Z©C2 is in­
dependent of the choice of the vertices of the subset Vy. 

This proposition should be evident from the 
definition of the circuit C2. 

Thus we found that a series of graphs derived from 
Z(Vy) satisfy Eq. 4. Therefore Propositions I and Ha 
lead to Proposition Ilia, and Propositions I and lib to 
Proposition Illb. 

Proposition Ilia: The circuit Ci has identical CEA 
for all the graphs of the form Z(Vy). 

Proposition Illb: The circuit C2 has identical CEA 
for all the graphs of the form Z(Vy). 

Equation 4 is a necessary condition for non-
isomorphic molecules to have identical circuit 
resonance energies. So, as a result of the sum of Eq. 
3, molecules not belonging to Z(Vy) may have 
identical circuit resonance energies even if they don't 
satisfy Eq. 4. But these molecules may not have 
identical circuit resonance energies when they are in 
ionic state. Molecules represented by Z(Vy) have 
identical circuit resonance energies even when they are 
in ionic state because they have identical reference 
polynomials and identical circuit characteristic 
polynomials. This is a significance of the finding of 
molecules represented by Z(Vy). 

The fact that circuits in different molecular graphs 
can have equal circuit resonance energies reveals that 
CEA depends on some, but not on all details of the 
molecular structure. It infers that structural features 
other than the size of the circuit have a relatively small 
influence on CEA. This may be considered as the 
chemically most relevant conclusion of the present 
work. By finding distinct conjugated systems with 
equal CEA's we demonstrated that the theory of 
circuit resonance energy has reached a level when the 
dependence of CEA on molecular structure is almost 
fully understood. 

Examples 

One can construct arbitrarily many graphs 
belonging to the class Z(Vy). In actual applications 
of the propositions proved above the concept 
"equivalent vertices" is very useful. The vertices v\, 
V2, —, vp of a graph X are said to be equivalent if 
X—vi=X—V2=""=X—vp. These vertices , of course, 
satisfy Eq. 5. 

Some typical examples of molecular graphs 
belonging to class Z(Vy) are depicted in Fig. 2. 
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a l b | a | b 
a) I a I b | k^J 

G1 G 2 G 3 

b) 

Fig. 2. Some molecular graphs belonging to the 
class Z(V;). 

a) Graphs Gl, G2, and G3. In this case X is the 
[ll]annulene graph, Y is the inner vertex and q=3; 
each six-membered circuit in these graphs corresponds 
to the circuit Ci in Proposition Ha and each circuit 
b+c also corresponds to the circuit Ci; each peripheral 
circuit corresponds to the circuit C2 in Proposition lib 
because the peripheral circuits contain all the 
equivalent vertices in the [ll]annulene graph. 
Therefore, it is seen from Proposition Ilia that the six-
membered circuits in the graphs Gl, G2, and G3 have 
identical CEA's, the circuits b+c have identical CEA's 
and from Proposition Illb that the peripheral circuits 
have identical CEA's. 

b) Graphs G4 and G5. In this case X is the 
naphthalene graph, Y is one vertex, and q=2; each 
circuit a+b in these graphs corresponds to the circuit 
C2 in the Proposition lib because the circuits contain 
all the equivalent vertices in the naphthalene 
graph. Therefore, from Proposition Illb it is seen 
that the circuits a+b in the graphs G4 and G5 have 
identical CEA's. 

c) Graphs G6, G7, and G8. In this case q=2 and 
the graph X is the graph G9 depicted in Fig. 3. In 
Fig. 3 also a set of equivalent vertices of G9 is 
indicated. We can find only the circuits corre­
sponding to the circuit C2. According to Proposition 
Illb it is seen that 

CEA(b+c in G6) = CEA(b+c in G7) = CEA(b in G8), (9) 

CEA(a+b+c in G6) = CEA(a+b+c in G7) 
= CEA(a+binG8), 

CEA(b+c+d in G6) = CEA(b+c+d in G7) 
= CEA(b+dinG8), 

(10) 

(11) 

CEA(a+b+c+d in G6) = CEA(a+b+c+d in G7) 

= CEA(a+b+dinG8), (12) 

The cases described above, of course, are not the 
only examples of non-isomorphic molecular graphs 
having identical circuit resonance energies. By 
appropriate combinatorial reasoning we can construct 
many other examples of this kind. 

Möbius-type Circuits 

The anti-Hückel rule8) states that stabilities of 
Möbius annulenes show opposite tendencies to those 
of Hückel annulenes. The graph representing a 
Möbius annulene is obtained by giving weight —1 to 
one edge in the (Hückel) annulene graph. The 
concept of Möbius annulene was extended to 
polycyclic conjugated molecules.9) Polycyclic Möbius 
graphs contain two types of circuits, Möbius-type and 
Hückel-type circuits. A circuit is said to be Hückel-
type if it contains an even number (or no) of edges 
with weight —1, Möbius-type if it contains an odd 
number of edges with weight —1.9> 

By giving weight — 1 to one of the edges in G9 one 
obtains various Möbius graphs. Figure 4 shows two 
of them, G10 and Gi l . For instance, in G10, three 
circuits a, a+b and a+b+c are Möbius-type whereas 
the other circuit b+c is Hückel-type. It should be 
noted that vertices which are equivalent in the 
(parent) Hückel graph need not be equivalent in the 
Möbius graph. As indicated in Fig. 4, the two 
Möbius graphs G10 and G i l have different sets of 
equivalent vertices from that of graph G9. It can be 
shown, however, that if some vertices of a Hückel 
graph G satisfy Eq. 5 then they satisfy Eq. 5 also in the 
case of any Möbius graph derived from G. Therefore 
the results of the previous two sections are 
immediately applicable to Möbius systems as well. 

If the circuit Cn is a Möbius-type circuit, then Eq. 2 
has to be replaced by7) 

P(G/C„;X) = Ä(G;X) + 2 R(GQCn;X). (13) 

The coefficients of the reference polynomial of a 
graph G remains to be the same even if some edges of 
G are weighted by — 1.9) This means that any Möbius 
graph, obtained from the parent graph by giving 
weight —1 to the set of certain edges, has the same 
reference polynomial as that of the parent graph.9) 
This observation leads to an important conclusion, 
namely that the statements of Propositions I, Ha, and 
lib (which hold for Hückel-type circuits) can be 

b I C 

G11 

Fig. 3. Graph G9. Fig. 4. Möbius graphs for graph G9. 
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-11 a | b / J d 

G 12 

-'033 
G14 

Fig. 5. Some Möbius-type graphs belonging to the 
class Z(Vj). 

straightforwardly extended to apply to Möbius-type 
circuits as well. This, on the other hand, implies 
that Propositions Ilia and Illb remain valid also if 
Z(Vj) is a Möbius graph. 

Consider one example of the application of the 
above result. When the graph G10 is chosen as X in 
Z(Vj) we have three Möbius-type polycyclic graphs, 
viz. G12, G13, and G14 depicted in Fig. 5; these should 
be compared with G6, G7, and G8, respectively. 

The graphs G12, G13, and G14 have identical 
CEA's shown by Eqs. 9—12. 

As an additional remark to the above discussion we 
note that in the case of polycyclic Möbius graphs it is 
quite easy to find examples with identical circuit 
resonance energies. Let G be a Hiickel graph and G' 
and G" be two Möbius graphs obtained from G by 
associating weights —1 to some of its edges. Then G' 
and G" satisfy Eq. 4. Bearing Eqs. 2 and 13 in mind 
we arrive at the conclusion that the CEA of a Hiickel 
circuit is the same in all Möbius graphs derived from a 
given parent (Hiickel) graph. The same holds for the 
CEA's of a Möbius circuit. For example, the circuits 

c in the graphs G9, G10, and G i l have equal CEA's. 
The same holds for the circuits a+b in the graphs G10 
and Gi l . 

Concluding this work we wish to point out the 
recently obtained rules7) for predicting the signs of 
Aihara's circuit resonance energies. These rules state 
that 

a) CEA of a (4n+2)-membered circuit is positive if 
the circuit is Huckel-type and negative if it is Möbius-
type; 

b) CEA of a (4n)-membered circuit is negative if the 
circuit is Hückel-type and positive if it is Möbius-type; 

c) CEA of an odd-membered circuit is positive 
regardless of the type of the circuit. 
Hence the sign of CEA can be predicted just by 
counting the number of vertices in the respective 
circuit. 
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The dielectric constants and losses of cyclopentanol (CPEN), cyclohexanol (CHEX), cycloheptanol 
(CHEP), and cyclooctanol (COCT) have been measured at frequencies from 1.35 to 4500 MHz over a 
temperature range of 10—35 °C. The absorption could be resolved into three Debye-like dispersion regions in 
liquid and solid states. The relaxation time of the first, low-frequency, dispersion region and viscosity for 
CHEX are slightly larger than those for CHEP. This observation can be connected with differences of the 
molecular geometry between a chair and a twisted chair form and an interconversion between an equatorial and 
an axial form. Upon solidification, the magnitude of the first dispersion region decreases from 12.67 in the 
liquid state to 10.25 in the solid state for CHEX and increases from 8.77 to 9.35 for COCT. A transformation 
from a linear chain polymer into a nonpolar cyclic polymer for CHEX and from a linear chain polymer into a 
chain dimer and trimer for COCT, occurs mainly upon solidification. The free energies of activation in the 
solid state are 26 kjmol" 1 for the first region, 23 kjmol" 1 for the second region, and 17 kjmol" 1 for the third 
region and are larger than those in the liquid state, respectively. 

U p o n solidification, in general, the equi l ib r ium 
dielectric constant decreases abrupt ly to a value aris­
ing from induced polar izat ion for polar l iquids , such 
as nitrobenzene,1) some ketones,2) and higher alkan-
ols.2'3) If polar groups are fixed randomly in the solid 
state u p o n solidification, the dipoles in the molecules 
cannot be oriented by an external appl ied field. 
Therefore, the cont r ibut ion of the dipoles to the di­
electric constant becomes very small or zero as an 
average value. However, there are many compounds , 
such as some benzene derivatives,4) ice,5) and cyclohex­
anol,6) whose dielectric constant does not decrease 
u p o n solidification. It is considered that the orienta­
tion of the dipoles can occur even in the solid state for 
these compounds , a l though the molecules cannot per­
form a t ranslat ional mot ion . T h i s information has 
been obtained from temperature dependence of the 
complex dielectric constants at low frequencies. 
There have been almost no reports on the Cole-Cole 
plot in the solid state. For alicyclic alcohols, more­
over, different values of the thermodynamic parame­
ters have been obtained by different methods.6 '7) 

We are s tudying hydrogen bondings and intermo­
lecular association in l iqu id alcohols.8-11) T h e coex­
istence of three dispersion regions has been found 
th rough wide-frequency measurements of dielectric 
constants and losses for the l iqu id state of pr imary, 
secondary, and tertiary alcohols. T h e three disper­
sion regions have been assigned to a linear chain 
polymer, a chain dimer and trimer, and a free mono­
mer. T h e concentrat ions of these three species and a 
nonpo la r cyclic polymer were evaluated by means of a 
modified Kirkwood-Fröhl ich equa t ion by mak ing use 
of the Kirkwood correlation factor and the l imi t ing 
low- and high-frequency dielectric constants for each 

t Present address: 207-52, Shirahata kami-cho, Kanagawa-
ku, Yokohama 221. 

dispersion. T h e existence of a nonpo la r cyclic poly­
mer was proved by adding 1-butanol to the more 
hindered octanol isomers. It is the purpose of the 
present work to investigate the dielectric relaxat ion 
processes of alicyclic alcohols and to compare a com­
posi t ion of a monomer and three associated species in 
the l iqu id and solid states for CHEX and COCT. 

Experimental 

Purification of Materials. The alicyclic alcohols were 
fractionally distilled twice under reduced pressure at a high 
reflux ratio.8) The middle portion was dried with a Molec­
ular Sieve 4A, and water removed by reflux under reduced 
pressure in a grease-free apparatus during about 3 hours, 
and distilled before use. The melting points are 25.3 °C for 
CHEX and 20.5 °C for COCT. These temperatures are 
slightly lower than 26.1 °C for CHEX measured by Adachi et 
al.6) and 22 °C for COCT measured by Shablakh et al.,7) 
respectively. 

Apparatus. The dielectric constants and losses were 
measured using three types of apparatus over a frequency 
range of 1.35—4500 MHz, as described in a previous paper.8) 

The refractive indices were measured using a Pulflich 
refractometer. The densities and viscosities were measured 
with a density meter of about 10 cm3 in volume and with an 
Ostwald viscometer, respectively. 

Results and Discussion 

T h e dielectric constants (£') and losses (s") for ali­
cyclic alcohols are shown in Fig. 1 as a function of 
frequency. T h e l imi t ing low-frequency dielectric 
constants (fi0) are 16.81, 16.19 (at 27 °C), 13.60, and 
11.77 at 25 °C for CPEN, CHEX, CHEP, and COCT, 
respectively. T h e s' decreases from the £o to about 2.7 
wi th increasing frequency. O n the other hand , the e" 
increases wi th increasing frequency. It reaches a 
m a x i m u m and then decreases wi th increasing fre­
quency. By assuming that the absorpt ion was the 
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Frequency / MHz 

Fig. 1. Dielectric constant s/ and loss e" as a function of frequency 
a t25°C(CHEXat27°C) 
O: CPEN, A: CHEX, • : CHEP, D: COCT. 

Table 1. Dielectric Parameters, Refractive Indices, Densities, 
and Viscosities for Four Alicyclic Alcohols 

Dielectric constant Relaxation time 
t d 77XIO3 

—— z1 T2 T3 n D 
°C £0 £1 ^2 £3 gcm-3 Nsm-2 

ps ps ps 

15 
25 
35 

10a) 

15a) 

20a) 

27 
30 
35 

15 
25 
35 

10a) 

15a) 

18a) 

19a) 

20a) 

20 
21 
22 
23 
25 
30 
35 

18.38 
16.81 
15.44 

16.94 
16.36 
15.75 
16.19 
15.84 
15.21 

15.08 
13.60 
12.30 

15.10 
14.70 
14.39 
14.36 
14.24 
12.40 
12.23 
12.11 
12.04 
11.77 
11.08 
10.59 

3.60 
3.58 
3.51 

4.71 
4.75 
4.90 
3.75 
3.75 
3.83 

3.63 
3.72 
3.90 

5.14 
5.11 
4.89 
4.78 
4.89 
3.63 
3.67 
3.75 
3.81 
3.77 
3.84 
3.94 

3.29 
3.31 
— 

3.58 
3.61 
3.67 
3.18 
3.20 
— 

3.06 
3.13 
3.35 

3.27 
3.30 
3.34 
3.36 
3.37 
3.09 
3.09 
3.17 
3.12 
3.08 
3.10 
— 

2.65 
2.66 
— 

2.99 
3.00 
3.02 
2.65 
2.64 
— 

2.65 
2.62 
2.86 

2.76 
2.82 
2.79 
2.81 
2.82 
2.70 
2.72 
2.73 
2.76 
2.67 
2.65 
— 

Cyclopentanol 
1421 113 
820 
488 

105 
— 

Cyclohexanol 
10340 2471 
7689 
5939 
1987 
1677 
1243 

1823 
1447 
1684 
1530 
— 

Cycloheptanol 
3882 218 
1997 
1068 

189 
190 

Cyclooctanol 
24260 5253 
17040 
12840 
11530 
10750 
5184 
4823 
4509 
4313 
3835 
2514 
2062 

3337 
2248 
2002 
2025 
384 
396 
464 
410 
267 
297 
— 

15.0 
14.3 
— 

175 
161 
155 
15.0 
14.7 
— 

19.2 
16.4 
— 

171 
162 
133 
135 
141 
56.2 
55.5 
65.5 
57.9 
27.0 
29.5 
— 

1.4556 
1.4516 
1.4478 

— 
— 

1.4648 
1.4627 
1.4608 

1.4799 
1.4759 
1.4720 

— 
— 
— 
— 
— 
— 

1.4863 
— 

1.4851 
1.4830 
1.4809 

0.9512 
0.9428 
0.9349 

— 
— 

0.9435 
0.9412 
0.9377 

0.9622 
0.9547 
0.9471 

— 
— 
— 
— 
— 
— 

0.9651 
— 

0.9628 
0.9587 
0.9549 

16.0 
10.4 
6.7 

— 
— 

53.3 
43.4 
32.4 

105 
53.6 
29.7 

— 
— 
— 
— 
— 
— 
189 
— 
149 
100 
70 

a) The data were measured in the solid state. 
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sum of several overlapping Debye-like dispersion 
regions as described for linear alcohols,8'9) experimen­
tal data in the liquid and solid states were resolved 
into three dispersion regions using a least-squares 
method. The dielectric parameters calculated are 
given in Table 1, together with the refractive indices, 
densities, and viscosities. 

Relaxation Time and Viscosity in the Liquid State. 
Table 1 shows that three relaxation times (TI_3) of 
CPEN, CHEX, CHEP, and COCT are much longer 
than those of normal alcohols from pentyl through 
octyl, respectively.8'12) The viscosities (17) of the 
former are also larger than those of the latter. It is 
considered that these observations can be attributed to 
a difference of the molecular geometry between the 
alicyclic and normal alcohols. For alicyclic alcohols, 
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Fig. 2. Relaxation time x\ and viscosity 77 as a func­
tion of molecular volume for CPEN, CHEX, 
CHEP, and COCT at 25 °C. 

the relaxation time (TI) of the first dispersion region 
are shown in Fig. 2 as a function of the molecular 
volume, together with 77 of the liquid. It is noticeable 
that both TI and 17 of CHEX are slightly larger than 
those of CHEP, as shown in Fig. 2, although the 
molecular volume (106 cm3 mol -1) of CHEX is less 
than that (120 cm3 mol"1) of CHEP. For normal 
alcohols from propyl through decyl,8'12) it is known 
that both Ti and 17 increase linearly with increasing 
molecular volume at room temperature. If it is 
assumed that both Ti and 17 increase with increasing 
molecular volume, the apparent molecular volume of 
CHEX must be slightly larger than that of CHEP in 
the dielectric relaxation and viscosity. As described 
by Shablakh et al.,7) CHEX in the liquid state exists in 
about 73% of the equatorial chair in dynamic equili­
brium with the axial chair. CHEP has probably a 
composition of 91% equatorial twisted chair, 8% axial 
twisted chair, and 1% twisted boat. More of CHEX 
exists in the axial form than CHEP and, therefore, an 
interconversion between the equatorial and axial 
forms occurs more extensively for CHEX than for 
CHEP. To exist in 91% equatorial twisted chair, 
CHEP has a flatter structure than CHEX. It is consi­
dered that the apparent molecular volume of CHEP is 
slightly less than that of CHEX because of the twisted 
skeleton and less interconversion. 

The thermodynamic parameters, the free energy of 
activation AF*, the heat of activation AH*, and the 
entropy of activation AS*, were calculated by means of 
Eyring equations8'13) from temperature dependences of 
the Ti_3 and 97, and are given in Table 2. A/v* and 
AFi* f° r CHEX also are nearly equal to those for 
CHEP. These values are larger than those of CPEN 
and less than those of COCT. 

Comparison of CHEX and COCT in the Liquid 
and Solid States. The Cole-Cole plots are shown in 
Fig. 3 for CHEX and in Fig. 4 for COCT to indicate a 
comparison of the dielectric dispersion between in the 
liquid and solid states. The Cole-Cole plots show 
that experimental data at higher frequencies could not 
be explained by a Davidson-Cole skewed arc, £*—£00 

Table 2. Thermodynamic Parameters of the Three Dispersion Regions 
and the Viscous Flow in the Liquid State at Room Temperature 

Compound-

Cyclo-
pentanol 

Cyclo-
hexanol 

Cyclo-
heptanol 

Cyclo-
octanol 

AFn*a) 

kj 

mol 

21.2 

23.7 

23.4 

24.9 

AHn* 

kj 

mol 

37.2 

42.8 

45.2 

45.5 

ASzi* 

JK-i 

mol 

53.7 

64.2 

73.1 

69.2 

AFr2*
a 

kj 

mol 

16.1 

17.4 

17.6 

19.0 

Three dispersion region and 

AHr2* 

kj 

mol 

2.47 

21.9 

2.73 

27.1 

ASr2* 

JK-i 

mol 

-45.6 

15.2 

-50.0 

27.1 

AFr3*
a) 

kj 

mol 

11 

11 

11 

14 

viscous 

AHr3* 

kj 

mol 

1.1 

3.4 

9.1 

60 

flow 

AST3* 

JK-i 

mol 

- 3 4 

- 2 6 

-7 .8 

155 

AF77*a) 

kj 

mol 

19.3 

24.0 

24.1 

26.8 

AH77* 

kj 

mol 

31.2 

47.2 

46.1 

56.9 

AS77* 

JK-i 

mol 

40.0 

77.8 

74.1 

101 

a) The values were calculated at 298 K. 
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Fig. 3. Cole-Cole plots for CHEX at various 
temperatures. For clarity, the plots have been dis­
placed along the ordinate. Three Debye-like dis­
persion regions calculated are shown as a solid line. 
• : Data points in solid state at 10, 15, and 20 °C. 
O: Data points in liquid state at 27, 30, and 35 °C. 

Fig. 4. Cole-Cole plots for COCT at various 
temperatures. For clarity, the plots have been dis­
placed along the ordinate. Three Debye-like dis­
persion regions calculated are shown as a solid line. 
• : Data points in solid state at 10, 15, and 20 °C. 
O: Data points in liquid state at 20, 25, and 30 °C. 

=(£o—£oo)/(l+iö>T)0!, or a Cole-Cole depressed-center 
semicircular arc, £*—£oo=(£o_£«>)/( 1+(KOT)0). It is 
considered that the absorption for alicyclic alcohols 
could be best explained by several overlapping Debye-
like semicircular arcs, £*—£oo=(£o—£«>)/( l+ia>T), as 
described for linear alcohols.8'9* £* is the complex 
dielectric constant, £o and £«, are the limiting low- and 
high- frequency dielectric constants, co is the angular 
frequency, r the relaxation time, and a and ß are 
parameters, 0< aor/3 <1 . The absorptions in the 
liquid and solid states could be resolved into three 
dispersion regions as shown by solid lines in Figs. 4 
and 5. It is obvious that the orientation of the 
dipoles takes place in the solid state below the melting 
point on application of an external field. 

The magnitude(£z_i—£z) for z-th dispersion change 
discontinuously at a melting point. For CHEX at a 
melting point, the £o obtained by extrapolation 
decreases from 16.42 in the liquid state to 15.45 in the 
solid state. The magnitude of the first dispersion 
region also decreases from 12.67 to 10.25. For COCT 
at a melting point, however, the £o increases from 
12.40 in the liquid state to 14.24 in the solid state. 
The magnitude of the first region also increases from 
8.77 to 9.35. This observation for COCT is contrary 
to the results for CHEX. The different results 
between CHEX and COCT must be due to the differ­
ence of formation of the hydrogen-bonded species 
upon solidification. For the second and third 
regions in both CHEX and COCT, the magnitudes in 
the solid state are larger than those in the liquid state, 
respectively. Notably, the increase in magnitude for 
the second region is a remarkable feature in the solid 
state. 

As described in a previous paper,9) we have reported 
that the first dispersion region can be attributed to a 
linear chain polymer (n^4), the second region to a 
chain dimer and trimer (n=2 and 3), and the third 
region to a free monomer (n=l). Four concentra­
tions of a linear chain polymer (Ci), a chain dimer and 
trimer (C2), a free monomer (C3), and a nonpolar 
cyclic polymer (CR) were calculated by means of a 
modified Kirkwood-Fröhlich equation by making use 
of the Kirkwood correlation factor and the experimen­
tal values of £*_i and Si for the z-th dispersion.8'9* The 
percentages of Ci, C2, C3, and CR against the gross 
stoichiometric concentration Co(Co=dX103/M), dX 
100/Co, are shown in Fig. 5 as a function of tempera­
ture, where d is the density and M the molecular 
weight. For CHEX at a melting point, the percen­
tage of Ci decreases from 66% in the liquid state to 39% 
in the solid state. The percentages of CR, C3, and C2 
increase from 16, 13, and 6% in the liquid state to 38, 
14, and 9% in the solid state, respectively. These 
changes of the percentages of d show that a transfor­
mation of a linear chain polymer into a nonpolar 
cyclic polymer mainly occurs, when CHEX is frozen. 
For COCT at a melting point, on the other hand, the 
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10 20 30 
t / °C 

Fig. 5. Concentrations (C,-X100/Co) for CHEX and 
COCT as a function of temperature. CHEX are 
shown by solid lines. 
• : a linear chain polymer (Ci), • : a nonpolar cyclic 
polymer (CR), A: a dimer and trimer (C2), T: a free 
monomer (C3). COCT are shown by dotted lines. 
O: a linear chain polymer (Ci), D: a nonpolar 
cyclic polymer (CR), À: a dimer and trimer (C2), V: a 
free monomer (C3). 

percentage of C\ decreases from 59% in the liquid state 
to 44% in the solid state in spite of the increase in the 
magnitude of the first region. The percentages of CR, 
C3, and C2 increase from 22, 12, and 7% in the liquid 
state to 25, 15, and 16% in the solid state, respectively. 
Therefore, a transformation of a linear chain polymer 
into a chain dimer and trimer mainly occurs, when 
COCT is frozen. The density in the liquid at a 
melting point was used as those in the solid state. In 
both CHEX and COCT, C\ decreases and CR, C3, and 
C2 increase, respectively. The different results 
between CHEX and COCT for the £0 or for the magni­
tude of the first region can be connected with changes 
of the percentages of C,-. When CHEX and COCT 
are frozen, a nonpolar cyclic polymer increases mainly 
for CHEX, although a chain dimer and trimer 
increases for COCT. It is interesting to investigate 

3.4 

103!*1 / K'1 

Fig. 6. Logarithm of the three relaxation times, 
log(r/s), for COCT as a function of reciprocal 
absolute temperature. 
• : Experimental data in solid state. O: Experi­
mental data in liquid state. 

the increase in 8i of the z-th dispersion region in the 
solid state. £3 at 20 °C is about 3.0 for CHEX. Infor­
mation concerning the magnitude of £3—n\? could not 
be obtained and must await further accuracy measure­
ments at higher frequencies. 

The three relaxation times also indicate the discon­
tinuity at a melting point, as shown in Fig. 6 for 
COCT. The orientation of dipoles can occur slowly 
in the solid state because of the increase in hindrance. 
Adachi et al.6) reported a relaxation in a supercooled 
crystal I of CHEX. The characteristic frequencies of 
the relaxation are about 300 kHz at 226 K, 30 kHz at 
210 K, 3 kHz at 192 K, and 300 Hz at 177 K. The 
relaxation frequencies of the first dispersion region in 
the present work are on the extension of the straight 
line of log(Ti/s) vs. (1/T), where T is the absolute 
temperature. The peak corresponding to the second 
or third dispersion could not be found in their loss 
peak diagram. Even in the solid state, CHEX and 

Table 3. Thermodynamic Parameters of the Three Dispersion Regions for CHEX 
and COCT in the Liquid and Solid States 

Liquid 
Solid 

Liquid 
Solid 

AFn*a) 

kjmol" 1 

24.0 
25.6 

25.2 
27.1 

M / n * 

kjmol" 1 

42.8 
35.6 

45.5 
54.5 

ASn* 

J K - i m o l " 1 

64.2 
34.2 

69.2 
93.6 

AFr2*
a) AHr2* 

kj mol - 1 k j mol - 1 

Cyclohexanol 
17.4 21.9 
22.1 34.7 
Cyclooctanol 
19.2 27.1 
23.0 68.1 

ASr2* 

JK- imo l - 1 

15.2 
43.0 

27.1 
154 

AFr3*
a) 

kjmol" 1 

11 
17 

14 
17 

AHr3* 

kjmol" 1 

3.4 
6.3 

60 
15 

ASr3* 

J K - i m o l " 1 

- 2 6 
- 3 5 

155 
- 6 

a) The values were calculated at 293 K. 
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COCT have a composi t ion of 42% (as an average 
value) of a l inear chain polymer and 31% of a nonpo-
lar cyclic polymer against the gross concentration. It 
is, therefore, concluded that the hydroxyl g roup in 
CHEX and COCT can be oriented by an external 
appl ied field and that the molecules can associate in to 
the hydrogen-bonded species even in the solid state. 

T h e thermodynamic parameters, A/v* , AHT*, and 
ASr*, are shown in Tab le 3 to compare the values in 
the l iqu id and solid states. AFT* at 20 °C for CHEX 
in the l iqu id state was evaluated by an extrapolat ion. 
For three relaxat ion times of CHEX and COCT, AFT* 
in the solid state is larger than that in the l iqu id state, 
respectively. T h e difference of A/v* between in the 
l iqu id and solid states is about 2 k j m o l - 1 for the first 
region and about 4 k j m o l - 1 for the second and third 
regions. 
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The near-IR spectra in the first overtone of the OH stretching vibrational range have been measured over 
all the alcohol concentrations from 0.002 mol dm - 3 to neat pentanol at 25 and 35 °C. The spectra were best 
fitted by a monomer-dimer model at concentrations below 0.025 mol dm - 3 , by a monomer-dimer-tetramer 
model in the concentration range of 0.025—0.35 moldmr3 , and by a monomer-dimer-tetramer-octamer model 
at concentrations above 0.35 mol dm - 3 . The dielectric constants and losses of pure 1- and 3-pentanols and 
heptane solutions of 1-decanol have been measured at frequencies from 1.35 to 4500 MHz at 15, 25, and 35 °C. 
The dielectric absorption could be resolved into three Debye-like dispersion regions. The concentrations of a 
free monomer, a chain dimer and trimer, a linear chain polymer, and a nonpolar cyclic polymer have been 
obtained by applying a modified Kirkwood-Fröhlich equation. From a comparison of the near-IR results 
with the dielectric results, we can recognize at least the coexistence of a free monomer, a chain dimer, a nonpolar 
cyclic tetramer, and a linear chain octamer at higher concentrations of 1- and 3-pentanols in heptane at room 
temperature. 

Wide-frequency measurements of complex dielec­
tric constants have reported the coexistence of two or 
three dielectric dispersion regions.1 _ 3 ) T h e three dis­
persion regions observed for pr imary, secondary, and 
tertiary alcohols have been assigned to a free mono­
mer, a chain dimer and trimer, and a l inear hydrogen-
bonded chain polymer respectively. T h e concentra­
tions of these three species and a nonpo la r cyclic poly­
mer were evaluated by applying a modified Kirkwood-
Fröhl ich equa t ion to each dispersion region.4 _ 6 ) T h e 
existence of a n o n p o l a r cyclic polymer was indi­
cated experimental ly in more sterically hindered alco­
hols. T h e t ransformation of a n o n p o l a r cyclic poly­
mer in to a l inear chain polymer was observed in 
binary mixtures of 1-butanol in sterically hindered 
octanol isomers.7) F rom the dielectric investigation, 
however, it was difficult to obtain a number of mole­
cules in the hydrogen-bonded species. 

O n the other hand , many studies of the intermolec-
ular association of a lkanol in n o n p o l a r solvents have 
been carried out by the use of various methods, such as 
vapor pressure, near-IR, IR, and N M R techniques. 
There is a general agreement that an alcohol molecule 
may associate in to some hydrogen-bonded species. 
Various assignments , however, have been reported on 
the self-association of a lkanol in nonpo la r solvents. 
Fletcher and Heller8 - 1 0 ) have reported near-IR absorp­
tions in the first overtone of the O H stretching vibra­
tions for solut ions of 1-octanol and 1-butanol in 
decane. They have explained the absorptions in 
terms of a monomer - l inea r tetramer-cyclic tetramer 
model. Van Ness et a l . n ) indicated a monomer-cycl ic 
d imer- l inear polymer model for solut ions of e thanol 
in heptane and in toluene. They indicated that there 
exists at least the possibility of seven types of O H 
f Present address: 207-52, Shirahata kami-cho, Kanagawa-
ku, Yokohama 221. 

stretching vibrations cont r ibu t ing to the IR spectra. 
A monomer -d imer - t e t r amer model has been reported 
for 1-octanol and 1-dodecanol in octane by Aveyard et 
al.,12) for e thanol in nonpo la r solvents by Brink and 
Glasser,13) for 1-alkanol in carbontetrachloride by 
Kunst et al.,14) and for 1-butanol in heptane by Verrall 
et al.15) Moreover, a m o n o m e r - c h a i n trimer-cyclic 
polymer model16) and a monomer-cycl ic t r imer- l inear 
hexamer model1 7 ) have been reported for 2-methyl-2-
p ropano l in a nonpo la r solvent. 

We have extended the investigation of the self-
association by performing near-IR measurements for 
heptane solut ions of 1- and 3-pentanols over all the 
alcohol concentrat ions. By compar ing the results 
obtained by two different methods of dielectric relaxa­
tion and near-IR techniques, it is desirable to clarify 
an equ i l ib r ium model of the self-association of 
a lkanol in a nonpo la r solvent at room temperature. 

Exper imenta l 

Purification of Materials. The alkanols (1- and 3-penta­
nols) and heptane were purified by the method described in 
previous papers.4'5) 

Dielectric Measurements. The dielectric constants and 
losses were measured using three apparatuses: a Boonton 
Radio RX meter (Type 250A), a Hewlett-Packard VHF 
Bridge (Model 803A), and a General Radio Precision Slotted 
Line (Type 900-LB), over the frequency range of 1.35—4500 
MHz.4) 

Near-IR Measurements. Twenty-eight heptane solu­
tions of 1- and 3-pentanols were prepared over concentra­
tions from 0.002 mol dm - 3 to neat pentanol. The weights 
of the solute and solvent were measured by a direct reading 
balance before measurements. The volumes of the solute 
and the solvent were calculated by assuming a zero volume 
change upon mixing and by using density data as a function 
of the experimental temperature for alkanol and heptane. 
The near-IR spectra were observed with a UV-340 spectro-
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photometer (Hitachi Co.) over the wavelength range of 
1350—1650 nm at 25 and 35 °C. Two cells of the sample 
and a reference were placed in a cell holder, whose tempera­
ture was kept constant within ±0.2 °C of the specified values 
by circulating water from a thermostat. The reference 
beam always passed through a 1-cm cell filled with pure 
heptane. 

Results and Discussion 

T h e absorpt ions for heptane solutions of 1-
pentanol in the first overtone of the hydroxyl stretch­
ing vibrat ional range are shown in Fig. 1 at five 
higher concentrat ions. In the spectra at h igher con­
centrations, three major peaks could be observed at 
about 1403, 1490, and 1580 nm, and two small peaks at 
1455 and 1532 nm. T w o peaks could be observed at 
1403 and 1532 n m at lower concentrations. O n the 
assumpt ion that the end O - H of a linear chain poly­
mer does no t contr ibute any significant absorbance at 
the m o n o m e r peak, the monomer absorbance (A\) was 
decided as the difference between the absorbance at 
1403 n m (1406 n m for 3-pentanol) and that at a 
standard wavelength for 1-pentanol. Th i s standard 
wavelength was expressed as the "near isosbestic 
p o i n t " by Fletcher and Heller8) and selected to be at 
1390 n m for 1-pentanol (1392 n m for 3-pentanol) in 
the present work. It is assumed, for the analysis of 
the data, that all hep tane solutions are ideal solutions. 
In these heptane solut ions, a lkanol has absorbances of 
bo th CH2 and O H groups in the wavelength range of 
1350—1650 nm. T h e heptane used as the solvent and 
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Fig. 1. Near-IR spectra in the first overtone of the 
hydroxyl stretching vibrational range for heptane 
solutions of 1-pentanol. Number is the concentra­
tion in mol dm - 3 of 1-pentanol. 

as the reference has the absorbance of only the CH2 
group . When the concentrat ion of the CH2 g roup 
between the sample (heptane solut ion of alkanol) and 
the reference (heptane) is different, it is necessary to 
correct the absorbance by m a k i n g use of that of pu re 
heptane. 

T h e gross stoichiometric concentrat ion (Co) of 
a lkanol can be expressed by: 

Co = Ci + 2C2 + + nCn. (1) 

Here, Cn is the n-mer concentrat ion. By subst i tut ing 
Cn=Ki>nXCin and C\—A\/E\ in to Eq. 1, we obtain: 

Co = Ci + 2Ki>2Ci2 + .» + nKi>nCin 

=(Ai)/Ei + 2Ki,2(Ai)*/Ei* + ». + nKhn(Ai)n/Ei\ (2) 

Here, K\,n ( n=2 — n) is the equi l ib r ium constant 
between the monomer and n-mer, while E\ is the 
molar absorptivity of the monomer . T h e Ei, Ki>n, 
and Cn values could be calculated from Eq. 2 by 
mak ing use of Co and A\ for all heptane solutions, 
us ing a least squares method. T h e standard devia­
tion (p) in the calculat ion of Eq. 2 was obtained by the 
summat ion of the square of the relative difference 
between the observed and calculated values of the A\ as 
follows: 

K { 

P = [ S -
A\{obs) — A\(cal) 

Ai(ohs) 
V(K-N)] 1/2 

Here, K is the number of heptane solutions, and N the 
number of species inc lud ing a monomer . For the 
ma in combinat ions in which N is 3, 4, or 5, we 
searched for the mathemat ica l best fit of Eq. 2 us ing 
the criteria that the p is the smaller value and that the 
Ei calculated is constant wi th the temperature. Typ i ­
cal combinat ions in which iV=4, for example, are 
shown in Tab le 1 for hep tane solutions of 3-pentanol, 
together wi th p and £1 at 25 and 35 °C. If the absor­
bances of the m o n o m e r and polymer species were 
overlapped at h igher concentrat ions, the Ki,2 were 
determined from the data at lower concentrat ions (up 
to 0.02 mol d m - 3 ) . T h e E\, K\,n> and Cn values were 
again calculated from Eq. 2 by mak ing use of Co, A\, 
and K\t2. Moreover, the absorbance (Am) at a certain 
wavelength (m) can be wri t ten as follows: 

Table 1. Standard Deviations and Molar Absorptivities 
for Some Typical Combinations (AT=4) 

of 3-Pentanol at 25 and 35 °C 

Combination 

Standard deviation 
P 

Molar absorptivity 
£i /(mol_ 1 dm3 cm -1) 

1-2-4-8 
1-2-4-11 
1-3-4-7 
1-3-4-10 
1-3-5-7 
1-3-5-8 

25 °C 

0.0170 
0.0136 
0.0182 
0.0174 
0.0203 
0.0184 

35 °C 

0.0206 
0.0427 
0.0454 
0.0175 
0.0256 
0.0340 

25 °C 

1.68 
1.65 
1.67 
1.64 
1.69 
1.62 

35 °C 

1.69 
1.79 
1.75 
1.70 
1.70 
1.72 

file:///3.65J
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Table 2. Molar Absorptivities at 10 Wavelengths of a Monomer-Dimer-
Tetramer-Octamer Model for 3-Pentanol 

nm 

1406 
1432 
1472 
1498 
1516 
1540 
1566 
1578 
1590 
1602 

mol~ 

25 °C 

1.68 
0.0425 

Ei 

^ m ^ m - 1 

35 °C 

1.69 
0.0468 

mol" 

25 °C 

— 
0.104 
0.147 
0.194 
0.249 
0.143 
0.147 
0.139 
0.133 

Eii n 

l dm 3 cm - 1 

35 °C 

0.0218 
0.131 
0.166 
0.209 
0.229 
0.158 
0.175 
0.174 
0.168 

mol~ 

25 °C 

0.0518 
0.0931 
0.0951 
0.0906 
0.0899 
0.113 
0.117 
0.114 
0.105 

E±m 
1dm3cm~1 

35 °C 

0.0628 
0.0940 
0.0864 
0.0780 
0.0774 
0.0984 
0.0954 
0.0885 
0.0800 

mol~ 

25 °C 

0.0119 
0.0992 
0.139 
0.141 
0.130 
0.131 
0.137 
0.134 
0.115 

Es,m 

!drr i3cm 1 

35 °C 

0.0181 
0.112 
0.145 
0.145 
0.132 
0.132 
0.143 
0.141 
0.119 

Table 3. 

Compound 

Equilibrium Constants and Thermodynamic Parameters 
for 1- and 3-Pentanols 

Kl,2 Kl,4 Kl,8 

(mol dm - 3 ) - 1 (mol dm - 3)"3 (mol dm - 3 ) - 7 

1-Pentanol 
3-Pentanol 

25 °C 
1.25 
1.91 

6.55X102 

9.37X10 
7.21X105 

2.72X103 

35 °C 
1-Pentanol 
3-Pentanol 

Dimer 
Tetramer 
Octamer 

0.804 
1.24 

- A H 

k jmol - 1 

34.0 
80.8 
170.7 

2.27X102 

2.41X10 

of 1-pentanol 
- A H 

k jmol - 1 

33.2 
103.8 
207.9 

7.71X104 

1.79X102 

of 3-pentanol 

+ A2,m+ +A 
n,m 

= El,mCl + 2£2,mC2+ + TlK,mCn. (3) 

In this equation, An,m and En,m are the absorbance and 
the molar absorptivity of the n-mer at a certain wave­
length, m, respectively. The E^>m(E^l)m=En>rn/n) was 
calculated from Eq. 3 by making use of Am and Cn at 
about 10 wavelengths, using a least squares method. 
Some proper combinations were examined to see 
whether the E^,m-m curve exhibits a smooth and rea­
sonable behavior at temperatures of both 25 and 35 °C. 
From the above considerations, a monomer-dimer-
tetramer-octamer model was selected as the most 
proper combination. The K>m values of the model 
for 3-pentanol are shown in Table 2 as functions of 10 
wavelengths. The E\ values evaluated from Eq. 2 
become 1.76 and 1.68 mol - 1 dm3 cm - 1 for the heptane 
solutions of 1- and 3-pentanols respectively. By 
assuming the following equation:8) 

-AH = Rd In (Ki,„)/d (T"1), 

—AH was calculated from K\>n and T_1, where R is the 
gas constant, and T the absolute temperature. The 

- 2 - 1 0 1 
log (Concentration Co/mol dm-3) 

Fig. 2. Concentrations (nCnX100/Co) calculated by 
a monomer-dimer-tetramer-octamer model for 
heptane solutions of 1-pentanol. 
O: a monomer, A: a dimer, D: a tetramer, • : an 
octamer. 

K\>n, and —AH values are given in Table 3. 
A monomer-dimer-tetramer-octamer model was 

determined as the best-fit model. The concentrations 
(nCnX100/Co) calculated by this model are plotted in 
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log (Concentration Co/niol dm"3) 

Fig. 3. Concentrations (nC„XI00/Co) calculated by 
a monomer-dimer-tetramer-octamer model for 
heptane solutions of 3-pentanol. 
O: a monomer, A: a dimer, D: a tetramer, • : an 
octamer. 

Fig. 2 for heptane solutions of 1- pentanol and in Fig. 
3 for heptane solutions of 3-pentanol as functions of 
the logarithm of the alcohol concentration at 25 °C. 
Figure 2 shows that both monomer and dimer exist 
over all the alcohol concentrations from 0.0023 
mol dm - 3 to neat 1-pentanol. A monomer is predom­
inant at lower concentrations and then decreases with 
an increase in the alcohol concentration. A dimer 
increases gradually with an increase in the alcohol 
concentration, reaches its maximum value of 16% at 
about 0.1 mol dm - 3 , and thereafter decreases with an 
increase in the alcohol concentration. A tetramer, 
which appears at about 0.01 mol dm - 3 , increases with 
an increase in the alcohol concentration and reaches 
its maximum value of 60% at about 0.8 mol dm - 3 

(log 0.80=—0.097). An octamer appears in the vicin­
ity of 0.1 mol dm - 3 and increases with an increase in 
the alcohol concentration. It can, therefore, be consi­
dered that the absorption of the heptane solution of 1-
pentanol can be best fitted by a monomer-dimer 
model at concentrations below 0.02 mol dm - 3 (log 
0.02——1.7), by a monomer-dimer-tetramer model in 
the concentration range of 0.02—0.2 mol dm~3, and by 
a monomer-dimer-tetramer-octamer model at con­
centrations above 0.2 mol dm -3 . 

For heptane solutions of 3-pentanol, Fig. 3 shows 
that the absorption can be best explained by a mono­
mer-dimer model at concentrations below 0.03 
mol dm - 3 , by a monomer-dimer-tetramer model in the 
concentration range of 0.03—0.5 mol dm - 3 , and by a 
monomer-dimer-tetramer-octamer model at concen­
trations above 0.5 mol dm - 3 . Figure 3 shows that the 
maximum values are 22% at 0.18 mol dm-3 (log 0.18 
=-0.74) for a dimer and 65% at 2.2 mol dm"3 (log 
2.2=0.34) for a tetramer. These maximum values are 
larger than those in the respective heptane solutions of 
1-pentanol. The concentration of an octamer is less 

than that at the same alcohol concentration in the 
heptane solutions of 1-pentanol. Figures 2 and 3 
show that the concentrations of an octamer, a tetra­
mer, a dimer, and a monomer are 65, 30, 3, and 2% for 
pure 1-pentanol, and 39, 52, 5, and 4% for pure 3-
pentanol, respectively. 

In dielectric relaxation studies,45) on the other hand, 
the dielectric absorptions for 1- and 3-pentanols have 
been resolved into three Debye-like dispersion regions. 
The limiting low- and high-frequency dielectric con­
stants, fio, fii, £2, and £3 , of the three dispersion regions 
at 25 °C are 15.10, 3.37, 2.85, and 2.23 for 1-pentanol, 
and 13.38, 3.20, 2.75, and 2.23 for 3-pentanol, respec­
tively. The three dispersion regions have been 
assigned to a linear chain polymer, a chain dimer and 
trimer, and a free monomer. The concentrations of a 
linear chain polymer(Ci), a nonpolar cyclic poly-
mer(CR), a chain dimer and trimer(C2), and a free 
monomer(C3) have been obtained by applying a modi­
fied Kirkwood-Fröhlich equation to each dispersion 
region.4) The percentages of Ci, CR, C2, and C3 

against the gross concentration are 72, 5, 6, and 17% 
for 1-pentanol, and 66, 14, 5, and 15% for 3-pentanol, 
respectively, at 25 °C. From a comparison of the 
dielectric results with the near-IR results, therefore, it 
may be considered that the linear chain polymer, 
nonpolar cyclic polymer, chain dimer and trimer, and 
free monomer assigned in the dielectric study corre­
spond to the octamer, tetramer, dimer, and monomer 
respectively obtained in the near-IR study. The com­
parison also indicates that a linear chain octamer 
decreases from 65(72)% for 1-pentanol to 39(66)% for 3-
pentanol because of the steric hindrance of the alkyl 
groups on both sides of the hydroxyl group.4) The 
number in parentheses is the concentration obtained 
in the dielectric study. A nonpolar cyclic tetramer 
increases from 30(7)% for 1-pentanol to 52(15)% for 3-
pentanol. The concentration of a nonpolar cyclic 
tetramer in the near-IR results is much larger than 
that in the dielectric results. As a possible cause of 
the difference of the concentration, it is considered 
that, in the dielectric study, the concentrations of a 
free monomer and a linear dimer may contain experi­
mental errors because of the lack of higher-frequency 
data in the absorption. Therefore, the concentration 
of a nonpolar cyclic tetramer also contains experimen­
tal errors. However, it is noticeable that the coexist­
ence of a monomer and three hydrogen-bonded species 
were recognized in two different methods. For pure 
1- and 3-pentanols, the concentrations of a free mono­
mer and three hydrogen-bonded species, as calculated 
by means of a monomer-dimer-tetramer-octamer 
model in the near-IR measurements, agree roughly 
with the dielectric relaxation results. Moreover, the 
concentrations of these four species have also been 
obtained for heptane and cyclohexane solutions of 1-
decanol in a dielectric relaxation study.5) Unfortu­
nately, the measurements of the same alcohol could 
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Fig. 4. Concentrations (nCnX\00/Co) obtained in 
near-IR results and dielectric results. Near-IR 
results are shown by solid lines for heptane solu­
tions of 1-pentanol. 
V: a monomer, A: a dimer, D: a te tramer, O: an 
octamer 
Dielectric results are shown by dotted lines for 
heptane solutions of 1-decanol. 
• : a free monomer, • : a dimer and trimer, • : a 
nonpolar cyclic polymer, • : a linear chain 
polymer. 

no t be carried ou t for heptane solut ions in the two 
different methods. T o compare bo th results obtained 
by the two methods, the concentrat ions of a free mon­
omer and three hydrogen-bonded species in the hep­
tane solut ions are shown in Fig. 4 as a function of the 
mol% of 1-pentanol or 1-decanol. T h e concentra­
tions of these four species indicate qualitatively sim­
ilar tendencies regarding the concentration-
dependence of 1-pentanol or 1-decanol respectively. 
T h e concentrat ion of a l inear chain octamer decreases 
from 63(63)% for pure l -pentanol( 1-decanol) to 36(4)% 
for a 30 mol% heptane solution. T h i s observation 
indicates that the depolymerization of a l inear chain 
octamer for 1-decanol occurs more easily than that for 
1-pentanol. Therefore, the concentrat ion of a non-
polar cyclic tetramer increases from 33(11)% for pure 1-
pentanol( 1-decanol) to 52(57)% for a 30 mol% heptane 
solut ion. Both the free m o n o m e r and the l inear 
dimer increase gradually as 1-pentanol or 1-decanol is 
diluted wi th heptane. 

It may be concluded that, from a compar ison of the 
near-IR results wi th the dielectric results, we can 
recognize at least the coexistence of a free monomer , a 

chain dimer, a nonpo la r cyclic tetramer, and a l inear 
chain octamer at h igher concentrat ions of 1- and 3-
pentanols in heptane at 25 and 35 °C. 

Some au thors have reported a m o n o m e r - d i m e r -
tetramer model for solut ions of no rmal alcohol in a 
nonpo la r solvent.12_15) However, their measure­
ments were made at a low alcohol concentrat ion range 
(up to 0.15 mo l d m - 3 ) . In a low concentrat ion range 
below 0.15 mol dm~3, it is shown in Fig. 2 that the 
absorbance data can be satisfactorily fitted by a mono-
mer-d imer- te t ramer model. Moreover, Brink and 
Glasser13* reported a monomer - l i nea r dimer-cyclic tet­
ramer model for solutions of e thanol in heptane in a 
low concentrat ion range (up to 0.078 mol d m - 3 ) . 
Ibbitson and Moore18) also reported a monomer - l inea r 
dimer and trimer-cyclic polymer model for no rmal 
alcohol in cyclohexane in a low concentrat ion range. 
O u r analysis of the exper imental data is in agreement 
wi th their model and, addit ionally, proposes the exist­
ence of a l inear chain octamer at concentrations above 
0.35 mol d m - 3 . 

We are grateful to Professor Hideo Okabayashi of 
Kitasato University for his encouragement du r ing this 
work. 
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A theory is presented for bond-to-bond derealization of a-electrons and applied to the antiperiplanar 
effects including anomeric and gauche effects. The derealization between geminal bonds is, surprisingly, 
dependent on the conformation. The geminal derealization from the intervening bond between donor and 
acceptor bonds to the latter is proposed to be important as well as the vicinal derealization from the donor to 
acceptor bond. Each derealization is controlled by the orbital phase. 

T h e three-dimensional structures of molecules are 
retained by a-bonds oriented in specific directions. 
T h e steric courses of chemical reactions are also deter­
mined by specific directions of incipient a-bonds, in 
which reagents attack on substrates. Accordingly, 
the behaviors of a-electrons are impor tan t to stereo­
chemistry in both static states and dynamic processes. 

a-Electrons can be treated in entirely the same 
manne r as xc-electrons. Most usually, we employ 
canonical molecular orbitals, which delocalize all over 
molecules. T h e feature of the molecular orbitals 
makes a contrast wi th a convent ional concept of 
chemical bond. Electrons in molecules have been 
considered to localize well in the chemical bonds, 
except for a special example such as xc-electrons in 
aromat ic molecules. Chemical bonds have been 
assumed to have their intr insic properties, and to 
exchange electrons wi th one another. T h e structures 
of molecules and the mechanisms of reactions have 
been explained and predicted on the basis of the 
concept of the chemical bonds. T h e approach a long 
this l ine is still believed to be fundamental in organic 
chemistry, and to be more suitable especially for the a-
electrons which localize well. T h e mechanisms of 
the de rea l i z a t i on of the a-electrons from bonds to 
bonds are investigated in this paper. 

We will examine the an t ipe r ip lanar effect as a sim­
ple model , which includes the anomer ic effect (Fig. 
l),x ) and the gauche effect.2* T h e term 'anomeric 
effect' was introduced by Lemieux in 1958 as a result 
of a detailed study of the anomerizat ion of acetylated 
pen to- and hexopyranoses. T h e effect refers to the 
tendency of an electronegative substi tuent at C-l of a 

pyranoid r ing to assume the axial rather than equa­
torial or ienta t ion, in contrast to predict ion based 
solely on steric grounds. 

Several explanat ions have been proposed to account 
for the origin. T h e first rat ionalizat ion at tr ibuted 
the p h e n o m e n o n to an unfavorable d ipole-dipole 
interaction between the carbon-oxygen bond on the 
r ing and the equator ia l po la r bond.3 ) Another inter­
pretat ion is based on the suggestion that the n - a * 
interaction of the r ing-oxygen lone pairs wi th the 
exocyclic polar bond stabilizes the axial or ientat ion 
due to an t iper ip lanar relat ion (Fig. 1). T h e impor­
tance of the special a r rangement of the oxygen lone 
pairs had previously been poin ted out by Edwards4* to 
explain the difference in stabilities to acid hydrolysis 
of a- and ß-methyl pyranosides. T h e n - a * interaction 
between the oxygen p-type lone pa i r and the adjacent 
ca rbon-ha logen bond was first considered in 1959 by 
Lucken5 ) as a possible explana t ion of the abnormal ly 
low N Q R frequencies of a -ha lo ethers. Later on, 
Altona6 ) showed that the same p h en o men o n could 
explain the peculiarities of some bond lengths in 
similar compounds . 

Recently, Dewar7) explained the anomeric effect in 
terms of a-conjugation (Fig. 2). T h e adjacent hybrid 
orbitals can interact wi th each other. T h e a-orbital 
system may be regarded as the four p-orbital system in 
butadiene. T h e 1,4 bond order (pu) is negative. 
Accordingly, the system of positive resonance integral 
(hi4>0) is stabilized. T h e ant iper ip lanar form is 
more stable. 

Some investigators have studied this aspect of het-

'W* 
P|A<0 

h 1A > 0 

P,A<0 

hu<o 

Fig. 1. Anomeric effect. Fig. 2. a-Conjugation. 
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eroatom electronic structure in other contexts. The 
one most generally accepted is the gauche effect, origi­
nally prompted by the need to explain the unexpected 
gauche conformation of fluoromethanol.2) This 
refers to a tendency to adopt that structure which has 
the maximum number of gauche interactions between 
the adjacent electron pairs and/or polar bonds. The 
lone pairs (donor bonds) prefer to be in the antiperi­
planar relation to the acceptor bonds. 

Theory 

We employ a simple three-bond system (Fig. 3). 
The donor bond is denoted by A with an electron-
donating orbital (a), which is at one end of the single 
bond (B) with bonding and antibonding orbitals (b 
and b*). The acceptor bond at the other end is 
denoted by C with an electron-accepting orbital (c*). 
The bond orbitals are linear combinations of appro­
priate hybrid atomic orbitals. 

The electronic structure prior to any interactions 
between the bonds is represented by the electron con­
figurations where neither electron shift between any 
pairs of bonds nor electron promotion in any bonds 
takes place. This is termed the ground configura­
tion, G, which is usually the main component of the 
wave function after the interactions between bonds are 
allowed. The interactions accompany electron shifts 
from bonds to bonds. The electron delocalization is 
expressed by mixing of the electron-transferred config­
uration, T(i—>j*), where an electron is shifted from a 
bonding orbital (i) of a bond to an antibonding orbital 
(j*) of another. 

There are three bond-to-bond delocalization modes 

•Ve 

vicinal T(a->c*) 

~"9~~ 0 0 

b* c * 

0 o o o. 
a b j 

G 

A \ B 

V 
T(a-* b") 

geminal from donor 

T(b-c* ) 

geminal to acceptor 

*\2L 
\ c 

A \ B 

^ 

Fig. 3. Three-bond model for the antiperiplanar 
effect. 

in the model system (Fig. 3). The delocalization 
from the donor to the acceptor, believed to be respon­
sible for the antiperiplanar effect, occurs between the 
vicinal bonds. This is termed vicinal delocaliza­
tion.8) The delocahzations from the intervening 
bond to the acceptor bond and from the donor bond to 
the intervening bond occur between the geminal 
bonds. These are termed the geminal delocahza­
tions.8) 

Electron delocalization is expressed by the G-T 
configuration interaction. The interaction is esti­
mated in a perturbational approach9) to be HGT — 

SGTHGG, where the conventional notation is used. 
The term can be rewritten in terms of bond orbitals. 
The G-T(b—>c*) interaction for the geminal delocali­
zation to the acceptor bond is approximated as 
follows: 

HcT(b-^c*) ~ SGT(b-^c*)HGG 

— 2NGNT [ (h\>c* — hbbSbc*) — (h-ab — /*aaSab)Sac* 

— (hac* — /ibbSac*Kb ] ( 1 ) 

where N is the normalization factor. In the approxi­
mation, the higher-order terms than the second-order 
ones, e.g., hijSki2, h-^su, are neglected on the assump­
tion that ftij and Sij are infinitesimals of the first order, 
relative to ha and sa. 

Similarly, the following equations are obtained for 
the vicinal delocalization: 

HGT(3L-^C*) ~ SGT(2L-^C*)HGG 

— 2NGNJ [ (/*ac* — /*aaSac*) ~ (hbc* ~ ^aa^bc*)^ab 

— (Äab — /*bbSab).Sbc* ] (2) 

and for the geminal delocalization from the donor: 

^ G T ( a - > b * ) — SGT(a->b*)-^GG 

— 2NGNT [ Kb* - /*aaSab* ] (3) 

In the conventional orbital interaction theroy, the 
G-T configuration interaction has been approxi­
mated to be the interaction between the orbitals donat­
ing and accepting an electron. For the geminal delo­
calization to the acceptor bond, the G-T(b—K:*) 
interaction used to be approximated as the b-c* or­
bital interaction, which corresponds to the terms, 
/*bc*—HbbSbc*, in the first parentheses of Eq. 1. The b -
c* interaction is independent of the conformation. 
Accordingly, the geminal delocalization has been con­
sidered not to accompany any stereochemical effects. 

However, the approximation including higher 
order terms (in the second and third parentheses) 
shows that the geminal delocalization to the acceptor 
bond is under the influence of the orientation of the 
donor bond or dependent of the conformation. The 
G-T(b—K:*) interaction involves the orbitals of the 
occupied orbital, a, of the donor bond in addition to b 
and c*. The G-T(b—>c*) interaction depends on the 
sign relation between the terms in the three paren-
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habSac* 

— hac*5ab 

a(Oâ(2)b(3)c(A) in T(b-*<T) a(1) 5(4) b(3) c (2) in T(b->c ) 

Fig. 4. Cyclic three-orbital interaction in two-configuration 
interaction. 

theses. Assuming as usual that Sij is considered to be 
small, hij may be more impor tan t than haSij in each 
pa i r of parentheses. W h e n we see the sign relation, 
haSij can be neglected. For greater G-T(b—K:*) inter­
action the sign of hbc* in the first term is required to be 
the same as — ̂ ab^ac* in the second term and — hac*s^b in 
the third term. We obtain: 

hbc*habSac* < 0 a n d /ibc*^ac*Sab < 0. (4) 

Similarly, the vicinal donor-to-acceptor derea l iza ­
t ion or the G-T(a—K:*) interaction used to be approxi­
mated as the a-c* orbital interact ion or ^ac*—^aa^ac*-
T h e orbital interaction is dependent on the conforma­
tion. T h e higher order app rox ima t ion (Eq. 2) shows 
that the vicinal de r ea l i z a t i on involves the bond ing 
orbital , b , of the intervening bond. Similar inequal­
ities 

h'dc*hbc*Sab < 0 and hac*habSbc* < 0 (5) 

are required for greater G-T(a—K:*) interaction. 
T h e sign of h^ is usually opposi te to that of % T h e 

inequali t ies (4) and (5) can be rewrit ten in an identical 
form: 

•Sbc*Sac*Sab < 0 . (6) 

T h i s requires an odd n u m b e r of out-of-phase relation 
between a, b , and c*. T h e orbitals, a and b , are elec­
t ron-donat ing orbitals, c* being an electron-accepting 
orbital. T h e present phase cont inui ty requirements 
are included in those10* derived previously: (i) the 
electron-donat ing orbitals out of phase; (ii) the accept­
ing orbitals in phase; and (iii) the dona t ing and 
accepting orbitals in phase. 

T h e present derivation of the orbital phase conti­
nui ty condi t ions is different from the previous one.10) 
T h e condi t ions were previously derived from the 
interactions of at least three electron configurations. 
One is the g round configurat ion G, the others being 
electron transferred configurations T i and T2. T h e 

configurat ions interact in a cyclic manner (Ö-T1-T2). 
T h e interact ion of each pa i r of configurations is 
approx imated as the corresponding orbital interac­
tion. Therefore, the cyclic configurat ion interact ion 
is reduced to cyclic orbital interaction. T h e phase 
condit ions are then derived. 

In the present work, the phase condit ions have been 
derived from the interaction between the two configu­
rat ions, G and T (Fig. 4). For the geminal de rea l i za ­
t ion to the acceptor bond or the G-T(b—>c*) interac­
tion (Eq. 1), the p redominan t orbital interaction takes 
place between the orbitals, b and c*, which donate and 
accept an electron. T h e b - c * interaction comes from 
the term a(l)â(2)b(3)b(4) in G and a(l)ä(2)b(3)c*(4) in 
T . W h e n the h igher order terms of the orbital inter­
actions are neglected, no orbital phase restriction 
arises for the geminal de rea l i za t ion . However, the 
interchange of electron space and spin coordinates 
should be taken in to account. Figure 4 illustrates the 
term, — a(l)ä(4)b(3)c*(2), for 2 ^ 4 electron interchange 
in T . T h i s gives rise to the higher order terms, 
—HabSac* and — /*ac*.Sab, wi th a(l)ä(2)b(3)b(4) in G, or the 
a-b and a-c* orbital interactions, respectively. As a 
result, the G-T(b—K:*) interaction contains the cyclic 
à-b-c1* interaction. 

Apply ing to the orbital interactions of the present 
interest, the requirements were found to be simulta­
neously satisfied for the an t iper ip lanar arrangement : 
a -b out of phase, b - c * and a-c* in phase (Fig. 5). 

ANTl 

Fig. 5. Geminal and vicinal electron derealizations 
controlled by orbital phase. 
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The synperiplanar arrangement cannot meet at 
least one of the requirements. The delocalization, 
whether geminal or vicinal, is enhanced in the anti­
periplanar arrangement, while depressed in the syn­
periplanar arrangement. 

The prediction13) is surprising that the geminal 
delocalization has stereochemical effects. The de-
loalization from the intervening bond to the acceptor 
bond is more or less responsible for the antiperiplanar 
effect. The G-T(b—>c*) interaction used to be 
approximated to the b-c* interaction in the conven­
tional orbital interaction theory. The b-c* orbital 
interaction is independent of the conformation. The 
present theory shows that the geminal delocalization 
is under the influence of the orientation of the donor 
bond. 

The G-T(a—>c*) interaction involved in the vicinal 
delocalization from the donor to the acceptor is con­
ventionally approximated to the a-c* interaction. 
The orbital interaction has been believed to prefer the 
antiperiplanar arrangement. However, the present 
theory suggests that the intervening bond is signifi­
cantly involved. In this sense, a sort of the through-
bond14) interaction plays an important role in the 
vicinal delocalization. 

Model Calculation and Discussion 

Bond Orbital On-Off Calculation. In the present 
work, we investigate the bond-to-bond delocalization 
of a-electrons. The effects of the bonding and anti-
bonding orbitals need to be numerically estimated in a 
separate manner. The extended Hückel theory only 
enables us to calculate readily the electronic structure 
with or without bond orbitals. The bond orbital on-
off calculations were carried out for the three-bond 
model system (Fig. 3). The canonical molecular 
orbital of the whole system and the bond orbitals are 
obtained as linear combinations of sp3 hybrid orbitals. 
The single Slater determinant wavefunctions for the 
ground state of the whole system were then subjected 
to the electron configuration analysis for many-system 
interaction15) based on the bond orbitals. The stand­
ard bond lengths and angles16) were used. 

Although the simple theory and model were 
employed, the relative energies of the anti- vs. synperi­

planar arrangements (Table 1) reproduced the anti­
periplanar effect as the minus signs in the column 
(a,b,b*,c*) show. The results encourage us to analyze 
the electronic structure by the bond orbital on-off 
calculation and to examine the preceding qualitative 
theory. Without the intervening bond, B, all models 
(ac*) did not exhibit the antiperiplanar effect. These 
results support the preceding conclusion that the gem­
inal delocalization from the intervening bond and the 
involvement of the intervening bond in the vicinal 
delocalization are important for the antiperiplanar 
effect. 

The bonding orbital (b) is essential for the antiperi­
planar effects while the effect of the b*-orbital is 
negligible. The inclusion of b (abc*) almost repro­
duced the results of the (abb*c*) models. The relative 
stabilities of the (ab*c) models are close to those of the 
(a,c*) models. These results support our theory. 
The vicinal delocalization from a to c* does not 
involve b* but b. The geminal delocalization occurs 
from b. 

While the significant involvement of the bonding 
orbital of the intervening bond has also been sug­
gested by the preceding calculation, no numerical 
information is available to discuss the effects of the 
geminal and vicinal derealizations separately. We 
calculate the G-T interaction energies, 

£int(G,T) = 2CGCT(HGT ~ SGTHGG) 

where C denotes the coefficient of the configuration 
obtained from the configuration analysis.15) The 
geminal delocalization prefers the anti conformation 

Table 1. Relative Energiesa) (kcal mol-1) of Syn-
and Antiperiplanar Arrangements 

Bonds Bond orbitals involvedb) 

A 

H-C 
H-C 
nc

c) 

c) 

nc 

B 

C-C 
C-C 
C-C 
C-C 

C 

C-F 
C-Cl 
C-F 
C-Cl 

abb*c* 

-3.457 
-1.683 
-3.762 
-1.916 

abc* 

-3.441 
-1.610 
-3.420 
-1.674 

ab*c* 

-0.520 
-0.468 

1.865 
0.156 

ac* 

-0.483 
-0.371 

2.063 
0.271 

a) Energy difference. The minus sign indicates that 
the antiperiplanar arrangement is more stable. 
b) For the notation, see the three bond model (Fig. 
3). c) A lone pair of electrons on C. 

Table 2. Geminal and Vicinal Delocalization Energies (kcal mol"1) 
of Syn- and Antiperiplanar Arrangements 

Bonda 

A C 

H-C C-F 
H-C C-Cl 
nc

c) C-F 
nc

c) C-Cl 

Syn 

-5.698 
-2.690 
-4.766 
-2.027 

Geminala) 

Anti 

-12.237 
-5.394 

-13.657 
-6.244 

Diff.b) 

-6.539 
-2.704 
-8.891 
-4.217 

Syn 

-0.103 
-0.003 
-2.505 
-0.713 

Vicinala) 

Anti 

-0.346 
-0.679 
-0.244 
-0.023 

Diff.b) 

-0.243 
-0.676 

2.261 
0.690 

a) For the notation, see Fig. 3. The bond B is a C-C bond, b) Energy difference. The minus 
sign indicates that the antiperiplanar arrangement is more stabilizing, c) A lone pair on C. 
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Table 3. Increasea) in the Geminal and Vicinal Delocalizations with the Conformational Change 

Conformational changeb) 

Syn to anti 

Gauche to anti 

Derealization 

Vicinal 
Geminal 

Vicinal 
Geminal 

1 

0.0402 
0.0598 

0.1237 
0.0517 

2 

0.0228 
0.0389 

0.0719 
0.0323 

3 

0.0454 
0.0556 

0.1275 
0.0453 

4 

0.0389 
0.0197 

0.0656 
0.0167 

a) Estimated by the coefficient of the electron-transferred configurations (CT). b) Ter­
minology refers to the spatial arrangements of the donor and acceptor bonds. 

in all models examined (Table 2). T h i s is again 
consistent wi th the preceding quali tat ive theory. 
T h e preference of the vicinal de rea l i za t i on to the syn-
or an t iper ip lanar a r rangement is dependent on the 
models. 

Ab Initio Calculation. We under took ab ini t io 
calculat ions to examine the preceding quali tat ive the­
ory and calculations. Since the geometry optimiza­
t ion of the model compounds , "CH2CH2F (1), 
NH2CH2F (2), NH2CH2CI (3), and P H 2 C H 2 F (4), wi th 
the STO-3G basis set reproduced the ant iper ip lanar 
effects, the SCF molecular orbitals were used for the 
configurat ion analysis to see the bond- to-bond d e r ­
ealization.8) T h e conformational dependence of the 
geminal and vicinal delocalizations is shown in Figs. 
6 and 7. T h e conformation is defined by the dihedral 
angle 6. T h e synper iplanar conformation, where the 
donor and acceptor bonds are eclipsed, is denoted by 
0=0°. T h e ant iper ip lanar conformation is denoted 
by 0=180°. T h e extent of de rea l i za t i on is indicated 
by the configurat ion coefficients of the electron trans­
ferred configurations. 

T h e preference of both geminal and vicinal deloca­
lizations to the anti- rather than synper iplanar ar­
rangement was confirmed by the ab ini t io configura­
t ion analysis for all models examined (Figs. 6 and 
7). T h e first row a tom models are represented 
by NH2CH2F since the characteristic features of 
"CH2CH2F and NH2CH2CI were found to be similar. 

T h e enhancement of the geminal de r ea l i z a t i on by 
the syn to ant i conformational change is more re­
markable than that of vicinal one in 1—3 (see Table 
3). T h i s confirms the result of the extended Hückel 
calculat ions that the geminal de r ea l i z a t i on is pre­
d o m i n a n t in stabilizing the anti- relative synperi­
p l ana r conformations. 

T h e synper iplanar conformation is an eclipsed 
form, which is not realistic for the equ i l ib r ium struc­
ture of rotatomers. T h e gauche ar rangement (0=60°) 
is to be compared with the ant iper ip lanar conforma­
t ion (0=180°). T h e vicinal de rea l i za t i on increases 
wi th the gauche to ant i conformational change to a 
greater extent, relative to the geminal de r ea l i z a t i on 
(Table 3). T h e results of the ab in t io calculations 
imply that the vicinal d e r e a l i z a t i o n is more sensitive 
to the gauche- to-ant iper iplanar conformational 
change. 

In 4 con ta in ing a lone pa i r on phosphorus , a second 

0 jj1 
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oiGEMINAL 

£ 

30 60 90 120 150 180 

eeo 
Fig. 6. Conformational dependence of geminal and 

vicinal delocalizations in NH2CH2F. 
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30 60 90 120 150 180 

e« 
Fig. 7. Conformational dependence of geminal and 

vicinal delocalizations in PH2CH2F. 
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row atom, both geminal and vicinal de rea l i za t ions 
are less dependent on the conformation (Fig. 7). 
T h i s is consistent wi th the conclusion by Schleyer et 
al.17) that anomeric effects involving second-row sub-
stituents are greatly at tenuated relative to their first-
row counterparts . They suggested that the at tenu­
ated effect could be at tr ibuted to the poorer xc-donating 
property and the lower electronegativity of the second-
row groups . However, the diffuse extension of the n-
orbital on the second-row atoms or its reduced direc­
tionality should also be taken in to consideration. 

Conclusions 

A theory has been presented for scrutinizing the 
mechanism of de r ea l i z a t i on of a(n)-electrons from 
one bond to another. T h e bond- to-bond de rea l i za ­
t ion has been shown to be significantly influenced by 
the su r round ing bonds th rough the orbital phase. 

Most interestingly, the de r ea l i z a t i on between the 
geminal bonds is dependent on the conformation. 
T h e d e r e a l i z a t i o n from a bond B to a geminal bond C 
(Fig. 3) is dependent on the or ientat ion of another 
bond or a lone pa i r A on the other end of B. T h e 
geminal de rea l i za t i on is controlled by the orbital 
phase (Fig. 5) which prefers the an t iper ip lanar ar­
rangement of A and C. 

T h e de rea l i z a t i on between the vicinal bonds (A 
and C in Fig. 3) has been believed to be responsible for 
the an t iper ip lanar effects inc lud ing the anomeric 
effect,1) the gauche effect,2* and so on. T h e vicinal 
de r e a l i z a t i on significantly involves the intervening 
bond B. T h e preference of the de r ea l i z a t i on for the 
an t iper ip lanar relation is also controlled by the 
orbital phase cont inui ty (Fig. 5). 

T h e orbital phase is extending the coverage over 
organic chemistry. Most fundamentally, the orbital 
phase determines the b o n d i n g and an t ibond ing p rop­
erties of chemical bonds. T h e orbital phase conti­
nui ty condi t ions original ly developed for catalytic 
action10) cover the Woodward-Hoffmann stereoselec-
tion rule and the Hückel aromaticity rule.11). A pre­
requisite for the appl ica t ion of the condit ions has 
given bi r th to a new concept, cont inui ty and disconti­
nui ty of cyclic conjugation.1 2) Kinetic stability of 
cyclic conjugated molecules can be predicted from the 
phase cont inui ty requirements.1 8) T h e orbital phase 
also determines thermodynamic stability of acyclic 
conjugated molecules (cyclic orbital interaction in 
acyclic conjugation, acyclic aromaticity).19) Regioselec-
tivity of organic reactions can also be explained in 
terms of the phase continuity,20) whi le so far in terms 
of the frontier orbital ampl i tudes . In the present 
work, the orbital phase is an impor tan t factor control­
l ing the bond- to-bond de rea l i za t i on of a-electrons 
which is related to such stereoelectronic effects as 
anomeric effects,1) gauche effects,2) a concept of o-
assistance and a-resistance21) and so on. 

Ab ini t io molecular orbital calculations wi th 
GAUSSIAN 80 and M O N S T E R G A U S S programs 
were carried ou t on a H I T A C M-680H computer at the 
Insti tute for Molecular Science and on a FACOM M-
782 computer at Nagoya University Computer Center, 
respectively. We are grateful to Prof. Kimihiko 
Hi rao for permi t t ing us to use M O N S T E R G A U S S 
program. T h e configurat ion analysis was carried 
out on a FACOM M-360 compute r at Gifu University 
C o m p u t i n g Center. T h i s work was supported by a 
Grant- in-Aid for Scientific Research Nos. 63550620, 
62303002 from the Ministry of Educat ion, Science and 
Culture. 
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Solvent Influence on UV, 59Co, and ^CNMR of [Co(CN)6]3-
and Its Solvation Site 
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The electronic absorption (UV) spectrum, 59Co, and 13CNMR of potassium hexacyanocobaltate(III), 
K3[Co(CN)6], were measured in water and a variety of organic solvents: ethylene glycol, methanol, formamide, 
ethanol, chloroform, nitromethane, dichloromethane, dimethyl sulfoxide, acetonitrile, Af,A/-dimethyl-
formamide, benzonitrile, and nitrobenzene. The complex salt was dissolved in organic solvents by macrobi-
cyclic polyether, cryptand 222. It was found that the spectra are influenced by the solvent, and vary according 
to the electrophilic ability (Gutmann's acceptor number) of solvents. Especially, the 13C NMR chemical shifts 
of coordinated cyano carbons (octet) have shifted downfield as the acceptor number becomes larger. This 
means that the solvent influence is caused by direct interaction between the ligand CN_ and solvent molecules as 
electron acceptors. The result concerning the linear correlation between the solvent influence on the peak 
position (nm) of the first d-d transition band and on the chemical shift of 59Co NMR suggests that this influence 
is due to the d-d transition-energy change of [Co(CN)6]3" by solvation. Finally, the plausible structure of the 
outersphere complex of [Co(CN)6]3~ with solvent molecules is proposed on the basis of the result obtained and 
an examination of molecular models. 

In this work, we found that the UV, 59Co, and 
1 3 C N M R of K3[Co(CN)6] are fairly solvent-dependent. 
T h i s solvent dependence is due to an outersphere 
interaction between the complex an ion and solvent 
molecules, since this complex an ion is inert and stable 
against the l igand subst i tut ion or a redox reaction in 
solvents wi thou t light. T h e innersphere coordina­
tion has so far been investigated in photochemistry 
while studies of outersphere coordinat ion have been 
very few.1) T h i s is because the outersphere coordina­
tion of solvent molecules is flexible, causing the struc­
ture of this outersphere complex to be merely specula­
tive. It is therefore essential to clarify wha t k ind of 
interact ion exists between [Co(CN)6]3" and solvent 
molecules for invest igat ing the solvent influence on 
the spectra of K3[Co(CN)6]. As for the other com­
plexes, it has been investigated that the d-d transit ion 
spectrum,2 ) the circular dichroism spectrum,3) 
59Co NMR,4) and 13C NMR5) of [Co(edta)]- (edta=ethyl-
enediaminetetraacetate), are remarkably subject to sol­
vent influence th rough hydrogen-bonded solvation in 
a solvent of great electrophilic ability (e.g. H2O and 
methanol ) . T h e n , the influence of the solvent could 
be quanti tat ively estimated by the use of acceptor 
numbers , which were proposed by Mayer, et al. as a 
measure of the electrophilic ability of solvents.6) T h e 
[Co(edta)]" an ion of C2 symmetry shows a broad 
59Co N M R signal and ambigui ty in the peak posi t ion 
of the UV spectra; the symmetry of [Co(CN)6]3" is 
rather h igh (Oh symmetry). We can thus easily com­
pare the UV and 59Co N M R spectra wi th the electronic 
states. 

In the present work, the solvent influence of 
K3[Co(CN)6] was investigated on the electronic spec­
tra, 5 9 C o N M R , and 1 3 C N M R spectra. We describe 
(1) the correlation between the solvent influence on 
the spectra or the d-electronic state of the cobalt(III) 

ion and the electrophilic abili ty of solvent molecules, 
and (2) wha t k ind of interact ion between solvent mole­
cules and [Co(CN)6]3" plays an impor tan t role in 
solvent influence. 

Experimental 

Materials. K3[Co(CN)6] was prepared by the usual 
method.7) The purity of this complex was checked by 
spectroscopic methods. The organic solvents were of the 
purest commercial grade available and were used without 
further purification. The solvents used here are as follows: 
water, ethylene glycol, methanol, formamide, ethanol, chlo­
roform, nitromethane, dichloromethane, dimethyl sulfox­
ide, acetonitrile, A/^A/-dimethylformamide, benzonitrile, and 
nitrobenzene. 

Measurements. Electronic Spectrum: The electronic 
absorption spectra were measured at ambient temperature 
on the solutions of K3[Co(CN)6] (0.004 M: M=moldm"3) for 
water, and for organic solvents containing cryptand 222 
(0.013 M: the amount of 3.3 times for the concentration of 
the complex ion and 1.1 times for that of K+ ion). A 
Shimadzu UV-240 recording spectrometer was used for this 
measurement. The spectrum is not influenced by the addi­
tion of various amounts of cryptand 222 or by a change in 
the concentration of the cobalt(III) complex, and also by a 
change in the temperature. 

59CoNMR: The 59CoNMR spectra were recorded on a 
0.1 M solution of K3[Co(CN)6] at 25 °C. Solutions of 
organic solvents were prepared by the addition of an excess 
amount of cryptand 222 (3.3 times of amount). The 59Co 
chemical shift is slightly dependent on the concentration of 
the complex. Therefore, measurements were carried out in 
solutions of various concentrations: 0.1, 0.05, 0.01, and 0.001 
M. A JEOL JNM-GX400 NMR spectrometer was operated 
in a Fourier transform mode at 94.862 MHz. The 10-mm 
NMR tube used here contained K3[Co(CN)6] in D2O as a 
reference; the sample solutions for the NMR measurements 
were kept in a 5-mm tube that was fixed inside a 10-mm tube 
during accumulation. The signals appeared quite sharply, 
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and the spectrum was obtained after 16—64 accumulation of 
0.1 sec pulse interval. 

13CNMR: The 13CNMR were obtained at ambient 
temperature for the 0.1 M solutions that were also prepared 
by the addition of cryptand 222 (0.33 M). A JEOL JNM-
GX400 NMR spectrometer was operated in the Fourier 
transform mode at 100.535 MHz. Dioxane in D2O, which 
was sealed in a 1-mm tube and kept inside a 5-mm sample 
tube, was taken as an external reference (67.4 ppm from 
TMS). Pulse intervals of 3—30 s were used and each spec­
trum was obtained after 5000—10000 scans. The chemical 
shifts were not influenced by changes in the amount of 
added cryptand 222, the concentration of the cobalt(III) 
complex, and temperature. 

In this work, the author payed attention to the shielding 
of the sample solution from light. Complex Ks[Co(CN)6] 
is somewhat sensitive to UV radiation, as is well-known. It 
is confirmed that there is no change in the observed value 
during measurements under the conditions used here. 

Results and Discussion 

Electronic Spectra in a Variety of Solvents. T h e 
electronic spectra of K3[Co(CN)6] in water, e thanol , 
chloroform, and acetonitri le are shown in Fig. 1. 
T h e bands in this figure correspond to the first d -d 
transi t ion (Aig-Tig) of a cobalt(III) center. T h i s fig­
ure suggests that the peak posi t ions of the first d -d 
transi t ion band appear in the shortest wavelength 
region in water of these solvents. Since the 
[Co(CN)6]3" an ion is inert and stable in these solvents 
under the condit ions used, the difference in the peak 
posi t ion is due to the outersphere interaction between 
the complex an ion and solvent molecules. 

Since [Co(CN)6]3" is an anion, this solvent influence 
could be correlated wi th the electrophilic ability of 
solvents. T h e au thor estimates this influence on the 
basis of the acceptor number (AN) that was proposed 
by Mayer et al.6) as a measure of es t imat ing the electro­
phi l ic ability of solvents. These AN values of sol­
vents were determined on the basis of 3 1P N M R chemi­
cal shifts of t r ie thylphosphine oxide ((C2Hs)3PzzO) in 

Table 1. The Peak Positions of the d-d Transition Band and the Chemical Shifts of Cobalt-59 
and Carbon-13 NMR of K3[Co(CN)6] in a Variety of Solvents 

Solvent 

H2O 
EG 
CH3OH 
FA 
C2H5OH 
CHCI3 
CH3NO2 
CH2CI2 
Me2SO 
CH3CN 
DMF 
C6H5CN 
C6H5N02 

AN&) 

54.8 

41.3 
39.8 
37.1 
23.1 
20.5 
20.4 
19.3 
18.9 
16.0 
15.5 
14.8 

Ai/nmb) 

311.5 
312.5 
313.5 
314.5 
314.5 
318.0 

318.5 
321.0 
320.5 
322.5 

Vnm c ) 

257.0 
258.0 
258.0 

259.0 

263.0 

<5(59Co)/ppm 

0 
39 
69 
74 

109 

260 
262 
289 
293 
352 
315 
305 

<5(13C)/ppm 

139.8 

138.7 

138.2 

137.1 
137.5 
137.2 
137.5 
137.4 

solvents. T h e acceptor n u m b e r indicates that a sol­
vent hav ing a large AN value is a strong electron 
acceptor. Therefore, solvent molecules could inter­
act strongly wi th an an ion like [Co(CN)6]3" if the 
solvent has a large value of the acceptor number . 

All data of the peak positions8* obtained are pre­
sented in Tab le 1 for a variety of solvents: H2O, eth­
ylene glycol (EG), methano l (CH3OH), formamide 
(FA), e thanol (C2H5OH), chloroform (CHCI3), dichlo-
romethane (CH2CI2), dimethyl sulfoxide (Me2SO), 
acetonitrile (CH3CN), and A/^Af-dimethylformamide 
(DMF). T h i s table also includes the acceptor 
numbers (AN). 

T h i s table indicates that the peak posit ions of the 
[Co(CN)6]3" shift to a shorter wavelength as the accep-

Wavelength / n m 

Fig. 1. Electronic absorption spectra of K3[Co(CN)6] 
in water ( ), ethanol ( ), chloroform ( ), 
and acetonitrile ( ). 

a) AN refers to the acceptor number of the solvent, b) ±0.5 nm. c) ±0.5 nm. 
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Fig. 2. The correlation between the peak positions 
(Xi in Table 1) in the electronic spectrum and the 
acceptor numbers (AN) of the solvents. 

tor number (AN) increases and the solvent interacts 
strongly with this anion. Furthermore, as shown in 
Fig. 2, a plot of the X\ values in Table 1 against the 
acceptor numbers of solvents gives a straight line (the 
correlation coefficient is —0.965).9) The linearity of 
the line suggests that the contribution of the solvent 
molecules to the peak position (X\ value) is linearly 
correlated to the acceptor number of the solvent. The 
Xi value of the peak position in the solvent was calcu­
lated by the following equation (error bars are one 
standard deviation): 

Ai = Ai°-(0.272±0.028)X^iV (1) 

where Xi° and AN refer to the peak positions 
(Ai°=325.4+0.9 nm determined by a linear least-
squares analysis) in hexane as a standard solvent 
(AN=0) and the acceptor number of the solvent, 
respectively. The first term in this equation could 
correspond to the inherent peak position of the first d-
d transition band for [Co(CN)6]3" that is not solvated 
and the second term to the contribution of solvating 
molecules. Therefore, this estimation leads to the 
result that the contribution of solvating molecules to 
the Xi value in the first d-d transition band is linearly 
correlated to the electrophilic ability of the solvent. 
Also, the interaction with water molecules of the 
largest acceptor number (54.8) makes this value shift 
to the shortest wavelength and induces the largest 
energy split of a d-d transition. This should be due 
to the largest electron-withdrawing effect of water 
molecules. 

The peak position (X2) of the second d-d transition 
band was also obtained for H2O, EG, CH3OH, 
C2H5OH, and CH3CN (Table 1). On the basis of the 
X\ and X2 values, the interelectronic repulsion parame­
ter (Racah parameter: B) could be determined for H2O, 
EG, CH3OH, C2H5OH, and CH3CN as follows; 

ß=460, 456, 463, 460, and 461, respectively.10) 
According to the literature, this parameter corre­
sponds to an expansion of the d-orbital of the cobalt-
(III) center and the covalency in Co-C bonding; the 
expansion becomes great as the B value decreases. 
However, parameter B seems to be independent of the 
solvent in this case. This result indicates no drastic 
expansion of the d-orbital by an electron-withdrawing 
effect of solvent molecules, though a more detailed 
examination and data should be essential. 

Correlation between the Peak Positions in Elec­
tronic Spectra and the Chemical Shifts in the 
59Co NMR. If the energy of the d-d electronic transi­
tion of [Co(CN)6]3" could be changed by the interac­
tion between the solvent molecules and this complex 
anion, the 59Co NMR chemical shifts should also vary 
according to a change of the electronic spectrum. 
This is because the chemical shift of 59Co NMR is 
correlated to the peak position in the electronic spec­
trum, as shown in the following equation (which is 
abbreviated):11) 

<5(59Co) oc i/A£ (2) 

H20 

CH3OH 

C2H5OH 

CH3CN 

DMF 

Ppm 
T 1 1 1 1 1 1 1 — 

400 300 200 100 0 -100 -200 -300 

Fig. 3. 59CoNMR spectra of K3[Co(CN)6] (0.1 
mol dm-3) in a variety of solvents. 
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where <5(59Co) and AE are the 59Co chemical shift and 
the energy difference for the first d-d transition band 
of the cobalt(III) complex, respectively. 

Figure 3 shows the 59CoNMR spectra of 
K3[Co(CN)6] in H 2 0 , CH3OH, C2H5OH, CH3CN, and 
DMF. In all solvents, only one sharp signal appears. 
The chemical shifts of the 59CoNMR are fairly 
solvent-dependent. The chemical shifts obtained are 
shown in Table 1; the solvents used were H2O, EG, 
CH3OH, FA, C2H5OH, CH3NO2, CH2CI2, Me2SO, 
CH3CN, DMF, C6H5CN, and C6H5N02 . The chemi­
cal shifts are also shifted upfield as the concentra­
tion of the complex decreases. This may be due to 
the ion association between [Co(CN)6]3" and K+ with 
cryptand 222. The chemical shifts, which are 
obtained by extrapolation to the concentration zero, 
should be the value without any influence of the 
counter cation. Therefore, the extrapolated values 
are listed in Table 1 instead of the observed values. 

It seems that the 59Co chemical shifts are linearly 
correlated to the X\ values in Table 1. In order to 
confirm this correlation, in Fig. 4 are plotted the 
chemical shifts (<5(59Co)) against the X\ values of the 
first d-d transition band (Aig-Tig) in the correspond­
ing solvents: H 2 0 , EG, CH3OH, FA, C2H5OH, 
CH2CI2, Me2SO, CH3CN, and DMF. It is clear that 
the <5(59Co) values are linearly correlated to the X\ value 
(the intercept is —9968.75 ppm and the slope is 32.01). 
This result indicates that the d-d transition energy 
(AE in Eq. 2) is influenced by the solvent molecules, 
and this influence changes the electronic spectrum 
and the 59Co NMR of [Co(CN)6]3-. 

The influence of the solvent on the d-d transition 

400 

300 

~ 200 
8 

1 0 0 h 

DMF / 

EG 

/ 

_ L 
310 315 320 

Aj / nm 

325 

energy (AE) is speculatively interpreted by a change in 
the contribution of the empty n orbital of the ligand 
carbon.12^ The orbital scheme can be illustrated as 
follows for a complex that is composed of the o and n 

TT* 

:\*29 

x2g 

er 
0 * 

t 2 g = < 

a-Complex 

T 
AE 

T T | 

e9/ 

i 2 g 

Ligand TT orbitats 

bonding between Co and the ligand. If the contribu­
tion of the n orbital in this case increases, the orbital 
split should become great, leading to the blue shifts in 
hydrogen-bonding solvents. 

Carbon-13 NMR of [Co(CN)6]3" in a Variety of 
Solvents. The next problem is what kind of interac­
tion between solvent molecules and the complex 
anion influences the d-d electronic transition state of 
the cobalt(III) center. Solvent molecules interact 

| *itowW 
K5 HCT 135 

L 150 100 

dioxane 

50 

a 

ppm 

Fig. 4. The correlation between the 59Co chemical 
shifts (ô(59Co) in Table 1) and the peak positions 
(Xi) in the electronic spectrum. 

Fig. 5. 13C NMR spectra of K3[Co(CN)6] in water (a) 
and in acetonitrile (b). There are some signals of 
cryptand 222 near the signal of dioxane in Fig. 5b. 
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with [Co(CN)6]3" in the outer coordination sphere. 
One possibility is the interaction with the ligand CN". 
In order to confirm this interaction, the 13CNMR 
spectrum is observed in a variety of solvents. 

The 13CNMR spectra of [Co(CN)6]3" in H 2 0 and 
CH3CN are shown in Figs. 5a and 5b, respectively. 
In aqueous solution (Fig. 5a), the eight weak signals 
that are assigned to the carbons of the coordinated 
CN" and are coupled with the nuclei spin of 59Co 
(1—1/2) appear at the low magnetic field (135—145 
ppm).13) These signals are expanded in Fig. 5a. 
Eight signals were clear after about 6000 accumula­
tions over 10-s pulse intervals. In acetonitrile, sig­
nals also appear as octet lines. The spectrum is 
shown in Fig. 5b after about 10000 accumulations over 
30-s pulse intervals. Weak signals of the CN - car­
bons are shown as eight signals (132—142 ppm) in the 
expanded spectrum, which is beside the solvent signal 
of nitrile carbon. The signals in solvents other than 
the solvents listed in Table 1 are rather broad and 
obscure, even after 10000 accumulations; chemical 
shifts were not accurately obtained in this work. 

The chemical shifts of carbon-13 in Table 1 also 
varies from one solvent to other; the solvents used are 
H2O, CH3OH, C2H5OH, CH3NO2, CH2CI2, Me2SO, 
CH3CN, and DMF. This solvent influence should be 
due to the outersphere interaction between solvent 
molecules and the [Co(CN)6]3" ion. Another influ­
ence, for example the influence of ion association and 
a slight amount of water included in the solvent used, 
is quite small in this system. 14> 

The chemical shift of 13C signals is plotted against 
the acceptor number in order to compare the magni­
tude of solvation with the electrophilic ability of the 
solvent. In Fig. 6, are plotted the chemical shifts of 
13C NMR against the acceptor numbers of the solvents. 
A plot of the <5(13C) values gives a straight line (the 
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system. 

correlation coefficient is 0.970) as shown for the plots 
of X\ and <5(59Co).15) This line is represented by the 
following equation (error bars are for one standard 
deviation): 

<5(13C) = <5(13C)° + (0.0639+0.0065) X AN (3) 

where <5(13C)° and AN refer to the 13C chemical shift 
(<5(13C)°=136.1+0.2 ppm determined by a linear least-
squares analysis) and the acceptor number of the 
solvent, respectively. This linearity shows that the 
13C NMR chemical shifts are correlated to the electro­
philic ability of solvents in the same manner as the X\ 
values and <5(59Co) are and the interaction with solvent 
molecules causes the downfield shifts. The down-
field shifts correspond to an electron-withdrawing 
effect of solvent molecules on the cyano groups. 

On the basis of the correlation it is concluded that 
the solvent molecules interact with the [Co(CN)6]3~ 
ion through the ligand CN" directly. This interac­
tion could be hydrogen bonding for protic solvents 
like water and methanol. 

Solvation Site. The 14NNMR spectrum of 
[Co(CN)6]3" could be obtained in aqueous solution, 
but those in organic solvents are not detected because 
of the broadness of the nitrogen-14 signal. There­
fore, we can not at present confirm the exact site of the 
interaction of solvation. However, molecular models 
indicate that direct interaction like hydrogen bonding 
is possible between the nitrogen and solvent hydro­
gens, but that the interaction seems to be impossible 
between the carbon and solvent hydrogens. Eventu­
ally, we could propose the solvation model shown in 
Fig. 7 for water. This species of an outersphere com­
plex exhibits electronic and 59Co NMR spectra which 
are different from the inherent ones by a change in the 
d-d transition state of [Co(CN)6]3~. A detailed exam­
ination of the correlation between the solvation mode 
and the change of the d-d transition state of the 
complex anion is now being studied by MO 
calculations. 

Conclusion 

It is concluded that the solvent molecules interact 
with the [Co(CN)6]3~ ion as electron acceptors 
through the ligand CN - , probably at the cyanide 
nitrogen, and that the solvent influence on the UV, 
59Co, and 13CNMR spectra of K3[Co(CN)6] measured 
in this work is all caused by the electron-withdrawing 
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effect of the solvents. T h e blue shift of the first d -d 
transi t ion band and the upfield shift of the 59Co signal 
of this complex an ion correspond to the expansion of 
the d -d transit ion-energy split caused by the electron-
wi thdrawing effect. 

T h e au tho r wishes to thank the Ins t rument Center, 
Inst i tute for Molecular Science, for the use of an N M R 
spectrometer ( J E O L Model JNM-GX400), and also 
thank S. Kato for her measurements of 1 3 C N M R on 
the JNM-GX400 N M R spectrometer at the Ins t rument 
Center, Nagoya City University. 
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Stereoselective Isomerization and Racemization of (iV-Methyliminodiacetato)-
(ethylenediamine-AT-acetato)cobalt(III), [Co(mida)(edma)], in 

a Basic Aqueous Solution 

Hirosh i KAWAGUCHI,* Kenji Tsuji, T o m o h a r u AMA, a n d Takaj i YASUI 
Department of Chemistry, Faculty of Science, Kochi University, 

Akebono-cho, Kochi 780 
(Received September 13, 1989) 

Isomerization reactions of four geometrical isomers (pink, violet, brown, and light-brown) of [Co(mida)-
(edma)] were studied in a basic aqueous solution. In a reaction of the (—^-pink isomer, two isomers of (—)%&-
brown and racemic light-brown formed simultaneously. The light-brown isomer isomerized mainly to the 
brown isomer. In reactions of the (+)s72-violet and (+)s6i-brown isomers, the formations of other isomers were 
not observed but the racemizations occurred. The racemization reaction of the (+)s72-violet isomer proceeded at 
a considerable rate. These reactions are discussed in connection with those for the [Co(ida)(edma)] system. 

Previously, we studied the base-catalyzed isomeriza­
t ion reaction of the [Co(ida)(edma)] system ( ida= 
iminodiacetate d ianion: edma=ethylenediamine-iV-
acetate anion) and found that the reaction was ster­
eoselective.1) In order to interpret the stereoselectiv­
ity, we proposed a bond- rup ture mechanism as shown 
in Scheme 1; the coordinat ion sites were exchanged 

HN h 

(/ d 
o 1-

- H+ 

• H+ 

inversion 

- H+ 

+ H+ 

( Ida: X = 0 ; edma: X = N ) 

Scheme 1. 

r\ 
Ûc« /) 
N , — N £ R 

brown 

mer(0)trans(Nc) mer(0)cis(Nc) 

light-brown 

mer(ch) fac(0) 

Fig. 1. Four geometrical, isomers of [Co(mida)-
(edma)] (R=CH3) and [Co(ida)(edma)] (R=H). Nc 

denotes a central nitrogen. 

Table 1. Possible Configurations and CD Signs 
of [Co(mida) (edma)] 

Geometrical isomer Possible configuration and CD sign 

mer(0)trans(Nc) 
(brown) 

mer(0)cis{Nc) 
(violet) 

fac(O) 
(pink) 

(+&AA(S) 

(+)Ï?TAAA(S) 

(-)^AAA(S) 

(-)^-AA(R) 

(-)Ï?TAAA(R) 

(+f^AAA(R) 

R or S denotes the chirality around the asymmetric 
nitrogen. 

between the secondary ni t rogen (sec-N) and carboxy-
lato oxygen (O) atoms of the coordinated edma or ida 
l igand, and consequently, the asymmetry at the sec-N 
center was inverted in the case of the edma l igand. 

If the mechanism described above is adequate, some 
of the reaction paths in the [Co(ida)(edma)] system 
should be excluded in the [Co(mida)(edma)] system 
(mida=iV-methyliminodiacetate dianion); the inver­
sion at the tertiary N center of the coordinated mida 
l igand is impossible. In this paper, we describe the 
isomerization reaction of the [Co(mida)(edma)] sys­
tem, which is discussed on the basis of the previous 
study1) on the related complexes. Four possible geo­
metrical isomers of [Co(mida)(edma)] (Fig. 1) have 
been separated, and the absolute configurations of 
three isomers con ta in ing facially coordinated l igands 
have also been determined as shown in Table 1.2) 

Experimental 

Complexes and Reagents. The complexes examined 
here were prepared and optically resolved according to the 
method described in our previous paper.2) They are (+)s6r 
mer(0)£rarcs(Afc)-[Co(mida)(edma)] • H2O (abbreviation: (+J561-
brown), (+Ji?2-mer(0)ds(Arc)-[Co(mida)(edma)] • H 2 0 ((+)g&-
violet), (-)g6

D
5-/ac(0)-[Co(mida)(edma)].2H20 ((-)gg-pink), 

and m£r(c/fc)-[Co(mida)(edma)] • I.5H2O (light-brown). All 
the chemicals used were of a reagent grade, and the de-
ionized water was degassed before use. 

Isomerization. (—)§g-Pink Isomer: The isomer (0.3158g) 
was dissolved in 160.0 cm3 of water in a reaction vessel kept 
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in a thermostated bath at 40.0 °C. The reaction was started 
by stirring 100.0 cm3 of a buffer solution [Na2CO3(0.1102 g)-
NaHCO3(0.7863 g)/water( 100.0 cm3)] previously kept at 
40.0 °C into the reaction vessel. The reaction conditions 
were as follows: Complex concentration, 3.4X10~3 M 
(M=moldm-3); pH, 9.17+0.02; temperature, 40.0+0.1 °C. 
The temperature and pH of the reaction solution were 
checked with a thermistor thermometer (Takara D221) and a 
pH meter (Toa TSC-10A), respectively, throughout the 
kinetic run. At prescribed time intervals, a constant 
volume (40.0 cm3) of the reaction solution was taken out and 
acidified to pH 5 with 1 M HCl in order to stop the reaction. 
The acidified solution was concentrated under reduced pres­
sure at 35—40 °C and then chromatographed on a column 
(2.8 cmX40 cm) of SP-Sephadex C-25 (K+ form) using water 
as an eluent. Two bands, el 1 (a mixture of the brown and 
light-brown isomers)3* and el 2 (the pink isomer), were 
separated. (It was confirmed in a preliminary large scale 
experiment using a long column that the violet isomer was 
not formed from the pink isomer.) The two eluates were 
collected separately and concentrated to appropriate con­
stant volumes. The amount and optical purity of each 
isomer were determined from absorption and CD data meas­
ured by a Hitachi 557 spectrophotometer and a JASCO J-22 
spectropolarimeter, respectively. The amounts of the two 
isomers in el 1 were estimated from binary-curve analysis of 
the absorption spectrum. In this curve analysis, the spec­
tral data at 20 points in the visible region were used; the 
analysis was carried out on an NEC PC-9801F computer 
using a least-squares method. 

(+)?72 -Violet, (+)§|}-Brown, and Light-Brown Isomers: The 
isomerization reactions of the (+)s72-violet and (+)s6i-brown 
isomers were attempted by a procedure similar to that used 
for the (—)s65-pink isomer. The reaction conditions were 
pH 10.31 (carbonate buffer) and 40.0 °C. As the light-
brown isomer was isolated in only a small amount, the 
method described above could not be used for the reaction of 
this isomer. The light-brown isomer (0.0118 g) was dis­
solved in 10 cm3 of a carbonate buffer solution (pH 10.35) at 
40.0 °C, and then the absorption spectral change of the 
solution was followed using a thermostated cell. The 
absorption spectra obtained in suitable time intervals were 
analyzed as a binary system of the light-brown and brown 
isomers. In weak acidic and neutral solutions at room 
temperature, the absorption and CD spectral changes of all 
the isomers were very slow. Therefore, the progress of the 
isomerization and/or racemization reaction during such 
procedures as chromatographic separation and concentra­
tion under reduced pressure was ignored. 

Results and Discussion 

Base-Catalyzed Isomerization Reaction. ( — ^ - P i n k 
Isomer: T h e isomerization rate of the ( — ^ - p i n k 
isomer was too fast under the condit ions of p H 10.31 
and 40.0 °C to follow by the present experimental 
method. Therefore, the p H was set at 9.17 for this 
isomer only. Figure 2 shows the concentrat ion 
changes of the start ing material and reaction products. 
T h e numer ica l data are listed in Tab le 2, together 
wi th the enant iomer excess percentage of each isomer. 
In this reaction, thé optically active b rown ((—)§i 

XCD Fig. 2. The isomerization reaction of (—)s65-pink in 
a basic aqueous solution (pH 9.17) at 40.0 °C; pink 
(—O—), brown (—A—), and light-brown (—•—). 

Table 2. The Concentration Changes and Optical 
Purities of the Starting Materials and Products 

in the Isomerization Reaction (40.0 °C) 

( i ) ( - )S-Pink(pH9.17) 
Concn/10 - 3 mol dm - 3 (optical purity/%) 

0.5 h 1 h 

(-)S-Pink(S) 2.14 1.32 
(98) (98) 

(-)56
D

rBrown(R) 0.82 1.36 
(91) (87) 

Light-brown 0.41 0.66 

1.5 h 

0.82 
(98) 
1.63 
(87) 
0.78 

2 h 4 h 

0.46 0.08 
(92) (70) 
1.88 2,33 
(80) (73) 
0.79 0.84 

(ii) (+)57D2-Violet (pH 10.31) 
Concn/10 - 3 mol dm - 3 (optical purity/%) 

1.5 h 3 h 

(+)s7D2-Violet(S) 2.83 2.53 
(52) (28) 

6 h 

2.01 
( 9) 

12 h 30 h 

1.42 0.64 
( 1 ) ( 0 ) 

(iii) (+)s6
D

rBrown (pH 10.31) 
Concn/10 - 3 mol dm - 3 (optical purity/%) 

2 h 10 h 

(+)§£-Brown(S) 3.31 3.29 
(84) (78) 

20 h 

3.25 
(74) 

(vi) Light-brown (pH 10.35) 
Concn/10"3 moldm - 3 

l h 2 h 

Light-brown 2.68 2.07 
Brown 0.72 1.33 

3 h 

1.75 
1.65 

80 h 

2.86 
(52) 

4 h 

1.43 
1.95 

form) and racemic l ight -brown isomers were formed 
simultaneously. T h r o u g h o u t the reaction, the violet 
isomer and by-products were not detected by the pres­
ent experimental method. T h e (—)^-pink isomer 
(starting material) decreased in a m o u n t wi th retention 
of the h igh optical puri ty. T h i s fact indicates that 
virtually no racemization of the (—)^-pink isomer 
occurs. T h e ( — ^ - b r o w n isomer formed from the 
(—)ö65-pink isomer showed a h i g h optical puri ty, indi­
cat ing that the isomerization pa th of ( — ^ - p i n k iso-
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mer—>(—)s6i-brown isomer is highly stereoselective. 
The light-brown isomer formed in the reaction was a 
racemate. However, it is not clear whether the (—)s^-
pink—>light-brown change is stereoselective or not. 
Even though the change is stereoselective, the opti­
cally active light-brown isomer formed from the 
(—)565-pink isomer is considered to racemize very 
rapidly under the present reaction conditions, judging 
from the racemization rates of raer-[Co(ida)(dien)]+,4) 

raer-[Co(edma)(dien)]2+,5) and raer-[Co(dien)2]3+.6) The 
gradual decreases in optical purity of the (—^-pink 
and (—)5epi-brown isomers with the passage of time 
may be attributed to the reverse paths from the racemic 
light-brown isomer to the pink and brown isomers. 

In the isomerization reaction of the (—^-pink 
isomer (^y4^(S)-/ac(0)-[Co(mida)(edma)]), two isomers 
of (—)5epi-brown (AA(R)-mer(0)trans(Nc)) and racemic 
light-brown (mer(ch)) were simultaneously formed. 
While, in the case of the [Co(ida)(edma)] system, the 
(—)ö54-pink isomer (AAA(S)-fac(O)) isomerized to three 
isomers of (+)g6

D
3-violet (AAA(S)-mer(0)cis(Nc)), (+)g?5-

brown (AA(S)-mer(0)trans(Nc)) with a low optical 
purity, and racemic light-brown (mer(ch)). The 
results for the (—^-pink isomer of the ida complex 
have been explained by the simultaneous occurrence 
of four paths in Scheme 2:2) The three paths, (1)— 
(3), are proposed by considering the mechanism of 
Scheme 1, and path (4) is proposed on the basis of the 
assumption that the reaction proceeds by a process 
similar to that for the [Co(ida)2]~ system, where the 
reaction scheme is u-fac*=±mer?=±s-fac.7) If the isomer­
ization reaction of the (—^-pink isomer of the mida 
complex proceeds according to the same mechanisms 
as those for the ida complex, such paths as (2) and (3) 

light-brown (O^-violetCS) 

Scheme 2. Isomerization of the (—)s54-pink isomer of 
[Co(ida)(edma)]. 

in Scheme 2 would be excluded. These paths require 
the inversion at the tertiary N center of the mida 
ligand, but such inversion is impossible. Accord­
ingly, the (—)565-pink isomer of the mida complex is 
expected to form the (—^H-brown and racemic light-
brown isomers. The experimental results are well 
explained by the systems described above. 

(+)572-Violet, (+>56i-Brown, and Light-Brown Isomers: 
The reaction of the (+)s^-violet isomer was followed 
over a period of 30 h under the conditions of pH 10.31 
and 40.0 °C. When the acidified reaction solution 
was chromatographed on an SP-Sephadex column 
(K+ form), the hydrolysis products were adsorbed on 
the top of the column, and only one band was eluted 
with water. The absorption and CD spectral patterns 
of the eluate were consistent with those of the (+)s72-
violet isomer; no other isomers were observed. Some 
of the data are listed in Table 2. The optical purity 
of the (+)572-violet isomer decreased more rapidly com­
pared with the rate of its concentration decrease; the 
(+)ö72-violet isomer racemized at a considerable rate. 
This racemization indicates that the coordination site 
exchange occurred between the sec-N and O atoms of 
the edma ligand as shown in Scheme 3. In the case of 
the [Co(ida)(edma)] system, the (+)s^-violet isomer 
isomerized to the (+)565-brown and (—^-pink isomers 
in addition to the racemization of itself. This differ­
ence is also explained by the same idea as is used in the 
case of the (—^-pink isomer. 

The isomerization study of the (+)5e}-brown isomer 
was also attempted under the same conditions as used 
for the violet isomer. When the reaction solution 
was chromatographed on an SP-Sephadex column, 
only one band was eluted with water. This indicates 
that the pink and violet isomers were not formed. 
The absorption and CD spectral patterns of the eluate 
almost coincided with those of the starting (+)s6i-
brown isomer. To make sure that no other isomers 
were formed from the brown isomer, the absorption 
curve of the eluate was analyzed as a curve of a mixture 
of the brown and light-brown isomers.8) However, 
throughout the reaction, the amount of the light-
brown isomer was less than 1% of that of the brown 
isomer, indicating that the formation of the light-
brown isomer may be ignored. Some of the data are 
listed in Table 2. 

The isomerization study of the light-brown isomer 
could not be carried out in the same manner as that for 
the other isomers, since the preparation of this isomer 

I ci n — > (i ci A 
N f — 0 / N r — 0 / 

(+)572-violet(S) (-)572-violet(R) 

Scheme 3. 
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was very difficult. Accordingly, the absorption spec­
tral change of the light-brown isomer was followed 
under the conditions of pH 10.35 and 40.0 °C. The 
intensity of the absorption curve decreased with the 
passage of time, but the peak position of the 1st d-d 
band changed little. This spectral change suggests 
that the light-brown isomer mainly isomerizes to the 
brown isomer and that the pink and violet isomers 
may be formed in small amounts.8) The concentra­
tion changes of the light-brown and brown isomers 
were estimated from the binary-curve analysis of each 
absorption spectrum at the prescribed time. Some of 
the data are listed in Table 2. 

The major reaction paths of the [Co(mida)(edma)] 
system are as follows: (1) (—^-pink isomer—•(—)^r 

brown isomer, (2) (+)s^-violet isomer?=*(—^-violet 
isomer, and (3) pink isomer—>light-brown iso­
mer —»brown isomer. These paths are also explained 
by the mechanism proposed for the [Co(ida)(edma)] 
system; the coordination site exchange between the 
sec-N and O atoms in the terdentate ligand (Scheme 1) 
and the [Co(ida)2]" type process.7) The reaction due 
to the mechanism of Scheme 1 occurs easily only when 
the sec-N atom of the edma ligand is trans to the 
ligating O atom. The same tendency has been 
observed in the [Co(ida)(edma)]1) and [Co(edma)2]+ 9) 

systems. The [Co(mida)(edma)] system seems to be 

more labile than the [Co(ida)(edma)] system. This 
may be attributed to the electron donative effect of the 
CH3 group. A similar effect was observed in the 
reactions of the other Co(III) terdentate-ligand 
complexes.4'7) 
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Dinuclear Cobalt(II) Complexes Containing l,3-(or l,5-)Bis[bis-
(2-pyridylmethyl)amino]-2-propanolato (or -3-pentanolato): 

Preparation and Reaction with Molecular Oxygen 

Masatatsu SUZUKI, T o s h i h a r u SUGISAWA, and Akira UEHARA* 
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Two dinuclear cobalt(II,II) complexes, [Co2(tpdp)(CH3COO)](ClO4)2-0.5H2O (1) and [Co2(tmdp)-
(CH3COO)](C104)2 • H2O (2), were prepared, where Htpdp and Htmdp are l,3-bis[bis(2-pyridylmethyl)amino]-
2-propanol and l,5-bis[bis(2-pyridylmethyl)amino]-3-pentanol respectively. Their electronic spectral and 
magnetic data revealed that 1 and 2 are five-coordinate in the high-spin state, in the same manner as 
[Co2(bpmp)(CH3COO)]2+ (3) (Hbpmp=2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-methylphenol). The 
complexes reacted with molecular oxygen to form /i-peroxo complexes in dichloromethane and acetonitrile. 
The oxygen affinity of the complexes decreased in the order of 3 > 2 > 1. The relationships between the oxygen 
affinities and (1) the donor abilities of dinucleating ligands, (2) the energies of the charge-transfer bands (02

2~ to 
Co3+) of the /*-peroxo complexes, and (3) the redox potentials of the Co3 +-02~-Co3 + /Co3 +-02

2~-Co3 + couple 
indicated that a steric effect arising from the dinucleating ligands contributes significantly to the oxygen 
affinities of the complexes. 

Dinuclear metal complexes wi th sterically and elec­
tronically controlled envi ronment are expected to 
b ind molecular oxygen reversibly. In the previous 
studies, we demonstrated that the dinuclear cobalt-
(II,II) complex wi th a d inuclea t ing l igand b p m p , 
[Co 2 (bpmp)(CH 3 COO)] 2 + , reacts reversibly wi th 
molecular oxygen to form a ju-peroxo complex 
[Co2(bpmp)(CH 3 COO)(0 2 ) ] 2 + , 1 ) where H b p m p is 
2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-methyl-
pheno l (Fig. lc). T h i s complex was thermodynami-
cally and thermally very stable bo th in a solid and in 
solution: P(02)1/2 was less than 0.1 T o r r (1 T o r r « 
133.322 Pa) in acetonitrile at 20 °C. T h e complex 
also showed an excellent reversibility toward oxygen 
b ind ing . Such stability may stem from the geometry 
and the donor propert ies of b p m p . As an extension 
of our previous studies, here we will report on the 
prepara t ion and oxygenat ion of dinuclear cobalt(II,II) 

(<^3VcH2)2N 0H N ( C H2~HC^ )2 
Htpdp 
(a) 

(<qVcH2)2N OH N(CH2-<g>)2 

Htmdp 
(b) 

<<(5V-CH2)2N OH N(CH2-<Q»2 

Hbpmp 
(c) 

Fig. 1. Dinucleating ligands. 

complexes con ta in ing two dinucleat ing ligands, tpdp 
and tmdp , where H t p d p and H t m d p are l,3-bis[bis(2-
pyridylmethyl)amino]-2-propanol and l,5-bis-[bis(2-
pyridylmethyl)amino]-3-pentanol respectively (Fig. l a 
and b). 

Exper imenta l 

Preparation of the Dinucleating Ligands. Htpdp: To a 
cold solution of l,3-diamino-2-propanol dihydrochloride 
(7.5 g, 0.046 mmol) and 2-pyridinecarbaldehyde (22.5 g, 0.21 
mmol) in 250 cm3 of methanol was dropwise added sodium 
cyanotrihydroborate (8.68 g, 0.138 mmol) with stirring. 
The solution was then stirred for two days at room tempera­
ture, subsequently acidified by the addition of concentrated 
hydrochloric acid, and evaporated almost to dryness under a 
reduced pressure. The residue was taken up in 100 cm3 of 
0.1 mol dm - 3 of NaOH and extracted with three 30-cm3 of 
portions of chloroform. The combined extracts were dried 
over Na2SÜ4 and evaporated under reduced pressure to give 
an oily product, which was then partly purified by passing it 
through a silica gel column with methanol as the eluent. 

Htmdp: This was prepared in a way similar to that used 
for the Htpdp, but by using l,5-diamino-3-propanol dihy­
drochloride2»3) instead of l,3-diamino-2-propanol dihydro­
chloride. 

Hbpmp: This was prepared as has previously been 
described.la) 

Preparation of Complexes. For the preparation of the 
tmdp and bpmp complexes, all the manipulations were 
carried out under an argon atmosphere using a Schlenk 
apparatus and a glovebag. 

[Co2(tpdp)(CH3COO)](ClO4)2-0.5H2O (1): To a solu­
tion of Co(CH3COO)2-4H20 (1 mmol) and Htpdp (0.5 
mmol) in 20 cm3 of methanol was added a solution of 
triethylamine (0.5 mmol) and NaC104 (3 mmol) in 10 cm3 of 
methanol with stirring. After filtration, the violet solution 
was allowed to stand overnight. The violet crystals which 
were thus formed were collected by filtration, washed with 
methanol and ether, and air-dried. 

[Co2(tmdp)(CH3COO)](C104)2 • H zO (2): To a solution 
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of Co(CH3COO)2-4H20 (1 mmol) and Htmdp (0.5 mmol) 
in 20 cm3 of methanol was added a solution of triethylamine 
(0.5 mmol) and NaC104 (2 mmol) in 20 cm3 of methanol. 
The resulting violet solution was concentrated to ca. 20 cm3 

under a reduced pressure and then allowed to stand over­
night. The violet crystals thus formed were collected by 
filtration, washed with methanol and ether, and dried in 
vacuo. The complex was air-sensitive and formed a brown 
compound when exposed to the air. 

[Co(tmdp)(CH3COO)(02)](BPh4)2 • 2HzO (2a): Complex 
2 (0.5 mmol) was dissolved in 5 cm3 of acetonitrile in air to 
give a brown solution, to which was added NaBPh4 (2 
mmol). To the resulting brown solution was added 5 cm3 

of methanol in small portions to give a brown powder, 
which was collected by filtration, washed with methanol 
and ether, and air-dried. 

[Co2(bpmp)(CH3COO)](C104)2 (3) and [Co2(bpmp)-
(CH3COO)(02)](C104)2-2H20 (3a): The complexes were 
prepared in the way described previously.10) 

[Co2(tmdp)Cl](C104)2 • 0.5CH3OH (4): To a solution of 
Co(C104)2 • 6H2O (1 mmol), Htmdp (0.5 mmol), and LiCl (1 
mmol) in 20 cm3 of methanol was added a solution of 
triethylamine (0.5 mmol) in 5 cm3 of methanol with stirring. 
The resulting solution was allowed to stand overnight to 
give violet crystals, which were collected by filtration, 
washed with methanol and ether, and dried in vacuo. The 
dried complex was stable in air. The presence of methanol 
was confirmed by 1H NMR. 

[Co3(tmdp)Br](C104)2 (5): The complex was prepared in 
a way similar to that used for 4 except that (Bu4N)Br was 
used instead of LiCl. 

Measurements. The electronic spectra were measured on 
a JASCO UVIDEC 505 UV/VIS recording digital spectro­
photometer and a Hitachi U-3400 spectrophotometer. The 
infrared spectra were obtained by the KBr-disk and the 
Nujol mull methods with a JASCO A-3 infrared spectropho­
tometer. The magnetic susceptibilities were measured with 
a Shimadzu torsion magnetometer MB-2 which was cali­
brated with Hg[Co(NCS)4]. Diamagnetic correction was 
made by using Pascal's constant.4) Cyclic voltammograms 
were obtained with a Hokuto Denko HA-301 potentiostat/ 
galvanostat and a Hokuto Denko HB-104 function genera­
tor by using a three-electrode configuration, including a 
glassy carbon working electrode, a platinum-coil auxiliary 
electrode, and a saturated calomel electrode as the reference 
electrode. Acetonitrile was used as the solvent, and tetra-

butylammonium Perchlorate, as the supporting electrolyte. 
Ferrocene was added for an internal check of the redox 
potential and the reversibility. The £1/2 value of ferrocene 
was 0.39 mV vs. SCE with a peak-to-peak separation 
(A£=70 mV). Constant-potential electrolyses were per­
formed with a Hokuto Denko HA-301 Potentiostat/Galva-
nostat by using a two compartmental H-type cell separated 
by a polypropylene film (JURAGUARD-2500), the cell was 
equipped with a platinum gauze working electrode, a plati­
num plate auxiliary electrode, and a saturated calomel elec­
trode. The integration of the current was carried out by 
integrating, the area of the current vs. time curve. The ESR 
spectra were measured on a JEOL JES-PE3X ESR spec­
trometer. The molar conductivities were measured at 25 °C 
in acetonitrile (1X10"3 mol dm"3) with a TOA CM-20S 
conductivity meter. In the case of 2, the conductivity of the 
oxygenated complex was measured. 

Oxygen-Uptake Measurement. The equilibrium con­
stant (K) of 1 for the following reaction 

[Co2] + 0 2 ^ ± [Co2(02)] 

was determined by spectrophotometric titration at —15.6°C 
in acetonitrile. Nitrogen gases containing oxygen of var­
ious partial pressures, obtained with Koflac Model GM-3A 
gas mixing apparatus, were passed into an acetonitrile solu­
tion in a quartz cell (1-cm path length). The temperature 
was controlled with a Neslab Model RTE-8 constant 
temperature circulation pump. 

The equilibrium constant (K) was calculated by the use of 
the following equation: P(02)=C-P(02) /AJ— K~\ where 
P(02) is the partial pressure of 0 2 , AA is the difference in the 
absorbances of the solution at P(02) and P(O2)=0 Torr, and 
C is a constant. The plot of P(02) vs. P(02)//L4 gave a 
straight line, indicating a 1:1 (complex: 02) stoichiometry 
for the oxygenation. 

In the case of 2, an accurate K value could not be deter­
mined because of its high oxygen affinity and its degrada­
tion in acetonitrile and dichloromethane. 

Results and Discussion 

Characterization of Complexes. Complexes 1 and 
2 conta in one acetato g roup . It has been shown that 
t h e A £ ( C O O " ) V a l u e ( ? a s y m m ( C O O - ) - ? s y m m ( C O O - ) ) o f 

the acetato g roup is a useful diagnost ic tool for eluci­
da t ing the coordinat ion mode of carboxylato groups; 

Table 1. Analytical Data, Molar Conductivities, and Effective Magnetic Moments 

Complex 
Found (Calcd) (%) 

c 
41.57 

(41.53) 
42.21 

(42.53) 
> 69.59 

(69.51) 
41.65 

(41.69) 
39.17 

(39.66) 

H 

4.03 
(3.97) 
4.61 

(4.37) 
5.63 

(5.91) 
4.40 

(4.15) 
3.70 

(3.79) 

N 

10.22 
(10.02) 

9.59 
(9.60) 
6.28 

(6.16) 
9.87 

(9.89) 
9.68 

(9.57) 

A i L 1 U \J 

303 

301b) 

294 

274 

Meff/BMa] 

1 [Co2(tpdp)(CH3COO)](C104)2 • 0.5H2O 

2 [Co2(tmdp)(CH3COO)](C104)2-H20 

2a [Co2(tmdp)(CH3COO)(02)](BPh4)2 • 2H 2 0 

4 [Co2(tmdp)Cl](ClO4)2-0.5CH3OH 

5 [Co2(tmdp)Br](C104)2 

3.86 

3.49 

0.60 

3.80 

a) jiteff per cobalt(II) ion at room temperature, b) Measured under an 0 2 atmosphere. 
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a symmetrically b r idg ing carboxylato g roup gives a 
äv value smaller than 200 cm - 1 .5) T h e Av values of 1 
and 2 were in the range of 100—150 cm - 1 , indicat ing 
that the acetato groups function as br idging ligands. 
J u d g i n g from the d inuclea t ing na ture of the present 
l igands as well as the conductivity data and elemental 
analyses (Table 1), bo th complexes seem to have a 
dinuclear structure, wi th an alkoxo bridge of tpdp or 
tmdp and an acetato bridge. Such a dinuclear un i t 
has been found for various transi t ion metal complexes 
wi th tpdp6) and such related dinucleat ing l igands as 
l , 3 - b i s [ b i s ( 2 - b e n z i m i d a z o l y l m e t h y l ) a m i n o ] - 2 - p r o -
panolato.7 '8 ) 

T h e effective magnet ic moments of one cobalt(II) 
ion in 1 and 2 are 3.86 and 3.49 B M / C o respectively 
at room temperature, suggesting that cobalt(II) ions 
are in the h igh-sp in state. T h e electronic spectra of 1 
and 2 in acetonitri le are shown in Fig. 2, together wi th 
those of 4 and 5. Both complexes show several d -d 
bands in the visible and near infrared regions. In 
general, five-coordinate cobalt(II) complexes exhibit 
several d-d bands in the 5000—25000 c m - 1 range.9) 

T h u s , the electronic spectra in the figure indicate that 
1 and 2 have a five-coordinate structure. A possible 
structure is i l lustrated in Fig. 3a. 

Complex 2a was obtained from an acetonitrile solu­
tion of 2 under an O2 a tmosphere by the addi t ion of 

10000 _ T 20000 
v/cm l 

Fig. 2. Electronic spectra of 1 ([Co2(tpdp)-
(CH3COO)]2+) ( ), 2 ([Co2(tmdp)(CH3COO)]2+), 
( - — ) , 4 ([C02(tmdp)Cip+) ( ), and 5 
([Co2(tmdp)Br]2+) ( ) in acetonitrile. 

CF-0" 
(a) (b) 

Fig. 3. Possible structures,of dinuclear cobalt com­
plexes. 

A: CH3COO-, CI", or Br". 

NaBPru a n d methanol . T h e complex is essentially 
d iamagnet ic (0.6 BM at room temperature) and has 
an intense absorpt ion band at ca. 25000 c m - 1 (£=5750 
m o l - 1 dm 3 cm - 1 ) in d ichloromethane which is charac­
teristic of jLt-peroxo cobalt complexes.10) T h e intense 
absorpt ion band at ca. 25000 c m - 1 can be assigned to 
the charge-transfer t ransi t ion from the TT* orbital of 
O22- to the d22 orbital of Co 3 + (LMCT).10> T h a t the 
complex has a ju-peroxo g roup is also supported by 
the ESR spectral change before and after the complex 
is electrochemically oxidized. 

T h e results of the elemental analyses and the con­
ductivity data of 4 and 5 suggest the coordinat ion of 
the chloride and bromide ions respectively. T h e 
magnet ic data (Table 1) and electronic spectra (Fig. 2) 
indicate that the cobalt(II) ions in the complexes are 
five-coordinate in the h igh-sp in state. A l though the 
structures of these complexes are not clear, it is possi­
ble that the chloride and bromide ions function as 
br idg ing l igands, as shown in Fig. 3a. T h e com­
plexes have no reactivity wi th O2 in the solid state, bu t 
gradually react wi th O2 in solut ion to give a b rown 
color. T h e electronic spectra of the oxidized com­
pounds have no intense b a n d in the visible and the 
near UV regions, imply ing that they do no t form /x-
peroxo complexes. 

Oxygenation Reaction. Since all the oxygenated 
complexes have an intense b rown color, the oxygena­
tion can be moni tored spectrophotometrically. 
Complex 1 did not react wi th O2 either in a solid and 
in a solut ion at room temperature. However, u p o n 
exposure to O2 at 0 °C, a color change in an acetoni­
trile solut ion was observed from the or iginal violet to 
brown; the b rown color was then restored to the 
or iginal violet color by b u b b l i n g argon gas. Figure 
4 shows the spectral change of 1 at various part ial 
oxygen pressures (P(02)) in acetonitrile at —15.6 °C. 
T h e equ i l ib r ium constant (K) and Pi/2(C>2) value 

100 500 600 
Wavelenght/nm 

Fig. 4. Spectral change of 1 ([Co2(tpdp)-
(CHsCOO)]2"1") at various oxygen pressures in ace­
tonitrile at —15.2°C. Spectra of a—h are at the 
partial oxygen pressures: 0, 68, 149, 213, 280, 373, 
497, and 756 Torr, respectively. 
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obtained were 1.28X10-2 Torr - 1 and 780 Torr respec­
tively, where Piß(02) represents the partial oxygen 
pressure at which 50% of the complex is oxygenated. 

On the other hand, Complex 2 gradually changed 
in color from violet to brown upon exposure to O2 in 
the solid state with a decrease in the magnetic 
moment. The complex instantaneously reacted with 
02 in acetonitrile or dichloromethane to give a brown 
solution, whose electronic spectrum is identical with 
that of Complex 2a. Figure 5 shows the spectral 
change in 2 at various oxygen pressures in dichlo­
romethane at 20 °C. As may be seen from the figure, 
one cycle of oxygenation-deoxygenation in dichlo­
romethane is almost reversible. The deoxygenation 
by bubbiing Ar gas at room temperature was 
extremely slow, whereas it was much accelerated by 
boiling the solution under an Ar atmosphere. As has 
been mentioned above, the oxygenated complex has 
an intense LMCT band at ca. 25000 cm"1. This 
LMCT band gradually decreased upon repeats of 
oxygenation-deoxygenation cycles or on prolonged 
standing (for several days) and finally disappeared as 
shown in Fig. 5e. Thus, the complex may undergo 
some type of oxidative degradation as found for many 
cobalt-oxygen complexes. Although the Pi/2(02) of 
the complex could not be determined accurately 
because of its high-oxygen affinity and degradation, 
^1/2(02) was estimated roughly from Fig. 5 to be ca. 3 
Torr. 

Electrochemistry. Cyclic voltammograms (CV) of 
3 and 3a in acetonitrile at 20 °C are shown in Fig. 6. 
The oxygenated complex 3a exhibits a reversible 

6000 

^4000 

2000 

20000 
V/cm 

30000 

Fig. 5. Spectral change of 2 ([Co2(tmdp)-
(CHsCOO)]2"1") at various oxygen pressures in di­
chloromethane at 20 °C. The spectra of a—c are at 
the partial oxygen pressures: 0, 3, 700 Torr, respec­
tively. The spectrum d is at 0 Torr after one 
oxygenation-deoxygenation cycle. The spectrum 
e is the one measured under the air after standing 
the oxygenated solution for 4 days ( ). 

redox couple at 0.93 V vs. SCE. The constant poten­
tial coulometry revealed that the redox couple corre­
sponds to a one-electron transfer (1.05 electron for the 
oxidation at 1.05 V vs. SCE). The CV's of all the 
complexes were measured at — 42 °C in acetonitrile, 
since Complex 1 did not form the oxygen complex at 
higher temperature. All the complexes exhibited a 
reversible redox couple at from 0.76 to 0.89 V vs. SCE 
(Table 2). 

ESR Spectra. In order to confirm the formation of 
jLt-peroxo complexes for 1 and 2, we measured the ESR 
spectra of the electrochemically oxidized forms of the 
oxygenated complexes (Fig. 7). The oxygenated 
complex 1 has no ESR signal, whereas the electro­
chemically oxidized form shows a signal at g^2 with a 
slight anisotropy (gn=2.09 and g±=2.00) at the temper­
ature of liquid N2. More than 13 hyperfine lines 
(-4n=20 gauss) due to the 59Co nuclei (1=1/2) are 
observed in the g\\ region. Such a small g-anisotropy 
and a small A value indicate the formation of the O2" 

[ 1 0 /< A 

l__ 

/o2-/o2
2-

- ^ ^ a 

-~ b 

1 

"1 * - — -

1 

/ 

1 - ° E/VVS. SCE °-° 

Fig. 6. Cyclic voltammograms of 3 ([Co2(bpmp)-
(CH3COO)]2+) (a) and 3a ([Co2(bpmp)(CH3COO)-
(02)]2+) (b) in acetonitrile (0.1 mol dm-3 tetrabutyl-
ammonium Perchlorate) at a glassy carbon 
electrode at scan rate of 100 mV s_1. 

0.31 0.32 
H/T 

0.33 

Fig. 7. ESR spectrum of the electrochemically oxi­
dized form of the oxygenated complex 1 
([Co2(tpdp)(CH3COO)(02)]

2+) in acetonitrile at liq­
uid N2 temperature. 
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ion. In addi t ion, the appearance of at least 13 hyper-
fine lines implies that an unpaired-electron on O2" 
couples wi th two 59Co nuclei ( C o 3 + - 0 2 " - C o 3 + ) . T h e 
ESR spectra of the oxidized forms of 2a and 3a were 
almost identical wi th that of the electrochemically 
oxidized form of the oxygenated complex 1. 

Oxygen Affinity. T h e oxygen affinity of cobalt(II) 
complexes has been shown to correlate wi th the 
electron-donor ability of the l igand which influences 
the electron density on a cobalt center: the stronger 
the electron-donor ability of the l igands, the greater 
the electron density on the cobalt center, and the 
h igher the oxygen affinity.1 U 2 ) T h e oxygen affinities 
of 1, 2, and 3 were h ighly dependent on the kinds of 
d inuclea t ing l igands; the order of their oxygen affini­
ties was 3 > 2 > 1 . T h e order of the electron-donor 
abilities of the l igands may be estimated by compar ing 
the donor a toms and the chelate-ring sizes of the 
l igands. A l though tpdp , tmdp, and b p m p have the 
same donor set ( N Ô O ) , they are basically different in 
that: (1) tpdp and tmdp have a b r idg ing alkoxo group , 
whereas b p m p has a br idg ing phenola to g roup , and 
(2) tpdp forms only 5-membered chelate r ings, while 
tmdp and b p m p form four 5-membered plus two 
6-membered chelate r ings. It is apparen t that the 
br idg ing a lkoxo g roup is a stronger base (stronger 
electron donor) than the br idg ing phenola to group. 
It has been reported that the chelate-ring size also has 
a significant effect on the electron-donor ability: the 
electron-donor ability of a 5-membered chelate r ing is 
greater than that of a 6-membered chelate r ing wi th 
the same donor set.10'13'14) T h u s , the order of the 
electron-donor abilities of the present d inucleat ing 
l igands is presumed to be t p d p > t m d p > b p m p . In 
fact, this order is proved to be valid by compar ing the 
Pmax L M C T values or the redox potent ials of Co 3 + -02~ 
- C o 3 + / C o 3 + - 0 2 2 " - C o 3 + (jLt-hyperoxo/jLt-peroxo) of 
three ju-peroxo complexes (Table 2). A linear corre­
lat ion has been found between the oxygen affinities of 
the cobalt(II) complexes and the £max L M C T values of 
their ju-peroxo complexes; namely, the stronger the 
donor ability of a l igand, the larger the Pm3LX L M C T 
value and the greater the oxygen affinity.12'14) In 
addit ion, further correlations have been found 
between the oxygen affinities and the redox potentials 
of C o 3 / C o 2 + of the or iginal Co(II) complexes and 
between the oxygen affinities and the redox potentials 

of C o 3 + - 0 2
2 - - C o 3 + / C o 2 + - 0 2

2 - - C o 2 + ( and /or C o 3 + -
02 2 " -Co 2 + ) of their ju-peroxo complexes.11'12'15) 
Unfortunately, for the present dinuclear complexes, 
the redox potent ials of C o 3 + / C o 2 + and C o 3 + - 0 2 2 ~ -
C o 3 + / C o 2 + - 0 2

2 - - C o 2 + ( and /o r C o 3 + - 0 2
2 - - C o 2 + ) 

could no t be determined by cyclic vol tammetry 
because of their irreversible behavior. T h e redox 
potent ials of C o 3 + - 0 2 - - C o 3 + / C o 3 + - 0 2

2 - - C 0 3 + were, 
however, determined. T h e redox potentials of /x-
hyperoxo/ju-peroxo may be expected to be a measure 
of the electron density on O22", which may depend on 
the electron donor ability of the l igand. A stronger 
electron donor should p romote the electron transfer 
from Co(II) to O2, resul t ing in a negative shift of the 
redox potent ial of ju-hyperoxo/ju-peroxo. T h e data 
are in line wi th the above order of the electron-donor 
abilities of l igands. However, the si tuation is re­
versed for the observed order of the oxygen affinity of 
the present dinuclear complexes, for which other 
effects (e.g. the stereochemical effect) than the effect of 
the electron-donor abilities mus t be taken in to 
account. 

For the present type of /x-peroxo complexes, it is 
impor tan t that the two cobalt(II) ions held by bridg­
ing pheno la to or a lkoxo and br idg ing acetato groups 
are in a suitable posi t ion for O2 binding. An X-ray 
analysis of 3a conta in ing 6-membered chelate r ings in 
the br idg ing moiety showed that the distance between 
two Co atoms is 3.15Â.lb> T h e structures of the 
tetranuclear manganese complex of tpdp and the 
tetranuclear i ron complexes of the related dinucleat­
ing l igands which have a dinuclear un i t wi th 5-
membered chelate r ings in the b r idg ing moiety reveal 
that the distance between two metal atoms are longer 
than 3.5 Â; in some cases, coordinat ion geometries are 
not suitable for the formation of a ju-peroxo bridge 
a long wi th the acetato bridge.6 - 8) In the case of the 
cobalt t pdp complex, it is reasonable to assume that 
the distance between two Co atoms is also longer than 
3.5 Â. T h i s probably requires a large stereochemical 
distort ion a n d / o r a rearrangement of the coordinat ion 
geometry for the formation of bo th ju-peroxo and 
acetato bridges. T h u s , the steric effect of tpdp may be 
of key impor tance for the observed low oxygen 
affinity. 

T h e oxygen affinity of the tmdp complex is m u c h 
lower than that of the b p m p complex, a l t hough bo th 

Table 2. The vm&x Values of LMCT Bands,a) Cyclic Voltammetrie Data 
of 0 2 - / 0 2

2 " Redox Couples, and Oxygen Affinities (Pi/2(02)) 

Complex ^ m a x / c m - 1 £i/2(02-/02
2-) 

(E/V vs. SCE)b) Pi/2(02)/Torr 

1 [Co2(tpdp)(CH3COO)]2+ 25640 
2 [Co2(tmdp)(CH3COO)]2+ 24390 
3 [Co2(bpmp)(CH3COO)]2+ 21280 

0.76 
0.87 
0.89 

780c) 

^ 3 d ) 

<0.1e) 

a) The charge-transfer transitions from O 2 - to Co3+. b) Measured at —42 °C. c) Measured at 
-15.6 °C. d) Measured at 20 °C. e) Measured at 20 °C. Ref. le. 
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tmdp and b p m p form 6-membered chelate r ings in the 
br idg ing moiety and the electron-donor ability of the 
alkoxo bridge in tmdp appears to be larger than that 
of the pheno la to bridge in b p m p . A l though we have 
no structural informat ion, there seems to be some 
stereochemical disadvantage in 2a compared wi th 3a. 

In our previous studies, we reported that Complex 3 
shows an excellent reversibility for oxygen b inding; 
no degradat ion was observed, even after 10 cycles of 
oxygenat ion-deoxygenat ion in acetonitrile, where 
deoxygenation was carried out by boi l ing the aceto­
nitri le solut ion under N2. It should be noted that 
some type of oxidative degradat ion (irreversible oxida­
t ion to cobalt(III) ion) is m u c h more p ronounced in 2a 
than in 3a. T h i s may be at tr ibutable to the stronger 
electron donor ability of tmdp compared wi th that of 
b p m p . For the present dinuclear cobalt(II) com­
plexes, the stereochemical effect may play an impor­
tant role for the oxygen affinity and the oxidative 
degradation. 

We wish to thank Professor E. Kyuno, Mr. H. Imai , 
and Mr. Y. Uemor i of H o k u r i k u University for allow­
ing us to use the ESR spectrometer and the ins t rument 
for measur ing the oxygen affinity of the tmdp com­
plex. Financial suppor t from the Ministry of Educa­
tion, Science and Cul ture Grant- in-Aid for Scientific 
Research (No. 61540443) is acknowledged. 
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Substituent Effects. XVIII.1] The Resonance Demand 
in the Acetolysis of Neophyl Brosylates 

Mizue Fujio, Mutsuo G O T O , Masaaki MISHIMA, and Y u h o T S U N O * 
Department of Chemistry, Faculty of Science, Kyushu University, 

Hakozaki, Higashi-ku, Fukuoka 812 
(Received October 6, 1989) 

The substituent effect in the acetolysis of neophyl brosylates was analyzed statistically based on the 
Yukawa-Tsuno LArSR equation. Though the Brown p+o+ equation did not provide a linear correlation, the 
LArSR equation gave an excellent linear correlation with an r value of 0.57, substantiating our basic LArSR 
concept of varying resonance demands with different systems. For a statistical examination of the reliability of 
this nonunity r value, the change in the standard deviation of the LArSR correlation was followed as a function 
of varying r by an iterative least-squares method. The r value of the neophyl solvolysis must have sufficient 
statistical significance to distinguish between the LArSR and simple Brown p+o+ correlations of this system. 
The significance of the best-fit correlation was found to strongly depend upon the number and combination as 
well as the range of the effective substituents. The study was extended to various aryl-assisted processes of 
complex mechanisms, solvolyses of 2-arylethyl, 2-aryl-l-methylethyl, 2-aryl-l-methylpropyl, and (1-aryl-
cyclobutyl)methyl arenesulfonates. A precise dissection analysis of non-crossover k& and ks processes has been 
realized by the Gauss-Newton type nonlinear least-squares method based on the assumption of LArSR 
correlations for both processes. The generality of the unique YA value of neophyl solvolysis was verified 
regarding these ß-aryl-assisted processes. The substituent effect on the HA process can be characterized far more 
appropriately in terms of the ÖA of r=0.6, rather than a+ of r=1.00. 

In the reactions of substituted phenyl derivatives, 
where a direct ^-interact ion between an aryl and a 
carbocationic center is possible, the subst i tuent effect 
can generally be described by the Y u k a w a - T s u n o 
LArSR equation,2"4) 

log(Ä/Äo) = p(oO + rAö£). (1) 

T h e r value is a parameter of the resonance demand, 
i.e., the degree of resonance interaction between the 
aryl and the reaction site in the rate-determining tran­
sition state. 

In the general appl ica t ion of Eq. 1, the r value has 
been found to change widely wi th the reaction, not 
only wi th in a range lower than uni ty , as defined for 
the a-cumyl system (1-methyl-1-phenylethyl system) 
( 0 < r < l ) , bu t also to be significantly h igher than uni ty 
( r > l ) in many cases. T h i s r scale permits an evalua­
t ion of the na ture of the transi t ion state, and has been 
widely appl ied to the ass ignment and interpretat ion of 
reaction mechanisms.3"9) 

T h e subst i tuent effect on the acetolysis of neophyl 
brosylates (2-methyl-2-phenylpropyl £>-bromoben-
zenesulfonates) (1) was analyzed earlier in terms of our 
LArSR equat ion , giving an r value of 0.57.5) T h i s 
u n i q u e r value was reasonably referred to as a special 
mode of TT-delocalization in the t ransi t ion state, differ­
ent from that of the solvolysis of a-cumyl chlorides.5) 

While the results of wide appl icat ions of Eq. 1 have 
provided strong suppor t for our basic concept of vary­
ing demands of resonance effects for different sys­
tems,3"5'8) contrary views have also been presented 
against the significance of the r value as a measure of 
resonance demands.9"11) Most of these criticisms 
appear to arise pr imari ly from the relatively small 
change of the r value in most benzylic solvolyses.9) 

We have already pointed out that the a + equat ion may 
be practically applicable to reactions hav ing an r 
value wi th in the range from 0.8 to 1.2.4a) A definite 
answer to such criticisms will be provided by explor­
ing the subst i tuent effects on systems with r values 
significantly differing from unity, or from zero. 
T h u s , we have analyzed the substi tuent effect in a 
h ighly electron-deficient solvolysis system, such as 
l-aryl-l-(tr if luoromethyl)ethyl tosylates, giving an 
extremely h igh r value of 1.39.12) O n the other hand , 
neophyl solvolysis would be appropr ia te , because of 
its r value, for an examina t ion of the significance of 
the resonance demand r value in the range between o° 
and a+ ; i.e., 0<r<1 .0 . 

An impor t an t criticism raised against the LArSR 
concept is that the deviation of r from unity or from 
zero may be caused in most cases by the complexity of 
the reaction mechanism.9"1 1) T h e validity of the 
interpretat ion of the subst i tuent effect relies on the 
mechanist ic simplicity of the reaction. It is generally 
agreed that the solvolysis of neophyl brosylate pro­
ceeds th rough a rate-determining aryl-assisted transi­
t ion state which immediately cascades downward to 
the tertiary carbenium ion.13 '14) T h e rate of this sol­
volysis reflects the aryl-assisted ionizat ion step, and is 
not complicated either by an internal re turn or by 
nucleophi l ic solvent assistance.14) 

In the present study, we have carried out a detailed 
analysis of the substi tuent effect on neophyl solvolysis 
by us ing an extensive and statistically more signifi­
cant data set. T h e purpose of this study was to 
confirm the validity of the LArSR concept of varying 
resonance demands and to assess the real reliability of 
the r value. T h e resonance demand of the neophyl 
solvolysis occupies an impor t an t posi t ion just inter-
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mediate between o and a+ in the r scale. In order to 
realize our concept of the continuous spectrum of 
resonance demand, it appears to be necessary to con­
firm that a considerable body of aryl-assisted solvo-
lyses should have characteristic resonance demands in 
this unique range of r scale. Thus, our study has 
been extended to various aryl-assisted processes of 
complex mechanisms, solvolyses of 2-arylethyl (2), 2-
aryl-1-methylethyl (3), 2-aryl-l-methylpropyl (4), and 
(l-arylcyclobutyl)methyl arenesulfonates (5) in order 
to examine the generality of the neophyl TA value in 
these aryl-assisted processes. 

Results 

The rate data of acetolysis of neophyl brosylates and 
substituent parameters are listed in Table 1. The 
substituent parameters employed in the present analy­
sis are mostly the standard values.4>5) In the present 
study, essentially no account was taken of the solvent-
modification of substituent parameters in an acetic 
acid solution, whereas the substituent parameters of 
some particular substituents are known to be sensitive 
to solvent change.5b>6) Acetic acid is also a rather 

special solvent and the hydrogen-bonding interaction 
of acidic solvent with a basic substituent, such as 
methoxy and methylthio groups, has frequently been 
pointed out as being important.6) Particularly, the 
downward deviation of the ^-methoxy group in the a+ 

plot for relevant /?-aryl-assisted solvolyses in acidic 
solvents has been interpreted in terms of this fact.6) 

However, this interpretation does not apply to the 
present acetolysis, since the same deviation behavior 
has been observed even for the a+ plot in nonacidic 
aqueous organic solvents,6)17a) and no sizable devia­
tions of any particular substituents have been observed 
in LArSR correlation using unmodified, standard 
substituent parameters. The substituent parameters 
of ordinary substituents are generally constant within 
less than ±0.02 in this solvent, as well as in many 
ordinary aqueous organic solvents. The a+ values 
for m,£-disubstituted derivatives were derived primar­
ily from the solvolysis of the corresponding a-cumyl 
chlorides.4b) Their definition is based on the com­
bined effects of two substituents as a unified substitu­
ent in our treatment. The AÖR parameters given for 
these groups are the best average values to fit most 
LArSR correlations, and the o° values are tentatively 

Table 1. Acetolysis Rates of Neophyl Brosylates at 75 °C and Substituent Parameters 

Subst. 

4-OCH2CH2-3b) 

4-MeO-3-Me 
p-MeO 
p-CeHsO 
3,4,5-Me3 

3,4-Me2 

p-MeS 
p-Me 
p-t-Bu 
4-MeO-3-Cl 
3,5-Me2 
p-Cell5 

m-Me 
H 
4-MeS-3-Cl 
p-F 
4-MeO-3-CN 
m-MeO 
p-C\ 
p-Bi 
4-MeS-3-CN 
m-F 
m-Cl 
m-Br 
p-COOMe 
3,4-Cl2 

m-CN 
p-CN 
P-NÖ2 

105&/s-ia) 

1664c) 

1187c) 

582c) 

96.8C) 

169.4 
103.5 
71.4C) 

50.13e) 

46.3 
32.7 
24.83 
16.68 
13.18g) 

6.861) 
5.70 
5.376 
3.79 
4.531 
1.418 
1.09g) 

0.637 
0.2575 
0.221c) 

0.2054 
0.132g) 

0.0898c) 

0.0305c) 

0.01911* 
0.007601) 

(&/&o)75°C 

242.6 
173 
84.8 
14.11 
24.69 
15.09 
10.41 
7.31 
6.75 
4.77 
3.62 
2.431 
1.927h) 

1.000 
0.831 
0.784 
0.552 
0.661 
0.2067 
0.1594h) 

0.0929 
0.0369" 
0.0318j) 

0.0296j) 

0.0189h'j) 

0.0128j) 

0.00415j) 

0.00251h'j) 

0.00080h'j) 

a° 

-0.19 
-0.18 
-0.100 

0.063 
-0.262 
-0.193 

0.12 
-0.124 
-0.155 

0.22 
-0.138 

0.039 
-0.069 

0.000 
0.44 
0.20 
0.48 
0.05 
0.281 
0.296 
0.68 
0.352k) 

0.400k) 

0.405k) 

0.46 
0.59 
0.615 
0.670 
0.810 

°t 
-0.94d) 

-0.88 
-0.80 
-0.54 
-0.449 
-0.38 
-0.59 
-0.311 
-0.255 
-0.47f) 

-0.20 

0.000 
-0.28 f ) 

-0.064 
-0.21 f ) 

0.115 
0.150 

-0.020f) 

0.424f) 

Aä+ 

-0.75 
-0.70 
-0.70 
-0.602 
-0.187 
-0.187 
-0.71 
-0.187 
-0.100 
-0.69 

-0.24 

0.000 
-0.72 
-0.264 
-0.69 

-0.166 
-0.146 
-0.70 

0.00 
-0.166 

0.00 
0.00 

a) Data taken from previous papers (Ref. 5). b) 2-Methyl-2-(2,3-dihydrobenzofuran-5-
yl)propyl brosylate. c) Extrapolated from the rate constants at other temperatures, d) Ref. 
19. e) 49.7X10"5s"1 in Ref. 18. f) Determined directly from a-cumyl solvolysis (Ref. 4b). 
g) Data taken from Ref. 18. h) Based on 6.84X10"5s_1 for the unsubstituted derivative, Ref. 
18. i) 6.84X10"5 s-1 in Ref. 18. j) Corrected for aryl-assisted rate based on product analysis 
data (see Ref. 5b). k) ati values rather than o&. 1) Ref. 20. 
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No. 

1 

2 

3 

4 

5 

6 

7 

Substituent set 

All 

M - R ) d ) 

All but disubst.e) 

Mono-subs t.f) 

Electron donorsg) 

Limited typical 
electron donorsh) 

Meta, p-(+Rf 

Acetolysis of Neophyl Brosylates 

Table 2. Results of Correlation Analysis 

Correlation 

LArSR 
a+ 
a 
ao 
LArSR 
a+ 
LArSR 
a+ 
a 
LArSR 
a+ 
LArSR 
a+ 
a 
LArSR 
a+ 
a° 

n ' 

29 
29 
29 
29 
18 
18 
24 
24 
24 
10 
10 
14 
14 
14 
8 
8 

11 

P 

-3.828+0.023 
-3.051+0.135 
-4.234+0.197 
-4.136+0.405 
-3.793+0.031 
-3.080+0.236 
-3.850+0.031 
-3.087+0.109 
-4.422+0.158 
-3.702+0.052 
-2.871+0.108 
-3.854+0.076 
-2.296+0.225 
-4.579+0.742 
-3.677+0.097 
-2.393+0.148 
-3.864+0.037 

r 

0.578 
(1.00) 
(0.26) 
(0.00) 
0.577 

(1.00) 
0.567 

(1.00) 
(0.26) 
0.614 

(1.00) 
0.566 

(1.00) 
(0.26) 
0.606 

(1.00) 
0.00 

SDb) 

0.038 
0.332 
0.349 
0.672 
0.037 
0.354 
0.040 
0.257 
0.261 
0.025 
0.154 
0.036 
0.241 
0.366 
0.023 
0.133 
0.037 

Rc) 

0.9997 
0.9746 
0.9720 
0.8915 
0.9995 
0.9559 
0.9997 
0.9867 
0.9862 
0.9999 
0.9944 
0.9989 
0.9467 
0.8719 
0.9997 
0.9887 
0.9996 

1123 

a) Numbers of substituents involved, b) Standard deviation, c) Correlation coefficient, 
d) Para rc-donors including disubstituted ones, e) Excluded 4-MeO-3-Cl, 4-MeO-3-CN, 4-
MeS-3-Cl, 4-MeS-3-CN, and 3,4-Cl2. f) A set of typical (mono-)substituents of which o° and 
Aö£ are roughly linear; 4-OCH2CH2-3, p-MeO, p-PhO, p-Me, H, p-F, p-Cl, p-Br, m-Cl, and 
m-Br. g) Substrates more reactive than unsubstituted derivative including H. h) Typical 
(mono-substituted) electron donors; 4-OCH2CH2-3, p-MeO, p-PhO, p-Me, p-t-Bu, p-Ph, m-
Me, and H. i) Meta substituents and p-n-acceptor ones. 

Oh 

-3 

3,4,5-Me3 

P-Ph0( 

p-MeS 

p-MeS- O 
m-Cl 0 

-0.8 -0.4 V ° 
Fig. 1. The LArSR plot for the acetolysis of 1; open 

circles a+, closed a0, and squares ö for r=0.57. 

given as the differences of a + —AÖR. 
A correlation analysis was carried out us ing the 

substi tuent parameters given in Tab le 1 by an ordi­
nary least-squares procedure; based on Eq. 1, in com­
parison wi th the s imple Brown p+o+ equat ion. T h e 

0.0 

Dependence of Goodness of fit / ' 

upon Resonance demand f 

-! i 
r ' * 

' h i 

1 
!' ' 
7 

J I ! L J I I L_ 

1.0 0.5 

Fig. 2. The plot of SD as a function of r for the 
solvolysis of 1: The numbers refer to the set 
numbers in Table 2. 

results are summarized in Tab le 2 and an LArSR plot 
for all substi tuents is shown in Fig. 1. 

T h e accuracy of the LArSR correlation is h igher 
than that of the a + correlation by a significant factor 
of one decimal figure in the standard deviation for 
log(/t//to). T h e SD values of ca. +0.04 for LArSR 
correlations may be regarded as being nearly the ult i­
mate precision at tainable wi th l inear substi tuent effect 
analysis for the set of | p | = 4 ; thus, a detailed compar i -
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Discussion 

As described in the foregoing papers,5* the essential 
features of the substituent effect on this system are 
clearly displayed by the LArSR plot in Fig. 1. m-
Substituents and para n-acceptors satisfy a linear 
Hammett relationship, the range of which (ca. 104 in 
reactivity) is sufficiently wide to define the pm correla­
tion. For all substituents, the o+ correlation appears 
to be only fair, or even poor. The a+ plot (open 
circle) exhibits wide dispersion and splits into three 
parallel lines with significant gaps, for strong para n-
donors, for weak para 7C-donors (alkyl and halogens), 
and for resonance-invariant substituents. Obviously, 
the o+p+ treatment fails in giving a single linear 
correlation for all classes of substituents with satisfac­
tory precision. In contrast, the LArSR plot with an r 
value of 0.57 is very linear. The horizontal line seg­
ments between a+ and o° values for para n-donor 
substituents reflect the resonance capabilities of these 
substituents, i.e., AÖR values. The meta correlation 
line intersects all of the resonance segments at the 
points giving a constant ratio which refers to the r 
value (r=0.57) of this system. 

The varied contribution of the resonance effect can 
be taken into account, as a precise approximation, by 
the application of Eq. 1, from which it immediately 
follows that 

ö = (log k/ko)/p = o° + rAöt (2) 

This indicates that the exaltation of apparent Dp from 
a0, the quantities (log k/ko)/p—o°, should be propor­
tional to the resonance parameter AÖR. Figure 4 
illustrates such a plot of the linear resonance free 
energy relationship. The slope of 0.57 should corre-

0.0 -0.2 -0.4 -0.6 -0.8 

Fig. 4. The plot of the (log k/ko)/p—o° against Adt. 

son of minor changes in SD below this level does not 
seem to be very meaningful. 

In order to assess the validity of the LArSR analysis 
as well as the essential reliability of the LArSR corre­
lation of this system, the change in the goodness of the 
fit to Eq. 1 was followed statistically as a function of 
varying r values without constraint for the p value by 
the iterative least-squares method. The results are 
shown graphically in Figs. 2 and 3. 

0.3 

0.2 

0.1 

0.0 

1.0 0.5 

Fig. 3. The plot of SD as a function of r for the 
solvolysis of 1: The numbers refer to the set 
numbers in Table 2. 
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spond to the r value of this reaction. It is obvious that 
there is no trend of curvature nor a significant devia­
tion of particular substituents in the plot. 

In Table 2 the LArSR p values for all sets are 
identical to the pm value, and the LArSR r value 
remains constant within +0.02. There is no particu­
lar class of substituents which cause any significant 
loss in the goodness of the fit. Particularly, the para 
TT-donor set (No. 2) results in an identical LArSR 
correlation with that for set No. 1 with essentially the 
same precision, even without meta and TT-accepting 
para substituents. From a comparison between the 
correlations for No. 3 and No. 1 sets, it is apparent that 
m,£-disubstituted derivatives also satisfy the same 
relationship without any significant loss of precision. 

While the a+ values for two groups in m,p-
disubstituted derivatives are not exactly additive, as is 
usually assumed, the effects are successfully accounted 
for in terms of the characteristic o° and AÖR parame­
ters defined for the combined effects of two substitu­
ents as a united substituent, in which the meta substit­
uent is effective mainly in modifying the inductive 
effect of the overall system, and the AÖR values remain 
as essentially unchanged as those of the parent p-
substituents. 

The results of the LArSR analysis are consistent 
with the presently accepted mechanism of this reac­
tion.5'13'14) The substituent effect on the solvolysis 
rate should be concerned only with the aryl-assisted 
ionization step and, therefore, an r value of 0.57 is 
characteristic of this step. The exalted r value may be 
rationalized in terms of a direct ^-interaction between 
the aryl rc-system and the ß-carbocation center at the 
rate-determining transition state and, in turn, suggests 
that a considerable positive charge is delocalized into 
the ß-aryl ring; however, the derealization is appreci­
ably less effective in this reaction than in the a-cumyl 
solvolysis. The large p value is also in line with the 
bridged structure of the transition state. 

A remarkable difference in the goodness of the fit by 
a factor of one order of magnitude in SD between the 
Brown a+ and our LArSR treatments lends support 
for the preference of our LArSR relationship. Never­
theless, it is often pointed out that an improved corre­
lation may arise simply as a result of an increased 
number of parameters.9'10) 

The real significance of the r parameter in the 
LArSR correlation is most clearly illustrated in Figs. 
2 and 3, which display the change of the standard 
deviation (SD) in the least-squares fitting to Eq. 1, as a 
function of r without constraint for the p value. 
Solid curve 1 shows the dependence of SD on r for a set 
involving all substituents (No. 1 in Table 2). The SD 
changes remarkably with the r value, giving a sharp 
wedge-shape plot; even a minor deviation from the 
best-fit r causes a sharp increase in the SD value. The 
depth and steepness of the wedge around the bottom, 
the most probable r point, may be indicative of the 

real reliability of the LArSR correlation. The suffi­
cient depth is a basic requirement for an acceptable 
conformity, and the steepness is a direct measure of the 
reliability of the r value. It should be mentioned that 
the para n-donor set (No. 2) results in an identical SD 
vs. r plot of significant convergency at the same min­
imal point, even without meta and n-accepting para 
substituents which are capable of determining the p 
value most effectively. On the other hand, set No. 4, 
consisting only of typical substituents of common use, 
gives an even deeper minimum SD, but a slightly 
broader SD vs. r curve. Clearly, it can be seen that the 
steepness near the bottom, hence the reliability of r, 
depends appreciably upon the constituting substitu­
ents in the set, though the depth constantly and read­
ily achieves a sufficiently small value for all sets. 

Considering the accuracy of the substituent con­
stants, any LArSR correlation should have an inevita­
ble uncertainty which depends primarily upon the size 
of p and r of the reaction. From a general survey, the 
LArSR correlation is found to be generally accurate to 
ca. 0.015, or better than 0.02 in a scale, at least for the 
solvolyses of established mechanistic simplicity. A 
reference SD level of acceptable conformity to the 
LArSR Eq. 1 of this reaction (p=—4) should be of the 
order of ±0.06—0.08 in SD. Further, the best-fit 
LArSR correlations for all of the substituent sets in 
Table 2 have higher precision, and detailed considera­
tion of the change in the SD value below a level of 
+0.06 appears not to be very meaningful. From the 
width of the SD vs. r plot at the reference level of 
SD=±0.06 of acceptable conformity, the r value for the 
all substituents set (No. 1) may be considered to be 
quite reliable within an estimated accuracy of the 
order of ±0.04. We will have to estimate a relatively 
large uncertainty limit of ca. ±0.08 in r value for set 
No. 4, consisting only of single substituents of com­
mon use. These accuracy values are considerably 
large in magnitude compared with the ordinary preci­
sion indices, and they should be appropriate for a 
relative comparison, though the absolute values may 
be only a qualitative measure. Even if such a large 
possible uncertainty is taken into account, the r value 
of this system should be reliable enough to be distin­
guished from a value of unity for the correlation with 
a+ and from 0.26 for the correlation with a. 

We now apply the LArSR analysis to the relevant 
solvolyses of ß-arylalkyl arenesulfonates. A precise 
analysis of the substituent effects on most ß-arylalkyl 
solvolyses, however, suffers from serious difficulties 
arising from a mechanistic complication caused by a 
competing solvent-assisted ks process.6'8'15) For suffi­
ciently deactivating substituents, no aryl participation 
is observed, and the compounds react exclusively by 
the aryl-unassisted process (in most cases the ks pro­
cess). On the other hand, sufficiently electron-
releasing substituents facilitate participation and such 
compounds react predominantly by the aryl-assisted 
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(AA) process. 
A useful way to separate the rates of the aryl-assisted 

process from the overall kt (=kA+ks) has been explo­
ited by Schleyer et al.,6) based on the assumption of 
Hammett-type relationships for the respective path­
ways, practically observable in extreme cases, kÀ^>ks 

and &s>/tA:16) 

log (Ä?/Ä?) = psös + log (Ä?/Ä?) for ks process (ks> kA) 

and 

log (£?/£?) = PAO A + log (&"/£?) for kA process (RA >> ks), 

where äA and ös are the appropriate sets of substituent 
constants for the &A and ks processes, respectively. 

For such complicated solvolysis processes, a precise 
dissection analysis into two independent processes has 
been realized817) by the Gauss-Newton type nonlinear 
least-squares method based on the assumption of 
LArSR correlations for both &A and ks processes, as 

# = k A 10^(ff°+r*A^} + fS 10*(ff°+nAöt\ (3) 

where the first term on the right-hand side corre­
sponds to the LArSR correlation for the kA process16) 

and the second to the correlation for the ks process. 
The treatment is simplified by assuming that rs for the 
ks reaction can be fixed at zero for reducing a variable. 
The LArSR correlations derived in this manner for 
these kA solvolyses are summarized in Table 3. 

The combined correlation based on Eq. 3 reprodu­
ces the log (Ju/Jit) values with excellent precision, 
comparable with that of the correlation of neophyl 
solvolysis. The PA values for the ß-aryl-assisted kA 
processes in all of these ß-arylalkyl acetolyses are 
nearly identical with that for the neophyl solvolysis; 
the relatively large values, as for the neophyl value, 
indicate the generation of highly charged transition 
states. However, the ps values are different from the 
PA values and change significantly with the systems, 
reflecting the nature of their aryl-unassisted processes. 
The TA values for these kA processes are also nearly 
identical to the value for the neophyl acetolysis. 
Unfortunately, the LArSR correlations of the aryl-
assisted kA processes in these solvolyses are based on a 
limited range of substituents, in many cases only upon 
electron-donor substituents. It is most serious that in 
all of these sets any m-substituents reacting predomi­
nantly by the ks mechanism are ineffective in the 

determination of either the TA value or the PA line for 
the kA process. The reliability of the TA value given 
for the respective systems cannot be estimated simply 
by the overall SD value. The statistical significance 
of the kA correlation relies strongly upon the number 
and combination, as well as the range of the effective 
kA substrates. The data points of dominant kA sub­
strates involved in these sets are equivalent to those in 
set No. 5 of neophyl solvolysis in Table 2. 

Since it is generally agreed that the neophyl solvoly­
sis proceeds through an exclusive kA process, the 
above reliability analysis, the dependence of the corre­
lation upon the selected substituents sets, allows an 
assessment of the actual reliability of the LArSR corre­
lations for the kA processes in these complicated ß-
arylalkyl solvolysis systems. 

In Fig. 3, set No. 5, consisting of electron donor 
substituents (more reactive than the unsubstituted 
one), gives an SD vs. r plot of identical depth and 
steepness, as well as identical p and r values to those of 
the full substituents set (No. 1). On the other hand, 
either set No. 4 or a more limited set (No. 6) involving 
no electron acceptor substituents gives even a better 
correlation, but a much broader SD vs. r curve with a 
bowl shape. The best-fit r values in these sets (Nos. 4 
and 6 in Table 2) should be much less reliable because 
of the essentially flat basin of their SD curves. 

The range of constituting substituents in sets Nos. 
4—6 is equivalent to the range covered by the domi­
nant kA substrate points in ß-arylalkyl solvolysis sys­
tems given in Table 3.17) As suggested by the identi­
cal convergence of curve No. 5 with that of the all 
substituents set (No. 1) in Fig. 3, the substituents 
constituting set No. 5 appear to satisfy the minimal 
substituent points required to achieve reliable LArSR 
kA correlations of these solvolyses. Thus, the TA 
values assigned to these solvolyses based on such sub­
stituent sets could be statistically distinguished from 
unity for a-cumyl solvolysis. It therefore appears 
likely that the substituent effect on the ß-aryl:assisted 
process can be characterized by this common TA value. 
In a dissection analysis into kA and ks processes by Eq. 
3, the treatment can be much simplified by assuming a 
fixed TA value at 0.57, as observed for neophyl solvoly­
sis. This is essentially identical with the dissection 
analysis carried out by Schleyer et al.6) for 2-arylethyl 
(2) and 2-aryl-l-methylethyl (3) systems. 

Table 3. LArSR Correlations for Aryl-assisted Solvolyses in Acetic Acid 

ROArs Temp/°C 

Neophyl OBs (1) 75 
2-Arylethyl OTsa) (2) 115 
2-Aryl-l-methylethyl OTsb) (3) 100 
^r^o-2-Aryl-l-methylpropyl OBsc) (4) 75 
( 1 -Arylcyclobutyl)methyl OBsd) (5) 55 

PA 

-3.83 
-3.96 
-3.53 
-3.32 
-3.27 

TA 

0.58 
0.62 
0.54 
0.56 
0.55 

Ps 

— 
-0.19 
-0.81 
-1.07 
-1.16 

SD 

0.038 
0.035 
0.025 
0.042 
0.050 

logk?/Fk* 

— 
0.48 
0.52 

-0.58 
0.44 

a) Ref. 8. b) Ref. 17. c) Unpublished results in this laboratory and Ref. 21. d) Un­
published results in this laboratory and Ref. 22. 
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In their or iginal dissection, Schleyer et al. employed 
the Brown a + constants (i.e., r=1.00) for the &A corre­
lation,23) whereas the result was no t very successful. 
T h e p-methoxy g roup is in most cases the only sub­
sti tuent which has a part icularly large AÖR value, 
compared wi th ordinary subst i tuents , alkyl and halo­
gens. T h e best-fit &A correlation should, thus, be 
determined most effectively by the £>-methoxy group . 
Because of the absolutely small ps value, any possible 
correction for the ks cont r ibut ion could not b r ing 
about significant changes in the logk/ko of the dis­
tinctly activated £>-methoxy derivative. T h e statisti­
cal procedure by Eq. 3 determines the best-fit TA value, 
and an appl ica t ion of iterative analysis us ing a + wi th 
a fixed TA value for the HA does not appear to be very 
meaningful . In fact, they later reported a m u c h bet­
ter result of dissection wi th neophyl ÖA values, instead 
of wi th a + for the HA correlation.6) There is no doubt 
that the subst i tuent effect on the &A process is charac­
terized far more appropr ia te ly in terms of a ÖA of r=0.6 
rather than a + of r=1.00. 

T h e results of the present LArSR analysis lead to 
the generalization that the r parameter shows little 
variat ion wi th in a family of reactions proceeding 
essentially by the same mechanism, giving a u n i q u e r 
value characteristic of the transi t ion state. T h e ÖA 
value determined from the neophyl solvolysis can be 
appl icable as a c o m m o n set of substi tuent constants to 
a large body of ß-aryl-assisted &A solvolysis processes. 
T h i s is exactly the same approach as that used by 
Brown when he int roduced the a + constant as a con­
ventional subst i tuent constant appl icable to solvolyses 
of benzylic substrates. T h i s requirement of a new set 
of subst i tuent constants ÖA with r^O.6 is consistent 
wi th our concept of a con t inuous spectrum of varying 
resonance demand. 

Brown and Kim demonstrated in their first com­
mun ica t ion that the solvolysis of 2-aryl-l-methyl-
propyl brosylates (4) was linearly correlated with the 
Brown a + w i thou t a significant break.21a) T h i s is 
rather serious, since a completely l inear a + correlation 
argues against any contr ibut ion of the compet ing ks 

process. A fixed &A mechanism for the whole substit­
uent range is clearly inconsistent wi th the stereochem­
ical result of the product analysis.21) Similarly, 
Roberts reported a l inear a + p lot for the solvolysis of 
(l-arylcyclobutyl)methyl brosylates (5), wi th a p + 

value of —1.0 (correlation coefficient 0.98).22) T h e 
sign of this p value suggested a direct interaction 
between the substi tuents and the developing cationic 
center in the acetolysis t ransi t ion state; however, the 
magn i tude of p + was significantly lower than the p 
value for the acetolysis of neophyl brosylates, suggest­
ing a l imited charge de rea l i z a t i on in to the aryl sub­
stituent in the transi t ion state. Consequently, 
Roberts concluded that the AA process involving an 
aryl-bridged species as the first-formed rate-controll­
ing intermediate was unlikely. Instead, some other 

process involving cyclobutyl par t ic ipat ion was consi­
dered to be consistent wi th these results.22) It should 
be noted that there is a strictly linear re la t ionship 
between the log k/ko values for the solvolyses of 4 and 
5. T h e solvolysis of 4 involves a kA~ks mechanist ic 
shift wi th substituents.21) Again, these difficulties 
may arise pr imari ly from the fortuitous conformity to 
the Brown o+p+ re la t ionship, which should indicate 
an operat ion of a single &A mechanism for the whole 
substi tuent range of solvolysis of 5. T h u s , the s imple 
Brown o+p+ treatment, a s suming a fixed r value, 
applies practically to these systems, whereas it appears 
to be incapable of provid ing a correct interpretat ion 
for the mechanist ic details. 

Finally, these results provide an answer to the sug­
gestion that the deviation of r from unity or zero may 
be caused by the mechanist ic complexity of the sys­
tem.9-11) T h e established simplicity is, indeed, the 
most impor t an t reason why we have chosen neophyl 
solvolysis for the present reexaminat ion. Neophyl 
brosylate solvolyzes via a rate-determining aryl-
assisted t ransi t ion state and the reaction mus t no t be 
complicated either by internal re turn or by nucleo-
phi l ic solvent assistance.5'13'14) O n the other hand , 
the aryl-assisted &A processes in the other relevant 
solvolyses in Tab le 3 are complex processes involving 
significant internal return.6 '8 '15 '17 '21-23) T h e essential 
identity of TA values for all these ß-aryl-assisted pro­
cesses indicates that the TA value is characteristic of the 
c o m m o n rate-determining HA t ransi t ion state, i.e., to 
be determined only by the rate of aryl-assisted ioniza­
t ion independent of return. T h i s fact strongly argues 
against the general interpretat ion of a non-uni ty r 
value in terms of the mechanist ic complexity of the 
reaction.9-11) 
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Substituent Effects. XIX.1) Solvolysis of l-Aryl-l-(trifluoromethyl)ethyl Tosylates2) 
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The rates of solvolysis of l-aryl-l-(trifluoromethyl)ethyl tosylates were determined in 80% aqueous ethanol 
for a series of substituents. The Brown p+o+ treatment fails to give a simple linear plot, but all the £>-7r-donors 
deviate upward from the meta-correlation line. On the other hand, the Yukawa-Tsuno LArSR Eq. gives a 
linear correlation over the whole range of substituents, log(k/ko)=—6.287(a°+1.388Aät), with excellent 
precision. Strong destabilization of the carbocation intermediate by 0J-CF3 appears to be reflected only in the 
extremely high r value, but not in the p value of the substituent effect. This conflicts seriously with the 
conclusion in the literature given for this reaction based on a simple Brown a+ treatment. This reaction, 
having an extremely high resonance demand r=1.4, should be far beyond the scope of the simple Brown a+ 

analysis. Varying resonance demand should be a basic requirement for adequately describing the substituent 
effect regarding conjugative carbocation reactions. 

As a general description of aryl substituent effects, 
the Yukawa-Tsuno LArSR equation (1)3) has been 
used for a variety of reactions, in which a cation is 
developed at the conjugate site in the transition 
state,4-10) 

log(/t/£o) = p(a°+rAö£). (1) 

The r value is a parameter characteristic of a given 
reaction, measuring the resonance demand, i.e., the 
degree of resonance interaction between the aryl and 
reaction site in the rate-determining transition state.3) 

What we have envisaged in the LArSR Eq. 1 is to 
introduce the concept of varying resonance demands 
into the substituent effect analysis. i-3,5,6a,8a,9,io) This r 
parameter permits an evaluation of the nature of the 
transition state, and has been widely applied to the 
assignment and interpretation of reaction mecha­
nisms.34) However, it has been noted in the literature 
that the simple Hammett-Brown treatment works just 
as well4'11"13) and, therefore, the use of our LArSR Eq. 
1 is superfluous.14) More critical analyses cast doubt 
on the real merit of the r parameter and argue against 
its significance as a measure of resonance demand.4'12) 
The critical view essentially stands on the assumption 
of a fixed resonance demand (r=l) for conjugative 
carbocation reactions,12) supported by the broad 
applicability of the o+ treatment.15) It appears to be 
necessary to reexamine whether our basic LArSR con­
cept of varying demands on resonance effects with 
different systems is valid. 

These critical opinions appear to arise mostly from 
the fact that typical benzylic solvolyses and relevant 
reactions generally do not give any significantly dif­
ferent r values from unity, defined for the a-cumyl (1-
methyl-1-phenylethyl) solvolysis.5'16) We have already 
pointed out earlier that the simple Brown o+ treat­
ment may be practically applicable to reactions hav­
ing an r value within the range from 0.8—1.2.5a) 

While the Brown o+ may be applied as a good average 
for describing enhanced resonance effects in the ordi­

nary solvolyses, the discrepancy of more than ±0.3 in 
the r parameter from unity must be far beyond the 
limit of applicability of the Brown o+ scale.8a) Thus, 
our answer to such criticism will be provided by an 
analysis of systems whose r values differ significantly 
from unity. In a previous paper we discussed from 
this point of view the substituent effect on the solvoly­
sis of neophyl brosylates (2-methyl-2-phenylpropyl p-
bromobenzenesulfonates)1) as a typical system giving a 
distinctly lower resonance demand. In benzylic sol­
volysis series, the solvolysis generating a more desta­
bilized carbocation tends to have a higher resonance 
demand. Recently, solvolyses of benzylic systems 
strongly deactivated by an electronegative substituent 
at the a position have been studied extensively.13'17"20) 
Distinctly high resonance demands may be antici­
pated for such extremely deactivated carbocation sys­
tems. Thus, our interest was directed to such a reac­
tion, as an appropriate system for the examination of 
varying resonance demands. Liu et al.13) studied 
the substituent effect on the solvolysis of 1-aryl-l-
(trifluoromethyl)ethyl tosylates, and found a linear 
LArSR correlation with a distinctly high r value.13b) 

We also determined the solvolysis rates for an 
extended series of substituents and analyzed the sub­
stituent effect based on the LArSR Eq. 1. The results 
of the correlation analysis have provided strong sup­
port for the LArSR relationship with an extremely 
high resonance demand for this solvolysis. Neverthe­
less, Liu et al. later noted that both the p+o+ and the 
LArSR equations show equal predicting ability of the 
rates and, therefore, the o+ treatment is preferred 
because of its simplicity.13bd) It is not their preferred 
use of the o+ treatment for simplicity that matters, but 
obvious conflicts in the conclusion concerning the 
mechanism or the nature of reaction derived there­
from. The substituent effects on the solvolyses gener­
ating extremely deactivated carbocations have been 
analyzed in the same way based on the simple Brown 
p+o+ equation. Accordingly, a critical examination 
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appears to be necessary concerning the substi tuent 
effect in this system, for a proper unders tand ing of the 
nature of deactivated systems. 

Results 

T h e rates of solvolysis in 80 vol% aqueous e thanol 
(80E) were determined mostly by a conductometr ic 
procedure at a concentrat ion of ca. 10~4 mol d m - 3 . 
Because of the wide spread of reactivity (over 1012 

with substituents), the rates of solvolysis of the tosy-
lates were determined only for substituted derivatives 
less reactive than the p -phenoxy one, and the rates for 
more reactive derivatives than the p-methyl one were 
determined by us ing the corresponding bromides. 

O n the other hand , the solvolysis rates of more 
deactivated derivatives than m-halo ones were 
extremely slow to follow by the solvolysis of tosylates 
in 80E at appropr ia te temperatures. T h u s , the rates 
of deactivated derivatives were determined us ing faster 
reacting ra-nitrobenzenesulfonates (nosylates). T h e 

kinetic results are listed in Tables 1 and 2. T h e rate 
constants are generally in good agreement wi th those 
reported by L iu et al.13) where comparisons are possi­
ble. T h e tosylate/bromide rate ratios are remarkably 
constant and there is a precisely linear relation 
(#=0.9976, SD=±0.073 , and n=7) between tosylates 
and bromides over 103 in reactivity rang ing from p-
P h O to p-Me substituents. T h e linear re la t ionship 

log &OTS = (0.941+0.029)log kBr + 4.210 (2) 

was utilized for an est imat ion of the solvolysis rates of 
tosylates more reactive than the p-phenoxy derivative. 
Similarly, a good linear free energy re la t ionship 
(#=0.9992, SD=±0.062, and n=6) was observed 
between solvolyses of the tosylates and nosylates, 

logÄoT. = (1.034±0.020)log AON«- 1.822. (3) 

T h i s relat ion also was utilized to estimate the rates of 
the corresponding tosylate solvolysis for several slow 
reacting derivatives. A complete set of relative reac-

Table 1. Rate Data of l-Aryl-l-(trifluoromethyl)ethyl Tosylates in 80% Aq EtOHa) 

Subst. 

4-OCH2CH2-3c) 

4-MeO-3-Me 
p-MeO 
p-MeS 
p-PhO 
4-MeO-3-Cl 
2-Fluorenyl 
4-MeS-3-Cl 
3,4,5-Me3 

3,4-Me2 

4-MeO-3-CN 
p-Me 
p-Ph 
4-MeS-3-CN 
2-Naph 
p-t-Bu 
3,5-Me2 

p-F 
m-Me 
H 
p-C\ 
p-Br 
m-F 
m-Cl 
m-Br 
m-CF3 
m-CN 
p-CFs 
p-CN 

10^/s" 1 (Temp/°C) 

44.75(-10), 196.0(0), 740.5(10) 
139.2(0), 273.0(5) 
321.5(5) 
56.00(5) 

178.6(35), 551.0(45) 
502.4(45) 
4.800(15), 218.6(45), 583.6(55) 

121.7(45) 
26.36(35), 83.91(45) 
9.212(45) 
1.638(35), 5.800(45), 18.57(55) 

0.3011(35), 1.152(45), 3.811(55) 

0.6235(45) 

105&/s-1 

25 °C 

4720000d) 

1580000d) 

378000d) 

74900d) 

4784e) 

3218° 
3426 

660.1 
164.9 
51.51g) 

47.98 
18.95h) 

13.8° 
15.45 
10.05 
7.405 
0.6533 
0.561e) 

0.210° 
0.07497e'j) 

0.0456e'k) 

0.0353f) 

0.0006601* 
0.000448e'k) 

0.0003371) 

0.00004011,m) 

0.0000174° 
0.0000123U) 

0.00000515o) 

AH%°h 

kcal mol - 1 

20.2 

18.9 
19.7 

21.2 
21.5 
22.5 

22.9 
23.0 
24.4 
23.8 

25.0 

AS|5°c. 

e.u. 

3.1 

-1 .8 
-2 .3 

-2 .4 
-1 .4 
-0 .3 

0.0 
-0 .6 
-0 .6 
-3 .2 

-2 .6 

a) Volume percent of ethanol. b) 1 cal=4.184 J. c) l-(2,3-Dihydrobenzofuran-5-yl)-l-
(trifluoromethyl)ethyl derivative, d) Calculated from linear logarithmic rate relation between 
tosylates and bromides (Eq. 2). e) Extrapolated from rate data at other temperatures. 
f) Calculated from linear logarithmic rate relation between temperatures, g) Réf. 13c, 
42.3X10"5s-1. h) Refs. 13a and b, n .SXlO'h'1; Ref. 20b, n.OXlO^s"1. i) Ref. 13b. j) Refs. 
13a and b, 0.0757X10-5S-1; Ref. 20a, 0.0865X10-5S-1. k) Refs. 13a and b. 1) Calculated from 
linear logarithmic rate relation between tosylates and m-nitrobenzenesulfonates (Eq. 3). 
m) Ref. 13b, 2.57X10-10s~1. n) Refs. 13a and b, 1.27X10-10s-1. o) Calculated from linear 
logarithmic rate relation between tosylates in 80E and nosylates in 50% aq ethanol.2b> 
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Table 2. Rate Data of l-Aryl-l-(trifluoromethyl)ethyl Systems in 80% Aq EtOHa) 

Subst. 

4-OCH2CH2-3c) 

4-MeO-3-Me 
p-MeO 
p-MeS 
p-PhO 
4-MeO-3-Cl 
2-Fluorenyl 
4-MeS-3-Cl 
3,4,5-Me3 

3,4-Me2 

p-Me 

p-t-Bu 
3,5-Me2 

p-F 
H 
p-C\ 
m-F 

m-Cl 
m-Br 
m-CFs 
m-CN 
p-CFs 

, , , o 105&/s_1 

10^/s-i Temp/°C) ^J'* 
25 C 

Bromides 
202.0 

4.216(5) 63.30 
135.7(45) 13.81d) 

28.64(45) 2.627e) 

1.786(45), 10.25(60),f) 47.65(75) 0.1399g'h) 

1.099(45), 6.192(60), 27.82(75) 0.08989g) 

1.138(45), 35.27(75) 0.07857g) 

0.2915(45), 8.968(75) 0.02025g) 

0.600(65), 23.8(100) 0.00308g) 

0.2045(65), 0.655(75),i) 8.80(100)j) 0.000951g'k) 

0.00044&1) 

m-Nitrobenzenesulfonates 
15.84(0) 578.6 
1.363(0) 54.21 
460.3(45) 41.91 
95.08(45) 7.336 
70.34(45) 5.278 
1.037(45), 6.422(60), 10.94(65) 0.07097g) 

32.81(75) 
0.6519(45), 4.087(60), 20.53(75) 0.04489g) 

0.5999(45), 21.39(75) 0.0371g) 

0.307(55), 45.8(100) 0.00472g) 

0.141(55), 21.8(100) 0.00211g) 

0.103(55), 1.295(75), 17.0(100) 0.00151g) 

AH%Q 

kcal mol - 1 

21.7 
21.0 
21.9 
23.5 
23.1 
24.6 
24.5 
25.8 
26.3 

22.7 
23.3 
22.0 
23.6 
23.8 
24.7 

25.2 
25.6 
26.5 
26.7 
27.0 

AS&% 

e.u. 

-0 .3 
-5.7 
-5 .0 
-6 .5 
-8 .6 
-4 .0 
-6 .8 
-6 .4 
-6 .9 

7.4 
4.5 

-0 .2 
1.5 
1.8 

-3 .8 

-3 .2 
-2 .0 
-3 .3 
-4 .3 
-3 .8 

a—c) See footnotes in Table 1. d) Refs. 13a and b, ^^XlO^s"1 . e) Ref. 13c, 2.13X10"5s-1. 
f) Ref. 13c, 10.6X10~5s_1. g) Extrapolated from rate data at other temperatures, h) Ref. 13c, 
0.160X10-5' 
XlO^s-1. 

•s-1, i) Ref. 13c, 0.838X10-
l)Refs. 13a and b. 

j) Ref. 13c, 13.3X10-5S-1. k) Ref. 13c, 0.00123 

tivities of the tosylate solvolysis in 80% aq. ethanol at 
25 °C, including those estimated based on the above 
linear relations, is given in the summary in Table 1. 

Substituent effect analysis has been carried out by 
an ordinary least-squares procedure based on Eq. 1 
and the Brown p+o+ equation. The substituent 
parameters, a°, AÖR, and a+, employed in the present 
analysis are mostly the standard values (Table 3). 
The substituent parameters for ra,p-disubstituted 
derivatives are defined based on the combined effects 
of two substituents as a unified substituent.5b'8a> It is 
often pointed out that the substituent parameters are 
subject to change with the solvent.21) The solvent 
modification of substituents in an 80E solution is, in 
fact, not so significant that it requires any serious 
correction of the substituent parameters for most sub­
stituents. However, any serious effect of the devia­
tion of a few particular substituents on the correlation 
results should be avoided in the present critical exami­
nation of the LArSR analysis. Accordingly, the 
parameter values were slightly modified for several 
substituents in order to achieve precise conformity to 
Eq. 1 within ±0.02 a-unit; the parameter values in 
Table 3 will be most appropriately applicable to reac­
tivities in an aqueous ethanolic solution. The most 
important correction employed in the present analysis 
is the correction of 0.03—0.04 o unit for the resonance 
parameters of all the p-MeS derivatives, whereas no 

Table 3. Substituent Constants Used 
for Correlation Analysis 

Subst. 

4-OCH2CH2-3 
4-MeO-3-Me 
p-MeO 
p-MeS 
p-PhO 
4-MeO-3-Cl 
2-Fluorenyl 
4-MeS-3-Cl 
3,4,5-Me3 

3,4-Me2 

4-MeO-3-CN 
p-Me 
p-t-Bu 
p-Ph 
4-MeS-3-CN 
3,5-Me2 

p-F 
m-Me 
H 
p-Cl 
p-Br 
m-F 
m-Cl 
m-Br 
m-CF3 

m-CN 
p-CFs 
p-CN 

(7° 

-0.19 
-0.18 
-0.10 

0.065 
0.063 
0.22 

-0.02 
0.40 

-0.262 
-0.193 

0.52 
-0.124 
-0.155 

0.039 
0.66 

-0.138 
0.20 

-0.069 
0.000 
0.27 
0.27 
0.337 
0.373 
0.391 
0.53 
0.60 
0.62 
0.67 

Aö+ 

-0.75 
-0.70 
-0.70 
-0.72 
-0.59 
-0.69 
-0.49 
-0.73 
-0.187 
-0.187 
-0.69 
-0.187 
-0.100 
-0.26 
-0.73 

0.000 
-0.24 

0.000 
0.000 

-0.166 
-0.146 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

G+ 

-0.95 
-0.88 
-0.80 
-0.61 
-0.53 
-0.47 
-0.51 
-0.33 
-0.45 
-0.38 
-0.17 
-0.311 
-0.255 
-0.22 
-0.07 

0.138 
-0.06 
-0.069 

0.000 
0.115 
0.15 
0.352 
0.399 
0.405 
0.52 
0.562 
0.612 
0.659 
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Table 4. Correlation Analysis for l-Aryl-l-(trifluoromethyl)ethyl Tosylate 

Substituent set 

All subst. 

Electron-donorsa) 

Without disubstb) 

Limited 
Electron-donors.c) 

Liud) 

Less reactive than 
p-PhO 
Bromide sete) 

m-Correlationf) 

Correlation 

LArSR 
G+ 

LArSR 
G+ 

LArSR 
G+ 

LArSR 
G+ 

LArSR 
G+ 

LArSR 
G+ 

LArSR 
G+ 

a° 

n 

28 
28 
21 
21 
23 
23 
13 
13 
12 
12 
24 
24 
11 
11 
10 

P 

-6.287 
-7.535 
-6.291 
-7.792 
-6.269 
-7.501 
-6.207 
-8.376 
-6.199 
-7.530 
-6.303 
-7.409 
-6.536 
-8.330 
-6.241 

r 

1.388 

1.389 

1.397 

1.407 

1.411 

1.388 

1.424 

— 

SD 

0.070 
0.493 
0.072 
0.563 
0.075 
0.353 
0.072 
0.307 
0.077 
0.399 
0.071 
0.525 
0.085 
0.551 
0.064 

R 

0.9998 
0.9903 
0.9996 
0.9750 
0.9998 
0.9956 
0.9997 
0.9943 
0.9998 
0.9939 
0.9997 
0.9839 
0.9992 
0.9623 
0.9994 

a) More reactive substrates than H. b) No disubstituted compounds involved, c) Electron-
donors of common use; 4-OCH2CH2-3, 4-MeO-3-Me, p-MeO, p-MeS, p-PhO, 3,4-Me2, p-Me, 
p-Ph, p-t-Bu, 3,5-Me2, p-F, m-Me, and H. d) Liu's data set (Ref. 13); p-MeO, p-MeS, p-PhO, 
3,4-Me2, p-Me, p-Ph, m-Me, H, p-C\, ra-Cl, ra-CF3, and p-CF3. e) Leaving bromide system. 

nosylates in 80% aqueous ethanol. The LArSR p 
values are all identical to the pm value, whereas p + 

values based on the o+ correlation differ significantly 
from the pm value. The entire substituents set satis­
fies the LArSR Eq. 1 with high precision, with a 
standard deviation of 0.070 and a correlation coeffi­
cient of 0.9998. Exactly the same LArSR correlation 
is obtained for set No. 6, excluding more reactive 
substituents than the p-MeS group, of which the rates 
are based on the solvolysis of the corresponding brom­
ides. This suggests that the extrapolation of the rates 
for extremely high reactive derivatives based on brom­
ide solvolysis is never the cause of the deviation of r 
from unity. Set No. 5 on which Liu's analysis was 
based gives an identical LArSR correlation with a 
precision comparable to that of the all substituents set 
(No. 1). It should be noted that the bromide set (No. 
7) consisting only of highly reactive substituents gives 
a good correlation with comparable precision, but 
with a slightly different r value (discussed further 
below). For any substituent sets, irrespective of the 
number and nature of constituting substituents, the 
LArSR correlations are all excellent and distinctly 
better by one order of magnitude in SD than the 
corresponding o+ correlations. 

Discussion 

Despite Liu's suggestion of a good o+ correla­
tion,13b) the o+ plot in Fig. 1 appears to be only fair, or 
even poor. Meta and ^-accepting para substituents 
construct a good linear relationship, the range of 
which (about 105 in reactivity) is wide enough to 
define the pm value. On the other hand, p-n-donor 
substituents exhibit a wide dispersion pattern, but the 
deviations are apparently systematic in that they all 
deviate in the direction of activation from the meta 

f) Meta and TC-accepting para substituents. 

correction was required for the corresponding p-MeO 
derivatives. The nonlinear dependence of the reson­
ance effect of p-MeS substituent upon the reactions 
has frequently been noticed.22) Further details will be 
discussed elsewhere. 

The results of the correlation analysis are summar­
ized in Table 4. Meta and ^-accepting para substitu­
ents satisfy precisely a linear Hammett relationship 
against either o+ or o°, and the pm value remains 
essentially the same for the solvolysis of tosylates and 

O p-0CH2-CH2-m 

O p-CH30-m-CH3 

ÖN p-CH30 

S 0 p-CH3S 

r 8 

2-Fl 

Me 

OTs 

in 80%EtOH 

\ p-PhO 

N
N \ p-CH30-m-Cl 

\ sO p-CH3S-m-Cl 

3.4t5-(CH3)3 \ Q \ 

3.4-(CH3)2 \ Q b p-CH30-m-CN 

P-CH3 \ A o o 
p-t-BU V \ 

\ \ 
3.5-(CH3)2 >» O 

m-CH3 V 
i i i i | i i i i | i i i i i 

-1.0 . -0.5 
Ö + H 

p-CH3S-m-CN 
- 2 
^ p-Ph \ 
.P-F 

\ 
l > v • • i i i i .i i 
> & P"Cl 0.5 

\ \ P - B r 

\ s 

\ m-F 
- - 2 1 ^ m-Cl 

^ ^ m-Br 

m-CF3 X 
> a m-CN 

- ~ 4 p-CF3 \ p-CN 

Fig. 1. The a+ plot for solvolysis of 1-aryl-l-
(trifluoromethyl)ethyl tosylates in 80% aq EtOH at 
25 °C. 
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line and in proportion to their resonance strengths. 
The plot apparently splits into separate lines for 
strong rc-donors (RO and RS groups), and for weak n-
donors (alkyls and halogens), one each running paral­
lel to the ra-line with significant gaps. The gap of 
ca. 2 log-unit between lines seems to be too large to be 
attributed to experimental error. The p+o+ treat­
ment obviously fails to give a single linear correlation, 
or even a single monotonically curved one for all 
classes of substituents. 

The excellent linear LArSR plot (squares in Fig. 2) 
with an r value of 1.39 contrasts sharply with the poor 
linear plot given by o+ (open circles in Fig. 2). Fig­
ure 2 clearly accounts for the significance of r in the 
LArSR description of resonance effects as well as the 
way the substituent constant changes with a change in 
the resonance demand. The meta correlation based 
on resonance-insensitive substituents should be a rigid 
reference common to both the o+ and LArSR analyses; 
its excellent linearity provides convincing evidence for 
the absence of a mechanistic change over the range 
covered by these substituents. p-n-Donor substitu­
ents in the o+ plot all deviate toward enhanced reactiv­
ity from the meta correlation line, suggesting an 
enhanced resonance demand of this system. The 
horizontal line segments between o+ and o° for para n-
donor substituents correspond to their resonance 
capabilities, i.e., Aôk values. The LArSR correlation 

Fig. 2. The LArSR plot of solvolysis of 1-aryl-l-
(trifluoromethyl)ethyl tosylates; o+ (open circles), 
a° (closed circles), and ö for r=1.39 (squares). 

corresponds to the line which divides all of the reson­
ance segments of para rc-donors at a constant external 
ratio referred to the r value of 1.39. Clearly, it can be 
seen that only with this unique r value do para n-
donor substituents all coalesce into a single straight 
line including meta and ^-accepting para substitu­
ents. This graphical interpretation is confirmed by 
the results of the statistical LArSR analysis given in 
Table 4. From the accuracy of the overall fit, the 
simple Brown o+ correlation is not compatible with 
the LArSR one. 

Liu et al.13b) gave a p + value of —7.46 for their data 
set (or a better-fit p + of —6.85 excluding p-MtO group) 
by the Brown o+ analysis; nevertheless, they later 
reported a good o+ relation with an extremely high p + 

value of —10 for a limited range of electron-donating 
derivatives,130) which is clearly different from the pm 

value based upon deactivating substituents. A linear 
relationship, in principle, indicates a constant mecha­
nism over the range of substituents involved, whereas 
a curve break of the relationship is indicative of a 
change in the mechanism. In contrast with the com­
pletely linear LArSR correlation for the present sol­
volysis, the nonlinear Brown o+ correlation with dif­
ferent p + values for the activated and deactivated 
regions is just what would be expected for a mechanis­
tic shift with a substituent change, as observed in 
benzyl solvolysis.23) It is rather serious that both 
equations lead to conflicting conclusions regarding 
the mechanism from the same solvolysis data set. 
Although a kc-ks mechanistic transition might per­
haps be the cause of the nonlinear o+ plot for this 
highly deactivated system, the p + value of —6.4 for the 
electron-acceptor region of substituent is clearly too 
high to be accounted for by the ks mechanism,13a) and 
the relevant experimental evidence all argues for the kc 

mechanism for the entire range of substituents. 13b>2°) 
Liu et al. therefore came to claim that the p value for 
the bromide solvolysis had to be much higher than 
that for the tosylate solvolysis.13c) However, this 
argument has also been incompatible with the present 
precise linear relationship between the solvolyses of 
bromides and tosylates with an essentially unit slope. 
More crucial is the fact that the o+ treatment gives 
neither a linear nor a single smooth-curved plot but, 
rather, a significantly scattered pattern. The mecha­
nistic transition, itself, should depend in a simple 
manner upon substituent polarities, and will give a 
single, continuous, smooth-curved correlation with 
a suitable substituent constant scale. The basic 
requirement for the interpretation of the curve break 
in terms of a mechanistic change should therefore be a 
continuous concave plot for the substituent effect 
correlation. Any discontinuous split pattern of the 
o+ plot should in principle be incompatible with a 
simple kc-ks mechanistic transition. These inconsis­
tencies must arise merely from the intrinsic deficiency 
of any single-parameter treatment. 
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The present solvolysis is a typical system proce­
eding via an extremely electron-deficient cationic 
transition state, which may reflect its extremely high 
resonance demand. Further a detailed consideration 
should be required for the substituent effect behavior, 
especially concerning the accuracies of the LArSR and 
Brown correlations, and the real reliability of the r 
value. 

The validity of the LArSR correlation can be most 
clearly accounted for by the plot in Fig. 3, which 
displays the dependence of the standard deviations on 
r in the least-squares fitting to Eq. 1, without con­
straint for the p value. Curve 1 shows the change of 
SD as a function of r for the set (refers to set No. 1 in 
Table 4) involving all substituents. The SD changes 
remarkably with the r value, giving a sharp wedge-
shape plot; even a minor deviation from the best-fit r 
causes a sharp increase in the SD value. This is, 
indeed, a schematic illustration of the converging 
process in the iterative least-squares calculation proce­
dure. The depth and steepness of the wedge may be 
indicative of a significant convergency to the best-fit r 
point as well as the real validity of this LArSR correla­
tion. While the sufficient depth should be a basic 
requirement for acceptable conformity, the steepness 
is a more direct measure of the reliability of the r value 
and, therefore, will be of particular importance in 
discussing varying resonance demands. An identical 
SD vs. r plot (curve 2) of significant convergence at the 
same best-fit r value can also be obtained for set No. 2, 
excluding electron-acceptor substituents. The small 
change in depth may simply be due to a change in the 
number of substituents. The o+ correlation appears 
to be as equally less accurate for this set as the all 
substituents set. This fact strongly argues against 

0 4 |_V Dependence of Goodness 

Fig. 3. Plot of SD as a function of r for the solvolysis 
of l-aryl-l-(trifluoromethyl)ethyl tosylates: The 
numbers refer to the set numbers in Table 4. 

any acceptable o+ correlation suggested so far for the 
electron-donative region of a bisected bilinear correla­
tion. On the other hand, Liu's set (Set No. 5) gives 
an accurate best-fit LArSR correlation, but an appreci­
ably broader SD vs. r plot of low convergency (curve 
5). The broadness becomes more significant when 
the acceptor substituents are excluded from set No. 3 
for typical substituents of ordinary use, given by curve 
4 for set No. 4. A minor drift of the best-fit r value in 
these sets (see Table 4) has no statistical significance, 
because of the essentially flat basin of the SD vs. r plot. 
While the steepness depends appreciably upon the 
combination of constituting substituents in the set, 
the depth constantly achieves a sufficiently low value 
and, hence, detailed consideration of the subtle change 
in the SD value below the acceptable conformity level 
does not appear to be very meaningful. 

Practically, the reliability of the r value of this 
system may be evaluated in terms of the width of the 
SD vs. r plot at such a level of SD=±0.10 as a reference 
for acceptable conformity to Eq. 1. Thus, the r value 
defined by the all substituents set may be valid within 
a possible uncertainty of the order of ±0.06. For 
Liu's set a relatively lower validity of the order of 
±0.10 in this criterion will have to be estimated for its 
r value. The magnitudes of these reliability parame­
ters are two or three times as large as the ordinary 
statistical indices. Even if such a large possible 
uncertainty of ±0.1 may be allowed in the r value, this 
system having an r value of 1.39 should be far out of 
the range of applicability of the o+ scale. The result 
of the validity analysis of r argues strongly against 
Liu's conclusion that the Brown o+ treatment can be 
equally applied to this system. 

In Fig. 3, we can observe a clear difference in the 
steepness of SD vs. r curves between two series of 
substituent sets, Nos. 1—2 and Nos. 4—5. The con­
vergency to the best-fit correlation depends upon the 
combination of substituents. The LArSR correlation 
analysis basically requires nonlinearity (or random­
ness) between o° and AÖR parameters. Especially, for 
distinguishing between the LArSR and Brown o+ 

analyses, the basic requirement of nonlinearity 
between o+ and Aot for 7r-donor substituents should 
be considered severely. The relation between o+ and 
AÖR is shown in Fig. 4. Typical rc-donor substituents 
of common use (given by closed circles) fall close to a 
straight line given by the equation AÖR= (0.70±0.05) O+ 

-0.08 (n=9, #=0.981, and SD=±0.09). For these 
substituents, we may find a rough Brown p+o+ corre­
lation, as 

log k/ko = p(0.70r+0.30)a+. 

It follows, as a crude approximation, that 

log k/k0 = pro+. 

The electron-donor substituents of common use will 
always give a linear plot against a+, irrespective of the 
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Fig. 4. Plot of Acre values against a+. 

electron-acceptor region should inevitably suggest an 
unlikely mechanist ic shift for this reaction. 

T h e LArSR correlation for any set consisting only 
of these ordinary substi tuents is generally excellent, 
bu t the precision of the correlation is not qui te sensi­
tive to the change in the r value, and meta substitu­
ents capable of giving a reliable p value should be 
required for accurately de te rmining the r value for 
such a system. In practical appl icat ions, a combina­
t ion of different classes of 7r-donors is essential for any 
precise LArSR analysis, and strong rc-donor substitu­
ents of less negative o+ values are part icularly impor­
tant for an accurate est imation of the r value. Pro­
vided the sufficient randomness between the o+ and 
AÖR values, the para 7r-donor substituents, themselves, 
mus t have a potent ial self-convergency to an LArSR 
correlation wi th u n i q u e r and p values characteristic 
of the system. 

r value, wi th a slope different from the p m value. 
T h i s is just wha t was observed for Liu ' s analysis; the 
o+ correlation giving an extremely h igh p + value for 
electron-donor and a p + value of ordinary size for 

Experimental 

Materials: Most of a,a,a-trifluoroacetophenones were 
synthesized according to Stewart's procedure of Grignard 
reaction of substituted bromobenzenes with trifluoro-

Table 5. Physical Data of l-Aryl-l-(trifluoromethyl)ethyl Arenesulfonates 

Subst. 

Tosylatesa) 

4-MeS-3-Cl 
3,4,5-Me3 

3,4-Me2 

4-MeO-3-CN 
p-Me 
p-t-Bu 
4-MeS-3-CN 
3,5-Me2 

m-Me 
p-F 
H 
p-C\ 
p-Br 
m-F 
m-Cl 
m-Br 

Mp/°C 

47.0—48.0 
63—64(decomp) 
72.0—73.0 
98.0—100.0 
73.2—73.9b) 

69.0—72.0 
110.0—111.0 
82.0—83.0 
76.5-77.5c) 

70.2—70.8 
104.5—105.5d) 

92.5—93.2e) 

110.8—112.1 
87.8—88.3 
81.5—82.8° 
88.0—88.5 

m-Nitrobenzenesulfonatesg) 

3,5-Me2 

p-F 
H 
p-Cl 
m-F 
m-Cl 
m-Br 
m-CFs 
m-CN 
p-CFs 
p-CN 

58.0—59.8 
73.5—74.0 
80.0—81.5 
87.0—88.5 
72.0—73.0 
59.0—59.7 
77.0—78.5 
74.5—75.5 
82.0—83.0 
96.0—96.5 

127.7—128.5 

Carbon/% 

Found 

48.11 
59.18 
58.04 
54.11 
57.02 
60.08 
51.75 
58.09 
57.00 
53.11 
55.78 
50.89 
45.56 
53.27 
50.71 
45.73 

50.32 
45.88 
48.11 
44.19 
46.04 
44.12 
40.03 
43.30 
48.06 
43.37 
47.93 

Calcd 

48.06 
59.06 
58.06 
54.13 
56.98 
59.99 
51.91 
58.06 
56.98 
53.04 
55.81 
50.74 
45.40 
53.04 
50.74 
45.40 

50.62 
45.81 
48.00 
43.97 
45.81 
43.97 
39.66 
43.35 
48.00 
43.35 
48.00 

Hydrogen/% 

Found Calcd 

3.80 
5.53 
5.11 
4.22 
4.85 
5.84 
3.95 
5.23 
4.86 
3.93 
4.38 
3.74 
3.51 
4.02 
3.80 
3.39 

4.00 
2.89 
3.31 
2.72 
2.88 
2.88 
2.52 
2.52 
2.79 
2.49 
2.79 

3.80 
5.48 
5.14 
4.26 
4.78 
5.79 
4.11 
5.14 
4.78 
3.89 
4.39 
3.73 
3.33 
3.89 
3.73 
3.33 

4.00 
2.82 
3.22 
2.71 
2.82 
2.71 
2.44 
2.50 
2.77 
2.50 
2.77 

Nitrogen/% 

Found 

3.41 

3.86 

3.47 
3.52 
3.62 
3.43 
3.70 
3.70 
3.10 
3.30 
6.99 
3.30 
7.00 

Calcd 

3.51 

3.36 

3.47 
3.56 
3.73 
3.42 
3.56 
3.42 
3.08 
3.16 
7.00 
3.16 
7.00 

a) p-PhO (mp 88—89 °C), 4-MeO-3-Cl (mp 76 °C, decomp), and 2-Fluorenyl (mp 64—65 °C, 
decomp) derivatives were too unstable to give accurate elemental analysis result, b) Lit,13b) 

mp 73 °C. c) Lit13b) mp 75.5—76.5 °C. d) Lit,13b) mp 103.5 °C; 101 °C.20a) e) Lit,13b) mp 93.0— 
93.5 °C. f) Lit,13b) mp 81.5 °C. g) p-t-Bu derivative (mp 43 °C, decomp) was not sufficiently 
stable to give accurate elemental analysis result. 
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acetic anhydride at — 78 °C in Dry Ice-acetone bath.24) 2-
Trifluoroacetylfluorene (mp 81.5—83.5°C) and 3-bromo-4-
methylthio-a,a,a-trifluoroacetophenone were prepared by 
the Friedel-Crafts reaction of the corresponding aromatics 
with trifluoroacetic anhydride. 3-Bromo-4-methoxy-a,a,a-
trifluoroacetophenone was obtained by the bromination of 
p-methoxy-a,a,a-trifluoroacetophenone in acetic acid at 
50 °C. 

Substituted trifluoroacetophenones were converted into 
the corresponding l-aryl-l-(trifluoromethyl)ethanols by the 
Grignard reaction with methylmagnesium iodide. The 
alcohols obtained were purified by column chromatography 
on silica gel. Tertiary alcohols were also prepared by Grig­
nard reactions of the appropriate arylmagnesium bromide 
with l,l,l-trifluoroacetone.13b> An ethereal solution of 
1,1,1-trifluoroacetone was added dropwise to the Grignard 
solution of an arylmagnesium bromide in ether at ice-bath 
temperature. 4-MeO-3-CN, 4-MeS-3-CN, p-CN, and m-CN 
substituted tertiary alcohols were prepared by the reaction of 
the corresponding bromo derivatives with copper(I) cyanide 
in DMF by the Friedman-Shechter method.25) 

l-Aryl-l-(trifluoromethyl)ethyl arenesulfonates were syn­
thesized according to Tidwell's method.'20a) 0.026 mol of 
tertiary alcohol in 25 cm3 of ether was added to 0.06 mol 
of NaH in 50 cm3 of ether at room temperature under 
nitrogen atmosphere. The mixture was stirred for 1 h; 
then, 0.025 mol of p-toluenesulfonyl chloride or m-
nitrobenzenesulfonyl chloride in 75 cm3 of ether was added 
dropwise. After stirring overnight, the mixture was filtered 
and the filtrate was concentrated under vacuum to give solid 
tosylate or nosylate, and purified by recrystallization from 
ether-hexane. Physical constants and analytical data are 
summarized in Table 5. 

l-Aryl-l-(trifluoromethyl)ethyl bromides were prepared 
according to Liu's method. 13b>c) Phosphorus tribromide, 8 
mmol was added slowly to 7 mmol of alcohol with stirring 
in an ice bath. After stirring at 40—50 °C for 4 h, the 
reaction mixture was poured into ice-water, extracted with 
ether and washed with Na2CC>3 solution and sat. NaCl 
solution. The bromide was purified through column chro­
matography on alumina. Most of the bromides were not 
solidified, except for 2-Fluorenyl, mp 103—106 °C, which 
were stored in a freezer. 4-OCH2CH2-3 and 4-MeO-3-Me 
substituted bromides were prepared by the bromination of 
the alcohols with HBr gas; HBr gas was passed into the 
ethereal solution of alcohol in the presence of anhydrous 
CaCl2 with stirring for 3 h, filtered, and concentrated under 
vacuum. The residue was diluted with ether, treated with 
fresh anhydrous CaCb and evaporated in vacuo. This 
procedure was repeated several times until the complete 
removal of excess HBr gas. The residue was directly util­
ized for kinetic measurements. 

Solvents: Commercial 95% ethanol was dehydrated twice 
by heating under reflux with magnesium ethoxide and 
distilled. Deionized water was refluxed with KMn04 and 
the distillate was redistilled immediately before use. 80% 
aqueous ethanol (80E) was prepared by mixing correspond­
ing volumes of ethanol (80) and water (20) at 25 °C. 

Kinetic Measurement: Solvolysis rates were measured by 
conductometric method.26) Conductance measurements 
were made in a cell with bright platinum electrodes using 
approximately a 25 or 50 cm3 solution at an initial concen­
tration of 10~4 mol dm - 1 of a substrate ester. Conductivity 

readings were taken by using a conductivity meter (CM-
50AT equipped with time interval unit and printer, TOA 
Electric Ltd.). Solvolyses were followed by taking at least 
50 points at appropriate intervals for 2.5 half-lives and an 
infinity reading was taken after 10 half-lives. For the con­
ductivity measurement of relatively fast reactive substrates, 
complete solutions can be attained relatively quickly by 
dissolving the substrates in a small amount of ethanol into 
80E involving an adjustable amount of water. 

The first-order rate constants were determined by a least-
squares computer program; the precision of the fit to first-
order kinetics was generally satisfactory over 2.5 half-lives, 
with a correlation coefficient>0.99999. 

The rates of solvolysis for less reactive substrates at a 
higher temperature were followed by using the ampoule 
technique with conductivity determination. The 10~4 

mol dm - 3 solution was made up and sealed in twenty (5 ml) 
ampoules for one run. The ampoules were allowed to react 
in thermostated bath and the reaction was stopped by with­
drawing an ampoule and immersing it in ice-water at 
appropriate intervals for 2 half-lives. Several ampoules 
were allowed to react for 10 half-lives at higher temperature 
to provide an infinity conductivity reading. The ampoules 
were fitted with a conductivity cell; after equilibration at 
25 °C the conductivity readings were taken using a conduc­
tivity meter. 
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The solvolysis rates of l-aryl-2,2,2-trifluoroethyl tosylates (1-OTs) and m-nitrobenzenesulfonates (1-ONs) 
were determined conductometrically in aqueous ethanol and aqueous TFE. While the Brown p+o+ equation 
does not give a simple linear plots, but a remarkably split pattern, there is a linear free energy relationship 
between the solvolyses of 1-OTs and l-aryl-l-(trifluoromethyl)ethyl tosylates (2) with a slope of unity over a 
wide range (108 in reactivity) of substituents from p-MeO to unsubstituted derivatives. The substituent effect 
on the solvolysis of 1 should be closer to that on the solvolysis of 2, rather than to the o+ substituent effect. The 
p value for this system was estimated to be identical to the value of —6.3 assigned for 2, and the r value in the 
LArSR correlation to be comparable with or even higher than the r=1.4 of 2. The enhanced r value of this 
system must be caused from a strong destabilization of the transition state by the a-CF3 substituent. Extremely 
high p + values have recently been pointed out for many solvolyses generating highly electron-deficient 
carbocations; however, in no case is the p + value equally high for the electron-attracting region of the 
substituent. In fact, they all resulted in significantly concave o+ plots, suggesting a mechanistic transition. 
All of the conflicts must be attributed to the inadequacy of the simple application of a+. The use of the Brown 
a+ scale must be the only cause of a curve break in the correlation plot of such a system having a significantly 
different resonance demand. 

In the foregoing paper,1} we analyzed the substitu­
ent effect on the solvolysis of l-aryl-l-(trifluoro-
methyl)ethyl tosylates (2) in terms of our LArSR Eq. 
13) 

log&/&o = p(a° + rAöi) (1) 

T h e subst i tuent effect o n this extremely electron defi­
cient benzylic system can be reasonably described in 
terms of Eq. 1 wi th a h igh resonance demand 
r=1.39.1 '4) Significant deviation from a linear a + 

correlation indicates that this h ighly electron-defi­
cient system is far beyond the scope of the s imple 
Brown p+o^ treatment. T h e Brown a + scale should 
be referred to as a good average of the resonance 
demands for solvolyses generat ing ordinary stable 
benzylic carbocations. Nevertheless, L iu et al. partic­
ularly emphasized that the accelerating derivatives in 
this solvolysis gave a good a + correlation with an 
extremely h igh p + value of —10, in contrast wi th —6.3 
for the deactivating subst i tuent range.5 ) O u r recent 
studies on the gas-phase stabilities of benzylic carboca­
tions indicate that the stabilities of 1-aryl-l-
(trifluoromethyl)ethyl cations do no t give a linear 
relat ion against those of the corresponding a-cumyl 
(1-methyl-1-phenylethyl) cations.4>6) T h e a-CF3 car­
bocat ion should have an intrinsically higher reson­
ance demand than the a-cumyl cation.4a>c>6) Such an 
enhanced resonance demand would generally be anti­
cipated for relevant extremely electron-deficient carbo­
cation systems. 

Recently, Tidwel l et al. reported that the substi tuent 
effect on the solvolysis of strongly deactivated 1-aryl-
2,2,2-trifluoroethyl tosylates (1-OTs) gave p + values of 
—9——12 in most solvents, bu t a value of —6.7 in 

trifluoroacetic acid (TFA), based on a s imple p+o+ 
treatment.7) T h e large negative p + value was taken as 
evidence for the kc mechanism, and was attributed to a 
s trong destabilization of the incipient cation by the a-
CF3 group. 7 ) However, a distinctly smaller p + value 
in T F A than in other solvents can hardly be inter­
preted in any ordinary mechanist ic terms. In order to 
achieve an appropr ia te analysis of the substi tuent 
effect on this system, an enhanced resonance demand 
due to a s t rong deactivation by a-CF3 should be taken 
in to account in terms of the LArSR Eq. 1. T h e 
li terature data appear to be insufficient to draw any 
decisive conclusion concerning either the substi tuent 
effect behavior or the mechanis t ic characteristics of 
this solvolysis. Accordingly, we have determined the 
solvolysis data for a more extended series of substitu­
ents of this secondary electron-deficient carbocationic 
system and analyzed the subst i tuent effect on this 
system. 

Resul ts 

T h e solvolysis rates of l-aryl-2,2,2-trifluoroethyl 
tosylates (1-OTs) and m-nitrobenzenesulfonates (1-
ONs) were determined conductometrically in aqueous 
e thanol and aqueous tr if luoroethanol. T h e solvoly­
sis rates of strongly deactivated substrates were mea­
sured by us ing the m-nitrobenzenesulfonates (nosy-
lates) instead of us ing tosylates, and were calibrated to 
the rates of tosylate solvolysis according to the linear 
relat ionships; for the solvolysis in 50 vol% aqueous 
e thanol (50E), 

log ÄOT. = ( 1.027 ±0.004) log ÄON.-1.509, (2) 

and for the solvolysis in 97%(w/w) tr if luoroethanol 
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(97%TFE), 

log &oTs = ( 1.029 ± 0.038) log &ONS - 1.220. (3) 

The results are summarized in Tables 1 and 2. The 
a+ plot for the solvolysis of 1 in 50E in Fig. 1 displays 
no simple linear relationship but, rather, shows a 
remarkably split pattern. The gap of 1.5 log units 
between two lines is too large to be referred simply to 
as experimental error. Tidwell et al. estimated a p + 

value of —10, based only on the two data points of p-
MeO and p-methyl substituents for solvolysis in aque­
ous ethanol, assuming a linear a+ correlation.7) A 
simple inspection of Fig. 1, however, indicates that the 
p + value depends upon the choice of substituents, and 
Tidwell's assumption of a linear a+ correlation is not 
in line with the present figure. The a+ plots of 
strong Ti-donor substituents construct a partial linear 
correlation with a p value of ca. —6, which is much 

lower than the value determined by the p-MeO—p-Me 
line, but nearly identical to that given for the TFA set. 
A major conflict appears to arise from the insufficient 
data base as well as a result of the inadequacy of a 
simple application of the a+ scale. On the other 
hand, LArSR Eq. 1 provides a reasonable interpreta­
tion for the split a+ plot. A series of strong p-n-
donors which have comparable AÖR values (=—0.7) 
should give an exact p + value as a slope of the plots 
against ordinary a+ values, since the rAäR term 
remains constant for these substituents, irrespective of 
r value of the system. The same is true for a series of 
para alkyl substituents, all having constantly small 
AÖR values (—0.1——0.2). The significant gap 
between the two lines for both classes of substituents 
evidently points to a higher r value for this system. 

The substituent effect on this system can be com­
pared with the substituent effect of a structurally 

Table 1. Solvolysis of l-Aryl-2,2,2-trifluoroethyl Tosylates in 50% (w/w) Aq Ethanol 

Substituent 

4-MeO-3-Me 

p-MeO 

p-MeS 

p-PhO 

4-MeO-3-Cl 

2-Fluorenyl. 
4-MeS-3-Cl 

3,4,5-Me3 

4-MeO-3-CN 

3,4-Me2 

4-MeS-3-CN 
p-Me 

p-Et 

p-t-Bu 

3,5-Me2 

Temp/°C 

0.00 
15.00 
25.00 

0.00 
25.00 

0.00 
25.00 
25.00 
45.00 

0.00 
25.00 
45.00 
25.00 

0.00 
25.00 
45.00 
25.00 
45.00 
65.00 
25.00 
45.00 
65.00 
25.00 
45.00 
65.00 
25.00 
25.00 
45.00 
75.00 
25.00 
45.00 
25.00 
45.00 
65.00 
25.00 
45.00 
75.00 

105k/s-

1-OTs 

199.8 
1305 
4106c) 

47.39 
934.3 

6.760 
146.1 
14.53 

147.2 

10.97 
113.4 

13.82 

2.887 
29.87 
0.4241c) 

4.893 
42.27 

0.1441c) 

1.760 
15.98 
0.110c) 

1.424 
13.59 
0.06537d) 

0.03660c) 

0.4888 
13.65 
0.02455d) 

0.0080 ld) 

0.000640d) 

- l 

l-ONsb) 

14.85 
415.5 

3.873 
110.8 

2.801 
1.597 

22.09 

1.080 
14.20 
0.3889c) 

5.285 
52.75 
0.0309c) 

0.465 
14.19 

AH?5°ac. 

kcal m o l - 1 

19.0 

19.2 

19.3 
21.2 

22.4 
(21.0) 

21.4 
(21.3) 
22.5 

23.0 

23.5 

23.8 
(24.2) 

(23.7) 

(24.0) 

(25.0) 

AS?5°ac. 

e.u. 

- 1 . 2 

- 3 . 4 

- 6 . 8 
- 4 . 9 

- 3 . 3 
(0.9) 

- 7 . 4 
(-0.7) 
-7 .8 

-8 .2 

-6 .9 

-8 .0 
(0.7) 

(-1.8) 

(-2.8) 

(-4.6) 

a) 1 cal=4.184 J. Activation parameters in parentheses are for 1-ONs at 25 °C. b) m-
Nitrobenzenesulfonates. c) Extrapolated from rate constants at other temperatures, d) 
Calculated from linear logarithmic rate relation between tosylates and nosylates at 25 °C by 
Eq. 2. 
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Table 2. Solvolysis of l-Aryl-2,2,2-trifluoroethyl Tosylates in 

Substituent Temp/°C -
l O W s - 1 

1-OTs l-ONsb) 

97% (w/w) Aq Trifluoroethnol 

AH?5°ac 

k cal mol - 1 

AS£°ac 

e.u. 

p-MeO 
p-MeS 

£-PhO 
2-Fluorenyl. 
4-MeO-3-Cl 
4-MeS-3-Cl 
3,4,5-Me3 

4-MeO-3-CN 

3,4-Me2 

p-Me 

p-t-Bu 
3,5-Me2 

H 

25.00 
0.00 

25.00 
25.00 
25.00 
25.00 
25.00 
25.00 
25.00 
45.00 
75.00 
25.00 
45.00 
65.00 
25.00 
45.00 
25.00 
25.00 
45.00 
75.00 
25.00 
65.00 

100.00 

5970a) 

67.60 
937.4 
262.5 
207.9 

60.68 
22.41 
2.850 
0.08319b) 

0.7653 
13.24 
0.607b) 

5.120 
33.54 
0.110a) 

0.06607c) 

0.003342c) 

1268 
381.0 

0.0000804* c,e) 

2.543 
25.33 

1.513 
0.05609b) 

0.6954 
17.65 
0.00222b) 

0.285 
8.47 

16.5 

20.3 

19.5 

(21.1)d) 

(23.1)d) 

(23.7)d) 

-12.5 

-18.2 

-17.0 

(-8.9)d) 

(-9.5)d) 

(-14.0)d) 

a) Ref. 7. b) Extrapolated from rate constants at other temperatures, c) Calculated from the 
linear logarithmic rate relation between tosylates and nosylates at 25 °C (Eq. 3). d) Activa­
tion parameters for m-nitrobenzenesulfonates. e) Ref. 7, 1.48X10_9s_ 
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Fig. 1. o+ plot for solvolysis of l-aryl-2,2,2-
trifluoroethyl tosylates (1-OTs) in 50% aq EtOH at 
25 °C. 

similar, destabilized-carbocation solvolysis of 2. 
There is in fact a l inear logar i thmic rate re la t ionship 
between solvolyses 1 and 2 in 50% aq E t O H with a 
slope of uni ty covering a range of 107 reactivity from 4-
MeO-3-Me to 3,5-dimethyl derivatives, as shown in 
Fig. 2. A linear correlation is also observed for the 
solvolysis of 1 in 97% aq T F E against the solvolysis 

2 h 
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xjg^ÇH-CF3 
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i T\ 

Fig. 2. Linear free energy relationship between 1 
and 2 in 50% EtOH. 

rates of 2 in 80%(v/v) aq TFE, 8 ) over a reactivity range 
of 107—108 down to the unsubst i tu ted derivative, as 
shown in Fig. 3. T h i s l inear p lot is in sharp contrast 
wi th the scattered a + p lot in Fig. 1. T h e substi tuent 
effect in the present system 1 is closer to that on the 
solvolysis of 2, rather than to the so-called a+-
substi tuent effect on the a-cumyl solvolysis. T h e p 
value for this system should be identical to the value of 
—6.3 for 2, and the r value should also be approxi -
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Fig. 3. Linear free energy relationship between 1 
and 2 in aq TFE. 

mately the same as that for 2; if the downward separa­
tion of alkyl groups in Fig. 2 is regarded as being 
significant, the r value may be even higher for 1 than 
that of 1.39 for 2, though a minor difference in the r 
value is not important in the present discussion. The 
same conclusion can likewise be drawn from the plot 
in a highly polar TFE solvent in Fig. 3. Both p and r 
values are considered to be essentially constant regard­
less of solvents. This conclusion conflicts with the 
previously reported one.7) It is worth noting that the 
LArSR p value is essentially identical with the excep­
tional, low p + value observed for the TFA set,7) for 
which no reasonable explanation has been given 
based on the simple Brown a+ analysis. 

Discussion 

From a comparison of the plots in Figs. 1 and 2, the 
substituent effect on this system 1 is much closer to 
that on the solvolysis of a similarly deactivated tertiary 
system 2, rather than to the Brown a+ substituent 
effect. A slope of unity of the plot argues against the 
high p + value of —10 estimated for 1 in most solvents, 
but even argues for the p + value of —6 of the excep­
tional TFA case.7) It should be noted that in the aq. 
alcoholic sets, the substituent range on which the p + 

values were based differs from the range applied in 
TFA. This may lead to an alternative interpretation 
that the p + value for the activated region of substitu-
ents (p-MeO to p-Me) is remarkably higher than that 
for the deactivated region from H to m-CF3. Such a 
nonlinear behavior is just what would be expected for 
a mechanistic shift with a substituent change, as 
observed in the benzyl solvolysis.9) 

It is likely that an SN1-SN2 mechanistic transition 
occurs in this electron-deficient secondary system, 
whereas the pt value of —6.3 for the acceptor region of 

substituent should be too large to refer to the SN2 
mechanism. The a+ plot in Fig. 1 for the solvolysis 
in 50E is even inconsistent with the previous conclu­
sions given in the literature.7) Most important, there 
is no reason to conclude from this discontinuous a+ 

relationship that a single mechanism operates in this 
system for the whole range of substituents. These 
inconsistencies must arise merely from the intrinsic 
deficiency of the simple a+ treatment. The enhanced 
r value in this system should be caused primarily from 
an enhanced destabilization of the incipient carboca-
tion or the transition state by the electronegative a-
CF3 substituent. 

The LArSR Eq. 1 may be applied directly to this 
solvolysis of 1 in 50E, to provide a good correlation 
with p=—6.05 and r=1.53.10) Since the range of sub­
stituent points is not wide enough, the accuracy of this 
correlation can not be discussed in detail. However, 
the results are all quite consistent with the above 
conclusion. As described for the correlation analysis 
of the solvolysis of 2,1,4a,d) the significance of the r 
value can be examined most reasonably by the depend­
ence of the goodness of the fit upon varying the r 
value. The SD vs. r curve for this system in 50E is 
shown in Fig. 4 in comparison with that for 2 in 80E. 
The steepness of the wedge plot for 1 indicates a high 
reliability of the LArSR correlation of the solvolysis of 
1, and is nearly identical with that observed for the 
solvolysis of 2, suggesting a comparable reliability of 
ca. ±0.05 for the r value of the LArSR correlation. 
The r value of 1.5 assigned for this system is therefore 
reliable to be statistically distinguished from the value 
of unity for the a+ system. The LArSR correlation 
analysis provides a clear indication of a high reson-

0.4 

0.3 

Q 

èo.2 

In 80%EtOH 

1.9 1.8 1.5 1.3 1.2 

Fig. 4. Plots of SD as a function of r for the solvoly­
sis of 1-OTs in 50E and 2 in 80E. 
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ance demand (r=1.5) for this system, but it does not 
support Liu's conclusion that a simple Brown a+ 

correlation gives a similar result.5) 
The correlation analysis of the substituent effect for 

the TFE set is hardly achieved by a direct application 
of Eq. 1, because of a significant solvent modification 
of the substituent parameters in TFE. However, we 
can define the correlation using a modified LArSR 
treatment (4), 

log k/ko = p[ös + (r - r,) AGR] (4) 

where äs corresponds to a set of apparent substituent 
constants and rs to the r value of a reference system. 
Furthermore, the pös term can be practically replaced 
by the log k/ko values of the reference system. Using 
the solvolysis of 2 in 80% aq. TFE8) as a reference 
system, we can obtain a good linear relationship, 

log(Ä/ÄO)I,97T = 0.96 log(Ä/ÄoksoT- 0.77 Aä£, 

with a precision of #=0.999 and SD=±0.11. From 
the p value of —7.056 and r of 1.41 for the reference 
system 2,8) the p value is estimated to be —6.8 and the r 
value to be 1.5 as the difference in resonance demand 
(r—rs)=0.1: The r value may be slightly more exalted 
in 1 rather than 2, while the p value must be identical 
in both systems. This is in sharp contrast with the 
previous conclusion of the p + value of —10 in the 
literature.7) 

The p + value of —10 is, in fact, comparable with the 
p value estimated by the LArSR analysis of the intrin­
sic cation stability in the gas phase.4'6'11) The solvo-
lytic transition state in the solution phase must be 
stabilized by solvation and should give rise to a lower 
response to the substituent change than the intrinsic 
response of unsolvated carbocations in the gas phase. 
It is difficult to account for the lack of attenuation of 
the substituent response despite their inevitable, 
strong solvation of the strongly destabilized transition 
states. 

Substituent effects on other relevant, strongly deac­
tivated carbocationic systems can be similarly inter­
preted based on the LArSR Eq. 1; the p + values for 
relevant solvolyses in the literature are summarized in 
Table 3. The remarkably high p + value was emphas­
ized to be a characteristic feature of highly electron-
deficient carbocation reactions and, in fact, extremely 
high (negative) p + values of <—10 are observed for five 
systems out of the ten relevant destabilized systems in 
Table 3. Thus, Tidwell concludes that the range of 
—10 to —12 appears to be at least a temporary ceiling 
on the magnitude of p + values for benzylic solvol­
yses.12) However, it should be realized that all of 
these high p + values were determined only for the 
range of electron-donating substituents of negative a+. 
In no case can the effects of electron-attracting substit­
uents be satisfactorily described by the high pt> values 

Table 3. Substituent Effects of Benzylic Solvolyses at 25 °C 

System 

ArC(CN)Me-OMsc) 

ArC(CF3)2-OTsd) 

ArC(CN)CF3-OTsd) 

OMs 

ArC(CF3)Me-OTsf) 

ArC(CF3)Me-Brh) 

ArC(S02Ph)Me-OMsi) 

ArC(SOPh)Me-OMsi) 

ArCH-P(OEt)2
j) 

1 II 
MsO O 
ArCH-P(OEt)2

k) 

1 II 
MsO S 
ArCH(CF3)OTsn) 

Solv. 

TFE 
TFA 
TFA 
EtOH 

80E 

MeOH 
TFE 
TFE 
97HFIP 

AcOH 

TFA 
97HFIP 
TFE 
AcOH 
aq EtOH 

p£a) 

-6.70 
-10.7 
-12.1 

-5.69 

-8 .8 
-10.3 

-8 .0 
-7 .2 

-10.1 
-10.3 

-7.15 

-6 .7 
-9 .1 
-9 .8 

-10.1 
- 1 1 . 9 — 9 . 7 

Pta ) 

-6.70 

-4.15 

-6 .4 

-6 .1 

-2.99 

-6 .7 

Slopeb) 

0.881 
1.12 
1.32 
0.726 

1.0008) 

0.921 
0.778 
0.918 
1.123 

0.691} 

0.45m) 

1.05 
1.020 
1.046 
1.08 
0.982 

R 

0.998 
0.999 

0.998 

0.9999 
0.9995 
0.993 
0.9998 

0.985 
0.9988 

0.993 
0.994 
0.997 

0.998 

a) pi and p\ are p+ values for electron-donor and -acceptor substituents, respectively, b) A 
slope of logarithmic rate relation against the log k for the solvolysis of ArCMe(CF3)OTs in 
80E1) whereas data in the fluorinated solvents were correlated with those for the solvolysis of 2 
in 80%(v/v) aq TFE.8) c) Ref. 13. d) Refs. 12 and 16. e) Ref. 17. f) Refs. 1, 2, and 5. g) By 
definition, h) Ref. 5b. i) Ref. 18. j) Ref. 14. k) Ref. 15. 1) Reactive than 3,4-Me2. m) Less 
reactive than 3,4-Me2. n) Ref. 7 and present work. 
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based on the electron donating groups. Whereas an 
extremely high p£ value of —10 was reported for the 
reactive region of the substituent for 2, a p î value of 
—6.4 (i.e., of more ordinary size) was given for the 
region of electron-attracting substituents.5) In the 
present system 1, the exceptionally small p+=—6.7 
given for the TFA set is the pt value based only on 
electron-attracting substituents. Likewise, the p + 

value of —6.70 for a-cyano-a-arylethyl mesylates in 
TFE13) based on meta and Tt-accepting para substitu­
ents is not exceptional. Clearly, the pt values defined 
for the attracting substituents are of ordinary size for 
all the data sets available. Thus, the apparent ceiling 
for the magnitude of the pt value for electron-
attracting substituents should not exceed —7 for any 
benzylic solvolyses. This conclusion is in serious 
disagreement with the literature generalization of a 
higher ceiling value of —10——12. More seriously, 
the simple a+ analysis leads to a generalization that 
strongly deactivated benzylic solvolyses without 
exception involve a mechanistic change with a break 
in the a+ plot near the unsubstituted derivative. All 
of the conflicts appear to arise from an inadequate 
application of the a+ scale. 

While the substituents involved in these studies are 
in no case sufficient for a direct analysis by the LArSR 
Eq. 1, these substituent effects can be treated with the 
apparent ö value derived from the solvolysis of 2, 
instead of with the Brown a+. More conveniently, 
the analysis has been carried out by using directly the 
log k/ko for 2, as listed in Table 3. Quite clearly, all 
of the 15 sets (except one in Table 3) give good linear 
relationships of a correlation coefficient >0.99, and 
none shows a significantly higher slope than unity. 
For the solvolysis of ArCH(OMs)P03Et2,14> a good 
linear free energy correlation is obtained against log k 
for the solvolysis of 2 in 80%TFE with a slope of 0.92 
without significant break. There is no indication of 
a mechanistic change with substituents in this reac­
tion. On the other hand, the solvolysis of ArCH-
(OMs)PS(OEt)215) is the only case which shows a clear 
curve break in the plot against solvolysis of 2, and 
evidently indicates a significant thio-group participa­
tion for deactivating substrates, as supported by other 
experimental results.15) It should be emphasized that 
the use of the Brown a+ scale is the only cause of a 
curve break in the substituent effect plot of systems 
having a significantly different resonance demand, in 
many cases pointing to a mechanistic transition. 

These results suggest that the extremely high p + 

values reported for these systems are simply an artifact 
of improper substituent effect analysis. The high p + 

values were originally reported with special comment 
that because of the small number of points in these a+ 

correlations the slopes should be interpreted with 
caution.7) These original data do not appear to be 
sufficiently reliable as evidence to justify any large 
negative p + value in relevant highly electron-deficient 

systems. The present examination evidently con­
firms that a different set of substituent constants with 
a high resonance demand should be required for line­
arly describing the substituent effects for these 
extremely electron-deficient benzylic systems. This is 
just the same approach as the Brown a+, instead of a, 
which was introduced to properly describe the substit­
uent effects on solvolysis producing relatively stable 
benzylic cations. 

The present study provides definite answers to the 
controversy against the basic concept of varying reson­
ance demands in the LArSR analysis. Liu et al. 
noted that most systems favored by the Yukawa-
Tsuno LArSR treatment are secondary substrates in 
nucleophilic solvents and that such systems may also 
be subject to nucleophilic solvent participation.5*) 
However, the preference of Eq. 1 for secondary systems 
is irrelevant to the mechanistic involvement of the 
solvent. We have recently shown that an identical r 
value is required for the solvolyses of a-methyl and a-
J-butylbenzyl systems.19) The r parameter generally 
shows little or no variation within a category of 
closely the same structure of the transition state, or of 
essentially the same mechanism.3'20) It is quite reaso­
nable that the solvolyses of a,o!-dialkylbenzyl p-
nitrobenzoates mostly provide excellent linear correla­
tions against the Brown a+, indicating r=1.0 as being 
a good approximation.21) Thus, the reason for our 
choice of secondary carbocation systems to study is 
simply because any significantly different r value can 
only be anticipated for systems other than those gener­
ating stable tertiary carbocations. 

The LArSR correlations for a series of typical ben­
zylic solvolyses are summarized in Table 4. The 
resonance demand significantly increases as the carbo­
cation becomes destabilized. The p value tends to 
increase slightly with enhanced deactivation of incip­
ient cation to attain a ceiling value of —7, which is in 
all the case distinctly lower than the reported p + 

values based on a+ analysis. The LArSR correlations 
for the gas-phase stabilities of the corresponding car­
bocations have become available from our recent stu­
dies by ion cyclotron resonance mass spectroscopy.6 u> 
The p values for the gas-phase stabilities of benzylic 
cations are essentially constant, independent of parent 
carbocations.4a'b'6'11) On the other hand, the r value 
varies significantly with parent systems and, most 

Table 4. LArSR Correlations for Benzylic Solvolyses, 
ArC+(R1)R2at25°C 

R*,R2 Me,Mea) £-Bu,Hb) Me,Hc) H,Hd) Me,CF3
e) H,CF3

f) 

r 1.00 1.09 1.15 1.28 1.39 1.53 
p -4.59 -5.54 -5.45 -5.23 -6.29 -6.05 
a) Ref. 22, in 90% aq acetone, b) Ref. 19, in 80% aq 
acetone (80A). c) Refs. 3b and c, in 80A; LArSR p 
value corrected to 25 °C. d) Ref. 23, in 80A. e) Ref. 
l,in80E. f)In50E. 
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impor tan t , the r values for the gas phase carbocation 
stabilities are exactly the same as those observed in the 
solvolyses of the corresponding precursors.4a>b>6>n) 
Varying resonance demand should be an essential 
feature of processes generat ing conjugative carboca­
tions as well as a basic requi rement for adequately 
describing the subst i tuent effects. 

T h e LArSR correlation analysis basically requires 
nonl inear i ty (or randomness) between o° and AÖR 
parameters, and especially, for d is t inguishing 
between the LArSR and Brown a + analyses, the nonl i ­
nearity between a + and AÖR should be considered 
severely. As far as typical 7i-donor substi tuents of 
general use are concerned, there is an intr insic close-
linearity between the Brown a + constants and any set 
of apparen t substi tuent constants. Generally, most 
a + correlations so far involve a few typical s trong p-n-
donors. Because of the crude linearity between a + 

and AÖR inherent in these p-7t-donors, the stronger 
ones located at the most reactive end in the a + p lot 
tend to deviate significantly only at that end respond­
ing to the r value of the system. Any system having 
an extremely h igh resonance demand, like the present 
system, should give a significantly h igh p + value for 
the a + p lo t for the electron-donat ing region of substit­
uents; when the at t ract ing substi tuents are involved, 
they result in a concave a + p lo t indis t inguishable 
from the curvature associated wi th mechanist ic shift. 
T h u s , the deviation behavior of s t rong p-n-donor sub­
stituents of less negative a + values d is turbing the a + 

versus AÖR linearity is most effective in d is t inguish ing 
the cause of a nonl inear a + p lot and, in part icular , to 
accurately estimate the r value. A combina t ion of 
different classes of Tt-donors is essential for a precise 
LArSR analysis.30'4'20'24^ 

Finally, a significant break of the a + p lot is not 
necessarily related to the mechanist ic change wi th a 
subst i tuent change. Al though the a + may be a good 
average of the substi tuent constants applicable to the 
ordinary solvolysis generat ing stable carbocations, the 
resonance demand varies remarkably with the systems, 
and is qu i te often far beyond the scope of the s imple 
Brown p+o+ t reatment. T h e a + t reatment may cause 
a significant curve break in the substituent effect 
correlation p lo t in most cases for any highly electron-
deficient carbocation systems. 

Experimental 

Materials. l-Aryl-2,2,2-trifluoroethanols: Substituted 
a,a,a-trifluoroacetophenones (29 mmol)1) in 50 cm3 of 
MeOH were reduced to corresponding alcohols with 2.2 g 
(26 mmol) of NaBH4 and 6 cm3 of 1 M NaOH (1 M=l 
mol dm -3) in 50 cm3 of MeOH in an ice bath, according to 
literature procedure.7) The crude alcohol was purified by 
silica-gel chromatography and directly used for the prepara­
tion of sulfonates. 

4-MeO-3-CN and 4-MeS-3-CN derivatives were prepared 
by the conversion of bromo derivative by the Friedman-
Shechter method.25) The 4-MeO-3-Br or 4-MeS-3-Br alco­
hol was refluxed with copper(I) cyanide (2 eq.) in DMF for 6 
h. The reaction mixture was decomposed with FeCl3-HCl, 
extracted with benzene, and purified by column chromatog­
raphy on silica gel. 

l-Aryl-2,2,2-trifluoroethyl Arenesulfonates:7) A solution 
of l-aryl-2,2,2-trifluoroethanol (13.6 mmol) in 20 cm3 of 
ether was slowly added to 1.6 g (33 mmol) of NaH in 20 cm3 

of ether under nitrogen atmosphere in an ice bath and the 
solution was stirred for 1 h. Then, 2.8 g (13.6 mmol) of 
toluenesulfonyl chloride in 30 cm3 of ether was dropwise 
added to the flask and the mixture was stirred overnight. 
The ethereal solution was filtrated and concentrated under 

Table 5. Physical Data of l-Aryl-2,2,2-trifluoroethyl Arenesulfonates 

Subst. 

Tosylates (1-OTs) 
4-MeO-3-Me 
p-MeO 
p-MeS 
p-PhO 
4-MeO-3-Cl 
2-Fluorenyl 
4-MeS-3-Cl 
3,4,5-Me3 

3,4-Me2 

4-MeO-3-CN 
p-Mc 

Mp/°C 

68.0— 68.3 
55.5— 57.0a) 

88.2— 89.2 
83.5— 85.0 
97.5— 98.5 

107(decomp) 
92.5— 93.0 
99.5—100.5 

103.0—103.5 
130.0—131.5 
85.5— 85.8b) 

m-Nitrobenzenesulfonates (1-ONs) 
4-MeO-3-Cl 
4-MeS-3-Cl 
p-Me 
p-t-Bu 
3,5-Me2 

H 

81.0— 81.5 
75.0— 78.0 
74.0— 76.2 
68.0— 71.0 
98.0— 99.0 
78.5— 79.5 

Carbon/% 

Found 

54.73 
53.33 
51.03 
59.96 
48.74 
63.82 
46.79 
58.36 
58.04 
53.00 
55.92 

42.29 
40.92 
47.93 
51.80 
49.48 
46.55 

Calcd 

54.54 
53.33 
51.06 
59.71 
48.68 
63.15 
46.77 
58.14 
58.06 
52.99 
55.81 

42.32 
40.78 
48.00 
51.80 
49.36 
46.54 

Hydrogen/% 

Found Calcd 

4.65 
4.24 
3.96 
4.09 
3.60 
4.24 
3.47 
5.32 
5.11 
3.66 
4.46 

2.65 
2.51 
3.27 
4.43 
3.69 
2.80 

4.58 
4.20 
4.02 
4.06 
3.57 
4.10 
3.43 
5.14 
5.14 
3.66 
4.39 

2.60 
2.51 
3.22 
4.35 
3.62 
2.79 

Nitrogen/% 

Found 

3.68 

3.29 
3.07 
3.73 
3.36 
3.49 
3.83 

Calcd 

3.63 

3.29 
3.17 
3.73 
3.36 
3.60 
3.88 

a) Lit ,7) mp 55—56 °C. b) Lit, 7) mp 81.5—82 °C. 
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vacuum. The precipitate was recrystallized from ether-
hexane. The m-nitrobenzenesulfonates were prepared in 
the same way by using m-nitrobenzenesulfonyl chloride. 
Physical constants and analytical data are summarized in 
Table 5. 

Solvents: Ethanol (95%) was dehydrated twice by heating 
under reflux with magnesium ethoxide and distilled. 
Commercial 2,2,2-trifluoroethanol was dried over Molecular 
Sieves 4A, heated under reflux with CaSC>4 and K2CO3, and 
fractionated through a Widmer column.26) Deionized 
water was refluxed with KMnCU and the distillate was 
redistilled immediately before use. 

50% aqueous ethanol (50E) was prepared by mixing equal 
volumes of ethanol and water at 25 °C. 97% (w/w) trifluo-
roethanol (97%TFE) was prepared by mixing corresponding 
weights of trifluoroethanol and water. 

Kinetic Measurement. Solvolysis rates in aqueous 
organic solvents were measured by the ordinary conducto-
metric method, as described before.1'26) Conductivity read­
ings were taken by using a conductivity meter (CM-50AT 
equipped with time interval unit and printer, TOA Electric 
Ltd.). The rates of solvolysis for less reactive substrates at 
higher temperatures were followed by using the ampoule 
technique with conductivity determination. The first-
order rate constants were determined by the least-squares 
computer program; the precision of the fit to first-order 
kinetics was generally satisfactory, with correlation coeffi-
cient>0.99999 over 2.5 half-lives of the reaction. 
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Substituent Effects. XXI.x) Solvolysis of Benzyl Tosylates 
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The rates of solvolyses of a series of substituted benzyl tosylates were determined in 80% aqueous acetone, 
and the substituent effect was analyzed based on the Yukawa-Tsuno LArSR Eq. The LArSR Eq. as well as 
Hammett-Brown treatment failed to give any simple linear plot for the effect of the full range of substituents, 
indicating a significant mechanistic shift. The o+ plot gave a split pattern of parallel curvatures with 
significant gaps for strong 7r-donors, weak 7r-donors, and non-conjugative substituents, respectively. The 
widely split o+ plot conflicts with the accepted interpretation in terms of the kc—ks mechanistic transition, since 
the kc—ks mechanistic change should result in a single smooth-curved plot, only if plotted against an 
appropriate substituent constant scale. The plots of para 7r-donors against an appropriate ö scale with r=1.3 
coalesced into a single smooth curve including the meta correlation curve. A sufficiently linear LArSR plot 
with r=1.3 for the reactive substituents down to 4-MeS-3-CN group can be referred to the substituent effect 
correlation for the kc mechanism of this system. The result of a correlation analysis confirmed this conclusion, 
giving a best p value of —5.23 and an r value of 1.28 for a range of substituents more activating than 4-MeS-3-
CN. The r value for the kc solvolysis of activated range of substituents was found to be identical with the r 
value obtained for the gas-phase stability of benzyl cation. The enhanced resonance demand (r=1.28) obtained 
in the benzyl solvolysis must be an intrinsic feature characterizing the nature of the transition state of kc 

solvolysis of benzyl tosylate, rather than a correlational artifact of the nonlinearity caused from mechanistic 
complexity. 

T h e Yukawa and T s u n o LArSR equation2) has been 
appl ied to a series of solvolyses, provid ing impor tan t 
information for es t imat ing the na ture of transit ion 
states,1'3"10) 

log(Ä/Äo) = p(oO + rAä£). (1) 

T h e resonance demand r value has been found to 
change widely wi th the reaction, not only wi th in a 
range lower than unity, as defined for the a-cumyl 
(1-methyl-1-phenylethyl) system ( 0 < r < l ) , bu t to also 
be significantly higher than uni ty ( r < l ) in many cases. 
T h i s fact clearly indicates that the Brown a + value 
(r=1.0) does not reflect the highest extreme of benzylic 
resonance exal tat ion but , rather, is merely a po in t in 
the r scale of resonance exaltat ion effect. T h i s r scale 
permits an evaluat ion of the na ture of the transi­
t ion state, and has been widely appl ied to the assign­
ment and interpretat ion of reaction mechanisms.1 '3 - 1 0) 
Subst i tuent effects on those systems having an 
extremely h igh or low r value, r=0.57 for solvolysis of 
neophyl brosylates (2-methyl-2-phenylpropyl p-
bromobenzenesulfonates)4 '7 ) and 1.40 for I-CF3-I-
phenylethyl tosylates,6-8) are far beyond the scope of 
the s imple Brown a + treatment. 

\og(k/ko) = p+a+ (2) 

However, ques t ion has also been raised regarding the 
real merit of the r parameter, as well as the validity of 
Eq. I.10""12) It is suggested that the deviation of the r 
value from uni ty should in most cases be an artifact of 
mechanist ic complexity. A well-known example of 
the target of controversy10) is the subst i tuent effect on 
the solvolysis of benzyl tosylates.13-17) Brown et al. 
demonstrated earlier a bisected (bilinear) correlation 
wi th their a + g iving different p + values for the regions 

of activating and deactivating substituents, and gave a 
reasonable interpretat ion for the break in terms of a 
mechanist ic change from the kc mechanism for acti­
va t ing subst i tuents to the ks mechan ism for deactivat­
ing ones.14a) While the Brown a + scale was utilized as 
a reference in all of the previous studies for the substit­
uent effect in this system,130 '14-16) it also appears likely 
that this solvolysis may have a different r value from 
unity, defined for a-cumyl solvolysis. For this situa­
tion, Shorter notes that the pronounced deviation 
from conformity to a + in a direction to r O l . O in 
benzyl solvolysis is considered to be due to chang ing 
propor t ions of the kc and the ks mechanisms, and 
that the r value, if calculated, wou ld not give informa­
tion on the resonance stabilization of the incipient 
benzyl cation, compared wi th the a-cumyl cation.10) 
For a system in which a mechanist ic transi t ion is 
evident, as in the present system, there is no reason to 
assume a single linear subst i tuent effect re la t ionship 
for the whole range of substi tuents. T h e arguments 
so far are based u p o n a s imple fact that the curved plot 
is not straightened, even by the appl icat ion of the 
Brown a + constant. There has been no direct evi­
dence indica t ing that the a + scale, as defined explicitly 
by r=1.00 in Eq. 1, most reasonably describes the 
substi tuent effect on the kc process of this system. 
T h e purpose of our study was to clarify whether the 
resonance demand in the kc solvolysis of benzyl tosy­
lates differs from the demand in the a-cumyl solvoly­
sis. Since nucleophi l ic solvent par t ic ipat ion may be 
impor tan t in this reaction, an analysis of substi tuent 
effects on the kc reaction of this solvolysis should be 
appl ied to the severely l imited range of sufficiently 
activating substi tuents and any estimation of the r 
value mus t be absolutely free from the nonl inear i ty 



April, 1990] Solvolysis of Benzyl Tosylates 1147 

caused by a mechanist ic shift. T h e previous argu­
ments were only for the behavior of a few typical 
substi tuents. 13~16) More subst i tuent effect data for 
s trong para Ti-donors are needed in order to discuss 
precisely the resonance demand characteristic of the kc 

solvolysis of benzyl tosylates. We have determined 
the rate data of some impor t an t substi tuents, and the 
effects have been analyzed based on our LArSR Eq. 1 
in compar ison wi th the Brown a + treatment. 

Results 

T h e rates of solvolyses of a series of benzyl tosylates 
were determined in 80 vol% aqueous acetone (80A). 
T h e solvolysis data are summarized in Tab le 1. T h e 
rates of strongly activating p-MeO and p-MeS deriva­
tives were too fast to be followed in an 80A solut ion by 
the ordinary conductometr ic method. Accordingly, 
the rates of these derivatives were determined in slower 
solvolyzing, 96.2% aqueous acetone (96A) or by solvol­
ysis of the corresponding chlorides. T h e rate of the 
p-methyl th io derivative in 80A was extrapolated from 
the rate in 96A based on the linear free energy relation­

ship over the range from p-Mc to p-PhO between 
solvolysis rates in 80A and 96A at 25 °C; log &8OA=1.031 
log &96A+1.978. T h e rate of the p-MeO derivative was 
estimated from the solvolysis data of the chloride 
based on the rat io of tosylate-chloride reactivities of 
p-MeS and p-PhO derivatives. 

T h e subst i tuent effect of the benzyl solvolysis in 80A 
is shown by the so-called LArSR plot in Fig. 1. T h e 
plots of m-substi tuents and p-Ti-acceptor ones fall on 
a single smooth curve. Since their effects are essen­
tially insensitive to the r value of the reaction, these 
substi tuents unequivocal ly define the nonl inear p 
correlation line in terms of a definite o scale. T h u s , 
this pm curve represents the subst i tuent effect correla­
t ion reflecting the actual kc—ks mechanist ic shift wi th 
substi tuents, and may be a r igid reference of correla­
t ion analysis. T h e plot against a + is neither s imply 
l inear nor bi l inear but , rather, displays a split pat tern 
of apparent ly parallel curvatures with significant gaps 
for strong Ti-donors, for weak Ti-donors such as alkyl 
groups, and for non-conjugat ive m-substituents in­
c luding p-il-acceptors. N o simple linear relation 
against any set of subst i tuent constants can be 

Table 1. Solvolysis of Benzyl Tosylates in 80% Aq Acetonea) 

Subst. 

p-MeO 
£-MeS 
p-PhO 
4-MeO-3-Cl 
2-Fluorenyl 
3,4,5-Mes 
4-MeS-3-Br 

4-MeS-3-Cl 
3,4-Me2 

4-MeO-3-CN 
£-Me 

p-Et 
p-i-Pi 
p-t-Bu 
p-Ph 
2-Naph 
4-MeS-3-CN 
3,5-Me2 

p-F 

m-Me 

H 

Temp/° 

25.0 
25.0 
25.0 
25.0 
25.0 
25.0 

0.0 
25.0 
25.0 
25.0 
25.0 

0.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
45.0 
25.0 
45.0 
25.0 
45.0 
25.0 
45.0 

C 10^/s" 1 -

83000c) 

6970d) 

1830 
1134 
755 
149.9 

6.08 
130.2 
117.5 
60.8 
47.9 

1.30 
29.1 
22.2 
17.68 
13.0 
9.65 
6.54 
6.32 
3.709 

31.1 
3.013 

24.75 
2.262 

18.12 
1.41 

11.80 

A£^25 °C 

kcal mol~lb) 

19.2 

19.5 

19.5 

19.3 

19.0 

18.8 

AS25 °c 

e.u.b) 

-7 .2 

-9 .2 

-13.6 

-14.6 

-16.0 

-17.6 

Subst. 

m-MeO 

p-Cl 

p-Bi 
m-F 
m-Cl 

m-Br 

m-CF3 

m-CN 

p-CN 

p-CFs 

p-N02 

3,5-(CF3)2 

Temp/°C 

25.0 
45.0 
25.0 
35.0 
45.0 
25.0 
25.0 
25.0 
45.0 
25.0 
45.0 
25.0 
45.0 
25.0 
45.0 
25.0 
45.0 
25.0 
45.0 
25.0 
35.0 
45.0 
55.0 
25.0 
45.0 
75.0 

105&/S-1 _ 

1.08 
8.70 
0.963 
2.714 
7.589 
0.8167 
0.272 
0.256 
1.975 
0.253 
1.985 
0.173f) 

1.360 
0.166f) 

1.310 
0.130f) 

1.019 
0.146f) 

1.146 
0.0997g) 

0.285e) 

0.7694 
1.93e) 

0.0601g) 

0.4772 
6.833 

A£^25 °C 

kcal mol~lb) 

19.1 

18.8 

18.7 

18.8 

18.6 

18.9 

AS25 °c 

e.u.b) 

-17.3 

-18.6 

-21.5 

-21.0 

-23.5 

-23.5 

a) By volume at 25 °C. Conductometric method, b) lcal=4.184 J and le.u.=4.184 J K ^ m o l - 1 . 
c) Calculated from rate data for benzyl chlorides in 80A at 45 °C based on chloride-tosylate logarithmic rate 
relation (chlorides in 80A at 45 °C, p-MeO, 5.321X10-4s-!; £-MeS 3.048X10-5S-1; p-PhO, O^OgXlO-^-1). 
d) Calculated from rate data in 96.2% aq acetone (50 ml acetone+2 ml H2O) by logarithmic rate plots 
between 80 A and 96.2 A at 25 °C (tosylates in 96.2A at 25 °C, p-MeS, 9.11X10-V-1; £-PhO, 2.74X10"4s-1; 
2-fluorenyl, 9.64X10-5S-1. 3,4,5-Me3, 2.20X10"5s-1; 4-MeS-3-Cl, l ^ X l O ^ s " 1 ; 3,4-Me2, 9.05X10-6s"1; p-Mt, 
4.96X10~6s-1). e) Titrimetrically determined, f) Calculated from the rate at 45 °C by logarithmic rate plot 
between 25 °C and 45 °C. g) Calculated from rate data at other temperatures. 
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oh 

- 2 

p-MeO 

-# p-MeS 

# p-PhO 
• p-MeO-m-Cl 

2 - F l 

3 , 4 , 5 - M e 3 

3 , 4 - M e 2 

p-Me 

p-MeS-m-Br 
=• p-MeS-m-Cl 

—• p-MeO-m-CN 

p-Et 
p - i - P r 
p - t - B u 

3 , 5 - M e 2 

m-Me 

=o=* 

p-Ph 
* 2-Naph P-MeS-m-CN 

-+ p-F 
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m-MeO\ 

O for O (r=1) 
O for a with r=1.3 

p-Cl 
p-Br 

m-Br 
» m-F 
\ m-Cl 
\ m-CF3 
\ P-CF 3 

m-CN 
p-CN 

p-N0 2 

' 3 , 5 - ( C F 3 ) 2 

-1 .0 0 . 0 <J-scale 1 .0 

Fig. 1. The LArSR plot of solvolysis of benzyl tosy­
lates; open circles o+, closed o°, and squares ö for 
r=1.3. 

observed for a full range of substi tuents. T h e widely 
split figure of the a + correlation is not qui te consistent 
wi th the wel l -known simple bisected figure cited in 
most textbooks ,13-16) 

T h e LArSR plots of para Ti-donors given by open 
squares against an appropr ia te ö scale coalesced in to a 
c o m m o n single curve with meta and Ti-acceptor para 
substi tuents. T h e reactive por t ion of substituents, 
down to the 4-MeS-3-CN group , shows a sufficiently 
linear p lot over a 104 range of reactivity against the 
LArSR subst i tuent constants ö wi th r=1.3 . 

T h e LArSR Eq. 1 has been appl ied statistically to 
varying ranges of substi tuents by the ordinary least-
squares method, and the results of the LArSR analysis 
are summarized in Table 2. 

From a general survey of the LArSR correlations we 
have confirmed that the equa t ion is generally accurate 
to ca. an average precision of ±0.015 in SD/p scale for 
most substi tuents in the typical kc solvolysis reac­
tions of uncompl ica ted mechanisms.9 ) T h i s can 
serve as a practical criterion, a reference l imit to assess 
the acceptable conformity of the present reaction to 
Eq. 1. T h u s , the LArSR correlation for the present 
reaction hav ing a p value of ca. —5 is expected to be 
accurate to the order of ±0.08—±0.10 in the SD for 
logk. 

T h e LArSR correlation calculated for set No. 1 for 

Table 2. Results of Correlation Analysis of Solvolysis of Benzyl Tosylates in 80% Aq Acetone 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Substituent set 

All 

delet.<m-CF3
d) 

delet.<m-Hal.d) 

delet.<£-Hal.d) 

delet.<Hd) 

delet.<m-Med) 

delet.<3,5-Me2
d) 

No.l without disubst.6 

No.2 without disubst.6 

No.3 without disubst.6 

No.4 without disubst.6 

No.5 without disubst.6 

No.6 without disubst.6 

No. 7 without disubst.6 

Correlation 

LArSR 
C7+ 

LArSR 
C7+ 

LArSR 
C7+ 

LArSR 
C7+ 

LArSR 
C7+ 

LArSR 
C7+ 

LArSR 
C7+ 

LArSR 
a+ 

LArSR 
a+ 

LArSR 
a+ 

LArSR 
a+ 

LArSR 
a+ 

LArSR 
a+ 

LArSR 
a+ 

a) 

n ' 
33 
33 
27 
27 
24 
24 
21 
21 
20 
20 
18 
18 
17 
17 
28 
28 
22 
22 
19 
19 
16 
16 
15 
15 
13 
13 
12 
12 

P 

-2.336 
-3.159 
-3.583 
-4.431 
-4.462 
-5.319 
-4.947 
-5.817 
-5.057 
-5.875 
-5.180 
-5.913 
-5.231 
-5.830 
-1.768 
-3.058 
-2.802 
-4.332 
-3.808 
-5.312 
-4.515 
-6.065 
-4.723 
-6.255 
-4.903 
-6.652 
-4.965 
-6.744 

r 

1.830 

1.391 

1.288 

1.256 

1.261 

1.268 

1.279 

3.103 

1.984 

1.557 

1.371 

1.345 

1.329 

1.339 

SDb) 

0.462 
0.613 
0.337 
0.456 
0.204 
0.365 
0.135 
0.346 
0.104 
0.353 
0.072 
0.373 
0.040 
0.381 
0.333 
0.641 
0.276 
0.477 
0.177 
0.349 
0.145 
0.258 
0.113 
0.244 
0.082 
0.211 
0.037 
0.216 

Ro) 

0.9567 
0.9198 
0.9731 
0.9481 
0.9888 
0.9620 
0.9947 
0.9626 
0.9967 
0.9593 
0.9983 
0.9516 
0.9995 
0.9478 
0.9790 
0.9165 
0.9843 
0.9495 
0.9929 
0.9705 
0.9951 
0.9833 
0.9970 
0.9847 
0.9984 
0.9882 
0.9997 
0.9874 

a) Numbers of substituents involved, b) Standard deviations, c) Correlation coefficient, 
d) Deleted the substituent and the less reactive ones, e) Deleted 4-MeO-3-Cl, 4-MeO-3-CN, 4-
MeS-3-Br, 4-MeS-3-Cl, and 4-MeS-3-CN. 
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all substituents is obviously unsatisfactory in reference 
to this acceptance level. The exclusion of more deac­
tivating substituents than ra-Me (No. 6) improves the 
precision of the fit to satisfy the criterion (an SD of 
±0.07) of acceptable conformity. The precision of 
the fit is improved to arrive at a minimum SD value of 
ca. ±0.04 for a limited substituent range down to the 
4-MeS-3-CN group (set No. 7). The best-fit p and r 
values do not change any more by further restricting 
the substituent range. Only for such a severely res­
tricted range of activating substituents, can an accep­
table LArSR correlation be obtained with an r value of 
1.3. The corresponding Brown o+p+ correlations for 
these sets (in Table 2) are all distinctly poor in refer­
ence to the above acceptable conformity level. In 
fact, a slightly better o+p+ correlation can be obtained 
by deleting more deactivating groups than m-
halogens (set No. 3), whereas an SD value of >0.3 is 
not improved any more by further limiting the range 
of substituents. 

Discussion 

In the solvolysis of substituted benzyl tosylates, the 
kc mechanism will be predominant for activating sub­
stituents, and the ks mechanism will be more impor­
tant for strongly deactivating substituents. Sub­
strates reacting by the kc mechanism should satisfy a 
linear substituent effect relationship with an appro­
priate substituent constant scale. Likewise, the deacti­
vated range of substrates reacting by the ks mechanism 
will satisfy a linear relation for the ks mechanism. 
The kc—ks mechanistic shift should be also a continu­
ous function of the substituent polarities, and should 
result in a single smooth-curved or a bisected correla­
tion for the whole range of substituents when plotted 
against an appropriate set of substituent constants. 
Consequently, the significant split figure of the a+ 

plot in Fig. 1 clearly conflicts with the accepted inter­
pretation in terms of the kc—ks mechanistic change, 
and points to the inadequacy of the Brown a+ scale for 
describing the substituent effects of this reaction. 

The key principle of our analysis is, therefore, 
simply that only with an appropriate scale of the 
substituent constants, a, described by Eq. 1, will the 
split plot coalesce into a single concave line including 
deactivated ks substrates. A simple inspection reveals 
that a unique resonance demand as high as r=1.3 is 
required in order to give a smooth single-curve corre­
lation for the entire substituent range without any 
splitting. The overall correlation for whole substitu­
ents is, of course, poor and, undoubtedly, the poor fit 
may indicate an involvement of substrates reacting by 
the ks mechanism in the set. The exclusion of more 
deactivating substituents than m-Me (set No. 6 in 
Table 2) is required for the precision of the fit to 
achieve the acceptable conformity. By a further 
exclusion of substituent points, the precision of the fit 

is a little more improved to give an optimum SD value 
of ca. ±0.04 (set No. 7). The best-fit p and r values do 
not change any more by further restricting the substit­
uent range, and the consideration of minor changes in 
the SD value below the acceptance level does not 
appear to be very fruitful. 

The acceptable LArSR correlation can be obtained 
only for a severely restricted range of activating sub­
stituents, and this r value of 1.3 must refer to the 
substituent effect correlation for the kc mechanism of 
this system. The present estimation of the r value for 
the kc mechanism excludes any effect of deactivated 
derivatives where the ks mechanism would be con­
curred, and allows one to define the boundary of 
substrates reacting by the kc mechanism. 

The corresponding Brown a+ correlations for these 
sets in Table 2 are all distinctly poor in reference to the 
above acceptable conformity level. While the a+ 

correlations are also improved slightly by deleting the 
substituents more deactivating than m-halogens (set 
No. 3), the precision of the fit of ±0.3 in SD is no more 
improved by further limiting the range of substitu­
ents. It is apparent that the a+ analysis is incapable 
of diagnosing the mechanistic change evidently occur­
ring in the p-halogen derivatives. The interpretation 
in terms of the kc— ks mechanistic transition given so 
far can not be applied to the scattered a+ correlation of 
this reaction. The basic requirement for this inter­
pretation is an adequate substituent effect scale (i.e., a 
scale with a resonance demand r=1.3) to give a single 
continuous plot without split. 

A reduced p value of —0.95 for the electron-
withdrawing range suggests a reduced central charge 
development in the transition state in the solvent-
assisted mechanism. A nonlinear a+ plot has 
recently been pointed out for solvolysis in 97%HFIP.16> 
The break may be attributed to a mechanistic change 
due to nucleophilic solvent participation, even in a 
relatively nonnucleophilic HFIP solvent. It should 
be recalled that the p + value for the ks portion in 
HFIP16) is comparable with the LArSR p value 
assigned for the kc mechanism in relatively nucleo­
philic solvents. 

The mechanistic involvement of solvent nucleophi-
licity should always be a source of contradiction in the 
interpretation of solvolytic behavior. 10'12) It is, there­
fore, highly instructive to compare the substituent 
effects on solvolytic processes with those on the corre­
sponding carbocation stabilities in the gas phase. 
Recently, we have reported on the substituent effect on 
the gas phase chloride-transfer equilibrium of benzyl 
chlorides,18) which can be directly referred to the rela­
tive stabilities of substituted benzyl cations in the gas 
phase. The gas-phase equilibrium, 

C6H5CH2C1 + XC6H4CH2
+ *=± C6H5CH2

+ + XC6H4CH2C1, 

is intrinsically free from mechanistic involvement of 
the solvent as a nucleophile and provides direct infor-
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Fig. 2. Plot of chloride affinities of substituted ben­
zyl cations against stabilities of a-cumyl cations in 
gas phase. 

mation on the kc ionization process of this solvolysis. 
The relative chloride affinities of substituted benzyl 
cations are plotted in Fig. 2 against the corresponding 
gas-phase stabilities of a-cumyl cations, which are 
based on the gas-phase basicity of a-methyl-
styrenes.18'19) Very recently we have shown a surpris­
ingly excellent linear relationship for the gas-phase 
stabilities of a-cumyl cations against the ordinary 
solution set of a+;19) there seems to be no difficulty in 
defining a gas-phase a+ scale by this set of stabilities of 
substituted a-cumyl cations. Thus, the plot of the 
gas-phase stabilities of benzyl cations against a-cumyl 
cations in Fig. 2 corresponds to the gas-phase a+ plot 
of benzyl cation stabilities. We can clearly see that 
the substituent effect on the benzyl cation stability is 
intrinsically nonlinear to that on the a-cumyl cation 
stability, and that there is no common set of a+ 

constants for the gas phase carbocation stabilities. In 
this figure, a good linear relationship with a slope of 
unity is observed for meta and para Ti-acceptor substit-
uents , whereas all para Ti-donor substituents signifi­
cantly deviate upward from the line of unit slope. 
These deviations are systematic, and indicate a greater 
stabilization by the stronger para Ti-donor substitu­
ents. The deviation is just what would be expected 
for the system of an enhanced resonance demand. In 
fact, a close examination has revealed that the devia­
tions of para Ti-donors can be accurately related to the 
resonance substituent parameter AÖR defined from 
solution phase reactivities. The LArSR theory can 
be equally applicable to treatment of the gas-phase 
substituent effects, and the benzyl cation should have 

an enhanced resonance demand in the intrinsic carbo­
cation stability compared with that of the a-cumyl 
one. Most important, the r value derived from the 
gas-phase benzyl cation stability has been found to be 
identical with the value observed for the kc solvolysis 
of the activated substituent range of benzyl tosylates. 
Evidently, the enhanced resonance demand (r=1.28) 
obtained in the benzyl solvolysis must be an intrinsic 
feature characterizing the nature of the transition state 
of kc solvolysis of benzyl tosylate, rather than a corre­
lational artifact of the nonlinearity caused from mech­
anistic complexity. 

The exalted r value is not due to the k— kc mecha­
nistic shift as suggested by Shorter,10) but to the 
enhanced resonance stabilization of benzyl cation 
compared with a-cumyl cation. The less stable 
primary benzyl cation should have an inherent reson­
ance demand distinctly higher than the value of r=1.0 
of tertiary a-cumyl cation system. 

LArSR Correlation for Benzyl kc Solvolysis 

Benzyl solvolysis has been established to accompany 
a significant mechanistic transition with substituent 
change and, in fact, neither LArSR nor the simple 
Brown a+ equation was capable of linearly describing 
the substituent effect of this reaction. While the non-
linearity in both treatments is caused from a mecha­
nistic change, the enhanced resonance demand must 
be intrinsic of this system and independent of any 
mechanistic complexity. Accordingly, a further pre­
cise consideration is needed for an analysis of the 
substituent effect on this reaction. As described in a 
preceding paper,20* the statistical significance of the r 
parameter can be examined most reasonably by fol­
lowing the change in the standard deviation of statisti­
cal fittings to Eq. 1 as a function of the r value without 
any constraint of the p value. Generally, the SD 
changes remarkably with the r value to give a signifi­
cant minimum at the best-fit r, and even a minor 
deviation from the best-fit r causes a sharp increase in 
the SD value. 

The dependences of the standard deviations on r are 
shown for typical substituent sets of this solvolysis in 
Fig. 3, where the solid curves refer to the unrestricted 
substituent sets including m,£-disubstituted deriva­
tives, and the dotted curves refer to the sets consisting 
only of typical single substituents without disubsti-
tuted derivatives. 

In the solid line series, curve 1 for the all substitu­
ents set (refers to set No. 1 in Table 2) is not shown in 
Fig. 3, but it is far out of scale in SD and has no 
significant minimum at the best-fit r value, suggesting 
the involvement of substrates reacting by the ks route. 
Only for the electron donor-region does Eq. 1 satisfy 
the criterion of acceptable conformity. Set No. 7 for 
the more reactive region than 4-MeS-3-CN gives a 
quite satisfactory SD vs. r curve with a sharp wedge of 
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Fig. 3. The plot of SD against r for benzyl tosylates: 
The numbers refer to the set numbers in Table 2. 

sufficient depth. No further significant change in 
the depth is observed, even if addi t ional substi tuent 
points are further deleted. We can notice a signifi­
cant difference in the broadness between solid and 
dotted curves. Whi le the significant depth (small 
best-fit SD value) of the bot tom should be the basic 
requi rement for an acceptable correlation, the steep­
ness is a direct measure of the reliability of the r value. 
T h e latter will be of par t icular impor tance for discuss­
ing the validity of the resonance demand for the kc 

mechanism of this reaction. 
In the dotted-line series consist ing only of s imple 

para Ti-donors wi thou t disubsti tuted ones, set No. 10 
shows a considerably improved correlation with a 
higher r value wi thou t giving any deep m i n i m u m . 
While the LArSR analysis of these sets may result in 
even a better correlation than the corresponding a + 

correlations, the m i n i m u m SD points in these sets are 
all above the precision level of acceptable conformity. 
T h e h igher r value in these cases should be not com­
pletely free from the nonl inear i ty due to the kc—ks-
mechanist ic change. For a t ta in ing the precision of 
acceptable conformity, the LArSR Eq. should be ap­
plied to a more severely l imited range of substituents, 
e.g., set No. 7, down to 4-MeS-3-CN g roup which 
likely refers to those reacting by a fixed kc mechanism 
characteristic of benzyl system. Whereas the mecha­
nistic complexi ty may often be an impor t an t cause of 
the failure of linear free energy relat ionships, it is 
never the actual cause of f inding an enhanced r value 
in the kc solvolysis of this system. 

It is worthy of part icular note that set No. 14 con­
sisting of only single Ti-donors gives a similarly accu­

rate best-fit LArSR correlation of comparable depth 
with the corresponding set No. 7 covering the same 
range of substi tuents bu t it gives an appreciably 
broader curve of low convergency. T h e best-fit r 
value for this set is slightly different from the value 
given by the solid-line sets, bu t has essentially no 
statistical significance, because of the flat basin of the 
SD vs. r plot . Set No. 10 gives a more accurate best-fit 
correlation of a smaller SD value than does set No. 3, 
bu t the latter gives a m u c h steeper curve of significant 
convergency than the former. T h i s may be a typical 
case where the better correlat ion is not always a relia­
ble one and, indeed, reflects just what was part icularly 
caut ioned by Shorter.10) Clearly, the steepness at the 
bo t tom and, hence, the validity of the correlation, 
depends appreciably u p o n the combinat ion of sub­
stituents. 

For typical para Ti-donor substituents of c o m m o n 
use, there is an intr insic close-linearity between the 
Brown a + constants and AÖR.8 ) In a compar ison 
between the LArSR and Brown a + analyses, the non-
linearity of bo th parameters should be considered 
severely. T h e stronger £>-7i-donors are localized at the 
most reactive end in the a + p lo t and tend to deviate 
significantly only at that end responding to the r value 
of the system, resul t ing in a concave plot indiscernible 
from the curvature caused by mechanist ic transit ion. 
Such a curve break may become significant or even 
serious in the reaction hav ing significantly different r 
value from unity. It should be emphasized that the 
use of the Brown a + scale will have to be the only 
cause of a curve break for many systems having signif­
icantly different resonance demands, even wi thou t any 
mechanist ic transition.1) T h e behavior of strong n-
donor substi tuents of less negative a + values disturb­
ing the a + vs. AÖR l inearity are most impor t an t in 
order to dis t inguish the real cause of the nonl inear a + 

plot.8) In the present study, we have utilized m-
chloro- or m-cyano-substi tuted strong p-Ti-donors as 
such par t icular substituents, and their importance in 
an accurate est imation of the r value is clearly demon­
strated by the remarkable difference in the sharpness 
between the solid and dotted series of SD vs. r curves. 

Experimental 

Materials: Substituted benzyl alcohols were prepared 
mostly from the corresponding esters by reduction with 
L1AIH4. 3-Cyano-4-methoxy- and 3-cyano-4-methylthio-
benzyl alcohols were prepared from the corresponding 3-
bromo derivatives by the reaction with copper(I) cyanide in 
DMF. 

Benzyl tosylates were prepared mostly by the Schotten-
Bauman method according to a procedure mentioned in the 
literature.15) The physical constants are summarized in 
Table 3. 

The solvent 80% aqueous acetone for the solvolysis run 
was prepared by mixing the quoted volumes of acetone and 
water at 25 °C. 
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Table 3. Physical Properties of Benzyl Tosylates 

Subst. 

p-MeS 
p-PhO 
2-Fluorenyl 
2-Naphthyl 
4-MeS-3-Br 

4-MeS-3-Cl 

4-Me-3-Cl 
3,4,5-Mes 

3,4-Me2 

3,5-Me2 

£-Me 

m-Me 

p-Et 

p-i-Pi 

p-t-Bu 

4-MeO-3-CN 

4-MeS-3-CN 

p-Ph 

m-MeO 

p-F 

m-F 
H 

p-Cl 

m-Cl 

p-Bi 

m-Br 

m-CN 

p-CN 
m-CFz 

p-CFs 
p-N02 

3,5-(CF3)2 

Mp(decomp)/°C (lit. mp/°C) 

Below r.t. 
95—97 
86 
57.5—58.5 
80.0—84.5 

89—91 

58.7—59.1 (59.5-
39(decomp) 

40(decomp) 

61.3—62.3 

53.0 (57.9—58.5,( 

60.0—60.8(65.1-

ca. 15 °C 

29—30.5 

55.2—56.1 

92—101 

76.8—77.1 

107—112(114)d) 

79.0—81.5 (83.7-

56.0—56.8 (56.2-
48.5-

54—54.5 (54.2—i 
57.3—58.2 (58.5-

54—J 
50.5—51.0 (53.0-

52.3) 
81.3—82.0 (81.5-

80—1 
74.7—75.9 (76.8-

-60.5)b 

:) 49.5-

-65.5,c) 

-84.0)c: 

-56.7,e) 

-52.5)g: 

54.7)e) 

-58.9,c) 

56)g) 

-53.5,e) 

g) 

) 

-50.5)b) 

60.5—61.5)b) 

» 

' 54—55,f) 

) 

58—59,b) 

'51.6—53.0,g) 

-82,e) 80.5—81.5,D) 

31,g)81-
-77.5,c) 

-83)g) 

1 74.8—75.2)e) 

103.0—103.8 (105.2—105.6,c) 

102.3—102.6)e) 

67.8—68.1 

7 3 - 7 4 
66.2—67.0 (61—1 

60—61 

53)g) 

102.7—103.4(105.0—105.5)c) 

79.3—80.1 

H/% 

3.96 
(3.90 
4.42 

(4.41 

6.71 
(6.62 
6.26 

(6.25 
6.25 

(6.25 
5.89 

(5.84 
5.86 

(5.84 
6.26 

(6.25 
6.63 

(6.62 
7.04 

(6.96 
4.73 

(4.76 
4.53 

(4.53 
5.34 

(5.36 
5.53 

(5.52 
4.77 

(4.67 
4.68 
5.46 

(5.38 
4.40 

(4.42 
4.47 

(4.42 
3.83 

(3.84 
3.92 

(3.84 
4.71 

(4.56 
4.51 
4.22 

(3.97 
4.01 
4.32 

(4.26 
3.03 

(3.04 

C/% 
(Calcd) 

46.70 
46.52) 
52.62 
52.55) 

66.75 
67.08) 
66.04 
66.18) 
66.15 
66.18) 
65.15 
65.19) 
65.30 
65.19) 
65.84 
66.18) 
66.89 
67.08) 
67.87 
67.89) 
60.55 
60.55 
57.04 
57.64 
71.00 
70.98) 
61.65 
61.63) 
60.06 
59.98) 
59.91 
64.05 
64.10) 
56.53 
56.66) 
56.67 
56.66) 
49.20 
49.28) 
49.37 
49.28) 
62.80 
62.70 
62.70 
54.58 
54.54) 
54.50 
54.81 
54.72 
48.28 
48.25) 

N/% 

4.33 
4.41) 
4.22 
4.20) 

4.87) 
4.77 

4.54 
4.56) 

a) Tosylates (£-MeS, £-PhO, 4-MeO-3-Cl, 2-fluorenyl, and 2-naphthyl) were mostly not 
sufficiently stable to be isolated nor to be subjected to microanalysis. The melting points were 
only approximate ones because of the rapid decomposition. b)Ref. 14b. c) Ref. 21. d) Ref. 22. 
e) Ref. 13b. f) Ref. 13c. g) Réf. 15. 
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Rate Measurement: Solvolyses were followed conducto-
metrically as described before. W ^ ) Conductance measure­
ments were made in a cell with bright platinum electrodes 
using approximately 25 or 50 ml of 10~3—10~4 mol dm - 3 

solution in the thermostated bath at appropriate tempera­
ture controlled within ±0.01 °C. The rate determination at 
high temperature was carried out by the ordinary titration of 
generated toluenesulfonic acid at the initial concentration of 
0.02 mol dm - 3 starting tosylates using usual sealed ampoule 
technique as described before,3* and also by using ampoule 
technique with conductivity determination.8) The experi­
mental errors in respective runs were generally less than 1.0% 
and rate constants from repeated runs were reproducible 
within an accuracy of 1.5%. 
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An ESR spectroscopic study of iV-arylsulfinyl- and N-alkylsulfinyl-3,5-di-£-butylphenylaminyls (2) is 
described. The sulfinamidyls 2, generated by the reaction of the corresponding sulfinamides (7) with di-^-butyl 
diperoxyoxalate (DBPO) in benzene at 21 or 40 °C, give hyperfine splitting (hfs) constants which indicate that 
the unpaired electron is slightly delocalized onto the sulfinyl group. A comparison of the hfs constants for 2 
with those for structurally related sulfenamidyl and sulfonamidyl radicals indicates that the abilities of -SR, 
-S(0)R, and -S(02)R to delocalize the unpaired electron are in the order -SR>-S(0)R>-(02)R. The reaction of 
7 with DBPO has been examined on the basis of product analyses. The mechanism accounting for the 
formation of the isolated products is briefly discussed. 

Since sulfenamidyls (RNSR' ) , sulfinamidyls [RNS-
(O)R' ] , and sulfonamidyls [RtfS(02)R' ] are structur­
ally close to each other, it is of considerable interest to 
compare their spin density distr ibut ions or stabilities. 
Sulfenamidyls, which are the lowest in the oxidat ion 
state of the sulfur, and sulfonamidyls, which are the 
highest in the oxidat ion state of the sulfur, have 
already been widely investigated by means of ESR 
spectroscopy by our and other groups.2 '3* 

T h e ESR studies of sulfenamidyls have shown that 
in the radicals the unpa i red electron is substantially 
delocalized from the ni t rogen to the sulfur,4) and that 
this conjugative de rea l i z a t i on br ings about a great 
stability to sulfenamidyls. T h e typical persistent sul­
fenamidyls prepared are N-arylthio-3,5-di-£-butyl-
phenylaminyls 5 ) (1) and N-(^-nitrophenylthio)-2,4,6-
tri-^-butylphenylaminyl.6) T h e former radicals per­
sist for one month , even in the presence of atmos­
pheric oxygen, and can be isolated as hydrazine-like 
dimers (4) which dissociate, u p o n dissolution, in to 1, 
even at room temperature (the AH° and AS° values for 
the 4 ^ 2 1 equ l ib r ium in benzene are 55.6—57.7 
k j mo l " 1 and 121—122 J mol" 1 K"1, respectively). 

O n the other hand , an ESR study of the sulfonamid­
yls 3 has shown that in 3 there is no or little de rea l i za ­
tion of the unpa i red electron onto the sulfonyl g roup . 
T h e dimer (6) of 3, therefore, gave a h igh AH0 value 

Table 1. ESR Parameteters for 2£ 

Sulfinamidyl 
radical 

2a 
2b 
2c 
2d 
2e 

Temp 

°C 

21 
21 
21 
21 
40 

«N 

0.817 
0.818 
0.818 
0.813 
0.816 

a0.u
c) 

0.488 
0.486 
0.487 
0.482 
0.489 

ap.H 

mT 

0.646 
0.644 
0.644 
0.643 
0.638 

Mother 

0.085 (3 H)e) 

g 

2.0035 
2.0035 
2.0035 
2.0034 
2.0034 

a) Hyperfine splitting constants are determined by the computer-simulation method. 
b) Solvent, benzene, c) Due to the ortho protons (2 H) of the anilino group, d) Due to the 
para proton (1 H) of the anilino group, e) Due to the methyl protons (3 H). 

N-S(On)-R 
*? 

/ 
R-S(On) 

/ 
N—N 

S(On)-R 

^ 

1:n=0 2 :n=! 3:n=2 A:n=0 5:n=l 6: n=2 

of 131 k j m o l " 1 for the 6 ^ 2 3 equi l ibr ium in benzene 
(the AS° value, 141 J m o l ^ K " 1 ) . 

In an extension of the above ESR studies, we inves­
tigated the sulfinamidyls 2 by means of ESR spectros­
copy. In contrast to a large body of ESR studies on 
sulfenamidyls and sulfonamidyls, there have appeared 
only two brief ESR studies on sulfinamidyls in the 
literature.8) Herein, we wish to report on our ESR 
study of the sulfinamidyls 2. 

Results and Discussion 

Sulfinamidyls 2a—g were generated in the cavity of 
an ESR ins t rument by the reaction of the correspond­
ing sulfinamides (7a—g) wi th di-£-butyl diperoxy­
oxalate (DBPO) in benzene at 21 or 40 °C. DBPO is 
known to decompose, even at room temperature, to 
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give two £-BuO • radicals with the evolution of C02.9) 

The hyperfine splitting (hfs) constants and g values 
for 2 are summarized in Table 1, and typical ESR 
spectra are illustrated in Figs. 1 and 2. 

All of the ESR spectra recorded were very weak, 
indicating tnat 2 is a transient radical. As found in 
Fig. 1, the ESR spectrum is split into a 1:1:1 triplet of 
1:1 doublets of 1:2:1 triplets. The 1:1:1 triplet 
splitting is due to an interaction with nitrogen, while 
the 1:1 doublet and 1:2:1 triplet splittings are due to 

0.5 mT 

Fig. 1. ESR spectrum of 2c in benzene recorded at 
21 °C (upper), and the spectrum simulated by using 
the hfs constants shown in Table 1 (bottom). 

0.5 mT 

Fig. 2. ESR spectrum of 2e in benzene recorded at 
40 °C (upper), and the spectrum simulated by using 
the hfs constants shown in Table 1 (bottom). 

P •NH-SO-R 

0 0 
t-BuOOCGOOBiH 

a : 

b: 

C : 

d : 

R = Ph 

R=4-MeC6H4 

R=A-t-BuC6H4 

R=4-CIC6HA 

e: R=Me 

f : R=Et 

h: R=j-Pr 

interactions with the para and ortho protons of the 
anilino group. However, no splittings due to the 
aromatic protons of -S(0)Ar were detectable. The 
sulfinamidyls 2a, 2b, and 2c also gave almost the same 
ESR spectra. 

The sulfinamidyl 2e gave a more complex ESR 
spectrum than those of 2a—d, as found in Fig. 2, since 
the splittings due to the methyl protons were further 
added. On the other hand, the ESR spectra of 2f and 
2g were much weaker and more complex than that of 
2e. In those spectra, the splittings due to the 8 pro­
tons may appear, in addition to the splittings due to 
the nitrogen, ortho and para protons of the anilino 
group, and y protons. Although attemps were made 
to analyze the spectra by a computer simulation 
method, satisfactory results were not obtained owing 
to the low S/N ratio of the spectra. 

Reaction of 7 with DBPO. As previously reported, 
the dimers 6 can be isolated from the reaction of the 
corresponding sulfonamides with DBP0.3) Since the 
sulfinamidyls 2 have been generated by the reaction of 
7 with DBPO, the successful isolation of 6 prompted 
us to analyze the products from the reaction of 7 with 
DBPO. 

The reaction of 7 with DBPO was carried out by 
stirring a mixture of 7 and DBPO in benzene at room 
temperature for one day under nitrogen. The prod­
ucts isolated from the reaction of 7d with DBPO were 
8d (27%), 9d (25%), 10 (9%), and 11 (0.7%),10> while those 
isolated from the reaction of 7e with DBPO were 8e 
(31%), 9e (16%), 10 (12%), and 11 (1%).10> Although the 
expected dimer 5 could not be isolated from any 
reaction mixtures, the azo compound 10, which is 
expected to be derived from 5, was isolated in 9—12% 
yields. For the formation of 10, however, there still 
remains another possibility; namely, hydrogen-atom 
abstraction from 8 by J-BuO • radicals, followed by the 
loss of a RSO radical. To check this possibility, the 
reaction of 8d with DBPO was carried out by stirring a 
mixture of 8d and 1. 2 equiv of DBPO in benzene at 
room temperature under nitrogen. The major iso­
lated product was 12 (65%), while 10 was shown by 
TLC analysis of the reaction mixture to be formed 
only slightly. Consequently, the above possibility 
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/ * 
j 

R-50 

NH-50-R + DBPO 

NH-502-R 

£>*<£• £$£< 
10 11 

d: R = 4-CIC6HA e : R=Me 

CI 

N—N-N 

so7 r * n xso 

12 

was unequivocal ly excluded. T h e dimers 5 may be 
much more thermally labile than anticipated. 

Al though the reaction mechanism for the formation 
of 8 is still unclear, it m igh t be formed by a bimolecu-
lar homolyt ic subst i tut ion (SH2) process at the nitro­
gen of 7 , n ) as shown in Scheme 1. C o m p o u n d 8 was 
expected to give 5 by a reaction wi th sulfinyl chlorides 
in the presence of Et3N; however, no reaction between 
8 and the sulfinyl chlorides occurred. 

Comparison of Hfs Constants. An estimate of the 
spin density wi thdrawn by -SR, - S ( 0 ) R , and -S (0 2 )R 
has been discussed for MeCHS(O n )R radicals12) (n=0 , 
1, 2) and ^-subst i tuted benzyl a n d phenoxyl radi­
cals.13'14) It was reported that in MeCHS(O n )R radi­
cals, -S(02)Et was wholly uninf luenced u p o n remov­
ing the spin, while - S ( 0 ) E t and -SEt removed ca. 6 

DBPO 
-2C0. 1+ 2t-BuO-

— 8 + RSO 
SH2 

Scheme 1. 

and 22% of the spin density from the trivalent carbon, 
respectively. 

For 1, 2, and 3, the extents of the spin density 
wi thdrawn by -S(O n )R can be estimated from the 
magni tudes of the hfs constants due to the pro tons in 
R. As can be seen from Tab le 2, the sulfenamidyls 1 
give relatively large spli t t ings due to the aromat ic 
protons of - S P h (0.027—0.083 m T ) and due to the y 
protons (-SCH2-) (0.259 m T ) , indicat ing that a con­
siderable a m o u n t of the spin is delocalized on to -SR. 
For 2, on the other hand, only small splittings (0.085 
m T ) due to the methyl pro tons were found;15) for 3, 
spli t t ings due to R protons were no longer detectable. 

T h e extents of the spin density wi thdrawn by 
-S(O n )R can also be estimated from the magni tudes of 

Table 2. Comparison of the Hyperfine Splitting Constants for ArNSR, ArNS(0)R, and ArNS(02)R 

Radical 

ArNSPh 
ArNSCH2CH2CH2CH3 
ArNS(0)Ph 
ArNS(0)CH3 

ArNS(02)Ph 
ArNS(02)CH3 

«N 

0.953 
0.975 
0.817 
0.816 
0.761 
0.740 

a0-Hb) 

0.371 
0.373 
0.488 
0.489 
0.563 
0.559 

c) 

0.422 
0.421 
0.646 
0.638 
0.820 
0.806 

mT 

0.076d) 

Mother 

0.027e) 

0.2598) 

0.085h) 

0.083f) 

Ref. 

5 
16 

This work 
This work 

3 
3 

a) Ar: 3,5-Di-J-butylphenyl. b) Due to the ortho protons of the anilino group, c) Due to the 
para proton of the anilino group, d) Due to the ortho protons of -SPh. e) Due to the meta 
protons of -SPh. f) Due to the para proton of -SPh. g) Due to the y protons (-SCH2-) 
h) Due to the methyl protons. 
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the hfs constants due to the aromatic protons of the 
anilino groups. As shown in Table 2, the aromatic 
proton hfs constants reduce in the order 3>2>1, indi­
cating that the extents of the spin density withdrawn 
by -S(On)R increase in the order -S(0 2 )R<-S(0)R< 
-SR, in agreement with the above results obtained 
from the magnitudes of the proton hfs constants due to R. 

A sulfenyl sulfur accommodates a lone pair of elec­
trons in the 3p orbital of a high energy level. An 
effective conjugative derealization of the unpaired 
electron from the nitrogen to the sulfur is therefore 
possible.18) Although a sulfinyl sulfur still has one 

- N S - + - - N S -

A B 

lone pair of electrons, they are accommodated in the 
sp3 hybrid orbital of a low energy level and the electo-
negative oxygen binds to the sulfur. Accordingly, 
the dipolar canonical structure D contributes less to 

0 0 
t .-- Î 

_ N S-~ - —N S— 

C D 

the resonance hybrid of 2 than does the corresponding 
dipolar canonical structure B to the hybrid of 1. A 
conjugative derealization of the unpaired electron 
from the nitrogen to the sulfur is, therefore, less 
important in 2 than in 1. On the other hand, a 
sulfonyl sulfur no longer has a lone pair of electrons. 
Conjugative derealization of the unpaired electron, 
such as A<—»B or C<—»D, therefore, can not be 
drawn. 

In general, a^ values are correlated with the Tt-spin 
density on nitrogen by Eq. 1, where QN is a constant 
and pN

n is the Tt-spin density on nitrogen. The QN 
value is approximately constant for the 

« N ^ Q N P N 7 1 (1) 

radicals of analogous structures, but no longer con­
stant when the rigand electronegativity or rigand 
bulkiness is largely dif f erent.17) For example, 
although the aromatic proton hfs constants for 3 and 
13 are very similar to each other, and the abilities of 
-S(02)R and t-Bu to delocalize the unpaired electron 

13 

a -0.944; O j . : 0.565; a .,-.0.713 m-r • 

are both negligibly small, there is a relatively large 
difference (0.183—0.204 mT) between the magitudes 
of their a^ values. A similar situation seems also to 
occur in 1, 2, and 3. That is, the order in the 
magnitudes of the UN values (1>2>3) does not neces­
sary represent the order in the spin densities on the 
nitrogens. Taking into account the extents of the 
spin densities withdrawn by -SR, -S(0)R, and 
-S(02)R, the spin densities on the nitrogens seem, like 
those on the anilino benzene rings, to decrease in the 
order 3>2>1 rather than 1>2>3. If this is true, the 
<2N values should increase in the order 3>2>1. To 
discuss the spin density distributions in these radicals 
in more detail, molecular orbital calculations are now 
being performed. 

In summary, we describe an ESR study of the sulfin-
amidyls 2. The very weak ESR signals of 2 indicate 
that 2 is a transient radical; the small or lack of 
splittings due to the protons of -S(0)R reveal only a 
slight derealization of the unpaired electron onto the 
sulfinyl groups. A comparison of the hfs constants 
for 1, 2, and 3 indicates that the extents of the spin 
densities withdrawn by -SR, -S(0)R, and -S(02)R 
increase in the order -S(02)R<-S(0)R<-SR, in agree­
ment with those reported for carbon radicals. 

Experimental 

Melting points were determined on a Yanagimoto micro 
melting apparatus and are uncorrected. IR spectra were 
run on a JASCO A-202 spectrophotometer and mass spectra 
were taken by direct insertion on a JEOL D-300 spectrome­
ter. XHNMR spectra were recorded with a JEOL PS-100 
spectrometer (100 MHz) and chemical shifts are expressed in 
ppm values (ô) using Me4Si as an internal standard. 

3,5-Di-t-butylaniline19) and di-t-butyl diperoxyoxalate9* 
(DBPO) were obtained by the reported methods. Methane-, 
ethane-, and 2-methylethanesulfinyl chlorides were pre­
pared by passing CI2 through a solution of the correspond­
ing alkyl disulfide and acetic anhydride and were purified by 
distillation.20) Arenesulfinyl chlorides were prepared by 
passing CI2 through a solution of arenethiol and an equiv of 
acetic acid in dry CHCI3 at 0°C. After removing volatile 
materials (e.g., CI2 and MeCOCl) under reduced pressure, 
they were used in the following step without further 
purification. 

General Procedure for Preparation of N-Arylsulfinyl- and 
N-Alkylsulfinyl-3,5-di-£-butylanilines (7). A solution of 
10.3 mmol of a sulfinyl chloride in 20 ml of dry ether was 
added dropwise to a stirred solution of 2.00 g (9.74 mmol) of 
3,5-di-i-butylaniline and 1.45 g (14.3 mmol) of triethylamine 
in 150 ml of dry ether at 0°C. After completion of the 
addition, the mixture was stirred for 2 h at the same temper­
ature, filtered, and evaporated under reduced pressure. The 
sulfinamides 2b—d were purified by crystallization from 
hexane or benzene-hexane, while 7a was purified by column 
chromatography [silica gel (Waka gel C-200), column size 
35X30 cm, eluant 1:10 ethyl acetate-benzene] and subse­
quent crystallization from hexane. On the other hand, 
7e—g were purified by crystallization from hexane or ben­
zene-hexane after the polar by-products were removed using 
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a short column (Merck aluminium oxide 90, eluant 1:1 
ethyl acetate-hexane). 

N-Phenylsulfinyl-3,5-di-£-butylaniline (7a): Yield 2.06 g 
(6.25 mmol, 64/%); colorless prisms; mp 98—99 °C; IR (KBr) 
3150 (NH), 2950—2850 (*-Bu), 1060 cm"1 (SO); *HNMR 
(CDCU) 6=1.26 (s, *-Bu, 18 H), 6.32 (br s, NH, 1 H), 6.88— 
7.81 (m, aromatic, 8 H). Found: C, 72.85; H, 8.35; N, 4.36 %. 
Calcd for C2oH27NOS: C, 72.90; H, 8.26; N, 4.25%. 

N-(/?-Tolylsul£inyl)-3,5-di-^-butylaniline (7b): Yield 1.59 
g (4.63 mmol, 48%); colorless needles; mp 144—146 °C; IR 
(KBr) 3130 (NH), 2950—2850 (*-Bu), 1060 cm"1 (SO); 
iHNMR (CDCls) 6=1.28 (s, *-Bu, 18 H), 2.38 (s, Me, 3 H), 
6.13 (br s, NH, 1 H), 6.89—7.71 (m, aromatic, 7 H). Found: 
C, 73.17; H, 8.13; N, 3.91%. Calcd for C21H29NOS: C, 73.42; 
H, 8.51; N, 4.08%. 

N-(4-f-Butylphenylsulfinyl)-3,5-di-f-butylaniline (7c): Yield 
2.44 g (6.33 mmol, 65%), colorless needles; mp 141—143 °C; 
IR (KBr) 3150 (NH), 2950—2850 (*-Bu), 1060 cm"1 (SO); 
*H NMR (CDCI3) 0=1.28 (s, *-Bu, 18 H ) , 1.35 (s, *-Bu, 9 H ) , 
6.19 (br s, NH, 1 H), 6.87—7.77 (m, aromatic, 7 H). Found: 
C, 74.60; H, 8.87; N, 3.45%. Calcd for C24H35NOS: C, 74.75; 
H, 9.15; N, 3.63%. 

A^-(4-Chlorophenylsulfinyl)-3,5-di-^-butylaniline(7d): Yield 
1.90 g (5.22 mmol, 57%); colorless needles; mp 162—164 °C; 
IR (KBr) 3130 (NH), 2950—2850 (*-Bu), 1060 cm"1 (SO); 
iH NMR (CDCI3) 0=1.28 (s, *-Bu, 18 H), 6.30 (br s, NH, 1 H), 
6.90—7.79 (m, aromatic, 7 H). Found: C, 66.11; H, 7.21; N, 
3.92%. Calcd for C20H26CINOS: C, 66.00; H, 7.20; N, 3.85%. 

N-Methylsulfinyl-3,5-di-*-butylaniline (7e): Yield 1.53 g 
(5.70 mmol, 59%); colorless prisms ; mp 142—143 °C; IR 
(KBr) 3130 (NH) , 2950—2850 (*-Bu), 1050 cm"1 (SO); 
*HNMR (CDCI3) ô=1.27 (s, «-Bu, 18 H), 2.81 (s, Me, 3 H), 
6.88—7.06 (m, aromatic, 3 H), 7.90 (br s, NH, 1 H). Found: 
C, 67.53; H, 9.57; N, 4.94%. Calcd for G5H25NOS: C, 67.36; 
H, 9.42; N, 5.24%. 

N-Ethylsulfinyl-3,5-di-*-butylaniline (7f): Yield 0.94 g 
(3.33 mmol, 34%); colorless needles; mp 137—138 °C; IR 
(KBr) 3130 (NH), 2950—2850 (*-Bu), 1060 cm"1 (SO); 
*HNMR (CDCI3) ô=1.27 (s, t-Bu, 18 H), 1.30 (t, /=8.0 Hz, 
CH2CH3, 3H), 2.99 (q, /=8.0 Hz, CH2CH3, 2 H), 6.88—7.06 
(m, aromatic, 3 H), 7.01 (br s, NH, 1 H). Found: C, 68.10; 
H, 9.83; N, 4.80%. Calcd for C16H27NOS: C, 68.28; H, 9.67; 
N, 4.98%. 

N-Isopropylsulfinyl-3,5-di-f-butylaniline (7g): Yield 
1.84 g (6.22 mmol, 64,%); pale yellow prisms; mp 131 — 
132 °C; IR (KBr) 3180 (NH) , 2950—2850 (t-Bu), 1040 cm"1 

(SO); *HNMR (CDCI3) ô=1.28 (s, t-Bu, 18 H), 1.31 and 1.35 
(each d, / = 7 Hz, CHMê2, 6 H), 3.04 (sept, / = 7 Hz, CHMe2, 1 
H), 6.8 (br s, NH, 1 H), 6.84—7.07 (m, aromatic, 3 H). 
Found: C, 69.14; H, 10.02; N, 4.70%. Calcd for C17H29NOS: 
C, 69.09; H, 9.89; N, 4.74%. 

Reaction of 7d with DBPO. A solution of 0.681 g (1.87 
mmol) of 7d and 0.500 g (2.13 mmol) of DBPO in 50 ml of 
benzene was stirred at room temperature (21—24 °C) for one 
day under nitrogen. The reaction mixture was then 
washed with a 10% Na2S203 solution (2X30 ml) and brine (30 
ml), and dried over MgS04. After filtration, the filtrate was 
concentrated to ca. 10 ml under reduced pressure and chro­
matographed on silica gel (Wako gel C-200, column size 
3.5X35 cm) with benzene as the eluant. l,l'-Azobis(3,5- di-
^-butylbenzene) (10) and 1,3,5,7-tetra-^-butylphenazine (11) 
were first eluted as a mixture, and subsequent elution gave 
142 mg (0.250 mmol, 27%) of 8d and 176 mg (0.463 mmol, 

25%) of 9d. The mixture of 10 and 11 was rechromato-
graphed on silica gel. Elution with hexane gave 2.6 mg 
(0.0064 mmol, 0.7%) of 11 and subsquent elution with 1:3 
benzene-hexane gave 34 mg (0.084 mmol, 9.0%) of 10. Prod­
ucts 10 and 11 were identified by their IR spectra and 
melting points; 10: mp 208—209 °C (lit,21) 210—212 °C); 11: 
mp>305°C(lit,21>>305°C). 

N-(4-Chlorophenylsul£inyl)-N,N-bis(3,5-di-f-butylphenyl)-
hydrazine (8d): Colorless needles (from hexane); mp 198— 
199 °C (decomp); IR (KBr) 3030 (NH), 2950—2850 (*-Bu), 
1085 cm-1 (SO); MS (30 eV) m/z (relative intensity) 566 (M+, 
86), 407 (30), 362 (66), 57 (100); *H NMR (CDCI3) ô=1.20 (s, t-
Bu, 36 H), 6.88—7.93 (m, aromatic, 10 H). Found: C, 72.07; 
H, 8.32; N, 5.00; Cl, 6.39; S, 5.64%. Calcd for C34H47-
CIN2OS: C, 71.98; H, 8.35; N, 4.94; Cl, 6.25; S, 5.64%. 

N-(4-Chlorophenylsulfonyl)-3,5-di-f-butylaniline (9d): 
Colorless needles (from hexane); mp 178—180 °C; IR (KBr) 
3230 (NH), 2950—2850 (t-Bu), 1170 cm"1 (SO2); XHNMR 
(CDCI3) 6=1.23 (s, *-Bu, 18 H), 6.60 (s, NH, 1 H), 6.83— 
7.67 (m, aromatic, 7 H). Found: C, 63.28; H, 6.86; N, 3.57%. 
Calcd for C20H26CINO2S: C, 63.22; H, 6.90; N, 3.69%. 

Reaction of 7e with DBPO. In the same manner, 7e 
(0.500 g, 1.87 mmol) was treated with 0.500 g (2.13 mmol) of 
DBPO in benzene (50 ml) at room temperature for one day 
under nitrogen. After washing (Na2S203 solution and 
brine) and drying (MgS04), the reaction mixture was chro­
matographed on silica gel with 1:20 ethyl acetate-benzene. 
Compounds 10 and 11 were first eluted as a mixture, and 8e 
(135 mg, 0.287 mmol, 31%) and 9e (87 mg, 0.307 mmol, 16%) 
were subsequently eluted. A mixture of 10 and 11 was 
similarly rechromatographed on silica gel, giving 4.0 mg 
(0.01 mmol, 1%) of 11 and 46 mg (0.11 mmol, 12%) of 10. 
Compound 9e was identified by its IR and XHNMR spectra 
and melting point [133—135 °C (lit,7* 134—135 °C)]. 

N-Methylsulfinyl-N,N'-bis(3, 5-di-£-butylphenyl)hydrazine 
(8e): Colorless needles (from hexane); mp 144—145.5 °C 
(decomp); IR (KBr) 3080 (NH), 2950—2850 (*-Bu), 1090 cm"1 

(SO); MS (30 eV) m/z (relative intensity) 470 (M+, 100), 407 
(34), 351 (26), 266 (84), 205 (90), 57 (42); *HNMR (CDCls) 
0=1.27 (s, *-Bu, 36 H), 3.19 (s, Me, 3 H), 7.03—7.09 (m, 
aromatic, 6 H). Found: C, 74.01; H, 9.95; N, 5.92%. Calcd 
for C29H46N2OS: C, 73.99; H, 9.85; N, 5.95%. 

Reaction of 8d with DBPO. A solution of 250 mg (0.440 
mmol) of 8d and 125 mg (0.534 mmol) of DBPO in 50 ml of 
benzene was stirred at room temperature for one day under 
nitrogen. After washing (Na2S203 solution and brine) and 
drying (MgS04), the reaction mixture was chromatographed 
on silica gel (column size, 35X35 cm). Elution with 1:1 
benzene-hexane gave 98 mg (0.105 mmol, 65% based on the 
8d consumed) of 12, and elution with benzene gave 66 mg 
(26%) of 8d. 

l,3-Bis(p-chlorophenylsulfinyl)-l,2,3-tris(3,5-di-f-butyl-
phenyl)triazane (12): Colorless prisms (from hexane); mp 
146—149 °C (decomp); IR (KBr) 2950—2850 (*-Bu), 1070 cm"1 

(SO); iHNMR (CDCls) 6=0.89 (s, *-Bu, 18 H), 1.09 (s, *-Bu, 
36 H), 6.40 (d, / = 1 Hz, o-H of N2-phenyl group, 2 H), 6.57 
(d, 7=1 Hz, o-H of N1- and N3-phenyl groups, 4 H), 6.89 (br 
t, p-U of N1- and 7V3-phenyl groups, 2H), 7.03 (br t, p-H of 
7V2-phenyl group, 1 H), 7.54 (d, 7=9 Hz, C6H4SO, 4 H), 8.33 
(d, 7=9 Hz, C6H4SO, 4 H). Found: C, 70.88; H, 8.41; N, 
4.16%. Calcd for C60H85CI2N3O2S2 (12+hexane):22> C, 70.98; 
H, 8.43; N, 4.16%. 

ESR Measurements. The ESR samples were prepared as 



April, 1990] ESR Study of Sulfinamidyl Radicals 1159 

follows: 20—30 mg of 7, 40—50 mg of DBPO, and 0.40 ml of 
benzene were placed in an ESR cell; the mixture was 
degassed by three freeze-pump-thaw cycles using a high-
vacuum system, and the cell was sealed off from the vacuum 
system. The ESR spectra were recorded at 21 or 40 °C with 
a JEOL JES-ME-3X spectrometer equipped with an X-band 
microwave unit and 100-kHz field modulation. The hyper-
fine splitting constants and g values were determined by 
simulutaneous measurements with a dilute Fremy's salt in 
K2CO3 aqueous solution («N—1.309 mT, g=2.0055). 
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Chemisty on Isoindoles. Novel Synthesis of Various Functionalized 
Isoindoles from 2,3-Dicyanobenzaldehyde 
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Department of Resource Chemistry, Faculty of Engineering, Iwate University, Morioka 020 
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Various isoindoles having carbonyl, imino, cyano, formyl, and hydroxymethyl groups on the pyrrole or 
benzene ring were synthesized by new reactions of synthetically versatile 2,3-dicyanobenzaldehyde with a variety 
of nucleophiles. The obtained isoindoles were further converted to some functionalized isoindoles and 
phthalazine via recyclization with sodium borohydride and hydrazine. Whereas, Af-(2,3-dicyanobenzyl-
idene)anilines, obtained by treating 2,3-dicyanobenzaldehyde with aniline derivatives reacted with elemental 
sulfur in liquid ammonia or diethylamine to give 7-cyano-2,3-dihydro-3-(4-substituted phenylimino)-lH-
isoindole-1-thiones, which were converted into 3-alkylthio-4-cyano-iV-(4-substituted phenyl)-lH-isoindol-l-
imines by alkylation with alkyl halides in the presence of phase-transfer catalyst. 

Many procedures for the synthesis of indoles or 
isoindoles have been developed in the viewpoint of the 
synthesis of na tura l products and biological active 
compounds1* in connect ion wi th alkaloids. There 
have been many reports on the synthesis of isoindoles, 
e.g., amination-cyclizat ion of l-chloro-2-(chloro-
methyl)benzene and l ,2-bis(bromomethyl)benzene,2 ) 

aminat ion-reduct ive cyclization of 1,2-dibenzoylben-
zene,3) and pyrolysis of triazoles.4) For prepara t ion of 
isoindoles having a carbonyl g roup on a pyrrole r ing, 
numerous methods have been reported, for example, 
electro-reduction of phthalimide,5* cyclization-hydro-
lysis of benzenedicarbonitrile,6 ) amination-cyclizat ion 
of 2-formylbenzoic acid,7) and r ing contract ion of 
naph thy r id in ium salts.8) Recently, Leznoff et al. 
reported the synthesis of isoindoles us ing 1,3-iso-
indolinedithione.9* T h u s , m u c h at tent ion has been 
centered on the synthesis of functionalized isoindoles. 
We also reported the prepara t ions and reactions of 
isoindoles which have carbonyl and i m i n o groups on 
the hetero ring.10) It is, however, still difficult to 
introduce a variety of functional groups in to the pyr­
role and benzene rings of isoindoles. In the course of 
our investigations on the chemistry of isoindoles, our 
interests were directed to the synthesis of various isoin­

doles and the reactions involving recyclization. A 
recent report on the synthesis of 2,3-dicyano­
benzaldehyde dimethylhydrazone by Potts et al. st imu­
lated us to study the synthesis of various i so indoles , n ) 

since it seems to be possible that 2,3-dicyano benzalde-
hyde dimethylhydrazone should be hydrolyzed to give 
2,3-dicyanobenzaldehyde (1), which might cyclize to 
isoindole having cyano or formyl group. As we 
could actually obtain 1 effectively from 2,3-dicyano­
benzaldehyde Af,N-dimethylhydrazone, synthesis of 
many heterocycles was examined by the reaction of 1 
as a s tar t ing material wi th some nucleophi les such as 
amines or th io l s . n ) In this paper we wish to describe 
a novel synthesis of various isoindoles and related 
compounds from 1 wi th some nucleophiles. 

Results and Discussion 

Initially, we studied the hydrolysis of 2,3-di­
cyanobenzaldehyde Af,Af-dimethylhydrazone, which 
was prepared by Potts and coworker.11* T h e use of 
12M H C l (1 M = l mol dm- 3 ) in the hydrolysis of 2,3-
dicyanobenzaldehyde dimethylhydrazone gave desired 
1 in a good yield (66%) as colorless crystals, which were 
characterized by IR spectra obtained at 1715 (C=0) and 

Table 1. Reactions of 2,3-Dicyanobenzaldehyde (1) with Various Nucleophiles 

Runa] Reagent Solvent 
React. Yield of product/%c) 

Temp/°C Time/h 

1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
1 

NH3 

CH3NH2 
CH3CH2CH2NH2 
CH3CH2CH2NH2 
(CH 3 )2CHNH 2 

(CH 3 )3CNH 2 

Morpholine 
Morpholine 
Piperidine 
CH3C6H4SH 
H2O 

— 
— 
— 

CHC13 

— 
— 
— 

CHCl3
d) 

CHC13 

CHC13 

CH3CN 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

1 
1 
1 
0.5 
4 
1 
1 
1 
0.5 
4 
0.5 

43 2a 
47 2b 
52 2c 
93 2c 
37 2d 
46 2e 
89 2f 

100 2f 
100 2g 
100 2h 
100 2i 

a) Substrate: 0.5 mmol, b) Solvent: 10 ml. c) Isolated yield, d) Triethylamine (1 mmol) 
was added as a base. 
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2220 (CN) cm-1. Moreover, the yield of 2,3-dicyano-
benzaldehyde dimethylhydrazone was improved by the 
Diels-Alder reaction of furfural dimethylhydrazone 
with fumaronitrile in the Pott's method (91%). Con­
sequently, we could establish an effective route to 1 
from furfural and also succeed in a large scale synthe­
sis of 1. Compound 1 readily reacted with amines, 
water, and thiols to give functionalized isoindoles, 3-
alkylamino-7-cyano-2,3-dihydro- lH-isoindol-1 -ones 
(2), as shown in Scheme 1. These results were sum­
marized in Table 1. 

Although many isoindoles 2 were obtained in mod­
erate yields by the reactions of 1 with a variety of 
amines, such as ammonia, propylamine, morpholine, 
and bulky amine such as ^-butylamine without solvent 
(Runs 1—3 and 5—7), the use of chloroform as a 
solvent increase the yields of 2 (Runs 4 and 8—11). 
Reactions of 1 with 4-methylbenzenethiol and water 
gave also 2h—i in excellent yields as shown in Table 1 
(Runs 10 and 11). 

In previous reports on the chemistry of elemental 
sulfur in liquid ammonia and amines, we have shown 
some novel synthesis of many heterocycles from 1,2-
benzenedicarbonitrile and 2-cyanobenzaldehyde.10) 

On the basis of the results, 2,3-dicyanobenzaldehyde 
ethylene acetal (3), obtained by the reaction of 1 with 
ethylene glycol, was treated with elemental sulfur 
in liquid ammonia and amines, to give 1,3-bis-
(alkylimino)-2,3-dihydro-4-(l,3-dioxolan-2-yl)-lH-
isoindoles (4), which were formed by cyclization of 
two cyano groups, in high yields as shown in Scheme 
2. In the absence of elemental sulfur, these reactions 
were not observed at all. Methyl- and propylamines 
gave isoindoles 4 in excellent yields (Scheme 2). The 
role of elemental sulfur may be interpreted in the light 
of the catalytic action of thiolate species formed from 
elemental sulfur in liquid ammonia based on our 
previous results.10* These results suggest that synthe­
sis of isoindoles having a formyl group on the benzene 
ring is feasible. 

Nu 

CN 0 

\ NH 

H Nu 

2 a - h Nu: Amine , t h i o l , H20 

Scheme 1. 

CHO 

^ 

N 

CN 

H 0 / ^ 0 H Sg/R-NH2 

Scheme 2. 

4 a : R= CH3- , 73% 

(40 °C, 3 h) 

a 3 ^ 2 ^ n 2 ~ ' 
(50 °C, 3 h) 

CN 0 

NaBH, 

NH, 

H0-CH„ 

Scheme 3. 
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Interestingly, 7-cyano-2,3-dihydro-3-hydroxy-lH-
isoindol-1-one (2i), which was obtained by the reac­
tion of 1 wi th water in the presence of tr iethylamine, 
reacted wi th sodium borohydride in e thanol at 20 °C 
for 19 h, to give three new heterocyclic compounds , 7-
cyano-2,3-dihydro-lH-isoindol- l -one (5, 13%), 2,3-
dihydro-7-hydroxymethyl-3- imino- lH-isoindol- l -one 
(6, 12%), and 3-amino-2,3-dihydro-7-hydroxymethyl-
lH-isoindol-1-one (7, 12%) (Scheme 3). 

T h e c o m p o u n d 5 is conceivable to be a s imple 
hydride reduct ion product of hydroxyl g roup of 2i by 
sodium borohydride. T h e fact that 6 and 7 were 
obtained in this reaction is very interesting, since a 
recyclization step should be contained in the transfor­
mat ion from 2i into 6 and 7 which was formed by 
further reduction of 6 with sodium borohydride as 
shown in Scheme 3. 

When 1 was allowed to react wi th hydrazine at 80 °C 
for 6 h in the presence of hydrochloric acid, 8-cyano-
l (2H)-phthalaz inone (8) was obtained in a yield of 
66%. T h e phthalazine 8 further reacted wi th hydra­
zine at 80 °C for 7 h to give 3-hydrazono-3,4-dihydro-
7-methyl- lH-isoindol- l -one (9), l -hydrazono-l ,2-di-
hydropyrrolo[3,4,5-de]phthalazine (10), and 4-amino-
8-methyl-l (2H)-phthalazinone (11) in yields of 20, 12, 
and 5% respectively. O n the other hand, the isoin­

dole 9 and phthalaz ine derivatives 10 and 11 were also 
directly obtained by the reaction of 1 with hydrazine at 
100 °C for 48 h. These reactions are depicted in 
Scheme 4. 

Since phthalazine derivatives are well-known to 
show pharmacologica l activities, the present reaction 
seems to be a very synthetically useful method.12* 
Dur ing this reaction, we could observe an interesting 
fact that isoindoles 2b and 2c, which were obtained by 
the reaction of 1 wi th methyl- and propylamine , were 
converted to isoindole 9 and phthalaz ine derivatives 10 
and 11 in yields of 20, 12, and 5% respectively at 80 °C 
for 20 h (Scheme 5). It is noteworthy that 9, 10, and 
11 were formed in this reaction, since the conversion 
of 9 to 11 is the first example of that of isoindole of 
this type wi th hydrazine. T h e formation of 9 and 11 
may be interpreted in terms of the Wolff-Kishner like 
reduction of amino-subst i tuted carbon of 2b and 2c 
wi th hydrazine.13) 

T h e formyl g roup of 1 was readily converted into 
the Schiff base, Af-(2,3-dicyanobenzylidene)anilines 
(12), by the reaction wi th ani l ine derivatives. Pre­
viously, we have shown that when Af-(2-cyano-
benzylidene)anilines10 ) were treated with elemental 
sulfur in l iqu id a m m o n i a and amines, various 1,3-
bis(substituted imino)isoindol ines are obtained in 

CN 
CN 

CHO 

H2NNH2- H 2 0 

12N-HC1, 80 °C ,6 h 

CN 0 

NH 
i 

N 

R-NH. 

H2NNH2 H20 

100 °C, 48 h H2NNH2-H20 

80 °C, 7 h 

CN 0 

H2NNH2-H20 

80 °C, 20 h 

N-NH. 
H 2 N - V - NH 

_2c R=CH2CH2CH3 

Scheme 4. 

10 11 

CN 

;HO 

CN 

R^3>-NH2 
.CN Sg/ NH3 or 

CH=N-@-R Et2NH 

CN S 

12 13 

Scheme 5. 
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excellent yields. Based on these results, our next 
attempt to synthesize many functionalized isoindoles 
was directed to the reaction of 12 with elemental sulfur 
in liquid ammonia and amines. Upon treating N-
(2,3-dicyanobenzylidene)-4-methylaniline (12a) with 
elemental sulfur in liquid ammonia at 20 °C for 3 h, 7-
cyano-2,3-dihydro-3-[(4-methylphenyl)imino]-lH-
isoindole-1-thione (13a) was obtained in a yield of 43% 
(Scheme 5). The results were summarized in Table 2. 

It is noteworthy that 13a was formed by the present 
reaction, since such thiocarbonyl compounds have 
never been synthesized even by the reaction of 1,2-
benzenedicarbonitrile and the related compounds 

with elemental sulfur in liquid ammonia and 
amines.10* When diethy lamine was employed instead 
of liquid ammonia, 13b—d were given as reddish 
yellow crystals in moderate yields. Next, we exam­
ined the S-alkylation of 13a with various alkyl halides 
in the presence of phase-transfer catalyst.14) 3-
Alkylthio-4-cyano-Af-(4-substituted phenyl)-lH-iso-
indol-1-imines (14a—e) were given in moderate to 
high yields upon treating 13a with methyl, benzyl, 
and allyl halides and ethyl bromoacetate in the pres­
ence of tetramethylammonium iodide as a phase-
transfer catalyst15* as shown in Scheme 6 and Table 3. 
No reaction was observed when this S-alkylation was 

Table 2. Reactions of 4-Substituted Af-(2,3-Dicyanobenzyliden)anilines (12) 
with Elemental Sulfur in Liquid Ammonia and Diethylamine 

Rnn a ) 

1 
2 
3 
4 
5 

Substrate 

R 

CH3-
CH3O-
CH3O-
H-
Cl-

12a 
12b 
12b 
12c 
12d 

Amine 

NH3 

NH3 

Et2NH 
Et2NH 
Et2NH 

s8 
mg-atom 

0.5 
0.5 
0.5 
0.5 
0.5 

Temp/ 

20 
40 
20 
20 
20 

React. 

°C Time/h 

3 
2.5 

20 
10 
10 

Yield of product 

% 

43 13a 
31 13b 

Trace 13b 
35 13c 
32 13d 

a) Reaction conditions: substrate, 0.5 mmol; NH3 or Et2NH, 10 ml. 

Table 3. S-Alkylation of 7-Cyano-2,3-dihydro-3-[(4-methylphenyl)imino]-lJF/-isoindole-l-thione (13a) 
with Alkyl Halides in the Phase-Transfer Catalyst System 

Runa) 

1 
2 
3 
4 
5 

Alkyl halide 

R-X/R 

CH3-I 
C6H5CH2-Br 
CH2=CH-CH2-Br 
C2H5OCOCH2-Br 
C6H5COCH2-Br 

T e m p / 

r.t. 
r.t. 
r.t. 
r.t. 
r.t. 

React. 

>C Time/min 

30 
45 
50 
8 
3(h) 

Solvent 

CH2C12 

Benzene 
Benzene 
CH2C12 

CH2C12 

Yield of 14 

% 

94 14a 
100 14b 
96 14c 
87 14d 

(45 15)b) 

a) Reaction conditions: substrate, 0.5 mmol; R-X, 0.8 mmol; tetramethylammonium iodide, 
0.08 mmol; solvent, 15 ml. b) 4-Cyano-3-[(4-methylbenzoyl)carbonylmethylene]-AT-(4-
methylphenyl)-lH-isoindol-14mine (15) was obtained. 

Scheme 6. 
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carried ou t by us ing t r ie thylamine as a base in homo­
geneous system. 

T h e similar t reatment of 13a wi th bromomethyl 
phenyl ketone gave 4-cyano-3-[(4methylbenzyl)car-
bonylmethylene]-N-(4-methylphenyl)-1 H-isoindol-1 -
imine (15) instead of S-alkylated produc t in a yield of 
45%. T h e formation of 15 may be il lustrated as fol­
lows. T h u s , depro tona t ion of methylene pro ton of 
S-alkylated product wi th base, in t ramolecular nucleo-
phi l ic addi t ion of carbanion and then desulfurization 
of the resulted thi i rane afford product 15 as shown in 
Scheme 6.16) 

In conclusion, we succeeded in a novel synthesis of 
many isoindoles and related compounds from 2,3-
dicyanobenzaldehyde (1). These results suggest the 
synthetic versatility of 2,3-dicyanobenzaldehyde. 

Experimental 

Melting points are uncorrected. IR spectra were ob­
tained on a Hitachi 295 spectrophotometer and ^ N M R 
spectra were obtained on a Hitachi R-22 spectrometer using 
tetramethylsilane as an internal standard. Mass spectra 
and high-resolution mass spectra were taken with a Hitachi 
RMU-6M mass spectrometer and Hitachi M-2000 respec­
tively. Elemental analyses were carried out with a Yanagi-
moto MT-3. 

Materials. All reagents were obtained from Wako Pure 
Chemical Industries Ltd., Tokyo Kasei Co., Ltd., or Aldrich 
Chemical Co. The reagents were used without further 
purification. Wako gel C-200 was employed as silica gel 
for column chromatography. 

Preparation of 1. Furfural dimethylhydrazone (80.8 g, 
0.64 mol), prepared by the reaction of furfural with N,N-
dimethylhydrazine according to the method described by 
Potts,n) was added to the stirred solution of fumaronitrile 
(50 g, 0.64 mol), magnesium sulfate anhydride (10 g), and 
tin(IV) chloride (5.1 g) in degassed chloroform (1000 ml), 
which was purified by distillation on diphosphorus pent-
oxide, under nitrogen atmosphere. After reflux of the solu­
tion for 78 h, the mixture was cooled at room temperature, 
washed three times with aq. sodium hydrogencarbonate, 
and dried over sodium sulfate, and then the solvent was 
removed by evaporation under vacuum. Column chroma­
tography of the residue on silica gel using dichloromethane 
as an eluent gave yellow crystals, 2,3-dicyanobenzaldehyde 
dimethylhydrazone, 101 g (88%). Mp 163 °C (from ethanol) 
(lit,11) green needle, 165—166 °C from ethanol). 

To a solution of 2,3-dicyanobenzaldehyde dimethylhydra­
zone (0.992 g, 5 mmol) in acetonitrile (200 ml) was added 
dropwise 150 ml of aq. 12 M HCl at room temperature. 
After completion of addition, the reaction was immediately 
quenched with dichloromethane (700 ml) and the organic 
layer was washed with aq. sodium hydrogencarbonate (200 
ml) and water (200 mlX2) and then dried over sodium 
sulfate. Evaporation of the solvent followed by column 
chromatography of the residue on silica gel (Wako gel C-
200) using dichloromethane as an eluent gave colorless 
crystals (1, 0.765 g, 98%). 

1: Colorless crystals, mp 117°C (from CHCh-hexane); 
IR (KBr) 1715 and 2220 cm"1; ^ N M R (CDC13) 6=7.90 (t, 

IH, /=7.7, arom), 8.07 (dd, IH, /=7.7 and 1.5 Hz, arom), 
8.29 (dd, IH, /=7.7 and 1.5 Hz, arom), and 10.31 (s, IH, 
CHO); MS (70 eV) m/z 156 (M+). Found: C, 69.25; H, 2.47; 
N, 18.05%. Calcd for C9H4N2O: C, 69.23; H, 2.58; N, 
17.94%. 

Reaction of 1 with Ammonia and Amines. To an evacu­
ated all titanium autoclave containing 1 (156 mg) was 
charged 10 ml of ammonia or methylamine from needle 
valve to needle valve. The mixture in the autoclave was 
allowed to react at 20 °C for 1 h with stirring magnetically. 
After completion of the reaction, ammonia or methylamine 
was removed by evaporation and the residue was chromato-
graphed on silica gel using chloroform as an eluent, to give 
two products 2a or 2b. In the case of other amine, a usual 
flask was employed as a reaction vessel. 

2a: Colorless crystals; mp 260 °C (decomp); IR (KBr) 
1600, 1700, 2220, and 3000 cm"1; ^ N M R (DMSO-d6) 
0=4.04 (brs, 2H, NH2), 5.41 (S, IH, CH) , and 7.68—8.00 (m, 
4H, arom); MS (70 eV) m/z 173 (M+). Found: C, 62.22; H, 
4.11; N, 24.28%. Calcd for C9H7N3O: C, 62.42; H, 4.07; N, 
24.26%. 

2b: Colorless crystals; mp 155 °C (from CHCl3-MeOH); 
IR (KBr) 1720, 2220, 2900, 3170, and 3300 cm"1; *HNMR 
(CDCI3) 6=2.00 (s, IH, NH), 2.40 (s, 3H, CH3), 5.70 (s, 1H, 
CH), 7.70—8.03 (m, 3H, arom), and 8.55 (brs, IH, NH); MS 
(70 eV) m/z 187 (M+). Found: C, 63.78; H, 4.99; N, 22.27%. 
Calcd for G0H9N3O: C, 64.16; H, 4.85; N, 22.45%. 

2c: Colorless crystals; mp 150°C (from CHCh-hexane); 
IR (KBr) 1720, 2220, 2925, 3175, and 3300 cm"1; *HNMR 
(CDCI3) 0=0.90 (t, 3H, /=7.3 Hz, CH3), 1.46 (sext, 2H, 
7=7.3 Hz, CH2), 1.90 (s, IH, NH), 2.60 (q, 2H, 7=7.3 Hz, 
CH2), 5.63 (s, IH, CH), and 7.60—7.96 (m, 4H, arom and 
NH); MS (70 eV) m/z 215 (M+). Found: C, 66.58; H, 5.99; 
N, 19.58%. Calcd for G2H12N3O: C, 66.96; H, 6.09; N, 
19.52%. 

2d: Colorless crystals; mp 203 °C (decomp); IR (KBr) 
1700, 2245, 2975, and 3180 cm"1; *H NMR (CDCI3) ô=1.08 (d, 
3H, 7=7.0 Hz, CH 3) , 1.20 (d, 3H, 7=7.0 Hz, CH3), 1.66 (brs, 
IH, NH), 3.10 (hept, IH, 7=7.0 Hz, CH), 5.53 (brs, IH, CH), 
and 7.55—7.95 (m, 4H, arom and NH); MS (70 eV) m/z 215 
(M+). Found: C, 67.02; H, 6.08; N, 19.63%. Calcd for 
C12H13N3O: C, 66.96; H, 6.09; N, 19.52%. 

2e: Colorless crystals; mp 188 °C (decomp); IR (KBr) 
1735, 2245, 2970, and 3200 cm"1; *H NMR (CDCk) <5=1.30 (s, 
9H, CH3), 5.53 (brs, IH, CH), and 7.53—8.20 (m, 4H, arom 
and NH); MS (70 eV) m/z 229 (M+). Found: C, 68.47; H, 
6.66; N, 18.17%. Calcd for G3H15N3O: C, 68.10; H, 6.59; N, 
18.33%. 

Reaction of 1 with Morpholine or Piperidine. To a 
solution of 78 mg (5 mmol) of 1 in dried chloroform (1 ml) 
was added morpholine or piperidine (0.1 ml, ca. 1 mmol) 
and then the mixture was stirred at 20 °C for 1 h. After 
evaporation of the solvent, the residue was chromato-
graphed on silica gel using chloroform-methanol (v/v, 15/ 
1) as an eluent, giving 2f or 2g as colorless crystals. 

2f: Mp 216 °C (from AcOEt); IR (KBr) 1712, 2235, 2850, 
and 3400 cm"1; *HNMR (CDCI3) ô=2.55 (t, 4H, 7=5.0 Hz , 
CH2), 3.70 (t, 4H, 7=5.0 Hz, CH2), 5.45 (s, IH, CH) , and 
7.53—7.93 (m, 4H, arom and NH); MS (70 eV) m/z 243 (M+). 
Found: C, 63.94; H, 5.28; N, 17.25%. Calcd for C13H13N3O: 
C, 64.19; H, 5.39; N, 17.27%. 

2g: Mp 193 °C (decomp) (from AcOEt); IR (KBr) 1600, 
2230, 2855, 2940, and 3175 cm"1; *HNMR (CDCI3) 6=1.30— 
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1.71 (m, 6H, -CH2CH2CH2-), 2.16—2.80 (m, 4H, CH2), 5.42 
(s, 1H, CH), 7.55 (brs, 1H, NH), and 7.60—7.92 (m, 3H, 
arom); MS (70 eV) m/z 241 (M+). Found: C, 69.68; H, 6.29; 
N, 17.38%. Calcd for C14H15N3O: C, 69.69; H, 6.27; N, 
17.41%. 

Reaction of l with 4-Methylbenzenethiol. The mixture 
of 1 (78 mg, 0.5 mmol), 4-methylbenzenethiol (124 mg, 1 
mmol), and triethylamine (101 mg, 1 mmol) in chloroform 
(2 ml) was stirred at 20 °C for 4 h under nitrogen atmo­
sphere. After evaporation of triethylamine and chloroform, 
chromatography of the residue on silica gel gave colorless 
crystals, 2h. 

2h: Mp 168°C (from AcOEt); IR (KBr) 1700, 2250, 2900, 
and 3200 cm"1; *HNMR (CDCI3) ô=3.25 (s, 3H, CH3), 6.00 
(s, 1H, CH), 6.50 (d, 2H 7=8.0 Hz, arom), 7.21 (d, 2H, /=8.0 
Hz, arom), 7.50 (m, 2H, arom and NH), and 7.85 (dd, 2H, 
/=8.0 Hz and 8.0 Hz, arom); MS (70 eV) m/z 157 (M+--S-
C6H4-CH3). Found: C, 68.48; H, 4.28; N, 9.79%. Calcd for 
C11H12N2OS: C, 68.55; H, 4.31; N, 9.99%. 

Reaction of 1 with Water. To a solution of 1 (78 mg, 0.5 
mmol) in acetonitrile (1 ml) was added 18 mg of water (1 
mmol) and 101 mg of triethylamine (1 mmol). The mix­
ture was stirred at 20 °C for 30 min and then the solvent was 
removed under vacuum. Chromatography of the residue 
on silica gel using chloroform-methanol, (v/v 10/1) as 
eluent gave 2i (colorless crystals). 

2i: Mp. 283 °C (from EtOH); IR (KBr) 1720, 2230, and 
3400 cm"1; *HNMR (DMSO-d6) ô=5.91 (d, 1H, /=9.0 Hz, 
CH), 6.50 (d, 1H, /=9.0 Hz, OH), 7.65—8.20 (m, 3H, arom), 
and 9.24 (brs, 1H, NH); MS (70 eV) m/z 174 (M+). Found: C, 
61.77; H, 3.59; N, 15.89%. Calcd for C9H6N202: C, 62.07; H, 
3.47; N, 16.08%. 

Preparation of 3. The mixture of 0.350 g (2.24 mmol) of 
1, 0.278 g (4.48 mmol) of ethyleneglycol, and 5 mg (0.03 
mmol) of 4-methylbenzenesulfonic acid in 20 ml of benzene 
was heated under reflux using Dean-Stark trap for 2 h. 
After cooling to room temperature, the benzene solution was 
washed with aq. sodium bicarbonate (10%) and water (10 
mlX3) and then dried over sodium sulfate. Evaporation of 
the solvent gave 3 as colorless crystals. 

3: Mp 118°C (from EtOH); IR (KBr) 2235, 2240, and 
1880 cm"1; *HNMR (CDCI3) 6=4.05—4.32 (m, 4H, -CH2-), 
6.00 (s, 1H, CH), and 7.62—7.95 (m, 3H, arom); MS (70 eV) 
m/z 200 (M+). Found: C, 66.14; H, 4.02; N, 14.06%. Calcd 
for C11H8N2O2: C, 66.00; H, 4.03; N, 13.99%. 

Reaction of 3 with Elemental Sulfur in Amines. Typical 
procedure: The mixture of 100 mg (0.5 mmol) of 3, 16 mg 
(0.5 mg-atom) of elemental sulfur, and 10 ml of propyl­
amine was allowed to react at 50 °C for 3 h. After removal 
of propylamine under vacuum, chromatography of the reac­
tion mixture on silica gel using chloroform-methanol 
(v/v, 30/1) as an eluent gave colorless crystals, 1,3-di-
(propylimino)-2,3-dihydro-4-ethyleneglycoxymethyl-lH-
isoindole (4b) (0.193 g, 100%). 

4a: Mp 169 °C (decomp) (from EtOAc); IR (KBr) 1525, 
1660, 2900, and 3250 cm"1; *HNMR (CDCI3) 6=3.30 (s, 3H, 
CH3), 3.60 (s, 3H, CH3), 4.15 (s, 4H, -CH2CH2-), 6.26 (brs, 
1H, CH), and 7.35—7.90 (m, 4H, arom and NH); MS (70 eV) 
m/z 245 (M+). Found: C, 63.76; H, 6.22;, N, 16.88%. Calcd 
for C13H15N3O2: C, 63.66; H, 6.16; N, 17.13%. 

4b: Mp 116°C (decomp) (EtOH-ether); IR (KBr) 1580, 
1660, 2950, and 3225 cm-*; *HNMR (CDCI3) 6=0.90—1.10 
(m, 6H, CH3), 1.50—2.00 (m, 4H, CH2), 3.60—3.90 (m, 4H, 

CH2), 4.10 (s, 4H, -CH2CH2-), 6.28 (brs, 1H, CH), and 
7.30—8.13 (m, 4H, arom and NH); MS (20 eV) m/z 301 (M+). 
Found: C, 67.61; H, 7.78; N, 13.84%. Calcd for G3H23N3O2: 
C, 67.75; H, 7.69; N, 13.94%. 

Reaction of 2i with Sodium Borohydride. To a suspen­
sion of 0.595 g (3.4 mmol) of 2i in dry methanol (35 ml) was 
added slowly 1.034 g (27.4 mmol) of sodium borohydride for 
30 min. The mixture was stirred at room temperature for 
19 h, neutralized with 12M HCl, and then filtered. Evapo­
ration of the solvent of filtrate followed by chromatography 
on silica gel gave three products, 5 (71 mg, 13%) , 6 (73 mg, 
12%), and 7 (73 mg, 12%). 

5: Mp 140 °C (from AcOEt); IR (KBr) 1700, 2220, and 
3270 cm"1; *H NMR (CDCI3) 6=5.35 (s, 2H, CH2) and 7.60— 
8.20 (m, 4H, arom and NH); MS (70 eV) m/z 158 (M+). 
Found: C, 68.51; H, 3.81; N, 17.64%. Calcd for C9H6N20: 
C, 68.35; H, 3.82; N, 17.71%. 

6: Mp 196°C (decomp) (from EtOH); IR (KBr) 1670, 
1740, and 3240 cm"1; *HNMR (DMSO-de) 6=4.96 (s, 2H, 
CH2), 5.31 (brs, 1H, OH), 6.32 (brs, 1H, NH), 7.45—8.06 (m, 
3H, arom) , and 9.00 (brs, 1H, NH); MS (70 eV) m/z 176 
(M+). Elemental analysis for 6 was not available because of 
the lability and difficulty of further purification. 

7: Mp 245 °C (decomp) (from EtOH); IR (KBr) 1660, 
2880, 3240, 3350, and 3450 cm"1; *HNMR (DMSO-d6) 
6=2.30 (brs, 2H, NH2), 4.93 (d, 2H, 7=7.5 Hz, -CH2-O-), 
5.35 (s, 1H, CH), and 5.46 (t, 1H, 7=7.5 Hz, OH), 7.40—7.70 
(m, 3H, arom), and 8.60 (brs, 1H, NH); MS (70 eV) m/z 178 
(M+). Found: C, 60.47; H, 5.65; N, 15.25%. Calcd for 
C9H10N2O2: C, 60.67; H, 5.66; N, 15.72%. 

Reaction of 1 with Hydrazine Hydrate in the Presence of 
Acid. A mixture of 1 (78 mg, 0.5 mmol), hydrazine hydrate 
(89 mg, 1.78 mmol), and 12 M HCl (100 mg, 2.7 mmol) in 
benzene (l ml) was heated under reflux at 6 h. The precipi­
tate obtained upon quenching with water (1.25 ml) was 
filtered and washed with aq. 5% sodium hydrogencarbonate 
and water (20 ml). Compound 8 (56 mg, 66%) was obtained 
as colorless crystals by recrystallization from ethanol. 

8: Mp 274 °C (from EtOH); IR (KBr) 1675, 2220, 2900, 
3020, 3170, and 3400 cm"1; *HNMR (DMSO-d6) 6=7.95— 
8.40 (m, 3H, arom), 8.43 (s, 1H, -CH=), and 12.95 (brs, 1H, 
NH); MS (70 eV) m/z 171 (M+). Found: C, 63.14; H, 2.87; 
N, 24.29%. Calcd for C9H5N3O: C, 63.16; H, 2.94; N, 
24.55%. 

Reaction of 1 with Hydrazine Hydrate in the Absence of 
Acid. A mixture of 1 (78 mg, 0.5 mmol) and hydrazine 
hydrate (5 ml) was heated at 100 °C for 24 h and cooled at 
room temperature. Removal of hydrazine hydrate under 
vacuum and chromatography on silica gel using chloro­
form-methanol (v/v, 5/1) gave two products 9 (34 mg, 40%), 
10 (14 mg, 15%), and 11 (4 mg, 5%). 

9: Mp 281 °C (from MeOH); IR (KBr) 1480, 1560, 1590, 
1640, 2920, 3200, and 3325 cm"1; *HNMR (DMSO-d6) 
6=2.90 (s, 3H, CH3), 5.80 (brs, 2H, NH2), 7.50—8.00 (m, 3H, 
arom), and 11.26 (brs, 1H, NH); MS (20 eV) m/z 175 (M+). 
Found: C, 61.70; H, 5.21; N, 23.93%. Calcd for C9H9N3O: 
C, 61.70; H, 5.18; N, 23.99%. 

10: Mp 315 °C (from MeOH); IR (KBr) 1475, 1540, 1610, 
1620, 2850, 3100, and 3410 cm"1; *HNMR (DMSO-d6) 
6=5.98 (brs, 2H, NH2), 7.45—7.90 (m, 3H, arom), 8.06 (s, 1H, 
=CH), and 11.72 (brs, 1H, NH); MS (20 eV) m/z 185 (M+). 
Found: m/z 185.0702. Calcd for C9H7N5: M, 185.1880. 

11: Mp 281 °C (decomp) (from MeOH); IR (KBr) 1480, 
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1560, 1640, 2920, 3200, and 3325 cm"1; « N M R (DMSO-d6) 
0=2.90 (s, 3H, CH3), 5.80 (brs, 2H, NH2), 7.50—8.00 (m, 3H, 
arom), and 11.26 (brs, 1H, NH); MS (70 eV) m/z 175 (M+). 
Found: C, 61.70; H, 5.21; 23.93%. Calcd for C9H9N3O: C, 
61.70; H, 5.18; N, 23.99%. 

Reaction of 2b or 2c with Hydrazine Hydrate. A mixture 
of 0.576 mmol of 2b or 2c and 2 ml of hydrazine hydrate 
(100%) was heated at 80 °C for 20 h. After cooling the 
mixture and removal hydrazine under vacuum, chromatog­
raphy of the mixture on silica gel gave 9 (20 mg, 20%), 10 (13 
mg, 12%), and 11 (5 mg, 5%). 

Preparation of 12 from 1. Typical Procedure: To a 
solution of 1 (156 mg, 1 mmol) in benzene (10 ml) was added 
4-methylaniline (107 mg, 1 mmol) and the mixture was 
allowed to react with stirring at room temperature for 6 h 
under monitoring by tic. After completion of the reaction, 
benzene was removed by evaporation under vacuum. 
Column chromatography of the residue on silica gel using 
dichloromethane afforded pale yellow crystals, 12a (181 mg, 
74%). 

12a: Mp 161 °C (from EtOH); IR (KBr) 1505 and 2248 
cm-1; « N M R (CDCI3) ô=2.38 (s, 3H, CH3), 7.22 (s, 4H, 
arom), 7.63—7.93 (m, 2H, arom), 8.43—8.63 (m, 1H, arom), 
and 8.82 (s, 1H, CH); MS (70 eV) m/z 245 (M+). Found: C, 
78.77; H, 4.44; N, 16.79%. Calcd for Ci6HiiN3: C, 78.35; H, 
4.52; N, 17.13%. 

12b: Mp 168 °C (from EtOH); IR (KBr) 1240, 1500, and 
2225 cm-1; *H NMR (CDCI3) 6=3.85 (s, 3H, CH3), 6.81—7.48 
(m, 4H, arom), 7.66—7.93 (m, 2H, arom), 8.51—8.66 (m, 1H, 
arom), and 8.86 (s, 1H, CH); MS (70 eV) m/z 261 (M+). 
Found: C, 73.81 ; H, 4.24; N, 16.15%. Calcd for Ci6HnN30: 
C, 73.55; H, 4.24; N, 16.08%. 

12c: Mp 149 °C (from EtOH); IR (KBr) 810, 1480, and 
2225 cm-1; ^HNMR (CDCI3) 6=7.13—7.56 (m, 5H, arom), 
7.65—7.97 (m, 2H, arom), 8.52—8.67 (m, 1H, arom), and 
8.85 (s, 1H, CH); MS (70 eV) m/z 231 (M+). Found: C, 
78.03; H, 3.77; N, 18.28%. Calcd for Ci5H9N3: C, 77.91; H, 
3.92; N, 18.17%. 

12d: Mp 184°C (from EtOH); IR (KBr) 1090, 1480, and 
2225 cm-1; ^HNMR (CDCI3) 6=7.15—7.55 (m, 4H, arom), 
7.72—8.03 (m, 2H, arom), 8.52—8.66 (m, 1H, arom), and 
8.83 (s, 1H, CH); MS (70 eV) m/z 266 (M+). Found: C, 
68.14; H, 2.99; N, 15.78%. Calcd for Ci5H8N3Cl: C, 67.81; 
H, 3.03; N, 15.81%. 

Reaction of 12 with Elemental Sulfur in Liquid Ammo­
nia or Diethylamine. 12a (123 mg, 0.5 mmol) and elemen­
tal sulfur (16 mg, 0.5 mg atom) were taken into an all-
titanium autoclave. After evacuation of the autoclave, liq­
uid ammonia (10 ml) was charged or diethylamine (10 ml) 
was taken into the autoclave directly. The mixture was 
stirred at 0°C for 8 h by magnetic mean. Evaporation of 
ammonia or diethylamine followed by chromatography of 
the residue on silica gel using dichloromethane as an eluent 
gave reddish yellow crystals, 13a (111 mg, 80%). 

13a: Mp 225 °C (from EtOH); IR (KBr) 1660, 2240, and 
3200 cm-1; *H NMR (DMSO-d6) 6=2.39 (s, 3H, CH3), 6.80— 
7.63 (m, 4H, arom), 7.65—8.80 (m, 3H, arom), and 12.91 (brs, 
1H, NH); MS (70 eV) m/z 211 (M+). Found: C, 69.29; H, 
3.92; N, 14.96%. Calcd for Ci6HnN3S: C, 69.29; H, 4.00; N, 
15.15%. 

13b: Mp 237 °C (from CHC13); IR (KBr) 1650, 2220, and 
3250 cm"1; *H NMR (DMSO-d6) 6=4.80 (s, 3H, CH3), 6.90— 
7.33 (m, 4H, arom), 7.62—8.37 (m, 3H, arom), and 12.74 (brs, 

IH, NH); MS (70 eV) m/z 293 (M+). Found: C, 65.39; H, 
3.66; N, 14.01%. Calcd for Ci6HnN3OS: C, 65.51; H, 3.78; 
N, 14.32%. 

13c: Mp 225 °C (from EtOH); IR (KBr) 1680, 2240, and 
3200 cm-1; ^HNMR (DMSO-d6) 6=6.75-7.80 (m, 5H, 
arom), 7.83—8.39 (m, 3H, arom), and 12.91 (brs, IH, NH); 
MS (70 eV) m/z 263 (M+). Found: C, 68.58; H, 3.26; N, 
15.98%. Calcd for Ci5H9N3S: C, 68.42; H, 3.45; N, 15.96%. 

13d: Mp 226 °C (from EtOH); IR (KBr) 1670, 2230, and 
3200 cm-1; ^ N M R (DMSO-d6) 6=6.90—7.63 (m, 4H, 
arom), 7.70—8.40 (m, 3H, arom), and 12.89 (brs, IH, NH); 
MS (70 eV) m/z 298 (M+). Found: C, 60.36; H, 2.73; N, 
13.75%. Calcd for Ci5H8N3SCl: C, 60.51; H,2.71; N, 14.11%. 

S-Alkylation of 13a with Alkyl Halide in the Phase-
Transfer System. Typical Procedure: To a solution of 
13a (111 mg, 0.4 mmol) and tetramethylammonium iodide 
(29 mg, 0.08 mmol) in dichloromethane (15 ml) was added 
methyl iodide (114 mg, 0.8 mmol) and aq. 20% sodium 
hydroxide (3 ml). The solution was stirred vigorously at 
room temperature for 30 min. Water (10 ml) was added to 
the solution followed by extracted with dichloromethane (10 
mlX5). Washing with water and drying of the organic 
layer on sodium sulfate and evaporation of dichloromethane 
and subsequent chromatography of the residue on silica gel 
using chloroform as an eluent gave colorless crystals, 4-
cyano-N-(4-methylphenyl)-3-(methylthio)-lH-isoindol-l-
imine(14a)(109mg, 94%). 

14a: Mp 178 °C (from hexane-AcOEt)); IR (KBr) 1345, 
1445, and 2230 cm"1; *H NMR (CDCI3) 6=2.38 (s, 3H, CH3), 
2.76 (s, 3H, CH3), 6.66—7.80 (m, 6H, arom), and 8.02—8.26 
(m, IH, arom); MS (70 eV) m/z 291 (M+). Found: C, 70.37; 
H, 4.45; N, 14.32%. Calcd for Ci7Hi3N3S: C, 70.08; H, 4.50; 
N, 14.42%. 

14b: Mp 184 °C (from hexane-AcOEt); IR (KBr) 1220, 
1340, 1440, and 2225 cm"1; iHNMR (CDCI3) 6=2.39 (s, 3H, 
CH3), 4.58 (s, 2H, CH2), 7.10—7.78 (m, 11H, arom), and 
8.06—8.23 (m, IH, arom); MS (70 eV) m/z 367 (M+). 
Found: C, 75.04; H, 4.60; N, 11.25%. Calcd for C23Hi7N3S: 
C, 75.18; H, 4.66; N, 11.44%. 

14c: Mp 139 °C (from hexane-AcOEt); IR (KBr) 1440, 
1580, and 2220 cm"1; « NMR (CDCI3) 6=2.39 (s, 3H, CH3), 
4.04 (d, 2H, /=7.5 Hz, CH2), 5.23 (d, IH, /=10.5 Hz, -CH), 
5.38 (d, IH, /=16.5 Hz, -CH), 5.01—6.30 (m, IH, =CH), 
7.08—7.81 (m, 6H, arom); 8.10—8.30 (m, 1H, arom); MS (70 
eV) m/z 317 (M+). Found: C, 72.34; H, 4.71; N, 12.86%. 
Calcd for Ci9Hi5N3S: C, 71.90; H, 4.76; N, 13.24%. 

14d: Mp 165 °C (from hexane-AcOEt); IR (KBr) 1445, 
1740, 2225 cm-1; ^ N M R (CDCI3) 6=1.22 (t, 3H, 7=7.5 Hz, 
CH3), 2.36 (s, 3H, CH3), 4.12 (s, 2H, CH2), 4.18 (q, 2H, 7=7.5 
Hz, CH2), 7.06—7.83 (m, 6H, arom), and 8.06—8.26 (m, 1H, 
arom); MS (70 eV) 363 (M+). Found: C, 66.41; H, 4.72; N, 
11.38%. Calcd for C20Hi7N3O2S: C, 66.10; H, 4.72; N, 
11.56%. 

15: Mp 225 °C (from EtOH); IR (KBr) 1260, 1650, 2225, 
and 3325 cm"1; *H NMR (CDCk) 6=2.36 (s, 3H, CH3), 6.83— 
8.40 (m, 13H, arom and CH), and 11.46 (brs, IH, NH); MS 
(70 eV) m/z 363 (M+). Found: C, 79.44; H, 4.65; N, 11.44%. 
Calcd for C24Hi7N30: C, 79.32; H, 4.72; N, 11 56%. 

References 

1) A. R. Katritzky and A. J. Boulton, "Advances in 
Heterocyclic Chemistry," Academic Press, New York (1981), 



April, 1990] Isoindoles from 2,3-Dicyanobenzaldehyde 1167 

Vol. 29, p. 341; R. H. Thomson, D. Sc, "The Chemistry of 
Natural Products," Blackie, New York (1985), p. 298. 

2) M. Engewald, M. Muhlstadt, and C. Weiss, Tetrahe-
dron, 27, 4171 (1971). 

3) B. Jaques and R. G. Wallace, / . Chem. Soc, Chem. 
Commun., 1972, 397. 

4) T. L. Gilchrist, C. W. Rees, and C. Thomas, / . Chem. 
Soc, Perkin Trans. 1, 1975, 12. 

5) B. Sakurai, Bull. Chem. Soc. Jpn., 5, 184 (1930); A. 
Dunet and A. Willemart, Bull. Soc. Chim. Fr., 1948, 887, and 
889. 

6) J. C. Porter, R. Robinson, and M. Myler, / . Chem. 
Soc, 1941, 620. 

7) P. Aeberli and W. J. Houliham, / . Org. Chem., 34, 
165 (1969). 

8) M. Wazniak, H. C. van der Pias, and S. Havkema, / . 
Org. Chem., 50, 3435(1985). 

9) C. C. Leznoff, S. Greenberg, B. Khauw, and A. B. P. 
Lever, Can. J. Chem., 65, 1705 (1987). 

10) R. Sato, T. Senzaki, Y. Shikazaki, T. Goto, and M. 
Saito, Chem. Lett., 1984, 1423; R. Sato, T. Senzaki, T. Goto, 
and M. Saito, ibid., 1984, 1599; R. Sato, M. Nakayama, Y. 
Yuzawa, T. Goto, and M. Saito, ibid., 1985, 1887; R. Sato, T. 
Senzaki, T. Goto, and M. Saito, Bull. Chem. Soc. Jpn., 59, 

2950 (1986); R. Sato, K. Oikawa, T. Goto, and M. Saito, 
ibid., 61, 2238 (1988); R. Sato, M. Ohmori, F. Kaitani, A. 
Kurosawa, T. Senzaki, T. Goto, and M. Saito, ibid., 61, 2481 
(1988). 

11) K. T. Potts and E. B. Walsh, / . Org. Chem., 49, 4099 
(1984). 

12) J. Druey and A. Marxer, / . Med. Chem., 1, 1 (1959); W. 
J. Houlihan, Tetrahedron Lett., 1970, 3167; T. Hirayama, 
Japan Kokai, 77 27786 [Chem. Abstr., 87, 184540b (1977)]; J. 
E. Francis, K. Doebel, P. M. Schutte, E. C. Savarese, and E. 
F. Bachmann, Can. J. Chem., 57, 3320 (1979); J. E. Francis, 
K. J. Doebel, P. M. Schutte, E. F. Bachmann, and R. E. 
Detlefsen, Can. J. Chem., 60, 1214 (1982). 

13) D. Todd, Org. React., 4, 378 (1948). 
14) M. E. Baguley and J. A. Elvidge, / . Chem. Soc, 1957, 

709. 
15) A. Sugawara, M. Shirahata, S. Sato, and R. Sato, Bull. 

Chem. Soc. Jpn., 57, 3353 (1984); A. Sugawara, K. 
Hasegawa, K. Suzuki, Y. Takahashi, and R. Sato, ibid., 60, 
435 (1987); A. Sugawara, T. Sato, and R. Sato, ibid., 62, 339 
(1989); A. Sugawara, A. Nakamura, A. Araki, and R. Sato, 
ibid., 62, 2739 (1989). 

16) H. Signh, C. S. Gandin, and M. S. Bal., Synthesis, 
1980, 1020. 



1168 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63,1168—1173 (1990) [Vol. 63, No. 4 

Dynamic NMR as a Nondestructive Method for the Determination of Rates 
of Dissociation. XVII. Dissociation of the N-B Bond in the Coor­

dinated Form of 2-[2-(Dimethylaminomethyl)phenyl]-4,4-di-
phenyl-l,3>2-dioxaborolane and Related Compounds1* 
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of Tokyo, Bunkyo-ku, Tokyo 113 
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The rates of dissociation of the N-B bonds in the title compounds were reexamined by the dynamic NMR 
technique to get further insight into the mechanism of dissociation. Entropies of activation were fairly large 
positive to suggest that the dissociation of a bond of ionic characters is the rate-limiting step. The rates of 
dissociation were generally larger in nonpolar solvents than in polar solvents, suggesting that the stabilization 
of the ground state by solvation was important in determining the activation energy for dissociation. Diethyl 
ether, tetrahydrofuran, and acetone gave larger rate constants of dissociation than those expected from their 
polarity. Participation of solvent molecules in the dissociation is discussed on the basis of these results. 
Introduction of various substituents indicated that steric effects as well as electronic effects affect the N-B bond 
energy. 

While we have been invest igating dissociation of 
various coordinat ion compounds by the dynamic 
N M R technique, it has become clear that dissociation 
of the l igand in coordinat ion compounds is the pro­
cess which gives a large positive entropy of activa­
tion.2) T h i s was attr ibuted to the ionic character that 
is decreased in the transit ion state for dissociation, the 
change causing the increase in the freedom of the 
solvent molecules as well as the l igand. 

In view of these findings, it will be interesting to 
examine the cases of metals (or metalloids) of which d-
orbitals are of h igh energy, since the examples of the 
metals were confined to transi t ion metals in the past.3) 

Literature search revealed that there were some papers 
which reported the dissociation of the N - B bond in 
amine -borane complexes. T h e oldest l i terature has 
obtained the enthalpy and entropy of activation by 
classical l ine shape method for t r imethylamine-
tr imethylborane complex.4) However, the classical 
method is known to often give erroneous entropy of 
activation.5) Other two reported the rate constant of 
the N - B bond dissociation only at one temperature.6 7) 
T h o u g h there is another paper which ment ions the 
formation and dissociation of in t ramolecular amine-
borane complexes, ment ion has not been made on the 
energy of dissociation.8) Since the entropy of activa­
tion carries impor tan t informat ion in our experience, 
we decided to reexamine the cases by the total l ine 
shape analysis. 

Compounds and Their Syntheses 

We chose 2-[2-(dimethylaminomethyl)phenyl]-4,4-
diphenyl- l ,3 ,2-dioxaborolane (1), which was prepared 
as reported previously,7) for the fol lowing two reasons. 

1 Present address: Department of Chemistry, Faculty of 
Science, Okayama University of Science, Ridaicho, 
Okayama 700. 

Firstly the c o m p o u n d possesses 4 probes which 
exchange sites on dissociation of the N - B bond fol­
lowed by rotat ion of the CPh-B bond: the reliability of 
the data can be checked by compar ing the kinetic data 
produced by various probes. Secondly we have had 
ample experiences of similar studies on similar types 
of organometal l ic compounds:3) if irregularities arise, 
detailed discussions will be possible. 

After the kinetic parameters for the dissociation of 
c o m p o u n d 1 were determined, we were interested in 
the effects of various substi tuents on the activation 
energy for the dissociation. T h u s , compounds with 
other substi tuents than those in 1 both on the amino-
nitrogen and on the dioxaborolane r ing were synthes­
ized. 2,4,6-Tris[2-(bromoethyl)phenyl]boroxin(7)9 '1 0 ) 

was treated with a dia lkylamine to produce 2,4,6-
tr is[2-(dialkylaminomethyl)phenyl]boroxin (8) which 
was treated with appropr ia te 1,2-diols to produce sub­
stituted 2-[2-(aminomethyl)phenyl]-l ,3,2-dioxaboro-
lane (1—6). C o m p o u n d 8 could also be prepared by 
treating Af,Af-dimethylbenzylamine wi th buty l l i th ium 
followed by trimethyl borate.11) 

7 

-| p u n \f $u 
R1 R2 y ^ / ^ T 1 C6H5 H CH3 

*- fi I I 2 CH3 H CH3 

^ ^ V"0 1 3 H H CH 3 

° \ r R 2 4 C H 3 C H 3 C H 3 

r T 5 C 6 H 5 C 6 H 5 C H 3 
( 1 " 6 ) R2 6 C 6 H 5 H C2H5 
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methyl probe are rather large. This is due to the 
simplicity of the signal patterns concerned, as pointed 
out earlier.13'14) Thanks to the large chemical shift 
differences and the complex patterns, the benzylic and 
the ring-methylene protons gave large temperature 
ranges where the change in the line shapes was 
observed (see Experimental section). We believe 
therefore that the preferred probes are those which 
give complex signals with a large chemical shift dif­
ference between the exchanging nuclei. 

Entropies of activation are large positive, as are 
expected for the dissociative reactions of coordination 
compounds.2) For the dissociation of the amine-
borane complexes, the SN2 type reaction mechanisms 
may be assumed, when the decrease in the entropy is 
expected.15) This point will be discussed with the 
solvent effects on the dissociation. 

Solvent Effects on Dissociation in 1 

In order to get further into insight, we have carried 
out the rate measurements in various solvents. The 
results are summarized in Table 2. There is a small 
but distinct solvent effect on the rates of dissociation 
of the N-B bond. The less polar the solvent, the 
larger the rate constants or smaller the free energy of 
activation at a given temperature. 

The difference is more sensitive in the rate constants 
than in free energy of activation. These rate con­
stants are listed in Table 3 with some solvent parame­
ters.16'17) It is evident that, although there is a general 
tendency of the increase in the rate constant as the 
polarity of the solvent decreases, some irregularities do 
exist. The general tendency may be interpreted as a 
result of better stabilization of the polar ground state 

Table 1. Kinetic Parameters for Dissociation of the N-B Bond in Compound 1 in Dichloromethane-^2a) 

Probe 

N-CHs 
N-CH2

d) 

5-He) 

o-Hf) 

AHVkcalmol"1 

15.1+1.8 
15.2+0.3 
15.1+0.2 
15.3+0.3 

ASVcalmol^K" 1 

15.2+6.1 
15.6+1.1 
15.3+0.8 
16.3+1.1 

AG?33/kcalmol- lb) 

11.6 
11.5 
11.5 
11.5 

rc) 

0.9992 
0.9998 
0.9998 
0.9998 

a) 1 cal=4.184 J. b) Free energy of ativation at 233 K. c) Correlation factor of the statistical 
treatment, d) Benzylic protons, e) Methylene protons of the 1,3,2-dioxaborolane. f) o-
Protons in the phenyl groups at 4 position of the dioxaborolane. 

Table 2. Solvent Effects on the Kinetic Parameters for Dissociation of the N-B Bond in Compound la) 

Solvent AHVkcalmol"1 ASVcal mol"1 K"1 AGJ33 /kcal mol"1 r 

C7D8
b) 14.4+0.3 14.6+1.0 11.0 0.9998 

(C2D5)20 13.6+0.3 12.4+1.3 10.7 0.9997 
CDCls 15.2+0.4 16.1+1.9 11.5 0.9996 
C4D8O

c) 14.1+0.3 13.4+1.3 11.0 0.9998 
CD2CI2 15.1+0.2 15.3+0.8 11.5 0.9998 
(CD3)2CO 14.5+0.2 13.3+0.8 11.4 0.9998 
C2D5CN 15.3+0.2 15.8+0.9 11.6 0.9999 
DCON(CD3)2 15.1+0.2 13.9+0.8 11.8 0.9998 

a) The probes were the methylene protons at the 4-position of the dioxaborolane ring. 
b) Toluene-ds. c) Tetrahydrofuran-ds. 

Kinetic Data Obtained by Various Probes in 1 

The process of exchange of the magnetic sites of 
various probes, Af-methyl groups, benzylic methylene 
protons, methylene protons in the dioxaborolane, and 
the phenyl groups (only the ortho protons used), is 
shown in the following scheme. It will be reasonable 
to assume that the rate-limiting step in the process is 
the N-B bond scission, because the rotation about the 
Cph-B bond in this type of compounds should be 
fast.12) It is indeed proved to be so, as is shown later, 
by observing the same activation parameters for disso­
ciation by various probes. If the rotation of the diox­
aborolane were slower than the N-B bond dissocia­
tion, the kinetic parameters obtained by the Af-methyl 
probe should have been different from those obtained 
with the probes on the dioxaborolane ring. 

(B) (A) (A) (B) 

R2 (B) 
(B) 

The kinetic data of the N-B bond dissociation in 
compound 1 in dichloromethane-cfe are compiled in 
Table 1. The agreement among the data obtained 
with the use of various probes was excellent. There­
fore, we may use any probe available for the dynamic 
NMR study of this type of compounds. Close exami­
nation of the data revealed, however, that the errors in 
enthalpy and entropy of activation obtained by the N-
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Table 3. Solvent Parameters and Rate Constants 
of the N-B Bond Dissociation in Compound 1 

Solvent 

Toluene 
Diethyl ether 
CHCls 
Tetrahydrofuran 
CH2CI2 
Acetone 
Propionitrile 
HCON(CH3)2 

£
a) 

2.38 
4.34 
4.81 
7.58 
8.93 

20.7 
27.2 
37.0 

£T
a) 

33.9 
34.6 
39.1 
37.4 
41.1 
42.2 
43.7 
43.8 

DNa) 

_b> 
19.2 

c) 

20.0 
c) 

17.0 
16.1 
26.6 

^233/s" 1 

232 
422 

81.7 
241 

74.2 
107 
59.7 
40.1 

a) Dielectric constants (a), £T(30)-values, and donicity 
numbers (DN). Taken from Refs. 16 and 17. b) DN 
of benzene is 0.1. c) DN of halogenated hydrocarbons 
is generally zero. 

due to solvation in more polar solvents than in less 
polar solvents: since the transition state is less polar 
than the ground state, the stability in the ground state 
is reflected in the free energy of activation. 

The irregularities are that ethers, diethyl ether and 
tetrahydrofuran, give abnormally high rates of disso­
ciation and so does acetone. These irregularities can­
not be explained by mere consideration of the dielect­
ric constants (e) or the Ej values of the solvents. We 
wish to attribute the irregularities to the solvent assist­
ance in the dissociation of the N-B bond, because 
ether-oxygen atoms have fairly strong affinity toward 
boron.18) 

For the more quantitative discussion, we may use 
Gutmann's donicity numbers (DN). Since they are 
derived from the molecular interaction between 
antimony pentachloride and an electron donor,17) they 
will be good estimates of the affinity of various hete-
roatoms to the boron atom, which is also a Lewis acid. 
Although DN for toluene is not available, that for 
benzene is 0.1. DN of neither chloroform nor dichlo-
romethane is available. However, those for other 
halogenated aliphatic hydrocarbons have been 
reported to be zero. Therefore, we assume that the 
DN values of these solvents are negligibly small. 

Strong affinities of oxygen atoms in various mole­
cules toward boron are reflected in donicity numbers. 
The irregularities of diethyl ether, tetrahydrofuran, 
and acetone can be understood if one takes into 
account the followings: if a molecule contains an 
oxygen atom, that assists the dissociation of the N-B 
bond by approaching from the backside of the leaving 
nitrogen. Namely, we postulate that an SN2 type 
reactions are taking place in the dissociation of the N-
B bond as shown below, if a solvent contains an 
oxygen atom. 

Of course, this type of interaction is possible for the 

Nu + B — Z ^ ~ Nu-

W '/ 

B Z 

A 
Y W 

Nu — B . + Z 

Y'* 
\ w 
Y 

nitrogen in propionitrile. But the donicity number 
of the nitrile-nitrogen is not so large as those of ethers 
and ketones. This must be the reason why we do not 
observe irregularity in the case of propionitrile. 
Probably, solvent assistance is also great in N,N-
dimethylformamide , because its DN is very large. 
We believe that the rate constant of the N-B bond 
dissociation in DMF is the consequence of the stabili­
zation of the ground state due to its polarity and the 
assistance provided by the amide oxygen atom. 

It may be argued that the entropy of activation 
should be large negative, if the SN2 type reaction 
should occur, whereas the observed entropies of acti­
vation for the oxygen-bearing solvents are the same 
with those obtained with other solvents within the 
limit of experimental error. However, in the case of 
stoichiometric involvement of the solvent,19* it is 
known that entropy of activation can be less nega­
tive.12) The present case will be another type of these 
examples. 

It also deserves mention that the proposed mecha­
nism of the N-B bond breakage in this paper is 
different from that reported for the trimethylamine-
trimethylborane complex,4* in which the rate of 
exchange was not affected by the concentration of 
trimethylamine in the system. We believe this is 
because of the steric effects in approaching for a 
trimethylamine molecule from the backside. It may 
be understood as an analogy of switching from SN2 
reaction in primary alkyl halides to SNI reaction in 
tertiary alkyl halides. 

We should like to summarize the discussion by 
pointing out that, in examining the rate constant of 
the N-B bond in compound 1, considerations have to 
be given to both the ground state stability and the 
solvent assistance. The latter factor may be operative 
in various dissociation reactions. 

Substituent Effects on Kinetic Parameters 
for Dissociation 

The kinetic parameters for the dissociation of the 
N-B bond in compound 2 in dichloromethane-cfe were 
obtained as follows with r=0.9998: AH*=13.7±0.3 
kcal mol"1, AS*=20.4±1.1 cal mol"1 K"1, AGf33=9.0 
kcal mol - 1 . Compound 3 in dichloromethane-ök did 
not show the change in line shapes even at — 100°C at 
400 MHz but that in toluene-ds exhibited two signals 
at — 100°C at 400 MHz for the ring protons which in 
principle should show AA'BB' signals. The free 
energy of activation at the coalescence temperature 
(—62.0°C) was roughly obtained as 9.6 kcal mol -1 . 
Compound 4 showed the line-broadening of the sig­
nal due to the ring methyl protons at — 100°C in 
dichloromethane-Gfe. Although kinetic parameters 
were not obtained for this compound, it is apparent 
that this compound has the lowest activation energy 
for the N-B bond cleavage among the compounds 
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examined. C o m p o u n d 5 exhibited the l ine-broaden­
ing of the signals due to o-protons of the phenyl 
groups attached to the d ioxaborolane r ing at —70 °C at 
400 MHz in dichloromethane-cfe. However, due to 
over lapping of the signals wi th those due to other 
aromat ic protons , it is no t possible to obtain kinetic 
parameters. C o m p o u n d 6 afforded the following 
kinetic parameters wi th r=0.9994: AH*=14.2+0.6 
kcal mol" 1 , AS*=18.2±2.5 cal mol" 1 K"1, AGf33=10.0 
kcal m o l - 1 . 

These data speak impor tance of two factors in deter­
m i n i n g the barrier he ight for the dissociation of the 
N - B bond. One is the degree of electron defficiency 
of the boron a tom and the other is the steric effects that 
are k n o w n as F-strain.21) O n one hand , h igh 
electron-deficiency on the boron a tom strengthens the 
acidity of the boron a tom thus enhanc ing the N - B 
bond energy. Strong F-strain on the other will 
reduce the N - B bond energy. 

In c o m p o u n d 1, the two phenyl groups wi thdraw 
electrons compared to the two methyl groups in 2, 
thus m a k i n g the free energy of activation for the 
scission of the N - B b o n d in the former higher than 
that in the latter, t h o u g h the steric size of the former is 
greater than the latter. T h e least N - B bond energy 
shown by c o m p o u n d 4 a m o n g the compounds exam­
ined is the consequence of weakening the N - B bond 
both by electronic effects of the methyl groups and the 
F-strain. T h e tetraphenyl c o m p o u n d (5) shows the 
barrier lower than that in c o m p o u n d 1 bu t h igher 
than c o m p o u n d 4. T h i s is again at t r ibuted to the 
electronic effects and the steric effects of the phenyl 
g roup . In this respect, it is interesting to note that 
c o m p o u n d 3 shows a barrier which is ca. 2 kcal m o l - 1 

smaller than that of 1 and is h igher than other com­
pounds . T h e small steric size of hydrogen contrib­
utes to enhance the barrier relative to the tetraphenyl 
c o m p o u n d (5). Lower ing the barrier to dissociation 
in c o m p o u n d 6, which carries two ethyl groups on the 
amino- ni t rogen in place of the methyls in c o m p o u n d 
1 is at t r ibuted to the F-strain. 

(2H, s), 7.03 (1H, d, /=7.2 Hz), 7.09—7.25 (5H, m), 7.32 (4H, 
t, /=7.5 Hz), 7.54 (4H, dd, /=7.5 and 1.7 Hz). 

2-[2-(Dimethylaminomethyl)phenyl]-4,4-dimethyl-1,3,2-
dioxaborolane (2), bp 109—lll°C/3 mmHg (1 mmHg= 
133.322 Pa). High-resolution mass spectrum: M+ 232.1613. 
Calcd for Ci3H2oBN02:M+ 232.1623. « N M R (CDCls) 
0=1.46 (6H, s), 2.55 (6H, s), 3.75 (2H, s), 3.86 (2H, s), 7.01 
(1H, m), 7.15—7.26 (2H, m), 7.51 (1H, m). 

2-[2-(Dimethylaminomethyl)phenyl]-l,3,2-dioxaborolane 
(3) , mp 100—102 °C. Found: C, 64.20; H, 7.84; N, 6.85%. 
Calcd for CnHi6BN02 : C, 64.43; H, 7.86; N, 6.83%. 
*H NMR (CDCls) 6=2.43 (6H, s), 3.88 (2H, s), 4.08 (4H, s), 
7.03 (1H, m), 7.18—7.26 (2H, m), 7.50 (1H, m). 

2-[2-(Dimethylaminomethyl)phenyl]-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (4), mp 82—83 °C. Found: C, 69.02; 
H, 9.35; N, 5.39%. Calcd for C15H24BNO2: C, 68.98; H, 9.26; 
N, 5.36%. *HNMR (CDCI3) «5=1.31 (12H, s), 2.55 (6H, s), 
3.84 (2H, s), 6.99 (1H, m), 7.13—7.21 (2H, m), 7.54 (1H, m). 

2-[2-(Dimethylaminomethyl)phenyl]-4,4,5,5-tetraphenyl-
1,3,2-dioxaborolane (5), mp 156—158 °C. Found: C, 82.66; 
H, 6.59; N, 2.47%. Calcd for C35H32BNO2: C, 82.52; H, 6.33; 
N, 2.75%. *HNMR (CDCI3) 0=2.11 (6H, s), 3.96 (2H, s), 
7.03—7.37 (24H, m). 

2-[2-(Diethylaminomethyl)phenyl]-4,4-diphenyl-l,3,2-
dioxaborolane (6), mp 131—132 °C. Found: C, 78.02; H, 
7.49; N, 3.69%. Calcd for C25H28BNO2: C, 77.93; H, 7.33; N, 
3.64%. *HNMR (CDCI3) 0=1.06 (6H, t, /=7.3 Hz), 2.94 
(4H, q, /=7.3 Hz), 3.90 (2H, s), 4.61 (2H, s), 6.94 (1H, d, 
/=7.2 Hz), 7.01 (1H, d, 7=7.5 Hz), 7.09 (1H, t, 7=7.5 Hz), 
7.17 (1H, m), 7.20 (2H, m), 7.30 (4H, t, 7=7.5 Hz). 

NMR Measurement and Line Shape Analysis. XH NMR 
spectra were mainly measured on a JEOL GX-270 spec­
trometer which is installed at The University of Tokyo and 
operates at 270 MHz. After moving to Okayama University 
of Science, we obtained the spectra on a JEOL GSX-400 
which is installed at the Analytical Center at the University 
and operates at 400 MHz. Agreement of the kinetic data 
obtained on the two machines was found satisfactory by 
running the analysis on compound 1 in dichloromethane-
d,2. The data obtained with the GSX-400 machine are those 
of compounds 3—6 and those of compound 1 in diethyl-dio 
ether. The temperatures were calibrated with the use of 
chemical shift differences of methanol and 1,2-ethanediol. 
The concentration of the solution was ca. 80 mmol L - 1 and 

Experimental 

General Procedure for the Syntheses of Compounds. A 
solution of 322 mg (0.667 mmol) of 2,4,6-tris[2-(dimethyl-
aminomethyl)phenyl]boroxin7>9"n> and 2.00 mmol of an 
appropriate diol in 20 mL of toluene was heated under 
reflux, the formed water being removed by a Dean-Stark 
apparatus for 2 h. The solvent was removed and the 
residue was recrystallized from dichloromethane-hexane or 
distilled. The yields were almost quantitative. 

l,l-Diphenyl-l,2-ethanediol22) and 2-methyl-l,2-propane-
diol23) were prepared following the procedures in the litera­
ture. Other diols were commercially available. 

2-[2-(Dimethylaminomethyl)phenyl]-4,4-diphenyl-l,3,2-
dioxaborolane (1), mp 128—129 °C. Found: C, 77.53; H, 
6.68; N, 4.04%. Calcd for C23H24BNO2: C, 77.33; H, 6.77; N, 
3.92%. *HNMR (CDCb) 0=2.51 (6H, s), 3.92 (2H, s), 4.60 

Table 4. Temperature Dependence of the Chemical Shift 
Difference and Coupling Constants of Methylene 

Protons at 4-Position of the Dioxaborolane 
Ring in Compound 1 and Spin-Spin 

Relaxation- Times 

Solvent 

C7D8
b) 

(C2D5)20 
CDCls 
C4D8O

c) 

CD2CI2 
CD2Cl2

d) 

(CD3)2CO 
C2D5CN 
DCON(CD3)2 

Correlation"0 

-0.1292 £+132.2 
-0.7015 £+ 90.0 
-0.8552 m 15.6 
-0.3347 £+ 83.1 
-0.3158 £+120.0 
-0.1163 £+ 37.0 
-0.5211 £+100.8 
-0.1885 £+117.1 
-0.5718 £+117.7 

/AB/HZ 

8.8 
8.4 
8.8 
8.4 
8.8 

14.1 
8.6 
8.8 
8.8 

T2/s 

0.10 
0.14 
0.13 
0.10 
0.14 
0.12 
0.14 
0.14 
0.10 

a) A^/Hz=A£/°C+B. b) Toluene-d8. c) Tetrahy-
drofuran-^8. d) Data for N-CR2 protons. 
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Table 5. Rates of Dissociation of the N-B Bond in Compound 1 in Various Solventsa) 

Solvent k/s'1 ( tempera ture/°C) 

C7D8
b) 21.0 (-56.2), 36.0 (-53.2), 52.8 (-50.0), 85.0 (-47.0), 128 (-44.2), 204 (-40.9), 300 

(-37.9), 528 (-34.0), 1260 (-27.0), 3000 (-20.0) 
(C2D5)20 17.0 (-62.0), 33.2 (-58.0), 56.0 (-55.0), 79.0 (-52.4), 136.0 (-48.1), 252 (-44.0), 428 

(-40.0), 1390 (-30.0), 4800 (-20.0) 
CDCls 16.8 (-50.1), 33.2 (-46.0), 64.0 (-41.9), 132 (-37.1), 248 (-32.0), 560 (-26.0), 1160 

(-20.0) 
C4D8O

c) 17.0 (-57.9), 39.0 (-53.2), 92.0 (-46.9), 162 (-42.8), 280 (-38.9), 468 (-34.9), 850 
(-30.0), 3000 (-20.0) 

CD2C12 13.2 (-51.0), 22.8 (-48.0), 35.8 (-45.0), 58.8 (-41.9), 89.0 (-38.9), 134.0 (-35.9), 200 
(-33.0), 296 (-30.0), 560 (-25.0), 1080 (-20.0), 1840 (-15.0), 3300 (-10.0), 10800 
(0.0) 

CD2Cl2
d) 8.7 (-54.0), 13.4 (-51.0), 22.0 (-48.0), 36.0 (-45.0), 57.6 (-41.9), 87.2 (-38.9), 133.0 

(-35.9), 196 (-33.0), 292 (-30.0) 
CD2Cl2

e) 8.6 (-54.0), 13.2 (-51.0), 21.8 (-48.0), 34.8 (-45.0) 
CD2Cl2

f) 13.8 (-51.0), 23.0 (-48.0), 36.4 (-45.0), 59.2 (-41.9), 90.0 (-38.9), 138 (-35.9), 208 
(-33.0), 304 (-30.0) 

(CD3)2CO 9.8 (-55.9), 16.4 (-53.1), 20.8 (-51.0), 33.6 (-48.0), 54.8 (-44.8), 84.0 (-41.8), 148 
(-37.9), 252 (-34.0), 412 (-29.9), 750 (-25.0), 1340 (-20.0), 4100 (-10.1) 

C 2D 5CN 17.8 (-48.0), 28.6 (-44.9), 44.4 (-42.0), 78.0 (-38.0), 144 (-34.0), 248 (-30.0), 408 
(-26.0), 860 (-20.1) 

DCON(CD 3) 2 21.8 (-43.9), 40.4 (-40.1), 74.0 (-35.8), 106.0 (-33.0), 164 (-30.0), 300 (-25.1), 570 
(-19.9), 1780 (-10.0), 5600 (0.0) 

a) The data obtained by analysis of line shapes due to gem-protons in the dioxaborolane ring 
unless otherwise mentioned, b) Toluene-ds. c) Tetrahydrofuran-ds. d) With the use of 
benzylic methylene protons, e) With the use of Af-methyl protons, f) With the use of o-
protons in the phenyl groups attached to the dioxaborolane ring. 

integration was carried out more than 8 times. 
The line shape analysis was performed with the use of the 

DNMR3 program.24) Whereas the coupling constants were 
constant at wide ranges of temperatures in the slow 
exchange limit, the chemical shift differences drifted as the 
temperature was varied. The latters at temperatures where 
line shapes changed were assumed to be linearly correlated 
with temperature, which was true in the slow exchange 
limit, and were obtained by extrapolation. 

The correlation functions for signals due to 4-methylene 
protons in compound 1 are given in Table 4, together with 
T2 values which were obtained from the line widths of 
nonexchanging and exchanging proton signals at the slow 
exchange limit. For the N-methyl protons, the following 
values were used: A*>=0.1340^+19.9 Hz, T2=0.11 s. For the 
o-phenyl protons, the calculation was performed by approx­
imation of an [ABC]a^[ABC]b exchange for an actual 
[AA'BB'C]a^[AA'BB'C]b system and only the line shapes 
due to o-protons were simulated. Internal chemical shift 
differences within a given phenyl group were constant and 
the chemical shift difference of the exchanging phenyl 
groups was linearly correlated with temperature: 
Ai/=-0.0627*+17.9 Hz. T2 was 0.14 s for the o-proton. In 
addition the following data were used for the simulation: 
A*>AB=64.0 Hz, A^AC=94.0 Hz, / A B = 7 . 4 HZ, / A C = L 0 ' H Z , 

/BC—7.5 Hz. The rate constants thus obtained for com­
pound 1 are shown in Table 5. 

The rate constants of dissociation of compound 2 were 
obtained by using the following data: Av=—0.2714^+44.0 
Hz, /=14.1 Hz, and T2 0.095 s for the benzylic protons. The 
following rate constants (s_1) were obtained [temperatures 
(°C) given in parentheses]: 20.0 (-83.0), 52.8 (-78.1), 109 
(-74.1), 216 (-70.0), 410 (-66.0), 790 (-62.0), 1500 (-58.0), 
2500 (-55.0), 5200 (-50.0). 

The rates for 6 were obtained by using the line shapes due 
to gem-protons at position 4 of the dioxaborolane ring. 
The following data were used: A^=-0.897*+246.8 Hz, /=8.9 
Hz, T2=0.12 s. The following rate constants (s_1) were 
obtained [temperature (°C) given in parentheses]: 18.0 
(-70.0), 46.0 (-65.0), 104 (-60.4), 200 (-56.4), 370 (-52.4), 
1020 (-44.9), 2000 (-39.9). 

For the estimation of the barrier to the N-B bond scission 
in compound 3, the approximation for the uncoupled AB 
spin system was used.25) The constants used were Tc 

—62.0 °C and Av 104.5 Hz. The rate constant thus obtained 
was 460 s-1. 

T h i s work was partially suppor ted by Grants-in-
Aid (62124039 and 01648007) for Fundamenta l Scien­
tific Research of Ministry of Educat ion, Science and 
Culture. 
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Synthesis and Structural Analysis of 5-Deoxy-5-[(Ä)- and (S)- methylphosphinyl]-
c*,j3-D-manno- and -L-gulopyranoses 
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(Received December 6, 1989) 

Methyl 5,6-dideoxy-2,3-0-isopropylidene-6-nitro-a!-D-Z3;xo-hex-5-enofuranoside (10) was prepared from D-
mannose in 7 steps. Addition of methyl methylphosphinate to 10, followed by the catalytic hydrogénation 
and diazotization, afforded methyl 5-deoxy-2,3-0-isopropylidene-5-[(methoxy)methylphosphinyl]-û!-D-Z3;xo-
hexofuranoside, which was then converted into 6-O-triphenylmethyl and 6-O-tetrahydropyranyl derivatives (14, 
15). By reduction with sodium dihydrobis(2-methoxyethoxy)aluminate, followed by acid hydrolysis, both 14 
and 15 provided the D-mannopyranoses (together with a minor proportion of L-gulopyranoses) having a 
methylphosphinylidene group in place of the ring oxygen. These were converted into 1,2,3,4,6-penta-O- acetyl 
derivatives, whose structures and conformations were established by spectroscopy. 

Sugar analogues possessing a phosphorus a tom in 
place of oxygen in the hemiacetal ring1* have not been 
found in nature. However, these P- in-r ing sugars 
have drawn interest owing to their physicochemical 
propert ies as well as potent ia l biological activity. 
Accordingly, various such analogues have been pre­
pared in recent years: e.g., 5-deoxy-5-phosphinyl-D-
glucopyranoses2 _ 5 ) (1) and 4-deoxy-4-phosphinyl-D-
ribofuranoses6 _ 8 ) (2). In the meant ime, 5-amino-5-
deoxy-D-mannopyranose9 ) (3) has been proven to 
inhibi t ß-D-glucosidase and a,ß-D-mannosidase, 
whereas the first, natural ly occurr ing S-in-ring thio-
sugar has turned out to possess D-mannopyranose 
structure 4.10) We report herein a detailed study on 
the first synthesis and characterization of P- in-r ing D-
mannopyranoses , as well as the L-gulopyranoses, by 
plac ing methylphosphinyl idene in the hemiacetal 
r ing as a model functional group.11) 

HO—, O o HO—| 

JJLR HO-, | i -R ) * 

OH \Ç ^ ~ - ° H ( ^ H H Ç O ^ O H 

H HÔ OH 
3 X=NH 

1 ( R = E t , O H ) 2 ( R = E t , P h , O H ) 4 X = S 

Results and Discussion 

2,3:5,6-Di-0-isopropylidene-a-D-mannofuranose 1 2 ) 

(5) (available from D-mannose in two steps) served as 
the s tar t ing material for prepara t ion of the impor tan t 
key intermediate , methyl 5,6-dideoxy-2,3-0-isopro-
pylidene-ô-nitro-a-D-Zy xo-hex-5-enofuranoside ( 10), 
by the sequence il lustrated in Scheme 1. Glycosida-
tion of 5 us ing an ion-exchange resin Amberli te IR-
120(H+) in methanol was found to furnish, wi th 
simpler procedures, a higher yield of the methyl a-D-
mannofuranoside (6) than that by the previously 
reported method (Mel-Ag20 in DMF).12> Selective 
deprotection of 6 wi th acid afforded methyl 2,3-

O-isopropulidene-a-D-mannofuranoside (7), which 
was then treated wi th sodium periodate to give 
methyl 2,3-0-isopropylidene-a-D-Z;y%o-pentodialdo-
l,4-furanoside13) (8). Addi t ion of n i t romethane to 8 
in the presence of sodium methoxide gave a mixture of 
methyl (5R and 5S)-6-deoxy-2,3-0-isopropylidene-6-
nitro-a-D-Zyxo-hexofuranosides (9), which in turn was 
immediately converted in to 10. 

Addit ion of methyl methylphosphinate 1 4 ) to 10 
afforded methyl 5,6-dideoxy-2,3-0-isopropylidene-
5-[ (methoxy)methylphosphinyl ] -6-ni t ro-a-D-Z;y%o-
hexofuranoside (11) (Scheme 2). Catalytic hydrogén­
at ion of 11 over p l a t i n u m oxide (to convert in to the 6-
a m i n o derivative 12), followed by diazotization and 
then hydrolysis, gave methyl 5-deoxy-2,3-0-isopro-
pylidene-5-[(methoxy)methylphosphinyl]-a-D-Z;y%o-

x 
MeOH 

X 
Me 

HO-

HO-
CHO 

N a I 0 4 

Me 

CH3NO2 

Me 
N a O M e 

CH2NO2 

HO/J 0 
1 ) AC2O 

C H N 0 2 

I t . 

Me 
2 ) N a H C 0 3 

Scheme 1. 

- > KO 

Me 

10 
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5-Deoxy-5-(methylphosphinyl)-D-manno- and -L-gulopyranoses 

p ÇH2NO2 Q ÇH2NH2-HCI 0 CH2OH 

MeO 
Me-JL 

" t / P t ° ? MeA 

Me 
HCl 

1 1 1 2 

NaN°2 "V.,i Med 

Me 
A c O H 

1 3 

1175 

Me 

T r C l 
P y 

DHP 
P P T S 

O GH2OR 

Med) 

O CH2OR 

SDMA | 

Me 

1 4 R - T r 
1 5 R = T H P 

Me 
2 ) A c 

P y 

1 6 R = T r 
1 7 R = T H P 

Scheme 2. 

o 
P ^ M e 

K.KJ 1 KJ 

+ J PA.Me A f ^ M 

> kORRpV'OR + XpRROy^ 

1 8 R=H 
20 R=Ac 

1 9 R«=H 
2 1 R = A c 

hexofuranoside (13). Compound 13 was subse­
quently converted into the 6-0-triphenylmethyl (Tr) 
and 6-0-tetrahydropyranyl (THP) derivative (14 and 
15). 

Compound 14 was then reduced with sodium 
dihydrobis(2-methoxyethoxy)aluminate (SDMA) to 
give the unstable 5-deoxy-5-methylphosphinyl deriva­
tive 16, which was immediately treated with ethanolic 
0.5 M hydrochloric acid (1 M=l mol dm-3) at 80 °C 
under nitrogen, thus affording a crude mixture of 5-
deoxy-5-(methylphosphinyl)-D-manno- (18) and -L-
gulopyranoses (19) as shown in Scheme 2. These 
products were characterized after conversion into the 
corresponding penta-0-acetyl derivatives 20 and 21 by 
the usual method. By purification on a silica-gel 
column, the presence of the following eight penta-
O-acetyl diastereomers were confirmed (Chart 1), 
although some of the minor products were not com­
pletely separable, whereupon the product ratio was 
based on the NMR (see the Experimental section): 
5-[(i?)-methylphosphinyl]-a-D-mannopyranose (20a, 
6.0% overall yield from 14), the 0-anomer (20b, 0.9%), 
the [(S)-P]-a-isomer (20c, 4.6%), the 0-anomer (20d, 

0.4%), 5-[(#)-methylphosphinyl]-ß-L-gulopyranose 
(21a, 1.7%), the a-anomer (21b, 0.9%), 5-[(S)-P]-j8-
isomer (21c, 3.2%), and the a-anomer (21d, 2.0%). 
Structures and the preferable conformations (in solu­
tion) of these products were established on the basis of 
high-resolution mass spectrometry (HR-MS) and 500 
MHz XH NMR spectral data (see below). The ratio of 
D-manno- to L-gulo-type compounds obtained under 
these conditions turned out to be 6:4 in favor of the 
former (20a—d). 

Similar treatments of the 6-0-THP derivative 15 
afforded, via 5-methylphosphinyl intermediate 17, a 
mixture of 18 and 19. These were also led to 20a—d 
and 21a—d and the overall yields from 15 were close to 
those derived from 14: namely, the ratio of the D-
manno- to L-gulopyranose was approximately 6:4. 

These results significantly contrast to the fact 
that high selectivity in the product ratios has been 
achieved,2-4* when 6-O-Tr- and 6-O-THP deriva­
tives of 5-deoxy-5-phosphinyl-l,2-0-isopropylidene-
a-D-glucofuranose were subjected to the same ring-
transposition procedures, furnishing either 5-deoxy-5-
phosphinyl-D-gluco- (1) or -L-idopyranose. 

2 0 a 

A c O 
AcO-\ \ J 

A c O 
C^Me 

A c 

2 0 b 

A c O ACOA \ r 
A C O - ^ V - V N J ^ O 

A C O ^ A I X 

O A c 

2 0 c 

AcO-" 

A c O ^ 
A c O 

A c O 

tfe 
2 0 d 

DAc 

A c O 

AcO, '-/W/-0. 
A c O O A c 

/ A ^ O A c 

A c O Me 

2 1 a 

A c 
c 

A c O 

A c 

.OAc 

A c O 
A c O 

I Me 
A ^ v ^ f N p / ^ O A c A c O 

A^JJ^OAc AcO 
A c O O AcO—I 

2 1 b 

A c O 
\ Me 

î O s \ ^ ^ O A c 

2 1 c 2 1 d 

Chart 1. Structures of l,2,3,4,6-penta-0-acetyl-5-
deoxy-5-methylphosphinyl-D-manno- and -L-gulo­
pyranoses and their conformations. 
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The unpreponderating but only slightly favorable 
formation of D-mannopyranoses 18 (over L-gulo­
pyranoses 19) from 13 via 14 (or 15) could be rational­
ized in terms of the absence of a significant difference 
in the steric congestion between the key intermediates 
D-mannofuranoside 16a (or 17a) and L-gulofuranoside 
16b (or 17b) that are expected to be produced as the 
result of thermodynamical equilibration4* at C-5 
caused by the strongly basic SDMA during the reduc­
tion. Once the reaction mixture is worked up with 
cold water after the reduction, the ratio of the C-5 
epimers 16a (17a) to 16b (17b) would correspond to 
that of the final product 20 to 21, because no epimeri-
zation takes place during the following reactions 
(acid-catalyzed deprotection with simultaneous ring-
transposition and per-O-acetylation). It is unlikely 
that the ratio of the D-manno- to L-gulofuranoside 
component in 13, which, however, was not possible to 
specify by NMR, affects the final product ratio of 20 to 
21, taking into account the well-established reaction 
mechanism of similar ring enlargement.2_4'6) 

O CH2OR 

MeJ-4*H 
H 

Me Me 

16a R=Tr 
17b R=THP 

16b R=Tr 
17b R=THP 

ÏÏNMR Spectral Analysis of Penta-O-acetyl-5-
deoxy-5-(methylphosphinyl)-D-manno- and -L-gulo­
pyranoses. For structural assignments of these eight 
new products 20a—d and 21a—d having the same 
molecular composition (C17H25O11P by HR-MS), the 
chemical shift of each proton signal of their NMR 
spectra and the dependence of the 2/H,P, 3/H,P, 3/H,H, and 
4/H,H values on their dihedral angles were carefully 
taken into consideration. The precise parameters 
thereby obtained for these compounds are summarized 
in Table 1. Since the parameters for 5-deoxy-5-
phosphinyl-D-manno and -L-gulopyranoses have been 
obtained for the first time in the present study, some 
characteristic features of 20a—d and 21a—d are dis­
cussed here in detail. These parameters are instruc­
tive in determining the structures of other similar 
phosphinyl-in-ring sugar analogues, preparation of 
which is currently under investigation. 

( 1 ) The D-mannopyranose configuration is assign­
able to 20a—d on the basis of their relatively large 
values of J4,5 (9—12 Hz). In contrast, the smaller 
values (/4,5=4—5 Hz) of 21a—d suggest the structure 
of L-gulopyranose type as in the case employed for 
distinction between 5-deoxy-5-phosphinyl-D-gluco-
(1) and -L-idopyranoses.2_5) Conformations of these 
compounds (in CDCI3 solution) are derived by the 
analysis of the values of J2,? (17—27 Hz for 20a—d vs. 
3—5 Hz for 21a—c) and /4,p (3—9 Hz for 20a—d vs. 
25—28 Hz for 21a—c) with respect to the correspond­
ing vicinal dihedral angles (namely, whether in the 
anti or gauche connection). As a result, 20a—d and 
21a—c are respectively assigned to exist predomi-

Table 1. 1U NMR (500 MHz) Parameters for 20 and 21 in CDCI3 

Compd 

20a 
20b 
20c 
20d 
21a 
21b 
21c 
21d 

Compd 

20a 
20b 
20c 
20d 
21a 
21b 
21c 
21d 

H-l 

5.63 
5.14 
5.38 
5.48 
5.92 
5.68 
5.44 
5.73 

/ l ,2 

6.8 
3.1 
4.9 
3.3 

11.6 
3.8 

11.5 
3.9 

H-2 

5.35 
5.68 
5.52 
5.71 
5.17 
5.34 
5.73 
5.72 

7i.p 

7.7 
2.0 
9.8 

12.5 
11.2 
7.0 
3.9 

11.2 

H-3 

5.32 
5.12 
5.27 
5.16 
5.42 
5.33 
5.57 
5.62 

/2,3 

2.8 
2.5 
3.2 
2.8 
2.6 
2.9 
2.6 
2.8 

H-4 

5.67 
5.76 
5.41 
5.45 
5.32 
5.50 
5.36 
5.40 

/2,P 

16.9 
22,7 
25.4 
27.0 

3.3 
4.5 
4.3 

23.4 

H-5 

2.57 
2.28 
2.71 
2.46 
2.98 
3.07 
2.45 
2.83 

7*4 

8.5 
9.9 
9.8 

10.2 
5.2 
5.0 
5.0 
9.9 

Chemical shift (<5) 

H-6 

4.59 
4.58 
4.72 

b) 

4.46 
4.47 
4.50 
4.52 

H-6' 

4.48 
4.47 
4.31 

b) 

4.44 
4.41 
4.44 
4.51 

Ac-l,2,3,4,6a) 

2.18,2.14,2.09,2.09,2.06 
2.18,2.17,2.11,2.07,2.01 
2.24,2.18,2.08,2.05, 1.99 
2.19,2.13,2.12,2.04,1.98 
2.20,2.15,2.15,2.07, 1.99 
2.21,2.13,2.13,2.11,2.07 
2.20,2.20,2.16,2.08, 1.99 
2.21,2.14,2.13,2.12,2.02 

Coupling constant (Hz) 

74,5 

9.2 
10.3 
11.7 
11.7 
3.3 
4.0 
3.4 
5.1 

74, P 

9.3 
3.4 
3.6 
3.5 

27.7 
25.4 
27.5 
5.3 

7Ö,6 

7.5 
8.0 
4.2 
2.5 
5.9 
4.1 
7.2 
3.4 

75,6' 7ö,P 76,6' 76, P 

7.1 7.0 11.7 8.9 
6.0 4.3 11.5 10.5 
2.7 20.0 12.1 22.6 
4.1 19.3 b) b) 
8.4 21.0 11.8 13.6 
8.0 22.1 11.7 12.8 
7.8 5.4 11.7 7.2 
3.9 16.8 11.8 10.0 

PMe 

1.67 
1.68 
1.85 
1.84 
1.77 
1.76 
1.72 
1.84 

7e',p 

13.5 
5.0 
9.5 
b) 

6.2 
5.4 

11.9 
18.0 

7PMe 

13.6 
13.5 
13.6 
13.6 
13.2 
13.2 
13.2 
13.6 

a) The assignments of acetoxyl groups may have to be interchanged, b) Values uncertain because of 
overlapping with other signals. 
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nantly in the 4 C I ( D ) and 1CA (L) conformations. As 

21d shows /2,p=23.4 Hz and /4,p=5.3 Hz, it is consi­
dered to exist mainly in the 4Ci (L) form. 

(2) T h e or ientat ion of the r ing P = 0 g roup can be 
established by the ô values of H-4 (for 20a—d) and H-2 
(for 21a—d). An appreciable down field shift (0.3— 
0.5 Hz) is observed for 20a,b and 21c, thus showing the 
axial or ientat ion of the r ing P = 0 for these com­
pounds . T h e small values of /s,p suppor t the ant i 
or ientat ion of H - C ( 5 ) - P = 0 for 20a,b and 21c. 
Because of the absence of these characteristic features, 
the equator ia l P = 0 or ientat ion is assigned to the rest 
of the products (20c,d and 21a,b). T h e appreciable 
downfield shift observed for H-2 of 21d could be 
explained by its equator ia l or ientat ion (contrary to the 
axial H-2 for all other products); for a possible reason­
ing, see later. 

(3) T h e anomeric or ientat ion of C-l is derived 
from the values of /i,2 and / I , P as well as from the 
presence (or absence) of an N O E effect a m o n g H - l , 
H-3, and H-5 signals. T h e small values of /i,p of 20b 
and 21c suggest the ant i connection of H - C ( 1 ) - P = 0 
for these compounds . T h e large values of /i,2 (11.5— 
11.6 Hz) indicate axial H- l orientat ion for 21a,c, 
whereas the smaller /i,2 value (3.8 Hz) points out the 
equator ia l H- l configurat ion for 21b. As H-2 of 
20a—d and 21d is in equator ia l orientat ion, all of /i,2 
of these compounds show similar, small values, thus 
mak ing the assignment of their anomeric AcO-1 
or ientat ion rather difficult. However, N O E differ­
ence studies on 20a,c show no enhancement for H- l 
a l though 7—8% enhancement for H-3 u p o n irradia­
tion of H-5, suppor t ing the assignment of the equato­
rial or ientat ion of H- l in 20a and 20c. Similarly, the 
presence of an N O E effect between H- l and H-5 
observed for 21a,c is in conformity wi th the diaxial 
or ientat ion of H- l and H-5 in these compounds . 

As for the more precise conformation of 20a, it is 
noted that the values of /2,p (16.9 Hz) and J4,? (9.3 Hz) 
tend to become appreciably closer to intermediate 
values, suggest ing an equi l ib r ium mixture of 4 C I ( D ) 
and ^ ( D ) conformers (but still in favor of the former). 
Such an averaging between these conformers would 
allow min imiza t ion of a nonbonded interaction 
between 1,3-syn-diaxial P = 0 and AcO-2 groups 
(Scheme 3). O n the other hand, the conformation of 
21d in favor of exceptional 4 C I ( L ) is most likely 
ascribed to the presence of much stronger destabilizing 
interactions between the 1,3-syn-oriented P = 0 and 

AcO-4 groups in addit ion to the two acetoxyl groups 
(AcO-1,3) in the alternative ^ ( L ) conformation of 
21d, compared with the only one 1,3-diaxial repulsive 
influence exerted by AcO-2 and P - M e groups in the 
4 C I ( L ) conformation (Scheme 3). 

Although the yields of some steps and the stereose­
lectivity of the r ing-transposi t ion reaction remain to 
be improved, present work demonstrates a possible 
way for prepara t ion of 5-deoxy-5-phosphinyl-D-man-
nopyranoses from appropr ia te intermediates. Exten­
sion of this work inc luding preparative studies on 
improved product ratios of the ring-transposition prod­
ucts in relat ion to various kinds of substituents at P-5 
and O-6 of the intermediates (corresponding to 14 and 
15), as well as biological evaluat ion of the com­
pounds , is in progress. 

Experimental 

All reactions were monitored by TLC (Merck silica gel 
60F, 0.25 mm) with an appropriate solvent system [(A) 1:1 
AcOEt-hexane and (B) 9:1 AcOEt-EtOH]; components 
were detected with 20% sulfuric acid-ethanol (with subse­
quent heating). Column chromatography was performed 
with Wako C-200 silica gel. The ̂ N M R spectra were 
measured in CDCI3 with a Hitachi-Perkin-Elmer R-600 (60 
MHz, FT) or Varian VXR-500 instrument (500 MHz, the SC-
NMR Lab., Okayama Univ.) at 23 °C. Chemical shifts are 
recorded as 8 values relative to tetramethylsilane as internal 
standard. The assignments of all signals were made by 
employing a first-order analysis with the aid of decoupling 
technique and, if necessary, two-dimensional COSY or 
NOEDS measurements. The parameters were confirmed 
by a computer-assisted simulation analysis. The mass 
spectra were taken on an A.E.I. MS 50 ultrahigh resolution 
instrument and were given in terms of m/z (rel intensity) 
compared with the base peak. 

Methyl 2,3-O-Isopropylidene-a-D-mannofuranoside12) (7). 
A mixture of 19.8 g of 512> and Amberlite IR-120(H+) ion-
exchange resin (50 ml) in abs methanol (200 ml) was 
refluxed for 2 h. After cooling, the resin was filtered off 
and the filtrate was evaporated in vacuo, giving crude 
methyl 2,3:5,6-di-0-isopropylidene-a;-D-mannofuanoside12) 

(6) (which contained a small amount of 7) as a colorless 
syrup: flf=0.72 (A). 

This was dissolved in methanol (160 ml) and 0.2 M H2SO4 
(40 ml). The mixture was stirred at 20 °C for 24 h and then 
neutralized with solid barium carbonate. The precipitate 
was filtered through an active carbon bed, and the filtrate 
was evaporated in vacuo. The residue was purified by 
short-path column chromatography, giving 7 as a colorless 
syrup (12.7 g, 71% overall yield from 5, lit,12) 58%): # f=0.15 

AcO 
A c ° A Yi± 

AcO 
OAc 

AcO" 

OAc 

4Cl(D) 

Ac 

AcO OAc 

AcO. 

1C4(L) 

AcO 
V Me 

> ACO-'^YVW) 

AcO-J 

20a - v" "' 21 d 

Scheme 3. Conformational equilibria for 20a and 21 d. 

4Cl(L) 
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(A); *HNMR (500 MHz) 0=1.33, 1.47 (3H each, 2s, CMe2), 
2.28 (1H, br s, HO-6), 2.91 (1H, br s, HO-5), 3.30 (3H, s, 
MeO-1), 3.72 (1H, dd, /6,6 '=10.8, /5)6'=5.9 Hz, H-6'), 3.86 
(1H, dd, /5)6=3.3 Hz, H-6), 3.93 (1H, dd, /4)5=7.9, 73)4=3.8 Hz, 
H-4), 4.02 (1H, ddd, H-5), 4.57 (1H, d, /2)3=5.9 Hz, H-2), 4.83 
(1H, dd, H-3), and 4.91 (1H, s, H-l). 

Methyl 5,6-Dideoxy-23-0-isopropylidene-6-nitro-a-D-/);:x;o-
hex-5-enofuranoside (10). Although compound 8 and its 
*HNMR spectral data (60 MHz) have been reported,13) no 
preparative procedures are given. Thus, we prepared 8 as 
follows: A solution of sodium periodate (13.5 g, 63.1 mmol) 
in water (100 ml) was dropwise added to a solution of 7 (12.3 
g, 52.5 mmol) in methanol (100 ml) at 0°C. The solution 
was then stirred at room temp for 1 h and concentrated in 
vacuo. The residue was extracted with CHCI3. The 
organic layer was dried (Na2S04) and evaporated in vacuo, 
giving crude 8 as a colorless syrup in a quantitative yield: 
Rt=03S(A). 

A solution of 8 in abs methanol (120 ml) was treated with 
nitromethane (9.77 g, 160 mmol) and 25% sodium methox-
ide-methanol (34.0 ml, 149 mmol) at 0°C. After 2 h, the 
solution was neutralized with methanol-washed Amberlite 
IR-120(H+) ion-exchange resin at 0°C. The solvent was 
evaporated in vacuo, giving 9 as a pale yellow syrup in a 
quantitative yield: 7^=0.53 (A); *HNMR (60 MHz) 0=1.34, 
1.50 (3H each, 2s, CMe2), 3.25 (1H, m, HO-5, D 20 exchange­
able), 3.35, 3.42 (3H, 2s, MeO-1), 3.92 (1H, m, H-5), 4.50— 
4.85 (2H, m, H-3,4), 4.60 (1H, d, /2)3=6.0 Hz, H-2), 4.68 (2H, 
m, H-6,6'), and 4.94 (1H, br s, H-l). 

To a solution of 9 in acetic anhydride (25 ml, 265 mmol) 
was added, at 0°C, sodium acetate (11.0 g, 134 mmol). The 
suspension was stirred for 12 h at room temp and then the 
mixture was poured into cold saturated aq NaHC0 3 (700 
ml). The resulting solution was stirred for 2 h at 5°C and 
then extracted with CHC13. The combined extracts were 
washed with water, dried (Na2SÜ4), and evaporated in 
vacuo. The residue was purified by column chromatog­
raphy, giving 10 (7.60 g, 59% overall yield from 8) as a 
colorless syrup: #f=0.64 (A); *H NMR (500 MHz) 0=1.30, 
1.41 (3H each, 2s, CMe2), 3.35 (3H, s, MeO-1), 4.62 (1H, d, 
/2,3=5.8 Hz, H-2), 4.70 (1H, td, 73,4=4.0, /4,5=3.8, /4,6=1-1 Hz, 
H-4), 4.83 (1H, dd, H-3), 4.97 (1H, s, H-l), 7.23 (1H, dd, 
/5,6=13.2 Hz, H-6), and 7.28 (1H, dd, H-5); MS m/z 245 (M+; 
0), 230 (M-CH3 ,15), 214 (4), 187 (11), 173 (6), 167 (6), 158 (7), 
149 (18), 129 (8), 115 (9), 97 (14), 85 (55), and 59 (100). 
Found: m/z 230.0658. Calcd for C9Hi2N06: M~CH3, 
230.0665. 

Methyl (5Ä and 5S)-5,6-Dideoxy-2,3-0-isopropylidene-5-
[(R and S)-(methoxy)methylphosphinyl]-6-nitro-a-D-/);:x;o-
hexofuranosides (11). A mixture of 10 (720 mg, 2.93 
mmol), methyl methylphosphinate14* (0.74 ml, 8.8 mmol), 
and dry benzene (0.5 ml) was stirred for 12 h at 70 °C under 
nitrogen. The excess phosphinate was distilled off at ca. 
50°C/0.2 Torr (1 Torr=133.322 Pa). The residue was dil­
uted with CHC13, washed with aq NaHC0 3 and then with 
water. The organic layer was dried (Na2SÜ4) and evapo­
rated in vacuo. The residue was purified by silica-gel 
column chromatography, giving 11 as a colorless syrup (580 
mg, 58%): Rf=0A5—0.40 (B); *H NMR (500 MHz) for the 
main component of 11 6=1.30, 1.46 (3H each, 2s, CMe2), 1.69 
(3H, d, 7P)Me=14.6 Hz, PCH3), 3.16 (1H, dddd, 7 5 ,P=13.2, 
74,5=9.6, 75,6=6.6, 75,6

,=4.0 Hz, H-5), 3.33 (3H, s, MeO-1), 
3.74 (3H, d, 7poMe=10.7 Hz, POMe), 4.32 (1H, ddd, 74,P=5.8, 

73)4=3.4 Hz, H-4), 4.57 (1H, d, 72)3=5.8 Hz, H-2), 4.74 (1H, 
dd, H-3), 4.77 (1H, td, 7 6 ' , P=15 .3 , 76>6'=14.5 Hz, H-6'), 4.81 
(1H, ddd, 76)p=17.2 Hz, H-6), and 4.92 (1H, s, H-l); MS m/z 
340 (M+l; 0.6), 324 (M ~CH3 ; 33), 308 (5), 250 (4), 222 (9), 
217 (21), 196 (64), 192 (15), 175 (25), 149 (77), 121 (24), 111 
(34), and 93 (100). Found: m/z 324.0850. Calcd for 
CiiHi9N08P: M-CH 3 , 324.0848. 

Methyl (5Ä and 55)-5-Deoxy-2,3-0-isopropylidene-5-
[(R and 5)-(methoxy)methylphosphinyl]-a-D-/);Ä;o-hexo-
furanosides (13). Compound 11 (203 mg, 0.60 mmol) was 
dissolved in methanol (10 ml) containing 2 M HCl (0.30 ml, 
0.60 mmol) and hydrogenated in the presence of platinum 
oxide (40 mg) at room temp under atmospheric pressure of 
H2. After 20 h, disappearance of the starting material was 
confirmed by TLC. The catalyst was filtered off and 
the filtrate was evaporated in vacuo, giving the 6-
aminohexofuranoside hydrochloride derivative (12) as an 
amorphous solid: RfC.0.05 (B). 

To a solution of 12 in water (2 ml) was added, at 0°C, 
acetic acid (0.12 ml, 2.2 mmol) and then sodium nitrite (200 
mg, 2.9 mmol), followed by stirring at this temp. After 5 h, 
the mixture was extracted with CHC13. The combined 
organic layers were washed with aq NaHC0 3 and then with 
water, dried (Na2S04), and evaporated in vacuo. The 
residue was purified by column chromatography, giving 13 
(90 mg, 48% from 11) as a colorless syrup. flf=0.26—0.22 
(B); !HNMR (60 MHz) 0=1.30, 1.45 (3H each, 2s, CMe2), 
1.58, 1.65 (3H, 2d, 7PMe=14.8 Hz, PCH3), 2.0—2.8 (1H, m, H-
5), 3.31, 3.35 (3H, 2s, MeO-1), 3.4—3.8 (1H, m, HO-6), 3.76, 
3.78, 3.82 (3H, 3d, 7POMe=10.8 Hz, POMe), 3.8—4.1 (2H, m, 
H-6,6'), 4.1—4.3 (1H, m, H-4), 4.56 (1H, d, 72)3=6.0 Hz, H-2), 
4.70 (1H, m, H-3), and 4.88 (1H, br s, H-l); MS m/z 310 (M+; 
^0), 295 (M-CH3 ; 7), 293 (40), 279 (72), 261 (22), 232 (6), 221 
(10), 217 (15), 203 (15), 175 (27), 167 (36), 151 (24), 149 (35), 
137 (44), 121 (33), and 93 (100). Found: m/z 295.0964. 
Calcd for CiiH20O7P: M~CH3, 295.0947. 

Methyl (5Ä and 55)-5-Deoxy-2,3-0-isopropylidene-5-[(Ä 
and 5)-(methoxy)methylphosphinyl]-6- O-triphenylmethyl-
a-D-Zyxo-hexofuranosides (14). A solution of 13 (570 mg, 
1.83 mmol) and triphenylmethyl chloride (1.02 g, 3.66 
mmol) in dry pyridine (7 ml) was stirred at 50 °C for 30 h. 
The mixture was cooled, diluted with water (1 ml), stirred at 
20 °C for 1 h, and then concentrated in vacuo. The residue 
was dissolved in CH2C12 and washed with water. The 
organic layer was dried (Na2S04) and concentrated in vacuo. 
The residue was chromatographed on a column of silica gel, 
giving 14 (435 mg, 43%) as a colorless syrup: #f=0.58—0.55 
(B); !HNMR (60 MHz) 0=1.11, 1.13, 1.31, 1.35 (6H, 4s, 
CMe2), 1.52, 1.58, 1.67 (3H, 6d, 7PMe=15.0 Hz, PCH3), 2.2— 
3.2 (1H, m, H-5), 3.29, 3.34 (3H, 2s, MeO-1), 3.62, 3.68, 3.74, 
3.80 (3H, 4d, 7POMC=H.O HZ, POMe), 3.5—4.2 (2H, m, H-
6,6'), 4.15—4.65 (2H, m, H-3,4), 4.58 (1H, d, 72,3=6.0 Hz, H-
2), 4.85 (1H, br s, H-l), and 7.25—7.65 (15H, m, CPh3); MS 
m/z 552 (M+; ^0), 537 (M~CH3; 0.5), 475 (M-C6H5; 1.0), 350 
(2.4), 309 (34), 277 (11), 251 (10), 244 (26), 243 (100), 165 (32), 
and 93 (17). Found: m/z 475.1883. Calcd for C25H3207P: 
M-C6H5 , 475.1886. 

Methyl (5Ä and 5S)-5-Deoxy-2,3-0-isopropylidene-5-[(Ä 
and S)-(methoxy)methylphosphinyl]-6-0-(tetrahydropyran-
2-yl)-a-D-Z)>:x;o-hexofuranosides (15). A solution of 13 (194 
mg, 0.625 mmol) and dihydropyran (160 mg, 1.90 mmol) 
in dry CH2C12 (4 ml) containing pyridinium p-
toluenesulfonate (47 mg, 0.187 mmol) was stirred for 12 h at 
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room temp. The solution was diluted with ether, washed 
once with half-saturated brine, dried (Na2S04), and evapo­
rated in vacuo. The residue was purified by short-path 
column chromatography, giving 15 (217 mg, 88%) as a 
colorless syrup: R{=0A2—0.33 (B); ^ N M R (60 MHz) 
0=1.32, 1.45 (3H each, 2s, CMe2), 1.45—1.80 [6H, m, C-
(CH2)3-C-0-6], 2.3—3.09 (1H, m, H-5), 3.32, 3.39, 3.40 (3H, 
3s, MeO-1), 3.5—4.2 (4H, m, CH2-O-C-O-6, H-6,6'), 3.78 
(3H, br d, /POMe=10.8 Hz, POMe), 4.2—4.5 (1H, m, H-4), 
4.58 (1H, d, 72,3=6.0 Hz, H-2), 4.6—4.8 (1H, m, H-3), 4.62 
(1H, br s, CH-O-6), and 4.93 (1H, br s, H-1); MS m/z 394 
(M+; ^0), 379 (M-CH3 , 5), 363 (3), 323 (5), 311 (16), 309 (16), 
295 (16), 279 (16), 252 (11), 221 (14), 205 (13), 192 (24), 176 
(33), 167 (100), 137 (37), 111 (45), and 93 (66). Found: m/z 
379.1519. Calcd for Ci6H2808P: M-CH 3 , 379.1522. 

l,2,3,4,6-Penta-0-acetyl-5-deoxy-5-[(/?)-methylphosphin-
yl]-a-D-mannopyranose (20a), the j8-Anomer (20b), the 
[(S)-Methylphosphinyl]-a-D-mannopyranose (20c), the ß-
Anomer (20d), the [(Ä)-Methylphosphinyl]-0-L-gulo-
pyranose (21a), the a-Anomer (21b), the [(S)-Methyl-
phosphinyl]-j8-L-gulopyranose (21c), the a-Anomer (21d). 
To a solution of 14 (590 mg, 1.07 mmol) in dry benzene (8 
ml) was added, with stirring, a solution of SDMA (70% in 
toluene, 0.70 ml, 2.4 mmol) in dry benzene (2 ml) in small 
portions at 5 °C under argon. The stirring was continued 
at this temp for 1 h. Water (1 ml) was added at 0 °C and the 
mixture was stirred for 30 min. The precipitate was cen-
trifuged and washed with several portions of benzene. The 
organic layer was combined and evaporated in vacuo, giving 
16 as a colorless syrup. 

This syrup was immediately dissolved in ethanol (4 ml) 
and 0.5 M HCl (4 ml). The mixture was degassed with 
argon and then stirred at 90 °C for 3 h. After cooling, the 
reactant was neutralized by adding enough Amberlite IRA-
45. The resin was filtered off and washed with aq ethanol. 
The filtrate combined with washings was evaporated in 
vacuo, giving a mixture of 5-deoxy-5-(methylphosphinyl)-D-
mannopyranose (18) and -L-gulopyranose (19) as a colorless 
syrup. 

This was dissolved in dry pyridine (4 ml) and acetic 
anhydride (2 ml) at 0°C. The mixture was stirred at room 
temp overnight, diluted with a small amount of cold water, 
and concentrated in vacuo. The residue was dissolved in 
CHCI3 and washed with water. The organic layer was 
dried (Na2S04) and evaporated in vacuo, giving a mixture of 
pentaacetates (20a—d, 21a—d), which were separated by 
column chromatography with a gradient eluant of AcOEt 
-•19:1 AcOEt-EtOH into four fractions A—D. 

Fraction A [Rf=0A0 (B)] gave 20a as a colorless syrup: 28.0 
mg (6.0% overall yield from 14); !HNMR (500 MHz), see 
Table 1; NOEDS experiment15) [obsd NOEs (%) by irradia­
tion of H-5] H-3=6.9, H-4=5.2, and H-6=H-6'=3.0; MS m/z 
436 (M+; 0.5), 394 (11), 377 (8), 352 (16), 335 (70), 293 (76), 275 
(33), 264 (14), 251 (18), 233 (56), 214 (47), 191 (34), 172 
(54), and 43 (100). Found: m/z 436.1154. Calcd for 
CivH25OiiP: M+, 436.1135. 

Fraction B [7?f=0.36 (B)] gave a colorless syrup (31.3 mg) 
which consisted of 20c (4.6% from 14), 21a (1.7%), and 20d 
(0.4%), the relative amounts of these isomers being deter­
mined from the integral ratios of their H-5 and P-CH3 
signals: *HNMR (500 MHz) , see Table 1; NOEDS experi­
ment [obsd NOEs (%) by irradiation of H-5 for 20c] H-3=8.4, 

H-4=3.8, H-6=3.8, and H-6'=2.6, (for 21a) H-l=8.5, H-4 
13.5, and H-6=H-6'=4.9. 

Fraction C [Rf=0.32 (B)] gave a colorless syrup (19.1 mg) 
which consisted of 21c (3.2% from 14) and 20b (0.9%): 
1H NMR (500 MHz), see Table I; NOEDS experiment [obsd 
NOEs (%) by irradiation of H-5 for 21c] H-l=6.0, H-4=9.7, 
and H-6=H-6'=3.4; MS m/z 437 (M+l; 5), 394 (M~CH2CO; 
4), 383 (9), 377 (5), 352 (20), 351 (27), 335 (100), 309 (14), 293 
(93), 275 (44), 251 (37), 233 (98), 214 (16), 207 (28), 191 (82), 
172 (92), 135 (21), and 111 (39). Found: m/z 437.1213. 
Calcd for Ci7H26OiiP: M+l, 437.1213. 

Fraction D [Rt=0.2S (B) ] gave a colorless syrup (13.6 mg) 
which consisted of 21d (2.0% from 14) and 21b (0.9%): 
!H NMR (500 MHz), see Table 1. 

When 15 was subjected to the same procedures described 
above, 20 and 21 were also obtained in yields similar to those 
described above: 20a, 5.7% from 15; 20b, 1.3%; 20c, 4.2%; 20d, 
0.3%; 21a, 1.8%; 21b, 1.2%; 21c, 3.0%; 21d, 2.3%. 

T h e present work was part ial ly supported by Grant-
in-Aid for Scientific Research No. 63540500 from the 
Ministry of Education, Science and Culture. 
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and Their Interaction with Phospholipid Bilayers 

Hirosh i NAKAMURA,+ H a r u h i k o AOYAGI,* S a n n a m u L E E , Shin ONO,++ 
Tetsuo KATO,+t Yoshio MuRATA,ttt and Gohsuke SUGIHARA+++ 

Department of Chemistry, Faculty of Science, Kyushu University 33, Higashi-ku, Fukuoka 812 
^Depar tment of Chemistry, Faculty of Science, Fukuoka University, Jonan-ku, Fukuoka 814-01 

(Received October 19, 1989) 

The antibacterial activities of CH3(CH2)nCO-(Leu-Ala-Arg-Leu)3-NHCH3 (1, n=0; 2, n=3; 3, n=S; 4, 
n=14) and their interaction with phospholipid bilayers were examined. Their order in the antibacterial 
activity was 1>2>3>4 against Gram-positive bacteria and 2>1>3>4 against Gram-negative bacteria: the 
activity of 4 was essentially negative. The CD study indicated that the a-helical content of 3 and 4 was higher 
than that of 1 and 2. Peptides 1—3 effectively showed a dye-leakage ability, while the ability of 4 was weak. 
The DSC measurement indicated that the membrane-stabilizing effect of the acyl group in 4 fairly compensated 
for the destabilizing effect of the hydrophobic peptide moiety. These results imply that no antibacterial 
activity of 4 is correlated to a strong interaction of the acyl group in 4 with the acyl chain in DPPC to stabilize 
the membrane. 

T h r o u g h many studies of the structure-activity rela­
t ionship and act ion mechan ism of biologically active 
and a m p h i p a t h i c peptides, it has been poin ted ou t 
that their a m p h i p a t h y is often impor t an t in showing 
their activity.1} Indeed, an a m p h i p a t h i c a-helical 
structure, which is induced by the interaction of pep­
tides wi th membranes , has been found to be a com­
m o n factor in melitt in,2 ) mastoparan, 3 _ 5 ) cecropin,6j7) 

magainin,8>9) and so on. Fur thermore , these peptides 
are also characterized by a h igh content of basic a m i n o 
acids. 

We previously reported that Ac - (Leu -Ala -Arg -
Leu)3-NHCH3 1 0 ) (1), a basic model pept ide designed 
from a c o m m o n feature of the extension peptides of 
mi tochondr ia l protein precursors, showed an inhibi­
tion of the impor t of precursors in to mi tochondr ia , a 
per turba t ion of the mi tochondr ia l membrane and 
phospho l ip id bilayers, a fusogenic activity toward 
liposomes,11 '12* and an antibacterial activity against 
Gram-posi t ive bacteria.13) These abilities were found 
to be correlated to the a-helical a m p h i p a t h y of l.13) 
Fur thermore , we found that an increase in the quan­
tity of the Lys residue generally leads to a decrease in 
the antibacterial activity against Gram-posi t ive bacte­
ria and an increase in that against Gram-negative 
bacteria us ing various Lys-containing peptides.14) In 
this connect ion, PM-B, a cyclic basic decapeptide pos­
sessing five basic moieties and a long acyl g roup , i.e., 
6-methyloctanoyl or 6-methylheptanoyl , in the mole­
cule (Fig. 1) shows a strongly antibacterial activity 
against Gram-negat ive bacteria. T h e acyl g roup was 
found to play an impor tan t role in the activity.15) 
Since 1 and PM-B are basically the same peptide, the 
difference in the ant imicrobial activity may come from 
that of the acyl group. We, therefore, speculated that 

t Present address: Osaka Research Division, Wako Pure 
Chemical Industries, Ltd., Amagasaki 661. 
t1* Present address: Kumamoto Institute of Technology, 
Kumamoto 860. 

CH3(CH2)nC0"(Leu-Ala-Arg-Leu)3-NHCH3 

1 , n=0; 2_, n=3; 3_, n=8; 4_, n=14 

R-Dab-Thr-Dab-Dab-D-Phe-Leu-Dab-Dab-Thr-, 

l ] 
PM-B R: (+)-6-methyloctanoyl or 6-methylheptanoyl 

Fig. 1. Structures of acylpeptides 1—4 and PM-B. 

the peptides wi th a longer acyl g roup than 1 would be 
effective against Gram-negat ive bacteria, because 1 
showed little activity against Gram-negative bacteria.13) 

In the present study, we designed and synthesized 
three acylpeptides wi th different alkyl chain-lengths, 
2—4 (Fig. 1) and examined their antibacterial activity 
and the effect of the acyl groups on the interaction of 
the peptides wi th l ipid bilayers. 

Experimental 

Thin-layer chromatography was carried out on Merck 
silica gel G with the following solvent systems: JRf1, CHCI3-
MeOH-AcOH (50:10:2), R? n-BuOH-pyridine-AcOH-
H2O (4:1:1:2) . Paper electrophoresis was performed on a 
Toyo Roshi No. 52 paper with the solvent system of 
HCOOH-AcOH-MeOH-H 2 0 (1:3:6:10, pH 1.8) for 4 h at 
600 V; the mobility of the peptides is given relative to Arg 
(J?Arg). The optical rotation was measured with a Union 
high sensitivity Polarimeter, PM-71. Amino acid analysis 
was performed on a Hitachi KLA-5 amino-acid analyzer 
after hydrolysis in 6 M HCl (1 M=l mol dm -3) in sealed 
tubesa t l lO°Cfor24h . 

Synthesis of Peptides. Valeryl-(Leu-Ala-Arg(Tos)-Leu)3-
NHCH3 (5). To a stirred solution of H-(Leu-Ala-Arg-
(Tos)-Leu)3-NHCH3-TFA16> (216 mg, 0.11 mmol) in pyri­
dine (15 ml) were added valeryl chloride (132 mg, 1.1 mmol) 
and Et3N (0.015 ml, 0.11 mmol). Stirring was then con­
tinued at room temperature overnight. After subsequent 
evaporation, the residue was solidified with water, collected 
by filtration, and washed with water and then ether. The 
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product was recrystallized from MeOH-ether; yield, 175 mg 
(82%); mp 147—151 °C; Rt\ 0.71; [a]?,2 -3.4° (c 0.5, MeOH). 
Found: C, 54.77; H, 7.59; N, 15.51%. Calcd for 
C9oHi480i9N22S3-2H20: C, 54.75; H, 7.76; N, 15.61%. 

Decanoyl-(Leu-Ala-Arg(Tos)-Leu)3-NHCH3 (6) and 
palmitoyl-(Leu-Ala-Arg(Tos)-Leu)3-NHCH3 (7) were sim­
ilarly prepared. 6: Yield, 91%; mp 136—139 °C; Rt1 0.71; 
[a]f)2 -2.7° (c 0.5, MeOH). Found: C, 55.67; H, 7.82; N, 
14.83%. Calcd for C95Hi580i9N22S3-2H20: C, 55.81; H, 
7.99; N, 15.07%. 7: Yield, 77%; mp 127-133 °C; R{* 0.76; 
[a]% -3.7° (c 0.5, MeOH). Found: C, 56.97; H, 8.20; N, 
14.30%. Calcd for C101H170O19N22S3 • 2H 20: C, 56.99; H, 
8.24; N, 14.48%. 

Valeryl-(Leu-Ala-Arg-Leu)3-NHCH3 • 3AcOH (2 • 3AcOH). 
Compound 5 (150 mg, 0.076 mmol) was treated with HF as 
has been described previoualy;16* yield, 44 mg; R? 0.77; i?Arg 

0.89; amino-acid ratios, Leu 2.14, Ala 1.00, Arg 0.98. Com­
pounds 3 and 4 were prepared in the same way from 6 and 7 
respectively. 3: Rfi 0.62; i?Arg 0.84; amino-acid ratios, Leu 
2.27, Ala 1.00, Arg 1.06. 4: R? 0.64; RArg 0.80; amino acid 
ratios, Leu 2.22, Ala 1.00, Arg 0.95. 

CD Measurement of Peptides. The CD measurements 
were made on a JASCO J-40A spectropolarimeter using a 
cell with a pathlength of 1 mm, as has been previously 
described.14) The spectra in a 20 mM Tris-HCl buffer (pH 
7.4) were measured at a peptide concentration of 100 uM. 
DPPC and DPPC-DPPG (3:1) vesicles (a mixture of uni-
and multilamellar vesicles) were obtained by sonication at 
50 °C for 30 min in a 20 mM Tris-HCl buffer (pH 7.4). 
The peptides were dissolved at a peptide concentration of 10 
uM in the 20 mM Tris-HCl buffer containing 0.9 mM 
DPPC or DPPC-DPPG (3:1) vesicles. All the measure­
ments were performed at 25 °C. The CD spectra are 
expressed as mean residue ellipticities. 

Dye-Leakage from Phospholipid Vesicles by the Action 
of Peptides. The DPPC and DPPC-DPPG (3:1) vesicles 
containing 5(6)-carboxyfluorescein were prepared and the 
phase-transition release experiments were performed as has 
been previously described.14) Fluorescence measurements 
were made on a Hitachi 650-1 OS spectrofluorophotometer. 
Carboxyfluorescein was excited at 470 nm, and emission was 

recorded at 515 nm. 
DSC Measurement. For the preparation of a sample, 

DPPC (7.34 mg, 10 umol) was dissolved in CHCI3 (2 ml), 
and the solvent was evaporated to dryness, first under nitro­
gen at 50 °C and then in a vacuum at room temperature 
overnight. Two ml of the Tes buffer (2 mM Tes/2 mM 
His/0.1 mM EDTA, pH 7.4) containing peptide in a desired 
concentration was added to the lipid film. The above 
mixture was subsequently vigorously vortexed for 15 min, 
during which time the sample was warmed and cooled 
repeatedly through the phase-transition temperature. The 
sample was then left to stand overnight around the phase-
transition temperature. DSC measurements were made on 
a Seiko DSC-10 apparatus equipped an SSC thermal con­
troller, using 60 ul of a DPPC multilamellar vesicle solution 
with or without the peptide and with a scanning rate of 
0.5 °C per min from 20 °C up to 50 °C. The peak-mid point 
was defined as the Tm. The AT1/2 was calculated from the 
phase-transition start (Ts) and end (T\) temperatures accord­
ing to this equation: ATi/2=(Ts-fTi)/2. The enthalpy of 
transition was obtained from the area under the peak, which 
was calculated by weighing the paper cut-outs. 

Antibacterial Assay. Antibacterial assays were carried 
out by the dilution method using a trypticase soy agar 
medium according to the procedure of Okonogi et al.17) 

Results and Discussion 

Figure 2A shows the CD spectra of 1—4 in the 20 
m M T r i s - H C l buffer ( p H 7.4). Compounds 1 and 2 

Table 1. Helix Content (%) of Acylpeptidesa) 

Petide 
Tris-HCl 

buffer DPPC DPPC-DPPG 
(3:1) 

1 
2 
3 
4 

23 
16 
41 
61 

49 
30 
64 
61 

68 
49 
83 
84 

a) 100% helicity: [ 0 ] ^ = - 3 . 1 X l O 4 degcmMmol"1 

(Ref. 18). 
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Fig. 2. CD spectra of acylpeptides in Tris-HCl 
buffer (pH 7.4) (A) and in the buffer in the presence 
of DPPC liposomes (B). 
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were found to take no a-helical conformation, or a 
negligible one, while the CD spectra of 3 and 4, with a 
long acyl group, showed, to a considerable extent, the 
presence of an a-helical conformation (Table 1), indi­
cating that self-aggregation induced by the longer acyl 
group in the buffer solution seems to result in an 
increase in the a-helical content.13) In the presence of 
DPPC liposomes, all the peptides showed a typical a-
helical pattern, with negative peaks around 208 and 
222 nm, as is shown in Fig. 2B. Similar CD spectra 
were obtained in the cases of DPPC-DPPG (3:1) 
liposomes (data not shown). It is likely that the 
helical conformation was induced by the interaction 
of the peptides with lipid bilayers. The values of the 
negative ellipticity of 3 and 4 were greater than that of 
1 (Table 1), indicating that the peptides with a longer 
acyl group tend to have a stronger capacity for a-helix 
formation. One might assume that no interaction of 
4 with lipid bilayers takes place, because the a-helical 
content of 4 was the same in a buffer and in the 
presence of liposomes. However, this assumption is 
obviated by the facts that a homolog of 1 was present 
in the aggregated state in the buffer and in the mono­
mer state in lipid bilayers, as was shown in a previous 
paper,19) and that the nature of the phospholipid 
bilayers changed in the presence of 4, as will be 

described later in the DSC study. It is interesting that 
2 shows the smallest a-helical content, although we 
can not explain this phenomenon at present. The 
helical contents of 1—4 in the DPPC-DPPG (3:1) 
liposomes were higher than those in the DPPC lipo­
somes. These results suggest that an electrostatic 
interaction of the peptides with the lipid-bilayer inter­
face also plays a significant role in the formation of 
the a-helical structure. 

Profiles of the carboxyfluorescein leakage from the 
DPPC and DPPC-DPPG (3:1) vesicles by the action 
of 1—4 are shown in Fig. 3. Peptides 1—3 effectively 
leaked the dye at the phase-transition temperature of 
the DPPC vesicles in the order of 1>3>2, while the 
degree of the leakage by 4 was about a half of those by 
1—3, as may be seen in Fig. 3A. It is noteworthy that 
3 and 4 slightly but distinctly induced the dye-leakage 
at a much lower temperature than the phase-
transition temperature, but no such phenomenon was 
observed in the cases of 1 and 2. Similar leakage 
profiles were obtained in acidic DPPC-DPPG (3:1) 
vesicles (Fig. 3B). Although the leakage ability of 3 
and 4 at low temperatures increased fairly much, no 
rapid increase in the dye-leakage at the phase-transi­
tion temperature was observed. These observations 
suggest that the interaction of 3 and 4 with lipid 
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Fig. 3. Profiles of carboxyfluorescein leakage from 
DPPC vesicles (A) and DPPC-DPPG (3:1) vesicles 
(B) by acylpeptides. (A); Hepes buffer (pH 7.6), 
0—42 °C, [peptide]=0.2 jig ml"1, [lipid]=70 }iM. 
(B); Hepes buffer (pH 7.6), 0—42 °C, [peptide]=0.5 
jigml"1 or [PM-B]=1 jig ml"1, [lipid]=70 }iM. 

Table 2. Antibacterial Activity of Acylpeptides, PM-B and GSa) 

Organism 

S. aureus FDA 209P 
S. aureus 1840 
S.subtilis PC 219 
E. coli O- l l l 
S. flexneri EW-10 
S. sonnei EW-33 
P. vulgaris IF03988 

1 

6.25 
6.25 
3.13 

>100 
50 

>100 
>100 

Minimum 

2 

6.25 
12.5 
6.25 

100 
25 
25 

>100 

inhibitory concentration/jig ml"1 

3 

50 
50 
25 

>100 
100 

>100 
>100 

4 

>100 
>100 

100 
>100 
>100 
>100 
>100 

PM-B 

>50 
>50 

6.25 
1.56 
0.39 
0.78 

>50 

GS 

3.13 
3.13 
3.13 

>100 
3.13 

100 
>100 

a) Medium: trypticase soy agar. Inoculum: 5 \L\ of a bacterial suspension containing 107 

CFU ml"1. 
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bilayers is different from that of 1 and 2. Under the 
conditions tested, PM-B showed a weak dye-leakage 
ability on the whole, as is shown in Fig. 3B. PM-B, 
like 3 and 4, leaked the dye at low temperatures but a 
clear change in the leakage profile at the phase-
transition was observed. 

The antibacterial activities of 1—4, PM-B and GS 
are shown in Table 2. GS, which has a cationic 
amphipathic structure with an antiparallel ß-sheet 
and a ß-turn, is strongly active against Gram-positive 
bacteria. Peptide 1 showed an activity against Gram-
positive bacteria similar to that of GS; the order of the 
activity of the acylpeptides was 1>2>3>4. Peptide 4 
showed no activity against Gram-positive bacteria, 
however. With respect to Gram-negative bacteria, 
only 2 showed something of an activity against S. 
flexneri and S. sonnet. The other peptides showed 
very weak or no activity. It should be noted that the 
antibacterial activity of PM-B is very strong against 
Gram-negative bacteria. Chihara et al. reported that 
the enzymatic removal of the aliphatic side chain from 
Colistin caused it to lose its antibacterial activity,20* 
showing that not only the basic domain in the peptide 
but also the hydrophobic domain is important in the 
activity. Among the PM-family analogs containing 
acetyl to stearoyl groups, the greatest activity against 
Gram-negative bacteria was observed with the octa-
noyl derivative.15) In the present study, the valeryl 
derivative 2 showed the strongest activity among the 
model peptides against Gram-negative bacteria, indi­
cating that the appropriate chain length of acyl 
groups is effective for the antibacterial activity, 
though it is unclear just why the valeryl group is 
effective. The activity may be related to the slightly 
unusual behavior of 2 in CD and to the lack of any 
release of dye at temperatures below the phase-
transition of lipid, as has been described above. In 
the cases of 3 and 4, which have decanoyl and palmi-
toyl groups respectively, these long acyl groups may 
strongly interact with the lipid membrane, in view of 
the a-helical formation by CD and the release of dye at 
low temperatures shown by the leakage experiment. 
In particular, it is likely that the palmitoyl group in 4 
penetrates into the lipid bilayers and acts as a constitu­

ent of the bilayers to make the bilayers stable, because 
the leakage and antibacterial abilities of 4 were weak 
in spite of its strong interaction with the lipid 
bilayers. 

In order to confirm the above view, we compared 
the effects of 1 and 4 on the thermotropic properties of 
DPPC by means of DSC measurements. The results 
are shown in Fig. 4. Two tracings (4A and 4D) were 
obtained with only DPPC vesicles dispersed in the Tes 
buffer (pH 7.4). The tracings marked 4B and 4C were 
obtained in the presence of 1 and 4 respectively in a 
molar ratio of 70:1 of DPPC to the peptide, those in 
4E and 4F being gained in the presence of an increas­
ing amount of the peptides (molar ratio of DPPC to 
the peptide, 10:1). In all cases except F, the Tm of the 
main peak remained essentially unaltered, although 
ATi/2 became broader at high peptide-to-lipid ratios 
and with an increase in the length of the acyl chain of 
the peptides, as is shown in Table 3. The calculated 
AH value for the endothermic peak in each case is also 
shown in Table 3. Neither peptide caused any per­
turbation of the lipid-molecule packing of the bulk 
lipid, because there was no decrease or increase in Tm. 

A charge interaction between the hydrophilic part 
in the peptide and the head group in phospholipid 
stabilizes membranes, while a hydrophobic interac­
tion between the hydrophobic part in peptide and the 
acyl chain in phospholipid perturbs them.21) With 
respect to 1 a slight increase and a slight decrease in 
àH were observed in molar ratios of 70:1 and 10:1 
respectively of DPPC to 1. This result indicates that 
the charge interaction between 1 and the DPPC head 
group acted to stabilize the membrane structure, with­
out any change of Tm in low peptide-to-lipid ratios, 
while both the charge and hydrophobic interactions 
caused a slight destabilization in the membrane in 
high peptide-to-lipid ratios. With respect to 4, the 
AH was slightly reduced at 70:1 of DPPC to 4, and 
there was no peak at 10:1. This observation imply-
ies that, although the acyl group in 4 strongly inte­
racted with the acyl chain in DPPC to show a stabiliz­
ing effect for the membrane, the membrane seems to 
be fluid at high peptide-to-lipid ratios, resulting in 
showing no phase-transition temperature. 

Papahadjopoulos et al. reported that the embedded 

Table 3. Effects of 1 and 4 on Thermotropic 
Property of DPPC 

4535 

Temperature/°C 

Fig. 4. DSC of DPPC in the absence and presence of 
acylpeptides. (B) and (C); [peptide] : [lipid]=l : 70. 
(E) and (F); [peptide] : [lipid]=l : 10. 

[DPPC] : [peptide]=70:1 
Without peptide 

1 
4 

[DPPC]:[peptide]=10:l 
Without peptide 

1 
4 

7V°C 

39.5 
39.6 
39.5 

40.1 
40.1 

A 7 W ° C AH/kJmol" 1 

1.0 
1.3 
1.6 

1.2 
1.6 

31.8 
34.7 
29.3 

31.0 
26.8 

No peak appeared 
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or penetrated proteins or polypeptides in l ipid bilay-
ers caused an enthalpy change in the transit ion and 
fluidization of bilayers, bu t did no t change the transi­
t ion temperature appreciably.21) Therefore, it is 
likely that 1 and 4 also interacted with the hydro­
phobic par t of the membrane by penetrat ion. T h i s is 
consistent with the previous findings that the hydro-
phi l ic side of 1 in the helix interacts with the acidic 
moiety of phospho l ip id in the membrane and that the 
hydrophobic side is immersed in to the membrane 
shallowly and horizontally. 13>21> T h e lack of antibac­
terial activity of 4 may be correlated to the stabilizing 
effect for the membrane induced by the penetrat ion of 
the acyl g roup into the membrane to compensate for 
the destabilizing effect of the hydrophobic par t of the 
peptide in the helix. 

We wish to thank Associate Professor Hiroshi 
Nishikawa of Fukuoka University for the CD mea­
surement and the staff of Takeda Chemical Ind., Ltd., 
for the microbial assay. 
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Diastereoselective Reduction of a,a-Difluoro ß-Hydroxy Ketones 
to syn- and anti-2,2-Difluoro-l,3-diols 
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While reduction of a,a-difluoro j3-hydroxy ketones with diisobutylaluminium hydride gave a mixture of 
syn- and anti-diols in various ratios, the reduction in the presence of zinc bromide or zinc chloride-A/^A/^A/^iV-
tetramethylethylenediamine was highly selective and gave s;yn-2,2-difluoro-l,3-diols predominantly, anti-2,2-
Difluoro-l,3-diols were obtained by the reduction of a,a:-difluoro ß-hydroxy ketones with aluminium 
isopropoxide. 

Fluor ine-conta ining compounds have a u n i q u e 
chemical a n d / o r biochemical properties and synthesis 
of f luorine-containing analogs of na tura l compounds 
is very interesting subject for not only organofluorine 
chemistry but also medicinal chemistry.1) For this 
purpose , the fluorinated bu i ld ing blocks in an 
enant iomerical ly a n d / o r a diastereomerically pu re 
form are earnestly desired.2>3> O n the other hand , 
stereoselective construction of the 1,3-diol system is 
one of the most impor tan t problems because this 
system is a fundamental un i t contained in many 
natural ly occurr ing compounds,4) and, therefore, 
f luorinated polyols are considered to be attractive 
target molecules. Recently, we reported the 
convent ional method to obtain a ,a-dif luoro ß-
hydroxy ketones.5) Stereoselective reduction of this 
ketones is expected to give the 2,2-difluorinated syn-
a n d / o r anti-l,3-diols. T h i s type of c o m p o u n d s have 
two fluorine a toms adjacent to the hydroxyl g roup , 
and the chemical property of the hydroxyl g roup is 
expected to be different from that in the non-
fluorinated counterparts . 

Stereoselective reduction of ß-hydroxy ketones has 
been studied well and, in general, 5)m-l,3-diols6) are 
obta ined th rough chelat ion-control led reduction,7 - 1 0) 

whereas anti-l,3-diols6) are obtained th rough the 
intramolecular reduction.7 '11 '12) T h i s stereochemical 
selectivity applies also to the reduction of ß-tri-
fluoromethylated ß-hydroxy ketones.13) 

T h e diastereoselective reduction of a,a-dif luoro ß-
hydroxy ketones 1, however, turned out not to be the 
simple case. 

For example, reduction of the ketones 1 wi th 
d i i sobu ty la lumin ium hydride (DIBAL-H: reagent for 
the 5)m-reduction8)) did not necessarily give the 
corresponding syn-diols wi th h igh selectivity and, on 
the contrary, the corresponding anJz-diols were 
obtained in some cases as the major products . We 
speculated an addi t ional effect due to a-fluorine and 
intended to establish methods for synthesizing 2,2-
difluorinated syn- and an£z-l,3-diols with h igh 
stereoselectivity. 

Results and Discussion 

Synthesis of s;yn-l,3-Diols. T h e reduction of the 
ketones 1 us ing DIBAL-H (3 equiv) at —78 °C was first 
studied (Table 1). T h e chemical yields of diols 2 
were almost quant i ta t ive but the reaction did not 
proceed highly diastereoselectively. an£z-Diols 2anti 

Table 1. Reduction of Aldols 1 with DIBAL-H (Conditions A)a) 

Entry ~ 

1 
2 
3 
4 
5e) 

6 
7 
8 
9 
10 
U e ) 

lor 3b 

R1 

CH3(CH2)2 
(£)-CH 3CH=CH 
(£)-CH 3CH=CH 
Ph 

CH3(CH2)2 
(CH3)2CH 
(CH3)3C 
(£)-CH 3CH=CH 
Ph 

lc 

lh 

R2 

Ph 
Ph 
Ph 
Ph 

CH 3(CH 2) 5 

CH 3(CH 2) 5 

CH 3(CH 2) 5 

CH 3(CH 2) 5 

CH 3(CH 2) 5 

(la) 
(lb) 
(3b) 
(lc) 

(Id) 
(le) 
(If) 
(lg) 
(lh) 

Yield/%b) 

2a 
2b 
2bd) 

2c 
2c 
2d 
2e 
2f 
2g 
2h 
2h 

98 
93 
99 
99 
100 
97 
100 
100 
97 
95 
100 

2 

Syn/Antic) 

13/ 87 
31/ 69 
77/ 23 
0/100 

43/ 57 
46/ 54 
47/ 53 
51/ 49 
73/ 27 
25/ 75 
82/ 18 

a) All the reductions were carried out with 3 equiv of DIBAL-H in a THF-hexane mixture at 
—78 °C, unless otherwise stated, b) The yields refer to pure isolated products, c) The syn/ 
and ratio was determined by 19F NMR. d) Isolated after alkaline hydrolysis, e) Carried out 
at room temperature. 
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OH O OH OH 

R1 X R 2 (Conditions A) R 1 ^ ^ R 2 R1 

OH OH 

syn 

were obtained preferentially in some cases in contrast 
to the DIBAL-H reduction of fluorine-free counter­
parts.8) The stereochemical outcome is hardly 
explained by the normal chelated transition state 
models, and thus the selectivity reversal should be 
attributed to a new type of substituent effect due to a-
fluorines. However, whatever the effect may be, it is 
not so striking, since the formation of syn-diols 
prevailed at room temperature (Table 1, Entries 5 and 
11). 

When (£)-3-acetoxy-2,2-difluoro-1 -pheny 1-4-hexen-
l-one14> (3b) was reduced with DIBAL-H (2 equiv) in 
THF at — 78 °C, the corresponding diol 2b was ob­
tained in a quantitative yield with a syn/anti ratio of 
77:23 after saponification (Table 1, Entry 3). 
Similar syn/anti ratio (79:21) was observed when the 
reduction of 3b was carried out in the presence of zinc 
chloride-A^A^A/^A^-tetramethylethylenediamine 
(TMEDA) complex (Table 2, Entry 5). These results 
suggest that an open-chain model is not suitable to 
explain the results of the reduction of 1 with DIBAL-
H. 

We tentatively propose a following mechanism. A 
6-membered cyclic chelated transition state containing 
0(carbonyl)-Al-0(hydroxyl) is formed as usual. 
Since the van der Waals radius of fluorine is similar to 
that of hydrogen,15) the steric effects in the 6-
membered cyclic chelate transition state should be 
comparable. A pseudo-axial a-fluorine interacts 
with the aluminium of DIBAL-H, from which 
hydride is delivered. The metal-fluorine interaction 
suggested here is not unprecedented.3'16) 

OH 

AI H 

It was expected that the F-Al interaction might be 
weakened by a Lewis acid and/or a Lewis base 
additive(s) and thus examined the effect of the additive 
like zinc chloride, zinc chloride-TMEDA complex, 
zinc bromide, zinc bromide-TMEDA complex, 
diethylzinc, nickel(II) chloride-TMEDA complex, 
titanium(IV) isopropoxide, tin(II) chloride, tin(IV) 
chloride, triethylaluminium, and 9-borabicyclo-
[3.3.1]non-9-yl triflate. Of these, zinc chloride-
TMEDA complex (Conditions B) and zinc bromide 

R1 

Conditions B or C 
OH OH 

R2 R1 R2 

F F 

1 

F F 

^syn 

Conditions B: DIBAL-H (3 eq.), ZnCI2- TMEDA, THF 
C: DIBAL-H (3 eq.), ZnBr2, THF 

(Conditions C) were the most efficient for the selective 
synthesis of 5)m-diols irrespective of R1 and R2 of the 
fluorinated ß-hydroxy ketones 1 (Tables 2 and 
3). The syn-selectivity did not depend on the 
reaction temperature when zinc salt was added to the 
reduction system. To be noted is that zinc chloride-
TMEDA complex was highly effective for the syn-dio\ 
synthesis, but zinc bromide-TMEDA complex or zinc 
chloride alone was not effective enough. In solution, 
zinc chloride-TMEDA complex is expected to 
dissociate into each component which works as a 
general acid and base17) favoring the syn-diol 
synthesis, that is, the F-Al interaction might be 
weakened or prevented through the coordination of 
zinc chloride to a-fluorine and the coordination of 
TMEDA to aluminium in DIBAL-H may decrease the 
Lewis acidity of DIBAL-H. On the other hand, zinc 
bromide-TMEDA would not dissociate to affect the 
stereoselective reduction. For the reduction of OL,OL-

difluoro-ß-hydroxyalkyl alkyl ketones Id—h to syn-
diols 2d—h, a catalytic amount of zinc chloride-
TMEDA complex was efficient enough (Table 2, 
Entries 9—17) whereas one equivalent of the complex 
was required for aryl ketones la—c (Table 2, Entries 
1—4, 6, and 7). In contrast, one equimolar amount 
of zinc bromide was needed for the reduction of both 
types of substrates (Table 3). 

Synthesis of an£i-l,3-Diols. The Wagner-Meerwein-
Ponndorf-Verley reduction18) of 1 was first studied. 
The reduction using 1.1 equivalents of aluminium 
isopropoxide proceeded smoothly in benzene at room 
temperature to give an£z-l,3-diols, as expected,7) in 
almost quantitative yields with high selectivity (Table 
4). The selectivity became worse at higher reaction 
temperature or with an excess amount of the 
reagent. This suggests that the reduction proceeds 

OH o 
(/-PrO)3AI 

PhH, rt 
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Table 2. Reduction of Aldols 1 with DIBAL-H and ZnCl2-TMEDA (Conditions B)a) 

Entry 

id) 

2e) 
3d) 

4«) 
5d) 

6d) 
7e) 

8d,g) 

9d) 

10e) 

ll d ) 

12 e ) 

13 d ) 

14 d ) 

15e) 

16 d ) 

17 e ) 

18d,g) 

lor3b 

R1 

CH3(CH2)2 

(£)-CH 3CH=CH 

(£)-CH 3CH=CH 
Ph 

CH3(CH2)2 

(CH3)2CH 

(CH3)3C 
(£)-CH 3CH=CH 

Ph 

la 

lb 

le 
le 

ld 

le 

1g 

lh 
lh 

R2 

Ph 

Ph 

Ph 
Ph 

CH3(CH2)5 

CH3(CH2)5 

CH3(CH 2) 5 

CH3(CH2)5 

CH3(CH2)5 

(la) 

(lb) 

(3b) 
(le) 

(ld) 

(le) 

(lf) 

(1g) 

(lh) 

Yield/%b) 

2a 
2a 
2b 
2b 
2btJ 

2c 
2c 
2c 
2d 
2d 
2e 
2e 
2f 
2g 
2g 
2h 
2h 
2h 

98 
98 
99 
90 
100 
98 
98 
99 
93 
92 
99 
100 
100 
91 
100 
100 
100 
98 

2 

Syn/Antic) 

91/ 9 
68/ 32 
96/ 4 
89/ 11 
79/ 21 
80/ 20 
61/ 39 
81/ 19 
92/ 8 
92/ 8 
88/ 12 
87/ 13 
77/ 23 
94/ 6 
94/ 6 
92/ 8 
94/ 6 
86/ 14 

a) All the reactions were performed at —78 °C, unless otherwise stated, b) The yields refer to 
pure isolated products, c) The syn/anti ratio was determined by 19F NMR. d) The amount 
of ZnCl2-TMEDA complex used was 1.0 equiv. e) A catalytic amount (0.1 equiv) of ZnCh-
TMEDA was used, f) Isolated after alkaline hydrolysis, g) Performed at room temperature. 

Table 3. Reduction of Aldols 1 with DIBAL-H and ZnBr2 (Conditions C)a) 

Entry 

1 
2 
3 
4d) 

5 
6 
7 
8d) 

R1 

CH 3(CH 2) 2 

(£)-CH3CH= 
Ph 

CH 3(CH 2) 2 

(£)-CH3CH= 
Ph 

=CH 

=CH 

1 

lc 

lh 

R2 

Ph 
Ph 
Ph 

CH 3(CH 2) 5 

CH 3(CH 2) 5 

CH 3(CH 2) 5 

(la) 
(lb) 
(lc) 

(ld) 
(lg) 
(lh) 

Yield/%b) 

2a 
2b 
2c 
2c 
2d 
2g 
2h 
2h 

98 
98 
100 
98 
97 
98 
100 
97 

2 

Syn/Antic) 

78/22 
88/12 
84/16 
85/15 
86/14 
95/ 5 
95/ 5 
90/10 

a) All the reactions were effected using one equiv. of zinc bromide at —78 °C, unless otherwise 
stated, b) The yields refer to pure isolated products, c) The ratio syn/anti was determined 
by 19F NMR. d) Conducted at room temperature. 

Table 4. Reduction of Aldols 1 with Aluminium Isopropoxide 

Entry 

1 
2 
3 
4 
5 
6 
7 

1 

R1 

CH 3(CH 2) 2 

(£)-CH3CH=CH 
Ph 
CH 3(CH 2) 2 

(CH3)2CH 
(£)-CH3CH=CH 
Ph 

R2 

Ph 
Ph 
Ph 

CH3(CH2)5 

CH3(CH2)5 

CH3(CH2)5 

CH3(CH2)5 

(la) 
(lb) 
(lc) 
(ld) 
(le) 
(lg) 
(lh) 

Yield/%a) 

2a 
2b 
2c 
2d 
2e 
2g 
2h 

98 
95 
91 
99 
92 
93 
95 

2 

Syn/Antib) 

11/ 89 
8/ 92 
0/100 
9/ 91 
0/100 
5/ 95 
0/100 

a) The yields refer to pure isolated products, b) The syn/anti ratio was determined by 
19FNMR. 

intramolecularly. T h e reduct ion of 1 wi th tetra-
b u t y l a m m o n i u m tr iacetoxyhydroborate u ) in acetic 
acid gave a complex mixture of products . 

Experimental 

EM-390, XL-200, or JEOL JNM-PMX60SI spectrometer 
using tetramethylsilane as an internal standard and 
19F NMR spectra with a JEOL FX90Q spectrometer using 
trichlorofluoromethane as an internal standard. IR data 
were taken as a neat liquid film, unless otherwise noted, on a 
Shimadzu IR-400 or JASCO IR-810 spectrometer. Mass 

General. *HNMR spectra were recorded with a Varian spectra (MS) were obtained by using a Shimadzu QPIOOO 
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GC-mass spectrometer at 25 eV. Column chromatography 
was carried out with silica gel (Wakogel C-200) at an 
atmospheric pressure. 

All chemicals were of reagent grade and used without 
further purification. Solvents were distilled and, if 
necessary, were purified in the usual manner prior to use. 

The ratios of syn-dio\ 2syn to anti-diol 2anti were 
determined by 19FNMR analysis of the reaction products 
before isolation by silica-gel column chromatog­
raphy. The structures of the diols 2 were confirmed by the 
splitting patterns and the coupling constants in 1 HNMR 
(200 MHz) and 19FNMR (84.25 MHz) spectra of the 
acetonides 4 of the diols, which were obtained via 
acetalization of 2 with 2,2-dimethoxypropane. 

General Procedure for the Reduction of 1 with DIBAL-H 
(Conditions A). To a solution of 1 (1.00 mmol) in THF (5 
mL) was added a solution of DIBAL-H (1 mol dm -3) in 
hexane (3.0 mL, 3.0 mmol) dropwise at - 7 8 °C or 0 °C under 
an argon atmosphere, and the mixture was stirred for 3 h at 
—78 °C or room temperature, respectively. The reaction 
mixture was poured into a mixture of hydrochloric acid (6 
mol dm - 3 , 5 mL) and a saturated ammonium chloride 
aqueous solution (5 mL), and the resultant was extracted 
with diethyl ether (20 mLX3). The combined extracts were 
dried over anhydrous sodium sulfate and concen­
trated. After the syn- and anti-diol ratio was determined by 
19FNMR, the residue was purified by silica-gel column 
chromatography to give a mixture of syn- and anti-diol 
2. The results are summarized in Table 1. 

General Procedure for the Reduction of 1 with DIBAL-H 
in the Presence of Zinc Chloride-TMEDA Complex (Condi­
tions B). To a mixture of 1 (1.00 mmol) , zinc chloride-
TMEDA complex (0.250 g, 1.00 mmol) and THF (5 mL) was 
added a solution of DIBAL-H (1 mol dm -3) in hexane (3.0 
mL, 3.0 mmol) at —78°C or 0°C under an argon atmo­
sphere, and the resultant was stirred for 6 h at —78 °C or 
room temperature, respectively. Work-up was effected as 
described in the Conditions A. The results are summarized 
in Table 2. 

General Procedure of the Reduction of 1 with DIBAL-H 
in the Presence of Zinc Bromide (Conditions C). The 
reduction was conducted in the same procedure as noted 
above except that zinc bromide (0.248 g, 1.10 mmol) was 
used instead of zinc chloride-TMEDA complex. The 
results are summarized in Table 3. 

Preparation of (E)-3-Acetoxy-2,2-difluoro-l-phenyl-4-
hexen-1-one (3b). To a solution of 4-(dimethylamino)-
pyridine (13 mg, 0.10 mmol), 2,2-difluoro-3-hydroxy-l-
phenyl-4-hexen-l-one (lb) (0.226 g, 1.00 mmol) in 
dichloromethane (5 mL) were added acetic anhydride (0.112 
g, 1.10 mmol) and triethylamine (0.121 g, 1.20 mmol) at 
0°C. The resulting mixture was stirred for 12 h at room 
temperature, and then poured into a mixture of ice and a 
saturated sodium hydrogencarbonate aqueous solution. 
The resultant was extracted with dichloromethane (20 
mLX3) and the combined extracts were dried over 
anhydrous sodium sulfate and concentrated. The title 
compound was obtained by silica-gel column chro­
matography (0.263 g, 98%). IR (neat) 1758, 1703, 1599, 
1581, 1450, 1372, 1283, 1223, 1187, 1119, and 1072 cm"1; 
*HNMR (CDC13) 0=8.1—7.7 (m, 2H), 7.6—7.2 (m, 3H), 
6.2—5.1 (m, 2H), 1.97 (s, 3H), and 1.71 (d, /=6.0 Hz, 3H); 
19FNMR (CDCb) ô=-108.24 (dd, /=282.0, 11.0 Hz, IF) and 

-112.68 (dd, /=282.0, 12.2 Hz, IF); MS, m/z (rel intensity) 
225 (M+-Ac, 20), and 105 (100). Found: C, 62.92; H, 
5.31%. Calcd for C14H14F2O3: C, 62.68; H, 5.26%. 

Reduction of 3b with DIBAL-H (Conditions A). A solution 
of DIBAL-H (1 mol dm"3) in hexane (2.0 mL, 2.0 mmol) was 
added to the mixture of 3b (0.284 g, 1.0 mmol) and THF (5 
mL) at —78 °C. The resulting mixture was stirred for 3 h at 
the same temperature, and then poured into a mixture of 
hydrochloric acid (6 mol dm - 3 , 5 mL) and a saturated 
ammonium chloride aqueous solution (5 mL). The 
resultant was extracted with diethyl ether (20 mLX3). The 
combined extracts were dried over anhydrous sodium 
sulfate, filtered, and concentrated. The residue was 
saponified with 2 mol dm - 3 KOH and methanol for 12 h at 
room temperature. After evaporation of methanol, the 
residue was extracted with diethyl ether (20 mLX3). The 
combined extracts were dried over anhydrous sodium 
sulfate, filtered, and concentrated. After the syn-/anti-diol 
ratio was determined by 19F NMR, the residue was purified 
by silica-gel column chromatography to give a mixture of 
syn- and anti-diol 2b. 

Reduction of 3b with DIBAL-H in the Presence of Zinc 
Chloride-TMEDA Complex (Conditions B). As described 
above, 3b (0.284 g, 1.0 mmol) was treated with a solution of 
DIBAL-H (1 mol dm"3) in hexane (2.0 mL, 2.0 mmol) in the 
presence of zinc chloride-TMEDA complex (0.250 g, 1.0 
mmol) in THF (5 mL). After being stirred for 6 h at 
—78 °C, the reaction mixture was poured into a mixture of 
hydrochloric acid (6 mol dm - 3 , 5 mL) and a saturated 
ammonium chloride aqueous solution (5 mL). The 
mixture was extracted with diethyl ether (20 mLX3). The 
combined extracts were dried over anhydrous sodium sulfate 
and concentrated. The residue was hydrolyzed with 2 
mol dm - 3 KOH and methanol for 12 h at room tem­
perature. After evaporation of methanol, the residue was 
extracted with diethyl ether (20 mLX3). The combined 
extracts were dried over anhydrous sodium sulfate, filtered, 
and concentrated. After the syn-/anti-diol ratio was 
determined by 19F NMR, the residue was purified by silica-
gel column chromatography to give a mixture of syn- and 
anti-diol 2b. 

Reduction of 5,5-Difluoro-4-hydroxy-6-dodecanone (Id) 
with Aluminiun Isopropoxide. A Typical Procedure for 
anti-T>io\ Synthesis. Aluminium isopropoxide (0.214 g, 
1.05 mmol) was dissolved in benzene (5 mL) and to this 
solution was added Id (0.236 g, 1.0 mmol) at room 
temperature. After being stirred for 18 h at room 
temperature, the reaction mixture was poured into a 
mixture of hydrochloric acid (6 mol dm - 3 , 5 mL), a saturated 
ammonium chloride aqueous solution (5 mL) and 
ice. The resultant was extracted with diethyl ether (20 
mLX3). The combined extracts were dried over anhydrous 
sodium sulfate, filtered, and concentrated. The ratio of 
syn- to an^-5,5-difluoro-l,3-dodecanediol was determined 
by 19F NMR before purification. The diol was purified by 
silica-gel column chromatography. 

Spectral data of the diols follow. 
2,2-Difluoro-l-phenyl-l,3-hexanediol (2a): IR (CH2CI2) 

3582, 3390, 2962, 2932, 1200, 1177, 1109, 1085, 1058, 1038, and 
1028 cm"1 for syn : anti=91:9, 3580, 3378, 3056, 2962, 2932, 
1203, 1177, 1109, 1086, 1059, and 1028 cm"1 for syn: 
an t i= l l :89 ; *H NMR (CDCI3) ô=7.28 (s, 5H), 5.00 (ddd, 
7=13.4, 13.4, 3.2 Hz, 1H), 4.1—3.2 (m, 1H), 3.2—2.8 (br s, 
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1H), 2.2 (br d, 7=7.2 Hz, 1H), 2.0—1.2 (m, 4H), and 0.90 (t, 
7=5.8 Hz, 3H) for 2asyn, 7.26 (s, 5H), 4.99 (ddd, 7=12.2, 9.8, 
4.2 Hz, 1H), 4.3—3.7 (br s, 1H), 3.7—3.4 (br s, 1H), 2.79 (br d, 
7=5.4 Hz, 1H), 1.9—1.2 (m, 4H), and 1.1—0.7 (m, 3H) for 
2aami; 19FNMR (CDC13) ô=-120.00 (d, 7=255.1 Hz, IF) and 
-129.23 (ddd, 7=255.1, 13.4, 13.4 Hz, IF) for 2asyn, -122.02 
(ddd, 7=12.2, 9.8, 9.8 Hz, 2F) for 2aanti; MS, m/z (rel inten­
sity) 230 (M+, 0.5), 212 (0.8), 107 (100). Found: C, 62.83; H, 
7.18%. Calcd for G2H16F2O2: C, 62.60; H, 7.00%. 

(£)-2,2-Difluoro-l-phenyl-4-hexene-l,3-diol (2b): IR 
(CH2CI2) 3350, 3062, 3032, 2916, 1672, 1495, 1455,1380, 1198, 
1126, 1083, 1052, 1029, 1010, and 968 cm"1 for syn: 
anti=96:4, 3326, 3034, 2948, 2916, 1673, 1496, 1456, 1439, 
1393,1351,1241,1202,1175, 1125,1088,1056,1029,1003, and 
966 cm"1 for syn : anti=8 :92; ^ N M R (CDCI3) ô=7.29 (s, 
5H), 6.1—5.2 (m, 2H), 4.95 (dd, 7=14.6, 9.8 Hz, 1H), 4.16 
(ddd, 7=14.6, 9.8, 6.0 Hz, 1H), 3.2—2.6 (br s, 1H), 2.6—1.9 
(br s, 1H), and 1.69 (d, 7=5.8 Hz, 3H) for 2bsyn, 7.6—7.1 (br s, 
5H), 6.2—5.1 (m, 2H), 4.97 (dd, 7=10.8, 10.8 Hz, 1H), 4.30 
(ddd, 7=10.8, 6.2, 6.2 Hz, 1H), 3.5—2.3 (br s, 2H), and 1.71 
(d, 7=5.0 Hz, 3H) for 2banti;

 19FNMR (CDCb) ô=~l 19.48 
(ddd, 7=254.0, 9.8, 9.8 Hz, IF) and -128.08 (ddd, 7=254.0, 
14.7, 14.7 Hz, IF) for 2bsyn, -120.82 (t, 7=11.2 Hz, 2F) for 
2bami; MS, m/z (rel intensity) 210 (M+-H 2 0 , 1.0), 140 (45), 
107 (33), 104 (100), and 71 (19). Found: C, 63.42; H, 
6.33%. Calcd for G2H14F2O2: C, 63.15; H, 6.18%. 

2,2-Difluoro-l,3-diphenyl-l,3-propanediol (2c): IR 
(CH2CI2) 3336, 3054, 1497, 1457, 1088, 1060, and 1023 cm"1 

for syn : anti=80:20, 3294, 3092, 3062, 3034, 3014, 2954, 1496, 
1457, 1395, 1086, and 1024 cm-1 for syn:anti=0:100; 
« N M R (acetone-de) 5=7.6—7.0 (m, 10H) and 5.2—4.6 (m, 
4H) for 2csyn, 7.5—7.0 (m, 10H) and 5.5—4.9 (m, 4H) for 
2canti; 19FNMR (acetone-de) ô=-120.42 (ddd, 7=251.5, 11.0, 
11.0 Hz, IF) and -125.77 (ddd, 7=251.5, 13.4, 13.4 Hz, IF) for 
2csyn, -120.81 (dd, 7=11.0, 11.0 Hz, 2F) for 2canti; MS, m/z 
(rel intensity) 264 (M+, 0.2), 256 (1), 140 (100), and 107 
(32). Found: C, 68.35; H, 5.52%. Calcd for G5H14F2O2: C, 
68.17; H, 5.34%. 

5,5-Difluoro-4,6-dodecanediol (2d): IR (CH2CI2) 3248, 
2922, 2856, 1468, 1402, 1377, 1359, 1326, 1297, 1280, 1235, 
1094, 1041, 1022, and 994 cm"1 for syn : anti=92:8; 3278, 
2956, 2928, 1468,1235, 1211, 1122,1110, 1051,1040,1022, and 
965 cm"1 for syn:anti=9:91; « N M R (CDCI3) 4.3—3.4 (br 
s, 1H), 3.2—2.7 (br s, 1H), 2.0—1.1 (m, 14H), and 0.94 (t, 
7=7.4 Hz, 3H) for 2dsyn, 4.3—3.4 (br s, 1H), 2.8—2.2 (br s, 
1H), 1.9—1.1 (m, 14H), 0.94 (t, 7=5.6 Hz, 3H), and 0.84 (t, 
7=4.8 Hz, 3H) for 2danti;

 19FNMR (CDCI3) ô=~l 19.43 (ddd, 
7=256.4, 7.3, 7.3 Hz, IF) and -130.92 (ddd, 7=256.4, 17.1, 
17.1 Hz, IF) for 2dsyn, -124.79 (dd, 7=11.0, 11.0 Hz, 2F) for 
2danti; MS, m/z (rel intensity) 238 (M+, 0.5), 115 (42), 97 (82), 
and 73 (100). Found: C, 60.55; H, 10.21%. Calcd for 
C12H24F2O2: C, 60.48; H, 10.15%. 

4,4-Difluoro-2-methyl-3,5-undecanediol (2e): IR (CH2CI2) 
3360, 2856, 2926, 1468, 1211, 1182, 1120, 1088, and 1023 cm"1 

for syn : anti=88:12; 3296, 2956, 2922,1476, 1470, 1214, 1126, 
1110, 1089, 1062, and 1052 cm"1 for syn:anti=0:100; 
« N M R (CDCI3) 0=4.2—3.3 (m, 2H), 3.1—2.6 (m, 2H), 
2.4—1.8 (m, 1H), 1.8—1.2 (m, 10H), and 1.2—0.7 (m, 9H) for 
2esyn, 4 .2-3.3 (m, 2H), 2.6-2.2 (m, 2H), 2.2-1.8 (m, 
1H), 1.8—1.1 (m, 10H), 0.97 (d, 7=7.0 Hz, 6H), and 0.91 (t, 
7=5.4 Hz, 3H) for 2eanti;

 19FNMR (CDCI3) ô=-117.19 (dt, 
7=258.80, 6.1 Hz, IF) and -128.04 (dt, 7=258.8, 18.3 Hz, IF) 
for 2esyn, -122.39 (dd, 7=24.4, 9.8 Hz, 2F) for 2eanti; MS, m/z 

(rel intensity) 195 (M+-/-Pr, 24) and 73 (100). Found: C, 
60.53; H, 10.25%. Calcd for C12H24F2O2: C, 60.48; H, 
10.15%. 

4,4-Difluoro-2,2-dimethyl-3,5-undecanediol (2£): IR 
(CH2CI2) 3360, 2956, 2926, 1468, 1069, and 1019 cm-1 for 
syn :anti=77 :23; « N M R (CDCI3) 5=4.2—3.2 (m, 2H), 
2.9—2.4 (m, 2H), 2.0—1.2 (m, 10H), and 1.2—0.8 (m, 12H) 
for 2fsyn;

 19FNMR (CDCI3) ô=~l 12.88 (d, 7=256.4 Hz, IF) 
and -128.18 (ddd, 7=256.4, 23.2, 13.4 Hz, IF) for 2fsyn, 
-117.32 (dd, 7=260.0,15.9 Hz, IF) and-122.48 (dd, 7=260.0, 
24.4 Hz, IF) for 2fanti; MS, m/z (rel intensity) 197 
(M+-2H 2 0, F, 10) and 87 (100). Found: C, 62.01; H, 
10.43%. Calcd for C13H26F2O2: C, 61.88; H, 10.39%. 

(£)-5,5-Difluoro-2-dodecene-4,6-diol (2g): IR (CH2C12) 
3356, 2952, 2924, 1458, 1449, 1119, 1080, 1042, and 967 cm"1 

for syn : anti=94:6, 3302, 2950, 2926, 1471, 1203, 1121, 1097, 
1079, 1052, and 1026 cm"1 for syn :anti=5 :95; « N M R 
(CDCI3) 5=6.2—5.2 (m, 2H), 4.7—3.4 (m, 2H), 2.6—1.9 (br s, 
2H), 1.9—1.1 (m, 10H), 1.73 (d, 7=5.2 Hz, 3H), and 0.86 (t, 
7=4.8 Hz, 3H) for 2gsyn, 6.2-5.2 (m, 2H), 4.7-3.4 (m, 2H), 
3.1—2.4 (br s, 2H), 1.9—1.1 (m, 10H), 1.75 (d, 7=5.6 Hz, 3H), 
and 0.87 (t, 7=5.0 Hz, 3H) for 2ganti;

 19FNMR (CDCI3) 
ô=-119.80 (d, 7=255.1 Hz, IF) and -129.70 (ddd, 7=255.1, 
15.9, 14.7 Hz, IF) for 2gsyn, -123.39 (ddd, 7=13.4, 9.8, 8.6 Hz, 
2F) for 2ganti; MS, m/z (rel intensity) 236 (M+, 0.05), 115 (12), 
and 71 (100). Found: C, 61.23; H, 9.51%. Calcd for 
C12H22F2O2: C, 61.00; H , 9.38%. 

2,2-Difluoro-l-phenyl-l,3-nonanediol (2h): IR (CH2C12) 
3298, 2954,2926,1467, 1455,1193,1116,1081,1046,1027, and 
1004 cm"1 for syn : anti=92 :8, 3350, 2946, 2924, 1469, 1458, 
1174, 1119, 1085, and 1047 cm"1 for syn : anti=5 :95; 
« N M R (CDCI3) 0=7.26 (s, 5H), 4.98 (dd, 7=18.3, 18.3 Hz, 
IH), 4.1—3.2 (m, 1H), 3.1—2.8 (br s, 1H), 2.08 (br d, 7=7.4 
Hz, IH), 1.9—1.0 (m, 10H), and 0.83 (t, 7=4.8 Hz, 3H) for 
2hsyn, 7.5—7.1 (m, 5H), 5.4—4.7 (m, 2H), 4.5—3.7 (m, 2H), 
1.8—1.0 (m, 10H), and 0.87 (t, 7=4.8 Hz, 3H) for 2hanti; 
19FNMR (CDCI3) ô=—120.16 (d, 7=260.0 Hz, IF) and 
-129.30 (ddd, 7=260.0, 18.3, 18.3 Hz, IF) for 2hsyn, -121.84 
(dd, 7=13.4, 23.2 Hz, 2F) for 2hanti; MS, m/z (rel intensity) 
272 (M+, 0.1), 254 (0.5), and 107 (100). Found: C, 66.33; H, 
8.24%. Calcd for C15H22F2O2: C, 66.16; H, 8.14%. 

Dimethyl Acetal (4h) of 2h: In a 50-mL one-necked flask 
equipped with a magnetic stirrer bar and a refluxing 
condenser with an inlet tube for argon, were placed 2h (0.272 
g, 1.0 mmol), jfc>-toluenesulfonic acid monohydrate (0.020 g, 
0.11 mmol), 2,2-dimethoxypropane (1.04 g, 10.0 mmol), and 
T H F (5 mL). The mixture was heated at reflux tem­
perature for 24 h, cooled to room temperature. The 
reaction mixture was poured into a saturated sodium 
hydrogencarbonate aqueous solution (10 mL), and extracted 
with diethyl ether (20 mLX3). The combined extracts were 
dried over anhydrous sodium sulfate, filtered, and con­
centrated. The residue was purified by silica-gel column 
chromatography to give 4h (0.302 g, 97% yield): IR (neat) 
2986, 2952, 2926, 1378, 1244, 1227, 1197, 1171, 1122, 1098, 
1061, and 1032 cm"1 for the 1,3-anti isomer; ^ N M R 
(CDCI3, 200 MHz) 0=7.6-7.3 (m, 5H), 4.95 (dd, 7=23.2, 2.0 
Hz, 1H), 4.00 (ddd, 7=23.2, 8.0, 3.5 Hz, 1H), 1.9—1.6 (m, 
2H), 1.62 (s, 3H), 1.57 (s, 3H), 1.4—1.2 (m, 8H), and 0.91 (t, 
7=6.0 Hz, 3H) for the 1,3-syn isomer, 7.6—7.3 (m, 5H), 4.98 
(dd, 7=18.3, 9.8 Hz, 1H), 3.97 (dddd, 7=18.3, 9.8, 9.8, 4.6 Hz, 
1H), 1.9—1.6 (m, 2H), 1.51 (s, 3H), 1.47 (s, 3H), 1.4—1.2 (m, 
8H), and 0.92 (t, 7=6.0 Hz, 3H) for the 1,3-anti isomer; 
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19FNMR (CDCla) ô=—121.34 (d, 7=247.8 Hz, IF) and 
-136.10 (dt, 7=247.8, 23.2 Hz, IF) for the 1,3-syn isomer, 
-113.56 (ddd, /=236.8, 18.3, 9.8 Hz, IF) and -118.05 (ddd, 
7=236.8, 18.3, 9.8 Hz, IF) for the 1,3-anti isomer; MS, m/z 
(rel intensity) 297 (M+ -Me, 2.5), 107 (100), and 60 (92). 

Dimethyl acetal (4c) of 2c was prepared in a similar 
manner. 4c: IR (neat) 1261, 1226, 1097, 1069, 1055, and 1029 
cm"1 for the 1,3-anti isomer; *HNMR (CDCI3, 200 MHz) 
0=7.6—7.3 (m, 10H), 5.15 (dd, 7=22.0, 2.0 Hz, 2H), 1.75 (s, 
3H), and 1.71 (s, 3H) for the 1,3-syn isomer, 7.6—7.4 (m, 
10H), 5.17 (t, 7=14.7 Hz, 2H), and 1.61 (s, 6H) for the 1,3-
anti isomer; ^FNMR (CDCI3) ô=—119.17 (d, 7=251.5 Hz, 
IF) and -133.00 (dt, 7=251.5, 22.0 Hz, IF) for the 1,3-syn 
isomer, —111.44 (t, 7=14.7 Hz, 2F) for the 1,3-anti isomer; 
MS, m/z (rel intensity) 304 (M+, 0.1) and 140 (100). 

Jna-Fa=Jnb-Fa= 2-0 H z Jna-Fa=Jnb-Fa=l4-7 H z 

Jna-Fb=Jnb.Fb=22-0 H z Jna-Fb=Jnb-Fb=14-7 H z 

JHa-Fb=JHb-Fb=23-2 H z 
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of N, iV-Dialky 1-2,3,3,3-tetrafluoropropanamides1) 

Manabu KUROBOSHI and Takashi ISHIHARA* 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
(Received November 25, 1989) 

Successive treatment of N,N-dialkyl-2,3,3,3-tetrafluoropropanamide with dibutylboryl triflate at 0°C and 
with ethyldiisopropylamine at —10 °C resulted in clean formation of the boryl enolate of the amide, which 
readily reacted with various aldehydes to give the corresponding 2-fluoro-3-hydroxy-2-trifluoromethyl-
alkanamides with high threo-selectivity and in good yields. 

Introduction of a fluorine and/or perfluoroalkyl 
(Rf) group into organic compounds often brings 
about their unique properties, particularly biological 
and physiological activities, and hence a variety of 
fluorine-containing pharmaceuticals and agrochemi-
cals have been synthesized.2) In this connection, 
there are many studies directed towards the develop­
ment and applications of various types of fluorinated 
building blocks.3* Recent reports demonstrated that 
monofluoro4) and difluoro enolates5) of carbonyl com­
pounds are very intriguing in their high versatilities 
in organic synthesis.6) The enolates carrying an Rf 
group, especially trifluoromethyl, on the carbon ter­
minus in their ambident anionic structure should be 
one of the most potent candidates for synthesizing 
biochemically interesting compounds. However, 
only a few examples dealing with such species have 
hitherto appeared in the literature.7) As part of our 
continuing efforts to extend the chemistry of fluori­
nated enolates,5a'b'e'8> we intended to develop the 
method for the generation of metal enolates of N,N-
dialkyl-2,3,3,3-tetrafluoropropanamides (1). In this 
paper, we wish to disclose the results on the boryl 
enolates of 1 as well as their aldol reaction with 
carbonyl compounds leading predominantly to threo-
2-fluoro-3-hydroxy-2-trifluoromethylalkanamides 
(4)-9> 

Results and Discussion 

The starting amides la and lb could easily be pre­
pared in high yields by alkaline hydrolysis of an 

Table 

Compound 

la 

3a 

2a 

1. 19F NMR Data of the Amide la 
and the Enolate 2a 

<5cF3
a) <5cFa) 

-75.7 -199.4 
(dd, /=12.2, 6.1 Hz) (dq, /=45.2, 12.2 Hz) 

-75.4 -200.1 
(dd, 7=13.4, 6.1 Hz) (dq, /=45.2, 13.4 Hz) 

-70.4 -201.2 
(d, /=12.2 Hz) (q, 7=12.2 Hz) 

a) Expressed in ppm downfield from internal CFCI3. 

adductn) of hexafluoropropene and diethylamine or 
piperidine. When the amide la was treated with 
butyllithium or lithium diisopropylamide at low 
temperature (—78 °C), a very complex mixture of prod­
ucts resulted probably from ^-elimination of fluoride 
ion from a transient lithium enolate followed by 
further side-reactions.12) 

This undesirable ß-elimination would be sup­
pressed by increasing covalency of a bond between the 
enolate oxygen and a counter metal, which may 
render the enolate stable. A more important factor to 
prevent the ^-elimination would be that the counter 
metal coordinates strongly to the amide carbonyl oxy­
gen in precedence to a-deprotonation with a base. 
These considerations led us to examine the reaction of 
1 using dibutylboryl triflate capable of effectively in­
teracting with an oxygen moiety.13) Thus, sequential 
treatment of la with dibutylboryl triflate and ethyldi­
isopropylamine in dichloromethane at 0 to — 10°C 
was found to produce efficiently the desired enolate 2a 

Bu2BOTf 

o+ 

CF3CHF 
II Bu2BOTf II (/-Pr)2NEt CF3 0-BBu2 

NR2 • CF3CHF'^^NR2 *~ / ^ ^ 
F NRo 

a: R = Et 
b: R = -(CH2)5- OH O 

Scheme 1. 
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as a single stereoisomer (Scheme 1). Monitering each 
sequence of this reaction by 19FNMR gave us the 
following observations: The signals of la were 
slightly shifted on addition of dibutylboryl triflate. 
When the amine was added to this reaction mixture, 
both fluorine-hydrogen vicinal (6.1 Hz) and geminal 
(45.2 Hz) couplings disappeared and one set of signals 
appeared as doublet and quartet peaks. These are 
strongly suggestive of the intermediacy of the expected 
species 2a and 3a, whose spectral data are listed in 
Table 1 along with the starting amide la. The E-
geometry of the enolate was determined on the basis of 
the stereochemical outcome in the aldol reaction of 2a, 
which will be discussed later. The enolate 2a was not 
so stable above 0°C. Trimethylsilyl triflate and 9-
borabicyclo[3.3.1]non-9-yl triflate were ineffective for 
the present reaction. Among the tertiary amines 
examined, such as ethyldiisopropylamine, triethyl-
amine, and l,8-diazabicyclo[5.4.0]undec-7-ene, ethyl­
diisopropylamine gave the best results. 

When the enolate 2a thus generated was allowed to 
react with butanal at —10 °C, Af,Af-diethyl-2-fluoro-
3-hydroxy-2-trifluoromethylhexanamide (4a) was 
obtained as a 94:6 mixture of threo and erythro iso­
mer9* in 88% yield (Entry 1). Other aldehydes includ­
ing a,jß-unsaturated and aromatic aldehydes reacted 
smoothly with 2a to afford the corresponding hydroxy 
alkanamides 4 in good to excellent yields and with 
high threo-selectivity.9) Ketones like 3-pentanone or 
cyclohexanone failed to react in spite of the amounts 
of the reagents or the reaction time being varied. The 
amide lb also participated well in the aldol reaction 
under the same reaction conditions (Entry 11). Note­
worthy is the fact that the present aldol reaction 

proceeded efficiently at —10 °C but was extremely 
sluggish at — 78 °C. It should be noted that the 
above-mentioned control of the reaction temperatures 
as well as exact use of molar ratios of the reagents are 
required to carry out the reaction of 2 successfully. 
Table 2 summarizes the results of these reactions. 

The stereochemistry of the hydroxy amides 4 was 
assigned to be threo by converting them into the 
corresponding acetonides 5 (Scheme 2) and analyzing 
their 19F and ^ N M R spectra, since it has been 
reported that the syn fluorine-hydrogen vicinal cou­
plings in 2-fluoro-l,3-diol systems are smaller than 
those in the anti relationship.14) The pertinent fluo­
rine-hydrogen vicinal couplings are shown below for 
the threo isomers of 5a and 5g. 

OH o 1) LAH 
2) NaBH4 

R 1 ' ^ T "NEt2 

F" CF3 

4 

3) Me2C(OMe)2 

p-TsOH 

Scheme 2. 

It has been well recognized15* that the aldol reactions 
of boryl enolates proceed via a chair-like six-
membered cyclic transition state;16) Z-enolate gives 
erythro-aldols and £-enolate affords threo-aldols ster-
eospecifically. This stereochemical correlation may 
safely be applied to the reaction between the fluori-
nated boryl enolates 2 and carbonyl compounds. 
Thus, the facts that 2 generated in-situ was a single 
geometrical isomer and led to highly preferential for­
mation of the threo isomers 4 enabled us to assign the 
E geometry to the enolate 2. 

JFa-Ha = 14.4Hz 
F̂a-Hb = 26.5 Hz 
F̂a-Hc = 23.5 HZ 

5a 5g 

JF a .H a = 15.2Hz 
JFa.Hb=25.0Hz 
JFa.Hc = 22.2Hz 

Table 2. Aldol Reaction of Amides 1 with Aldehydes 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Amide 

la 

lb 

Aldehyde 

CH3CH2CH2CHO 
(CH3)2CHCHO 
(CH3)3CCHO 
(£)-CH3CH=CHCHO 
(£)-CH3CH=C(CH3)CHO 
(£)-C6H5CH=CHCHO 
CeHsCHO 
p-CH3C6H4CHO 
£-CH3OC6H4CHO 
p-ClCeKUCHO 
CeHsCHO 

Yielda) 

% 
~~^, 

4b, 
4c, 
4d, 
4e, 
4f, 
4g, 
4h, 
4i, 
4j, 
4k, 

88 
86 
74 
85 
82 
86 
84 
78 
82 
76 
89 

Isomer ratiob) 

Threo : Erythro 

94: 6 
92: 8 
85:15 
93: 7 
92: 8 

100: 0 
93: 7 

100: 0 
94: 6 

100: 0 
95: 5 

a) The yields refer to pure isolated products, b) Determined by 19F NMR. 
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Key features of the present reaction are summarized 
as follows: T h e boryl enolates 2 can be generated 
selectively in an E form from readily available N,N-
dialkyl-2,3,3,3-tetrafluoropropanamides (1) and they 
undergo the aldol reaction wi th a wide variety of 
aldehydes wi th h igh threo-selectivity.9) T h i s method 
will serve as a general and effective route to threo-
2-fluoro-3-hydroxy-2-trif luoromethylalkanamides (4), 
which are difficult to prepare by other methods. 

Experimental 

General. *H NMR spectra were recorded with a Varian 
EM-390, XL-200, or a JEOL JNM-PMX60SI spectrometer 
(TMS, 6). 19FNMR spectra were obtained on a JEOL 
FX90Q computer-controlled spectrometer using trichloro-
fluoromethane (CFCI3) as an internal standard. IR spectra 
were taken on a Shimadzu IR-400 or JASCO IR-810 spec­
trometer. Mass spectra were determined by using a 
Shimadzu QP-1000 GC-mass spectrometer at 20 eV. 
Column chromatography was carried out with silica gel 
(Wakogel C-200). 

Solvents were freshly distilled prior to use. Aldehydes 
and ketones were distilled (or vacuum-distilled) from cal­
cium hydride and stored under argon. All other chemicals 
were of reagent grade and, if necessary, were purified by a 
conventional manner. 

Preparation of Amides la and lb. Hexafluoropropene 
(17 ml, 180 mmol) was allowed to react with diethylamine 
(11.0 g, 150 mmol) in diethyl ether (50 ml) according to the 
reported procedure. The resulting crude adduct was 
treated with a saturated aqueous sodium hydrogencarbonate 
(20 ml) under cooling with an ice bath. The mixture was 
extracted with diethyl ether (30 mlX3) and the combined 
extracts were dried over anhydrous sodium sulfate, filtered, 
and concentrated under reduced pressure. The residue was 
subjected to column chromatography on silica gel to give 
la17) (24.7 g, 82%): IR (neat) 1671 ( C O ) cm"1; *HNMR 
(CDCI3) 6=5.28 (dq, /=46.4, 6.1 Hz, 1H), 3.40 (q, /=7.0 Hz, 
4H), 1.25 (t, /=7.0 Hz, 3H), and 1.18 (t, /=7.0 Hz, 3H); 
19FNMR (CDCI3) <5=-75.86 (dd, 7=12.2, 6.1 Hz, 3F) and 
-199.28 (dq, 7=46.4, 12.2 Hz, IF). The amide lb was 
prepared in a similar manner: 92%; *H NMR (CDCI3) 6=5.35 
(dq, 7=32.9, 6.1 Hz, 1H), 3.8—2.9 (br s, 4H), and 1.9—1.4 (br 
s, 6H); 19FNMR (CDCI3) 6=~75.83 (dd, 7=13.4, 6.1 Hz, 3F) 
and -198.8 (dq, 7=32.9, 13.4 Hz, IF). 

Aldol Reaction of Amides 1 with Aldehydes. Typical 
Procedure. To a solution of la (0.201 g, 1.0 mmol) in 
dichloromethane (5 ml) was added a dichloromethane solu­
tion (1 mol dm -3) of dibutylboryl triflate (1.1 ml, 1.1 mmol) 
at 0°C under argon. After 10 min, ethyldiisopropylamine 
(0.155 g, 1.2 mmol) was added to the reaction mixture at 
- 1 0 °C. After stirring for 15 min, butanal (0.080 g, 1.1 
mmol) was added. The resultant mixture was stirred for 30 
min at — 10°C, and poured into a mixture of phosphate 
buffer (pH 7, 4 ml), 30% aqueous hydrogen peroxide (1 ml), 
and ice. After being stirred for 1 h at 0 °C, this mixture was 
added to an aqueous solution of sodium sulfite (1.23 g) and 
stirred at room temperature. The mixture was extracted 
with diethyl ether (30 mlX3). The combined extracts were 
dried over anhydrous sodium sulfate, filtered, and concen­
trated. The crude residue was purified by silica-gel column 

chromatography to give Af,Af-diethyl-2-fluoro-3-hydroxy-2-
trifluoromethylhexanamide (4a) (0.240 g): IR (neat) 3388 
(O-H) and 1639 ( C O ) cm-1; *H NMR (CDCI3) 6=4.40 (br d, 
7=20.8 Hz, 1H), 3.7—3.1 (m, 4H), 2.6 (br s, 1H), 1.8—1.4 (m, 
4H), 1.23 (t, 7=6.4 Hz, 3H), 1.15 (t, 7=6.4 Hz, 3H), and 0.94 
(t, 7=5.4 Hz, 3H); 19FNMR (CDCI3) 6=~72.69 (d, 7=4.9 Hz, 
3F) and -184.43 (dq, 7=20.8, 4.9 Hz, IF); MS m/z (rel 
intensity) 273 (M+, 2.3) and 72 (100). Found: C, 48.54; H, 
7.19; F, 27.65%. Calcd for G1H19F4NO2: C, 48.35; H, 7.01; 
F, 27.81%. 

iV,iV-Diethyl-2-fluoro-3-hydroxy-4-methyl-2-trifluoro-
methylpentanamide (4b): IR (neat) 3426 (O-H) and 1639 
( C O ) cm-1; iH NMR (CDCI3) 6=4.34 (br d, 7=25.6 Nz, 1H), 
3.8—3.1 (m, 4H), 2.4—1.7 (br s, 1H), and 1.4—0.7 (m, 12H); 
19FNMR (CDCI3) <5=-73.10 (d, 7=4.9 Hz, 3F) and -186.82 
(dq, 7=25.6, 4.9 Hz, IF) for the threo isomer, -74.93 (d, 
7=8.6 Hz, 3F) and -172.40 (m, IF) for the erythro isomer; 
MS m/z (rel intensity) 258 (M+-CH3 , 2) and 201 (100). 
Found: C, 48.49; H, 6.92; F, 27.60%. Calcd for C11H19-
F4NO2: C, 48.35; H, 7.01; F, 27.81%. 

iV,iV-Diethyl-2-fluoro-3-hydroxy-4,4-dimethyl-2-trifluoro-
methylpentanamide (4c): IR (neat) 3458 (O-H) and 1638 
( C O ) cm-*; *HNMR (CDCI3) 6=4.42 (d, 7=31.7 Hz, 1H), 
3.8—3.0 (m, 5H), 1.23 (t, 7=6.4 Hz, 3H), 1.13 (t, 7=6.4 Hz, 
3H), and 1.03 (s, 9H); 19F NMR (CDCI3) ô=~72.68 (d, 7=3.67 
Hz, 3F) and -187.56 (dq, 7=31.7, 3.7 Hz, IF) for the threo 
isomer, -75.70 (d, 7=8.5 Hz, 3F) and -168.83 (m, IF) for the 
erythro isomer; MS m/z (rel intensity) 287 (M+, 0.5) and 
57 (100). Found: C, 50.31; H, 7.39; F, 26.62%. Calcd for 
C12H21F4NO2: C, 50.17; H, 7.37; F, 26.45%. 

(£)-N,N-Diethyl-2-fluoro-3-hydroxy-2-trifluoromethyl-4-
hexenamide (4d): IR (neat) 3422 (O-H) and 1639 ( C O ) 
cm-*; iHNMR (CDCI3) 6=6.2—5.1 (m, 2H), 4.85 (dd, 
7=22.0, 6.6 Hz, 1H), 3.7—3.0 (m, 4H), 3.0—2.3 (br s, 1H), 
1.71 (d, 7=5.4 Hz, 3H), 1.22 (t, 7=6.4 Hz, 3H), and 1.14 (t, 
7=6.4 Hz, 3H); 19FNMR (CDCI3) 6=-72.65 (d, 7=4.9 Hz, 
3F) and -183.43 (dq, 7=22.0, 4.9 Hz, IF) for the threo 
isomer, —74.49 (d, 7=7.3 Hz, 3F) for the erythro isomer; MS 
m/z (rel intensity) 271 (M+, 7) and 72 (100). Found: C, 
48.55; H, 6.04; F, 27.83%. Calcd for C11H17F4NO2: C, 48.71; 
H, 6.32; F, 28.02%. 

(£)-N,N-Diethyl-2-fluoro-3-hydroxy-4-methyl-2-trifluoro-
methyl-4-hexenamide (4e): IR (neat) 3436 (O-H) and 1639 
( C O ) cm-*; *HNMR (CDCI3) 6=5.39 (q, 7=6.4 Hz, 1H), 
4.86 (d, 7=25.6 Hz, 1H), 3.7—2.9 (m, 4H), 2.6—1.9 (br s, 1H), 
1.65 (s, 3H), 1.59 (d, 7=6.4 Hz, 3H), 1.17 (t, 7=6.4 Hz, 3H), 
and 1.09 (t, 7=6.4 Hz, 3H); 19FNMR (CDCI3) 6=-72.64 (d, 
7=3.7 Hz, 3F) and -185.27 (dq, 7=25.6, 3.7 Hz, IF) for the 
threo isomer, -75.09 (d, 7=7.3 Hz, 3F) and -174.52 (m, IF) 
for the erythro isomer; MS m/z (rel intensity) 285 (M+, 5) 
and 202 (100). Found: C, 50.68; H, 6.79; F, 26.53%. Calcd 
for C12H19F4NO2: C, 50.52; H, 6.71; F, 26.64%. 

(E)-iV,iV-Diethyl-2-fluoro-3-hydroxy-5-phenyl-2-trifluoro-
methyl-4-pentenamide (4f): IR (neat) 3454 (O-H) and 1638 
( C O ) cm-*; *HNMR (CDCI3) 6=7.20 (s, 5H), 6.66 (d, 
7=16.0 Hz, 1H), 6.09 (dd, 7=16.0, 6.4 Hz, 1H), 5.01 (dd, 
7=19.5, 6.4 Hz, 1H), 3.7—3.1 (m, 4H), 3.1—2.0 (br s, 1H), 
1.16 (t, 7=6.4 Hz, 3H), and 1.05 (t, 7=6.4 Hz, 3H); 19FNMR 
(CDCI3) 6=-72.50 (d, 7=4.9 Hz, 3F) and -182.42 (dq, 
7=19.5,4.9 Hz, IF); MS m/z (rel intensity) 333 (M+, 5) and 72 
(100). Found: C, 57.84; H, 5.96; F, 22.73%. Calcd for 
C16H19F4NO2: C, 57.65; H, 5.75; F, 22.80%. 

2V,2V-Diethyl-2-fluoro-3-hydroxy-3-phenyl-2-trifluoro-



1194 Manabu KUROBOSHI and Takashi ISHIHARA [Vol. 63, No. 4 

methylpropanamide (4g): IR (neat) 3426 (O-H) and 1640 
( C O ) cm-1; iHNMR (CDCla) 6=7.6—7.1 (m, 5H), 5.54 (d, 
/=23.2 Hz, IH), 3.4—2.6 (m, 5H), 0.89 (t, /=6.4 Hz, 3H), and 
0.83 (t, /=6.4 Hz, 3H); «FNMR (CDCI3) <5=-74.82 (d, 
7=7.3Hz, 3F) and -186.70 (dq, 7=23.2, 7.3 Hz, IF) for the 
threo isomer; MS m/z (rel intensity) 307 (M+, 0.5) and 72 
(100). Found: C, 54.86; H, 5.61; F, 24.58%. Calcd for 
G4H17F4NO2: C, 54.72; H, 5.58; F, 24.73%. 

N,N-Diethyl-2-£luoro-3-hydroxy-3-(/?-tolyl)-2-tri£luoro-
methylpropanamide (4h): IR (neat) 3432 (O-H) and 1636 
( C O ) cm-1; m NMR (CDCI3) <5=7.22 (d, 7=8.4 Hz, 2H), 
7.00 (d, 7=8.4 Hz, 2H), 5.47 (d, 7=24.4 Hz, IH), 3.4—2.5 (m, 
5H), 2.31 (s, 3H), 0.92 (t, 7=6.4 Hz, 3H), and 0.84 (t, 7=6.4 
Hz, 3H); «FNMR (CDCla) <5=~72.35 (d, 7=3.7 Hz, 3F) and 
-186.89 (dq, 7=24.4, 3.7 Hz, IF) for the threo isomer; MS ml 
z (rel intensity) 321 (M+, 0.1) and 72 (100). Found: C, 56.22, 
H, 5.81; F, 23.83%. Calcd for C15H19F4NO2: C, 56.07; H, 
5.96; F, 23.65%. 

iV,iV-Diethyl-2-£luoro-3-hydroxy-3-(4-methoxyphenyl)-2-
trifluoromethylpropanamide (4i): IR (neat) 3436 (O-H) 
and 1636 ( C O ) cm-1; 1H NMR (CDCI3) 0=7.21 (d, 7=9.2 Hz, 
2H), 6.70 (d, 7=9.2 Hz, 2H), 5.44 (d, 7=24.4 Hz, IH), 3.72 (s, 
3H), 3.4—2.6 (m, 5H), 0.92 (t, 7=6.4 Hz, 3H), and 0.86 (t, 
7=6.4 Hz, 3H); 19FNMR (CDCI3) <5=~72.38 (d, 7=3.7 Hz, 
3F) and -187.12 (dq, 7=24.4, 3.7 Hz, IF) for the threo 
isomer, —74.71 (d, 7=8.6 Hz, 3F) for the erythro isomer; MS 
m/z (rel intensity) 327 (M+, 0.1) and 72 (100). Found: C, 
53.69; H, 5.77; F, 22.25%. Calcd for G5H19F4NO3: C, 53.41; 
H, 5.68; F, 22.53%. 

iV,iV-Diethyl-2-£luoro-3-(4-chlorophenyl)-3-hydroxy-2-
trifluoromethylpropanamide (4j): IR (neat) 3406 (O-H) 
and 1636 ( C O ) cm"1; iHNMR (CDCI3) 6=7.4—7.1 (m, 
4H), 5.52 (d, 7=23.2 Hz, IH), 3.4—2.7 (m, 5H), 0.96 (t, 7=6.4 
Hz, 3H), and 0.88 (t, 7=6.4 Hz, 3H); 19FNMR (CDCI3) 
<5=-72.32 (d, 7=3.7 Hz, 3F) and -186.60 (dq, 7=23.2, 3.7 Hz, 
IF); MS m/z (rel intensity) 343 (0.1), 341 (M+, 0.3), and 72 
(100). Found: C, 49.36; H, 4.80; F, 22.37%. Calcd for 
C14H16CIF4NO2: C, 49.21; H, 4.72; F, 22.24%. 

l-(2-Fluoro-3-hydroxy-3-phenyl-2-trifluoromethylpro-
pionyl)piperidine (4k): ^HNMR (CDCI3) 6=7.5—7.1 (br 
s, 5H), 5.49 (dd, 7=22.6, 6.0 Hz, IH), 3.7—2.9 (m, 5H), and 
1.7—0.6 (m, 6H); 19FNMR (CDCI3) <5=~72.21 (d, 7=3.7 Hz, 
3F) and -183.4 (dd, 7=22.6, 3.7 Hz, IF). Found: C, 56.57; 
H, 5.48; F, 23.89%. Calcd for G5H17F4NO2: C, 56.42; H, 
5.37; F, 23.80%. 

Preparation of 5-Fluoro-2,2-dimethyl-4-phenyl-5-tri-
£luoromethyl-l,3-dioxane (5g). The aldol 4g (0.307 g, 1.0 
mmol) was reduced successively with lithium aluminium 
hydride (1 mol dm - 3 tetrahydrofuran solution, 1.0 ml, 1.0 
mmol) in dry tetrahydrofuran (5 ml) at —10° and with 
sodium borohydride (0.114 g, 3.0 mmol) in methanol (5 ml) 
at room temperature. A usual workup of the reaction 
mixture gave the crude diol, which was treated with 2,2-
dimethoxypropane (1.04 g, 10 mmol) in the presence of p-
toluenesulfonic acid monohydrate (0.019 g, 0.1 mmol) in 
refluxing tetrahydrofuran (10 ml) for 24 h. The mixture 
was poured into a mixture of ice and a saturated aqueous 
sodium hydrogencarbonate and was extracted with diethyl 
ether (20 mlX3). Drying, filtration, concentration, and 
column chromatography gave 5g (0.161 g, 57.9% from 4g): 
IR(neat) 1380, 1271, 1229, 1215, 1201, 1183, 1165, 1131, 1102, 
1049, and 1040 cm"1; iHNMR (CDCI3) 6=7.5—7.3 (m, 5H), 
5.13 (dq, 7=15.2, 1.8 Hz, IH), 4.24 (dd, 7=25.0, 13.6 Hz, IH), 

4.04 (ddq, 7=22.2, 13.6, 1.2 Hz, IH), 1.52 (s, 3H), and 1.51 (s, 
3H); «FNMR (CDCI3) <5=-76.30 (d, 7=8.5 Hz, 3F) and 
-170.17 (dddq, 7=25.0, 22.2, 15.2, 8.5 Hz, IF); MS m/z (rel 
intensity) 278 (M+, 3) and 60 (100). 

5-Fluoro-2,2-dimethyl-4-propyl-5-tri£luoromethyl-l,3-
dioxane (5a) was prepared in the same manner: IR (neat) 
2986, 2960, 2936, 1379, 1261, 1229, 1208, 1189, 1153, 1122, 
1091, and 1029 cm"1; ^ N M R (CDCI3) 6=4.10 (dd, 7=26.5, 
14.0 Hz, IH), 3.90 (ddq, 7=23.5, 14.0, 1.3 Hz, IH), 4.0-3.8 
(m, IH), 1.9-1.5 (m, 4H), 1.42 (s, 3H), 1.38 (s, 3H), and 0.98 
(t, 7=7.0 Hz, 3H); 19FNMR (CDCI3) <5=~76.68 (d, 7=6.1 Hz, 
3F) and -173.16 (dddq, 7=26.5, 23.5, 14.4, 6.1 Hz, IF); MS 
m/z (rel intensity) 244 (M+, 0.1) and 60 (100). 
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End Groups of Poly(methyl methacrylate) as a Function of Molecular 
Weight Determined by Pyrolysis-Gas Chromatography 

Haj ime O H T A N I , Minoru TANAKA, and Shin TSUGE* 
Department of Synthetic Chemistry, Faculty of Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagaya 464-01 

(Received November 18, 1989) 

End groups of poly(methyl methacrylate) (PMMA) radically polymerized with benzoyl peroxide (initiator) 
in toluene solution were investigated by pyrolysis gas chromatography as a function of molecular weight. The 
number-average molecular weights (M„) of fractionated PMMA samples were estimated from the relative peak 
intensities of characteristic pyrolysis products and were compared with those determined by size exclusion 
chromatography. The observed result suggested that the chain transfer reactions to the monomer might yield 
relatively smaller PMMA molecules. Furthermore, the relative peak intensities among aromatic products 
which reflect three kinds of aromatic chain ends were correlated to the Mn of the fractionated PMMAs. The 
result suggested that the chain transfer reaction to the solvent also tended to yield relatively smaller PMMA 
molecules whereas the polymerization initiated by the phenyl radical from the initiator yielded relatively larger 
PMMA molecules under given polymerization conditions. 

T h e end groups of polymer chains sometimes have 
significant effects on the properties of the resul t ing 
polymeric mixture . Fur thermore , the detailed chain 
end informat ion of the given polymer system provides 
us wi th a significant clue for the associated polymeri­
zation mechanisms. O n the other hand , polymers are 
generally considered as mixtures of molecules of 
varied molecular weight (MW). T h u s , the investiga­
tion of the type and content of polymer chain ends as a 
function of MW has been of m u c h interest in connec­
tion wi th propert ies of the polymers themselves and 
the polymerizat ion mechanisms. However, the iden­
tification and determinat ion of the end groups is 
no easy task because of their complexity and low 
concentrat ion. 

Recently, superconduct ing N M R techniques with 
greater sensitivity and resolut ion have been effectively 
utilized for the qual i tat ive and quant i ta t ive determi­
nat ions of the end groups in polymer chains. 1"10) O n 
the other hand , it was demonstrated in our recent 
work1112> that h igh-resolut ion pyrolysis-gas chroma­
tography (Py-GC) was successfully appl ied to the 
analysis of the end groups of poly(methyl methacry­
late) (PMMA) prepared by radical polymerization. 
Observed pyrograms of PMMA were interpreted in 
terms of the kind and the a m o u n t of polymerizat ion 
reagents incorpolated in to the polymer chain ends. 
Moreover, the peak intensities of some characteristic 
products were correlated to some of the polymeriza­
t ion condit ions. 

In this work, a P M M A radically polymerized in 
toluene solut ion with benzoyl peroxide (BPO) as an 
ini t iator are investigated by Py-GC for its fractionated 
samples, and the type and contents of the chain ends 
are characterized as a function of MW. T h e results 
thus obtained are correlated to the associated polymer­
ization mechanisms. 

Exper imenta l 

Materials. The polymerization procedure is basically the 

same as that described previously.11'12) Methyl methacrylate 
(MMA) monomer was obtained commercially and purified 
by a standard procedure. The monomer and toluene were 
distilled in a nitrogen atmosphere under reduced pressure. 
Polymerization was carried out in a 200-ml three-neck flask 
fitted with a nitrogen inlet on a water bath the temperature 
of which was regulated at 80 °C. Five ml of the monomer, 
0.015 mg (0.3 w/v% to the monomer) of BPO and 50 ml of 
toluene introduced in the flask were subjected to the poly­
merization under a nitrogen atmosphere for 20 hours with 
stirring by a magnetic stirrer. The reaction mixture was 
poured into a large amount of hexane to precipitate the 
polymer formed. The polymer thus obtained was reprecip-
itated from its acetone solution into hexane. The presipi-
tates were collected by filtration, washed several times with 
hexane, and dried in vacuo at 50 °C. This procedure gave 
the parent PMMA in 51.2% yield. 

The fractionation of the parent PMMA was carried out by 
successive represipitations from its acetone solution by use 
of various composition of acetone/hexane mixtures as 
shown in Fig. 1. The recovery of the polymer is about 95% 
in each fractionation step and 84% as a whole. Number-
average molecular weight (Mn) and heterogeneity indices 
(Mw/Mn) of the five fractions obtained are estimated by 
using size exclusion chromatography (SEC) on the basis of 
polystyrene standards and shown in Table 1. 

Py-GC Conditions. The high-resolution Py-GC system 
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15.4 
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Fig. 1. Fractionation of the poly (methyl methacry­
late) (PMMA) sample. 
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Table 1. Number-Average Molecular Weight (Mn) 
and Heterogeneity Indices of Fractionated 

PMMAs Estimated by SEC 

Fraction 

F-1 
F-2 
F-3 
F-4 
F-5 

Mn (X104)a) 

0.57 
1.88 
3.23 
6.27 
9.25 

Mw/Mn 

1.55 
1.27 
1.19 
1.16 
1.19 

a) On the basis of polystyrene standards. 

utilized in this work was basically the same as that described 
previously.11'12) The Py-GC measurements were carried out 
on a gas Chromatograph (Shimadzu GC-7A) equipped with 
a flame ionization detector (FID) and a high resolution 
fused-silica capillary column (Hewlett Packard, Ultra 1, 0.2 
mm i.d.X50 m long) coated with immobilized dimethylsil-
oxane (0.33 /xm thick). About 0.5 mg of the sample was 
pyrolyzed at 460 °C under a flow of nitrogen carrier gas 
using a vertical micro-furnace pyrolyzer (Yanagimoto, GP-
1018) directly attached to the gas Chromatograph. The 50 

ml min - 1 carrier gas flow at the pyrolyzer was reduced to 0.7 
ml min - 1 at the separation column by a spritter. The 
column temperature was programmed initially set at 0 °C by 
using a CO2 cooling unit, then programmed to 250 °C at a 
rate of 4 °C min - 1 . The identification of the characteristic 
peaks on the resulting pyrograms was mostly carried out by 
use of a gas chromatograph-mass spectrometer (GC-MS) 
system (Shimadzu QP-1000) to which the pyrolyzer was also 
attached. 

Results and Discussion 

Figure 2 shows the pyrogram of F-2 and most of the 
peaks identified by the GC-MS system are summarized 
in Table 2. Peak intensities relative to that of the 
monomer are listed in Tab le 3 for each fraction. In 
addit ion to the ma in peak (peak 4) of the MMA 
monomer formed th rough the depolymerization reac­
tion, addi t ional minor peaks are observed inc luding 
MMA dimers and trimer. A m o n g these, eight peaks 
(peaks 2, 6, 12, 19, 24, 30, 31, and 33) are identified as 
aromatic products which reflect the aromatic chain 

32 

yuJLjw 

33 

' U U J L J U L - , ^ 

1 
20 40 60 min 

Fig. 2. Pyrogram of a fractionated PMMA (F-2). 
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Fig. 3. Relationships between Mn of fractionated PMMAs and relative 
peak intensities of aromatic products to that of monomer. Peak 
numbers correspond to those in Fig. 2 and Table 2. 



1198 Hajime OHTANI, Minoru TANAKA, and Shin TSUGE 

Table 2. Peak Assignment in the Pyrogram of PMMA Sample 

[Vol. 63, No. 4 

Peak 
no. MW Structure 

MMAa) Phenyl Carbon O C b ) 

unit group number bond 
(m) (p) (c) (u) 

Ester Effectivec) 

group carbon 
(e) number (n) 

1 

2 

3 
4 
5 

6 

7 
8 
9 

10 
11 

12 

13 
14 
15 
16 
17 
18 

19 

20 
21 
22 
23 

24 

25 
26 
27 
28 
29 

88 

78 

102 
100 
116 

92 

116 
114 
86 

114 
114 

104 

142 
140 
156 
140 
140 
158 

136 

158 
186 
200 
186 

178 

200 
200 
200 
214 
214 

CH3CH2COOHCH3 

0 
CH3CH(CH3)COOCH3 

CH2=C(CH3)COOCH3 

C6H12O2 

OCH* 
C 6 H 1 2 0 2 

C6Hio02 

CH2=C(CH3)COOH 
C6Hio02 

C6Hio02 

<Q-CH=CH 2 

C8H14O2 
C8H12O2 
C9H16O2 
C8H12O2 
C8H12O2 
C9O18O2 

<QhCOOCH 3 

CH3OCOCH=CHCH2COOCH3 

C9H14O4 

C10H16O4 

C9H14O4 

<Q>- CH2CH(CH3)COOCH3 

C10H16O4 
C10H16O4 
C10H16O4 
C11H18O4 
C11H18O4 

1 

0 

1 
1 
1 

0 

1 
1 
1 
1 
1 

0 

2 
2 
2 
2 
2 
2 

0 

2 
2 
2 
2 

1 

2 
2 
2 
2 
2 

30 

31 

32 

33 

190 

232 

300 

0 

CH2CH=C(CH3)COOCH3 1 

CH2C(CH3)(COOCH3)CH=CHCH3 

0 
0 
0 

1 

0 
0 
0 
0 
0 

1 

0 
0 
0 
0 
0 
0 

1 

0 
0 
0 
0 

1 

0 
0 
0 
0 
0 

5 
5 
6 

7 

6 
6 
4 
6 
6 

8 

8 
8 
9 
8 
8 
9 

8 

7 
9 

10 
9 

11 

10 
10 
10 
11 
11 

12 

2 7 6 O " CH2C(CH3)(COOCH3)CH=C(CH3)COOCH3 

0 

0 

0 
1 
0 

1 
2 
1 
2 
2 
0 

2 1 14 1 
CH3C(CH3)(COOCH3)CH2C(CH3)(COOCH3)CH=C(CH3)COOCH3 

3 0 15 1 

1 16 1 

1 

0 

1 
1 
1 

2.75 

6 

3.75 
3.65 
4.75 

4.75 
4.65 
2.9d) 

4.65 
4.65 

7.9 

6.65 
6.55 
7.65 
6.55 
6.55 
7.75 

6.75 

4.4 
6.4 
7.4 
6.4 

9.75 

7.4 
7.4 
7.4 
8.4 
8.4 

10.65 

12.65 

11.25 

13.4 

a) Number of MMA unit and the related structure in the fragment, b) Number of aliphatic unsturated 
carbon-carbon bond in the fragment, c) Effective carbon number for molar sensitivity correction of FID 
responce is calculated as follows:7) Effective carbon number (n)=c—(0.1 u+1.25 e). d) Effective carbon 
number in carboxyl group is 0. 

ends of the PMMA incorpora t ing the residues of B P O 
and toluene.11 '12) 

Figure 3 shows the rela t ionships between the Mn of 
the fractions and the relative peak intensities of the 
aromat ic products after mak ing their molar sensitivity 

corrections for FID by us ing effective carbon number 
(n).13) T h e peak intensities monotonous ly decrease 
wi th the rise in Mn because relative amount s of the 
chain ends decrease with the rise in Mn. Provided 
that each PMMA molecule has only one aromatic end 
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Table 3 

Peak 
no. 

Relative Yield of the Fragments in 
grams of Fractionated PMMAs 

Relative yielda) 

F-1 F-2 F-3 F-4 

the Pyro-

F-5 

Table 4. Number-Average Molecular Weight (M„) of 
Fractionated PMMAs Estimated by Py-GC and SEC 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 \ 
28 / 
29 
30 
31 
32 
33 

0.17 
0.08 
0.25 

100 
0.01 
0.25 
0.10 
0.10 
0.08 
0.08 
0.06 
1.04 
0.19 
0.04 
0.14 
0.07 
0.17 
0.24 
0.11 
0.07 
0.29 
0.29 
0.10 
0.53 
0.18 
0.08 

0.39 

0.09 
0.35 
0.13 
0.44 
0.33 

0.09 
0.04 
0.15 

100 
0.06 
0.08 
0.07 
0.04 
0.07 
0.04 
0.03 
0.35 
0.10 
0.03 
0.08 
0.05 
0.12 
0.10 
0.05 
0.04 
0.16 
0.19 
0.06 
0.25 
0.17 
0.07 

0.22 

0.05 
0.13 
0.05 
0.24 
0.14 

0.06 
0.03 
0.10 

100 
0.04 
0.04 
0.05 
0.03 
0.06 
0.03 
0.03 
0.16 
0.07 
0.03 
0.06 
0.04 
0.11 
0.06 
0.03 
0.03 
0.10 
0.14 
0.04 
0.15 
0.12 
0.05 

0.15 

0.03 
0.07 
0.02 
0.16 
0.08 

0.04 
0.02 
0.08 

100 
0.03 
0.02 
0.04 
0.02 
0.04 
0.02 
0.02 
0.09 
0.04 
0.01 
0.04 
0.02 
0.06 
0.05 
0.01 
0.02 
0.08 
0.11 
0.04 
0.10 
0.13 
0.05 

0.12 

0.03 
0.04 
0.01 
0.14 
0.05 

0.04 
0.02 
0.07 

100 
0.03 
0.02 
0.03 
0.02 
0.06 
0.02 
0.01 
0.06 
0.04 
0.01 
0.04 
0.02 
0.06 
0.04 
0.01 
0.02 
0.06 
0.10 
0.03 
0.07 
0.10 
0.04 

0.09 

0.03 
0.02 
0.01 
0.11 
0.03 

a) Peak area count ralative to that of MMA monomer 
(%). 

g roup , the rat io of (total number of MMA un i t s ) / 
(total n u m b e r of a romat ic groups) may correspond to 
the degree of polymerizat ion of a given PMMA sam­
ple. T h u s , Mn of a given PMMA sample can be 
estimated from the relative peak intensities after mak­
ing mola r sensitivity corrections for FID by us ing the 
following equa t ion provided that the aromatic end 
groups and MMA backbone structures in the polymer 
chains are quanti tat ively recoverd on the pyrogram as 
either of the peaks 1—33; 

33 

2 (IiXmi/m) 

Mn = X (MW of MMA) 
33 

2 (IiXpl/nl) 

where Ii is the intensity of peak i, and mi, pi, and rn are 
the number of MMA un i t and the n u m b e r of aromatic 
g roup in the molecule associated to peak i, and its 
effective carbon number for FID, respectively. In this 
case, for example , the mi number for peaks 13—18 
which contain only one - C O O C H 3 g roup was 

Fraction 
Mn (X104) 

by Py-GC (a) by SECa) (b) 
a/b 

F-1 
F-2 
F-3 
F-4 
F-5 

0.90 
2.3 
4.3 
7.2 

10.6 

0.57 
1.9 
3.2 
6.3 
9.3 

1.6 
1.2 
1.3 
1.1 
1.1 

a) On the basis of polystyrene standards. 

counted as 2 since they are original ly formed from the 
MMA diad in the PMMA chain. T h e observed values 
for mi, Pi, and m are also shown in Table 2. T h u s 
estimated Mn values for the fractions by Py-GC are 
compared wi th those by SEC in Tab le 4. A l though 
the estimated Mn values by bo th methods are almost 
comparable , those by Py-GC are always slightly larger 
than those by SEC. T h i s result suggests that under 
the given polymerizat ion condi t ions thermal init ia­
t ion a n d / o r the chain transfer to the monomer , which 
yield polymer chains wi thou t any aromatic chain 
ends, m igh t take place to some extent over the recom­
bina t ion te rminat ion which yields polymer chains 
wi th bo th aromat ic chain ends. Furthermore, the 
fact that the differences between the two Mn values (a / 
b in Tab le 4) become mostly larger in the smaller 
molecular weight fractions suggests that PMMA 
molecules formed by the recombinat ion terminat ion 
migh t more abundant ly exist in the larger molecular 

Mn(xio4) 

Fig. 4. Relationships between Mn of fractionated 
PMMAs and relative total peak intensities among 
aromatic products reflecting benzoyloxy-initiated 
(peak 19; • ) , phenyl-initiated (peak 2+24+31+33; 
O), and benzyl-initiated (peak 6+12+30; A) chain 
ends. 
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weight fractions. 
Here, the observed aromatic products on the result­

ing pyrograms can be attributed to either of the fol­
lowing three kinds of aromatic chain ends; a) incorpo-
lating a benzoyloxy radical from BPO (peak 19), b) a 
phenyl radical from BPO (peaks 2, 24, 31, and 33), and 
c) a benzyl radical from toluene (peaks 6,12, and 30).12) 

Figure 4 shows the relationships between the relative 
molar intensities of the three kinds of peaks and Mn of 
the fractions. Relative intensities of the solvent-
incorpolating chain ends (A) decrease with the rise of 
Mn while those of the phenyl radical-initiated chain 
ends increase. This fact suggests the following reac­
tion processes: At the first stage of the reaction the 
phenyl radical from the initiator predominantly 
initiates the polymerization of MMA to yield relatively 
larger PMMA molecules because of the initial higher 
concentration of the initiator and the monomer, 
whereas the contribution of the chain transfer to the 
solvent to yield smaller PMMA molecules is relatively 
enhanced at the later stage of the reaction because both 
the initiator and the monomer are consumed as a 
function of the reaction time. 

Financial support from a Grant-in-Aid for Scien­
tific Research No. 61470064 from the Ministry of Edu­
cation, Science and Culture is gratefully acknowledged. 
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Octacarbonyldicobalt(0)-Catalyzed Ring-Opening Cyanation of Tetra-
hydrofuran Derivatives with Trimethylsilyl Cyanide 

Fumio OKUDA and Yoshihisa WATANABE* 

Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 
(Received December 7, 1989) 

Tetrahydrofuran, less strained cyclic ether was effectively cyanated by trimethylsilyl cyanide ((CH3)3SiCN) 
with its ring-opening to give 5-(trimethylsiloxy)pentanenitrile in 82% yield at 120 °C for 23 h in the presence of a 
catalytic amount of Co2(CO)s. Several tetrahydrofuran derivatives having methyl and alkoxyl groups also 
reacted with trimethylsilyl cyanide to give the corresponding 5-siloxy nitriles in 25—88% yields. On using 
oxiranes or oxetanes, which are more strained cyclic ethers, however, no reaction proceeded under the same 
conditions. In the present reaction, (CH3)3SiCN would firstly coordinate to the cobalt metal center as its 
isocyanide form to give a cobalt-isocyanide complex, which would be a precursor of active catalyst species in the 
reaction. 

Synthesis of organic nitriles using cyanating re­
agents is one of important processes in synthetic 
chemistry. Especially, cyanation of organic halides 
with inorganic cyanides such as KCN1* and hydrocya-
nation of unsaturated compounds with HCN2) are 
well-known methods for the preparation of organic 
nitriles and have been extensively investigated. 

On the other hand, it is well-known that trimethyl­
silyl cyanide, (CH3)3SiCN is also an useful cyanating 
reagent. This reagent has provided an excellent syn­
thetic intermediate in organic chemistry; for exam­
ples, the conversion of carbonyl compounds into sily-
lated cyanohydrins.3) In recent years, it has been 
reported that (CH3)3SiCN could be used as a versatile 
reagent for cyanation of organic iodides,4) acetylenes,5) 

allenes,6) cyclopropenones,7) and oxygen-containing 
compounds such as cyclic ethers, acetals8) in the pres­
ence of a catalytic amount of transition metal com­
plexes or Lewis acids. With respect to the reaction of 
cyclic ethers with (CH3)3SiCN, active investigations 
have recently been carried out by several groups.9) 

Interestingly, oxiranes and oxetanes reacted with 
(CH3)3SiCN to give the corresponding 3- or 4-tri-
methylsiloxy nitriles in the presence of AlCl3,9a) 

Et2AlCl,9b> Al(OPri)3,
9c) and Ti(OPri)4,

9d) whereas the 
corresponding 2- or 3-trimethylsiloxy isocyanide 
under the influence of Znl2,

9e>f> ZnCl2,9^ Pd(CN)2, or 
SnCl2

9c) at room temperature ~70 °C. As for tetrahydro­
furan derivatives, less strained cyclic ethers, however, a 
similar ring-opening reaction has not been reported 
yet. 

We reported recently that ring-opening carbonyla-
tion of cyclic ethers including tetrahydrofuran with 
Af-trimethylsilyl amines readily proceeded to give the 
corresponding trimethylsiloxy amides in the presence 
of a catalytic amount of Co2(CO)8.10) In this paper, 
we describe the first example of Co2(CO)s-catalyzed 
ring-opening cyanation of tetrahydrofuran derivatives 
with (CH3)3SiCN to give the corresponding 5-
(trimethylsiloxy)pentanenitriles and also discuss the 
reaction mechanism. 

Results and Discussion 

Tetrahydrofurans were smoothly cyanated by 
(CH3)3SiCN with their ring-opening in the presence 
of a catalytic amount of Co2(CO)s to give the corre­
sponding 5-(trimethylsiloxy)pentanenitriles in 25— 
88% yields (Eq. 1). 

cL 
(CH3)3SiO 

(CH3)3SiCN 
Co2(CO)8 

1 2 0 - 150 °C 

+ (CH3)3SiO 
(1) 

The results are summarized in Table 1. Unsubsti-
tuted tetrahydrofuran gave 5-(trimethylsiloxy)pen-
tanenitrile at 120 °C in 82% yield (run 1). Monosub-
stituted tetrahydrofurans including methyl and 
alkoxyl substituents also smoothly reacted with 
(CH3)3SiCN to give the corresponding nitriles whose 
substituents remained intact, and the best yield was 
obtained in the reaction of 3-methyltetrahydrofuran 
with (CH3)3SiCN (runs 2—5). In the cyanation of 
tetrahydrofurans having the methyl substituent, the 
mixture of two regioisomers (1,2) was obtained, where­
as only single products were obtained in the reaction 
of tetrahydrofurans containing alkoxyl substituents. 
The products where 5-position carbons of original 
tetrahydrofurans were cyanated were mainly obtained 
except 2-ethoxytetrahydrofuran. The opposite selec­
tivity was observed in a case of 2-ethoxytetra­
hydrofuran which could be regarded as an acetal 
rather than a cyclic ether. Since it has been reported 
that the conversion of acetals with (CH3)3SiCN to 2-
alkoxy nitriles was catalyzed by CoCl2,

8c) ZnCl2 or 
BF3 • OEt2,

8b) the similar reaction may take place under 
the present reaction conditions using Co2(CO)s as 
catalyst. Bicyclic ether such as 7-oxabicyclo[2.2.1]-
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Table 1. Co2(CO)8-Catalyzed Ring-Opening Cyanation of Tetrahydrofurans 

Run 

1 
2 
3 
4 
5 

6 

Tetrahydrofurans 

R1 

H 
H 

CH3 

H 
OC2H5 

1 

R2 

H 
CH3 

H 
OCH3 

H 

0 

Temp/°C 

120 
150 
120 
150 
150 

150 

Time/h 

23 
24 
23 
40 
24 

24 

Yield/%b) 

82 (59) 
(88) 
(34) 
(34) 
(47) 

(CH 3 ) 3 S : 

(25) 

Siloxy nitrile 

1/2C) 

— 
77/ 23 
53/ 47 

100/ 0 
0/100 

i O - / VcN 

a) (CH3)3SiCN (4.5 mmol), tetrahydrofurans (3.0 mmol), Co2(CO)s (0.15 mmol), and benzene 
(3.0 ml), b) Determined by GLC based on the amount of tetrahydrofurans charged and 
figures in parentheses are isolated yields, c) Shown in Eq. 1. 

1 
2 
3 
4 
5 
6C) 

7d) 

8 d ) 

9 d ) 

0 e ) 

34 
34 
34 
34 
34 
34 

3.0 
3.0 
3.0 
3.0 

180 
150 
120 
100 
60 

120 
120 
120 
120 
120 

65 
71 
68 

Trace 
0 

Trace 
78 
82(59) 
65 
0 

Table 2. Effect of Various Reaction Conditions^ 

Run THF/mmol (CH3)3SiCN/mmol Temp/°C Yield/%b) 

3Û) 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
4.5 
6.0 
4.5 

a) Co2(CO)8 (0.15 mmol), THF (3.0 ml=34 mmol), for 
23 h. b) 5-(Trimethylsiloxy)pentanenitrile. Deter­
mined by GLC and figure in parentheses is isolated 
yield, c) Triphenylphosphine (0.30 mmol) was 
added, d) Benzene (3.0 ml) was used as a solvent, e) 
Acetonitrile (3.0 ml) was used as a solvent. 

heptane also gave the corresponding nitrile (run 6). 
In the present reaction, the corresponding isocyanides 
which were produced from a reaction of oxiranes or 
oxetanes using Znl2,

9e>f) ZnCl2
9g) and Pd(CN)2

9c) as cata­
lysts were not obtained at all. Tetrahydrofurans hav­
ing 2-CH2OCH3, 2-CH2CI, and 2-CH2NH2 groups did 
not react with (CH3)3SiCN under the same reaction 
conditions. Furthermore, cyclohexene oxide or oxe-
tane did not afford the corresponding nitriles, and 
intractable mixtures were obtained after the reaction. 

The effects of reaction conditions were examined 
with tetrahydrofuran (THF) and (CH3)3SiCN as the 
substrates (Table 2). In the case of large excess tetra­
hydrofuran as solvent, this reaction required the 
temperature over 120 °C, and no reaction occurred at 
the lower temperatures (runs 1—5). Reducing the 
amount of tetrahydrofuran by use of benzene as a 
solvent led to an increase in the yield of the nitrile. 
Although a large excess amount of (CH3)sSiCN to 
tetrahydrofuran also suppressed the yield reversely 
(run 9), the use of a small excess amount of 
(CH3)3SiCN to tetrahydrofuran gave the best result 

Table 3. Catalytic Activities of Several 
Transition Metal Complexesa) 

Run Catalyst Yield/%b) 

1 
2 
3 
40 
5 
6 
7 
8 
9 

10 
nc> 

Co2(CO)8 

C0CI2 
CoCl2(PPh3)2 

K3[Co(CN)6] 
Rh6(CO)i6 
Pt(CO)2(PPh3)2 
Ru3(CO)i2 
Mn2(CO)io 
Cr(CO)6 

Fe(CO)5 

AICI3 

68 
7 
5 
0 

24 
(5)d) 

0 
0 
0 

Trace 
5 

a) (CH3)3SiCN (3.0 mmol), THF (3.0 ml), catalyst (10 
mol% as metal atom), at 120 °C, for 23 h. b) 5-(Tri-
methylsiloxy)pentanenitrile. Determined by GLC and 
figure in parentheses is isolated yield, c) (CH3)3SiCN 
(4.5 mmol), (CH3)3SiCN/THF=1.5, benzene (3.0 ml), 
d) 4-(Trimethylsiloxy)butyl isocyanide ((CH3)sSiO-
(CH2)4NC) was isolated. 

(run 8, 82% yield). In the case of an addition of 
triphenylphosphine and an use of acetonitrile which 
has strong coordinating ability as a solvent, the pres­
ent reaction did not occur (runs 6, 10). 

Catalytic activities of several transition metal com­
plexes were examined in the reaction of tetrahydro­
furan with (CH3)3SiCN. The results are listed in Table 
3. Among the transition metal complexes employed, 
octacarbonyldicobalt(O), Co2(CO)s had the highest 
catalytic activity in this reaction (run 1). Neverthe­
less, on using the other cobalt complexes including 
C0CI2, CoCl2(PPh3)2 and K3[Co(CN)6], the present 
reaction hardly proceeded (runs 2, 3, 4). Hexadeca-
carbonylhexarhodium(O), Rhe(CO)i6 showed a little 
catalytic activity under the present reaction conditions 
(run 5), In the reaction using Pt(CO)2(PPh3)2, how­
ever, 4-(trimethylsiloxy)butyl isocyanide was isolated 
in low yield instead of the nitrile (run 6). Other 
metal carbonyls were totally inactive for the present 
reaction (runs 7—10). This reaction was not essen-
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daily catalyzed by AICI3 which is effective for the 
reaction of oxiranes (run 11). 

In order to investigate the reaction mechanism, the 
reaction of Co2(CO)s with (CH3)3SiCN was carried 
out. Thus, when Co2(CO)s (1.3 mmol) was treated 
with 15 equiv (CH3)3SiCN in benzene (10 ml) at room 
temperature, vigorous evolution of carbon monoxide 
was observed. After 1.0 h, the light brown mixture 
showed an IR absorption at 2060, 1886, and 1257 cm-1, 
which suggested that cobalt-isocyanide complex may 
be produced by coordination of (CH3)3SiCN as its 
isocyanide form to the cobalt metal. Trimethylsilyl 
cyanide has been known to exist in an equilibrium 
(CH3)3SiCNSr(CH3)3SiNC, which lies so far to the 
left.n) It has been reported that pentacarbonyl-
iron(0), Fe(CO)5 reacted with (CH3)3SiCN as its 
isocyanide form to give an isocyanide complex, 
Fe(CO)4[CNSi(CH3)3].12) This is, to our knowledge, 
the only complex which is generated from the reaction 
of group VIII transition metal carbonyl complexes 
and (CH3)3SiCN and identified fully.13) Since 
Co2(CO)8 was treated with usual organic isocyanides 
(RNC) at room temperature to afford [Co-
(RNC)5][Co(CO)4],

14) the similar reaction seems to 
occur in this reaction judging from IR spectrum of 
1886 cm"1 assignable to Co(CO)4 anion. Further­
more, this reaction mixture was heated at 80 °C for 9 h 
to give orange-yellow solution, showing new IR 
absorption bands at 2172, 2146, and 1253 cm-1 with 
disappearance of a very strong absorption at 1886 cm"1. 
This observation suggests the formation of Co-CN 
species,15) though the complex formed is not identi­
fied fully because it is extremely air-sensitive. 
Yamamoto et al. reported that {Co[2,6-(CH3)2C6H3-
NC]5}[Co(CO)4] gave Co2[2,6-(CH3)2C6H3NC]8 in the 

presence of 2,6-xylyl isocyanide with further evolution 
of carbon monoxide on heating at 80°C.16) In our 
case, however, such homoleptic isocyanide complex 
was not found, judging from that bridging isocyanide 
ligands at about 1650 cm-1 was not detected by IR 
spectroscopy.17) 

The solution after the present reaction contained 
blue crystal precipitate, and show no infrared absorp­
tion of carbon monoxide and isocyanide ligands. By 
infrared analysis, the resulting blue crystal was iden­
tified as Co(CN)2, which had little activity in the 
present reactions. This shows that the cobalt catalyst 
is already deactivated at time that the reaction is 
stopped (23 h). The similar deactivation of the cata­
lyst also occurred in hydrocyanation of olefins. For 
example, during the hydrocyanation catalyzed by 
Co2(CO)818) or Ni[P(OPh)3]4,19) less inactive carbonyl-
cyanocobalt complex or Ni(CN)2 was formed 
respectively. 

Tetrahydrofurans have been already known to be 
carbonylated with the ring-opening using HSiEt2Me 
in the presence of a catalytic amount of Co2(CO)8.20) 

In the reaction, silicon-cobalt bonded complex such 
as Et2MeSiCo(CO)4 was considered an active species 
for ring-opening of tetrahydrofurans, where high oxo-
philicity of silicon atom was regarded as driving force 
for the reaction. Therefore, in the present reaction, 
there exists a possibility that such silicon-cobalt spe­
cies also causes the ring-opening of tetrahydrofurans. 

On the basis of the results of IR study and the fact 
mentioned above, the most plausible route to 5-siloxy 
nitriles is illustrated in Scheme 1. Firstly, a complex 
such as 3 possessing trimethylsilyl and cyano group is 
formed. A existence of the intermediate such as 3 has 
been insinuated in addition of (CFb^SiCN to aliènes 

N~ 

(CH3)3SiO(CH2)4CN 

(CH3)3SiCN cycle A 

(CH3)3Si-[Co]-CN 

3 r 
THF 

cycle B 

T 
(CH3)3SiO(CH2)4CN 

Scheme 1. 

(CH3)3SiO(CH2)4-[co]-CN 

4 

(CH3)3SiCN 

t * 
(CH3)3SiNC 

(CH3)3SiO(CH2)4- C - [Co] - CN 

N 
^Si(CH3)3 

5 
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wi th pa l l ad ium or nickel catalyst.6* T h e n , the r ing-
open ing of tetrahydrofuran by 3 affords 4, followed by 
formation of siloxy nitriles via a reductive e l iminat ion 
(cycle A). Also, the other route includes the coordi­
na t ion of trimethylsilyl zsocyanide to 4 and subse­
quen t insert ion reaction in to alkyl-cobalt bond to 
give 5. T h e n , the desired nitriles are e l iminated from 
5 to regenerate 3 (cycle B). Eisch et al. found that the 
mixture of nickel complex and diphenylacetylene was 
treated wi th (CH3)sSiCN, followed by work-up wi th 
H C l to give nitriles and aldehydes or cyclic ketones. 
From the facts, they concluded an existence of inter­
mediates which result from insert ion of trimethylsilyl 
zsocyanide to meta l -carbon bond.21) In our system, 
the addi t ion of t r ipheny lphosph ine as a l igand and 
the employment of acetonitrile as a solvent retarded 
the reaction completely. Therefore, the cycle B 
involving coordinat ion of zsocyanide could not be 
el iminated fully. In hydrocyanat ion of olefins, a 
mechanism inc lud ing coordinat ion and insert ion of 
hydrogen iso cyanide (HNC) analogous to cycle B has 
been postulated.22) T h i s mechanism is based on 
exper imental results by Kwiatek23) or J o h n s o n et al.24) 

that hydrogen zsocyanide l igand formed by protona­
tion of alkylpentacyanocobaltate ([Co(CN)5R]3") 
inserts in to the alkyl-cobal t bond, and subsequent 
t reatment with base el iminates alkanenitr i le (RCN). 

Experimental 

Materials. 3-Methoxytetrahydrofuran was prepared 
from 3-hydroxytetrahydrofuran and methyl iodide with 
sodium metal. The other chemicals employed in this study 
were commercially available and purified by distillation 
under an argon atmosphere. Co2(CO)s was recrystallized 
from pentane at low temperature (about —10°C). C0CI2-
(PPh3)2,

25> Rh6(CO)i6,26> and Pt(CO)2(PPh3)2
27> were pre­

pared according to procedures in the literature. Ru3(CO)i2, 
Fe(CO)5, Mn2(CO)io, and Cr(CO)6 were purchased from 
Strem Chemicals or Kanto Reagents and used without 
further purification. 

General Procedure. A 50 ml stainless steel reactor 
(Taiatsu scientific glass Co., Ltd., TVS-1 type) equipped 
with a glass liner was used in the reaction. A mixture of 
(CH3)3SiCN (4.5 mmol), tetrahydrofuran (3.0 mmol), 
Co2(CO)8 (0.15 mmol), and benzene (3.0 ml) was placed in 
the glass liner. After sealing the reactor, argon was intro­
duced with three 10 kg cm - 2 pressurizaüon-depressurization 
cycles. The reactor was heated to 120 °C in 1.0 h with 
magnetic stirring and kept this temperature for 23 h. The 
reaction was terminated by rapid cooling. The resulting 
dark blue solution was analyzed by GLC. 

Analytical Procedure. The products were isolated by 
kugelrohr distillation and identified by 1H NMR, 13C NMR, 
IR spectra, GC-MS, and elemental analysis. *H NMR spec­
tra were obtained at 270 MHz on a JEOL GSX-270 and 
13CNMR spectra at 22.05 MHz on a JEOL JNM FX-100 
spectrophotometer using CDCI3 as a solvent. IR spectra 
were recorded on a NICOLET 5-MX Fourier transform 
infrared spectrophotometer. GLC analyses were carried 
out with Shimadzu GC-8APF Chromatograph equipped 

with a glass column (2.6 mm</>X3 m) packed with Poly I 110 
(5% on supported Chromosorb W AW DMCS, 60/80 mesh). 
Yields of the products were determined by GLC internal 
standard method. Elemental analyses were performed at 
the Microanalytical Center of Kyoto University. Mass spec­
tra were obtained on a Shimadzu QP-1000 spectrometer. 

The spectral and analytical data of products are shown 
below. 

5-(Trimethylsiloxy)pentanenitrile: colorless oil; kugel­
rohr distillation (121 °C/12 mm Hg; 1 mm Hg=133.322 Pa); 
IR (neat) 2245 cm"1 (CN), 1252 cm"1 (S1CH3); *HNMR 
(CDCI3) <5=-0.048 (s, 9H, -Si(CH3)3), 1.5—1.65 (m, 4H, 
-CH2CH2-), 2.27 (t, 2H, -CH2CN), 3.51 (t, 2H, -CH2OSi-); 
13CNMR (CDCI3) <5=-0.70 (q, -Si(CH3)3), 16.8 (t, -CH2CN), 
22.1 (t, -CH2CH2CN), 31.2 (t, -S1OCH2CH2-), 61.2 (t, 
-S1OCH2-), 119.4 (s, -CN); MS, m/z 156 (M-15). Calcd for 
CsHnNOSi: C, 56.09; H, 10.00; N, 8.18%. Found: C, 56.04; 
H, 10.17; N, 8.25%. 

4-Methyl-5-(trimethylsiloxy)pentanenitrile: colorless 
oil; kugelrohr distillation (140—150°C/16 mmHg); IR 
(neat) 2247 cm~i (CN), 1252 cm"1 (SiCH3); *HNMR (CDC13) 
0=0.003 (s, 9H, -Si(CH3)3), 0.80 (d, 3H, -CH3), 1.08—2.12 
(m, 3H, CH3CH-, -CH2CH2CN), 2.21—2.38 (m, 2H, 
-CH2CN), 3.27—3.37 (m, 2H, -CH2OS1-); 13CNMR 
(CDC13): <5=-1.02 (q, -Si(CH3)3), 14.5 (t, -CH2CN), 15.6 (q, 
-CH3), 28.8 (t, -CH2CH2CN), 34.2 (d, -CHCH3), 66.5 (t, 
-CH2OS1-), 119.5 (s,-CN). 

2-Ethoxy-5-(trimethylsiloxy)pentanenitrile: colorless 
oil; kugelrohr distillation (150—160°C/19 mmHg); IR 
(neat) 2239 cm"1 (CN), 1252 cm"1 (SiCH3); « N M R (CDC13) 
0=0.06 (s, 9H, -Si(CH3)3), 1.19 (t, 3H, -OCH2CH3), 1.61 — 
1.75 (m, 2H, -CH2-), 1.82—1.97 (m, 2H, -CH2-), 3.46 (dq, 
1H, -OCHH'CH 3 , /=8.8 Hz), 3.57 (t, 2H, -CH2OS1-), 3.76 
(dq, 1H, -OCHH'CH 3 , /=8.8 Hz), 4.14 (t, 1H, -CHCN); 
!3CNMR (CDCI3) <5=-0.70 (t, -Si(CH3)3), 14.6 (q, 
-OCH2CH3), 27.6 (t, -CH2CHCN), 30.3 (t, -CH2CH2OSi-), 
61.4 (t, -OCH2CH3), 65.9 (t, -CH2OSi-), 68.4 (d, -CHCN), 
118.4 (s,-CN). 

4-Methoxy-5-(trimethylsiloxy)pentanenitrile: colorless 
oil; kugelrohr distillation (172—175°C/3 mmHg); IR (neat) 
2247 cm-i (CN), 1248 cm"1 (SiCH3); *HNMR (CDC13) 
0=0.08 (s, 9H,-Si(CH3)3), 1.70—1.93 (m, 2H, -CH2CH2CN), 
2.41—2.47 (m, 2H, -CH2CN), 3.24—3.33 (m, 1H, 
-CHOCH3), 3.39 (s, 3H, -OCH3), 3.51—3.66 (m, 2H, 
-CH2OS1-); 13CNMR (CDCI3) <5=-0.70 (q, -Si(CH3)3), 13.1 
(t, -CH2CN), 27.3 (t, -CH2CH2CN), 57.7 (q, -OCH3), 62.8 (t, 
-CH2OSi-), 79.1 (d, -CHOCH3), 119.6 (s, -CN). 

4-(Trimethylsiloxy)cyclohexanecarbonitrile: colorless 
oil; IR (neat) 2239 cm"1 (CN), 1252 cm"1 (SiCH3); « N M R 
(CDC13) 0=0.09 (s, 9H, -Si(CH3)3), 1.31—2.55 (m, 8H, -CH2-), 
2.46—2.55 (m, 1H, -CHCN), 3.65—3.74 (m, 1H, -CHOSi-); 
13CNMR (CDC13) 0=0.058 (q, -Si(CH3)3), 26.4 (t, 
-CH2CHCN), 27.2 (d, -CHCN), 32.9 (t, -CH2CHOS1-), 67.9 
(d, -CHOSi-), 122.1 (s,-CN). 
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3 5CNQR spectra have been obtained for the complexes of SnCl4-2RCN (R=CH3, CD3, *-C4H9, or C6H5). 
The NQR spectra reveal the existence of three crystal modifications in SnCU • 2CH3CN, a stable phase (Form-1) 
and two metastable ones (Form-2 and Form-3). Form-3 was obtained as a mixture with Form-2. These 
modifications are suggested to be eis isomers. The complex, SnCU • 2C6H5CN, has likewise yielded three 
modifications, and the evidence for cis-trans isomerization in this complex has been found from NQR spectra. 
A Zeeman analysis on single crystals reveals that SnCU • 2^-C4HgCN has a eis form and that its molecular 
geometry is similar to Form-1 of SnCU • 2CH3CN. In these complexes, the equatorial CI atoms yield 
asymmetry parameters of 0.05 to 0.08 and the axial ones negligibly small values. The temperature dependence 
plot for the NQR frequencies in SnCU • 2CH3CN yields unusual curves. This is attributed to some interaction 
between the CI atom and the methyl groups. 

As to the stereochemistry of octahedral complexes of 
tin (IV) halides, spectral pat terns of N Q R have been 
interpreted mostly in terms of cis- trans isomerism.1 '2) 
Of a n u m b e r of SnCU • 2L ( L = a monodenta te l igand), 
complexes of nitriles do no t always yield typical 
spectral patterns.3 ) It has been suggested that the 
temperature coefficient of N Q R frequency is one of 
significant criteria for deducing eis and trans forms of 
complexes.3 '4) T h i s mus t be confirmed on the basis 
of u n a n i m o u s ass ignment of 35C1 lines. Zeeman stu­
dies on single crystals have advantages in permi t t ing a 
consistent ass ignment of N Q R lines for compounds of 
a known crystal structure. In addi t ion, even when a 
crystal structure is u n k n o w n , informat ion about 
molecular geometry can be obtained by us ing this 
technique. In most cases, however, because of the 
difficulty of p repar ing large single crystals a few com­
plexes of SnCU were examined by Zeeman analysis.5'6) 

Of numerous SnCU complexes wi th nitriles, the 
available X-ray data are for only SnCl4 • 2CH3CN.7) 
T h i s complex is cis-octahedral and yields four N Q R 
lines consist ing of a resonance line in the higher 
frequency region and three g r o u p i n g lines in the 
lower one.3) These lines were assigned on the basis of 
the Sn-Cl bond length.3) T h e resonance frequency, 
however, depends not only on the bond length bu t on 
the posi t ion of the CI a tom in an octahedron and 
intermolecular interaction. Such a method of assign­
ment does not always yield reasonable results. 

T h e complexes SnCi4-2CH3CN and SnCU -2t-
C4H9CN were probed by means of the 35C1 Zeeman 
effect, and information about the ass ignment of N Q R 
lines, molecular shapes, and bond characters was 
obtained. In the course of p repar ing single crystals, 
the existence of three crystal modifications was found 
in SnCl4 • 2CH3CN. Al though single crystals of 
SnCU • 2C6H5CN were successfully prepared, they 
were destroyed th rough phase transi t ion to other mod­
ifications. T h i s interfered wi th ob ta in ing unambig ­
uous informat ion about the molecular shape of 

SnCU • 2C6H5CN in the crystal. However, two new 
modifications of this complex were also found by 
N Q R spectra. T h e structures of these modifications 
were discussed on the basis of spectral patterns and the 
temperature dependence of N Q R frequencies. 

Experimental 

The nitrile complexes SnCU-2RCN (R=CH3, *-C4H9, 
or CÔHÔ) were prepared by the method described in the 
literature.3'7»8) These complexes were purified by recrystal-
lizing from carbon tetrachloride or vacuum sublimation and 
checked by measuring NQR frequencies.3) Single crystals 
of these complexes were grown in evacuated sealed tubes by 
the Piper technique.9) 

35C1 NQR spectra were obtained by means of a Dean-type 
externally-quenched superregenerative spectrometer. Res­
onance lines were displayed on an oscilloscope. Resonance 
frequencies were determined using a frequency counter. 
The Zeeman effect on resonance lines was examined by 
means of the zero-splitting cone method at room tempera­
ture. Zero-splitting loci were analyzed by the least squares 
method. Sample temperature was determined with a 
copper-constantan thermocouple inserted in the pit of a 
sample vial. 

Results and Discussion 

T h e sample of SnCl4-2CH3CN recrystallized from 
CCI4 yielded four relatively broad resonance lines. 
T h i s N Q R spectrum was similar to that reported 
previously,3) a l though the resonance frequencies differ 
somewhat from the li terature values. T h e sample, 
subl imed above 360 K, likewise yielded a spectrum 
consist ing of four N Q R lines. T h i s spectrum was 
different from that of the recrystallized sample, and 
the absorpt ion lines were considerably narrow. 
These samples are referred to as Form-1 for the former 
and Form-2 for the latter. 

T h e observed N Q R spectra show that Form-1 and 
the crystal obtained by subl imat ion below 340 K are 
i somorphous . Under the preparative condi t ion of 
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Table 1. 35C1 NQR Parameters for Nitrile Complexes of SnCl4 

Frequency/MHz 
V^UllipU U.11U. 

SnCl4-2CH3CN 
(Form-1) 

(Form-2) 

(Form-3) 

SnCl4-2CD3CN 
(Form-1) 

SnCl4-2*-C4H9CN 

SnCl4-2C6H5CN 
(Form-1) 

(From-2) 

(Form-3) 

V\ 

V2 

vz 
V4 

VI 

V2 

V3 

V4 

UK 

19.214 
19.600 
19.846 
20.644 

19.214 
19.610 
19.867 
20.665 

19.439 
19.583 
19.700 
20.334 

19.805 

19.335 
19.591 
19.876 
20.042 
19.476a) 

19.536a) 

18.329 
19.664 
18.610 
19.656 

295 K 

19.207 
19.513 
19.752 
20.466 

18.525 
20.272 
18.677 
20.461 

19.216 
19.525 
19.770 
20.484 

18.859 
18.981 
19.426 
20.039 

19.363 
19.884 
18.762 
19.737 
19.874 
19.068 
19.294 
19.362 

#// /o 

4.9 
5.3 
2.5 
3.1 

8.1 
7.8 
1.3 
2.8 

c \4M"' ' i V A A A^ 

38.40 
39.01 
39.45 
40.93 

37.68 
37.92 
38.85 
40.07 

a) The values at 214 K. 

Form-2, another modification (referred to as Form-3) 
was incidentally obtained as a mixture with Form-2. 
Form-3 gave much broader resonance lines than 
Form-2. Both Form-2 and Form-3 were metastable, 
and these modifications transformed to Form-1 with 
the passage of time or through physical stimulation. 
The resonance frequencies were listed in Table 1. 
Inferring from the spectral patterns, both Form-2 and 
Form-3 are eis isomers.1) 

The 35C1NQR frequencies for Form-1 of SnCl4-
2CH3CN, over the temperature range of 77 K to nearly 
the melting point, are plotted in Fig. 1. The litera­
ture values3) are also plotted for comparison. The 
resonance lines are designated as v\, vi, v%, and v± from 
the lower to the higher frequency. The plot of the v\ 
line yields a convex curve with a maximum near 200 
K. By contrast, the V3 curve possesses a less negative 
temperature coefficient above near 200 K than below 
it. Such a tendency, though not so remarkable, can 
be found in the VA curve. The V2 curve is seemingly 
normal. 

Figure 2 shows the temperature dependence of 35C1 
resonance frequencies of SnCl4 • 2£-C4H9CN in the 
range of 77 K to the melting point (353 K). The 
spectrum at low temperature resembles very closely 
that of Form-1 of SnCl4-2CH3CN in pattern, the 
lower three lines being more closely spaced. The 
resonance lines fall gradually into two distinct 

21.0 
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N 
X 
2 20.0 

19.5h 

19.0 h 

L •*— 

* •••••••••••••••• ...__. 
r ^2 

r Vi 

1 1 , 1 ; 

mp 

— - * - — ^ „ ^ 

• " — • * • — - . — ^ 

— 1 1 
100 200 300 

T/K 
400 

Fig. 1. Temperature dependence of 35C1DQR fre­
quencies in Form-1 of SnCl4 • 2CH3CN. The open 
circles indicate the plot of the literature values (Ref. 
5). 

groups, characteristic of a cis structure, with increas­
ing temperature. 

The existence of three modifications of SnCl4-
2C6H5CN was verified from NQR spectra. The sam­
ple crystallized from CC14 (referred to as Form-1) gave 
the same spectrum as that reported previously,3) except 
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Fig. 2. Temperature dependence of 35C1NQR fre­
quencies in SnCU • 2^-C4HgCN. The open circles 
indicate the plot of the literature values (Ref. 5). 
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Fig. 3. Temperature dependence of 35C1NQR fre­
quencies in Form-2 (• ) and Form-3 (O) of 
SnCl4-2C6H5CN. 

for some differences in frequency. Hugge t t et al.3) 

ascribed this modification to a eis form on the basis of 
temperature coefficients of the resonance lines. T h e 
crystal grown from melt and the one obtained by 
sub l iming at ca. 350 K in an evacuated vial were 
i somorphous , yielding four N Q R lines. T h i s phase 
is referred to as Form-2. Complete transformation of 
Form-2 in to Form-1 occurred on s tanding at room 
temperature for two days. O n the contrary, the sam­
ple of Form-1 main ta ined at 335 K for two days gave 
the N Q R spectrum of Form-2 at room temperature or 
below it. T h i s phase t ransi t ion is physically reversi­
ble, so that Form-1 is regarded as the lower-tem­
perature phase and Form-2, as the higher- temperature 
one. T h e N Q R frequencies in Form-2 are plotted 
against temperature in Fig. 3. T h e spectrum at 77 K 
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Fig. 4. Zero-splitting patterns of 35C1 Zeeman lines 
in Form-1 of SnCl4 • 2CH3CN. 
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Fig. 5. Zero-splitting patterns of 35C1 Zeeman lines 
inSnCl4-2M^4H9CN. 

is complicated, whereas that at room temperature is 
characteristic of a cis complex. Th i s is a good illus­
trat ion suppor t ing the previous suggestion that 
temperature dependence of N Q R frequencies is 
impor t an t for a t t empt ing structure assignment.3 A ) 

Another modification (referred to as Form-3) was 
obtained when the crystal was subl imed at 315 K in an 
evacuated tube. T h i s modification gave two closely 
spaced resonance lines. T h e temperature dependence 
plot for these lines is shown in Fig. 3. J u d g i n g from 
the type of the spectrum1) and the temperature coeffi­
cients of the N Q R frequencies,3 '4) Form-3 is a trans 
isomer. Form-3 was metastable and was converted 
gradually in to Form-1 on s tanding at room tempera­
ture and rapidly in to Form-2 at 77 K. Th i s cis- trans 
isomerization is similar to the case of SnCLr 
2(CH3)20.6) Attempts to examine direct conversion 
of Form-1 and Form-2 in to Form-3 were unsuccessful. 
T h e N Q R frequencies for these modifications are 
summarized in Table 1. T h e N Q R lines faded out 
near 341 K in Form-1, near 298 K in Form-2, and near 
343 K in Form-3. 

T h e zero-splitt ing patterns on the 35C1 Zeeman lines 
in Form-1 of SnCi4-2CH3CN are shown in Fig. 4, 
where zi indicates the direction of the z axis for the zth 
resonance line. From these loci, the asymmetry 
parameter (77) and the or ientat ions of the efg axes were 
determined. T h e asymmetry parameters and the cal­
culated quadrupo le coup l ing constants (e2Qqh-1) are 
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Table 2. Angles/0 between the Sn-Cl Bonds in Form-1 
ofSnCU-2CH3CNa) 

Bond 

Sn-Cl(2) 

Sn-Cl(3) 

Sn-Cl(4) 

Sn-Cl(l')d) 

Sn-Cl(2/) 

Sn-Cl(3') 

Sn-Cl(4') 

b-axis 

Sn-Cl(l)b) 

102.9 
(102.6)c) 

94.5 
(94.6) 
93.5 

(94.0) 
104.4 

[104.2]c) 

2.4 
[2.7] 
92.1 

[92.5] 
94.3 

[95.8] 
37.8 

[37.9] 

Sn-Cl(2)b) 

94.0 
(94.9) 
92.5 

(93.9) 

101.3 
[100.8] 

96.3 
[96.9] 
91.7 

[92.0] 
140.6 

[140.4] 

Sn-Cl(3 

163.8 
(166.1) 

3.8 
[2.6] 

168.3 
[165.9] 

91.5 
[91.3] 

a) Estimated error in the angle between the z axes 
±0.1°. b) xi and xi orient at angles of 14+2° and 
9+2 °, respectively, to the Cl( 1 )SnCl(2) plane, c) The 
values in parentheses are based on X-ray analysis and 
those in brackets were calculated from atomic posi­
tions (Ref. 9). d) The CI atoms marked with primed 
numbers belong to another lattice site. 

Table 3. Angles/0 between the efg z Axes 
inSnCU-2^C4H9CNa) 

z-axis 

Z2 

Z3 

Z4 

Z!'C> 

Z2 ' 

Z3 ' 

u' 
C2-axis 

Z!b) 

101.1 
95.3 
93.5 
29.1 
82.9 
74.1 
62.3 
75.4 

Z2
b) 

93.9 
95.0 

101.7 
8.5 

21.9 
50.8 

a) Estimated error ±0.05°. b) xi and xi orient at 
angles of 5.3+1.9° and 9.2+0.6°, respectively, to the 
Z1Z2 plane, c) The z axes marked with primed numbers 
belong to another lattice site. 

listed in Table 1. All the resonance lines are broad 
and not so intense, and in addition, each of the vs and 
VA Zeeman lines yielded overlapped patterns. These 
precluded accurate estimation of the 77-values and the 
orientations of the efg axes for the V3 and VA lines. 
Each of the resonance lines gave a pair of loci, in 
conformity with the crystal structure.7) The direction 
of the b-axis was determined from the distribution of 
the zero-splitting loci. 

The bond angles in Form-1 of SnCU-2CH3CN are 
listed in Table 2. The assignment of the NQR lines 
was based on a comparison of orientation of the efg z 
axis with the corresponding Sn-Cl bond axis, assum­
ing that the efg z axis is parallel to the Sn-Cl bond 
direction. The results of NQR are in fair agreement 
with those of X-ray analysis.7) The axial CI atoms 
contribute to the two higher resonance lines and the 

equatorial ones to the lower lines. The distinction 
between the Cl(4) and Cl(4') atoms in Table 2 is not 
always beyond question because their z axes orient 
very closely to each other. The assignment of the ZA 
axis to the Cl(4) atom at a particular crystal site was 
made by choosing the angles closer to those deter­
mined by X-ray analysis.7) The Sn-Cl lengths corre­
sponding to Cl(l), Cl(2), Cl(3), and Cl(4) are 235.6, 
234.1, 235.5, and 233.9 pm, respectively. The NQR 
lines for the Cl(2) and Cl(4) atoms were reversely 
assigned on the basis of the bond lengths.3) The 
results of this study indicate that in the type of com­
plexes SnCU • 2L a trans effect of the ligand molecule 
is regarded as more important in assigning NQR 
lines. 

Figure 5 reproduces the zero-splitting patterns in 
SnCU-2£-C4H9CN. Each NOR line yields a pair of 
cones, which indicates that the crystal belongs to the 
monoclinic system.10) The NQR parameters are 
listed in Table 1 and the angles between the z axes are 
given in Table 3. An examination of Table 3 reveals 
that this complex also has a cis configuration, as 
expected from its NQR spectra. Figure 6 shows the 
molecular shapes of SnCU • 2£-C4HgCN and Form-1 of 
SnCU • 2CH3CN as deduced from Zeeman analysis. 

Despite bulky ligands, the bond angles in SnCU • 2t-
C4H9CN are similar to those in SnCl4 • 2CH3CN, 
SnCl4-2POCl3,5'n) and SnCl4-2SeOCl2.

5'12> The 
ligands in these complexes, in common, possess 
'pointed'13) coordinating groups such as C=N, P=0, 
and Se=0. It has been suggested that the pointed 
ligands prefer a distorted cis-octahedron to minimize 
steric repulsions of the CI atoms and that ligands 
favoring a transconfiguration are bulky.13) The 
occurrence of the cis-trans isomerism in SnCU-
2C6H5CN and SnCU-2(CH3)206> suggests that the 
ligands in these complexes may be bulky rather than 
pointed. In case in the eis form of SnCU • 2C6H5CN 
the ring planes of the ligands are perpendicular to the 
equatorial plane, the ligands are not sterically hin­
dered and can be regarded as pointed. In case the 
ring planes lie in the equatorial plane, the ligands are 
sterically hindered and the complex is expected to 
prefer a trans form to a cis one. In eis complexes 

( a ) ( b ) 

Fig. 6. Molecular shapes of (a) SnCU • 2CH3CN and 
(b) SnCU • 2̂ -C4HgCN as determined by Zeeman 
analysis. 
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Fig. 7. Arrangement of SnCLr2CH3CN molecules 
(Form-1) in the (100) projection. Intermolecular 
distances (in pm) are calculated from the atomic 
positions of the X-ray data (Réf. 5). 

wi th less po in ted l igands the octahedral env i ronment 
a round the tin a tom is expected to be less distorted. 
T h i s is suppor ted by the geometry in cw-SnCU* 
2(CH3)20, where the CleqSnCeq and ClaxSnClax angles 
are, respectively, 92.2° and 173.4°.6> 

T h e anomalous temperature variat ions of the reso­
nance frequencies suggest some intermolecular inter­
action between the CI and ne ighbor ing atoms. Since 
all the N Q R lines have been assigned, intermolecular 
interaction associated wi th the CI a toms can be exam­
ined. N o data fitting our purpose, however, could be 
found in the literature. T h e distances between the CI 
atoms and their neighbors were calculated from the 
a tomic posi t ions of X-ray data.7) It was found that 
the CI a toms make short contacts wi th the methyl 
groups. T h e significant distances are writ ten in Fig. 
7. T h e Cl(3) a tom is in contact wi th the three methyl 
groups wi th the distances considerably less than the 
sum of van der Waals radii (380 pm).1 4 ) T h e next 
significant contacts are associated wi th the Cl( l) and 
Cl(4) a toms. It is presumed that there are some 
approaches of the CI a toms to the methyl hydrogens. 
T h e Cl(2) a tom appears no t to interact so strongly 
wi th the methyl groups. T h e distance between the CI 
a tom and the nearest ne ighbor is related to the anom­
alous temperature dependence. 

T h e N Q R frequencies for Form-1 of SnCLp 
2CD3CN were recorded at various temperatures, and 
the values at 77 and 295 K are tabulated in Table 1. 
Each of the resonance lines in the CD3CN complex 
shifted to the higher frequency wi th regard to the 

corresponding lines in the pro tonated complex. T h e 
frequency shifts of the V3 and VA lines are ca. 20 KHz, 
and those of the v\ and vi ca. 10 KHz. T h e magni ­
tudes of the shifts are comparable to those in the case 
of 2,2 /-dichloropropane1 5 ) and the chloroform com­
plex.16) T h i s suggests that these CI atoms may be 
involved in hydrogen bonding.1 7 ) Despite the short­
ness of the Cl(l)—CH3 contact, the shift in the v\ l ine 
is small. T h i s may result from that an H a tom is 
situated at the posi t ion unfavorable to hydrogen 
bonding , which has as yet no t fully been understood. 
N o further details of hydrogen bond ing can be dis­
cussed at this stage because of the u n k n o w n atomic 
posi t ions of the H atoms. 
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Hydroquinone is electro-oxidatively polymerized to poly(dihydroxyphenylene) on the Pt electrode, whose 
structure was confirmed by spectroscopic measurements. The polymerization proceeds via an oxidative and 
cationic mechanism. The poly(dihydroxyphenylene) thus formed is a Nernstian-type electro-active polymer 
(£°=0.7 V vs. Ag/AgCl in an acidic medium) and shows a redox reaction through two-electron transfer, 
accompanied by proton dissociation on the Pt electrode. 

There is m u c h interest in the th in films on elec­
trodes by meanes of the electro-polymerization of pyr­
role,1) thiophene, 2 ) aniline,3>4) phenol,5 '6 ) and ben­
zene.7'8) These aromat ic conjugated polymers exhibit 
significant electrical conductivity and are potential ly 
useful materials9 - 1 1) because most of the polymers 
show electro-activity wi th a one-electron transfer on 
the electrodes. However, there remains some room 
for further improvement of these electric devices, such 
as charge storagebility and responsibil i ty to use. T o 
overcome these problems, a ^-conjugated polymer 
wi th a multi-electron transfer redox site is expected to 
have advantages. 

We have been s tudying the electro-polymerization 
of benzene derivatives, inc lud ing hydroquinone . 
H y d r o q u i n o n e is k n o w n to be oxidized th rough a 
two-electron transfer, accompanied by the dissociation 
of protons,12 '13) and a hydroqu inone polymer is 
expected to show a large capacity and to be applicable 
to electric devices. However, thus for only one paper 
has been reported on the electro-chemical prepara t ion 
of poly(dihydroxyphenylene),1 4 ) except for chemically 
prepared poly(dihydroxyphenylene)15 '16) and an elec­
tro active and rc-conjugated polymer wi th a two-
electron transfer redox site. 

In this paper , we will report the electro-oxidative 
polymerizat ion of hydroqu inone to yieid poly(dihy-
droxyphenylene) and its two-electron transfer reac­
tion, accompanied by a 4-proton addi t ion-e l imina­
tion on the electrode. T h e electro-oxidative poly­
merization mechanism will also be discussed. 

Experimental 

Materials. Hydroquinone and benzoquinone were puri­
fied by recrystallization. Solvents such as nitromethane, 
acetonitrile, tetrahydrofurane, and dymethyl sulfoxide were 
purified by two distillation before electrolysis. Tetrabutyl-
ammonium Perchlorate was used as a supporting electro­
lyte after recrystallization from ethanol-water and was dried 
in vacuo for 1 d at 100 °C. 

Electrolysis. A pair of platinum plate (2X5 cm) was set 
in a cell17) with 1 cm spacing as a working and an auxiliary 
electrode. The reference electrode was Ag/AgCl. A typi­
cal electro-polymerization was as follows. A nitromethane 

solution (80 cm3) of hydroquinone (0.1 molm - 3) and tetra-
butylammonium Perchlorate (0.2 mol m - 3) was kept in the 
cell at 20 °C under a nitrogen atmosphere. The preparative 
electrolysis was carried out under a controlled potential with 
potentiogarvanostate (NIKKO KEISOKU NPG-301) with­
out stirring. The electricity was measured by the use of a 
digital coulomb meter (NIKKO KEISOKU NDCM-1). 
After the electrolysis, the adhered product was removed from 
the working electrode and dedoped by washing with 
methanol and aqueous ammonia. The product was 
washed with methanol and dried in vacuo for 1 d at 80 °C. 

The current efficiency (%) was calculated by dividing the 
polymer yield by the theoretical value. Theoretical 
Yield=(Q/2nF)X100 (n=molar number, F: 96484 C mol"1, 
Q: electroricity (C)). 

Electrochemical Preparation of the Thin Poly(dihydroxy-
phenylene) Film on Pt Disk Electrode. The thin film of 
poly(dihydroxyphenylene) on the Pt electrode was electro-
chemically prepared by means of a cyclic potential sweep 
between —0.5 V and 1.8 V in the same electrolytic mixture as 
the preparative electrolysis. The polymer-coated electrode 
thus prepared was used in the voltammetric measurements. 
The as-grown poly(dihydroxyphenylene) on the disk elec­
trode was set in a 25 vo%l pyridine-acetonitrile solution. 
The electro-oxidation was carried out at an applied poten­
tial of 1.1 V. After the electrolysis, the cyclic voltammo-
grams of the polymer on the electrode were measured in a 
dimethyl sulfoxide solution. 

Chemical Preparation of Poly(dihydroxyphenylene). 
Poly(2,5-dymethoxy-l,4-phenylene) was prepared through 
the electro-oxidative polymerization of p-dimethyoxy-
benzene,18* whose structure was completely confirmed by 
means of spectroscopic measurements.19) A dichlorometh-
ane solution (10 cm3) of boron tribromide (2 cm3) was 
added to a dichloromethane solution (50 cm3) containing 
poly(2,5-dymethoxy-l,4-phenylene) (0.39 g) at 20 °C. The 
heterogeneous mixture was then refluxed at 40 °C for 1 d. 
After the reaction, the mixture was poured into water to 
precipitate the polymer. The polymer was collected, 
washed with methanol and water, and dried in vacuo at 
70 °C. The completion of the demethylation was con­
firmed by the disappearance of the IR absorption band at the 
ascribed CH3 vibrations of 2950 and 3000 cm"1. 

Spectrscopic Data of the Polymer. The electrochemi-
cally prepared polymer was characterized by means of IR 
(JASCO IR-810) and solid 13C NMR (JEOL FX-100). Poly-
(dihydroxyphenylene)(Dedoped sample) Found: C, 68.4; H, 
3.4% Calcd for (C6H402): C, 66.7; H, 3.7% IR(KBr, cm"1), 
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3400(^ O -H); 1620, 1440(^c=c); 1140(^C-o); 1320(ÔO-H); 

855(ÔC-H). CP-Mass i3CNMR(90 Mz) 0=114, 122, 131. 
Cyclic Voltammetry. Cyclic voltammetry was carried 

out in a two-compartment cell. A platinum disk (0.126 
cm2), platinum wire, and Ag/AgCl were used as a working, 
an auxiliary and a reference electrode respectively. The 
potential was controlled with a dual potentiogarvanostate 
(NIKKO KEISOKU DPG-3) and a function generator 
(NIKKO KEISOKU NFG-3). The scanning rate of the 
potential was 100 mVs - 1 . 

Electrical-Conductivity Measurements. After the elec­
trolysis, the polymer adhering to the anode was peeled off 
and washed with dry hexane. The d.c. conductivity of the 
polymer tablet was measured using a two-point probe 
method. The doping of the electrolyte anion was con­
firmed by means of IR and fluorescence X-ray spectrometry. 

Results and Discussion 

Electro-Polymerization of Hydroquinone. Hydro-
q u i n o n e (0.1 mol m - 3 ) is electro-oxidatively polymer­
ized to form a black polymer on the electrode, wi th 1.5 
V as the appl ied potent ial . T h e concentrated 
hydroqu inone solut ion was used to insure that the 
reaction between an active species and the substrate 
occurred. A cyclic vo l t ammogram of the same elec­
trolytic mixture shows n o reduct ion peak correspond­
ing to the anodic peak and reveals a typical irreversi­
ble reaction (Fig. 1). T h e oxidat ion peak current is 
no t decreased in any cycle, and the black fiim is 
cont inuously formed du r ing a n u m b e r of potent ial 
sweeps, which indicates that the conductive polymer 
is formed on the electrode th rough the oxidat ion of 
hydroquinone . 

T h e analytical data, such as the IR and solid 
1 3 C N M R of the formed polymer, were in agreement 
wi th those of poly(dihydroxyphenylene) chemically 
prepared th rough the demethylat ion of poly(2,5-
dimethoxy-l ,4-phenylene) wi th boron tr ibromide (see 
Exper imental section). T h e m a i n structure of the 
formed polymer contained no oxyphenyelen bond, 
because the strong absorpt ion of the C - O - C bond at 
1180 cm" 1 was no t detected in the IR (Fig. 2). T h e IR 

Scan 

1mA 

I 1 1 1 1 
- 0 . 5 0 0.5 1.0 1.5 

E / V vs. Ag / AgCI 

Fig. 1. Cyclic voltammograms of 0.1 m o l m - 3 of 
hydroquinone in nitromethane solution. 

1 1 I I i , . . . . I 
4000 3000 2000 1500 1000 400 

V / cm1 

Fig. 2. IR spectra of chemically prepared poly(2,5-
dihydroxy-l,4-phenylene) (a) and electrochemically 
prepared polymer (b). 

absorpt ion of the polymer disagreed slightly with that 
of poly(dihydroxy-l ,4-phenylene) in the region 
between 800—900 c m - 1 which is ascribed to the C - H 
out-of-plane vibrat ion of the benzene r ing and reveals 
substi tuted posi t ion on benzene. T h e absorpion at 
810 c m - 1 , ascribed to 1,2,3,4-tetrasubstituted ben-
zene,20) suggests that the polymer contains a 1,2-
conjugated or nonl inear structure. T h e polyer was 
soluble in a cone, a lkal ine aqueous solution. T h e 
Perchlorate an ion had been doped in the poly(dihy-
droxyphenylene) after the electrolysis, was confirmed 
by the IR absorpt ion bands at 1100 and 622 cm - 1 . 
T h e electrical conductivity of the Perchlorate an ion 
doped polymer was ca. 10"7 S cm - 1 . It makes possible 
a con t inuous formation of the polymer on the elec­
trode (<2 mm) . 

Polymerization Mechanism. In n i t romethane , 
hyd roqu inone is oxidized by means of a two-electron 
transfer to yield pro tonated benzoquinone,2 1 ) and it is 
no t polymerized in a di lute solut ion ([hydroqui-
none]<50 m m o l m - 3 ) . We found that the protonated 
benzoquinone cation is polymerized to yield poly(di-
hydroxyphenylene) when the feed concentrat ion of 

Table 1. Electro-polymerizationa) of Hydroquinone 

Solvent 

CH3NO2 
C6H5NO2 
CH3CN 
THFb ) 

DMFC) 

DMSOd) 

Solvent 
donor 

number 

2.7 
4.4 

14.1 
20.0 
26.6 
19.8 

Current 
efficiency 

/% 

13 
22 
14 
0 
0 
0 

a) Potential: 1.5 V; electricity: 0.6 F mol"1, b) Tetra-
hydrofuran. c) iV,iV-Dimethyl formamide. d) Dimethyl 
sulfoxide. 
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Hydroquinone Cone. / mmol.l 

Fig. 3. Concentration of hydroquinone on the 
electro-polymerization in nitromethane at 1.5 V. 
(Electricity: 0.6 F mol -1.) 

hyd roqu inone is above 0.1 m o l m - 3 (Fig. 3). At a 
lower concentrat ion, this polymerizat ion is though t to 
be very slow, probably because the reaction between 
hydroqu inone and the pro tonated benzoquinone does 
not easily occur, m u c h as in the electro-poly­
merization of benzene.8) Tab le 1 shows that this 
polymerizat ion is suppressed by a strongly basic sol­
vent, such as dimethylformamide and dimethyl sul­
foxide. T h e current efficiency was no t significantly 
influenced by oxygen bubb l ing th rough the electolytic 
mixture , which often deactivates a radical species. 
These results suppor t the idea that this polymeriza-

(b ) 

-1.0 
_L_ 

-0.5 0 0.5 
E / V vs Ag/AgCI 

1.0 

Fig. 4. Cyclic voltammograms of hydroquinone in 
acetonitrile (a), benzoquinone in acetonitrile (b), 
and benzoquinone in the presence of methanesul-
fonic acid (0.5 molm - 3 ) (c). 

1.0 
E/V vs. Ag/AgCI 

2.0 

Fig. 5. Cyclic voltammograms of hydroquinone 
(a) and anisole (b) in nitromethane. 

t ion proceeds via a cationic mechanism. 
H y d r o q u i n o n e shows an oxidat ion peak at 0.9 V in 

the acetonitrile; this peak is based on the two electron 
transfer (Fig. 4). T h e reduct ion peak appears at 0.1 V 
and is ascribed to the reduct ion of the protonated 
benzoquinone . p -Benzoquinone is reduced at 0.2 V 
in the presence of acid. T h i s reduction peak poten­
tial agrees wi th that of hydroqu inone . These results 
indicate that hyd roqu inone is two-electron oxidized to 
the pro tonated benzoquinone in the mixture. In a 
strongly basic solvent, hyd roqu inone is oxidized to 
benzoquinone , accompanied by pro ton e l iminat ion 
by the solvent, and is no t polymerized. T h a t is, it is 
considered that the pro tona ted benzoquinone acts as 
an active species in the polymerizat ion and electro-
phil ical ly reacts wi th neutra l hydroqu inone to form 
the hydro dimer[I] , m u c h as in the polymerization 
mechanism of benzene. 

T h e electro-polymerization of hydroqu inone was 
carried ou t at 1.0 V in the co-existence of anisole in 
order to study the electrophil ic reaction of the cation. 
Anisole is no t electro-oxidized at this appl ied poten­
tial (Fig. 5). T h e polymer thus formed contained an 
anisole residue, which was confirmed by IR. T h a t is, 
hyd roqu inone is electro-oxidized to the pro tonated 
benzoquinone . T h i s cat ion acts as an active species 
and electrophilically reacts wi th the benzene r ing of 
non-pro tona ted hydroqu inone . These processes are 
repeated to form poly(dihydroxyphenylene) (Eq. 1), in 
a manne r similar to that in the electro-polymerization 
of benzene previously reported by the present 
authors.8 '22"24) 

polymn 
OH 

HO 

(1) 

Electrochemical Properties. T h e redox behavior of 
the polymer was greatly affected by the acidity of the 
electrolytic mixture . W h e n the electro-oxidation of 
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poly(dihydroxyphenylene) was carried out in a basic 
med ium such as 25 vol% pyridine-acetonitr i le , the 
analytical data of the polymer formed on the electrode 
indicates the formation of poly(benzoquinone)2 5 ) 

th rough the complete e l imina t ion of protons . A cyc­
lic vo l t ammogram of this polymer in dimethyl sulfox­
ide gives the redox potent ia l at —0.4 V, in the profile 
similar to that the benzoqu inone redox couple 
(BQ+e=B(2-*) (Fig. 6). In the acetonitrile, the poly-
(dihydroxyphenylene) film shows its oxidat ion peak 
and reduct ion peak at 1.0 V and 0 V respectively (Fig. 
6). T h e later cyclic vo l t ammogram is similar to that 
of hydroqu inone in acetonitrile, suggesting a similar 
electrochemical reaction. 

O n the other hand , the cyclic vo l t ammogram of the 
electrochemically prepared poly(dihydroxyphenylene) 

- to 0.5 
E /V vs. Ag/AgCI 

Fig. 6. Cyclic voltammogram of poly(dihydroxy-
phenylene) on Pt electrode in dimethyl sulfoxide 
after electro-oxidation in pyridine-acetonitrile 
solution. 

x 
O 
4 

0 
DC 

0.5 0.7 0.9 

E / V vs. Ag/AgCI 

Fig. 7. Cyclic voltammograms of poly(dihydroxy-
phenylene) on the Pt electrode (0.126 cm2) in 70 wt% 
perchloric acid-aqueous solution at various scan­
ning rates. 

in an aqueous perchloric acid solut ion (Fig. 7) is 
reproducible, even after repeated scannings (103 

times), between 0.5 and 0.9 V. Generally, the redox 
potent ia l of the conductive polymer is reduced in 
compar ison wi th that of the monomer . T h e redox 
potent ia l at 0.7 V is consistent wi th that of hydroqui ­
none: T h i s means that the electron-transfer process of 
the polymer is of n o he lp in est imation the redox 
reaction of the m a i n chain. 

T h e peak current is directly propor t iona l to the 
scanning rate. T h i s suggests that the polymer film is 
stable against the redox cycle and strongly adhers on 
the electrode. T h e zpa is p ropor t iona l to the sweep 
rate, even in very thick film (ca. 10—100 nm) (Fig. 8). 
T h i s means that electron transfer occurs very rapidly, 
similarly to the electrochemistry of the absorpt ion 
substrate on the electrode. T h a t is, the electron-
transfer process is not control led by ion-diffusion, for 
the cojugated parts of poly(dihydroxyphenylene) acts 
as an electrode. 

50 

E / V vs. Ag/AgCI 

Fig. 8. Oxidation peak current on the cyclic voltam­
mograms of poly(dihydroxyphenylene) which was 
electrochemically prepared by potential seep 
method (3 scans (C), 4 scans (O), 5 scans (3), and 7 
scans ( • ) , at various scan rate in perchloric acid). 

0.4 0.6 0.8 
Q1 / C c m " 2 

Fig. 9. The charge (Q2) passing during redox reac­
tion of these formed poly(dihydroxyphenylene) and 
the charge (Qi) passing during the formation of 
poly ( dihy droxypheny lene ). 
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We comfirmed the charge storagebility of poly(di-
hydroxyphenylene) in compar ison with the other 
electro-active polymers. Figure 9 shows the relation­
ship between the charge of the polymer formation (Qi) 
and the charge of the formed polymer (Qp). Qi is 
approximate ly estimated to the quant i ty of the formed 
polymer. Qß is estimated the number of active site in 
poly(dihydroxyphenylene). T h i s supports the ideas 
that poly(dihydroxyphenylene) is cont inuously depos­
ited wi thou t the passivation and that its redox site acts 
efficiently, even for a thick film (ca. 10—100 um). 
These characteristics of poly(dihydroxyphenylene) , 
the efficient charge storage and rap id electron transfer, 
are superior to these of the conductive polymers, such 
as polypyrrole and polyanil ine,2 6 ) because of poly(di-
hydroxyphenylene) wi th two-electron transfer and n-
conjugat ion. 

Figure 10 shows the cyclic vo l tammograms of the 
polymer in n i t romethane con ta in ing various acids. 
T h e cathodic and anodic peak potent ials shift towards 
less anodic with an increase in the acidity of the 
electolytic mixture . T h i s behavior is similar to that 
of hydroquinone, 2 1 ) wh ich also suppor ts the idea that 
the polymer contains a hydroqu inone structure. In 
the acidic media, the p lot of H°27> vs the formal 
oxidat ion-reduct ion potent ia l is linear, wi th a slope of 
ca. 120 m V H 0 - 1 (0.1 m o l m " 3 — 2 m o l - 3 CH3SO3H) 
(Fig. 11). T h i s indicates that p ro tons and electrons 
take par t in the reaction th rough a 2 -p ro ton / l -
electron reaction, which is evaluated by the use of a 
Nernst ian equat ion. T h u s , it is considered that the 
overall electrode reaction of poly(dihydroxyphenyl-
ene) consists of two-electron transfer wi th a 4-proton 
add i t ion-e l imina t ion reaction. T h e vo l t ammogram 
area for the redox reaction in the acidic mixture , 
which corresponds to the total charge of the electrode 

0.6 0.8 1.0 
V vs. Ag /AgCI 

Fig. 10. Cyclic voltammograms of the polymer 
formed on the Pt electrode in nitromethane con­
taining a: 0.2 molm" 3 Et4NClO4+0.15 molm"3 

CH3SO3H, b: 0.2 molm" 3 Et4NClO4+0.5 molm"3 

CH3SO3H, c: 0.2 molm- 3 Et4NC104+1.85 molm"3 

CH3SO3H; sweep rate, 25 mV s-1. 

1.0 

>'o.9h 
> 
\ 
LU 

0.3 I 1 1 1 1 1 
-0.6 0 0.5 1.0 

Ho 

Fig. 11. Relationship between the equilibrium 
potential of poly(dihydroxyphenylene) film in 
acidic solution and the Hammet acidity function of 
the solution. 

+HOH p 

- f 0 ^ ^ {Q)-n +4nH+ (2) 
HOH+ O' 

reaction, increases wi th the acid concentration. 
From these results, it is concluded that the redox 
reaction of the poly(dihydroxyphenylene) in the acidic 
med ium is schematically shown by Equa t ion 2.28) 

An acidic med ium or p ro tona t ion of the polymer 
causes the polymer to become electroactive. 

T h i s work was part ial ly suppor ted by a Grant- in-
Aid for Scientific Research on the Priority area of 
"Macromolecular Complexes (No. 01612005)" from 
the Ministry of Educat ion, Science and Culture. 
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Condensation over V-Si-P Ternary Oxide Catalyst 

Mamoru Ai 
Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 227 

(Received November 14, 1989) 

The vapor-phase aldol condensation of propionic acid with formaldehyde was performed over a V-Si-P 
ternary oxide catalyst of atomic ratio of 1:2:2.2. The one-pass yield of methacrylic acid was 55 mol% on the 
charged formaldehyde basis at the propionic acid/formaldehyde molar ratio of 2. The maximum yield of 
methacrylic acid remained unchanged with the variation in temperature and the dilution of reactants, but it 
increased with the propionic acid/formaldehyde ratio; the yield reached 82 mol% at the propionic acid/ 
formaldehyde ratio of 6. The effects of reaction variables such as temperature, concentrations of propionic 
acid, formaldehyde, water vapor, methacrylic acid, and oxygen, and propionic acid/formaldehyde ratio were 
examined. 

Methacrylic acid (MAA), a raw material of the so-
called organic glass, is currently produced by a two 
step oxidat ion of isobutene. O n the other hand , 
a t tempts have been made to form MAA by means of a 
vapor-phase aldol condensat ion of p rop ion ic acid 
(PA) wi th formaldehyde ( H C H O ) over acidic oxide 
catalysts.1_3) 

CH3CH2COOH + HCHO —> CH2=C(CH3)COOH + H 2 0 

It should be noted that the one-pass yield of MAA 
did not exceed 39 mol% at the P A / H C H O molar rat io 
of 2, whi le acrylic acid was obtained wi th a h igh yield 
of 96 to 98 mol% by the reaction of acetic acid wi th 
H C H 0 . 3 _ 5 ) T h i s suggests that the formation of 
MAA is more difficult than that of acrylic acid, sim­
ilarly to the case of the part ial oxidat ion of unsatu­
rated aldehydes. 

It was recently found that the combinat ion of divana-
d i u m (IV) dioxide pyrophospha te [V202(P20?)] wi th 
silica gel in the presence of a small a m o u n t of phos­
phor ic acid br ings about an improved catalytic forma­
tion of MAA. In this study, the catalytic performance 
of the V - S i - P ternary oxide wi th an a tomic ratio of 
1:2:2.2 was investigated. 

Experimental 

Catalyst. The catalyst used in this study is the V-Si-P 
ternary oxide with the atomic ratio of 1:2:2.2 and was 
prepared as follows. To about 100 ml of hot water contain­
ing about 20 ml of lactic acid, 29.5 g of NH4VO3 was 
dissolved, yielding a blue solution of V0 2 + . Then, 63.5 g 
of 85% H3PO4 was dissolved in water (ca. 100 ml). The two 
solutions were added to 150 g of colloidal silica "Snowtex 
O" (Nissan Chem. Ind.) containing 20% Si02 . Excess water 
was then evaporated with stirring in hot air current. The 
cake obtained was dried in an oven for 6 h by gradual 
heating from 50 to 200 °C. The resulting solid was ground 
and sieved to get 8- to 20-mesh size portion. It was finally 
calcined at 450 °C for 6 h in a stream of air. The specific 
surface area was 21.3 m 2 g - 1 and the average oxidation 
numbers of vanadium ions in the catalyst,6»7) was ca. 4.O. 

Reaction Procedures. The reaction of PA with HCHO 

was carried out by a continuous-flow system. Trioxane 
[(HCHO)3] was used as the source of HCHO. Unless oth­
erwise indicated, the feed rates of PA, HCHO, and nitrogen 
were 30, 15, and 350 mmol h"1, respectively; the composition 
was 7.6, 3.8, and 88.6 mol%. Other procedures were the 
same as those described in the previous studies.2'3,5) The 
contact time was defined as (volume of catalyst)/(flow rate of 
gaseous feed). The packing density of catalyst was ca. 0.5 g 
ml - 1 . The yield (mol%) was defined as 100X(moles of prod-
uct)/(moles of HCHO fed). 

Results 

Effect of Temperature. T h e reaction was con­
ducted by chang ing both the a m o u n t of catalyst and 
the reaction temperature from 280 to 360 °C. T h e 
m a i n products were MAA, propylene, CO2, and a 
small a m o u n t of CO. T h e yield of MAA on basis of 
charged H C H O at five temperatures are shown in Fig. 
1 as a function of the contact time. 

T h e yield of MAA increased wi th the contact time, 
passed th rough a broad m a x i m u m , and then decreased 

A 6 8 
Contact time 

10 12 
(sec) 

Fig. 1. Effect of the temperature on the yield of 
MAA. 
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gradually. The maximum yield of MAA was in the 
range of 52 to 55 mol% and remained almost 
unchanged with the change of temperature. 

Propylene and CO2 were the main by-products of 
the same order of amount. The yields of propylene 
on the basis of charged HCHO at five temperatures are 
shown in Fig. 2 as a function of the yield of MAA. 
The yield of propylene increased markedly with 
temperature, indicating that the side-reaction is 
greatly accelerated at elevated temperatures. 

Effect of Propionic Acid Concentration. The reac­
tion was conducted at 300 °C by fixing the feed rates of 

10 20 30 
Yield of MAA 

40 50 60 
(mol°/e) 

Fig. 2. Effect of the temperature on the yield of 
propylene. 

HCHO and nitrogen at 15 and 350 mmolh"1 , respec­
tively, while changing the feed rate of PA. The yields 
of MAA obtained at four different PA/HCHO molar 
ratios are shown in Fig. 3 as a function of the contact 
time. The initial rate of MAA formation was almost 
independent of the PA concentration in the range 3.8 
to 22.8, whereas the maximum yield of MAA increased 
with the PA concentration; the yield reached 82 mol% 
on basis of charged HCHO at a PA/HCHO molar 
ratio of 6. 

The yields of propylene obtained at four different 
PA/HCHO molar ratios are shown in Fig. 4 as a 
function of the yield of MAA. The yield of propylene 
decreased clearly with the increase in PA concentra­
tion. 

The yields of MAA are plotted as a function of the 
overall conversion of HCHO in Fig. 5. The selectiv­
ity of HCHO to MAA, defined as 100X(yield of MAA)/ 
(conversion of HCHO), is given from the slope 
through the origine. The selectivity increased with 

20 40 
Yield of MAA 

60 80 
(mo!7o) 

Fig. 4. Effect of the PA/HCHO molar ratio on yield 
of propylene. Conditions are the same as those for 
Fig. 3. 

0 2 4 6 8 10 12 14 26 
Contact time (sec) 

Fig. 3. Effect of the PA/HCHO molar ratio on the 
yield of MAA. Temperature=300 °C; feed rate of 
HCHO/nitrogen=15/350 mmolh"1. 

~ 60h 

< < 
2 

a» 

40 60 80 
Conversion of HCHO (mol %>) 

Fig. 5. Yield of MAA as a function of the conversion 
of HCHO. Conditions are the same as those for 
Fig. 3. S=selectivity (mol%). 
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the increase in PA concentration. 
Effect of HCHO Concentration. The reaction was 

conducted with a fixed PA concentration of 7.6 mol% 
using a 2.5 g portion of catalyst (contact time=1.6 s), 
while the initial concentration of HCHO changed 
from 1.0 to 3.8 mol%. The rate of MAA formation 
obtained at a low HCHO conversion is plotted in Fig. 
6 as a function of the HCHO concentration. The 
rate increased steadily with the HCHO concentration 
in the range 1.0 to 3.8 mol%. 

Effect of Reaction Dilution. The effect of dilution 
of reactants was examined by changing the concentra­
tions of the two reactants and temperature at the fixed 
PA/HCHO molar ratio of 2 and using a 20 g portion 
of catalyst. The maximum yield of MAA remained 
unchanged with the variation in concentration. 

Effect of Water Vapor. The reaction was con­
ducted in the presence of water vapor at 300 °C. The 
yield of MAA at the contact time of 2 s is plotted in 
Fig. 7 as a function of the H2O/HCHO molar ratio. 
The reaction was retarded by water vapor. It was also 
found that the yield of MAA does not exceed 45 mol% 
at the PA/HCHO molar ratio of 2 and H2O/HCHO 
molar ratio of ca. 3. 

Effect of Methacrylic Acid. The reaction was con­
ducted in the presence of MAA at 300 °C. Figure 8 
shows the yield of MAA obtained at the contact time of 
2 s as a function of the MAA/HCHO molar ratio. 
The reaction was retarded also by MAA. 

Stability and Regeneration of Catalytic Activity. 
The stability of catalytic activity was checked at 300 °C 
using a 20 g portion of catalyst (contact time=ca. 15 s) 
at the feed rate of PA : HCHO : nitrogen=67.5 :15:350 
mmol h - 1 . The change in the yield of MAA is shown 
in Fig. 9 as a function of the elapsed time-on-stream 

1 2 
Concentration of 

3 
HCHO (mol°/o) 

(open symbols with solid line). The activity was 
relatively stable at temperatures about 300 °C. 

The catalyst deactivated during the reaction was 
regenerated completely by a heat-treatment at about 
350 °C for 2 h in a stream of air. 

In order to reoxidize the catalyst and, as a result, to 
avoid the deactivation, a small amount of oxygen 
was added into the feed. The feed rate of 
PA : HCHO : oxygen : nitrogen was 67.5 :15:6:350 

0.5 
H20/HCH0 molar ratio 

Fig. 7. Effect of the water vapor present in the feed 
on the yield of MAA. Temperature=300 °C; con­
tact time=2 s. 

Fig. 6. Effect of the HCHO concentration on the 
rate of MAA formation. Temperature=300 °C; PA 
concentration^.6 mol%. 

MAA/HCHO molar ratio 

Fig. 8. Effect of the MAA present in the feed on the 
yield of MAA. Temperature=300 °C; contact 
time=2 s. 
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2 4 6 
Time on stream 

8 
(h ) 

Fig. 9. Stability of catalytic activity. Tempera-
ture=300°C; contact time=15 s; feed rate, PA/ 
HCHO/nitrogen=67.5/15/350 mmoln"1 (O); PA/ 
HCHO/oxygen/nitrogen=67.5/15/6/350 mmol h"1 

mmol h - 1 and the amount of catalyst used was 20 g. 
The results are shown in Fig. 9 (blocked symbols with 
dashed line). The addition of oxygen did not sup­
press the deactivation of catalyst, but it caused marked 
formation of CO2. Therefore, the addition of oxygen 
is unsuitable. 

Discussion 

The fact that the yield of MAA does not exceed a 
certain level by the increase in the contact time sug­
gests that the reaction is limited by the reaction equili­
brium. In order to check the possibility of the reverse 
reaction, an equimolar mixture of MAA and water 
was passed over the catalyst at the contact time of 15 s. 
However, no PA was detected in the product even at 
340 °C. This indicates that the reverse reaction does 
not occur under these conditions and that the yield of 
MAA is not limited by the reaction equilibrium. 
Therefore, it is likely that the yield of MAA is limited 
by retardation with the products such as MAA and 
water. 

PA and MAA are relatively stable over V-P-based 
oxides under the reaction conditions used; moreover, 
propylene is not formed by the decomposition of these 
compounds,2>8) although isobutyric acid is decom­
posed to propylene, CO, and water over acidic cata­
lysts.9) It should be noted that the amounts of propyl­
ene and CO2 are of almost the same order of magni­
tude. Therefore, it seems that propylene and CO2 are 
formed by the decomposition of intermediate com­
pounds formed in the reaction between PA and 
HCHO. For example: 

CH3CH2COOH + HCHO —• [CH2(OH)CH(CH3)COOH] 

, CH2=C(CH3)COOH + H20 

CH2=CHCH3 + C02 + H2 

As is seen in Fig. 2, the side reaction to form 
propylene and CO2 is accelerated greatly over the 
formation of MAA with an elevation of temperature, 
suggesting that the activation energy for C-C bond 
fission is greater than that for dehydration. 

It is interesting that the formation of propylene and 
CO2 is greatly suppressed by an increase in the concen­
tration of PA relative to that of HCHO (Fig. 4). The 
sites which serve to promote the C-C bond fission are 
possibly blocked selectively by PA. 

The addition of a small amount of oxygen to the 
feed served to suppress the catalyst deactivation in the 
reaction of acetic acid with HCH0. 5 ) On the other 
hand, in the reaction of PA with HCHO, the addition 
of oxygen is not effective. This may be ascribed to 
the difference in the reactivity between acrylic acid and 
MAA; oxygen serves to reoxidize the reduced catalyst 
in the reaction with acetic acid, but oxygen is con­
sumed in oxidizing MAA rather than in reoxidizing 
the catalyst. 
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Promoter effects of alkali metal nitrates and alkali earth metal nitrates on Ru/A.C. (active carbon) were 
studied in order to prepare an effective catalyst for ammonia synthesis. Of alkali metal nitrates, RbNÜ3 was 
more effective than CSNO3 and KNO3. Alkali earth metal (Mg, Ca, Sr, Ba) nitrates were also found to be 
effective promoters on Ru/A.C. catalysts. Of them heavier alkali earth metal elements were more effective 
(Ba>Sr>Ca>Mg). Ba(NOs)2 was as effective as CSNO3, which was not expected from the stand point of 
electronegativity. The transformation of promoter precursors to active compounds (nitrates to oxides or 
hydroxides) and the interaction of promoters and ruthenium were discussed. Precursor of ruthenium salt was 
also studied. RuCh • 3H2O and [Ru(NH3)6]Cl3 gave higher activities than Ru3(CO)i2. It was discussed that 
RuCl3 gave finer Ru particles than Ru3(CO)i2 on active carbon. The turn over frequency (TOF) of R u - R b V 
A.C. was lower than those of Ru-Cs+ /Al203 and of Ru-Cs+ /MgO. 

Various suppor ted R u catalysts have been studied 
for a m m o n i a synthesis.1) Al though R u / A . C . (active 
carbon) is not active for this reaction, it becomes a 
qui te effective catalyst when alkali metals are added.2) 

In this case, heavier alkali metal elements are more 
effective promoters (Cs>K>Na) . It has been dis­
cussed that the A.C. wi thdraws electrons from the R u 
surface which has been neutralized by addi t ion of 
alkali metals. T h e electron-rich surface is inferred to 
be active for the dissociation of dini t rogen, the rate-
de termining step of a m m o n i a synthesis. 

A l though alkali metals are good electron donors, 
they are qui te sensitive to oxygen-conta ining com­
pounds such as water and dioxygen. In the presence 
of water, alkali metals are turned in to oxides or 
hydroxides which still have some p r o m o t i n g effects.3>4) 

T h u s , precursors which could give stable alkali metal 
oxides or hydroxides were studied on RU/AI2O3 or 
R u / M g O . CSNO3 was found to be an effective pre­
cursor which was decomposed to CS2O a n d / o r 
CsOH.3 '4* Precursors of alkali metal oxides and 
alkali earth metal oxides have also been studied on 
R u / A . C . as patent works.5"7 ) However, n o academic 
data have been disclosed so far. T h e purpose of this 
work is to study the effect of alkali metal oxides and 
alkali earth metal oxides or their hydroxides on R ü / 
A.C. and also to study on precursors of R u com­
pounds . A l though different active carbons had dif­
ferent characteristics from one another depending on 
precursors or prepara t ion condit ions, coconut active 
carbon was used here for compar ison wi th results of 
our former study on R u - K / A . C . (coconut active 
carbon).2) 

Experimental 

Coconut active carbon (A.C.) (from Dai-ichi Tanso Ltd.), 
sieved to 8—10 mesh, washed, and dried, was impregnated 

with RuCl3-3H20 in aqueous solution at room tempera­
ture. More than 2 h was necessary to complete the adsorp­
tion of RuCb, which was examined by the change in solu­
tion color. Then, promoter nitrates (mostly from Kanto 
Chemical Co.) were added to the solution and allowed to 
stand for more than 4 h for the impregnation. The catalyst 
was dried in a drying oven (383 K). A standard catalyst 
contains 1 g of 2 wt% Ru/A.C. and promoter compounds 
with a mole ratio of 10/1 against Ru. The ratio of promo­
ter to Ru was changed from 7 to 25 (mol/mol) in the case of 
RbN03. RbOH and Rb2C03 were also studied as pre­
cursors. 

Ru3(CO)i2 and [Ru(NH3)6]Cl3 were examined as Ru pre­
cursors instead of RuCh • 3H2O. The active carbon was 
impregnated with Ru3(CO)i2 in T H F (tetrahydrofuran) 
solution for 4 h. The sample was dried in a rotary evapora­
tor at 303 K. Subsequendy, the sample was evacuated in a 
glass tube at 623 K for 2 h, then dipped into RbN03 aqueous 
solution for more than 4 h and dried at 383 K. 
[Ru(NH3)6]Cl3 was brought on A.C. similarly to RuCh-
3H2O. Some samples of active carbon were refluxed in an 
HNO3 solution (4, 8, or 12 M) at about the boiling tempera­
ture for 1 h. The evolved NOx was treated with H2O2 
solution. 

Dried catalyst such as RuCl3-3H20-RbN03 /A.C. which 
should give 1 g of (Ru+A.C.) was taken in a glass reactor 
and evacuated for 1 h. The sample was heated gradually 
up to 673 K for 3 h under circulated hydrogen and kept at 
673 K for 8 h in a closed circulation system. The ammonia 
synthesis rate was measured at 673 K with 80 kPa (600 Torr) 
of N2+3H2 gas with a liquid nitrogen trap.2_4) The flow 
rate was estimated to be ca. 3.6 L (STP)h -1 . The activity 
was measured for more than 7 h to confirm the steady 
activity. The weight of catalyst used to represent the activ­
ity (i^mol h _ 1 g_1) means the weight sum of reduced Ru and 
A.C. without the promoter. 

Since adsorbed hydrogen might spill over to active car­
bon, hydrogen adsorption is not suitable for surface charac-
terizaion. The samples were characterized by a TEM 
(Hitachi, 200 kV) by Mr. R. Ohki of our University. The 
diameter of Ru particles was measured by sampling about 
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100 particles from TEM pictures. The average value was 
calculated by (S^i'diVS77»)0,5» where ru is the number of 
particles having a diameter of d{. Hydrogen consumption 
was measured during the reduction of RuCl3«3H20-
RbN03/A.C. (Rb/Ru=10 mol/mol) catalyst which gave 
one gram of 2 wt% Ru (0.198 mmol)/A.C. The reduction 
of RuCU and hydrogénation of RbNÜ3 (RuCl3+ 
lORbNOs-Hl.5 H2^Ru+5Rb2O+3HCl+10NH3+25H2O) needs 
184 ml (STP) of H2, while about 200 ml of H2 was 
consumed. 

Results 

Effect of Reduction Temperature. The rate of 
ammonia synthesis was measured over Ru/A.C. cata­
lysts promoted with various nitrates and the effect of 
reduction temperature was studied. The Ru precur­
sor was RuCl3-3H20. The activity decreases when 
the reduction temperature is increased as shown in 
Figs. 1 and 2. Two reasons are suggested: 1) a sin­
tering of Ru; 2) a migration of promoter oxides from 

Ru metal surface to active carbon or an evaporation of 
promoter oxides from the catalyst. RuCb is reduced 
around 393 K, while the nitrate is considered to be 
decomposed over the reduced Ru surface by hydrogen 
above 573 K.3) Activity decrease at high temperature 
is more extensive for the catalyst with alkali metal 
promoter (Fig. 1) than with alkali earth metal promo­
ter (Fig. 2). Since the former metal oxide tends to 
vaporize more easily than the latter metal oxide at 
high temperature, the second reason seems to be more 
important. 

Effectiveness of Promoter. The promoter actions of 
alkali metal (K, Rb, Cs) nitrates and alkali earth metal 
(Mg, Ca, Sr, Ba) nitrates are compared in Table 1. 
For the alkali earth metal elements, heavier elements 
were more effective (Ba>Sr>Ca>Mg). For the alkali 
metal elements, however, Rb was more effective than 
Cs (Rb>Cs>K). Furthermore, the order of effective­
ness is as follows: Rb>Ba>Cs>K>Sr>Ca>Mg> 
none. The effectiveness of Ba(NU3)2 was an unex-

100h 

~o 
E 

100 

723 773 
Reduction temperature / K 

Fig. 1. Rate of ammonia synthesis on 2wt% Ru-
alkali metal ion/A.C. (alkali metal/Ru=10 mol/ 
mol) as a function of the reduction temperature. 
The rate was measured at 673 K under 80 kPa of 
N2+3H2. 

2: 

o 
Q: 

0 673 723 
Reduction temperature / 

773 
K 

Fig. 2. Rate of ammonia synthesis on 2wt% Ru-
alkali earth metal ion/A.C. (alkali earth metal/ 
Ru=10 mol/mol) as a function of the reduction 
temperature. The rate as measured at 673 K under 
80 kPa of N2+3H2. 

Table 1. Promoter Effect on the Rate of Ammonia Synthesis over 2 wt% Ru/A.C.a 

Promoter 
element (M) 

None 
K 
Rb 
Cs 
Mg 
Ca 
Sr 
Br 

Promoter 
precursor 

— 
KNO3 
RbNOs 
CsN0 3 

Mg(N03)2 

Ca(N03)2 

Sr(N03)2 

Ba(N03)2 

M/Ru 
(mole ratio) 

0 
10 
10 
10 
10 
10 
10 
10 

Activityb) 

u,mol h _ 1 g_1 

0 
65 

100 
80 
24 
32 
55 
83 

Ru particle 
diameter/nm 

— 
3.7 
6.2 
— 
— 
— 
4.0 

a) Ru precursor is RuCl3 • 3H20, and A.C. is not treated by acid, b) Reduction temperature 
673 K, reaction temperature 673 K, and N2+3H2=80 kPa (600 Torr). 
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pected result. In this case Ba(NU3)2 was more effec­
tive than CSNO3 which was known to be an excellent 
promoter.3'4) One reason for the less activity of Ru-
CsVA.C. may be due to the larger particle size (Table 
1). The apparent activation energies were 14 and 17 
kcal mol - 1 for Rb and Ba promoted Ru/A.C, 
respectively. 

Effect of Rb/Ru Ratio. Since RbNÜ3 was found to 
be the best promoter in this system, the amount of 
RbNÜ3 was changed and the activity was measured. 
The results are shown in Fig. 3. In the case of 2 wt% 
Ru/A.C, an Rb/Ru ratio of 20 gave the maximum 
activity. The activity at 623 K of the sample reduced 
at the same temperature is shown in the same figure. 
The activity at 673 K should be 2.3 times as high as 
that at 623 K if the apparent activation energy of Ru-
RbVA.C. (14 kcal mol -1) is considered. However, 
the maximum activities at both reaction temperatures 

0 5 10 15 20 25 
Rb/Ru (mol/mol) 

Fig. 3. Rate of ammonia synthesis under 80 kPa of 
N2+3H2 on 2 wt% Ru-Rb+/A.C. as a function of 
Rb/Ru mol ratio. Closed circles: Rate was mea­
sured at 673 K on the catalyst reduced at the same 
temperature. Open circles: Rate was measured at 
623 K on the catalyst reduced at the same tem­
perature. 

are not different so much. Thus, it is concluded that 
the sample reduced at 623 K is more active. 

Effect of Rb Precursor. Promoter effects of RbOH 
and Rb2CC>3 were examined and compared with that 
of RbNÜ3 in Table 2. All the rubidium salts are 
effective, RbNÜ3 giving the best result. 

Effects of Active Carbon Treatment and Ru Precur­
sor Compound. Active carbon was refluxed in 
HNO3 aqueous solution at around the boiling point, 
dried, and used as a support. Such active carbons 
were impregnated with each of three kinds of Ru 
compounds and finally impregnated with RbNÜ3. 
The activities of thus prepared catalysts (2 wt% Ru-
RbVA.C.) were compared with that of the standard 
catalyst. The results are shown in Table 3. Gener­
ally, RuCl3 • 3H2O and [Ru(NH3)6]Cl3 precursors gave 
better results than Ru3(CO)i2 precursor. Ru3(CO)i2 is 
known to react with surface OH on AbC^.8* How­
ever, active carbon has less OH groups than AI2O3, 
which may be one reason why Ru3(CO)i2 precursor 
gives less Ru dispersion and less activity. The parti­
cle diameter of Ru from Ru3(CO)i2 is larger than that 
from RuCl3 on 12 M HNO3 active carbon (see Table 
3). The 12 M HNO3 treatment gives a somewhat 

Table 2. Effect of Rb Precursor on the Rate of Ammonia 
Synthesis over 2 wt% Ru/A.C.a) 

Promoter Rb/Ru Activity Particle 
precursor (mole ratio) nm o l h_1 e_1 diameter/nm 

RbNOs 
RbNOs 
RbOH 
RbOH 
Rb2C03 
Rb2C03 

10 
20 
10 
20 
10 
20 

100 
209 
104 
160 
40 
169 

3.7 

a) Ru precursor: Ru03«3H20. b) Reduction 
temperature 673 K, reaction temperature 673 K, and 
N2+3H2=80 kPa (600 Torr). 

Table 3. Effect of Ru Precursor and Active Carbon Treatment** on the Rateb) 

of Ammonia Synthesis over 2 wt% Ru-Rb+/A.C.c) 

HNO3 concn/Md) for 
A.C. treatment^ 

No treatment 
4 
8 

No treatment 
4 
8 

12 
Baked A.C.e) 

No treatment 
4 
8 

12 

Ru 
precursor 

[Ru(NH3)6]Cl3 

[Ru(NH3)6]Cl3 

[Ru(NH3)6]Cl3 

RuCl 3-3H 20 
RuCl 3-3H 20 
RuCl 3-3H 20 
RuCl 3-3H 20 
RuCl 3 -3H 20 
Ru3(CO)i2 

Ru3(CO)i2 

Ru3(CO)i2 
Ru3(CO)i2 

Activityb) 

|imol h _ 1 g_1 

112 
87 

105 
100 
96 

112 
88 

105 
32 
27 
34 
48 

Ru particle 
diameter/nm 

— 
— 
— 
3.7 
— 
5.2 
— 
— 
5.8 
— 
— 
— 

a) A.C. is refluxed in HNO3 solution for 1 h. b) Reduction temperature 673 K, reaction 
temperature 673 K, and N2+3H2=80 kPa (600 Torr), c) Rb precursor, RbN03; Rb/Ru=10 
mol/mol. d) 1 M=l mol dm"3, e) A.C. is heated at 773 K for 5 h.. 
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Table 4. Effect of NH3 and H20 Treatment of Ru/A.C. 
on the Activity21* of 2 wt% Ru-Rb+/A.C.b) 

Treatment R b / R u ^ ^ Ru particle 
ratio umol h_1 e_1 diameter/nm 

None 10 100 3.7 
None 20 209 — 
None 25 170 3.7 
H20 10 80 — 
NH4OH 10 161 — 
NH4OH 20 184 — 

a) Reduction temperature 673 K, reaction temperature 
673 K, and N2+3H2=80 kPa (600 torr). b) Ru precur­
sor, RuCl3 • 3H20; Rb precursor RbNC>3; active carbon 
is treated with 12 M HNO3 solution. 

better ammonia synthesis activity probably because 
the active carbon surface has more OH groups than 
the untreated one. The total number of surface oxide 
on active carbon has been reported to be doubly 
increased by a 13 M HNO3 treatment. Hydrogen 
treatment of A.C. at 773 K has been suggested to 
remove surface sulfur impurities which could help to 
improve Rti3(CO)i2 impregnation.9* The heat-treated 
A.C. (773 K) had no effect on the catalyst prepared 
from RuCk • 3H2O; it gave the same activity (Table 3). 

Effect of NH4OH Washing. After the active car­
bon which had been treated with 12 M HNO3 solution 
was impregnated with RuCl3-3H20 and dried, the 
catalyst sample was washed with water (300 ml) or 
0.1% NH3 aqueous solution (300 ml). The sample 
was further impregnated with RbNÜ3 (Rb/Ru=10) 
and dried. The activities are compared as shown in 
Table 4. The water treatment caused no effect, whe­
reas the ammonia washing increased the activity if the 
samples with an Rb/Ru ratio of 10 are compared. 
However, if the samples with Rb/Ru ratios of 20 to 25 
are compared, the activities are much the same. This 
suggests that a part of Rb+ ions are used for the 
reaction with chloride ion. 

Discussion 

Support Effect: Comparison of Activities Between 
Ru-Rb+/A.C. and Ru-Cs+ /Al203 or Ru-Cs+/MgO. 
The activity of 2 wt% Ru-Rb+/A.C. (Rb/Ru=20) at 
588 K is estimated to be 47 jimol h-^g-1 from the 
activation energy. One g of reduced 2 wt% Ru/A.C. 
(calculational base for activity measurement) contains 
198 jimol Ru. The Ru particle diameter from the 
TEM data (3.7 nm) gives the Ru dispersion to be 
36%.10> Thus the TOF (turn over frequency) at 588 K 
calculated as 47/198/0.36/3600 gives 1.8X10"4, which 
is lower than that for RU-CSVAI2O3 (about 6X10"4) 
and that for Ru-Cs+/MgO (about 20X10-4).3>4> The 
Cs/Ru ratios were 10 in the case of the latter two 
catalysts. The promoter is considered to cover both 
Ru and support surface. Since A.C. has a higher 
surface area (c.a. 1000 m2g_:L) than AI2O3 and MgO, 

A.C. is inferred to need a more quantity of promoter to 
give the maximum activity. Indeed, the maximum 
activity was obtained when RbVRu was 20 as shown 
in Fig. 3. However, it is clear that the activity of Ru-
RbVA.C. is lower than those of Ru-Cs+/Al2C>3 and 
Ru~Cs+/MgO. The alkali metal nitrates are sup­
posed to be decomposed by the hydrogen which is 
activated on Ru metal surface. After the decomposi­
tion, the alkali metal oxides or hydroxides may 
migrate onto the support surface. Thus, the relative 
affinity of promoter for Ru against that for the sup­
port should be an important factor for the effective­
ness of the promoter. This is one reason why the 
TOFs depend on the kind of support even if the active 
element and the promoter are the same. 

Alkali Earth Metal Compounds as Promoters. In 
this work, Ba(NC>3)2 was found to be an effective 
promoter. The activity of Ru-Ba2+/A.C. was next to 
that of Ru-Rb+ /A.C. and even better than that of Ru-
CsVA.C. Similar results have been reported, 
although reaction conditions and amounts of promo­
ters are not constant.6) 

The dissociation of N-N bond, the rate-determining 
step of ammonia synthesis, has been discussed to be 
promoted by the electron donation of promoters to Ru 
surface.3'4) Electronegativities of support and promo­
ter compounds are used as a rough criterion which is 
well correlated with the ammonia activity on Ru 
surface.4) From this point of view, the alkali metal 
oxides are expected to be more effective promoters 
than alkali earth metal oxides. The values of electro­
negativities of promoter compounds are as follows: 
1.20 (Cs20), 1.31 (Rb20), 1.31 (K2O), 1.77 (BaO), 1.87 
(SrO), 1.87 (CaO), and 2.05 (MgO). If Cs+ works as 
CsOH just as on AI2O3,3) the electronegativities of 
alkali metal hydroxides (1.73 for CsOH and 1.80 for 
RbOH) should be applied. These values are near to 
those of alkali earth metal oxides. There are no data 
which show chemical states of alkali metal and alkali 
earth metal compounds here. On Ru/A.C, however, 
the states of alkali metal compounds might be differ­
ent from those of alkali earth metal compounds. Of 
course, atomic structures between Ru atom and the 
promoter compounds should be studied in detail in 
the future. 

Another point is the relation among Ru, the promo­
ter (MO), and the support. The following surface 
reactions are considered: 

Ru + MO^Ru-OM, (1) 

Support + MO ̂  Support-OM, (2) 

Ru + Support *=t Ru-Support. (3) 

A.C. is considered to withdraw electrons from Ru by 
Reaction 3. Thus, the large amount of promoter is 
necessary to neutralize A.C. by Reaction 2. Finally, 
the activity would increase as the promoter interacts 
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effectively by Reaction 1. According to the situation 
of CSNO3, Ba(NU3)2 is decomposed to BaO on Ru 
surface, and a part of BaO may stay on Ru and another 
part would migrate to the support.3) Owing to its 
less mobility, BaO is considered to stay longer than 
CS2O and CsOH on Ru surface. This is because Ba2+ 

is as effective as Cs+ although its electron donating 
ability is smaller than that of Cs compounds. The 
way of transformation of promoter compounds may 
be different among RbN0 3 , RbOH, and Rb2C03. 
This should affect all Reactions 1—3, which is the 
reason for the different promoter effects shown in 
Table 2. 

Conclusion 

On active carbon, RuCi3-3H20 and Ru(NH3)eCl3 
were found to be effective precursors of Ru catalysts. 
Alkali earth metal nitrates, especially Ba(N03)2, were 
found to be as effective as alkali metal nitrates on Ru/ 
A.C. The chemistry among Ru, support, and pro­
moter was suggested to be important to synthesize 
better catalysts. 
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The interaction of some trace metal ions with a chemical mutagen 5-bromouracil (5-BrU) has been studied 
spectroscopically and by magnetic measurements. 5-BrU is coordinated to the Mn(II), Ni(II), and Cu(II) ions 
through the N atom of N(i)H group and the O atom of C(4) =0 group whereas to the Co(II), Zn(II), and Cd(II) 
ions through O atom of C(4) =0 group only. The new complexes except Co(II) complex which are insoluble in 
water and other common organic solvents involve polymeric structures. The tentative i>M-0 and j/M-N band 
assignments in the lower region favor coordination number six for all complexes. 

T h e term, " m u t a t i o n " , is used to describe changes 
which alter the chemical structure of the gene at the 
molecular level.1) The re are many chemicals which 
can induce muta t ion , one of them is 5-bromouracil (5-
BrU).2) Since 5-BrU has a close structural resem­
blance to thymine, it is readily inserted to DNA dur ing 
its repl icat ion (as 5-bromouridylic acid) in the posi­
t ion normal ly occupied by thymine. Freese initially 
proposed that the mutagen ic act ion of 5-BrU resides 
in its enhanced capacity, as compared to thymine, to 
mispair wi th guanine. 3 ) Therefore, DNA replicat ion 
in the presence of 5-BrU should produce transit ion 
muta t ions resul t ing from misreplicat ion of template 
5-BrU. It has been shown that this ana logue does 
indeed exhibi t enhanced mispa i r ing wi th guanine 
du r ing in vitro DNA replication.4 5) 

Besides these 5-BrU has also been tested for its 
various other biological activity.6-9) Bochkov et al. 
studied the reaction of d ich lorodiamminepla t inum(I I ) 
wi th 5-substituted uracil in DMSO and suggested that 
5-BrU is coordinated via N(3) atom.10) Many transi­
t ion metal ions are k n o w n to be present in the natu­
rally occurr ing nucleic acids, and it is likely that they 
are responsible for ho ld ing the nucleic acids in spe­
cific conformations. Since most of the cancer chemo-
therapeut ic agents are chela t ing agents and many 
are mutagen ic agents,11) it was t hough t that synthetic 
and characterization studies of the complexes of 5-BrU 
and 3d metal salts wou ld be wor thwhi le in order to 
unders tand the b i n d i n g sites of the l igand. T h e a im 
of the present work is to study the interaction of 3d 
metal ions wi th 5-BrU and to determine the preferen­
tial coordinat ion sites of the l igand. 

Experimental 

All the chemicals were of reagent grade. 5-BrU was 
purchased from Sisco Research Laboratories, India, and the 
metal nitrates were from E. Merck. 

The synthetic procedures employed were as follows: 1 
m mol hydrated metal nitrate was dissolved in a mixture of 1 
ml distilled water and 14 ml ethanol, and the solution was 
heated to 60 °C under stirring. Then, 1 mmol ethanolic 
solution of 5-BrU was added and the resultant mixture was 
constantly stirred and heated to 70 °C allowing about two 
third of the solvent to evaporate. The pH of the remaining 

solution was raised to about 5—7 by adding alkali to precip­
itate the new complexes. They were filtered, washed sev­
eral times with absolute ethanol, finally with ether and dried 
in an oven at 50—60 °C. 

Analyses: C, H, and N were analyzed using a Perkin-
Elmer model 240 C elemental analyzer in the Department of 
Chemistry, B. H. IL, Varanasi. The metal ions were deter­
mined by dissolving the complexes in dilute HNO3 and 
titrating against EDTA.12> 

Physical Measurements. The molar conductivity was 
measured in pyridine by LBR/B type Conductivity-Meter. 
The IR spectra (4000—200 cm -1) were registered in solid 
state (Nujol mull) on a Perkin-Elmer model 783 spectropho­
tometer. Nujol mull electronic spectra of cobalt(II) and 
nickel(II) complexes were obtained with a Hitachi 330 spec­
trophotometer whereas those of manganese(II) and copper-
(II) with a Hitachi 320 spectrophotometer. Magnetic sus­
ceptibilities were measured at room temperature by a 
Faraday magnetic susceptibility balance. Powder X-ray 
diffraction pattern was taken by a Philips X-ray diffractome-
ter PW 1710 using Cu Ka radiation. 

Results and Discussion 

T h e compos i t ion of the complexes, analytical data, 
and other physical propert ies are listed in Tab le 1. 
All the complexes displayed 1:1 stoichiometry except 
cobalt(II) which forms 1:2 complex. They were 
insoluble in water and other c o m m o n organic solvents 
viz. e thanol , methanol , acetone, ether, carbon tetra­
chloride, chloroform, benzene, acetonitrile, pyridine, 
tetrahydrofuran, N,N-dimethylformamide, dimethyl 
sulfoxide etc. except cobalt(II) complex which was 
soluble in pyridine and N,N-dimethyl formamide at 
room temperature. T h e insolubil i ty of the com­
plexes in various solvents, made impossible the 
studies like NMR, solut ion electronic spectra and 
molar conductivity etc. However, the solubility of 
cobalt(II) complex in pyr idine and N,N-dimethyl-
formamide allowed for conductivity measurement. 

IR Studies. T h e IR spectrum of 5-BrU is available 
in the literature.13) Some characteristic IR data of 5-
BrU and their complexes are presented in Tab le 2. In 
the region 3000—3500 c m - 1 several bands appeared, 
which may be at tr ibuted to - N H and - O H stretching 
mode. T h e O H of water absorbs the frequencies in 
the 3250—3500 cm" 1 region. T h e bands in this 
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Table 1. Analytical Data and Physical Properties of the Complexes 

Complex Color -

Light 
brown 
Pink 

Light 
green 
Intense 
green 
White 

White 

M 

17.3 
(17.3) 
11.4 

(11.5) 
18.3 

(18.2) 
19.6 

(19.6) 
18.9 

(19.0) 
28.8 

(28.7) 

Found (Calcd) (%) 

C 

15.0 
(15.1) 
18.8 

(18.7) 
15.0 

(14.9) 
14.8 

(14.8) 
13.9 

(13.9) 
12.3 

(12.3) 

H 

3.4 
(3.5) 
2.7 

(2-7) 
3.4 

(3.4) 
2.8 

(2.8) 
3.2 

(3-2) 
2.8 

(2-8) 

N 

8.8 
(8.8) 
10.9 

(10.9) 
8.7 

(8.7) 
8.6 

(8.6) 
8.2 

(8.1) 
7.2 

(7.2) 

/Xeff 

B.M. 

5.87 

4.89 

3.11 

2.02 

Dia. 

Dia. 

Molar conductance at 
RT/ohmr 1 cm2 mol - 1 

— 

1.6X108 

— 

— 

— 

— 

Mn(5-BrU)-4H20 

Co(5-BrU)2-4H20 

Ni(5-BrU)-4H20 

Cu(5-BrU)(OH)2-2H20 

Zn(5-BrU)(OH)2-3H20 

Cd(5-BrU)(OH)2-3H20 

Table 2. Selected Infrared Vibrations of 5-BrU and Its Metal Complexes (cm-1) 

Assignment 

*>0-H (water) 

vN-U 
*>C(2)=0 
*>C(4)=0, *>C=C in phase 
<5N(i)-H 
*>C-Br 
<5N(3)-H 
*>C-Br 
(OH) bridging 
*>M-0 (water) 
HVI-O 
vM-N 

5-BrU 

— 

3170m,b 

1705s 
1680s 
1517w 
1463s 
1420m 

1378s 
— 
— 
— 
— 

Mn(II) 

3340w 
3450w 
3120m 

1705s 
1655s 
1497m 

1465s 
1420m 

1380s 
— 
379w 
241m 

222m 

Co(II) 

3260w 
3410m,b 

3180w 
1705s 
1650s 
1517w 

1462s 
1425w 
1380s 
— 
435m 

230m 

— 

Ni(II) 

3345w 
3430m,b 
3220w,b 
1707s 
1652s 
1495m 

1463s 
1418w 
1379s 
— 
408w 
243m 

227m,b 
263w 

Cu(II) 

3365w 

3400w 
3132w 
1701s 
1664s 
1497m 

1465s 
1420m 

1380s 
950m,b 

470w 

244w 
280m 

290m 

Zn(II) 

3325w 
3440w 
3170w 
1705s 
1655s 
1515s 
1468s 
1420m 

1380s 
y3C>m,b 

375w 
243w 
— 

Cd(II) 

3320w 
3422w 
3170w 
1705s 
1658s 
1515m 

1465m 

1418m 
1380s 
945m,b 
ODDw 

244w 

— 

region do not appear in the spectrum of 5-BrU, but 
appear in the spectra of their complexes indicating the 
presence of water molecules.14) The presence of 
PM-O (water) bands in the lower region of these 
compounds confirm the binding of water to the com­
plexes.15) The vN-U bands of 5-BrU (3170 cm"1) 
shifts to lower frequency region in the Mn(II), Ni(II), 
and Cu(II) complexes but remain unaffected in Co(II), 
Zn(II), and Cd(II) complexes, indicating that NH 
group is involved in coordination with Mn(II), Ni(II), 
and Cu(II) ions. The spectra of Mn(II), Ni(II), and 
Cu(II) compounds show sizeable shifts of N(i)H defor­
mation mode to lower wavenumbers. This type of 
IR behavior may be suggestive the participation of the 
N(i)H nitrogen in the coordination of these systems. 
The C(2)-0 and C(4)=0 stretches have been assigned in 
5-BrU to strong bands at 1705 and 1680 cm -1 , respec­
tively. The i/C(4)=0 band is shifted to lower wave-
numbers upon complexation but i/C(2)=0 band 
remains unchanged suggesting that the metal ions 
coordinate through C(4)-0 group and not with C(2)-0 
group of 5-BrU. The bands due to j^C-Br and ôN(3)H 
of 5-BrU are unaffected in all the complexes and this 
excludes the participation of these groups in the 
complexation. 

The metal-oxygen stretching vibrations appear in 
the region 225—245 cm - 1 for six, and at 276 cm - 1 for 
four coordination number,16'17* the presence of charac­
teristic bands in the region 225—245 cm - 1 strongly 
suggest that the metal ions coordinate through oxygen 
atom of 5-BrU and favor coordination number six for 
all complexes. The Mn(II), Ni(II), and Cu(II) com­
plexes show pM-N bands in the lower region14) which 
suggests that the 5-BrU behaves as bidentate ligand in 
these compounds. 

In the complexes of Cu(II), Zn(II), and Cd(II) metal 
ions, the presence of a medium broad band in the 
region 950—930 cm - 1 may be assigned as OH bridg­
ing.15) Taking into consideration of these bands and 
insolubility of the complexes in various organic sol­
vents, the polymeric structures are favored for all the 
compounds except for Co(II), which is soluble in 
pyridine and N,N-dimethylformamide. The poly­
merization occurs through OH bridging group in 
Zn(II) and Cd(II) complexes and through N(i)H and 
C(4)=0 group of 5-BrU in Mn(II) and Ni(II) com­
pounds whereas through OH bridging as well as 
through N(i)H and C(4)=0 group of 5-BrU in Cu(II) 
complexes. 

X-Ray Powder Diffraction Studies. Table 3 shows 
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the Complexes 

Powder 
pattern 
line 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

20 

13.928 
14.548 
19.822 
25.350 
28.173 
29.456 
32.681 
37.228 
41.173 
41.732 
43.799 
48.551 
49.082 
49.621 
50.992 
52.291 

14.046 
14.832 
20.379 
25.826 
28.226 
29.868 
31.824 
33.191 
36.550 
37.541 
40.440 
41.551 
42.602 
45.986 
48.758 
49.582 
50.560 
51.138 
52.990 
55.400 
57.353 
60.417 

11.629 
13.855 
14.714 
16.254 
20.267 
22.044 
23.707 
25.627 
26.743 
28.038 

d Value Relative 
intensity ßobs 

Mn(5-BrU)-4H20 
6.3581 
6.0887 
4.4789 
3.5134 
3.1674 
3.0323 
2.7400 
2.4151 
2.1924 
2.1643 
2.0668 
1.8751 
1.8561 
1.8372 
1.7909 
1.7495 

46 
80 
93 
171 
63 
139 
125 
39 
54 
51 
35 
31 
46 
37 
34 
42 

Co(5-BrU)2-4H20 
6.3050 
5.9726 
4.3577 
3.4497 
2.1616 
2.9914 
2.8118 
2.6991 
2.4584 
2.3958 
2.2305 
2.1733 
2.1221 
1.9736 
1.8676 
1.8385 
1.8052 
1.7862 
1.7280 
1.6584 
1.6065 
1.5321 

121 
219 
369 
585 
163 
355 
134 
230 
131 
126 
177 
103 
81 
76 
60 
111 
80 
55 
81 
73 
42 
56 

Ni(5-BrU)-4H20 
7.6096 
6.3915 
6.0203 
5.4531 
4.3815 
4.0323 
3.7531 
3.4760 
3.3334 
3.1824 

40 
49 
111 
36 
121 
54 
153 
809 
75 
65 

0.0247 
0.0269 
0.0498 
0.0810 
0.0996 
0.1087 
0.1331 
0.1714 
0.2080 

ßcal 

0.0247 
0.0269 
0.0498 
0.0807 
0.0996 
0.1076 
0.1323 
0.1729 
0.2086 

0.2134 0.2130 
0.2341 
0.2844 
0.2902 
0.2962 
0.3117 
0.3267 

0.0251 
0.0280 
0.0526 
0.0840 
0.1000 
0.1117 
0.1264 
0.1372 
0.1654 
0.1742 
0.2010 
0.2117 
0.2220 
0.2567 
0.2867 
0.2958 
0.3068 

0.2341 
0.2849 
0.2915 
0.2976 
0.3118 
0.3267 

0.0251 
0.0280 
0.0526 
0.0840 
0.1004 
0.1120 
0.1255 
0.1371 
0.1651 
0.1757 
0.2008 
0.2124 
0.2231 
0.2568 
0.2857 
0.2944 
0.3060 

0.3234 0.3128 
0.3349 
0.3636 
0.3874 
0.4260 

0.0172 
0.0244 
0.0275 
0.0336 
0.0520 
0.0615 
0.0709 
0.0827 
0.0899 
0.0987 

0.3340 
0.3644 
0.3861 
0.4276 

0.0172 
0.0244 
0.0275 
0.0344 
0.0516 
0.0619 
0.0722 
0.0825 
0.0894 
0.0976 

hkl 

100 
010 
001 
030 
002 
040 
140 
700 
350 
170 
052 
560 
290 
630 
570 
523 

100 
010 
001 
030 
400 
040 
500 
140 
150 
700 
800 
440 
170 
820 
304 
034 
802 
840 
812 
623 
704 
046 

100 
010 
001 
200 
300 
201 
102 
003 
202 
040 

Powder 
pattern 
line 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

1 
2 
3 
4 
5 
6 
7 
8 

20 

29.835 
31.882 
32.980 
33.321 
35.779 
36.506 
37.442 
39.804 
40.439 
41.450 
42.363 
42.659 
44.137 
46.163 
48.690 
49.395 
50.514 
51.285 
52.790 
55.326 
60.393 
61.946 
64.145 
65.967 
68.108 
72.822 

d Value 

2.9946 
2.8069 
2.7159 
2.6889 
2.5096 
2.4613 
2.4019 
2.2646 
2.2305 
2.1784 
2.1335 
2.1194 
2.0518 
1.9664 
1.8701 
1.8450 
1.8067 
1.7814 
1.7341 
1.6605 
1.5327 
1.4980 
1.4518 
1.4161 
1.3767 
1.2987 

Relative 
intensity 

203 
135 
184 
73 
41 
90 
82 
151 
106 
61 
48 
76 
63 
40 
67 
79 
78 
64 
132 
161 
53 
41 
57 
36 
38 
54 

Ccobs Cccal 

0.1115 0.1100 
0.1269 0.1276 
0.1355 0.1348 
0.1383 0.1376 
0.1587 0.1582 
0.1650 0.1650 
0.1733 0.1736 
0.1949 0.1952 
0.2010 0.2008 
0.2107 0.2107 
0.2196 0.2196 
0.2226 0.2235 
0.2375 0.2372 
0.2586 0.2579 
0.2859 0.2854 
0.2937 0.2932 
0.3063 0.3060 
0.3151 0.3156 
0.3325 0.3328 
0.3626 0.3620 
0.4256 0.4252 
0.4456 0.4449 
0.4744 0.4737 
0.4986 0.4978 
0.5276 0.5284 
0.5929 0.5944 

Cu(5-BrU)(OH)2.2H20 
22.659 
23.302 
24.922 
27.743 
36.450 
38.340 
39.084 
46.826 
62.872 
66.264 
78.959 

3.9242 
3.8173 
3.5726 
3.2155 
2.4649 
2.3476 
2.3046 
1.9401 
1.4781 
1.4104 
1.2125 

177 
152 
186 
371 
223 
202 
199 
212 
204 
171 
162 

0.0649 0.0649 
0.0686 0.0686 
0.0783 0.0796 
0.0967 0.0981 
0.1645 0.1630 
0.1814 0.1812 
0.1882 0.1889 
0.2656 0.2633 
0.4577 0.4576 
0.5027 0.5057 
0.6802 0.6822 

Zn(5-BrU)(OH)2-3H20 
12.354 
16.268 
22.287 
26.993 
28.599 
31.814 
41.511 
44.480 

7.1644 
5.4485 
3.9888 
3.3031 
3.1212 
2.8128 
2.1754 
2.0368 

56 
55 
101 
123 
122 
106 
65 
70 

0.0194 0.0194 
0.0336 0.0336 
0.0628 0.0628 
0.0916 0.0918 
0.1026 0.1016 
0.1263 0.1256 
0.2113 0.2120 
0.2410 0.2404 

Cd(5-BrU)(OH)2.3H20 
Amorphous 

hkl 

004 
610 
520 
800 
602 
006 
350 
080 
640 
035 
090 
505 
108 
705 
706 
308 
508 
780 
880 
438 
278 
947 
587 
886 
878 
998 

100 
101 
102 
103 
113 
007 
114 
201 
216 
217 
313 

100 
010 
001 
310 
201 
002 
440 
260 

pertinent X-ray diffraction data. The indexing of the 
pattern was done by Ito's method.18) The X-ray 
powder diffraction lines observed in Mn(II), Co(II), 
Ni(II), Cu(II), and Zn(II) complexes have been success­
fully indexed. The indexing pattern yields the lattice 
constants a=6.36, 6=6.09, and c=4.48 Â for Mn(II)-
5BrU, A = 6 . 3 1 , 6=5.97, and c=4.36 Â for Co(II)-5BrU, 

fl=7.61, 6=6.39, and c=6.02 Â for Ni(II)-5BrU, 
a=6=3.92 and c=16.44 Â for Cu(II)-5BrU, a=7.16, 
6=5.45, and c=3.99 Â for Zn(II)-5BrU complex indi­
cating orthorhombic symmetry for all these complexes 
except copper(II) complex which has tetragonal 
symmetry. 

Electronic Spectra and Magnetic Properties. The 
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Table 4. Electronic Spectral Bands and Ligand Field Parameters 

Complex A/nm Dq/cm"1 B' /cmr1 ß ß°/% 

Mn(5-BrU)-4H20 432 1594.86 637.94 0.6645 33.55 
308 
285 

Co(5-BrU)2-4H20 900 1242.37 828.25 0.9032 9.68 

450 
Ni(5-BrU)-4H20 900 1111.10 428.66 0.4117 58.83 

580 
444 

Cu(5-BrU)(OH)2-2H20 680 1470.5 - - -

electronic spectra of the l igand and their complexes in 
the solid state are given in the Tab le 4. T h e magnet ic 
m o m e n t of Mn(II) complex is 5.87 BM and its elec­
tronic spectrum exhibits bands at 285 nm, 308 nm, and 
432 n m which correspond 6Aig-»4A2g(F), 6Aig-> 4Tig(P), 
and 6Aig->4T2g respectively in an idealized octahedral 
geometry.19'20^ T h e spectrum of Co(II) c o m p o u n d is 
characterized by ma in two bands at 450 n m and 900 
n m which may be assigned to 4Tig(F)—> 4Tig(P) and 
4Tig(F)—>4T2g respectively. T h e bands due to 4Tig(F)—> 
4A2g t ransi t ion are not observed.21) T h e magnet ic 
m o m e n t 4.89 BM is wi th in the l imits of the 'octahe­
dral ' region for Co(II) compound . T h e occurrence of 
magnet ic m o m e n t value at 3.11 BM and d-d transi­
t ion bands m a x i m a at 444 n m (3A2g-*3Ti(P)), 580 n m 
(3A2g-*3Tig), and 900 n m (3A2g-*

3T2g) in the spectrum 
of Ni(II) complexes can be at tr ibuted to an octahedral 
geometry for the Ni(II) complex wi th 5-BrU.22) Cop-
per(II) c o m p o u n d shows magnet ic m o m e n t value 2.02 
BM; a distorted octahedral structure is suggested. 
T h e electronic spectrum of the complex is character­
ized by a band at 680 n m which may be due to 
2Eg-»2T2g(D) transition.20) 

O n the basis of analytical data, magnet ic measure­
ments , infrared, electronic and X-ray diffraction 
studies, it is concluded that all these complexes have 
six coordinat ion number for the metal ions. All the 
complexes are polymeric in na ture except Co(II) com­
plex. N(i)H and C(4)=0 groups are involved in poly­
merization in Mn(II) and Ni(II) complexes while in 
Zn(II) and Cd(II) complexes polymerizat ion takes 
place th rough O H br idg ing groups. In Cu(II) com­
plex b r idg ing occurs th rough O H g roup as well as 
th rough N(i)H and C(4)-0 groups of 5-BrU. T h e 
symmetry of the complexes are found to be or tho-
rhombic except copper(II) complex which has tetrago­
nal symmetry wi th distorted octahedral configuration. 

We thank the CSIR, New Delhi for financial he lp , 
CDRI, L u c k n o w for recording electronic spectra and 
Prof. O. N. Srivastava of Physics Department , B. H. 
U., Varanasi , India for gett ing the X-ray diffraction 
data. 
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Activated Nitriles in Heterocyclic Synthesis. Novel Synthesis of 5-Imino-
5flr-[l]benzopyrano[3,4-c]pyridine-4(3flr)-thiones 

and Their Oxo Analogues 
Galal E. H. ELGEMEIE* and Ahmed H. H. ELGHANDOURt 
Chemistry Department, Faculty of Science, Bani Suef, Egypt 

tChemistry Department, Faculty of Science, Cairo University, Giza, Egypt 
(Received Tune 1, 1989) 

Various benzopyrano[3,4-c]pyridine-4(3H)-thione derivatives and their oxo analogues were prepared by 
condensation of cyanothioacetamide or cyanoacetamide and salicylaldehyde with ketones or activated nitriles in 
the presence of ammonium acetate. 

The utilities of cyano compounds in organic syn­
thesis are now receiving considerable interest.1'2) As a 
part of our program directed for development of new 
simple and efficient procedures for the synthesis of 
fused heterocyclic nitrogen compounds utilizing read­
ily obtainable nitriles intermediates.34) We have pre­
viously reported several new approaches for the syn­
thesis of condensed heterocycles utilizing 2-cyano-
methylbenzimidazole5) and 2-cyanomethylbenzthiazole6) 

derivatives as starting material. In conjunction of 
this work we report a novel synthesis of benzopyrano-
pyridines utilizing the coumarin derivative 3 as start­
ing material. Compound 3 can be prepared by the 
reaction of cyanothioacetamide or cyanoacetamide 
with salicyladehyde in EtOH/ammonium acetate 
mixture at 50 °C for 10 min. Compound 3 reacted in 
a 1:1 molar ratio with acetone, acetophenone, or cyclic 
ketones 4c—e in the presence of catalytic amounts of 

ammonium acetate in refluxing ethanol to give the 
4-thioxo- or 4-oxo-5-imino-5H-[l]benzopyrano[3,4-c]-
pyridine derivatives 7. The structures of 7 could be 
established for the reaction products based on elemen­
tal analyses and spectral data (*H NMR, IR, and MS). 
Compound 7 could also be prepared by the condensa­
tion of salicyladehyde, ketones 4 and cyanothioacet­
amide or cyanoacetamide (molar ratio 1:1:1) in the 
presence of ammonium acetate. Compounds 7, 
when heated with hydrochloric acid in ethanol, were 
converted to 5-oxo derivatives 10, which was proved to 
be the same as those obtained from the reaction of 9 
with ketones 4. Compound 3 reacted with malononi-
trile, ethyl cyanoacetate, or benzoylacetonitrile (5a—c) 
in refluxing ethanol containing catalytic amounts of 
ammonium acetate for 3 h to give the benzopyrano-
pyridine derivatives 6. When 6 are refluxed with 
HCl/EtOH, the 5-oxo derivative 8 was obtained. 

EtOH/CH2COONH^ 

CHO 

OH 

CN 
I 

] 0 a , X=S ; R j R ^ C C H ^ 

b, X = S ; R J R J ^ C H J Î S 

c , X= 0 ; R j R ^ C C H ^ 

CH2 -C-NH2 

.2 a , X = S 
b , X = 0 

EtOH/CH3COONHA 

CN 
I 
CHo-X 

NH2 EtOH/CH3COONH4 

^ O ^ N H ( X = C N , C 0 2 E t / 

3 a , X = S 
COPh ) 

b , X= 0 

EtOH / HCL 

9. a , X = S 
b , X= 0 

EtOH / H C l 

£ a , X = S ; Y=NH2 

b ( X = 5 ; Y=0H 
C , X = S ; Y = C 6 H 5 

d , X = 0 ; Y= NH 2 

e , X = 0 ; Y = 0H 

2 a , X = S ; R1=H ; R2= CH 3 

b , X = 0 ; R1=H ; R2= CH3 
c , X=S ; R1 =H ; R2= CgH5 

d , X=0 ; R1=H ; R 2 = C 6 H 5 

e ,X=S ; R T R 2 = ( C H 2 ) 3 

f ,X = 0 ; R1R2 = (CH 2 ) 3 

g , X = S ; R 1 R 2 =(CH 2 ) 4 

h , X = 0 ; F ^ R j ^ C H j ^ 
i , X=S ; R1R2 = ( C H 2 ) 5 

j , X = 0 ; R 1 R 2 = ( C H 2 ) 5 



April, 1990] Activated Nitriles in Heterocyclic Synthesis 1231 

T h e formation of 6 or 7 from 3 and 5 or 3 and 4 is 
assumed to proceed via the addi t ion of an active 
methylene g roup of the nitriles 5 or a lkanones 4 to the 
double bond of 3 to give an intermediate Michael 
adduct. T h i s Michael adduct then cyclizes to give an 
intermediate dihydropyridine, which is oxidized 
under the reaction condit ions to yield the 5-
iminobenzopyranopyr id ine derivatives 6 and 7. 
These results indicate that the reaction of 3 wi th 
suitable active methylene compounds can be utilized 
as an excellent route for the synthesis of several, other­
wise difficulty accessible fused coumar in derivatives. 

T h e synthesized compounds revealed p romis ing for 
further chemical transformations and for biological 
testing. 

Experimental 

All melting points are uncorrected. IR spectra were 
obtained (KBr) on a Pye Unicam 1000 spectrophotometer 
and on a Shimadzu IR 200. ^ N M R spectra were mea­
sured on a Varian EM 390-90 MHz in DMSO using TMS as 
internal standard and chemical shifts are expressed as 8/ 
ppm. Analytical data were obtained from the analytical 
data unit at Cairo University. 

Table 1. Compounds 3a,b; 6a—e; 7a—j; 8a,b; 9a,b; and 10a—c 

Compound 

3a 

3b 

6a 

6b 

6c 

6d 

6e 

7a 

7b 

7c 

7d 

7e 

7f 

7g 

7h 

7i 

7j 

8a 

8b 

9a 

9b 

10a 

10b 

10c 

Solvent of 

cry st. 

EtOH 

EtOH 

DMF 

MeOH-DMF 

MeOH-DMF 

DMF 

EtOH-DMF 

MeOH 

MeOH 

EtOH 

EtOH 

EtOH 

Dioxane 

MeOH 

Dioxane 

EtOH 

EtOH 

DMF 

DMF 

DMF 

DMF 

EtOH-DMF 

EtOH-DMF 

DMF 

Mp 

°C 
146 

178 

>300 

>300 

>300 

>300 

>300 

270—72 

272-74 

>300 

215 

130 

258 

172 

>300 

135 

208—10 

292—94 

285—87 

230-32 

258—60 

202—04 

186 

217—19 

Yield/% 

80 

88 

77 

48 

65 

68 

70 

55 

80 

60 

66 

52 

70 

82 

85 

50 

56 

40 

50 

66 

70 

58 

70 

60 

Mol. formula 

CioH8N2OS 

CioH8N202 

Ci3H8N4OS 

C13H7N3O2S 

C19H11N3OS 

C13H8N4O2 

C13H7N3O3 

C13H10N2OS 

C13H10N2O2 

C18H12N2OS 

C18H12N2O2 

C15H12N2OS 

C15H12N2O2 

C16H14N2OS 

C16H14N2O2 

C17H16N2OS 

C17H16N2O2 

C13H7N3O3 

C13H6N2O4 

C 1 0 H 7 N O 2 S 

C 1 0 H 7 N O 3 

C16H13NO2S 

C17H15NO2S 

C17H15NO3 

Found/Calcd(%) 

C 

59.2 
58.8 
63.4 
63.8 
57.8 
58.2 
57.7 
58.0 
69.0 
69.3 
62.1 
61.9 
61.8 
61.7 
64.1 
64.5 
68.7 
69.0 
70.8 
71.1 
74.8 
75.0 
66.9 
67.2 
71.0 
71.4 
67.8 
68.1 
71.9 
72.2 
69.1 
68.9 
73.0 
72.9 
72.0 
61.7 
61.1 
61.4 
58.3 
58.5 
63.2 
63.5 
67.5 
67.8 
68.6 
68.7 
72.4 
72.6 

H 

4.2 
3.9 
4.0, 
4.3 
3.4 
3.0 
3.0 
2.6 
3.6 
3.3 
3.4 
3.2 
3.1 
2.8 
3.8 
4.1 
4.4 
4.4 
4.2 
3.9 
4.4 
4.2 
4.4 
4.5 
5.0 
4.8 
4.8 
5.0 
5.5 
5.3 
5.4 
5.4 
5.5 
5.7 
3.1 
2.8 
2.7 
2.4 
3.6 
3.4 
4.0 
3.7 
4.8 
4.6 
4.8 
5.1 
5.0 
5.3 

N 

13.3 
13.7 
14.6 
14.9 
20.6 
20.9 
15.4 
15.6 
12.5 
12.8 
21.8 
22.2 
16.3 
16.6 
11.2 
11.6 
12.0 
12.4 
8.9 
9.2 
9.5 
9.7 

10.1 
10.4 
10.8 
11.1 
9.6 
9.9 

10.1 
10.5 
9.2 
9.5 
9.7 

10.0 
16.3 
16.6 
10.7 
11.0 
6.5 
6.8 
7.1 
7.4 
4.6 
4.9 
4.4 
4.7 
4.7 
5.0 
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Table 2. Spectral Data for the Compounds Listed in Table 1 

[Vol. 63, No. 4 

^ , IR/cm"1 

Compound ( S d e c t e d b a n d s ) 

1 HNMR(ô/ppm) 

7.02—7.80 (m, 4H, C6H4); 8.3 (s, br, 1H, NH); 10.18 (s, br, 1H, NH); 
11.9 (s,br, 1H, OH) 
7.2—7.90 (m, 9H, C6H5, C6H4); 8.21 (s, br, 1H, NH); 10.1 (s, br, 1H, 
NH) 
2.38 (s, 3H, CH3); 7.12—7.7 (m, 5H, C6H4, pyridine H-3); 8.1 (s, br, 
1H, NH); 8.32 (s, br, 1H, NH) 
6.68 (m, 1H, pyridin H-3); 7.2—7.7 (m, 4H, C6H4); 8.14 (s, br, 1H, 
NH); 8.25 (s, br, 1H, NH) 
6.75 (m, 1H, pyridine H-3); 7.1—7.65 (m, 4H, C6H4); 8.08 (s, br, 1H, 
NH); 8.2 (s, br, 1H, NH) 
1.6—2.0 (m, 2H, CH2); 2.42—2.6 (m, 2H, CH2); 2.69—2.92 (m, 2H, 
CH2); 2.95—3.12 (m, 2H, CH2); 7.1—7.8 (m, 4H, C6H4); 8.2 (s, br, 1H, 
NH); 8.9 (s, br, 1H, NH) 
1.68 (m, 2H, CH2); 1.8 (m, 2H, CH2); 1.98 (m, 2H, CH2); 2.55 (m, 2H, 
CH2); 2.86 (m, 2H, CH2); 7.0—7.7 (m, 4H, C6H4); 8.0 (s, br, 1H, NH); 
8.6 (s, br, 1H, NH) 
1.7—2.1 (m, 2H, CH2); 2.3—2.58 (m, 2H, CH2); 2.66—2.90 (m, 2H, 
CH2); 2.96—3.2 (m, 2H, CH2); 7.0—7.67 (m, 4H, C6H4); 8.4 (s, br, 1H, 
NH) 

6b 

6c 

7a 

7c 

7d 

7h 

7j 

0a 

3400 (NH) 

3320, 3420 (NH) 

3380, 3420 (NH) 

3430 (NH) 

3300, 3380 (NH) 

3350, 3400 (NH) 

3380, 3420 (NH) 

3450 (NH); 1690-
1700 (CO) 

Coumarin Derivatives 3a,b. A mixture of cyanothioacet-
amide or cyanoacetamide (0.01 mol), salicyladehyde (0.01 
mol), and ammonium acetate (0.015 mol) in ethanol (30 ml) 
was heated at 50 °C for 10 min. The resulting solid product 
was collected by filtration and crystallized from the proper 
solvent (cf. Table 1). 

5-Imino-5H-[l]benzopyrano[3,4-c]pyridine Derivatives 
6a—e and 7a—j. A mixture of 4 or 5 (0.01 mol), coumarin 
3 (0.01 mol), and ammonium acetate (0.015 mol) in ethanol 
(40 ml) was refluxed for 3 h. The resulting solid product 
was collected by filtration and crystallized from the proper 
solvent (cf. Table 1). 

5-Oxo-5H-[l]benzopyrano[3,4-c]pyridine Derivatives 8a,b 
and 10a—c. A solution of 6 or 7 (0.01 mol) in ethanol (30 
ml) was treated with concentrated (37.5%) hydrochloric acid 
(5 ml). The reaction mixture was heated under reflux for 2 
h and then evaporated under reduced pressure. The 
remaining product was triturated with water and neutral­
ized by addition of aqueous ammonia. The solid product 

was filtered off and crystallized from the appropriate 
solvent. 
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Observation on the Fragmentation of Some Tosylhydrazones 
Using Electrochemically Generated Superoxide Ion 

Manorama SINGH, S. C. MISHRA, and Ram A. MISRA* 

Department of Chemistry, Faculty of Science, Banaras Hindu University, Varanasi-221005, India 
(Received July 5, 1989) 

Superoxide ion (OQ generated in situ by electrochemical reduction of molecular oxygen in dimethylform-
amide (DMF) at mercury cathode, behaves as a mild effective base to deprotonate the acidic hydrogen from 
tosylhydrazones of benzophenone (1), benzaldehyde (2), cyclohexanone (3), benzoin (4), acetophenone (5), and 
benzil (6) finally affording tetraphenylethene (la), trans-stilbene (2a), cyclohexene (3a), deoxybenzoin (4a), 
acetophenone azine (5a), and 4,5-diphenyl-l-tosylamino-l,2,3-triazole (6a) respectively in good to excellent 
yield. 

Superoxide ion is one of the novel reactive interme­
diates and may be advantageously generated electro­
chemically in a milder and purer form by the reduc­
tion of molecular oxygen in aprot ic medium.1) Its 
transient existence as one of the most impor tan t acti­
vated forms of molecular oxygen in biological systems 
is known.2 - 4* Fridovich5* showed that all aerobic 
organisms possess a defence mechanism against super­
oxide ion in the form of superoxide dismutase. 
These biological findings have generated a great deal 
of interest to investigate the chemical behavior of this 
u n i q u e oxygen an ion radical wi th s imple organic 
molecules.6) Superoxide ion acts as an effective 
nucleophi le , base, oxidant , reductant , and free radi­
cal7-^) depending u p o n the na ture of the organic 
molecule and presence of other affectors. Recently, 
we have reported the superoxide-ini t iated oxidat ion of 
some secondary alcohols to ketones.17) 

T h e synthetic use of the base behavior of superoxide 
ion is further extended in the present study for achiev­
ing the fragmentat ion of tosylhydrazones of a variety 
of carbonyl compounds . There exists a reasonable 
number of chemical methods and regents18~24) to 
accomplish the decomposi t ion of tosylhydrazones 
leading to afford the follow u p products . A survey of 
l i terature reveals that only one such report exists in 
which Tissot25) has described the fragmentat ion of 
some tosylhydrazones of cycloalkanones wi th electro­
chemically generated superoxide ion and obtained 
cycloalkenes in all cases. Since they have taken 
organic substrates of same structural features, not 
much could be assessed of the scope of this novel 
fragmentation. Wi th a view to investigate the behav­
ior of s imple organic molecules towards O2 which is of 
impor tance in itself and further to assess the synthetic 
scope of the reported fragmentat ion, we under took to 
study the reaction of electrochemically generated 
superoxide ion wi th tosylhydrazones of carbonyl com­
pounds hav ing variant structural features. 

Experimental 

Melting points were determined in an open capillary tube 
in a Buchi apparatus and are uncorrected. IR spectra were 

recorded with a Perkin-Elmer 783 grating spectrophotom­
eter. The 1H NMR was run with a JEOL FT-NMR spec­
trometer FX-90 Q. Chemical shifts are reported in ppm 
from TMS as an internal standard and are given in 8 units. 
Elemental microanlyses were obtained using CHN analyzer, 
Perkin-Elmer 240C. 

£-Tolylsulfonylhydrazine (TsNHNH2) mp 105 °C, (lit,26) 
104—107 °C), was synthesized according to the reported 
method. Tosylhydrazones (1—6) were prepared according 
to the reported method18) and were characterized by their 
physico-chemical, spectroscopic studies, and elemental ana­
lyses. These were reacted with electrochemically in situ 
generated superoxide ion. The reaction seems to be exo­
thermic; the temperature in entry 6 reaches ca. 50 °C. All 
the products isolated were fully characterized by their phy-
sicochemical and spectral studies. 

The electrochemical cell consisted of a glass cell, in which 
the anodic and cathodic chambers were separated by a 
medium porosity glass frit. Mercury (surface area 23.76 
cm2) was used as a cathode while a platinum disc (3.78 cm2) 
was used as an anode. Saturated Calomel Electrode (SCE) 
served as a reference electrode. Wenking Potentioscan POS 
73 (Bank Electronik, West Germany) was used for constant 
potential macro electrolysis. Cyclic voltammogramms 
were recorded on an X-Y recorder (Servoger type 733) using 
platinium electrode in DMSO-containing 0.1 M (1 M=l 
mol dm -3) of tetrabutylammonium Perchlorate (TBAP) as 
supporting electrolyte. The quantity of electricity passed 
was measured using coper coulometer. Dimethylform-
amide (DMF) was used after dried over Molecular Sieves 
(3A), oxygen was dried by passing it through a packed 
column of anhydrous CaS04, sodium hydroxide pellets and 
Molecular Sieves (3A). 

Fragmentation of Benzil Bis(tosylhydrazone) (6) to 4,5-
Diphenyl-l-tosylamino-l,2,3-triazole (6a). Typical Proce­
dure: A solution of tetrabutylammonium bromide (3.22 g; 
0.1 M) in DMF (100 cm3) was used as electrolyte. The 
cathodic chamber containing 50 cm3 of the electrolyte was 
purged with nitrogen for 5 min. The electrolytic solution 
was pre-electrolyzed at —1.9 V vs. SCE until the background 
current drops to about 2 mA. Now 2 cm3 of cyclohexene 
was added to anolyte to absorb the liberated bromine. 
Catholyte was saturated with oxygen for 30 min, tosylhydra-
zone (6; 0.5 g; 9X10-4 M) was added to the cathodic chamber, 
oxygen was bubbled through the solution during the course 
of electrolysis carried out at constant potential of —1.0 V vs. 
SCE, until the loss of starting material was indicated by thin 
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layer chromatography and current falls appreciably (Table 
1). Upon completion of the reaction, catholyte was taken 
in 100 cm3 of cold water. As ether (25 cm3X3) was added to 
the above solution, compound 6a precipitated which was 
collected by filtration, dried and recrystalized from ethanol 
to yield pure product 6a. This was identified by its physico-
chemical and spectral data as; 4,5-diphenyl-l-£-tosylamino-
l,2,3-triazolempl26°C. 

IR*>: 3210, 1630, 1600, 1550, 1500, 1350, and 1150 cm"1; 
iHNMR (CDCls) ô=2.54 (s, 3H, CH3), 7.33—8.81 (ArH+ 
1NH proton). 

For the isolation of products la—5a the following work­
up procedure was adopted. Catholyte was poured into 100 
cm3 of cold water, extracted with ether (25 cm3X3), dried 
(Na2S04), filtered and evaporated to yield the products la— 
5a. Compounds la, 2a, 4a, and 5a were recrystallized and 
identified by their physicochemical and spectral data. For 
isolating product 3a, electrolysis was repeated 4 times and 
product obtained after removing the organic solvent was 
distilled on a Kugelrohr apparatus to yield pure compound. 

Results and Discussion 

Fragmenta t ion of tosylhydrazones (1—6) under 
mi ld condi t ion viz., by electrochemically generated 
superoxide ion is based on its capabili ty to abstract 
acidic proton. 9 _ 1 1 ) T h e result of fragmentat ion indi­
cates that the corresponding products (la—6a) are 
obtained in good yield (80—85%). T h e decomposi­
t ion of tosylhydrazone of carbonyl compounds was 
first investigated by Bamford and Stevens18) wi th 
sodium in boi l ing ethylene glycol. T h i s procedure 
has since been widely exploited from synthetic and 
mechanist ic consideration and is widely reviewed by 
Shapiro.2 7 ) Fr iedman and Shecter28) have investi­
gated that prot ic and aprot ic solvents frequently give 
rise to totally different reaction products . 

Cyclic Voltammetry: Typical vo l t ammogram of 

superoixide ion (O© formation is shown in Fig. 1 by 
full l ine (—), the C.V. of oxygen reduction in presence 
of substrate 5 is shown by dotted l ine (—). 

Examina t ion of Fig. 1 reveals that in the presence of 
organic substrate 5 the reduct ion current remains 
approximate ly the same b u t the peak potent ial has 
shifted anodically from —1.0 V to —0.9 V. Further, 
the superoxide oxidat ion peak has disappeared and a 
new peak has appeared at +0 .4 V. As there is no 
change in reduct ion current the reaction seems to be 
one electron process. T h e absence of superoxide oxi­
dat ion peak indicates that superoxide is rapidly de­
stroyed in a fast subsequent chemical reaction between 

1 

2000 

mA 
3 

2 

1 

i . -

1 0 0 0 / ^ 

Vi 

2 ' 

p 

L 

-

^ 
-1000 -2000mV 

Vs 5CE 

Fig. 1. Cyclic voltammogram for oxygen reduction 
(—) and in the presence of tosylhydrazone of aceto-
phenone (5), ( ). 
Solvent: DMSO+0.1 M TBAP. T: 20 °C. 
Scan rate: 200 mVs - 1 at Pt. 

Table 1. Reaction of Electrochemically Generated Superoxide Ion in DMF with 
Tosylhydrazones (1—6); Mercury Pool: Cathode, Platinum Disc: 

Anode at -1 .0 V (vs. SCE); Temp: 25—30 °C 

Tosyl 
hydrazone 
(1 -6 ) 

1 

2 

3 

4 

5 

6 

Current/mA 

Initial 

100 

85 

110 

125 

105 

100 

Final 

22 

15 

22 

20 

20 

30 

Products 
(la—6a) 

H5C6 CÔHÔ X 
H5C6 CÔHÔ 

HsCe H 

X 
H C6H5 

0 
CeHsCOC^CeHs 

H3C-C-N-N-C-CH3 

CeHs CßHö 

P h - C - N ^ T 

Ph-A-N-N 

1 

NH-Ts 

Yield 

% 

81 

82 

85 

86 

71 

95 

Mp (bp)/°C 

Obs. 

222 

118 

(81) 

50 

119 

126 

Reported 

224-226 

124 

(81) 

54—56 

124 

— 
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superoxide and tosylhydrazone effecting the fragmen­
tat ion process of tosylhydrazone. T h e fragmentation 
pat tern can be rationalized as: 

o2<= 
-1.0 V vs. SCE 

0.1 M TBAP in DMSO 
=>öi 

OIH-R1R2ON-NH-TS 
I 

RiR 2 C=N-N-Ts+H0 2 

II 

T h e H O 2 may possibly undergo bimolecular dispro-
por t iona t ion as reported earlier.25) 

T h e intermediate II readily loses sulfinate ion to 
furnish the reactive diazo c o m p o u n d III, which after 
necessary reg roup ing of electrons undergoes fission to 
produce ni t rogen and the alkene. 

la—3a are supposed to be formed via possible car-
bene intermediate.29 '30) 

R1R2ON-N-TS -

II 

[RiR2C=ft=N] 

[R1R2C:] 

•[RiR2C=Ä=N]-hTs-

III 

-» [R1R2C:] + N2 

Alkene (la—3a) 

Ph — C = N - N — Tc 

Ph— 0 = N — N -
I 

H 

Ph — C=fi=N 

Ph — C ^ = N - N — T s 

0* 0 2 . Ph — C = N — N—Ts 

I 
Ph — C = N — N— Ts 

+ Tc V P h - C - N 

Ph-C—N - "^ 
I 
N-~TS 

work up 
L * -

Ph —C—N 

P h - C — N 
N 

(Go) N H - T * 

( 4 , 5 - diphenyl-1 tosylamino -

1, 2, 3 - triazole) 

Scheme 1. 

where Ri, R2=alkyl or aryl g roup , Ts=^-CH3CeH4S02. 
In case of 2, Bamford and Stevens18* have isolated 

two fractions 2-benzyloxyethanol and benzyl-p-
tolylsulfone, bu t in our case we get exclusively the 
^TYms-stilbene (2a) in excellent yield. 

A possible route for the formation of acetophenone 
azine (5a) can be given as: 

P h - O Ä = N 

CH3 

V 

-N 2 

V+VI 

Ph-C: 
I 

CH3 

VI 

Ph-C^N=N-C-Ph 

I I 
CH3 CH3 

Ph-C=N-N=C-Ph 

I I 
CH3 CH3 

(5a) 

Under similar set of reaction condi t ions tosylhydra­
zone of benzoin (4) gave deoxybenzoin (4a). 

T h e benzil bis(tosylhydrazone) (6) has an interest­
ing f ragmentat ion behavior. Whi le Bamford and 
Stevens18) reported the formation of diphenylacetylene 
on hea t ing it under basic protic condit ions, Freeman 
and Johnson 2 3 ) under photochemical condit ions 
obtained isomeric a-methoxysti lbene when 6 was irra­
diated in methanol con ta in ing sodium methoxide. 
T h e latter authors also obtained 25% of triazole (6a). 
However, we observed that electrochemically gener­
ated superoxide ion reacted with 6 to afford exclu­
sively 4,5-diphenyl-l- tosylamino-l ,2,3-tr iazol (6a) as 
the only product . A possible pa thway for triazole 
formation is provided in Scheme 1. 

T h e authors (M.S) thanks C.S.I.R., New Delhi for 
the award of Senior Research Fellowship and the 
Head, Depar tment of Chemistry, Banaras H i n d u Uni ­
versity, for provid ing necessary facilities and (RAM) to 
Alexander Von H u m b o l d t Foundat ion , West Ger­
many, for the gift of a Wenk ing Potentioscan POS 73. 
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Synopsis. The determination of film resistance (Rf) was 
investigated by means of the frequency at the maximum 
phase angle (/ömax), as obtained from electrochemical imped­
ance measurements. /ömax was linearly correlated with R{. 
The degradation of the coating film was obviously and 
rapidly evaluated from /ömax by comparison with R{. 

Recently, the degradat ion of coat ing films and 
under-fi lm corrosion have been widely investigated 
by means of electrochemical impedance measure­
ments . 1 _ 6 ) T o evaluate the degradat ion of coated 
steels, a method ut i l iz ing the break po in t frequency 
(/h) was proposed by T s u r u et al.7) It is based on the 
theory that the break po in t frequency (phase 
shift=45°) is p ropor t iona l to the area of delamina-
tion. Us ing this theory we have been evaluat ing the 
corrosion protective property of coat ing films by 
means of the film resistance (Rt) values. 6'8~14) When a 
coat ing system has a large film resistance, however, 
this evaluat ion method can not be used. Such a 
condi t ion can be seen when the ini t ial stage is 
immersed in test solut ion and in the case of highly 
insulated binders. In order to estimate the Rf values 
in such a case, we at tempted to use a new parameter of 
a frequency at a m a x i m u m phase angle (/ömax). T h e 
/ömax is no t easily affected by radio h a m noise (50 Hz), 
for it is observed on the h igh frequency side in com­
par ison wi th /h. In this paper, the Rt value was 
determined by the use of the /ömax value obtained by 
means of electrochemical impedance measurements in 
order to estimate the degradat ion of the coat ing film. 

Experimental 

Steel plates coated with boiled linseed oil were prepared. 
The specimen was a cold rolled steel plate (JIS G 3141, 
SPCC-SB) coated at a thickness of 40 /zm and with an 
exposed area of 9 cm2. It was immersed in an aqueous 3% 
NaCl solution. 

Electrochemical impedance measurements were carried 
out by using a frequency response analyzer, FRA (NF Elec­
tronic Instruments, 5020) and a potentiostat (Toho Techni­
cal Research, 2000). They were conducted using a standard 
three-electrode configuration at the immersion potential. 
The applied signal amplitude was 9 mV (RMS) in the 
frequency range from 20 kHz to 10 mHz. 

Results and Discussion 

Figure 1 shows Bode plots of the electrochemical 
impedance spectra obtained from the coated steel. 
After immers ion for 30 minutes , the Bode plots of the 
electrochemical impedance spectra were disordered 
below 500 Hz, because the pa in t film was sound and 
radio h a m noise occurred. T h e film resistance (Rt) 
was determined by the extrapolat ion of the frequency-
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Fig. 1. Bode plots of impedance data obtained from 
coated steel. 
(a); after 30 minutes, (b); after 100 minutes, and 
(c); after 2 days. 

independent horizontal l ine to the Z axis and reading 
off the value of Z. It was difficult to obta in the Rt 
value exactly because the pa in t film was sound. After 
100 minutes , the Z decreased and the Bode plot became 
comparatively stable. It can be seen from these impe­
dance spectra that a parallel resistor/capacitor combi­
na t ion is present in the h i g h frequency range. T h e 
Rt value obtained was 1.7 M d c m 2 . After immers ion 
for 2 days, the degradat ion of the film proceeded more 
than that after 100 minutes , j u d g i n g from the decrease 
in the Z value and phase angle (0)#O° at 10 mHz. 
T h e various electrochemical parameters, Rt, the 
immers ion potent ial (£), the m a x i m u m phase angle 
(0max), a n d the /ömax value were determined by the analy­
sis of the Bode plot at various immersion times (Fig. 
2). T h e Rt value after 30 minutes is represented in 
Fig. 2. As the Nyquis t and Bode plots could no t be 
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44 

100 
Time / min 

Fig. 2. Electrochemical parameters (E, Ri, 0max, and 
/ömax) vs. immersion time curves. 
E; immersion potential, Rf, film resistance, 0max; 
maximum phase angle, and / j m ; frequency at 0max. 

described clearly for 30 minutes after immersion, the 
Rt value could not be obtained. T h e E value was 
kept at ca. 0.4 to 0.5 V vs. SCE after immers ion for 20 
minutes after the ini t ial immersion; thereafter it grad­
ually shifted to a negative potent ial in the figure unt i l 
it remained constant at ca. —0.5 V vs. SCE. In con­
nection wi th the Rt value, the tendency for the E value 
to change is similar to that of the Ri value at an ini t ial 
immersion. However, the E value is influenced by 
the substrate and so can no t reflect the film condi t ion 
directly. It is thought , therefore, that it is unsui table 
to evaluate the degradat ion of pa in t film by means of 
the E value instead of the Ri value. 

T h e other parameters—that is, 0max and /0max—could 
be determined. T h e 0max and femax values increased 
wi th the immers ion time; this behavior corresponded 
to that of the Rt. T h e parameters of 0max and /ömax are 
superior to that of E, in that these parameters enable 
us to unders tand the difference between the two time 
constants concerned wi th the pa in t film and the sub­
strate; they can be determined after an ini t ial immer­
sion for 10 minutes . T h e /ömax is, then, related to Z (or 
resistance (R)) and the capacitance (C) as follows: 
fem.A=l/2nZemaxC, where Zömax is Z at 0max.15) T h e 
parameter of /ömax can be evaluated for the degradat ion 
of the coat ing film in compar ison wi th that of 0max. 
Figure 3 shows the re la t ionship between Rt and /ömax. 
T h e R{ decreased linearly in logar i thms with the 
increase in /ömax. T h e calculated data in such a rela­
t ionship were also shown in the same figure; they were 
determined by an equivalent circuit model in this 
figure. T h e values of R' and Ci are of the pseudore-
sistance (apparent resistance), con ta in ing both the 
solut ion resistance (Rsoi) and the resistance on the 
measur ing system (Rc), and the film capacitance, 
respectively (R'(=Rsoi+Rc)=2.7X\0* Ü cm2 and 
C f=3.0X10-1 0 F cm- 2) . T h e values of R' and d in 
this calculat ion were assumed to be constant , because 
they are not very variable. T h e impedance Z of the 
equivalent circuit shown in Fig. 3 is given by: 

Z=R' + Rt/(\+jù>CtRi) 

R'(l+a)2Cm{
2)+Rt 

l+0)2Cf2R{
2 

wCïRi2 

l+cü2Cf2#f2 (1) 

£ o 
a 

en 
o 

- A . 

^ 

Cf 

^ 

l-A/VV R' 

Measured 

Calculated ^ - ^ 

Rf 

1 2 3 4 5 6 7 8 9 1 0 

femax/ kHz 

Fig. 3. Relationship between /ömax and R{. 

where eu is related to the frequency / by this relation­
ship: cû=2nf and where /=(—1)1/2. 
Hence, the phase of the impedance 6 is expressed by: 

e-- tan -
wCfßf2 

R'+Rf+ojtCmm' 
(2) 

T h e m a x i m u m of 6 wi th respect to OD is given by the 
re la t ionship of dÖ/dcü=0 as follows: 

dö 

doj 

Cfßf2(ß,+ßf^-cü2Cf2ßf2ß,)-^Cfßf2(2cüCf2ßf2ß,) 

(ß,+ßf+cü2Cf2ßf2ß,)2+(^Cfßf2)2 

= 0. 

From Eq. 3 we obtain: 

o w 2 = (R'+Rt)/(R?R'C?) = 4n*fdmJ, 

where (omax is the m a x i m u m radial frequency. 
Eq. 4 we get: 

(3) 

(4) 

From 

Jdmi 

1 / R'+Rt W2 

2n \ Rm'C? 

By taking logar i thms of bo th sides of this equat ion , 
we obtain: 

log/ömax = -log27r + 0.51og (R'+Rt) 

- 0.5 log Rf-0.5 log R'Ct2 

= -log27r-0.51og#'Cf2 

+ 0.5 log (R'+R{) - logRi. (5) 

If R'<CR{, the (Ä'+Äf) term of Eq. 5 can be replaced by 
Ri. Subst i tu t ing the values of R' (=2.7X104 Hem 2 ) 
and Cf (=3.0X10-1 0 F cm"2) in to Eq. 5 yields the 
following equat ion: 

logßf=13-21og/ö m i (6) 

Equa t ion 6 indicates the calculated line in Fig. 3. 
T h e re la t ionship between logRi and the /ömax value 
determined by the use of the calculated data is also 
linear; the exper imental values have the same correla­
t ion as the calculated values. T h e straight l ine of 
l ogß f vs. /0max obtained by the use of the experimental 
value was shifted upward in compar ison with that 
obtained by the use of the calculated value. Such a 
shift may be ascribed to the fact that the center of the 
semicircle in the Nyquis t p lo t was below the real axis. 
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T h a t is, it seems to be caused by increased surface 
roughness or by geometrical effects leading to a non­
uniform, repar t i t ioning of the current density on the 
surface.16'17) In this case, the relat ion between R( and 
/ömax based on the measured and calculated values 
showed the same tendency. T h e R{ value can be 
determined by the measurement of the /emax value, 
while the femax can be measured rapidly in the h igh 
frequency range. T h e precision of the electrochemi­
cal impedance measurements by means of FRA rises as 
the integrat ion t ime increases. 

At any rate, the re la t ionship of R{ wi th femax, as is 
shown in Fig. 3, can be regarded as a cal ibrat ion curve. 
T h e R{ value is speedily and exactly determined by the 
measurement of the femax value and its re lat ionship. 
T h e degradat ion of the coat ing film can easily be 
predicted by the use of the est imation method de­
scribed above. 
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Synopsis. The effect of urea on the micelle formation of 
octyltrimethylammonium bromide (CsTAB) solution in 
D2O was studied by 13C NMR chemical shift and 13C spin-
lattice relaxation time. The presence of urea increases the 
critical micelle concentration (cmc) of CsTAB solution. In 
the micellar state, the segmental motions of methylene chain 
adjacent to the polar head group are strongly affected by 
urea. 

The addition of a low-molecular organic material 
to aqueous surfactant solutions alters not only the 
critical micelle concentration (cmc) and the aggrega­
tion number of the micelle, but also the micro-
environment of the micelle.l) Many investigations 
have proved that changes in water structure play an 
important role in micelle formation. For example, 
the effect of dissolved urea on the micelle formation 
and hydrophobic bonding in the micellar core has 
been interpreted by the structure of water.2-5) The 
NMR is one of the most useful techniques in studying 
micellar solutions on molecular level. This com­
munication reports the effect of urea on the chain 
dynamics of octyltrimethylammonium bromide 
(CsTAB) micelle and the cmc of CsTAB solution by 
the NMR method. 

Experimental 

The preparative procedure of CsTAB was described in the 
preceding report.6) Deuterium oxide (99.85% D) was used 
as solvent. Urea used was of reagent grade and purified by 
recrystallization. 13C NMR spectrum was obtained at 22.5 
MHz on a JEOL-FX90Q NMR spectrometer operating in 
the FT-mode. The deuterium signal from solvent D2O was 
used as an internal lock signal. The spin-lattice relaxation 
time (Ti) was measured by the inversion-recovery method, as 
described earlier.6) For the 13C chemical shift measure­
ments, hexamethyldisiloxane (HMDSO) was used as an 
external reference. No susceptibility corrections were 
applied. 

Results and Discussion 

The assignment for the 13C NMR spectrum has been 
given previously.6) In the 13C spectrum, almost all 
carbons appear as well-separated signals. The 
observed relaxation rate, 1/Ti, for typical alkyl car­
bons of CsTAB in D2O with and without 10 mol kg"1 

urea is plotted in Fig. 1 as a function of the inverse of 
total concentration C. In the presence of urea, \/T\ 
was constant at low concentration region, whereas the 
1/Ti of all carbon atoms increased with increasing 
surfactant concentrraion in the cmc region, except C-
8, as well as for urea-free CsTAB solution reported 
previously.6) A considerable increase in the 1/Ti 
value in the micellar state was found along the alkyl 
chain from C-8 to C-l connecting to the Af-methyl 
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--0- — * 
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Fig. 1. 1/Ti of carbons for CsTAB with and without 
urea against the inverse of surfactant concentration: 
(O): CsTAB, (•): CsTAB+10 mol kg"1 urea. 

head group. The addition of urea tends to increase 
the cmc, which is taken from intersection of two 
straight line segments of the \/T\ vs. \/C plot. Espe­
cially, a marked decrease in the relaxation rate of 
micelles was observed for C-l, C-2, and C-3 (not 
shown) carbons next to the polar head group. That 
is, the methylene carbons adjacent to the polar head 
group seem to have higher motional freedom in the 
presence of urea. These results suggest that urea 
cannot be solubilized within the micelle, but acts on 
the external environment of the micelle and that it 
disturbs the micelle formation. On the other hand, 
1/Ti values in monomers are more or less affected by 
addition of 10 mol kg - 1 urea. The increase in the 1/ 
T\ value with urea may be due to the rise in viscosity 
on addition of urea. 

In Fig. 2, 13C chemical shifts of CsTAB in D 20 with 
and without 3 mol kg - 1 urea are plotted against 1/C. 
At low concentrations of CsTAB, the shift of the 13C 
signals was nearly constant. At higher concentra­
tions, the signals shifted progressively with the inverse 
öf the total surfactant concentration. These abrupt 
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changes in the chemical shifts are due to the formation 
of micelles. The signals shifted almost linearly to 
downfield for all carbons except C-l, whereas C-l 
shifted upfield. The chemical shifts of CsTAB with 
urea of various concentrations showed a concentration 
dependence similar to that of the system with 3 
mol kg - 1 urea. Furthermore, it is to be noted that 
urea addition reduced sharpness of the break in the ô 
vs. 1/C plot in the cmc region. This fact suggests 
that urea disturbs the monomer-micelle equilibrium 
when the micelle concentration is finite and low. 
Using the phase separation model, the observed chem­
ical shifts (ô) at concentrations above cmc are assumed 
to be the weighted average of the shifts of monomer 

(Si) and the micellar shift (Sm) as given by 

4 6 9 
l /C tmof ' kg ) 

Fig. 2. Variation of the 13C chemical shifts of car­
bons for CsTAB with and without urea against the 
inverse of surfactant concentration. (O): CsTAB, 
( • ) : CsTAB+3 mol kg"1 urea. 

cmc 
ô = ôm H (ôi—ôm), 

for O c m c . For C<cmc, the phase separation model 
implies that (ô—ôi)=0. If ô is plotted against l /C, 
two straight lines are expected to intersect at the point 
where 1/C is 1/cmc. Extrapolating to 1/C of 0 the 
value of 8m is given, while ôi is obtained directly from 
the measurements for C<cmc. The differences 
between the micellar and monomer shifts (Aô=ôm—ôi) 
except C-l, are summarized in Table 1. These values 
for all C atoms shifted downfield to the same extent as 
the corresponding C atoms observed in octyl sulfate.7) 
It appears that the downfield shifts by micellization 
are large in the center of the chain (C-4—C-6), while 
relatively small at the either polar head or chain end. 
The significant shift change may be due to the frac­
tion increase of trans conformers in the alkyl chain on 
micellization.8'9) On the other hand, the 13C chemical 
shifts of Af-methyl head groups would be governed by 
the environment effect rather than conformation 
effect, because the methyl group attached to nitrogen 
atom is considered to project from the micellar surface 
into solvent.8) As for C-l carbon, no sufficient data 
for Aô were given, because the estimated error of 
chemical shift of broad and small peak of the carbon 
was large. The observed upfield shift of C-l may be 
attributed to the steric constraint due to the nature of 
bulky head groups at micellar surfaces. A similar 
behavior has also been observed for dodecyldimethyl-
ammonium chloride,8) octyl triethylammonium 
bromide,10) and aliphatic sulfates,7) while the down-
field shift of C-l only for the primary ammonium salt 
type such as nonylammonium bromide.9) In addi­
tion, particular attention should be paid to electro­
static effect due to the interaction with counter ions. 
It seems difficult at present to consider these causes as 
conclusive explanation. From Table 1, it appears 
that Aô changes within ca. 0.2 ppm for all C atoms as 
the urea is added up to 6.0 mol kg -1. Being con­
sidered from the fact that all 8m values are nearly the 
same (±0.04 ppm at worst), the observed change of Aô 
is probably due to the change in ôi of respective 
carbon. The addition of urea increases ôi to some 
extent for all carbons. Large downfield shifts of ca. 
0.2 ppm were observed for C-3 and C-4,5, with smaller 

Table 1. Difference between the 13C Chemical Shifts of Monomer and Micelles Aô (ppm), 
and Derived cmc Values with and without Urea 

Carbon 
atoms 

N-CHs 
C-2 
C-3 
C-4,5 
C-6 
C-7 
C-8 

0 

AÔ 

0.45 
0.61 
0.72 
0.98 
0.80 
0.66 
0.61 

cmca) 

0.29 
0.30 
0.29 
0.29 
0.29 
0.27 
0.24 

AÔ 

0.48 
0.64 
0.64 
0.91 
0.78 
0.61 
0.61 

Urea 

1.5 

cmc 

0.38 
0.38 
0.38 
0.38 
0.37 
0.36 
0.28 

(mol kg"1) 

3.0 

AÔ 

0.48 
0.57 
0.62 
0.86 
0.71 
0.58 
0.59 

cmc 

0.42 
0.43 
0.43 
0.42 
0.41 
0.39 
0.31 

AÔ 

0.47 
0.51 
0.54 
0.75 
0.67 
0.51 
0.55 

6.0 

cmc 

0.53 
0.53 
0.54 
0.52 
0.50 
0.47 
0.35 

a) cmc Values are expressed in mol kg -1 . 
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shifts for the both ends of chain (Fig. 2). Presumably, 
the shift change of <5i with added urea is affected by 
some solvent-solute interactions involving a structure-
breaking effect of urea on water and the change in the 
dielectric constant. However, such a change in Aô 
with urea concentration may be too small to support 
any tentative interpretation. In contrast, the slope of 
8 vs. 1/C plot above cmc seems to be more sensitive to 
the urea concentration. With increasing concentra­
tion of urea, the slope becomes progressively greater 
for respective carbons studied. Thus, the derived cmc 
values for all C atoms, except C-l, are listed in Table 
1. In the absence of urea, all cmc values except C-8, 
are 0.27-0.30 mol kg -1 , whereas C-8 signal gives a 
lower cmc value, as pointed out by Drakenberg and 
Lindman for sodium octanoate solution.11) These 
cmc values are close to 0.22 mol dm - 3 , obtained by 
light-scattering method in water at 30°.12) From the 
table, it is seen that the decrease in cmc values along 
the chain, especially for C-8, is likewise observed on 
the addition of urea. This suggests that there is some 
correlation between increasing hydrophobicity of the 
C-8 terminal group and decreasing cmc. The ratios 
between the mean cmc with urea and that without 
urea for all C atoms (except C-8) are evaluated at 
different urea concentrations as follows: urea concen­
tration and ratio, respectively; 0.5 mol kg -1 , 1.1; 1.5 
mol kg-1, 1.3; 3.0 mol kg-1, 1.5; and 6.0 mol kg"1, 1.8. 
Thus, we find that the cmc value for CsTAB solution 
tends to increase almost linearly with urea concentra­
tion and deviate slightly at 6 mol kg - 1 urea. As stated 

by others,3'4) a possible explanation for this is that urea 
in the surfactant solutions causes the disruption of 
water structure to decrease organization around the 
hydrocarbon chain of the surfactant, reducing the 
driving forces for micellization. In addition, the 
importance of other contributions than the change of 
water structure with increasing concentration of urea 
should be further investigated. 
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Synopsis. Crystalline tetrasodium imidodiphosphate 
decahydrate, Na4P2Û6NH • IOH2O, was directly converted to 
diphosphate by heating above 200 °C in air according to the 
equation: 

Na203PNHP03Na2 + H2O — • Na203POP03Na2 + NH3 

Amorphous tetrasodium imidodiphosphate was prepared by 
stirring the crystalline imidodiphosphate in excess ethanol. 
The substitution of an imino group of the amorphous 
imidodiphosphate for bridging oxygen took place much 
faster than that of the crystalline one. Imidodiphosphate 
was hydrolyzed to phosphoramidate and orthophosphate in 
an aqueous solution: 

Na203PNHP03Na2 + H 2 0 —> Na2P03NH2 + Na 2 HP0 4 

Diphosphates are well k n o w n and well studied 
chemicals and have been used as detergents, food 
additives, materials for water treatment, and so forth. 
Imidod iphospha te has the structure that the br idg ing 
oxygen of d iphospha te is replaced by an i m i n o group. 
T h e polyphosphates wi th imino groups can be used as 
chemical fertilizers and flame proof materials, and are 
also interest ing from a biochemical view point . 
The re have been many papers about polyphosphates , 
bu t a few reports on imidopolyphosphates have been 
p u b l i s h e d . i r Several studies on the synthesis of 
imidod iphospha te have been made.2~5) We found 
that the synthetic method still needed some modifica­
tion. T h i s paper describes the synthesis and the 
decomposi t ion of imidodiphospha te in solid and in 
an aqueous solut ion to establish a chemical basis of 
imidopolyphosphates . 

Experimental 

Preparation of Diphenyl Phosphoramidate. Phosphoryl 
chloride (2 mol) and phenol (4 mol) were placed in a three 
necked round bottom flask with a condenser and the mix­
ture was heated at the boiling point of phosphoryl chloride 
for 2 h. Magnesium dichloride (2 g) was used as a catalyser 
for the reaction. The resulting oil was dropped in 1 dm3 of 
ethanol saturated with ammonia and the mixture was well 
stirred. The product was added to 10 dm3 of water cooled 
with ice. The precipitate was filtered off and recrystallized 
with ethanol. The reactions included in this process are as 
follows: 

2Ph-OH + POCls—• Ph2POsCl + 2HC1 

Ph2P03Cl + 2NH3 — • PI12PO3NH2 + NH4CI 

where Ph stands for a phenyl group. 
Preparation of Diphenyl Imidodiphosphate. Diphenyl 

phosphoramidate (0.2 mol) and phosphorus pentachloride 
(0.2 mol) were reacted at room temperature (15—25 °C) for 
5—6 h and the reaction was completed by heating at 50— 
60 °C for 30 min. The resulting product was added to 100 
cm3 of water and the mixture was allowed to stand overnight 
and then additional water (100 cm3) was added to the prod­
uct to remove the hydrochloric acid produced. The 
residue was filtered off and washed with water. The pre­

cipitate was recrytallized with dioxane. The reactions in 
this process can be written as follows: 

Ph 2P0 3NH 2 + PCI5 — • Ph203P-N=PCl3 + 2HC1 

Ph203P-N=PCl3 + 3H 20 — • PI12O3PNHPO3H2 + 3HC1 

Preparation of Crystalline Imidodiphosphate. Sodium 
hydroxide (0.88 mol), phenol (0.4 mol), water (100 cm3), and 
diphenyl imidodiphosphate (0.04 mol) were placed in a four 
necked round bottom flask and the mixture was heated 
above 100 °C, and the water evaporated. When the temper­
ature of the solution reached 135 °C, a condenser was at­
tached to the flask. The saponification of the phenyl 
imidodiphosphate was achieved by heating at 135—150 °C 
for 30 min. The resulting reaction mixture was cooled and 
then 50 cm3 of water was added and stirred. The product 
was placed in a 1-dm3 beaker with 50 cm3 of water and 500 
cm3 of ethanol was added to the mixture. The solution was 
allowed to stand for a while and a white substance was 
precipitated. The precipitate was filtered off and recrystal­
lized by dissolving in water and adding ethanol. The fol­
lowing reaction can be written for the process: 

PI12O3PNHPO3H2 + 4NaOH 

—> Na 20 3PNHP0 3Na2 + 2Ph-OH + 2H 2 0 

Preparation of Amorphous Imidodiphosphate. Amor­
phous imidodiphosphate was prepared by stirring the crys­
talline imidodiphosphate in excess ethanol at room temper­
ature for 2 d and then filtrating the residue. 

Elemental Analysis. Phosphorus, nitrogen, and sodium 
were determined, respectively, by Molybdenum Blue colori-
metric analysis, Kjeldahl analysis, and atomic absorption 
spectrophotometric measurements. 

Determination of Bound Water. The amount of bound 
water in a solid sample was estimated by the Karl Fisher 
method with an MK-AII instrument made by Kyoto Denshi. 

HPLC Technique. Separation and determination of 
phosphate species in a sample was performed by the HPLC 
technique using a separation column (6 mmX150 mm) with 
TSK-GEL (SAX-F0011) and 0.2 and 0.4 mol dm"3 aqueous 
potassium chloride solutions as an eluent. 

31P NMR Measurement. A sample was dissolved in water 
and the 31P NMR spectrum of the solution was taken by 
means of a JNM- GX270 spectrograph. The NMR chemi­
cal shifts are reported relative to external 85% orthophos-
phoric acid, with the positive shifts being downfield. 

X-Ray Diffractometry. An X-ray diffraction diagram of 
a sample was taken with nickel-filtered Cu Ka radiation 
using a Rigaku X-ray diffractometer, RAD-IB. 

Hydrolysis of Imidodiphosphate in an Aqueous Solution. 
Tetrasodium imidodiphosphate decahydrate (0.2 g) was dis­
solved in 50 cm3 of water and the pH of the solution was 
adjusted to 5, 9, or 11 with hydrochloric acid and aqueous 
tetramethylammonium hydroxide. The hydrolysis of the 
imidophosphate was carried out at 40 °C for 30 min. 

Results and Discussion 

Crystalline Imidodiphosphate. Found for the crys­
tall ine imidodiphospha te : Na, 20.9; P, 14.0; N, 2.9; 
H2O, 41.2%. Calcd for N a 4 P 2 0 6 N H . 10H2O: Na, 
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20.7; P, 13.9; N, 3.1; H 2 0 , 40.4%. T h e X-ray diffrac­
tion d iagram of the product was almost the same as 
that listed in J C P D S card (13—24) for N a 2 P 2 0 6 N H . 
IOH2O. Therefore, the crystalline product is tetra-
sodium imidod iphospha t e decahydrate. T h e imido-
phospha te was stable at room temperature. 

Amorphous Imidodiphosphate. T h e amorphous 
imidod iphospha te showed only the 31P N M R and 
H P L C peaks of imidodiphospha te . T h i s indicates 
that the decomposi t ion of an im ino g roup of the 
imidod iphospha te decahydrate does not occur du r ing 
the dehydrat ion wi th e thanol . Chemical composi­
t ion of the amorphous imidophospha te was as fol­
lows: Na, 30.3; P, 19.8; N, 4.4; H 2 0 , 12.3%. T h e 
a m o r p h o u s imidod iphospha te was stable at room 
temperature. 

T G and DTA of Crystalline Imidodiphosphate. 
T G and D T A curves of the crystalline imidodiphos­
phate are shown in Fig. 1. T h e thermal products as 
numbered in Fig. 1 were removed from a furnace and 
subjected to further analysis to study the thermal 
reactions. T h e results of chemical analysis are 
shown in Tab le 1. T h e first large endothermic reac­
tion accompanying a large a m o u n t of weight loss 
seemed to be caused by e l imina t ion of the water of 
crystallization. T h e weight loss at this stage was near 
to the fol lowing dehydrat ion process: 

Na4P206NH • 1OH2O —> Na4P206NH • 2H 2 0 + 8H2O ( 1 ) 

T h e measured ni t rogen content of the thermal prod­
uct 1 was also near to that calculated for Na4P2-
O Ô N H • 2H 2 Q. Whi le the phospha te composi t ion in 
Tab le 1 indicates that a small par t of the imidodiphos-
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Fig. 1. TG and DTA curves of the imidodiphos-
phates. : Na4P206NH- 10H2O, : amor­
phous imidodiphosphate. 

pha te converted to phosphoramida te and or thophos­
phate . T h e formations of phosphoramida te and 
o r thophospha te can be wri t ten by the following 
equat ions: 

Na203PNHP03Na2 + H 2 0 

—> Na 2 HP0 4 + Na2P03NH2 (2) 

Na2P03NH2 + H 2 0 — • Na 2 HP0 4 + NH3 (3) 

T h e second and third endothermic peaks may also be 
due to e l imina t ion of the rest of the water of crystalli­
zation. T h e result in Tab le 1 shows that a small 
a m o u n t of d iphosphate is formed other than phos­
phoramida te and o r thophospha te at these steps. For 
the formation of d iphosphate , one can write the 
equat ions: 

Na 20 3PNHP0 3Na 2 + H 2 0 

— • Na203POP03Na2 + NH3 (4) 

2Na2HP04 —> Na203POP03Na2 + H 2 0 (5) 

2Na2POsNH2 + H 2 0 — • Na203POP03Na2 + 2NH3 (6) 

T h e condensat ion reactions 5 and 6 can not occur at 
the second endothermic stage because the temperature 
(about 150°C) is too low. Accordingly, the substitu­
tion of an im ino g roup of the imidodiphospha te for 
b r idg ing oxygen may take place at the step. T h e 
d iphospha te in the product 3 can be produced 
th rough the reactions 4, 5, and 6. T h e mel t ing of the 
sample was responsible for the last endothermic peaks 
at about 900 °C. T h e product gave the H P L C peak 
and X-ray diffraction pat tern of Na4P2Ch. T h e ther­
mal products obtained between the third and the last 
endothermic peaks conta ined only imidodiphospha te 
and d iphosphate , and phosphoramida te and ortho-
phospha te were not included. Therefore, the imido­
d iphospha te gradually converted to d iphospha te 
according to reaction 4 after the third endothermic 
reaction. T h e water may come from the moisture in 
the air. 

T G and DTA of Amorphous Imidodiphosphate. 
T G and D T A curves of the amorphous imidodiphos­
pha te are shown in Fig. 1 together with the chemical 
composi t ions (in Table 1) of the thermal products . 
T h e amorphous imidod iphsopha te showed a broad 
endothermic peak accompanying weight loss below 
200 °C. T h e weight loss seemed to be due to the 
removal of the adsorbed water. T h e data in Tab le 1 
show that a large a m o u n t of the imidodiphospha te 
converts to d iphosphate at this stage. T h e formation 

Table 1. Chemical Composition and 

Thermal 
product 

1 
2 
3 
4 
5 
6 

Wt. loss 
/% 

31.9 
35.9 
41.1 

9.8 
10.2 
13.0 

Total 
N/% 

4.1 
4.6 
4.3 
4.5 
0.8 
0.1 

Weight Loss of the Thermal Products 
of the Imidodiphosphates 

XRD 

UK 
UK 
UK 
AM 

Na4P207 

Na4P207 

Amido 

1.1 
0.3 
0.1 
4.8 
1.0 
0.1 

Phosphates/P% 

Ortho 

3.0 
4.0 
0.5 
4.1 
3.3 
1.2 

Imidodi Di 

95.9 — 
94.9 0.8 
93.5 5.9 
61.0 30.1 
31.0 64.7 

3.5 95.2 

UK and AM stand for unknown crystalline and amorphous substances respectively. 
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b 

a 
L ^r, r X—. r-

d 

c 

^J 1 

Amorphous 

N a 4 P 2 ° 6 N H " n H 2 ° 
in wet a i r 
a t 200 °C 

for 2 h 

Amorphous 

Na4P20gNH-nH20 

in wet a i r 

a t 180 °C 

for 30 min 

C r y s t a l l i n e 

N a 4 P 2 ° 6 N H " 1 0 H 2 ° 
in wet a i r 

a t 200 °C : 
1 for 3 h 

C r y s t a l l i n e 

N a 4 P 2 ° 6 N H " 1 0 H 2 ° 
in wet a i r 

a t 200 °C 

for 30 min 

.. 1 
1 i 1 i i 1 1 1 1 1 1 

Table 2. Hydrolysis of Imidodiphosphate in an Aqueous 
Solution at 40 °C for 30 min 

30 20 10 - 1 0 - 20 -30 

Fig. 2. 31P NMR spectra of the isothermally heated 
products of imidodiphosphates. a: Phosphorami-
date, b: imidodiphosphate, c: orthophosphate, d: 
diphosphate. 

of diphosphate may be made through equation 4 
because the amount of phosphoramidate and ortho-
phosphate at this step is small. The thermal product 
4 was amorphous by X-ray diffraction. Since the 
thermal product 5 showed the X-ray diffraction dia­
gram of Na4P207, the exothermic peak at about 220 °C 
may be due to the crystallization of amorphous 
Na4P2Û7. The replacement of the imino group by 
bridging oxygen also proceeded at this step. After 
the second exothermic peak at about 300 °C, almost all 
the imidodiphosphate was converted to crystalline 
tetrasodium diphosphate. The weight loss of these 
two steps may be caused by the loss of the rest of the 
adsorbed water. From the results obtained for the 
thermal products 1 to 6, it can be concluded that the 
rate of the substitution of an imino group of the 
amorphous imidodiphosphate for bridging oxygen is 
much faster than that of the crystalline imidodiphos­
phate. To make sure of this, the substitution of 
imino groups of the amorphous and crystalline 
imidodiphosphates for bridging oxygen was studied 

pH 

5 
9 

11 

Amido 

23.6 
8.0 
1.7 

Phosphates/P% 

Ortho 

40.0 
12.3 
2.1 

Imidodi 

36.4 
79.7 
96.2 

Di 

— 

isothermally in moist air. 
Substitution of an Imino Group for Bridging Oxy­

gen in Moist Air. The crystalline and amorphous 
imidodiphosphates were heated at 180 or 200 °C in 
moist air. The moist air was made by passing air 
through water and was introduced to a reaction glass 
tube which was placed in an electric furnace. The 
31P NMR spectra of the thermal products are shown in 
Fig. 2. A large amount of the crystalline imidodi­
phosphate was still unreacted when it was heated at 
200 °C for 0.5 and 3 h. While the majority of the 
amorphous imidodiphosphate was converted to 
diphosphate by heating at 200 °C for 2 h, and nearly 
half portions of the amorphous imidodiphosphate 
was converted to diphosphate by eating at 180 °C for 
only 30 min. Accordingly, the NMR data indicate 
that the replacement of an imino group of the amor­
phous imidodiphosphate by bridging oxygen takes 
place much faster than that of the crystalline one. 

From the above results, it can be concluded that the 
hydrolysis of the crystalline and amorphous imidodi­
phosphates takes place substantially according to the 
reaction 4. The faster replacement of an imino 
group in the amorphous imidodiphosphate by bridg­
ing oxygen can be explained that an amorphous phase 
is usually more active than a crystalline one. 

Hydrolysis of Imidodiphosphate in an Aqueous 
Solution. The result of the hydrolysis of imidodi­
phosphate is shown in Table 2. In an aqueous solu­
tion, imidodiphosphate produced only phosphorami­
date and orthophosphate, and it was not hydrolyzed at 
all to make diphosphate. It can be concluded that 
only the reactions 2 and 3 take place in an aqueous 
solution. The rate of the hydrolysis decreased with 
an increase in the pH of the solution. 
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Synopsis. The complex formation of cyclodextrin (CyD) 
with fluoro-, chloro-, bromo-, and iodobenzene has been 
studied in aqueous medium at 25 °C. It was found that van 
der Waals force is the main factor to stabilize the complex. 
Formation constsnts for a- and ß-CyDs increase with the size 
of halogen atom, while those for y-CyD are almost inde­
pendent of the size. 

We have proposed a method which can determine 
the association constants in the aqueous med ium 
between volatile and nonvolat i le solutes.1) T h e 
method is based on the fact that the rate of transfer of 
the volatile solute from aqueous in to gaseous phase 
decreases wi th its increasing association wi th nonvol­
atile solutes present in the aqueous medium. In this 
work, halobenzenes have been chosen as volatile 
guests and a-, ß-, and y-cyclodextrins (CyDs) are used 
as nonvolat i le hosts. 

A l though the complex formation of a-CyD with p-
dihalobenzenes has been reported,2) there are no litera­
ture data publ ished on halobenzenes. T h e halogen 
atoms have some regularity in their physicochemical 
properties such as the van der Waals radius, electrone­
gativity, and affinity for solvent water. It is interest­
ing to examine how the CyD complex formation 
changes wi th different halogenated benzenes and what 
physicochemical property of the guest molecule is the 
major factor governing the association wi th a given 
CyD. 

Experimental 

Materials and Preparation of Sample Solutions. Dis­
tilled deionized water was used throughout the experiments. 
Cyclodextrins (a-, ß-, and y-CyD), fluorobenzene (Nakarai 
Chemicals Co.), chlorobenzene, bromobenzene (Wako Pure 
Chemicals Co.), and iodobenzene (Tokyo Kasei Co.) were all 
of analytical reagent grade and used as received. An aque­
ous stock solution of each guest was prepared by adding an 
excess of each halobenzene to water and stirring for at least 
24 h in the dark. After standing the mixture for at least 24 
h, a portion of the saturated guest solution was transferred 
to a separatory funnel and the absorbance of its cyclohexane 
extract was measured to determine the guest concentration. 
Each guest concentration of the saturated aqueous solution 
at 25 °C in mol dm"3 (M), 1.55X10"2 (fluorobenzene), 
4.22X10"3 (chlorobenzene), 2.69X10"3 (bromobenzene), and 
1.01X10-3 (iodobenzene), was in good agreement with the 
literature value.3) 

A suitable portion of the saturated guest solution was 
transferred into a 2.50X25 cm cylindrical glass tube. A 
suitable amount of CyD, which had been dried over phos­
phorus pentaoxide under vacuum, was weighed and dis­
solved into the guest solution. The solution was then 
diluted to 80 cm3 with water. The concentration ranges of 
host and guest are given in Table 1. 

Apparatus and Procedures. The apparatus and the 
experimental procedure were the same as those described in 
the previous paper.1) Nitrogen gas was blown into the 

aqueous guest solution with or without CyD placed in the 
cylindrical glass tube immersed in a bath thermostated at 
25.0+0.1 °C, at the following constant flow rate (in paren­
theses, Xcm3 min -1) suitable for each guest volatility: fluoro-
and chlorobenzene (30), bromobenzene (50), and iodoben­
zene (200). The N2 gas leaving the sample solution was 
passed through a glass column of 0.50X23 cm filled with 
XAD-2 resin beads (80—150 mesh) of 8 cm in length. The 
guest adsorbed on the resin within a fixed time was eluted 
out with cyclohexane of 4 cm3, and the amount of guest, 
AQ<t>, was determined by UV absorption measurements at 
the following wavelength (nm): fluorobenzene (266.5), 
chloro- and bromobenzene (264), and iodobenzene (257). 

Results 

T h e equa t ion derived in the previous paper1) was 
used to estimate the 1:1 and 2 :1 (host : guest) associa­
tion constants, K\ and K2: 

IniC^-Q^V-1) =-kt/(\ + K1CcyD+K1K2C2cyD) + \nC(f) 

= -k't + \nC<t„ (1) 

where CcyD and C^ refer to the total concentrat ion of 
host and that of guest, respectively, V is the volume of 
the aqueous solution, k is the rate constant for transfer 
of guest molecules from aqueous to gaseous phase, 
and 

W = k/(\+K1CcyD+K1K2C
2CyD). (2) 

Rearrangement of Eq. 2 yields: 

\/W = KlK2C
2CyD/k + KiCcyD/k + \/k. (3) 

T h e plots according to Eq. 1 for all the haloben-

Ö 
• iH 

S 

Qj-CyD/lO-SM 

Fig. 1. The plots of \/K vs. CcyD. 0-CyD-fluoro-
benzene (a), -chlorobenzene (b), -bromobenzene (c), 
-iodobenzene (d). 
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400 

Ö 
• iH 

S 

Ca.CyD/10-2M 

Fig. 2. The plots of l/k' vs. CcyD. 
benzene (a), -bromobenzene (b). 

a-CvD-chloro-

zene-CyD systems examined gave straight lines over 
the whole aeration time. Slopes of the resul t ing 
straight lines, &'(and k), were evaluated by us ing the 
least squares method. Typical l/k' vs. CcyD plots are 
shown in Figs. 1 and 2. T h e plots appeared to be 
linear for ß- and y-complexes, whereas those for a-
complexes curved upward . T h e K\ and K2 values 
were determined by the curve-fitting method and are 
summarized in Tab le 1. 

U p o n addi t ion of y-CyD to guest aqueous solu­
tions, bo th in relatively h igh concentrat ions, the aque­
ous phase became turbid due to the deposi t ion of CyD. 
Except for the fluorobenzene system, where the turbid­

ity was not observed, the guest and y-CyD concentra­
tions were set relatively low. 

Discussion 

T h e hydrogen bonding , van der Waals forces, and 
hydrophobic interaction are generally accepted to be 
responsible for bond ing of guest molecules to CyD 
cavity. Of these, the first does not seem to play an 
impor t an t role in the present host-guest systems, 
because fluorobenzene, which contains the most elec­
tronegative fluorine a tom a m o n g the halogens, forms 
the least stable complexes wi th three different CyDs, 
compared wi th other guests. In general, the guest 
molecule wi th an electronegative atom or g roup is 
likely to associate wi th CyD by hydrogen bond ing to 
one of the hydroxyl groups of the CyD periphery. 

T h e hydrophobici ty of the guest is an impor tan t 
factor in es t imat ing the cont r ibut ion of hydrophobic 
interaction. We have proposed in the preceding pap­
ers,1) that the most suitable parameter of hydrophobic­
ity for volatile solutes is the Henry 's law constant, Kn, 
which is defined as Kn=p/X, where p is the part ial 
vapor pressure of the solute and X is the mole fraction 
solubility of the solute in water. T h e Kn value is a 
measure how easily the solute is transferred from 
aqueous to gaseous phase; a solute with larger Kn is 
more hydrophobic . T h e Kn values at 25 °C are esti­
mated to be 3.62, 2.11, 1.13, and 0.72X107 Pa for 
fluoro-, chloro-, bromo-, and iodobenzene, respec­
tively. T h e free-energy change derived from Henry 's 
law constant, AGdehyd (=—RT In Kn), involves the 
energy change dur ing a guest molecule is transferred 
from the aqueous envi ronment to CyD cavity, accom­
panied by redistr ibution of the water molecules sur­
r o u n d i n g the guest. T h e energy change of this pro­
cess is usually difficult to estimate accurately by 

Table 1. Concentration Ranges of Host and Guest and the Formation Constants, 
Ki (1:1) and K2 (2:1) of (Host : Guest) Complexes at 25 °C 

Concentration 

Q a ) 

10-4M 

Fluorobenzene: 
a-CyD 2.67—2.83 
/3-CyD 2.60 
7-CyD 2.49—2.76 

Chlorobenzene: 
a-CyD 11.0 
0-CyD 11.0 
7-CyD 8.14—8.54 

Bromobenzene: 
a-CyD 9.80—13.3 
0-CyD 10.2 
7-CyD 3.47 

Iodobenzene; 
a-CyD 1.82—2.78 
0-CyD 1.82—2.80 
7-CyD 1.82—2.84 

CcyDb) 

10-2 M 

4.00 —9.98 
0.402—1.31 
1.00 —5.01 

1.00 —8.03 
0.402—0.801 
0.501—0.796 

2.00 —8.00 
0.401—0.957 
0.603—0.798 

2.00 —9.97 
0.401—1.00 
0.403—1.00 

Formation constant 

Kx 

M"1 

34+1 
70+30 
14+6 

(1.0+0.1)X102 

(1.6+0.1)X102 

33+2 

(5.1+0.1)X102 

(3.1+0.2)X102 

39+8 

(1.1+0.1)X103 

(8.0+1.0)X102 

30+10 

K2
C) 

M"1 

1.7+0.4 
— 
— 

8+4 
— 
— 

3.1+0.2 
— 
— 

1+5 
— 
— 

a) The total concentration of guest substance, b) The total concentration of cyclodextrin. 
c) The dash-sign indicates that K2 was not evaluated, because l/k' vs. CcyD plots gave a nearly 
straight line. 
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10 12 H 

—AGdehyd/kJ mol - 1 

Fig. 3. Free-energy changes of CyD-guest complex-
ation, AGcompiex (=—RT In Ki), and that of dehydra­
tion, AGdehyd (=—RTITIKH) of guest. Host: a-CyD 
(O), 0-CyD (•) , 7-CyD (A), guest: benzene (A), 
fluorobenzene (B), chlorobenzene (C), bromoben-
zene (D), iodobenzene (E). 

theoretical approaches. 
T h e free-energy change in the 1:1 complex forma­

tion, AGcompiex (=—RT In Ki), is plot ted against AGdehyd 
in Fig. 3. For the guest substances studied here, 
hydrophobic interaction as a dr iving force of CyD 
complex formation is not significant, because 
—AGcompiex does not increase wi th —AGdehyd, but the 
si tuation is just the reverse. Van der Waals force 
seems to govern the present host-guest system. T h e 
plots of \ogKi vs. the total surface area of associating 
guest are shown in Fig. 4. Nearly linear relation­
ships can be seen for a- and ß-CyD-halobenzene sys­
tems. For 7-CyD, on the other hand, the increase in 
the guest surface area does not considerably contr ibute 
to the stabilization, probably because the cavity of this 

t JA\ 
C y/{ 

2 L « 
( w v 

y 

[ 

» 

E 

I 1 . 
1 

\ 

bo 
o 

1,0 1.2 1.4 

Surface area of guest molecule/nm2 

Fig. 4. The dependence of association constant on 
the surface area of guest molecule. The signs and 
symbols are the same as those shown in Fig. 3. 

host is too large to suitably accomodate halobenzene 
molecule. 

T h e a-CyD cavity is too small to accept the guest 
molecule as a whole, and two a-CyD associate wi th 
the halobenzene at different sites. T a k i n g into 
account that the association constant K\ varies to a 
great extent wi th the k ind of halogen a tom and K2 is 
a lmost independent of the guest, we assign the site 
corresponding to Ki to halogen atom. 
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Synopsis. The structures of the title compounds were 
determined by X-ray crystallographic analysis. The results 
lead to a revision of the previously proposed structure for 
photochemical cycloadduct of 9,9-ethylenedioxy-6-metho-
xycarbonyl-5-methyl-2-oxabicyclo[4.4.0]dec-4-en-3-one with 
acetylene. 

Cyclobutene compounds provide u n i q u e reactions 
assisted by the inherent strain in the four-membered 
r ing. T h e characteristic reactions such as electrocyc-
lic r ing open ing and oxa-di-7r-methane rearrangement 
of cyclobutene derivatives have enormous potent ia l 
for appl ica t ions in organic synthesis1) and it becomes 
of interest to investigate the ground- and excited-state 
reactions of cyclobutene compounds and their valence 
isomers.2) In a previous paper , we reported that 
the [2+2]-photochemical cycloaddition of 9,9-ethyl-
enedioxy-6-methoxycarbonyl-5-methyl-2-oxabicyclo-
[4.4.0]dec-4-en-3-one (1) wi th acetylene gave adduct 
(2), m p 130—131°C, as a single c o m p o u n d in 62% 
yield, which was used as a key intermediate for the 
sesquiterpenoid synthesis.3) At the moment , an a-cis-
fused cyclobutene moiety of the photochemica l adduct 
was tentatively proposed on the basis of the steric 
considerat ion that the stereoselectivity of this reaction 
derives from the steric influence of the ethylenedioxy 
g roup which blocks approach of acetylene from the ß-
face of the molecule.4) In addi t ion, the other stereois­
omer of 2, m p 154—156 °C, was prepared by the irradi­
at ion of 6-methoxycarbonyl-5-methyl-2-oxabicyclo-
[4.4.0]dec-4-ene-3,9-dione (3) in acetone solut ion in 

the presence of acetylene followed by acetalization of 
the keto cyclobutene product wi th ethylene glycol. 
In this paper , we describe on the crystal structures of 
the stereoisomers, and the structural revision of the 
previously reported cyclobutene adduct obtained from 
1.3) 

Experimental 

Melting points are uncorrected. IR spectra were mea­
sured in CHCI3 with a Hitachi 270-30 spectrophotometer. 
1H NMR spectra were obtained in CDCI3 with a Hitachi R-
1500 spectrometer. Chemical shifts are given in <5 values 
(ppm) downfield from the internal TMS reference. 
Column chromatography was carried out with Fuji-Davison 
BW-300 silica gel. 

Materials, cis-cisoid-cis- and eis-transoid-cis-10,10-Ethy 1-
enedioxy-l-methoxycarbonyl-2-methyl-7-oxatr icyclo-
[6.4.0.02'5]dodec-3-en-6-ones (2a and 2b) were synthesized by 
the following methods. 

2a: An acetonitrile solution (600 cm3) of 1 (200 mg) was 
irradiated with a 500-W high-pressure mercury lamp 
through a Vycor filter under a continuous introduction of 
acetylene at 10—15°C for 40 min. After removing the 
solvent under reduced pressure, the residue was subjected to 
column chromatography on silica gel using ethyl acetate-
benzene as eluent to give 2a as a single compound in 65% 
yield; mp 130—131 °C (ethyl acetate-hexane); IR 1740 cm"1; 
*HNMR 0=1.27 (3H, s, -CH3), 1.5—2.1 (4H, m, -CH 2 - X2), 
2.27 (2H, d, /=4.0 Hz, -CH2-) , 3.23 (IH, t, /=1.2 Hz, 

I 
-CH=CH-CH), 3.77 (3H, s, -CO2CH3), 3.8—4.0 (4H, m, 

-OCH 2CH 20-) , 4.91 (IH, t, /=4.0 Hz, -CH-0- ) , 6.19 and 
6.32 (each IH, dd, /=1.2 and 2.9 Hz, -CH=CH-); MS m/z 
308 (M+); Found: C, 62.60; H, 6.68%. Calcd for Ci6H2o06: 
C, 62.33; H, 6.54%. 

2b: An acetone solution (600 cm3) of 3 (370 mg) was 
irradiated with a 500-W high-pressure mercury lamp 
through a Vycor filter under a continuous introduction of 
acetylene at 10—15°C for 30 min. After removing the 
solvent followed by column chromatography on silica gel 
using ethyl acetate-hexane as eluent, two kinds of keto 
cyclobutene adducts (200 mg) were obtained. Acetalization 
of a mixture of the inseparable adducts (370 mg) obtained 
was performed in a benzene solution (30 cm3) with ethylene 
glycol (1.5 cm3) in the presence of p-toluenesulfonic acid (10 
mg) under reflux for 30 min. After the usual workup, the 
crude product was column chromatographed on silica gel 
using ethyl acetate-benzene as eluent followed by recrystalli-
zation from acetone-hexane to give 2b (ca. 300 mg) along 
with a small amount of 2a. Mp 154—156 °C; IR 1740 cm"1; 
*HNMR 0=1.31 (3H, s, -CH3), 1.4—2.3 (6H, m, -CH 2 - X3), 

-CH=CH-CH), 3.78 (3H, s, 

-OCH 2CH 20-) , 5.21 (IH, dd, 

3.23 (IH, d, /=0.9 Hz, 

-C02CH3) , 3.8—4.1 (4H, m, 

/=2.6 and 4.7 Hz, - C H - 0 - ) , 6.11 and 6.21 (each IH, dd, 
7=0.9 and 2.6 Hz, and d, 7=2.6 Hz, -CH=CH-); MS m/z 308 
(M+); Found: C, 62.31; H, 6.63%. Calcd for Ci6H2o06: C, 
62.33; H, 6.54%. 

X-Ray Analysis. The single crystals were obtained by 
recrystallization from acetone-hexane for 2a and from ethyl 
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Table 1. Crystal Data for 2a and 2b Table 2. Atomic Coordinates and Equivalent Isotropic 

C o m p o u n d 

F o r m u l a 
Molecular weight 
Crystal system 
Space g r o u p 

a/A 
b/k 
c/k 
a/° 

ß/° 
y/° 
v/k? 

z 
Dx 

Fina l R 

(a) 

05 

V j / A . 

1 m 

,<V / 
s ^ 0 6 ^ 06 

/ 

m 
u / 

(b) 

01 

<#^05 

UiFcis r^Qt 
\ £7 ^y =̂a. 

2a 

C16H20O6 

308.32 
Monocl in ic 
P2i/c 

6.913(1) 
24.226(1) 

9.198(1) 
90.0 

101.39(1) 
90.0 

1510.0(2) 
4 
1.36 
0.052 

(JJo2 
^ V C1 C2 

o^ff~£, 

y c i i ^ , 

H C T P L i 

oo/^ Ä r ^ 
W) /in •-' 

3çPvC8 

\C2 J » ^ 
^ ci y j ^ r 

I A C5? 

X c j . / 

%.£>Jê5Lc6 

, c12/ i r ? 0 
**^w£ffl5^\ m 

C8 N. 

2b 

C16H20O6 

308.32 
Tr ic l in ic 
Pi 

11.719(3) 
10.253(3) 
6.707(2) 

107.88(3) 
95.58(4) 
94.45(6) 

758.4(4) 
2 
1.35 
0.074 

r̂ P 

<àhC3 

\ \ . r'' 

\ . r \ CA / 

fwSÉÛ^ÎJU012 

i S ' " X T N 5 ^ 
f C5 \ ^ 

r*c 
Lb 

\ g \ C 1 3 

°3^^0 4 

\ C 1 4 ^ 

i M ^ ^ " 
#>;, 

/ 

\ C 3 

\ Ç 4 p 

il^ën02 

P||o4 
^ - ^ ^ w C14 

i h e 

Atom 

2l 
O ( l ) 
0 ( 2 ) 
0 ( 3 ) 
0 ( 4 ) 
0 ( 5 ) 
0 ( 6 ) 
C( l ) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C ( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 

2b 
O ( l ) 
0 ( 2 ) 
0 ( 3 ) 
0 ( 4 ) 
0 ( 5 ) 
0 ( 6 ) 
C( l ) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C ( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 

îrmal Parameters 01 2a a n a zb wi tn J^stim; 
S tandard Deviat ions in Parentheses 

5e q =- | - 2 ,2 ;ß , ; ( f l i - f l ; ) 

X 

0.2911(3) 
0.2231(3) 
0.3002(4) 
0.4726(3) 
0.6939(3) 
0.7791(3) 
0.2257(4) 
0.1547(4) 
0.2547(5) 
0.3093(4) 
0.2230(4) 
0.3758(4) 
0.5851(4) 
0.7260(4) 
0.6591(4) 
0.4449(4) 
0.3039(4) 
0.0470(5) 
0.3774(4) 
0.4792(6) 
0.8831(5) 
0.9136(6) 

0.7393(3) 
0.8014(4) 
0.8191(4) 
0.7420(3) 
0.4960(3) 
0.4226(3) 
0.8083(5) 
0.8954(5) 
0.9996(5) 
0.9823(5) 
0.8766(4) 
0.7596(4) 
0.6574(4) 
0.5412(5) 
0.5229(4) 
0.6243(4) 
0.7405(4) 
0.8983(5) 
0.7760(4) 
0.7622(7) 
0.4102(5) 
0.3428(6) 

y 

0.11820(8) 
0.04360(9) 
0.18602(9) 
0.11382(8) 
0.15712(9) 
0.22796(9) 
0.0655(1) 
0.0382(1) 

-0.0147(1) 
0.0051(1) 
0.0620(1) 
0.1098(1) 
0.0896(1) 
0.1385(1) 
0.1793(1) 
0.1963(1) 
0.1484(1) 
0.0769(1) 
0.1421(1) 
0.1392(2) 
0.1758(2) 
0.2280(2) 

0.1399(4) 
-0.0634(4) 

0.5256(4) 
0.4532(4) 
0.1123(4) 
0.3171(4) 
0.0504(6) 
0.0957(6) 
0.1845(7) 
0.2975(7) 
0.2264(5) 
0.2816(5) 
0.1976(5) 
0.2498(6) 
0.2498(5) 
0.3265(5) 
0.2802(5) 
0.2044(6) 
0.4345(5) 
0.5942(7) 
0.1147(6) 
0.2245(8) 

z 

0.4856(2) 
0.6012(2) 
0.0638(2) 
0.0075(2) 
0.5966(2) 
0.4584(3) 
0.4846(3) 
0.3370(3) 
0.3037(4) 
0.1839(3) 
0.1963(3) 
0.2379(3) 
0.3062(3) 
0.3437(3) 
0.4502(3) 
0.4017(3) 
0.3501(3) 
0.0730(3) 
0.0956(3) 

-0.1359(4) 
0.6714(4) 
0.5951(5) 

0.9133(6) 
0.8317(8) 
0.8416(6) 
0.5063(6) 
0.7979(6) 
0.8563(7) 
0.8143(9) 
0.6928(9) 
0.8374(10) 
0.7855(9) 
0.6234(8) 
0.6765(8) 
0.5167(8) 
0.5789(9) 
0.7974(8) 
0.9606(8) 
0.8999(8) 
0.3933(9) 
0.6890(8) 
0.4997(12) 
0.9336(10) 
0.9046(15) 

ateü 

•»^ / 9 ^ 

ßeq/A2 

3.4 
4.9 
4.9 
4.1 
4.3 
5.1 
3.4 
3.4 
4.2 
3.7 
3.1 
2.6 
2.9 
3.5 
3.4 
3.5 
3.0 
4.5 
3.3 
5.6 
5.9 
6.6 

3.9 
6.5 
5.1 
4.6 
4.2 
4.7 
4.5 
4.3 
5.7 
4.7 
3.6 
3.0 
3.4 
4.1 
3.5 
3.4 
3.3 
4.7 
3.6 
7.1 
4.7 
8.3 

^C16 ' 0 6 

Fig. 1. ORTEP6) views of 2a (a) and 2b (b) with the 
atom-numbering. 

acetate-hexane for 2b. Crystal data are summarized in 
Table 1. All unique diffraction intensities with 20<13O° 
for 2a and 20<5O° for 2b were collected in the variable speed 
ûj-scan mode on a Rigaku AFC-5UD four-circle diffractome-
ter with graphite monochromated CuKa (/l=1.5418Â) and 
Mo Ka (X=0.1101 Â) radiations, respectively. A total of 2193 
and 1636 reflections (|F0|^3cr(Fo)) for 2a and 2b, respectively, 
were judged to be observed after correction for Lorentz, 
polarization, and background effects. A phasing models 

obtained by MULTAN 785) were refined using the Rigaku 
program system. Block-diagonal least-squares refinement 
with anisotropic thermal parameters for the non-hydrogen 
atoms and isotropic ones for the hydrogen atoms converged 
to the final i?=0.052 for 2a and R=0.074 for 2b, respectively. 
Unit weight was used for all reflections. 

Results and Discussion 

By us ing the IR, XH, and 1 3 C N M R spectroscopic 
data of bo th products 2, we could not identify the 
stereochemistry wi th respect to the cyclobutene r ing 
junc t ion as 2a or 2b. Single-crystal X-ray analyses 
were employed in order to confirm the stereos true tures 
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of these crystalline compounds . Each complete 
structure and stereochemistry was unequivocal ly 
established; one product , m p 130—131 °C, has ß-cis-
fused cyclobutene r ing as 2a and the other, m p 154— 
156°C has a-cis form as 2b depicted, respectively. 
T h e X-ray analysis suggested that the photochemical 
cycloaddition of 1 wi th acetylene occurs from the ß-
side to yield 2a. T h u s , a predictable conformation 
wi th the a-axial methoxycarbonyl g roup of the 
dihydro-2-pyrone r ing seems to derive the steric influ­
ence on the a-face of the molecule instead.4) T h e 
final a tomic parameters are listed in Tab le 2.7) Views 
of the structures of 2a and 2b are shown in Fig. 1. In 
2a and 2b, the cyclohexane r ing has a chair form and 
the <5-lactone r ing has a distored boat form. 
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Synopsis. Catalytic hydrogénation of ß-nitrostyrenes 
over palladium on charcoal in EtOH-HCl at low tempera­
ture gave the corresponding phenethylamines, which are 
precursors of 1,2,3,4-tetrahydroisoquinolines, in high yield. 

Phenethylamines are an interesting class of com­
pounds because of their s t rong biological activity and 
are impor t an t precursors of 1,2,3,4-tetrahydroiso-
quinol ines . Generally, phenethylamines have been 
prepared by l i th ium a l u m i n i u m hydride1* and 
borane2 ) reductions of ß-nitrostyrenes, which are read­
ily prepared by condensat ion of the corresponding 
benzaldehydes wi th n i t romethane . However, such 
methods are not appl icable for large scale preparat ion. 
T h e prepara t ion of phenethylamines by catalytic 
hydrogénat ion of ß-nitrostyrenes3) reported so far is 
not convenient, because the reactions have been car­
ried out in acid solut ions such as acetic acid wi th 
coned sulfuric acid3a) or coned hydrochloric acid.3b) 

Tedious treatments and severe reaction condit ions 
such as 50—80 °C under 30—100 a tm hydrogen30) are 
also required. We wish to report a convenient cata­
lytic hydrogénat ion of ß-nitrostyrenes under mi ld 
condit ions. 

H.0XJ NO, 
Pd-C, H2 

Elhanol-HCI IXn, 
Typical ly , a mixture of ß-nitrostyrene, 5% palla­

d i u m on charcoal [K-type (see Experimental) , 0.1 
equiv] and 12 M hydrochloric acid (2.5 equiv, l M ^ l 
mol dmr 3 ) in e thanol was stirred under hydrogen (1 
atm) at 0 ° C for 3 h. T h e representative results are 
shown in Tab le 1. T h e hydrogénat ions of 3,4-
methylenedioxy-ß-nitrostyrene (1), 4-hydroxy-3-meth-
oxy-ß-nitrostyrene (5), and 3-hydroxy-4-methoxy-ß-
nitrostyrene (7) at 0 °C gave higher yields of the corres­
p o n d i n g phenethylamines in compar ison wi th those 
at room temperature. T h e low yields of phenethyl­
amines at h igher temperature migh t be due to the 
pa l l ad ium induced formation of imine metal hydride 
intermediates.4) T h e hydrogénat ion of 3,4-bis-
(benzyloxy)-ß-nitrostyrene (9) gave the corresponding 
debenzylated dopamine hydrochloride (10) quant i ta­
tively. It is noteworthy that 3,4-dihydroxy-ß-nitro-
styrene, which is the precursor of 10, is hardly acces­
sible by the convent ional methods. Similarly, hydro­
génat ion of 4-benzyloxy-ß-nitrostyrene (11) gave 
tyramine hydrochloride (12) in 94 % yield. 

Pure alkoxy-substi tuted phenethylamines can be 
obtained by simple treatment of the reaction products 
wi th hydrochloric acid and subsequently wi th alkali. 
T h e amine hydrochlorides, which are soluble in 
methanol , such as 10, can be purified simply by single 

Table 1. Hydrogénation of ß-Nitrostyrenesa) 

_ 
Substrate Productb) Yield/% 

MeO. 

MeO' 

MeO. 

HO* 

HO. 

MeO' 

PhCH20. 

PhCH2< 

PhCH. 

1 

5 

xn 

0JCn 

d) 

NO, 

NOo 

N02 

d) 

NO? 

MeO, 

MeO' 

MeO, 

HO' 

HO, 

MeO' 

HO. 

HO 

NH2 

NH2 

11 
MeO. 

MeO' 

NOp 

NOp 

4 

XTi. 
6 

HCl 

HCl 

NHp'HCI 

HO' 

MeO. 

MeO' 

12 

NHp'HCI 

NHo 

71 

73 

81 

91 

99 

94 

65 

MeO 13 MeO 14 

a) The procedure was described in the text, b) Satis­
factory data of IR and NMR were obtained, c) Iso­
lated yields of pure amines or amine • HCl. d) Room 
temperature, 24 h. 

recrystallization. 
T h e phenethylamines thus obtained can be readily 

converted in to the corresponding 1,2,3,4-tetrahydro-
isoquinol ines by Pictet-Spengler reaction.5) Typ i ­
cally, amine 4 can be readily converted in to 6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinoline (15) in 80% 

MeO, 

MeO' }X^> NH2 

(CH20)n 

HC02H 

MeO, 

MeO' I A A ^ N H
1 5 

yield. Fur thermore, the secondary amines thus 
obtained can be readily converted in to either nitrones6 ) 

or imines7 ) u p o n treatment wi th hydrogen peroxide in 
the presence of Na2WÛ4 catalyst or treatment wi th t-
butyl hydroperoxide in the presence of RuCi2(PPh3)3 
catalyst. Typically, the amine 15 can be converted 
in to either 16 or 17 by chang ing the catalytic system 
utilized. 
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H202 MeQ 

MeCT W cat. 
16 

15 

t-BuOOH MeO, xo„ Ru cat. MeO' 

Experimental 

General. 1H NMR spectra were obtained on a 270 MHz 
Model JNM-GSX-270 (JEOL) spectrometer; chemical shifts 
(8) were expressed in parts per million relative to tetrame-
thylsilane. IR spectra were recorded on a Shimadzu FTIR-
4100 spectrometer. 

Materials. 5% palladium on charcoal (K-type) was pur­
chased from Nippon Engelhard, Ltd. 3,4-Methylenedioxy-
ß-nitrostyrene (l), lb) 3,4-dimethoxy-ß-nitrostyrene (3),lb) 

4-hydroxy-3-methoxy-/3-nitrostyrene (5),la) 3-hydroxy-4-
methoxy-ß-nitrostyrene (7),la) 3,4-bis(benzyloxy)-ß-nitro-
styrene (9),lb> 4-benzyloxy-/3-nitrostyrene (ll), l b ) and 3,4,5-
trimethoxy-/3-nitrostyrene (13)lb> were prepared by the 
methods described in the literatures. 

General Procedure for the Catalytic Hydrogénation. As 
a typical example, the preparation of 3,4-methylenedioxy-/3-
phenethylamine (2) is described. In a 30 mL side-arm flask 
equipped with a magnetic stirring bar were placed 3,4-
methylenedioxy-/3-nitrostyrene (1) (0.500 g, 2.59 mmol), 5% 
palladium on charcoal (K-type) (0.553 g, Pd 0.26 mmol), 12 
M hydrochloric acid (0.5 mL), and ethanol (10 mL). The 
reaction mixture was stirred at 0 °C for 3 h under a hydrogen 
atmosphere (1 atm). The catalyst was removed by filtration 
through Celite and washed with ethanol (40 mL). Evapo­
ration of the filtrate gave a yellow oil which was dissolved in 
water (40 mL), and the solution was washed with CH2CI2 (20 
mLX3). The aqueous layer was neutralized with aqueous 
ammonia solution (28%, 5 mL), and extracted with CH2CI2 
(20 mLX4). The combined organic layer was dried over 
Na2S04. Evaporation of the solvent gave 2 (0.303 g, 71%): 
mp 214.5—216 °C (HCl salt) (lit,8) mp 209 °C); IR (neat) 3636 
(w), 3368 (m), 2923 (m), 1846 (w), 1607 (m), 1503 (m), 1489 
(m), 1443 (s), 1362 (m), 1246 (s), 1190 (m), 1123 (m), 1098 (m), 
1040 (s), 933 (m), 928 (m), 864 (w), 818 (m), 637 (w), 601 (w) 
cm-1; iHNMR (CDCI3) 6=1.91 (br, 2H, NH2), 2.63 (t, /=6.8 
Hz, 2H, Ar-CH2-C-N), 2.91 (t, 7=6.8 Hz, 2H, Ar-C-CH2-
N), 5.91 (s, 2H, O-CH2-O), 6.64 (dd, /=7.8 and 1.7 Hz, 1H, 
H6), 6.68 (d, /=1.7 Hz, 1H, H2), 6.74 (d, 7=7.8 Hz, 1H, H*). 

For the preparation of the phenethylamines bearing a 
hydroxyl group, the purification procedure was modified 
slightly. Typically, 4-hydroxy-3-methoxy-ß-phenethyl-
amine hydrochloride (6) was isolated without the neutraliza­
tion with aqueous ammonia (0.422 g, 81%): mp 213.5— 
215 °C (lit,la> mp 213—214 °C); IR (KBr) 3184 (s), 2340 (w), 
1732 (w), 1601 (s), 1526 (s) 1503 (s), 1458 (w), 1368 (s), 1327 
(w), 1302 (w), 1271 (m), 1246 (m), 1211 (m), 1157 (s), 1127 
(m), 1036 (s), 968 (w), 939 (w), 918 (w), 868 (m), 818 (s), 793 
(m), 739 (w), 658 (m), 588 (w), 569 (w), 511 (w) cm"1; 
!H NMR (D2O) 0=2.88 (t, 7=7.5 Hz, 2H, Ar-CH2-C-N), 3.15 
(t, 7=7.5 Hz, 2H, Ar-C-CH2-N), 3.86 (s, 3H, CH3O-), 6.71 
(dd, 7=8.1 and 1.7 Hz, 1H, H«), 6.77 (d, 7=8.1 Hz, 1H, H«), 
6.87 (d, /=1.7 Hz, 1H, HP). 

3,4-Dimethoxy-)3-phenethylamine (4). The hydrogéna­
tion of 3,4-dimethoxy-ß-nitrostyrene (3) (0.500 g, 2.39 mmol) 
at room temperature for 24 h gave 4 (0.316 g) in 73% yield: 
mp 154—155 °C (HCl salt) (lit,9) mp 154—155 °C); IR (neat) 

3370 (m), 2934 (m), 1606 (w), 1591 (m), 1516 (s), 1464 (m), 
1417 (m), 1331 (w), 1261 (s), 1237 (m), 1190 (w), 1157 (m), 
1142 (m), 1028 (s), 935 (w), 855 (m), 808 (m), 764 (m), 633 (w), 
596 (w) cm-1; iHNMR (CDCI3) 0=2.06 (br, 2H, NH2), 2.71 
(t, 7=6.8 Hz, 2H, Ar-CH2-C-N), 2.96 (t, 7=6.8 Hz, 2H, Ar-
C-CH2-N), 3.68 (s, 3H, CH3O-), 3.87 (s, 3H, CH3O-), 6.73 
(d, 7=1.7 Hz, 1H, H2), 6.74 (dd, 7=8.5 and 1.7 Hz, 1H, H«), 
6.81 (d, 7=8.5 Hz, 1H, H5). 

3-Hydroxy-4-methoxy-)3-phenethylamine Hydrochloride 
(8). The hydrogénation of 3-hydroxy-4-methoxy-/3-nitro-
styrene (7) (0.500 g, 2.56 mmol) gave 8 (0.473 g) in 91% yield: 
mp 206.5—207 °C (lit,la> mp 206—207 °C); IR (KBr) 3339 (s), 
3009 (s), 1986 (m), 1746 (w), 1613 (w), 1591 (m), 1505 (s), 1462 
(m), 1445 (m), 1406 (w), 1345 (w), 1281 (s), 1231 (m), 1173 
(m), 1156 (w), 1134 (m), 1090 (w), 1024 (s), 945 (m), 874 (m), 
808 (m), 760 (m), 642 (w), 613 (m), 590 (m), 546 (w), 503 (w), 
455 (w) cm"1; iHNMR (D20) 0=2.83 (t, 7=7.6 Hz, 2H, Ar-
CH2-C-N), 3.12 (t, 7=7.6 Hz, 2H, Ar-C-CH2-N), 3.83 (s, 
3H, CH3O-), 6.70 (dd, 7=8.1 and 2.2 Hz, 1H, H«), 6.73 (d, 
7=2.2 Hz, 1H, H«), 6.89 (d, 7=8.1 Hz, 1H, H2). 

3,4-Dihydroxy-ß-phenethylamine Hydrochloride (10). 
The hydrogénation of 3,4-bis(benzyloxy)-/3-nitrostyrene (9) 
(0.500 g, 1.38 mmol) at room temperature for 24 h gave 10 
(0.260 g) in 99% yield: mp 248—250 °C (lit,10) mp 240—241 °C 
(decomp)); IR (KBr) 3140 (s), 3050 (s), 1620 (w), 1605 (w), 
1525 (w), 1505 (m), 1405 (m), 1290 (m), 1195 (w), 1115 (w), 
810 (m) cm-i; iHNMR (D2O) 0=2.93 (t, 7=7.3 Hz, 2H, Ar-
CH2-C-N), 3.29 (t, 7=7.3 Hz, 2H, Ar-C-CH2-N), 6.81 (dd, 
7=8.3 and 2.0 Hz, 1H, H«), 6.91 (d, 7=2.0 Hz, 1H, H*), 6.97 
(d, 7=8.3 Hz, 1H, H2). 

4-Hydroxy-)3-phenethylamine Hydrochloride (12). The 
hydrogénation of 4-benzyloxy-/3-nitrostyene (11) (0.500 g, 
1.96 mmol) gave 12 (0.319 g) in 94% yield: mp 270—272 °C 
(lit,11) mp 263—265 °C); IR (KBr) 3158 (s), 1615 (m), 1591 (w), 
1516 (m), 1493 (m), 1462 (w), 1402 (w), 1256 (m), 1223 (m), 
1173 (w), 1141 (w), 1113 (w), 945 (w), 835 (w), 775 (w), 554 
(m) cm"1; 1H NMR (D20) 0=2.95 (t, 7=7.7 Hz, 2H, Ar-CH2-
C-N), 3.11 (t, 7=7.7 Hz, 2H, Ar-C-CH2-N), 6.76 (ddd, 
7=8.6, 2.7, and 2.2 Hz, 2H, H*, H«), 7.09 (ddd, 7=8.6, 2.7, and 
2.2 Hz, 2H, H2, H«). 

3,4,5-Trimethoxy-)3-phenethylamine (14). The hydrogé­
nation of 3,4,5-trimethoxy-/3-nitrostyrene (13) (0.400 g, 1.67 
mmol) gave 14 (0.228 g) in 65% yield: mp 184—184.5 °C (HCl 
salt) (lit,12) mp 184—185.5 °C); IR (neat) 3382 (m), 3030 (m), 
1590 (m), 1509 (m), 1464 (m), 1458 (m), 1422 (m), 1381 (m), 
1335 (m), 1238 (m), 1184 (w), 1132 (w), 1125 (m), 1038 (w), 
1008 (m), 922 (w), 826 (m), 777 (w), 747 (w), 669 (w), 525 (w) 
cm"1; iHNMR (CDCI3) ô=1.87 (br, 2H, NH2), 2.74 (t, 7=6.7 
Hz, 2H, Ar-CH2-C-N) 3.00 (t, 7=6.7 Hz, 2H, Ar-C-CH2-N), 
3.85 (s, 3H, CH3-O-C4), 3.89 (s, 6H, CH3-O-C3, CH3-O-C5), 
6.45 (s, 2H, Ar-H). 
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Synopsis. Synthesis of juvabione in short steps in a high 
overall yield has been achieved via the chemoselective reduc­
tion with Hantzsch ester (HEH) in the presence of silica gel 
as a key step. 

Diethyl 2,6-dimethyl-1,4-dihydro-3,5-pyridinedi-
carboxylate (Hantzsch ester, H E H ) , which has been 
studied extensively as a model of a coenzyme 
NAD(P)H,X) was found to be a mild , therefore a selec­
tive reducing agent useful for organic syntheses.2_7) 

Namely, under the catalysis of silica gel, H E H selec­
tively hydrogenates the carbon-carbon double bonds 
conjugated wi th a ni t ro , a formyl, or a keto g roup in 
quant i ta t ive yield, whereas those conjugated with an 
alkoxycarbonyl or a cyano g roup as well as unconju­
gated ones are not affected at all (Scheme 1). 

HEH, S i 0 2 

X = C(0)R 

CHO, 

N 0 2 , 

C0 2R' 

C 2 H 5 

-, 

. CN, 

o2cN 

C H ^ 

benzene, 80°C 

ïP 
In-

H 

100% (10 h) 

100% (3h) 

100% (30 min) 

0% (20h) 

(recovery of s t a r t i n g mater ia l ) 

s / C O A H s 

L C H 3 

HEH 

Scheme 1. Chemoselective reductions of activated 
olefins with HEH-Si0 2 . 

Juvab ione was isolated from Balsam fir and identi­
fied as the methyl ester of todomatuic acid8"10) by 
Bowers and his co-workers . n ) And it has attracted 
considerable biological interests as a sesquiterpene 
wi th a h igh juvenile ho rmone activity for a certain 
range of insect.12) T h e c o m p o u n d has also received 

1a; threo-juvabione 

O I H 

C02Me 

C02Me 
1b; eryt/iro-juvabione 

m u c h a t tent ion of synthetic organic chemists and has 
been synthesized in a number of alternaitve pathways. 
A m o n g many approaches to juvabione,1 3 ) construc­
tion of methyl cyclohexenecarboxylate moiety was 
often the key stage of the strategies. Negishi et al.14) 

established a short synthesis by us ing peril laldehyde 
(2) as a s tar t ing material . Drabkina et al.15) employed 
4-acetyl-l-cyclohexenecarboxylic acid (3) as a precur-

CO,H 

sor. In this report, the au thor describes a short 
approach to juvabione via the reduction wi th H E H -
SiÜ2 of the precursor, methyl 4-(l ,5-dimethyl-3-oxo-l-
hexenyl)-l-cyclohexenecarboxylate (9) derived from 
methyl 4-acetyl-l-cyclohexenecaboxylate (7). 

Results and Discussion 

Methyl 2-methylene-3-butenoate (6) was obtained 
by flash vaccum pyrolysis of methyl 2-methoxy-
methyl-3-butenoate (5) at 150 °C on potass ium hydro-
gensulfate16) which was given by the alkylat ion of 
methyl 3-butenoate (4) wi th chloromethyl methyl 
ether.17) T h e diene 6 was reacted wi th 3-buten-2-one 
below — 10°C in the presence of tin(IV) chloride to 
give para-adduct 7 as a sole product . T h e Wi t t ig -
Horner reaction19) of 7 wi th dimethyl 4-methyl-2-

Entry 

a 
b 
c 
d 

Table 1. 

HEH/equiv 

1.5 
3.0 
1.5 
3.0 

Reduction of 9 with HEH-Si0 2 

Solvent 

Benzene 
Benzene 
Toluene 
Toluene 

Temperature/ °C 

80 
80 

110 
110 

Yielda)/% 

13 
19 
54 
91 

a) Isolated yield. 
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oxopen ty lphosphona te (8) proceeded smoothly by the 
aid of sodium hydride in DMSO to afford 9 in 74% 
yield. T h e configurat ion at newly formed carbon-
carbon double bond was determined to be E/Z=9/l by 
means of lH N M R spectroscopy. Finally, the reduc­
tion of 9 wi th H E H under the catalysis of silica gel 
was investigated. As summarized in Tab le 1, when 
the reaction was r u n at 80 °C in refluxing benzene, the 
yield of the product was unsatisfactory even in the 
presence of 3 equivalent a m o u n t s of H E H . However, 
satisfactory results (92% yield) was obtained when the 
reaction wi th 3 equivalent amoun t s of H E H was r u n 
at 110 °C in refluxing toluene. 

' C 0 2 M e 

1) LDA, THF, -78°C 

2) ClCH.OCHo 

KHS04 , 150°C 
j 

FVP 

53 % 

76 % 

C 0 2 M e 

C 0 2 M e 

OMe 

MVK, SnCl „ 

CH 2 C1 2 , -10°C 

92 % 

COjMe 

NaH, DMSO 

T4~% 

HEH (3.0 eq . ) , Si02 

9 E/z = 9/1 C02Me 

1 

toluene, 110°C 

91 % 

Scheme 2. Synthesis of juvabione (1). 

T h u s obtained product was characterized by satis­
factory results from XH N M R , IR, GC-Mass, and ele­
menta l analyses,13) and the ratio of its diastereomeric 
isomers was determined to be erythro form: threo 
fo rm= 14 :86 by 13C N M R analyses.20* T h e total syn­
thesis of 1 was completed in 27% overall yield. 

Experimental 

Instruments. 1H NMR spectra were measured at 90 MHz 
with Hitachi R-90H FT-NMR spectrometer. IR spectra 
were recorded on JASCO IR-810 infrared spectrometer. 
GC-mass spectra were recorded on Hitachi M-80A GC-Mass 
spectrometer. Gas chromatography analyses were per­
formed on Shimazu GG9A gas Chromatograph. Elemental 
analyses were performed with a Yanaco MT-3 elemental 
analyzer. 

Chemicals. Solvents were dehydrated and distilled 
immediately prior to the use. Chloromethyl methyl ether, 
3-butenoic acid, 3-buten-2-one, ethyl 3-methylbutanoate, 
dimethyl methylphosphonate, tin(IV) chloride, titaniu-
m(IV) chloride, and zinc(II) bromide were purchased from 
Wako Pure Chemical Industry Ltd. Wakogel C-200 was 
used for column chromatography and Nakarai Silica Gel 60 
(35—70 mesh) was used as the catalyst for HEH reduction. 
Diethyl 2,6-dimethyl-l,4-dihydro-3,5-pyridinedicarboxylate 
(HEH) was prepared as reported in a previous paper.21) 

Preparation of 7. To a solution composed of 2.24 g (20 
mmol) of 6 and 1.40 g (20 mmol) of 3-buten-2-one in 50 ml 
of dichloromethane at — 78 °C was added 5.2 g (20 mmol) of 

tin(IV) chloride over 30 min. The reaction mixture was 
warmed slowly to —10 °C with stirring and stirring was 
continued for 5 h at the same temperature. The whole 
mixture was poured into 50 ml of cold water, and the 
organic materials were extracted with dichloromethane (30 
mlX3). The organic layer was washed with H2O (50 mlX2) 
and brine (50 ml), dried on anhydrous magnesium sulfate, 
then condensed in vacuo after filtration. The crude pro­
duct was purified by column chromatography on silica gel 
(hexane/benzene=l/l) to afford 3.35 g (92%) of 7 as a color­
less oil; lH NMR (CDCb) 0=1.42-2.24 (m, 6H), 2.14 (s, 3H), 
2.34—2.770 (m, IH), 3.71 (s, 3H), and 6.84 (m, IH); IR (neat) 
1735 (s), 1720 (s), and 1650 (m); GC-Mass m/z 182 (M+). 

Wittig-Horner Reaction of 7 with 8. To a suspension of 
580 mg of sodium hydride (abt. 60% in oil) in 10 ml of 
DMSO was added 1.92 g (10 mmol) of the phosphonate 8 
dropwise via a syringe. The mixture was stirred at room 
temperature for 15 min and 1.82 g (10 mmol) of 7 was added 
to the mixture over 30 min at room temperature. The 
reaction mixture was stirred for 2 h at the same temperature 
and then heated to 65 °C for 15 min. The resulting solu­
tion was poured into 50 ml of 2 M HCl and the organic 
materials were extracted with ethyl acetate. The combined 
organic layer was dried on anhydrous magnesium sulfate 
and condensed in vacuo. Purification of the crude product 
on column chromatography (Si02-benzene) gave 1.95 g 
(74%) of 9. The ratio of stereoisomers was determined to be 
approximately £ /Z=9/ l from the integrated intensities of 
the methyl signals at 2.24 (£) and 1.92 (Z) ppm on 1H NMR 
spectra; *HNMR (CDCI3) 6=0.92 (d, / = 7 Hz, 6H), 1.40— 
2.20 (m, 8H), 1.92 (s, £-isomer), 2.24 (s, Z-isomer, total 3H), 
2.32 (d, / = 7 Hz, 2H), 3.68 (s, 3H), 5.96 (bs, Z-isomer), 6.13 
(bs, £-isomer, total IH), and 6.96 (bs, IH); IR (neat) 1735 (s), 
1720 (s), 1660 (m), and 1655 (m) cm"1; Calcd for C16H24O3: C, 
72.69; H, 9.15%. Found: C, 72.33; H, 9.04%. 

Reduction of 9 with HEH-Si02. A mixture of 264 mg 
(1.0 mmol) of 9, 756 mg (3.0 equiv) of HEH and 1.50 g of 
silica gel (Nakarai Silica Gel 60, 35—70 mesh) in 10 ml of 
absolute toluene was heated under reflux for 15 h. After the 
removal of silica gel by filtration, the organic solution was 
condensed and subjected to a column chromatography on 
silica gel using benzene as an eluent to give 242 mg (91%) of 
juvabione (1) as a colorless oil; *HNMR (CDCI3) 6=0.88 (d, 
/ = 7 Hz, 3H), 0.92 (d, 7=7Hz, 6H), 1.04—2.54 (m, 13H), 3.68 
(s, 3H), and 6.94 (bs, IH); ^CNMR (CDCI3) 0=16.0 (q), 22.0 
(q), 24.2 (d), 24.5 (d), 24.8 (t, threo C-5), 25.7 (t, erythro C-5), 
27.9 (t, erythro C-3). 29.2 (t, threo C-3), 32.3 (d), 37.3 (d), 
47.2 (d), 50.8 (q), 52.0 (t), 130.1 (s), 138.8 (d), 167.3 (s), 209.8 
(s); IR (neat) 1725 (s), 1720 (s and 1660 (s) cm"1; GC-Mass ml 
z 266 (M+); Anal Calcd for Ci6H2603: C, 72.14; H, 9.08%. 
Found: C, 72.00; H, 9.54%. 
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Synopsis. Aldehydes and ketones were efficiently con­
verted to the corresponding acetals by the reaction with 
ethylene glycol over hydrous zirconium oxide. The reac­
tion could proceed under reflux condition or at room 
temperature. The compound, which was unstable in acid, 
was also acetalized by this catalyst. 

Acetalization of carbonyl compounds is generally 
carried ou t under homogeneous condi t ion and strong 
acid is used as a catalyst. Al though these methods 
have several benefits, it was rather t roublesome to 
remove the acid catalyst after acetalization, and the 
appl ica t ion is difficult for the compounds which are 
unstable in acids. 

In the previous papers, we reported that the reduc­
tion of aldehydes or ketones wi th 2-propanol over 
hydrous z i rconium oxide proceeds efficiently to give 
the corresponding alcohols, and that the reaction of 
hexanal wi th methano l or e thanol gives mainly dime-
thoxy or diethoxy acetal, respectively.1) In this 
paper , we report that carbonyl compounds are easily 
acetalized wi th ethylene glycol over hydrous zirco­
n i u m oxide. T h i s me thod has the fol lowing advan­
tages; 1) the oxide is not soluble to any solvent, and 
the catalyst can be easily removed by filtration, 2) the 
oxide is stable at room temperature in air over 7 years, 
and can be used for repeated reactions, 3) the oxide is 
no t sensitive to air or water, and the reaction does no t 
need water free condit ions, 4) the reaction can proceed 

efficiently wi thou t azeotropic removal of water, 5) the 
oxide does no t have strong acidic sites, therefore the 
acetalization can apply for compounds which are 
unstable in acids. 

Experimental 

Hydrous Zirconium Oxide. To a solution of zirconium-
(IV) dichloride oxide (ZrOCl2 • 8H20) (200 g of solid in 10 
dm3 deionized water) an aqueous solution of sodium 
hydroxide (1 mol dm -3) was slowly added at room tempera­
ture. Constant gentle stirring was maintained and the 
addition was continued until the pH of the resulting solu­
tion reached 6.80. The solution was allowed to stand for 48 
h at room temperature. The resulting product was filtered 
and washed free from chloride ions. The gel was spread on 
a glass plate and dried in air at room temperature for 10 h 
and at 80 °C for 2 h. Fifty four grams of hydrous zirconium 
oxide was obtained in the form of granules, and was heated 
at 300 °C for 5 h. 

Acetalization. In a 50 cm3 round-bottom flask equipped 
with a reflux condenser was placed hydrous zirconium oxide 
(24—60 mesh; 1.0 g), an aldehyde or ketone (5 mmol), 
ethylene glycol (5 or 10 mmol), and a hydrocarbon (0.5 
mmol) as an internal standard. The reactions were carried 
out under the following three conditions; A) benzene (10 
cm3) was used as solvent, and the reactions were carried out 
under gentle reflux for 4 h, B) benzene (10 cm3) was used as 
solvent and the reactions were carried out under gentle 
reflux with azeotropic removal of water for 1 h, C) tetrahy-

Table 1. 

Entry 

The Reaction of Aldehydes with Ethylene Glycol over Hydrous Zirconium Oxidea) 

/ ^ ^ O H v - i^ M u n / ^ ^ Y i e l d 
i\iaenyae LX)n anion i roauct 

mmol 

XIIO A 90 

2 

3 

4 

5 

6 

XHO 

/ \ — CHO 

o" 
CHO 

C 

A 

A 

A 

B 

10 

10 

10 

10 

10 

10 

^ v ^ \ ^ ^ 0 

oo 
CX) 
0 0 

65 

92 

98 

72 

80 

<Q> 
80 

a) Aldehyde; 5 mmol; catalyst; 1.0 g, solvent; 10 cm3, b) Condition A: solvent; benzene, reflux 
for 4 h, Condition B: solvent; benzene, reflux with azeotropic removal of water for 1 h, 
Condition C: solvent; tetrahydrofuran, at room temperature for 20 h. 
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Table 2. The Reaction of Ketones with Ethylene Glycol over Hydrous Zirconium Oxidea) 

1259 

Entry Ketone Condi tionb) 

/ ^ y OH 

mmol 
Product 

Yield 

% 

1 

2 

3 

4 

5 

6 

7 

8 

10 

11 

o 
o 
o 
o 

A 

A 

B 

C 

C 

C 

A 

A 

A 

C 

5 

10 

5 

10 

10 

10 

5 

5 

10 

10 

10 

74 

90 

83 

72 

31 

79 

32 

80 

30 

15 

28 

a) Ketone; 5 mmol, catalyst; 1.0 g, solvent; 10 cm3, b) Condition A: solvent; benzene, reflux 
for 4 h, Condition B: solvent; benzene, reflux with azeotropic removal of water for 1 h, 
Condition C: solvent; tetrahydrofuran, at room temperature for 20 h. 

drofuran (10 cm3) was used as solvent and the reactions were 
carried out at room temperature for 20 h. The concentra­
tion of the products was analyzed by GLC (a capillary 
column PEG 20M 30 m). The identification of the prod­
ucts was made by comparison of retention times in GLC 
with those of authentic samples. 

Results and Discussion 

Most of the aldehydes and ketones were efficiently 
converted to the corresponding acetals over hydrous 
zirconium oxide. They are listed in Table 1 and 
Table 2. As shown in Entries 5 and 6 of Table 1 and 
in entries 1 and 3 of Table 2, benzaldehyde and cyclo­
hexanone were efficiently acetalized under both condi­
tions with and without azeotropic removal of water. 
These results suggested that the acetalization could be 
achieved conveniently with only reflux. The ratio of 
ethylene glycol to the carbonyl compound slightly 
effected the acetalization rate (Entries 1 and 2 of Table 
2). It is notable that the acetalization could proceed 
at room temperature. 

The acetalization rate of 2-methylcyclohexanone 

was slower than that of cyclohexanone or 4-methyl-
cyclohexanone (Entries 4, 5, and 6 in Table 2). This 
was explained by steric hinderance. The acetaliza­
tion of an a,ß-unsaturated ketone was difficult com­
pared with that of a saturated ketone (Entry 10 of 
Table 2). The most valuable result was found in the 
acetalization of 4-hydroxy-2-butanone. Generally, 
the reaction of this compound with an acid catalyst 
mainly caused dehydration to give methyl vinyl 
ketone. Because of low acidity of hydrous zirconium 
oxide,2) the dehydration was suppressed and the ace­
talization mainly proceeded at room temperature 
(Entry 11 of Table 2). 
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Synopsis. Oligoethylene glycols and some related alco­
hols were efficiently tosylated with p-toluenesulfonyl chlo­
ride in a tetrahydrofuran-water (1:1) mixture in the 
presence of excess sodium hydroxide. This method is 
advantageous over the conventional tosylation in pyridine 
both regarding the work-up procedure, the yield, and the 
purity of the product, and may be potentially useful for the 
tosylation of certain acid-labile alcohols. 

Recently, a wide variety of crown ethers and the 
related ligands possessing oxyethylene units have been 
synthesized.1* As starting materials, appropriate oli­
goethylene glycol ditosylates have frequently been 
employed. According to the conventional tosylation 
procedures for aliphatic alcohols,2* the ditosylates 
have been prepared in pyridine,3* except for a couple 
of cases.4'5* However, when the tosylate, thus pre­
pared, is oil, a thorough elimination of the pyridine 
from the final product requires either repeated neu­
tralization with aqueous hydrochloric acid (10 times) 
or purification by column chromatography. In our 
crown ether syntheses using oily tetraethylene glycol 
ditosylate, it was shown that even a trace amount of 
the remaining pyridine severely diminishes the pro­
duct yield or, in some cases, ruins the synthesis 
completely.6* 

We, therefore, developed an alternative method to 
prepare oily oligoethylene glycol ditosylates abso­
lutely free from pyridine. In the new method a 1:1 
mixture of tetrahydrofuran (THF) and water was used 
as a solvent, and sodium hydroxide was used as a base. 
This tosylation method, using inexpensive and less-
toxic materials, turned out to be applicable not only to 

/ 
o 

a 
b 

c 
d 

e 
f 

g 

" ~ \ \ NOTs 

n= 1 
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/~~v 
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2 a 
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e 
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g 

R = M e , n=1 
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4 

5 

R = n - B u , n=1 

R= t - B u , n=1 

TsO 

^ 

OTs 

3 a n = 1 

b 2 

the oligoethylene glycols that give oily ditosylates, but 
also to a fairly wide variety of mono- and diols with­
out any apparent decrease in product yield or purity, 
as compared with the corresponding syntheses in 
pyridine. 

Results and Discussion 

Oligoethylene Glycols. In method A, mono- to 
heptaethylene glycol ditosylates la—g were synthe­
sized by reactions of the respective oligoethylene gly­
cols with p-toluenesulfonyl (tosyl) chloride in T H F / 
water in the presence of sodium hydroxide at 0—5 °C. 
Caution should be exercised to maintain the tempera­
ture of the reaction mixture below 5 °C and to avoid a 
prolonged reaction period after completion of the 
addition of tosyl chloride; a raised temperature and/or 
prolonged reaction period often seriously diminished 
the yields. 

For a comparison, some of the same tosylations 
were carried out in pyridine according to the conven­
tional procedure (method B).3* The yields obtained 
by these two methods are listed in Table 1, along with 
those reported in the literature.7"11'15* In general, 
method A afforded more or less higher yields and 
purities than those of method B. Hence, the ditosylates 
lb—g obtained by method A have widely been used 
without further purification in the syntheses of var­
ious crown ethers to give satisfactory yields.12* 

Other solvents were also surveyed to some extent. 
1,4-Dioxane/water mixture has been used as a solvent 
in the syntheses of lb and le, only to give moderate 
yields of 51 —70%>5* We repeated the same procedure 
in dioxane/water (1:1) at ca. 5°C (method C). 
Although the yield of Id was satisfactory (93%), the 
mixture of dioxane (mp 12 °C) and water showed a 
strong tendency to solidify in the reaction vessel upon 
cooling on an ice-bath. This requires quite careful 
temperature control. A less expensive acetone/water 
mixture has also been employed in the syntheses of the 
tosylates of some phenols and acidic alcohols.13* 
However, in the present case, the use of this solvent 
mixture resulted in total failure, especially with oily 
tosylates, since organic extracts from the reaction mix­
ture were heavily contaminated with carbonyl com­
pound, probably produced in the aldol condensation 
of acetone catalyzed by the base. 

Oligoethylene Glycol Monomethyl Ethers. The 
oily tosylates of a series of oligoethylene glycol 
monoalkyl ethers 2a—g were similarly prepared in 
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Table 1. Isolated Yields (%) of Various Mono- and Ditosylates Prepared from the Corresponding 
Mono- and Diols under Some Different Reaction Conditions'0 

Tosylate 

la 
lb 
lc 
Id 
le 
If 
lg 
2a 
2b 
2c 
2d 
2e 
2f 
2g 
3a 
3b 

124-
87.0 
8 0 -
f) 
f) 
f) 
f) 
f) 
f) 
f) 
f) 
f) 
f) 
f) 
8 9 -
6 5 -

Mp/°C 

-127 (124-
1—87.5 (86-
-81 (80.5— 

-127)b) 

-87)* 
81.5)b) 

-92 (91-92)k) 

-68 (67.5— 69.5)m) 

NaOH,THF-H 2 0 
(Method A) 

65^ 
79c) 

89c) 

94 (83)g) 

98 (83)g) 

97 
90 
88 
95 
95 
96 
95 
87 
90 
65c) 

41c) 

Reaction Conditions 

Pyridine 
(Method B) 

64>> 
77,c) 83,b) 70e) 

70,c) 77,b) 75e) 

56,f) 67e) 

75f) 

86,d) 91h ) 

63° 
82j) 

92j) 

65,k)551} 

67c) 

NaOH,Dioxane-H20 
(Method C) 

51d) 

93f) 

7 0d) 

a) This work, unless stated otherwise, b) Ref.7. c) Recrystallized from methanol, d) Ref.4. 
e) Ref.3. f) Oily product without further purification, g) Further purified by column chromatog­
raphy. h)Ref.l5. i)Ref.8. j )Ref . l l . k) Ref.9. 1) Ref. 10. m) Ref. 19. 

excellent yields by method A. T h e product purit ies 
were satisfactorily h igh , as judged from their XH NMR 
spectra, and the tosylates 2 were used wi thou t further 
purif icat ion in the syntheses of 16-crown-5 lariats12c) 

and longer oligoglymes.1 4 ) 

Alkanediols. T h e same procedure (method A) was 
extended to the prepara t ion of some higher h o m o ­
logues of ethylene glycol, i.e. 1,3-propanediol and 1,4-
butanediol . T h e isolated yields of 3a and 3b, t hough 
lower than those for 1 and 2, were well comparable to 
those obtained by method B (Table 1). 

In conclusion, this improved method of tosylation, 
which employs T H F / w a t e r as a solvent and sodium 
hydroxide as a base, is an attractive alternative to the 
convent ional tosylation in pyridine, especially for oily 
tosylates, in view of its convenience, efficiency, and 
use of an inexpensive reagent/solvent . Finally, we 
wish to ment ion a marg ina l benefit of this method. 
Since n o acidic condit ions are encountered through­
out the reaction and work-up procedures, this method 
may be potent ia l ly useful for the tosylation of certain 
acid-labile substrates carrying, for example, a 
tetrahydropyranyl-protective g roup . 

Experimental 

General. Infrared spectra were obtained on a JASCO A-
100 spectrometer. Melting points were measured with a 
YANACO Micro Melting Point apparatus and were uncor­
rected. Mass spectra were measured by electron impact at 
70 eV using the RMU-6E instrument. XHNMR spectra 
were recorded at 400 MHz in CDC13 on a JEOL GX-400 
spectrometer. 

Materials. Penta-, hexa-, and heptaethylene glycols were 
synthesized according to the reported method.15'16) Other 
reagents used in this study were commercially available and 
were used without further purification. 

Synthesis. Method A. Sodium hydroxide (80 g, 2.0 
mol) dissolved in water (400 mL) and oligoethylene glycol 

(0.70 mol) or its monoalkyl ether (1.4 mol) in THF (400 mL) 
were placed in a flask and the mixture was cooled on an ice-
bath with magnetic stirring. To the mixture was added 
dropwise p-toluenesulfonyl chloride (243 g, 1.3 mol) in 
T H F (400 mL) over 2 h with continuous stirring and cool­
ing of the mixture below 5 °C. The solution was stirred at 
0—5 °C for an additional 2 h, and then poured into ice-water 
(1 L). The tosylate, if solidified (lb,c), was filtered, washed 
thoroughly with water, dried, and then recrystallized twice 
from methanol to give a pure specimen in the yield shown 
in Table 1. 

The other tosylates, which were oily (Id—g and 2) or only 
partially solidified (la and 3), were isolated in a different 
manner. After being poured into ice-water, the mixture 
was extracted twice with dichloromethane; chloroform or 
benzene may be used.17) The combined organic extracts 
were washed twice with water and once with saturated 
aqueous sodium chloride solution, and then dried over 
anhydrous magnesium sulfate.18) Upon evaporation of the 
solvent, the tosylate of satisfactory purity was obtained in 
the yield shown in Table 1. Further purification, if needed, 
may be achieved by column chromatography over silica gel 
with dichloromethane eluent for the oily tosylates, or by 
recrystallization from methanol for the solid tosylates. 

Method B. The oligoethylene glycol ditosylates lb—e 
and butanediol ditosylate 3b were synthesized in pyridine 
according to the conventional procedure reported.3) 

Method C. Tetraethylene glycol ditosylate Id was syn­
thesized in a 1:1 mixture of dioxane and water at ca. 5 °C. 
The reagents and the procedures were identical to those 
employed for method A. 
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Synopsis. (5Z,13S)-5-Tetradecen-13-olide, a synergist of 
the aggregation pheromone of the flat grain beetle, was 
synthesized in an optically pure form by means of an asym­
metric bioreduction of the intermediate acetylenic keto acid 
with immobilized bakers' yeast entrapped in gels of calcium 
alginate. 

We have systematically been employing biocatalysts 
for several interesting processes, including the asym­
metric synthesis of biologically active compounds1) 
and stereoselective reductions of keto esters.2>3) Our 
strategy for biotransformations in chemical synthesis 
is the use of immobilized biocatalysts, such as bakers' 
yeast and lipases entrapped in calcium alginate or 
carrageenan. The immobilized system is simpler 
than conventional approaches employing free biocat­
alysts in aqueous solutions, provides an enhanced 
stability of the biocatalysts in aqueous solutions and 
probably in organic solvents as well, and presumably 
raises the reproducibility of the chemical and optical 
yields.1-4^ 

A continuing concern is the use of immobilized 
bakers' yeast (IBY) in biochemical processes for phero­
mone synthesis. Along these lines, we will here de­
scribe an asymmetric synthesis of (5Z,13S)-5-tetra-
decen-13-olide (1), which had previous been isolated 
as a synergist of the aggregation pheromone of the flat 
grain beetle, Cryptolestes pusillus Schönherr,5) 

employing IBY entrapped in calcium alginate beads. 
The key feature of the present synthesis is that the 13S 
configuration of the pheromone 1 is set up by the 
bioreduction of the acetylenic keto acid 9 with IBY.6) 

Results and Discussion 

First, the monoTHP ether 2 derived from 1,4-
butanediol was converted in the usual manner to the 
bromide 3, which was then treated with lithium acety-
lide-ethylenediamine to give the terminal alkyne 4 in 
an 82% yield. The alkyne 4 was alkylated with n-
BuLi and l-bromo-5-chloropentane, followed by 
treatment with £>-TsOH to give the chloro alcohol 6 in 
a 72% yield from 4. Compound 6 was oxidized with 
chromium trioxide and subsequently esterified with 
ethanol, thus giving the chloro ester 8 in a 98% yield; 
the ester, upon subsequent treatment with sodium 
iodide, gave the corresponding iodo ester 8a in an 
almost quantitative yield. The regioselective alkyla-
tion of diethyl 3-oxoglutarate (DEOG)7) with 8a suc-
t Present address: Nacalai Tesque, Inc., Nijo Karasuma, 
Nakagyo-ku, Kyoto 604. 
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Scheme 1. 

cessfully proceeded in the presence of Mg(OEt)2, yield­
ing the monoalkylated 3-oxoglutarate 9, which was 
subsequently converted by a decarboxylative hydroly­
sis to the acetylenic acid 10 in a 67% yield from DEOG. 

Next, the bioreduction of the keto acid 10, after 
treatment with an aqueous solution of KOH, was 
attempted employing IBY entrapped in 3—4 mm-
diameter carrageenan beads as has been described pre­
viously.1) Unfortunately, this reduction did not pro­
ceed satisfactory, as only a poor yield of the desired 
alcohol was obtained. Therefore, a new type of IBY, 
which had a larger specific surface than the previous 
one and which could provide a reasonable yield of 
product, was prepared by entrapping an adequate 
amount of bakers' yeast in calcium alginate beads ca 
1.5 mm in diameter.2* As was expected, the bioreduc­
tion of 10 with the new IBY proceeded easily, produc­
ing the chiral alcohol (S)-ll in a 40% chemical yield 
and with 95% ee. 

Finally, the hydrogénation of (S)-ll using P-2 
nickel as the catalyst and the lactonization of the 
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resul t ing olefinic keto acid (S)-12 wi th 2-chloro-l-
methylpyr id in ium iodide8) gave the phe romone 1 in a 
48.5% yield. T h e identity of the synthetic phe romone 
wi th the na tura l one was confirmed by a compar ison 
of their 400 MHz *H N M R spectra.5* 

Exper imenta l 

General. The IR spectra were determined on a Fourier 
transform Perkin Elmer 1720 spectrometer. The XH and 
13C NMR spectra were obtained on Fourier transform Hita­
chi R-1500 and Hitachi R-90H spectrometers respectively in 
CDCI3 solutions, using tetramethylsilane as the internal 
standard. The EI and CI mass spectra were recorded on a 
JEOL JMS-D300 mass spectrometer at 70 eV and 200 eV 
(isobutane) respectively, using a direct insertion probe. 
The optical rotations were measured on a Horiba SEPA-200 
high sensitivity Polarimeter. Column chromatography 
was carried out with 70—230 mesh silica gel (Merck Kiesel­
gel 60 Art. No. 7734). The homogeneity of the reaction 
products was always checked on TLC by using silica-gel 
precoated plates (Merck Kieselgel 60F 254 Art. No. 5735) and 
various solvent systems. 

Determination of the Optical Purity of (S)-ll. HPLC 
analysis for determining the optical purity of (S)-ll was 
carried out on a Gasukuro Kogyo model 576 liquid Chroma­
tograph equipped with a UV detector (254 nm). A 
Sumipax OA 2100 4X250 mm column was used, with hex-
ane: 1,2-dichloroethane :ethanol=100:20:1 (flow rate, 1 
mLmin"1) as the eluent. Under these conditions, a 3,5-
dinitrophenylurethane (DNPU) derivative (S)-lla prepared 
from (S)-lllb> showed two peaks, whose retention times were 
10.8 min (97.5%) and 11.8 min (2.5%) respectively. The 
optical purity of (S)-l 1, 95% ee, was deduced after the separa­
tion of the DNPU derivative of (±)-l l into two equal peaks. 

Preparation of Immobilized Bakers' Yeast Entrapped in 
Calcium Alginate. A mixture of sodium alginate (7.5 g) 
and distilled water (250 mL) was sterilized at 120 °C for 20 
min. To the resulting clear solution, cooled to room 
temperature, was added a mixture of bakers' yeast (10 g, 
Oriental Yeast Co., Ltd., Tokyo) and distilled water (50 
mL); the new mixture was then stirred for 10 min until it 
became homogeneous. This homogeneous solution was 
rapidly added to a 2% aqueous solution of CaCh with a 
syringe, immobilized bakers' yeast entrapped in calcium 
alginate beads ca 1.5 mm in diameter was thus obtained and 
subsequently stored at 0—5°C in an aqueous solution of 
CaCh. 

6-Tetrahydropyranyloxy-l-hexyne (4). A solution of 
lithium acetylide-ethylenediamine (18.4 g, 0.29 mol) in dry 
DMSO (100 mL) was added to a stirred solution of 4-bromo-
1-butanol T H P ether 3 (51 g, 0.22 mol) in dry DMSO (250 
mL) under nitrogen at 5 °C. The mixture was stirred for 24 
h at room temperature and then water (180 mL) was slowly 
added. The resulting mixture was diluted with water and 
extracted with ether. The work-up of the extract gave a 
yellow viscous liquid, which was purified by fractional 
distillation to give a colorless liquid of 4 (32.2 g, 82%): bp 
61—62°C/0.6 mmHg (1 mmHg=133.32 Pa); IR (neat) 3280, 
2120 cm-*; *HNMR 0=1.20—1.85 (10H, m), 1.95 (1H, t, 
7=2.5 Hz), 2.05—2.40 (2H, m), 3.20—3.95 (4H, m), 4.55 (1H, 
br s); 13C NMR 0=98.63, 84.12, 68.39, 66.77, 62.05. 

l-Tetrahydropyranyloxy-ll-chloro-5-undecyne (5). A 
solution of 4 (27.5 g, 0.15 mol) and catalytic amounts of 
triphenylmethane in dry T H F (400 mL) was cooled to 
—40 °C under nitrogen. To this cooled solution was drop-
wise added 100 mL of 1.6 M n-BuLi in hexane with stirring, 
and the mixture was allowed gradually to warm to 0°C 

while being stirred. After the resulting solution had been 
cooled again to - 4 0 °C, dry HMPA (120 mL) was added, 
followed by dropwise addition of l-bromo-5-chloropentane 
(28 g, 0.15 mol). The mixture was then allowed to warm to 
room temperature over a period of 6 h while being stirred; 
stirring was continued overnight, after which it was poured 
into ice water and extracted with ether. A work-up of the 
ethereal solution gave a yellow viscous liquid, which was 
subsequently purified by fractional distillation to give a 
colorless liquid of 5 (34.2 g, 79%): bp 134— 136°C/0.35 
mmHg; IR (neat) 1140, 1120, 1080, 1030 cm-1; *HNMR 
0=1.34—1.88 (16H, m), 1.98—2.38 (4H, m ) , 3.30—4.08 (6H, 
m), 4.53 (1H, broad s); 13C NMR 0=98.69, 80.19, 79.76, 66.99, 
62.17,44.76. 

ll-Chloro-5-undecyn-l-ol (6). Compound 5 (28.7 g, 0.10 
mol) was dissolved in dry methanol containing p-TsOH 
(0.34 g) and the mixture was heated at 60—70 °C for 5 h with 
stirring. The subsequent work-up of the reaction mixture 
gave crude 6 as a pale yellow liquid (18.6 g, 91.6%): IR (neat) 
3350, 1250, 1058, 727 cmr*; *HNMR 0=1.42-1.87 (10H, m), 
2.05—2.38 (5H, m), 3.44—3.88 (4H, m); 13CNMR 0=80.22, 
79.91, 62.05, 44.88. This was used in the next step without 
further purification. 

Ethyl ll-Chloro-5-undecynoate (8). Jones CrOs (80 mL) 
was added dropwise to a stirred and cooled (0—5 °C) solu­
tion of 6 (18.6 g, 0.09 mol) in dry acetone (700 mL); stirring 
was then continued for 15 min at 0—5 °C. The excess Cr03 
was destroyed by adding isopropyl alcohol (100 mL). The 
mixture was then worked up to give crude acid 7, which, 
without any further purification, was esterified with ethanol 
in the usual manner. The work-up of the reaction mixture 
gave a yellow viscous liquid, which was purified by column 
chromatography on silica gel (200 g, hexane:ethyl ace-
tate=3 :1) to give a colorless liquid of 8 (22 g, 98% from 6): 
IR (neat) 1735, 1447, 1375, 1160, 1060, 1030, 765 cm-1; 
*HNMR 0=1.27 (3H, t, J=l Hz), 1.50—1.98 (8H, m), 2.12— 
2.67 (6H, m), 3.55 (2H, t, / = 6 Hz), 4.14 (2H, q, / = 7 Hz). 

Triethyl 2-Oxo-9-tridecyne-l,3,13-tricarboxylate (9). 
Compound 9 was synthesized by alkylating diethyl 3-
oxoglutarate (DEOG, 16.2 g, 0.08 mol) with ethyl ll-iodo-5-
undecynoate (8a), which was prepared from 8 in a quantita­
tive yield, in the presence of Mg(OEt)2 according to the 
procedures described previously.7) Purification by column 
chromatography on silica gel (80 g, hexan : ethyl ace-
tate=3 :1) gave 9 as a pale yellow liquid (31 g, 94%): IR (neat) 
1735, 1240, 1030 cm'1; *HNMR 0=1.06—1.79 (19H, m), 3.60 
(2H, s), 3.66 (1H, t, /=6.8 Hz), 4.05—4.40 (6H,m); ^CNMR 
0=197.33, 172.99, 168.97, 166.44, 80.68, 78.97, 61.44, 61.34, 
60.16,58.88,48.05. 

13-Oxo-5-tetradecynoic Acid (10). Monoalkylated 3-
oxoglutarate 9 (24.6 g, 0.06 mol) was heated in a 10% 
aqueous solution of KOH (1000 mL) containing catalytic 
amounts of hexadecyltrimethylammonium bromide9) at 
80 °C for 1 h. A subsequent work-up of the hydrolyzed 
mixture gave crude keto acid 10, which was then purified by 
a combination of column chromatography on silica gel (100 
g, hexane : ethyl acetate=3 :1 ) and recrystallization from 
hexane to give 10 as needles (10.3 g, 71.5%): mp 31.5—33 °C; 
IR (KBr) 3150, 1710 cmr*; *H NMR 0=2.16 (3H, s), 8.47 (1H, 
s); 13CNMR 0=209.31, 178.85, 81.13, 78.69, 43.63. Found: 
C, 70.91; H, 9.44%. Calcd for C14H22O3: C, 70.55; H, 9.31%. 

(S)-(+)-13-Hydroxy-5-tetradecynoic Acid [(S)-ll]. A 
mixture of D-glucose (30 g) and bakers' yeast (50 g) immobi­
lized in calcium alginate beads 1.5 mm in diameter in water 
(1000 mL) was shaken for 5 h at 35 °C. After the addition of 
D-glucose (30 g) and of the potassium salt derived from 10 (1 
g) to the fermenting mixture, the mixture was shaken for an 
additional 48 h at 35 °C. The reaction mixture was filtered 
and then worked up to give a yellow liquid, which was 
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purified by column chromatography on silica gel (20 g, 
hexane : ethyl acetate : acetic acid= : 100:50:1 ), followed 
by preparative TLC (hexane : ethyl acetate : acetic acid= 
50:50:0.1), to give (S)-ll (0.4 g, 40%): [a]?,3-5 +6.84° (c 2.92, 
CHCls) [lit,10) [a]?3-3 +6.0° (c 1.06, CHCI3)]; 13CNMR 
0=177.94, 81.25, 78.72, 68.17. The IR and *H NMR spectra 
were identical with those reported.10) Found: C, 69.77; H, 
10.01%. Calcd for C14H24O3: C, 69.96; H, 10.07%. 

(5Z,13S)-13-Hydroxy-5-tetradecenoic Acid [(5)-12]. The 
hydrogénation of (S)-ll (0.36 g, 1.5 mmol) in ethanol (5 mL) 
was carried out in the presence of a P-2 nickel catalyst, 
which was prepared as described previously.5b,11) After 
hydrogénation had been completed, charcoal was added to 
the reaction mixture and the suspension was filtered. A 
subsequent work-up of the filtrate gave a yellow liquid, 
which was purified by column chromatography on silica gel 
(10 g, hexane: ethyl acetate : acetic acid=75 :25 :1) to give 
(S)-12 as a colorless liquid (0.31 g, 87.8%): [a]??-5 +6.13° (c 
1.85, CHCI3) [lit,10) [aft2-6 +6.4° (c 1.225, CHCI3), lit,5b> [a]J? 
+4.9° (c 4.06, CHCI3)]; 13CNMR 0=178.52, 131.04, 128.24, 
68.24. The IR and ^ N M R spectra were identical with 
those previously reported.5b>10> Found: C, 69.04; H, 10.89%. 
Calcd for C14H26O3: C, 69.38; H, 10.81%. 

(5Z,13S)-5-Tetradecen-13-olide (1). A solution of (S)-12 
(0.25 g, 1.03 mmol) and triethylamine (0.85 g) in dry acetoni-
trile (60 mL) was added dropwise to a solution of 2-chloro-l-
methylpyridinium iodide (1.1 g) in refluxing acetonitrile (60 
mL) under argon over a period of 6 h by the use of a motor-
drive syringe (Micro Feeder JP-V, Furue Science, Tokyo). 
After the addition had been completed, the mixture was 
refluxed a further 2 h and then cooled to room temperature. 
The subsequent work-up of the reaction mixture gave crude 
1, which was purified by column chromatography on silica 
gel (2 g, hexane:[a]?3 +52.6° (c 1.20, CHCI3) [lit,10) [a]ff 
+54.6° (c 1.275, CHCI3), lit,5b> [a]?3 +49.6° (c 4.62, CHCI3)]; 
13CNMR 0=173.12, 130.71, 128.69, 69.21, 34.67, 33.75, 26.98, 
26.59, 26.22, 25.18, 25.03, 23.23, 20.64; EIMS m/z (%) 225 
(M++1, 2.5), 224 (M+, 7), 206 (2), 181 (5), 164 (6), 140 (5), 126 
(22), 110 (18), 95 (26), 81 (73), 67 (86), 55 (100), 41 (99); CIMS 
m/z (%) 225 [(M+H)+ , 100]. The IR and *HNMR spectra 
were identical with those previously reported.515'10) Found: 
C, 75.06; H, 10.72%. Calcd for C14H24O2: C, 74.95; H, 

10.78%. 

We wish to thank Dr. Susumu Ohira for the mea­
surement of the 400 MHz XH N M R spectra. T h e pres­
ent work was suppor ted in par t by a Grant- in-Aid for 
Scientific Research (No. 63560135) from the Ministry 
of Educat ion, Science and Culture . 
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Synopsis. Addition of the carbanion of chloromethyl 
aryl sulfoxide to aldehyde gave the adduct, which was 
treated with three-equivalents of lithium diisopropylamide 
(LDA) to afford ß-keto sulfoxide in high overall yield. 

Sulfoxides have recently come to be used widely in 
synthetic organic chemistry,1) and, in particular, opti­
cally active sulfoxides have been shown to be a most 
useful chiral auxiliary in the synthesis of optically 
active compounds. Solladie et al. have reported on 
stereoselective reduction2) or alkylation3* of the car-
bonyl group in optically active ß-keto sulfoxides giv­
ing optically active alcohols and the use of reactions 
in the synthesis of natural products.4) 

ß-Keto sulfoxides are usually prepared from the 
carbanion of methyl aryl sulfoxide with carboxylic 
acid derivatives such as carboxylic esters,2d>5) lithium 
carboxylates,6) imidazolides,2c'4b) and acid chlorides7) 
(Scheme 1; route a); however, in some cases the yields 
are not satisfactory. Recently, we have reported some 
new synthetic methods using 1-chloroalkyl aryl sul­
foxides.8) In continuation of our study concerning 
the use of 1-chloroalkyl aryl sulfoxides in organic 
synthesis, we present here a new synthesis of ß-keto 
sulfoxides from chloromethyl aryl sulfoxide and alde­
hydes (Scheme 1; route b). 

o 
ii 

o 
II 

X= OR 

route a 

/=N 
\ 0 , N ^ , CI 

0 0 
" ll 

ArSCH CR 

route b 
ArSCHCl + RCHO 

Scheme 1. 

Results and Discussion 

A representative example of this procedure using 
chloromethylphenyl sulfoxide 29) and decanal as the 
aldehyde is reported (Scheme 2). Addition of the 
carbanion of 2, using LDA as a base, in T H F at 
—60 °C to decanal gave the chloro alcohol 3 in quan­
titative yield as a mixture of two diastereomers. The 
adduct 3 was again treated with three-equivalents of 
LDA in T H F at - 6 0 to - 4 5 °C for 1 h. The reaction 
mixture slowly changed in color from light yellow to 
bright orange-red; quenching the reaction with satu­
rated aqueous NH4CI gave the ß-keto sulfoxide 4 in 
95% yield as colorless crystals. Representative exam-

Table 1. Synthesis of ß-Keto Sulfoxides from Chloromethyl Aryl Sulfoxide and Aldehydes 

Il LDA y LDA y y 
ArSCH2Cl >ArSCH-CHR >ArSCH2CR 

RCHO ^ ^ H 

O 
II 

ArSCH2Cl RCHO 
Chloro Alcohol 

Yield (%)a) 
ß-Keto Sulfoxide 

Yield (%)b) 

0 
II P11SCH2C1 

0 
% / " s 

T o l / ^CH2C1 

CH3(CH2)8CHO 
CH3CH2CHO 
PhCH2CH2CHO 

( VCHO 

(CH3)3CCHO 
PhCHO 

CH-,0 ÇHO 

Q& 
CH3(CH2)4CHO 

98 
85 
87 

87 

96 
92 

98 

95 

95 

95 
71 (64)g) 

91 

98 

93c) 

78d) (67)g) 

93e) 

92 

a) Isolated yield, b) Isolated yield. Unless otherwise noted the reactions were carried out at 
-60 to -45 °C for 1 h. c) Conditions: at -60 to 0°C for 1 h, then at 0°C for 30 min. 
d) Conditions: at -60 to 0°C for 1.5 h. e) Conditions: at -65 to -20 °C for 2 h. f) A 
complex mixture, g) The yield obtained from the one-pot reaction (see text). 
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o 
PhSCH2Cl 

1 ) LDA 

2) CH3(CH2)8CHO 

O 

PhSCH-CH(CH0) 

Cl OH 
8CH3 

98% 

3-equiv. LDA O 
II 

0 
II 

THF 

-60 to -45 

1 h, 95% 

PhSCH2C(CH2)8CH3 

Scheme 2. 

pies of this method are shown in Tab le 1. 
T h i s reaction can be carried ou t as a one-pot reac­

tion; after the addi t ion of aldehyde to the carbanion of 
2, two-equivalents of LDA was added to the reaction 
mixture to give the desired product in reasonable yield 
(see Tab le 1). Whi le this reaction can be carried out 
as a one-pot reaction, the two-step procedure described 
above was found to give much cleaner reaction 
mixture . 

T h e formation of ß-keto sulfoxide is considered to 
take place via dehydrochlor inat ion of the alcoholate 
of the chloro alcohol wi th LDA. 

Experimental 

All melting points are uncorrected. The IR spectra were 
measured directly on a NaCl plate or in KBr disks with a 
Hitachi 215 spectrometer. 1H NMR spectra were measured 
in a CDCI3 solution with a JEOL FX-100 spectrometer 
using Me4Si as an internal standard. Electron-impact mass 
spectra (MS) were obtained on a Hitachi M-80 double-
focusing spectrometer at 70 eV by direct insertion. Silica 
gel BW-127 ZH (Fuji-Devison) containing a 2% fluorescence 
reagent (254) and a quartz column were used for column 
chromatography; products showing ultraviolet (UV) 
absorption were detected by UV irradiation. THF was 
dried with sodium diphenylketyl; diisopropylamine was 
dried over CaH2 and distilled. 

General Procedure for the Preparation of jS-Keto Sulfox­
ides from Chloromethyl Aryl Sulfoxide and Aldehydes. A 
typical procedure is described for the synthesis of 1-
phenylsulfinyl-2-undecanone (4) from chloromethyl phenyl 
sulfoxide and decanal. To a solution of LDA (6 mmol) in 
10 ml of T H F at — 65 °C was added with stirring a solution 
of chloromethyl phenyl sulfoxide (873 mg; 5 mmol) in 2 ml 
of THF. The reaction mixture was stirred at —65 °C for 15 
min, then decanal (6 mmol) was added to the mixture. The 
mixture was stirred for 5 min, then the reaction was 
quenched with saturated aqueous NH4CI. The whole was 
extracted with chloroform. The usual workup followed by 
silica-gel column chromatography gave the chloro alcohol 3 
(1.62 g; 98%) as colorless crystals (diastereomeric mixture). 
IR (KBr): 3400 (OH), 1045 (SO) cm"1; « N M R 0=0.85 (3H, 
t, J=l Hz), 1.0—2.0 (16H, m), 4.0—4.7 (2H, m), 7.4—7.8 (5H, 
m). 

A solution of 3 (166 mg; 0.5 mmol) in 1 ml of THF was 
added dropwise to a solution of LDA (1.5 mmol) in 3 ml of 
T H F at — 60 °C with stirring. The reaction mixture was 
stirred at —60 to — 45 °C for 1 h, then the reaction was 
quenched with saturated aqueous NH4CI. The whole was 
extracted with benzene-ether. The usual workup followed 
by silica-gel column chromatography (hexane : AcOEt=4 :1) 
gave 139 mg (95%) of 4 as colorless crystals. Mp 81—83 °C; 

IR (KBr): 1715 (CO), 1040 (SO) cm"1; « N M R 0=0.87 (3H, 
t, ]=1 Hz), 1.0—1.9 (14H, m), 2.46 (2H, m), 3.76, 3.86 (each 
1H, d, /=13 Hz), 7.4—7.7 (5H, m); MS m/z (%) 294 (M+, 2), 
277 ([M-OH]+, 45), 182 (22), 169 (40), 125 (100); Found: C, 
69.62; H,9.17; S, 11.02%. Calcd for G7H26O2S: C, 69.34; H, 
8.90; S, 10.89%. 

l-Phenylsulfinyl-2-butanone. Colorless crystals; mp 
61—62.5 °C (AcOEt-hexane); IR (KBr): 1720 (CO), 1040 
(SO) cm-1; « NMR 0=1.01 (3H, t, ]=1 Hz), 2.50 (2H, t, / = 7 
Hz), 3.77, 3.85 (each 1H, d, /=13 Hz), 7.4—7.7 (5H, m); MS 
m/z (%) 196 (M+, 30), 125 ( [M-C 4 H 7 0] + , 100), 97 (17); 
Found: C, 61.23; H, 6.23; S, 16.34%. Calcd for G0H12O2S: 
C, 61.20; H, 6.16; S, 16.33%. 

4-Phenyl-l-(phenylsulfinyl)-2-butanone. Colorless oil; 
IR (neat): 1720 (CO), 1095, 1050 (SO) cm'1; « N M R 0=2.81 
(4H, m), 3.72, 3.82 (each 1H, d, /=13 Hz), 7.0-7.3 (5H, m), 
7.3-7.7 (5H, m); MS m/z (%) 272 (M+, 3), 255 ([M-OH]+, 
7), 147 ([M-PhSO]+ , 97), 91 (100); Found: m/z 272.0861. 
Calcd for Ci6Hi602S: M, 272.0870. 

l-Cyclohexyl-2-(phenylsulfinyl)ethanone. Colorless 
crystals; mp 78—80 °C (AcOEt-hexane); IR (KBr): 1685 
(CO), 1030 (SO) cm-1; « N M R 0=1.0—2.0 (10H, m), 2.30 
(1H, m), 3.80, 3.97 (each 1H, d, /=13 Hz), 7.4—7.7 (5H, m); 
MS m/z (%) 250 (M+, 2), 233 ([M-OH]+, 63), 125 
([M-PhSO]+ , 100); Found: C, 67.17; H, 7.29; S, 12.62%. 
Calcd for Ci4Hi802S: C, 67.17; H, 7.25; S, 12.81%. 

3,3-Dimethyl-1 -(phenylsulf inyl)-2-butanone. Colorless 
crystals; mp 67—69 °C (AcOEt-hexane); IR (KBr): 1710 
(CO), 1050 (SO) cm-1; « N M R 0=1.06 (9H, s), 3.84, 4.15 
(each 1H, d, /=15 Hz), 7.4—7.8 (5H, m); Found: C, 64.33; H, 
7.31; S, 14.36%. Calcd for Ci2Hi602S: C, 64.25; H, 7.19; S, 
14.29%. 

l-Phenyl-2-(phenylsulfinyl)ethanone. Colorless crystals; 
mp 69—72 °C (AcOEt-hexane); IR (KBr): 1675, 1665 (CO), 
1040, 1030 (SO) cm-1; « N M R 0=4.29, 4.54 (each 1H, d, 
/=15 Hz), 7.3-7.9 (10H, m); MS m/z (%) 244 (M+, 54), 196 
([M-SO]+, 18), 125 ( [M-C 8 H 7 0] + , 100); Found: C, 68.67; H, 
4.85; S, 13.12%. Calcd for C14H12O2S: C, 68.83; H, 4.95; S, 
13.12%. 

l-(3-Methoxyphenyl)-2-(phenylsulfinyl)ethanone. Color­
less oil; IR (neat): 1680 (CO), 1090, 1050 (SO) cm"1; « NMR 
0=3.79 (3H, s), 4.28, 4.51 (each 1H, d, /=14 Hz), 7.0-7.7 
(9H, m); MS m/z (%) 274 (M+, 52), 226 ([M~SO]+, 34), 135 
([M-C7H7OS]+ , 100); Found: m/z 274.0663. Calcd for 
C15H14O3S: M, 274.0662. 

(—)-l-(p-Tolylsulfinyl)-2-heptanone. Colorless crystals; 
mp 73—75°C (AcOEt-hexane) (lit,2d> mp 74—75 °C); [a]g 
-183.3° (c 0.84, CHCI3) (lit,2d> [a]D +190°); IR (KBr): 1710 
(CO), 1095, 1045 (SO) cm"1; « N M R 0=0.86 (3H, t, J=l 
Hz), 1.0-1.7 (6H, m), 2.3-2.6 (2H, m), 2.41 (3H, s), 3.73, 
3.65 (each 1H, d, /=13 Hz), 7.2—7.5 (4H, m). 
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Synopsis. Upon UV irradiation in methanol, diaryl tri-
phenylmethylphosphonate underwent three types of elimi­
nation of two aryl groups to give biaryls: the first is an a,a-
elimination of two phenyl groups from a triphenylmethyl 
group which leads to the formation of the corresponding 
carbene intermediate; the second is an elimination of two 
aryl groups from a diaryl ester group to afford biaryl; the 
third is an elimination of phenyl and aryl groups from both 
moieties to give arylbenzene. 

We have recently reported that upon UV irradiation 
in methanol, dimethyl triphenylmethylphosphonate 
(1) underwent an a,«-elimination of two phenyl 
groups to give biphenyl (2a) and the corresponding 
carbene intermediate, which inserted into the O-H 
bond of methanol to afford dimethyl a-methoxy-
benzylphosphonate.1* On the other hand, Finnegan 
and Matson reported that irradiation of an ethanol 
solution of triaryl phosphate (3) also provides biaryl 
(2) and some other products.2) This photochemical 
reaction was concluded as follows: the formation of 2 
occurs intramolecularly either in a concerted fashion 
or between fragments very tightly contained within a 
solvent cage via an internal charge-transfer complex. 
These interesting results prompted us to investigate 
the photochemical behaviors of diaryl triphenyl­
methylphosphonates. 

Results and Discussion 

Upon UV irradiation in methanol, 4a (R=CHs) and 
4b (R=OCH3) underwent three types of elimination of 

phenyls and/or aryls to give 2: the first is the OL,OL-

elimination of two phenyl groups from a triphenyl­
methyl group to afford 2a and the corresponding 
carbene intermediate (5), which inserted into the 
O-H bond of methanol to provide the diaryl a-
methoxybenzylphosphonate (6). The second is the 
elimination of two aryl groups from the ester group to 
give 2c or 2e and the "peroxidized" phosphorus spe­
cies (7), which reacted with methanol to provide tri-
phenylmethylphosphonic acid (8). The acid (8) was 
identified after converting to the corresponding dime­
thyl triphenylmethylphosphonate (9) by treatment 
with diazomethane. The third is the elimination of a 
phenyl from the triphenylmethyl group and an aryl 
group from the diaryl ester group, to give a cross 
coupling product of arylbenzene (2b, 2d). However, 
in this case, the detection of the corresponding frag­
mented product failed. Triphenylmethane (10) and 
triphenyl(methoxy)methane (11), which were appar­
ently derived from the C-P bond cleavage of 4a or 4b, 
were also obtained (Scheme 1). However, when 
bis(4-chlorophenyl) triphenylmethylphosphonate (4c, 
R=C1) was irradiated under the similar conditions, 
only an a, «-elimination took place to provide 2a and 
the corresponding carbene product. The finding 
that electron-withdrawing substituents such as chloro 
atom was unfavorable to the elimination of two aryl 
groups from the ester group has been also observed in 
the photolysis of 3.2) Yields of the products were 
summarized in Table 1. 

Concerning the further photochemical reactions of 

6a, R= CH3 f-^ 9CH3Ç / _ 

\y-nh 6b, R= OCH3 / V - C H — P ( 0 
6c, R= CI \ = / 

CH3OH 

}-*>* ciioH • O - O + 0-b-p(aO-1 -R) 2 

2a 

4a, R= CH3 
4b, R= OCH3 
4c, R= CI + R 

2b, R= CH3 
2d, R= OCH3 

- P ( O H ) 2 

:-OCH3 

10 11 

Scheme 1. 

file:///y-nh
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Table 1. Photolysis of 4 in Methanol20 
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R 

CH3 

OCH3 

CI 

Conv./% 

60 
64 
50 

<Z)b> 

0.036 
0.026 
0.020 

2 

2a(27), 2b(4), 2c(14) 
2a(4), 2d(8), 2e(16) 
2a(18) 

Product (yield/%) 

6 

(14) 
(1) 

(16) 

8 

(Trace) 
(Trace) 

10 

(Trace) 
(Trace) 

11 

(4) 
(20) 

a) 4: 1.0X10"2 mol dm - 3 , irradiated in a quartz tube for 2 h. b) Total quantum yields of 2. 

c—P(OH)2 

O 
11 

Sx //—Ç*+-P(OCH3)2 

CH2N2 

OCH3 

13 

/ ~ ~ \ - C — P ( O H ) 2 

CH3OH 

4 ^ \ - Ç H - P ( O H ) 2 
N ' OCH, 

12 

Scheme 2. 

^ y - C H 2 - P ( 0 - " ^ - O C H 3 ) 2 

4d 

hv 

CH3OH 

hv 

CH3°-HO-^J^0CH3 
2e 

CH 3 OH^ * C H 3 ° - \ ^ V / 

2d 

C H 3 - P ( 0 - H ^ ^ C H 3 ) ; 

4e 

hv 

CH3OH 

Scheme 3. 

no reaction 

the pr imary products , it should be noted that 8 also 
undergoes the photochemical a ,«-e l iminat ion of two 
phenyl groups to give 2a and a-methoxybenzyl-
phosphon ic acid (12), which was identified as dime­
thyl a-methoxybenzylphosphonate (13) after treating 
wi th an etheral solut ion of diazomethane.1* There­
fore, the yield of 8 was extremely lower compared to 
that of the counter product 2c or 2e (Scheme 2). 
A m o n g these photo- induced e l iminat ion of two aryl 
groups , the most surpr is ing observation is the third 
e l imina t ion affording a cross coupled biaryl (2b or 
2d). In order to elucidate the mechanism of this 
novel e l iminat ion , we carried ou t the photolysis of 
bis(4-methoxyphenyl) benzylphosphonate (4d), and 
found that in methanol , only 4,4 /-dimethoxybiphenyl 
(2e) could be detected by G L C bu t the formation of 4-
methoxybiphenyl (2d) could not be confirmed 
(Scheme 3). T h e yield of carbene insert ion product 
(6b) decreased by the further e l imina t ion of aryl 
groups to give 2e in the same manner as the photolysis 
of 4d. However, 6a is very stable u p o n UV irradia­

tion different from 6b. We further checked the photo­
chemical behavior of di-£-tolyl methy lphosphona te 
(4e) and found that even u p o n a prolonged UV irradi­
at ion, no photolysis could be observed (Scheme 3). 

These results indicate that bo th effects of steric 
configurat ion and electronic interaction may play 
very impor t an t roles in the formation of biaryls. 

Experimental 

Mps and bps were obtained with a Yanagimoto micro 
melting point apparatus and uncorrected. All of the com­
pounds reported gave satisfactory CH microanalyses with a 
Perkin-Elmer Model 240 analyzer. UV-visible spectra were 
recorded with a Hitachi 150-20 spectrometer as MeOH sol­
vent. 1 HNMR spectra were determined as a solution in 
CDCI3 with tetramethylsilane (TMS) as an internal standard 
on a Bruker-AM360 spectrometer. IR spectra were deter­
mined as KBr disks using a Hitachi Model 345 spectropho­
tometer. GLC analyses were carried out using a 2% Silicon 
OV-17 on Chrom WAW DMCS (60/80 mesh) with a 
Shimadzu Model 7A instrument. GC-MS spectra were 
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recorded with a JMS-DX300 spectrometer. Some authentic 
samples were commercially available, and the others (6, 9, 
11) were prepared by the known methods (see below). The 
yields were determined using methyl diphenylacetate as an 
internal reference. 

General Procedure of Preparation of Diphenyl Triphenyl-
methylphosphonates (4a—4c). A toluene solution of tri-
phenylmethylphosphonyl dichloride3) (10 g, 27.7 mmol) and 
the corresponding phenol (110.8 mmol) was stirred for 10 h 
under refluxing. After cooling, the mixture was washed 
with a 30% sodium hydroxide aqueous solution and water. 
Then the crude product was purified by means of a flash-
chromatography (eluant: hexane : chloroform=2 :1). 

Di-£-tolyl Triphenylmethylphosphonate (4a): (6.1 g, 
43%), mp 182—184 °C, UVmax(MeOH) 267 nm (e 1390 
dm3 mol"1 cm-1), IR(KBr) 1220 cm"1 (P=0), 1U NMR 0=2.20 
(6H, s, Me), 6.30—7.50 (23H, m, Ar). FoundrC, 78.52; H, 
5.76; P, 6.17%. Calcd for C33H29PO3: C, 78.56; H, 5.79; P, 
6.14%. 

Bis(4-methoxyphenyl) Triphenylmethylphosphonate (4b): 
(7.2 g, 48%), mp 118—120 °C, UVmax (MeOH) 278 nm (e 2000 
dm3 mol"1 cm-1), IR(KBr) 1218 cm"1 (P=0), 1H NMR 0=3.62 
(6H, s, OMe), 6.50—7.50 (23H, m, Ar). Found: C, 73.84; H, 
5.43; P, 5.80%. Calcd for C33H29PO5: C, 73.87; H, 5.45; P, 
5.77%. 

Bis(4-chlorophenyl) Triphenylmethylphosphonate (4c): 
(6.5 g, 43%), mp 160—162 °C, UVmax(MeOH) 262 nm (e 1400 
dm3 mol"1 cm-1), IR(KBr) 1210 cm"1 (P=0), ^ N M R 
0=6.40—7.30 (m, Ar). Found: C, 68.23; H, 4.23; P, 5.70%. 
Calcd for C31H23PO3CI2: C, 68.27; H, 4.25; P, 5.68%. 

Bis(4-methoxyphenyl) Benzylphosphonate (4d): 4d was 
prepared by the reaction of benzylphosphonyl dichloride 
with 3 equivalent amounts of 4-methoxyphenol at 140 °C. 
After cooling, the reaction mixture was washed with a 30% 
aqueous sodium hydroxide solution and water. Then 
the crude product was purified by means of a flash-
chromatography (eluant: hexane : chloroformai : 1) to 
afford a colorless oil. UVmax(MeOH) 280 nm (e 3550 
dm3mol-1 cm-1), IR(neat) 1214cm-1 (P=0), « N M R 0 = 3 . 3 5 
(2H, d, / P H = 2 0 Hz, -CH2-), 3.63 (6H, s, OMe), 6.30—7.30 
(13H, m, Ar). 

Di-p-tolyl Benzylphosphonate (4e): UVmax(MeOH) 268 
nm (£ 1300 dm3 mol"1 cm"1) , IR(neat) 1210 cm"1 (P=0), 
« N M R 0=1.65 (3H, d, /P H=18 Hz, Me), 2.20 (6H, s, Me), 
6.40—7.30 (8H, m, Ar). 

Preparation of Authentic Samples. Di-p-tolyl a-Methoxy-
benzylphosphonate (6a): Di-p-tolyl a-hydroxybenzylphos-
phonate was prepared by the reaction of benzaldehyde with 
di(p-tolyl) phosphonate in the presence of CsF,4> and subse­
quent methylation with dimethyl sulfate in alkaline media. 
After usual work-up, the crude product was purified by use 
of a column chromatography (SiCh) (eluant: hexane: 
chloroform=l :4) to yield pure 6a. ^ N M R 0=2.20 (6H, s, 
Me), 3.25 (3H, s, OMe), 5.40 (1H, d, /PH=15 Hz, HCO), 
6.30—7.60 (13H, m, Ar). 

Bis(4-methoxyphenyl) a-Methoxybenzylphosphonate (6b): 
6b was prepared in the same manner as described above. 

iHNMR 0=3.25 (3H, s, OMe), 3.64 (6H, s, OMe), 5.37 (1H, 
d, / P H = 1 5 Hz, HCO), 6.50—7.60 (13H, m, Ar). 

Bis(A-chlorophenyl) a-Methoxybenzylphosphonate (6c): 
6c was prepared in the same manner as described above. 
iHNMR 0=3.26 (3H, s, OMe), 5.40 (1H, d, /P H=15 Hz, 
HCO), 6.30—7.60 (13H, m, Ar). 

Dimethyl Triphenylmethylphosphonate (9): 9 was pre­
pared by the method as previous.1) Mp 155—157 °C, IR(KBr) 
1216 cm-1 (P=0), iHNMR 0=3.40 (6H, d, /PH=9.6 Hz, 
OMe), 7.02 (15H, s, Ar). Found: C, 72.00; H, 5.88%. Calcd 
for C21H21PO3: C, 71.58; H, 6.00%. 

Methoxy(triphenyl)methane (11): 11 was prepared by 
the reaction of triphenylmethyl chloride with methanol and 
triethylamine in benzene.5) After the triethylammonium 
chloride was filtered off, the solvent was removed from the 
filtrate by use of a rotary evaporator. The residue was 
purified by column chromatography (Si02) to afford 11 as a 
colorless oil. 1U NMR 0=3.08 (3H, s, Me), 6.60—7.60 (15H, 
m, Ar). 

Dimethyl a-Methoxybenzylphosphonate (13): 13 was 
prepared by the reaction of benzaldehyde with dimethyl 
phosphonate in the presence of CsF.4> ^ N M R 6=3.25 
(3H, s, OMe), 3.50 (3H, d, /P H=10 Hz, POMe),5> 3.70 (3H, d, 
/ P H = 1 0 Hz, POMe), 5.38 (1H, d, /PH=15 Hz, HCO), 6.2—7.8 
(5H, m, Ar). 

A General Procedure of Photolysis. A 3-ml MeOH solu­
tion of 4 (1.0X10"2 mol dm -3) was charged in a quartz tube 
(</>=10 mm) and purged of dissolved air by bubbling with 
argon gas. It was irradiated with a merry-go-round appa­
ratus using a high pressure mercury lamp (300 W) at 
ambient temperature. After irradiation of desired periods, 
the mixture was sampled for analysis of GLC. 

The identification of the photo-products was achieved by 
comparison of GLC retention times and Mass spectra (GC/ 
MS) with those of authentic samples. The product yields 
were determined by means of GLC calibration with methyl 
diphenylacetate as an internal standard. 

Measurement of the Quantum Yield. The quantum 
yields were measured on the base of generated 2 in the same 
manner as reported previously. x> 
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Synopsis. "Neutral" water-soluble calix[rc]arenes, ln 

(n=6 and 8) were synthesized for the first time. Below the 
critical micelle concentrations, they formed host-guest-type 
complexes with naphthalenesulfonate derivatives used as 
fluorescence probes. The binding sites showed the hydro-
phobicity comparable with those of cyclodextrins, and the 
cavities showed the shape selectivity for these guest 
molecules. 

Calixarenes are cyclic ol igomers made u p of phenol 
uni ts and have a cavity-shaped stoma in the center. 
They are expected, therefore, to be useful bu i ld ing 
blocks in the design of functionalized host mole­
cules.1_3) Nevertheless, little evidence suppor t ing the 
formation of host-guest- type complexes was found in 
organic solvents.4) In contrast, calixarenes bear ing 
an ion ic or cationic charges are water-soluble and can 
include various organic guest molecules.3'5>6) T h e 
difference between organic and aqueous media is 
related to the specific character of water as solvent: in 
water, organic c o m p o u n d s generally tend to associate 
owing to hydrophobic interactions.7) In the course of 
our studies on host-guest complexat ion in water, we 
noticed that the guest selectivity of these calixarenes is 
pr imar i ly governed by the charge and secondly by the 
cavity size.3'5'6'8'9) For example , an ionic calixarenes 
strongly b ind cationic guest molecules whereas catio­
nic calixarenes strongly b ind anionic guest molecules, 
and the guest selectivity on the basis of the cavity size 
appears as a seconddary factor. T h i s leads us to 
synthesize new water-soluble calixarenes wi thout 
"charges" . In this note, we report a new synthesis of 
" n e u t r a l " water-soluble calixarenes (ln) and their host-
guest properties in water. 

S02N(CH2CH20H)2 

Experimental 

Materials. The synthesis of 37,38,39,40,41,42-hexameth-
oxyhexa[p-sulfonato]calix[6]arene (26) was reported pre­
viously.5) 49 ,50,51,52,53,54,55,56-Octamethoxy-p-
sulfonatocalix[8]arene (2s) was synthesized in a manner 
similar to that for 26: mp>300°C, yield from p-sul-

iHNMR (D20) 0=3.27 (3H, s, 
7.51 (2H, s, Ar-H). Found: C, 
for (C8H704SNa)8: C, 43.25; H, 

fonatocalix[8]arene 85%: 
CH3), 3.96 (2H, s, CH2), 
42.81; H, 3.07%. Calcd 
3.84%. 

37,38,39,40,41,42-Hexamethoxyhexakisfp-chlorosulfo-
nyl]calix[6]arene (%). 26 (3.0 g; 2.3 mmol) was refluxed in 
thionyl chloride (30 ml) in the presence of a few drops of 

A/^dimethylformamide (DMF). After 4 h, the reaction 
mixture was cooled and poured into an ice-water mixture. 
The precipitates were recovered by filtration and dried in 
vacuo: mp (dec) ca. 200 °C, yield 81%. Found: C, 43.11; H, 
3.15; S, 14.72; CI, 16.22%. Calcd for (CSHTOSSCI^: C, 43.95; 
H, 3.23; S, 14.66; CI, 16.21%. 

49,50,51,52,53,54,55,56-Octamethoxyoctakisfp-chloro-
sulfonyl]calix[8]arene (3s). This compound was synthes­
ized in a manner similar to that for 36.* mp (decomp) ca. 
200 °C, yield 99%. Found: C, 43.93; H, 3.33; S, 14.58; CI, 
15.65%. Calcd for (CSHTOSSCIJS: C, 43.95; H, 3.23; S, 14.66; 
CI, 16.21%. 

37,38,39,40,41,42-Hexamethoxyhexakis[p-bis(2-hydro-
xyethyl)aminosulfonyl]calix[6]arene (h). 36 (3.0 g; 2.29 
mmol) and bis(2-hydroxyethyl)amine (6.0 g; 57.1 mmol) 
were mixed in 70 ml of anhydrous tetrahydrofuran (THF) 
under a nitrogen stream. The solution was refluxed for 12 
h. When cooled, the solution separated into two layers. 
The oily and colored layer was separated and diluted with 
methanol. The precipitates were recovered by filtration 
and recrystallized from 1-propanol: mp (decomp) ca. 240 °C, 
yield 30%; IR (KBr) vw 1140 and 1330 cm"1, von 3380 cm"1; 
!HNMR (Me2SO-d6, 100 °C) 0=3.08 (4H, t, NCH2), 3.32 
(3H, s, OCH3), 3.51 (4H, t, OCH2), 4.06 (2H, s, ArCH2Ar), 
7.41 (2H, s, Ar-H). The 1H NMR spectrum was measured 
at 100°C because it broadened at room temperature. 
Found: C, 50.11; H, 5.93; N, 4.75; S, 11.25%. Calcd for 
(Ci2Hi7N05S)6: C, 50.16; H, 5.96; N, 4.87; S, 11.16%. 

49,50,51,52,53,54,55,56-Octamethoxy-octakis[p-bis(2-hy-
droxyethyl)aminosulfonyl]calix[8]arene (Is). This com­
pound was synthesized in a manner similar to that for 16.* mp 
(decomp) ca. 230 °C, yield 40%; IR (KBr) vso 1140 and 1320 
cm-i, i/0H 3360 cm"1; !HNMR (Me2SO-d6, 100 °C) 0=3.09 
(4H, t, NCH2), 3.45 (3H, s, OCH3), 3.50 (4H, t, OCH2), 4.09 
(2H, s, ArCH2Ar), 7.42 (2H, s, Ar-H). Found: C, 50.12; H, 
5.91; N, 4.86; S, 11.00%. Calcd for (Ci2H17N05S)8: C, 50.16; 
H, 5.96; N, 4.87; S, 11.16%. 

Miscellaneous. The surface tension of aqueous ln was 
measured in pure water at 30 °C by the Wilhelmy method 
(Kyowa Kagaku Co., Model ESB-IV). The details of the 
experimental method were described previously.5) The 
fluorescence spectra were measured at 30 °C with 8-
anilino-1-naphthalenesulfonate (4) and 6-(p-toluidino)-2-
naphthalenesulfonate (5) as fluorescence probes. The exci­
tation wavelengths used were 365 nm for 4 and 366 nm for 5. 

Results and Discussion 

T h e neutral calixarenes Iß and Is were soluble in 
water o w i n g to hydrophi l ic bis(2-hydroxyethyl)-
aminosulfonyl groups . T h e purpose of the present 
study was concerned wi th the formation of host-guest-
type complexes wi th neutral calixarenes ( l n ) . T h u s , 
the measurements performed must be below the cmc's 
(critical micelle concentrations) of l n . T h e cmc's 
determined at 30 °C by surface tension were 1.05X10"4 

M** for 16 and 8.18X10"5 M for 18. These cmc values 
are considerably lower than those for an ionic and 

** 1 M=l moldm-3. 
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cationic water-soluble calixarenes (ca. 10 -3 M).5'6'8'9) 

The following measurements were carried out in a 
concentration range lower than these cmc's. 

Host-guest properties of ln 's were estimated by 
fluorescence probes, 8-anilino-l-naphthalenesulfonate 
(4) and 6-(p-toluidino)-2-naphthalenesulfonate (5). 
Compounds 4 and 5 are useful to detect a hydrophobic 
domain formed in an aqueous solution because the 
emission maxima (AEM: 521 nm for 4 and 497 nm for 5 
in water at 30 °C) correlate linearly with ethanol con­
centration (in vol%) in water-ethanol mixed solvent 
(Fig. 1). Also, the fluorescence intensity (/) increases 
with the increase in the strength of the hydrophobic 
domain.10) Since the molecular shape of these two 
fluorescence probes is quite different, the molecular 
recognition ability of \n may be evaluated (if any) 
from the association constants. 

Figure 2 shows continuous variation plots of AF 
(=/—/o) for ln+4 which were followed by the fluores­
cence intensity. It is clearly seen from Fig. 2 that 
both 16 and Is form a 1 ; 1 complex with 4. Figure 3 
shows plots of AF against calixarene concentrations. 
These are typical saturation curves which can be ana­
lyzed according to the Benesi-Hildebrand's equa­
tion.11) We thus obtained association constants (K) 
for a 1:1 complex. Also, we could estimate the 
microenvironment of the binding sites from AAEM 

E 
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Fig. 1. Fluorescence maxima (AEM) of 4 and 5 in a 
water-ethanol mixed solvent at 30 °C. a-CD and 
ß-CD denote a- and ß-cyclodextrins, respectively. 

C1n] 

C1nJ + [ 4 ] 

Fig. 2. Continuous variation plots of AF for the asso­
ciation of 16 (•), and 18 (O) with 4: 30 °C, [le or 
l8]+[4]=1.0X10"5 M. AF is the difference of fluo­
rescence intensities, I—Io. 

1000 h 

Li. 

< 
500 

0 0-5 10 
104-C1T,] /M 

Fig. 3. Fluorescence intensity of 4 (5.0X10-6 M) 
plotted against calixarene concentrations: 30 °C, 
excitation 365 nm, 16 (•), Is (O). 

(=AEM at [lnp>[4]—AEM at [ln]=0). On the other 
hand, the fluorescence intensity of 5 sharply increased 
with increasing calixarene concentrations and the sat­
uration curve was not observed for up to the cmc's. 
Thus, we could not estimate the K from plots of AF 
against calixarene concentrations. The result sug­
gests that 5 is bound to le and Is more strongly than 4. 
Thus, we estimated only the micro environment of the 
binding sites from A/IEM just below the cmc's. The 
results are summarized in Table 1. 

Examination of Table 1 reveals that the AEM of 4 
shifts to shorter wavelengths by 10—11 nm on the 
addition of ln, which correspond to the hydrophobic-
ity of 15—17 vol% EtOH. Under the same measure­
ment conditions, the hydrophobic environments of a-
and ß-cyclodextrins (a-CD and ß-CD, respectively) 
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Table 1. Association Constants (K) and Shift of the Emission Maxima (AAEM) 

4 5 

Calixarene K AAEMH) Env i ronment c ) A/lEMb) Environment0* 
/M" 1 / nm /vol%EtOH /nm /vol% EtOH 

le 2.3X104 - 11 17 - 4 9 60 
18 9.7X104 - 1 0 15 - 6 3 85 

a) A/IEM—AEM at [ lnP> [4]—/IEM in the absence of ln. b) A/1EM—AEM (just below the cmc) —/IEM 
(at [ln]=0). c) Estimated from Fig. 1. 

were estimated to be 25 vol% E t O H and 41 vol% E t O H , 
respectively. These results indicate that in case the 
b ind ing sites are evaluated wi th 4, the hydrophobici ty 
of ln is apparent ly weaker than that of cyclodextrins. 
In contrast, when 5 was used as a probe, the b ind ing 
sites of Iß and Is were evaluated to be 60—85 vol% 
E tOH. Under the same measurement conditions, the 
hydrophobic environments of a-CD and ß-CD were 
estimated to be 52 vol% E t O H and 59 vol% E t O H , 
respectively. Hence, calixarenes l n ' s apparent ly pro­
vide the b ind ing sites more hydrophobic than cyclo­
dextrins. H o w can we expla in the discrepancy 
between 4 and 5? T h e possible rat ionale is that the 
difference is at tr ibuted to the molecular shape of fluo­
rescence probes. C o m p o u n d 5, having a linear 
molecular shape, would be bound deeply into the 
calixarene cavity. In part icular , Is, which is derived 
from the most flexible calix[8]arene,1 '2) can accept 5 
deeply into the cavity in an induced-fit manner . 
C o m p o u n d 4, hav ing a more or less round molecular 
shape, would be b o u n d rather shallowly onto the 
calixarene cavity. T h u s , the b ind ing sites were esti­
mated to be less hydrophobic . Calixarenes and cyclo­
dextrins have a similar cavity-shaped architecture, but 
there exists a basic difference in the conformational 
freedom: that is, the conformational freedom (the rota­
tion of each phenol uni t ) still remains in the calixa­
rene cavity, whereas the cyclodextrin cavity is confor­
m a t i o n a l ^ fixed. T h e present results suggest that 
the hydrophobici ty of microenvironments , which is 
evaluated wi th probes, changes more sensitively in 
conformationally-free host molecules than that in 
conformationally-fixed host molecules. 

Tab le 1 also shows that a l t hough the hydrophobic­
ity of the b ind ing sites (estimated wi th 4) is similar, 
c o m p o u n d Is has the K 4.2 times greater than 16. We 
previously studied the b i n d i n g of organic a m m o n i u m 
cations to anionic water-soluble calixarenes.12) It 
was shown that the K values for calix[6]arene deriva­
tives are greater by about one order of magni tude than 
those for calix[8]arene derivatives. Examina t ion of 
thermodynamic parameters established that the 

increase in K for calix[8]arene derivatives is at t r ibuted 
to the increase in the AS term. T h i s indicates that 
calix[8]arene derivatives are advantageous in an 
induced-fit-type complexat ion and the driving force 
for complexat ion is the hydrophobic force.7) T h i s 
trend is qui te understandable because flexible calix-
[8]arenes easily adopt a face-to-face or ientat ion, 
required for hydrophobic interactions,7) to guest mole­
cules. T h u s , the results indicate again that the asso­
ciation wi th water-soluble calixarenes occurs in an 
induced-fit manner . 

In conclusion, the present paper demonstrated the 
first example for complexat ion properties of "neu­
t ra l" water-soluble calixarenes. T h e higher guest 
selectivity would be achieved, in future, by cont ro l l ing 
the conformational freedom remain ing in the r ing 
system. 
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Synopsis. The catalytic activity of various supported Pt 
systems used in the hydrogénation of monoalkylaromatic 
hydrocarbons is markedly influenced by different variables 
involved in the catalyst synthesis (support, solvent, metal 
salt, and reduction temperature of the precursor). By ana­
lyzing the influence of the substrate structure, we found 
the following reactivity order: £-butylbenzene > isopropyl-
benzene > ethylbenzene > toluene > benzene. The results 
obtained conform to the Hammet equation. 

T h e gas-phase hydrogénat ion of benzene has been 
used as a reference for a series of studies of catalytic 
activity1-3) and to analyze the possible adsorbed states 
of benzene and other arènes on active sites.4>5) 

In our investigations, hydrogénat ion reactions were 
carried ou t in vapor phase by us ing a pulse reactor. 
T h e results found show the influence of the impreg­
na t ing salt and the solvent used in the prepara t ion of 
the metal precursor, the precursor reduct ion tempera­
ture, and the na ture of the suppor t on the activity of 
the resul tant catalyst. We also analyzed the structure-
reactivity re la t ionship for alkylbenzenes investigated. 
T h e experiments were carried out in a pulse reactor 
fitted to a gas Chromatograph. T h i s technique, used 
by some au thors for the determinat ion of kinetic 
data3'6'7) offers major advantages in catalysis. 

Experimental 

Supports. The catalysts were prepared by using six dif­
ferent supports named F, F72, P2, PM2, S, and PS. The 
first four consisted of Si02-AlP04 (80:20 w/w) gelled in 
different media. The so-called support S was commercial 
silica (Merck ref. 7734), while support PS was a natural 
Spanish sepiolite. The synthesis, texture properties and 
acidity of these supports were described in detail elsewhere.8) 

Table 1. Metal Surface Area and Dispersion 
of the Pt Systems as Calculated by 

Hydrogen Chemisorption 

Catalyst Reduction 7Y°C Area (mVgPt) Dispersiona) 

Pto.sF72 
Pto.5F72 
Pto.5F72 
Pto.5F72 
Pto.5F72 
Pto.sF 
Pto.öS 
Pto.sPM2 
Pto.5P2 
Pto.sPS 

600 
500 
400 
300 
200 
400 
200 
200 
200 
200 

207 
212 
238 
322 
346 
222 
128 
148 
134 
350 

0.55 
0.57 
0.63 
0.86 
0.92 
0.59 
0.34 
0.39 
0.36 
0.93 

a) The dispersion was calculated from the metal sur­
face area by assuming a fully disperse catalyst to be 
made up of spherical Pt atoms half-inlaid in the 
support. 

Catalysts. The catalysts contained 0.5% of platinum by 
weight and were prepared by impregnation from aqueous, 
methanol, and acetone solutions of 3.8X10"3 M (1 M=l mol 
dm - 3) H2PtCl6-6H20 or K2PtCl6. Both precursors were 
reduced in situ in the pulse reactor by passing a hydrogen 
(99.995%) stream at a flow rate of 50 mLmin - 1 . In every 
case, the metal loading, measured by atomic absorption, was 
0.5% by weight. The catalysts were fully isolated from 
external contaminants by flowing a hydrogen stream (25 
mL min - 1) through the catalytic bed. 

The metal surface of the Pt systems thus obtained was 
determined by a volumetric procedure based on hydrogen 
chemisorption and on the assumption of an H : Pt stoichi-
ometry of 1:19> and spherical particles. In Table 1 are 
listed the surface area and dispersion values obtained for the 
different catalysts reduced at their temperature of greatest 
activity and at various other temperatures in the case of 
catalyst F72. These catalysts were prepared from an aque­
ous solution of H2PtCl6 • 6H2O. 

Experimental Setup. The different metal precursors 
were reduced and arènes hydrogenated in a pulse reactor 
fitted to a gas Chromatograph.10) The experiments were 
carried out by using 0.05 g of the catalyst (7.5X10-4 g of Pt), 
a hydrogen stream of 50 mL min - 1 and a reaction tempera­
ture of 120 °C. The precursors were reduced for 1 h and no 
variation in the resultant activity was found in catalysts 
reduced for up to 8 h. No diffusion phenomena were 
observed under the reaction conditions used. In addition, 
none of the different elements of the systems used was found 
to be involved in the catalytic process. 

Results and Discussion 

Table 2 which shows the activity values found at a 
constant conversion (i.e. in the zone where the conver­
sion obta ined is independent of the a m o u n t injected) 
for catalyst Pto.sF72 reduced at different temperatures 
and synthesized from an aqueous solut ion of K^PtCle 
(column a) and from solut ions of F^PtCle in water (b), 
me thano l (c), and acetone (d). Al can be seen, the 
o p t i m u m reduction temperature varies wi th the sol­
vent used and, as a rule, the catalysts obtained by 
aqueous impregna t ion are more active than those 
obtained in methano l or acetone. T h e most active 
catalyst was that synthesized from an aqueous solu­
t ion of hexachloropla t in ic acid and reduced at 500 °C. 

For catalyst Pto.sF72, the o p t i m u m reduct ion 
temperature was between 500 and 400 °C, the most 
active systems being those obtained from an aqueous 
solut ion of FbPtClô which was also used subsequently 
to synthesize the catalysts studied. 

We also analyzed the influence of the suppor t used 
in the prepara t ion of the metal catalyst. As shown in 
Tab le 2 for catalyst Pt0.sF72, the activity of the cata­
lysts varied wi th the reduct ion temperature. In Tab le 
3 are given the activities of the catalysts corresponding 
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Table 2. Activity (%) at a Constant Conversion (8.5X10-5 mol reactant) of Pt0.öF72 Systems 
Obtained by Using K2PtCl6 in H20 (a), and H2PtCl6 in H20 (b), CH3OH (c), 

and (CH3)2CO (d), and Reduced at Different Temperatures 

Reactant 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 
£-Butylbenzene 

a 

24 
36 
42 
47 
54 

200 

b c 

29 6 
30 10 
54 19 
65 22 
80 42 

d 

21 
31 
55 
66 
86 

a 

26 
37 
50 
60 
80 

Reduction temperature/ 
300 

b e d 

31 30 27 
35 35 37 
55 51 54 
67 57 64 
85 73 74 

400 

a b e d 

31 41 57 33 
39 44 73 40 
53 65 86 57 
68 77 91 68 
82 87 96 88 

>C 

a 

29 
34 
49 
62 
71 

500 

b c 

64 55 
69 64 
80 82 
89 89 
98 94 

d 

24 
29 
47 
59 
80 

a 

11 
15 
21 
30 
39 

600 

b 

17 
19 
32 
35 
41 

c 

30 
32 
46 
56 
72 

Table 3. Influence of the Support on the Catalytic Activity 
in the Hydrogénation of Alkylbenzenes 

Catalyst 

Pto.sF72 
Pto.sF 
Pto.sS 
Pto.5PM2 
Pto.5P2 
Pto.5PS 

Reduction 

temperature/°Ca) 

500 
400 
200 
200 
200 
200 

Constant-conversion activity 

a 

64 
40 
48 
30 
21 
29 

Reactant 

b 

69 
47 
53 
49 
32 
36 

c 

80 
57 
77 
63 
45 
53 

d e 

89 98 
72 83 
96 100 
75 92 
61 85 
74 90 

a) The reduction temperatures given are those result­
ing in the optimum activity for each support. 
a=benzene, b=toluene, c=ethylbenzene, d=isopropyl-
benzene, and e=£-butylbenzene. Amount of reactant: 
8.5X10-5 mol. 

to the reduction temperature at which they showed 
their greatest activity in the hydrogénation of arènes. 

The order of activity found for the catalysts reduced 
at their optimum temperature was 

Pt0.5F72 > Pto.5S > Pto.5F > Pto.5PM2 > Pt0.5PS > Pt0.5P2. 

In general, catalysts F72 (Si02-AlPC>4 gelled in 
ammonia) and F (AIPO4 gelled in ammonia) have 
higher optimum reduction temperatures (500 and 
400 °C, respectively), while the catalysts consisting of 
S i0 2 -AlP0 4 gelled in propylene oxide (P2 and PM2), 
that of pure silica (S) and the natural sepiolite (PS) 
reach their optimum activity upon reduction at 
200 °C, above which it starts to decrease. 

A comparison of the catalytic activity with the metal 
surface areas of the catalysts (Table 1) reveals the 
absence of a direct relationship between the activity 
and the average metal particle size. In addition, sin­
tering was observed as a result of increasing the pre­
cursor reduction temperature. 

As regards the influence of the reactant structure on 
the activity and as can be seen from the results given in 
Tables 2 and 4, £-butylbenzene is hydrogenated more 
readily than the other alkylbenzenes with all the cata­
lysts studied. The order of activity found was 

£-butylbenzene > isopropylbenzene > 
ethylbenzene > toluene > benzene. 

Our results are consistent with those previously 
reported by other authors for the hydrogénation of the 

same arènes on Ni/Al203n)or Pt catalysts not sensitive 
to sulfur poisoning.12) However, some authors have 
observed the opposite reactivity trend when using Rh 
catalysts at 100 atm in methanol solutions, probably 
due to steric effect.13) 

Under the present experimental conditions, the 
hydrogénation rate increased as the length of the alkyl 
branch of the arene did, thus suggesting an electronic 
effect of the substituent rather than a steric effect. In 
order to assess this electronic effect, our results were 
fitted to Hammett's equation,14) taking toluene as 
reference, 

In x/x0 = ap 

where x and x0 denote the conversion obtained in the 
hydrogénation of the arene and toluene, respectively; 
a is the electron-releasing strength of the substituent 
(a toi=-0.046, aeb=-0.057, a ib=-0.065, and a tb=-0.074) 
and p stands for the specific reaction rate constant. 
Following Best's criteria,15) toluene was chosen as a 
reference instead of benzene as, according to this 
author, the latter is adsorbed in a nearly planar con­
formation on the catalyst surface, standing aside from 
Hammett's plot. A good correlation coefficient 
(O>0.99) was obtained in all cases. 

The results found suggest that it is the inductive 
effects (+1) from the alkyl groups which play the 
prevailing role in the reactivity shown by the different 
arènes. Accordingly, the hydrocarbons should be 
preferentially adsorbed on electron-deficient metal 
atoms, although the adsorption of the reactants on the 
support cannot be ruled out. These reactants might 
undergo a spillover process from the support to the 
metal, thereby favoring the subsequent hydrogénation 
stage. 

This work was supported by a grant from the 
Direction General de Investigation Cientifica y Tec-
nica (Project PA-86-0065). 
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Synopsis. The electronic structures of 5 possible chiral 
halomethanes have been studied using relativistic and non-
relativistic semiempirical MO calculations. Some thermo­
dynamic properties of title molecules and their vibrational 
modes are also described in the light of calculations 
performed. 

The molecular and electronic structure of several 
halomethane molecules has been studied in consider­
able detail by theoretical and spectroscopic methods 
mainly because of their technological and ecological 
importance. However for the five chiral asymmetri­
cal molecules belonging to Ci point group very few 
studies have been reported so far; none describing 
their electronic structure. One of these molecules 
(CFClBrI) is often mentioned in organic chemistry 
textbooks as an example of the asymmetrically substi­
tuted carbon atom leading to optical activity. In the 
continuation of our study of halomethanes we wished 
to examine the electronic structures of CFClBrI, 
CHFClBr, CHFBrI, CHClBrI, and CHFC1I not only 
because they are the smallest known chiral molecules 
but also because they can be regarded as a convenient 
model of halogen substitution displaying changes in 
the electronic structure as a consequence of varying 
atomic number. 

The MO methods used in this work include rel-
ativistically and nonrelativistically parametrized 
extended Huckel methods (REX, EHT), the all elec­
tron extended Fenske-Hall method (FH) and AMI 
method. The first two were chosen because of their 
ability to (at least approximately) describe the role of 
relativistic effects introduced by heavier halogens, 
Fenske-Hall has previously1) been successfully ap­
plied in the interpretation of halomethanes' photo-
electron spectra while AMI method is widely applied 
in the prediction of molecular geometries and thermo­
dynamic properties of little known systems. 

Method of Calculation 

The REX and EHT methods employed in this work 
were described by Pyykko2>3) whose program and halo­
gen parametrization were used in the calculation. 
The all electron FH method utilized the double zeta 
STO functions compiled by Clementi and Roetti.4) 

The AMI method used the new halogen parameters 
introduced recently by Dewar and Zoebisch.5) The 
molecular geometries when fully optimised in the 
AMI calculations differed only slightly (e.g. the bond 
lengths by <0.005 nm) from the idealized input 
geometry based on the gas-phase electron diffraction 
study of CHFClBr6) and C-I bond length obtained 
from the microwave spectrum of CH2CII.7) This 
observation is in accordance with Jacob's analysis of 
electron diffraction data which showed very shallow 
minima in the electron distribution curves for these 

molecules.6) 

Results and Discussion 

The results obtained in this work are given in Figs. 
1 and 2 and Table 1. Figure 1 shows on the example 
of CFClBrI the kind of results obtained with different 
MO methods used. There are no available experi­
mental ionization energies for halomethanes studied. 
The choice of MO method which would best describe 
their electronic structure has to be made with refer­
ence to other halomethanes for which comparisons 
between experiment and theory can be made. The 
photoelectron spectra of bromochloromethanes,8) and 
fluorochloromethanes,8) and chloroiodomethane9) 
show that ionization energies of iodine, bromine, and 
chlorine lone pairs are in the ranges 9.6—10.6, 10.8— 
11.2, and 11.8—12.0 eV, respectively. It is also well 
established that F 2s ionization energies have value 
close to 40 eV irrespective of the type of halomethane 
molecule. Using these criteria as guidelines it can be 
shown from Fig. 1 that FH method is prefered over 
AMI which generally does not predict binding ener­
gies well. 
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^ — CI 3s 

-F2s 

Fig. 1. Binding energies for valence orbitals of 
CFClBrI obtained by various semiempirical 
methods. 
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pairs, CX bonding orbitals and inner valence shells 
(Fig. 2). Several general observations concerning the 
electronic structures presented in Fig. 2 can be made. 
The molecule with the lowest ionization energy is 
CHClBrl. From previous experimental studies1'8'9* 
and relative electron affinities of halogens it is known 
that iodine 5p orbital has the smallest binding energy 
which is reflected in the electronic structure of iodo 
substituted molecules. The other three iodo substi­
tuted methanes contain fluorine whose strong induc­
tive effect increases binding energies of all orbitals. 
The CX binding energies in CHClBrl are lower than 
in other members of the series presumably due to the 
absence of fluorine inductive effect. F 2s and C 13s 
binding energies do not show significant changes as 
can be expected of the inner valence levels. I 5s and 
Br 4s orbitals lost their distinct atomic characters 
altogether forming linear combinations with each 
other and other bonding orbitals. 

It is instructive to consider results of other MO 
methods used as well. The comparison of REX and 
EHT results shown in Fig. 1 provides some indication 
of the importance of relativistic effects. All "relati-
vistic" levels appear to be shifted linearly towards 
lower binding energies on average by 3—4 eV. The 
shifts are slightly larger than average for heavy halo­
gen (Br, I) lone-pair orbitals as can be expected. The 
shifts can be associated with radial contraction of s 
and p AOs which would cause reduced overlap 
between orbitals and consequent destabilization of 
levels. The other two well-known relativistic effects: 
spin-orbit splitting of degenerate levels and radial 
expansion of d and f AOs were not observed.10) Low 
molecular symmetry precludes the former effect while 
the latter one cannot be assessed because the REX 

Table 1. Thermodynamic Properties (at 298 K), Dipole Moments (JU), 
and Normal Modes of Vibration for Halomethanesa) 

Molecule 

CFClBrI 
CHFClBr 
CHFC1I 
CHFBrI 
CHClBrl 

Molecule 

CHFBrI 

3007 
1412 
1274 
1022 

722 
574 

388 
293 

127 

AH/kJ mol-1 

fJL/ XJ 

Calcn. 

0.86 -82.80 
1.30 -208.07 
1.30 -156.86 
1.20 -99.6 
0.97 32.0 

CHFBrCl 

2993(3025) 
1399(1311) 
1257(1205) 
1071(1079) 
801(788) 
630(664) 

464(427) 
337(315) 

225(226) 

Estd. 

-124.93 
-229.83 
-168.57 
-120.54 

58.0 

/ / V k j m o l - 1 

Calcn. 

17.8 
13.64 
13.96 
14.5 
15.46 

Normal modes' 

CFClBrI 

1383 
825 
760 
513 
357 
302 

250 
165 
118 

CHClBrl 

3028 
1111 
1036 

875 
744 
545 

284 
182 
128 

S°/kJ 

Estd. Calcn. 

— 
13.84 

— 
— 
— 

0.35 
0.305 
0.31 
0.32 
0.34 

frequencies (cm" 

[ CHFC1I 

3001 
1408 
1269 
1072 
809 

608 
453 

304 

183 

mol"1 CVVkJmol-1 

Estd. Calcn. Estd. 

— 0.081 — 
0.304 0.062 0.063 

— 0.062 — 
— 0.064 — 
— 0.069 — 

-1) 

(CH-stretch) 
(HCX-bending) 
(HCX-bending) 
(CF-stretch) 
(CCl-stretch) 
(CBr-stretch) 
(CI-stretch) 
(FCCl-bending) 
(FCBr-bending) 
(FCI-bending) 
(BrCCl-bending) 
(ICCl-bending) 
(ICBr-bending) 

a) The frequencies in brackets represent experimental data by Diem and Burow. 

We have hence concentrated in Fig. 2 on the results 
of Fenske-Hall calculations. 

The orbital character regions are recognizable 
throughout the series and consist of I, Br, CI lone 
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Fig. 2. Binding energies (Et,) of chiral halomethanes 
obtained from extended Fenske-Hall calculations. 
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parametrization does not include Br 3d and I 4d Orbi­
tals. Effects of d shells can at any rate be expected to 
be small due to their core character. 

Comparison with the photoelectron spectra of sim­
ilar mixed halomethanes9) indicates that REX relati-
vistic shifts make binding energies too small. The 
linearity of shifts is somewhat surprising since one 
can expect the largest shifts for heavy halogen lone 
pair orbitals. A possible explanation is that REX 
(like most extended Hückel methods) exaggerates 
orbital mixing in halomethanes and thus introduces 
"relativistic" character into all orbitals. The effect 
can be especially significant in our molecules which 
lack any symmetry. Mulliken population analysis 
performed as a part of REX calculation tends to 
support this conclusion. Thermodynamic functions 
and normal modes of vibration have also been calcu­
lated and are given in Table 1. 

Our thermodynamic results can be compared with 
enthalpies of formation estimated on the basis of bond 
enthalpies and tabulated by Kudchadker and 
Kudchadker.n) Our values appear too large by 
around 20 k jmo l - 1 although the detailed discussion 
must await the report of experimental values for the 
enthalpies. The ideal gas thermodynamic properties 
calculated from the partition functions are in good 
agreement with Kudchadker. 

The vibrational frequencies obtained from AMI 
calculations agree very well with the only experimen­
tal result reported so far for a chiral halomethane.12) 

Calculated enthalpies of formation indicate that the 
thermodynamic stability of compounds decreases in 
sequence CHFClBr > CHFC1I > CHFBrI > CFClBrI > 

CHClBrl. This may account for the fact that bromo-
chlorofluoromethane as the most stable in the group 
is the only chiral halomethane synthesized so far. 
The chiral halomethanes probably hydrolyze fast. 
Study of rates of base hydrolysis conducted by Hine et 
al.13) has shown the CHFClBr rate to be much faster 
than other mixed nonchiral halomethanes. 
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Synopsis. The reactions of sodium dicyanodihydrobo­
rate with various Lewis base hydrochlorides produce mainly 
the metathesis reaction products in contrast to those of 
sodium cyanotrihydroborate, which produces cyanoborane 
adducts. This has been established with the help of IR, XH 
and nB NMR data. 

Although cyanotrihydroborate ion has been known 
as its lithium salt1* for long time, its sodium salt2) has 
been mostly used for its chemistry. On the other 
hand, dicyanodihydroborate ion has been reported 
only recently as its sodium salt,3) which can be stabil­
ized as its dioxane complex, Na[BH2(CN)2]-0.65 
C4H8C>2.4) With the aim of devising a general synthe­
sis of amine adducts of dicyanoborane similar to those 
of cyanoborane, a series of reactions between sodium 
dicyanodihydroborate and Lewis base hydrochlorides 
have been carried out and the results are reported here. 

Results and Discussion 

An important general synthesis of amine-cyanobo­
ranes involves the reaction of Na[BH3CN] with amine 
hydrochlorides (Eq. 1).5>6) In most cases the yields are 

Na[BH3CN] + R3-„NH„. HCl 
THF 

66 °C 

R3-„NH„ • BH2CN + NaCl + H2 ( 1 ) 

very high indicating that a path involving the 
metathesis of the two reactants to produce 
[R3-nNHn+i][BH3CN] is quite less favorable. This 
method is general even for Lewis bases having tertiary 
nitrogen, such as A^AT-tetramethylethylenediamine,7) 
trialkylamines6) and phosphines.8) Accordingly, we 
have been interested in devising a general synthesis 
of amine-dicyanoboranes, R3-nNHn • BH(CN)2, by a 
similar method (Eq. 2a) starting from the dioxane 
complex, Na[BH2(CN)2] • 0.65C4H8O2, which is an air-
stable solid.4) The reactions of this complex have 
been investigated with several amine hydrochlorides. 

Na[BH2(CN)2] + R3-nNHn • HCl 

< 
R3-„NHn • BH(CN)2+NaCl+H2 (2a) 

[R3-„NH„+i][BH2(CN)2]+NaCl (2b) 

In all cases the principal product was the metathesis 
product, a quarternary ammonium dicyanodihydro­
borate, as evident from the n B N M R spectra (vide 
infra). The amines have been varied from primary 
through secondary to tertiary with various groups on 
the nitrogen to find out whether changes in the basic­
ity have any influence on the mode of reaction, that is, 
whether the path as in Eq. 2a or in Eq. 2b is the 
preferred one. Similarly, an amine oxide such as ß-

picoline oxide and a phosphine such as triphenyl-
phosphine have been utilized for the same purpose. 
It has been observed that, in all cases, the primary 
product was the metathesis reaction product, 
although minor amounts of other products have been 
detected in some of these by the nBNMR spectra. 
This behavior is remarkable in that, with cyanotri­
hydroborate only amine-cyanoboranes have been 
reported, with no apparent formation of the metath­
esis products. Trimethylamine oxide has been 
reported to react with NaBIHU to give Me3NO • BH3 in 
solution, while trimethylphosphine oxide and triphen-
ylphosphine oxide react with diborane to give mate­
rials of composition R3PO • 0.5B2H6.

9) Therefore, 
nonformation of amine-dicyanoborane from this 
reaction must be related to its extreme stability 
induced by the presence of an additional cyano group. 

The products have been found to be highly soluble 
in water and organic solvents such as DMSO, DMF, 
and THF, and insoluble in aprotic nonpolar solvents. 
Conductance studies in water show them to be ap­
preciably conducting. The A° for Na[BH2(CN)2] 
in water is 84 ohm - 1 cm2 mol - 1 giving A° for [BH2-
(CN)2]- to be 33.9 ohm"1 cm2 e q u i v 1 at 25 °C. Com­
plete conductance measurements on the products 
derived from one representative amine, viz., dibutyl-
amine, j3-picoline oxide, and triphenylphosphine 
show that for [)3-picOH][BH2(CN)2] the coordinated 
proton in [/3-picOH]+ begins to dissociate below 
the concentration of 10- 4moldm - 3 (^4=56 ohm - 1 cm2 

mol"1 at c=0.9X10"4 mol dm"3, 66 ohm"1 cm2 mol"1 at 
c=0.7X10"4 moldm-3, 132 ohm"1 cm2 mol"1 at c= 
0.7X10-5 mol dm - 3 and so on). But the protons in 
[(n-C4H9)2NH2][BH2(CN)2] (A°=ll ohm"1 cm2 mol"1) 
and [Ph3PH][BH2(CN)2] (A°=5S ohm"1 cm2 mol"1) do 
not do so. 

In the IR the *>(BH) and *>(CN) modes are found to 
occur, respectively, at 2422—2387 cm"1 and 2257— 
2193 cm-1 and the p(NH) bands at 3413—3318 cm"1 as 
broad ones. For the compound derived from ß-
picoline oxide the *>(OH) of the cation occurs at 2587 
cm - 1 in consonance with that (2581 cm -1) in the free 
hydrochloride. Similarly, the v(PH) in the triphen­
ylphosphine compound is found at 2612 cm -1, that 
in the hydrochloride itself being 2608 cm -1. 

The XH NMR spectra confirm the presence of alkyl 
or aryl groups. The n B N M R signals are shown as 
triplets at Ô —41.1 to -42.1 with /(11B-1H) of 93—98.4 
Hz, except for the products derived from j3-picoline 
oxide and triphenylphosphine, for which the ô(11B) 
are -45.8 (/=95 Hz) and -45.9 (/=93 Hz), respec­
tively. The difference in the ô values with the cation 
has also been observed between the sodium and tetra-
butylammonium salts.3) Thus the spectra show the 
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presence of BH2 groups in all the products , indicat­
ing the presence of [LH][BH2(CN)2] instead of the 
expected L • BH(CN)2 species (L=amine , amine oxide, 
or phosphine) . In addi t ion to the signals for [BH2-
(CN)2]~ which domina te in the spectra, there are sig­
nals at ca. —23 a n d / o r ca. —19 p p m , which are not 
insignificant, in the products derived from the amines 
except for (2-C3H7)2NH. T h i s indicates that in addi­
t ion to the metathesis reaction, at least two other 
reactions take place. Fol lowing 11B{1H} studies and 
considering that 8 —23 region would correspond to a 
B3 species, it is assumed that this signal may result 
from [B3H7CN]- or the like, while the signal at ô —19 
region seems to result from H-free species. T h e sig­
nals at 8 0.78 region in 2 and 8 may be due to 
L-B(CN)3 species as n o B - H coup l ing is present. 
T h e 8 —17.7 signal in j3-picoline oxide c o m p o u n d 
probably owes to the same species as that for the ca. 
—19 p p m signal in others. T h u s the results show 
that the species [LH][BH2(CN)2] domina te in the 
products of all the reactions, whi le secondary reac­
tions also take place either s imultaneously or on stor­
ing bu t the elusive L • BH(CN)2 are no t formed. 

Consider ing that the preferred route is Eq. 2b, the 
hydride hydrogen may n o longer be available for 
reaction, it was t hough t wor thwhi le to compare 
their reducing behavior, if any, wi th those of a m i n e -
boranes,10) cyanotrihydroborate,2 ) and amine-cyano-
boranes . n ) T h e results indicate that the ion 
[BH2(CN)2]" hav ing two cyano groups—one addi­
t ional wi th respect to the cyanotr ihydroborate or 
amine-cyanoborane—fai ls to reduce even the most 
susceptible substrate 4-nitrobenzaldehyde wi th butyl-
amine -cyanoborane . u ) Therefore, the presence of 
one addi t ional cyano g r o u p gives extra stability so 
that the hydride hydrogen which would have been 
available for the generat ion of H2 (Eq. 2a) is n o longer 
available. 

Exper imenta l 

Na[BH3CN](Aldrich) and Ph3P (Riedel) were used with­
out further purification. All amines were commercial 
products and were purified by standard procedures, ß-
Picoline oxide was prepared according to published proce­
dure.12) The Lewis base hydrochlorides were prepared by 
passing dry HCl through either ethereal6) or ethanolic13) 

solutions. Na[BH2(CN)2] • O.65C4H8O2 was prepared by 
published method,3'4) and was washed with ether repeatedly 
to remove the liberated aniline and adhering dioxane. 

All initial operations were carried out under an atmo­
sphere of dry N2. IR spectra were recorded on a Perkin-
Elmer 883 spectrophotometer as smears. Proton NMR 
spectra were recorded in DMSO-de on a JEOL-JNM-100 
spectrometer, with TMS as internal standard, and n B NMR 
were recorded on an IBM 200 SY, a Varian VXR-400, or a 
Bruker AP 200 spectrometer. Boron was estimated volu-
metrically,14) and nitrogen by Kjeldahl's method. 

Reactions of Lewis Base Hydrochloride with Na[BH2-
(CN)2]0.65C4H8O2. A mixture of Na[BH2(CN)2] • 0.65 
C4H8O2 (2.90 g, 0.02 mol), an appropriate Lewis base 
(amine, amine oxide, or phosphine) hydrochloride (0.02 
mol) and T H F (50 ml) was taken in a three-necked flask 
fitted with a reflux condenser, a magnetic stirring bar, and a 
N2-inlet tube, the set-up having been previously flushed 

with dry N2 and stirred for 30 min at room temperature, 
followed by refluxing for 24 h. There was no perceptible 
liberation of gas. On cooling the reaction mixture, the 
precipitated NaCl was removed by filtration and the solvent 
was evaporated on a rotary evaporator whereby colorless or 
light yellow viscous materials were obtained. The prod­
ucts were further washed with ether to ensure complete 
removal of dioxane and aniline, if any still present. The 
products along with their yields and physical and analytical 
data are collected below. 

[(C2H5)2NH2][BH2(CN)2] (1). (80%): i/(NH) 3408 m, br, 
i/(BH) 2394 s, KCN) 2200 s; Ô(1H)=1.20 t, 2.92 q; 
ô("B)=-42.0 (t, /=94 Hz), minor bands at -22.0, -19.5. 
Found: B, 7.89; N, 29.42%; Calcd for C6Hi4N3B: B, 7.77; N, 
30.22%. 

[(C2H5)3NH][BH2(CN)2] (2). (81%): i/(NH) 3413 s, br, 
v(BU) 2397 s, i/(CN) 2198 s; Ô(1H)=1.161, 3.08 q; Ô(UB)=-42.1 
(t, /=94.4 Hz), minor bands at -23.6, +0.78. Found: B, 
6.55; N, 24.86%; Calcd for C8Hi8N3B: B, 6.47; N, 25.15%. 

[n-C3H7NH3][BH2(CN)2] (3). (81%): i/(NH) 3382 m, br, 
i/(BH) 2396 s, i/(CN) 2200 s; Ô(1H)=0.88 t, 1.08—1.80 m, 
2.60—3.08 m; ô(nB)=-41.1 (t, 7=93 Hz), minor bands at 
-23 .1 , -18.8. Found: B, 8.93; N, 33.14%; Calcd for 
C5Hi2N3B: B, 8.65; N, 33.62%. 

[(i-C3H7)2NH2][BH2(CN)2] (4). (84%): i/(NH) 3382 s, br, 
v(BU) 2392 s, i/(CN) 2202 s; Ô(1H)=1.24 d, 3.32 m; 
ô(iiB)=-41.9 (t, /=98.4 Hz). Found: B, 6.77; N, 24.78%; 
Calcd for C8Hi8N3B: B, 6.47; N, 25.15%. 

[(n-C3H7)3NH][BH2(CN)2] (5). (81%): i/(NH) 3375 m, br, 
KBH) 2380 s, i/(CN) 2193 m; Ô(1H)=0.87 t, 1.70 m, 2.96 m; 
ô(iiB)=-42.0 (t, 7=94 Hz), minor bands at -23.6, -19.4. 
Found B, 5.06; N, 19.07%; Calcd for CnH24N3B: B, 5.17; N, 
20.09%. 

[5-C4H9NH3][BH2(CN)2] (6). (74%); i/(NH) 3355 m, br, 
KBH) 2391 s, i/(CN) 2200 s; Ô(1H)=0.88 t, 1.16 d, 1.52 m, 3.08 
m; ô(nB)=-41.1 (t, 7=95 Hz), minor bands at -23 .1 , -18.9. 
Found: B, 7.66; N, 29.64%; Calcd for C6Hi4N3B: B, 7.77; N, 
30.22%. 

[(n-C4H9)2NH2][BH2(CN)2] (7). (77%); i/(NH) 3318 s, br, 
KBH) 2393 s, i/(CN) 2200 s,; Ô(1H)=0.88 t, 1.42 m, 2.88 t; 
ô(nB)=-41.1 (t, 7=95 Hz), minor bands at -23 .1 , -18.9. 
Found: B, 5.81; N, 21.06%; Calcd for Ci0H22N3B: B, 5.54; N, 
21.53%. A°=7l ohm-1 cm2 mol"1 (in water). 

[(i-C4H9)2NH2][BH2(CN)2] (8). (79%); i/(NH) 3356 m, br, 
v(BU) 2387 s, i/(CN) 2200 s; Ô(1H)=0.96 d, 2.02 m, 2.74 d; 
ô("B)=-42.0 (t, 7=93.6 Hz), minor bands at -19.2, +0.78. 
Found: B, 5.64; N, 21.19%; Calcd for Ci0H22N3B: B, 5.54; N, 
21.53%. 

[3-CH3C5H4NOH][BH2(CN)2] (9). (82%); v(OU) 2587 m, 
br, i/(BH) 2397 s, i/(CN) 2193 s; 0 ( ^ = 2 . 3 4 s, 7.44 m, 7.6 m, 
8.46 m; ô(nB)=-45.8 (t, 7=95 Hz), minor band at -17.7. 
Found: B, 5.83; N, 23.81%; Calcd for C8Hi0N3OB: B, 6.17; N, 
24.01%. ^°=58 ohm-1 cm2 mol"1 (in water). 

[(C6H5)3PH][BH2(CN)2] (10). (79%); i/(PH) 2612 m, br, 
i/(BH) 2422 s, 2388 s, i/(CN) 2257 s, 2196 s; Ô(1H)=7.36 m, 7.60 
m; ô(uB)=-45.9 (t, 7=93 Hz). Found: B, 3.04: N, 8.15; P, 
9.11%; Calcd for C20Hi8N2BP: B, 3.29; N, 8.54; P, 9.44%. 
A°=52 ohm - 1 cm2 mol"1 (in water). 
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Synopsis. It has been shown that alkylammonium 
methyl phosphonates [CH3OP(0)HO]- [NCH3R3]+ and 
sodium ethyl phosphonate [CH3CH2OP(0)HO]- Na+ cata­
lyse the Atherton-Todd reaction. It has been established 
that the alkylammonium salts themself react with carbon 
tetrachloride to give chloroform, resulting in the postulate 
that base activation leads to the monoalkyl phosphonate 
anion. 

T h e A the r ton -Todd reaction proceeds, as is well-
known, 1 _ 5 ) only under basic reaction condit ions (Eq. 
1). It is assumed4 - 6) that the first step in this interac­
tion involves p ro ton abstraction from the dialkyl 
phosphona te in solut ion (Eq. 2). T h e active species 
so formed reacts further wi th carbon tetrachloride, 
finally yielding the A the r ton -Todd reaction products . 

(RO)2P(0)H + CC14 - ^ (RO)2P(0)Cl + CHCls (1) 

(RO)2P(0)H + B -* [(RO)2PO]-[HB]+ 

(B = EtaN, NaH, RONa, (RO)8P) 

(2) 

It has been otherwise established7-11* that the treat­
ment of dialkyl phosphona tes wi th amines leads to the 
formation of the corresponding a lky l ammon ium 
alkyl phosphona te . 12'13) 

(RO)2P(0)H + N R V 

O 

>[RO-P-0]-[NRR'3]+ 

H 

(3) 

Similar products are formed by the reaction of the 
sodium salt of dialkyl phosphona tes wi th an excess of 
dialkyl phosphona te itself.14) T a k i n g into account 
that these two reactions (Eqs. 3 and 4) can proceed 
under A the r ton -Todd reaction condit ions, the inter­
action of dimethyl phosphona te wi th carbon tetra­
chloride was performed in the presence of catalytic 
amoun t s of both a l k y l a m m o n i u m methyl phospho­
nate and sod ium ethyl phosphona te . 

(RO)2P(0)H + [(RO)2PO]-Na+ — • 

O 
II 

[RO-P-0] -Na + + (RO)2P(0)R (4) 

H 

Results and Discussion 

T h e fol lowing catalysts shown in Scheme 1 have 
been used in this study. 

O 

[CH3O-P-O]- [NCH8R'R"R"']+ 

H 

(1) R '=R"=R '"=CH 8 CH 2 

(2) R ' = R " = H , R / / /=n-C4H9 

Scheme 1. 

O 
II [CH 3 CH 2 0-P-0 ] - Na+ 

H 

(3) 

T h e structures of these salts were established by a 
combina t ion of XH, 13C, 31P N M R , and IR spectros­
copy. T h e 3 1 P N M R chemical shifts are at 6=5.88, 
3.93, and 4.91 for 1, 2, and 3 respectively, values which 
are indicative of p h o s p h o n i u m type compounds.1 5) 
T h e P - H bond is characterized by an approximate 600 
Hz coup l ing due to \ / ( P H ) in bo th the XH and the 
31P N M R spectra. In the IR spectra the P - H and P = 0 
stretching frequencies are lowered by ca. 100 and 30— 
50 c m - 1 respectively when compared with the corre­
spond ing dialkyl phosphonate-precursor . Th i s shift 
is probably due to the charge de rea l i za t ion in the 
an ionic fragment. 

T h e A t h e r t o n - T o d d reaction was carried out in the 
presence of catalytic amoun t s of the salts shown in 
Scheme 1 (a mole ratio of dimethyl phosphona te : 
catalyst of 50 :1 was used). T h e mixtures were ana­
lyzed by XH N M R spectroscopy. In all cases chloro­
form liberation was established. T h e yields were esti­
mated from the integral rat io for the chloroform and 
P - H (of the unconverted dimethyl phosphonate) pro­
tons (Table 1). T h e chemical shift of the chloroform 

Table 1. Reaction of Dimethyl Phosphonate with Carbon Tetrachloride in the Presence 
of Catalytic Amounts of the Compounds 1, 2, 3, and Triethylamine 

Catalyst 

1 
3 
Et3N 
2 
1 
3 

Temperature 

°C 

75 
75 
75 
75 
25 
25 

Time 

5.5 h 
5.5 h 
5.5 h 
2.0 h 
1 week 
1 week 

Proton integration ratio 
PH : CHCI3 

22:15 
19:2 
19:4 
30:5 
22:3 
26:1 

Yield 

% 

40.5 
9.5 

17.4 
14.3a) 

12.0 
3.7 

Volume of the reaction mixtures are 12.3 cm3 (4.6 cm3 of dimethyl phosphonate and 7.7 cm3 of 
CCI4). The catalyst concentrations were 8X10"3 mol dm - 3 , 
a) With vigorous stirring. 
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pro ton in the product mix ture occurs at relative low 
field (ca. 8 p p m ) in compar ison wi th the free chloro­
form. T h i s is explained16 '17) in terms of hydrogen 
bond formation wi th the phosphory l oxygen from 
dimethyl phosphona te . In all spectra the CHCI3 sig­
nals are verified by addi t ion of a d rop of CHCI3 to the 
sample. T h e methoxy protons of the reaction prod­
uct ( C H 3 0 ) 2 P ( 0 ) C 1 show as a doublet at 0=3.73 
( / (PH)=12 Hz), close to the doublet of the uncon­
verted dimethyl phosphona te at 6=3.76 ( / (PH)=12 
Hz), hence these two signals are integrated together. 
In tegrat ion of these p ro ton resonances against that of 
CHCI3 confirms that the conversion of (CHsO)2P(0)H 
in to (CH30)2P(0)C1 results in the l iberat ion of one 
equivalent of chloroform. From Tab le 1, it is appar­
ent that the yield of ( C H 3 0 ) 2 P ( 0 ) C 1 is lowest for 3, 
bu t it is twice as h igh for EtaN, and four times as h igh 
for 1. T h e relative low activity of the sodium salt 3 is 
probably due to its low solubility in the reaction 
mixture . 

It has been established by an 1H N M R stydy of the 
reaction mix ture of the a l k y l a m m o n i u m salts 1 and 2, 
and CCU, that bo th salts react exothermically wi th 
CCI4 to liberate CHCI3. Th i s reaction is carried out 
under stirred condit ions at ambient temperature, and 
the formation of CHCI3 is verified by the appearance 
of its g rowth in the 1 H N M R spectrum. T h e alkyl­
a m m o n i u m chlorophosphonates formed are con­
verted to the methyl phosphona te by reaction wi th 
methanol , and these final products are confirmed by 
*H, 13C, a n d 3 1 P N M R . 

These experiments show that the a lky l ammon ium 
or sodium salts of monoalkyl phosphona tes catalyze 
the A the r ton -Todd reaction. T h i s leads us to pro­
pose that the basic activation in this reaction involves 
formation of the monoalkyl phosphona te an ion 
[ (RO)PH02]~ , which further catalyses the interact ion 
between CC14 and ( R O ) 2 P ( 0 ) H (Eq. 5). 

o 
[RO-P-OJ-K+ 

(R0)2P(0)H + CC14 > (R0)2P(0)C1 + CHC13 / r x 

(5) 
K=alk.M 

K=RR'R"R'"N 
O u r data do no t suppor t the earlier proposed mecha­
nisms for this reaction1"6* in which the three coordi­
nated an ion [(RO)2PO]_ , obtained by deprotonat ion 
of the dialkyl phosphona t e wi th the basic compound , 
is postulated to play the key role. 

Experimental 

Infrared spectra were recorded on a Perkin-Elmer 983 
spectrometer. Nuclear magnetic resonance spectra were 
run on Bruker WM 250 and Tesla BS 467 spectrometers at 
250 and 60 MHz for protons, 62.5 for 13C and 101.7 for 31P. 

Synthesis of the Catalysts. The alkylammonium salts 1 
and 2 were obtained as follows. To a solution of 20.45 g 
freshly distillated dialkyl phosphonate in MeOH (20 cm3) 
was added excess amine. The mixture was refluxed for 2 h, 
and the MeOH and the excess of amine were removed under 
reduced pressure. Compound 3 was prepared according to 
Ref. 18. 

Spectroscopic Data: [(CH30)-P(0)OH]-[NH2(CH3)CH2-
CH2CH2CH3]4- (1). IR (KBr film) 1210 ( i /PO) and 2348 
(i/P-H) cm-i; 3 iPNMR (CDCI3) 5.88 (i/(PH)=607 Hz, 
3/(PH)=13 Hz); !HNMR (250 MHz, CDCI3) 5=0.94 (t, 3H, 
/(HH)=7.4 Hz, d-CHa), 1.40 (sext., 2H, /(HH)=7.4 Hz, c-
CH2), 1.70 (pent., 2H, /(HH)=7.4 Hz, b-CU2), 2.82 (t, 2H, 
/ (HH)=8 Hz, a-CH2), 3.33 (s, 3H, NCH3), 3.52 (d, 3H, 
/(PH)=12.0 Hz, POCH3), 6.72 (d, IH, /(PH)=607.1 Hz, P -
H), 8.72 (br. s, 2H, NH). 

[(CH30)-P(0)HO]-[N(CH3)(CH2CH3)3]+ (2). IR (KBr 
film) 1235 ( i /PO) and 2313 (i/P-H) cm"1; *HNMR (CDCI3, 
250 MHz) 0=1.37 (t, 9H, /(HH)=7.2 Hz, CH3), 3.13 (s, 3H, 
NCH3), 3.48 (q, 6H, /(HH)=7.2 Hz, CH2), 3.53 (d, 3H, 
/(PH)=11.9 Hz, POCH3), 6.81 (d, IH, /(PH)=594.8 Hz, P -
H); isQiHjNMR (CDCla) 6=6.57 (CH3), 45.48 (CH2), 48.91 
(POCH3), 54.61 (NCH3); 31P NMR (CDCI3) 3.93 (/(PH)=635 
Hz, / (PH)=9 Hz). 

[(CH3CH20)-P(0)HO]-Na+ (3). IR (KBr) 1222 (i/P=0) 
and 2369 (i/P-H) cm"1; « N M R (250 MHz, D20) 0=1.26 (t, 
3H, /(HH)=7.1 Hz, CH3), 3.91 (d.q., 2H, /(HH)=7.2 Hz, 
/(PH)=8.2 Hz, CH8), 7.21 (d, IH, /(PH)=633.2 Hz, P-H); 
tfCpHjNMR (D2O) 0=18.72 (CH3, 63.18 (CH2)); sip NMR 
(D2O): 4.91 (7(PH)=596.0 Hz, 3/(PH)=11.6 Hz). 

Catalytic Experiments, General Procedure. Dimethyl 
phosphonate (5.5 g, 50 mmol) and the catalyst (1 mmol) 
were reacted with an excess of CCI4 (12.3 g, 80 mmol) under 
the conditions described in Table 1. Samples were taken 
after that from the reaction mixture and investigated by 
*HNMR (60 MHz) spectroscopy without addition of any 
solvent. 
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(2-Pyridylmethoxy)calixarenes: New Versatile lonophores for Metal Extraction 

Seiji SHINKAI,* Toshio OTSUKA, Koji ARAKI, and Tsutomu MATSUDA 
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Page 4055, line 1 (right hand column): 
"tallized from chloroform-methanol; mp (decomp) 268 °C," 
should read 
"tallized from chloroform-methanol; mp (decomp) 286 °C," 
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Typical high transition temperature (high-Tc) superconducting oxides were used as electrodes in order to 
investigate their electrochemical behavior at room temperature. Chemical stability of these materials in various 
solutions was also tested. These superconducting oxides were stable in nonaqueous solutions, but is was very 
difficult to protect electrical contacts from the solvents because of porous structures of these oxides. These 
materials were rather stable in highly concentrated alkaline solutions while unstable in neutral and acid 
solutions. Electrochemical experiments were carried out in alkaline solutions, and the following results were 
obtained: (1) All of the high-Tc superconducting oxides were unstable at cathodic polarization. (2) Oxygen 
evolution was observed under anodic polarization. (3) These oxides behaved like p-type semiconductros though 
no photocurrents were detected. (4) [Fe(CN)6]3~/4~ served as a redox couple for all of these high-Tc oxides. 

Since a h igh -T c superconduct ing oxide La-Ba(Sr ) -
C u - O systm was discovered in 1986, various kinds of 
h igh -Tc oxides have been repor ted . 1 - 0 Recently the 
study for practical use and the unders tand ing of the 
mechan ism of superconductivity have shown m u c h 
progress, and electrochemistry has played an impor­
tant role in these studies.6-13* These electrochemical 
studies reported so far are summarized as follows. 

a) Chemical and electrochemical corrosion of the 
oxides; the corrosion potentials of these materials were 
more positive than oxygen evolut ion potential.6* At 
open circuit , Cu, Y, and Ba conta ined in YBa2Cu307-ô 
(YBCO) were dissolved in the acid solut ions at the rate 
control led by p ro ton t ransport whi le n o film was 
formed.6'7* O n the other hand, Ba was selectively 
dissolved at anodic polarizat ion in neutra l solut ions, 
and a film con ta in ing Cu and Y was formed.7) 

Fur thermore , possibility of the reduct ion of Cu(III) in 
YBCO was poin ted out in an alkal ine solution,8* and 
oxygen wi th in YBCO was reduced more easily than 
that w i th in Bi4Cai.34Sr4.66Cu40x in a nonaqueous 
solution;9* both of the observations were shown by 
us ing cyclic voltammetry. 

b) Deposit ion on the surface; in order to protect the 
surface of h igh -T c oxides, electrochemical deposi t ion 
was tried; Ag and H g were successfully deposited on to 
YBCO from neutral aqueous solutions conta in ing Ag+ 
and H g + , respectively.10* Some conduct ing polymers 
like polypyrrole were also deposited electrochemically 
on YBCO.11* 

c) Redox selectivity; some redox couples such as 
[Co(bpy)3]2+/3+ d id not show electrochemical responses 
on the YBCO electrode.9» 12»13) T h i s may be due to slow 
electron-transfer rates of heterogeneous reactions of 
these redox couples.13* It is also possible that the 
electron state densities of the superconductors affect 
electrochemical responses.13* 

d) Low temperature experiments; there have been a 

lot of interests in the electrochemical behavior of h igh-
Tc oxides at a temperature where these oxides show 
superconductivity. However, the lowest temperature 
employed for superconductor electrochemistry so far 
was 183 K in CH2C12.13* 

In this work, typical h igh-T c superconduct ing 
oxides, (Lao.98Sro.o2)2Cu04-ô (LSCO), YBCO and Bi2 
Sr2CaCu208 (BSCC) were examined from chemical 
and electrochemical po in t of view. First, chemical 
stability of these materials was investigated in various 
electrolytes. Next, cur rent -potent ia l characteristics, 
capaci tance-potent ial characteristics and photoelectro-
chemical properties of these materials were examined. 
In part icular , we discuss the oxygen evolution reaction 
in alkal ine solutions and activity of the redox couple 
([Fe(CN)6])3-/4-) at the h igh-T c oxide electrodes. 

Experimental 

Samples. LSCO, YBCO, and BSCC samples were pre­
pared from the raw oxides by the standard solid state 
procedures, and were made into pellets (10 mm in diameter 
and 1 mm thick). LSCO and YBCO pellets used were in 
single phase. BSCC pellets mostly had 80 K phase, though 
they also contained a slight 20 K phase. 

Chemical Stability. The chemical stability of high-Tc 

superconductors was investigated as follows. First, two-
point surface resistance of the pellets was measured before 
they were immersed in the solutions. Indium was used as a 
contact material. Two-point surface resistance of the pellets 
was measured again after immersing them in various 
solutions for two hours. The chemical stability was judged 
from changes in the two-point surface resistance, changes in 
the color of the surface, and changes in the color of the 
solutions before and after immersing pellets in the solutions. 
In order to know the elements dissolved in solutions, the 
solutions after the immersion of LSCO and BSCC pellets 
were analyzed with a X-ray fluorometer. 

Electrochemical Experiments. The pellets of these mate­
rials were fabricated into electrodes. Molten indium or 
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indium-gallium was used as an electrical contact material. 
Molten paraffin was used in order to fill porous voids. 

Electrochemical experiments were performed with three 
electrodes; a high-Tc oxide working electrode, a Pt coil 
counter electrode, a saturated calomel electrode (SCE) or a 
silver/silver chloride electrode (Ag/AgCl) reference electrode. 
Electrolytes used were concentrated alkaline solutions in 
which pellets were not so easily decomposed. A Pt plate 
(1X1 cm2) was also used as a working electrode in order to 
compare activity of oxygen evolution. The oxygen 
evolution potential was determined from current-potential 
characteristics. The acceptor density and the flatband 
potential were determined from the potential dependence of 
the capacitance. A high pressure mercury lamp (500 W) was 
used to test photoactivity of the electrodes. 

Results and Discussion 

Chemical Stability. Surface resistance showed only 
a small change when L S C O pellets were immersed in 
each solut ion as shown in Tab le 1. O n the other hand, 
the surface color changed clearly in some of those 
solut ions . Therefore, it is expected that the observa­
t ion of surface color change is useful to investigate the 
chemical stability. Surface color of L S C O turned 
b rown from black after LSCO was immersed in acid 
and neut ra l solut ions. T h i s indicates that L S C O was 
corroded in these solutions. T h e substrate was stable 
in a lkal ine solut ions wi th concentrat ion lower than 
10 M (1 M = l mol d m - 3 ) . However, it was corroded in 
a 12 M alkal ine solut ion. We found Sr and Cu, bu t no 

La us ing a X-ray fluorometer in 15 M N a O H after two-
hou r immers ion . In n o n a q u e o u s solutions such as 
acetonitrile and DMF, no change was observed in the 
surface resistance, surface color of LSCO and the color 
of the solut ion before and after two-hour immersion. 

For YBCO the surface resistance increased consider­
ably in acid and neutra l solutions. T h i s is summarized 
in Tab le 2. T h i s result indicates that YBCO is easily 
decomposed in these solut ions. In part icular , YBCO 
was dissolved completely in concentrated acid. T h i s 
observation agrees wi th dissolut ion process of YBCO 
in the presence of p ro ton reported as follows.6) 

14H+ + YBa2Cu307 > 

2Ba2+ + Y3+ + 2Cu2+ + Cu3+ + 7H 20, (1) 

Cu3+ + 1/2H20 > H+ + 1/402 + Cu2+. (2) 

After YBCO was dissolved in acid and neutral 
solut ions, a par t of the surface of YBCO changed from 
black to white. A needle-like white compound was 
observed in the white par t of YBCO wi th SEM. Besides 
the Eqs. 1 and 2, fol lowing dissolution process is 
k n o w n in ho t water.14) 

2YBa2Cu307 + 3H 2 0 > 

Y2BaCuOs + 3Ba(OH)2 + 5CuO + l /20 2 , (3) 

Ba(OH)2 + C 0 2 BaCOs + H 2 0 . (4) 

Table 1. Stability of LSCO in Various Solutions 

Solution 

Acetonitrile 
Water 
0.2 M Na2S04 

0.1 M HCIO4 
0.01 M NaOH 
0.1 M NaOH 
1 M NaOH 
10 M NaOH 
12 M NaOH 
15 M NaOH 

Resistance change (H) after 
2 h immersion 

2-> 2 
2-> 5 
5-> 4 
3-> 2 
5-> 5 
5-> 5 
8-> 8 
8-> 8 
8-» 32 

10->10 

Surface change 

_ a > 

Brown 
— 

Brown 
— 
— 
— 
— 

Brown 
Brown 

Solution change 

— 
White 
White 
White 

— 
— 
— 
— 
— 
— 

a) "—" means "no change.' 

Table 2. Stability of YBCO in Various Solutions 

Solution 

Acetonitrile 
Water 
0.1 M HCIO4 
1 M NaOH 
6 M NaOH 
8 M NaOH 
10 M NaOH 
12 M NaOH 

Resistance change (Ci) after 
2 h immersion 

2-> 2 
2-> 8 
l-»300a> 
l-> 5 
2-> 5 
l-> 1 
l-> 2 
l-> 4 

Surface change 

— 
White 
White 
White 
White 
White 

— 
— 

Solution change 

— 
White 
White 
White 
White 
White 

— 
— 

a) The value after 20 min immersion (completely dissolved after 2 h). 
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Table 3. Stability of BSCC in Various Solutions 

Solution 

Acetonitrile 
Water 
0.1 M Na2S04 

0.1 M NaC104 

0.1 M HC104 

0.1 M NaOH 
1 M NaOH 
2 M NaOH 
4 M NaOH 
8 M NaOH 
12 M NaOH 

Resistance change (ft) after 

2h immersion 
2-> 2 
l-> 2 
2-> 2 
2-> 2 
2-» 70 
l-> 2 
l-> 3 
2-> 2 
2-»10 
2-> 4 
l-> 9 

Surface change Solution change 

Yellow Yellow 

Blue 
Blue 
Dark blue 
Dark blue 

Therefore the white compound may be the needle poly-
crystal of BaC03 produced by reactions (3) and (4).15) 

As alkaline concentration became higher, the surface 
change became smaller. The surface did not change in 
alkaline solutions with concentration larger than 
10 M. YBCO was stable in nonaqueous solutions 
presumably because there is no proton in nonaqueous 
solutions. 

As shown in Table 3, surface resistance increased 
considerably when a BSCC pellet was immersed in 
acid solution. It also increased in alkaline solutions 
with concentration higher than 1 M. The color of the 
acid solution turned yellow and that of the alkaline 
solutions turned blue after BSCC was immersed. This 
indicates that decomposition process of BSCC in 
alkaline solutions is different from that of BSCC in 
acid solution. All metals composing BSCC were 
detected in the acid solution using a X-ray fluorometer 
after the two-hour immersion test. Sr was dissolved in 
water though BSCC has been believed to be stable in 
water. All metals were dissolved when neutral salt like 
Na2S04 was added to water. As alkaline concentra­
tion increased, the degree of decomposition of BSCC 
seemed to increase. This similarity to LSCO indicates 
that BSCC has a decomposition process similar to 
LSCO. BSCC was stable in nonaqueous solutions. 

Electrochemical Characteristics. Concentrations of 
electrolyte solutions were chosen based on the results 
in the previous section; 0.1—8 M NaOH, 10—16 M 
NaOH and 0.1 M NaOH were used for LSCO, YBCO 
and BSCC, respectively. 

Current-Potential Characteristics: Current-po­
tential curves and Mott-Schottky plots are shown for 
LSCO, YBCO and BSCC in Figs. 1, 2, and 3, 
respectively. It was determined that the cathodic limit 
of potential sweep range was more positive than 
—0.5 V vs. SCE or Ag/AgCl in order to obtain stable 
current-potential curves; all of high-Tc oxides were 
decomposed at cathodic polarization. An anodic 
current was observed, and oxygen evolution was 
observed along with anodic current at LSCO, YBCO 
and BSCC. Photocurrent was not observed at all kinds 

-0.5 0.0 0.5 1.0 
POTENTIAL / V vs. Ag/AgCl 

Fig. 1. Cyclic voltammetry and Mott-Schottky plot 
in 1 M NaOH at LSCO. 

CM 

Li. 

O 

CM 

o 

-0.5 0.0 0.5 1.0 

POTENTIAL / V vs. Ag/AgCl 

Fig. 2. Cyclic voltammetry and Mott-Schottky plot 
in 10 M NaOH at YBCO. 

of the electrodes. 
Characteristics of Capacitance of the Electrodes: 

The slopes of the main region of Mott-Schottky plots 
were negative at LSCO, YBCO, and BSCC. Therefore 
it is concluded that these superconductors are p-type 
semiconductors. The acceptor densities A/A of LSCO, 
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Fig. 3. Cyclic voltammetry and Mott-Schottky plot 
in 0.1 M NaOH at BSCC. 

0.5 1 

[NaOH] / M 

5 10 

Fig. 4. O2 evolution potential (F02) and flatband 
potential (Vm) as a function of alkaline concentration 
[NaOH]. —#—: F02 for LSCO, — O — : F02 for 
Pt, : theoretical F02, —A—: Vn> for LSCO. 

YBCO, a n d BSCC were calculated to be 4—20X 
102 1cm-3 , 0.3—4X102 1cm-3 , and 5X10 2 1cm- 3 , respec­
tively, based on the following equa t ion 

NA = 2/(qee0S
2A). (5) 

T h e above equat ion is deduced from the Mott-Schotkky 
equation1 6 ) 

(S/C)2 = 2/(eeoqNA)(V - Ffb - kT/q). (6) 

Here S is electrode area, C is capacitance of electrical 
double layer, s is dielectric constant, £0 is permittivity 
of vacuum, q is un i t charge, V is electrode potent ial , 
Vtb is f latband potent ia l , k is Bol tzmann constant , T is 
absolute temperature , and A is the slope of the m a i n 
straight region of the Mott-Schottky plot, s is assumed 
to be 10. T h e apparen t electrode area was used for S in 
order to calculate carrier densities. These calculated 
acceptor densities agree well wi th that obtained from 
Ha l l coefficient (2—5X102 1cm-3) . T h e scatter in NA 

values is probably due to the different roughness factor 
of various electrodes a n d / o r the different electrode 
stability in various electrolytes. 

Activity in Oxygen Evolution Reaction: T h e 
cur ren t -po ten t ia l characteristics of Pt was also mea­
sured in order to observe the difference in activity in 
oxygen evolut ion between h igh-T c oxides and Pt in 
the same electrolyte. Oxygen evolut ion potent ia l at Pt 
electrode ( F02.pt) was defined as follows; the potent ia l 
where an excess current of 0.1 mA flowed as compared 
wi th the capacitance current due to the double layer 
region. Because the electrode area of each oxide pellet 
was not constant due to its porous structure, the value 
of the current at L S C O electrodes was corrected. 
Corrected current values were obtained, assuming that 
carrier density of each sample is constant , and also 
us ing the fact that apparen t capacitance and current 
are in p ropor t i on to the electrode area. Oxygen 

10 12 U 16 

[NaOH] / M 

18 20 

Fig. 5. O2 evolution potential (F02) and flatband 
potential (Vtb) as a function of alkaline concentration 
[NaOH]. —#—: F02 for YBCO, — O — : F02 for 
Pt, : theoretical F02, —A—: Vih for YBCO. 

evolut ion potent ia l at L S C O ( FO2,LSCO) was defined in a 
similar manne r to Pt, except that currents corrected as 
above were used. T h o u g h this correction may not give 
exact compar ison between L S C O and Pt, it is possible 
to make qual i ta t ive discussion. Figure 4 shows 
alkal ine concentrat ion dependence on FO2,LSCO, Vn> of 
L S C O and F02.pt- FO2,LSCO was shifted to more cathodic 
potent ia l w i th increasing a lkal ine concentrat ion in a 
similar m a n n e r to F02.pt. T h o u g h apparent electrode 
area of L S C O was smaller than that of Pt, activity of 
oxygen evolut ion was almost the same. T h i s is either 
because real electrode area of L S C O pellets was bigger 
apparen t one, or activity of electrochemical catalysis of 
LSCO was higher than Pt. 

Vfb was also shifted to cathodic direction wi th 
increasing a lkal ine concentra t ion. T h i s is due to 
dissociation equ i l ib r ium of H + and O H - on the 
electrode surface of the oxides.18) 

Figure 5 shows the dependence of FO2,YBCO, Vn> of 
YBCO and F02.pt on alkal ine concentration. T h e 

F02.pt
F02.pt-
F02.pt
F02.pt


May, 1990] Electrochemical Behavior of High Temperature Superconducting Oxides 1291 

Table 4. Changes of LSCO Electrodes 
during the Electrochemical Reaction 

Solution Resistance 
change (ft) 

Surface 
change 

Solution 
change 

0.1 M NaOH 
1 M NaOH 
2 M NaOH 
4 M NaOH 
8 M NaOH 

4->18 
3-»23 
2-> 9 
2-» 22 
2-> 8 

Gray 
Gray 
Gray 
Gray 
Gray 

— 
— 
— 
— 

< 
^ 
2£ 
LU 

3 

Table 5. Changes of YBCO Electrodes 
during the Electrochemical Reaction 

Solution Resistance 
change(ft) 

Surface 
change 

Solution 
change 

12 M NaOH 42 -> 100 Brown Brown 
15 M NaOH 0-»130 Brown Brown 

(Partially white) 

-0.5 0.0 0.5 

POTENTIAL/ V vs.Ag/AgCl 

Fig. 6. Cyclic voltammetry in 0.1 M NaOH of 10 mM 
[Fe(CN)6]3-/4- at LSCO. 

current values were corrected by us ing the fact that 
double layer capacitance C is in p ropor t ion to the 
electrode area; since the form of the Mott-Schottky 
p lo t of YBCO was complicated, we employed the 
above me thod instead of the way FO2,LSCO was 
determined. M a x i m u m value of capacitance on the 
Mott -Schot tky p lo t was used in this correction. 
^02,YBCO was also shifted to a cathodic region wi th 
increasing alkal ine concentrat ion. Oxygen evolution 
of YBCO is as active as that of LSCO. T h e observation 
that Vtb showed a tendency similar to FO2,YBCO indicates 
that some k ind of dissociation equ i l ib r ium of H + and 
O H - was achieved on the electrode surface. 

Stability for Electrochemical Reaction: T h e change 
in surface resistance of LSCO before and after 
electrochemical measurement was very small as shown 
in Tab le 4. T h i s indicates that L S C O is ra ther stable 
against electrochemical reactions. 

In the case of YBCO, surface resistance and surface 
condi t ion showed considerable changes as a result of 
electrochemical reaction as shown in Tab le 5. T h i s 
observation indicates that the electrodes were degraded 
owing to large current flow. 

Behavior of Oxidation and Reduction: Oxidat ion 
and reduct ion propert ies of LSCO, YBCO and BSCC 
were observed in 0.1 M N a O H , 12 M N a O H and 0.1 M 
N a O H , respectively, containing 10 m M [Fe(CN)6]3_/4~ as 
a redox couple. T h e results of L S C O , YBCO, and 
BSCC measurements are shown in Figs. 6, 7, and 8, 
respectively. Peaks of oxidat ion and reduct ion were 
observed at all substrates. T h i s result indicates that 
acceptor density is h i g h in all three h i g h - T c oxides. 
Oxida t ion peaks were smaller than reduct ion peaks at 
LSCO and YBCO; oxidat ion did not catch u p wi th 
reduct ion. Peaks of bo th oxidat ion and reduct ion at 
BSCC were the smallest a m o n g those h igh -T c oxides. 

Half wave potent ia ls (£1/2) of L S C O and BSCC were 

< 
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U 
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I 

\ 

1 
- r^ / 

" 1^ 
-0.5 0.0 0.5 

POTENTIAL/V vs. S.C.E. 

Fig. 7. Cyclic voltammetry in 12 M NaOH of 10 mM 
[Fe(CN)6]3-/4- at YBCO. 

not so different from that of Pt, bu t that of YBCO was 
slightly different from that of Pt. Peak separations of 
LSCO (122 mV), YBCO (142 mV) and BSCC (220 mV) 
were all larger than that of Pt (60 mV). T h i s result 
leads the conclusion that electrochemical reaction 
rates of [Fe(CN)6]3_ /4_ on the h igh -T c oxides are slower 
than on Pt. 

Improvement of the Quality of Superconductivity 
with Electrochemical Treatments: As shown above 
very active oxygen evolut ion was observed in h igh -T c 

oxides. Since T c is closely related to oxygen quan t i ty 
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Fig. 8. Cyclic voltammetry in 0.1 M NaOH of 10 mM 
[Fe(CN)6]3-/4- at BSCC. 

contained in h igh -T c oxides, there is a possibility to 
improve the qual i ty of superconductivity by oxygen 
evolut ion on the substrate in electrochemical reaction. 
Therefore we tried a s imple electrochemical experi­
ment; a YBCO pellet quenched from 900 °C, and thus 
having low critical temperature (TC=70.5K), was 
polarized at + 1 V vs. Ag /AgCl for 10 minutes in 12 M 
N a O H . However, Tc of the YBCO sample did not 
change. Surface color of the sample was changed to 
brown, which indicates that the electrode was de­
composed. A l though this pre l iminary exper iment did 
not improve Tc, it is desirable to find o p t i m u m 
condit ions which minimize decomposi t ion of electro­
des and improve Tc values. 

Conclus ion 

LSCO, YBCO, and BSCC were stable in nonaqueous 
solut ions. T h e stability generally increased as p H 
increased in aqueous solut ions. However, LSCO and 
BSCC were decomposed in highly concentrated alka­
line solutions. 

For the electrochemical reactions, all of the h igh-T c 

oxides used here were unstable at cathodic polariza­
tion, whi le they were relatively stable at anodic 
polar izat ion. Oxygen evolut ion was observed a long 
wi th anodic current and the h igh -T c oxides were 
almost as active as Pt. 

Negative slope of the straight l ine region in 
Mott-Schot tky plots showed that these h igh -T c oxides 
are h igh ly doped p- type semiconductors (A/A— 
1021 c m - 3 ) . No pho tocur ren t was observed. These 
high-Tc oxides were active for [Fe(CN)6]3_/4~ redox 

couple. 
T h e electrochemical rate constants for [Fe(CN)6]3_/4_ 

couple on these oxides were smaller than that on Pt. 
T h e chemical and electrochemical stabilities of the 
high-Tc oxides are the fol lowing order; L S C O > 
B S C O Y B C O . 

We appreciate Dr. K. Hash imo to of the Faculty of 
Engineer ing, T h e University of Tokyo for his valuable 
discussion. We are grateful to Dr. K. Kitazawa of the 
Faculty of Engineer ing, T h e University of Tokyo for 
offering the h igh -T c superconduct ing oxide pellets 
and for he lp in m a k i n g these oxides. 
(A par t of this study was presented at 56th J a p a n 
Chemical Society Meeting, Apri l 1988.) 
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Formation Mechanism of the Complexes between DMSO and 
Halogen Atoms. I. Pulse Radiolysis Studies 

Takash i SUMIYOSHI* and Meiseki KATAYAMA 
Department of Atomic Science and Nuclear Engineering, 

Faculty of Engineering, Hokkaido University, Sapporo 060 
(Received November 9, 1989) 

The formation mechanism of DMSO-halogen atom complexes in the solution of DMSO and halo-
carbons has been investigated by pulse radiolysis method. Three formation processes have been found 
depending on the the solution component. In the case of DMSO/CCU mixtures, the absorption band at 400 nm 
due to the complexes has been observed at any composition. In CCI4 solutions, the complex is formed by the 
reaction of the chlorine atom with DMSO, while in DMSO solutions, the reaction between the parent radical 
cations of DMSO and Cl~ is dominant. It is suggested that the contribution of direct excitation of the strongly 
interacted ground state DMSO-CCI4 encounter pairs becomes more important with increasing CCI4 
concentration. 

We have previously reported that the irradiat ion of 
dimethyl sulfoxide (DMSO) in carbon tetrachloride 
results in the formation of a transient species which 
exhibits an absorpt ion band at 400 nm.1* Spectroscopic 
studies of the irradiated DMSO in other halocarbons 
such as chloroform, dichloromethane, 1,2-dichloro-
e thane (1,2-DCE), and bromotr ich loromethane have 
indicated the formation of DMSO-C1 complexes in the 
chlor inated hydrocarbons and DMSO-Br complexes 
in CBrCl3. T h e kinet ic study of these t ransient species 
has shown that the formation rate depends on DMSO 
concentrat ions bu t not on absorbed doses. In di lute 
DMSO solut ions (<10~2 mol dm"3) it is found that the 
complexes are formed exclusively by the reaction of 
chlorine a toms wi th DMSO: 

CCI4 -A/V^ CCU+-, CI-, CC13+-, CC13-, CI- etc. 

DMSO + Cl- - ^ -> DMSO-C1. (1) 

T h e bimolecular reaction rate constant, ki, was estimated 
to be (7.0±0.5)X109 m o l " 1 dm 3 s"1.» T h e absorpt ion of 
the complexes has been used as a reference system to 
measure the reaction rate constants of various alcohols 
wi th chlor ine a toms by the compet i t ion method.2 ) 

Quite interestingly, we found that the similar transient 
absorpt ion band is formed by the pulse irradiat ion of 
CCI4 in DMSO. However, the format ion of chlor ine 
a toms can no t be expected by the radiolysis of DMSO 
con ta in ing small a m o u n t of CCI4, the formation 
mechanism in DMSO should be different from that 
was observed in CCI4 solut ions. Therefore, it is 
interesting to elucidate the formation processes in both 
DMSO and CCI4 solvents. In this paper , we report the 
kinetic and mechanist ic studies on the formation of 
DMSO-ha logen a tom complexes produced by the 
pulse radiolysis of CCI4 and CBr4 in DMSO and 
DMSO in halocarbons . In addi t ion, the formation of 
complexes has been also observed by the radiolysis of 
alkal ine halides dissolved in DMSO. T h e possible 
formation mechanisms of the complexes have been 

discussed for D M S O / h a l o c a r b o n systems and for 
alkaline hal ide in DMSO. 

Experimental 

Dimethyl sulfoxide and carbon tetrachloride were spectro-
grade (Dojin) and were used without further purification. A 
nanosecond pulse radiolysis system with a time resolution of 
10 ns has been described eariler.3) Electron pulses of 45 MeV 
and 10 ns width from an S-band linear accelerator were used 
as a radiation source.. The light signals were detected by a 
photomultiplier (Hamamatsu Photonics R928) and were 
accepted by a transient digitizer (Iwatsu DM901) combined 
with an NEC PC-9801 personal computer. The absorbed 
doses were measured with the KSCN dosimeter.4) Samples 
were bubbled with argon in a quartz cell with an optical 
path length of 1 cm and sealed with a teflon bulb just before 
irradiation. All experiments were carried out at 18 °C. 

Results and Discussion 

Formation of DMSO-C1 Complexes in DMSO/CCl 4 

System. Trans ien t absorpt ion spectra and kinetic 
traces have been observed in various DMSO/CCU 
mixtures . Typica l spectra obta ined by the pulse 
radiolysis of 6.5X10"3 m o l d m " 3 CC14 in DMSO are 
shown in Fig. 1. T h e spectrum observed immediately 
after the pulse shows wel l -known features of irradiated 
pure DMS0.5«6 ) T h e absorpt ion recorded at 8 |is 
exhibits a m a x i m u m at 400 n m . T h e peak pos i t ion 
and the shape of the spect rum is qui te similar wi th 
those observed in the pulse radiolysis of DMSO 
dissolved in CCI4 and other chlorinated hydro­
carbons.x ) Therefore, the 400 n m band obtained in the 
DMSO solut ions con ta in ing CCU as a solute can be 
assigned to the DMSO-C1 complexes. Inset of Fig. 1 
shows the growth and decay of the absorpt ion at 
400 nm. T h e pulse radiolysis studies of various 
DMSO/CCI4 mixtures have been carried out to observe 
a spectral change depending on the DMSO/CCU 
composi t ion. All of the solut ions show only one 
transient 400 n m band super imposed on the absorp­
t ion spectra of irradiated pu re solvents. Figure 2 
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Fig. 1. Transient absorption spectra of 6.5X10-3 mol 
dm"3 CC14 in DMSO at 50 ns (O) and 8 jas ( A) after the 
pulse. Inset: buildup and decay of 400 nm absorp­
tion. Dose: 118 Gy. 
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Fig. 2. Values of G£max for the DMSO-C1 complex 
absorption band plotted against the mole fraction 
of DMSO in DMSO/CCU mixtures. 

shows the G£max values of the 400 n m band obtained for 
each mix ture as a function of solut ion composi t ion. As 
can be seen from Fig. 2, addi t ion of small a m o u n t of 
solute, DMSO or CCU, into the solvent, CCI4 or 
DMSO, respectively, resulted in the significant in­
crease of the 400 n m band. T h e m a x i m u m Gemax value 
was obtained in the mixture con ta in ing 0.6 mole 
fraction DMSO. T h e same absorpt ion band was 
observed at any DMSO/CCI4 composi t ion, however, 
the formation kinetics are qui te different depending 
on composi t ion. 

Figure 3a shows the grow-in curves of CCI4 
solut ions con ta in ing a small a m o u n t of DMSO. T h e 
formation rate depends on DMSO concentrat ions 
according to a pseudo-first-order reaction ( [ D M S O ] » 

Fig. 3. Comparison of the formation kinetics of the 
DMSO-C1 complex at 400 nm in CC14 (a) and DMSO 
(b). (a): concentration of DMSO (in mol dm -3); 1: 0; 
2: 2.2X10-4; 3: 4.4X10"4; 4: 8.8X10"4; 5: 2.2X10-3: 
6: 8.8XIO-3. (b) concentration of CC14 (in mol dm~3) 
1: 0; 2: 5.2X10"3; 3: 5.2X10"2; 4:1.04X10"1; 5:5.2X10"1: 
6: 1.04. Dose: 135 Gy. 

[CI • ]) by Eq. 1. O n the other hand , the complexes are 
formed in two modes in DMSO solutions containing CCI4. 
T h e rat io of the optical densities per ta in ing to the two 
modes depend on the concentra t ion of solute CCU. 
T h e slow mode is d o m i n a n t in the case of CCI4 
concentrat ion less than 1 0 ~ 2 m o l d m - 2 and the maxi­
m u m optical density increases only slightly wi th 
increasing CCU concentrat ion. While , the h igher the 
CCU concentrat ion, the more dominan t is the fast 
mode as shown in Fig. 3b. These results indicate that 
there are more than two processes for the formation of 
DMSO-C1 complexes in DMSO. 

Formation of DMSO-Halogen Complexes in Halide/ 
DMSO Systems. Pulse radiolysis studies revealed that 
solvated electrons are major direct product for the pure 
l iqu id DMS0.5"7> Therefore, in the DMSO solutions 
con ta in ing CCU, chloride ions are produced by the 
dissociative electron a t tachment by Eq. 2: 

e- + CCI4 -> C1- + CC13-. (2) 

T o unders tand the role of C I - ions in the format ion of 
the complexes, a lkal ine hal ides such as KCl and C a C h 
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Fig. 4. Absorption spectrum observed at 200 ns after 
the pulse radiolysis of 8.8X10~3 mol dm~3 KCl in 
DMSO. Dose: 172 Gy. 

0.15H 
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t /us 

Fig. 5. Effect of concentration of KCl on the transient 
absorption, (a), 400 nm; (b), 600 nm. Concentration 
of KCl (in mol dm"*); 1: 0; 2: 6.47X10-5; 3:1.42X10"4; 
4: 4.96X10-4; 5: 2.48X10~3. Dose 185 Gy. 

were dissolved and pulse irradiated in DMSO. Figure 
4 shows the absorption spectrum obtained at 200 ns 
after the pulse radiolysis of 8.8X10~3 mol dm - 3 KCl in 
DMSO. The peak position and the spectral shape are 
quite similar to those obtained in DMSO/CCU 
systems. Therefore, this 400 nm band can be attributed 
to the DMSO-Cl complexes. The grow-in traces at 
400 nm are shown in Fig. 5a. The grow-in rate and the 

maximum optical density increase with increasing 
KCl concentration. Figure 5b shows the dependence of 
the decay traces at 600 nm on the concentration of KCl. 
The decay rates follow a first-order-kinetics and 
increase as the KCl concentration increases. The same 
kinetic behavior was observed in the case of the 
irradiated CaCk in DMSO. The increase of the grow-
in rate at 400 nm with increasing CI - concentrations in 
accordance with the increase of the decay rate at 
600 nm strongly indicates that the Cl~ ions react with 
transients with an absorption maximum at around 
550 nm produced by the radiolysis of pure DMSO, 
leading to the species with an absorption maximum at 
400 nm. 

Radiolysis of DMSO has been studied extensively by 
many researchers.5_10) On the pulse irradiation of pure 
DMSO a transient species absorbing at 600 nm was 
obtained, which is due to either the parent radical 
cation, (CH3)2SO+* or some radical derived there-
from.6'7) Irradiation of the pure DMSO at low 
temperatures gave ESR features for methyl radicals, 
formed by dissociative electron capture together with a 
species tentatively identified as the radical cation or its 
dimer.8) However, well defined ESR features were 
obtained for the parent cation using CFCI3 as a 
solvent, which had an intense violet color, indicative 
of an absorption band in the 550 nm region.9) 

Therefore, the present experimental results strongly 
suggest that the reaction of parent radical cations of 
DMSO with the chloride ions results in the DMSO-Cl 
complex formation: 

DMSO -AA/^ DMSO+- + e- (3) 

DMSO+- + CI- > DMSO-Cl. (4) 

For the DMSO solutions containing CCI4, the expected 
amount of Cl~ ions produced on irradiation can be 
estimated using the reported free ion yield of DMSO, 
G(free ion)=1.8,6> to be 2.5X10-5moldm-3 at 135 Gy 
(Fig. 3b). This concentration can be enough to 
produce a significant amount of complexes based on 
the results shown in Fig. 5a. Therefore, the slow 
formation process observed for the low concentration 
CCI4 in DMSO can be attributed to reaction 4. 

Other halide ions, Br - and I - , and a pseudo-halide 
ion, SCN- also react with DMSO radical cations. The 
bimolecular rate constants for reaction 4 were mea­
sured from the pseudo-first-order decay of the optical 
density at 600 nm for 5X10"5—1.5X10"3 mol dm"3 

X-(X=C1, Br, I, SCN) as illustrated in Fig. 6. The 
obtained rate constants and the absorption maximum 
of the complexes are given in Table 1. 

In the case of CI - , only the transient absorption 
spectrum of DMSO-Cl complexes was observed at any 
concentration. On the other hand, in the case of Br_ 

the transient spectra depend on the concentration as 
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[X"] / 10"3mol d m 3 

Fig. 6. Apparent reaction rate constants of the decay 
of 600 nm band. • : CI"; O: Br~; Q I~; A: SCN~. 

Table 1. Bimolecular Rate Constants of the 
Reaction of DMSO+- with Cl~, Br~, I~, and 

SCN~ and the Absorption Maxima of 
the Complexes in DMSO 

x- ^/10 9 mol- 1 dm 3 s- 1 Amax/nm 

ci-
Br-
I-
SCN-

5.0 
5.0 
3.2 
1.4 

400 
430 

shown in Fig. 7. For di lute so lu t ion of Br~ 
( < 1 0 ~ 3 m o l d m - 3 ) , only the transient spectra of the 
DMSO-Br complexes wi th a m a x i m u m at 430 n m 
were observed, whi le at relatively h i g h concentrat ion 
of Br- (1 .33X10- 3 moldm- 3 ) , the formation of the 
complex band is followed by the conversion in to a 
360 n m b a n d which can be assigned to Br2~.n ) Since 
such conversion has no t been observed in the case of 
the i r radia t ion of CBr4 in DMSO, the reaction of 
DMSO-Br complexes wi th B r - mus t be responsible for 
the formation of Br2~: 

DMSO-Br + Br~ -• DMSO + Br2- (5) 

And further conversion from 360 to 280 n m band was 
observed at higher Br~ concentrat ion ( > 1 0 - 2 mol d m - 3 ) 
which can be due to Br3~:n ) 

Br2~ + Br2~ -• Br3~ + Br~ (6) 

T h e dis t inguishable transient absorpt ion spectra of 
the D M S O - X complexes have not been obta ined for I~ 

§ 0.03 

(a) 

\ t A jvk 

/• 

A * Q 

1 1 

(O)40ns 
(A)100ns 
(D) 200ns 
( • ) 700ns 

, , Q 

1 ^ 1 

300 400 500 
Â /nm 

600 700 

Q 
c5 
< 

0.10 

0.05 

300 400 500 600 

X /nm 

700 

Fig. 7. Transient absorption spectra obtained after 
the pulse radiolysis of NaBr in DMSO. (a) 5.32X10~4; 
(b) 1.33X10-3 mol dm-3 NaBr. Dose: 103 Gy. 

and S C N - probably due to the short lifetime of the 
complexes and the spectral overlap wi th those of the 
pure solvent. Instead of those, wel l -known spectra of 
h~ 12) and (SCN)2~ 13) were observed to bu i ld -up after 
the pulse even in the dilute solutions. 

Fast Formation Mode of Complexes in DMSO. 
T h e fast mode of complex format ion observed for the 
h igh concentrat ion CC14 ( > 1 0 - 2 m o l d m - 3 ) in DMSO 
can be due to the direct exci tat ion of the g round state 
DMSO-CCU associated pairs.- T h e ability of complex 
formation of DMSO with various compounds has been 
well-known.1 4 ) T h e relatively large dipole m o m e n t of 
DMSO as well as the behavior of the enthalpy of 
m i x i n g and excess viscosity of the system D M S O / C C U 
suggest that both , D M S O - D M S O as well as D M S O -
CCU associations, are present.15) T h e ground state 
molecules of bo th DMSO and CCI4 absorb below 
250 n m very strongly, while the absorpt ion edge of 
D M S O / C C U mixtures shifts towards red. These 
experimental results suggest the direct excitation mode 
contributes to the complex formation: 

DMSO-CCU hv DMSO-C1. (7) 

Further evidence of the direct excitation of the g round 
state DMSO-CCI4 association pairs by laser flash 
photolysis leading to the complex formation wil l be 
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Fig. 8. Effect of DMSO concentration on the yield 
of DMSO-C1 complexes in halocarbons. (O), CCU; 
(D), CHC13; (A), CH2CI2; (•) , 1,2-DCE. 
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0.5 1.0 

[Halocarbon] / mol dm r3 

Fig. 9. Competition between DMSO and halocarbons 
for chlorine atoms in CC14. (D), CHCI3; (A), CH2C12; 
( •) , 1,2-DCE. [DMSO]=2.8X10~3 mol dm-3. 

Table 2. Reaction Rate Constants of Chlorine 
Atoms with CHCI3, CH2CI2 

and 1,2-DCE in CC14 

Halocarbon 

CHCI3 
CH2CI2 
1,2-DCE 

CHCls + Cl- -

Ä/107mol-1dm3 s-
1 

1.2 
3.7 

37 

> CC13 + H C 1 . (8) 

T h e reaction rate constants of the chlorine atoms 
wi th ha locarbons have been measured by the compet­
itive kinetic method.2 ) Various a m o u n t of halocarbons 
was added to 2 .8X10" 3 mol dm~ 3 DMSO in CC14, and 
the ratio of the optical absorpt ion at 400 n m in the 
absence and presence of halocarbons was plot ted 
against DMSO concentra t ions . F rom the slopes of the 
straight lines shown in Fig. 9 the reaction rate 
constants of chlor ine a toms wi th halocarbons were 
calculated and given in Tab le 2. T h e reaction rate 
constants are 1/20—1/600 of that of the chlorine atoms 
wi th DMSO. Qui te different reaction rate constants of 
the reaction between chloroform and chlorine a toms 
have been reported, 107 m o l - 1 dm 3 s _ 1 by Rüssel et al.16) 

and 6X104 m o l - 1 dm 3 s _ 1 by Bibler.17) T h e former 
value is in good agreement wi th the present experi­
mental result, 1.2X107 m o l - 1 dm 3 s_1. 

Conclusion 

T h e pulse radiolysis of DMSO/CCI4 system and 
alkal ine halides in DMSO has provided evidence of 
three different D M S O - h a l o g e n a tom complex forma­
tion routes. In CCU solutions, the reaction of the 
chlor ine a toms wi th D M S O is the m a i n route. O n the 
other hand, in DMSO media conta in ing alkal ine 
chlorides or low concent ra t ion of CCU, the reaction of 
DMSO parent radical cations wi th chloride ions is 
d o m i n a n t and the con t r ibu t ion of the direct excitat ion 
of the g r o u n d state D M S O - C C U associated pairs 
becomes more impor t an t as CCU concentrat ion in­
creases. 

given in the for thcoming paper. 
Formation of DMSO-C1 Complexes in Other Halo­

carbons. Figure 8 shows the effect of DMSO con­
centrat ions on the yield (G£max) of the DMSO-C1 
complex in CC14, CHCI3, CH2C12 , and 1,2-DCE. As 
can be seen from Fig. 8 the yield of the complex in 
CCI4 rises sharply as the concentrat ion of DMSO 
increases and reaches a plea tue value at 1.5X10_ 2mol 
dm" 3 DMSO. O n the other hand , the yields of the 
complex in other halocarbons rise slowly. T h i s 
difference indicates the existence of the competit ive 
reactions for the chlor ine atoms, i.e., hydrogen 
abstraction reactions from halocarbons, for example: 

T h e au thors are grateful to Dr. Takeaki Enoto and 
Messrs. Hi roak i T a n i d a and Koichi Sato for main­
ta in ing and opera t ing the LINAC. 
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Tris(6,6/-diamino-2,2/-bipyridine)ruthenium(II): Effect 
of High Interligand Steric Strain on the Structure 
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A series of the ruthenium(II) complexes 1—4, [Ru(dabp)3-„(bpy)„](BF4)2 (n=0, 1, 2, and 3, respectively, 
dabp=6,6/-diamino-2,2/-bipyridine, and bpy=2,2,-bipyridine), having a different degree of interligand steric 
strain were synthesized, and the effect of the interligand steric strain caused by the amino substituents on their 
structures was examined. A cristallographie study showed that the two pyridine rings of dabp in the complex 1 
were in a slightly twisted configuration in order to relieve the interligand strain. Similar twisted configurations 
were suggested for the bipyridine moieties of dabp and bpy in the complexes 1—3 in dimethyl sulfoxide 
solution. 

A family of 2,2/-bipyridine (bpy) and its derivatives 
holds a considerable importance in coordination 
chemistry because of their ability to form a stable tris-
complex with variety of transition metals. Among 
them, photochemical and electrochemical properties 
of tris(2,2/-bipyridine)ruthenium(II), [Ru(bpy)3]2+, have 
been the subject of a large number of studies because of 
its potential use as a photocatalyst,1* and various 
substituents have been introduced to the bipyridine 
moiety in order to "tune" the photochemical and/or 
electrochemical properties of the complexes.2_4) 

Though many interpretations have been made as to 
the electronic effect of the substituents, surprisingly 
little has been known as to the steric effect of the 
substituents. Steric strain within the complex must 
play an important role in photoanation of the 
complex and should be understood more precisely, 
since the photoanation is the critical deterioration 
process of its photocatalytic activity. Nakamaru 
reported the effect of an intramolecular (intraligand) 
steric strain of bpy caused by 3,3'-dimethyl substit­
uents on the photochemical properties of the complex.5) 

To our knowledge, however, only one report appeared 
so far as to the complexes having high interligand 
steric strains. Difficulty in synthesizing these com­
plexes may be the major reason to limit the study. 
Fabian et al.6) reported synthesis and some properties 
of [Ru(dmbp)3]2+ (dmbp=6,6'-dimethyl-2,2'-bipyri-
dine) having high interligand strain, but no detailed 
discussion was provided as to the structure of the 
complexes. Here, we developed the way to synthesize a 
series of mixed-ligand complexes of bpy and 6,6'-
diamino-2,2/-bipyridine (dabp), [Ru(dabp)3-«(bpy)w]2+ 

(n=0—3), having a different degree of interligand 
steric strain caused by the 6,6'-amino substituents of 
dabp, and examined the effect of the 6,6'-diamino 
substituents on the structure of the Ru(II) complex 
both in crystalline state and in solution. 

Results and Discussion 

Syntheses of the Complexes. Though dabp forms 
only 1:1 complexes with most of the first-row 
transition metal cations due to the steric hindrance of 
the 6,6'-amino substituents,7) dabp (p£a—6.7) has 
higher basicity and is more stronger chelating agent 
than bpy (p^a=4.5),8) offering an interesting probe to 
study the electronic and steric effects of substituents on 
the properties of the Ru(II) complex. 

Several attempts to obtain [Ru(dabp)3]2+ directly 
from RuCl3 and dabp according to the usual pro­
cedures were unsuccessful,5»9'10) though [Ru(bpy)3] 
(BF4)2 (4) was obtained in a 85% yield by the same 
procedure. However, the preparative procedure of 
Evance et al.,11* in which intervention of [Ru(dmso)4]-
CI2 (dmso=dimethyl sulfoxide), 5, was incorporated, 
yielded a satisfactory result. Reaction of 5 with dabp 
gave [Ru(dabp)3]Cl2 • 2H2O (vide elemental analysis) in 
a 78% yield, which was converted quantitatively to 
[Ru(dabp)3] (BF4)2 (1) by subsequent anion exchange 
with NaBF4. The complex 1 was photosensitive to 
undergo elimination of one of its ligand, and the 
complex should be synthesized in the dark. Fabian et 
al.6) reported the formation of [Ru(dmbp)3]2+ from 
RuCk and dmbp, but the yield of the complex was as 
low as 5.5%. Attempts to synthesize [Ru(dmbp)3]2+ 

from 5 did not improve the yield. Higher coordination 
ability of dabp might contribute to the high yield of 
[Ru(dabp)3]2+. 

[Ru(dabp)2(bpy)](BF4)2 (2) was obtained from cis-
[Ru(dabp)2(dmso)2]Ci2 and bpy in a 43% yield after 
column chromatographic separation using Sephadex 
LH-20, and [Ru(dabp)(bpy)2](BF4)2 (3) from eis-
[Ru(bpy)2Cl2] and dabp in a 45%) yield after the same 
procedure. The newly obtained complexes are listed 
in Table 1. 

The Structure of [Ru(dabp)3]
2+ in Solid State. 

Since the 6,6'-diamino groups of dabp are responsible 
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Table 1. The [Ru(dabp)3-n(bpy)n](BF4)2 Complexes (n=0—2) 

[Vol. 63, No. 5 

Compound 

[Ru(dabp)3](BF4)2 (1) 
[Ru(dabp)2(bpy)](BF4)2 (2) 
[Ru(dabp)(bpy)2](BF4)2 (3) 

Yield/% 

78 
43 
45 

Mp/°Ca> 

270 (decomp) 
260 (decomp) 
270 (decomp) 

Analysis (Calcd)/% 

C H N 

43.4 (43.2) 3.6 (3.2) 20.1 (20.2) 
44.9 (44.9) 3.5 (3.5) 17.2 (17.4) 
46.4 (46.6) 3.4 (3.4) 14.5 (14.5) 

a) Decomp denotes decomposition of the complex. 

Table 2. IR Peaks of the Amino Groups of dabp 

Compound ^CN 

[Ru(dabp)3](BF4)2 (1) 
[Ru(dabp)2(bpy)](BF4)2 (2) 
[Ru(dabp)(bpy)2](BF4)2 (3) 
dabp 

3468 3372 1628 1291 
3464 3380 1626 1291 

— a > 3394 1626 1288 
3400 3312 1632 1280 

a) Not clearly observed. 

to an inter l igand strain, we examined the effect of 
in ter l igand strain on the structure of the a m i n o groups 
by IR spectrometric me thod (Table 2). T h o u g h the 
a m i n o groups in the complexes showed slightly 
different absorpt ion peaks, we could no t deduce any 
conclusive result showing the effect of the steric strain 
on the structure of the a m i n o groups. 

A dark red granule of [Ru(dabp)3](PFe)2 was 
obta ined from a methano l solut ion of the purified 
sample, and was subjected to a X-ray crystal lographic 
analysis. An O R T E P view of the [Ru(dabp)3]2 + is 
shown in Fig. 1 (#=0.081) , and selected b o n d lengths 
and angles are listed in Tab le 3. All the three dabp 
molecules are serving as a bidentate l igand by 
coord ina t ing wi th their r ing-ni t rogens, and the a m i n o 
substi tuents are located close enough to the adjacent 
pyr id ine r ing of other dabp molecules caus ing the 
inter l igand steric strains. Most characteristic feature of 
this result is the fact that two pyridine r ings of each 
dabp are no t in a same p l ane b u t are twisted. T h e 
dihedral angles for N 1 - C 2 - C 2 , - N 1 / (Ô) are 7.3, 14.3, 

amino 

Fig. 1. Crystal structure of [Ru(dabp)3]2+. 

and 17.3 deg for each dabp molecules, which are 
considerably larger than the reported value of 5.9 deg 
for [Ru(bpy)3]2+.12) In addit ion, the average distance 
between R u and r ing-ni t rogens is 2.131 Â, which is 
slightly longer than 2.056 Â reported for [Ru(bpy)3]2+.12) 

These differences migh t be due to the inter l igand steric 
strain caused by the 6,6 ' -diamino substituents. 

T h e two pyr id ine r ings of bpy are known to be in 
5-trans configurat ion in a solut ion, and, u p o n 
complexation with metals, their configuration becomes 
5-cis form in spite of the induc t ion of int ramolecular 
strain due to the steric c rowding of 3- and 3 '-hydrogen 
a toms of each pyr id ine r ing. T h e twisted configura­
t ion of the dabp molecules in the complex is t hough t 
to relieve this in t ramolecular ( intral igand) steric strain 

Table 3. Selected Bond Lengths and Angles of [Ru(dabp)3](PF6)2 

Ru-Nl 
Ru-N4 
Nl -C l l 
N2-C25 
C13-C14 
C21-C22 
C24-C25 

Nl-Ru-N2 
Nl-Ru-N5 
N2-Ru-N4 
N3-Ru-N4 
N4-Ru-N5 

2.121 
2.136 
1.364 
1.349 
1.353 
1.392 
1.391 

77.48 
105.91 
79.45 
77.55 

101.71 

Bond 

Ru-N2 
Ru-N5 
N1-C15 
C11-C12 
C14-C15 
C22-C23 
N1A-C15 

length/Â 

2.114 
2.137 
1.364 
1.402 
1.411 
1.397 
1.376 

Bond angle/deg 

Nl-Ru-N3 
Nl-Ru-N6 
N2-Ru-N5 
N3-Ru-N5 
N4-Ru-N6 

153.51 
87.90 

176.35 
87.46 

177.34 

Ru-N3 
Ru-N6 
N2-C21 
C12-C13 
C11-C21 
C23-C24 
N2A-C25 

N1-RU-N4 
N2-Ru-N3 
N2-Ru-N6 
N3-Ru-N6 
N5-Ru-N6 

2.132 
2.143 
1.386 
1.386 
1.464 
1.364 
1.368 

90.08 
89.43 

101.79 
104.76 
77.19 
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caused by the 3,3 '-hydrogen atoms in addi t ion to the 
in ter l igand strain caused by the 6,6 ' -diamino substi-
tuents. T o unders tand the cont r ibut ion of the 
in t ra l igand steric strain on the twisted form of dabp, 
we studied the effect of torsional angle of the two 
pyridine r ings on the stability of the dabp molecule. 

Table 4. Effect of the Dihedral Angle 
(N1-C2-C2'-N1') on the 

Stability of dabpa) 

Dihedral angle/deg 

0 
5 

10 
15 
20 
30 
45 
60 
90 

120 
150 
180 

Potential energy 
difference/kj mol - 1 

=0 
-0 .5 
-1 .3 
-2 .6 
-3 .8 
-5 .9 
-6 .3 
-3 .4 

0.0 
-8 .4 

-20.5 
-24.7 

a) Total energies were calculated by ab initio method 
with STO-3G, and the potential energy differences were 
obtained as the total energy differences i.e., (Etotai at 
given dihedral angle)—(Etotai at Odeg). 

Differences in potent ia l energy from the s-cis con­
f igurat ion (ô=0) were calculated by ab ini t io method 
wi th S T O - 3 G basis sets, and are listed in Tab le 4. 
Details of the calcula t ion were essentially the same as 
those reported previously.?* T h o u g h s-cis (0=0 deg) 
and s-trans (o^ lßOdeg) configurat ions are electroni­
cally most stable, presence of the intramolecular steric 
strain makes the s-cis configurat ion as least favored 
one. T h e result showed that small deviation of the 
twisted angle from s-cis conf igurat ion did not improve 
the stability so much , presumably due to the loss of 
stabil izing effect of conjugat ion. Therefore, the 
twisted configurat ion of d a b p in the complex 1 is most 
likely to be due to the in ter l igand steric strain. 

Structures of the Complexes in DMSO Solution. 
Structures of the complexes in solution are not 
necessarily the same as those in crystalline state, 
especially in the case of the complex like 1 having high 
interligand steric strain. Therefore, we examined the 
structures of the complexes 1—4 in dmso solution. In 
1H and 13C NMR spectra of the complexes in dmso-^ 
at 27 °C, only one set of signals was observed for the 
pyridine moiety of dabp in the complexes 1 and 3, and 
of bpy in the complexes 2 and 4, showing that the 
pyridine moieties of these molecules were under the 
same environment.13) Therefore, the dapb and bpy 
molecule(s) in these complexes were confirmed to serve 

Table 5. 1H NMR of the [Ru(dabp)3-n(bpy)„](BF4)2 in DMSO-de at 27 °C 

Compound 

[Ru(dabp)3](BF4)2 (1) 
[Ru(dabp)2(bpy)](BF4)2 (2) 

[Ru(dabp)(bpy)2](BF4)2 (3) 

[Ru(bpy)3](BF4)2 (4) 
dabpa) 

bpy 

3,3' 

7.52 
7.78 
7.67 
7.73 

7.45 
(7.29) 

4,4' 

7.62 
7.79 
7.41 
7.61 

7.45 
(7.52) 

Chemical shift from TMS/ppm and Coupling constant/Hz 

dabp 

5,5' 

6.51 
6.75 
6.21 
6.55 

6.44 
(6.56) 

/ 3 4 

7.4 
7.4 

7.4 

(7.4) 

/ 4 5 

8.2 
8.2 

8.2 

7.0 
(8.2) 

3,3' 

8.45 

8.82 
8.76 
8.84 

8.42 

4,4' 

7.96 

8.19 
8.07 
8.17 

7.96 

5,5' 

7.41 

7.61 
7.35 
7.52 

7.47 

bpy 

6,6' 

8.29 

8.15 
7.78 
7.74 

8.71 

/ 3 4 

8.2 

8.2 

7.8 

8.2 

J45 

1 

1 

1A 

6.6 

/ ö 6 

5.4 

6 

5.8 

4.5 

a) Figures in parentheses were those measured in CDCI3. 

Table 6. 13C NMR Spectra of the [Ru(dabp)3-*(bpy)n](BF4)2 in DMSO-d6 at 27°Ca> 

Compound 

[Ru(dabp)3](BF4)2 (1) 
[Ru(dabp)2(bpy)](BF4)2 (2) 

[Ru(dabp)(bpy)2](BF4)2 (3) 

[Ru(bpy)3](BF4)2 (4) 
dabp 
bpy 

2,2' 

160.0 
156.3 

156.0 

— 
155.1 

— 

3,3' 

114.2 
113.3 

113.0 

— 
111.6 

— 

dabp 

4,4' 

139.4 
137.8 
138.0 
138.2 

— 
138.4 

— 

Chemical shift from TMS/ppm 

5,5' 

112.0 
109.9 
111.2 
111.3 

— 
108.6 

— 

6,6' 

165.8 
164.3 
164.5 
163.5 

— 
157.9 

— 

2,2' 

— 
157.8 

157.1 
157.4 
158.5 

— 
155.2 

3,3' 

— 
126.6 

127.5 
127.6 
129.0 

— 
124.1 

bpy 

4,4' 

— 
137.1 

137.4 
137.8 
139.3 

— 
137.2 

5,5' 

— 
122.8 

124.3 
124.5 
125.7 

— 
120.4 

6,6' 

— 
152.0 

151.4 
152.5 
152.6 

— 
149.8 

a) Selective decoupling technique was used for the assignment. 
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as a bidentate l igand. T h e result also showed that the 
three dabp molecules of the complex 1 in a solut ion 
were under the same env i ronment w i th in N M R time 
scale, t h o u g h they have slightly different configura­
t ions in each other in crystalline state. Whi le , two sets 
of signals were observed for the pyr id ine moieties of 
bpy and dabp in the complexes 3 and 2, respectively. 
As the each pyr id ine u n i t of bpy and d a b p are no t 
under the same env i ronment in the mixed- l igand 
complexes 3 and 2, respectively,13) the complexes 
obta ined here were no t the mix tu re of 1 a n d 4 bu t the 
mixed- l igand complexes. T h u s , the complexes 1—4 
were confirmed to have the same six-coordinated 
structure in dmso solut ion. 

T h e 3- and 3 ' -protons of bpy in the s-cis configura­
t ion are k n o w n to suffer a s t rong van der Waals 
deshielding interact ion caused by the steric crowd­
ing.14* Therefore, the chemical shifts of these protons 
are the good measure of the conf igura t ion of bpy and 
dabp , and the difference in chemical shift of 3(3')-
p ro ton from that of 5 ( 5 ' ) - p r o t o n has been used for 
determining configuration of bipyridine derivatives.7»15) 

T h e double t signals of the 3,3 '-protons of dabp in the 
complex 3 appeared at lower magnet ic field compared 
wi th those of dabp in the complex 1, t hough the 
chemical shifts of the 5,5 '-protons for bo th complexes 
were no t so m u c h different from each other. While, 
the signals of 3,3 '-protons of bpy in the complex 2 
were observed at h igher magnet ic field compared wi th 
those of bpy in the complex 4. Therefore, it can be said 
that increase of the dabp molecules in the complexes 
decreased the deshie lding effects of the 3,3'-protons of 
bpy and dabp . As the decreased deshie ld ing effects are 
the indicat ion of the increased torsional angle between 
two pyr idine r ings of bpy moieties, increase in the 
in ter l igand steric strain is suggested to induce the 
increased torsional angle. T h e results is in good 
agreement wi th tha t observed for the complex 1 in a 
crystalline state. 

In conclusion, [Ru(dabp)3-«(bpy)w]2+(n=0—3) are 
obta ined in modera te to h igh yields in spite of the 
presence of sterically h inde r ing subst i tuents at o p ­
posi t ions . T h e complex 1 in a crystalline state is 
found to have slightly longer Ru-N(pyr id ine ) bond 
lengths, and the two pyridine r ings of the dabp 
molecules are no t in a same p lane b u t are twisted. 
*H N M R studies indicated the similar twisted con­
figuration of the two pyr idine rings of dabp and bpy in 
these complexes in dmso solutions. 

Experimental 

Materials and Methods. Dabp was synthesized from 2,6-
dibromopyridine according to the reported procedure.7* 
RuCU • XÏL2O, bpy, and other chemicals were purchased from 
Wako Pure Chemical Co., and used as received. Solvents 
were purified prior to use according to the routine 
procedures. 

1H and 13C NMR spectra of the samples in dmso-d6 were 
measured by a JEOL JNM-GX270 spectrometer operated at 
270 and 67.8 MHz, respectively. The selective decoupling 
technique was employed to assign some of the signals. X-
Ray diffraction measurement was performed on a Rigaku 
automated four-circle diffractometer with graphite mono-
chromated Mo Ka radiation. Summary of crystal data and 
collection parameters are listed in Table 7. The crystal 
structure was solved by the heavy atom method by using the 
UNICS III program.10 Atomic parameters and equivalent 
isotropic temperature factors are listed in Table 8. Ab initio 
MO calculations were carried out by GAUSSIAN-80H with 
STO-3G basis sets. Except for the dihedral angle (N1-C2-
C2 ,-N1 /), geometric parameters of dabp were the same as 
those reported previously,® and the potential energy 
differences from s-cis configuration were obtained as the 
differences in the calculated total energies (£totai at 0 deg= 
—1561584.6 kj mol -1). All calculations were performed on a 
HIT AC M-680H at the Computer Center of the University of 
Tokyo. 

Syntheses of the Complexes. The Complex 1: [Ru 
(dmso)4Cl2](5) was synthesized from RUCI3XH2O according 
to the method of Evans et al. (yield 68%; mp 192—3 °C).n> An 
ethanolic solution (30 ml) of 5 (485 mg, 1 mmol) and dabp 
(577 mg, 3.1 mmol) was heated to reflux for 24 h under 
nitrogen atmosphere in the dark. After removal of ethanol, 
the residue was washed with hot benzene in order to remove 
unreacted dabp, and then was recrystallized from a small 
amount of water to give [Ru(dabp)3]Cl2 • 2H 2 0 as a red 
granule (yield 78%), mp 280 °C (slowly decompose); Found: 
C, 47.2; H, 4.3; N, 21.9%. Calcd for RUC30H30N12CI22H2O: C, 
47.0; H, 4.5; N, 21.9%. This was dissolved in water, and 

Table 7. Summary of Crystal Data, Intensity 
Collections, and Structure Refinement 

Parameters for [Ru(dabp)3](PF6)2
a) 

a) Scattering factors and anomalous scattering factors 
are based on the literature.10 

Formula (Formula weight) 

a, b, c/A 

a, ß, x/deg 

F/Â-3 

Systematic absence 
Space group 
dcaicd/g cm - 3 

dobserved/g C I T l - 3 

z 
F(0,0,0) 
Crystal size/mm 
ju(Mo Ä^/cm- 1 

Data collection method 
20-Scan range 
Scan rate (0)/deg min - 1 

Scan range (A+B tan0)/deg 
No. of standard reflection 
Observed reflection data 
Used reflection data 
R value/% 
Rw value/% 

C30H30N12RUP2F12 
(949.65) 

10.602(2), 18.838(3), 
9.696(2) 

109.67(1), 93.67(2), 
92.78 (2) 

1814.7 
nothing 
PI 
1.739 
1.757(1) 
2 
724 
0.44X0.45X0.34 
6.26 
2.6-0) scan 
2.5—60.0 
2 
^=1.1,5=0.45 
3(2,0,0; 0,0,2; 0,8,0) 
10948 
8013 
8.1 
11.1 
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Table 8. Atomic Parameters and Equivalent 
Isotropic Temperature Factors 

Atom X Y Z ß e q
a ) 

a) ßeq=4/3(a2ßn+b2B22+C2BM+ab cos 7 • Bv&accosß-Bi3 

+6c cos cr #23). 

addition of saturated aqueous NaBF4 to the solution yielded 
[Ru(dabp)3](BF4)2(l) as a precipitate, which was collected 
by filtration and dried in vacuo to give 1 quantitatively as a 
red powder (Table 1). 

The Complex 2: Since attempts to prepare a.s-[Ru(dabp)2 
CI2] according to the methods described in literatures did not 
give satisfactory results,5»17'10 [Ru(dabp)2(dmso)2]Ci2 (6) was 
prepared from 5 by the following procedure. An ethanolic 
solution (6 ml) containing 97 mg (0.2 mmol) of 5 and 77 mg 
(0.41 mmol) of dabp was refluxed under N2 stream for 24 h, 
and then 6.4 ml of an aqueous LiCl (1 mol dm - 3) solution 
was added. Condensation of the solution gave a precipitate, 
which was collected by filtration. This crude complex was 

purified by column chromatography with a Sephadex LH-
20/ethanol system. Only a reddish-orange band was 
observed during column separation, and evaporation of 
ethanol from this fraction gave a red powder. Incorporation 
of dabp into the complex was confirmed by the presence of 
the peak at 795 cm - 1 due to dabp in the IR spectrum of the 
powder, and the complex was determined to be 6 by 
elemental analysis (yield 70%); mp 150 °C (slowly de­
compose). Found: C, 41.3; H, 4.6; N, 16.3%. Calcd for 
RUC24H32N8S2O2CI2: C, 41.1; H, 4.6; N, 16.0%. After 
refluxing 100 mg (0.14 mmol) of 6 and 222 mg (0.14 mmol) 
of byp in 6 ml of ethanol for 24 h under N2 flow in the dark, 
the solution was directly applied to a Sephadex LH-
20/ethanol column. A reddish orange fraction was collected. 
The residue after removal of the solvent was converted to a 
BF4-salt by the procedure described in the preparation of the 
complex 1, and again was purified by the Sephadex LH-
20/ethanol system to give [Ru(dabp)2(bpy)](BF4)2 as a red 
powder (Table 1). 

The Complex 3: ds-[Ru(bpy)2Cl2] • 2H 2 0 (7) was synthe­
sized according to the routine method in the presence of LiCl 
in AT,iV-dimethylformamide (yield 68%).17) Synthesis of the 
mixed-ligand complex from 7 was carried out by the similar 
procedure as that of Nakamaru with slight modification.0 

After reaction of 260 mg (0.5 mmol) of 7 with 100 mg 
(0.64 mmol) of dabp by refluxing in an ethanol-water (3:1) 
mixture in the presence of 500 mg of K2HPO4 for 24 h under 
nitrogen atmosphere, the solution was evaporated to 
dryness. Ethanol-soluble fraction of the residue was 
collected, and then was applied to the Sephadex LH-
20/ethanol column. An orange-colored fraction was 
collected, and subsequent anion exchange with NaBF4 gave 
[Ru(dabp)(bpy)2](BF4)2 (3) as a dark red needle (Table 1). 

The Complex 4: [Ru(bpy)3](BF4)2H2U was synthesized 
by the reaction of RuCh • XH2O and bpy9) and subsequent 
anion-exchange with NaBF4 (yield 85%). Found: C, 47.1; H, 
3.5; N, 11.1%. Calcd for RUC30H24N6B2F8H2O: C, 47.3; H, 
3.3; N, 11.0%.19) 
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C12 
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C41 
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An Efficient Method for the Direct Peroxygenation of Various Olefinic 
Compounds with Molecular Oxygen and Triethylsilane 

Catalyzed by a Cobalt(II) Complex 
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An efficient method for the direct peroxygenation of various olefinic compounds with molecular oxygen 
and triethylsilane (Et3SiH) was developed by the use of a catalytic amount of a bis(l,3-diketonato)cobalt(II) 
complex. According to the above method, l-phenyl-3-triethylsilydioxybutane (2) was directly produced from 
4-phenyl-l-butène (1) by means of a reaction with O2 and Et3SiH at room temperature. Styrene (3) and ethyl 
acrylate (5a) were also smoothly peroxygenated to give 1-phenyl-1-triethylsilyldioxyethane (4) and ethyl 2-
triethylsilyldioxypropionate (6a) by using a small amount of J-BuOOH as an initiator. The successive 
desilylation of 6a and reduction of the resulting ethyl 2-hydroperoxypropionate (8a) afforded the corresponding 
alcohol, ethyl lactate (10a), in a high yield. The synthetic utility of the present peroxygenation reaction was 
demonstrated in the preparation of «-hydroxy esters 10a—e from several «^-unsaturated esters 5a—e via the 
corresponding triethylsilyldioxy derivatives. 

Much attention has been paid to selective oxygen­
ations of olefinic compounds with molecular oxygen 
by using transition metal complexes containing 
various types of ligands.1* Recently, several oxygen­
ation systems yielding mono-oxygenated compounds, 
such as ketones and alcohols, have been reported by 
using metalloporphyrins2) and cobalt Schiff-base 
complexes3) as catalysts. However, in these reactions, 
the substrates have been limited to several olefins, such 
as aromatic olefins and aliphatic olefins, little work is 
known concerning the oxygenation of a double bond 
having electron-withdrawing groups with molecular 
oxygen by the use of transition metal catalysts. 

Previously, we have reported a series of Co(II)-
catalyzed hydration reactions of olefins (Oxidation-
Reduction Hydration) with molecular oxygen (oxidant) 
in secondary alcohol (reductant), thus forming the 
corresponding alcohols along with ketones.4) Various 
bis(l,3-diketonato)cobalt(II) complexes behaved as 
efficient catalysts in the above-mentioned reactions to 
give alcohols as the major products. On the other 
hand, it was found that triethylsilane (Et3SiH) also 
behaves as an effective reductant (a hydrogen donor) in 
the hydration of olefin when bis(l,3-diketonato) 
cobalt(II) complex employs as a catalyst.5) On the 
other hand, an unexpected peroxygenated product, 
triethylsilyldioxy derivative, was obtained when the 
above reaction was carried out at room temperature 

V = / + Et3SiH + 02 

Olefin 
cat. C0L-2 H OOSiEt3 

Alkyl Triethylsilyl Peroxide ( I ) 

Scheme 1. 

(20 °C) (Scheme 1). For example, 4-phenyl-l-butène 
(1) reacted with O2 and EtsSiH at room temperature in 
the presence of a catalytic amount of bis(acetylaceto-
nato)cobalt(II) complex to give the corresponding 1-
phenyl-3-triethylsilyldioxybutane (2) in good a yield. 

Thus, the above mentioned peroxygenation reaction 
provides a facile and efficient method for the direct 
introduction of dioxygen functionality into the carbon-
carbon double bond of olefinic compounds under mild 
conditions. In addition, the triethylsilyldioxy deriva­
tive is considered to be a potentially useful synthetic 
intermediate; for example, the triethylsilyldioxy deriva­
tive was easily converted into the corresponding 
alcohol in a high yield by successive desilylation and 
reduction. During the course of our further study of 
the scope of the preparative utility of the present 
peroxygenation reaction, it was found that several a,ß-
unsaturated esters are also peroxygenated according to 
the present method to produce the corresponding 
triethylsilyldioxy derivatives. However, a rather long 
of induction period was observed in the peroxygena­
tion of «,/3-unsaturated esters or styrene, and the yields 
were relatively low. The induction period was, 
however, effectively shortened by the addition of a 
small amount of £-BuOOH as an initiator. According 
to this modified method, the peroxygenations of 
several «^-unsaturated esters 5a—e were successfully 
performed to yield the corresponding «-triethylsilyl­
dioxy esters 6a—e under mild conditions. Further, the 
successive desilylation of 6a—e and reduction of the 
resulting hydroperoxides gave the corresponding «-
hydroxy esters 10a—e in good yields. Since it is known 
that the «-hydroxy esters are generally difficult to 
prepare by the direct hydration of «^-unsaturated 
esters, the present procedure provides a convenient 
method for the preparation of «-hydroxy esters 
from «^-unsaturated esters. In the present paper, we 
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wish to describe in detail modified method for the 
peroxygenat ion of olefinic compounds and the hydra­
t ion of several «^ -unsa tu r a t ed esters 5a—e. 

Results and Discussion 

Peroxygenation of 4-Phenyl-l-butène (1) and Styrene 
(3) with O2 and Et3SiH. T h e peroxygenat ion of 4-
phenyl-1 -butène (1) wi th EtsSiH was examined first by 
us ing several cobalt(II) complexes as catalysts. T h e 
reactions were carried out according to the fol lowing 
procedure: T o a mixture of 1 (1 mmol ) and EtsSiH 
(2 mmol) in 1,2-dichloroethane (DCE) (5 ml) was 
added a catalytic a m o u n t of the Co(II) complex 
(0.05 mmol) ; then the solut ion was stirred vigorously 
under an O2 atmosphere at room temperature (20 °C). 
T h e solut ion turned green wi th in a short time, and the 
peroxygenat ion of 1 proceeded smoothly. After the 
complet ion of the reaction, the volatile materials were 
evaporated under reduced pressure; then the residue 
was purified by preparative T L C (silica gel) to give the 
desired l-phenyl-3-triethylsilyldioxybutane (2). As 
shown in Table 1, several bis(l ,3-diketonato)cobalt(II) 
complexes proved to be qu i te effective in the present 
reaction. T h u s , when bis(acetylacetonato)cobalt(II) 
(Co(acac)2) was used as the catalyst, 1 was consumed 
wi th in 5 h at 20 ° C and the desired l -phenyl-3-
triethylsilyldioxybutane (2) was obta ined in a h igh 
yield (92%). T h e peroxide 2 is relatively stable and can 
be isolated by preparative T L C (silica gel). U p to 20 
turnovers (based on Co(acac)2) have been observed, bu t 
n o a t tempt was made to optimize this number . O n the 

R-CH=CH2 + Et3SiH + 0 2 

cat. C0L-2 

in DCE, r t 
1 R = PhCH2CH2-

3 R = Ph-

OOSiEt3 

R-CH-CH3 

2 R = PhCH2CH2-

4 R = Ph-

Scheme 2. 

other hand , w h e n Co(salen)7) or Co(smdpt)8 ) was used 
as the catalyst, a l t hough a small a m o u n t of olefin 1 
was consumed, the desired peroxygenat ion reaction 
did not take place and the generat ion of 2 was not 
detected under the same reaction condit ions. 

Styrene (3) was also peroxygenated under the same 
reaction condi t ions by us ing the Co(acac)2 catalyst to 
give 1-phenyl-1-triethylsilyldioxyethane (4) in a 30% 
yield, a long wi th acetophenone, after an induct ion 
period of a certain length. T h e time sequence of the 
reaction of 3 by the use of Co(acac)2 showed that the 
generation of 4 can be detected after 5 h, t hough the 
starting material 3 still remained even after 24 h. 

A similar induc t ion period was observed in the same 
peroxygenat ion of 3 by us ing several bis(l,3-dike-
tonato)cobalt(II) complexes as catalysts. For example, 
when Co(tfa)2 was used as the catalyst, the peroxygena­
t ion reaction did no t start for at least 6 h, and the yield 
of 4 was relatively low. O n the other hand , when 
Co(modh)2 or Co(dpm)2 was used as the catalyst in the 
above reaction, the peroxygenat ion of 3 proceeded 
smoothly w i thou t any induc t ion per iod to give 4 in a 
h igh yield. Therefore, it may be inferred that the 
length of the induct ion per iod apparent ly depends on 
the structures bo th of the olefins and the l igands of 
cobalt(II) complexes. T h e induc t ion period can be 
effectively shortened by the addi t ion of a small a m o u n t 
of £-BuOOH as an ini t ia tor to the reaction mixture. 
T h u s , when a small a m o u n t of £-BuOOH (0.05 mmol ) 
was added to a mix ture of 3 (1 mmol) , EtsSiH 
(2 mmol) , and a catalytic a m o u n t of Co(acac)2 
(0.05 mmol ) at room temperature (20 °C), the reaction 
mixture immediately turned green and the peroxygena­
tion reaction began smoothly wi thou t any induct ion 
period. Styrene was consumed wi th in 5 h, and the 
desired product 4 was obtained in an 85% yield. T h e 
a-cumenyl hydroperoxide (CHP) also acts as an 
effective in i t ia tor in the above reaction. O n the other 
hand , no effect was observed when (£-BuO)2 was added 

Table 1. Peroxygenation of Olefins 1 and 3a) 

Entry Olefin CoL2
b) Additivec) Reaction 

time/h 
Conv. of 
olefin/% 

Yield of 
peroxide/% 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

3 
3 
3 
3 
3 
3 

Co(acac)2 
Co(dpm)2 

Co(tfa)2 
Co(modh)2 
Co(salen) 
Co(smdpt) 

Co(acac)2 
Co(tfa)2 
Co(modh)2 
Co(acac)2 
Co(acac)2 
Co(tfa)2 

— 
— 
— 
— 
— 
— 
— 
— 
— 

*-BuOOH 
CHPf) 
^-BuOOH 

5 
5 
12 
3 
24 
24 
24 
12 
3 
5 
5 
5 

100 
100 
90 
100 
12 
10 
52 
82 
100 
100 
100 
100 

94 
90 
80 
92 
0 
0 
30 
73 
96 
85 
82 
85 

a) All reactions were carried out in 1,2-dichloroethane under an O2 atmosphere at room temperature (20 °C). 
Molar ratio of olefin:Et3SiH:CoL2=l:2:0.05. b) Dried in vacuo at 80°C before use. c) A catalytic amount of 
hydroperoxide was used. £-BuOOH; anhydrous 3 mol dm - 3 solution in 2,2,4-trimethylpentane. d) Determined 
by GC. e) Isolated yields, f) CHP=a-cumenylhydroperoxide. 
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R-CH=CH2 + Et3Si-H + 0 2 

cat. CoL2 

in DCE, r t 

Table 2. Preparation of 6a from Ethyl Acrylate (5a)a) 

OOCoL-2 
i 

R-CH-CHo 
i 
H J 

(H) 

Et3Si-

Metal exchange reaction 

Scheme 3. 

OOSiEt3 

R-CH-CHo 
1 
H 

( I ) 

to the reaction mixture . 
T h e mechanis t ic role of hydroperoxide has not yet 

been made clear, however, it is assumed that hydro­
peroxide part icipates directly in the generat ion of a 
cobalt peroxide adduct (II) by the oxidat ion of the 
Co(II) complex in to a Co(III) complex. T h e key 
intermediate II is in turn , changed in to the desired 
alkyl triethylsilyl peroxide (I) by means of the 
metal-exchange reaction between the cobalt peroxide 
adduct (II) and triethylsilane. In the absence of 
hydroperoxide, an ini t iator , the rate of the generat ion 
of II from C0L2 is strongly influenced by the structures 
of bo th olefins and the l igands of cobalt(II) complexes, 
as is demonstra ted in Tab le 1. Therefore, it is noted 
that the generat ion of the cobalt peroxide adduct (II) is 
an essential step in the present peroxygenat ion 
reaction. 

Peroxygenation of a,/MJnsaturated Esters. From 
the synthetic po in t of view, it is strongly desirable to 
develop an efficient me thod for the oxygenat ion of an 
olefinic bond hav ing e lect ron-withdrawing substi-
tuents, such as esters and ketones, wi th molecular 
oxygen. Now, it was found that the present modified 
catalyst system (Co(acac)2+£-BuOOH) effectively pro­
motes the peroxygenat ion of « ^ - u n s a t u r a t e d esters to 
give the corresponding «-triethylsilyldioxy esters 
under mi ld condi t ions . T h u s , even ethyl acrylate (5a), 
wh ich is difficult to int roduce oxygen in to its a 
posi t ion according to conventional methods, was 
easily peroxygenated at room temperature wi thou t any 
induct ion period to give the ethyl 2-triethylsilyldioxy-
propiona te (6a) in a good yield (see Entries 3—5 in 
Tab le 2). A l though the desired product 6a was also 
obta ined in the absence of £-BuOOH, the yield of 6a 
was low and a l ong induc t ion per iod (ca. 6 h ) was 
observed (Entries 1 and 2 in Tab le 2). In general , the 
triethylsilyldioxy c o m p o u n d s are relatively stable and 
are easily isolated by means of preparat ive T L C (silica 
gel) or co lumn chromatography (silica gel). Further, 
the triethylsilyldioxy c o m p o u n d 6a can be purified by 
distillation under reduced pressure wi thout decomposi­
t ion. As far as we kwow, the «-triethylsilyldioxy ester 
6a is one of a new class of peroxides and can be 
expected to be a useful synthetic intermediate.9) 

Preparation of a-Hydroxy Esters 10a—e via a-
Triethylsilyldioxy Esters 6a—e. Next, the prepara­
t ion of several «-hydroxy esters from « ^ - u n s a t u r a t e d 

Entry C0L2 

1 Co(acac)2 
2 Co(modh)2 

3 Co(acac)2 
4 Co(dpm)2 
5 Co(modh)2 

Additiveb) 

— 
— 

*-BuOOH 
*-BuOOH 
i-BuOOH 

Time/h 

24 
24 
12 
12 
12 

Yield/%c) 

25 
18 
65 
54 
50 

a) All the reactions were carried out in 1,2-dichloro-
ethane under an O2 atmosphere at room temperature 
(25 °C). b) Anhydrous 3 mol dm"3 solution in 2,2,4-
trimethylpentane. c) Isolated yield. 

Et3SiH, 02 , cat. CoL2, t-BuOOH 
R-CH=CH-COOR' 

5a R=H-
5b R=CHr 
5c R=CH3(CH2)2-
5d R=CH3(CH2)5-
5e R=CH3(CH2)T-
5f R=Ph-

OOSiEt3 

R-CH2CH-COOR' 

L 6a-f 

OOH 
l , 

R-CH2CH-COOR' 

8a-f 

OH 

in DCE, r t 

R'=Et 
R'=Et 
R'=Me 
R'=Me 
R'=Me 
R'=Et 

OOSiEt3 
1 

R-CHCH2-COOR' 

7a-f 

OOH 

R-CHCH2-COOR' 

9a-f 

Oh 
1 

H+ 

MeOH, r t 

Na2S203 aq. 

MeOH/ H20 

I 

R-CH2CH-COOR' + R-CHCH2-COOR' 

10a-f 

10a, 
10b, 
10c, 
10d, 
10e, 
10f, 

11a 
11b 
11c 
11d 
11e 
11f 

Sc 

R=H-
R=CB3-
R=CH3(CH2)2-
R=CH3(CH2)5-
R=CH3(CH2)7-
R=Ph-

:heme 4. 

11a-f 

R'=Et 
R'=Et 
R'=Me 
R'=Me 
R'=Me 
R'=Et 

esters was examined in order to demonstrate the 
synthetic uti l i ty of the present peroxygenat ion reac­
tion. T h e triethylsilyldioxy derivative 6a was easily 
converted in to the corresponding alcohol, ethyl lactate 
(10a), by successive desilylation and reduction. T h u s , 
6a was smoothly desilylated in acidic M e O H to give 
ethyl 2-hydroperoxypropionate (8a), which was then 
isolated; its s tructure was confirmed by means of the 
1H N M R spectra. T h e hydroperoxide 8a was sub­
sequently reduced in to ethyl lactate (10a) in a h igh 
yield on treatment wi th an aqueous solut ion of 
Na2S2C>3 at room temperature . Based on the above 
results, we examined a one-pot procedure for the 
prepara t ion of «-hydroxy esters from « ^ - u n s a t u r a t e d 
esters via the corresponding triethylsilyldioxy deriva­
tives. As is shown in Tab le 3 (Entries 1—5), the 
peroxygenat ion of a,/3-unsaturated esters 5a—e p ro­
ceeded smoothly wi th in 5—21 h at room temperature 
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Table 3. One-Pot Procedure for Hydroxy Esters 
from «^-Unsaturated Esters 5a—f 

Yield/% Entry Ester Reaction time/h 
8 9 

1 5a 5 55 0 
2 5b 21 58 6 
3 5c 21 70 5 
4 5d 21 83 3 
5 5e 21 71 5 
6 5f 5 0 82 

a) Peroxygenations were carried out in 1,2-dichloro-
ethane under an O2 atmosphere at room temperature 
(25 °C). The crude products were treated by acidic 
MeOH and then stirred with additional Na2S2Ü3 aq. 
for 60 min at room temperature, b) Reaction time 
of peroxygenations. c) Determined by GC. 

when a small a m o u n t of £-BuOOH was used as an 
init iator. After the successive treatment of the crude 
peroxygenated products wi th an acidic M e O H and an 
aqueous Na2S2C>3 solut ion, the desired a-hydroxy 
esters 10a—e were obtained in good yields, a long wi th 
small a m o u n t s of the ß-hydroxy esters 11a—e. It may 
be noted that the above reaction provides a new and 
facile me thod for the prepara t ion of a-hydroxy esters 
from a ,ß-unsa tura ted esters. O n the other hand , when 
ethyl c innamate (5f) was used as a substrate, the 
peroxygenat ion proceeded on its ß-posi t ion to give the 
ß-hydroxy ester, ethyl 3-hydroxy-3-phenylpropionate 
( l l f ) , in an 82% yield. T h u s , it may be noted that the 
regioselectivities of the above peroxygenat ion re­
actions are strongly influenced by the substituents 
attached to the double bond. 

It is concluded that the combined use of a bis( l ,3-
diketonato)cobalt(II) complex and £-BuOOH effec­
tively promotes the peroxygenat ion of a wide range of 
olefinic c o m p o u n d s wi th molecular oxygen and 
triethylsilane to give the corresponding triethylsilyl-
dioxy derivatives in good yields. These triethylsilyl-
dioxy derivatives are easily converted in to the corre­
spond ing alcohols by successive desilylation and 
reduct ion. T h u s , the present reaction provides a facile 
and efficient method for the prepara t ion of peroxides 
directly from olefinic compounds under mi ld con­
dit ions. Further , the synthetic uti l i ty of the above 
reaction is demonstra ted by the prepara t ion of the a-
hydroxy ester from the a ,ß-unsatura ted ester via the 
corresponding triethylsilydioxy derivative. 

Exper imenta l 

General. The melting points were measured on a Mettler 
FP62 apparatus and are uncorrected. The IR spectra were 
obtained by using a JASCO Model IR-700 infrared 
spectrometer on KBr pellets or liquid film on NaCl. The 
1H NMR spectra were recorded with a JEOL Model FX270 
spectrometer, using CDCI3 as the solvent and with tetra-
methylsilane as the internal standard. The FD-mass spectra 

were recorded with a JEOL Model JSM=DX300 mass 
spectrometer. Preparative TLC was performed on Merck 
PLC apparatus (Art. 5717 and Art. 13895). Column 
chromatography was conducted under silica gel (Daisogel 
IR-60). The GLC analyses were performed on a Shimadzu 
GC-14A Chromatograph using a capillary column (CBP-20 
M-25 0.25X25000 mm) while the peak areas were calculated 
on a Shimadzu chromatopack CR-5A. The triethylsilane 
was purchased from the Shin-Etsu Chemicals Co. and was 
used without further purification. The i-BuOOH was 
purchased from the Aldrich Co. as an anhydrous 3 mol dm - 3 

solution in 2,2,4-trimethylpentane. The a-cumenyl hydro­
peroxide was purchased from Nacalai Tesuque. The 1,2-
dichloroethane was stored over 4A Molecular Sieves. The 
4-phenyl-l-butène (1), styrène (3), ethyl acrylate (5a), ethyl 
crotonate (5b), and ethyl cinnamate (5f) were purchased from 
the TCI Co., Ltd., and were freshly distilled before use. The 
other a,/3-unsaturated esters10* (5c—e) were prepared from 
the corresponding a,ß-unsaturated carboxylic acids, which 
has themselves been purchased from the TCI Co., Ltd. 

Bis(l,3-diketonato)cobalt(II) Complexes. The bis(2,4-pen-
tanedionato)cobalt(II), bis(acetylacetonato)cobalt(II), (Co 
(acac)2), and bis(l,l,l-trifluoro-2,4-pentanedionato)cobalt 
(II) (Co(tfa)2) were purchased from the TCI Co., Ltd., and 
were dried at 70 ° C under a reduced pressure before use. 

Bis(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(II) (bis 
(dipivaloylmethanato)cobalt(II), Co(dpm)2), was prepared 
according to the previously reported method11* and then 
purified by sublimation (120 °C, 0.5 mmHg; I m m H g « 
133.322 Pa). Bis(l-morpholino-5,5-dimethyl-l,2,4-hexane-
trionato)cobalt(II) (Co(modh)2). 

a) Preparation of Ligand: To a suspension solution of 
*-BuOK (11.2 g, 0.1 mol) in toluene (200 ml) was added a 
toluene solution (50 ml) of 3,3-dimethyl-2-butanone (12 g, 
0.12 mol) and ethyl morpholineglyoxalate12) (18.7 g, 0.1 mol) 
at 100 °C. The resulting suspension was stirred vigorously 
for 0.5 h, quenched with a 10% aqueous HCl solution 
(100 ml), and extracted with ether. The organic layer was 
washed with brine, and dried over Na2SÜ4. After the 
removal of the solvent, the residue was purified by column 
chromatography (Disogel, IR-60, hexane-EtOAc) to give 1-
morpholino-5,5-dimethyl-l,2,4-hexanetrione (12) (8.7 g, 36%); 
iHNMR (CDCI3) 0=1.21 (9H, s), 3.60—3.80 (8H, m), 6.03 
(1H, s); IR (neat) 1721, 1695, and 1648 cm"1; FD-MS m/z 241 
(M+). Found: m/z 241.13345. Calcd for C12H19NO4: M, 
241.13141. 

b) Preparation of Co(II) Complex: To an aqueous 
solution (100 ml) of NaOH (800 mg, 20 mmol) and 10 
(4.82 g, 20 mmol) was slowly added an aqueous solution 
(20 ml) of cobalt(II) chloride (1.3 g, 10 mmol). After the 
mixture had been stirred at 60 ° C for 2 h, the precipitate was 
separated by filtration, washed with water, and dried in 
vacuo to give Co(modp)2 as a light brown powder (yield 
3.77 g, 70%); mp 278.0—279.4 °C (decomp); IR (KBr) 2964, 
1597, 1517, 1112, and 1066 cm-1; FD-MS m/z 539 (M+). 
Found: m/z 539.18105. Calcd for C24H36N2O8C0 : M, 
539.18037. 

General Procedure for Peroxygenation of Olefins. A 
solution of olefin (1 mmol), Et3SiH (232 mg, 2 mmol), t-
BuOOH (0.05 mmol, if needed), and a catalytic amount of 
the cobalt(II) complex (0.05 mmol) was stirred vigorously 
under an oxygen atmosphere at room temperature (20 °C). 
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After the completion of the reaction, the volatile materials 
were evaporated under reduced pressure; then the residue 
was purified by preparative TLC (silica gel) to give the 
desired triethylsilyldioxy derivatives. 

l-Phenyl-3-triethylsilyldioxybutate (2): Colorless oil; Bp 
120—122 °C (0.05 mmHg); *H NMR (CDC13) ô=0.68 (6H, q, 
/ = 8 Hz), 0.99 (9H, t, / = 8 Hz), 1.24 (3H, d, / = 7 Hz), 1.72— 
2.10 (2H, m), 2.65—2.76 (2H, m), 4.00—4.10 (IH, m), 7.17— 
7.30 (5H, m); Found: C, 68.38; H, 10.26; Si, 10.30%; Calcd for 
Ci6H2802Si: C, 68.51; H, 10.06; Si, 10.02%. 

1-Phenyl-l-triethylsilyldioxyethane (4): Colorless oil; Bp 
102—104 °C (0.05 mmHg); m NMR (CDCI3) <5=0.65 (6H, q, 
/ = 8 Hz), 0.95 (9H, t, / = 8 Hz), 1.49 (3H, d, / = 6 Hz), 4.98 (1H, 
q, / = 6 Hz), 7.27—7.34 (5H, m); Found: C, 66.60; H. 9.33; Si, 
11.32%; Calcd for Ci4H2402Si: C, 66.61; H, 9.58; Si, 11.13%. 

Ethyl 2-Triethylsilyldioxypropionate (6a): Colorless oil; 
Bp 91— 92 °C (0.05 mmHg); ^ N M R (CDCI3) ô=0.71 (3H, 
q, / = 8 Hz), 0.99 (3H, t, / = 8 Hz), 1.30 (3H, t, / = 7 Hz), 1.34 
(3H, q, J=l Hz), 4.23 (2H, q, / = 7 Hz), 4.48 (1H, q, / = 7 Hz); 
Found: C, 53.19; H, 9.79; Si, 11.60%; Calcd for CnH2402Si: C, 
53.19; H, 9.74; Si, 11.31%; IR (neat) 1758, 1754, and 
1199 cm-1. 

Preparation of Ethyl Lactate (10a): To a methanol 
solution (10 ml) of 6a (248 mg, 1 mmol) was added a drop of 
10% hydrochloric acid at room temperature; the resulting 
mixture was stirred at the ambient temperature for 30 min. 
The reaction mixture was then poured into water (30 ml), 
and the product was extracted with ether (20 mlX3), washed 
with brine, dried over Na2S04, and concentrated. The 
residue was purified by preparative TLC (silica gel) to give 
123 mg of 8a as a colorless oil (yield 90%). 1H NMR (CDCI3); 
0=1.32 (3H, t, ]=1 Hz), 1.41 (3H, d, ]=1 Hz), 4.26 (2H, q, 
]=1 Hz), 4.62 (IH, q, / = 7 Hz), 9.38 (IH, s, -OOH); IR (neat) 
3406, 1737, 1218, and 1153 cm-1. To a methanol solution 
(10 ml) of 8a (123 mg, 0.92 mmol) was added an aqueous 
Na2S203 solution (saturated, 10 ml); the resulting mixture was 
stirred under an argon atmosphere for 1 h. The product was 
extracted with ethyl acetate, and the organic layer was 
washed with brine, dried over Na2S04 , and evaporated. The 
residue was purified by preparative TLC (silica gel) to give 
104 mg of 10a as a colorless oil (yield 96% from 8a). 1H NMR 
(CDCI3); 6=1.30 (3H, t, / = 7 Hz), 1.33 (3H, d, / = 7 Hz), 4.25 
(2H, q, J=l Hz), 4.25 (IH, m); IR (neat) 3450 and 1737 cm"1. 

Preparation of a-Hydroxy Esters. A Typical Method: 
Ethyl 2-Hydroxybutyrate (10b): To a solution of 5b 
(114mg, 1 mmol), triethylsilane (228 mg, 2 mmol), and 
Co(acac)2 (13 mg, 0.05 mmol) in 1,2-dichloroethane was 
added *-BuOOH (12 mg of 3 mol dm~3 solution in 2,2,4-
trimethylpentane, 0.05 mmol); the reaction mixture was then 
stirred vigorously under an oxygen atmosphere at room 
temperature for 5 h. Then the volatile materials were 
evaporated under reduced pressure, and the resulting residue 
was treated with MeOH (10 ml) containing a drop of 
concentrated hydrochloric acid at room temperature for 
0.2 h. To the reaction mixture was then added an additional 
aqueous Na2S203 solution; the mixture was stirred vigor­
ously for 1 h and then quenched with brine, and extracted 
with ethyl acetate. The organic layer was combined and 
dried over Na2S04. The solvent was evaporated, and the 
residue was purified by preparative TLC (silica gel) to give 
10b (58%) and l ib (6%). 

*HNMR and IR Spectra of the Hydrated Products (in 

Table 3): The :H NMR spectra, the IR spectra, and the 
retention time in GC analysis are in good agreement with 
those of authentic samples. 

Ethyl 2-Hydroxybutyrate (10b): 1U NMR (CDC13/D20) 
0=0.97 (3H, t, J=l Hz), 1.30 (3H, t, / = 7 Hz), 1.60—1.90 (2H, 
m), 4.14 (IH, dd, / = 4 and 6 Hz), 4.25 (2H, q, / = 7 Hz): IR 
(neat) 3456 and 1739 cm"1. 

Ethyl 3-Hydroxybutyrate (lib): m NMR (CDC13/D20) 
0=1.24 (3H, t, J=l Hz), 1.28 (3H, t, / = 7 Hz), 2.44 (2H, AB of 
ABX, 8 peaks), 4.17 (2H, q, / = 7 Hz), 4.10—4.20 (IH, m): IR 
(neat) 3476 and 1738 cm"1. 

Methyl 2-Hydroxyhexanoate (10c): m NMR (CDC13/D20) 
0=0.91 (3H, t, /=7Hz) , 1.25—1.45 (4H, m), 1.55—1.90 (2H, 
m), 3.79 (3H, s), 4.19 (IH, dd, / = 4 and 6 Hz): IR (neat) 3500 
and 1740 cm-1. 

Methyl 3-Hydroxyhexanoate (lid): W NMR (CDC13/D20) 
0=0.90 (3H, t, J=l Hz), 1.22—1.42 (4H, m), 2.46 (2H, AB of 
ABX, 8 peaks), 3.72 (3H, s), 3.97 (IH, br.s): IR (neat) 3468 
and 1739 cm-1. 

Methyl 2-Hydroxynonanoate (10d):13> ^ NMR (CDCI3/D2O) 
0=0.88 (3H, t, ]=1 Hz), 1.23 (10H, br.s), 1.55—1.90 (2H, m), 
3.79 (3H, s), 4.15 (IH, dd, / = 4 and 7 Hz): IR (neat) 3456 and 
1739 cm-1. 

Methyl 3-Hydroxynonanoate (1 Id): m NMR (CDC13/D20) 
0=0.88 (3H, t, /=7Hz) , 1.29 (10H, br.s), 2.48 (2H, AB of 
ABX, 8 peaks), 3.72 (3H, s), 3.99 (IH, br.s): IR (neat) 3474 
and 1739 cm-1. 

Methyl 2-Hydroxyundecanoate (10e):14> 1H NMR (CDCI3/ 
D20) 0=0.88 (3H, t, /=7Hz) , 1.26 (14H, br.s), 1.50—1.75 
(2H, m), 3.79 (3H, s), 4.18 (IH, dd, / = 4 and 7 Hz): IR (neat) 
3456 and 1738 cm-1. 

Methyl 3-Hydroxyundecanoate (lie) « NMR (CDC13/D20) 
0=0.88 (3H, t, /=7Hz) , 1.27 (14H, br.s), 2.50 (2H, AB of 
ABX, 8 peaks), 3.72 (3H, s), 4.03 (IH, br.s): IR (neat) 3456 
and 1738 cm-1. 

Ethyl 3-Hydroxy-3-Phenylpropionate (llf) ^ N M R 
(CDC13/D20) 0=1.24 (3H, t, / = 7 Hz), 2.73 (2H, AB of ABX, 8 
peaks), 4.18 (2H, q, J=l Hz), 5.13 (IH, br.s), 7.20—7.50 (5H, 
m): IR (neat) 3452 and 1731 cm"1. 

The author is grateful to Professor Teruaki Mukaiyama, 
Science University of Tokyo , for his helpful discussion 
du r ing the course of this experiment. 
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Thermally Irreversible Photochromic Systems. Reversible Photocyclization of 
1,2-Bis(benzo[ft]thiophen-3-yl)ethene Derivatives 

Kingo UCHIDA, Yasuhide NAKAYAMA,+ and Masahiro IRIE* 

Institute of Advanced Material Study, Kyushu University, Kasuga-koen 6-1, Kasuga, Fukuoka 816 
(Received December 11, 1989) 

l,2-Bis(benzo[&]thiophen-3-yl)ethene derivatives, which possess thermally irreversible and fatigue resistant 
photochromic properties, were synthesized. c?5-l,2-Dicyano-l,2-bis(2-methylbenzo[^]thiophen-3-yl)ethene la 
and 2,3-bis(2-methylbenzo[6]thiophen-3-yl)maleic anhydride 2a underwent reversible photocyclization to 
produce red-colored closed-ring forms with /Lax at 507 nm and 544 nm, respectively. The closed-ring forms were 
stable for more than 3 weeks at 80 °C. The coloration/decoloration (ring closure/opening)cycles were able to be 
repeated more than 104 times with keeping the adequate photochromic performance. 

T h e l ight induced reversible isomerization between 
two forms hav ing different absorpt ion spectra is 
referred as pho tochromism, and the compounds 
capable of this reaction are called pho tochromic 
molecules. 

hv 

A < > B 
hv'J 

Recently, there is an increasing interest to use the 
organic pho tochromic molecules for optical data 
storage media. T h e condi t ions indispensable for the 
appl ica t ion of the pho tochromic molecules as optical 
data storage media are the thermal stability of bo th 
isomers and the fatigue resistant property of the 
compounds . 

T h e c o m p o u n d s so far reported,1 _ 9 ) however, have a 
drawback that one of the chemical forms is thermally 
unstable a n d reverts to the more stable form in the 
dark. A l though (£)-2-[2-(2,5-dimethyl-3-furyl)ethyli-
dene]-3-(isopropylidene)succinic anhydride (furyl ful-
gide),3 _ 9 ) has been reported to be thermally stable, the 
open E form is rather unstable, and shows thermo-
chromism above 120 °C. 

Recently we have developed a new type of pho to ­
chromic compounds,1 0 ) diarylethenes wi th heterocyclic 
r ings, bo th isomers of which are thermally stable. T h e 
absorpt ion tails of the closed-ring forms are, however, 
less than 700 nm. In the present paper , we have 
synthesized dicyano and acid anhydride derivatives of 
l,2-bis(2-methylbenzo[fo]thiophene-3-yl)ethene in at­
t empt ing to shift the absorpt ion m a x i m a of the closed-
r ing forms to longer wavelengths. A l though the 
absorpt ion m a x i m a showed unexpectedly b lue shifts 
in compar i son wi th those of corresponding l,2-di(3-
thienyl)ethenes, the compounds were found to have a 
remarkable fatigue resistant property and relatively 
h igh q u a n t u m yields. 

Results and Discussion 

l ,2-Dicyano-l ,2-bis(2-methylbenzo[6]thiophene-3-
yl)ethenela. l,2-Dicyano-l,2-bis(2-methylbenzo[fc]thio-

1* Present address: The Institute of Scientific and Indus­
trial Research, Osaka University, Ibaraki, Osaka 567. 

phene-3-yl)ethene la was prepared by the coup l ing 
reaction of two 2-methyl-3-(cyanomethyl)benzo[fo]thio-
phene. T h e eis and trans isomers were separated by 
H P L C and purified by recrystallization from a 
hexane-benzene mixture. 

Figure 1 shows the absorpt ion spectral change of a 
benzene solut ion of la (/Lax:392 n m , £:7.7X103) by 
photo i r rad ia t ion wi th 384 n m light. I rradiat ion of the 
benzene solut ion wi th 384 n m l ight led to the decrease 
of the absorpt ion at 392 n m a n d the formation of a red 
solut ion, in which a visible absorpt ion at 507 n m was 
observed (conversion; 52%). T h e absorption m a x i m u m 
showed a 5 n m blue shift in comparison wi th 
l,2-dicyano-l,2-bis(2,4,5-trimethyl-3-thienyl)ethene. 

T h e photogenerated closed-ring form l b (/lmax: 
507 nm, £:8.2X103) was s table . u ) T h e absorpt ion 
spectrum at 507 n m remained constant for more than 3 

NC CN NC CN 

Wavelength/nm 

Fig. 1. Absorption spectral change of benzene solu­
tion of la (1X10-4 M) (—), lb ( ), and photo-
stationary state ( ) under irradiation with 384 
nm light. 
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weeks at 80 °C. In addition, the eis form melts at 
236 °C without changing the initial yellow color, and 
did not show any thermochromic reaction even at 
300 °C. 

2,3"Bis(2-methylbenzo[6]thiophen-3-yl)maleic Anhy­
dride 2a. The acid anhydride derivative 2a was 
prepared by hydrolysis of la with KOH in a 2-
methoxyethanol-water mixture. Compound 2a is 
soluble in usual organic solvents such as benzene or 
chloroform. 

Figure 2 shows the absorption spectra of 2a 
(/Lax:417 nm, £:6.8X103) in benzene before photo-
irradiation and in the photostationary state under 
irradiation with 405 nm light. Upon irradiation with 
405 nm light, the solution became dark red and a new 
absorption peak appeared at 544 nm (e : 8.7X103). The 
absorption maximum shifts to longer wavelengths by 
37 nm in comparison with the dicyano derivative lb. 
The absorption maximum is, however, 16 nm shorter 
than that of the closed-ring form of 2,3-bis(2,4,5-
trimethyl-3-thienyl)maleic anhydride. The new band 
is ascribable to the closed-ring form 2b (conversion 
48%). 

The photogenerated closed-ring form was also 
thermally stable. Absorption intensity of the dark red-
colored form remained constant for more than 3 weeks 
at 80 ° C. Upon exposure of the dark red solution to 
the visible light (A>500nm), the solution again 
became yellow and the initial absorption was restored. 
The acid anhydride derivative 2a did not show any 
thermochromic reaction. It melts at 239 ° C without 

2a 2b 

[TT— 

'•I 

\ / \ / ----- X 

\ y \ y --' *. \ 

oi . \ . v.y~. I 
300 400 500 600 700 

Wavelength/nm 

Fig. 2. Absorption spectral change of benzene solu­
tion of 2a (1X10-4M) (—), 2b ( ), and photo-
stationary state ( ) under irradiation with 405 
nm light. 

Table 1. Quantum Yield of Coloration and 
Decoloration in Benzene Solution 

la -* lb 
lb-+la 
2a-»2b 
2b-*2a 

Wavelength/nm 

405 
546 
405 
546 

Quantum Yield 

0.17 
0.30 
0.13 
0.21 

changing the initial color. 
Quantum Yield. Table 1 shows the quantum 

yields of coloration and decoloration reactions of 
compound 1 and 2. The quantum yields were 
determined in benzene by measuring the rate of 
isomerization in the initial stage of the reactions. The 
absorbance of the compounds at the irradiating 
wavelength was controlled to be less than 0.2. The 
light intensity was measured with a photometer, 
which was calibrated with a trisoxalatoferrate(III) 
chemical actinometer. The decoloration quantum 
yields of both compounds were larger than that observ­
ed for 2,3-bis(2,4,5-trimethyl-3-thienyl)maleic anhy­
dride (quantum yield of decoloration: 0.15 in CCU).10* 

The quantum yield of decoloration reaction of furyl 
fulgide was reported to depend on the bulkiness of 
subst i tuent at 7-position of the colored form. 
Adamantylidene furyl fulgide12) has a quantum yield 5 
times larger than that of isopropylidene furty fulgide. 
Bulky substituent was considered to increase the strain 
energy of the closed-ring form. This explanation 
cannot be applied to the present system, because the 
replacement of thiophene rings with benzo[fo]thio-
phene rings does not bring about crowdness to the 
closed-ring form. The rigidness of the benzothienyl 
groups possibly introduces unstability to the closed-
ring form, and increases the decoloration quantum 
yield. 

Fatigue Resistant Property. Fatigue resistance, i.e., 
how many times coloration and decoloration cycles 
can be repeated without loss of performance, is an 
important property required for photochromic com­
pounds. The lack of this property is one of the reasons 
which have prevented so far their practical applica­
tions. 

A benzene solution containing the compound 2 
(3.7X10-4M, in a thin cell with light pass length of 
2 mm) was irradiated alternatively with 436 nm light 
for 25 s and 546 nm light for 15 s in the absence of air. 
The irradiation times, 25 s and 15 s, were long enough 
for the compound to convert to the photostationary 
state and to the complete photobleached state, respec­
tively. The absorption intensity at 544 nm in the 
photostationary state remained constant even after 
5000 times coloration/decoloration cycles, as shown in 
Fig. 3. The intensity decreases to 80% of the first cycle 
after 1.0X104 time coloration/decoloration cycles. In 
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1.0 O O - O O O -

< 0.6 

_ i i 1 _ 

4000 6000 8000 10000 '12000 

Cycle number 

Fig. 3. Fatigue resistant property of 2a in benzene 
solution. 

the photosta t ionary state of colorlation, a lmost 50% of 
the c o m p o u n d s converts to the closed-ring form. T h i s 
means that the decomposi t ion q u a n t u m yield is less 
than 1/40000. T h e reason why the q u a n t u m yield is so 
low, is no t clear at present. 

1H N M R Spectrum. Figure 4 shows the 1H N M R 
spectra of methyl p ro tons of c o m p o u n d l a in CD3OD 
at various temperatures. T h e broad signals are 
observed at ô 1.98 and 2.37 at room temperature . T h e 
two nonequiva len t methyl pro tons indicate the exis­
tence of two atrope isomers in the compound . One 
conformer has two benzoth iophene r ings in mirror 
symmetry (in paral le l or ientat ion) and the other C2 
symmetry (in anti-paral lel orientat ion). 

parallel 
orientation 

anti-parallel 
orientation 

T h e intensity rat io of the two methyl protons 
depends on the temperature. At temperature below 
—20 ° C, the relative intensity of the uppe r field signal 
increases. At —60 °C, the intensity rat io of the upper 
and the lower field signals is 1.13:1.00. Above room 
temperature , the l ine wid th of the signals increases, 
and the two signals collapse at 45 ° C. At 60 ° C, only a 
sharp single signal is observed. T h e l ine-shape change 
is expla ined by the interconversion of the two 
conformers, owing to the rotat ion of benzo[fo]thienyl 
r ings. 

T h e act ivat ion energies of the conformational 
changes of l a and 2a were estimated to be 67 k j m o l - 1 

and 71 k j m o l - 1 , respectively by Jaeschke's method.13) 

T h e rota t ional energy barriers of l a and 2a are similar 
each other in spite of different substi tuents on the 

3.0 

(1.00:1.13) 

2.0 1.0/ppm 

Fig. 4. Temperature dependence of 1H NMR spectra 
of methyl protons of la in CD3OD. 

8.0 7.8 7.6 7.4 7.2 7.0 /ppm 

Fig. 5. 1H signals of aromatic rings of la (a) and 2a 
(b)in C D C l 3 a t - 6 0 ° C . 

ethylene moiety. 
T h e XH signals of a romat ic r ings of l a and 2a in 

CDCI3 at —60 ° C were shown in Fig. 5. T h e signals 
were assigned by us ing a p ro ton decoupl ing technique. 
T h e results are summarized in Tab le 2. In the Tab le , 
the differences of chemical shifts between benzo[fo]-
th iophenyl moiety of compounds , l a and 2a, and 3-
methylbenzo[fo]thiophene are listed in the brackets. 
Relatively large up-field shifts were observed in the 
protons at 4-position of benzo[fo]thiophenyl groups in 
one conformat ion of l a a n d 2a. T h e conformers 
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Table 2. Assignments of Aromatic Protons of Benzothiophenyl Groups of la and 2a at — 60°C (in CDCb vs. TMS) 

Position BT 
la 2a 

Anti-parallel Parallel Anti-parallel Parallel 

7.78 7.76 (-0.02) 
(d, /=7.7 Hz) 

7.33 7.41 (0.08) 
(dd, /=7.7, 7.3 Hz) 

7.31 7.50 (0.19) 
(dd, 7=7.8, 7.3 Hz) 

7.86 7.93 (0.07) 
(d, 7=7.8 Hz) 

7.39 (-0.39) 
(d, 7=7.9 Hz) 

7.11 (-0.22) 
(dd, 7=7.9, 7.5 Hz) 

7.25 (-0.06) 
(dd, 7=7.9, 7.5 Hz) 

7.66 (-0.20) 
(d, 7=7.9 Hz) 

7.58 (-0.20) 
(d, 7=7.6 Hz) 

7.36 (0.03) 
(dd, 7=7.6, 7.2 Hz) 

7.40 (0.09) 
(dd, 7=8.0, 7.2 Hz) 

7.76 (-0.10) 
(d, 7=8.0 Hz) 

7.20 (-0.58) 
(d, 7=8.0 Hz) 

7.13 (-0.20) 
(dd, 7=8.0, 7.1 Hz) 

7.27 (-0.04) 
(dd, 7=8.0, 7.1 Hz) 

7.72 (-0.14) 
(d, 7=8.0 Hz) 

BT; 2-Methylbenzo[6]thiophene. The difference of chemical shifts between BT and l,2-bis(benzo[6]thiophen-3-
yl)ethenes, la, and 2a, in each positions are listed in the brackets. 

hav ing up-field p ro tons is at t r ibutable to parallel 
or ientat ions, in the case that benzo[fo]thiophene r ings 
are nearly perpendicular to ethylene plane. These 
XH N M R data also suppor t that there are two atrope-
isomers, paral lel and anti-paral lel conformations, in 
these compounds . 

Temperature Dependence of Photoisomerization. 
According to Woodward-Hoffmann rule, photocycliza-
t ion reaction of 1,3,5-hexatriene molecular framework 
proceeds in conrotatory mode. W h e n aromat ic r ings 
are condensed in to bo th 1,2- and 5,6-positions of the 
framework such as diarylethenes wi th two aromat ic 
r ings, the reaction course is further restricted. T h e 
reactions of the diarylethene derivatives proceed only 
from the anti-parallel conformers. R i n g closure 
reaction cannot proceed from paral lel conformer 
because of the steric h indrance . T h i s suggests that the 
rate of photo- induced ring-closure reaction depends 
on the popu la t i on of anti-parallel conformation. In 
order to confirm this assumpt ion , we compared the 
rate of r ing-closure reaction in methano l at — 60 ° C 
and 20 ° C under the same irradiat ion condit ions. 
A l t h o u g h the rate at — 60 ° C was slightly larger (1.1 
times) than the rate at room temperature , it was 
difficult to conclude that the popu la t ion difference is 
directly related to the reaction rate, because the 
difference is in the experimental uncertainty. 

Experimental 

Photoisomerization. A xenon-arc lamp (USHIO 500W) 
was used as a light source. The wavelengths of irradiated 
light were selected by passing the light through a 
monochrometer (Ritsu MC-ION). 

Quantum yields were determined by measuring the rates 
of isomerization in the initial stage of the reaction at low 
concentration (absorbance at the measuring wavelength<0.2) 
and the light intensity was measured with a photometer 
(International Light, IL 700), which was calibrated with a 
trisoxalatoferrate(III) chemical actinometer. 

Absorption spectra were measured with a spectrophotom­
eter (Hitachi U-3410) and NMR measurement were carried 

out with a 200-MHz NMR spectrometer (JEOL-FX200) and 
a 360-MHz NMR spectrometer (Brucker WN-360). 

Materials. 3-Chloromethyl-2-methylbenzo[6]thiophene: 
2-Methylbenzo[fr]thiophene (2.0 g, 0.014 mol) produced by 
thio-Claisen rearrangement14* of thioethers, was added to a 
solution of chloromethyl methyl ether (33.0 g, 41 mmol) and 
260 ml of dichloroethane. To the solution, ZnCh (50 mg, 
0.37 mmol) was added, and then the solution was stirred for 
1 h. The reaction mixture was poured into water, and 
extracted with chloroform. Removal of the solvent gave 3-
chloromethyl-2-methylbenzo[fr]thiophene (2.4 g, 90%). 

3-Cyanomethyl-2-methylbenzo[fr]thiophene: 3-Chloro-
methyl-2-methylbenzo[fr]thiophene (1.4 g, 7.7 mmol) was 
dissolved in 10 ml of benzene. To this solution was added 
10 ml of aqueous solution containing sodium cyanide (2.5 g, 
51 mmol) and tetrabutylammonium bromide. The solution 
was vigorously stirred at 60 °C for 2 h. The reaction mixture 
was poured into water, and extracted with benzene. Removal 
of the solvent and purification by silica gel chromatography 
gave 3-cyanomethyl-2-methylbenzo[fr]thiophene in 74% yield 
(1.07 g). 

*HNMR (CDCI3) 6=2.53 (3H, s, CH3), 3.79 (2H, s, 
-CH2-CN), 7.2—7.9 (4H, m, aromatic protons). 

l,2-Dicyano-l,2-bis(2-methylbenzo[ft]thiophen-3-yl)ethene 
la: To 10 ml of 50% NaOH aqueous solution containing 
tetrabutylammonium bromide (30 mg, 0.1 mmol) was added 
a mixture of 3-cyanomethyl-2-methylbenzo[6]thiophene (1.0 g, 
5.3 mmol), benzene (10 g), and CCI4 (10 g). The solution was 
stirred for 1 h at 50—60 ° C. The reaction mixture was 
poured into water and the product was extracted with 
benzene. After the solvent was removed, the mixture of eis 
and trans isomers of la was purified and isolated in 39% yield 
by silica-gel chromatography. Cis and trans isomers 
(product ratio; 3:2) were separated by HPLC (Shimadzu, 
SCL-6B). 

Cis isomer of la: mp 235—236° C; MS m/z 370 (M+); IR 
(KBr) 2300 cm-1 (CN); ^ N M R (CDCI3) 0=1.98 (3H, s, 
CH3), 2.37 (3H, s, CH3), 7.1—7.9 (8H, m, aromatic protons). 
Found: C, 71.46; H, 3.62; N, 17.04%.Calcd for C22H14N2S2: C, 
71.32; H, 3.81; N, 17.31%. 

2,3-Bis(2-methylbenzo[&]thiophen-3-yl)maleic Anhydride 
2a: Compound la (0.83 g, 2.2 mmol) and 2-methoxy-
ethanol (2.5 ml) were added to 3.0 ml of 50% KOH aqueous 
solution, and the solution was refluxed for 30 h. The 



May, 1990] Photochromism of Diarylethene Derivatives 1315 

reaction mixture was cooled to room temperature and 
poured into water, and 10% HCl was added until the 
solution became acidic. The yellow precipitate was 
extracted with benzene. After the benzene was removed, acid 
anhydride (118 mg, 0.3 mmol) was isolated in 14% yield by 
silica-gel column chromatography. 

2a: mp 238—240 °C; MS m/z 390 (M+); IR (KBr) 1710 cm"1 

(COO); *H NMR (CDC13) 0=2.11 (3H, s, CH3), 2.29 (3H, s, 
CH3), 7.05—7.50 (6H, m, aromatic protons), 7.69 (2H, dd, 
/ = 9 , 1 Hz). Found: C, 67.40; H, 3.66; S, 16.45%.Calcd for 
C22H14O3S2: C, 67.67; H , 3.61; S, 16.42%. 
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Iyoda (Government Industr ia l Research Institute, 
Osaka) and Dr. N o b u o Kato (Kyushu Univ.) for their 
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suppor ted in par t by Grant- in-Aid for Scientific 
Research from the Ministry of Educat ion, Science and 
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Acid-Catalyzed Hydrolysis of Methoxymethyl Phenyl Sulfoxide 
without Concomitant Racemization 
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Methoxymethyl phenyl sulfoxide 1 undergoes acid-catalyzed hydrolysis to give S-phenyl benzenethiosul-
finate 5, which is formed rapidly from a primary product, benzenesulfenic acid 3. Formation of 5 follows 
pseudo-first-order kinetics. Rate constants obtained spectrophotometrically in perchloric acid show that the 
reaction is dependent on the protonated substrate with the Bunnett-Olsen <j>=—0.15. Rate constants for the loss 
of optical activity of the enantiomeric 1 measured in 80 vol% aqueous dioxane are identical with those obtained 
spectrophotometrically for the formation of 5. Racemization of the substrate does not take place more rapidly 
than the fragmentation. The reaction is accelerated by chloride and bromide ions. The halide reaction is first 
order in acid concentration. 

Dithioacetal monooxides are hydrolyzed to the 
aldehydes in acid solut ion more easily than the 
di thioacetals , and this conversion is widely used in 
organic syntheses as deprotection of the carbonyl 
group1* and as a dethiolat ion step after alkylat ion of 
the carbanions derived from sulfoxides. lb»2) Details of 
the mechan i sm of this t ransformation remain to be 
solved probably because the reaction is too slow under 
mi ld condi t ions appropr ia te for mechanist ic investiga­
tions.3) A more reactive sulfoxide, methoxymethyl 
phenyl sulfoxide 1, is chosen here as a substrate for 
mechanist ic studies, and acid-catalyzed hydrolysis of 1 
has been kinetically investigated. T h e hydrolysis was 
found to be accelerated by added chloride and bromide 
ions. Racemization of the substrate was not observed 
du r ing the reaction. 

Closely related acid-catalyzed reactions of sulfoxides 
are racemization4 - 9* and oxygen exchange.9»10) These 
reactions are also catalyzed by hal ide ions. £-Butyl and 
phenethyl sulfoxides were found to undergo frag­
menta t ion leading to hydrolysis in aqueous solution.6 ) 

T h i s fragmentat ion was, however, not influenced by 
hal ide ions. Similarit ies and differences between these 
reactions a n d the present reaction will be discussed in 
terms of reaction mechanisms. 

Results 

When the sulfoxide 1 was added to aqueous acid, the 
UV absorpt ion spectrum changed smoothly to develop 
a new spectrum wi th isosbestic poin ts at about 238 and 
247 nm. T h e produc t spectrum closely resembles that 
of S-phenyl benzenethiosulfinate 5: Absorbances at 
wavelengths of max imum (275 nm), m i n i m u m (253 nm), 
and shoulder (220 nm) absorpt ions were about 90— 
95% of those calculated from the extinction coefficients 
determined wi th the au thent ic sample of 5 prepared 
independent ly. Format ion of 5 was also confirmed by 
H P L C . In pro longed reactions, d iphenyl disulfide 
and S-phenyl benzenethiosulfonate, d ispropor t ion-
a t ion products from 5, were also formed (HPLC) . T h e 
dimeric p roduc t 5 is reported to be formed very rapidly 

from benzenesulfenic acid 3 , n ) a pr imary hydrolysis 
product . A possible react ion sequence is thus 
described by Eqs. 1—3. 

PhS(0)CH2OMe + H30+ 

1 
s, N PhS+(OH)CH2OMe + H 2 0 

2 

> PhSOH + MeOCH2OH (1) 

3 4 

2 3 rapid > PhS(0)SPh + H 2 0 (2) 

5 

4 + H 2 0 rapid > CH2(OH)2 + MeOH (3) 

Time-dependent absorbance changes at 275 n m were 
recorded on a conventional spectrophotometer , and 
the changes were found usual ly to follow pseudo-first-
order kinetics. In some slow runs , induc t ion periods 
were observed. Pseudo-first-order rate constants &obsd 
were calculated from the later par t of reaction and are 
considered to reflect rates of hydrolysis of 1. T h i s is 
confirmed by the observation that the &0bsd obtained 
spectrophotometrical ly agrees well wi th that for the 
loss of optical activity of the enant iomeric substrate 
(see below). 

Observed rate constants &0bsd obtained under various 
reaction condi t ions are summarized in Tables 1—4. 
Tab le 1 shows acidity dependence, and the &0bsd 
measured in H C l are greater t han those in HCIO4. 
T h e rate constant obta ined in deu te r ium media was 
2.77 times greater than that in H2O as measured at 
[H(D)C1]=0.20 M (1 M = l mol dm~3). Effects of chloride 
and bromide ions were examined in 10 vol% aqueous 
acetonitri le solut ion whi le the ionic s trength was 
main ta ined at 0.45 wi th NaC10 4 (Tables 2 and 3). T h e 
rates increase linearly with hal ide concentrat ions as 
seen in Fig. 1. Second-order rate constants for the 
hal ide reactions are propor t iona l to acid concentrat ion 
(Fig. 2). T h e catalytic constants at 25 °C are: 
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Table 1. Rate Constants for the Hydrolysis of 
1 in Aqueous Perchloric and Hydro­

chloric Acids at25°Ca> 

[HC104]/M 104£obsd/s- [HC1J/M 104£obsd/s-

0.200 
0.295 
0.400 
0.590 
1.00 
1.18 
2.36 
2.95 
3.54 
4.72 
5.90 
7.08 
8.26 

0.498 
0.743 
0.999(1.20) 
1.60 
3.15 
3.96 (4.30) 

13.1 
19.5 (22.1) 
32.9 
83.1 

216 
595 

1402 

0.20 
0.40 
0.50 
0.75 
1.00 

(0.687)b) 

(1.84) 
(2.61) 
(4.78) 
(8.23) 

a) The ionic strength was not adjusted. Values in 
parentheses were obtained in aqueous solution con­
taining 10vol% of acetonitrile. b) &obsd was 1.90X10-4 

s"1 in D 2 0 at 0.20 M of DC1. 

Table 2. Effects of Chloride Ion Concentrations 
on the Hydrolysis Rate of 1 in 10vol% 

Aqueous Acetonitrile 
Solution at 25°Ca> 

[Cl-J/M 

0 
0.10 
0.20 
0.30 
0.40 

lO^ci /M-is" 1 

0.10 

0.325 

0.408 
0.450 
0.473 

0.379 

[H+]/M 

0.20 

0.602 

0.771 
0.840 
0.906 

0.764 

0.30 

0.911 
1.04 
1.16 
1.28 
1.39 

1.20 

0.40 

1.18 
1.36 
1.54 
1.67 
1.85 

1.65 

a) 104&obsd are given in s_1. The ionic strength was 
maintained at 0.45 with NaC104. 

Table 3. Effects of Bromide Ion Concentrations 
on the Hydrolysis Rate of 1 in 10 vol% 

Aqueous Acetonitrile Solutiona) 

[Br-]/M 

0 
0.05 
0.10 
0.15 
0.20 

lO^Br/M-ls"1 

25°C 

0.602 
0.808 
0.981 
1.125 
1.28 

3.35 

0.20 

30°C 

1.22 
1.56 
1.89 
2.10 
2.41 

5.84 

[H+J/M 

35 °C 

2.36 
2.95 
3.48 
4.05 
4.50 

10.76 

0.10 

25°C 

0.325 

0.639 

1.67 

0.40 

25°C 

1.18 

1.86 

2.50 

6.60 

a) 104 &obsd are given in s_1. The ionic strength was 
maintained at 0.45 with NaClCh. 

Ä H ^ ^ X I O ^ M - 1 s-1; &ciH=4.12X10-4M-2 s " 1 ; / ^ ^ 
l . e ô X l O - a M ^ s - 1 . 

fcobsd = *H[H+] + *xH[H+][X-] (4) 

Table 4. Rate Constants for the Hydrolysis and 
the Optical Activity Loss of Active 1 in 

Aqueous Dioxane Solution at 25 °C 

Dioxane [H+] [C1-] [Br~] 103 kh 103 ka 

vol% 

20 
50 
80 
80 
80 
80 
80 
80 
80 

M 

0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 

M 

0 
0 
0 
0.10 
0.20 
0.30 
0.40 
0 
0 

M 

0 
0 
0 
0 
0 
0 
0 
0.20 
0.40 

S"1 

0.118 
0.158 
0.521 
1.22 
1.81 
2.38 
2.89 
5.95 

11.1 

S"1 

0.518 
1.22 
1.89 
2.42 
2.83 
5.82 

10.8 

0,2 0.4 
Df] /M 

Fig. 1. Dependence of the hydrolysis rate of 1 on 
halide ion concentrations at 25 °C and [HC104]= 
0.20 M in 10vol% aqueous acetonitrile. 

Table 3 also gives rate constants at varying tem­
peratures: activation enthalpies AH* for the acid-
catalyzed and bromide ion-catalyzed reactions are 
calculated to be 24.3 and 20.7 kcal mo l" 1 (1 cal=4.184 
J), whi le the activation entropies AS* for kn and &BrH 

are 0.5 and —8.3 cal K - 1 m o l - 1 , respectively. 
In Tab le 4, hydrolysis rate constants kh obtained 

spectrophotometr ical ly in aqueous dioxane are com­
pared wi th rate constants ka for the loss of optical 
activity of the enant iomeric substrate. Both rate 
constants are identical wi th in experimental errors. 
T h e optical ly active substrate of 1 was prepared by the 
Sharpless oxida t ion of methoxymethyl phenyl sulfide 
in the presence of diethyl tartrate.12) Data in Tab le 4 
also show that hydrolysis rates increase wi th in­
creasing content of d ioxane in the reaction media. 
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i 4 ^ 

0 0.1 0.2 0.3 

[H+]/M 

Fig. 2. Acidity dependence of the halide ion-catalyzed 
hydrolysis of 1. 

Discussion 

Rates of formation of S-phenyl benzenethiosulfinate 
5 were measured spectrophotometrically. Formation 
of this dimeric product was found to be in the first 
order with respect to concentration of the substrate 1 
except for the very early stage of the reaction where the 
induction was observed. The observed first-order rate 
constants ôbsd must reflect the formation of benzene-
sulfenic acid 3, which is a primary hydrolysis product 
and undergoes very rapidly condensation to 5.n ) The 
spectrophotometric rate constants agree very well with 
the rate constants for loss of optical activity of the 
substrate 1. These observations strongly support that 
the rate-determining step of the reactions responsible 
for the two rate constants is identical and should be the 
cleavage of the S-C bond. The loss of optical activity 
must be due to the fragmentation of 1, and the 
racemization of the optically active 1 does not occur 
more rapidly than the fragmentation. 

The observed rate constants increase with increasing 
acidity of perchloric acid as given in Table 1. 
Deuterium solvent isotope effects are inverse and the 
reaction is likely to involve a pre-equilibrium protona­
tion followed by the rate-determining breakdown of 
the protonated intermediate. The pK* value for 1 may 
be evaluated from the linear free energy correlation in 
the following way. Values of p# a of protonated 
sulfoxides measured and compiled by Scorrano13) are 
correlated with sums of the Taft a* constants14) of 
substituents as shown in Fig. 3 to give pK* for 1 being 
—2.5. On the other hand, the ratio of the conjugate 
acid to the substrate were found to follow the Bunnett 

3.0 

2.5 

2.0 

1.5 

OH 0 
1 * + 

R - S - R ' ^ R-S-R' + H 
+ 

Ph.Me 

P h , i - P r Q ^ / ^ 

yO O 
jS Me,Me p h ) t . B u 

K ^ Me,t-Bu 
1 1 1 

Ph.Phl 

yS 1 i 

o 1 
t 

PhSCH20Me 

(pKa = - 2 .5 ) 

1 

0.5 

Ho* 
1.0 

Fig. 3. Correlation of pK* of protonated sulfoxides 
RS(0)R/ with the <J* constants. Data are taken from 
Ref. 13 and R, R' are given. 

Fig. 4. The Bunnett-Olsen correlation for the acid-
catalyzed hydrolysis of 1 in aqueous perchloric acid. 

and Olsen equation (Eq. 5)15) with 0=0.50+0.05. The 
fraction of the ptotonated substrate 2 (SH+) can be 
calculated by Eq. 5 and the rate constant ki for the 
breakdown of 2 is given by Eq. 6. 

log([SH+]/[S]) + Ho = </>(Ho + log[H+]) + p£a (5) 

k.2 = &obsd(feo +K&)/hso (6) 

where /*so=10"Hso and Hso =H 0-0.50 (H0+log[H+]). 
The rate constants hi are then analyzed according to the 
Bunnett and Olsen linear free energy approach15) and 
values of log(&2) are plotted against Ho+log[H+] in 
Fig. 4 to give a slope c/>=—0.154+0.003. The negative 
value of <j> suggests according to the Bunnett-Olsen 
criterion15) that any water molecule is not involved in 
the rate-determining step. That is, the rate-deter­
mining process is uni-molecular in accord with the 
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A-l mechanism. T h i s conclusion suggesting rate-
de te rmin ing formation of methoxymethyl cation 
intermediate is, however, incompat ible wi th the 
recently accepted belief that methoxymethyl cation has 
too short a lifetime (10 - 1 3 — 10_ 1 5s) to be a discrete 
intermediate.1 6 _ 1 9 ) 

A similar fragmentat ion reaction of £-butyl phenyl 
sulfoxide 6 observed previously had the value of <j> of 
—0.25.6) T h e reaction of 6 was found to undergo a 
concomitant racemization (i.e., the racemization is 
faster than the fragmentation)6 ) whi le the present 
reaction of 1 is not accompanied by a possible 
racemization at the sulfinyl sulfur. T h e reactions of 6 
were rationalized by the occurrence of re turn to the 
sulfoxide from the ion-sulfenic acid pair (Eq. 7).6) 

PhS(0)Bu< + H+ 

6 

derivatives. 22»23) 

PhS+(OH)Bu< 
racemization 

-> PhSOH + +Bu< 

^ [PhSOH +Bu<] 

-> PhSOH + 'BuOH (7) 

By contrast, the present reaction does not involve 
such a re turn to the sulfoxide. It is no t reasonable that 
the re turn from the intermediate ion pai r cannot occur 
wi th the methoxymethyl derivative 1 whi le it does 
occur wi th the £-butyl derivative 6. T h e re turn wi th 
the former derivative may be occurr ing in a different 
way, the carbocation recombin ing wi th the sulfenic 
acid at the oxygen bu t no t at the sulfur a tom. T h a t is, 
the re turn may give rise to the sulfenate ester 7 bu t no t 
to the sulfoxide 1 (Eq. 8). Methoxymethyl benzene-
sulfenate 7 is hydrolyzed m u c h more rapidly than the 
sulfoxide 1,20) and the re turn (racemization) could no t 
be observed. T h e mechanism involving rate-deter­
m i n i n g formation of 7 is in accord wi th the Bunnett-
Olsen analysis suggesting that the rate-determining 
step does not involve any water molecule. T h e 
observed value of AS* close to zero also conforms to 
this mechanism. Furthermore, free methoxymethyl 
cation, an impossible intermediate, is avoided. 

r.d.s. 

H 
I 

2 - ^ ^ [PhSOH +CH2OMe] ,CUA1" > PhSOCH2OMe 

7H+ 

H2Q 

rapid 
PhSOH + HOCH2OMe (8) 

T h e re turn to form the sulfenate may take place 
because 7 is more stable than the sulfoxide 1. T h e 
stability of 7 was previously observed when the 
sulfoxide 1 was found to rearrange thermally to 7.21) 

T h e stability of this sulfenate is no t unexpected and 
may be at tr ibuted to the anomer ic type interact ion (or 
negative hyperconjugat ion) of geminal oxygen a toms 
wh ich is widely recognized for acetal and orthoester 

PhSO-CH2-OMe <-

7 

PhSO- CH2=OMe 

PhSO-CH2 -OMe 

T h e observed solvent effects on the hydrolysis rate 
are unusua l , the rate increasing with increasing 
content of the organic componen t of aqueous solut ion 
(Table 4) contrary to the expectation for an ionic 
reaction. Rates of the A-l hydrolysis of acetals were 
actually found to decrease wi th increasing content of 
dioxane.24) T h i s anomaly may have arisen from an 
intramolecular nature of the rate-determining step 
(rearrangement) a n d / o r from differential solvation re­
quirements between sulfur and oxygen compounds.13»2® 

T h e hydrolysis is faster in H C l than in HCIO4 at the 
same acidity, and was found to be accelerated by added 
hal ide ions. T h e reaction is th i rd order, first order in 
each of the substrate, acid, and hal ide ion concentra­
tion. Hal ide ion catalysis has also been observed for 
the acid-catalyzed racemization of pr imary alkyl 
phenyl sulfoxides (but no t for tertiary alkyl sul­
foxides).® T h e halide-catalyzed racemization was 
found to be of the second order in acid concentration.® 
T h e second-order dependence was accommodated by a 
reaction sequence of Eqs. 9—12 where the rate-
de te rmin ing step is the format ion of the halosulfo-
n i u m ion from the protonated sulfurane intermediate. 

Ph Ph 

S-^0 + H+ : 

Ph 

S+-0H 

Ph 

\ S+-0H + Hal" ̂ = ^ Hal-S-OH 

R 

Ph Ph 

Hal-S-OH + H + ^ = ^ Hal-S-+0H9 
1 1 
R R 

racemization 

fPh 
Hal-S+ + Hal ^ 

R 

slow ^ p h 

^ = ± Hal-S+ + H20 
X R 

Ph 
1 

Hal-S-Hal 
1 
R 

H90 
Ph 

Hal-S+ > PhSOH + MeOCH2OH 
XCH 20Me 

(9) 

(10) 

(11) 

(12) 

(13) 

T h e halosul fonium ion may readily lead to hydrolysis 
products (Eq. 13), if formed. However, the rate of the 
present reaction depends on the first power of acid con­
centration and the rate-determining step mus t be ini t ial 
attack of hal ide ion on the p ro tona ted sulfoxide 2 or 
the ensuing step which does no t involve a second 
proton. It is hard to consider tha t the reaction of 1 
follows the same mechanism as described in Eqs. 9—13 
but only the rate-determining step is changed by the 
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o 
PhSCHo0Me H 

I [PhSOH +CH2OMe] > PhSOCH2OMe 

7H+ 

PhSOH + MeOCH2Ha]/ 

3 

Scheme 1. 

H 2 0 / 

PhSOH + MeOCH2OH 

y 3 4 

I 1 
P h S ( 0 ) S P h CH 2 ( 0 H ) 2 

5 

methoxy substi tut ion. 
T h e ini t ia l hal ide attack could be at the carbon a tom 

of the pro tona ted sulfoxide 2 (Eq. 14). T h e sulfenic 
acid-ion pa i r may be t rapped by hal ide ion in the rate-
de te rmin ing step before it rearranges to the sulfenate 7. 
However, this is i n c o m p a t i b l e wi th the suggestion 
that format ion of the ion pai r is rate de te rmin ing in 
the water reaction. T h e SN2-type reaction (Eq. 14) is 
preferred because of h i g h nucleophi l ic i ty of hal ide 

ion. 

PhS+(OH)CH2OMe + Hal~ 

> PhSOH + HalCH2OMe (14) 

T h e most p laus ible mechanism of the overall 
reaction is summarized in Scheme 1 as a conclusion. 

Another possibil i ty tha t a sulfurane intermediate 
formed by the in i t ia l nuc leophi l ic at tack at the sulfur 
a tom of 2 undergoes f ragmentat ion in a way different 
from simple alkyl sulfoxides cannot completely be 
excluded. A heteroatom l igand ( O H or Nu) may 
couple wi th the methoxymethyl residue wi th in the 
sulfurane intermediate (Eq. 15). T h i s type of 
int ramolecular reaction, l igand coupl ing , has recently 
been observed for some sulfurane intermediates.2 6 ) T h e 
only weak evidence against this mechan i sm is the 
observed negative $ value suggesting that the water 
molecule is no t involved in the rate-determining step 
of the water reaction. 

OH 

I 
Ph-S-CHoOMe 

Nu 

Nu = OH or Halogen 

(15) 

PhSOH + MeOCH2Nu 

PhSNu + MeOCH2OH 

Experimental 

Materials. Acetonitrile and dioxane were distilled from 
calcium hydride and sodium, respectively. Inorganic salts 
were of the best grade commercially available. 

Methoxymethyl phenyl sulfoxide (1). Four mmol of 
methoxymethyl phenyl sulfide, which was prepared from 

chloromethyl methyl ether and benzenethiol, was dissolved 
in 15 cm3 of chloroform and 20 cm3 of chloroform solution 
of ra-chloroperbenzoic acid (4 mmol) was added from a 
dropping funnel and stirred for 1 h under cooling with an 
ice bath. The mixture was washed with 5% NaOH and water 
and dried over MgS04. Evaporation of the solvent gave a 
practically pure sample of 1. Kinetic and analytical samples 
were purified just before use by chromatography (silica gel, 
hexane-ethyl acetate). IR (film) 1047 cm"1 (S=0). *H NMR 
(CC14) 6=3.68 (s, 3H), 4.34 (s, 2H), 7.4—7.7 (m, 5H). 
Distillation at >0.5 mmHg (1 mmHg=133.322 Pa) and ca. 
100 °C resulted in rearrangement to methoxymethyl ben-
zenesulfenate. 

Optically active 1 was prepared according to the literature.12) 

Reaction was carried out at 0 °C for 20 h. Chromatographic 
separation gave a chemically pure sample in about 60% 
yield. [a]D, +76° (c 1.23, CH3CN). 

Kinetic Measurements. Acid solutions were prepared 
from 70% perchloric acid and concentrated hydrochloric and 
hydrobromic acids and titrated with a standard NaOH 
solution. Sodium chloride and sodium bromide were also 
used for halide solutions. Ionic strengths were maintained 
with sodium Perchlorate when necessary. 

The UV spectra were recorded on a Shimadzu UV 200 
spectrophotometer. Reaction was started by introducing 
0.03 cm3 of a stock solution of 1 in acetonitrile (ca. 
10_2moldm~3) from a microsyringe into 3 cm3 of acid 
solution in a quartz cuvette equilibrated at the constant 
temperature in the cell compartment of the spectrophotom­
eter. The absorbance increase at 275 nm was followed 
usually for about 6 halflives and pseudo-first-order rate 
constants were calculated by a modified Guggenheim meth­
od. 

Rates of the loss of optical activity were measured in the 
same way on a Union PM 101 Polarimeter. About 0.01 cm3 

of the substrate was directly introduced to 3 cm3 of aqueous 
dioxane solution. 

Product Analysis. Hydrolysis product obtained under 
kinetic conditions were analyzed on an HPLC analyzer, 
JASCO BIP-1, equipped with a Finepak SIL CisS column 
(eluent, 1:1 (v/v) CH3CN-H2O) after neutralization with 
NaOH. Retention times were compared with those of the 
authentic samples. 

We thank Professor T . Imanaka for use of the 
Polarimeter. 
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An optically active nonchromophore moiety of asteltoxin carrying a hexahydrofuro[2,3-6]furan structure 
has been successfully synthesized from a branched-chain D-xylohexofuranose derivative. 

Of mycotoxins possessing inhibitory activities to 
mitochondrial ATPase, asteltoxin (1) was isolated 
from cultures of Aspergilus stellatus Curzi, and its 
structure has been established by spectroscopic data 
and an X-ray crystallographic analysis.1) In addition 
to the absolute configuration, asteltoxin (1) con­
taining the characteristic hexahydrofuro[2,3-6]furan 
has served an interesting target to synthetic chemists, 
and up to now two research groups have presented 
total synthesis of this mycotoxin in (+)- and (+)-
forms.2) We have also been interested in the absolute 
configuration which should be as depicted in Fig. 1, 
from view points of our extensive investigation on 
isolation, structural determination and synthesis of the 
metabolites of Pénicillium citreoviride B. and related 
mycotoxins.3) Therefore, we have independently 
started the synthetic study on 1, in which an optically 
active tetrahydrofuran derivative (2) could be synthe­
sized. As anticipated, comparison of the optical 
rotation value with a natural product indicated that 1 
has the same absolute configuration as those of 
citreoviridin class mycotoxins, which have been 
formed from sugars carrying D-configurations. We 
describe herein our research process.4) 

Results and Discussion 

The known branched chain sugar (3)3) was chosen as 
the starting material in which the carbon sequence 
from C-l to C-4 in 1 has already been set up. Thus, 

HO,, 

i x % % % * 3 OMe 

1 (ASTELTOXIN) 

HO. 

OH 

Fig. 1. 

compound 3 was transformed into the corresponding 
glycoside to modify the C-2 OH group. After 
oxidation of the methyl glycoside, the resulted 
carbonyl group was methylated (MeLi) to give a 
tertiary alcohol, and then a vicinal diol obtained by 
acid-hydrolysis was oxidized with NaIÛ4, followed by 
treatment with K2CO3 to give an acyclic methyl ketone 
(4) (62% yield from 3). After removal of the benzyl 
group in 4, the vicinal diol was again protected with 
that of the cyclohexylidene group. Carbon chain 
elongation was accomplished with Horner-Emmons 
reaction to afford an a,ß-unsaturated ester (5) in 99% 
yield. In the following step, Claisen rearrangement 
(6->7) might be available to construct the quaternary 
carbon at C-5 position in 1. To realize this strategy, 5 
was subjected to DIBAL reduction and the resulted 
allyl alcohol was reacted with ethyl vinyl ether to give 
6. Reaction of 6 in decalin at 200 °C gave rise to the 
expected rearrangement to ca. 1:1 mixture of 
aldehydes (7) in 89% yield. Unfortunately, the 
stereoselectivity of the reaction products could not be 
improved, therefore the following steps were performed 
without further separation. The aldehyde function in 
7 was transformed into the corresponding methyl 
esters (8) in two steps. Treatment of 8 with EtSH-
BF3 • OEt2 effected deprotection of the acetal group 
and concomitant ring rearrangement to y-lactone (9) 
having the IR absorption band at 1770 cm -1. Con­
version of 9 to a mixture of 10a and 10b was effected 
with ozonization, followed by exposure to K2CO3 in 
MeOH. The resulted 10a and 10b could be separated 
after acetylation. 

As indicated in Scheme 2, under hydrogen chloride 
in MeOH conditions, the 7-lactone moiety in 10a was 
opened to give a methyl glycoside (11), from which a 
reaction process was started to introduce two new 
chiral centers at C-6 and 7 positions in 1 or 2. 
Compound 11 was reacted with L1AIH4 to give an 
alcohol, which could be converted to a vinyl derivative 
(12) by o-nitrobenzeneselenenyl cyanide. Ozonization 
of 12, followed by Horner-Emmons olefination 
underwent the desired C-l unit elongation to 13, 
which was also obtained from 10b as follows. 

Conversion of 10b to a methyl glycoside (14) was 
smoothly effected in three steps. Compound 14 so far 
obtained was transformed into an acyclic triol (15). 
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Scheme 1. 

Selective protect ion of 15 afforded 16 in 84% yield, and 
then the C-l un i t was cleaved in four steps to give 17, 
in which the stereochemistry of C-3 — C-5 posi t ions in 
1 has set as the requi red configurat ion. Successive 
Swern oxidation and H o r n e r - E m m o n s reaction effected 
carbon-chain e longat ion of 17 to yield 13. 

C o m p o u n d 13 so far obta ined was converted to an 
allyl benzyl ether (18) in two steps. T rea tmen t of 18 
wi th OsÛ4 afforded a mix ture of vicinal diols, which 
was subjected to acidic condit ions [catalytic camphor-
sulfonic acid (CsOH) in benzene] to give a chromato-
graphical ly separable mixture of 19a and 19b. T h e 
desired 19a could be readily d is t inguished from 19b by 
compar i son of the opt ical rotat ions (19a: [ « ] D + 5 5 . 2 ° ; 
19b: [a]D+2.8°) . Finally, catalytic hydrogénat ion of 
19a provided the hexahydrofuro[2,3-è]furan (2), the 
structure of which was suppor ted under full range of 
spectral data. Part icular ly, the optical ro ta t ion of the 
synthetic 2 ( [ Q : ] D + 5 3 0 ) was in good agreement wi th 
tha t of an au thent ic sample ( [a]D+52.9 0 ) 2 c ) derived 
from as tel toxin (1). 

Experimental 

All the melting points were obtained on a Mitamura 
Riken melting point apparatus and uncorrected. IR spectra 
were recorded on a JASCO Model A-202 spectrophotometer. 
*H NMR spectra were obtained on a Varian EM-390 
(90 MHz) or a JEOL JNM GX-400 (400 MHz) NMR 
spectrometer in deuteriochloroform solution using tetra-
methylsilane as an internal standard, unless otherwise stated. 
High resolution mass spectra were obtained on a Hitachi 
M-80 GC-MS spectrometer operating with an ionization 
energy (70 eV). Optical rotations were measured on a 
JASCO DIP-360 Polarimeter in chloroform, unless otherwise 
stated. Preparative and analytical TLC were carried out on 
silica-gel plates (Kieselgel 60 F254, E. Merck A. C West 
Germany) using UV light and/or 5% molybdophosphoric 
acid in ethanol for detection. Katayama silica-gel (K 070) 
was used for column chromatography. 

Conversion of 3 to the Acyclic Ketone (4). A solution of 
3-0-benzyl-5,6-dideoxy-l,2-O-isopropylidene-3-C-methyl-0!-
D-xylohexofuranose (3)3) (4.66 g) in 0.75 M hydrogen chloride 
(1 M=l moldm - 3 ) in MeOH (60 ml) was stirred at room 
temperature for 5 h. The resulted reaction mixture was 
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evaporated to give a residue, which on purification by 
silica-gel column chromatography [40 g, hexane-EtOAc 
(4:1)] afforded a methyl glycoside (4.30 g), which was 
directly oxidized at reflux temperature for 2 h with pyri-
dinium chlorochromate (PCC) (10 g) in benzene (300 ml) in 
the presence of excess Celite to yield 3.63 g of the desired 
ketone derivative. To a solution of the ketone (750 mg) in 

T H F (50 ml) was added MeLi (4.3 ml, 0.99 M hexane solu­
tion) at — 78 °C under Ar. The mixture was stirred at the 
same temperature for 1.5 h, and quenched in a usual manner 
to give a crude product which was purified by preparative 
TLC [hexane-EtOAc (3:1)] to give a methyl derivative 
(780 mg). The methyl glycoside (700 mg) was hydrolyzed at 
room temperature for 6d in 12 M HCl (4 ml) - dioxane 
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(3 ml) - H 2 0 (10 ml) to give a 1,2-diol derivative (490 mg). A 
mixture of the diol (2.08 g) and NaI0 4 (3.4 g) in MeOH 
(120 ml) - H2O (120 ml) was stirred at room temperature 
overnight. The mixture was filtered and the filtrate was 
evaporated to give a residue which was partitioned between 
EtOAc and H2O. The organic layer was washed with brine, 
dried over anhydrous Na2SC>4, and evaporated to yield a 
crude product, which was treated with catalytic K2CO3 in 
MeOH at room temperature for 1 h to afford an oily methyl 
ketone (4) (1.84 g): [a]f>4-32.5° (c 0.81); IR (film) 3480 and 
1710 cm"1; 1H NMR 0=0.98 (3H, t, /=7.5 Hz), 1.33 (3H, s), 
1.2—1.6 (2H, complex), 2.20 (3H, s), 2.45 (1H, broad s), 3.67 
(1H, dd, /=4.5 , 8 Hz), 4.37 (1H, d, /=12 Hz), 4.50 (1H, d, 
/=12 Hz), and 7.34 (5H, s). Found: m/z 237.1480. Calcd for 
C14H21O3: M+l , 237.1489. 

Synthesis of the ot,ß-Unsaturated Ester (5). Compound 4 
(1.86 g) was hydrogenated at room temperature for 5 h in 
MeOH (50 ml) in the presence of catalytic Pd-black to give a 
diol (1.17 g): mp 56—57 °C (from hexane-EtOAc); [a]f>3 

+65.2° (c 0.67). A solution of the diol (1.17 g) and 1,1-
dimethoxycyclohexane (3.5 g) in DMF (50 ml) in the 
presence of catalytic TsOH was heated at 60 °C (20 torr) for 
2 d. The reaction mixture was partitioned between EtOAc 
and H2O. The EtOAc layer was washed with sat. aq 
NaHCOs and brine, dried over anhydrous Na2S04, and then 
evaporated. The residue was purified on a silica-gel column 
[50 g, hexane/EtOAc (15:1)] to afford an oily cyclohexyli-
dene derivative (1.35 g): [aß 5 -19.5° (c 1.02). Ethyl 
diethoxyphosphinylacetate [(EtO)2P(0)CH2COOEt] (7.84 g) 
in anhydrous THF (5 ml) was treated with NaH (1.58 g, 60% 
dispersion in mineral oil) at 0°C for 5 min under Ar. To 
this mixture was added the cyclohexylidene derivative 
(1.49 g) in THF, and the reaction mixture was stirred at 
room temperature overnight. The resulted solution was 
partitioned between EtOAc and H2O, and the EtOAc layer 
was washed with brine, dried over anhydrous Na2S04, and 
evaporated to give a residue, which on purification by silica-
gel column chromatography [60 g, hexane-EtOAc (1:1)] 
yielded an oily a,ß-unsaturated ester (5) (1.93 g): [aß6 +8.9° 
(c 1.31); IR (film) 1720 and 1640 cm"1; iH NMR 0=1.03 (3H, 
t, /=7.5 Hz), 1.21 (3H, s), 1.30—1.80 (12H, complex), 2.15 
(3H, s), 3.73 (1H, dd, /=4.5 , 7.5 Hz), 4.13 (2H, q, /=7.5 Hz), 
and 6.05 (1H, broad s). Found: m/z 296.1981. Calcd for 
Ci7H2804:M, 296.1985. 

Conversion of 5 to the Vinyl Ether (6). To a solution of 5 
(1.89 g) in dry THF (25 ml) was added diisobutylaluminum 
hydride (DIBAL-H) (13 ml, 1.5 M toluene solution) at 
—72 °C, and the mixture was stirred at the same temperature 
for 1 h. The reaction was quenched by addition of EtOAc 
and aqueous Rochelle salt, and the resulted mixture was 
stirred for another 30 min, and filtered. The filtrate was 
partitioned between EtOAc and H2O, and the EtOAc layer 
was washed with brine, dried over anhydrous Na2S04, and 
then evaporated. The residue was purified on a silica-gel 
column [50 g, hexane-EtOAc (3:1)] to give an ally lie alcohol 
(1.60 g). A mixture of the allylic alcohol (40 mg) and 
Hg(OAc)2 (10 mg) in ethyl vinyl ether (2 ml) was refluxed for 
7 h under Ar. The reaction mixture was partitioned between 
benzene and H2O, and the organic layer was washed with sat. 
aq NaHCOs and brine, dried over anhydrous Na2S04, and 
then evaporated. Chromatographic purification [Florisil 
1 g, hexane-EtOAc (10:1)] of the crude product afforded a 

vinyl ether (6) (41 mg): [aß5+10.3° (c 1.94); IR (film) 1630 
and 1610 cm"1; iH NMR 0=1.00 (3H, t, /=7.5 Hz), 1.18 (3H, 
s), 1.25—1.65 (12H, complex), 1.70 (3H, s), 3.73 (1H, dd, 
/=4.5, 11 Hz), 4.00 (2H, complex), 4.27 (2H, broad d, 
/=7.5 Hz), 5.68 (1H, broad t, 7=7.5 Hz), and 6.45 (1H, dd, 
7=7.5, 15 Hz). Found: m/z 280.2030. Calcd for C17H28O3: M, 
280.2036. 

Claisen Rearrangement of 6. A decalin solution of 6 
(70 mg in 5 ml) under Ar in a sealed tube was heated at 
200 ° C for 2 h. The mixture was charged on a silica-gel 
column (10 g) and eluted successively with hexane and 
hexane-EtOAc (10:1) to give a ca. 1:1 mixture of the desired 
aldehydes (7) (62 mg): IR (film) 1720 and 1620 cm"1; 
1H NMR ô=9.70 (1H, complex). This mixture was used for 
the next reaction without separation. 

Synthesis of the Methyl Esters (8). To a stirred solution 
of 7 (1.20 g) and AgNOs (1.54 g) in EtOH (60 ml) and H2O 
(6 ml) was gradually added aq NaOH solution (1.44 g in 
24 ml) over 5 min, and then the resulted mixture was stirred 
at room temperature for an additional hour. The reaction 
mixture was filtered, and the filtrate was evaporated to give a 
residue, which was extracted with EtOAc. The EtOAc 
solution was successively washed with H2O, 2 M HCl, and 
brine. After being dried over anhydrous Na2S04, the solu­
tion was evaporated to give a crude product, which was 
dissolved in EtOAc (10 ml), and then treated with CH2N2 
(10 ml, ether solution) at room temperature for 10 min. After 
evaporation, the resulted product was separated by prepara­
tive TLC [hexane-EtOAc (10:1)] to give 1.11 g of 8: IR (film) 
1740 and 1640 cm"1; iH NMR 0=3.57 (3H, s). This mixture 
was subjected to the next reaction without further purifica­
tion. 

Formation of the 7-Lactone (9). A mixture of 8 (1.15 g), 
EtSH (2.1 ml) and BF3 - OEt2 (1.4 ml) in CH2CI2 (40 ml) was 
stirred at 0°C, and then gradually warmed up to room 
temperature during 5 h. The resulted mixture was partitioned 
between CHCI3 and H2O, and the CHCI3 layer was washed 
with saturated aq NaHCOs, dried over anhydrous Na2S04, 
and then evaporated to give a residue, which on purification 
by preparative TLC [hexane-EtOAc (2:1)] afforded a 1:1 
mixture of 9 (670 mg): IR (film) 3480, 1770, and 1640 cm"1; 
iHNMR 0=1.22 (3H, broad s), 1.27 (3H, broad s), 2.33 
(0.5 H, d, 7=18 Hz), 2.38 (0.5 H, d, 7=18 Hz), 2.85 (0.5 H, d, 
7=18 Hz), and 2.92 (0.5 H, d, 7=18 Hz). This mixture was 
used for the next ozonization without further separation. 

Synthesis of the Hexahydrofuro[2,3-b]furan (10a) and Its 
Isomer (10b). Ozone was passed through a solution of 9 
(580 mg) in MeOH (30 ml) at - 7 5 °C for 15 min. After excess 
ozone was purged with Ar, Me2S (3 ml) was added to the 
stirred solution, which was gradually warmed up to room 
temperature during 30 min. The mixture was evaporated, 
and the resulted syrup was treated with catalytic K2CO3 in 
MeOH (40 ml) at room temperature for 2 h. After being 
neutralized by adding AcOH, the mixture was evaporated to 
give a crude mixture of 10a and 10b, which on acetylation 
yielded a chromatographically separable mixture [prepara­
tive TLC, benzene-acetone (5:1)] of 10a (269 mg) and 
monoacetylated 10b (307 mg). 

10a: [a]f>4+52.8° (c 0.59); IR (film) 3470 and 1780 cm"1; 
1H NMR 0=1.05 (3H, t, 7=7.5 Hz), 1.17 (3H, s), 1.30 (3H, s), 
1.57 (2H, complex), 1.88 (IH, broad s), 2.27 (IH, d, 7=18 Hz), 
2.67 (IH, d, 7=18 Hz), 3.83 (IH, dd, 7=4.5, 6 Hz), and 5.55 
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(1H, s). Found: m/z 200.1037. Calcd for CioHi604: M, 
200.1047. 

10b (as acetate): IR (film) 1790 and 1750 cm"1; m NMR 
0=1.02 (3H, t, /=7.5 Hz), 1.15 (3H, s), 1.40 (3H, s), 1.65 (2H, 
complex), 2.08 (3H, s), 2.45 (1H, d, /=18 Hz), 2.83 (1H, d, 
/=18 Hz), 3.81 (1H, t, / = 6 Hz), and 6.08 (1H, s). Treatment 
of this anomeric mixture with K2CO3 in MeOH effected 
deacylation, and the crude product was used for the next step 
without purification. 

Conversion of 10a to the a,/MJnsaturated Ester (13). A 
solution of 10a (16 mg) in 0.75 M hydrogen chloride in 
MeOH (1 ml) was kept at room temperature for 2d. The 
mixture was neutralized with NaHCOs and then evaporated. 
The residue so far obtained was separated by preparative 

TLC [hexane-EtOAc (2:1)] to afford 11 (16mg) and the 
recovered starting material (1 mg). 

11: IR (film) 3500 and 1730 cm"1; iH NMR 0=3.40 (3H, s), 
3.70 (3H, s), 4.50 (0.25H, s), and 5.05 (0.75H, s). 

Compound 11 (96 mg) was treated with L1AIH4 (45 mg) in 
dry ether (5 ml) at room temperature for 1 h. The reaction 
was quenched in a usual manner to give an alcohol (85 mg), 
which was dissolved in dry THF (5 ml). To this solution 
under Ar were added o-nitrobenzeneselenenyl cyanide 
(170 mg) and BU3P (0.19 ml), and the mixture was stirred at 
room temperature for 30 min. The reaction mixture was 
partitioned between EtOAc and H2O, and the organic layer 
was washed with brine, dried over anhydrous Na2SÜ4, and 
then evaporated. The resulted residue was purified by 
preparative TLC [hexane-EtOAc (2:1)] to give a selenenyl 
derivative (162 mg). The selenenyl derivative (242 mg) was 
dissolved in THF (12 ml), and 35% aq H2O2 (0.75 ml) was 
added to this solution. After being stirred at room 
temperature overnight, the reaction mixture was partitioned 
between EtO Ac and H2O. The EtO Ac layer was washed with 
brine, dried over anhydrous Na2S04, and evaporated to give 
a residue, which on purification by preparative TLC 
[hexane-EtOAc (3:1)] afforded an anomeric mixture (12) 
(117 mg). Treatment of 12 (68 mg) with ozone as the case of 9 
gave a crude aldehyde, which was dissolved in dry T H F 
(3 ml). To this solution were added (EtO)2P(0)CH2COOEt 
(0.33 ml) and NaH (67 mg, 60% dispersion in mineral oil), 
and then the mixture was stirred at room temperature for 2 h. 
After usual work-up, the crude product was purified by 
preparative TLC [hexane-EtOAc (2:1)] to afford a ca. 2:1 
mixture of esters (13) (64mg): IR (film) 3520, 1720, and 
1650 cm"1; *H NMR 0=3.37 (3H, s), 3.78 (0.36H, t, 7=6 Hz), 
3.83 (0.64H, t, 7=6 Hz), 4.17 (0.72H, q, 7=6 Hz), 4.22 (1.28H, 
q, 7=6 Hz), 4.55 (0.64H, s), 4.60 (0.36H, s), 5.92 (1H, d, 
7=15 Hz), 6.85 (0.36H, d, 7=15 Hz), and 7.28 (0.36H, d, 
7=15 Hz). This mixture was used for the next step without 
separation. 

Conversion of 10b to 16 via the Glycoside (15). A 
solution of 10b (82 mg) in 0.75 M hydrogen chloride in 
MeOH (3 ml) was stirred at room temperature overnight. 
After being neutralized with NaHCOs, the mixture was 
evaporated and purified on a silica-gel column (1 g, EtO Ac) 
to yield a methyl glycoside (83 mg), which was reduced with 
L1AIH4 (45 mg) in ether (5 ml) at room temperature for 1 h. 
Usual work-up afforded a crude product, which was 
chromatographed on a silica-gel column (1 g, EtO Ac) to give 
an alcohol (84 mg). A mixture of the alcohol (84 mg), benzyl 
chloride (0.053 ml) and NaH (37 mg, 60% dispersion in 

mineral oil) in DMF (3 ml) was stirred at room temperature 
for 1 h. The reaction mixture was partitioned between 
EtOAc and H2O, and the organic layer was washed with 
brine, dried over anhydrous Na2S04, and then evaporated. 
The residue was purified by preparative TLC [hexane-EtOAc 
(3:1)] to give a benzyl derivative (14) ( l l l m g ) : IR (film) 
3500, 1600, and 1580 cm"1. Compound 14 (91 mg) was then 
hydrolyzed in 1 M HCl in dioxane (4 ml) at room temperature 
for 4 h. After being neutralized, the reaction mixture was 
evaporated to give a residue, which was extracted with 
EtOAc. The EtOAc solution was washed with H2O and 
brine, dried over anhydrous Na2S04, and evaporated. The 
residue was separated by preparative TLC [hexane-EtOAc 
(2:1)] to give a hemiacetal (72 mg) as well as 10 mg of the 
starting material. The hemiacetal (72 mg) so far obtained 
was treated with L1AIH4 (48 mg) in ether (4 ml) at room 
temperature for 2 d. Usual work-up followed by preparative 
TLC purification [hexane-EtOAc (1:1)] afforded an oily 
triol (15) (22 mg) and the unreacted hemiacetal (13 mg). 

15: [afj +23.2° (c 1.12); IR (film) 3400 cm"1; iH NMR 
0=0.77 (3H, s), 1.00 (3H, t, 7=7.5 Hz), 1.02 (3H, s), 4.50 (2H, 
s), and 7.32 (5H, broad s). 

A mixture of 15 (22 mg), £-butyldiphenylsilyl chloride 
(TBDPSC1) (0.03 ml) and imidazole (8mg) in DMF (1 ml) 
was stirred at room temperature overnight. Extractive work­
up followed by preparative TLC purification [hexane-EtOAc 
(2:1)] yielded a monosilylated derivative (35 mg), which was 
dissolved in acetone (1 ml), and kept at room temperature for 
6 h in the presence of catalytic TsOH. After neutralization, 
the mixture was filtered, and the filtrate was evaporated to 
give a residue, which on purification by preparative TLC 
[hexane-EtOAc (4:1)] gave an acetonide (16) (36mg): 
[a]g -2.36° (c 1.52); IR (film) 1580 cm"1; iH NMR 0=0.93 
(3H, s), 0.95—1.20 (15H, complex), 1.33 (3H, s), 1.40—1.60 
(2H, complex), 1.76 (2H, dd, 7=7.5, 9 Hz), 3.30—3.70 (3H, 
complex), 3.85 (2H, q, 7=7.5 Hz), 4.40 (2H, s), 7.26 (5H, 
broad s), and 7.30—7.80 (10H, complex). Found: m/z 
559.3242. Calcd for C35H4704Si: M-Me, 559.3241. 

Conversion of 16 to 13 via the Glycoside (17). Compound 
16 (36 mg) was hydrogenated in MeOH (2 ml) in the presence 
of catalytic Pd-black at room temperature for 2 h to give an 
alcohol (28 mg), which was converted to the corresponding 
vinyl derivative (23 mg) as the case of 12. The vinyl 
derivative so far obtained was ozonized in MeOH (1 ml) at 
—78 °C for 5 min. After reductive quenching with Me2S, a 
crude product was dissolved in 0.75 M hydrogen chloride in 
MeOH (1 ml), and kept at room temperature for 4 d to give a 
methyl glycoside (17) (6.3 mg): IR (film) 3440 cm"1. To a 
stirred solution of (COCl)2 (0.013 ml) and DMSO (0.022 ml) 
in dry CH2CI2 (1ml) at - 6 3 °C under Ar was added 17 
(6.3 mg) in dry CH2CI2 (1ml), and the temperature was 
elevated to — 30 °C during 30 min. After addition of Et3N 
(0.13 ml), the reaction mixture was stirred at the same 
temperature for another 5 min. The resulted mixture was 
partitioned between CHCI3 and H2O, and the CHCI3 layer 
was dried over anhydrous Na2S04, followed by evaporation 
to give a yellow syrup. After co-evaporation with benzene, 
the product was dissolved in dry T H F (1 ml), and reacted 
with (EtO)2P(0)CH2COOEt (0.036 ml) in the presence of 
NaH (7.2 mg, 60% dispersion in mineral oil) at room 
temperature overnight. Extractive work-up followed by 
preparative TLC purification [hexane-EtOAc (4:1)] gave 13 
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(4.8 mg). 
Synthesis of the Hexahydrofuro[2,3-b]furan Derivatives 

(19a, 19b). A mixture of 13 (64 mg) in dry T H F (5 ml) 
under Ar was treated with DIBAL-H (0.79 ml, 1.5 M toluene 
solution) at —78 ° C for 3 h. After usual work-up, the crude 
product was purified by preparative TLC [hexane-EtOAc 
(1:2)] to give an allylic alcohol (34 mg) and the unreacted 
starting material (8 mg). To a solution of the allylic alcohol 
(34 mg) in DMF (2 ml) were added benzyl bromide (0.09 ml) 
and NaH (30 mg, 60% dispersion in mineral oil) at 0 °C, and 
then the reaction mixture was stirred at room temperature 
for 1 d. Usual work-up followed by preparative TLC 
purification [hexane-EtOAc (4:1)] yielded a benzyl deriva­
tive (18) (45 mg). A mixture of 18 (34 mg) and Os0 4 (42 mg) 
in dioxane (1.5 ml) and pyridine (0.02 ml) was stirred at 
room temperature for 2.5 h, and an excess amount of aq 
NaHSÜ3 was added to the mixture. After being stirred 
overnight, the resulted mixture was partitioned between 
EtOAc and H2O, and the EtOAc layer was washed with 
brine, dried over anhydrous Na2SC>4, and then evaporated. 
The residue was purified by preparative TLC [hexane-EtOAc 
(2:1)] to give an oily diol. The diol so far obtained was 
dissolved in benzene (2 ml), and the solution in the presence 
of catalytic CsOH was stirred at room temperature for 2.5 h. 
The reaction mixture was partitioned between EtOAc and 
H2O, and the organic layer was washed with saturated aq 
NaHCOs and brine, dried over anhydrous Na2SÜ4, and then 
evaporated. The residue was separated by preparative TLC 
[hexane-EtOAc (2:1)] to give 19a (7 mg) and 19b (18 mg). 

19a: [aß4+55.4° (c 1.01); IR (film) 3430, 1600, and 
1580 cm"1; *H NMR 0=1.04 (3H, t, /=7.5 Hz), 1.16 (3H, s), 
1.50—1.65 (2H, complex), 1.57 (3H, s), 1.60 (IH, m), 1.73 
(IH, m), 3.51 (IH, d, 7=5 Hz), 3.87—3.95 (3H, complex), 4.32 
(2H, complex), 4.56 (IH, d, 7=12 Hz), 4.61 (IH, d, 7=12 Hz), 
4.66 (IH, d, /=12 Hz), 4.71 (IH, d, 7=12 Hz), 5.39 (IH, s), 
and 7.31—7.36 (10H, complex). Found: m/z 413.2355. Calcd 
for C25H33O5: M+l , 413.2326. 

19b: [afD
4 +2.8° (c 1.39); IR (film) 3470, 1600, and 

1580 cm"1; *H NMR 0=1.03 (3H, t, /=7.5 Hz), 1.18 (3H, s), 
1.49 (3H, s), 1.68 (IH, m), 1.90 (IH, m), 3.71 (IH, dd, 7=4, 

10 Hz), 3.79 (IH, dd, 7=7, 10 Hz), 3.87 (IH, dd, / = 4 , 10 Hz), 
4.14 (IH, d, /=5.5 Hz), 4.46 (IH, m), 4.51 (IH, d, /=11 Hz), 
4.54 (IH, d, /=11 Hz), 4.63 (IH, d, /=11 Hz), 4.68 (IH, d, 
/=11 Hz), 5.04 (IH, s), and 7.30 (10H, complex). Found: m/z 
413.2333. Calcd for C25H33O5: M+l , 413.2326. 

Synthesis of 2. Compound 19a (6 mg) was hydrogenated 
in MeOH (1 ml) in the presence of catalytic Pd-black at room 
temperature for 1 h to give 4 m g of 2: [O!]D2+530 (c 0.36, 
MeOH); IR (film) 3420 cm"1; ^ N M R 0=1.04 (3H, t, 
7=7.5 Hz), 1.11 (3H, s), 1.40 (3H, s), 1.55 (2H, complex), 3.99 
(2H, complex), 4.09 (IH, dd, 7=4, 12.5 Hz), 4.28 (2H, 
complex), and 5.34 (IH, s). Found: m/z 232.1281. Calcd for 
C11H20O5: M, 232.1309. 
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Aid for Scientific Research No. 62214016 from the 
Ministry of Educat ion, Science and Culture, and the 
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Highly Stereoselective Synthesis of Two Natural Olefinic 
Diols via Af-Oxide [2,3]Sigmatropic Rearrangement 
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The [2,3]sigmatropic rearrangement of «-substituted N,N-dimethylmethallylamine iV-oxides results in a 
highly stereoselective formation of trans olefins oxygenating at the allylic position, and providing a quite 
efficient synthesis of cuspidiol and plaunotol. 

The allylic oxidation of gem-dimethyl olefins is one 
of the most important reactions for the synthesis of 
naturally occurring oxygenated terpenoids and bio­
logically active isoprenoids. In these compounds, the 
stereochemistry of the double bonds has been clearly 
defined and the biological activity depends on the 
stereochemistry of the olefins. Hence, a large number 
of methods have been reported for the synthesis of 
terminal trans allylic alcohols and a,ß-unsaturated 
aldehydes.1* One of the more familiar methods is the 
Sharpless procedure,la) involving a catalytic amount of 
selenium dioxide and £-butyl hydroperoxide, which is 
an improvement in conventional oxidation using a 
stoichiometric amount of selenium dioxide.lb) Although 
these reactions have been known to show a high E 
stereoselectivity, the product selectivity is insufficient 
to obtain a single product in good yield. In a 
preliminary communication1^ we established the stereo­
selective conversion of a terminal methyl group of a 
terpene molecule to either an alcohol or an aldehyde 
via a common intermediate. The method consists of 
sequential ene-type chlorination, amination, Af-oxida-
tion, [2,3]sigmatropic rearrangement, followed by a 
reductive fission or a Hofmann-like elimination of the 
resultant allyloxyamines 1, furnishing a trans allylic 
alcohol 2 and a trans a,ß-unsaturated aldehyde 3, 

M^NH ^ ^ \ [H0C1] 
R * 

CH3CO3H 

CI 

NMe2 0-*NMe2 

[2,3] 

Me2NO. 

respectively, as shown in Schme 1. 
The present method has been successfully applied to 

two naturally occurring diols, cuspidiol (4) and 
plaunotol (5). Cuspidiol (4), one of the phenyl 
propanoids having an isoprenoid moiety in the 
molecule, was isolated from the xylem and back of 
Xanthoxylum cuspidatum Champ (Fagara cuspidata 
Engl.), a Formosan plant, as colorless needles by H. 
Ishii and coworkers.2) Plaunotol (5), the most 
important component of a folk medicine named 
Plau-noi in Thailand, was reported to show remark­
able antipeptic ulcer activities.® 

Results and Discussion 

Scheme 2 shows the retrosyntheses of 4 and 5 on the 
basis of regio- and stereo-selective oxidation strategy. 

Scheme 1. 

Scheme 2. 

The total synthesis of cuspidiol (4) is illustrated in 
Scheme 3. We used 3-(p-hydroxyphenyl)propionic 
acid (10) as an available starting material for our 
synthetic approach. After esterification of acid 10, 
prenyl ether 12 could be efficiently prepared by the 
etherification of ethyl ester 11 with prenyl chloride in 
the presence of sodium bromide and potassium 
carbonate followed by a reduction with lithium 
aluminum hydride in excellent yield. The requisite 
internal allylamine 6 could be obtained by ene-type 
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chlor ina t ion of olefin 12 us ing calcium hypochlorite4* 
followed by aminat ion wi th aqueous dimethylamine. l c ) 

A subsequent [2,3]sigmatropic rearrangement was 
carried ou t by the oxidat ion of a l lylamine 6 wi th 
peracetic acid followed by heat ing the crude al lylamine 
Af-oxide 13. T h e resul tant trans al lyloxyamine 14 was 
treated wi th zinc dust in aqueous acetic acid to give the 
desired cuspidiol (4) in a good yield; its spectral data 
(IR and XH N M R ) were identical wi th that in the 
literature.2) 

^.C02H C02Et jzr* -*- jcr~- -**-
10 

HO' 

11 

0 H çLe_ 

12 

OH 

Me2NO^ 

0-^-NMe2 

XT 

14 

13 

a. EtOH, H+, b. J^^t CI , NaBr, K2C03, c. LiAlH4 

d. Ca(0Cl)2, C02 , e. Me2NH, EtOH aq., f. CH3C03H, Na2C03, 

g. A (40-50°C), h. Zn, CH3C02H 

Scheme 3. 

T h e synthesis of p l auno to l (5) is i l lustrated in 
Scheme 4 and involves a coup l ing reaction of allylic 
chloride 29 wi th allylic sulfone 7 in the presence of a 
phase-transfer catalyst. Hypoch lo rous acid4) reacted 
wi th geranyl benzyl ether (15) to provide allylic 
chloride 16 in quant i ta t ive yield. T h e conversion of 
chloride 16 in to acetates is shown in Table 1. T h e 
reaction of chlor ide 16 was effected wi th sodium 
acetate in the presence of a catalytic a m o u n t of sodium 
iodide in N,N-dimethyl formamide (DMF) at 80 ° C for 
24 h to give the S N 2 ' displacement product 17 as a 
mix ture of Z and E isomers in a ra t io of 4:1 in a 90% 
combined yield. Similarly, the reaction of 16 wi th 
sodium acetate in the presence of sodium iodide in 
acetic acid at 60 ° C for 24 h gave the S N 2 ' product 17 
in 45% yield as a mixture of Z and E isomers in a ra t io 
of 1:3. T o the contrary, the same reaction in the 
absence of sod ium iodide in DMF at 80 °C resulted in 
the SN2 displacement product 18 in 30% yield. 

T h e hydrolysis of 17 u s ing potass ium carbonate 
gave terminal a lcohol 19. T h e ra t io of the Z and E 
isomers remained unal tered du r ing the hydrolysis and 
fol lowing epoxida t ion . T h e epoxidat ion of allylic 
alcohol 19 was efficiently achieved wi th £-butyl 
hydroperoxide and vanadium(IV) oxide acetylaceto-
nate (VO(acac)2) as a catalyst. After protection of the 
hydroxyl g roup as benzyl ether, epoxide 21 was 
subjected to isomerization wi th a l u m i n u m triisopro-
poxide (Al(0-z-Pr)3)6a)(Scheme 5). First we antici­
pated6^ that eis epoxide 21Z should afford the desired 
internal allylic alcohol 22 and trans one should give 
undesired product 23. Al though 21Z gave the desired 
produc t 22 completely, 21E did not react even wi th 
excess amoun t s of Al(0-z-Pr)3 and unreacted 21E was 

Table 1. Substitution Reactions of Allylic Chloride 16 

AcOv 

CI 
OCH2Ph 

AcONa 

16 
in the presence of 

Nal 
AcCX 

17Z 

17E 

sOCH2Ph 

^OCH2Ph 

16 
AcONa 

in the absence of 
Nal 

OCH2Ph 

OAc 18 

Solvent Nal/equiv Temp/°C Time/h Yield of acetate/% 17Z.17E 

DMF 
DMF 
DMF 
CH3CO2H 
DMF 

0.3 
0.3 
1.0 
0.3 

60 
80 
60 
60 
80 

12 
12 
12 
12 
12 

72 
90 
68 
45 
30 

3:1 
4:1 

3.4:1 
1:3 

18 only 
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d,e 
"OCH2Ph 

17 R=CH3CO 
1 9 R = H 

PhCH20, 

f,g,h 

"OCH2Ph 
2 0 R = H 
2 1 R=CH2Ph 

,OCH2Ph 

0-*NMe2 

OCH2Ph 

sOCH2Ph 

22 X=OH 
2 4 X=OMs 
2 5 X=NMe2 

.OCH2Ph 

26 

OCH2Ph 

OCH2Ph 

2 7 Y=ONMe2 

2 8 Y=OH 
29 Y=CI 

OCH2Ph 

a. Ca(OCl)2, C02, b. CH3C02Na, Nal, DMF, c. K2C03 

d. t-BuOOH, VO(acac)2, e, PhCH2Cl, Et3(PhCH2)NCl, NaOH, 
f. Al(0-iPr)3, g. MsCl, Py, h. Me2NH, i. CH3C03H, Na2C03, 
j . A (40-50°C), k. Zn, AcOH, 1. LiCl, y-collidine, MsCl, 

m. "Ts (7, NaOH, nBu4NBr), n. Na, NH3 

Scheme 4. 

PhCH20 

21Z 

Al(Q-iPr)3 

OCH2Ph Toluene 
reflux 

PhCH20. 

OH 
22 

OCH2Ph 

PhCH20, 
\ ^ > ^ ^ ï ! ^ ^ O C H ^ Al(Q-iPr)3

 P h C H 2 < \ A ^ V s ^ ^ ^ ( 

° Toluene * OH 
21E 

Toluene 
reflux 

Scheme 5. 

23 

OCH2Ph 

recovered. 
T h e requisi te in ternal a l ly lamine 25 could be 

prepared by amina t ion via mesylate 24. Trea tment of 
25 wi th peracetic acid in d ichloromethane at —50 ° C in 
the presence of sod ium carbonate resulted in the 
formation of the Af-oxide intermediate 26, which was 
followed by a [2,3]sigmatropic rear rangement dur ing 
hea t ing at 40-— 50 ° C for 30 min to give trans allyloxy-
amine 27 in good yield. A reductive removal of the 
d imethy lamino g r o u p was achieved wi th zinc dust in 

aqueous acetic acid at room temperature. T h e stereo­
chemistry of E allylic alcohol 28 was confirmed by the 
XH N M R spectrum of aldehyde 31, which was obtained 
in a quant i ta t ive yield by the treatment of either 28 
wi th active manganese(IV) oxide in hexane at 0 ° C for 

PhCH20. 

OHC OCHoPh 

3 1 
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4 h or 27 wi th methyl iodide in chloroform under reflux 
for 3 h.lc> T h e 1H N M R spectrum of 31 exhibi ted a 
singlet at 6=9.42 at t r ibutable to the aldehyde pro ton of 
the E configurat ion and n o other singlets in the formyl 
p ro ton region, ind ica t ing an exclusive formation of 
the E isomer. T e r m i n a l trans alcohol 28 gave the 
cor responding chloride 29 by reaction wi th l i t h ium 
chloride and 2,4,6-trimethylpyridine (y-collidine) in 
the presence of methanesulfonyl chloride. jfr-Tolyl-
sulfone 7 has been converted wi th sod ium hydroxide 
in the presence of a phase-transfer catalyst7* in to its 
carbanion, which reacted wi th the chloride 29 to give 
C20 sulfone 30. W h e n 30 was subjected to a N a / N H 3 
reduction, removal of bo th the sulfone residue and 
protective groups took place at the same time to 
furnish the desired p l a u n o t o l (5). T h e structure of the 
synthetic p l auno to l was confirmed by a compar ison of 
its spectral data (IR and 1H N M R ) wi th those in the 
literature.3) Fur ther evidence on the selective forma­
tion of the Z olefin was obtained as follows. T h e 
synthetic diol was treated with active manganese(IV) 
oxide in hexane at 0 ° C for 4 h to afford dialdehyde 32 
in a quant i t a t ive yield. 1H N M R spect rum of 32 

exhibi ted a singlet at 6=10.09 at t r ibutable to the 
aldehyde p ro ton at C-7 of (Z)-double b o n d and no 
other singlets in the formyl p ro ton region, indica t ing 
thç exclusive formation of the Z isomer. 

T h e present me thod of stereoselective oxidat ion of 
gem-dimethyl olefins is very useful not only for the 
synthesis of trans oxygenated trisubstituted olefins, 
bu t also for an elaborat ion of the carbon skeletones 
involving £-olefinic bonds. 

Experimental 

M.p.s are uncorrected. IR spectra were measured on a 
Hitachi 260-10 spectrometer. 1H NMR spectra were obtained 
with a JEOL NM-C-60M or a JEOL FT-90Q spectrometer 
using tetramethylsilane as an internal standard. Column 
chromatography was carried out with Wako-gel C-200 
(Wako Pure Chemical Industries). 

3-|>-(3-Methyl-2-butenyloxy)phenyl]-l-propanol(12). 
To a round-bottomed flask was added 20.0 g (120 mmol) of 
3-(/?-hydroxyphenyl)propionic acid, 55 g (10 equiv) of etha-
nol, 150 mL of benzene, and 0.5 mL of concentrated sulfuric 
acid. A Dean and Stark trap was filled with benzene and the 
reaction solution was refluxed for 24 h, where the produced 
water remained in the trap as a bottom layer. The reaction 
mixture was extracted with a sodium hydrogencarbonate 
solution, washed with water, and then sat. brine, dried 
(MgSC>4) and evaporated, to give 23.4 g of a crude ester 11. 
A solution of 6.0 g (30.9 mmol) of a crude ester 11, 6.4 g 
(1.5 equiv) of potassium carbonate, 4.8 g (1.5 equiv) of 

sodium bromide, and 4.8 g (1.5 equiv) of prenyl chloride in 
acetone (80 mL) was refluxed for 24 h. Water (20 mL) was 
poured into the reaction mixture and extracted with ether. 
The ether layer was washed successively with water, brine, 
dried (MgSCX) and evaporated, to give 8.2 g of a crude prenyl 
ether. To a suspension of 0.60 g (15.8 mmol) of lithium 
aluminum hydride in dry ether (50 mL) was added dropwise 
4.0 g (15.2 mmol) of the crude prenyl ether in dry ether 
(10 mL) over 10 min at 0 °C. After stirring for 1 h at 0 °C, 
5 mL of ice water was poured into the reaction mixture and 
further 40 mL of 3M hydrochloric acid ( lM=lmol dm -3) and 
extracted with ether. The ether layer was washed successive­
ly with sat. sodium hydrogencarbonate solution, brine, 
dried (MgSC>4) and evaporated. The residue was purified by 
column chromatography developing with a mixed solvent of 
hexane and ethyl acetate (80:20) to give 3.1 g (94%) of 12. 
iH NMR (CDCI3) 0=1.6—2.1 (2H, m), 1.67, 1.73 (each 3H, s), 
2.55 (2H, t, / = 7 Hz), 3.17 (IH, bs), 3.47 (2H, t, 7=6 Hz), 4.33 
(2H, d, / = 7 Hz), 5.33 (IH, t, 7=7 Hz), 6.40, and 6.87 (4H, 
ABq, 7=8 Hz); IR (neat) 3350, 1515, 1240, and 1000 cm"1. 
Found.C, 76.15; H, 9.2%. Calcd for C14H20O2: C, 76.33; H, 
9.15%. 

3-[/)-(3-Methyl-2-dimethylamino-3-butenyloxy)phenyl]-l-
propanol (6). To a suspension of 1.75 g (1.1 equiv) of 61% 
calcium hypochlorite in 10 mL of aqueous sat. sodium 
sulfate was added a solution of 3.0 g (13.6 mmol) of 12 in 
90 mL of dichloromethane. Approximately 20 g of dry ice 
was added in small portions to this mixture with vigorous 
stirring over a period of 4h . The reaction solution was 
filtered to remove insoluble salts. The organic layer was 
separated, dried (MgSC>4) and concentrated by a rotary 
evaporator to give 3.5 g of crude chloride. A solution of 3.5 g 
(13.6 mmol) of crude chloride in a mixed solvent of 10 mL of 
ethanol and 40 mL of 50% aqueous dimethylamine was 
stirred for 3 d at room temperature. Dilute alkaline 
(20 mmol) was added to the reaction mixture. The organic 
layer was separated and the aqueous layer was extracted with 
ethyl acetate. The combined organic layers were washed 
with brine, dried (MgSÛ4) and evaporated. The residue was 
purified by column chromatography developing with a 
mixed solvent of hexane and ethyl acetate (60:40) to give 
2.72 g (77%) of allylamine 6. *H NMR (CDCI3) 0=1.6—2.1 
(2H, m), 1.77 (3H, s), 2.28 (6H, s), 2.60 (2H, t, 7=7 Hz), 2.77 
(1H, s), 2.94 (1H, t, 7=5 Hz), 3.60 (2H, t, 7=6 Hz), 4.07 (2H, 
bd, 7=7 Hz), 4.95 (2H, s), 6.80, and 7.20 (4H, ABq, 7=8 Hz); 
IR (neat) 3350, 1510, 1240, and 1040 cm"1. Found: C, 72.9; H, 
9.5%. Calcd for C16H25O2N: C, 72.97; H, 9.57%. 

(£)-3-[/7-(4-Dimethylaminooxy-3-methyl-2-butenyloxy) 
phenyl]-1-propanol (14). To a solution of 0.5 g (1.9 mmol) 
of allylamine 6, 0.22 g of sodium carbonate in 20 mL of 
dichloromethane was added dropwise 0.4 g (1.1 equiv) of 40% 
peracetic acid at —60 ° C. After stirring for 30 min at —60 ° C, 
the reaction mixture was allowed to warm to room 
temperature over a 30-min period. Sat. aqueous sodium 
hydrogencarbonate (10 mL) was poured into the reaction 
mixture. After stirring for 10 min at room temperature, the 
organic layer was separated and the aqueous layer was 
extracted with ethyl acetate. The combined organic layers 
were washed with brine, dried (MgSC>4) and evaporated 
under reduced pressure at 40—50 ° C over 1 h. The residue 
was purified by column chromatography developing with a 
mixed solvent of hexane and ethyl acetate (70:30) to give 
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0.39 g (74%) of allyloxyamine 14. 1U NMR (CDC13) 0=1.6— 
2.1 (2H, m), 1.68 (3H, s), 2.47 (6H, s), 2.63 (2H, t, 7=7 Hz), 
3.43 (2H, t, / = 6 Hz), 3.97 (2H, s), 4.40 (2H, d, / = 6 Hz), 5.3— 
5.7 (3H, m), 6.62, and 6.92 (4H, ABq, 7=8 Hz); IR (neat) 
3350, 1510, 1240, and 1015 cm"1. Found: C, 68.6; H, 9.1%. 
Calcd for CieHasOsN: C, 68.79; H, 9.02%. 

Cuspidiol (4). To a round-bottomed flask was added 
0.3 g (1.07 mmol) of allyloxyamine 14, 0.5 g of zinc dust in a 
mixed solvent of 5 mL of acetic acid and 5 mL of water, and 
was stirred for 24 h at room temperature. After zinc dust was 
filtered, the reaction mixture was extracted with ether. The 
ether layer was washed successively with sat. aqueous 
sodium hydrogencarbonate and brine, dried (MgSC>4) and 
evaporated. The crude diol was purified by column 
chromatography developing with a mixed solvent of hexane 
and ethyl acetate (50:50) to give 0.24 g (95%) of cuspidiol (4). 
mp 65—66°C (65—67°C)2>; ^ N M R (CDCI3) 0=1.69 (3H, 
s), 1.78 (2H, s), 1.86 (2H, m), 2.59 (2H, t, /=7.5 Hz), 3.58 (2H, 
t, / = 7 Hz), 3.99 (2H, s), 4.49 (2H, d, /=6Hz) , 5.72 (1H, t, 
/ = 6 Hz), 6.77, and 7.05 (4H, ABq, /=8.5 Hz); IR (KBr) 3350, 
1235, 910, and 730 cm"1. Found: C, 71.05; H, 8.5%. Calcd for 
C14H20O3: C, 71.16; H, 8.53%. 

(2Z,6£)-8-Benzyloxy-2,6-dimethyl-2,6-octadienyl Acetate (17Z) 
and (2E,6E)-8-Benzyloxy-2,6-dimethyl-2,6-octadienyl Acetate 
(17E). To a suspension of 10.6 g (1.1 equiv) of 61% calcium 
hypochlorite in 100 mL of water was added a solution of 20 g 
(81.8 mmol) of geranyl benzyl ether (15) in 600 mL of 
dichloromethane. Approximately 60 g of dry ice was added 
in small portions to this mixture with vigorous stirring over 
a period of 5 h. The reaction was filtered to remove 
insoluble salts. The organic layer was separated, dried 
(MgS04) and concentrated by a rotary evaporator to give 23 g 
of crude chloride 16. A solution of 23 g (81.8 mmol) of crude 
chloride 16, 33.4 g (3 equiv) of sodium acetate trihydrate, 
3.6 g (0.3 equiv) of sodium iodide in DMF (200 mL)was 
stirred for 12 h at 80 °C. The reaction mixture was 
partitioned between ether and water, and ether extracts were 
washed with brine, dried (MgS04) and evaporated. The 
residue was purified by column chromatography developing 
with a mixed solvent of hexane and ethyl acetate (90:10) to 
give 22.4 g (90%) of acetate 17 as a mixture of Z and E isomers 
in a ratio of 4:1 (by GLC). The similar substitution 
reactions were summarized in Table 1. : H NMR (CCI4) 
0=1.6—1.7 (6H, bs), 1.97 (3H, s), 1.9—2.3 (4H, m), 3.95 (2H, 
d, / = 6 Hz), 4.42 (2H, s), 4.55 (2H, s), 5.1—5.6 (2H, m), and 
7.28 (5H, s); IR (neat) 1730, 1455, 1230, 1060, 740, and 
700 cm"1. 

(2Z,6E)-8-Benzyloxy-2,6-dimethyl-2,6-octadien-l-ol (19Z) 
and (2E,6E)-8-Benzyloxy-2,6-dimethyl-2,6-octadien-l-ol (19E). 
A solution of 20 g (66 mmol) of acetate 17, 27.5 g (3 equiv) of 
potassium carbonate in a mixed solvent of 80 mL of 
methanol and 32 mL of water was stirred for 12 h at room 
temperature. After filtration of potassium carbonate and 
evaporation of methanol under reduced pressure, the 
reaction mixture was extracted with ether. The ether layers 
were washed with brine, dried (MgS04) and evaporated. The 
residue was purified by column chromatography developing 
with a mixed solvent of hexane and ethyl acetate (80:20) to 
give 16.5 g (96%) of terminal alcohol 19 as a mixture of Z and 
E isomers in a ratio of 4:1 (by GLC). 1H NMR (CC14) 
0=1.6—1.7 (6H, bs), 2.0—2.2 (4H, m), 2.79 (1H, s), 3.83 (2H, 
d, 7=6 Hz), 3.86 (2H, s), 4.33 (2H, s), 5.0—5.5 (2H, m), and 

7.10 (5H, s); IR (neat) 3450, 1455, 1240, 1060, 740, and 
700 cm"1. 

(6£)-8-Benzyloxy-2,3-epoxy-2,6-dimethyl-l-octenol(20). 
To a solution of 16.5 g (63.4 mmol) of alcohol 19 in 
dichloromethane (100 mL) was added portionwise 0.275 g 
(0.02 equiv) of VO(acac)2 at 0 °C. The mixture was stirred 
for 5 min and 13.2 mL (1.5 equiv) of 7.18 M £-butyl hydro­
peroxide in 1,2-dichloroethane was added. The mixture was 
warmed to room temperature and stirred for 9 h. Aqueous 
sodium sulfite (20%, 50 mL) was then poured into the 
mixture. After stirring for 30 min, the resultant layers were 
separated and the aqueous layer was extracted with 
chloroform. The combined organic layers were washed with 
water and brine, dried (MgSC>4) and concentrated under 
reduced pressure. The residue was purified by column 
chromatography developing with a mixed solvent of hexane 
and ethyl acetate (60:40) to give 17 g (97%) of epoxy alcohol 
20. iHNMR (CDCI3) 0=1.26 (3H, s), 1.60 (3H, s), 1.6—2.3 
(4H, m), 2.5—3.1 (1H, m), 2.90 (1H, s), 3.46 (2H, s), 4.10 (2H, 
d, 7=6 Hz), 4.40 (2H, s), 5.23 (1H, t, 7=6 Hz), and 7.16 (5H, s); 
IR (neat) 3450, 1455, 1060, 740, and 700 cm"1. 

(2£)-l,8-Bis(benzyloxy)-6,7-epoxy-3,7-dimethyl-2-octene(21). 
A solution of 16 g (58 mmol) of epoxy alcohol in ether 
(10 mL), 11.0 g (1.5 equiv) of benzyl chloride, 50% sodium 
hydroxide (25 mL), and 0.7 g of triethylbenzyl ammonium 
chloride (TEBA) was stirred vigorously at 50 °C for 3 h. The 
mixture was poured into water (100 mL) and the organic 
layer was separated. The aqueous layer was extracted with 
ether and the combined organic extracts were washed with 
water, then dried (MgSÜ4) and evaporated. The residue was 
purified by column chromatography developing with a 
mixed solvent of hexane and ethyl acetate (80:20) to give 
19.4 g (91%) of benzyl ether 21. ^ N M R (CDCI3) ô=1.27 
(3H, s), 1.57 (3H, s), 1.6—2.4 (4H, m), 2.5—2.9 (1H, m), 3.30 
(2H. s), 3.83(2H, d, 7=6 Hz), 4.33, 4.37 (each 2H, s), 5.23 (1H, 
t, 7=6 Hz), and 7.07 (10H, s); IR (neat) 1455, 1090, 1060, 740, 
and 700 cm"1. Found: C, 78.5; H, 8.15%. Calcd for C24H30O3: 
C, 78.65; H, 8.25%. 

(6£)-8-Benzyloxy-2-benzyloxymethyl-6-methyl-l,6-octadien-
3-ol (22). To the round-bottomed flask with a reflux 
condenser was added 10 g (27.3 mmol) of benzyl ether 21 in 
dry toluene (60 mL), and 11.2 g (2 equiv) of Al(0-z'-Pr)3. The 
mixture was heated under reflux for 2 d with stirring, cooled, 
washed with 2M HCl (40 mL), water and brine, then dried 
(MgS04), and evaporated. The residue was purified by 
column Chromatograph developing with a mixed solvent of 
hexane and ethyl acetate (70:30) to give 7.6 g (76%) of allylic 
alcohol 22 and 1.5 g of trans epoxide 21E was recovered. 
1U NMR (CDCI3) 0=1.60 (3H, s), 1.7—3.6 (5H, m), 2.90 (1H, 
s), 3.90 (4H, m), 4.39, 4.40 (each 2H, s), 5.07 (2H, bs), 5.34 
(1H, t, 7=6 Hz), and 7.14 (10H, s); IR (neat) 3400, 1450, 1070, 
740, and 700 cm"1 . Found: C, 78.6; H, 8.2%. Calcd for 
C24H30O3: C, 78.65; H, 8.25%. 

(6E)-8-Benzyloxy-2-benzyloxylmethyl-3-dimethylamino-6-
methyl-l,6-octadiene (25). To a solution of 5.5 g (15 mmol) 
of allylic alcohol 22 in dry dichloromethane(30 mL) and 
5.9 g (5 equiv) of pyridine, was added dropwise 2.6 g 
(1.5 equiv) of methanesulfonyl chloride over 10 min at 0 °C. 
After stirring for 4 h at 0 °C, 10 mL of water was added to the 
mixture and the reaction mixture was extracted with ether. 
The ether layer was washed successively with 2M HCl, sat. 
aqueous sodium hydrogensulfate, water and brine, evapo-
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rated to give 6.7 g of a crude mesylate 24 as a pinky colored 
oil. A solution of 6.7 g (15 mmol) of a crude mesylate 24 in 
dry tetrahydrofuran (70 mL) and 70 mL of dimethylamine 
was stirred for 2 d at room temperature. Dilute alkaline 
(20 mmol) was added to the reaction mixture. The organic 
layer was separated and the aqueous layer was extracted with 
ethyl acetate. The combined organic layer was washed with 
brine, dried (MgSC>4) and evaporated. The residue was 
purified by column chromatography developing with a 
mixed solvent of hexane and ethyl acetate (60:40) to give 
4.6 g (77%) of allylamine 25. 1U NMR (CDC13) 0=1.57 (3H, 
s), 1.7—2.4 (4H, m), 2.14 (6H, s), 2.3—2.9 (1H, m), 3.86 (2H, 
d, / = 6 Hz), 3.87 (2H, s), 4.34, 4.42 (each 2H, s), 4.94, 5.20 
(each 1H, bs), 5.21 (1H, t, /=6Hz) , and 7.14 (10H, s). IR 
(neat) 2850, 1455, 1360, 1070, 910, 740, and 700 cm"1. Found: 
C, 79.2; H, 8.95%. Calcd for C26H35O2N: C, 79.35; H, 8.96%. 

(2£,6£)-8-Benzyloxy-2-benzyloxymethyl-l-dimethylamino-
oxy-6-methyl-2,6-octadiene (27). To a solution of 1.8 g 
(4.6 mmol) of allylamine 25, 0.6 g of sodium carbonate in 
30 mL of dichloromethane was added dropwise 0.96 g 
(1.1 equiv) of 40% peracetic acid at —60 °C. After stirring for 
30 min at —60 °C, the reaction mixture was allowed to warm 
to room temperature over a 30-min period. Sat. aqueous 
sodium hydrogencarbonate (25 mL) was poured into the 
reaction mixture. After stirring for 10 min at room 
temperature the organic layer was separated and the aqueous 
layer was extracted with ethyl acetate. The combined 
organic layers were washed with brine, dried (MgSC>4) and 
evaporated under reduced pressure at 40—50 ° C over 1 h. 
The residue was purified by column chromatography 
developing with a mixed solvent of hexane and ethyl acetate 
(70:30) to give 1.36 g (73%) of allyloxyamine 27. *H NMR 
(CDCI3) 0=1.58 (3H, s), 1.8—2.3 (4H, m), 2.45 (6H, s), 3.93 
(2H, d, / = 6 Hz), 3.95 (2H, s), 4.05 (2H, s), 4.41 (4H, s), 
4.9—6.0 (2H, m), and 7.18 (10H, s ); IR (neat) 1450, 1070, 
1030, 740, and 700 cm"1. Found: C, 76.15; H, 8.7%. Calcd for 
C26H35O3N: C, 76.25; H, 8.61%. 

(2Z,6E)-8-Benzyloxy-2-benzyloxymethyl-6-methyl-2,6-octa-
dien-1-ol (28). To a round-bottomed flask was added 2.3 g 
(5.6 mmol) of allyloxyamine 27, 2.0 g of zinc dust in a mixed 
solvent of 10 mL of acetic acid and 10 mL of water, and was 
stirred for 24 h at room temperatutre. After zinc dust was 
filtered, the reaction miture was extracted with ether. The 
ether layer was washed successively with sat. aqueous 
sodium hydrogencarbonate and brine, dried (MgSÜ4) and 
evaporated. The crude diol was purified by column 
chromatography developing with a mixed solvent of hexane 
and ethyl acetate (60:40) to give 2.05 g of alcohol 28 
quantitatively. ^ N M R (CDCI3) ô=1.57 (3H, s), 1.7—2.5 
(4H, m), 2.73 (1H, s), 3.90 (2H, d, 7=6 Hz), 4.00 (4H, bs), 4.40 
(4H, s), 5.0—5.8 (2H, m), and 7.20 (10H, s). IR (neat) 3450, 
1450, 1070, 740, and 700 cm-1. Found: C, 78.4; H, 8.15%. 
Calcd for C24H30O3: C, 78.65;H, 8.25%. 

(2£,6£)-l,8-Bis(benzyloxy)-2-chloromethyl-6-methyl-2,6-
octadiene (29). To a solution of 1.5 g (4.1 mmol) of trans 
alcohol 28, 0.35 g (2 equiv) of lithium chloride and 1 g (2 equiv) 
of 7-collidine in anhydrous DMF, was added portionwise 
0.94 g (2 equiv) of methanesulfonyl chloride over 5 min at 
0 °C. After stirring for 2 h at 0 °C, the reaction mixture was 
poured into 40 mL of water and extracted with ether. The 
ether layer was washed successively with sat. aqueous copper 
(II) nitrate, sat. aqueous sodium hydrogencarbonate and 

brine, dried (MgSC>4) and evaporated to give 1.58 g of a crude 
trans chloride 29. ^H NMR (CDCI3) ô=1.60 (3H, s), 1.9—2.3 
(4H, m), 3.97 (2H, d, 7=6 Hz), 4.10 (4H, bs), 4.43, 4.47 (each 
2H, s), 5.2—5.9 (2H, m), and 7.30 (10H, s); IR (neat) 1450, 
1370, 1070, 740, and 700 cm"1. 

(2£,6Z,10£)-l-Benzyloxy-7-benzyloxymethyl-9-(/)-tolylsul-
fonyl)-3,ll, 15-trimethyl-2,6,10,14-hexadecatetraene (30). 
A mixture of 1.4 g (4.1 mmol) of geranyl sulfone (7), 3.5 mL 
of 50% aqueous sodium hydroxide, 0.13 g (10mol%) of 
TEBA, and 1.58 g (4.1 mmol) of trans chloride 29 was stirred 
vigorously at room temperature for 4 h. The mixture was 
poured into water (50 mL) and extracted with ether. The 
ether layer was washed with brine, dried (MgSC>4), and 
evaporated. The residue was purified by column chromatog­
raphy developing with a mixed solvent of hexane and ethyl 
acetate (80:20) to give 2.12 g (75%) of C20 sulfone 30. 
iHNMR (CDCI3) 0=1.12 (3H, bs), 1.58 (6H, bs), 1.68 (3H, 
bs), 1.8—2.3 (8H, m), 2.40 (4H, bs), 3.05 (2H, bd, /=11 Hz), 
3.90, 3.96 (each 1H, s), 3.98 (2H, d, 7=7 Hz), 4.40, 4.43 (each 
1H, s), 4.48 (2H, s), 4.8—5.1 (2H, m), 5.35 (2H, bt, 7=7 Hz), 
7.31 (10H, s), 7.25, and 7.68 (4H, ABq, / = 8 Hz); IR (neat) 
1450, 1310, 1150, 1080, 740, 700, and 670 cm"1. Found: C, 
76.4; H, 8.05%. Calcd for C41H52O4S: C, 76.84; H, 8.18%. 

Plaunotol(5). To 0.25 g (10.9 mmol) of sodium in ca. 
15 mL of liquid ammmonia at —60 °C was added dropwise a 
solution of 0.5 g (0.714 mmol) of 30 in 10 mL of dry ether over 
a period of 10 min. After stirring for an additional 20 min at 
—60 °C, successively 5 mL of isoprene and 10 mL of 
methanol were added. The solution was allowed to 
gradually warm to room temperature and then poured into 
50 mL of brine. After the aqueous solution was extracted 
with a mixture of ethyl acetate and diethyl ether (50:50 
vol%), organic extracts were washed with brine, dried 
(MgSC>4) and evaporated. The residue was purified by 
column chromatography developing with a mixed solvent of 
hexane and ethyl acetate (80:20) to give 0.17 g (79%) of 
plaunotol (5). *H NMR (CDCI3) ô=1.59 (3H, s), 1.60 (3H, s), 
1.678, 1.683 (each 3H, s), 1.8—2.3 (14H, m), 4.09 (2H, s), 4.13 
(2H, d, /=7.5 Hz), and 5.0—5.5 (4H, m); IR (neat) 3320, 1440, 
1370, 1240, and 1000 cm"1. Found: C, 78.5, H, 10.8%. Calcd 
for C20H34O2: C, 78.38; H, 11.18%. 

(2£,6£)-8-Benzyloxy-2-benzyloxymethyl-6-methyl-2,6-octa-
dienal (31). (a) From Alcohol 28. To a solution of 55 mg 
(0.15 mg) of alcohol 28 in 5 mL of hexane was added 0.26 g 
(3.0 mmol) of manganese(IV) dioxide and the mixture was 
stirred for 3 h at 0°C. After filtration, the solvent was 
evaporated to give an oil which was purified by column 
chromatography developing with a mixed solvent of hexane 
and ethyl acetate (80:20) to give 54 mg of trans aldehyde 31 
quantitatively, m NMR(CDC13) 0=1.64 (3H, s), 2.22 (2H, t, 
/ = 7 Hz), 2.61 (2H, dt, 7=7.3 and 7 Hz), 4.03 (2H, d, 7=7 Hz), 
4.22 (2H, s), 4.49 (4H, s), 5.44 (1H, t, 7=7 Hz), 6.68 (1H, t, 
7=7.3 Hz), 7.32 (10H, s), and 9.42 (1H, s); IR(neat) 1685 cm"1. 
Found: C, 78.9; H, 7.9%. Calcd for C24H28O3: C, 79.09; H, 
7.74%. 

(b) From Allyloxyamine 27. To a round-bottomed flask 
with a reflux condenser was added 0.1 g (0.24 mmol) of 
allyloxyamine 27 in dry chloroform (2mL), and 0.6 mL 
(40 equiv) of methyl iodide. The mixture was heated under 
reflux for 3 h with stirring; after cooling 5 mL of water 
was added to the mixture. The reaction mixture was 
extracted with ether. The ether layer was washed with 5% 
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aqueous sodium thiosulfate (5 mL) and brine, then dried 
(MgSC>4) and evaporated. The residue was purified by 
column chromatography developing with a mixed solvent of 
hexane and ethyl acetate (80:20) to give 89 mg of trans 
aldehyde 31 quantitatively. 

(2£,6Z,10£)-7-Formyl-3,11,15-trimethyl-2,6,10,14-hexade-
catetraenal (32). To a solution of 19 mg (0.062 mmol) of the 
synthetic plaunotol (5) in 2 mL of hexane was added 0.11 g 
(1.24 mmol) of manganese(IV) dioxide and the mixture was 
stirred for 3 h at 0°C. After filtration, the solvent was 
evaporated to give an oil which was purified by column 
chromatography developing with a mixed solvent of hexane 
and ethyl acetate (80:20) to give 18.7 mg of dialdehyde 
quantitatively. 1H NMR (CDCls) ô=1.57 (3H, s), 1.61 (6H, s), 
1.69 (3H, s), 1.9—2.9 (12H, m), 5.10 (2H, m), 5.89 (IH, d, 
7=8 Hz), 6.37 (IH, t, 7=8.2 Hz), 10.00 (IH, d, 7=8 Hz, 
terminal formyl proton), and 10.10 (IH, s, internai formyl 
proton); IR (neat) 1675 cm"1. Found: C, 79.25; H, 9.85%. 
Calcd for C20H30O2: C, 79.42; H, 10.00%. 
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A reaction-field theory (Hoshi et al., / , Chem. Phys., 87, 1107 (1987)) is applied to the analysis of solvent-
induced 13C chemical shift changes of some polyene compounds. The solvent dependence of the 13C chemical 
shifts is calculated by means of the INDO-finite perturbation method combined with this theory. It is shown 
that the calculations well reproduce characteristic 13C shift changes observed in aprotic solvents. This indicates 
the validity of the theory. In addition, the origin of the solvent-induced 13C shifts is discussed on the basis of the 
electronic distribution obtained. 

Theoret ical est imation of environmenta l effects on 
propert ies of molecules is essential in unders t and ing a 
variety of p h e n o m e n a occurr ing in condensed phases. 
Recently, we have developed a self-consistent reaction 
field theory capable of es t imat ing m e d i u m effects in 
heterogeneous systems,1* and incorporated it in to 
semi-empirical molecular orbital methods wi th some 
examples of numerica l calculations.2 ) And it has been 
shown that the calculated results for free energy and 
dipole m o m e n t changes induced by m e d i u m effects are 
in fairly good agreement wi th ab ini t io data based on a 
similar solvation theory.3* Further extensive studies 
wil l be required to extend the appl icabi l i ty and to 
clarify the l imita t ions of the method. 

Second-order propert ies such as nuclear sp in - sp in 
c o u p l i n g and chemical shifts in N M R are sensitive 
probes of the electronic structure of molecules in that 
variat ions in these quant i t ies often imply subtle 
electronic changes.4»0 In part icular , 13C N M R chem­
ical shift is a parameter sensitively reflecting the 
electronic structure related to a given carbon atom.6 _ 8 ) 

Studies on solvent-induced 13C shifts, therefore, provide 
useful informat ion abou t the na ture of solute-solvent 
interactions. 

T h e p ioneer ing work by Ando et al.9) and their 
subsequent works4»5) have demonstrated that solvent-
induced 13C shift changes are theoretically repro­
ducible by molecular orbital calculations combined 
w i th K lopman ' s solvat ion model,10) wh ich is a sort of 
reaction field model t reat ing solvent as a dielectric. 
These studies have indicated that the major par t of the 
solvent-induced 13C shifts is originated in dielectric 
effects from su r round ing solvent molecules. T h u s , the 
reliability of the theory considered here can be exam­
ined th rough the analysis of solvent-induced 13C shifts. 

In this paper, we describe the results appl ied for some 
polyenals . T h e reason why polyenals are appropr ia te 
for the present pu rpose is as follows: they are expected 
to be the most sensitive probes of dielectric effects from 

+ Present address: Institute for Molecular Science, Myodaiji, 
Okazaki 444. 

the med ium, because they are highly polar and 
polarizable. T h i s is suppor ted by our previous study 
which is concerned wi th solvent effects on the 13C 
shei lding of ret inal (vi tamine A a ldehyde) . n ) T h e 13C 
shielding constants are est imated by the INDO-fini te 
per turba t ion method12»13) combined wi th our reaction-
field theory. We show that the calcultat ion well 
reproduces the characteristic trends of solvent-induced 
13C shift changes observed in aprot ic solvents. 

Experimental 

The polyenals used here are acrolein, crotonaldehyde, 2,4-
hexadienal and ß-ionone. For comparison, acetaldehyde, 
and acetone are used as typical carbonyl compounds. These 
compounds except 2,4-hexadienal were purchased from 
Toko Kasei Co., Tokyo and 2,4-hexadienal purchased from 
Aldrich chemical Co., Inc, Wisconsin. The compounds 
except ß-ionone were dried over anhydrous calcium sulfate 
and distilled before use. Solvents were selected with special 

Table 1. List of Solvents and Their Dielectric 
Constants, £a) at 304 K 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Solvent 

Pentane 
Hexane 
Triethylamine 
Dibutyl ether 
Dipropyl ether 
Diisopropyl ether 
Diethyl ether 
Butyl acetate 
Ethyl acetate 
Tetrahydrofuran 
Cyclohexanone 
1-Nitropropane 
Acetoni'trile 
DMSO-de 
Formamide 
Chloroform 
Water 

£ 

1.75 
1.83 
2.36 
2.95 
3.33 
3.80 
4.16 
4.81 
5.90 
7.43 

18.5 
23.2 
37.5 
46.9 

107.3 
4.61 

76.5 

(fi-l)/(H-l) 

0.27 
0.29 
0.40 
0.49 
0.54 
0.58 
0.61 
0.66 
0.71 
0.76 
0.90 
0.92 
0.95 
0.96 
0.98 
0.64 
0.97 

a) Corrected for temperature using E'Toz const.. Then 
the values of dielectric constants were taken from J. A. 
Riddick and W. B. Bunger, "Techniques of Chem­
istry," 3rd ed, Wiley-Interscience, New York (1970). 
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care: namely, i) to cover a wider range of dielectric constants, 
and ii) to exclude solvents forming molecular complexes 
with the solutes, such as hydrogen bonding and 7i-charge 
transfer complexes. Aromatic and halogenated solvents are 
thus excluded, while a few hydrogen bonding solvents are 
included for comparison. Solvents and their dielectric 
constants are listed in Table 1. All the solvents except 
deuterated compounds were used after purification. 

13C-NMR spectra were recorded on a JEOL-PS-100 
spectrometer, equipped with a PFT-100 Fourier transform 
system at 25.14 MHz, EC-100 spectrum computer, deuterium 
field-frequency lock, and noise-modulated proton decou­
pling system. 13C NMR spectra of acrolein, crotonaldehyde, 
acetone and acetaldehyde were observed in all the solvents 
listed in Table 1, while those of 2,4-hexadienal and ß-ionone 
were done in some of the solvents (solvent No. 1, 3, 5,10, and 
14). Chemical shifts were measured in ppm as downfield 
shifts from external tetramethylsilane (TMS), and corrected 
for bulk magnetic susceptibility. All experiments were 
carried out at 31+1 °C and at concentration of 5% (v/v). 
13C NMR signals of the compounds were assigned by 
reference to the literature.14) 

Theoretical 

T h e solute molecule is embedded in to the med ium 
of dielectric constant a (Fig. 1). T h e interaction 
between the solute a n d the m e d i u m is calculated 
according to the formalism given in Refs. 1 and 2. 
T h e H a m i l t o n i a n %? of the solute is modified by the 
coulombic interact ion V wi th a reaction field gener­
ated by the polar izat ion of the s u r r o u n d i n g dielectric. 
T h e n , the Helmhol tz free energy H of the solute-
dielectric system is given by 

H = <yJ\^W>~\<yJ\VW> (1) 

where the second term of the r igh t -hand side indicates 
the energy required to plarize the medium. T h e 
reaction field was determined by solving the Laplace 
equa t ion numerical ly wi th the aid of the boundary 
element method. T h e boundary surface, formed 
between the dielectric and the cavity (Fig. 1), is then 
divided in to a sufficient number of elements. T h e 
method of surface division was described in Ref. 2. 
T h e per turbed wave function was obtained by solving 

Fig. 1. Schematic representation of a solute-solvent 
system. Acrolein (solute) is accomodated into the 
cloud-like shaped cavity generated in the infinite­
ly expanded dielectric (shaded region). In actual 
calculation, the shape of the cavity was taken to be 
identical with that of the CPK molecular model. 

the following Fock equat ions : 

F'»v = [JiU + {TPU (3) 

where F% a n d F'ßV is the mat r ix elements for the 
molecule in vacuo and for the per turbat ion term, 
respectively, and P is the density matr ix. T h e 
operators / i and T mediate the interaction between the 
solute and its su r round ing dielectric.1* T h e electro­
static potent ia l <£, generated from the charge distribu­
t ion of the solute, mus t be calculated in order to obta in 
T and J\. T h e fol lowing app rox ima t ion was used for 
this purpose . A p o i n t d ipole was placed at each 
a tomic center of first row atoms in order to take in to 
account the cont r ibut ion of the differential overlap 
between 2s and 2p orbitals. T h e n , the total electrostatic 
po ten t ia l $ was evaluated as the sum of the contr ibu­
tions (̂ charge from p o i n t charges placed at each a tomic 
center a n d those $diPoie from the po in t dipoles. T h e 
value of each p o i n t charge is equa l to that of the net 
charge on the cor responding a tom. T h e electrostatic 
potent ia l $diPoie from the k\h componen t of the dipole 
is given at the po in t s as follows: 

0dipole = — (PA2S,2P* + i*A2p*,2s) X . _ . X / (4) 
2(3)2£ ls J*M 

where NA and £ are the pos i t ion vector of a tom A and 
the orbital exponent , respectively. PA2S,-2P* (=PA2P*,2S) is 

the density matr ix element between 2s and 2pk(k=x, y, 
or z) orbitals centered on a tom A. T h e adjustable 
parameter / in Eq. 4 was taken to be 0.5. These 
computa t iona l procedures correspond to 'Approxima­
tion I V described in Ref. 2. 

13C shie lding constants were estimated us ing the 
finite per turbat ion method wi th gauge invar iant 
a tomic orbitals(GIAO)6 ) and the L o n d o n approx ima­
t ion 1 0 at the INDO level of approx imat ion . T h e 
average shie ld ing tensor, aM, of a tom M is expressed as 
follows: 

0u = a d ( M ) + cjd(KK) + CJP(M) 

+ CJP(KK) + ad(MK) + od
Q(MK) + CJP(MK) (5) 

where the superscripts p and d indicate paramagne t ic 
and diamagnet ic shieldings, respectively, and the 
terms other than ad(M) and ap(M) indicate contr ibu­
tions of nonlocal a tomic currents related to a tom K. 
T h e term a(MK) arises from the use of GIAO. T h e 
detailed expressions of Eq. 1 are given in Ref. 12. In 
this study, three center terms such as ap(MKK') are 
omit ted due to relatively mino r contr ibut ion to the 13C 
shielding constants.12) T h e derivatives of density 
matrices were obtained by solving the Roo thaan 
equa t ion per turbed by a small magnet ic field (1.0X 
10-3 a.u.). 
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The calculations were carried out for all the 
molecules except ß-ionone, which was beyond the 
present computational facilities due to the larger 
number of atoms. 

The QCPE 441 program16) was used after some 
modifications including the incorporation of the 
solvation theory. 

Results and Discussion 

In the dielectric medium as shown in Fig 1, the 
intensity of a reaction field, resulting from polariza­
tion of the dielectric, should be approximately 
proportional to the factor of (a— ̂ /(fi+l).1* The 
observed 13C chemical shifts, 8, are thus plotted against 
(fi—l)/(fi+l) as illustrated in Figs. 2 and 3 for 
crotonaldehyde and 2,4-hexadienal, respectively. The 
chemical shift of each carbon nonlinearly depends on 
the value of (fi—l)/(fi+l). This trend most clearly 
appears in the case of the odd-numbered carbons: 
namely, the steep downfield shifts are induced in the 

range of higher dielectric constants. The points 
deviating from the experimental curves correspond to 
the data for the hydrogen bonding solvents. Similar 
trends were also observed for the other solutes studied 
here. 

In Table 2 are summarized the chemical shift 
differences, A<5, evaluated by subtracting 8 in pentane 
from that in DMSO-dß. The following characteristic 
trends are deducible: i) with increasing dielectric 
constant the resonances of the odd-numbered carbons 
shift towards downfield, while those of the even-
numbered carbons show very small down- or upfiled-
shifts, ii) the A<5 values of the ^-conjugated carbonyl 
carbons are smaller than those of nonconjugated 
ones(acetone and acetaldehyde), iii) in the cases of 
acrolein and crotonaldehyde the Aô values of the C3 
carbons are about 1 ppm larger than that of the CI 
carbonyl carbons, and iv) the resonances of all the 
methyl carbons tend to downfield-shift with increasing 
dielectric constant. The slope of the experimental line 

200 

0.5 

(e-i)/(£+i) 
Fig. 2. Dielectric constant dependence of observed 

13C chemical shifts for crotonaldehyde. A: Data for 
hydrogen bonding solvents. 
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Table 2. Observed 13C Chemical Shifts, <5,a> in Several Solvents and Chemical Shift Differences, A<5b> 

Compound 

Acetaldehyde 

Acetone 

Acrolein 

Crotonaldehyde 

2,4-Hexadienal 

ß-Iononed) 

Carbon 

CI 
Mec> 
CI 
Me 
CI 
C2 
C3 
CI 
C2 
C3 
Me 
CI 
C2 
C3 
C4 
C5 
Me 
C9 
C8 
C7 
C6 
C5 

1 

195.23 
30.34 

200.94 
29.73 

191.05 
139.55 
134.14 
190.38 
135.66 
149.80 

17.80 
190.39 
130.81 
149.74 
131.23 
139.06 

18.32 
193.68 
132.81 
141.00 
136.69 
133.30 

3 

196.31 
30.68 

201.65 
30.20 

191.94 
139.52 
135.52 
191.09 
135.70 
150.80 

18.43 
191.09 
130.85 
150.39 
131.15 
139.91 

18.73 
194.89 
132.65 
141.50 
136.53 
134.10 

Solvent No . 

5 

196.59 
30.48 

202.17 
30.42 

192.16 
139.32 
135.74 
191.54 
135.50 
151.34 

18.16 
191.44 
130.77 
150.72 
130.95 
140.15 

18.53 
196.37 
132.67 
141.95 
136.61 
133.76 

10 

198.63 
30.69 

204.08 
30.10 

193.83 
139.54 
137.23 
192.93 
135.41 
153.30 

18.38 
192.86 
130.98 
152.15 
131.10 
141.24 

18.74 
196.57 
132.86 
142.14 
136.81 
135.11 

14 

202.27 
31.85 

207.61 
31.97 

196.63 
193.36 
140.88 
195.54 
135.35 
156.52 

19.72 
195.48 
130.86 
154.40 
131.41 
143.55 

19.96 
199.06 
132.56 
143.12 
136.75 
136.87 

A<5 

7.04 
1.51 
6.75 
2.24 
5.57 

- 0 . 1 9 
6.73 
5.16 

- 0 . 3 1 
6.73 
1.91 
5.09 
0.06 
4.67 
0.18 
4.37 
1.63 
5.38 

- 0 . 2 5 
2.12 
0.06 
3.57 

a) p p m from external tetramethylsi lane. Positive values indicate downfield shifts, b) Obta ined by subtract ing 
chemical shifts in solvent 1 (pentane) from those in solvent 14 (DMSO-dô). c) Methyl carbon, d) T h e n u m b e r i n g 
of carbon a toms is given in the fol lowing fashion: 

Tab l e 3. Dielectric Constant Dependence of Calculated Shelding 
Constants , a,a) and Shielding Differences, Aab) 

Compound 

Formaldehyde 
Acetaldehyde 

Acetone 

Acrolein 

Crotonaldehyde 

2,4-Hexadienal 

Carbon 

CI 
CI 
Med> 
CI 
Me 
CI 
C2 
C3 
CI 
C2 
C3 
Me 
CI 
C2 
C3 
C4 
C5 
Me 

1 

-144 .34 
-146.71 

20.48 
-148 .14 

19.64 
-144 .50 

- 9 0 . 4 3 
-92 .97 

-144.61 
-90 .38 

-102 .45 
20.92 

-145 .85 
- 8 4 . 8 5 
- 9 7 . 5 6 
-97 .41 

-103.21 
19.86 

£c> 

2 

-145 .91 
-148 .25 

20.26 
-149 .45 

19.45 
-145 .79 

- 9 0 . 3 0 
- 9 4 . 1 1 

-145 .54 
- 9 0 . 2 0 

-103 .68 
21.13 

-147 .15 
- 8 4 . 5 4 
- 9 8 . 6 6 
- 9 6 . 3 9 

-104 .45 
19.62 

80 

- 1 4 7 . 7 3 
-149 .92 

19.84 
-150 .97 

19.21 
-146 .94 

- 9 0 . 1 8 
- 9 5 . 4 1 

-147 .00 
- 8 9 . 7 8 

- 1 0 5 . 4 3 
20.06 

-148 .35 
- 8 4 . 3 4 

- 1 0 0 . 1 8 
- 9 6 . 7 3 

-104 .66 
17.39 

ACT 

- 3 . 3 9 
- 3 . 2 1 
- 0 . 6 4 
- 2 . 8 3 
- 0 . 4 3 
- 2 . 4 4 

0.25 
- 2 . 4 4 
- 2 . 3 9 

0.60 
- 2 . 9 8 
- 0 . 8 6 
- 2 . 5 0 

0.51 
- 2 . 6 2 

0.68 
- 1 . 4 5 
- 2 . 4 7 

a) Given in ppm. Minus sign indicates deshielding. b) Obtained by subtracting shielding constants in the 
medium of £=1 from those in the medium of £=80. c) Dielectric constant, d) Methyl carbon. 

is a measure of the susceptibility of each carbon 

shielding against the reaction field. The trends i)—iv) 

can be used as criteria to examine the reproducibility 

of calculated results. 

In Table 3 are summarized the calculated 13C 

shielding constants, a, and the shielding constant 

differences. As shown in Fig. 4, there is a good 

correlation between the calculated 13C shielding 
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Fig. 4. Correlation between observed and calculated 
13C chemical shifts for acetaldehyde (A), acetone (A), 
acrolein (•), and crotonaldehyde (O). 

constants (fi=l) and the observed (in pentane) chemical 
shifts for acetaldehyde, acetone, acrolein, and croton-
aledehyde, supporting the reliability of the finite 
perturbation method. However, for 2,4-hexadienal 
there were serious disagreements between the calcu­
lated and the observed data, namely, the relative order 
of C3 and C5 was not reproduced by the calculations. 
This order was not reversed by the medium effects 
considered here. A series of calculations were carried 
out for longer-chain polyenals in vacuo. Similarly, 
such calculations did not reproduce the relative order 
between the C3 and the terminal conjugated carbon. 
These results indicate the inability of the INDO-finite 
perturbation method itself for the longer polyenals (in 
vacuo). Thus we do not later discuss the results for 
2,4-hexadienal. 

In Fig. 5 is shown the dielectric constant depen­
dence of the calculated 13C shielding constants, 
aM, of crotonaldehyde. The shielding constant is 
almost proportional to (e~l)/(fi+l). The calculations 
(Table 3) underestimate the amounts of chemical shift 
changes compared with the observed data (Table 2). 
However, the four trends described above are well 
reproduced as described below. 

The values of Aa indicate the downfield shift of the 
odd-numbered carbons, and the relatively small 
upfield shifts of the even-numbered carbons (C2 
carbons), which is consistent with the trend i). By 
comparing the Aa of the carbonyl resonances, their 
relative sensitivity to dielectric effects can be estimated. 
Such a comparison produces the following sensitivity 
values; acetone 1.00, acetaldehyde 1.04, acrolein 0.83, 
crotonaldehyde 0.76. The corresponding calculated 
values are 1.13, 0.86, 0.84 for acetaldehyde, acrolein, 
and crotonaldehyde, respectively. Thus, the calcula­
tions well reproduce the ^-conjugation effects (trend 
ii)). The trend iii) mentioned above means the higher 
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Fig. 5. Dielectric constant dependence of calculated 
13C shieldings for crotonaldehyde. 

sensitivity of the C3 resonance than the CI. The 
relative sensitivity of the C3 to CI resonances is 
determined as follows: 1.21 (1.00) for acrolein and 1.30 
(1.25) for crotonaldehyde, where the values in the 
parentheses show the calculated data. If the chemical 
shift difference, Aô, are evaluated by subtracting the 
shift in pentane from that in the higher dielectric 
solvents other than DMSO, we obtained 1.05 and 1.30 
for the average C3/C1 sensitivity of acrolein and 
crotonaldehyde, respectively. These are in better 
agreement with the calculated data. Therefore, it can 
be concluded that the trend iii) is satisfactorily 
reproduced by the calculations. 

In some points the present results surpasses those of 
early theoretical studies4»17) based on the 'solvaton' 
model. Jallali-Heravi and Webb17) have obtained the 
following relative carbonyl sensitivity: acetone 1.00, 
acetaldehyde 0.70 and formaldehyde —0.14. Clearly, 
the value for acetaldehyde is too small. Although there 
is no observed data for formaldehyde, the upfield shift 
(seen from the minus sign) seems to be unacceptable. 
Furthermore, in that report, the methyl resonance of 
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acetone shows the considerable amount of up-field 
shift (7ppm), which is also inconsistent with the 
present observed data (trend iv)). 

It is well-known that there is a linear relationship 
between the 13C chemical shifts of ^-conjugated 
carbons and their electron density.7»18) On the basis of 
this empirical rule, the trend i) means that with 
polarization of the terminal carbonyl group positive 
charges are induced on the odd-numbered carbons, 
while the charge density on the even-numbered 
carbons is almost kept constant. This pattern of 
charge rearrangement is different from that expected 
from normal inductive effect,19) which predicts an 
alternative distribution of positive and negative 
charges along the polyene chain. Furthermore, on the 
same assumption, the trend iii) insists that the amount 
of positive charge induced on the C3 carbon is greater 
than that on the CI (carbonyl) carbon, which is clearly 

Table 4. Dielectric Constant Dependence of 
Electron Density,a) p, on Oxygen and 

Carbon Atoms of Crotonaldehyde 

Atom 

O 
CI 
C2 
C3 
Med> 

1.0 

-0 .2950 
0.3159 

-0 .0921 
0.0509 
0.0040 

£b> 

2.0 

-0 .3226 
0.3324 

-0 .0963 
0.0603 
0.0041 

80.0 

-0 .3606 
0.3557 

-0 .1021 
0.0753 
0.0050 

Apc> 

-0 .0656 
0.0398 

- 0 . 0 1 0 
0.0244 
0.0010 

a) Net charge, b) Dielectric constant, c) Obtained by 
subtracting net charges at £=1 from those at £=80. 
Minus sign indicates an increase in electron density, 
d) Methyl carbon. 

in conflict with our intuition. It is thus of interest to 
clarify the mechanism of the solvent-induced 13C 
shifts. 

In Table 4 is shown the dielectric constant 
dependence of the electron density, p, on each atom of 
crotonaldehyde. With increasing dielectric constant 
the C=0 bond is more polarized, consequently 
inducing the polarization of the C2=C3 double bond. 
However, the amount of induced charge on the C2 
carbon is considerably smaller than those induced on 
the neighboring carbons (CI and C3). This explains 
the slight change in the chemical shift of the C2 
carbon (trend i)). However, the amounts of induced 
charges on the C3 carbon are smaller than those on the 
CI carbonyl carbon. Thus the solvent-induced 13C 
shifts of these carbons does not follow the empirical 
rule mentioned above. 

In order to investigate the origin of the chemical 
shift changes in more detail, the total shieldig 
constant, aM, for each carbon is decomposed into its 
components according to Eq. 5. The results for 
crotonaldehyde are summarized in Table 5. These 
data indicate that relative order in the chemical shifts 
of the four carbons is chiefly determined by the 
monoatomic paramagnetic shieldings, ap(M), which is 
in agreement with the results of earlier theoretical 
studies on the 13C shielding.6_8'12) However, the other 
components contribute significantly to determining 
the trend of the solvent-induced shifts. In the case of 
the CI resonance, the contribution of ap(M) is decreased 
considerably owing to the opposite effect of ap(KK), 
while in the case of the C3 resonance the shielding is 
little affected by it. As a result of this, the CI resonance 

Table 5. Decomposition^ of Total Shielding Constant, oM, for Crotonaldehyde 

Carbon 

CI 

C2 

C3 

Med> 

£b> 

1.0 
2.0 

80.0 
Acrc> 

1.0 
2.0 

80.0 
ACT 

1.0 
2.0 

80.0 
ACT 

1.0 
2.0 

80.0 
ACT 

CTd(M) 

54.88 
54.73 
54.52 

-0.36 

54.49 
58.52 
58.57 
0.08 

57.17 
57.11 
56.99 

-0.19 

57.73 
57.73 
57.73 
0.0 

crd(KK) 

5.07 
5.05 
5.14 
0.07 

3.83 
3.75 
3.76 

-0.07 

4.58 
4.72 
4.60 
0.02 

3.00 
3.87 
3.72 
0.72 

CTP(M) 

-203.35 
-204.30 
-205.92 

-2.57 

-169.80 
-169.85 
-169.92 

-0.12 

-177.70 
-178.36 
-179.41 

-1.71 

-52.72 
-52.82 
-52.94 
-0.22 

Component 

CTP(KK) 

-0.35 
-0.06 

0.35 
0.70 

-0.09 
0.01 
0.145 
0.23 

1.54 
1.54 
1.55 

-0.02 

-1.85 
-1.84 
-1.86 
-0.01 

crd(MK) 

15.45 
15.42 
15.39 

-0.06 

16.75 
16.75 
16.76 
0.01 

16.01 
15.98 
15.94 

-0.16 

19.16 
19.17 
19.17 
0.01 

oS(MK) 

-0.89 
-0.92 
-0.96 
-0.07 

-0.08 
0.11 

-0.14 
-0.06 

0.78 
0.75 
0.71 

-0.07 

-4.36 
-4.38 
-4.41 
-0.05 

CTP(MK) 

-14.55 
-14.83 
-15.28 
-0.73 

0.77 
0.96 
1.24 
0.47 

-5.47 
-5.77 
-6.20 
-0.73 

4.26 
4.28 
4.28 
0.02 

a) Total shielding constant was decomposed according to Eq. 5. b) Dielectric constant, c) Obtained by subtracting 
shielding constants at £=1 from those at £=80. Negative values indicate downfield shifts, d) Methyl carbon. 
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shifts to down-field to less extent compared wi th the 
C3 one. txp(KK) represents the sum of cont r ibut ions of 
the paramagnet ic currents originated in ne ighbor ing 
atoms, and thereby this term can be further decomposed 
in to each a tomic contr ibut ions . From such analysis, it 
was indicated that the paramagnet ic current a round 
the carbonyl oxygen is the major contr ibutor to this 
term. For the induced-shifts of the C2 resonance, the 
terms ap(KK) and ap(MK) are predominant . T h u s we 
can conclude that there is no s imple correlation 
between the solvent-induced 13C shifts and the electron 
density on the corresponding carbon atom. 

Recent theoretical studies on the 13C N M R shield-
ing2o-22) n a v e demonstrated that hydrogen bond ing 
(HB)-induced shifts are main ly or iginated in the 
electrostatic interact ion between donor and acceptor 
molecules. T h i s suggests the similarity between the 
H B - and dielectric shifts. Figure 3 shows that the 
trend i) holds for the HB-induced shifts. However, the 
amoun t s of them are considerably larger than expected 
from the dielectric constants of the H B solvents. T h i s 
may be due to the relatively large stabilization of H B 
complexes. In view of this , solute-solvent aggrega­
tions, like dipole-dipole complexes, may be responsible 
for the non l inear dependence of the observed 13C 
shieldings on the reaction field (Figs. 2 and 3). 

These results indicate that the present theoretical 
me thod well reproduces the observed solvent-induced 
13C chemical shift changes. In conclusion, the method 
provides good perspectives for the behavior of mole­
cules in solut ion when specific interactions like 
hydrogen b o n d i n g are less impor tant . 
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Magnetic Field Effects on the Dynamics of Biradicals 
Generated from Benzophenone and Diphenylamine 

Bifunctional Chain Molecules 
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The magnetic field effects (MFE) on the lifetimes of triplet biradicals generated from the intramolecular 
photoreaction of bifunctional chain molecules, a-(4-benzoylphenoxy)-a)-[4-(phenylamino)phenoxy]alkanes 
(BP-O-n-O-DPA, n=2—16) were studied by laser flash photolysis. MFE on the biradical lifetimes are strongly 
affected by magnetic field, chain length, and solvent. The effects are interpreted in terms of the hf-relaxation 
mechanism. Lifetime change due to T-—S level crossing was observed in the biradicals with n=2 and 4. The 
singlet and triplet degeneracy of biradicals occurs when ri^6. 

Investigation of the magnet ic field effects (MFE) on 
photochemica l reactions cont inues to be an area of 
active research for the last decade.1* Especially, recent 
studies of MFE on chain- l inked biradicals have 
revealed the factors cont ro l l ing the MFE in addi t ion to 
the detailed knowledge of pr imary steps of the 
r eac t i on . 2 - 0 In the previous papers , we have reported 
MFE on the dynamics of methylene chain-l inked 
neutra l triplet biradicals X O H - C O O - ( C H 2 ) w - O C O -
X • composed of the xan thone ketyl radical ( X O H • ) 
and the xanthenyl radical ( X ) 4 ) and ionic singlet 
biradicals Phen~-(CH2)„-DMA+ composed of the 
phenan th rene an ion radical (Phen~) and the N,N-
dimethylani l ine cation radical (DMA+).5) In spite of 
the great difference in the nature of the two biradical 
systems, MFE studies on bo th systems have reached 
ana logous conclusion that the singlet (S)-triplet (T) 
degeneracy of biradicals occurs when the chain length 
becomes as long as about 10 chain uni ts . However, if 
one compares the magn i tude of MFE and magnet ic 
field dependence of the lifetimes of bo th systems, one 
can find considerable difference between two systems. 
For example , the lifetime of X O H - C O O - ( C H 2 ) 6 -
O C O - X - increases abou t 20 times in the presence of a 
magnet ic field (0.8 T ) , whereas that of Phen~-
(CH2)io-DMA+ increases about 2 times. We can 
observe T-—S level crossing in Phen~-(CH2)n-DMA+ 
system, whi le n o evidence of the crossing was observed 
in X O H - C O O - ( C H 2 ) „ - O C O - X . system by laser 
flash photolysis . Is there any correlat ion between the 
magn i tude and the cha in length dependence of MFE? 
Is there any influence of electronic charge and spin 
mult ipl ic i ty of chain-l inked biradicals u p o n magnet ic 
field dependence of their lifetimes and magni tude? 
Wi th these quest ions in mind, we have at tempted to 
extend studies of MFE to other chain- l inked biradicals. 

In the previous papers,9* we have studied MFE on 

+ Present address: Department of Chemistry, Faculty of 
Science, Hiroshima University, Higashisenda-machi, Naka-
ku, Hiroshima 730. 

the photoreac t ion of aromat ic ketones and amines in 
micellar solut ion, in which significant effects have 
been observed. In order to make deep insight in to the 
mechanism of MFE, we have undertaken to study the 
MFE on the dynamics of methylene cha in - l inked 
triplet biradicals generated from the end-to-end reac­
t ion of excited triplet benzophenone and diphenyl­
amine by laser flash photolysis. 

Experimental 

Materials. l-(4-Benzoylphenoxy)-10-[4-(phenylamino) 
phenoxy]decane (BP-O-10-O-DPA) was synthesized with 
the following procedure. A 10 ml anhydrous iV,A/-dimeth-
ylformamide (DMF) solution of 4-hydroxybenzophenone 
(1 g) was slowly added to a 10 ml DMF containing NaH 
(240 mg) in an ice water bath, and the solution was stirred at 
room temperature for 18 h. Then a 10 ml DMF of 1,10-
dibromodecane (4.5 g) was added into the solution and the 
solution was stirred at room temperature for 22 h. The 
reaction mixture was treated with ice water, extracted with 
benzene, and purified by chromatography, yielding a white 
solid of l-(4-benzoylphenoxy)-10-bromodecane (1.67 g). 

Mp 67—68 °C. *HNMR(60MHz, CDC13) 0=1.05—2.11 
(16H, br, methylene), 3.66 (2H, t, J=6 Hz, -CH2Br), 4.00 (2H, 
t, J=6 Hz, -CH2O-), and 6.65—7.90 (9H, m, aromatic). IR 
(KBr) 1635 (C=0), 2852, and 2920 cm~i (-CH2-). Calcd for 
C23H29Br02: C, 66.19; H, 6.95%. Found: C, 66.25; H, 6.99%. 
M, 416. 

An 30% NaOH aqueous solution (5 ml) containing 1-
(4-benzoylphenoxy)-10-bromodecane (400 mg), 4-hydroxy -
diphenylamine (342 mg), and tetrabutylammonium bromide 
(89 mg) was refluxed for 1 h. The reaction mixture was 
treated with ice water, extracted with CHCI3, and purified 
by chromatography, yielding a light yellow solid of l-(4-
benzoylphenoxy)-10-[4-(phenylamino)phenoxy]decane (BP-
O-10-O-DPA, 344 mg). 

Mp 116—117 °C. *H NMR 0=1.01—2.05 (16H, br, meth­
ylene), 3.86 (2H, t, J=6 Hz, -CH 2 0-Ph-NH) , 3.96 (2H, t, 
/ = 6 H z , -CH 2 0-Ph-C=0) , 5.40 (1H, bs, NH), and 6.45— 
7.81 (18H, m, aromatic). IR 1638 (C=0), 2850, 2910 (-CH2-), 
and 3425 cm"* (NH). Calcd for C35H39NO3: C, 80.61; H, 7.46; 
N, 2.69%. Found: C, 80.61; H, 7.45; N, 2.65%. M, 521. 

Other bifunctional alkanes composed with different chain 
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Table 1. Melting Points of BP-O-rc-O-DPA 

Melting point/°C 

139—141 
92—93 

131—133 
116—117 

n Melting point/°C 

8 114—115 
10 116—117 
12 116—117 
16 119—120 
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length (BP-O-n-O-DPA, n=2—16) were prepared in an 
analogous manner. Their spectral data are very similar to 
those of BP-O-IO-O-DPA. Their melting points are given 
in Table 1. 

4-Methoxybenzophenone (MeOBP) and diphenylamine 
were purified by recrystallization and vacuum sublimation. 
Spectrograde AT,N-dimethylformamide (DMF), acetonitrile 
(MeCN), and benzene were used as received. All solutions 
(10-3—10~4M) were deaerated by freeze-pump-thaw cycles 
( lM=lmoldm-3) . 

Laser Flash Photolysis. Transient absorption spectra 
were measured at room temperature, by using an N2 laser 
(337 nm, 10 ns) or a XeCl excimer laser (308 nm, 15—20 ns) 
as an exciting light source. The transient signal was detected 
by a combination of a monochromator, a photomultiplier, 
and a storagescope. Magnetic fields (<1 T) were applied 
with an electromagnet. The details of the apparatus were 
described elsewhere.4) Lifetimes of biradicals were obtained 
from the initial decay of transient absorption monitored at 
330—340 nm. 

Results and Discussion 

1. Magnetic Field Effects on the Transient Absorp­
tion Spectra of BP-O-IO-O-DPA. Transient Spectra 
in DMF. Figure 1 shows the transient absorpt ion 
spectra of B P - O - I O - O - D P A in DMF, generated by the 
337 n m excitation. Qui te a few studies have been 
reported on the dynamics of intermolecular photoreac-
tions of benzophenones and amines.1 0 _ 1 2 ) According to 
the literature, extinction coefficients and band max ima 
of the absorpt ion spectra of reaction intermediates are 
as follows; benzophenone ketyl radical (20000 M _ 1 c m - 1 

at 330 nm, 4600—5100 M" 1 cm" 1 at 545 nm),12»13) benzo­
phenone an ion radical (19000 M _ 1 c m - 1 at 339 nm, 
5000 M" 1 c m - 1 at 630 nm),12'13> d iphenylaminyl radical 
(4000 M" 1 cm" 1 at 760 nm),1 4 ) and d iphenylamine 
cat ion radical (19000—25000 M" 1 cm" 1 at 680 nm).12'15> 
T h u s , the t ransient absorpt ion spectra of B P - O - 1 0 -

O - D P A shown in Fig. 1 are reasonably assigned as 
follows: T h e strong band a round 330 n m is the mixture 
of absorpt ion of benzophenone ketyl radical (BPH • ) 
and benzophenone an ion radical(BP~), and the bands 
a round 550, 680, and 740 n m are at t r ibutable to the 
absorpt ions of B P H - , d ipheny lamine cat ion radical 
(DPA+), and d iphenylaminyl radical ( D P A ) , respec­
tively, t h o u g h they are moderately complicated. T h e 
absence of the t r iplet- t r iplet ( T - T ) absorpt ion band 
(6000—6500 M ^ c m - 1 at 525nm)1 2 '1 6 ) in nanosecond 
time scale, which is observed in the transients of 
MeOBP, indicates that bo th neutral biradical (BPH 

300 350 400 450 500 550 600 650 700 750 BOO 

Wavelength / nm 

Fig. 1. Transient absorption spectra of BP-O-10-O-
DPA generated by the 337 nm excitation in DMF. 
Delay times are 60 (D), 190 (O), 380 (A), and 800 ns (+) 
after the laser pulse. Inset: Magnetic field effects on 
the decay curves monitored at 340 nm. 

- O - 1 0 - O - D P A ) and ionic one (BP"-O-10-O-DPA+) 
are main ly generated from the in t ramolecular reaction 
of the excited tr iplet BP a n d DPA. T h e rate constant 
of the cor responding intermolecular reaction of the 
excited triplet MeOBP and diphenylamine was estimated 
to be a round 109—1010 M _ 1 s_1. T a k i n g in to account of 
the local concentra t ion of DPA (>0.1 M) in B P - O - 1 0 -
O-DPA, the in t ramolecular reaction was estimated to 
occur wi th in a few nanosecond. T h e two biradicals 
may be generated s imultaneously, as reported in the 
intermolecular reaction of benzophenone and diphenyl­
amine studied by picosecond laser flash photolysis.12) 

A prel iminary picosecond photolysis study suggests 
that bo th neut ra l and ionic absorpt ion bands appears 
in concomitant wi th a decay (1.8 ns) of 3BP* in the case 
of B P - O - 3 - O - D P A in MeCN.17> However, we could 
no t determine whether two biradicals were generated 
s imultaneously or successively by nanosecond laser 
photolysis, since they were generated wi th in the pulse 
width (10 ns) of the laser used. T h e ratio of neutral 
biradical to ionic one is roughly estimated to be about 
4 : 1 to 3 : 1 , from the molar extinct ion coefficients of 
these radicals, t h o u g h these absorpt ion bands are 
overlapped. 

Next, we examined the magnet ic field effects on the 
lifetime of biradicals of B P - O - I O - O - D P A generated 
by the 337 n m excitat ion in DMF. T h e external MFE 
were observed on the transient absorpt ion bands in the 
whole wavelength region (300—800 nm), as a typical 
result is shown in inset of Fig. 1. T h e decay curves 
moni tored a round 340 n m a n d 680 n m consist of a 
short and a long decay componen t (see, Fig. 1). T h e 
long-lived componen t may be at tr ibutable to the 
monoradicals (BP-O-10-O-DPA+, B P T - O - 1 0 - O - D P A ) 
generated from the electron (hole) exchange between 
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the ionic biradical and the neutral molecule, since it 
appears only in the absorption of ionic species and its 
fraction increases with increasing the solute concentra­
tion. Thus, lifetimes of biradicals were calculated 
from the initial slopes of the decay curves (l/e), since 
fraction of the long-lived component, which is 
magnetic field insensitive, is less than 10%. 

The lifetimes determined from the absorption at 
340nm (mainly attributable to BPH- and BP^), 540 
nm (BPH • ), 630 nm (BPT), 680 nm (DPA+), and 740 nm 
(DPA) are approximately comparable with each other 
within experimental error (300 ± 30 ns at zero field and 
4600+270 ns at 0.56 T), though the spectra ,are 
overlapped with each other and signal/noise ratio of 
absorption intensities in 500—800 nm is considerably 
low. This indicates that lifetimes in the absence and 
presence of a magnetic field are almost same within 
experimental error. Solvation of the ionic radicals in 
the ionic biradical may reduce the electrostatic Coulomb-
ic interaction between two radicals, though the 
interaction is expected to shorten the mean inter-
radical distance from that of the neutral biradical, and, 
therefore, magnetic field dependence of lifetimes of 
two biradicals is expected to be different from one 
another. It is not clear from the present study whether 
the two biradicals are in dynamic equilibrium or not. 

Hereafter, the lifetimes determined from the decay 
curves around 330—340 nm are used as the lifetimes of 
biradicals without distinguishing between two species, 
since magnetic fields affected decay curves of neutral 
and ionic biradicals in a similar manner, and since the 
best signal/noise ratio was attained at the absorption 
around 330 nm. Therefore, the lifetimes that will be 
discussed below are, in general, considered as the 
average lifetimes of neutral and ionic biradicals. 

Excitation Wavelength and Solvent Dependence. 
Influence of the excitation wavelength and solvent 

on the transient spectra of BP-O-10-O-DPA was 
examined. By the 308 nm excitation in DMF, a 
considerable fraction of photons is absorbed by the 
DPA chromophore, since the absorption intensity 
ratio of DPA and BP is about 2:1 at 308 nm. However, 
transient spectra obtained by the 308 nm excitation are 
analogous to those obtained by the 337 nm excitation 
shown in Fig. 1. The 308 nm excitation does not affect 
seriously the relative yields of neutral and ionic 

Table 2. Lifetimes (|is) of the Biradical 
Generated from BP-O-10-O-DPAa> 

Solvent 

DMF 
MeCN 
Benzene 

337 

0 T 

0.33 

nmb) 

0.56 T 

4.7 

308 nmb> 

0 T 

0.27 
0.14 
0.10 

0.56 T 

4.3 
0.64 
0.14 

a) Experimental errors are ±15%. b) Excitation wave­
length. 

biradicals monitored after several tens of nanosecond. 
In addition, lifetimes in the absence and presence of a 
magnetic field (0.56 T) are close to each other within 
experimental error (Table 2). In the case of DPA 
excitation, the energy transfer from the excited triplet 
DPA to BP may take place efficiently, as the excited 
triplet energy of diphenylamine is close to that of 
benzophenone.18) 

Solvent effects on the transients of BP-O-10-O-DPA 
were examined for the spectra obtained by the 308 nm 
excitation. Transient spectra of BP-O-10-O-DPA in 
MeCN (dielectric constant, 37.5) and benzene (2.3) are 
very similar to those in DMF (36.7) shown in Fig. 1, 
indicating the generation of two biradicals in these 
solvents. The relative yields of neutral and ionic 
biradicals are less sensitive to the solvent polarity. 
These observations are in parallel with those for the 
corresponding intermolecular reaction of benzophenone 
and diphenylamine.12) In contrast to the spectra, the 
lifetimes of the biradicals in the absence and presence 
of magnetic fields are quite different from each other 
as shown in Table 2. MFE on the biradical lifetimes 
are in the order of DMF>MeCN>benzene. 

The solvent effects on the MFE of biradical lifetimes 
may be attributable to (1) formation of the intra­
molecular ground state complex or (2) conformational 
difference in the biradicals, since interradical distance 
in the biradicals affects strongly the magnitude of 
MFE as will be described later. Indeed, the UV spectral 
examination of MeOBP and diphenylamine reveals 
that intermolecular weak complex formation takes 
place in three solvents with the order of benzene> 
MeCN, DMF. The association constant in benzene was 
estimated to be 0.1 M_1 at room temperature, by 
assuming a 1:1 complex. Taking into account of high 
local concentration of DPA (>0.1 M) and of linking of 
the two chromophores in BP-O-10-O-DPA, consid­
erable portion of BP-O-10-O-DPA may exist as 
intramolecular complex BP-O-10-O-DPA in benzene, 

while a little in DMF and MeCN. 
According to product analysis studies,19) triplet 

benzophenone reacts with diphenylamine in £-butyl 
alcohol and in acetonitrile but not in benzene, leading 
to l-(4-anilinophenyl)-l,l-diphenylmethanol in the 
polar solvents. Furthermore, the excited singlet state 
of the intermolecular complex of benzophenone and 
diphenylamine deactivates into its ground state within 
picosecond time scale.12) Thus, the excited state of the 
intermolecular complex does not generate radicals. 
Taking into account of the results mentioned above, in 
the intramolecular photoreaction of BP-O-10-O-
DPA, it is not conceivable that intramolecular 
complex generates biradicals showing transient absorp­
tion in the nanosecond time scale. It seems that 
conformational difference of the biradicals in three 
solvents determines the magnitude of the effects. In a 
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solution where complex formation takes place consid­
erably, the mean distance between two chromo-
phores at the ends of the chain in uncomplexed 
BP-O-10-O-DPA may become in close proximity, 
and, therefore, the two radical centers in the biradicals 
generated are in close proximity. This short inter-
radical distance results in the reduction of the 
magnitude of the effects because the degeneracy of the 
triplet and singlet state of the biradicals is lifted (see, 
the next section). Furthermore, BP-O-10-O-DPA is 
less soluble in MeCN than in DMF. This indicates 
that the biradical conformation is rather compact in 
MeCN than in DMF, and, therefore, the magnitude of 
MFE is expected to be smaller in MeCN that in DMF. 
This expectation agrees well with the observed results 
shown in Table 2, though dielectric constants of two 
solvents are very similar. Conformational distribution 
of biradicals is considered to be very important to 
understand the magnitude of MFE. In the case of 
Phen-(CH2)io-DMA,5) the ionic biradical generated 
from the excited singlet Phen does exhibit significant 
MFE, while the ionic biradical generated from the 
excited singlet DMA does not. This difference in MFE 
was attributed to the conformational difference between 
two biradicals. 

Reaction Mechanism. A tentative reaction mech­
anism of BP-O-10-O-DPA in DMF is given in Scheme 
1. In the ground state, BP-O-10-O-DPA may partly 
form the intramolecular complex BP-O-10-O-DPA. 

The excited states of both the free BP-O-10-O-DPA 
and the complex may be generated by the 337 nm 
excitation. Intramolecular hydrogen abstraction and 
electron-transfer reactions take place simultaneously 
from the triplet excited state of free BP-O-10-O-DPA, 
leading to the generation of triplet biradicals linked by 
a methylene chain, i.e., the BPH-O-10-O-DPA-
biradical and the BP"-O-10-O-DPA+ biradical. These 
biradicals may undergo singlet (S)-triplet (T) inter-
system crossing (isc), while recombination and/or back 
electron-transfer reactions may take place in the 
singlet state. On the other hand, the excited singlet of 

the complex does not give any net chemical reaction 
and deactivates into the ground state within pico­
second time scale. Furthermore, when DPA is excited 
by a 308 nm laser, biradicals may be generated 
indirectly after the energy transfer from the excited 
triplet DPA to BP. The photoprocess in MeCN may 
be the same as that in DMF. Considerable fraction of 
BP-O-10-O-DPA may exist as the ground state 
intramolecular complex in benzene. 

Mechanism of Magnetic Field Effects. In the 
previous papers,4) we have discussed in detail the 
mechanism of MFE on the chain-linked triplet 
biradicals, XOH • -COO-(CH2)„-OCO-X •. Mechanism 
of MFE presented for the previous triplet biradicals 
seems to be applicable for the present systems, since 
magnetic field dependence of the lifetimes of the 
triplet biradicals generated from BP-O-10-O-DPA is 
very similar to that of the previous ones. The lifetimes 
of the biradicals generated from BP-O-10-O-DPA are 
330 ns at zero field in DMF. The electron-nuclear 
hyperfine (hf)-induced T-S isc rate is estimated to be 
about 108 s_1 from their hf coupling constants,20) 

while the relaxation rate among spin sublevels is 
considered to be in the order of 106 s -1.21) These facts 
indicate that neither hf-induced isc nor relaxation in 
triplet manifold is the rate-controlling step in the 
deactivation of the biradicals at zero field. The cage 
reaction in the singlet state may determine the 
lifetimes at zero field. In the presence of a weak 
magnetic field (<0.1T), hf-induced isc rate among 
nondegenerate states becomes slower than the cage 
reaction rate, and, therefore, can be the rate-con­
trolling step, as observed in the rapid increase in the 
lifetimes in the low field region (<0.1 T). In higher 
fields (>0.1 T), the hf-induced isc rate becomes slower 
than the relaxation rate among triplet sublevels. In 
this way, the relaxation may become the rate-con­
trolling step in higher fields. 

2. Chain Length Dependence of the Magnetic Field 
Effects. Bifunctional chain molecules BP-O-n -O-
DPA (n=2—16) in DMF, generated by the 337 nm 
excitation, exhibit transient absorption spectra similar 

3BP-0-10-0-DPA<^ 

337 nm 

BP-0-10-0-DPA ^ 

3 (BP"-0-10-0-DPAt) > 1 (BP--0-10-0-DPA+) 

3(BPH-0-10-0-DPA- ) > MBPH-0-10-0-DPA) 

1 Complex* 

jt337 nm 
0-10-0 

BP DPA 
Complex 

Scheme 1. 
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n = 6 
J J I l__l L_ 

Table 3. Lifetimes (|is) of the Biradicals 
Generated from BP-0-rc-0-DPAa> 

0 0.5 0 0.5 
H / T H / T 

Fig. 2. Magnetic field effects on the lifetimes of bira­
dicals generated from BP-O-rc-O-DPA in DMF. 
Magnetic field dependences of biradicals with n>6 
are not shown in this figure, since they are very simi­
lar to that of the biradicals with n=6. 

Fig. 3. Chain length dependence of the lifetime ratio 
T(H) /T(0) of the biradicals generated from BP-O-
n-O-DPA in the presence and absence of a magnetic 
field (H=0.56T). 

to those wi th n=10 . T h e facts indicate that these 
molecules undergo photoreact ions ana logous to those 
of B P - O - I O - O - D P A . T h e magnet ic field dependence 
of the lifetimes of biradicals generated from these 
molecules was examined in detail (Figs. 2 and 3, and 
Table 3). T h e lifetimes of biradicals generated from 
B P - O - n - O - D P A are affected significantly by the 
chain length, n, as well as by the magnet ic fields. 

Cha in length dependence of the MFE on the 
biradical lifetimes can be interpreted wi th the aid of 

TL 

2 
3 
4 
6 
8 

10 
12 
16 

0 T 

6.6 
1.4 
1.6 
0.36 
0.36 
0.33 
0.37 
0.40 

DMFb> 

0.56 T 

6.2 
4.9 
5.4 
4.5 
5.1 
4.7 
4.8 
4.7 

Rà) 

0.9 
3.5 
3.4 

12.5 
14.2 
14.2 
13.0 
11.8 

0 T 

4.4 
1.1 
0.75 
0.14 
0.14 
0.14 
0.24 
0.15 

MeCNc> 

0.56 T 

4.0 
2.2 
1.1 
0.52 
0.64 
0.64 
0.69 
0.48 

# d ) 

0.9 
2.0 
1.5 
3.7 
4.6 
4.6 
2.9 
3.3 

a) Experimental errors are ±15%. b) 337 nm excitation. 
c) 308 nm excitation, d) Lifetime ratio in the presence 
and absence of a magnetic field. 
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Fig. 4. Energy diagram of biradicals. 

the energy d iagram schematically shown in Fig. 4. T h e 
energy gap between T and S biradical is caused by 
electron-exchange interaction, and is a function of 
interradical distance r, exp(—ar), a being a constant. 
T h u s , by chang ing the chain length, we can change 
the mean interradical distance and, therefore, the S -T 
energy gap of biradicals. Firstly, let's examine 
magnet ic field dependence of biradical lifetimes shown 
in Fig. 2 in detail. 

In the case of the biradicals wi th n=6—16, the 
lifetimes in the absence and presence of magnet ic fields 
are rather independent from the chain length n (see 
also Tab le 3). In these biradicals, the chain length is 
so long that T and S states are almost degenerate wi th 
each other. T h u s the t ransi t ion occurs between nearly 
degenerate states (Fig. 4), and, for this reason, we can 
see significant MFE caused by the Zeeman spl i t t ing of 
triplet sublevels, as described in the previous section. 

By decreasing the chain length, S and T states 
become nondegenerate at zero field because of electron-
exchange interaction (Fig. 4). Therefore, by increasing 
a magnet ic field, T - shifts in lower energy, and the 
degeneracy between T - and S occurs at a certain 
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magnet ic field ( T - - S level crossing). T h i s happened 
in the case of the biradicals with n = 4 . As shown in Fig. 
3, wi th increasing a magnet ic field, the lifetime (1.6 |is 
at zero field) decreases ini t ial ly u p to 40 m T due to the 
level crossing (1.2 \xs at 0.04 T) , and then increases 
(5.4 Lis at 0.56 T ) by further increasing a magnet ic field. 
To-S energy gap of this biradical is then considered to 
be about 40 m T . 

In the case of the biradical wi th n=2, the S - T energy 
gap is so large that slow T - S transi t ion (6.6 LIS) occurs 
between nondegenerate T and S states at zero field. By 
increasing a magnet ic field, however, a shift of T -
sublevel enhances slightly the T—S transit ion rate, 
observed as a small decrease in the lifetime (6.2 LIS at 
0.56 T) . T h e T 0 - S energy gap is likely greater than 
0.9 T , since n o m i n i m u m was observed in the 
magnet ic fields u p to 0.95 T . 

O n the other hand , no d ip was observed in the 
magnet ic field dependence of the lifetimes of the 
biradicals wi th n=3. T h e Zeeman spl i t t ing of triplet 
sublevels can influence the lifetimes of biradicals in 
two ways, when two states are nondegenerate; the 
lifetime increase due to the u p w a r d shift of T+ and the 
decrease due to the downward shift of T - . As the 
lifetime of biradicals wi th n=3 (1.4 LIS at zero field) is 
in comparable wi th the biradical lifetime wi th n = 4 , its 
interradical distance may be compat ible wi th that in 
the biradicals wi th n = 4 . However, because of 
conformational restriction posed for the chain, magnet­
ic interact ion between two radicals at the ends of the 
cha in may be slightly different from one another . It is 
likely that , in the case of the biradicals wi th n = 3 , the 
increase of the lifetime due to the h i g h energy shift of 
T+ overcomes the deplet ion due to the T - - S level 
crossing. 

Degeneracy of two spin states was further confirmed 
from the chain length dependence of lifetime rat io in 
the absence and presence of a magnet ic field (0.56 T ) 
(Fig. 3 a n d Tab le 3). Significant increase in the 
lifetime ra t io occurs at n=6, which is a t t r ibutable to 
the S - T degeneracy. In this way, we can clearly 
conclude that the T - S degeneracy of present biradicals 
occurs when n ^ 6 . 

Cha in length dependence of the MFE on the 
biradical lifetimes generated by the 308 n m excitation 
was also examined in MeCN. T h e dependence in 
MeCN is essentially the same as that shown in Figs. 2 
and 3, and only the lifetimes at zero and 0.56 T are 
listed in Tab le 3 for compar ison. We can also 
conclude that S -T degeneracy of the biradical occurs at 
a round n=6. Observed scatter in the rat io may be due 
to the solubil i ty of the chain molecules in MeCN. It is 
interest ing that the ana logous conclusion is obtained 
in two solvents, even t h o u g h magn i tude of the effects 
are considerably different. 

As briefly discussed in In t roduct ion , we reported the 
magnet ic field dependence and cha in length depend­

ence of the lifetime of triplet biradicals, X O H -
C O O - ( C H 2 ) „ - O C O - X . (n=2—12)4> and singlet ones, 
PhenT-(CH2)„-DMA+ (n=3—10).5> Present results on 
the S -T degeneracy of the biradicals are in paral lel 
wi th those reported, t h o u g h degeneracy occurs at 
slightly short chain length in the present biradicals. 
Indeed, in the present biradicals wi th n=6 in DMF and 
MeCN, l inked by totally 8 chain uni ts , no T - - S level 
crossing occurs at 40 m T , while it occurs at 70 m T in 
the case of PhenT-(CH 2 ) 8 -DMA+ in MeCN. T h i s 
difference might be at tr ibutable to the chain conforma­
t ions of these biradicals at the ester par t (i.e., - O - or 
- O C O - ) . Fur thermore , in the case of the present 
triplet biradicals exhibi t ing significant MFE, lifetime 
change due to T - - S level crossing was observed when 
n—2 and 4. In the previous triplet biradical wi th n=2 
(i.e., totally 6 chain units), we could still observe MFE 
as large as three times, and no depletion due to T - - S 
level crossing was detected, in contrast to the present 
results. Therefore, whether T - - S level crossing is 
observable or not is strongly affected by the dectivätion 
rates associated wi th biradical spin states and the 
chain conformation. 

T h i s work was suppor ted by the Grant- in-Aid for 
Scientific Research from the Ministry of Educat ion, 
Science and Culture. 
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Fluorescence Behaviors of 3,3-Bis(8-quinolyloxymethyl)oxetane: 
Effects of Solvents, Carrier-Concentration, and 

Metal Ions on the Fluorescence Intensity 
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The effects of solvents, the concentration of 3,3-bis(8-quinolyloxymethyl)oxetane (1), and the presence of 
metal ions on the fluorescence intensity of 1 have been investigated. The fluorescence intensity of 1 considerably 
increased when measured in chloroform, acetonitrile, or dioxane, though resulting in a comparably small 
increase when measured in ethyl acetate, toluene, or ethylene glycol. When acetone was used as the solvent, the 
fluorescence spectrum was hardly observed. When the concentration of 1 was adjusted to near 0.1 mmol dm - 3 , 
the intensity became maximum in each solvent used, except for acetone. It was observed that the fluorescence 
intensity of 1 rapidly decreased in a concentration range over 0.1 mmol dm - 3 . Furthermore, when metal ions 
were added into an organic solution such as acetonitrile, dioxane, or chloroform containing 1, the maximum 
increase in the fluorescence intensity was observed in the presence of lithium salt, whereas the intensity hardly 
changed in the presence of both potassium and sodium ions, compared with that of 1 in the absence of any metal 
ion. The presence of magnesium and barium ions also hardly brought about an increase of the intensity. On 
the other hand, heavy metal ions, such as silver(I) and copper(II), were observed to results in a slight decrease. 

Much a t tent ion has been increasingly pa id to 
l i th ium- ion detection, no t only us ing ion-selective 
electrodes based on neut ra l carriers,1-8* b u t also by 
spectrophotometr ic methods,9 '1 0 ) which can afford to 
be an available tool, because l i th ium- ion detection has 
become impor t an t in biological and envi ronmenta l 
systems.11_14) 

We have recently reported that l ,3-bis(8-quinolyl-
oxy)propane derivatives are potent ia l fluorescent iono­
phores for l i th ium- ion detection in acetonitrile.15»10 

T h a t is, their fluorescence intensity can increase 
remarkably in the presence of l i t h ium Perchlorate, 
whereas it hardly increases in the presence of sodium 
or potass ium ions. Fur thermore , a l inear re la t ionship 
between the fluorescence intensity and the concentra­
t ion of l i t h i u m ions w i th in the l imited range was 
found; it was demonstra ted that a quant i ta t ive deter­
m i n a t i o n of l i t h ium ions is possible in acetonitrile.16) 

Besides, it has been confirmed that the intensity strong­
ly depends on the structure of l ,3-bis(8-quinolyloxy)-
propane derivatives, and 3,3-bis(8-quinolyloxymethyl)-
oxetane (1) exhibi ts one of the largest increases of 
fluorescence intensity in the presence of l i t h ium ions 
a m o n g the ionophores investigated. 

oc • 
In this study we report on the effects of solvents, 

the concentrat ion of 1, and the k ind of metal salts on 
the fluorescence intensity. According to the lither-
ature,9»10) there are a n u m b e r of ionophores in which 

either the electron or fluorescence spct rum can be 
changed by the addi t ion of meta l ions. In par t icular , 
many studies on macrocyclic ionophores , which can 
exhibi t a hypochromic a n d / o r ba thochromic change 
in the electron spectrum when metal ions are added, 
have been reported so far,8) whereas there are no t so 
many ionophores which can exhibi t a remarkable and 
selective change in the fluorescence spectrum.17_20) 

Above all, the fluorescence behaviors of noncyclic 
polyethers have scarecely been reported.21_23) We have 
also investigated the behavior of noncyclic ionophore 
(1) synthesized in the fluorescence spectrum. 

Results and Discussion 

1. Effect of Solvents on the Fluorescence Intensity 
in the Absence of Any Metal Ion. T h e fluorescence 
spectra of 3,3-bis(8-quinolyloxymethyl)oxetane (1) 
were measured in the absence of metal ions in several 
solvents in order to investigate the effect of solvents on 
fluorescence. Dioxane, toluene, chloroform, ethyl 
acetate, acetone, acetonitrile, and ethylene glycol were 
used as solvents wi th different dielectric constants. 
Figure 1 shows the relative magni tudes of the fluores­
cence intensity of 0.1 m M (0.1 m m o l d m - 3 ) of 1 in 
each solvent. Plots of the fluorescence intensity 
toward the dielectric constants of each solvent used are 
shown in Fig. 2. As indicated in these figures, there 
seems to be n o re la t ionship between the fluorescence 
intensity of 1 and the m a g n i t u d e of the dielectric 
constants of the solvents. In acetone the fluorescence 
of 1 is completely quenched in a way different from the 
other solvents. O n the other hand , in a prot ic solvent, 
ethylene glycol, the m a x i m u m fluorescence wave­
length appears at 404 n m a n d shows about 20-nm red 
shift, compared wi th that in the other solvents. 

T h e fluorescence spectrum was then measured while 
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400 450 
Wave1ength/nm 

Fig. 1. The influence of solvents on the fluorescence 
spectrum of 1 (0.1 mmol dm -3). Excitation wave­
length 311 nm, 23 °C. Emission maximum: 385 nm 
in CHC13 ( ), 384 nm in MeCN ( ), 378 
nm in dioxane ( ), 380 nm in ethyl acetate 
( )t 378 nm in toluene ( ), and 404 
nm in ethylene glycol ( ). Ionophore 
1 has no emission spectrum in acetone. 

ArDioxane 
•:Toluene 
• : Chloroform 
ArEthyl Acetate ^| 
a:Acetone 
o:MeCN 
:Ethylene 

lycol 

50 100 
Dielectric constant/e 

Fig. 2. Plots of the relative fluorescence intensity of 1 
vs. the dielectric constants of each solvent. Concentra­
tion of 1, : 0.01 mmol dm - 3 (=mM), : 
0.05 mM, : 0.1 mM, : 0.5 mM, : 
1.0 mM. Dielectric constants, dioxane 2.21, toluene 
2.379, chloroform 4.806, ethyl acetate 6.02, acetone 
20.7, acetonitrile 37.5, ethylene glycol 37.7. 

c h a n g i n g the concentra t ion from 0.01 m M of 1 in 
these solvents. Figure 3 shows plots of the m a x i m u m 
fluorescence intensity against each concentrat ion of 1 
in chloroform. T h e fluorescence intensity apparent ly 
has a m a x i m u m at a certain concentrat ion of 1. T h e 
same p h e n o m e n o n was observed in the other solvents, 
except for acetone. In acetone the fluorescence 
spectrum was no t observed at all over the entire range 
of the concentra t ion. Figure 4 shows plots of the 
m a x i m u m fluorescence intensity in each solvent 

400 450 
Wavelength/nm 

Fig. 3. Effect of the concentration of 1 on the 
fluorescence spectrum in chloroform. Excitation 
wavelength 311 nm, 23°C. : 0.01 mmol 
dm~3 (=mM), : 0.05 mM, : 0.1 mM, 

: 0.5 mM, : 1.0 mM. 

0.01 0.1 1.0 
Concentration/mmol dm'3 

Fig. 4. Effects of the concentration of 1 and the sol­
vent on the maximum fluorescence intensity of 1. 

: chloroform, : dioxane, : 
ethyl acetate, : toluene, : ethylene 
glycol. 

against the concentrat ion of 1. T h e fluorescence 
intensity gradual ly increases in the range between 0.01 
a n d 0.1 m M of the concent ra t ion and becomes max­
i m u m at a concentra t ion near 0.1 mM. T h e n , the 
intensity rapidly decreases in the range over 0.1 m M 
because of quench ing ; the spectrum can hardly be 
observed at 0.1 m M in each solvent. T h u s , the 
fluorescence spectrum is apparent ly affected to a great 
extent by the concentra t ion of 1. Therefore, suitable 
solvents for fluorometry should be selected and the 
o p t i m u m concentrat ion arranged in fluorescence 
measurements . T h e concent ra t ion of 1 should be kept 
constant for a quant i ta t ive comparison. T h e n , the 
concentra t ion below 0.1 m M of 1 was used in the 
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400 450 
Wavelength/nm 

Fig. 5. Influence of the addition of lithium Perchlo­
rate (10 mmol dm-3) on the fluorescence spectrum 
of 1 (0.01 mmol dm-3) in each solvent. Excitation 
wavelength 306 nm, 23 °C. Emission maximum in 
the presence of lithium Perchlorate: 391 nm in di­
oxane ( ), 392 nm in MeCN ( ), and 
378 nm in CHCI3 ( ). Lithium Perchlorate is 
partially insoluble in dioxane and CHCI3. Emission 
maximum in the absence of lithium Perchlorate: 
378 nm in dioxane ( ), 385 nm in MeCN 
( ), and 382 nm in CHCI3 ( ). 

measurement of the fluorescence spectrum under the 
presence of metal ions. 

2. Effects of Solvents on the Fluorescence Intensity 
in the Presence of Lithium Perchlorate. As shown in 
Fig. 1, 3,3-bis(8-quinolyloxymethyl)oxetane (1) exhi­
bits a comparably large fluorescence intensity in 
chloroform, acetonitrile, and dioxane. The fluores­
cence spectra were therefore measured in the presence 
of lithium Perchlorate by using these three solvents. 
When a one-thousand-fold amount of lithium Per­
chlorate (10 mM) toward 0.01 mM of 1 was added, it 
was not completely dissolved in the solvents, except in 
acetonitrile. Then, the fluorescence spectrum of a 
saturated solution of chloroform or dioxane was 
measured Figure 5 shows the spectra of 00.1 mM of 1 in 
each solvent. Though the maximum fluorescence 
wavelengths of 1 are slightly different due to the 
solvent used, in every case the intensity increased 3- to 
4-fold more than that without lithium Perchlorate. In 
both acetonitrile and dioxane the intensities are almost 
the same, while in chloroform it becomes a slightly 
smaller. Apparently, the ratio of the fluorescence 
intensity due to the presence of lithium Perchlorate 
increases in the following order: chloroform < aceton­
itrile < dioxane. 

Next, the effect of the counter anion of lithium ion 
on the fluorescence spectra of 1 was investigated. 
Figure 6 shows the fluorescence spectra in acetonitrile 
when chloride and iodide ions were used as counter 

450 
Wavelength/nm 

Fig. 6. Influence of the counter anions of lithium 
ion on the fluorescence intensity of 1 (0.01 mmol 
dm-3) in MeCN. Excitation wavelength 306 nm, 
23 °C. : LiC104 (Emission maximum 392 
nm), ———: LiCl (Emission maximum 393 nm), 
and : Lil (Emission maximum 393 nm). 

anions instead of Perchlorate ions. When a one-
thousand-fold amount (42 mg, 1.0 mmol) of LiCl 
toward 0.01 mM of 1 was added into 100 ml of the 
solution, chloride salt was not completely soluble and 
the supernatant solution was used for the fluorescence 
measurement: a solution containing 6 mM of Lil. The 
magnitude of the fluorescence intensity was: LiClC>4 
> LiCl > Lil. 

Thus, the fluorescence intensity of 1 increased 
considerably in the presence of lithium ions in 
dioxane or chloroform in a similar manner as that in 
acetonitrile. Besides, the intensity is apparently 
affected by the kind of counter anions; iodide ions are 
not suitable for fluorescence measurements because 
they becomes a quencher of the fluorescence of 1. 

3. Effects of Metal Ions on the Fluorescence. As 
previously reported, in the fluorescence spectra of 
oxetane derivative (1) in acetonitrile, the addition of 
lithium ions into the solution can give rise to a specific 
and drastic increase in the fluorescence intensity, 
whereas the addition of sodium or potassiumion does 
n o t i5,i6) i n this study the fluorescence behaviors of 1 
were investigated when alkaline earth metal ions, 
magnesium and barium ions, and heavy metal ions, 
silver(I) and copper(II), were added into the solution. 
In order to improve the solubility of the salts of those 
ions in organic solvents, 4-cyclohexylbutyrate ion was 
used as a counter anion of each metal ion. However, 
these salts are not always suitable for measurements in 
acetonitrile or chloroform because of their generally 
low solubility in such solvents. The change of the 
fluorescence intensity in chloroform or acetonitrile is 
summarized in Table 1. Both the intensity and the 
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Table 1. Effects of the Metal Ion on the Fluorescence Intensity of 1 

Run Metal ion Solvent 
Ratio (mol/mol) of 
Metal : Ligand 

Relative fluorescence intensity toward free 1 
Peak max/nm Intensity 

1 
2 
3 
4 
5 
6 
7 
8 

Mg(II) 
Mg(II) 
Mg(II) 
Ba (II) 
Ag(I) 
Cu(II) 
Cu(II) 
Cu(II) 

CHCI3 
CHCI3 
MeCN 
MeCN 
MeCN 
CHCI3 
CHCI3 
MeCN 

10 
100 
160a> 
160a> 
210a> 

10 
100 
170a> 

385 
384 
387 
386 
397 
385 

386 

1.0 
0.87 
0.76 
1.0 
0.5 
0.13 
0 
0.5 

a) Précipitants were formed to some extent when metal salts were added into the solution. The supernatant 
solution was used for the measurements. 

shape of the spectra in the presence of a large a m o u n t 
of m a g n e s i u m ion (ten-fold a m o u n t of 1) hardly 
changed in chloroform compared wi th those of 1 in 
the absence of any metal ion (run 1). A sl ight decrease 
in the intensity was observed when the measur ing 
condi t ions were changed, as in runs 2 and 3. T h o u g h 
précipi tants were observed in acetonitrile when bar­
i u m salt was added, the intensity did no t also change 
in this case. T h u s , n o significant change in the spectra 
was observed u p o n the addi t ion of alkal ine earth metal 
ions as well as alkal i metal ions, except for l i t h ium 
ions. O n the other hand , when 4-cyclohexylbutyrates 
of Ag(I) a n d Cu(II) were added in to an acetonitri le 
solut ion, précipi tants yielded and the relative intensity 
became half that of free 1. In chloroform, t h o u g h the 
addi t ion of Cu(II) did no t give any précipi tants , the 
intensity became remarkably small . W h e n a one-
hundred-fold a m o u n t of Cu(II) salt toward 0.01 m M of 
1 was added, it became negligible ( run 7). In the 
electron-absorption spectrum, this sample solut ion 
was b lue a n d had a large absorpt ion b a n d at 670 n m , 
based on d-electron of Cu(II); the second absorpt ion 
b a n d of the d -d transi t ion (a large shoulder band) 
appeared at about 360 n m . T h i s absorpt ion b a n d is 
considered to be able to quench fluorescence because it 
overlaps bo th the excitat ion wavelength (311 nm) and 
the m a x i m u m fluorescence line (380 n m ) in the 
fluorescence spectra. 

As described above, there was n o metal ion which 
could remarkably increase the fluorescence intensity of 
1 a m o n g four metal ions, unl ike the l i t h ium ions. T h e 
size of the metal ion-diameter is as follows: Li(I) 
(1.20 Â) < Mg(II) (1.30 Â) < Cu(II) (1.44 Â) < Na(I) 
(1.98 Â) < Ag(I) (2.52 Â) < K(I) (2.66 Â) < Ba(II) 
(2.70 Â). W h e n m a k i n g an inspection based on the 
CPK model bu i ld ing , the cavity size enclosed by two 
ni t rogen a toms of the qu ino l ine r ings and two ether-
oxygen a toms could best fit l i th ium and magnes ium 
ions. Complexa t ion wi th divalent magnes ium ions 
m i g h t be excluded for the fol lowing reasons: 1) a 
m a g n e s i u m ion requires six or more coordinat ion 
numbers for stable complexat ion, 2) two counter 
an ions seem to be difficult to coordinate to the 

magnes ium ion of the complex at the same time 
because of the structural torsion based on the 
q u i n o l i n e rings,26) and 3) the hydra t ion energy of 
mag n es iu m ion is too h i g h to form a stable complex 
wi th 1. It is, therefore, pressumed that metal ions 
hav ing a larger ion-size than that of the l i th ium ion 
could no t be incorporated in to the pseudocavity, 
resul t ing in n o responce in the fluorescence spectrum. 

So far, a similar increase by metal ions in the 
fluorescence intensity was observed in fluorescent 
c rown ethers; this was concluded to be a consequence 
of the rigidification of the molecule due to s t rong 
complexat ion . 18'19) Similarly, in this noncyclic l igand 
system, it is suspected that a s t rong interaction exists 
between the metal ion coordinated and the n i t rogen 
a n d oxygen a toms of 1 due to a hypsochromic shift in 
the m a x i m u m wavelength u p o n complexat ion. 

Exper imenta l 

Materials. The 3,3-bis(8-quinolyloxymethyl)oxetane (1) 
which was used as a reagent for fluorescence measurements 
was prepared from the reaction of 3,3-Bis(chloromethyl)-
oxetane27) with two equimolar 8-quinolinol in the presence 
of potassium J-butoxide in A^iV-dimethylformamide (pre­
viously reported procedure). Extra-pure grade lithium, 
sodium, and potassium Perchlorates, lithium chloride, 
and lithium iodide were commercially available from Wako 
Pure Chemical Ind. Ltd. Also, 4-cyclohexylbutyrates of 
magnesium(II), barium(II), silver(I), and copper(II) ions 
were obtained from Dojin Laboratories, Ltd. Solvents for 
the fluorescence spectra (Uvasol for fluorometry), acetoni­
trile, chloroform, and dioxane were purchased from Merck 
Ltd. Extra-pure grade toluene, ethyl acetate, acetone, and 
ethylene glycol were obtained from Wako Pure Chemical 
Ind. Ltd. These solvents were used without further 
purification for measurements of the fluorescence spectra. 
They were confirmed to be inactive over the entire range of 
wavelengths measured before use. 

Measurements of the Fluorescence Spectra. Each solu­
tion of 1 was adjusted in the concentration range from 0.01 
to 1.0 mM (=mmoldm - 3 ) by using measuring flasks. An 
acetonitrile solution of 0.01 mM of 1 containing 10 mM of 
lithium Perchlorate was also adjusted. Since a thousand­
fold molar amount of lithium Perchlorate was not fully 
soluble in dioxane or chloroform solutions of 0.01 mM of 1, 
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a lithium Perchlorate saturated solution was used for the 
fluorescence measurements. An acetonitrile solution of 
0.01 mM of 1 containing 6 mM of lithium iodide was 
adjusted. Since a thousand-fold molar amount of lithium 
chloride was not fully soluble in acetonitrile solution of 
0.01 mM of 1, the saturated solution was used for the 
fluorescence measurements. Chloroform solutions of 0.01 
mM of 1 containing 0.1 mM and 1.0 mM of 4-cyclohexyl-
butyrates of Mg(II) or Cu(II) ion were adjusted without 
precipitation. As soon as 4-cyclohexylbutyrate of magne­
sium ion (0.35 g, 0.97 mmol), barium ion (0.46 g, 0.97 
mmol), silver(I) (0.36 g, 1.3 mmol), or copper(II) (0.41 g, 
1.0 mmol) was added into 100 ml of an acetonitrile solution 
of 0.06 mM of 1, the précipitants separated out, and the 
supernatant solution was used for the measurements. 

The fluorescence spectra of each solution containing 
0.01 mM of 1 with or without metal ion were recorded at 
23 ° C on a Hitachi F-3000 Fluorescence spectrophotometer. 
Quartz glass cells (lOmmXIOmm) were used for the 
measurement. The other detailed conditions are described in 
the footnotes of each figures and in the table. Standard 
deviations of each result of determinations were ±10% or 
better. 
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The anisotropy of the crystal growth of the spinel-type ferrites in an aqueous solution was studied using 
ferrite films piled up on the glass substrate by means of the thin liquid-film method (TLF method). From the 
difference between the values of the Oind (the parameter for the degree of the oxidation state), it was found that 
the Fe304 crystal grows in the (111) direction in the "oxidation state" (Oind— 1.4X10_2dm3 min - 1) , but in the 
(100) direction in the "Fe2+-rich state" (Oind=3.38X10~4dm3min_1). Although the reaction conditions for the 
formation of the Co(II)- and Zn(II)-ferrites were the same (both used in the "oxidation-state"; Oind=5.5— 
5.8X10~2dm3 min - 1) , the anisotropy of the crystal growth was different between Co2+ [the (111) direction] and 
Zn2+ [the (100) direction]. These results were explained in terms of difference in the degree of the oxidation state 
(Oind). For the inverse spinel, the slower rate of the formation of the sublattice of the B site in the "oxidation-
state" seems to cause the preferential formation of the A site, since the Fe3+ ions are preferentially incorporated 
into the A site. This results in the anisotropy in the (111) direction of Fe3Ü4 and Co(II)-ferrite (inverse spinel). 
On the contrary, in the "Fe2+-rich state", the preferential formation of one of the two B sites (the Fe2+ occupies 
one of the two B sites in the inverse spinel) results in the anisotropy in the (100) direction of FesCU. For the 
normal spinel, the acceleration of the incorporation of the Fe3+ ions into the B site in the "oxidation-state" will 
result in the anisotropy in the (100) direction. This is the case for the anisotropy in the (100) direction of the 
Zn(II)-ferrite. 

Ferrites are formed by the air oxidat ion of mixed 
hydroxides of Fe(II) and other metal ions (Mn+) in an 
aqueous solut ion at p H 7—11 and above 56 0 C. 1 _ 6 ) We 
have been s tudying the reaction mechan i sm of the 
ferrite format ion in aqueous solut ions and have 
proposed the fol lowing mechanism:7 - 1 1* the ferrite 
crystal grows by the repet i t ion of the 3 steps of: 1 ) the 
adsorpt ion of Fe(II) ions on the surfaces of the ferrite 
particles, 2) the formation of a y -FeO(OH) layer on the 
surface by means of the oxidat ion of the adsorbed 
Fe(II) ions, and 3) the formation of a ferrite-layer by 
means of the adsorpt ion of the Fe(II) ion to the y-
FeO(OH) layer. Recently, we12_15) have succeeded in 
forming a th in ferrite film on such substrates as glass, 
plastics, metal oxides, and a lumina-pla tes in aqueous 
solut ions ("ferrite p la t ing") . In this process, the ferrite 
films (300—5000 nm) are formed by the repeti t ion of 
the 3 steps ment ioned above. T h e ferrite film is very 
smooth and gives a distinct X-ray diffraction pattern. 
In the course of the investigation of the formation of 
the ferrite film, we have found that the ferrite films 
orient under some reaction condit ions. T h u s , it 
seemed that a study of the ferrite films wou ld provide a 
knowledge for unders tand ing the anisotropy of the 
crystal g rowth of the ferrites in aqueous solutions. O n 
the other hand , by means of X-ray diffractometry we 
can no t observe the direction of the crystal g rowth for 
the ferrite powders (100—200 nm) , wh ich are formed 
by the ai r -oxidat ion reaction of the hydroxides of 
Fe(II) and other metal ions. 

T h e purpose of the present paper is to study the 
anisotropy of the crystal growth of the ferrite in an 
aqueous solut ion us ing "ferrite p l a t ing" , by which the 
ferrite film is pi led u p on the glass plate in an aqueous 
solution. We have adopted the " th in l iquid-fi lm 

m e t h o d " (TLF-method) for p i l i ng u p the ferrite film 
on the glass plate. T h e T L F method has previously 
been presented by the present au tho r s 1 4 - 1 0 as a new 
process for p i l i ng u p the ferrite films in an aqueous 
solution. 

Experimental 

Chemical. All the chemicals used were of an analytical 
grade. The FeCl2 • n H 2 0 (n=3.5), NaN02 , and CH3COONH4 
were purchased from Wako Chemical Industries, Ltd. 
Distilled water was used for the preparation of the chemical 
solution. 

Procedure. The reaction cell described previously was 
used.14) A cover-glass (10X10X0.15 mm3) was used as a 
substrate. The cover-glass was washed with a neutral 
detergent and was sonicated in the solution of a neutral 
detergent for 3 min, followed by washing with distilled 
water: In each of the two beakers filled with distilled water 
(1 dm3), CH3COONH4 (2 g) was dissolved; N2 gas was then 
passed through each solution for 2 h to remove the dissolved 
oxygen. In one of the solutions, FeCl2 • n H 2 0 (n=3.5) (1—4 g) 
was dissolved (reaction solution), while in the other 
solution, NaN0 2 (1.4 g) was dissolved (oxidizing solution). 
The pH values of the solutions (reaction and oxidizing 
solutions) used adjusted to the desired value with a 
0.05 mol dm - 3 sodium hydroxide solution. The distilled 
water was passed through the reaction cell until the cell 
temperature attained 90 °C. After it has passed through 
the reaction solution for about 3 min, the oxidizing solution 
was intermittently introduced into the cell, while the 
reaction solution was continuously passed through the cell. 
The resting time (interval) between passing through 
oxidizing solution and the time during the passing through 
of oxidizing solution were controlled using electric valves 
regulated with a microcomputer, NEC PC 9801-VX. After a 
30-min reaction, the heating was turned off and the distilled 
water was passed through the reaction cell. When the cell 
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temperature became below 50 ° C, the cover-glass substrate 
was taken out of the cell. The surface of the cover-glass 
substrate turned black due to the ferrite film (FesC>4, Co(II)-, 
and Zn(II)-ferrite) piled up on the glass-substrate. After the 
surface of the glass-substrate has been washed with the 
distilled water, the surface was dried in air at room 
temperature. The samples thus obtained were subjected to 
X-ray diffractometry (Rigaku RAD-2A). The 20 angles of the 
diffraction peaks were calibrated against silicon powder 
using Mn-filtered ¥t-Ka radiation. 

Chemical Analysis. The ferrite films on the glass-sub­
strates (2X2 mm2), were dissolved in a 1:1 HCl solution at 
70 °C. The Fetotai in the HCl solution was determined by the 
use of an atomic absorption spectrometer (Varian AA-875). 
The film thickness was estimated from the results of the 
chemical analysis based on the density of the Fe3Ü4 (=5.24). 

Results and Discussion 

Deposition of Fe3Û4 Film by the "Thin Liquid-Film 
Method" (TLF-Metod). T h e X-ray diffraction analy­
sis revealed that the deposi t ion was a Fe3U4 film, 
scattering due to reported impur i ty phase not be ing 
observed under the condi t ions reported in this paper. 
T h u s , by the T L F method, we can pi le u p the Fe3C>4 
film on the glass-substrate. 

T h e parameters wh ich determine the reaction 
condi t ions for the formation of the Fe3C>4 film by the 
T L F method are the reaction p H , the flow rates of the 
reaction solut ion ( F f = m o l m i n _ 1 ) and the oxidizing 
solut ion ( F o r m o l m i n - 1 ) , the concentrat ions of the 
reaction solut ion (concentration of Fe(II) ions: Cf= 
mol d m - 3 ) and the oxidizing solut ion (C0—mol d m - 3 ) , 
the rest ing t ime (interval) between flowing the 
oxidizing solut ion (fc/s), and the t ime d u r i n g which 
the oxidizing solut ion is passed th rough (t0/s). We 

40 60 
Fe-Ka 20/deg. 

Fig. 1. The X-ray diffraction pattern of the Fe3Û4 
film deposited on the glass substrate; anisotropy 
in the (111) direction in "the oxidation-state". V0= 
S.OXlO^molmin-1 , U=3 s, Cf=0.021 mol dm"3, 
t0=3 s and (FoX*o)/(*XCf)=1.4X10-2 (=Oind). 

fixed the parameters of the Vi (2.1X104 mol m i n - 1 ) and 
Co (0.020 mol d m - 3 ) and studied the deposit ion of the 
Fe3Û4 film by chang ing the parameters of the Vo, tQ, Cf, 
h and the reaction p H . 

Anisotropy of the Crystal Growth of Fe3Û4. Figure 
1 shows the X-ray diffraction pat tern of the Fe3Û4 film 
pi led u p on the glass substrate at V0—3.0X10-4 mol 
m i n - 1 , *i=3 s, C f=0.021 mol dm~3 , tQ=3 s, and at 
p H = 7 . 2 . As can be seen from Fig. 1, the Fe3Ü4 grew in 
the (111) direction. Here, we introduce a new para­
meter, Oind (dm min" 1 ) , given by (V<Xt0)/(tiXCf). T h e 
reaction at a h igher Oind value is in a higher oxidat ion 
state, since the Oind parameter is h igher at the higher VQ 

and t0 values, and at the lower U and Cf values. We call 
this state the "oxidat ion-s ta te" . When the Oind is low, 
the reaction is in a lower oxidation-state, which we 
call a "Fe2+-rich state". T h e d imension of the Oind 
(dm3 m i n - 1 ) shows that the degree of the oxidat ion 
state is apparent ly related to the flow rate. T h e value of 
Oind for Fig. 1 is 1.4X10 -2 dm 3 m i n - 1 . T h e re la t ionship 
between the magn i tude of Ojnd and anisotropy wil l the 
discussed below. 

Figure 2 shows the X-ray diffraction pat tern of the 
Fe3Û4 film oriented in the (100) direction. It should be 
noted that the direction of the Fe3Ü4 crystal growth 
varies wi th the reaction condi t ions , as is shown by 
Figs. 1 [ ( l l l ) -o r i en ta t ion] and 2 [(lOO)-orientation]. 
T h e value of the O ind for Fig. 2 is 3.38X10"4dm3 

m i n - 1 . F rom the difference between the values of Oind 
of Figs. 1 ( O i n d ^ l ^ X l O ^ d m S m i n - 1 ) and 2 (O i n d= 
3 .38X10- 4 dm 3 min- 1 ) , we can say that the F e 3 0 4 

crystal grows in the (111) direction in the "oxidat ion 
state" (a h igher value of Oind=1.4X10- 2dm 3min- 1 ) , 
whi le it grows in the (100) direction in the "Fe2+-rich 
state" (Oind=3.38X10-4 dm 3 min" 1 ) . 

T h e Fe 2 + ion in the inverse spinel of the Fe3Ü4 
occupies the B site (octahedral site); therefore, the 
formation rate of the B site is lower in the "oxidat ion-
state", since the concentra t ion of Fe2 + ions is low. 

40 60 
Fe -Ka 20/deg. 

Fig. 2. The X-ray diffraction pattern of the Fe3Û4 
film deposited on the glass substrate; anisotropy 
in the (100) direction in "the Fe2+-rich state"; 
F o ^ . O X l O ^ m o l m i n - 1 , *i=12s, Cf=0.0079 mol 
dm-«, *o=0.8 s and (FoX;o)/(JiXCf)=3.4X10-4 (=Oi„d). 
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Under such condit ions, the sublattice of the A site 
(tetrahedral) to be occupied by Fe3 + (inverse spinel) 
ions wil l be preferentially constructed. T h i s means 
that the g rowth direct ion is (111). T h u s , the (111) 
direction of the crystal g rowth in the "oxidat ion-s ta te" 
seems reasonable. O n the contrary, the construction of 
the sublattice of the B site would be easier in the ' T e r ­
r ien s tate", since the Fe 2 + ions, wh ich are to be 
incorporated in to the B site for the inverse spinel of the 
Fe304, are present in the solut ion in the reaction cell at 
a h igh concentra t ion. We can no t give a definite 
reason for the or ienta t ion in the direction of (100), 
which seems to be caused by the preferential incor­
pora t ion of Fe2 + ions in to the B site. One reason could 

Flow Rate (VQ) of the Oxidizing Solution /10 mol'min 

Fig. 3. The relationship between the/?m (=/in//3ii) 
and the flow rate (V0) of the oxidizing solution 
(NaNÛ2) for the Fe304 film formation at pH 7.6 
(curve A) and pH 7.2 (B), and the relationship 
between the film thickness and the flow rate (V0) of 
the oxidizing solution (NaN02) at pH 7.6 (curve A') 
and 7.2 (B'). 

Flow Rate (V()) of the Oxidizing Solution 

Fig. 4. The relationship between the/?loo (=/ioo//3ii) 
and the flow rate (V0) of the oxidizing solution 
(NaNÜ2) for the Fe304 film formation at pH 7.6 
(curve A) and pH 7.0 (B), and the relationship 
between the film thickness and the flow rate (V0) of 
the oxidizing solution (NaNC>2) at pH 7.6 (curve A') 
and 7.2 (B'). 

be the fact that the B site is readily l inked in the 
direction of the (100) plane. 

Effect of p H and Flow Rate of the Oxidizing 
Solution on Crystal Growth in the (111) Direction. 
Figure 3 shows the effect of the p H and the flow rate 
(Vo) of the oxidizing solut ion on the crystal growth in 
the (111) direction at fc=3 s, C f=0.021 mol d m r 3 and 
t0—3 s. T h e data in Fig. 3 are given by the ra t io 
ORin—/111//311) of the peak intensities of (111) to those 
of (311) in the X-ray diffraction patterns. At p H 7.6 
(Curve A), the Rm increased wi th an increase in the 
flow rate (VQ) of the oxidizing solution, a t ta in ing a 
m a x i m u m (i?m=2.74) . However, the A m decreased 
when the flow rate of the oxidizing solut ion increased 
further. Curve A ' in Fig. 4 shows the re la t ionship 
between the film thickness and the flow rate (V0) of the 
oxidizing solut ion at p H 7.6. As can be seen from 
Curves A and A' , the decrease in the Rm is 
accompanied by a decrease in the film thickness above 
the flow rate (V0) of 3X10 - 4 mo l m i n - 1 . T h i s suggests 
that some thickness is required for the anisotropy of 
the Fe3Û4 crystal growth. T h i s is also suggested by the 
Curves B and B ' in Fig. 3; no anisotropy was observed 
at any flow rate of the oxidizing solut ion where the 
films were thin, as may be seen from Curve B ' . 

However, as can be seen from Curves A and A' , in 
the range of the flow rate ( V0) of the oxidizing solut ion 
from 1.2—2.2X10-4 mol m i n - 1 no crystal growth in the 
(111) direction was observed, even when thick films 
were obtained. When the flow rate (V0) of the 
oxidizing solut ion increased from 2.2 to 3.1X10 - 4 mol 
m i n - 1 , the film thickness decreased (Curve A ' in Fig. 
3), indica t ing that the anisotropy strongly depends on 
the oxidat ion condit ions. T h e values of the Oind for 
Curve A in Fig. 3 are listed in Tab le 1, where we can 
see the re la t ionship between the anisotropy Rm and 
the degree of the oxidation-state represented by the 
Oind. We may say that the magn i tude of Oind=1.45X 
1 0 ~ 2 d m 3 m i n _ 1 corresponds to the "oxidat ion state" 
when the anisotropy occurs in the direction of the 

(in). 
T h e lower values of the film thickness at p H 7.2 

(Curve B') are due to the lower adsorpt ion capacity of 
the Fe3Ü4 film at the lower p H values. T a m a u r a et al.8) 

reported that there is an adsorpt ion step in the Fe3Ü4 

Table 1. The Relationship between the 
Oind and the Rm (pH 7.6) 

Flow rate (V0) 

mol min - 1 

Oind 

(V0Xto)/(t{XCf) 

dm3 min - 1 

R111 

1.19X10-4 

2.19X10-4 

3.04X10-4 

3.51X10-4 
4.12X10-4 

0.570X10-2 
1.04 XI O"2 

1.45 XIO-2 
1.67 XIO-2 
1.96 XIO-2 

0.21 
0.78 
2.74 
1.49 
1.10 
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crystal growth. The adsorption of the metal ions on 
the surface of the iron oxides has been studied 
extensively studies by many workers.17_21) Lackie et 
al.17) reported that the adsorption of the metal ions 
proceeds more readily at a higher reaction pH; 
therefore, the adsorption of Fe(II) ions on the surface 
of the Fe3Ü4 film takes place more readily at pH 7.6 
than at pH 7.2. This results in the formation of the 
thin film at pH 7.2. 

The lowering of the growth rate of the FesC^ crystal 
at the higher flow rate (Fo>3.5X10-4 mol min"1) of the 
oxidizing solution (Curves A' and B') seems to be due 
to the fact that the concentration of the Fe(II) ion in 
the reaction solution is decreased because of the 
oxidation reaction occurring in the solution. The 
relationship between the amount of metal ions 
adsorbed on the surface of the metal oxides and the 
concentration of the metal ions in the solution is 
expressed by the adsorption-equilibrium equations. 17»22) 

Therefore, the lowering of the concentration of the 
Fe(II) ions in the reaction solution resulting from the 
oxidation reaction occurring in the solution will result 
in a lowering of the amount of Fe(II) ions adsorbed on 
the surface of the Fe3Ü4 film. 

Effect of pH and Flow Rate of the Oxidizing 
Solution on Crystal Growth in the (100) Direction. 
As has been described above (Fig. 2), the anisotropy in 
the (100) direction occurs in the "Fe2+-rich state" 
(Oind^S.SSXlO-4 dm min - 1). Figure 4 shows the effect 
of the pH and the flow rate (VQ) of the oxidizing 
solution on the crystal growth of Fe304 in the (100) 
direction. Curves A and B in Fig. 4 show that the 
anisotropy (i?ioo=/ioo//3ii) in the (100) direction occurs 
strongly at the flow rate of around 2.1X10-4 mol min-1 

(Vo) of the oxidizing solution at pH=7.6 (Curve A'; 
Rioo=l.5) and 7.0 (Br; Äioo=1.3). The values of Oind for 
Curves A and B in Fig. 4 are listed in Table 2. The 
lowering of the anisotropy (lower values of Rioo) above 
2.1X10-4 mol min - 1 (Vo) is considered to be due to the 

Table 2. The Relationship between the Oind and the Rioo 

p H 7.0 

p H 7.6 

Flow rate (V0) 

mol m i n - 1 

0.84X10-4 

1.45X10"4 

2.10X10"4 

2.25X10-4 
2.75X10-4 
3.38X10-4 

0.84X10-4 
1.75X10-4 
1.85X10-4 
2.10X10-4 
2.25X10-4 
3.38X10-4 

Oind 

(VoXt0)/(tiXCf) 

dm 3 m i n - 1 

2.55X10-4 
4.39X10-4 
6.36X10-4 
6.82X10-4 
8.33X10-4 

10.2 X10-4 

2.55X10-4 
5.30X10-4 
5.61X10-4 
6.36X10-4 
6.82X10-4 

10.2 X10-4 

Rioo 

0.41 
0.40 
1.30 
0.83 
0.43 
0.31 

0.31 
0.88 
1.30 
1.52 
1.05 
0.35 

decrease in the film thickness, as is shown by Curves A' 
and B'. 

As may be seen from Table 2, in the range of 0.8— 
1.5X10_4molmin_1 (flow rate of the oxidizing solu­
tion; Vo), the anisotropy (Rioo) was rather suppressed, 
even though thicker films were formed (Curve A' in 
Fig. 4) and the condition was in the "Fe2+-rich state" 
(Oind<1.5X10_4 dm3 min - 1; the lower value of the Oind is 
the more "Fe2+-rich state"). This indicates that the 
(100) anisotropy requires some degree of an oxidation 
state, even in the "Fe2+-rich state". This means that 
the presence of an excess of the Fe(II) ions in the 
reaction solution is unfavorable for the anisotropy in 
the (100) direction. In the experiment of Fig. 4, the 
"Fe2+-rich state" was generated by taking a longer 
interval time between introducing the oxidizing 
solution. The decrease in the flow rate (V0) of the 
oxidizing solution results in a further increase in the 
Fe(II) ions reacting on the surface of the Fe304 film. 
The higher concentration of the Fe(II) ions on the 
surface of the Fe304 film would cause the dissolution 
of the complex of Fe(II)i-Fe(III)2,10) thus resulting in 
the formation of the Fe304 layer via a dissolution-
coprecipitation process.10) This would be unfavorable 
for the orientation of the Fe304 film. Thus, the 
presence of an excess amount of Fe(II) ions seems to 
suppress the anisotropy in the crystal growth of Fe304. 
These considerations suggest the existence of Fe(III) 
ions which are not dissolved from the surface in the 
course of the reaction of the crystallization and which 
lay an important role in the orientation of the Fe3Û4 
film. This situation can be created by keeping the 
reaction in some degree of the oxidation-state ("meta 
oxidation-state"). In a slightly deviated state from the 
"meta oxidation-state" to an oxidation, the construc­
tion of the A site (Fe3+; inverse spinel) will proceed 
more readily (Oind=1.5X10-2dm3min-1 in Table 1), 
since the formation rate of the B site is lower because of 
the lower concentration of the Fe2+ ions. On the 
contrary, in a slightly further "Fe2+-rich state", the 
construction of the B site will proceed preferentially 
(Oi„d=3.38X10-4 dm3 min-i in Table 2). 

The anisotropy in the (100) direction was observed 
at pH=7.0 (Curve B in Fig. 4), where no orientation 
occurred in the (111) direction (Curve B in Fig. 3). 
This can not be explained from the difference in the 
film thickness, since both films are thin. It is due to 
the difference in the smoothness of the surface of the 
film. The smooth surface which was obtained for the 
(100) direction (Curve B in Fig. 4) is more sensitive for 
the observation of the orientation by means of X-ray 
diffractometry. This smoothness (Curve B in Fig. 4) 
comes from the slow deposition rate of the film 
(compare Curves B in Figs. 3 and 4). This slower 
deposition is due to the slower formation of the Fe(III) 
ions in "the Fe2+-rich state" (Oind=0.8—3.2X10"4 dm3 

min -1). 
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Fig. 5. The X-ray diffraction pattern of the Co(II)-
ferrite film piled up on the glass substrate; anisot­
ropy in the (111) direction in "the oxidation state." 
Fo=2.25X10-5molmin-1, *i=3s, Cf=0.0053 mol 
dm-3, *0=3s and (FoX;o)/(*iXCf)=4.2X10-3 (=Oind). 

Anisotropy of the Crystal Growth of Co(II)-Ferrite 
film. Figure 5 shows the X-ray diffraction pattern of 
the Co(II)-ferrite film piled up on the glass substrate at 
pH7.4 [^o=2.25X10-5molmin-1, k=3 s, Cf=0.0053 
mol dm - 3 (the concentration of Fe(II) ions in the 
reaction solutions); Cc=0.001 mol dm - 3 (the concentra­
tion of Co(II) ions in the reaction solution); t0—$ s]. 
Under these conditions (Oind=4.2X10-3dm3min-1), 
the Co(II)-ferrite film (Coo.3Fe2.7O4) grew in the (111) 
direction. Although the oxidation condition was 
varied by changing the flow rate (V0) of the oxidizing 
solution, only the (111) orientation was observed. The 
anisotropy (Rm) reached its maximum at V0

=l.SX 
IO-4 mol min-1 (Oind=5.8X10"2 dm3 min"1). The lower 
anisotropy at the lower V0 values around 1.0— 
1.5X10-4 mol min - 1 is considered to be due to a shift 
toward the "Fe2+-rich state" upon the lowering of the 
flow rate of the oxidizing solution. When we carried 
out the experiment under the same conditions as those 
of Fig. 2 (in the "Fe2+-rich state"), no orientation was 
observed. Thus, it was found that the Co(II)-ferrite 
grew only in the (111) direction in the "oxidation-
state" (Oind=5.8X10-2 dm3 min-1). 

Anisotropy of the Crystal Growth of Zn(II)-Ferrite 
film. Figure 6 shows the X-ray diffraction pattern of 
the Zn(II)-ferrite film piled up at pH 7.6 [Fo=2.8X10"4 

mol min - 1 , fc=3 s, Cf=5.3X10-3 mol dm - 3 (the concen­
trations of Fe(II) ions in the reaction solution); 
Cz=6.15X10_3moldm-3 (the concentrations of Zn(II) 
ions in the reaction solution); t0—3 s]. Under these 
conditions the Zn(II)-ferrite film (Zno.sFe2.2O4) grew in 
the (100) direction (Oind^.SXlO^dmSmin-1). A 
maximum orientation was observed at V0—3X10-4 mol 
min-1 (Oind=5.5X10-2 dm3 min"1). 

The values of the Oind where i?m(Co(II)-ferrite) and 
i?ioo(Zn(II)-ferrite) reaches there maximum were 5.8X 
10~2 and 5.5X10-2 dm3 min - 1 , respectively. These 
values indicates that the reaction is in the "oxidation-
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Fig. 6. The X-ray diffraction pattern of the Zn(II)-
ferrite film piled up on the glass substrate; anisot­
ropy in the (100) direction in "the oxidation state." 
J/o=2.8X10~4 mol min"1, U=?> s, Cf=5.3 mol dm~3, 
tQ=3 s and (FoX*o)/(*iXCf)=5.3X10-2 (=Oind). 

state" for the orientation of the Co(II)- and Zn(II)-fer-
rite films. It is interesting that, although the reaction 
conditions are the same (both are in the "oxidation-
state"; Oind=5.5—5.8X10-2 dm3 min -1), the anisotropy 
of the crystal growth is different between Co2+ [the 
(111) direction] and Zn2+ [the (100) direction]. This 
seems to come from the site preference of the metal 
ions; Co(II)-ferrite is inverse spinel (A site; Fe3+) and 
Zn(II)-ferrite, normal spinel (A site; Zn2+). In the 
"oxidation-state", the Fe3+ ions are formed at a higher 
rate than in the "Fe2+-rich state". This will result in the 
acceleration of the construction of the B site for the 
normal spinel, since the Fe3+ ions are preferentially 
incorporated into the B site (normal spinel), and the 
Zn2+ ions, into the A site (normal spinel). 

On the other hand, the anisotropy in the (111) 
direction is considered to take place when the reaction 
deviates slightly toward the "oxidation-state" from the 
"meta-oxidation state". Since the Co(II)-ferrite is the 
inverse spinel, one of the two Fe3+ ions is preferentially 
incorporated into the A site, and the other into the B 
site. Under the "oxidation-state (Oind=5.8X10-2dm3 

min - 1)" , the Fe3+ ions are formed at a higher rate; 
therefore, the incorporation reaction of the Fe3+ ions 
will be accelerated. This means that the rate of the 
construction of the B site with the Fe3+ and Co2+ ions, 
which are preferentially incorporated into the B site 
(Co(II)-ferrite is inverse spinel), is lowered. This will 
result in the anisotropy in the direction of the (111). 

The authors wish to express their cordial thanks to 
Professor Emeritus Takashi Katsura of the Tokyo 
Institute of Technology for his encouragement and 
fruitful discussions. 
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Hydroxide Ion-Selective Polymeric Membrane-Coated Wire Electrode 
Based on Oxomolybdenum(V) Tetraphenylporphyrin Complex 

Hideo ABE+ and Etsuo KOKUFUTA* 
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Tsukuba, Ibaraki 305 
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A coated wire electrode (CWE) was prepared by use of a polyvinyl chloride)-supported liquid membrane 
containing oxoethoxo(5,10,15,20-tetraphenylporphyrinato)molybdenum(V) as a carrier. CWE based on such a 
metallo-porphyrin complex exhibits near-Nernstian responses to varying concentrations of NaOH, NaF, and 
C2H5OH, especially to NaOH over a wide concentration range. The pOH response curve was influenced by 
certain anions other than OH" ion, but not by cations such as Li+ , Na+, K+, and Cs+. The mixed solution 
method gave a selectivity sequence O H - » C 1 0 4 - > N 0 2 - > F - - S C N - > I - > N 0 3 - > S 0 3 - > B r - > S 0 4

2 - , with a 
preference for O H " over C104~ by 104-6 and over F~ (or SCN~) by 106-2. In addition, CI - ion was found to have 
little interfering effect under conditions used in the measurements of selectivity coefficients. Both response-time 
profile and pOH-response curve scarcely varied even when CWE was stored in distilled water for 167 days. 

At present there are several reports on anion-
selective l iqu id membrane electrodes based on metallo-
po rphy r in complexes; i.e., t e t raphenylporphyr in com­
plexes of cobaluTII),1* manganese(III),2 ) and tin(IV).3) 

Before the publ ica t ions of these studies, a l ipophi l ic 
derivative of v i tamin B12 hav ing a structure similar to 
Co(III)-porphyrins was employed for developing a 
nitrite-selective polymeric membrane electrode.4_6) 

Evidence has since then accrued which indicates that 
electrodes based on such porphyr in or porphyrin- l ike 
carriers differ from those based on classical ion 
exchanger in the selectivity pat tern wi th respect to 
various an ions . T h i s is because the complex carrier in 
the electrode membrane interacts wi th specific an ion 
in the aqueous phase. In cases of classical ion 
exchangers, however, the selectivity is governed only 
by the free energy of transfer of an ions from the 
aqueous to the membrane phase. T h u s , appl icat ions 
of meta l lo-porphyr in complexes to anion-selective 
electrodes will serve to enhance a n d / o r improve their 
selectivities against the an ion to be measured. 

Oxo(5,10,15,20- t e t r a p h e n y l p o r p h y r i n a t o ) m o l y b -
denum(V), M o O ( L ) T P P , has a structure in which the 
6th coordinat ion posi t ion of Mo(V) a tom is occupied 
by various l igands (L): OH~, C 2 H 5 0 - ( E t O - ) , F - , 
NCO~, and so on. T h e electronegativity of the axial 
l igands affects the na ture of the complex,7 »8) which has 
been elucidated by UV/vis ible spectroscopy because 
the spectral changes are dependent on the magni tude 
of d o n a t i n g electrons from a l igand to the porphyr in 
r i ng via the central metal a tom. In par t icular , 
hydroxide ion was found to be one of the l igands 
caus ing dramat ic changes in the spectrum when it was 
measured in CH2Cl2.8) T h i s p romp ted us to apply 
M o O ( L ) T P P to a hydroxide ion-selective polymeric 
membrane electrode. 

T h e pu rpose of the present work is to prepare a 
coated wire electrode (CWE) us ing a M o O ( L ) T P P -

T Research Laboratory, Yamamoto Mfg. Co., Ltd., 
Tokorozawa, Saitama 359. 

con ta in ing l iqu id membrane suppor ted by poly(vinyl 
chloride) (PVC) and to examine its OH--selectivity in 
the presence of several c o m m o n anions . 

Experimental 

Materials. Oxoethoxo(5,10,15,20-tetxaphenylporphyrinato)-
molybdenum(V), MoO(EtO)TPP, was the same samples as 
used in our previous works concerning a selective phos­
phate-ion exchanger9* and uphill transport of dihydrogen-
phosphate ion.10 'n) PVC (weight-average molecular weight 
of 6.88X104) was commercially obtained from Wako Pure 
Chemical Industries Ltd. (Osaka, Japan). Dioctyl adipate 
(DOA) as a plasticizer was also of commercial origin (Tokyo 
Kasei Kogyo Co., Japan). All other reagents were of 
analytical grade and obtained from commercial sources. 
Distilled and subsequently deionized carbonate-free water 
was used throughout. 

Preparation of CWE. A silver wire (1.5 mm diameter; 
70 mm height) was covered with a plastic tube, so as to leave 
both ends with 10 mm of length. One of the ends was 
chloridized, then coated with a PVC-supported liquid 
membrane composed of 66% (w/w) DOA, 33% (w/w) PVC, 
and 1% (w/w) MoO(EtO)TPP. The membrane was formed 
by dip-coating method; repetition (10 times) of both soaking 
(1 min) and air-drying (60 min) procedures using a tetra-
hydrofuran solution of the materials. The resulting CWE was 
thoroughly air-dried, soaked in an aqueous ethanol solution 
(1 M; M=mol dm -3) to secure a ethoxide form of the complex 
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in the membrane phase, and finally air-dried for 2 or 3 days. 
The electrode membrane prepared has a thickness of 400 |̂ m 
and a direct current resistance of 22 MO, as determined by the 
same manner as reported previously.12) 

Measurements of Electromotive Force (EMF). Cell as­
semblies in the measurements were as follows: Ag/AgCl| 
membrane| sample solution|| KC1(saturated)! Hg2Cl2/Hg. The 
EMF values were determined at 25±1 °C in a nitrogen 
atmosphere using an Ion Meter IOC-10 (Denki Kagaku Reiki 
Co., Japan). The sample solution was magnetically stirred 
in a double-wall glass container connected with a circulating 
bath. The electrode system and millivolt meter were kept in 
a grounded wire-net cage to cut off any electrical noise. The 
experimental EMF values were corrected for the changes of 
the liquid-junction potential between the external reference 
electrode and a sample solution, which was computed 
according to the Henderson equation.13) 

Measurement of pH. The pH measurements were carried 
out at 25±1 °C in a nitrogen atmosphere using a Denki 
Kagaku Reiki MG-7 pH-meter. A combination pH electrode 
(Denki Kagaku Reiki, model 6155) consisting glass and 
Ag/AgCl reference electrodes incorporated in single stem 
was employed after a calibration at 25 °C with standard 
buffers of pH 4.01, 6.86, and 10.02. 

Selectivity Coefficients. The evaluation of the selectivity 
was made by the mixed solution method which has been 
recommended by IUPAC.14) The concentrations of various 
interfering ions were fixed at 0.01 M throughout all the 
measurements. The pH values of the sample solutions were 
carefully adjusted with a NaOH/HCl system. 

Results and Discussion 

Calibration Curves for NaOH, Ethanol, and NaF. 
T h e CWE based on M o O ( E t O ) T P P was first character­
ized by s tudying its EMF responses to varying 
concentrat ions of N a O H , C2H5OH, and NaF. These 
solutes were selected because of possible formation of 
a n i o n l igands in an aqueous m e d i u m which have very 
h i g h b i n d i n g affinity toward the carrier complex used. 
T h e results obtained are shown in Fig. 1, together wi th 
tha t of a control exper iment performed by us ing 
N a O H solutions and a carrier-free CWE. In contrast 
to the carrier-free electrode, all the cal ibrat ion curves 
for the complex-based CWE give l inear plots in certain 
concentrat ion range of each solute. T h e slope of each 
straight l ine was wi th in —54 to —58 m V / l o g [solute], 
ind ica t ing that the electrode exhibits near-Nernst ian 
responses to varying concentrat ions of all the solutes 
examined. 

Compar i son of the cal ibrat ion curves in Fig. 1 
evidenced that N a O H obviously br ings abou t a better 
result than the other solutes in E M F response of CWE. 
T h i s may reflect a s trong interact ion of the complex 
carrier in the electrode membrane wi th O H - ion in the 
aqueous phase. T h u s , the present work main ly 
assesses the performance of CWE wi th respect to OH~-
selective sensing. 

Hod inâ r and Jyo have pointed out in their work on a 
Co(III)- tetraphenylporphyrin-based thiocyanate-selec-

100 

-100 

^ -200 

- 3 0 0 

- 4 0 0 

- 6 - 5 - 4 -3 - 2 - 1 0 1 

log([Solute]/M) 

Fig. 1. Responses of CWE based on MoO(EtO)TPP 
in aqueous solutions containing NaOH (O), NaF 
(3), and ethanol (©). A control experiment (•) 
was made by measuring EMF under different 
concentrations of NaOH using a carrier-free CWE 
having a membrane composition of 67% (w/w) DOA 
and 33% (w/w) PVC. All the measurements were 
done after adjusting the initial EMF value to 0 mV 
by distilled water. 

tive membrane electrode that adequate selection of a 
counter ion of the carrier complex was advantageous 
for increasing SCNh-selectivity.1* T a k i n g this in to 
account, we prepared three samples of the MoO(L)-
T P P complex ( L = O H - , F - , and CI") other than 
M o O ( E t O ) T P P according to the literature,8) and 
appl ied to CWE studies. However, such a conversion 
of the an ion l igands did not give a marked effect on the 
selectivity of CWE against various an ions when 
evaluated in the same manner , as described in the 
sections below. Consequent ly , only results from CWE 
based on M o O ( E t O ) T P P were reported in detail. 

p O H Response in the Presence of Several Anions. 
In order to clarify that the Potent iometr ie response of 
CWE to N a O H is due to O H " bu t not to Na+ (or H+), 
the EMF measurements in aqueous solutions at p O H 1 
to 13 were carried out in the presence of a fixed a m o u n t 
of NaCl , NaNOa or NaC10 4 . T h e p O H values of the 
sample solut ions were determined from their p H 
values according to a re la t ionsh ip of p O H = 13.996 
—pH (25 °C). As can be seen from Fig. 2, the slope of 
E M F vs. p O H curve in the presence of N a N 0 3 or 
NaC104 decreases when p O H goes u p to a certain 
value. In addi t ion, the magn i tude of such a decrease in 
the slope varies depend ing on the species of anions . 
These results are consistent wi th the general phe­
nomena relating to interfering effects of common anions 
on the E M F response of an anion-selective electrode. 
T h u s , it can be said that the complex-based CWE 
responds to anions , especially to O H - . 

Effect of Cations on the p O H Response. T o gain 
further ins ight regarding the p O H response of CWE, 
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Fig. 2. Responses of MoO(EtO)TPP-based CWE to 
pOH in the absence (O) and presence of NaCl (•) , 
NaNOs (3), or NaC104 (€). The pOH values of the 
sample solutions containing 0.01 M of each salt were 
adjusted with NaOH (4 M) or acids (6 M) composed 
of the corresponding anions. All the measurements 
were made after adjusting the initial EMF value to 
-100 mV by a standard NaOH solution of pOH 4.00. 
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Fig. 3. Responses of MoO(EtO)TPP-based CWE to 
pOH in the absence (O) and presence (0.01 M) of LiCl 
(•) , KCl (3), or CsCl (€). The initial EMF was 
adjusted to — 100 mV in the same manner as described 
in Fig. 2. 

effects of various metal cations were examined. 
Chloride salts of the corresponding cations were 
employed in this exper iment , because C I - was found 
to be little or no interfering effect on the p O H response 
(see previous section). T h e results obtained were 
shown in Fig. 3. N o dis t inguishable difference was 
observed between the E M F vs. p O H curves in the 
absence and presence of all the cations studied. As a 
result, it has became apparen t that CWE responds to 
anions bu t no t to cations. 
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Fig. 4. Comparison of the selectivity coefficients 
#SCN,X for MoO(EtO)TPP-based CWE (1) and the 
other electrodes based on Mn(Cl)TPP (2), Co-
(SCN)TPP (3), vitamin B i2 (4), and MTDDAC1 (5). 
The present data (first column) were determined 
by the mixed solution method, while the others 
(second to fifth columns) cited from the references 
in the text were obtained according to the separate 
solution method. 

Selectivity of CWE. T h e selectivity of MoO(EtO)-
TPP-based CWE was investigated by the mixed 
solut ion method. T h e results obtained are summa­
rized in Fig. 4, together wi th those of the previously 
reported anion-selective electrodes based on the tetra-
pheny lpo rphyr in complexes of Co(III)1) and Mn-
(III)2) and also on v i tamin Bi2.4) In addit ion, Fig. 4 
includes an anion-selectivity sequence of an electrode 
based on memyltridcdecylammonium chloride (MTDDAC1) 
as a typical an ion exchanger.1 5 ) In the studies cited 
here, the selectivity coefficient relative to Cl~ ion was 
used for eva lua t ing an ion selectivities of the electrode 
membranes . In this study, however, the selectivity 
coefficient (£SCN,X) in re la t ion to S C N - was employed 
as a matter of convenience, because the interfering 
effect of C I - on p O H response was negligible (see Fig. 
2). For the sake of compar i son wi th our results the 
previous date were also converted into £SCN,X by 
recalculat ion (see Fig. 4). 

First, it was found from Fig. 4 that the CWE based 
on M o O ( E t O ) T P P exhibits a rather h igh selectivity 
against O H - ion. T h e detection l imit for O H - in 
10~~3M solutions of various interfering anions is as 
follows: >10-7-7 M for C10 4 " and N 0 2 " ; >10"9-2 M for F~ 
and S C N - ; >10- 1 0 - 4 M for the others. A compar i son of 
the present and previous results regarding O H _ -
selectivity seems to be available for evaluat ing the 
capabil i ty of M o O ( E t O ) T P P as the carrier in the O H -
ion-selective electrode membrane . However, we are 
forced to abandon this idea from lack of selectivity data 
for O H - in the previous papers . 1>2»4) 
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Table 1. Comparison of the #SCN,X Values of the Electrodes Based on MoO(EtO)TPP and MTDDAC1 
with Hydration Energy of Halide Ions and Stability Constants of Halo-complexes of MoO(L)TPP 

Halide ions 
A S C N , X 

MoO(EtO)TPP MTDDAC1 
Hydration energy/kj mol~ Stability constant20 

I-
Br-
ci-
F-

-1.2 
-2.3 

sb) 

0.1 

-0.25 
-1.88 
-2.88 
-3.75 

38.0 
39.9 
41.4 
49.3 

5.20 
5.58 
6.61 

a) Cited from Ref. 10 in which the data were obtained by extracting a CH2CI2 solution of the complex with an 
aqueous solution containing halide ion. b) Can not be determined because of a very small value (see Fig. 2). c) Can not 
determined because of a very large value (see Ref. 10). 

Since it was no t possible to directly compare the 
selectivity coefficients for O H - in the present and 
previous papers , we compared the anion-selectivity 
sequences of each electrode shown in Fig. 4. Large 
differences in the selectivity sequences were observed 
depend ing on the species of the carriers appl ied in to 
anion-selective electrodes. It has been poin ted out that 
the selectivity coefficient obtained by the mixed 
solut ion me thod was no t in accord wi th that by the 
separate solut ion method.4 ) Even when such a result is 
taken in to account, however, there are considerable 
differences in the selectivity sequence between the 
electrodes based on M o O ( E t O ) T P P and on the other 
po rphyr in or porphyr in- l ike complexes. A difference 
in the £SCN,X values is also observed when compar ing 
the present CWE wi th the MTDDACl-based electrode. 
These two results wou ld suggest that the selectivity of 
CWE to an ions , especially to O H - , is closely 
associated wi th an interact ion of the M o O ( E t O ) T P P 
carrier in the electrde membrane wi th the a n i o n in the 
aqueous solut ion. In the cases of porphyr in or 
porphyr in- l ike complexes, moreover, the degree of 
such an in teract ion appears to vary depend ing on the 
species of the central metals. 

T o clarify further the role of the M o O ( E t O ) T P P 
complex in the observed anion-selectivity of CWE, the 
^SCN.X values for hal ide ions were compared wi th the 
stability constants of M o O ( L ) T P P ( L = F", Cl", B r ­
and I - ) in a H2O/CH2CI2 system and also wi th the 
hydrat ion energy of hal ide ions (see Tab le 1). Included 
in Tab le 1 for compar i son are the selectivity coef­
ficients of the MTDDACl-based electrode for hal ide 
ions. In the latter case, a decrease in the £SCN,X value 
wi th increasing the hydra t ion energy is observed, 
which can be expla ined on the basis of the so-called 
Hofmeister lyotropic series. In contrast, the change in 
the £SCN,X value of the complex-based CWE can no t 
be interpreted in the same way. A detailed compar ison 
of the £SCN,X value wi th the stability constant , t hough 
a good correlat ion can no t be obtained, indicates that 
CWE exhibits very h i g h selectivity against F - ion 
b r i ng ing about the most large stability constant. It is 
thus likely that the b i n d i n g affinity of an ions toward 
the carrier complex plays an impor t an t role in the 

anion-selectivity of the present electrode system. T h e 
lack of a correlat ion between the selectivity and 
stability data seems to be due to a difference in the 
organic solvent systems utilized in the prepara t ion of 
the electrode membrane and in the determinat ion of 
the stability constant. Organ ic solvent-induced 
alteration of the stability constant of M o O ( L ) T P P has 
been observed in our previous s tudy, n ) in which the 
stability constants were measured by extraction exper­
iments us ing different aqueous /o rgan ic systems. 

Another remarkable feature of Fig. 4 is that the 
MoO(EtO)TPP-based CWE shows the selectivity wi th 
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Fig. 5. Typical EMF-time profiles near pOH 1 and 
12 for MoO(EtO)TPP-based CWE before (a and b) 
and after (a' and b') storage for 144 days in distilled 
water. The pOH values of the salt-free sample solu­
tions were adjusted by use of 4M NaOH or 6M 
HCl to: 1.30(a); 1.35 (a'); 12.01 (b); 11.67 (b'). All the 
curves recorded show a change in EMF before and 
after a quick replacement of the standard solution 
(pOH 4.0) by the sample solutions described above. 
The initial EMF of the newly prepared CWE was 
adjusted to — 100 mV in the same manner as described 
in Fig. 2, while in the case of the stored CWE such a 
adjustment was not made in order to examine a shift 
in EMF during the storage. 
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Fig. 6. pOH Response of MoO(EtO)TPP-based 
CWE before (O) and after (•) storage for 114 days. 
The technique for the EMF measurements was 
described in detail in Fig. 5. 

a preference for NÜ2" over SCN~ (or F~) and N 0 3 ~ by 
> 1 0 1 3 and 10 3 0 , respectively. T h u s , the present CWE 
would serve as a nitrite-selective electrode if we can 
choose an appropr ia te measur ing condi t ion. 

Change in the p O H Response during Long-Term 
Storage. A newly prepared CWE was stored in 
distilled water at room temperature for about five 
months . T h e E M F response of this electrode was 
measured at fixed t ime interval (25 days). Figure 5 
depicts the EMF-t ime profile after the storage. Sable 
E M F readings were a t ta ined very rapidly even after 
storage for p ro longed times, and in each measurement 
the response t ime was w i th in 60 s. O n the other hand , 
a shift ing of the cal ibrat ion curve was observed dur ing 
storage (see Fig. 6). The re was no observable difference 
in the slopes of the cal ibrat ion curves before and after 
storage. 

Ledon et al. have studies solvent effects on mono-
m e r / d i m e r equ i l ib r ium of the hydroxo complex, 
M o O ( O H ) T P P , and demonstrated that the JU-OXO 
dimer complex, 0 = M o ( T P P ) - 0 - ( T P P ) M o = 0 , was 
preferentially formed in aromat ic solvents such as 
benzene.8) If such a dimer structure is produced in the 

electrode membrane when coming in to contact wi th 
an aqueous solut ion inc lud ing O H - , the EMF 
response of CWE wou ld be altered du r ing storage. 
However, n o marked difference was observed in the 
p O H responses before and after storage. T h u s , it 
appears more likely that the format ion of the JU-OXO 
dimer from OH~-coordinated carrier complex does no t 
take place in the present electrode system. T h i s was 
confirmed by a qual i ta t ive spectroscopy for a PVC-
suppor ted l iqu id membrane hav ing the same composi­
t ion as used for the electrode.16) 

In conclusion, it has become apparen t that a 
hydroxide ion-selective CWE can be prepared by use of 
the polymer-suppor ted l iqu id membrane conta in ing 
M o O ( E t O ) T P P as the carrier. In addi t ion, the 
performance of the CWE prepared here remains 
unaltered du r ing storage at least for 4 to 5 months . 
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Resolution of Enantiomers by Supercritical Fluid Chromatog­
raphy with Cellulose Tris(phenylcarbamate) 

Coated on Silica Gel 
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The solvent characteristics of super- and subcritical carbon dioxide for the chromatographic resolution of 
enantiomers (£rans-stilbene oxide) by chiral cellulose tris(phenylcarbamate) were investigated by altering the 
pressure (10, 15, 20, and 40 MPa), the temperature (0, 25, and 40 °C), and the concentrations of the modifiers. 
Among methanol, ethanol, and 2-propanol used as modifiers, methanol is the most effective in terms of the 
resolution of enantiomers, though 2-propanol gives a slightly high value for the separation factor. When the 
concentration of alcohol increases, the capacity ratio decreases substantially, but the separation factor decreases 
only a little. At 40 ° C, an increase in pressure results in a decrease in the capacity ratio and a slight increase in 
the separation factor. These pressure effects may be attributed to the enhanced solubilities of both the solute and 
the modifier with an increase in the mobile-phase density. The temperature is the most effective variable for the 
separation factor of enantiomers; it increases as the temperature lowers. Therefore, the resolution becomes 
higher at 0°C (subcritical conditions) than at 40 °C on the basis of the same analysis time. 

A supercrit ical fluid has interesting solvent charac­
teristics: low viscosity, h igh diffusivity, and a drastic 
change of solubili ty u p o n al terat ion of the temper­
a ture a n d the pressure. These propert ies are suitable 
for a mobi le phase in ch romatography bo th for 
analytical and preparat ive purposes. A m o n o g r a p h on 
supercritical fluid chromatography (SFC) publ ished 
recently10) reviewed the relèvent theories, ins t rumenta­
t ion, and appl ica t ions of the new method. T h o u g h 
many articles on SFC have been publ ished, applica­
tions to the chromatographic resolution of enantiomers 
have been scarce and have been l imited to co lumns 
wi th chemically bonded phases.2 '3 '6 '7 ) Very recently 
Macaudiere et al.5) reported their exper imental results 
on the effects of CO2 SFC on chiral polymer phases: 
cellulose tribenzoate and poly( t r iphenylmethyl meth-
acrylate). 

D a p p e n et al.1* classified the chiral stat ionary phases 
in to five types: (a) chiral l igand-exchange phase, (b) 
chiral affinity phase, (c) helical polymer phase, (d) 
cavity phase , and (e) brush- type phase; they poin ted 
ou t that the chiral polymer stationary phases show an 
extraordinary selectivity for many enant iomers . 1 ' ^ 

In the present work, cellulose tr is(phenylcarbam-
ate)8 '9 ) coated on silica gel particles is used as a chiral 
s tat ionary phase. T h e retent ion characteristics of 
racemic trans-stilbene oxide, as determined by carbon 
dioxide super- and subcritical fluid chromatography, 
are investigated by varying the pressure, the temper­
ature , a n d the concentrat ions of the a lcohol modifiers. 
Some compar isons are made wi th the results of l iqu id 
chromatography (LC). 

Experimental 

Supercritical Fluid Chromatograph. A schematic dia­
gram of the apparatus is shown in Fig. 1. Liquefied gas from 
a cylinder with a dip tube and a liquid modifier are 
introduced into a mixing chamber; the mixture flows up the 
column. The two pumps and the UV detector are from the 
Jasco Spectroscopic Co. (pumps: model BIP-1; detector: 
UVIDEC-100-V). The output signal from the detector is 

r T M ^ 

1 gas cylinder (dip 
2 solvent bottle 
3 valve 
4 filter 
5 pump 
6 mixer 
7 injector 
8 column 

tube) 9 column jacket 
10 UV detector 
11 data analyzer 
12 pressure gage 
13 back pressure regulator 
14 liquid collector 
15 gas flowmeter 

t Present address: Daicel Chemical Industries, Ltd., 
Kanzaki-cho, Amagasaki 661. 

Fi g. 1. Schematic diagram of apparatus for supercrit­
ical fluid chromatography. 
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resolved by means of a data analyzer (Shimadzu, 
CHROMATOPAC C-R6A). The line pressure is regulated 
by means of a manual back-pressure regulator (TESCOM, 
model 26-3200). The mobile phase is depressurized after the 
regulator, and it passes through the liquid collector housed 
in an ice-bath to a dry-type gas flowmeter. The flow-rate of 
the liquid modifier was determined from a digital scale of 
the pump since the flow-rate was kept unchanged at various 
elevated pressures. To keep the gas flow-rate constant, the 
pump head must be maintained at a low and constant 
temperature. 

Column and Reagents. The cellulose tris(phenylcar-
bamate) was coated by 20wt% on macroporous silica gel 
particles (20 urn—800 Â, treated by (3-aminopropyl)triethoxy-
silane) as has been described by Okamoto et al.8) The silica 
gel was then packed in a stainless-steel column (250X4.6 mm 
i.d.) by a slurry method. The racemic compound resolved is 
£rans-stilbene oxide (Aldrich Chem. Co.). l,3,5-Tri-£-
butylbenzene (Aldrich Chem. Co.) was used as a marker 
(non-retained) substance. Methanol, ethanol, and 2-pro-
panol (reagent grade; Wako Pure Chemical Co., Ltd.) were 
fractionated by the use of a laboratory packed column. 
Carbon dioxide (99.9%, Nichigo Acetylene Co., Ltd.) was 
used without further purification. 

Chromatographic Parameters. To describe the chroma­
tographic separation behavior, the capacity factor of a 
substance i, k{', the separation factor, a, the number of 
theoretical plates, N, and the resolution, Rs, are defined as 
follows: 

tRi — ft) 

a — K 
A i ' " 

ft) 

ÊR2 ~~ ft) 

ÊR1 — ft) 

N = \6(tR/W)2 

Rs = 
2(tR2 - *Rl) 

(Wi + W2) 

(1) 

(2) 

(3) 

(4) 

2 A 
t i m e / m i n 

2 A 
t i m e / m i n 

Fig. 2. Separation of racemic Jram-stilbene oxide on 
the cellulose tris(phenylcarbamate) (20 wt%) coated 
on silica gel in SFC. Column: 25 cmX4.6 mm i.d., 
20 ^m; solvent: CCh+methanol (mole fraction 
Xc=0.063); flow rate: 2 ml-min-1 (liq. CO2); (a)40°C, 
20MPa; (b) 25°C, lOMPa. 

where ft) is the retention time of a non-retained substance; tm 
and £R2 are the retention times of the first- and the second-
eluted substances respectively, and W is the peak width. 
When a peak shape is regarded as symmetric, the peak width 
is evaluated from the peak area, A, and the peak height, h, by 
assuming the Gaussian distribution function: 

W= 1.596 A/h. (5) 

The data analyzer used in the present work gives outputs of 
*R, A, and h for each peak, from which all the chromatog­
raphic parameters, k{, a, N, and Rs, were evaluated. Some 
typical chromatograms are shown in Fig. 2. 

Results and Discussion 

Capacity Ratio and Separation Factor. T h e first-
eluted componen t of racemic trans-stilbene oxide is 
the ß - e n a n t i o m e r for a mobi le phase of supercrit ical 
carbon dioxide modified by alcohols, which is the 
same as in l iqu id chromatography (LC) wi th a 
hexane-a lcohol mobile phase. Figure 3 shows the 
influence of the mole fraction of alcohols (methanol , 
e thanol , 2-propanol) , xc, on the capacity factor, k\ , 
and the separat ion factor, a, at 4 0 ° C and lOMPa, 
which exceed the critical temperature (31 °C) and the 
critical pressure (7.39 MPa) of carbon dioxide. T h e 
capacity factor decreases rapidly wi th an increase in xc 

for the three alcohols . T h e order of decreasing k\ 
values is methanol , e thanol , and 2-propanol , which is 
the same order as the increase in molecular weight. 
tams-Stilbene oxide was no t eluted in the mobi le phase 
of pure carbon dioxide as in pu re hexane. Therefore, 
the re tent ion mechan i sm in bo th mobile phases may 
be a competit ive adsorpt ion between solute and 
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Fig. 3. Influence of alcohol composition on the 
capacity ratio k\ and the separation factor a for 
racemic taww-stilbene oxide (40 °C, 10 MPa); solvent: 
C02+alcohol (C); modifier: (O) methanol, (A) 
ethanol, (D) 2-propanol. 
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a lcohol molecules on to active sites of the chiral 
polymer. 

T h e separat ion factor for the enant iomers , a, 
decreases a little wi th an increase in xc in a region of 
low alcohol concentrat ion, bu t it remains constant 
when xc exceeds 0.08. 2-Propanol is the modifier 
g iv ing a h igher value for a t han methano l and 
e thanol . T h e effective action of 2-propanol as a 
modifier for chiral recognit ion has been reported for 
the cellulose tribenzoate phases by Macaudie're et al.5) 

and also for brush- type bonded phases by Macaudiere 
et al.,6) Mourier et al.,7) and Dobashi et al.2) It may be 
deduced from Fig. 3 that the increase of a corresponds 
to the decrease in the alcohol concentrat ion in the 
stationary phase, since the chiral recogni t ion is made 
only at the stationary phase. 

Figure 4 shows the influence of the c o l u m n pressure 
on ki a n d a at 40 ° C a n d 0.1 in xc. W h e n the pressure 
increases from 10 M P a to 25 MPa, ki' decreases and a 
increases slightly for the three alcohols. T h e decrease 
in ki and the increase in a are contradictory to the 
results shown in Fig. 3; however, the increase in a may 
lead to the conclusion that the relative concentrat ion 
of a lcohol in the s tat ionary phase dercreases wi th an 
increase in the pressure. T h e decrease in k\ wi th an 
increase in the pressure results from two causes: the 
solubil i ty increase in the mobi le phase of supercrit ical 
carbon dioxide and the decrease in adsorptive sites 
available for the solute. T h e major reason for the 
pressure effects on a and ki may be the enhanced 
solubilit ies of bo th the solute and the alcohol in to the 
mobile phase wi th an increase in the density. 

Figure 5 shows the change in ki wi th the mole 
fraction of me thano l at three temperatures (0, 25, and 
40 °C) a n d at 10 MPa. T h e data po in t s of k\' in L C 

5 10 15 20 25 30 
Column Pressure/MPa 

Fig. 4. Influence of column pressure on the capacity 
ratio ki and the separation factor a for racemic trans-
stilbene oxide (40°C); solvent: C02+alcohol (C) 
(xc=0.1); modifier: (O) methanol, (A) ethanol, (D) 2-
propanol. 

Fig. 5. The capacity ratio of £ram-stilbene oxide 
against mole fraction of alcohol in SFC and LC; SFC: 
C02+methanol at 10 MPa and 0°C (D), 25°C (A), 
40°C (O); LC: hexane+2-propanol at 25°C (A). 
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Fig. 6. Effect of alcohol composition and tempera­
ture on the separation factor a for racemic trans-
stilbene oxide in SFC and LC; SPC: solvent: CO2+ 
alcohol (C), column pressure: 10 MPa, column tem­
perature: ( ) 40°C, ( ) 25°C, ( ) 
0°C, modifier: (O) methanol, (A) ethanol, (D) 
2-propanol; LC: hexane+2-propanol at 25 °C ( • ) . 

Fig. 7. Temperature dependence of the separation 
factor a for racemic *ram-stilbene oxide at 10 MPa; 
solvent: C02+alcohol (xc=0A); modifier: (O) 
methanol, (A) ethanol, (D) 2-propanol. 
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(hexane+2-propanol eluents at 25 °C) are also shown 
for the sake of compar ison. £ram-Stilbene oxide is 
retained longer wi th C 0 2 + m e t h a n o l eluents than wi th 
hexane+2-propano l ; this may be at t r ibuted to the low 
solubili ty of the solute in the expanded fluids. 

F igure 6 shows the plots of a agains t the alcohol 
mole fraction for the three alcohols at the three 
temperatures (0, 25, and 40 °C). T h e experimental 
data for a in L C are also plot ted in the figure. T h e 
separat ion factor changes wi th the mobi le fluid as well 
as wi th the modifier. Carbon dioxide modified by 2-
p r o p a n o l gives the highest values for a at 25 °C. T h e 
temperature is the variable most sensitive to the 
separat ion factor a; that is, the lower the temperature, 
the larger the separat ion factor. In Fig. 7 the 
loga r i thm of a at l O M P a and 0.1 in xc is plot ted 
against the reciprocal temperature for the three 
alcohols . T h e differences in the adsorpt ion enthalpy 
of the enant iomers , AH[=R d in a/d(l/T)], as deter­
mined from the slopes, are as follows: 3.9 k j m o l - 1 

(methanol) , 3.6 k j • m o l - 1 (ethanol), and 4.5 k j mo l" 1 

(2-propanol) . These results suggest that the chiral 
recognit ion of cellulose tr is(phenylcarbamate) is main­
ly based on the difference in the adsorpt ion ethalpy of 
the enant iomers . 

Resolution. Figure 8 shows the effect of the 
alcohol mole fraction in a mobi le phase, xc, on the 
resolut ion, Rs. T h e co lumn pressure is 10 MPa, whi le 
the flow-rate of l i qu id carbon dioxide is kept at 
approximate ly 2 ml • m i n - 1 ; therefore, the mass flow-
rate in a co lumn increases by the a m o u n t of alcohol 
added to carbon dioxide. T h e resolut ion decreases 
wi th an increase in xc, whi le it increases wi th a 
decrease in the tempera ture for all the alcohols. In the 
same figure, the filled squares stand for the data points 
for Rs in L C (hexane+2-propano l eluents at 25 ° C and 

Fig. 8. Effect of alcohol composition on the resolu­
tion Rs of racemic Jram-stilbene oxide in SFC and 
LC; SFC: column pressure: 10 MPa, column tem­
perature: 40°C, 0°C, modifier: (O) 
methanol, (A) ethanol, (D) 2-propanol, flow rate: 
2 ml-min - 1 (liq. CO2); LC: column temperature: 

25°C, solvent: hexane+2-propanol (A), 
flow rate: 0.5 ml • min - 1 . 

0.5 ml • m i n - 1 ) . T h o u g h the flow-rate in L C is four 
times smaller than in SFC, the resolution is still 
inferior to those in SFC wi th a methanol modifier. 
Therefore, carbon dioxide SFC has the advantage that 
it can reduce analysis times compared wi th hexane LC. 
It is noteworthy that me thano l is the most effective 
modifier of the three in terms of the resolution, t hough 
2-propanol becomes more effective when the xc value is 
less than 0.03. 

T h e exper imenta l results for Rs can be explained in 
terms of the different cont r ibut ions of the thermod­
ynamic proper t ies (k\ and a) and the kinetic 
properties (Ni and N2). Equa t ion 4 is rewritten as: 

R& l)*l ' /(l + Ä'av) (8) 

where k\ 
below: 

and A/av are the average quati t ies defined 

&'av = (kl' + k2')/2 

*R1 ÊR2 

W ï V5v2 

(9) 

(10) 

T h e most effective factor in Eq. 8 to raise Rs for 
chiral separat ion is the parameter (a— 1), which 
increases at a lower temperature . At the same 
temperature and a nearly constant flow-rate, Rs 

increases wi th an increase in ki , since a and yjNaw 

change only a little. T h e reason for the superiority of 
me thano l to other modifiers in terms of Rs may be its 
h i g h diffusivity, which produces the h igh efficiency of 
a co lumn (a large A/av). 

In summary, the solvent characteristics of super- and 
subcritical carbon dioxide are superior to those of 
l iqu id hexane as a ch romatograph ic mobile phase for 
the opt ical resolut ion of enant iomers (racemic trans-
stilbene oxide) wi th a co lumn of chiral polymer 
(cellulose tr is(phenylcarbamate)) coated on silica gel. 
Comprehensive SFC data have been presented here on 
k\ , a, and Rs for various pressures, temperatures, and 
modifier composi t ions . 

T h i s work was part ly suppor ted by a Grant- in-Aid 
for Scientific Research (C) (No. 62550696) from the 
Ministry of Educat ion, Science and Culture. T h e 
au thors are grateful to Dr. Yoshio Okamoto of Osaka 
University for his generous suppor t in p repa r ing the 
chiral co lumn. 
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Kinetics of the Ligand Substitution Reactions of a Labilized 
Ruthenium(III) Complex, [Ru{Af'-(2-hydroxyethyl)ethylenediamine-

N, iV^/-triacetate}(H20)] 

Hiroshi O G I N O , * Tetsuo KATSUYAMA,t and Setsuo I T O 
Department of Chemistry, Faculty of Science, Tohoku University, Aoba-ku, Sendai 980 

ïDepartment of Basic Technology, Faculty of Engineering, Yamagata University, Yonezawa, Yamagata 992 
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The kinetics of the substitution reactions of [N'-(2-hydroxyethyl)ethylenediamine-N,N,N'-triacetato] 
-aquaruthenium(III), [Ru(hedtra)(H20)], with X (Br~, CH3CN, SCN~, and pyridine) to give [RuX(hedtra)] were 
carried out at 25 ° C and 7=0.5 mol dm - 3 . The substitution reactions were found to be unusually rapid. The rate 
constants of the forward reaction (kf) and of the backward reaction (kb) were &f=0.13+0.01 mol - 1 dm3 s_1 and 
Äb=(1.9±0.2)X10-2s-1 for the reaction with Br~, &f=0.48+0.02 mol"1 dm3 s"1 and kh=(3.0±0.2)X10r2 s~l for the 
reaction with CH3CN, and &f=7.5+0.2 mol"1 dm3 s"1 and / ^ ( l . S + O ^ X l O ^ s - 1 for the reaction with SCN~, 
respectively. The kinetics of the reaction of [Ru(hedtra)(H20)] with py was studied as a function of pH. The 
observed rate constants of the reaction were separated into two rate constants; the rate constant of the forward 
reaction of [Ru(hedtra)(H20)] with py (18+2 mol"1 dm3 s"1) and that of [Ru(OH)(hedtra)]~ with py 
(3.0+1.0 mol - 1 dm3 s_1). The mechanisms of the reactions are discussed. 

Chromium(I I I ) -EDTA and several Af-substituted 
ethylenediamine-A/r,A/r/,A/r/-triacetatochromium(III) com­
plexes [CrL(H20)] have been shown to undergo unusu­
ally rap id l igand subst i tut ion reactions wi th several 
anions X (Eq. l)/-5> 

[CrL(H20)] + X ===== [CrXL] + H 2 0 (l)6> 

-O2CCH2 ^ R 
L = NCH2CH2N 

-O2CCH2 ^ ^ CH2CO2-

where the l igand L contains a pendan t g roup R 
hav ing coordina t ing ability, i.e. C H 2 C 0 2 - , CH2CO2H, 
CH2CH2OH, CH2OCOCH3, or CH 2 C0 2 Co(NH3)5 2 + . 
T h e remarkable labil izat ion effect has been explained 
by pos tu la t ing that the transient coordinat ion of the 
pendan t g r o u p R assists the e l imina t ion of the 
coordinated water molecule in the forward reaction or 
the l igand X in the backward reaction. Matsubara and 
Creutz demonstra ted that the l igand subst i tut ion 
reactions of [Ru(edta)(H20)]~ (Eq. 2) are m u c h faster 
than those of [Ru(NH3)5(H20)]3 + 7 '8) and proceed via 
an associative route. 

[Ru(edta)(H20)]- + X ^ = = Ü [RuX(edta)]- + H 2 0 (2) 

They postulated that hydrogen b o n d i n g between the 
coordinated water and the pendan t carboxylate g roup 
distorts all of the me ta l - l igand bonds so that a very 
open area is created adjacent to the hydrogen bonding . 
In this way the hydrogen b o n d i n g may sterically 
activate [Ru(edta)(H20)]~ towards associative substitu­
tion. Therefore, the mechanism is different from the 
one proposed by us for the chromium(I I I ) com­
plexes.2 - 4 ) 

In the present paper , the kinetics of the reactions of 
[Ru(hedt ra ) (H 2 0)] wi th NCS" , Br-, CH3CN (AN), and 

pyr idine (py) are investigated (Eq. 3), in order to know 

[Ru(hedtra)(H20)] + X ^ = ^ [RuX(hedtra)] + H 2 0 (3) 

whether the remarkable reactivity of [Ru(edta)(H20)]~ 
is at t r ibutable to the hydrogen bonding8* or the 
transient coordinat ion of the pendan t g roup to the 
ru then ium(I I I ) center, as proposed for the ch romium-
(III) complexes . 2 - 0 

Hydrogen b o n d i n g between the coordinated water 
and non-charged A/r/-(2-hydroxyethyl) g roup in [Ru-
(hedtra)(H20)] should be m u c h weaker than that in 
[Ru(edta)(H20)]~. Therefore, if hydrogen bond ing is 
responsible for the h igh reactivity of [Ru(edta)-
(H2O)]-, [Ru(hedt ra) (H 2 0)] migh t be expected to 
show m u c h lower reactivity than that of [Ru(edta)-
(H2Ü)] - . A par t of the present work has been reported 
in our review very briefly.4) Qui te recently, Bajaj and 
van Eldik reported a kinetic study of reaction 3.9) 

Experimental 

Measurements. Electronic spectra were recorded on a 
Union-Giken SM-401 spectrophotometer. The kinetics were 
carried out at 25.0+0.1 °C and 7=0.5 M (NaC104) under 
pseudo-first-order conditions:10) concentrations of X greatly 
exceeded those of [Ru(hedtra)(H20)]. The rapid reactions 
were followed with a Union-Giken RA-401 stopped-flow 
spectrophotometer and the slow reactions, with the Union-
Giken SM-401 spectrophotometer. The plots of In |/4r^°°| vs. 
time were linear for at least 3 half-lives, where At and A™ 
represent the absorbances at time t and infinity, respectively. 

The acid dissociation constant of reaction 4 

[Ru(hedtra)(H20)] ====^ H+ + [Ru(hedtra)(OH)]- (4) 

was determined as p£a=5.11+0.03 at 25.0+0.1 ° C and 1=0.10 M 
(NaClCU). The measurements of pH were made with a Toa 
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TSC 10-A pH stat, which was calibrated against standard 
perchloric acid solutions. The pK* value obtained is in a 
good agreement with that reported by Bajaj and van Eldik.9) 

Preparation of NafRuCl(hedtra)] • H 2 0 . RuCl3 • nU20 
containing 44% Ru (3 g) was dissolved in 30 ml of water. To 
the solution was added 1 ml of concentrated HCl. This 
solution was evaporated to dryness on a boiling water bath. 
Hahedtra (4.2 g) dissolved in 30 ml of hot water was added to 
the residue. The resulted solution was evaporated to dryness. 
The residue was then dissolved in 20 ml of water and the pH 
of the solution was adjusted to 2 with 0.5 M NaOH solution. 
The solution was refluxed for 3 h and evaporated to dryness. 
A yellowish brown mass was washed with 5 ml portions of 
cold water repeatedly which afforded a yellow powder. 

The powder of the desired product was filtered off, washed 
with ethanol and ether, and air-dried. Found: C, 26.46; H, 
3.86; N, 6.42%. Calcd for Na[RuCl(hedtra)]. H 2 0 : C, 26.53; 
H, 3.78; N, 6.19%. 

Preparation of H[RuBr(hedtra)] 2.5H20. Na[RuCl(he-
dtra)] • H2O was dissolved in a minimum amount of water. 
One third volume of concentrated HBr was added to the 
solution. Then, ethanol-ether mixture (5:1) was added 
slowly until the solution became turbid. Upon standing the 
solution for several hours at room temperature, the desired 
product was obtained as orange crystals which were filtered 
off, washed with ethanol and ether, and air-dried. Found: C, 
24.24; H, 4.22; N, 5.55%. Calcd for H[RuBr(hedtra)] • 2.5H2-
O: C, 23.91; H, 4.20; N, 5.5 

Results 

Electronic Spectra. W h e n Na[RuCl(hed t ra ) ] . H2O 
is dissolved in water, the absorpt ion m a x i m a appear at 
233 n m (£=3340, shoulder) , 282 n m (£=1950), and 
350 n m (£=834, shoulder) . H[RuBr(hed t ra ) ] . 2 . 5 H 2 0 
shows almost identical absorpt ion max ima to those of 
Na[RuCl(hedtra)] • H2O, i.e. 233 n m (£=3400, shoul­
der) a n d 282 n m (£=1930). T h i s suggests that bo th 
complexes are rapidly converted in water to a c o m m o n 
species hav ing the same chromophore , namely [Ru-
(hedt ra ) (H 2 0)] . T h i s is further suppor ted by the 
observation that the kinetics of the l igand subst i tut ion 
reactions of both complexes showed almost identical 
results. Similar behavior to this has been reported for 
[Ru(ed ta ) (H 2 0) ] - : [RuCl(Hedta ) ] - and [RuCl2(H2-
edta)]~ liberate chloride ions rapidly in di lute aqueous 
solutions.11* 

Kinetics of the Ligand Substitution Reactions of 
[Ru(hedtra)(H20)] with NCS", Br-, AN, and py. When 
an aqueous solut ion of Na[RuCl(hedtra)] • H 2 0 was 
mixed wi th a solut ion con ta in ing excess NaSCN, two 
consecutive reactions were observed. T h e observed 
spectral changes and rates of the reactions were 
essentially identical when H[RuBr(hedtra)] • 2 . 5H 2 0 
was used in place of Na[RuCl(hedtra)] • H 2 0 . T h i s 
impl ies that when these two complexes are dissolved 
in water, [Ru(hedt ra) (H 2 0)] is formed very rapidly. 
T h e first reaction completed wi th in several seconds 
after mix ing . T h e second reaction was m u c h slower 
than the first (Fig. 1). A similar p h e n o m e n o n to this 

was observed for the reaction of [Ru(edta)(H 20)]~ wi th 
NCS~ and it was concluded that the first reaction 
corresponds to the formation of [Ru(NCS)(edta)]2~ and 
the second, to that of [Ru(NCS)2(edta)]3".8 ) In the first 
reaction of [Ru(hedt ra ) (H 2 0)] wi th N C S - , the absorp­
t ion m a x i m u m appears at 465 n m (£=1300) after 
comple t ion of the react ion (Fig. 1 curve B). T h i s is a 
qu i t e s imilar value to tha t of [Ru(NCS)(edta)]2~ 
(Amax=460 n m (£=1010)). Therefore, the first reaction is 
at t r ibuted to the occurrence of reaction 3, where 
X = N C S ~ . T h e react ion obeyed a first-order rate law 

0.50 
c 
o 

-Q 
\-
O 
V) 

-Q 

< 
0.25 h 

400 500 

Wavelength / nm 
600 

Fig. 1. Spectral change of the reaction of [Ru(hedtra)-
(H2O)] (1.98X10-4 M) with SCN~ (0.500 M) at [H+]= 
1.81X10-3 M. Dotted line (curve A) denotes the spec­
trum of 1.98X10-4 M [Ru(hedtra)(H20)] in theabsence 
of SCN~ and curve B, that measured immediately 
after mixing (the spectrum shows the complete 
formation of [Ru(NCS)(hedtra)]~). Curves C-E denote 
the spectra obtained 10, 20, and 50 min, respectively, 
after mixing. 

20 40 60 

103 [NCS'] /M 

Fig. 2. Plot of the observed pseudo-first-order rate 
constants (&obsd) vs. [SCN-] in the reaction of [Ru-
(hedtra)(H20)] with SCN~. H[RuBr(hedtra)]-2.5H20 
(solid circles) and Na[RuCl(hedtra)]-H20 (open circles) 
were used as the source of [Ru(hedtra)(H20)]. The 
pHs of the solutions were varied from 2.01 to 4.06. 
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Table 1. Equilibrium and Rate Constants for the Ligand Substitution of 
[Ru(hedtra)(H20)] (Eq. 3) and [Ru(edta)(H20)]- (Eq. 2) 

Ligand 

Br-
CH3CN 
SCN-

py 

CH3CN 
SCN-
py 

^f/M-1 s"1 

0.13±0.01 
0.48±0.02 
7.5 +0.2 
6.5 ±0.3b> 

18 ±2C> 

30±7 
270+20 

6300+500 

fo/s-1 

[Ru(hedtra)(H20)] systema> 
(1.9±0.2)X10-2 

(3.0+0.2)X10-2 
(1.3±0.8)X10-2 

— 

[Ru(edta)(H20)]- systemd«e> 
3.2 +0.2 
0.5 +0.1 
0.061+0.002 

Ä7M-1 

6.6+1.0 
16 ±2 

580 +200 
— 

» 3 X 1 0 3 

9+3 
540+100 
(1.0±0.3)X105 

a) At 25 °C and 7=0.5 M. b) From Ref. 9. c) The forward rate constant of the reaction of [Ru(OH)(hedtra)]_ 

with py (k(') was 3.0+1.0 M"1 srK d) From Ref. 8. e) At 25 °C and 7=0.2 M. 

under pseudo-first-order condit ions. T h e observed 
pseudo-first-order rate constants (Äobsd) were independ­
ent of the concentrat ions of the complex (5.4X10 - 5— 
3.9X10-4 M) and p H (2.01—4.06). As shown in Fig. 2, 
the p lo t of the kobsd values against the concentrat ions of 
NCS~ gives a good l inear relation wi th an intercept. 
T h i s kinet ic behavior indicates that the reaction 3 is 
reversible and thus the slope and intercept values of 
the p lo t correspond to the forward (kf) and backward 
(kb) rate constants, respectively, and the rat io of the 
slope and intercept values, to the equ i l ib r ium constant 
(K) for the process. T h e kinetic and equ i l ib r ium data 
are listed in Tab le 1. 

Shepherd et at. prepared and isolated K[Ru(NCS)2-
(H2edta)].12) T h e absorpt ion m a x i m u m of the species 
was repor ted to appear at 486 n m (£=2700). The . 
spectral change observed for the second reaction of 
[Ru(hedt ra ) (H 2 0)] wi th N C S " (Fig. 1) is consistent 
wi th the occurrence of the following reaction: 

[Ru(NCS)(hedtra)]- + NCS~ = ^ [Ru(NCS)2(hedtra)]2-

(5) 

T h e kinetic study of this slower second reaction was 
also carried ou t under pseudo-first-order condit ions. 
T h e values of fe and k-2 were determined to be 
(2 .5+1 .2 )X10- 4 M- 1 s - 1 and (LOiO.lJXlO-Ss-1 , respec­
tively. 

Th iocyana te ions react wi th [Ru(hedtra)(H2Û)] to 
give [Ru(NCS)(hedtra)] - and [Ru(NCS)2(hedtra)]2- . 
However, when X=Br~, AN, and py, only the 
format ion of [RuX(hedt ra ) ]" - ( n = l for Br~ and n=0 
for AN and py) was observed. T h e kinet ic and 
equ i l ib r ium data for the reactions of [Ru(hedtra)-
(H2O)] wi th Br~ and AN are given in Tab le 1. T h e 
reaction of [Ru(hedtra)(H20)] wi th py (Eq. 3) leads to 
complete format ion of [Ru(hedtra)(py)] under the 
present experimental condit ions. T h e equi l ib r ium 
constant (K) of the reaction was estimated to be 
K^>3X\03M~1 at 25 °C. Therefore, the plots of the 
observed pseudo-first-order rate constants (&0bsd) vs. 

0 

in 
O 

106[H+] / M 

Fig. 3. Plot of S([H+]+A:a) vs. [H+] for the reaction of 
[Ru(hedtra)(H20)] with py. Na[RuCl(hedtra)]-H20 
was used as the source of [Ru(hedtra)(H20)]. 

[py] show very mino r intercepts. T h e &0bsd values were 
found to be acid-dependent in the p H range 5.1—6.1. 
T h i s kinetic behavior is compat ib le wi th the reaction 
scheme given in Eqs. 6 and 7: 

[Ru(hedtra)(H20)] + py 

+H+ - H + 
* a 

[Ru(OH)(hedtra)]- + py 

=^ [Ru(hedtra)(py)] + H 2 0 

(6) 

f̂  [Ru(hedtra)(py)] + OH~ 

(7) 

F rom the mechanism, the fol lowing equa t ion can be 
derived, 

kjU+] + kf'Ka 

[H+] + £ a 
(8) 

where S denotes the slope of the plots of the &0bsd values 
vs. [py] at a given p H . As expected from Eq. 8, the p lot 
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of S([H+]+£ a ) vs. [H+] gave a l inear relat ion (Fig. 3). 
F rom the slope and intercept values, the kf and k/ 
values were determined. T h e kinetic and equ i l ib r ium 
data are listed in Tab le 1. 

Discussion 

T h e equ i l i b r ium constants of Eq. 3 (K) which are 
the format ion constants of [RuX(hedtra)] are listed in 
Tab le 1. T h e numer ica l value of each K resembles that 
of the cor responding E D T A complex.8* T h e K values 
appear to correlate wi th the basicity of l igand X. 

As compared in Tab l e 1, the rate constant of the 
reaction of [Ru(hedtra)(H20)] wi th NCS~ determined 
in this work is in good agreement wi th the value 
reported by Bajaj and van Eldik.9) 

Recently, Bajaj and van Eldik carried out a kinetic study 
of the react ion of [Ru(edta)(H20)]~ wi th several 
ligands.13) They concluded that the hydrogen bond ing 
between the coordinated water and the free carboxylate 
oxygen is responsible for the h igh labili ty of the water 
molecule. T h i s can either results in the creation of an 
open space or labilize the coordinated water mole­
cule.13) However, the internal hydrogen b o n d i n g does 
no t weaken the ru then ium(I I I ) -OH2 bond, bu t rather 
strengthens it and thus sould retard the rate. O n the 
other hand , the t ransient coordinat ion of the pendan t 
carboxylate or AT :(2-hydroxy ethyl) g roup to a central 
metal ion weakens the meta l -OH2 bond. 

As shown in Tab le 1, the ana t ion and aqua t ion rate 
constants of [Ru(edta)(H20)]~ are larger by 40—400 
times than those of [Ru(hedtra)(H20)] . However, even 
the l igand subst i tut ion of [Ru(hedtra)(H20)] is unusu­
ally rapid. T h e aqua t ion rate constant of [RuBr-

(hed t ra ) ] - is larger by 104 t imes than that of 
[RuBr(NH3)5]2+ (8.7X10~7 s-i).*> Therefore, [Ru(hedtra)-
( H 2 0 ) ] and [Ru(ed ta ) (H 2 0) ] - are considered to be 
labilized main ly by the transient coordinat ion of the 
pendan t g r o u p R ( C H 2 C O O " or C H 2 C H 2 O H ) to the 
ru thenium(II I ) center. 
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Epoxidation of cyclooctene with molecular oxygen was achieved using electrochemically reduced 
metalloporphyrins in Af,Af-dimethylformamide (DMF) containing acetic anhydride as an electrophile. 
Turnover numbers 5—7 based on moles of cyclooctene oxide produced per moles of porphyrin were obtained by 
the use of [5,10,15,20-tetrakis(pentafluorophenyl)porphinato]iron(III) chloride and [5,10,15,20-tetra(l-naph-
thyl)porphinato]manganese(III)chloride. The effects of central metals and substituents on phenyl groups of 
matalloporphyrins were also investigated. Rate constants (k) were estimated by way of digital simulation of 
cyclic voltammograms based on a simple ECE reaction mechanism. The reaction mechanism in the presence of 
cobalt(II) complexes seemed to be somewhat different from that in the presence of iron(III) or manganese(III) 
complexes. 

T h e cytochrome P-450 monooxygenase1 _ 3 ) is a 
heme-conta in ing porphyr in which is capable of 
oxygenat ing hydrocarbons in a catalytic way, yielding 
alcohols from alkanes and epoxides from alkenes. Its 
physiological significance and u n i q u e mechanism 
have attracted m u c h interest of many chemists and 
biochemists since its discovery by O m u r a and Sato in 
1962.4) T h e reaction systems us ing synthetic metal­
loporphyr ins and several oxygen sources have served 
as models5»6) for cytochrome P-450 monooxygenase 

enzymes. Groves and co-workers7) first found that 
(5,10,15,20-tetraphenylporphinato)iron(III) chloride 
(abbreviated as [Fe(tpp)]Cl) catalyzes the oxygen a tom 
transfer from iodosylbenzene to olefins. Since then, 
many model systems have appeared on the metal lopor-
phyrin-catalyzed oxidations and their reaction mecha­
nisms also have beed discussed. As oxygen sources, the 
fol lowing compounds or systems have been utilized: 
iodosylbenzene,8 »9) hypochlori tes,6 '9 - 1^ amine oxides,13) 

peroxycarboxylic acids, 14'17) hydrogen peroxide, 18»19) 

Table 1. The Abbreviations for Various Metalloporphyrins Used in This Paper 

Porphyrin Metal R(meso-) Ligand anion Free anion 

Tppa) 

[Fe(tpp)]Clb> 

[Fe(tnp)]Clc> 

[Fe(tampp)lCld> 

[Fe(tchpp)]Cle> 

[Fe(tmcpp)]Cl'> 

[Fe(tpfpp)]Cl«> 

[Fe(tmpyp)]PClh> 

[Mn(tpp)]Cr> 

[Mn(tnp)]ClJ> 

[Co(tpp)f 

[Co(tampp)]'> 

[Co(tchpp)]m> 

[Co(tpyp)]") 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

-o 
Fe(III) 

Fe(III) 

Fe(III) 

Fe(III) 

Fe(III) 

Fe(III) 

Fe(III) 

Mn(III) 

Mn(III) 

Co(II) 

Co(II) 

Co(II) 

Co(II) 

-o 
-®-NH2 

-O-ci 

cF-Q~C02Me 

F > -fj5-Me 

ci-
ci-
ci-
ci-
ci-
ci-
C104 

ci-
ci-

C104 

-Q-NH2 
-O-ci 

a) 5,10,15,20-Tetraphenylporphyrin. b) (5,10,15,20-Tetraphenylporphinato)iron(III) chloride, c) [5,10,15,20-
Tetra(l-naphthyl)porphinato]iron(III) chloride, d) [5,10,15,20-Tetrakis(4-aminophenyl)porphinato]iron-
(III) chloride, e) [5,10,15,20-Tetrakis(4-chlorophenyl)porphinato]iron(III) chloride, f) [5,10,15,20-Tetrakis[4-
(methoxycarbonyl)phenyl]porphinato]iron(III) chloride, g) [5,10,15,20-Tetrakis(pentafluorophenyl)porphi-
nato]iron(III) chloride, h) [5,10,15,20-Tetrakis(l-methyl-4-pyridinio)porphinato]iron(III) pentaperchlorate. 
i) (5,10,15,20-Tetraphenylporphinato)manganese(III) chloride, j) [5,10,15,20-Tetra(l-naphthyl)porphinato]-
manganese(III) chloride, k) (5,10,15,20-Tetraphenylporphinato)cobalt(II). 1) [5,10,15,20-Tetrakis(4-amino-
phenyl)porphinato]cobalt(II). m) [5,10,15,20-Tetrakis(4-chlorophenyl)porphinato]cobalt(II). n) [5,10,15,20-
Tetra(4-pyridyl)porphinato]cobalt(II). 
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and alkyl hydroperoxides,2 0 »21) or molecular oxygen in 
the presence of reducing agents such as sodium 
tetrahydroborate,22) hydrogen and colloidal platinum,2 3 ) 

or zinc powder and acetic acid,24) and potass ium 
superoxide.2 5 ) In the most systems so far reported, 
central metals of meta l loporphyr ins were reduced by 
electrons from some chemical species generated dur ing 
the reactions, and these reduced porphyr ins functioned 
as catalysts. But considerably less works have been 
reported on the use of electrochemical me thods , 2 6 - 2 0 

which reduce central metals of meta l loporphyr ins 
directly. Recently, Creager et al.26) have reported a 
cytochrome P-450 model ut i l izing an electrochemi-
cally reduced manganese porphyr in . In this report, we 
have studied, us ing electrochemical methods, the 
activity and stability of various iron(III) , manganese-
(III), and cobalt(II) porphyr ins (Table 1) as catalysts 
for the epoxidat ion of cyclooctene in the presence of 
molecular oxygen and acetic anhydride. We also 
present the mechanism of this reaction on the basis of 
the results of cyclic vol tammetry (CV) and controlled 
potent ia l macro-electrolyses. In the present system 
us ing molecular oxygen and acetic anhydride, su­
peroxide ion (O2") could be generated under electroly­
sis as shown in Eq. 1 : 

O2 + r ^ = ^ O2" (1) 

A l t h o u g h one of the mos t p romis ing reactions of 
electrogenerated O2" is the epoxidat ion of olefins, 
epoxida t ion us ing electrogenerated O2" is not well-
k n o w n and, of course, the n u m b e r of reports on this 
subject is very l imited. Baizer et al.29_31) reported that 
electrogenerated O 2 " reacted, in the presence of carbon 
acid such as diethyl methylmalonate , wi th olefins 
activated by the at tached electron-withdrawing groups 
to yield the epoxides (Scheme 1). We have similarly 
a t tempted the epoxidat ions of various kinds of olefins 
by the use of electrogenerated 0 2 " , bu t could not have 
obta ined expected results because of low reactivity of 
electrogenerated O 2 " wi th inactivated olefins. In this 
study, we have achieved the epoxidat ion of cyclooctene 
us ing oxygen in solut ion and electrochemically 
reduced mata l loporphyr ins as catalysts. 

Me Me Me Me 

Cs CH.CH(CO?Et)? r ^ N . 

I =; ' Q> 
0 DM, J 

Et 4 NBr 

Hg (90%) 

- 1 . 0 V v s . SCE 

Scheme 1. Epoxidation using electrogenerated super­
oxide ion. 

Experimental 

TPP (Wako Chemicals) and [Fe(tpfpp)]Cl (Aldrich Chem. 
Co.) were obtained commercially. Other porphyrins were 
prepared by methods described in the literature.32_37) The 
metals, such as iron(III), manganese(III), and cobalt(II), 
were inserted by the procedure of Adler et al.38) 

Cyclic Voltammetry. Cyclic voltammetry was carried out 
in a DMF solution containing 0.1 M (1 M=l mol dm -3) 
tetraethylammonium Perchlorate (TEAP) as a supporting 
electrolyte. A glassy carbon (GC) disk (area ca. 0.71 cm2) and 
a platinum wire were employed as a working electrode and a 
counter electrode, respectively. The working electrode 
surface was polished with a 0.05 jam alumina/water slurry 
on a felt surface, and sonicated in distilled water, thoroughly 
washed with acetone, and dried before electrochemical 
measurements. The cathode potentials were referred to 
Ag/Ag+ (0.05 M AgNOs and 0.1 M TEAP in acetonitrile). 
Cyclic potential sweeps were generated by a Hokuto Denko 
Model HAB-151 potentiostat/galvanostat. Cyclic voltam-
mograms were recorded on a Graphtec Model WX-1200 X-Y 
recorder. All electrochemical measurements were carried out 
at room temperature. 

Controlled Potential Macro-Electrolysis. Cyclooctene 
(130.4 ul, 1 mmol) and acetic anhydride (94.4 ul, 1 mmol) 
were dissolved in DMF (10 ml), containing TEAP (0.459 g, 
2 mmol). From this solution, 6 ml was transferred to an 
H-type cell in which cathodic and anodic chambers were 
separated by a fine-porosity sintered-glass frits, and 3 ml to a 
trap through which O2 gas was bubbled into the catholyte 
solution. A metalloporphyrin (3 umol) was placed only in 
the cathodic chamber. For controlled potential macro-
electrolysis, a GC plate with a surface area of ca. 4.8 cm2 was 
used as the cathode, and a platinum plate was used as the 
anode. The cathode potential was controlled with a Hokuto 
Denko Model HA-305 potentiostat/galvanostat. The electro­
lyses were carried out at room temperature and the quantity 
of passed electricity was measured with a Hokuto Denko 
Model HF-201 coulomb/amperehour meter. Quantitative 
analyses and identification of the main products were 
performed by gas chromatography on a Carbowax 20M 
(2 mX3 mm</>) column. Identification of by-products was 
attempted by GC-MS spectroscopy on a Silicone OV-101 
(2 mX3 mm</>) column. 

Results and Discussion 

Cyclic Voltammetry of Metalloporphyrins. T h e 
first one-electron reduct ion peak potentials (2s J) of 
central metals of meta l loporphyr ins measured by CV 
method are listed in Tab le 2. As typical cyclic 
vo l tammograms, those of T P P (1), [Fe(tpp)]Cl (2), 
[Mn(tpp)]Cl (9), and [Co(tpp)] (11) are demonstrated 
in Fig. 1. As seen in this Figure, iron(III) , 
manganese(III) , and cobalt(II) T P P complexes are 
reduced at —0.61, —0.62, —0.17 V vs. A g / A g + , respec­
tively. T h e 2s J values of iron(III) in i ron porphyr ins 
having electron-withdrawing substituents on phenyl 
groups shift to more positive direction than that in 
[Fe(tpp)]Cl which has no substi tuents on phenyl r ings: 
the electron-withdrawing effects39»40) of the phenyl 
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r ings are in the order of 7 > 3 > 6 > 5 > 2 > 4 . T h i s may be 
derived from the fact that the e lectron-withdrawing 
groups reduce electron density on the central i ron 
atom.41) Decrease of the electron density facilitates the 
reduction of the central iron(III). 

Controlled Potential Macro-Electrolysis. T h e re­
sults of the controlled potent ia l macro-electrolyses of 
cyclooctene wi th oxygen in the presence of metal lo-
porphyr ins and acetic anhydride are summarized in 
Tab le 3. Substantial ly all the meta l loporphyr ins 
except cobalt(II) porphyr ins (11 and 13) showed low 
current efficiency. T h e turnover numbers (defined as 
the mole ratio: [product]/[catalyst]) shown in Tab le 3 
are not necessarily h igh . T h i s can be rationalized by 
the facile decomposi t ion of the meta l loporphyr ins 
du r ing the electrolyses, since the rate of the formation 
of metal oxo porphyr in complexes is very slow.6»10»11»17* 
Actually the decomposi t ion of 2 was spectroscopically 
confirmed in the presence of oxygen and acetic 
anhydride in a DMF solut ion, i.e., the Soret band of 2 
at 415 n m faded away dur ing the electrolysis. Also, 

Table 2. Reduction Peak Potentials of Porphyrins3* 

Porphyrin 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12b> 
13 
He) 

E1 

— 
-0.61 
-0.54 
-0.83 
-0.60 
-0.58 
-0.46 
-0.31 
-0.62 
-0.37 
-0.17 

— 
-0.20 

— 

3 
-1.52 
-1.45 
-1.41 
-1.57 
-1.50 
-1.46 
-1.21 

-1.28, -1.42 
-1.74 

-1.45, -1.58 
-1.16 

— 
-1.17 

— 

£3 
^ P 

-1.91 
-2.02 
-1.99 

— 
-2.05 
-2.00 
-1.77 

-1.73, -1.84 
— 
— 
— 
— 
— 
— 

a) E/V vs. Ag/Ag+, solvent: DMF, supporting electro­
lyte: TEAP, working electrode: GC, counter electrode: 
Pt. b) [Co(tampp)] was insoluble in DMF. c) No reduc­
tion peak was observed ranging from 0 V to —2.1 V. 

after macro-electrolyses, the CV response correspond­
ing to Fe I I I / n redox couple of 2 disappeared. Further­
more, the dua l actions of the catalysts in the reaction 
may shorten their lifetime. T h a t is to say, the reduced 
form of the catalysts is used to transfer electrons to 
molecular oxygen to generate superoxide ion4^ (Scheme 
2). In addi t ion , the catalysts react wi th oxygen and 
acetic anhydride to yield metal oxo porphyr in com­
plexes, which epoxidize the substrate43* (Scheme 3). 
O n the other hand , cobalt(II) porphyr ins (11 and 13) 
showed h igh current efficiency over 100%. T h i s 
suggests that the epoxidat ion mechanism in cobalt(II)-
system is different from that in iron(III) and man-
ganese(III)-systems. Detailed description about co-
balt(II)-system is given in the later paragraph of 
"Determination of Simple Rate Constatas". 

50pA 

(a): 1 

50UA 

(b): 2 

(c) (d): H 

-3.0 -2.0 -1.0 0 

E / V vs. Ag/Ag+ 
-3.0 -2.0 -1.0 0 

E / V vs. Ag/Ag+ 

Fig. 1. Cyclic voltammograms for the reduction of 
0.5 mM 1, 2, 9, and 11 in 0.1 M TEAP/ DMF at a GC 
disk electrode. Sweep rate: 0.2Vs_1. (a): 1, (b): 2, 
(c): 9, (d): 11. 

Table 3. Metalloporphyrin Catalyzed Epoxidation of Cyclooctene 

Catalyst 
No. 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
13 

Cathodic potential 

E/V 

-0.75 
-0.75 
-0.90 
-0.75 
-0.75 
-0.65 
-0.65 
-0.75 
-0.75 
-0.50 
-0.50 

Charge passed 

F mol - 1 

0.478 
0.876 
0.460 
0.304 
0.210 
0.538 
0.394 
1.256 
0.968 
0.086 
0.142 

Current efficiency 

% 

22.5 
15.7 
13.7 
9.4 

28.9 
12.9 
12.0 
2.8 

11.5 
295 
328 

Selectivity 

% 

69 
62 
72 

100 
100 
100 
100 
35 
92 

100 
100 

Turnover number^ 

3.70 
4.30 
2.31 
1.41 
3.05 
6.89 
2.37 
0.63 
5.10 
2.53 
2.33 

a) Defined as the mole ratio of [epoxide]/[porphyrin]. Yields (%) based on moles of porphyrin used are given as "turnover 
number" X100. 
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Scheme 2. A generation cycle of superoxide ion. 
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Scheme 3. A formation cycle of high-valent metal 
oxo porphyrin complex. 

- 3 . 0 - 2 . 0 

E / V 

- 1 . 0 

v s . Ag/Ag 

+1.0 

Fig. 2. Cyclic voltammograms of acetic anhydride 
(AA) in 0.1 M TEAP/DMF at a GC disk electrode. 
Sweep rate: 0.1 V s_1. Curve a: 30 mM AA under N2, 
curve b: the same condition as curve a, but different 
scanning range from curve a; curves c, d, and e: 0, 3, 
15 mM AA under O2, respectively. 

In iron(III)-system, addi t ion of excess amoun t s of 
acetic anhydr ide increased the current efficiency and 
the turnover number . W h e n acetyl b romide was used 
instead of acetic anhydride, the current efficiency was 
found to be very low. W h e n acetic anhydr ide was not 
present in the solut ion, electricity consumpt ion by the 
electrolysis was very small , and practically n o reaction 
occurred. In the absence of oxygen, however, the 
epoxidat ion proceeded in the current efficiency of 
more t han 100%. These facts indicate tha t acetic 
anhydr ide is necessary to form metal oxo po rphyr in 
complexes from electrochemically reduced metal lopor-
phyr in (Eqs. 2—4, M = F e or Mn; L=C1) and promote 
the change from metal peroxo porphyr in compelxes to 
metal oxo porphyr in complexes (Eqs. 5—7). 

i n 

„11 Ac o 0 

„ I I 

OAc 
i , I H A c 

OAc 
; i n 

L 

M 1 1 

L 

0 - 0 " 

M I T T 

L 

> 

+ °2 

+ Ac« 

0 
11V 
Mv 

L 

> 

2° ~ 

+ Ac" 

0-0" 
jJ,III 

L 

0-OAc 
• A m 

L 

+AcO 

( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 

0 - O A c 
j j j l l l 
f 
L 

0 
"v 
MV 

I 
L 

A c O " ( T ) 

W h e n oxygen was directly reduced by electrolysis at 
—1.5 V vs. A g / A g + in the system wi th acetic anhydr ide 
and wi thou t catalyst, trace a m o u n t s of epoxide were 
detected by gas chromatography. Accordingly, it can 
be conceivable that the electrogenerated O2" attacks 
acetic anhydr ide nucleophi l ica l ly to form acetylper-
oxyl radical (Eq. 8) a n d / o r acetylperoxide ion (Eq. 9). 

Aco0 

AcOO- + e (0*2) 

AcOO- + AcO 

— > AcOO" (+ 09) 

(8) 

(9) 

These facts were confirmed by CV (Fig. 2). Acetic 
anhydr ide u p t o o k electrons at —3.1 V in the absence of 
oxygen and an oxidat ion peak at +0.84 V appeared 
(Fig. 2, curve a; reductive cleavage reaction: Eq. 10). 
T h i s ox ida t ion peak is assumed to correspond to the 
formation of acetyl radical from acetyl an ion (Eq. 11). 

Ac 9 0 + 2e 

Ac" 

Ac" AcO" 

Ac­

t io ) 

(11) 

T h e reductive cleavage reaction was accelerated in the 
presence of oxygen (Fig. 2, curves c—e; Eqs. 12—14). 
Especially, the catalytic current of oxygen reduct ion 
can be expla ined in Eqs. 9, 12, and 14. T h e inter­
mediate species of acetylperoxyl radical or acetyl-
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peroxide ion react w i th cyclooctene to yield cyclo­
octene oxide (Eq. 15). 

Ac20 + OJ > Ac 20- + 0 2 (12) 

Ac 20- > A c + AcO" (13) 

A C + e"(0*2") »• Ac" (+ 02) (14) 

( H + Ac00"(Ac00-) » [ V o + Ac0"(Ac0-) (15) 

Meta l loporphyr ins were supposed to be electroche-
mical ly stable even in the presence of oxygen. 
Tsuch iya et al.44) ob ta ined a h i g h turnover n u m b e r of 
580 in the epoxida t ion of cyclooctene wi th hydrogen 
peroxide us ing [Fe(tpfpp)]Cl19) as a catalyst. In the 
present study, [Fe(tpfpp)]Cl (7) lost its catalytic 
activity at turnover n u m b e r of ca. 7. T h e reason for 
such a b ig difference between two systems is not clear, 
bu t some intermediate species formed in our system 
m i g h t easily decompose the meta l loporphyr in struc­
tures and easily inactivate the meta l loporphyr ins . 
Elec t ron-wi thdrawing groups on the phenyl r ings 
seem to make not only the E\ values more posit ive bu t 
also the stability of po rphyr in skeleton higher. 

Determination of Simple Rate Constant. In order 
to clarify each reaction rate of meta l loporphyr ins wi th 
oxygen or acetic anhydride , rate constants have been 
estimated based on a s imple ECE reaction mechanism. 
T h e values listed in Tab l e 4 are determined by the use 
of the digi ta l s imula t ion me thod wh ich simulates the 
ra t io of the cathodic peak current of catalyst reduct ion 
in the presence of oxygen or acetic anhydr ide to that in 
their absence. T h e results indicate the following: 

1. T h e catalysts (except 5 and 8) react wi th oxygen 
faster than wi th acetic anhydride. 

2. T h e rates of reaction between oxygen and cataly­
sts are faster in the order of 7 = 8 > 2 > 1 0 > 6 > 5 > 3 = 9 . 
T h i s order indicates that the effect of electron-

Table 4. Reaction Rates of Metalloporphyrins 
with Oxygen or Acetic Anhydride 

Porphyrin 

2 
3 
4a) 

5 
6 
7 
8 
9 

10 
IP) 
13b> 

Rate 
Oxygen 

2.1X104 

6.0X103 

7.2X103 

8.9X103 

7.6X104 

7.3X104 

5.9X103 

1.3X104 

— 
— 

constant k/M'1 s_1 

Acetic anhydride 

9.7X103 

4.8X103 

4.0X104 

4.1X103 

4.5X104 

8.7X105 

3.2X103 

1.9X103 

— 
— 

a) The reaction of 4 with oxygen or acetic anhydride 
was exceedingly slow and could not be simulated, b) 
The reaction mechanism of Co complexes with oxygen 
or acetic anhydride seemed to be different from that of 
Fe or Mn complexes with oxygen or acetic anhydride. 

w i thd rawing substi tuents on phenyl groups is not 
remarkable. 

3. T h e rates of reaction between acetic anhydride 
and catalysts are faster in the order of 8 > 7 > 5 > 2 > 3 > 
6>9>10 . T h i s order shows that i ron porphyr ins react 
wi th acetic anhydr ide faster than manganese porphy­
rins. 
In addi t ion, the rate constant for the reaction of 
electrogenerated O ^ - wi th acetic anhydride has been 
determined by the digi tal s imula t ion method. T h e 
value estimated is 4.3X104 M - 1 s - 1 , which is larger than 
the rate constants for the reactions of the catalysts 
(except 7 and 8) wi th oxygen or acetic anhydride. T h a t 
is, once superoxide ion is electrocatalytically generat­
ed, two possibil i t ies arise concern ing its reaction: i.e., 
it may react wi th bo th meta l loporphyr in and acetic 
anhydride. If the reaction of meta l loporphyr in wi th 
O 2~ is more rap id than the reaction of acetic anhydride 
wi th O2", the m a i n active intermediates of epoxida­
t ion wou ld be metal oxo p o r p h y r i n complexes. More­
over, electrochemically reduced species of metal lopor­
phyr ins are considered to react directly wi th acetic 
anhydr ide to produce metal oxo porphyr in complexes, 
so that the oxo complexes wil l epoxidize cyclooctene 
more effectively than other active intermediates such as 
acetylperoxy radical and acetylperoxide ion. Super­
oxide ion rarely reacted wi th cyclooctene directly: the 
reduct ion peak current of oxygen hardly increased 
even in the presence of 30 m M cyclooctene. Metallo­
porphyr ins did not also react wi th cyclooctene directly 
so long as we judge from the cyclic vo l tammograms . 
O n the other hand , the rate constants for cobalt(II) 
complexes could not be obta ined because the reaction 
mechanism of Co(II) complexes wi th oxygen or acetic 
anhydr ide seemed to be different from that of Fe(III) or 
Mn(III) complexes wi th oxygen or acetic anhydride . 
In the case of Fe(III) or Mn(III) complexes, the addi­
t ion of oxygen or acetic anhydr ide to the electrolyte 
solut ion con ta in ing the catalysts resulted in the 
increase of reduct ion peak current of the catalyst, bu t 
in the case of Co(II) complexes (11 and 13), the 
addi t ion of oxygen or acetic anhydr ide b rough t about 
the decrease of reduct ion peak current of the com­
plexes. In spite of the p h e n o m e n a , the current ef­
ficiency was ca. 300%. T h i s suggests that the epoxida­
t ion wi th Co(II) complexes proceeds in a cha in reac­
t ion mechan ism as well as an electrochemical one. 
T h e u n u s u a l react ion wi th Co(II) complexes m i g h t be 
due to some kinds of chemical reactions preceding 
electron transfer a n d / o r reductive cleavage of acetic 
anhydride. 

Reaction Mechanism. Many reports have been 
publ i shed wi th respect to mechanisms and rate-
de te rmin ing steps for epoxida t ion of alkenes wi th 
meta l loporphyr ins and various oxidants . Proposi­
t ions about those are different from system to system: 
i.e., differences in central metals of meta l loporphyr ins , 
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po rphy r in skeletons, (wi th /wi thou t ) l igands, (or­
ganic /aqueous) solvents, oxidants, and chemical meth­
ods or electrochemical methods. In chemical methods, 
two m a i n confl ict ing op in ions exist wi th regard to 
rate-determining steps. One is that rate-determining 
step is the format ion of metal oxo po rphyr in 
complexes,6 '1 0 '1 1 '1 7»4 0 a n d the other is that the rate-
de te rmin ing step is the decomposi t ion of metallaoxet-
anes (j)5,8,i2) w h i c h form from olefins and metal oxo 
porphyr in complexes. In addi t ion to these two 
intermediates, a new intermediate , Af-alkylated metal-
loporphyr in complex, has been proposed recently.46) 

Further advanced investigations about epoxidat ion 
have suggested an intermediate ca rbon ium ion ar is ing 
from caged pai r collapse or metallacycle opening.47»48) 

O n the other hand , detailed kinetic and mechanist ic 
studies have not appeared on the meta l loporphyr in-
catalyzed epoxidat ion by electrochemical methodo­
logy.26-28 ) O u r results suggest that meta l loporphyr ins 
are p rone to be inactivated easier in the electrochem­
ical systems than in the chemical systems. For 
instance, the electrochemical systems may be accom­
panied wi th formation of an unreactive dimer (h) 
assumed as (Por )M I V -0-M I V (Por ) (M=Fe or Mn),10>21> 
format ion of inactivated meta l loporphyr in (k) which 
is formed from b and acetyl radical, a n d / o r decomposi­
t ion of a porphyr in skeleton, under electrolyses. T h e 
following is the proposed reaction mechanism in our 
system (Scheme 4). 

We suppose that electrochemical epoxidat ion in our 
system has two s imul taneously proceeding reaction 

pa thways . O n e is the pa thway in which an active 
intermediate is high-valent metal oxo porphyr in 
complex, and the other is that in which an active 
intermediate is acetylperoxyl radical or acetylperoxide 
ion. However, the latter cont r ibut ion mus t be smaller 
than the former one, because the yield of epoxidat ion 
wi thou t the meta l loporphyr ins was low. These 
pa thways are considered to be reasonable for iron(III) 
and manganese(III)-systems. However, the epoxida­
t ion mechan ism in cobalt(II)-system is not definite at 
the present. Fur ther advanced investigations will be 
necessary to explain it. 

Conclusion 

Epoxida t ion of cyclooctene was achieved wi th 
molecular oxygen us ing electrochemically reduced 
meta l loporphyr ins in DMF conta in ing acetic anhy­
dride as an electrophile. Cyclooctene oxide was obtain­
ed as a m a i n produc t wi th a h i g h selectivity. Com­
pared wi th the chemical systems reported to date, 
electrocatalytic systems presented here are simpler and 
cleaner. In fact, we could detect only one by-product , 
cyclooctanone, by GC-MS spectroscopy. However, 
unfortunately, the durabi l i ty of the meta l loporphyr ins 
is relatively low in the electrochemical systems. As 
shown in Tab le 3, the obtained turnover numbers were 
not h igh . Hence; the next subject in electrochemical 
systems wil l be the improvement of the durabi l i ty of 
the catalysts. In addi t ion, the detailed mechanist ic 
e lucidat ion in cobalt(II)-system will be an impor t an t 
next subject. 

Ac 
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M 1 1 
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M = Fe OR Mn, L=CI 

Scheme 4. Mechanism of electrochemical epoxida­
tion with metalloporphyrin. 
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The Specific Interaction of Mg and Alkaline Earth Metal Ions with 
Well-Defined Surfaces of a-HCr02 and Cr2<33 
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The selectivity sequences of Mg and alkaline earth ions to the surface of a-HCrC>2 and O2O3 were 
investigated by measuring the electrophoretic mobility and the surface charge density. The latter was 
determined by means of Potentiometrie titration. The selectivity sequence of Mg and alkaline earth ions to the 
a-HCrC>2 surface was determined as Mg>Ca>Sr~Ba. This sequence was explained by the close configurational 
fitting of adsorbed metal ions to the solid surface. The reason is that the O-O distance on the (001) plane of 
Mg(OH>2 and Ca(OH)2 is similar to that of the a-HCrC>2. On the amorphous O2O3 and crystalline O2O3, 
exposing mainly the (001) plane, the affinity of varying ions was comparable. The isoelectric points (IEP) of the 
chromium(III) hydroxide oxides and oxides were discussed in connection with their surface crystallinity as 
determined by electron microscopy. A lower crystallinity gives a slightly higher IEP. 

T h e in teract ion of metal ions wi th metal oxides and 
metal hydroxides has been one of the most impor t an t 
subjects to be worked out in colloid chemistry. Accord­
ingly, many reviews have been publ i shed on this 
matter.1 _ 4 ) T h e adsorp t ion data have been analyzed by 
various complexat ion models involving clusters com­
posed of adatoms and some surface atoms. However, it 
seems cur ious that any model could expla in the 
exper imental data wi th fairly good success to give 
concerted stability constants.5 ) As an example , there 
have been reports dea l ing wi th sequences of the 
adsorbabil i ty of divalent cations on various solid 
surfaces.1 '3 '6* T h e results obtained on the same k ind of 
metal oxide or hydroxide did no t always agree wi th 
each other. T h e m a i n reason for the discrepancies 
seems to stem from the origin and na ture of the 
samples. Most results were observed on the samples 
whose surface structures were not well-defined: neither 
crystal p lanes exposed nor crystallinity were taken 
account of. 

As regards the surface-charge generat ion of metal 
oxide, Parks9 ) has reviewed the data reported thus far 
and has found a s imple semi-empirical relat ion which 
is a funct ion of the charge of the metal ion, the 
in tera tomic distances, and the crystal-field stabiliza­
t ion energy of t ransi t ion-metal ions. However, he has 
no t considered the effects of the particle sizes on the 

electrification. N o such works have been reported, to 
the present au tho r s ' knowledge. In order to solve 
the problems raised above, samples wi th well-defined 
surface structures and wi th varying particle sizes are 
needed. 

T h e chromium(II I ) hydroxide oxide (a-HCrCh) and 
cobalt(III) hydroxide oxide (HC0O2) are hexagonal 
platelet particles, and bo th expose a well-defined (001) 
p lane as the pr inc ipa l surface.7»8) Especially, the 
surface of the former mater ia l was identified as 
atomical ly homogeneous , thus giving step-by-step 
adsorp t ion isotherms of Kr. Particles of varying sizes 
can be obtained hydrothermal ly from Cr(NOs)3 by 
chang ing the prepara t ion temperature and the concen­
tration. Then , the affinity of Mg and alkaline earth ions 
to the surface and the variat ion in the isoelectric 
points of these samples were studied. For comparison, the 
surface charges of hydrous ch romium oxide and 
anhydrous c h r o m i u m oxides were also studied. 

Experimental 

Materials. Table 1 describes the starting materials, the 
conditions needed to form samples, and their surface areas, 
which have been determined by applying the BET equation 
to the amount of N2 adsorption measured at the temperature 
of liquid N2. The a-HCrC>2 (Al—A3) were formed by the 
hydrothermal hydrolysis of the Cr(NOs)3 solutions. A4 was 

Table 1. Preparation and Surface Areas of a-HCrCH CtaCH and HC0O2 

Sample Symbol Preparation Surface area/m2 g_1 

«-HCr02 

a-HCr0 2 

a-HCr0 2 

a-HCr0 2 
Cr203-nH20 
O2O3 
Cr 20 3 

HC0O2 

Al 

A2 

A3 

A4 
C-H 
C-A3 
C-N 
D 

Hydrothermal hydrolysis of 0.03 mol dm - 3 Cr(NOs)3, 
120 °C, 10 days 
Hydrothermal hydrolysis of 0.02 mol dm - 3 Cr(NOs)3, 
130°C, 12 days 
Hydrothermal hydrolysis of 0.3 mol dm - 3 Cr(NOs)3, 
245 °C, l h 
Hydrothermal treatment of C-H, 400 °C, 1500 atm, 1 day 
Precipitation of 1 mol dm - 3 , Cr(NOs)3 with aq NH3 
Decomposition of A3 in air, 400 °C, 4 h 
Reduction of Cr0 2 with H2, 310 °C, 2 h 
Oxidation of ß-Co(OH)2 in an ambient atmosphere 

39.3 

4.14 
203 
31.4 

10.7 
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prepared by hydro thermally treating Q^OsnHbO (C-H), 
which had previously been precipitated from a Cr(NOs)3 
solution with ammonia water. O2O3 (C-A3) was obtained 
by topotactically decomposing A3 at 400 °C in air.7) Cr2Û3 
(C-N) is a needlelike particle formed by the hydrogen 
reduction of CrC>2, supplied by RCA. All the materials thus 
prepared were purified by electrodialysis. The HC0O2 was 
prepared by oxidizing ß-Co(OH)2 in an ambient atmo­
sphere. Even after long oxidation, a small amount of Co2+ 

remained in the solid; it was then removed by treating it with 
0 .1moldm- 3 HNO 3 . 

The fine structure of the samples was examined by the use 
of a high resolution electron microscope, JEOL JEM-
2000EX. Figures la—If, respectively, show the electron 

Fig. 1. Electronmicrographs of a-HCrC>2, Cr203*rc 

micrographs of Al—A4, amorphous C-H, and C-N. The 
particle size distributions for Al—A4 were determined by 
measuring the maximum diagonal distances of about four 
hundred particles (Fig. 2). The crystallinities of the smaller 
a-HCr02 particles (Al and A2) are worse than those of the 
others (A3 and A4). Among chromium (III) hydroxide 
oxides, A3 is a well-defined hexagonal 'platelet' particle; A4 
is well-crystallized, but much more polydispersed than A3. 
Therefore, the affinity study was mainly made on the latter 
sample. 

Electrophoretic Mobility and Surface Charge Density. 
The affinity of Mg and alkaline earth ions to the solid surface 
was examined by measuring the electrophoretic mobility. For 
the measurement, a 0.5 g sample powder was suspended in 
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Fig. 2. Particle size distributions of a-HCrC>2 (Al — 
A4). Particle sizes are the length of their longest 
diagonals, a, Al; b, A2; c, A3; d, A4. 

500 ml of distilled water and a portion of the suspension was 
mixed with an equal volume of solutions containing the 
desired electrolyte. The electrolyte concentration of the test 
solution was adjusted below 10~3 mol dm - 3 so that the metal 
ions were not hydrolytically precipitated in the experimental 
range of pH 3—11. The pH of the solution was adjusted 
with 0.1 mol dm"3 HNO3 or 0.1 mol dm"3 KOH. The 
electric field applied to the suspension in a rectangular 
quartz cell (1X25 mm2) was below 10 V cm - 1 . Forty particles 
were traced in their movements in the dark field. After the 
mobility measurements the sample suspension was transfer­
red from the cell to the neighboring chamber to determine 
the pH value. 

The surface charge density 00 was determined by 
conventional comparative Potentiometrie titration at 25 °C. 
A suspension of 100 cm3, including a solid material with a 
surface area of 10 m2, was titrated from about pH 4.0 by 
dropping in a 0.1 mol dm - 3 KOH standard solution. The 
surface reaction was equilibrated within 30 min. Separately, 
blank titration was performed on a solution having no solid 
sample. 00 was calculated from the difference between the 
amounts of titrant for the test suspension (Vt) and the blank 
solution (Vb) at a given pH: 

Go = Con(Vt ~ Vh)F/S, (1) 

where COH is the concentration of the titrant (0.1 mol dm - 3 

KOH solution), and F, the Faraday constant. S is the surface 
area of the solid involved in the reaction. 
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Fig. 3. Electrophoretic mobility (EPM, open circle) 
and surface charge density (a0, solid line) of a-HCr02 
in 10-3 mol dm - 3 KNO3 as a function of pH. 

Table 2. Isoelectric Point of a-HCr02, Mg and CtoOs, 
and HC0O2 and Sequences of Affinity of Mg and 

Alkaline Earth Metal Ions to Their Surfaces 

Sample 

a-HCr0 2 

Al 
A2 
A3 
A4 
Cr203 

C-H 
C-A3 
C-N 
HC0O2 

IEP 

7.3 
7.55 
7.0 
6.85 

7.35 
6.8 
6.8 
6.2 

Sequence 

Mg>Ca>Sr~Ba 
Mg>Ca~Sr«Ba 

Mg«Ca«Sr«Ba 
Mg«Ca»Sr«Ba 

Mg>Ca>Sr«Ba 

Results and Discussion 

Isoelectric Point of Chromium (III) Hydroxide 
Oxide and Chromium (III) Oxides. Figure 3 shows 
the electrophoretic mobil i ty and surface-charge den­
sity of a - H C r 0 2 (A3) in a 1 0 - 3 m o l d m - 3 KNO3 
solut ion as a function of the p H . T w o curves cross the 
abscissa at p H 7.0. In other words, IEP and PZC 
(Point of Zero Charge) agree, indicat ing that neither 
K+ nor N 0 3 ~ is specifically adsorbed on the solid 
surface.11* T h e m i n i m u m coagula t ion concentrat ion 
was also observed at a round p H = 7 . 0 in this system 
(not presented here). Similar results were obtained in 
other systems. T h e IEP values for all the samples are 
presented in Tab le 2, together wi th the value for 
HC0O2. 

For all the many solid structures, the IEP values are 
confined in the na r row range of 6.8—7.55. T h e 
reported values for a m o r p h o u s &2O3 are 7.0—8.4.9>12) 

In a - H C r 0 2 samples, the IEP values increase wi th the 
decrease in the part icle size (Fig. 2). Noncrystal l ine 
G2O3 n H 2 0 (C-H) has an IEP value similar to A l . 
T h e anhydrous crystalline &2O3 particles (C-A3 and 
C-N) have IEP values very close to those of the large 
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a - H C r 0 2 (A4) particles. 
T h e lattice fringes for the smaller a - H C r 0 2 particles 

(Al and A2) lack their completeness (Figs, l a and lb) . 
T h i s crystal lographic incompleteness is due to the 
smaller crystal energies of ultrafine particles. Fringes 
for A3, A4, C-A3, and C-N are well-defined th roughou t 
the particles, a l t hough h i g h magnif icat ion pictures 
have no t been given for the latter three samples. These 
results m i g h t suggest that a smaller part icle size or a 
lower crystallinity gives a h igher IEP. 

Parks9) derived a semiempirical relat ion (2) for 
surface electrification on the metal oxide surface in 
aqueous systems: 

IEP = A - 11.5[(Z/Ä) + 0.00295], (2) 

where A is a constant inc lud ing the effects of the 
coord ina t ion n u m b e r of metal ions compos ing the 
solid and surface hydra t ion . Z is the valency of the 
metal ion , and R, the distance from the metal ion in 
the solid to the hydrogen via oxygen. B is a constant 
related to the crystal field-stabilization energy of the 
metal ions of the solid. It can be expected, from the 
poor crystallinity of the particles, that the solid is less 
dense than the perfect s tructure of a larger solid; in 
other words, the M - O bonds are elongated. T h e larger 
R value shou ld lead to h igher IEP values of the solids. 

Specific Adsorption of Mg and Alkaline Earth Ions 
on the Crystalline Surface. Figure 4 shows the EPM of 
a - H C r 0 2 (A3) as a function of the p H in Mg(N0 3 )2 
solut ions of varying concentrat ions. T h e positive 
E P M values are a lmost independent of the concentra­
tion of Mg(N03)2 in the p H range below 6.0. At low 
Mg(N03)2 concentrat ions the IEP value decreases and 
changes in its s ign w i th the increase in the p H of the 
system. Wi th the increase in the Mg(N03)2 concentra­
t ion, this trend is weakened and charge reversal does 
not occur above 10 - 4 mo l d m - 3 . T h i s result is due to 
the specific adsorpt ion of Mg 2 + ions on the solid 
surface. In solut ions of Ca(NÛ3)2 t h rough Ba(N03)2, 
the effect of the specific adsorpt ion is less significant; 
the sequence of affinity is, then, M g > C a > S r « B a for 
l Q-3 m o } d m - 3 solutions (Fig. 5). 

Figures 6a—6d show the re la t ionships between the 
surface charge density for A3 and the p H of the solu­
tion. W h e n the p H is increased above PZC, the de­
crease in negative surface charge density became more 
significant from Ba to Mg nitrate solut ions. T h i s 
sequence is comparable wi th the results for EPM. 

T h e charge generat ion of the metal oxide surface in 
water, wh ich is hydroxylated to form surface hy-
droxyls, has been expressed as follows under alkaline 
condit ions: 

Fig. 4. Electrophoretic mobility of a-HCr02 (A3) 
in varying concentrations of Mg(NOs)2 as a func­
tion of pH. O, 10"3 mol dm"3; • , 10"4 mol dm"3; A, 
10-5moldm-3; À, lO^moldm" 3 . Broken line, 10"3 

mol dm"3 KNOs. 

MsOH = MsO- + H+ 

and under acidic condit ions: 

(3) 

Fig. 5. Electrophoretic mobility of a-HCr02 (A3) in 
the Mg and alkaline earth nitrate solutions of 10~3 

mol dm - 3 as a function of pH. O, Mg(NOs)2; • , 
Ca(N03)2; A, Sr(N03)2; A, Ba(N03)2. Broken line, 
10-3moldm-3 KNO3. 

MsOH + H+ = MsOH2
+, (4) 

where Ms denotes the surface-metal ions of the solid 
used t h r o u g h o u t this paper . These equat ions have 
been widely used to explain the amphoter ic reactions of 
the surface, bu t they have not yet been confirmed exper­
imental ly. Moreover, when we consider the surface 
reactions from the crystal lographic po in t of view, 
there are surface structures in which the two chemical 
reactions, (3) and (4), should no t occur. One example 
is the present case. Oxygen ions in the (001) p l ane of 
a - H C r 0 2 are arranged hexagonal ly over the chro­
m i u m ions, wh ich are also ar ranged hexagonal ly , as is 
shown in Fig. 7. At the electrically neutra l state of the 
surface, half of the oxygen ions are bonded wi th 
hydrogen ions to become hydroxyls and are thus 
coordinated tetrahedrally by ions inc luding underly­
ing three c h r o m i u m ions. T h u s , if we consider these 
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Fig. 7. Electrically neutra l surface structure of a-
HCrU2 (001). À, a site for adsorpt ion of metal ion. 

OH groups as surface hydroxyl groups, we cannot put 
another H+ on these OH groups to form the positive-
surface species described in Reaction (4). The only 
possible points for the H+ ions to react are bare oxygen 
ions on the surface. In order to bring about the charge 
reversal by mean of a reaction with a single H+ ion, the 

following reaction may be considered to occur: 

M s O ° 5 " + H+ = MsOH0-5- . (5) 

In accordance with this, the reaction of divalent ions 
with the surface at a high pH can be expressed by: 

2MsOH0-5+ + M 2 + = (MsO)2M+ + 2H+. (6) 

The equilibrium constants for Eqs. 5 and 6 are written 
thus: 

Ki = (MsOH0-5+)/(MsOH0-5-)(H+), (7) 

K2 = [(MsO)2M
+](M+)s2/(MsOH0-5+)2(M2+). (8) 

Here, the surface concentrations for H + and M2+, (H+)s 

and (M2+)s, respectively, should be represented by: 

(H+)s = (H+)exp(-ei/;0/kT) (9a) 

and 

(M2+)s = (M2+)exp(-2<?*Ab/£X), (9b) 

where (H+) and (M2+) are the concentrations of ions in 
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the bulk. î/ro and i/fb are the surface potential and the 
potential at the Helmholtz plane respectively. Equa­
tion 8 is rewritten as: 

K2 = K,pexp[-2e(il/° - fa)/kT\ (10) 

where Kâp is an apparent equilibrium constant:13) 

#ap = [(MsO)2M+](H+)2/(MsOH0-5+)2(M2+). (11) 

Furthermore, when pQ=—\ogKeLP, 

pK2 = pQ + [2e{\jj° - ilfh)]/(2.303kT). (12) 

If the electric capacity Ci is assumed to be constant in 
the Helmholtz condenser region, 

l/f° — l/fb = Oo/Ci. (13) 

17 

16 

15 

14 

O 
a 

13 

12 

1 1 

i 

(b) 

i 

4/ Y 
/ / 3 

1/7 

y/z 

-[ 1 1 

/ A y ^ 

j i 1 

i i 1 

H 

A 

* i 

A 

, __J J 
O.I 0.2 0.3 0.4 

Od 
0.5 0 .6 0.7 

Fig. 8. T h e relat ion of pQ(=—log(£ a p)) and degree 
of dissociation of surface hydroxyls, a, of a-HCrC>2 
(A3). (1) Mg(N0 3 ) 2 , (2) Ca(N0 3 ) 2 , (3) Sr(NO s)2 , 
and (4) Ba(N03)2. Electrolyte concentrat ions, (a) 
10"3 mol d m " 3 and (b) 10"4 mol dm" 3 . 

As is shown in Fig. 3, the surface charge density, which 
has been produced simply by the reaction with H+, is 
much smaller than that in the polyvalent electrolyte 
systems in the high pH range. Therefore, the 
contribution of intrinsic charge generation by Reac­
tion (5) to oo may be neglected. The degree of the 
dissociation of surface hydroxyls, a, is defined by 
oo/of, where o* is the charge density described by eNs. 
Ns, the density of hydroxyls on the surface, is found to 
be 5.93 nm - 2 by calculating from the crystallographic 
data (Fig. 7). Equation 12 may be described as: 

pK2 = pQ, - [ (5.414X10-W,)/Ci]a, (14) 

where 

pQ = 2 p H + log{[2(l - a ) W , ] / a ) + log(M 2 + ) . (15) 

In Figs. 8a and 8b, pQ is plotted as a function of a for 
the higher pH range. In 10 _ 3moldm- 3 Mg and Ca 
nitrate solutions, linear relations were obtained 
between the two values, while in Sr and Ba nitrate 
solutions, the linear relation was broken at the lower a 
values. The pK2 values were determined by extrapolat­
ing pQ to a=0: 12.0, 13.4, 14.25, and 14.28 for Mg, Ca, 
Sr, and Ba nitrate solutions respectively. This 
sequence also substantiates the order of the EPM 
values in Fig. 5. In 10-4 mol dm - 3 solutions, all the 
lines were curved. The departure from the linearity 
might be due to the decrease in the amount of divalent 
ions adsorbed: i.e., the contribution of the reaction (5) 
must be allowed for. Next we shall consider the reason 
why the present type of sequence was observed. Mg2+ 
and Ca2+ are hydrolyzed as Mg(OH)2 and Ca(OH)2 in 
high alkaline solutions respectively. These hydroxides 
have a brucite structure with a hexagonal symmetry. 
The O-O distances in the Mg(OH)2 and Ca(OH)2 are 
0.3147 and 0.3592 nm respectively. These distances are 
not very large compared with that of 0.2984 nm on the 
(001) plane of a-HCr02. As an example, Fig. 9 
illustrates the compatibility of the (001) plane of 
Mg(OH)2 with that for a-HCr02 . Mg2+ and Ca2+ are, 
therefore, considered to be ion-exchangeably adsorbed 
on the center of oxygen ions in the solid surface (A in 
Fig. 7), as if they form a hydroxide structure. Sr and 
Ba, on the other hand, do not form a brucite structure 
because of their larger ionic sizes relative to the oxygen 
ions. They form various types of hydroxides, such as 
tetragonal Sr(OH)2-8H20, orthorhombic Sr(OH)2H20 
and Sr(OH)2, and monoclinic Ba(OH)2-8H20, and 
orthorhombic Ba(OH)2 • H 2 0 and a-Ba(OH)2.

14> Then, 
they lack in compatibility with the a-HCr02 surface to 
bring about the stong specific adsorption. We propose 
here that the origin of the strong interactions of Mg 
and Ca with a-HCr0 2 surface is related to the 
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0.2984 nm 0.3147 nm 

Fig. 9. Quasi-commensurated contact of (001) plane 
of Mg(OH)2 with (001) plane of a-HCr02 . Open 
circle, hydroxyls for Mg(OH)2j small double circle, 
Mg ion; shaded circle, oxygen or hydroxyls for a-
HOO2 surface. 

Fig. 10. Electrophoretic mobility of HC0O2 (D) in Mg 
and alkaline earth nitrate solutions of 10~3 mol dm - 3 

as a function of pH. O, Mg(N03)2; • , Ca(N03)2; A, 
Sr(NOs)2; A, Ba(NOs)2. Broken line, 10-3moldm-3 

KNOs. 

similarity between the a tomic ar rangements as the 
(001) planes of Mg and alkaline earth metal hydroxides, 
and of a -HCr02 . T h i s idea does not mean that Mg and 
alkal ine ear th hydroxides are formed on the surface, 
b u t that the compat ib i l i ty of ions to the surface 
structure is responsible for the specific affinity. 

T h i s sequential adsorpt ion was found in other 
systems, too. Nickel ions, which give Ni(OH)2 
( a=0 .312nm) of the brucite type in an alkal ine 
solut ion, showed an affinity s imilar to that for 
m a g n e s i u m ions. HC0O2 has a skeleton (a=0.2851 
n m , c=1 .315nm) somewhat smaller than that of a-
H C r 0 2 . Therefore, its compat ibi l i ty wi th Mg and Ca 
was worse, bu t a s imilar sequence was also found in 
this system (Fig. 10). Figures 11a and l i b show the 
results of tests of the adsorbabil i ty of divalent ions on 
the other c h r o m i u m compounds , C ^ O s - n H k O (C-H) 
and &2O3 (C-A3) respectively. In these cases, all the 
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Fig. 11a. Electrophoretic mobility of Q^CVnHbO 
(C-H) in Mg and alkaline earch nitrate solutions of 
10-3 mol dm - 3 as a function of pH. O, MgfNO^; 
• , Ca(N03)2; A, Sr(NOs)2; A, Ba(N03)2. 

Fig. l ib . Electrophoretic mobility of Cr2Û3 (C-A3) 
in Mg and alkaline earch nitrate solutions of 10~3 

mol dm - 3 as a function of pH. O, Mg(N03)2,- • , 
Ca(N03)2; A, Sr(NOs)2; A, Ba(NOs)2. 

cat ions have a similar affinity to these c h r o m i u m 
oxide samples. T h e inabil i ty of the surface to 
d is t inguish the ions can be expla ined by the incom­
patibil i ty of the structures between the Mg and 
alkal ine earh ions, and the solids, i.e., the O - O 
distance (0.2475 nm) for the (001) p lane of well 
crystallized Cr203 is m u c h smaller than 0.298 n m in 
a - H C r 0 2 and decisively less than 0.314 n m for 
Mg(OH) 2 . 

T h e au thors wish to express their thanks to Dr. E. F. 
Hockings of the David Sarnoff Research Center of 
RCA, Princeton, N. J., for supp ly ing the C1O2 sample. 
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Pillared Tetrasilicic Mica Catalysts Modified by Fixed 
Interlayer Cations. Classification of Fixation Mode by Cations 
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Fluor-tetrasilicic mica (TSM) exchanged with various types of cations was calcined at 300 °C for 3 h, and a 
part of the cations were fixed, followed by Al-pillaring. Thus, acidic pillared clay catalysts were prepared with a 
modification of the silicate layer by cations. Active catalysts for cumene cracking were obtained when modified 
by Sr2+, Ca2+, La3+, and Li+. The structural changes in the catalysts affecting the reaction activity was examined 
through X-ray diffraction, surface area, and 29Si-MASNMR measurements. The mode of cation fixation could 
be classified into five types, depending on the valence and size of the cations to be fixed. A group-2 cation (Na+) 
gave no modification effect compared with conventional nonmodified PTSM and managed only meager 
catalytic activity. The catalyst modified by group-5 by (Sr2+, Ca2+, La3+ etc.) cations or a group-1 (Li+) cation 
had a distinct pillared structure, characterized by an 18 Â basal spacing. These cations could be fixed either onto 
the basal oxygen surface for group-5 cations or into the octahedral vacancy for a group-1 cation. Though 
group-4 (Al3+, Mg2+) and group-3 (Cs+, K+) cations should also be fixed into the vacant sites and onto the 
surface, respectively, both types of modified catalysts formed unstable pillared structures, giving low catalytic 
activities. 

T h e intercalat ion of a l u m i n u m hydroxy cluster 
cations between the layers of swellable clay minerals 
followed by calcinat ion leads to b id imens iona l porous 
mater ials wh ich are called pi l lared clays.x) T h e 
pi l lared clays prepared from smectite clay minerals are 
acidic and effectively catalyze organic reactions, such 
as the cracking of aromat ic hydrocarbons. 

T h r o u g h the appl ica t ion of different kinds of 
mater ial clays to the prepara t ion of a pi l lared clay as 
catalyst, we found that fluor-tetrasilicic mica (TSM) 
gave a microporous , b u t acidless, pi l lared deriva­
tive.2-5) Whi le the pi l lared T S M (PTSM) was inactive 
for toluene alkylat ion by methanol , when the silicate-
layers of T S M were modified by l a n t h a n u m ions, the 
modified pi l lared catalyst (La 3+-PTSM) showed h igh 
activity for alkylat ion, roughly comparable to that of 
the convent ional pi l lared montmor i l lon i t e (PM).6 '7) 

T h e La 3 +-PTSM was prepared as follows: T S M was 
first exchanged wi th La3+, calcined at 300-400 °C and 
pi l lared by a l u m i n u m hydroxy cluster cations. Dur­
ing the calcinat ion process, a par t of the thermally 
dehydrated La3+ ions were fixed on to silicate layers 
whi le los ing their exchangeabil i ty. We at t r ibuted the 
acidity genesis in L a 3 + - P T S M to the fixed La ions 
which remained even after Al-pi l lar ing. Other 
polyvalent cations, hav ing large ionic radii (such as 
Ce3+, Sr2+, Ca2+) were also effective as modifiers. In 
this connect ion, a similar fixation of large cations by 
hea t ing has been reported on La 3+-montmori l loni te 8 ) 

and Ca2 +-bentonite.9~1 2 ) 

O n the other hand , the thermally induced irrever­
sible fixation of small cations, such as Li+, in to the 
layer structure of montmor i l lon i te is wel l -known as 
the H o f m a n n - K l e m e n effect,13'14) and large mono­
valent cations, such as K+ and NHU+, are known to be 
readily fixed by vermiculi te w i thou t any thermal 

treatment.15 '16) T h e ease of fixation, thus, seems to be 
m u c h dependent on the nature of the cation (especially 
valence and cat ion size), the layer structure of the clay, 
and the condit ions at thermal treatment. 

In this work, employ ing various cations hav ing 
different valences and ionic radii as modifiers, we 
evaluated the catalytic propert ies of modified pi l lared 
T S M (M" + -PTSM), and classified the fixation mode by 
the cations which affect the catalytic activity. 

Experimental 

Material Clay and Pillaring Agent. The sodium form of 
TSM was obtained from Topy Ind. The TSM, with or 
without refinement, was used for catalyst preparation. 
Unrefined TSM contained a-cristobalite and small amounts 
of tremolite-like mineral etc. as impurities. The refinement 
was made by the use of a conventional sedimentation 
technique and a <2 (im or <5 urn fraction was collected and 
dried to obtain the sodium form of the powder material. 
Various types of cations were exchanged with the original 
sodium ions of these TSM. In the case of Ca2+-TSM, an 
in-situ cation exchange was also performed at the sedimenta­
tion stage; that is, aqueous calcium nitrate was added to an 
aqueous dispersion of clay containing a <5 (im or about 
<1 urn fraction of TSM particles. 

The resulting cation-exchanged TSM is abbreviated 
M"+-TSM(ra); here, m(=l, 2, or 5) denotes the particle size 
(urn) of refined TSM. Unrefined TSM is represented by 
M"+-TSM(U). 

As a reference clay, synthetic Li+-taeniolite supplied from 
Topy Ind. was used without further refinement. 

An aluminum hydroxy cluster cation solution was 
prepared according to a previously reported method.7) 

Catalyst Preparation. Various types of cation-modified 
pillared TSM (M"+-PTSM) were prepared according to a 
method described in a preceding paper.7) The preparative 
procedure is outlined below. Cation-exchanged TSM 
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(M"+-TSM) was firstly calcined at 300 °C for 3 h. This 
calcination operation is referred to as calc. 1. The calcined 
M"+-TSM was dispersed in a mixed solution of acetone and 
water, and an aluminum cluster cation solution was added 
as a pillaring agent and stirred for 12 h. After air-drying at 
60 °C, the TSM with intercalated cluster cations was finally 
calcined at 300 °C at 3 h and used for the reaction. The 
second calcination operation is referred to as calc. 2. 

The preparation of conventional nonmodified pillared 
TSM (PTSM) was described elsewhere.2«3) 

Reaction Procedure and Analysis. Cumene cracking was 
carried out using a conventional continuous-flow system 
under atmospheric pressure. The liquid products collected 
in an ice trap were analyzed by GLC using Bentone 34 and 
DNP column (4 m). 

Characterization. X-ray diffraction (XRD) measurements 
were made with oriented clay films spread on glass slides. 

The amount of nitrogen adsorbed on catalysts at 78 K was 
measured after evacuation at 300 ° C for 1 h, and the BET or 
Langmuir surface area was determined. 

The acidity of catalysts was examined by temperature 
programmed desorption (TPD) of adsorbed NH3 with a He 
flow rate of 20 ml min - 1 and a temperature rising rate of 
10°Cmin_ 1 . The measurement was started at 200 °C in 
order to eliminate any contribution of weakly adsorbed NH3. 

The 29Si-MASNMR spectra were recorded on a JEOL 
JNM-GSX270 FT NMR spectrometer at 53.7 MHz. All of 
the clay samples for MASNMR measurements were prepared 
from unrefined clay materials, and the calcination operation 
after cation exchange or pillaring was carried out at 400 °C 
for 4 h. 

Results 

Cumene Cracking Activity. Tab le 1 shows the 
cumene cracking activities of various cation-modified 
pillared T S M (M" + -PTSM) a long wi th the values of 
the basal spacing (dooi) and surface area of the 
catalysts. O n the r ight side of Tab le 1, the ionic radii17) 

of modif icat ion cat ions and the g r o u p numbers wh ich 
correspond wi th the mode of fixation (vide infra) are 

indicated. 
T h o u g h N a + - P T S M had a basal spacing of 18.8 Â 

and a large surface area of 207 m 2 g_ 1 , it exhibited only 
a 0.27% cumene conversion, be ing as inactive as the 
convent ional nonmodif ied P T S M . In the case of other 
modified P T S M , the activity greatly depended on the 
kind of modificat ion cations. Particularly effective 
modifiers (such as Sr2+, Ca2+, La3+, and Li+) gave more 
than about 5% cumene conversion. All P T S M 
modified by these cations had distinct pi l lared 
structures characterized by 17—18 Â basal spacings, by 
N2 adsorp t ion isotherms of L a n g m u i r type, and by 
surface areas more than 1 4 0 m 2 g _ 1 . O n the other 
hand , Al3+, Mg2+, Cs+, and K+ modified P T S M showed 
10—11 Â basal spacings, indica t ing that their inter-
layer space collapsed. These modified P T S M showed 
only low activities. 

A series of Ca 2 +-PTSM prepared from Ca 2 +-TSM 
wi th different particle sizes showed similar basal 
spacings (17.4—18.2 Â), though , the surface areas were 
noticeably different from one another . T h e cracking 
activities of these Ca 2 +-PTSM catalysts were apparent ­
ly influenced by the difference of surface area, and 
varied from 4.7 to 7.8% cumene conversion. T h e effect 
of particle size on the catalytic activity was rather small 
for Li+-modified catalysts: Li+-PTSM(5) showed 6.7% 
conversion, wh ich is almost the same level as that of 
L i+-PTSM(U) . T h u s , the difference in the degree of 
refining of material clay affected the catalytic activity 
to a certain extent, t hough the difference is not so 
influential as to void the classification in quest ion. 

Activity-Acidity Relationship. T h e acidity of M" + -
P T S M was estimated by temperature p rogrammed 
desorpt ion (TPD) of NH3. All catalysts examined 
showed a m m o n i a desorption peaks at a round 370 °C. 
T h e a m o u n t of desorbed ammon ia , wh ich can be 
regarded as a measure of solid acidity, was calculated 
from the T P D peak area. Cumene cracking activity 

Table 1. Catalytic Activitiesa) of M"+-PTSM for Cumene Cracking 

Catalyst 

PTSM(5) 
Na+ -PTSM(2) 
A13+ _PTSM(2) 

M g2+-PTSM(2) 
Ba2+ -PTSM(2) 
Ce3+ -PTSM(2) 
Sr2+ -PTSM(2) 
C a 2 + - P T S M ( 1 ) 
Ca2 + -PTSM(5) 
Ca2+ - P T S M ( U ) 
La3+ -PTSM(2) 
Li+ - P T S M ( U ) 
K+ - P T S M ( U ) 
Cs+ - P T S M ( U ) 

dooi/Ä 

— 
18.8 
9.9 
9.9 

18.4 
18.0 
16.7 
17.6 
18.2 
17.4 
18.4 
17.7 
9.9 

10.8 

Surface a rea /m 2 g _ 1 

— 
207c> 

26.8b> 
175c> 
312 c ) 

247c> 
249c> 
422 c ) 

360c> 
267c> 
303c> 
138c> 

— 
34.3C> 

Cumene conv. /% 

0.18 
0.27 
0.26 
1.2 
0.92 
2.7 
6.9 
7.8 
4.7 
4.7 
7.5 
7.3 
0.22 
0.21 

Cation rad ius /Â 

1.16 
0.68 
0.86 
1.49 
1.15 
1.32 
1.14 
1.14 
1.14 
1.17 
0.90 
1.52 
1.81 

G r o u p No. 

2 
4 
4 
5 
5 
5 
5 
5 
5 
5 
1 
3 
3 

a) Reaction temp 300 °C, W/F=33 g cat. h mol - 1 ( W^weight of catalyst, F=feed rate of reactant), flow rate of N2 carrier gas 
600 ml h - 1 , averaged initial activity for 1 h after feeding of reactant. b) B.E.T. type N2 adsorption isotherm, c) Langmuir 
type N2 adsorption isotherm. 
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1. Cumene cracking activities of various catalysts 
a function of the amount of desorbed ammonia. 

was plot ted against the desorbed a m o u n t of NH3 (Fig. 
1). A good correlat ion between the acidity and activity 
was obtained. A similar re la t ionsphip has already 
been ascertained for toluene alkylation by methanol 
wi th some pi l lared clays and H Y zeolite. 3 '4) Any 
catalyst wh ich desorbed a m m o n i a more than 200 jumol 
g _ 1 showed a h i g h cracking activity, exceeding 4% 
cumene conversion. 

X-Ray Powder Diffraction Data. Table 2 shows the 
change of the basal spacing in the course of the 
catalyst-preparat ion process, and some typical diffrac­
t ion pat terns are shown in Fig. 2. No difference was 
found in the behavior of the change in the basal 
spacing a m o n g several clays of different particle size. 
Cat ion exchanged T S M samples before p i l l a r ing 

Table 2. Change in Basal Spacings in the Course of the Catalyst Preparation Process 

Catalyst 

Na+ -PTSM(2) 
A13+ -PTSM(2) 
Mg2+-PTSM(2) 
Ba2+ -PTSM(2) 
Ce3+ -PTSM(2) 
Sr2+ -PTSM(2) 
Ca2+-PTSM(1) 
La3+ -PTSM(2) 
Li+ -PTSM(U) 
K+ -PTSM(U) 
Cs+ -PTSM(U) 

Before calc. 1 
(M"+-TSM) 

— 
15.5 
— 

15.7 
— 

15.4 
15.8 
15.8 
15.2 

10.0/12.4 
12.2/11.0 

Basal spacing 

After calc. 1 
(M"+-TSM) 

15.1/12.6 
9.9 
9.9 

15.9 
14.2/9.8 

— 
14.5 

14.2/9.8 
12.5/11.3/10.0 

9.9 
10.9 

dooi/Â 

After pillaring 
(M^-PTSM) 

18.0 
17.0/9.9 
17.1/9.8 

18.5 
18.0 
17.3 
18.0 
18.0 
18.0 
9.9 

10.8 

After calc. 2 
(M^-PTSM) 

18.8 
9.9 
9.9 

18.4 
18.0 
16.7 
17.7 
18.4 

26.4/17.7 
— 

10.8 

Group No. 

2 
4 
4 
5 
5 
5 
5 
5 
1 
3 
3 

11.0Â 

Na+-PTSM A13+-PTSM Mg2 -PTSM Ca2+-PTSM Li+-PTSM Cs+-PTSM 

Fig. 2. Change in XRD patterns during the preparation of M"+-PTSM catalysts, (a) 
M"+-TSM dried at 60 °C, (b) after calc. 1 at 300 °C for 3 h, (c) M"+-PTSM after 
Al-pillaring and drying at 60 °C, (d) after calc. 2 at 300 °C for 3 h. 



1392 Hiroaki SAKURAI, Kazuo URABE, and Yusuke IZUMI [Vol. 63, No. 5 

showed different basal spacings, depending on the 
degree of hydrat ion. T h e following different spacings 
were observed: 14—15 Â (double-layer hydra ted form18)), 
12—13 Â (single-layer hydrated form18*), and 9—10 Â 
(anhydrous form18)). After calc. 1, only an anhydrous 
form was observed for Al3+, Mg2+, K+, and Cs+-TSM. 
Cs+-TSM had a larger dooi value (10.9 Â) than those of 
other anhydrous clays, the value of wh ich is the same 
as a reported value for Cs+-exchanged taeniolite in its 
anhydrous form.19) After p i l la r ing man ipu la t ion , the 
diffraction peaks at 17—18 Â were observed, indicat ing 
that Al hydroxy cluster cations were actually intercalat­
ed, except for the cases of K+ and Cs+-PTSM. Most of 
the pi l lared catalysts main ta ined approximately 18 Â 
peaks, even after the calc. 2 procedure. Particularly, 
the catalysts which exhibi ted h i g h cracking activity 
(e.g., Sr2+, Ca2+, La3+, and L i+-PTSM) main ta ined 
their intense peaks. However, the peaks due to 
p i l l a r ing a lmost disappeared after the calc. 2 proced­
ure for Al3+ and Mg 2 +-PTSM because of their 
thermally unstable pi l lared structures. 

In addi t ion to a 18 Â peak, L i + - P T S M after calc. 2 
showed three weak peaks at 26.4, 13.6, and 9.4 Â. 
Singh et al. observed analogous diffraction peaks at 
27.0, 14.3, and 9.6 Â for Al-pillared montmori l loni te .2 0 ) 

They prepared Al hydroxy cluster cations by extremely 
slow t i t rat ion of an Al solut ion wi th di luted N a O H 
and reacted them wi th montmor i l lon i t e . They 
concluded that the pi l lared montmor i l lon i t e had a 
relatively regular interstratified structure of 9.6 and 
18.9 Â componen t layers. Therefore, L i + - P T S M may 
have similar interstratified phase after calc. 2. 

2 9Si-MASNMR Spectra. Figure 3 shows the 29Si-
M A S N M R spectra of cat ion-exchanged T S M (M" + -
TSM) after a calc. 1 opera t ion . For compar i son , the 
spectra of cat ion-exchanged taeniolite (M"+ -T) are 
also displayed. T h e spect rum of N a + - T S M showed a 
29Si signal at —93.8 p p m , which was assigned to the 
Q3(0A1) signal observed when the central tetrahedral 
Si had n o Al in the adjacent tetrahedra (0A1) at the 
tetrahedral layer structure formed by shar ing three 
oxygens ou t of four in the S i 0 4 u n i t (Q3).21_23) T h i s 
chemical shift is somewhat different from the reported 
values of synthetic micas (—92.9 p p m for f luoroph-
logopite and —89.5 p p m for muscovite).24) 

While La 3 +-TSM showed a distinct Q3(0A1) signal 
at —94.5 p p m before the calc. 1 procedure, the signal 
was markedly broadened and its peak posi t ion shifted 
to a round —98 p p m after calcinat ion, app roach ing the 
chemical shift of neutra l clay (—98.5 p p m for talc). 
T h i s b roaden ing means that the micro envi ronment of 
the Si nuclei in a tetrahedral sheet of La 3 +-TSM was 
inhomogenized;2 5 ) the shift of the peak posi t ion 
suggests that a neutral izat ion of the layer charge in 
T S M occurred.21 '26 '27) These changes are probably due 
to the fixation of La3+ ions on to the silicate layers in a 
r andom fashion (vide infra). 

ppm ppm 

Fig. 3. 29Si-MASNMR spectra of clay samples. 
a) Dried at 60 °C (before calc. 1). b) After 
calc. 1 at 400 °C for 4h. 

Broad 29Si signals were also observed for the other 
cat ion-exchanged T S M (Al3+-, Ca2+-, Cs+-, and 
Li+-TSM) after calc. 1, except for Na+-TSM. In these 
cases, monovalent cation (Cs+ and Li+)-exchanged 
T S M showed signals near —96 p p m , divalent cation 
(Ca2+)-exchanged T S M near —96 and —98 p p m , and 
trivalent cat ion (Al3+ and La3+)-exchanged T S M near 
—98 p p m . T h i s order of chemical shift suggests that 
the h igher valence of the exchanged cation, the more 
effectively is the negative charge of T S M neutralized. 

In the case of taeniolite, the original Li+ form 
(Li+-T) showed a sharp Q3(0A1) signal at —92.1 p p m , 
even after calc. 1. T h i s chemical shift is very close to 
that of f luorophlogopi te (—92.9 ppm)2 4 ) which belongs 
to the same synthetic trioctahedral mica as taeniolite. 
Al3+-exchanged taeniolite (Al3+-T) showed a sharp 
Q3(0A1) signal as well as L i+ -T , even after calc. 1, 
suggest ing that these cat ions were no t fixed by 
taeniolite. 

Discussion 

When the catalytic and structural data shown in 
Tables 1 and 2 and Fig. 2 are put together, it is possible 
to classify the cations as modifier into five groups, 
depending on the valence and size with respect to the 
mode of fixation. Each cation which belongs to the 
same group must be fixed by the same mechanism. 

Group 1 (Li+): Monovalent and small cation (<1 Â). 
Li+-PTSM had a distinct pillared structure, and was 
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very active for cumene cracking. 
Group 2 (Na+): Monovalent and large cation (1 — 
1.5 Â). No modification effect was found for Na+-
PTSM, compared with the nonmodified conventional 
PTSM. 
Group 3 (K+, Cs+): Monovalent and fairly large cations 
(>1.5Â). The modified catalysts had small basal 
spacings due to an interlayer collapse, and pillared 
structures were not formed. The resulting catalysts 
were almost inactive for cumene cracking. 
Group 4 (Mg2+, Al3+): Polyvalent and small cations 
(<1 Â). The pillared structures of the catalysts were 
very unstable upon heating during the calc. 2 
operation, and displayed relatively low cracking 
activity. 
Group 5 (Ba2+, Ce3+, Sr2+, Ca2+, and La3+): Polyvalent 
and large cations (>1 Â). All of the modified catalysts 
have distinct pillared structures. Cracking activity 
varied by modifiers from 0.9 (Ba2+-PTSM) to 7.5% 
(La3+-PTSM) cumene conversion. 

M"+-PTSM catalysts could show high catalytic 
activity (>4% cumene conversion) when modified 
either by group-5 cations (Ca2+, Sr2+, and La3+) or by a 
group-1 cation (Li+). The already reported La3+-
modification mechanism7) can be commonly appli­
cable to the acid-site generation caused by the 
modification with group-5 cations. An outline of the 
mechanism is as follows. During the calc. 1 operation, 
a part of the thermally dehydrated cations is fixed onto 
the basal-oxygen surface of TSM, where the cations are 
almost lodged in hexagonal holes. Consequently, the 
negative charge of TSM, which is expressed as the 
cation exchange capacity (CEC), is reduced according 
to the progress of fixation. After Al-pillaring, the 
fixed ions remain between layers where reactant 
molecules can be easily accessible, and the cations take 
charge of the genesis of acidic sites. Thus, the large-
size modification cations with high electric fields can 
effectively function as acid sites. In this study, a broad 
29Si-MASNMR signal of calcined La3+-TSM was 
observed in a higher magnetic field compared with 
uncalcined La3+-TSM, which directly proves the 
above-mentioned reduction in negative charge of the 
silicate layer. 

On the other hand, the PTSM modified by group-1 
cation (Li+-PTSM) showed a high catalytic activity, 
like La3+-PTSM, despite the very low elecronegativity 
of the Li+ ion. Another modification mechanism, 
different from that for group-5 cations, should be 
suggested. When a Li+-exchanged montmorillonite is 
heated, the interlayer Li+ ions migrate irreversibly into 
the layer structure (Hofmann-Klemen effect). 13'14) The 
destination of the migrated Li+ ions is still controve­
rsial. While Hofmann and Kiemen originally advocat­
ed migration into vacant octahedral sites of montmoril­
lonite,1^ Tettenhorst considered, based on infrared 

data, that the migrated cations moved into the 
hexagonal holes, but did not penetrate into the 
octahedral sites.28) Anyhow, this type of Li+-migration 
phenomenon is supposed to take place only when clay 
mineral is a dioctahedral and octahedrally substituted 
type.29) The layer structure of TSM fulfills the above-
mentioned requisites, and similar irreversible migra­
tion, that is fixation, of Li+ cations into the layer 
structure is unambiguously expected. Further, our 
observation of the difference in broadness between 29Si 
signals of Li+-TSM and Li+-taeniolite supports the 
migration mechanism for Li+ into octahedral vacant 
sites, since taeniolite has no octahedral vacancy and 
does not cause any broadening. If migrated Li+ ions 
occupy the octahedral vacancies, the TSM layer may 
change to a hectorite-like structure. 

Li+(Mg5/2)oct-(Si4)tet-OioF2 • 
Lii/2

+(Mg5/2Lii/2)oct-(Si4)tet-OioF2 

In contrast to TSM, hectorite possesses the ability to 
generate acidity in itself,30> and Al-pillared hectorite 
(calcined at 350 °C for 1 h under N2 gas flow) prepared 
from synthetic fluor-hectorite showed a relatively high 
activity for toluene alkylation by methanol (7.5% 
toluene conversion), which roughly corresponds to 
two thirds of the activity of conventional pillared 
montmorillonite (11.5% toluene conversion).3* There­
fore, it is reasonable that a pillared derivative of Li+-
fixed TSM comes to show appreciable activity. 

Both Al3+ and Mg2+ (group-4 cations) are still 
smaller than Li+, and a similar fixation mechanism 
may also be expected for these cations. The group-4 
cations, however, are polyvalent, and presumably 
almost completely neutralize the negative charge of 
TSM layers. Such neutralization must lead to a 
remarkable decrease in the uptake of aluminum 
hydroxy cluster cations in the following pillaring step, 
resulting in an unstable pillared structure. Actually, 
though both AP+-PTSM and Mg2+-PTSM showed 
basal-reflection peaks at 17 Â in the XRD spectra (Fig. 
2), the peaks disappeared after heating at 300 °C for 3 h 
(calc. 2 procedure). In addition, compared with Mg2+, 
when more positive Al3+ was employed as a modifier, 
the pillaring manipulation gave a less stable pillared 
structure, as suggested by a weaker 17 Â diffraction 
peak in Fig. 2. This fact also supports the migration-
neutralization mechanism for the fixation of group-4 
cations. 

Recently, Suzuki et al. prepared Al-pillared mont­
morillonite with a controlled pillar population.31) 

They obtained a charge-reduced montmorillonite by 
calcining partially Ni2+-exchanged Na+-montmoril-
lonite at 400 °C and pillared by Al hydroxy cluster 
cations. When Ni2+ ion was highly exchanged, a basal 
spacing of about 10 Â was observed after pillaring 
manipulation followed by calcination at 500 °C, 
indicating a lack of the pillared structure. Because the 
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Ni2+ ion is small (cation radius 0.83 Â)17) and 
polyvalent , N i 2 + also belongs to group-4 according to 
our classification, and causes the lack of the pi l lared 
structure, presumably like Al3+ and Mg2+. 

W h e n group-3 cations (Cs+, K+) were used for the 
modif icat ion, the obta ined M " + - P T S M catalysts were 
qui te inactive for cumene cracking. Wi thou t calc. 1 
opera t ion, Cs+-exchanged T S M showed two diffrac­
t ion peaks which correspond to a single-layer hydrated 
phase (dooi=12.2 Â) and an anhydrous phase (dooi=11.0 
Â), respectively. T h e single-layer hydrated phase 
disappeared after the calc. 1 operat ion. Similarly, 
K+-TSM before calc. 1 showed bo th an intense 10.0 Â 
(anhydrous phase) and a weak 12.4 Â basal reflection 
peak (single-layer hydrated phase); only the anhydrous 
phase was observed after calc. 1. Such an anhydrous 
phase wi thou t hea t ing has also been observed for K+-
saturated vermiculite, bu t K+-saturated montmor i l -
loni te mus t be heated to form an anhydrous phase.15) 

In K+-exchanged vermiculi te, K+ ions are captured 
between the depressions formed by the hexagonal 
r ings of basal oxygens, and are eventually fixed. Close 
fitting of the cation size of K+ for hexagonal 
depressions and the low hydrat ion energy of the ion 
are considered to be impor tan t factors in K+ fixa­
t ion . 1 5 ' 1 0 In Cs+- and K+-TSM, bo th cations mus t be 
fixed by T S M because the negative layer charge of 
T S M is larger than that of smectite and because bo th 
cations have low hydra t ion energies. C s + - and 
K+-TSM showed n o expansion by p i l l a r ing operat ion 
a n d kept their anhydrous forms, wh ich indicates they 
have the character s imilar to K+- or Cs+-saturated 
vermiculi te which have n o expandabi l i ty when they 
were immersed in water.32) 

In conclusion, each cation which belongs to g roup 
1, 3, 4, and 5 could be fixed by T S M in different ways 
and affected differently the catalytic behavior of 
M " + - P T S M . Only a group-2 cation (Na+) exhibited 
no modificat ion effect at all, suggest ing that Na+ ions 
could no t be fixed by TSM. In fact, the result of 
chemical analysis of two N a + - P T S M samples, one of 
which was treated on the calc. 1 opera t ion at 300 ° C 
and the other at 60 ° C, showed n o significant 
difference in the residual a m o u n t of Na+ (Na/Si molar 
rat io was 0.04+0.01 for the former sample and 
0.05+0.01 for the latter). T h i s fact impl ies that a heat-
induced fixation of Na+ did no t occur. Notable 
b roaden ing of the 2 9Si-MASNMR signal in M" + -TSM 
was observed after calc. 1 at 300 °C, except for the case 
of Na+-TSM. T h i s b roadening effect mus t be caused 
by the fixation of cations in a r a n d o m fashion, either 
on to the basal oxygens (group 3,5) or in to the layer 
structure (group 1,4) of TSM. N o observation of such 
broadening in the MASNMR spectrum of Na+-TSM 
suppor t s the conclus ion that N a + was no t fixed by 
TSM. 

O n the basis of the above-mentioned consideration, 

© 

i Group 1 
(Li+) 

Kgh 

I 

Group 2 
(Na+) 

Gruop 3 
(K+, Cs+) 

Group 4 

(Mg2+, Al3+) 

Group 5 
(Ba2+, Ce 3 + , Sr 2 + , 

Ca 2 + , La3 +) 

Fig. 4. Schematic representation of M"+-PTSM 
catalyst in five cation groups. 

the schematic structures of M " + - P T S M after the calc. 2 
opera t ion can be depicted as shown in Fig. 4 in 
connect ion wi th the mode of fixation of g roup 1—5 
cations. T h e cation-fixation mechan ism and the effect 
of fixed cations on the p i l l a r ing process could be 
discr iminated a m o n g the g roups to give different 
catalytic activity. 

Concluding Remarks 

Here, employ ing T S M as a u n i q u e clay minera l 
wh ich has a large layer charge and octahedral 
vacancies, and examin ing the effect of fixed cations on 
pil lared clay catalysis, we showed that the fixation 
mode is pr imar i ly determined by the size and valence 
of the cations. Clay-mineralogically, we can regard 
this classification as be ing a chemical extension of the 
so-called " H o f m a n n - K l e m e n effect", which is a 
diagnostic method of octahedrally-substituted and 
dioctahedral clay. Also, from the catalytic po in t of 
view, the modificat ion of clay layers by such a cation-
fixation p h e n o m e n a is considered to be useful for 
des igning pi l lared clay catalysts at the molecular level, 
since the method can incorporate in order various 
types of cat ions, which funct ion as the active sites, 
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onto a clay surface or in to the layer structure. 
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Dynamic Process of Delayed Geminate Ion Pairs in X-Irradiated Squalane 
Solution of ^-Terphenyl: An ODESR Study 
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Government Industrial Research Institute, Nagoya, Hirate, Kita, Nagoya 462 

(Received December 15, 1989) 

The fluorescence detected ESR (ODESR) spectrum of a squalane solution of p-terphenyl was observed at 
various temperatures, concentrations, and microwave powers. Analysis of the ODESR amplitude, the line 
shape, and the area under the spectrum which is normalized by the fluorescence intensity led us to conclude that 
two geminate pairs (one with a terphenyl anion and a hole of the solvent squalane and the other with a 
terphenyl anion and its cation) contribute to the ODESR spectrum. It was also concluded that the former pair 
has a much shorter recombination time than that of the latter. It is suggested that though the hole center hops 
among the solvent squalanes, the rate is much less than that for the hole in aromatic solvents. 

T h e kinetics a n d charge-transfer processes of the 
gemina te pa i r are essential for the subsequent proces­
ses of radia t ion chemical reactions.1 '2* In a mul t icom-
ponen t system the p r imary process of a radiat ion 
chemical react ion may include: (1) the format ion of a 
geminate pa i r wi th a hole and an electron, (2) negative 
and posit ive charge transfer to an electron acceptor 
and to an electron donor,® respectively, (3) recombina­
t ion of the pai r to release charge neutral izat ion energy 
which may be used to p romote one of the components 
to an electronically excited state, and (4) emission of 
luminescence u p o n the t ransi t ion of the excited 
molecule to its g round state. These processes are 
summarized as the fol lowing scheme: 

S "*-*- ( S + e " ) - * S* - * S 

/ GPO \ 

/ D \ A 

( D+ e~ )••• DGPO ( S+ A" )-DGPl 

\ / i° 
D * ( A * ) * - ( D + A" )-DGP2 

i 
Scheme 1. 

where D a n d A represent the electron donor and the 
electron acceptor, respectively. We hereafter call the 
or ig ina l gemina te pa i r (S+, e~) GPO, and those 
delayed geminate pairs ((D+, e~), (S+, A - ) , and (D+, 
A-)) DGPO, D G P 1 , a n d DGP2 , respectively. T h e 
magnet ic field dependence^ of this fluorescence 
intensity and the ESR spectrum observed th rough a 
m o d u l a t i o n of this fluorescence due to the ESR 
transi t ions of t ransient radicals of the geminate pa i r 
(ODESR,® or FDMR®) gave detailed informat ion 

1* Adjunct associate professor of Institute for Molecular 
Science, Myodaiji, Okazaki 444. 

about these processes and the subsequent reactions,7-1® 
inc lud ing cation radical formation,7>8 '1® dehydrogena-
t ion of the cation,9 '1® cation dimer formation,11»1® 
electron or hole trapping,1 2 _ 1 4 ) and so on. 

Mol in and others found very mobi le holes in the 
solut ion of 2,5-diphenyloxazole and p-terphenyl in 
aromat ic solvents,13 '14) benzene and toluene, by the 
ODESR technique. They determined the h o p p i n g rate 
of a hole in the solvents by measur ing the l ine 
na r rowing of the ODESR spectra. T h o u g h the 
O D E S R ampl i t ude also depends on the parameters 
which are essential to characterize geminate pairs 
(mainly delayed geminate pairs) , the fact that several 
delayed geminate pairs contr ibute to ODESR at the 
same time somewhat hampered us from extracting 
informat ion from it. However, the geminate pairs 
con t r ibu t ing the ODESR signal can be discriminated 
by analyzing several series of spectra obtained wi th 
various parameters . 

In the present study, the O D E S R ampl i tude of a 
squa lane solut ion of p- terphenyl (p-TP) was obtained 
at various concentrat ions, microwave powers, and 
temperatures . As a result, the formation of two kinds 
of geminate pairs (one composed of a p-TP an ion and 
a hole in the solvent squa lane (DGP1) a n d the other 
i nc lud ing a p-TP an ion and its cat ion (DGP2)) has 
been confirmed. In addi t ion, it has been shown that 
the O D E S R ampl i tude should be treated relative to the 
fluorescence intensity for s tudying the kinetic proces­
ses in an irradiated system. 

Many studies have been devoted to detecting solvent 
a lkane cations us ing the O D E S R technique.7 - 1 0 '1® 
However, at elevated temperatures ( including room 
temperature) solvent-minus H2 cation is observed in 
most cases,9'1® and the solvent cation, itself, is rarely 
identified,8»1® since the hole in alkanes (cation center) 
is expected to migrate at a h igh rate; thus, its 
identification is difficult. 

Exper imenta l 

^-Terphenyl (p-TP) was obtained from Tokyo Kasei 
Kogyo (Tokyo) and purified by sublimation. Squalane, 



May, 1990] ODESR Study of X-Irradiated Squalane Solution of ^-Terphenyl 1397 

pyrene, and hexafluorobenzene were purchased from the 
same company as the purest-grade (>99%) reagents. The 
optical density of squalane at 227 nm was about 0.2, which 
indicates that the purity is sufficient for our experiments. 
These latter chemicals were used without further purifica­
tion. 1.0 ml of the sample solution was packed in an ESR 
sample tube with a diameter of 5.5 mm (o.d.), and degassed 
with the freeze-pump-thaw technique. The ODESR spectra 
were obtained with an apparatus which was assembled with 
an X-ray emitter made by Rigaku Denki Co. (Osaka) with an 
end-on type tube (OEG-75H, Machlett), a Bitter-type magnet 

300K.0.4W 

300K.0.5mM 

268K 

Fig. 1. ODESR spectra of squalane solution of p-
terphenyl under various conditions: a, 2 mM; b, 
0.5 mM; c, 0.2 mM, at 300 K with 0.4 W microwave 
power; with the microwave power of d, 1.4 W, e, 
0.4 W at 300 K 0.5 mM; and 2 mM, f, and 0.2 mM, 
g, at 268 K with 0.4 W. The time needed for each 
scan was 10 min. 

with poles of 10 cm (o.d.) (which was specially designed by 
Echo Electrics (EM-464B, Tokyo) for our use), a home-made 
microwave unit with a 20 W cw-TWT amplifier (Keltec 
Florida), and a photomultiplier (R1894, Hamamatsu Pho­
tonics, Shizuoka, Japan) connected with a photon-counting 
unit (C767, Hamamatsu Photonics). Magnetic field scan­
ning as well as processing of the digital output from the 
photon counter were performed with a microcomputer (PC 
9801-VX, NEC, Tokyo). The temperature was controlled 
with cold nitrogen gas by monitoring the temperature of the 
gas at the outlet. Details of the spectrometer have been 
described elsewhere.17) The ODESR amplitude was nor­
malized by the fluorescence (>300 nm) intensity (photon 
count) after subtracting the background signal. 

The X-ray dose rate was estimated using a film containing 
methylviologen18) and was 0.25 MR/hr at the 3 KW output. 
The microwave power was measured with a power meter 
(HP437B with a power sensor HP8481B, Hewlett Packard). 

Results 

Figure 1 shows the ODESR spectra of terphenyl in 
squa lane unde r various condi t ions: traces a, b , and c 
show the concentra t ion dependence of the O D E S R 
specrtum, traces d and e show the dependence on the 
microwave power, and traces f and g show the O D E S R 
spectra at a lower temperature. In addit ion to the 
central sharp componen t which is assigned to the ion 
radicals of ^- terphenyl (p-TP) from its g-value, a 
broad c o m p o n e n t becomes p rominen t u p o n decreas­
ing the concentrat ion. Because squalane wi thou t a 
solute gave n o O D E S R signal, this broad componen t 
should be due to a radical pai r composed of a £>-TP ion 

CD 

o 
CD 

o 

CO 

(T 
if) 
UJ 
Q 
O 

1.0 
C/mM 

2.0 

Fig. 2. ODESR signal area (relative) normalized 
with fluorescence intensity as the functions of 
concentration of terphenyl. The microwave power 
was 1.4 W (A) or 0.4 W (B, C) and the temperature 
was 278 K (A, B) or 298 K (C). 
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radical and a radical which gave the broad ESR signal. 
Besides, this broad componen t does no t change even if 
hexafluorobenzene (a s t rong acceptor) is added to the 
system and is also observed in a exper iment wi th 
another dye molecule, i.e. pyrene. Therefore, this 
broad componen t is assigned to the solvent-derived 
hole (or solvent cation) which constitutes a delayed 
geminate pai r (DGP1) wi th a solute an ion . 

T h i s broad componen t increases u p o n increasing 
the microwave power, as shown in traces d and e and 
wi th decreasing the temperature, as shown in traces f 
a n d g. T h i s may be merely because the recombina t ion 
t ime of D G P 1 is considerably shorter than that of 
DGP2 , bu t is elongated at low temperatures. 

Figure 2 shows the area under the O D E S R spectrum 
as functions of the concentra t ion of p-TP. T h e 
O D E S R ampl i tude is normalized by the fluorescence 
intensity. Curves A and B represent the ODESR signal 
area (in arbitrary uni t ) of a squalane solut ion of p-TP 
at 278 K at microwave powers of 1.4 and 0.4 W, 
respectively. Curve C represents the O D E S R signal 
area at 298 K at 0.4 W. At each temperature , the 
O D E S R signal area (relative to the fluorescence 
intensity) increases rather steeply in the low-concen­
trat ion region and continues to increase u p to 2 m M 
(1 M = l mol dm - 3 ) . If the fluorescence is generated from 
a single type of geminate pair , the O D E S R ampl i tude 
normalized by the fluorescence intensity should be 
independent on the solute concentrat ion. Therefore, a 
considerable increase in the area under the ODESR 
spectrum u p o n increasing the p-TP concentrat ion is 

another form of evidence that several geminate pairs 
contribute to this fluorescence. 

Figure 3 shows the microwave power dependence of 
the ODESR ampl i tude at 288 K (left) and 268 K (right). 
U p o n increasing the microwave power, the ODESR 
ampl i tude initially increases steadily; subsequently, 
however, the increase is b lunted , and finally starts to 
decrease. T h i s decrease of the O D E S R ampl i tude at 
h igh microwave power is due to the s imul taneous flip 
of the spins of the radical pair,19 '20) which induces no 
singlet- t r iplet mix ing . At bo th temperatures, the 
ODESR ampl i tude (relative to the fluorescence inten­
sity) decreases u p o n reducing the concentrat ion. At 
the same time, when the concentra t ion is low, the 
m a x i m u m ampl i tude occurs at a h igher microwave 
power than that in the case of a h igher concentrat ion. 
As ment ioned above, at low microwave powers the 
O D E S R ampl i tude , which is normalized by the fluore­
scence intensity, is approximate ly p ropor t iona l to the 
product of the square of the microwave field strength 
(Bi) and the lifetime of the geminate pair (rg),21) 

ODESR amp = Const-{yBi)2 rg, (1) 

where y is the gyromagnet ic ra t io of electron and 
" C o n s t " is a constant dependent on other experimen­
tal parameters, such as the pho tomul t ip l i e r sensitivity. 
Therefore, the gradient of the curves in the low 
microwave field region in Figure 3 may be propor­
t ional to the lifetime of the radical pair. T h u s , the 
(averaged) lifetime of the pairs increases u p o n increas-

0 1 2 3 4 

(P/W)* (P/W) 1/2 

Fig. 3. Microwave dependence of ODESR amplitude (normalized to the 
fluorescence intensity) at two temperatures: left 288 K; right, 268 K for the 
samples at the concentration shown. The abscissa is graduated by the square 
root of the microwave power and thus proportional to the microwave field. 
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(B)Magnetic Field Effect 

8 0 160 2 4 0 3 2 0 
B 0 /mT 

Fig. 4. ODESR spectrum of pyrene solution in 
squalane at 303 K and 251 K (A), and the magnetic 
field dependence of the fluorescence at those two 
temperatures; solid line, 303 K and dotted line, 251 K. 
The pyrene concentration was 0.3 mM and the 
microwave power was 1.4 W. Scanning time of the 
ODESR spectrum and that of the magnetic field 
dependence was 10 min. The negative direction of 
the ordinate in B corresponds to the increase in the 
fluorescence intensity. 

i ng the concentrat ion of p-TP or lowering the 
temperature. 

Figure 4(A) shows the ODESR spectrum of a 0.5 m M 
pyrene solut ion in squa lane at a temperature of 303 K 
or 251 K and at the microwave power of 1.4 W. U p o n 
decreasing the temperature, the broad componen t 
greatly increases. T h i s is not due to "saturation",22* 
b u t is due to the fact that the cont r ibu t ion of the broad 
componen t becomes large at lower temperatures, just 
in the same way as the terphenyl 's case. In fact, B\ß, at 
which field the magnet ic field effect on the fluore­
scence intensity becomes half of its asymptot ic value, 
increases by more than 50% u p o n decreasing the 
tempera ture from 303 to 251 K, as shown in Fig. 4(B). 
Since 2? 1/2 is approx ima ted by the averaged hyperfine 
field for the radical pair,23) this result indicates that the 
cont r ibu t ion of the geminate pa i r wi th a larger 
hyperfine coup l ing (i.e. DGP1) to the ODESR signal 
increases u p o n decreasing the temperature, 

ß i / 2 « 2 k W ; + l ) ] 1 / 2 , (2) 

where ax is the hyperfine coup l ing constant for the z'th 
nucleus whose nuclear spin m o m e n t is /,-. An 
equivalent p h e n o m e n o n was observed us ing p-TP 

instead of pyrene. 

Discussion 

T h e O D E S R spectrum of a squalane solut ion of p-
terphenyl (p-TP) showed two components : one is a 
sharp absorpt ion wi th AB1/2 (width at half height) of 
abou t 1.0 m T and the other is a broad absorpt ion wi th 
AB1/2 of abou t 4.5 m T (Fig. 1). T h e broader signal 
increased relatively u p o n decreasing the concentrat ion 
of p-TP (Fig. 1), lower ing the temperature, and 
increasing the microwave power (Fig. 1). In addit ion, 
the area under the O D E S R spectrum, the ampl i tude of 
which is normal ized by the fluorescence intensity, 
increased u p o n increasing the p-TP concentrat ion 
(Fig. 2). T h e microwave power dependence of the 
O D E S R ampl i t ude was also dependent on the p-TP 
concentrat ion (Fig. 3), i.e. the m a x i m u m ampl i tude 
for the lower p-TP concentra t ion occurred at a 
relatively h igher microwave power. Essentially the 
same p h e n o m e n a are observed for a pyrene solut ion in 
squalane . T h e increase of a componen t wi th larger 
hyperfine coupl ings in the geminate pair under the 
condi t ions ment ioned above was confirmed by the fact 
that B1/2, at which field the increase in fluorescence due 
to the magnet ic field becomes half of the asymptotic 
value, also increases under those condit ions (Fig. 4). 

In the case that mechanisms other than the geminate 
ion recombina t ion contr ibute to the fluorescence 
considerably, and those are very m u c h dependent on 
the solute concentra t ion or on the temperature, the 
fol lowing discussion becomes invalid. However, it is 
well k n o w n that more than 90% of the geminate pairs 
recombine in alkanes,24>25) and that the excitation 
transfer from the solvent to the solute contributes little 
when the solute concentra t ion is low.26) Therefore, we 
believe that the discussion below is valid and 
regarding the ma in process. 

1. T w o Gemina te Pairs : Because the ESR transi­
t ions of bo th components of a radical pair contr ibute 
to the decrease of fluorescence equally, the area of the 
an ion signal mus t be equal to that of cation signal. 
Therefore, the fact that the broad componen t behaves 
in a different way from the sharp componen t indicates 
that there are at least two geminate pairs which 
cont r ibute to the fluorescence. F rom Scheme 1, four 
radical pairs should be taken in to account for an 
analysis of the ODESR spectrum: GP0, DGP0, 
D G P 1 , and DGP2. In the present case, S indicates 
squa lane a n d bo th D and A represent a fluorescent 
molecule. T h e pr imary radical pair , GP0, and one of 
the delayed geminate pairs , DGP0, may recombine 
wi th in a very short t ime due to the h igh electron 
mobil i ty; thus n o direct cont r ibut ion to the O D E S R 
spectrum considered. We therefore conclude that two 
radical pairs , one of which contains a squalane radical 
cat ion (or hole) and a p-TP an ion (i.e. DGP1) and the 
other that contains a p-TP cat ion and its an ion (i.e. 
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DGP2), contribute to our ODESR spectrum. Trifunac 
et al. assigned the broad component in their FDMR 
spectra of a PPO (2,5-diphenyloxazole) solution in 
cyclohexane to the solvent hole.7) They also reported 
that the broad component comes from the radical pair 
with a solvent hole and a solute anion,15) even if the 
hole transfer in cyclohexane is expected to be very fast. 

2. Solute Concentration Dependence: If the hole 
and the electron captures occur independently, as 
shown in Scheme 1, and the fluorescence is produced 
only from the recombination of DGP2, the fluores­
cence intensity may be proportional to the product of 
the concentrations of D and A. Because p-TP works as 
both the donor and the acceptor in present case, the 
fluorescence must be proportional to the square of the 
p-TP concentration. However, the fluorescence 
changes linearly about the p-TP concentration (up to 
1 mM), or less than that at still higher concentra­
tions.27* This can be understood by postulating that 
once one of the components of the original geminate 
pair (the electron or the hole) is captured by p-TP, the 
radical pair may contribute to the fluorescence, 
whether it develops to DGP2 or not. 

A simple consideration on the conversion ratio of 
the original geminate pair to the secondary pairs 
(DGP1 and DGP2) may help us to grasp the 
approximate feature of the recombination process. 
Using a dose rate of 0.04 MR h"1 (500 W output to the 
X-ray tube), G=4, the fluorescence yield « 1 , and the 
ratio of the fluorescence introduced into the photomul-
tiplier >1% (estimated roughly by the solid angle of 
the aperture of light guide from the fluorescent spot), 
it is shown that the observed photon count of 106 s_1 is 
less than 1/104 of the estimated photon number. 
Therefore, only a small part of GP0 transfers its 
charge to a p-TP which, by chance, resides in the 
vicinity of the electron or the hole. However most of 
the GP0 may recombine within a short time without 
producing the fluorescence observable in our experi­
ment. When the electron of GP0 is trapped by p-TP 
first, the lifetime of the ion (geminate) pair DGP1 is 
elongated by thousands of times due to the low 
mobility of molecular ions. Therefore, DGP1 can be 
converted to DGP2 with considerable probability. On 
the other hand, if the positive charge is transferred to 
p-TP to produce DGP0, it may recombine within a 
very short time which is not sufficient for DGP0 to be 
converted to DGP2, since the mobility of the electron 
is much higher than that of the hole. Therefore, 
DGP0 may contribute to the fluorescence, but not to 
the ODESR signal, due to the short lifetime (see Eq. 1). 
The concentration dependences of the ODESR spec­
trum and its amplitude are attributed to the fact that 
the conversion probability of DGP1 to DGP2 is 
dependent on the p-TP concentration. At a low 
concentration, as in the case of trace B in Fig. 1, DGP1 
dominates in the ODESR spectrum, whereas at a 

higher concentration, as in the case of trace A in Fig. 1, 
most of the DGP1 may be converted to DGP2. 

3. Microwave Power Dependence: In the case 
where two geminate pairs contribute to the ODESR 
signal and the lifetimes are different from each other, 
the relative ODESR amplitude (or area) is strongly 
dependent on the solute concentration. As shown in 
Fig. 3, the initial slope of the ODESR amplitude as a 
function of the microwave field is smaller at low 
concentrations than that at higher concentrations. In 
terms of the Eq. 1, this indicates that the (averaged) 
lifetime for the geminate pairs at lower p-TP 
concentration is shorter than that at higher concentra­
tion. Therefore, DGP1 must have a shorter lifetime 
than DGP2. 

The microwave intensity at which the ODESR 
amplitude is maximum is also very much dependent 
on the composition of the geminate pair. If the ESR 
field of the anion and that of the cation are widely 
separated from each other, there should not be any 
maxima on these curves. On the other hand, if the two 
ESR transition frequencies (or fields) are close to each 
other, the ESR transitions of the two component 
radicals of the pair can be simultaneously induced at 
high microwave fields, which results in a decrease in 
the ODESR signal. Because the geminate pair DGP1 
is composed of a solvent hole which has a broad ESR 
signal and a p-TP anion with a narrow ESR, as shown 
in Fig. 1, the probability that the two-component ESR 
transitions are induced simultaneously is low. On the 
other hand, the component radicals of the other 
geminate pair DGP2 have ESR transitions at positions 
close to each other, and the simultaneous induction of 
the ESR transitions occurs even at a low microwave 
power. This is the reason why the peak for a 2.0 mM 
solution appears at a lower microwave power, i.e. at 
higher concentrations the ratio of the geminate pair 
DGP2 increases, the component radicals of which have 
ESR fields close to each other. 

Upon lowering the temperature, the peak position 
shifts to a lower microwave field and the peak height 
or maximum ODESR amplitude becomes larger, as 
shown in Fig. 3. At low temperatures, because the 
diffusion rate becomes low and the life-span of each 
geminate pair increases, the initial increase of the 
ODESR amplitude with respect to a unit increase of 
the microwave field becomes large and saturation of 
the ODESR amplitude begins at a lower microwave 
power. 

4. Lifetime of the Radical Pair: If we postulate 
that all of the radicals comprise DGP1 at 0.1 mM and 
DGP2 at 2mM and also that the lifetime can be 
estimated with a simple equation (Eq. 1), the lifetime 
of the former is about 1/3 that of the latter. Because 
the molecular volume of squalane (C30H62) is much 
larger than that of p-TP (CisHu), the diffusion rate of 
the squalane cation should be much smaller than that 
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of the p-TF cation. However, the exper imental results 
indicate that D G P 1 recombines three-times faster than 
DGP2 . Therefore, the positive hole may migrate from 
one solvent molecule to another . According to 
Williams,2 8 ) the recombina t ion time, rg, as the charges 
diffuse wi th in their attractive electrostatic field, is 
given by 

Tg=rx3(l+4rx/3rc)3/2/3Drc, (3) 

where rx is the ini t ia l separat ion of the ion pair , rc 

represents the Onsager radius (about 290 Â 29)) and D is 
the sum of the diffusion constants. W h e n 5.9X10 - 8 

cm2 s - 1 for p-TF and 4 .4X10 _ 8 cm 2 s _ 1 for squalane 
molecules (calculated us ing Stokes-Einstein relation 
wi th the hydrodynamic radius of 4.4 Â for p-TF and 
6.0 Â for squa lane molecules, the viscosity of 78 cp, 
and the temperature of 278 K) are employed for the 
diffusion constants, the recombinat ion times for 
D G P 1 and D G P 2 are calculated as 5.0 us and 4.3 us, 
respectively, for an ini t ial separation of 130 Â. At this 
in i t ia l separat ion, the G-value for the free ion may be 
a r o u n d 0.4, which is a typical value in hydrocar­
bons . 3 0 ' 3 ^ Because the recombinat ion of D G P 1 is 
completed in a m u c h shorter t ime compared with that 
of D G P 2 against the expectat ion from the hydro-
dynamic radii of the componen t radicals, the charge 
may h o p several tens times toward the counter ion in 
its lifetime. T h u s , the h o p p i n g rate may be a round 
107 M _ 1 s_1, which is no t sufficient to average the 
hyperfine field of about 45 Gauss of the squalane 
cation. Therefore, the l ine width is a lmost unchanged 
wi th this h o p p i n g process. T h e same k ind of hole 
migra t ion has been reported in a benzene or a toluene 
solut ion, where the rate is sufficient to part ial ly 
average the hyperfine field.13) T h i s is because the 
electron-transfer rate between the solvent hole and the 
solvent molecules is abou t 109 M _ 1 s _ 1 or more, which 
is m u c h larger than that in squalane . At a h igher 
temperature of 300 K, the ODESR ampl i tude decreased 
considerably, as can be seen in Fig. 2. T h i s may be due 
to a decrease in the lifetimes of the geminate pairs as 
well as due to a decrease of the spin lattice re laxat ion 
times. 

Conclusion 

A geminate pai r compr is ing a solvent hole and a 
p-TF a n i o n has been observed in addi t ion to a pa i r 
wi th a p-TF an ion and its cation in an X-ray irradiated 
squalane solut ion of p-TF at room temperature us ing 
the O D E S R technique. It has also been shown that 
analysis of the O D E S R ampl i tude as a function of the 
p-TF concentra t ion gives the ra t io between the 
recombina t ion times of the two kinds of geminate 
pairs , as well as the ra t io between the recombina t ion 
rate and the ho le - t rapping rate. 
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A Novel Asymmetric Synthesis of Chiral Cyclopentanoid Building 
Blocks by the Use of Chiral Lithium Amide 
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Enantioselective deprotonation of ra^so-epoxides, derived from 3-cyclopenten-l-ol, was examined using 
chiral lithium amide. Chiral cz5-4-i-butyldimethylsiloxy-2-cyclopenten-l-ol, czs-4-tetrahydropyranyloxy-2-
cyclopenten-1-ol, and their trans-isomers, which are useful chiral building blocks for the synthesis of 
cyclopentanoid natural compounds, were obtained with high enantiomeric excesses (72—90% ee). Both (R)- and 
(S)-4-hydroxy-2-cyclopenten-l-one were derived from (lS,4R)-4-£-butyldimethylsiloxy-2-cyclopenten-l-ol stereo-
specifically. 

Chira l monoprotected m-2-cyclopenten-l ,4-diol (1) 
is k n o w n to be a useful chiral bu i ld ing block because 
it can be easily converted to bo th enant iomers of 4-
hydroxy-2-cyclopenten-l-one (2)la) and 2-oxabicyclo-
[3.3.0]oct-6-en-3-one (3) (Scheme l),la>b>d>f) pivotal inter­
mediates in the total synthesis of optically active 
pros taglandins and other cyclopentanoids.2 _ 6 ) There­
fore, considerable efforts have been made to develop an 
efficient method for the prepara t ion of chiral 1 in 
recent years, and several methods have been devised.1* 
Most of them employ enzymatic hydrolysis of cis-3,5-
diacetoxy-l-cyclopentene l b _ h ) and others employ enan­
tioselective acylation of as-2-cyclopentene-l,4-diol. l a i) 

(lR,5S)-3 

a: R = t-Butyldimethylsilyl (TBDMS) 
b: R = Tetrahydropyranyl (THP) 
c: R = Acyl 

Scheme 1. 

asymmetric reaction. It was found that (lS,4#)-la 
and (lS,4#)-lb were obtained in high ee as reported in 
a preliminary communication.8) 

At the same time, asymmetric transformation of 
Jram-4-J-butyldimethylsi loxy-1,2-epoxycyclopentane 
(6a) and £ram-4-tetrahydropyranyloxy-l,2-epoxycyclo-
pentane (6b) was also examined. trans A-t-Butyldi-
methylsiloxy-2-cyclopenten-l-ol (7a) and trans A-tetra-
hydropyranyloxy-2-cyclopenten-l-ol (7b), which are 
also useful chiral intermediates in the synthesis of 
prostanoids,9* were obtained in good ee under the 
different reaction condi t ions from that used in cases of 
czs-isomers 5a, b.10) Here in we wish to describe the 
results in detail. 

Results and Discussion 

Prepara t ion of Epoxides 5 and 6. All four epoxides 
5a, b and 6a, b were prepared from 3-cyclopenten-l-ol 
(8) . n ) Alcohol 8 was converted to 4-^-butyldimethyl-
siloxy-1-cyclopentene (9a) and 4-tetrahydropyranyl-
oxy-1-cyclopentene (9b) in usual manners . 12»13) Epoxi-
da t ion of 9a was examined in various solvent wi th 
m-chloroperbenzoic acid (raCPBA) to afford a mixture 
of stereoisomers, that is, 5a and 6a. T h e isomers were 
easily separated by silica-gel co lumn chromatography 
and the structures were determined by N M R spectra 
after t ransformation to l a or 7a. In most of the 
solvents examined, trans-isomer 6a was obtained 
predominant ly , however, as- isomer 5a was obtained 

Recently we found that cyclic and acyclic meso-
epoxides rearrange to chiral allylic alcohols wi th 
moderate to h igh stereoselectivity (41—92% enant io­
meric excess (ee)) by enantioselective deprotonat ion by 
a chiral l i th ium amide, l i th ium (S)-2-(N,N-disubstitut-
ed aminomethyl )pyrro l id ide (4).7) T h i s p rompted us 
to develop a new and facile method for p repara t ion of 
chiral eis A- t-hu tyldime thylsiloxy-2-cyclopen ten-1 -ol 
( la) and as-4-tetrahydropyranyloxy-2-cyclopenten-l-
ol ( lb) s tar t ing from ra^so-epoxide, ds-4-J-butyldi-
methyls i loxy-l ,2-epoxypentane (5a) and m-4-tetrahy-
dropyranyloxy-l ,2-epoxycyclopentane(5b), us ing the 

Table 1. Epoxidation of 9a and 9b with raCPBA 

Olefin 

9a 
9a 
9a 
9a 
9a 
9a 
9a 
9b 
9b 

Solvent 

Cyclohexane 
Cyclopentane 
Benzene 
CC14 

CH2CI2 
Ether 
THF 
Cyclohexane 
CH2CI2 

a) Isolated yield. 

Yield/%a> 

82 
89 
82 
53 
81 
64 
73 
94 
67 

5:6 

20:80 
25:75 
37:63 
22:78 
67:33 
19:81 
17:83 
23:77 
40:60 
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predominant ly when the reaction was carried out in 
dichloromethane. Good yield and good selectivity was 
attained us ing cyclohexane as solvent. Epoxide 6b was 
also obtained wi th good selectivity by the reaction of 
9b and mCPBA in cyclohexane. T h e results are 
summarized in Tab le 1. 

9 
OR 

A 
+ mCPBA- + Eq. 1 

OR 

6 

a: R = TBDMS 
b: R = THP 

Next, a stereoselective prepara t ion of ris-epoxide 5 
was examined. Only as -epoxide 5a was obtained in 
65%14) employ ing hydroxy directed epoxidat ion of 8 
wi th £-butyl hydroperoxide and oxobis(2,4-pentanedi-
onato)vanadium(IV) (VO(acac)2) in benzene15) follow­
ed by t reatment of the reaction mixture wi th t-
butyldimethylchlorosi lane and imidazole in DMF. cis-
Epoxide 5b was also prepared stereoselectively in 
49%14) from 8 by the epoxidat ion and tetrahydropy-
ranylat ion. 

9 
OH 

t-Bu00H , V0(acac)2 

. ^ M 

TBDMS-C1 , ^ H 

. . . or f> cat. TsOH 
v *)H V ' OR 

* 

a: R = TBDMS 
b: R = THP 

Eq. 2 

Asymmetric Trans format ion of cis-Epoxide 5a and 
5b. In the first place, asymmetric t ransformation of 
5a was examined us ing l i th ium (S)-2-(l-pyrrolidinyl-
methyl)pyrrol idide 4a in T H F . T h e reaction was 
carried ou t as follows: T o a T H F solut ion of (S)-2-(l-
pyrrol idinylmethyl)pyrrol idine (10a) (1.65 mmol) was 
added a hexane solut ion of bu ty l l i th ium (1.5 mmol ) at 
0 °C. After 30 min , a T H F solut ion of 5a (1.0 mmol ) 

was added at 0 ° C and st irr ing was cont inued for 3 h. 
W o r k u p of the reaction mixture afforded ( lS ,4# ) - l a 
([a]f?+16.5° (c 1.17, CHCls)) in 76% (66% ee). T h e 
absolute conf igurat ion and the optical pur i ty was 
determined by compar ing the optical rotat ion wi th the 
reported value after conversion to (lS,4#)-4-hydroxy-
2-cyclopentenyl benzoate ([a]$ -87 .8° (c 2.40, CHCI3); 
lit,1*) [a]f? +133° (c 1.7, CHCls) for ( l#,4S)-4-hydroxy-
2-cyclopentenyl benzoate). It was surpris ing that good 

QT-0 
4a 

or Li 
4b ^ 

O R Ü) aq. NĤ Cl 

OH 

OR 

(1S,4R)-1 

Eq. 3 

a: R = TBDMS 
b: R = THP 

selectivity was obtained for 4a, because the selectivity 
was low for cyclopentene oxide.7bc) T h e n we examined 
the effect of react ion solvent to improve the opt ical 
pur i ty of the resul t ing alcohol la . T h e results are 
shown in Tab le 2 (Entries 1—5). H i g h selectivity was 
at tained by employment of solvent which did not 
coordinate to l i t h i u m a tom of l i t h ium amide 4a whi le 
T H F was the best solvent in the reaction of s imple 
epoxides.7c) Ee was increased to 90% by us ing benzene 
as reaction solvent. It is assumed that in non-
coordinat ing solvent the reaction proceeded more 
preferentially via t ransi t ion state A (Fig. 1) in wh ich a 
t ight complex (11) was formed effectively by coordina­
t ion by two oxygen atoms in epoxide 5a to l i t h ium 
a tom of l i t h i u m amide 4a to yield ( lS ,4#) - l a . 
Disadvantages of t ransi t ion state B (Fig. 1), which 
leads to ( l# ,4S) - l a , are due to lack of coordinat ion by 
oxygen a tom on a substituent of epoxide 5a and steric 
repuls ion between l i th ium amide 4a and epoxide 5a. 

T h e selectivity was not improved by in t roduct ion of 
one more oxygen a tom into epoxide part (epoxide 5b) 
or l i t h ium amide par t ( l i th ium (S)-2-(morpholino-
methyl)pyrrol idide 4b) (Table 2, Entries 6—9). T h e 
absolute configurat ion and optical pur i ty of l b was 
also determined based on the optical rota t ion after the 

Table 2. Asymmetric Transformation of 5 with 4 

T. T- - J L i t h i u m Entry Epoxide . , ^ amide Solvent Yield/%a> [a]D/° (temp(°C), c(CHCl3)) Ee/%b«c> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

5a 
5a 
5a 
5a 
5a 
5a 
5a 
5b 
5b 

4a 
4a 
4a 
4a 
4a 
4b 
4b 
4a 
4a 

T H F 
Ether 
Benzene 
Toluene 
Hexane 
THF 
Benzene 
T H F 
Benzene 

76 
83 
92 
84 
91 
65 
78 
89 
77 

+16.5 (20, 1.17) 
+16.9 (22, 0.88) 
+21.5 (22, 0.94) 
+20.0 (22, 0.89) 
+21.0 (22, 0.82) 
+5.7 (22, 0.69) 

+19.7 (16, 0.68) 
+23.2 (19, 0.82) 
+27.3 (18, 0.77) 

66 
70 
90(86)d> 
84 
88 
26 
89 
62 
89 

a) Isolated yield, b) Determined by comparing the optical rotation with the reported value after conversion to 
(lS,47?)-4-hydroxy-2-cyclopentenyl benzoate.la) c) In every case, (LS,4R)-1 was obtained, d) Determined by 
XH NMR spectra of (R)- and (S)-4-acetoxy-2-cyclopenten-l-one derived from la using Eu(hfbc)3 as chiral shift 
reagent.20) 
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. L i . . . ', 
P-Si-H 

H 

H Ĥ 

11 

Transition state A 

OH 

OSi-f-
(1S,4R)-1a 

„Hx2^T 

Transition state B 

HO 

OSi-h 

(1R,4S)-1a 

Fig. 1. Transition state models for the reaction of 
4a and 5a. 

cyclopenten-1-one (12) ([a]g +58.1° (c 1.13, C H 3 O H ) ; 
lit,17> [a]f? +67.4° (c 0.4, CH3OH) for (Ä)-12), namely 
t h e . oxidat ion wi th pyr id in ium chlorochromate 
(PCC)18> (86%) followed by deprotection in A c O H -
T H F - H 2 0 9 a l 2 ) (83%). Both R-Z and i M 2 are key 
intermediates for the synthesis of natural ly occurr ing 
prostaglandins . 2 - 5 ) 

Longer reaction sequence was required for the 
t ransformation to (S)-2. Alcohol (1S,4Ä)-Ia ( | > ]D 2 

+21.5° (c 0.94, CHCI3)) was converted to (3Ä,5S)-3-*-
butyldimethylsi loxy-5-tetrahydropyranyloxy-1 -cyclo-
pentene (13) ([a]??+2.04° (c 1.08, CHCI3)) wi th 3,4-
dihydro-2H-pyran in 94%.13) T h e n £-butyldimeth-
ylsilyl g r o u p was removed selectively wi th tetrabutyl-
a m m o n i u m fluoride12) to afford (1Ä,4S)-Ib ( [« ]D 7 

- 2 2 . 3 ° (c 1.25, CHCI3)) in 92%. Alcohol (1Ä,4S)-Ib 
was oxidized to (S)-4-tetrahydropyranyloxy-2-cyclopen-

conversion to (lS,4#)-4-hydroxy-2-cyclopentenyl ben-
zoate.lal6> 

Syntheses of (R)- and (S)-4-Hydroxy-2-cyclopenten-
1-one 2. T h e conversion of (17?,47?)-4-hydroxy-2-
cyclopentenyl acetate,93) ( l#,4S)-lb, l a) or ( lS,4#)- lb l a) 
to optical ly active 2 has already been reported. There­
fore, we examined the transformation of (lS,4i?)-la to 
bo th (R)- and (S)-2 employ ing similar reaction 
sequence. (Scheme 2) 

(#)-4-Hydroxy-2-cyclopenten-l-one 2 ([«]!?+81.3° 
(c 1.55, CHCI3); lit,la) [a]g> -94 .1° (c 3.4, CHCI3) for 
(S)-2) was easily derived from (1S,4Ä)-Ia ([«]!? +21.5° 
(c 0.94, CHCI3)) via (ß)-4-^-butyldimethylsiloxy-2-

QH 
PCC 

86% 

0TBDMS 

(lS^R)-la 

0TBDMS 

(R)-12 

94% O cat. TsOH 

0THP 
BuüNF 

0THP 
PCC 

92% ^ Y 82% 

ÖTBDMS OH 

(3R,5S)-13 (lR^S)-lb 

83% 

OH 

(R)-2 

0THP OH 
AcOH-H20 

0 0 
(S)-2 

Scheme 2. Synthesis of (R)- and (S)-2. 

Table 3. Asymmetric Transformation of 6a with 4 

Entry Lithium 
amide 

Solvent Additive S S t i o n s * Y i e l d / % b > t « K ( T e m p (°C), c(CH3OH)) Ee/%c.« 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4b 
4c1) 
4dm> 

Hexane 
Benzene 
Ether 
DMMe> 
DMEf> 
T H F 
THF 
THF 
THF 
THF 
T H F 
T H F 
Hexane 
T H F 
T H F 
THF 

— 
— 
— 
— 
— 
— 

Pyridine 
(C2H5)3N 
TMEDAs) 
HMPAh> 
DBNj> 
DBIP 
DBU 
DBU 
DBU 

— 

Refl, 
Rt, 
Refl, 
Refl, 
Refl, 
Refl, 
Refl, 
Rt, 
Rt, 
Rt, 
Rt, 
Rt, 
Rt, 
Rt, 
Rt, 
Rt, 

3.5 h 
on 
3.5 h 
l h 
2 h 
2h 
l h 
2 h 
on 
l h 
on 
on 
on 
on 
3h 
on 

58 
65 
73 
75 
57 
78 
93 
78 
82 
91 
59 
97 
93 
86 
64 
81 

+29.0 (20, 0.63) 
-2 .3 (15, 0.57) 

-47.3 (20, 0.78) 
-72.2 (20, 0.81) 
-85.6(17, 0.48) 

-100.3 (16, 0.66) 
-99.1 (15, 0.99) 

-106.8 (16, 0.83) 
-104.8 (14, 0.62) 
-107.9 (20, 0.90) 
-118.4(16, 0.61) 
-129.0 (20, 0.69) 
-126.1 (30, 0.92) 
-122.7 (18, 0.66) 

-92.4 (20, 0.68) 
-90.4 (21, 0.69) 

17 
1 

27 
42 
49 
58 
57 
62 
61 
62 
68 
74k) 
73 
71 
53 
52 

a) Refl, rt, and on refer reflux, room temperature, and overnight respectively, b) Isolated yield, c) Determined by 
comparing the optical rotation with that obtained in Entry 12 ([«]D —129° (c 0.69, CH3OH) for 74% ee of (lS,4S)-7a). 
d) Except for Entry 1 (lS,4S)-7a was obtained, e) Dimethoxymethane. f) 1,2-Dimethoxyethane. g) A/r,A/r,A/r/,A/r/-Tetra-
methylethylenediamine. h) Hexamethylphosphoric triamide. i) l,5-Diazabicyclo[4.3.0]non-5-ene. j) 1,8-Diazabicyclo-
[5.4.0]undec-7-ene. k) Determined by comparing the optical rotation after conversion to (S)-4-£-butyldimethylsiloxy-
2-cyclopenten-l-one.17) 1) Lithium (S)-2-(piperidinomethyl)pyrrolidide.7a'c) m) Lithium (S)-2-[(4-methyl-l-piperazin-
yl)methyl]pyrrolidide.7a'c) 
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ten-1-one (14) ([a]f>9-54.9° (c 0.97, CHC13); lit,1-) 
[ a ] f ? -70 .5° (c 1.3, CHCI3)) with PCC18> (82%), and 
then hydrolyzed wi th A c O H - H 2 0 l a ) to afford (S)-2 
([(*]D - 79 .3 ° (c 1.5, CHCI3)) in 81%. C o m p o u n d (S)-2 
was employed as an impor tan t start ing material in the 
synthesis of novel mar ine prostanoids clavulone II and 
12-O-deacetylclavulone II.19) 

Both (R)- and (S)-2 were derived to (R)- and (S)-4-
acetoxy-2-cyclopenten-l-one, and ee of those were 86% 
by 1¥L N M R spectra taken with tris(heptafluorobu-
tyryl-d-camphorato)europium (III) (Eu(hfbc)3).20) 

Asymmetric Transformation of trans-Epoxides 6a 
and 6b. Asymmetric transformation of 6a to chiral 7a 
was also examined us ing chiral l i t h ium amide 4a 
under a variety of reaction condit ions. As shown in 
Table 3, T H F was found to be best for reaction solvent 
to yield (lS,4S)-7a ([a]g -100 .3° (c 0.66, CH3OH)) in 
58% ee21> (78%) (Entries 1—6). T h e selectivity was 
enhanced to 74% ee employing l,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) as an additive (Entry 12) as 
observed in cases of simple epoxides.7bc ) Similar 
selectivity (93%, 73% ee) was also obtained even in 
hexane in the presence of DBU (Entry 13), which 
indicated that DBU played a significant role in the 
reaction. Little selectivity was obtained in benzene 
(Entry 2) and low and opposite selectivity was 
obta ined in hexane (Entry 1) t h o u g h h igh selectivity 
was achieved in those solvents in case of ds-epoxide 5a. 
These results suppor t our assumpt ion that the h igh 
selectivity achieved for ds-epoxide 5a is due to the 
formation of complex 11 by two oxygen atoms in 5a. 

OR 

6 

< & 

I D aq, NH^Cl 

4 
OR 

OH 
Eq. 4 

a : R = TBDMS 

b: R = THP 

U S , 4 S ) - 7 

T h e absolute configuration and ee were determined 
based on optical ro ta t ion of (S)-12 ( | > ]D 8 — 50 .2° (c 
1.02, CH3OH)) obtained by oxidat ion of (lS,4S)-7a 
([a]??-129.0° (c0.69, CH3OH)). 

Alcohol (lS,4S)-7b ( [a]f?-129.0° (c 0.59, CH3OH)) 
was also obtained in 78% with 72% ee by the reaction of 
6b and 4a in T H F in the presence of DBU (rt, 2.5 h). 

It is noteworthy that good selectivity was also 
achieved for trans-epoxide 6 t hough the selectivity was 
low for cyclopentene oxide (41% ee) under similar 
reaction conditions.7 b c ) 

Experimental 

General. Melting and boiling points are uncorrected. 
XH NMR spectra were recorded on a Hitachi R-24B 
spectrometer or a JEOL FX-90Q spectrometer with tetra-
methylsilane as internal standard. IR spectra were taken on 

a Shimadzu IR-440 spectrometer. High resolution mass 
spectra were obtained on a Hitachi M-80 GC-MC spectrom­
eter operating with an ionization energy (70 eV). Optical 
rotations were measured on a JASCO DIP-SL or a JASCO 
DIP-181 Polarimeter. All solvents used were purified 
according to the standard procedure. 

4-f-Butyldimethylsiloxy-l-cyclopentene 9a. To a DMF 
(5 ml) solution of 3-cyclopenten-l-ol 8 (0.50 g, 6.0 mmol) and 
imidazole (0.89 g, 13.1 mmol) was added i-butyldimethyl-
chlorosilane (1.09 g, 7.2 mmol) at 0°C under a nitrogen 
atmosphere and the reaction mixture was stirred at room 
temperature overnight. Hexane and water were added to the 
reaction mixture and the organic layer was washed with 
water and brine. After drying over anhydrous Na2SÜ4, the 
solvent was removed in vacuo. The crude product was 
purified by bulb-to-bulb distillation (150—160° C (oven 
temperature)/90 mmHg 1 mmHg=133.322 Pa) to yield 9a 
(1.09 g) in 92%. IR (neat): 3070, 2960, 2940, 2860, 1460, 1410, 
1360, 1255, 1195, 1075, 960, 870, 835, and 775 cm"1; *H NMR 
(CCI4) 6=0.05 (s, 6H), 0.9 (s, 9H), 1.9—3.0 (m, 4H), 4.3—4.8 (m, 
1H), and 5.63 (s, 2H). Found: m/z 183.1210. Calcd for 
CioHi9OSi: (M-15) 183.1204. 

4-Tetrahydropyranyloxy-l -cyclopentene 9b. A mixture 
of 8 (0.42 g, 5 mmol), 3,4-dihydro-2H-pyran (2.5 g, 30 mmol), 
and £>-toluenesulfonic acid (10 mg) in dichloromethane 
(25 ml) was stirred at 0 °C for 15 min. After addition of ether, 
the mixture was washed successively with brine, saturated 
NaHCÜ3 solution, water, and brine. After drying over 
anhydrous Na2SÜ4, the organic layer was concentrated in vacuo. 
The crude product was purified by column chromatography 
(silica-gel/hexane-ether) followed by bulb-to-bulb distilla­
tion (100 °C (oven temperature)/0.15 mmHg; lit,22) 54— 
55 °C/1.2 mmHg) to yield 9b in 87%. 

4-t-Butyldimethylsiloxy-l,2-epoxycyclopentane 5a and 6a. 
To 9a (294 mg, 1.5 mmol) in solvent (6 ml) was added m-
chloroperbenzoic acid (363 mg, 2.1 mmol) in several por­
tions at 0 °C and the reaction mixture was stirred at room 
temperature overnight. Ether and water were added to the 
reaction mixture and the organic layer was washed with 10% 
NaHSÜ3 solution until raCPBA was not detected any more. 
Then the organic layer was further washed with saturated 
NaHCÜ3 solution, water, and brine, successively, and dried 
over anhydrous Na2SÜ4. After removal of solvent, ds-epoxide 
5a and trans-epoxide 6a were separated by column chroma­
tography (silica-gel/hexane-ether) (6a moved faster than 
5a). Epoxides 5a and 6a were further purified by 
bulb-to-bulb distillation. 5a: bp 150 °C (oven temperature)/ 
20 mmHg; IR (neat): 3030, 2970, 2940, 2900, 2860, 1460, 1400, 
1370, 1255, 1210, 1100, 1035, 1015, 890, 840, and 780 cm"1; 
*H NMR (CCU) 6=0.05 (s, 6H), 0.9 (s, 9H), 1.8—2.3 (m, 4H), 
3.33 (s, 2H), and 4.2—4.6 (m, 1H). Found: m/z 214.1413. 
Calcd for CnH2202Si: M, 214.1388. 6a: bp 160°C(oven 
temperature)/30 mmHg; IR (neat): 3050, 2980, 2960, 2920, 
2880, 1475, 1465, 1375, 1285, 1260, 1120, 1075, 1020, 895, 840, 
and 780 cm"*; *H NMR (CCU) 0=0.05 (s, 6H), 0.9 (s, 9H), 1.56, 
and 2.40 (ABX, 4H, /=14Hz and 7 Hz), 3.33 (s, 2H), and 
4.05 (qui, 1H). Found: m/z 214.1389. Calcd for CnH2202Si: 
M, 214.1388. 

The yields and the products ratios are summarized in 
Table 1. 

4-Tetrahydropyranyloxy-l,2-epoxycyclopentane 5b and 
6b. Epoxides 5b and 6b were prepared from 9b in a similar 
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manner as above. 5b: bp 130 °C (oven temperature)/0.15 
mmHg; IR (neat): 3040, 2950, 2880, 1455, 1440, 1420, 1350, 
1240, 1200, 1140, 1120, 1080, 1035, 1025, 1005, 845, 790, and 
765 cm"1; 1H NMR (CC14) 0=1.2—2.5 (m, 10H), 3.28 (s, 2H), 
3.2—4.0 (m, 1H), and 4.45 (bs, 1H). Found: m/z 185.1150. 
Calcd for C10H17O3: (M+l), 185.1175. 6b: bp 130°C(oven 
temperature)/0.15 mmHg; IR (neat): 3040, 2960, 2880, 2860, 
1455, 1440, 1400, 1345, 1140, 1125, 1080, 1040, 1025, 980, and 
835 cm"1; ^U NMR (CC14) 6=1.1—2.0 (m, 8H), 2.38 (ABX, 2H, 
7=7 and 2 Hz), 3.27 (s, 2H), and 3.0—4.2 (m, 3H), and 4.40 
(bs, 1H). Found: m/z 185.1155. Calcd for C10H17O3: (M+l), 
185.1175. 

The yields and the products ratios are shown in Table 1. 
Stereoselective Synthesis of 5a. To a benzene (4 ml) 

solution of 8 (168 mg, 2.0 mmol) was added a catalytic 
amount of VO(acac)2 and a benzene (2 ml) solution of i-butyl 
hydroperoxide (the solution was prepared by mixing i-butyl 
hydroperoxide (0.4 ml of 70% aqueous solution) and benzene 
(2 ml) and standing the mixture for 30 min with anhydrous 
MgSÜ4) at room temperature and the reaction mixture was 
stirred overnight. The reaction mixture was directly 
separated by column chromatography (silica-gel/ether) to 
afford 3,4-epoxycyclopentanol. To a DMF (4 ml) solution of 
3,4-epoxycyclopentanol thus obtained and imidazole (340 
mg, 5.0 mmol) was added ^-butyldimethylchlorosilane (354 
mg, 2.4 mmol) under a nitrogen atmosphere. The reaction 
mixture was stirred at room temperature for 7 h, then ether 
and water were added. The organic layer was washed with 
water and brine, and dried over anhydrous Na2SÜ4. After 
removal of the solvent, crude product was purified by 
column chromatography (silica-gel/hexane-ether) to afford 
5a (138 mg) in 65% (6a was not detected by TLC). 

Stereoselective Synthesis of 5b. A mixture of 3,4-
epoxycyclopentanol, obtained in a similar manner as above 
from 8 (168 mg, 2.0 mmol), 3,4-dihydro-2H-pyran (572 mg, 
6.8 mmol), and a catalytic amount of ^-toluenesulfonic acid 
in dichloromethane (10 ml) was stirred at 0°C for 15 min. 
After addition of ether, the mixture was washed successively 
with brine, saturated NaHCOs, water and brine. After 
drying over anhydrous Na2SÜ4, the organic layer was 
concentrated in vacuo. The crude product was purified by 
column chromatography (silica-gel/hexane-ether) to afford 
5b (180mg) in 49% (6b was not detected by TLC). 

Asymmetric Transformation of 5a. Under a nitrogen 
atmosphere, a hexane (1 ml) solution of butyllithium 
(1.5 mmol) was added to a solution of (S)-2-(l-pyrrolidinyl-
methyl)pyrrolidine 10a (254 mg, 1.65 mmol) in solvent (5 ml) 
at 0°C. After 30 min at 0°C, 5a (214 mg, 1.0 mmol) in 
solvent (4 ml) was added at 0 °C and stirring was continued 
for 3 h. Then, NH4CI solution and ether were added to the 
reaction mixture and the organic layer was washed with 
water and brine. After drying over anhydrous Na2SÜ4 and 
removal of the solvent in vacuo, the oily substance was 
purified by column chromatography (silica-gel/hexane-
ether) to afford la. IR (neat): 3300, 3040, 2920, 2840, 1460, 
1360, 1250, 1120, 1095, 1065, 1015, 900, 835, 770, and 
660 cm"1; m NMR (CC14) <5=0.05 (s, 6H), 0.9 (s, 9H), 1.50 (dt, 
1H, 7=15 and 5 Hz), 2.63 (dt, 1H, 7=15 and 6 Hz), 3.50 
(bs, 1H), 4.2—4.8 (m, 2H), and 5.6—6.0 (m, 2H). Found: m/z 
196.1272. Calcd for CnH2oOSi: (M-18), 196.1282. 

The yields, optical rotations, and ee's are summarized in 
Table 2. 

Asymmetric Transformation of 5b. The reaction was 
carried out in a similar manner as above to afford lb.,a,d,f) 

The results are shown in Table 2. 
(15,4Ä)-4-f-Butyldimethylsiloxy-2-cyclopentenyl Benzoate. 

To a dichloromethane (3 ml) solution of (1S,4K)-Ia (94 mg, 
0.44 mmol) ([a]2

D
2 +21.5° (c 0.94, CHCI3)) and pyridine (139 

mg, 1.76 mmol) was added a dichloromethane (3 ml) solu­
tion of benzoyl chloride (124 mg, 0.88 mmol) and a catalytic 
amount of 4-dimethylaminopyridine, and the reaction 
mixture was stirred at room temperature for several hours. 
After addition of ether and water, the organic layer was 
washed successively with 2% HCl solution, water, 4% 
NaHCÜ3 solution, water, and brine, and dried over anhyd 
Na2SÜ4. The solvent was evaporated in vacuo and the 
resulting viscous oil was purified by preparative TLC (silica-
gel/hexane-ether) to afford (lS,4K)-4-i-butyldimethylsiloxy-
2-cyclopentenyl benzoate (129 mg) in 93%. [a]??-60.8° (c 
1.83, hexane). IR (neat): 3040, 2920, 2850, 1720, 1450, 1260, 
1110, 1065, 1045, 905, 835, 775, and 710 cm"1; ^H NMR (CC14) 
0=0.08 (s, 6H), 0.88 (s, 9H), 1.70 (dt, 1H, 7=15 and 5 Hz), 
2.85(dt, 1H, 7=14 and 6 Hz), 4.73 (t, 1H, 7=6 Hz), 5.5—5.9 
(m, 1H), 5.97 (s, 2H), 7.1—7.7 (m, 3H), and 7.8—8.2 (m, 2H). 
Found: m/z 317.1554. Calcd for Ci8H2503Si: (M-l ) , 317.1571. 

(lS,4Ä)-4-Hydroxy-2-cyclopentenyl Benzoate. (lS,4K)-4-
^-Butyldimethylsiloxy-2-cyclopentenyl benzoate (129 mg, 
0.41 mmol) ([«]??-60.8°(c 1.83, hexane)) in 10 ml of 
ACOH-THF-H2O (3:1:1) was stirred at room temperature 
for 14 h. Toluene was added to the reaction mixture and the 
mixture was concentrated azeotropically in vacuo below 
30°C.9a,2) The residue was separated by preparative TLC 
(silica-gel/hexane-ether) to afford (lS,4R)-4-hydroxy-2-cyclo-
pentenyl benzoate (70 mg) in 84% as white solid (mp 58— 
60 °C; lit,,a> 62—63 °C). [a]% -120.2° (c 1.73, CHCI3) (lit,,a> 
[a]$ +133° (c 1.7, CHCI3) for (lJR,4S)-4-hydroxy-2-cyclopen-
tenyl benzoate). 

(lS,4Ä)-4-Hydroxy-2-cyclopentenyl Benzoate from (15,4/?)-
lb. Alcohol (1S,4JR)-Ib (77 mg, 0.42 mmol) ([a]g +27.3° (c 
0.77, CHCI3)) was converted to the corresponding benzoate 
according to a procedure similar to that used for (lS,4Z?)-la 
(2% HCl solution treatment was not done) in a quatitative 
yield (121 mg) after purification by preparative TLC (silica-
gel/hexane-ether). IR (neat): 3050, 2940, 2860, 1710, 1600, 
1580, 1445, 1270, 1140, 1065, 1020, and 710cm"1; ^ N M R 
(CDCI3) 0=1.2—2.2 (m, 7H), 2.93 (dt, 1H, 7=15 and 2 Hz), 
3.3—4.2 (m, 2H), 4.5—5.0 (m, 2H), 5.5—5.9 (m, 2H), 5.9— 
6.3 (m, 2H), 7.0—7.7 (m, 3H), and 7.7—8.3 (m, 2H). The 
benzoate (121 mg) was then converted to (lS,4K)-4-hydroxy-
2-cyclopentenyl benzoate by stirring in methanol in the 
presence of a catalytic amount of /?-toluenesulfonic acid at 
room temperature for 1 h. Ether and water were added to the 
reaction mixture, and the organic layer was successively 
washed with saturated NaHCÜ3 solution, water, and brine. 
After drying over anhydrous Na2SÜ4, the solvent was 
removed in vacuo and the residue was purified by pre­
parative TLC (silica-gel/hexane-ethyl acetate) to afford 
(lS,4R)-4-hydroxy-2-cyclopentenyl benzoate (56 mg) in 65%. 
[a] J? -118.8° (c 1.7, CHCI3). 

(Ä)-4-*-Butyldimethylsiloxy-2-cyclopenten-l-one 12. To 
a dichloromethane (2 ml) suspension of pyridinium chloro-
chromate (244 mg, 1.13 ml) was added a dichloromethane 
(2 ml) solution of (1S,4K)-Ia (133 mg, 0.63 mmol) ([a]g 
+21.5° (c 1.01, CHCI3)) at room temperature under a 
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nitrogen atmosphere. The reaction mixture was stirred for 
2 h at room temperature and dry ether (20 ml) was added to 
it. The supernatant was decanted and the residue was 
washed three times with ether. The supernatant and 
washings were passed through a short silica-gel column 
(ether) and then concentrated in vacuo. The residue was 
purified by column chromatography (silica-gel/hexane-
ether) to afford (ft)-129a',7) (132 mg) in 86%. [«]§> +58.1° (c 
1.13, CH3OH) (lit,17)[a]f)2 +67.4° (c 0.4, CH3OH) for (JR)-12). 

(Ä)-4-Hydroxy-2-cyclopenten-l-one 2. Compound (R)-
12 (113 mg, 0.54 mmol) ([a]2*+58.1° (c 1.13, CH3OH)) in 
5ml of AcOH-THF-H 2 0 (3:1:1) was stirred at room 
temperature for 21 h. Toluene was added to the reaction 
mixture and the mixture was concentrated in vacuo below 
30 ° C. The residue was purified by column chromatography 
(silica-gel/ether) to afford (JR)-2 (43.7 mg) in 83%. [«]§* 
+81.3° (c 1.55,CHC13), [a]% +83.5° (c 2.00, CH3OH) (lit, 
[«]§>-94.1° (c 3.4, CHCI3) for (S)-2,,a> [a]^4+83.1° (c 1.70, 
CH3OH) for 94% ee of (R)-220)). 

Acetylation of (R)-2 (38 mg, 0.39 mmol) was conducted 
with acetic anhydride (48 mg, 0.47 mmol), pyridine (86 mg, 
1.09 mmol), and a catalytic amount of 4-dimethylaminopy-
ridine in dichloromethane (1 ml) at 0 °C for 30 min. Ether 
and water were added to the reaction mixture, and the 
organic layer was washed successively with 2% HCl solution, 
saturated NaHCOs solution, water, and brine, and dried over 
anhydrous Na2SÜ4. After evaporation of the solvent, the 
residue was purified by preparative TLC (silica-gel/hexane-
ether) to afford (R)-4-acetoxy-2-cyclopenten-l-one (31 mg) in 
57%. [a]2)2 +84.1° (c 1.48, CH3OH) (lit,20> [a] g +86.5° (c3.00, 
CH3OH) for 94% ee of (#)-4-acetoxy-2-cyclopenten-l-one). 
The ee was determined to be 86% on the basis of XH NMR 
taken with Eu(hfbc)3 which exhibited the acetoxyl methyl 
signals at the different chemical shifts depending upon the 
enantiomers.20) 

(3Ä,55)-3-f-Butyldimethylsiloxy-5-tetrahydropyranyloxy-
1-cyclopentene 13. A mixture of (1S,4R)-Ia (166 mg, 
0.78 mmol) ([a]g+21.5° (c 0.94, CHCI3)), 3,4-dihydro-2H-
pyran (200 mg, 2.38 mmol), and a catalytic amount of p-
toluenesulfonic acid in dichloromethane (2.5 ml) was stirred 
at 0 °C for 10 min. After addition of ether, the mixture was 
washed successively with saturated NaHCOs solution, water, 
and brine. After drying over anhydrous Na2SÜ4, the solvent 
was removed and the residue was purified by column 
chromatography (silica-gel/hexane-ether) to afford (3R,5S)-
13 (219 mg) in 94%. [a]2* +2.04° (c 1.08, CHCI3). IR (neat): 
3060, 2960, 2880, 1460, 1440, 1365, 1250, 1100, 1070, 1020, 
840, and 780 cm"1; *H NMR (CC14) ô=0.06(s, 6H), 0.90(s, 
9H), 1.3—1.9 (m, 7H), 2.71 (dt, 1H, /=14 and 2 Hz), 3.2—4.2 
(m, 2H), 4.4—4.9 (m, 3H), and 5.8—6.1 m, 2H). 

(lÄ,45)-4-Tetrahydropyranyloxy-2-cyclopenten-l-ol lb. 
To a THF (0.5 ml) solution of tetrabutylammonium fluoride 
(427 mg, 1.48 mmol) was added a T H F (3 ml) solution of 
(3JR,5S)-13 (219 mg, 0.74 mmol) ([«]£ +2.04° (c 1.08, CHCI3)) 
at 0 °C under a nitrogen atmosphere. After stirring for 1 h at 
0 °C, ether and saturated NH4CI solution was added to the 
reaction mixture. The organic layer was washed with water 
and brine, and dried over anhyd Na2SÜ4. The solvent was 
removed in vacuo and the residue was purified by column 
chromatography (silica-gel/ether) to afford (li?,4S)-lb (125 
mg) in 92%. [a]% -22.3° (c 1.25, CHCI3). 

(S)-4-Tetrahydropyranyloxy-2-cyclopenten-l-one 14. To 

a dichloromethane (1.5 ml) suspension of PCC (264 mg, 
1.23 mmol) was added a dichloromethane (3.5 ml) solution 
of (1JR,4S)-Ib (125 mg, 0.68 mmol) ([a]2

)
7-22.3 ° (c 1.25, 

CHCI3)) at 0 °C under a nitrogen atmosphere. The mixture 
was stirred for 16 h at room temperature and dry ether 
(20 ml) was added to it. The mixture was treated in a similar 
manner as used for the preparation of (R)-12 to afford (S)-14 
(101 mg) in 82%. [a]g -54.9° (c 0.97, CHCI3) (lit,,a> [a]2

D° -70.5° 
(cl .3, CHCI3)). 

(S)-4-Hydroxy-2-cyclopenten-l-one 2. Compound (S)-14 
(97 mg, 0.53 mmol) ([a]$ -54.9° (c 0.97, CHCI3)) in 10 ml of 
ACOH-H2O (7:3) was stirred at room temperature for 17 h. 
Toluene was added to the reaction mixture and the mixture 
was concentrated in vacuo below 30 °C. The residue was 
purified by column chromatography (silica-gel/ether) to 
afford (S)-2 (42 mg) in 81% ([«]§> -79.3° (c 1.50, CHCI3)), 
which was converted to (S)-4-acetoxy-2-cyclopenten-l-one 
(I>]D -87.2° (c 1.49, CH3OH)) in a similar manner as used 
for (R)-2. The ee was determined to be 86% on the basis of 
XH NMR taken in the presence of Eu(hfbc)3. 

Asymmetric Transformation of 6a and 6b. A representa­
tive reaction procedure is described for the reaction using 
chiral lithium amide 4a in T H F in the presence of DBU 
(Entry 12); To a T H F (2 ml) solution of 10a (254 mg, 
1.65 mmol) was added a hexane (1 ml) solution of butylli-
thium (1.5 mmol) at 0 °C under a nitrogen atmosphere. The 
reaction mixture was stirred at 0 ° C for 30 min and a THF 
(1.5 ml) solution of DBU (251 mg, 1.65 mmol) was added at 
the temperature. After 30 min, a T H F (2 ml) solution of 6a 
(210 mg, 1.0 mmol) was added and the reaction mixture was 
stirred overnight at room temperature. Saturated NH4CI 
solution was added to the reaction mixture and it was 
extracted with ether. The organic layer was washed with 
water and brine, and dried over anhydrous Na2SC>4. After 
removal of the solvent, the residue was purified by column 
chromatography (silica-gel/hexane-ether) to afford (1S,4S)-
7a (204 mg) in 97%. [a]g> -129.0° (c 0.69, CH3OH) (lit,9a> 
[a]?? +81° (c 0.059, CH3OH) for 56% ee of (lJR,4JR)-7a). 

Spectral data for 7b are as follows: IR (neat): 3350, 3040, 
2930,2860,1445, 1430,1355, 1195, 1125,1110,1050, 1015,985, 
and 790 cm"1; ^ N M R (CDCI3) 0=1.1 — 1.9 (m, 6H), 1.9— 
2.3 (m, 4H), 2.77 (bs, 1H), 3.2—4.1 (m, 2H), 4.63 (s, 1H), 4.97 (t, 
2H, / = 5 Hz), and 6.00 (s, 2H). Found: m/z 185.1206. Calcd 
for C10H17O3: (M+l), 185.1177. 

The yields, the optical rotations, and ee's are summarized 
in Table 3. 

(S)-4-£-Butyldimethylsiloxy-2-cyclopenten-l-one 12. Al­
cohol (lS,4S)-7a ([a]g )-129.0° (c 0.69, CH3OH)) was 
converted to (S)-12 in a similar manner as described for 
(1S,4JR)-Ia in 87%. [a] g-50.2° (c 1.02, CH3OH). 

(lS,4S)-4-Hydroxy-2-cyclopentenyl Acetate. A mixture of 
(lS,4S)-7b (59 mg, 0.32 mmol) fl>]g> -129.0° (c 0.59, CHCI3), 
acetic anhydride (65 mg, 0.64 mmol), pyridine (101 mg, 
1.28 mmol), and a catalytic amount of 4-dimethylamino-
pyridine in dichloromethane (3 ml) was stirred at room 
temperature overnight. After addition of ether and water, 
the organic layer was washed successively with 4% NaHCÜ3 
solution, water, and brine, and dried over anhydrous 
Na2SÜ4. After removal of the solvent in vacuo, the residue 
was purified by column chromatography (silica-gel/hexane-
ether) to afford (lS,4S)-4-tetrahydropyranyloxy-2-cyclo-
pentenyl acetate (68 mg) in 93%. IR (neat): 3060, 2950, 2880, 
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1735, 1440, 1360, 1240, 1130, 1030, and 975 cm"1; ^ N M R 
(CC14) 6=1.2—1.9 (m, 6H), 1.90 (s, 3H), 1.9—2.3 (m, 2H), 
3.0—4.0 (m, 2H), 4.5—5.0 (m, 2H), and 5.4—6.2 (m, 2H). 
Then a mixture of (lS,4S)-4-tetrahydropyranyloxy-2-cyclo-
pentenyl acetate (68 mg, 0.3 mmol), AcOH (3.5 ml), and 
water (1.5 ml) was stirred at room temperature overnight. 
Toluene was added to the reaction mixture and the mixture 
was concentrated in vacuo. The residue was purified by 
column chromatography (silica-gel/hexane-ether) to afford 
(lS,4S)-4-hydroxy-2-cyclopentenyl acetate (31 mg) in 74%. 
([«]#-205.4° (c 1.49, CH3OH) (lit,9a> [a]2

D°+229° (c 0.027, 
CH3OH) for 90% ee of (lK,4K)-4-hydroxy-2-cyclopentenyl 
acetate). 

(lS,4S)-4-Hydroxy-2-cyclopentenyl acetate thus obtained 
was converted to (S)-4-acetoxy-2-cyclopenten-l-one by a 
similar method described for (1S,4K)-Ia. The ee was 
determined to be 72% on the basis of XH NMR taken with 
Eu(hfbc)3. 

T h e au thor would like to thank Dr. Keisuke Suzuki, 
Keio University, for h igh resolution mass spectra 
measurements. T h e part ial contr ibut ion of Miss T o k o 
Kawakami to the experimental work is appreciated. 
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3-0-(2-Naphthylsulfonyl)-y-cyclodextrin was prepared together with 2-0-(2-naphthylsulfonyl)-7-cyclo-
dextrin by a reaction of 7-cyclodextrin with 2-naphthalenesulfonyl chloride in aqueous CH3CN, isolated, and 
structurally determined. 

y-Cyclodextrin (7-CD) has unique characteristics 
such as large solubility in water, binding of large guest 
molecules,1* and binding of two guests.2) Therefore, 
attachment of various functional groups to 7-CD is 
valuable to construct unique enzyme (or receptor) 
models. Generally, hydroxyl groups of CDs must be 
sulfonylated before the respective functionalization. 
Initial studies were focused on the sulfonylation of the 
primary hydroxyl (6-OH) of 7-CD3) since sulfonyl 
chloride had been well known to react exclusively with 
the primary hydroxyl of a- or ß-CD in pyridine. Since 
a functional group introduced on the secondary 
hydroxyl side of ß-CD demonstrated quite different 
enzyme-like properties from that on the primary 
hydroxyl side,4) sulfonylation of the secondary hy­
droxyl (2-OH or 3-OH) of 7-CD should be investigated 
for the sake of wide development of construction of 
enzyme (or receptor) models. Recently, Murakami et 
al. reported that the 2-O-sulfonate was synthesized by 
the reaction of 7-CD with p-toluenesulfonyl chloride 
using dibutyltin oxide in dry DMF.5) Fujita et al. also 
reported that the 2-O-sulfonates were obtained by the 
reaction of 7-CD with 1- or 2-naphthalenesulfonyl 
chloride in aqueous alkali.6) However, the 3-0-
sulfonate of 7-CD cannot be synthesized by their 
methods. 

The enzymatic hydrolysis of 2-0 or 6-O-sulfonylated 
7-CD by Taka amylase A is a novel synthetic method 
for specifically modified linear oligosaccharides which 
can not be isolated in the enzymatic hydrolysis of the 
corresponding sulfonate of a- or ß-CD.6_8) Further­
more, the results of the hydrolyses afford more detailed 
knowledge with respect to the reactive site of Taka 
amylase A than those with a or ß-CD derivatives.6'7* 
Therefore, in the two points mentioned above, the 
synthesis of the 3-O-sulfonate of 7-CD is necessary. 

In this paper, we report convenient method for 
preparation of the 3-O-sulfonate of 7-CD. 

Results and Discussion 

7-CD was sulfonylated by addition of 2-naphtha­
lenesulfonyl chloride to an alkaline aqueous CH3CN 
solution of 7-CD at 30 ° C, where the initial pH of the 

solution of 7-CD was adjusted to 12 and the pH was 
allowed to decrease during the reaction with 2-naph­
thalenesulfonyl chloride (Scheme 1). The reaction 
mixture was not a solution but a suspension of the 
sulfonyl chloride. The clear solution, which was 
obtained by filtration of the reaction mixture, was 
chromatographed on a reversed-phàse column to 
afford sulfonates 1 (6.6%), 2 (12.6%), and 3 (1.1%) as 
shown in Fig. 1. Structural assignments of these com­
pounds are as follows. The sulfonates 2 and 3 were 
assigned the 2-O-sulfonate and the 6-O-sulfonate, 
respectively, by comparing their HPLC retention 

n 
Sulfonylation 

U 

1: X = Ns , Y = H, Z = H 

2: X = H, Y = Ns , Z = H 

3: X = H, Y = H, Z = Ns 

Ns = 2 - n a p h t h y l s u l f o n y l 

1 2 

Epoxidation 

V V 

'HO OH ' 

Scheme 1. 
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Fig. 1. Reversed-phase column chromatography of 

the mixture obtained from the reaction of y-
cyclodextrin with 2-naphthalenesulfonyl chloride 
in 30% aqueous CH3CN. A linear gradient elution 
of CH3CN was applied. 

times and 13C N M R spectra wi th those of the authent ic 
specimens, 2-0-(2-naphthylsulfonyl)-y-CD6 ) and 6-O-
(2-naphthylsulfonyl)-y-CD.7 ) T h e sulfonate 2 was 
converted to the corresponding m a n n o - e p o x i d e 5 
(Scheme 1). T h e XH N M R spectrum of 5 showed a 
singlet absorpt ion (6=5.26) for an H- l demonst ra t ing 
its m a n n o - e p o x y structure. Also, its 13C N M R and 
fast-atom bombardment (hereafter abbreviated to FAB) 
mass spectra confirmed that 5 was the epoxide of 
y-CD. 

T h e sulfonate 1 was identified as the 3-O-sulfonate 
by compar ing its 13C N M R spectrum wi th those of the 
authent ic homologues , 3-0-(2-naphthylsulfonyl)-a-
CD9> and 3-O-(2-naphthylsulfonyl)-ß-CD.10> These 
three sulfonates did not possess any up-field shifted 
C-l signal, demonstrat ing that the posi t ion of sulfonyl-
a t ion was no t 2-OH bu t 3-OH. Its FAB mass spectrum 
also confirmed the monosulfonyla t ion in 1. In order 
to ascertain the 3-O-sulfonate structure, 1 was convert­
ed to the a l lo-epoxide (4) (Scheme 1), whose structure 
was spectrally determined as shown below. Its FAB 
mass spectrum contained the molecular ion. Its 
13C N M R spectrum demonstrated the presence of the 
epoxide carbons at 6=56.6 and 58.5. A coup l ing 
constant ( /=3 .3 Hz) of a H - l p ro ton s ignal at 6=5.34 
in the XH N M R spectra demonstra ted that 4 was the 
a l lo-epoxide, and, therefore, its precursor 1 was the 
3-O-sulfonate. 

T h e present reaction in aqueous CH3CN was 
selective for secondary hydroxyl groups . However, 
when the sulfonylation was carried ou t in water 
instead of 30% aqueous CH3CN, the reaction was not 
very selective for secondary hydroxyl groups , i.e., a 
mix ture of the 3-O-sulfonate (0.8%), the 2-O-sulfonate 
(8.9%), and the 6-O-sulfonate (2.0%) was obtained. 
T h e t ime ( 15 min) required for the p H change of the 
reaction mix ture from 12 to 8 in water was longer than 

H 15 

H 10 .« 

fi 
o 

CH3CN (%) 

Fig. 2. Effect of CH3CN content in the solvent 
(10 cm3) on the yield of 1 (A), 2 ( • ) , or 3 ( • ) and on 
the reaction time (O) required for the pH change 
of the reaction mixture from 12 to 8 in the reaction 
of y-cyclodextrin (2.0 g) with 2-naphthalenesulfonyl 
chloride (4.0 g) at 30 °C. 

that in 30% aqueous CH3CN at 30 °C (2.5 min) . O u r 
independent kinetic studies on the epoxidat ion of the 
various cyclodextrin sulfonates demonstrated that the 
half-times of the decomposi t ion (the epoxidation) of 1 
and 2 at 20° C in a phospha te buffer (pH 12.0) were 
0.3 m in and 1.7 min , respectively. T h e 6-O-sulfonate 
was far more stable under the alkal ine condi t ion. 
These mean that the long reaction t ime under alkal ine 
condi t ions decreases the yields of the secondary 
sulfonates. Short reaction time is, therefore, very 
impor tan t for selective p roduc t ion of the secondary 
sulfonates and this was achieved by use of CH3CN as a 
cosolvent. T h e presence of CH3CN must decrease the 
t ime for the p H change from 12 to 8 by increase of the 
solubility of 2-naphthalenesulfonyl chloride. Effect of 
the CH3CN concentrat ion on the yields of sulfonates is 
shown in Fig. 2. T h e m a x i m u m yield was obtained 
a round the 30% CH3CN concentra t ion . T h e yield at 
the CH3CN concentrat ion larger than 40%) could no t 
be obtained because of insolubil i ty of y-CD in the 
mixed solvent. 

T h e effect of the reaction tempera ture on the yields 
of secondary sulfonates was also investigated (Fig. 3). 
Hea t ing the reaction suspension is expected to increase 
the solubilities of the reactants and the rate constants 
of the two consecutive reactions (the sulfonylation and 
the epoxidat ion) . An o p t i m u m temperature for the 
product ion of secondary sulfonates (1 and 2) was 
30 °C. Therefore, the o p t i m u m condit ions ment ioned 
above (30% aqueous CH3CN and 30 °C) were employ-
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Fig. 3. Temperature effect on the yields of products 
and on the reaction time in the reaction of y-
cyclodextrin (2.0 g) with 2-naphthalenesulfonyl 
chloride (4.0 g): A, 1; • , 2; • , 3; O, reaction time 
required for the pH of the reaction mixture to 
change from 12 to 8. 

ed for the selective prepara t ion of secondary sulfonates 
(1 and 2). 

M u r a k a m i et al. reported that the 2-O-sulfonate was 
synthesized by the tosylation of 7-CD via cyclic tin 
intermediate.5 ) T h i s reaction mus t be carried ou t 
under strict n o n a q u e o u s condit ions, since the yield of 
2-O-sulfonate depends on the a m o u n t of water in the 
react ion mixture . O n the other hand , our me thod is 
very s imple and convenient and can give constant 
yields of secondary 2 - 0 - and 3-O-sulfonates. More­
over, this is only one method giving the 3-O-sulfonate 
of 7-CD. 

Experimental 

General, *H NMR (500 MHz) and 13C NMR (25 MHz) 
were determined with a JEOL GX -500 and a JEOL FX-100 
spectrometers, respectively. FAB mass spectra were recorded 
with a JEOL JMX DX-303/JMA 5000 data system. Thin-
layer chromatography (TLC) was run with precoated silica-
gel plates (Merck, Art 5554). Spot detection was carried out 
by UV light and/or staining with 0.1% 1,3-naphthalenediol 
in E tOH-H 2 0-H 2 S0 4 (200:157:43 v/v/v). A solvent of 
TLC development was rc-C3H7OH-AcOEt-H20 (7:7:5 v/v/v). 
A Merck Lobar prepacked column (Lichroprep Rp 18 
column, 25mmX310mm) was used for reversed-phase 
column chromatography. High-performance liquid chroma­
tography (HPLC) was performed on a Shimadzu LC3A with 
a Zorbax CN column (4.6 mmX150 mm, 5 \im, Du Pont). 

Sulfonates of 7-Cyclodextrin (1—3). Powdered 2-naphtha­
lenesulfonyl chloride (4g) was added in one portion to 
10 cm3 of 30% aqueous CH3CN solution (pH 12.0, adjusted 
by addition of aqueous NaOH) of 7-CD (2 g), which had 

been already thermostated at 30 °C. The suspension was 
vigorously stirred and its pH was allowed to decrease 
rapidly. During this reaction, the reaction vessel was kept in 
the bath thermostated at 30 °C. After the mixture became 
neutral, it was filtered, concentrated in vacuo, and chroma-
tographed on a reversed-phase column with gradient 
elution from water (1 dm3) to 30% aqueous CH3CN (1 dm3) 
to give 1—3, which were lyophilized: 1 (150.8 mg, 6.6%), 2 
(288.5 mg, 12.6%), 3 (25.8 mg, 1.1%). 

1: 13C NMR (25 MHz, D2O, characteristic nonaromatic 
absorptions) 0=62.7, 72.6, 74.2, 74.8, 75.5, 79.6, 82.3, 83.4, 
86.4, 103.0, 104.8; FABMS m/z 1487 (M+H+), 1509 (M+Na+). 

A similar reaction was carried out in water at 30 °C. After 
filtration, the filtrate was chromatographed on a reversed-
phase column. The products 1—3 were isolated in 0.8%, 
8.9%, and 2.0% yields, respectively. 

Effect of Acetonitrile on the Yields of Sulfonates. 
Powdered 2-naphthalenesulfonyl chloride (4 g) was added to 
a solution of 7-CD (2g) in 10 cm3 of water or aqueous 
CH3CN (pH 12.0) and the suspension was stirred at 30 °C 
until the pH of the mixture became neutral. The mixture 
was filtered and analyzed by reversed-phase HPLC. The 
yields of products were obtained by HPLC with p-
methoxyphenol as an internal standard. The results are 
shown in Fig. 2. 

Effect of the Reaction Temperature on the Yields of 
Sulfonates. The reaction was carried out in a bath 
thermostated at given temperature similarly to that described 
in the experiment on the effect of acetonitrile. The results 
are shown in Fig. 3. 

Epoxides of 7-Cyclodextrin (4 and 5). A solution of 1 
(100.0 mg) in 0.05 mol dm"3 Ba(OH)2 (10 cm3) was stirred at 
room temperature for 1 h, neutralized with 0.05 mol dm - 3 

H2SO4 and filtered. The filtrate was chromatographed on a 
reversed-phase column with gradient elution from water 
( ldm3) to 10% aqueous CH3CN (1dm3) to give the 
allo-epoxide (4) (76.3 mg, 88.7%). 

Similarly, 2 (117.0 mg) gave the manno-epoxide (5) 
(87.4 mg, 86.9%). 

4: !H NMR (500 MHz, D20) 0=3.56—4.12 (48 H), 5.07— 
5.11 (H-l, 7 H), 5.34 (H-l, 1 H, d, /=3.3 Hz); *3C NMR (25 MHz, 
D2O, characteristic absorptions) ô=56.6, 58.5, 62.8, 71.6, 73.6, 
74.2, 74.3, 74.8, 75.4, 76.9, 81.1, 82.9, 98.2, 103.6, 104.0, 104.2; 
FABMS, m/z 1279 (M+H+), 1301 (M+Na+). 

5: iH NMR (500 MHz, D2O) 0=3.47—3.94 (48 H), 5.08— 
5.13 (H-l, 7 H), 5.26 (H-l, 1 H, s); 13C NMR (25 MHz, D20, 
characteristic absorptions) 0=51.9, 56.9, 62.7, 63.3, 71.7, 73.5, 
74.2, 74.8, 75.4, 81.5, 82.1, 82.4, 82.8, 99.8, 102.6, 103.6, 104.0; 
FABMS, m/z 1279 (M+H+), 1301 (M+Na+), 1317 (M+K+). 

We are indebted to J a p a n Maize Products Co. Ltd. 
for a generous gift of 7-CD. 
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Reduction of l,r-(l,3-propanediyl)bis(pyridinium) dibromide (5a) with sodium amalgam afforded the 
meso- and dZ-cyclomers formed by intramolecular cyclization of the diradical (2a). The raeso-cyclomer (6a) was 
thermally converted into the dZ-cyclomer (7a), while retroversion of 7a into 6a was achieved photochemically. 
Reduction of the 4,4'-dimethyl (5b) and 4,4'-di-£-butyl (5c) derivatives of 5a similarly afforded the corresponding 
meso-(6b and 6c) and dl-(7h and 7c) cyclomers, which can be interconverted to each other. Using NMR 
spectroscopy to follow the reaction the energies for thermal conversion of meso- to dl- cyclomers were found to 
be 58.6, 74.5, and 84.5 kj mol - 1 for 6a, 6b, and 6c, respectively. Photodissociation of the cyclomers at —196 °C 
gave the diradicals (2a—2c), which showed characteristic triplet ESR spectra. The ESR spectra for both 2a and 
2b indicated that there were two conformations, each with different zero-field splitting parameters, in 2-methyl-
tetrahydrofuran glass. In contrast, the ESR spectrum of 2c indicated that it has only one conformation. The 
4,4'-bis(methoxycarbonyl) derivative (2d) of 2a also forms cyclomers which, upon photolysis, regenerate the 
diradical. It was concluded that l,r-(l,3-propanediyl)bis(pyridinyl) diradicals are substantially in thermal 
equilibrium with the cyclomers. 

Molecules con ta in ing two chromophores connected 
t h r o u g h methylene bridges have attracted a t tent ion 
wi th respect to the in t ramolecular t ransannular 
interact ion and or ientat ions of the two chromophores 
wi th respect to each other. For example , the 
mechan i sm of exciplex or excimer formation for the 
type of A-(CH2)«-D, where A and D are electron 
acceptor a n d donor,x) respectively, or A and D are same 
aromat ic hydrocarbon moieties,2) have been exten­
sively studied by means of stationary and time-resolved 
fluorescence measurements . These studies showed 
that the interaction between the two chromophores 
depends on the n u m b e r (n) of methylene groups in the 
bridge and the in t ramolecular interact ion takes place 
most effectively when n=3 (so called, n=3 rule).3) 

1 n = 2 
2 n = 3 

R R R R 

3 (meso) 4 (dl) 

a : R=H b : R=CH3 C: R=C(CH3)3 

d : R=C00CH3 

Pyridinyl diradicals of the type P'y-(CH2)n-P'y 
(P'y=4-(methoxycarbonyl)pyridinyl, n—ï, 3, 4, 5), 
wh ich possess two stable Tt-radicals connected by 
methylene chain, have been investigated in order to 
determine int ramolecular radical-radical interactions 
and the conformat ion of the diradicals, since 1967.4) 

For a series of these diradicals, the strongest visible 
absorpt ion band was observed when n = 3 (2d) and this 
b a n d was at t r ibuted to an in t ramolecular charge-
transfer complex wi th paral le l sandwich structure 
composed of two monorad ica l moieties. However, the 
results obtained at that t ime involved some of unsolved 
problems main ly caused by the l imited experimental 
techniques. Thereafter, the complex formation 
between l-alkyl-4-(methoxycarbonyl)pyridinyl radi­
cals and alkal i halides was found5) and, moreover, the 
complex format ion wi th various metal halides was 
reported.6) These complexes show strong absorpt ion 
in the visible region. After the clarification on the 
existence of an equ i l ib r ium system between a pyridinyl 
radical and the dimer, a reinvestigation of the 
diradicals was carried ou t and, as one of the results, the 
cyclomer format ion of 2d was demonstra ted in 1981.7) 

We have elucidated the fact that Id is usually in the 
form of photosensi t ive cyclomers.8) Cyclomer forma­
t ion of the l , l /-( l ,2-ethanediyl)bis(pyridinyl) diradi­
cals ( l a—lc) wi thou t any elect ron-withdrawing and 
electron-delocalizing g roup in the pyridine r ings was 
also established.9»10) 

These recent results suggested to us that the 
properties of 2d and its homologues should be 
reexamined carefully. T h i s paper reports that (1) 1,1'-
( l ,3-propanediyl)bis(pyridinyl) diradicals (2a—2c) are 
clearly in equ i l ib r ium wi th their cyclomers of meso-
a n d dZ-forms; (2) that the resul t ing meso- and dl-
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hv 
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a : R = H b : R = CH3 C : R = C(CH3)3 

Scheme 1. 

isomers can interconvert into each other; and (3) that 
both cyclomers are photolized to yield the diradical. In 
addition, the cyclomer formation from 2d is also 
presented though the isolation of the meso- and dl-
forms was unsuccessful. The reactions of 2a—2c are 
summarized in Scheme 1. 

Results and Discussion 

Reduction of Bispyridinium Salts and Structures of 
Reduction Products. Reduction of 1,1 '-( 1,3-propane-
diyl)bis(pyridinium) dibromide (5a) with sodium 
amalgam was carried out by two procedures: (P-1) 
Using standard vacuum line techniques, 5a and 3% 
sodium amalgam in degassed CH3CN were stirred in a 
flask at 0 ° C for 75 min. After the amalgam changed to 
a liquid state, the solvent was removed, the residue was 
extracted with 2-methyltetrahydrofuran (MTHF), and 
then the solvent was replaced by CD3CN or CH3CN. 
(P-2) According to the method described in the 
preceding paper,10* a solution of 5a in water was added 
dropwise to a suspension of 3% sodium amalgam in 
cyclohexane or hexane with stirring for 30 min. After 
further stirring for 30 min, the organic layer was dried 
over anhydrous magnesium sulfate, filtered, and the 
solvent was replaced by CD3CN or CH3CN using a 
vacuum line. Care was taken in handling the products 
in the tube to maintain the temperature lower than 
25 ° C in the dark. The solutions obtained by P-1 n> and 
P-2 procedures showed no ESR signal and exhibited 
well-resolved NMR spectra, indicating that the pro-

4,10 ? 12 113 

' ' M I I I I I I I I 1 I 1 | I I 1 1 1 I [ 1 1 I I i l 1 1 1 1 [ JLLL 

6.0 5.0 40 3.0 2.0 

4 10 
3,11 

2,12 1,13 i 13a,13b 6,8 

57ppm 

6.0 5.0 40 3.0 2.0 
ôVppm 

Fig. 1. !HNMR spectra of 6a and 7a in CD3CN at 
room temperature, (a): 6a, (b): 7a. 

ducts are diamagnetic. The XH NMR spectrum of the 
product in P-2 (Fig. la) was simpler than that obtained 
in P-1. When both were warmed in CD3CN at 80 °C, 
the spectra changed gradually, showing thermal 
conversion, and finally gave the spectrum shown in 
Fig. lb. These results indicate that the product in P-2 
was one isomer (6a) and that in P-1 a mixture of 6a 
and its isomer (7a) was present. 

In contrast to the thermal conversion, light irradia­
tion caused conversion in the reverse direction. The 
solution of 7a in CD3CN was irradiated at 0 ° C by 
using a high pressure Hg-lamp (500W) equipped with 
a UV-29 glass filter, which is transparent at wave­
lengths longer than 290 nm. After 25 min irradiation, 
the XH NMR spectrum showed the almost pure 
solution of 6a. Analysis of the spectra in Fig. 1, 
XH NMR simulation (with the first-order approxima­
tion) and the comparison of them with the spectra of 
3a and 4a substantiated that both 6a and 7a have a 
structure of 7,8,13a,13b-tetrahydro-6H-dipyrido[l,2-
a:2',l'-c][l,4]diazepine. This structural assignment 
was corroborated by the 13C NMR and mass spectral 
(m/z=200, M+) measurements of 6a and 7a. By 
reference to the lower stability of the ds-cyclomer of 2d 
compared to the trans-cy clomer® and to the lower 
stability of m^so-cyclomer (3a—3c) compared to the 
dZ-cyclomer (4a—4c),9'10) the stable isomer 7a was 
assigned to the dl(trans)-iorm and the less stable isomer 
6a to the meso(cis)-torm. 



Table 1. *H NMR, 13C NMR, and Absorption Spectral Data for 6a, 7a, 6b, 7b, 6c, and 7c 

Cyclomer 6a 

(1) iHNMR data in CD3CNa> 

Position ô(ppm) /(Hz) 

7a 

ô(ppm) /(Hz) 

6b 

ô(ppm) /(Hz) 

7b 

ô(ppm) /(Hz) 

6c 

ô(ppm) /(Hz) 

7c 

ô(ppm) /(Hz) 

1, 13 

2, 12 

3, 11 

4, 10 

6, 8 

7 
13a, 13b 
CH3 

5.10(dddd)b> 

6.06(dddd) 

4.68(ddd) 

6.27(dddd) 

2.95—3.60 (m) 

1.65—1.95 (m) 
4.24(ddd) 

1.4, 1.1 
3.2, 9.2 
0.9, 1.1 
5.4, 9.2 
1.4, 5.4 
6.8 
0.5, 0.9 
1.1, 6.8 

0.5, 1.1 

5.21 (dddd) 

6.06(ddd) 

4.76(ddd) 

6.23(dddd) 

2.75—3.15 (m 
3.45—3.75 (m 
1.98—2.30 (m 
4.17(dd) 

1.3, 1.5 
3.2, 9.5 
1.0, 5.5 
9.5 
1.5, 5.5 
7.0 
1.0, 1.0 
1.3, 7.0 

) 
) 
) 

1.0, 3.2 

4.83(qddd) 

4.58(dd) 

6.22(dd) 

2.96—3.55 (m 

1.6 —1.9 (m 
4.18(qd) 
1.79(dd) 

1.3, 0.7 
2.0, 2.9 

2.0, 7.0 

0.7, 7.0 

) 

) 
0.9, 2.9 
0.9, 1.3 

4.98(qddd) 

4.65(dd) 

6.19(dd) 

2.75—3.11 (m 
3.43—3.70 (m 
1.7 —2.3 (m 
4.06(qd) 
1.81(dd) 

0.8, 1.5 
2.0, 2.8 

2.0, 7.0 

0.8, 7.0 

) 
) 
) 

0.8, 2.8 
0.8, 1.5 

4.94(ddd) <1.0, 
3.5 

4.70(dd) 2.2, 

6.24(dd) <1.0, 

2.78—3.62 (m) 

1.60—1.90 (m) 
4.17(d) 3.5 

2.2 

7.3 

7.3 

5.05(ddd) <1.0, 
3.0 

4.90(dd) 2.2, 

6.21(dd) <1.0, 

2.76—3.12 (m) 
3.40—3.70 (m) 
1.98—2.26 (m) 
4.07(d) 3.0 

2.2 

7.4 

7.4 

C(CH3)3 

(2) 13C NMR data in CD3CN 

ô(ppm) ô(ppm) ô(ppm) ô(ppm) 

1.14(s) 

ô(ppm) 

1.17(s) 

ô(ppm) 

1, 13 
2, 12 
3, 11 
4, 10 
6, 8 
7 
13a, 13b 
CH3 

C(CH3)3 

C(CH3)3 

93.1 
125.1 
109.2 
137.9 
53.0 
32.7 
62.1 

93.3 
124.4 
109.6 
134.8 
49.2 
29.2 
61.0 

96.4 
132.9 
105.7 
137.6 
52.8 
32.7 
62.8 
20.0 

96.2 
132.3 
106.0 
134.4 
49.2 
29.3 
61.9 
20.1 

93.2 
145.1 
102.7 
137.5 
52.4 
32.3 
62.9 

32.9 
28.4 

93.4 
144.9 
102.6 
134.4 
49.0 
29.5 
60.9 

33.0 
28.3 

(3) Absorption maximum in CH3CN 

Amax(£) 

330 (6000) 

Amax(£) 

365 (3400) 

Amax(£) 

328 (7000) 

Amax(£) 

363 (3900) 

Amax(£) 

325 (7400) 

Amax(£) 

360 (5000) 

a) J Values were obtained by simulation, b) s=singlet, d=doublet, q=quartet, m=multiplet. 
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meso 7 dt 

R = H, C H 3 , C(CH3)3 

Reduction of the 4,4'-dimethyl (5b) and 4,4'-di-£-
butyl (5c) derivatives by the procedures of P-l and P-2 
usually afforded the mixture of isomers (6b and 7b 
from 5b; 6c and 7c from 5c) even in the reduction in 
aqueous solution, though the product ratio varied 
with reaction conditions. The isomer composition 
was shifted towards 7b and 7c by warming and, 
conversely, toward 6b and 6c by light irradiation, the 
conversions being demonstrated by lH NMR, 13C NMR, 
and absorption spectroscopy. The spectral data are 
summarized in Table 1. 

The similar proton chemical shifts compared well 
with those of 3a—3c and 4a—4c, and the appearance 
of five 13C chemical shifts for each compound (Table 1) 
could be interpreted as arising from a 1,2-dihydropyri-
dine structure.12'13* In the XH NMR spectra of 6a and 
7a in CD3CN at room temperature, the «-methylene 
protons of the m^so-isomer appear as a multiplet 
(occurring at 2.95—3.60 ppm), while those of the dl-
isomer appear as two distinct sets of multiplets 
(occurring at 2.75—3.15 ppm and 3.45—3.75 ppm). 
Similar features for the methylene protons were 
observed for the meso- and dZ-cyclomers of the 
dimethyl and di-^-butyl derivatives. Since no modifi­
cations of these 1H NMR spectra were observed upon 
heating the solution up to 130 °C in DMSO-de, the 
meso- and d/-cyclomers are concluded to be somewhat 
conformationally rigid on the NMR time scale. The 
nonequivalency of «-methylene protons for all dl-
cyclomers is presumably due to one of the a-protons 
pointing toward the shielding region of the adjacent 
pyridine ring and hence appearing in the upfield 
region, as reported for annulated 2,2'-bipyridines.14) 

Possible stable structures for the meso- and dl-
cyclomers were readily assigned by reference to the 
structures of the corresponding cyclomers 3a—3c and 
4a—4c, as 6 and 7. 

Thermal and Photochemical Conversions of meso-
and dZ-Cyclomers. The thermal and photochemical 
conversions mentioned above were also observed by 
change in the aborption spectra. The spectra of Fig. 2a 
changed gradually into that of Fig. 2b by warming at 
80 °C. The resulting solution then changed to the 

S F 

8000 

4000 

300 400 
Wavelength/nm 

500 

Fig. 2. Absorption spectra of 6a, 7a, and 2a in 
MTHF. (a): 6a at room temperature, (b): 7a at 
room temperature, and (c): 2a at —196°C. 

spectrum of Fig. 2a on light irradiation. Similar 
spectral changes were observed for 6b ^=^ 7b and 
6c=F=^7c. The concentration of each cyclomer was 
determined in CH3CN by following spectroscopically 
the slow formation of methylviologen cation radical 
(5=13000 at 605nm)15) from methylviologen di-
chloride. The thermal and photochemical conversions 
were completely reversible for the degassed solution in 
a sealed tube. The meso-dl conversion could be 
followed by NMR measurements for the sealed 
solution in CD3CN. The rates of isomerization of 6a— 
6c apparently obeyed a first-order kinetics.16) The rate 
constants (k), A factors, and activation energies are 
summarized in Table 2. The activation energies are 
compared to those of a-bond cleavages in which free 
radicals are formed in the transition state.17) These 
values are much smaller than those for the isomeriza­
tion of 3a—3c (94.1, 112.5, and 120.5 kj mol"1 for 3a, 
3b, and 3c, respectively).10* This difference may be 
ascribed to the larger strain energies of 6a—6c, because 
they have seven-membered rings containing a tri-
methylene bridge. In general, the activation energy 
decreases with an increase in strain energy.18) Further, 
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Table 2. First-order Rate Constants and Activation Parameters for 
Thermal Conversion of meso-Cyciomer s 

Conversion 

6a-»7a 

6b^7b 

6c-»7c 

Temp 

K 

333.5 
344.4 
354.7 

334.5 
344.6 
354.8 

334.0 
343.5 
355.3 

105&a) 

mol - 1 dm3 s_1 

32.5 +1.3 
64.1 +3.3 

113.3 +4.8 

1.58+0.10 
3.50+0.35 
7.25+0.44 

4.75+0.23 
11.4 ±0.5 
34.5 ±0.9 

A 

S"1 

5.98X105 

6.31X106 

1.00X109 

£a 

kj mol"1 

58.6±1.7 

74.5±2.1 

84.5±2.1 

a) Rate constants (k) are apparent values. 

the A values obta ined are smaller than those for the 
isomerizations of 3a—3c (1.00X1010, 3.98X1011, and 
1.00X1012 for 3a, 3b, a n d 3c, respectively). T h i s 
difference may be caused by that the pyridinyl r ings 
bonded by a tr imethylene bridge are more restricted 
stereochemically in the t ransi t ion state as compared to 
the isomerizations of 3a—3c. 

In contrast to the thermal conversion of meso-
cyclomer, the photochemical conversion of dZ-cyclomer 
in to meso-cyclomer was very rap id at room tempera­
ture. Such a facile C - C b o n d cleavage on l ight 
i r radia t ion is characteristic of pyridinyl radical di­
nners.19'20* 

T h e behaviors of thermal and photochemica l 
conversions of the present cyclomers resemble those of 
3 and 4. T h e mechan i sm of these conversions is 
fundamental ly similar. Since the formation of 7a—7c 
from 2a—2c, which were generated by photodissocia­
t ion of 6a—6c and 7a—7c at low temperature , did no t 
occur, the activation energies to form 7a—7c from 2a— 
2c mus t be considerably higher than those to form 
6a—6c. 

Photolysis of meso- and dZ-Cyclomers at Low 
Temperature. In the preceding paper,10) we reported 
that l a — I d are readily generated by photolysis of the 
corresponding cyclomers. A similar photodissociat ion 
was observed for the present cyclomers. L igh t 
i r radia t ion of the so lu t ion of 6a and 7a at — 196°C 
exhibi ted a spect rum identical to Fig. 2c. T h i s species 
was stable for a l ong per iod at —196 °C, b u t a rise of 
tempera ture led to a spectral change in to the spectrum 
of Fig. 2a. T h e spectral shape of Fig. 2c (/Lax 376 nm) 
is different from those of Fig. 2a and 2b and resembles 
that of 1,1 '-( 1,2-ethanediyl)bis(pyridinyl) diradical 
(Amax 370 nm).9 ) Hence , the spect rum of Fig. 2c is 
assigned to 2a. T h e d imethyl (6b a n d 7b) and di-t-
butyl (6c and 7c) derivatives showed similar evidence 
for diradical generation. 

T h e generat ion of the diradicals clearly proven by 
ESR measurements . T h e solut ions of 6a—6c or 7a—7c 

Fig. 3. Triplet ESR spectra of 2a generated by photo-
dissociation of 6a or 7a in MTHF. (a): Recorded 
after 0.5 min light irradiation at — 196°C; (b), (c): 
Recorded after 10 min, and 40 min light irradiation, 
respectively, at —196°C; (d): Recorded after the rise 
of temperature to — 145°C. 

in M T H F showed no ESR signal at —196 ° C. Irradiation 
of either solut ion of 6a or 7a wi th visible l ight shorter 
t han 500 n m led to an appearance of s t rong ESR 
signal , as shown in Fig. 3a. T h e signal intensity 
increased wi th the t ime of i r radiat ion, be ing accom­
pan ied by a change of the spectral shape in to those of 
Figs. 3b a n d 3c. A similar spect rum and change were 
observed for the dimethyl derivative (Fig. 4a, 4b, and 
4c). These spectra are certainly due to the tr iplet 
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N 

Fig. 4. Triplet ESR spectra of 2b generated by photo­
dissociation of 6b or 7b in MTHF. (a): Recorded 
after 0.5 min light irradiation at —196°C; (b), (c): 
Recorded after 10 min, and 40 min light irradiation, 
respectively, at —196° C; (d): Recorded after the rise 
of temperature to —145 °C. 

j 20 mT } 

Fig. 5. Triplet ESR spectrum of 2c generated by photo-
dissociation of 6c or 7c at —196° C. 

t ransi t ions of two spin system of 2, and are interpreted 
as ar is ing from two triplet components , T ( l ) and T(2), 
bo th of wh ich are stabilized in glassy matr ix . For 2c, a 
triplet ESR spectrum, which was consistent wi th only 
one componen t , was observed (Fig. 5). T h e zero-field 
parameters for the triplet spectra are listed in Table 3. 
T h e T ( l ) spectra of 2a and 2b appeared strongly in the 
early stage of i r radiat ion, and the spectral intensity of 
the T(2) componen t increased wi th the irradiat ion 
time. U p o n w a r m i n g to — 145°C, only the T(2) 
spectra remained (Figs. 3d and 4d, respectively). T h e 
triplet ESR spectrum of 2c was n o longer observed at 
—145 °C, imp ly ing that 2c is less stable than 2a and 2b. 
T h e E values for the observed triplet species are close 
to zero, in contrast to those for l a — I d (|£| =0.0012— 
0.0017 cm - 1).8 '1 0) T h e zero E value implies that the 
structures of the present diradicals are conformational-
ly flexible compared wi th those of la—Id. Change in 
the separat ion (Table 3) from metastable T ( l ) to stable 
T(2) is at tr ibutable to conformational stabilization in 
the solvent mat r ix at low temperature since the change 
occurs in the dark at —196 °C. T h e di-^-butyl 
derivative (2c) presumably is less mobile form in the 
glassy matr ix at —196 °C. 

Properties of l,l /"(lJ3"Propanediyl)bis[4-(methoxy-
carbonyl)pyridinyl] Diradical at Low Temperature. 
Reduct ion of the corresponding bis(pyridinium) dibro-
mide wi th sod ium a m a l g a m affords the mix ture of cis-
and trans-cyclomers of 2d, as reported by H e r m o l i n 
and Kosower,7) bu t the propert ies of the cyclomers are 
h i ther to u n k n o w n . Therefore, we carefully examined 
the cyclomers in solut ion. However, the pure solut ion 
of each cyclomer could no t be prepared, because the 
cyclomers are thermally unstable at the temperature 
above 70 ° C. Conversions of the meso- and dl-
cyclomers were not observed. 

It is evident that 2d exists as the cyclomers under 
usual condit ions, since the reduct ion product showed 
n o ESR signal due to diradical at low temperature and 
the fol lowing photodissociat ion is understood in 
analogy wi th those of 6a—6c and 7a—7c. I r radia t ion 
of the cyclomers of 2d in solut ion wi th visible l ight 
shorter than 500 n m in M T H F at - 1 9 6 ° C gave the 
ESR spectrum of Fig. 6, in which the central s t rong 
l ine is due to the monorad ica l impur i ty produced in 
the prepara t ion . T h i s spectrum certainly displays the 
triplet t ransi t ion of the two-spin system of 2d. T h e 

Table 3. Zero-Field Splitting Parameters for Diradicals 

Diradicals 

2a 
2b 
2c 
2d 

iDil/cm"1 

0.0177 
0.0191 
0.0194 
0.0154 

T(l) 

\Ei\Zcm-1 

0 
0 
0 
0 

r/nma) 

0.53 
0.51 
0.51 
0.55 

|D2 | /cm-1 

0.0121 
0.0126 

T(2) 

l^l/cm-1 

0 
0 

r/nma) 

0.60 
0.59 

a) Average separation of two spins estimated from the relation D=—(3/2)g2ß2r~3. 

file:///Ei/Zcm-1
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334.4 mT 

164.7mT 

Fig. 6. Triplet ESR spectrum of 2d generated by 
photodissociation of its cyclomers in MTHF at 
-196°C. 
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Fig. 7. Spectral change of the cyclomers of 2d in 
MTHF on light irradiation at -150°C. (a): Before 
irradiation (b): After irradiation. 

zero-field parameter, | D | = 0 . 0 1 5 4 c m - 1 is consistent 
wi th a sp in - sp in d ipolar interact ion for an average 
separation of 0.55 n m of the two-spin system. T h i s 
triplet s ignal remained u n c h a n g e d for a long period at 
—196 °C. Wi th the rise of tempera ture to —150 °C, the 
triplet signal gradual ly decreased, accompanied by the 
color change from colorless to a b lue solution. T h e 
b lue color wi th the absorp t ion at 600 n m (Fig. 7) is 
characteristic of the in termolecular association of two 
pyridinyl r ings,2 1 »22) as discussed for the association of 
Id. Fur ther r i s ing of the tempera ture led to the re­
formation of cyclomers. 

Conclusion 

T h e present paper reports the cyclomer formation of 
l , r - ( l ,3-propanediyl )b is (pyr id inyl ) diradicals (2) and 

the thermal and photochemical behaviors of the 
cyclomers. T h e m^so-cyclomer (6a—6c) is thermally 
converted in to the dl-iorm (7a—7c) and, inversely, the 
dl-iorm is photochemical ly converted into the meso-
form. T h e unstable diradical intermediates were 
detected spectroscopically at low temperature. 

Radical - radical interaction between two pyridinyl 
radical moieties connected th rough two-to-five meth­
ylene chain has been a subject of investigation since 
1967.4 '6 '23 '24) However, recent studies wi th careful 
h a n d l i n g of pyridinyl radicals revealed the facile 
cyclomer format ion for l , l ' -( l ,2-ethanediyl)bis(pyri-
dinyl) diradicals,8»10) the l , l ' - ( l ,3-propanediyl)bis[4-
(methoxycarbonyl)pyridinyl] diradical,7) and, in the 
present study, for l , l ' - ( l ,3-propanediyl)bis(pyridinyl) 
diradical derivatives. Based u p o n the results obtained 
so far, we make the fol lowing conclusions: (1) 
Pyridinyl diradicals of the type P'y-(CH2)W-P'y (n=2,3) 
are converted to the corresponding cyclomers (of meso-
and dl-iorms) under ambien t condit ions. (2) T h e 
meso- and dZ-cyclomers are convertible to each other by 
go ing th rough the diradical intermediate. (3) T h e 
4,4'-bis(methoxycarbonyl) derivatives can form the 
complex wi th metal halides;7) in the absence of the 
halides the diradicals form cyclomers. (4) Rad ica l -
radical interact ion can also occur intermolecularly, as 
observed for Id and 2d in solut ion at low tem­
perature.8* 

Experimental 

Standard vacuum line techniques were used in the 
preparation and purification of the diradicals, cyclomers, 
and solvents. UV-vis spectra were measured on a Cary Model 
14 spectrophotometer, ESR spectra were recorded on a 
Varian Model E-109E EPR spectrometer, and NMR spectra 
were recorded on a JEOL 90Q NMR spectrometer. 
Irradiation was carried out with a Ushio 500 W Hg lamp and 
Toshiba filters. Mass spectra were obtained by using a JEOL 
Model LMS-DX300 mass spectrometer. 

Materials. 1,1 '-( 1,3-Propanediyl)bis(pyridinyl) dibromide 
(5a) was prepared by treating 1,3-dibromopropane with a 
large excess of pyridine without solvent in a sealed tube at 
70 ° C for about 6 h. A dark solid product was filtered off and 
recrystallized from methanol to yield colorless crystals, 
mp 242—243 °C. Found: C, 42.73; H, 4.21; N, 7.99%. Calcd 
for CisHieNzBrz: C, 43.36; H, 4.47; N, 7.77%. 1,1'-(1,3-
Propanediyl)bis(4-methylpyridinium) dibromide (5b) and 
l,l'-(l,3-propanediyl)bis(4-^butylpyridinium) dibromide (5c) 
were prepared in a similar manner as above: 5b, colorless, 
mp 245—246 °C. Found: C, 46.31; H, 5.40; N, 7.50%. Calcd 
for Ci5H2oN2Br2: C, 46.41; H, 5.19; N, 7.21%. 5c, colorless, mp 
233—234 °C. Found: C, 53.10; H, 6.59; N, 5.98%. Calcd for 
C2iH32N2Br2: C, 53.40; H, 6.83; N, 5.93%. 

1,1 '-( 1,3-Propanediyl)bis[4-(methoxycarbonyl)pyridinium] 
dibromide (5d) was prepared by treating 1,3-dibromo­
propane with a large excess of methyl isonicotinate without 
solvent in a sealed tube at 70 °C for about 2 days. A dark 
solid produced was filtered off and recrystallized from 
methanol-water (1:1) to yield colorless crystals, mp 120— 
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123 °C. Found: C, 42.99; H, 4.51; N, 6.27%. Calcd for 
Ci7H2oN204Br2: C, 42.88; H, 4.23; N, 5.88%. 

Solvents. Acetonitrile (Guaranteed Reagent) was passed 
through an alumina column and distilled. After degassing, 
the solvent was treated with 1 -methyl-4-methoxycarbonyl-
pyridinyl radical to remove radical-reactive impurities. The 
solvent was distilled again under vacuum at low temperature 
and stored over previously degassed molecular sieves 4A in a 
storage vessel. 2-Methyltetrahydrofuran (MTHF) was 
refluxed over sodium for 3 days, degassed, and then distilled 
onto sodium and anthracene in a storage vessel. 

Reduction of Bispyridinium Salts. Reduction of 5a, 5b, 
and 5c was each carried out by two procedures: (P-l) A 
dibromide (ca. 0.025 mmol), 3% sodium amalgam (0.15 
mmol), and a Teflon-sealed stirring bar were placed in a 
reaction flask connected to a vacuum line. After 5 h of 
pumping at 10~6 Torr (1 Torr=133.322 Pa), degassed CH3CN 
(5 cm3) was distilled in, and the flask was sealed and stirred at 
0°C. The solution became yellowish and then almost 
colorless. After about 10 h, the solvent was removed and the 
residue was extracted with MTHF to obtain a colorless 
solution. The solvent was replaced by an appropriate one 
for spectral measurements. (P-2) According to the method 
described in the preceding paper,10) the aqueous solution of a 
dibromide (ca. 0.3 mmol in 5 cm3 of water) was added 
dropwise to a suspension of 3% sodium amalgam in 
cyclohexane with stirring. Reaction proceeded smoothly 
without any hazard and the cyclohexane layer gradually 
turned yellow. After stirring for about 30 min, the separated 
cyclohexane layer was dried over anhydrous magnesium 
sulfate, and then the solution was moved into a tube 
connected to a vacuum line. After degassing, the solvent was 
replaced for spectral measurement. The product from 5a in 
P-2 was almost pure 6a; MS (20 ev) m/z (rel intensity) for 6a: 
200 (M+; 39), 121 (49), 120 (66), 106 (15), and 93 (100). Pure 7a 
was obtained by heating the solution of 6a in a degassed 
solution of 6a in a sealed tube at 80 ° C for 30 min in the dark. 
m/z for 7a: 200 (M+; 62), 121 (46), 120 (84), 106 (36), and 93 
(100). The product from 5a in P-l was a mixture of 6a and 7a 
and the solution was heated at 80 °C to yield the solution of 
pure 7a. The product from 5b was usually a mixture of 6b 
and 7b in both P-l and P-2. The pure 6b was obtained by 
irradiation of the solution of the mixture with a 500 W Hg 
lamp equipped with a UV-29 glass filter for 20 min. m/z for 
6b: 228 (M+; 29), 135 (42), 134 (81), 107 (100). Pure 7b was 
obtained by heating the solution of 6b in a degassed sealed 
tube at 80 °C for 1 h. m/z for 7b: 228 (M+; 38), 135 (39), 134 
(82), 107 (100). The product from 5c was also a mixture of 6c 
and 7c. The pure 6c and 7c were obtained in a similar 
manner as above, m/z for 6c: 312 (M+; 20), 177 (37), 176 
(100), 149 (78), and m/z for 7c: 312 (M+; 19), 177(36), 176 
(100), 149(100). 

Reduction of l,l'-(l,3-propanediyl)bis[4-(methoxycarbon-
yl)pyridinium] dibromide (5d) was carried out by the 
procedure P-l, because the reduction in the presence of water 
leads to hydrolysis of the methoxycarbonyl group. The 
bromide (ca. 0.027 mmol), 3% sodium amalgam (ca. 0.15 
mmol), and CH3CN (5 cm3) were stirred in a degassed sealed 
flask at 0 °C. At the early stage of reduction, an ESR signal 
of the cation radical produced by one electron reduction of 
the dication appeared. This signal disappeared gradually, 
giving the cyclomer solution. After stirring for about 10 h, 

the solvent was removed, the residue was extracted with 
benzene, and then the solvent was replaced by MTHF for 
spectral measurements. 

Kinetic Treatment of Thermal Conversion. The kinetics of 
thermal conversion of 6a—6c into 7a—7c were followed by 
measuring the change of an 1H NMR spectrum with time at 
various temperatures. Change of the integrated signal 
intensities of H(13a) and H(13b) protons of the meso- and 
dZ-cyclomers were analyzed as the first-order reaction. The 
sample was dissolved in CD3CN, degassed, and then sealed 
in a sample tube. 
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and Dr. Kimio Akiyama for their helpful discussions. 
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in-Aid for Scientific Research Nos. 60430001 and 
63540324 from the Ministry of Educat ion, Science and 
Culture. 

References 

1) a) N. Mataga, Stud. Phys. Theor. Chem., 36, 127 (1985). 
b) T. Okada, M. Migita, N. Mataga, Y. Sakata, and S. 
Misumi, / . Am. Chem. Soc, 103, 4715 (1981). c) Y. Wang, M. 
K. Crawford, and K. B. Eisenthal, / . Phys. Chem., 84, 2696 
(1980). d) N. Mataga, M. Migita, and T. Nishimura, / . Mol. 
Struct, 47, 199 (1978). 

2) a) S. Ishikawa, J. Nakamura, and S. Nagakura, Bull. 
Chem. Soc. Jpn., 53, 2476 (1980). b) T. Hayashi, N. Mataga, 
Y. Sakata, S. Misumi, M. Morita, and J. Tanaka, / . Am. 
Chem. Soc, 98, 5910 (1976). c) M. Van der Auweraer, A. 
Glbert, and F. C. De Schryver, ibid., 102, 4007 (1980). 

3) F. Hirayama, / . Chem. Phys., 42, 3163 (1965). 
4) M. Itoh and E. M. Kosower, / . Am. Chem. Soc, 90, 1843 

(1968). 
5) Y. Ikegami, H. Watanabe, and S. Seto, / . Am. Chem. 

Soc, 94, 3274(1972). 
6) E. M. Kosower, J. Hajdu, and J. B. Nagy, / . Am. Chem. 

Soc, 100, 1186(1978). 
7) J. Hermolin and E. M. Kosower, / . Am. Chem. Soc, 

103,4813(1981). 
8) Y. Ikegami, T. Muramatsu, K. Hanaya, S. Onodera, 

N. Nakayama, and E. M. Kosower, / . Am. Chem. Soc, 109, 
2876 (1987). 

9) T. Muramatsu, K. Hanaya, and Y. Ikegami, Chem. 
Lett., 1986, 2139. 

10) Y. Ikegami, T. Muramatsu, and K. Hanaya, / . Am. 
Chem. Soc, 111, 5782 (1989). 

11) In the course of reductions of 5a, 5b, and 5c by P-l, 
cation radicals produced by one electron reduction of 
dications could not be detected. This is due to the rapid 
disproportionation of the cation radicals to 5 and 2. 

12) a) M. Saunders and E. H. Gold, / . Org. Chem., 27, 1439 
(1962); b) F. W. Fowler, ibid., 37, 1321 (1972). 

13) a) N. C. Cook and J. E. Lyons, / . Am. Chem. Soc, 88, 
3396 (1966); b) T. N. Mitchell, / . Chem. Soc, Perkin Trans. 2, 
1976, 1149. 
14) C. Campa, J. Camps, J. Font, and P. D. March, / . Org. 

Chem., 52, 521 (1987). 
15) J. Hermolin, M. Levin, Y. Ikegami, M. Sawayanagi, 

and E. M. Kosower, / . Am. Chem. Soc, 103, 4795 (1981). 
16) The rate constants obtained are apparent values, 



May, 1990] Trimethylenebis(pyridinyl) Diradical 1421 

because the thermal conversion of 6 would contain two 
processes involving the diradical intermediate (6^=^2—>7). 

17) F. T. McNamara, J. W. Nieft, J. F. Ambrose, and E. S. 
Huyser, / . Org. Chem., 42, 988 (1977). 

18) C. Ruchardt and H-D. Beckhaus, Angew. Chem., Int. 
Ed. Engl, 19, 429 (1980). 

19) Y. Ikegami, Rev. Chem. Intermed., 7, 91 (1986). 
20) K. Akiyama, S. Kubota, and Y. Ikegami, Chem. Lett., 

1981, 469. 

21) Y. Ikegami and S. Seto, / . Am. Chem. Soc, 96, 7811 
(1974). 
22) M. Itoh and S. Nagakura, / . Am. Chem. Soc, 89, 3959 

(1967). 
23) E. M. Kosower and Y. Ikegami, / . Am. Chem. Soc, 89, 

461 (1967). 
24) E. M. Kosower and J. Hajdu, / . Am. Chem. Soc, 93, 

2534(1971). 



1422 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63,1422—1426 (1990) [Vol. 63, No. 5 

Physical Properties of 3-Propylsydnone 
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The physical properties of 3-propylsydnone at various temperatures were investigated by dielectric 
constant, refractive index, density and viscosity measurements. The dielectric constant (e) of 3-propylsydnone is 
very high compared to those of many organic solvents. For example, this value was found to be 95.0 at 25 °C. 
The dielectric constant of 3-propylsydnone is approximately expressed by a cubic equation of the temperature. 
The Kirkwood equation holds over the range from 10 to 150 °C. The refractive index (TID) and density (p) data 
for 3-propylsydnone are described as linear equations of the temperature with maximum deviations of 0.008 and 
0.005%, respectively. The viscosity (77) of 3-propylsydnone at 25 °C is 8.45 cP (1 cP=10~3 N s m - 2) . This value is 
larger than those of many organic solvents, but smaller than those of sulfolane and 1,2-ethanediol. A plot of 
log 77 vs. \/T for 3-propylsydnone yields a straight line. The activation energy of the viscosity for 3-propyl­
sydnone was found to be 25.0 kj mol - 1 . 

T h e molecule, 3-phenylsydnone is well k n o w n as 
be ing the first mesoionic c o m p o u n d synthesized by 
Earl and Mackney.1* T h e structure, reactions, and 
various physicochemical propert ies of sydnone com­
p o u n d s have already been reviewed by Baker, Ollis,2) 

Stewart,3) Oh ta and Kato.4) However, no detailed study 
concerning the physical properties of sydnone com­
pounds , except for some alkylsydnones,5 _ 7 ) has been 
reported. Sydnone compounds were shown to be fairly 
soluble in most organic solvents and have remarkably 
large dipole moments 8 ) compared to those of. other 
po la r solvents. T h o u g h most sydnone compounds 
have relatively h i g h mel t ing points , 3-propylsydnone 
is a l iqu id at or near r oom temperature.3 ) Consider ing 
the large dipole m o m e n t and low mel t ing po in t of 
3-propylsydnone, it can be expected to be used as a 
good solvent for many electrolytes. 

T h e purpose of the present paper is to elucidate 
such bu lk physical properties as the dielectric con­
stants, refractive indices, densities, and viscosities of 3-
propylsydnone at various temperatures. A compara­
tive study of 3-propylsydnone and some 3-alkyl-
sydnones6»7) for these physical properties was made. 

Experimental 

General. The apparatus and techniques for measure­
ments of the dielectric constant, density, and viscosity are 
similar to those used previously.9) The refractive index was 
measured on an Abbe model 2T refractometer equipped with 
jackets through which water from a constant-temperature 
bath was circulated. The 1H and 13C NMR spectra were 
taken on a JEOL-90Q spectrometer. 

Materials. The preparation and purification of 3-propyl­
sydnone (Fig. 1), starting with ethyl bromoacetate and 
propylamine, have been described elsewhere.10) The purity 
and structure of 3-propylsydnone were confirmed by 

C.H—C 0 © 

;© O 

C H 3 C H 2 C H 2 — N-^^-'N 

Fig. 1. Structure of 3-propylsydnone. 

elemental analysis (Found: C, 46.49; H, 6.53; N, 21.48%. 
Calcd for C5H10O3N2: C, 46.87; H, 6.29; N, 21.89%), *H (Fig. 
2) and 13C NMR spectra (Fig. 3). The preparation and 
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Fig. 2. 1H NMR spectrum of 3-propylsydnone in 
CDCl3with 1%TMS. The numbers in spectrum were 
assigned to those of protons in 3-propylsydnone. 
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Fig. 3. 13C NMR spectrum of 3-propylsydnone in 
CDCl3with 1%TMS. The numbers in spectrum were 
assigned to those of carbons in 3-propylsydnone. 
The confirmation on carbons of number 4 and 5 was 
carried out with selective decoupling method. 
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purification of N,N-dimethylformamide (DMF), propylene 
carbonate (PC) and hexamethylphosphoric triamide (HMPA) 
have been described elsewhere. n»12) 

Results and Discussion 

T h e dielectric constant (e) of 3-propylsydnone 
decreases slowly wi th increasing temperature, as 
shown in Fig. 4, in a way similar to those of 3-
methylsydnone and 3-isopropylsydnone. T h i s means 
that the ar rangement of the pe rmanen t dipole is 
prevented by thermal mot ion of the molecule due to 
the increase in temperature. T h e decomposi t ion of 
3-propylsydnone seems to begin at more than 150 °C, 
since it is difficult to obta in a reproducible value of e 
beyond 150 °C. T h e dielectric constant data for 3-
propylsydnone can be described as a function of 
temperature as follows. By employing 

s = 105.76 - 4.74 X 10"1* + 8.24 X 10"4;2 - 3.96 X 10"9;3, 

it is possible to calculate the dielectric constant of 3-
propylsydnone at any temperature . T h e m a x i m u m 

Fig. 4. Temperature dependence on the dielectric con­
stant (e) of 3-alkylsydnones. (O): 3-methylsydnone, 
(D): 3-propylsydnone, (A): 3-isopropylsydnone. The 
data of 3-methylsydnone and 3-isopropylsydnone 
were quoted from Ref. 6. 

deviation between the experimental and calculated 
values was found to be <0.6% in the range from 10 to 
150 °C. T h e dielectric constant of 3-propylsydnone for 
each temperature is larger than those of 3-isopropyl-
sydnone6 ) and many organic solvents, bu t smaller than 
that of 3-methylsydnone,6) as shown in Fig. 4. 

Figure 5 shows the change in the refractive index 
(nv) of 3-propylsydnone near room temperature. T h e 
refractive index of 3-propylsydnone decreases linearly 
wi th temperature. T h e refractive index data for 3-
propylsydnone were well fitted to the following equa­
tion wi th a m a x i m u m deviation of 0.C 

nD = -3.9973 X 10"4* + 1.5073. 

T h e density (p) data for 3-alkylsydnones are shown 
in Fig. 6. T h e density for each 3-alkylsydnone is 
described as a l inear equa t ion of the temperature. T h e 
equat ion for 3-propylsydnone, 

P = - 7.960 X lO"4; +1.177, 

has a m a x i m u m deviat ion of 0.005%. By use of the 
density and dielectric constant data, it was consid­
ered whether the Kirkwood equation1 3 - 1 7) holds or not 
for 3-propylsydnone. Figure 7 shows a p lo t of 
M(£- l ) (2£+l ) (9p£)" 1 vs. 1/T, where M denotes the 
molecular weight of 3-propylsydnone. In Fig. 7, it can 
be seen that the p lo t is l inear. T h i s means that 
3-propylsydnone satisfies the Kirkwood equat ion. 
Accordingly, the dipole m o m e n t of 3-propylsydnone 
can be obtained from the slope of the straight l ine in 

1.515 h 

o 
C 

1.505 

U95 [ 

Fig. 5. Temperature dependence on the refractive 
index (rzD) of 3-methylsydnone and 3-propylsydnone. 
(O): 3-methylsydnone, (D): 3-propylsydnone. The 
data of 3-methylsydnone were quoted from Ref. 6. 
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Fig. 6. Temperature dependence on the density 
(p) of 3-alkylsydnones. (O): 3-methylsydnone, (D): 3-
propylsydnone, (A): 3-isopropylsydnone. The data 
of 3-methylsydnone and 3-isopropylsydnone were 
quoted from Ref. 6. 

Fig. 8. Temperature dependence on the viscosity (rj) 
of 3-alkylsydnones. (O): 3-methylsydnone, (D): 3-
propylsydnone, (A): 3-isopropylsydnone. The data 
of 3-methylsydnone and 3-isopropylsydnone were 
quoted from Ref. 6. 

»- 2.50 h 
o 
£ 
E 
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O 

T 
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+ 

CM 

>—» 

T 

2 

2.25 h 

2.00 
3.00 3.25 

T710-V1 
3.50 

Fig. 7. PlotofM(e-l)(2fi+l)/9pevs. l /7\ M denotes 
the molecular weight of 3-propylsydnone. 

Fig. 7 if the correlation factor, g, of 3-propylsydnone is 
close to unity, such as 3-methylsydnone and 3-isopro-
pylsydnone.6) The dipole moment obtained in this 
way was about 3.91X10"29 Cm (11.7 D). This value is 
very high compared to those of other 3-alkylsydnones6) 

and polar organic solvents. However, the exact dipole 
moment of 3-propylsydnone should be further consid­
ered from the correlation factor, g. Figure 8 shows 
the temperature dependence of the viscosity (17) of 
3-alkylsydnones. The viscosity of 3-propylsydnone 
decreases markedly as the temperature is raised, as 

shown in Fig. 8. In addition, it seems that the vis­
cosity of three kinds of 3-alkylsydnone becomes equal 
at higher temperature. The variation of the viscosity 
of a liquid with temperature is best expressed by 
means of a logarithmic equation,1® 

log 77: 

2.303RT 
+ log .4, 

where Erj and A are the activation energy and a 
constant for a given liquid, respectively. The plot of 
log 17 vs. \/T for 3-propylsydnone yields a straight 
line, as shown in Fig. 9. From the slope of the straight 
line, the value of the activation energy of the viscosity 
for 3-propylsydnone was found to be 25.0 kj mol - 1 . 
The activation energies of four typical nonaqueous 
solvents (DMSO, HMPA, PC, and DMF) were also 
calculated with the viscosity data in Fig. 10. In Fig. 
10, the data of DMSO are quoted from the literature.19) 

In Table 1, these experimental data at 25 °C of 3-
propylsydnone are summarized in order to compare 
it with those of other 3-alkylsydnones and typical 
nonaqueous solvents. The dielectric constants for 3-
alkylsydnones decrease markedly as the alkyl group on 
the 3-position of the sydnone ring becomes larger. 
The dielectric constant (88.2) of 3-propylsydnone at 
40 °C is nearly equal to that (89.78)12> of ethylene 
carbonate. This implies that 3-propylsydnone has 
the possibility to be available as a good solvent for the 
electrolyte. The refractive indices for 3-alkylsydnones 
decrease slightly with an increase in the size of the 
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Table 1. Physical Properties for 3-Alkylsydnones and Typical Nonaqueous Solvents at 25 °C 

Solvent 

3-Methylsydnone (40°C)a-b> 
3-Prpylsydnone 
3 -Isopropylsydnone 
3-Butylsydnonea) 

pCc) 
DMFC) 
DMSOc> 
HMPAC> 

(60°C)a> 

£ 

144.0 
95.0 
66.0 
52.8 
64.92 
36.71 
46.45 
29.6 

TID 

1.5150 
1.4972 
1.4852 
1.487 
1.4199 
1.4282 
1.4775 
1.4570 

p/103kgm"3 

1.3085 
1.1575 
1.1324 
1.097 
1.1951 
0.9439 
1.0954 
1.0202 

77/cP 

5.501 
8.459 
3.864 

21.4 
2.530 
0.802 
1.991 
3.10 

Er/k] mol"1 

16.5 
25.0 
17.5 

15.1 
8.9 

14.2 
16.0 

a) Ref. 6. b) Ref. 7. c) Ref. 12. Activation energies for 3-methylsydnone, 3-isopropylsydnone, and DMSO were 
calculated with Ref. 6 and 19, respectively. 

Fig. 9. Plot of the logarithm of viscosity vs. 1/7* for 
3-propylsydnone. 

alkyl g roup . T h e densities for 3-alkylsydnones, as 
m i g h t be expected, show a large decrease wi th an 
increase in the size of the alkyl g roup . T h e viscosities 
for 3-alkylsydnones, on the contrary, increase as the 
alkyl g r o u p becomes larger. In addi t ion, the viscosity 
of 3-propylsydnone is larger than those for P C and 
H M P A b u t smaller than those for sulfolane and 1,2-
ethanediol (ethylene glycol). T h e activation energy of 
3-propylsydnone is very large compared to those of 
3-methylsysnone and 3-isopropylsydnone. T h e acti­
vat ion energy of 3-alkylsydnones does not necessarily 
depend on the viscosity. However, it was found that 
the h igher the viscosity of the typical n o n a q u e o u s 
solvents, the larger the activation energy of these 
solvents (Table 1). 

In conclusion, 3-propylsydnone can be expected to 
be a good solvent for m a n y electrolytes because of the 
very h i g h dielectric constant , large dipole moment , 
moderate viscosity and convenient l iqu id range. 

n 

Fig. 10. Temperature dependence on the viscosity 
(77) of the typical nonaqueous solvents. The data 
of DMSO were quoted from Ref. 19. 
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The Electroxidation of Methanol in the Potential Region of 
Platinum-Oxygen Layer 
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Methanol oxidation at a platinum electrode in 0.5 mol dm - 3 sulfuric acid at high potentials was retarded by 
the formation of both an oxygen layer and a new type of retarding substance from methanol. The presence of 
the retarding substance was confirmed by the oxygen-deposition method. During retardation due to the 
formation of an oxygen layer, the rate of methanol oxidation both decreased and increased with increasing 
oxygen coverage and potential, respectively. The reverse efcets of oxygen coverage and potential concurrently 
occurred when the potential was a variable. At low oxygen coverage, the decreased effect of oxygen coverage was 
more remarkable than the increased effect of the potential, while the order of the remarkableness was reversed at 
middle coverage. The reversal of the order could be explained in terms of a catalytic reduction of the oxygen 
layer with methanol. 

It is well-known 1 _ 3 ) that the oxidat ion of methano l 
at a p l a t i n u m electrode in acid solut ions is remarkably 
retarded in the presence of the p l a t i n u m - o x y g e n layer. 
A similar re tardat ion has also been observed in the 
oxidat ion of ethanol ,4 _ 6 ) formaldehyde, 1«7) formic 
acid,1«® etc.1* 

T h e re tardat ion of these oxidat ions is considerably 
complex. T h a t is, the oxidat ion rate remarkably 
decreases wi th increasing oxygen coverage at low 
coverage, whi le at middle coverages it increases. Both 
the decrease and increase in the oxida t ion rate are 
expla ined in terms of a b lock ing of the react ion sites 
due to the oxygen species and a change in the chemical 
k ind of oxygen species, e.g., PtOH—»PiO.1 '6* How­
ever, no quant i ta t ive verification has been given for 
the re la t ionship between the oxidat ion rate and the 
coverage wi th a par t icular oxygen species. 

T h e re tardat ion of me thano l oxidat ion at very small 
oxygen coverage also seems to be too remarkable to be 
expla ined in terms of the format ion of an oxygen 
layer. Recently, me thano l oxidat ion in the absence of 
an oxygen layer was found to be retarded by the 
accumula t ion of formaldehyde in the vicinity of the 
electrode surface.9) T h i s re tardat ion can also occur in 
the presence of the oxygen layer. 

T h e a im of the present paper is to examine the 
kinetics of re tardat ion due to the format ion of the 
oxygen layer, and to confirm the presence of another 
type of retardat ion. T h e net retardat ion due to the 
format ion of an oxygen layer was expla ined in terms 
of a single rate equat ion , and the extraordinary rate of 
the me thano l oxidat ion at 0.8—0.9 V was due to the 
format ion of new re tarding adsorbates from methanol . 

Exper imenta l 

In order to minimize the effects of solution impurities on 
the reaction rate, a roughened platinum electrode with a 
roughness factor of 23 was used. The cell, reagents, and the 
procedures for measuring the rate of the methanol oxidation 

at a constant potential were the same as those described in a 
previous paper.9) 

The oxygen coverages, 0pto, were expressed by 

0Pto = Qpto/2QH°, (1) 

where Qn° is the charge required to fully cover the electrode 
surface in the absence of methanol, and 0pto is that required 
to reduce the oxygen layre. The values of QH° and 0pto were 
determined by using the potential sequence shown in Fig. 
1A 

i-E Curves: The effect of preoxidation on the rate of 

(A) 
• 1 . 9 V 

11 20 V/s / oxygen 
II / deposition 

methanol \ hydrogen 
oxidationX deposition 

-0.1 V 

(B) 
i 1.9 V 

I p reox ida t ion E t h a n o l 
II ^ o x i d a t i o n 

Ï.06 v l 5s r - 4 V 

— — ' \ • 0 .2 V 
- 0 . 1 V 

Fig. 1. Potential sequence for measuring coverage 
and i-E curves. 
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methanol oxidation was examined after a reduction of the 
oxygen layer by using the potential sequence shown in Fig. 
1 A. The presence of retarding adsorbates from methanol was 
confirmed by the oxygen-deposition method shown in Fig. 
IB. 

All of the experiments were carried out at 0°C and a 
methanol concentration of 0.1 mol dm - 3 . This concentra­
tion is convenient for a kinetic investigation of the methanol 
oxidation, because almost all of the products are carbon 
dioxide. All of the potentials were refered to a reversible 
hydrogen electrode (RHE) in 0.5 mol dm - 3 H2SO4. 

Results and Discussion 

Rate of Methanol Oxidation in the Presence of 
Oxygen Layer. In the presence of an oxygen layer, the 
net rate, Z'M, of the me thano l ox ida t ion can be 
expressed by 

lM : lPtOr (2) 

where ix and z'ptoF are the overall rate and the rate of 
oxygen-layer formation, respectively. T h e z'ptoF in the 
presence of methano l could be approx ima ted by that 
in its absence, for the following results: (1) T h e 0pto is 
sl ightly influenced by the presence of methanol , as can 
be seen from Fig. 2. (2) T h e zpto

F values were m u c h 
smaller t ha n ix after about 0.5 s from the start of 
oxidat ion, as can be seen from Fig. 3. Thereafter, iu 
was determined according to Eq. 2. 

Retardation of Methanol Oxidation. Figure 4 
shows the potentiostat ic iu-E curves for the oxidat ion 
of me thano l at an oxidat ion t ime of 10 s. L o g iu 
l inearly increased wi th increasing potent ia l u p to 
about 0.75 V; at h igher pot int ia ls it remarkably 
deviated from a linear l ine toward the downward 
direction, i.e., the methano l oxida t ion was remarkably 
retarded. T h e log iu-E curve had a m i n i m u m at abou t 
1.15 V, suggest ing that the retardat ion mechan i sm is 

1.0 1.2 

E vs RHE / V 

Fig. 2. Variation in oxygen coverage with potential, 
oxidation time 10 s. Solutions: (1) 0.1 mol dm - 3 

CH3OH+O.5 mol dm"3 H2SO4; (2) 0.5 mol dm"3 

H2SO4. 

complex. 
Figure 5 shows the var iat ion in iu wi th 0pto at 

several potent ia ls . A linear re la t ionsh ip between log 
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Fig. 3. Variation in oxidation rate at 1.3 V with time. 

Solutions: (1) 0.1 mol dm"3 CH3OH+0.5 mol dm"3 

H2SO4; (2) 0.5 mol dm"3 H2SO4. 

0.7 1.0 1.3 

E vsRHE / V 

Fig. 4. Variation in oxidation rate with potential. 
0.1 mol d m " 3 C H 3 O H + 0.5 mol dm" 3 H2SO4. 
Oxidation time 10 s. 
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Fig. 5. Variation in oxidation rate with oxygen 
coverage 0.1 mol d m - 3 CH3OH+O.5 mol d m - 3 

H2SO4. Potentials (V): (1) 0.80; (2) 0.90; (3) 0.95; 
(4) 1.00; (5) 1.05; (6) 1.10. 

Z'M and 0pto was valid at each potential of 0.8—1.5 V. 
The slopes of the linear lines were —6.74 over the 
entire potential range of 0.95—1.10 V, while in the 
range 0.8—0.9 V the slope decreased with decreasing 
potential. The cause of the retardation in each 
potential range of 0.8—0.9 and 1.0—1.5 V differed 
from each other, as described in the following sections. 
Therefore, we separately discuss the retardations of the 
methanol oxidation in these potential ranges. 

A) Retardation at 1.0—1.5 V: The linear lines in 
this potential range of Fig. 5 can be expressed by 

log ÎM = ai — 6.74 Öpto, (3) 

where ai is a constant depending on the potential. The 
a\ values were determined by extraporating the linear 
line to 0pto=O. As can be seen from Fig. 6, two linear 
relationships were valid between a\ and the potential 
in the potential range of about 1.0—1.25 and 1.25— 
1.4 V, respectively. Both relationships were expressed 
by 

ai = a2+ b2'E, (4) 

where 0,2 and fo are constants which depend on the 
potential range. Moreover, two linear relationships 
were valid between 0pto and the potential in the 
potential ranges of about 0.9—1.15 and 1.2—1.5 V, 
respectively, as can be seen from Fig. 2. These 
relationships are also given by 

in Oxygen Region 1429 

~" 
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0 ^ 
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i <S ' 
° 

ß> y\ 
s*' S" 0 

• 1 

E vsRHE / V 

Fig. 6. Variation in a\ with potential, 0.1 mol dm - 3 

CH3OH+O.5 mol dm"2 H2SO4, oxidation time 10 s. 

Table 1. Parameters in Kinetic Equations 
for Formation of Oxygen Layer and 

Methanol Oxidation 
logiM=ai+brE—6.74 0pto, 0pto=a3+&3'£ 

E/V 1.0—1.15 1.25—1.5 

a2 -9.99 -13.8 
62/V-1 10.8 13.9 
a3 -1.95 -1.26 
63/V-1 2.19 1.57 

0pto = az + bs'E, (5) 

where as and 63 are constants which are dependent on 
the potential range. The obtained values of «2, as, b% 
and bs are summarized in Table. 1. Mathematically, a 
combination of Eqs. 3, 4, and 5 gives 

log IM = («2 - 6.74 as) + (b2 ~ 6.74 bs)E. (6) 

Both the increase and decrease in Z'M with increasing 
potential in Fig. 4 can be explained by using Eq. 6. 
The positive and negative values of (fo-6.74 63) mean 
the increase and decrease in Z'M, respectively. Accord­
ing to Table 1, (62-6.74 63) had -3.34 and 3.74 V"1 in 
the potential ranges of 1.0—1.1 and 1.25—1.5 V, 
respectively. Although the change in 63 was only 
slight, the most significant factor of the change in the 
sign of (b2~6.74 63) was 63, i.e., the slope of the 0pto vs. 
E plots. 

Slope of 0pto vs. E Plots: In the potential range 
0.8—1.2 V, the slope of the 0Pto vs. E plots in the 
presence of methanol was slightly larger than that in 
its absence, as shown in Fig. 2. The change in the 
slope due to the presence of methanol was found to be 
due to a catalytic reduction of the oxygen layer with 
methanol, as follows. 

Figure 7 shows the open-circuit decay after the 
oxygen layer is formed at several potentials in a 
methanol solution. As is known,10) the arrest at about 
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X 

> 0.5 h 

Fig. 7. Open circuit decays after preoxidation at 
several potentials in 0.1 mol dm - 3 CH3OH+O.5 mol 
dm - 3 H2SO4. Preoxidation potentials (V): (1) 1.0; 
(2) 1.1; (3) 1.2; (4) 1.3. 

o 

0.8 

e PtO 

Fig. 8. Variation in transition time of open circuit 
decay with oxygen coverage, 0.1 mol dm - 3 CH3OH+ 
0.5 mol dm"3 H2SO4. 

1.2—0.8 V corresponds to a catalytic reduct ion of the 
oxygen layer wi th me thano l . Expressing the transi­
t ion t ime of the arrest at 1.2—0.8 V by T, a l inear 
re la t ionsh ip between 0Pto and log T was valid at 
coverages below about 0.8, as can be seen from Fig. 8. 

0PtO = fll + &llogT, (7) 

where a\ and b\ are constants. Since the reduct ion rate, 
2ptored, of the oxygen layer is 2 - Qn° • (dOno/dt), the 
2ptored can be expressed by 

z'ptored = &i-exp(—raÖPto), (8) 

where ki and m are 3.68 and 7.55X10~4Acm-2 , 
respectively. According to Eq. 8, the z'ptored exponen­
tially decreases wi th increasing 0pto. 

Also, in the case of the electroxidation of methanol , 
a par t of the oxygen layer wil l be reduced wi th 
me thano l when the potent ia l is sufficiently low. As 

CM 

E 
o 
< 

10 
o 

0.4 0.6 0.8 

E vs RHE / V 

Fig. 9. Potentiodynamic i-E curves immediately 
after preoxidation and subsequent reduction of 
oxygen layer, 0.1 mol dm - 3 CH3OH+O.5 mol dm - 3 

H2SO4, preoxidation time 10 s. Preoxidation poten­
tial (V): (1) without preoxidation; (2) 1.1; (3) 1.0; 
(4) 0.9; (5) 0.8. 

shown in Fig. 2, 0pto actually deceased in the presence 
of me thano l at potent ia ls below about 1.1 V, and 63 at 
such potent ia ls was larger t h an that at h igher 
potent ia ls . T h e 0pto also increased wi th increasing 
potent ia l in the presence of methano l . According to 
Eq. 8, therefore, the z'ptored exponent ia l ly decreases wi th 
increasing potent ia l . T h e large 63 in the low potent ia l 
range is probably due to the potent ia l dependence of 
2ptored. F rom these results, i t was concluded that the 
change in 63 in Tab le 1 was caused by a catalytic 
reduct ion of the oxygen layer wi th methanol . 

B) Retardation at 0.8—0.9 V: For convenience, 
re tardat ion due to the format ion of an oxygen layer is 
hereafter called Retardat ion A. In the potent ia l range 
of 0.8—0.9 V, some re tardat ion due to another cause 
seems to occur, since the slopes of the log zM vs. 0pto 
plots in Fig. 5 were extraordinar i ly small. T h e forma­
t ion of new retarding substances other than the oxygen 
layer was confirmed by a po ten t iodynamic method 
(Fig. IB). T h a t is, the rate of the methano l oxida t ion 
was examined immediate ly after the preoxidat ion of 
methano l and then the reduct ion of the formed oxygen 
layer. Figure 9 shows the obta ined i-E curves for 
methanol oxidat ion. T h e solid and dotted curves in 
Fig. 9 indicate the i-E curves wi th and wi thou t 
preoxidat ion, respectively. Hence, the smaller oxida­
t ion rate of the solid curve than that of the dotted curve 
indicates that some retardat ion other than Retardat ion 
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1.4 IS 

E vs RHE / V 

Fi g. 10. Potentiodynamic i-E curves for oxygen depo­
sition immediately after preoxidation at 0.9 V in 
0.1 mol dm"3 CH3OH+0.5 mol dm"3 H2S04 , scan 
rate 20 Vs"1, Preoxidation time (s): (1) 0.01; (2) 1.0; 
(3) 10. in the absence of CH3OH. 
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Fi g. 11. Potentiodynamic i-E curves for oxygen depo­
sition immediately after preoxidation at 0.9 V, 
scan rate 20 V s-1, preoxidation time 10 s. Solutions: 
(1) 0.01 mol dm"3 HCHO+0.5 mol dm"3 H2SO4, (2) 
0.01 mol dm"3 HCOOH+0.5 mol dm"3 H2SO4. 
in the absence of HCHO and HCOOH. 

A occurs. T h e retardat ion in Fig. 9 was most 
remarkable at a p reoxida t ion potent ia l of 0.8 V, and 
the extent of the retardat ion decreased wi th increasing 
preoxida t ion potent ia l . Consequent ly , the discussion 
of Retarda t ion A described in the preceding section 
was little influenced by the new retardat ion, since the 
dependence of the ox ida t ion rate on the potent ia l and 
oxygen coverage was only slight at h i g h preoxidat ion 
potentials . 

T h e format ion of new re tard ing adsorbates could be 
confirmed by the oxygen-deposi t ion method in Fig. 
1A. At the scan rate of Fig. 10, the oxygen deposi t ion 
was very fast in compar i son wi th me thano l oxidat ion. 
Consequent ly , the broad waves over the potent ia l 
range of about 0.8—1.8 V in Fig. 10 virtually 
corresponded to the oxygen deposi t ion, even in the 
presence of methanol . T h e solid lines in Fig. 10 
indicate the i-E curves for oxygen deposi t ion after 
p reoxida t ion of me thano l at 0.9 V. T h i s po ten t ia l was 
convenient for the detection of a new adsorbate by the 
oxygen-deposi t ion method, because bo th the oxidiz-
able adsorbate, such as COad, and the predeposited 
oxygen were practically absent. T h e dotted line in Fig. 
10 indicates the i-E curve from 0.8 V in the suppor t ing 
electrolyte alone, i.e., a curve wi thout any predeposited 
oxygen and oxidizable adsorbate. F rom a compar ison 
of the solid and dotted curves, the formation of 
nonreactive adsorbates from methanol was confirmed. 
Similar adsorbates have been reported in the case of the 
adsorp t ion of some ha logen i o n s n ' 1 2 ) and acetic acid13) 

on p l a t i n u m electrodes, bu t have not so far been 
detected in the oxida t ion of me thano l and related 
c o m p o u n d s . T h a t is, the adsorbates which were 
detected in Fig. 10 were a new type in me thano l 
oxidat ion. J u d g i n g from the magn i tude of the 

decrease in the rate of the oxygen deposi t ion, the 
adsorbate a m o u n t increased wi th increasing time. 
Hence , the current decay, such as tha t in Fig. 3, can be 
expla ined in terms of the format ion of this adsorbate. 

As can be seen from Fig. 11, similar adsorbates were 
also detected in the presence of a small a m o u n t of 
formaldehyde a n d formic acid. In the case of formic 
acid, Kita et al.14) a t t r ibuted the re tardat ion of its 
oxida t ion to the formation of a polymer-l ike adsorbate 
which was stabilized by hydrogen bond ing at the 
oxygen a tom. In the case of methanol oxidat ion, 
probably, the oxygen a tom of the dehydrogenated 
me thano l is stabilized by a s imi lar bond ing . In order 
to confirm the format ion of the polymer-l ike adsorb­
ate, however, further invest igation is necessary. 

Mechanism of Methanol Oxidation in the Presence 
of Oxygen Layer. T h e fol lowing equa t ion can be 
derived from Eqs. 3 and 4. 

iu = k exp(anFE/RT)-exp(—m6pto), (9) 

where an a n d m are constants . A similar equa t ion has 
been proposed for oxygen deposi t ion , 1 0 and expla ined 
in terms of charge transfer accompanied by an 
adsorpt ion step. In the case of me thano l oxidat ion, 
the adsorpt ion of me thano l molecules and some 
intermediates has been suggested.9 '16 '17) T h e coverage 
dependence of Z'M in Eq. 9 indicates a strong interact ion 
between the adsorbed organic molecules and adsorbed 
oxygen. As is known,1 8 ) the a m o u n t of adsorbates from 
methano l was too small to be detected by the usual 
method. T h i s fact suppor t s the idea that interacted 
adsorbates are the reactant, i.e., methanol molecules. 

F rom these results, it was concluded that the rate-
de te rmin ing step in the presence of p l a t i n u m oxide 
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was a methano l adsorpt ion accompanied by some 
charge transfer. 
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Ultrafine particles of platinum were prepared as stable aqueous dispersions by a photoreduction method in 
the presence of soluble protective polymers. By use of the protective polymer with methyl acrylate residues as a 
reactive group, the polymer-protécted ultrafine platinum particles were successfully immobilized onto 
crosslinked polymer supports with amino groups. The present immobilization was attributed to the formation 
of amide bonds by the reaction of methyl acrylate residues in the protective polymer with amino groups in the 
support, and the immobilization mechanism was investigated by the model reaction using protective polymer 
with ^-nitrophenyl acrylate residues as a reactive group. The immobilized platinum particles obtained show 
high catalytic activity for hydrogénation of olefins and specific substrate selectivity due to a hydrophilic-
hydrophobic interaction between the support and the substrate. 

T h e ions of noble metals, such as gold, silver, 
p l a t i num, and pa l l ad ium, are easily reduced to the 
cor responding elemental metals in solut ions by 
various reduct ion methods. By addi t ion of soluble 
polymers before the reduct ion, stable dispersions of 
ul trafine metal particles protected by the polymers can 
be prepared.1* These polymers , termed protective 
polymers or protective colloids, are adsorbed on the 
surface of metal particles by hydrophobic interactions, 
and prevent the aggregat ion of the particles by steric 
stabilization.2»3) T h e adsorpt ion of polymers on the 
surface of the fine particles is regarded as an 
irreversible process since the s imul taneous desorpt ion 
at all sites of mul t i -po in t adsorpt ion of a long polymer 
chain is statistically difficult.4* T h e interactions 
between the metal surface and the polymer chain are 
mainly to be at tr ibuted to essentially reversible 
physical adsorpt ion. 

Such ultrafine metal particles protected by polymers 
show h igh catalytic activity in various chemical 
reactions. Fine particles of r h o d i u m and p l a t i n u m 
protected by poly(vinyl alcohol) have h igh activity in 
hydrogénat ion of olefins under a tmospher ic pressure.5) 

Noteworthy, r hod ium particles of 9 Â average diameter 
catalyze hydrogénat ion of internal olefins more effec­
tively than terminal olefins.6) Ultrafine particles of 
pa l l ad ium hydrogenate dienes to monoenes selectively 
w i thou t further hydrogénat ion.7 ) T h e carbon-n i t ro­
gen triple bond of acrylonitrile is selectively hydrated 
by fine particles of copper protected by poly(iV-vinyl-2-
pyrrol idone) , g iving acrylamide in 100% yield wi thou t 
formation of any ethylene cyanohydrin.8 ) 

T h e dispersions of the polymer-protected fine metal 
particles are preferable to the conventional supported 
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metal catalysts in the homogenei ty of their particle 
sizes, the reproducibi l i ty in the preparat ion, and their 
activity and selectivity as catalysts. Nevertheless, the 
dispersed system has some difficulties in the separation 
of the products and the recovery of the catalysts from 
the reaction mixtures. T h e immobil izat ion of the 
metal particles wi thou t reducing their activity, there­
fore, is of great impor tance for practical ut i l izat ion of 
the catalysts. There have been some reports on 
immobi l iza t ion of colloidal metal particles by use of 
Cou lombic attractive force between charged colloidal 
particles and solid surfaces,9) bu t there migh t be some 
problems. For example , electrical charges are neu­
tralized at p H near the isoelectric po in t of the particles, 
and electrostatic interactions are drastically suppressed 
in organic media wi th low dielectric constants. 
Consequent ly , de tachment of the particles from the 
suppor t m i g h t occur by c h a n g i n g the envi ronment of 
the electrostatically immobil ized metal particles. In 
order to decrease these unfavorable probabili t ies it is 
required to make a s t rong l inkage such as a covalent 
b o n d between the metal part icle and the suppor t . 
However, there has scarcely been any report on the 
immobi l iza t ion of metal particles by covalent bond­
ings. 

Immobi l iza t ion of homogeneous metal complexes 
has been widely investigated in the field of immobil iz­
ed catalysts. Organic polymer suppor ts have been 
widely used, since they can be easily functionalized by 
organic reactions. T h e formation of novel active sites 
by interact ions between the metal complex and the 
polymer suppor t , 10'11) and the increase in the catalytic 
selectivity by taking advantage of polymer effects12-14* 
have been studied wi th great interest. Decrease of the 
activity of the metal complex catalysts caused by 
immobi l iza t ion has been efficiently overcome by us ing 
a flexible spacer chain in pendant- l ike form.15) 

Protective polymers, which protect ultrafine metal 
particles from aggregat ion, can offer micro-environ-
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men t which is different from the bu lk dispersion 
medium. Hence the modification of the protective 
polymers makes it possible to functionalize the fine 
metal particles. T h u s a covalent immobil izat ion of the 
fine metal particles can be achieved by bond formation 
between a functional g r o u p in the suppor t and a 
reactive residue in the protective polymer. In this way 
the metal particles are immobil ized on to the suppor t 
in pendant- l ike form, min imiz ing the loss of activity 
of the fine metal particles due to the immobil izat ion. 

In the present paper , we introduce ester groups as 
reactive residues to the protective polymers by radical 
copolymerization. Covalent immobil izat ions of ultra-
fine p l a t i n u m particles are successfully achieved by 
amide b o n d formation between the protective poly­
mers and the support . Mechanisms of the immobil iza­
t ions are investigated by fol lowing the formation of 
the releasing molecules dur ing the immobi l iza t ion 
reaction, together wi th a value of the £ potent ia l of the 
fine p l a t i n u m particle. T h e catalytic activity of the 
immobi l ized p l a t i n u m particles so obtained are 
examined in hydrogénat ion reactions of olefins. T h e 
selectivities for the substrates are discussed.16) 

Experimental 

Materials. Methyl acrylate and N-vinyl-2-pyrrolidone 
were purified by distillation of commercial guaranteed grade 
reagents under a nitrogen atmosphere. Acryloyl chloride 
was purified by vacuum distillation before use. A partially 
N-(2-aminoethyl) substituted Polyacrylamide gel, Amino-
ethyl Bio-Gel P-150, was purchased from BIO RAD Labo­
ratories Co., Ltd. (California, U.S.A.) and used without 
further purification as the support for the immobilization. 
Other reagents were all of guaranteed grade and used as 
received. 

Apparatus. 1H NMR spectra were obtained on a JEOL 
FX-90Q NMR spectrometer, and IR spectra were recorded by 
a JASCO type A-3 infrared recording spectrophotometer. 
UV-VIS absorption spectra were obtained on a Hitachi 340 
recording spectrophotometer and a MCPD-110A rapid 
scanning multichannel photodiode array spectrometer from 
Otsuka Electronics Co. The £ potential of the platinum 
particle was evaluated on the basis of the velocity of the 
boundary movement by electrophoresis in a U-tube with a 
potential gradient of 1.57 V cm_1.17) Transmission electron 
micrographs were observed with a Hitachi HU-12A transmis­
sion electron microscope operated at an acceleration voltage 
of 100 kV. Molecular weights of the protective polymers 
were determined by gel permeation chromatography (GPC) 
with a Toyo Soda HLC-802UR high performance liquid 
Chromatograph apparatus equipped with G7000H6+G5000H6 
+G3000H8 columns using chloroform as a mobile phase 
and polystyrenes as standards. GPC experiments in aqueous 
phase were performed by a Toyo Soda HLC-803D high 
performance liquid Chromatograph apparatus equipped 
with a G3000PW column with water as the mobile phase at a 
flow rate of 0.5 cm3 min - 1 . 

Synthesis of Protective Polymer with Methyl Acrylate 
Residues (P(MA-VP)). Poly(methyl acrylate-co-N-vinyl-2-
pyrrolidone) (P(MA-VP)) was prepared as follows. Methyl 

acrylate (0.8 cm3, 9 mmol), AT-vinyl-2-pyrrolidone (22 cm3, 
200 mmol) and benzoyl peroxide (0.05 g, 0.4 mmol) were 
dissolved in 16 cm3 of ethanol and the solution refluxed for 
4 h at 80 ° C. The reaction mixture was poured into diethyl 
ether and the resulting white precipitate was purified by 
reprecipitation with chloroform and diethyl ether. The 
copolymer so obtained was soluble in water, methanol, 
ethanol, and chloroform, whereas acetone, dioxane, diethyl 
ether, and hydrocarbons were poor solvents. The copolymer 
was identified by IR and *H NMR spectroscopy. In the IR 
spectrum of the copolymer, the peaks at 1405 cm - 1 and 
980 cm - 1 due to C-H bendings of vinyl group disappeared, 
although the peaks at 1680 and 1725 cm - 1 remained. These 
were assigned to the carbonyl stretching of the pyrrolidone 
ring and the carboxymethyl group, respectively. 1H NMR 
spectrum of the copolymer gave a peak due to methoxyl 
protons at 6=3.65 ppm and peaks due to pyrrolidone ring 
protons in the region from 2.0 to 3.4 ppm in 8. No peaks were 
observed in the region from 6 to 7 ppm in 8 due to vinyl 
protons. The content of methyl acrylate residues of the 
copolymer was quantified as 35 mol% by estimation of the 
peak areas of the *H NMR spectrum. The number-averaged 
molecular weight of the copolymer so obtained was 
determined as ca.5800 from the GPC measurement. 

Synthesis of Protective Polymer with p-Nitrophenyl 
Acrylate Residues (P(NPA-VP)). p-Nitrophenyl acrylate 
was synthesized from acryloyl chloride and /?-nitrophenol in 
the presence of triethylamine,18) and identified by IR and 
*H NMR spectroscopy. £>-Nitrophenyl acrylate (0.193 g, 
1.0 mmol) and azobis(isobutylonitrile) (0.164 g, 1.0 mmol) 
were dissolved in 22 cm3 of N-vinyl-2-pyrrolidone. The 
mixture was degassed twice by freeze-pump-thaw cycles and 
refluxed for 21 h at 70 °C under nitrogen. The reaction 
mixture was then poured into diethyl ether and poly(£>-
nitrophenyl acrylate-co-AT-vinyl-2-pyrrolidone) (P(NPA-VP)) 
was obtained as a light-yellow solid after purification by 
reprecipitation with the chloroform-diethyl ether system. 
The copolymer so obtained was readily soluble in chloroform 
and ethanol, but the solubility in water was low, possibly 
due to the hydrophobic nitrophenyl groups. The IR 
spectrum of P(NPA-VP) retained the peaks at 3100, 1740, 
1520, and 1350 cm - 1 ascribed to the ^-nitrophenyl ester 
group and the pyrrolidone ring, although no peaks from the 
vinyl group remained. The observed peaks at 8=7.2 and 
8.3 ppm in the *H NMR spectrum of the copolymer were 
assigned to the protons of the para-disubstituted aromatic 
ring in the ^-nitrophenyl residue, whereas no peaks were 
observed in the vinyl region. The content of ^-nitrophenyl 
acrylate residues of the copolymer was 14 mol% on the basis 
of the peak areas of the *H NMR spectrum. The 
number-averaged molecular weight of P(NPA-VP) was 
estimated as ca.1600 from the GPC. 

Preparation of Ultrafine Platinum Particles. Ultrafine 
platinum particles were prepared as aqueous dispersions by 
a photoreduction method.19) Potassium tetrachloroplatinate 
(II) and the copolymer P(MA-VP) were dissolved in a 
water-ethanol (1/1, v/v) mixed solvent at concentrations of 
1.0X10-3 mol dm - 3 and 2 g dm - 3 , respectively. The number 
of residues of the protective polymer per platinum atom was 
20. The solution in a Pyrex Schlenk tube was degassed twice 
by freeze-pump-thaw cycles and then irradiated by a 500 W 
ultra high-pressure mercury lamp (Ushio Electric Co., Ltd.) 
for 2 h at room temperature. A dark brown homogeneous 
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dispersion was obtained. When P(NPA-VP) was used as a 
protective polymer, ultrafine platinum particles were pre­
pared by the same procedure at concentrations of [Pt]=1.0X 
IO-4 mol dm-3 and [P(NPA-VP)]=0.25 g dm~3. Under these 
conditions, the ratio of polymer residues to a platinum atom 
was 25. 

Immobilization of Platinum Particles Protected by 
P(MA-VP) onto Polymer Support. A Polyacrylamide gel 
with 2-aminoethyl groups was used as a support for 
immobilization. One gram of the support was sufficiently 
swollen by 53 cm3 of water, and to this mixture was added 
20 cm3 of the dark brown aqueous dipersion of the ultrafine 
platinum particles. After stirring this mixture for several 
hours the dark brown colored support was separated by 
filtration and washed repeatedly with water and then with 
methanol. The resulting support was dried in vacuo to 
obtain the immobilized catalyst. 

Reaction of Protective Polymer with p-Nitrophenyl 
Acrylate Residues with 2-Aminoethyl Polyacrylamide Gel. 
The model reactions of immobilization by the use of the 
protective polymer containing /?-nitrophenyl ester residues 
instead of methyl ester were carried out in buffer solutions at 
pH 8.3, 9.3, and 10.3. The ionic strengths of the buffer 
solutions were adjusted to 0.5 mol dm - 3 by addition of 
potassium chloride in all cases. A half gram of 2-aminoethyl 
Polyacrylamide gel (2-aminoethyl content, 0.87 milli-
equivalent) was sufficiently swollen by 11 cm3 of the buffer 
solution at the prescribed pH. The pH values of the 
supernatants were the same as those of the initial buffer 
solutions. The reaction was initiated by addition of 5 cm3 of 
the dispersion of ultrafine platinum particles which were 
protected by a copolymer with £>-nitrophenyl acrylate 
residues, P(NPA-VP). Aliquots of the reaction mixture were 
sampled after appropriate intervals and the filtrates of the 
samples were measured spectrographically. 

Measurement of Catalytic Activities of the Ultrafine 
Platinum Particles for Olefin Hydrogénation. Catalytic 
hydrogénation reactions of various olefins under atmo­
spheric pressure were carried out as follows: To 0.1 g of the 
immobilized platinum catalyst (amount of platinum, 2X10-6 

mol), 19 cm3 of a water-ethanol (1/1, v/v) mixed solvent was 
added and the mixture was stirred at 30.0 °C under hydrogen 
at atmospheric pressure until a steady volume of the gas 
phase was attained. Then the reaction was started by 
addition of 1 cm3 of the ethanol solution of the substrate to 
give a total volume of 20 cm3. The hydrogen uptake was 
followed by a gas burette to determine the initial rate of 
hydrogénation. In the case of the reaction using the 
dispersion of ultrafine platinum particles as a catalyst, 1 cm3 

of the dispersion (amount of platinum, lX10~6mol) and 
18 cm3 of the solvent was used. 

Results and Discussion 

Preparation of the Dispersions of Ultrafine Plat­
inum Particles. Ultrafine particles of p l a t i n u m were 
prepared by photoreduct ion us ing a copolymer wi th 
methyl acrylate residues, P(MA-VP) , as a protective 
polymer. T h e dispersions obtained showed a dark 
b rown color and were stable for more than several 
mon ths . Absorpt ion spectra of the dispersion are 
i l lustrated in Fig. 1. T h e dispersions of p l a t i n u m 

400 600 
Wavelength / nm 

Fig. 1. UV-VIS absorption spectrum of colloidal 
dispersion of ultrafine platinum particles before (a) 
and after (b) photoreduction. 

Fig. 2. Transmission electron micrograph of ultra-
fine platinum particles prepared by photoreduction 
in the presence of P(MA-VP). Particles size distribu­
tion and average diameter are also shown. 

particles obta ined after the photoreduct ion show 
broad absorpt ion spectra w i thou t structure from the 
visible region to the near UV. T h e absorpt ion peaks 
due to P t C U 2 - completely disappeared on photoreduc­
tion, showing complet ion of the reduction of the 
p l a t i n u m ions. T h e transmission electron micrograph 
was observed by d r o p p i n g the obtained dispersion on a 
micro grid suppor ted on a copper mesh. T h e resul t ing 
electron mic rograph wi th size dis t r ibut ion is shown in 
Fig. 2. T h e p l a t i n u m particles were small wi th 
considerably nar row size dis t r ibut ion at an average 
dimeter of ca.19 Â. 

Al though a solut ion of the protective polymer a lone 
showed the peak at e lu t ion vo lume of 12 cm3 , the peak 
of the protective polymer disappeared for the disper­
sion of the polymer-protected ultrafine p l a t i n u m 
particles in the aqueous G P C measurements . T h i s 
result suggests that, at least under the condit ions of the 
present G P C experiments , the protective polymer 
remains adsorbed on the surface of the p l a t i n u m 
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particles without any desorption. Since the platinum 
particles protected by the polymer are required to 
permeate through the porous gel packed in the GPC 
column under high head pressure around 15 kgf cm - 2 

(1470 kPa) in the GPC experiments, the adsorption of 
the protective polymer on the surfaces of the metal 
particle is considered to be fairly strong. This is 
consistent with a practical irreversibility of polymer 
adsorption on the solid surface at the liquid-solid 
interface.4* 

Immobilization of the Ultrafine Platinum Particles 
to the Polymer Support. The main chain of the 
polymer protecting the metal particles in solution is 
considered to consist of sequences of segments termed 
"trains", "loops", and "tails".20* The "trains" are in 
direct contact with the surface of the metal particle, 
and "loops" and "tails" are the middle and the free 
ends of the polymer chains, respectively, both extend­
ing into the bulk solution. In the protective polymers, 
the reactive residues which can practically react with 
the support are likely to be those in "loops" and 
"tails". Even after the "loops" and "tails" have been 

protective polymer 

support 

Fig. 3. Schematic illustration for covalent immobili­
zation of ultrafine metal particles protected by poly­
mers. 

linked to the support, the "trains" are considered to 
interact with the metal surface. Consequently, it is 
expected that the ultrafine metal particles will be 
immobilized onto the support with the surrounding 
protective polymers in a pendant-like form as illustrat­
ed in Fig. 3. 

The support used for the immobilization is a 
crosslinked acrylamide gel in which some amide 
groups are 2-aminoethylated (the 2-aminoethyl con­
tent is 1.74 milli-equivalent per gram of the dry gel). 
The support, a white fine powder in the dry state, 
becomes a colorless translucent slurry when swollen by 
water. After swelling 1.0 g of the support by 53 cm3 of 
water, a translucent slurry of the support settled down to 
the lower layer and the upper layer was transparent as 
an aqueous supernatant. To this mixture, was added 
20 cm3 of the dark brown dispersion of ultrafine 
platinum particles protected by P(MA-VP), and the 
mixture was stirred for several hours. When the 
resulting mixture was stilled for a while, the dark 
brown support settled down to the lower layer and the 
liquid phase turned colorless. This color change 
clearly demonstrates the immobilization of the plat­
inum particles in the dispersion onto the support. 
The appearance of these procedures is schematically 
shown in Fig. 4. 

The immobilization was strong enough to permit 
repeated washing with solvents such as water, meth­
anol, and ethanol. No release of the immobilized 
particles from the support was observed. No 
detachment of the immobilized particles was detected 
on altering the pH of the system within the range from 
2 to 13. Moreover, the immobilization was completed 
even at high ionic strength in a 0.1 mol dm - 3 NaCl 
solution. From these results, both physical adsorption 
and electrostatic adsorption can be ruled out as the 
nature of the present immobilization. As planned, a 
firm linkage between the protective polymer and the 
support is believed to be formed. 

By the use of a Polyacrylamide gel without any 2-
aminoethyl group as a support instead of with the 
2-aminoethyl group, no immobilization of platinum 

^ 
Polyacrylamide Gel 
with Aminoethyl Groups 

(Support) 

(A 
^Dispersion of Pt Particles 
Protected by P(MA-VP) 

Vs 
'A 

Stirring-

Immobilized 
Catalyst 

Fig. 4. Schematic diagram for immobilization of ultrafine platinum 
particles onto Polyacrylamide gel having amino groups. 



May, 1990] Covalent Immobilization of Ultrafine Platinum Particles onto Polymer Support 1437 

V///A, 
Support S-NH2 + H3C-0-C 

w/A . & 

W/A 
Support V N - C + CH3OH 

''////A. ^ 
Support VNH2 + 02N-®-0-C 

w/A , * 
W/A 
Support 4-N-c 
WAhi> 
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Scheme 1. Scheme 2. 

particles protected by P(MA-VP) occurred. On the 
other hand, no platinum particles protected by 
poly(N-vinyl-2-pyrrolidone) without a methyl acrylate 
residue were immobilized onto the 2-aminoethyl 
Polyacrylamide gel. It is obvious from these facts that 
both the 2-aminoethyl groups in the support and the 
methyl acrylate residues in the protective polymer are 
required to achieve the immobilization. 

The above results strongly suggest the formation of 
an amide bond by the chemical reaction between the 
methyl acrylate residue in the protective polymer and 
the amino group in the support, as shown in Scheme 
1, in the similar way to the aminolysis of an ester. To 
confirm this conjecture, a model reaction was per­
formed by use of a protective polymer with p-
nitrophenyl ester residues instead of methyl acrylate, 
and the reaction mechanism of the immobilization 
was investigated. 

Immobilization Mechanism. Assuming the amide 
bond formation occurs by aminolysis of the methyl 
ester residues in the protective polymers, the immobi­
lization reaction must be accompanied by an evolution 
of methanol as shown in Scheme 1. Nevertheless, the 
methanol evolved could not be detected by a gas 
Chromatograph in the preliminary experiments be­
cause of the enormous amount of accompanying 
ethanol. If the immobilization was achieved by using 
a protective polymer with £>-nitrophenyl ester as the 
reactive residue, instead of methyl ester, p-nitrophenol 
must have been evolved21) during the immobilization 
reaction as is shown in Scheme 2. p-Nitrophenol is a 
chromophore with a pKâ value of 7.1, and, in basic 
conditions, has strong absorption maximum at A=400 
nm with £=18,200 as /?-nitrophenolate.22) The amide 
bond formation in the immobilization thereby can be 
examined by following the absorption spectrum of the 
released p-nitrophenolate anion in the liquid phase. 

The reactions were carried out at pH 8.3, 9.3, and 
10.3, in both the presence and absence of the support. 
The absorption spectra of filtrates of the reaction 
mixtures were recorded against the reaction time. The 
absorption by the platinum particles was compensated 
by deduction of absorbance at 550 nm from the values 
at 400 nm, and the time course of the net values 

0 
0 
75 

lo
g 

0< 

-0.2 

-0.4 

-0.6 

i£>f>m O m n , 

^crz"*-**-** 

• 

E _ o 
* o ^0 i 

1 1 

r^ö=*^J 

1 1 
20 40 60 

t / min 
80 100 

Fig. 5. Change of /?-nitrophenol concentration dur­
ing the aminolysis of /?-nitrophenyl acrylate residues 
in P(NPA-VP) as the protective polymer of ultrafine 
platinum particles at pH 8.3 in the presence (O) and 
the absence (•) of the support with amino groups. 
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Fig. 6. Change of /?-nitrophenol concentration dur­
ing the aminolysis of/?-nitrophenyl acrylate residues 
in P(NPA-VP) as the protective polymer of ultrafine 
platinum particles at pH 10.3 in the presence (O) 
and the absence (•) of the support with amino 
groups. 

obtained was analyzed. 
Because the concentration of hydroxide ions in an 

aqueous phase is steady and the amount of the amino 
groups in the support (0.87 milli-equivalent) is in 
large excess to that of the £>-nitrophenyl ester residues 
in the protective polymer (1.75X10-3mmol), pseudo 
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first-order kinetics can be assumed for the ester 
residues. As plotted in Figs.5 and 6, logar i thms of the 
concentrat ions of the remain ing ester residues in the 
protective polymer linearly decrease wi th the reaction 
t ime, conf i rming the validity of the pseudo first-order 
assumpt ion . Apparen t pseudo first-order rate con­
stants Aobs were calculated from the slopes of the straight 
lines fitted to the data at each p H by least-squares 
regressions. T h e results are summarized in Table 1. 
Since the values of £Qbs contain contr ibut ions from the 
spontaneous hydrolysis of P (NPA-VP) at the corre­
spond ing p H , the differences between Aobs in the 
presence and absence of the suppor t at each p H are 
ascribed to net esterlysis by the a m i n o groups in the 
suppor t . T h e value of k0\>s at p H 10.3 for the 
P (NPA-VP) involving the ultrafine p l a t i n u m particles 
in the presence of the suppor t is obviously larger than 
the value in the absence of the support , which 
confirms the attack of the a m i n o groups on the p-
ni t rophenyl acrylate residues resul t ing in the forma­
tion of the amide bond between the suppor t and the 
protective polymers wi th release of p -n i t rophenol . At 
p H 8.3, on the other hand , the value of Aobs in the 
presence of the suppor t is small and almost the same as 
in the absence of the support . These facts indicate that 
the release of p-n i t rophenol at p H 8.3 is not due to 
reaction wi th the a m i n o groups in the suppor t bu t 
mostly to the reaction wi th water, spontaneous 
hydrolysis. 

T h e amino g roup in the suppor t is considered to 
have a pKa value about 10 estimated from the values for 
alky lamines , for example p£ a =10.63 for ethylamine,2 3 ) 

so that half of the a m i n o groups and almost all of 
them mus t be protonated at p H 10.3 and 8.3, 

Table 1. Apparent Pseudo First-Order Rate 
Constants for Aminolysis of p-Nitrophenyl 

Ester Residue in P(NPA-VP) 

System 
ÄobsXlOVs-1 

pH 8.3 pH 9.3 pH 10.3 

Pt/P(NPA-VP)a>+Support 3.1 24 160 
Pt/P(NPA-VP)a> only 2.4 7.4 67 

a) Pt ultrafine particles protected by P(NPA-VP). 

respectively. T h e absence of the release of p-
ni t rophenol by the reaction wi th the a m i n o groups at 
p H 8.3 is impu ted to a loss of nucleophil ici ty of the 
amino g roup on protonat ion. T h i s is inconsistent 
wi th the occurrence of the immobi l iza t ion at p H 8.3. 
T h e protonated amino g r o u p acquires a positive 
charge at the same time wi th the loss of nucleo­
phil ici ty so that electrostatic attractive force may play 
a major role in the immobil izat ion at p H 8.3 if the 
ultrafine p l a t inum particles are charged negatively as is 
generally reported for inorganic colloidal particles.24) 

From the electrophoretic experiments , the £ potent ial 
of the p l a t i num particle was evaluated as —10 mV, in 
agreement wi th the previous reports for the sign of 
the charge.24) In the immobi l iza t ion at p H 8.3, the 
p l a t i n u m particles are thus assumed to be adsorbed 
electrostatically on the positively charged a m i n o 
groups in the support . If this is the case, the detach­
ment of the p l a t i n u m particles from the suppor t 
is expected at h igher p H area where the a m i n o g roup 
is deprotonated and loses the positive charge. Actual­
ly, no release of the p l a t i n u m particles was detected on 
increase of the p H from 8.3 to 10 or 12. Instead both 
the coloring of the l iquid phase by release of p-
ni t ropheno l and flocculation of the suppor t were 
observed. T h i s f inding is ascribed to the gain of 
nucleophi l ic i ty of the a m i n o g r o u p and at the same 
t ime the charge neutral izat ion and the consequent 
amide bond formation by the a m i n o g roup wi th the 
copolymer protect ing the p l a t i n u m particles before 
their release. 

From the results ment ioned above, it is corroborated 
that, in the p H range where the a m i n o groups have 
nucleophil ici ty, amide bonds are formed by chemical 
reactions between the ester residues in the protective 
polymers and the a m i n o groups in the support , and 
the polymer-protected ultrafine p l a t i n u m particles are 
covalently immobil ized on to the support . 

Catalytic Activities of the Immobilized Ultrafine 
Platinum Particles. T h e immobil ized ultrafine plat i­
n u m particles obtained were subjected to catalytic 
hydrogénat ion reaction of olefins under a tmospher ic 
pressure at 30 °C. Ini t ial rates of the hydrogénat ion of 
various olefins catalyzed by the immobil ized p l a t i n u m 

Table 2. Catalytic Activities of Ultrafine Platinum Particles for Hydrogénation of Olefins 

Initial hydrogénation ratea) 

Substrate Immobilized ultrafine 
particles 

(n) 

Colloidal dispersion 
to) 

platinum carbon 
(rc) 

1.6 
1.3 
3.2 
2.1 
2.0 
0.0 

r\/rc 

100 
77 
34 
17 
11 
— 

Ti/U 

0.47 
0.56 
0.33 
0.15 
0.10 
0.49 

Ethyl vinyl ether 
Acrylamide 
1-Hexene 
Cyclohexene 
Mesityl oxide 
Acrylonitrile 

160 
100 
110 
36 
22 
22 

340 
180 
330 
240 
210 
45 

a) H2-mmol Pt-mol -1 s_1 at 30.0°C under 1 atm of hydrogen in ethanol/water (1:1). See text for details. 
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particles and the commercial platinum carbon cata­
lyst are shown in Table 2. Ethyl vinyl ether, acryl-
amide, 1-hexene, cyclohexene, mesityl oxide (4-methyl-3-
penten-2-one), and acrylonitrile were used as sub­
strates. The immobilized platinum particles show 
remarkably high catalytic activities which are 11, 34, 
and 100 times as large as the commercial platinum 
carbon catalyst for mesityl oxide, 1-hexene, and ethyl 
vinyl ether, respectively. The commercial platinum 
carbon catalyst has little activity for hydrogénation of 
acrylonitrile. These results indicate that the catalytic 
activities of the ultrafine platinum particles are not 
seriously damaged through the immobilization pro­
cedure. 

The catalytic activities of the dispersions of plati­
num particles before immobilization vary by a factor 
up to 2 for all except acrylonitrile, whereas the 
activities of the immobilized platinum particles range 
over a factor of 7 between ethyl vinyl ether and mesityl 
oxide at the maximum. This situation is attributed 
to the fact that the decrease of the activities by the 
immobilization depends on the substrates, i.e., the 
decreases are small for ethyl vinyl ether, acrylamide, 
and acrylonitrile, and large for 1-hexene, cyclohexene, 
and mesityl oxide. The ratio of the activities of the 
immobilized platinum particles to those of the 
dispersions of the particles before the immobilization, 
n/rd, was calculated as a measure of the change of 
activities by the immobilization. The ratios are 
around 0.5 for acrylamide, acrylonitrile, and ethyl 
vinyl ether, 0.33 for 1-hexene and about 0.1 for 
cyclohexene and mesityl oxide as indicated in Table 2. 

The change of the value of n/rd is influenced by 
the presence of the support. The support for the im­
mobilization has an acrylamide skeleton with strong 
hydrophilicity so that the effective concentraions 
of hydrophobic substrates can decrease around the 
active sites of the immobilized catalyst. The values of 
n/rd and solubilities in water (w% in water)25) of the 
substrates as a qualitative measure of their hydrophi­
licity are summarized in Table 3. The values of n/rd 
exhibit a similar tendency in the order to the 
solubilities in water except for cyclohexene and 
mesityl oxide. Cyclohexene is an internal olefin with 
larger steric hindrance for hydrogénation than the 
terminal olefins on account of two methylene groups 

Table 3. Relationship between n/u and 
Solubility of Substrates in Water 

Substrate n/rd Solubility/%a) 

Acrylamide 0.56 68.3 
Acrylonitrile 0.49 7.35 
Ethyl vinyl ether 0.47 0.9 
1-Hexene 0.33 0.00697 
Cyclohexene 0.15 0.0213 
Mesityl oxide 0.10 2.89 

a) Ref. 25. 

adjacent to the carbon-carbon double bond. The steric 
hindrance for mesityl oxide is also extremely large 
because of two methyl groups and one carbonyl 
group next to the double bond. It is considered that 
the steric hindrance for these substrates will be 
emphasized by the bulky support in the vicinity of the 
catalytic active sites, which results in a large decrease 
of the catalytic activity by the immobilization of the 
platinum particles onto the support. The decrease of 
the catalytic activity of the ultrafine platinum particles 
by the immobilization is thus considered to depend on 
the change of effective concentration of substrates 
around the catalyst owing to the hydrophilic-hydro-
phobic interaction with the strongly hydrophilic 
support and further to the increasing steric hindrance 
by the support for the highly sterically hindered 
olefins. 

The immobilized catalyst of ultrafine platinum 
particles is easily separated from the reaction mixtures 
by filtration or décantation. No release of the particles 
occurs during these separating operations. The 
recovered catalyst can be used repeatedly, and shows 
almost same activity as the initial one. These facts 
suggest that the immobilization of the metal particles 
is firm and that the agglutination of the ultrafine 
metal particles is prevented during the reactions and 
recovery of the catalyst. These can be regarded as the 
advantages of the present immobilization method, in 
which the metal particles are well dispersed and 
separately immobilized on the support. 

Conclusion 

For practical utilization of the peculiar catalytic 
activities of the ultrafine metal particles, immobiliza­
tion of the particles onto some supports without 
serious damage to the activity is required. The im­
mobilization by chemical reaction between the poly­
mers protecting the metal particles and the polymer 
support provides a powerful response to this request. 

In the present study, the ultrafine platinum particles 
were successfully immobilized onto the polymer 
support by covalent bonds formed by the reaction 
between the protective polymer with methyl acrylate 
residues and the support with amino groups. The 
model reaction using the protective polymer with p-
nitrophenyl ester residues was performed to investigate 
the mechanism of the immobilization. It was 
confirmed that the immobilization was achieved by the 
formation of amide bonds from aminolysis of ester 
residues in the protective polymer attacked by amino 
groups in the support in the range of pH where the 
amino group retains its nucleophilicity. The im­
mobilized catalyst showed both high activity for 
hydrogénation of olefins and specific selectivities 
attributed to the hydrophilic-hydrophobic interac­
tions between the olefins and the support. It is 
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concluded that the present immobi l iza t ion of the 
metal particles is stable and that the immobil ized 
catalyst is durable for recovery and repeated use wi th 
n o significant loss of activity. 

T h e authors thank Dr. Koichi Adachi for his 
technical assistance in transmission electron micro­
scopy measurement . 
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Heavy-Atom Effect on Decay Dynamics of Triplet-State Ion Pairs. 
Chloranil-Naphthalene (1:2) Termolecular Systems 
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Decay kinetics of triplet-state ion pairs (3IPs) have been studied for the termolecular systems consisting of 
the chloranil anion radical (CA7) with the dimer cation radical of naphthalene (Np*) or its monohalogenated 
derivatives (NpX2T) in 1,2-dichloroethane by means of laser photolysis. Marked heavy-atom (HA) effect was 
found on back electron transfer (back ET) but not on ionic dissociation (ID). A small effect of 1- or 2-
brominated compound on 3IP lifetimes was observed. Both back ET and ID processes of 3(CAT, Np2*) were 
found to be almost temperature-independent. Electron-transfer (ET) quenching of 3CA leading to produce the 
(1:1) 3IP was also independent on the HA substitution. For these kinetic studies, a conventional decay analysis 
was examined. 

Dynamic properties of the triplet ion pairs (3IPs) have 
been g rowing interests in relat ion no t only to 
reactivity of transient intermediates in triplet-state 
electron-, pro ton- a n d / o r hydrogen- transfer reac­
tions1 - 1 3 ) bu t also to impor tan t information concerning 
the electron transfer theory.14* A l though a study of 3 IP 
has an advantage that its lifetime can usually be 
observed directly by convent ional nanosecond laser 
photolysis , back E T to the g round state involves some 
complicated features associated wi th spin conversion. 
Therefore, it wou ld be valuable to study the heavy-
a tom (HA) effect on decay characteristics of 3 IP. T h e 
H A effect on F T in contact 3 IP or triplet exciplexes has 
been reported for some usua l (1:1) systems.15_18) How­
ever, little a t tent ion has been pa id to the termolecular 
3 IP . 

In this paper , we repor t spectroscopic and kinetic 
studies of triplet-state (1:2) termolecular ion pairs 
between chlorani l (CA) and naph tha lene (Np) or 
monohalogen-subs t i tu ted naph tha lene (NpX) from 
the viewpoint of the H A effect. Fur thermore , 
tempera ture var ia t ion experiments for the 3(CAT, 
Np2*) system is performed. 

Experimental 

Transient absorption spectra and decay traces were 
measured by nanosecond laser photolysis using a Nd:YAG 
laser system (third harmonics 355 nm, 50 mj , pulse width 
8 ns; JK lasers, HY500). The analyzing light from a pulsed 
Xe-lamp (150 W; Hamamatsu, L2195) was guided into an 
entrance slit of a monochromator (Ritsu, MC-20N), after 
passing an appropriate glass filter and photolyzed area of a 
sample solution at right angle with respect to the direction 
of laser beam using optical cables. Out-put from a 
photomultiplier (Hamamatsu Photonics, R928) was led into 
a digital storage oscilloscope (Iwatsu, TS-8123) combined 
with a microcomputer (NEC, PC-9801VX) for data acquisi­
tion. Some transient spectra were also observed by ruby laser 
photolysis at 347 nm as described elsewhere.3'19) 

Electrochemical oxidation potentials of naphthalenes 
were measured by cyclic voltammetry (CV) at room 
temperature under aerobic conditions. An apparatus for CV 

was composed of a Hokutodenko HA-301 potentio/galvano-
stat in conjunction with a Hokutodenko HB-104 function 
generator and a cell having platinum electrodes and a 
saturated calomel electrode as reference. Samples for CV 
were acetonitrile solutions of ca. 10~3M (1 M=l mol dm -3) 
naphthalenes containing 0.1 M lithium Perchlorate as a 
supporting electrolyte. Under these conditions, only the 
peak potentials (£p) could be determined. 

Chloranil (CA; Wako Chemicals) was purified by repeated 
recrystallizations and vacuum sublimation after passing it 
through a column of calcium carbonate using benzene as 
eluent. Scintilation-grade naphthalene (Np; Dojindo 
Laboratries) was zone-refined. 1-Chloro- and 1-bromo-
naphthalenes (1-ClNp and 1-BrNp, respectively; EP grade, 
Tokyo Kasei) were used as received, because 3IP lifetime was 
unchanged in test measurements using the substance 
purified by vacuum distillation. 2-Chloro- and 2-bromo-
naphthalenes (2-ClNp and 2-BrNp respectively; GR grade, 
Tokyo Kasei) were used without further purification. Dotite 
spectrograde 1,2-dichloroethane (DCE), benzene, and aceto­
nitrile were used as solvents. Sample solutions for the 
photolysis were deaerated by purging with Ar gas at room 
temperature or by the usual freeze-pump-thaw method for 
some spectral measurements. Temperature variation of a 
sample was performed using a cell holder made of alminium 
blocks by circulating water from a thermostated water bath. 
A Cu-constantan thermocouple sheet (Philips) was used for 
temperature calibration (±0.5 °C) of the cell holder. Untill 
just before the photolysis, a sample cell had been immersed 
in the water bath for a sufficiently prolonged time (more 
than 20 min). 

Results and Discussion 

T h e chlorani l triplet 3CA produced via fast inter-
system crossing (ISC) 3) after excitat ion at 355 n m was 
quenched rapidly by N p , 1-ClNp, 2-ClNp, 1-BrNp, 
a n d 2-BrNp in DCE (*q=4.9, 3.3, 1.5, 4.6, a n d 
S .SXKPM- i s - 1 , respectively, at 20 °C) to yield the 
(1:1) 3 IP , 3(CA", Np*) or 3(CA", NpX*). At a h igher 
concentra t ion of the quenchers the (1:1) 3 IP was 
converted to the termolecular (1:2) 3 IP th rough a 
succesive reaction wi th the excess naph tha lene molec­
ules. In benzene, which was firstly used as a n o n p o l a r 
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Fig. 1. Time-resolved absorption spectra measured 
in the system of CA (2.6X 10"3 M) and Np (0.102 M) in 
DCE at 20 °C obtained by the ruby laser photolysis 
using the photomultipliers, a: Hamamatsu R636and 
b: Hamamatsu R406. (a) 50, (b) 290, and (c) 690 ns 
after the beginning of laser oscillation. 

solvent for preventing ionic dissociation, no 3IP was 
produced in cases of NpX except for Np as quenchers. 
The observed transients in the former systems were the 
locally excited (LE) triplet exciplex, 3CA...NpX, 
similar to the exciplex, 3CA...mesitylene, studied 
previously.20) In acetonitrile no short-lived 3IP could be 
observed for each system studied, because the ionic 
dissociation took place so fast as unable to detect 3IP as 
in the case of durene donor.l) This is reasonable from 
an accepted knowledge that the ionic dissociation 
occurs with a rate constant of ca. 5X108s_1 in 
acetonitrile.21) Hereafter, we déscribe mainly the 
experimental results concerning the (1:2) 3IPs observ­
ed in DCE. 

Figures 1 and 2 show the time-resolved transient 
absorption spectra for the systems of CA at a high 
concentration of the naphthalenes in the order of Np, 
1-ClNp, 2-ClNp, 1-BrNp, and 2-BrNp obtained by 
nanosecond laser photolysis. The band around 
450 nm is all due to CAT.1) The band at 570 nm in Fig. 
la is assigned as that of Np2* as reported for the same 
system in other solvents.22»23) The tail of the charge-
resonance band in Np2+24»25) was additionally observed 
in the range 800-1000 nm by using another photomul-
tiplier tube (Hamamatsu, R406) for detection (Fig. lb). 
The other bands at 620, 600, 670, and 610 nm in Fig. 2 
can also be assigned as those due to the dimer cation 
radicals, (l-ClNp)2

+, (2-ClNp)2% (l-BrNp)2% and (2-
BrNp)2

 +%, respectively, from their kinetic behaviors and 

400 600 800 
X / nm 

Fig. 2. Time-resolved absorption spectra measured 
by the Nd: YAG laser system at 20 °C. The samples 
are a: CA (2.1X10-3M) and 1-ClNp (0.099 M), b: 
CA (2.0X10-3M) and 2-ClNp (0.102 M), c: CA 
(2.1X10-3 M) and 1-BrNp (0.100 M), and d: CA 
(2.1X10-3 M) and 2-BrNp (0.101 M) in DCE. Time 
after the beginning of laser oscillation is indicated 
in the figure. 

similarity to the spectra of the dimer cation radicals of 
Np or Np derivatives.26-30) For comparison purposes, 
absorption bands due to a pair of the (monomer and 
dimer) cation radicals of 1-ClNp, 2-ClNp, 1-BrNp, and 
2-BrNp were observed in acetonitrile at (ca. 750 and 
620), (685 and 590), (ca. 780 and 640), and (695 and 
605) nm, respectively. Each dimer band in acetonitrile 
resembles well the corresponding one in DCE. No 
absorption band due to the chloranil semiquinone 
radical (CAH- ) at 435 nm was observed in DCE This 
result indicates that no proton transfer takes place 
from the cation radicals to CAT in the present systems. 

As can be seen from Figs. 1 and 2, the transient 
spectra in each system decay keeping the intial shape. 
Time traces of a pair of the bands due to CAT and Np2+ 

(or NpX2 t) showed an identical decay pattern with two 
decay components. Figure 3 exemplifies the absor-
bance decay curves of the bands at 448 and 575 nm 
corresponding to the peaks of CA~ and Np2*, 
respectively, obtained by one-shot excitation for the 
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t fps 

Fig. 3. Observed and calculated (smoose line) decay 
curves at a: 448 and b: 575 nm in the CA (2.0X10"3 

M)-Np (0.100 M) system. Parameters for fitting are 
a: £i=2.195X107, ^2/£=4.019X106s"1, 01=0.5596,D0= 
0.3063 and b: £i=2.349X107, £2/£=9.243X106 s"1, 
c/)i=0.5517. Do=0.1203. 

C A - N p system. (The smoose lines will be interpreted 
below.) T w o curves are qu i te similar to each other in 
spite of great difference in absorbance. T h e long-lived 
componen t at 448 n m was confirmed to obey exactly 
the 2nd-order decay law in a more delayed, wide t ime 
region. After the ext rapola t ion of this 2nd-order decay 
to the ini t ia l t ime region, the difference absorbance 
between the observed and extrapolated curves gave a 
decay of approximate ly single exponent ia l . Therefore, 
it is p laus ib le to suppose that in Fig. 3 the r ap id decay 
in the ini t ia l stage corresponds to that of 3 IP and the 
slow 2nd-order decay is at t r ibutable to that of free ions. 
F rom these spectral and decay features, the reaction 
scheme of 3(CAT, Np2+) as an example may be writ ten 
as follows: 

3(CAT, Np2+) 

kd 1 1 ki 

CA + 2Np - (CA, Np2) CAT + Np2 i - ^ CA 

+ 2Np or other products 

where kd a n d h are the rate constants for the back E T 
to the g r o u n d state and the ionic dissociation to free 
ions, respectively, and fe is the 2nd-order decay rate 
constant of the free CAT or Np2*. According to this 
scheme, the decay kinetics of 3 IP and the free ions (FI) 
are given by the following equat ions : 

d[3IP]/d* = -(ki + kd) [
3IP] (1) 

d[FI]/d* = h [3IP] - k2 [FI]2 (2) 

From spectral similarity, bo th 3 IP and FI in the present 
systems may be approx imated to have identical values 
of the ext inct ion coefficient (e) at the same wavelength 
(A). In such a case, the observed absorbance (D) which 
is the sum of absorbances due to 3 IP and FI follows Eq. 
3: 

dD/dt = - (1 - 0i)AiDoexp ( - kit) 
- (k2/e)[D - Doexp ( - kit)]2 (3) 

where k\=k\+kd, fa=ki/(ki+kd) and Do denotes the 
in i t ia l value of D at t=0. T h i s solut ion is no t 
simple.31* 

In order to estimate the parameters , ki, fe/e and fa, 
we adopt firstly a tentative model consist ing of two 
species (Mi a n d M2) which decay independent ly wi th 
1st- and 2nd-order kinetics, respectively: 

d[Mi]/d* = - £i'[Mi] (4) 

d[M2]/d* = - k2'[M2f (5) 

When two species have an equal s at X, the sum of 
absorbances due to Mi and M2 {D') is expressed by the 
following equat ion: 

D' = Aiexp(- ki't) + l/[(l/A2) + (k2'/e)t] (6) 

where A\ and A2 are the respective absorbances of Mi 
and M2 at t=Q. T h e differential of Eq. 6 derives Eq. 7 
which is rather similar in form to Eq. 3: 

dDVd* = - (1 - fa')ki'Do'exp(- ki't) 
- (k2'/e) [D'-(l- fa') D 0 ' exp(- ki't)f (7) 

where fai'=A2/(Ai+A2) and Dor denotes the value of D' 
at t=0. We set £=0 at the t ime w h e n the laser pulse for 
excitat ion reaches its m a x i m u m (8 ns after the start of 
laser oscillation). Here, we use Eq. 6 as an 
app rox ima te solut ion of Eq. 3 a n d assume that fa', k\ 
a n d k2 correspond approximate ly to fa, k\, and fe, 
respectively, defined in the actual scheme. Namely, 
this model means that Mi wi th an ini t ial absorbance 
of (1— fa)Do decays wi th the rate constant k\ and M2 
wi th the par t ia l absorbance faDo at £=0 decays 
independent ly wi th the 2nd-order rate constant k2'. 
Nonl inea r least square fitting (Marquardt method) by 
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use of Eq. 6 was successfully performed with small 
standard deviations (^0.5%) estimated for all observed 
decay data within the range 97—3% of the maximum 
adsorbance and yielded nearly constant values of the 
respective parameters for the data under identical 
conditions. Secondly, we achieved integration of Eq. 3 
by the Runge-Kutta method using the parameter 
values obtained by the above-mentioned fitting in 
order to compare the calculated curve with the 
observed one. Decay traces calculated by the Runge-
Kutta method were found to follow approximately 
well the observed ones. Furthermore, we could obtain 
a fairly good result by simulating again after a little 
change (^5%) only in the Do value with no change in 
the other parameter values. The fitting curves are 
overlaid by the smooth lines in Fig. 3. From the values 
of fe/£ estimated at 448 and 575 nm, the ratio of the 
extinction coefficients, £(575)/£(448), is calculated to be 
0.43. On the other hand, £(575)/£(448)=0.38 is 
obtained from Fig. 1. The agreement between these 
two values is fairly good. Thus, the values of ki , kv!Ve 
and fa' estimated by the first procedure can be used as 
the reliable values for ki, fe/ß and fa, respectively, 
although more rigorous approaches have been recom-
ended.32»33) The most probable reason for the success 
of this approach would be due to the fact that the 
model adopted is appropriate; namely, Eq. 7 is 
formally close to Eq. 3 and the reassignment of the Do 
value estimated by the 1st step would contribute to 
decrease a difference between Eqs. 3 and 7. This 
method has the advantage that it can determine fa 
simultaneously together with k\ and &2/£ values from 
only decay traces. Therefore, even when the absorp­
tion band of a CT complex in the ground state 
overlaps with the band of free CA at the wavelength for 
excitation, the fa value for 3IP can be estimated 
without regard to the yield of 3IP formed through the 
3CA quenching or direct excitation of the complex. 
The present systems correspond to such circumstances 
in the high concentration region of the naphthalenes 
more than 0.01 M; e.g., the formation constant 
^=0 .8M _ 1 was measured for the complex CA- • -Np, 
in DCE at 20 °C. When the extinction coefficient of 
3IP (fii) is not equal to that of FI (£2), Eqs. 3 and 7 are 
revised as Eqs. 3' and 7'. 

dD/dt = - [1 - (e2/ei)fa]kiD0 exp(- kit) 
- (fe/e2) [D - D0exp(- kit)]2 (3') 

dD'/dt = - (1 - fa')ki'Do'exp(- ki't) 
- (fa/e2) [D' - (1 - c/>i')Do'exp(- ki't)]* (7') 

In such a general case, therefore, if we assume that fa' 
defined as À2/(Â\+Â2) corresponds to (e2/ei)fa, the 
present method of estimation can be utilized in the 
same manner as descrived above. 

The lifetimes of 3IP estimated by the present simple 
method were almost independent on the donor con­
centrations in the range 0.05—0.2 M for all systems 
examined. Therefore, it can be said that the observed 
lifetime of the (1:2) 3IP is not affected by lifetime of the 
corresponding (1:1) 3IP, because the equilibrium 
between (1:1) and (1:2) 3IPs, e.g., 3(CA~, Np*)+Np 
<—> 3(CAT, Np2*), inclines sufficiently toward the (1:2) 
3IP side at the above concentrations. Table 1 lists the 
values of ki, fa, h and kd together with those of kq and 
the peak oxidation potential (Ep). The temperature 
dependence of ki and kd was carefully examined for the 
ion pair, 3(CAT, Np2*), in the temperature range 10— 
45 °C. Arrhenius plots shown in Fig. 4 provide the 
activation energy £a—1.0+1.2 kj mol -1; the frequency 
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Fig. 4. Arrhenius plots for fc and kd of 3(CA-, NP2*). 

Table 1. Kinetic Parameters for 3(CAT, Np2
f) and 3(CAT, NpX2

f) in DCE at 20 °C 

Donor 

Np 
1-ClNp 
2-ClNp 
1-BrNp 
2-BrNp 

£P
a) 

V 

1.68 
1.73 
1.79 
1.71 
1.75 

kq 

W M ^ s " 1 

4.9+0.2 
3.3+0.2 
1.5+0.1 
4.6+0.2 
3.3+0.1 

* 

0.54+0.04 
0.52+0.02 
0.46+0.04 
0.08+0.01 
0.16+0.03 

ki 

22+4 
18+2 
15+3 
75+7 
47+4 

h 

106 s"1 

12+3 
9+1 
7+2 
6+1 
7+2 

kd 

10+3 
9+1 
8+2 

69+16 
40+11 

a) The peak oxidation potential (vs. SCE) measured in acetonitrile at the sweep rate 100 mV s_1. 
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factor ,4=10<7-2±0-2> s"1 for fc and E a =1.7±2.6 k j mol" 1 ; 
A=W7-2±o-5) s-1 for kd. Such small £ a values less than 
3 k j m o l - 1 and A values of the 106—107 s _ 1 order were 
also ob ta ined for each rate constant in 3[CAT, (2-
ClNp) 2

+ ] and in 3[CA", (2-BrNp)2
t] 

In Tab l e 1, the kq values do no t depend on 
ha logena t ion b u t tend to increase wi th a decrease in 
Ep, i.e., cor responding to the Marcus " n o r m a l " region. 
Since the q u e n c h i n g of 3CA is an E T process leading 
to produce the (1:1) 3 IP , this result indicates that the 
spin-al lowed E T is no t affected by H A per turba t ion 
whi le depends sensitively on change in the ionizat ion 
energy of the donors induced by ha logen substi tut ion. 
T h e ki values for the ionic dissociat ion are nearly 
equa l to each other and have no correlat ion wi th the 
ha logenat ion . These results implies that the ionic 
dissociation is a diffusive separat ion wi th no respect to 
sp in-orb i t (SO) interaction. T h e termolecular ion 
pa i r 3(CAT, Np2*) may be a loose 3 IP since a little 
activation energy (^1.2 k j m o l - 1 ) is required for the 
dissociation. T h i s suppos i t ion will be related later to 
a relaxat ion mechanism of 3IP. 

In contrast to ki, the c o l u m n of kd values in Tab le 1 
shows remarkable enhancement of the back E T in the 
b romina ted 3 IP. T h i s fact gives evidence for enhance­
men t in the t r ip le t -s ingle t t ransi t ion of 3 IP induced 
by SO interact ion. T h e change in b romina ted posi­
tions appears to have a little effect on the enhancement 
of kd, probably depend ing on the difference of spin 
density between 1- and 2-positions on the naph tha lene 
r ing of the dimer cat ion radical.34) T h i s interpretat ion 
is s imilar to that given by Steiner and Winter for the 
triplet exciplexes between th ionine and monoha lo -
genated anilines.1 5 ) A l though the effect of Cl-substina­
t ion on the cation radical par t does not lead to the 
enhancement of kd, it is due to the mask ing by 
coexistence of the poly chlor inated an ion radical (CAT) 
and solvent (DCE). Practically no effect of chlorina-
t ion has been k n o w n also for the 2,6-diphenyl-3-
chloro-^-benzoquinone-triphenylamine and CA-chloro-
anthracene systems in nonhalogena ted solvent.17»10 

Hence, it is considered that per turbat ion by Cl-
subst i tut ion is usually week and does not affect on the 
rap id E T in these 3IPs. 

If the energy level of the singlet IP , 1(CAT,Np2~t") is 
considerably h igher than that of the triplet one as 
supposed by Levin et al. for the CA-durene (£i/2=1.59 
V) system,35) it can be considered that the back E T is 
the direct t ransi t ion from 3 IP to the singlet g round 
state, i.e., 3(CA~, Np 2

t ) -^ 1 (CA,Np 2 ) , no t via the *(CAT, 
Np2^) state as a real intermediate, because the activa­
t ion energy observed for kd is very small (^3 k j mo l - 1 ) 
in the present case. T h i s conclusion for the back E T 
has been also premised on elucidation of the log kd vs. 
AG (free energy change) relat ion in the similar 
qu inone -a roma t i c hydrocarbon and amine systems.14) 

However, as men t ioned above, 3(CAT,Np2~t") observed 

here may be a loose 3 IP , e.g., "solvent separated 
geminate 3 I P " , so that there is a possibility that the 
energy-level sp l i t t ing between its singlet and triplet 
states is so smal l as to yield practically no activation 
energy. Even in such case, the t ransi t ion 3IP—>XIP may 
take place efficiently wi th a rate of 107—108s_ 1 (the 
same order as observed) a n d also may be enhanced by 
H A effect t h ro u g h SO interaction.1 7»3 0 Since *IPs 
produced in these C T complex-forming systems are 
known to cause extremely rap id internal conversion 
r e tu rn ing to their g r o u n d states,1«® then the overall 
rate of an indirect route for back E T via the singlet 
state (3IP—^IP—> the g r o u n d state) may be governed by 
that of the first step a c c o m p a n i n g spin inversion. 
Therefore, the decay mechan ism of the direct transi­
t ion ment ioned previously may be no t always valid. In 
this respect, further exper iments inc lud ing environ­
menta l effect or external magnet ic field effect would be 
required for clear d iscr iminat ion whether or not the 
indirect route contr ibutes to the back E T of the present 
3IPs. 

Summary 

1) T h e existence of termolecular triplet ion pairs 
was demonstrated spectroscopically in the ch lo ran i l -
naph tha lene or - h a l o n a p h t h a l e n e systems. 

2) T h e termolecular ion pai r 3(CAT, Np2*) is 
considered to be a loose 3 IP from the result of a very 
low activation barrier in the ionic dissociation; i.e., 
temperature dependence of ki surves as a probe for 
discr iminat ion between contact and loose ion pairs. 

3) T h e spin-forbidden back E T of 3(CA", Np 2
+ ) is 

greatly enhanced by H A effect t h rough SO interaction. 
4) T h e ion pa i r 3(CAT, Np2^) requires also only a 

little activation energy for the back E T process. 

T h e au thors are grateful to Mr. Te t suh i ro Sekiguchi 
for his great assistance in compute r -p rograming and 
to Prof. Zenjiro Osawa of this depar tment for facilities 
of cyclic voltammetry. 
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The Raman Spectral Study on the Solution Structure of 
Iron(III)-edta Complexes 
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The Raman spectra of iron(III) complexes with ethylenediaminetetraacetate were observed for the purpose 
of elucidating the structure of the complexes in solution. In a Raman spectral study on the solid complexes, the 
spectra- in the 300—600 cm - 1 region were found to be diagnostic to coordination geometry. Namely, the 
coordination number can be determined on the basis of the wavenumber difference of the two major bands 
observed in the 450—600 cm - 1 region; the wavenumber differences observed for heptacoordinate complexes lie 
between 32 and 42 cm - 1 , while that for the hexacoordinate complex is 62 cm -1 . Complexes containing a 
sexidentate edta exhibit a single intense band around 470 cm - 1 in the 450—500 cm - 1 region, while complexes 
containing a quinquedentate edta exhibit two intense bands in this region. These Raman spectral criteria were 
then applied for the determination of the solution structure. The Raman spectral features observed for solutions 
of Fe(III)-edta complexes indicate that the any alkali metal salts and acid salts of Fem(edta)~ give sexidentate 
heptacoordinate complex ions in water. The dimeric complex which is formed in an alkaline solution was 
characterized as being a dinuclear complex consisting of two quinquedentate hexacoordinate iron(III) moieties 
with a Fe-O-Fe bridging unit. 

Iron(III) complexes wi th ethylenediaminetetraacet­
ate (edta) have been extensively studied, especially in 
relat ion to their catalytic activities. An iron(III)-edta 
system shows both catalase and peroxidase activi­
t ies.1 - 6 ) T h i s system also catalyses superoxide dis-
muta t ion . 7 _ 9 ) Detailed information about the struc­
ture of Fe(III)-edta complexes in solut ion is indispen­
sable for any unders tand ing of such catalytic activities. 
In the crystalline states of Fe(III)-edta complexes, three 
different geometries have been found by X-ray 
analyses. T h e sexidentate heptacoordinate geometry 
has been commonly found in amber Li , Na, K, Ag, and 
T l salts. 10~12) These u n i q u e heptacoordinate com­
plexes have a distorted pen tagona l b ipyramidal 
geometry. T h e pen tagona l p lane consists of two 
a m i n o ni t rogens , two carboxylato oxygens, and a 
water molecule, whi le the axial posi t ions are occupied 
by the r ema in ing two carboxylato oxygens. T h e 
sexidentate hexacoordinate geometry has been found 
in yellow l i t h i u m salt.13 '14) In addi t ion, the q u i n q u e ­
dentate hexacoordinate m o n o a q u a complex, [ F e m -
(edtaH)(H20)] , has been found in yellow acid salt.15) 

Al though the structures of the Fe(III)-edta com­
plexes in crystalline states have been clearly deter­
mined, the structure in solut ion has not been well-
characterized. One of the reasons is that the structure 
in the solid states is not necessarily retained in solution, 
since h igh-sp in iron(III) complexes are subst i tut ion 
labile in solut ion. 

Al though visible-near-infrared spectra16) in solut ion 
have been used to differentiate between hexa- and 
heptacoordinat ion of Fe(III)-edta complexes, those 
spectra are of little use for de te rmining the coordina­
t ion mode (qu inque - or sexidentate) of edta. Nuclear 
magnet ic resonance (NMR) is of great use in elucidat­
ing the solut ion structure of d iamagnet ic t ransi t ion 

metal complexes. T h e applicabil i ty of NMR, how­
ever, is greatly l imited in de te rmining the solut ion 
structure of Fe(III)-edta complexes because of the 
paramagne t ic propert ies of iron(III) . Very recently, 
EXAFS (extended X-ray absorpt ion fine structure) and 
XANES (X-ray absorpt ion near edge structure) tech­
n iques have been appl ied to dis t inguish hexa- and 
heptacoord ina t ion of Fe(III)-edta complexes in solu­
tion.17) 

In our previous work,18) the R a m a n spectral me thod 
was successfully appl ied for the structural determina­
t ion of Cr(III)-edta complex in solution. T h e R a m a n 
spectra in the 300—600 c m - 1 region, in which skeletal 
vibrations of the coordinat ion polyhedron occur, have 
been found to be part icularly informative concerning 
the coordinat ion geometry. Herein we apply the 
R a m a n spectral me thod in order to establish the 
structure of Fe(III)-edta complexes in solution. 

Experimental 

Preparation. Feni-edta Complexes: The yellow acid 
salt, HFen i(edta)-H20, and amber acid salt, HFem(edta)-
2.5H2O, were prepared according to a method of Lambert, 
Godsey, and Seitz.19) The alkali metal salts were obtained by 
the modified method of Hoard et al.10) as follows: The 
solution of the acid salt was neutralized by adding a solution 
of an equivalent amount of alkali metal hydroxide (sodium 
or potassium) or carbonate (lithium, rubidium, or cesium). 
After filtering the resulting solution, the filtrate was 
concentrated with a rotary evaporator. Crystals were 
obtained by spontaneous evaporation of the concentrated 
solution at room temperature. The lithium salt crystallized 
into the yellow or amber form; sometimes, a mixture of the 
two forms. It is uncertain what conditions of crystallization 
govern the crystal forms of the lithium salt. Formulations of 
the alkali metal salts were confirmed by elemental analyses 
and are as follows: LiFe in(edta)-3H20 (yellow and amber), 
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NaFenl(edta)-3H20, KFeni(edta)-2H20, RbFein(edta)-2.5H20, 
and CsFein(edta)-2H20. Dimeric complex, Na4[Fein2(edta)20] 
•3H2O was isolated by the method of Schugar, Walling, 
Jones, and Gray.20) 

Fenl-l,3-pdta Complexes: 1,3-propanediaminetetraacetic 
acid (l,3-pdtaH4) and its barium salt were prepared by a 
method of Weyh and Hamm.21) Potassium salt of Feni(l,3-
pdta)~ was prepared as follows. A mixture containing 5.76 g 
of barium salt of 1,3-pdta, 4.72 g of iron(III) sulfate, and 
1.74 g of potassium sulfate in 50 cm3 of water was stirred at 
room temperature for 2 h. After the precipitate was removed 
by filtration, the filtrate was evaporated to 10—20 cm3 with 
a rotary evaporator. Yellow crystals were obtained by 
spontaneous evaporation of the concentrated solution at 
room temperature. Sodium, rubidium, and cesium salts 
were prepared by the same method by using an equivalent 
amount of respective alkali metal sulfates. 

Analysis. Calcd for NaFe(l,3-pdta)-3H20: C, 30.36; H, 
4.63; N, 6.44%. Found: C, 30.30; H, 4.64; N, 6.40%. Calcd for 
KFe(l,3-pdta)-0.5H2O: C, 32.53; H, 3.72; N, 6.90%. Found: 
C, 32.57; H, 3.68; N, 6.96%. Calcd for Rb(l,3-pdta)-0.5H2O: 
C, 29.20; H, 3.34; N, 6.19%. Found: C, 29.15; H, 3.30; N, 
6.27%. Calcd for CsFe(l,3-pdta)-2.5H20: C, 24.65; H, 3.57; 
N, 5.23%. Found: C, 24.41; H, 3.34; N, 5.08%. 

Measurements. The solid samples used for Raman 
measurements were in the forms of disks. The disks were 
spun so as to avoid any thermal decomposition induced by 
local laser illumination. The Raman spectra were recorded 
on a JASCO R-800 laser Raman spectrophotometer with an 
Ar+ ion laser (514.5 or 488.0 nm). The spectral band width 
was set at 5 cm - 1 . The concentrations of neutral and acidic 

solutions were 0.1 mol dm -3 . The concentrations of the 
alkaline solutions were less than 0.05 mol dm - 3 because of 
the high absorbances of the complex in the alkaline 
solution. 

Calculations. Normal coordinate analysis was perform­
ed using computer programs, BGLZ and LSMB, developed 
by Shimanouchi laboratory, Department of Chemistry of the 
University of Tokyo. 

Results and Discussion 

Solid State Structures of the Alkali Metal Salts of 
Fe in(edta)-. Of the alkali metal salts, the amber Li , 
Na, K, a n d Rb salts have been characterized to have a 
sexidentate heptacoordinate complex ion10~12) and the 
yellow Li salt to have a sexidentate hexacoordinate 
complex ion13»14) by X-ray analyses. As noted in the 
Exper imenta l Section, the crystallization condi t ions 
which give the yellow or amber l i t h ium salt selectively 
was not found. However, recrystallization of relatively 
purified l i th ium salt tends to give the yellow salt in 
most cases. Coexist ing ions in the crystallization 
solvent may, therefore, influence the crystalline form 
of the l i th ium salt. 

At first, we examined the R a m a n spectra of the solid 
alkal i metal salts in order to determine the spectral 
difference between the hexa- and heptacoordinate 
complexes. It was found that the 300—600 c m - 1 

region is most diagnost ic to the coordinat ion geo­
metry. T h e observed spectra in this region are shown 

600 500 400 300 600 500 400 300 600 500 400 300 

v/cm" 1 v/cm -1 v/cm -1 

Fig. 1. Raman spectra of alkali metal salts of FeIH(edta)~ in solid states. 
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Table 1. Observed and Calculated Wavenumbers (cm-1), and Vibrational Assignments 
for [Fe(edta)]- and [Fe(edta)(H20)]- in the 300—600 cm-1 Region 

Obsda> 

565 vw 
545 s 

526 w 
510 vw 

483 vs 

443 vw 
409 m 

390 sh 

364 w 
346 w 

325 w 

i 

i 

1 
I 

1 

1 

Calcdb> 

544 B 

521 A 

1 486 B 
484 A 

I 480 B 

J 414 A 
1 413 B 

J 389 B 
1 388 A 

* 368 A 
355 B 
352 A 

l 346A 

| 322 B 
I 309 A 

[Fe(edta)]-

Assignmentsc) 

Fe-N, C-N-C 

Fe-N, O-Fe-N 

Fe-N, N-Fe-N, Fe-N 
C-N-C, O-Fe-N, Fe-
O-Fe-O, Fe-N-C 

N-Fe-O, C-C=0 
Fe-O, C-N, 0 - C = 0 

C-N-C 
C-N-C, O-Fe-O 

C-N-C, Fe-O 
C-N-C 
O-Fe-O, Fe-O 
Fe-O, O-Fe-O, O-Fe 

O-Fe-O, Fe-O 
O-Fe-O, Fe-O 

-C 
O 

-N 

Obsda> 

534 vw 

502 s 

470 vs 

447 w 

408 m 

391m 

350 w 

316vw 

Calcdb> 

548 B 

518A 

J 496 A 
i 480 B 

1 446 B 
428 B 

1 427 A 

j 404 B 
1 403 A 

380 B 

[ 358 A 
349 A 

( 345 B 

f 329 B 
318A 

1 305 B 

[Fe(edta)(H20)]-

Assignmentsc) 

Fe-N, C-C=0 

Fe-N, C-N-C 

Fe-N, O-Fe-N, Fe-W, O-Fe-W 
Fe-N, O-Fe-O 

O-Fe-N. 
O-Fe-O 
O-Fe-O, O-Fe-N, Fe-O 

Fe-O, C-N-C, O-Fe-N, O-Fe-O 
O-Fe-N, O-Fe-O 

O-Fe-W, O-Fe-O, Fe-O, C-N-C 

Fe-W, C-N-C 
Fe-N-C, C-N-C, Fe-W 
C-N-C, Fe-O 

C-N-C, N-Fe-O, Fe-N-C, O-Fe-W 
C-N-C, Fe-W 
O-Fe-W, Fe-O 

Force constants: K(Fe-N) 0.85; K(Fe-O) 0.6; K(N-C) 3.9; K(C-C) 2.3; K(C=0) 7.7; K(C-O) 7.6; H(N-Fe-N) 0.15; 
F(N-Fe-N) 0.12; H(N-Fe-O) 0.45; F(N-Fe-O) 0.12; H(O-Fe-O) 0.2; F(O-Fe-O) 0.3; H(Fe-N-C) 0.1; F(Fe-N-C) 0.2; 
H(N-C-C) 0.45; F(N-C-C) 0.25; H(C-C-O) 0.23; F(C-C-O) 0.67; H(C-C=0) 0.6; F(C-C=0) 0.9; H(C-N-C) 0.3; F(C-N-C) 
0.15; (mdyn Â-1). a) Data for the lithium salts. Abbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very 
weak; sh, shoulder, b) A and B stand for symmetry species under C2v point group, c) Symmetry coordinates of which 
potential energy distributions are more than 10%. 

in Fig. 1. The edta complexes give fairly intense 
Raman bands in the 300—600 cm - 1 region, while the 
Raman spectrum of edta, itself, has only weak bands in 
this region. Most of the observed bands in the 300— 
600 cm - 1 region can, therefore, be assigned to such 
skeletal vibrations as Fe-N and Fe-O stretching and 
bending of the coordination polyhedron. In order to 
make sure of this assignment, normal coordinate 
analyses were performed for [Fe(edta)]~ and [Fe(edta)-
(FbO)] - complexes. The results are summarized in 
Table 1 for vibrations in the 300—600 cm - 1 region. In 
a normal coordinate calculation, protons were ne­
glected and a simplified force field was employed. The 
bending and repulsive force constants for the N-Fe-N, 
Fe-N-O, and C-N-C angles were set, as shown in the 
footnote of Table 1. The other force constants were 
transferred from those obtained for [M(gly)2] (M=Nin , 
Cu11, and Con)2 2 ) Table 1 shows that the vibrations in 
the 450—550 cm - 1 region have a larger contribution of 
Fe-N stretching, and those in the 300—450 cm-1 

region have a dominant contribution of Fe-O stretch­
ing, and skeletal and C-N-C bendings. 

As can be seen from Fig. 1, there are some minor 
differences among the spectra of the heptacoordinate 
Li, Na, K, and Rb ion in the 300—450 cm - 1 region in 
which skeletal bending has a larger contribution. A 

close spectral resemblance is, however, clearly recog­
nized in the 450—600 cm - 1 region, in which Fe-N 
stretching dominates. That is, all of the spectra have a 
most intense band around 470 cm - 1 and a second 
intense band around 510 cm -1. The hexacoordinate Li 
salt also shows the most intense band around 470 cm -1, 
with a second intense band at higher wavenumbers. 
This apparent spectral resemblance between the hexa-
and heptacoordinate iron(III)-edta complexes is ex­
pectable since both complexes have the same C2v 
symmetry. However, a detailed examination of the 
spectra indicates that the wavenumber differences 
between the most intense and second intense bands in 
the 450—600 cm - 1 region are definitely different 
between the hepta- and hexacoordinate complexes. 
That is, the wavenumber differences observed for the 
heptacoordinate Li, Na, K, and Rb salts lie between 32 
and 42 cm -1. On the other hand, the wavenumber 
difference observed for the hexacoordinate lithium salt 
is 62 cm -1 . Predicting such a difference based on a 
normal coordinate analysis is not meaningful because 
of poor knowledge regarding the potential field for 
transition metal complexes containing a large organic 
ligand, such as [FeIH(edta)]~. Furthermore, no useful 
information concerning the band intensity could be 
obtained from a normal coordinate analysis. There-
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600 500 400 300 600 500 400 300 

V/cm~ V/cnT1 

Fig. 2. Raman spectra of alkali metal salts of 
[FeIH( 1,3-pdta)]- in solid state. 

fore, we observed the R a m a n spectra of some alkali 
metal salts of Fe(III)- 1,3-pdta - (1,3-pdta: 1,3-propane-
diaminetetraacetate) in order to ascertain the above 
criterion experimental ly. T h e 1,3-pdta l igand favor­
ably takes a sexidentate hexacoordinate geometry. T h e 
observed R a m a n spectra are shown in Fig. 2. Of the 
salts in Fig. 2, the sod ium salt was confirmed to take a 
sexidentate hexacoordinate geometry by X-ray analy­
sis.23* A close resemblance is clearly recognized a m o n g 
the R a m a n spectra of the Na, K, Rb , and Cs salts, 
ind ica t ing that the K, Rb, and Cs salts also take the 
sexidentate hexacoordinate geometry. It is reasonably 
expected that the R a m a n spectral feature in the 300— 
600 cm" 1 region for [FeIH( 1,3-pdta)]- complexes would 
resemble that for the sexidentate hexacoordinate 
[Fem(edta)]~ complexes, since the e longat ion of the 
d iamine r i ng should hardly influence the vibrat ions 
observed in the 300—600 c m - 1 region. In fact, the 
R a m a n spectra of [Fe i n( 1,3-pdta)]- have a very similar 
feature to that of the sexidentate hexacoordinate 
[Fe m (edta) ]" . T h e wavenumber differences between 
the most intense and second intense bands in the 450— 
600 c m - 1 region for the 1,3-pdta complexes lie between 
64 and 72 cm- 1 , be ing consistent wi th the criterion 

600 500 400 300 

v/cm 
Fig. 3. Raman spectra of acid salt of Fem(edta)-; 

A: the yellow form in solid state; B: the amber form 
in solid state; C: aqueous solution. 

proposed for differentiating hexa- and heptacoordi-
nate geometry for [Fe i n(edta)]~ T h e n , it is reasonably 
assumed that the wavenumber difference of the two 
major bands in the 450—600 c m - 1 region is diagnostic 
to the coordinat ion number of the complexes wi th edta 
and an edta-like l igand. 

For the cesium salt, which has no t been character­
ized by X-ray analysis, the wavenumber difference is 
36 cm- 1 . T h e complex ion in the cesium salt is, 
therefore, concluded to be in a sexidentate heptacoor-
dinate geometry. 

No noticeable systematic difference due to the cation 
size was found in the R a m a n spectra in the region of 
300—600 cm- 1 . 

Structures of the Acid Salt. T h e two different 
crystalline forms (yellow and amber) of the acid salt, 
HFe m ( ed t a ) , have been isolated. X-ray analysis of the 
yellow acid salt shows that the complex is in a 
hexacoordinate geometry and that edta coordinates as 
a qu inqueden ta t e ligand.15) T h e sixth posi t ion is 
occupied by a water molecule. T h e qu inqueden ta te 
edta l igand leaves a carboxyl g roup uncoordinated. 
Infrared studies have also indicated the presence of an 
uncoord ina te - C O O H g r o u p in the yellow acid 
salt.19 '24) Figure 3-A shows the R a m a n spectrum of the 
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yellow acid salt in the 300—600 and 1600—1800 cm"1 

regions. The existence of the uncoordinate carboxyl 
group in the yellow acid salt has been confirmed by an 
observation of the 1745 cm - 1 band due to the C-O 
stretching of the -COOH group. The spectral feature 
in the 300—600 cm - 1 region is completely different 
from those observed for the alkali metal salts (cf. Fig. 
1). Especially, the spectral difference in the 450— 
500 cm - 1 region was found to be most diagnostic to the 
coordination mode of edta. That is, a single intense 
band appears around 470 cm - 1 for the complexes with 
a sexidentate edta ligand, whereas two intense bands 
appear in this region for a complex with a quinque-
dentate edta ligand. This band splitting may be the 
result of a lack of symmetry in the quinquedentate edta 
complex. A similar spectral feature has been found in 
the quinquedentate hexacoordinate CrHI(edta)~ com­
plex.18) 

The structure of the amber acid salt has not been 
well-characterized, though its color suggests a hep-
tacoordinate iron(III) complex. Figure 3-B shows the 
Raman spectra of the amber acid salt. The spectral 
feature in the 300—600 cm - 1 region quite resembles 
those observed for the amber alkali metal salts which 
contain a sexidentate heptacoordinate monoaqua 
iron(III) complex ion. In addition, the spectrum in 
the 1600—1800 cm - 1 region has no bands which are 
attributable to a carboxyl group. These observations 
indicate that the amber acid salt is highly likely to 
contain a sexidentate heptacoordinate monoaqua 
complex ion. A similar structure has been found in 
H2Mn3(edta)2-10H2O.25) In this complex, the acid 
hydrogens are located between two [Mnn(edta)(H20)]2~ 
units, linking them by hydrogen bonding. 

Structure in Neutral Aqueous Solutions. The 
structure of Fe(III)-edta complexes in solutions has 
been studied by several methods with various degrees 
of certainty. Several geometries have been proposed 
for the complex in neutral aqueous solutions. Hoard, 
Kennard, and Smith26) have pointed out that the 
complex ion takes a quinquedentate heptacoordinate 
geometry in aqueous solutions. Garbet, Lang, and 
Williams10 have suggested the same geometry based 
on their visible-near-infrared study. On the other 
hand, Higginson and Khan27) have proposed a 
sexidentate hexacoordinate geometry based on their 
spectrophotometric measurements. Oakes and Smith28) 

have shown that the complex has a single water 
molecule in its coordination sphere, based on their 
NMR relaxation study, implying a sexidentate hepta­
coordinate geometry. Several other NMR relaxa­
tion studies29'30) have also indicated the presence of a 
single coordinate water in the complex in aqueous 
solutions. Sawyer and Tackett31) have investigated the 
infrared spectra of iron(III)-edta complex in D2O as a 
function of pD. They observed a single peak in the 
1500—1700 cm-1 region in the pD range of 2.4—7.5 

and indicated that all the carboxylate groups of edta 
coordinate to iron(III). Sakane et al.17) have pointed 
out that the complex ion is in a heptacoordinate 
geometry based on the EXAFS and XANES spectra. 

Raman spectra of solution samples have almost the 
same quality as those of solid samples. Therefore, one 
can compare directly the structure in solution with 
that in the solid state by comparing the Raman spectra 
obtained for both states. Figure 3-C presents the 
Raman spectrum of an aqueous solution of the hexa-
or heptacoordinate lithium salt. Any other alkali 
metal salts, of course, give the same spectra in aqueous 
solution. The spectra of the solid samples are also 
shown for a comparison. The Raman spectrum of the 
solution quite resembles those observed for the 
sexidentate heptacoordinate complex ions in the solid 
state. Namely, a single band was observed at 468 cm - 1 

and the observed wavenumber difference between this 
band and the one at higher wavenumber was 31 cm -1. 
These facts clearly indicate that the Fe(III)-edta~ 
complex exists dominantly in a sexidentate hepta­
coordinate geometry in neutral aqueous solutions. 

Structures in Acidic Solutions. In acidic solutions 
a protonation of the coordinate carboxyl group 
would be expected for the iron(III)-edta complex. 
Schwarzenbach and Heller32) have reported the equi­
librium constant, pK, for this protonation to be less 
than 1.5. Lambert, Godsey, and Seitz19) have obtained 
2.2 for this pK value, and suggested that the complex 
exists in a quinquedentate heptacoordinate geometry. 
Sawyer and Tackett31) observed the infrared spectrum 
of the complex in D2O at pD=1.5 and assigned the very 
faint absorption around 1720 cm - 1 to the vibration of 

1800 1700 

v/cm 

1600 600 

-1 

500 400 

v/cm"1 
300 

Fig. 4. Raman spectra of LiFeni(edta)-3H20; A: the 
yellow form in solid state; B: the amber form in solid 
state; C: aqueous solution. 
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an uncoordinate carboxyl group. 
The Raman spectrum of the yellow or amber acid 

salt in aqueous solution is shown in Fig. 4-C. The pH 
of the solution was 1.2. The spectrum in the 300— 
600 cm - 1 region is very similar to that of the 
sexidentate heptacoordinate acid salt but is completely 
different from that of the quinquedentate hexacoord­
inate acid salt. There is no band which is assignable to 
a C=0 stretching of the uncoordinated carboxyl group 
in the 1700—1800 cm"1 region. These observations 
indicate that the complex is ionized and unambiguo­
usly takes a sexidentate heptacoordinate geometry, 
even at p H ^ l ^ . 

The iron(III)-edta complex is fairly stable even in 
strongly acidic solutions. In order to determine the 
structure in strongly acidic solutions, the Raman 
spectra in 1 and 2 mol dm - 3 HCl solutions were 
observed (Fig. 5). The weak shoulder which is 
observed around 1730 cm-1 in a 1 mol dm - 3 HCl 
solution becomes clear upon increasing the acidity of 
the solution. This band is attributable to C=0 
stretching of the -COOH group. In the 300—600 cm"1 

region, new bands appear around 390, 450, and 520 
cm - 1 in the 1 mol dm - 3 HCl solution; the intensities of 
these bands increase with increasing the HCl concen­
tration. Regarding the positions, these new bands 
correspond well to the bands observed in the quin­
quedentate hexacoordinate acid salt in the solid state. 
These observations suggest that the protonated 
complex is formed in HCl solutions and is in a 
quinquedentate hexacoordinate geometry. In cont­
rast to the HCl solutions, even in 2 mol dm - 3 HCIO4, 
no new bands were observed in the 300—600 cm 1 

region. Since the Perchlorate ion has little tendency to 
coordination, the coordination of a chloride ion may 

1600 300 

v/cm 

be responsible for the formation of the quinquedentate 
hexacoordinate complex in HCl solutions. The band 
at 312 cm -1, clearly observed in the Raman spectrum of 
the 2 mol dm - 3 HCl solution, may be due to Fe-Cl 
stretching.33) 

Structures in Alkaline Solutions. Schwarzenbach 
and Heller32) have reported equilibrium constants 
corresponding to the formation of mono-, di-, and 
trihydroxo species: pK—l.b, 9.4, and 12.3, respectively. 
Of these hydroxo species, the existence of the di- and 
trihydroxo complexes is questionable. Dimerization 
also occurs in basic solutions, and its formation 
constant has been reported.4,34-36) The crystalline 
dimer has been isolated20) but not characterized by X-
ray analysis. An X-ray analysis of the dimer with 
hedta (A^ydroxyethylenediamine-A^A/^A/^-triacetate) 
shows that the dimer consists of two hexacoordinate 
iron(III) units surrounded by a bridging oxygen and a 
quinquedentate hedta ligand.37) An analogous 
structure has been proposed for the dimeric complex 
with edta.36) 

Figure 6 shows the Raman spectrum of the solid 
sodium salt of the dimeric complex with edta. If the 
monomeric unit in the dimer has a quinquedentate 
hexacoordinate geometry, the Raman bands due to 
the monomeric unit should appear in the similar 
positions to those of the quinquedentate hexacoor­
dinate acid salt, since it is reasonably expected that the 
deprotonation of the uncoordinate carboxyl group in 
the quinquedentate hexacoordinate acid salt hardly 
affects the skeletal vibrations of the coordination 
polyhedron. In fact, the bands at 522, 478, 457, and 
390 cm - 1 observed for the dimer correspond well with 
respect to their positions to the bands at 523, 481, 455, 
and 392 cm - 1 observed for the quinquedentate hexa­
coordinate acid salt. The band at 422 cm - 1 observed 
for the dimer may be assigned to the symmetric 

300 

v/cm 
Fig. 5. Raman spectra of Fem(edta)~ in HCl solu­

tions; A: 1 mol dm-3 HCl solution; B: 2 mol dm-3 

HCl solution. 

Fig. 6. Raman spectrum of Na4[Fe2(edta)20]-3H20 
in solid state. 
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I | I I 
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v / cm" 

Fig. 7. Raman spectra of alkali metal salt of 
Fem(edta)~ in aqueous solution as a function of pH. 

stretching of the F e - O - F e unit.38»39) 

Figure 7 shows the R a m a n spectra of the iron(III)-
edta complex as a function of p H . T h e solut ion 
becomes dark red when the p H increases. A 
0.1 mol d m - 3 solut ion of the complex, which was 
employed for the R a m a n measurement of neutral and 
acidic solut ions, completely absorbs laser l ight. T h e 
R a m a n spectra at a h igher p H region were, therefore, 
obta ined wi th ca a 0.01 mol d m - 3 so lut ion and, as a 
result, the observed spectra have low signal-to-noise 
ratios. In the R a m a n spectra at h igher p H s several 
new bands are discernible a round 520, 480, 450, 410 
and 360 c m - 1 . These bands correspond nicely to those 
observed for the solid dimer, indica t ing that the 
structure of the dimer in the solid state is retained in 
aqueous solutions. In conclusion, the monomer ic 
u n i t in the dimer takes a qu inqueden ta t e hexacoord-
inate geometry bo th in the solid state and aqueous 
solution. 

T h e existence of the monomer ic monohydroxo 
complex was no t confirmed by the present R a m a n 
measurements . T h e monomer ic monohydroxo com­
plex, [Fe(OH)(edta)]2~, wou ld have either the sexident-
ate heptacoordina te geometry or the qu inqueden ta te 
hexacoordinate geometry. It is therefore ant icipated 

that the R a m a n bands due to the monohydroxo 
complex are super imposed on those of the m o n o a q u a 
complex or those of the dimer. 
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The adducts of osmocene derivatives with Lewis acids were studied by means of 13C-CP-NMR spectroscopy 
and other physicochemical techniques. The large low-field shifts found through 13C-CP-MAS NMR and 
1H NMR spectroscopy and the organotin(IV) species found in the 119Sn-Mossbauer spectroscopic data suggest 
the presence of direct chemical bonds between the osmium atoms and the Lewis acids in the adducts. 

It is wel l -known that [2]ferrocenophane and ru-
thenocene derivatives react wi th appropr ia te Lewis 
acids such as HgCh, SnCU, and h, g iv ing diamagnet ic 
stable adducts wi th a direct chemical b o n d between the 
central metal a tom in the metallocene (Fe, Ru) and the 
Lewis acid, based on the results of 57Fe- and 119Sn-
Mössbauer and 1 3C-CP-MAS N M R spectroscopic stu­
d i e s . 1 - 0 Osmocene was first prepared more than 30 
years ago by the reaction of o smium tetrachloride and 
a large excess a m o u n t of sodium cyclopentadienide in 
T H F . 7 ) However, its chemical properties have been 
investigated less because of the lack of a high-yield 
synthetic route of osmocene. Osmocene is expected to 
react wi th Lewis acids, g iving more stable adducts 
than [2]ferrocenophane and ruthenocene, because 
osmocene has a smaller steric h indrance in dona t ing 
e2g-electrons (5d) than do [2]ferrocenophane and 
ruthenocene. However, few studies have been reported 
on the osmocene-Lewis acid adducts. T h e present 
studies were designed to find a high-yield synthetic 
route of osmocene and to provide informat ion about 
the structure of some osmocene-Lewis acids adducts 
(HgCl2, SnCl4, I2, Br2 etc.) by means of 13C-CP-MAS 
NMR, lH NMR, 119Sn-Mössbauer spectroscopy and 
other physicochemical measurements. 

Experimental 

Materials: In the present study, osmocene was first 
prepared in high yield by mixing osmium trichloride and 
cyclopentadiene with zinc dust in ethanol under conditions 
similar to those used for ruthenocene.0 Freshly distilled 
cyclopentadiene (100 cm3) and zinc dust (5 g) were added to a 
solution of hydrated OsCb (5.0 g, 0.015 mol) in ethanol 
(200 cm3). The mixture was stirred for 10 h at room 
temperature and refluxed for 1 h. The solution was extracted 
with hexane mixed with benzene, washed with water, dried 
over MgSÜ4 and separated by column chromatography on 
alumina. Hexane was used to elute dicyclopentadiene 
and a mixed solvent with hexane and benzene (1:1) to 
elute osmocene, which was obtained as pale-yellow precip­
itates. Osmocene was purified by recrystallization from 
hexane mixed with benzene (3.5 g, 0.011 mol; yield, 73%). 
!HNMR (CDC13) 6=4.71 and (CD3CN) 0=5.52 (lit(CCl4)

9) 

0=4.57). 13CNMR (CDCI3) 6=63.6 and (CD3CN) 0=63.4 
(lit(C6D6)

9) 6=63.9. Infrared spectrum data(KBr) 3083.5, 

1399.5, 1096.6, 997.3, 988.6, 876.7, 830.4, 821.7, and 429.2 
cm"1, (lit10> 3108, 1400, 1098, 998, 989, 831, and 823 cm"1). 
Found: C, 37.54; H, 3.22%. Calcd for Ci0Hi0Os:C, 37.49; H, 
3.15%. 

Adducts of HgCb and SnCU with osmocene were prepared 
by mixing a large excess amount of HgCl2 and SnCU with 
osmocene in an ether and hexane solution, respectively. Pale-
yellow diamagnetic precipitates were filtered, washed with 
ether and dried in vacuo. Found: C, 13.98; H, 1.35%. Calcd 
for CioHioOsHg2Cl4: C, 13.91; H, 1.17%. Found: C, 18.93; 
H, 1.82%. Calcd for Ci0HioOsSni.5Cl6H20: C, 19.28; H, 1.94%. 
[OsCp2]2Hg(BF4)2 and [RuCp2]2Hg(BF4)2 adducts were pre­
pared by the method described previously.11) Found: C, 
23.68; H, 2.01%. Calcd for C2oH2oOs2HgB2F8: C, 23.66; H 
1.99%. Found: C, 28.83; H, 2.45%. Calcd for C2oH2oRu2HgB2-
F8: C, 28.71; H, 2.41%. Adducts of AgBF4 with osmocene and 
ruthenocene were prepared under the same conditions as 
those used for their HgCh adducts. Diamagnetic white 
precipitates were immediately formed. Found: C, 17.01; H, 
1.79%. Calcd for CioHioOsAgzBzFg: C 16.99; H, 1.42%. 
Found: C, 23.62; H, 2.31%. Calcd for C10H20RuAg1.5B1.5Fe: C, 
22.95; H, 1.93%. An adduct of Pd(BF4)2 with osmocene was 
prepared by mixing a large excess amount of Pd(BF4)2-
(CH3CN)4 with osmocene in acetonitrile. The solution was 
stirred for 1 h at room temperature and refluxed for 3 h and 
cooled. To the solution, a small amount of ethyl ether was 
added; yellow crystals were formed. Found: N, 4.63; C, 24.16; 
H, 2.42%. Calcd for CioHi0OsPd(BF4)2(CH3CN)2: N, 4.10; C, 
24.64; H, 2.36%. The reaction products of iodine with 
osmocene were prepared by mixing iodine and osmocene in 
dry CCI4. Black diamagnetic precipitates were filtered. The 
products were well soluble in acetonitrile. The well-formed 
needle crystals were obtained by recrystallization from the 
solution. Found: C, 14.61; H, 1.18%. Calcd for CioHi0OsI4: 
C, 14.49; H, 1.21%. Reaction products of bromine with 
osmocene and ruthenocene were prepared under the same 
conditions used for the I2 adduct of osmocene. Diamagnetic 
yellow-green precipitates were also formed. Found.C, 18.53; 
H, 1.56%. Calcd for CioHi0OsBr4:C, 18.76; H, 1.57%. Found: 
C, 22.20; H, 1.89%. Calcd for Ci0Hi0RuBr4: C, 21.80; H, 
1.83%. 

[RuthenoceniumCl]+PF6~ salt was prepared by a previ­
ously reported method.12) Found: C, 23.88; H, 2.04%. Calcd 
for CioHioRuClPFe; C, 23.98; H, 2.01%. [Osmocenium 
C1]+PF6~ salt was prepared in a condition similar to that 
used for [ruthenoceniumCl]+PF6- salt. Found: C, 23.88; H, 
2.04%. Calcd for Ci0Hi0OsClPF6; C, 23,98; H, 2.01%. 
[OsmoceniumBrJ+PFe" and [ruthenoceniumBr]+PFe~ salts 

C10H20RuAg1.5B1.5Fe
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were prepared by a method similar to that used for the 
[ruthenoceniumCl]+PF6~ salt, except for the use of FeBr3 
and HBr. Found: C, 22.19; H, 1.82%. Calcd for 
CioHioOsBrPFe; C, 22.02; H, 1.85%. Found: C, 26.33; H, 
2.14%. Calcd for Ci0Hi0RuBrPF6; C, 26.33; H, 2.21%. 

Osmocenium+PF6~ salt was prepared by a previously 
reported method.1» Found: C, 26.58; H, 2.33%. Calcd for 
CioHioRuPFe; C, 25.81; H, 2.17%. 

Measurements: 119Sn-Mössbauer spectra were measured 
against a Ca119Sn03 source. The velocity calibration was by 
determining the resonance line of an 57Fe-enriched metallic-
iron absorber aginst a 57Co(Rh) source. The isomer shift 
(I.S.) for 119Sn was described with respect to a BaSnOs 
absorber. The experimental error of the I. S. value was 
estimated to be within ±0.02 mm s_1. 

The 13C-CP-MAS NMR spectra were obtained at a 
frequency of 50.18 MHz using a JEOL FX-200 Fourier 
Transform NMR Spectrometer. Four thousand data points 
were collected by following a spin-locking cross-polarization 
sequence. The 13C frequency spread was 20 kHz. Magic-
angle sample spinning rates of 3 to 3.5 kHz were achieved by 
using Kel-F rotors. The chemical shifts (d) were measured 
with respect to external adamantane and then converted to 
the shifts from TMS. The 1H and 13C NMR spectra were 
measured in solution with the same spectrometer at 199.56 
and 50.18 MHz, respectively, using TMS as a standard. 

Cyclic voltammograms were obtained by the same method 
as in the case of a previous report.2) A working electrode of 
platinum button and an Ag/AgCl reference electrode were 
connected via a salt bridge of CH3CN containing (0.1 mol 
dm"3) [(C4H9)4N]C104. The scanning rate was 200 mV s"1. 
Ir spectra were obtained using a JASCO FT/IR-5MP spectrom­
eter at a resolution of 2 cm - 1 by 128 scans. 

Results and Discussion 

Osmocene-SnCU Adduct. Most ferrocene deriva­
tives react wi th SnCU merely giving paramagnet ic 
ferrocenium salts,5) while [2]ferrocenophane, ru theno-
cene and osmocene react wi th a large excess a m o u n t of 
SnCU, giving diamagnet ic adducts. [2]Ferroceno-
phane - and ruthenocene-SnCU adducts, however, are 
so unstable that the red-orange and yellow color of the 
adducts gradually changes in to green-yellow u p o n 
s tand ing at room temperature for a few hours or 

several days in air after preparat ion, respectively.1 4 - 1 0 

T h e pale-yellow osmocene-SnCU adduct is m u c h 
more stable than the [2]ferrocenophane- and ru theno-
cene -SnCk adducts on s t and ing for a l ong time, 
showing no color change. 

T h e 119Sn-Mossbauer parameters of the osmocene-
SnCU adduct and related compounds are listed in 
Tab le 1 and typical 1 1 9Sn-Mössbauer spectra of the 
adducts are shown in Fig. 1. T w o kinds of chemical 
shifts of the tin(IV) species (I. S, 0.50 and 2.13 m m s"1 

at 78 K, as shown in Fig. 1-a) are observed in the 
spectra of the osmocene-SnCU adduct. T h e com­
ponen t wi th a h igher I. S value is ascribed to tin(IV) in 
[Cp20s-SnCl2-OsCp2] 2 + species and the other one to 
an ionic SnCls" species, based on the results of the 

\ ftf 78 K 

o 

03 
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_J_ 

4 < 

_ l _ 

- 4 . 0 0 4 . 0 

Velocity/mm s_1 

Fig. 1. 119Sn-Mossbauer spectra of osmocene-
1.5SnCl4(H20) (a,b) and ruthenocene-1.5SnCl4 
adducts (c), at indicated temperatures. 

Table 1. 119Sn-Mossbauer Parameters of Osmocene-Tin Cloride Adduct and Related Compounds 

Compound Temperature/K I.S./mm s_1 Area ratio/% 

Osmocene-1.5SnCl4(H20) 

Ruthenocene-1.5SnCl4 

[2]Ferrocenophane-l .5SnCl4(H20) 

78 

140 

190 

78 

4.2 

78 

0.50 
2.13 
0.52 
2.18 
0.53 
2.16 
0.56 
2.08 
0.54 
2.11 
0.54 
2.14 

0.75 
0.25 
0.79 
0.21 
0.80 
0.20 
0.72 
0.28 
0.68 
0.32 
0.78 
0.22 
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mode is split when the cyclopentadienyl rings are 
tilited by the bond formation between the Lewis acids 
and the central metal atoms of metallocene; i. e., Ru-
Hg, Ru-I and Ru-Hg.11'14'17'18* Therefore, the 
splitting of the band (v; 1426.5 and 1401.4 cm - 1 and Av; 
25.1 cm -1 , as shown in Fig. 2-b and Table 2) can be 
used for an indication of the bond formation between 
the Sn and Os atoms in the SnCU adduct of osmocene. 

Although osmocene is well-soluble and stable in 
most organic solvents, some of the Lewis acid adducts 
of osmocene are less soluble and unstable in solvents, 
as in the cases of the adducts of ruthenocene and 
[2]ferrocenophane.14-16> Applications of 13C-CP-MAS 
NMR spectroscopy to the reaction products of 
osmocene have made it possible to obtain a high-
resolution 13C NMR spectrum, even in the solid state. 
Figure 3 shows the 13C-CP-MAS NMR spectra of the 
osmocene (a) and its SnCU adduct (b). Their 
13C chemical shift values are listed in Table 3. The 
chemical shift (dc) values of the cyclopentadienyl ring 
carbon in osmocene was found to be 67.4 ppm, which 
is smaller than the value of ferrocene (69.8 ppm) and 
ruthenocene (73.2 ppm). 

The large low-field shift found for the SnCU adduct 
(Àôc; 15.5 ppm) compared with the chemical shift 
value of osmocene is very similar to the value of the 
ruthenocene-SnCU adduct (15.9ppm),2) suggesting 
that the effect of SnCU on the Os atoms in osmocene is 
similar to that on the Ru atoms in ruthenocene. By 
analogy to the structure of the ruthenocene-SnCU 
adduct,14) it may be reasonable to conclude that the 
osmocene-SnCU adducts can be expressed as [Cp2Os-
SnCl2-OsCp2]2+ (SnCl5-)2(H20)2, based on the results 
of 119Sn-Mössbauer, 13C-CP-MAS NMR, and IR spec­
troscopic studies as well as elemental analysis. 

Figure 4 shows the XH NMR spectra of osmocene (a), 

Table 2. Comparison of the Infrared Spectra Assigned as Antisymmetric C-C Stretching 
Mode of Osmocene or Ruthenocene and Their Reaction Products with Lewis Acids 

Compound 

Osmocene 
Osmocene-2AgBF4 
Osmocene-2HgCl2 
(Osmocene)2-Hg(BF4)2 
Osmocene-1.5SnCl4(H20) 
(OsmoceniumI)+l3~ 
(OsmoceniumBr)+Br3~ 
(OsmoceniumCl)+PF6~ 
(OsmoceniumBr)+PF6~ 
(Osmocenium+)2(PF6~)2 
Ruthenocene 
Ruthenocene-1.5AgBF4 
Ruthenocene-2HgCl2 
Ruthenocene-Hg(BF4)2 
Ruthenocene-1.5SnCl4 
(RuthenoceniumI)+l3~ 
( RuthenoceniumBr )+Br 3~ 
(RuthenoceniumCl)+PF6~ 
( RuthenoceniumBr )+PF6~ 

1399.5 
1399.5 
1400.4, 
1404.3, 
1401.4, 
1400.4, 
1402.4, 
1407.2, 
1408.2, 
1407.2, 
1405.3 
1406.2 
1405.3, 
1407.2, 
1531.0, 
1403.3, 
1405.3, 
1411.1, 
1411.1, 

i>/cm_1 

1417.0 
1417.0 
1426.5 
1431.3 
1436.1 
1441.0 
1440.5 
1429.4 

147.2, 1416.8, 1421.7 
1421.7 
1406.0 
1436.1 
1441.0 
1446.7 
1445.0 

Av/crrr1 

— 
— 

16.6 
12.7 
25.1 
30.9 
33.7 
33.8 
32.3 
22.2 
— 
— 

16.4 
14.5 
25.0 
32.8 
35.7 
35.6 
33.9 

studies of similar adducts of ruthenocene with SnCU 
(0.56 and 2.08 mm s - 1 at 78 K, as shown in Fig. 1-c) and 
[2]ferrocenophane with SnCU (0.54 and 2.14 mm s - 1 at 
78 K).5> 

Figure 2 shows the FT-IR spectra of osmocene (a) 
and its SnCU adduct (b). The sharp singlet assigned to 
an antisymmetric C-C stretching mode of the cyclo­
pentadienyl rings10) is observed at 1399.5 cm - 1 in 
osmocene. It has been reported that the C-C stretching 

1400 1200 1000 800 

Wavenumbers/cm-1 

Fig. 2. IR spectra of osmocene (a), osmocene-
1.5SnCl4(H20) (b), and (osmoceniumBr)+Br3~ salt(c). 
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Table 3. 13C and XH Chemical Shifts of Osmocene and Ruthenocene and Related 
Compounds in the Solid State and in a Solution, Respectively 

Compound 
13C Chemical shift 

ôc/ppm Aôc/ppm 

l H Chemical shift 
ÔH/ppm AÔH/ppm 

Ösmocene 
Osmocene-2AgBF4 
Osmocene^Pd(BF4)2(CH3CN)2 
Osmocene-2HgCl2 
(Osmocene)2-Hg(BF4)2 
Osmocene-1.5SnCl4(H20) 
(OsmoceniumI)+l3~ 
(OsmoceniumBr)+Bra~ 
(OsmoceniumCl)+PF6~ 
(OsmoceniumBr)+PF6"~ 
(Osmocenium+)2(PF6"")2 
Ruthenocenea) 

Ruthenocene-1.5AgBF4 
Ruthenocene-2HgCl2

a) 

Ruthenocene-Hg(BF4)2 
Ruthenocene-1.5SnCl4a) 

(RuthenoceniumI)+l3~a) 

(RuthenoceniumBr)+Br3~ 
(RuthenoceniumCl)+PF6~ 
( RuthenoceniumBr)+PF6~ 

67.4 
67.5 
75.4 
76.1 
74.3 
82.9 
88.2 
90.3 
90.5 
89.2 
80.4 
73.2 
74.0 
81.2 
79.7 
89.1 
93.4 
96.9 
97.1 
95.3 

— 
0.1 
8.0 
8.7 
6.9 

15.5 
20.8 
22.9 
23.1 
21.8 
13.0 
— 
0.8 
8.0 
6.5 

15.9 
20.2 
23.7 
23.9 
22.1 

5.52 
5.58 
6.59 
6.42 
6.58 
6.68 
6.78 
6.70 
6.65 
6.69 
6.53 
5.37 
5.38 
6.21 
6.38 
5.35 
6.87 
6.84 
6.79 
6.79 

— 
0.06 
1.07 
0.90 
1.06 
1.16 
1.26 
1.18 
1.13 
1.17 
1.01 
— 

0.01 
0.84 
1.01 
0.02 
1.50 
1.47 
1.42 
1.42 

a) Chemical shift values are cited from Ref. 2. 

* 

* 

* 

J 
J 

J 
I 

* e) 

^ 1 ^L_ d) 1 

1/ V *c) 

V 11 b) 

J \ * a) 

_r I l l 
100 60 20 

ô/ppm 

Fig. 3. 13C-CP-MAS NMR spectra of the osmocene 
(a), osmocene-1.5SnCl4(H20) (b), osmocene-2HgCl2 
(c), (osmoceniumI)+l3~ (d), and (osmoceniumCl)+PF6~ 
(e). The sample spinning side band (SSB) is repre­
sented by * in the Figure. 

its SnCi4 adduct (b—e), ru thenocene (f), and its SnCU 
adduct (g) all dissolved in acetonitrile. A l though no 
peaks are observed in the 1 H - and 13C N M R spectra of 

[2]ferrocenophane-SnX4 (X; CI, Br) adducts dissolved 
in acetonitri le (because [2]ferocenophane is oxidized 
by SnX4 giving paramagne t ic [2]ferrocenophanium 
cations in acetonitrile), a sharp l ine is observed for 
SnCU adducts of ru thenocene and osmocene. A 
negligible low-field shift found in the ru thenocene-
SnCU adduct (ASH; 0.02 p p m ) suggests a rap id dis­
sociation of the adduct in to ru thenocene and SnCU. 
However, a large low-field shift (ASH; 1.16 p p m ) is 
observede for the osmocene-SnCU adduct, a l t hough a 
new peak assigned to osmocene grows wi th a several 
hours in acetontri le, as shown in Fig. 4 (c—e). These 
facts indicate that the Os-Sn bond in the osmocene-
SnCU adduct is more stable than the Fe-Sn and R u - S n 
bonds in the [2]ferrocenophane and ru thenocene-
SnCU adducts, respectively, even in acetonitrile. T h e 
stability of the O s - S n b o n d may be ascribed to the 
greater softness of o smiu m atoms in osmocene. 

Osmocene HgCk and Hg(BF4)2 adducts. Osmo­
cene reacts wi th a large excess a m o u n t of HgCU in 
ether, giving a pale-yellow diamagnet ic stable adduct, 
expressed as Cp20s-2HgCl2- As in the case of the 
SnCU adduct of osmocene, sp l i t t ing of the 1400 c m - 1 

region is also observed for the HgCl2 adduct in the IR 
spectrum, a l t hough the spl i t t ing value of the HgCU 
adduct (AS; 16.6 cm - 1 ) is no t as large as that of the 
SnCl4 adduct (A<5; 25.1 cm"1). 

Figure 3 shows 13C-CP-MAS N M R spectra of the 
osmocene-2HgCl2 (c) adduct. A higher 13C chemical 
shift value (ASc; 8.7 p p m ) is found for the H g C h 
adduct and the Aôc value well corresponds to the 
values of the HgCl2 adducts wi th ferrocene (ASc; 
8 .9ppm) 6 ) and ru thenocene (ASc; 8 .0ppm) 2 ) which 
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x °± 

1 f ) 

44 h o u r s 
e) 

10 h o u r s 

d) 

I I 

a) 

7 . 0 6 . 0 5 . 0 

ô/ppm 

Fig. 4. 1H NMR spectra of osmocene (a), osmo-
cene-1.5SnCl4(H20) adduct (b—e), ruthenocene 
(f), and ruthenocene-1.5SnCl4 (g) adduct at the 
indicated time after the preparation of acetonitrile 
solution. 

have an F e - H g and a R u - H g bond, respectively. 
Similar large low-field shifts (ASH; 0.90 p p m ) are 

also observed for the 1H N M R spectra of the osmo-
c e n e - H g C k adduct in CD3CN, as shown in Tab le 3. 
These facts clearly suggest the presence of an O s - H g 

b o n d in a solid, or even in acetonitri le. T h e smaller 
values of Aôc and AÔH than the values of the SnGU 
adduct (15.5 and 1.16 p p m , respectively), suggest that 
o s m i u m atoms interact more weekly wi th HgCU than 
wi th SnCU. Actually, the o s m o c e n e - H g C k adduct is 
no t as stable as the SnCU adduct. After s tanding in air 
for a few days after prepara t ion of the osmocene-
HgCl2 adduct , the pale-yellow color of the adduct 
gradually changes into yellow-green. T h e Cp-r ing pro­
ton signals of the yellow-green H g C k adduct appear 
at 6=6.42 and 6.80 in acetonitrile; former value well 
corresponds to the pale-yellow H g C k adduct, bu t the 
latter to an osmocenium salt. 

Osmocene and ru thenocene react wi th Hg(CN)2 and 
HBF4 in e thanol , g iving yellow-colored adducts; 
determined as [osmocene]2Hg(BF4)2 and [rutheno-
cene]2Hg(BF4)2,u) respectively. Spli t t ings in the 
1400 c m - 1 region are observed for bo th the mercury(II) 
adducts of osmocene (Av; 12.7 cm - 1 ) and ruthenocene 
(Av; 14.5 c m - 1 ) , as shown in Tab l e 2. T h e large Aôc 
value of the [osmocene]2Hg(BF4)2 adducts is found to 
be 6.9 p p m , a l t h o u g h the Av and Aôc values of 
[osmocene]2Hg(BF4)2 adduct are a little smaller than 
the values of the HgCh adduct (16.6 cm" 1 and 8.7 p p m , 
respectively). Similar results are found for the ru theno-
cen-2HgCl2 (16.4 c m - 1 a n d 8.0 p p m respectively) and 
[ruthenocene]2Hg(BF4)2 adducts (14.5 c m - 1 and 6.5 
p p m , respectively). T h e s tructure of the latter adduct 
is determined as [Cp 2 Ru-Hg-RuCp2] 2 + (BF 4 - )2 by 
Hendr ickson et al., on the basis of the IR and R a m a n -
spectroscopic s tudies . n ) Consider ing of the smaller Av 
and Aôc values of the [Cp20s]2Hg(BF4)2 adduct than 
those values of the osmocene-2HgCl2, it may be 
reasonable to conclude that the [osmocene]2Hg(BF4)2 
adduct is expressed as [Cp20s-Hg-OsCp2]2 +(BF4")2 in 
a solid. 

Osmocene Pd(BF4)2 and AgBF4 Adducts. Osmocene 
reacts wi th Pd(BF4)2(CH3CN)4 in acetonitrile, g iving 
pale yellow diamagnet ic precipitates expressed as 
osmocene-Pd(BF4)2(CH3CN)2, whereas ruthenocene 
does no t react wi th Pd(BF4)2(CH3CN)4. As in the case 
of the SnCl 4 and HgCl 2 adducts, h igher 13C (A<5C; 
8.0 p p m ) and XH chemical shift values (ASH; 1-07 p p m ) 
are observed. T h e Aôc values of Pd(BF4)2 adduct is, 
however, a lit t le smaller than the value of the HgCU 
adduct (ASc; 8.7 p p m ) , suggest ing the O s - P d b o n d is 
no t as stable as the O s - H g bond. Actually, the color of 
the Pd(BF4)2 adduct changes in to brown after be ing 
al lowed to s tand in air for a several hours . T h e Cp-
r ing p ro ton signals of the pale-yellow Pb(BF4)2 adduct 
appear at ô=6.59 and 5.50 in acetonitri le for several 
minutes after the prepara t ion of the solution, suggest­
ing a rap id dissociation of the adduct in acetonitrile, 
because the latter value well corresponds to that of 
osmocene itself (5.52 ppm) . 

Osmocene and ru thenocene react wi th AgBF4 in 
ether, g iving diamagnet ic precipitates determined as 
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osmocene-2AgBF4 and ruthenocene-1.5AgBF4, respec­
tively, based on elemental analysis. Although the 
colors of the HgCk and SnCU adducts of osmocene 
and ruthenocene are yellow or pale-yellow, respective­
ly, the color of the AgBF4 adducts of osmocene and 
ruthenocene is white. Much smaller low-field shifts 
(ASc, 0.1 and AÔH, 0.06 ppm) and no splitting for the 
1400 cm - 1 mode are observed in the osmocene-
2AgBF4 adduct in the 13C-CP-MAS, lH NMR, and 
IR spectroscopic studies, respectively. Such smaller 
low-field shifts are also found for the ruthenocene-
1.5AgBF4 adduct (Aôc, 0.8 and A<5H, 0.01 ppm). 
Therefore, it can be concluded that reaction products 
with AgBF4 and metallocene are neither mixtures 
nor adducts with a metal-metal (Os-Ag or Ru-Ag) 
bond, but molecular complexes with a weak interac­
tion between the metallocene and AgBF4. 

Reaction Products of I2, Br2, HX, and FeX3 (X; CI 
and Br) with Osmocene. Studies of the cyclic 
voltammography of osmocene show two irreversible 
one-electron oxidation peaks (Eox; 0.50 and 0.85 V; as 
illustrated in Fig. 5-a), whereas ruthenocene gives one 
irreversible two-electons oxidation peak (Eox, 0.72 V). 
The potential of the first oxidation step is similar to 
that of ferrocene (Eox, 0.44 V), suggesting that osmo­
cene is oxidized more easily than ruthenocene. 

Osmocene is oxidized by a large excess amount of I2 
and Br2 in CCI4, giving diamagnetic precipitates 
expressed as osmocene-212 and osmocene-2Br2, respec­
tively. The reaction products with halogen are more 
stable than any other products of osmocene in a solid, 
or even in acetonitrile, without showing any change of 

1.5 1.0 0 . 5 0 

E(SCE)/V 

Fig. 5. Cyclic voltammograms of osmocene (a), 
ferrocene (c), and ruthenocene (b) in acetonitrile 
solution. (Sweep rate; 200 mV s_1). 

color. The larger splittings of the 1400 cm - 1 band (Av, 
30.9 and 33.7 cm-1 for the I2 and Br2 products, 
respectively, as shown in Table 2 and Fig. 2-c) are 
observed for both products than for the osmocene-
HgCk and -SnCU adducts. 

The 13C-CP-MAS NMR parameters of the products 
are listed in Table 3 and a typical spectrum of the I2 
product is shown in Fig. 3-d. Much larger Aôc and AÔH 
values (20.8 and 1.26 ppm for the I2 product and 22.9 
and 1.18 ppm for the Br2 product) are observed in the 
halogen products than the values found in the HgCl2 
and SnCU adducts. This suggests that the effect of the 
halogen on the osmium atoms in osmocene is stronger 
than that of the other Lewis acids (SnCU and HgCh). 
Similar large Aôc and AÔH values are also observed for 
the ruthenocene-halogen products (20.2 and 1.5 ppm 
for the I2 product and 23.7 and 1.47 ppm for the Br2 
product, respectively),2) which have structures expres­
sed as [Cp2Ru(IV)-X]+X3- (X; I and Br) on the basis of 
X-ray analysis.17) By analogy to the ruthenocene-
halogen products, the structure of the osmocene-
halogen products may be expressed as [Cp20s(IV)-
X]+X3"(X; I and Br). 

A benzene solution of osmocene reacts with a large 
excess amount of HX and FeX3 (X; CI and Br) in an 
aqueous solution of NH4PF6, giving diamagnetic 
brown precipitates determined as Cp20sXPFô. The 
largest Av (33.8 cm -1) and Aôc values (23.1 ppm) in all 
the products of osmocene and a large AÔH (1.13 ppm) 
value are observed for the Cp20sClPF6 product. 
Similar large Av, Aôc, and AÔH values (32.3 cm -1, 
21.8 ppm, and 1.17 ppm, respectively) are also ob­
served for the Cp20sBrPFô products. These values 
correspond to the values of [Cp20s(IV)-Br]+Br3~ salt 
(33.7 cm -1 , 22.9 ppm, and 1.18 ppm, respectively). 
This fact clearly suggests the presence of a bond bet­
ween the Os(IV) and halogen atoms (CI, Br), both in 
the Cp20sXPFô products; it can be concluded 
that the reaction products are expressed as [Cp20s(IV)-
X-]+PF6~ (X; CI and Br). The increasing values of Av 
and Aôc in the products of osmocene with halogen 
suggest that the interaction between the osmocene and 
the halogen increases in the order I_<Br~<Cl~. 

Raction Products of Ce(N03)2(NH4)6 with Osmo­
cene. Though osmocene is oxidized Ce(N03)6-
(NH4)2 in an aqueous solution of NH4PF6, giving a 
green osmocenium salt analyzed as Cp20sPFô, rutheno­
cene is not oxidized by the same treatment, since 
ruthenocene is oxidized less easily than osmocene. 
Droege et al. determined the crystal structure of the 
PFÔ~ salt of osmocenium using X-ray analysis, 
concluding that two osmocenium cations are joined by 
an antiferromagnetic Os(III)-Os(III) bond in the salt; 
[Cp2Os-OsCp2]2+(PF6-)2.13) A splitting in the 1400 
cm - 1 region is found to be 22.2 cm"1. This value is 
much smaller than that of the halogen products of 
osmocene (30—34 cm -1) and a little smaller than the 
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SnCl 4 adduct (25.1 cm" 1) . In the 1 3C-CP-MAS N M R 
and XH N M R spectroscopy of the salt, large low-field 
shifts (ASc; 13.0 and AÔH; 1.01 p p m ) are observed; the 
values of low-field shift of the dimer cation, however, 
are m u c h smaller than the values of the I2 and Br2 
products , suggest ing that the Os(III)-Os(III) bond is 
no t as stable as the Os(IV)-I~ and Os( IV)-Br - bonds. 
Actually, the P F Ô ~ salt is no t stable in acetonitri le; i.e., 
the green color of the P F Ô - salt in acetonitrile changes 
to b rown u p o n s tanding at room temperature for a 
several minutes , whereas the I2 and Br2 products are 
stable a n d show n o change in color a n d N M R spectra. 
Droege et al. have reported that the dimer cations react 
wi th acetonitri le, g iv ing pale-yellow and red-brown 
precipitates which are determined as [Cp2(CsH4)2-
Os 2] 2 +(PF 6-) 2 and [Cp20sNCCH3]2+(PF6-)2, respective­
ly, based on the results of X-ray analysis and elemental 
analysis data.13) 

Conclusion 

Figure 6 shows the correlat ion between the Aôc and 
Av values of osmocene- and ru thenocene-Lewis acid 
products . A remarkable dependence of the Aôc value 
on the Av value is observed for bo th the products . T h e 
large Aôc and Av values found in the osmocene-Lewis 
acids products indicate tha t the enhanced interact ion 
between the metal in metal locene (Os, Ru) and the 

u 

0 1Q 2 0 

Aôc/ppm 

Fig. 6. The correlation between the A v and A ôc 
values for osmocene- ( • ) and ruthenocene-Lewis 
acid products (A). 

Lewis acids (AgBF4<Hg(BF4)2<HgCl2<SnCl4<l2<Br2) 
should result in a decrease in the electron density 
a round the Cp- r ing carbon and an increase in the 
dis tor t ion of the molecular structure of metallocene 
uni t . 

T h e Aôc values of osmocene-Lewis acids products 
agree wi th the values of cor responding ru thenocene-
Lewis acids products and the Av values of osmocene-
Lewis acid products are a little smaller (2—3 cm - 1 ) 
than the values of the cor responding ru thenocene-
Lewis acid products . T h e results show that the two 
five-membered r ings of the osmocene-Lewis acid 
products are less titled than those of the ru thenocene-
Lewis acid products , g iving more stable osmocene 
products wi th Lewis acids compared wi th ruthenocene 
products . Fur ther studies mus t be conducted in order 
to provide direct evidence for p rov ing the conclusion, 
by us ing X-ray analysis of osmocene-Lewis acid 
products . 
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Twenty one of the title complexes (abbreviated as Cu(X-sal-R)2; X=H, 5-Cl, or 5-Br and R=Af-alkyl) in 
toluene have been extensively studied by the ESR method in order to obtain fundamental information on dimer 
formability and the dimeric structures of these complexes. The equilibrium constant (K) for 2 monomer ^ ^ 
dimer has been determined by analyzing the concentration dependence of the intensity ratios of the dimer to the 
monomer ESR signals for frozen toluene solutions. The K values of the Cu(H-sal-R)2 complexes are remarkably 
R-dependent as follows: methyl (233)^>ethyl (10)~isobutyl (9)>other normal alkyl groups (~4) for a series of 
the R groups with primary a-carbons, and cyclohexyl (75)^>isopropyl (7)>s-butyl (<C1 )>cycloheptyl (~0)> 
^-butyl (0) for a series of the R groups with secondary and tertiary a-carbons, where the complex is denoted by R, 
followed by K (M-1) in parentheses. The complexes with R=nonyl or higher homologues form some polymeric 
species besides dimers and monomers. The K values remarkably increase by the introduction of X=5-C1 or 5-Br. 
The observed dimer ESR spectra have been analyzed by computer simulation in order to estimate the structural 
parameters (r and f) of parallel-planar dimers, where r is the Cu-Cu distance and f is the angle between the 
Cu-Cu direction and the normal to the molecular plane. These results indicate that most complexes form two 
types of dimers with different structures: type a, r=3.75Â and f=37°; type b, r=4.10Â and f=23°. The 
Cu(X-sal-methyl)2 complexes form only a-type dimers, while the others simultaneously form both types of 
dimers, except the complexes of R=isopropyl and cyclohexyl which form another type of parallel-planar dimers 
having a slightly tetrahedrally-distorted coordination geometry around each copper atom. 

Many copper(II) complexes wi th bidentate N-
substi tuted salicylideneamines and their derivatives 
(abbreviated as Cu(X-sal-R)2,1) are dimeric in crystals 
and have the ability to form dimers in solutions.1 _ 8 ) 

These dimers are of a so-called paral le l -planar type. In 
this work, the R - and X-dependences of dimer 
formability and dimeric structures for the Cu(X-sa l -
R)2 complexes of R ^ a l k y l g r o u p and X = H , 5-Cl or 
5-Br in toluene have been extensively investigated by 
the ESR method. 

x 4 3 

I 

Experimental 

All of the sample complexes (17 complexes listed in Table 
1 and four complexes of R=nonyl, decyl, dodecyl, and 
hexadecyl) were prepared and purified according to the 
methods described in the literature,9) using commercially 
available reagents. Commercial Nakarai's "spectrograde" 
toluene was used as a solvent without further puification. 
The X-band ESR spectra for frozen toluene solutions at 77 K 
were measured with a JEOL Model JES-FE2XG ESR 
spectrometer; a Takeda Riken TR-5501 frequency counter 
and an ECHO Electronics EFM-2000 NMR field meter were 
used in measurements of the microwave frequency and 
magnetic fields, respectively. A computer simulation of the 

dimer ESR spectra was carried out at the Computer Center of 
Tohoku University, using a program based on the point-
dipole approximation.6* 

Results and Discussion 

Dimer Formation Constants. Most of the present 
complexes in frozen toluene solut ions s imultaneously 
show bo th m o n o m e r and dimer ESR spectra super­
imposed on each other, as exemplified in Fig. 1. T h i s 
fact indicates that a monomer(M)-dimer(D) equi l ib-

II 

I i I 

0.2 0.3 n 0.4 
Bn 

Fig. 1. ESR spectra of (A) 2.50 mM Cu(5-Cl-sal-
methyl)2 and (B) 50.0 mM Cu(H-sal-isobutyl)2 in 
toluene at 77 K (i^9.100 GHz; see text as to the 
meanings of HD and HM in the A spectrum). 
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Fig. 2. Relationship between R and Co for the 
Cu(X-sal-R)2 complexes ((O), experimental; ( ), 
calculated (see text)): A, X=H, R=methyl; B, X= 
5-Br, R=methyl; C, X=5-Br, R=hexyl. 

r ium, 2 M ^ D , is established in these solutions.x ) T h e 
equ i l i b r ium or dimer formation constant (K) for a 
complex can be determined by measur ing the ESR 
spectra in frozen toluene solutions at several different 
total concentrat ions (Co). In each spectrum, the value 
of R=HD/HMCC[D]/[M] can be directly obtained, where 
HD and H M are the peak heights of any specific dimer 
and m o n o m e r ESR signals, respectively. T h e n , R is 
expressed as 

R = {\/8KCo+ 1 - \)/P, 

where P is a propor t ional i ty constant.x) K and P can be 
determined by fitting the above equa t ion to the 
exper imenta l plots of R against Co. T h e K values, thus 
obtained, are considered to be per t inent for temper­
atures near the freezing po in t of toluene. In most 
cases, the same dimer and monomer ESR signals as in 
the proceding work were selected for the determinat ion 
of H D and HM, respectively, as shown in Fig. I.1* 
Several representatives of the experimental plots and 
their fit t ing curves are shown in Fig. 2; all of the K and 
P values, thus determined, are summarized in Tab le 1, 
together wi th some previous data. 

An inspect ion of Tab le 1 indicates many aspects of 
dimer formabili ty for the present k ind of complexes in 
toluene. T h e fol lowing orders are obtained regarding 
the R-dependence of K for the Cu(H-sa l -R)2 com­
plexes: methyl ( 2 3 3 ) » e t h y l (10)« isobuty l (9 )>o the r 
no rma l alkyl g roups («4) for a series of groups wi th 
pr imary a-carbons, and cyclohexyl (75)^>isobutyl 
(7)>5-butyl (<C1)> cycloheptyl («0)>*-butyl (0) for a 
series of groups wi th secondary or tertiary a-carbons, 
where the complex is denoted by R, followed by K in 

Cu(3 
X 

H 
5-Cl 
5-Br 
H 
H 
H 
H 
H 
H 
H 
H 
H 
5-Cl 
5-Br 
H 
H 
H 

C-sal-R)2 

R 

Methyl 
Methyl 
Methyl 
Ethyl 
Propyl 
Isopropyl 
Butyl 
Isobutyl 
5-Butyl 
*-Butyl 
Pentyl 
Hexyl 
Hexyl 
Hexyl 
Cyclohexyl 
Cycloheptyl 
Octyl 

K 

M~* 

233 
830 
992 

10 
3.8 
7.0 
2.4 
8.9 

<C1 
0 
4.0 
3.4 

140 
177 
75 
0b> 
4.0 

P 

ill 
20.1 
23.3 
59 
40 

238 
30 
72 

42 
50 
37.2 
36.8 
38b> 

87c> 

a) Errors: ±10% and ±25% for the values of three and 
two significant figures respectively, b) From Ref. 1. 
c) The /=—3/2 hyperfine line of A\\ in the monomer 
spectrum was selected for the determination of HM. 

parentheses. These results indicate that the K value 
remarkably varies according to h o w many ß-carbons 
there are in the R g roup , as shown by the drastic 
changes in K wi th the R-subst i tut ions of methyl for 
ethyl and of isopropyl for £-butyl. T h e remarkable 
difference between isopropyl (7) and £-butyl (0) 
suggests that the isopropyl g r o u p in the dimer may be 
held in a fixed configurat ion wi thou t free rotat ion, 
since the freely ro ta t ing isopropyl g roup must be 
almost equivalent in sterical effects to the £-butyl 
g roup . T h e cyclohexyl g r o u p can no t freely rotate in 
its complex, bu t is held in such a fixed conf igurat ion 
as that found for the dimer in crystals.4) T h e present 
result regard ing cycloheptyl («0) also seems to be 
consistent wi th the general belief that the seven-
membered r ing of cycloheptyl is more flexible than the 
six-membered one of cyclohexyl, and is closer to the 
£-butyl g r o u p wi th regard to steric effects. All of these 
findings indicate that the K value of Cu(H-sal -R)2 is 
no t always dependent u p o n the apparen t bulkiness of 
R. 

A remarkable dependence of X on K is also shown in 
Tab l e 1. T h e in t roduct ion of X ^ - C l or 5-Br in to 
Cu(H-sa l -R)2 enhances dimer formability a lmost 4-
fold and 45-fold for the cases of R ^ m e t h y l and hexyl, 
respectively. A similar sort of enhancement caused by 
the same subst i tut ion was also observed for the cases of 
R^cyc lohexyl and cycloheptyl.1* O n the other hand , 
Cu(H-sal-£-butyl)2 did no t show dimer formation at 
all, even u p o n the in t roduct ion of 5-Cl or 5-Br, 
a l t hough bo th C u ( H - s a l - R ) 2 wi th R=£-butyl and 
cycloheptyl have no capabil i ty to form dimers. T h i s 
fact suggests that whether the a-carbon of R is of a 
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tertiary or secondary class is definitely important in 
the present dimer formation. Though the £-butyl 
group, essentially, has a completely inhibitory effect 
on the dimer formation, probably due to a steric 
hindrance, the cycloheptyl group does not always do 
so; this indicates that this group can also adopt a fixed 
configuration favorable to dimerization, as well as 
other groups with secondary a-carbons, in case of the 
presence of a strong attractive interaction between 
monomeric halves in the dimerization. 

Formation of Mulinuclear Species. The ESR spe­
ctra observed for the Cu(H-sal-R)2 complexes of 
R=n-CmH2m+\ (m^9) were different in line shape from 
those shown above, as exemplified by Fig. 3, where no 
signal peak around the position marked by an arrow 
was observed. This change in line shape apparently 
results from the appearance of a single broad spectrum 
superimposed on both the dimer and the monomer 
spectra. The relative intensity of this single broad 
spectrum increases as the normal alkyl group becomes 
a higher homologue; the spectrum alone comes to 
appear in almost a complete line shape in case of 
R=hexadecyl, as shown in Fig. 3. The spectrum of 
Fig. 3C, line shape of which is typical of an 
aggregation of the complex molecules, is not the same 
as that in polycrystals. In this study, however, we 
interpreted the spectrum of Fig. 3C as being due to 
some polymers which result from a molecular associa­
tion going beyond dimerization. The fact that the 
formation of these polymers occurs only for R = 
n-CmH2m+i (m^9) suggests that such a molecular 
association may apparently be induced by an associa-

ß U \\ 
1 f ^ — x l O 

i i : i 

0.2 0.3 0.4 
B/J 

Fig. 3. ESR spectra of the Cu(H-sal-R)2 complexes 
in toluene at 77 K (Co=12.5 mM; i/«9.100GHz): 
A, R=decyl; B, R=dodecyl; C, R=hexadecyl (see 
text as to the meaning of an arrow shown in the A 
spectrum). 

tive interaction among these long normal alkyl chains 
in toluene. 

Dimeric Structures. The dimer ESR spectrum of 
Cu(H-sal-methyl)2 in frozen toluene solutions has 
been analyzed in full detail by the computer simula­
tion method,6) in which the coordinate of dimers is of a 
parallel-planar type with the structural parameters of r 
and f (r, the Cu-Cu distance; f, the angle between the 
Cu-Cu direction and the normal to the molecular 
plane) and in which a point-dipole approximation is 
used. As a result, r=3.75Â and f=37° have been 
determined for the above dimer. The dimeric 
structure, thus estimated, is concluded to be similar, 
but not equal, to that in 7-form crystals (r=3.34 Â and 
f=60°),3) even though errors due to the point-dipole 
approximation is taken into account.10) Some of 
AM=1 and 2 spectra observed here, together with those 
of Cu(H-sal-methyl)2, are shown in Figs. 4 and 5 
respectively, where all of the AM=1 spectra (Fig. 4) 
represent overlapping curves of the dimer and mono­
mer spectra, as has already been described. Figure 5B 
is apparently similar to Fig. 5A, though a closer 
inspection of the line shape of the former spectrum 
indicates the superimposition of another slightly 
different AM=2 spectrum at a low intensity ratio. 
Figure 5C shows this superimposition more clearly. 
In conclusion, the spectra for the Cu(X-sal-R)2 
complexes with R=ethyl, other normal alkyls, and 
isobutyl consist of two spectra of types a and b 
overlapping at various intensity ratios, where the 
positions of some hyperfine lines due to the spectra of 

Fig. 4. ESR spectra (AM=1) of the Cu(X-sal-R)2 
complexes in toluene at 77 K (i/»9.100GHz): A, 
X=H, R=propyl (50.0 mM); B, X=H, R=hexyl 
(50.0 mM); C, X=5-Br, R=hexyl (20.0 mM). 
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Fig. 5. ESR spectra (AM=2) of the Cu(X-sal-R)2 

complexes in toluene at 77 K (i>^9.100 GHz); A, 
X=H, R=methyl; B, X=H, R=propyl; C, X=H, 
R=hexyl; D, X=5-Br, R=hexyl. See text as to a and 
b in the figure. 

types a a n d b are expressed by dotted and dashed lines, 
respectively, in Fig. 5. A compar i son of Fig. 5C wi th 
Fig. 5D clearly shows that the b-type spectrum is 
preferentially observed for Cu(5-Cl- or 5-Br-sal-
hexyl)2; this is considered to be another effect of 5-C1 
and 5-Br. A similar observation is also true of the 
AM=1 dimer ESR spectra. Figure 4C is different in 
hyperfine structures from Fig. 4A in bo th ranges 
0.22—0.26 T and 0.34—0.38 T. T h e dimer ESR 
spectrum of Fig. 4B is eventually regarded as an 
appropr ia te super imposi t ion of those of Figs. 4A and 
4C, wh ich may be close to the AM=1 dimer spectra 
corresponding to types a and b, respectively. 

S imula t ion spectra for the dimer ESR spectra of 
types a a n d b are shown in Figs. 6A and 6B. T h e r and 
f values est imated here (see the capt ion of Fig. 6) 
indicate that the dimeric structure of type a is a lmost 
the same as that est imated for Cu(H-sal -methyl)2 , and 
that there is a relat ion: ra<rb and & > & , where suffixes 
a and b refer to dimers of types a and b , respectively. 
T h i s re la t ion is consistent wi th the general trend of 
dimeric structures so far recognized.8) It is of interest 
that most of the present complexes in toluene form 
two slightly different dimers of types a and b , bo th of 
which mus t no t largely differ in the dimerizat ion 
energy. A similar p h e n o m e n o n has also been found 
for the dimerizat ion of some copper(II) complexes of 
ß-diketones . n ) Fur thermore , we have found that the 
Cu(X-sal-methyl)2 complexes wi th X = H , 5-C1, and 
5-Br show the same dimer spectra, in spite of these 

Fig. 6. Dimer ESR spectra simulated with the 
following, parameter values: A and A', r=3.75 Â, 
f=37°, g||=2.235, gr=2.05, ,4||=0.0087 cm"*, A±= 
0.001 cm"1, AHi=2.7mT, AH2=L7 mT;BandB ' , r= 
4.10 Â, f=23°, g||=2.235, g±=2.05, ^n=0.0091 cm"1, 
^±=0.001 cm-i, Af/i=3.0mT, AH2=\.9mT; C and 
C , r=3.75 Â, f=37°, gy=2.255, g±=2.055, ^n=0.0082 
cm"1, ^±=0.001 cm"1, AHi=2.5 mT, AH2=1.7mT 
(^=9.100 GHz; AHi and AH2 refer to the Gaussian 
line widths of AM=\ and 2 spectra, respectively; 
all the above A' values are those of triplet-state 
copper(II) dimers, which are given as one-hàlf of 
the absolute A values of their monomeric copper(II) 
complexes). 

0.12 0.15 ^ 0.18 
B/l 

Fig. 7. ESR spectra of Cu(H-sal-isopropyl)2 in 
toluene at 77 K (50.0 mM; ^=9.1035 GHz). 

ha logen substi tuents hav ing a remarkably enhanc ing 
effect on the d imer formabili ty. T h i s suggests that the 
dimers of these three complexes are the same in the 
interaction mode between monomer ic halves, bu t may 
be different in degree. O n the other hand , C u ( H - s a l -
isopropyl)2 has another dimeric structure, as evidenced 
by its ESR spectra and the s imula t ion spectra in Figs. 
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7, 6C, and 6C / . F rom the r and f values estimated here, 
together wi th the g„ (2.255) and \A\\\ (160X10"4cm-1) 
values which are a little larger and smaller respectively 
than the others',x) it is concluded that this complex 
forms another type of paral le l -planar dimer in which 
each copper a tom has a slightly tetrahedrally-distorted 
coordinat ion geometry. T h i s type of dimeric structure 
has actually been found for Cu(H-sal-cyclohexyl)2 in 
crystals.4) Interestingly, the dimer ESR spectra 
observed for the Cu(H-sa l -R)2 complexes with R = 
cyclohexyl and isopropyl were a lmost the same in 
toluene: the latter spectrum was approximate ly s imul­
ated with parameters of r=3.75 Â and f=37° . 
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Synthesis and Tautomerism of l,5-Bis(alkylamino)-4iï-
benzo[a]phenothiazin-4-ones 
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The equimolecular condensation of 2-aminobenzenethiol (1) with 4,8-bis(alkylamino)-l,5-naphtho-
quinones (2) in ethanol in the presence of HCl gave near-infrared-absorbing l,5-bis(alkylamino)-4H-
benzo[a]phenothiazin-4-ones (3), which existed as predominant tautomers in various solvents. The reaction 
mechanism was proposed to involve pathways through the O-protonation of 2, followed by the attack of 1 on 
the resulting ion, the subsequent oxidation, and the acid-catalyzed intramolecular cyclization of the quinonoid 
intermediate. The tautomeric equilibria of 2, 3, and 5,8-dihydroxy-l,4-naphthoquinone favor the formation of 
an interconverting hydrogen atom of a higher electron density. The solvatochromic effect of 3 was analyzed by 
means of the linear solvation energy relationships. 

There have been few investigations of 4H-benzo[a]-
phenothiazin-4-ones, although extensive studies of the 
phenoxazine- and phenothiazine-ring systems have 
been done and many such compounds have been used 
as drugs, dyestuffs, and indicators.x) In order to 
prepare near-infrared adsorbing quinone imine dyes 
for optically recording media, we focussed our 
attention upon the ring-closure reaction of 2-aminoben­
zenethiol (1) with 4,8-bis(alkylamino)-l,5-naphthoqu-
inones (2) to give the corresponding l,5-bis(alkyl-
amino)-4H-benzo[a]phenothiazin-4-ones (3), for it is 
easy to form thin films of 3 on such substrates as 
plastics and glass by the use of vapor deposition or by 
coating solutions of 3 in various organic solvents; the 
resulting disk has the recording characteristics of a 
high reflectance and an excellent signal contrast.2) 

Furthermore, the synthesis of 3 seems of interest with 
respect to the absorption characteristics and tautomer­
ism of 1,5-naphthoquinone imines with intramole-
cularly hydrogen-bonded substituents. Peri-alkyl-
amino groups introduced on unstable 1,5-naphtho­
quinone exert a high stabilizing effect involving a 
resonance effect and intramolecular hydrogen bond­
ing. The effects of substituent and solvent on the 
tautomerism of 3 can be estimated spectroscopically. 

As a part of our studies of both the syntheses of 
quinone imines and their structure-reactivity relation­
ships,3-^ this paper deals with the preparation of 3 as 
near-infrared dyes and with the tautomerism of 3 and 
related compounds on the basis of the spectral data 
and the semiempirical MNDO SCF MO results. 

Theoretical 

The MNDO SCF MO calculations10"12* were carried 
out by the use of the MNDO program13* and parame-
trizations,10»11* without further modification. In order 
to shorten the computing time for the geometry opt­
imization of a large molecule, the structural condi­
tions were partly fixed by the following assumptions: 
(i) the benzenoid carbons and their adjacent hydrogens 

were coplanar; (ii) similar coplanar configurations 
held among quinonoid carbons and hydrogens, and 
(iii) the bond angle N-C-H of the Af-methyl group was 
fixed at 109.5°. Computations were carried out on a 
HITAC M-680H computer at the Computer Center of 
the Institute for Molecular Science. 

Results and Discussion 

Synthesis of l,5-Bis(alkylamino)-4H-benzo[a]pheno-
thiazin-4-ones (3). The ring-closure reaction of an 
equimolecular mixture of 1 and 2a—e in ethanol-6 M 
HC1(4:1, v/v) for 72 h at room temperature gave the 
corresponding 3a—e in 45—73% yields (Scheme 1) 
(1 M=l mol dm -1). The synthesis of l,5-bis(isopropyl-
amino)-3-chloro-4H-benzo[a]phenothiazin-4-one (3f) 
was carried out by condensing zinc 2-aminobenzene-
thiolates with 2,6-dichloro-4,8-bis(isopropylamino)-
1,5-naphthoquinone (2f) in N,N-dimethylformamide, 
followed by the cyclization of the resulting 2-chloro-
4,8-bis(isopropylamino)-6-(2-aminophenylthio)-1,5-
naphthoquinone (4f) in ethanol-6 M HCl (7:3, v/v) 
for 20 h at room temperature. The acetylation of 3d 
with acetic anhydride in acetic acid for 1 h at room 
temperature afforded A/^iV'-diisopropyl-S-acetamido-
4H-benzo[<2]phenothiazin-4-one l-imine(3g) in a yield 
of 86%. 

Spectrometric Identification of Products. The 
structures of the products thus obtained were confirmed 
by their XH NMR, IR, UV-visible, and high-resolution 
mass spectra (Tables 1—3). Scheme 2 shows four 
possible quinone monoimine (I and III forms) and 
quinone diimine (II and IV forms) tautomers and the 
plausible pathways of interconversion in the equilib­
ria of 3a—f in the various solvents used. In the 
XHNMR spectra of 3a—f in CDC13, the observed 
multiplicities of the methine, methylene, or methyl 
protons adjacent to the nitrogen atoms in the 1- and 
5-substituents suggest the existence of NH protons, 
indicating that the predominant tautomers in CDCI3 
are quinone monoimine forms bearing 1- and 5-



Table 1. Physical and Spectral Properties of l,5-Bis(alkylamino)-4H-benzo[«]phenothiazin-4-ones (3) 

Compd Substituent2* 
Yield Mp 

°C 

IR (KBr, cm"1) 
C=0 C=N 

*H NMR (CDCl3)
b) 

Ô 

HRMS (M+) 
Found 
(Calcd) 

3a 

3b 

3c 

3d 

3e 

3£ 

3g 

-NHMe 

-NHEt 

-NH(n-Pr) 

-NH(i-Pr) 

-NH(z'-Bu) 

-NH(i-Pr) 
3-C1 

=N(i-Pr) 
-NAc(i-Pr) 

58 

47 

45 

68 

73 

72 

86 

135—137c> 

209—211c) 

138—139c> 

121—122 

147_ 149c) 

152—154 

157—159 

1612 1597 

1617 1598 

1618 1597 

1624 1595 

1618 1596 

1604 1593 

1630 1581 

3.00 and 3.06 (d, 3H, Me, 7=6 Hz)X2, 6.41 (s, 1H, H6), 
6.84—7.16 (m, 4H, arom), 6.93 (d, 1H, H3, /=10Hz), 
7.06 (d, 1H, H2, /=10 Hz), 13.34 (br, 2H, NH) 
1.24 and 1.36 (t, 3H, Me, 7=7 Hz)X2, 3.52 and 3.56 
(qn, 2H, CH2, / = 7 Hz)X2, 6.56 (s, 1H, H6), 6.88—7.22 
(m, 4H, arom), 6.98 (d, 1H, H3, 7=10 Hz), 7.15 (d, 1H, 
H2, /=10 Hz), 13.59 (br, 2H, NH) 
1.07 and 1.12 (t, 3H, Me, 7=7 Hz)X2, 1.82 and 1.85 
(qn, 2H, CH2, J=l Hz)X2, 3.38 and 3.46 (q, 2H, NCH2, 
7=7 Hz), 6.58 (s, 1H, H6), 6.88—7.35 (m, 4H, arom), 
6.98 (d, 1H, H3, 7=10 Hz), 7.16 (d, 1H, H2, 7=10 Hz), 
13.67 (br, 2H, NH) 
1.36 and 1.43 (d, 6H, Me, 7=6 Hz)X2, 3.90 and 4.09 
(o, 1H, CH, 7=6Hz)X2, 6.65 (s, 1H, H6), 6.89—7.30 
(m, 4H, arom), 6.98 (d, 1H, H3, 7=10 Hz), 7.21 (d, 1H, 
H2, 7=10 Hz), 13.81 (br, 2H, NH) 
0.98 and 1.02 (d, 6H, Me, 7=6 Hz)X2, 1.96 and 2.02 
(n, 1H, 7=6 Hz), 3.24 and 3.27 (t, 2H, 7=6 Hz)X2, 6.57 
(s, 1H, H6), 6.88—7.25 (m, 4H, arom), 6.82 (d, 1H, H3, 
7=10 Hz), 7.17 (d, 1H, H2, 7=10 Hz), 13.56 and 13.83 
(br, 1H, NH)X2 
1.36 and 1.42 (d, 6H, Me, 7=6 Hz)X2, 3.92 and 3.98 
(o, 1H, CH, 7=6Hz)X2, 6.64 (s, 1H, H6), 6.90—7.30 
(m, 4H, arom), 7.38 (s, 1H, H2), 13.54 and 14.30 (br, 
1H, NH)X2 
0.76 and 1.16 (d, 3H, Me, 7=6.5 Hz)X2, 1.43 and 1.52 
(d, 3H, Me, 7=6Hz)X2, 1.73 (s, 3H, Ac), 4.37 (sp, 1H, 
CH, 7=6 Hz), 4.80 (sp, 1H, CH, 7=6.5 Hz), 6.52 (d, 1H, 
H3, 7=10 Hz), 6.70 (s, 1H, H6), 6.43—7.10 (m, 4H, arom), 
7.40 (d, 1H, H2, 7=10 Hz), 13.97 (br, 1H, NH) 

321.0934 
(321.0938) 

349.1272 
(349.1245) 

377.1532 
(377.1557) 

377.1550 
(377.1564) 

405.1913 
(405.1869) 

411.1187 
(411.1175) 

419.1678 
(419.1670) 

a) For the predominant tautomer. b) Using the following abbreviations: s=singlet, d=doublet, t=triplet. q=quartet, qn=quintet, sp=septet, o=octet, n=nonet, 
m=multiplet, br=broad, arom=aromatic. c) Decomposition. 



May, 1990] l,5-Bis(alkylamino)-4H-benzo[a]phenothiazin-4-ones 1469 

NH2 

SH 

"Si*" O 

+ 
HCl 

EtOH 

2 a - e 3 a - e ( X = H ) , 3 f ( R = i-Pr,X = CI) 

EtOH 
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R 

•C 
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H xi 

2f 
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DMF 

Ac20 

Ac OH 

C 

i-Pr HCl 
1 
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i-Pr 
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i 
i-Pr 

39 

Scheme 1. Route for preparation of 3a—g, illustrating the atomic 
numberings of 2 and 3 used in this paper. 

0.849 

i!Ä 
IE 

Scheme 2. Generally possible tautomeric forms of 3 
and the plausible pathways of interconversion, along 
with the MNDO electron densities (cf. Table 5) of 
their exchangeable hydrogen atoms. 

bis(alkylamino) groups. The interconversion of the I 
form to the II or the III form in CDCI3 was so slow that 
the NH proton was coupled to the adjacent CH 
protons on the 1H NMR time scale. 

The predominant tautomer for 3g was confirmed to 
be A/,AT-diisopropyl-5-acetamido-4H-benzo[a]pheno-
thiazin-4-one 1-imine on the basis of the following 
results: (i) septet splits for both the Af-isopropyl 
methine protons, indicating the absence of the 
neighboring NH proton; (ii) the chemical shift (ô 1.73) 
of acetyl protons bonded to heteroatom14a); (iii) two 
carbonyl stretching vibration bands at 1630 and 
1655 cm -1 , indicating the presence of quinonoid 

oxygen and amides,14b) and (iv) the upfield shift of the 
phenylene protons compared with those in 3d, 
attributable to the electron-donating N12H group 
changed from the electron-accepting imino group. 

However, the general coexistence of the other 
tautomers of 3a—g was suggested by their IR and 
visible absorption spectra. In the IR spectra of 3a—f, 
the C-O stretching vibration bands were observed near 
1200 cm -1 , indicating the presence of phenolic OH 
groups;14c) in the case of 3g, the 5-substituent no longer 
bears any exchanging proton responsible for the 
tautomerism between the I and the II forms. 

Effect of Substituent on Visible Absorption Spectra 
of l,5-Bis(alkylamino)-4/ï-benzo[a]phenothiazin-4-
ones (3). In the visible spectrum of 3d in chloroform, 
there were several diagnostic bands, together with a 
few shoulders; in the UV region, two absorption bands 
were observed at 306 and 256 nm. Table 2 lists the 
absorption characteristics of the main bands appear­
ing in the visible spectra of 3a—g in chloroform; their 
absorption maxima were named Ai to A5 in the order of 
increasing wavelengths. In general, 5,8-diamino-l,4-
n a p h t h o q u i n o n e , 1 5 ) 4 ,8 -d iamino-1 ,5 -naph tho­
quinone,10 l,4-diaminoanthraquinone,16) and their 
derivatives, 15»16) formed by replacing the amino group 
with the other intramolecularly hydrogen-bonded 
group, gave a double-headed peak, along with a 
shoulder, usually on the shorter wavelength side of the 
main band, in the visible region of their spectra. 
Therefore, the two most intense absorption bands at Ai 
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Table 2. Substituent Effect on the Visible Absorption Spectra of 3 in Chloroform*0 

Compound 

3a 

3b 

3c 

3d 

3e 

3f 

3g 

fa 
(10-4 £ l ) 

759.6 
(1.82) 
760.8 

(2.05) 
758.8 

(1.80) 
754.0 

(1.82) 
758.8 

(1.94) 
772.4 

(2.26) 
592.8 

(0.379) 

fa 
(10"4£2) 

708.0 
(1.53) 
707.2 

(1.71) 
707.2 

(1.44) 
703.6 

(1.44) 
707.6 

(1.55) 
708.8 

(1.77) 

fa 
(10"4£3) 

540.4 
(0.422) 
540.0 

(0.502) 
541.6 

(0.422) 
539.2 

(0.431) 
541.6 

(0.457) 
537.6 

(0.547) 

~ 

fa 
(10-4 £4) 

503.2 
(0.510) 
503.2 

(0.605) 
504.0 

(0.510) 
501.2 

(0.525) 
504.0 

(0.563) 
503.0 

(0.673) 

~ 

fa 
(10-4 £5) 

417.2 
(0.608) 
419.4 

(0.688) 
420.0 

(0.590) 
417.0 

(0.627) 
421.0 

(0.647) 
406.4 

(0.920) 
354.4 

(0.531) 

£2 

£ l 

0.84 

0.83 

0.81 

0.79 

0.80 

0.78 

— 

£3 

£l 

0.23 

0.24 

0.23 

0.24 

0.24 

0.24 

— 

S5 

Si 

0.33 

0.34 

0.33 

0.34 

0.33 

0.41 

1.40 

a) X and £ represent the wavelength (nm) of the absorption maximum and the apparent molar absorption 
coefficient (M_1 cm -1) because of tautomerism respectively. 

and fa were assigned to the I form exist ing as the 
p redominan t tautomer, and those at As and fa to the II 
form as a mino r tautomer. T h e absorpt ion maxima, fa 
and fa for the I form of 3a, designated by 3a(I), in 
chloroform were shifted bathochromical ly by 102— 
103 n m relative to those for 2a15) and by 10—23 n m 
compared wi th those for phenothiaz ino[2 , l -a]pheno-
thiazine-6,14-dione (5),17) whereas the fa and fa 
maxima for 3a(II) were shifted hypsochromical ly by 
38—42 n m relative to those for 6-aminobenzo[a] [1,4] 
benzothiazino [3,2-c]phenothiazin-9-ol (6).19) 

Furthermore , in the absorpt ion spectra of 3a—f, 
two-headed peaks (longer absorpt ion max ima As) 
observed in the 370—430 n m region were assigned to 
their III forms. In the case of 3g, which exists in the III 
form as the major tautomer, there were only two 
diagnost ic bands of a m e d i u m intensity (a shoulder at 
354 n m and a m o n o t o n o u s peak at 593 nm) in the 
300—900 n m region; the absorpt ion b a n d at a longer 
wavelength may be at tr ibutable to the I form of 3g, i.e., 
l-isopropylamino-5-AT-isopropylacetamido-4H-benzo-
[a]phenothiazin-4-one. T h i s large hypsochromic 
shift, suggest ing the removal of practically all the 
electronic influence of the 5-substituent, was also 
observed in the visible absorpt ion spectra of the 
iV-methylacetamido c o m p o u n d s in 1-substituted 
anthraquinones 1 8 ) and Af-p-substituted phenyl-2,6-di-
£-butyl-p-benzoquinone monoimines.1 9 ) 

T h e visible absorpt ion spectra of 3a—e were little 
affected by the change in Af-alkylation on go ing from 
Af-methyl to Af-isobutyl, except for the hypsochromic 
shifts of fa and fa by the Af-isopropyl g roup . T h e 
int roduct ion of the 3-Cl substituent on 3d(I) resulted in 
a significant red shift, whereas it had little effect on 
the Amax of 3d(II). T h e ba thochromic effect (18 nm) of 
the 3-C1 subst i tu t ion on the first n-n* t ransi t ion of 
3d(I) was similar to that (17 nm) for 1,5-bis (isopropyl-
amino)-10-chloro-4H-benzo[a]phenoselenazin-4-one.20) 

Effect of Solvent on the Visible Absorption Spectra 
of l,5-Bis(isopropylamino)-4H-benzo[a]phenothiazin-
4-one (3d). Tab le 3 lists the solvent effects on the five 
absorpt ion bands arising from 3d. In all the solvents 
used, the p redominan t tautomer was the I form, 
a l t h o u g h its p ropor t ion depended on the na ture of the 
solvent. T h e effect of the solvent on bo th the absorp­
t ion m a x i m a and the rat io between their absorbances 
was analyzed by means of the l inear solvation energy 
re la t ionships of the solvatochromic TT*, Ô, O?, and ß 
scales, which denote, respectively, the dipolar i ty-pol-
arizability, the polarizabili ty correction term, the 
hydrogen-bond-donor (HBD) acidity, and the hydro­
gen-bond-acceptor (HBA) basicity of the solvents 
proposed by Taft et al.,21) and, if necessary, other 
solvent parameters.22) 

T h e absorpt ion max ima from fa to fa were turned 
in to the corresponding transi t ion energies, from £ T ( 1 ) 
to £ T ( 5 ) in kcal m o l - 1 units2 3 ) respectively, in order to 
compare their t ransi t ion energies wi th those ( £ T ( P B ) , 
£ T ( N B A O ) , and XR) of pheno l blue (PB)24> nile blue A 
oxazone (NBAO)25) and Brooker's dye VII:26) 

£T(1) = 38.66 - 1.10(71* - 0.25/z) - 0.87a (1) 
(n = 8, r = 0.933) 

£T(2) = 40.41 - 2.34(7T* + 0.18Ô) + 8.11(D - 1)/ 
(2D + 1) - 2.46a (n = 7,27> r = 0.999) (2) 

£T(3) = 52.01 + 0.63(7T* - 0.62Ô) + 2.03« (3) 
(n = 8, r = 0.991) 

£T(4) = 57.94 - 4.27(D - 1)/(2D + 1) 
+ 0.22/x + 1.37a (n = 8, r = 0.957) (4) 

£T(5) = 69.31 - 1.10(D - 1)/(2D + 1) - 0.50Ô 
- 0.48a + 1.12)8 (n = 7,27> r = 0.993) (5) 

£ T ( P B ) = 52.25 - 4.567T* - 3.28a (6) 
(n = 27, r = 0.962) 



Table 3. Solvent Effect on the Visible Absorption Spectra of 3da) 

Scald») 
Absorption characteristics0* Amax/nm, f/M'-1 cm - 1 

S o l v e n t Ai A2 h U A5
 £ l £3 £5 

"* « P D * (10-4 ß l ) (10-4 fi2) (10-4 fi») (10-4 fi4) (10-4 fi5) fiT £ T £ T 

Acetic acid 0.62 1.09 — 6.19 1.73 761.2 696.0 520.8 490.0 410.8 
(1.41) (1.24) (1.00) (1.02) (0.728) 0.45 0.32 0.23 

Ethanol 0.54 0.86 0.77 24.3 1.67 758.8 698.0 530.8 497.6 412.6 
(1.95) (1.67) (0.563) (0.683) (0.643) 0.62 0.18 0.20 

Chloroform 0.76 0.34 Nil 4.70 1.06 754.0 703.6 539.2 501.2 417.0 
(1.82) (1.44) (0.431) (0.525) (0.627) 0.63 0.15 0.22 

Pyridine 0.87 Nil 0.64 12.3 2.20 747.2 688.0d) 547.2 505.2 414.0 
(1.98) (1.22)d) (0.338) (0.391) (0.594) 0.68 0.12 0.20 

DMSO 1.00 Nil 0.76 48.9 4.30 742.4 680.0d> 544.0 504.4 410.0 
(1.71) (1.08)d> (0.343) (0.390) (0.578) 0.65 0.13 0.22 

Hexane -0.08 Nil Nil 1.90 0.0 740.0 678.4 550.0 500.0 413.6 
(1.59) (1.18) (0.231) (0.214) (0.587) 0.66 0.10 0.24 

Ethyl acetate 0.55 Nil 0.45 6.03 1.76 734.8 676.0d> 544.4 502.0 411.6 
(1.99) (1.29)d> (0.335) (0.358) (0.676) 0.66 0.11 0.23 

Acetonitrile 0.85 0.15 0.31 37.5 3.94 734.4 680.0d> 539.6 500.0 414.2 
(1.97) (1.41)d> (0.401) (0.462) (0.639) 0.65 0.13 0.21 

a) The ranking of the solvents is the same order as for the magnitude of the bathochromic shifts of Ai. b) Using Taft's solvatochromic parameters (71;*, a, and ß), the 
dielectric constant (D), and the dipole moment (/*) taken from the literature.21-22) The values of Ô for chloroform and pyridine are 0.5 and 1.0 respectively, while those for the 
other solvents are equal to zero, c) A, E, and £T denote the wavelength of the absorption maximum, the apparent molar absorption coefficient, and the sum of £i, £3, and £5. 
d) A and e of the shoulder corrected by the curve-fitting method on the basis of the assumption that the shoulder and the neighboring strong peak are symmetrical 
curves. 
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£ T ( N B A O ) = 58.11 - 5.977T* - 2.83a (7) 
(n = 25, r = 0.969) 

XR = 50.65 - 7.527T* - 3.27a (n = 38, r = 0.967) (8) 

where r, D, and JJL represent the mul t ip le correlation 
coefficient, the dielectric constant, and the dipole 
m o m e n t of the solvent respectively, and where the 
Kirkwood term,28) (D—1)/(2D+1), is pr imari ly a 
measure of the pe rmanen t d ipo le -pe rmanen t dipole 
solvation. 

One of the structural analogies a m o n g the 3d 
tautomers — PB, NBAO, and Brooker's dye VII — is 
that they all include N- and O-basic sites, whereas the 
significantly structural difference is the intramolecular 
hydrogen b o n d i n g observed in only the tautomers . As 
the we igh t ing coefficient of the a scale in Eqs. 1—8 
shows, the intermolecular hydrogen-bonding interac­
tions of the H B D solvent wi th the basic sites of 3d(II) 
was greater in the g r o u n d state than in the excited 
state, whi le the reverse was observed in the other dyes 
described above. T h i s interest ing contrast is main ly to 
be ascribed to the difference between the n electron-
dona t ing hydroxyl g r o u p in 3d(II) and the n electron-
accepting carbonyl g r o u p in the other dyes. Equa t ion 
5 shows that the in termolecular hydrogen b o n d i n g of 
such hydrogen-donor sites as N 1 2 H a n d N 5 H in 3d(III) 
wi th the basic site in a solvent resulted in a 
hypsochromic shift. A l though the first n-n* transi­
t ions of PB, NBAO, and Brooker's dye VII were h ighly 
sensitive to changes in the 7r* value of the solvent, the 

cont r ibu t ion of the polar i ty-polar izabi l i ty term of 
£ T ( 1 ) - £ T ( 5 ) responsible for the transi t ion energies of 
3d(I)-3d(III) was relatively small and complex. 

T h e visible spectra of 3a—f suggest the general 
coexistence of three interconvert ing tautomeric forms. 
We will discuss, in a rough-and-ready way, the solvent 
effect on the tautomeric equi l ibr ia of 3d, a ssuming 
that their molar absorptivities are approximately 
equa l in a solution.29> As Tab le 3 shows, the con­
centrat ion of the II form increased wi th an increase in 
the H B D strength of the solvent in this order: h e x a n e < 
ace ton i t r i l e<ch lo ro fo rm<e thano l<ace t i c acid; the 
HBA strength of a solvent was of less impor tance as a 
stabil izing factor of the II form. O n the other hand , 
the concentrat ion of the I form increased wi th an 
increase in the d ipole-d ipole interaction, as expressed 
by the Kirkwood term corrected by n* and ô, bu t it 
decreased wi th an increase in the a value. According­
ly, the concentrat ion of the III form decreased wi th an 
increase in the d ipole-d ipole interaction. 

T h e concentrat ion of the tautomeric II form of 3d 
was more enhanced in acetic acid than in the other 

i n 

Scheme 3. Tautomerism of 3 catalyzed by acetic acid. 
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Fig. 1. Solvatochromism of 3d in the ethanol-ethyl acetate solvent system: 
The concentration of 3d= 4.24X10_5mol dm - 3 . Isobetic points were 
observed at 712 and 550 nm. 
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solvent used. In the 1H NMR spectrum30) of 3d in an 
acetic acid-^4 solution, both amine hydrogens were 
replaced by the carboxylic D atoms. The signals for 
the Af-isopropyl methine proton on the higher-field 
side became noticeably broad compared with those in 
CDCI3, suggesting that the rate of exchange between 
the I and the II forms is faster in acetic acid-^4 than in 
CDCI3. The behavior of acetic acid may ascribed to the 
two-proton transfer process between the tautomer and 
the solvent, as is illustrated by Scheme 3. 

The influence of the solvent composition on the 
solvatochromism of 3d was examined in the ethanol-
ethyl acetate system as a suitable model pair of 
hydrogen-bond donor and acceptor (Fig. 1). The 
spectral shifts for 3d(I) and 3d(II) were more sensitive 
to the addition of ethanol in larger composition of 
ethyl acetate. Therefore, the major contributions to 
the spectral shifts of the tautomers are attributed to the 
hydrogen bonding between their basic sites with the 
hydroxy 1 groups of the ethanol monomer and of the 
linear oligomer ends.31) In the lower-concentration 
range of ethanol, the enhanced ratio of the ethanol 
monomers to the total ethanol species made the 
solvatochromic shift more sensitive. 

Tautomeric Equilibria of l,5-Bis(alkylamino)-4H-
benzo[a]phenothiazin-4-ones (3) and Related Com­
pounds. It is interesting to obtain information on the 
tautomeric equilibria of naphthoquinones and naph­
thoquinone imines bearing intramolecularly hydro­
gen-bonded substituents at peri-positions. Figure 2 
illustrates the molecular structures of some major 
tautomers. The general rules controlling their 

tautomerisms may be briefly summarized as follows: 
(1) From successive comparisons among 2, 3, 5, 7, 

8, and 10, the probability of proton transfer from a 
peri-substituent is shown to increase generally in the 
order of: NH 2 <NHR<NHC 6 H 4 SR<OH. This order 
may be explained primarily in terms of the proton-
transfer ability of the substituents. 

(2) The probability of attracting quinonoid pro­
perties to a ring is enhanced by a n electron-donating 
substituent conjugated to a carbonyl-oxygen or imino-
nitrogen atom. This assumption is supported by the 
tautomerisms32) of 2,6- and 2,7-disubstituted 5,8-
dihydroxy-1,4-naphthoquinones (9), where the attrac­
tion of quinonoid properties to a ring by a substituent 
was decreased in the order of: O H > O C H 3 » O C O C H 3 

> C H 2 C H 3 » H » C O C H 3 . Accordingly, it is reason­
able to assume, on the basis of the n electron-donating 
character of the thiophenylene(SCeH4R) group, that 
the 1,4-quinonoid form increased in the order of: 
2<3<6. 

(3) In general, the 1,4-quinonoid form is more 
stable than the 1,5-quinonoid form unless strongly n 
electron-donating substituents, such as amino and 
alkylamino groups, are set at the 4- and 8-positions in 
the latter form. The stability of 2 and 3 in the 1,5-
quinonoid form can be explained in terms of the large 
resonance effect of the peri-alkylamino groups and the 
intramolecular hydrogen bonds. 

In two interconverting tautomeric forms, a more 
electropositive hydrogen atom in a polar group such 
as -OH can separate readily from the heteroatom to a 
conjugated anion, whereas a less electropositive hydro-

Y=H ; X=OMe, NHR R2=OAc; R7=R,Ac 
Y=Br;X=Br R2 = OR ; R7 = OAc,R,Ac X = NH2*NHAr 

R 2 = O H ; R7=OR,OAC,R,AC 

Fig. 2. Predominant tautomers of 2, 3, and their related compounds. 
Their tautomeric forms except for 3 were taken from literatures: 2, Ref. 15; 
5—8, Ref. 17; 9, Ref. 32; 10, Ref. 33. 
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Fig. 3. Effect of HCl concentration on the visible 
absorption spectra of 2d in ethanol-water (4:1, v/v): 
The initial concentration of 2d=6.00X10~5 mol 
dm"3. The pH values for ethanol-2, 6, and 12 M HCl 
(4:1, v/v) solutions at 20°C were 0.65, 0.18, and 
—0.12, respectively. 

Scheme 4. Tautomeric equilibria of 2a and 5,8-
dihydroxy-l,4-naphthoquinone, together with the 
MNDO electron densities (cf. Table 4) of their 
exchangeable hydrogen atoms. 

gen a tom tends to stay there. From successive compar­
isons between the M N D O electron densities of the 
interconvert ing hydrogen atoms in two tautomers on 
the pa thway shown in Scheme 2, the p redominan t 
tau tomer is suggested to be the I form, bear ing 
electron-rich hydrogen atoms. Similar a rguments can 
be appl ied to the tautomerisms of 2a and 5,8-
dihydroxy-1 ,4-naphthoquinone (Scheme 4). The i r 
equi l ibr ia favor tautomers bear ing exchangeable hy­
drogen a toms of h igher electron densities. In the case 
of cytosine,34) the ab in i t io electron density (0.691) of 
the 4-amino hydrogen a tom in the 4-amino-2-oxo 
form, the most stable tautomer in DNA, was h igher 
than that (0.666) of the hydrogen a tom bonded to the 
N 3 in the 4-imino-2-oxo form as a rare tautomer, 
suppor t ing the above assumpt ion. Therefore, the 
electron density of an interconvert ing hydrogen a tom 
is a useful index for quali tat ively predict ing the 
equ i l ib r ium of proto t ropic tautomerism. 

The Mechanism for the Ring-closure Reaction of 
2-Aminobenzenethiol (1) with 4,8-Bis(alkylamino)-
1,5-naphthoquinone (2a—e) in Ethanol in the Pres­
ence of HCl. Figure 3 shows the effect of the H C l 
concentra t ion on the visible absorpt ion spectra of 2d 
in e thano l -wa te r (4 : l , v/v) . T h e absorbances of the 
two bands (Amax—649 and 598 nm) or ig ina t ing from 
2d(I) decreased wi th the increase in the H C l concentra­
t ion, a n d new bands appeared near 688, 637, 586, and 
544 n m . These new bands may be responsible for the 
pro tona ted compounds 3 5 ) of 2d. In the e thano l -6 M 
HC1(4:1 , v/v) system bear ing p H 0.18, it is estimated 
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Fig. 4. Visible absorption spectra of the equimole-
cular mixture of 1 with 2d in ethanol-6M HCl (4:1, 
v/v): The initial concentration of 2d=7.34X10-5 

mol dm - 3 . 

from the decrease in absorbance that about three 
quar ters of the 2d were converted to other species, e.g., 
the pro tona ted ions. T h e pro tona t ion of 2d wou ld 
occur p redominan t ly at the oxygen a tom rather that at 
the n i t rogen a tom to give conjugated cations. From a 
compar i son of the UV absorpt ion spectra36) of 1 in 
neutral , acidic, and basic e thanol solutions, the 
conversion of 1 to its cat ion was estimated to be more 
than 79% in the same solvent system. 

In order to obta in informat ion regarding the 
condensat ion mechanism of 1 wi th 2a—e in acidic 
e thanol , the visible absorpt ion spectra of di luted 
reaction solut ions were followed at suitable t ime 
intervals (Fig. 4). Almost immediately after the 
m i x i n g of 1 and 2d in e thano l -6 M HC1(4:1, v/v) , the 
absorbances of the diagnostic bands arising from 2d(I) 
were remarkably low. As the reaction proceeded, 
however, various absorpt ion bands emerged at approx­
imately 410, 495, 525, 604, and 658 nm, a long wi th 
shoulders longer than 700 n m . T h e absorpt ion bands 
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appea r ing at 604 and 658 n m were assigned to 2d 
a n d / o r 2-(2-aminophenylthio)-4,8-bis( isopropylam-
ino ) - l , 5 -naph thoqu inone (4d); the absorpt ion max ima 
of the other peaks were similar to those of peaks 
observed in the visible absorpt ion spectra of 3d in 
e thanol in the presence of HCl . In addi t ion, the 
absorp t ion bands due to the p ro tona ted ions produced 
from 2d, 3d, and 4d complicated the spectral character­
istics. 

It is possible that the addi t ion of 1 to 2a—e passes 
th rough various reaction mechanisms, depending on 

2a-e 

R. H © 
^ N ' OH 

R .̂-H 
N' OH 

2a-e(l,0+) 

\-»2 

3a-e 
-H® 

JL I 0 

4a-e(l,0+) 

/ ii i 

4a-e 

Scheme 5. Proposed mechanism for the ring-closure 
reaction of 1 with 2a—e in ethanol in the presence of 
HCl. 

the p H of the solut ion and the na ture of the solvent. 
Figures 3 a n d 4 favor the a s sumpt ion that p ro tona t ion 
plays an impor t an t role in the ring-closure reaction of 
1 wi th 2a—e to give 3a—e in the acidic e thanol . Fur­
thermore, the intermediates 4a—e were also isolated 
from the reaction mix ture and could readily be con­
verted in to 3a—e in the same solvent system. There­
fore, it may be suggested that the major pathways for 
the equimolecular condensat ion of 1 wi th 2a—e in 
e thanol in the presence of H C l at room temperature 
involve the oxidat ion of 2-(2-aminophenylthio)-4,8-
bis(a lkylamino)- l ,5-naphthalenediol (11a—e) and the 
subsequent ring-closure reaction of the resul t ing 
q u i n o n e 4a—e to yield 3a—e (Scheme 5). T h e O1-
p ro tona t ion of 2a—e b r o u g h t about the subsequent 
attack of 1 on the C6 a tom of the cation and a hydrogen 
migra t ion from the C6 to the O 5 a tom. 

Tables 4 and 5 list the M N D O electron densities of 
2a, 3a, and related compounds . In the 0 1 -p ro tona ted 
2a(I), shown by 2a(I, 0 1 + ) , the O 1 a tom lost only 0.064 
electron relative to the unpro tona ted 2a(I), a l t hough 
0.761 electron was transferred to the proton; therefore, 
a significant charge redistr ibution occurred th rough 
the a- and 7r-frameworks. T h i s suggests that the cation 
bears a delocalized positive charge on the C1, C4, C5, 
and C8 and smaller ^-electron densities on the C1, C3, 
C4, C5, C6, a n d C8. In the frontier orbital, i.e., the 
L U M O , of the cation, the M N D O results suggest that 
the 7r-electron densities of the qu inono id carbons 

Table 4. MNDO Electron Densities of 2a and Related Compounds in the Ground Statea) 

No.b> 

C1 

C2 

C3 

C4 

C4a 

C5 

C6 

C7 

C8 

C8a 

O1 

H2 

H3 

N4(04) 
O5 

H6 

H7 

N8(08) 

H 1 8 

H 4 5 

2a(I) 
Total 

3.702 
4.116 
4.014 
3.847 
4.158 
3.724 
4.116 
4.014 
3.847 
4.158 
6.322 
0.915 
0.920 
5.332 
6.322 
0.915 
0.920 
5.332 

0.840 

0.840 

n 

0.748 
1.009 
0.953 
0.892 
1.126 
0.748 
1.009 
0.953 
0.892 
1.126 
1.335 

1.257 
1.335 

1.257 

2a(I,0 
Total 

3.814 
4.099 
4.004 
3.771 
4.195 
3.724 
3.959 
4.158 
3.637 
4.134 
6.269 
0.905 
0.904 
5.367 
6.258 
0.886 
0.903 
5.249 

l+)c) 

n 

0.900 
1.037 
0.931 
0.872 
1.201 
0.777 
0.816 
1.097 
0.684 
1.189 
1.877 

1.665 
1.285 

1.558 
0.761 (OH) 
0.769 (NH) 
0.784 

2a(II)d> 
Total 

3.814 
4.080 
4.010 
3.923 
4.110 
3.704 
4.089 
4.066 
3.842 
4.128 
6.253 
0.918 
0.919 
5.327 
6.305 
0.916 
0.932 
5.345 

0.766 

0.851 

2a(III)e> 
Total 

3.809 
4.020 
4.095 
3.832 
4.146 
3.809 
4.020 
4.095 
3.832 
4.146 
6.252 
0.918 
0.932 
5.371 
6.252 
0.918 
0.932 
5.371 

0.761 

0.761 

^ - d i O H - U - N Q ^ 
Total 

3.694 
4.095 
4.028 
3.789 
4.214 
3.694 
4.095 
4.028 
3.789 
4.214 
6.345 
0.912 
0.913 
6.245 
6.345 
0.912 
0.913 
6.245 

0.764 

0.764 

5,8-diOH-l,4-NQ*> 
Total 

3.694 
4.083 
4.083 
3.694 
4.173 
3.834 
4.045 
4.045 
3.835 
4.173 
6.322 
0.913 
0.913 
6.322 
6.252 
0.912 
0.912 
6.252 

0.772 

0.772 

a) In examples of 2a(I), 2a(III), and 4,8-dihydroxy-l,5-naphthoquinone, the MNDO electron densities calculated 
on the basis of the C2 symmetry were in fair agreement with those calculated on the basis of the S2 symmetry, b) The 
atomic numberings for the 2a tautomers are the same as those for 2a(I) shown in Scheme 1 and those in parentheses 
for the other compounds; H18 denotes an exchangeable H atom linked to the heteroatom in the 1- or 8-substituent, 
and H45, one linked to the heteroatom in the 4- or 5-substituent. c) O^protonated ion produced from 2a(I). d) N',N'-
dimethyl-8-amino-5-hydroxy-l,4-naphthoquinone-4-imine. e) AW'-dimethyl-4,8-dihydroxy-l,5-naphthoquinone di-
imine. f) 4,8-Dihydroxy-l,5-naphthoquinone. g) 5,8-Dihydroxy-l,4-naphthoquinone. 
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T a b l e 5. M N D O T o t a l Electron Densities of 
3a T a u t o m e r s in the G r o u n d State 

No.a> 

C1 

C2 

C3 

C4 

C 4 a 

C5 

C6 

C 6 a 

S7 

C7a 

C8 

C9 

Cio 

en 
CHa 

N12 

C12a 

C 1 2 b 

N1 

N5 

O4 

H U 2 

H 4 5 

3a(I) 

3.865 
4.007 
4.128 
3.698 
4.165 
3.837 
4.013 
4.154 
5.879 
4.135 
4.030 
4.047 
4.062 
4.010 
3.972 
5.259 
3.847 
4.078 
5.334 
5.343 
6.327 
0.841 
0.849 

3a(II) 

3.927 
4.010 
4.087 
3.813 
4.141 
3.832 
4.065 
4.125 
5.882 
4.133 
4.032 
4.043 
4.063 
4.005 
3.979 
5.240 
3.856 
4.031 
5.329 
5.360 
6.256 
0.850 
0.766 

3a(ffl) 

3.841 
4.067 
4.092 
3.703 
4.112 
3.917 
3.990 
4.159 
5.892 
4.174 
3.997 
4.093 
4.020 
4.106 
3.861 
5.304 
3.792 
4.097 
5.345 
5.339 
6.304 
0.774 
0.848 

3a(IV) 

3.831 
4.096 
4.024 
3.808 
4.151 
3.830 
4.074 
4.095 
5.893 
4.179 
3.996 
4.092 
4.019 
4.102 
3.865 
5.290 
3.800 
4.115 
5.375 
5.380 
6.252 
0.766 
0.760 

a) The atomic numberings are the same as that for 3a(I) 
shown in Scheme 1; H112 denotes the exchangeable H 
atom linked to either the N1 or N12 atom, and H45, that 
linked to either the O4 or the N5 atom. 

decreased in the order of; 0.638(C8)>0.293(C6)>0.227-
(C1)>0.169(C3)>0.075(C5). One of the reasons why 1 
attacks the C6 a tom rather than the C8 a tom of 2a— 
e( I ,0 + 1 ) may be the steric h indrance between the 
reactants in the transi t ion state. 

It is considered that 11a—e was easily oxidized wi th 
electron acceptors, such as qu inones and dissolved 
oxygen, in the system. In the acidic e thanol , the 
equ i l ib r ium in oxida t ion-reduct ion process lay finally 
on the q u i n o n e side in the presence of dissolved 
oxygen. 

Experimental 

The XH NMR spectrum was measured in chloroform-^, 
using tetramethylsilane as the internal standard, on a Varian 
XL-200 or a JOEL JNM-PMX 60SI NMR spectrometer. The 
melting points were determined with a Yanako micromelt-
ing-point apparatus and were uncorrected. The IR spectrum 
was recorded using a potassium bromide disk on a JASCO 
A-102 spectrometer. The UV and visible absorption spectra 
were obtained with a Hitachi 150-20 UV spectrometer using 
1-cm quartz cells. The mass and high-resolution mass 
spectra were recorded on ESCO EMD-05B and Hitachi M-
2000 spectrometers respectively. The pH value of a solvent 
was determined with a TOA HM-30S pH meter. For column 
chromatography, silica gel (Kieselgel 60, Merck, 70—230 
mesh) was used. 

Compounds 2a—e. According to the method of Bloom 
and Dudek,15) 2a—e were synthesized from leuco-5,8-

dihydroxy-l,4-naphthoquinone and the corresponding al-
kylamine. They were purified on a silica-gel column, thus 
eluting toluene-ethyl acetate(4:1, v/v). 

Compound 2£. The 10 M HCl (10 ml) involving bromine 
(0.16 ml) was stirred, drop by drop, into a solution of 2d 
(210 mg) in 10 M HCl (10 ml) at 0 °C. After 2 h of stirring, 
the reaction mixture was poured into 150 ml of water, and 
the resulting precipitate was chromatographed on a silica-
gel column, using toluene-ethyl acetate(4:l, v/v) as the 
eluent. 

Compounds 3a—e. To a suspension of 2a—e (0.5 mmol) 
in ethanol (20 ml) we added a solution of 1 in 6 M HCl 
(5 ml); the mixture was then stirred for 72 h at room 
temperature. The reaction mixture was neutralized by a 5% 
aqueous sodium hydrogencarbonate solution, diluted by an 
excess of water, and extracted with benzene-ethyl acetate 
(4:1, v/v). The extracts were dried on magnesium sulfate 
and chromatographed on a silica-gel column. Further 
purification was carried out on a silica-gel column, thus 
eluting benzene-ethyl acetate (3:1, v/v). 

Compound 3£. A mixture of 2£ (30 mg) and zinc 2-
aminobenzenethiolates (65 mg, 2.5 mol equiv. to 2£) in N,N-
dimethylformamide (2 ml) was stirred for 7 h at 40 °C The 
dark green solid separated by adding an excess of water was 
filtered off and chromatographed on a silica-gel column, 
thus eluting toluene-ethyl acetate (4:1, v/v), to prepare 4£. The 
solution of 4£ in ethanol (7 ml)-6 M HCl (3 ml) was stirred 
for 20 h at room temperature and then neutralized by a 5% 
aqueous sodium carbonate solution, diluted, and extracted 
with benzene. The extracts were dried on magnesium sulfate 
and evaporated. The residue was dissolved in toluene-ethyl 
acetate (4:1, v/v) and chromatographed on a silica-gel 
column, followed by elution with toluene-ethyl acetate (8:1, 
v/v), to give 3£ (26 mg) in a 72% yield. 

Compound 3g. A deaerated solution of 3d (10 mg) in 
acetic anhydride (3 ml) and acetic acid (1 ml) was stirred for 
1 h at room temperature. The solution was then treated with 
an excess of water and extracted with benzene. The residue 
thus evaporated was chromatographed on a silica-gel 
column, using toluene-ethyl acetate (2:1, v/v), to afford 3g 
(9.6 mg) in an 86% yield. 
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Aromatic constitutents in Wandoan coal-derived distillate were analyzed by means of capillary gas 
chromatography/mass spectrometry (GC/MS) in order to clarify their aromatic skeletal structures. The major 
aromatic skeletons could be classified into several groups, the molecular weights of which were represented by 
78+50n, 118+50n, 154+50n, 166+50rc, 202+50rc, 242+50n (n=0,l,2,---), and so on. The increase by 50 
corresponded to an additional benzene ring fused to the original skeleton. Some new types of aromatic 
skeletons, such as dihydrophenalene and benzindan, were found to be present in significant amounts. 

Coal-derived l iquids are very complicated mixtures, 
bu t the e lucidat ion of their chemical structures is 
necessary for their ut i l izat ion as fuels, chemicals, and 
process solvents in coal l iquefaction. Capil lary G C 
and G C / M S have been used by many researchers to 
analyze a romat ic c o m p o u n d s in coal-derived liq­
uids.1"7) 

T h e skeletal structures of hydroaromat ic fractions 
from fossil fuels are constructed from benzene r ing and 
n a p h t h e n i c r ings. Synder showed the s tructural range 
of pe t ro leum hydrocarbons as a three-dimensional , 
con t inuous array.8) S imilar d iagrams have also been 
presented for coal-derived hydrocarbons.9»10) T h e 
hydroaromat ic fractions in coal-derived l iquids consist 
of alkylated homologues of several c o m m o n aromat ic 
skeletons, such as benzene, naph tha lene and phenan-
threne, a n d their hydrogenated derivatives. Therefore, 
it is very impor t an t to clarify the fundamental 
a romat ic skeletons for a better unders tand ing of their 
chemical structures. A l though many aromatic ske­
letal structures are well known, there remain some 
aromat ic skeletons wh ich can be expected to be present 
in coal-derived l iquids b u t which are as yet uncon­
firmed because of the lack of authent ic standards. 

In this work, the existence of some aromat ic skeletal 
structures which are probable bu t which are as yet 
uncer ta in were investigated by means of capillary 
G C / M S analysis combined wi th separat ion by means 
of high-performance l iqu id chromatography (HPLC) 
and dehydrogenat ion treatment. 

Experimental 

Preparation of Coal-Derived Samples. Figure 1 shows 
the diagram for the preparation of coal-derived samples. 
The liquefaction of Wandoan coal was carried out at 450 °C 
for 1 h over a-Fe203(sulfided) under an initial pressure of 
9.8 MPa H2 and using toluene as the solvent. A nonpolar 
distillate (bp 180—430 °C) was obtained from the heptane-
soluble product by distillation and separation on an 
alumina column; it was then divided into saturates (Fr. A), 
monoaromatics (Fr. B), diaromatics (Fr. C), and tri/tetra-
aromatics (Fr. D).3> Furthermore, Fr. C and Fr. D were 
separated into seven aromatic subfractions (Fr. C-1, Fr. C-2, 

Fr. D-l, Fr. D-2, Fr. D-3, Fr. D-4, and Fr. D-5) by the use of a 
HPLC apparatus equipped with a semipreparative fiEond-
apak-NH2 column (19 mmX150 mm). 

The nonpolar distillate was dehydrogenated over a 
Pt/Al203 catalyst at 325°Cn) to ascertain which peaks were 
hydrogenated derivatives. In addition, the nonpolar 
distillate was first hydrogenated and then dehydrogenated to 
clarify the existence of benzonaphthofuran skeletons. Upon 
this treatment, the quantities of benzonaphthofurans de­
creased markedly, while the other aromatic hydrocarbons did 
not decrease. 

Preparation of Standard Samples. The methylation of 
aromatic compounds was performed at 350—400 °C over 
Ni-W/Si02-Al203 in an excess amount of 1,2,3,4-tetra-
methylbenzene,12) while the ethylation of aromatic com­
pounds was done at 250—300 °C over Si02-Al203 with twice 
as many moles of ethanol. 

The hydrocracking of naphthalene, phenanthrene, an­
thracene, chrysene, benz[a]anthracene, and benzo[e]pyrene was 
individually performed at 470 °C over a M0S2 catalyst and 
under an initial pressure of 4 MPa H2. 

Wandoan Coal 

450 °C, Toluene 

a-Fe203 (S) , 9.8MPa 

Coal-derived Liquid 

Nonpolar Distillate 

Fr.A 

33.5% 

~ 1 
Fr.B 

1.9% 

100% 

10.0 wt% 
(d.a.f. coal basis) 

Fr.C Fr.D 

Fr.C-1 

Fr.C-2 

11.8% 

18.8% 

Fr.D-1 

Fr.D-2 

Fr.D-3 

Fr.D-4 

3.3% 

6.0% 

8.3% 

4.5% 

Fr.D-5 2.0% 

Fig. 1. Preparation of Wandoan coal-derived sam­
ples. 
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Analysis by Means of Capillary GC/MS and GC. The 
samples were analyzed by the use of a GC/MS apparatus 
(Hewlett-Packard 5890A g.c+5970 MSD) equipped with a 
OV-1 fused silica capillary column (50 mX0.2 mm). The 
oven-temperature programme was; 50°C (25 min), 5°C 
min"1, 100°C (5 min), 3°Cmin-1 , 150°C (3 min), 2.5°C 
min - 1 , 260 °C (hold). All the spectra were recorded in the 
electron-impact-ionization mode at 70 eV. The constituents 
of the seven aromatic subfractions were quantified by the use 
of a GC apparatus (Hewlett-Packard 5890A) with an FI-
detector. The oven temperature was programmed from 50 °C 
to 300°C at 2°C min"1 for GC analysis. 

Results and Discussion 

Analysis of Aromatic Subfractions. T h e seven aro­
mat ic sub fractions were analyzed by means of capillary 
G C and G C / M S ; the results are shown in Tab le 1 
according to the molecular weight . Naph tha lene , 
phenan threne , acenaphthene, b iphenyl , pheny lnaph-
thalene, dibenzofuran, fluorene, benzofluorene, fluo-
ran thene , pyrene, benzopyrene, and so on were easily 
confirmed to be present by compar ing the mass spectra 
and the retent ion times wi th those of commercial ly 

available s tandard compounds . T h e aromatic skeletal 
structures present in coal-derived l iquids could be 
classified in to several groups , as diagrams previously 
proposed.9»10) T h e most a b u n d a n t g roup was com­
posed of benzene, naphtha lene , phenanthrene , chry-
sene, and so on, the molecular weights of wh ich were 
represented by 78+50n(n=0, 1, 2, 3, •••). T h e increase 
by 50 corresponded to an addi t ional benzene r ing fused 
to the or iginal skeleton. T h e existence of such skeletal 
groups as b ipheny l /pheny lnaph tha l ene /b inaph thy l 
(MW 154+50n), f luorene/benzofluorene (MW 166+ 
50n), and pyrene/benzopyrene (MW 202+50n) were 
also established. Since indan , acenaphthene, and 
dibenzofuran were detected in coal-derived samples, 
benzindan, benzacenaphthene and benzonaphtho-
furan should also be present. However, those aromat ic 
skeletons were not confirmed to be present because of 
the lack of au thent ic standards. In later papers , the 
existence of aromatic skeletons of MW 168, 204, 218, 
and 242, wh ich correspond to benzindan, benzace­
naphthene, benzonaphthofuran/dihydrocyclopentaphe-
nanthrene , and dihydrocyclopentapyrene respectively, 

Table 1. Major Compound Types of Each Aromatic Subfraction 

Fr. 

C-1 

C-2 

D-1 

D-2 

D-3 

D-4 

D-5 

Major compound type 

Benzenes 
Indan/tetralins 
Unknown 

Naphthalenes 
Acenaphthenes 

Biphenyls 
Acenaphthenes 
Naphthalenes 
Unknown 

Biphenyls 
Diphenylmethanesa) 

Diphenylethanesa) 

Dibenzofurans 
Fluorenes 
Unknown 

Fluorenes 
Phenanthrenes 
Phenylnaphthalenes 
Pyrenes 

Phenanthrenes 
Phenylnaphthalenes 
Fluoranthenes 
Unknwn 

Unknowns 
Bnzofluorenes 
Chrysenes 
Benzopyrenes 
Binaphthyls 

M.W. -

(134+14n) 
132+14rc 
158+14rc 

128+14rc 
154+14rc 

154+14rc 
154+14rc 
128+14rc 
208+ 14n 

154+14rc 
(154+14n) 
(154+14n) 
(154+l'4n) 
166+14rc 
206+ 14n 

166+14rc 
178+14rc 
204+ 14n 
202+ 14n 

178+14rc 
204+ 14n 
202+ 14n 
242+ 14n 

208+ 14n 
202+ 14n 
228+ 14n 
252+ 14n 
254+ 14n 

n=0 

4.7 
9.7 
1.0 

7.2 
0.8 

0.7 
0.2 

0.9 

1.0 

4.0 
0.4 

0.9 
16.7 
2.6 
1.8 

1.1 
3.0 

19.0 
4.0 

0.9 
1.0 

13.6 
6.4 
4.6 

1 

3.5 
16.6 
3.6 

17.3 
7.2 

4.9 
2.7 

2.0 

4.1 
1.2 

2.7 
11.9 
2.1 

1.6 
17.7 
7.3 
2.6 

0.8 
7.7 

24.3 
2.7 

1.4 
4.9 

15.8 
5.3 
6.4 

Abundance (GC area/%) 

2 

1.3 
21.1 

3.2 

22.2 
8.4 

14.5 " 
9.6 _ 
2.0 
0.5 

7.2 " 
4.0 
1.7 -J 
4.8 

11.5 
1.6 

1.6 
15.8 
9.4 
2.3 

0.2 
6.7 

17.5 

0.8 
6.0 
8.1 
1.0 

3 

0.4 
17.0 
2.3 

14.8 
6.5 

21.1 

11.1 

6.7" 

6.2. 
9.8 
1.2 

0.7 
8.4 
2.5 
0.6 

0.4 
1.5 
8.5 

0.4 
2.6 
1.0 

4 

1.6 
5.5 
1.1 

4.6 
2.0 

11.6 

7.1 

5.0 

5.0 

2.3 

0.9 

1.3 

5 

0.2 
3.0 
0.6 

2.9 
0.1 

3.1 

0.2 

0.9 

1.3 

0.3 

Total 

12.3 
73.2 
12.3 

68.9 
24.9 

68.4 

20.4 
3.4 

45.4 

43.5 
5.2 

4.8 
61.2 
21.7 

8.1 

2.5 
18.9 
70.7 
6.7 

3.5 
14.5 
38.5 
12.6 
11.0 

a) These compounds were probably produced by the dimerization of toluene. 
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Fr.C-2 m/z 168 

4 . 0 E 5 
u 
£ 3.0E5-3 
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Œ 

0- ,L <Af^>A^V4A^v\- • r.^,/ '-.e1 

Fr.D-1 m/z 168 

k , .I K I,! fr 

T i me ( m l n . ) 

Fig. 2. Single-ion chromatograms of m/z 168 for 
Fr. C-2 and Fr. D-1. 

Phenanthrene 

0§0 @§0 @D§) @§0 

Anthracene 

^>v^^*^J^AXJ^LuöUJU^J LJI I U l 

50 

Retention Time (min) 

70 

will be investigated. 
Skeletal Structures of MW 168. Figure 2 shows the 

single-ion chromatograms of m/z 168 for Fr. C-2 and 
Fr. D-1, in which benzindans are contained if they 
exist. The first four peaks in the chromatogram of Fr. 
C-2 were identified as 1-methylacenaphthene, diben-
zofuran, dihydrophenalene, and methylacenaphthene. 
A standard sample of dihydrophenalene was prepared 
by the hydrogénation of perinaphthenone available 
commercially. Methylacenaphthenes have four iso­
mers; the remaining two isomers were eluted at the 
same retention times as Peaks a(=c) and b(=d). Peak c 
was identified as one of the methylacenaphthenes 
because of the agreement of the mass spectra. How­
ever, the mass spectra of Peaks a, b and d were different 
from those of methylacenaphthenes, but were similar 
to that of dihydrophenalene. These three peaks 
(probably Peak b was the same compound as Peak d) 
were supposed to be benzindans. 

The hydrocracking of naphthalene at 470° C over 
M0S2 provided methylindans and indan in yields of 
7.4% and 1.0% respectively. Therefore, phenanthrene 
and anthracene were hydrocracked under the similar 
conditions to convert them into methylbenzindans and 
benzindans. Figure 3 shows the gas chromatograms of 
the hydrocracking products and also the mass spectra 
of the three peaks, A, B, and C, of MW 168. Similar 
compounds were produced from the two feed samples, 
which showed that isomerization between hydrogen-
ated phenanthrene and hydrogenated anthracene 
occurred under the present reaction conditions. Peak 
A was identified as dihydrophenalene by comparing it 
with a standard sample prepared from perinaphthe­
none. Peak C was produced in a greater yield from 
anthracene than from phenanthrene; it should be 
indentified as benz[/]indan. Peak B must be benz[>]-
indan. Five peaks, D—H, had molecular weights of 
182; they were all supposed to be methylated homo­
logues of dihydrophenalene and benzindans. 
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Fig. 3. Gas chromatograms of hydrocracking prod­
ucts from phenanthrene and anthracene, and mass 
spectra of peaks A, B, and C of MW 168. 

By comparison with the retention times and the 
mass spectra of Peaks B and C, Peaks a and b(=d) in 
Figure 2 were indentified as benz|>]indan and benz[/]-
indan respectively. Dihydrophenalene and benzindans 
have first been reported to be present in coal-derived 
liquids in this paper. 

Methyl-dihydrophenalene/benzindans were also ex­
pected to be present in coal-derived liquids. Figure 4 
shows the single-ion chromatograms of m/z 182 for Fr. 
C-2 and Fr. D-1. The peaks donated by O and 0 had 
the same retention times as the dimethylacenaph-
thenes and ethylacenaphthenes respectively thus pre­
pared. Therefore, the peaks donated by • were 
supposed to be methyl-dihydrophenalene/benzindans. 
The five peaks ( • ) eluted before 74 min corresponded 
to Peaks D—H in Figs. 3 and 4; they would have a 
methyl group on the naphthenic ring. There are many 
aromatic compounds which have naphthalene ring 
and molecular weights of 168+14n(n=0, 1, 2, •••); they 
have previously been considered to be alkylated 
homologues of acenaphthene. However, it has here 
been shown that alkylated homologues of dihydro-



May, 1990] 

Fr.C-2 m/z 182 

Aromatic Skeletal Structures in Distillable Coal-Derived Liquids 

Nonpolar Fraction m/z 218 

1481 

u 4 . 0 E 5 
u 
5 3 . 0 E 5 

•n 

c 2 . 0 E 5 

| 1 . 0 E 5 

0 

X-11 ni AÂâk„>. 
mo 
m? 

T 1 me (m 1n . ) 

Fr.D-1 m/z 182 

1 . 2 E 5 | 
o 1 . 0 E 5 | 
£j 8 . 0 E 4 1 
"° 6 . 0 E 4 i 
J 4.0E4|| 
Œ 2.0E4-3 ^yxJyu. 

7 0 
T1 me ( m l n . ) 

mo 

Fig. 4. Single-ion chromatograms of m/z 182 for Fr. 
C-2 and Fr. D-1. 

T1 me ( m l n . ) 

Dehydrogenated Product m/z 218 

1 . 5 E 5 - J 
0) 

u 
£ 1 . 0 E 5 

A_A^JWA 

coof 

Ü
Y Y Y I 

Fig. 6. Single-ion chromatograms of m/z 218 for 
nonpolar distillate and the dehydrogenated product. 

Nonpolar Fraction m/z 204 

®§n§) 

^JL». 

Dehydrogenated Product 

«J 2 . 0 E 5 -

« 1 .5E5-
•n 

c 1.0E5-
| 5 . 0 E 4 -

8 

A . 1 
0 85 

Tim 

m/z 204 

a 
^@ M e

 I K 

1 
90 95 

e ( m l n . ) 
1 0 0 

E 

r 

i 

. B E t : 

.BE«: 

.BE4: 

. 0 E < i 

.BE4H 
0000 - 59 

68 

1.2ES 
l .BES 
8.BE4 
E.BE4 
t . B E 4 
2.BE4 

a 
sa 

N 
ee 

J b 
as 

1 " N 
se ee 

l a i 

t e e 

lai 

i 
100 

120 

120 
» 'Cha 

I" 
M a 1S0 l a a 2 0 0 2 2 a 

, |20< 

176 198 II 

V3....>i \ . | l i . . 
M B 1G0 180 z e e 2 2 0 1 

9« 1 

@§k 

Fig. 5. Single-ion chromatograms of m/z 204 for 
nonpolar distillate and the dehydrogenated product, 
and mass spectra of peaks a and b. 

phena lene and benzindans are more abundan t than 
those of acenaphthene. 

Skeletal Structures of MW 204. Figure 5 shows the 
single-ion chromatograms of m/z 204 for the nonpo la r 
distillate obta ined from W a n d o a n coal-drived l iqu id 
and the dehydrogenated product . Some peaks in the 
chromatograms were assigned to 1- and 2-phenyl-
naphthalenes, 1,2-dihydropyrene, and methyl-4H-cyclo-
penta[öte/]phenanthrenes by compar ison with stan­
dard samples commercial ly available or prepared in 
this work. T h e r ema in ing peaks, a and b, mus t be 
benzacenaphthenes . Peak b did no t exist in the 
nonpo la r distillate, bu t appeared in a significant 

a m o u n t after the dehydrogenat ion treatment. In a 
previous p a p e r , n ) it was shown that anthracene and 
2-methylanthracene were scarcely present in coal-
derived hydrocarbons, bu t they increased remarkably 
after dehydrogenat ion, whi le significant amounts of 
phenan th rene and methylphenanthrenes were present 
even before dehydrogenat ion. These results showed 
that anthracene r ings were easily hydrogenated du r ing 
coal l iquefaction and existed as hydrogenated h o m o ­
logues in coal-derived l iquids . Therefore, Peak b 
mus t have an anthracene r ing. T h e mass spectral 
fragmentat ion pat terns of Peaks a and b were similar 
to that of acenaphthene, the major ions of which were 
M+, ( M - l ) + , and (M~2) + . It could be concluded that 
Peaks a and b in Fig. 5 were benz[>]acenaphthene and 
benz[d]acenaphthene respectively. 

Skeletal Structures of MW 218. Figure 6 shows the 
single-ion chromatograms of m/z 218 for the nonpo la r 
distillate and the dehydrogenated product . T h e 
possible structures of MW 218 were dihydrobenzo-
phenalenes , dihydrocyclopentaphenanthrenes , benzo-
naphthofurans, and methylated homologues of phenyl-
naphthalenes, dihydropyrenes, and benzacenaphthenes. 
T h e methyla t ion of 1- or 2-phenylnaphthalenes 
provided exactly the same product composi t ions, 
which impl ied that the migra t ion of the phenyl g r o u p 
occurred easily under the present reaction condit ions. 
T h e peaks eluted before 93 m i n were assigned to 
methy lphenylnaphtha lenes , whi le the small peaks 
eluted a r o u n d 95 m i n and 98 m i n migh t be C2-4H-
cyclopenta[<i6 ,/]phenanthrenes and methylbenzacenaph-
thenes respectively. T h e peak disappear ing u p o n the 
dehydrogenat ion treatment is probably methyldihy-
dropyrene. T h e four peaks donated by V may be 
assigned to benzonaphthofurans because of the mark­
ed decrease u p o n the hydrogenat ion-dehydrogenat ion 
treatment, bu t the number of the isomers are three. 
One of them must have another structure, bu t this 
p rob lem could no t be clarified. T h e three peaks, a, b 
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Fig. 7. Gas chromatograms of hydrocracking prod­
ucts from chrysene and benz[a]anthracene, and 
mass spectra of peaks A and B of MW 218. 

and c, might be dihydrobenzophenalenes and dihydro-
cyclopentaphenanthrenes. Dihydrophenalene de­
creased substantially after the dehydrogenation treat­
ment; Peak a also decreased, as is shown in Fig. 6, 
which might indicate that Peak a was dihydrobenzo-
phenalene. Peak c, appearing after the dehydrogena­
tion treatment, must have an anthracene skeleton as 
has been discussed above. 

Chrysene and benz[a]anthracene were hydrocrack-
ed over a M0S2 catalyst at 470 °C to convert them into 
dihydrobenzophenalenes and dihydrocyclopentaphe-
nanthrenes. Figure 7 shows the gas chromatograms of 
the products and the mass spectra of Peaks A and B of 
MW 218. Peaks C—G of MW 232 would be methylated 
homologues of Peaks A and B. Since Peaks A and B 
were produced from chrysene, they should have a 
phenanthrene skeleton. The only significant differ­
ence in the mass spectra of Peaks A and B was the 
intensity of m/z 203. As is shown in Fig. 3, 
dihydrophenalene had a larger fragment ion at m/z 
153 than did benzindans. Therefore, Peak A may be 
assigned to dihydrobenzo[/]phenalene, and Peak B, to 
dihydrocyclopenta[a]phenanthrene and/or dihydro-
cyclopenta[6]phenanthrene, as is shown in Fig. 7. 

Peaks a and b in Fig. 6 correspond to Peak 
A(dihydrobenzo[/]phenalene) and Peak B(dihydro-
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Fig. 8. Single-ion chromatograms of m/z 242 for 
Fr. D-4 and Fr. D-5. 

cyclopenta[a]phenanthrene and/or dihydrocyclopenta-
[fr]phenanthrene) respectively. The mass spectrum of 
Peak c in Fig. 6 was quite similar to that of peak A; 
therefore, it may be assigned to dihydrobenzo|>]-
phenalene, which has an anthracene skeleton. 

Skeletal Structures of MW 242. The existence of 
benzidan and dihydrocyclopentaphenanthrene indicates 
that dihydrocyclopentapyrene(MW 242) was also pre­
sent. Figure 8 shows the single-ion chromatograms of 
m/z 242 for Fr. D-4 and Fr. D-5. The aromatic 
compounds of MW 242 in Fr. D-5 were assigned to 
methyl-chrysene/benz[a]anthracene/triphenylenes by 
comparison with standard samples. The retention 
times of Peaks a, b and c in Fr. D-4 were different from 
those of the methyl-chrysene/benz[a]anthracene/tri-
phenylenes. In addition, the major constituents in Fr. 
D-4 should have a pyrene/fluoranthene skeleton 
because of the properties of the column used for HPLC 
separation. Therefore, Peaks a, b and c in Fr. D-4 
might be pyrene/fluoranthene with one naphthenic 
ring, such as dihydrophenalene and benzindan. 

The hydrocracking of benzo|>]pyrene was carried 
out at 470 °C over a M0S2 catalyst; the gas chromato-
gram of the product is shown in Fig. 9. Peaks A and B 
had molecular weights of 242, while Peaks C, D and E 
had molecular weights of 256. Only two structures can 
be drawn for the compounds of MW 242, which were 
produced by the hydrocracking of benzo|>]pyrene. 
Peaks A and B might be 4,5-dihydro-3H-benzo[c 
d]pyrene and dihydrocyclopenta[a]pyrene respectively, 
because dihydrophenalene was eluted earlier than 
benzindans. Peaks b and c in Fr. D-4 correspond to 
Peaks A and B respectively in the hydrocracking 
product of benzo|>]pyrene. The mass spectrum of 
Peak a was not similar to those of Peaks b or c; its 
structure remains unknown, but it might be dihydrocyclo-
pentafluoranthene. 

In the present work, some new types of aromatic 
skeletons were found to be present in coal-derived 
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l iquid . Some representative aromat ic skeletons are 
summarized in Fig. 10. Benzene with two five-
membered naph then i c r ings was supposed to be 
present because aromatic compounds of MW 158+14n 
were present in significant a m o u n t s in Fr. C-1 and 
many of them did not decrease after dehydrogenat ion. 
Hydroaromat ic compounds in coal-derived l iquids are 
alkylated homologues of the aromat ic skeletons and 
their part ial ly hydrogenated derivatives. 
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Conclusion 

By compar i son wi th s tandard samples, some new 
types of aromat ic skeletons, such as dihydrophenalene, 
benzindan, dihydrobenzophenalene, dihydrocyclopenta-
phenan threne , and dihydrocyclopentapyrene were 
found to be present in coal-derived l iquid. Major 
aromatic skeletons could be classified in to several 
groups, the molecular weights of which were repre­
sented by 78+50n, 118+50n, 154+50n, 166+50n, 
202+50n, 242+50n (n=0,l,2,-..)> and so on. 
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Fig. 10. Representative aromatic skeletons present in 
coal-derived distillate. 
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PPS Preparation. A Kinetic Study and the Effect of 
Water on the Polymerization 
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A kinetic study on poly (p-phenylene sulfide) formation from p-dichlorobenzene (1) and sodium sulfide 
reveals that the initiation rection is first order with respect to 1 and sodium sulfide, respectively. Reaction on the 
surface of solid sodium sulfide has proved to be negligible when the reaction is carried out in the presence of the 
solid. The time course of the concentration of 1 and its dimer can be explained with a simplified eight step 
kinetic model for the initial stage, in which each of the step is firest order with respect to the reactant in concern. 
Kinetic parameters for each of the steps were estimatied. Increase in [Na2S]/[l] ratio causes the increase both in 
polymer yield and in the degree of polymerization. Presence of a small amount of water enhances cosiderably 
the rate of polymerization and increases the polymer yield, but the highest degree of polymerization was 
observed in the presence of water approximately equimolar to 1. 

Poly(p-phenylene sulfide) (PPS) has recently attrac­
ted a t tent ion as a potent ia l engineer ing plastic. Its 
industr ial prepara t ion is first reported by Edmonds 
and Hill1* (the Ph i l l ips ' Method), which consists of the 
reaction of ^-dichlorobenzene (1) wi th sodium sulfide 
(Eq. 1). Its mechanism, however, is still ambiguous . 
Koch a n d Heitz examined the mechan i sm of the reac­
t ion by compar ing the yields of oligomers formed from 
various model compounds , and suggested the par­
ticipation of arylthio radical, which substitutes the halo­
gen a tom at tached to the aromat ic ring.2 ) Annenkova 
et al. suggests the par t ic ipa t ion of polysulfide an­
ion radicals,3a) which lead to the formation of an ion 
radical of 1 and the thiolate (see Scheme l).3b) Rajan et 
al. s tudied the t ime course of consumpt ion of the 
reactants, wi th sodium sulfide dispersed in Af-methyl-2-
pyrrol idone at 195 °C, a n d reported that the reaction is 
overall second order.4) However detailed study on the 
kinetics of the ini t ial stage of the reaction, as well as 
the effect of water conta ined in crystalline sodium 
sulfide on the reaction, has h i ther to no t been elucida­
ted. 

/ )Cl -@-Cl + nHa2S - - f © - S + (1) 

1 

We examined the t ime course of the concentrat ion of 
the dimer (2) and trimer (3), in addi t ion to the 
m o n o m e r (1) and suggest a plausible reaction pa th and 
kinetic parameters . We also report the effect of water 
on yield of the polymer and degree of polymerization. 

1 Present address: Institute of Life Sciences, Soka 
University, 1-236, Tangi-cho, Hachioji-shi, Tokyo 192. 

Experimental 

Materials. p-Dichlorobenzene ( 1 ) and Af-methyl-2-pyrrol-
idone (NMP, guaranteed grade) were purchased from Tokyo 
Kasei Kogyo and were used as served. Sodium sulfide 
(guaranteed grade) was purchased from Wako Pure Chem­
ical Industries and was dehydrated by heating at 120— 
150 °C over phosphorus pentaoxide for 2—3 h in vacuo. 
Complete dehydration was ascertained both by gravimetry 
and iodometry. An authentic sample for bis(p-chlorophen-
yl) disulfide (4) was purchased from Tokyo Kasei Kogyo. 

Kinetics. Reactions were carried out under argon atmo­
sphere. Anhydrous sodium sulfide was dissolved in NMP 
(100 ml) at 180—195 °C and the reaction was started by 
addition of p-dichlorobenzene. At appropriate intervals 
0.10 ml of the reaction mixture was pipetted out, diluted to 
1.0 ml with acetonitrile, and 0.010 ml of the solution was 
subject to quantitative analysis. The remainder of the 
samples at early stages were collected and were subject to 
separation by high performance liquid chromatography. At 
the end of the reaction the mixture was poured into water. 
The precipitates were collected by filtration, washed with 
acetone, and air-dried at room temperature. Average degree 
of polymerization for the precipitates was determined from 
its melting point, using the calibration curve based on the 
procedure and data by Montaudo et al.,5) and Koch and 
Heitz.2) 

Quantitative Analysis. The analytical sample was sepa­
rated with Shimadzu LC-6A high-performance liquid Chro­
matograph system attached with SPD-6A UV Spectropho­
tometer and CR-3A Chromatogram processor. The sample 
was separated by elution through Shimpack CLC-ODS 
(Shimadzu) with ace toni tri le-water (90:10) and its com­
ponents were quantified with the absorption at 254 nm. 

Table 1. Analytical Data for the Dimer (2) and Trimer (3) 

Product 

CIC6H4SC6H4CI 
2 

C1(C6H4S)2C6H4C1 
3 

Found (%) 
Calcd (%) 

Found (%) 
Calcd (%) 

C 

56.70 
56.48 

59.44 
59.50 

H 

3.90 
3.17 

3.72 
3.34 

S 

12.49 
12.57 

17.86 
17.65 

Cl 

26.89 
27.79 

19.10 
19.51 
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Separation of Products. Separation of the reaction 
mixture was carried out with high performance liquid 
chromatography using preparative column. The aceto-
nitrile solution of the mixture was separated by elution 
through ULTRON S-C18 (Shinwa Kakou) with aceto-
nitrile-water (90:10) or through JAIGEL ODS-90 (Japan 
Analytical Industry) with acetonitrile. Each fraction 
afforded a single peak in analytical HPLC (vide supra). 

The dimer (2) and trimer (3) were identified with 
elementary analysis (Table 1). The deviation between found 
and calculated data for 2 was not sufficiently small, but the 
found data were accurate enough to distinguish from other 
oligomers. The disulfide (4) was identified by comparison of 
the retention time of the product with that of the authetic 
sample of (4) in analytical HPLC. 

Estimation of Rate Constants. Rate constants were 
estimated with the SALS System for nonlinear least-squares 
treatment.0 Calculation was carried out at The Computer 
Center of The University of Tokyo. 

Results and Discussion 

Kinetics. Figure 1 shows a typical time-course of 
the reaction at 195 °C. In addi t ion to the dimer (2) and 
tr imer (3), the disulfide (4) was formed in considerable 
a m o u n t in the early stage. Th i s suggests the formation 
of ^-chlorobenzenethiola te (5), which is oxidized 
under the reaction condit ions by trace of oxygen or 
sulfur, or oxidized after sampl ing . 

Kinetic studies were carried ou t by chang ing the 
ini t ial concentrat ion of 1, wi th ini t ial concentrat ion of 
sod ium sulfide fixed, and vice versa. Figures 2a and 2b 
p lo t the ini t ia l rate for the consumpt ion of 1 against 

H 0.02 L 

H 0.01 

o 
E 
\ 
•** 
u 
D 

O 

Fi g. 1. A typical time course of concentration change 
at 195 °C in Af-methylpyrrolidone. [l]o=0.38mol 
dm - 3 , [Na2S]o=0.38 mol dm -3 . • : £-dichlorobenzene 
(1), D: bis(£-chlorophenyl) sulfide (2), A: p-(p-
chlorophenylthio)phenyl £>-chlorophenyl sulfide (3), 
O: bis(p-chlorophenyl) disulfide (4). Solid lines 
represent the curves calculated for 1, 2, and 3 based 
on Scheme 1 and the rate constants shown in Table 
2. Broken line represents that for thiolate 5. 

ini t ial concentrat ion of each of the reactants. T h e 
slopes of the logar i thmic plots are 1.16 a n d 0.93, 
respectively. T h i s suggests that the ini t ial step of the 
reaction is first order wi th respect to bo th p-
dichlorobenzene (1) and sodium sulfide. O n this 
basis, the rate for consumpt ion of ^-dichlorobenzene is 
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0.005 h 
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[11/moir1 
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1 0.01 

0.005 h 

0.05 0.1 0.5 
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Fig. 2. Dependence of initial rate for /?-dichloro-
benzene (1) consumption on initial concentration 
of a reactant at 195 °C in iV-methylpyrrolidone. 
(a) [Na2S]o=0.38 mol dm"', (b) [1]0=0.38 mol dm"3. 

t/h 

Fig. 3. Time course of concentration change in the 
presence (O, 0.11 mol dispersed in 100 ml) and 
absence (• ) of solid sodium sulfide (anhydrous) at 
180°C in Af-methylpyrrolidone. [l]o=1.3 mol dm"3, 
[Na2S]o=1.3moldm-3. 
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expressed as 

rc = Âc[l][Na2S] 
kc = (3.0 ± 0.4) X ÎO-3 dm3 mol"1 min"1. (2) 

Reaction in the Presence of Solid Sodium Sulfide. 
Usually, P P S polymerizat ion is carried ou t in the 
presence of solid sodium sulfide. T h u s , reaction may 
occur on the surface of the solid, in addi t ion to 
homogeneous reaction. T o investigate whether this 
actually holds, t ime course of the reaction was 
examined at 180 °C in the presence and absence (with 
l i qu id phase just saturated wi th sodium sulfide) of the 
solid (Fig. 3). T h e profiles in Fig. 3 shows that n o 
appreciable difference exists in the t ime course of the 
reaction regardless of the presence of the solid. 

In addi t ion, the react ion was examined at various 
a m o u n t of solid sod ium sulfide. Also in this case, n o 
appreciable difference was observed a m o n g profiles of 
the t ime course of the reaction. 

These results clearly indicate that the reaction on the 
solid surface, if any, is slow compared wi th the 
homogeneous reaction. 

Mechanism for the Early Stage of the Polymeriza­
tion. T h e Mechanism for the present polymerization 
has been proposed by Koch and Heitz2) and by Raj an et 
al.4) T h e proposed reaction paths are similar to each 
other (Scheme 1).7) Nei ther of the studies have 
examined the t ime course of the intermediates, 
namely, dimer (2) and trimer (3). Since the t ime course 
of consumpt ion of 1 presented in Fig. 1 is in agreement 
w i th Scheme 1, we further tried to est imate the rate 
constants for the ini t ia l steps of the polymerizat ion 
(Eqs. 3—10), based on the following criteria: 

Cl-T~Yci + Na2S —• Cl-^~VsNa + NaCl k3 (3) 

1 5 
C1"C~]^C1 + ci"C~^"sNa ~~* c i "C^ s "C~^" c i + NaCi k4 (4) 

1 5 2 
c i "C^" s "C^~ c i +NazS ~~* c i K ! / " s ) n N a + Naci k* (5> 

2 

O O 1 +ciONa -^cOsO"ci 
+ NaCl kc <6) 

C 1 " O i S " 0 ^ n C 1 + N a 2 S ~~* C 1"lO"S )"N a + NaC1 k? (7) 

c i " C = ^ c i + c i K ^ " s L N a ""* c i " C ^ { s " C Ï X c i + NaC1 k° (8) 

1 

OO1 + c,OsLNa - OOfr 1 
+ NaCl k 9 ( 9 ) 

OO.01+c,K>LNa - O O 1 

+ NaCl kyj (10) 

i) Each pa th is first order wi th respect to each of 
the reactants. 

ii) T h e rate constants for the formation of thiolate 
of ri>2 (ki) do not depend on n. 

iii) T h e rate constants for the coup l ing of the 
thiolates ( n > l ) wi th ^-dichlorobenzene (1) (ks) do no t 
depend on n. 

iv) T h e rate constants for the coupl ing of the 
thiolates ( n > l ) wi th the dimer (2) (fe>) do not depend 
on n. 

v) T h e rate constants for the coupl ing of the 
thiolates ( n > l ) wi th the polymers (ra>2) (&io) do not 
depend on n. 

T h i s simplified model enables the est imation of the 
rate constants fa—&io by means of least square fitting 
for the t ime course of the concentra t ion of the dimer 2. 
T h e estimated rate constants are summarized in Tab le 
2. Based on the estimated rate constants, t ime course of 
the concentrat ion of the m o n o m e r (1), thiolate (5), 
d imer (2), and tr imer (3) is calculated for various 
ini t ial concentrat ions of the reactants. T h e calculated 
values are in good agreement wi th the observed ones, 
in par t icular in the ini t ial stage (t<1 h); a typical t ime 
course is shown in Fig. 1. In the later stage, however, 
there exists ample discrepancy between the calculated 
and observed results, in par t icular for 1. It would 
suggest that the criteria ii)—v) is oversimplified for the 
kinetics involving polymers.8) 

The Effect of Water on Polymerization. Commer­
cial sodium sulfide is nonahydrate . Neither Raj an et 

Table 2. Rate Constants Estimated for Paths 

hz 
k4 

k5 

kß 

3—10 (in dm3 mol - 1 min 

0.0023±0.0006 
1.3 ±0.8 
0.006 ±0.004 
6 ±4 

h 
k& 
k9 
k\Q 

-1) 

0.024±0.017 
0.019±0.008 

12 ±9 
0.6 ±0.4 

Scheme 1. A plausible reaction path for the initial 
stages of the polymerization. 

1 2 
[H20]/moir1 

Fig. 4. Effect of water on initial rate for £>-dichloro-
benzene (1) consumption at 195°C in Af-methylpyr-
rolidone. [l]o=0.38 mol dm"3, [Na2S]o=0.38 mol dm"3. 
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Table 3. Polymer Yield and the Degree of Polymerization (rc).a) Values in Parentheses are those 
Calculated Based on the Kinetic Parameters in Table 2 for Polymers of n^3 

[1] 

mol dm - 3 

0.095 
0.15 
0.38 
1.25 
0.38 
0.38 
0.38 
0.38 
0.38 

[Na2S] 

mol dm - 3 

0.38 
0.38 
0.38 
0.38 
0.23 
0.11 
0.38 
0.38 
0.38 

[H20] 

mol dm - 3 

0 
0 
0 
0 
0 
0 
0.011 
0.055 
0.28 

Yield/%b> 

Obsd (Calcd) 

—c> (86) 
55 (85) 
45 (73) 
25 (30) 
28 (51) 
20 (20) 
61 
65 
83 

n 

Obsd (Calcd) 

- (24 ) 
>25d> (15 ) 

15 ( 9.6) 
7 ( 6.1) 

11 ( 7.5) 
6 ( 6.2) 

16 
21 
14 

a) Reaction was carried out at 195 °C for 24 h in Af-methyl-2-pyrrolidone. b) Yields based on consumed 1. 
c) No polymer was isolated, d) Melting Point >300°C. 

al. nor Koch and Heitz noted on the effect of water on 
the polymerizat ion reaction, nor did they ment ion the 
dehydra t ion of sod ium sulfide.2 '4) Recently, it has 
been suggested that the presence of water considerably 
affects the conversion and degree of polymerizat ion in 
the present reaction.9) T h u s , we examined the kinetics 
in the presence of various a m o u n t of water. 

Figure 4 shows the dependence of ini t ial rate on the 
a m o u n t of water added at 195 °C. It is evident that the 
presence of water 'enhances ' the ini t ial rate. Linear 
re la t ionsh ip seems to ho ld between the a m o u n t of 
water added and the rate enhancement ; the degree of 
increase in rate is p ropor t iona l to the a m o u n t of water 
added. T h u s , the ini t ial rate can be expressed as 

rc = (kc + Aw[H20])[l][Na2S], 

kc = (3.2 ± 0.2) XIO-3 dm3 mol"1 min"1 

kw = (1.3+0.1) X 10"3dm6 mol"2 min"1. 

(11) 

Effect on Degree of Polymerization. At the end of 
the reaction, the polymeric (acetone-insoluble) mate­
rial was collected and its average degree of polymeriza­
t ion (n) was determined. Yields and n are shown in 
Tab le 3 for various ini t ia l concentrat ions of the 
reactants. It is clearly found that increase in [Na2S]/[l] 
ra t io tends to increase bo th in the polymer yield and in 
the degree of polymerizat ion, except for the case of 
[1]<0.1 m o l d m - 3 in wh ich we failed to isolate the 
polymers.10) 

Using the kinetic parameters shown in Tab le 2, we 
further calculated the yields and degree of polymeriza­
t ion for polymers of n ^ 3 (Table 3). T h e dependence of 
the calculated values on the init ial concentrat ions was 
qual i ta t ively in good agreement wi th that of the 
observed one. T h e smaller observed yields and larger 
observed degree of polymerizat ion compared wi th the 
calculated ones may suggest that the method for 
collecting polymers (see experimental) causes the loss 
of par t of the polymers of smaller n values. 

It was found that the presence of water causes the 

increase in polymer yield (Table 3). For the increase in 
the degree öf polymerizat ion, addi t ion of water 
approximate ly equ imolar to 1 wou ld be appropr ia te 
(Table 3). 

We are grateful to Dr. Hide toshi Nagamoto for 
helpful discussion. We are grateful to J a p a n 
Analytical Industry Co. Ltd. for valuable assistance in 
preparative H P L C . 
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Kinetic Solvent Effects on KVK(Hg)Electrodes in Some Dipolar 
Aprotic Solvent Systems by Cyclic Voltammetry 
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(Received April 18, 1989) 

The rate constants (S£R) of K++e (Hg)^K(Hg) in the dipolar aprotic solvents like propylene carbonate 
(PC), N, iV-dimethylformamide (DMF), acetonitrile (AN), and their several binary mixtures have been 
determined at 25 °C on a hanging mercury drop electrode (HMDE) by cyclic voltammetric measurements. The 
observed nature of the cyclic voltammograms indicates that the reaction is quasi-reversible in the range of the 
sweep rates 1.0—0.01 V s_1. An insight to the composition profiles of the free energies of activation (AG*) 
relative to that in the chosen reference solvent (r) in the respective solvent (s) systems: — <5AG* (=RT In S^R/^R) 
reveals that not only the solvation of K+ but also that the transition state (TS) are responsible in dictating the 
rate constants. Also the solvation of TS is being guided by the dispersion interactions as well as the availability 
of the fraction of the free surfaces (1—0S) for varying adsorption of the solvent molecules on the electrodes, all rela­
tive to that of the respective reference solvents. 

T h e galvanic reactions involving alkali metal ions 
and alkali metal amalgams M+/M(Hg) have lately 
drawn part icular a t tent ion because of their wide util i ty 
in h i g h energy n o n a q u e o u s batteries.1_5) These 
reactions are also impor t an t from the po in t of 
academic interest1»0 because of their simplicity of 
involving one electron transfer devoid of compl ica t ion 
of extra phase generat ion and coupled reactions. T h e 
ma in object of us ing these M V M ( H g ) galvanic 
elements as the chief anode materials is to increase the 
emf of the cell. But performance of a galvanic cell7) 

depends no t only on the intensive factors like the 
standard electrode potent ia ls bu t also on the capacitive 
factors like the exchange current densities (z0) or the 
rate constants (AR) which again depend u p o n various 
factors at the electrode-electrolyte junct ions . T h u s the 
measurements of i0 or AR of the concerned reactions 
under different condi t ions , have lately become8»9* one 
of the most impor t an t objectives for the development 
of n o n a q u e o u s batteries. Moreover, i0 or AR is greatly 
influenced not only by the na tu re of the electrode 
substrates8a) or compos i t ion of the electrolyte8b) bu t 
also by the na ture of the sovlents i.e. the med ium 
effects of the reactants and products in different solvent 
systems. 

Unfortunately however, only a few works6»10»11* have 
been repor ted so far on the m e d i u m effects of the 
M+/M(Hg) redox couple in pure solvents and pra­
ctically n o work has been done in the mixed solvents 
which often play a better role6»11»13* over the pure 
solvents. Notably again, the highly encouraging 
results of our earlier study5* on the charging-
discharging properties of cell (A) 

K(Hg)/KI, solv./I2(Pt) (A) 

in propylene carbonate (PC), AT,AT-dimethylformamide 
(DMF), acetonitri le (AN), and their b inary mixtures, 
also po in t ou t the impor tance and usefulness of such 
studies. T h e outcome of these studies showed that the 

discharging efficiency of cell (A) passes t h rough 
a m a x i m a in (PC+DMF) and (DMF+AN) solvent 
systems. In search of the reasons beh ind it, it was 
considered h ighly useful to measure the rate constants 
of the reaction 

K+ (solv) + e(Hg) ^ K (Hg) + solv. (B) 

in the pure d ipolar aprotic solvent like PC, DMF, and 
AN and their binary mixtures. 

It is now increasingly recognized that the determina­
t ion of exchange current (z0) or rate constant (AR) can 
be achieved by many techniques1 4»1 0 viz d.cx. polarog-
raphy wi th or wi thou t ro ta t ing disk (RD) and ro ta t ing 
r ing disk (RRD) electrodes, AC impedance, faradaic 
rectification, chronopotent iometry with or w i thou t 
current reversals etc. But most of such techniques are 
cumbersome, tedius, and t ime consuming , whi le the 
me thod of widely applicable cyclic voltammetry1 6 »17) is 
ra ther s imple, easy to follow, and free of extra hazards. 
Therefore, we used cyclic vol tammetr ic method in this 
study, fol lowing Parker,18) a l though the measurements 
are somewhat approximate in nature . 

Experimental 

AN, DMF, and PC were purified by the methods 
previously described.19_21) The working electrolyte KCIO4 
(Fluka, AG) and the supporting electrolyte tetrabutyl 
ammonium (TBA) Perchlorate [Bu4NC104] (Fluka, AG/ 
Fischer Scientific Co., PG) are dried under a vacuum 
desiccator. Since there are strong evidences6«n) that the rates 
of alkali metal cation reductions depend on the size of the 
cation of the supporting electrolyte, a single suitable 
supporting electrolyte, i.e. BU4NCIO4 has been chosen for 
the present study. The supporting electrolyte being 
common to all the solvent systems, the relative kinetic 
scheme of K++e(Hg)=K(Hg) reaction in cell (B) will not be 
much altered. 

The basic experimentation involved a three electrode cell 
assembly in a glass vessel which provides an inlet and an 
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outlet of an inert gas like N2 through the system. The 
method for finding out the rate constant (&R) through cyclic 
voltammetry16) in essence involved the measurement of the 
cathodic and anodic peak potentials [(£P)f and (£P)t>] and 
peak currents (7p)f as a funtion of the voltage scan rate (v). 
An approprate scan rate had been chosen so that A£p=[(£p)f— 
(£p)b] falls almost in the range of 60—120 mV where the error 
limit is only 5% for the deviation of the transfer coefficient a 
from 0.5.16«18) Cyclic voltammetric measurements were 
performed at a hanging mercury drop electrode (HMDE) 
employing the appropriate appliances of PAR Electro­
chemistry system ECS 370.8, i.e. potentiostat (model 173) 
together with a universal programmer (model 175) and a 
Houston Omnigraphic (series 2000) X-Y-t recorder. Vol­
tage sweep rates in the range 1.0—0.010 V s_1, had been used. 
The lower range of the scan rates was however limited by 
incapability of the capillary used to hold the amalgam drop, 
as the surface tension decreases with the increase of 
impressed high negative potential for the reduction reaction. 
The Ag/Ag+ (solvent) reference electrode was kept separated 
from the test solutions by a porosity 4-sintered Gooch cap 
but placed as close as possible to the working HMDE 
electrode (WE) using a Luggin capillary to ensure minimum 
IR-drop when the current was passed. The test solutions 
were pre treated with pure and dry N2 for about 10—15 
minutes. 

Results 

A few typical vo l t ammograms (CVG's) of different 
solvents con ta in ing 0.0005 M KCIO4 and 0.1 M Bu4-
NCIO4 (1 M = l mol dm- 3 ) at 0.5 V s"1 in (PC+DMF) 
system have been presented in Fig. 1. At a con­
centrat ion higher than 0.001 M of KCIO4, IR-drop 
is large so as to increase the cathodic and anodic peak 
potent ia ls [(£P)f and (£P)d] and hence the A£ p values 
wi th the increase of the said concentra t ion. At 
concentrat ions of 0.1 M of BU4NCIO4 and above, the 

IR-drop is negligibly small in the concentrat ion 
range 0.005—0.0005 M of KCIO4, as it is evident from 
the constancy of the peak potent ia ls and A£ p values 
wi th the concentra t ion in the said range. Fur ther 
lower values of concent ra t ion of KCIO4 are difficult to 
work with, since the current at these concentrat ions are 
comparab le wi th the cha rg ing current of the system.1 0 

A typical CVG in 75 wt% P C + 2 5 wt% AN (wt= 
weight) solvent has been shown in Fig. 2 in order to 
indicate the var ia t ion of A£ p wi th concentrat ion. For 
each solvent such variat ions of A£p ' s wi th concentra­
t ion have been measured. But only those values which 
remain invar iant wi th concentrat ion are taken in to 
considerat ion as IR-free correct (£p)f and (£p)b values 
and the corresponding A£ p values are noted in Table 2. 
F rom the observed variat ion of A£ p and (Zp)f wi th the 
scan rate, it is evident14»10 that the reaction is quasi-
reversible in na ture in the range of scan rates studied 
here. T h e &R values were therefore evaluated by use of 
Nicholson 's equa t ion 1 0 correlat ing the rate constant 
k,R wi th the scan rate v. 

* = yakR/(]Ij^D0)vz (i) 

where */f=Nicholson's funct ion 1 0 and D0=diffusion 
coefficient of K+, 7 = ( D 0 / D R ) 1 / 2 = 1 by convention, and 
other terms have usual significance.16b) 0- values at 
different A£ p separations, corresponding to different 
respective scan rates for a given electrolyte solut ion, 
are obta ined from Nicholson ' s p lo t of iff versus A£PX 

n. 
16b) 

T h e diffusion coefficient of K+ ion [D0 (K+)] in each 
solvent has been evaluated by masur ing the peak 
current at 0.010 V s _ 1 where A£ p value lies very near to 
60 mV. T h e essential equa t ion used is 

< 

-20 

Potential/V 

-2-2 

Fig. 1. Typical cyclic voltammogram at 0.5 V s_1 of 
0.0005(M) KClO4+0.1(M) Bu4NC104 solution in DMF(I), 
75%DMF+25%PC(II), 50%DMF+50%PC(III), 25%DMF+ 
75%PC(IV) solvents at 25 °C. 
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Zp(r :v) = 2.72 X 105 n 3 / 2 CoDo1'2 v1'2. (2) Do(i) = (RT/F2)XQ(i) (3) 

T h e average surface area of each h a n g i n g Hg-d rop was 
obta ined wi th a s sumpt ion of perfect spherical shape, 
by we igh ing approx imate ly 25 such drops in a 
previously weighed dry glass pot. 

T h e authent ic i ty of those D0 values presented in 
Tab l e 1 is however checked by compar ing them wi th 
those computed from Stokes-Einstein 's (SE) relation70* 

1 

s 
u < 

0-90 

0-75 

0-60 

0-^5 

0-30 

0-15 

0 

-0-15 

-0-30 

-0-45 

-

V\\\ 

\ \ 

-

/ / / ^^^^-jjy y^^ 

/ / /~^^- <r^m 

i i i 

-1-5 -1-7 -1-9 -2-1 

Potential/V 

-2-3 

Fig. 2. Typical variation of peak potential (£p) and 
A£p vs. concentration of K+ ion at the scan rate of 
0.5 V s-1. The curve shown is for [(75%PC+25%AN 
solvent+x(M)KClO4+0.1(M) Bu4NC104] electrolyte. 
%=0.0020(M)K+ for I, %=0.0015(M)K+ for II, x= 
0.001(M)K+ for III, %=0.0005(M)K+ for IV. 

where A0(i) is the l imi t ing equivalent conductance of 
an ion i. T h e required A0(K+) values in the solvents 
have been recently evaluated in this laboratory (loc lit) 
by pa r t i t i on ing the measured values of A0 (KI) us ing 
Krumgalz 's assumption22* that 

ko (TBA+) rjo = 0.213 (4) 

is valid irrespective of solvents. Here A0 (TBA+) is 
l imi t ing equiva lent conductance of (TBA+) and r]0 is 
the viscosity coefficient of the solvent in poise. T h e 
diffusion coefficient D0(i) thus obtained however 
corresponds to that at infinitely di lute solut ion, DO(C=0). 
So the appropr i a t e D0 values at the exper imental ionic 
s t rength (C) of 0.1 M, D0(c=o.i), were evaluated us ing 
Nernst-Hart ley7 b ) relat ion (5) 

Do(C=o.i) = Do(c=o) [1 + d i n / / d i n c] (5) 

and the l im i t i ng form of Debye-Hückel (DH) equa­
tion for the activity coefficient /: 

l o g / « 

which leads to the relat ion 

•AC1'2 (6) 

Do(c=o) = Do(c-o.i) (1 - 1/2 AC1'2) (7) 

Here D H constant, 

A = 1.8246 X 106(£ST)- 3/2 (8) 

and £s is the dielectric constant of the solvent. 
T h u s the diffusion coefficient values at infinitely 

di lute so lu t ion DO(C=0) were calculated from the 
conductivi ty data and those at 0.1 M ionic strength by 
use of re lat ion (7). All these values together wi th those 
obtained from CV measurements are presented in 

Table 1. 
Eq. 

Solvent 

Values of (zp)rev in mAcm - 2 at 0.010 Vs _ 1 Scan Rate, D(K+) as Computed from (zp)rev Using 
2, Limiting Equivalent Conductance of K+ Ion [A0(K

+)], Debye-Hückel Parameter A, 
and Other Diffusion Coefficients [Dr=0(K+) and DC=0A(K+) as Computed 

from S.E. Relation (3), at Various Solvent Compositions at 25 °C 

(îpjrev/ 
mA cm - 2 

D(K+)/cm2 s"1 

(CV data)X105 
/lo(K+)/ohm-1 D(K+)/cm2s"1 

C^0X105 A /mol"1/2!1/2 £ f=0.i(K+)/ 
cm2s"1X105 

PC 
75%PC+25%DMF 
50%PC+50%DMF 
25%PC+75%DMF 

DMF 
75%PC+25%AN 
50%PC+50%AN 
25%PC+75%AN 

AN 
75%DMF+25%AN 
50%DMF+50%AN 
25%DMF+75%AN 

0.0197 
0.0247 
0.0313 
0.0339 

0.0385 
0.0330 
0.0447 
0.0547 

0.0441 
0.0502 
0.0554 

0.21 
0.33 
0.53 
0.62 

0.80 
0.59 
1.08 
1.62 

1.05 
1.36 
1.66 

10.43 
12.81 
20.25 
25.87 

32.97 
23.72 
43.15 
60.42 

85.44 
43.10 
50.28 
62.59 

0.28 
0.34 
0.54 
0.69 

0.88 
0.63 
1.15 
1.61 

2.27 
1.15 
1.34 
1.67 

0.6858 
0.7439 
0.8882 
1.1510 

1.5935 
0.8435 
1.0146 
1.2353 

1.6442 
1.6059 
1.6185 
1.6313 

0.25 
0.30 
0.46 
0.56 

0.66 
0.55 
0.96 
1.29 

1.68 
0.86 
1.00 
1.24 



Table 2. Variations of Forward and Backward Peak Potentials [(£P)f and (£P)b] and Peak Potential Difference A£p[=(£p)f—(£p)b] in Volts, 
Forward Peak Current (zP)f in \iAcm~2, Nichalson's Function \fs and Rate Constant &R in cm s_1, with Solvent Compositions at 25 °C 

Scan rate/ 
Vs"1 

0.5 

0.2 

0.1 

0.05 

0.02 

Parameters 

(£P)f 

(/p)f 

(£p)b 
A£p 

* 
£RX103 

(£p)f 

(/p)f 

(£p)f 
A£p 

* 
£RX10 3 

(£p)f 
('p)f 

(£p)b 
A£p 

* 
£RX103 

(£p)f 

(/p)f 

(£P)f 
A£P 

* 
£RX103 

(£p)f 

(/p)f 

(£p)b 
A£P 

* 
£RX103 

PC 

2.120 
110.2 

2.025 
0.095 
0.68 
7.64 

2.112 
84.12 
2.029 
0.083 
1.06 
7.54 

2.110 
61.32 
2.033 
0.077 
1.43 
7.19 

2.104 
43.31 
2.034 
0.070 
2.40 
8.53 

2.095 
27.51 
2.027 
0.068 
3.02 
6.79 

75%PC+ 
25%DMF 

2.125 
141.1 

2.039 
0.086 
0.92 

12.96 

2.110 
106.2 

2.033 
0.077 
1.42 

12.65 

2.092 
77.18 
2.020 
0.072 
2.02 

12.73 

2.080 
54.56 
2.012 
0.068 
3.00 

13.37 

2.075 
34.52 
2.010 
0.065 
4.66 

13.13 

50%PC+ 
50%DMF 

2.140 
175.0 

2.047 
0.093 
0.61 

10.89 

2.130 
136.1 

2.046 
0.084 
0.98 

11.07 

2.125 
98.01 

2.048 
0.077 
1.43 

11.42 

2.120 
69.32 
2.047 
0.073 
1.87 

10.56 

2.116 
43.85 

2.048 
0.068 
3.06 

10.93 

25%PC+ 
75%DMF 

2.170 
190.3 

2.080 
0.090 
0.79 

15.26 

2.162 
147.2 

2.082 
0.080 
1.24 

15.15 

2.155 
98.89 

2.082 
0.073 
1.86 

16.06 

2.150 
75.01 
2.080 
0.070 
2.40 

14.66 

2.146 
47.44 
2.078 
0.068 
3.80 

15.45 

DMF 

2.175 
215.2 

2.070 
0.105 
0.50 

10.97 

2.165 
168.1 

2.074 
0.091 
0.78 

10.82 

2.158 
120.6 

2.076 
0.082 
1.10 

10.79 

2.150 
85.28 
2.074 
0.076 
1.52 

10.54 

2.144 
53.00 
2.074 
0.070 
2.40 

10.53 

75%PC+ 
25%AN 

2.111 
189.1 

2.019 
0.092 
0.74 

13.94 

2.002 
143.6 

1.920 
0.082 
1.10 

13.11 

1.993 
103.4 

1.918 
0.075 
1.62 

13.65 

1.991 
73.16 

1.91 
0.070 
2.4 

14.29 

1.986 
46.32 

1.919 
0.067 
3.80 

14.32 

50%PC+ 
50%AN 

2.125 
249.1 

2.035 
0.090 
0.79 

20.14 

2.110 
195.7 

2.029 
0.081 
1.17 

18.86 

2.105 
140.1 

2.031 
0.074 
1.70 

19.38 

2.090 
99.23 
2.020 
0.070 
2.40 

19.35 

2.087 
62.80 
2.020 
0.067 
3.80 

19.37 

25%PC+ 
75%AN 

2.155 
303.7 

2.075 
0.079 
1.28 

39.96 

2.050 
240.6 

1.978 
0.072 
2.02 

39.88 

2.045 
172.1 

1.976 
0.069 
2.68 

37.42 

2.035 
121.72 

1.969 
0.066 
4.00 

39.49 

2.182 
76.91 
2.119 
0.063 
6.8 

42.45 

75%AN+ 
25%DMF 

2.125 
245.2 

2.011 
0.114 
0.40 

12.64 

2.110 
193.1 

2.013 
0.097 
0.64 

12.80 

2.095 
138.1 

2.008 
0.087 
0.89 

12.57 

2.080 
97.83 
2.000 
0.080 
1.24 

12.39 

2.074 
61.90 
2.002 
0.072 
2.02 

12.77 

50%AN+ 
50%DMF 

2.155 
279.1 

2.076 
0.081 
1.17 

33.46 

2.148 
220.1 

2.076 
0.072 
2.02 

36.54 

2.140 
157.4 

2.071 
0.069 
2.70 

34.54 

2.132 
111.50 

2.065 
0.067 
3.8 

34.37 

2.127 
70.51 
2.063 
0.064 
6.00 

34.32 

25%AN+ 
75%DMF 

2.165 
302.2 

2.073 
0.092 
0.74 

18.60 

2.140 
240.6 

2.060 
0.080 
1.24 

19.71 

2.132 
171.8 

2.057 
0.075 
1.62 

18.21 

2.122 
121.72 

2.052 
0.070 
2.40 

19.07 

2.115 
76.00 
2.048 
0.067 
3.80 

19.10 

Average £RX103 7.54 12.97 10.97 15.32 10.73 13.86 19.42 39.84 12.64 34.65 18.94 

file:///iAcm~2
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Table 3. Values of Rate Constants (kR) and -<5(AG*) for the Cathodic Reaction: K+ (solv.)++e-(Hg)—>K(Hg) 
and Transfer Free Energies of K+ and TS at Different Solvent Compositions at 25 °C 

Mole fraction cosolvent 103 &R/cm s"1 -<5(AG*)=RT In skR/TkR/k] 

0.00 
0.45 
0.71 
0.88 

0.32 
0.58 
0.80 
1.00 

0.00 
0.30 
0.44 
0.79 
1.00 

PC-
7.54 

13.86 
19.42 
39.84 

12.97 
10.97 
15.32 
10.73 

10.73 
18.94 
34.65 
12.64 

PC-

DMF-

•+(PC+AN) 
0.00 
1.51 
2.35 
4.13 

> (PC+DMF) 
1.34 
0.93 
1.76 
0.87 

•* (DMF+AN) 
0.00 
1.41 
2.91 
0.41 

AG?(K+)/kJ mol"1 

0.0 
1.5 
2.5 
3.8 

-4 .4 
-7 .4 
-8 .6 
-9 .7 

0.0 
1.3 
4.1 
7.4 

14.8 

AG?(TS)/kJ mol-i 

0.0 
0.0 
0.2 

-0 .3 

-5 .7 
-8 .3 

-10.4 
-10.6 

0.0 
-0 .1 

1.2 
7.0 
— 

Table 1 for comparison. From this table it is evident 
that all the diffusion coefficient values agree fairly well 
wi th each other at least for the present purpose of 
de te rmining &R. 

T h e kR values for all the solvents at different scan 
rates r a n g i n g between 0.50—0.02 V s _ 1 and obtained by 
use of Eq. 1 and the other relevant data viz. (£P)f, (ZP)f, 
(£p)b, A£p , and ifr values are presented in Tab le 2. 

T h e kR values for the solvents, as determined by 
tak ing the averages of all the measured £R values at 
different scan rates [vide Tab le 2] are displayed in Table 
3. Moreover, in order to facilitate the explana t ion of 
the observed solvent effect on AR the values of free 
energy of act ivat ion (sAGf) in the solvent (s) relative to 
that in the chosen reference solvent (r) i.e. ô(AG^) 
[=sAG±-TAG*=-2.303RTlogskR/rkR], transfer free 
energies of K+, AG°(K+) a n d that of the t ransi t ion state 
T S , AG°(TS), are also presented in Tab le 3. 

Discussion 

Branski and Fawcett6»8) in similar studies on rate 
constants AR in some d ipolar aprot ic solvents observed 
that a direct correlation exists between — RT In AR and 
the free energies of solvation of alkali metal cations. 
Seemingly, the observed nonl inear variat ion of relative 
rate constants RT In ( S A R / ^ R ) versus AG°(K+) (viz. 
Tab le 3) indicate that other factors are p lay ing a vital 
role in dic ta t ing the values of AR in these solvent 
systems. So, for a proper ins ight to the relative effects 
of these factors on the reaction rates, the wel l -known 
Eyring equa t ion 

-+ TS —* K(Hg) + solv. (A) 

kR = (kT/h) exp ( - AG*/RT) (9) 

K+ (solv.) + e-(Hg) 

was used to correlate the solvent effect on the relative 
rate constants — 8 (AG^)[=RT\nskR/TkR] with the transfer 
free energies (AG^) of K+ a n d the transi t ion state (TS). 
T h u s , 

2.303 RT log (skR/TkR) = - d(AG*) 
= AG°(K+) - AG? (TS). (10) 

where AG^ is the free energy of act ivat ion of the 

process: 

F rom this it appears that it is no t only the relative 
solvation of K+ bu t also that of T S is likely to be 
responsible for the observed kinetic solvent effect of the 
cathodic reaction. Again, AG°(TS) seemingly depends 
on two factors: (i) stabil ization of T S by solvation 
t h rough its exposed par t towards the b u lk of the 
solut ion and (ii) stabilization of T S on the electrode 
surface as guided by (1—0S) where 0S stands for the 
coverage by solvent molecules. 

T h u s , effectively three factors are responsible for 
inf luencing the relative react ion rate constants — 8 
(AG*). Firstly, the relative solvation of K+ as reflected 
from AG°(K+) values; secondly, the stabilization of T S 
by solvent molecules and thirdly, by the availabili ty of 
free sites on Hg-electrode surface on which the 
adsorpt ion of the T S takes place. In fact, the greater 
the value of AG°(K+) i.e. the relatively less solvated is 
K+, the greater will be the rate. F rom the values of 
AG°(K+) in these solvent systems [vide Tab le 3], as 
taken from an earlier work,23) it appears that the 
change of rate of the react ion due to this factor only 
will be in the order: A N > P C > D M F . 

Again, if the formation of the intermetal ic adions 
[K(Hg)]a+ (a=0 .5 say) be taken as the T S , the solut ion 
side of the adions will be stabilized main ly t h rough 
ion-dipole 2 4 ) and dispersion1 9 ) interactions. If such 
interact ions increase, so will be the rate of the reaction. 
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Position I Position II Position III 

Fig. 3. Model for the passage of K+ ion through the 
compact region of the double layer. The solvent (S), 
supporting electrolyte (TBA+ or Bu4N+) and K+ ions 
are represented as hard spheres. Positions I, II, and 
III correspond to passage of the reactant from a fully 
solvated ion at its distance of closest approach (I) to a 
contact adsorbed atom or ion at the metal phase in 
which it is adsorbed. Electron tunneling from the 
metal surface to the ion take place at any positions of 
the three steps. 

The effect of this factor on the reaction rate will be in 
the following order: P O D M F > A N , since polariza-
bility and dipole moment of the three solvent mole­
cules AN, DMF, and PC are (4.41, 7.88, 8.56/A3) and 
(3.92, 3.86, 4.98 D) respectively. If donor property25* of 
the solvent also plays a significant role, the effective 
order of solvation would be D M F » P O A N as the 
donor numbers26* are 26.6, 15.1, and 14.1 kcal mol - 1 

respectively (1 cal=4.184 J). However, the donor 
numbers being enthalpy data rather than free energy, 
they can hardly be taken as true measures of the 
solvating tendency of the solvents. The latter in fact is 
partly guided by polarizability and dipole moment 
besides the electronic and structural configuration of 
the solvent molecules. 

From the work of Branski et al.,8* it is expected that 
whatever be the mechanism, the electrode surface is 
largely covered, even at the high negative potentials, 
partly by the solvent molecules and partly by sup­
porting electrolyte cations TBA+. And the essential 
path towards alkali metal ion (K+) reduction is likely 
to involve the steps nearly similar to that shown in 
positions I—III in Fig. 3. Evidently, availability of the 
free surface relative to that of the reference solvent 
would be partly responsible for dictating the relative 
rates in the solvents. 

At a given negative potential the degree of adsorp­
tion of solvent molecules (0S) on the Hg surface is 
likely to be dictated by the relative magnitudes of the 
surface potential and the dipole moment of the solvent 
molecules rather than its acceptor property.26* From a 
study of Na+ reduction in some nonaqueous solvents, 

Jörne and Pai10) have determined the surface potentials 
in PC, DMF, and AN solvents as 0.179, 0.147, and 
0.132 V. As is well-known, the sign of the surface 
potential is determined by the orientation of the 
solvent dipole towards vacuum. Also, as a general 
rule, it can be assumed that if the surface potential is 
positive or negative, the same respective end of the 
solvent dipoles will point towards the electrode. Thus 
the positive surface potential values for the three 
solvents indicate that all the three solvents, PC, AN, 
and DMF will point towards the negatively charged 
electrode through their positive ends. Furthermore, 
the works of Payne26* on capacitance measurements, 
Brasseur and Hurwitz27* on conformational studies, 
and Yeager28* on spectroscopic measurements also 
indicate the same order of surface potentials for the 
three solvents concerned. Evidently, from a close 
perusal of the dipole moment and surface potential 
values of the three solvents the expected order of 0S is 
P O D M F > A N . 

Since the solvation of TS and hence the reaction 
rates are likely to be partly determined by the extent of 
free surface i.e. by (1—0S), their relative order in absence 
of other factors, would be as follows: AN>DMF>PC. 
Thus, the magnitude of &R depending on several 
factors including the relative solvation of K+ and the 
relative coverage 0S of the electrodes by the solvent 
molecules, which act oppositely to one another, an 
extremum is expected among these binary solvent 
mixtures. This has been actually observed in the 
composition containing 25 wt% PC+75 wt% DMF in 
(PC+DMF) solvent system. 

In (PC+DMF) system, as one adds on DMF to PC, 
both the K+ ion and the TS get solvated more and more 
due to greater cavity effect and also charge-transfer 
type interactions23* for K+ ion and increased availabi­
lity of the free space (1—0S) for the TS. But since the 
transition state remains much more stabilized than K+ 
ion in the whole composition range (Table 3), these 
result in the observed increase of the reaction rate. 
However, at the compositions containing 75—100 wt% 
DMF, where an almost complete replacement of 
adsorbed PC molecules by DMF molecules on the Hg-
surface is expected, the stabilization of the TS, unlike 
that of K+ ion, reaches a saturation point, because the 
free energy change due to solvent desorption factor 
remains invariant at this stage. This results in the 
observed maxima of the relative rate (Table 3) at 
75wt% DMF composition of (PC+DMF) solvent 
system. 

In (PC+AN) system, on addition of AN to PC, K+ 
ion is increasingly desolvated due to the well-known 
cationophobic19b* characteristics of AN, as also reflected 
from the observed increasingly positive magnitudes of 
AG°(K+) from PC to AN (Table 3). Notably, however, 
as reflected in Fig. 3, the stabilization of TS remains 
unaltered possibly because of two equally strong 
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o p p o s i n g effectes: (1) the increased desolvation of T S 
due to smaller dispersion interact ion of AN than P C 
and (2) increased solvation of T S due to larger (1— 0S) 
factor on the Hg-surface in the AN-rich composi t ions 
of the solvent system. T h e observed increase in the rate 
constants is therefore dictated by the increased 
destabilization of K+ wi th the increased AN composi­
tion. 

In (AN+DMF) system, the observed m a x i m a in the 
50 wt% D M F + 5 0 wt% AN mix ture is seemingly guided 
by the increased desolvation K+ in AN-rich composi­
t ion due to lack of charge transfer and less dispersion 
type of interact ions as compared to the less desolvation 
of the T S (Table 3). T h e combined effect of two 
oppos ing factors, desolvation of T S by AN and 
increased (1—0S) factor in the AN-rich composi t ions of 
the system leads AG°(TS) to pass through a m i n i m u m in 
the lower AN-composi t ion of the system. T h e overall 
effect is however a m a x i m u m in the relative rate at 
25 wt% D M F + 7 5 wt% AN composi t ion of the system. 

Significantly enough , the observed percent dis­
charge efficiency values of cell A5) lie a lmost in the 
same sequent ia l order as the above-noted AR values do. 
T h e m a x i m a in the discharge efficiency were at 75 wt% 
DMF+25 wt% P C and at 75 wt% DMF+25 wt% AN, just 
as the relative rate constant composi t ion profiles 
exhibit similar max ima in the said composi t ions in 
the respective solvent systems. T h u s the &R values 
observed herein show a complete accord wi th the 
discharge efficiency resulted in our previous studies.5) 

T h a n k s to Dr. K. Das, lecturer in Physical Chem­
istry Section, J adavpur University and Dr. K. Bose, 
Chloride India, for helpful discussions. 
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Chemistry of Organic Eutectics: p-Phenylenediamine-m-Nitrobenzoic 
Acid System Involving the 1:2 Addition Compound 

U. S. R A I * and K. D. MANDAL 

Chemistry Department, Banaras Hindu University, Varanasi 221005 (U.P.), India 
(Received April 26, 1989) 

The phase diagram of jfr-phenylenediamine-ra-nitrobenzoic acid system, determined by the thaw-melt 
method, show the formation of two eutectics and a 1:2 addition compound. The linear velocity of 
crystallization of pure components, eutectics and addition compound, measured by determining the rate of 
movement of growth front in a capillary, suggests that crystallization data obey the Hillig-Turnbull equation. 
Using experimental values of heats of fusion, determined by the DTA method, entropy of fusion, heat of mixing 
and excess thermodynamic functions were calculated and the results are explained on the basis of cluster 
formation in the melts. Microscopic studies reveal that the eutectics have different characteristics 
microstructures as compared to those of parent components. X-Ray diffraction data suggest that there is 
preferential ordering of atomic planes in the formation of the eutectics. 

T h e chemistry 1 - 5 ) of eutectics and addi t ion com­
p o u n d s has become a field of active invest igat ion due 
to their u n u s u a l physical properties, no t normal ly 
shown by the parent components . T h e metallic 
eutectics and intermetal l ic compounds consti tute an 
interest ing area of investigation6 '7) in metal lurgy and 
materials science. However, the various studies carried 
ou t on these systems are inadequate and incomplete as 
h igh t ransformation temperature, opacity and dif­
ficulties involved in purif icat ion present serious 
problems. Apart from these, wide difference in 
densities of the two components forming the metal 
eutectics causes density driven convection effects, 
which in turn, affect their solidification. These 
difficulties can be avoided by tak ing organic sys­
tems8-18) wh ich are be ing used as model systems for 
detailed investigation of the parameters which control 
solidification. Fur ther , the experimental techniques, 
required for their investigation, are s impler and more 
convenient as compared to those adopted in metall ic 
systems. 

A critical scanning of the exist ing literature19 '20) 
reveals that most of the organic systems studied in the 
past are s imple eutectic type. There is only a l imited 
n u m b e r of cases in which two components form a 
molecular c o m p o u n d wi th congruent mel t ing point . 
T h e formation of such molecular compounds has been 
established on the basis of phase d iagrams which 
exhibi t a characteristic m a x i m u m sur rounded by two 
eutectics cor responding to the stoichiometry of the 
molecular c o m p o u n d formed. H o g a n et al.21) estab­
lished a u n i q u e crystallographic or ientat ion relation­
sh ip between the const i tuent phases and their ma t ing 
planes. Gruzleski and Winegard2 2 ) observed perfect 
lamellar grains in S n - C d eutectics b u t in a number of 
other systems the eutectic grains do no t exhibi t a fixed 
crystal or ienta t ion wi th respect to external lines of 
force. Bassi and Sharma2 3 ) have studied the IR spectra 
of the naph tha lene-benzo ic acid eutectic system and 
infer that a specific or ientat ion exists between the 
consti tuents. 

Wi th a view to elucidate the chemistry of organic 
eutectics and 1:2 addi t ion compounds , p-phenylenedi-
amine (PPD)-m-ni t robezoic aicd (NBA) system was 
under taken and its phase d iagram, linear velocity of 
crystallization, heat of fusion, micros true trure, and 
X-ray diffraction have been studied. 

Experimental 

Materials and Purification: jb-Phenylenediamine (High 
Purity Chemicals, India) was purified by repeated distillation 
under reduced pressure and was stored in colored bottles to 
avoid exposure to light. m-Nitrobenzoic acid (Aldrich, 
West-Germany) was purified by recrystallization from 1 per 
cent hydrochloric acid. The purity of each compound was 
checked by determining its melting point which was in good 
agreement with literature value. 

Phase Diagram Study: Phase diagram of /?-phenylenedi-
amine-m-nitrobenzoic acid system was determined24'25) by 
the thaw-melt method. Mixtures of various proportion 
covering the entire range of composition were taken in long 
necked glass test tubes and were sealed. The mixtures were 
subjected to number of alternate melting in liquid paraffin 
followed by chilling in ice to make it homogeneous. The 
mixtures were taken out by breaking the test tubes and were 
further homogenized by grinding in a mortar with due care 
to avoid moisture or any contamination. The melting and 
thaw temperatures were determined by Toshniwal Melting 
Point Apparatus. 

Linear Velocity of Crystallization: The linear velocity of 
crystallization of pure components, eutectics and addition 
compound was determined26'27) by measuring the rate of 
movement of growth front in a capillary. A Pyrex glass tube 
(length 15 cm and inner diameter 0.5 cm) in the u form was 
washed and dried before filling the test sample to determine 
the linear velocity of crystallization. The tube containing 
the molten sample free from air bubbles was mounted of a 
wooden board fitted with a scale. The entire assembly was 
then kept in an oil thermostat maintained at a temperature 
slightly above the melting point of the material taken in the 
tube. The temperature of the bath was allowed to fall and set 
at a temperature a few degrees below the melting point. At 
each temperature, when the tube attained the temperature of 
the bath, a seed crystal of the same substance was added to 
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one end of the tube for nucleation to set in. As soon as the 
seed crystal was added, nucleation followed by crystallization 
took place linearly in the tube and the time required for the 
crystal front to travel a known distance, was noted with the 
help of a travelling microscope and a stop watch. 

Heat of Fusion: The heat of fusion of pure components, 
eutectics, and addition compound were determined27-29* by 
their DTA patterns obtained from Stanton Redcroft STA-780 
series unit. 

Microstructure: To record30) microstructures of pure 
components, eutectics, and addition compound, a small 
amount of the sample was taken on a well washed and dried 
glass slide and placed in an oven maintained at a 
temperature slightly higher than the melting point of the 
sample. On complete melting, a coverslip was glided over 
the melt and allowed to cool. After a few minutes, the 
supercooled melt was nucleated by the solid of the same 
composition and care was taken to have unidirectional 
freezing. After the complete freezing, the slide was placed on 
the platform of a Leitz Laborlux D, optical microscope and 
the different regions of the slide were observed. The micro-
photographs of suitable magnification were taken with the 
help of a camera attached with the microscope. 

X-Ray Diffraction Studies: X-Ray diffraction patterns of 
pure components, eutectics, and addition compound were 
recorded27>31) on a computerized X-ray diffraction unit, PW 
1710 model, using Cu Ka radiation. 

Results and Discussion 

a) Phase-Diagram: T h e phase d iagram of p-
phenylenediamine-m-ni t robenzoic acid system, given 
in Fig. 1, shows the format ion of a 1:2 addi t ion 
c o m p o u n d wi th congruent mel t ing po in t surrounded 
by the two eutectics Ei and E2 hav ing 0.18 and 
0.88 mole fraction of m-nitrobenzoic acid, respectively. 
T h e mel t ing temperature of the molecular c o m p o u n d 
and eutectics Ei and E2 are 163.0, 124.0, and 130.0 °C, 
respectively. For each eutectic, the addi t ion com­
p o u n d serves as one of the components . T h e flat 

u 

a 

•2 -3 -4. -5 -6 -7 -8 -9 

Mole fraction of m-nitrobenzoic acid 

Fig. 1. Phase diagram for /?-phenylenediamine-
ra-nitrobenzoic acid system. O Melting temperature. 
# Thaw temperature. 

m a x i m u m , observed in this system, suggests that the 
addi t ion c o m p o u n d is dissociated32) in the mol ten 
state. F rom the first eutectic po in t Ei onwards , on 
addi t ion of the second component , the mel t ing po in t 
again rises, at tains a m a x i m u m at C. Where the 
composi t ion of l iqu id and solid phases are identical. 
T h e existence of an eutectic po in t on either side of the 
m a x i m u m provides an informat ion about the large 
stability of the molecular complex formed. 

b) Growth Kinetics: T h e l inear velocity of crystal­
lization (v) of pure components , eutectics, and 1:2 
addit ion compound , determined at different undercool­
ing (AT) is given in Fig. 2 in the form of \ogv versus 
log AT plot. T h e linear dependence of growth velocity 
and undercool ing suggests that the crystallization data 
obey the Hi l l ig -Turnbu l l 3 3 ) relation: 

v = u (AT)" (1) 

where u a n d n are constants depend ing on the na ture 
of solidification of the sample under investigation. T h e 
experimental values of these constants are given in 
Tab le 1. It is evident from this table that most of the 

bo 
O 

I-m-Nitrobenzoic acid 
11- p-Phenylenediamine 
II l -Eutectic - 1 
IV -Eu tec t i c -2 
V - P P D - NBA 

1.2 Molecular compound 

Fig. 2. Linear velocity of crystallization at various 
degrees of undercooling for £>-phenylenediamine-
ra-nitrobenzoic acid systems. 

Table 1. Values of u and n for Pure Components, 
Eutectics, and Addition Compounds 

Compound 

p - Phenylenediamine 
ra-Nitrobenzoic acid 

Eutectic-1 
Eutectic-2 

1:2 Addition compound 

u 

mm s_1 deg. -1 

1.0X10-2 
6.0X10-3 
4.5X10"6 

2.0X10-5 

3.3X10"5 

n 

2.6 
1.5 
3.8 
3.3 
2.7 
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values of n are close to three, suggesting thereby a 
cubic relationship1-4* between growth velocity and 
undercooling. However, in some cases, deviation from 
three are also observed. While values of n smaller than 
3 suggest less rapid variation in the growth velocity 
with undercooling, those of higher than 3 suggest 
most rapid variation in the growth velocity with 
undercooling, in comparison to that observed when 
n=3. 

From the values of u, given in Table 1, it can be 
inferred that addition compound of p-phenylenedi-
amine-m-nitrobenzoic acid (PPD-NBA) system crystal­
lizes at a rate slower than those of parent components. 
Studies25'27) on crystal morphology of addition com­
pounds indicate that they crystallize as a definite chem­
ical entity. However, during crystallization, the two 
components from the melt have to enter the crystal 
lattice simultaneously in such a way that the 
composition of melt conforms to the respective molar 
ratios of the two components. Due to this, the linear 
velocity of crystallization of the addition compounds 
may by expected to be of the order of the growth 
velocity of the species crystallizing with slower rate. 

The solidification rates of both eutectics Ei and E2 
are lower than those of parent components and the 
addition compound. The first eutectic (Ei), having a 
low molar concentration of NBA, solidifies more 
slowly than the second eutectic (E2) with a high molar 
concentration of NBA. These results may by explained 
on the basis of the mechanism proposed by Winegard 
et al.34) According to them, the eutectic solidification 
begins with the formation of the nucleus of one of the 
phases. This would grow until the surrounding 
liquid becomes rich in the other component, and a 
stage is reached when the second component starts 
nucleating. Now there are two possibilities. First, the 
two initial crystals may grow side-by-side. This 
explains the cases in which the rates of solidification 
of eutectics are not lower than those of the parent 
components. The second possibility is that there may 
be alternate nucleation of the two components. This 
explains the solidification phenomena in cases where 
the crystallization velocity of the eutectic is lower than 
that of either component. Thus, the solidification of 
both the eutectics Ei and E2 takes place by alternate 
nucleation of the two components. For both the 

euectics the addition compound with melting point 
higher than PPD and NBA acts as one of the 
components and nucleates first. 

c) Thermochemistry: The experimentally deter­
mined values of heats of fusion of parent com­
ponents, eutectics, and addition compound are given in 
Table 2. If the eutectics were simple mechanical 
mixture of the two components involving no heat of 
mixing or any type of association in the melt, the heats 
of fusion (Af/z)e would simply be given by the mixture 
law35) 

(Af/l)e = XlAfhl + X2Af/l| (2) 

where x\ and X2 are the mole fractions and Afft° and AfA£ 
are the experimental values of heats of fusion of parent 
components 1 and 2, respectively. The heats of fusion, 
calculated from the mixture law, are also given in the 
same table. It is evident from the table that the values 
of heat of fusion, calculated from Eq. 2, are higher than 
the experimental values. This difference can be 
attributed to the formation of clusters in the eutectic 
melt. It can be imagined that during cluster 
formation, heat liberated may lower the actual values 
of heat of fusion. The experimental value of heat of 
fusion of addition compound and its theoretical 
values, calculated by the mixture law, are also given in 
Table 2. It is evident that the calculated value is 
higher than the experimental value. A similar type of 
cluster formation and explanation can be suggested to 
justify this observation also. 

Heat of mixing24) (AHm) which is the difference 
between the experimental and calculated values of 
heat of fusion is given by 

AHm = (Af/*)exp. - 2 ( x A / £ ) (3) 

where (AfA)exp. is the heat of fusion of the eutectic, 
determined experimentally, xt and Af/z°are the mole 
fraction and heat of fusion of the end components, 
respectively. It is evident from Table 2 that the 
heats of mixing for eutectic (Ei), eutectic (E2), and 
addition compound are —6.1, —6.5, and —3.6 kj mol - 1 , 
respectively. Thermochemical studies30 suggest that 
the structure of eutectic melt depends on the sign and 
magnitude of the enthalpy of mixing. Three types of 
structures are suggested; quasieutectic for AHm>0, 

Table 2. Experimental and Calculated Values of Heat of Fusion 
of Eutectics and Addition Compound 

Compound 

p - Phenylenediamine 
ra-Nitrobenzoic acid 

Eutectic-1 
Eutectic-2 

1:2 Addition compound 

Calculated by mixture 

kj mol"1 

— 

24.3 
21.8 
22.5 

law Experimental value 

kj mol"1 

24.9 
21.4 
18.2 
15.3 
18.9 
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cluster ing of molecules for A H m < 0 and molecular 
solut ions for AH m =0. T h e large negative values of 
AH m of eutectics sugget clustering of molecules in the 
eutectic melt . These results are qu i te different from 
those of s imple eutectic sytems where merely or­
der ing of the parent phases has been suggested in the 
melts. It seems there is considerable enhancement in 
the interact ions due to the presence of 1:2 molecular 
complex in the eutectic melts. 

In order to know the na ture of interact ion between 
the componen ts forming the eutectics, some ther­
modynamic functions such as excess freen energy (gE), 
excess entha lpy of m i x i n g (hE), and excess entropy of 
m i x i n g (sE) were calculated us ing the following 
equat ions: 

— In Xijj ,i = 
Af/£ / 1 1 

R To -) 
- •* i 

gE = RT(xi\n 7 i + X2ln 7!) 

_ ™ , ÔI117Î , ÔI1172 v 

2 + Xll dT 

h* 

sE = — ß(xiln 7 J + X2I11 72 

ÔT 

(4) 

(5) 

(6) 

(7) 

where 7/ and Tf are activity coefficient and mel t ing 
temperature of the componen t indicated by the suffix 
and T and R are the eutectic temperature and gas 
constant, respectively. T h e values of ôlny^/ôT were 
calculated by differentiating Eq. 4 and taking slope of 
the l iquids line near the eutectic point . T h e details of 
calculat ion of excess thermodynamic functions were 
reported earlier.35) T h e values of excess functions are 
reported in Tab le 3. T h e positive values of excess free 
energy give measure of the depar ture of the system 
from ideal behavior and suggest weak interactions 
between the componen ts forming the eutectic melts. 

Table 3. Excess Thermodynamic 
Functions of Eutectics 

Compound -

Eutectic-1 
Eutectic-2 

gE 

J mol"1 

435.5 
585.7 

/ i E 

J mol"1 

1851.0 
5011.0 

5 E 

J K"1 mol"1 

3.6 
11.0 

Table 4. Entropy of Fusion and Jackson's 
Roughness Parameter (a) 

AS 
^uinpuuiiu 

p - Phenylenediamine 
ra-Nitrobenzoic acid 

Eutectic-1 
Eutectic-2 

1:2 Addition compound 

kj K"1 mol"1 

0.0598 
0.0516 
0.0458 
0.0381 
0.0434 

£L3/n 

7.22 
6.21 
5.51 
4.58 
5.24 

T h e positive values of hE and sE correspond to the 
excess free energy and are measure of the excess free 
energy a n d measure of excess en tha lpy of m i x i n g and 
excess entropy of mix ing , respectively. 

T h e entropies of fusion, AS, of pure components , 
eutectics, and addi t ion c o m p o u n d were calculated 
us ing the following relation: 

AS = 
Ath 

(8) 

where A{h is the heat of fusion and T is the fusion 
temperature, and are given in Tab le 4. For all samples 
the AS values are positive indica t ing an increase of 
randomness dur ing melt ing. 

According to H u n t and Jackson3 6 ) the type of 
g rowth from a eutectic mel t depends u p o n a factor a, 
defined by equa t ion 

. AS 
R 

(9) 

where £ is a crystal lographic factor depending u p o n 
the geometry of the molecules and has the values less 
or equal to one. AS/R, also k n o w n as Jackson 's 

Fig. 3. Microstructure of directionally solidified p-
phenylenediamine-m-nitrobenzoic acid eutectic-1 
containing 0.82 mole fraction of jfr-phenylenediamine 
(X480). 

Fig. 4. Microstructure of directionally solidified p-
phenylenediamine-m-nitrobenzoic acid eutectic-2 
containing 0.12 mole fraction of p-phenylenediamine 
(X480). 



1500 U. S. RAI and K. D. MANDAL [Vol. 63, No. 5 

roughness parameter, is the entropy of fusion in 
dimensionless unit where R is the gas constant. When 
a<2, non-faceted growth occurs whereas a faceted 
growth appears if a>2. For both the eutectics AS/R 
values are greater than 2, which indicate that they 
exhibit faceted growth. The microstructures of both 
the eutectics, given in Figs. 3 and 4, confirm this 
conclusion. 

d) Microstructure: A prediction of microstructure 
of eutectics can be made from the Spengler's equa­
tion37) 

6 
T I - T E 

T2-TE 
(10) 

where T\ and T2 are the melting temperatures of low 
melting and high melting components, respectively, 
and TE in the eutectic temperature. The normal 
eutectics are formed when 6 lies between 0.1 and 1.0 
but when it lies between 0.01 to 0.1, anomalous 
structures are obtained and when it acquires values less 
than 0.01, divorced structures are formed. The 

calculated 6 values for both eutectics Ei and E2 are 
0.4872 and 0.3636, respectively. The microstructure of 
first eutectic Ei (Fig. 3) with 0.82 mole fraction of PPD 
shows cellular structure whereas the second eutectic E2 
(Fig. 4) containing 0.12 mole fraction of PPD has 
radial growth structure. These observations fit very 
well in the Spengler's equation. 

e) X-Ray Diffraction Studies: Some preliminary 
investigations on X-ray diffraction of pure com­
ponents, eutectics, and addition compound were 
carried out, and the experimental results are given in 
Tables 5 and 6. It is evident from these tables that for 
each eutectic number of reflections are comparable 
with number of reflections of pure components and 
addition compound. In general, strong reflections of 
PPD and the addition compound either show a drastic 
decrease in intensities or are missing in eutectic (Ei). A 
similar trend is observed in the case of eutectic (E2) 
formed between m-nitrobenzoic acid and 1:2 addition 
compound. In addition, some strong reflections are 
observed in eutectic (E2) which are absent in either 

Table 5. "d" Values and Relative Intensity (RI) of PPD, Ei, 
and Addition Compound of PPD-NBA System 

jfr-Phenylenediamine 

d/k 
— 

11.60 
— 
— 
— 
— 
5.74 
— 
— 
4.75 
— 
4.42 
4.18 
4.02 
3.87 
— 
3.78 
3.65 
— 
3.48 
3.37 
3.31 
3.27 
— 
— 
3.08 
3.01 
2.88 
— 
2.81 
2.68 
2.54 
2.43 
2.21 

RI 

— 
10 

— 
— 
— 
— 
100 
— 
— 
70 
— 

900 
30 
80 
60 
— 
50 
10 

— 
70 
20 
20 
60 
— 
— 
60 
20 
20 
— 
10 
20 
20 
20 
10 

Eutectic-1 

~dJk 

14.96 
— 
7.46 
— 
— 
— 
5.73 
5.28 
4.86 
— 
4.50 
4.44 
4.18 
4.01 
3.87 
3.80 
3.75 
3.63 
— 
3.48 
3.40 
3.33 
— 
— 
— 
3.12 
3.01 
2.88 
2.86 
2.82 
2.68 
— 
2.49 

RI 

51 
— 
40 
— 
— 
— 
96 

100 
25 
— 
30 
50 
26 
50 
30 
24 
24 
30 
— 
40 
50 
30 
— 
— 
— 
37 
17 
22 
18 
19 
14 

— 
15 

1:2 Addition 

d/k 
— 
— 

7.50 
6.57 
6.42 
5.86 
— 
— 
— 

4.67 
4.53 
4.37 
— 

3.95 
— 
— . 

3.75 
3.56 
3.55 
3.45 
— 
— 

3.27 
3.22 
3.18 
3.05 
2.92 
— 

2.86 
— 
— 
— 

2.40 
2.17 

compound 

RI 

— 
— 
26 
27 
50 
13 

— 
— 
— 
58 
30 
21 
— 
89 
— 
— 
100 
23 
24 
60 
— 
— 
23 
81 
19 
11 
9 

— 
16 

— 
— 
— 
11 
8 
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Table 6. "d" Values and Relative Intensity (RI) of NBA, E2, 
and Addition Compound of PPD-NBA System 

m-Nitrobenzoic acid 

d/Ä 

6.55 
— 
— 
— 
— 

4.93 
4.79 
— 

4.49 
— 

4.16 
4.04 
— 

3.86 
— 
— 

3.60 
— 
— 

3.39 
3.25 
— 
— 
— 

2.97 
2.87 
2.67 
2.49 
2.40 
— 

2.08 

RI 

— 
— 
— 
— 
37 
— 
— 
— 
— 

7 
6 

— 
17 

— 
7 
6 

— 
100 
— 
— 

5 
— 
— 
13 
39 
— 
— 
— 
18 
12 
11 
5 
5 

— 
5 

Eutectic-2 

17k 
7.75 
— 

7.26 
6.71 
— 
— 
— 

5.31 
5.15 
— 

4.77 
4.66 
— 

4.35 
— 

4.00 
3.93 
— 
— 

3.68 
— 

3.55 
3.47 
3.37 
3.25 
— 
— 

3.01 
2.96 
— 

2.78 
2.55 
— 

2.24 
2.11 

RI 

21 
— 
25 

100 
— 
— 
— 
83 
81 
— 
63 
21 
— 
54 
— 
33 
25 
— 
— 
92 
— 
21 
82 
21 
21 
— 
— 
29 
21 
— 
17 
25 
— 
17 
15 

1:2 Addition compound 

17k 
— 

7.50 
— 
— 

6.57 
6.42 
6.86 
— 
— 
— 
— 

4.67 
4.53 
4.37 
— 
— 

3.95 
— 

3.75 
— 

3.56 
3.55 
3.45 
— 

3.27 
3.22 
3.18 
3.05 
2.92 
2.86 
— 
— 

2.40 
— 

2.17 

RI 

26 
— 
— 
27 
50 
13 

— 
— 
— 
— 
58 
30 
21 
— 
— 
89 
— 
100 
— 
23 
24 
60 
— 
23 
81 
19 
11 
9 

16 
— 
— 
11 

— 
8 

component . 
If a eutectic is a s imple mechanical mix ture of two 

components , the X-ray patterns of the two components 
should be exactly superimposed3 8 ) on the eutectic 
composi te . F rom the X-ray data on pu re components , 
eutectics, and the addi t ion compound , it is clear that 
there is a marked difference in the in terplanar 
distances a n d the relative intensities of the composite 
material and the individual components . These 
experimental results infer that the eutectics are not 
s imply the mechanical mixture of the two com­
ponents . In them, there is or ientat ion of some atomic 
planes du r ing their formation. These findings are 
further suppor ted by the thermal studies carried out on 
this system. 

T h a n k s are due to Prof. P. Chandra , Head, 
Depar tment of Chemistry, Banaras H i n d u University, 
Varanasi , for provid ing laboratory facilities. One of 
the au thors (K. D. Mandai ) is thankful to CSIR, New 
Delhi for financial assistance. 
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Apparent Molar Volume and Viscosity of N-Methylpyridinium 
Iodide and Its Methyl-Substituted Derivatives in Water 

R. K. SWAIN, L. K. TIWARY, and B. BEHERA* 

P. G. Department of Chemistry, Sambalpur University, Jyoti Vihar, Sambalpur 768019, India 
(Received July 8, 1989) 

The apparent molar volume and the viscosities of Af-methylpyridinium iodide and its methyl derivatives in 
water at 25, 30, 35, and 40 °C are reported. The apparent molar volumes obey Masson's equation. The 0? and 
Sv* values indicate strong ion-ion interaction in water. <j>° is linearly related to temperature. The relative 
viscosity data of these salts obey Jones-Dole and Vand equations well. The A and B values of Jones-Dole 
equation and Q values of Vand equation suggest greater solvation in case of NMPI and the j3-CH3 salt and 
greater ion-ion interaction in case of a-CU3 and 7-CH3 salts. The data have been discussed in terms of 
hydrophobic hydration and solvent shared ion pairs. The free energy of activation for viscous flow are almost 
equal for these salts. The importance of A, B, B+, and Q to the study of the solvent structure is discussed. 

Af-Methylpyridinium iodide (NMPI) is formed from 
pyridine and methyl iodide in the form of an ionic 
compound . It possesses a charge-transfer band which 
has been thoroughly studied by Kosower1* and Ray.2) 

T h e formation of ion pairs of N M P I in 90% and 100% 
ethanol and acetone was reported by Hemmes,3 ) Jong-
Gi Lee4) and co-workers from the thermodynamic and 
kinetic studies. Bagchi5) has studied the effect of added 
N a l on the thermodynamic and spectral properties of 
N M P I in mixed solvents. T h e transi t ion energy (ET) 
and Z-values of the C T band have been calculated for 
Af-alkylpyridinium iodides in mixed aqueous solvents 
by Bagchi.6) In this paper we report the apparent 
molar vo lume and viscosity of Af-methylpyridinium 
iodides (1) in water at various temperatures. 

CH3 f 

1 

NMPR+I": R=H, CH3 at a, ß, 
and 7 positions. 
When R = H the salt is NMPI. 
Short abbreviations for the 
salts are H, a, ß, and 7. 

Experimental 

All the iodide salts were prepared by refluxing pure 
pyridine (BDH) and picolines (Sisco) which were redistilled 
previously under vacuum, with methyl iodide (Sisco) in 
ethanol. The salts were recrystallized twice from ethanol, 
vacuum dried and then stored under vacuum in dark over 
fused CaCl2. The stock solutions of these salts were prepared 
at (25 + 0.01) °C and standardized by gravimetric estimation 
for iodide ion as silver iodide.7) Solutions of lower 
concentrations were prepared by dilution of the stock 
solution after being thermostated at (25 + 0.01) °C. Doubly 
distilled water was used for all the measurements. The 
densities were measured in a double capillary pycnometer 
(50 cm3 capacity) and viscosities were measured in an 
Ostwald viscometer having a flow time of 400 S for 10 cm3 

water as described in our previous paper.8> All the density 
and viscosity measurements were carried out in duplicate at 
25, 30, 35, and 40° C. 

volume </>v of the salts were calculated from the density 
data by us ing the following equat ion. 

, _ 1 0 3 ( P Q - P ) , M2 

Cpo Po (1) 

where pG and p are the densities of water and salt 
solutions hav ing concentrat ion C molar respectively 
and M2 is the molecular mass of the solute. T h e 
apparent molar volumes of these salts vary wi th square 
root of the mola r concentra t ion and obey Masson's 
equation.9 ) 

0v = 0v° + Sv* %/C~ (2) 

where </>? is the apparent molar volume at infinite 
di lut ion and Sv* is the experimental slope identified as 
i o n - i o n interact ion term which depends on the na ture 
of the electrolyte. T h e values of </>? and S* are given in 
Tab le 1. In Fig. 1, the var iat ion of </>? wi th \/c~ for 
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Results and Discussion 

The Apparent Molar Volume: T h e apparen t molar Fig. 1. Plot of 0v against \J~C of NMPI. 
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Table 1. 

Compound 
(R) 

The Values of $£ and S$ of Compounds l at Different Temperatures 

S* a 
1 / c (öv/cm0 mol 1 

cm3 l1'2 mol"3/2 cm3 mol"1 K 
H 

a-CH3 

j3-CH3 

7-CH3 

25 
30 
35 
40 

25 
30 
35 
40 

25 
30 
35 
40 

25 
30 
35 
40 

126.21 
127.34 
129.47 
131.63 

140.49 
141.77 
142.53 
143.30 

140.53 
141.64 
142.72 
143.35 

140.79 
141.82 
142.27 
143.25 

0.587 
0.606 
0.810 
0.979 

0.807 
1.049 
1.082 
1.222 

0.644 
0.707 
0.826 
0.997 

0.782 
1.114 
1.185 
1.260 

0.387 

0.206 

0.215 

0.167 

o 

a 

o > 

144 

142 

140 

132 

130 

128 

126 

-

-

À> 

^f 

A\ 

1.015 

298 303 308 313 

7VK 

Fig. 2. Plot of 4>°v against T for NMPI and ß salts. 

1.010 

1.005 

1.000 

NMPI at these temperatures is shown. Examina t ion of 
Tab le 1 and Fig. 1 reveals that for each salt bo th </>? 
and S* increase wi th increase in temperature. T h e S* 
values of NMPI and ß-CHs salts are less than those 
of (X-CH3 and 7-CH3 salts. T h e order of Sf is 
" H < / ? < Y < a a t 2 5 ° C " . T h e increase of </>? for NMPI 
and /3-CH3 salts at 25 ° C wi th temperature is shown in 
Fig. 2 which indicates that it can be represented by an 
empirical equa t ion 

0?(O = 0v(25) + a ( * - 2 5 ) (3) 

where 'a' is a constant independent of the concentra­
t ion of the salt and the temperature. T h e values of V 
for these salts are given in Table 1. T h e calculated </>? 

Fig. 3. Plot of 77r against C of NMPI. 

values by Eq. 3 agree well wi th the exper imenta l 
values. T h e </>? values of the salts are h igher than that 
of water. Therefore the posit ive a n d h igh values of 4>° 
indicate10) that in solut ion the mot ion of the ions 
N M P R + and I~ are no t restricted. T h e S* values are 
positive and indicate s t rong ion - ion interaction 
between these two ions which suppor ts the formation 
of solvent shared ion pairs1 _ 5 ) reported in case of 
NMPI. 

Viscosity of Salt Solutions: T h e viscosity data of 
these salts are presented in Figs. 3—6. T h e relative 
viscosity r/r of these salt solut ions is a lmost l inear wi th 
C. Therefore the data can be best represented by 
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Fig. 4. Plot of 7jr against C of NMPCHj(o;)I-. Fig. 6. Plot of 7jr against C of NMPCH^y)!". 

1.015 
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1.005h 
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Fig. 5. Plot of 7jr against C of NMPCHj()3)I-. 

Jones-Dole 1 ^ equat ion , 

ï]r = 1 + ACV2 + BC (4) 

where A deals wi th i o n - i o n interaction and B deals 
wi th ion-solvent interact ion and to the size and shape 
of the ion, the na ture of the electrolyte, and the tem­
perature of measurement . T h i s equa t ion is solved by 
the method of least squares and the values of the 
parameters are set ou t in Tab le 2. T h e values of A for 
N M P I and ß-CH3 salts are less than those of (2-CH3 
a n d 7-CH3 salts. But the B coefficient of these salts are 

in the order H > ß > y > a . Both A and B values 
increase wi th temperature. T h e ions NMPR+ and I~ 
are supposed to be surrounded by a seath of water 
molecules. As the temperature rises, the disorder in the 
water structure increases and this results in the greater 
interact ion between these two ions to form solvent-
shared ion pairs in water. 

T h e viscosity B coefficient can be separated in to B± 
coefficients as 

B = B+ + B- (5) 

Since the B- values for I~ are known1 2 ) the B+ values 
for N M P R + ions can be found out . These ionic B+ 
values are set ou t in Tab l e 2. T h e iodide ion is a 
k n o w n structure-breaker of water, bu t the h igh values 
of B+ coefficients for N M P R + ions indicate that these 
ions are s tructure-promoter of water, which may be 
due to hydrophob ic hydration.1 3 ) T h e order of B+ for 
these ions is H > ß > y > a . In Figs. 7 and 8 the 
behavior of B and B+ wi th tempera ture is shown. T h e 
positive values of dB/dT indicate that these salts as a 
whole are water-structure-breaking and the negative 
values of dB+/dT indicate that the ions NMPR+ are 
water-structure-making.1 4 ) T h e dB+/dT values are 
given in Tab le 2 and these are in order of H < ß < a < y . 

T h e behavior of these salts can be tested well by 
Vand15) equa t ion 

I n 7]r = 
2.5CF 

l-QCV 

which on rearrangement leads to 

1 
ln^r 

0.4 
CV 

- 0 . 4 Q 

(6) 

(7) 
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Table 2. Values of A, B, B+ of Compounds l at Different Temperatures 

Compound 
(R) 

B Bi 

/ ^ 

25 
30 
35 
40 

25 
30 
35 
40 

25 
30 
35 
40 

25 
30 
35 
40 

dm3/2 m ol - i /2 

0.0014 
0.0031 
0.0038 
0.0043 

0.0028 
0.0040 
0.0052 
0.0063 

0.0012 
0.0027 
0.0032 
0.0040 

0.0025 
0.0038 
0.0050 
0.0061 

dm3 mol - 1 

0.1159 
0.1227 
0.1269 
0.1295 

0.1041 
0.1127 
0.1184 
0.1226 

0.1109 
0.1192 
0.1246 
0.1286 

0.1046 
0.1133 
0.1191 
0.1234 

dm3 mol - 1 

0.1844 
0.1822 
0.1804 
0.1785 

0.1726 
0.1722 
0.1719 
0.1716 

0.1794 
0.1787 
0.1781 
0.1776 

0.1731 
0.1728 
0.1726 
0.1724 

-dB+ 

dT 
•X103 

H 

«-CH3 

ß-CUs 

7-CH3 

0.40 

0.067 

0.12 

0.047 

T3 

0.10 

+ 

0.185 

0.180 

0.175 

0.170 

\ 

• ^ \ 

^ " * " ~ ^ - » ^ H 

^^"*H 

^ ^ ^ s 
1 1 1 1 — 1 

Fig. 7. Variation of B against T. 

298 303 308 313 

77K 

Fig. 8. Variation of B+ against T. 

where V is the rigid molar vo lume of the salt in 
solut ion and Q is the interaction parameter deal ing 
wi th m u t u a l interference between the spheres and wi th 
their Brownian mot ion . Equa t ion 7 was solved by the 
method of least squares and the values of V and Q, 
thus obtained, are set ou t in Table 3. T h e values of Q 
indicate the order as H < ß < y < a . 

T h e values of A, B+, and Q indicate that bo th N M P I 
and /3-CH3 salts are more solvated than (2-CH3 and 
7-CH3 salts whereas the ion - ion interact ion between 
N M P R + and I~ to form ion pairs for (2-CH3 and 7-CH3 
salts are greater than those of N M P I and /3-CH3 salts. 
T h i s is pe rhaps due to the part ial neutra l izat ion of the 

positive charge in the pyr id in ium ion by the electron-
dona t ing methyl groups at a and 7 posit ions which 
results in the less solvation of the pyr id in ium ion and 
greater i o n - i o n interaction between NMPR+ and I~ 
ions of these two salts. 

Free Energy of Activation for Viscous Flow: 
Feakins16) derived an equa t ion to calculate the free 
energy of activation of viscous flow, A/z?* for 
electrolytic solutions us ing the B and </>? values as, 

RT AM2* = AMÏ* + -%t~ [103B - (VI - VI)] (8) 

where V° and V% (equal to 4>° at infinite di lut ion) are 
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Table 3. 

Compound 
(R) 

Values of V and Q of Vand 

77°C 
V 

dm3 mol - 1 

Equation 

0. 

H 

a-CH3 

j3-CH3 

7-CH3 

25 
30 
35 
40 

25 
30 
35 
40 

25 
30 
35 
40 

25 
30 
35 
40 

0.0533 
0.0669 
0.0726 
0.0766 

0.0574 
0.0676 
0.0767 
0.0847 

0.0514 
0.0636 
0.0687 
0.0751 

0.0566 
0.0678 
0.0773 
0.0857 

45.69 
72.76 
77.86 
80.81 

86.75 
92.43 
97.65 

100.73 

45.73 
73.49 
76.10 
82.43 

86.49 
97.25 

103.27 
107.73 

the part ial molar volumes of the solvent and solute 
respectively at infinite d i lu t ion and A/z?* and Ajt*2 * are 
the cont r ibu t ions per mole of solvent and solute to the 
free energy of act ivat ion for viscous flow. T h e values 
of A/X2* have been calculated for these salts at 25 ° C for 
0.1 M solut ion which are found to be 40.03, 40.38, 
41.31, and 40.49 k j m o l " 1 for NMPI , a, ß, and 7 salts 
respectively. T h e var iat ion of A/x?* for those salts are 
not that significant and hardly contr ibute to the 
s tructure of the solvent system. Therefore the S*, B+, 
and Q, parameters play a d o m i n a n t role to know the 
type of in teract ion t ak ing place between N M P R + and 
I~ ions and the hydrophobic hydra t ion between 
NMPR+ and water. 

F inancia l assistance by Counci l of Scientific and 
Indus t r ia l Research, New Delhi , India for this piece of 
research work is h ighly acknowledged. 
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Ion Pair Extraction and Separation Studies of Palladium 
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A simple and rapid method is proposed for the extraction, separation, and spectrophotometric 
determination of palladium from salicylate media using Aliquat 336 dissolved in xylene as an extractant. The 
optimum conditions were evaluated from a critical study of pH, salicylate concentration, Aliquat 336 
concentration, and period of equilibration. The palladium in the Aliquat 336 phase is determined 
spectrophotometrically with 4-(2-pyridylazo)resorcinol (PAR) at 530 nm. The proposed method described the 
scheme for the separation of platinum, nickel, copper, cobalt, zinc, and manganese from binary mixtures. The 
method was extended to the analysis of palladium catalyst and platinum ores. 

Pa l l ad ium, one of the p l a t i n u m g r o u p of metals, 
find extensive use in the electrical industry. It is used 
in grids for electronic tubes, in electrodes for h igh 
qual i ty spark p lugs , for contact metal in pr in ted 
circuits. Pa l l ad ium is a good catalyst and is used for 
hydrogénat ion and dehydrogenat ion reactions. Due to 
corrosion resistance, non- toxic na ture and in breadth 
of a l loying ability pa l l ad ium and its alloys have 
widespread use in dental , medical devices and in 
jewellery manufacture. 

Various extraction methods such as dioctylsulpho-
xide,1* trioctylamine,2 '6»9) t r i laurylamine,9 ) tribenzyl-
amine,9) triisooctylamine,10) octylaniline,3) Aliquat 336,4»8) 

t r i oc ty lphos ph inox ide , 5 ) a n d t r i oc ty lphosph ine 7 ) 

have been reported for the extraction of pa l l ad ium 
from media such as chloride, bromide , nitrate, 
Perchlorate, acetate, succinate, and EDTA. However 
the exist ing methods suffer from l imi ta t ions such as 
longer extract ion period,1 _ 3 ) na r row pH, 4 ) solvent 
dependence,5 ) and temperature control.7 ) In some 
instances the extraction is not quantitative.2 '3 '8 '9* 

In the present work, we propose a s imple and rap id 
method for the extraction, separation, and spectro­
photometr ic deteminat ion of pa l l ad ium from sodium 
salicylate solut ion us ing Al iquat 336 as an extractant. 
T h e p a l l a d i u m in the Al iqua t 336 phase is determined 
spectrophotometrically wi th 4-(2-pyridylazo)resorcinol 
(PAR) at 530 nm. 

Experimental 

Instruments. Absorbance measurements were made on a 
Unicam SP 500 spectrophotometer with 1 cm silica cells and 
pH was measured on a Control Dynamics digital pH meter 
with a combined glass electrode. 

Palladium Stock Solution. This was prepared by dissolv­
ing 0.16 g palladium chloride (Johnson Matthey, London) 
in 100 cm3 of distilled water containing 2 cm3 of hydro­
chloric acid. The solution was standardized by the dimethyl 
glyoxime method.11* Solutions of lower concentrations were 
prepared by the dimethyl glyoxime method.n) Solutions of 
lower concentrations were prepared by appropriate dilution 
of stock solution. 

Extraction Solution. A 5% m/v solution of Aliquat 336 
(Fluka) in xylene was prepared, equilibrated with equal 
volume of 1 mol dm - 3 sodium silicylate solution and used 

for the extraction of palladium(II). 
Reagent Solution. 4-(2-Pyridylazo)resorcinol (PAR) solu­

tion, 0.1% m/v used for palladium determination. 
All other chemicals used in this work were of analytical 

reagent grade. 
General Extraction Procedure. To an aliquot of solution 

containing 4—30 jig of palladium add 0.4 g of sodium 
salicylate to give concentration of 0.1 mol dm - 3 in a total 
volume of 25 cm3. Adjust the pH of the solution to 5.0 with 
dilute hydrochloric acid or sodium hydroxide solution and 
equilibrate the mixture for 30 seconds in a separatory funnel 
with 10 cm3 of 5% Aliquat 336 solution. Separate the two 
layers, discard the aqueous phase and add 2 cm3 of 0.1% m/v 
PAR solution to the Aliquat 336 phase. After shaking the 
mixture for 90 seconds, separate the organic phase, and dry 
with anhydrous sodium sulphate and measure the absor­
bance of the orange colored palladium-PAR complex at 
530 nm against a reagent blank. 

Results and Discussion 

Extraction Conditions. T h e extraction of palla­
d i u m was carried ou t over the p H range 3.6—12.0 wi th 
various sodium salicylate concentrat ions (0.0125 to 
0.125 mol d m - 3 ) and amine concentrat ion (0.5—5% 
us ing xylene as the diluent) . T h e results indicate that 

lOOr-

80 b 

ÎÊ r 

O 60h 

a L 
JH f 

w 4 

20r 

I i i i 1 i i 1 1 1 1 

4 6 8 10 12 

pH 

Fig. 1. Extraction of palladium as a function of pH. 
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the quant i ta t ive extract ion of pa l l ad ium occurs from 
0.1 mol d m - 1 sodium salicylate solut ion adjusted to a 
p H of 4.5—7.0 (Fig. 1). A single extraction for 30 
seconds wi th 10 cm 3 of 5% Al iquat 336 is adequate for 
the quant i ta t ive extraction of pa l lad ium; pro longed 
shaking has no adverse effect on the extraction. T h e 
metal content in the Al iquat 336 phase is determined 
by measur ing the absorbance of the colored complex 
and referring to the previously constructed calibration 
curve. 

Spectral Characteristics. T h e extracted pa l l ad ium 
may be determined spectrophotometrically in the 
Al iqua t 336 phase wi th PAR. T h e p a l l a d i u m - P A R 
complex shows m a x i m u m absorbance at 530 n m (Fig. 
2). T h e color system obeys Beer's law over the 
concentrat ion range 4—30 |ig of pa l l ad ium per 10 cm 3 

of organic phase and the absorbance is stable for at 
least 36 hours . T h e characteristic spectrophotometric 
data are reported in Tab le 1. 

Nature of the Extracted Species. T h e log- log p lo t 
of dis tr ibut ion rat io versus salicylate concentration (at 
fixed p H and Al iquat 336 concentrat ion) or versus 
Al iquat 336 concentrat ion (at fixed p H and salicylate 
concentration) yielded a molar rat io of 1:2 wi th respect 
to bo th Al iqua t 336 and salicylate (Figs. 3 and 4). 

X5 

< 

(K0 

0-35 

0-30 h 

0-25 

520 

Wavelength/nm 

Fig. 2. Absorption spectrum of Pd-PAR complex in 
Aliquat 336. 

Table 1. Spectrophotometric Data for Determination 
of Palladium after Extraction with Aliquat 336 

Parameter Value 

Molar absorptivity 
Sandell's sensitivity 
Mean absorbancea) 

Standard deviation of 
absorbance 

Coefficient of variation 

2.36X104mol-1cm-1 

4.5 ng cm - 2 

0.400 
0.006 

1. 

Al iqua t 336, which is a quaternary amine , acts as a 
l iqu id ion exchanger and extracts the an ionic 
pal ladium-sal icyla te complex. Hence the extracted 
species was though t to be an ion-pair complex of 
probable composi t ion (R4N+)2Pd(OC6H4COO)22". 

Effect of Foreign Ions. Various cations and anions 
were investigated in order to assess the tolerance of 
these ions on the extraction of pa l ladium. T h e 
tolerance l imi t was defined as the a m o u n t of foreign 
ion required to cause a ±2% error in the recovery of 
pa l l ad ium us ing the proposed method. T h e results 
showed that in the extraction and determinat ion of 
18 |ig of pa l ladium(II ) , 540 |ig of pla t inum(IV), 360 |ig 

log (Aliquat 336 concentration, %) 

Fig. 3. Plot of log (distribution ratio) versus 
log (Aliquat 336 concentration) at a fixed salicylate 
concentration of palladium(II). 

-20 

o 

0 

O 

-24 

a) Six determinations of 18|ig of palladium. 

log (salicylate concentration/M) 

Fig. 4. Plot of log (distribution ratio) versus 
log (salicylate concentration) at a fixed pH and 
Aliquat 336 concentration of palladium(II). 
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each of aluminium(III), arsenic(III), molybdenum-
(IV), and tellurium(IV), 270 |ig each of tungsten(V) 
and sulfate, 180 |ig each of silver(I) and tartrate, 
145 |ig each of manganese(II), chromium(IV), bis-
muth(III), antimony(III), nitrate, bromide, fluoride, 
and oxalate, 90 |ig each of barium(II), titanium(IV), 
gold(III), iodide, ascorbate, chloride, phosphate, ni­
trite, and thiocyanate, and 55 ug each of lead(II), citrate, 
and cyanide did not interfere. By prior washing of the 
organic phase with water 180 [ig each of nickel(II), 
cobalt(II), and copper(II) do not show interference in 
the subsequent estimation of palladium with PAR. 
However, equal amounts of uranium(VI), iron(III), 
thorium(IV), zirconium(IV), and EDTA interfere 
severely and must be absent. 

Separation of Palladium(II) from Platinum(IV). 
The extraction of palladium(II) into Aliquat 336 by 
the recommended procedure facilitates its separation 
from platinum(IV) as it does not extract into Aliquat 
336 and remains completely in the aqueous phase. 
The aqueous solution containing platinum(IV) is 
evaporated to dryness, treated with perchloric acid to 
decompose salicylate and finally taken up in water. 
Platinum is then determined with tin(II) chloride 
method spectrophotometrically.12) The extracted 
palladium(II) from the organic phase is subsequently 
determined as described under general extraction 
procedure. The results of the separation are reported 
in Table 2. 

Separation of Palladium(II) from Nickel(II), Cobalt-
(II), Copper(II), Zinc(II), and Manganese(II). The 
separation of palladium(II) from binary mixtures 
containing nickel(II), cobalt(II), copper(II), zinc(II), 
and manganese(II) was made possible by stripping 
nickel, cobalt, copper, zinc, or manganese with water. 
These metal ions were determined spectrophotometri-
cally using dimethyl glyoxime,13) l-(2-pyridylazo)-2-
naphthol,14 '15) or 4-(2-pyridylazo)resorcinol16'17) meth­
od. Finally palladium was determined in the 
organic phase as described in the general extraction 
procedure. The recovery of palladium and that of the 
added ion were greater than 99.0%. The separation 
results of binary mixtures are reported in Table 2. 

Analysis of Palladium in Standard Catalyst and 
Platinum Ores. The proposed method was applied 
to the separation and determination of palladium in 
palladium catalyst and platinum ores. Catalyst 
sample of 0.1 g was digested with mixtures of 
concentrated perchloric acid and nitric acid and 
brought into solution. An aliquot of the solution was 
used for the extraction and determination of pal­
ladium. Platinum ore of 0.1 g was digested with 
20 cm3 of aqua regia. The silica was filtered off and 
then the solution was made up to 25 cm3. An aliquot 
of solution was taken and extracted per general 
extraction procedure. The values determined by the 
present method were in good agreement with the 
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Table 3. Analysis of Palladium(II) in Standard Samples 

1511 

Sample Palladium present 
(Certified value)/% 

Palladium found/%a) Standard deviation Coefficient of 
variation/% 

Pd/Charcoal catalyst 
Platinum ore 
Platinum ore 

27.0 
3.05 
4.02 

26.8 
3.02 
4.00 

0.109 
0.025 
0.019 

0.408 
0.612 
0.628 

a) Average of six determinations. 

certified values. T h e results of the analysis are 
presented in Tab le 3. 

T h e authors thank the University Grants Commis­
sion, New Delhi for f inancing the project and for the 
award of fellowship to N. M. S. 
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Coordination Chemistry of Proton. In Situ Synthesis and X-Ray 
Structural Analysis of 2-Hydroxyethanaminium Picrate, 

HOCH2CH2NH3
+ • C6H2N3O7-
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2-Hydroxyethanaminium picrate, HOCHkQHkNHa"1" • C6H2N307-, is prepared through a metathetical 
reaction of Mg(Pic)2 and HOCH2CH2NH2 (2-aminoethanol, MEA) in ethanol through in situ generation of 
HPic. Orange yellow crystals (MEAH+Pic") (mp 163 °C) of the "Salt" are produced alongwith the colorless 
Mg(CH2NH2CH20")2, even when MEA is less than 1:1 with respect to Mg(Pic)2. The crystals are 
monoclinic, space group P2i/c, a=ll.797(4), 6=14.288(3), c=7.124(2) A, 0=97.63(2)°, Z=4, Dcai=1.62gcm-3. 
Structural analysis from the 1617 reflection data (#=0.059, #w=0.056) reveals that the picric acid proton is 
formally transferred to the MEA nitrogen (N-H, 0.968 Â) and is merely bonded to the phenoxide of Pic ( H - O - , 
1.951 Â) and weakly also to an oxygen of o-nitro group of the anion ( H - O N O , 2.379 A). The transferred proton 
becomes an integral part of the cation MEAH+ and completes the fourth covalent bond of the sp3 N of MEA, and 
does not show any special affinity for the anionic oxygen of Pic; the N-H- - -0" (142.8°) and N-H-•• ONO 
(141.6°) angles are closely comparable. 

D u r i n g in vitro chemical studies of alkal i (M+) and 
alkal ine earth (M2+) cations (general abbr. M z +) , which 
are be ing exectuted to throw l ight on the in vitro 
functions1 «2) of Na+, K+, Mg 2 + , and Ca2+, we frequently 
use a foreign p ro ton donor , H L , in the ML z - l igand 
reaction mixtures , where L is an organic charge 
neutralizer and H L its pa ren t acid. T h e a im is usual ly 
to stabilize L t h rough homocon juga t ion , formation of 
L--.(HL)«, so that M z + - l igand interact ion is favored 
to enable the synthesis of the ML z- l igand. Such studies 
wi th l,10-phenanthroline,3> 2,2 /-bipyridine,4 ) N,N,N'r 

AT-tetramethylethylenediamine (TMED),5 ) and N-do-
nor l igands in general , led frequently to the synthesis 
of H L - l i g a n d by products which have constantly been 
of the 1:1 stoichiometry. In the mean t ime we 
developed interest in the study of interact ion chemistry 
of the p ro ton so that the trends in the interact ion 
chemistry of small a lkal i and alkal ine earth cations, 
L i + and Mg 2 + , are unders tood more confidently and 
hence the H + -complexes such as the title compound . 

For the ML Z -MEA systems, where in MEA denotes 
2-aminoethanol and L is 2-ni t rophenolate (Onp) , 2,4-
d in i t rophenola te (Dnp) , or 2,4,6-tr initrophenolate 
(picrate; Pic), each ML Z -MEA reaction gave rise to a 
metathet ical reaction ( in the order M + < M 2 + , C a < S r < 
B a < M g , O n p < D n p < P i c ) so that M ( C H 2 N H 2 C H 2 0 - ) Z 

salt p lus H L - M E A were obtained even when a m o u n t 
of MEA in the reaction was not more than the equiva­
lent of MLZ.6) For Mg(Pic)2, as also evident from the 
foregoing efficiency orders, metathetical reaction and 
hence the p roduc t ion of H P i c - M E A (instead of the 
Mg 2 + -complex) was only noted. Because of our 
interest in the coordinat ion chemistry of the proton, 
we under took X-ray analysis of HPic -MEA which in 

1 Present address: Department of Chemistry, University 
of Delhi, Delhi 110007, India. 

fact proved to be MEAH+ Pic~. 

Experimental 

Synthesis of HPic-MEA: Mg(Pic)2 (0.1 mmol) was dis­
solved with MEA (0.2 mmol) is 5 ml ethanol. Colorless 
Mg(CH2NH2CH20-)2 salt, produced through the metath­
etical reaction, was filtered after ca. 30 min. The filtrate was 
subjected to crystallization of the title compound through 
slow evaporation at ca. 25 °C. Orange yellow single crystals 
(mp 163 °C) were filtered as produced (6—8h). The title 
product can also be synthesized by a direct 1:1 reaction of 
HPic and MEA in ethanol but it is usually not as nicely 
crystalline. Elemental analysis of HPic-MEA: Found: C, 
33.45; H, 3.38; N, 19.14%; Calcd: C, 33.10; H, 3.44; N, 19.31%. 

X-Ray Structural Analysis: Cell parameters were deter­
mined by a least square fitting of the settings of 15 reflections 
(àzhkl) measured on a Syntx diffractometer. Intensity data 
were collected in the 0-20-mode (20^50°) with graphite-
monochromatized Mo Ka radiation. The structure was 
solved by direct methods (MULTAN-82)7) and refined by 
full-matrix least squares to #=0.059, Äw=[E(w| ^o| H Fc\ )V 
2 > | F o | 2 p=0.056 for 1617 (20^50°) independent reflections 
with Fo^l,5 a (FÎ) [221 parameters, maximal shift esd=0.24]. 
Weights were given by the expression w=k[a 2(Fo)+0.0002 
Fo]-1- Hydrogen atoms were located in a difference 
syntehesis and their positions refined freely together with 
individual isotropic temperature factors in the last cycles of 
refinement. The non-hydrogen atoms were refined aniso-
tropically. A final difference synthesis was effectively 
contourless (maximum 0.36 e Â -3). 

Results 

Molecular Structure: Structure of the molecule is 
depicted in the labelled Fig. 1 and a project ion of the 
un i t cell content perpendicular to [001] in Fig. 2. 
Final coordinates for the nonhydrogen and hydrogen 
a toms wi th equivalent isotropic temperature factors 
are shown in Table 1.8> CsHioOsN is monocl inic , space 
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Fig. 1. Labelled diagram of the molecular structure 
of 2-hydroxyethanaminium picrate, HOCH2CH2-
NH3+C6H2N3C>7~ with their bond distances and 
angles. 

Fig. 2. Projection of the unit cell contents perpendi­
cular to [001]. 

group P2i/c with a=l 1.797(4), 6=14.288(3), c=7.124(2) 
Â, 0=97.63(2)°, Z=4, Dcaic=L62 gcm-3. 

Figure 1 shows that the HPic proton is rather 
formally transferred to the MEA nitrogen, N?(N-H, 

Table 1. Atom Coordinates with Isotropic 
Temperature Factors (Â2) 

Atom 

Oi 
Ci 
C2 

N2 

O21 

O22 

C3 

C4 

N4 

O41 

O42 

C5 

C6 

N6 

Oei 

o62 N7 

C7 

C8 

o8 H3 

H5 

H71 

H72 

H73 

H74 

H75 

H8i 
H82 

H 8 3 

x/a 

0.1659(2) 
0.1659(2) 
0.3626(2) 
0.3507(2) 
0.2898(2) 
0.4052(3) 
0.4692(2) 
0.4791(2) 
0.5900(2) 
0.6747(2) 
0.5980(2) 
0.3841(2) 
0.2782(2) 
0.1823(2) 
0.1923(2) 
0.0928(2) 

-0.0485(2) 
-0.0241(2) 
-0.1275(3) 
-0.1524(2) 

0.542(2) 
0.386(3) 
0.000(3) 
0.044(2) 

-0.096(2) 
0.020(2) 

-0.086(3) 
-0.108(3) 
-0.198(2) 
-0.115(3) 

y/b 

0.5387(1) 
0.5743(2) 
0.5596(2) 
0.5091(2) 
0.5430(2) 
0.4380(2) 
0.5876(2) 
0.6417(2) 
0.6732(2) 
0.6344(2) 
0.7362(2) 
0.6659(2) 
0.6321(2) 
0.6608(2) 
0.7268(2) 
0.6183(2) 
0.6159(2) 
0.6138(2) 
0.6399(3) 
0.7351(2) 
0.570(2) 
0.706(2) 
0.545(1) 
0.662(2) 
0.664(2) 
0.605(3) 
0.675(2) 
0.633(2) 
0.597(2) 
0.773(3) 

z/c 

1.0825(3) 
1.0537(4) 
1.1825(4) 
1.3581(4) 
1.4641(4) 
1.3934(4) 
1.1547(4) 
0.9948(4) 
0.9616(3) 
1.0500(3) 
0.8466(3) 
0.8677(4) 
0.7598(4) 
0.7598(4) 
0.6568(4) 
0.7533(4) 
1.1060(4) 
1.3170(5) 
1.4055(5) 
1.3655(3) 
1.251(3) 
0.745(3) 
1.355(5) 
1.357(5) 
1.052(4) 
1.048(5) 
1.056(6) 
1.552(3) 
1.357(4) 
1.304(6) 

C/eq 

0.040(1) 
0.030(1) 
0.032(1) 
0.044(2) 
0.086(2) 
0.078(2) 
0.033(2) 
0.030(1) 
0.036(1) 
0.045(1) 
0.052(1) 
0.032(2) 
0.032(2) 
0.042(2) 
0.070(2) 
0.086(2) 
0.038(1) 
0.043(2) 
0.047(2) 
0.031(1) 
0.047(8) 
0.058(9) 
0.070(11) 
0.066(11) 
0.053(10) 
0.094(14) 
0.088(14) 
0.066(11) 
0.041(8) 
0.058(8) 

0.968 Â) which infact becomes the integral part of the 
base molecule yielding +H3N • CH2CH2OH while 
completing the fourth tetrahedral valency of sp3 

hydridized N7 atom. The C7 and Cs atoms of MEA are 
approximately sp3 with N7-C7-C8 (111.2°) and C7-
C8-O8 (108.4°) angles being tetrahedral values. None 
of the N7-protons undergoes intramolecular bonding 
with the MEA oxygen, Os. However, the H74 atom 
bonds with the Pic phenoxide atom, Oi (1.951 Â) and 
rather weakly also with an ortho-nitrooxygen atom, OÔ2 
(2.379 A). The N7-H74-O1 (142.8°) and N 7 -H 7 4-0 6 2 
(141.6°) angles are, however, comparable. 

The Pic moiety displays a detectable quinonoid 
structure wherein C1-O1 (1.260 Â) and C4-N4 (1.433 Â) 
bonds are short enough to show a double-bond 
character; the bonds adjoining them, viz. C1-C2 
(1.435 A) and Ci-C6 (1.435 A), and N4-O41 (1.239 A) 
and N4-O42 (1.230 A) are longer than the analogous 
bonds in the Pic moiety. 

Discussion 

Chemical Significance: Direct reaction of organic 
acids with organic nitrogenous bases have led to the 
recognition of detectable charge transfer towards the 
acid proton9) to a formal proton transfer on the base 
nitrogen.10) Hpic and HDnp have been noted to form 
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H+- t ransfer complexes wi th aromat ic diamines and 
been characterized spectrophotometr ical ly . n ) X-Ray 
structural analysis of the product HPic-serotonin • 
H2Ü12) has revealed a transfer of the p ro ton to the base 
(and a charge-transfer s tacking of Pic moiety wi th the 
pro tona ted base). We report herein the first such 
product , MEAH+-Pic~, obtained in situ employing a 
M(Pic)z-MEA (Mz+=Mg2+) reaction in a prot ic me­
d i u m (ethanol); ini t ial Mg2 +L~i-MEA complexat ion 
leads to Mg2+(L-)2 pa i r loosening as well as "cation-
iza t ion" of those ME A pro tons wh ich belongs to the 
NH2 and O H functions. T h i s is adequate enough for 
P i c - to e l iminate H + from the complexed molecule of 
MEA; H P i c so p rodued forms H P i c - M E A wi th 
unreacted MEA. 

A direct reaction of MEA with H O n p , H D n p and 
H P i c leads to the synthesis of complexes wi th 
progressively increased mel t ing poin ts (115, 136, 
163 °C, respectively). T h e present X-ray structural 
results indicate that the H + charge transfer wi th MEA 
in this order, ul t imately ends u p in formal H+-transfer. 
A progressively increased mel t ing po in t of the 
complexes in this order is, therefore, an index of 
accordingly an enhanced ionicity of the system. T h e 
salt MEAH+-Pic~, in a sense, is a H + - complex wherein 
Pic is the charge neutralizer and MEA a monodenta te 
l igand. T h e H+---N(MEA) is, however, s t rong to the 
extent that in tera tomic penet ra t ion takes place yield­
ing a formal H - N (MEA) covalent bond. T h e lengths 
of the H74-O7 and H74-O62 bonds may be different 
(for structural and conformational reasons) bu t the 
p ro ton , because of its hydrogen like na ture , does no t 
show any preference for any of the two oxygens; the 
N7-H74-O1 (142.8°) and N 7 -H 7 4-0 6 2 (141.6°) angles are 
practically equal . T h e concerned p ro ton has not only 
shown an indifference to the MEA-hydroxyl oxygen 
(MEA moiety be ing no t intramolecular ly bonded) bu t 
also an exclusive preference for the neutra l n i t rogen 
N7, over the an ionic phenoxide , Oi . Also, the 
M(Pic) z-MEA reactions become favored6) in the orders 
Cs to L i and Ba to Mg, so that the most efficient 
metathet ical reaction for Mg(Pic)2, and hence the most 
h ighly facilitated generat ion of HPic , is at t r ibuted to 

the most s t rong Mg 2 + -N(MEA) interaction. Both the 
poin ts collectively suggest that the ha rd M z + ions are 
no t only O-phi l ic as usual ly described1 3 - 1 0 bu t also 
N-phi l i c a n d that the preference of the Mz+ (M+ or 
M2 +) for the N-sites increases wi th the charge density 
(Charge / rad ius ratio) of the cation, unl ike noted for 
O-sites. 

T h e author (RC) thankfully acknowledge the Univer­
sity Grants Commiss ion, New Delhi for Research 
Scientist Award. 
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Tin(IV) Antimonate as a Lead-Selective Cation Exchanger: 
Synthesis, Characterization, and Analytical Applications 
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A new phase of a lead-selective cation exchange material, tin(IV) antimonate has been prepared, which 
possesses a good column exchange capacity (2.4 mequiv g_1). Its characterization has been done on the basis of 
its ion-exchange characteristics and some instrumental studies such as TGA, IR, and X-ray diffraction. The 
utility of the material has been demonstrated by achieving some binary separations of metal ions on its column, 
such as Al(III)-Pb(II), Mg(II)-Pb(II), Fe(III)-Pb(II), Al(III)-Fe(III), Mg(II)-Al(III), and Mg(II)-Fe(III). 
Maximum limits of the column's loading capacity have also been evaluated for all metal ions. 

A l t h o u g h a large n u m b e r of inorganic ion ex­
changers have been prepared and studied so far,1* there 
is still need to obtain a material which may have a 
good ion-exchange capacity, reproducible properties, 
stability, and selectivity for a par t icular ion. These 
properties are impor tan t for a better utili ty of a 
mater ial in separat ion science. Tin(IV)-based in­
organic ion exchangers2 - 1 0 ) generally possess a greater 
stability bo th chemical and thermal as compared to the 
other materials of this class. T h e present study was 
under taken to obta in an ion exchanger, superior in 
ion-exchange properties and stability over other 
similar materials. 

Tin( IV) an t imona te has been found to have a 
satisfactory behavior in this regard. It has been found 
to have a h i g h selectivity for lead which is a chief 
p o l l u t i n g metal in the a tmosphere . T h e c o m m o n 
source of lead po i son ing is the exhaust fumes from 
cars. About ninety percent of the lead present in the 
a tmosphere comes from petrol fumes. Its accumula­
t ion in body leads to the po i son ing and produces 
chronic illness characterized by severe anaemia and 
changes in the kidneys and arteries. 

T h e fol lowing pages summarize the synthesis, 
characterization and analytical appl ica t ions of tin(IV) 
an t imonate . Its utili ty has also been explored for the 
quant i ta t ive separat ion of lead(II) from some binary 
mixtures on its co lumn. A tentative structure of the 
c o m p o u n d has also suggested on the basis of these 
studies and IR spectroscopy. 

Experimental 

Reagents. The tin(IV) chloride used in this study was a 
C. D. H. (A. R.) product, while the potassium antimonate 
was a Loba Chemie product. All other reagents and 
chemicals were of Analar grade. 

Apparatus. Spectrophotometry, pH metry, X-ray diffrac­
tion, and IR studies were performed by using a Bausch and 
Lomb Spectronic-20, spectrophotometer, an Elico pH-meter, 
Model LI-10, a Philips X-ray diffraction unit with a Mo Ka 
target, and a Perkin Elmer spectrophotometer, Model-783, 
respectively. Heating effect on the ion-exchange capacity 
and weight loss was studied manually in a muffle furnace. 

Preparation of the Reagent Solutions. A solution (0.05 M; 
l M = l m o l d m - 3 ) of tin(IV) chloride (SnCl4-5H20) was 
prepared directly in deionized water, obtained by passing the 
tap water through a deionizer plant (CA-20/U and CA-
60/U). Potassium antimonate [KSb(OH)6] was dissolved in 
5.8 M HCl solution to obtain a 0.05 M solution. 

Synthesis of the Ion-Exchange Material. A number of 
samples of tin(IV) antimonate were prepared by mixing the 
solutions of tin(IV) chloride (0.05 M) and potassium 
antimonate (0.05 M) in different volume ratios, such as 1:1, 
1:2, 1:3, and 2:1. The pH of the resulting gel was fixed in 
the range 0—1 by adding aqueous ammonia with constant 
stirring. The gel thus obtained was kept for 24 hours at 
room temperature (ca. 30 °C) and filtered by suction. The 
excess acid was removed by washing with deionized water 
and the material was dried in an air oven at 45 °C. It was 
then cracked into small granules by putting in deionized 
water. The granules so obtained were of the uniform size 
suitable for column operation. They were converted into the 
H+-form by treating with 1 M HNO3 for 24 hours with 
occasional shaking, intermittently replacing the supernatant 
liquid with a fresh acid. The material thus obtained was 
finally washed to remove the excess acid and then dried at 
45 °C. It was then sieved to obtain particles of uniform size 
(50—72 mesh) before using for further studies. Following 
four samples were obtained possessing different Na+ ion-
exchange capacity shown in parentheses corresponding to 
the four mixing volume ratios as indicated above: 

TA-1 (1.2), TA-2 (2.4), TA-3 (2.19), TA-4 (0.90) 

All these samples were powdery in nature and white in 
color except the TA-1 which was light yellow. On the basis 
of its capacity and apparent stability in acids and bases, 
sample TA-2 was selected for all the studies. 

Ion Exchange Capacity (i.e.c). The i.e.c. was determined 
as usual by the column process taking 1 g of the exchanger 
(H+-form) in a glass tube of internal diameter (i.d.) ca. 1 cm, 
fitted with the glass wool at its bottom and passing through 
it the eluant (ca. 250 ml) and maintaining a very slow flow 
rate (ca. 0.5 ml min -1). The effluent was titrated against a 
standard alkali solution to find out the total H + ions eluted. 
The values of the i.e.c. in mequiv g_1 for various metal ions 
are given below: 

Li+—2.17, Na+—2.40, K+—1.95, Mg2+—2.2, Ca2+— 
3.12, Sr2+—3.44, Ba2+—3.3, NH4

+—4.93 
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Effect of Eluant Concentration on the i.e.c. The extent of 
elution was found to be dependent on the concentration of 
the eluant. Hence, a fixed volume (250 ml) of the NaNÜ3 
solution of varying concentrations was passed through a 
column containing 1 g of the exchanger keeping a standard 
(0.5 ml min - 1) flow rate and effluent was titrated against a 
standard alkali solution for the H + ions eluted out. The 
optimum concentration of the eluant for a complete elution 
of H + ions in 250 ml was found to be 1 M. 

Elution Behavior. Since the optimum concentration for 
a complete elution was observed to be 1 M, a column 
containing 1 g exchanger was eluted with a NaNU3 solution 
of 1 M concentration in different 10 ml fractions with a 
minimum flow rate as described above. This experiment 
was conducted to find out the minimum volume necessary 
for a complete elution of the H + ions, which reflects the 
efficiency of the column. The column required 110 ml of the 
eluant. 

Composition. 100 mg of the powdered sample was 
dissolved in a minimum amount of concentrated HCl. The 
solution was then diluted to 250 ml with 4 M HCl and the 
amount of tin and antimony was determined as follows: 

(a) Determination of Tin: Tin was precipitated with a 
freshly prepared 6% aqueous solution of cupferron from an 
acidic solution cooled at 10 °C. It was filtered through a lose 
texture paper containing a small amount of paper pulp. The 
paper and precipitates were thoroughly washed, first with a 
cold H2SO4 solution (1:9) containing 1 g of cupferron/litre 
and then with a cold dilute cupferron solution ( l g l - 1 ) , 
ignited and weighed as Sn02.n ) 

(b) Determination of Antimony: The filtrate was ana­
lyzed for antimony after destroying cupferron with per­
chloric acid. It was evaporated to dryness and the residue 
was collected in a weighed crucible, blasted in a muffle 
furnace at 900 °C and weighed as Sb204. 

These studies suggest a molar composition of the 
compound as Sn : Sb=2 :11. 

Chemical Stability. The solubility of tin(IV) antimonate 
in various solvents was determined by the method given 
below: 

200 mg portions of the material were kept with 20 ml of 
the solvent for 24 hours at room temperature with 
intermittent shaking. Antimony was determined quantita­
tively in the supernatant liquid as follows: 

To the 2 ml portion of the above solution were added 
1.0 ml of 9 M H2SO4 and 5 ml of KI reagent (11.2 g of KI+2 g 
of ascorbic acid in 100 ml water). The color so developed 
was diluted to 10 ml with water in a standard volumetric 
flask and the absorbance was measured after 2—3 minutes at 
425 nm against a reagent blank.12) 

The amount in ppm of antimony found in the various 
solvents after the above treatment are given below in 
parentheses: 

DMW (1.71), 1 M CH3COOH (1.11), 2 M HCl (2.05), 
4M HCl (4.09), 1 M HNO3 (0.77), 2 M HNO3 (1.02), 
4 M HNO3 (1.37), 1 M H2SO4 (1.24), 2 M H 2S0 4 (2.44), 
I M HCIO4 (0.68), 2 M HCIO4 (0.94), 0.1 M NaOH 
(0.98), I M NaNOs (0.08), 1M HNO3 (0.21), 1M 
NH4NO3 (0.21). 

It dissolved appreciably in 0.1 M KOH solution. 

-O NaOH/NaCl 
- a KOH/KCl 
-A LiOH/UCl 

-Ca(OH)2/CaCl2 

a 

0.0 0.2 0.4 0-6 0-8 1-0 1.2 1.4 1-6 1« 2-0 2-2 2-4 2-6 2-8 

OH~ added/mmol 

Fig. 1. Equilibrium pH titration curves of tin(IV) 
antimonate. 

p H Titrations. pH titrations were performed by the 
method of Topp and Pepper13) 500 mg of the exchanger were 
placed in each of the several 250 ml conical flasks, followed 
by the equimolar solutions of alkali and alkaline earth metal 
chlorides and their hydroxides in different volume ratios, the 
final volume being 50 ml, to maintain the ionic strength 
constant. The pH of the solutions was recorded after 24 
hours to find out the time required for equilibrium. It was 
observed that the equilibrium was achieved in 12 days. 
Figure 1 shows the pH-titration curves after keeping the 
mixtures for such a time period. 

Thermal Analysis. For thermal stability several 1 g 
portions of the exchanger were heated for 1 hour each at 
various temperatures in a muffle furnace, and the Na+ ion-
exchange capacity in mequiv/dry g was determined as usual 
by the column process at room temperature. The results are 
summarized below: 

45 °C—2.40; 100 °C—2.40; 200 °C—2.05; 400 °C—1.90; 
600 °C—1.00; 800 °C—0.98. 

The same sample was also heated at 400 and 800 °C for 4 
hours each resulting to the i.e.c. as 1.50 and 0.55mequiv/ 
dry g respectively. No change in color was observed upto 
200 °C. Above this temperature the color changed to light 
yellow, yellow, and dirty yellow at the temperatures 
mentioned above in that order. 

For studying the weight loss in the material, 50 mg sample 
was heated as above at various temperatures for an hour each 
and weight loss recorded. It was repeated to assure the 
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Fig. 2. IR spectra of normal and heated samples of tin(IV) antimonate 
cation exchanger. 
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Tempera tur e/ ° C 

Fig. 3. Thermogravimetric (TGA) and differential 
thermogravimetric (DTG) curves of tin (IV) anti­
monate. 

reproducibility. Figure 3 shows the thermogram and its 
differential (DTG). 

IR Studies. The IR spectra of tin(IV) antimonate were 
taken by the KBr disc method and are shown in Fig. 2, for 
the various samples heated at different temperatures. 

Distribution Studies. Distribution studies were performed 
on a sample of tin(IV) antimonate (TA-2) for different metal 
ions in various solvents as follows: 

200 mg of the exchanger beads in H+-form were equili­
brated with the selected solvents (20 ml) by keeping it at 
room temperature for 24 hours. The initial metal ion 
concentration was so adjusted that it may not exceed 3% of 
the total ion-exchange capacity of the material and the 
determination was carried out volumetrically using EDTA 
as titrant,14) while the concentration of alkali metal ions was 
determined by the flame photometer. 

The Ké values, as summarized in Table 1, were obtained by 
the formula 

Kd = I- F 
X - § - (mlg-i) 

where 
/^Ini t ia l amount of the metal ion in the solution phase. 
F=Final amount of the metal ion in the solution phase. 
V=Volume of the solution (ml). 
A — Amount of the exchanger (g). 

Separations Achieved. The 60—100 mesh sized particles 
of the exchanger (2 g) in H+-form were used for the column 
separation in a glass tube having an internal diameter of ca. 
0.6 cm. The column was washed thoroughly with deionized 
water and the mixture to be separated was loaded on it, 
maintaining a flow rate of ca. 2—3 drops/min. The 
separation was achieved by passing a suitable solvent 
through the column as eluent and ther metal ions in the 
effluent were determined quantitatively by EDTA titrations. 
The salient features of these separations are given in Table 2 
and Fig. 4. 

Discussion 

T h e most exci t ing feature of these studies is the 
unusua l ly h i g h ion-exchange capacity of the material , 
prepared as an inorganic ion exchanger. It appears 
that the tin(IV) an t imona te prepared in these studies is 
superior to the other tin(IV) based inorganic ion 
exchangers in terms of their i.e.c. and thermal 
stability2-10) as a compar i son shows. A study of the 
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Table 1. K& Values of Some Common Metal Ions on Tin(IV) Antimonate in Various Media 

Metal ion 

Na(l) 
K(I) 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Al(III) 
Mn(II) 
Fe(III) 
Co(II) 
Ni(II) 
Cu(II) 
Zn(II) 
Cd(II) 
Hg(II) 
Pb(II) 
Bi(III) 

Deionized 
water 

69.0 
34.0 

7.1 
7.4 
7.0 
5.3 
4.0 
7.0 

74.0 
7.5 

80.0 
69.0 

8.9 
80.0 
4.0 

210.0 
— 

0.01 M 
H N O 3 

13.0 
6.7 
3.1 
7.4 
7.0 
5.3 
4.0 
7.0 

74.0 
7.5 
7.1 
6.0 
8.9 
7.1 
4.0 

210.0 
— 

0.1 M 
H N O 3 

6.8 
3.3 
1.0 
7.4 
7.0 
5.3 
0.0 
3.0 
6.5 
1.8 
1.0 
6.0 
4.0 
3.0 
1.5 

20.0 
89.0 

1 M 
H N O 3 

4.0 
2.3 
1.0 
3.1 
7.0 
2.0 
0.25 
1.7 
6.5 
3.3 
1.7 
2.3 
2.3 
3.0 
1.5 

210.0 
8.0 

tfdXlO"2 

Solvent 
0.01 M 
HCIO4 

13 
7.0 
1.7 
7.4 
7.0 
5.3 
4.0 
7.0 
6.5 
7.5 
7.1 
6.0 
8.9 
7.1 
4.0 

210.0 
— 

0.1 M 
HCIO4 

6.8 
4.0 
1.0 
7.4 
7.0 
5.3 
1.5 
3.0 
2.8 
3.3 
1.0 
6.0 
8.9 
3.0 
0.67 

210.0 
89.0 

1 M 
HCIO4 

4.0 
2.0 
0.62 
7.4 
7.0 
2.0 
4.0 
1.0 
6.5 

84.0 
80.0 
5.5 
8.9 
7.1 
0.67 

210.0 
89.0 

1 M 
NH4NO3 

2.5 
1.3 
0.62 
3.1 
3.0 
2.0 
0.67 
1.7 
6.5 
3.3 
1.0 
5.5 
4.0 
7.1 
4.0 

20.0 
— 

1 M 
NaNOs 

0.0 
0.97 
0.62 
3.1 
3.0 
1.0 
1.5 
1.0 
6.5 
7.5 
1.7 
5.5 
4.0 
7.1 
1.5 

20.0 
— 

(—)=Not detectable. 

< 
h 
Q 
W 

in o o 

20 40 60 80 100 0 20 40 60 80 100 120 0 20 40 60 80 100 

Volume of effluent/ml 

Fig. 4. Separation of Al3+ from Fe3+, Mg2+ from Al3+, and Mg2+ from Fe*+ on 
tin(IV) antimonate columns: (a) and (d), 1 M HNO3; (b) and (f), 2 M HCl+2 M 
NH4CI; (c) and (e), 0.1 M HCIO4. 

percent retention of the i.e.c. on heating to various 
temperatures indicates that the material (TA-2) does 
not lose its i.e.c. upto 100 °C. It retains about 41% of 
its i.e.c. even on heating upto 800 °C which is a 
remarkable feature. The mixed oxides produced on 
heating the material upto such a high temperature 
might be converted into their hydra ted forms, when 
the material is treated with water, which may be 
responsible for the ion exchange behavior. Another 
important feature of this ion exchanger is its 
reproducible nature. It is observed that tin(IV) anti­
monate obtained in various batches does not show any 
appreciable deviation in its ion-exchange properties. 

Chemically, also the material appears to be highly 
stable. As the results indicate only a negligible 
amount of TA dissolved in various solvents out of the 
200 mg taken for its chemical stability in each 
experiment. The tin(IV) antimonate prepared earlier 
by Qureshi et al.2) seems to inferior in this regard. It 
appears that the starting material used for the 
preparation of the ion exchanger plays an important 
role in determining its properties. In the earlier 
studies antimony(V) chloride was used for synthesiz­
ing the material as against the potassium antimonate 
[KSb(OH)6] used in the present study. No definite 
conclusion can, however, be drawn at the moment 
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because of the confusing and contradictory statements 
regarding the varying water contents in the antimonic 
acid produced on the surface of the material depending 
upon the starting antimony salt.15) 

The column elution experiments indicate a depend­
ence of the concentration of the eluant on the rate of 
elution. The minimum molar concentration of 
NaNOß as eluant is 1 M for the maximum elution of 
H + ions from a column of 1 g of TA. The elution is 
quite fast as only 110 ml of the effluent is sufficient for 
almost complete elution of the H + ions from its 
column. 

pH titration curves obtained under equilibrium 
conditions are shown in Fig. 1 for LiOH/LiCl, 
NaOH/NaCl, KOH/KC1, and Ca(OH)2/CaCl2 sys­
tems. These studies are different from others generally 
made on such materials. The normal practice has been 
to perform the pH-titration under a nonequilibrium 
process.2) As it is clear from the figure, the inflection 
point for the exchange of alkali metals resemble with 
the i.e.c. obtained, i.e. 2.4 mequiv/dry g. The pH 
titration curve for Ca2+ however does not show any 
inflection. In this regard our product is similar to 
antimony(V) silicate16) and hydrated antimony ox­
ides.17) 

Thermogravimetry and IR studies point to the 
following tentative formula of the compound 

Sn2[Sb(OH)6]ii-nH20 

Assuming that at 100 °C only the external water 
molecules are lost, the 5.2% loss represented by the 
TGA curve must be due to the loss of n H 2 0 from the 
above structure. The value of 'n', the external water 
molecules, can be calculated using Alberti's equa­
tion:18) 

18n 
_ x(M + 18n) 

100 

where, x is the % weight loss (5.2%) in the exchanger 
on heating upto 100 °C. M=molecular weight of the 
material minus the external water molecules. 

The above equation then gives the external water 
molecules per molecule of tin(IV) antimonate as ca. 8. 

The differential thermogram (DTG) gives a better 
view of the changes corresponding to the two 
inflections in the TGA curve (Fig. 3). The sharp peak 
at ca. 100 °C represents the loss of external water 
molecules while the other broad one is due to the 
condensation process which continues upto ca. 500 °C. 
Beyond this temperature the material might have 
completely changed into the oxides that is why no 
further weight loss occurs. 

The IR studies confirm the presence of -OH groups 
and external water molecules in addition to the metal 
oxides (SnO and Sb2Os) present in the material.19) The 
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peaks at 1400—1500 cm" 1 and ca. 3000 c m - 1 are 
representative of the external water molecules, the 
former being also representative of the strongly 
bonded O H groups in the matr ix . As Fig. 2 indicates 
these peaks are observed even when the material is 
heated at a m u c h h i g h temperature . It may be due to 
the absorpt ion of water molecules from the a tmo­
sphere by the mater ial du r ing cooling. X-Ray studies 
p o i n t to the a m o r p h o u s na ture of the T A as no peaks 
are observed by the diffraction pat tern. 

T h e most p romis ing property of the material is its 
extraordinary h i g h selectivity for lead. When the 
separat ion of lead from other metal ions was tried on 
its co lumn , it was observed that lead was totally 
adsorbed and its leaching was not possible even in an 
e luant consist ing of 4 M H C l + 4 M KCl. It may be due 
to the formation of an insoluble lead an t imonate on 
the surface. Lead an t imona te has been found to an 
inorganic ion exchanger.20) T h e experimental details 
of some representative separations of Pb(II) from 
Al(III), Fe(III), and Mg(II) are given in Tab le 2. T h u s , 
the mater ial can be utilized for a quant i ta t ive 
separat ion of lead from the mixtures conta in ing 
several metal ions. T h i s property of T A may prove 
useful in the envi ronmenta l studies. Other binary 
separat ions tried on the T A co lumn have been Al(III)-
Fe(III), Al(III)-Mg(II), and Mg(II)-Fe(III). Tab le 2 
and Fig. 4 illustrate the salient features of these 
separations. 

Conclusion 

Tin(IV) an t imonate , prepared in these studies as a 
new inorganic ion-exchange material has a good ion 
exchange capacity and is h ighly selective for Pb . T h i s 
behavior of T A is p romis ing in the field of po l lu t ion 
chemistry where an effective separat ion method is 
needed for lead from other pol lu tants . T h i s material 
has been characterized on the basis of its chemical and 
thermal analysis, IR studies, and some ion-exchange 
characteristics such as ion-exchange capacity, e lut ion 
and concentra t ion behavior, pH- t i t ra t ions and dis­
t r ibut ion studies. O n the basis of d is t r ibut ion studies 
some binary metal separations have been achieved. 

T h e authors thank Prof. K. T . Nas im for the 
research facilities and the U. P. C. S. T . for the 
financial assistance to one of them (U. G.). 
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Synthesis and Ion Exchange Properties of Sodium Stannosilicate: 
A Silver Selective Inorganic Ion Exchanger 
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An inorganic ion exchanger sodium stannosilicate has been synthesized. Its composition, chemical and 
thermal stabilities and ion exchange properties have been studied. This material is obtained as hard granules 
and is very stable at high temperatures. Its ion exchange capacity for Ag+ is 2.25 mequiv g_1. The material 
shows high selectivity towards Ag+ which has been separated quantitatively from Pb2+, Hg2+, and Cu2+. 
Recovery of Ag+ from dilute solutions has also been studied. 

T h e use of synthetic inorganic ion exchangers is 
successfully be ing developed for the selective separa­
t ion of a n u m b e r of meta l ions. New materials are 
be ing synthesized1-4* to solve such specific problems. 
T h e r e is a revived interest towards the ion exchange 
propert ies of silicates.5~9) Zeolites have been extensive­
ly studied for its ion exchange propert ies part icularly 
by Barrer.10) Desai and Baxi have studied ion exchange 
propert ies of tin silicate.6) 

T h e present paper reports the synthesis, chemical 
composi t ion , chemical a n d thermal stabilities, and ion 
exchange propert ies of sodium stannosilicate, an 
ana logue of the zeolites. T h i s material shows higher 
exchange capacity a n d is more stable at h igh 
temperatures than tin silicate prepared at p H 8.5. T h e 
dis t r ibut ion ratios for different metal ions have 
revealed that the exchanger is specific towards Ag+ . Ké 
values for other metal ions are also h igher for sodium 
stannosil icate than those for tin silicate. T h e util i ty of 
this material has been studied for the separat ion of Ag + 

from other metal ions and its recovery from dilute 
solutions. 

Experimental 

Reagents: Tin(IV) chloride pentahydrate (SnCUSFbO) 
(Reachim) and sodium metasilicate (Na2SiC>3-5H20) (Loba) 
were used. All other chemicals used were of A. R. grade. 

Apparatus: An electric temperature controlled SICO 
shaker and Bausch and Lomb spectronic-20 (U.S.A.) were 
used for shaking and spectrophotometric determinations 
respectively. Elico pH meter model Li-10 (India) was used 
for pH measurements. 

Preparation of Sodium Stannate Solution: Sodium stan-
nate (Na2SnC>3-3H20) was prepared by mixing 0.5 M 
sodium hydroxide solution (1 M=1 mol dm - 3) to 0.1 M 
tin(IV) chloride solution.n) The pH was adjusted to 10 by 
adding sodium hydroxide solution. The solution initially 
turbid, turned into a clear solution of sodium stannate on 
heating at 60 °C. 

Synthesis of Sodium Stannosilicate: Sodium stanno­
silicate was synthesized by mixing 0.1 M sodium metasilicate 
solution with 0.1 M sodium stannate solution in 1:1 volume 
ratio. The yield of sodium stannosilicate in other mixing 
volume ratios was very low. Therefore 1:1 volume ratio was 
chosen for synthesis. The resulting mixture was refluxed 

for 24 hours. The white precipitate obtained was allowed to 
settle overnight, washed with distilled water and dried at 
60 °C. The dried product was immersed in distilled water 
when it broke down easily into small granules. It was 
washed several times with distilled water and then dried in 
an air oven at 60 °C. 

Cation Exchange Capacity: Ion exchange capacity for 
H + ion was determined by taking sodium stannosilicate in 
H + form and then eluting with 1.0 M sodium nitrate 
solution. Metal ion capacity was determined by shaking 
1.0 g of the exchanger with 50 ml 0.1 M aqueous solution of 
metal nitrate at 25 °C and titrating the metal ion left in the 
supernatant liquid. 

Chemical Stability: The chemical stability of sodium 
stannosilicate was studied in different solvents. For this 
purpose 100 mg of the exchanger was shaken with 25 ml of 
the appropriate solvent for 6 hours at 25 °C. The amount of 
silica released in the supernatant liquid was determined by a 
standard colorimetric method.12) 

Chemical Composition: A 200 mg portion of sodium 
stannosilicate was dissolved in 200 ml solution containing 
15 ml of sulfuric acid and 100 ml of hydrochloric acid. Tin 
in this sample was reduced by zinc powder and determined 
iodometrically.13) For the determination of silicon a 200 mg 
portion of the exchanger was heated in 200 ml solution 
containing 100 ml of hydrochloric acid. Silicon was 
precipitated as silicic acid. It was ignited in a platinum 
crucible and weighed as Si02.14) 

Thermal Stability: Sodium stannosilicate (0.5 g) was 
weighed in different silica crucibles and dried at different 
temperatures in a muffle furnace for 2 hours. Exchange 
capacity for Ag+ was determined for the products dried at 60, 
100, 150, 200, and 250 °C. Weight loss was also calculated at 
the respective temperatures. 

Hydrolysis: Sodium stannosilicate was taken in H + and 
Na+ forms. The exchanger (0.5 g) was shaked with 25 ml of 
distilled water at 25 °C for different time intervals. The pH 
of the supernatant liquid was measured after each time-
interval. 

Water Sorption: Sodium stannosilicate (1.0 g) in different 
ionic forms was equilibrated with 20 ml of distilled water for 
1 hour at 25 °C. Sodium stannosilicate was then separated 
from water and weighed in a stoppered weighing bottle. It 
was then dried over a dessicant in vaccum at 60 °C and 
reweighed. Amount of water sorbed by sodium stanno­
silicate was calculated from the difference between the wet 
weight and dry weight. 

IR Analysis: IR spectrum of the material dried at 60 °C 
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was obtained using KBr disc technique on an IR-20 
spectrometer. 

Distribution Coefficients: Sodium stannosilicate (0.5 g) 
was shaken with 50 ml of 0.02 M solution of the metal nitrate 
for 6 hours at 25 °C. The supernatant liquid was titrated for 
the determination of metal ion left. Silver was determined by 
titration with 0.02 M KSCN solution. All other cations were 
determined by titration with 0.02 M solution of EDTA. The 
Ké values of these ions were determined in aqueous solution. 

Distribution coefficient values for a number of metal ions 
on sodium stannosilicate were calculated from the relation­
ship 

Kd 
I- F y V 

F W 

Where / and F are initial and final volumes of titrant 
before and after equilibration. V is volume of the metal ion 
solution and W is weight of the exchanger. 

Column Separations: A glass column (length 45 cm, 
diameter 0.39 cm) was filled to a height of 14 cm with 2.0 g of 
the exchanger on a glass wool support. The column was 
washed with 10 bed volumes of distilled water. The aqueous 
mixture solution (10 ml) containing the metal ions to be 
separated was passed onto the column at a slow rate. The 
column was again washed with distilled water. The metal 
ions were then eluted by passing a suitable eluent. The 
eluent was passed at a flow rate of 0.2 ml min - 1 . The metal 
ions in 10 ml fractions of effluent were collected and 
determined titrimetrically. 

Recovery of Ag+: Uptake of Ag+ by sodium stannosilicate 
was studied from silver nitrate solution of different 

Table 1. Exchange Capacity of 
Sodium Stannosilicate 

concentrations. Sodium stannosilicate (0.5 g) was shaked 
with 50 ml of silver nitrate solution at 25 °C for 6 hours. The 
supernatant liquid was titrated for the determination of Ag+ 

left. 
Uptake of Ag+ from solutions containing sodium ion was 

also studied. Sodium stannosilicate (0.5 g) was added to 
50 ml of 0.02 M silver nitrate solution containing equal 
amounts of sodium nitrate and shaked for 6 hours at 25 °C. 
The supernatant liquid was titrated for the determination of 
Ag+ left. 

Results and Discussion 

From the results given in Tab le 1 it can be inferred 
that sodium stannosilicate works as an extremely weak 
cat ion exchanger and releases a small a m o u n t of 
hydrogen ions. T h e metal ion capacity is sufficiently 
h igh and varies from 0.8 to 2.25 mequiv g_ 1 . 

Tab le 2 shows the stability of sodium stannosilicate 
in different solvents. T h e values in the table show that 
sodium stannosil icate can be used in nearly neutra l 
media i.e. water, salt solutions, alcohols, dilute acids, 
and alkali w i thou t any appreciable loss. T h e results of 
thermal stability show that there is a sl ight (3.7%) 
weight loss at 100 ° C and 8.12% weight loss at 150 °C; 
no further weight loss is observed u p to 250 °C. T h e 
m a x i m u m capacity for Ag + , however, remains contant 
t h r o u g h o u t the temperature range studied. These 

• Exchanger in Na + form 

o Exchanger in H * form 

10-0 

Serial No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Cation 

H+ 
Ag+ 
Mg2+ 

Ca2+ 

Cu2+ 

Co2+ 

Mn2+ 

Hg2+ 

Pb2+ 

Cd2+ 

Exchange capacity 

mequiv g_1 

0.23 
2.25 
0.80 
1.00 
1.20 
0.90 
1.00 
1.44 
1.20 
1.10 

X 
6-0 

Ü.Q 

2 0 

-X^ Xj 0 O O 0 G Q- G O— 

_J L_ 

0 20 40 60 80 100 120 1A0 

Time/min 

Fig. 1. Hydrolysis curves for sodium stannosilicate. 

Table 2. Chemical Stability of Sodium Stannosilicate in Different Solventsa) 

Amount of silica released (mg/25 ml) 

0.00 
0.127 
0.127 
0.165 
0.00 
0.00 
0.185 
0.00 
0.00 

Serial No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Solvent 

Distilled water 
Nitric acid, 0.1 M 
Hydrochloric acid, 0.1 M 
Sulfuric acid, 0.1 M 
Ethanol 
Sodium acetate, 1 M 
Sodium hydroxide, 0.1 M 
Sodium nitrate, 1 M 
Sodium citrate, 1 M 

a) Amount of sodium stannosilicate taken=100mg. 
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results suggest that only hydra t ion water is released by 
hea t ing u p to 150 ° C and no structural changes take 
place. 

T h e chemical analysis of the exchanger sodium 
stannosil icate shows that the apparen t rat io of Sn : Si is 
1:1. T h e results of hydrolysis plot ted in Fig. 1 show 
that sodium stannosil icate hydrolyses appreciably. 
W h e n sod ium stannosi l icate is in N a + form there is a 
g radua l increase in p H for u p to 30 minutes , 
thereafter, p H remains a lmost constant. O n the other 
hand , when sodium stannosilicate is in H + form there 
is very small, gradual decrease in p H for u p to 15 
minu tes ; n o further change in p H is observed after 15 
minutes . T h e results of water sorpt ion presented in 
Tab le 3 show that water sorpt ion of sodium stanno­
silicate decreases wi th increasing radius (crystallo-
graphic) of the counter ion. 

It is qu i te evident from the IR spectrum plot ted in 
Fig. 2 tha t the mater ia l conta ins water molecule and 
metal oxygen b o n d as is fully discussed below. T h e 
structure of sodium stannosilicate is a complicated one 
like some silicates wi th other metal ions. An 
indicat ion of possible structure may be discussed in the 
l igh t of IR spect rum of the c o m p o u n d . T h e IR 
spectrum of the material shows four bands at 3300, 

1640, 990, and 700 c m - 1 regions. In a sample of pure 
water a s t rong band is observed at 1630 c m - 1 and two 
very s t rong bands a round 3500 c m - 1 . In the spectrum 
of the exchanger the band at 3300 c m - 1 is very strong 
which can be at t r ibuted to O - H stretching frequency. 
A m e d i u m b a n d a round 1640 c m - 1 can be a t t r ibuted to 
H - O - H bend ing band. T h e O - H stretching bands 
merge together and is shifted to lower frequency in the 
spectrum of the exchanger. T h i s is due to possiblity of 
hydrogen-bonding. In a neat sample of sodium 
metasilicate there is a very s t rong and very broad O - H 
stretching b a n d a round 3280 c m - 1 region and a very 
s t rong b a n d a round 980 c m - 1 region due to S i -O 
stretching frequency. In the spectrum of the ex­
changer the b a n d a round 990 c m - 1 region can be 
at tr ibuted to S i -O stretching frequency. Since this 
b a n d is m u c h broader, it can be at t r ibuted to S i - O - S i 
con t inuous structure. In the spectrum of the ex­
changer the b a n d a r o u n d 700 c m - 1 can be at t r ibuted to 
S n - O - S n br idg ing system. 

O n the basis of chemical composi t ion and IR 
analysis the exchanger may be given an apparen t 
formula 

Na*(Sn02MSi02),-zH20 

Table 3. 

Serial No. 

Water Sorption on Sodium Stannosilicate in Different Ionic Forms 

Ionic radius Water sorbed 
Counter ion , , . 

Â (g/g) 
Li+ 

Na+ 

K+ 
Rb+ 

0.68 
0.98 
1.33 
1.49 

0.4910 
0.4700 
0.4154 
0.3240 

4000 3000 2000 1800 1600 U 0 0 

WAVENUMBER (CM _ 1 ) 

1200 1000 800 600 

Fig. 2. IR Spectrum of sodium stannosilicate. 
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Table 4. K& Values for Some Metal Ions on Sodium Stannosilicate 

Serial No. 

1 
2 
3 
4 
5 

Metal ion 

Mg2+ 
Ni2+ 

Co2+ 

Mn2+ 
Ca2+ 

Kà Values 

mlg" 1 

57.14 
61.54 
75.00 
83.33 
90.91 

Serial No. 

6 
7 
8 
9 

10 

Metal ion 

Cu2+ 

Cd2+ 

Pb2+ 

Hg2+ 

A g 2 + 

KA Values 

mlg" 1 

109.09 
110.00 
133.33 
400.00 

3400.00 

Table 5. Uptake of Ag+ by Sodium Stannosilicate from Silver 
Nitrate Solution of Different Concentrations 

Serial 
No. 

1 
2 
3 
4 
5 
6 

Concentration of AgNC>3 
solution 

0.2 M 
0.15 M 
0.1 M 
0.05 M 
0.02 M 
0.01 M 

Volume of solution 

ml 

20 
20 
20 
20 
20 
20 

mequiv of Ag+ 

4.0 
3.0 
2.0 
1.0 
0.4 
0.2 

Uptake of Ag+ 
mequiv/0.5 g 

1.125 
1.125 
1.125 
T.U.a) 

T U . 
T U . 

a) T.U.; Total uptake of Ag+. 

0 0 2 M Sodium c i t r a t e H?0 0 0 5 M HN03 

2+ A . L = 1 5-886 mg 

A.F. =14.870 mg 

A.L = 2 6 9 6 7 mg 

A . F . = 2 5 - 8 8 8 m g 

Ag 

100 120 140 160 

Vo lume of e luent ( ml ) 

180 200 220 240 

Fig. 3. Separation of Ag+-Cu2+. 
A. L.=Amount loaded, A.F.=amount found. 

where z is number of moles of water of hydration. 
The distribution coefficient values given in Table 4 

suggest the exchanger sodium stannosilicate to be 
specific for Ag+. This substance may provide a good 
method for separation of Ag+ from other metal ions. 
Based on Kd values the affinity of different metal ions 
for the exchanger is 

Ag+ > Hg2+ > Pb2+ > Cd2+ > Cu2+ > Ca2+ > Mn2+ > 
Co2+>Ni2+>Mg2+. 

Some quantitative separations were achieved on a 
column of sodium stannosilicate. The order and the 

eluents are presented in Figs. 3, 4, and 5. These results 
suggest sodium stannosilicate a useful means of 
separating Ag+ from Cu2+, Pb2+, and Hg2+ and other 
fields where the removal of Ag+ is important. 

The results given in Table 5 show that from very 
dilute solutions, total uptake of Ag+ is resulted 
provided that total Ag+ content of the solution is less 
than the maximum capacity of sodium stannosilicate. 
The results of uptake of Ag+ from solutions contain­
ing sodium ion show that the selectivity for Ag+ is so 
high that uptake of Ag+ is not affected by the presence 
of sodium. This shows the importance of sodium 
stannosilicate in the recovery of precious metals. 
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pH 5 C i t ra te buf fer 
5 0 ft 

H20 0 - 0 5 M H N 0 3 

E 4-0 

A .L .= 4 6 - 6 2 0 mg 

A . F . = 4 3 - 9 2 6 m g 

A. L. = 2 6 - 9 6 7 mg 

A.F. = 2 5 6 7 3 m g 

5-0 r̂ r 

100 120 140 160 

Volume o f e l u e n t ( m l ) 

180 200 220 240 

Fig. 4. Separation of Ag+-Pb2+. 
A.L.=Amount loaded, A.F.=amount found. 

PH5 Ci t ra te buffer H70 0 0 5 M HNO3 

A . L . = 4 4 . 1 3 0 m g 

A- F . = 4 2 . 1 2 4 m g 

A . L.= 26.967 m g 

A . F . = 2 6 . 1 0 4 m g 

100 120 140 160 

Volume of e l u e n t ( ml ) 

180 200 220 240 

Fig. 5. Separation of Ag+-Hg2+ . 
A.L.=Amount loaded, A.F.=amount found. 

T h e au thors are thankful to Professor S. A. A. Zaidi, 
Cha i rman , Depar tment of Chemistry, AMU, Aligarh 
for provid ing research facilities. 
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Synopsis. The quenching rate constants of Zn(3Pj) by 
methane and cyclopropane at various temperatures were 
determined on the basis of the Stern-Volmer plots. The 
activation energy for the quenching by methane was similar 
to that by cyclopropane. The frequency factor for the 
quenching-rate constant by cyclopropane was very large. 

There has been m u c h evidence to suggest that the 
mercury-pho tosens i t i zed d e c o m p o s i t i o n of mos t 
alkanes, inc lud ing cycloalkanes, is init iated by the rup­
ture of a C - H bond wi th an efficiency close to unity. 1»2) 

Methane and cyclopropane are, however, apparent 
exceptions to this behavior. Back and Auwera have 
pointed out3) that the pr imary q u e n c h i n g process of 
Hg(3Pi) a toms by methane does not involve the decom­
posi t ion of methane. Cyclopropane occupies a u n i q u e 
a m o n g the reactions of alkanes with Hg(3Pi) atoms.x) It 
is the only hydrocarbon (of the alkanes investigated to 
date) whose C-C bond appears to be rup tured by the 
pr imary process. 

In a previous paper,4) a remarkable dependence of the 
q u e n c h i n g cross-section of the 307.6 n m zink-resonance 
radiat ion by alkane hydrocarbons on the C - H bond 
strength was reported. T h e activation energy for the 
q u e n c h i n g was found to decrease in the following 
order: pr imary>secondary>tert iary. 5 ) It was concluded 
that hydrogen-atom abstraction from hydrocarbons by 
excited zinc a toms plays an impor t an t role in the 
q u e n c h i n g of Zn(3Pj).4 '5) 

T h e C - H bond energies of methane and cyclopro­
pane are larger than that of the pr imary C - H bond. T h e 
q u e n c h i n g cross-section per C - H bond for methane is 
smaller than that for ethane;5 ) this is consistent wi th 
the expectation from their C - H bond strengths. T h e 
q u e n c h i n g cross-section per C - H bond for cyclopro­
pane, however, is considerably larger than that for 
ethane.5) In the present study, the q u e n c h i n g rate con­
stant by methane relative to that by ethane, and the 
q u e n c h i n g rate constant by cyclopropane relative to 
that by ethane, were determined over the temperature 
range of 538—608 K, and from these values the differ­
ence in the activation energies and the ratio of the 
frequency factors for the quench ing by methane, 
ethane, and cyclopropane were estimated. 

Experimental 

The apparatus and the procedure were the same as those 
described previously.4'5) 

Cyclopropane (pure-grade; Takachiho Shoji K.K. 99.0%) 
was freeze-pumped several times and repeatedly subjected to 
trap-to-trap distillation. Research grade methane (Takachiho 
Shoji K.K. 99.99%) was used after passing it through a 1-m 
trap kept at 77 K. 

Results and Discussion 

When a cell conta in ing zinc vapor was i l luminated 
by the excitation l amp, a resonance radiat ion at 
307.6 n m was observed. When methane-a rgon and 
cyclopropane-argon mixtures were added to the zinc 
vapor, the intensity of the emission at 307.6 n m de­
creased wi th the increase in the partial pressures of 
methane and cyclopropane. T h e Stern-Volmer plots 
for the q u e n c h i n g by methane and cyclopropane at 
various temperatures are shown in Fig. 1, w h e r e / ° and 
/ are the emission intensities at 307.6 n m in the absence 
and in the presence of quenchers respectively. 

T h e quench ing of the zinc resonance radiat ion can be 

PQ/Pa 

Fi g. 1. Stern-Volmer plots for the quenching of Zn(3Pj) 
by methane (a) and cyclopropane (b). Total pressure 
is 5000 Pa. (a); 538 (A), 553 (O), 565 (D), 571 (O), 579 
(A), 591 ( • ) , and 605 K ( • ) . (b); 538 (A), 561 (O), 573 
(D), 585 (A), 597 (• ) , and 603 K ( • ) . 
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discussed in terms of this set of reactions: 

Zn^So) + M307.6 nm) - ^ Zn(3Pi) h 
Zn(3Pi) - ^ Zn(iSo) + M307.6 nm) ko 
Zn(aPi) + M ^ Zn(3P0) + M khk-! (1),(-1) 
Zn(3Pi) + M ^ Zn(3P2) + M k2,k-2 (2),(-2) 
Zn(3P0) + Q —^ quenching kz (3) 
Zn(3Pi) + Q —^ quenching k\ (4) 
Zn(3P2) + Q —^ quenching k$ (5) 

Here, M denotes Ar and quenchers, whi le Q represents 
quenchers . By assuming the steady-state for Zn(3Po), 
Zn(3Pi), and Zn(3P2), the following equa t ion can be 
derived: 

f=>+i( Äife[M] 

Ä-i[M] + £3[Q] 

+ &4 + 
k2kb[M\ 

M M ] + *B[Q] J 
[Q] 

If it can be further assumed that, at large argon pres­
sures, the equi l ibrat ion reactions (1), (—1), (2), and (—2) 
are always rapid compared to Reactions (3), (4), and (5) 
under the present experimental condit ions, the above 
equat ion can be simplified to: 

• = 1 + 
7° 

T = i ^ ko 
= 1 + MQ] 

1 / kl 

ko \ k-i 
I + Ä4 + 

k2 
*5)[Q] 

where kq=(ki/k-i)kz+kA+(k2/k-2)k$ a n d r = l / & o . From 
the slopes of the straight lines shown in Fig. 1, the 
values of kqz were estimated. T h e q u e n c h i n g rate con­
stants measured are for a nearly statistical equi l ib r ium 
distr ibut ion of Zn(3Po), Zn(3Pi), and Zn(3P2). T h e equil­
ibrated percentages of 3Po, 3Pi, 3P2 only change from 
26:47:27 to 24:46:30 over the 538—608 K temperature 
range. Since the popu la t ions of the 3Pj mult iplets can 
be regarded as constant over the present temperature 
range, the discussion of the temperature dependence 

us ing the kq value seems to be valid. 
As has been ment ioned in a previous paper,5) the 

effective lifetime (r) of Zn(3Pi) changes with the temper­
ature (it is lengthened by the radiat ion imprisonment) . 
It is difficult to estimate the absolute kq values at h igh 
temperatures. In Fig. 2, the ratios of Aq(CH4)/Aq(C2H6) 
and £q(cyclo-C3H6)/£q(C2H6) a r e shown as functions of 
\/T (kqx values for ethane at various temperatures were 
measured in this study for comparison; they were found 
to be consistent wi th those at some temperatures 
reported in a previous paper5)). T h e differences in the 
activation energies for &q(CH4) and £q(C2H6) and for 
Aq(cyclo-C3H6) and £q(C2H6) were found to be 10.1+1.5 
and 8.0+0.6 k j m o l - 1 respectively, and the ratio of the 
frequency factor of kq for methane to that for ethane and 
the ratio of the frequency factor for cyclopropane to that 
for ethane, to be ^(CH4)A4(C2H6)=2.16±0.53 and 
^(cyclo-C3H6)A4(C2H6)=28.2+0.4 respectively. From 
the values of the differences in the activation energy and 
the activation energy for a pr imary C - H bond 
(16.5+2.5 k j mol~5)), the activation energies for the 
quench ing by methane and cyclopropane were deter­
mined to be 26.6+2.5 and 24.5+2.5 k j mol" 1 . They are 
listed as £a

obsd in Tab le 1. 
As has been ment ioned in a previous paper,5) the 

activation energies of the q u e n c h i n g of excited zinc 
a toms for the primary, secondary, and tertiary C - H 
bonds were calculated by the bond-energy-bond-order 
(BEBO) method by assuming the following model: 

Table 1. Activation Energies and Bond Energies 

CH3-H 
>—H 
Primary 
Secondary 
Tertiary 

£ obsd 

kj mol"1 

26.6+2.5 
24.5+2.5 
16.5+2.5 
11.9+2.5 
9.0+2.5 

ZT calcd 

kj mol"1 

26.5 
29.2 
15.0 
11.1 
8.9 

£b 

kj mol"1 

440a> 
445b> 
410 
396 
381 

a) Ref. 6. b) Ref. 7. 
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Fig. 2. Arrhenius plots for £q(CH4)/Aq(C2H6) ( • ) 
and £q(cyclo-C3H6)/£q<C2H6) (O). 
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RH + Zn* —^ R • • H • • • Zn - ^ R+HZn 

It was concluded that the agreement between experi­
menta l and calculated activation energies is good. 
Tab le 1 gives the activation energies (£a

calcd) for meth­
ane and cyclopropane as calculated by the BEBO 
method (Gil l iom's modified method) us ing the values 
of the C - H bonds energies (£b) of me thane and cyclo­
p ropane shown in Tab le 1 and the paramenters 
shown in a previous paper,5 ) together wi th the values 
for pr imary, secondary and tertiary C - H bonds. 

T h e experimental activation energies for the quench­
ing of Zn(3Pj) by methane and cyclopropane are in good 
agreement with those calculated by the BEBO method. 
T h i s suggests that, in the initial stage of the zinc-
photosensitized reactions of these compounds , the 
hydrogen-atom abstraction by excited zinc atoms 
occurs, as has been poin ted out previously for other 
alkane hydrocarbons.4»5) 

As is shown in Tab le 1, the activation energy for the 
q u e n c h i n g by methane is very similar to that by cyclo­
p ropane , and bo th activation energies are larger than 
that by ethane. These findings are in l ine wi th the fact 
that the C - H b o n d energies in me thane and cyclo­
p r o p a n e are nearly equa l and larger than that in 
ethane. Similar results have been reported in the 
hydrogen abstractions by H8) and Cl9) from methane 
and cyclopropane. 

Al though the activation energy for cyclopropane is 
considerably larger than that for ethane, the quench ing 
rate constant for the former is larger than that for the 
latter. T h e large frequency factor for cyclopropane 
results in its large quench ing rate constant . A possible 
explanat ion for the large frequency factor for cyclopro­
pane is that it is due to less steric repuls ion in the C - H 
bond attack by excited zinc atoms. 

Strausz et al.10) studied the mercury-photosensitized 

reaction of cyclopropane by means of product analysis 
at room temperature and pointed out that the major 
pr imary step is the formation of an electronically 
excited cyclopropane (possibly the g round state triplet 
of tr imethylene)—that is, the rup ture of a C-C bond. As 
has been ment ioned above, in the zinc-phoptosensitized 
reaction at h igh temperatures, however, it is concluded 
that the interaction of the excited zinc atoms with the 
C - H bonds, resul t ing in the formation of cyclopropyl 
radicals and H atoms, is the pr imary step. T h e differ­
ence in the pr imary step in the mercury- and zinc-
photosensitized reaction of cyclopropane seems to come 
from the difference in reaction temperature. As has also 
been ment ioned above, the abstraction of a hydrogen 
a tom by excited atoms from alkane molecules has an 
appreciable activation energy, and at h igh tempera­
tures it becomes predominant . 
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Synopsis. Assignment of the normal vibrations of 4-
methylpyridine was made through the vibrational analyses of 
the Raman and infrared spectra and also through the normal 
coordinate calculation. The assignment was confirmed by 
the study made on 4-methyl-d3-pyridine. 

Calvé et al.1* studied the intermolecular vibrations of 
4-methylpyridine in crystal th rough the analyses of the 
low-frequency R a m a n and far-infrared bands at various 
temperatures from 276.8 (melt ing point) to 5 K. They 
found that the crystal has three phases and discussed on 
the molecular dynamics determining the phase transi­
tions. We are investigating how the intermolecular 
forces and the phase transit ions affect the inter- and 
intramolecular vibrations of 4-methylpyridine th rough 
the study of pressure and temperature effects on the 
R a m a n spectrum. For this study, the reliable assign­
ment of the normal vibrations and the calculation of the 
Lx vector for each mode have to be made. Some studies 
have been made on the no rma l vibrat ions of 4-methyl­
pyr id ine , 2 - ^ bu t the reliable ass ignment based on 
enough experimental evidence has not been made. 
In this paper , the ass ignment of the normal vibrations 
of 4-methyl- and 4-methyl-<i3-pyridines was discussed 
on the basis of the polarization behavior of the R a m a n 
and infrared bands and th rough the normal coordinate 
calculation. 

Experimental 

Material. 4-Methyl-d3-pyridine (4-CD3-pyridine) was syn­
thesized by the reaction of 4-methylpyridine (4-CH3-pyridine) 
and D2O with DC1 at 100 °C. Isotopic purity of the product 
was determined by the NMR measurement. The samples were 
purified by repeated vacuum distillations. 

Optical Measurements. The Raman spectra were 
observed in liquid (at 25 °C) and single crystal (at —10 °C) 
with a JEOL 400 T Laser Raman Spectrophotometer exciting 

the sample with the 514.5 nm line from an Ar-ion laser. A 
single crystal was grown in a capillary glass tube in a cooling 
cell system of JEOL Model RS-VTC 41 and the sample was 
held in such a way that the crystal growth direction was 
directed parallel to the polarization direction of the excitation 
laser beam and the Raman scattering was observed at right 
angles with the laser beam. The method of measurement of 
the polarized Raman spectrum was the same as that described 
previously.4) The spectra polarized parallel and perpendicu­
lar to the polarization direction of the excitation beam are 
referred to as / / and _L spectra, respectively. The rotational 
band contour of the infrared bands was observed in vapor. 

Results and Discussion 

A normal coordinate calculation was performed 
through the standard G F matr ix method with a 
FACOM M-780/10s computer at the Computer Center 
of Fukuoka University. T h e structual parameters of the 
pyridine r ing and the methyl g roup were assumed to be 
the same as those given by Bak et al.5) and Keidel and 
Bauer,6) respectively. T h e F matr ix elements for the 
in-plane and out-of-plane vibrations were the same as 
those used for pyridine7 ) and dimethylpyridine.8 ) 

Values of the force constants and the calculated fre­
quencies and modes are given in Tables 1 and 2, respec­
tively. T h e symbols given for the atoms and internal 
coordinates are shown in Fig. 1. 

T h e polarized R a m a n spectra of 4-CH3- and 4-CD3-
pyridines in single crystal are shown in Fig. 2. Only a 
quali tat ive discussion on the polarization behavior of 
the R a m a n bands in single crystal could be made 
because sufficient crystal data needed for the calcula­
tion of the R a m a n tensor are not available. T h e de­
polarized R a m a n bands in l iqu id show two types of 
polarization behavior in single crystal. In the first type 
(type I), the relative intensity of the band observed in the 
_L spectrum is much stronger than that in the / / spec-

Table 1. Force Constants for the In-Plane and Out-of-Plane Vibrations of 4-Methylpyridine 

KN-C 

Kc-c 
Kc-c" 
Kc"-c 
Kc-u 
Kc-H' 
HQNC 

HNCC 

HQCC" 

HQC'C 

H N C H 

H ecu 
H c c c 

5.6 h N m " 1 

4.8 
5.0 
3.0 
4.5 
4.5 
0.4 
0.4 
0.55 
0.45 
0.3 
0.18 
0.2 

Hc'C'H' 
H H ' C ' H ' 

^ c c 
^ N — C 

Fc-c" 
FN-H 

FC-H 

Fc c 
Fc"-w 
FH'—W 

P 
/rr 

/ r r 

0.27 h N m" 1 

0.39 
0.6 
0.5 
0.6 
0.6 
0.4 
0.5 
0.32 
0.1 
0.38 
0.06 

- 0 . 0 4 

fßß 
Q N C 

Qcc 
Q,CC" 

ß c c 
Pa 
Pu 
4° a ) 

g ma) 

pH 

PS 
t°H 
tu 

- 0 . 0 5 aN m rad" 2 

0.22 
0.2 
0.23 
0.1 
0.35 
0.3 

- 0 . 0 6 
0.01 
0.03 

- 0 . 0 3 
- 0 . 0 2 
- 0 . 0 2 

a) Interaction terms involving the torsional coordinates in the pyridine ring. 
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Sym 

Spec 

ai 

b 2 

a2 

b i 

Mode 

VI 

^20a 

^8a 

^19a 

0-CHs strd> 
^9a 

^18a 

J>1 

J>12 

^6a 

^20b 

^ 7 b 

^ 8 b 

^19b 

V3 

J>14 

^18b 

^ 6 b 

C H 3 

^ 17a 

J>10a 

^16a 

bendd> 

0-CH3 tord> 

V5 

J>11 

J>4 

^16b 

C H 3 wagd) 

Tab le 2. 

Akyüzb) 

v/cvcr1 

l iq 

3051 
3051 
1606 
1497 
1212 
1221 
1071 
996 
803 
516 

3070 
3034 
1565 
1413 
1280 
1360 
1094 
671 
344 

971 
874 
383 

874 
803 
727 
487 
214 

Characterist ic vibrat ions of CH 

ai 

b 2 

bi 

C - H 
C - H 
C H 3 

C - H 
C H 3 

C H 3 

C H 3 

C H 3 

str 
str 
sym def 

str 
deg def 
rock 

deg def 
rock 

2983 
2923 
1381 

2964 
1454 

1454 
1041 

N O T E S 

N o r m a l Vibrations of 4-Methyl-

4-Methylpyridine 

T h i s work 

R a m a n IR 

v/cvcr1 

cry 

3052 
2995 
1610 
1500c> 
1241 
1225 
1073 
999 
807 
518 

3070e> 
3035 
1567 
1417 
1347 
1230 

670 
351 

885 
380 

873 
795e> 
730 
488 
210 

[3 group d ) 

2945e) 
2925 
1393 

2960e) 
1460 
970 

1460 
1050 

Pol 

l iq cry 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

d p i 
d p i 
d p i 
d p i 

I 

d p i 
d p i 

d p II 
d p II 

d p i 

d p i 
d p i 
d p i 

P 
P 
P 

d p 
d p 

I 

d p 
I 

Pol 

vap 

A 

A 

A 
A 

B 
B 

C 
C 
C 

Calcd 

v/cvcr1 

3052 
3012 
1619 
1536 
1231 
1196 
1065 
1007 

797 
533 

3074 
3033 
1594 
1426 
1353 
1227 
1069 
670 
343 

993 
896 
378 
235 

867 
805 
742 
469 
217 

2976 
2929 
1414 

2977 
1435 
974 

1433 
1031 

and 4-Methyl-d3-pyridines 

4-•Methyl-d3- pyr idine 

T h i s work 

R a m a n 

£/cm~ ] 

cry 

3055e) 
2990e) 
1610 
1500e) 
1246 
1223 
1060 
995 
780 
496 

3070e) 
3035e) 
1555 
1415 
1347 
1225 

670 
312 

880 

850 
795 
705 
463 
200 

2215e) 
2135e) 
1073 

2235e) 

900 

L Pol 

l iq cry 

P 
P 
P 
P 
P 
P 
P 
P 
P 
P 

dp 
dp I 
d p i 
d p i 
dp I 

d p i 
d p i 

dp II 

dp I 
dp I 
d p i 
d p i 
d p i 

P 
P 
P 

dp 

d p i 

IR 

Pol 

vap 

A 
A 

A 

B 
B 

C 
C 
C 

C 
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Calcd 

îVcm - 1 

3052 
3012 
1619 
1536 
1258 
1197 
1061 
1006 

765 
505 

3074 
3033 
1591 
1428 
1349 
1224 
1068 
666 
309 

993 
896 
377 
170 

834 
793 
725 
449 
204 

2209 
2103 
1081 

2212 
1031 

767 

1030 
880 

Pyridine3) 

v/cvcr1 

3055 
3005 
1580 
1484 

1216 
1070 
990 

1030 
602 

3080 
3035 
1572 
1438 
1355 
1220 
1045 
650 

975 
882 
377 

878 
715 
755 
408 

a) See Refs. 7 and 9. b) See Ref. 3. c) Observed in liquid phase, d) H is replaced by D in 4-methyl-d3-pyridine. e) Observed 
in the infrared spectrum. 

u 
VB 

j ' / T ^ u 

Fig. 1. Symbols for the atoms and internal coordi­
nates of the 4-methylpyridine molecule. 

t rum, and in the second type (type II) the R a m a n band 
was detected only in the / / spectrum. T h e moments of 
inertia calculated for the 4-CH3- and 4-CD3-pyridine 
molecules suggest that the infrared bands belonging to 
symmetry species ai, D2, and bi show the A, B, and C 
band contours, respectively, in both molecules. T h e 
observed R a m a n and infrared bands were classified in to 
each symmetry species according to their polarization 
behavior and the mode of the normal vibrations was 
determined th rough the normal coordinate calculation. 

Species ai: T h e highly polarized R a m a n bands in 
l iquid and the infrared bands showing A band contour 
in vapor can be straightforwardly assigned to the ai 
vibrations. T h e assignment given for the ai vibrations 
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1400 1000 -, 600 200 
v/cm 

Fig. 2. Polarized Raman spectra of the 4-methyl- (A) 
and 4-methyl-d3-pyridine (B) single crystals. 

in this work is the same as that given by the earlier 
workers except for the ẑ oa, </>-CH3 stretching, and vsa 

vibrations. T h e R a m a n bands observed at 1212 and 
1221 c m - 1 in l iquid shift to 1225 and 1241 c m - 1 in crys­
tal, respsctively. These bands were assigned to the v^ 
and 0-CH3 stretching vibrations in this work, a l though 
the earlier workers assigned them to the 0-CH3 stretch­
ing and V9& vibrations, respectively. T h e normal co­
ordinate calculation indicates that the vibrational 
frequency of the 0-CD3 stretching vibration is slightly 
higher than that of the (/>-CH3 s tretching vibration 
result ing from the mix ing between the 0-CH3 (or <fi-
CD3) stretching and symmetric CH3 (or CD3) deforma­
tion vibrations, whi le the frequency of the v^ vibration 
is almost equal in both molecules. T h e R a m a n bands at 
1212 and 1221 c m - 1 in 4-CH3-pyridine correspond to 
the R a m a n bands of 4-CD3-pyridine observed at 1215 
and 1236 c m - 1 in l iquid, respectively. T h e 1221 c m - 1 

band shifts to the higher frequency side by deuter ium 
substi tut ion, while the 1212 c m - 1 band is almost un­
changed. T h i s observation indicates that the assign­
ment given for the 0-CH3 stretching and V9& vibrations 
in this work is reasonable. T h e highly polarized 
R a m a n band of 4-CH3-pyridine observed at 2995 c m - 1 

in l iqu id was assigned to the ẑ oa vibrat ion according 
to the calculation. 

Species b2: T h e infrared bands showing B band 
contour in vapor can be assigned definitely to the hi 
vibrations. T h e corresponding R a m a n bands observed 
in single crystal showed the type I polarization. T h e 
ass ignment given for the b2 vibrations in this work is 
the same as that given by the earlier workers except for 
the V3 and vu vibrations. T h e bands assigned to the V3 
and vu vibrations by the earlier workers are extremely 
weak or hardly detected in the R a m a n and infrared 
spectra. T h e R a m a n bands observed at 1347 and 
1230 c m - 1 clearly show the type I polarization and 
therefore these bands were assigned to the V3 and vu 
vibrations, respectively. T h e normal coordinate calcu­

lation indicates that the vu mode is hardly affected by 
methyl substi tut ion and thus the vibrational frequency 
of this mode should be nearly equal to that of pyridine. 

Species bi: T h e infrared bands showing C band 
contour in vapor can be assigned to the bi vibrations. 
T h e corresponding R a m a n bands in single crystal 
showed the type I polarization. T h e assignment of the 
bi vibrations made in this work is the same as that given 
by the earlier workers. 

Species a* T h e R a m a n bands showing the type II 
polarization could be assigned to the a2 vibrations 
since the corresponding infrared bands could not 
be observed. T h e R a m a n bands observed at 970 and 
873 c m - 1 were assigned to the a2 vibrations by the earlier 
workers, but these bands showed the type I polarization 
in crystal and therefore these were assingned to the CH3 
rocking (02) and V5 (bi) vibrations, respectively. T h e 
885 c m - 1 band assigned to the ẑ ioa vibration migh t be 
the combinat ion band of the ẑ a and ẑ i6a vibrations, but 
extremely weak intensity of the ẑ i6a R a m a n band denies 
this possibility. T h e normal vibrations of 4-CH3- and 
4-CD3-pyridines thus determined are given in Tab le 2 
and Fig. 2. 

T h e normal coordinate calculat ion indicates that the 
1̂2 and *>6a vibrations mix considerably with the 0-CH3 

stretching vibration. Th i s mix ing is proved by the 
experimental fact that the frequencies of the 1̂2 and ve& 
vibrations decrease largely from the corresponding 
vibrations of pyridine. T h e calculat ion also shows that 
the vu and ẑ i6b vibrations mix with the CH3 wagging 
vibration. T h e fact that the frequencies of the vu and 
ẑ i6b vibrations increase from the corresponding vibra­
tions of pyridine justifies the mixing. T h e same fre­
quency shifts due to the vibrat ional mix ing were also 
found in the normal vibrations of 4-CD3-pyridine. 

T h e assignment of the normal vibrations given for 
4-CH3-pyridine is consistent wi th that given for 4-CD3-
pyridine. We believe that the assignment of the normal 
vibrations of 4-CH3-pyridine is reliable and the Lx vec­
tors calculated from the force constants given in Tab le 1 
can be surely used for the study of the pressure and 
temperature effects on the R a m a n spectrum of 4-CH3-
pyridine. 
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Synopsis. The solubilities of the acetylacetone chelates in 
supercritical C 0 2 (SC-CO2) at 333 K and 9.8—29.4 MPa 
were strongly influenced by the extraction pressure, and by 
the nature of the metals and the number of acetylacetone 
ligands in the chelates. It was found that acetylacetone 
chelates could be extracted selectively by SC-CO2 treatment 
because of significant differences in their solubilities in 
SGCO2. 

Supercritical CO2 (SC-CO2) extraction, a remarkable 
extraction method that utilizes specific properties of 
SC-C02,1 , 2 ) has been used chiefly to study organic sub­
stances, such as coffee,3) hops,4) seed oils,5) and organic 
pollutants.6 ) While we have been s tudying the extrac­
tion of fish oils from mackerel7) and the extraction of 
selectively unsaturated fatty acid methyl esters8) by this 
method, we are interested in determining its ability to 
extract metal chelates. Few inorganic compounds have 
been investigated by this method because of their low 
solubilities in SC-CO2; however metal chelates, which 
contain organic l igands, should be readily extracted 
wi th SC-CO2. Fur thermore , the nature of the metals 
and the l igands in metal chelates should be reflected in 
the differences in their solubilities in SC-CO2, and 
metal chelates should be extracted selectively by SC-
CO2 treatment.9* Acetylacetone (acac) chelate, which 
has been employed for separat ing metals by solvent 
extraction,10) was suitable for invest igating these 
abilities. In this report, l iqu id /so l id extraction of 
acetylacetone chelates us ing SC-CO2 was carried 
out at 333 K and at 9.8—29.4 MPa. T h e possibility 
of selective extraction of acetylacetone chelates was 
also investigated. 

Experimental 

Materials: Acetylacetone chelates were of extra pure 
grade purchased from Tokyo Kasei Kogyo Co., Ltd. Liquid 
CO2 of commercial grade was used as solvent. 

Extraction: A flow diagram of the extraction apparatus is 
shown in Fig. 1. Liquid CO2 was introduced into a dia­
phragm pump (3) and compressed to the desired pressure. 

The extraction pressure was controlled by a back-pressure 
regulator (4). Temperature was controlled within ±1 K. 
A 25 g sample of acetylacetone chelate (or a mixture of 
chelates) was charged in a 0.5 L-extractor (6) equipped 
at both ends with sintered stainless steel filters and extract­
ed at pressures of 9.8—29.4 MPa and 333 K. The extracted 
solution was flashed to atmospheric pressure across a heated 
metering valve (8), and the extract was accumulated in a 
receiver (9). The amount accumulated was determined by 
weighing, and the corresponding volume of CO2 was 
measured with a wet-flow totalizer (10). The flow rate of 
CO2 was adjusted to at 1 L (gas) min - 1 under atmospheric 
pressure by a control valve (8). 

Analytical Methods: The compositions of the extracts 
obtained were determined by atomic absorption analysis 
using a Shimazu AA-610S atomic absorption/flame 
spectrometer. 

Results and Discussion 

Sol id/Liquid Extraction of Acetylacetone Che­
lates: T h e solubilit ies (mi l l igram of extract obtained 
per liter of CO2 consumed) of the chelates in SC-CO2 at 
333 K and 9.8—29.4 MPa are presented in Fig. 2. T h e 
solubilities increased greatly with increase in the pres­
sure. For example, the solubility of In(acac)3 in SC-
CO2 at 29.4 MPa was about 800 times that at 9.8 MPa, 
and about 2.3 times that at 19.6 MPa: this is probably 
due to the increase of the SC-CO2 density which closely 
relates to its dissolving capaci ty . n ) At 29.4 MPa, in 
tris(acetylacetonato) chelates, In(acac)3 and Ga(acac)3 
were highly soluble (2.63 and 3.01 m g L - 1 , respec-

10" 

en 

>*10 

• Ga(acac)3 
A In (0000)3 
v Co(acac)3 
3Mn(acac)3 
o Cu(acac)2 
° ZnfacacJ2 

(> Li (acac) 

1 
B» 

1. 

2. 

3. 

4. 

5. 

9. 

0. 

CCL cylinder 

cooling circulator 

diaphragm pump 

back-pressure regulator 

preheater 

receiver 

flow totalizer 

b
il 

J3 
O 
10 

10'2h 

6. extraxtion vessel 

7. constant temperature oven 

8. metering valve 

Fig. 1. Supercritical CO2 extraction apparatus. 

ACo(acac)2-2H20| 
+ Mn(acac)2-2H20 

9-8 19-6 29.4 
Pressure (MPa) 

Fig. 2. Solubilities of acetylacetone chelates in super­
critical CO2 during initial 6.5 h at 333 K. 
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tively), compared wi th Mn(acac)3 and Co(acac)3 (1.26 
and 0.62 m g L - 1 , respectively). In bis(acetylacetonato) 
chelates the solubility of Zn(acac)2 was 1.01 m g L - 1 , 
wh i l e the so lubi l i t ies of Mn(acac)2-2H20, Co-
(acac) 2 -2H 2 0 and Cu(acac)2 were only 0.40, 0.25 
and 0.21 m g L - 1 at 29.4 MPa, respectively. From 
these results the solubilities appear to be strongly influ­
enced by the nature of the metals and the coordinated 
water in the chelates. T h e solubilities of Co(acac)3 
and Mn(acac)3 were about 2.5 and 3.2 times greater 
than those of Co(acac)2-2H20 and Mn(acac)2-2H 20 
respectively, and the bis(acetylacetonato) chelates used 
were much less soluble than the tris(acetylacetonato) 
chelate used. Li(acac) was poorly soluble (0.01 m g L _ 1 

at 29.4 MPa). These results suggest that the solubilities 
of acetylacetone chelates in SC-CO2 increased with an 
increase in their affinities for SC-CO2, which corre­
sponded to an increase in the number of acetylacetone 
l igands in the chelates. 

Extraction of the Mixtures of Acetylacetone Che­
lates: In order to investigate the possibility of selective 
extraction on the basis of these results, a mixture of 
In(acac)3 having large solubility and bis(acetylaceto-

0 2 4 6 8 10 
C02 consumed(m3) 

Fig. 3. Yields of chelates extracted from the mixture 
of 5 g each Co(acac)2*2H20, Cu(acac)2, Mn(acac)2* 
2H2O, Zn(acac)2 and In(acac)3 with supercritical 
CO2 at 333 K, and at 29.4 (•) and 19.6 (O) MPa. 

nato) chelates having relatively low solubilities was 
used. T h e extraction of In(acac)3, from a mixture of 5 g 
each of Co(acac) 2 .2H 2 0, Cu(acac)2, Mn(acac ) 2 . 2H 2 0 
Zn(acac)2 and In(acac)3 was carried out at 333 K, and at 
19.6 and 29.4 MPa. As shown in Fig. 3, extraction 
curves show an increase in extraction efficiency with an 
increase in pressure. T h e total a m o u n t of the extract 
obtained at 29.4 MPa increased linearly at a rate of 
about 2.00 m g L " 1 (CO2 consumed) unt i l 2 m 3 of CO2 
was consumed. At h igher CO2 consumpt ion the rate 
decreased to about 0.05 m g L _ 1 . T h i s fact indicates that 
some chelates can be extracted preferentially in the 
straight line por t ion of the extraction curve below 
2 m 3 CO2 consumpt ion . T h e composi t ion of the frac­
tions obtained at each sampl ing po in t are given in Fig. 
4. In(acac)3 was selectively extracted at a ratio of about 
7 5 _ 8 7 % in the early fractions at 29.4 MPa. After this 
CO2 consumpt ion value, the p ropor t ion of In(acac)3 in 
the fractions decreased sharply, in contrast to the pro­
por t ion of Cu(acac)2 which increased sharply to maxi-
m u n m of 90%. T h e p ropor t ion of Co(acac)2 • 2H2O was 
2—9% in all fractions obtained dur ing the extraction. 
T h a t of Zn(acac)2 was 8—14% in ini t ial fractions, and 
then decreased to below 3%. Zn(acac)2 was not extracted 
above 4 m 3 CO2 consumpt ion . Litt le Mn(acac)2-2H20 
was detected in the extracts. Analogous results were 
also obtained at 19.6 MPa. Al though some of the find­
ings are not consistent wi th the results obtained when 
the chelates were extracted individually (cf. Fig. 2), the 
reasons for these phenomena were not apparent . T h e 
degree of chelate extraction in Fig. 5 is expressed as a 
percent extraction of the a m o u n t of the chelates 
extracted to the a m o u n t of the chelates supplied (g). 
T h e percent extractions of Cu(acac)2 and the mixture of 
the chelates were only about 15 and 20%), respectively, 
but that of In(acac)3 amounted to about 72%), unt i l 9 m 3 

of CO2 was consumed. Fur thermore, the total a m o u n t 
of In(acac)3 extracted below 2 m 3 CO2 consumpt ion 
was equal to 91% of that extracted below 9 m3 CO2 
consumpt ion . These facts indicate that SC-CO2 is a 
selective solvent for In(acac)3 in the presence of several 
other bis(acetylacetonato) chelates. 

As described above, it is apparen t that acetylacetone 
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Fig. 4. Compositions of chelates in fractions obtain­
ed with supercritical CO2 at each sampling points 
at 333 K and 29.4 MPa. 
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Fig. 5. Degrees of chelate extraction with supercriti­
cal CO2 from the mixture of the acetylacetone 
chelates at 333 K and 29.4 MPa. 
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chelates can be extracted selectively with SC-CO2 treat­
ment because of significant differences in their solubi­
lities in SC-CO2. Al though these selectivities are not 
sufficient, addit ion of the third substance as organic 
solvents to SC-C02,12) or employment of other l igands 
in place of acetylacetone may enable us to improve the 
selectivity of extraction of chelates with SC-CO2. 
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Trimethylsilyl Derivatives of Alkyltrimethylammonium-
Kanemite Complexes and Their Conversion to 

Microporous Si02 Materials 

T s u n e o YANAGISAWA, T o s h i o SHIMIZU, Kazuyuki KURODA, and Chuzo K A T O * 
Department of Applied Chemistry, Waseda University, 

Ohkubo-3, Shinjuku-ku, Tokyo 169 
(Received November 30, 1989) 

Synopsis. Alkyltrimethylammonium-kanemite com­
plexes, having three dimensional SiÜ2 networks, were 
allowed to react with a trimethylsilylating reagent to form the 
trimethylsilylated derivatives. The three dimensional SiÜ2 
networks were retained after trimethylsilylation. The cal­
cined products obtained from the trimethylsilylated products 
had about 840—880 m2 g_1 in specific surface areas and micro 
pores wi th 22—33 Â in average pore diameter. These values 
were slightly smaller than those of the calcined products 
obtained from alkyltrimethylammonium-kanemite com­
plexes, which indicated the effect of the trimethylsilyl groups. 

Kanemite (NaHSi205-3H20),1) one of the layered 
polysilicates,2»3) is known to form intercalation com­
pounds by cation-exchange reaction with organo-
ammonium ions. Since kanemite consists of single 
layers connected with SiÛ4 tetrahedrax) like KHSi20s4) 

and <5-Na2Si20ö,5) they are so sensitive that delamina-
tion or interlayer condensation occurs during the 
cation-exchange reaction. 

Alkyltrimethylammonium-kanemite complexes 
were synthesized by cation-exchange reaction in our 
previous study.6) In these complexes, three dimensional 
networks of SiÛ2 were formed by delamination of SiÛ4 
tetrahedra layers during cation exchange. The three 
dimensional SiÛ2 networks had a high heat stability, 
and the calcined products of the alkyltrimethylam-
monium-kanemite complexes had pores of 20—40 Â 
diameter. 

The variation in pore sizes in zeolites has been 
attempted by the reaction between silylating reagents 
and silanol groups on their surf aces.7_9) It can be 
expected that pore sizes on the SiÛ2 porous materials 
obtained from alkyltrimethylammonium-kanemite 
complexes could also be varied by reaction with silylat­
ing reagents. 

In this study, chlorotrimethylsilane, one of the most 
common silylating reagents, was allowed to react with 
the alkyltrimethylammonium-kanemite complexes to 
estimate the effects of trimethylsilyl groups (abbre­
viated as TMS groups) on their pore size distributions 
of the calcined products. 

Experimental 

Materials. The starting material kanemite was synthe­
sized by a method described by Beneke et al.1* The alkyltri-
methylammonium-kanemite complexes were synthesized by 
the reaction between kanemite and alkyltrimethylammonium 
chloride solutions.1«0 The formation was checked by X-ray 
powder diffraction and 29Si-MASNMR. Dodecyltrimethyl-, 
tetradecyltrimethyl-, hexadecyltrimethyl-, and octadecyl-
trimethylammonium chloride (Tokyo Kasei Kogyo, extra 
pure) were used as the alkyltrimethylammonium chlorides. 

Commercially available chlorotrimethylsilane and hexame-
thyldisiloxane (Tokyo Kasei Kogyo, extra pure) were used in 
this study. 

Trimethylsilylating Reaction and Calcination of the Si­
lylated Products. The alkyltrimethylammonium-kanemite 
complexes were mixed with an excess amount of a 1:1 mix­
ture of chlorotrimethylsilane and hexamethyldisiloxane. 
These mixtures were refluxed for 48 h. The silylated products 
were washed thoroughly with acetone and air-dried. The 
trimethylsilylated products were next calcined at 700 °C by a 
DTA apparatus under the same conditions as in our previous 
study.6) 

Analyses. X-Ray powder diffraction patterns, IR spectra, 
29Si-MASNMR spectra, specific surface areas, and pore size 
distributions were obtained in the same manner as in our 
previous study.6) 

Results and Discussion 

T h e IR spectrum of the trimethylsilylated product 
from the h e x a d e c y l t r i m e t h y l a m m o n i u m - k a n e m i t e 
complex is shown in Fig. lc . T h e trimethylsilylated 

1400 1200 1000 8 0 0 6 0 0 4 0 0 

Wavenumber / cm"1 

Fig. 1. IR spectra of a) kanemite, b) hexadecyltri-
methylammonium-kanemite complex, and c) the tri­
methylsilylated derivative. (0=trimethylsilyl groups.) 
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product showed the absorpt ion bands attr ibuted to 
T M S groups at 1250 cm"1 , 850 cm"1 , and 750 cm"1 . 
These bands remained after heat-treatment at 300 °C. 
T h e absorpt ion bands due to hexadecyl trimethy lam-
m o n i u m ions disappeared after trimethylsilylation. 

T h e 2 9Si-MASNMR spectra of kanemite and the 
products are shown in Fig. 2. In the spectrum of 
the hexadecyl t r imethylammonium-kanemi te complex 
(Fig. 2b), the peak due to Si atoms in Q 3 environment 
(OSi (OSi=)3) appeared at —100.8 p p m and a peak due to 
Si a toms in Q4 envi ronment (Si_(OSi=)4) appeared at 
—110.2 p p m . T h e peak due to the Q 4 envi ronment did 
not appear in the spectrum of the original kanemite. 
(Fig. 2a) T h i s means that interlayer condensation of 
ne ighbor ing SiC>2 layers occurred du r ing ion-exchange 
reaction to form the Q 4 environment as described in our 
previous study.6) T h e 2 9Si-MASNMR spectrum of the 
trimethylsilylated product obtained from the complex 
showed the peak due to Si atoms in M1 environment 
(R3Si_(OSi=)) at 13.3 p p m (Fig. 2c). T h e peak due to the 
Q 3 environment decreased considerably after trime­
thylsilylation. T h i s means that new Q4 environment 

150 

6 / ppm 

Fig. 2. 29Si-MASNMR spectra of a) kanemite, b) 
hexadecyltrimethylammonium-kanemite complex, 
and c) the trimethylsilylated derivative. 

sites were formed from Q 3 environment sites by the 
following reaction, 

=Si-OH + Cl-Si(CH3)3 —> =Si-0-Si(CH3)3 + HCl. (1) 

From these results, it was confirmed that trimethylsi­
lylation of hexadecyl t r imethylammonium-kanemi te 
complex took place. Since the trimethylsilylated prod­
ucts obtained from the other a lkyl t r imethylammo-
n ium-kanemi t e complexes exhibited similar IR spectra 
and 2 9Si-MASNMR spectra, they were also trimethylsi­
lylated by the same method appl ied for the hexadecyl -
t r ime thy lammonium-kanemi te complex. 

T h e basal spacings of the trimethylsilylated alkyl-
t r ime thy lammonium-kanemi te complexes are shown 
in Tab le 1. T h e basal spacings of the trimethylsilylated 
products were very similar to those of the original alkyl-
t r ime thy lammonium-kanemi te complexes. Moreover, 
the X R D peaks which appeared in the range of 26—10-
60° in the X R D patterns of the original alkyltrimethyl-
a m m o n i u m - k a n e m i t e complexes were retained. T h i s 
means that the three-dimensional networks of SiÛ2 in 
the a lky l t r imethy lammonium-kanemi te complexes 
were still retained du r ing trimethylsilylation. Elemen­
tal analysis of all the trimethylsilylated products 
showed that they contained 0.1—0.2 mol T M S groups 
per 1 mol SiC>2. 

These trimethylsilylated products were calcined at 
700 °C. T h e X-ray diffraction patterns of the calcined 
products indicated the same X R D patterns as the prod­
ucts before calcination. T h e specific surface areas of the 
products had nearly the same value of about 840— 
880 m2 g"1, which was slightly lower than those of the 
calcined a lky l t r imethy lammonium-kanemi te com­
plexes (890—910m 2 g _ 1 ) . However, the values were 
much larger than that of calcined kanemite (about 
50 m2 g"1). 

T h e pore size of the calcined product obtained from 
the trimethylsilylated hexadecyl t r imethylammonium 
complex was somewhat reduced in comparison wi th 
that obtained from the hexadecyl t r imethylammonium-
kanemite complex (Fig. 3). T h e calcined trimethylsi­
lylated products from the other a lkyl t r imethylammo-
n ium-kanemi t e complexes similarly showed reduced 
pore sizes. In fact, the average pore diameters of the 
calcined products decreased by about 2—2.5 Â after 
trimethylsilylation (Fig. 4). From the decrease in the 
specific surface areas and the pore sizes in the calcined 
products, it was assumed that the pores of the calcined 
products were partly occupied wi th silica which was 
formed by oxidat ion of at tached T M S groups. 

In conclusion, a lky l t r imethy lammonium-kanemi te 

Table 1. Basal Spacings of Alkyltrimethylammonium-Kanemite Complexes and Their Trimethylsilylated Derivatives 

Original/Â Trimethylsilylated derivatives/Â 

Dodecyltrimethylammonium-kanemite complex 
Tetradecyltrimethylammonium-kanemite complex 
Hexadecyl trimethylammonium-kanemite complex 
Octadecyltrimethylammonium-kanemite complex 

38 
42 
46 
50 

38 
41 
44 
49 

Basal spacing of kanemite=10.4 Â. 
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Fig. 3. Pore size distributions of a) calcined prod­
uct obtained from hexadecyltrimethylammonium-
kanemite complex and b) calcined product obtained 
from the trimethylsilylated derivative. 

40 h 

complexes, which have three dimensional SiÛ2 net­
works, can be trimethylsilylated by the reaction with a 
tr imethylsi lylat ing reagent. T h e three dimensional 
SiÛ2 networks in the a lky l t r ime thy lammonium-
kanemite complexes were still retained after trimethyl-
silylation. By calcination of these trimethylsilylated 
products, porous SiÛ2 materials wi th h igh surface area 
were formed. T h e calcined products had slightly 
smaller surface areas and pores than the calcined prod­
ucts obtained from the or iginal a lkyl t r imethylammo-
n i u m - k a n e m i t e complexes, indicat ing the effect of 
trimethylsilyl groups . 
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Acetylation of 2-C-Benzyl-L-/yxo-3-hexulosono-l,4-lactone 

Takamasa KINOSHITA,* Nori taka YOSHIDA, and Tosh io MIWA 
Department of Chemistry, Faculty of Science, Osaka City University, Sumiyoshiku, Osaka 558 

(Received September 4, 1989) 

Synopsis. Acetylation of 2-C-benzyl-L-ascorbic acid af­
forded an unexpected enone, 2,6-di-0-acetyl-2-C-benzyl-
5-deoxy-D-g/;ycero-hex-4-en-3-ulosono-l,4-lactone (3) of the 
open form, along with 2,3,5-tri-0-acetyl-2-C-benzyl-L-/;y%o-
3-hexulosono-l,4-lactone (4) of the closed form. 

Acetates have been used frequently for the pro­
tection1 »2) of alcoholic hydroxy 1 g roup of sugars. 
Riggs and Stevens3»4) reported that treatment of 
piptos idin with acetic anhydr ide-pyr id ine at room 
temperature for 4 days gave diacetylpiptosidin cor­
responding to the closed form as a single product . 
As a par t of our synthetic work on delesserine,5_7) this 
report describes the formation of the open form enone 
(3). 

T rea tment of 2-C-benzyl-L-/;y:x:o-3-hexulosono-l,4-
lactone (2)8) with acetic anhydride-sulfuric acid at 0 ° C 
or acetic anhydr ide-pyr id ine at 0 ° C afforded, after 
chromatographic separation, diacetate3 (42%, 43%) and 
triacetate (4) (29%, 45%), respectively. 

T h e structure of 3 was determined on the basis of the 
IR, MS, and 1H N M R and 13C N M R spectra. T h e mass 
spectrum gave a molecular ion peak at 332. T h e IR 
absorptions at vmax 1830 and 1680 c m - 1 and the 
1 3 C N M R signals at Ô 189.6 (s, C-3; 3 /C-3,H- 5 =4.4 H Z ) , 
170.3 (s, C-l), 144.7 (s, C-4) and 108.2 (d, C-5) suggest the 
presence of an «^ -unsa tu ra t ed keto lactone with Z 
configuration. In addit ion, the presence of the keto 
lactone moiety was deduced from IR vmax 1810 and 
1770 cm- 1 and from 13C N M R Ô 170.6 (s, C-l) and 
204.7 (s, C-3) of the compound (5) derived from 3 on 
hydrogénat ion. O n the basis of these spectral results, 
the structure of this compound was determined to be 3, 
which bears the enone structure resul t ing from trans 
e l iminat ion of acetic acid at the C-5 posi t ion of the open 
form. 

0 OR1 

I \ Ph ( i ) Ri=R2=H, R3=01 

F T O ' T ; u ° ° (5) R^R^Ac.R^H 
R3 " 

AcO 

0 OAc 

Ph 

open form (3) 

n 0R20P? 

(2) R^R^H, R3=0H 

(4) R^R^Ac, R3=0Ac 

ph (6) R^R^H, R2=CH3 

(7) R^H, R2=CH3, R3=0H 

(8) R^H, R2=CH3, R3=0C(S)SCH3 

closed form 

Acid or base treatment9) of 4 did not change it. Tr i ­
acetate 4 is, therefore, not a precursor for produc ing 
3. It is supposed that the start ing material exists in two 
forms as an equi l ib r ium mixture (1<=^2) in solution and 
the closed form 2 gives 4, while the open form 1 gives 
3. No trace of 1 was , however, found by 13C N M R 
measurement in various solvents between —30 and 
50 °C. 

Hydrogénat ion of 3 over 10% pal ladiun-on-carbon 
catalyst gave 5 as a sole product , which, on treatment 
with 3% methanol ic hydrogen chloride, was converted 
in to methyl glycoside (6). C o m p o u n d 6 was identified 
by compar ing its spectral data (TLC, IR, 1H N M R and 
13C NMR) with those of a sample derived from 2 via 
the following sequence of reactions: methyl glycosida-
tion of 2, S-methyl di thiocarbonate formation10) from 
7 and deoxygenation11) of 8 with tr ibutylstannane. T h e 
stereochemistry at C-4 in 5 was confirmed to have the 
R configuration. 

In acetylation of piptosidin3 ) diacetylpiptosidin of 
the closed form was obtained as a single product , while 
the acetylation of 2-C-benzyl-L-ascorbic acid afforded 
the open form c o m p o u n d 3 accompanied with elimi­
nat ion, a long with the closed form compound 4. 

Experimental 

General Methods. Melting points were determined 
on a micro hot-stage and are uncorrected. Column 
chromatography was performed with silica gel (Merck No. 
7734; 63—200 urn). Optical rotations were determined with a 
Jasco Model DIP-4 Polarimeter. Elemental analyses were 
performed with a Perkin-Elmer Model 240 elemental 
analyzer. IR spectra were taken on a JASCO A-102 IR spec­
trophotometer and were calibrated against the 1600 cm"1 

band of polystyrene. Proton and carbon magnetic resonance 
spectra were recorded with a JEOL FX-100 spectrometer. 
Chemical shifts are given on the ô scale and spin coupling in 
Hz. Unless otherwise stated, NMR spectra were measured 
at 25°C in chloroform-d, with tetramethylsilane (ô 0.00) 
as the internal standard. The assigments were confirmed 
by 1H-1H and 1H-13C spin-decoupling experiments. Mass 
spectra were recorded with a JEOL D-300 mass spectrometer. 

2-C-benzyl-L-/;y%o-3-hexulosono-l,4-lactone 2 and it's methyl 
glycoside 7, methyl 2-C-benzyl-L-/;y%o-3-hexulosidono-l,4-
lactone, were prepared according to the procedure described 
by Jackson and Jones.8) 

Compound 2; mp 155—156°C [lit,8> mp 156—156.5°C]; 
[af^+60 (c 1.0 in MeOH) [lit,8> [a]2

D
3+7±l0 (c 1.0 in MeOH)]; 

!3CNMR (in DMSO-de) 0=40.7, 74.1 (d, C-5), 74.1 (t, C-6), 
79.3 (s, C-2), 86.9 (d, C-4), 107.2 (s, C-3), 126.7, 127.7, 130.6, 
134.9, and 175.1 (s, C-l); (in pyridine's) 6=42.4, 75.6(d, C-5), 
75.6 (t, C-6), 81.1 (s, C-2), 88.3 (d, C-4), 109.0 (s, C-3), 127.3, 
128.4, 131.7, 135.9, and 176.9 (s, C-l); (in D20) 0=41.0,74.1 (d, 
C-5), 75.6 (t, C-6), 80.5 (s, C-2), 87.2 (d, C-4), 108.0 (s, C-3), 
128.3, 129.1, 131.4, 134.2, and 177.5 (s, C-l). 

Compound 7; mp 138—139°C [lit,8> mp 139—140°C]; [«]D 
+11.1° (c 1.5 in MeOH) [lit,8> [ a ^ + 1 2 + 1 0 (c 1.0 in MeOH)] 



May, 1990] NOTES 1539 

13C NMR (CDCI3) 6=40.0, 51.3, 74.4 (d, C-5), 76.2 (t, C-6), 80.4 
(s, C-2), 86.0 (d, C-4), 109.3 (s, C-3), 127.6, 128.4, 130.7, 132.9, 
and 175.0 (s, C-l). 

Acetylation of 2. (a) With Acetic Anhydride-Sulfuric 
Acid: To a stirred suspension of hemiacetal 2 (3.0 g) in acetic 
anhydride (21 ml) at 0 °C was added 2 drops of concentrated 
sulfuric acid. After stirring for 30 min at 0 ° C, the mixture was 
poured into ice-water and extracted with ether. The extract 
was washed with water and dried over sodium sulfate. 
Upon removal of solvent, the residue was chromatographed 
(2:1 hexane-ethyl acetate) to give syrupy 2,6-di-0-acetyl-2-
C-benzyl-5-deoxy-D-g/;yrero-hex-4-en-3-ulosono-l,4-lactone 3 
(1.58 g, 42%); [a]2

D
7+39.0° (c 1.3 in MeOH); IR (neat) 1830, 

1765 sh, 1740 and 1680 cm"1; *H NMR 0=2.03 (s, OAc), 2.18 
(s, OAc), 3.30 (s, benzyl), 4.55 (q, 7=6.6 Hz, H-6), 4.57 (q, 
/=12.5 Hz, H-6'), 5.74 (t, H-5), and 7.15—7.32 (m, arom); 
13CNMR 0=19.1, 20.5, 39.0, 57.4 (t, C-6), 75.8 (s, C-2), 108.2 
(d, C-5), 128.3, 128.8, 129.2, 130.3, 144.7 (s, C-4), 170.2, 170.3 
(s, C-l), and 189.6 (s, C-3; 3 /C-5 (H-3=4.4 Hz); MS: m/z 332 
(M+), 272 (M-CH3COOH), 230; Found: C, 61.86; H, 5.14%. 
Calcd for C17H16O7; C, 61.44; H, 4.85%; and crystalline 
2,3,5-tri-0-acetyl-2-C-benzyl-L-/;y%o-3-hexulosono-l,4-lactone 
4 (1.27 g, 29%); mp 115—116°C; [a]2

D
7+29.1° (c 1.0 in MeOH); 

IR (Nujol) 1810, 1750 sh and 1740 cm"1; ^ N M R 0=2.08 
(s, OAc), 2.12 (s, OAc), 2.17 (s, OAc), 3.27 (q, /=14.2Hz, 
benzyl), 4.10 (dd, /=4.9 Hz, /=9.5 Hz, H-6), 4.43 (dd, /=2.4 
Hz, H-6), 4.47 (d, /=2.0 Hz, H-4), 5.33 (dddd, H-5), and 
7.27 (s, arom); 13C NMR 0=20.3, 20.5, 21.4, 39.5, 76.0 (t, C-6), 
77.8 (d, C-5), 81.0 (s, C-2), 87.4 (d, C-4), 109.5 (s, C-3), 127.5, 
128.2, 130.7, 132.6, 168.4, 169.1, 169.6 (s, C-l), and 169.8; 
MS: m/z 332 (M-CH3COOH), 272 (M-2CH3COOH), 213. 
Found: C, 58.26; H, 5.13%. Calcd for C19H20O9: C, 58.16; H, 
5.14%. 

(b) With acetic anhydride-pyridine: A mixture of 2 
(3.0 g) and acetic anhydride (30 ml) in pyridine (50 ml) was 
stirred for 12 h at 0°C. After removal of the pyridine and 
acetic anhydride in vacuo at room temperature, the residue 
was chromatographed to give 3 ( 1.6 g, 43%)) and 4 (2.0 g, 45%). 

2,6-Di-0-acetyl-2-C-benzyl-5-deoxy-D-ery*/iro-3-hexiilosono-
1,4-lactone 5. Hydrogenolysis of the enone 3 (0.61 g) 
over 10% Pd-C (200 mg) in methanol (20 ml) for 15 h afforded 
syrupy 5 (0.59 g, 98%): [a]??+28.90 (c 1.4 in MeOH); IR (neat) 
1810, 1770 and 1735 cm"1; *H NMR 0=1.97 (s, OAc), 2.17 (s, 
OAc), 2.00—2.25 (m, H-5), 3.31 (q, /=13.0Hz, benzyl), 3.58 
(dd, /=4.9 Hz, /=8.5 Hz, H-4), 3.90—4.30 (m, H-6), and 
7.17—7.38 (m, arom); ^C NMR, 0=19.1, 20.5, 30.2 (t, C-5), 
39.3, 59.7 (t, C-6), 76.2 (s, C-2), 80.7 (d, C-4), 128.5,129.1,129.5, 
130.1, 170.1, 170.6 (s, C-l), and 204.7 (s, C-3); MS: m/z 274 
(M-CH3COOH), 214 (M-2CH3COOH). 

Methyl 2-C-benzyl-5-deoxy-D-ery£/iro-3-hexulosidono-l,4-
lactone 6. The keto lactone 5 (550 mg) was dissolved in 3% 
methanolic hydrogen chloride (20 ml; prepared from 20 ml of 
dry methanol and 1 ml of acetyl chloride), and the solution 
was boiled for 6 h. The acid was neutralized by addition of 
solid sodium carbonate, and the solution was concentrated 
and extracted with dichloromethane. The combined extracts 
were dried over sodium sulfate and evaporated to give methyl 
glycoside 6 (390 mg, 90%): TLC (Rt 0.38; 2:1 hexane-acetone) 
[a]3

D
0-1.6o (c 1.0 in MeOH); IR (neat) 3450 and 1790 cm"1; 

iHNMR 0=2.12—2.31 (m, H-5), 3.14 (s, benzyl), 3.52 (s, 
OCH3), 3.99 (dd, 7=2.0 Hz, 7=4.2 Hz, H-4), 4.02—4.19 (m, 
H-6), and 7.29 (s, arom); ™C NMR 0=30.2 (t, C-5), 39.7, 50.5, 
68.1 (t, C-6), 80.0 (s, C-2), 81.7 (d, C-4), 109.2 (s, C-3), 127.0, 

127.7, 130.3, 133.1, and 174.9 (s, C-l); MS: m/z 264 (M+). 
Methyl 2-C-benzyl-5-0-[(methylthio)thiocarbonyl]-L-Z)?Ä;o-

3-hexulosidono-l,4-lactone 8. Methyl glycoside 7 (2.8 g), 
sodium hydride (50% dispersion in oil, 1.92 g) and imidazole 
(20 mg) were stirred for 2 h in tetrahydrofuran (40 ml). 
Carbon disulfide (3.6 ml) was added, and the stirring 
continued (1 h). Methyl iodide (0.93 ml) was added and the 
stirring again continued (15 min). The mixture was 
processed conventionally (dichloromethane extraction), and 
the product chromatographed, giving crystalline 8 (2.5 g, 
68%); mp 137—138°; [a]2

D
8+72.50 (c 1.3 in MeOH); IR (Nujol) 

3550 and 1810 cm"1; ^HNMR 0=2.55 (s, SCH3), 3.14 (s, 
benzyl), 3.58 (s, OCH3), 4.06 (dd, 7=4.2 Hz, 7=10.7 Hz, H-6), 
4.23 (s, H-4), 4.58 (dd, 7=6.6 Hz, H-6), 5.76 (dd, H-5), and 7.29 
(s, arom); 13CNMR 0=19.5 (SCH3), 40.0, 51.1 (OCH3), 73.2 
(t, C-6), 80.1 (s, C-2), 83.1 (d, C-5), 83.9 (d, C-4), 109.2 (s, C-3), 
127.6, 128.3, 130.6, 132.7, 174.1 (s, C-l), and 214.4 (OS). 
Found: C, 51.91; H, 4.91%. Calcd for C i e H ^ O e : 51.88; H, 
4.90%. 

Deoxygenation of 8. The dithiocarbonate 8 (840 mg) in 
dry toluene (25 ml) was added dropwise to a solution of 
tributylstannane (873 mg) in refluxing toluene (15 ml), and 
the refluxing continued overnight. The solvent was removed 
by evaporation and the oily residue purified by chroma­
tography, giving the 5-deoxy compound 6 (520 mg, 87%): 
TLC (Rf 0.38, 2:1 hexane-acetone); [a]3

D°-1.9° (c 1.0 in 
MeOH). IR, W NMR and 13C NMR spectral data agreed with 
those of a sample derived from 3. 

T h e authors are greatly indebted to Mr. Jun ich i Goda 
for the elemental analyses and to Mr. Tetsuya Shimada 
for recording the mass spectra. 
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Synopsis. The structure for a product of the oxidation of 
creatinine is revised to be A/r-(A/r/-methylamidino)oxamic acid 
(4). Acyclic product 4 and its cyclic product, 2-amino-l-
methyl-4,5-imidazoledione, are coined as creatones B and 
A, respectively. The first synthesis of 2-methylamino-4,5-
imidazoledione is also described. 

Al though creatinine (1) was previously believed to be 
an end-metaboli te in mammals , our discovery of two 
hydantoins , l-methyl-2,4-imidazolidinedione and its 5-
hydroxy derivative in inflamed m a m m a l i a n skin 
tissues,^ and the first isolation of creatol, 2-amino-5-
hydroxy-l-methyl-4(5H)-imidazolone (2),2) have led to 
proposals of two ana logous oxidative pathways2 - 4* for 
the catabol ism of 1 in mammal s . T h e first pa thway 
involves the conversion of 1 into 1-methylurea via 
methylhydantoins and the second into the uremic toxin 
1-methylguanidine via 2, oxo-compound 3 and its 
r ing-opened derivative 4, successively.4) Dur ing the 
prepara t ion of authent ic specimens to obtain evidence 
for intermediates 3 and 4 in vivo, we have found that 
structure 5, previously assigned5-7* to the oxidat ion 
product (creatone) of creatine (6) or 1 wi th aqueous 
mercury(II) acetate, should be revised on the basis of 
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newly obtained physicochemical evidence. We now 
wish to redefine the term "creatone" as a cyclic or 
acyclic c o m p o u n d that is obta inable by the oxidat ion 
of 1 and contains a carbonyl g roup in place of the 
original 5-methylene g roup of 1: we use two names, 
creatones A and B, in order to avoid confusion like that 
which has existed in the literatures.5_7) 

Creatone A (2-Amino-l-methyl-4,5-imidazoledione) 
(3). T h i s cyclic c o m p o u n d was prepared from its t-
Boc-derivative, obtained by the oxidat ion of £-Boc-
creatinine.7) T h e structure 3 has been unambigously 
confirmed by newly available B /E l inked scan SIMS8 '9) 

and 400-MHz 1H N M R spectra (see Fig. 1 and Exptl 
part) . C o m p o u n d 3 was also obtained as a minor 
product in the condensat ion of 1-methylguanidine 
with diethyl oxalate. 

Creatone B [iV-(iV /-Methylamidino)oxamic Acid] (4). 
Product 4 from a mercury(II) acetate oxidat ion of 6 
in water (pH ca. 3) was first assigned the structure N-
methyl-Af-amidinooxamic acid. 1 0 ' n ) Later, the same 
compound was isolated by the oxidat ion of 1 and 
formulated as 2-methylamino-4,5-imidazoledione (5), 
supposedly formed via 3 and 4.5) However, structure 
4 (in Zwitterion form) is now found to be more 
appropr ia te for the product (creatone B) on the basis of 
400-MHz 1H N M R and B/E linked-scan SIMS analyses 
(see Fig. 1 and Exptl part) . Because 6 readily cyclizes12) 

to 1 and creatone B (4) is easily formed by the hydrolysis 
of creatone A (3),7) the oxidat ion of 6 (or 1) is likely to 
first give 3, followed by hydrolysis to yield 4 dur ing the 
reaction a n d / o r work-up us ing an aqueous media. It 
has now been confirmed by an H P L C study that any 
drying procedure at above ca. 100°C in vacuo (and EI 
mass spectral measurement) for creatone B (4) caused 
dehydrative cyclization to a mixture of creatone A (3) 
and its isomer (5); such a facile dehydration was the 
ma in reason for the incorrect structural ass ignment . 0 

While the alcoholysis of 3 gave esters 7a ,b at 20 °C, 
the ethanolysis of 4 yielded 1-methylguanidium ethyl 
hydrogen oxalate (8) u p o n refluxing for 24 h. T h e 
material 4 was also obtained as a minor product from 
the condensat ion of 1-methylguanidine wi th diethyl 
oxalate, obviously after hydrolysis by moisture. 

Isomer of Creatone A (2-Methylamino-4,5-imidazole-
dione) (5). T h e condensat ion of 1-methylguanidine 
and diethyl oxalate in absolute ethanol gave, together 
with minor products 3 and 4, the ma in product (70%) 
to which we assign structure 5 based on IR, UV, 
400-MHz ! H N M R , high-resolut ion MS, and B /E 
linked-scan SIMS measurements. T h e isolated ma in 
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Fig. 1. B/E linked scan SIMS of creatones and their 
derivatives, a. Creatone A (3). b. Isomer (5) of 
creatone A. c. Creatone B (4). d. Ethyl ester (7a) of 
creatone B. 

product from the same condensation reaction was 
previously though t to have a structure of either the 
2-imino-form of 313) or 4 (after aqueous work-up).5 ) 

C o m p o u n d 5 is readily hydrolyzed to give 4, as in the 
case of 3. 

As a consequence of these findings, it is now possible 
for us to investigate the provisional roles of creatones A 
and B in the toxin-producing pa thway operat ing in 
creat ininemic mammals . 

Experimental 

Melting points are uncorrected. 1H NMR spectra were 
obtained in D2O (£-butyl alcohol, ô 1.23, as standard), in 
(CD3)2SO (TMS standard) or acetone-d6 (TMS standard) 
using a Bruker AM-400 spectrometer. EI-MS, SIMS and B/E 
linked-scan SIMS8,9) spectra were taken on a Hitachi-M80-B. 

(2-Amino-l-methyl-4,5-imidazoledione)7) (3: Creatone 
A), (a) The structure 3 of the dioxo-material, prepared from 
1 according to a method described in the literature,7) was 
confirmed by instrumental analyses: EI-MS m/z 127 (M+; 61), 
99 (89), 71 (72), 56 (92), 55 (84), 42 (100); SIMS m/z 128 (MH+); 
iHNMR (D2O) 0=3.21 (3H, s), [(CD3)2SO] 0=3.03 (3H, s), 
9.15 (2H, brs). 

(b) After filtration of crystalline 5 from the reaction 
mixture of 1-methylguanidine and diethyl oxalate (vide 
infra), the 1H NMR spectrum of the residue showed that 3 was 
produced in ca. 10% yield. 

iV-(iV-Methylamidino)oxamic Acid (4: Creatone B). 
(a) The oxidation of 1 (10 mmol) with mercury(II) acetate 
(50 mmol) in water (80 ml) for 4 d, followed by removal of 
mercury as mercury(II) sulfide gave an acidic supernatant 
from which crude crystals were isolated. Recrystallization 
from an acidic aqueous solution and drying at 60 °C over 
P2O5 in vacuo gave pure 4 in 74% yield: mp 180°C decomp 
(lit,5> 38%, mp 197—199°C decomp); EI-MS m/z 127 (M+-
H2O; 61), 99 (69), 71 (45), 56 (100), 55 (92), 42 (88); SIMS m/z 
146 (MH+); iHNMR (D20) 0=3.00 (3H, s), [(CD3)2SO] 
0=2.86 (3H, d, /=5Hz) , 8.48 (2H, brs), 9.03 (1H, brq, / = 
5 Hz), 11.25 (1H, brs). Found: C, 33.35; H, 5.14; N, 28.81%. 
Calcd for C4H7N3O3: C, 33.11; H, 4.86; N, 28.96%. 

(b) Creatone A (100 mg) was quantitatively hydrolyzed in 
1 M acetic acid (5 ml) [1 M=l mol dm~3] at 25 °C for 1 d to give 
a crystalline product, which was identical with creatone B. 

(c) After filtration of the crystalline 5 from the reaction 
mixture of 1-methylguanidine and diethyl oxalate (vide 
infra), the 1H NMR spectrum of the residue showed that 
creatone B was produced in ca. 5% yield. 

2-Methylamino-4,5-imidazoledione (5). To an ethanolic 
solution (2 ml) of salt-free 1-methylguanidine (2.0 mmol), 
prepared from 1-methylguanidine hydrochloride and sodium 
ethoxide and filtered under nitrogen) was added diethyl 
oxalate (1.3 mmol) at 5°C. After the reaction mixture had 
been stirred at 25 °C for 30min and then allowed to stand for 
2 d under nitrogen, the resulting crystalline product was 
collected by filtration and washed with dry chloroform to give 
5 in 75% yield as a colorless crystalline powder: mp 209— 
212°C decomp (from dry CF3C02H-AcOEt); EI-MS m/z 127 
(M+; 82), 99 (28), 71 (17), 56 (93), 55 (100); SIMS m/z 128 
(MH+); iH NMR (D2O) 0=3.21 (3H, s); [(CD3)2SO] 0=2.92 
(3H, brs); IR (KBr) 3020,2920,2680,1787,1747,1670 cm-*; UV 
(MeOH) 2max 240 (loge 3.89), 287 nm (sh 3.35). Found: m/z 
127.0415. Calcd for C4H5N3O* M, 127.0382. 

Ethyl N-(Af'-Methylamidino)oxamate (7a). Creatone A (3) 
(10 mmol) was dissolved in a minimal amount of anhydrous 
trifluoroacetic acid, evaporated in vacuo, and the residual 
syrup dissolved in absolute ethanol (10 ml). After being 
stirred for 1 d at room temperature, the resulting crystals were 
collected by filtration to give chromatographically pure 7a in 
43% yield: mp 92—95°C; EI-MS m/z 127 (M-C2H5OH; 75), 
99 (100), 71 (50), 69 (67), 56 (65), 42 (65); SIMS m/z 174 (MH+); 
*H NMR of CF3C02H salt [(CD3)2SO] 0=1.29 (3H, t, / = 7 Hz), 
2.87 (3H, d, / = 5 Hz), 4.29 (2H, q, / = 7 Hz), 8.44 (1H, brs), 8.65 
(1H, brs), 8.91 (1H, brq, / = 5 Hz); IR (KBr) 3300, 3020, 1763, 
1724, 1694 cm-!; UV (MeOH) Xmax 232 (loge 3.56), 292 nm 
(sh 2.84). 

Methanolysis of Creatone A. The 1H NMR spectra for 
creatone A (3) (1 mg) in 0.6 ml of methanol-^ (99.5% d), 
measured at intervals, showed that the t\/z value from creatone 
A to methyl-d3 N-(A/r/-methylamidino)oxamate (7b) was about 
80 min. 7b: *H NMR (MeOH-d4) ô=2.86 (s). 

Ethanolysis of Creatone B. A suspension of creatone B (4) 
(10 mmol) in 10 ml of absolute ethanol was heated under 
reflux in an argon atmosphere for 24 h. The reaction mixture 
was concentrated. After the addition of acetone, the crystals 
were collected by filtration. This material was identical with 
the salt derived from an authentic 1:1 mixture (8) of 1-
methylguanidine and ethyl hydrogen oxalate: mp 123— 
124°C; SIMS m/z 264 (MH+MG+), 147 (2MG+H+), 74 
(MG+H+); iH NMR [(CD3)2SO] 0=1.17 (3H, t, / = 7 Hz), 2.70 
(3H, d, / = 5 Hz), 3.98 (2H, q, 7=7 Hz), 7.29 (4H, brs), 8.15 ( 1H, 
brq, / = 5 Hz). Found: C, 38.05; H, 7.13; N, 22.25%. Calcd for 
C6Hi3N304; C, 37.69; H, 6.85; N, 21. 

We thank Dr. Desmond. J. Brown (the Austral ian 
Na t iona l Univ.) for some advice and Miss H. Mor ino 
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(IBAS) for measurement of some physical data. 
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with o-Phenylenediamine 
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Synopsis. Reaction of 2-chlorocyclohepta[fr]pyrrole-3-
carbaldehyde with o-phenylenediamine gave lH-2-(2-chloro-
cyclohepta[fr]pyrrol-3-yl) benzimidazole (3a) and 5H-12,13-
dihydrocyclohepta[r,2/ : 4,5]pyrrolo[2,3-fr][l,5]benzodiazepine 
(4a). Some reactions of 3a and 4a were also described. 

Heterocycles used on azaazulene skeleton are interest­
ing not only to investigate their chemical properties, 
but also to study their physiological properties.1_3) 

Although several papers have appeared on the syn­
theses of cyclohepta[6]pyrrole (1-azaazulene) deriva­
tives fused with heterocycles, little is known regarding 
the azepine or diazepine rings fused on the cyclohepta-
[6]pyrrole skeleton.4) Recently, we reported the 
synthesis of SH-^ -me thoxycyc lohep ta f l 7 ^ 7 ^^^^ 
rolo[2,3-6][l,5]benzodiazepine (2a) by the treatment of 
ethyl 2-chlorocyclohepta[6]pyrrole-3-carboxylate (la) 
with o-phenylenediamine and subsequent reactions.4) 

To obtain the fused diazepine 2b, itself, it was 
considered that 2-chlorocyclohepta[6]pyrrole-3-carbal-
dehyde5) (lb) would be an efficient substance. We 
therefore treated lb with o-phenylenediamine; however, 

>-CI 
^ - N 

la:R = C02Et 

lb:R=CH0 

2a: R = OMe 

2b: R = H 

3a:R = H , X=CI 

3b:R=Ac. X=CI 

3c:R=H . X=0C4H9 

4a:R = H 

4b:R = Ac 

the expected fused diazepine (2b) was not obtained. 
Instead, lH-2-(2-chlorocyclohepta[6]pyrrol-3-yl)benz-
imidazole (3a) and fused dihydrodiazepine (4a) were 
obtained. Here we describe the syntheses and some 
reactions of 3a and 4a. 

Treatment of lb with o-phenylenediamine in 
ethanol under reflux for 2 h gave 3a and 4a in 63 and 
29% yield, respectively. When the same reaction was 
carried out for 30 h in dichloromethane in the presence 
of acetic acid at room temperature, 3a (60%) and 4a 
(12%) were obtained. These structures were deduced by 
means of their spectroscopic data and elemental 
analyses as well as some chemical reactions. In the 
mass spectrum of 3a, the molecular ion peak was seen 
at m/z 279 (for 35C1) and 281 (for 37C1), and no carbonyl 
signal was seen in its IR spectrum. This shows that 
o-phenylenediamine reacts with the formyl group and 
not with the chloro substituent on the cyclohepta[6]-
pyrrole nucleus. The result is appreciated from the 
reports that formyl group at C-3 is more reactive than 
chloro group at C-2 on cyclohepta[b]pyrrole nucleus 
toward hydroxylamine and Phenylhydrazine,5) and 
that the reactions of aldehydes with o-phenylene­
diamine are well known methods leading to 2-
substituted benzimidazoles.6) In the *H NMR spec­
trum of 3a, signals of H-4 of cyclohepta[6]pyrrole 
nucleus appeared at 6=10.27, which would be de-
shielded by a benzimidazole ring having a co-planarity 
with the 1-azaazulene ring. Acetylation of 3a with 
acetic anhydride gave the acetate 3b in excellent yield. 
In the *H NMR spectra of 3b, the signals of H-4 were 
observed at 6=8.78; this is a higher field resonation 
than that of 3a. This would be attributed to a 
shielding effect of benzimidazole ring, which may 
deviate from a co-plane of cyclohepta[6]pyrrole ring. 
Compound 4a was acetylated with acetic anhydride to 
give 4b in excellent yield. In the mass spectra of 4a and 
4b, molecular ion peaks were seen at m/z 247 and 289, 
respectively. In the *H NMR spectrum of 4a, the 2H 
siglet of methylene protons at C-12 was observed at 
6=4.51, whereas a coupled pair of 2H doublets were 
seen at 0=4.12 and 6.23 with 15.0 Hz in the 1U NMR 
spectrum of 4b. This is resonably considered to be an 
anisotropic effect of the acetyl group. Other signals of 
the spectra accord with the proposed structures. 

It is considered that compound 4a was produced 
reductively; thus, an increased yield of 4a was expected 
under the reductive conditions. Therefore, the 
reaction was carried out in the presence of zinc powder 
and trifluoroacetic acid but gave only a complex 
mixture, from which no distinct product was obtained. 
Although the mechanisms of the formations of 3a and 
4a are not known so far, it is suggested that the 
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formations of 3a a n d 4a may part ly involve the 
ox ida t ion- reduc t ion stage of bo th the precursors each 
other to remove m u t u a l instabilities. 

It is considered that preferred cyclization of a five-
membered r ing rather than a seven-membered r ing 
causes a supper ior format ion of the precursor of 3a, 
which wou ld partly undergo autoxida t ion to give 3a. 

In the mass spectrum of 4a, a peak of (M+ —2) is seen 
at m/z 245 wi th 20% of the relative intensity. 
Therefore, the format ion of 2b was expected to be 
achieved by dehydrat ion of 4a. Trea tmen t of 4a wi th 
2,3-dichloro-5,6-dicyano-p-benzoquinone, nevertheless, 
afforded a sparingly soluble dark red powder; no 2b 
was detected. 

Next, to synthesize 2b, the b r o m i n a t i o n of 4a and 
successive hydrobrominat ion was attempted. However, 
the b romina t ion of 4a wi th N-bromosuccin imide gave 
a complex mix ture and no identified product was 
obtained. 

Expect ing in t ramolecular cyclization, 3a was treated 
wi th l,8-diazabicyclo[5.4.0]undec-7-ene (DBU). in re-
f luxing 1-butanol bu t afforded the ether 3c and 
cyclohepta[6]pyrrol-2(lH)-one derivative 5 in 60% and 
6% yield, respectively. C o m p o u n d 3c is converted to 5 
in excellent yield by treatment wi th 48% HBr. 

Experimental 

The melting points were uncorrected. The *H NMR 
spectra (250 MHz) and the 13C NMR spectra (62.87 MHz) 
were taken on a Hitachi R-250H spectrometer using CDCI3 
as a solvent (TMS as an internal standard) unless otherwise 
stated. The IR spectra were recorded for Nujol mulls with a 
Hitachi 270-50 infrared spectrophotometer. The mass 
spectra were determined with a JEOL-01SG-2 spectrometer 
at 70 eV of ionization energy. Column chromatography was 
performed on Kieselgel 60. 

Reaction of lb with o-Phenylenediamine. a) A mixture 
of lb5) (0.383 g, 2 mmol) and o-phenylenediamine (0.216 g, 
2 mmol) in ethanol (30 ml) was refluxed for 2 h and 
evaporated; the residue was chromatographed. Elution with 
chloroform gave recovered lb (0.010 g, 3%). Further elution 
gave 3a (0.350 g, 63%), which was recrystallized from 
cyclohexane-dichloromethane to give red scales, mp 221— 
223 °C; 1H NMR 0=7.30—7.40 (2H, m, H-5' and 6'), 7.60— 
7.85 (2H, m, H-4' and 7'), 7.95 (1H, dd, /=11.0 and 9.8 Hz, 
H-7), 8.01 (1H, dd, /=11.0 and 9.2 Hz, H-5), 8.09 (1H, dd, 
11.0 and 9.2 Hz, H-6), 8.71 (1H, d, 7=9.8 Hz, H-8), 10.20 (1H, 
brs, NH), and 10.27 (1H, d, 7=11.0 Hz, H-4); IR 3000— 
2600 cm"1 (NH); MS m/z (rel intensity) 281 (3, M+ +2), 280 
(36, M+ +1), 279 (36, M+), 278 (85), 277 (53), and 244 (100, M+ 
-CI) . Found: C, 68.62; H, 3.67; N, 15.06%. Calcd for 
&6H10N3CI: C, 68.70; H, 3.60; N, 15.02%. Elution with ethyl 
acetate gave 4a (0.144 g, 29%), which was recrystallized from 
ethanol to give orange scales, mp 236—237° C; *H NMR 
0=4.25—4.40 (2H, brs, exchangeable, NH), 4.51 (2H, s, H-12), 
6.85—7.02 (4H, m, H-l, 2, 3, and 4), 7.31 (1H, dd, 7=9.8 and 
9.2 Hz, H-8), 7.39 (1H, dd, 7=10.4 and 9.2 Hz, H-10), 7.48 
(1H, dd, /=9.8 and 9.2 Hz, H-9), 7.69 (1H, d, 7=10.4 Hz, 
H- l l ) , and 7.95 (1H, d, 7=9.2 Hz, H-7); Ô (CF3C02D)=5.31 
(2H, s, H-12), 7.48 (1H, dd, 7=8.5 and 7.3 Hz, H-2), 7.56 (1H, 
dd, /=8.5 and 7.9 Hz, H-3), 7.70 (1H, d, 7=7.3 Hz, H-l), 7.73 
(1H, d, /=7.9 Hz, H-4), 8.17—8.25 (3H, m, H-8, 9, and 10), 
8.42—8.50 (1H, m, H- l l ) , and 8.55—8.62 (1H, m, H-7); IR 
3260 and 3195 cm"1 (NH); MS m/z (rel intensity) 247 (85%, 
M+), 246 (100), 245 (20), and 219 (17). Found: C, 76.21; H, 

5.30; N, 16.59%. Calcd for Ci6Hi3N3 • 1/4 H2O: C, 76.31; H, 
5.40; N, 16.69%. 

b) A mixture of lb (0.958 g, 5.00 mmol), o-phenylenedi­
amine (0.541 g, 5.00 mmol), and acetic acid (1ml) in 
dichloromethane (50 ml) was stirred for 30 h at room 
temperature and then poured into water. The mixture was 
neutralized with NaHC0 3 and extracted with chloroform. 
The extract was dried (Na2SC>4) and evaporated. Chromato­
graphy of the residue gave 3a (0.833 g, 60%) and 4a (0.154 g, 
12%), successively. 

c) To a mixture of lb (0.060 g, 0.31 mmol), o-phenylenedi­
amine (0.034 g, 0.31 mmol), and zinc powder (0.030 g) in 
dichloromethane (20 ml) trifluoroacetic acid (1ml) was 
added. The solution was immediately discolored and then 
changed to a brown color. After the mixture was stirred for 
20 h at room temperature, water was added; the mixture was 
neutralized with NaHC0 3 and extracted with chloroform. 
The extract was evaporated to dryness; the chromatography 
of the residue gave no distinct product. 

Acetylation of 3a. A mixture of 3a (0.230 g, 0.94 mmol), 
acetic anhydride (3 ml), and pyridine (1 ml) was stirred for 
7 d at room temperature. To the mixture water was added; 
the mixture was neutralized with NaHC0 3 and then 
extracted with dichloromethane. The extract was washed 
with water, dried (Na2SC>4) and evaporated to give 3b 
(0.261 g, 99%) as red crystals, which was recrystallized from 
cyclohexane to give orange needles, mp 175—176°C; 
*H NMR 0=2.28 (3H, s, CH3), 7.45—7.55 (2H, m, H-5' and 
6'), 7.87 (1H, dm, /=6.1 Hz, H-4'), 7.88 (1H, dd, /=10.4 and 
9.8 Hz, H-5), 7.99 (1H, dd, /=10.1 and 10.0 Hz, H-7), 8.08 
(1H, dd, 10.0 and 9.8 Hz, H-6), 8.25 (1H, dm, /=7.3 Hz, 
H-7'), 8.77 (1H, d, /=10.1 Hz, H-8), and 8.78 (1H, d, 
/=10.4 Hz, H-4); IR 1716 cm"1 ( C O ) ; MS m/z (rel intensity) 
323 (8, M+ +2), 322 (5, M+ +1), 321 (19, M+), 286 (34), 281 
(22), 280 (31), 279 (59), 278 (64), 244 (100), 243 (44), 113 (20), 
and 90 (25). Found: C, 67.23; H, 3.62; N, 13.08%. Calcd for 
Ci8Hi2N3C10: C, 67.19; H, 3.76; N, 13.06%. 

Acetylation of 4a. A mixture of 4a (0.130 g, 0.53 mmol), 
acetic anhydride (10 ml) and 2 drops of coned H2SC>4 was 
warmed for 30 min at 70 ° C and poured into water. The 
mixture was neutralized with NaHC0 3 and extracted with 
dichloromethane. The extract was dried (Na2SÛ4) and 
evaporated to give 4b (0.144 g, 95%) as orange crystals, which 
was recrystallized from cyclohexane-dichloromethane to 
give orange needles, mp 225—226 °C; 1U NMR 0=1.92 (3H, 
s, CH3), 4.12 (1H, d, /=15.0 Hz, H-12), 6.23 (1H, d, 
/=15.0 Hz, H-12), 7.05—7.20 (3H, m, H-2, 3, and 4), 7.24— 
7.31 (2H, m, H-9 and NH), 7.45—7.52 (3H, m, H-l, 8, and 
10), 8.01 (1H, d, 7=9.8 Hz, H-7), 8.02 (1H, 7=11.0 Hz, H-l l) ; 
IR 3256 (NH) and 1662 cm"1 ( C O ) ; MS m/z (rel intensity) 
289 (20, M+), 247 (18), 246 (41), 231 (22), 169 (17), 77 (11), and 
43 (100). Found: C, 73.81; H, 5.26; N, 14.48%. Calcd for 
Ci8Hi5N30 • 1/4 H 2 0 : C, 73.58; H, 5.32; N, 14.30%. 

Reaction of 3a with 1-Butanol. A mixture of 3a (0.200 g, 
0.71 mmol) and DBU (0.3 ml) in 1-butanol (20 ml) was 
refluxed for 4 d and evaporated. The residue was chromato­
graphed. Elution with chloroform gave 3c (0.136 g, 60%)) as 
orange crystals, which was recrystallized from cyclohexane-
dichloromethane to give orange needles, mp 190—191 °C; 
*H NMR 0=1.08 (3H, t, 7=7.3 Hz, CH3), 1.64 (2H, qt, 7=7.3 
and 7.0 Hz, CH2), 2.06 (2H, quint., 7=7.0 Hz, CH2), 4.89 (2H, 
t, 7=7.0 Hz, CH2), 7.24—7.34 (2H, m, H-5' and 6'), 7.40— 
7.65 (2H, m, H-4' and 7'), 7.65—7.90 (3H, m, H-5, 6, and 7), 
8.32—8.40 (1H, m, H-8), 9.99 (1H, d, 7=9.8 Hz, H-4), and 
10.2 brs, NH); IR 3150 cm"i (NH). Found: C, 75.52; H, 5.93; 
N, 13.36%. Calcd for C20Hi9N3O: C, 75.69; H, 6.03; N, 
13.24%. Elution with ethyl acetate gave 5 (0.015 g, 6%) as 
orange crystals, which was recrystallized from ethanol to 
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give red needles, mp>300 °C; *H NMR ô (CF3C02D)=7.65— 
7.72 (2H, m, H-5' and 6'), 7.80—7.87 (2H, m, H-4' and V), 
8.07 (IH, dd, /=10.4 and 9.2 Hz, H-6), 8.17 (IH, dd, 7=10.4 
and 9.2 Hz H-7), 8.24 (IH, dd, /=10.4 and 9.2 Hz, H-5), 8.42 
(IH, d, 7=9.2 Hz, H-8), and 8.85 (IH, d, 7=10.4 Hz, H-4); IR 
3348 and 2900—2700 (NH), and 1646 cm"1 (OO); MS m/z 
(rel intensity) 261 (100, M+), 260 (92), 232 (10), 205 (11), 169 
(18), 125 (15), 112 (21), 97 (29), 83 (26), 71 (32), 69 (30), and 58 
(50). Found: C, 73.51; H, 4.39; N, 16.00%. Calcd for 
CieHiiNsO: C, 73.55; H, 4.24; N, 16.08%. 

Reaction of 3c with Hydrobromic Acid. A mixture of 3c 
(0.050 g, 0.16 mmol) and 48% hydrobromic acid (20 ml) was 
refluxed for 3 h and poured into water. The mixture was 
neutralized with NaHCOs and extracted with chloroform. 
The extract was dried (Na2SC>4) and evaporated to give 5 
(0.040 g, 97%) as red crystals. 

We thank Dr. Masafumi Yasunami ( T o h o k u 
University) and Dr. Akira Mori (Kyushu University) 
for the elemental analyses and the measurement of 
mass spectra. 
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Dideoxygenation on the 3',4'-Positions of an a-Linked 
Disaccharide Derivative: A Key Intermediate 
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Synopsis. A 2',6'-diamino-1,6-anhydro disaccharide deri­
vative (6) was prepared from maltose. The 3',4'-diol system 
of 6 was successfully converted into the 3'-ene system by 
application of the Corey-Winter procedure, giving the hex-
3'-enopyranose derivative (8). Catalytic hydrogénation of 8 
gave the dideoxy derivative, a key intermediate for the 
synthesis of a new aminoglycoside. 

We have succeeded in the prepara t ion of two new 
1,4-diaminocyclitol aminoglycosides, lx) and 2,2) em­
ploying a disaccharide maltose as the c o m m o n start ing 
mater ia l and found that 2, the 3'-deoxy ana log of 1, 
had more potent ant imicrobia l activity than 1.2) These 

^NH 2 

Me COCH2NH2 

1: X = Y = OH 

2: X = H, Y = OH 

3: X = Y = H 

results led us an expect that the 3',4'-dideoxy analog 3 
wou ld be more active than 2. T h i s paper deals wi th 
the key dideoxygenat ion step in the synthetic course 
directed towards 3; i.e., the prepara t ion of 1,6-anhydro-
3-0-benzyl-4-0-[2,6-bis(benzyloxycarbonylamino)-2,3,4,6-
tetradeoxy-a-D-^ry^ro-hexopyranosyl]-2-0-(j[?-methoxy-
benzyl)-ß-D-glucopyranose (9). 

T h e 2 / ,6 /-diazido derivative 4 hav ing the differently 
protected 2- and 3-hydroxyl groups (with the p-
methoxybenzyl and benzyl groups , respectively) has 
been one of the most impor t an t intermediates for the 
total synthesis of 1. It was also employed as actual 
start ing material for prepara t ion of 9. Before 
a t t empt ing dideoxygenation via olefin formation, 4 
was reduced wi th l i th ium a l u m i n u m hydride in 
diethyl ether. T h e resul t ing d i amino c o m p o u n d 
readily underwent Af-benzyloxycarbonylation, giving 
5 in 73% overall yield. T h i s pre l iminary conversion 
was conducted to avoid the undesirable side reactions 
expected between the azido and the olefinic groups . 
After removal of the O-isopropylidene g roup from 5 
under mildly acidic condit ions, the resul t ing crystal­
l ine diol c o m p o u n d 6 was subjected to the Corey-
Winter reaction3* for olefin synthesis. In the first 
a t tempt , 6 was treated in oxolane wi th l , l ' - t h io -
carbonyldimidazole but n o reaction took place; 

CbzHN 

OMBn 

4: X = N3 

5: X = NHCbz 

OMBn 

CbzHN 

OMBn 

CbzHN 

NHCbz 
OMBn 

MBn = p-methoxybenzyl 

t Present address: Kaken Pharmaceutical Co., Ltd., 
Shinomiya, Minami-kawara-cho, Yamashina-ku, Kyoto 607. 
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whereas a similar treatment in toluene at 80—90 °C 
in an a tmosphere of argon resulted in the thiocarbonic 
0 , 0 ' - d i e s t e r derivative 7 in 87% yield. When 7 was 
heated in trimethyl phosphi te under reflux in an 
atmosphere of argon, the crystalline S '^ ' -unsa tura ted 
derivative 8 was obtained as sole product . T h e 
*H N M R spectrum of 8 revealed 3 p ro ton signals at ô 
5.69—5.75 as a mult iplet . These were assignable to the 
olefinic pro tons at C-3 ' and C-4' and one of the a m i n o 
protons. T h e chemical yield of this reaction, 7—>8, was 
more than 76%, which established the practical 
usefulness of the Corey-Winter reaction for such 
mutifunctionalized disaccharide systems. T a k i n g ac­
count of the susceptibility of such protect ing groups as 
^-methoxybenzyl, benzyl, and benzyloxycarbonyl to 
catalytic hydrogénat ion, 8 was first subjected to 
di imide reduction4 ) for saturat ion of the 3'-double 
bond. However, this a t tempt failed, giving 8 
unchanged. Unexpectedly, catalytic hydrogénat ion of 
8 in ethyl acetate us ing p la t inum(IV) oxide as the 
catalyst5) was successful, giving the dideoxy c o m p o u n d 
9 desired in 83% yield. N o deprotect ion was observed 
dur ing this catalytic hydrogénat ion. Al though the Rt 
values of 8 and 9 on T L C were very close, 9 was 
completely separable from traces of 8 by co lumn 
chromatography us ing benzene-ethyl acetate as eluant. 

It was confirmed that 9, the key intermediate for 
synthesis of 3, was obtainable in moderately good 
overall yield t h rough five reaction steps of from 4 
involving the Corey-Winter olefin synthesis. 

Experimental 

Melting points were determined with a Thomas-Hoover 
capillary melting point apparatus, and are uncorrected. 
Optical rotaions were determined with a Perkin-Elmer 
Model 241 Polarimeter. IR spectra were recorded with a 
Shimadzu IR-430 spectrophotometer. XH NMR spectra were 
recorded with a JEOL JNM-GX 400 spectrometer, using 
tetramethylsilane as the internal standard. Column chro­
matography was performed on silica gel 60 (70—230 mesh; 
Merck). 

l,6-Anhydro-3-0-benzyl-4-0-[2,6-bis(benzyloxycarbonyl-
amino)-2,6-dideoxy-3,4-0-isopropylidene-a-D-allopyranosyl]-
2- 0-(/?-methoxybenzyl)- ß-D-glucopyranose (5 ). Li Al H4 ( 0.5 g, 
13.2 mmol) was added to a solution of l,6-anhydro-3-0-benzyl-
4-0-[2,6-diazido-2,6-dideoxy-3,4-0-isopropylidene-a-D-allo-
pyranosyl^-O-^-methoxybenzylJ-ß-D-glucopyranose1'2* (4; 
1.94 g, 3.1 mmol) in dry diethyl ether (50 cm3) below 0°C. 
The mixture was stirred for 4 h at 0°C, quenched by 
successive addition of ethyl acetate, methanol, and aq. 
potassium sodium tartrate, and extracted with diethyl ether 
(3X100 cm3). The extracts were combined, washed with 
brine, dried (K2CO3), and concentrated. To a solution of the 
residue in dry dichloromethane-pyridine (2:1 v/v, 45 cm3) 
was added benzyl chloroformate (2 cm3) at 0°C. The 
mixture was stirred for l h at 0°C, diluted with water 
(100 cm3) stirred for further 2 h, and extracted with dichloro-
methane (3X50 cm3). The combined extracts were successively 
washed with aq. hydrochloric acid, aq. sodium hydrogencar-
bonate, and brine, dried (Na2SC>4), and concentrated. The 
residue was chromatographed with benzene-ethyl acetate 
(85:15 v/v) as the eluant and crystallized from dichloro-
methane-diisopropyl ether to give 5 (1.91 g, 73%): mp 110— 
111.5 °C; [aß5-15.2° (c 1.02, CHCI3); IR (KBr) 3380 (NH) 

and 1725 cm"i (NCOO); *H NMR (CDCI3) <5=1.31, 1.45 (6H, 
2Xs, 2XCCH3), 3.28, 3.42, 3.45 (each IH, 3Xbroad s, H-2, 
H-3, and H-4), 3.32 (IH, m, H-6'a), 3.51—3.58 (2H, m, H-6a 
and H-6'b), 3.78 (3H, s, OCH3), 3.83 (IH, m, H-4'), 3.91 (IH, 
d, /=6.7 Hz, H-6b), 4.00 (IH, m, H-5'), 4.11 (IH, m, H-2'), 
4.31—4.43 (5H, m, H-3' and 2XArCH20), 4.58 (IH, broad s, 
H-5), 4.82 (IH, broad s, H-l ') , 5.04—5.14 (4H, m, 2X 
PhCH2OCO), 5.27 (IH, broad s, NH), 5.37 (IH, s, H-l), and 
5.63 (IH, d, 7=9.8 Hz, NH). 

Found: C, 65.81; H, 6.19; N, 3.25%. Calcd for C46H52N2O13:; 
C, 65.70; H, 6.23; N 3.33%. 

l,6-Anhydro-3-0-benzyl-4-0-[2,6-bis(benzyloxycarbonyl-
amino)-2,6-dideoxy-a-D-allopyranosyl]-2-0-(p-methoxybenz-
yl)-ß-D-glucopyranose (6). A solution of 5 ( 1.93 g, 2.3 mmol) 
in 80% aq. acetic acid (22.5 cm3) was stirred for 4 h at 60— 
65 °C, neutralized with aq. sodium hydrogencarbonate, and 
extracted with chloroform (3X50 cm3). The extracts were 
combined, successively washed with aq. sodium hydrogencar­
bonate and brine, dried (Na2SÛ4), and concentrated. The 
residue was crystallized from dichloromethane-ethanol-
diisopropyl ether to give 6 (1.54 g, 84%): mp 148—150 °C; 
[afj -24.4° (c 0.70, CHCI3); IR (KBr) 3470 (OH), 3380 (NH), 
and 1690 cm"1 (NCOO); *H NMR (CDCI3) ô=2.99, 3.19 (2H, 
2Xbroad s, 2XOH), 3.32, 3.42 (each IH, 2Xbroad s, H-2 and 
H-4), 3.35 (IH, m, H-6'a), 3.51—3.58 (3H, m, H-3, H-6a and 
H-6'b), 3.77 (3H, s, OCH3), 3.81 (IH, m, H-2'), 3.98—4.08 
(3H, m, H-6b, H-4', and H-5'), 4.24—4.42 (5H, m, H-3' and 
2XArCH20), 4.57 (IH, broad s, H-5), 4.78 (IH, broad s, H-
1'), 5.10 (4H, m, 2XPhCH2OCO), 5.19 (IH, broad s, NH), 
5.38 (IH, s, H-l), and 5.77 (IH, d, 7=8.9 Hz, NH). 

Found: C, 64.61; H, 5.99; N, 3.36%. Calcd for C43H48N2O13: 
C, 64.49; H, 6.04; N, 3.50%. 

l,6-Anhydro-3-0-benzyl-4-0-[2,6-bis(benzyloxycarbonyl-
amino)-2,6-dideoxy-3,4-0-thiocarbonyl-a-D-allopyranosyl]-2-
0-(p-methoxybenzyl)-ß-D-ghicopyranose (7). l,l'-Thiocar-
bonyldiimidazole (0.5 g, 2.8 mmol) was added to a solution 
of 6 (1.12 g, 1.4 mmol) in dry toluene (20 cm3). The mixture 
was stirred under an argon atmosphere for 3 h at 80—90 °C 
and concentrated. The residue was chromatographed with 
benzene-ethyl acetate (85:15 v/v) as the eluant giving 7 
(1.02 g, 87%) as an amorphous solid: [a]% -75.5° (c 1.12, 
CHCI3); IR (KBr) 3380 (NH) and 1720 cm"1 (NCOO); 
*H NMR (CDCI3) 6=3.28, 3.39, (each IH, 2Xbroad s, H-2 and 
H-4), 3.46—3.48 (2H, m, H-3 and H-6'a), 3.57—3.60 (2H, m, 
H-6a and H-6'b), 3.78 (3H, s, OCH3), 3.95 (IH, d, 7=7.1 Hz, 
H-6b), 4.20—4.53 (6H, m, H-2', H-5', and 2XArCH2), 4.57 
(IH, broad s, H-5), 4.70 (IH, broad t, H-3'), 4.87 (IH, broad s, 
H-l ') , 5.04—5.16 (6H, m, H-4', NH, and 2XPhCH2OCO), 
5.34 (IH, s, H-l), and 5.70 (IH, broad d, 7=8.8 Hz, NH). 

Found: C, 62.85; H, 5.37; N, 3.29; S, 3.68%. Calcd for 
C44H46N2O13S: C, 62.70; H, 5.50; N, 3.32; S, 3.80%. 

l,6-Anhydro-3-0-benzyl-4-0-[2,6-bis(benzyloxycarbonyl-
amino)-2,3)4,6-tetradeoxy-a-D-ery</iro-hex-3-enopyranosyl]-2-
0-(/?-methoxybenzyl)-ß-D-glucopyranose (8). A mixture of 
7 (1.18 g, 1.4 mmol) and trimethyl phosphite (15 cm3) was 
stirred under an argon atmosphere for 48 h at 110 °C and 
concentrated. The residue was chromatographed witht 
benzene-ethyl acetate (85:15 v/v) as the eluant and 
crystallized from dichloromethane-ethanol to give 8 (0.82 g, 
76%): mp 131.5—132.5 °C; [aß 3-89.6° (c 0.82, CHCI3); IR 
(KBr) 3320 (NH) and 1690 cm"1 (NCOO); *H NMR (CDCI3) 
0=3.28—3.34 (3H, m, H-2, H-4, and H-6'a), 3.42 (IH, m, 
H-6'b), 3.57 (IH, broad s, H-3), 3.66 (IH, dd, 7=7.1 and 
6.6 Hz, H-6a), 3.79 (3H, s, OCH3), 4.07 (IH, d, 7=7.1 Hz, 
H-6b), 4.23—4.40 (6H, m, H-2', H-5', and 2XArCH20), 4.48 
(IH, broad d, H-5), 4.80 (IH, broad d, 7=3.0 Hz, H-l ') , 
4.99—5.14 (5H, m, NH and 2XPhCH2OCO), 5.33 (IH, s, 
H-l), and 5.69—5.75 (3H, m, H-3', H-4', and NH). 
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Found: C, 67.42; H, 5.98; N, 3.54%. Calcd for C43H46N2O11: 
C, 67.35; H, 6.05; N, 3.65%. 

l,6-Anhydro-3-0-benzyl-4-0-[2,6-bis(benzyloxycarbonyl-
amino)-2,3,4,6-tetradeoxy-a-D-^ryi/iro-hexapyranosyl]-2-0-
(p-methoxybenzyl)-)8-D-glucopyranose (9). A suspension of 
8 (307 mg, 0.4 mmol) and platinum(IV) oxide (60 mg) in 
ethyl acetate (20 cm3) was shaken under a hydrogen 
atmosphere at room temperature for 48 h. The catalyst was 
filtered off and washed with ethyl acetate. The filtrate and 
washings were combined and concentrated. The residue was 
chromatographed with benzene-ethyl acetate (4:1 v/v) as the 
eluant and crystallized from dichloromethane-ethanol to 
give 9 (256 mg, 83%): mp 126.0—127.5 °C; [a]% -19.1° (c 
1.08, CHCI3); IR (KBr) 3320 (NH) and 1695 cm"1 (NCOO); 
iHNMR (CDCI3) 0=1.14 (IH, broad q, /=13 Hz, H-4'ax), 
1.67 (IH, broad d, 7=13.7 Hz, H-4'eq), 1.78 (IH, broad q, 
/=13 Hz, H-3'ax), 1.90 (IH, broad d, /=13 Hz, H-3'eq), 3.15 
(IH, m, H-6'), 3.30—3.53 (4H, m, H-2, H-3, H-4, and H-6'b), 
3.62 (IH, t, /=6.8 Hz, H-6a), 3.75 (IH, m, H-2'), 3.79 (3H, s, 
OCH3), 3.91 (IH, m, H-5'), 4.02 (IH, d, 7=6.8 Hz, H-6b), 
4.29—4.43 (4H, m, 2XArCH20), 4.51 (IH, broad d, H-5), 4.65 
(IH, broad s, H-l ') , 4.99—5.09 (5H, m, NH and 2X 

PhCH2OCO), 5.35 (IH, s, H-l), and 5.50 (IH, d, 7=9.3 Hz, 
NH). 

Found: C, 67.10; H, 6.26; N, 3.57%. Calcd for C43H48N2O11: 
C, 67.17; H, 6.29; N, 3.64%. 

We are grateful to Dr. J u n Uzawa and Mrs. T a m i k o 
Chijimatsu for recording and measuring and measuring 
the 1H N M R spectra, and Miss Mutsuko Yoshida and 
her collaborators for the elemental analyses. 
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Synopsis. Three stereoisomers of DL-l-C-(hydroxymethyl) 
conduritol epoxides have been synthesized in order to 
investigate their inhibitory activity against certain glyco-
syl hydrolases. 

Several condur i to l 5-cyclohexene-l,2,3,4-tetrol deri­
vatives, bromides,2 ) epoxides3* etc., have been shown to 
be glycosidase inactivators. In this note, we describe 
synthesis of the title four conduri tol epoxides (1—4) 
with branched hydroxymethyl g roup , in order to study 
structure-activity re la t ionship of this k ind of enzyme 
inhibi tors . 

Oxida t ion of DL-(l,3/2)-4-methylene-5-cyclohexene-
1,2,3-triol triacetate4) (5) with osmium(VII) tetraoxide 
in aqueous acetone, followed by acetylation afforded, 
after separat ion by chromatography on silica gel, 60% 
of DL-( 1,2,4/3 )-l -C-hydroxymethyl-5-cyclohexene-l ,2,3,4-
tetrol pentaacetate5 ) (6) and 15% of the l-epimer5) (7), 
together wi th a smal l p ropor t ion ( < 1 % yield) of new 
DL-( 1,2,4/3,5)-6-methylenecyclohexane-l ,2,3,4,5-pentol 
pentaacetate (8). T h e structure of 8 was established on 
the basis of XH N M R spectrum which revealed all J2,3, 
JSA, and J4,5 wi th a spacing of 9.5—10 Hz, indica t ing 
that the acetoxyl groups at C-2,3,4,5 were all in 
equatorial or ientat ion. 

Direct epoxidat ion of 6 with 3-chloroperbenzoic 
acid was shown to give a poor yield (15%) of the 
epoxide la , the XH N M R spectrum of which contained 
signals of the epoxide pro tons as a doublet of doublets 
(7=1.6 and 3.5 Hz) and a doublet (7=3.5 Hz) at 0=3.60 
and 3.81, indicat ing that the epoxy group existed in the 
eis position6 ) to the 4-OAc group. 

React ion of 6 wi th Af-bromosuccinimide in aqueous 
1,4-dioxane at room temperature afforded two crystal­
line b romohydr ins 9 (41%) and 10 (30%). T h e *H N M R 
spectrum of 9 contained a wide triplet (7=10.8 Hz) at 

6=4.37, indicative of the presence of the equator ia l 
b r o m o g roup at C-3 with two trans acetoxyl groups at 
C-2,4. In the spectrum of 10, a nar row doublet 
(7—3.3 Hz, 6=4.33) was at t r ibutable to the signal due 
to CHBr, showing the existence of the b romo g r o u p at 
C-2 in axial position. Mechanistically, the intermediate 
b r o m o n i u m ion formed at C-5,6 was cleaved by 
assistance of the trans-acetoxyl g roups at C-l and 4, 
followed by the acetyl g roup migra t ion under acidic 
condit ions, to yield the bromohydr ins having tertially 
hydroxy 1 groups. 

T rea tmen t of 9 wi th excess of potass ium carbonate 
in me thano l at room temperature and successive 
acetylation produced a mixture of products , from 
which only two epoxides l a (24%) and 2a (5.2%)) were 
isolated by chromatography on silica gel. T h e free 
pentol l b convertible from l a seemed to be stable 
under basic condit ions, but in the case of 2a, the pentol 
2b was likely to be converted in to other isomers 
t h rough epoxy g r o u p migra t ion by attack of the 
adjacent trans hydroxyl a n d / o r the hydroxymethyl 
groups. O n the other hand, similar reaction of 10 wi th 
potass ium carbonate proceeded cleanly to give, after 
acetylation, 82% yield of a single epoxide 3a, the 
structure of which was confirmed by the XH N M R 
spectrum that contained a doublet (7=5 Hz, 6=3.57) 
due to the epoxide proton. In this case, the tertiary 
1-OH function seemed to attack directly the 2-carbon 
a tom bear ing the b romo a tom and epoxy g r o u p 
migra t ion was not possible. 

Likewise, the b romohydr in 11 was selectively 
obtained from 7 in 81% yield. T h e structure of 11 was 
confirmed by the *H N M R spectrum that contained a 
doublet of doublets (7=3.7 and 9.5 Hz, 0=4.17) due to 
CHBr. Similarly, epoxidat ion of 11 produced a 
mix ture of several products, from which only 4a was 

CH2OR CH2OR ÇH2OR 

1a,b 2a,b 3a,b 

ROH2C 

4a,b 

a: R = Ac 
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obtained pure in 26% yield. 
T h e pentaacetates la, 3a, and 4a were converted in to 

the free epoxides lb , 3b, and 4b. 

Experimental 

General Methods. Melting points were determined with 
a MEL-TEMP capillary melting-point apparatus and are 
uncorrected. The 1H NMR spectra were measured with a 
JEOL JNM-EX 90 (90 MHz) spectrometer for solution of 
CDCI3 (TMS). Spectrum at 270 MHz were measured with a 
JEOL JNM-GX 270 FT instrument. TLC was performed on 
Wakogel B-10 (Wako Co., Osaka) with detection by charring 
with sulfuric acid. The silica gel used for column 
chromatography was Wakogel C-300 (Wako Co., Osaka). 

DL-(l,2,4/3)-l-C-Acetoxymethyl-l,2,3,4-tetra-0-acetyl-5-cyclo-
hexene-1,2,3,4-tetrol (6) and DL-(l,3/2,4)-l-C-Acetoxymethyl-
l,2,3,4-tetra-0-acetyl-5-cyclohexene-l,2,3,4-tetrol (7), and DL-
(l,2,4/3,5)-l,2,3,4,5-Penta-0-acetyl-6-methylene-l,2,3,4,5-cyclo-
hexanepentol (8). DL-(l,3/2)-l,2,3-tri-0-acetyl-4-methylene-
5-cyclohexene-l,2,3-triol (5)4) (5.0 g, 19 mmol) was dissolved 
in a mixture of acetone (75 ml) and water (175 ml). To the 
mixture was added 97% 4-methylmorpholine Af-oxide (2.9 g, 
21 mmol) and 0.05 M osmium tetraoxide (1 M=l mol dm -3) 
in 2-methyl-2-propanol (7.5 ml, 0.37 mmol), and it was 
stirred at room temperature for 26 h. Sodium hydrogen-
sulfite (4.1 g, 40 mmol) was added to quench the exess 
oxidant, then the mixture was concentrated, and the residue 
was acetylated with acetic anhydride (280 ml) in pyridine 
(80 ml). TLC (1:5, 2-butanone-toluene) then revealed three 
products (Ri 0.49, 0.45 and 0.42). The mixture was 
concentrated, and solution of the residue in ethyl acetate was 
washed with water, dried, and concentrated. Chromatog­
raphy of the residue on a silica gel with 2-butanone-toluene 
(1:30) gave first, 8 (72 mg, 1.0%) as prisms: mp 98.5—99.5 °C 
(recrystallized from ethanol). *H NMR (CDCI3, 90 MHz) 
0=2.01, 2.02, 2.03, 2.12 and 2.15 (5 s, each 3H, 5 OAc), 4.91 (dd, 
1H, /2)3=10 Hz, /i,2=3.5 Hz, H-2), 5.04 (t, 1H, JsA=J4,5=9.5 Hz, 
H-4), 5.28 and 5.42 (2 d, each 1H, /=2.2 Hz, H-7, H-7'), 5.58 
(dd, 1H, H-3), 5.75 (m, 1H, H-5), 5.82 (d, 1H, H-l). Found: 

C, 52.50; H, 5.51%. Calcd for C17H22O10: C, 52.85; H, 5.7 
Eluted second was 6 (4.3 g, 60%), isolated as a syrup. This 

compound was identical with an authentic sample5) in all 
respects. 

Eluted third was 7 (1.1 g, 15%), isolated as prisms: mp 
97.5—98.5 °C (recrystallized from ethanol) (lit,5> mp 94.0— 
96.0 °C). This compound was identical with an authentic 
sample5) in all respects. 

DL-(l,2,3,4,6/5)-l-C-Acetoxymethyl-l,4,5,6-tetra-0-acetyl-
2,3-anhydro-l,2,3,4,5,6-cyclohexanehexol (ia)s Xo a solu­
tion of 6 (0.10 g, 0.26 mmol) in 1,2-dichloroethane (3 ml) was 
added 70% 3-chloroperbenzoic acid (0.57 g, ca. 2.3 mmol), 
and the mixture was stirred at 50 °C for 14 days. The 
mixture was treated with 20% aqueous sodium thiosulfate 
and extracted with chloroform, and the extract was washed 
with water, dried, and concentrated. The residue was 
chromatographed on a silica gel with 2-butanone-toluene 
(1:10) to give recovered 6 (31 mg, 31%) and la (16 mg, 15%) as 
prisms: mp 137—139 °C (recrystallized from ethanol). 
*H NMR (CDCI3, 90 MHz) 0=2.00, 2.07, 2.12, 2.13, and 2.18 
(5 s, each 3H, 5 OAc), 3.60 (dd, 1H, /2)3=3.5 Hz, /3)4=1.6 Hz, 
H-3), 3.81 (d, 1H, H-2), 4.21 and 4.74 (2 d, each 1H, /=11 Hz, 
H-7, H-7'). Found: C, 50.89; H, 5.48%. Calcd for G7H22O11: 
C, 50.75; H, 5.51%. 

DL-(l,2,4,6/3,5)-l-C-Acetoxymethyl-2,4,5,6-tetra-0-acetyl-
3-bromo-l,2,4,5,6-cyclohexanepentol (9) and DL-(1,3,4,6/2,5)-
1 - C-Acetoxymethyl-3,4,5,6-tetra-O-acetyl-2-bromo-1,3,4,5,6-
cyclohexanepentol (10). To a solution of 6 (0.67 g, 1.7 mmol) 
in 10 ml of 1,4-dioxane-water (1:1) mixture was added 
iV-bromosuccinimide (1.5 g, 8.7 mmol), and the mixture was 
stirred at room temperature for 3 days. TLC (1:3, 2-
butanone-toluene) then revealed two major products (Ri 
0.36 and 0.26). The mixture was concentrated, and the 
residue was dissolved in ethyl acetate, and the solution was 
washed with water, dried, and concentrated. Chromatog­
raphy of the crude product on a sillica gel with 2-
butanone-toluene (1:9) gave first, 9 (0.35 g, 41%) as prisms: 
mp 217—218 °C (recrystallized from ethanol). ^ N M R 
(CDCI3, 270 MHz) 0=1.99, 2.07, 2.08, 2.10, and 2.18 (5 s, each 
3H, 5 OAc), 2.62 (s, 1H, OH), 3.85 and 3.90 (2 d, each 1H, 
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/=11.5 Hz, H-7, H-7'), 4.37 (t, 1H, 72,3=73,4=10.8 Hz, H-3), 
5.32 (d, 1H, 75,6=9.7 Hz, H-6), 5.37 (dd, 1H, 74,5=9.7 Hz, H-4), 
5.41 (d, 1H, H-2), 5.44 (t, 1H, H-5). Found: C, 41.93; H, 
4.81%. Calcd for Ci7H23BrOii: C, 42.25; H, 4.80%. 

Eluted second was 10 (0.25 g, 30%), isolated as prisms: mp 
144.0—145.5 °C (recrystallized from ethanol). ^ N M R 
(CDCls, 270 MHz) 0=2.02, 2.03, 2.11, 2.12, and 2.15 (5 s, each 
3H, 5 OAc), 3.10 (s, 1H, OH), 4.25 and 4.30 (2 d, each 1H, 
7=12.5 Hz, H-7, H-7'), 4.33 (d, 1H, 72,3=3.3 Hz, H-2), 5.66 (t, 
1H, 73,4=3.3 Hz, H-3), 5.66 (d, 1H, 75,6=6.2 Hz, H-6). Found: 
C, 42.31; H, 4.65%. Calcd for Ci7H23BrOn: C, 42.25; H, 
4.80%. 

DL-(l,2,3,4,6/5)-l-C-Acetoxymethyl-l,4,5,6-tetra-0-acetyl-
2,3-anhydro-l,2,3,4,5,6-cyclohexanehexol (la) and DL-(1,2,3,4, 
6/5)-1 - C- Acetoxymethyl- 1,2,5,6-tetra- O -acetyl- 3,4- anhydro-
1,2,3,4,5,6-cyclohexanehexol (2a). To a solution of 9 (0.53 g, 
1.1 mmol) in methanol (20 ml) was added anhydrous potas­
sium carbonate (0.31 g, 2.2 mmol), and the solution was 
stirred at room temperature for 7 h, then neutralized with 
1 M hydrochloric acid. The mixture was concentrated, and 
the residue was acetylated in the usual way. TLC (1:4, 
acetone-hexane) then revealed two major products (R{ 0.35 
and 0.32). The mixture was concentrated and the residue 
was dissolved in ethyl acetate, and the solution was washed 
with water, dried, and concentrated. The residue was 
chromatographed on a silica gel with acetone-hexane (1:8) 
to give first, 2a (23 mg, 5.2%) as prisms: mp 176.5—178 °C 
(recrystallized from ethanol). *H NMR (CDCI3, 90 MHz) 
0=2.04, 2.09, 2.11, 2.15, and 2.17 (5 s, each 3H, 5 OAc), 3.27 
(d, 1H, 73,4=3.8 Hz, H-4), 3.42 (dd, 1H, 72,3=3.0 Hz, H-3), 4.52 
and 4.79 (2 d, each 1H, 7=12 Hz, H-7, H-7'), 5.63 (d, 1H, 
H-2). Found: C, 50.18; H, 5.42%. Calcd for C17H22O11: C, 
50.75; H, 5.51%. 

Eluted second was la (0.11 g, 24%), isolated as prisms. This 
compound was identical with the sample obtained by direct 
epoxidation of 6 in all respects. 

DL-(l,2,3,4,6/5)-l-C-Acetoxymethyl-3,4,5,6-tetra-0-acetyl-
l,2-anhydro-l,2,3,4,5,6-cyclohexanehexol (3a). Compound 
10 (0.48 g, 0.99 mmol) was treated with anhydrous potas­
sium carbonate, followed by acetylation as described in the 
preparation of la and 2a, to give a single epoxide 3a (0.33 g, 
82%) as prisms: mp 121.5—122.5 °C (recrystallized from 
ethanol). 1U NMR (CDCI3, 90 MHz) 0=2.01, 2.02, 2.08, 2.12, 
and 2.16 (5 s, each 3H, 5 OAc), 3.57 (d, 1H, 72,3=5.0 Hz, H-2), 
3.82 and 4.37 (2 d, each 1H, 7=12.3 Hz, H-7, H-7'), 4.96 (dd, 
1H, 74 5=10 Hz, 73,4=5.0 Hz, H-4), 5.37 (dd, 1H, 7s,6=8.2 Hz, 
H-5), 5.47 (t, 1H, H-3), 5.57 (d, 1H, H-6). Found: C, 50.39; H, 
5.42%. Calcd for G7H22O11: C, 50.75; H, 5.51%. 

DL-(l,2,5/3,4,6)-l-C-Acetoxymethyl-2,4,5,6-tetra-0-acetyl-
3-bromo-l,2,4,5,6-cyclohexanepentol (11). Compound 7 (0.84 
g, 2.2 mmol) was treated with iV-bromosuccinimide as de­
scribed in the preparation of 9 and 10 to give a single prod­
uct 11 (0.85 g, 81%) as prisms: mp 180.5—182.5 °C (re­
crystallized from ethanol). *H NMR (CDCI3,270 MHz) 0=2.08, 
2.10, 2.11, 2.14, and 2.20 (5 s, each 3H, 5 OAc), 2.82 (s, 1H, 
OH), 4.19 and 4.28 (2 d, each 1H, 7=12.3 Hz, H-7, H-7'), 4.71 

(dd, 1H, 72,3=9.5 Hz, 73,4=3.7 Hz, H-3), 5.07 (t, 1H, 74)5=75)6=3.7 
Hz, H-5), 5.19 (d, 1H, H-6), 5.34 (t, 1H, H-4), 5.59 (d, 1H, 
H-2). Found: C, 42.30; H, 4.70%. Calcd for G v ^ B r O n : C, 
42.25; H, 4.80%. 

DL-(l,2,3,5/4,6)-l-C-Acetoxymethyl-l,4,5,6-tetra-0-acetyl-
2,3-anhydro-l,2,3>4,5,6-cyclohexanehexol (4a)s Compound 
11 (0.32 g, 0.66 mmol) was treated with anhydrous potassium 
carbonate as described in the preparation of la, 2a and 3a to 
give a single epoxide 4a (69 mg, 26%) as prisms: mp 98.5— 
99.5 °C (recrystallized from ethanol). ^ N M R (CDCI3, 
90 MHz) 0=2.00, 2.05, 2.09, and 2.18 (4s, 3H, 6H, 3H, 3H, 5 
OAc), 3.25 and 4.14 (2 d, each 1H, 72,3=3.8 Hz, H-2, H-3), 
4.51 and 4.98 (2 d, each 1H, 7=11.4 Hz, H-7, H-7'). Found: 
C, 50.73; H, 5.32%. Calcd for G7H22O11: C, 50.75; H, 5.51%. 

DL-(l,2,3,4,6/5)-2,3-Anhydro-l-C-hydroxymethyl-l,2,3,4,5,6-
cyclohexanehexol (lb). To a solution of la (0.10 g, 0.25 
mmol) in methanol (3.6 ml) was added methanolic 1 M 
sodium methoxide (0.4 ml). The solution was stirred at 
room temperature for 2 h, then neutralized with Amberlite 
IR-120B (H+) resin, and concentrated to give lb (46 mg, 
96%) as a syrup. Found: C, 42.64; H, 6.00%. Calcd for 
C7H12O6 • 0.25H2O: C, 42.75; H, 6.41%. 

DL-(l,2,3,4,6/5)-l,2-anhydro-l-C-hydroxymethyl-l,2,3,4,5,6-
cyclohexanehexol (3a). Treatment of 3a (0.20 g, 0.25 mmol) 
as described in the preparation of lb gave 3b (89 mg, 93%) as 
prisms: mp 180.5—182.5 °C (recrystallized from methanol). 
Found: C, 43.11; H, 6.02%. Calcd for C7H12O6: C, 43.75; H, 
6.29%. 

DL-(l,2,3,5/4,6)-2,3-Anhydro-l-C-hydroxymethyl-l,2,3,4,5,6-
cyclohexanehexol (4b). Treatment of 4a (83 mg, 0.21 mmol) 
as described in the preparation of lb and 3b gave 4b (38 mg, 
95%) as a syrup. Found: C, 40.43; H, 6.89%. Calcd for 
C7Hi 20 6-H 20: C, 40.00; H, 6.71%. 

T h e authors thank Mr. Hisao Arita for the elemental 
analyses, Mr. Yasushi Shibata and Mr. Yasunobu 
Miyamoto for measurement of the 270 MHz 1H N M R 
spectra. 
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Synopsis. Crystalline calcium silicate of ZSM-5 structure 
was hydrothermally synthesized by using an excessive 
amount of tetrapropylammonium bromide (TPABr) as an 
organic base and without using any alkali metal ions in the 
low pH range. The acidity caused by Ca was verified by IR, 
NH3-TPD, and methanol conversion. 

Calcium silicates, such as tobermolite and xonotolite, 
are k n o w n to be cement minerals , and have pore 
structures wi th a diameter of a few Â.1* However, they 
do no t have any acidic sites, o w i n g to the h igh Ca-
content , and have never been regarded as catalysts. O n 
the other hand , magnes ium silicate, such as sepiolite, 
has ion-exchangeable protons , and is used as a 
catalyst for me thano l conversion.2) It is expected that 
calcium silicate would be used as a catalyst if a small 
a m o u n t of calc ium happened to be occluded in a silica 
mat r ix and had any acidity. In this respect, the 
possibili ty of the hydrothermal synthesis of crystalline 
calcium silicate wi th a low Ca-content was examined 
in alkali-metal-ion-free condit ions. 

Colloidal silica (Cataloid SI-30) con ta in ing 30 wt% 
SiÜ2 was purchased from Catal. Chem. Ind. Co. A 
trace a m o u n t of Al (Al2O3/SiC>2=0.0003) was detected 
in the colloidal silica by X-ray fluorescence spectrometry 
(XRF). Appropr ia te amoun t s of aqueous solutions of 
ca lc ium hydroxide and of t e t r ap ropy lammonium 
bromide (TPABr) were added to the colloidal silica, 
and stirred to form gel. A gel mix ture wi thou t any 
alkali metal ions was autoclaved to be crystallized at a 
tempera ture range from 403 to 473 K. T h e crystals 
were washed wi th distil led water, dried, and calcined 

in air at 773 K for 15 h to remove the organic additive. 
T h e excessive a m o u n t of Ca was removed by ion 
exchange wi th an aqueous solut ion of a m m o n i u m 
chloride (5 wt%) followed by calcinat ion at 773 K. T h e 
crystallinity was checked by X-ray diffraction (XRD) 
us ing Cu^O! radiat ion, and the Ca-content was 
determined by XRF. T h e acidity of the catalysts was 
evaluated by methano l conversion, the FT- IR spectra 
of adsorbed pyridine, a n d the temperature pro­
grammed desorption of ammonia (NH3-TPD). Methanol 
conversion was carried out at T r=773 K and L H S V = 
1 h - 1 , as described previously.3) T h e desorpt ion of 
NH3 was performed at a hea t ing rate of 10 K m i n - 1 in a 
H e flow4) by recording M/e=16—18 us ing a mass-filter. 

A l though pure xonotol i te was obtained from a gel 
mix ture of C a / S i = l w i thou t us ing TPABr at 473 K for 
24 h, the addi t ion of TPABr (TPABr/SiO 2 =0.1 )5) and a 
decrease of the Ca /S i ra t io provided a poorly 
crystalline phase s imilar to that of ZSM-5. T h e 
detailed hydrothermal condit ions were examined in 
order to ob ta in the phase of h igher crystallinity. An 
excessive a m o u n t of T P A B r (TPABr/SiC>2=l) and the 
pro longed hydro thermal t ime to 7 days improved the 
crystallinity, which is contoured in Fig. 1 wi th the 
Ca /S i rat io range of the gel mix ture (Ca/Si*) from 0.02 
to 0.5 and the hydrothermal temperature (Th) range 
from 403 to 473 K. T h e numera l s in the figure denote 
relative X R D peak intensities of the crystals at 
20=23.2° T h e highest crystallinity was obtained wi th 
Ca/Si*=0.02 and Th=403—423 K. Under these hydro-
thermal condi t ions, the p H of the filtrate was almost 
neutral , as listed in Tab le 1. T h e crystallinity 
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Fig. 1. Crystallinity of calcium silicates. Numerals 
denote relative XRD intensities. X stands for the 
formation of xonotolite, as a by-product. 
Ca/Si*: Ca/Si atomic ratio of gel mixture. 
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Table 1. Aluminum and Calcium Contents of Calcium Silicates,a) and pH of Filtrate of the As-Synthesized Silicates 

Hydrothermal 
Temperature 

(Th)/K 

473 
443 
423 
403 

Ca/Si*=0.02b) 

Al/Si 

<0.001 
<0.001 
<0.001 
<0.001 

Ca/Si 

0.002 
0.003 
0.003 
0.003 

pH 

7 
7 
8 
7 

Ca/Si*=0.05b> 

Al/Si 

<0.001 
<0.001 
<0.001 
<0.001 

Ca/Si 

0.01 
0.03 
0.04 
0.02 

pH 

8 
9 
9 
9 

Al/Si 

<0.001 
<0.001 
<0.001 
<0.001 

Ca/Si*=0.1b> 

Ca/Si 

0.01 
0.08 
0.07 
0.09 

pH 

8 
9 
9 
9 

a) Determined by X-ray fluorescence spectrometry (XRF). b) Ca/Si atomic ratio of the starting gel mixture. 

Table 2. Methanol Conversion over Silicate Catalystsa) 

Catalyst 

Ca-silicate 
Ca-silicate 
Ca-silicate 
Silicalite 
ZSM-5 

Ca/Sib> 

0.003 
0.04 
0.07 

<0.001 
<0.001 

Al/Sib> 

<0.001 
<0.001 
<0.001 
<0.001 

0.02 

Conv. 

% 

100.0 
80.3 
77.1 
7.0 

100.0 

DMEC> 

Yield 

% 

0.0 
22.6 
39.6 

1.0 
0.0 

C2—C5 
Olefin 

79.7 
33.9 
26.7 
(4.8) 

46.6 

Selectivityd> (C-%) 

Ci—C5 
Paraffin 

3.0 
4.1 
4.9 

(7.3) 
23.0 

BTXe> 

3.8 
0.2 
0.2 

(5.9) 
18.5 

C6+
f) 

13.3 
55.4 
65.2 

(81.9) 
11.8 

CO 
CO2 

0.1 
6.4 
3.1 

(0.1) 
0.1 

a) Reaction conditions: Tr=773 K, LHSV=1 h_1. b) Determined by X-ray fluorescence spectrometry (XRF). 
c) DME=dimethyl ether, d) Selectivity in effective conversion3* (=conversion—DME yield), e) BTX=benzene, toluene 
and xylene, f) Including carbonacious deposit. 

decreased drastically at Ca/Si*=0.05—0.1, and the pH 
of the filtrate increased. Xonotolite was additionally 
formed at Ca/Si*=0.5. The XRD patterns, SEM 
images and pore size distributions estimated by the 
adsorption characteristics of hexane isomers6) suggest 
that the hydrothermal products with high crystallinity 
obtained at Ca/Si* < 0.05 have ZSM-5 structure. 

The spacing d(084) of the products was precisely 
determined by XRD with d(200) of Si metal as an 
internal standard. The result is illustrated in Fig. 2. 
The spacing of the products was slightly expanded 
with Ca-content, only when Ca/Si ratio determined by 
XRF (X-ray fluorescence spectrometry) was less than 
0.01, suggesting the possibility that a part of Ca is 
occluded in the silica matrix in these cases. 

Table 1 lists the Ca- and Al-contents of the crystals 
after removing most of the excessive amount of 
calcium from the surface. The amount of Al-impurity 
in the silicates was almost invariable under the 
hydrothermal conditions. The Ca content of the 
highly crystalline products was less than that of the 
starting gel mixtures. 

In order to elucidate the acidity, some of the hydro-
thermal products synthesized at 423 K were tested as 
the catalysts for methanol conversion (Table 2). The 
calcium silicate of Ca/Si=0.003 showed high activity 
and high selectivity for light olefins at 773 K. Silicalite 
containing the same amount of Al-impurity was not 
active and methanol was decomposed. By increasing 
the Ca content in the starting gel, the activity and 
selectivity for light olefins decreased. Zeolite H-ZSM-5 
of Al/Si=0.02 was more active than the calcium 
silicates, and showed high selectivity for BTX (benzene, 
toluene, and xylene) and paraffins at lower temperature 
range. 

Zeolite ZSM-5 modified with alkaline earth metal 
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\\ Û  -1 -1 

"J K* I 

4000 3500 3000 1600 1500 Î400 

Wavenumber / cm"1 

Fig. 3. FT-IR spectra of calcium silicate (a) before 
and (b) after pyridine adsorption. 

salts has been reported to be an excellent catalyst for 
methanol conversion to light olefins.7) The high 
selectivity for light olefins is ascribed to the acidic Al 
sites being weakened by modification. The reaction 
results described above suggest that the calcium 
silicate of low Ca-concentration also has some weak 
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473 5 73 673 773 

Temperature / K 
873 

Fig. 4. NH3-TPD spectra of (a) ZSM-5 (Al/Si=0.02); 
(b) Ca-silicate (Ca/Si=0.003); (c) Ca-silicate 
(Ca/Si=0.04); (d) Ca-silicate (Ca/Si=0.07); and (e) 
silicalite. 

acidic sites, even if the a m o u n t of Al- impur i ty is 
negligibly small. 

T h e FT- IR spectra of the calcium silicate of 
Ca/Si=0.003 before and after pyr idine adsorpt ion are 
depicted in Fig. 3. A weak O H band at 3603 c m - 1 was 
d imin ished by in t roducing 0.4 kPa of pyridine at room 
temperature and following evacuation at 373 K for 5 h, 
indica t ing that the silicate has a small a m o u n t of 
Br0nsted acid sites. A new peak at 1447 c m - 1 after the 
in t roduct ion of pyridine indicates that the Ca-silicate 
does have some Lewis acid sites.8) 

T h e acidity was also verified by NH3-TPD spectra as 
shown in Fig. 4. T h e calcium silicate of Ca/Si=0.003 
showed broad desorpt ion peaks from 473 to 723 K. 
T h e desorption a m o u n t above 573 K was estimated at 
42 umol g _ 1 from the peak area, which was m u c h 

h igher than the acidity ascribed to Al- impuri ty . By 
increasing the Ca-content of the s tar t ing gel mix ture 
(Ca/Si*), the desorption a m o u n t decreased. Silicalite 
did not show an NH3-desorption peak above 573 K. 
These results suggest that calcium silicate with low 
Ca-content only has weak acid sites. T h e reason for 
the decrease in the acid sites by increasing Ca /S i* has 
not yet been well explained. 

It is not yet clear whether Ca is substituted for Si in 
the lattice of the silicate or not . T h e expansion of 
spacing d(084) and the evidence for acidity may 
suggest the possibili ty for the occlusion of Ca 
somewhere in the calcium silicate lattice, only when 
the Ca-content is extremely low. A further characteriza­
t ion of Ca is now in progress and will be reported in 
later. 

T h i s work is a par t of "Ci Chemistry Project," a 
Nat ional Research and Development Program of 
Agency of Industr ial Science and Technilogy, Ministry 
of Internat ional T rade and Industry (M.I.T.I.), J apan . 
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Synopsis. For the ZSM-5 zeolite mechanically mixed 
with barium carbonate, the migration of barium into the 
zeolite channels from the outer surfaces of zeolite crystals 
occurs at 600 °C in both the absence of and the presence of 
steam, resulting in a modification of the strong acid sites. 

The re are many patents and articles concerning 
selective catalysts for the product ion of l ight olefins, 
such as ethylene and propylene, from methano l . 1 - 5 ) 

Recently, we have found that the zeolites con ta in ing 
alkal ine earth metals show h igh selectivities to l ight 
olefins at temperatures above 500°C 6 ' 7 ) and that, 
a m o n g them, the zeolite conta in ing calcium (AEZ-Ca) 
shows the best catalyst performance. We have 
concluded that a par t of the calc ium changes the 
s t rong acid sites of the zeolite to weak ones. It was also 
found that, when a moisture-r ich a tmosphere is 
encountered in me thano l conversion, calcium is 
released from the weak acid sites and migrates to the 
outer surfaces of zeolite crystals.8) T h e release of 
calc ium from the weak acid sites br ings about the 
regenerat ion of the s t rong acid sites. T h e s t rong acid 
sites tend to p romote the formation of coke deposits, 
wh ich are responsible for the deactivation of the 
catalysts. Therefore, the release of calcium is 
undesi rable for cont ro l l ing catalyst activity in order to 
extend catalyst life. 

F rom the fact that ca lc ium in the zeolite crystals 
migrates th rough channels to their outer surfaces, it is 
assumed that, in the presence of large amoun t s of an 
alkal ine earth metal salt on the outer surfaces, a par t of 
the a lkal ine ear th metal migrates in to the zeolite 
channels and modifies the strong acid sites. Hence, it 
is expected that the regeneration of the strong acid sites 
due to the release of ca lc ium from the weak ones is 
apparen t ly depressed when AEZ-Ca is mixed wi th 
a lkal ine earth metal salt. From this s tandpoint , in this 
paper the migra t ion of ba r ium in to zeolite channels 
has been investigated for zeolites mechanical ly mixed 
with, in part icular , a powder of ba r ium carbonate. 

Experimental 

ZSM-5 with SiCVAhOß ratio of 200 was synthesized as 
follows. Aluminium nitrate and colloidal silica (Cataloid 
SI-30 from Shokubai Kasei; 30—31 wt% Si02 , 0.36—0.47 wt% 

Na2Ü) were stirred into a solution containing tetrapropyl-
ammonium bromide and sodium hydroxide. The resultant 
hydrogel, with the composition of 0.05 R 2 0 • 0.052 Na 20 • 0.005 
Al2O3*SiO2*40 H2O (R=tetrapropylammonium), was then 
transferred into a 300-ml stainless steel autoclave and stirred 
at 160°C under an autogeneous pressure for 18 h. After the 
crystallization of the zeolite, the autoclave was rapidly 
cooled; the precipitated crystals were then filtered off, 
washed thoroughly with deionized water, dried at 120°C, 
and calcined at 500 °C for 18 h in order to remove the organic 
base occluded in the zeolite framework. The zeolite thus 
obtained was protonated in a 0.6 mol dm - 3 hydrochloric acid 
solution at room temperature for 18 h and then calcined at 
500 °C for 6 h. Silicalite was similarly synthesized without 
aluminium in hydrogel. The analytical data of the zeolites 
are summarized in Table 1. 

BaC03 was prepared by the calcination of barium acetate 
at 500 °C for 18 h. The mechanical mixing of ZSM-5 or 
silicalite with BaCC>3 was performed in a weight ratio of 2:1. 
The steaming3) of the catalyst was carried out at 600 °C for 
7—40 h in an argon stream of 60 vol% to H2O. The catalysts 
were calcined in air at 600 °C for 7—96 h, while the HCl 
treatment was done with a 0.6 mol dm - 1 hydrochloric acid 
solution at room temperature for 18 h. 

The elemental compositions of the zeolites were deter­
mined by the use of an X-ray fluorescence spectrometer 
(Rigaku 3080E). The samples for the measurement were 
prepared as glass beads by mixing 0.3 g of the zeolites with 
3 g of lithium borate. The BET surface areas of the zeolites 
were measured by a method of single-point N2 adsorption at 
—196°C (Shimadzu Micromeritics 2200). The morphology 
of the zeolites was observed by means of a scanning electron 
microscope (Shimadzu ASM-X). The diffuse reflectance 
infrared spectra of the zeolites were measured at room 
temperature using a Digilab FTS-60 spectrometer equipped 
with an evacuable, heatable chamber. The powdered zeolites 
were placed in thin-walled ampules with a diameter of 8 mm 
and then evacuated to about 10~6 Torr at 500 °C for 2 h. The 
spectra were taken at a 2-cm-1 resolution for 1000 scans. 

Results and Discussion 

Migration of Barium in Calcining at 600 ° C in the 
Absence of Steam; T h e calc inat ion of mechanical 
mixtures of ZSM-5 and silicalite wi th BaCOs was 
carried ou t at 600 °C. T h e calcined zeolite mixtures 
were treated wi th a 0.6 mol d m - 3 H C l solut ion in order 
to remove the free BaCÛ3 from the mixtures wi th the 
zeolite crystals. Tab le 2 shows the chemical composi-

Zeolite 

ZSM-5 
Silicalite 

Table 1. 

Si0 2 /Al 2 0 3 ratioa> 

196 
3300 

Characteristics of Zeolites 

BET surface area/m2 g - 1 

360 
390 

Particle size/jam 

2—4 
1—9 

a) After acidification by 0.6 mol dm - 3 HCl. 
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Table 2. Characteristics of Various BaCOß-Mixed Zeolites 

BaC03-mixed zeolitea) 

BaCCVZSM-5 

BaCOs/Silicalite 

Time of treatment/h 

Calciningb) 

7 
18 
40 

18 
96 

Steamir 

7 

7 
40 

l g c ) 

Molar or atomic ratio after HCl treatment^ 

Si0 2 /Al 2 0 3 

202 
203 
204 
212 

3300 
3400 
3300 
3500 

Ba/Si 

0.0008 
0.0015 
0.0016 
0.0013 

0.0000 
0.0000 
0.0000 
0.0008 

Ba/Al2 

0.16 
0.31 
0.33 
0.27 

a) 1 g of the zeolite (ZSM-5 or Silicalite) was mechanically mixed with 0.5 g of BaC03. b) Temp=600°C in air. 
c) Temp=600°C, LHSV of H20=1.2 h"1, H2O/Ar=0.67. d) The treatment of HCl was performed with a 0.6 mol dm"3 

HCl solution at R. T. for 8 h. 

tions of the zeolites after the treatment of HCl. The 
Ba/Si (Ba/Al2) ratios of BaCOs-mixed ZSM-5 in­
creased with the time of calcination until 18 h, 
becoming nearly constant after that. On the other 
hand, the Ba/Si ratio of BaCOs-mixed silicalite was 
zero, even after 96 h. These results suggest that barium 
is occluded in the zeolites, presumably through the 
interaction of the metal with the strong acid sites, since 
strong acid sites are present on ZSM-5, but not on 
silicalite. 

The IR spectra of hydroxyl groups of ZSM-5 and 
BaC03-mixed ZSM-5 before and after calcining were 
also measured. The spectrum of ZSM-5 was character­
ized by a well-defined peak at 3605 cm - 1 assigned to an 
acidic bridged OH of Si(OH)Al, which is supposed to 
be an essential chemical formula of strong acid sites.9) 

Curves (1) and (V) in Fig. 1 indicate that, for ZSM-5, 
simple calcining does not affect the peak intensity at 
3605 cm -1 . For the BaCOs-mixed ZSM-5, however, the 
same peak was decreased to some extent by calcination, 
as is shown by Curves (2) and (2'). This decrease in the 
peak intensity supports the earlier indication that 
barium interacts with the strong acid sites. 

On the assumption of a homogeneous distribution10* 
of aluminium in a zeolite crystal of 1-um size, 
aluminium above 99% is present inside the crystal. 
Hence, the Ba/Ah ratios of about 0.3, shown in 
Table 2, indicate that most of the barium is also 
present inside the zeolite crystals, provided that the 
barium interacts with the strong acid sites containing 
aluminium. Therefore, it seems quite reasonable to 
consider that barium migrates from the outer surfaces 
of zeolite crystals into their channels during calcina­
tion. 

This is also supported by the report of Kucherov et 
al .n ) that the calcination of mechanical mixtures of 
copper compounds with the H forms of the high-silica 
zeolites in air at 520—800 °C is accompanied by a 
migration of a part of the Cu2+ ions into zeolite 
channels. The location of the Cu2+ ions at the 
cationic sites was determined by means of ESR. 

Migration of Barium by Steaming at 600 °C: The 
migration of barium under steaming at 600 °C was 
investigated in order to compare this with the case of 
calcination. The chemical compositions of both 

3700 3600 3500 

Wavenumber /cm 

Fig. 1. FT-IR spectra of various zeolite catalysts 
before and after calcining. 1: ZSM-5 before calcining. 
1': ZSM-5 after calcining. 2: BaCOs-mixed ZSM-5 
before calcining. 2': BaCOs-mixed ZSM-5 after 
calcining. Calcining conditions: Temp=600°C in 
air, Time=18h. 

BaCOs-mixed ZSM-5 and BaC03-mixed silicalite after 
steaming and HCl treatment are shown in Table 2. It 
was found that, for ZSM-5, the Ba/Si ratio after 
steaming is higher than that after calcining. This 
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table also shows that dea lumina t ion from the ZSM-5 
zeolite framework occurs u p o n steaming. T h e 
Si02/Al203 rat io of the steamed zeolite increased a 
little. In addi t ion, it is understood that ba r ium is 
in t roduced in to ZSM-5 by s teaming in a way similar to 
the case of calcining. T h e Ba/Si rat io of BaCOs-mixed 
silicalite steamed for 40 h is 0.0008, indicat ing the 
in t roduct ion of ba r ium in to silicalite. In the presence 
of steam, it is probable that many si lanol g roups are 
formed in the channel of zeolites and that BaCOs is 
transformed in to Ba(OH)2. T h e formation of silanol 
g roups and Ba(OH)2 by s teaming would promote the 
in t roduc t ion of b a r i u m even in to silicalite. By the 
same reaction, the in t roduc t ion and the migra t ion of 
ba r ium for ZSM-5 may be m u c h enhanced by steaming. 

F rom the above results, it was concluded that, in the 
presence of large a m o u n t s of an a lkal ine earth metal 
salt on the outer surfaces of zeolite crystals, a par t of 
the a lkal ine earth metal migrates in to the zeolite 
channels and modifies the s t rong acid sites. A l though 
we have already reported that the catalyst life of AEZ-
Ca is m u c h expanded by mix ing wi th alkal ine earth 
metal carbonate,12 '13) now it has become evident that 
the stabilization of weak acid sites by the use of alkaline 
earth metal carbonate contributes greatly to the elonga­
t ion of the catalyst life of AEZ-Ca. 

T h i s work is a par t of the "Ci Chemistry Project ," a 
Nat iona l Research and Development Program of the 
Agency of Industrial Science and Technology, Ministry 
of In ternat ional Trade and Industry (M.I.T.I.), J apan . 
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The Epoxidation of Cs—Cio Alkenes with Hydrogen Peroxide 
Catalyzed by Mo Compounds in Two-phase Solvents 

T s u t o m u KAMIYAMA, Masami INOUE,*>+ Hi rosh i KASHIWAGI, and Saburo ENOMOTO 
Faculty of Pharmaceutical Sciences, Toyama Medical and Pharmaceutical University, Sugitani, Toyama 930-01 

tFaculty of Engineering, Toyama University, Gofuku, Toyama 930 
(Received November 20, 1989) 

The epoxidation of terminal alkenes such as 1-heptene, 1-octene, 1-decene, styrene (1), a-methylstyrene, and 
allyl chloride, and inner alkenes such as a-pinene, cyclopentene, cyclohexene (2) and cyclooctene was carried 
out with aqueous 60% hydrogen peroxide in the presence of molybdenum blue (Mob)-bis(tributyltin) oxide (3) 
using a two-phase solvent of chloroform-water at 25 °C. All these olefins gave epoxides in 98 to 48% yields. In 
the cases of 1 and 2, the addition of ammonia greatly increased the yields of epoxides; the yield reached 78% and 
83%, respectively, after 7 h. Various kinds of amines and organotin compounds were examined as co-catalysts 
and their effects were discussed. 

Recent development of catalysts for the epoxidat ion 
of alkenes has revealed several heterogenized reaction 
systems which enabled the separation of the catalysts 
or oxidat ion agents from the reaction products . 
A m o n g various oxidizing agents, the use of aqueous 
hydrogen peroxide acquires at tent ion as an easy to 
handle and clean oxidizing agent which could be 
reduced to water after oxidat ion. Also, several metal 
oxide catalysts such as Mo(VI),1) V(V),1) Se(IV),1) 
W(VI),2) Ti(IV),3> and Pt(II)4) have been reported for 
the epoxidat ion of olefins. 

Using hydrogen peroxide as the oxydizing agent, 
the au thors have proposed a Mob-tr ibutyl t in chloride 
on charcoal catalyst for the epoxidat ion of alkenes5) 

and unsaturated fatty acid esters6) in isopropyl alco­
hol. However, the activity was poor for terminal 
alkenes. 

Previous authors have found that terminal olefins 
were easily epoxidized in the presence of a m m o n i u m 
heptamolybdate(VI) and bis(tributyltin) oxide (3) in a 
two-phase system of water -organic solvent such as 
CHCI3-H2O or CH2CI2-H2O under mild conditions.7) 
Therefore, in this report, the at tent ion is mainly 
focused on the epoxidat ion of terminal alkenes. In 
addi t ion, the role of amines and organot in com­
pounds in the epoxidat ion of alkenes is discussed from 
the s tandpoint of the activity and the selectivity to 
epoxides us ing a chloroform-water solvent. 

Experimental 

Gas-liquid chromatography(GLC) was carried out on a 
Hitachi 063 instrument using a column packed with a 2%-
Silicone OV-17(3 m) or 20% polyethylene glycol 20M on 
chromosorb W(4 m) under the programmed oven tempera­
ture from 60 to 200 °C (3 °C min -1). High-performance liq­
uid chromatography(HPLC) was run on a Hitachi 633A 
instrument equipped with an ultraviolet detector (UV at 254 
nm) and an M & S pack C-18 column, 4.6 mmX150 mm, 
with a mobile phase of methanol-water 8:2 (v/v). The 
flow rate was maintained at 1 ml min - 1 . The proton mag­
netic resonance ( ^ N M R ) spectra were determined on a 
Hitachi R-600 spectrometer at 60 MHz in CDCI3 with 

tetramethylsilane as an internal standard. 
Materials. Molybdenum blue (Mob) was prepared 

according to the previously reported method.8) A molybde­
num content in Mob of 53% was estimated from colorimetric 
analysis using the thiocyanate method. 

Organotin compounds such as BuSnO, Bu2SnO and 
Oct2SnO from Kyodo Yakuhin Co., Tokyo, aqueous 60% 
hydrogen peroxide kindly supplied from Tokai Denka 
Kogyo Co., Tokyo, and other materials obtained were used 
as received. 

General Procedures. The catalyst was prepared in situ 
by stirring ammonium heptamolybdate(VI) (0.05 mmol) 
and organotin compound (0.35 mmol) in CHCI3 (5 ml) for 
20 min at room temperature. The olefin (14. 6 mmol) was 
then dissolved in the solution. The reaction started when 
aqueous 60% hydrogen peroxide (1 ml, 21.9 mmol) was 
added to the solution. The mixture was shaken slowly at 
25 °C, and the progress of the reaction monitored periodi­
cally by GLC or HPLC. After the reaction, the CHCI3 
layer was separated, washed with a 10% sodium sulfite 
solution and chromatographed using silica gel (Kiesel gel 
60, 230—400 mesh, Merk Co.). Pentane was added to eluate 
the unreacted olefin and then ether to isolate the epoxide. 
The oily epoxide thus obtained was identified by comparing 
the spectral data and the retention time in IR, *H NMR and 
GLC with an authentic sample. The purity of the epoxide, 
determined by GLC or 1H NMR, was >99% in all cases. 

Results and Discussion 

1) Epoxidation of Styrene (1) in the Presence of 
Various Molybdenum Catalysts and Solvents. T h e 
epoxidat ion of 1 has been used frequently as a stan­
dard c o m p o u n d for compar ing the epoxidat ion activ­
ity of catalysts. We carried out the epoxidat ion of 1 by 
us ing aqueous 60% hydrogen peroxide in the presence 
of mo lybdenum oxide and 3 in chloroform at 25 °C. 
Results are shown in Table 1. No epoxidation occurred 
on the addi t ion of 3 alone as catalyst; this demon­
strated the indispensabil i ty of the Mo compounds . 

Al though the co-presence of bis(acetylacetonato)-
d ioxomolybdenum(VI) and 3 consumed 1 in a few 
hours , a poor yield of styrene oxide (4) was obtained. 
When M0O3, Mob or heteropoly acids such as molyb-
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Table 1. Effect of Various Molybdenum Compounds 
in the Epoxidation of Styrene (1) with Aqueous 

60% Hydrogen Peroxide and 
Bis(tributyltin) Oxide (3)a) 

Table 2. Effect of Various Amines in the Epoxidation of 
Styrene (1) with Aqueous 60% Hydrogen Peroxidea) 

Catalyst 
Time Conv. Yield/%b) 

PhCHO PhCH(0)CH2 

Mo02(acac)2 
M0O3 

Mob 

H3PM012O40 

H4SiMoi2O40 

(NH4)6Mo7024 

Na2Mo04 

K2M0O4 

6 
2 
3 
8 
1.5 
5 
2 

10 
1.5 
6 
5 

10 
10 
15 

0 
92 
49 
71 
74 
82 
49 
68 
60 
86 
54 
57 

1 
0 

0 
11 
2 
8 
4 
7 
1 
5 
3 
7 
1 
1 
0 
0 

0 
3(4) 

30 (60) 
2(3) 

55 (74) 
32 (39) 
44 (89) 
29 (43) 
51 (85) 
23 (27) 
52 (96) 
54 (95) 
Trace 

0 

a) 1 (8.7 mmol), H2O2 (60%, 21.9 mmol), 2 (0.7 mmol), 
Mo compound (0.35 mmol) and CHCI3 (10 ml) were 
used. Mo : Sn (atomic ratio) was 1:4, and the reaction 
was carried out at room temperature, b) Values in 
parentheses were the selectivities to epoxides. 

dophosphor ic acid and molybdosilicic acid were used 
wi th 3, the epoxidat ion took place selectively unt i l the 
conversions approached 50%. After this, the decrease 
in the selectivity to 4 occurred. T h e authors found 
that a m m o n i u m heptamolybdate(VI) and 3 gave 4 
selectively. However, salts such as sodium and potas­
s ium heptamolybdate(VI) gave no products; these salts 
were weakly soluble to the organic layer. 

T h e kind of solvent also affected the epoxy yield 
remarkably. T h e oxidat ion of 1 in acetonitrile or 
tert-butyl alcohol in the presence of a m m o n i u m hep-
tamolybdate(VI) gave 4 in between 40 to 60% selectivi­
ties at 25 °C for 7 h. O n the other hand , such hydro­
phobic solvents as benzene, diethyl ether, dichloro-
methane , 1,2-dichloroethane and chloroform afforded 
excellent selectivities (83 to 97%). From these results 
it was considered that the epoxide 4 once formed in 
two-phase solvents was protected from hydrolysis or 
over-oxidation to give a h igh yield. 

2) Effect of Amines on the Epoxidation of 1. In the 
oxidat ion of 1 the addi t ion of amines to the molybde-
num(VI) oxide affected the selectivity to 4. T h e oxi­
dat ion of 1 in the presence of various amines and Mob 
is shown in Table 2. 

In the absence of amines, the yield of 4 was poor 
(Table 1). However, the addi t ion of a m m o n i a 
improved the selectivity for 4 from 4% for bis(acetyl-
acetonato)dioxomolybdenum(VI) to 96% for a m m o ­
n i u m heptamolybdate(VI). T h e addi t ion of ali­
pha t ic amines and pyridine gave similar results. O n 
the other hand, the addi t ion of t r iphenylamine and 
ani l ine did not improve the yield. Interestingly, the 
addi t ion of a phase-transfer catalyst (PTC) such as 

Amine (mmol) 
Time Conv. Yield/%b) 

% PhCHO PhCH(0)CH2 

(NH4)6Mo7024 
Me3N (0.35) 
Bu3N (0.4) 
(CH2CH2OH)3N (0.4) 
Ph3N (0.35) 
Et2NOH (0.35) 
Pyridine (0.46) 
PhNH2 (0.42) 
CBPBC) (0.35) 

T O M A C d ) (0.4) 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
24 
7 
24 

85 
67 
57 
57 
60 
84 
80 
69 
86 
20 
49 
21 
44 

19 
1 
1 
1 
1 
16 
15 
2 
18 
0 
1 
0 
1 

4(5) 
61 (92) 
53 (93) 
55 (96) 
58 (96) 
3(4) 
2(3) 
52 (76) 
4(5) 
19 (95) 
42 (86) 
18 (86) 
39 (87) 

a) 1 (14.6 mmol), H 2 0 2 (60%, 21.9 mmol), Mob (50 
mg), 3 (0.35 mmol), and CHC13 (5 ml) were used. The 
reaction was carried out at 25 °C. b) Values in paren­
theses were the selectivity to epoxide, c) Cetyltribu-
tylphosphonium bromide, d) Trioctylmethylammo-
nium chloride. 

t r ioc ty lmethylammonium chloride improved the 
selectivity for 4. These results suggest that our cata­
lyst system worked as a kind of P T C . In a typical 
example, the effect of the concentrat ion of tr ibutylam­
ine on the epoxidat ion of 1 is shown in Fig. 1. T h e 
yield of epoxide was increased wi th increasing the 
a m o u n t of t r ibutylamine unt i l one equivalent to 
molybdenum(VI) ions. O n the other hand, the addi­
tion of an excess a m o u n t of t r ibutylamine decreased 
the yields of 4. Therefore it was supposed that the 
presence of amines worked either for the stabilization 
of the catalyst or for the suppression of the decomposi­
tion of 4 once formed. 

T o confirm this, we carried ou t the oxidat ion of 4 in 
the presence or absence of t r ibutylamine under the 

Amount of Bî N/mmol 

Fig. 1. Effect of Bu3N addition on the selectivity to 
styrene oxide in the epoxidation of styrene (1): A; 
selectivity to styrene oxide, O; yield of styrene oxide, 
• ; yield of benzaldehyde. 1 (14.6 mmol), H 2 0 2 

(60%, 21.9 mmol), (Bu3Sn)20 (0.35 mmol) , Mob (50 
mg), Bu3N, and CHC13 (5 ml) were used. The 
reaction was carried out at 25 °C for 7 h. 
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Table 3. Effect of Various Organotin Compounds in 
the Epoxidation of Styrene (1) with Aqueous 

60% Hydrogen Peroxidea) 

Time/h 

Fig. 2. Effect of BU3N addition on the activity in the 
oxidation of styrene: O, 0.7 mmol; O, 0.42 mmol; 
• , 0.35 mmol; A, 0.175 mmol; A, none. 4 (14.6 
mmol), H2O2 (60%, 21.9 mmol), Mob (50 mg), 3 
(0.35 mmol), Bu3N, and CHCI3 (5 ml) were used. 
The reaction was carried out at 25 °C. 

same condi t ions as was employed for the epoxidat ion 
of 1. T h e results are shown in Fig. 2. In the absence 
of t r ibutylamine, the oxidat ion of 4 to benzaldehyde 
and benzoic acid occurred du r ing an hour. Increase 
in the a m o u n t of t r ibutylamine decreased the rate of 
the decomposi t ion of 4; the addi t ion of two equiva­
lents of t r ibutylamine to molybdenum(VI) ions sup­
pressed the decomposi t ion of 4 considerably. 

3) Effect of Various Kinds of Organotin Com­
pounds. In the epoxidat ion of alkenes the presence 
of bo th molybdenum(VI) oxide and organot in com­
p o u n d s was essential. Therefore, the effect of organo­
tin compounds on the epoxidat ion of 1 was examined. 
T h e results are shown in Table 3. N o epoxidat ion 
activity was observed in a m m o n i u m heptamolyb-
date(VI) itself. T h e addi t ion of such alkyltin oxides 
as dibutyl t in oxide, bis(tributyltin) oxide, and dioctyl-

Organotin 
compound 

Me3SnCl 
BuSnO 
Bu2SnO 
Bu2Sn (AcO)2 

Bu2SnCl2 

BusSnCl 
(Bu3Sn)20 
(Bu3SnO)2Mo02

c) 

Bu4Sn 
Oct2SnO 
PhsSnOH 

Time 

h 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

Conv. 

% 

15 
3 

20 
80 
64 
15 
14 
67 
70 
34 
82 
24 

Yield/%b) 

PhCHO 

0 
0 

Trace 
1 

13 
3 
1 
1 
3 
5 

Trace 
3 

PhCH(0)CH2 

0 
0 
3(15) 

75 (94) 
5(8) 
1(7) 

Trace 
61 (91) 
60 (86) 
2(6) 

78 (95) 
4(17) 

a) 1 (14.6 mmol), H 2 0 2 (21.9 mmol), (NH4)6Mo7024 

(0.05 mmol), and CHCI3 (5 ml) were used. Mo.Sn 
(atomic ratio) was 1:2, and the reaction was carried 
out at 25 °C. b) Values in parentheses were the selec-
tivities to styrene oxides, c) (Bu3SnO)2Mo02 (0.35 
mmol) and Me3N (30%, 0.35 mmol) were used. 

t in oxide gave 4 in good yields at 25 °C for 7 h. O n 
the other hand , such alkyltin chlorides as t r imethyl t in 
chloride, d ibutyl t in chloride, and tr ibutylt in chloride 
gave 4 in poor yields. In these cases, the molybde­
n u m species were almost completely transferred to the 
aqueous solut ion. Tet rabutyl t in and t r iphenyl t in 
hydroxide were inactive for epoxidat ion. These 
organot in compounds could not form an adduct wi th 
the molybdenum species. 

4) Epoxidation of Various Alkenes. T h e selectivity 
to the epoxides was affected by the a m o u n t of amine 
and the k ind of alkene. Several alkenes were epoxid-

Table 4. Effect of Ammonia or Trimethylamine in the Epoxidation of Various Olefins with 
Aqueous 60% Hydrogen Peroxide in the Presence of Molybdenum Oxide-(Bu3Sn)20 (3)a) 

Olefin 

a-Pinene 

Cyclopentene 

Cyclohexene 

a-Methylstyrenec) 

1-Heptenec' 
1-Octene 

Cyclooctenec) 

1-Decenec) 

Allyl chloride 

Molybdenum 

(NH4)6Mo7024 
Mob 

(NH4)6Mo7024 
Mob 
Mob 
Mob 
Mob 
Mob 
Mob 
Mob 

(Bu3SnO)2Mo02
c) 

Mob 
Mob 
Mob 
Mobd) 

Amine -

— 

— 

Me3N 

— 

— 
— 

Me3N 
— 

— 

Time 

h 

3 
1 
5 
1 
7 
7 
7 
7 
7 
3 
3 

24 
1.25 
7 

10 

Conv. 

% 

59 
72 

100 
100 
95 

100 
84 
86 
85 
95 
93 
70 

100 
81 
52 

Yieldb) 

% 

57f) 

0f) 

98f) 

84f) 

87f) 

0f) 

70 
80 
80e) 

88 
84 
66 
98 
74 
48 

a) Olefin (8.7 mmol), and aq H 2 0 2 (60%, 21.9 mmol), Mob (50 mg), 3 (0.35 mmol), aq TMA 
(30%, 0.35 mmol), and CHCI3 (5 ml) were used, b) Yields to epoxides were calculated based 
on olefin conversions, c) Olefin (14.6 mmol) was used, d) Prepared from Mo02(acac)2 and 
(Bu3Sn)20. e) Oct2SnO was used, f) Ref. 9. 
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ized in the presence of a catalyst composed of ammo­
nium heptamolybdate(VI) and 3 (or dibutyltin oxide) 
(Table 4). Also, 2, a-pinene, and cyclopentene were 
epoxidized in chloroform in good yields. In contrast, 
a higher yield (88%) of 1-octene oxide was obtained in 
the absence of amines. Furthermore, the addition of 
amine (Me3N) suppressed the oxidation of 1-octene. 
Similar tendencies were observed in the epoxidation of 
1-heptene, 1-decene, cyclooctene, a-methylstyrene and 
allyl chloride. These results suggest that the above 
mentioned epoxides were stable enough for the oxida­
tion conditions employed even under the lack of 
amines. In fact, in separate experiments the decom­
position rate of 1-octene oxide was 25% and that of 
cyclooctene oxide was negligible after 5 h at 25 °C. 
On the other hand, 4 was decomposed completely 
under the same conditions. 

The active species for the epoxidation in the pres­
ence of an Mob-3 catalyst in isopropyl alcohol have 
been proposed to be an adduct obtained from molyb-
denum(VI) oxide and 3.9) In our two-phase system, a 
white powdery adduct of molybdenum(VI) oxide and 
3, (Bu3SnO)2Mo02, also showed a similar activity to 
the Mob-3 catalyst in chloroform. Therefore, this 
adduct was considered to be an active species for the 
epoxidation in a two-phase system. 

In conclusion, molybdenum(VI) oxide in chloro­
form is highly active epoxidation catalyst for olefins 
which works under mild reaction temperature (25 °C). 

In the epoxidation of 1, 2, cyclopentene, and a-pinene, 
over-oxidation could be prevented by the addition of 
amines to molybdenum oxides to give the epoxides in 
good yields. 
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Akio URUSHIYAMA* and Jiro TOBARI 
Department of Chemistry, College of Science, Rikkyo University, Nishiikebukuro 3, Toshima-ku, Tokyo 171 

(Received December 1, 1989) 

Normal coordinate analyses were performed for three crystallographically defined blue copper proteins: 
Alcaligenes denitrificans azurin, Pseudomonas aeruginosa azurin, and poplar leaf plastocyanin. A maximum 
of 485 internal coordinates were specified from a model constructed by the analyzed coordinates of the 169 atoms 
around the type-1 blue copper site. Mass-group approximation was employed for CH, CH2, CH3, NH, and 
NH2 groups throughout. With the use of reasonable force constant values, the standard GF calculation 
method always gives rise to extensive couplings of Cu-S(cysteine) stretching coordinate to the bending 
coordinates widely distributed in the molecule. Several normal vibrational modes having appreciable PED 
values of the Cu-S(cysteine) stretching coordinate are correlated with the characteristic RR lines of the blue 
copper proteins in the 370—450 cm-1 region. Our data indicate that the protein-sensitive variation of the RR 
pattern might be ascribed to a difference in the peptide structure around the blue copper site, rather than to the 
structure of the Cu coordination sphere, itself. 

Blue copper proteins containing a type-1 site 
(azurin, pseudoazurin, plastocyanin, amicyanin, stel-
lacyanin, laccase, ascorbate oxidase, ceruloprasmin, 
etc. ) all show in their oxidized form prominent reson­
ance Raman (RR) lines in 370—450 cm - 1 on excita­
tions within the characteristic visible absorption 
bands. 1_10> The RR spectra also display vague lines 
in the 250—280 cm - 1 region and a group of minor 
lines in the 750—900 cm - 1 region. X-Ray crystal 
structure analyses of two azurins (Pseudomonas aeru­
ginosa (P. a.)xl) and Alcaligenes denitrificans (A. d.)12) 

and one plastocyanin (pc) from poplar leaf (Populus 
nigra var italica)13) showed similar ligation structures 
around the copper site. Two histidine-imidazole N's 
(-2.0Â) and one cysteine S (~2.0Â) are trigonally 
coordinated; an additional linkage by a methionine S 
(abbreviated by S*) (~2.6Â) completes a distorted trig­
onal pyramidal coordination environment. How­
ever, the RR spectral pattern of these blue copper 
proteins varies considerably, having different numbers 
of lines, frequencies, and relative intensities. 

Extensive studies have been carried out in order to 
ascribe this RR spectral variation to the structural 
characteristics of the blue copper site. These include: 
detailed RR measurements in the cryogenic state,4'6'7'11) 
a 63Cu—65Cu isotope shift,5'7) a deuterization,5'7'9'14) 
excitation profile,1-3'8'9) and normal coordinate analy­
sis.6'15) The early work15) ascribed most of the promi­
nent lines in the 370—450 cm - 1 region to Cu-N (histi-
dine imidazole) stretchings. However, normal 
coordinate analysis on a five-atom model suggested 
that the 370—450 cm-1 bands are Cu-S (cysteine) 
stretching vibrations, and several authors5-7) have 
repeatedly emphasized the importance of the mixing 
of Cu-S (cysteine) stretching, the S-C/j-C« (cysteine) 
bending and C« (cysteine) deformation. The near 
planar Cu-S-C/j-C« sequence in these proteins has 
been pointed out to be advantageous for these cou­
plings. The possibility of coupling to the histidine 

imidazole deformations has also been invoked. 
However, large chain molecules, such as n-

paraffins16) and polypeptides,17) have several normal 
modes in the 300—600 cm - 1 region that arise from 
skeletal vibrations of the C-C-C, C-C-N and C-N-C 
bendings involved in the molecules. Thus, it is 
highly possible that the polypeptide skeleton of the 
blue copper proteins also has normal vibrations in 
this frequency range. These skeletal vibrations are 
expected, in the blue copper proteins, to cooperate 
with the Cu-S (cysteine) stretching vibration, which 
has been proved3'6) to have a natural frequency of 
about 400 cm -1. Therefore, for a better understand­
ing of the vibrational characteristics of the RR lines of 
the blue copper proteins it is required that the consid­
eration not be restricted to within the GuNNSS* coor­
dination sphere or the nearest neighbours of the blue 
copper site. 

In the present study, normal coordinate analyses 
were carried out for molecular models which are con­
structed by a maximum of 169 atoms around the 
copper site. Serious coupling of the Cu-S (cysteine) 
stretching and the bond-angle bending displacements 
in the polypeptide skeleton and side chains widely 
distributed into the molecules will be described. The 
importance of this coupling is emphasized in consid­
ering the RR spectra of type-1 blue copper proteins. 

Method and Computations 

A principal problem concerning normal coordinate anal­
ysis of protein molecules would be focused on the presence 
of subsidiary forces characteristic of protein molecules, how­
ever, the problem is divided in that the enormous dimen­
sion of internal coordinates should be treated in association 
with practical difficulties. The particular tertiary structure 
of the protein molecules is held by hydrogen bondings, 
hydrophobic interactions and charge interactions in the 
peptide structure. Therefore, the force potentials working 
between the atoms in the protein molecule must be highly 
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complex and, at the same time, are expected to involve 
serious anharmonicity. For a complete analysis of the nor­
mal coordinates of the protein molecules, these subsidiary 
forces must be taken into account quantitatively by an 
established formalism. An attempt of this highly difficult 
(at the present time) procedure is not our purpose; in the 
present study analyses were limited to within the frequency 
region of the RR active modes regarding the experimental 
aspect (RR spectra) of the following two forms of evidence. 

It should be noted that a group of minor lines appearing 
in the 700—900 cm - 1 region have succesfully been assigned 
to the overtones and combinations based on the fundamen­
tal frequencies of vibration (the RR lines in 370—450 cm - 1 

region) without any particular consideration of anharmonic 
correction.7'9»n> This fact would be one of a corroboration 
that the above-mentioned subsidiary forces do not play a 
primary role as far as the normal vibrations in the RR active 
region of 350—450 cm - 1 are concerned. 

These subsidiary forces are expected to have their primary 
significance in the considerably low-frequency (say>100 
cm -1) motions which have been investigated as "concerted 
motions" of protein molecules. The possible presence of 
these low-frequency chain motions presents another prob­
lem regarding the present study. That is, the correspond­
ing potentials would possibly have many potential minima 
along with these modes. This means a possible presence of 
many different tertiary structures in solution. 

Regarding this possibility, one position is possible from 
the experimental evidence that the RR signals of the blue 
copper proteins are always observed as sufficiently sharp 
lines, the typical half-width of which can be estimated as 
~20 cm -1; the temperature effect exhibits only a slight 
resolutional improvement (at low temperatures) without 
any dramatic change in the spectra. These experimental 
observations suggest that the couplings between these low-
frequency motions and the RR active vibrations having a 
frequency of about 400 cm - 1 would be small and that the 
molecules populated in one of the potential local minima (if 
present) would have RR active vibrations that are not much 
different in frequency. In other words, the tertiary struc­
tures in the potential local minima (if present) would not be 
so much different from each other than they would give rise 
different RR active vibrations (vide infra). 

At present, we do not have any complete evidences that no 
significant change take place in the tertiary structure of the 
studied proteins from the crystal state (X-ray structures) into 
an aqueous solution in which RR measurements were per­
formed. The most changeable parts in the tertiary struc­
ture included in our molecular models would be CYS112-
MET121 in azurin1112) and CYS84-MET92 in plastocya-
nin,13) which are located at a turning part of the 7th and 8th 
strands of the ß sheets in the blue copper protein barrel and 
are exposed boundary to a solvent in solution. 

In order to confirm the preferable tertiary structure in 
solution, we performed molecular mechanics calculations 
within the above-mentioned parts of our models, including 
the Cu center. Two ring structures through the Cu coordi­
nations included in these parts provided a relatively easy 
procedure for an energy-minimum calculation,18) with the 
use of appropriate additional potentials for the Cu-
coordination and peptide bondings. Although details are 
not given here, after each several-hundred iterations of the 
energy-minimum calculation, a variety of starting structures 

including the X-ray structure yielded the last structures, 
which are essentially identical to the X-ray structure. This 
calculation suggests the highly conservative nature of the 
X-ray crystallographic structure, even in an isolated (solu­
tion) state, at least within the molecular region of our 
models. Therefore, in the present work the X-ray analyzed 
atomic coordinates, which were read from Protein Data 
Bank (PDB) at the Computer Center of the University of 
Tokyo, were directly used for the construction of the G-
matrices. 

On the basis of the above consideration, the present nor­
mal cordinate analyses were performed by an ordinary Wil­
son's CF method. Normal coordinate analyses were carried 
out using a HITAC 680H computer at the Computer Center 
of the University of Tokyo, using library programs BGLZ 
and LSMB.19) The former were utlized for computations of 
the G- and F-matrix elements (Urey-Bradley type force 
field), and the latter for computations of the eigenvalues and 
other applications of molecular vibronics. These pro­
grams were revised for use concerning very large molecules, 
mainly regarding size of the array dimension, as well as 
input and output control procedures. Molecular mechan­
ics calculations were performed by a NEC PC-9801VM2 
personal computer using a MM2PP program (Torey System 
Center Co., LTD.). 

Internal Coordinate. In the present study, molecular 
models were constructed by a maximum of 169 atoms sur­
rounding the Cu center (vide infra and Figs. 4—8). To 
avoid an enormous increase of internal coordinates in the 
calculation, a mass-group approximation was employed in 
which the mass of hydrogen atoms was included in those of 
the attached atoms. By using this approximation, the 
skeletal vibrations around 400 cm - 1 involved in the peptide 
linkage of the proteins had to be sufficiently deduced, as was 
the analyzed case of hydrocarbon molecules by Mizushima et 
al.2°) and Hayashi.21> 

All possible stretching and bending coordinates in the 
skeleton, as well as out-of-plane bendings for CH2-(benzene 
ring), OH-(benzene ring), CH2-(imidazole ring), CH2-
(indole ring) and for carbonyl groups, were specified in the 
molecular models (vide infra). Torsoinal coordinates were 
introduced only around the peptide C(=0)-N(H) bonding 
(hereafter abbreviated by C+N). As already mentioned, the 
coordinates concerned with the hydrogen bonding, hydro­
phobic interactions and charge interactions expected in the 
molecules were not introduced. 

Force Constant. Firstly, we carried out a separate analy­
sis of a toluene molecule in a mass-group approximation in 
order to determine reasonable values of the in-plane (Urey-
Bradley type) and out-of-plane bending forces (diagonal 
value) for C-(benzene ring). The values of H(CH3-benzene 
ring)=0.220, F(CH3-benzene ring)=0.300, and 7r(CH3-ben-
zene ring)=0.300 mdynÂ - 1 in our mass-group approxima­
tion yielded normal modes comparable with the results by 
Lau et al.,22) in which a full introduction of hydrogen atoms 
was performed. The corresponding values for the CH n -
CH n -OH bending and the CH2-(imidazole ring) in-plane 
and out-of-plane bendings were comparably set in our 
calculations. 

As already described, Mizushima et al.20) and Hayashi23) 
have successfully analyzed the skeletal vibrations of some 
hydrocarbon molecules in a mass-group approximation 
using the Urey-Bradley force constant values, H(CH3-CH2-
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CH3)=0.200 rndynÂ"1, F(CH3-CH2-CH3)=0.330 mdyn A"1. 
This set of values is a good guide for the present analyses in 
the same type of approximation for C-C-C, C-C-N (peptide 
bonding), and C-N-C (peptide bonding) bendings. Nestor 
et al.6) have completed precise extraporations of some force 
constant values (£(Cu-S(cysteine)), £(Cu-N(histidine)), 
£(Cu-S*(methionine)), etc.) and performed analyses on the 
4- and 5-atom models. These force constants were also 
appropriately used as one of the starting values of the 
present study. Other force constant values were chosen 
within a reasonable range according to values from the 
literatures (vide infra),5'15'17'23"27) 

Results 

T h e theoretical aspect of the resonance R a m a n scat-

Table 1. Calculated Normal Frequencies and Observed 
Resonance Raman Lines of Blue Copper 

Proteins, Frequency/cm-1 

Azurin (Alcaligenes denitrificans) 

Calc. 
PED (Cu-S)a 

(Cu-N)b 

(Cu-N')c 

(Cu-S*)d 

Obsda 

RR Intensity 
Isotope shift 
63Cu-65Cu calc. 

obsd.9) 
H-D calc. 

428.8 
11.3 
1.8 
0.0 
0.1 

429.4 
s 

-0 .5 
-0 .4 
-0 .9 

417.0 
32.7 
2.3 
1.9 
0.4 

411.2 
vs 

-1 .0 
-1 .0 
-0 .1 

Azurin (Pseudomonas aeruginosa) 

Calcd 
PED (Cu-S)a 

(Cu-N)b 

(Cu-N')c 

(Cu-S*)d 

Obsd7) 
RR Intensity 
Isotope shift 
63Cu-65Cu calc. 

obsd7) 
H-D obsd 

442.4 
2.6 
0.1 
0.0 
0.0 

427.9 
m 

0.0 
-0 .2 
-1 .2 

Plastocyanin (poplar leaf) 

419.1 
33.8 
0.9 
1.0 
0.1 

408.6 
s 

-0 .9 
-0 .6 
-1 .0 

398.7 
9.3 
1.2 
0.9 
0.3 

397.9 
s 

-0 .5 
0.0 

-0 .1 

392.9 
4.2 
0.7 
0.0 
0.0 

400.5 
m,sh 

-0 .2 
-0 .6 

— 

377.4 
9.2 
1.7 
0.7 
0.2 

375.0 
s 

-0 .4 
-0 .4 

0.0 

380.0 
14.1 
0.4 
1.7 
0.1 

372.6 
m 

-0 .6 
-0 .6 
-0 .9 

Calcd 424.8 419.3 414.6 414.0 407.5 389.0 364.5 
PED (Cu-S)a 14.8 

(Cu-N)b 2.0 
(Cu-N')c 0.6 
(Cu-S*)d 0.1 

Obsd (spinach)5) 441.1 
RR Intensity m 

2.0 
0.2 
0.2 
0.0 

2.1 2.2 
0.7 0.5 
0.0 0.1 
0.0 0.1 

28.1 
1.7 
3.8 
0.3 

3.6 8.1 
0.4 0.8 
0.7 0.1 
0.1 0.0 

> 406.5 393 425.3 387 377.3 
m m s m m 

aCu-S: Cu-S (cysteine), bCu-N: Cu-N ((HIS87) for 
azurins: Cu-N (HIS56) for plastocyanin, cCu-N': Cu-
N (HIS117) for the azurins: Cu-N (HIS96) for plasto­
cyanin, dCu-S*: Cu-S (methionine) 
*another normal modes having relatively large PED 
value of the Cu-S (cysteine) stretching coordinate are 
420.9 cm-1 (PED: 1.6), 411.4(1.6), 394.3(1.2), 387.8(3.9) 
for A.d. and 453.3(1.2), 393.3(1.0), 391.3(1.0), 
385.9(1.1), 381.0(1.1) for P.a. and 434.4(1.3), 400.5(1.0), 
385.8(1.3), 383.8(1.6), 378.5(1.5), 347.5(1.4), 343.2(1.4), 
335.5(1.1) for pc. 

No.11 1 

No.10 1 

No.9 1 

1 1 
N o . 8 1 

No.7 1 I 

No.6 

No.5 

No .4 

No .3 

1 1 
j 

i 

l i ! 
No.2 

1 id 
N o . l 1 

l i 1 , J 

MI 

Il J 
II i 

Il i 

il l 
1 i* i 
1 I* 1 
i it j 

11 

350 400 

j>/cm-1 

450 

Fig. 1. Normal vibrations, which have Cu-S (cys­
teine stretching contribution in PED value larger 
than 2.0, obtained by use of various sets of force 
constants; a set No. 1 involves Urey-Bladley forces 
of H(CHn-CHn-CH„)=H(CHn-CHn-NH)=0.180, 
F ( C H n - C H n - C H n ) = F ( C H n - C H „ - N H ) = 0 . 2 7 0 
mdyn A -1. Each of these values are increased pro­
gressively by 0.010 mdyn A - 1 to the last values in the 
set No. 11 of 0.280 and 0.370 mdyn A"1, respectively. 
The other values of force constants are given in 
Table 2 except for the out-of-plane bending forces 
of CH2-(benzene ring) and CH2-(imidazole ring) 
which are increased to be 0.200 and 0.220 mdyn A, 
respectively, in the sets No. 4—8 and 0.220 and 0.250 
mdyn A in the sets No. 9—11 for better matching of 
the increased bending forces. Broken lines 
included in No. 3 are the observed RR signals (A. 
d.) with their relative intensities described in hights. 
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4-1 

2 i 

K(Cu-S)=1.8 

K(Cu-S)=1.700 

K(Cu-S)=1.560 

K(Cu-S)=1.500 

K(Cu-S)=1.400 idyne/A 

350 400 

j>/cm-1 
450 

Fig. 2. Calculated normal vibrations of the azurin 
(A. d.), which have Cu-S (cysteine stretching contri­
bution in PED value larger than 2.0, resulted by 
sweeping of the values of £(Cu-S(cysteine)). The 
other force constants are of the values given in 
Table 2 (set 3). 

tering mechanism is given in the literature.28_34) The 
Raman scattering tensor, (aap), is sensitive to the 
amount of ô which is a shift of the potential minimum 
of the concerned electronic excited state to the ground 
state, along with a considered normal coordinate, Q, 
if the vibration is totally symmetric (Albrecht's A 
term). In the present case of the protein models, all 
normal modes are totally symmetric because of the Ci 
point group of the models. The electronic structure 
of Cu(II) in the type-1 blue copper site was extensively 
studied by Solomon et al.35) and Penfield et al.36) The 
characteristic intense absorption bands (£=1000—5000 
mol - 1 dm3 cm-1) of the blue copper chromophore in 
the visible region were assigned to the charge-transfer 
transitions of S(cysteine)p—»Cu d(x2—y2), as well as the 
bands appearing in the near-ultraviolet region to a 
histidine N—»Cu charge transfer, and the weak bands 
in the near-infrared to d-d transitions of the Cu(II). 
An excitation profile study9) indicated that the RR 
lines in the 370—430 cm - 1 region are in resonance 
enhanced (enhancement ratio~3000) with the visible 
S(cysteine)p—»Cu charge-transfer transitions. There­
fore, it is expected that the positions of the potential 
minima of these S—»Cu charge-transfer excited states 
are primarily displaced along the Cu-S(cysteine) 
stretching coordinate, compared with that of the elec­
tronic ground state (elongation of the Cu-S bond in 
the electronic excited state). In the present study, a 
quantitative estimation of the (relative) intensity of 

200 300 400 

Raman Shift/cm-1 

500 

Fig. 3. Resonance Raman spectra of the three blue 
copper proteins. A: azurin (A. d.) at 90 K (568.2 
nm excitation);9) B: azurin (P. a.) at 12 K (647.1 nm 
excitation);7) C: plastocyanin (poplar leaves) at 12 K 
(604.0 nm excitation).5) 

the RR signals in connection to the actual modes of 
vibration was not developped. However, it is accept­
able that the fractional Cu-S (cysteine) stretching 
character involved in the normal coordinates is the 
most important source of RR enhancement on the 
excitation within the visible S(cysteine)-Cu charge-
transfer bands. Thus, we expediently compare the 
PED values of the Cu-S(cysteine) stretching coordi­
nate in the normal modes to the observed RR line 
intensities in Table 1 and Figs. 1 and 2. 

Trial calculations in which the force constant 
values are appropriately varied yielded the following 
general features (1—4). 

1. Normal vibration which consists of almost a 
pure displacement of the Cu-S (cysteine) stretching 
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Table 2. Urey-Bradley Force Constants; **K, H, and F/mdynÂ - 1 , % and r /mdynÂ 

£(NHn-CHn)=4.200 £(CHn-CHn)=3.700 
£(C+N (peptide bond))=5.000 £(CHn-S)=2.000 
K(CH-CH in imidazole and benzene ring)=6.000 
£(Cu-S (cysteine))=l .560 £(Cu-S*(methionine))=0.364 

£(C=O)=9.000 
£(CHn-OH)=4.600 
£(Cu-N)=1.200 

H(NH+C=O)=0.400 
F(NH+C=O)=0.600 
H(CHn+NHn-CHn)=0.220 
F(CHn+NH-CHn)=0.300 
H(CHn-CHn-S, S*)=0.150 
F(CHn-CHn-S, S*)=0.160 
H(CH2-S*-CH3)=0.200 
F(CH2-S*-CH3)=0.260 

H(CHn-CHn-NHn)=0.200 
F(CHn-CHn-NHn)=0.290 
H(CHn-CHn-CHn)=0.200 
F(CHn-CHn-CHn)=0.290 
H(CHn-CHn+NH)=0.220 
F(CHn-CHn+NH)=0.300 
H(C-C=O)=0.400 
F(C-C=O)=0.600 
H(CH2-imidazole and indole ring, in-plane)=0.210 
F(CH2-imidazole and indole ring, in-plane)=0.300 
H(CH2-benzen ring, in-plane)=0.220 
F(CH2-benzen ring, in-plane)=0.300 
H(CH-CH (or NH)-CH (or NH) in imidazole, indole, benzene ring)=0.480 
H(CH-CH (or NH)-CH (or NH) in imidazole, indole, benzene ring)=0.850 
H(NHn-CH2-OH)=0.220 
F(NHn-CH2-OH)=0.600 
H(Cu-imidazole and indole ring, in-plane)=0.140 
F(Cu-imidazole and indole ring, in-plane^O.^O 
H(CHn-N-CHn)=0.200 
F(CHn-N-CHn)=0.300 
H(Cu-S-CH2 cysteine)=0.150 
F(Cu-S-CH2 cysteine)=0.040 
H(Cu-S*-CH3 methionine)=0.100 
F(Cu-S*-CH3 methionine)=0.100 

H(N-Cu-N)=0.085 
F(N-Cu-N)=0.085 
H(S, N-Cu-S*)=H(N-Cu-S)=0.085 
F(S, N-Cu-S*)=H(N-Cu-S)=0.085 

7c((C«, NH) C=O)=0.850 7r(CH2-imidazole ring, out-of-plane)=0.190 
7r(Cu-imidazole ring, out-of-plane)=0.100 
7r(CH2-benzene ring, out-of-plane)=0.300 
7r(CH2-indole ring, out-of-plane)=0.900 
r(CHn+NH, peptide bonding)=0.150 

** Force constant set No. 3: see text. 

coordinate is not obtained in any frequency region. 
2. Instead, in the interesting region of 350—450 

cm -1, about 30 vibrational modes appear, which are 
the cooperative motions of a large number of bond 
angle bending displacements in the peptide skeleton, 
including side chains. 

3. A limited number (5—8) of the above-
mentioned vibrations actually couple to the Cu-S 
(cysteine) stretching displacement. 

4. These important normal vibrations, therefore, 
are sensitive to the values of the bending force con­
stant, as well as that for the CH2-(imidazole ring) out-
of-plane bending forces, in the peptide skeleton 
including side chains. However, the variations in 
the bond stretching and torsional force values do not 
have much effect for these modes. 

Figure 1 shows the effect of a systematic increase in 
the values of the skeletal bending forces. In each set 
of force constants, differnces in the skeletal bending 
values were held constant. The relative values of 
these forces were appropriately set up refering to the 
work of Scheraga and co-workers18) in a molecular 
mechanics investigation of various peptide molecules. 

With the use of the appropriate force constant sets, 
among the many resulting normal vibrations in the 

370—450 cm - 1 region, the normal modes having an 
appreciable amount of the Cu-S (cysteine) stretching 
character are appeared in good accordance with the 
distribution of the observed RR lines. Table 1 sum­
marizes the important normal vibrations resulting 
from the force constant set No. 3 (see the caption of 
Fig. 3) with the observed RR lines. In set No. 3 
(Table 2), the important bending force constants are 
H(CHn-CHn-CH„)=0.200, F(CH„-CH„-CH„)=0.290, 
H(CHn-CH„-NH)=0.200, F(CH„-CHn-NH)=0.290, 
H(CHn-CHn+NH)=H(CHn-NH„+CHn)=0.220, and 
F ( C H n - C H n + N H ) = F ( C H n - N H n + C H n ) = 0 . 3 0 0 
mdynÂ - 1 . They are quite similar to the values of 
Mizushima et al.28) and Hayashi21* (H(CH3-CH2-
CH3)=0.200, F(CH2-CH2-CH3)=0.300 mdyn Â"1). 
Similar trial calculations suggested the optimal value 
of the stretching force constant £(Cu-S(cysteine))= 
1.560 mdynÂ-1 (Fig. 2). 

Figure 3 shows the RR spectra of the blue copper 
proteins studied in the present work. Figures. 4—7 
represent the PED values of the important normal 
modes distributed in the azurin model. For the plas-
tocyanin model, the total PED values of the important 
six modes are represented in Fig. 8. 
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• Carbon o Nitrogen O Oxygen A Sulphur O Copper 

Fig. 4. PED values (larger than 1.0) of the normal 
vibrations of 428.8 cm - 1 (A. d.: underlined) and 
442.4 cm - 1 (P. a.: bracketed), the values are depicted 
for the bond angle bending coordinates (including 
out-of-plane bending (%) and torsional (T) coordi­
nates) except for the Cu-S (cysteine) stretching (st) 
coordinate. Atoms of P.a. are in parentheses. 

PHElll 

• Carbon o Nitrogen O Oxygen A Sulphur O Copper 

Fig. 5. PED values of the normal vibrations of 417.0 
(A. d.: underlined) and 419.1 (P. a.: bracketed) cm -1. 
The description is the same as Fig. 4. 

• Carbon o Nitrogen 0 Oxygen A Sulphur O Copper 

Fig. 6. PED values of the normal vibrations of 398.7 
(A. d.: underlined) and 392.9 (P. a.: bracketed) cm -1. 
The description is the same as Fig. 4. 

• Carbon o Nitrogen 0 Oxygen A Sulphur O Copper 

Fig. 7. PED values of the normal vibrations of 377.4 
(A. d.: underlined) and 380.0 (P. a.: bracketed) cm -1. 
The description is the same as Fig. 4. 
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Carbon O Nitrogen O Oxygen A Sulphur O c°PPer 

Fig. 8. PED values of the normal vibrations of the plastocyanin, the 
total values of PED (larger than 2.0) of normal vibrations of 424.8, 
419.3, 414.6, 414.0, 407.5, 389.0 and 364.5 cm"1 are depicted for each 
of the coordinates. 

Discussion 

Figures 4—8 show that the Cu-S (cysteine) stretch­
ing displacement couples with a large number of the 
skeletal bending deformational displacements around 
the Cu center. Many trial calculations show that 
these couplings always occur, unless abnormally 
small values of the skeletal bending forces are assumed 
(not an accident regarding the particular set of values 
of the force constants). 

We have analysed many molecular models in which 
succesively increased numbers of atoms centered 
around the Cu site are introduced. The resulting 
coupling schema of the Cu-S (cysteine) stretching 
coordinates in the normal modes were very different 
from model to model. That is, the abnormally 
strong cooperation between the Cu-S(cysteine) 
stretching and the bending coordinates specified by 
the terminal atoms of the peptides in the models 
always appeared, particularily in the small molecular 
models. Thus, the normal coordinates based upon 
the small molecular models, as well as those of the 4-
and 5-atom models,6,15* are not accepted as good 
approximations for the RR active modes. Finally, 
analyses of the 169-atom models reported here were 
carried out, in which abnormally strong cooperation 
with the terminal bending coordinates (e.g., concern­
ing with Ala 109 of A.d. azurin) almost disappeared 
(but not negrigible) and the internal coordinates 
coupled to the Cu-S (cysteine) stretching coordinates 

are stably distributed into the models. 
A further introduction of atoms into the molecular 

models was not attempted because of a similar widely 
distributed coupling between the Cu-S (cysteine) 
stretching and the skeletal bending coordinates would 
result. 

The normal coordinate analyses performed by 4-
and 5-atom models have indicated a relatively large 
mixing between the Cu-S (cysteine) and Cu-N (histi­
dine) stretcing vibrations.6'15) However, the present 
analyses indicate that the mixing of the Cu-S (cys­
teine) and Cu-N (histidine) stretching is very small if 
reasonable values of the forces (£(Cu-N(histi-
dine)=1.200 mdynÂ"1) is employed, which is a direct 
quotation from Nestor et al.6) As a matter of course, 
analyses of the 4- and 5-atom models could not 
explain the presence of the plural RR lines commonly 
observed for the blue copper proteins, and the discus­
sion has been limited to making suggestions concern­
ing the couplings of the Cu-S(cysteine) stretching 
displacement and the intra-ligand deformational 
modes of the coordinating histidines, Cu-S-Qs (cys­
teine), S-C/3-C« (cysteine), and Ca (cysteine) deforma­
tional displacements. The mixing of the Cu-S 
(cysteine) and the Cu-N (histidine) stretching was 
discussed by Sakurai et al.8) from their RR measure­
ments of ultra-violet excitation. However, the pres­
ent analyses indicate that even though the Cu-S-Q? 
(cysteine) and S-Qs-C« (cysteine) bending and the 
deformational modes around the Ca (cysteine) indeed 
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contribute to these important normal modes, they do 
not have any particular significance in their PED 
values, as shown in Figs. 4—8. The present results 
also indicate that coupling between the Cu-S (cys­
teine) stretching and the intra-ring deformational 
modes of coordinating histidines is small, but that the 
out-of-plane bending displacement of the CH2-(histi-
dine imidazole ring (HIS 117 of the azurins: HIS 87 of 
the plastocyanin) has obvious significance. 

Seven normal modes of vibration were estimated in 
the 254—271 cm - 1 region, all of which involve in-
phase stretching displacements of the two Cu-N (his-
tidine) bonds. The rather small PED values of the 
Cu-N (histidine) stretching coordinates were esti­
mated for these normal modes (for example for A.d.: 
254 cm-1, (PED 1.4 (Cu-N HIS 47), 1.5 (Cu-N HIS 
114), 257 (0.2, 0.4), 259 (2.2, 0.9), 266 (2.3, 0.1), 268 (0.7, 
0.4), 270 (1.3, 1.8), and 271 (3.8, 1.1)). However, the 
crowded frequency location of these modes has a likely 
relevance to observations of the RR signals, provided 
that the in-phase displacement of the two Cu-N 
stretching coordinates has a RR activity due to 
Albrecht's ^4-term, even upon visible excitations 
far from the higher-energy Cu<—N charge-transfer 
absorption bands. The vague RR bands of the azur­
ins observed near 250—280 cm - 1 were, thus, explaina­
ble. The normal modes involving out-of-phase Cu-
N stretchings appeared in a slightly higher frequency 
region, e.g., for A.d.: 283.0 cm"1 (10.0, 11.9), 296.4 (0.1, 
6.8), 309.0 (0.3, 5.1) and 312.7 (6.3, 10.8), than those of 
the in-phase vibrations. 

The large extent of mixing of the Cu-S (cysteine) 
stretching and the bond-angle bending coordinates 
analysed here are further supported by the calculated 
63Cu-65Cu isotope shifts which agree well with the 
observed values (Table 1). In this respect, the 5-atom 
models6) resulted in about 3-times larger values of the 
63Cu-65Cu shifts, compared to the observed values. 

Since the coupling of the Cu-S (cysteine) stretching 
coordinate to the skeletal bending coordinates is quite 
serious, the Cu-S (cysteine) stretching coordinate has 
even small contributions to the important normal 
modes in the 370—450 cm - 1 region. For example, in 
the case of azurin (A.d.), the PED values of the Cu-S 
(cysteine) stretching coordinate were estimated to be 
only 11.3 (428.8 cm-i), 32.7 (417.0 cm"1), 9.3 (398.7 
cm -1), and 9.2, (377.4 cm -1). This theoretical result 
indicates that the RR signals from blue copper pro­
teins are not the "Cu-S (cysteine) stretching vibra­
tion" but "skeletal deformational vibrations around 
the Cu active center that particularily could couple 
to the Cu-S (cysteine) stretching displacement." 
Accordingly, the arguments in the RR spectra of the 
type-1 blue copper proteins should be developped 
while taking into consideration the larger parts of the 
protein structure around the blue copper site than has 
been done in the literature.6'7) 

Our standpoint is confirmed by our model calcula­

tions. The tertiary structures of the two azurins, A.d. 
and P.a., are quite similar (in the modeled region). 
Accordingly, the normal coordinates were found to be 
comparable (Table 1, and Figs. 4—7). On the other 
hand, the distinct structural differences between the 
azurins and the plastocyanin must be mentioned in 
CU-CYS112-SER113-PHE114-PR0115-GLY116-
HIS117-Cu (A.d.) and Cu-CYS84-SER85-PR086-
HIS87-Cu (pc) in the modeled region. The former 
forms a 22-membered ring structure and the latter a 
16-membered ring. Accordingly, the RR active 
modes of plastocyanin were found to be very different 
in pattern from those of the azurins, in spite of the. 
retention of all the force constant values (Table 1). 
The present analyses indicate that the sensitive nature 
of the RR spectra of the blue copper proteins must 
come from a difference in the peptide structure sur­
rounding the central copper. The observed wide 
variations in the RR spectra of blue copper proteins 
may be explained in this way. Of course, a prescise 
determination of the normal coordinates of such the 
large molecules as blue copper proteins is not possible 
unless an enormous number of vibrational assign­
ments (in Infrared and Raman spectroscopy) is con­
firmed and a quantitative formalism of the subsidiary 
forces in the protein molecules is established. How­
ever, emphasis was primary focused in the present 
work on the importance of the extensive coupling 
between the Cu-S (cysteine) stretching coordinate and 
the skeletal deformational modes. 
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NMR Studies on the Rotational Motion of Coordinated D2O Molecules 
in MBr (M=Li+, Na+ , K+, Cs+) Dilute Aqueous Solutions 
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(Received December 6, 1989) 

The parallel (D,T//) and perpendicular (170,T_L) rotational correlation times of coordinated D2O molecules 
in MBr (M=Li+, Na+, K+, Cs+) aqueous solutions in the concentration range of 0.2 to 1.0 mol kg -1 at 25 °C were 
determined by NMR. The spin-lattice relaxation rates (Ri) varied linearly with increase in concentration up 
to 1.0 mol kg-1. The ratios (T///TJ_) of the rotational correlation times of coordinated D2O molecules in Li+, 
Na+, K+, and Cs+ ions were 1.12, 1.13, 0.89, and 0.92, respectively. These results indicate that for coordinated 
D2O molecules in Li+ and Na+ ions, the perpendicular rotational motion is 10% faster than the parallel one. 
On the other hand, for coordinated D2O molecules in K+ and Cs+ ions, the tendency was reversed. These 
results are explained in terms of both the Eulerian angle ß between the diffusion tensors with the molecular 
plane and the intermolecular interactions between the ions and D2O molecules. 

In general, ion-water and ion-ion interactions are 
coupled in real electrolyte solutions. Study of con­
centration effect on dilute aqueous electrolyte solu­
tions is of importance to the understanding of the 
translational and rotational dynamics of ions and 
water molecules, because studies of dilute solutions 
give us information about accurate limiting values 
due only to physical properties of ion-water interac­
tions at infinite dilution. There are two approaches 
to investigate the dynamics of electrolyte solutions. 
One is by using dynamical properties of ions as 
solutes and the other by using properties of water 
molecules as a solvent in electrolyte solutions. This 
study focuses on the rotational dynamics of water 
molecules as a solvent in dilute electrolyte solutions. 
For the translational motion of water molecules, the 
viscosity B-coefficients1* due to ion-water interactions 
have been established for concentrations below 0.1 
mol dm-3.2) Studies of the rotational motion of water 
molecules at low electrolyte concentrations less than 
1.0 mol kg - 1 are lacking compared with those of the 
translational motion except for the D magnetic relaxa­
tion studies by Uedaira and Uedaira.3) Therefore, 
study of the concentration effect on the rotational 
motion of water molecules in dilute electrolyte solu­
tions is necessary to understand the whole picture of 
the rotational dynamics of water molecules in electro­
lyte solutions. 

Many studies of the rotational motion of water 
molecules in electrolyte solutions have been done by 
use of NMR.4) Hertz et al.5_8) studied the concentra­
tion dependence of spin-lattice relaxation rates (Ri) of 
*H and 1 70 nuclei of coordinated water molecules in 
electrolyte solutions in the concentration range of 1 to 
6 mol kg - 1 . They calculated spin-lattice relaxation 
times (Ti) of 1 70 nucleus of natural abundance in 
water molecules from the half width of signal with a 
large error. These data were expressed by a quadratic 
polynomial equation as a function of molality con­
centration to provide relaxation rates of coordinated 
water for each ion at infinite dilution. Since *H 

nucleus (spin quantum number 7=1/2) is relaxed by 
the dipole-dipole interaction, observed Ri values con­
tribute to the intermolecular (translational motion) in 
addition to the intramolecular (rotational motion) 
interaction. In order to improve the accuracy of rota­
tional relaxation rates of coordinated water molecules 
in electrolyte solutions, Leyte et al.9~12) studied the 
concentration dependence of Ri of D and 1 70 nuclei of 
water molecules by the inversion-recovery method in 
the same concentration range as Hertz et al.5_8) 

Both the nuclei are relaxed by the quadrupole interac­
tion due to the pure rotational motion of water mole­
cules. They first reported the concentration depen­
dence of the anisotropy of the rotational motion of 
water molecules in the hydration sphere. In a range 
of high electrolyte concentrations, the relative D and 
1 70 relaxation rates crossed at 4 mol kg - 1 for water 
molecules in the hydration sphere of Li+ ion, and for 
Na+ ion at about 1.0 mol kg - 1 . However, the relative 
D and 1 70 relaxation rates of K+ or Cs+ did not change 
in the whole experimental concentration range of 1 — 
5 mol kg -1 . 

We can point out the following disadvantage of the 
above two experiments at the high concentration 
range above 1.0 mol kg - 1 involving ion-ion interac­
tions. In order to consider the rotational motion of 
water molecules at infinite dilution, experiments at 
low concentrations below 1.0 mol kg - 1 are important 
to treat the ion-water (dipole) interaction separately, 
if one wants to clarify the quantitative rotational 
dynamics of coordinated water molecules in aqueous 
electrolyte solutions. Relevant experiments should 
be done at concentrations below 1.0 mol kg -1 . Since 
Ri varies linearly with concentration below 1.0 
mol kg -1 , both the ion-ion and the coordination 
sphere interaction can be neglected. Therefore, we 
can consider the rotational dynamics of water mole­
cules quantitatively, solely from the view point of 
ion-water dipole interaction on the basis of the two-
state model. 

The NMR technique recently developed is préféra-
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ble for s tudying the rotat ional mot ion of water mole­
cule at lower concentrat ions in aqueous electrolyte 
solut ion to any other available experimental tech­
niques . For D2O molecules, there are two nuclei , D 
and 1 7 0 , which can be measured by N M R , and the 
rota t ional mot ion of water molecules is derived from 
spin- la t t ice relaxation rate (Ri) values. 

In the present paper , we report the concentrat ion 
dependence of the re laxat ion rate of D and 1 7 0 nuclei 
of coordinated D2O molecules in alkali metal (L i + , 
N a + , K+ , Cs+) bromide aqueous solutions u p to 1.0 
mol k g - 1 . T h e ma in componen t of the quad rupo le 
interact ion tensor at D nucleus lies a long the O - D 
bond, and the componen t at 1 7 0 nucleus is perpendic­
ular to the molecular p lane of water. T h e two char­
acteristic rota t ional mot ions of D and 1 7 0 nuclei are 
the paral lel and the perpendicular rota t ional mot ion 
on the water molecular plane. Consequently, com­
p a r i n g the D relaxat ion rate wi th that of 1 7 0 , we can 
see which of the positive and the negative hydrat ion 
reflects the componential rotational motion. Further­
more, the anisotropic rotat ional mo t ion of D2O mole­
cules coordinated to alkali metal ions can be deter­
mined by us ing D and 1 7 0 relaxat ion rates and on the 
basis of the two-state model . We discuss the ion-D2Û 
interact ion or hydra t ion of alkali metal ions from the 
viewpoint of anisotropic rotat ional mot ion of D2O 
molecule. 

Experimental 

Samples. Alkali metal bromide (LiBr, NaBr, KBr, CsBr) 
salts from Nakarai Tesque, Inc. (extra pure grade) were 
recrystallized from water or ethanol. D2O was obtained 
from CE A, containing D over 99.8%. Sample solutions 
were passed through membrane filters with a pore size of 0.1 
jam to remove dusts. Sample solutions were bubbled with 
nitrogen gas for about five minutes just before NMR mea­
surement to remove oxygen gas. 

NMR Measurement. D and 1 70 relaxation times were 
measured on a JEOL GX-270 pulsed spectrometer, operat­
ing at 41.5 and 36.6 MHz, respectively. Samples were kept 
in 10 mm diameter glass tubes. Resolution was established 
by D nucleus of neat D2O before sample measurement. 
Spin-lattice relaxation times (Ti) were measured by the 
inversion-recovery method, using a pulse sequence of 180°-t-
90° pulse. T\ values were determined for each sample at 16 
different time intervals (t), and the pulse delay time (PD) was 
more than lOTi. Frequencies were 1200 Hz for D nucleus 
and 60000 Hz for 1 70 nucleus. The free induction decay of 
D and lvO nuclei was accumulated 4 to 16 times and 100 to 
1600 times, respectively, depending on concentration. The 
error in T\ measurement was less than 2%. Temperature 
was controlled to 25+0.1 °C with an air compressor. 
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Fig. 1. Plots of D relaxation rates (Ki/K?) of a D2O 
molecule in alkali metal bromides solutions at 
25 °C. 
A: LiBr, D: NaBr, O: KBr, <>: CsBr, : KCl. 
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Fig. 2. Plots of 1 70 relaxation rates (Äi/Ä?) of a D2O 
molecule in alkali metal bromides solutions at 
25 °C. 
A: LiBr, D: NaBr, O: KBr, <>: CsBr, : KCl. 

Table 1. D and 1 70 Spin-Lattice Relaxation Rates (Rif 
of a D2O Moleculeb) at 25 °C 

Salt 

LiBr 
NaBr 
KBr 
CsBr 
KCl 

0.2 

D i 70 

2.29 179 
2.26 177 
2.22 175 
2.20 173 
2.26 174 

[D 20]/molkg- 1 

0.4 

D 1 70 

2.32 181 
2.26 176 
2.18 172 
2.18 172 
2.25 173 

0.6 

D *70 

2.35 182 
2.26 176 
2.16 171 
2.15 169 
2.20 173 

0.8 

D 1 70 

2.38 184 
2.25 178 
2.13 170 
2.11 166 
2.21 172 

1.0 

D 1 70 

2.43 188 
2.27 177 
2.10 169 
2.09 165 
2.17 172 

a) Unit is s_1 and accuracy is within 2%. b) For pure 
D2O molecule, D=2.27 s"1 and 170=176 s"1 

Results and Discussion 

Concentration Dependence of R\ of D2O Molecule 
in Aqueous Bromide Solutions. T h e relat ion between 
the spin- lat t ice relaxat ion rates (Rv=\/T\) of the D 
and 1 7 0 nuclei of a D2O molecule and their concentra­

t ion in aqueous bromide solut ions at 25 °C is shown 
in Figs. 1 and 2, and Tab le 1. T h e ratios (R1/R1) vary 
linearly wi th increasing concentrat ion u p to 1.0 
mol kg - 1 . T h e R\/R\ values of D and 1 7 0 nuclei are 
in the order 
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Li+>Na + >l>K + >Cs+. 

It is clear that the positive hydration ions (Li+, Na+) 
cause increase in D and 1 70 relaxation rates, whereas 
the negative hydration ions (K+, Cs+) cause decrease in 
the relaxation rates. 

For D and 1 70 nuclei the concentration dependence 
of Ri is given by linear equations below 1.0 mol kg - 1 

as follows: 

R?s-- : (1+B D C)#; (1) 

for D nucleus, and 
c>obs _ 
til - --(\+Boc)R<l (2) 

for 1 70 nucleus, where, Rlhs and /?? are the spin-lattice 
relaxation rates at concentration c and for pure D2O, 
respectively. 

Since BD and Bo contain contributions of cation (+) 
and anion (—), BD=Bt+B^ and B0=B^+BÖ E QS. 1 and 
2 are transformed to 

R?s = {l+{B++B-)c}R0 (3) 

for D nucleus, and 

Ro»s = {l+{B++B_)c}Ro (4) 

for 1 70 nucleus, where # t (x=D or O) and Bx values are 
determined by the following method. First, on the 
assumption that Bt=Bx is established for KCl solution 
in the case of equal splitting of B-coefficient into ionic 
components, Bi(Br-) values are determined by using 
ßxbs of KBr solution and £t(K+). Next, from ßr(Br-) 
and Bxbs of various electrolyte solutions, Bt values for 
various aqueous bromide solutions are determined. 

2?D, Bo, 2?J, BQ, and B^—B% values are shown in 
Table 2. For Li+, Na+, K+, and Cs+ ions, the Bt~Bj 
values are 0.03, 0.02, —0.01, and —0.01, respectively. 
From these results, it is clear that the structure-making 
effect of Li+ and Na+ ions or the structure-breaking 
effect of K+ an Cs+ ions is more influenced by the 
rotational motion of D nucleus than by that of 1 70 
nucleus up to 1.0 mol kg - 1 . 

Anisotropic Rotational Motion of the Coordinated 
Water Molecules. R\s values vary linearly with 
increasing concentration for all salts, as shown in 
Figs. 1 and 2. By assuming that Rihs is the sum of the 
spin-lattice relaxation rates of bulk water (/??), the 
anion coordinated (Rj) and cation coordinated (R%) 
water molecules are given by5>7) 

^-x^Rl + x-Rï + x+RÏ, RTs = (l-

RT/R°X = 1 + x-iR^/Rl-l} + x+lRÏ/Rl-l}, 

x- = n-c/50.0 x+ = n+c/50.0, 

(5) 

(6) 

where R%, R\, Rj, n+, and n~ are the spin-lattice 
relaxation rates of pure water, cation coordinated 
water, and anion coordinated water and the coordina­
tion numbers of cation and anion, respectively. In 
this study, we use n+=n-=6 for all ions.5) In Eq. 6, 
on the assumption that Rt=Rj is established for KCl 
solution in the case of equal splitting of B-coefficient 
into an ionic component,13) R$ values for various ions 
are determined by the same method from B+ values. 
From the fact that Rlhs varies linearly with increasing 
concentration, it is clear that R$ and Rj values do not 
vary at concentrations up to 1.0 mol kg -1. The / ? | 
and RÏ values of D and 1 70 nuclei are shown in Table 
3. 

D and 1 70 nuclei are quadrupole nuclei with spin 
quantum numbers 1=1 and 5/2, respectively. These 

Table 3. D and 170 Spin-Lattice Relaxation Rates (#*)a) 

of Coordinated D2O Molecules of Infinitely 
Diluted Complexes at 25 °C 

Ion 

Li+ 
Na+ 

K+ 
Cs+ 
Br-
ci-

Ä^DJ/s"1 

4.51 
3.33 
1.87 
1.59 
1.40 
1.87 

R^oys-i 

312 
228 
163 
134 
136 
163 

a) Accuracy is within 4%. 

Table 2. BD, Bo, £D, £0, and Bi-B% Valuesa) at 25 °C 

Salt 

LiBr 

NaBr 

KBr 

CsBr 

LiBr 
NaBr 
KBr 
CsBr 

BD
h) 

0.065+0.003 
(0.102+0.008) 
0.010+0.001 

(0.05 +0.01) 
-0.060+0.002 

(-0.027+0.003) 
-0.074+0.002 

(-0.041+0.003) 
BD BO 

0.03 +0.02 
0.02 +0.01 

-0.014+0.008 
-0.01 +0.01 

Boh) 

0.058+0.002 
(0.072+0.009) 
0.010+0.001 

(0.022+0.008) 
-0.032+0.0008 

(-0.021+0.001) 
-0.047+0.001 

(-0.030+0.005) 

Bt 
0.106+0.005 

0.051+0.001 

-0.019+0.002 

-0.033+0.002 

BÏ 

0.082+0.004 

0.035+0.001 

-0.008+0.0002 

-0.023+0.001 

a) Concentration is reduced to mol kg -1 (55.5 D2O) which can correspond to H2O. b) ( ) 
indicates citation of CI salt values from Ref. 12. 
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nuclei relax main ly by electric quad rupo le interac­
tion. In this case, the relat ion between spin- lat t ice 
re laxat ion rate (Ri) and rotat ional correlation time (T) 
is given by14) 

til — 

27+3 e*qQ 

400 7 2 (2 / - l ) 

2T 

- + -
8T 

\+(TZVT)2 1+(2TT^T)2 

(7) 

where I, rj, e2qQ/ti, and v are q u a n t u m number , asym­
metry parameter , quad rupo le coup l ing constant, and 
resonance frequency of experiment , respectively. For 
the exper imental condi t ion of mot iona l na r rowing 
l imit (27TZ/T<C1), Eq. 7 is transformed to 

RTS = -
27+3 

l l T. 
\ 3 ; 40 72(2/-l) 

W h e n Eq. 8 is substi tuted in to Eq. 6, we obtain 8 ' 

(8) 

R?s--
3 

40 

27+3 

7 2 (2 / - l ) L 
(1- -X-) 

e2qQ 

+ X"1 
2<?ßW 

| +( l+ T | ,+ + , - | 

n 
e*qQ}2 

i f 
1 + — | T ° 

o> 3 

1+ T-
3/ 

(9) 

Assuming (e2qQ/h)o=(e2qQ/h)+=(e2qQ/ti)_5M and 
us ing the constant values for D (e2qQ/fi=25^ kHz wi th 
77=0.135) and for 1 7 0 (e2qQ/h=8A MHz wi th rj= 
0.75)n ) for this experiment , we may evaluate T + and z~ 
from Eqs. 6 and 9. 

T h e rotat ional mo t ion of quadrupo le nuclei is con­
cerned wi th reorientat ion of the m a i n componen t of 
quad rupo le interaction tensor. T h e ma in compo­
nent of the 1 7 0 nucleus in D2O molecule lies a long the 
axis perpendicular to the molecular plane, and the D 
nucleus does a lmost a long the O - D bond axis.n>15>16) 

T h e characteristic ro ta t ional mot ion of D and 1 7 0 
nuclei are the parallel and the perpendicular rota­
t ional mot ion of the D2O molecular p lane. From 
this po in t of view, we can adapt T// (the parallel 
ro ta t ion for the molecular p l a n e ) = r + (D) and T_L (the 
perpendicular rota t ion for the molecular p l ane )= 

T+(170). 
Tab le 4 shows the T// and T_L values for each ion, 

which are independent of concentrat ion for dilute 

Table 4. Rotational Correlation Times (T) of Coordinated 
D2O Molecules of Infinitely Diluted Complexes 

and Pure Water at 25 °C 

Ion 

Li+ 
Na+ 

K+ 
Cs+ 

pure D2O 

D a) 

T///pS 

4.72 
3.49 
1.96 
1.67 
2.38 

17Qa) 

z±/ps 

4.22 
3.09 
2.20 
1.81 
2.37 

D/ 1 7O b ) 

T///TL 

1.12 
1.13 
0.89 
0.92 
1.00 

electrolyte solut ions below 1.0 mol kg - 1 . Since the T// 
and TJ_ values for a pure D2O molecule are 2.38 and 
2.37 ps, respectively, it is concluded that the rotat ional 
mot ion of a pure D2O molecule is isotropic. T h e 
rotat ional anisotropics (T///T_L) of the coordinated D2O 
molecules of alkali metal ions (Li + , Na + , K+ , Cs+) are 
1.12, 1.13, 0.89, and 0.92, respectively. These results 
tell us that for the coordinated D2O molecules of L i + 

and N a + ions, the perpendicular rotat ion is 10% faster 
than the parallel one on the D2O molecular p lane. 
O n the other hand , for the coordinated D2O molecules 
of K+ and Cs + , the perpendicular rota t ion is about 10% 
slower than the parallel one. T h i s fact is interest ing 
to unders tand the dynamic aspect of the rotat ional 
mot ion of the positive (L i + and Na + ) and negative (K+ 
and Cs+) hydra ted D2O molecules at infinite di lut ion. 

T h e Euler ian angle ß between the diffusion tensors 
wi th the molecular p lane is impor t an t to discuss the 
anisotropic rota t ional mo t ion of coordinated D2O 
molecules. For the exper imental condit ion of 
mot ional na r rowing limit , the rotat ional correlation 
time is transformed to9) 

1 

2 k,l,m=-2 

2|*f>|* 
k=-2 

S VFVFDfî (ß)D$?zn 

= 6D± + m2(D//-D_L), 

(10) 

(H) 

where D£l ln is the Wigner mat r ix elements describing 
the diffusion tensor which is characterized by the 
Euler ian angle ß, D// and D± are the diffusion compo­
nent on the molecular p lane which bisects the D - O - D 
angle and the perpendicular diffusion componen t for 
D//, respectively, and Vf\ is the irreducible elements. 

For D and 1 7 0 nuclei , V^=eq(3/2)^ and V^2=-rj/ 
2, and the asymmetry parameter rj is defined as 
rj=(Vyy— Vxx)/Vzz. F rom this relat ion, Eq. 10 is trans­
formed t o n ) 

Z S fl&Ti 
m=0 

•m^rn, (12) 

a) Accuracy is within 4%. b) Accuracy is within 8%. 

where a^ is the normalized constant defined by ß. 
With the experimental t^/x%(=x/i/x±) value, the Euler­
ian angle ß and diffusion tensor D///D± are defined 
theoretically by Eqs. 10—12. From these calcula­
tions, the relat ion T// /TJ_>1 is found in the range 
0 ° < / K 3 0 ° , whereas T///T_L<1 when 0>4O°. From 
compar ison of the theoretical treatment and our 
experimental results, for L i + and N a + ions ß is 
between 0° and 30°, and for K+ and Cs + ions ß is larger 
than 40° at infinite d i lu t ion from the linear relat ion 
between Ri and concentrat ion in the low concentra­
t ion range below 1.0 mol k g - 1 . T h e ß values for each 
ion are independent of salt concentrat ion. There­
fore, the l imi t ing values at infinite d i lu t ion reflect the 
relaxat ion behavior of isolated hydrat ion complex. 
At h igh concentrat ions above 1.0 mol k g - 1 studied by 
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van der Maarel et al.12) for Li+ ion the relative D and 
1 70 relaxation rates cross in the 4 mol kg-1 range, 
where ß increases from ß<30° at lower concentrations 
to ß>40° at higher concentrations. For Na+ ion ß is 
found to be larger than 40° above 1—2 mol kg - 1 and 
may be less than 30° at infinite dilution. For K+ and 
Cs+, ß>40° in the whole concentration range 1—5 
mol kg -1 . 

We can describe the whole picture of the Eulerian 
angle ß between an ion and a water molecule. For 
K+ and Cs+, ß keeps being a constant larger than 40° 
in the whole concentration range from 5 mol kg - 1 to 
infinite dilution. The angle for the negative hydra­
tion ions is not influenced by the ion-ion interaction. 
On the other hand, for Li+ and Na+ , the orientation of 
water molecules of the isolated hydrated complex at 
infinite dilution perturbs with increasing concentra­
tion, which increases from ß<30° at lower concentra­
tions to ß>40° at higher concentrations with the elec­
tric field at the ionic surface. Therefore, we can not 
distinguish in dynamic properties between the posi­
tive and negative hydration ions from ß values at 
higher concentrations. Only at infinite dilution, it is 
possible to find difference in anisotropy between rota­
tional motions of coordinated water molecules. 

Finally, we consider the reason why the anisotropy 
of the rotational motion of coordinated D2O mole­
cules occurs in electrolyte solutions. The coordi­
nated D2O molecules in the positive hydration ions 
(Li+, Na+) are very strongly hydrated with D2O (oxy­
gen-metal ion bonding) but not in a rigid arrange­
ment. D2O molecules deviate ß degrees from the 
plane of the ion-D20 complex (Fig. 3).17>18) The per­
pendicular rotation of this structure is freer than the 
parallel rotation. Since the structure changes easily 
from +/} to — ß degrees, T// must be larger than z±. 

On the other hand, for the small surface-charge-
density ions K+ and Cs+, the D2O-D2O bonds are 
stronger than the ion-D20 bonds, compared with Li+ 

and Na+ ions. In this case, one coordinated D2O 
molecule of K+ and Cs+ ions forms three D2O-D2O 
hydrogen bonds and one ion-D20 bond. For these 
four bonds, the hydrogen bonds in the D2O molecular 
plane lie along the bonding direction and the other 
bonds lie above the hydrogen bonds of pure D2O 
because the rotational correlation times decrease with 
increasing concentration. The rotational motion of 
the coordinated D2O molecules of the ions is caused by 
breaking these bonds. Four bonds among D2O mole-

D ^ ^ 

Fig. 3. The stereo formula of ion-coordinated D2O 
molecule complex. 

cules and ions must be broken for the perpendicular 
rotation, but three bonds need to be broken for the 
parallel rotation. This is the reason why T_L is larger 
than T//. 

Conclusion 

The spin-lattice relaxation rates (Ri) vary linearly 
with increasing concentration up to 1.0 mol kg -1 . 
The linear slope of the concentration dependence of 
Ri of 1 70 is smaller than that of D for Li+ and Na+ 

ions. On the other hand, K+ an Cs+ ions show the 
reverse tendency. These results tell us that the posi­
tive and negative hydration effects on Ri are more 
significant for the D nucleus than for the 1 70 nucleus. 

The anisotropy (T///TJ_) of the coordinated D2O 
molecules at infinite dilution is 1.12, 1.13, 0.89, and 
0.92 for Li+ , Na+ , K+, and Cs+ ions, respectively. For 
the coordinated D2O molecules in the positive hydra­
tion ions, the perpendicular rotational motion is 
about 10% faster than the parallel one. On the other 
hand, the parallel rotational motion of the coordi­
nated D2O molecules in the negative hydration ions is 
10% faster than the perpendicular one. These 
dynamic properties relate to the difference in bonding 
strength between the D20-ion or D2O-D2O interactions. 

We are indebted to Professor Masaru Nakahara, 
Kyoto University for his helpful discussion and con­
tinuous encouragement. This research was sup­
ported by a Grant-in-Aid for Scientitic Research No. 
62124039 from the Ministry of Education, Science and 
Culture. 
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Fractal Pattern Formation of Metal-Containing Polymeric Thin 
Films Prepared by Plasma Reaction 

Jianping GONG, Yoshiharu KAGAMI, Katsuyuki YAMADA, and Yoshihito OSADA* 
Department of Chemistry, Ibaraki University, Mito 310 

(Received December 7, 1989) 

Three kinds of metal-containing polymeric thin films were obtained from copper acetylacetonate (CuAA), 
titanium tetraisopropoxide (TiTP) and tetramethyltin (TMT) by plasma polymerization. The vaporized 
metal-organic compounds underwent chemical rearrangement under the action of energetic plasma to give 
higher ordered thin films consisting of metal and organic polymer layers. Transmission electron microscopy 
(TEM) photographs of the films consisting of alternative metal and organic regions showed fractal pattern. 
The fractal dimensions were calculated as 1.87 for CuAA, 1.94 for TiTP and 1.92 for TMT films, respectively. 
Formation process of fractal pattern was discussed in terms of chemical structure of starting compounds and 
plasma conditions. 

In the recent years there has been an increasing 
interest in nonequilibrium growth processes accom­
panying pattern formation phenomena especially the 
fractal pattern formation phenomena.1_3) 

The formation of fractal pattern is experimentally 
investigated in such fields as hydrodynamics, deposi­
tion process, dielectrical breakdown, tumor growth 
and others, but much attention has been paid to 
understand the kinetic of random aggregation or self-
assembly process i.e., geometrical cluster formation 
from large number of subunits or molecules. 

The fractal pattern refers to the pattern which has 
the geometrical property of self-similarity. The frac­
tal geometrical properties with regard to size and 
shape of the pattern are expressed in terms of the 
fractal dimension D (Hausdorff dimension). Fractal 
theory showed that the mass M and the scale such as 
the radius R of a fractal pattern are related by the 
fractal dimension D in the power law: 

M(R)~R» (1) 

Growth processes of the aggregation, for example, 
percolation, deflation limited, etc. can be character­
ized by the own D, therefore, the fractal dimension 
contains important information about the process and 
mechanism of the aggregation. 

Several models have been proposed to explain dif­
ferent fractal pattern formation processes. The 
diffusion-limited aggregation (DLA) model developed 
by Witten and Sander4'5* for describing the Brownian 
diffusion is one of them. In this model, particles are 
added, one at a time, to a growing cluster or aggregate 
of particles by random walk trajectories. The struc­
tures generated by the DLA model exhibit highly 
ramified clusters and the fractal dimension of these 
clusters was calculated and found to be less than the 
Euclidean dimension of the space in which the aggre­
gation process takes place. Computer simulation 
based on the DLA model showed that the fractals often 
form in the system with strong randomness, weak 
anisotropy and low interfacial tension. The percola­

tion model is the other one which can be used to 
describe metal-containing organic systems where 
metals distributed in the organic network randomly 
and percolation phase transition takes place when the 
fraction of metal contained in the organic compound 
reaches certain degree. 

Plasma polymerization of metal-containing com­
pounds has been attracting considerable attention in 
recent years since the metals incorporated in organic 
thin films can dramatically influence the physical, 
chemical and electrical properties of the resulting 
films. Plasma contains a series of chemically-active 
energetic species such as electrons, ions, radicals and 
photons. Taking insight into the competitive effects 
of interdiffusion and coagulative energy between 
metal and organic layers or grain-boundary in the 
film, we assumed that the plasma may possibly recon­
struct the chemical and physical structure of starting 
compounds to give fractal patterns consisting metal-
organic layers. 

Kay et al.6) have reported in detail how plasma 
processes can control the metal content and metal 
cluster dispersion in the organic thin film and pro­
posed the principles and methods of metal incorpora­
tion into organic thin films. They also observed the 
abrupt change of electrical conductivity at certain 
content of metal in the film. 

However, the growth process of the crystal fractals, 
for instance, of metals, should involve the nucleation, 
which is not considered in the DLA model or the 
percolation model. In addition, the morphology of 
fractals may be controlled by the chemical structure of 
the starting materials (monomer) if any chemical reac­
tion is accompanied. Thus, it seems to be interesting 
to study whether there should exist the fundamental 
difference between the DLA fractals and fractal forma­
tion of metal-containing polymeric thin films where 
phase separation takes place at a certain metal content 
in the polymeric film. So far authors know there has 
been no experimental results exploring the fractal 
formation of metal-containing organic film accom-
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panied wi th chemical reaction of metal-organics. 
We demonstrated in this paper that the vaporized 

meta l -organic compounds underwent chemical rear­
rangement under the action of energetic plasma to 
give th in films wi th h igher ordered structure consist­
ing of metal and organic polymer layers, which 
according to T E M investigation, showed fractal patt­
erns. An a t tempt to relate the fractal pattern forma­
tion to electrical and other properties of the obtained 
thin films was made. 

Experimental 

Sample Preparation. Monomers used are three com­
pounds with different types; copper acetylacetonate (CuAA) 
where metal atom is coordinated to organic ligand through 
oxygen atoms (metal complex), titanium tetraisopropoxide 
(TiTP) where metal is covalently bonded with oxygen atom 
(metal alkoxide) and tetramethyltin (TMT) where metal is 
covalently bonded with carbon atom (organometallic). 

Table 1. XPS Result of Atomic Fractions of Plasma 
Polymerized Metal-Organic Filmsa) 

CH3 CH3 
I I 

C -0 0=C // \ / \ 
CH Cu HC 

\ / \ // 
c=o o-c 
I I 

CH3 CH3 

Cu« 

H 
I 

CH3-C-CH3 
I 

CH3 0 CH3 
I I I 

H—C—0—T i —0—C—H 
I I I 

CH3 0 CH3 
I 

CH3-C-CH3 
I 
H 

TiTP 

CH3 
I 

CH3-Sn-CH3 
I 

CH3 

TMT 

The apparatus for plasma polymerization used in this 
experiment consisted of a Pyrex glass bell jar and a pair of 
parallel electrodes (70 mm in diameter) connected to an 
RFG-200 radio frequency (Samco International Inc.) operat­
ing at 13.56 MHz and a matching network. Detailed sche­
matics, procedure and method of the polymerization were 
described elsewhere.7'8) Plasma polymerization was carried 
out by evaporating liquid TiTP or TMT at ambient temper­
ature. However, solid CuAA was evaporated at about 
100°C. 

Measurement. Film thicknesses were determined by 
multiple-beam interferometry using a Mizojiri-Kogaku type 
II instrument. The sheet electroconductivity of the films 
was measured with coplanar electrodes of gold in air at 
various temperatures. Transmission electron micrographs 
(TEM) and small angle diffraction (SAD) patterns in the 
same area was taken from thin film (less than 50 nm) 
deposited onto a KBr disk which was separated from the film 
prior to observation by dissolving in a water-ethanol solu­
tion. XPS was carried out using a pass energy of 10 keV at 
20 mA with an Mg K X-ray source. Sputtering experiments 
were carried out using argon ions at 5 kV and a current of 
2.2X10"6 A. The spectrometer was calibrated using gold 
and silver with the Au M112 binding energy at 84 eV and with 
the Ag 3p3/2 binding energy at 573 eV. For convenience all 
spectra were energy referenced to the main photoionization 
peak in the C Is region which was assigned a binding energy 
of 285 ev. 

In order to investigate fractal pattern of the texture 
obtained, their fractal dimensions were measured. There 
have been many ways to measure the fractal dimension of 
either numerical and experimental fractal aggregations. 

Sample 

CuAA 

TiTP 

Element 

Cu 
C 
O 

Ti 
C 
O 

Atomic fraction 
in film/% 

72.6 
24.7 Cu1.0C0.34O0.04 
2.8 

32.2 
18.0 Tii.oCo.5601.55 
50.0 

Atomic fraction 
in monomer/% 

6.7 
66.7 CU1C10O4 
26.6 

5.9 
70.6 TiiCi204 

23.5 

a) The fraction of hydrogen atom is excluded. 

When dealing with the fractal objects on which a measure 
M(R) is defined, the dimension D is the character which 
describes the manner of the mass M(R) with the increase of 
size R. According to the fractal theory,9) the relation 
between the Hausdorff dimension D and the fractal size R 
and mass M(R) is expressed by Eq. 1. 

In our case, the fractal pattern on micrographs were 
sectioned to 120X120 square lattice and M(R) which was the 
number of lattice consisted by metal which were black in the 
micrograph was committed by increasing the radius R. 
The fractal dimension D was obtained by calculating the 
slope of logarithmic plot of formula given above. A least 
squares method was used to determine the slope which 
provide the best estimate. 

Results and Discussion 

Films of polymeric CuAA obtained showed a variety 
of colors such as colorless transparent, yellow, green, 
blue and red depending on plasma condit ions. It 
was found that the color and appearance of the films 
are determined by the total sum of p lasma and thermal 
energies. For example, if keep the plasma dura t ion 
and m o n o m e r temperature constant at 10 m i n and 
130 °C, respectively and increase the p lasma power 
from 10 W to 100 W, the color of the film changed 
from yellow green to blue or red; if the p lasma power 
and the substrate temperature are kept constant at 100 
W and 215 °C, respectively and the p lasma dura t ion is 
changed from 1 min to 20 min , the same color change 
is observed; this is also in the case where the p lasma 
power and p lasma dura t ion are kept constant and the 
substrate temperature is changed. T h e conductivity 
of the film also changed sensitively from 10 - 1 0 S c m - 1 

to 104 S c m - 1 by chang ing the p lasma condit ions. 
Wi th increase in the p lasma energy, the film become 
more conductive.7) 

T h e structure and morphology of the films were 
investigated by use of electronic, infrared and X-ray 
photoelectron spectra as well as T E M . T h e XPS 
analysis showed that the film is consisted of 72.6 mol% 
copper, largely of metallic copper and a small a m o u n t 
(a few percent) of CU2O at the surface and almost pure 
copper in the bulk. T h e peak at 284.5 eV correspond­
ing to p r imary carbon was observed in the films b u t 
the peak corresponding to the bond ing of acetylace-
tone was hardly observed. T E M pho tog raph shown 

Cu1.0C0.34O0.04
Tii.oCo.560
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(a) CuAA 

(b) T iTP 

*"*\3K\ 

mmêâ ~ - • * $ > ' * * • ' 

(c) T M T 

Fig. 1. TEM microphotographs of plasma polymer­
ized metal-organic thin films, a) CuAA: Condi­
tions of sample preparation; plasma power: 100 W, 
plasma duration: 1.5 min, substrate temperature: 
175 °C. Magnification: X30,000. b) TiTP: Con­
ditions of sample preparation; plasma power: 50 W, 
plasma duration: 7 min. Magnification: X200,000. 
c) TMT: Conditions of sample preparation; plasma 
power; 100 W, plasma duration: 1.5 min, flow rate 
of TMT: 4X10-2 ml min"1 (STP), flow rate of 0 2 : 30 
ml min"1 (STP). Magnification: X200,000. 
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Fig. 2. Logarithmic plot of M(R)~RD. a) CuAA, 
b) TiTP, c) TMT. P is the volume fraction of 
metal in the film. 
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in Fig. 1(a) indicated that the film obtained have 
interesting microscopic features including alternative 
stripe-like structure consisting of metal and organic 
layers. The former probably is derived from the 
agglomeration of the amorphous copper correspond­
ing to the black region in TEM micrograph and the 
latter by polymerization of corresponding amorphous 
three-dimensional matrix. This identification was 
carried out under the assumption that regions exhibit­
ing poor transmission corresponded to the metal spe­
cies. The SAD patterns of the CuAA sample revealed 
that the metals in the deposited films are amorphous. 

From Fig. 1(a) it is seen that metal and organic 
layers are of 100 and 200 nm each. In order to investi­
gate fractal patterns quantitatively the fractal dimen-
tion D was measured by using described method and 
was found as 1.87 ( Fig. 2(a)). 

Since TEM photographs of the CuAA film showed 
that the morphology in the bulk are almost same 
regardless of its depth, we concluded that the fractal 
structure also penetrates the over all sandwich along 
the direction perpendicular to the substrate and there­
fore, the fractal is the block structure resulted from the 
difference of coagulative properties of metals and 
organics where inter diffusional kinetic energy and 
activation energy of chemical rearrangement induced 
by plasma energy plays an essential role. Thus, 
copper goes away from the polymerized organic 
region with highly branched network structure to give 
rise fractal pattern. 

In a similar manner plasma-polymerized thin films 
were prepared from titanium tetraisopropoxide 
(TiTP) and tetramethyltin (TMT) and their morpho­
logical study was also made using TEM (Fig. 1(b) and 
Fig. 1(c)). 

As in the case of CuAA, plasma polymerized TiTP 
film changed its color with the course of plasma 
polymerization and the change in plasma power. If 
the plasma duration was constant at 15 min and 
plasma power at 30 W, a colorless transparent film 
was formed. The film obtained under the same dura­
tion, but at the plasma power of 20 W showed light 
blue. The film obtained with plasma power of 35 W, 
was dark blue. Black film was obtained if the plasma 
power was 50 W or higher. As well-known, titanium-
(IV) oxide is colorless transparent and titanium(II) 
oxide is black. These results show that titanium ions 
in TiTP are partially reduced in the course of poly­
merization to give titanium(II) oxide and other sub­
oxide. As in the case of CuAA, alternative 3—6 nm 
white and 30—60 nm dark regions are seen. XPS and 
SAD measurements of TiTP indicated that the black 
portion is largely composed of TiO* (0^x^=2) and 
white region is organic matrix with the structure of 
-(CH)n-.8) According to SAD investigation, the metal 
is amorphous which, however, transfer to polycrystal-
line state by thermal annealing at 500 °C or higher for 
15 min in vacuum but no change in chemical compo­

sition occurred. 
Contrast to the films of CuAA and TiTP, films 

obtained from TMT were always colorless transparent 
in the range of experimental conditions (plasma 
power: 20—100 W, plasma duration: 10—300 min. In 
this case oxygen was supplied in the course of poly­
merization with the flow rate of 30 ml min - 1 to give 
tin oxide.). However, TEM photograph obtained 
showed the morphology consisting two phase of oxid­
ized tin and organic region. The size of metal clus­
ters are much smaller than preceding cases: 1 —15 nm 
of tin oxide and 10 nm of organic matrix (Fig. 1(c)). 

It was found that the textures of Fig. 1(b) and Fig. 
1(c) also took fractal patterns as shown in Fig. 2(b) and 
Fig. 2(c) and the fractal dimensions were calculated as 
1.94 and 1.92, respectively. Thus, it is clear that 
plasma polymerization of metal-organic compounds 
under certain conditions can bring about fractal pat­
tern consisting of metal region and organic matrix, 
the dimension of which is dependent on the chemical 
structure of starting compound. 

At present, it is rather difficult to illustrate the every 
chemical processes caused by plasma reaction, since 
the formation process of the film is too complicated. 
However, using experimental data of the polymeriza­
tion of metal-containing compounds obtained by E. 
Kay,10) H. Biederman,n'12) and ourselves,13'14'15* we 
can roughly illustrate the formation process of metal-
organic layers as follows (Fig. 3): Initially, the ionized 
metal atoms of the metal-organics are reduced to 
metallic atoms by gaseous plasma which is abundant 
in energetic electrons: 

M n + _L. n e - >M° (2) 

METAL-CONTAINING ORGANIC MONOMER 

1 

»Plasma Reduction 

I 
METAL ATOM 

•Crystal 

Growth 

PHASE SEPARATION 

ULTRA-FINE METAL 

PARTI CLE 

METAL CLUSTER 

* P 1 a sma 

Polymerizot ion 

ORGANIC POLYMER LAYER 

METAL-ORGANIC FRACTAL PATTERN FORMATION 

•Crystal Growth •Ablation 

METALLIC THIN FILM 

Fig. 3. Process of fractal pattern formation of 
plasma polymerized metal-containing polymeric 
films. 
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then these reduced metal atoms diffuse away and 
aggregate randomly by thermal fluctuation to give 
microscopic "nucleases" of metals. Consequently, 
the "nucleases" agglomerate and form isolated clus­
ters. Here, the in ter facial energy of metal and 
organic layers at the grained boundary may play an 
essential role. Because this process is similar to the 
DLA model and it can be imagined from microscopic 
view that these clusters are isolated dendrform fractal 
patterns and time changing with the growth of the 
cluster. However, from a macroscopic view, the clus­
ters have not fractal characteristics and with increase 
in volume fraction of metals in the film, the size and 
number of the clusters increase and begin to connect 
with each other, and eventually, a macroscopic fractal 
pattern as shown in Fig. 1 is formed. The last pro­
cess bears some analogy to the metal-insulator perco­
lation transition model. Computer simulation of 
this percolation transition showed us that the fractal 
dimension D and P which is the fraction of metal 
containing in the film are 1.8961617) and 0.75218) 

respectively. Results obtained in Fig. 2 indicate that 
the fractal dimension and volume fraction of metal are 
approximately coincide with those of simulated one. 
As be presumed from this percolation transition 
model, the electric conductivity increased abruptly 
when percolation transition took place in the plasma 
polymerized metal-organic films and this is clearly 
shown in the cases of plasma polymerized CuAA, 
TiTP and TMT films (Fig. 4). In all these cases, 
abrupt increases of electric conductivity are seen, indi­
cating that the independent clusters formed in the 
course of polymerization grew large enough to organ­
ize contineous morphological structure at this point. 

From interdiffusion and agglomeration methods of 
crystalline Au, Zheng et al. obtained Ge/Au/Ge sand­
wich films and they observed that the lower the 
annealing temperature, the less the fractal dimension 
of the fractal. Therefore, an annealing at higher 
temperature bring into the formation of island-like 
structure, and not into the random network.19* If the 
actual growth of fractals in our case is largely con­
trolled by diffusion process, it may be correlated, to 
the bonding energy of starting compounds, and the 
lower the energy of cleavage of metal-organics, the 
easier to be activated and to form metal atoms. 
Because metal atoms can easily diffuse away from the 
organic matrix and give more number of "nucleases", 
they give the fractal pattern with higher dimension. 
CuAA may have the lowest binding energy because it 
is the coordination bonding between copper and oxy­
gen. The binding energy of tin-carbon covalent 
bonding is 231 k j m o l - 1 and that of titanium-oxygen 
is 606 kj mol - 1 . This seems to be in conflict with our 
experimental results because TiTP has the highest 
bonding energy and has the highest fractal dimension. 
Although, we have not any information to explain 
this result at present, these experimental results 
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Fig. 4. Dependence of conductivity of plasma poly­
merized metal-containing polymeric films on 
plasma duration, a) CuAA, plasma power: 100 W, 
substrate temperature: 215 °C. b) TiTP, plasma 
power: 50 W, Substrate temperature: ambience, c) 
TMT, plasma power: 20 W, flow rate of TMT: 
1.5X10-3 ml min"1 (STP), flow rate of 02: 30 
mlmin-^STP). 
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allowed us to conclude that the formation process of 
metallic layers is not p r edominan t for determining the 
fractal pat tern, bu t the formation of organic layer 
plays more impor tan t role for it. T h e formation of 
organic layer is essentially a chemical process and its 
chemical structure is determined as a result of vigor­
ous chemical rearrangement (cleavage and recombina­
tion of chemical bondings , e l imina t ion of atoms, etc.) 
of const i tuent a toms which is solely associated wi th 
the chemical structure of l igand molecules. In any 
cases, detailed kinetic and morphologica l study in 
correlation with p lasma energy should be made. 
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Formation Mechanism of the Complexes between DMSO and 
Halogen Atoms. II. Laser Flash Photolysis Studies 
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The laser flash photolysis of DMSO/CCI4 mixed solutions produces the transient DMSO-C1 complex with 
an absorption maximum at 400 nm. The formation of the complex has been explained by the direct 
photoexcitation of the ground state associated DMSO/CCI4 pair on the basis of the spectroscopic data and the 
known macroscopic physical properties of binary solutions of DMSO and CCI4. 

Recently, Sumiyoshi and Katayama have reported 
that the pulse radiolysis of DMSO (^dimethyl sulfox­
ide) in CCUl) and CC14 in DMSO2) results in the 
formation of a transient DMSO-C1 complex with an 
absorption maximum at 400 nm. In CCI4 and other 
chlorinated hydrocarbons kinetic and spectroscopic 
studies have indicated the formation mechanism of 
DMSO-C1 complexes exclusively via the reaction of 
chlorine atoms with DMSO: 

DMSO + CI • -ÎU DMSO-C1. ( 1 ) 

The bimolecular reaction rate constant, ki, was esti­
mated to be (7.0±0.5)X109 mol"1 dm3 s-M> On the 
other hand, the complexes are formed in two modes in 
DMSO solutions containing CCi42) The ratio of the 
optical densities pertaining to the two modes depends 
on the concentration of solute CCI4. The slow mode 
is dominant in the case of CCI4 concentration less than 
10"2 mol dm - 3 . While, the higher the CCI4 concen­
tration, the more dominant is the fast mode. These 
results indicate that there are more than two routes for 
the formation of DMSO-C1 complexes in DMSO. 
The slow mode has been ascribed to the reaction of 
parent radical cations of DMSO with cloride ions 
based on the results obtained in the pulse radiolysis 
experiments of alkaline chlorides in DMSO: 

DMSO -A/\A^ DMSO+- + e-, (2) 
e- + CCU • CI- + CC13-, (3) 

DMSO+- + Cl" -̂ -* DMSO-C1. (4) 

The rate constant for the reaction 4 was estimated to 
be &2=5.0X109 dm 3mol- 1s- 1 in the pulse radiolysis 
study of chloride ions in DMSO.2) The fast mode has 
been tentatively attributed to the direct excitation of 
the ground state DMSO/CCI4 associated pairs. The 
laser flash photolysis experiments reported in this 
paper were undertaken in order to address the ques­
tion of direct excitation of the DMSO/CCI4 associated 
pair leading to the formation of the DMSO-C1 
complex. 

Experimental 

Dimethyl sulfoxide and carbon tetrachloride were spectro-
grade (Dojin) and were used without further purification. 
UV-Vis spectra of the mixed solutions were recorded with a 
Hitachi U-3200 spectrophotometer. 

Laser flash photolysis experiments were performed using 
a Quanta-Ray DCR-11 Nd : YAG laser operated in combina­
tion with two frequency doublers (KD*P and BBO) as the 
excitation pulse (266 nm), and a 1 kW Xe lamp as the probe 
light. The duration of the laser pulse was 6 ns (half width). 
Actinometry was performed with an aqueous solution of 
4.5X10-5 mol dm-3 K4[Fe(CN)6] (#(eaq-)=0.51 at 266 nm).3) 
The maximum laser output at A=266 nm was estimated to 
be 6.9X1015 photons per flash. The light signals were 
detected by a photomultiplier (Hamamatsu Photonics R928) 
through a monochromator (Shimadzu Bausch and Lomb) 
and were accumulated by a transient digitizer (Iwatsu 
DM901) with the shortest resolvable time of 10 ns combined 
with an NEC PC 9801 personal computer. Samples were 
bubbled with argon in a quartz cell with an optical path 
length of 1 cm and sealed with a teflon bulb just before 
photolysis. All experiments were carried out at 18 °C. 

Results and Discussion 

Both DMSO and CC14 absorb light below 270 nm 
strongly. The transmittance at 266 nm is 26 and 30 % 
for DMSO and CCU respectively. On mixing of 
DMSO and CCI4 the optical absorption of the solution 
shifts toward red. Figure 1 shows the effect of com­
position on the wavelength at 50 % transmittance. 
The wavelength at 50 % transmittance of the mixed 
solutions shifts as much as 30 nm. These results 
indicate the existence of the strong interaction 
between DMSO and CCI4 molecules over a wide range 
of CCI4 concentrations. The increase of the wave­
length at 50 % transmittance in the range pure CCI4 to 
0.1 mole fraction DMSO is not so sharp as that in the 
range pure DMSO to 0.9 mole fraction DMSO. This 
difference should be due to the predominant dimer 
formation of DMSO in the concentration range 0.02— 
0.3 mol dm - 3 DMSO as indicated by the infrared 
studies.4) 

The association phenomena of DMSO with polariz-
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0.4 0.6 

Mole Fraction DMSO 

1.0 

Fig. 1. Dependence of the wavelength at 50% trans-
mittance on the mole fraction DMSO in DMSO/ 
CCI4 mixtures. 

able and polar neutral molecules as well as ionic 
species have been reviewed previously by Szmert.5* In 
the case of DMSO and CCI4 mixtures, thermodynamic 
data suggest a marked interaction between these spe­
cies. Later, intermolecular interaction between 
DMSO and CCI4 has been suggested by the studies of 
IR spectroscopy,6* and surface tension, viscosity and 
refractive index.7) Both association of DMSO with 
CCI4 as well as self association of DMSO have been 
suggested based on the relatively large dipole moment , 
the positive mix ing entha lpy and the relatively slow 
rota t ional and t ranslat ional mot ion in the l imit of 
h igh d i lu t ion in CCi48 ) 

Figure 2 shows the transient absorpt ion spectra of 
1.95X10-2 mol d m - 3 CC14 in DMSO observed imme­
diately after the 266 n m photolysis. Similar spectra 
wi th an absorpt ion m a x i m u m at 400 n m have been 
obtained for di lute DMSO (<1.4X10"1 m o l d m - 3 ) in 
CCI4. T h e peak posi t ion and the shape of the spec­
t rum are qui te similar wi th those obtained in the 
pulse radiolysis of DMSO in CCU1* and CCI4 in 
DMS0 . 2 ) T h e 400 n m band intensity decays by the 
second order kinetics as observed in the pulse radioly-

0.06 

0.04 

0.02 

t / p s 

Fig. 3. Transient changes in optical absorption at 
400 nm following the pulsed laser excitation (266 
nm) of CCI4 in DMSO: (1) pure DMSO; (2) pure 
CC14; (3) 1.3X10-2; (4) 1.95X10-2, (5) 2.6X10"2 

moldm- 3 CCI4 in DMSO. 

sis of DMSO/CCI4 system. Therefore, the 400 n m 
band obtained by the 266 n m photolysis of D M S O / 
CCI4 can be assigned to the DMSO-C1 complex. 

Figure 3 shows the time profile of the absorbance at 
400 n m for various CCI4 concentrat ion and pure sol­
vents. Both pure CCI4 and DMSO exhibit very small 
transient absorpt ion at 400 nm. Experiments are 
l imited to the low concentrat ion CCI4 (<3X10"2 

m o l d m - 3 ) solutions in DMSO due to the s trong 
absorpt ion of the mixed solut ions at 266 nm. How­
ever, the present results show increasing formation of 
the complex band wi th increasing CCI4 concentrat ion 
in DMSO. T h e 400 n m band is formed only du r ing 
the laser pulse even for low concentrat ion CCI4 
(6.5X10 - 3 mol d m - 3 ) . Qui te similar kinetic data have 
also been obtained in the present laser photolysis 
exper iment of DMSO (2.8X10"3—1.4X10"1 m o l d m " 3 ) 
in CCI4. These results indicate that the formation of 
the complex must be the consequence of excitation of 
the g round state associated DMSO/CCI4 pairs, bu t not 
the reaction of excited DMSO or CCI4: 

o 
< 

0.04 

0.03 

0.02 

0.01 \-

0 

(DMSO •••• CCU) 
hv 

DMSO-CL (5) 

300 600 700 400 500 

X / nm 

Fig. 2. Transient difference optical absorption spec­
trum recorded immediately after the pulsed laser 
excitation (266 nm) of 1.95X10"2 moldm"3 CC14 in 
DMSO. 

Compar i son of the present results wi th those observed 
in the pulse radiolysis is qui te interesting. T h e pulse 
radiolysis of di lute DMSO in CCI4 shows a first order 
grow-in kinetics of the complex formation, that is, the 
rate depending on the DMSO concentration.1) O n 
the other hand , the i r radiat ion of dilute CCI4 in 
DMSO shows a slow formation process u p to several 
microseconds.2^ T h e former has been at tr ibuted to 
the reaction of chlorine a toms wi th DMSO and the 
latter to the reaction of the paren t DMSO cation wi th 
cloride ions. T h e latter process is found to be super­
imposed on the fast formation process which becomes 
more d o m i n a n t as the CCI4 concentrat ion increases. 
T h i s fast formation process is understood to be a direct 
excitation route of the associated DMSO/CCI4 pai r as 
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is evidenced in the present laser flash photolysis 
experiments . 

References 

1) T. Sumiyoshi and M. Katayama, Chem. Lett., 1987, 
1125. 

2) T. Sumiyoshi and M. Katayama, Bull. Chem. Soc. 
Jpn., 63, 1293 (1990). 

3) G. Stein, Adv. Chem. Ser., 50, 230 (1970). 
4) R. Figueroa, E. Roig, and H. H. Szmant, Spectrochim. 

Acta, 22, 587 (1966). 
5) H. H. Szmant, in "Dimethyl Sulfoxide," ed by S. W. 

Jacob, E. E. Rosenbaum, and D. C. Wood, Marcel Dekker, 
New York (1971), p. 1. 

6) G. Kozakowski and R. Mierzecki, Pol. J. Chem., 53, 
947 (1979). 

7) D. K. Agarwal and S. Agarwal, Ind. Chem. J., 1978, 
22. 

8) E. Cebe, D. Kaltenmeier, and H. G. Hertz, Z. Phys. 
Chem. Neue Folge, 140, 181 (1984). 



June, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63,1587—1591 (1990) 1587 

Synthesis and Square Planar-Octahedral Equilibrium of Bismacrocyclic 
Dinickel(II) Complexes with Polymethylene 

Bridges of Various Lengths 

Katsura MOCHIZUKI* and Yosihito IKEDA 
Department of Chemistry, Yokohama City University, Yokohama 236 

(Received December 6, 1989) 

A new series of binuclear nickel(II) complexes with bis(tetraazamacrocycle), 7,7/-polymethylenebis-
[3,7,1 l,17-tetraazabicyclo[l 1.3. l]heptadeca-l (17), 13,15-triene]dinickel(II) Perchlorates with polymethylene 
bridges with a length of 2—6-C, was synthesized, as well as the corresponding free ligands. The dinickel(II) 
complexes were found to be in equilibrium between square planar and octahedral forms in water. The 
equilibrium shifts toward the octahedral side as the polymethylene bridge becomes short. 

We have recently investigated square planar-
octahedral equi l ib r ium, as shown in Equ i l ib r ium 1, 
of binuclear nickel(II) complexes1* wi th bismacrocy­
clic l igands, L7—L1 1 , where the same two macrocycles 
are l inked by a methylene chain of various length:2) 

[Nin2(L")]4+ + 2xH20^[Nin
2(L")(OH2)2 x]4+(x=l,2). (1) 

O u r spectrophotometr ic study2) revealed that the 
equ i l ib r ium of the dinickel(II) complexes shifts to the 
octahedral side as the polymethylene chain becomes 
short. Fur thermore , a quant i ta t ive analysis of the 
equ i l ib r ium was achieved by the use of heterometalhc 
Cu(II)Ni(II) complexes.3) In this analysis, two 
absorpt ion bands were used: the absorpt ion band 
(molar absorpt ion coefficient, e: 100—3500) a round 
400—500 nm, due to the d-d transit ion of square 
p lanar Ni(II) ions, and that at 700—800 n m due to the 
octahedral Ni(II) ions. T h e band at shorter wave 
length, however, becomes a shoulder of a s trong 
absorpt ion band (e: ca. 1000—3500 at 395 nm) of 
charge transfer from C=N bonds to Ni(II) ions. 
T h u s , it is desirable to get rid of the strong band for a 
direct observation of the d-d band. We tried to 

N-(CH2)n-N N.O) 

N O L/N-
L2:n=2 L5:n 
L3:n=3 L6: n 

N-(CH2)n-N N.O/ 

L7:n = 2 L10:n=5 
l_8: n = 3 L11:n=6 
L9: n=A 

reduce the O N bonds of dinickel(II) complexes, 
[ N i u

2 ( l > ) ] 4 + ( n =7—11) , by the use of sodium borohy-
dride. T h e reduction proceeded smoothly, bu t gave a 
complex mix ture due to the generat ion of two chiral 
carbon a toms in the ligand.4) 

We successfully prepared a new series of dinickel(II) 
complexes wi th L2—L6 , formed by the template 
condensat ion between 2,6-diformylpyridine and 
N , N , N / , N / - t e t r a k i s ( 3 - a m i n o p r o p y l ) - l , c o - a l k a n e d i -
amine(hereafter, referred to as a branched polyamine) . 
A reduct ion of C=N bonds in the l igands does not give 
rise to any chiral carbon atom. By the use of 
dinickel(II) complexes wi th the reduced l igands, the 
d-d bands were observed wi thou t interference wi th 
other absorpt ion bands. 

Exper imenta l 

Materials. A typical procedure for the preparation of the 
binuclear complexes is as follows. 

2,6-diformylpyridine (5.40 g, 0.04 mol) and nickel(II) ace­
tate tetrahydrate (9.95 g, 0.04 mol) were dissolved in 300 cm3 

of ethanol-water (1:1, v/v). To this solution we then 
added 100 cm3 of ethanol-water (1:1, v/v) containing 
N,N,N / ,N /-tetrakis(3-aminopropyl)-l>3-propanediamine 
(6.05 g, 0.02 mol) which had been neutralized with acetic 
acid just before the addition. The mixture was stirred for 
ca. 16 h at 60 °C, left standing at room temperature for 1 h, 
evaporated to ca. 100 cm3, and then filtered. The filterate 
was chromatographed with the cation-exchange column 
(SP-Sephadex C-25, 0=30 mm, 1=1000 mm) with 0.5 
mol dm - 3 sodium chloride solution as an eluant, to give a 
red band. The red eluate was concentrated to ca. 20 cm3. 
The sodium chloride, precipitated by the addition of 
ethanol to the solution, was filtered off. The same proce­
dure was repeated five times. The thus-obtained residue 
was dissolved in 1000 cm3 of cold methanol-water (2:3, v/v), 
to which was portionwise added sodium borohydride (11.35 
g, 0.30 mol). The methanolic solution was heated to 60 °C 
and sodium borohydride (22.70 g, 0.60 mol) was potionwise 
added. After the mixture had been stirred for ca. 2 h at 
60 °C, 60% perchloric acid was added until the solution 
became pH 1; the stirred mixture was kept for 2 h at 60 °C. 
The solution was adjusted to pH 5 by the addition of cone. 
NaOH, stirred for ca. 1 h at 70 °C, and left standing for 1 h at 
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room temperature. After evaporation, the residue was thor­
oughly washed with ethanol and suspended in a small 
amount of water, which was passed through the column of a 
Cl-form anion-exchange resin (Amberlite IRA410, 0=30 
mm, 1=300 mm) for the exchange of counter ions. The 
resulting clear solution was chromatographed with a cation-
exchange column (SP-Sephadex C-25, 0=30 mm, 1=400 
mm) and eluted with a 0.5 mol dm - 3 sodium chloride solu­
tion, to give a reddish orange band. The reddish orange 
eluate was concentrated to ca. 20 cm3. The sodium chloride 
precipitated by the addition of ethanol to the solution was 
filtered off. After repeating the same procedure for five 
times, the residue was dissolved in a minimum amount of 
water, to which was added a saturated aqueous sodium 
Perchlorate solution to yield precipitates. The twice recrys-
tallization of the precipitates from a small amount of hot 
water gave crystals, which were washed well with water and 
dried over P2O5 in vacuum. The absence of chlor,ide ions 
in the complex was confirmed by use of AgNÛ3. 

Hexamethylene, pentamethylene, tetramethylene and eth­
ylene derivatives were prepared by the same procedure 
described above except for using N ,N ,N',N'-tetrakis(3-
aminopropyl)-l,6-hexanediamine, N,N,N /,N /-tetrakis(3-
aminopropyl)-l,5-pentanediamine, N,N,N',N'-tetrakis(3-
aminopropyl)-l,4-butanediamine, and N ,N ,N',N'-tetrakis-
(3-aminopropyl)-1,2-ethanediamine, respectively. 

Free ligands, Ln were obtained by treating dinickel(II) 
complexes with NaCN in a strong alkaline solution, and 
subsequent extraction with CH2CI2. 

The data of elemental analyses and overall isolated yields, 
after recrystallization, of the new series of dinickel(II) com­
plexes are given below, besides 13C NMR spectra of the free 
ligands. 

[Nin
2(L3)](C104)4-H20: Yield: 15.1%. Found: C, 33.21; 

H,4.69; N, 10.61%. Calcd for C29H48N8Ni2Cl4Oi6 • H2O: C, 
33.42; H, 4.84; N, 10.75%. i3CNMR (CF3COOD, TMS) 
0=10.8 (t), 24.6 (t), 50.7 (t), 52.1 (t), 56.3 (t), 62.9 (t), 121.2 (d), 
143.9 (d), 160.9 (s). 

L3: isCNMR (CDCI3, TMS) 0=21.8 (t), 27.3 (t), 46.3 (t), 
51.0 (t), 52.1 (t), 54.1 (t), 120.3 (d), 136.2 (d), 159.1 (s). 

The dinickel(II) complex with a trimethylene bridge, a 
template product before the reduction, was also isolated as a 
Perchlorate: Found: C, 33.68; H, 3.93; N, 10.83%. Calcd for 
C29H4oN8Ni2Cl40i6-H20: C, 33.69; H, 4.10; N, 10.84%. IR 
(KBr): 1640 (C=N) cm"1. 13CNMR (CF3COOD, TMS) <5= 
12.2 (t), 25.2 (t), 45.2 (t), 53.5 (t), 56.9 (t), 131.1 (d), 147.0 (d), 
153.9 (s), 169.9 (s). 

[Nin
2(L6)](C104)4: Yield: 11.7%. Found: C, 36.08; H, 5.05; 

N, 10.46%. Calcd for ( ^ ^ N s N â C U O i e : C, 36.05; H, 5.11; 
N, 10.51%. 13C NMR (CF3COOD, TMS) 0=19.2 (t), 24.3 (t), 
27.1 (t), 51.8 (t), 52.6 (t), 56.0 (t), 62.8 (t), 121.0 (d), 143.5 (d), 
160.4 (s). 

L6: 13CNMR (CDCI3, TMS) 0=25.0 (t), 26.8 (t), 27.5 (t), 
46.6 (t), 52.0 (t), 52.3 (t), 53.6 (t), 120.9 (d), 137.0 (d), 157.9 (s). 

[Nin
2(L5)](C104)4: Yield: 10.6%. Found: C, 35.16; H, 4.96; 

N, 10.49%. Calcd for CsiHsaNsNiaCUOie: C, 35.39; H, 4.98; 
N, 10.65%. 13CNMR (CF3COOD, TMS) 0=21.1 (t), 24.7 (t), 
26.3 (t), 52.0 (t), 53.3 (t), 56.8 (t), 62.8 (t), 121.1 (d), 143.8 (d), 
160.6 (s). 

L5: isCNMR (CDCI3, TMS) 0=25.2 (t), 25.4 (t), 26.8 (t), 
46.5 (t), 52.0 (t), 52.4 (t), 53.6 (t), 120.9 (d), 136.9 (d), 158.0 (s). 

[Nin
2(L4)](C104)4: Yield: 13.3%. Found: C, 34.40; H, 4.81; 

N, 10.67%. Calcd for CsoHsoNsN^CUOie: C, 34.71; H, 4.86; 

N, 10.80%. 13C NMR (CF3COOD, TMS) 0=18.8 (t), 24.9 (t), 
52.0 (t), 53.3 (t), 56.5 (t), 63.0 (t), 121.1 (d), 143.9 (d), 160.9 (s). 

L4: 13CNMR (CDC13„ TMS) 0=23.3 (t), 27.4 (t), 46.6 (t), 
52.0 (t), 52.7 (t), 54.2 (t), 120.6 (d), 136.4 (d), 159.3 (s). 

[Nin
2(L2)](C104)4: Yield 6.7%. Found: C, 33.46; H, 3.94; 

N, 11.10%. Calcd for GaÄeNsNizCUOie: C, 33.57; H, 3.82; 
N, 11.18%. 

U: 13CNMR (CDCI3, TMS) 0=27.0 (t), 46.2 (t), 49.1 (t), 
52.4 (t), 53.5 (t), 120.8 (d), 136.8 (d), 158.0 (s). 

Measurements. Water used was purified by Milli-Q 
system. 

Infrared spectra were measured with Hitachi 260-10 spec­
trophotometer. The measurements of the absorption spec­
tra and the computational analysis of the temperature-
dependent spectra were performed according to the same 
methods as described in our previous papers.3) 

Results and Discussion 

Synthesis of Dinickel(II) Complexes. As shown in 
Scheme 1, the template condensat ions between 2,6-
diformylpyridine and the branched polyamines us ing 
N i 2 + ions gave bismacrocyclic dinickel(II) complexes 
wi th C=N bonds. T h e dinickel(II) complex wi th a 
tr imethylene bridge isolated5) shows a band assigned 
to ^C=N at 1640 c m - 1 in its IR spectrum. T h e elemen­
tal analysis and 13C N M R spectrum {5 triplets (meth­
ylene inc lud ing the bridge), 2 doublets (pyridine), and 
2 singlets (pyridine and C=N)} indicated the formation 
of a bismacrocyclic complex. T h e C=N bonds in the 
complexes, thus formed, could be reduced to C-N 
bonds by the use of sodium borohydride in an aqueous 
methanol ic solution. T h e IR spectra of the reduced 
products showed an absorpt ion band due to the skele­
tal vibrat ion of pyridine r ing bu t not the band corre­
spond ing to the ^C=N a round 1550—1700 cm - 1 . T h e 
absorpt ion spectra also confirmed reduction of the 
C=N bonds. As shown in Fig. 1, an unreduced com­
plex shows a strong absorpt ion band a round 400 n m 
of charge transfer from the C=N bonds to Ni(II) ions. 

I — r 1 ——1 1 1 

0 . 6 k / \ i H 

©0.4h \ 
u I \ 

- A \ 2 

< 0.2h / N 

Oh r ^ — -
I 1 ! I L_ I 

400 500 600 700 

Wavelength/nm 

Fig. 1. Absorption spectra of 1.0X10-3 mol dm - 3 

unreduced (1) and reduced (2) dinickel(II) com­
plexes with a trimethylene bridge in nitromethane 
solutions. 
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Fig. 2. Absorption spectra of 1.00X10-3 mol dm - 3 

[Nin
2(L2)]4+ in aqueous solution at 275.3 (1), 281.2 

(2), 286.2 (3), 291.9 (4), 298.3 (5), 303.5 (6), 309.9 (7), 
315.4 (8), 321.2 K (9). 
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Wavelength/nm 

800 

Fig. 3. Absorption spectra of 1.0X10-3 mol dm - 3 

[NiU2(L")]4+ (n=2—6) in aqueous solutions at 
298.2±0.2 K. 

However, the reduced complex does not show such a 
band but , rather, a moderately intense band at ca. 470 
nm. Fur thermore, 1 3 C N M R spectra of the free 
l igands, prepared by removing metals from the 
reduced dinickel(II) complexes wi th sodium cyanide, 
agreed wi th those expected for the free l igand, L2—L6 : 
they show 4 triplets (methylene), 2 doublets (pyridine), 
1 singlet (pyridine), and some triplets (methylene 
bridge). In the 1 3 C N M R spectra of the reduced di-
nickel(II) complexes in CF3COOD, no spl i t t ing of 
signals4* was observed except for the one set of signals 
expected, suggest ing that only one species should be 
present. 

Square Planar-Octahedral Equilibrium. T h e new 
series of complexes, [Ni ! I2(Ln)]4 + {n—2—6) , in aque­
ous solut ions showed a moderately intense band at ca. 
470 n m and a weak band a round 700—800 nm, which 

revealed that dinickel(II) complexes exist in square 
planar-octahedral equ i l ib r ium. It is well k n o w n for 
the square planar-octahedral equi l ibr ia of tetraaza-
macrocyclic nickel(II) complexes in aqueous media 
that the h igher temperature causes a larger number to 
exist in the square p l ana r form; that is, the equi l ib­
r i um shifts to the left side in Equ i l i b r ium 1. Figure 2 
shows the temperature-dependent absorpt ion spectra 
of [Ni 2(L2)]4+.6> Actually, as the temperature is 
raised, the absorpt ion band a round 400—500 nm, 
associated wi th the square p l ana r form, increases, and 
that at 700—800 nm, which is characteristic of 
octahedral form, decreases. T h e absence of other 
forms, e.g., 5-coordinate species, is supported by the 
observation of an isosbestic po in t at 590 nm. T h e 
reversible spectral change observed herein is very sim­
ilar to that observed in the Ni(II) complex wi th a 
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Complex 

[Nin
2(L2)]4+ 

[Nin
2(L3)]4+ 

[Ni n
2 (L 4 ) ] 4 + 

[Ni n
2 (L 5 ) ] 4 + 

[Nin
2(L6)]4+ 

a) At 298.2 K. 

•/tmax 

nm 

469 
466 
466 
466 
466 

Katsura MOCHIZUKI and Yosihito IKEDA 

Table 1. Absorption Spectral Data 

Watera) 

(e) 
mol - 1 dm3 cm - 1 

(90) 
(130) 
(170) 
(200) 
(220) 

b) At 303.2 K. c) Insoluble. 

Nitromethanea) 

•/tmax 

nm 

466 
466 
466 
466 

(*) 
mol - 1 dm3 cm - 1 

(320) 
(320) 
(350) 
(350) 

A-max 

nm 

473 
468 
469 
469 
468 
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Sulfolaneb) 

(e) 
mol - 1 dm3 cm - 1 

(350) 
(320) 
(330) 
(340) 
(350) 

400 500 600 
Wavelength/nm 

800 

Fig. 4. Absorption spectra of 1.0X10-3 mol dm-3 

[NiH2(L")]4+ (ra=3—6) in nitromethane solutions at 
298.2+0.2 K. 

similar monomacrocyclic ligand.7) Similar tempera­
ture dependent spectra were observed for other 
dinickel(II) complexes with L3—L6. 

Figure 3 shows the absorption spectra of the dinick-
el(II) complexes with L2—L6 in aqueous solutions. 
Although the spectra were taken under the same con­
ditions, the apparent molar absorption coefficients e 
are quite different in the dinickel(II) complexes (see 
Table 1 ); Since the bridge becomes shorter the absorp­
tion band around 450—550 nm decreases, whereas that 
around 700—800 nm increases. Shortening the poly­
methylene bridge thus has the same effect as lowering 
the temperature. The differences, thus observed, in 
absorption spectra are attributable to the different 
ratios of [square planar form]/[octahedral form] 
among these dinickel(II) complexes, i.e., the equi­
librium between square planar and octahedral forms 
depends on the length of the polymethylene bridge. 

In nitromethane or sulfolane, the square planar 
species should predominate over the octahedral ones, 
since these solvents have a much poorer coordinating 
ability than water.8) Indeed, in these solvents, no 
absorption band was observed around 700—800 nm, 
but was observed around 450—550 nm, indicating that 
only the square planar species was present. Further­
more, the spectral features and intensities were inde­
pendent of the temperature and species of these di-
nickel(II) complexes (see Fig. 4 and Table 1); thus, in 
nitromethane or sulfolane these complexes always 
exist in the square planar species, regardless of the 

temperature and length of the polymethylene chain. 
The following equilibria should be taken into con­

sideration for the dinickel(II) complexes, because both 
two Ni(II) ions can be involved in the square planar-
octahedral equilibrium; 

[NinNin(L*)]4+ + 4H20 <-; [Nin(OH2)2Nin(L")]4+ + 2H20 ±; 
[Nin(OH2)2Nin(OH2)2(L")]4+. (2) 

If this is the case, a determination of the thermody­
namic parameters is not facile because of the presence 
of seven unknown parameters. On the basis of the 
assumption that two Ni(II) sites in one dinickel(II) 
complex attain equilibrium independently, i.e., total 
amounts of octahedral Ni(II) ion and square planar 
Ni(II) ion is equal to that of two times of a dinickel(II) 
complex, the computational analysis3* of temperature-
dependent absorption spectra enabled us to evaluate 
the equilibrium constants for one Ni(II) ion, defined 
by 

£=[octahedral Ni(II) ion]/[square planar Ni(II) ion]. (3) 

Table 2 lists the thermodynamic parameters thus 
calculated. For all complexes negative values of AH 
and AS were obtained. The negative values of AH 
show that the formation of the octahedral species is 
exothermic. The values of AH and AS are close to 
those of similar monocyclic Ni(II) complexes7*: 2.02— 
2.32X104 J mol-1 for AH and 59.4—77.0 J K ^ m o l - 1 

for AS, respectively. 
It is noteworthy that the molar absorption coeffi­

cient, £s
470nm, of the square planar Ni(II) ion, thus 

derived, is independent of the polymethylene bridge 
length. Furthermore, the value of £s

470 nm, thus calcu-

Table 2. Thermodynamic Parameters and Molar 
Absorption Coefficient at 470 nma) 

Complex 

[Nin
2(L2)]4+ 

[Nin
2(L8)]«+ 

[Nin
2(L*)]4+ 

[Nin
2(L5)]4+ 

[Nin
2(L6)]4+ 

- A H 

10 4Jmol-

L92 

1.88 

1.92 
1.67 

1.72 

- A S 
1 JK-imol-

54.4 
58.6 
62.8 
58.6 
62.8 

p470 nm 

1 102 mol - 1 dm3 cm - 1 

1.5 
1.6 
1.7 
1.7 
1.7 

a) For one Ni(II) ion. 
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Table 3. Equilibrium Constants and 
the Ratios of the Speciesa) 

Cc 

[Ni1 

[Ni1 

[M; 
[Ni1 

[Ni1 

>mplex 

I
2(L2)]4+ 

;2(L3)]4+ 
2(L*)]4+ 

:>(L5)]4+ 
J2(L6)]4+ 

K 

3.39 

1.73 
1.24 

0.744 

0.53s 

[Square planar 
Ni(II) ion] 

% 

23 
37 
45 
57 
65 

[Octahedral 
Ni(II) ion] 

% 

77 
63 
55 
43 
35 

a) At 298.2 K. 

lated, is a lmost the same of the half value of eA70nm 

obtained from the dinickel(II) complexes in ni t ro-
methane and sulfolane. 

Tab le 3 lists the ratio of [square p lanar Ni(II) i o n ] / 
[octahedral Ni(II) ion] at 298.2 K calculated from the 
thermodynamic parameters listed in Tab le 2. T h e 
a m o u n t of the square p lanar Ni(II) ions in water 
decreases according to the sequence of [Ni 2(L6)]4 +> 

which clearly indicates that the equ i l ib r ium is shifted 
to the side of octahedral species, since the polymeth-
ylene bridge is short. T h i s same trend was observed 
in the square planar-octahedral equ i l ib r ium of aque­
ous solut ions of the previously reported dinickel(II) 
complexes wi th the l igands, L 7—L n . 2 ' 3 ) 

T h u s , a new series of bismacrocyclic complexes, 
[Ni1 2(L")](C104)4 ( n=2-6 ) , was successfully prepared. 
The effect of the length of the polymehtylene bridge on the 
square planar-octahedral equilibrium could be observed 
along with a change in d-d bands of Ni(II) ions. 
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Adsorption of 11 metal acetylacetonate complexes onto an octadecylsilica(ODS) gel from an aqueous 
solution was measured as a function of pH. It was found that the pH dependencies regarding adsorption are 
almost consistent with those of a solvent-extraction system, except for Zn(II) which is unextracted into benzene. 
Plots of the adsorption ratio against pH indicates the 1:1 complexes are adsorbed onto ODS gel, except for 
Al(III) whose composition is 1:2. 

Recently, several methods for the preconcentrat ion 
of metal ions dissolved in water have been at tempted 
us ing octadecylsilica gel as an adsorbent. Elements 
are adsorbed on the gel as a complex with a l igand.1 - 5) 
T h i s concentrat ion method has some advantages: the 
procedure is very s imple and gives a large concentra­
t ion rate; also, the mat r ix components can be easily 
removed. 

O n the other hand , a l iqu id chromatographic 
behavior of metal complexes has also been studied by 
many workers us ing ODS gel as a stationary phase.6) 

However, we have acquired some basic data con­
cerning the par t i t ion of the complex between the gel 
and aqueous solution, except for the copper acetyl­
acetonate complex.7) N o systematic investigation of 
the par t i t ion behavior of metal complexes between 
aqueous and gel phases has been carried out. We 
therefore have no criteria concerning the selection of 
the condi t ions for the separat ion and concentrat ion of 
metal complexes from the aqueous phase. 

In this study we investigated the adsorpt ion behav­
ior of eleven metal ions (Al(III), Be(II), Cd(II), Co(II), 
Cr(III), Cu(II), Fe(III), Mn(II), Ni(II), Pb(II), and 
Zn(II)) by a batch method. Acetylacetone (2,4-
pentanedione) was employed as a l igand. Since it 
has been widely used as an extractant in solvent 
extraction systems, the extraction behavior of its metal 
complexes has been studied in detail.8) 

Experimental 

Materials. The ODS gel used in this study was Unisil 
PC-18 purchased from Gasukuro Kogyo (particle size 27—47 
jum). Chromatographic grade acetylacetone (Kishida 
Kagaku) was used without further purification. Perchloric 
acid and its sodium salt were guaranteed reagent of Kanto 
Kagaku. Hydrochloric acid of trace analysis grade was 
used. 

The aqueous solutions containing Co(II), Fe(III), Ni(II), 
or Pb(II) were prepared from CoCl2-2H20, FeCl3-6H20, 
Ni(N03)2 • 6H 20, or Pb(NOs)2, of guaranteed reagent from 
Kanto Kagaku, respectively. Solutions containing Cd(II), 
Cr(III), Mn(II), and Zn(II) were prepared from the commer­
cially available stock solutions for atomic absorption spec­
trometry (Nakarai Kagaku). That containing Al(III) was 
prepared by the procedure described in JIS. Be(II) solution 

was obtained from BeCOs • Be(OH)2 offered from Tokyo 
Kogyo Shikenjo. 

Procedure. Solutions containing 3.71X10-5 M metal ion 
and 5.00X10-3 M acetylacetone were prepared. The ionic 
strength and pH of the solutions were adjusted by NaC104 
and HCIO4 or NaOH. The ionic strength of the solutions 
was 0.1. 

The measurement procedure of the adsorption equilibria 
was reported previously.7) The temperature during mea­
surements was 298+0.3K. The concentrations of metal 
ions on the gel phase were calculated from the concentration 
change in the aqueous phase before and after equilibration. 

Results and Discussion 

In Fig. 1 the p H dependence of the adsorpt ion of the 
metal ions in the presence of acetylacetone is summar­
ized. As shown, the p H region which shows an 
adsorpt ion rate above 80 per cent is found in Al(III) at 
p H > 4 . 5 , Be(II) at p H > 4 , Cu(II) at p H > 4 , Fe(III) at 
p H > 3 , Pb(II) at p H > 6 , and Zn(II) at p H > 8 . 5 . A 
hundred per cent adsorpt ion was no t achieved. T h e 
phase concerning adsorpt ion is a very thin film con­
sisting of an alkyl chain b o u n d to a silica surface. 
Since the gel surface is rather polar , it is considered 
that metal complexes could be distributed between 
aqueous and gel phase in a h igher p H region. 

Co(II) ions show m a x i m u m adsorpt ion at p H 7.2; 
and the adsorpt ion rate at the p H value was about 30 
per cent. Mn(II) has a m a x i m u m adsorpt ion of 
about 35 per cent at p H 9.5. T h i s p H value is a lmost 
the upper l imit for an investigation, due to the des­
truction of ODS gel at h igher p H values. Ni(II), 
Cd(II) and Cr(III) show no appreciable adsorpt ion in 
the p H region investigated. These p H dependencies 
agree wi th those of solvent extraction, except for 
Zn(II). A l though it is reported that Zn ion is scarcely 
extracted by acetylacetone in a solvent extraction sys­
tem,8) it is quanti tat ively adsorbed in this system. 

If more than 80 per cent of ions are adsorbed, it is 
found that the adsorpt ion curves of all the ions are 
similar except for Al, of which it is more steep than 
the others. T h i s seems to mean that the composi t ion 
of the adsorbed complex of Al differs from those of the 
other complexes. 

Analogous to solvent extraction, we define equ imo-
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Fig. 1. pH dependence of adsorption of metal ions 
onto ODS gel in the presence of acetylacetone at 
298+0.3K. Initial concentration of metal ions are 
3.51X10"5 M, and of acetylacetone , 5.00X10"3 M. 
Ionic strength is 0.1. (a) O; Fe(III), A; Cu(II), • 
Al(III), D; Pb(II), A; Zn(II). (b) O; Be(II), A 
Co(II), D; Ni(II), • ; Mn(II). (c) D; Cr(III), A 
Cd(II). 

lar adsorption pHeq as the pH value at which the 
concentrations of metal ions in both phases are equal. 
This value corresponds to pHi/2 in solvent extraction. 
Data are summarized in Table 1 regarding ions which 
have adsorption rates above 80 per cent, along with 
the values obtained in a solvent extraction system 
using benzene as an organic phase.8) As shown, The 
pHeq of Al(III), Be(II), Cu(II), and Fe(III) to ODS gel 
were slightly smaller than pHi/2 of the solvent extrac­
tion. The pHeq value of Pb(II) ion is 2 pH unit 
smaller than pHi/2 of the extraction system. Though 
the value of Zn(II) was 6.13, no pHi/2 value for half 
extraction has been reported. 

In a previous paper7) it was described the Perchlo­
rate anion does not affect the adsorption of Cu(II) in 

the presence of acetylacetone. Accordingly, we sup­
pose that the adsorption equilibria of the present 
system are the same as the distribution equilibria of 
complex molecules between two liquid phases as 
follows: 

Kn 
Hacacg <—I Hacaca, 

Hacacg < > H+
a + acac"a, 

Mm+
a + n acac" - Macacn 

and 

Macacn.s 
_/ft 

- Macacn,e 

(la) 

(lb) 

(lc) 

(Id) 

where subscripts g and a denote the gel and aqueous 
phase, respectively. KD, KB, K*, and ßn are distribution 
constant of acetylacetone between two phases for 
adsorption, that of complex for adsorption, dissocia­
tion constant of acetylacetone and overall formation 
constant of complex, respectively. The pH depend­
ence of adsorption of metal complex with acetylace­
tone can thus be decribed in similar form to that of the 
liquid-liquid extraction equilibria, that is, when the 
adsorption ratio, D, is defined as 

D/cm3-g-i = Cg/C». (2) 

Here, Cg and Ca are the concentrations of metal ion in 
the gel and aqueous phases, respectively. The pH 
dependence of the adsorption ratio is represented as 

log D = log Ka<i +n log [Hacac]g + n pH (3) 

where K^ is defined as the adsorption constant after 
notation in liquid-liquid partition equilibria. Coef­
ficient n in the equation denotes the number of ligand 
molecules included in the adsorbed complex mole­
cule. Eq. 3 shows that the slope of a plot of logD vs. 
pH represents the number of acetylacetone in the 
adsorbed molecule, if concentration of acetylacetone 
on the gel phase can be regarded as constant. 

The concentration of acetylacetone on the gel was 
calculated from the adsorption data of acetylacetone 
previously reported as DaCac—22.4.7) The concentra­
tion of acetylacetone on gel was estimated to be 
7.16X10"5 molg-1 . Since the concentration of metal 
ions is 1.33X10"6 molg"1 and is much smaller than 
that of acetylacetone, we can regard the concentration 
of acetylacetone on the gel as being constant in all 
adsorption steps. 

Figure 2 shows a plot based on Eq. 3; linear rela­
tionships between pH and log D were obtained. This 
fact indicates that the adsorption mechanism is valid. 
The obtained slopes are summarized in Table 1. All 
of the slopes are nearly unity, except for Al, whose 
value is nearly two. For Cu, the adsorption equili­
bria was thoroughly discussed in a previous report.7) 

We have shown that Cu(II) is adsorbed onto ODS gel 
in the presence of acetylacetone as a 1:1 complex. 
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Fig. 2. Plot of log D vs. pH of metal ions in the 
presence of acetylacetone. O; Fe(III), D; Cu(II), À; 
Be(II), A; Al(III), • ; Pb(II), • ; Zn(II). 

T h e other metal ions whose slopes are uni ty are also 
considered to be adsorbed on ODS gel as 1:1 com­
plexes wi th acetylacetone. O n the other hand , Al 
ions seem to be adsorbed as a 1:2 complex; the reason 
for this is not clear at present. These results show 
that metal ions are adsorbed on ODS gel as charged 
complexes, contrary to solvent extraction in which 
they are extracted as noncharged metal complexes. It 
is considered that the charged complex is stable on the 
gel surface, and that a surface can be regarded as an 
interface corresponding to a l i qu id - l iqu id interface, 
since it is reported in extraction kinetics that charged 
1:1 complexes are in the interface.9) 

T h e adsorpt ion constants are listed in Table 1 a long 
wi th the extraction constant , Kex, of which the dimen­
sion is converted to cmSg - 1 . All of the obtained K^ 
values were larger than that of solvent extraction. 
Especially, the value of Pb is 7 uni ts larger than the 
extraction system; no value of Zn has been reported in 
an extraction system. T h i s p h e n o m e n o n is due to a 
difference in the composi t ions between adsorbed and 
extracted complexes. F rom the adsorpt ion or extrac­
t ion mechanism, Kad and Kex are represented as 
follows: 

Kad = K6*à ßnad £anad/#D,adnad (4) 

and 

Table 1. Composition of Adsorbed Complex, n, 
Equimolar pHeq and Adsorption Constant K^ 
of ODS-Aqueous Solution Systems, and Cor­

responding Values in Solvent Extraction 

Ions 

Al(III) 
Be(II) 
Cu(II) 
Fe(III) 
Pb(II) 
Zn(II) 

n 

2.00 
1.05 
0.98 
0.99 
1.01 
0.95 

Adsorption 

pHeq -

3.47 
1.85 
1.90 
1.30 
4.15 
6.13 

-log KM 

4.65 
0.73 
0.81 
0.16 
3.02 
4.73 

Extraction* 

pHi/2 —log Kex 

3.30 6.48 
2.45 2.79 
2.90 3.97 
1.60 1.39 
6.20 10.15 
ne ne 

£ex = Zftex j8n„ K/^/KD^, (4') 

where subscripts ad and ex denote adsorpt ion and 

ne: Not extracted. 
*: Benzene is used as organic solvent.8) 

extraction systems, respectively. T h e number of 
l igands contained in adsorbed and extracted complex 
are denoted by nad and nex, respectively. T h e differ­
ence between log/£a<i and logKex is represented as 

log (£ad/#ex) = log (föad/föex) + log (ßnjßn^) 

+ (nex — na d)p#a + (^ex log KD,ex ~ ^ad log #D,ad). (5) 

It is reported that log £D,ex is 0.71 for the l i qu id - l iqu id 
dis t r ibut ion between the aqueous phase and benzene, 
pKa is 8.84,10) and that log&D,ad is 1.35 for adsorpt ion 
to ODS gel.7> T h e ßn values can be obtained from the 
literature,11 '12) as listed in Table 2. Us ing these 
values, the values of Kad obtained in this work and Kex 

from the literature,8) we can calculate K6&d and K6QX 

from Eq. 4 and 4' . T h e calculated values are sum­
marized in Tab le 2. It is shown in the seventh and 
eighth co lumn of the table that the differences 
between log/féad and \ogK6zx are small , comparable to 
the differences between log/^D.ad and log^D,ex. If the 
first and the fourth terms of the r ight -hand side of Eq. 
5 are ignored, we can estimate the difference between 
log^ad and logÄ^ex from the second and the third terms 
in the equat ion . T h e estimated values of the differ­
ences are listed in the sixth co lumn in Table 2, a long 
wi th the observed values in the fifth column. T h e 
calculated values are in good agreement wi th the 
observed ones. It is shown from this calculat ion that 
the p redominan t terms over the difference between 
log^ad and logÄ^ex are those con ta in ing Ka

n and ßn 

that is, the difference of composi t ion of complexes 
between adsorpt ion and extraction system, nad and nex. 

Table 2. Comparison between Adsorption Constant and Extraction Constant 

Ions logßi* log ß2* logj83
! 

log£ad—logK e; 

obsd 

1.83 
2.06 
3.16 
1.23 
7.13 

calcd 

3.04 
2.15 
2.24 
1.28 
6.72 

lUgTVD ad 

-0.77 
1.56 
1.22 
0.23 
2.97 

lUgiYD 

-0.13 
1.72 
0.37 
1.06 
2.63 

Al(III) 
Be(II) 
Cu(II) 
Fe(III) 
Pb(II) 

8.60 
7.90 
8.16 
9.80 
4.2** 

16.5 
14.59 
14.76 
18.8 
6.32 

22.3 

26.2 

* Ref. 11. 
** Ref. 12. 

file:///ogK6zx
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Consequent ly, it is predicted that a larger adsorpt ion 
constant than the extraction constant can be obtained 
in the metal ions of which the difference between the 
overall formation constants is small , for example ßi 
and ft for Pb(II). 

We thanks Prof. Hi tosh i Watarai of Akita Univer­
sity for his helpful advice and encouragement to this 
work. 
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Reaction of [CoL2] • 2H20, [Co(NO)L2], or [Co(NO)L2(py)] (L=8-Quinolinolate 
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[Co(qn)2] • 2H 2 0 (1) (qn=8-quinolinolate ion) and [Co(NO)(qn)2] (2) reacted with NO in 10 vol% pyridine-
DMF or pyridine to give the nitrato complex, [Co(N03)(qn)2L] (L=pyridine or DMF), with liberation of N2O. 
[Co(NO)(qn)2(py)] (py=pyridine) having NO" group (3) reacted with NO in CH2CI2, the py-DMF, or pyridine 
to give [Co(qn)2(N03)(py)] with liberation of N2O. The mass analyses of the residual NO for the reaction of 2 
or 3 with NO in the pyridine medium and for the reaction of 3 with NO in CH2CI2, using the nitrogen-15 
labelled compounds snowed that a perfect nitrogen scramble occurred between the NO gas and the NO group of 
2 or 3. In the reaction of 2 with NO in CH2CI2, ca. 80% of the coordinating NO reacted with NO gas accom­
panying a rupture of the original Co-NO bond. The present results were compared with those obtained in the 
cases that 2-methyl-, 4-methyl-, 5-chloro-, and 5-nitro-8-quinolinolate ions were used as ligands. The elec­
tronic effects caused by the substituent of the quinoline ring and by the solvents on the reactions were discussed. 

It is wel l -known that the coordinat ing N O + (NO 
stretching vibrat ion more than ca. 1880 cm - 1 ) for 
nitrosyl complexes of the G r o u p 8 metals is attacked at 
the n i t rogen a tom by nucleophi le such as O H - , O R " 
(R=alkyl) , NH 3 , N 2 H 4 , N H 2 O H , or N 3" , and the 
nitrosyl l igand (NO stretching vibrat ion in the 1600— 
1760 c m - 1 region) reacts wi th electrophile such as H X 
(X=C1, Br), O2, N O , or PhCH2Br.D For nitrosylco-
bal t complexes hav ing N O + or N O " group , the 
nitrosyl g roup reacts wi th N O to cause the homogene­
ous d ispropor t iona t ion of the N O , and the reaction 
mechanisms have been discussed.2-6* 

We have investigated the reactions of N O gas wi th 
[C0L2] • IÏH2O (L=2-methyl- , 4-methyl-, 5-chloro-, or 
5-nitro-8-quinolinolate ion) and [Co(NO)L2] hav ing 
N O " g r o u p in some organic solvents, found new 
dispropor t iona t ion reactions of the N O , and discussed 
the reaction mechanisms.7"1 0 ) 

In this paper , we wish to report the reactions of 
[Co(NO)(qn)2(py)], [Co(NO)(qn)2] , and [Co(qn)2> 
2H2O (qn=8-qu ino l ino la te ion) wi th N O in CH2CI2, 
DMF, 10 vol% pyr id ine-DMF, or pyridine, and to 
compare the present results wi th those which have 
been reported on our previous papers (Refs. 6—10). 
T h e reactions were characterized by 13C and 15N N M R , 
IR ( including 1 5N-isotopic shifts), and MS (the 
gaseous and the solid products) measurements . 

Exper imenta l 

Materials. The starting materials, [Co(qn)2] • 2H2O (1) 
and [Co(NO)(qn)2] (2) were prepared according to Refs. 6 
and 11. [Co(NO)(qn)2(py)] (py=pyridine) (3) was prepared 
by dissolving 2 in a small excess of pyridine at ca. 253 K and 
removing the pyridine immediately on evacuation (J>NO, 1616 
cm-1. Found: C, 59.4; H, 3.8; N, 12.2%. Calcd: C, 60.5; H, 
3.8; N, 12.3%), or was prepared by reacting 1 dissolved in 

pyridine with a small excess of NO at ca. 253 K and remov­
ing the pyridine and residual NO immediately on evacua­
tion (i/N0, 1616 cm"1. Found: C, 61.4; H, 3.9; N, 11.8%). 
14NO or 15NO (15N atom%=99 or 99.7) gas was quantitatively 
derived from the corresponding potassium nitrate, and was 
purified by fractional distillation at ca. 147 K (methylcyclo-
hexane slush bath). The MS analysis showed a small 
amount of contamination of N2O (0.8%). CH2CI2 and DMF 
were distilled and stored under argon over moleculer sieves 
4A. Special grade pyridine and diethyl ether were used 
without further purification. 

Reactions. All the reactions were carried out using a 
vacuum line. The organic solvents were degassed by three 
cycles of freeze-pump-thaw or deaerated with argon before 
use. The NO gas (5.0 mmol) was trapped into a reaction 
vessel containing the starting cobalt complex (0.25—0.50 
mmol), 1, 2, or 3, suspended or dissolved in 10 cm3 of 
CH2CI2, 10 vol% pyridine-DMF, pyridine, or DMF. The 
contents were stirred for 1—7 d at room temperature to give 
the solid product or clear brown solution. The liberated 
and residual gases were transferred to a sample tube for the 
mass or IR spectrometric analysis. CH2CI2 was freezed and 
removed from the gaseous substances by cooling at ca. 147 K 
because N2O region (m/z=44, 45, and 46) was disturbed by 
the fragment ions produced from CH2CI2 in measuring the 
mass spectra. In the case that the solid product was 
obtained, the product was collected by filtration, washed 
with diethyl ether, and then dried under vacuum. In the 
case that the clear solution was prepared, the product was 
precipitated by dropping deoxygenated diethyl ether (ca. 150 
cm3) to the solution. 

Measurements. The C, H, and N contents of the pro­
ducts were analyzed by the Institute of Physical and Chemi­
cal Research (Wako, Saitama). The cobalt was photometri­
cally determined by the method of sodium l-nitroso-2-
naphthol-3,6-disulfonate.12) The magnetic susceptibilities 
were measured at room temperature by the Gouy method. 
The molar conductance was measured by a Toa Electronics 
CM-40S conductivity meter. The IR spectra of the solid 
products were measured as Nujol or poly(chlorotrifluoro-
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ethylene) oil mull in the 200—4000 cm-1 region. In many 
cases, the isotopic shifts upon the 15N-substitution were 
carefully measured at 80 K using a Liquid Nitrogen Cooling 
Unit-DN 70 (Oxford Instruments) in the 400—4000 cm"1 

region. The IR spectrum in CH2CI2 or pyridine solution 
was measured in an NaCl liquid cell. 

The gaseous products were identified by a Hitachi M-80 
double-focusing mass spectrometer equipped with a Hitachi 
M-003 data processor and by the IR bands in the 1000—4000 
cm-1 region.7-10) 

The positive SIMS (Secondary-Ion Mass Spectrometry) 
spectra of the solid compounds were measured up to m/z 
=1500 by the mass spectrometer with the SIMS unit. The 
products were dissolved or suspended in a glycerol/3-
mercapto-l,2-propanediol, and placed on a platinum plate 
probe tip. Xenon was used to produce the primary ion (the 
ionization method: electron impact; the primary ion acceler­
ating potential: 8 kV). 

Carbon-13 NMR spectra of the solid products and 
nitrogen-15 NMR spectra of the nitrogen-15 labelled solid 
products (15N atom%=99 or 99.7) were measured in 
chloroform-^ or DMSO-d6 using a JEOL FX-90Q spec­
trometer and were referenced to internal TMS and to exter­
nal liquid ammonia, respectively. The spectral conditions 
were same as those in Ref. 8. 

Results and Discussion 

Starting Materials. For 3, the pure compound 
could not be isolated in spite of the preparation at low 
temperature. The IR spectra showed the weak bands 
(ca. 1410 cm - 1 for the 14NO-complex and ca. 1300 cm"1 

for the 15NO-complex) characteristic of the coordinat­
ing nitrate ion in addition to the NO stretching vibra­
tion because 3 reacts further with NO in pyridine. 
Thus 3 was used without purification. The wave-
number of the NO stretching vibration shifted from 
1646 of 2 to 1616 cm -1 . The wavenumber of the NO 
stretching band indicates that 2 and 3 are formally 
N O - complex.6^ 

Gaseous Products. The IR and MS measurements 
showed that the gaseous product was only N2O in the 
reactions except for the reaction of 1 or 2 in CH2CI2. 
On the other hand, the gaseous products for the reac­
tion of 1 or 2 in CH2CI2 were N2 and CO2 in addition 
to N2O. 

Solid Products. Reactions in 10 vol% Pyridine-
DMF: 1 or 2 dissolved in the solvent reacted with NO 
to precipitate [Co(N03)(qn)2(DMF)] • py (4). From 
the filtrate, [Co(N03)(qn)2(py)] • py • 3H 2 0 (5) was 
obtained. By the addition of diethyl ether to a clear 
brown solution obtained from the reaction of sus­
pending 3 with NO, 5 was precipitated. 

Reactions in Pyridine: By the addition of diethyl 
ether to a clear brown solution obtained from the 
reaction of soluble 1 or 2, or suspending 3 with NO, 
[Co(N03)(qn)2(py)] • py • H2O (6) was precipitated. 

Reactions in Dichloromethane: Soluble 2 reacted 
with NO to gradually precipitate a dark violet compound 
containing nitrosyl cation, [NO]+[Com(N03)(N02)-

(qn)2]-, (yield: 70—90%).6> 1 suspended in CH2C12 

reacted with NO to give a soluble dark green 2 imme­
diately and then gradually precipitate the dark violet 
compound. The IR spectrum of the dark green solu­
tion showed the strong band at 1674 cm - 1 due to the 
NO stretching vibration characteristic of 2. When 
15NO gas was used, the NO stretching band of 2 
shifted to 1645 cm -1. The violet compound in the 
solid state was stable in dry air, and was also stable in 
fully deaerated dry DMF or DMSO at least for 2—4 d 
at room temperature in the dark. The molar conduc­
tance in the DMF was 26.9X10"4 Sm 2mol- 1 at 
5.14X10-4 mol dm-3 at 18 °C, suggesting that this 
compound is a 1:1 electrolyte.13) By the addition of a 
deoxygenated diethyl ether to the DMF or the DMSO 
solution, the adduct of the solvent was precipitated: 
[NO][Co(N03)(N02)(qn)2] • 0.5 DMF (Found: Co, 
11.2; G, 44.1; H, 3.1; N, 14.6%. Calcd: Co, 11.3; C, 
44.9; H, 3.0; N, 14.8%. *>co of DMF, 1650 cm"114>); and 
[NO][Co(N08)(N08)(qn)2]- 0.25 DMSO (Found: C, 
44.9; H, 2.6; N, 13.8%. Calcd: C, 44.0; H, 2.7; N, 
13.9%. PSO of DMSO, 1025 cm"1; <5r(CH3), 952 cm"115>). 

3 dissolved in CH2CI2 reacted with NO to precipi­
tate [Co(N03)(qn)2(py)]-2H20 (7). By the addition 
of deoxygenated diethyl ether to the filtrate, 6 was 
precipitated. 

Reactions in DMF: After 1 or 2 had been dissolved 
in DMF, NO was trapped in the DMF solution and 
stirred at room temperature to give a dull red solution. 
By the addition of diethyl ether to the solution, the 
brick-red precipitate was obtained. The IR spectrum 
was seemingly the same as that of [NO][Co(N03)-
(N02)(qn)2] • 0.5 DMF, but the compound could not be 
identified in spite of the further attempts for purifica­
tion. The disproportionation of NO to nitrosyl 
cation, N2O, and nitrate or nitrite ion would probably 
occurred in DMF. 

Elementary analyses and chemical formulae for the 
complexes, 4—7, obtained from the reactions in 10 
vol% pyridine-DMF, pyridine, and CH2CI2 are shown 
in Table 1. The water of crystallization seems to 
come from a small amount of water contained in 
diethyl ether and pyridine. 

The bands characteristic of a coordinating NO3" 
were confirmed by the 15N-isotopic shifts.8_10) For 4, 
the medium band at 1400 cm - 1 assignable to the NO2 
antisymmetric stretching of NO3" shifted to and over­
lapped with the strong band at ca. 1370 cm - 1 due to 8-
quinolinolato ligands upon the 15N-substitution, 
while the NO2 symmetric stretching band of NO3" 
hidden with the strong band at 1320 cm - 1 due to 8-
quinolinolato ligands shifted to 1298 cm-1 upon the 
15N-substitution. The same phenomenon was also 
observed for 5, 6, and 7. For these compounds, the 
medium band at 1413 cm"1 assignable to the NO2 
antisymmetric stretching shifted to and overlapped 
with the strong band at ca. 1370 cm -1, and the NO2 
symmetric stretching band hidden with the strong 
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Table 1. Elementary Analyses and Yields of the Solid Products'0 

Compound (Color) Yield/% Co/% C/% H/% N/% 

4 [Co(N03)(qn)2(DMF)] • py 29—43 Found 10.2 55.1 3.8 11.8 
(Brown) Calcd 10.5 55.6 4.3 12.5 

5 [Co(N03)(qn)2(py)] • py • 3H20 20—26 Found 9.7 54.8 3.9 11.4 
(Reddish brown) Calcd 9.5 54.1 4.5 11.3 

(3.9)b) 

6 [Co(N03)(qn)2(py)]-py-H20 68-90 Found 9.9 57.3 4.0 11.6 
(Yellowish brown) Calcd 10.1 57.4 4.1 12.0 

7 [Co(N03)(qn)2(py)]-2H20 35—46 Found 11.0 53.5 3.4 10.9 
(Yellowish brown) Calcd 11.3 52.7 4.0 10.7 

(3.3)b) 

a) qn=8-quinolinolate ion. b) The hydrogen content on the assumption that 3H20 of 5 and 
2H20 of 7 leave during the preliminary treatments of the elementary analyses. 

band at 1325 cm - 1 due to 8-quinolinolato ligands 
shifted to 1303 cm -1. Separation of the two stretch­
ing bands due to the nitrato ligand was less than 100 
cm -1 , indicating that the nitrate ion coordinates as a 
unidentate ligand.16) The wavenumber of the IR 
bands characteristic of the coordinating NO3" of 4 is 
different from that of 5, 6, and 7. Complex 4 is 
sparingly soluble in common organic solvents com­
pared with 5, 6, and 7. Thus, the medium band at 
1670 cm - 1 of 4 was assigned to the CO stretching 
vibration due to coordinating DMF although the 
wavenumber is in the uncoordinating region.14) 

The 13C NMR spectra of 4, 5, and 7 could not be 
measured clearly due to their solubilities. The reson­
ances of 6 in chloroform-d were observed in the region 
112—165 ppm which coincided with the regions, 
112—153 ppm for 8-quinolinol and 123—150 ppm for 
pyridine.17) Number of the observed signals was 25. 
Assuming that 6 contains two kinds of the coordinat­
ing 8-quinolinolate ions, and a coordinating and a 
free pyridine, number of the expected resonances 
becomes 24. The resonances at 123.84, 136.09, and 
149.74 ppm were almost equal to those at 123.66, 
135.71, and 149.85 ppm for free pyridine, respec­
tively.17) The other resonances could not be assigned 
because the spectrum was very complicated. The 
NMR data shows that 6 is [Co(N03)(qn)2(py)] • 
py • H2O in which the nitrato ligand is in cis-position 
to the pyridine. The 15N NMR spectra of 5, 6, and 7 
in DMSO-ck showed a single resonance at 380.15, 
380.42, and 380.15 ppm, respectively. These values 
were comparable to 380.26 ppm of a DMSO-ck solu­
tion of K15NOs at 333 K.8> The 15N resonance of the 
nitrato ligand was found in the same region as that of 
free nitrate ion because the coordination of the nitrate 
ion to the cobalt ion is through the oxygen atom.18) 

The compounds except 7 were diamagnetic but 7 
showed slightly paramagnetism (JUB=0.85 BM at 290 
K), indicating that they are low spin type cobalt(III) 
compounds. No further investigation of the mag­
netic susceptibility of 7 was carried out. 

Characterization of Reactions. The reactions of 1 
and 2 with NO in the pyridine medium can be shown 

as follows; Co 2 ++5NO^Co 3 ++N0 3 - (coord)+2N 20 
(coord=coordinating) and Co3++NO"(coord)+4NO 
—•Co3++N03"(coord)+2N20, respectively. These re­
actions were observed for the corresponding 5-chloro-
or 5-nitro-8-quinolinolato complex.8) 3 could be 
immediately prepared by reacting 1 with NO in pyri­
dine or by dissolving 2 in pyridine. 3 reacted further 
with NO in the pyridine medium to prepare the 
nitrato complexes; Co3++NO"(coord)+4NO—>Co3+ 

+N03"(coord)+2N20. Thus 3 is probably an inter­
mediate in the reaction of 1 or 2 with NO as observed 
for the corresponding 4-methyl-8-quinolinolato com­
plex.9) The reaction of 3 with NO in CH2CI2 can be 
also shown as follows; Co3++NO_(coord)+4NO—• 
Co 3 + +N0 3 - (coord)+2N20. On the other hand, 1 
reacted with NO in CH2CI2 to prepare 2 (Co2+ 

+NO—>Co3++NO-(coord)) and then 2 reacted further 
with NO to precipitate [NO][Co(N03)(N02)(qn)2]. 

The stoichiometry of the reaction of 2 or 3 with NO 
in 10 vol% pyridine-DMF or pyridine and that of 3 
with NO in CH2CI2 were examined by measuring the 
relative molar ratio of the residual NO to the produced 
N2O and by considering the yields of the solid pro­
ducts. However, the stoichiometry could not be con­
firmed as well as for the reaction of the corresponding 
5-chloro- or 5-nitro-8-quinolinolato complex with 
NO.8) The observed data suggest that side reactions 
which could not be characterized may consume the 
produced N2O. 

For examining the reaction of 2 or 3 with NO in 10 
vol% pyridine-DMF or pyridine and the reaction of 3 
with NO in CH2CI2, the following combinations of 
nitrogen isotopes were used: (14NO complex)-(15NO 
gas) and (15NO complex)-(14NO gas). The mass ana­
lyses showed that the relative molar ratio of 14NO to 
15NO in the residual NO gas was almost equal to that 
of starting 14NO to 15NO, indicating that the perfect 
14N-15N scramble between NO gas and the coordinat­
ing NO group occurred; 2 or 3 decomposes to liberate 
NO, the liberated NO together with an original reac-
tant NO reacts with the resulting Co(II) complex to 
prepare the NO complex, and then the NO complex 
reacts further with NO to prepare the nitrato complex 
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Table 2. Gaseous Species of the Reaction of [Co(NO)(qn)2] with NO Gas in Dichloromethanea) 

X: (14NO complex)-(15NO gas)b) Y: (15NO complex)-(14NO gas)c) 

m/z intensity (species) m/z intensity (species) 
29 2850 (*4N15N) 29 5570 (14N15N) 
30 161100 (14NO 72%. 15N15N 28%) 30 3810000 (14NO) 
31 1455000 (15NO) 31 293500 (15NO) 
44 25910 (C0 2 r 44 103500 (14N14NO, CO2) 
45 4080 (15N14NO, 14N15NO) 45 3710 (15N14NO, 14N15NO) 
46 47160 (15N15NO) 46 291 (15N15NO) 

a) qn=8-quinolinolate ion. b) The molar ratio of 15NO to 14NO is 9.0. c) The molar ratio 
of_*4NO to 15NO is 9.6. d) Considering the isotopic condition of the X, the produced 
HNi4No is negligible. 

as observed for the corresponding 5-chloro-, 5-nitro-, 
and 4-methyl-8-quinolinolato complexes.8'9* 

The reaction of 2 with NO in CH2CI2 was investi­
gated by measuring the 15N-isotopic effects on the IR 
spectra of the gaseous product (N2O) and the solid one 
([NO][Co(N03)(N02)(qn)2]), and it was suggested that 
the NO group reacted with NO to give the NO2" with 
a retention of the original Co-NO bond.6) However, 
a present detailed IR investigation showed that CO2 in 
addition to N2O was produced by the reaction. 
Thus, the residual and produced gases for the follow­
ing reaction combinations, X: (14NO complex)-(15NO 
gas) and Y: (15NO complex)-(14NO gas), were reinves­
tigated by the mass spectrometry. 

The relative intensities of the peaks at ra/z=28, 29, 
30, 31, 44, 45, and 46 were measured. The intensities 
of the mass number 28 for the X and Y were left out of 
consideration because of a leakage of N2 from atmos­
phere into the mass spectrometer. The representative 
data are shown in Table 2. The observed relative 
ratio of the mass number 30 to the 31 for the Y was 
12.6+0.7. From the comparison of 12.6 with the cal­
culated relative ratio of the starting 14NO to 15NO for 
the Y, 9.6, the retention of the original Co-NO bond 
was estimated to be ca. 25%. The value of 12.6 for the 
Y was larger than the observed relative ratio of the 
mass number 31 to the 30 for the X, 9.0+0.7, suggest­
ing a possibility that 15N15N produced from the reac­
tion in the X is contained in the mass number 30. It 
has been reported that [Co(NO)(PPri3)3] reacted with 
NO in benzene or toluene having a poor coordinating 
ability to give [Co(NO)2(ONO)(PPh3)] and Ph3PO 
with liberation of N2 and N20.5) Thus production of 
N2 seems to be taken account of for the present reac­
tion. From the relative ratio, 12.6, for the Y, the 
15N15N produced from the X was calculated to be ca. 
28% of the intensity of the mass number 30 for the X. 
Considering the isotopic conditions of the X, the 
produced 14N14NO and 14N14N seem to be negligible. 
Thus the produced N2 (mass numbers 29 and 30), N2O 
(mass numbers 45 and 46), CO2 (mass number 44), and 
residual NO (mass numbers 30 and 31) for the X were 
calculated to be 2.8, 3.0, 1.6, and 92.6% of the intensi­
ties over the mass numbers 29—46, respectively. The 
relative ratio of the mass number 46 to the 45 for the X 

was 11.6 and that of the starting 15NO to 14NO of the X 
was 9.0, suggesting that the retention of the original 
NO group is ca. 22%. The value was comparable to 
that (ca. 25%) of the retention of the original Co-NO 
bond estimated from the mass number 30 to the 31 for 
the Y. The relative ratio of the mass number 31 to 
the 30 for the Y and that of the mass number 46 to the 
45 for X were reproducible although that of the mass 
number 44 to the 45 for Y was not reproducible at 
every experiment because CO2 is contained in the mass 
number 44 for the Y. The mass and IR spectrome­
tries showed that CO2 and N2 in addition to N2O were 
produced by reacting 2 with NO in CH2CI2. Carbon 
dioxide seems to come from the reaction of NO with 
CH2CI2. However, the reaction mechanism and the 
stoichiometry could not be elucidated. 

Effects of Solvents on Reactions. Coordinating 
ability of the solvent to metal ion increases in the 
order CH2Cl2<DMF<pyridine. The present and the 
previous results6-10) showed that the 8-quinolinolato 
and its derivative complexes reacted with NO in the 
pyridine medium to produce NO2" or NO3" with 
liberation of N2O. On the other hand, in CH2CI2, the 
nitrosylation reactions proceeded.6_10) These pheno­
mena can be explained as follows; in the solution 
having strong coordinating ability such as pyridine, a 
coordination of the solvent to the cobalt ion causes the 
coordinating NO to unstabilize and the NO group is 
easily attacked by NO, an electophile, to give NO3" by 
way of NO2" with liberation of N20.9) Some reac­
tions in DMF could not be elucidated. The compli­
cated reactions may proceed because a coordinating 
ability of DMF is in the position between CH2CI2 and 
pyridine. 

Effects of Substituents in Quinoline Ring of 
Ligand on Reactions. 2-Methyl- and 4-methyl-8-
quinolinolato ligands are expected to behave as 
stronger electron donors than 5-chloro- and 5-nitro-8-
quinolinolato ligands, and 5-nitro-8-quinolinolato 
ligand is a weakest electron donor in them. This was 
reflected in wavenumber of the NO stretching bands 
for the nitrosyl complexes having the same chemical 
formulae; 1658 cm"1 for [Co(NO)(4mqn)2]9K1669 
cm-i for [Co(NO)(5cqn)2]8K1720 cm"1 for [Co(NO)-
(5nqn)2]8) where 4mqn, 5cqn, and 5nqn are 4-methyl-, 
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5-chloro-, and 5-nitro-8-quinolinolate ions, respec­
tively. In the case that 2-methyl-8-quinolinolate ion 
(2mqn) was used as the ligands, unstable [Co-
(2mqn)2(NO)2] in which the formal oxidation numbers 
of the NO and the Co are +1 and 0, respectively, was 
prepared.7) This seems to be due to strong electron-
donating power of the methyl group in ortho position 
to the ligating N atom of 2mqn. 

The wavenumber of the NO stretching bands for the 
[Co(NO)L2](L=8-quinolinolate ion and its deriva­
tives) shows that nucleophilicity of the NO group 
decreases in the order 4mqn>5cqn>5nqn. 

Reactions in CH2CI2: For the reactions of [C0L2] • 
2H2O with NO in CH2CI2 having a poor coordination 
ability, the order of the nucleophilicity of the NO 
group caused by the substituent of the quinoline ring 
was clearly reflected in the solid products. For the 
5nqn, 5cqn, and 4mqn complexes, only the nitrosyla-
tion reaction proceeded.8'9) On the other hand, the 
qn and 2mqn complexes were nitrosylated, and the 
NO group reacted further with NO to prepare 
[NO][Co(N03)(N02)(qn)2]6) and [NO]3[Co(N03)-
(N02)(2mqn)2],7) respectively. [Co(NO)(qn)2(py)], 3, 
and [Co(4mqn)2(NO)(py)]1()) reacted further with NO 
to prepare the nitrato complexes, 6 and 7, and 
[NO][Co(4mqn)2(N03)(py)], respectively. Increase of 
the nucleophilicity of the NO group caused by coordi­
nation of pyridine makes the NO group react with NO 
to give NO3- although [Co(NO)(4mqn)2] did not react 
with NO. It is interesting that the formal oxidation 
states of the cobalt ions in [NO][Co(N03)(N02)(qn)2], 
[NO][Co(N03)(4mqn)2(py)], and [NO]3[Co(N03)-
(N02)(2mqn)2] decrease from III to I with increase 
of electron-donating power of the 8-quinolinolato 
ligands. 

Reactions in 10 vol% Pyridine-DMF or Pyridine: 
[CoL2]-nH20 or [Co(NO)L2] reacted with NO in 10 
vol% pyridine-DMF or pyridine to prepare the nitrato 
complexes by way of the nitro ones. No remarkable 
effect of the substituent in the quinoline ring on the 
reactions could be found in the pyridine medium 
because pyridine is a strong electron donor and is 
superior to the electronic effect due to the substituent. 
In the case that L is 4mqn, the reaction intermediate, 
[Co(4mqn)2(NO)(py)] or [Co(4mqn)2(N02)(py)], was 
precipitated with a difference in the reaction tempera­
ture, and the final product, [Co(4mqn)2(N03)(py)], 
was obtained from the filtrates.9) Isolations of the 
nitrosyl and the nitro complexes seem to be due to 
their low solubilities under the experimental condi­
tions. [Co(2mqn)2] • 2H 2 0 did not react with NO, 
instead only the pyridine adduct being isolated.7) 

Reactions in DMF: The reactions in DMF were 
complicated and could not be characterized for the 
most part because the coordination ability of DMF 
is in the position between CH2CI2 and pyridine. 
[Co(5cqn)2] • 4H 2 0 and [Co(4mqn)2] • 2H 2 0 reacted 
with NO to precipitate their nitrosyl complexes. On 

the other hand, the 5nqn complex reacted with NO to 
prepare [Co(N02)(5nqn)2(DMF)] although 5nqn is a 
weakest electron donor, suggesting that the resulting 
NO complex reacted further with NO to form NO2" 
because a coordination of DMF to the cobalt ion 
increases a nucleophilicity of the NO group. 

The metal-induced NO disproportionation reaction 
was studied on the cobalt complexes containing a 
series of the 8-quinolinolate ion. In CH2CI2 having a 
poor coordinating ability, the NO disproportionation 
reaction was largely controlled by the electronic effect 
of the substituent in the quinoline ring of the ligand, 
however in pyridine having a strong coordinating 
ability the reaction was controlled by the strong elec­
tronic effect of the solvent. 

Positive SIMS Spectra. The spectra of the starting 
materials (1, 2, and 3) and the products (4, 5, 6, and 7) 
were measured. However, the detailed information 
about their structures could not be obtained. Instead, 
interestingly several new cluster ions containing two 
or more Co atoms were observed. The representative 
data are as follows. For 1 and 2, m/z 203 (CoL)+ (rel 
intensity 82), 348 (CoL2+H)+ (94), 406 (Co2L2)+ (51), 
550 (Go2L3)+ (100), 695 (Co2L4+H)+ (33), 753 (Co3L4)+ 

(<1), 897 (Co3L5)+ (4), 1042 (C3L6+H)+ (<1), 1100 
(Co4L6)+ (<1), 1244 (C04L7 (<1), 1388 (Co4L8)+ (<1), 
and 1447 (Co5L8)+ (<1), where L is qn. For 3, 4, 5, 6, 
and 7, m/z 203 (CoL)+ (69), 348 (CoL2+H)+ (96), 406 
(Co2L2)+ (58), 426 (CoL2P)+ (10), 505 (CoL2P2)+ (16), 
550 (Co2L3)+ (100), 566 (Co2L2P2+2H)+ (7), 609 
(Co3L3)+ (3), 625 (Co3L2P2+2H)+ (5), 695 (Co2L4+H)+ 
(4), 753 (Co3L4)+ (6), 768 (Co3L3P2+H)+ (3), 897 
(Co3L5)+ (9), 913 (Co3L4P2+2H)+ (<1), 972 (Co4L4P2+ 
2H)+ (<1), 1042 (Co3L6+H)+ (1), 1100 (Co4L6)+ (<1), 
1115 (Co4L5P2+H)+ (<1), 1162 (Co5L6+2H)+ (<1), 
1244 (Co4L7)+ (<1), 1260 (Co4L6P2+2H)+ (<1), 1319 
(Co5L6P2+2H)+ (<1), and 1462 (Co5L7P2+H)+ (<1), 
where P is pyridine. 

The species originated from the compounds con­
taining pyridine, 3, 4, 5, 6, and 7 consist of the species 
containing pyridine and those originated from the 
compounds without pyridine, 1 and 2. The species 
containing nitrate ion and nitrosyl group could not be 
observed. The relative intensities of the cluster ions 
larger than ra/z=900 were less than 1. Recently, such 
a phenomenon has been reported by Dean et al.19) 

The cluster ions may be produced by the cascade 
reactions between the original compound and the 
cobalt-containing fragment ions. 

The authors wish to express their thanks to Profes­
sor Yoshito Takeuchi of the University of Tokyo and 
Professor Minoru Hirota of Yokohama National Uni­
versity for measuring the NMR spectra. 
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Synthesis and Characterization of 18-Molybdopyrophosphate Complex 
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The existence of a heteropoly 18-molybdopyrophosphate was ascertained in both solid and solution states. 
The yellow complex was formed in solutions of 0.05 M (M=mol dm -3) Mo(VI)/5X10~3 M pyrophosphate/0.1 — 
0.7 M HCl/60% (v/v) CH3CN at ambient temperatures, being isolated as tetraalkylammonium (R4N"1") salts 
where R=n-C4Hg and C2H5. The presence of organic solvents was essential for the preparation of the complex. 
The 18-molybdopyrophosphate complex underwent a four-step reduction in 95% (v/v) CH3CN-water contain­
ing 0.1 M HCIO4, yielding mixed-valence blue species by the electrochemical reduction at the respective steps of 
a reversible two-electron transfer. The heteropoly skeleton is retained in the blue complexes. The UV-visible 
and IR spectroscopic characteristics, and the formation conditions of the 18-molybdopyrophosphate complex 
were also elucidated. 

Structurally, pyrophospha te can be regarded as a 
dimerized form of or thophospha te . In contrast to 
o r thophospha te which can form a variety of hetero-
polymolybdate complexes, only few heteropoly com­
plexes have been reported for pyrophosphate , 
a l t hough considerable effort has been devoted to the 
preparation.1^ In the presence of pyrophosphate , 
purp l i sh-b lue colorat ion is noticed with the Fiske-
Subbarow's reagent,2~4) and Lucena -Conde and Prat 's 
Mo(VI)-Mo(V) reagent systems. 5'6) T h e color-
developing rate is rather slow compared wi th that of 
the reduced species of 12-molybdophosphate. Based 
on these behaviors, the spectrophotometr ic determina­
tion of pyrophospha te was proposed, the chemical 
propert ies of the blue species being left uncertified. 
T h e difficulty in certifying such pyrophospha te com­
plexes may be presumably due to the facts that pyro­
phospha te ion is very susceptible to the acid- and 
molybdenum-catalyzed hydrolytic degradation,7) and 
that o r thophospha te ion thus produced in situ gives 
stable o r thophospha te complexes. 

Rosenheim and Schapiro isolated l i th ium and 
sodium salts of molybdopyrophospha te wi th a com­
posi t ional rat io of Mo/P2C>7=12/l by hea t ing an 
acidic mixture of Mo(VI) and pyrophosphate.8) 
The i r method was based on the insolubil i ty of the 
salts of 12-molybdopyrophosphate; 12-molybdophos­
pha te complexes formed simultaneously were very 
soluble under the condit ions. However, the chemical 
propert ies of 12-molybdopyrophosphate have not 
been elucidated so far, even though it is the first 
example of molybdopyrophosphate complexes. 

In the present work we have found another example 
of a yellow molybdopyrophospha te complex wi th a 
composi t ion of M0/P2O7—18/1. T h e complex was 
purely isolated as t e t rabu ty lammonium (n-Bu4N+) 
salts from acidic Mo(VI) solutions con ta in ing water-
miscible organic solvents. One of the most interest­
ing properties of the complex is that the yellow com­
plex is electroreduced to blue species. T h e com­
plexes in oxidized yellow and reduced blue states are 

characterized by UV-visible spectroscopic and voltam-
metric measurements. T h e IR spectroscopic charac­
teristics of the complex are also described. 

Experimental 

UV-visible spectra were recorded on a Hitachi Model 220-
A spectrophotometer. Voltammetric measurements were 
carried out with a PAR (Princeton Applied Research) Model 
174-A Polarographie analyzer. The voltammograms were 
recorded on a Yokogawa Model 3023 X-Y recorder. The 
working electrode was a glassy carbon (GC) rod of a 3 mm 
diameter (GC-30S, Tokai Carbon) which was mounted in a 
Teflon tube by a silicone rubber tubing. A saturated 
calomel electrode (SCE) was used as a reference, along with a 
platinum counter electrode. Controlled potential electrol­
ysis was carried out with a Hokuto Denko Model HA-501 
potentiostat. Coulometric analysis was made with a 
Hokuto Denko Model HF-202D coulometer. IR spectra 
were obtained with a Hitachi Model 270-30 spectrophotome­
ter as KBr pellets. The TG-DTA measurements were made 
with a Rigaku Denki Model 8002-SD thermal analyzer. 

All reagents were of reagent grade and used as received. 

Results and Discussion 

Synthesis of the 18-Molybdopyrophosphate Complex. 
T h e 18-molybdopyrophosphate complex was isolated 
according to the following procedure. Three grams 
of N a 2 M o 0 4 - 2 H 2 0 and 0.56 g N a 4 P 2 0 7 - 10H2O were 
dissolved in ca. 90 ml of water, followed by the addi­
t ion of 13 ml of coned HCl . T o the 100 ml quant i ty 
of the solut ion, 150 ml of acetonitrile was added. 
T h e final solut ion was stirred by means of a magnet ic 
stirrer for 1 h at ambient temperatures. T h e solut ion 
changed to yellow dur ing this procedure. Addit ion 
of 2 g of solid n-Bu4NBr produced orange-yel low 
precipitates. T h e precipitates were collected by fil­
tration, washed successively wi th water and ethanol , 
and dried over Drierite in a desiccator. T h e yield was 
ca. 1.4 g. T h e salts were further purified by recrystal-
lization from acetonitrile, a l t hough the crystals 
decayed slowly in open air. 
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The n-Bu4N+ crystals were ground in an agate 
mortar to fine powders, which were used in the fol­
lowing experiments. The tetraethylammonium 
(Et4N+) salts of 18-molybdopyrophosphate were 
obtained in a similar manner; however, the recrystalli-
zation of the Et4N+ salts was unsuccessful because of 
the lack of proper solvents to dissolve them. 

The results of elemental analysis for the purified n-
Bu4N+ salts are summarized. Found: Mo, 45.93; P, 
1.60; C, 20.46; H, 3.79; N, 1.45%. Calcd for (n-
Bu4N)4P2Moi806i: Mo, 46.24; P, 1.66; C, 20.58; H, 3.89; 
N, 1.50%. In the TG-DTA, the evolution of water 
was not observed up to 290 °C. 

In parallel with the elemental analysis, a known 
amount of the complex salts was decomposed in 1 M 
ammonia solution and subjected to an HPLC-flow 
injection analysis.9) No orthophosphate ions were 
detected but the stoichiometric amount of pyrophos­
phate ions was found in the solution. It should be 
emphasized that the present heteropolyanion 
undoubtedly contains pyrophosphate as a heteroion. 

UV-Visible Spectroscopic Measurements. The 18-
molybdopyrophosphate complex dissolves in organic 
solvents such as acetone, acetonitrile, 1,4-dioxane, and 
dimethyl sulfoxide to give yellow solutions but it is 
insoluble in water or ethanol. Figure 1 shows a UV-
visible spectrum of 1.44X10"5 M 18-molybdo­
pyrophosphate in neat acetonitrile. The absorption 
spectrum is characterized by a round maximum at 310 
nm. The spectrum is unchanged for at least a week 
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Fig. 1. A UV-visible spectrum of 1.44X10"5 M 18-
molybdopyrophosphate in neat acetonitrile. Path 
length, 1 cm. 
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Fig. 2. A cyclic voltammogram of 1.44X10-4 M 18-
molybdopyrophosphate in 95% (v/v) CH3CN con­
taining 0.1 M HCIO4. Scan rate, 100 mV s"1. 

and conforms to Beer's law in the whole spectral 
region studied. 

Voltammetric Measurements. Figure 2 shows a 
cyclic voltammogram of 1.44X10"4 M 18-molybdo­
pyrophosphate in 95% (v/v) CHsCN-water containing 
0.1 M HCIO4. The yellow anion is also stable under 
these conditions; however, it decomposes gradually in 
solutions of <90% (v/v) CH3CN. Four well-defined 
reduction waves are well-reproduced. Each current is 
dependent on the square root of scan rate (20—200 
mVs -1), indicating that the wave is diffusion-
controlled. Coulometric analysis has shown that 
each reduction wave corresponds to a two-electron 
transfer. The peak-potentials (£P's) are independent 
of scan rate, and the separation of the cathodic and 
anodic £p 's for each couple is 27±2 mV, which shows 
the reversible nature of each wave. 

Heteropolyanions with the Keggin and Dawson 
structures undergo multi-step reversible two-electron 
reductions to mixed-valence blue species.10) Sim­
ilarly, the electrochemical reduction of 18-
molybdopyrophosphate produces mixed-valence blue 
species, each of which can be distinguished by the 
inherent coloration characteristics. In order to 
obtain visible spectra of the 4-, 6-, and 8-electron 
reduction species, 18-molybdopyrophosphate was dis­
solved to a concentration of 8.9 X10~5 M in 95% (v/v) 
CHsCN-water containing 0.1 M HCIO4 and electro-
lyzed by controlled potential electrolysis at +0.35, 
+0.15, and —0.05 V, respectively. During controlled 
potential electrolysis, the solution was bubbled with 
nitrogen gas to avoid possible oxidation by dissolved 
oxygen. The absorption spectra of the respective 
blue species are shown in Fig. 3. The peak separa­
tion between the 1st and 2nd waves was so small that 
the 2-electron reduction species was not distinguished. 
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Fig. 3. Visible spectra of the reduced forms of 
8.9X10"5 M 18-molybdopyrophosphate in 95% (v/v) 
CH3CN containing 0.1 M HCIO4. (a), (b), (c); 4-, 
6-, and 8-electron reduction species respectively. 
Path length, 5 mm. 
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The heteropoly skeleton was found to be retained in 
each of the reduced blue species, since the original 
yellow heteropolyanion was restored by the reoxida-
tion at +0.70 V. 

IR Spectroscopic Measurements. Curve (a) of Fig. 
4 shows an IR spectrum of 18-molybdopyro-
phosphate. The spectrum is characterized by absorp­
tion bands at 1118 and 1090 cm-1 which can be 
assigned to the P2O7 group.n ) In the Mo-O stretch­
ing and bending region (<1000 cm -1), the bands at 966 
and 942 cm - 1 can be assigned to Mo=Oterminai bonds. 
In addition, the spectrum contains bands at 877, 810, 
and 780 cm - 1 corresponding to the Mo-O-Mo bridge 
vibrations. The bands at 1500—1300 cm - 1 are due to 
the n-Bu4N+ group. 

In order to obtain the salts of blue species, ca. 0.06 g 
of the n-Bu4N+ salts was dissolved in 25 ml of 95% 
(v/v) CH3CN-water containing 0.1 M HCIO4 and 
electrolyzed by controlled potential electrolysis at each 
reduction potential. An aliquot of solid Et4NBr was 
added at the end of each electrolysis. The Et4N+ salts 
of blue species were precipitated by the addition of 
ethanol. As the typical example, an IR spectrum of 
the 4-electron reduction species obtained by controlled 
potential electrolysis at +0.35 V is shown in curve (b) 
of Fig. 4. The bands due to the Mo-O-Mo bridges 
decreased in intensities while the band due to the 
Mo=Oterminai bond remained unchanged. Simultane-

1500 1000 

Wavenumber/cm" 

500 

Fig. 4. IR spectra of (n-BmN^MoisOei in the KBr 
pellets, (a) The yellow species; (b) the 4-electron 
reduction species. 

ously the intensities of the bands due to the P2O7 
group decreased and the 1118 cm - 1 band in curve (a) 
shifted to shorter wave numbers. These behaviors are 
similar to those observed for the [S2M018O62]4" and 
[PM012O40]3- anions.12"14) 

Formation of 18-Molybdopyrophosphate in the 
Mo(VI)/HCl/CH3CN System. It is known that acid­
ification of aqueous Mo(VI) solutions causes conden­
sation in definite steps to produce a family of isopoly-
molybdates, i.e., [M07O24]6" and [MosChö]4", and 
[M036O112]8" etc. In the presence of water-miscible 
organic solvents such as acetonitrile, acetone, ethanol, 
and l,4-dioxane,15) Mo(VI) solutions turned pale-
yellow due to [M06O19]2" which shows absorption 
maxima at 222, 257, and 325 nm.16) This behavior 
makes it difficult to certify the formation of yellow 
heteropolyanions in aqueous organic solutions. We 
have recently demonstrated that a- and ß-
[PM012O40]3", and [M06O19]2" formed in aqueous 
organic solutions can easily be distinguished from 
each other by voltammetric measurements.17) Sim­
ilarly voltammetric measurements were carried out to 
obtain the formation conditions of 18-molybdo-
pyrophosphate. 

c 

b 

a 

* ZZ 

1 

T / 
20 nA / 

_i_ / 

1 1 L _ 

- v / 10 ^A 

- A -

-J 1 1 1 

+ 0 . 6 +0.5 +0.4 +0.3 +0.2 + 0 . 1 

E/V v s SCE 

Fig. 5. Cyclic (a, b) and normal pulse (c) voltammo-
grams of the 0.05 M Mo(VI)-50% (v/v) CH3CN-0.5 
M HCl system, (a) Without pyrophosphate; (b), (c) 
with 4X10-4 M pyrophosphate. Scan rate, (a), (b) 
lOOmVs-McJömVs-1. 
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Curve (a) in Fig. 5 shows a cyclic vo l tammogram of 
0.05 M Mo(VI) in 50% (v/v) CH 3 CN-wate r con ta in ing 
0.5 M HCl . N o reduction waves were observed unt i l 
the sharp current rise a round +0.1 V, which is due to 
the reduction of [Mo60i9]2".18) As described above, 
the solut ion shows pale-yellow due to [M06O19]2". 
O n the addi t ion of 4X10 - 4 M pyrophosphate , the 
solut ion turned yellow, and three reduction waves 
appeared with peak-potentials (£P 's) of +0.425, 
+0.308, and +0.202 V, as shown in curve (b). Oxida­
tion peaks occurred at +0.452, +0.335, and +0.235 V 
in the reverse anodic scan. Each wave was diffusion-
controlled. T h e reduction currents increased gradu­
ally wi th time, a t ta in ing the constant value a round 20 
min after the addi t ion of pyrophosphate . In no rma l 
pulse voltammetry, it is shown that the three reduc­
tion waves are of equal height (curve c). T h i s behav­
ior can be accounted for in terms of the formation of 
the yellow 18-molybdopyrophosphate complex. 
After the 20-min current increase period, the yellow 
complex is stable in the solut ion as judged by no 
current change. 

Since pyrophosphate ions were very susceptible to 
hydrolytic degradation in acid solut ions, a cyclic vol­
t ammogram was taken for the 0.05 M Mo(VI)-50% (v/ 
v) CH3CN-O.5 M HCl solut ion con ta in ing 4X10"4 M 
or thophospha te instead of pyrophosphate . As 
shown in curve (b) of Fig. 6, three reduction waves of 
different height were obtained wi th £p ' s of +0.375, 
+0.275, and +0.17 V. When the solut ion was 
al lowed to stand, the 1st reduction wave decreased 
wi th a s imul taneous increase of the 3rd wave while the 
2nd wave remained unchanged, which is due to the 
transformation of [ß-PMoi204o]3~ to the a-form.17) 

T h u s , vol tammetr ic behaviors for o r thophospha te are 
entirely different from those for pyrophospha te shown 
in Fig. 5. It can be concluded that the vol tammetr ic 

+ 0 . 6 +0.2 + 0 . 1 

M 

+0.4 +0.3 
E/V v s SCE 

Fig. 6. Cyclic voltammograms of the 0.05 
Mo(VI)-50% (v/v) CH3CN-O.5 M HCl system. 
(a) Without orthophosphate; (b) with 4X10~4 M 
orthophosphate. Scan rate, 100 mVs - 1 . 

waves in Fig. 5 are ascribed to the reduction of 18-
molybdopyrophosphate . 

In order to elucidate the formation condit ions of the 
yellow 18-molybdopyrophosphate complex, normal 
pulse vol tammetric measurements were made for a 
series of 0.05 M Mo(VI)-70%(v/v) CH3CN solutions 
conta in ing 2X10 - 4 M pyrophosphate . Curve (a) of 
Fig. 7 shows the 1st reduction current as a function 
of the H C l concentration. T h e 18-molybdopyro-

0.2 0.3 
[HC1]/M 

Fig. 7. The formation range of 18-molybdopyro­
phosphate and [Mo6Oi9]2- for the 0.05 M Mo(VI)-
70% (v/v) CH3CN system as a function of the HCl 
concentration. 
(a) Normal pulse voltammetric 1st reduction cur­
rents in the presence of 2X10~4 M pyrophosphate; 
(b) absorbances at 400 nm in the absence of pyro­
phosphate. Path length, 1 cm. 

30 40 50 60 70 

[ O r g a n i c s o l v e n t s ] / % ( v / v ) 

Fig. 8. Effect of concentrations of organic solvents 
on normal pulse voltammetric 1st reduction cur­
rents for the 0.05 mM Mo(VI)-0.4 M HC1-5X10"4 M 
pyrophosphate system containing (a) acetonitrile; 
(b) acetone; (c) ethanol; (d) 1,4-dioxane. 
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phospha te an ion occurs in the H C l concentration 
range 0.1—0.7 M. It should be noted that the a-
and ß-isomers of [PM012O40]3" form in approximately 
the same H C l concentrat ion range as 18-molybdo-
pyrophosphate . T h i s formation range shifted to 
stronger acidities wi th an increase in the Mo(VI) con­
centration while other condit ions were kept 
unchanged. For compar ison, curve (b) of Fig. 7 
shows absorbances at 400 n m for 0.05 M Mo(VI)-70% 
(v/v) CHsCN-wate r solut ions to illustrate the forma­
tion range of [M06O19]2". 

T h e effects of the na ture and concentrations of 
organic solvents were investigated in solutions con­
ta in ing acetonitrile, acetone, ethanol , and 1,4-
dioxane. Figure 8 shows the normal pulse voltam-
metric 1st reduction currents for 0.05 M Mo(VI)-0.4 
M H C l solutions con ta in ing 5X10 - 4 M pyrophos­
phate. In the absence of organic solvents, no voltam-
metric waves due to the reduction of 18-molybdo-
pyrophospha te were observed. It was found that the 
formation of 18-molybdopyrophosphate was favored 
at greater concentrat ions of organic solvents. A mo n g 
the organic solvents studied, acetonitrile and acetone 
were suitable for the prepara t ion of the molybdopyro-
phosphate . However, our pre l iminary experiments 
have shown that the formation of [M06O19]2" is more 
favorable in acetone-conta ining solutions than in 
acetonitr i le-containing solutions. Therefore, aceto­
nitrile was chosen as the best for the preparat ion of 18-
molybdopyrophosphate . 
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Photochromism of a Furylfulgide, 2-[l-(2,5-Dimethyl-3-furyl)ethylidene]-
3-isopropylidenesuccinic Anhydride in Solvents and Polymer Films 
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Department of Materials Science and Chemical Engineering, Faculty of Engineering, 
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The quantum yields of the photochromic reaction between (£)- and (Z)-2-[l-(2,5-dimethyl-3-furyl)-
ethylidene]-3-isopropylidenesuccinic anhydride and the cyclized valence isomer were determined in various 
solvents and polymers. In both media the ring-opening quantum yield (#CE) depended on the dielectric 
constant of the media. In some polymer films, ^CE were larger, and the cyclization quantum yield (^EC) and 
olefinic isomerization quantum yields (0EZ and ^ZE) were smaller than those in the corresponding solvents. 

Fulgides, which were discovered by Stobbe1) and 
developed by Heller and co-workers,2) are the most 
promising candidates for applications to erasable and 
rewritable organic photomemory. By now, Heller,2) 

Kaneko,3) and we4) have independently clarified that 
the photochromic properties of fulgides, such as the 
absorption maximum of the colored form or quantum 
yields of the reactions, are controllable by modifying 
the molecule, itself. While there are many unsolved 
problems, such as to lengthen the absorption maxi­
mum of the colored form io the diode laser wavelength 
and to append further thermal stability and resistivity 
toward photochemical fatigue, the ultimate photomem­
ory media will certainly be provided as a plastic disc 
containing photochromic compounds. It is therefore 
very important to study environmental effects on the 
photochemical reaction of fulgides. Although there 
are some precedents concerning media effect on the 
photochromism of fulgides,5-8) nobody considered the 
undesirable E-Z isomerization. We here report on 
the effect of the reaction media on the entire photo­
chemical behavior of a representative fulgide, 2-[l-
(2,5-dimethyl-3-furyl)ethylidene]-3-isopropylidene-
succinic anhydride (1) in order to find a clue to what 
kind of chemical and physical environmental proper­
ties would enhance the desired photochromic charac­
ters and prevent the undesirable ones. 

Results and Discussion 

Photochromism of 1 in Solvents. Table 1 shows 

the photochemical properties of the fulgides IE, 1Z, 
and 1C in various solvents, along with the physical 
properties of the solvents. While the absorption 
maximum (/Lax) of IE and 1Z varied around 9 and 11 
nm, respectively, without any relation to the elec­
tronic feature of the solvents, that of 1C changed 
significantly. The shortest is 484 nm in carbon 
tetrachloride, and the longest is 510 nm in chloroform 
and in 1,2-dichloroethane. Yoshioka and Irie studied 
the molecular structure of 1 by X-ray diffraction anal­
ysis9) and MO theories.10) Both IE and 1Z have a 
twisted structure, and the succinic anhydride moiety 
and furan ring are not coplanar to each other. 
MNDO calculations of 1C gave a planar structure 
having a delocalized Tt-molecular orbital over the 
molecule; this is the reason why 1C possesses an 
absorption maximum in the visible light region. 
The results are in good agreement with the descrip­
tion that planar molecules are polarized much more 
by polar solvents than less planar ones.8) 

However, no suitable characteristic index of solvents 
for explaining the difference in the absorption max­
ima was found. 

The values of the molar absorption coefficient at 
Amax (£max) of 1Z are about four thirds those of IE in 
most solvents, except in acetonitrile. The values of 
Amax of IE are always about 10 nm shorter than those of 
1Z. This fact means that the degree of Ti-conjugation 
in IE is poorer than that in 1Z. 

The quantum yield of the cyclization (^EC) ranges 
from 0.17 to 0.26, mostly around 0.20. There is a 

1Z 1E 1C 

Formula 1. Photochromic furylfulgide 1. 
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Table 1. &, Amax, and £max of 1 in Solvents with Their Physical Propertiesa) 

[Vol. 63, No. 6 

# E C 

#EZ 
®ZE 

# C E 

(lE)/nm 
£mal(lE)/M-icm-ic) 

(lZ)/nm 
£max(lZ)/M-icm-ic) 

i-max ( lC)/nm 
£max(lC)/M-1cm-lC) 

Dielectric Cons tan td) 

77/mPa 
DN/kcalmol- l8 'h) 

£T(30)/kcalmol- l8 'h) 

Airr/nm 

366 
366 
366 
502 

CC14 

0.26 
0.13 
0.14 
0.067 

338 
6600 

352 
8800 
484 

8700 

2.24 
1.04f) 

0.0 
32.5 

C6H6 

0.22 
0.21 
0.18 
0.067 

344 
6300 

353 
9200 
495 

8700 

2.28e) 

0.65 
0.1 

34.5 

C6H5Me 

0.18 
0.13 
0.11 
0.048b) 

343 
6700 
353 

8400 
494 

9200 

2.38e) 

0.59 
_ i ) 

33.9 

CHCI3 

0.19 
0.13 
0.11 
0.035b) 

347 
6800 

358 
8900 
510 

9700 

4.81 
0.60° 

i) 

39.1 

AcOEt 

0.20 
0.18 
0.21 
0.039 

340 
6200 

349 
8500 
492 

8500 

6.02e) 

0.43e) 

17.1 
38.1 

(C1CH2)2 

0.20 
0.17 
0.14 
0.037 

345 
6400 

352 
8300 

510 
9100 

10.36e) 

0.89° 
0.0 

41.9 

CH3CN 

0.17 
0.32 
0.36 
0.027 

342 
7800 
347 

7800 
504 

10800 

37.5 
0.38f) 

14.1 
46.0 

a) Photoreaction was carried out at ambient temperature, b) Values for 492 nm light 
irradiation, c) 1 M=l mol dm-3, d) Taken from Ref. 11. Values at 20 °C unless otherwise 
noted, e) Values at 25 °C. f) Values at 15 °C. g) Taken from Ref. 12. h) 1 cal=4.184 J. i) 
Not found in literature. 

tendency that $EC decreases only slightly as the solvent 
polarity increases. This result is understandable 
since photocyclization does not require any thermal 
activation energy.13) On the other hand, the quan­
tum yields of E-Z and Z-E isomerization (0EZ and $ZE) 
depend on the kind of solvents used. Except in ben­
zene, they show a tendency to increase with a decrease 
in the solvent viscosity, as in the case of some stil-
benes, presumably because olefinic isomerization 
requires a large reaction volume.14) The quantum 
yield of the decoloration (#CE) decreases with an 
increase in the dielectric constant of the solvent. 

Photochromism of 1 in Polymer Films. Table 2 
shows the photochemical properties of fulgides IE, 
1Z, and 1C in a number of polymer films, along with 
the physical properties of the polymers. In polar 
polymers, such as cellulose acetate (CA) or nitrocellu­
lose (NC), IE, 1Z, and 1C have a relatively longer 
absorption maximum than that in less polar matrices. 

In NC, the absorption maximum of 1C shifts to 528 
nm. This phenomenon can not be attributed to the 
existence of a nitrate moiety, since the absorption 
maximum of 1C in isopentyl nitrate is 498 nm. 

Unlike in solvents, the factor affecting values of 0EC 
in polymer films is not clear. The quantum yields of 
olefinic isomerization, $EZ and 0ZE, do not seem to 
depend on the kind of the polymer films, and the 
largest values for both were recorded in PMMA. On 
the other hand, the quantum yield of decoloration, 
0CE, is highly dependent on the polymer used. 
Similar to the result in solution, 0CE decreases as the 
dielectric constant of the polymer increases. 

The quantum yields of fulgide 1 in polymer films 
have been reported previously: Smets et al. reported 
0.158 for 0EC in PS,7) which is larger than ours. The 
present value of 0.059 for &CE in PMMA is comparable 
with the value of 0.051 (at 25 °C) observed by Saito et 
al.18) 

Table 2. 0, Amax, and £max of 1 in Polymers with Their Physical Properties^ 

# E C 

# E Z 

# Z E 

# C E 

(lE)/nm 
£max(lE)/M-1cm-
i-max (lZ)/nm 
cmax (lZ)/M-icm-

(lC)/nm 
cmax (lC)/M_1cm" 

Tg/°Cd) 

- i c ) 

• i c ) 

- i e ) 

Dielectric Constantd) 

Airr/nm 

366 
366 
366 
502 

PS 

0.12 
0.066 
0.074 
0.10 

346 
6400 
356 

8000 
502 

9200 

100 
2.5—3.1 

PMMA 

0.094 
0.091 
0.13 
0.059 

343 
7900 
350 

6000 
500 

10200 

105 
3.3—3.9 

PMA 

0.14 
0.078 
0.083 
0.049 

344 
6900 
352 

6800 
502 

8900 

10 
5-6 f ) 

CA 

0.12 
0.069 
0.085 
0.028b) 

349 
5600 
354 

6300 
508 

6600 

30-46 e ) 

3.5—7.5 

NC 

0.095 
0.064 
0.055 
0.017b) 

352 
7400 
361 

7900 
528 

9100 

53(66) 
7.0—7.5 

a) Photoreaction was carried out at ambient temperature, b) Values for 492 nm light 
irradiation, c) 1 M=l mol dm-3, d) Taken from Ref. 15 unless otherwise noted, e) Taken 
from Ref. 16. f) Taken from Ref. 17. 
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Recently, Horie et al. reported the kinetics of the 
reaction from IC to IE in PMMA film.6) They clari­
fied that the reaction proceeded only in the "mobile 
site" where the fulgide molecule was able to isomerize, 
and the fraction of "mobile site" in the film varied 
according to the temperature; i.e., only 13 % of IC 
isomerized to IE at 4K, whereas complete isomeriza-
tion occurred at 298K. The reaction rate for a mobile 
site at 4K was shown to be almost the same as that at 
298K. All through our experiments at room temper­
ature no existence of an "immobile site" was observed; 
i.e., the reaction could be described by first-order equa­
tions for the starting fulgides. 

Comparison of the Quantum Yields in Polymer 
Films with Those in Solvents. A comparison of the 
photochemical properties of 1 in polymer films and in 
solvents is very interesting. First, $EC in polymer is 
substantially smaller than that in the corresponding 
solvent. In PS, ^EC is 0.12 while the value in benzene 
is 0.22 and in toluene 0.18. In PMMA and PMA, <PEc 
is 0.094 and 0.14, respectively, while in ethyl acetate it 
is 0.20. Second, the decoloration quantum yield 0CE 
in a polymer film is larger than that in the corre­
sponding solvent. These two observations could be 
explained by the unified concept described below. As 
a consequence of a severe compression from the envi­
ronment, when a rigid IC is placed in a polymer 
matrix, the potential energy of the ground state of IC 
becomes higher than that in solution (Fig. 1). This 
compression effect of the polymer may have a stronger 
effect on IC than on relatively flexible IE. There­
fore, the transition state (TS5*) of the thermal reaction 
between IC and IE on the reaction coordinate comes 
closer to IC; i.e., the structure of the transition state of 
the thermal reaction becomes more similar to IC. 
Both the photochemically excited IC (1C*) and the 

in polymer 

in solution 

in polymer 

in solution 

photoactivated common intermediate of both lC-to-
1E and lE-to-lC photoconversion (D*) can also be 
destabilized by a steric repulsion in the polymer 
matrix; the structure of D* in polymer might therefore 
be very close to that in solution. These considera­
tions suggest that in polymer, D*, generated either 
from IC* or IE*, undergoes a non-radiative deactiva­
tion to give a ground state intermediate which would 
give IE with greater possibility than in solution. 
Details about the potential energy curves evidenced by 
photophysical experiments will be reported else­
where.13) 

Since Heller's adamantylidene-substituted furyl­
fulgide 2C,2) which has a strong strain inside the 
molecule itself, recorded 0.38 for #CE,19) the result 
obtained here revealed that the steric interaction from 
outside of the molecule also increased the quantum 
yield of decoloration. In cellulose polymers, how­
ever, 0CE are smaller than the values obtained in most 
of solvents. 

REACTION COORDINATE 

Fig. 1. Qualitative diagram of the potential energy 
curves of fulgide 1. 

2C 

Formula 2. Heller's adamantylidenefulgide 2c. 

Third, the quantum yields of olefinic isomerization, 
0EZ and &ZE, also showed a remarkable difference. In 
polymer films, they are nearly half to one third of 
those in the corresponding solvents, as illustrated by 
comparing the value in PS with those in benzene or 
toluene, and comparing the values in PMMA or PMA 
with that in ethyl acetate. Because olefinic isomeri­
zation (i.e., turning over the l-(dimethylfuryl)-
ethylidene moiety) requires a large reaction volume, it 
should be strongly interfered by a rigid polymer 
matrix. A similar effect is observed when the bulki-
ness of the alkyl group on the furylalkylidene moiety 
of the fulgide is increased.4) It should be noted that 
the glass transition temperature seems to have had 
nothing to do with the quantum yields of both direc­
tions of the olefinic isomerization in our experiments 
at room temperature. 

In conclusion, the quantum yields of coloration and 
E-Z and Z-E olefinic isomerization were suppressed in 
polymer matrices, compared to those in solution. 
However, that of decoloration, which decreased with 
an increase in the dielectric constant of the polymer, 
was enlarged. Less polar polymers, like PS, are 
advantageous from the standpoint of attaining high 
photochromic quantum yields. 
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Experimental References 

UV-Vis spectra were recorded on a Hitachi UV-200-20 
Spectrometer. The UV light source was 250 W high-
pressure mercury lamp (Nihon Denchi), from which 366 nm 
light was isolated by filters (aqueous solution of Q1SO4, 
Toshiba UV-D35 and UV-35 glass filters). The visible-
light wavelengths used were 502 and 492 nm. The former 
was taken from an Ar-ion laser (Lexel Co., Model 95-4), the 
beam size of which was increased by a convex lens. The 
latter was isolated from a 500 W Xenon lamp (Ushio Elec­
tric) through a 10 cm water filter and Toshiba glass filters 
(IRA-25-S, Y-46, and KL-50). The light intensity was 
determined with a trioxalatoferrate(III) chemical acti-
nometer. 

Fulgide 1 was synthesized from diethyl isopropylidene-
succinate and 3-acetyl-2,5-dimethylfuran according to a 
method from the literature,20) and IE and 1Z were.sépara ted 
by flash column chromatography21) (hexane-ethyl acetate), 
followed by recrystallization from hexane-ether. Solvents 
of spectrograde (Dojin Chem. Co.) were used for photoreac-
tion and measurements of electronic spectra. Solutions of 
IE and 1Z with 1.0X10-4 mol dm - 3 concentration were used 
for the photoreaction in solvents. Photoreaction of 1C was 
performed on a photostationary state solution resulting 
from 366 nm light irradiation on IE in the solvent. Poly­
mer films with the fulgide were prepared by casting a 
solution of a mixture of the fulgide and the polymer into a 
flat Petri dish, followed by complete evaporation of the 
solvent. The thickness of the film, about 0.1 mm, was 
accurately measured by a micrometer. Specification of the 
polymers used were as follows: polystyrene; Wako Pure 
Chemical Industries, Ltd., average molecular weight 
170,000—190,000: poly(methyl methacrylate); Wako Pure 
Chemical Industries, Ltd., average molecular weight 
100,000—150,000: poly(methyl acrylate); Aldrich Chemical 
Co., Mw 30,700, MN 10,600: cellulose acetate; Kanto Chemi­
cal Co., 55% acetylated, average molecular weight 35,000: 
nitrocellulose; Asahi Chemical Industries Co., LIG 1/2, 65% 
nitrated, Mw 74,000, MN 26,000 (calculated from standard 
polystyrene calibration). 

Photoreaction was monitored by UV-Vis spectroscopy, 
and the spectrum was analyzed to give the component 
concentration as a function of the time of light irradiation. 
Using the photochemical rate equations, the functions were 
analyzed by numerical integration to give the quantum 
yields. 
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Synthetic Photochemistry, LIV.^ The Photoaddition Reaction of Methyl 
2,4-Dioxopentanoate with 2,5-Dimethyl-2,4-hexadiene, 

a Sterically Crowded Conjugated Diene 
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The photoaddition reaction of methyl 2,4-dioxopentanoate with 2,5-dimethyl-2,4-haxadiene gave a normal 
[2+2]adduct in only a small amount, but three isomeric dihydropyrans (4—6), two oxetanes (7 and 8), and five 
isomeric hydroxy keto esters (9—13). The mechanism and regioselectivity were discussed. 

A versatile photosynthon, methyl 2,4-dioxopenta­
noate (1), exists mainly as its enol form (lb) in most 
aprotic solvents; when added to olefins, including 
conjugated dienes, it gives [2+2]cycloadducts (A). In 
addition to the well-documented conversion of A, via 
2,6-dioxo esters (B), to cyclohexenones (C)2) and cyclo-
pentenes (D)3), the recently found transformation of A 
to 1,2-cyclopentanediones (E) via retro-benzylic acid 
rearrangement4* has extended its synthetic utility. 

The photoaddition of 1 is highly regioselective, 
dominated by the inductive and mesomeric effects of 
the substituents of olefins; that is, 1 combines at the 3-
position with the less substituted sp2 carbon of 
monoenes or with the terminal sp2 carbon of conju­
gated dienes.5* 

We have been interested in differentiating the two 
electronic effects on the regioselectivity of the photo-
reaction of 1, and so we have examined the reaction of 
1 with 2,5-dimethyl-2,4-hexadiene (2), where the 
inductive effect of methyl groups and the mesomeric 
effect of diene act in opposite directions. Herein the 
results concerning the regioselectivity of the photocy-
cloaddition of 1 and some related findings will be 
reported. 

Results and Discussion 

Photoaddition of 1 with 2. The irradiation of 1 in 

a large excess of 2 by means of a 400-W high-pressure 
mercury lamp gave only a small amount of the 
expected diketo ester (3), but a large number of other 
types of adducts, 4—13. 

The colorless liquid 3 was the only diketo ester 
obtained; it was assigned to methyl 3-(l,l-dimethyl-3-
oxobutyl)-5-methyl-2-oxo-4-hexenoate, but not to 
3,3,6-trimethyl-2-oxo-4-(2-oxopropyl)-5-heptenoate, 
since its XH NMR spectrum showed an AB quartet due 
to isolated methylene protons. 

Colorless crystalline 4 was an enol hemiacetal and 
was characterized by its 1H- and 13C NMR spectra. It 
showed five methyl proton signals in the : H N M R 
spectrum; they were attributed to two methyl groups 
on a quaternary carbon and three on olefinic sp2 

carbon. This was consistent with the absence of an 
acetyl methyl signal. Particularly significant was 
that a highly shielded olefinic proton was observed at 
6=4.54; it coupled with ally lie methyl protons at 1.76. 
In the 13C NMR spectrum, the corresponding olefinic 
carbons were at 0=109.17 and 144.27. Therefore, 4 
must be an enolic ether. In addition, the observation 
of acetal carbon at 96.73 and the absence of ketonic 
carbons strongly suggested that the structure of 4 was 
methyl 3,4-dihydro-2-hydroxy-4,4,6-trimethyl-3-(2-
methyl-1 -propenyl)-2H-pyran-2-carboxylate. This 
was verified by the easy transformation of 4 to 3 with a 
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Solvent 

None 
EtOAc 
EtOAc 
EtOAc 

Temperature 

r.t. 
r.t. 

-60°C a ) 

_ 6 Q O C a , b ) 

Table 

Reaction 
time/h 

24 
24 

6 
6 

1. 

3 

4 
5 

15 
13 

Photoreaction of 1 with 2 

4 

7 
26 

3 

Product (Yield/%) 

From lb 

23 5 14 6 

13 4 
3 4 

1 
1 

21 7 8 

28 21 
17 10 

1 1 

From la 

9 10 11 

1 1 4 
1 2 8 
1 2 

1 

12+13 

9 
10 

a) Yield based on the amount of 1 consumed, as estimated UV-photometrically. b) Thermo-
lyzed at 190 °C after photoreaction. 

catalytic amount of pyridinium ^-toluenesulfonate. 
The stereochemistry of 4 was deduced from the long 
range coupling between the hydroxylic proton and the 
methine proton, which was justified by the W-letter-
like orientation of bonds in the conformation having 
an intramolecular hydrogen bond between the 
hydroxylic proton and carbonyl oxygen, as is illus­
trated in Fig. 1. 

Two other hemiacetals, 5 and 6, were considered to 
be isomers of 4; the 1H- and 13C NMR spectra of 5 and 
6 showed both of them having an acetal carbon, but 
no acetyl group, but they also revealed neither 5 nor 6 
to be an enol ether. Three methyl singlets were 
observed together with two allylic methyl proton sig­
nals in the ^ N M R spectrum of 6, although two 
quaternary methyl and three allylic methyl proton 
signals were in 5 as well as in 4. To clarify their 
structures, their acid-catalyzed dehydration was under­
taken. The former, 5, was easily dehydrated to 14, 
which was then slowly isomerized to 15. The exist­
ence of allylic coupling between exo-methylene pro­
tons and the methine proton in 14 supported the 
structures, methyl 3,4-dihydro-2,2-dimethyl-4-
methylene-3-(2-methyl- l -propenyl)-2H-pyran-6-
carboxylate for 14 and, therefore, methyl 5,6-dihydro-
2-hydroxy-4,6,6-trimethyl-5-(2-methyl-l-propenyl)-
2H-pyran-2-carboxylate for 5. On the other hand, 6 
was dehydrated to 16, the enol-etherial character of 
whose exo-methylene group was obvious from its 
NMR spectra (Ô (lH): 4.49 and 4.72; and Ô (13C): 99.80). 
Consequently, 16 was shown to be methyl 3,6-
dihydro-2,2-dimethyl-6-methylene-3-(2-methyl-l-
propenyl)-2H-pyran-4-carboxylate, and 6, to be methyl 
3,6-dihydro-6-hydroxy-2,2,6-trimethyl-3-(2-methyl-l-
propenyl)-2H-pyran-4-carboxylate. 

Fig. 1. Conformation of 4, favorable for the long 
range coupling between hydroxyl proton and 
methine proton. 

Two oxetanes, 7 and 8, were obtained as major 
products; both of them showed an AB quartet due to 
an isolated methylene group in the *HNMR spec­
trum. Their configurational stereochemistry was 
discriminated by means of their NOESY spectra; the 
methine proton of the oxetane ring showed NOE with 
the methylene protons in 8, but not in 7. 

Compounds 9—13 were concluded to be isomeric 2-
substituted 2-hydroxy-4-oxopentanoates. The *H NMR 
spectra of 9 and 10 showed three allylic methyl proton 
signals and two pairs of an AB quartet due to isolated 
methylene protons at 2.39 and 2.45 (/=13.6 Hz) and 
2.84 and 3.03 (/=17.6 Hz) for 9 and at 2.53 and 2.54 
(/=13.9 Hz) and 2.88 and 3.08 (/=17.6 Hz) for 10. 
Thus, 9 and 10 were assigned to methyl 2-hydroxy-4,7-
dimethyl-2-(2-oxopropyl)-4, 6-octadienoate. The ster­
eochemistries of the hexadienyl group were assigned 
to E for 9 and to Z for 10 from their 13C NMR spectra, 
where the allylic methylene carbon was less shielded 
in 9 than in 10 (0=49.53 for 9, and 41.27 for 10) and the 
methyl carbon attached to the same sp2-carbon as the 
methylene carbon was more shielded in 9 than in 10 
(0=17.97 or 18.21 for 9, and 25.99 for 10). 

On the contrary, 11 had a vinylidene group and two 
quaternary and one allylic methyl groups; it was 
assigned to methyl 2-hydroxy-3,3,6-trimethyl-2-(2-
oxopropyl)-4,6-heptadienoate. 

The other 2-hydroxy-4-oxopentanoates, 12 and 13, 
were obtained as a mixture which could scarecely be 
separated; both of them had a vinylidene group and 
three allylic methyls, so they must be diastereomers of 
methyl 2-hydroxy-5-methyl-3-( 1 -methylethenyl)-2-(2-
oxopropyl)-4-hexenoate. Further information on the 
exact configuration was not available. 

Next, this photoreaction was performed in ethyl 
acetate. The same products were obtained; however, 
their distribution changed, with a remarkable increase 
in 4 and decreases in the two oxetanes, 7 and 8. 

The oxetanes must be produced by the Paterno-
Büchi reaction of the keto form of 1 (la). The ultra­
violet irradiation of ß-dicarbonyl compounds is 
known to shift the tautomeric equilibrium of the keto 
and enol forms in favor of the former.6'7) The equili­
brium constant between la and lb depends on the rate 
of the thermal enolization reaction, which must be 
faster in a more polar solvent, of la to lb. Therefore, 
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in the photoinduced equilibrium of 1, la is less 
favored in ethyl acetate than in hydrocarbon. This 
should have necessitated a decrease in the yields of 7 
and 8. 

The keto form la is also responsible for the forma­
tion of the hydroxy keto esters 9—13. They must be 
formed via the radical recombination of the 2,5-
dimethyl-2,4-hexadienyl radical (17) and the 1-
hydroxy-l-methoxycarbonyl-3-oxobutyl radical (18), 
which were formed by the hydrogen abstraction of 2 
by the excited triplet state of la. The regioselectivity 
of this recombination is so low that all species 
expected were observed. 

The mechanism of the formation of dihydropyrans, 
4—6, is worth some discussion. The intramolecular 
photochemical reaction of 3 might form 4 (see Scheme 
3, path c), but the irradiation of 3 in ethyl acetate 
caused no change. Therefore, 3 must have come 

directly from the proto-photoadduct (19) (path a) in 
competing with the prototropy to 3 from the zwitter-
ionic retro-aldol intermediate (20) (path b), because 
the retro-aldol reaction is stereoelectronically not 
favored in an intramolecularly hydrogen-bonded con­
formation (19a), as has been discussed previously.4) 

The second dihydropyran 5 can be accounted for in 
terms of the ring opening of another oxetane 21, 
although 21 was not obtained. In fact, a ß,y-
unsaturated a-keto ester, 22, was isolated in the low-
temperature photoreaction, as will be described below. 

Similarly, the oxetane 7 and/or 8 could superficially 
give 6 (see Scheme 4, path e), photochemically or in a 
chromatographic work-up. However, neither 7 nor 8 
could be converted to 6 by contact with silica gel or by 
UV-light irradiation. Therefore, 6 was not a second­
ary product from la, but was formed from lb (see 
Scheme 4, path d). These types of dihydropyrans 
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were first identified in the photoreact ions of 1. 
In conclusion, considering that 3—6 arose from the 

triplet state of l b , the regioselectivity of the photoad­
di t ion of 1 with diene is controlled preferentially by 
the mesomeric effect. T h e inductive effect and hyper-
conjugat ion play less impor t an t roles. Moreover, 
when the reaction site of olefin is sterically crowded, 
the reaction of l b at its 3 posi t ion is retarded and the 
second reaction site of l b , e.g., carbonyl oxygen of the 
acetyl g roup , becomes more impor t an t in its reaction. 
T h i s type of reaction of 1 was found for the first time. 

Retro-Benzylic Acid Rearrangement of the Proto-
Photoadduct. T h e photoreact ion of 1 wi th 2 in ethyl 
acetate at —60 °C gave results similar to those in the 
reaction at ordinary temperature, bu t in different 
yields (Table 1); in addi t ion, small amounts of 14 and 
22 were isolated. T h e structure of 22 was determined, 
from the analysis of its 1 H- and 13C N M R spectra, to be 
methyl 5-(2-hydroxy-2-methylethyl)-4,7-dimethyl-2-
oxo-3,6-octadienoate. Its ^-configuration was deduced 
from the strongly deshielded methyl pro ton signal at 
0=2.32. 

T h e retro-benzylic acid rear rangement of the proto-
adduct (19) was examined by heat ing, at 190 °C, the 
reaction mixture , which had previously been irra­
diated at — 60 °C as above. After chromatographic 
separation, the expected 3-acetyl-2-methoxy-4,4-
d ime thy l -5 - (2 -me thy l - l -p ropeny l ) -2 -cyc lopen ten - l -
one (23) was obtained in a 1% yield; this means that 6% 
of the 19 was rearranged. Here was another example 
of the retro-benzylic acid rear rangement of the poly-
substituted pro to-photoadduct (A), bu t it also demon­
strated the low yield of rearrangement when the 
ne ighbour ing posi t ion of the hydroxyl g roup in A is 
not fully substituted, as has been discussed pre­
viously.4) 

Experimental 

General. The melting points were determined with a 
Yanagimoto MP-2 apparatus and are not corrected. The 
elemental analyses were performed in this institute by Miss 
S. Hirashima. The IR spectra were measured in a CCI4 
solution or as neat film between NaCl plates for liquids or as 
KBr tablets for crystals by the use of a JASCO Model A-102 
spectrophotometer. The NMR spectra were measured in a 
CDCI3 solution with a JEOL Model GSX 270H Pulse FT 
spectrometer at 270.17 MHz for proton and at 67.94 MHz for 
carbon and with a FX 100 spectrometer at 99.5 and 25 MHz. 
The chemical shifts were expressed in the 8 scale. Their 
digital resolutions were 0.4 Hz (0.001 ppm) for proton and 
1.0 Hz (0.01 ppm) for carbon. The mass spectra were 
measured with a 01SG-2 spectrometer, JEOL. Reagents 1 
and 2 were purchased from Aldrich and TCI respectively. 

Photoreaction of 1 with 2 without a Solvent. A mixture 
of 1 (300 mg) and 2 (3g), cooled by running water, was 
irradiated by means of a 400-W high-pressure mercury lamp 
through a Pyrex-glass filter for 24 h in a N2 atmosphere. 
After repeated silica-gel chromatography, we isolated 4 (36 
mg, 7%), 3 (20 mg, 4%), 5 (71 mg, 13%), a mixture of 12 and 13 
(12:13=10:9, 46 mg, 9%), 11 (19 mg, 4%), 6 (19 mg, 4%), 9 (5 
mg, 1%), 10 (5 mg, 1%), 7 (138 mg, 28%), and 8(112 mg, 21%). 

3: Colorless oil. Found: m/z, 254.1525 (M+). Calcd for 
C14H22O4: 254.1517. IR 2975, 1730, 1440, 1365, 1260, and 
1065 cm"1, m NMR 0=1.06 (3H, s), 1.13 (3H, s), 1 73 (3H, d, 
/=1.1 Hz), 1.77 (3H, 7=1.1 Hz), 2.11 (3H, s), 2.44 (d, 7=15.8 
Hz), 2.60 (d, 7=15.8 Hz), 3.83 (3H, s), 4.44 (d, 7=11.0 Hz), 
and 5.03 (dm, 7=11.0 Hz); 13CNMR 0=18.53, 24.77, 25.41, 
26.31, 32.38, 37.28, 51.70, 52.89, 53.39, 117.19, 140.74, 162.40, 
194.33, and 208.57; MS m/z, 254(33), 196(30), 167(29), 
156(29), 149(33), 110(37), 109(84), 96(93), 67(30), and 42(100). 

4: Colorless needles, mp 93—94 °C. Found: C, 65.98; H, 
9.04%. Calcd for G4H22O4: C, 66.12; H, 8.72%. IR 3500, 
2950, 1730, 1690, 1440, 1380, 1285, 1240, 1200, 1140, 1115, 
1050, and 1000 cm"1; *HNMR 0=0.92 (3H, s), 1.08 (3H, s), 
1.63 (3H, d, 7=1.5 Hz), 1.74 (3H, d, 7=1.5 Hz), 1.76 (3H, d, 
7=1.0 Hz), 2.88 (dd, 7=11.0, 1.5 Hz), 3.78 (3H, s), 4.25 (d, 
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/=1.5 Hz; OH), 4.54 (q, 7=1.0 Hz) , and 5.15 (dsep, 7=11.0, 
1.5 Hz); 13CNMR 0=18.04, 19.90, 23.54, 26.29, 30.74, 32.76, 
45.41, 53.20, 96.73, 109.17, 118.83, 137.12, 144.27, and 171.54; 
MS m/z, 254(17), 195(4), 156(100), 99(27), 96(85), and 42(17). 

5: Colorless liquid. Found: m/z, 254.15148(M+). Calcd 
for C14H22O4: 264.15168. IR 3530, 2975, 1735, 1435, 1375, 
1255, 1130, and 1040 cm"1; *H NMR 0=1.14 (3H, s), 1.38 (3H, 
s), 1.69 (3H, d, 7=1.5 Hz), 1.75 (6H, d, 7=1.1 Hz), 3.80 (3H, s), 
2.50 (d, 7=10.3 Hz), 4.08 (s, OH), 5.07 (dsep, 7=10.3, 1.5 Hz), 
and 5.36 (q, 7=1.5 Hz); *3CNMR 0=18.17, 22.17, 25.98, 
27.14, 27.92, 47.28, 53.25, 75.07, 92.55, 116.96, 123.37, 133.20, 
141.13, and 172.05; MS m/z, 254(12), 239(3), 236(13), 197(13), 
196(100), 195(9), 136(10), 125(5), 110(4), and 109(11). 

6: Colorless liquid. Found: m/z, 254.15204(M+). Calcd 
for C14H22O4: 254.15168. IR 3500, 2960, 2920, 1720, 1430, 
1360, 1250, 1130, 1100, and 970 cm-1; *HNMR 0=1.17 (3H, 
s), 1.35 (3H, s), 1.54 (3H, s), 1.70 (3H, d, 7=1.5 Hz), 1.74 (3H, 
d, 7=1.5 Hz), 3.19 (d, 7=10.3 Hz), 3.76 (3H, s), 4.78 (dsep, 
7=10.3, 1.5 Hz), and 6.78 (s); 13C NMR 0=18.13, 25.95, 27.34, 
27.79, 30.34, 41.80, 51.92, 74.41, 93.56, 122.30, 132.38, 134.45, 
136.30, and 166.69; MS m/z, 254(5), 237(13), 236(9), 197(12), 
196(71), 195(9), 178(16), 177(12), 165(16), 164(100), 149(19), 
137(21), 125(14), 123(13), 122(19), 121(66), 111(13), 110(77), 
109(82), and 43(9). 

7: Colorless plates, mp 54—55 °C. Found: C, 66.01; H, 
8.62%. Calcd for G1H22O4: C, 66.12; H, 8.72%. IR 2970, 
1720, 1440, 1365, 1290, 1205, 1160, 1070, 960, and 870 cm"1. 
« NMR 0=1.35 (3H, s), 1.50 (3H, s), 1.59 (3H, d, 7=1.5 Hz), 
1.79 (3H, d, 7=1.1 Hz), 2.14 (3H, s), 3.07 (d, 7=17.2 Hz), 3.11 
(d, 7=17.2 Hz), 3.66 (d, 7=9.5 Hz), 3.81 (3H, s), and 5.40 
(dsep, 7=9.5, 1.5 Hz); 13CNMR 0=18.47, 26.12, 26.19, 30.51, 
30.71, 47.62, 49.37, 52.48, 80.66, 84.12, 116.57, 139.16, 174.19, 
and 204.63. MS m/z, 196(24), 164(4), 154(15), 153(23), 
139(15), 122(16), 110(41), 95(39), 93(29), and 43(100). 

8: Colorless liquid. Found: m/z, 254.15163(M+). Calcd 
for C14H22O4: 254.15168. IR 2970, 1745(sh), 1720, 1430, 
1360, 1170, 1140, 1080, 1040, 975, 950, and 875 cm"1; 
*H NMR 0=1.39 (3H, s), 1.46 (3H, s), 1.61 (3H, d, 7=1.1 Hz), 
1.73 (3H, d, 7=1.5 Hz), 2.16 (3H, s), 3.14 (d, 7=16.9 Hz), 3.32 
(d, 7=16.9 Hz), 3.44 (d, 7=9.5 Hz), 3.77 (3H, s), and 5.14 
(dsep, 7=9.5, 1.4 Hz); 13CNMR 0=18.43, 24.52, 26.06, 30.51, 
31.92, 50.37, 52.01, 54.04, 82.04, 84.39, 117.62, 137.86, 172.88, 
and 204.67; MS m/z, 254(2), 222(5), 197(13), 196(100), 
195(12), 164(12), 153(20), 136(4), 127(4), 122(9), and 110(41). 

9: Colorless oil. Found: m/z, 254.15226(M+). Calcd for 
C14H22O4: 254.15168. IR 3520, 2920, 1730, 1440, 1360, 1270, 
1210, 1170, and 1100 cm-1: !H NMR 0=1.74 (3H, s), 1.78 (3H, 
s), 1.80 (3H, s), 2.15 (3H, s), 2.39 (d, 7=13.4 Hz), 2.44 (d, 
7=13.4 Hz), 2.84 (d, 7=17.6 Hz), 3.04 (d, 7=17.6 Hz), 3.72 (s, 
OH), 3.75 (3H, s), and 5.98 (2H, s); 13C NMR: 0=17.97, 18.21, 
26.36, 30.83, 49.53, 51.22, 52.58, 76.15, 121.03, 126.16, 129.53, 
134.67, 175.56, and 207.52; MS m/z, 254(11), 236(7), 110(35), 
109(100), 67(28), and 43(73). 

10: Colorless oil. Found: m/z, 254.15195(M+). Calcd for 
C14H22O4: 254.15168. IR 3530, 2980, 2930, 1620, 1435, 1360, 
1240, 1210, 1165, and 1100 cm"1; *H NMR 0=1.74, (3H, br.s), 
1.79 (3H, br.s), 1.85 (3H, br.s), 2.15 (3H, s), 2.53 (dm, 7=13.9 
Hz), 2.54 (dm, 7=13.9 Hz), 2.88 (d, 7=17.6 Hz), 3.08 (d, 
7=17.6 Hz), 3.72 (3H, s), 5.90 (d, 7=11.4 Hz), and 6.19 (d, 
7=11.4 Hz); 13CNMR 0=18.17, 25.99, 26.42, 30.77, 41.27, 
51.29, 52.63, 76.08, 120.89, 126.19, 129.63, 134.37, 175.57, and 
207.52; MS m/z, 254(20), 236(73), 204(10), 196(12), 164(10), 
140(7), 137(7), 136(5), 123(6), 121(8), 110(24), 109(100), 95(5), 

67(11), and 43(10). 
11: Colorless oil. Found: m/z, 254.15089 (M+). Calcd 

for C14H22O4:: 254.15168. IR 3520, 2980, 1730, 1440, 1360, 
1260, 1215, 1165, 1110, 1080, 975, and 880 cm"1; *HNMR 
0=1.09 (3H, s), 1.12 (3H, s), 1.85 (3H, t, 7=1.0 Hz), 2.13 (3H, 
s), 2.81 (d, 7=17.6 Hz), 3.09 (d, 7=17.6 Hz), 3.75 (3H, s), 4.96 
(2H, s), 5.81 (d, 7=16.3 Hz), and 6.13 (d, 7=16.3 Hz); 
13CNMR 0=18.75, 22.43, 22.65, 30.80, 42.42, 47.67, 52.40, 
79.54, 115.76, 131.07, 135.26, 142.11, 174.98, and 208.03; MS 
m/z, 254(3), 236(10), 204(5), 110(22), 109(100), 67(33),43(55), 
and 41(21). 

12+13 (10:9 mixture): Colorless liquid. Found: m/z, 
254.15180(M+). Calcd for G4H22O4: 254.15168. IR 3530, 
2980, 2930, 1730, 1435, 1360, 1245, 1208, 1165, 1113, ,and890 
cm"1; *HNMR (12): 0=1.57 (3H, d, 7=1-5 Hz), 1.71 (3H, d, 
7=1.1 Hz), 1.78 (3H, d, 7=1.5 Hz), 2.13 (3H, s), 2.93 (d, 
7=17.6 Hz), 2.97 (d, 7=17.6 Hz), 3.13 (d, 7=10 Hz), 3.67 (s, 
OH), 3.71 (3H, s), 4.86 (d, 7=0.7 Hz), 4.89 (m), and 5.40 (dm, 
7=10 Hz); !HNMR(13): 0=1.65 (3H, d, 7=1.5 Hz), 1.74 (3H, 
d, 7=1.1 Hz), 1.79 (3H, d, 7=1.5 Hz), 2.12 (3H, s), 2.84 (d, 
7=17.6 Hz), 2.96 (d, 7=17.6 Hz), 3.14 (d, 7=10 Hz), 3.66 (s, 
OH), 3.73 (3H, s), 4.70 (d, 7=2.2 Hz), 4.74 (m) and 5.48 (dm, 
7=10 Hz); i3CNMR(12): 0=17.65*, 20.98*, 26.15, 30.81*, 
52.60, 53.10, 77.58*, 114.57, 120.17, 134.65, 144.60, 175.52, 
and 207.25; 13CNMR(13): 0=17.97*, 21.04*, 26.15, 30.86*, 
52.44, 52.89, 78.92*, 113.36, 120.60, 135.17, 145.02, 175.37, 
and 207.41 (* denotes exchangeable assignments); MS m/z, 
254(7), 237(12), 236(76), 204(21), 196(46), 110(40), and 
109(100). 

Irradiation of 1 with 2 in Ethyl Acetate. A solution of 1 
(300 mg) and 2 (2.5 g) in ethyl acetate (30 cm3) was irradiated 
as above for 24 h. A similar subsequent treatment of the 
mixture gave 4 (136 mg, 26%), 3 (28 mg, 5%), 5 (17 mg, 3%), 
mixture of 12 and 13 (52 mg, 10%), 11 (43 mg, 8%), 6 (20 mg, 
4%), 9 (5 mg, 1%), 10 (11 mg, 2%), 7 (90 mg, 17%) and 8 (54 
mg, 10%). 

Conversion of 5 to 14. To 5 (20 mg) dissolved in CDCI3 
(0.5 cm3), 1 mg of pyridinium p-toluenesulfonate was added. 
After 2 h, 30% of the 5 had been consumed, and after 24 h, the 
5 was quantitatively converted to 14, as established by NMR 
analysis. Similarly, by adding p-toluenesulfonic acid (0.5 
mg) to 5, 14 was formed after 0.5 h, but it completely 
disappeared after 2 h and 15 was observed instead. An 
attempt at isolating 15 failed. 

14: Colorless oil. Found: m/z, 236.13797(M+). Calcd 
for C14H20O3: 236.14113. IR 2980, 2930, 1730, 1630, 1600, 
1440, 1360, 1310, 1250, 1100, 1005, 885, 845, and 670 cm"1; 
*H NMR: 0=1.18 (3H, s), 1.31 (3H, s), 1.67 (3H, d, 7=1.5 Hz), 
1.76 (3H, d, 7=1.5 Hz), 3.09 (dt, 7=9.9, 1.5 Hz), 3.82 (3H, s), 
4.92 (td, 7=1.5, 0.7 Hz), 4.96 (dsep, 7=9.9, 1.5 Hz), 5.10 (td 
7=1.5, 0.7 Hz), and 6.57 (s); 13CNMR 0=18.12, 21.44, 26.02, 
26.22, 46.82, 52.27, 80.08, 112.34, 114.41, 121.46, 135.26, 
140.11, 141.67, and 163.93; MS m/z, 236(76), 221(64), 177(30), 
176(28), 161(44), 133(29), 107(24), 96(34), 91(50), 79(55), 
77(64), 64(46), 55(50), 43(44), and 41(100). 

15: *HNMR 0=1.35 (6H, s), 1.56 (3H, d, 7=1.1 Hz), 1.63 
(3H, d, 7=1.1 Hz), 1.81 (3H, d, 7=1.5 Hz), 3.80 (3H, s), 5.50 
(br. s), 6.30 (s). 

Conversion of 6 to 16. A CDCI3 solution (0.5 cm3) of 6 
(10 mg) was left overnight. NMR analysis showed that the 
6 was completely disappeared and that 16 was formed 
instead. 

16: Pale yellow liquid. Found: m/z, 236.14128(M+). 
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Calcd for C14H22O3: 236.14113. IR 2970, 1720, 1435, 1370, 
1238, 1130 and 975 cm"1; *H NMR 0=1.20 (3H, s), 1.26 (3H, 
s), 1.71 (3H, d, 7=1.1 Hz), 1.75 (3H, d, 7=1.5 Hz), 3.29 (d, 
7=10.4 Hz), 3.76 (3H, s), 4.49 (s), 4.72 (s), 4.86 (dm, 7=10.4 
Hz), and 6.99 (s); 13CNMR 0=18.11, 25.44, 25.86, 26.36, 42.10, 
76.83, 99.80, 122.08, 129.99, 130.51, 134.57, 153.13, and 
166.69; MS m/z, 236(36), 181(13), 180(100), 178(81), 163(35), 
152(12), 137(14), 121(12), 119(33), 109(11), 93(21), 92(10), and 
43(20). 

Retro-Benzylic Acid Rearrangement of the Proto-Photo-
adduct 19. An ethyl acetate solution (100 cm3) of 1 (960 mg) 
and 2 (2.20 g) was irradiated for 6 h at —60 °C. Ultra-violet 
absorption showed a conversion of 80%. The reaction mix­
ture was then separated into two portions, one of which, 39% 
of the reaction mixture, was immediately stripped of the 
solvent in a vacuum, dissolved in 4-isopropyltoluene (5 
cm3), and refluxed for 2 h. After cooling, ether (20 cm3) was 
added, and the mixture was shaken with an aqueous satu­
rated NaHCOs solution (10 cm3). From the organic layer, 3 
(75 mg, 13%) and 11 (7 mg, 1%) were obtained after chroma­
tography. The aqueous layer was acidified with 1M-HC1 
(1 M=l mol dm -3) and extracted with ether. After having 
been treated with CH2N2, 23 (6 mg, 1%) was obtained. 

The second portion was directly chromatographed after 
shaking with an aqueous NaHCOs solution (10 cm3); it gave 
14 (13 mg, 1%), 4 (24 mg, 3%), 3 (132 mg, 15%), 11 (15 mg, 2%), 
9 (10 mg, 1%), 22 (9 mg, 1%), and 7 (10 mg, 1%).8> 

22: Colorless oil. Found: m/z, 254.14900(M+). Calcd 
for C14H22O4: 254.15168. IR 3500, 2970, 1735, 1685, 1595, 
1440, 1375, 1280, 1195, 1090, 955, 860, and 780 cm-1; 
*HNMR 0=1.22 (6H, s), 1.64 (3H, d, 7=1.5 Hz), 1.78 (3H, d, 
7=1.1 Hz), 2.32 (3H, d, /=1.1 Hz), 3.08 (d, 7=10.3 Hz), 3.87 
(3H, s), 5.46 (dsep, 7=10.3, 1.5 Hz), and 6.87 (q, /=1.1 Hz); 
13CNMR 0=18.27, 20.55, 26.32, 28.47, 28.88, 52.89, 59.52, 
73.27, 120.57, 120.83, 136.74, 162.93, 169.21, and 181.68; MS 
m/z, 254(2), 236(3), 221(4), 196(39), 137(27), 136(78), 110(26), 
109(43), 108(35), 93(49), 91(26), 77(26), 59(62), 43(100), and 
41(43). 

23: Pale Yellow oil. Found: m/z, 236.1422(M+). Calcd 
for C14H20O3: 236.1411. IR 2950, 1710, 1665, 1610, 1380, 
1230, 1210, 1190, and 1020 cm"1; *HNMR 0=0.95 (3H, s), 
1.16 (3H, s), 1.70 (3H, d, 7=1.5 Hz), 1.76 (3H, d, 7=1.1 Hz), 
2.42 (3H, s), 3.58 (d, 7=10.3 Hz), 4.12 (3H, s), and 4.60 (dm, 
7=10.3 Hz); 13CNMR 0=18.16, 20.46, 25.90, 27.63, 31.22, 
46.08, 56.98, 58.57, 122.75, 135.29, 142.00, 154.13, 197.50, and 
210.46; MS m/z, 237(16), 236(93), 221(39), 193(68), 161(21), 
133(16), 91(15), 79(14), 42(100), and 40(25). 
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Synthesis and Some Reactions of 2-(2-Aminoanilino)cyclohepta[&]pyrroles: 
Leading to SfZ-Cycloheptafl'^' :4,5]pyrrolo[2,3-ft][l,5]benzodiazepine, 

a Novel 20n Antiaromatic System, and CycloheptaEl',2' :4,5]-
pyrrolo[ 1,2-a]benzimidazoles 
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2-Chlorocyclohepta[è]pyrroles reacted with o-phenylenediamine to give 2-(2-aminoanilino)cyclohepta-
[6]pyrroles (2a,b) in good yields. Treatment of 2a and 2b with polyphosphoric acid afforded cyclohepta-
[l',2' : 4,5]pyrrolo[l,2-a]benzimidazole (4a) in good yields. Treatment of 2b with acids gave 6-(ethoxycarbonyl) 
derivatives (4b) of 4a and ^H-öJS-dihydrocycloheptafr^':4,5]pyrrolo[2,3-6][l,5]benzodiazepin-12-one (5). 
Compound 5 was methylated with methyl iodide in the presence of DBU to give 5H-12-methoxycyclohepta-
[l',2' :4,5]pyrrolo[2,3-6][l,5]benzodiazepine, a novel 20n antiaromatic system. Treatment of 2b with sodium 
ethoxide gave 4b and 2H-l-(cyclohepta[6]pyrrol-2-yl)-l,3-dihydrobenzimidazol-2-one (7a). Compound 5 rear­
ranged to 7a in the refluxing sodium ethoxide-ethanol solution. Reactions of 2a and 2b with triethyl 
orthoformate gave corresponding l-(cyclohepta[6]pyrrol-2-yl)benzimidazoles. Reactions of 2a and 2b with 
acetic anhydride are also mentioned. 

Chemical and physical properties of azaazulenes are 
of interest and are being investigated.1) Although a 
number of studies on the synthesis of heteroan-
nulated 1-azaazulenes (cyclohepta[fe]pyrroles) have 
been made,2~10) synthetic study of an azepine-
annulated system, which would contain antiaromatic 
71-system, was rare and not successful.11) In this 
paper, we wish to report on the syntheses of 5H-
cyclohepta[l /,2 / : 4,5]pyrrolo[2,3-fe][l,5]benzdiazepine, 
a novel antiaromatic 20n system. It is an isoelec-
tronic system with the unknown non-alternant hydro­
carbon, benzo[/]cyclohept[fl]azulenide, the synthesis 
was achieved by the annulation of ethyl 2-(2-amino-
anilino)cyclohepta[fe]pyrrole-3-carboxylate (2b) and 
successive methylation. Compound 2b was annu­
lated under acidic conditions to give cyclohepta-
[l ' ,2 ' :4,5]pyrrolo[l,2-fl]benzimidazoles and 12H-5,13-
dihydrocyclohepta[r,2 ' : 4,5]pyrrolo[2,3-fe][l,5]ben-
zodiazepin-12-one. The latter rearranged under basic 
conditions to give a benzimidazolone derivative. 
Reactions of 2a and 2b with triethyl orthoformate or 
acetic anhydride gave the corresponding benzimida­
zole derivatives. 

Treatment of 2-chlorocyclohepta[fe]pyrrole (la) 
with o-phenylenediamine in ethanol under reflux 
gave 2-(2-aminoanilino)cyclohepta[fe]pyrrole (2a) in 
an 80% yield. Similar treatment of lb with o-
phenylenediamine gave 2b in a 69% yield to­
gether with diethyl 2,2'-(o-phenylenediimino)bis-
[cyclohepta[è]pyrrole-3-carboxylate] (3) (29%). 

Treatment of 2a and 2b with polyphosphoric acid 
(PPA) at 150 °C gave cyclohepta[^2':4,5]pyrrolo-
[l,2-fl]benzimidazole (4a) in 81% and 45% yields, 
respectively. The structure was deduced on the basis 
of the spectroscopic data as well as elemental analysis 
and mass spectra. In the ^ N M R spectrum of 4a, 
seven-membered proton signals were seen at <5=6.9— 
7.7. The coupling constants were J ^ - l l . ô H z , 

/8,9=8.5 Hz, /9,io=11.6 Hz, and /io,n=8.6 Hz. 
Although it is considered that 4a would be essentially 
aromatic on the basis of its chemical shifts, the exist­
ence of large divergences of the coupling constants, 
which are almost consistent with those of heptaful­
vene,12* suggests that compound 4a is constructed from 
a heptafulvene moiety and a benzimidazole moiety 
and not in a peripheral 1871 system. 

2 b : R1=C02Et, R2=R3=H 

2 c : R ^ R ^ C C ^ E t , R3 =H 

2d: R1=R3=H, R2=C0Me 

2 e : R1=C02Et, R2=COMe, R3=H 

2f: R1=C02Et, R2=R3=C0Me 

R 

^ CA 
jym o 

R 

4a: R=H 

3: R=C02Et 4b: R=C02Et 

5 6 
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When 2b was treated with ^-toluenesulfonic acid 
(TsOH) in 1-butanol under reflux, 4b (39%) and 12H-
5,13-dihydrocyclohepta[l ,,2 / : 4,5]pyrrolo[2,3-è][l,5]-
benzodiazepin-12-one (5) (32%) were obtained. Sim­
ilar treatments of 2b with some other acids> such as 
acetic acid (AcOH), trifluoroacetic acid (TFA), or 
coned sulfuric acid (H2S04), gave 4b (22%, 1%, and 
15%) and 5 (49%, 96%, and 80%), respectively. The 
formation of 4a and 4b would resemble the reaction of 
2,2/-diaminodiphenylether with acid which forms 
phenoxazine.13) The reason for the effect of acids on 
the different proportions of formation of 4 and 5 has 
remained unclarified. 

Compound 4b was deesterified by refluxing with 
48% hydrobromic acid to give 4a in a 60% yield. The 
*H NMR spectrum of 5 in DIVISOR shows signals in 
the normal regions for the benzene ring and the cyclo-
hepta[fe]pyrrole ring. On the other hand, in the spec­
trum of 5 in CF3CO2D, the protons of the seven-
membered ring show down-field shifts of about 0.6 
ppm. Those of the benzene ring protons show small 
shifts (less than 0.2 ppm) compared with those in 
DMSO-^6. This suggests that the positive charge of 
the cation derived from 5 locates on the seven-
membered ring. 

Enolization and successive methylation of 5 was 
achieved as follows. Heating of 5 with methyl iodide 
in the presence of l,8-diazabicyclo[5,4,0]undec-7-ene 
(DBU) in acetonitrile for 7 h under reflux gave 5H-
^ - m e t h o x y c y c l o h e p t a f r ^ ' ^ ^ l p y r r o l o ^ ^ - è j f l ^ ] -
benzodiazepine (6) in a 19% yield. Compound 6 was 
slightly unstable and decomposed on storage. The 
structure was deduced from its HRMS and spectro­
scopic behavior. The *H NMR spectrum of 6 shows 
signals at 0=3.34 (s, OMe), 6.60 (d, /=9.8 Hz, H-7), 
6.62—6.83 (m, H-l, 2, 3, 4, and 9), 7.01 (dd, /=11.0 and 
9.8 Hz, H-8), 7.05 (dd, /=11.6 and 9.8 Hz, H-10), 8.57 
(d, /=11.6 Hz, H-l l ) , and 9.09 (brs, NH). All the 
protons of 6 resonated at considerably higher fields 
than those of 5, especially at the seven membered ring 
(A<5>0.5 ppm), even at the benzene ring (A<5>0.2 
ppm). This suggests that 6 would behave as a para-
tropic compound and have a novel peripheral 2071 
antiaromatic system. Although, the paratropic shifts 
of 6 were smaller than in the case of annulenes,14) the 
fact that the paratropicity is observed in a fused system 
is interesting. 

When 2b was treated with sodium ethoxide in 
refluxing ethanol for 4 d, 5 and 7a were obtained in 1% 
and 69% yields, respectively. Compound 7a was iden­
tical to the product from the reaction of 2a with N,N'-
carbonyldiimidazole, and the structure was estab­
lished to be 2H-l-(cyclohepta[fe]pyrrol-2-yl)-l,3-di-
hydrobenzimidazol-2-one on the basis of the spectro­
scopic data as well as elemental analysis. In the 
*H NMR spectrum of 7a, a signal of a proton at C-3 of 
cyclohepta[fe]pyrrole ring resonates at rather low field 
(6=8.08). This would be due to the deshielding effect 

\ > N < 

0 

>-N NR2 

Ö 
7a: R'=R2=H 

7b: R'=H, R2=C0Me 

7c : R'=C02Et, R2 =H 

7d: R'=C08Et, R2=C0Me 

OH 
I 
C=0 

TOO O-s 
\ 0 

10 

by the carbonyl group of the 2-imidazolone ring. 
Compound 7a was acetylated with acetic anhydride to 
give 7b. In the *H NMR spectrum of 7b, an essential 
change is not observed on the chemical shifts of cyclo-
hepta[6]pyrrole ring, compared with that of 7a, and 
this confirms the structure. Compound 5 rearranged 
to 7a in a 91% yield by the treatment with sodium 
ethoxide under reflux in ethanol for 60 h. The reac­
tion was similar to that of compound 8 which afforded 
9 under basic conditions at lower temperature but 
yielded the rearrangement product 10 at higher 
temperature.15) 

The expectation to synthesize the novel triazepin-
one cyclohepta[r,2' : 4,5]pyrrrolo[2,l-è][l,3,5]benzo-
triazepin-6(5H)-one (11) prompted us to study further 
reactions. Reaction of 2b with ethyl chloroformate 
gave 2c in a 66% yield along with diethyl o-phenyl-
enebis[carbamate].16) Treatment of 2c with DBU in 
refluxing benzene gave 7c in a 50% yield, and the 
expected triazepinone 11 was not obtained. Com­
pound 7c was also obtained by the treatment of 2b 
with A^Af'-carbonyldiimidazole in a 59% yield. Ace-
tylation of 7c with acetic anhydride gave 7d in a 90% 
yield. In the *H NMR spectrum of 7c, a proton sig-

« N 
\ > ^ N 

V*N 

11 

R R2 

Ö 

12 

13a: R»=R2=H 

13b: R '=C0 2 Et , R2=H 

13c : R'=H, R2=Me 

13d: R '=C0 2 Et , R2=Me 
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nal at C-4' is observed at <5=9.56 (d, 7=10.4 Hz), and at 
0=8.84 (d, / = 9 . 8 Hz) for C-8'. T h e low-field reso­
nance of the former wou ld be due to the deshielding 
effect of the ester g roup at C-3' . 

It was considered that the synthesis of the other 
novel 2071 per ipheral an t ia romat ic compounds , cyclo-
h e p t a [ l ' , 2 ' : 4,5]pyrrolo[2,l-fe][l ,3,5]benzotriazepines 
(12), could be achieved by the annu la t ion of 2 wi th 
trialkyl orthoformate. Therefore, compounds 2a and 
2b were treated wi th triethyl orthoformate under 
reflux in the presence of T s O H . From the reaction 
mixture , compounds 13a and 13b were isolated in 75% 
and 94% yields, respectively. C o m p o u n d s 13a and 
13b were identical wi th those obtained from the reac­
tions of l a and l b wi th benzimidazole. Deesterifica-
t ion of 13b gave 13a in a 21% yield together with a 
small a m o u n t of cyclohepta[6]pyrrole.17) From these 
results, it is deduced that 13a and 13b are benzimida­
zole derivatives, and that no triazepine c o m p o u n d 
was obtained. In the t reatment similar to the forma­
tions of 13a and 13b, reactions of 2a and 2b wi th 
triethyl orthoacetate gave 13c and 13d in 77% and 94% 
yield, respectively. 

T rea tmen t of 2a wi th acetic anhydr ide at 100 °C for 
6 h gave the monoacetylated c o m p o u n d 2d and the 
benzimidazole derivative 13c in 29% and 56% yields, 
respectively. Similarly, treatment of 2b wi th acetic 
anhydride under reflux for 1 h gave the monoacety­
lated c o m p o u n d 2e (8%), the diacetylated c o m p o u n d 2f 
(3%), and 13d (62%). When the reaction was carried 
ou t at room temperature, cyclization did not occur and 
monoacetylated c o m p o u n d 2e was obtained in a good 
yield. Trea tmen t of 2e with PPA-phosphory l chlo­
ride gave 13d in a good yield. Cyclization of 2d and 
2e to triazepine derivatives have not yet been 
successful. 

Experimental 

Melting points were uncorrected. 1H NMR spectra (250 
MHz) and 13CNMR spectra (62.87 MHz) were recorded on a 
Hitachi R-250H spectrometer using deuteriochloroform as a 
solvent with tetramethylsilane as an internal standard, 
unless otherwise stated. IR spectra were recorded on a 
Hitachi 270-50 infrared spectrophotometer for Nujol mulls. 
Mass spectra were determined with a JEOL-01SG-2 spec­
trometer at 70 eV of ionization energy. High-resolution 
mass spectra (HRMS) were obtained on the same instru­
ment. Kieselgel 60 was used for column chromatography. 

Reaction of la with o-Phenylenediamine. A mixture of 
la18) (1.50 g, 9.17 mmol) and o-phenylenediamine (1.00 g, 
9.25 mmol) in ethanol (50 ml) was heated under reflux for 20 
h and evaporated. Water was added to the residue, after 
which the mixture was neutralized with sodium hydrogen 
carbonate, and extracted with chloroform. The extract was 
dried over sodium sulfate (Na2SC>4) and evaporated. Chro­
matography of the residue with chloroform gave 2a (1.723 g, 
80%) as orange crystals, which were recrystallized from cyclo-
hexane-dichloromethane to give orange prisms, mp 136— 
138 °C, IR *>max 3384, 3344, 3192 cm-* (NH); *H NMR 0=3.97 

(2H, brs, exchangeable, NH), 6.52 (1H, s, H-3), 6.85 (1H, dd, 
/=7.9 and 7.3 Hz, H-4'), 6.87 (1H d, /=7.3 Hz, H-3'), 7.13 
(1H, dd, /=7.9 and 7.3 Hz, H-5'), 7.20—7.43 (3H, m, H-5, 6, 
and 7), 7.45 (1H, d 7=7.3 Hz, H-6'), 7.84—7.92 (2H, m, H-4 
and 8), and 9.35 (1H, brs, exchangeable, NH). Found: C, 
76.43; H, 5.48; N, 17.92%. Calcd for G5H13N3: C, 76.57; H, 
5.57; N, 17.86%. 

Reaction of lb with o-Phenylenediamine. A mixture of 
lb18) (2.296 g, 9.74 mmol) and o-phenylenediamine (1.053 g, 
9.74 mmol) in ethanol (100 ml) was heated under reflux for 3 
h and worked up as for la. Chromatography of the residue 
with chloroform gave 2b (2.06 g, 69%) as yellow crystals, 
which were recrystallized from cyclohexane-dichloro-
methane to give yellow needles, mp 134—135°C, IR *>maX 

3416, 3300, 3200 (NH), and 1662 cm"1 (OO); *HNMR 
0=1.51 (3H, t, 7=7.3 Hz, CH3), 3.55 (2H, brs, exchangeable, 
NH), 4.50 (2H, q, 7=7.3 Hz, OCH2), 6.86 (1H, d, 7=7,9 Hz, 
H-3'), 6.90 (1H, dd, 7=7.9 and 7.3 Hz, H-4'), 7.05 (1H, dd, 
7=7.9 and 7.3 Hz, H-5'), 7.51 (1H, t, 7=9.8 Hz, H-6), 7.68 
(2H, dd, 7=10.4 and 9.8 Hz, H-5 and 7), 7.83 (1H, d, 7=7.9 
Hz, H-67), 8.23 (1H, d, 7=10.4 Hz, H-8), 8.90 (1H, d, 7=10.4 
Hz, H-4), and 9.40 (1H, brs, exchangeable, NH). Found: C, 
70.25; H, 5.47; N, 13.75%. Calcd for C18H17N3O2: C, 70.34; 
H, 5.58; N, 13.67%. Further elution gave 3 (0.721 g, 29%) as 
orange crystals, which were recrystallized from cyclohexane-
dichloromethane to give orange prisms, mp 178—180°C, IR 
*/max 3352 (NH), 1680 and 1668 cm"1 (OO) ; *H NMR 0=1.33 
(6H, t, 7=7.3 Hz, 2XCH3), 4.33 (4H, q, 7=7.3 Hz, 2XOCH2), 
7.26—7.29 (2H, m, H-4' and 5'), 7.54 (2H, t, 7=9.8 Hz, H-6), 
7.68 and 7.80 (4H, dd, 7=10.4 and 9.8 Hz, H-5 and 7), 8.21 — 
8.25 (2H, m, H-3' and 6'), 8.28 (2H, d, 7=10.4 Hz, H-8), 8.95 
(2H, d, 7=10.4 Hz, H-4), and 9.40 (2H, brs, exchangeable, 
NH). Found: C, 71.20; H, 5.25; N, 11.02%. Calcd for 
C3oH26N404: C, 71.13; H, 5.17; N, 11.06%. 

Reaction of 2a with PPA. A mixture of 2a (0.14 g) and 
PPA (20 ml) was heated for 1 h at 150 °C, after which water 
was added to the reaction mixture. The mixture was neu­
tralized with sodium hydrogen carbonate and extracted with 
chloroform. The extract was dried (Na2SC>4) and evapo­
rated. Chromatography of the residue with chloroform 
gave 4a (0.105 g, 81%) as brown crystals, which were recrys­
tallized from cyclohexane-dichloromethane to give brown 
needles, mp 188—189 °C, IR !/max no NH; *HNMR 0=6.76 
(1H, s, H-6) , 6.94 (1H, dd, 7=11.6 and 8.5 Hz, H-8), 7.00 
(1H, dd, 7=11.6 and 8.5 Hz, H-9), 7.07 (1H, dd, 7=11.6 and 
8.6 Hz, H-10), 7.35 (1H, dd, 7=7.9 and 7.3 Hz, H-3), 7.44 (1H, 
dd, 7=7.9 and 7.3 Hz, H-2) , 7.65 (1H, d, 7=11.6 Hz, H-7), 
7.70 (1H, d, 7=8.6 Hz, H-l l) , 7.89 (1H, d, 7=7.3 Hz, H-l), 
and 7.90 (1H, d, 7=7.3 Hz, H-4); ^CNMR 0=101.88 (d), 
110.73 (d), 114.11 (d), 119.59 (d), 121.15 (d), 123.63 (d), 127.58 
(d), 128.07 (d), 128.73 (s) , 130.38 (d), 131.31 (d), 137.85 (s), 
144.58 (s), 149.43 (s), and 159.47 (s); MS m/z (rel intensity) 
218 (100, M+), 177 (32), 161 (45), 160 (34), 109 (13), 91 (40), 
and 57 (85). Found: C, 80.92; H, 4.86; N, 12.55%. Calcd 
for Ci5HioN2-l/4 H 2 0 : C, 80.88; H, 4.75; N, 12.57%. 
HRMS Found: m/z 218.0847. Calcd for C15H10N* M, 
218.0843. 

Reaction of 2b with PPA: A mixture of 2b (0.20 g) and 
PPA (20 ml) was heated for 3 h at 150°C, after which water 
was added to the reaction mixture. The mixture was neu­
tralized with sodium hydrogen carbonate and extracted with 
chloroform. The extract was dried (Na2SÜ4) and evapo­
rated. Chromatography of the residue with chloroform 
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gave 4a (0.064 g, 45%). 
Reaction of 2b with TsOH. A mixture of 2b (0.300 g) 

and TsOH (0.01 g) in 1-butanol (20 ml) was refluxed for 3 d 
and evaporated, and the residue was chromatographed. 
Elution with benzene-chloroform (1:1) gave recovered 2b 
(0.070 g, 23%). Elution with chloroform gave 4b (0.110 g, 
39%) as red crystals, which were recrystallized from cyclohex-
ane-dichloromethane to give red brown needles, mp 213— 
214 °C, IR ï/max 1686 cm-1 ( C O ) ; ^ N M R 0=1.55 (3H, t, 
/=7.0 Hz, CH3) , 4.62 (2H, q, /=7.0 Hz, OCH2), 7.35—7.70 
(5H, m, H-2, 3, 8, 9, and 10), 8.01 (IH, d, /=7.9 Hz, H-4), 
8.06 (IH, d, /=7.9 Hz, H-l), 8.27 (IH, d, 7=8.6 Hz, H-11), 
and 9.37 (IH, d, 7=11.0 Hz, H-7); 13CNMR 0=14.77 (q), 
60.69 (t), 100.83 (s), 111.06 (d), 118.03 (d), 120.52 (d),121.60 
(d), 124.42 (d), 127.99 (s), 131.31 (d), 132.72 (d), 133.26 (d), 
133.35 (d), 138.56 (s), 147.57 (s), 149.69 (s), 156.92 (s), and 
163.52 (s); MS m/z (rel intensity) 290 (55, M+), 245 (11), 219 
(21), 218 (100), 169 (11), 109 (6), and 76 (14). Found: C, 
74.21; H, 4.95; N, 9.52%. Calcd for C18H14N2O2: C, 74.47; 
H, 4.86; N, 9.65%. Elution with ethyl acetate gave 5 (0.081 
g, 32%) as red crystals, which were recrystallized from 
ethanol to give red needles, mp 296—297 °C, IR vm^ 3300— 
2800 (NH) and 1644 cm"1 (CO) ; ^ N M R <5(DMSO-
d6)=6.80—7.10 (4H, m, H-l, 2, 3, and 4), 7.50 (IH, t, 7=9.8 
Hz, H-9), 7.65 (IH, t, 7=9.8 Hz, H-8), 7.67 (IH, dd 7=10.4 
and 9.8 Hz, H-10), 7.90 (IH, d, 7=9.8 Hz, H-7), 9.08 (IH, d, 
7=10.4 Hz, H-11), 9.17 (IH, brs, exchangeable, NH), and 
10.08 (IH, brs, exchangeable, NH), Ô (CF3C02D)=6.92—6.96 
(2H, m, H-l and 4), 7.12—7.18 (2H, m, H-2 and 3), 8.05— 
8.25 (3H, m, H-8, 9, and 10), 8.37 (IH, dm, 7=9.8 Hz, H-7), 
and 9.75 (IH, d, 7=11.0 Hz, H-11); MS m/z (rel intensity) 261 
(100, M+), 260 (40), 233 (15), 232 (19), 205 (10), 169 (11), 112 
(15), 97 (22), 83 (26), 77 (11), 71 (29), 69 (28), and 58 (65). 
Found: C, 72.20; H, 4.10; N, 15.59%. Calcd for 
CieHnNsNsO-1/4 H 2 0 : 72.30; H, 4.36; N, 15.81%. 

Reaction of 2b with AcOH. A mixture of 2b (0.300 g) 
and AcOH (2 ml) in 1-butanol (30 ml) was refluxed for 4 d. 
The resulted precipitate was filtered and washed with 
ethanol to give 5 (0.110 g, 43%) as red needles. The com­
bined filtrate was evaporated. To the residue water was 
added, and the mixture was neutralized with sodium hydro­
gen carbonate, then extracted with chloroform. The 
extract was dried (Na2S04) and evaporated. The residue 
was chromatographed. Elution with chloroform gave 
recovered 2b (0.057 g, 19%). Further elution gave 4b (0.063 
g, 22%). Elution with ethyl acetate gave 5 (0.015 g, 6%). 

Similar treatment of 2b with TFA and coned H2SO4 
gave 2b (0 and 5%), 4b (1 and 15%), and 5 (96 and 80%), 
respectively. 

Deesterification of 4b. A mixture of 4b (0.020 g) and 48% 
hydrobromic acid (10 ml) was refluxed for 2 h and poured 
into water. The mixture was neutralized with sodium hy­
drogen carbonate and extracted with chloroform. The 
extract was dried (Na2S04) and evaporated to give 4a (0.009 
g, 60%). 

Methylation of 5. A mixture of 5 (0.100 g), DBU (0.30 g), 
and methyl iodide (1.0 g) in dry acetonitrile (50 ml) was 
refluxed for 7 h and evaporated, and the residue was chroma­
tographed. Elution with chloroform gave 6 (0.02 g, 19%) as 
red crystals, which were recrystallized from hexane-dichlo-
romethane to give red needles, mp 188—189 °C, IR !>max 3180 
cm-1 (NH); *HNMR <5 (DMSO-d6)=3.34 (3H, s, OMe), 6.60 
(IH, d, 7=9.8 Hz, H-7), 6.62—6.83 (5H, m, H-l, 2, 3, 4, and 

9), 7.01 (IH, dd, 7=11.0 and 9.8 Hz, H-8), 7.05 (IH, dd, 
7=11.6 and 9.8 Hz, H-10), 8.49 (IH, d, 7=11.6 Hz, H-11), and 
9.09 (IH, brs, NH); MS m/z (rel intensity) 275 (100, M+), 274 
(25), 169 (22), 147 (9), 119 (9), 97 (7), 91 (8), 77 (6), 69 (12), and 
57 (14). HRMS Found: m/z 275.1069. Calcd for 
C17H13N3O: M, 275.1058. Elution with ethyl acetate gave 
recovered 5 (0.071 g, 71%). 

Reaction of 2b with Sodium Ethoxide. To the solution 
of sodium ethoxide, which was prepared from sodium metal 
(0.150 g, 6.5 mmol) and absolute ethanol (50 ml), 2b (0.200 g, 
0.65 mmol) was added, and the solution was refluxed for 4 d. 
The resulted precipitate was collected by filtration and 
washed with ethanol to give 7a (0.071 g, 42%) as orange 
crystals. These were recrystallized from ethanol to give 
orange needles, mp 269—271 °C, IR i w 3148 (NH), 1718 
and 1666 cm"1 (OO) ; *HNMR <5 (DMSO-d6)=7.10—7.25 
(3H, m, H-4, 5, and 6), 7.71—7.95 (3H, m, H-5', 6', and 7'), 
8.08 (IH, s, H-3'), 8.60 (IH, d, 7=9.8 Hz, H-4'), 8.66 (IH, d, 
7=10.4 Hz, H-87), 8.78—8.83 (IH, m, H-7), and 11.48 (IH, 
brs, exchangeable, NH), Ô (CF3CO2D)=7.50—7.59 (3H, m, 
H-5, 6, and 3'), 7.85—7.95 (2H, m, H-4 and 7), 8.45—8.69 
(3H, m, H-5', 6', and V), 9.18 (IH, d, 7=10.4 Hz, H-8'), and 
9.24 (IH, d, 7=9.8 Hz, H-47); MS m/z (rel intensity) 261 (100, 
M+), 260 (15), 219 (92), 218 (12), 102 (20), 90 (9), 76 (10), 75 
(7), and 52 (10). Found: C, 73.80; H, 4.06; N, 15.99%. 
Calcd for Ci6HiiN30: C, 73.55; H, 4.24; N, 16.08%. The 
filtrate was diluted with water, neutralized with dilute 
hydrochloric acid, and extracted with chloroform. The 
extract was dried (Na2S04) and evaporated. The residue 
was chromatographed. Elution with chloroform-ethyl 
acetate (1:1) gave 7a (0.046 g, 27%). Elution with ethyl 
acetate gave 5 (0.002 g, 1%). 

Rearrangement of 5. To the solution of sodium ethox­
ide, (which was prepared from sodium metal (0.230 g, 1.00 
mmol) and absolute ethanol (60 ml)), 5 (0.130 g, 0.50 mmol) 
was added. The mixture was refluxed for 60 h and evapo­
rated. The residue was dissolved in water, neutralized with 
dilute hydrochloric acid, and extracted with chloroform. 
The extract was dried (Na2S04) and evaporated. The 
residue was chromatographed. Elution with chloroform 
gave 7a (0.109 g, 91%). Elution with ethyl acetate gave 
recovered 5 (0.002 g, 2%). 

Reaction of 2a with iV,iV'-Carbonyldiimidazole. A mix­
ture of 2a (0.508 g, 2.16 mmol) and A/^AT-carbonyldi-
imidazole (0.590 g, 2.26 mmol) in dry tetrahydrofuran (20 
ml) was refluxed for 20 h. The precipitate was collected by 
filtration to give 7a (0.255 g, 45%). The filtrate was evapo­
rated and chromatographed with chloroform to give 7a 
(0.274 g, 49%). The combined crystals of 7a were recrystal­
lized from ethanol to give orange needles (0.374 g, 66%), mp 
269-271 °C. 

Acetylation of 7a. A mixture of 7a (0.100 g), acetic anhy­
dride (10 ml), and 2 drops of coned H2S04 was heated for 3 h 
at 100 °C, then poured into water. The mixture was neu­
tralized with sodium hydrogen carbonate, and extracted 
with chloroform. The extract was dried (Na2S04) and evap­
orated. Crystallization of the residue from cyclohexane 
gave 7b (0.061 g, 53%) as orange prisms, mp 217—219 °C, IR 
ï/max 1754 and 1714 cm-* ( C O ) ; *HNMR 0=2.87 (3H, s, 
COCH3), 7.29 (IH, dd, 7=7.9 and 7.3 Hz, H-5), 7.39 (IH, dd, 
7=7.9 and 7.3 Hz, H-6), 7.63—7.72 (IH, m, H-6'), 7.75—7.90 
(2H, m, H-57 and 7'), 8.05 (IH, s, H-3'), 8.32 (IH, d, 7=7.9 
Hz, H-7), 8.53 (IH, d, 7=9.8 Hz, H-47), 8.65 (IH, d, 7=10.4 
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Hz, H-8'), and 8.95 (1H, d, 7=7.9 Hz, H-4). Found: C, 
71.21; H, 4.28; N, 13.87%. Calcd for C18H13N3O2: C, 71.28; 
H, 4.32; N, 13.85%. 

Reaction of 2b with Ethyl Chloroformate. A solution of 
2b (0.500 g, 1.63 mmol), ethyl chloroformate (0.354 g, 3.26 
mmol), and triethylamine (0.330 g, 3.26 mmol) in dry ben­
zene (50 ml) was refluxed for 3 h. To the solution water 
was added, and the mixture was extracted with benzene. 
The benzene layer was dried (Na2SÜ4) and evaporated. The 
residue was chromatographed. Elution with benzene-
chloroform (1:1) gave colorless crystals (0.120 g, 29%), 
which were recrystallized from cyclohexane-dichlorome-
thane to give diethyl o-phenylenebis[carbamate] as colorless 
needles, mp 87—88 °C (lit.1«) mp 88 °C), IR */max 3304 (NH), 
1754, and 1714 cm"1 (OO) ; *HNMR 0=1.31 (6H, t, 7=7.0 
Hz, 2XCH3), 4.23 (4H, q, 7=7.0 Hz, 2XOCH2), 6.94 (2H, brs, 
2XNH), 7.11—7.18 (2H, m, H-4 and 5), and 7.45—7.57 (2H, 
m, H-3 and 6). Found: C, 57.19; H, 6.28; N, 10.87%. 
Further elution gave 2c (0.405 g, 66%) as yellow crystals, 
which were recrystallized from cyclohexane-dichlorome-
thane to give yellow needles, mp 172—173 °C, IR */max 3172 
(NH), 1720, and 1670 cm"1 (OO) ; *HNMR 0=1.27 (3H, t, 
7=7.0 Hz, CH3), 1.47 (3H, t, 7=7.3 Hz, CH3), 4.20 (2H, q, 
7=7.0 Hz, OCH2), 4.42 (2H, q, 7=7.3 Hz, OCH2), 7.15—7.25 
(2H, m, H-4' and 5'), 7.58 (1H, t, 7=9.8 Hz, H-6), 7.66—7.79 
(4H, m, H-3', 6', 5, and 7), 8.30 (1H, d, 7=9.8 Hz, H-8), 8.43 
(1H, brs, NH), 8.91 (1H, d, 7=10.4 Hz, H-4), and 9.45 (1H, 
brs, NH). Found: C, 66.57; H, 5.51; N, 11.15%. Calcd for 
C21H21N3O4: C, 66.48; H, 5.58; N, 11.07%. Elution with 
chloroform gave recovered 2b (0.026 g, 5%). 

Reaction of 2c with DBU. A mixture of 2c (0.080 g, 0.21 
mmol) and DBU (0.050 g, 0.32 mmol) in dry benzene (30 ml) 
was refluxed for 16 h and evaporated. The residue was 
dissolved with water, neutralized with dilute hydrochloric 
acid, and extracted with chloroform. The extract was dried 
(Na2SÜ4) and evaporated. Chromatography of the residue 
with chloroform gave 7c (0.035 g, 50%), which was recrystal­
lized from cyclohexane to give orange prisms, mp 158 °C 
(decomp), IR !/max 3176 (NH), 1716, and 1662 cm"1 (OO) ; 
*HNMR 0=1.19 (3H, t, 7=7.0 Hz, CH3), 4.32 (2H, q, 7=7.0 
Hz, OCH2), 7.08—7.19 (3H, m, H-4, 5, and 6), 7.53—7.60 
(1H, m, H-7), 7.92-8.10 (3H, m, H-5', 6', and 7'), 8.84 (1H, 
d, 7=9.8 Hz, H-8'), 9.34 (1H, brs, NH), and 9.56 (1H, d, 
7=10.4 Hz, H-4'); MS mlz (rel intensity) 333 (100, M+), 304 
(27), 288 (75), 287 (22), 261 (76), 260 (18), 245 (24), 219 (31), 
218 (14), 205 (13), 102 (9), 89 (19), and 69 (8). Found: C, 
65.02; H, 4.77; N, 11.63%. Calcd for G9H15N3O3 • H2O: C, 
64.95; H, 4.88; N, 11.96%. 

Reaction of 2b with iV,iV-Carbonyldiimidazole. A mix­
ture of 2b (0.400 g, 1.30 mmol) and iV,AT-carbonyl-
diimidazole (0.213 g, 1.31 mmol) in dry tetrahydrofuran (20 
ml) was refluxed for 24 h, and evaporated. The residue was 
chromatographed. Elution with chloroform gave 2b (0.132 
g, 33%). Elution with ethyl acetate gave 7c (0.258 g, 59%). 
This was recrystallized from ethanol to give orange needles 
(0.201 g, 46%), mp 157—159 °C. 

Acetylation of 7c. A mixture of 7c (0.098 g), acetic anhy­
dride (10 ml), and 2 drops of coned H2SO4 was heated for 3 h 
at 100 °C, then poured into water. The mixture was neu­
tralized with sodium hydrogen carbonate, and extracted 
with chloroform. The extract was dried (Na2SC>4) and 
evaporated. Crystallization of the residue from cyclohex­
ane gave 7d (0.099 g, 90%) as orange prisms, mp 184—186 °C, 

IR */max 1768, 1722, and 1694 cm"1 (OO) ; *HNMR 0=1.17 
(3H, t, 7=7.0 Hz, CH3), 2.82 (3H, s, COCH3), 4.31 (2H, q, 
7=7.0 Hz, OCH2), 7.21—7.27 (2H, m, H-5 and 6), 7.37—7.42 
(1H, m, H-7), 7.98—8.20 (3H, m, H-5', 6', and 7'), 8.28—8.33 
(1H, m, H-4), 8.87 (1H, d, 7=9.8 Hz, H-4'), and 9.63 (1H, d, 
7=10.4 Hz, H-87). Found: C, 67.25; H, 4.66; N, 11.10%. 
Calcd for C21H17N3O4: C, 67.19; H, 4.57; N, 11.19%. 

Reaction of 2a with Triethyl Orthoformate. A mixture 
of 2a (0.235 g), triethyl orthoformate (5 ml), and TsOH 
(0.020 g) was refluxed for 1 h, then evaporated. Chromato­
graphy of the residue with chloroform gave 13a (0.184 g, 
75%) as orange crystals. These were recrystallized from 
cyclohexane-dichloromethane to give orange prisms, mp 
185—187 °C, IR no NH; *H NMR 0=7.35—7.51 (2H, m, H-5 
and 6), 7.48 (1H, s, H-3'), 7.62-7.74 (1H, m, H-6'), 7 .76-
7.86 (2H, m, H-5' and 7'), 7.90 (1H, d, 7=7.9 Hz, H-4), 8.42 
(1H, d, 7=7.3 Hz, H-7), 8.49 (1H, d, 7=9.8 Hz, H-4'), 8.57— 
8.67 (1H, m, H-8'), and 8.89 (1H, s, H-2); MS mlz (rel 
intensity) 245 (100, M+), 244 (53), 243 (7), 219 (12), 218 (7), 
109 (10), 90 (11), 89 (10), 76 (11), 75 (10), and 63 (11). 
Found: C, 78.46; H, 4.32; N, 17.19%. Calcd for CieHnNa: C, 
78.35; H, 4.52; N, 17.13%. 

Reaction of la with Benzimidazole. A mixture of la 
(0.164 g, 1.00 mmol) and benzimidazole (0.237 g, 2.00 mmol) 
in 1-butanol (15 ml) was refluxed for 19 h and evaporated. 
The mixture was dissolved with water and chloroform, 
neutralized with sodium hydrogen carbonate, and extracted 
with chloroform. The extract was dried (Na2SÜ4) and 
evaporated. Chromatography with chloroform gave 13a 
(0.198 g, 81%) as orange crystals. These were recrystallized 
from cyclohexane-dichloromethane to give orange prisms, 
mpl85—187 °C. 

Reaction of 2b with Triethyl Orthoformate. A mixture 
of 2b (0.277 g) , triethyl orthoformate (5 ml), and TsOH 
(0.020 g) was refluxed for 30 min and worked up as for 2a. 
Chromatography of the residue with ethyl acetate gave 13b 
(0.269 g, 94%) as yellow crystals, which were recrystallized 
from cyclohexane-dichloromethane to give yellow needles, 
mp 137—138 °C, IR v^ 1702 and 1682 cm"1 (OO); *H NMR 
0=1.17 (3H, t, 7=7.3 Hz, CH3), 4.34 (2H, q, 7=7.3 Hz, 
OCH2), 7.40—7.44 (2H, m, H-5 and 6), 7.90—8.00 (2H, m, 
H-4 and H-7), 8.02—8.16 (3H, m, H-57, 6' and 7'), 8.73 (1H, 
s, H-2), 8.86 (1H, d, 7=9.8 Hz, H-8'), and 9.71 (1H, d, 7=9.8 
Hz, H-47); MS mlz (rel intensity) 317 (100, M+), 245 (74), 244 
(51), 243 (39), 127 (39), 115 (38), 102 (49), 90 (35), 89 (60), 76 
(41), 75 (64), and 63 (53). Found: C, 71.83; H, 4.64; N, 
12.82%. Calcd for C19H15N3O2: C, 71.91; H, 4.76; N, 13.24%. 

Reaction of lb with Benzimidazole. A mixture of lb 
(0.300 g, 1.27 mmol) and benzimidazole (0.300 g, 2.54 mmol) 
in 1-butanol (10 ml) was refluxed for 3 h and worked up as 
for la. Chromatography of the residue with chloroform 
gave 13b (0.320 g, 96%). 

Deesterification of 13b. A mixture of 13b (0.169 g, 0.53 
mmol), potassium hydroxide (0.195 g, 3.5 mmol), water (10 
ml), and ethanol (30 ml) was refluxed for 2 h, then diluted 
with water. The mixture was acidified with dilute 
hydrochloric acid. The resulting precipitate was collected 
by filtration to give the corresponding carboxylic acid (0.088 
g, 57%), mp 190—191 °C. A mixture of the acid (0.085 g) 
and 48% hydrobromic acid (10 ml) was refluxed for 1 h and 
poured into water. The mixture was neutralized with 
sodium hydrogen carbonate and extracted with chloroform. 
The extract was dried (Na2S04) and evaporated. Chroma-
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tography of the residue with chloroform gave 13a (0.27 g, 
37%) as orange crystals, which were recrystallized from cyclo-
hexane-dichloromethane to give orange prisms, mp 186— 
188 °C. Elution with ethyl acatate gave cyclohepta-
[6]pyrrole17) (0.006 g) as yellow crystals, mp 162—163.5 °C 
(lit.17) mp 163—164 °C). 

Reaction of 2a with Triethyl Orthoacetate. A mixture of 
2a (0.235 g), triethyl orthoacetate (5 ml), and TsOH (0.020 g) 
was refluxed for 1 h and evaporated. The residue was 
chromatographed. Elution with chloroform gave 13c 
(0.199 g, 77%) as orange crystals. These were recrystallized 
from cyclohexane to give orange needles, mp 112—114°C, 
IR no NH; *H NMR 0=2.97 (3H, s, CH3), 7.27—7.37 (2H, m, 
H-5 and 6), 7.47 (IH, s, H-3'), 7.70—7.82 (2H, m, H-7 and 
6'), 7.84—7.95 (2H, m, H-5' and 7'), 8.03—8.09 (IH, m, H-4), 
8.59 (IH, d, /=10.4 Hz, H-47), and 8.72 (IH, d, /=10.4 Hz, H-
8'). Found: C, 78.79; H, 5.16; N, 16.13%. Calcd for 
C17H13N3: C, 78.74; H, 5.05; N, 16.20%. 

Reaction of 2b with Triethyl Orthoacetate. A mixture of 
2b (0.109 g), triethyl orthoacetate (5 ml), and TsOH (0.020 g) 
was refluxed for 1 h and evaporated. The residue was 
chromatographed with chloroform to give 13d (0.110 g, 94%) 
as yellow crystals. These were recrystallized from cyclohex­
ane to give yellow needles, mp 142—143 °C, IR vma* 1698 
cm-1 (C=0); iHNMR 0=0.77 (3H, t, 7=7.0 Hz, CH3), 2.62 
(3H, s, CH3), 4.05 (2H, q, OCH2), 7.15—7.30 (3H, m, H-4, 5, 
and 6), 7.75 (IH, d, 7=7.9 Hz, H-7), 8.02—8.25 (3H, m, H-5', 
6' and 7'), 8.90 (IH, d, 7=9.8 Hz, H-8'), and 9.79 (IH, d, 
7=10.4 Hz, H-4'). Found: C, 72.21; H, 5.10; N, 12.62%. 
Calcd for C20H17N3O2: C, 72.49; H, 5.17; N, 12.68%. 

Reaction of 2a with Acetic Anhydride. A mixture of 2a 
(0.470 g) and acetic anhydride (20 ml) was heated for 6 h at 
100 °C and poured into water. The mixture was neutral­
ized with sodium hydrogen carbonate and extracted with 
chloroform. The extract was washed with 5% aq sodium 
hydrogen carbonate, dried (Na2S04), and evaporated. The 
residue was chromatographed. Elution with chloroform 
gave 2d (0.160 g, 29%), which was recrystallized from cyclo­
hexane to give orange prisms, mp 150—153 °C, IR *>max 1714 
and 1702 cm"1 (C=0); ! H N M R 0=2.22 (3H, s, CH3), 7.33 
(IH, d, 7=7.3 Hz, H-7'), 7.40—7.75 (8H, m, H-5, 6, 7, 4', 5', 
6', and 2XNH), 8.20 (IH, d, 7=9.8 Hz, H-8), and 8.39 (IH, d, 
7=9.8 Hz, H-4). Found: C, 73.75; H, 5.42; N, 15.20%. 
Calcd for C17H15N3O: C, 73.63; H, 5.45; N, 15.15%. Further 
elution gave 13c (0.293 g, 56%). 

Reaction of 2b with Acetic Anhydride, a) A mixture of 
2b (0.307 g) and acetic anhydride (20 ml) was refluxed for 1 h 
and worked up as for 2a. The residue was chromato­
graphed. Elution with chloroform gave 2e (0.029 g, 8%), 
which was recrystallized from ethyl acetate to give yellow 
needles, mp 223—224 °C, IR Vmax 3272 (NH) and 1662 cm"1 

(GO) ; iHNMR 0=1.51 (3H, t, 7=7.0 Hz, CH3), 2.07 (3H, s, 
CH3), 4.51 (2H, q, 7=7.0 Hz, OCH2), 7.16—7.27 (2H, m, H-
4' and 5'), 7.56—7.85 (5H, m, H-5, 6, 7, 3', and 6'), 8.23 (IH, 
d, 7=9.8 Hz, H-8), 8.95 (IH, d, 7=10.4 Hz, H-4), 9.61 (IH, 
brs, NH), and 9.66 (IH, brs, NH). Found: C, 68.81; H, 5.53; 
N, 11.99%. Calcd for C20H19N3O3: C, 68.75; H, 5.48; N, 
12.03%. Elution with chloroform-ethyl acetate (1:1) gave 
2f (0.010 g, 3%) as yellow crystals, which were recrystallized 
from cyclohexane-dichloromethane to give yellow needles, 
mp 165—167 °C, IR i w 3260 (NH), 1695, 1680, and 1662 
cm-1 (OO) ; iHNMR 0=1.53 (3H, t, 7=7.1 Hz, CH3), 2.06 

(3H, s, CH3), 2.21 (3H, s, CH3), 4.56 (2H, q, 7=7.0 Hz, 
OCH2), 7.22 (IH, dd, 7=7.9 and 7.2 Hz, H-5'), 7.42 (IH, dd, 
7=7.9 and 7.2 Hz, H-47), 7.77 (IH, d, 7=7.9 Hz, H-3'), 7.84— 
8.05 (3H, m, H-5, 6, and 7), 8.47 (IH, d, 7=7.9 Hz, H-6'), 8.64 
(IH, d, 7=10.1 Hz, H-8), 9.39 (IH, d, 7=10.1 Hz, H-4), and 
9.66 (IH, brs, NH). Found: C, 67.73; H, 5.60; N, 10.57%. 
Calcd for C22H21N3O4: C, 67.51; H, 5.41; N, 10.73%. Elu­
tion with ethyl acetate gave 13d (0.205 g, 62%). 

b) A mixture of 2b (0.620 g) and acetic anhydride (20 ml) 
was stirred for 4 d at room temperature and worked up as 
above. The residue was crystallized from ethyl acetate to 
give 2e (0.497 g, 71%). 

Reaction of 2e with PPA-Phosphoryl Chloride. A mix­
ture of 2e (0.355 g), PPA (10 ml), and phosphoryl chloride (5 
ml) was heated for 30 h at 80 °C. The mixture was dis­
solved in water and neutralized with sodium hydrogen car­
bonate, and extracted with chloroform. The extract was 
washed with water, dried (Na2S04), and evaporated. The 
residue was recrystallized from cyclohexane to give 13d 
(0.208 g, 61%) as yellow needles, mp 142—143 °C. 

We thank Dr. Akira Mori , Kyushu University, for 
the measurements of the mass spectra and elemental 
analyses. 
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The reaction of 1, 10-bis[^>-[2-(chloroformyl)vinyl]phenyl]-l,4,7,10-tetraoxadecane with the dipotassium 
salt of catechol in the presence of a catalytic amount of 18-crown-6 in benzene gave 5,6-benzo-4,7,l7,20,23,29-
hexaoxa[10.10]paracyclopha-l,5,9-triene-3,8-dione (10a) in 3.6% yield. Also, 24,25-benzo-l,4,7,10,13,23,26-
heptaoxaf 13.10]paracyclopha-20,24,28-triene-22,27-dione ( 10b) and 27,28-benzo-1,4,7,10,13,16,26,29-octaoxa-
[16.10]paracyclopha-23,27,31-triene-25,30-dione (10c) were obtained by the same method in 3.1 and 3.0% yields, 
respectively. Irradiation of the acetonitrile solutions of the crown ethers, 10a, 10b and 10c, by Pyrex-filtered 
UV light (>300 nm) gave the corresponding intramolecular [2+2]photocycloadducts, 11a, lib and lie, in 95.8, 
93.2 and 90.1% yields, respectively. The structures of 11a, lib and lie were confirmed to be the ß-form by their 
*H NMR spectra. The photoreversible cleavage of 11a, lib and lie by 220 nm UV light gave the corresponding 
starting crown ethers, 10a, 10b and 10c, in 30, 40 and 61% yields, together with their geometrical isomers in 30, 50 
and 27% yields, respectively. Compound 10c showed selective extraction abilities for K+ and Rb+ cations 
compared with lie. 

While investigations of the crown ethers and their 
cation and/or anion complexes have been steadily 
gaining interest over the past two decades, most atten­
tion has so far been focused on the synthesis of a new 
type of ligand.1* Recently, several kinds of photores-
ponsive crown ethers have been reported by several 
research groups.2-4) For example, Shinkai et al. 
reported the controlling the complexing abilities of 
benzocrown ethers containing the azo group for alkali 
metal cations by UV light irradiation.2) Further­
more, Mizuno et al. obtained cyclobutanocrown ethers 
(cyclobutacrown ethers) by intramolecular photocy-
cloaddition of the bis(vinyloxy) compounds using a 
sensitizer.5) The preparation of polymers having 
both a crown ether moiety as the cation binding site 
and a cinnamic acid ester moiety as the photodimeriz-
able pendant group has been reported by Shirai et al.,6) 

Hiratani,7* and Kimura et al.8) They also reported 

preparation of the dicinnamates of the polyethylene 
glycol derivatives. In connection with the above-
mentioned results, we have reported9-12* on the synthe­
sis of cyclobutacrown ethers such as 2, 3 and 4 by the 
intramolecular [2+2]photocycloaddition of ayco-
dicinnamoyl polyethylene glycol derivatives and/or 
the corresponding crown ethers containing two cinna-
moyl groups, and their properties. 

Results and Discussion 

Synthesis. p-Hydroxycinnamic acid (6) was obtained 
in 32% yield by the reaction of p-hydroxybenzaldehyde 
(5) with malonic acid according to methods described 
in the literature.13) The reaction of 6 with 1,8-di-
bromo-3,6-dioxaoctane (7a) in 70% ethanol gave 1,10-
bis[p-(2-carboxy vinyl)phenyl]-1,4,7,10-tetraoxadecane 
(8a) in 23.0% yield. Also, 8b and 8c were obtained in 
10.1 and 10.2% yields, respectively. The carboxyl 
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groups of 8a—8c were chlorinated with thionyl chlo­
ride and used for the next reaction without further 
purification. Condensation of l,10-bis[p-[2-(chloro-
formyl)vinyl]phenyl]-1,4,7,10-tetraoxadecane (9a) with 
the dipotassium salt of catechol in benzene in the 
presence of 18-crown-6 gave 5,6-benzo-4,7,17,20,23,29-
hexaoxa[10.10]paracyclopha-l,5,9-triene-3,8-dione 
(10a) in 3.6% yield. Also, 10b and 10c were obtained 
in 3.1 and 3.0% yields, respectively. The structures of 
these products were established by their elemental 
analyses, mass spectral and ^ N M R spectral data. 
As shown in Fig. 1, the 1 HNMR spectrum of 10b 
showed the signals of the olefinic protons as a pair in 
the A2B2 pattern at 0=7.74 (d, /=15.9 Hz, 2H) and 6.38 
(d, /=15.9 Hz, 2H), the signals of the p-phenylene 
protons as a pair in the A2B2 pattern at ô=7.24 (d, 
7=8.7 Hz, 4H) and 6.71 (d, 7=8.7 Hz, 4H), the signal of 
the methylene protons as a multiplet at 6=3.75—3.67 
(8H), the signals of the o-phenylene protons as a pair 
in the A2B2 pattern at 6=7.39—7.36 (m, 2H) and 7.32— 
7.29 (m, 2H) together with the signals of the methy­
lene protons as a pair in the A2B2 pattern at 6=4.09 (t, 
7=4.7 Hz, 2H) and 3.89 (t, 7=4.7 Hz, 2H). 

Intramolecular [2+2]Photocycloaddition of 10. 
Intramolecular [2+2]photocycloaddition of 10 was 
carried out according to a method as described in 
previous papers.9-12* For example, irradiation of 10b 
in acetonitrile for 2.0 h under nitrogen (Pyrex filter 
with a 450 W high-pressure mercury lamp) in the 
absence of any sensitizer gives the corresponding cyc-
lobutacrown ether (lib) in 93.2% yield, as shown in 
Fig. 2. Also, 11a and l i e were obtained by the same 
method in 95.8 and 90.1% yields, respectively. As 
shown in Fig. 2, the rate of the ring closure reaction of 
10 to 11 is in the order (half-life time) : 10a(99s) 
>10b( 176s)>10c( 179s). In this intramolecular [2+2]-
photocycloaddition, no formation of by-products 
could be observed, although in case of 1 very tiny side 
reaction products were observed by means of TLC.10) 

The respective configuration of the photoadducts 
(11a—lie) were elucidated by a comparative *H NMR 

study of 11a—lie and the intramolecular [2+2]-
photoadduct (2b) of 8,9-benzo-4,7,10,13-tetraoxa[16.3]-
paracyclopha-1,8,15-triene-3,14-dione (lb), as des­
cribed in a previous paper.10) As shown in Fig. 1, 
the *H NMR spectrum of l ib showed signals of the p-
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Fig. 1. 400 MHz *H NMR spectra of 10b and lib. 
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Fig. 2. Spectral changes of 10b to lib in acetonitrile 
(4X10-5 M). The numbers beside the arrow are the 
elapse of irradiation time (min). 

phenylene protons, as in the pair of the A2B2 pattern at 
0=6.62—6.56 (m, 8H), the signals of o-phenylene prot­
ons at 6=7.44—7.34 (m, 4H), the signals of the methy­
lene protons as in the pair of A2B2 pattern at 6=4.02 (t, 
/=4.4 Hz, 4H) and 3.72 (t, /=4.4 Hz, 4H) and the 
signal of the methylene protons as in the singlet at 
6=3.58 (s, 8H) together with the methine protons in 
AA'BB' pattern at 0=4.53—4.51 (m, 2H) and 3.46— 

îpD 0-^§)^H-ÇH-C-0>^ 

11a:n=0 
11b:n=1 
11c:n=2 

3.45 (m, 2H). The aromatic protons of the p-
phenylene groups shifted upfield (ca. 0.1—0.6 ppm) 
compared with those of the starting materials (10b). 
Furthermore, the split patterns and the chemical shifts 
of the methine protons of the cyclobutane ring are 
consistent with those of the ß-isomer of 2b,10) the 
structures of which were confirmed by X-ray analysis. 
Therefore, the configuration of the cyclobutane ring 
of l ib must be ß-isomer. Similarly, the ^ N M R 
spectra of 11a and l i e suggest that their cyclobutane 
rings also take the ß-isomer configuration. 

Photoreversible Cleavage of 11. Photoreversible 
cleavage of l ib to 10b in acetonitrile with 200—250 
nm (10 nm interval) of UV light was investigated. As 
shown in Fig. 3, the rate of cleavage of the cyclobutane 
ring of l ib to 10b by UV light is in the order: 
220>230>240>250>210>200 nm. Therefore, an ace­
tonitrile solution of 11 was irradiated with 220 nm UV 
light in the following photocleavage reaction. As 

-200 

100 150 200 

Time / min 
Fig. 3. The rate cleavage of cyclobutane ring of lib 

to 10b by UV lights (200—250 nm: 10 nm interval). 
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shown in Fig. 4, the absorption band (308.5 nm) of l ib 
(4.0X10"5M) in acetonitrile increased with UV irradi­
ation (M=moldm"3). The UV spectral change of 
11a, l ib and l i e (2.0X10"2M) in acetonitrile attaining 
a steady state after, 60, 140 and 170 h, respectively. 
The irradiation of the acetonitrile solution of 11a 
(2.0X10"2M) gave 10a and 10a' (photoisomerized pro­
duct of 10a) in 30% yields, respectively, together with a 
starting material (11a) in 40% yield. Irradiation of 
l ib and l i e was carried out by the same method, 
producing 10b and 10c in 40 and 61% yields, respec­
tively, together with 10br and 10cr in 50 and 27% 
yields, respectively. Also, in the above-mentioned 
photoreactions the starting materials, l ib and l ie , 
were recovered in 10 and 12% yields, respectively. 
The structures of 10ar—10cr were confirmed by ele­
mental analysis, as well as mass and *H NMR spectral 
data. For example, in the XH NMR spectrum of 10br, 
the olefinic protons showed two sets of signals in the 
A2B2 pattern at 0=6.85 (d, /=13.2 Hz, 1H) and 6.03 (d, 
/=13.2 Hz, 1H), and at 0=7.62 (d, /=15.9 Hz, 1H) and 
6.21 (d, /=15.9 Hz, 1H) due to the eis and trans O C 
double bonds. The two kind of p-phenylene protons 
attached to eis and trans moieties of the O C double 
bonds showed two sets of signals in A2B2 pattern at 
0=7.87 (d, /=8.9 Hz, 2H) and 6.75 (d, 7=8.9 Hz, 2H), 
and at 0=7.08 (d, 7=8.7 Hz, 2H) and 6. 81 (d, 7=8.7 Hz, 
2H). As is shown in Fig. 5, no photocleavage 
(fashion B) of the cyclobutane ring of 11 with 220 nm 
UV light occurred, although the cleavage (fashion A) 
of the C-C bonds in the cyclobutane ring of 2a and 2b 
with 220 nm UV light occurred together with the 

u 
c 
v_ o 
I/) 

< 

120 
60 
30 
20 
10 
5 
3 
0 

250 300 
Wavelength 

350 (nm) 

B 0 

r j 
I 1 
' 1 

A-
A 

II 

0 

[Vol. 63, No. 6 

Fig. 5. 

cleavage (fashion B) of the C-C bonds.10) However, 
in the case of 11, the photoisomerized isomer (10') of 
10 was obtained in relatively high yield. The results 
suggest that irradiation of the cyclobutacrown ether 
(11) with 220 nm UV light first gave the correspond­
ing open-ring crown ether (10); then, 10 was isomer-
ized to 10', because irradiation of an acetonitrile solu­
tion of 10 with 220 nm UV light gave the correspond­
ing 10'. 

Extraction Abilities of 10 and 11. Measurement of 
the extraction abilities of 10 and 11 toward alkali and 
alkaline earth metal cations was carried out by a 
method described in a previous paper.9'10) These 
results are summarized in Table 1, along with those of 
the benzocrown ethers. The extraction abilities of 
the crown ethers (10a, 10b, 11a, l ib, and l ie) were low 
in value, a tendency similar to that of 1 and 2.10) 

However, the present crown ethers showed relatively 
higher extraction abilities toward both alkali and 
alkaline earth metal cations compared with those of 1 
and 2, due to an absence of the ester moiety in the 
crown ether part. The most significant finding is the 
selective extraction abilities of 10c, which contain six 
oxygen atoms, toward K+ and Rb+ cations. The 
corresponding cyclobutacrown ether (lie), however, 
showed low extraction abilities and no selectivity. 
The significant abilities of 10c toward K+ and Rb+ 

cations may be attributed to the flexibility of the large 
crown ether moiety which can take a conformation 
favoring complexation. These results are consistent 
with those for benzo-18-crown-6, although 10c showed 
lower extraction abilities for K+ and Rb+ cations 

Table 1. Percentage of Metal Picrates Extracted 
from the Aqueous to Organic Phasea) 

Compd 

10a 
11a 
10b 
l ib 
10c 
l i e 
B15C5 
B18C6 

Li+ 

3 
5 
4 
7 
6 
6 
3 
3 

Na+ 

3 
5 
4 
6 
8 
7 

10 
8 

K+ Rb+ Cs+ 

4 
5 
4 
6 

33 
9 

17 
55 

4 
4 
5 
6 

30 
9 

10 
46 

4 
4 
5 
7 

19 
9 
4 

33 

Mg2+ 

4 
5 
5 
6 
5 
5 
1 
0 

Ca2+ 

4 
4 
5 
5 
5 
5 
1 
1 

Sr2+ 

4 
3 
5 
5 
8 
5 
0 
7 

Ba2+ 

4 
3 
4 
4 
5 
4 
0 
0 

Fig. 4. Spectral changes of lib to 10b in acetonitrile 
(4X10-5 M). The numbers beside the arrow are the 
elapse of irradiation time (min). 

a) Solvent: water and dichloromethane (1:1). Concen­
tration of crown ether: 7.0X10-4 M. Concentration of 
picric acid: 7.0X10-5 M. Concentration of metal 
nitrate: 1.0X10"1 M. 



June, 1990] Cyclobutacrown Ethers 1627 

compared wi th those of 18-crown-6. Therefore, the 
conformat ion and shape of the crown ether moiety of 
10c in solut ion may be similar to those of b e n z o l 8-
crown-6. In contrast, the distance between the two 
ether oxygen atoms attached to the benzene rings of 
l i e is further than that in 10c due to an intramolecular 
[2+2]photocycloaddit ion of 10c to l i e . Therefore, 
the hole shape of the crown ether moiety of l i e is de­
formed and can no t adap t to incorporate the guest 
cation. 

Exper imenta l 

All melting points are uncorrected. The IR spectra were 
measured on a JASCO IRA-2 diffraction grating infrared 
spectrometer. UV spectral data were obtained on a Hitachi 
330 spectrometer and 1H NMR spectra were obtained on 
JEOL GX400 and JEOL FX-90Q spectrometers with SiMe4 

as an internal standard. Mass spectra were taken on a 
Hitachi M80 spectrometer. For irradiation of 10 on a prep­
arative scale, the solution was internally irradiated with an 
USIO high-pressure mercury lamp(HPL)(UM-452). The 
photocleavage of 11 to 10 was also carried out by means of 
200—250 nm UV light using a grating monochromater 
(Model JASCO CT-10), with a 500 W xenon lamp (JASCO 
PS-X500) and a band width of 0.5 nm. 

Solvent Extraction. Measurement of the extraction abil­
ity was carried out by a method described in a previous 
paper.12) 

Materials. Solvents were dried by appropriate methods 
and then purified by distillation under nitrogen. Other 
reagents employed were either commercial or prepared by 
the usual method. Benzo-I8-crown-6 and benzo-I5-crown-5 
were also prepared by a method described in the literature.14) 

p-Hydroxycinnamic Acid (6). A mixture of £>-hydroxy-
benzaldehyde (100 g, 0.82 mol), malonic acid (128 g, 1.23 
mol) and piperidine (15 cm3) in dry pyridine (400 cm3) was 
heated for 7 h at 100 °C. The mixture was cooled to room 
temperature and then poured into an ice-water containing 
coned hydrochloric acid. The resulting precipitate was 
filtered off and then resolved into aqueous sodium hydrox­
ide solution. The insoluble material was removed by filtra­
tion. The filtrate was acidified with coned hydrochloric 
acid and the resulting precipitate was collected by filtration. 
The solid was recrystallized from water to give 6 in 32.1% 
yield as flesh colored crystals. Mp 215.0—217.0 °C (lit.13) 
207.0 °C). 

l,13-Bis[/7-(2-carboxyvinyl)phenyl]-l,4,7,10,13-pentaoxatri-
decane (8b). To a refluxing mixture of 6 (30.0 g, 183 mmol) 
and sodium hydroxide (14.7 g, 368 mol) in 70% aqueous 
ethanol 7b (58.2 g, 182 mmol) was added dropwise for 1 h, 
after which refluxing was continued for 24 h; sodium 
hydroxide (22.0 g, 550 mmol) in water (50 cm3) was then 
added and refluxed for 2 h. The mixture was concentrated 
in vacuo. After the concentrated solution was acidified 
with coned hydrochloric acid, the resulting precipitate was 
collected by filtration and resolved in hot chloroform. The 
insoluble solid was collected by filtration and then recrystal­
lized from ethanol to give 8b in 10.1% yield, mp 185.0— 
187.0 °C. Found: C, 63.90; H, 6.03%. Calcd for C26H30O9; 
C, 64.19; H, 6.22%. MS (70 eV): m/z 486 (M+). « N M R 
(DMSO-de) ô=7.68 (d, /=9.0 Hz, 4H), 7.62 (d, /=16.2 Hz, 

2H), 7.03 (d,/=9.0 Hz, 4H), 6.41 (d,/=16.2 Hz, 2H), 4.21 (t, 
7=4.8 Hz, 4H), 3.83 (t,/=4.8 Hz, 4H), 3.65 (s, 8H). 

8a and 8c were also obtained by a method similar to that 
described above. 

l,10-Bis[/7-(2-carboxyvinyl)phenyl]-l,4,7,10-tetraoxadecane 
(8a). Yield 23.0%, mp 224.0—226.0 °C. Found: C, 64.05; 
H, 6.06%. Calcd for C24H26O8: C, 65.15; H, 5.94%. MS (70 
eV): m/z 442 (M+). J HNMR (DMSO-d6): 6=7.74 (d, /=8.8 
Hz, 4H), 7.66 (d, /=16.3 Hz, 2H), 7.08 (d, /=8.8 Hz, 4H), 6.48 
(d, /=16.3 Hz, 2H), 4.25 (t, 7=4.8 Hz, 4H), 3.86 (t, 7=4.8 Hz, 
4H), 3.73 (s, 4H). 

l,16-Bis[p-(2-carboxyvinyl)phenyl]-l,4,7,10,13,16-hexa-
oxahexadecane (8c). Yield 10.2%. Mp. 187.0—189.0 °C. 
Found: C, 62.87; H, 6.45%. Calcd for C28H34O10: C, 63.39; 
H, 6.46%. MS (70 eV): m/z 530 (M+). JH NMR (DMSO-d6): 
0=7.71 (d, 7=9.0 Hz, 4H), 7.65 (d, 7=16.2 Hz, 2H), 7.06 (d, 
7=9.0 Hz, 4H), 6.43 (d, 7=16.2 Hz, 2H), 4.25 (t, 7=4.8 Hz, 
2H), 3.85 (t, 7=4.8 Hz, 2H), 3.65 (s, 12H). 

l,13-Bis[p-[2-(chloroformyl)vinyl]phenyl]-l,4,7,10,13-
pentaoxatridecane (9b). A mixture of thionyl cloride (65 
cm3) and 8b (4.47 g, 9.19 mmol) was stirred for 5 h at 35 °C. 
The excess thionyl chloride was removed under reduced 
pressure and the residual solid used for the next reaction 
without further purification. 

Compounds 9a and 9c were also obtained by a method 
similar to that described above and used for the next reaction 
without purification . 

24,25-Benzo-l,4,7,10,13,23,26-heptaoxa[13.10]paracyclopha-
20,24,28-triene-22,27-dione (10b). Compound 9b (26.0 g,49.7 
mmol) in benzene (150 cm3) and catechol (5.46 g, 49.6 mmol) 
in benzene (150 cm3) were added to a benzene solution (300 
cm3) containing potassium hydroxide (5.57 g, 99.3 mmol) 
and 18-crown-6 (catalytic amount) at the same rate over a 
period of 5 h and then refluxed further for 72 h. The 
reaction mixture was filtered and evaporated, and the 
residue was extracted with chloroform. The extract was 
washed with water, dried, and evaporated in vacuo. The 
residue was chromatographed on alumina using chloroform 
as the eluent. The second fraction was collected and con­
centrated. The recrystallization of the residual oil from 
benzene-hexane gave 10b in 3.1% yield as colorless needles, 
mp 132.0—133.5 °C. Found: C, 68.61; H, 5.86%. Calcd for 
C32H32O9: C, 68.56; H, 5.75%. MS (70 eV): m/z 560 (M+). 
m NMR (CDCI3): 6=7.74 (d, 7=15.9 Hz, 2H), 7.39—7.36 (m, 
2H), 7.32—7.29 (m, 2H), 7.24 (d, 7=8.7 Hz, 4H), 6.71 (d, 
7=8.7 Hz, 4H), 6.38 (d, 7=15.9 Hz, 2H), 4.09 (t, 7=4.7 Hz, 
4H), 3.89 (t, 7=4.7 Hz, 4H), 3.75—3.67 (m, 8H). 

Compounds 10a and 10c were obtained by a method 
similar to that described above. 

5,6-Benzo-4,7,17,20,23,29-hexaoxa[10.10]paracyclopha-
l,5,9-triene-3,8-dione (10a). Yield 3.6%, mp 167.5—168.5 °C. 
Found: C, 69.73; H, 5.51%. Calcd for C3oH2808: C, 69.76; H, 
5.46%. MS (70 eV): m/z 516 (M+). J HNMR (CDCI3): 
0=7.71 (d, 7=16.0 Hz, 2H), 7.37—7.34 (m, 2H), 7.32—7.29 
(m, 2H), 7.18 (d, 7=8.7 Hz, 4H), 6.67 (d, 7=8.7 Hz, 4H), 6.35 
(d, 7=16.0 Hz, 2H), 4.09 (t, 7=4.8 Hz, 4H), 3.87 (t, 7=4.8 Hz, 
4H), 3.75 (s, 4H). 

27,28-Benzo-l,4,7,10,13,16,26,29-octaoxa[16.10]paracy-
clopha-23,27,31-triene-25,30-dione (10c). Yield 3.0%, mp 
113.0—114.0 °C. Found: C, 67.63; H, 6.19%. Calcd for 
C34H36O10: C, 67.54; H, 6.00%. MS (70 eV): m/z 604 (M+). 
iH NMR (CDCI3): 6=7.74 (d, 7=15.9 Hz, 2H), 7.36—7.33 (m, 
4H), 7.30 (d, 7=8.7 Hz, 4H), 6.77 (d, 7=8.7 Hz, 4H), 6.39 (d, 
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/=15.9 Hz, 2H), 4.11 (t, /=4.7 Hz, 4H), 3.88 (t, 7=4.7 Hz, 
4H), 3.74—3.67 (m, 12H). 

Preparation of 11 by the Photoreaction of 10. A solution 
of 10b in acetonitrile (4.0X10-2 M) was irradiated internally 
with a high-pressure mercury lamp (450 W) through a Pyrex 
filter at the temperature of running water for 2 h. The 
solvent was then evaporated, and the residue chromato­
graphed on silica gel, using ethyl acetate as the eluent. The 
first fraction was concentrated and recrystallized from ben-
zene-hexane to give l i b as colorless needless in 93.2% yield, 
mp 138.5—139.0 °C. Found: C, 68.84, H, 5.94%. Calcd for 
C32H32O9: C, 68.56; H, 5.75%. MS (70 eV): m/z 560 (M+). 
*HNMR (CDCI3): 6=7.44—7.34 (m, 4H), 6.62—6.56 (m, 
8H), 4.53—4.51 (m, 2H), 4.02 (t, 7=4.4 Hz, 4H), 3.72 (t, 7=4.4 
Hz, 4H), 3.58 (s, 8H), 3.46—3.45(m, 2H). 

11a and l i e were also obtained by a method similar to that 
described above. 

11a. Yield 95.8%, mp. 222.0—223.5 °C. Found: C, 
70.61; H, 5.76%. Calcd for C3oH2808: C, 69.76; H, 5.46%. 
MS (70 eV): m/z 516 (M+). *HNMR (CDCI3): 6=7.44—7.36 
(m, 4H), 6.60—6.53 (m, 8H), 4.53—4.51 (m, 2H), 4.10 (t, 
7=4.6 Hz, 4H), 3.64 (t, 7=4.6 Hz, 4H), 3.53 (s, 4H), 3.49— 
3.47 (m, 2H). 

l ie . Yield 90.1%, mp 172.0—173.0 °C. Found: C, 67.54; 
H, 6.10%. Calcd for C34H36O10: C, 67.54; H, 6.00%. MS (70 
eV): m/z 604 (M+). *HNMR (CDCI3): 6=7.43-7.33 (m, 4H), 
6.63—6.58 (m, 8H), 4.53—4.51 (m, 2H), 4.00 (t, 7=4.6 Hz, 
4H), 3.75 (t, 7=4.6 Hz, 4H), 3.62 (s, 12H), 3.44—3.43 (m, 2H). 

Photoreversible Cleavage of 11. An acetonitrile solution 
of 11 (4.0X10"5 M) was placed in a quartz cell (1X1X4 cm) 
and irradiated at room temperature with 200—250 nm (10 
nm intervals) UV light using a grating monochromater with 
a xenon lamp (500 W). The UV spectral changes were 
recorded during irradiation. The rate of cleavage of 11 to 
10 by UV light is in order: 220>230>240>250>210>200 nm. 
Therefore, the following photoreversible cleavage of 11 was 
performed using 220 nm UV light. The steady state of the 
acetonitrile solution of 11 (2.0X10-2 M) was determined by 
HPLC and those of 11a, l ib , and l i e were obtained within 
60, 140 and 170 h, respectively. 

Isolation of Photocleavaged Products (10 and 10'). An 
acetonitrile solution of 11a (2.0X10~2 M) was placed in a 
quartz cell (1X1X4 cm) and irradiated at room temperature 
with 220 nm UV light using a grating monochromater with 
a xenon lamp (500 W) for 60 h. The solution was then 
evaporated, and the residue was chromatographed on silica 
gel using ethyl acetate-hexane (5:4) as the eluent. The 
first fraction was concentrated and the residue was recrystal­
lized from benzene-hexane to give 10a' as colorless needles. 
Yield 30%, mp 134.0—136.0 °C. Found: C, 69.66, H, 5.65%. 
Calcd for C3oH2808: C, 69.76, H, 5.46%. MS (70 eV): m/z 
516 (M+). !H NMR (CDCI3): <5=7.86 (d, 7=8.9 Hz, 2H), 7.68 
(d, 7=14.6Hz, 1H), 7.40—7.19 (m, 4H), 7.11 (d, 7=8.7 Hz, 
2H), 6.89 (d, 7=8.7 Hz, 2H), 6.85 (d, 7=13.1 Hz, 1H), 6.70 (d, 
7=8.9 Hz, 2H), 6.25 (d, 7=14.6 Hz, 1H), 6.01 (d, 7=13.1 Hz, 
1H), 4.28—3.66 (m, 12H). 

The second fraction was concentrated and the residue 
recrystallized from hexane-benzene to give 10a as colorless 
needles in 30% yield. 

Isolation of photocleavage products of l ib and l i e was 
also carried out by a method similar to that described above. 

Photocleavage Products of l ib . 10b'. Yield 50%, mp 
122.0—124.0 °C. Found: C, 68.27, H, 5.93%. Calcd for 

C32H32O9: C, 68.56, H, 5.75%. MS (70 eV): m/z 560 (M+). 
« N M R (CDCI3): 6=7.87 (d, 7=8.9 Hz, 2H), 7.62 (d, 7=15.9 
Hz, 1H), 7.38—7.21 (m, 4H), 7.08 (d, 7=8.7 Hz, 2H), 6.85 (d, 
7=13.1 Hz, 1H), 6.81 (d, 7=8.7 Hz, 2H), 6.75 (d, 7=8.9 Hz, 
2H), 6.21 (d, 7=15.9 Hz, 1H), 6.03 (d, 7=13.1 Hz, 1H), 4.17— 
3.67 (m, 16H). 

10b. Yield 40%. 
Photocleavage Products of l ie . 10c'. Yield 27%, mp 

103.0—105.0 °C. Found: C, 66.92, H, 6.05%. Calcd for 
C34H36O10: C, 67.54, H, 5.75%. MS (70 eV): m/z 604 (M+). 
*HNMR (CDCI3): <5=7.87 (d, 7=8.9 Hz, 2H), 7.62 (d, 7=15.9 
Hz, 1H), 7.36—7.16 (m, 4H), 7.06 (d, 7=8.7 Hz, 2H), 6.85 (d, 
13.1 Hz, 1H), 6.76 (d, 7=8.7 Hz, 2H), 6.70 (d, 7=8.9 Hz, 2H), 
6.20 (d, 7=15.9 Hz, 1H), 6.03 (d, 7=13.1 Hz, 1H), 4.20—3.64 
(m, 20H). 

10c. Yield 61%. 
Photoisomerization of 10 to 10'. An acetonitrile solution 

of 10a (2.0X10-2 M) was irradiated with 220 nm UV light for 
60 h at room temperature. The solution was concentrated 
and the residue was chromatographed on silica gel using 
ethylacetate-hexane (5:4) as the eluent. The first fraction 
was concentrated and the residue was recrystallized from 
benzene-hexane giving 10a' in 50% yield. 

10b' and 10c' were also obtained from 10b and 10c in 50 
and 30% yields, respectively, by a method similar to that 
described above. 
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Cis Selective Wittig Olefination of a-Alkoxy Ketones and Its 
Application to the Stereoselective Synthesis of Plaunotol 
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Several Wittig olefinations between a-heterosubstituted acetones and a phosphorus ylide were investigated 
concerning the product stereoselectivity. Benzyloxyacetone and tetrahydropyranyloxyacetone furnished tri-
substituted (Z)-olefins exclusively. The stereoselective preparation of oxygenated acyclic terpenoids was 
practical by use of the direct Wittig olefination toward a-alkoxy ketones, and it facilitated a total synthesis of 
plaunotol from geraniol derivatives in short steps with high stereoselectivity. 

Plaunotol (1) was isolated as the principal compo­
nent of a folk medicine named Plau-noi in Thailand 
and it shows remarkable antipeptic ulcer activities.x) 

Concerning the synthesis of this acyclic diterpene diol, 
there has been only one report. This was by Ogiso 
and co-workers,x) who prepared 1 by applying the 
modified indirect Wittig olefination via a ß-oxido 
phosphorus ylide.2) This reaction is indeed highly 
stereoselective, but the product selectivity is insuffi­
cient to obtain a single product in a good yield. We 
previously reported another type of stereoselective 
Wittig olefination, in which a simple coupling 
between unstabilized ylides and substituted acetones 
furnished trisubstituted (Z)-olefins.3) Because of 
potential versatility of this new stereoselective Wittig 
reaction, we report here full details of our investiga­
tion and its application to the stereoselective synthesis 
of plaunotol (1). 

Results and Discussion 

The reaction of benzyloxyacetone (2a) with 4-
pentynylidenetriphenylphosphorane 34> afforded 7-
benzyloxy-6-methyl-5-hepten-l-yne (4a) with high 
(95%) Z stereoselectivity. Tetrahydropyranyloxyace­
tone (2b) as a carbonyl compound also gave the corres­
ponding olefin 4b in 95% yield with 96% Z stereoselec­
tivity, but the reaction of phenoxyacetone (2c) and 3 
took place sluggishly to yield 4c in a low yield with 
diminished stereoselectivity. 

V o • P h 3 p = v / method A or B -,>^y » 

2 3 4 

a,X=BnO b,X=THPO c, X=PhO d,X=MeS e,X=PhS f, X=Et2N 

The stereochemistry of the products was confirmed 
by NMR spectroscopy and confirmed by the NMR 
spectra of the alcohol 4g and the aldehyde 4h derived 

HO ̂ j /// 

4g 
OHC 

4h 

therefrom. The *HNMR spectrum was useful in 
determining the Z : E ratio for the stereoisomeric pair 
of trisubstituted olefins. In particular the Z formyl 
proton (<5 ca. 10 ppm) appears at a lower magnetic 
field than the E proton (8 ca. 9 ppm).5) The Z and E 
configurations assigned to the trisubstituted double 
bond of the major and minor isomers of 4g are also 
based upon both chemical and NMR spectral evidence 
of 4h. The major isomer of 4h slowly but completely 
isomerized to the minor isomer in a week in CHCI3 
solution in a NMR tube. 13C NMR chemical shift of 
the methyl group is displaced upfield (Aô=—7.15 
ppm) in the minor isomer, presumably owing to steric 
compression with the methylene group and magnetic 
anisotropy. 

The results of the Wittig reaction of substituted 
acetones and ylide 3 are summarized in Table 1. The 
similar Wittig olefinations between 3 and other a-
hetero-substituted acetones (i.e. a-methylthioacetone 
(2d) and a-diethylaminoacetone (2f)) afforded trisub­
stituted olefins in only moderate yields and, to our 
surprise, no stereoselectivity was observed. The 

Table 1. The Wittig Reaction of Hetero-
Substituted Acetones 

Acetone 

2a 
2a 
2b 
2b 
2c 
2d 
2e 
2f 

Phosphorane 

3 
3 
3 
3 
3 
3 
3 
3 

Method 

Aa) 
Bb) 

Aa) 
Bb) 

Aa) 

Aa) 

Aa) 

Aa) 

Yieldc) of 4/% 

89 
92 
95 
95 
41 
15e) 

0f) 

20 

4Z/4£d) 

88/12 
95/ 5 
92/ 8 
96/ 4 
72/28 
50/50 
— 

60/40 

a) NaOMe/DMF, 0°C, 20 h. b) rc-BuLi/5%HMPA-
THF, -70—0°C—rt, 20h. c) Isolated yield after 
column chromatography on silica gel. d) The ratio 
Z/E was determined by NMR analysis, e) Besides the 
Wittig olefination product 2d, an aldol-type dimer 5d 
was isolated in 4% yield, f) Only an aldol-type dimer 
5e was obtained in 20% yield. 
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attempted reaction of phenylthioacetone (2e) with 3 
failed to give an olefin but gave an aldol-type dimer 5e 

M e S ^ Y ^ ^ S M e 

O OH 
5d 

PhS^Y^T S P h 

O OH 
5e 

in low yield. The stereochemistry of 4f was con­
firmed by NMR of an authentic sample prepared from 
4b. A similar stereoselective Wittig reaction has been 
independently reported by W.C.Still and co-workers,6) 

who described that substitutions at the a-carbon of an 
a-alkoxyacetone tend to improve stereoselectivity 
whereas «'-substitutions drastically diminish it. 

On the basis of the present (Z)-selective Wittig reac­
tion, the retrosynthesis of 1 can be depicted as Scheme 
1. The requisite a-alkoxy ketones 6 having a geranyl-

X)Bn 

R i ^ O R 2 

1 = > x\x-O^A^4 0 + 
6a R*=H, R2=THP 7 

6b R*=SPh, R2=Bn 

Scheme 1. 

acetone skeleton would be prepared either by regiose-
lective oxidation of geranylacetone or by three-carbon 
elongation from a geranyl sulfide. Here attention 
should be called to the yield and the degree of the 
stereoselectivity of the Wittig reaction of a highly 
substituted carbonyl compound such as 6b, which 
possesses a bulky phenylthio group at the ß' carbon of 
an a-alkoxy ketone. The phosphorus ylide 7 could 
also be prepared from geraniol according to a 
sequence similar to the synthesis of the stereoisomeric 
ylide, which was used to prepare a difunctional cis-
terpenoid building block in our hand.3>7) 

Phosphonium iodide 11, a precursor of ylide 7, was 
prepared from geranyl benzyl ether (8) in 53% overall 
yield as shown in Scheme 2. Thus, the regioselective 

e,f 

tional method in 91% yield from 9 via the correspond­
ing tosylate and iodide 10. 

On the other hand, a-tetrahydropyranyloxy ketone 
6a, was prepared from geranylacetone (12) in 3 steps as 
shown in Scheme 3. Kinetically controlled deproto-

OSiMe3 

^OH .OTHP 

OBn 

/ k x ^ ^ ^ ^ ^ A 0 * ^k^^^xku^vA< 

a. LiN(i-Pr)2) Me3SiCl, -70°C b. MCPBA, NaHC03, -70°C 
c. 2,3-dihydro-2//-pyran, PPTS 

Scheme 3. 

nation of 12 with lithium diisopropylamide in tetra-
hydrofuran (THF) and hexane (3:1) gave lithium 
enolates, which were quenched with chlorotrimethyl-
silane to afford an exo enolate 13a predominantly and 
the undesired endo enolate 13b in minor quantity in 
92% combined yield (13a: 13b=80:20 by GC). The 
same reaction, in a hexane-free THF solution, 
improved the kinetic regioselectivity (13a : 13b=92 : 8) 
in 90% combined yield. Oxidation of the mixture of 
the two enolates with m-chloroperbenzoic acid in the 
presence of sodium hydrogencarbonate followed by 
acid hydrolysis afforded the desired «-hydroxy ketone 
14 in 76% yield. The minor endo enolate 13b did not 
undergo oxidation under the reaction conditions, and 
was subjected to hydrolysis during work-up to afford 
the starting ketone 12 in 20% recovery yield. Thus a-
hydroxy ketone 14 could be obtained in 84% overall 
yield on the basis of consumed 12. The requisite a-
tetrahydropyranyloxy ketone 6a was easily prepared 
by protection of ketol 14. 

With the phosphonium salt 11 and the counterpart 
ketone 6a in hand, we then carried out the Wittig 
olefination to generate the plaunotol skeleton 
(Scheme 4). Treatment of phosphonium iodide 11 

X)Bn - • |-Ph3P*v 
X)Bn 

11 Ph3R*s ^OBn 

a. NBS/DME b. KOH c. HI04 d. NaBH4 e.TsCl.py f. Nal g. Ph3P 

Scheme 2. 

epoxidation of the terminal double bond of 8 could be 
achieved in situ with Af-bromosuccinimide followed 
by potassium hydroxide in aqueous 1,2-di-
methoxyethane in one pot. The resulting epoxide 
was oxidatively cleaved with periodic acid to give a 
labile aldehyde which, without further purification, 
was treated with sodium borohydride to furnish ben-
zyloxy alcohol 9 in 65% yield on the basis of 8. Phos­
phonium iodide 11 was then obtained by the conven-

vOBn 

17a R^H, R2=THP 
17b R^SPh, R2=Bn 

Scheme 4. 

with butyllithium in THF-HMPA (20:1) at - 6 5 °C 
for 3.5 h afforded ylide 7. The addition of 6a to the 
ylide solution at — 65 °C and stirring at the same 
temperature for 1 h provided the C20 coupling product 
17a in 72% yield, which was subjected to Na/NH3 
reduction and further deprotection with dilute acid to 
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give pure 1 in 86% yield. T h e spectral data of the 
product were found to be identical in all respects wi th 
the reference ones.1* T h e stereochemical outcome of 
the Wit t ig reaction was further confirmed on aldehyde 
18 obtained from 17a by the removal of the tetrahydro-

pyranyl protect ing g r o u p followed by mild oxidat ion 
wi th active manganese dioxide in hexane at 0°C. 
T h e 1 H N M R spectrum of 18 showed a singlet at 
6=10.09 at t r ibutable to (Z)-a,ß-unsaturated aldehyde 
p ro ton and no other signals in the aldehyde pro ton 
region (ô=9—11). T h u s , the direct Wit t ig reaction 
employ ing an unstabil ized phosphorus ylide and an 
a-alkoxy ketone with geranyl substi tuent at the op­
posi t ion was proved to be entirely stereoselective for 
the Z isomer. 

We next examined the Wit t ig reaction of a more 
h ighly substituted carbonyl c o m p o u n d such as 6b, 
because 6b can be prepared more conveniently than 6a 
from readily available geranyl phenyl sulfide and 
glycidyl ether in two steps. As shown in Scheme 5, a-

SPh r ^ 0 ? n SPh t^°Bn 

15 16 6 b 

a- x U ^ v ^ k ^ s p h ( x U ^ v ^ ^ g p h , n-BuLi ) , -40°C 

b. M^S, S02CI2) Et3N, -40°C 

Scheme 5. 

benzyloxy-ß ' -phenyl thio ketone 6b was prepared by 
the reaction of glycidyl benzyl ether (15) with a-
l i th iogeranyl phenyl sulfide followed by oxidat ion in 
61% yield on the basis of 15. T h o u g h a few mild 
oxidat ion methods on the basis of activated sulfonium 
species are wel l -known for convert ing an alcohol in to 
a carbonyl compound , for example Swern's method8) 
and Corey's method,9 ) we used a combina t ion of sul-
furyl chloride and dimethyl sulfide10) as sulfonium 
reagent in order to avoid the difficult removal of 
dimethyl sulfoxide or succinimide from the reaction 
product by the above-mentioned conventional 
methods. 

T h e Wit t ig olefination of 6b wi th ylide 7 provided 
the C20 sulfide 17b in 62% yield. When 17b was 
subjected to N a / N H 3 reduction, removal of both the 
sulfide residue and two benzyl groups took place at the 
same t ime to furnish the desired p launo to l (1) in 76% 
yield. T h e structure of the synthetic p launo to l was 
confirmed by compar ison of its spectral data wi th 
those in the literature.1) T h e stereochemistry of the 
internal double bond formed by the Wit t ig reaction 
was again proved to be Z by inspection of the XH N M R 
spectrum of the corresponding dialdehyde 19. T h i s 
was prepared from the synthetic p l auno to l by mi ld 

oxidat ion as described in the synthesis of 18. T h e 
1H N M R spectrum of 19 exhibited a singlet at 6=10.09 
at t r ibutable to the aldehyde p ro ton at C-7 of Z-double 
bond and n o other singlets in the formyl p ro ton 
region, indica t ing the exclusive formation of Z isomer 
in this Wit t ig reaction. 

T h e Wit t ig olefination between a phosphorus ylide 
and a-alkoxy ketones with geranyl substi tuent at the 
« ' -posi t ion was found to provide h igh Z stereoselectiv­
ity, even if phenyl th io functionality was present at the 
ß ' -posi t ion. General Z-stereoselectivity of the reac­
tion will open its applicabil i ty to the synthesis of 
various compounds which possess internal trans-
olefinic skeletons substi tuted wi th a hydroxymethyl 
g roup at the olefinic carbon. 

Experimental 

Mps are uncorrected. IR spectra were measured on a 
Hitachi 260-10 spectrometer. NMR spectra were obtained 
with a JEOL NM-C-60M or a JEOL FT-90Q spectrometer 
using tetramethylsilane as an internal standard. Column 
chromatography was carried out with Wakogel C-200 
(Wako Pure Chemical Industries). 

General procedure for the Wittig olefination with 4-
pentynylidenetriphenylphosphorane (3) (Method A). To 
a suspension of 3.30 mmol of 4-pentynyltriphenyl-
phosphonium iodide4) in 20 mL of anhydrous N,N-
dimethylformamide (DMF) under nitrogen was added 4.3 
mmol of sodium methoxide at —2—0 ° C After stirring for 
1.0 h at the same temperature, the phosphorane solution was 
treated with 3.0 mmol of an «-substituted acetone in 4 mL of 
anhydrous DMF. After stirring for 20 h at —1—0°C, the 
reaction mixture was worked up by partitioning between 70 
mL of methanol-water (30:70 by vol) and ether-hexane 
(50:50 by vol), and the organic extracts were washed with 
brine, dried (MgSÜ4) and evaporated. The residue was 
purified by column chromatography on silica gel develop­
ing with a mixture of hexane and ethyl acetate to give the 
Wittig coupling product as shown in Table 1. 

General procedure for the Wittig olefination with 4-
pentynylidenetriphenylphosphorane (3) (Method B). To a 
suspension of 4.20 mmol of 4-pentynyltriphenyl-
phosphonium iodide4) in a mixture of 65 mL of anhydrous 
tetrahydrofuran (THF) and 4 mL of anhydrous hexamethyl-
phosphoric triamide (HMPA) under nitrogen was added 3.0 
mL of 1.5 M rc-BuLi in hexane at — 65 °C (M=moldm-3). 
After stirring for 3.5 h at the same temperature, the bright 
red solution was treated with 4.96 mmol of an «-substituted 
acetone in 10 mL of anhydrous THF. After stirring for 1 h 
at — 65 °C, the reaction mixture was allowed to warm to 
room temperature over a 60 min period and was further 
stirred for 19 h. It was worked up by partitioning between 
150 mL of methanol-water (30: 70 by vol) and ether-hexane 
(50:50 by vol), and the organic extracts were washed with 
brine, dried (MgSÜ4) and evaporated. The residue was 
purified by column chromatography on silica gel develop­
ing with a mixture of hexane and ethyl acetate to give the 
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Wittig coupling product as shown in Table 1. 
The stereochemical outcome of the Wittig reaction was 

confirmed by the NMR spectrum of the allylic methylene 
protons adjacent to the heteroatom.5* 

(Z)- and (E)-7-Benzyloxy-6-methyl-5-hepten-l-yne (4a) 
(Method A). « N M R (CC14) 6=1.67, 1.77 (3H, each s, 
£:Z=12:88), 2.0—2.3 (5H, m) , 3.83, 3.93 (2H, each s, 
£:Z=12:88), 4.38 (2H, s), 5.35 (1H, t, ]=1 Hz), 7.23 (5H, s). 
IR (neat) 3300, 2100, 1070 cm -1 . Further the stereochemical 
outcome was ascertained on aldehyde 4h which was synthes­
ized as followed. To 0.57 g (80 mmol) of lithium in ca. 30 
mL of ethylamine at —70 °C was added dropwise a solution 
of 1.74 g (8.0 mmol) of 4a in 1 mL of anhydrous ether over a 
period of 10 min. After stirring for an additional 20 min at 
—70 °C, 1 mL of isoprene and 2 mL of methanol were added 
successively. The solution was allowed to warm to room 
temperature gradually and poured into 50 mL of brine. 
After the aqueous solution was extracted with a mixture of 
ethyl acetate and diethyl ether (50:50 by vol), organic 
extracts were washed with brine, dried (MgSÜ4) and evapo­
rated. The residue was purified by column chromatog­
raphy on silica gel developing with a mixture of hexane 
and ethyl acetate (70:30) to give 0.845 g (84%) of allylic 
alcohol 4g. « N M R (CDC13) 6=1.76 (4H, m), 2.20 (4H, 
m), 2.90 (1H, s), 4.12, 4.00 (2H, each s, £:Z=12:88), 5.23 
(1H, m). IR (neat) 3300, 2100, 1000, 850 cm"1. To a 
solution of 0.20 g (1.61 mmol) of alcohol 4g in 45 mL of 
hexane was added 5.57 g (64 mmol) of active manganese 
dioxide and the mixture stirred for 1.5 h at 0°C. After 
filtration, the solvent was evaporated to give an oil which 
was purified by column chromatography developing with a 
mixture of hexane and ethyl acetate (80:20) to give 0.198 g of 
aldehyde 4h quantitatively, « NMR (CDCk) 6=1.81 (3H, 
s), 2.02 (1H, t, /=2.6 Hz), 2.39 (2H, dt, /=2.6, 7.0 Hz), 2.80 
(2H, q, / = 7 Hz), 6.54 (1H, t, /=7.0 Hz), 9.43, 10.14 (1H, 
each s, formyl protons, £:Z=12:88). Z isomer: 13CNMR 
(CDCI3) 0=190.91, 146.05, 137.49, 82.35, 69.99, 18.64, 25.35, 
16.47. £ isomer: 13CNMR (CDCI3) 6=195.03, 151.58, 
140.42, 82.67, 69.45, 27.85, 17.66, 9.32. IR (neat) 3300, 2100, 
1685 cm"1. 

(Z)- and (E)-6-Methyl-7-tetrahydropyranyloxy-5-hepten-l-
yne (4b) (Method A), « NMR (CDCI3) 6=1.65 (6H, s), 1.77 
(3H, s), 1.83 (1H, s), 2.1—2.3 (4H, m), 3.2—3.7 (2H, m), 4.03 
(2H, s), 4.3—4.7 (1H, m), 5.40 (1H, t, / = 7 Hz). IR (neat) 
3300, 2100, 1200 cm -1. Tetrahydropyranyl ether 4b suffered 
hydrolysis to alcohol 4g and the ratio of Z and £ isomers was 
determined as follows. To a solution of 0.336 g (1.61 
mmol) of tetrahydropyranyl ether 4b in 15 mL of ethanol 
was added 31 mg (0.16 mmol) of ß-toluenesulfonic acid 
monohydrate and the mixture was allowed to stir for 10 h at 
room temperature. After neutralization with aqueous 
sodium hydrogencarbonate, the reaction mixture was con­
centrated under reduced pressure, and was partitioned 
between water and ether. Ether extracts were washed with 
brine, dried (MgSÜ4) and evaporated. The residue was 
purified by column chromatography on silica gel develop­
ing with a mixture of hexane and ethyl acetate (70:30) to 
give 0.133 g (67%) of alcohol 4g. « NMR (CDCI3) 6=4.12, 
4.00 (2H, each s, £:Z=8:92). 

(Z)- and (£)-6-Methyl-7-phenoxy-5-hepten-l-yne (4c) 
(Method A). « N M R (CC14) 6=1.72, 1.85 (3H, each s, 
£:Z=28:72), 1.94 (1H, s), 2.21 (4H, s), 4.31, 4.46 (2H, s, 
£:Z=28:72), 5.2—5.7 (1H, m), 6.7—7.3 (5H, m). IR (neat) 

3300,2100, 1600, 1500 cm"i. 
(Z)- and (E)-6-Methyl-7-methylthio-5-hepten-l-yne (4d) 

(Method A). « N M R (CDCI3) 6=1.74, 1.83 (3H, each s, 
£:Z=50:50), 1.96, 2.01 (3H, each s, £:Z=50:50), 1.99 (1H, 
s), 2.1—2.4 (4H, m), 3.07, 3.16 (2H, each s, £:Z=50:50), 
5.1— 5.6 (1H, m). IR (neat) 3300, 2110, 1660 cm"1. Found: 
C, 69.61; H, 9.24%. Calcd for C9H14S: C, 70.07; H, 9.15%. 

Besides the Wittig olefination product 2d, an unexpected 
aldol-type dimerization product, l,5-bis(methylthio)-4-
hydroxy-4-methyl-2-pentanone (5d), was isolated in 4% 
yield. !HNMR (CDCI3) 6=1.32 (3H, s), 2.07 (3H, s), 2.16 
(3H, s), 2.69 (2H, s), 2.87 (1H, s), 2.95 (1H, s), 3.21 (2H, s), 
3.66 (1H, s). IR (neat) 3450, 1700 cm"1. 

l,5-Bis(phenylthio)-4-hydroxy-4-methyl-2-pentanone(5e). 
« N M R (CDCI3) 6=1.22 (3H, s), 2.81 (2H, ABq, / = 8 Hz), 
3.08 (2H, s), 3.36 (1H, s), 3.39 (2H, s), 7.22 (10H, s). IR 
(neat) 3480, 1700, 1090 cm"1. Found: C, 64.91; H, 6.03%. 
Calcd for C18H20O2S2: C, 65.02; H, 6.06%. 

(Z)- and (E)-7-Diethylamino-6-methyl-5-hepten-l-yne (4f). 
(Method A). « N M R (CC14) 6=1.00 (6H, t, J=l Hz), 1.63 
(3H, s), 1.78 (1H, s), 2.1—2.4 (4H, m), 2.48 (4H, q, J=l Hz), 
2.81, 2.89 (2H, s, £:Z=45:55), 5.1—5.5 (1H, m). IR (neat) 
3300,2110, 1660 cm"1. 

Authentic samples of these compounds were synthesized 
from 4g as follows and the ratio of Z and £ isomers 
(Z : £=55:45) was determined by comparing with one 
another. To a solution of 0.85 g (6.85 mmol) of alcohol 4g 
(Z:£=92:8) in 10 mL of diethyl ether at -10—5°C was 
added dropwise 1.45 g (5.35 mmol) of phosphorus tribrom-
ide. After stirring for 3 h water (5 mL) was added in the 
reaction mixture and the reaction mixture was extracted 
with ether. The ether layer was washed successively with 
sat. aqueous sodium hydrogencarbonate and brine, dried 
(MgS04) and concentrated in vacuo, to give 0.95 g (74%) of a 
crude bromide. To a solution of 0.55 g (7.5 mmol) of 
diethylamine in 10 mL of anhydrous benzene was added 
dropwise 0.7 g (3.7 mmol) of the crude bromide at 0°C. 
After stirring for 6.5 h at room temperature, the reaction 
mixture was poured into 10 mL of water and was extracted 
with ether-pentane (1:1 by vol). The organic layer was 
washed successively with water and brine, dried (MgS04) 
and evaporated. The residue was purified by column chro­
matography on silica gel developing with a mixture of 
hexane and ethyl acetate (70:30) to give 0.63 g (94%) of 
amine 4£. « N M R (CDCI3) 6=2.81, 2.89 (2H, s, £ : Z = 
8:92). 

(E)-6-Benzyloxy-4-methyl-4-hexen-l-ol (9). To a solution 
of 40.0 g (164 mmol) of geranyl benzyl ether (8) in a mixture 
of 200 mL of 1,2-dimethoxyethane and 50 mL of water at 
—10—0°C was added portionwise over several minutes 32.0 
g (180 mmmol) of Af-bromosuccinimide. After stirring for 
5 h a solution of 28 g (500 mmol) of potassium hydroxide in 
60 mL of water was added in the reaction mixture slowly. 
After stirring for 1 h at 0°C, the reaction mixture was 
extracted with ether. The ether layer was washed succes­
sively with 2M hydrochloric acid and brine, dried (MgS04) 
and concentrated in vacuo, to give 43.0 g of a crude epoxide 
quantitatively. To a solution of 15.8 g (67.9 mmol) of 98% 
periodic acid in a mixture of 50 mL of 1,4-dioxane and 50 
mL of water was added dropwise 15 g (57.6 mmol) of the 
crude epoxide at 0°C. After stirring for 1 h at room 
temperature the reaction mixture was extracted with ether. 
The ether layer was washed successively with water and 
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brine, dried (MgS04) and evaporated to give a crude alde­
hyde quantitatively. To a suspension of 3.70 g (97.8 mmol) 
of sodium borohydride in 50 mL of ethanol was added 
dropwise 12.6 g of the crude aldehyde in 30 mL of ethanol at 
room temperature. After stirring for 4 h, 20 mL of water 
was poured into the reaction mixture. After neutralization 
with 10% aqueous sulfuric acid, the reaction mixture was 
extracted with ether. The ether layer was washed with 
brine, dried (MgS04) and evaporated. The residue was 
purified by column chromatography on silica gel develop­
ing with a mixture of hexane and ethyl acetate (80:20) to 
give 8.3 g (65%) of hydroxy compound 9. *H NMR (CC14) 
0=1.57 (3H, s), 1.3—1.7 (2H, m), 1.90 (1H, bs), 2.00 (2H, bt, 
/ = 7 Hz), 3.38 (2H, bt, 7=6 Hz), 3.85 (2H, d, / = 6 Hz), 4.33 
(2H, s), 5.23 (1H, bt, / = 6 Hz), 7.07 (5H, s). IR (neat) 3400, 
1460, 1370, 1070, 740 cm"1. Found: C, 76.25; H, 9.15%. 
Calcd for G4H20O2: C, 76.33; H, 9.15%. 

(E)-l-Benzyloxy-6-iodo-3-methyl-2-hexene (10). To a 
solution of 9.0 g (40.9 mmol) of hydroxy compound 9 and 
9.7 g (122.7 mmol) of pyridine in 20 mL of dichloromethane 
at 0°C was added portion wise over several minutes 11.7 g 
(61.3 mmol) of £-toluenesulfonyl chloride. After stirring 
for 10 h at 0 °C, 10 mL of water was poured into the reaction 
mixture. After stirring for 20 min at room temperature, the 
reaction mixture was extracted with ether. The ether layer 
was washed successively with 2M hydrochloric acid and sat. 
aqueous sodium hydrogencarbonate and brine, dried 
(MgS04) and evaporated, to give 13.8 g (90%) of a crude 
tosylate. A solution of 13.8 g (34.8 mmol) of the tosylate in 
100 mL of acetone was treated with 18 g (104 mmol) of 
sodium iodide. The reaction mixture was stirred for 24 h at 
room temperature with protection from light. The acetone 
was removed under reduced pressure and the residue was 
poured into 50 mL of water containing 1 g of sodium 
thiosulfate. The aqueous solution was extracted with hex­
ane and hexane extracts were washed with brine, dried 
(MgS04) and evaporated, to give 11.5 g of a crude iodide 10 
quantitatively. Iodide 10 was practically pure and was 
used in the next reaction without purification because of its 
lability. 

(iE)-(6-Benzyloxy-4-methyl-4-hexenyl)triphenylphosphonium 
Iodide (11). A solution of 11.5 g (34.8 mmol) of 10 and 27.4 
g (104 mmol) of triphenylphosphine in 80 mL of anhydrous 
benzene was refluxed for 24 h under nitrogen. The reaction 
mixture was evaporated under reduced pressure and the 
residue suspended in diethyl ether and filtered. The filtrate 
was evaporated to dryness under reduced pressure to give 
18.8 g (91%) of phosphonium salt 11. ^ N M R (CDC13) 
0=1.53 (3H, s), 1.5—2.0 (2H, m), 2.33 (2H, bt, 7=7 Hz), 3.3— 
3.7 (2H, m), 3.88 (2H, d, 7=7 Hz), 4.37 (2H, s), 5.25 (1H, bt, 
/ = 7 Hz), 7.09 (5H, s), 7.4—7.8 (15H, m). IR (neat) 1430, 
1110, 1000, 740, 700 cm"1, mp 162.5—163.5 °C. Found: C, 
64.75; H, 5.75 %. Calcd for C32H34OPI: C, 64.87; H, 5.78%. 

(5E)-6,10-Dimethyl-2-(trimethylsiloxy)-l ,5,9-undecatriene 
(13a). To a solution of 3.60 g (35.6 mmol) of diisopropy-
lamine in 50 mL of anhydrous T H F at 0°C was added 
dropwise 31.0 mmol of a solution of rc-BuLi in hexane. 
After 10 min the solution was concentrated under reduced 
pressure and the lithium reagent dissolved in 125 mL of 
anhydrous THF. The solution was cooled to —70 °C, and a 
solution of 5.4 g (27.8 mmol) of geranylacetone (12) in 18 
mL of anhydrous THF was added dropwise over 5 min. 
After 20 min, 3.06 g (31.0 mmol) of chlorotrimethylsilane 

was added, and the solution was allowed to warm to room 
temperature over approximately 30 min. When the 
temperature of the reaction mixture reached around 0— 
15 °C, a white solid began to precipitate from the reaction 
mixture. After stirring for ca. 0.5—1.0 h, the reaction mix­
ture was partitioned between pentane and sat. aqueous 
sodium hydrogencarbonate. The pentane extracts were 
washed with brine, dried (MgS04) and evaporated. The 
residue was distilled to provide 6.64 g (90%) of trimethylsilyl 
enol ether 13. (13a : 13b=92 :8 by GC). bp 102—104 °C (0.6 
Torr). !HNMR (CC14) 6=0.20 (9H, s), 1.63 (9H, s) , 1.8— 
2.5 (8H, m ) , 3.93 (2H, s), 4.6—5.3 (2H, m). IR (neat) 2950, 
1270, 1010, 840 cm"1. 

(5E)-l-Hydroxy-6,10-dimethyl-5,9-undecadien-2-one(14). 
To a stirred solution of 6.64 g (25.0 mmol) of a mixture of 
13a and 13b and 12.6 g (150 mmol) of solid sodium hydro­
gencarbonate in 110 mL of dichloromethane at — 70 °C was 
added portionwise over several minutes 5.00 g (27.5 mmol) 
of 95% m-chloroperbenzoic acid. After the resulting solu­
tion was stirred for 6 h at — 70 °C, 0.9 g of solid sodium 
sulfite was added to destroy excess peroxide, and the solu­
tion was allowed to warm to room temperature gradually. 
The reaction mixture was partitioned between ethyl acetate 
and sat. aqueous sodium hydrogencarbonate, and the ethyl 
acetate extracts were washed with brine, dried (MgS04) and 
evaporated. The residue was purified by column chroma­
tography on silica gel developing with a mixture of hexane 
and ethyl acetate (80:20) to give 3.99 g (76%) of a-hydroxy 
ketone 14. ^HNMR (CC14) 0=1.60 (9H, s), 1.8—2.5 (8H, 
m), 3.30 (1H, bs), 4.10 (2H, s), 4.7—5.3 (2H, m). IR (neat) 
3450, 1720, 1070 cm"1. Found: C, 74.20; H, 10.55%. Calcd 
for C13H22O2: C, 74.24; H, 10.54%. A2 isomer was not 
obtained and 0.99 g of geranylacetone (12) was recovered. 

(5E)-l-(Tetrahydro-2-pyranyloxy)-6,10-dimethyl-5,9-
undecadien-2-one (6a). To a solution of 1.7 g (8.1 mmol) of 
a-hydroxy ketone 14 and 1.4 g (16.2 mmol) of 2,3-dihydro-
2H-pyran in 20 mL of dichloromethane was added 0.2 g 
(0.81 mmol) of pyridinium ^-toluenesulfonate (PPTS) and 
the mixture was allowed to stir for 15 h at room temperature. 
Water (10 mL) was poured into the the reaction mixture and 
extracted with ether. The ether layer was washed succes­
sively with sat. aqueous sodium hydrogencarbonate and 
brine, dried (MgS04) and evaporated. The residue was 
purified by column chromatography on silica gel develop­
ing with a mixture of hexane and ethyl acetate (90:10) to 
give 2.0 g (85%) of tetrahydropyranyl ether 6a. ^ N M R 
(CCU) 6=1.60 (9H, s), 1.3—1.8 (6H, m), 1.8—2.7 (8H, m), 
3.2—3.9 (2H, m), 4.00 (2H, s), 4.55 (1H, bs), 4.7—5.3 (2H, m). 
IR (neat) 1720, 1200, 1070, 1030, 820 cm"1. Found: C, 73.40; 
H, 10.25%. Calcd for Ci8H3o03: C, 73.43; H, 10.27%. 

(2£,6Z,10£)-l-Benzyloxy-7-[(tetrahydro-2-pyranyloxy)-
methyl]-3,ll,15-trimethyl-2,6,10,H-hexadecatetraene (17a). 
The Wittig olefination between 1.46 g (4.96 mmol) of tetra-
hydropyranyloxy ketone 6a and 4.20 mmol of ylide 7 was 
carried out according to the general procedure (Method B). 
Purification by column chromatography on silica gel devel­
oping with a mixture of hexane and ethyl acetate (90:10) 
gave 1.51 g (72%) of the Wittig coupling product 17a. 
iHNMR (CCI4) 0=1.60 (12H, s), 1.3—1.8 (6H, m), 1.8—2.6 
(12H, m), 3.3—3.8 (2H, m), 3.90 (2H, d, 7=7 Hz), 3.97 (2H, 
s), 4.37 (2H, s), 4.55 (1H, bs), 4.8—5.4 (4H, m), 7.13 (5H, s). 
IR (neat) 1200, 1030, 820, 730, 700 cm"1. Found: C, 79.90; 
H, 10.10%. Calcd for C32H48O3: C, 79.95; H, 10.06%. 
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Plaunotol (1). (From 17a). To 1.0 g (43.5 mmol) of 
sodium in ca. 30 mL of liquid ammonia at — 60 °C was 
added dropwise a solution of 1.2 g (2.4 mmol) of 17a in 20 
mL of anhydrous diethyl ether over a period of 10 min. 
After stirring for an additional 5 min at — 60 °C, 2.3 g (43.5 
mmol) of ammonium chloride was added and ammonia was 
replaced by ether. After filtration the ethereal solution was 
evaporated leaving 0.93 g (95%) of the crude tetrahydropy-
ranyl ether as a pale yellow liquid. To a solution of 0.93 g 
(2.27 mmol) of crude tetrahydropyranyl ether in 40 mL 
of methanol was added 45 mg (0.235 mmol) of p-
toluenesulfonic acid monohydrate and the mixture was 
allowed to stir for 15 h at room temperature. After neutral­
ization with aqueous sodium hydrogencarbonate, the reac­
tion mixture was concentrated under reduced pressure, and 
partitioned between water and ether. Ether extracts were 
washed with brine, dried (MgS04) and evaporated. The 
residue was purified by column chromatography on silica 
gel developing with a mixture of hexane and ethyl acetate 
(70:30) to give 0.60 g (86%) of plaunotol (1). ^ N M R 
(CDC13) 0=1.59 (3H, s), 1.60 (3H, s), 1.68 (6H, s), 1.7—2.3 
(14H, m), 4.09 (2H, s), 4.12 (2H, d, /=7.5 Hz), 4.9—5.4 (4H, 
m). IR (neat) 3320, 1445, 1365, 1240, 1000 cm"1. Found: C, 
78.35; H, 11.10%. Calcd for C20H34O2: C, 78.38; H, 11.18%. 

(2£,6£,10£)-l-Benzyloxy-7-formyl-3,ll,15-trimethyl-
2,6,10,14-hexadecatetraene (18). To a solution of 0.11 g 
(0.229 mmol) of tetrahydropyranyl ether 17a in 4 mL of 
methanol was added 4.5 mg (0.023 mmol) of p-
toluenesulfonic acid monohydrate and the mixture was 
allowed to stir for 16 h at room temperature. After neutral­
ization with aqueous sodium hydrogencarbonate, the reac­
tion mixture was concentrated under reduced pressure, and 
partitioned between water and ether. The ether extracts 
were washed with brine, dried (MgS04), and evaporated to 
give 90 mg of a crude hydroxy compound quantitatively. 
To a solution of 90 mg (0.227 mmol) of the crude hydroxy 
compound in 12 mL of hexane was added 0.4 g (4.5 mmol) 
of active manganese dioxide and the mixture was stirred for 
4 h at 0 °C. After filtration, the solvent was evaporated to 
give an oil which was purified by column chromatography 
developing with a mixture of hexane and ethyl acetate 
(80:20) to give 80 mg (89%) of aldehyde 18. ^ N M R 
(CDCI3) 6=1.56 (3H, s), 1.59 (3H, s), 1.67 (6H, s), 1.9—2.6 
(12H, m), 4.02 (2H, d, J=l Hz), 4.50 (2H, s), 5.0—5.2 (2H, 
m), 5.44 (1H, t, / = 7 Hz), 6.43 (1H, t, / = 8 Hz), 7.32 (5H, s), 
10.09 (1H, s). IR (neat) 1670 cm"1. Found: C, 82.10; H, 
9.70%. Calcd for C27H38O2: C, 82.18; H, 9.71%. 

(5E)-l-Benzyloxy-6,10-dimethyl-4-phenylthio-5,9-
undecadien-2-ol (16). To a stirred solution of 10.0 g (42.6 
mmol) of geranyl phenyl sulfide in anhydrous T H F (50 mL) 
in the presence of 5.0 g of A^A^A^AT-tetramethylethylenedi-
amine, was added at —50 °C, under nitrogen, a solution of n-
BuLi (34 mL, 51 mmol). After 1 h, was added at - 4 0 °C 
over 1 h, a solution of glycidyl benzyl ether (15) (6.6 g, 40 
mmol) in 20 mL of anhydrous THF. The reaction mixture 
was allowed to warm to room temperature over a 60 min 
period and was further stirred for 10 h. Water (20 mL) was 
poured into the reaction mixture and extracted with ether. 
The ether layer was washed with brine, dried (MgS04) and 
evaporated. The residue was purified by column chroma­
tography on silica gel developing with a mixture of hexane 
and ethyl acetate (90:10) to give 14.4 g (88%) of alcohol 16. 
iHNMR (CDCI3) 0=1.28, 1.43 (3H, each s), 1.57, 1.66 (each 

3H, s), 1.8—2.1 (5H, m), 2.61 (2H, m), 3.2—3.5 (3H, m), 
3.9—4.3 (1H, m), 4.48, 4.50 (each 1H, s), 5.02 (2H, bt, / = 7 
Hz), 7.1—7.5 (10H, m). IR (neat) 3450, 1440, 1380, 1100, 
740, 700 cm"1. Found: C, 75.95 ; H, 8.40%. Calcd for 
C26H34O2S: C, 76.05; H, 8.35%. 

(5E)-l-Benzyloxy-6,10-dimethyl-4-phenylthio-5,9-
undecadien-2-one (6b). Sulfuryl chloride (3.61 g, 26.7 
mmol) in anhydrous dichloromethane (10 mL) was added 
dropwise to a solution of dimethyl sulfide (2.30 g, 37 mmol) 
in dry dichloromethane (90 mL) at —40 °C for 5 min under a 
dry nitrogen atmosphere, and the mixture was stirred for 20 
min. To the solution was gradually added alcohol 16 (10.0 
g, 24.4 mmol) in 20 mL of anhydrous dichloromethane at 
—40 °C for 10 min. After the mixture had been stirred for 2 
h, triethylamine (12.3 g, 122 mmol) was added to the reac­
tion mixture at —40 °C. The solution was allowed to warm 
to room temperature, and poured into 100 mL of 2M 
hydrochloric acid. The organic layer was separated and the 
aqueous solution extracted with ether. The combined 
organic layers were washed with brine, dried (MgS04) and 
evaporated under reduced pressure. The residue was chro-
matographed on a silica-gel column (5% ethyl acetate-
haxane) to give 6.9 g (69%) of benzyloxy ketone 6b. 
« N M R (CDCI3) 6=1.43 (3H, bs), 1.57, 1.66 (each 3H, s), 
1.7—2.1 (4H, m), 2.72 (2H, d, / = 7 Hz), 3.99 (2H, s), 4.1—4.3 
(1H, m), 4.53 (2H, s), 5.02 (2H, bt, / = 7 Hz), 7.2—7.5 (10H, 
m). IR (neat) 1720, 1580, 1430, 1100, 740, 700 cm"1. 
Found: C, 76.35; H, 7.85%. Calcd for C26H32O2S: C, 76.43; 
H, 7.89%. 

(2£,6Z,10£)-l-Benzyloxy-7-[(benzyloxy)methyl]-3,ll,15-
trimethyl-9-phenylthio-2,6,10,14-hexadecatetraene (17b). 
The Wittig olefination between 3.0 g (7.23 mmol) of benzyl­
oxy ketone 6b and 6.12 mmol of ylide 7 was carried out 
according to the general procedure (Method B). Purifica­
tion by column chromatography on silica gel developing 
with a mixture of hexane and ethyl acetate (95:5) gave 1.96 g 
(62%) of the Wittig coupling product 17b. ^ N M R 
(CDCI3) 6=1.30 (3H, s), 1.61 (6H, s), 1.66 (3H, s), 1.7—2.5 
(10H, m), 3.97 (2H, d, J=l Hz), 4.21 (1H, s), 4.48 (4H, s), 
4.7—5.6 (4H, m), 7.31 (15H, s). IR (neat) 1450, 1380, 1065, 
740, 700 cm-i. Found: C, 80.60; H, 8.4%. Calcd for 
C40H50O2S: C, 80.76; H, 8.47%. 

Plaunotol (1) (From 17b). To 0.25 g (10.9 mmol) of 
sodium in ca. 15 mL of liquid ammonia at — 60 °C was 
added dropwise a solution of 0.5 g (0.778 mmol) of 17b in 10 
mL of anhydrous ether over a period of 10 min. After 
stirring for an additional 20 min at —60 °C, 5 mL of isoprene 
and 10 mL of methanol were added successively. The 
solution was allowed to warm to room temperature gradu­
ally and poured into 50 mL of brine. The aqueous solu­
tion was next extracted with a mixture of ethyl acetate and 
diethyl ether (50:50 by vol). The organic extracts were 
washed with brine, dried (MgS04) and evaporated. The 
residue was purified by column chromatography on silica 
gel developing with a mixture of hexane and ethyl acetate 
(80:20) to give 0.167 g (70%) of plaunotol (1). The spectral 
clata of the product were found to be identical in all respects 
with the reference data.1) 

(2E,6Z,10E)-7-Formyl-3,ll ,15-trimethyl-2,6,10,14-
hexadecatetraenal (19). To a solution of 50 mg (0.163 
mmol) of the synthetic plaunotol (1) (from 17b) in 6 mL of 
hexane was added 0.29 g (3.26 mmol) of active manganese 
dioxide and the mixture was stirred for 4 h at 0 °C. After 
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filtration, the solvent was evaporated to give an oil which 
was purified by column chromatography developing with a 
mixture of hexane and ethyl acetate (80:20) to give 49.3 mg 
of dialdehyde 19 quantitatively. ^ N M R (CDC13) 6=1.59 
(3H, s), 1.60 (6H, s), 1.68 (3H, s), 1.9—2.7 (12H, m), 5.0—5.3 
(2H, m), 5.89 (1H, d, / = 8 Hz), 6.36 (1H, t, /=8.2 Hz), 9.99 
(1H, d, / = 8 Hz, terminal formyl proton), 10.09 (1H, s, 
internal formyl proton). IR (neat) 1675 cm -1. Found: C, 
79.2; H, 9.95%. Calcd for C20H30O2: C, 79.42; H, 10.00% 
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The Diels-Alder reactions of tropones with aromatic ^-quinones under 3000 and 10000 bar gave enolized 
1:1-adducts together with dehydrogenated products, homobarrelenone derivatives. The latter were isomerized 
to tetracyclo[6.5.0.01'9.05'9]trideca-2,6,ll-triene-4,10,13-triones on exposure to diffused light. No cycloadduct 
was obtained when the reaction was carried out under 1 bar. 

Recently, Mehta and Karra reported1) that cycload­
dition reactions between 5,8-methano-5,8-dihydro-l,4-
naphthoquinone and 5,8-methano- 5,6,7,8-tetrahydro-
1,4-naphthoquinone and 2,4,6-cycloheptatrien-l-one 
(tropone) gave an ^-lactone derivative through a [4+2] 
cycloaddition, dehydrogenation, and consecutive peri-
cyclic reactions of [3s,3s] sigmatropy, [Ttf+of+Trf] 
cycloaddition, and a [1,7] hydrogen shift. As they 
mentioned, this was the first example of a cycloaddi­
tion reaction of tropone to an unactivated p-
benzoquinone derivative, although the Diels-Alder 
reactions of troponoids with a wide variety of dieno-
philes have been reported.2) It is not surprising that 
the Diels-Alder reactions between tropones and aro­
matic quinones, such as p-benzoquinones and 1,4-
naphthoquinones, both electron-deficient C=C sys­
tems, have not been examined so far under ordinary 
conditions.3) Since it is well-documented that a 
cycloaddition reaction can be pressure-accelerated,4) 
we carried out the reactions of troponoids with aro­
matic quinones under 3000 and 10000 bar at 100 °C (1 
bar^lO5 Pa). Herein, the findings will be described. 

Results and Discussion 

When a toluene solution of tropone (la) and p-
benzoquinone (2) was heated at 100 °C under 3000 bar, 
three products (3a—5a) were isolated by means of 
silica-gel column chromatography. However, no 
product was obtained from this combination at 30 °C 
under 3000 bar. Their structures were elucidated by 
means of NMR and other spectral measurements. 

.o 

ô 

The main product, 3a, was a 1:1-adduct which had 
six olefinic and two methine protons. The IR spec­
trum showed the presence of an «^-unsaturated car-
bonyl group and a phenolic hydroxyl group. There­
fore, 3a was an enolized [4+2] adduct.1'5) Product 4a 
was a dehydrogenated form of 3a, judging from its 
mass spectrum (m/z, 212: M+). The DDQ (2,3-
dichloro-5,6-dicyano-p-benzoquinone) oxidation of 
3a gave 4a in 48% yield. 

The 13CNMR spectrum of product 5a disclosed 
three cyclopropane carbons and nine sp2-carbons, 
including three carbonyl carbons, while the lH NMR 
spectrum showed six vinyl protons and two methine 

ex 
1a X = H 

1b X = CI 

1c X = OMe 

100*0 
3~10kbar 

2 R=H 

6 R-R=(CH=CH)2 3b X=CI,Y=H 

3c X=OMe,Y=H 

9b X=H,Y=CI 

9c X=H,Y=OMe 

4a X=Y=R=H 

4b X=R=H,Y=CI 

4c X=OMe,Y=R=H 

7a X=Y=H, R-R=(CH=CH)2 

7b X=H, Y=CI, R-R=(CH=CH)2 

7c X=H, Y=OMe, R-R=(CH=CH)2 

5a X=Y=R=H 

5b X=R=H,Y=CI 

8a X=Y=H, R-R=(CH=CH)2 

1a 100°C,10kbar 

Scheme 1. Scheme 2. 
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protons on the sp3-carbons. The spin coupling 
sequences indicated that the structure of 5a was tetra-
cyclofe.S.O.O^.O^ltrideca^^^l-triene-^lOJS-trione. 
Similar photoisomerizations have been observed in 
the barbaralane derivatives.6) The homobarrelenone 
quinone 4a was photoisomerized to 5a by means of 
external irradiation with a 100 W high-pressure mer­
cury lamp or by exposure to diffused light.7) How­
ever, 4a was stable in the dark, i.e., at 100 °C under 
3000 bar. 

In the reaction of la and 1,4-naphthoquinone (6), 
the two products characterized were a dehydrogenated 
product, a quinone 7a, and a rearrangement product, 
8a. The irradiation of 7a gave 8a. 

The high-pressure reactions of 2-chlorotropone (lb) 
and 2-methoxytropone (lc) with 2 gave isomeric pairs 
of adducts (3b and 9b and 3c and 9c) and two dehydro­
genated products, 4b and 4c. The structures of the 
isomeric pairs of adducts were elucidated from the 
lH NMR spectra. The DDQ dehydrogenation of 9b 
and 3c afforded 4b and 4c respectively. The reactions 
of lb and lc with 6 each gave only one isomer, 7b and 
7c respectively. 

Next, it seemed that the Diels-Alder reaction of la 
and some alkyl derivatives of 2 was worth trying, since 
the adducts derived from some of them could not form 
dehydrogenation products. When a mixture of la 
and 2,5-dimethyl-p-benzoquinone (10) was heated at 
100 °C under 10000 bar, a [4+2] adduct (11) was 
formed in 29% yield. The regiochemistry of 11 was 
determined by the ^ C O S Y spectrum, in which the 
methine signal on C2 at 0=3.10 correlated with the 
olefinic proton at 0=6.55, assigned to the proton at 
C12. No adduct was formed from the same treatment 
of lc and 10, even under 10000 bar. 

Thus, the high-pressure conditions were conve­
niently applied to the Diels-Alder reaction of tropones 

Table 1. Product Distributions of High-Pressure Diels-Alder Reactions of Tropones and £>-Quinones{ 

Tropone 

la 
lab) 

la 
lac) 

lb 
lb 
lc 
lc 
la 
la 
lb 
lb 
lc 
lc 
lad) 

Quinone 

2 
2 
2 
2 
2 
2 
2 
2 
6 
6 
6 
6 
6 
6 

10 

Pressure 
/kbare) 

3 
3 

10 
10 
3 

10 
3 

10 
3 

10 
3 

10 
3 

10 
10 

Product (Yield/%) 

3a(66), 4a(7), 
3a(63), 4a(5), 
3a(60), 4a(25) 

5a(l) 
5a(l) 

No product 
3b(16), 9b(23), 
3b(16), 9b(36), 
3c(46), 9c(7) 
3c(51), 9c(13) 
7a(46), 8a(8). 
7a(42) 
7b(16) 
7b(29) 
7c(27) 
7c(25) 
11(29) 

4b(ll) 
4b(26) 

Recovered 
Tropone 

(41) 
(54) 

(0) 
(99) 
(55) 

(0) 
(47) 
(0) 

(79) 
(0) 

(59) 
(80) 
(80) 
(0) 
(0) 

a) Reaction conditions: ratio of 1 and quinone, 1:3; solvent, toluene; reaction temperature, 
100°C; reaction time, 10 h. b) The ratio of la and 2 was 1:1. c) The reaction temperature 
was 25 °C in CH2C12. d) The ratio of la and 10 was 1:1.6. e) kbar=108 Pa. 

with quinones. However, the reaction courses were 
slightly different between 2 and 6. The reactions 
between tropones and ^-benzoquinones gave the enol-
ized l:l-adducts, in some cases, together with qui­
nones, dehydrogenated secondary products, whereas 
the reactions with 6 gave only the quinones.8) Since 
1,4-naphthalenediol has a lower oxidation potential 
than the hydroquinone,9) the dehydrogenation of the 
former is much easier than the latter; this is consistent 
with the experimental results. 

In the case of the reaction of lc and 2, the dehydro­
genated product was not obtained. The ^ N M R 
spectrum of 3c showed the chelating hydroxyl proton 
signal at 0=8.49, while the unchelating proton signal 
appeared at 0=4.68. Therefore, the intramolecular 
hydrogen bonding between the methoxyl group at the 
bridgehead position and the adjacent hydroxyl hydro­
gen of hydroquinone part disfavored the dehydro­
genation. 

Explanations of the regiospecificities in the cyclo­
additions of 2-substituted tropones have already been 
attempted by means of molecular orbital calcula­
tion.10) The present results were parallel to those of 
troponoids and acrylonitrile, an electron-deficient 
dienophile.n) 

Experimental 

The elemental analyses were performed by Misses S. 
Hirashima and T. Mizoguchi of the Institute of Advanced 
Material Study, Kyushu University. The NMR spectra were 
measured by means of JEOL FX 100 Model and JEOL GSX 
270 H Model spectrometers in a CDCI3 solution (unless 
otherwise specified); chemical shifts are expressed in units of 
8. The mass spectra were measured with a JEOL 01SG-2 
spectrometer. The IR spectra were taken as KBr disks or as 
a liquid film inserted between NaCl plates using a Jasco IR-
A 102 spectrometer. The UV spectra were measured by the 
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use of a Hitachi U-3200 spectrophotometer. 
Reaction of la with 2. a) A toluene solution (7.5 cm3) of 

la (128 mg) and 2 (392 mg) was heated at 100 °C under 3000 
bar for 10 h. After the solvent had been evaporated under 
reduced conditions, the residue was chromatographed on a 
silica-gel column to give 101 mg (66%) of 3a, 10.8 mg (7%) of 
4a, and l .5mg( l%)of5a . 

3a: Yellow crystals, mp 214—216°C; ^ N M R (CD3OD) 
0=4.76 (IH, ddd, /=8.6, 7.2, 1.5 Hz), 5.00 (IH, dt, 7=7.2, 1.5 
Hz), 5.18 (IH, dd, /=10.7, 1.5 Hz), 6.46 (IH, d, 7=8.6 Hz), 
6.51 (IH, d, /=8.6 Hz), 6.55 (IH, ddd, /=7.3 , 7.2, 1.5 Hz), 
6.93 (IH, ddd, /=7.3, 7.2, 1.5 Hz), and 7.35 (IH, dd, /=10.7, 
8.6 Hz); 13CNMR (CD3OD) 0=39.7, 56.9, 114.8, 115.7, 124.3, 
126.1, 130.5, 131.9, 140.9, 146.5, 148.9, 155.6, and 193.8; IR 
(KBr) 3324 (br), 1656, 1627, 1493, and 1274 cm-*; UV 
(MeOH) 202 (a 27700), 231 (7200) and 293.2 nm (2700); MS 
m/z (%) 214 (M+, 14), 171 (20), 131 (12), 99 (11), and 78 (100). 
Found: C, 72.70; H, 4.62%, Calcd for C13H10O3: C, 72.89; H, 
4.71%. 

4a: Yellow crystals, mp 139—140°C; 1U NMR 0=4.61 (IH, 
ddd, /=8.4, 6.2, 1.5 Hz), 5.01 (IH, ddd, 7=6.2, 1.8, 1.5 Hz), 
5.28 (IH, dd, /=11.0, 1.5 Hz), 6.57 (IH, ddd, 7=7.6, 6.2, 1.5 
Hz), 6.78 (2H, s), 6.87 (IH, ddd, 7=7.6, 6.2, 1.5 Hz), and 7.13 
(IH, dd, 7=H.O, 8.4 Hz); 13CNMR 0=37.1, 55.4, 126.0, 128.6, 
135.8, 136.1, 137.8, 142.1, 148.9, 150.6, 183.8, 183.9, and 185.4; 
IR (KBr) 1679, 1656, and 1590 cm"1; UV (MeOH) 202 (a 
12500), 248.8 (10500), and 355.2 nm (460); MS m/z (%) 212 
(M+, 11), 184 (63), 183 (58), 156 (49), 155 (57), 128 (100), 102 
(82), and 76 (94). Found: C, 73.32; H, 3.87%. Calcd for 
CisHsOs: C, 73.58; H, 3.80%. 

5a: Colorless crystals, mp 170—172 °C; *HNMR 0=3.87 
(IH, dd, 7=1.8, 0.7 Hz), 4.39 (IH, dd, 7=2.2, 0.7 Hz), 5.87 
(IH, ddd, 7=5.5, 1.8, 0.7 Hz), 5.91 (IH, ddd, 7=5.5, 2.2, 0.7 
Hz), 6.27 (IH, d, 7=10.3 Hz), 6.65 (IH, d, 7=10.6 Hz), 6.70 
(IH, d, 7=10.6 Hz), and 7.17 (IH, d, 7=10.3 Hz); 13CNMR 
0=44.5, 54.0, 55.1, 62.6, 128.5, 130.9, 135.5, 136.9, 137.1, 
138.5, 188.8, 190.0, and 194.6; IR (KBr) 1670, 1603, 1304, and 
832 cm-1; UV (MeOH) 214.0 (a 15200), 235 (10700, sh), 271 
(4300, sh), and 386 nm (380); MS m/z (%) 212 (M+, 42), 184 
(63), 156 (34), 155 (24), 128 (100), and 102 (60). Found: m/z 
212.0452 (M+). Calcd for Ci3H803: 212.0473 (M). 

b) A toluene solution (4 cm3) of la (119 mg) and 2(121 mg) 
was heated at 100 °C under 3000 bar for 10 h. A similar 
work-up gave 68.7 mg (63%) of 3a, 5.9 mg (5%) of 4a, 0.7 mg 
(1%) of 5a, and 65 mg of recovered la. 

c) A toluene solution (2 cm3) of la (57 mg) and 2 (174 mg) 
was heated at 100 °C under 10000 bar for 10 h. A similar 
work-up gave 68.5 mg (60%) of 3a and 28.2 mg (25%) of 4a. 

d) A dichloromethane solution (4 cm3) of la (103 mg) and 
2 (315 mg) was kept at 25 °C under 10000 bar for 10 h. 102 mg 
(99%) of la were recovered. 

Reaction of la with 6. a) A toluene solution (9 cm3) of la 
(491 mg) and 6 (2.20 g) was heated at 100 °C under 3000 bar 
for 10 h. After the solvent had been evaporated, the residue 
was chromatographed on a silica-gel column to give 140 mg 
(46%) of 7a and 23 mg (8%) of 8a, together with 368 mg of the 
recovered 6. 

7a: Yellow crystals, mp 208—210 °C; *H NMR 0=4.84 (IH, 
ddd, 7=8.4, 5.8, 1.5 Hz), 5.25 (IH, dt, 7=6.2, 1.5 Hz), 5.31 
(IH, dd, 7=11.0, 1.5 Hz), 6.61 (IH, ddd, 7=7.7, 6.2, 1.5 Hz), 
6.91 (IH, ddd, 7=7.7, 5.8, 1.5 Hz), 7.19 (IH, dd, /=11.0, 8.4 
Hz), 7.7—7.8 (2H, m), and 8.1—8.15 (2H, m); 13CNMR 
0=37.5, 55.9, 126.1, 126.6, 126.8, 128.8, 131.9, 132.0, 133.9, 

134.1, 137.9, 144.2, 150.9, 151.0, 181.6, 181.8, and 185.8; IR 
(KBr) 1663, 1651, 1297, and 714 cm"1; UV (MeOH) 202.8 (a 
21800), 247.6 (16700), 253 (16600), 260 (10000, sh), 280 (4700, 
sh), and 341.2 nm (2600); MS m/z (%) 262 (M+, 72), 234 (75), 
233 (100),.206 (37), 205 (30), 178 (47), 152 (36), 151 (32), and 
76 (49). Found: C, 77.61; H, 4.11%. Calcd for C17H10O3: C, 
77.86; H, 3.84%. 

8a: Colorless crystals, mp 169—172 °C; *HNMR 0=3.81 
(IH, dd, 7=1.8, 1.2 Hz), 4.59 (IH, ddd, 7=1.4, 1.2, 0.8 Hz), 
5.89 (IH, dd, 7=5.2, 1.8 Hz), 5.91 (IH, dd, 7=5.2, 1.4 Hz), 
6.33 (IH, dd, 7=10.3, 0.8 Hz), 7.39 (IH, d, 7=10.3 Hz), 7.75— 
7.8 (2H, m), and 8.15—8.2 (2H, m); 13CNMR 0=45.1, 54.4, 
55.9, 62.1, 127.2, 127.9, 128.4, 130.9, 131.8, 132.6, 134.6, 134.8, 
136.4, 136.8, 187.8, 189.1, and 195.0; IR (KBr) 1678, 1299, and 
712 cm-i; UV (MeOH) 226.4 (a 35800), 251 (13000), 308 (3200, 
sh), and 356 nm (1200); MS m/z (%) 262 (M+, 100), 234 (55), 
206 (29), 178 (37), 152 (35), and 76 (48). Found: m/z 
262.0616 (M+). Calcd for C17H10O3: 262.0629 (M). 

b) A toluene solution (2 cm3) of la (24.5 mg) and 6 (110 
mg) was heated at 100 °C under 10000 bar for 10 h. The 
same work-up gave 25.6 mg (42%) of 7a. 

Reaction of lb with 2. a) A toluene solution (8 cm3) of lb 
(471 mg) and 2 (1.09 g) was heated at 100 °C under 3000 bar 
for 10 h. After the solvent had then been evaporated under 
the reduced conditions, the residue was chromatographed 
on a silica-gel column to give 59.5 mg (16%) of 3b, 85.3 mg 
(23%) of 9b, and 42.9 mg ( 11 %) of 4b. 258 mg of lb were also 
recovered. 

3b: Colorless crystals, mp 204—206.5 °C; *HNMR 
(CD3OD) 6=4.88 (IH, overlapped with the solvent signals), 
5.41 (IH, dd, 7=H.O, 0.7 Hz), 6.40 (IH, dd, 7=8.2, 1.1 Hz), 
6.52 (IH, d, 7=8.4 Hz), 6.64 (IH, d, 7=8.4 Hz), 6.92 (IH, dd, 
7=8.2, 7.0 Hz), and 7.36 (IH, dd, 7=11.0, 8.4 Hz); 13CNMR 
(CD3OD) 0=38.7, 79.9,117.6, 117.8,121.9,124.8,129.2,137.6, 
138.7, 146.6, 150.4, 156.3, and 184.4; IR (KBr) 3438, 1680, 
1486, 1203, and 823 cm"*; MS m/z (%) 250 (M+ for 3?C1, 38), 
248 (M+ for 35C1, 100), 212 (56), 204 (94), 183 (70), 101 (31), 
and 28 (46). Found: C, 62.92; H, 3.84%. Calcd for 
C13H9O3CI: C, 62.79; H, 3.65%. 

9b: Pale yellow crystals, mp 90—92 °C; *H NMR (CD3OD) 
ô=4.85 (IH, overlapped with the solvent signals), 5.24 (IH, 
dd, 7=6.9, 1.5 Hz), 6.50 (IH, d, 7=8.4 Hz), 6.55 (IH, d, 7=8.4 
Hz), 6.59 (IH, ddd, 7=7.8, 6.9, 1.5 Hz), 6.96 (IH, ddd, 7=7.8, 
6.8, 1.5 Hz), and 7.63 (IH, d, 7=9.5 Hz); 13CNMR (CD3OD) 
0=39.4, 56.0, 115.0, 116.1, 123.5, 128.8, 130.7, 131.0, 140.8, 
146.6, 149.0, 151.7, and 186.8; IR (KBr) 3434, 3126, 3034, 
1675, 1494, 1271, and 722 cm"1; MS m/z (%) 250 (M+ for 37C1, 
38), 248 (M+ for 35C1, 100), 213 (48), 185 (50), and 160 (66). 
Found: C, 63.12; H, 3.70%. Calcd for C13H9O3CI: C, 62.79; 
H, 3.65%. 

4b: Yellow crystals, mp 123.5—124.5 °C; *HNMR 0=4.70 
(IH, ddd, 7=9.2, 6.2, 1.5 Hz), 5.24 (IH, dd, 7=6.6, 1.5 Hz), 
6.62 (IH, ddd, 7=7.3, 6.6, 1.5 Hz), 6.81 (2H, s), 6.93 (IH, ddd, 
7=7.3, 6.2, 1.5 Hz), and 7.40 (IH, d, 7=9.2 Hz); 13CNMR 
0=37.0, 54.5, 128.9, 135.8, 136.2, 136.6, 138.2, 141.8, 146.9, 
148.8, 180.3, 183.3, and 183.4; IR (KBr) 1695, 1657, 1594, 
1307, and 840 cm"1: UV (MeOH) 201 (a 12400), 249.2 (13000), 
and 354 nm (590); MS m/z (%) 248 (M+ for 37C1, 23), 246 (M+ 
for 35C1, 66), 218 (34), 211 (100), 183 (94), 155 (53), 127 (35), 
and 82 (41). Found: C, 63.52; H, 3.07%. Calcd for 
C13H7O3CI: C, 63.31; H, 2.86%. 

b) A toluene solution (2 cm3) of lb (67 mg) and 2 (173 mg) 
was heated at 100 °C under 10000 bar for 10 h. The same 
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work-up gave 18.5 mg (16%) of 3b, 42.8 mg (36%) of 9b, and 
30.1 mg (26%) of 4b. 

Reaction of lb with 6. a) A toluene solution (9 cm3) of lb 
(222 mg) and 6 (750 mg) was heated at 100 °C under 3000 bar 
for 10 h. The solvent was then evaporated under reduced 
conditions and the residue was chromatographed on a silica-
gel column to give 29A mg (16%) of 7b and 131.4 mg of lb. 

7b: Pale yellow crystals, mp 221—222.5 °C; iHNMR 
0=4.93 (1H, ddd, 7=9.2, 6.2, 1.5 Hz), 5.49 (1H, dd, /=6.6, 1.5 
Hz), 6.65 (1H, ddd, /=7.3, 6.6, 1.5 Hz), 6.96 (1H, ddd, /=7.3, 
6.2, 1.5 Hz), 7.46 (1H, d, /=9.2 Hz), 7.75—7.8 (2H, m), and 
8.12-8.17 (2H, m); 13CNMR 0=37.4, 55.0, 126.7, 127.0, 
128.6, 129.1, 131.8, 131.9, 134.1, 134.3, 138.2, 143.9, 147.1, 
150.9, 180.5, 181.2, and 181.4; IR (KBr) 1691, 1666, 1640, 
1593, 1296, and 730 cm"1; UV (MeOH) 246 (a 23600, sh), 
252.4 (26000), 274 (11600, sh), 333.6 nm (3700); MS m/z (%) 
298 (M+ for 3?C1, 14), 296 (M+ for 35C1, 36), 261 (53), 233 
(100), 176 (28), and 151 (20). Found: C, 68.71; H, 2.91%. 
Calcd for C17H9O3CI: C, 68.82; H, 3.06%. 

b) A toluene solution (2 cm3) of lb (34.7 mg) and 6 (117 
mg) was heated at 100 °C under 10000 bar at 10 h. The 
same work-up gave 4.2 mg (29%) of 7b and 27.9 mg of lb. 

Reaction of lc with 2. a) A toluene solution (9 cm3) of lc 
(347 mg) and 2 (827 mg) was heated at 100 °C under 3000 bar 
for 10 h. The residue of the reaction mixture was chroma­
tographed on a silica-gel column to give 153 mg (46%) of 3c, 
22.2 mg (7%) of 9c, and 164 mg of recovered lc. 

3c: Pale yellow crystals, mp 204—207 °C (decomp); 
*HNMR 0=3.75 (3H, s), 4.68 (1H, br s), 4.83 (1H, dddd, 
/=8.4, 7.0, 1.5, 0.7 Hz), 5.41 (1H, dd, /=11.0, 0.7 Hz), 6.56 
(1H, d, /=8.8 Hz), 6.61 (1H, d, /=8.8 Hz), 6.64 (1H, dd, 
7=8.8, 1.5 Hz), 6.94 (1H, dd, 7=8.8, 7.0 Hz), 7.27 (1H, dd, 
7=11.0, 8.4 Hz), and 8.49 (1H, s): 13CNMR 0=37.5, 54.2, 
92.9, 115.8, 116.6, 120.3, 125.0, 127.3, 130.2, 136.4, 143.5, 
150.0, 152.6, and 187.3; IR (KBr) 3320, 3210, 1675, 1465, 1225, 
1020, and 827 cm-*; MS m/z (%) 244 (M+, 78), 201 (100), and 
175 (23). Found: C, 68.62; H, 4.85%. Calcd for G4H12O4: 
C, 68.85; H, 4.95%. 

9c: Yellow crystals, mp 115—117 °C; *HNMR (CD3OD) 
0=3.40 (3H, s), 4.57 (1H, br s), 4.81 (1H, ddd, 7=9.2, 6.8, 1.5 
Hz), 5.12 (1H, dd, 7=6.8, 1.1 Hz), 6.44 (1H, d, 7=8.8 Hz), 6.47 
(1H, d, 7=9.2 Hz), 6.50 (1H, d, 7=8.8 Hz), 6.54 (1H, ddd, 
7=7.8, 6.8, 1.5 Hz), 6.99 (1H, ddd, 7=7.8, 6.8, 1.1 Hz), and 
7.89 (1H, s); 13CNMR (CD3OD) 0=36.5, 55.0, 56.0, 114.4, 
115.9, 122.7, 124.2,130.2, 133.1, 142.4,146.1,147.9, 148.9, and 
190.3; IR (KBr) 3418, 3126, 3034, 1669, 1495, 1120, and 759 
cm"1; MS m/z (%) 244 (M+, 70), 218 (37), 201 (43), 169 (100), 
160 (58), 119 (51), and 69 (57). Found: m/z 244.0670 (M+). 
Calcd for G4H12O4: 244.0735 (M). 

b) A toluene solution (2 cm3) of lc (71.1 mg) and 2 (169 
mg) was heated at 100 °C under 10000 bar for 10 h. The 
subsequent chromatography of the reaction mixture gave 
65.5 mg (51%) of 3c and 17.1 mg (13%) of 9c. 

Reaction of lc with 6. a) A toluene solution (7 cm3) of lc 
(410 mg) and 6 (1.43 g) was heated at 100 °C under 3000 bar 
for 10 h. The solvent was then removed under reduced 
pressure, and the residue was chromatographed on a silica-
gel column to give 47.3 mg (27%) of 7c and 328 mg of 
recovered lc. 

7c: A yellow viscous oil; *H NMR 0=3.45 (3H, s), 4.87 (1H, 
ddd, 7=9.5, 6.2, 1.5 Hz), 5.37 (1H, dd, 7=6.6, 1.5 Hz), 6.18 
(1H, d, 7=9.5 Hz), 6.59 (1H, ddd, 7=7.4, 6.6, 1.5 Hz), 6.97 
(1H, ddd, 7=7.4, 6.2, 1.5 Hz), 7.7—7.8 (2H, m), and 8.1—8.15 

(2H, m); 13CNMR 0=34.5, 54.6, 55.0, 117.3, 126.6, 126.8, 
128.6, 131.9, 132.0, 133.9, 134.1, 139.6, 144.0, 146.6, 152.4, 
181.4, 181.8, and 183.5; IR (KBr) 1693, 1664, 1640, 1296, and 
1110 cm-1; UV (MeOH) 222 (e 14900, sh), 247.6 (15400), 253 
(14700), 271 (8400), and 334.4 nm (2600); MS m/z (%) 292 
(M+, 73), 264 (50), 249 (100), 221 (83), 193 (28), and 104 (79). 
Found: m/z 292.0718 (M+). Calcd for Ci8Hi204: 292.0735 
(M). 

b) A toluene solution (2 cm3) of lc (45.4 mg) and 6 (159 
mg) was heated at 100 °C under 10000 bar for 10 h. Subse­
quent silica-gel chromatography gave 24.3 mg (25%) of 7c. 

DDQ Oxidation of 3a. An acetone solution (10 cm3) of 
3a and DDQ (218 mg) was stirred at room temperature for 2 
h. The solvent was then removed, and the residue was 
washed with benzene. The benzene-soluble part was chro­
matographed on a silica-gel column to give 65.1 mg (48%) of 
4a. 

DDQ Oxidation of 9b. An acetone solution of 9b (118 
mg) and DDQ (162 mg) was stirred at room temperature for 
1 h. The solvent was then evaporated, and the residue was 
washed with benzene. The benzene-soluble part was chro­
matographed on a silica-gel column to give 105 mg (90%) of 
4b. 

DDQ Oxidation of 3c. An acetone solution (5 cm3) of 3c 
(46 mg) and DDQ (64 mg) was stirred at room temperature 
for 5 h. The benzene-soluble part of the reaction mixture 
was chromatographed on a silica-gel column to give 25.1 mg 
(70%) of 4c and 9.8 mg (21%) of 3c. 

4c: Pale brownish crystals, mp 82—84 °C; *H NMR 0=3.45 
(3H, s), 4.73 (1H, dddd, 7=8.1, 6.2, 1.5, 1.1 Hz), 5.43 (1H, dd, 
7=11.0, 1.1 Hz), 6.52 (1H, dd, 7=8.1, 1.5 Hz), 6.74 (1H, d, 
7=9.9 Hz), 6.79 (1H, d, 7=9.9 Hz), 6.90 (1H, dd, 7=8.1, 6.2 
Hz), and 7.09 (1H, dd, 7=11.0, 8.1 Hz); *3CNMR 0=36.9, 
53.4, 91.2, 125.4, 133.4, 134.1, 134.7, 137.8, 141.5, 150.1 (2C), 
182.8, 183.2, and 183.4; IR (KBr) 1689, 1658, and 1399 cm-1; 
UV (MeOH) 201 (e 13700), 228 (8300, sh), 246.4 (8700), and 
382 nm (590); MS m/z (%) 242 (M+, 28), 213 (100), 184 (31), 
115 (22), and 43 (49). Found: m/z 242.0576 (M+). Calcd 
for C14H10O4: 242.0578 (M). 

Thermal Reaction of 4a under 3000 bar. A toluene solu­
tion (3 cm3) of 4a (9.5 mg) was heated at 100 °C for 10 h. 
The residue was then chromatographed on a silica-gel 
column to give 9 mg (94%) of 4a. 

Thermal Reaction of 7a under 10000 bar. A toluene 
solution (3 cm3) of 7a (9 mg) was heated at 100 °C for 10 h. 
The subsequent chromatography of the residue gave 7.2 mg 
(80%) of 7a. 

Thermal Reaction of 7b under 3000 bar. A toluene solu­
tion (3 cm3) of 7b (5.7 mg) was heated at 100 °C for 3 h. The 
subsequent chromatography of the residue gave 5.1 mg 
(89%) of 7b. 

Irradiation of 4a. A CDCI3 solution (1 cm3) of 4a (12.4 
mg) in a NMR tube was irradiated for 10 min with a 100 W 
high-pressure mercury lamp. The chromatography of the 
residue gave 1.9 mg (15%) of 5a. 

Reaction of la and 10. A toluene solution (4 cm3) of la 
(106 mg) and 10 (200 mg) was heated at 100 °C for 12 h under 
10000 bar. The subsequent Florisil chromatography of the 
mixture gave 70 mg (29%) of 11. 

11: Colorless crystals, mp 160—162 °C; ^ N M R 0=1.36 
(3H, s), 2.03 (3H, d, 7=1.6 Hz), 3.10 (3H, br s), 3.51 (1H, dm, 
7=7.4 Hz), 3.94 (1H, t, 7=8.8 Hz), 5.94 (1H, ddd, 7=8.4, 7.4, 
0.9 Hz), 5.96 (1H, dd, 7=11.0, 2.1 Hz), 6.55 (1H, ddd, 7=8.8, 
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8.4, 0.9 Hz), 6.57 (1H, q, /=1.6 Hz), and 6.94 (1H, dd, 7=11.1, 
8.8 Hz); «CNMR 0=16.5, 26.9, 44.3, 52.8, 53.2, 56.4, 124.2, 
131.1, 137.9, 141.3, 148.1, 150.4, 193.9, 198.6, and 200.2; IR 
(KBr) 2974, 1665, 1631, 1385, 1132, 901, 843, and 751 cm"1; 
UV (MeOH) 234 (s 14900) and 250 nm (10600, sh); MS m/z 
(%) 242 (M+, 40), 214 (50), 171 (27), 131 (27), 96 (100), 91 (31), 
78 (25), 68 (93), 40 (37), and 39 (39). Found: C, 74.54; H, 
5.81%. Calcd for G5H14O3: C, 74.36; H, 5.83%. 

Reaction of le and 10. A toluene solution (4 cm3) of lc 
(276 mg) and 10 (400 mg) was heated at 100 °C for 11 h under 
10000 bar. 200 mg (72%) of lc were thus recovered. 
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The association reaction of tetrakis(l-methyl-4-pyridinio)porphine (TMpyP) with salmon testes DNA has 
been investigated spectrophotometrically, statically, and kinetically in buffers containing different concentra­
tions of Na+ . Free TMpyP had an absorption maximum at 424 nm, which decreased with increasing DNA 
concentration. At the low Na+ concentrations of less than 1.20X10-1 mol dm - 3 the minimal absorbance at the 
wavelength was reached by less than 1X10-4 mol dm - 3 DNA. On the other hand, near the end of the titration at 
the high DNA concentrations at 2.20X10-1 mol dm - 3 Na+ , the absorbance no longer continued to decrease but 
displayed a small absorbance increase. The dependence of the association constant on the Na+ concentration 
indicated that less than one ion-pair contributed to a formation of the complex between TMpyP and DNA if 
there was the same reaction mechanism at the Na+ concentration range used in the experiment. These results 
of the spectra and the association constants suggested that a mechanism of the reaction might be different at the 
low and high salt concentrations. Kinetic results by a micro stopped-flow method showed that the reaction 
was a single step at the low Na+ concentration, while at the high Na+ concentration it consisted of two steps. 

In many researches of drugs b ind ing to nucleic 
acids, well studied were the interactions of DNA wi th 
e th id ium and acridine which were able to slip between 
adjacent base pairs of double-stranded DNA wi thou t 
r equ i r ing distortions of DNA since the drugs were 
small , p lanar , and aromatic.1) Recent investigation 
of drug-nucleic acid interactions has led to the u n a n ­
ticipated result that the association reaction of p rop i -
d i u m to poly(A) • poly(U) plays different behaviors at 
the low and h igh salt concentrations.2) T h a t is, the 
reaction of p rop id ium, a dication hav ing a large and 
charged sidechain, b ind ing to poly(A) • poly(U) is a 
single step at the low N a + concentrat ion, whi le at the 
h igh N a + concentrat ion it consists of two steps which 
conta in the slow un imolecu la r process after the bind­
ing step. 

A nonmeta l and metal derivative of tetraphenylpor-
ph ine may be expected to provide severe steric h in­
drance for intercalat ion since its phenyl meso-
substi tuents are perpendicular to the p lane of the 
po rphyr in ring.3) In fact, the excellent works of Pas-
ternack et al.4'5) and Wilson et al.6) have indicated that 
the derivative of some metals such as Zn, Co, Fe, and 
Mn hardly interacts wi th poly(dG-dC)2, and nonmeta l 
t e t raphenylporphine in the reaction with po ly (dG-
dC)2 and poly(dA-dT) 2 prefers to b ind to G C sites at 

Fig. 1. The structure of tetrakis(l-methyl-4-pyri-
dinio)porphine (TMpyP). 

low ionic strength and to A T site at h igh ionic 
strength. 

H o w does a nonmeta l loporphyr in interact wi th the 
other heterogeneous nucleic acid? H o w does a salt 
affect a reaction of the d rug wi th the nucleic acid ? In 
this paper , we report salt effects on equi l ib r ium and 
kinetics of the reaction of tetrakis(l-methyl-4-pyri-
d in io )porph ine (TMpyP) wi th sa lmon testes DNA. 
T M p y P is a large tetracation as shown in Fig. 1. 

Exper imenta l 

Materials. Salmon testes DNA and 5,10,15,20-tetrakis(l-
methyl-4-pyridinio)porphine (TMpyP) were obtained from 
Sigma Chemical Co. and Dojin Chemical Co., respectively. 
All solutions were prepared using a buffer consisting of 10~2 

mol dm"3 Na 2 HP0 4 and 10"4mol dm"3 Na2EDTA, pH 7.0. 
Each buffer solution was adjusted to the desired final Na+ 

concentration by adding NaCl and followed by readjust­
ment of the pH to 7.9. The Na+ concentration was calcu­
lated as the sum of the concentrations from NaCl, Na2HPC>4 
and Na2EDTA. The solutions of DNA were prepared and 
dialyzed against each buffer containing the desired Na+ 

concentration at 4 °C for one day. The DNA and TMpyP 
concentrations were determined spectrophotometrically 
using the following extinction coefficients; £260=6.55X103 

mol"1 dm3 cm-1 for DNA7) and for £424=2.26X105 mol"1 dm3 

cm"1 for TMpyP.4) 
Apparatus. Absorbance measurements in the UV-visible 

region were made on a Hitachi U-3200 programable spectro­
photometer. Wavelength scans were made in cells having a 
path length of 10 mm. Cell holders were thermostated by a 
Hitachi SPR-7 temperature controller. Kinetic measure­
ments were performed on an Otuka Denshi RA-401 stopped-
flow apparatus and a micro stopped-flow one (Wakenyaku 
Co.) interfaced to a NEC PC9801-VX computer. Only 
1.7X10-5 dm3 of each sample solution was needed to measure 
each kinetic run on the micro stopped-flow apparatus. In 
all experiments, temperature was kept at 25.0+0.1 °C. 

Equilibrium Measurements. The absorbace of TMpyP 
at 424 nm obeyed the Beer-Lambert law at the concentration 
range used in the experiments (10-6—10-5 mol dm -3). The 
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absorbance change of TMpyP with increasing DNA concen­
tration at the wavelength was measured in each buffer to 
make a spectrophotometric titration. Following each addi­
tion of DNA, a time scan was made on the absorbance at the 
wavelength to confirm that the equilibrium was reached, 
and then the absorbance was recorded. In all experiments 
temperature was kept at 25.0+0.1 °C. The value of r which 
was defined as the average fraction of lattice binding sites of 
the nucleic acid occupied by the drug was calculated from 
the titration curve, finally being obtained an association 
constant of TMpyP with DNA in each solution. 

Kinetic Measurements. The rates of the association of 
TMpyP with DNA at 3.02X10"2 and 2.20X10"1 mol dm"3 

Na+ were determined by monitoring the change of absorb­
ance with time at 424 nm. In the experiments the initial 
concentration of DNA was always regulated to large excess 
over that of TMpyP. The obtained kinetic runs were ana­
lyzed with nonlinear least-squares fitting to single or double 
exponential curve. 

Results and Discussion 

Spectra of TMpyP with DNA. Free T M p y P had 
the Soret m a x i m u m at 424 nm, and the reaction wi th 
DNA led to a substantial red shift of the m a x i m u m 
and a large hypochromici ty as shown in Fig. 2. T h e 
spectral shapes in Fig. 2 were very similar in each 
solut ion con ta in ing a different N a + concentrat ion of 

Wavelength / nm 

Fig. 2. Spectrophotometric titration of TMpyP with 
DNA at 2.02X10-2 moldm-3Na+ , pH 7.0 at 25 °C. 
The constant concentration of TMpyP is 2.87X10-6 

mol dm -3 . The concentration range of DNA is 
from zero at the top curve to 4.67X10-5 mol dm - 3 at 
the bottom curve at 424 nm. 

less than 1.20X10 -1 mol d m - 3 . T h e reaction of 
T M p y P wi th poly(dG-dC)2 led to a very large hypoch­
romicity at the m a x i m u m and a new m a x i m u m at 444 
n m , while an absorbance change wi th poly(dA-dT)2 
displayed a small red shift and hypochromicity.4 ) 

T h e absorbance change and shift in the Soret region 
for T M p y P with DNA at the low salt concentrat ions 
are similar to those for the d rug wi th poly(dG-dC)2. 
However, the change of the spectrum for T M p y P wi th 
DNA at 2.20X10"1 mol d m " 3 N a + were intermediate 
between those for poly(dG-dC)2 and poly(dA-dT)2.4 ) 

Therefore, at the h igh salt concentrat ion there appear 
to be interactions between T M p y P and sa lmon testes 
DNA at bo th G C and A T sites of the nucleic acid. 

T h e absorbance of T M p y P at 424 n m decreased wi th 
increasing DNA concentrat ion and the min ima l 
absorbance at the wavelength was reached by less than 
1X10 - 4 mol d m - 3 DNA at the low N a + concentrat ions 
of less than 1.20X10 -1 mol d m - 3 . However, near the 
end of the t i trat ion at h igh DNA concentrations at 
2.20X10 - 1 mol d m - 3 N a + , the absorbance n o longer 
cont inued to decrease bu t displayed a small absor­
bance increase. T h e behavior of the absorbance 
increase had been also found for the poly(dA-dT)2 
titration.4) These results suggest that a large a m o u n t 
of N a + may make T M p y P to favor the A T sites of the 
heterogeneous DNA. 

Association Constants. T h e results of the t i trat ion 
were converted to b ind ing isotherms. T h e data were 
analyzed wi th the theory for site exclusion binding:4 '8) 

limr->o[d(r/b)/dr]=-K(2n-l), (1) 

where b is the molar concentrat ion of a free T M p y P , K 
the association constant of T M p y P with DNA, and n 
the number of consecutive lattice residues made inac-
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Fig. 3. Binding isotherms of TMpyP to DNA at (a) 
7.02X10-2, (b) 1.20X10-1, and (c) 2.20X10"1 mol 
dm"3 Na+ at 25 °C. 
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cessible by the b i n d i n g of a single T M p y P molecule. 
Typica l plots at 7.02X10"2, 1.20X10"1, and 2.20X10"1 

mol d m - 3 N a + are shown in Fig. 3. T h e obtained 
values of K and n are listed against the N a + concentra­
tions in Tab le 1. 

T h e value of K at 2.02X10"2 m o l d m " 3 N a + was 
1.14X106 m o l - 1 dm3 . T h i s value is smaller than 
8.9X106 and 1.3X108 m o l " 1 dm 3 for e th id ium and 
p ro p id ium, respectively, b ind ing to sa lmon testes 
DNA at 1.6X10-2 mol d m " 3 Na+,7> though T M p y P has 
more positive charges than e th id ium and p rop id ium. 
T h e result suggests that all four positive charges of 
T M p y P may not contr ibute to the b ind ing wi th DNA. 

Salt Effect on Association Constants. T h e b ind ing 
constant of T M p y P wi th DNA decreased wi th increas­
ing the N a + concentrat ion. In other words, the bind­
ing is no t only stacking bu t electrostatic in origin.9) 
T h e s imple polyelectrolyte theory10'11) is often used in 
order to interpret the effects of counter ion concentra­
t ion on l igand b i n d i n g to polyelectrolytes. Applica­
t ion of this theory to the interaction of a nucleic acid 
wi th a small molecule shows the relat ion of K and 
N a + concentrat ion, [ N a + ] , in Eq. 2: 

(<91og£/<91og[Na+]) = -m'i/f, (2) 

where *A = *Ac + fe 

and Ç = q2/ekBTh. 

Here, q is the elementary charge, s the bu lk dielectric 
constant , k& Bol tzmann 's constant, T absolute temper­
ature, h the average distance between charges on the 
backbone of the nucleic acid, \jj the sum of the fraction 
of counter ions which are directly condensed onto the 
nucleic acid (\fsç) and the fraction of screening counter-
ions per phospha te (i/rs), and mf the number of ion 
pairs that form with DNA on b ind ing of one l igand. 

Figure 4 shows the plots of log K vs. —log[Na+] for 
T M p y P b ind ing to DNA. T h e slope of the linear 
l ine in Fig. 4 was 0.49. When the average axial 
charge spacing a long the helical axis for the DNA is 
assumed to be 0.17 nm,1 2 ' the value of 0" is calculated to 
be 0.88 at 25 °C. Therefore, the value of m' was 0.56, 
surpris ingly suggest ing that less than one ion-pair 
contr ibutes to a formation of the complex between 
T M p y P and DNA if there is the same reaction mecha­
n ism at the N a + concentrat ion range used in the 

Table 1. The Dependence of K and n for TMpyP Binding 
to DNA on Na + Concentration at 25 °Ca) 

102[Na+]/mol 

2.02 
3.02 
7.02 

12.0 
22.0 

dm - 3 lO-^/mol- idmS 

11.4 
10.2 
9.87 
8.37 
2.73 

n 

3.1 
3.4 
3.7 
3.7 
5.9 

CT 
O 

6.5 

6.0 

5.5 

5.0 
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Fig. 4. The log-log plot of the association constants 
of TMpyP with DNA at 25 °C vs. Na+ concentration. 

experiment. 
It was k n o w n in the many cases of drugs b ind ing to 

nucleic acids that one ion-pair contributed to a com­
plex formation, especially in the cases of synthetic 
polymers, for example, e th id ium-polyd(AT) • polyd-
(AT),7> and propidium-poly(A)»poly(U). 1 3 ) In the 
case of T M p y P , Wilson et al. reported that m'01 values 
of T M p y P b i n d i n g to poly(dG-dC)2 and poly(dA-
dT)2 were the same, ca. 2.7.8) Pasternack et al. also 
reported a m'ij/ value of 1.6 for T M p y P with po ly (dG-
dC)2.14) We obtained the value of 1.9 for T M p y P with 
poly(A) • poly(U).15) T h e very small value of m'ty for 
the reaction of T M p y P wi th sa lmon testes DNA may 
be due to the different reaction mechanism at the low 
and h igh salt concentrat ions a n d / o r the different 
behavior of the b ind ing at the G C and A T sites of 
DNA. 

Kinetics at Low N a + Concentration. T h e results 
of the spectra and the association constants indicate 
that a mechanism of the reaction between T M p y P and 
DNA migh t be different at the low and h igh salt 
concentrations. Therefore, reaction kinetics of T M p y P 
to DNA at 3.02X10-2 and 2.20X10"1 m o l d m " 3 N a + 

have been investigated to provide insights in to salt 
effect on the dynamics of the b ind ing behaviors. Fig­
ure 5 shows typical kinetic runs at 3.02X10 - 2 and 
2.20X10-1 mol d m - 3 N a + . T h e kinetic run at the low 
N a + concentrat ion was able to be fitted wi th a single 
exponent ia l function. However, the run at the h igh 
N a + concentrat ion was not , as shown in Fig. 5. O n 
the kinetic curve at the h igh N a + concentration, a fast 
step finished wi th in about 20 ms and was followed by 
the slower step. 

In kinetic measurements at 3.02X10 - 2 mol d m - 3 N a + 

the stopped-flow traces obeyed a first-order kinetic 
equa t ion when the DNA concentrat ion was in large 
excess over the T M p y P concentrat ion. T h e plot of 
the observed rate constant, &0bs, against the ini t ial 
concentrat ion of DNA, [D]o, at 25 °C was linear in 
agreement wi th Eq. 3 as shown in Fig. 6: 

a) Uncertainty is within ±10% for K and n. &obs — ki [D]o 4" k-i. (3) 
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Fig. 5. S topped-flow kinetic traces for the reaction 
of TMpyP with DNA at 25 °C at (a) 3.02X10"2 and 
(b) 2.20X10"1 mol dm"3 Na+ . The TMpyP concen­
tration kept 2.8X10-6 mol dm - 3 in both buffers was 
about 10 times smaller than DNA concentration. 
The smooth dotted lines represent nonlinear least-
squares fitting to single and double exponential 
curves for curves a and b, respectively. 
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Fig. 6. Dependence of &0bs on DNA concentration at 
3.02X10-2 mol dm"3 Na+ at 25 °C. 

In Eq. 3, k\ and k-\ were the association and dissocia­
t ion rate constants , respectively. T h e l inear relat ion 
between k0b* and [D]o indicates the reaction pa th at the 
low N a + concentrat ion is s imple as described below: 

TMpyP + DNA <=^TMpyP-DNA Complex. (4) 
k-i 

T h e values of k\ and k-i determined from the depend­
ence of feobs on [D]o by a least-squares method were 
1.93X 106 m o l - 1 dm 3 s - 1 and 1.9 s_1, respectively. T h e 
association constant obta ined by the rat io of the rate 
constants , &1/&-1, is 1.02X106 m o l - 1 dm 3 and the value 
is well in accord wi th the association constant of 
1.04X106 m o l - 1 dm 3 by the direct determinat ion (Table 
1), which strengthens the reliability of the simple 

reaction mechanism at the low salt concentrat ion de­
scribed above. 

Kinetics at High N a + Concentration. T h e associa­
t ion reaction at 2.20X10"1 mol d m - 3 N a + gives the two 
observed rate constants of £0bs,i and £0bs,2. Figure 7 
shows the dependences of £obs,i and £0bs,2 on [D]o at 
25 °C. T h e linear dependence of &0bs,i and the lack of 
dependence of A0bs,2 on [D]o at the h igh N a + concentra­
tion cannot be explained by the s imple one-step mech­
anism at 3.02X10 -2 mol d m - 3 Na + . It could be consid­
ered that there is an allosteric conversion from some 
nons tandard DNA state to a usual B-form double 
helix before the b ind ing of TMpyP. 1 6 ) However, the 
allosteric conversion cannot give the probable expla­
na t ion for the dependences of £0bs,i and £0bs,2 on [D]o.17) 

T h e results of the spectra and the association con­
stant at the h igh N a + concentrat ion may suggest two 
most reasonable explanat ions for the kinetic results: 1) 
There is a rearrangement of T M p y P a m o n g the sites 
of DNA after the first b ind ing process (Scheme 1), or 2) 
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there are independent b ind ing processes of T M p y P at 
the different sites of DNA (Scheme 2). 

TMpyP + DNA <=± Complex 1 è ± Complex 2 
Ä-1.1 A-2,1 

Scheme 1. 

TMpyP + DNA *=± Complex 1 
£-1,2 

TMpyP + DNA ë ± Complex 2 
Â-2,2 

Scheme 2. 

In Schemes 1 and 2, Complexes 1 and 2 are the 
different complexes of T M p y P with DNA. T h e rate 
constants, /tobs,i and £obs,2, for these mechanism are 
given by Eqs. 5 and 6 for Scheme 1, and Eqs. 7 and 8 
for Scheme 2, respectively: 

& o b s , i = &i,i[D]o + Ä-1 ,1 (5) 

fcobs,2 = Ä2 f l [D]o/([D]o + 1/Ki,i) + fc-2,1 

= fa,i + Ä-2,1 (at very large [D]o) (6) 

fcobs,l = M D ] 0 + fc-l,2 (7) 

£obs,2 = Ä2 f2[D]o/(£l,2[D]o + 1 ) + £-2,2 

= (k2,2/K1>2) + Ä-2f2 (at very large [D]0) (8) 

Here, the rate constants in Eqs. 5—8 are as indicated 
in Schemes 1 and 2, and £ i , i=Ai , i /A-u, ^1,2=^1,2/^-1,2. 

T h e previous study4) reported that a truly interca­
lated species required G C base pairs and porphyr in 
moieties which had n o axial groups . T h u s , T M p y P 
interacts extensively wi th G C regions. A fundamen­
tally different type of complex is formed at A T regions 
of nucleic acids. T h i s latter type of interaction leads 
to an externally b o u n d complex in which the por­
phyr in is located in groove a n d / o r is only part ial ly 
intercalated. It is also known that the complexes at 
G C and A T regions form in larger and shorter than 3 
ms at 25 °C, respectively.18) Therefore, Complexes 1 
and 2 in the present work, especially in Scheme 2, may 
no t correspond to the T M p y P - D N A complex at G C 
and A T sites, respectively, because both complexes 
show observable stopped-flow runs of half-lives 
longer than 3 ms. Wilson et al.8) have found in the 
dissociation reaction of T M p y P from poly(dG-dC)2 
that the dissociation involves the slow reaction of an 
ini t ial product to form an intermediate wi th ion pairs 
and then the intermediate dissociates rapidly to the 
free l igand and the polymer. It appears to be similar 
to the present case. However, in the more complex 
case of a native DNA like sa lmon testes DNA, different 
types of mechanisms inc lud ing intercalations at 
mixed G C / A T sites may be occuring.19-21* 

O n the other hand , from the similarity between the 
results of sa lmon testes DNA and calf thymus DNA,18) 

it suggests that, as shown in Scheme 1, T M p y P m i g h t 
move from site to site wi thou t first dissociating in to 

the solvent. T h e linear p lot in Fig. 7a by a least-
squares method gives 2.06X106 m o l - 1 dm 3 s - 1 and 19.4 
s - 1 for Ai,i and fe-1,1 at the first step in Scheme 1, 
respectively. T h e value of Ä-1,1 is about 10 times 
larger than that of k-i at the low N a + concentrat ion. 
T h e result can be predicted by a model of an electro­
static interactions between the d rug and the nucleic 
acid.n '2 2 ) A l though the addi t ional study for the other 
nucleic acids will be able to give a clear discussion, 
there can be n o quest ion for this ini t ial results that the 
association displays different behaviors at the low and 
h igh salt concentrations. 

In conclusion, the results of the spectra and the 
association constants suggested that a mechanism of 
the reaction may be different at the low and h igh salt 
concentrat ions. Kinetic results by a micro stopped-
flow method showed that the reaction was a single 
step at the low N a + concentrat ion, while at the h igh 
N a + concentrat ion it consisted of two steps, suppor t ­
ing the above suggestion. 

T h i s work was partly supported by Grants-in-Aid 
for Scientific Research, Nos. 01740272 and 01540386, 
from the Ministry of Educat ion, Science and Cul ture . 
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Lewis Acid Catalyzed Reaction of o-[l-(Alkylthio)alkyl]phenols: 
The Generation and Reaction of o-Quinonemethides and 

Applications to Cannabinoid Synthesis 

T s u t o m u INOUE, Seiichi INOUE, and Kikumasa SATO* 
Department of Applied Chemistry, Faculty of Engineering, Yokohama National University, 

Tokiwadai, Hodogaya-ku, Yokohama 240 
(Received December 20, 1989) 

o-Quinonemethides were prepared by treating o-[l-(alkylthio)alkyl]phenols with a Lewis acid. The Diels-
Alder reaction of the resulting o-quinonemethides was also catalyzed by the Lewis acid. Hexahydrocanna-
binol was synthesized according to this method. 

In the course of our synthetic studies of na tura l 
products,1) an effective synthetic method of o-[l-
(alkylthio)alkyl] phenols (1) via [2,3]sigmatropic rear­
rangement has been developed for the purpose of 
ort/ io-alkylation of phenols (Scheme l). l a_c) T h e use-
fullness of 1 was shown in the easy syntheses of pheno l 
derivatives, for example, salicylaldehyde, coumar-
ins, l a ) benzofurans, l c ) and benzopyrans. l b ) Moreover, 
no t ing the impor tan t roles of o-quinonemethides (2) 
in the synthesis of chroman, chromene, and other 
oxygen heterocycles, we recently reported the method 
to give 2 by us ing 1 as start ing materials.2) Since 
a lkyl thio groups on the benzyl posi t ion of 1 act as 
good leaving groups, these compounds can be effi­
ciently converted from 1. 

It has been k n o w n that 2 has been used no t only as 
heterodiene in the Diels-Alder reaction bu t also as the 
Michael acceptor.4) Al though some Michael reac­
tions of enones wi th thiols are k n o w n as the reversible 
reaction,5) there has been n o report on the generat ion 
of 2 on the basis of the reversible reaction. T h e 
structure of 1 is the same as that of the Michael adduct 
between 2 and thiol. O u r new generat ion method 
was achieved from this viewpoint.3) 

In this paper, we report the prepara t ion of 2 by the 

R1- + R2CH2SR3 

OH 

1) S02C12 

2) NEt3 

— «'t 

SR3 

R2 

OH 

Scheme 1. 

R2 

2 

HSR3 

treatment of 1 with a Lewis acid (Scheme 2). Also 2 is 
made to react wi th dienophiles to give chromans by 
the Diels-Alder reaction or wi th aromatics to give 
novel 1,3-diarylcyclohexane derivatives via a new type 
of Friedel-Crafts reaction. T h e effectiveness of this 
method is further demonstrated by the synthesis of 
cannabinol relatives. 

Results and Discussion 

We chose (£)-6-(4-Methoxybenzylidene)-3,4-methyl-
enedioxycyclohexa-2,4-dienone (2a),6) which was sta­
ble in isolation, as a start ing 2 for the prepara t ion of o-
[l-(alkylthio)alkyl]phenol ( la) by the Michael reac­
tion. Trea t ing of 2a wi th phenylmethaneth io l in 
tr iethylamine at room temperature gave the Michael 
adduct la in 80% yield. 

In order to examine the reverse reaction, the benzene 
solut ion of la was treated wi th boron trifluoride ethe-
rate at room temperature. T h e red coloration of the 
solut ion strongly suggested the formation of 2a. 
When this treatment was r u n in the presence of 2-
propaneth io l , o-[a-(isopropylthio)-4-methoxybenzyl]-
phenol (3) was produced in 39% yield and 2a was 
recovered in 33% yield (Scheme 3). Th i s confirmed 
that 1 was equi l ibr iumly converted to 2 in an equi l ib­
r ium and thiol by the Lewis acid treatment. 

T h e intermolecular hetero Diels-Alder reaction of 2 
with electron-rich olefins has generally been carried 

OMe OMe 

o-CH2SH 

2a 

1a \ — SH 

Scheme 2. Scheme 3. 
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out at high temperatures,7) although the reaction with 
vinyl ethers proceeds smoothly at room temperature.2) 
In our present reversible reaction, 2 was thought to 
react with various olefins at lower temperatures to 
give Diels-Alder cycloadducts through activation of 2 
with the Lewis acid predicted theoretically.7'8) Actu­
ally, styrene being added in this system as a dieno-
phile, the Diels-Alder reaction was carried out at 
room temperature. The results are summarized in 
Table 1. 

By using o-alkyl- and o-benzylphenols 3 and lb—d 
as precursors of 2 the corresponding intermolecular 
cycloadducts 4a—d were obtained at room tempera­
ture. When allylphenols le,f were used as starting 
materials, 4e and f were exclusively provided by 
the reaction of the corresponding 6-allylidenecyclo-
hexadienone with the dienophiles without any forma­
tion of intramolecularly cyclized chromenes, which 
were reported to be the major products on oxidation 
of allylphenols via isomerization of czVo-quinone-
methides or acid-catalyzed dehydration of l-(o-hydro-
xyphenyl)allyl alcohol via carbenium intermediates. 

It is noteworthy that by the use of the present 
method various intermolecular Diels-Alder- adducts 
were readily provided at room temperature. 

In our previous report,lb) the treatment of a 2-[l-
(alkylthio)-3-butenyl]phenol with a Lewis acid in 
dichloromethane afforded a 4-(alkylthio)chroman. 

Table 1. Diels-Alder Reaction of o-Quinonemethide 
with Dienophilea) 

Phenol Dienophile BF3 • OEt2 
(mole equiv) Product (Yield%) 

oc 

1c 

0 C X p h 

1d 

X 
K ' Ph B 

OH <ph 

X 
L 

a) Carried out using 1 or 3 (1 mmol), dienophile (30 
mmol), and benzene (15 ml) at room temperature. 

The reaction seems to proceed not through 2 but 
through carbenium intermediate due to the alkylthio 
moiety remaining on its benzyl position. Next, the 
behavior of 1 possessing a double bond in the side-
chain was investigated by the present method. 

X 
I I BF3.OEt2 

^ ^ O H PhH, rt 

X X 

i g 5 Y=40% 

cd^o5 
2h 

(eq. 2) 

BF3.OEt2 f-\ 
(°-5 *tf \f\ \\ 
PhH, rt P ^ o " 

(eq. 3) 

8 Y=65% 

BF3.OEt2 

(0.5 eg) 
PhH, rt 

O' 

9 Y=75% 

(eq. 4) 

It was found that o-(3-butenyl)phenol (lg) was con­
verted into 2,2-dimethyl-4-(isopropylthio)chroman 
(5) probably via an ionic intermediate (Eq. 1). o-(4-
Pentenyl)phenol (lh) was recovered unchanged (Eq. 
2). Thus, the presumed o-quinonemethides which 
might be led from lg or If would not react with their 
3- or 4-double bonds intramolecularly under the pres­
ent reaction conditions. 

o-(5-Hexenyl)phenol (li) gave a 1,3-diarylcyclo-
hexane derivative (8) in 65% yield (Eq. 3). The struc­
ture of 8 was analyzed by 400 MHz 1U NMR. The 
decoupling measurement of two protons on the cyclo-
hexane carbons, to which the aromatic rings were 
attached, did not indicate that they were coupled to 
each other. The existence of at least one proton, 
which was coupled with the two protons, was proved 
by COSY spectrum. These results support that the 
cyclohexane ring is substituted by two aromatic rings 
in the 1,3-position. 

To explain the formation of 8, we_postulate the 
mechanism containing two consecutive electrophilic 
attacks; the first is the electrophilic attack of the o-
quinonemethide upon the terminal double bond and 
the second is the attack of the electrophilic center, 
formed as the result of the first, upon the aromatic 
ring of the solvent (Scheme 4). The similar reaction 
to this was observed in the acid-catalyzed polyene 
epoxide cyclization.9) Since 2h did not afford the 
corresponding cyclopentane derivative, only the 6-
membered transition state seemed be preferred in this 
reaction. 



June, 1990] Lewis Acid Catalyzed Reaction of o-Quinonemethides 1649 

When mesitylene was used as solvent, the corre­
spond ing cyclohexane derivative was also obtained in 
60% yield. T h i s reaction could be recognized as a 
Friedel-Crafts reaction. 

Hexahydrodibenzo[&,<i]pyran (9),10) which had a 
trans r ing j u n c t u r e , n ) was efficiently produced from o-
(6-heptenyl)phenol (lj) as a result of the intramolecu­
lar Diels-Alder reaction via 6-membered chair-like 
side chain conformation (2j) of the transit ion state 
(Eq. 4).12) O n the other hand , the corresponding 
intramolecular cycloadduct, benzocyclobutapyran and 
benzocyclopentapyran, were no t obtained from l h and 
l i (Eq 2,3). Since pyrolysis of 2-(l-hydoroxy-5-
pentenyl)phenol gave 6 via the 5-membered conforma­
tion of the transit ion state (2i),13) 4- and 5-membered 

2i 
PhH 

Scheme 4. 

10 
a 
b 
c 
d 

R1 

OH 
H 
OH 
n-CsH^ 

R2 

H 
OH 
n-CsHu 
OH 

- *~ 8 

Scheme 5. 

transit ion states 2h and 2i were unfavorable to 
the in t ramolecular Diels-Alder reaction at room 
temperature. 

We turned our at tent ion to the preparat ion of rela­
tives of hexahydrocannabinol , 1 4 ) 10a—d, by taking 
advantage of the intramolecular Diels-Alder reaction 
in our method (Scheme 5). T h e ort/io-alkylation of 
3-acetoxyphenol (11a) was achieved by the [2,3]-
s igmatropic rearrangement of a phenoxy sulfonium 
ylid which was prepared from 11a and sulfide (12). 
After silica-gel chromatography, the two regio iso­
mers, 3-acetoxy-2-citronellylphenol (13a) and 5-
acetoxy-2-citronellylphenol (13b), were isolated in 28 
and 30% yields, respectively (scheme 6). 

Attempted cyclization reaction of both 13a and 13b 
with BF3 • OEt2 resulted in the recovery of the star t ing 
phenols . Probably, the acetoxyl g roup on the aro­
matic r ings induced this result (cf. Eq. 4). Since even 
13b failed to be converted to the intramolecular Diels-
Alder adduct, a steric h indrance of the g roup would 
not be though t of as a substantial interfering entity of 
the cyclization reaction. T h e problem was solved by 
use of 4-hydroxyphenol (14b), produced by the cleav­
age of acetoxyl g r o u p of 13b wi th l i th ium a l u m i n u m 
hydride (LAH) in ether as the substrate. T h e treat­
ment of 14b wi th BF3 • OEt2 in benzene gave the 
desired product 10b in 66% yield based on 13b. T h e 
trans r ing junc tu re was confirmed by close agreement 
of the coup l ing constants for XH N M R spectra of 6a— 
10a wi th those of 9. According to this procedure, 
10an ) was obtained from 13a in 53% yield (scheme 7). 

Finally, hexahydrocannabinol ( H H C ; 10c) and the 
regio isomer (lOd) were synthesized. T h e alkylat ion 
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of olivetol monoacetate ( l ib ) wi th 12 was done by the 
[2,3]sigmatropic rearrangement to give 3-acetoxy-
pheno l (13c) and 5-acetoxyphenol (13d) in 25 and 23% 
yields, respectively. lOd was obtained by the similar 
me thod to those of 10a and 10b in 51% yield from 13d. 
T h e cleavage of acetoxyl g roup of 13c wi th sodium 
borohydride in e thanol at 50 °C gave a better result 
rather than with LAH. T h e treatment of hydroxy-
pheno l (14c) wi th BF3 • OEt2 in benzene afforded H H C 
in 71% yield from 13c. 

In conclusion, it was found that in the presence of 
Lewis acid there was an equi l ib r ium between 1 and 2. 
Since 2 is activated by the Lewis acid at the same time, 
2 reacts wi th olefins in the manner of intermolecular 
Diels-Alder reaction at room temperature. In the 
case of in t ramolecular reaction, dibenzo[fe,<i]pyran 
r ing system was easily and effectively obtained 
th rough the transi t ion state possessing the 6-mem-
bered conformat ion of side chain, and, moreover, cy-
clohexane derivatives were prepared by the Friedel-
Crafts reaction. H H C and its relatives were also syn­
thesized more easily by the method than by reported 
methods.11 '15) 

Experimental 

Melting points were determined on a Shimadzu MM-2 
hot-stage apparatus and were uncorrected. IR spectra were 
measured on a Hitachi 260-10 spectrometer. XH NMR spec­
tra were obtained by JEOL FT-90-Q, JEOL JNM-FX270, or 
JEOL GSX400 with TMS as an internal standard. Mass 
spectra were recorded with a HITACHI M-80 GC mass 
spectrometer. The column chromatography was done by 
use of Wakogel C-200 (Wako Pure Chemical Industries). 

Michael Reaction of 2a with Phenylmethanethiol. 
Phenylmethanethiol (0.124 g, 1.0 mmol) was added drop-
wise to a solution of 2a (0.256 g, 1.0 mmol) in triethylamine 
(3 ml) at room temperature. After 10 h the reaction mixture 
was concentrated. The crude product was chromato-
graphed on a column with 30% EtOAc-hexane to afford 2-(a 
benzylthio-4-methoxybenzyl)-4,5-methylenedioxyphenol 
(la) (0.301 g, 79%): *HNMR (90 MHz) (CDCI3) 0=3.43 (2H, 
s, SCH2Ph), 3.59 (3H, s, OCH3), 4.86 (IH, s, benzyl-H), 5.62 
(2H, s, OCH2), 6.20 (IH, s, H-6), 6.32 (IH, s, OH), 6.33 (IH, 
s, H-3), 6.60 (2H, d, 7=8.5 Hz, H-2' and 6'), 6.9—7.2 (7H, m, 
ArH); IR(neat) v 3400, 3050, 2900, 1610, 1510, 1480, 1250, 
1040, 840, and 690 cm"1. C, 69.39; H, 5.46%. Calcd for 
C22H20O4S: C, 69.47; H, 5.26%. 

Lewis Acid Treatment of la with 2-Propanethiol. Boron 
trifluoride etherate (0.075% (v/v) solution in benzene, 5 ml, 
0.03 mmol) was added to a mixture of la (0.228 g, 0.60 
mmol), 2-propanethiol (0.2 ml, 2 mmol), and benzene (5 
ml). The reaction mixture immediately became a red solu­
tion. Then, after stirring for 18 h at room temperature, the 
mixture was poured into ice water and extracted with ether 
(20 mlX2). The combined organic layer was washed with 
aq NaHCÜ3, dried with MgSC>4, and evaporated in vacuo. 
The residue was chromatographed on a column of silica gel 
with 30% CH2Cl2-hexane to recover la (0.076 g, 33%). The 
last fraction from the chromatography gave 3 (0.079 g, 
39%).10) 

General Procedure for the Preparation of 2-[l-(Alkyl-
thio)alkyl]phenol 1. lb—j and 13a—d were prepared by 
the method described in the literature.10) 

2-(l-Propylthiopropyl)phenol (lc): *HNMR (90 MHz) 
(CDCI3) 6=0.90 (3H, t, /=7.6 Hz, S(CH2)2CH3), 0.93 (3H, t, 
/=7.3 Hz, ArCHCH2CH3), 1.52 (2H, tq, 7=7.1 and 7.6 
Hz, SCH2CH2Me), 1.93 (2H, dq, 7=7.6 and 7.6 Hz, 
ArCHCH2Me), 2.31 (2H, t, 7=7.1, SCH2), 3.86 (IH, t, 7=7.6 
Hz, ArCH), 6.7—7.5 (4H, m, ArH), 7.53 (IH, s, OH); 
IR(neat) v 3300, 2950, 1580, 1490, 1450, 1230, and 750 cm"1. 

2-[l-(5-Hexenylthio)-5-hexenyl]phenol (li): 1H NMR (90 
MHz) (CDCI3) 0=1.21—1.66 (6H, m, ArCHCH2CH2 and 
SCH2CH2CH2), 1.72—2.16 (6H, m, ArCHCH2CH2CH2 and 
SC3CH2C=C), 2.32 (2H, bt, 7=6.6 Hz, SCH2), 3.95 (IH, t, 
7=7.3 Hz, ArCH), 4.93 (2H, d, 7=10.0 Hz, ds-HCH=H), 4.97 
(2H, d, 7=16.1 Hz, trans-HCH=CH), 5.74 (2H, ddt, 7=16.1, 
10.0, and 6.6 Hz, CH=CH2), 6.73—7.25 (4H, m, ArH), 7.27 
(IH, s, OH); IR (neat) v 3300, 2950, 1640, 1490, 1460, 1240, 
1000, 920, and 760 cm"1. 

3-Acetoxy-2-(l-citronellylthio-3,7-dimethyl-6-octenyl)-
phenol (13a): ^ N M R (90 MHz) (CDCI3) 6=0.74—0.96 
(6H, m, CH3CH), 1.05—2.17 (16H, m, alkyl-H), 1.57 (6H, s, 
*rans-CH3CMe=C), 1.67 (6H, s, ds-CH3CMe=C), 2.29 (3H, s, 
OCOCH3), 4.38 (IH, bt, 7=7.6 Hz, ArCH), 5.06 (2H, bs, 
vinyl-H), 6.59 (IH, bd, 7=8.1 Hz, H-6), 6.78 (IH, bd, 7=8.1 
Hz, H-4), 7.16 (IH, dd, 7=8.1 and 8.1 Hz, H-5), 8.1 and 8.2 
(IH, br, OH); IR (neat), v 3250, 2900, 1770, 1620, 1590, 1470, 
1200, and 1020 cm"1. 

5-Acetoxy-2-(l-citronellylthio-3,7-dimethyl-6-octenyl)-
phenol (13b): ^ N M R (90 MHz) (CDCI3) 6=0.74—0.95 
(6H, m, CH3CH), 1.05—2.15 (16H, m, alkyl-H), 1.59 (6H, s, 
*rans-CH3CMe=C), 1.68 (6H, s, czs-CH3CMe=C), 2.27 (3H, s, 
OCOCH3), 4.04 (IH, bt, 7=6.1 Hz, ArCH), 5.06 (2H, bs, 
vinyl-H), 6.60 (IH, bd, 7=7.6 Hz, H-4), 6.64 (IH, s, H-6), 
6.99 (IH, d, 7=7.57 Hz, H-3), 7.26 (IH, s, OH); IR (neat) v 
3250, 2900, 1770, 1610, 1440, 1200, and 1020 cm"1. 

3-Acetoxy-2-(l-citronellylthio-3,7-dimethyl-6-octenyl)-5-
pentylphenol (13c): ^ N M R (90 MHz) (CDCI3) 6=0.77— 
1,05 (9H, m, CH3CH and ArC4CH3), 1.0—2.4 (24H, m, 
alkyl-H), 1.57 (6H, s, *rarcs-CH3CMe=C), 1.66 (6H, s, cis-
CH3CMe=C), 2.30 (3H, s, OCOCH3), 4.23 (IH, t, 7=7.2 Hz, 
ArCH), 5.00 (2H, bt, 7=7.0 Hz, vinyl-H), 6.60 (2H, s, H-4 
and 6), 8.1—8.3 (IH, br, OH); IR (neat) v 3220, 2920, 1770, 
1620, 1590, 1450, 1200, and 1030 cm"1. 

General Procedure for Preparation of 4. Boron trifluo­
ride etherate (3.0—0.05 mmol) was added to a mixture of 1 
(1.0 mmol), styrene (30 mmol), and benzene (15 ml). After 
stirring for 18 h at room temperature, the mixture was 
poured into ice water and extracted with ether (30 mlX2). 
The combined organic layer was washed with aq NaHC03, 
dried with MgS04, and evaporated in vacuo. The residual 
oil was chromatographed to give chroman 4. 

c«-4-Ethyl-2-phenylchroman (4c): *HNMR (400 MHz) 
(CDCI3) 6=0.95 (3H, t, 7=7.3 Hz, CH3), 1.55 (IH, ddq, 
7=14.0, 8.9, and 7.3 Hz, MeCHHCH), 1.79 (IH, ddd, 7=13.4, 
11.6, and 11.6 Hz, Hû-3), 2.11 (IH, ddq, 7=14.0, 4.0, and 7.3 
Hz, MeCHHCH), 2.27 (IH, ddd, 7=13.4, 5.8, and 1.8 Hz, He-
3), 3.07 (IH, m, H-4), 5.03 (IH, dd, 7=11.6 and 1.8 Hz, H-2), 
6.91 (IH, dd 7=7.3 and 1.5 Hz, H-8), 6.92 (IH, ddd, 7=7.3, 
7.3, and 1.5 Hz, H-6), 7.12 (IH, ddd, 7=7.3, 7.3, and 1.5 Hz, 
H-7), 7.14 (IH, dd, 7=7.3 and 1.5 Hz, H-5), 7.28—7.48 (5H, 
m, ArH); IR (neat) v 2950, 1490, 1230, 750, and 700 cm"1. 
Found: m/z 238.1374. Calcd for CivHisO: M, 238.1357. 
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ds-2,4-Diphenylchroman (4d): ^ N M R (270 MHz) 
(CDC13) 6=2.26 (IH, ddd, /=12.2, 11.9, and 11.2 Hz, Hfl-3), 
2.90 (IH, dd, /=12.2 and 5.6 Hz, H'-3), 4.34 (IH, dd, /=11.9, 
and 5.6 Hz, H-4), 5.20 (IH, d, /=11.2 Hz, H-2), 6.77—7.49 
(m, 14H, ArH); IR (neat) v 2950, 1490, 1230, 750, and 700 
cm"1. Found: m/z 286.1350. Calcd for C2iHi80: M, 
286.1356. 

m-6-Methyl-2-phenyl-4-(£)-styrylchroman (4e): mp 119— 
121 °C; *HNMR (400 MHz) (CDCI3) 0=2.05 (IH, ddd, 
/=13.2, 11.4, and 11.4 Hz, Hfl-3), 2.22 (IH, ddd, /=13.2, 5.9, 
and 1.7 Hz, H'-3), 2.23 (3H, s, CH3), 3.86 (IH, ddd, 7=11.4, 
9.0, and 5.9 Hz, H-4), 5.12 (IH, dd, /=11.4 and 1.7 Hz, H-2), 
6.16 (IH, dd, /=15.6 and 9.0 Hz, -CH=CPh), 6.60 (IH, d, 
7=15.6 Hz, - O C H P h ) , 6.92 (IH, d, 7=9.0 Hz, H-8), 6.98 
(IH, d, 7=9.0 Hz, H-7), 6.01 (IH, s, H-5), 7.2—7.5 (m, 10H); 
IR (KBr) v 3020, 1490, 1230, 960, 760, and 700 cm"1. Found: 
m/z 326.1667. Calcd for C24H22O: M, 326.1669. 

tis-6-Methyl-4-(2-methyl-l-propenyl)-2-phenylchroman 
(4f): *H NMR (400 MHz) (CDCI3) ô=1.78 (3H, d 7=1.2 Hz, 
trans -C=C(CH3)Me), 1.80 (3H, d, 7=1.2 Hz, eis -
C=C(CH3)Me), 1.87 (IH, ddd, 7=13.7, 11.9, and 11.9 Hz, Hfl-
3), 2.12 (IH, ddd, 7=13.7, 5.7, and 1.8 Hz, H«-3), 2.26 (3H, s, 
ArCH3), 3.92 (IH, ddd, J=U.9, 9.5, and 5.1 Hz, H-4), 5.07 
(IH, dd, 7=11.9 and 1.8 Hz, H-2), 5.08 (IH, ddd, 7=9.5, 1.2, 
and 1.2 Hz, vinyl-H), 6.79 (IH, d, 7=8.2 Hz, H-8), 6.89 (IH, 
s, H-5), 6.92 (IH, d, 7=8.2 Hz, H-7), 7.3—7.5 (5H, m, ArH); 
IR (neat) v 2900, 1490, 1240, 900, and 820 cm"1. Found: m/z 
278.1699. Calcd for C20H22O: M, 278.1699. 

2-(3-Phenylcyclohexyl)phenol (8). To a solution of l i 
(0.290 g, 1.0 mmol) in benzene (15 ml) was added boron 
trifluoride etherate (0.5 mmol). After stirring for 18 h at 
room temperature, the mixture was poured into ice water 
and extracted with ether (30 mlX2). The combined organic 
layer was washed with aq NaHC0 3 , dried with MgSÛ4, and 
evaporated in vacuo. The residual oil was chromato-
graphed to give 0.164 g of 8 (65% yield): 1H NMR (400 MHz) 
(CDC13) 0=1.49 (2H, dq, 7=12.2 Hz, H-5'), 1.62 (2H, dq, 
7=12.2 Hz, Hfl-4' and Hfl-6'), 1.97 (3H, bt, 7=11.2 Hz, Hfl-2', 
H M , and H'-6'), 2.07 (IH, bd, 7=12.5 Hz, H«-2'), 2.74 (IH, 
bt, 7=12.0 Hz, Hû-3'), 3.05 (IH, bt, 7=12.0 Hz, Hfl-1'), 4.82 
(IH, s, OH), 6.69 (IH, d, 7=7.9 Hz, H-6), 6.89 (IH, dd, 7=7.9 
and 7.9 Hz, H-4), 7.04 (IH, dd, 7=7.9 and 7.9 Hz, H-5), 7.1— 
7.3 (6H, m, H-3 and Ph); IR (neat) v 3500, 2930, 1600, 1500, 
1450, 1240, 750, and 700 cm"1. Found: m/z 252.1519. 
Calcd for Ci8H2oO: M, 252.1524. 

General Procedure for the Preparation of Hexahydrodi-
benzo[fc,d]pyran (10a, 10b, and lOd). To a solution of 13 
(0.20 mmol) in 10 ml of ether was added lithium aluminum 
hydride (0.010 g, 0.26 mmol). After being stirred for 1 h at 
room temperature, the reaction mixture was carefully di­
luted with 30 ml of water-saturated ether, then diluted with 
cold water (30 ml), and the mixture was filtered through 
Celite. The organic layer was separated and washed with 
cold water (20 ml). The aqueous layer was extracted with 
ether (10 mlX2), and the combined organic layer was dried 
over MgSÜ4. As soon as the solvent was removed in vacuo, 
benzene (15 ml) was added to the crude product 17. To the 
benzene solution was added boron trifluoride etherate (0.10 
mmol). Then, after stirring for 2 h at room temperature, 
the mixture was poured into ice water and extracted with 
ether (30 mlX2). The combined organic layer was washed 
with aq NaHC0 3 , dried with MgSC>4, and evaporated in 
vacuo. The residual oil was chromatographed to give 10. 

3-Hydroxy-6,6,9-trimethyl-6a,7,8,9,10,10a-hexahydro-6H-
dibenzo[M]pyran (10b): mp 138—140 °C; *HNMR (400 
MHz) (CDC13) 0=0.87 (IH, bq, 7=12.5 Hz, Hfl-10), 0.98 (3H, 
d, 7=6.6 Hz, CH3-9), 1.05 (IH, bt, 7=10.5 Hz, Hfl-8 or H*-8), 
1.07—1.10 (IH, m, Hfl-7 or H*-7), 1.13 (3H, s, CH3-6), 1.34 
(IH, ddd, 7=11-3, 11.3, and 2.9 Hz, H-6a), 1.37 (3H, s, CH3-
6), 1.57 (IH, m, H-9), 1.8—1.9 (2H, m, Hû or H*-7 and Hû or 
H*-8), 2.37 (2H, m, H-lOa and HMO), 4.70 (IH, s, OH), 6.25 
(IH, dd, 7=7.6 and 2.4, H-4), 6.35 (IH, dd, 7=7.6 and 2.4 Hz, 
H-2), 7.05 (IH, d, 7=7.6 Hz, H-l); IR (KBr) v 3200, 2950, 
1620, 1590, 1500, 1450, 1140, 990, and 850 cm"1. Found 
(acetate): m/z 288.1727. Calcd for Ci8H2403: M, 288.1724. 

3-Hydroxy-l-pentyl-6,6,9-trimethyl-6a,7,8,9,10,10a-hexa-
hydro-6iï-dibenzo[M]pyran (lOd): *HNMR (400 MHz) 
(CDC13) 0=0.84 (IH, bq, 7=13.1 Hz, HMO), 0.90 (3H, t, 
7=6.7 Hz, ArC4CH3), 0.94 (3H, d, 7=6.7 Hz, CH3-9), 1.02 
(3H, s, CH3-6), 1.10 (IH, bpent, 7=12.2 Hz, Hû-8 or H*-8), 
1.3—1.4 (5H, m, Hfl-7 or H*-7, MeCH2CH2), 1.39 (3H, s, 
CH3-6), 1.48 (IH, ddd, 7=11.0, 11.0, and 2.1 Hz, H-6a), 1.5— 
1.7 (3H, m, H-9 and ArCH2CH2), 1.8—1.9 (2H, m, Hfl or He-
7 and Hfl or H*-8), 2.32 (IH, bd, 7=13.1 Hz, HMO), 2.39 (IH, 
ddd, 7=11-0, 11.0, and 2.4 Hz, H-lOa), 2.54 (2H, t, 7=8.1 Hz, 
ArCH2), 4.77 (IH, s, OH), 6.12 (IH, d, 7=2.4, H-4), 6.27 (IH, 
d, 7=2.4 Hz, H-2); IR (neat) v 3350, 2900, 1610, 1590, 1440, 
1140, and 1020 cm"1. Found: m/z 316.2409. Calcd for 
C2iH3202:M, 288.1724. 

3-Hydroxy-5-pentyl-6,6,9-trimethyl-6a,7,8,9,10,10a-hexa-
hydro-6£T-dibenzo[fc,d]pyran (HHC; 10c). To a solution of 
13c (0.106 g, 0.20 mmol) in 2 ml of ether was added sodium 
borohydride (0.010 g, 0.26 mmol). After being stirred for 
18h at 50 °C, the reaction mixture was cautiously diluted 
with 10 ml of benzene and 20 ml of water. The organic 
layer was separated and washed with cold water (20 ml). 
The aqueous layer was extracted with benzene (10 mlX2), 
and the combined organic layer was dried over MgSC>4. 
MgSÜ4 was filtered, and to the benzene filtrate was added 
boron trifluoride etherate (0.10 mmol). Then, after stirring 
for 2 h at room temperature, the mixture was poured into ice 
water and extracted with ether (30 mlX2). The combined 
organic layer was washed with aq NaHC03 , dried with 
MgSC>4, and evaporated in vacuo. The residual oil was 
chromatographed to give 0.045 g of HHC15a> (71% yield): 
*H NMR (270 MHz) (CDCU) 6=0.78 (IH, bq, 7=13.1 Hz, Hfl-
10), 0.88 (3H, t, 7=6.7 Hz, ArC4CH3), 0.94 (3H, d, 7=6.7 Hz, 
CH3-9), 1.07 (3H, s, CH3-6), 1.10 (IH, m, Hû-8 or H'8), 1.36 
(3H, s, CH3-6), 1.2—1.5 (6H, m, Hfl or H*-7, H-6a, and 
MeCH2CH2), 1.5—1.7 (3H, m, H-9 and ArCH2H2), 1.8—1.9 
(2H, m, Hfl or H*-7 and Hû- or He-8), 2.45 (2H, t, 7=6.3 Hz, 
ArCH2), 2.47 (IH, m, H-lOa), 3.10 (IH, dm, 7=11.7 Hz, He-
10), 4.71 (IH, s, OH), 6.07 (IH, d, 7=1.7, H-2), 6.24 (IH, d, 
7=1.7 Hz, H-4); IR (neat) v 3350, 2900, 1610, 1590, 1440, 
1140, and 1020 cm-1. 
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The Reaction of Wittig Reagents with Selenium. Formation of Selenoaldehydes 

Kentaro OKUMA,* Yasuo KOMIYA, Isao KANEKO, Yuji TACHIBANA, Eiji IWATA, and Hiroshi OHTA 
Department of Chemistry, Faculty of Science, Fukuoka University, Jonan-ku, Fukuoka 814-01 

(Received December 22, 1989) 

The reaction of Wittig reagents with elemental selenium gave the corresponding selenoaldehydes which 
further reacted with other Wittig reagents to give the corresponding dimeric olefins in good yields. The 
selenoaldehydes formed afforded corresponding adducts by the reaction with dienes. These selenoaldehydes 
obtained by retro Diels-Alder reaction were also found to react with Wittig reagents to give the corresponding 
olefins in good yields. 

Phosphonium ylides [1] have been widely utilized 
for the synthesis of olefins and also known to react 
with sulfur to afford thiocarbonyl compounds.1'2) 
Recently, we found that the reaction of stable Wittig 
reagents (1) with episulfides or elemental sulfur 
afforded dialkyl fumarates or maleates in good yields 
and confirmed that these reactions proceeded through 
thioaldehyde intermediates.3) This consideration, in 
turn, prompted us to investigate the possibility of the 
formation of selenocarbonyl compounds by the reac­
tion of elemental selenium with 1. 

Selenoaldehydes [2] are interest compounds for their 
anomalous reactivity.4) Until our preliminary com­
munication in 1987, however, there had been no 
report on the formation of 2 from 1.5) At almost the 
same time with our communication, Erker, Hock, and 
Nolte reported the generation of 2 by the reaction of 1 
with elemental selenium.6) In this paper, we report 
the reaction of 1 with elemental selenium. 

Preparation of Olefins. Compounds 1 were pre­
pared by the reaction of corresponding phosphonium 
salts [3] with bases and isolated in the case of stable 
reagents. We first tried the reaction of stable 1 
with elemental selenium. Treatment of (methoxy-
carbonylmethylene)triphenylphosphorane [la] with 
elemental selenium afforded dimethyl fumarate [4a] 
and triphenylphosphine selenide [5] in 74% and 81% 

2 Ph3P=CH(R) + (Se)n-

1 
- R(H)C=C(H)R 

4 
2 Ph3P=Se 

5 

yields, respectively (Scheme 1). Other reactions were 
carried out in a similar manner. When the stable 
ylides 1 were used as substrates, only trans olefins [4] 
were isolated in all instances. Erker et al. also 
reported that this reaction proceeded by use of cata­
lytic amount of selenium or 5.6) We also tried the 
reaction of la with 1/5 equiv of 5. However, no 
reaction occurred by treatment of this ylide with 5. 
The reactivity between stable ylides and alkyl-
substituted ylides seems to be quite different. 

In a previous paper, we also reported the reaction of 
1 with elemental sulfur, which afforded the same 
dimeric olefins.3) The present reaction seems to pro­
ceed in a similar manner via a selenoaldehyde inter­
mediate. The ylide carbanion attacks elemental sele­
nium to give the corresponding 2, which further reacts 
with 1 to afford 4 as shown in Scheme 2. 

Generation of Selenoaldehydes. Many workers 
confirmed the formation of 2 by trapping it with 
dienes.4) Then, we tried cycloaddition reactions to 
trap selenoaldehyde intermediates. Treatment of 
(phenylmethylene)triphenylphosphorane [lc] with 
2,3-dimethyl-l,3-butadiene in the presence of elemen­
tal selenium in refluxing toluene afforded the corre­
sponding Diels-Alder adduct [6c], 4c, and 5 in 34%, 

Ph3P=CH(R) 

1 
+ (Se)n 

PhaP-'CHlR) 

Sen_3 
Se- . 

H ' 
,C=Se R )KH 

W N R 

Scheme 1. Scheme 2. 

Table 1. Reaction of Phosphonium Ylides with Elemental Selenium 

Compound Conditions Products Yields/% 
1 

a 
b 
c 
c 
c 
c 
d 
e 

R 

COOMe 
COOEt 
Ph 
Ph 
Ph 
Ph 
CN 
COMe 

Solvent 

toluene 
toluene 
toluene 
T H F 
T H F 

toluene 
toluene 
toluene 

Temperature/°C 

reflux 
reflux 
reflux 
reflux 

rt 
0 

reflux 
reflux 

Time/h 

4 
4 
2 
1 
2 
8 
4 
4 

4a 
4b 
4c 
4c 
4c 
4c 
4d 
4e 

4 

74 
91 
68 
65 
41 
51 
45 
46 

5 

81 
95 
79 
85 
67 
63 
54 
71 

trans/cisa) 

trans only 
trans only 

4 
8 

10 
10 

trans only 
trans only 

a) The ratio was determined by their NMR spectra. 
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54%, and 76% yields, respectively. Interestingly, 
when la was used as a substrate, c o m p o u n d [7a] was 
obtained in 16% yield a long wi th 6a (62%) and 5 (65%) 
(Scheme 3). C o m p o u n d 7a is the reaction product of 
4a wi th 2,3-dimethylbuta-l ,3-diene. As shown in 
Table 2, Diels-Alder adducts were obtained in moder­
ate yields. Olefin 4a is the by-product of the present 
reaction. 2,3-Dimethyl-l ,3-butadiene migh t be less 
reactive than stable la. T h e n , we chose cyclopenta­
diene as a substrate, which is more reactive than 

2 Ph3P=CH(R) + (Se)n—*-

1 

Se 
Me 

R ^ "Me R 

6 

Scheme 3. 

Me 

+ 5 

Me 

Ph3P-CH2CH2COOEt + BuLi • 

3f Br 

[ Ph3P=CHCH2COOEt 

If 

(Se)n 
EtOOCCH2CH=Se 

2f 

Scheme 4. 

o 
CHgCOOEt 

6h 

dimethylbutadiene. When 2 equiv of Se was added to 
a solut ion of ylide la (or lc), followed by the addi t ion 
of cyclopentadiene (5 equiv), the desired adduct 6f (or 
6g) was obtained in 27% (or 25%) yield. In the past 
decade, many workers reported the new synthetic 
methods for 2: Reid et al. prepared stable heterocyclic 
selenoaldehydes by Vilsmeier reaction;4a) reaction of a-
silyl selenocyanates wi th Bu4NF;4b) 1,2-elimination of 
selenosulfates;4c) reaction of aldehyde with bis(trimeth-
ylsilyl)selenide in the presence of catalytic BuLi.4d> 
Recently, Okazaki and coworkers reported the isola­
tion of 2.4e) However, there is no report on the prepa­
rat ion of 2 from p h o s p h o n i u m ylides except our and 
Elker's communications.5 '6) T h e present me thod has 
many advantages: the reaction simply occurred by 
mix ing two reagents (ylides and selenium). Sele­
noaldehydes conta in ing a variety of functionalities 
can be easily prepared. For example, the Diels-Alder 
adduct, 6h, was prepared by two step process from 
t r iphenylphosphine and ethyl 2-bromopropionate as 
shown in Scheme 4. 

Reaction of Selenoaldehydes with Wittig Reagents 
by a Retro-Diels-Alder Reaction. Recently, Kirby et 
al. and Elker et al. reported that anthracene (or 
cyclopentadiene)-selenobenzaldehyde adduct was 

Table 2. Reaction of Selenoaldehydes with Diene 

Selenoaldehyde Conditions 
R Temperature/°C */equi 

5 
5 
5 
5 
5 

V 

4a 
4b 
4c 
4d 
4e 

4 

0 
0 
54 
0 
0 

Products Yield/% 

5 

65 
85 
76 
40 
40 

6 

6a 62 
6b 42 
6c 34 
6dl4 
6e 13 

7 

7a 16 
7b 6 
7c 0 
7d 7a) 

7e 4a) 

COOMe 
COOEt 
Ph 
COCHs 
CN 

90 
reflux 

90 
reflux 
reflux 

3.3 
3.3 
3.3 
2 
2 

a) Compounds 7d and 7e could not be isolated in pure form. 

Ph 6f 

\\ // 
+ 7 C=Se 

Ph 

1a H x ^COOMe 
C=C 

Ph NH 
4f 

MeOOC 

A 

6g 

\ W // 
x ' MeOOC 

C=Se 

2a 

Ph3P=CHCOOMe 

la 

H .COOMe 
C=C 

MeOOC H 
4a 

Scheme 5. 

^ I] MeOOC / \ 

MeOOC g a 
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decomposed to selenobenzaldehyde and anthracene (or 
cyclopentadiene) u p o n heat ing at 75 °C, which further 
reacted wi th 2,3-dimethyl-l ,3-butadiene to afford 
another Diels-Alder adduct.4c'6> T h i s result is 
another preparat ive method for 2. So, we tried the 
reaction 6f or 6g wi th 1 in toluene (Scheme 5). Treat­
men t of ylide l a wi th the adduct [6f] in refluxing 
toluene afforded methyl c innamate (4f) and 5 in 95% 
and 85% yields, respectively. We also tried the reac­
t ion of l a wi th 6g in ref luxing toluene. In this case, 
another Diels-Alder adduct [8a] was obtained in 68% 
yield a long with 4a and 5. Th i s adduct is the reac­
tion product of cyclopentadiene wi th 4a. It is inter­
esting that cyclopentadiene formed by thermolysis 
further reacted wi th 4a to give 8a. T h e n we tried this 
reaction in the presence of cyclopentadiene (3 equiv). 
C o m p o u n d 8a was obtained in 88% yield. As shown 
in Tab le 3, the corresponding olefins were obtained in 

Table 3. Reaction of Diels-Alder Adducts with 2,3-
Dimethyl-l,3-butadiene 

Adduct 

6f R=Ph 

6g R=COOMe 

Ylide 

la 
lb 
la 
lb 
lc 

Product Yield/% 

Olefin 

4f 
4g 
4a 
4h 
4f 

4 

95 
94 
32 
24 
0 

8 

8f 0 
8g 0 
8a 67 
8h62 
8f 0 

5 

85 
94 
87 
97 
23 

good yields. T h e reaction might proceed th rough 
selenaphosphetane intermediates. However, Vedejs 
and co-workers reported that the reaction of thiopival-
aldehyde wi th (3-phenylpropyl idene) t r iphenylphos-
pho rane afforded the corresponding episulfide in 32% 
yield.7) If this reaction is applicable to selenoalde-
hydes, the reaction of 1 wi th 2 would have afforded 
olefins via episelenide intermediates, which are 
k n o w n as unstable compounds . At present, we do 
not have any evidence which route is operative. 

We also found that the reaction of adduct (6a) wi th 
2,3-dimethyl-l ,3-butadiene in refluxing toluene 
afforded another adduct in 64% yield. 

In summary, the reaction of 1 wi th elemental sele­
n i u m gave the dimeric compounds 4 in good yields. 
T h i s reaction proceeds th rough selenoaldehyde inter­
mediates. T h e experimental results in this paper 
indicate that selenoaldehydes conta in ing a variety of 
functionalities can be prepared easily and part icipate 
wi th good efficiency in cycloaddition reactions. T h e 
retro-Diels-Alder reaction made another approach 
for the generat ion of selenoaldehydes, which further 
reacted wi th p h o s p h o n i u m ylides to afford olefins in 
good yields. 

Exper imental 

General Methods. Melting points are uncorrected. 
NMR spectra were obtained by using JEOL PMX-60, FX-

90Q, and GSX 400 spectrometers. Mass spectra were 
recorded on a JEOL GS 270 spectrometer. 

Materials. Stable phosphonium ylides were prepared by 
a method mentioned in the literature.1) Cyclopentadiene 
was obtained from dicyclopentadiene by distillation. 2,3-
Dimethyl-l,3-butadiene was purchased from Aldrich Chem. 
and used without further purification. Authentic dimethyl 
fumarate, diethyl fumarate, fumaric acid, methyl cinnamate, 
and ethyl cinnamate were purchased from Aldrich Chem. 

General Procedure for Synthesis of Olefins 4 from phos­
phonium Ylides 1. To a solution of containing 3.3 g (10 
mmol) of carbomethoxymethylenetriphenylphosphorane 
(la) in toluene (100 ml) was added a suspension of selenium 
(0.79 g, 10 mmol) in 15 ml of toluene. After refluxing for 4 
h, the reaction mixture was evaporated and the remaining 
oil was extracted three times with hexane. The combined 
extracts were evaporated and roughly chromatographed on 
silica gel to give dimethyl fumarate (4a) (0.53 g, 3.7 mmol) in 
74% yield. Other reactions were carried out in a similar 
manner. 

Reaction of 1 with Catalytic Amount of 5. To a solution 
of la (1.0 g, 3.0 mmol) in 30 ml of toluene was added 
compound 5 (0.26 g, 0.75 mmol) in one portion. After 
refluxing for 24 h, the solution was evaporated to give 
colorless crystals, which was recrystallized from methanol to 
give colorless crystals of la (0.80 g, 2.4 mmol, 80%). 

Cycloadduct (6b) of 2,3-Dimethylbuta-l,3-diene and Ethyl 
Selenoxoacetate Derived from Ylide lb. To a solution of 
(ethoxycarbonylmethylene)triphenylphosphorane (lb) (1.00 
g, 3.0 mmol) and 2,3-dimethylbuta-l,3-diene (4.11 g, 50 
mmol) in toluene (50 ml) was added elemental selenium 
(0.79 g, 10 mmol) in one portion. After stirring for 20 h at 
90 °C, the reaction mixture was cooled, filtered, and evapo­
rated to give pale orange oily crystals. This residue was 
extracted with pentane (5 ml) for three times. The com­
bined extracts were evaporated and distilled to afford a 
mixture of adducts 6b and 7b (130—140°C/2 mmHg, 1 
mmHg=l33.322 Pa). This oil was chromatographed over 
silica gel by elution with hexane-dichloromethane (4:1) to 
give 6b4c> (0.31 g, 1.3 mmol, 42%) and 7b (0.02 g, 0.08 mmol, 
6%). Compound 7b was identical with the authentic sam­
ple. Other reactions were carried out in a similar manner. 

Preparation of Authentic Diels-Alder Adducts (7b). To a 
solution of diethyl fumarate (1.2 g, 8.3 mmol) in toluene was 
added a solution of 2,3-dimethylbuta-l,3-diene in toluene 
(20 ml). After refluxing for 20 h, the reaction mixture was 
evaporated to give a pale yellow oil, which was distilled 
under reduced pressure (bulb-to-bulb distillation) to give 
colories oil of 7b. (130—140 °C/2 mmHg, 1.25 g, 4.9 mmol, 
59%), *HNMR (CDCls) 6=1.25 (t, CH3, /=7.3 Hz, 6H), 1.62 
(s, CH3, 6H), 2.17 (m, 2H), 2.25—2.29 (m, 2H), 2.79—2.82 
(m, 2H), 4.14 (q, CH2, /=7.3 Hz and/=3.1 Hz, 4H). Precise 
mass for C14H22O4: 254.1518 (calcd), 254.1490 (found). 
Other reactions were carried out in a similar manner. 7a 
110—120°C/2 mmHg, bulb-to-bulb distillation); *HNMR 
(CDCI3) 0=1.62 (s, CH3, 6H), 2.16 (m, 2H), 2.25—2.29 (m, 
2H), 2.82-2.84 (m, 2H), 3.69 (s, OCH3 6H). 7d ( 1 2 0 -
130°C/2 mmHg); *HNMR (CDCI3) ô=1.57 (s, CH3, 6H), 
1.79-1.88 (m, 2H), 2.14 (s, 6H, COMe), 2.12-2.22 (m, 2H), 
2.85—2.95 (m, 2H). 

Reaction of la with Senium in the Presence of Cyclopen­
tadiene. To a solution containing 1 mmol of ylide (la) 
(0.33 g) and cyclopentadiene (0.33 g, 5 mmol) in toluene (30 
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ml) was added elemental selenium (0.16 g, 2.0 mmol) at 
90 °C. After stirring for 14 h, the resulting mixture was 
evaporated to give brown oily crystals. The resulting mix­
ture was extracted with hexane (30 ml) for three times. The 
combined extracts were evaporated to afford a pale orange 
oil, which was distilled to give the cycloadducts [6g] as a 
mixture of endo and exo isomers. 6g;4c> (80—90°C/1.2 
mmHg, 0.059 g, 0.27 mmol, 27%); ^ N M R (CDC13) (Exo 
isomer) 0=1.86 (d, 1H, /=10.2 Hz), 2.05 (d, 1H, /=9.5 Hz), 
3.29 (m, 1H), 3.54 (m, 1H), 3.73 (s, CH3), 4.43 (m, 1H), 5.75— 
5.77 (m, =CH), 6.40—6.42 (m, =CH). (Endo isomer) 
0=1.65—1.68 (m, 1H), 1.78—1.80 (m, 1H), 3.46 (m, 1H), 3.72 
(s, CH3), 4.37 (m, 1H), 4.69 (d, 1H, /=3.6 Hz), 5.91—5.92 (m, 
=CH), 6.46—6.48 (m, =CH). Compound 6£ was obtained in 
a similar manner. 6f;4d> (100—110°C/1.2 mmHg, 0.059 g, 
0.25 mmol, 25%); 1H NMR (CDCI3) (Endo isomer) 0=1.86 (br 
s, 2H, CH2), 3.33 (br, 2H), 4.45 (br, 1H), 5.24 (d, CH, /=3.9 
Hz), 5.51—5.53 (m, =CH), 6.55—6.57 (m, =CH), 7.17—7.48 
(m, 5H). (Exo isomer) (CDCI3) 6=1.88—1.89 (m, 1H), 
2.12—2.16 (m, 1H), 3.11 (br, 1H), 4.32 (s, 1H), 4.55 (br, 1H), 
5.94—5.96 (m, =CH), 6.44—6.46 (m, =CH) 7.15—7.58 (m, 
5H, Ar). 

Reaction of Phosphonium Ylide If with Selenium and 
Cyclopentadiene. To a suspension of [2-(ethoxycarbonyl)-
ethyljtriphenylphosphonium bromide7) (2.22 g, 5.0 mmol) 
in toluene (50 ml) was added a solution of butyllithium (4.5 
ml, 10% w/v, 7.0 mmol) in hexane at room temperature. 
After stirring for 1 h, cyclopentadiene (11.7 g, 25 mmol) and 
elemental selenium (0.79 g, 10 mmol) were added in portion-
wise to this orange suspension which was then refluxed for 6 
h. The resulting suspension was filtered off and evapo­
rated to give dark brown oily crystals, which were extracted 
with pentane (20 mlX3). The residue was recrystallized 
from benzene to give colorless crystals of 5 (0.74 g, 2.2 mmol, 
44%). The combined extracts were evaporated and distilled 
under reduced pressure (bulb-to-bulb distillation, 100— 
110°C/1.5 mmHg) to give a colorless oil of 6h (0.36 g, 1.46 
mmol, 29%). Compound 6h was obtained as a mixture of 
isomers. ^ N M R (CDCI3) 6=1.23 (t, CH3), 1.27 (t, CH3), 
1.33—1.54 (m, 6H). 1.86—1.91 (m, 2H), 2.16 (m, 1H), 
2.90—2.94 (m, 3H), 3.02 (s, 1H), 3.19 (s, 1H), 4.06 (q, 2H), 
4.13 (q, 2H), 5.90—5.92 (m, 1H), 6.10—6.12 (m, 2H), 6.16— 
6.18 (m, 1H). Precise mass for Ci0Hi4O2Se (80Se): 246.0159 
(calcd), 246.0087 (found). 

The Reaction of Diels-Alder Adduct 6g with Phospho­
nium Ylide la. To a solution of 6g (0.109 g, 0.50 mmol) in 
toluene (15 ml) was added a solution of la (0.167 g, 0.50 
mmol) in toluene (10 ml). After refluxing for 38 h, the 
reaction mixture was evaporated to give brown oily crystals, 
which were extracted with pentane (10 mlX3). The com­
bined extracts were evaporated to give an orange oil, which 
was distilled under reduced pressure (bulb-to-bulb distilla­
tion). Dimethyl fumarate (4a) was first distilled (60— 
70°C/1.2 mmHg, 0.023 g, 0.16 mmol, 32%). Compound 8a 
was lately distilled (100— 110°C/1.2 mmHg, 0.071 g, 0.034 
mmol, 68%). *H NMR (CDCI3) 6=1.44—1.47 (m, 1H), 1.61 
(d, 1H, /=8.8 Hz), 2.66 (d, 1H, /=2.7), 3.11 (m, 1H), 3.25 (m, 
1H), 3.35 (m, 1H), 3.64 (s, Me), 3.71 (s, Me), 6.06 (m, 1H), 
6.26 (m, 1H). Compound 8a was hydrolyzed in 5 M NaOH 
to give the corresponding dicarboxylic acid. Mp 170— 
171 °C (lit.9) 166—168°C); *HNMR (D20, outernal TMS) 
0=1.48—1.62 (m, CH2), 2.63 (m, 1H), 3.16—3.50 (m, 3H), 
6.12 (m, 1H), 6.29 (m, 1H). Other reactions were carried 

out in a similar manner. 4h; (ethyl methyl fumarate); bp 
(60—70°C/1.2 mmHg, 0.019 g, 0.12 mmol, 24%). *HNMR 
(CDCI3) 6=1.32 (t, CH3, /=7.3 Hz), 3.81 (s, CH3), 4.26 (q, 
CH2, /=7.3 and 14.0 Hz), 6.86 (s, 2H). 13CNMR (CDCI3) 
6=14.11, 52.29, 61.36, 133.13, 133.94, 164.93, 165.48. This 
mixed ester was hydrolyzed in 5 M NaOH to give the 
corresponding fumaric acid; mp 297—299 °C. 8h was 
obtained as a 1:1 mixture of la,2a,3ß,4a and la,2ß,3a,4a 
adducts. 8h; 100—110°C/1.2 mmHg, 0.069 g, 0.31 mmol, 
62%. *H NMR (CDCI3) 6=1.24 (t, CH3, 7=7.3 Hz), 1.45 (d, 
1H, 7=9.1 Hz), 1.61 (d, 1H, 7=9.1 Hz), 2.66—2.67 (m, 1H), 
3.10 (m, 1H), 3.25 (m, 1H), 3.37 (t, 1H, 7=4.2 Hz), 3.71 (s, 
CH3), 4.09 (q, 7=7.0 and 7.3 Hz), 6.05—6.06 (m, =CH), 
6.26—6.27 (m, =CH). Another isomer 1.29 (t, CH3, 7=7.3 
Hz), 1.45 (d, 1H, 7=9.1 Hz), 1.61 (d, 1H, 7=9.1 Hz), 2.64 (m, 
1H), 3.10 (m, 1H), 3.25 (m, 1H), 3.34 (t, 7=4.27 Hz), 3.64 (s, 
CH3), 4.16 (d, 7=6.71 and 7.33 Hz), 6.05—6.06 (m, =CH), 
6.26—6.27 (m, =CH). This mixture was hydrolyzed in 5 M 
NaOH to give the corresponding dicarboxylic acid; mp 
170—171 °C (lit.9) mp 166—168 °C). 

Reaction of Diels-Alder Adduct 6f with Ylide la. To a 
solution of adduct 6f (0.12 g, 0.50 mmol) in toluene (10 ml) 
was added a solution of ylide la (0.17 g, 0.50 mmol) in 
toluene (5 ml). After refluxing for 38 h, the resulting 
solution was evaporated and extracted with hexane (10 
mlX3). The combined extracts were evaporated to give a 
pale yellow oil, which was distilled under reduced pressure 
(bulb-to-bulb distillation, 90—100 °C/1.2 mmHg). Methyl 
cinnamate (4f) (trans only) was obtained in 95% yield. 
(0.077 g, 0.48 mmol) The reaction of 6f with ylide lb was 
carried out in a similar manner; ethyl cinnamate (4g) (trans 
only) (4g); bp 90—100°C/1.2 mmHg (0.083 g, 0.47 mmol, 
94%). 

Reaction of 6g with la Followed by the Addition of 
Cyclopentadiene. To a solution of 6g (0.046 g, 0.30 mmol) 
in toluene (15 ml) was added a solution of la (0.10 g, 0.30 
mmol). After refluxing for 6 h, a solution of cyclpenta-
diene (0.13 g, 2.0 mmol) in toluene (5 ml) was added to this 
solution. After refluxing for 16 h, the solution was evapo­
rated to give pale brown oily crystals. The resulting mix­
ture was extracted with pentane (10 mlX3). The combined 
extracts were evaporated to give a pale yellow oil, which was 
distilled under reduced pressure (bulb-to-bulb distilla­
tion). The colorless oil of 8a was obtained (100—110°C/ 
1.5 mmHg, 0.050 g, 0.26 mmol, 88%). 

Th i s work was partly suppor ted by the Central 
Research Inst i tute of Fukuoka University. We are 
grateful to Dr. H a r u o Matsuyama at Tokyo Metropol­
i tan University for the high-resolut ion mass spectro­
scopic analysis. 
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Photochromic Properties of Unsymmetric Mono- and 
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To utilize the reversible photochromic system of phenylazonaphthalenes in a design of functional 
molecule, the photochromic behaviors of various substituted phenylazonaphthalenes have been investigated. 
Introduction of substituents onto ortho positions with respect to the azo group retarded the rate of thermal cis-
to-trans isomerization. The retardation effects were greatly dependent on both the number and position of the 
ortho substituents. To investigate the reterdation effects of ortho substituents, the activation parameters were 
determined; the results suggest that the steric hindrance among the ortho substituents and the two nitrogen lone 
pairs of the azo group becomes far more severe in an inversional transition-state than in the ground cis-state, 
which leads to the remarkable slow cis-to-trans isomerization. On the basis of the kinetic data of various 
phenylazonaphthalenes, the complicated isomerization behaviors of unsymmetric bis(phenylazo)naphthalenes 
have been elucidated. 

Since Hartley1) had first isolated the cis-isomer of 
azobenzene in 1938, the photochemical and thermal 
eis-trans isomerization of azobenzene derivatives has 
attracted considerable at tent ion for many years 
because of its bo th theoretical and practical signifi­
cance. In general the cis-isomers of azobenzenes are 
unstable and thermally revert to the trans-isomers by a 
first-order process in the dark. T h e mechanism of 
the remarkably facile thermal isomerization of cis-
isomers has been the subject of numerous experimen­
tal and theoretical investigations.2 _ 1 5 ) T w o oppos ing 
mechanisms (rotation and inversion) have been pro­
posed, however, in the present stage it seems to be 
agreed that most cis-azobenzenes wi thou t s t rong push-
pu l l substi tuents proceed via an inversion mechanism. 

O n the other hand , recently, the reversible photo­
chromic system of azobenzenes has been utilized to 
design a variety of functional molecules.16_19) T o get 
h igher capabilit ies of the functional molecules, the 
thermal stability of cis-isomers produced by irradia­
t ion of trans-isomers is sometimes required. How­
ever, azobenzene derivatives are generally less stable 
than azobenzene itself in the cis-forms: para-
subst i tut ions invariably accelerate the thermal cis-to-
trans isomerization rate, regardless of the nature of the 
substi tuents, whereas ortho-subst i tut ions produce 
complicated results, bo th acceleration and retardat ion 
effects be ing observed.9) Some azobenzenes substi­
tuted wi th alkyl,9) alkoxy,20) or halogeno21 '22) groups at 
or tho posi t ions have been found to be unusua l ly sta­
ble, however, the effect of the or tho substi tuents is still 
obscure. 

For the enormous researches on the isomerization of 
azobenzene derivatives, there are only several reports 
on that of phenylazonaphthalenes . Wi th a view to 
utilize the reversible pho tochromic system of phenyla­
zonaphthalenes in a design of functional molecule, we 
have examined the isomerization behavior of a variety 
of substi tuted phenylazonaphthalenes . Firstly, the 
subst i tuent effect on the photochemical and thermal 

cis-trans isomerization of phenylazonaphthalenes are 
examined. T h e n , on the basis of the kinetic data of 
phenylazonaphthalenes , the complicated isomeriza­
tion behaviors of unsymmetr ic bis(phenylazo)naphth-
alenes are elucidated. 

Experimental 

Measurements. All the melting points are uncorrected. 
The visible spectra were measured using a Hitachi 220A 
spectrophotometer. The XH NMR spectra were taken by 
using a Hitachi Model R-90H spectrometer and chemical 
shifts were recorded in parts per million (ppm) on the ô scale 
from tetramethylsilane as an internal standard. The ele­
mental analyses were recorded on a Yanaco CHN recorder 
MT-2. The HPLC (high performance liquid chromatog­
raphy) was carried out by using a JASCO 875-UV Intelligent 
UV-VIS detector equipped with a JASCO 880-PU and 
JASCO Cosmosil Packed Column (5Cis). 

Materials. 1-Phenylazonaphthalene (la) was prepared 
by condensing of nitrobenzene with 1-naphthylamine in 
the presence of sodium hydroxide at 180 °C.23) 1-Methoxy-
4-(substituted phenylazo)naphthalenes (lb—j) and 2-
methoxy-1 -(substituted phenylazo)naphthalenes (Ik—n) 
were prepared by the diazo coupling from the corresponding 
substituted anilines and 1- or 2-naphthol and the methyla-
tion of the resulting azo compounds was worked up with 
trimethylsulfonium hydroxide according to the literature.24) 

l-Methoxy-2-(p-tolylazo)naphthalene (2) was prepared by 
condensing 1,2-naphthoquinone with p-tolylhydrazine and 
the methylation of the resulting azo compound was worked 
up by using trimethylsulfonium hydroxide. The crude 
products obtained by the above reactions were purified by 
column chromatography (silica gel using benzene or xylene 
as eluents), and then recrystallized from ethanol. The 
physical and spectral data of these Enms-phenylazo-
naphthalenes are shown in Table 1. 

1 -Methoxy-2,4-bis(substituted phenylazo)naphthalenes 
(3a—c) were prepared by the diazo coupling of 2 mole ratio 
of the corresponding substituted benzenediazonium salts 
with 1-naphthol, the resulting bisazo compounds were 
methylated by using trimethylsulfonium hydroxide. The 
crude products were purified by column chromatography 
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(silica gel or activated alumina using benzene or xylene as 
eluents), and then recrystallized from ethanol. 

The physical and spectral data are as follows: 3a, mp 
141—142 °C. Amax (benzene) 344 nm (e 31400) 387 nm (e 
23600). *H NMR (CDC13) ô=2.42 (s, 6H, -CH3), 4.45 (s, 3H, 
-OCH3), 7.14—9.05 (m, 13H, aromatic protons). Found: C, 
75.89; H, 5.74; N, 14.08%. Calcd for C25H22N4O: C, 76.12; 
H, 5.62; N, 14.20%; 3b, mp 155—157 °C. Àm (benzene) 363 
nm (e 35600). *H NMR (CDCI3) «5=3.88 (s, 6H, -OCH3), 
4.44 (s, 3H, -OCH3), 6.8—9.0 (m, 13H, aromatic protons). 
Found: C, 70.07; H, 4.94; N, 12.99%. Calcd for C25H22N4O3: 
C, 70.41; H, 5.20; N, 13.14%; 3c, mp 133—134 °C. Àm,x 

(benzene) 333 (e 23800), 361sh (e 20200), 488 nm (e 2400). 

*HNMR (CDCI3) 6=2.47 (s, 6H, -CH3), 2.51 (s, 6H, -CH3), 
4.38 (s, 3H, -OCH3), 7.16—9.0 (m, 11H, aromatic protons). 
Found: C, 76.69; H, 6.28; N, 13.50%. Calcd for C27H26N4O: 
C, 76.75; H, 6.20; N, 13.26%. 

Kinetic Measurements and Determination of Isomeric 
Composition of Mono- and Bis(phenylazo)naphthalenes. 
An appropriate amount of the sample was dissolved in a 
benzene containing 0.2% piperidine25) in the dark. The 
solution was transferred to a 1 cm square cell put in cell 
holders thermostated at constant temperature, and was irra­
diated with a Black-Ray lamp (Amax 366 nm) (UV-21, San 
Gabriel, CA911778 U.S.A.). The thermal cis-to-trans iso-
merization rate of phenylazonaphtalenes (la—n and 2) was 

Table 1. Physical and Spectral Data of Trans-Phenylazonaphthalenes 

Xnv3—2' 2—3 

^ ^ - N = N ^ 
5'. 6' 

(1) 

No. 

la 

lb 

lc 

Id 

le 

If 

lg 

lh 

li 

lj 

Ik 

11 

lm 

In 

2 

Compound 
Substituent 

Xn 

H 

H 

4-Me 

4-MeO 

4-C1 

4-NO2 

2-Et 

2-MeO 

2,6-Me2 

2,6-Et2 

4-Me 

4-MeO 

4-C1 

2-MeO 

Y 

H 

4-MeO 

4-MeO 

Mp/°C 

(lit 

67-

- ; 

-70 
(63.5, 69,70) 

84--85 
(82, 83) 
99-

(103—104 

4-MeO 

4-MeO 

4-MeO 

4-MeO 

4-MeO 

4-MeO 

4-MeO 

2-MeO 

2-MeO 

2-MeO 

2-MeO 

130-

-101 
, 1 0 0 -

-132 
(134) 

126-

168-

-128 

-170 
(169) 

93-

125-
(121-

57-

-93.5 

-126 
-122) 
-60 

oil 

6 1 --63 
(68) 

108--109.5 
(107) 

63.5--65 
(65) 

97-
(93-

72-
(74-

-98 
-94) 

-74 
-77) 

Vis (benzene) 
A m a x / n m (£max) 

71-71* 

375(12900) 

393(17900) 

391(20800) 
101) 

393(21700) 

410(21500) 

435(20100) 

395(17800) 

400(18300) 

383(15400) 

378(13900) 

377(9400) 

373(11700) 

387(10200) 

384(8300) 

384(14100) 

n-7u* 

460(850) 

— 

— 

— 

— 

— 

— 

470(1340) 

470(1280) 

472(2010) 

467(2520) 

480(2290) 

482(1700) 

— 

m NMR (CDCI3) 

7.25-

4.06(s 
6.80-
2.43(s 
4.04(s 
6.79-
3.86(s 
4.02(s 
6.79-
4.01(s 
6.76-
4.09(s 
6.76-
1.35(t 
3.23(q 
4.04(s 
6.80-
4.04(s 
6.80-
2.46(s 
4.06(s 
6 .81 -
1.20(t 

0/ p p i i i 

-9.10(: 

, 3H, 
-9.03(: 
, 3H, 
, 3H, 
-9.06(: 
, 3H, 
, 3H, 
-9.00(] 
, 3H, 
-9.01(: 
,3H, 
-9.05(: 
, 3H, 
l,2H, 
, 3H, 
-9.10(: 
, 6H, 
-8.50(] 
,6H, 
, 3H, 
-8.95(] 
,6H, 

2.81(q, 4H, 
4. 06(J 

6 .81 -
2.44(s 
3.95(s 
7 .28-
3.87(s 
3.93(s 
7.00-
3.96(s 

Ï, 3H, 
-9.01(] 
, 3H, 
, 3H, 
-8.38(] 
,3H, 
, 3H, 
-8.320 
, 3H, 

m, 12H) 

-OCH3) 
m, 10H) 
-CH3) 
-OCH3) 
m, 10H) 
-OCH3) 
-OCH3) 
m, 10H) 
-OCH3) 
m, 10H) 
-CH3) 
m, 10H) 
-CH3) 
-CH2-) 
-OCH3) 
m, 10H) 
-OCH3X2) 
m, 10H) 
-CH3) 
-OCH3) 
m, 9H) 
-CH3) 
-CH2-) 
-OCH3) 

m, 9H) 
-CH3) 
-OCH3) 
m, 10H) 
-OCH3) 
-OCH3) 
m, 10H) 
-OCH3) 

7.2—8.48(m, 10H) 
3.97(s 
4.01(s 
6.90-
2.42(s, 
4.37(s; 

,3H, 
, 3H, 
-8.50( 
( 3H, 
( 3H, 

7.1—8.5(m, 

-OCH3) 
-OCH3) 
m, 10H) 
-CH3) 
-OCH3) 
10H) 

a) Satisfactory elemental analyses were obtained for all the compounds, b) Beilstein. 
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followed by measuring the absorbance recovery at the 
absorption maximum of the trans-isomer with a spectro­
photometer. The rate constant was estimated by the first 
order kinetic analysis. 

The isomeric composition of the photostationary mixture 
was determined by HPLC analysis. In the case of bis(phen-
ylazo)naphthalenes (3a—c), the thermal isomerization rates 
of the photo-products (cis-cis, trans-cis, and cis-trans iso­
mers) were estimated on the basis of the decreasing curves of 
the corresponding isomers (refer to Fig. 4). 

Results and Discussion 

Photochemical and Thermal Cis-Trans Isomeriza­
tion of Phenylazonaphthalenes. We have prepared a 
variety of substituted phenylazonaphthalenes whose 
physical and spectral data measured in the trans-forms 
are listed in Table 1. The absorption spectra of the 
parent compound (la) exhibits typical 71-71* and n-7u* 
absorption bands. In the spectra of most para-
substituted compounds (lb—h) the n-7U* absorption is 
buried underneath the intense longest-wavelength TU­
TU* absorption band. On the contrary, some ortho-
substituted compounds (li—n) exhibit well separated 
TU-TU* and n-TU* absorption bands. It is known that in 
the absorption spectra of trans-azobenzenes p-
substituents cause a blue shift in the n-TU* band and a 
red shift in the first TU-TU* band and that o-substituents 
cause opposite changes. With the aid of calculations 
by using semiempirical INDO/1 methods, Forber et 
al.15) elucidated that the effects caused by the p-
substituents are electronic in nature and those caused 
by the o-substituents contain a steric component: the 
introduction of 2,6-dialkyl groups into azobenzene 
causes a strong repulsion between the ortho substitu­
ent and the distant nitrogen lone pair of the azo 
group, which is the origin of the red shift in the n-TU* 
band and the blue shift in the TU-TU* band. 

We have investigated the photochemical and ther­
mal cis-trans isomerization of the substituted phenyl­
azonaphthalenes. When a solution of the trans-
phenylazonaphthalene was irradiated with a Black-
Ray lamp (Amax 366 nm), a photostationary trans-cis 
mixture was obtained within 5 minutes, subsequent 
standing the solution in the dark resulted in gradual 
reversal to the trans-isomer by a first-order process. 
The cis-isomers of these compounds were stable 
enough to permit chromatographic separation, so that 
the isomeric composition of the photo-stationary mix­
tures could be determined by HPLC analysis. The 
thermal cis-to-trans isomerization rate was estimated 
from the absorbance recovery at the absorption maxi­
mum of the trans-isomer. These results obtained in 
benzene are summarized in Table 2. Both the iso­
meric composition in the photostationary state and 
the thermal cis-to-trans isomerization rate were drasti­
cally affected by the substituents. Para substitutions 
accelerated the rate, while ortho substitutions retarded 
the rate and the retardation effect tended to increase in 

degree depending on both the number and position of 
the ortho substituents. Namely, as seen in the com­
pounds (lg and lh), the introduction of one ortho 
substituent onto the phenyl ring did not alter the 
isomerization rate greatly. However, as seen in the 
compounds (li—n, and 2), the introduction of one 
methoxy group at ortho position onto the naphthyl 
ring or 2/,6/-disubstituents onto the phenyl ring 
retarded the rate effectively. It was found that the 
rate retardation effect by ortho substituents on the 
phenylazonaphthalene tends to increase in the follow­
ing order; 1-substituent on the naphthyl ring in 
2<2-substituent on the naphthyl ring in 1<2',6'-
disubstituent on the phenyl ring. To investigate the 
difference in the retardation effect of ortho substitu­
ents, we determined the activation parameters about 
several phenylazonaphthalenes. A plot of AH* vs. 
AS* is presented in Fig. 1. A good fit line can be 

Table 2. Isomeric Composition in the Photostationary 
State and First-Order Rate Constant (k) in the Ther­

mal Cis-to-Trans Isomerization of Phenyl­
azonaphthalenes at 30 °C 

Isomers in 
npound 

la 
lb 
lc 
Id 
le 
If 
1§ 
lh 
l i 
lj 
Ik 
11 
lm 
In 
2 

photostationary state 

cis/% 

72.3 
38.7 
54.5 
60.9 
44.8 
21.9 
45.0 
55.1 
35.5 
33.1 
54.2 
58.4 
53.2 
50.2 
87.5 

trans/% 

27.7 
61.3 
45.5 
39.1 
55.2 
78.1 
55.0 
44.9 
64.5 
66.9 
45.8 
41.6 
46.8 
49.8 
12.5 

Rate constant 
1 H3/» / m i n - 1 

l u Fi/ I H l l l 

5.22 
21.4 
34.9 
62.6 
39.8 
57.8 
28.1 
14.3 
0.472 
0.484 
0.678 
0.903 
1.05 
0.599 
1.86 

h 

i f 

1n 

/ 1e 

i 

^ 1 b 

1i 

1k 

im y\ 
. • i h 

• 1d 

i I 

- 2 0 -10 0 
AS*(e.u.) 

Fig. 1. AH* vs. AS* for the thermal cis-to-trans iso-
merizations of phenylazonaphthalenes. 
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drawn through the phenylazonaphthalenes (lb, Id—f, 
and lh) which have para-substituent and/or one-
ortho-substituent on the phenyl ring. However, the 
phenylazonaphthalenes (li, Ik—n) which have 2-
methoxy group on the naphthyl ring or 2',6'-
dialkylated phenyl ring lie far above the line and seem 
to describe an another line. A similar trend has been 
reported by Otruba and Weiss14) who measured the 
activation energy for cis-to-trans thermal isomeriza-
tion of various "low-bipolarity" azobenzenes in a cho-
lesteric phase and in several other solvents and 
observed that most of azobenzenes were on a straight 
line, however, the 2,6-dimethylated azobenzenes fell 
consistently above it and described a separate, nearly 
parallel slope line. The good accordance between the 
above results suggests that the isomerization mecha­
nism of our phenylazonaphthalenes are the same as 
that of "low-bipolarity" azobenzenes which has been 
concluded to proceed via an inversional mechanism, 
and that the introduction of 2-methoxy group onto 
the naphthyl ring leads to the same effects on the 
isomerization rate as does the 2,6-dimethyl groups 
onto the phenyl ring; the 2-methoxy and naphthyl 
ring parts would be sterically correspond to the 2,6-
dialkyl groups. These results suggest that, in these 
ortho blocked azo-compounds, the steric hindrance 
among the ortho substituents and the two nitrogen 
lone pairs of the azo group becomes far more severe in 
an inversional transition-state than in the ground cis-
state, which leads to the remarkable slow cis-to-trans 
isomerization. 

Photochemical and Thermal Cis-Trans Isomeriza­
tion of Bis(phenylazo)naphthalenes. Though the 
photochemical and thermal isomerization of azoben­
zenes has been examined widely, there are only a few 
reports on that of disazobenzenes. In 1939 Cook et 
al.20) have first identified the possible geometric iso­
mers of bisazo compounds, cis-cis, cis-trans, and trans-
trans isomers. Recently, Itoho and co-workers have 
reported the kinetics and mechanism of the photo­
chemical and thermal isomerization of some symmet­
ric bisazo compounds, and have proposed two mecha­
nisms, simultaneous(cis-cis-»trans-trans)26a> and con­
secutive (cis-cis—»cis-trans—>trans-trans)26b) routes for 
the isomerization of bisazo compounds. 

In this paper, we have elucidated a complicated 
isomerization behavior of unsymmetric bis(phenyla-
zo)naphthalenes, l-methoxy-2,4-bis(substituted 
phenylazo)naphthalenes (3a—c), on the basis of the 
kinetic data of a variety of substituted patterns of 
phenylazonaphthalenes summarized in Table 2. As 

OMe a ; R = ^ = N ^ Î ^ M e 

b ; R = -N=N-<g)-OMG 

c ; R = - N = N H D > 
M P ' 

shown in Fig. 2, the irradiation of a benzene solu­
tion of trans-trans-isomer of l-methoxy-2,4-bis(£>-
tolylazo)naphthalene (3a) with a Black-Ray lamp (Amax 

366 nm) resulted in the trans-cis photostationary state 
within 5 minutes. The HPLG analysis of the iso­
meric mixture in the photostatlonary state showed the 
existence of four isomers (A, B, C, and D), the amounts 
of which changed gradually with subsequent standing 
the solution in the dark; three isomers (A, B, and C) 
corresponding to the photochemical isomerization 
products (cis-cis, trans-cis, and cis-trans isomers) dis­
appeared one by one, and the final chromatogram was 
accordance with the one before irradiation: the trans-
trans isomer was completely reproduced to the start-

300 400 500 
Wavelength/nm 

Fig. 2. Changes in the absorption spectra of 3a 
(3.01X10"5 mol dm"3) by irradiation with a Black-
Ray lamp. 

A C 
Photo-stationary 

state 

0 hr 

After 
2.5 hr 

10 hr 

trans-trans 

Me / 

10 min 20min 

Fig. 3. Changes in the HPLC chromatograms of 3a. 
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ing amounts (Fig. 3). Therefore, the quantitative 
measurements could be performed by using benzyli-
deneaniline as internal standard. The changes in the 
isomeric composition of the irradiated solution with 
time in the dark at 30 °C are shown in Fig. 4. It was 
estimated that in the photostationary state the compo­
sition of the mixture was A (28.2%), B(19.0%), 
C(27.2%), and D(25.6%). In the rapid decreasing 
region of the most unstable A-isomer, C-isomer 
increased remarkably, reached to a maximum and 
then decreased gradually, whereas, in the same region 
the effect on a decreasing curve of B-isomer was small. 
These results imply that A-isomer converts more eas­

ily into C-isomer than into B-isomer, because of a big 
difference in the thermal cis-to-trans isomerization 
rates between the 2- and 4-(£-tolyl)azo groups in 3a. 
To know which £-tolylazo group (2- or 4-position) 
has larger stability in the cis-form, we refer to the cis-
to-trans isomerization rates of the corresponding 
two isomeric ^-tolylazonaphthalenes, l-methoxy-4-
(p-tolylazo)naphthalene (lc) and l-methoxy-2-(£-
tolylazo)naphthalene (2), as models. As seen in 
Table 2, the thermal cis-to-trans isomerization rate 
constants of lc and 2 are 3.49X10"2 min"1 and 
1.86X10-3min-1, respectively; the 4-(£-tolylazo) group 
isomerizes ca. 18.8 times faster than the 2-(p-tolylazo) 

•trans-R 

on. 5 Time(h) 10 
i^rarcis'R 

cis-R 

Fig. 4. Changes in isomeric composition (%) vs. time for the ther­
mal cis-to-trans isomerization of 3a at 30 °C. 

Chfe 
trans-R 

cis-R 
B 

OCH3 
^Ärcis-R_J<Ä_ 

0CH3 
trans-R 

trans-R 
D 

OCH3 
cis-R 

trans-R 
C 

Fig. 5. Possible routes for the thermal cis-to-trans isomerization 
of bis(phenylazo)naphthalenes (3). 
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group . It was assumed from these kinetic data that 
the isomers A, B, and C correspond to the cis-cis-, 
trans-cis-, and cis-trans-forms as shown in Fig. 4, 
respectively. As shown in Fig. 5 there are three possi­
ble routes for the disappearence of A-isomer, namely, 
A-»B, A-»C, and A-»D. We could not determine the 
exact individual rate constants for these three paths . 
T h e d imin i sh ing rate constants of A-, B-, and C-
isomers could be calculated and shown in Tab le 3 
together wi th the results obtained by us ing 3b and 3c 
as s tar t ing materials. T h e C-isomers are more stable 
than B-isomers in every case, which is consistent wi th 
the expectat ion that the cis-2-azo groups isomerize 
slower than the cis-4-azo groups and thence suppor t 
the ass ignment of the geometries for the B- and C-
isomers. 

T h e thermal cis-to-trans isomerization rate was also 

considerably affected by the substi tuents introduced 

on to the phenyl rings. T h e similar subst i tut ion 

effects as seen in the phenylazonaphthalenes were 

obserbed. Namely, 4 / -methoxy g roup accelates the 

rate, whi le 2 / ,6 /-dialkyl groups drastically retard the 

rate. C o m p a r i n g wi th three bisazo compounds (3a— 

c), the stability of each three geometric cis-isomers (A, 

B, and C) were always in the fol lowing order: 

3b<3a<C3c. Fur thermore , by compar ing rate con­

stants (Äß(3a), Äc(3a), Äß(3b), and ÄB(3C)) wi th the rate 

constants (£(lc), £(2), &(ld), and &(li)) of the corre­

spond ing phenylazonaphthalenes shown in Tab le 2, 

it was found that cis-forms of azo groups are more 

stable in bis(phenylazo)naphthalenes (3) than in phe­

nylazonaphthalenes (1 a n d 2). Especially, in the case 

of 3c trans-cis-(B) and cis-trans-isomer(C) were found 

to be marvelously stable. Isomeric composi t ions of 

bis(phenylazo)naphthalenes (3a—c) in photos ta t ion-

Table 3. Diminishing Rate Constants (&A, &B, and kc) 

for the Thermal Cis-to-Trans Isomerization 

of Bis(phenylazo)naphthalene at 30 °C 

Compound lO^A/min - 1 103^B/min~1 lO^c /min - 1 

3a 28.6 10.7 1.50 
3b 48.3 13.2 2.24 
3c 2.93 0.189 0.0648 

Table 4. Isomeric Composition of Bis(phenylazo)-
naphthalenes in the Photos ta tionary State 

on Various Light Sources 

Compound 

3a 

3b 
3c 

Light source 

B.L.a) 

H.L.b) 

S.L.C) 

B.L.a) 

B.L.a) 

A 

28.2 
20.6 
19.3 
32.4 
21.7 

% of isomers 

B 

19.0 
24.4 
24.9 
19.7 
7.5 

C 

27.2 
26.0 
26.6 
24.3 
23.5 

D 

25.6 
29.0 
29.2 
23.6 
47.3 

a) Black-Ray lamp (Amax«366 nm). b) 400W High-
pressure mercury lamp (/D>300 nm). c) Sun light. 

ary state obtained by i r radiat ion wi th various l ight 
sources are shown in Tab le 4. As bis(phenylazo)-
naphtha lenes have strong broad absorpt ion over UV-
VIS region(refer to Fig. 2), the photoisomerizat ion 
proceeded efficiently even on exposure to sun light. 
These informations are useful for designing new func­
t ional molecules based u p o n a reversible pho to-
chromic system of phenylazonaphthalenes . 
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Synthesis and Radical Induced Ring Opening Reaction of 
l-Trialkylsilyl-2-vinylcyclopropanes 
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A variety of trialkylsilylvinylcyclopropanes were prepared by two different routes: (a) Cyclopropanation of 
1-alkenylsilanes and (b) the reactions of 1-bromocyclopropyllithium with trimethylsilyl chloride. Radical 
induced ring opening reaction of these cyclopropanes were examined. l-Dimethylphenylsilyl-2-vinyl-
cyclopropane or 3-methyl-l-trialkylsilyl-2-vinylcyclopropane provided the corresponding homoallylic silane 
exclusively upon treatment with PhSH, PhsSnH, rz-Bu3SnH, or rz-CôFisI. On the other hand, 2-phenyl-l-
trimethylsilyl-3-vinylcyclopropane or 2-acetyl-l-trimethylsilyl-3-vinylcyclopropane gave allylic silane 
selectively. 

Trimethylsilyl substituent behaves in a dichotom-
ous manner, showing the properties of both electron 
donor and acceptor groups. a-Trimethylsilyl car-
banions are stabilized by (o*-p)n overlap between the 
antibonding a* level of the C-Si bond with the adja­
cent filled p-orbital of the carbanion, or highly polar­
ized carbon-metal bond, whereas reactions which 
involve carbonium ion formation or development ß to 
silicon are positively encouraged. Organosilicon 
chemistry based on these ionic effects has been exten­
sively studied.1) In contrast, there has been little 
investigation of the stabilizing effect of trimethylsilyl 
group on carbon radicals.2) By using 3-substituted 1-
trimethylsilyl-2-vinylcyclopropanes as models of free 
radical substituent effects we found that a-
trimethylsilyl stabilization was substantial.3) 

(1) Synthesis of l-Trialkylsilyl-2-vinylcyclopro-
panes. In recent years, increasing interest has been 
devoted to the chemistry of silicon containing mole­
cules and much effort has been made to introduce the 
silyl moiety into organic compounds. Several 
methods are known for the synthesis of trimethylsilyl-
cyclopropanes.4-8) Here we want to describe two dif­
ferent routes to the title l-trialkylsilyl-2-vinyl-
cyclopropanes: (a) Cyclopropanation of 1-alkenyl­
silanes and (b) the reaction of 1-bromocyclopropyl­
lithium with trimethylsilyl chloride. 

Treatment of (Z)-3-dimethylphenylsilyl-2-propen-l-
ol (1) with CH2l2-Et2Zn9) in diisopropyl ether gave eis 
cyclopropane 2 in 60% yield. Swern oxidation10) fol­
lowed by Wittig methylenation afforded cis-l-di-
methylphenylsilyl-2-vinylcyclopropane (3). Trans 

isomer 6 was prepared starting from (£)-3-dimethyl-
phenylsilyl-2-propen-l-ol (4) following the same 
procedure (Scheme 1). 

Synthesis of methyl-substituted cyclopropanes were 
performed by the reaction of olefins 1 and 4 with 
CH3CHl2-Et2Zn.n) The reaction yielded predomi­
nantly trans isomer. Thus, (Z)-alcohol 1 gave a 25 :1 
mixture 7 of r-l-dimethylphenylsilyl-c-2-hydroxy-
methyl-^-3-methylcyclopropane and r-1-dimethyl-
phenylsilyl-c-2-hydroxymethyl-c-3-methylcyclo-
propane. In the meantime, (£)-alcohol 4 gave a 7 :4 
mixture 10 of r-l-dimethylphenylsilyl-^-2-hydroxy-
methyl-^-3-methylcyclopropane and c-3-methylcyclo-
propane. Oxidation and successive methylenation 
afforded the corresponding vinylcyclopropanes 9 and 
12 (Scheme 2). 

Alternatively, trimethylsilylcyclopropanes were pre­
pared from 1,1-dibromocyclopropanes. An Addition 
of butyllithium to a mixture of 1,1-dibromocyclo-
propane 13 and large excess of trimethylsilyl chloride 
at —107 °C in tetrahydrofuran provided 1-bromocyclo-
propyltrimethylsilane.5) Treatment of crude product 

H0CH2v ,SiMe2Ph HOCHoySiMe2Ph ^ ^ _ / S i M e 2 P h 

H<>c _ ^ y - ^ O ^ 
1 1 3. 

H0CH2> ,H ^ i ^ H O C H ^ b „ ^ v ^ 

H' ^SiMe,Ph r S i M e 2 p h ^ S i M e 2 P h 

A JL 6. 

a : CH2I2-Et2Zn b: i)DMSO.(COCl)2 ü)Ph3P=CH2 

Scheme 1. 

H0CH2 ,SiMe2Ph H0CH2 £iMe2Ph OHC SiMe2Ph ,SiMe2Ph 

Me i Ä1 9 
H' NH 

1 r 
Me 7 We 

H 0 C H V c / H -^— H 0 C H ^ 
H' " \5iMe2Ph r 5 i 

A Me 10 

b_£HCv c 
iMe2Ph p^SiMe2Ph 

Me J2 

a: CH3CHI2-Et22n b.-DMS0.(C0CI)2 c:Ph3P=CH2 

Scheme 2. 

SiMe2Ph 
Me 12 
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wi th n-Bu3SnH-Et3B12) followed by deprotection of 
te t rahydropyranyl ether gave a 1.8 :1 mix tu re of 14 in 
71% yield from 13. Oxida t ion followed by Wit t ig 
methylenat ion provided the desired l-trimethylsilyl-2-
vinyl-3-methylcyclopropane 15 (Scheme 3). 

In similar fashion, dimethyl-subst i tuted cyclopro­
pane 19 or phenyl-subst i tuted cyclopropane 22 was 
prepared start ing from tetrahydropyranyl ether of pre-

THPOCH2 M THPOCH2N_/Br
 h THPOCH 2 v ,Br 

H ^ M e " ^ ^ B r ^ ^ 5 i M e 3 

Me 13 

HOCH2v ^ 
c,d > l^ SiMe3 g r K oiMe3 

Me 1A Me 15 

Me 

SiMe3 

a:CHBr3,t-BuOK b:n-BuLi,TMSCl c-. n-Bu3SnH-Et3B 

d:TsOH,MeOH e* i ) DMSO,(COCl)2 ii)Ph3P=CH2 

Scheme 3. 

THPOCH2 /Me Q T H P O C H ^ B r fa 

J^^AZ "" MeJ^Br H' NMe 
Me iß 

THPOCH2 y^Br H O C H 2 > ^ ^ > ^ s 
M e J ^ S i M e 3 c ^ MeJ/ SiMe3 d.eMeJ^ 5iMe3 

Me 17 Me 18 Wi~ ' a Me 19 

a:CHBr3.t-BuOK b: n-BuLi.TMSCl 

c: n-BuLi.AcOH or n-Bu3SnH.Et3B 

d:TsOH,MeOH e: i ) DMSO,(COCl)2 i i)Ph3P=CH2 

Scheme 4. 

THPOCH2v M T H P O C H O A T H P O C H o , B r 

H / C = C v p h - ^ ^ B r ^ p S iMe 3 

Ph 20 Ph 

c d > / ^ S i M e 3 _ e _ ^ ^ S i M e 3 

Ph 21 Ph 22 

a:CHBr3,t-BuOK b: n-BuLi,TMSCl <:•• n-Bu3SnH-Et3B 

d:TsOH,MeOH e-. i ) DMS0,(C0CI)2 ii) Ph3P=CH2 

Scheme 5. 

THP0CH2 ,CH20THP THP0CH2>,Br 
\ f \ - ^ THPOCH2J^Br -

THPOCH2^SiMe3 THPOCH2wSiMe3 THPOCHwSiMe3 

T H P 0 C H 2 ^ B r - ^ ^ T H P O C H 2 J j - i — H 0 C H 2 J ^ 

Me 
1 

Me 
I 

.HOCHy^-SîMea f HOHCv^SiMea g 0 ^ w S i M e 3 

27 28 29 

a:CHBr3.t-BuOK b-.n-BuLi.TMSCl c-.n-Bu3SnH,Et3B 
d-.TsOH,MeOH e:i)DMS0,(C0Cl)2 ii) Ph3P=CH2 

iii)TsOH,MeOH f: i ) DMS0.(C0CI)2 ii)MeMgI 
g-. PCC, CH2Cl2 

nyl alcohol or c innamyl alcohol , respectively (Scheme 
4, 5). 

Acetylcyclopropane 29 was prepared from bis(2-
tetrahydropyranyl) ether of cz5-2-butene-l,4-diol as 
shown in Scheme 6. 

Tr ibutyls tannylvinylcyclopropanes were also pre­
pared by the following sequences (Scheme 7). 

(2) Radical Induced Ring Opening Reaction of 1-
Trialkylsilyl-2-vinylcyclopropanes. A prior i , it is 
predictable that two isomers, homoal lyl ic silane (37, 
PhSCH2CH=CHCR 1 (R 2 )CH 2SiMe2R 3 ) and allylic 
silane (38, PhSCH 2 CH=CHCH(SiMe 2 R 3 )CHR 1 R 2 ) 
will be generated under cyclopropane r ing cleavage in 
the reaction of vinylcyclopropane (34)13'14> wi th P h S H 
and the rat io of two products will reflect the stabiliz­
ing effect of R3Me2Si g r o u p on the intermediary car­
bon radicals (a to silicon (35) and ß to silicon (36)) 
(Scheme 8). 

Trea tmen t of a5-l-dimethylphenylsi lyl-2-vinyl-
cyclopropane (3) wi th P h S H at 60 °C in benzene pro­
vided homoal lyl ic silane (39a, E/Z=9/l) in 88% yield. 
Other reagents such as PhsSnH, n-Bu3SnH, and n-
C6F13I also afforded the corresponding homoal lyl ic 
silanes in the t r ie thylborane-induced radical reac­
tion,12'15) and no trace of allylic silanes were observed 
in the reaction mixture. T h e results are summarized 
in Tab le 1. T h e eis, trans stereochemistry of the 
cyclopropane did not affect the selectivity of the C-C 
bond fission. Cis isomer 3 as well as trans isomer 6 
provided the same homoal lyl ic silane 39 as a single 
regioisomer, a l though the E, Z ratios of the products 
39 derived from 3 were slightly different from those 
generated from 6. For instance, eis isomer 3 provided 
a mixture of (£)- and (Z)-5-dimethylphenylsilyl-l-
phenyl thio-2-pentene in a 9 : 1 rat io u p o n treatment 
wi th benzenethiol , whereas trans isomer 6 gave a 
mixture of ( £ ) / ( Z ) = 5 / l . 

Methyl-substi tuted cyclopropane 9, 12, or 15 gave 
homoal lyl ic silane 40 or 41 exclusively u p o n treat-

H0CH2 .SnBu3 b ^ / S n B u 3 

H0CH 2 N /SnBu3 30 31 

H H u n r u . . Q „ R . . , ^ , S n B u 3 

Me 33 

r HOCH2>_/SnBu3 Y 
Me 32 _ 

a:CH2I2,Et2Zn b.i) DMSO, (C0Cl)2 ii)Ph3P=CH2 

c: MeCHI2,Et2Zn 

Scheme 7. 

J^r-^ , R. RjR2 SiMe2R
3 

R i 2^S iMe 2 R 3 JU R v ^ S C S i M e ^ ^ R s ^ J Y R 1 

R2 34 ' 3 5 R2 36 

JR-X |R-X RX=Ph5H 
R i R2 SiMe2R

3 

Rvx^>YSiMe2R3 R v ^ x R 1 

X 37 X R2 38 

Scheme 6. Scheme 8. 
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Table 1. Radical-Induced Ring Opening Reaction of l-Dimethylphenylsilyl-2-vinylcyclopropane 

,SiMe2Ph^ _ _ 
X \ x ^ ^ y S i M e 2 P I 

3 9 a - d H ( I ) 
0^S 

X-H / / ^ ^ S i M e 2 P h -
6 (X-I) 

Substrate X-H 
(X-I) 

Reaction Conditions Products 39 

Solvent Initiator Temp/°C Time/h Y/% E/Z1 b) 

3 
6 
3 
6 
3 
6 
3 
6 

PhSH 
PhSH 
PhsSnH 
Ph3SnH 
n-Bu3SnH 
n-Bu3SnH 
^"C6Fl3l 
n-CeFi3l 

benzene 
benzene 
benzene 
benzene 
benzene 
benzene 
hexane 
hexane 

— 
— 

Et3B 
Et3B 
Et3B 
Et3B 
Et3B 
Et3B 

60 
60 
25 
25 
25 
25 
25 
25 

88 
88 
96 
95 
86 
92 
91 
93 

9/1 
5/1 
7/2 
5/3 

10/3 
4/3 

50/1 
8/1 

a) Silylcyclopropane (3 or 6, 1.0 mmol) and X-H (1.1 mmol) were employed in the absence or 
in the presence of Et3B (0.2 mmol), b) Determined by *H NMR. 

ment wi th P h S H or PhsSnH. Again, one (bond a) of 
two carbon-carbon bonds was broken selectively inde­
pendent of the stereochemistry of the substrate. 
T h u s , bo th eis isomer 9 and trans isomer 12 afforded 
the same homoal lyl ic silane 40 (Scheme 9). 

Exposure of dimethyl-subst i tuted trimethylsilylcyc-
lopropane 19 to P h S H provided a mixture of homoal ­
lylic silane 42a and allylic silane 43a (42a/43a=ca. 
2/1) in 94% combined yield. In the case of n-CôFisI as a 
reagent, 5-methyl-1 -tridecafluorohexyl-2,4-hexadiene 
(45) was obtained instead of 5-iodo-5-methyl-l-trideca-
fluorohexyl-4-trimethylsilyl-2-hexene because (ß-
iodoalkyl)tr imethylsi lane was extremely unstable 
wi th respect to ^-e l iminat ion. T h e stereochemistry 
of the cyclopropane 19 did not affect the ratios of the 
product 42/43 (or 44/45) so much . E isomers were 
obtained exclusively in the reactions of 19 wi th P h S H , 
PhsSnH, and n-CeFisi as shown in Scheme 10. 

T w o other vinylcyclopropanes (22 and 29) were 
treated wi th P h S H or Ph 3 SnH-Et 3 B. T h e results 
showed that phenyl g r o u p or acetyl g roup stabilized 
the radical on adjacent carbon16* more strongly than 
trimethylsilyl g r o u p (Scheme 11 and 12). 

T rea tmen t of s tannylcyclopropanes 31 and 33 wi th 
benzenethiol also provided homoal lyl ic s tannanes 
exclusively (Scheme 13). 

9 PhSH 60 °C l h 
12 PhSH 60 °C 3 h 
9 Ph3SnH-Et3B 25 °C 0.5 h 

12 Ph3SnH-Et3B 25 °C 2 h 

Me 
X^^*>^/SiMe2Ph 

40a.b 

90% £/Z=18/l 
90% £ /Z=8/ l 
79% £ /Z=8/ l 
88% £/Z=7/2 

bT^ SiMe3 PhH 60°C , 
Ùe 15 85% Ai E/Z = A/1 

Scheme 9. 

M ^ S i M e 3 _ ^ ^ M e 3 + P h s J J j j a 
Me 19 PhSH 60°c A2a M e 43a 

trans/eis (h) Y(%) 42a/43a 
20/1 8 94 1.9/1 
1/3.8 1 96 2.2/1 

^ > T V C : U . nu.c^MeMe o u ,-_ SiMe3 

Me Ph3SnH-Et3B 25°C * ^ ^ C 
trans/cis (h) Y(%) 42b/43_b ft^-9 M e i 

20/1 2 93 2/1 

M O ^ S i M e 3 Ç6F,3^e
s . l M e 3 +C6F, ^ M e 

Me CfiFnl-FtiR ?R°r i X Me C6Fi3I-Et3B 25°C \ 
trans/cis (h) Y(%) 44/45 

20/1 7 62 1.8/1 
1/3.8 5 47 2.6/1 

Me 45 

Ph 
SiMe3 

22 

X-H 

PhH 

Scheme 10. 

SiMe3 Ph 

* X^^A/Ph + X\^^A/SiMe3 
A6a.b 47a,b 

PhSH 60 °C 1.5 h, 88% 
46a(£/Z) : 47a(£/Z)=20(15/l) : 1(5/2) 

Ph3SnH-Et3B 25 °C 0.5 h, 74% 
46b(£/Z) :47b(£/Z)=16(15/l) : 1(2/1) 

Scheme 11. 

SiMe3 x-H 

29 
PhH 

^ X 

PhSH 60 °C 3 h, 45% 48a 
Ph3SnH-Et3B 25 °C 0.5 h, 65% 48b 

Scheme 12. 

31 60°C5h y 8 5 o / o E / Z = 1 1 / 1 

C D Me 
^ s ^ _ / S n B u 3 P h S H 

49 

LS benzene 
X 03 60°C 3h 
Me ^ 

P h S \ ^ ^ ^ K V / S n B u 3 

Y7A% E/Z= 7/1 50 

Scheme 13. 
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Experimental 

Distillations of the products were performed by use of 
Kugelrohr (Böchi), and boiling points are indicated by air-
bath temperature without correction. Analytical TLC (thin 
layer chromatography) was performed on commercial glass 
plates bearing a 0.25 mm layer of Merck silica gel PF254. 
Preparative TLC (PLC) plates were prepared as follows: a 
free-flowing slurry of Merck silica gel PF254 (25 g) in water 
(60 ml) was spread on a clean glass plate (20X20 cm) to an 
even depth of 1.5 mm and the plate was air-dried at room 
temperature for at least two days before use. The TLC 
mobility of a given component is described by its Rf value, 
the ratio of the distance moved by that component to the 
distance moved by the solvent front. Analytical and prep­
arative GLPC were performed with a Shimadzu Gas Chro­
matograph, Model GC-8A using thermal conductivity detec­
tor and helium as carrier gas. Product percentages were 
calculated from peak area ratios without correction for 
detector response. Two columns (OV-1 2%, 2 m on Chro-
mosorb W 60—80 mesh AW DMCS (Column A) and SE-30 
1.5%, 2 m on Chromosorb W 60—80 mesh AW DMCS 
(Column B)) were used. The GLPC retention time (tT) of a 
component denotes the time (in minutes) at which the 
maximum concentration of that component reached the 
detector. Liquid chromatography (LC) was performed 
with Japan Analytical Industry Co., Ltd. LC-908 (Column: 
JAIGEL 1-H and 2-H) using chloroform at a flow rate of 4 
ml min - 1 . 
1H NMR and 13C NMR spectra were taken on a Varian XL-
200 spectrometer, CDCI3 was used as solvent, chemical shifts 
being given in 8 with tetramethylsilane as an internal stand­
ard. 19FNMR spectra were recorded on JEOL JNM-FX 90Q 
spectrometer and the chemical shifts are given in 8 with 
CFCI3 as an external standard. IR spectra were determined 
on a JASCO IR-810 spectrometer. The analyses were car­
ried out by the staff at the Elemental Analyses Center of 
Kyoto University. Tetrahydrofuran (THF) was freshly dis­
tilled from sodium benzophenone ketyl. 

(Z)-3-Dimethylphenylsilyl-2-propen-l-ol (1). Diisobu-
tylaluminium hydride (6.6 ml, 37 mmol) was added drop-
wise to a solution of tetrahydropyranyl ether of 3-dimethyl-
phenylsilyl-2-propyn-l-ol (8.6 g, 31 mmol) in hexane (30 
ml) at 0°C. After stirring for 10 h at 25 °C, the reaction 
mixture was poured into 1 M (1 M=l mol dm - 3) aqueous 
HCl (70 ml). The product was extracted with hexane (50 
mlX2). The organic layer was dried over anhydrous 
Na2SC>4 and concentrated in vacuo. The residual oil was 
dissolved in MeOH (50 ml) and /?-TsOH (100 mg) was 
added. The resulting mixture was stirred for 2 h at 25 °C. 
Et3N (1 ml) was added and stirring of the mixture was 
continued for another 5 min. The mixture was concen­
trated in vacuo and crude product was purified by silica-gel 
column chromatography (hexane/ethyl acetate=5/l) to give 
the title alcohol in 86% yield (5.1 g). 

eis-1 -Dimethy lpheny lsily 1-2-hydroxymethy lcyclopropane 
(2). According to the reported procedure,9) diiodomethane 
(2.2 ml, 7.3 g, 27 mmol) was added dropwise over 20 min to a 
mixture of allylic alcohol 1 (2.5 g, 13 mmol), diethylzinc (2 
ml, 20 mmol), and diisopropyl ether (15 ml) under argon 
atmosphere at 25 °C. Exothermic reaction occurred. Stir­
ring was continued for 30 min after completion of the 
addition. The resulting mixture was poured slowly into 1 

M HCl solution and the product was extracted with ethyl 
acetate. The organic layer was washed with 10% aqueous 
Na2S203 and dried over anhydrous sodium sulfate. Purifi­
cation by silica-gel column chromatography (hexane/ethyl 
acetate=5/l) gave the title compound in 60% yield (1.57 g): 
Bp 74 °C (1 Torr, 1 Torr=133.322 Pa, bath temp); IR (neat) 
3322, 3064, 2994, 2952, 1427. 1412, 1292, 1248, 1112, 1036, 
1015, 939, 889, 864, 832, 814, 771, 730, 699, 668 cm"1; 
iHNMR (CDCI3) 6=0.00 (ddd, /=9.9, 9.3, 7.6 Hz, 1H), 
0.27—0.35 (m, 1H), 0.32 (s, 6H), 0.95 (ddd, /=9.9, 7.9, 3.8 Hz, 
1H), 1.15 (bs, 1H), 1.40 (ddtd, /=9.3, 7.9, 7.6, 5.0 Hz, 1H), 
3.40 (bs, 2H), 7.35—7.40 (m, 3H) , 7.55-7.61 (m, 2H); 
13CNMR (CDCI3) ô=—1.88, -1.19, 1.77, 7.72, 19.51, 65.23, 
127.9, 129.1, 133.6, 139.6. Found: C, 69.80; H, 9.09%. 
Calcd for Ci2Hi8OSi: C, 69.84; H, 8.79%. 

cis-l -Dimethy lpheny lsily 1-2- vinylcyclopropane (3). DMSO 
(1.38 ml, 19.5 mmol) in CH2CI2 (3 ml) was added dropwise 
over 5 min at - 7 8 °C to a mixture of (COCl)2 (0.85 ml, 9.8 
mmol) and CH2CI2 (10 ml). After stirring for 15 min, a 
solution of 2 (1.34 g, 6.5 mmol) in CH2C12 (10 ml) was added 
over 10 min. The reaction mixture was stirred for 30 min 
and then Et3N (5.4 ml, 39 mmol) was added. After 5 min, 
dry ice-MeOH cooling bath was removed and H2O (50 ml) 
was added to the resulting white suspension. Instantly the 
solid dissolved and clear solution was obtained. The mix­
ture was extracted with CH2CI2 (50 mlX2) and the combined 
organic layer was dried over anhydrous Na2SÛ4 and concen­
trated in vacuo. A T H F solution of crude aldehyde (1.3 g) 
was added to a suspension of triphenylphosphonium meth-
ylide prepared from triphenylphosphonium iodide (3.5 g, 
8.5 mmol) and potassium J-butoxide (0.95 g, 8.5 mmol) in 
T H F (25 ml) at 0 °C and the resultant mixture was stirred for 
1 h at 25 °C. The mixture was poured into saturated aque­
ous ammonium chloride (50 ml) and extracted with hexane 
(50 mlX2). The organic layer was dried over anhydrous 
Na2SÜ4 and concentrated to 20 ml to afford triphenylphos-
phine oxide as white precipitate. The white solid was 
filtered off and the filtrate was concentrated again. Purifi­
cation of the residual crude product by silica-gel column 
chromatography gave vinylcyclopropane 3 in 89% yield (1.17 
g) from 2: Bp 52 °C (1 Torr, bath temp); IR (neat) 3066, 2994, 
2952, 1637, 1428, 1286, 1248, 1112, 1040, 989, 961, 937, 895, 
847, 830, 812, 772, 728, 699, 668, 660 cm"1; *HNMR (CDCI3) 
0=0.14 (ddd, /=10.1, 9.7, 8.0 Hz, 1H), 0.29 (s, 6H), 0.54 (ddd, 
7=8.0, 4.9, 3.9 Hz, 1H), 1.10 (ddd, 7=10.1, 7.7, 3.9 Hz, 1H), 
1.79 (dddd, 7=9.7, 9.0, 7.7, 4.9 Hz, 1H), 4.88 (dd, 7=9.9, 2.2 
Hz, 1H), 5.12 (dd, 7=16.9, 2.2 Hz, 1H), 5.41 (ddd, 7=16.9, 9.7, 
9.0 Hz, 1H), 7.33—7.42 (m, 3H), 7.55-7.61 (m, 2H); 
13CNMR (CDCI3) <5=-1.75, -1.69, 5.26, 10.75, 20.58, 113.5, 
127.7, 128.8, 133.8, 139.7, 140.8. Found: C, 77.22; H, 8.91%. 
Calcd for CisHisSi: C, 77.16; H, 8.97%. 

(E)-3-Dimethy lpheny lsily 1-2-propen-l-ol (4). The title 
compound (9.4 g, 87% yield) was prepared by the reduction 
of 3-dimethylphenylsilyl-2-propyn-l-ol (10.7 g, 56.2 mmol) 
with sodium bis(2-methoxyethoxy)aluminum hydride (70% 
toluene solution, 26.7 ml) following the procedure for the 
synthesis of (£)-3-trimethylsilyl-2-propen-l-ol.17> 

trans-1 -Dimethy lpheny lsilyl-2-hydroxymethy lcyclopropane 
(5). In similar fashion to the synthesis of 2, treatment of 
alcohol 4 (3.13 g, 16.3 mmol) with CH2I2 (2.7 ml, 9.0 g, 33.5 
mmol) and Et2Zn (2.5 ml, 25 mmol) in diisopropyl ether (18 
ml) gave cyclopropane 5 in 76% yield (2.56 g): Bp 79 °C (1 
Torr, bath temp); IR (neat) 3316, 3064, 2994, 2952, 2864, 
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1428, 1411, 1302, 1249, 1114, 1054, 1020, 942, 865, 831, 813, 
771, 728, 699 cm"1; *HNMR (CDCls) <5=~0.28 (ddd, /=9.9, 
7.0, 6.4 Hz, 1H), 0.21 (s, 3H), 0.22 (s, 3H), 0.48—0.60 (m, 2H), 
0.99—1.15 (m, 1H), 1.39 (bs, 1H), 3.46 (dd, /=14.4, 6.6 Hz, 
IH), 3.52 (dd, 7=14.4, 6.9 Hz, 1H), 7.34—7.39 (m, 3H) , 
7.53—7.60 (m, 2H); 13CNMR (CDCL3) <5=-3.90, 1.37, 7.22, 
18.11, 68.46, 127.7, 129.0, 133.7, 138.6. Found: C, 69.58; H, 
8.85%. Calcd for Ci2Hi8OSi: C, 69.84; H, 8.79%. 

trans- l-Dimethylphenylsilyl-2-vinylcyclopropane (6). 
The compound (2.04 g, 81% yield) was prepared from 5 (2.56 
g) following the procedure described for the synthesis of 3: 
Bp 54 °C (1 Torr, bath temp); IR (neat) 3066, 2994, 2954, 
1636, 1428,1249, 1115, 1087, 1062, 985, 969, 947, 892, 831, 817, 
772, 728, 698, 655 cm"1; ^ N M R (CDCls) <5=-0.06 (ddd, 
7=10.0, 7.6, 6.1 Hz, 1H), 0.20 (s, 3H), 0.21 (s, 3H), 0.65—0.78 
(m, 2H), 1.39 (dddd, 7=8.5, 7.2, 6.1, 4.9 Hz, 1H), 4.85 (dd, 
7=10.0, 2.0 Hz, IH), 5.09 (dd, 7=17.0, 2.0 Hz, 1H), 5.36 (ddd, 
7=17.0, 10.0, 8.5 Hz, IH), 7.33—7.38 (m, 3H), 7.52—7.59 (m, 
2H); 13CNMR (CDCls) ô=—3.83, -3.77, 5.62, 10.73, 19.37, 
111.4, 127.7, 128.9, 133.8, 138.7, 143.1. Found: C, 77.10; H, 
9.22% Calcd for Ci3Hi8Si: C, 77.16; H, 8.97%. 

r-l-Dimethylphenylsilyl-c-2-hydroxymethyl-^-3-methyl-
cyclopropane {trans-7) and r-l-Dimethylphenylsilyl-c-2-
hydroxymethyl-c-3-methylcyclopropane (cis-7). A solution 
of ethylidene iodide (2.8 ml, 28 mmol) in diisopropyl ether 
(5 ml) was added dropwise over 1 h to a mixture of allylic 
alcohol 1 (1.90 g, 9.4 mmol), diethylzinc (2.8 ml, 28 mmol ) , 
and diisopropyl ether (13 ml) under argon atmosphere at 
25 °. Exothermic reaction proceeded gradually. After stir­
ring at 25 °C for 12 h, the reaction mixture was poured into 1 
M HCl (50 ml) and the product was extracted with ethyl 
acetate (50 mlX2). The combined organic layer was dried 
over anhydrous sodium sulfate and concentrated in vacuo. 
Purification by silica-gel column chromatography gave the 
title compounds (1.22 g, 59% yield) which was contaminated 
by the starting allylic alcohols 1. 1H NMR spectrum 
showed that the ratio between products (two isomers) and 1 
was 4.6:1. The analytical pure samples of both isomers 
were prepared by preparative GLPC (Column B, 150°C, 
£r=4.67 min (^-isomer) tT=635 min (c-isomer), ^-isomer/c-
isomer=25:l). trans-7: Bp 77°C (1 Torr, bath temp); IR 
(neat) 3318, 3064, 2990, 2948, 2862, 1458, 1448, 1428, 1380, 
1249, 1113, 1077, 1018, 991, 941, 924, 832, 817, 773, 728, 699, 
668 cm"1; 1H NMR (CDCls) <5=-0.25 (dd, 7=9.2, 6.9 Hz, IH), 
0.30 (s, 3H), 0.31 (s, 3H), 0.69—0.83 (m, IH), 1.0—1.15 (m, 
2H), 1.18 (d, 3H), 3.34 (dd /=11.4, 7.5 Hz, IH), 3.48 (dd, 
7=11.4, 7.5 Hz, IH), 7.34—7.39 (m, 3H), 7.54—7.59 (m, 2H); 
!3CNMR (CDCI3) <5=-1.67, -0 .91, 11.29, 16.70, 20.46, 28.46, 
65.07, 127.9, 129.0, 133.6, 139.8. Found: C, 70.69; H, 9.38%. 
Calcd for Ci3H2oOSi: C, 70.85; H, 9.15%. cis-7: Bp 79° (1 
Torr, bath temp), IR (neat) 3316, 3064, 3046, 2996, 2950, 
1459, 1450, 1427, 1407, 1389, 1288, 1249, 1111, 1074, 1057, 
1018, 939, 914, 834, 816, 773, 728, 699, 668 cm"1; *HNMR 
(CDCls) 6=0.08 (t, 7=9.6 Hz, IH), 0.37 (s, 6H), 1.14 (d, 7=6.3 
Hz, 3H), 1.17-1.54 (m, 3H), 3.61 (dd, /=11.3, 8.1 Hz, IH), 
3.70 (dd, 7=11.3, 6.9 Hz, IH), 7.33—7.38 (m, 3H), 7.56—7.63 
(m, 2H); ^CNMR (CDCls) ô=0.23, 7.72, 11.82, 14.80, 23.12, 
61.48, 127.8, 128.9, 133.5, 140.3. Found: C, 70.62; H, 9.37%. 
Calcd for ,Ci3H20OSi: C, 70.85; H, 9.15%. 

r-l-Dimethylphenylsilyl-c-2-formyl-f-3-methylcyclopropane 
(trans-S) and r-l-Dimethylphenylsilyl-c-2-formyl-c-3-methyl-
cyclopropane (cis-8). The mixture of 7 (1.22 g, 5.54 mmol) 
and 1 (0.26 g, 1.35 mmol) was oxidized with (COCl)2 (0.90 

ml, 10.3 mmol), DMSO (1.46 ml, 20.6 mmol), and Et3N (5.72 
ml, 41.7 mmol) (Swern oxidation) following the procedure 
described for the synthesis of 3. Purification of crude pro­
duct by silica-gel column chromatography gave pure alde­
hyde 8 (*/ç=20/l) in 81% yield (0.98 g). Careful separation 
by preparative thin layer chromatography (PLC) (7^=0.48 
(^-isomer) R{=QA3 (c-isomer), hexane/ethyl acetate=10/l) 
gave the analytical pure samples. trans-S: Bp 68 °C (1 Torr, 
bath temp); IR (neat) 3066, 3046, 2996, 2952, 2924, 2864, 
2820, 2730, 1707, 1459, 1428, 1412, 1252, 1179, 1111, 1076, 
952, 923, 863, 833, 818, 781, 731, 701, 667 cm"1; *HNMR 
(CDCls) 6=0.36 (s, 3H), 0.37 (s, 3H), 0.45 (dd, 7=9.4, 8.8 Hz, 
IH), 1.25 (d, 7=5.8 Hz, 3H), 1.60 (dqd, 7=8.8, 5.8, 4.1 Hz, 
IH), 1.77 (ddd, 7=9.4, 6.8, 4.1 Hz, IH), 7.35-7.42 (m, 3H), 
7.51—7.57 (m, 2H), 8.88 (d, 7=6.8 Hz, IH); ^CNMR 
(CDCls) <5=-1.68, 18.96, 19.54, 21 47, 37.79, 128.0, 129.3, 

133.6, 138.2, 201.2. Found: C, 71.45; H, 8.52%. Calcd for 
CisHisOSi: C, 71.50; H, 8.31%. «5-8: Bp 70 °C (1 Torr, bath 
temp); IR (neat) 3066, 3046, 3006, 2952, 2846, 2758, 2724, 
1701, 1648, 1458, 1452, 1428, 1389, 1375, 1289, 1251, 1173, 
1112, 1068, 998, 942, 895, 869, 834, 816, 778, 732, 699, 664 cm"1; 
*HNMR (CDCls) 0=0.44 (s, 3H), 0.47 (s, 3H), 0.73 (t, 7=9.6 
Hz, IH), 1.33 (d, 7=6.5 Hz, 3H), 1.92 (ddq, 7=9.6, 8.1, 6.5 Hz, 
IH), 2.08 (ddd, 7=9.6, 8.1, 6.4 Hz, IH), 7.35-7.40 (m, 3H), 
7.54—7.60 (m, 2H), 9.36 (d, 7=6.4 Hz, IH); ^CNMR 
(CDCls) <5=-0.33, 0.07, 12.51, 16.53, 22.84, 32.62, 127.9, 
129.2, 133.6, 139.2, 202.7. Found: C, 71.51; H, 8.34%. 
Calcd for CisHisOSi: C, 71.50; H, 8.31%. 

r-1 -Dime thy lphenylsilyl-^-3-methyl-c-2-vinylcyclopropane 
(trans-9) and r-l-Dimethylphenylsilyl-c-3-methyl-c-2-vinyl-
cyclopropane (cis-9). Wittig reaction (PI13PCH3I (2.1 g, 5.2 
mmol) and *-BuOK (0.58 g, 5.2 mmol)) of 8 (t/c=20/l, 0.87 
g, 4.0 mmol) followed by purification by silica-gel column 
chromatography gave the title compound 9 in 90% yield 
(0.78 g, */c=17/l). Analytical samples were prepared by 
preparative GLPC (Column A, 150°, £r=3.55 min (^-isomer), 
£=4.28 min (c-isomer)). trans-9: Bp 53 °C (1 Torr, bath 
temp); IR (neat) 3066, 3048, 2992, 2948, 2922, 2896, 2862, 
1635, 1459, 1428, 1376, 1249, 1113, 1073, 981, 950, 925, 893, 
832, 811, 770, 728, 700, 676, 661 cm"1; « N M R (CDCI3) 
ô=-0.09 (dd, 7=9.6, 7.4 Hz, IH), 0.27 (s, 6H), 0.93 (dqd, 
7=7.4, 5.7, 4.4 Hz, IH), 1.18 (d, 7=5.7 Hz, 3H), 1.47 (td, 
7=9.6, 4.4 Hz, IH), 4.85 (dd, 7=9.9, 2.2 Hz, IH), 5.09 (dd, 
7=17.0, 2.2 Hz, IH), 5.41 (ddd, 7=17.0, 9.9, 9.6 Hz, IH), 
7.34—7.40 (m, 3H), 7.54-7.61 (m, 2H); 13CNMR (CDCI3) 
<5=-1.57, -1.46, 14.96, 19.50, 20.30, 29.74, 112.9, 127.7, 128.7, 
133.8, 140.0, 140.7. Found: C, 77.76; H, 9.49%. Calcd for 
Ci4H20Si: C, 77.71; H, 9.32%. cis-9: Bp 51 °C (1 Torr, bath 
temp); IR (neat) 3066, 3048, 2996, 2952, 2924, 2872, 2852, 
1631, 1428, 1286, 1259, 1249, 1112, 1070, 1017, 992, 920, 895, 
833, 818, 775, 728, 698, 665 cm"1; *H NMR (CDCls) 0=0.24 (t, 
7=9.7 Hz, IH), 0.34 (s, 3H), 0.37 (s, 3H), 1.14 (d, 7=6.5 Hz, 
3H), 1.47 (ddq, 7=9.7, 8.3, 6.5 Hz, IH), 1.90 (ddd, 7=9.9, 9.7, 
8.3 Hz, IH), 5.00 (ddd, 7=10.2, 2.2, 0.6 Hz, IH), 5.22 (ddd, 
7=16.8, 2.2, 0.6 Hz, IH), 5.68 (ddd, 7=16.8, 10.2, 9.9 Hz, IH), 
7.32—7.37 (m, 3H), 7.54-7.63 (m, 2H); 13CNMR (CDCls) 
0=0.12, 0.19, 11.67, 12.61, 17.50, 25.12, 114.5, 127.7, 128.7, 
133.7, 137.6, 140.6. Found: C, 77.59; H, 9.29%. Calcd for 
Ci4H20Si: C, 77.71; H, 9.32%. 

r-l-Dimethylphenylsilyl-£-2-hydroxymethyl-c,£-3-
methylcyclopropane (10). Cyclopropanation of 4 (2.0 g, 
10.4 mmol) with ethylidene iodide (2 ml, 20 mmol) and 
diethylzinc (2 ml, 20 mmol) gave the cyclopropane 10 (0.53 
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g, 23% yield) which was contaminated by 4 (0.90 g, 46% 
recovery). 10 (c/£=36/64) was separated from 4 by prepara­
tive GLPC: Bp 75 °C (1 Torr, bath temp); IR (neat) 3316, 
3064, 3046, 2992, 2950, 2870, 1458, 1449,1428, 1382, 1248, 
1113, 1072, 1021, 949, 924, 817, 773, 728, 698, 664 cm"1; 
iHNMR (CDCls) <5=-0.54 (t, /=6.7 Hz, 0.64H), -0.26 (t, 
7=8.0 Hz, 0.36H), 0.20 (s, 3.84H), 0.30 (s, 1 .08H), 0.32 
(s,1.08H), 0.89-1.40 (m, 6H), 3.45—3.61 (m, 1.36H), 3.77 
(dd, /=11.2, 6.1 Hz, 0.64H), 7.34-7.40 (m, 3H), 7.51—7.60 
(m, 2H); ^CNMR (GDCls) <5=-3.68, -1.19, -1.15, 8.66, 
10.20, 14.11, 14.46, 16.47, 17.17, 22.69, 27.14, 63.63, 68.56, 
127.8, 128.8, 128.9, 133.6, 139.0, 139.9. Found: C, 71.12; H, 
9.39%. Calcd for Ci3H2oOSi: C, 70.85; H, 9.15%. 

r-l-Dimethylphenylsilyl-^-2-formyl-^-3-methylcyclopropane 
(trans-ll) and r-l-Dimethylphenylsilyl-^-2-formyl-c-3-methyl-
cyclopropane (cis-ll). The mixture of 4 (4.8 mmol) and 10 
(2.4 mmol) was treated with (COCl)2 (0.94 ml, 10.8 mmol), 
DMSO (1.53 ml, 21.6 mmol) and Et3N (6.0 ml, 43.2 mmol) to 
give the title compound in 50% yield (0.26 g, 1.2 mmol, 
*/c=2/l). PLC separation of isomers (i?f=0.41 (^-isomer) 
and Rf=0.34 (c-isomer), hexane/ethyl acetate=10/l) pro­
vided the analytical samples, trans-ll: Bp 67 °C (1 Torr, 
bath temp); IR (neat) 3066, 3046, 2996, 2952, 2874, 2822, 
2746, 2718, 1701, 1655, 1647,1459, 1428, 1396, 1379, 1251, 
1171, 1115, 1073, 1017, 997, 954, 928, 881, 834, 780, 731, 700, 
664 cm"1; *H NMR (CDCls) <5=0.24 (s, 3H), 0.27 (s, 3H), 0.80 
(dd, 7=7.7, 6.4 Hz, 1H), 1 32—1.53 (m, 4H), 1.75 (dt, 7=7.7, 
5.9 Hz, 1H), 7.34—7.41 (m, 3H), 7.47—7.53 (m, 2H), 9.28 (d, 
7=5.9 Hz, 1H); 13CNMR (CDCls) <5=-4.07, -3.77, 14.51, 
16.40, 21.98, 32.00, 127.9, 129.4, 133.6, 137.0, 201 4. Found: 
C, 71.28; H, 8.45%. Calcd for Ci3Hi8OSi: C, 71.50; H, 8.31%. 
cis-ll: Bp 67 °C (1 Torr, bath temp); IR (neat) 3066, 3046, 
2994, 2954, 2816, 2718, 1709, 1459, 1428, 1412, 1251, 1206, 
1173, 1115, 1085, 1068, 1022, 1005, 935, 874, 834, 815, 777, 
731, 701, 666 cm-1; ^ N M R (CDCls) ô=0.36 (s, 3H), 0.37 (s, 
3H), 0.77 (dd, 7=10.4, 6.3 Hz, 1H), 1.12 (d, 7=6.2 Hz, 3H), 
1.65 (ddd, 7=6.3, 6.1, 3.9 Hz, 1H), 1.75 (ddq, 7=10.4, 6.2, 3.9 
Hz, 1H), 7.35-7.41 (m, 3H), 7.50—7.57 (m, 2H), 8.77 (d, 
7=6.1 Hz, 1H); 13CNMR (CDCls) ô=—1.78, -1.53, 13.75, 
15.34, 20.74, 35.77, 127.9, 129.3, 133.6, 138.0, 201.0. Found: 
C, 71.51; H, 8.34%. Calcd for Ci3Hi8OSi: C, 71.50; N, 8.31%. 

r-l-Dimethylphenylsilyl-^-3-methyl-^-2-vinylcyclopropane 
(trans-12) and r-l-Dimethylphenylsilyl-c-3-me thy l-t-2- vinyl-
cyclopropane (cis-12). Wittig reaction (Ph3PCH3I (0.67 g, 
1.67 mmol) and *-BuOK (0.19 g, 1.67 mmol)) of 11 (0.26 g, 
1.2 mmol) gave 12 in 74% yield (0.19 g, t/c=2/l). Each pure 
sample was prepared by PLC (i?f=0.62 (trans-isomer) 
Rf=0.60 (cz5-isomer), hexane). trans-12.: Bp 57 °C (1 Torr, 
bath temp); IR (neat) 3066, 3046, 2994, 2952, 2926, 2900, 
2868, 1633, 1459, 1428, 1249, 1115, 1090, 1071, 990, 961, 929, 
894, 835, 780, 729, 698, 663 cm"1; ^ N M R (CDCls) <5=-0.27 
(t, 7=6.7 Hz, 1H), 0.20 (s, 6H), 1.02 (ddq, 7=8,7, 6.7, 5.8 Hz, 
1H), 1.14 (d, 7=5.8 Hz, 3H), 1.47 (td, 7=8.7, 6.7 Hz, 1H), 4.98 
(dd, 7=10.1 , 2.0 Hz, 1H), 5.12 (dd, 7=17.0, 2.0 Hz, 1H), 5.63 
(ddd, 7=17.0, 10.1, 8.7 Hz, 1H), 7.32—7.39 (m, 3H), 7.50— 
7.59 (m, 2H); ^CNMR (CDCls) <5=-3.54, 13.69, 14.85, 17.00, 
24.67, 113.7, 127.7, 128.9, 133.8, 138.7, 139.1. Found: C, 
77.76; H, 9.38%. Calcd for Ci4H20Si: C, 77.71; H, 9.32% 
cw-12: Bp 57 °C (1 Torr, bath temp); IR (neat) 3066, 3048, 
2994, 2950, 2868, 1635, 1459, 1450, 1428, 1410, 1249, 1113, 
1069, 1015, 980, 927, 891, 835, 811, 795, 783, 768, 728, 699, 
650cm-1; ^ N M R (CDCls) <5=0.00 (dd, 7=9.6, 6.6 Hz, 1H), 
0.28 (s, 3H), 0.31 (s, 3H), 1.02—1.29 (m, 5H), 4.82 (dd, 

7=10.0, 1.7 Hz, 1H), 5.05 (dd, 7=17.1, 1.7 Hz, 1H), 5.39 (ddd, 
7=17.1, 10.0, 8.5 Hz, 1H), 7.31—7.38 (m, 3H), 7.50—7.60 (m, 
2H); 13CNMR (CDCls) ô=—1.37, -0 .91 , 13.09, 16.37, 20.53, 
28.61, 111.0, 127.7, 128.8, 133.7, 140.0, 143.4. Found: C, 
78.01; H, 9.49%. Calcd for Ci4H2oSi: C, 77.71; H, 9.32%. 

(2,2-Dibromo-£rans-3-methylcydopropyl)methyl 2-Tetra-
hydropyranyl Ether (13). Tetrahydropyranyl ether of 
2-buten-l-ol (15.7 g, 100 mmol) was added to a mixture of 
hexane (150 ml) and potassium J-butoxide (22.5 g, 200 
mmol) at — 20 °C under argon atmosphere. Then bromo-
form (17.5 ml, 200 mmol) was added dropwise to the solu­
tion over 1.5 h from dropping funnel. After stirring at 
—20 °C for 2 h and at 25 °C for 10 h, reaction mixture was 
poured into saturated aqueous NaCl (200 ml). The organic 
layer was removed and the aqueous layer was extracted with 
hexane (200 ml). The combined organic layer was dried 
over anhydrous sodium sulfate. Concentration and succes­
sive purification by silica-gel column chromatography (hex­
ane/ethyl acetate=20/l) gave 13 in 70% yield (diastereomeric 
mixture, 23.0 g): Bp 80 °C (decomp, 1 Torr, bath temp); IR 
(neat) 2938,2868, 1466, 1453, 1382, 1350, 1262, 1202, 1184, 
1158, 1133, 1121, 1059, 1033, 991, 965, 943, 905, 869, 814, 743, 
663 cm-1; ^ N M R (CDCls) 0=1.15—1.89 (m, 11H), 3.49— 
3.64 (m, 2H), 3.78—3.96 (m, 2H), 4.69 (bs, 1H) " C N M R 
(CDCI3) 0=16.90, 19.13, 19.41, 25.38, 29.89, 30.46, 30.62, 
36.26, 36.70, 61.99, 62.28, 68.95, 69.38, 98.37, 98.94. Found: 
C, 36.82; H, 4.98%. Calcd for CioHi602Br2: C, 36.61; H, 
4.92%. 

^-2-Hydroxymethyl-c-3-methyl-r-l-trimethylsilylcyclo-
propane (trans-14) and c-2-Hydroxymethyl-£-3-methyl-r-l-
trimethylsilylcyclopropane (eis-14). A hexane solution of 
butyllithium (1.6 M, 34 ml, 54 mmol) was added dropwise 
over 20 min from dropping funnel to a T H F (100 ml) 
solution of 13 (17 g, 52 mmol) and trimethylsilyl chloride 
(33 ml, 260 mmol) at -107 °C (isooctane-liq. N2) under 
argon atmosphere. After stirring for 2 h, cooling bath was 
removed and the mixture was stirred for another 20 min. 
The mixture was slowly poured into saturated aqueous 
sodium hydrogencarbonate (200 ml). The product was 
extracted with ethyl acetate (150 mlX2) and the extracts were 
dried and concentrated in vacuo. The residual oil was 
dissolved in benzene (100 ml) and tributyltin hydride (17.5 g, 
60 mmol) was added to the solution under argon atmos­
phere. A hexane solution of triethylborane (1.0 M, 3.0 ml, 
3.0 mmol) was added to the mixture at 25 °C and exothermic 
reaction occurred instantly. After stirring for 1 h, dichlo-
romethane (200 ml), potassium fluoride (35 g), and water (11 
ml) were added and the resulting mixture was stirred for 12 
h. The precipitate was filtered by glass filter and the fil­
trate was concentrated in vacuo. The crude product was 
dissolved into methanol (150 ml) and /?-toluenesulfonic acid 
mono hydrate (1.0 g) was added. After stirring for 2 h, 
triethylamine (3 ml) was added and the reaction mixture was 
concentrated. Purification of the product by silica-gel 
column chromatography (hexane/ethyl acetate=10/l) gave 
14 in 71% yield (5.73 g, ^-isomer/c-isomer=64/36). The 
isomers were separated each other by PLC. trans-14: Bp 
95 °C (27 Torr, bath temp); IR (neat) 3322, 2988, 2950, 2868, 
1458, 1406, 1249, 1086, 1020, 990, 948, 926, 854, 835, 755, 687, 
664 cm-1; *H NMR (CDC3) <5=-0.49 (dd, 7=9.5, 6.8 Hz, 1H), 
0.04 (s, 9H), 0.80—1.00 (m, 2H), 1.10 (d, 7=5.8 Hz, 3H), 1.54 
(bs, 1H), 3.46 (d, 7=6.4 Hz, 2H); 13H NMR (CDCls) <5=~0.10, 
9.21, 16.44, 16.95, 26.89, 68.64. Found: C, 60.88; H, 11.64%. 
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Calcd for C8Hi8OSi: C, 60.69; H, 11.46%. cis-U: Bp 100 °C 
(27 Torr, bath temp); IR (neat) 3328, 2990, 2950, 2898, 2866, 
1462, 1448, 1380, 1249, 1076, 1021, 992, 944, 924, 837, 757, 
688, 662 cm-1; 1H NMR (CDCls) ô=-0.50 (dd, /=9.4, 7.0 Hz, 
1H), 0.03 (s, 9H), 0.67 (dqd, /=7.0, 5.8, 4.2 Hz, 1H), 1.07 
(dddd, /=9.4, 7.9, 7.3, 4.2 Hz, 1H), 1.14 (d, /=5.8 Hz, 3H), 
1.44 (bs, 1H), 3.47 (dd, 7=11.0, 7.9 Hz, 1H), 3.56 (dd, 7=11.0, 
7.3 Hz, 1H); « H N M R (CDCls) <5=~0.05, 11 99, 16.50, 20.58, 
28.34, 65.28. Found: C, 60.68; H, 11.68%. Calcd for 
CsHisOSi: C, 60.69; H, 11.46%. 

c-3-Methyl-r-l-trimethylsilyl-f-2-vinylcyclopropane and 
^-3-Methyl-r-l-trimethylsilyl-c-2-vinylcyclopropane (74:26) 
(15). Swern oxidation and successive Wittig reaction pro­
vided vinylcyclopropane 15 in 53% overall yield from 14: Bp 
70—72 °C (55 Torr); IR (neat) 3078, 2994, 2950, 2896, 2868, 
1635, 1459, 1375, 1289, 1249, 1090, 1069, 980, 950, 927, 891, 
837, 793, 748, 688, 657, 636 cm"1; *HNMR (CDC3) ô=—0.31 
(dd, 7=9.5, 7.2 Hz, 0.26H), -0.22 (dd, 7=9.3, 6.8 Hz, 0.74H), 
0.02 (s, 2.34H), 0.06 (s, 6.66H), 0.78—0.99 (m, 0.26H), 1.00— 
1.27 (m, 4.48H), 1.41 (td, 7=10.0, 4.5 Hz, 0.26H), 4.79 (dd, 
7=10.0, 1.9 Hz, 0.74H), 4.87 (dd, 7=10.0, 2.2 Hz, 0.26H), 5.02 
(dd, 7=17.2, 1.9 Hz, 0.74H), 5.09 (dd, 7=16.8, 2.2 Hz, 0.26H), 
5.37 (ddd, 7=17.2, 10.0, 8.3 Hz, 0.74H), 5.46 (dt, 7=16.8, 10.0 
Hz, 0.26H); «CNMR (CDCls) <5=-0.29, 0.00, 14.08, 15.93, 
16.36, 19.36, 20.44, 28.39, 29.65, 110.4, 112.4, 141.1, 143.9. 
Found: C, 69.80; H, 11.92%. Calcd for C9Hi8Si: C, 70.05; N, 
11.76%. 

2,2-Dibromo-3,3-dimethylcyclopropylmethyl 2-Tetrahy-
dropyranyl Ether (16). An addition of dibromocarbene 
(CHBr3, £-BuOK) to prenyl alcohol tetrahydropyranyl ether 
gave cyclopropane 16 (diastereomeric mixture) in 81% yield: 
Bp 85 °C (dec, 1 Torr, bath temp); IR (neat) 2938, 2868, 1455, 
1441, 1374, 1353, 1342, 1322, 1284, 1274, 1262, 1201, 1183, 
1158, 1134, 1121, 1079, 1059, 1031, 979, 906, 869, 815, 755, 664 
cm"1; *HNMR (CDCls) 0=1.25 (s, 3H), 1.43 (s, 3H), 1.50— 
1.98 (m, 7H), 3.44—4.01 (m, 4H), 4.64—4.71 (m, 1H); 
13CNMR (CDCI3) 0=19.14, 19.34, 19.47, 25.35, 27.16, 28.38, 
30.51, 30.57, 38.24, 38.43, 44.63, 44.81, 61.94, 62.16, 66.08, 
66.21, 98.45, 98.85. Found: C, 38.53; H, 5.26%. Calcd for 
CiiHi802Br2: C, 38.62; H, 5.30%. 

2-Bromo-3,3-dimethyl-2-trimethylsilylcyclopropylmethyl 
Tetrahydropyranyl Ether (17, eis trans Mixture). Accord­
ing to the description for the synthesis of 14, the title com­
pound was obtained in 65% yield (8.5 g) starting from 16 
(13.3 g, 39 mmol): Bp 82 °C (decomp, 1 Torr, bath temp); IR 
(neat) 2942, 2868, 1456, 1442, 1408, 1384, 1373, 1342, 1322, 
1284, 1249, 1201, 1184, 1160, 1134, 1119, 1078, 1056, 1029, 
997, 974, 951, 929, 904, 841, 815, 763, 735, 682, 628 cm"1; 
*H NMR (CDCI3) 0=0.19—0.27 (m, 9H), 0.90—1.28 (m, 4H), 
1.43—1.95 (m, 9H), 3.40—3.65 (m, 2H), 3.72—4.03 (m, 2H), 
4.64 (bs, 1H). Found: C, 50.23; H, 8.39%. Calcd for 
Ci4H2702SiBr: C, 50.14; H, 8.12%. 

fran5-2-Hydroxymethyl-3,3-dimethyl-l-trimethylsilylcy-
clopropane (trans-18) and cw-2-Hydroxymethyl-3,3-di-
methyl-1-trimethylsilylcyclopropane (eis-18). Hydrode-
bromination of 17 was performed by two methods. Proce­
dure A: Reduction with tributyltin hydride (3.33 g, 11.4 
mmol)-triethylborane (1.0 M hexane solution, 1 ml) system 
as described for the synthesis of 14 followed by deprotection 
of tetrahydropyranyl ether (£-TsOH-MeOH) gave 18 in 90% 
yield (1.61 g, cis-lS/trans-\S=3.S/\) starting from 17 (3.49 g, 
10.4 mmol). Procedure B: Butyllithium (1.54 M hexane 
solution, 7.9 ml, 12.2 mmol) was added over 5 min to a 

solution of 17 (3.73 g, 11.1 mmol) in THF (22 ml) at - 7 8 °C. 
After stirring for 1 h, acetic acid (1.4 ml, 24 mmol) was added 
to the reaction mixture and then cooling bath was removed. 
After stirring for additional 15 min at 25 °C, the resulting 
mixture was poured into saturated sodium hydrogencarbo-
nate aqueous solution (50 ml) and the product was extracted 
with ethyl acetate (50 mlX2). The organic layer was dried 
over anhydrous sodium sulfate and concentrated in vacuo. 
Deprotection of tetrahydropyranyl ether followed by purifi­
cation by silica-gel column chromatography (hexane/ethyl 
acetate=10/l) gave 18 in 62% yield (1.19 g, * /c=l l / l ) . Ana­
lytical pure samples were prepared by preparative GLPC 
(Column B, 130 °C, *r=8.37 min (trans-isomer) and 9.46 min 
(ds-isomer)). trans-lS: Bp 52 °C (1 Torr, bath temp); IR 
(neat) 3314, 2948, 2870, 1454, 1412, 1376, 1300, 1248, 1120, 
1083, 1049, 1016, 964, 953, 926, 865, 835, 760, 687, 663 cm"1; 
iHNMR (CDCI3) <5=-0.67 (d, 7=7.2 Hz, 1H), 0.02 Is, 9H), 
0.96 (ddd, 7=8.3, 7.2, 6.3 Hz, 1H), 1.12 (s, 3H), 1.16 (s, 3H), 
1.28 (bs, 1H), 3.53 (dd, 7=11.4, 8.3 Hz, 1H), 3.72 (dd, 7=11.4, 
6.3 Hz, IN); ^CNMR (CDCls) ô=-0.17, 17.86, 21.90, 22.77, 
25.14, 31.78, 64.98. Found: C, 62.83; H, 11.91%. Calcd for 
C9H20OSi: C, 62.72; H, 11.70%. cis-lS: Bp 50°C (1 Torr, 
bath temp); IR (neat) 3308, 2948, 2890, 1453, 1412, 1375, 
1290, 1248, 1120, 1045, 1018, 966, 938, 835, 757, 685, 655 cm"1; 
iHNMR (CDCI3) ô=-0.36 (d, 7=9.9 Hz, 1H), 0.07 (s, 9H), 
1.12—1.26 (m, 8H), 3.61 (dd, 7=11.2, 8.7 Hz, 1H), 3.72 (dd, 
7=11.2, 6.7 Hz, IN); 13CNMR (CDCls) 6=1.13, 17.55, 18.17, 
21.09, 30.81, 32.07, 62.39. Found: C, 62.45; H, 11.97%. 
Calcd for C9H20OSi: C, 62.72; H, 11.70%. 

^ran5-3,3-Dimethyl-l-trimethylsilyl-2-vinylcyclopropane 
(trans-19) and cis-3,3-Dimethyl-l-trimethylsilyl-2-vinylcyclo­
propane (cis-19). According to the synthesis of 3, Swern 
oxidation and Wittig reaction of 18 (eis rich) or 18 (trans 
rich) gave 19 (eis rich) or 19 (trans rich) in 57% or 51% yield, 
respectively. Analytical samples were obtained by prepara­
tive GLPC (Column B, 50 °C, £=6.78 min (^-isomer) £r=8.09 
min (c-isomer)). trans-19: Bp 63 °C (40 Torr, bath temp); IR 
(neat) 3078, 2948, 2868, 1634, 1458, 1375, 1248, 1133, 1117, 
982, 909, 892, 860, 836, 768, 752, 688 cm"1; *H NMR (CDCls) 
ô=-0.38 (d, 7=7.0 Hz, 1H), 0.03 (s, 9H), 1.11 (s, 6H), 1.31 
(dd, 7=8.7, 7.0 Hz, 1H), 4.92 (dd, 7=10.0, 2.1 Hz, 1H), 5.06 
(dd, 7=17.0, 2.1 Hz, 1H), 5.62 (ddd, 7=17.0,10.0, 8.7 Hz, 1H); 
13CNMR (CDCls) ô=-0.14, 21.69, 23.60, 24.24, 24.82, 33.86, 
112.8, 140.4. Found: C, 71.23; H, 12.20%. Calcd for 
CioH20Si: C, 71.34; H, 11.97%. cis-19: Bp 58 °C (40 Torr, 
bath temp); IR (neat) 3078, 2950, 1632, 1457, 1375, 1248, 
1118, 984, 920, 894, 836, 765, 754, 722, 686, 653 cm"1; *H NMR 
(CDCls) <5=-0.17 (d, 7=9.9 Hz, 1H), 0.07 (s, 9H), 1.13 (s, 3H), 
1.15 (s, 3H), 1.58 (t, 7=9.9 Hz, 1H), 4.94 (dd, 7=10.2, 2.2 Hz, 
1H), 5.14 (dd, 7=16.9, 2.2 Hz, 1H), 5.66 (ddd, 7=16.9, 10.2, 
9.9 Hz, 1H); ^CNMR (CDCls) <5=1.00, 19.06, 21.62, 23.59, 
30.58, 34.20, 113.5, 138.6. Found: C, 71.12; H, 12.20%. 
Calcd for CioH20Si: C, 71.34; H, 11.97%. 

(£rans-3,3-Dibromo-2-phenylcyclopropyl)methyl 2-Tetra-
hydropyranyl Ether (20). Treatment of tetrahydropyranyl 
ether of £-cinnamyl alcohol (21.8 g, 100 mmol) with CHBr3 
(17.5 ml, 200 mmol) and *-BuOK (22.5 g, 200 mmol) as 
described for the synthesis of 13 gave the compound 20 in 
57% yield (22.2 g, 57/43 diastereomeric mixture): Bp 110°C 
(decomp, 1 Torr, bath temp); IR (neat) 3056, 3028, 2938, 
2866, 1654, 1602, 1498, 1465, 1452, 1387, 1364, 1351, 1323, 
1261, 1201, 1183, 1120, 1077, 1063, 1034, 1001, 971, 950, 905, 
869, 812, 753, 733, 694, 664 cm"1; *H NMR (CDCls) <5=1.45— 
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2.06 (m, 6H), 2.27 (ddd, 7=7.5, 5.5, 3.2 Hz, 0.43H), 2.31 (ddd, 
7=7.7, 5.6, 3.5 Hz, 0.57H), 2.66 (d, 7=7.7 Hz, 0.57H), 2.70 (d, 
7=7.5 Hz, 0.43H), 3.49-3.61 (m, 1H), 3.72-4.07 (m, 3H), 
4.78 (bs, IH), 7.25—7.45 (m, 5H); ^CNMR (CDC13) 0=19.14, 
19.35, 25.39, 30.52, 30.63, 34.35, 34.78, 39.62, 62.13, 62.27, 
68.90, 69.13, 98.64, 98.97, 127.6, 128.3, 128.8, 135.6. Found: 
C, 46.30; H, 4.64%. Calcd for Ci5Hi802Br2: C, 46.18; H, 
4.65%. 

c-2-Hydroxymethyl-^-3-phenyl-r-l-trimethylsilylcyclo-
propane (cis-21) and ^-2-Hydroxymethyl-c-3-phenyl-r-l-
trimethylsilylcyclopropane (trans-21). Following the 
procedure for the synthesis of 14, an addition of butyl-
lithium to a mixture of 20 (12.1 g, 31 mmol) and trimethyl-
silyl chloride (19 ml, 150 mmol) in THF to give a silylated 
cyclopropane which was treated with rz-Bu3SnH-Et3B fol­
lowed by deprotection with £-TsOH gave 21 in 59% yield 
(4.0 g, cis-21/trans-2\—2/\). Separation by PLC gave ana­
lytical samples (.Rf=0.46 (^-isomer) and R(=0.5\ (c-isomer), 
hexane/ethyl acetate=3/l). cis-21: Bp 96 °C (1 Torr, bath 
temp); IR (neat) 3316, 3058, 3026, 2996, 2948, 2892, 1604, 
1499, 1458, 1249, 1032, 920, 838, 751, 694, 662 cm"1; ^ N M R 
(CDCI3) ô=0.11 (s, 9H), 0.25 (dd, 7=10.0, 7.2 Hz, IH), 1.46 
(bs, IH), 1.70 (dddd, 7=10.0, 7.5, 7.0, 4.6 Hz, IH), 1.82 (dd, 
7= 7.2, 4.6 Hz, IH), 3.63 (dd, 7=11.2, 7.5 Hz, IH), 3.70 (dd, 
7= 11.2, 7.0 Hz, IH), 7.08—7.31 (m, 5H); 13CNMR (CDCI3) 
<5=-0.14, 15.77, 26.51, 30.65, 64.91, 125.6, 125.8, 128.3, 143.4. 
Found: C, 71.13; H, 9.36%. Calcd for Ci3H2oOSi: C, 70.85; 
H, 9.15%. trans-21: Bp 98 °C (1 Torr, bath temp); IR (neat) 
3310, 3080, 3058, 3026, 2948, 2860, 1603, 1497, 1448, .1420, 
1247, 1116, 1031, 905, 836, 791, 753 697, 661 cm"1; ^ N M R 
(CDCI3) <5=-0.25 (s, 9H), 0.02 (dd, 7=10.5, 7.0 Hz, IH), 1.57 
(bs, IH), 1.70 (dtd, 7= 7.0, 6.6, 4.8 Hz, IH), 2.25 (dd, 7=10.5, 
4.8 Hz, IH), 3.66 (d, 7=6.6 Hz, 2H), 7.10—7.27 (m, 5H); 
13CNMR (CDCls) <5=-1.10, 12.60, 23.51, 27.00, 68.21, 126.1, 
127.9, 129.3, 140.0. Found: C, 70.58; H, 9.37%. Calcd for 
Ci3H20OSi: C, 70.85; H, 9.15%. 

^-2-Phenyl-r-l-trimethylsilyl-c-3-vinylcyclopropane (cis-
22) and c-2-Phenyl-r-l-trimethylsilyl-^-3-vinylcyclopropane 
(trans-22). Swern oxidation followed by Wittig reaction of 
21 (3.13 g, 14.2 mmol) provided 22 in 82% yield (2.53 g, eis/ 
trans=2/l). cis-22 (#f=0.58, hexane): Bp 60°C (1 Torr, 
bath temp); IR (neat) 3078, 3026, 2998, 2950, 1634, 1603, 
1499, 1449, 1249, 1072, 984, 893, 839, 750, 694, 663 cm"1; 
« N M R (CDCls) 6=0.10 (s, 9H), 0.47 (dd, 7=9.7, 7.9 Hz, 
IH), 1.92—2.04 (m, 2H), 4.97 (dd, 7=9.9, 1.9 Hz, IH), 5.16 
(dd, 7=16.8, 1.9 Hz, IH), 5.48—5.68 (m, IH), 7.06—7.31 (m, 
5H); ^CNMR (CDCls) <5=-0.37, 18.19, 29.12, 32.65, 113.9, 
125.5, 125.7, 128.3, 139.6, 143.3. Found: C, 77.70; H, 9.47%. 
Calcd for Ci4H20Si: C, 77.71; H, 9.32%. trans-22 (#f=0.65, 
hexane): Bp 55 °C (1 Torr, bath temp); IR (neat) 3078, 3058, 
3024, 2996, 2950, 2894, 1636, 1603, 1497, 1448, 1248, 983, 959, 
894, 856, 839, 752, 740, 697, 638 cm"1; ^ N M R (CDCls) 
ô=-0.25 (s, 9H), 0.23 (dd, 7=10.5, 6.9 Hz, IH), 1.98 (ddd, 
7=8.2, 6.9, 4.7 Hz, IH), 2.37 (dd, 7=10.5, 4.7 Hz, IH), 4.92 
(dd, 7=10.0, 1.7 Hz, IH), 5.19 (dd, 7=17.1, 1.7 Hz, IH), 5.57 
(ddd, 7=17.1, 10.0, 8.2 Hz, IH), 7.10—7.27 (m, 5H); 13CNMR 
(CDCls) <5=-1.01, 16.70, 24.87, 30.14, 111.7, 126.1, 127.9, 
129.2, 140.2, 142.7. Found: C, 77.70; H, 9.52%. Calcd for 
Ci4H2oSi: C, 77.71; H, 9.32%. 

l,2-Bis[(2-tetrahydropyranyloxy)methyl]-3,3-dibromo-
cyclopropane (23). An addition of dibromocarbene (CHBr3 
(27.2 ml, 312 mmol) and *-BuOK (35 g, 312 mmol)) to 
tetrahydropyranyl ether of cz*5-2-buten-l,4-diol (20.3 g, 79.3 

mmol) afforded the compound 23 (21.4 g) in 63% yield: Bp 
158 °C (decomp, 0.13 Torr, bath temp); IR (neat) 2938, 2868, 
1466, 1453, 1440, 1386, 1366, 1353, 1263, 1201, 1183, 1135, 
1121, 1077, 1060, 1032, 968, 905, 869, 815, 737 cm"1; 1H NMR 
(CDCI3) 0=1.54—1.93 (m, 12H), 2.03—2.17 (m, 2H), 3.44— 
3.63 (m, 4H), 3.75—4.00 (m, 4H) 4.65—4.71 (m, 2H); 
13CNMR (CDCls) 6=19.06, 19.29, 25.35, 30.46, 30.54, 32.57, 
32.77, 61.95, 62.00, 62.18, 65.25, 65.33, 98.62, 98.70, 98.83. 
Found: C, 42.05; H, 5.72%. Calcd for Ci5H2404Br2: C, 42.08; 
H, 5.65%. 

l,2-Bis[(2-tetrahydropyranyloxy)methyl]-3-bromo-3-
trimethylsilylcyclopropane (24). Treatment of 23 (16 g, 37 
mmol) with butyllithium (1.6 M, 25 ml, 40 mmol) in T H F 
(100 ml) in the presence of trimethylsilyl chloride (24 ml, 190 
mmol) gave 24 in 64% yield (10.0 g, a mixture of two 
stereoisomers, 1/1). An isomer (JRf=0.55, hexane/ethyl ace-
tate=5/l): Bp 147 (dec. 0.13 Torr, bath temp); IR (neat) 2940, 
2868, 1466, 1454, 1441, 1385, 1366, 1354, 1249, 1201, 1183, 
1159, 1120, 1079, 1057, 1029, 976, 905, 868, 843, 815, 758, 630 
cm-1; iHNMR (CDCI3) ô=0.27 (s, 9H), 1.55-1.95 (m, 12H), 
2.05—2.21 (m, 2H), 3.34—3.60 (m, 4H), 3.72—3.93 (m, 4H), 
4.61—4.68 (m, 2H); 13CNMR (CDCls) 0=0.47, 19.12, 19.44, 
25.38, 30.53, 30.65, 31.13, 32.46, 32.59, 61.82, 62.30, 63.42, 
63.50, 63.88, 64.00, 98.33, 98.44. Found: C, 51.28; H, 8.09%. 
Calcd for Ci8H3304SiBr: C, 51.30; H, 7.89%. Another iso­
mer (Rf=0.59, hexane/ethyl acetate=5/l): Bp 140 °C 
(decomp, 0,12 Torr, bath temp); IR (neat) 2940, 2868, 1466, 
1454, 1441, 1385, 1366, 1354, 1283, 1250, 1201, 1184, 1161, 
1137, 1120, 1078, 1057, 1029, 975, 905, 888, 868, 841, 816, 745, 
620 cm"1; ^ N M R (CDCls) ô=0.10 (s, 9H), 1.20—1.32 (m, 
2H), 1.48—1.88 (m, 12H), 3.47—3.71 (m, 4H), 3.83—4.03 (m, 
4H), 4.65—4.69 (m, 2H); 13CNMR (CDCls) ô=—3.41, 19.27, 
19.55, 21.78, 22.16, 25.43, 30.70, 34.63, 35.20, 62.00, 62.24, 
62.30, 65.71, 65.85, 65.92, 98.40, 98.70. Found: C, 51.18; H, 
8.16%. Calcd for Ci8H3304SiBr: C, 51.30; H, 7.89%. 

2,3-Bis[(2-tetrahydropyranyloxy)methyl]-l-trimethylsilyl-
cyclopropane (25). Reduction of 24 with rc-Bu3SnH-Et3B 
afforded the compound 25 in 92% yield as a stereoisomeric 
mixture (cis/trans=\l/\, GLPC Column A, 220°C, «,=3.57 
min («-isomer) «r=4.63 min (c-isomer)): Bp 160 °C (1 Torr, 
bath temp); IR (neat) 2940, 2870, 1466, 1454, 1442, 1385, 
1369, 1343, 1320, 1285, 1247, 1201, 1184, 1159, 1136, 1119, 
1079, 1056, 1026, 973, 905, 886, 836, 815, 756, 686, 645 cm"1; 
« N M R (CDCls) <5=-0.09-0.14 (m, 10H), 1.45—1.92 (m, 
14H), 3.34—3.53 (m, 4H), 3.80—3.95 (m, 4H), 4.61—4.65 (m, 
2H); 13CNMR (CDCls) for eis isomer 0=1.03, 7.67, 19.43, 
19.61, 19.66, 20.06, 20.17, 25.49, 30.70, 30.82, 61.96, 62.04, 
62.31, 62.36, 65.83, 65.93, 66.07, 98.53, 98.70. Found: C, 
62.95; H, 10.25%. Calcd for Ci8H3404Si: C, 63.11; H, 
10.00%. 

3-Hydroxymethyl-2-(2-tetrahydropyranyloxy)methyl-l-
trimethylsilylcyclopropane (26). Half deprotection of 
tetrahydropyranyl ether 25 (including two isomers) with p-
TsOH in methanol provided the title compound (eis major) 
in 57% yield: Bp 143 °C (1 Torr, bath temp); IR (neat) 3432, 
2944, 2892, 2872, 1442, 1413, 1383, 1285, 1248, 1202, 1160, 
1133, 1119, 1078,1053,1025, 977, 903, 837, 758, 688, 646 cm"1; 
« N M R (CDCls) <5=-0.07—0.08 (m, 10H), 1.10—1.90 (m, 
8H), 2.91—3.65 (m, 4H), 3.79—3.93 (m, 2.5H), 4.11—4.19 
(m, 0.5H), 4.68 (bs, IH); 13CNMR (CDCls) for eis isomer 
0=1.31, 7.64, 7.73, 19.13, 19.47, 19.59, 19.77, 23.21, 23.29, 
25.15, 25.26, 30.42, 30.54, 60.92, 61.11, 62.10, 62.45, 65.80, 
66.20, 98.04, 98.80. Found: C, 60.13; H, 10.38%. Calcd for 
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Ci3H2603Si: C, 60.42; H, 10.14%. 
c-2-Hydroxymethyl-r-l-trimethylsilyl-c-3-vinylcyclo-

propane (27). Starting from 26, the compound 27 (eis/ 
trans=H/l, GLPC Column A, 110°C, *r=3.49 min (c-
isomer) and £=2.51 min (^-isomer)) was obtained in 80% 
yield by the following sequence, Swern oxidation, Wittig 
reaction, and deprotection: Bp 81 °C (1 Torr, bath temp); IR 
(neat) 3326, 3076, 2996, 2952, 2892, 1633, 1411, 1286, 1249, 
1024, 988, 945, 922, 897, 837, 757, 690, 665, 645 cm"1; *H NMR 
(CDCls) for eis isomer 0=0.10 (s, 9H), 0.17 (t, 7=9.8 Hz, 1H), 
1.44 (bs, 1H), 1.66 (dddd, 7=9.8, 9.4, 8.0, 6.7 Hz, 1H), 1.96 
(ddd, 7=10.2, 9.8, 8.0 Hz, 1H), 3.65 (dd, J= 11.3, 9.4 Hz, 1H), 
3.82 (dd, 7=11-3, 6.7 Hz, 1H), 5.05 (dd, 7=10.2, 1.9 Hz, 1H), 
5.27 (dd, 7=16.8, 1.9 Hz, 1H), 5.69 (dt, 7=16.8, 10.2 Hz, 1H); 
13CNMR (CDCls) for eis isomer 0=0.97, 11.50, 24.42, 25.75, 
61.59, 115.5, 136.4. Found: C, 63.17; H, 10.67%. Calcd for 
C9Hi8OSi: C, 63.47; H, 10.65%. 

c-2-(l-Hydroxyethyl)-r-l-trimethylsilyl-c-3-vinylcyclo-
propane (28). Swern oxidation of 27 and successive treat­
ment of the crude product with methylmagnesium iodide 
gave 28 in 82% yield (threo/erythro=l/l) by purification by 
silica-gel column chromatography. Diastereomers were 
seperated by PLC. Fast moving band (.Rf=0.50, hexane/ethyl 
acetate=3/l): Bp 75°C (1 Torr, bath temp); IR (neat) 3314, 
2966, 2952, 1633, 1367, 1286, 1261, 1247, 1186, 1108, 1099, 
995, 982, 896, 833, 751, 689, 645 cm"1; ^ N M R (CDCls) 
0=0.13 (t, 7=9.5 Hz, 1H), 0.15 (s, 9H), 1.25 (d, 7=6.1 Hz, 3H), 
1.38 (ddd, 7=10.3, 9.5, 8.3 Hz, 1H), 1.41 ((bs, 1H), 1.92 (ddd, 
7=10.1, 9.5, 8.3 Hz, 1H), 3.58 (dq, 7=10.3, 6.1 Hz, 1H), 5.00 
(dd, 7=10.1, 2.2 Hz, 1H), 5.20 (dd, 7=16.8, 2.2 Hz, 1H), 5.57 
(dt, 7=16.8, 10.1 Hz, IH); ^CNMR (CDCls) ô=0.87, 12.10, 
23.21, 24.82, 31.84, 67.31, 115.3, 136.6. Found: C, 65.10; H, 
11.10%. Calcd for Ci0H20OSi: C, 65.15; H, 10.93%. Slow 
moving band (#f=0.44): Bp 76 °C (1 Torr, bath temp); IR 
(neat) 3368, 2952, 2896, 1634, 1283, 1251, 1105, 1063, 980, 967, 
937, 895, 836, 757, 687, 645 cm"1; *H NMR (CDCls) ô=0.10 (s, 
9H), 0.17 (t, 7=9.6 Hz, IH), 1.34 (d, 7=6.1 Hz, 3H), 1.45 (ddd, 
7=10.3, 9.6, 7.9 Hz, IH), 1.71 (bs, IH), 1.90 (ddd, J= 10.1, 9.6, 
7.9 Hz, IH), 3.70 (dq, 7=10.3, 6.1 Hz, IH), 5.08 (dd, 7=10.1, 
1.9 Hz, IH), 5.29 (dd, 7=16.9, 1.9 Hz, IH), 5.73 (dt, 7=16.9, 
10.1 Hz, IH); ^CNMR (CDCls) ô=1.00, 12.35, 22.99, 24.38, 
32.49, 67.03, 116.0, 136.5. Found: C, 65.15; H, 11.07%. 
Calcd for CioH20OSi: C, 65.15; H, 10.93%. 

c-2-Acetyl-r-l-trimethylsilyl-c-3-vinylcyclopropane (29). 
PCC (6.2 g, 28.9 mmol) oxidation of 28 (1.33 g, 7.2 mmol) 
provided the compound 29 in 65% yield (0.85 g, 4.7 mmol): 
Bp 58 °C (1 Torr, bath temp); IR (neat) 3080, 2996, 2948, 
2896, 1699, 1634, 1425, 1388, 1351, 1284, 1246, 1172, 1136, 
1031, 999, 977, 902, 872, 841, 765, 686, 643, 626, 604 cm"1; 
iHNMR (CDCls) ô=0.11 (s, 9H), 0.49 (dd, 7=10.1, 9.1 Hz, 
1H), 2.24 (s, 3H), 2.32 (td, 7=10.1, 8.3 Hz, 1H), 2.47 (dd, 
7=9.1, 8.3 Hz, 1H), 4.98 (dd, 7=10.1, 2.2 Hz, 1H), 5.20 (dd, 
7=17.0, 2.2 Hz, 1H), 5.82 (dt, 7=17.0, 10.1 Hz, 1H); 13CNMR 
(CDCls) 6=0.79, 17.87, 31.81, 32.63, 115.2, 135.3, 207.3. 
Found: C, 65.71; H, 10.25% Calcd for Ci0Hi8OSi: C, 65.87; 
H, 9.95%. 

cis-2-Hydroxymethyl-1 -tributylstannylcyclopropane (30). 
Diiodomethane (2 ml, 24 mmol) was added dropwise over 30 
min to a mixture of 3-tributylstannyl-2-propen-l-ol18) (4.3 g, 
12.4 mmol), diethylzinc (2.4 ml, 24 mmol) and diisopropyl 
ether (25 ml). After stirring for 1.5 h, workup and purifica­
tion by silica-gel column chromatography (hexane/ethyl 
acetate=5/l) gave 30 in 39% yield (1.72 g): Bp 123 °C (1 Torr, 

bath temp); IR (neat) 3336, 3048, 2952, 2920, 2868, 2850, 
1458, 1419, 1376, 1071, 1028, 851 cm"1; ^ N M R (CDCls) 
<5=-0.02 (ddd, 7=9.7, 8.8, 7.5 Hz, 1H), 0.21 (ddd, 7=7.5, 4.6, 
3.8 Hz, 1H), 0.68—1.05 (m, 16H), 1.16—1.70 (m, 14H), 3.25 
(dd, 7=10,9, 7.8 Hz, 1H), 3.57 (dd, 7=10.9, 6.2 Hz 1H); 
13CNMR (CDCls) <5=-1.40, 7.24, 9.76, 13.68, 17.46, 27.36, 
29.09, 68.57. Found: C, 53.26; H, 9.76%. Calcd for 
Ci6H34OSn: C, 53.21; H, 9.49%. 

cis-1-Tributylstanny 1-2- vinylcyclopropane (31). By 
means of Swern oxidation and Wittig reaction, the title 
compound 31 was obtained in 91% yield from 30: Bp 70 °C (1 
Torr, bath temp); IR (neat) 3078, 3048, 2954, 2922, 2868, 
2848, 1635, 1458, 1419, 1376, 1340, 1289, 1072, 1033, 984, 960, 
925, 893, 878, 834 cm"1; ^ N M R (CDCls) <5=0.21 (ddd, 
7=9.8, 9.3, 7.9 Hz, 1H), 0.44 (ddd, 7=7.9, 4.1, 3.8 Hz, 1H), 
0.67—0.99 (m, 15H), 1.07 (ddd, J= 9.3, 7.9, 3.8 Hz, 1H), 
1.22—1.57 (m, 12H), 1.71 (dddd, 7=9.8, 8.8, 7.9, 4.1 Hz, 1H), 
4.87 (dd, 7=9.9, 2.0 Hz, 1H), 5.10 (dd, 7=17.0, 2.0 Hz, 1H), 
5.30 (ddd, 7=17.0, 9.9, 8.8 Hz, 1H); ^CNMR (CDCls) 
0=3.63, 9.71, 10.60, 13.73, 18.61, 27.36, 29.08, 112.2, 143.9. 
Found: C, 56.98; H, 9.87%. Calcd for Ci7H34Sn: C, 57.17; H, 
9.59%. 

c-2-Hydroxymethyl-£-3-methyl-r-1 - tributylstannylcyclo-
propane (32). Ethylidene iodide (2.0 ml, 21 mmol) was 
added to a solution of 3-tributylstannyl-2-propen-l-ol (3.7 g, 
11 mmol) and diethylzinc (2.1 ml, 21 mmol) in diisopropyl 
ether (25 ml). Extractive workup followed by silica-gel 
column chromatography gave the compound 32 in 28% yield 
(1.11 g): Bp 120 °C (1 Torr, bath temp); IR (neat) 3312, 2950, 
2920, 2852, 1459, 1419, 1377, 1357, 1341, 1291, 1249, 1073, 
1019, 982, 961, 912, 873, 864, 685, 663 cm"1; *H NMR (CDCls) 
ô=-0.27 (dd, 7=9.1, 6.9 Hz, 1H), 0.60—1.68 (m, 33H, includ­
ing 1.15 (d, 7=5.7 Hz, 3H)), 3.23—3.37 (m, 1H), 3.46—3.59 
(m, 1H); ^CNMR (CDCls) 6=8.33, 9.83, 13.71. 16.17, 20.78, 
26.56, 27.35, 29.13, 68.10. Found: C, 54.39; H, 9.91%. 
Calcd for CnHseOSn: C, 54.42; H, 9.67%. 

^-3-Methyl-r-l-tributylstannyl-c-2-vinylcyclopropane (33). 
Swern oxidation ((COCl)2 (0.30 ml, 3.5 mmol), DMSO (0.49 
ml, 7.0 mmol), and EtsN (1.9 ml, 14 mmol)) followed by 
Wittig reaction (Ph3PCH3I (1.22 g, 3.0 mmol) and i-BuOK 
(0.34 g, 3.0 mmol)) afforded 33 in 88% yield (0.76 g) from 32 
(0.87 g, 2.3 mmol): Bp 75 °C (1 Torr, bath temp); IR (neat) 
3078, 2952, 2920, 2866, 2852, 2332, 1634, 1458, 1419, 1375, 
1070, 975, 891, 667 cm"1; ^ N M R (CDCls) <5=-0.01 (dd, 
7=9.2, 7.2 Hz, 1H), 0.65—1.65 (m, 32H including 1.15 (d, 
7=5.7 Hz, 3H)), 4.83 (dd, 7=9.6, 2.3 Hz, 1H), 5.06 (dd, 
7=16.9, 2.3 Hz, 1H), 5.31 (ddd, 7=16.9, 9.6, 9.0 Hz, 1H); 
13CNMR (CDCls) 6=9.72, 13.50, 13.73, 19.26, 20.63, 27.31, 
28.01, 29.09, 111.7, 143.7. Found: C, 58.40; H, 10.06%. 
Calcd for CisHseSn: C, 58.24; H, 9.78%. 

General Procedure for the Radical Induced Ring Opening 
Reaction of Vinylcyclopropane. Procedure A: Benzenethiol 
(1.1 mmol) was added to a solution of vinylcyclopropane 
(1.0 mmol) in benzene (2 ml) under argon atmosphere and 
the mixture was heated at 60 °C for several hours under 
stirring. The reaction mixture was concentrated in vacuo 
and the residue was purified by silica-gel column chromatog­
raphy. Procedure B: Triethylborane (1.0 M hexane solu­
tion, 0.2 ml) was added to a solution of vinylcyclopropane 
(1.0 mmol) and triphenyltin or tributyltin hydride (1.1 
mmol) in benzene (3.0 ml) under argon atmosphere at 25 °C. 
After stirring for several hours, the reaction mixture was 
concentrated in vacuo and the residual oil was purified by 
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silica-gel column chromatography. Procedure C: In the 
case of the reaction between vinylcyclopropane and trideca-
fluorohexyl iodide (1.2 mmol), hexane (2 ml) was used as a 
solvent instead of benzene in the Procedure B. 

(E)-5-Dimethylphenylsilyl-l-phenylthio-2-pentene ((E)-
39a) and (Z)-5-Dimethylphenylsilyl-l-phenylthio-2-pentene 
((Z)-39a): Procedure A; Glpc Column A, 180°C (initial) 
220 °C (final) 2°Cmin-1 , *r=17.09 min (£-isomer) and 
£ =15.34 min (Z-isomer). £-isomer: Bp 118 °C (1 Torr, bath 
temp); IR (neat) 3064, 3016, 2950, 2912, 2846, 1584, 1480, 
1438, 1427, 1248, 1223, 1113, 1091, 1025, 965, 835, 819, 774, 
735, 699, 690 cm"1; ^ N M R (CDCls) ô=0.24 (s, 6H), 0.72— 
0.81 (m, 2H), 1.94—2.06 (m, 2H), 3.49 (d, / = 6.0 Hz, 2H), 
5.45 (dt, /=15.1, 6.6 Hz, IH), 5.60 (dt, / = 15.1, 6.0 Hz, IH), 
7.13—7.39 (m, 8H), 7.48—7.54 (m, 2H); ^CNMR (CDCI3) 
<5=-3.05, 15.18, 26.51, 36.33, 123.5, 126.0, 127.7, 128.7, 128.8, 
129.6, 133.5, 136.4, 136.9, 139.1. Found: C, 73.29; H, 7.85%. 
Calcd for Ci9H24SiS: C, 73.01; H, 7.74%. Z-isomer: Bp 123 °C 
(1 Torr, bath temp); IR (neat) 3064, 3012, 2952, 2918, 1584, 
1481, 1459, 1439, 1427, 1248, 1224, 1113, 1090, 1025, 909, 835, 
816, 775, 734, 699, 689, 664 cm"1; *H NMR (CDCI3) <5=0.25 (s, 
6H), 0.67—0.76 (m, 2H), 1.90—2.02 (m, 2H), 3.48 (d, /=7.0 
Hz, 2H), 5.41 (dt, /=11.0, 7.6 Hz, IH), 5.52 (dt, /=11.0, 7.0 
Hz, IH), 7.13-7.37 (m, 8H), 7.45—7.54 (m, 2H); ^CNMR 
(CDCI3) <5=-3.04, 15.85, 21.41, 31.33,123.1, 126.3, 127.8, 128.8, 
128.9, 130.3, 133.5, 136.2, 139.0, 139.5. Found: C, 73.26; H, 
7.86%. Calcd for Ci9H24SiS: C, 73.01; H, 7.74%. 

(E)-5-Dimethylphenylsilyl-l-triphenylstannyl-2-pentene 
((E)-39b) and (Z)-5-Dimethylphenylsilyl-l-triphenylstannyl-
2-pentene ((Z)-39b): Procedure B; Lc £ =42 min (£-isomer) 
and £r=45 min (Z-isomer). £-isomer: Bp 210 °C (0.13 Torr, 
bath temp); IR (neat) 3060, 3044, 3010, 2950, 2902, 1654, 
1480, 1428, 1248, 1113, 1074, 1022, 997, 959, 835, 772, 726, 
697, 669, 657 cm"1; ^ N M R (CDCls) ô=0.21 (s, 6H), 0.65— 
0.73 (m, 2H), 1.89—2.00 (m, 2H), 2.36 (d, /=7.8 Hz, 2H), 5.42 
(dt, /=15.0, 6.3 Hz, IH), 5.63 (dt, /=15.0, 7.8 Hz, IH), 7.33— 
7.73 (m, 20H); 13CNMR (CDCls) <5=-3.04, 15.78, 15.87, 
26.71, 125.3, 127.7, 128.4, 128.8, 128.9, 131.4, 133.5, 137.1, 
138.7, 139.4. Found: C, 67.00; H, 6.18%. Calcd for 
C3iH34SiSn: C, 67.28; H, 6.19%. Z-isomer: Bp 205 °C (0.13 
Torr, bath temp); IR (neat) 3060, 3044, 3006, 2950, 2918, 
1655, 1637, 1480, 1428, 1248, 1113, 1074, 1022, 997, 835, 818, 
776, 725, 697, 656 cm"1; ^ N M R (CDCls) <5=0.17 (s, 6H), 
0.56—0.65 (m, 2H), 1.83—1.96 (m, 2H), 2.33 (d, /=8.9 Hz, 
2H), 5.19 (dt, /=10.5, 6.9 Hz, IH), 5.62 (dt, 7=10.5, 8.9 Hz, 
IH), 7.33—7.73 (m, 20H); 13C NMR (CDCI3) ô=—3.12, 12.20, 
15.62, 21.25, 124.5, 127.7, 128.4, 128.7, 128.9, 130.1, 133.5, 
137.0, 138.6, 139.3. Found: C, 67.34; H, 6.17%. Calcd for 
C3iH34SiSn: C, 67.28; H, 6.19%. 

(£)-5-Dimethylphenylsilyl-l-tributylstannyl-2-pentene 
((E)-39c) and (Z)-5-Dimethylphenylsilyl-l-tributylstannyl-2-
pentene ((Z)-39c): Procedure B; Lc £r=42 min (£-isomer) 
* =44 min (Z-isomer). £-isomer: Bp 150 °C (0.15 Torr, bath 
temp); IR (neat) 3066, 3006, 2952, 2920, 2868, 2850, 1654, 
1648, 1459, 1427, 1376, 1248, 1114, 1069, 957, 836, 771, 726, 
697, 662 cm-1; *H NMR (CDCls) <5=0.26 (s, 6H), 0.68-1.02 (m, 
17H), 1.23—1.63 (m, 12H), 1.66 (d, 7=8.2 Hz, 2H), 1.92—2.04 
(m, 2H), 5.25 (dt, J= 15.0, 6.3 Hz, IH), 5.50 (dt, 7=15.0, 8.2 
Hz, IH), 7.33-7.38 (m, 3H), 7.49—7.55 (m, 2H); ^CNMR 
(CDCls) <5=-2.99, 9.13, 13.74, 13.98, 16.21, 26.82, 27.35, 
29.15, 127.6, 127.7, 128.4, 128.7, 133.6, 139.6. Found: C, 
60.60; H, 9.58%. Calcd for C25H46SiSn: C, 60.85; H, 9.40%. 
Z-isomer: Bp 119 °C (0.13 Torr, bath temp); IR (neat) 3066, 

3046, 3002, 2952, 2920, 2868, 2848, 1637, 1459, 1388, 1376, 
1248, 1114, 1071, 998, 900, 836, 817, 775, 727, 697, 663 cm"1; 
*H NMR (CDCls) 0=0.28 (s, 6H), 0.68—1.02 (m, 17H), 1.23— 
1.63 (m, 12H), 1.66 (d, 7=9.1 Hz, 2H), 1.96—2.07 (m, 2H), 
5.07 (dt, 7=10.6, 6.8 Hz, 1H), 5.46 (dt, 7=10.6, 9.1 Hz, 1H), 
7.34—7.39 (m, 3H), 7.50-7.57 (m, 2); 13CNMR (CDCls) 
<5=-2.99, 9.30, 10.30, 13.73, 16.05, 21.03, 27.37, 29.16, 127.1, 
127.2, 127.7, 128.8, 133.6, 139.5. Found: C, 60.97; H, 9.62%. 
Calcd for C25H46SiSn: C, 60.85; H, 9.40%. 

(£)-5-Dimethylphenylsilyl-5-iodo-l-tridecafluorohexyl-2-
pentene ((E)-39d) and (Z)-5-Dimethylphenylsilyl-5-iodo-l-
tridecafluorohexyl-2-pentene ((Z)-39d): Procedure C; 
GLPC Column A, 190 °C; *r=6.24 min (£-isomer) *r=4.90 
min (Z-isomer). £-isomer: Bp 105 °C (1 Torr, bath temp); 
IR (neat) 3068, 2998, 2956, 2922, 1654, 1428, 1362, 1334,1240, 
1205, 1145, 1115, 1071, 1028, 968, 836, 815, 779, 734, 698, 651 
cm-1; « N M R (CDCls) ô=0.48 (s, 6H), 2.39 (ddd, 7=15.6, 
10.6, 7.2 Hz, IH), 2.54 (ddd, 7=15.6, 6.2, 4.1 Hz, IH), 2.78 (td, 
7=18.6, 6.9 Hz, 2H), 3.24 (dd, 7=10.6, 4.1 Hz, IH), 5.40 (dt, 
7=15.2, 6.9 Hz, IH), 5.68 (ddd, 7=15.2, 7.2, 6.2 Hz, IH), 
7.37—7.42 (m, 3H), 7.53-7.58 (m, 2H); 13CNMR (CDCls) 
<5=-4.39, -2.59, 19.68, 34.60 (t, 7=22.5 Hz), 36.92, 118.6 (t, 
7=4.1 Hz), 128.0, 129.7, l'34.1, 135.8, 138.4; 19FNMR (CDCls) 
0=81.34 (bs, 3F), 113.4—113.8 (m, 2F), 122.4 (bs, 2F), 123.5 
(bs, 4F), 126.4—126.8 (m, 2F). Found: C, 35.23; H, 2.75%. 
Calcd for Ci9Hi8Fi3SiI: C, 35.20; H, 2.80%. Z-isomer: Bp 
89 °C (1 Torr, bath temp); IR (neat) 2954, 2920, 2850, 1654, 
1429, 1364, 1346, 1315, 1239, 1204, 1144, 1115, 1067, 837, 814, 
782, 733 698 cm"1; *HNMR (CDCls) ô=0.48 (s, 3H), 0.50 (s, 
3H), 2.39 (ddd, 7=15.7, 10.4, 7.9 Hz, IH), 2.53 (ddd, 7=15.7, 
6.6, 4.1 Hz, IH), 2.68 (td, J= 19.0, 7.0 Hz, 2H), 3.22 (dd, 
7=10.4, 4.1 Hz, IH), 5.52 (dt, 7= 10.5, 7.0 Hz, IH), 5.80 (ddd, 
7=10.5, 7.9, 6.6 Hz, IH), 7.35—7.43 (m, 3H), 7.53—7.59 (m, 
2H); !3CNMR (CDCls) <5=-4.57, -2.62, 19.25, 29.55 (t, 
7=22.3 Hz), 31.62, 117.1 (t, 7=4.0 Hz), 128.0, 129.7, 133.9, 
135.6, 136.8. Found: C, 35.14; H, 2.82%. Calcd for 
C19H18F13SÜ: C, 35.20; H, 2.80%. 

(£)-5-Dimethylphenylsilyl-4-methyl-l-phenylthio-2-
pentene ((E)-40a): Procedure A; GLPC Column B, 210 °C, 
£r=8.82 min; Bp 143 °C (1 Torr, bath temp); IR (neat) 3064, 
3004, 2952, 2918, 2896, 2864, 1584, 1480, 1450, 1438, 1427, 
1248, 1219, 1112, 1090,1025, 967, 832, 792, 735, 698, 689 cm"1; 
*HNMR (CDCls) 0=0.25 (s, 6H), 0.74 (dd, 7=14.6, 7.1 Hz, 
IH), 0.83 (dd, 7=14.6, 7.1 Hz, IH), 0.90 (d, 7=6.7 Hz, 3H), 
2.15—2.36 (m, IH), 3.43 (d, 7=5.6 Hz, 2H), 5.33 (dt, 7=15.0, 
5.6 Hz, IH), 5.42 (dd, 7=15.0, 6.0 Hz, IH), 7.12—7.37 (m, 
8H), 7.45—7.52 (m, 2H); ^CNMR (CDCls) ô=—2.13, 
-2 .01 , 24.12, 32.98, 36.42, 121.7, 126.0, 127.6, 128.6, 128.7, 
129.9, 133.5, 136.2, 139.7, 142.3. Found: C, 73.44; H, 8.10%. 
Calcd for C2oH26SiS: C, 73.56; H, 8.02%. 

(Z)-5-Dimethylphenylsilyl-4-methyl-l-phenylthio-2-
pentene ((Z)-40a): Procedure A; GLPC Column B, 210 °C 
*r=7.60 min; Bp 139 °C (1 Torr, bath temp); IR (neat) 3066, 
3006, 2952, 2920, 2864, 1726, 1480, 1438, 1427, 1248, 1113, 
827, 793, 734, 689, 664 cm"1; *HNMR (CDCls) ô=0.26 (s, 
3H), 0.28 (s, 3H), 0.76 (dd, J= 14.7, 7.3 Hz, IH), 0.85 (d, 
7=6.4 Hz, 3H), 0.86 (dd, 7=14.7, 8.2 Hz, IH), 2.43—2.66 (m, 
IH), 3.33 (dd, 7=13.4, 6.3 Hz, IH), 3.45 (dd, 7=13.4, 7.1 Hz, 
IH), 5.27 (ddd, 7=10.6, 7.1, 6.3 Hz, IH), 5.34 (dd, 7=10.6, 7.4 
Hz, IH), 7.14—7.38 (m, 8H), 7.46—7.52 (m, 2H); 13CNMR 
(CDCls) <5=-2.18, -1.86, 24.61, 24.83, 28.17, 31.33, 121.0, 
126.1, 127.7, 128.7, 128.8, 129.8, 133.6, 136.4, 139.5, 141.8. 
Found: C, 73.57; H, 8.16%. Calcd for C2oH26SiS: C, 73.56; 
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H, 8.02%. 
(E)-5-Dimethylphenylsilyl-4-methyl-l-triphenylstannyl-

2-pentene ((E)-40b): Procedure B; Lc * =41 min; Bp 230 °C 
(0.17 Torr, bath temp); IR (neat) 3060, 3044, 3010, 2952, 
2894, 1480, 1429, 1247, 1113, 1074, 1022, 997, 962, 833, 792, 
726, 697, 657 cm"1; ^ N M R (CDCls) 6=0.21 (s, 3H), 0.22 (s, 
3H), 0.69 (dd, /=14.7, 7.3 Hz, 1H), 0.78 (dd, 7=14.7, 7.1 Hz, 
1H), 0.84 (d, /=6.7 Hz, 3H), 2.10—2.31 (m, 1H), 2.31 (d, 
7=7.9 Hz, 2H), 5.27 (dd, 7=15.1, 7.6 Hz, 1H), 5.54 (dt, 
7=15.1, 8.5 Hz, 1H), 7.31—7.50 (m, 20H); 13CNMR (CDCls) 
ô=-2.15, =-2 .01 , 15.73, 24.37, 24.51, 33.17, 123.4, 127.6, 
128.4, 128.6, 128.9, 133.5, 137.1, 137.2, 138.7, 140.1. Found: 
C, 67.93; H, 6.44%. Calcd for C32H36SiSn: C, 67.74; H, 
6.39%. 

(£),(Z)-5-Dimethylphenylsilyl-4-methyl-l-triphenyl-
stannyl-2-pentene ((E)-40b: (Z)-40b=73:27): Procedure B; 
Lc * =43 min for Z-isomer; Bp 190 °C (0.07 Torr, bath temp); 
IR (neat) 3060, 3044, 3010, 2952, 2918, 2896, 1481, 1459, 1450, 
1428, 1300, 1247, 1189, 1113, 1075, 1022, 997, 963, 833, 795, 
725, 696, 656 cm"1; ^ N M R (CDCls) 6=0.21 (s, 3H), 0.22 (s, 
3H), 0.63 (d, 7=6.6 Hz, 0.81H), 0.70—0.76 (m, 2H), 0.84 (d, 
7=6.7 Hz, 2.19H), 2.11—2.35 (m, 2.73H), 2.45—2.61 (m, 
0.27H), 5.03 (dd, 7=10.5, 9.6 Hz, 0.27H), 5.27 (dd, 7=15.1, 7.6 
Hz, 0.73H), 5.38—5.63 (m, 1H including 5.54 (dt, 7=15.1, 8.5 
Hz)), 7.30—7.69 (m, 20H). Found: C, 67.62; H, 6.47%. 
Calcd for C32H36SiSn: C, 67.74; H, 6.39%. 

(£),(Z)-4-Methyl-l-phenylthio-5-trimethylsilyl-2-pentene 
((E)-41: (Z)-41=88:12): Procedure A; Bp 115°C (1 Torr, 
bath temp); IR (neat) 2950, 2920, 2892, 1585, 1480, 1452, 
1439, 1415, 1294, 1248, 1219, 1120, 1090, 1068, 1025, 967, 855, 
837, 783, 757, 736, 689, 664 cm"1; *H NMR (CDCls) 6=0.00 (s, 
7.92H), 0.02 (s, 1.08H), 0.47—0.67 (m, 2H), 0.93 (d, 7=7.0 Hz, 
0.36H), 0.97 (d, 7=6.7 Hz, 2.64H), 2.19—2.39 (m, 0.88H), 
2.54—2.66 (m, 0.12H), 3.52 (d, 7=5.8 Hz, 1.76H), 3.55 (dd, 
7=13.0, 6.2 Hz, 0.12H), 3.66 (dd, 7=13.0, 6.6 Hz, 0.12H), 
5.34—5.55 (m, 2H), 7.15—7.45 (m, 5H); 13CNMR (CDCls) 
for (£)-isomer 6=-0.65, 24.04, 25.05, 33.09, 36.53, 121.4, 
126.0, 128.6, 129.9, 136.3, 142.7. Found: C, 67.92; H, 9.10%. 
Calcd for Ci5H24SSi: C, 68.11; H, 9.15%. 

(£)-4,4-Dimethyl-l-phenylthio-5-trimethylsilyl-2-pentene 
(42a): Procedure A; GLPC Column B, 170 °C, * =6.29 min; 
Bp 105 °C (1 Torr, bath temp); IR (neat) 3056, 2950, 2876, 
1584, 1480, 1458, 1438, 1418, 1379, 1361, 1247, 1092, 1025, 
969, 856, 838, 761, 736, 688, 668 cm"1; ^ N M R (CDCls) 
0=0.02 (s, 9H), 0.69 (s, 2H), 0.99 (s, 6H), 3.52 (d, 7=6.8 Hz, 
2H), 5.35 (dt, 7=15.4, 6.8 Hz, 1H), 5.56 (d, 7=15.4 Hz, 1H), 
7.14—7.35 (m, 5H); 13CNMR (CDCls) 6=0.80, 30.37, 32.66, 
35.77, 36.96, 119.1, 126.1, 128.7, 130.1, 136.3, 146.4. Found: 
C, 68.74; H, 9.66%. Calcd for Ci6H26SiS: C, 69.00; H, 9.41%. 

(£)-5-Methyl-l-phenylthio-4-trimethylsilyl-2-hexene (43a): 
Procedure B; GLPC Column B, 170°C, *r=6.76 min; Bp 
100 °C (1 Torr, bath temp); IR (neat) 3056, 3014, 2952, 2890, 
1585, 1480, 1465, 1438, 1419, 1383, 1364, 1248, 1220, 1149, 
1091, 1072, 1025, 970, 859, 837, 761, 736, 688, 668 cm"1; 
!HNMR (CDCI3) <5=-0.08 (s, 9H), 0.82 (d, 7=6.8 Hz, 6H), 
1.36 (dd, 7=10.3, 4.9 Hz, 1H), 1.75—1.92 (m, 1H), 3.58 (d, 
7=6.7 Hz, 2H), 5.31 (dt, 7=15.0, 6.7 Hz, 1H), 5.48 (dd, 
7=15.0, 10.3 Hz, 1H), 7.11—7.37 (m, 5H); 13CNMR (CDCls) 
6=-1.81, 20.63, 23.72, 28.34, 36.69, 41.25, 124.1, 125.8, 128.7, 
129.5, 133.1, 140.2. Found: C, 69.01; H, 9.37%. Calcd for 
Ci6H26SiS: C, 69.00; H, 9.41%. 

(£)-4,4-Dimethyl-5-trimethylsilyl-l-triphenylstannyl-2-
pentene (42b): Procedure B; PLC #f=0.47 (hexane/ethyl 

acetate=20/l); Bp 160 °C (0.10 Torr, bath temp); IR (neat) 
3060, 3046, 3010, 2950, 1481, 1466, 1460, 1429, 1247, 1075, 
1022, 997, 966, 858, 840, 761, 725, 697 cm"1; *H NMR (CDCls) 
ô=-0.05 (s, 9H), 0.63 (s, 2H), 0.93 (s, 6H), 2.37 (d, 7=7.0 Hz, 
2H), 5.42 (d, 7=15.4 Hz, 1H), 5.53 (dt, 7=15.4, 7.0 Hz, 1H), 
7.33—7.48 (m, 9H), 7.52-7.73 (m, 6H); 13CNMR (CDCls) 
0=0.77, 15.96, 30.59, 33.10, 35.68, 120.6, 128.4, 128.9, 137.1, 
138.8, 141.1. Found: C, 64.83; H, 7.14%. Calcd for 
C28H36SiSn: C, 64.75; H, 6.99%. 

(E)-5-Methyl-4-trimethylsilyl-l-triphenylstannyl-2-
hexene (43b): Procedure B; PLC #f=0.42 (hexane/ethyl 
acetate=20/l); Bp 165 °C (0.10 Torr, bath temp); IR (neat) 
3060, 3044, 3008, 2950, 2894, 1481, 1460, 1428, 1300, 1258, 
1247, 1075, 1023, 997, 962, 860, 837, 761, 726, 697, 657 cm"1; 
!HNMR (CDCls) <5=-0.14 (s, 9H), 0.75 (d, 7=6.7 Hz, 6H), 
1.26 (dd, 7=10.3, 4.5 Hz, 1H), 1.69-1.85 (m, 1H), 2.45 (d, 
7=7.6 Hz, 2H), 5.31 (dd, J= 15.2, 10.3 Hz, 1H), 5.50 (dt, 
7=15.2, 7.6 Hz, 1H), 7.33-7.48 (m, 9H), 7.52—7.73 (m, 6H); 
13CNMR (CDCls) <5=-1.73, 16.27, 20.47, 23.70, 28.57, 41.13, 
126.1, 127.0, 128.4, 128.9, 137.1, 138.7. Found: C, 64.52; H, 
7.04%. Calcd for C28H36SiSn: C, 64.75; H, 6.99%. 

(E)-5-Iodo-4 ,4-dimethyl - l - tr idecaf luorohexyl -5-
trimethylsilyl-2-pentene (44): Procedure C; Bp 98 °C (1 
Torr, bath temp); IR (neat) 2966, 1465, 1458, 1430, 1387, 
1364, 1240, 1206, 1144, 1121, 1096, 1070, 1026, 974, 840, 808, 
765, 746, 729, 698, 653 cm"1; *HNMR (CDCls) ô=0.22 (s, 
9H), 1.26 (s, 3H), 1.27 (s, 3H), 2.83 (td, 7=18.3, 6.8 Hz, 2H), 
3.33 (s, 1H), 5.37 (dt, 7=15.6, 6.8 Hz, 1H), 5.80 (d, 7=15.6 Hz, 
1H); *3CNMR (CDCls) 6=1.71, 28.17, 29.38, 34.80 (t, 7=22.5 
Hz), 40.49, 40.58, 113.7, 146.4. Found: C, 31.54; H, 3.29%. 
Calcd for CieHzoFisSil: C, 31.28; H, 3.28%. 

(E)-5-Methyl-1 -tridecaf luorohexyl-2,4-hexadiene (45): 
Procedure C; Bp 86 °C (20 Torr, bath temp); IR (neat) 3030, 
2968, 2918, 2858, 1663, 1648, 1431, 1381, 1364, 1345, 1240, 
1199, 1145, 1121, 1069, 1044, 986, 959, 894, 866, 845, 808, 778, 
744, 728, 706, 697, 652 cm"1; *HNMR (CDCls) ô=1.77 (s, 
3H), 1.79 (s, 3H), 2.88 (td, 7=18.3, 7.6 Hz, 2H), 5.47 (dt, 
7=14.9, 7.6 Hz, 1H), 5.86 (d, 7=11.0 Hz, 1H), 6.46 (dd, 
7=14.9, 11.0 Hz, 1H); 13CNMR (CDCls) 6=18.33, 25.97, 
34.97 (t, 7=22.4 Hz), 116.0, 124.0, 133.9, 136.9. Found: C, 
37.88; H, 2.69%. Calcd for G3H11F13: C, 37.70; H, 2.68%. 

(£),(Z)-5-Phenyl-l-phenylthio-4-trimethylsilyl-2-pentene 
((E)-46a: (Z)-46a=93:7): Procedure A; PLC R{=0A2 (hexane/ 
ethyl acetate=20/l); Bp 155 °C (1 Torr, bath temp); IR (neat) 
3056, 3022, 2950, 2918, 2850, 1584, 1495, 1480, 1453, 1438, 
1248, 1121, 1088, 1069, 1025, 966, 839, 737, 690, 665 cm"1; 
!HNMR (CDCls) ô=-0.08 (s, 8.37H), 0.04 (s, 0.63H), 1.83 
(ddd, 7=10.8, 9.1, 4.0 Hz, 0.93H), 2.16 (ddd, /=11.0, 7.0, 3.5 
Hz, 0.07H), 2.49 (dd, 7=13.8, 11.0 Hz, 0.07H), 2.58 (dd, 
7=14.3, 10.8 Hz, 0.93H), 2.80 (dd, 7=14.3, 4.0 Hz, 0.93H), 
2.89 (dd, 7=13.8, 3.5 Hz, 0.07H), 3.27—3.30 (m, 0.14H), 3.48 
(d, 7=6.8 Hz, 1.86H), 5.22 (dt, 7=15.2, 6.8 Hz, 0.93H), 5.30— 
5.47 (m, 0.14H), 5.47 (dd, 7=15.2, 9.1 Hz, 0.93H), 7.08—7.32 
(m, 10H); 13CNMR (CDCls) for (£)-isomer 6=-3.23, 34.78, 
34.98, 36.42, 123.1, 125.6, 125.7, 128.0, 128.5, 128.7, 129.2, 
135.0, 136.5, 142.2. Found: C, 73.36; H, 8.09%. Calcd for 
C2oH26SiS: C, 73.56; H, 8.02%. 

(£),(Z)-4-Phenyl-l-phenylthio-5-trimethylsilyl-2-pentene 
((E)-47a: (Z)-47a~66:34): Procedure A; PLC #f=0.47 (hexane/ 
ethyl acetate=20/l); Bp 149 °C (1 Torr, bath temp); IR (neat) 
3056, 3022, 2948, 2898, 1584, 1491, 1480, 1453, 1438, 1413, 
1247, 1090, 1026, 967, 860, 837, 738, 698, 689, 664 cm"1; 
!HNMR (CDCls) ô=-0.16 (s, 5.94H), -0.12 (s, 3.06H), 0.86 
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(dd, /=14.6, 7.3 Hz, 0.34H), 0.97 (d, /=7.8 Hz, 1.32H), 1.06 
(dd, /=14.6, 7.9 Hz, 0.34H), 3.37 (td, 7=7.8, 7.3 Hz, 0.66H), 
3.49 (d, 7=6.7 Hz, 1.32H), 3.53-3.76 (m, 1.02H), 5.40 (dt, 
7=10.7, 7.5 Hz, 0.34H), 5.48 (dt, 7=15.1, 6.7 Hz, 0.66H), 5.68 
(dd, 7= 15.1, 7.3 Hz, 0.66H), 5.70 (dd, 7=10.7, 9.0 Hz, 0.34H), 
7.07—7.35 (m, 10H); 13CNMR (CDCls) ô=—1.02, 1.01,23.92, 
25.67, 31.47, 36.53, 39.55, 44.52, 122.4, 123.2, 126.0, 126.1, 
127.1, 127.2, 127.3, 128.3, 128.5, 128.7, 128.8, 129.8, 130.1, 
136.0, 139.7, 140.4, 146.0; for (£)-isomer ô=—1.02, 23.92, 
36.53, 44.52, 123.2, 126.0, 126.1, 127.1, 127.3, 128.3, 128.7, 
130.1, 140.4, 146.0. Found: C, 73.65; H, 8.10%. Calcd for 
C2oH26SiS: C, 73.56; H, 8.02%. 

(£),(Z)-5-Phenyl-4-trimethylsilyl-l-triphenylstannyl-2-
pentene and (£),(Z)-4-phenyl-5-trimethylsilyl-l-triphenyl-
stannyl-2-pentene ((E)-46b: (Z)-46b: (E)-47b: (Z)-47b=80.4 : 
11.3:5.3:3.0): Procedure B; Bp 190 °C (0.11 Torr, bath 
temp); IR (neat) 3060, 3044, 3014, 2948, 2900, 2850, 1494, 
1481, 1453, 1429, 1247, 1108, 1075, 1022, 997, 960, 859, 838, 
748, 726, 697, 657 cm"1; *H NMR (CDCI3) <5=-0.23 (s, 0.270H), 
-0.19 (s, 0.477H), -0.13 (s, 7.236H), -0.08 (s, 1.017H), 0.78 
(dd, 7=14.5, 6.8 Hz, 0.030H), 0.87 (dd, 7=14.5, 7.3 Hz, 
0.053H), 0.96 (dd, 7=14.5, 8.2 Hz, 0.053H), 0.97 (dd, 7=14.5, 
8.6 Hz, 0.030H), 1.72 (ddd, 7=10.9, 7.9, 3.8 Hz, 0.804H), 
2.13—2.54 (m, 3.030H), 2.74 (dd, 7=14.0, 3.8 Hz, 0.917H), 
3.25—3.36 (m, 0.053H), 3.60—3.72 (m, 0.030H), 5.10 (t, 
7=10.8 Hz, 0.113H), 5.22—5.70 (m, 1.887H), 6.95—7.17 (m, 
5H), 7.23—7.65 (m, 15HT); *HNMR (CDCls) for (£)-46b 
<5=-0.13 (s, 9H), 1.72 (ddd, 7=10.9, 7.9, 3.8 Hz, 1H), 2.35 (d, 
7=6.9 Hz, 2H), 2.48 (dd, 7=14.0, 10.9 Hz, 1H), 2.74 (dd, 
7=14.0, 3.8 Hz, 1H), 5.28 (dd, 7=15.0, 7.9 Hz, 1H), 5.37 (dt, 
7=15.0, 6.9 Hz, 1H), 6.95—7.17 (m, 5H), 7.23—7.65 (m, 
15H); 13CNMR (CDCls) for (£)-46b ô=—3.12, 16.03, 35.03, 
35.52, 125.1, 125.3, 128.0, 128.4, 128.6, 128.8, 129.2, 137.1, 
138.7, 142.6. Found: C, 67.45; H, 6.51%. Calcd for 
C32H36SiSn: C, 67.74; H, 6.39%. 

(E)-7-Phenylthio-4-trimethylsilyl-5-hepten-2-one (48a): 
Procedure A; Bp 102 °C (1 Torr, bath temp); IR (neat) 3056, 
3016, 2950, 1709, 1654, 1648, 1584, 1480, 1438, 1419, 1356, 
1249, 1171, 1118, 1090, 1025, 967, 841, 739, 689, 664 cm"1; 
!HNMR (CDCI3) <5=-0.13 (s, 9H), 1.99 (ddd, 7=9.5, 8.0, 5.0 
Hz, 1H), 2.03 (s, 3H), 2.33 (dd, 7=16.0, 5.0 Hz, 1H), 2.43 (dd, 
7=16.0, 9.5 Hz, 1H), 3.50 (d, 7=6.5 Hz, 2H), 5.28 (dt, 7=15.4, 
6.5 Hz, 1H), 5.43 (dd, 7=15.4, 8.0 Hz, 1H), 7.09—7.31 (m, 
5H); 13CNMR (CDCI3) <5=-3.44, 28.47, 29.73, 36.38, 43.02, 
123.1, 125.9, 128.8, 129.5, 133.9, 136.0, 208.7. Found: C, 
65.90; H, 8.43%. Calcd for Ci6H24OSiS: C, 65.70; H, 8.27%. 

(£)-4-Trimethylsilyl-7-triphenylstannyl-5-hepten-2-one 
(48b): Procedure B; Bp 195 °C (0.15 Torr, bath temp); IR 
(neat) 3060, 3044, 3008, 2950, 1710, 1481, 1429, 1356, 1248, 
1075, 997, 961, 909, 864, 838, 727 cm"1; ^ N M R (CDCls) 
<5=-0.18 (s, 9H), 1.93 (ddd, 7=8.8, 8.4, 6.6 Hz, 1H), 1.94 (s, 
3H), 2.27 (dd, 7=16.2, 6.6 Hz, 1H), 2.37 (dd, 7=16.2, 8.4 Hz, 
1H), 2.39 (d, 7= 7.7 Hz, 2H), 5.26 (dd, 7=15.1, 8.8 Hz, 1H), 
5.51 (dd, 7=15.1, 7.7 Hz, 1H), 7.33—7.78 (m, 15); 13CNMR 
(CDCI3) <5=-3.40, 16.14, 28.54, 29.59, 43.47, 125.3, 128.0, 
128.4, 128.9, 137.0, 138.5, 209.3. Found: C, 62.90; H, 6.49%. 
Calcd for C28H34OSiSn: C, 63.05; H, 6.43%. 

(E),(Z)-l-Phenylthio-5-tributylstannyl-2-pentene ((E)-49: 
(Z)-49=92:8): Procedure A; Bp 150 °C (1 Torr, bath temp); 
IR (neat) 3056, 3016, 2952, 2920, 2868, 2048, 1585, 1480, 1458, 
1438, 1418, 1375, 1070, 1025, 962, 735, 687 cm"1; ^ N M R 
(CDCls) 6=0.63—0.96 (m, 17H), 1.20—1.58 (m, 12H), 2.00— 
2.11 (m, 0.16H), 2.12—2.23 (m, 1.84H), 3.52 (d, 7=6.0 Hz, 

1.84H), 3.56 (d, 7=7.1 Hz, 0.16H), 5.40—5.70 (m, 2H includ­
ing 5.48 (dt, 7=15.2, 6.5 Hz), 5.62 (dt, 7=15.2, 6.0 Hz)), 7.13-
7.41 (m, 5H); 13CNMR (CDCls) for (£)-isomer 0=8.20, 8.84, 
13.74, 27.39, 29.22, 29.54, 36.41, 123.3, 125.9, 128.7, 129.6, 
136.4, 137.8. Found: C, 59.10; H, 8.55%. Calcd for 
C23H40SSn: C, 59.11; H, 8.63%. 

(£),(Z)-4-Methyl-l-phenylthio-5-tributylstannyl-2-pentene 
((£)-50, (Z)-50=92.5:7.5): Procedure A; Bp 158 °C ( 1 Torr, 
bath temp); IR (neat) 3056, 2952, 2920, 2868, 2850, 1585, 
1479, 1458, 1438, 1419, 1375, 1341, 1292, 1220, 1113, 1089, 
1070, 1025, 1001, 964, 873, 735, 688, 668 cm"1; « N M R 
(CDCI3) 0=0.62-0.98 (m, 20H), 1.20—1.58 (m, 12H), 2.26— 
2.48 (m, 1H), 3.49 (d, 7=5.7 Hz, 1.85H), 3.51 (dd, 7=13.0, 6.2 
Hz, 0.075H), 3.62 (dd, 7=13.0, 6.5 Hz, 0.075H), 5.31—5.37 
(m, 0.15H), 5.39 (dt, 7=15.1, 5.7 Hz, 0.925H), 5.48 (dt, 
7=15.1, 6.0 Hz, 0.925H), 7.13—7.38 (m, 5H); ^CNMR 
(CDCls) for (£)-isomer 0=9.40, 13.74, 18.22, 24.40, 27.45, 
29.23, 34.96, 36.60, 121.4, 126.0, 128.7, 130.0, 136.3r 142.9. 
Found: C, 59.68; H, 8.66%. Calcd for C24H42SSn: C, 59.88; 
H, 8.79%. 
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Molecular Orbital Approach 

Eijiro WATANABE and Akira IMAMURA* 
Department of Chemistry, Faculty of Science, Hiroshima University, Hiroshima 730 

(Received September 4, 1989) 

It is widely known that interchain-interactions diminish the Peierls instability in a one-dimensional 
electronic system. We studied the electronic structure of the (-H-) chains as a model system for the quasi-one-
dimensional system. We compare the result of a Hartree-Fock type calculations for a non-interaction chain, a 
two-chain model with interchain-interactions, two-chain model with interchain-interactions, and a two-
dimensional model in which infinite number of chains on the same plane interact with each other. The energy 
band and the total energy are obtained by the LCAO crystal orbital method using the CNDO/2 approximation. 
According to the calculated total energy in models with interchain-interactions, for both two-chain and two-
dimensional models, the Peierls instability decreases, and disappears for a strong interchain-interaction. 

It is widely noted that a pure-one-dimensional elec­
tronic system has instabili ty in 2&F fluctuations (here, 
k,F means Fermi wave number) . For example, a 
polyacetylene (PA) is a typical one-dimensional-
electronic system. W h e n PA has equi-dis tant bonds , 
it has a metall ic character because of a half occupied n-
band. Actually however, PA has bond al ternat ion (in 
other words, lattice distort ion with k=n/a) which 
creates a Peierls gap, so that PA is stabilized in total 
energy. 1'2'3) 

However, in some one-dimensional substances, for 
example (SN)* the Peierls instability does no t appear 
at low temperatures.4 ) For these substances, it is 
widely pointed out that a interchain interactions dim­
inish the Peierls instability in a one-dimensional-
electronic system. There have been some investiga­
tions on the effect of interchain-interact ions for the 
Peierls instability. A m o n g them, Kamimura et al. 
have calculated charge-response functions for a per­
turbat ion of the Cou lomb potent ial us ing a non-self-
consistent per turbat ional method in the rigid band 
model.5 _ 8 ) In their results, the Fermi surfaces are 
bent by interchain-interact ions, so that nest ing caused 
by the 2&F fluctuations is not complete, and the 
response functions are no t divergent at 2&F. 

Kamimura et al. carried out calculations based on 
a r igid band model us ing the energy band obtained 
by a t ight -b inding approx ima t ion wi thou t self-
consistency,5 '^ and wi th self-consistency (Local-
Densi ty-Functional formalistm).7 '8) In their treat­
ment , however, the per turbat ional potent ia l is no t 
calculated wi th self-consistency. They consider the 
per turba t ion of the C o u l o m b potent ial as the fluctua­
tion, bu t do no t consider the bond-al ternat ion 
directly. Further, t hough bond-al ternat ion influen­
ces the bond-orders sensitively, their calculat ions do 
not include the change in the exchange interactions 
which are a function of the change in the bond-order 
caused by the fluctuation. Regard ing pure one-
dimensional systems, t h o u g h Cizek,9> Paldus9~15) have 

studied the Peierls instabili ty in a conjugated n-
systems us ing the self-consistent Hart ree-Fock 
method in detail, there have no t been many investiga­
tions on systems inc luding interchain interactions. 
Therefore, in this article we emphasize model systems 
wi th and wi thou t interchain-interactions in order to 
quanti tat ively investigate the relat ion between the 
interchain-interact ions and the Peierls instability 
quanti tat ively by us ing a semi-empirical molecular 
orbital method based on Har t ree-Fock theory. 

Model and Method of Calculation 

We consider a ( -H-)* chain (Fig. 1) as a model 

-- H H- -H H- -H H-

unit-cell 
I: Single-chain model 

-H H 
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H H H H — 

H H H H-~ 
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II: Two-chains model 
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ri r2 
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Two-dimensional model 

H H 
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Fig. 1. Hydrogen atoms chain model. 
a={r\+r2)/2 (lattice constant). 
b=(r2—ri)/2 (bond-alternation parameter). 
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of a one-dimensional-electronic-conductive polymer. 
The re are three models considered: a single ( -H-)* 
chain (single-chain model) , two ( -H-)* chains parallel 
to each other ( two-chain model), and many ( -H-)* 
chains which al igned on the same p lane periodically 
( two-dimensional model) . T h e latter two are taken 
in to account as models which include interchain-
interactions; interactions are functions of the 
interchain-distance. We define the z-axis to be a long 
the polymer chain direction. T h e lattice constant a 
is tentatively taken as 0.9 Â and the interchain distance 
is taken from 1.1 Â to 1.6Â. T h e two-dimensional 
model is a s imple lattice; lz and lx are the lattice 
vectors of the chain direction and perpendicular direc­
t ion to it, respectively. In these models we define the 
b o n d a l ternat ion parameter b as b=(ï2—ri)/2, which 
are shown in Fig. 1. T h e case of b=0 corresponds to 
n o bond al ternat ion; hence, a un i t cell contains one H 
a tom. However, for b no t equal to 0, there is a bond 
al ternat ion, and the u n i t cell contains two H atoms. 
We calculated the total energies as a function of the 
bond al ternat ion parameter b in models wi th and 
wi thou t interchain-interact ions; we also studied the 
Peierls instabili ty caused by n/a lattice distortion. 

Calculat ions of the electronic structure are 
performed us ing the self-consistent crystal-orbital 
method wi th C N D O / 2 (Complete Neglect of Differen­
tial Overlap) parametrization.1 6 - 2 1) Since the C N D O / 
2 method includes inter-electron interactions of Cou­
lomb, exchange, and inter-core repuls ion, we consi­
dered that the method is suitable for evaluat ing of the 
total energy wi th inter-electron repuls ion semi-
quanti tat ively. 

In single-chain, two-chain, and two-dimensional 
models, the crystal orbitals are writ ten as 

^ = 22exp(^KVxp ' , (1) 
i P 

Here, /, p, and s represent a un i t cell, an a tomic 
orbital , and a b a n d state, respectively, k is a wave-
n u m b e r vector (for the single-chain and two-chain 
models, k is one-dimensional , and for the two-
dimensional model , k=(kz,kx)), the points of which are 
selected periodically in a reciprocal lattice space. 

We obtained the crystal orbitals for all of the k-
points from a diagonal izat ion of the Fock matrices, 

FkCsk = £skCsk} (2) 

A definition of the Fermi energy is given by 

2V(2n)-^{f6(EFSsk)dk} 

= the number of electron per unit cell (3) 
step function 0(x)=0(x<0), 1 (x>0) 
N: dimension 1,2,3 k: —n/a<k<.n/a 

T h e density matrices in fe-space are calculated by 
summat ion over the occupied orbitals wi th eigen­
values under the Fermi level, and given by 

D* = 2 2C/(Cs*)+ (4) 
S 

Ppiq° = 2V(2n)-"fexp (ikj)DPqk dk (5) 

on A 

PA = 2tPp°p0 (6) 
P 

At this po in t it is necessary for a model wi th 
interchain-interact ions that we appropria te ly choose 
an interval of A-points which is small enough in order 
to include the effect of Fermi surface bending by the 
interchain interactions. In the present work, we 
selected 31 /^-points for a single-chain model and a 
two-chain model , and 15X8 ^-points for a two-
dimensional model (kzXkx in reciprocal space). It is 
widely noted that the trapezoidal rule gives the best 
evaluat ion for the integral of the Fourier transforma­
tion in Eq. 5 for nonmetals , because there is n o Fermi 
surface in the nonmeta l l ic system. T h u s , the density 
matrices Dpq

k is con t inuous and smooth on the k-
dependence.22 '23) T h e l inear tetrahedron method is 
ordinally used for the L D F formalism, because only 
DpQpQ elements are necessary for the L D F formarism; 
however, since all of the Dpiq° elements are necessary 
for the Har t ree-Fock method, we use the trapezoidal 
rule for simplicity. A problem to be solved, there­
fore, is still retained for the integral method in order to 
obtain the DpiqQ. 

Fock mat r ix elements are given by Eq. 7, various 
integrals are given in Eqs. 8—12, and the total energy 
is given in Eq. 13. 

F* = 2exp(iÄ;)F0 (7) 
i 

Fp)q° = Hpiqo + Gpiqo (8) 

HpOpO = -l/2(Ip+Ap) + 7 A ° / 2 ~ E E yz^° ZB (9) 
B j 

Hpiqo=l/2(ßA+ßB)Spiq° (10) 

W = 2 2 7 ^ ° ft-1/2 yA0A°Pp0p0 (H) 
B j 

Gpiqo = -l/2ypJqoPpiqo (12) 

S : overlap integral 

y: two center electron repulsion integral 

total energy (per unit cell) 
E=V(2n)-"f{Tr F*D*-l /2Tr G* D*} dk 

+ Z E E ^ Z B / Ä ^ O (13) 
A B j 

Now, interactions (hopp ing parameter Hpiq° and 
repuls ion integral y^ßO) a r e included only for the 
nearest-neighbor atoms in the chain direction, and 
the nearest-neighbor chains. Because, in the case of 
the nonmeta l system, the exchange interaction 
decreases exponential ly wi th distance due to the fact 
that the density matrices are cont inuous regarding k 
dependence.22^ O n the other hand , in the case of a 
metal system, the interelectron repulsion is screened 
by the effect of p lasma oscil lation due to the electron 
correlation;24 -26) hence, these effects can correctly be 
obtained by more elaborate theories inc luding elec-
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tron correlation effects. In the case of a metal, inter­
action truncation is neccesary to avoid the density of 
the state at EF from vanishing according to a Hartree-
Fock method including long-range interelectron 
repulsion which is proportional to the inverse of the 
distance.24) 

We obtained Fock matrices from Eqs. 8—12, and 
calculated the crystal orbitals again from Eq. 2; itera­
tion of this procedure was repeated until the density 
matrices converged adequately. We then determined 
the self-consistent orbitals, and calculated some prop­
erties using the SCF orbitals such as band structure, 
and total energy given by Eq. 13. 

Results of Calculation 

The total energy is shown as a function of the bond 
alternation parameter, b, for a system without inter­
chain interactions in Fig. 2. When b=0, the non-
bond-alternation case, we obtained two solutions, one 
of which is a symmetry-adapted solution for a transla-
tional operation with a distance a of 0.9 Â; the other is 
a symmetry-broken solution (which has symmetry for 
the translational operation with the distance of two 
unit cells, 1.8 Â). Since the first solution has no band 
gap, it should be metallic. The second is a Bond-
Order-Alternant-Wave (BOAW) solution which has a 
band gap of 6.9 eV. The second solution was 
obtained by starting SCF calculations with an initial 
guess symmetry broken density matrix selected by 
trial-and- error. The total energy of the BOAW solu­
tion is 0.09 eV lower than that of the metallic one. 
This result suggests that the metallic solution of the 
system is unstable and easily transfers to the BOAW 
solution by a small perturbation potential. In the 
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Fig. 2. The total energies per atom (in eV) vs. bond 
alternation parameter b. 
I: single-chain model with the lattice constant 

a=0.9 A 
II: two-chains model with the lattice constant with 

a=0.9Â and with the interchain distance of 
1.2 A. 

present work we did not try to obtain the Charge-
Density-Wave (CDW) solution with partial charges on 
respective atoms, since we paid our attention to the 
bond alternation in the systems. In the BOAW solu­
tion, the total energy decreases in the 6=0—0.15 
region shown in Fig. 2; thus, at b=0, a non-bond-
alternant system is unstable. The band structure is 
shown for this single chain model in Fig. 3, indicating 
the characteristic feature of the Peierls instability for 
the BOAW solution. 

Next, a two-chain model with an interchain dis­
tance of 1.2 A was calculated as a system with inter­
chain interactions. The energy band split into two 
components from interchain interactions. One com­
ponent is a symmetric crystal orbital with respect to 
two chains; the another is antisymmetric. In the 
non-bond alternation case (b=0), the energy band is 
occupied under EF by electrons (Fig. 4), and a metallic 
solution is obtained. The Fermi wave number, &F, is 
shifted from n/2a in proportion to the energy splitting 
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Fig. 3. The energy band structure for the single-
chain model. 
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Fig. 4. The energy band structure for the two-chains 
model. 
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between the symmetric and the antisymmetric bands. 
It is noteworthy that the effect of n/a distortion to the 
total energy decreases because of the Peierls gap by the 
n/a distort ion created far from the Fermi level in k-
space. In other words, the system does not obtain a 
stabilization energy by chang ing the energy level 
about k=n/2a, caused by a bond-al ternat ion (Fig. 4). 
We can therefore expect that the larger the interchain 
interaction is, the more stable toward n/a distort ion is 
the two-chain model system. T h e 2&F distort ion 
which gives the Peierls instability in this system is 
incommensura te wi th the lattice constant a; it thus 
gives a smaller instability than n/a distortion, i.e., the 
bond-al ternat ion. T h e calculated total energies are 
also shown for the two-chain model in Fig. 2, indicat­
ing that the metall ic solut ion is obtained in the region 
6=0—0.04. T h e total energy for the metallic solu­
tion scarcely changes in this region. We can there­
fore say that the Peierls instability in the system with 
the interchain-interact ion is much smaller than that 
wi thou t interchain-interact ions. In the region of 6 
over 0.04 the electronic state transfers from the metal­
lic state to a nonmeta l l ic state wi th BOAW (Fig. 2). 
T h e Peierls gap is then larger than the band spl i t t ing 
caused by interchain-interactions as shown in Fig. 4 
(6=0.2 of BOAW). T h e total energy for the BOAW 
state in the two-chain model decreases with an 
increase of b in the region 6=0.04—0.15 (Fig. 2). 

Finally, we calculated the energy band for the two 
dimensional model. T h e orbital energy is a function 
of kx and kz, so that the Fermi surface is bent by large 
interchain interactions. Therefore, the stabilization 

X 2 A 2 

X2 M X2 X2 M X2 
non-bond-alternant bond-alternant (b=0.2) 

[eV] 

non-bond-alternant 

bond-alternant b=0.2 

Fig. 5. The energy band structure for the two-
dimensional model. The interchain distance is 
1.2 A. 

in the total energy which is caused by the Peierls gap 
by n/a distortion is much d iminished for the reason 
ment ioned above. T h e calculated energy band and 
the Fermi surface are shown in Fig. 5. 

We calculated the energy bands and the total ener­
gies of the two-dimensional model with interchain 
distances of 1.6, 1.4, 1.2, 1.1 A (indicated in Figs. 6 and 
7). When the distance is 1.6 A, there is a metall ic 
solut ion in the region 6=0—0.04 (IIIA in Fig. 6). It is 
shown that the instability of the total energy for the 
two-dimensional model is considerably less than that 
for a system wi thout interchain interactions. T h e 
second derivative of the total energy with respect to 6, 
however, is negative for the relatively large interchain 
distances ( I I I A in Fig. 6). Therefore, at 6=0, the non-
bond-a l ternat ion case, the state is metallic, bu t unsta­
ble wi th respect to bond-al ternat ion. For the case of 
I I IA , we obtained the BOAW solut ion in the region of 
6 over 0.06; the total energy is m i n i m u m at 6=0.16 and 
is inferred to be lower than that in the metall ic case in 
the region 6=0—0.04 from approx imate calculat ions. 
T h e metall ic solut ion at the po in t of 6 = 0 is thus 
probably unstable for I I IA. When the interchain dis­
tance is 1.4 A, the result is as also shown in Fig. 6 
( I I IB) . T h e tendency is similar to the case wi th inter­
chain distance of 1.6 A; the second derivative of the 
total energy increases. In the case that the interchain 
distance is 1.2 A, the total energy is as shown in Fig. 6 
(IIIc). Metallic solutions were obtained in the region 
6=0—0.04, where the second derivative of the total 

(eV) 

-19 

-20 

Hin : metallic 

HIß : BOAW 

III(j: metallic 

IIIj: metallic 

non-alternant 

0.1 0.2 

a l t e rnan t parameter (b) 

Fig. 6. The total energies per atom (in eV) vs bond 
alternation parameter b for the two dimensional 
model with the lattice constant a=0.9 A. 
IIIA : the interchain distance of 1.6 A. 

the interchain distance of 1.4 A. 
the interchain distance of 1.2 A. 
the interchain distance of 1.1 A. 
the single-chain model. 

IIIB: 

IIIC : 

IIID: 

I : 
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R = 1 . 6 (A) , E F = - 5 . 7 4 2 ( e V ) 

R = 1 . 2 (A) , EF = - 3 . 9 7 4 ( e V ) 

Hx • 1 r r 

R = 1 . 4 (A) , Ei- = - 5 . 4 8 2 ( e V ) 

R = 1 . 1 (A) , EF = - 1 . 9 1 3 ( e V ) 

Fig. 7. The shape of the Fermi surface of two-
dimensional model at the b=0 point (non-alternant 
system). 
^=(0, 0), Xi: along the chain direction. 
EF: Fermi level (in eV), R: Interchain distance (in 
A), Selected ^-points: 15X8 in the first Brillouin 
zone. 

energy becomes positive. In region 6=0.16—0.2 we 
obtained BOAW solutions; the total energy is higher 
than in the metallic case at b=0. Those arguments 
mean that the metallic solution at point b=0 with an 
interchain distance less than 1.4Â is stable. In the 
case that the interchain distance is 1.1 Â, the total 
energy is as shown in Fig. 6 (IIID). From this figure it 
is obvious that the metallic solution becomes more 
stable. 

The shapes of the Fermi surface are shown in Fig. 7. 
When the interchain distance is in the range 1.6— 
1.4Â, the curvature of the Fermi surface is not so large. 
This system can be considered to be a typical quasi-
one-dimensional metal. However, these systems are 
unstable. When the interchain distance is in the 
range 1.4—1.2Â, the Fermi surface is distorted 
strongly, and the properties of this system become 
those of a two-dimensional system. When the inter­
chain distance is 1.2—1.1 Â, the Fermi surface is com­
pletely closed. Therefore, this state can be considered 
to be a complete two-dimensional metal. 

Conclusion 

According to our results of a CNDO/2 calculation 
for (-H-)*, as the interchain interactions increase, the 

system becomes stable at b=0. Particularly, when the 
interchain distance is smaller than 1.2 Â, the metallic 
state is expected to exist with considerably large stabil­
ity: that is, the Peierls instability in this system is 
completely diminished. When the interchain dis­
tance is small enough, the Fermi surface is completely 
closed; this system becomes two-dimensional metal. 

Regarding hydrogen metal, there have been some 
theoretical and experimental investigations concern­
ing various physicochemical properties at high pres­
sure. Most of those were studied by the Local-
Density-Functional formarism, but part were studied 
by the Hartree-Fock theorem.27_35) 

Some problems to be solved in our study are as 
follows: 

1 ) The selection of the k point in reciprocal-lattice 
space and the integration method for a Fourier trans­
formation about metal. 

2) Method for solving the SCF problem. 
3) The SCF solution except for the BOAW state. 

For example, CDW, SDW. 
4) A method to truncate interactions. In the pres­

ent work, we took account of only nearest-neighbor 
interactions. 

5) In relation to 3), 4), a treatment of the electron 
correlation. 

Nevertheless, the obtained results given in this arti­
cle shed light on the relation between the interchain 
interactions and Peierls instability of a quasi-one-
dimensional system quantitatively. Moreover, the 
result of a two-chain model indicates that a system of 
two appropriate identical polymers with a strong 
inter-chain interaction is expected to be metallic upon 
diminishing the Peierls instability. That is, we can 
say that there should be a clue to designing conductive 
polymer systems. 

We are grateful to the Information Processing 
Center of Hiroshima University for the use of HIT AC 
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Grant-in-Aid for Scientific Research on Priority Areas 
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Dual Channels for Nucleophilic Displacements on Benzoyl Chlorides: 
Tetrahedral and Trigonal-Bipyramidal Transition States 
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Nucleophilic substitutions on carbonyl carbons initiated by CI", Ph-CO-Cl + C I " - • CI" + Ph-CO-Cl, 
were studied with ab initio MO calculations. Two transition states (TS's) were found. One is the "tetrahed­
ral" TS caused by the n attack of the nucleophile. The other is the "trigonal-bipyramidal" TS initiated by the 
a attack. The coexistence of two TS's is in accord with the proposals of Bentley and Cevasko et al. based on 
kinetic analyses. Two independent reaction paths are interpreted in terms of the frontier-orbital theory. 

T h e bimolecular nucleophi l ic subst i tut ions occur 
at carbonyl carbons. T h e reactions are believed to 
proceed via the stable tetrahedral intermediates, the 
addi t ion-e l iminat ion mechanisms.1) L is a leaving 
g roup (nucleofuge) and X - is a nucleophi l ic reagent. 

0 
Jl 

R — C — L 

0 
I 

R — C — L 
I 
X 

tetrahedral internediate 

0 
II 

R — C — X + L 

O u r previous computa t iona l work, however, sug­
gested that the stable intermediate is not involved 
in the degenerated reaction (R=CH3, X=L=C1) , 
CH 3 CO-Cl+Cl- . 2 > T h e middle po in t of the reaction 
process corresponds to the transit ion state (TS) like 
SN2 reactions on the saturated carbons. A recent 
theoretical study suppor ted our predict ion, and two 
different T S geometries for the C l " + R C O - C l reaction 
( R = H ) have been reported.3) 

A 
CI 

tetrahedral 

VS. 
R C 

/ CI 
CI 

/ 
trigonal-bipyramidal 

For R = M e , however, only the t r igonal-bipyramidal 
T S has been found.3) 

It is of mechanist ic interest to analyze the electronic 
structures of these TS's , because the reason why they 
coexist in a reaction has not been elucidated yet. 
T h i s work deals wi th the following two subjects on a 
more realistic react ing system, R = P h , than small 
model systems investigated so far. One is the test of 
the basis-set dependence of T S geometries. T h e other 
is chemical justification of two TS's in a nucleophi l ic 
subst i tut ion. 

Method of Calculation 

T h e geometries of TS's were optimized with the ab 
ini t io M O calculat ions us ing the GAUSSIAN 82 pro­
gram.4) T h e basis sets employed here were 3-21G, 3-
21+(G), 4-31G, and 6-31G. T h e sign " + ( G ) " stands 
for the augumen ta t ion of the sp diffuse G T 0 5 ) only on 
the CI atoms. T h e Cs symmetry was imposed on 
the TS-geometry opt imiza t ion of C l " + P h - C O - C l . 
Whether the optimized geometry corresponds to T S 
should be examined th rough the vibrat ional analysis. 
However, the size of the present reacting system is too 
large to carry out directly the analysis, and an alterna­
tive model react ing system, F b C ^ C H - C O - C l + C l " , 
was employed for the analysis. Wi th the 3-21G basis 
set, the tetrahedral T S geometry gives the sole imagi­
nary frequency (=182i cm - 1 ) . T h e trigonal-bipy­
ramidal T S geometry also gives an imaginary one 
( = l l i cm - 1 ) . Al though their absolute values are 
somewhat small as vibrat ional frequencies (due to the 
ha rmonic approx imat ion) , we may assign two geome­
tries to saddle points . By analogy, two different sta­
tionary poin ts wi th the Cs symmetry of ( C l - P h -
CO---C1)- wou ld correspond to two TS's . It appears 
to be somewhat doubtful to assign the tr igonal-
b ipyramidal " T S " to a saddle po in t because of the 
small absolute value of the imaginary frequency. T o 
check the posi t ion of the t r igonal-bipyramidal " T S " 
on the potent ia l energy surface, a full geometry opti­
mization (without the Cs constraint) has been carried 
out , s tart ing from the " T S " geometry. T h e resultant 
geometry is of a hydrogen-bonded system, C1—--H-
C Ô H U - C O - C I . T h u s , the t r igonal-bipyramidal " T S " 
is not at an energy m i n i m u m bu t at a saddle point . 

Since the system, C l " + P h - C O - C l , is large, the more 
detailed analysis of the basis-set dependence and the 
effect of the electron correlation than that in Tab le 1 is 
given in Appendix . 

Results of Calculation 

Table 1 shows T S geometries of the P h - C O - C l + C l -
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SN2 reaction wi th four basis sets. T h e present calcu­
lation gives two types of T S structures, tetrahedral and 
t r igonal-bipyramidal , except the 4-31G basis set. 
T h e 4-31G basis set gives only the tetrahedral T S . 
T h e T S geometries wi th 3-21+(G) are shown in Fig. 1 
together wi th that of the substrate. 

T h e tetrahedral T S is discussed, first. T h e car­
bonyl C - O length, R l , is almost 1.2Â, which shows 
that the double bond character is retained at TS . T h e 
C-Cl length, R3 is 2.2—2.3 Â, and that in T S of H -
CO-C1+C1- is also calculated to be 2.2—2.3 Â with the 
four basis sets (not shown). Therefore, the length R3 
is insensitive to the substi tuent R in the tetrahedral 

TS . T h e Z P h C O angle Al is 127—135°, which is 
somewhat basis-set dependent. T h e angle Al at T S is 
larger than that (sp2,«120°) of the substrate, P h - C O -
Cl. Al is found also to be slightly subst i tuent-R 
dependent (i.e., for R = H , Al=133—142°). Al de­
pends on the electronic charge transferred from two 
chloride ions. T h e benzene r ing is not distorted rela­
tive to the geometry of the substrate as Fig. 1 shows. 

Second, the t r igonal-bipyramidal T S is discussed. 
It is noteworthy that the C - O length R l is smaller 
(«1.115 Â) than that in the tetrahedral TS . T h e 
remarkably small R l value is not of the carbonyl 
double bond, bu t is for the carbon monoxide (1.13Â). 

Table 1(a). TS Geometries and Energies of Benzoyl Chloride and Chloride Ion 

Method 

RHF/3-21G 

RHF/3-21+(G)a) 

RHF/4-31G 

RHF/6-31G 

TS 
geometryb) 

T 
T-B 

T 
T-B 

T 
T-B 

T 
T-B 

Rlc) 

1.167 
1.115 
1.163 
1.116 
1.191 

1.180 
1.116 

Optimized parameters (Cs) 

R2C) 

1.481 
1.413 
1.480 
1.408 
1.491 

1.486 
1.417 

R3C) 

2.305 
3.199 
2.334 
3.317 
2.185 

2.260 
3.283 

Ald) 

133.0 
180.0 
135.3 
180.0 
126.8 

129.9 
180.0 

A2e) 

100.0 
99.1 
99.7 
98.6 

102.5 

102.2 
98.5 

B2f) 

130.1 

129.3 

129.3 

129.3 

Total energy 
in a.u. 

-1255.59056 
-1255.59614 
-1255.61867 
-1255.63146 
-1260.38576 

-1261.69666 
-1261.69960 

a) RHF/3-21+(G) data are also given in Fig. 1, and the "G" in the parenthesis denotes the 
addition of sp-type GTO on the chlorine atom, b) T and T-B stand for tetrahedral and 
trigonal-bipyramidal TS's, respectively, c) Bond distances in Â. d) Bond angles in degree. 
In the T-B TS, the C2v symmetry is obtained, that is, Al=180°. e) Bond angles in degree. 
f ) Dihedral angles in degree. 

0 

Ph-

A2 \ -pi 
(B2) \ ^ l 

Table 1(b). 

Method 

TS Geometries (Phenyl Part) of Benzoyl Chloride and Chloride Ion 

-pg Optimized parameters (Cs) 

geometry'' R4c) R4,c) R5c) R 5 , c ) R 6 o R 6 , o 

RHF/3-21G 

RHF/3-21+(G)a) 

RHF/4-31G 

RHF/6-31G 

T 
T-B 

T 
T-B 

T 
T-B 

T 
T-B 

1.381 
1.401 
1.384 
1.401 
1.382 

1.388 
1.405 

1.382 

1.382 

1.384 

1.388 

1.386 
1.378 
1.386 
1.378 
1.386 

1.390 
1.382 

1.378 

1.380 

1.378 

1.383 

1.380 
1.386 
1.381 
1.387 
1.379 

1.384 
1.390 

1.390 

1.389 

1.388 

1.392 

a) RHF/3-21+(G) data are also given in Fig. 1, and the "G" in the parenthesis of denotes the 
addition of sp-type GTO on the chlorine atom, b) T and T-B stand for tetrahedral and 
trigonal-bipyramidal TS's, respectively, c) Bond distances in Â. In the T-B TS, the C2v 
symmetry is obtained, that is, R4=R4', R5=R5', and R6=R6'. 

\ B y 
H VtU /̂i.., 

/ 
.c-T?*-c 
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Table 1(c). TS Geometries (Phenyl Part) of Benzoyl Chloride and Chloride Ion 

Method 

RHF/3-21G 

RHF/3-21+(G)a) 

RHF/4-31G 

RHF/6-31G 

TS 
geometryb) 

T 
T-B 

T 
T-B 

T 
T-B 

T 
T-B 

A3C) 

115.1 
119.0 
114.5 
119.0 
116.6 

116.1 
119.0 

Opt imized parameters (Cs) 

A3 ' c ) 

124.2 

124.3 

123.6 

123.6 

A4C) 

119.8 
118.3 
119.6 

118.2 
120.2 

119.9 
118.2 

A4'c ) 

119.3 

118.8 

119.9 

119.6 

A5C) 

119.8 
120.3 
119.6 
120.2 
119.9 

119.9 
120.3 

A5' c ) 

120.5 

120.6 

120.4 

120.4 

a) RHF/3-21+(G) data are also given in Fig. 1, and the "G" in the parenthesis denotes the 
addition of sp-type GTO on the chlorine atom, b) T and T-B stand for tetrahedral and 
trigonal-bipyramidal TS's, respectively, c) Bond angles in degree. In the T-B TS, the C2v 
symmetry is obtained, that is, A3=A3 /, A4=A4', and A5=A5 /. 

w 
•ft 

0 

: B 2 ) \ ^ 

Substrate Tetrahedral TS (Cs) Trigonal-Bipyramidal TS (C2v) 

Fig. 1. 3-21+(G) Optimized Geometries of the Substrate and Two TS's for Ph-CO-Cl+Cl- . Geo­
metric parameters are also given in Table 1. The number in parenthesis (129.3°) of the tetrahedral 
TS denotes the dihedral angle. Underlined numbers stand for atom electronic charges. 

T h e C-C bond length, R2, is also smaller («1.41 Â) 
than that of the tetrahedral TS . T h i s result indicates 
that the extent of the phenyl-carbonyl conjugat ion is 
larger in the t r igonal-bipyramidal TS . T h e C---C1 
distance R3 is 3.2—3.3 Â. CI" ions are almost iso­
lated from the carbonyl carbon. R3 is substi tuent 
dependent , 2.6Â at R = H , 2.9Â at R = M e , and 3.3 Â at 
R = P h wi th the 3-21+(G) basis set. T h i s extraordi­
narily large distance mus t be related to the small C - O 
length, R l , and this relat ion will be discussed in the 
next Section. T h e benzene r ing is deformed some­
what more than that in the tetrahedral T S , bu t the 
extent of the deformation is not so significant. 

To ta l energies of two TS's are computed in Table 
1(a). Except 4-31G, the t r igonal-bipyramidal T S is 
more favorable than the tetrahedral TS . T h e former 
gets the stability of the ion-center separat ion as Fig. 1 
shows. 

Reviewing computed data in the Table, we may 
find out that the T S geometry does not depend on the 
basis set significantly except 4-3IG. We may con­
clude that the reaction P h - C O - C l + C l " has two T S 
geometries. 

Discussion on T w o Reaction Channels. It is inter­
esting that there are two independent TS's wi th com­
m o n reactants and products . T h e coexistence is 
though t to stem from the fact that two frontier orbitals 
(7c-ci and n%-ç> are available. In our previous work,6) 
the role of these orbitals on the tetrahedral T S was 
discussed in terms of the M O mix ing . T h e tetrahed­
ral T S is characterized by two semi-single C---C1 bonds 
p lus a (a s ing le+ two n semi-single) C - O bond. T h e 
T S is b rough t about by the out-of-plane geometric 
distort ion of the substrate, acyl chloride. T h e distor­
t ion leads to the 7c*-a* orbital m i x i n g which is effec­
tive to the charge transfer from the nucleophi le , CI", 
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to the cationic carbonyl carbon. The carbonyl C=0 
length is kept invariant through the displacement 
reaction.2) The n donative and ft back-donative inter­
actions work cooperatively to fix the C-O length. 

Out-of-plane attack In-plane attack 
R=Me 

Fig. 2. Frontier vacant orbitals of formyl chloride 
(R=H), acetyl chloride (R=Me), and benzoyl chlo­
ride (R=Ph), for the nucleophilic attack (calculated 
by STO-3G basis set). 7i* MO's are drawn 0.5Â 
above the molecular plane. The STO-3G orbital 
energies are 0.231 a.u. (7u*) and 0.297 a.u. (a*) for 
R=H, 0.244 a.u. (n*) and 0.293 a.u. (a*) for R=Me, 
0.173 a.u. (TE*) and 0.306 a.u. (a*) for R=Ph, respec­
tively. For R=H, two routes of the CI- attack are 
shown by bold arrows. 

/ \ 

CI 

t e t r a h e d r a l 

The CI" attack to the TC* MO on the carbonyl carbon 
leads to the tetrahedral TS. 

The trigonal-bipyramidal TS is analyzed here. In 
view of the electron distribution (underlined numbers) 
in Fig. 1, the trigonal-bipyramidal TS is zwitterionic. 
The TS is represented as two chloride ions and Ph-
C + - 0 . This picture is reminiscent of SNI interme­
diates, i.e., the carbonium ion solvated by a reagent 
and a leaving group. In Table 1(a), the trigonal-
bipyramidal TS is energetically more favorable than 
the tetrahedral TS. The superiority of the former 
may be attributed to the following resonance struc­
tures. 

( i ) (Ü) (Hi) 

(2)-V=o <-> = 0 <r-» C = 0 

The reaction routes leading to the two TS's are 
investigated. At the initial stage of SN2 reactions, the 
orientation of the nucleophilic CI" is determined by 
the shape of the frontier orbitals of the substrate. In 
Fig. 2, maps of these orbitals TT* and a* of the benzoyl 
chloride are drawn together with those of formyl 
(R=H) and acetyl (R=Me) chlorides. Comparison of 
these maps will inform us of the substituent effect on 
the reaction route. For the simplest substrate (R=H), 
two routes, i.e., TT* and a* attacks, are likely. For the 
acetyl chloride, however, the back side of the C-Cl 
bond is somewhat blocked by the methyl group. The 
slightly out-of-plane direction should be taken by 
nucleophiles. The trend is more remarkable in the 
benzoyl chloride. The ortho benzene proton steri-
cally hinders the in-plane a* attack. 

Thus, in benzoyl chloride, it appears that the path 
leading to the trigonal-bipyramidal TS is narrow 
and unfavorable. The handicap for the trigonal-
bipyramidal TS may be overcome by the geometric 
distortion through normal vibrational modes of sub­
strate. Figure 3 gives a schematic presentation of two 
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»1 =37-0 cm"1 l>2 = 191-1cm"' 

Fig. 3. Two vibrational modes of small frequencies 
of benzoyl chloride among 36 (3X14 atoms-6) modes 
by the STO-3G basis set. 

vibrational modes of small frequencies. The v\ 
(=37.0 cm -1) vibration is regarded almost as a free 
rotation around the C-C bond. In fact, the following 
out-of-plane substarate is only 3.9 kcal mol - 1 (STO-
3G) less stable than the planar molecule. 

\ 
Cr c— 

The rotation facilitates the reaction via the trigonal-
bipyramidal TS. In addition, in-plane deformation 
of V2 (=191.1 cm -1) spreads the route. Thus, the a-
attack becomes ready through the v\-V2 coupling 
given by the perturbation of the nucleophile. Besides 
the avoidance of the steric effect, the v\ rotation gives 
another favorable effect on the path. That is, in the 
out-of-plane geometry of benzoyl chloride, the o%-c\ 
MO mixes in phase with 7i*h to give the new low-lying 
LUMO and consequently a better target of the nucleo­
phile than that (a*-ci) of the planar substrate (Fig. 4). 

The relation of two TS's is discussed. Whether a 
route connecting them is present or not is a mechanis­
tic question. According to the different spatial direc-

Fig. 4. Contour map of LUMO for the Distorted 
(out-of-plane) benzoyl chloride. This is "a better 
target". 

-cV 

LUMO 

tions of TT* and a* MO's, the in-plane and out-of-
plane paths seem to be independent. That is, nucleo-
philes are fated to take either path, and their junction 
would be energetically high. The improbability of 
the interchange of two TS's is deduced by their 
entirely different geometries in Fig. 1. In the 
tetrahedral TS, two semi-single C---C1 bonds are pres­
ent, while in the trigonal-bipyramidal TS they are 
absent. The change of the length of two bonds gives 
rise to a large energy barrier. 

Comparison with the Mechanistic Analysis Based 
on Kinetic Data. It is mechanistically surprising that 
two independent TS's are present with the common 
reactants and products for Cl_+benzoyl chloride. If 
this is true, two reaction channels of the nucleophilic 
substitution on the unsaturated carbon should exist. 
This curious computed data must be compared with 
experimental evidence. 

Cevasko et al.7a) carried out a alkaline hydrolysis of 
aryl 4-hydroxybenzoates and proposed that there are 
associative (BAC2) and dissociative (SNI or EICB) paths. 
In the latter path, a ketene fused into the aromatic ring 
(like quinone) is considered as an SNI intermediate, 1. 

xx£ OOAr -

> c 2 , 
POH" 
-OAr 

•<X, 
/ \, 

-OAr CH/_yck)<—>o^f3=c=o 

1 1 ' 

KX, 

Planar Out-of-plane 

BAc2 favored by poor leaving groups corresponds to 
the tetrahedral TS, and SNI favored by good leaving 
groups to the trigonal-bipyramidal TS. In fact, 
Cevasko et al.7b) deduced that the BAc2 TS geometry is 
tetrahedral and the bond interchange is synchronous. 
More importantly, they suggested that in the SNI inter­
mediate two bonds from carbonyl carbon to the 
nucleophile and to the leaving group have the zero 
strength. The para oxide anion stabilizes the inter­
mediate through the fused-ketene resonance structure 
of 1. Aside from this extra stabilizing effect, their 
suggestion is reasonably reflected in our computed 
geometry of Fig. 1. That is, in the trigonal-
bipyramidal TS, two CI ions are almost isolated from 
the ketene fused into the phenyl ring. Thus, the 
proposal of Cevasko et al. that two discrete paths 
should exist is consistent with our computed results. 

Our mechanism is also in line with the experimen­
tal observation of Bentley and Koo.8) They pointed 
out that there should be two simultaneous reaction 
channels for solvolysis of benzoyl chloride and para-
methylbenzoyl chloride. Their postulate was based 
on the upward deviation from the Hammett-type plot 
in the slow-rate region. The kinetic data may be 
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TS 

Tetrahedral 

Trigonal-
bipyramidal 

Route 

Out-of-plane 

In-plane 

Frontier 
orbital 

7 E * 

a* 

Geometrical 
condition 

None 

Twisting 

Frequency 
factor, A 

Large 

Small 

Activation 
energy, Ea 

Large 

Small 

through the distorted geometry of the substrate. 
That is, the twisting-mode vibration of the remark­
ably small frequency widens the back-side route of the 
C-Cl bond and lowers the energy level of the a* MO 
for the ready charge acceptance. Since the in-plane 
path becomes probable only for the sufficiently 
twisted substrate, the Arrhenius frequency factor 
would be much smaller than that of the out-of-plane 
path. The area of this path (n* MO attack) is 
extremely large above and below the molecular plane 
for the large reaction probability. The characteristics 
of two TS's are compared in the above Table. 

Solvent effect on TS energies is discussed. At the 
substrate geometry in Fig. 1, the carbonyl oxygen is 
anionic (8.50) and the pro tic solvent will be bonded to 
the oxygen atom. The formation of this hydrogen 
bond blocks the in-plane a* approach of the nucleo-
phile, CI". On the other hand, the out-of-plane TT* 
direction is almost free from the solvation and the 
large collisional frequency is probable also in the 
solution. The contrast in the hydrogen-bond forma­
tion between the blocked a* direction and the free TT* 
direction magnifies the difference of the frequency 
factor, A, in the above Table, (large, small)—»(larger, 
smaller). Contrary to the solvent effect on A, the 
liquid-phase reactivity of the in-plane path becomes 

Table 2. TS Geometries and Energies of Formyl Chloride and Chloride Ion 

Methoda) 

RHF/3-21G 

RHF/3-21+G 

RHF/3-21+(G) 

RHF/4-31G 

RHF/6-31G 

RHF/6-31+(G) 

MP2/3-21+(G) 

TS 
geometryb) 

T 
T-B 

T 
T-B 

T 
T-B 

T 
T-B 

T 
T-B 

T 
T-B 

T 
T-B 

Rlc) 

1.121 
1.176 
1.121 

1.118 
1.183 
1.125 
1.170 
1.122 
1.164 
1.120 
1.195 
1.160 

Optimized parameters (Cs) 

R2C) 

1.056 
1.060 
1.058 

1.058 
1.062 
1.054 
1.060 
1.060 
1.059 
1.061 
1.073 
1.068 

R3C) 

not 
2.601 
2.242 
2.620 

not : 
2.635 
2.179 
2.551 
2.256 
2.629 
2.286 
2.655 
2.359 
2.643 

Ald) 

found 
180.0 
138.3 
180.0 

found 
180.0 
133.2 
180.0 
138.8 
180.0 
141.3 
180.0 
141.6 
180.0 

A2d) 

71.7 
91.3 
71.6 

71.6 
93.6 
70.6 
90.9 
70.7 
89.7 
70.9 
89.5 
73.7 

B2e) 

128.9 

129.0 

128.2 

127.7 

126.2 

Total energy 
in a.u. 

-1027.32653 
-1027.36734 
-1027.36979 

-1027.35854 
-1031.15935 
-1031.15029 
-1032.22718 
-1032.23008 
-1032.23574 
-1032.24122 
-1027.69772 
-1027.69691 

a) The "G" in the parenthesis of Method denotes the addition of sp-type GTO on the chlorine 
atom, b) T and T-B stand for tetrahedral and trigonal-bipyramidal TS's, respectively. The 
T-B geometry is calculated to be of C2v symmetry, c) Bond distances in Â. d) Bond angles 
in degree, e) Dihedral angles in degree. 

interpreted as follows. For a good nucleophile, 
the a attack occurs predominantly. For a poor 
nucleophile, the n and the a attacks take place 
simultaneously. 

In view of the consistency with experimental evi­
dence, we may say that the benzoyl carbon undergoes 
intrinsically two different modes of the nucleophilic 
attack. 

Concluding Remarks 

A nucleophilic substitution reaction on the unsatu­
rated carbon of the benzoyl chloride has been investi­
gated. Different from nucleophilic reactions on the 
saturated carbon, those on the unsaturated one are 
shown to have two independent routes (via SN2-like 
tetrahedral TS and SNl-like trigonal-bipyramidal TS). 
The presence of two routes is ascribed to the fact that 
there are two frontier orbitals a*-ci and n%=0 on the 
substrate. If X - approaches the TT* MO, the tetrahe­
dral TS is brought about through the a*-7t* MO mix­
ing. The attack on the back side of the C-Cl bond in 
the molecular plane or its near region leads to 
trigonal-bipyramidal TS. 

Energetically, this trigonal-bipyramidal TS is more 
favorable. However, the TS may be arrived at only 
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larger in terms of the activation energy, Ea. T h i s is 
because the t r igonal-bipyramidal T S is more zwitter-
ionic and undergoes larger electrostatic stabilization 
than the tetrahedral TS . T h e difference of the extent 
of the solvation leads to the change of Ea in the Table , 
(large, small)—»(larger, smaller). T h a t is, t h rough 
the solvation, the contrast in the Table becomes 
magnified. 

Appendix 

To check the quality of the calculated data in Table 1, a 
more detailed anaysis is made for a model (R=H) system, 
Cl"+H-CO-Cl. With seven methods, the TS geometries 
are optimized and results are displayed in Table 2. Trend 
of the computed data in Table 2 is found to be similar to 
those in Table 1. For instance, in the T-B TS, all the 
methods give the short C-O (=1.12—1.16Â) length. The 
C—CI length is large (R3—2.6Â); that is, CI" is almost 
isolated from the carbonyl carbon. 

A noticeable difference is found in two Tables. With 
RHF/3-21+(G), the tetrahedral TS is absent for R=H, whe­
reas it is present for R=Ph. However, this difference is 
critical and method-dependent. In fact, with the MP2/3-
21+(G) optimization, twoTS's of almost same energies are 
obtained. The geometry of T-B TS calculated by MP2/3-
21+(G) is quite similar to that calculated by RHF/3-21+(G), 
which indicates that the electron correlation does not alter 
the RHF geometry. Also, the electronic correlation is 
found to correct the overestimate of the stability of the RHF 

T-B TS. Through the improvement of the basis set, RHF/ 
3-21+(G)->RHF/6-31+(G), also the T-B geometry is almost 
invariant. 

T h e authors thank the Inst i tute for Molecular 
Science for the a l lo tment of the C P U time of the 
H I T A C M-680H computer . 
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Novel Nematogenic Benzene Derivatives: iV^iV^Dialkanoyl-
2,5,6-trimethyl-4-alkanoyloxy-l,3-benzenediamines 

Hiromi t su KAWADA and Yoshio MATSUNAGA* 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received October 28 , 1989) 

A series of ^^-dialkanoyl^^^-trimethyl-é-alkanoyloxy-l^-benzenediamines has been synthesized. 
The mesophases appearing in the octanoyl to octadecanoyl derivatives adopt a schlieren texture and are 
transformed into isotropic liquids, with enthalpy changes as small as from 1 to 4 k jmol - 1 . Their X-ray 
diffraction patterns consist of only two diffuse peaks, fully confirming that the phases are nematic in type. 
The spacing deduced from the inner diffraction peak is markedly shorter than the molecular length and is 
similar to the spacings, dioo, found for the hexagonal disordered columnar phases exhibited by closely-related 
benzene derivatives. This is strong evidence for the alignment with their normals to the average molecular 
planes parallel. In other words, the mesophase is classified as discotic even though the molecular shape is far 
from disk-like. Another viscous biréfringent phase is found below the nematic phase when the molecule 
carries octanoyl to hexadecanoyl groups. 

As has been reported in our earlier papers , the 
NHCOCrcHfez+i substi tuents are efficient in promot­
ing the thermal stability of discotic mesophases and 
are useful in designing mesogenic benzene deriva­
tives.1_3) For example, a hexagonal disordered 
co lumnar phase emerges u p o n the replacement of the 
two OCOCwH2rc+i g roups in the 1 and 4 posi t ions of 
hexakis(alkanoyloxy)benzenes wi th the above-
ment ioned groups, or it is markedly stabilized, if the 
hexaester itself is mesogenic.4) Similarly, some 
members of the homologous series of N,N'-
dialkanoyl-2,4-bis(alkanoyloxy )-1,3-benzenediamines, 
the molecule of which is half-disk-shaped, have been 
shown to be discogenic. Fur thermore, we established 
that the enthalpy change at the transi t ion in to an 
isotropic l iqu id of A/^N'-dialkanoyl-l^-benzene-
diamines can be so m u c h diminished by methyl sub­
st i tut ion that various mesophases are obtainable by 
this approach . T h u s , the 2-methyl c o m p o u n d s wi th 
decanoyl to octadecanoyl groups exhibi t a hexagonal 
disordered co lumnar phase, and the 2,4,6-trimethyl 
compounds wi th octanoyl to octadecanoyl groups 
produce a nemat ic phase. 

T h e employment of bo th O C O C n H ^ + i group(s) 
and methyl group(s) would be a feasible way of 
adjust ing the intermolecular interaction to at tain 
nemat ic phases. As a first a t tempt a long this line, we 
decided to examine the thermal behavior of N,N'-

R 
I 

I 
R 

dialkanoyl-2,5,6-trimethyl-4-alkanoyloxy-l,3-benzene-

diamines (1). 

Experimental 

Materials. 2,3,5-Trimethylphenol was dissolved in gla­
cial acetic acid and then nitrated with fuming nitric acid 
dissolved in the same solvent, following the procedure of 
John and Rathmann.5) The dinitrophenol was reduced 
with metallic tin and concentrated hydrochloric acid. The 
desired compounds were prepared by the reaction of the 
diamine hydrochloride dissolved in pyridine with appro­
priate alkanoyl chlorides keeping the reaction mixture below 
40 °C except for the following two members; the tridecanoyl 
and pentadecanoyl derivatives were obtained by a reaction 
between the diamine and the alkanoic acids, following the 
method of Hassner and Alexanian.6* Found: C, 73.71; H, 
10.63; N, 4.79%. Calcd for C6(CH3)3(NHCOC8Hi7)2-
(OCOCsHrz): C, 73.68; H, 10.65; N, 4.77%. 

Measurements. The calorimetric and X-ray diffraction 
measurements were carried out as has been described in a 
previous paper.1) 

Results and Discussion 

T h e thermal properties of the eleven derivatives 
carrying heptanoyl to octadecanoyl groups are sum­
marized in Tab le 1. Here, K, M2, Mi, and I stand for 
the crystalline phase, mesophases appear ing at lower 
and higher temperatures, and the isotropic phase 
respectively. 

As the series is ascended, bo th the M2-M1 and Mi - I 
transi t ion temperatures are progressively lowered. 
T h e former transi t ion is accompanied by an enthalpy 
change of about 21 k j m o l - 1 u p to the tetradecanoyl 
derivative and by one of 2 to 4 k j m o l - 1 for the next 
two members. N o M2 phase is found for the octa­
decanoyl derivative. While the M2 phase of the lower 
homologous members tends to be strongly super­
cooled, a metastable crystalline phase appears in the 
higher members. As for the tridecanoyl and tetra­
decanoyl derivatives, the thermal behavior in the 
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Table 1. Transition Temperatures (°C) and Enthalpy 
Changes (kj mol-1) of Compounds la) 

nh) K 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
17 

130( 8) 
126(14) 
108(19) 

• 123(25) 
• 111(32) 

HV(- ) 

no(-) 
108(49) 
109(54) 

M2 

• 
• 
• 
• 
• 
• 
• 
• 
• 

Mi 

211(36) 
186(20) • 
169(21) • 
159(21) • 
152(21) • 
143(20) • 
137(21) • 
128(22) • 
126( 4) • 
122( 2) • 

104(80) 

I 

201(4) 
198(4) 
195(3) 
192(3) 
188(2) 
185(2) 
180(2) 
178(2) 
174(2) 
165(1) 

a) The second quantities are in parentheses, b) The 
number of carbon atoms in the alkyl group. 

temperature range around the melting point is not 
very reproducible. Therefore, the enthalpy change 
was not determined for the K-M2 transition in these 
two members. The enthalpy change at the Mi-I tran­
sition decreases monotonously from 4 kj mol - 1 of the 
octanoyl derivative to 1 kj mol - 1 of the octadecanoyl 
derivative. Not only the magnitude but also the rela­
tionship with the number of carbon atoms in the alkyl 
group are in qualitative agreement with those 
observed for the N-I transition of N,N'-dialkanoyl-
2,4,6-trimethyl-l,3-benzenediamines; namely, from 
the 3 k j m o l - 1 of the octanoyl derivative to the 0.7 
k j m o l - 1 of the octadecanoyl derivative. Moreover, 
the N-I transition temperatures are fairly close to each 
other: 201 °C vs. 223 °C for the shortest alkanoyl group 
and 165 °C vs. 168°C for the longest group. The 
nematic phases in these series formed in the process of 
cooling from the isotropic melts adopt well-developed 
schlieren textures. The continuous miscibility 
between the two nematic phases was firmly estab­
lished by the phase diagram of a binary system 
employing the undecanoyl derivatives. The N-I 
transition temperature is lowered, is slightly broad­
ened by mixing, and exhibits a minimum around 
177 °C and 60 mol% of the component compound 
prepared in the present work. 

The X-ray diffraction pattern of the Mi phase spread 
in the form of a thin film over an aluminum holder 
consists of two diffuse peaks, providing evidence that 
the phase is nematic in type. The spacing given by 
the inner peak is 1.51 nm for the octanoyl derivative, 
and it increases linearly with the alkyl-chain length 
up to 2.16 nm for the octadecanoyl derivative. The 
finding that the spacing is much shorter than the 
molecular length is in sharp contrast with what is 
known for the classical nematic phases given by rod­
like molecules. In the cases so far examined, the 
spacings are in the order of the length estimated for 
the most extended molecular configuration. In some 
cases, the spacing seems to be in good agreement with 
the molecular length, but in the other cases the value 

is shorter by about 10 %.7) The present values are 
similar to, or shorter than, the dioo values found for a 
variety of hexagonal disordered columnar phases pre­
viously measured by the present authors. 1_3'8'9) For 
example, the spacing for the hexadecanoyl derivative, 
2.08 nm, is close to those of the corresponding 
members in the following series: A/^A/^Af'-trialkanoyl-
2,4,6-trimethyl-l,3,5-benzenetriamine (1.93 nm) and 
N^'^^-trialkyl-l^^-benzenetricarboxamide (2.06 
nm).8'9' This observation led us to conclude that the 
Mi phase bears the character of a discotic phase, in 
which the short axes (normals to the average molecu­
lar planes) are aligned parallel. The spacings calcu­
lated from the positions of the outer peak with the 
formula 2dsin0=/l are 0.47+0.01 nm throughout the 
series. This value agrees well with the dooi spacing 
found in the above-mentioned hexagonal disordered 
columnar phases. 

The M2 phase gives a common X-ray diffraction 
pattern composed of five sharp peaks and one diffuse 
one. The sharp peak at the lowest Bragg angle is 
accompanied by its second- and third-order reflec­
tions. As is shown in Fig. 1, the spacing is markedly 
longer than that found for the Mi phase of the same 
compound, but still shorter than the length of the 
most extended molecular configuration, which is 
represented by a broken line. The observed value is 
2.36 nm for the octanoyl derivative and 4.20 nm for the 
hexadecanoyl derivative. The slope is 0.235 nm per 

4.0 

3.0 

E 
c 

2.0 h 

1.0 
11 13 15 17 

Fig. 1. Plots of the longest spacings in a) the Mi 
phase, b) the M2 phase, and c) the calculated 
molecular length against the number of carbon 
atoms in the alkyl group (n). 
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carbon atom in the alkyl group. The remaining two 
sharp peaks are at 0.94 nm and 0.44 nm, regardless of 
the alkyl chain length. The latter peak overlaps with 
the diffuse one having a maximum at 0.47+0.01 nm. 
These features bear some resemblance to those 
reported by Levelut for the hexagonal ordered 
columnar phase of hexakis(pentyloxy)triphenylene.10) 

Therefore, the following assignments are conceivable: 
the shortest spacing, to the relatively well-defined 
distance between the parallel molecules in a column; 
the second shortest, which agrees with that found in 
the Mi phase, to the mean distance between the alkyl 
chains in the liquid-like order, and the spacing of 0.94 
nm, to the pitch of the helicoidal stacking of the 
molecular cores, which is approximately twice the 
shortest spacing, postulating the extensive formation 
of the dimer with a center of symmetry. It must be 
added that neither the discontinuity in the linear 
relationship between the spacing and the number of 
carbon atoms in the alkyl group nor the change in the 
diffraction pattern could be detected between the >pen-
tadecanoyl derivative and the lower homologous 
members, though the enthalpy change at the M2-M1 
transiton in the former compound is much less than 
those in the latter (see Table 1). 

The thermal behavior of the unmethylated N,N'-
bis(tetradecanoyl)-4-tetradecanoyloxy-l,3-benzene-
diamine was examined with the aim of clarifying the 
effects of methyl groups. The compound has a solid-
solid transition at 90 °C with an enthalpy change of 17 
kj mol - 1 and a melting point at 119 °C with a change 
of 70 kj mol - 1 . Thus, the presence of methyl groups 
is proved to be essential for the appearance of the Mi 
and M2 phases. The temperature range covered by 
these mesophases is located almost entirely above the 
melting point of the unmethylated compound. In 
other words, the function of the three methyl groups is 
to strenghten the intermolecular attraction by increas­
ing the polarizability of the molecule, to an extent 
outweighing the decrease in the cohesive forces by 
increasing the intermolecular separation, and to con­
vert an isotropic liquid into mesophases. 

The difference in the effects on mesomorphic 
properties between a methyl group and a tetradeca-
noyl group may be demonstrated by comparison with 
N, N'-bis(tetradecanoyl)-2,4,5,6- tetramethy 1-1,3 -
benzenediamine. As was reported in our earlier 
paper,3) the reference compound yields a viscous phase 
at 122 °C and an isotropic liquid at 216 °C. The 
associated enthalpy changes are 18 and 25 k jmo l - 1 

respectively. The X-ray diffraction pattern of this 
viscous phase indicates that the phase is similar in 
nature to the M2 phase in the present series. Conse­
quently, the replacement of a methyl group with a 
tetradecanoyloxy group results in the appearance of 
the Mi phase in the temperature range originally 
covered by the M2 phase, reducing the intermolecular 
attractive force. This conclusion seems to be in 

accordance with the lowering of the clearing point as 
much as 36 °C by the replacement. The achievement 
of a nematic phase in the present series may be 
ascribed, to some extent, to the adjustment of intermo­
lecular attraction by employing the opposing effects of 
three methyl groups and of a long alkanoyloxy group. 

The classification of the mesophases into classic 
and discotic has been made intuitively on the basis of 
the molecular shape: rod-like or disk-like. Takenaka 
et al. have found that some 1,2,4-trisubstituted ben­
zenes such as 4-alkoxyphenyl 3,4-bis(4-alkoxyben-
zoyloxy)benzoates exhibit the smetic A and nematic 
phases.1U2) According to their proposition, the most 
important factor distinguishing the two classes is the 
molecular geometry; that is, the molecular length-to-
breadth ratio of 1:1 is the most suitable condition for 
producing discotic properties. Therefore, it is partic­
ularly emphasized that the molecules studied here are 
aligned with their short axes parellel to each other, 
even though their molecular shape is far from disk­
like. This situation encourages the assumption that 
the classification on the basis of the axes, with which 
the molecules are aligned in a common direction, is 
more general. Because of the existence of high 
degrees of thermal motion around the director, one 
may suggest that the mesophase is discotic if the 
molecular motion around the short axis is more read­
ily accomplished than that around the long molecular 
axis. The reason why the present molecules are 
uniquely aligned with their short axes parallel to each 
other is not yet clear; nonetheless, one might speculate 
that the intermolecular hydrogen bonding due to the 
-NHCO- groups plays some role in the appearance of 
discotic properties. Such chemical aspects, which are 
undoubtedly important in determining the magnitude 
of the anisotropic intermolecular forces, have been 
entirely ignored in the above discussion. 

The present work was supported by a Grant-in-Aid 
for Scientific Research (No. 60470001) from the Minis­
try of Education, Science, and Culture. 
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Partial Molar Volumes in Aqueous Mixtures of Nonelectrolytes. IV. 
Aromatic Hydrocarbons 
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The densities of binary mixtures of water with benzene, toluene, and ethylbenzene were measured for both 
ends of the concentration range at 5, 15, 25, 35, and 45 °C. The partial molar volumes were evaluated for both 
components by assuming a linear correlation of the density with the concentration. The partial molar 
volumes of the aromatic hydrocarbons (VA) in a water-rich region are smaller than the molar volumes of the 
respective solutes, but the temperature dependences of the VA are almost the same as the molar expansibilities of 
the solutes. On the other hand, the partial molar volumes of water ( Fw) and their temperature dependences in 
a hydrocarbon-rich region are appreciably larger compared with the molar volume and molar expansibility of 
pure water, respectively. The results are discussed on the basis of the scaled particle theory and interpreted in 
terms of the difference of the compressibilities of the solvents. The volumetric behavior of the aromatic 
hydrocarbons in aqueous solutions does not bear out any influence of a so-called iceberg structure. 

There have been extensive studies on the volumetr ic 
propert ies of non ion ic organic solutes in water in 
order to obtain informat ion about the influence of 
hydrophobic groups on the structure of water (so-
called iceberg formation or hydrophobic hydration).1) 
However, no definitive evidence of the iceberg struc­
ture has been offered u p to the present t ime. In the 
previous papers of this series, we have examined the 
par t ia l molar volume behavior in water-a lcohol sys­
tems and showed that the results could be explained 
by the hydrogen-bonding interactions between alco­
hol and water molecules rather than by the iceberg 
formation.2 - 4) For aqueous alcohol solutions, it 
appears that the structural change of water originated 
from the iceberg even if it should be really formed 
a round the alkyl groups , bu t may be masked by the 
s t rong hydrogen-bonding interaction. 

It is preferred to investigate the properties of aque­
ous solut ions of more hydrophobic solutes than alco­
hols in order to obtain information on the structural 
contr ibut ions . Fur thermore , it is necessary to inves­
tigate the properties of water in organic-rich solutions 
where the characteristic structure of water does not 
exist, so as to elucidate the interactions between 
monomer ic water molecule and organic solvent mole­
cules. T h e present paper describes the par t ia l molar 
vo lume behavior in three aromatic hydrocarbons-
water systems at bo th ends of the composi t ion. 

Experimental 

The benzene, toluene, and ethylbenzene were dried over 
molecular sieve 3A and then fractionally distilled. The 
water was distilled using a quartz still. 

The solution densities were measured with an oscillating-
tube densimeter (Paar, DMA 60/601). The densities of 
water were taken from the table given by Kell.5) The con­
centrations of water in the hydrocarbon solutions were 
determined with an automatic Karl-Fischer titration appa­
ratus (Hiranuma, AQ3). Details of the experimental proce­
dures have been described earlier.6) 

Results 

In a b inary solut ion, the appa ren t molar volume of 
solute, V(f>2 is given by 

V<t>2 = M2/pi — (p — pi)/pic, (1) 

where M2 is the molar mass of the solute, pi and p are 
the densities of the solvent and the solution, respec­
tively, and c is the concentrat ion of the solute. For 
the very di lute solutions studied here, Vfa can be 
assumed to be constant independent of the concentra­
tion; accordingly Vfa equals the par t ia l molar volume 
of the solute, V2, by virtue of its definition. It follows 
that the density of the solut ion varies linearly wi th the 
concentrat ion: 

p = pi + (M 2 -piF 2 )c . (2) 

In Fig. 1 are given the concentrat ion dependences of 
(p—pw) for three aqueous a romat ic hydrocarbon solu­
tions at various temperatures. T h e part ial molar 

C/mmol-dnrr3 

Fig. 1. The densities of aqueous solutions of the 
hydrocarbons as a function of concentration at var­
ious temperatures. 
O: benzene, D: toluene, A: ethylbenzene. 
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Table 1. Partial Molar Volumes VA and Excess Partial Molar Volumes Vl 
of Aromatic Hydrocarbons in Water at Various Temperatures 

T 

°C 

5 
15 
25 
35 
45 

VA 

cm3 mol - 1 

-vl 
cm3 mol - 1 

Benzene 
81.11+0.04 
81.83+0.04 
82.60+0.03 
83.64+0.04 
84.53+0.06 

6.18 
6.51 
6.81 
6.88 
7.13 

VA 

cm3 mol - 1 

-vi 
cm3 mol - 1 

Toluene 
96.57+0.07 
97.71+0.07 
98.55+0.06 
99.83+0.11 

100.90+0.09 

8.1 
8.0 
8.3 
8.2 
8.3 

VA 

cm3 mol - 1 

-vi 
cm3 mol - 1 

Ethylbenzene 
112.9+0.2 
113.6+0.4 
114.5+0.5 
116.5+0.3 
117.6+0.4 

7.8 
8.3 
8.6 
7.9 
8.1 

Table 2. Partial Molar Volumes of Water Fw in the Aromatic Hydrocarbons and the Densities p 
of the Pure Hydrocarbons at Various Temperatures 

Fw Fw Fw 

°c 

5 
15 
25 
35 
45 

gem - 3 cm3 mol - 1 

Benzene 
0.894879 
0.884281 
0.873658 
0.862932 
0.852182 

21.61+0.10 
22.11+0.06 
22.55+0.15 
22.98+0.08 
23.51+0.10 

gem - 3 cm3 mol - 1 

Toluene 
0.880721 
0.871463 
0.862177 
0.852825 
0.843430 

20.39+0.26 
20.62+0.10 
21.10+0.15 
21.42+0.14 
21.64+0.19 

gem - 3 cm3 mol - 1 

Ethylbenzene 
0.879908 
0.871162 
0.862385 
0.853566 
0.844712 

20.03+0.15 
20.52+0.25 
21.00+0.18 
21.66+0.12 
22.24+0.12 

volumes of the hydrocarbons in water, VA, determined 
by the method of least squares, are listed in Tab le 1 
wi th their s tandard deviations. T h e accuracy of the 
VA values is not so good for longer alkyl chain homo­
logues because of their very low solubilities in water; 
the errors in VA were estimated to be less than 0.06, 0.1, 
and 0.5 cm 3 m o l - 1 for benzene, toluene, and ethylben­
zene, respectively. T h e VA values at 25 °C are com­
parable wi th those found in the li terature: 83.2,7) 

81.27,8) 82.55,9) 82.95,10* 83.5,11* and 85.3 cm 3 mol"1 1 2) 
for benzene, 97.71,13* 97.0,8> 97.47,9> 96.6,11* and 101.9 
cm 3 mol" 1 1 2 ) for toluene, and 114.6 c m 3 m o l - 1 1 2 ) for 
ethylbenzene. 

T h e densities of pure hydrocarbons, PA, and the 
par t ia l molar volumes of water in the hydrocarbons, 
Fw, were also estimated by least squares based on Eq. 2 
and summarized in Tab le 2, in which the data for the 
benzene solut ion have been reported in the earlier 
paper.6) In Fig. 2 are shown the concentrat ion 
dependences of (p—PA). T h e error in Fw has, in most 
cases, been estimated wi th in 0.2 cm 3 m o l - 1 . T h e 
l i terature values of Fw for benzene solut ion are 22.1,14) 

21.40,15* and 24.37 cm 3 mol"1 9) at 25 °C. For toluene 
and ethylbenzene solut ions, no Fw data are available 
wi th which the presented results could be compared. 

Discussion 

It is well k n o w n that the transfer of nonelectrolytes 
from a nonpo la r solvent to water is accompanied by a 
large reduction in volume, i.e., the excess part ial 
molar volume, Vl (=VA—V% where V% is the molar 
volume of pure solute), is negative.16) T h i s is also the 
case for the present study as is shown in Tab le 1. In 
general such a volume contraction becomes progres-

0 15 

C / m moi-dm"3 

Fig. 2. The densities of the hydrocarbon solutions of 
water as a function of concentration at various 
temperatures. 
O: benzene, D: toluene, A: ethylbenzene. 

sively greater wi th the size of the nonpola r residue. 
Therefore it has been interpreted by many authors in 
terms of an iceberg structure formed in the vicinity of 
nonpo la r groups in water. In aqueous alcohol solu­
tions, however, the negative volume change can be 
explained simply by the difference in size of the solute 
and solvent molecules and by the strong a lcohol -
water hydrogen bonding.2 - 4* 

For nonpo la r solutes such as hydrocarbons, Lee17) 

has explained the volume contract ion by purely geo­
metrical factors, i.e., the size of the solvent molecules 
and the pack ing density of the pure solvent. By the 
appl ica t ion of the scaled particle theory, French and 
Criss18) have reported that the contr ibut ion from cav-
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ity formation accounts for nearly all of the partial 
molar volumes of nonpolar solutes in water. They 
have come to the same conclusion that the volumetric 
behavior of aqueous non-electrolytes is governed 
mainly by the mixing of hard spheres of different size 
and structural considerations are not necessary, 
although the iceberg could be formed as indicated by 
some of the other physical properties.18) 

The scaled particle theory (SPT)19) can be success­
fully applied to the thermodynamic study of aqueous 
solutions provided the parameters of solute and sol­
vent are adequately selected.20) The SPT expression 
for the partial molar volume V2 is 

V2=Vc+Vi + KjRT, (3) 

where Vc is the volume associated with cavity forma­
tion, Vi is the contribution from solute-solvent inter­
action, and KTRT arises from the change in the stand­
ard state between gas and solution. The cavity 
contribution Vc is given by 

17- »-rf y , 3yz(l+z) , 9y2*2 1 , ™*N 

y = noi*N/6Vi (5) 
z = 02/01 (6) 

where KJ and Vi are the isothermal compressibility 
and molar volume of the solvent, o\ and 02 are hard 
sphere diameters of solvent and solute, and R, T, and 
N are the gas constant, absolute temperature, and 
Avogadro constant, respectively. 

In Table 3 are summarized the solvent parameters 
used for the Vc calculation. The results are given in 
Tables 4 and 5, which include the results for some 
alcohols, methyl alcohol (MeOH), ethyl alcohol 
(EtOH) and £-butyl alcohol (£-BuOH), for compari­
son. Table 4 clearly shows that, as has been described 

Table 3. Some Physical Properties of Solvents at 25 °C 

Solvent 

Water 
Benzene 
Toluene 
MeOH 
EtOH 
*-BuOH 

Vi 

cm3 mol - 1 

18.07 
89.41 

106.87 
40.74 
58.69 
94.98 

Kj 

G Pa"1 

0.452a) 

0.973b) 

0.916b) 

1.240c) 

1.157c) 

1.206c) 

0 

nm 

0.275d) 

0.526e) 

0.564e) 

0.369e) 

0.434e) 

0.539f) 

a)Ref.5. b) Ref. 21. c) Ref. 22. d) Ref. 23. e) Ref. 
24. f) Ref. 25. 

Table 4. The SPT Cavity and Interaction Contributions 
to the Partial Molar Volumes of Various 

Solutes in Water at 25 °C 

Benzene Toluene MeOH EtOH *-BuOH 

PVcmSmol-1 82̂ 5 98̂ 6 38.2a) 55.1a) 87.8b) 

Fc/cm3mol-1 82.1 97.9 35.2 51.5 87.2 
Fi/Cromol-1 -0.7 -0.2 1.9 2.5 -0.5 

a) Ref. 26. b) Ref. 2. 

Table 5. The SPT Cavity and Interaction Contributions 
to the Partial Molar Volumes of Water 

in Various Solvents at 25 °C 

BenzeneToluene MeOH EtOH *-BuOH 

Fw/cmSmol-1 22.5 21.1 14.5a) 13.8a) 17.1b) 

Fc/cmSmol-1 35.1 34.0 31.4 32.5 42.5 
PVcmSmol-1 -15.0 -15.2 -20.0 -21.5 -28.4 

a) Ref. 27. b) Ref. 2. 

by French and Criss,18) the partial molar volumes of 
the hydrocarbons or alcohols studied here can be 
virtually accounted for by the cavity formation term 
alone. The small positive or negative Vi values tell 
us nothing about solute-solvent interaction since the 
calculation of Vc is sensitive to the selection of both 01 
and (72 values; e.g., in the calculation of the Vc value 
for benzene in water the variation of only ±0.01 nm 
for ai and 02 values results in the variation of ±1.3 
cm3 mol -1 . 

On the other hand, as is shown in Table 5, large 
negative Vi values characterize the SPT calculation for 
water as a solute. French and Criss have found large 
negative Vi values not only for water, but also for 
alkanes or alcohols as solutes in various organic sol­
vents.18) They have clearly shown that the solvent 
effect on the Vi term is attributable to the difference in 
solvent compressibilities. That is to say, similarly to 
the positive Vc contribution indicated by Eq. 4, the 
negative Vi contribution can be considered to increase 
in magnitude with the compressibility of the solvent. 
The exceptionally small compressibility coefficient of 
solvent water results in small Vi values in Table 4. 
The distinct difference in the Vi values between hydro­
carbons and alcohols shown in Table 5 is interpreted 
in the same way. 

It should be kept in mind that, strictly speaking, the 
application of the scaled particle theory is restricted to 
the mixing of hard and spherical molecules that is 
more or less impractical in real liquid. Although 
some uncertainty in the results may therefore be 
unavoidable, the present results confirm that the sol­
vent compressibility is one of the decisive factors in 
determining the volumetric behavior in solution. 
Our previous papers2-4* show that the partial molar 
volumes in alcohol-water systems are governed by 
hydrogen-bonding between solute and solvent mole­
cules. However, no definitive evidence of such inter­
actions could be presented in Table 4 and 5. This is 
probably due, at least in part, to the restriction of the 
theory which is applicable to a system containing no 
strong solute-solvent interaction. No detailed dis­
cussion on the nature of solute-solvent interactions 
can be given on the basis of the scaled particle theory. 

It is profitable to examine the temperature depend­
ence of the partial molar volume (i.e., partial molar 
expansibility) in order to clarify the solute-solvent 
interactions. The values of VA are plotted as a func-
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^r 

Fig. 3. The temperature dependences of the partial 
molar volumes of the hydrocarbons in water. 
O: benzene, D: toluene, A: ethylbenzene. half 
closed: Ref. 7, closed: Ref. 11. 

t ion of temperature in Fig. 3, where some literature 
values are included. It is evident that the VA values 
increase linearly wi th the temperature wi th in the 
exper imental error. Fur thermore, Tab le 1 shows that 
the VA values are a lmost independent of the tempera­
ture especially for toluene and ethylbenzene. In 
other words, the par t ia l molar expansibil i t ies of these 
hydrocarbons in water are almost the same as the 
molar expansibili t ies of the pure hydrocarbons. 
These facts are in contrast to the par t ia l molar expan­
sibility behavior of alcohols in aqueous solut ion 
where the V2-T curves are always concave u p w a r d and 
the negative VÎ values become greater as the tempera­
ture is raised.2'27) For aqueous alcohol solut ions, it 
appears doubtful to interpret these characteristics in 
terms of the water-structural concept,2 - 4) but , in any 
event, the structural change of water is undoubtedly 
sensitive to temperature. T h e present results there­
fore suggest that the expansibil i ty behavior of the 
aqueous benzene derivatives studied here is irrelevant 
to the iceberg structure. Even if such a structure 
could be formed, it has little influence on the volumet­
ric behavior. 

T h e temperature dependences of the par t ia l molar 
volumes of water in the three hydrocarbons are shown 
in Fig. 4. These exhibi t linear relat ionships wi th 
approximate ly the same positive slope. It is evident 
that the part ial molar volumes and the part ial molar 
expansibili t ies of water in the hydrocarbons are large 
compared to the molar volume and expansibil i ty of 
pure water, respectively. For various alcohol solu­
tions the part ial molar expansibil i ty of water varies 
significantly wi th the chain length and b ranch ing of 
the alkyl groups; the par t ia l molar expansibil i ty of 

Fig. 4. The temperature dependences of the partial 
molar volumes of water in the hydrocarbons. 
O: benzene, D: toluene, A: ethylbenzene. 

water is low (negative in some cases) for lower or 
branched-chain alcohols and becomes larger as the 
chain length increases.2"4'27) T h e slope in Fig. 4 is 
a lmost the same as those observed for hexanol or 
octanol solut ions, in which the water-a lcohol 
hydrogen-bonding make relatively small contr ibu­
tions to over-all solut ion properties. It appears that 
Fig. 4 characterizes the volumetr ic behavior of water 
dissolved in nonpo la r solvents w i thou t s trong interac­
tions such as hydrogen bond. 

In conclusion, the present results can be interpreted 
on the basis of a hard-sphere m i x i n g model wi thou t 
assuming any special interactions such as hydrogen 
bond or iceberg formation. T h e difference of the 
solvent compressibili ty determines essentially the par­
tial molar vo lume behavior of the aromat ic hydrocar­
bons in water and water in the hydrocarbons. 
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Nonlinear Phenomena in Bromate-Bromide-Cerium(III) System in 
a Continuous-Flow Stirred Tank Reactor: Reaction Behavior 

near the Crossing Point in a Cross-Shaped Phase Diagram 
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The behavior of a bromate-bromide-cerium(III) system in a continuous-flow stirred tank reactor was 
simulated near the crossing point in the cross-shaped phase diagram obtained by using linearized stability 
analysis. The transitions between monostable states and an oscillatory state occur through supercritical and 
subcritical Hopf bifurcations. The steady states (SSI and SSII) in the neighborhood of the bifurcation points 
of the subcritical Hopf bifurcations are excitable against perturbations of the concentration of bromide. Some 
properties of the excitation were also examined. Complicated bifurcations associated with excitability are 
found in the bistable region near the crossing point. In order to understand bistability and oscillations in this 
system, the dynamical behavior of a five-variable model was examined by means of a two-variable 
approximation. 

T h e bromate-bromide-cer ium(II I ) system in a sul­
furic acid med ium in a continuous-f low stirred tank 
reactor (CSTR) can possess either one or two steady 
states, or even an oscillatory state.1_4) T h e reaction 
behavior of the system has been successfully repro­
duced t h rough the FKN reaction mechanism.2 '4 - 6) 
Field and Försterl ing prepared a new set of the rate 
constants of the mechanism (FF set) on the basis of 
recent kinetic studies.7) A s imula t ion us ing the FF 
set of rate constants also coincided wi th the experi­
ments; the appl ica t ion of linearized stability analysis 
to this system brough t a cross-shaped phase diagram, 
resembling that found in a rather s imple model pro­
posed by Boissonade and De Kepper.8"10) T h e model 
exhibits a complex bifurcation profile near the cross­
ing po in t of the phase diagram, based on the nonl in-
earity of the model.9,11) While analytical studies for 
real chemical reaction systems are very difficult, it is 
impor tan t to confirm the existence of such compli­
cated bifurcations in them. Th i s paper describes the 
behavior of a bromate-bromide-cer ium(II I ) system in 
a C S T R near the crossing po in t of a cross-shaped 
phase diagram. 

Calculations 

T h e FKN scheme of the bromate-bromide-cer i -
um(III) system can be represented as follows: 

Br- + HOBr + H+^=±Br2 + H 2 0 (1) 

Br- + HBr0 2 + H+—• 2HOBr (2) 

Br- + Br0 3" + 2H+ 7=± HOBr + HBr0 2 (3) 

2HBr02 — • HOBr + Br03" + H + (4) 

HBr0 2 + Br0 3" + H + ï=± 2Br02 • + H 2 0 (5) 

Ce(III) + Br0 2 • + H+ ï=± Ce(IV) + HBr0 2 (6) 

In this calculation, we used the FKN mechanism and 
the FF set of the rate constants (Table 1).7) Because 
the reaction system was studied in a CSTR, the terms 
ko(Co--Ci) were added to the rate equat ions generated 
from Reactions 1—6, where Q and Coi are the concen-

Table 1. FF Set of Rate Constants at 20 °C 

Reaction Forward Backward 

1 SXK^M^s" 1 110 s-1 

2 3X10« M ^ s " 1 — 
3 2M-3S-1 3.2 M ^ s " 1 

4 3000 M-is"1 — 
5 42M-2S-1 4.2X107M-1s-1 

6 8X104 M-2 s"1 8.9X103 M"1 s"1 

1M=1 moldm-3. 

trations of species i in the solut ion and in the feed 
flow, respectively, and ko is the reciprocal of the resi­
dence time. T h e external parameters for the system 
in a C S T R are [Br03"]o, [Br-]o, [Ce(III)]o, [H+]o, ko, and 
the temperature. In this s imulat ion, the values of 
[H+]o, [Ce(III)]o, k, and temperature were fixed and 
seven-variable equat ions were employed, since the 
value of [H+]o was very large. 

Calculat ions of the steady states were performed by 
Newton 's method. T h e stability of the steady states 
was analyzed by means of a linearized stability analy­
sis. T h e temporal evolut ion of the system was calcu­
lated by us ing Gear 's method.1 2 ) 

Results and Discussion 

T h e appl ica t ion of linearized stability analysis to 
the bromate-bromide-cer ium(II I ) system in a C S T R 
shows that the system exists in either of four states 
when [H+]o=0.75 M (1 M = l mol dm-«), [Ce(III)]o= 
3X10-4 M, and &0=0.005 s~\ as shown in Fig. 1. T h e 
four states are SSI (a h igh concentrat ion of B r - and a 
low concentrat ion of Ce(IV)), SSII (a low concentra­
tion of B r - and a h igh concentrat ion of Ce(IV)), a 
bistable state, and an oscillatory state. T h e system in 
region d possesses two unstable nodes (foci) and one 
saddle point ; it evolutes temporal ly a long a stable 
l imit cycle. T h e system in region e possesses one 
unstable node (focus), one saddle point , and one stable 
node (focus); it then settles down in the stable node 
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(SSII) 

• : stable steady state 
o : unstable steady state 
x : saddle point 

0 : stable limit cycle 
/ : separat rix 

L I I L 

[ B r - ] 0 x 1 0 A / M 

3.00 3.04 3.08 3.12 

0.04 0.06 0.08 
[B rO 3 - ] 0 /M 

0.10 

Fig. 1. Phase diagram in the [Br03"]o-[Br_]o sub-
space, obtained by using linearized stability analy­
sis and phase portraits. [H+]o=0.75 M, [Ce(III)]o= 
3X10-4 M, and &o=0.005 s"1.1* 
a: monostable region (SSI or SSII), b: oscillatory 
region, c: bistable region, d: region having three 
unstable steady solutions, e: region having one sta­
ble and two unstable steady solutions. 1: [Br03~]o 
=0.1 M, 2: [Br03-]o=0.079 M, 3: [Br03-]o=0.076 M. 
1) The values of the external parameters are appli­
cable to Figs. 2—6. 

(focus).13) Cross-shaped phase diagrams similar to 
that shown in Fig. 1 were observed in a bromate-
bromide-manganese(II) system in a CSTR as well as 
in many nonlinear reaction systems.iai4) 

Figures 2 and 3 show the dependency of the ampli­
tude and period in the oscillations of the system on the 
concentration of Br - in the feed flow when [Br03~]o 
=0.1 and 0.079 M, respectively. The sign of Re(A) (A: 
eigen value) obtained by means of the linearized sta­
bility analysis changes at the dashed lines in the 
figures. When [Br03-]o=0.1 M (1 in Fig. 1), the 
amplitude of the oscillations varies remarkably near 
SSI and SSII. On the other hand, when [Br03-]o 
=0.079 M (2 in Fig. 1), the amplitude of the oscilla­
tions is approximately constant over all the oscillatory 
region, and hysteresis can be found near SSI and SSII. 
Though the period of the oscillations trends to 
increase in magnitude near SSI and SSII, its value 
does not approach infinity at the end of the oscillatory 
region. The bifurcation in Fig. 2 is consistent with 
the supercritical Hopf bifurcation, and the bifurcation 
in Fig. 3 is equal to the subcritical Hopf bifurcation.15) 
Our result that the subcritical Hopf bifurcation is 
induced in a relatively neighboring region to the 
crossing point in Fig. 1 is consistent with that 
obtained by Boissonade and De Kepper.9) The exis­
tence of a supercritical Hopf bifurcation is experimen­
tally confirmed in the bromate-bromide-manga-
nese(II) system in the CSTR mode.14) It may be diffi­
cult to confirm the existence of subcritical Hopf bifur­
cation in the bromate-bromide-cerium(III) system 
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Fig. 2. Amplitude and period of the sustained oscil­
lations when [Br03"]o=0.1 M. 
The sign of Re(A) (A: eigen value) changes at the 
dashed lines. 

experimentally because the range of [Br~]o exhibiting 
hysteresis is very narrow. Gâspâr et al. found that 
there are some points where an oscillatory state and a 
monostable state co-exist near the borders of an oscil­
latory region in the bromate-bromide-ferroin sys­
tem.16) This may result from a subcritical Hopf 
bifurcation. 

Figure 4 shows the excitability of some steady states 
near the dashed lines in Figs. 2 and 3, induced by 
sudden changes in the bromide concentration at time 
zero.17) The steady states can be perturbed by adding 
Br - or Ag+ ions to the system.18) 

When [Br03~]o=0.1 M, the system in SSII is not 
excitable against a sudden increase of the bromide 
concentration. On the other hand, the system in SSI 
exhibits a major excursion, depending on the magni­
tude of the decrease of the bromide concentration, 
followed by damped oscillations (Fig. 4a). Though 
the response when [Br-]=4.5X10-7 M at time zero is 
different from that when [Br-]=6.5X10"7 M at time 
zero, the response depends on the magnitude of the 
continuous perturbation in the bromide concen-
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Fig. 4. Excitability of the steady states (SSI and SSII) 
when [BrOs-]o=0.1 and 0.079 M. 
a: [Br08-]o=0.1 M, [Br-]o=3.1X10"4 M, [Br"]„= 
1.19675X10-6 M, and 107[Br-]/M=4.5 (1), 5.5 (2), 
and 6.5 (3). b: [Br03"]o=0.079 M, [Br"]0=2.435X 
IO-4 M, [Br-]SS=1.37610X10-6 M, and 106[Br~]/ 
M=0.5 (1), 1.09 (2), 1.10 (2'), 1-0972 (3), 1.0973 (3'), 
1.097225 (4), 1.097226 (4'), 1.09722572 (5), 
1.09722573 (5'), 1.0972257262 (6), and 1.0972257263 
(6r). c: [Br03"]o=0.079 M, [Br-]0=2.345X10"4 M, 
[Br-]SS=3.18913X10-7 M, and 106[Br-]/M=1.43 (1'). 
1.44 (1), 1.4326 (2r), 1.4327 (2), 1.432698 (3'), 
1.432699 (3), 1.43269825 (4'), 1.43269826 (4), 
1.4326982578 (5'), and 1.4326982579 (5). d: depen­
dency of the threshold value in SSI on [Br"]o when 
[Br03"]o=0.079 M (O: threshold and • : stable 
steady state). 

tration. 
When [Br03"]o=0.079 M, the system responds to the 

per turbat ion in the bromide concentrat ion in another 
way, as shown in Figs. 4b and 4c. These figures 
suggest that there are thresholds wi th regard to the 
bromide concentrat ion. W h e n the bromide concen­
trat ion at t ime zero is near the thresholds, the system 
responds very sensitively to even a slight difference in 
the [Br"] value. When the bromide concentrat ion at 
t ime zero is wi th in the thresholds, the system settles 
down in the pr imary steady states wi th damped oscil­
lations. However, such a per turbat ion , in which the 
bromide concentrat ion exceeds the thresholds, induces 
the system to start a major excursion. T h e m a x i m u m 
concentrat ion of Ce(IV) in the excursion is constant 
and the induct ion period after which the excursion 
occurs depends on the strength of the per turbat ion. 
As shown in Fig. 4d, the separat ion between the 
threshold in SSI and the [Br-] s s value of SSI decreases 
a long wi th a decrease of [Br-]o; the threshold is 
smoothly jo inted to the threshold of the subcritical 
Hopf bifurcation.19) 

Figure 5 shows some propert ies of the excitation of 
the system in SSI when [Br03-]o=0.079 M and [Br-jo 
=2.435X10~4 M. If the concentrat ion of bromide is 
perturbed from the [Bi~]„ value of SSI (1.37610X10"6 

M) to 1.25X10-6 M at t ime zero, the system exhibits no 
excitation (1 in Figs. 5a and 5b). T h e value of [Br - ] 
then varies rapidly toward the steady-state value. 
When the system is s t imulated wi th the same pertur­
bat ion five times at intervals of 10 - 4 s, as shown in Fig. 
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Fig. 5. Properties of excitation of the steady state 
(SSI) when [Br03-]o=0.079 M and [Br"]0=2.435X 
IO-4 M. 
1 in a and b: perturbed from the [Br-]ss value 
(1.37610X10-6 M) to 1.25X10"6 M at time zero. 2 in 
a and b: perturbed from the [Br-]ss value to 1.25X 
10-6 M five times at intervals of 10~4 s. In c and d, 
[Br-] is perturbed from the [Br-]ss value to 1.05X 
10-6 M at time zero, c and d: perturbed by the same 
manner again at 600 s (at the point indicated by the 
mark (A) in Fig. 5c) and at 900 s (at the point 
indicated by the mark (A) in Fig. 5d) respectively. 
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5a (notation 2), it exhibits a major excursion (Fig. 5b 
(notation 2)). This suggests that the system in SSI 
also gets excited when the concentration of bromide is 
perturbed weakly for a long time. A similar excita­
bility is observed in a bromate-cerium-oxalic acid 
system.20'21) When the concentration of bromide is 
perturbed from the [Br-]« value of SSI to 1.05X10"6 M 
at time zero, the system becomes excited. The [Br-] 
value overshoots its steady-state value at ca. 400 s and 
slowly decays to its steady state value. The [Ce(IV)] 
value starts a major excursion at ca. 80 s and begins 
damped oscillations at ca. 900 s. Figures 5c and 5d 
show the behavior of the system when the system 
being excited by the perturbation described above at 
time zero is stimulated again by the same perturbation 
at 600 and 900 s, respectively. When the system is 
stimulated at 600 s, the value of [Br-] is restored 
rapidly to its former value and the system does not 
become excited again. On the other hand, when the 
system is stimulated at 900 s, the system becomes 
excited. The property of excitation shown in Figs. 4 
and 5 is consistent with that of an excitation in a 
nervous system. 

The linearized stability analysis for the bromate-
bromide-cerium(III) system in a CSTR shows that the 
system possesses two stable foci in the [Br~]o range of 
2.3023X10-4—2.3051X10-4 M when [Br03-]o=0.076 M 
(3 in Fig. 1). We simulated the dependency of the 
behavior of the bistable system on the change of [Br~] 
value from the [Br-]ss value. Figures 6a and 6b show 
the behaviors of the system when [Br-]o=2.304X10"4 
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Fig. 6. Behaviors of the bistable system induced 
by sudden changes of [Br-] at time zero when 
[Br03-]o=0.076 M. 
a: [Br-]o=2.304X10"4 M, [Br-]SS=3.15949X10-7 M 
(SSII), and [Br-]=9.2X10"7 M (1) and 9.9X10"7 M 
(2). b: [Br-]o=2.304X10"4 M, [Br-]SS=1.34974X10-6 

M (SSI), and [Br-]=1.1853X10"6 M (1) and 1.1852X 
10-6 M (2). c: [Br-]o=2.303X10"4 M, [Br-]„= 
1.34504X10-6 M (SSI), and [Br-]=1.21X10"6 M (1) 
and 1.20X10"6 M (2). d: [Br-]0=2.303X10"4 M, 
[Br-]SS=3.14161X10-7 M (SSII), and [Br"]=1.09X 
10-6M(l)andl.l0X10-6M. 

M. The system in SSII returns to the steady state 
with damped oscillations when the bromide concen­
tration is perturbed from the [Br-]ss value of SSII 
(3.15949X10-7 M) to 9.2X10"7 M. However, the sys­
tem suddenly goes to SSI at ca. 2700 s when the 
bromide concentration is perturbed to 9.9X10-7 M. 
On the other hand, the system in SSI returns to the 
primary steady state via a major excursion by the 
decrease of the bromide concentration from the [Br-]ss 

value of SSI (1.34974X10"6 M) to 1.1852X10"6 M. 
Figures 6c and 6d show the behaviors of the system 
induced by sudden changes of the bromide concentra­
tion when [Br-]0=2.303X10-4 M. The figures suggest 
that there are thresholds in regard to the bromide 
concentration and that if the bromide concentration 
exceeds the thresholds by the perturbation the system 
in SSI or SSII transfers to an oscillatory state. 

Our simulation shows that supercritical and sub-
critical Hopf bifurcations take place in the bromate-
bromide-cerium(III) system and that the steady state 
of the system is excitable near the hysteresis ranges of 
the subcritical Hopf bifurcations as well as in region e 
of Fig. 1 and in the bistable region near the crossing 
point in the cross-shaped phase diagram, as described 
below. The result, that the steady state of the system 
is excitable near the bifurcation point for a subcritical 
Hopf bifurcation, resembles the experiment and the 
calculation for Belousov-Zhabotinsky (BZ) reaction 
system.18,22'23) It is not easy to explain why a steady 
state near the bifurcation point for a subcritical Hopf 
bifurcation is excitable. The types of the bifurca­
tions described above are depicted in Figs. 7a and 7b, 
where /x represents a bifurcation parameter and /xc a 
critical point of /x. In this study, [Br_]o corresponds 

Fig. 7. Hopf bifurcations and phase portraits. 
a: supercritical Hopf bifurcation, b: subcritical 
Hopf bifurcation, c: phase portrait for Figs. 6a and 
6b, d: phase portrait for Figs. 6c and 6d. 
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to /x. In a subcritical Hopf bifurcation, an unstable 
l imit cycle appears in the hysteresis range of /x exist ing 
near the critical point . T h e stable and the unstable 
l imit cycles couple together and disappear at the end 
of the hysteresis range and only the globally at t ract ing 
stable focus remains. Under the reaction condit ions 
described in Figs. 4b and 4c, there is a globally attract­
ing stable focus in the phase space of this reaction 
system. However, it may be possible that a 
quas i l imi t -orbi t zone is left beh ind the disappearence 
of the stable and the unstable l imit cycles and we 
presume that the width of the zone is very nar row and 
that a state of this system, existing in the outside of the 
zone at t ime zero, moves temporally a round the zone 
and then goes to the stable focus.24) If we assume that 
this is true, we can unders tand the existence of the 
thresholds near the hysteresis ranges of [Br_]o for the 
subcritical Hopf bifurcations and no excitability of 
the steady states near the bifurcation points for the 
supercritical Hopf bifurcations. T h e thresholds in 
this system presumably depend on the values of the 
external parameters. Noszticzius et al. found that the 
BZ reaction (substrate: malon ic acid) is excitable in its 
induct ion period and the threshold of excitability is 
decreasing gradual ly to zero du r ing the period.25) 

Therefore, a further study of excitation in the 
bromate-bromide-cer ium(II I ) system may be very 
interesting. 

A phase portrai t exp la in ing the behavior of this 
system depicted in Figs. 6a and 6b is shown in Fig. 7c; 
there is an unstable l imit cycle a round the stable focus 
of SSII, which corresponds to a separatrix, and 
another separatrix separates partially one basin in 
phase space. Figure 6b shows the excitat ion of the 
system in a bistable state. There is also a similar 
excitation in region e of Fig. 1. In the excitations, 
the separatrixes separat ing partially basins may cor­
respond to sharp thresholds. When [Br03~]o=0.076 
M and [Br-]o=2.303X10"4 M, SSI and SSII of this 
system never exchange each other 's posi t ion by a 
per turbat ion of the bromide concentrat ion. There­
fore, the phase portrai t shown in Fig. 7d is presumed 
for the system under the reaction condit ion. 

T h e complicated behaviors described above, caused 
by the nonl inear i ty of the system, are consistent wi th 
one par t of those in the model of Boissonade and De 
Kepper . 9 ' n ) In this study, no other behavior was 
examined. 

As shown in Fig. 1, the bromate-bromide-cerium(III) 
system in a C S T R exhibits bistability and sustained 
oscillations. T h i s behavior is based on the autocata­
lytic formation of HBrÛ2 due to a combina t ion of 
Reactions 5 and 6. In order to unders tand the nonl i ­
near property of the system in detail, we examined the 
dynamical behavior of a five-variable model composed 
of Reactions 1—4 and 7: 

Br0 3" + HBr0 2 + 2Ce(III) + 3H+ 
7=± 2HBr02 + 2Ce(IV) + H 2 0 . (7) 

We assumed that the forward step of Reaction 5 and 
the backward step of Reaction 6 are rate de termining 
for the autocatalytic formation of HBrÛ2 and for the 
reduct ion of cerium(IV) by HBrÛ2, respectively. 
Such a condi t ion can, perhaps , be realized when 
[Ce(III)]o is considerably h igh . T h u s , the rates of 
Reaction 7 are yielded as 

vi = &7[H+]0[Br03-]o[HBr02] (8) 

and 

v.7 = &_7[Ce(iV)][HBr02], (9) 

where we assumed that [BrC>3~] is substantially equal 
to [Br03~]o, since the system studied here contains a 
large excess of bromate. T h e state of the model sys­
tem depends on the four constraints , [H+]o, [Br03~]o, 
[Br -]o, and ko. We reported previously that the four-
variable model neglect ing the backward step in Reac­
tion 7 reproduced only bistability.8) T h e five-
variable model in this study reproduces both bistabil­
ity and sustained oscillations, as described below. 

T h e rate equat ions generated from the five-variable 
model are writ ten as follows: 

d [Br2]/d* = &i[H+]o[Br-][HOBr] - (ko + &-i)[Br2], (10) 

d [HBr02]/d* = &3[H+]0
2[Br03-]o[Br-] 

-&-3[HBr02] [HOBr] - &2[H+]0[Br-][HBrO2] 

-2/u[HBr02]2 + &7[H+]o[Br03-]o[HBr02] 

-(&-7/2)[Ce(IV)][HBr02] - Ä0[HBrO2], ( 11 ) 

d [HOBr]/d* = fe[H+]o2[Br03-]o[Br-] 

-&-3[HBr02] [HOBr] + *-i[Br2] 

-&i[H+]o[HOBr][Br-] + 2&2[H+]0[Br-][HBrO2] 

+&4[HBr02]2 - ÄofHOBr], (12) 

d [Br-]/d* = &-3[HBr02][HOBr] - fe[H+]0
2[Br03-]o[Br-] 

+ Ä-i[Br2] - &i[H+]0[HOBr][Br-] 

-fe[H+]o[Br-][HBr02] + *o([Br-]o - [Br-]), (13) 

and 

d [Ce(IV)]/d* = 2^7[H+]o[Br03-]o[HBr02] 

- &-7[Ce(IV)][HBr02] ~ *o[Ce(IV)]. (14) 

In this examinat ion , we used [H+]o=0.75 M, &o=0.005 
s-1, Ä 7 = 2 5 M-2S-1 and &-7=2X104 M ^ s " 1 . When 
[Br03~]o=0.06 M, the model exhibits bistability in 
the [Br-]o range of 8.16X10"5— 1.19X10"4 M. When 
[Br03~]o=0.25 M, it exhibits sustained oscillations in 
the [Br-] range of 6.22X10"4—8.43X10"4 M (Fig. 8a 
(period: 260 s)). In order to reduce the number of 
independent variables to two, we adopted a quasi-
stationary state approx imat ion . We assumed the fol­
lowing combina t ion of stationary states. 

d [Br2]/d*=0, d [HOBr]/d*=0, and d [Br-]/d*=0. ( 15) 

We should note that the sustained oscillations can not 
be reproduced under the assumpt ion that d[Ce(IV)]/ 
d£=0. We obtained the H B r 0 2 and Ce(IV) nullcl ines 
by us ing Eqs. 10—15. Figure 8b shows the nullcl ines 
in the ( [HBr0 2 ] , [Ce(IV)], [Br-]) space when [Br03"]o 
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Fig. 8. Oscillations and HBr0 2 and Ce(IV) null­
clines of the five-variable model. 
[H+]o=0.75 M, ^o=0.005 s"1, &7=25 M^s" 1 , and 
^-7=2X104M-1s-1. 
a: oscillations when [Br03"]o=0.25 M and [Br_]o= 
7.5X10"4 M. b: nullclines in the ([HBrOa], 
[Ce(IV)], [Br-]) space when [BrO3"]0=0.25 M and 
[Br-]o=7.5X10"4 M. c: [BrO3"]0=0.25 M and 
[Br-]o=7.5X10-4 M, d: [Br03"]o=0.25 M and [Br~]o= 
lO-3 M, e: [Br03-]o=0.25 M and [Br-]o=4X10"4 M, 
f: [Br03"]o=0.06 M and[Br-]0=9X10"5 M. 
1: d[HBrO2]/d*=0, 2: d[Ce(IV)]/d*=0. +: d[HBr02]/ 
d*X) or d[Ce(IV)]/d£>0, - : d[HBrO2]/dK0, or 
d[Ce(IV)]/dK0. 

=0.25 M and [Br-]0=7.5X10"4 M. T h e figure sug­
gests that the model has no folded slow mani ­
fold, as expected from Eqs. 12, 13, and 15. Figures 
8c—8f show the nul lcl ines projected on the [ H B r 0 2 ] -
[Ce(IV)] p lane when [Br03-]o=0.06 and 0.25 M. 
Because all of the HBrÛ2 nullcl ines in the figures have 
S-shapes, there are unstable regions in the nullcl ines 
(dashed lines in Figs. 8c—8f). T h e intersections of 
the H B r 0 2 and Ce(IV) nullcl ines correspond to the 
steady states in the model system. In Fig. 8c since the 
intersection exists in the unstable region the state of 
the model system never settles down into the steady 
state, t h o u g h stable steady states (SSI and SSII) can be 
seen in Figs. 8d and 8e. There are three intersections 
(one unstable and two stable steady states) in Fig. 8f.26) 

T h a t is, the model system is bistable under the reac­
t ion condit ion. T h e backward step in React ion 7 
indicates a decay of HBrÜ2 formed autocatalytically. 
Such a decay process may be necessary for the occur­
rence of sustained oscillations in the bromate-bromide-

cerium(III) system, which is far simpler than a BZ 
reaction. 
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Total Synthesis of (—)-Chiloscyphone, Sesquiterpenoid Isolated from the 
Liverwort. Absolute Configuration of (—)-Chiloscyphone 

and (+)-Chiloscypholone 
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Faculty of Pharmaceutical Sciences, Tokushima Bunri University, Yamashiro-cho, Tokushima 770 
(Received December 18, 1989) 

The absolute configurations of (—)-chiloscyphone and (+)-chiloscypholone isolated from the liverwort 
Chiloscyphus polyanthos and C. pallescens respectively, have been determined by the total synthesis of the 
optically active compound. The 1,4-addition of vinylmagnesium bromide to 3,4-dimethyl-2-cyclohexenone in 
the presence of copper(I) bromide-dimethyl sulfide complex and the subsequent aldol condensation of the keto-
aldehyde derived in several steps afforded the hydrindenone derivative. The key intermediate alcohol has been 
resolved by the use of (lS)-(—)-camphanic chloride. The optically active hydroxy ester has been converted to 
(—)-chiloscyphone. 

Most liverworts produce various kinds of terpenoids 
a n d / o r aromat ic substances.1) Some of the chemical 
consti tuents have the opposi te sign of rotat ion of 
those found in higher plants . For example, spathu-
lenol has the opposi te sign of rotat ion, while caryo-
phyl lene and caryophyllene oxide have the same sign 
of rotat ion as those found in the higher plants.1) 
Further example shows an interesting feature of these 
problems. (—)-Frullanolide has been isolated from 
the liverwort Frullania tamarisci and the absolute 
configurat ion assigned, while the one from the qui te 
similar species Frullania dilatata showed the opposi te 
sign of rotation.1) It is, thus, very interesting and 
also impor tan t to study the absolute configuration of 
terpenoids found in the liverworts. 

(—)-Chiloscyphone (1) was first isolated from the 
liverwort Chiloscyphus polyanthos by Matsuo2) and 
later the structure was revised by Connolly and his 
associates in 1982.3) (+)-Chiloscypholone was also 
found by them in C. pallescens at the same time.3) 

However, its absolute configurat ion has not been 
determined.4) 

We p lanned the total synthesis of the optically 
active substances th rough intramolecular aldol con­
densat ion and the resolution of the key intermediate 
alcohol by esterification with (lS)-(—)-camphanic 
chloride. We now report on the detail of our success­
ful total synthesis of (—)-chiloscypone.5) 

Results and Discussion 

Synthesis of Racemic Chiloscyphone ( (±)- l ) . T h e 
as -d imethy l arrangement was accomplished by 1,4-
addition6) of v inylmagnesium bromide to 3,4-di-
methyl-2-cyclohexen-l-one (2) in the presence of 
CuBr-SMe2. Acetal ester 4 was derived from 3,4-
dimethyl-3-vlnylcyclohexan-l-one (3)6) in five steps 
conversion. Alkylation (LDA/al ly l bromide) of 4 
into 5 and ozonolysis ( C H 2 C 1 2 / - 7 8 0 C ) followed by 
Z n / A c O H treatment afforded acetal aldehyde 6 in 
good yield.7) When 6 was subjected to acidic condi­
t ions ( T s O H / a c e t o n e - F h O ) , three products (7, 8, and 
9) were isolated in 35, 23, and 22% yield, respectively 
(Scheme 1). C o m p o u n d 7 showed the presence of the 

COOMe COOMe 

( ± ) - 3 ( ± ) - 4 ( ± ) - 5 

COOMe COOMe COOMe COOMe 

( ± ) - 6 ( ± ) - 7 ( ± ) " 8 ( ± ) - 9 
L 

(a)CH2=CHMgBr/CuBr»Me2S/THF; (b)HOCH2CH2OH/TsOH; (c)BH3 •THF;H202/0H"; (d)Jones; 

(e)CH2N2; (f)LDA/CH2=CHCH2Br; (g)03/Zn-AcOH; (h) TsOH/H20-acetone 

Scheme l.a) 
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ß p ro ton of the a,^-unsaturated ketone system [0=6.54 
(dd, / = 3 . 3 and 2.1 Hz)], two methyl groups [0=1.03 (d, 
/ = 6 . 8 Hz) and 1.08 (s)] and methoxycarbonyl g roup 
[6=3.67 (s)] in its ^ N M R spectrum. T h e spectral 
data of c o m p o u n d 8 also suggested a similar structure 
to 7, indicat ing that these two are isomers in each 
other concerning the 6-position. When the methyl 
g roup at either C-48> or C-5 of 7 was irradiated, N O E 
into H-6 was observed. While irradiat ion at H-6 of 8 
caused N O E into H-4. These experiments indicated 
the or ientat ion of the methoxycarbonyl g roup as 
depicted in Fig. 1. T h e third c o m p o u n d 9 [IR 3450 
cm - 1 , 6=9.83 (s)] was obviously hydrogen bonded 

Ô 1.91 Ö 3.06 

C O O M e 

Fig. 1. The stereochemistry of methyl ester 7 and 8. 

hydroxy ketone. Since 9 was converted to 7 under the 
same acidic condi t ions described above, the orienta­
tion of the methoxycarbonyl g roup was determined to 
be trans to bo th methyl groups. 

T h e conversion of enone 7 to olefin 12 was accom­
plished in three steps (Scheme 2). Hydrogénat ion of 
enone 7 (H2/Pd-C) , to give dihydro ketone 10, fol­
lowed by NaBH4 reduction afforded two isomeric 
alcohols 11, which were dehydrated (POCU/Py) to 
give a mixture of trisubstituted olefin 12 [ô=5.39 (1H, 
m)] and disubsti tuted olefin 13 [ô=5.61 (2H, m)]. 
T h i s mixture was separated by AgNC>3 impregnated 
silica-gel co lumn chromatography. T h e olefin 12 
was reduced (L1AIH4), oxidized (Swern oxidat ion) , 
alkylated [CH2=C(Me)MgBr], and oxidized (Jones oxi­
dation) to afford (±) - l (Scheme 3). T h e spectral data 
of synthetic (±) - l were identical wi th those reported in 
the literature.2) 

Synthesis of (—)-Chiloscyphone ((—)-l). T h e ketone 
10 was reduced wi th NaBH4 to afford two isomeric 
alcohols (11a and l ib ) . After separation by silica-gel 
co lumn chromatography, each alcohol was esterified 
wi th ( lS ) - ( - ) -camphan ic chloride (DMAP/CH2CI2-
Py) to form a mixture of diastereoisomers (17—20) 

0 H 

( ± ) - 7 

COOMe 

( ± ) - l 0 

COOMe 

( ± ) - l 1 a 

COOMe 

( ± ) - l 1 b 

COOMe 

( ± ) - l 2 
COOMe 

( ± ) - l 3 

(a)H2/Pd-C; (b)NaBH4/Me0H; (c)P0Cl3/Py/100* 

Scheme 2.a) 

( ± ) - l 2 

( ± ) - l 4 
CH20H 

( ± ) - l 5 

( ± ) - l 6 

( ± ) - l 

(a)LiAlH4; (b)Swern; (c)CH2=C(Me)MgBr; (d)Jones 

Scheme 3.a> 
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( ± ) - l l a 

Mb*-
! H ÇH H O H 

A K b r^S-A c 

' COOMe * COC 

18 

COOMe » COOMe 

( - ) - l l a (+)-10 

(±)-l 1 b 

COOMe 

20 
COOMe • ÔOOMe 

( - ) - l l b « - 1 0 

Cai.= 
* , 

(a)(lS)-(-)-caiphanic chloride/CH2Cl2-Py/DMAPî (b)KOH/MeOHî (c)Jones 

Scheme 4.a) 

(Scheme 4). Separation of these isomers was achieved 
by HPLC (JASCO TRI ROTAR-V, KNAUER RI 
detector, NUCLEOSIL 50-5 10X250; hexane-EtOAc 
9:1) to give 17, 18, 19, and 20. These camphanic 
esters were hydrolyzed (KOH/MeOH/rt/5h) to afford 
(+)- l la , ( - ) - l l a , (+) - l lb , and ( - ) - l l b . Ketones 10 
derived from these alcohols showed antipodal CD 
curves. Namely (+) - l la and (+) - l lb gave (—)-10, 
and ( - ) - l l a and ( - ) - l l b afforded (+)-10. 

as-Hydrindanones have two conformations in 
general.9) In this case, however, the steroid form is 
energetically less stable than the non-steroid form due 
to quasi-axial orientation of the methoxycarbonyl 
group.9) While in the non-steroid form this interac­
tion is released to be more stable. Actually, NOE's 
between 5-Me and H-10, 5-Me and H-3ß, and 5-Me and 
4-Me were observed,8) while the one between 4-Me and 
H-10 did not appear.10) From the back octant for the 
non-steroid (+)-10 shown in Fig. 2. the (+)-Cotton 
effect is expected. The CD spectrum of (+)-10 exhi­
bited A£289nm+0-60 (Fig. 2), indicating the absolute 

MeOOC CH3 CH3 

(+) « 

d 

8 

> i 

6 

, ( 
1 <s 

^ \ 

4 

^ , 

3 

) ° -̂  
1 2 

' 
non-steroid fori 

CDspectrui of (+)-10 

COOMe 

steroid for» Back octant for (+)-10 

ÔOOMe 
(-)-10 (+)-10 

A e 2 8 9 a - -0.66(EtOH) A e2 4 8 D B +0.60(EtOH) 

Fig. 2. Conformation and back octant for 10. 

configuration as depicted in the formula. 
The alcohol (+) - l la was dehydrated (POCls/Py/ 

100 °C) to give only a trisubstituted olefin (+)-12, 
which was converted to ( - ) - l ([a]^-\5.l° (c 0.4, CHCls) 
[lit.3) -24.4° (c 0.76, CHCI3)] in four steps (vide supra). 
The spectral data of the product were completely 
identical with those of (±)- l and also the reported 
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data.2j3) T h e value of the optical rotat ion was some­
what smaller than that of the na tura l product . T h i s 
is presumably due to the only minu te quant i ty of the 
product obtained (see Exper imenta l Section). T h e 
pur i ty of ( + ) - l l a was rechecked by H P L C showing 
the corresponding M T P A ester to be >95% pure. 

Synthesis of (+)-Chiloscyphone ((+)- l ) . T o con­
solidate the above result further, we synthesized ( + ) - l 
s tar t ing from (—)-lla by the same route. T h e syn­
thetic ( + ) - l showed [a]w+24.20 (c 1.2, CHCI3), the 
absolute value of which was in a good accordance 
wi th that reported.3) 

Conclusions 

These results clearly show that the na tura l (—)-
chi loscyphone must be the one depicted in the for­
mula . 

Since (+)-chi loscypholone (21) was converted to 
(—)-l,3) the absolute configurat ion of 21 was also 
determined as depicted in Scheme 5. 

OH 

(+)-chiloscypholone (-)-chiloscyphone isochiloscyphone 

(+>21 ( - M 

Scheme 5.3) 

Experimental 

General. IR spectra were recorded on a Shimadzu IR-
27G (solution or film) spectrophotometer. Low and high 
resolution MS spectra were taken with a Shimadzu LKB-
9000B or JEOL JMS HX 100 spectrometer. *H NMR spec­
tra were measured on a JEOL JNM GX 400 (400 MHz) or 
JNM FX 90Q (90 MHz) spectrometer with TMS as internal 
standard. 13C NMR spectra were taken on a JNM FX 90Q 
spectrometer. All the NMR spectra were measured in CDCI3. 
Specific rotations and circular dichroism spectra were 
recorded on a JASCO DIP-140 Polarimeter and a JASCO J-
500 spectrophotometer, respectively. 

A JASCO Tri Rotar-V was used for HPLC, and KNAUER 
RI detector and JASCO UVIDEC-100-V were used for the 
detector. The column was Chemcopak NUCLEOS1L 50-5, 
10X250 mm and the solvent system hexane : EtOAc=9 :1 was 
used. Kieselgel 60 (70—230 mesh, Merck) was used for 
column chromatography and Kieselgel 6OF254 (0.25 mm and 
0.50 mm thick) was used for thin layer chromatography. 

Ether, THF, and benzene were distilled from Na wire; 
pyridine was dried over KOH, and dichloromethane was 
stored over molecular sieves 3A. 

Methyl (15*,2Ä*)-l,2-dimethyl-5-oxocyclohexylacetate Eth­
ylene Acetal (4). Copper (I) bromide-dimethyl sulfide com­
plex (170 mg) was dissolved in dry T H F (50 ml) and kept at 
—30 °C. A THF solution of vinylmagnesium bromide (0.98 
mol, 124 ml) was added at the same temperature. To this 

mixture was added a THF solution of 3,4-dimethyl-2-
cyclohexenone (2, 10 g). The temperature was kept at 
—30 °C for 1 h before quenching with saturated aqueous 
ammonium chloride. The mixture was extracted with 
ether and the extract was washed with brine. The ethereal 
solution was dried over magnesium sulfate and evaporated 
in vacuo to afford a residue, which was distilled under 
reduced pressure to give (3/?*,4/?*)-3,4-dimethyl-3-vinyl-
cyclohexanone (3, 8.2 g, 67%), bp 60—64 °C (400 Pa) [lit.«) 
51—54 °C (40 Pa)]. A solution of 3 (45 g) in benzene (400 
ml) was treated with p-toluenesulfonic acid (4.5 g) and 
ethylene glycol (20 ml) with the aid of the Dean-Stark water 
separator under reflux for 12 h. Usual work up afforded 
(3#*,4/?*)-3,4<hmethyl-3-vinylcyclohexanone ethylene ace­
tal (40.7 g, 70%), *HNMR 0=0.78 (3H, d, /=6.0 Hz), 1.01 
(3H, s), 3.91 (4H, br s), 4.8—5.0, 5.5—5.9 (3H, m); EIMS m/z 
196 (M+), 181, 139, 125, 99 (base), 86. To a solution of 
(3/?*,4#*)-3,4-dimethyl-3-vinylcyclohexanone ethylene ace­
tal (4.5 g) in dry THF (5 ml) was added BH3-THF (1 M, 23 
ml) at room temperature and the solution was stirred for 1.5 
h. Water (1 ml), 3 M NaOH solution (10 ml, 1 M=l 
mol dm -3), 30% H2O2 (10 ml) were added successively to keep 
the temperature between 30 °C and 50 °C. Usual work 
up gave (3/?*,4/?*)-3,4-dimethyl-3-(2-hydroxyethyl)cyclo-
hexanone ethylene acetal (4.5 g, 92%), IR (film) 3400 cm"1; 
*HNMR 0=0.87 (3H, d, /=7.7 Hz), 0.91 (3H, s), 3.91 
(4H, s), 3.79 (2H, t, /=4.4 Hz); i3CNMR 0=15.0, 19.3, 27.9, 
34.3, 36.0, 38.1, 44.3, 44.9, 58.3, 63.2, 64.0, 109.1; EIMS m/z 
214 (M+), 197, 157, 113, 99 (base), 86. A solution of 
(3/?*,4R*)-3,4-dimethyl-3-(2-hydroxyethyl)cyclohexanone 
ethylene acetal (10 g) in acetone was treated with Jones 
reagent (10 ml) at 0°C for 1 h. Usual work up afforded a 
residue, which was treated with diazomethane without puri­
fication. The methyl ester in benzene (200 ml) was refluxed 
with ethylene glycol (2.6 ml) and p-toluenesulfonic acid (1 
g) with the aid of the Dean-Stark water separator for 6 h. 
Usual work up and chromatographic purification (silica 
gel, hexane-EtOAc gradient) gave 4 (8.7 g, 77%). HRMS 
Found: m/z 242.1522 (M+). Calcd for C13H22O4: M, 
242.1518. IR (film) 1730 cm-i; *H NMR 0=0.88 (3H, d, /=6.1 
Hz), 0.99 (3H, s), 1.55 (4H, m), 1.69 (2H, br s), 2.29 (2H, br s), 
3.64 (3H, s), 3.91 (4H, s); 13CNMR 0=14.9, 19.3, 27.8, 34.0, 
37.0, 37.5, 43.7, 46.1, 50.6, 63.2, 64.0, 108.7, 171.9; EIMS m/z 
242 (M+), 185, 99 (base), 86, 55. 

Methyl 2-[(lÄ*,2Ä*)-l,2-Dimethyl-5-oxocyclohexyl]-4-
pentenoate Ethylene Acetal (5) To an LDA solution pre­
pared from diisopropylamine (9.1 ml, 65.1 mmol), ra-BuLi 
(40 ml, 64 mmol), and dry T H F (40 ml) was added HMPA 
(0.2 ml, 1.1 mmol) at - 7 8 °C. A solution of 4 (7.2 g, 29.7 
mmol) in dry THF (10 ml) was added during 15 min. In 1 
h, allyl bromide (3.1 ml, 35.8 mmol) in dry THF (10 ml) was 
added slowly. The mixture was stirred for 2 h at room 
temperature before work up. Purification by column chro­
matography of silica gel (hexane-EtOAc gradient) gave 5 
(6.3 g, 75%).7) HRMS Found: m/z 282.1828 (M+). Calcd 
for C16H26O4: M, 282.1831. IR (film) 1725 cm"1; !HNMR 
0=0.91 (3H, d, /=5.1 Hz), 1.00 (3H, s), 3.63 (3H, s), 3.91 (4H, 
s), 5.03—5.66 (3H, m); 13CNMR 0=15.3, 18.4, 28.7, 31.4, 
34.9, 37.6, 39.8, 50.7, 53.0, 55.3, 63.4, 64.3, 109.4, 116.2, 136.2, 
174.4; EIMS m/z 282 (M+), 251, 225, 169, 125, 113, 99 (base), 
55, 41. 

Methyl 2-[(lÄ*,2Ä*)-5,5-Ethylenedioxy-l,2-dimethylclo-
hexyl]-4-oxobutanoate Ethylene Acetal (6). Ozone was 
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passed through a solution of 5 (728 mg) in dichloromethane 
(20 ml) for 1.5 h at - 7 8 °C. Zinc dust (100 mg) and acetic 
acid (8 ml) were added. Usual work up afforded 6 (676 mg, 
92%).7> HRMS Found: m/z 284.1626 (M+). Calcd for 
C15H24O5: M, 284.1624. IR (film) 1720 cm"1; « NMR 0=0.95 
(3H, s), 0.97 (3H, d, /=6.1 Hz), 3.68 (3H, s), 3.91 (4H, s), 9.76 
(IH, s); 13CNMR 0=15.4, 18.5, 28.5, 34.5, 36.9, 40.2, 41.9, 
47.5, 51.4, 63.4, 64.4, 109.1, 173.9, 200.5; EIMS m/z 284 (M+), 
256, 227, 209, 195, 169 (base), 125, 99. 

Aldol Condensation of Methyl 2-[(lÄ*,2Ä*)-5,5-Ethyl-
enedioxy-l,2-dimethylcyclohexyl]-4-oxobutanoate Ethylene 
Acetal (6). A mixture of 6 (633 mg), TsOH (140 mg), ace­
tone (30 ml), and water (5 ml) was heated at reflux for 12 h. 
Usual work up and column chromatography of silica gel 
(hexane-EtOAc gradient) afforded methyl (l/?*,2/?*,9/?*)-
l,2-dimethyl-5-oxobicyclo[4.3.0]non-6-ene-9-carboxylate (7, 
175 mg, 35%), methyl (lÄ*,2K*,9Ä*)-l,2-dimethyl-5-oxo-
bicyclo[4.3.0]non-6-ene-9-carboxylate (8, 112 mg, 23%), and 
methyl (lf,5/?*,6/?*,7/?*,9f)-5,6-dimethyl-9-hydroxy-2-oxo-
bicyclo[4.3.0]nonane-7-carboxylate (9, 107 mg, 22%). 7: 
HRMS Found: m/z 222.1261 (M+). Calcd for Ci3Hi803: M, 
222.1256. IR (film) 1730, 1680, and 1620 cm"1; « N M R 
0=1.03 (3H, d, /=6.8 Hz), 1.08 (3H, s), 3.03 (1H, d, /=7.1 
Hz), 3.67 (3H, s), 6.54 (1H, dd, /=3.3 and 2.1 Hz); ^CNMR 
0=16.1, 19.6, 28.8, 33.5, 34.7, 39.6, 50.9, 54.0, 54.8, 135.4, 
147.2, 174.2, 198.3; EIMS m/z 222 (M+), 207, 191, 175, 163 
(base). 8: HRMS Found: m/z 222.1261 (M+). Calcd for 
C13H18O3: M, 222.1256. IR (film) 1725, 1685, and 1620 cm-i; 
« N M R 0=0.95 (3H, s), 1.08 (3H, d, /=6.6 Hz), 1.91 (1H, 
m), 3.06 (1H, t, /=9.2 Hz),3.71 (3H, s), 6.39 (1H, dd, /=3.4 
and 2.2 Hz); isCNMR ô=14.0, 15.5, 29.1, 34.0, 39.5, 42.0, 
51.2, 53.0, 55.7,133.3, 148.4, 173.5, 199.0; EIMS m/z 222 (M+) 
207, 191, 175, 163 (base). 9: IR (film) 3450 and 1720 cm"1; 
« NMR 0=0.94 (3H, d, /=7.0 Hz), 1.25 (3H, s), 3.35 (IH, s), 
3.70 (3H, s), 9.84 (IH, s); 13CNMR 0=15.7, 24.9, 27.0, 32.8, 
36.5, 45.2, 45.5, 51.5, 51.7, 57.5, 80.6, 172.7, 203.4; EIMS m/z 
240 (M+), 209, 194, 151, 135, 125 (base), 116. 

Methyl (15*,5Ä*,65*,7Ä*)-5,6-Dimethyl-2-oxobicyclo-
[4.3.0]nonane-7-carboxylate (10). A solution of 7 (129 mg) 
in ethyl acetate (5 ml) was hydrogenated in the presence of 
10% Pd-C (25 mg) for 1 h. Filtration and evaporation of 
the solvent afforded 10 (109 mg). HRMS Found: m/z 
224.1409 (M+). Calcd for G3H20O3: M, 224.1412. IR 
(film) 1725 and 1705 cm-i; « N M R 0=0.80 (3H, d, /=6.2 
Hz), 1.15 (3H, s), 3.66 (3H, s); 13CNMR 0=16.4, 20.6, 25.7, 
26.2, 31.0, 31.0, 37.3, 51.2, 52.9, 55.1, 62.1, 174.1, 213.0; EIMS 
m/z 224 (M+), 192, 169, 147, 129, 109, 81, 55 (base), 41. 

Sodium Borohydride Reduction of 10. A solution of 10 
(150 mg) in methanol (8 ml) was treated with sodium 
borohydride (25 mg) at 0 °C for 1 h. Usual work up afforded 
a mixture (150 mg) of methyl (lS*,2/?*,5/?*,6S*,7R*)-5,6-
dimethyl-2-hydroxybicyclo[4.3.0]nonane-7-carboxylate 
(11a) and methyl (lS*,2S*,5/?*,6S*,7/?*)-5,6-dimethyl-2-
hydroxybicyclo[4.3.0]nonane-7-carboxylate (lib). The mix­
ture was separated by column chromatography of silica gel 
(hexane-EtOAc gradient) to afford 11a (69 mg, 46%) and l ib 
(74 mg, 49%). 11a: HRMS Found: m/z 226.1564 (M+). 
Calcd for G3H22O3: M, 226.1569. IR (film) 3380 and 1720 
cm-i; « N M R 0=0.60 (3H, d, /=6.2 Hz), 1.12 (3H, s), 3.66 
(3H, s), 3.88 (IH, m); 13CNMR 0=16.7, 19.2, 20.4, 23.5, 29.0, 
29.0, 31.2, 49.4, 51.3, 54.8, 55.6, 69.0, 174.9; EIMS m/z 226 
(M+), 208, 193, 176, 161, 149, 133, 107 (base), l ib: HRMS 
Found: m/z 226.1569 (M+). Calcd for G3H22O3: M, 

226.1569. IR (film) 3400 and 1717 cm"1; ^ N M R 0=0.67 
(3H, d, /=5.7 Hz), 1.26 (3H, s), 3.66 (3H, s), 3.92 (IH, m); 
13CNMR 0=17.4, 21.5, 24.3, 25.9, 25.9, 28.2, 30.0, 47.6, 51.2, 
54.7, 55.8, 69.2, 175.2; EIMS m/z 226 (M+), 208, 195, 176, 161, 
149, 134, 122, 107 (base). 

(+)-Chiloscyphone ((±-1). A solution of the mixture of 
11a and l i b (91.1 mg) in dry pyridine (5 ml) was treated with 
phosphoryl chloride (0.5 ml) at 100 °C under argon for 2 h. 
Usual work up and column chromatography of silica gel 
impregnated with silver nitrate (15% AgN03-Si02, benzene) 
afforded methyl(5/?*,6/?*,7/?*)-5,6-dimethylbicyclo[4.3.0]-
non-l-ene-7-carboxylate (12, 37.4 mg, 45%), « N M R 0=0.94 
(3H, s), 0.97 (3H, d, /=6.4 Hz), 3.61 (3H, s), 5.31 (IH, m), and 
methyl(lS*,5/?*,6S*,7R*)-5,6-dimethylbicyclo[4.3.0]non-2-
ene-7-carboxylate (13, 24.5 mg, 29%); « N M R 0=0.74 (3H, 
d, /=6.4 Hz), 1.10 (3H, s), 3.67 (3H, s), 5.58 (2H, m). An 
ethereal solution of 12 (37.4 mg) was treated with lithium 
aluminum hydride (10 mg) at room temperature for 0.5 h. 
Usual work up gave [(5R*,6/?*,7/?*)-5,6-dimethylbicyclo-
[4.3.0]non-l-en-7-yl]methanol (14, 30.1 mg, 93%), « N M R 
0=0.90 (3H, s), 0.94 (3H, d, /=6.4 Hz), 5.34 (IH, m). Swern 
oxidation of 14 (30.1 mg) by using oxalyl chloride (0.016 
ml), DMSO (0.026 ml), and triethylamine (0.12 ml) afforded 
(5/?*,6R*,7/?*)-5,6-dimethylblcyclo[4.3.0]non-l-ene-7-
carbaldehyde (15, 28.2 mg, 95%), « N M R 0=0.96 (3H, s), 
0.99 (3H, d, /=6.4 Hz), 5.44 (1H, m), 9.46 (1H, d, 7=5.3 Hz). 
A solution of 15 (28.2 mg) in dry T H F was added into 
Grignard reagent prepared from 2-bromopropene (0.1 ml) in 
dry THF (0.2 ml) at 0°C for 15 min. Usual work up and 
column chromatography (hexane-EtOAc gradient) afforded 
l-[(5/?*,6R*,7/?*)-5,6-dimethylbicyclo[4.3.0]non-l-en-7-yl]-
2-methyl-2-propen-l-ol (16, 30.4 mg, 87%), « N M R 0=0.95 
(3H, s), 0.98 (3H, d, 7=6.6 Hz), 1.67 (3H, s), 4.28 (IH, m), 
4.90 (2H, m), 5.40 (IH, m). A solution of 16 (30.4 mg) in 
acetone (4 ml) was treated with Jones reagent (0.5 ml) at 0 °C 
for 10 min. Usual work up and preparative TLC purifica­
tion (hexane-EtOAc 9:1) gave (±)-chiloscyphone (1, 4.2 mg, 
14%). IR (film) 1665 and 1625 cm"1; « NMR 0=0.85 (3H, 
d, 7=6.4 Hz), 0.98 (3H, s), 1.85 (3H, s), 3.58 (1H, d, 7=7.3 
Hz), 5.42 (1H, br s), 5.74 (1H, s), 5.94 (IH, s); 13CNMR 
0=17.5,17.8, 20.7, 25.5, 26.2, 27.1, 29.2, 33.1, 49.8, 52.8,117.3, 
123.5, 146.2, 146.5, 206.5; EIMS m/z 218 (M+), 203, 175, 149, 
147, 122, 107, 91, 79, 69, 41 (base). The spectral data were 
identical with those reported in the literature.2) 

Esterification of Methyl (15*,2Ä*,5Ä*,65*,7Ä*)-5,6-Dimethyl-
2-hydroxybicyclo[4.3.0]nonane-7-carboxylate (11a) with (1S)-
(—)-Camphanic chloride. A mixture of 11a (150 mg), (1S)-
(—)-camphanic chloride (400 mg), DMAP (60 mg), dry pyri­
dine (0.5 ml), and dry dichloromethane (5 ml) was stirred 
overnight at room temperature. Water was added and the 
mixture was extracted with ether. The ethereal solution 
was washed with 1 M HCl, 5% aqueous NaHCOs, and brine, 
dried over anhydrous magnesium sulfate, and evaporated to 
give a residue. The residue was separated with HPLC 
(Chemcopak, NUCLEOSIL 50-5, 10X250 mm; hexane-
EtOAc 9:1) to afford methyl (lS,2#,5#,6S,7/?)-5,6-di-
methyl-2-camphanoyloxybicyclo[4.3.0]nonane-7-carbox-
ylate (17, 96 mg, 35.5%) and methyl (l/?,2S,5S,6/?,7S)-5,6-
dimethyl-2-camphanoyloxybicyclo[4.3.0]nonane-7-carbox-
ylate (18, 95 mg, 35.4%). 17: Anal. Found: C, 67.60; H, 
8.48%. Calcd for C23H34O6: C, 67.95; H, 8.43%. HRMS 
Found: m/z 406.2355 (M+). Calcd for C23H34O6: M, 
406.2355. [a]w -7.8° (c 5.1, CHCI3), IR (CHCI3) 1780 and 
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1720 cm"1; !HNMR 0=0.63 (3H, d, /=5.9 Hz), 0.95 (3H, s), 
1.04 (3H, s), 1.11 (3H, s), 1.19 (3H, s), 3.67 (3H, s), 5.13 (IH, 
m); !3CNMR 0=9.6, 16.5, 16.7, 19.1, 21.3, 23.5, 25.5, 28.9, 
28.9, 30.5, 30.6, 49.7, 51.3, 53.8, 54.7, 55.3, 55.3, 74.0, 91.0, 
166.7, 174.4, 178.1; EIMS m/z 406 (M+), 375, 208, 193, 149 
(base), 122, 107. 18: Anal. Found: C, 67.69; H, 8.54%. 
Calcd for C23H34O6: C, 67.95; H, 8.43%. HRMS Found: m/z 
406.2349 (M+). Calcd for C23H34O6: M, 406.2355. [a]™-\A° 
(c 4.9, CHCI3); IR (CHCI3) 1780 and 1715 cm"1; !HNMR 
0=0.63 (3H, d, /=6.2 Hz), 0.95 (3H, s), 1.04 (3H, s), 1.11 (3H, 
s), 1.19 (3H, s), 3.67 (3H, s), 5.22 (IH, m); 13CNMR 0=9.6, 
16.5, 16.6, 16.8, 19.1, 21.3, 23.4, 25.6, 29.9, 29.9, 30.6, 30.6, 
49.7, 51.3, 53.8, 54.7, 55.3, 55.3, 73.8, 91.0, 166.6, 174.3, 177.9; 
EIMS m/z 406 (M+), 375, 208, 193, 149 (base), 122, 107. 

Esterification of Methyl (lS*,2S*,5Ä*,6S*,7Ä*)-5,6-Di-
methyl-2-hydroxybicyclo[4.3.0]nonane-7-carboxylate ( 1 lb) 
with (\S)-(—)-Camphanic Chloride. A solution of l ib (112 
mg) in dichloromethane (5 ml) was treated as above with 
(lS)-(-)-camphanic chloride (300 mg), DMAP (50 mg), dry 
pyridine (0.5 ml) at room temperature for 18 h. Usual work 
up and HPLC separation afforded methyl (1S,2S,5R,6S,7R)-
5,6-dimethy-2-camphanoyloxybicyclo[4.3.0]nonane-7-
carboxylate (19, 101 mg, 50%) and methyl (1R,2R,5S,6R,1S)-
5,6-dimethy-2-camphanoyloxybicyclo[4.3.0]nonane-7-
carboxylate (20, 85 mg, 42%). 19: HRMS Found: m/z 
406.2355 (M+). Calcd for C23H34O6: M, 406.2355. [a]g 
+21.6° (c 5.0, CHCI3); IR (CHCI3) 1780 and 1717 cm"i; 
!H NMR 0=0.68 (3H, d, /=5.9 Hz), 0.97 (3H, s), 1.08 (3H, s), 
1.12 (3H, s), 1.22 (3H, s), 3.66 (3H, s), 5.18 (IH, m); ^CNMR 
0=9.6, 16.8, 16.8,17.2, 20.8, 24.0, 25.3, 25.5, 26.5, 29.0, 29.6, 
30.5,47.4, 51.3, 51.6, 53.9, 54.7, 55.5, 73.5, 91.0, 166.6, 174.6, 
178.0; EIMS m/z 406 (M+), 376, 208, 177, 149 (base), 122, 107. 
20: Anal Found: C, 67.68; H, 8.48%. Calcd for C23H34O6: C, 
67.95; H, 8.43%. HRMS Found m/z 406.2349 (M+). Calcd 
for C23H34O6: M, 406.2355. [a]™ -26.6° (c4.0, CHCI3); IR 
(CHCI3) 1778 and 1715 cm"1; !HNMR 0=0.68 (3H, d, /=5.7 
Hz), 0.98 (3H, s), 1.07 (3H, s), 1.12 (3H, s), 1.24 (3H, s), 3.67 
(3H, s), 5.13 (IH, m); 13CNMR 0=9.7, 16.7, 17.2, 20.9, 24.0, 
25.4, 25.4, 26.4, 28.9, 29.6, 30.5, 47.5, 51.3, 51.4, 54.0, 54.7, 
55.6, 73.5, 91.0, 166.8, 174.7, 178.2; EIMS m/z 406 (M+), 376, 
208, 149 (base), 122, 107. 

Hydrolysis of Methyl (lS,2Ä,5Ä,6S,7Ä)-5,6-Dimethyl-2-
camphanoyloxybicyclo[4.3.0]nonane-7-carboxylate (17). 
Ester 17 (54.8 mg) was treated with KOH (150 mg) in 
methanol (2 ml) at room temperature for 12 h. Usual work 
up afforded methyl (1 S,2R,5 R,6S,7 R)-5,6-dimethy\-2-
hydroxybicyclo[4.3.0]nonane-7-carboxylate ((+)-lla, 28.8 
mg, 94%). HRMS Found m/z 226.1571 (M+). Calcd for 
C13H22O3: M, 226.1569. [a]1* +9.5° (c 4.9, CHCI3); IR (film) 
3380 and 1720 cm"1; 1H NMR 0=0.61 (3H, d, /=6.2 Hz), 1.13 
(3H, s), 3.66 (3H, s), 3.89 (IH, m); i3CNMR 0=16.6, 19.3, 
20.4, 23.5, 29.0, 29.0, 31.2, 49.5, 51.3, 54.8, 55.6, 69.1, 174.9; 
EIMS m/z 226 (M+), 208, 193, 176, 148, 122, 107 (base). 

Hydrolysis of Methyl (lÄ,2S,5S,6Ä,7S)-5,6-Dimethyl-2-
camphanoyloxybicyclo[4.3.0]nonane-7-carboxylate (18). 
Ester 18 (43.2 mg) was treated as above to give methyl-
(l/?,2S,5S,6/?,7S)-5,6-dimethyl-2-hydroxybicyclo[4.3.0]-
nonane-7-carboxylate ( ( - ) - l l a . 23.2 mg, 97%). HRMS 
Found: m/z 226.1586 (M+). Calcd for G3H22O3: 226.1569. 
[a]g -7.2°(c 3.4, CHCI3); IR (film) 3380 and 1720 cm"1; 
!H NMR 0=0.61 (3H, d, /=6.2 Hz), 1.13 (3H, s), 3.66 (3H, s), 
3.89 (IH, m); 13CNMR 0=16.6, 19.3, 20.3, 23.5, 29.0, 29.0, 
31.2, 49.5, 51.3, 54.8, 55.6, 69.2, 174.9; EIMS m/z 226 (M+), 

208, 193, 176, 149, 122, 107 (base). 
Hydrolysis of Methyl (lS,2S,5Ä,6S,7Ä)-5.6-dimethyl-2-

camphanoyloxybicyclo[4.3.0]nonane-7-carboxylate (19). 
Ester 19 (45.1 mg) was treated as above to afford methyl-
( l S , 2 S , 5 # , 6 S , 7 # ) - 5 , 6 - d i m e t h y l - 2 - h y d r o x y b i c y c l o -
[4.3.0]nonane-7-carboxylate ((+)-llb, 23.3 mg, 93%). HRMS 
Found: m/z 226.1570 (M+). Calcd for G3H22O3: M, 226.1569. 
[a]1* +29.3° (c 5.7, CHCI3); IR (film) 3440 and 1720 cm"1 

iH NMR 0=0.68 (3H, d, /=5.7 Hz), 1.26 (3H, s), 3.66 (3H, s), 
3.95 (IH, m); i3CNMR 0=17.4, 21.5, 24.5, 26.0, 26.0, 28.3, 
30.0, 47.7, 51.3, 54.7, 55.9, 69.3, 175.2; EIMS m/z 226 (M+), 
208, 195, 176, 161, 149, 122, 107 (base). 

Hydrolysis of Methyl (lÄ,2Ä,5S,6Ä,7S)-5,6-Dimethyl-2-
camphanoyloxybicyclo[4.3.0]nonane-7-carboxylate (20). Ester 
20 (38.5 mg) was treated as above to afford methyl-
(lfl,2fl,5S,6R,7S)-5,6-dimethyl-2-hydroxyblcyclo[4.3.0]-
nonane-7-carboxylate ( ( - ) - l l b , 19.6 mg, 92%). HRMS 
Found: m/z 226.1570 (M+). Calcd for G3H22O3: M, 
226.1569. [ a ] " -32.6° (c 4.8, CHCI3); IR (film) 3440 and 
1715 cm"1; !HNMR 0=0.68 (3H, d, /=5.7 Hz), 1.26 (3H, s), 
3.66 (3H, s), 3.95 (IH, m); iscNMR 0=17.4, 21.5, 24.2, 26.0, 
26.0, 28.3, 30.0, 47.7, 51.3, 54.7, 55.9, 69.4, 175.2; EIMS m/z 
226 (M+), 208, 195, 176, 161, 149, 122, 107 (base). 

Oxidation of (+)- l la . Alcohol (+)- l la (29.8 mg) was 
treated with Jones reagent (0.5 ml) in acetone (5 ml) at 0°C 
for 10 min. Usual work up afforded methyl(lS,5/?,6S,7/?)-
5,6-dimethyl-2-oxobicyclo[4.3.0]nonane-7-carboxylate ((—)-
10, 28.6 mg, 96%). HRMS Found: m/z 224.1408 (M+). 
Calcd for G3H20O3: M, 224.1412. [a]™-25.0° (c 2.3, EtOH) ; 
IR (film) 1720 and 1700 cm"1; *H NMR 0=0.80 (3H, d, /=6.2 
Hz), 1.15 (3H, s), 3.66 (3H, s); EIMS m/z 224 (M+), 192, 
164, 147 (base), 136, 124, 109; CD (c 0.10, EtOH, 21 °C) 
[0]289-2176. 

Oxidation of (—)-lla. Alcohol (—)-lla (27.1 mg) was 
treated with Jones reagent as above to afford (+)-10 (22.5mg, 
83%). HRMS Found: m/z 224.1410 (M+). Calcd for 
G3H20O3: M, 224.1412. [a]1*+29.8° (c 1.9, CHCI3); IR (film) 
1720 and 1700 cm"1; !HNMR 0=0.80 (3H, d, /=6.2 Hz), 1.15 
(3H, s), and 3.66 (3H, s); EIMS m/z 224 (M+), 192, 164, 
147 (base), 136, 124, 109; CD (c 0.086, EtOH, 21 °C) 
[0]289+1984. 

Oxidation of (+)- l lb . Alcohol (+)- l lb (57 mg) was 
treated as above to afford ((-)-10 (50.2 mg, 88%), [a]g-20.3° 
(c 2.5, EtOH). 

Oxidation of (—)-llb. Alcohol (—)-llb (48 mg) was 
treated as above to give (+)-10 (40 mg, 83%), [a]1* +27.6° (c 
1.6, EtOH). 

Dehydration of (+)- l la . To a solution of alcohol (+)-
11a (30 mg) in dry pyridine (5 ml) was added phosphoryl 
chloride (0.02 ml) and the mixture was heated at 100 °C for 2 
h. Usual work up gave (+)-12 (10 mg, 36%). HRMS 
Found: m/z 208.1465 (M+). Calcd for G3H20O2: M, 
208.1464. [a]» +4.4° (c 0.99, CHCI3); IR (film) 1725 cm"1; 
!H NMR 0=0.95 (3H, s), 0.97 (3H, d, /=6.5 Hz), 3.61 (3H, s), 
5.39 (1H, m); ^CNMR 0=17.0, 20.3, 24.8, 25.5, 27.1, 28.8, 
34.8, 48.8, 50.9, 54.2, 117.7, 145.9, 176.0; EIMS m/z 208 (M+), 
193, 176, 149, 133, 107 (base). 

Reduction of (+)-12. Olefin (+)-12 (10 mg) was reduced 
with lithium aluminum hydride (5 mg) as before to afford 
(-)-14 (8.5 mg, 98%). HRMS Found: m/z 180.1512 (M+). 
Calcd for C12H20O: M, 180.1514. [a]g -8.0° (c 0.87, 
CHCI3); IR (film) 3420 cm"1; *HNMR 0=0.90 (3H, s), 0.94 
(3H, d, /=6.4 Hz), 5.34 (IH, m); ^CNMR 0=17.0, 20.3, 23.3, 
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25.8, 26.7, 27.8, 32.7, 46.1, 49.4, 63.9, 117.4, 147.6; EIMS m/z 
180 (M+), 149 (base), 147, 107. 

(-)-Chiloscyphone ((-)-(l)) . Oxidation of (~)-14 (8.5 
mg) by oxalyl chloride (0.005 ml), DMSO (0.007 ml), and 
triethylamine (0.04 ml) in dry dichloromethane (1 ml)as 
before to afford (5fl,6#,7fl)-5,6-dimethylbicyclo[4.3.0]non-
l-ene-7-carbaldehyde (15, 7.9 mg, 92%), IR (film) 1715 cm"1; 
!HNMR 0=0.96 (3H, s), 0.99 (3H, d, J=6A Hz), 5.44 (1H, 
m), 9.46 (1H, d, /=5.3 Hz). Aldehyde 15 (7.9 mg) was 
treated with 2-propenylmagnesium bromide as before to 
afford l-[(5/?,6/?,7/?)-5,6-dimethylbicyclo[4.3.0]non-l-en-7-
yl]-2-methyl-2-propen-l-ol (16, 8 mg, 82%). Alcohol 16 (8.0 
mg) was treated with Jones reagent (0.5 ml) as before to give 
(—)-l (4.1 mg, 52%) after column chromatographic purifica­
tion (hexane-EtOAc gradient), [a]1* -15.1° (c 0.4, CHC13) 
[lit.3) -24.4° (c 0.76, CHCI3)]. 

(+)-Chiloscyphone ((+)-l). Alcohol ( - ) - l l a (27.7 mg) 
in dry pyridine (3 ml) was treated with POCI3 (0.05 ml) at 
100 °C for 2 h. Usual work up gave (~)-12 (14.6 mg), [a]» 
-7.4° (c 1.6, CHCI3). Reduction of (~)-12 with L1AIH4 (8 
mg) in ether (3 ml) afforded (+)-14 (11.9 mg), [a]g +4.5° (c 
0.6, CHCI3). Swern oxidation of (+)-14 afforded 15 (11.4 
mg), which was treated with 2-propenylmagnesium brom­
ide to yield 16 (11.0 mg). Jones oxidation of 16 (8 mg) 
produced (+)- l (2.5 mg) after preparative TLC (hexane-
EtOAc 9:1), [a]i?+24.20 (c 1.2, CHCI3) [lit.3) -24.4° (c 0.76, 
CHCI3)]. 
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The reduction of ethyl 2-allyl-3-oxobutanoate mediated by Mucor javanicus affords the corresponding 
(2ß,3S)-5yn-hydroxy ester. The stereoselectivity is excellent and complementary to the reduction mediated by 
bakers' yeast where the (2S,3S)-an^'-hydroxy ester is obtained. 

It was reported in a previous paper from our labora­
tory that the reduction of alkyl 2-alkyl-3-oxobutanates 
with bakers' yeast (Saccaromyces cerevisiae) yields the 
corresponding (3S)-2-alkyl-3-hydroxy esters with var­
ious syn/antil) ratios depending on the structure of the 
alkoxyl group in the ß-keto ester.2) Namely, the 
reduction of alkyl 2-allyl-3-oxobutanoate affords the 
(2S,3S)-an£z-hydroxy ester in an excellent diastereo-
meric excess when the alkoxyl group is sufficiently 
bulky such as those in J-butoxy or 1,1-dimethyl-
propoxy esters. Since the ß-keto ester of this type can 
keep the configuration at its 2(or opposition to be 
racemic throughout the reduction by fast enolization 
under the reduction conditions, all molecules of the 
substrate subjected to the reduction can be converted 
into one product out of the four possible diastereo-
meric isomers, which means that the stereoselectivity 
of the reduction can be kept constant up to 100% 
completion of the reduction. This is a notable 
advantage of the present reduction over the others 
popularly employed for reduction, oxidation, or 
hydrolysis of diastereomeric esters mediated by a 
microbe or an isolated enzyme, where the reaction has 
to be quenched before 50%, or practically before 30%, 
completion in order to obtain a good stereoselectiv­
ity.3"6) 

It was also reported that when the reduction prefers 

^C02R 
">V 

OH OH 

> 
Microbe XOoR 

^,C02R 

"l 
la, lb 

COoR 

J 

la, 2a R = C2H5-
lb, 2b R = (CH3)3CCH2-

Scheme 1. 

t Present address: Nissei Kagaku Kogyo Co., Ltd., 1-8-7 
Fukumachi, Nishi-Yodogawa, Osaka 555. 

to afford the syn-product such as the reduction of 2-
methyl-3-oxobutanoate, the alkoxyl group in the sub­
strate should have a methylene moiety next to the 
alkoxyl-oxygen, such as in 2,2-dimethylpropoxyl 
group, in order to yield one product in an excellent 
diastereomeric excess.2) Based on the evidence men­
tioned above, we proposed "the principle of the small­
est volume'' for the stereochemistry of the reduction 
with bakers' yeast.2) 

Since 2-allyl-3-hydroxybutanoate is a useful chiral 
building block in organic synthesis because both the 
alkoxycarbonyl and allyl groups in this molecule can 
be converted into a lot of valuable functional groups 
by simple transformations, an attempt to prepare 
other diastereoisomers than the (2S,3S)-anti isomer of 
this ester will be worthwhile. However, the syn/anti 
stereochemical preferency exerted by bakers' yeast 
seems to be an inherent characteristic of an ester; that 
is, although the ratio can be controlled quantitatively, 
it is difficult to obtain another diastereoisomer of the 
product by reversing the preferency in stereochemical 
relationship. 

The preparation of (2S,3S)-s;yn-isomer of 2-allyl-3-
hydroxybutanoate has been succeeded by the use of an 
enzyme system obtained from bakers' yeast.7) Never­
theless, a living microbial system is much more desira­
ble than an isolated enzyme system because the latter is 
more unstable than the former and requires the con­
tinuous supply of coenzyme, NAD(P)H. 

We, therefore, subjected several microbes as alterna­
tive biocatalysts for the reduction of this ester, and 
found that Mucor Javanicus cultivated in a potassium-
free medium afforded satisfactory syn-preferency. 
Several reports have indicated that stereochemical 
results from microbial transformations can be con­
trolled by selecting a suitable reaction conditions such 
as those that change the reaction medium or those that 
change relative activity lebels of the working 
enzymes.8_13) This report will describe a detail in the 
preparation of ethyl (2#,3S)-2-allyl-3-hydroxybut-
anoate in an excellent stereoselectivity. 

Results and Discussion 

Ethyl and 2,2-dimethylpropyl (neopentyl) esters of 
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Table 1. Reduction of Ethyl and 2,2-Dimethylpropyl 2-Allyl-3-oxobutanoate with Various Microbes 

Microbe 

C. tropicalis 

A. oryzae 

M. javanicus 

C-Source 

Glucose 

Alkanea) 

Glucose 
Glucose 
Glucose 

N-Source 

Corn steep 
liquor 

Aorn steep 
liquor 

Yeast extract 
Malt extract 
KNO3 

Syn/Anti 
j 

2a 

29/71 

8/92 

21/79 
30/70 
49/51 

2b 

20/80 

10/90 

35/65 
51/49 
53/47 

Yields/% 

2a 2b 

66 46 

86 64 

46 19 
— 19 
77 46 

a) A mixture of C10—C13 alkanes. 

2-allyl-3-oxobutanoic acid ( la and lb) were employed 
as the substrates. T h e 2,2-dimethylpropyl ester was 
chosen as a substrate because this alkoxyl g roup 
generally resulted in satisfactory syn-preferency in the 
reduct ion with bakers ' yeast. Three microbes, Can­
dida tropicalis 6052, Aspergillus oryzae M61, and 
Mucor javanicus I AM 6101 cultivated under different 
condit ions were tested as the biocatalysts. 

T h e first a t tempt was to investigate the effect of 
nu t r i t ion on the distort ion of enzyme-levels in a 
microbe. When the reaction is catalyzed by a mul t i -
enzyme system, the distort ion of enzyme-levels will 
result in the change in stereochemical consequence.9 ) 

T h u s , the carbon- and nitrogen-sources were changed 

Table 2. Effect of Alkali Metal Ion in the Cultivating 
Medium of a Microbe on the Stereoselec­

tivity of the Reduction 

[Na+]/[K+] Syn/Anti Yield/% 

M / M a ) 

A. oryzaeb) 100/ 0 

90/ 10 
70/ 30 
50/ 40 
30/ 70 
10/ 90 
0/100 

M. javanicusc) 100/ 0 
91/ 9 
73/ 27 
54/ 46 
33/ 67 
11/ 89 
0/100 

2a 

62/38 
51/49 
60/40 
44/56 
45/55 
45/55 
30/70 
71/29 
67/33 
61/39 
56/44 
55/45 
54/46 
49/51 

2b 

69/31 
69/31 
68/32 
59/41 
63/37 
61/39 
51/49 
70/30 
— 

71/29 
62/38 
59/41 
62/38 
53/47 

2a 

53 
62 
71 
52 
68 
52 
— 
83 
70 
85 
92 
68 
82 
77 

2b 

15 
17 
17 
12 
16 
14 
19 
72 
— 
62 
63 
65 
68 
46 

a) The ratio of total concentrations of ions in the 
cultivating media, b) For cultivation, a solution 
which contains 8.2 g dm"3 (0.061 M) of KH2PO4 and 
2.3 g dm"3 (0.013 M) of K2HPO4 and the other solution 
which contains 1.9 g dm"3 (0.016 M) of NaH 2 P0 4 and 
9.4 g dm"3 (0.067 M) of Na 2 HP0 4 were mixed each 
other to obtain a 200 ml aqueous solution. See Experi­
mental for other nutritions, c) For cultivation, a 
solution which contains 5.0 g dm - 3 (0.099 M) of KNO3 
and 10.0 g dm"3 (0.037 M) of KH2PO4 and the other 
solution which contains 5.0 g dm - 3 (0.118 M) of 
NaNOs and 10.0 gdm" 3 (0.042 M) of NaH 2 P0 4 were 
mixed each other to obtain a 200 ml aqueous solution. 
See Experimental for other nutritions. 

on cult ivation. T h e results are summarized in Tab le 
1. 

It is interesting to note that the stereoselectivity of 
the reduct ion is affected by the change in nu t r i t ion in 
significant amount ; namely, the result from the reduc­
tion with C. tropicalis, a peterotroph, is satisfactory to 
afford the anti-isomer. Similar trend has been 
observed in the reduction of ß-keto esters wi th methy-
lo t rophic microbes.12) Since we are interestsed in 
synthesizing the syn-isomer in the present research 
and C. tropicalis has a tendency to afford the anti-
isomer preferentially, this microbe was discarded in 
further studies, and the effort to produce a desirable 
biocatalyst was further cont inued us ing A. orizae and 
M. javanicus. 

It is k n o w n that the sort of metal ion present in the 
reaction solut ion is a candidate to improve the ste­
reoselectivity. 14> Therefore, a par t of potassium ion 
present in the cul t ivat ing solut ion was substituted by 
sodium ion, and it was found that the preferency in 
the syn-product becomes more p rominen t in a solu­
tion with h igher p ropor t ion of sodium ion as shown 
in Table 2. Since chemical yield of the product is 
another impor t an t factor to be taken into account in 
organic synthesis, M. javanicus seems more preferable 
than A. orizae for the present purpose. Therefore, 
finally, M. javanicus was cultivated in a 100% sodium 
ion med ium and the concentrat ion of sodium ion in 
the cul t ivat ing solut ion was increased to yield (2R,3S)-
2-allyl-3-hydroxybutanoate in satisfactory stereoselec­
tivity (80% d.e.; syn/an ti=90/10) and chemical yield 

Table 3. Effect of the Concentration of Sodium Ion 
in the Cultivating Medium of M. javanicus on 

the Stereoselectivity of the Reduction 

[Na+] Syn (2R,3S)/Anti (2S,3S) Chemical yield/% 

Ma) 

0.08 
0.16b) 

0.32 
0.48 
0.64 

2a 

74/26 
71/19 
84/16 
84/16 
90/10 

2b 

— 
74/26 
63/37 
61/39 
78/22 

2a 

84 
83 
81 
98 
82 

2b 

— 
72 
52 
46 
49 

a) As NaH2P04. b) Standard concentration for 
cultivation. 
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(82%). Al though the value of 80% d.e. is not yet 
asymptotic , the microbe could not survive any more at 
h igher Na + -concent ra t ions than 0.64 M, and this is the 
m a x i m u m value to be achieved at present. It is prob­
able to have a chance to improve the value in future by 
invest igat ing better condit ions for cult ivation. T h e 
results are summarized in Table 3. T h e stereoselec­
tivity of the reduct ion (3S-selectivity) was found to be 
more than 99.6%, or practically quant i ta t ive. 

Experimental 

Instruments. 1H NMR spectra were recorded on a Varian 
VXR-200 spectrometer in CDCI3 with tetramethylsilane 
(TMS) as an internal reference. Gas chromatography was 
recorded on a Yanaco G-1800 and a G-2800 gas chromato-
graphs (PEG 20M, 1.5 m; 120 °C). Optical rotations were 
measured with a Perkin-Elmer 241 Polarimeter. 

Materials. Commercially available reagents were pur­
chased from Nacalai Tesque Co., Tokyo Kasei Co., and 
Aldrich Chemical Co. unless otherwise indicated. Solvents 
and purchased reagents were generally used without addi­
tional purification unless otherwise indicated. Prepara­
tion of ethyl and 2,2-dimethylpropyl 2-allyl-3-oxobut-
anoates was described in a previous paper.2) 

General Procedure for Cultivation of Microbes. Can­
dida tropicalis. In a 1 1 of deionized and distilled water, 5.0 
g of NH4H2PO4, 2.5 g of KH2PO4, 1.0 g of MgS04 • 7H 20, 20 
mg of FeCU and 1.0 ml of corn steep liquor were dissolved. 
To this aqueous solution, either 16.0 g of glucose or a 
mixture of each 2.5 ml of decane, undecane, and dodecane 
and 0.5 ml of Tween 80 were added as the carbon source. 
The pH of the solution was kept at 6.2. The solution was 
sterilized for 20 min at 120 °C in an autoclave, then the 
microbe was cultivated. Celite (10 g) was added to the 
mixture. Filtration of the mixture gave 17 g (wet weight) 
of the Celite-supported microbe, which was subjected to the 
reduction. 

A. orizae. In a 1 1 of deionized and distilled water, 9.0 g 
of KH2PO4, 1.0 g of MgS04 • 7H 20, 25.0 g of glucose, 20.0 g 
of either yeast extract or malt extract, and 3 g of polypeptone 
were dissolved. The pH of the solution was kept at 6.2. 
The solution was sterilized and the Celite-supported microbe 
was obtained as described above. A part of potassium ion 
was substituted by sodium ion for modified cultivation. 

M. javanicus. In a deionized and distilled water, 5.0 g of 
KH2PO4 10.0 g of KNO3, 2.5 g of MgS04 • 7H 2 0, 0.25 mg of 
FeS04 • 7H 20, 2.5 mg of ZnS04 • 7H20, 33.4 g of glucose, and 
0.113 ml of thiamine solution (40 ml/100 ml ethanol) were 
dissolved to keep the pH of the solution at 4.5. The solu­
tion was sterilized and the Celite-supported microbe was 
obtained as described above. A part of potassium ion was 
substituted by sodium ion for modified cultivation. 

Reduction of Ethyl or 2,2-Dimethylpropyl 2-Allyl-3-
oxobutanoate (la or lb) by the Aid of a Microbe. In 
general, in a 100 ml flask were placed 25 ml of deionized and 
distilled water, 2 g of glucose, 17 g of the Celite-supported 
microbe, and 1 mmol of a substrate, and the whole mixture 
was kept at 30 °C in an incubator for 2 days. The organic 

portion was extracted with ethyl acetate. The extract was 
dried over anhydrous Na2S04 and the solvent was removed 
under reduced pressure. The residue was diluted to 25 ml 
by acetone and an appropriate amount of hydroquinone 
dipropyl ether (an internal standard for GLC) was added to 
1 ml of an aliquot of the acetone solution. The aliquot was 
subjected to GLC analysis to measure chemical yield of the 
product (2a or 2b) and the syn/anti isomer ratio in the 
product. 

Determination of Diastereomeric Composition. The 
reduced product from the 2,2-dimethylpropyl ester was con­
verted into the corresponding ethyl ester. The hydroxyl 
group in thus obtained hydroxy ester was acylated by MTPA 
chloride,15^ and the vapor-phase chromatogram of the 
MTPA ester was compared with those of the authentic 
samples. The authentic samples of racemic and (3S)-2-
allyl-3-hydroxybutanoates were prepared by allylation of 
ethyl esters of racemic and (S)-3-hydroxybutanoate, 
respectively.2'16^ 

We thank the Ministry of Educat ion, for financial 
suppor t on a par t of this work t hough the Grants Nos. 
01470022 and 01303007. 
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N-Trimethylsilylpyrrole and three new compounds; N-trimethylgermylpyrrole, N-chloromethyldimethyl-
silylpyrrole, and N-pentamethyldisilanylpyrrole, were synthesized. These four monomers were electrochemi-
cally polymerized and four new organic conducting polymers were obtained. Resulting polymers had good 
film producibility and conductivity as high as that for polypyrrole. They showed three distinguishable colors 
at different potentials: blue in the doped state, yellow in the undoped state, and reddish color in between. 

Organ ic conduct ing polymers have been studied by 
many workers and appl ica t ion to polymer batteries,1) 
electrochromic device,2* electronic devices,3* and etc.,4) 

was widely investigated. O n the other hand , many 
new organic conduct ing polymers were synthesized in 
order to obta in polymers wi th film producibi l i ty , sta­
bility in air,5) and higher conductivity.6* T h o u g h a 
lot of fruitful results were obtained from the pursu i t of 
new polymers, polypyrrole is still the only one poly­
mer which has bo th good film producibi l i ty and sta­
bility in air. (Lately, good poly-anil ine films were 
obtained.7*) These facts made the authors to synthe­
size substi tuted pyrroles and to look for better a n d / o r 
new properties. Whi le syntheses of many substi tuted 
polypyrroles were already reported in literature,8-17* 
the authors intended to synthesize a qui te different 
series of monomers ; silicon or g e r m a n i u m con ta in ing 
monomers because it is well known that in t roduct ion 
of silicon a n d / o r g e r m a n i u m atom(s) in to a molecular 
structure often causes drastic change in the propert ies 
of the molecule. It is said that electropositivity a n d / 
or the empty d orbital of silicon and g e r m a n i u m play 
impor t an t roles there. 

T h e authors reported the prel iminary results for the 
electrochemical polymerizat ion of N-trimethylsilyl-
pyrrole and characteristics of the resul t ing poly­
mer.18* T h e polymer showed three colors at different 
electrode potent ials , whi le polypyrrole shows two 
colors. Here, the authors report the results for N-
tr imethylsilylpyrrole and other substi tuted pyrroles 
which contain Si or Ge a tom in their m o n o m e r struc­
tures and their polymers, in order to know if the above 
characteristics are c o m m o n to the polymers of this 
kind. 

Experimental 

Synthesis of Monomers. N-Trimethylsilylpyrrole (Py-
SiMes) was synthesized by the reaction of pyrrole and hex-
amethyldisilazane according to the method of Fessenden 
et al.19* N-Trimethylgermylpyrrole (Py-GeMe3), N-chloro-
methyldimethylsilylpyrrole (Py-SiMe2CH2Cl), and N-
pentamethyldisilanylpyrrole (Py-Si2Mes) were synthesized 
by the reaction of chlorides with 1-potassiopyrrole (Scheme 
1), where E stands for Si and Ge. 

1-potassiopyrrole+ CI-ER3 —-> Py-ER3 + KCl 

Scheme 1. 

The reaction products were distilled under reduced pressure 
under argon atmosphere and the isolated compounds were 
identified by IR, NMR, mass spectroscopy, and CHN analy­
sis. Py-SiMe2CH2Cl was further purified by gas chromatog­
raphy using a PEG column. It was concluded by the study 
using gas chromatography that each monomer decomposed 
upon reaction with water and gave pyrrole and siloxane (or 
germoxane). 

Py-GeMe3: bp 90.5 °C (44 mmHg; 1 mmHg«133.322 Pa), 
rc|2=1.4894, Anal. Calcd for C7Hi3NGe: C, 45.75; H, 7.13; N, 
7.62%. Found: C, 45.40; H, 7.27; N, 7.38%. « N M R 
(CDCI3) 0=0.65 (s, 9H), 6.30 (d, d, 2H), 6.70 (d, d, 2H), MS 
(M+) 185. 

Py-SiMe2CH2Cl: bp 101 °C (30 mmHg), n&5= 1.4897, 
Anal. Calcd for C7Hi2ClNSi: C, 48.40; H, 6.96; N, 8.06%. 
Found: C, 48.19; H, 7.07; N, 7.83%. « N M R (CDCI3) 
0=0.60 (s, 6H), 3.00 (s, 2H), 6.43 (d, d, 2H), 6.92 (d, d, 2H) 
MS (M+) 173. 

Py-Si2Me5: bp 100 °C (30 mmHg), rc{>9-5=1.4582, Anal. 
Calcd for C9Hi9NSi2: C, 54.75; H, 9.70; N, 7.09%. Found: C, 
51.34; H, 10.20; N, 6.84%. 1HNMR(CDC13) 0=0.11 (s, 9H), 
0.88 (s, 6H), 6.31 (d, d, 2H), 6.72 (d, d, 2H) MS (M+) 197. 

Electrochemical Measurements. Measurements were car­
ried out in a three-electrode system using platinum wires for 
the working and the counter electrodes and a silver wire for 
the reference electrode. In spectroelectrochemical measure­
ments, tin dioxide transparent electrodes were used as the 
working electrodes, and the electrochemical cell, which had 
windows on both sides, was placed in the UV-Vis spec­
trometer. A typical electrolyte composition was 0.1 
mol dm - 3 substituted pyrrole, 0.1 mol dm - 3 tetrabutylam-
monium Perchlorate (TBAP) in CH3CN. TBAP was dried 
in vacuum over P2Os at about 80 °C. Acetonitrile was 
refluxed with CaH2 for 6 hr, distilled, and stocked under Ar 
atmosphere. A potentiostat and a potential sweeper were 
used to control the potential of the working electrode 
against the reference electrode. 

Results and Discussion 

Oxidation Potentials. Onset potentials of mono­
mer oxidat ion were measured in the presence of ferro­
cene in solut ions conta in ing 0.1 mol d m - 3 substi tuted 
pyrrole and 0.1 mol d m - 3 T B A P in acetonitrile. T h e 
addi t ion of the small a m o u n t of ferrocene to the 
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Table 1. Onset Oxidation Potentials (Emonomer) for 
Monomers, and Anodic Peak Potentials (£pa) 

and Cathodic Peak Potentials (£pc) 
for the Resulting Polymers 

X 

H 
Me 
SiMes 
GeMe3 
SiMe2CH2Cl 
Si2Me5 

Emonomer 
/V vs. Fc/Fc+ 

+0.47+0.01 
+0.50+0.01 
+0.53+0.01 
+0.57+0.01 
+0.60+0.01 

(+0.60) 

£pa 
/V vs. Fc/Fc+ 

-0.42+0.10 
+0.05+0.09 
-0.23+0.05 
-0.22+0.02 
-0.31+0.05 

(-0.30) 

EpC 

/V vs. Fc/Fc+ 

-0.55+0.08 
-0.09+0.01 
-0.31+0.01 
-0.28+0.04 
-0.45+0.15 

(-0.40) 

< 
E 

-
_ 

electrolyte solution did not cause any significant 
change in the voltammogram. Thus measured 
potentials are listed in Table 1. They are expressed 
in volts relative to the reversible peaks of ferrocene (Fc) 
and (Fc+). All four Si and Ge containing monomers 
showed their oxidation potentials, which were more 
positive than that for unsubstituted pyrrole. These 
positive potential shifts indicate that those oxidized 
on the electrode were the substituted pyrroles but not 
unsubstituted pyrroles, which may be produced in the 
electrolyte solution by the reaction of the substituted 
pyrroles with trace amount of water. Addition of 
small amount of water into the electrolyte solution 
affected the onset potentials to move toward that of 
pyrrole. Good reproducibility of the oxidation 
potentials, however, shows that the measured poten­
tials are those of pure substituted pyrroles but not the 
mixture of substituted and unsubstituted pyrroles. 

It is known that effects of substituent groups on the 
oxidation potentials are caused by their polar, steric, 
and mesomeric effects.20* This behavior can be de­
scribed by the Hammett-Taft equation 

E = pKo + S 

where pno describes the polar-mesomeric parameters, 
and S accounts for the steric factor. Positive shift of 
30 mV for N-methylpyrrole is attributable to the steric 
effect of the electrode reaction because the ionization 
potential of N-methylpyrrole, 7.95, is smaller than 
that for pyrrole, 8.21.21) If the well known linear 
relationship between the ionization potentials and the 
oxidation potentials.22) is considered, the oxidation 
potential of Af-methylpyrrole should be more negative 
than that for pyrrole in the absence of the steric effect. 
The same goes for the Si and Ge containing pyrroles. 
The positive shifts are attributable to the steric effects 
because the trimethylsilyl and trimethylgermyl groups 
are usually known as weak electron donating 
groups.23) Py-SiAfeCHbCl is an exception because it 
has an electron withdrawing group, -CH2CI in the 
substituting group and the electron donating/with­
drawing characteristic of the whole -SiMe2CH2Cl is 
unknown. 

Continuous oxidation of the monomers gave poly­
mer films on the electrodes. The continuous oxida-

0.2 

0.1 

0 

-0.1 

/ ^ \ . 

-j 

! 1 J _ I 

-1.0 -0.5 0 

E / V vs. Fc/Fc+ 

Fig. 1. Cyclic voltammogram for the poly(Py-
SiMes) measured in the electrolyte solution for 
polymetrization directly after the polymerization. 

tion on a film indicates that the resulting polymer is 
conductive. Water in the electrolyte solution must 
be carefully excluded because hydrolysis product pyr­
role is oxidized at potentials more positive than +0.47 
V vs. Fc/Fc+, which is less positive value than those 
for the Si and Ge substituted pyrroles. The oxidation 
and polymerization of pyrrole is preferred when both 
pyrrole and the substituted pyrrole are present in the 
solution. 

Oxidation-Reduction Response of the Resulting 
Polymers. In Fig. 1, a cyclic voltammogram of the 
resulting poly(Py-SiMea) is shown. The anodic and 
cathodic currents were observed accompanying color 
changes of the polymer upon cycling of the electrode 
potential. Therefore, it is concluded that the doping 
and undoping reactions, which are incorporation and 
release of electrolyte anions, respectively, were taking 
place because the same kind of behavior is seen for 
polypyrrole and understood as such. This is further 
confirmed by the fact obtained from conductivity mea­
surement of the film (shown below) that the oxidized 
film had higher conductivity and the reduced film had 
lower conductivity, which are typical characteristics of 
the doped and undoped polymers of this kind. 

The oxidation peak potentials (£pa) and the reduc­
tion peak potentials (Epc) are listed in Table 1. 
Potentials were determined against Ag reference elec­
trode and the potential of Ag reference electrode was 
determined against Fc/Fc+. Potentials calculated 
from the above data are listed in Table 1, because 
reliable peaks for Fc/Fc+ were not obtained during the 
oxidation-reduction cycles of the polymers and the 
direct determination of potentials for the polymers 
were not possible. 

The oxidation and reduction currents slightly 
decreased upon repeated potential cycling but peak 
potentials did not show any significant shifts to the 
negative direction. Therefore, the substituent groups 
on the polypyrrole structure must be stable under the 
experimental conditions. The each Si or Ge contain-
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ing polymer showed three distinct colors depending 
upon the doping level, blue in the oxidized state, 
yellow in the reduced state, and reddish color in 
between, while polypyrrole shows only two colors 
blue in the oxidized and yellow in the reduced states. 

Chemical Polymerization. Chemical polymeriza­
tion of the pyrroles were performed by adding the 
pyrrole into an acetonitrile solution of FeCl3. The 
resulting solution turned to reddish color in case of 
the four substituted pyrroles but it turned to dark blue 
in case of pyrrole and N-methylpyrrole. The reddish 
color is the characteristic of the slightly doped substi­
tuted pyrroles. 

Conductivity and Element Analysis. In order to 
measure conductivity of polymer films, free standing 
films were prepared by constant current electrolysis 
using p-toluenesulfonic acid as the supporting elec­
trolyte. The polymer films were removed from the 
substrate tin dioxide electrodes and conductivity was 
measured in air at room temperature by the four point 
probe method. The values were ca. 5 to 50 S cm - 1 for 
the doped films and ca. 10"4 S cm - 1 for the reduced 
films. These values were similar to those for poly­
pyrrole measured under the same conditions. 

The conductivity of poly(Py-SiMe3) was also mea­
sured in vacuum at various temperature between —100 
and +100 °C. Arrhenius plots for the electrical con­
ductivity were made. As seen in Fig. 2, mainly two 
regions were observed in the figure. Repeated 
cycling of temperature gave mostly the same figure. 
The activation energies were roughly 1X10-2 eV below 
- 2 0 °C and -3X10"2 eV above - 2 0 °C. The plots 
must be carefully examined because of the problem in 
the sample polymer film as pointed out in Ref. 18. 

Potential Dependence of Absorption Spectra of the 
Polymers. As already described above, the four poly­
mers showed three different colors depending on the 
electrode potential. Absorption spectra at various 
electrode potentials for poly(Py-SiMe2CH2Cl) are 
shown in Fig. 3 because the polymer showed the 
clearest reddish color among four. The spectra were 
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Fig. 3. Absorption spectra of poly(Py-SiMe2CH2Cl) 
at +0.9 V vs. Ag (a), at +0.3 V vs. Ag (b), and at 
-0.1 Vvs. Ag(c). 

measured as the film on the transparent tin dioxide 
electrode in the electrolyte solution under argon 
atmosphere. The film was blue at +0.9 V, reddish 
color at +0.3 V, and yellow at —0.1 V vs. Ag. The 
small peak between 500 nm and 600 nm in spectrum c 
is not an additional peak, but it is attributable to the 
residual dopants, because the peak in spectrum b 
gradually shifted there as the electrode potential 
lowered. Three absorption peaks around 800, 500, 
and 350 nm, respectively were observed. Compared 
with those for polypyrrole film, no new peaks were 
found. Therefore, absorption peaks can be readily 
compared between the polymers. In the reduced 
state, polypyrrole has an absorption maximum at 392 
nm. This absorption is believed to be the interband 
transition24'25^ For poly(Py-SiMe2CH2Cl), the corre­
sponding peak was seen at 350 nm. Values for the 
other polymers are listed in Table 2. In case of 
polypyrrole, those three peaks between 300 nm and 
950 nm shifted largely to the shorter wavelength as the 

Table 2. Absorption Maxima for the Monomers 
and Those for the Polymers 

Monomer 
Monomer 
max/nm 

Polymer 
max/nm 

Fig. 2. Arrehenius plots for the electrical conductiv­
ities of poly(Py-SiMes) measured in vacuum. 

Pyrrole 
Thiophene 
Py-SiMes 
Py-GeMe3 

Py-SiMe2CH2Cl 
Py-Me 

209 
230 
233 
274 
220 
216 

392 
480 
350 
— 

350 
340 
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dop ing level increased. A suitable explanat ion was 
given in literature.24 '25) However, in case of poly(Py-
SiMe2CH2Cl), the peak at 350 n m did not shift signifi­
cantly. T h e absorpt ion a r o u n d 500 n m persisted 
there as lowering the dop ing level, while that for 
polypyrrole swiftly decreased. Probably, this some­
what persisting absorpt ion a round 500 n m is the 
reason for the reddish color in the slightly doped state 
of poly(Py-SiMe2CH2Cl) and three other polymers. 
Cycling of the electrode potent ial gave swift change in 
the color of the film and the three distinct colors were 
seen repeatedly. However, after ca. 20 cycles, the 
color change gradually became less distinct. Proba­
bly, the polymer reacted wi th the residual water in the 
electrolyte solution. 

Conclusion 

It was found that the electrochromic characteristics, 
to show the three distinct colors, are the common 
characteristics of the polymers of this series. It was 
also shown that in the pursui t of mult i-color elec­
trochromic materials, new materials or new special 
techniques are not necessarily required, bu t modifica­
tion of well known polymers can be enough . 

T h e authors thank Mr. Tosh iyuk i Oosawa and Mr. 
Takatosh i Kimura of Ricoh Research Center for the 
kind he lp in the analyses of polymer films. 
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Synthetic Studies on Terpenoid Compounds. XXXIII.1} 

A Total Synthesis of (+)-15,16-Epoxy-
cis-cleroda-3,13(16),14-triene 

Takash i TOKOROYAMA,* Reizo KANAZAWA, Satoru YAMAMOTO, T a d a o KAMIKAWA,+ 
Hi tosh i SUENAGA, and Makiko MIYABE 

Department of Chemistry, Faculty of Science, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received January 20, 1990) 

A total synthesis of title czs-clerodane diterpene 9 has been achieved starting from a bicyclic intermediate 4, 
which was developed previously by us. Firstly the compound 4 was converted by five steps to octalone 
derivative 6, of which angular methylation, with the protection of 3-methylene group, afforded cfs-decalone 7. 
Appendage of 3-furyl group and deoxygenation at C-20 carbon atom transformed the compound 7 to furanoid 
ketone 8. Methylenation of 8 followed by the double bond isomerization led to the completion of the synthesis. 

Previously we reported that the Diels-Alder reaction 
of 1-vinylcyclohexene (1) with (chloromethyl)maleic 
anhydride (2) afforded stereoselective^ an adduct 3, 
which has appropr ia te stereochemistry and function­
ality for the synthesis of clerodane diterpenoids.2>3) 

Star t ing from this intermediate 3 a total synthesis of 
por tu la l (5), a diterpene wi th the clerodane substitu­
tion, has been accomplished5) (Scheme 1). T h i s 
paper deals with the synthesis of a more typical clero­
dane di terpenoid from the adduct 3.6) 

CX. +c,J^ 

CHO 

Scheme 1. 

T h e selected na tura l product as the target is 15,16-
epoxy-as-cleroda-3,13(16),14-triene (9), which was 
isolated from Solidago arguta Ait.7) Its structure has 
been confirmed by a single crystal X-ray analysis of 
the related compounds.8) T h e c o m p o u n d 9 was 
chemically correlated wi th both cis9) and trans10>n) 

clerodane diterpenoids, representing a pivotal role in 
this class of na tura l products . We achieved already 
the total synthses of the c o m p o u n d 9 us ing two 
methods (the second4) and the third generat ion 
approaches12) for the stereoselective construct ion of 
clerodane skeleton). 

T h i s work represents the demonstra t ion of the first 
generat ion approach to be feasible for synthesis of a 

1" Present address: Department of Chemistry, Faculty of 
Science and Technology, Kinki University, Kowakae, 
Higashi-Osaka, Osaka 577. 

Scheme 2. 

as-c lerodane diterpene. T h e Diels-Alder adduct 3 
has been converted to an intermediate 4 by an efficient 
three steps process (86% overall yield) in the synthesis 
of por tu la l (5) and our synthesis started from 4. 

Synthetic operat ions necessary for the synthesis of 
the target c o m p o u n d 9 from 4 are: (1) construct ion of 
the side chain by the appendage of 3-furyl r ing and 
deoxygenation of C-17 and C-20 carbon atoms13) to 
form methyl groups , (2) in t roduc t ion of a eis angu la r 
methyl g r o u p and (3) elaborat ion of a vinyl methyl 
g roup ing in A r ing from C-4 carbonyl. Wi th refer­
ence to the experience obtained in the synthesis of 5, a 
synthetic sequence shown in Scheme 2 was designed. 
Since A5'6 double bond has propensi ty to move in to 
the tetrasubstituted angula r pos i t ion specially in 
acidic condit ions, it is to be reduced after the allylic 
oxygenat ion at C-4 and, subsequent reactions involv­
ing acid t reatment and reduct ion will lead to the 
formation of a keto y-lactone 6 (phase 1). T h e n the 
angular methyl g roup is in t roduced by a appropr ia te 
means in eis manne r (phase 2). T h e 3-furyl g r o u p is 
appended to C-12 and the at tendantly formed C-20 
hydroxymethyl g roup is converted to a methyl g roup 
(phase 3). Finally the a t tachment of the methyl 
g roup at C-4, accompanied by the double-bond forma­
tion between C-3 and C-4, will give the target com­
p o u n d 9 (phase 4). 

T h u s our study init iated from the allylic oxidat ion 
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Scheme 3. Reagents: i, Se02, C5H5N-H2O or EtOH-
H20 (9:1), ii, Ac20, C5H5N; iii, Mn02, CHC13; iv, 
H2, Pd-C, EtOH; v, 57%HI-H20, P, AcOH; vi, 
Zn,AcOH. 

of the starting material 4. Treatment of 4 with sele­
nium dioxide in ethanol or pyridine containing 5— 
10% water under reflux gave an allylic alcohol 10 in 
modest yields (50—30%) with variable amount of the 
recovered starting material (35—20%). The oxidation 
under Sharpless modification14* afforded the product 
10 in comparable yields with less recovery of 4. In 
order to confirm the site of the hydroxylation (at C-4 
rather than at C-6) the derived acetate 11 was oxidized 
with Collins' procedure. The obtained conjugated 
ketone 12 exhibited in the ^ N M R spectrum the 
signals due to C-17 methylene protons at deshielded 
positions (d 4.31 and 3.91) than the corresponding 
signals (d 3.94 and 3.53) of 11, which indicated the 
introduction of the carbonyl group in the adjacent C-7 
position in the former. Configuration of the 
hydroxyl group in the allylic alcohol 10 is assigned to 
be ß by assumption of the reagent attack from less 
hindered convex side and this was corroborated by the 
^ N M R evidence that the half length-width of the 
resonance due to the proton of the hydroxyl-bearing 
methine group was 6 Hz. Thus the oxidizing agent 
would attack the C-5, C-6 double bond from ß-side of 
4 to form A4'5-6-seleninic acid which afford the allylic 
alcohol 10 by [2,3]sigmatropy and subsequent hydro­
lysis of a resulting selenium (II) ester.15) 

The oxidation of 10 to the conjugated ketone 13 was 
performed by the agency of manganese dioxide in 
chloroform in 68% yield. The use of chromium tri-
oxide (Jones, Collins or Sarett reagents) gave erratic 
results, being accompanied by the migration of the 

24 R = H 
25 R = Ms 
29 R = Ac 

Fig. 2. 

double bond to the site of ring fusion or allylic rear­
rangement. As expected the product 13 (Amax 250 nm) 
was different from the A5>6-7-ketone 14 (Amax 246 nm) 
obtained by the oxidation of 4 with Sarett reagent.16) 

The saturated ketone 15 obtained from 13 by catalytic 
hydrogénation was treated with hydroiodic acid in 
acetic acid under reflux to furnish iodide 16 smoothly 
via regioselective cleavage of the tetrahydrofuran ring 
and concomitant hydrolysis of the cyano group. The 
reduction of the iodide 16 produced the first subgoal 
compound 6 in an overall yield of 82% from 13. 

Next phase of the synthesis was the introduction of 
a methyl group at the angular position. Our initial 
tactics for this object was the carbene addition to the 
enol acetate 17 derived from 6 and subsequent cleavage 
of the cyclopropane ring,17) which was frustrated since 
17 was unreactive to the Simmon-Smith and related 
reagents in various conditions.18) The reason for 
such resistancy would be ascribed to the presence of 
steric hindrance even for the attack from the convex ß-
side by the carbonyl methylene group of the lactone 
ring. Then the enolate alkylation after blocking of 
C-3 methylene group by Ireland's procedure19) was 
investigated. The derived butylthiomethylene ketone 
18 was much harder to alkylate as anticipated. How­
ever, we found that the methylation could be achieved 
by the use of a large excess of base. Thus the reaction 
of 18 with methyl iodide in the presence of potassium 
J-butoxide (13 equivalents) resulted in 29% conversion 
to the methylated product 19 as revealed by the 
1H NMR inspection of crude product. Eventually by 
the use of potassium £-pentyloxide20) (25—30 equiva­
lents) the methylated product 19 was obtained in a 
yield up to 74%. 

Deprotection of 19 by alkaline hydrolysis afforded 
the methylated keto lactone 7. The obtained product 

1 , 1 1 

Bu SCH 

. . . r 1 8 R = H 
1 1 1 Ul9 R = Me 

Fig. 1. 

Scheme 4. Reagents: i, HC02Et, NaH, CeH6; ii, n-
BuSH, TsOH, C6H6, A; iii, Mel, *-C5HiiOK, t-
C5H11OH; iv, H20, KOH, HOCH2CH2OH, A. 
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represents single stereoisomer and its configuration is 
presumed to be eis since the alkylation of 18 would 
occur from less hindered ß-side. The methylation of 
2-(butylthiomethylene)-l-decalone is reported to give 
eis and trans products in comparable ratio,21) whereas 
in the reaction of 2-benzylidene derivative they are 
produced in yields of 68 and 23%. In our case the ß-
attack would become exclusive due to reinforcement 
of the steric hindrance in a-side by the hydroxymeth-
ylene group of the spiro-y-lactone ring. The confir­
mative evidence for the configuration of ring junction 
was obtained in the reactions at later stage (vide infra). 

With the keto lactone 7 in hand we set forth the 
third phase of the synthesis, namely the construction 
of the side chain and the amendment of C-20 to a 
methyl group. The former operation was performed 
in the same way as established in the synthesis of 
portulal.5) After the protection of the C-4 keto group 
as a ethylene acetal the compound 7 was allowed to 
react with 3-furyllithium and the produced furoyl 
derivative was reduced with sodium bis(2-
methoxyethoxy)aluminum hydride to corresponding 
alcohol to avoid the easy dehydration via a five-
membered hemiacetal.5) Then the reduction product 
was acetylated to give a diacetate 21. Removal of the 
ally lie acetoxyl group in 21 by Birch reduction com­
pleted the construction of the side chain to give fura-
noid compound 22. For the deoxygenation of C-20 
carbon atom in 22 it was converted to mesylate 23 and 
then treated with zinc and sodium iodide in hot hexa-
methylphosphoric triamide (HMPA),22> but only a 
complex mixture of products was obtained. When 
the same reduction procedure was carried out on the 
corresponding free ketone 25 to avoid the conceived 
steric intervention caused by the ethylene acetal 

Scheme 5. Reagents: i, HOCH2CH2OH, TsOH, 
CeH6; ii, 3-furyllithium, Et20; iii, NaAl-
(OCH2CH20Me)2H2, C6H6; iv, Ac20, C5H5N; v, Li, 
liq.NHs, THF; vi, MsCl, C5H5N; vii, Cr03-
2C5H5N, CH2C12; viii, NH2NH2-H20, KOH, 
HOCH2CH2OH; ix, IM HCl. 

•Èf8 
26 

OR 
27 R = CH2CH2OH 
30 R = H 

Fig. 3. 

group, a demesylated product, C19H26O2, ^c=o 1725 
cm - 1 was obtained in 68% yield. Its molecular com­
position contained the hydrogen atoms less by two 
than expected for the desired reduction. The absence 
of double bond additional to those in the furan ring 
suggested a tricyclic structure 26, which would form 
via intramolecular displacement of the mesylate 
group by enolate anion rather than by iodide anion 
(neopentyl-type mesylate !). This result provides a 
conclusive support for the cis-ring junction of 25, 
since the cyclization reaction is possible only in such 
structure. The steric congestion inherent in cis-
decalin structure was manifested also in the other type 
of intramolecular interactions. On acidic treatment 
the compound 22 furnished a product 27 formed 
by intramolecular transacetalization. Although the 
removal of the acetal group in the acetate 28 corre­
sponding to 22 afforded the ketone 29 smoothly, treat­
ment of the latter with methyllithium produced a 
hemiacetal 30 instead of alcohol formation. The 
conversion of the C-20 hydroxymethyl in 22 to a 
methyl group was effected by the transformation of 22 
to an aldehyde 31 followed by reduction according to 
the Huang-Minion procedure. Deprotection of the 
product gave the crucial subgoal compound 8. 

Later this compound was found to be obtainable 

i i i r 3 5 R = H ' 0 H 

L*36 R = O 

Scheme 6. Reagents: i, HOCH2CH2OH, CSA, C6H6; 
ii, CH3CH(CH3)C(CH3)2BH2, THF then H202, 
NaOH; iii, PCC, CH2C12; iv, 3-furyllithium, Et20; 
v, Ac20, C5H5N; vi, Li, liq.NH3, THF; vii, 1 M 
HCl, Me2CO. 
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39 

Fig. 4. 

more conveniently from the decalone derivative 33 
which was effectively synthesized by our third genera­
t ion approach1 2) as shown in Scheme 6. After protec­
tion of the ketonic g r o u p the vinyl side chain was 
transformed to a 2-hydroxyethyl g roup by hydro-
bora t ion and oxidat ion to afford alcohol 35, which 
was oxidized to aldehyde 36. T h e appendage of 3-
furyl g r o u p to 36 in the same way as before and 
subsequent deprotection led to the formation of the 
furanoid ketone 8. 

H a v i n g explored the synthetic pa th to the com­
p o u n d 8 we proceeded to the last phase of our synthe­
sis—namely the in t roduct ion of a methyl g r o u p at C-4 
and the associated formation of a double bond 
between C-3 and C-4. An obvious tactics to this task, 
the methyla t ion wi th a suitable organometal l ic rea­
gent followed by dehydrat ion of the resul t ing tertiary 
hydroxyl g roup , was ineffective, since the reaction of 
the ketone 8 with methylmagnes ium iodide or methyl-
l i th ium afforded only a trace of the corresponding 
tertiary alcohol 39. T h e result indicates that a pro­
found enolization instead of the methyla t ion by the 
organometal l ic reagents occurs due to the highly h in­
dered na ture of the carbonyl g roup in the c o m p o u n d 
8. T h i s d iscouraging s i tuat ion was circumvented by 
the use of Nozaki 's reagent,23) which was recognized 
recently to be nicely effective for the methylenat ion of 
easily enolizable carbonyl group.2 4 ) Its reaction wi th 
the ketone 8 proceeded also smoothly to give the 
methylene c o m p o u n d 40 in 62% yield. T h e isomeri-
zation of the double bond2 5 ) in 40 to endo posi t ion was 
effected by the appl ica t ion of the Brown's proce­
dure.26) T h e product obtained after purif ication by 
silica-gel chromatography was identical wi th the nat­
ura l ds-clerodane diterpene 9 in spectral comparison. 

In conclusion a total synthesis of (±)-15,16-epoxy-
m-cleroda-3,13(16),14-triene (9) has been accom­
plished start ing from the intermediate 4 previously 
developed for the stereoselective construct ion of clero-
dane skeleton. T h e fourth stereogenic center at 
angula r posi t ion was introduced wi th complete ster-

40 

Scheme 7. Reagents: i, Zn-CH2Br2-TiCl4, CH2C12; 
ii, KNH(CH2)3NH2, NH2(CH2)3NH2. 

eoselectivity by enolate alkylat ion of a derived C-4 
bicyclic ketone 18 in which C-3 methylene g roup was 
protected. A problem associated wi th in t roduct ion 
of C-18 methyl g r o u p in A r ing due to an extensive 
enolization of the C-4 ketone g roup was overcomed by 
the use of Nozaki 's methylenat ion procedure. T h u s 
the utili ty of our first generat ion intermediate for the 
synthesis of clerodane diterpenoids has been 
demonstrated. 

Experimental 

All melting points were measured on a Yanagimoto micro 
hot-stage appratus MP-S2 and are uncorrected. IR spectra 
were recorded on a JASCO IRA-1 and an A-100 spectrome­
ters. *HNMR spectra were taken, on a JEOL PS-100, a 
Hitachi R-90H, and a JEOL FX-100 spectrometers. 
13CNMR spectra were measured on GX-400 (100 MHz) 
spectrometer. High-resolution mass spectra were measured 
on a JEOL D-300 spectrometer. Microanalyses were car­
ried out at the Microanalytical Laboratory, Faculty of 
Science, Osaka City University. Merck Kieselgel (70—230 
mesh) or Fuji-Davison BW-820MH silica gel were used for 
column chromatography. 

(3aÄ*,65*,9aÄ*,9b5*)-l,3,3a,4,6,7,8,9,9a,9b-Decahydro-
9b-(cyanomethyl)naphtho[l,2-£]furan-6-ol (10). To a solu­
tion of the nitrile 4 (2.0 g, 9.22 mmol) in pyridine (25 ml) 
and water (8 ml) was added selenium dioxide (1.3 g, 11.7 
mmol) and the mixture was heated in an oil bath kept at 
80 °C for 3 h. After dilution with water the product was 
extracted with ether and the organic layers were washed with 
saturated aqueous NaHC03 and brine, and dried over 
MgS04. The solvent was removed in vacuo and the residue 
was separated by silica-gel chromatography. Following to 
fractions of the recovered starting material (9:1 benzene-
ethyl acetate), the title alcohol 10 was eluted by 2:1 benzene-
ethyl acetate and obtained as a light yellow oil (1.05 g, 49%). 
The product was still contaminated with small amount of 
impurities containing selenium. Ultimate purification 
could be performed by conversion to the acetate 11, recrystal-
lization and subsequent alkaline hydrolysis (NaOH, MeOH, 
H 20): IR (CCU) 3450, 2260, and 1065 cm"1; « N M R (CC14) 
0=2.50 (2H, s, CH2CN), 3.34, 3.60 (2H, ABq, / = 9 Hz, 
CH2O), 3.52 (IH, d, / = 8 Hz, CHCHaH/jO), 3.93 (IH, dd, 
7=4.5, 8 Hz, CHCHaH/?0), and 4.12 (IH, m, W==6 Hz, 
CHOH), 5.49 (IH, m, CH2CH=). 

(3aÄ*,65*,9aÄ*,9b5*)-l,3,3a,4,6,7,8,9,9a,9b-Decahydro-6-
acetoxy-9b-(cyanomethyl)naphtho[l,2-c]furan (11). The 
above allylic alcohol 10 (1.05 g, 4.51 mmol) was acetylated 
with acetic anhydride (3 ml) and pyridine (3 ml) at room 
temperature for 20 h. The product obtained by usual 
working-up was recrystallized from hexane-benzene to give 
the acetate 11 as plates, mp 120—123 °C: IR (CC14) 2250, 
1740, 1240, and 1065 cm"1; « N M R (CC14) ô=1.98 (3H, s, 
AcO), 2.46 (2H, s, CH2CN), 3.34, 3.62 (2H, ABq, 7=9 Hz, 
CH2O), 3.53 (IH, d, 7=8 Hz, CHCHaH/?0), 3.94 (IH, dd, 
7=4,8 Hz, CHCHaH/?0), 5.22 (IH, m, W^=6 Hz, CHOAc), 
and 5.66 (IH, m, CH2CH=C). Found: C, 69.80; H, 7.67; N, 
4.94%. Calcd for Ci6H2i03N: C, 69.79; H, 7.69; N, 5.09%. 

(3aÄ*,65*,9aÄ*,9b5*)-l,3,6,7,8,9,9a,9b-Octahydro-6-
acetoxy-9b-(cyanomethyl)naphtho[l,2-c]furan-4(3aH)-one 
(12). To a stirred mixture of chromium trioxide (600 mg, 6 



1724 T. TOKOROYAMA, R. KANAZAWA, S. YAMAMOTO, T. KAMIKAWA, H. SUENAGA, and M. MIYABE [Vol. 63, No. 6 

mmol), pyridine (1.2 ml) and dichloromethane (10 ml) was 
added a solution of the acetate 11 (47 mg, 0.17 mmol) in 
dichloromethane, and total mixture was allowed to react at 
room temperature for 2 days. Supernatant solution was 
decanted and the precipitate was triturated throughly with 
chloroform. The combined solution and extracts were 
washed with saturated aqueous NaHCÛ3 and brine, then 
dried over MgSC>4. The residue left after the evaporation of 
the solvent was purified by chromatography (5:1 benzene-
ethyl acetate) to give the title ketone 12 as a colorless oil (9 
mg, 18%), IR (CC14) 1750, 1685, 1230, and 1065 cm"1; 
*H NMR (CCU) 0=2.06 (3H, s, Me), 2.54 (2H, s, CH2CN), 
3.40, 3.53 (2H, ABq, 7=9 Hz, CH2-O), 3.94 (1H, dd, /=7.5, 
9.5 Hz, CHCH«H,?), 4.31 (1H, dd, / = 3 , 9.5 Hz, CHCH aH^-
O), 5.36 (1H, m, W^=6 Hz, CHOAc), and 5.98 (1H, d, 7=2 
Hz, CHC=CH). 

(3aÄ*,9aÄ*,9b5*)-l,3,3a,4,8,9,9a,9b-Octahydro-9b-
(cyanomethyl)naphtho[l,2-£]£uran-6(7iï)-one (13). A solu­
tion of the allylic alcohol 10 (3.0 g, 12.8 mmol) in chloro­
form (20 ml) was stirred with active manganese dioxide27) (33 
g) at room temperature overnight. The solid material was 
filtered with aid of Celite and washed throughly with ethyl 
acetate. The combined filtrate and washings were concen­
trated in vacuo and the residue was separated by silica-gel 
chromatography (5:1 benzene-ethyl acetate). With recov­
ery of the starting material 10 (599 mg, 20%) the title ketone 
13 was obtained as an oil (1.622 g, 54%), UV(EtOH) 250 nm 
(e 5750); IR (CC14) 2250, 1075, 950, and 900 cm"1; « N M R . 
(CCU) 6=2.59 (2H, s, CH2CN), 3.22 (1H, dd, /=7.9 Hz, 
CH2CHaH,?0), 3.39 (2H, s, CH2-O), 4.08 (1H, dd, 7=7.9 Hz, 
CH2CHaH/?0), and 7.01 (1H, m, CH2CH=). 

(3aÄ*,9aÄ*,9b5*)-l,3,6,7,8,9,9a,9b-Octahydro-9b-(cyano-
methyl)naphtho[l,2-c]£uran-4(3aiï)-one (14). To the Sarett 
reagent, prepared from CrÛ3 (500 mg, 5 mmol) and anhy­
drous pyridine (5 ml) was added a solution of the nitrile 4 
(90 mg, 0.41 mmol) and the mixture was stirred at room 
temperature for 3 days. The reaction mixture was diluted 
with ether and the precipitate was filtered off. The filtrate 
was washed with brine and dried over MgSÜ4. The residue 
left after evaporation of the solvent was chromatographed 
on a column of silica-gel. After recovery of the starting 
material (82 mg) eluted with 20:1 benzene-ethyl acetate, 
elution with 5:1 benzene-ethyl acetate yielded the title 
ketone 14 as a colorless oil (8 mg), UV(EtOH) 246 nm (s 
7900); IR (CCI4) 2250, 1680, and 1065 cm"1; 1H NMR (CC14) 
0=2.55 (2H, s, CH2CN), 3.36, 3.47 (2H, ABq, /=8.5, CH2-O), 
3.92 (1H, dd, /=7,9 Hz, CHCHaH/?-0), 4.33 (1H, dd, /=2,9 
Hz, CHCH a H^-0) , and 5.78 (1H, m, Wj=4 Hz, COCH=C). 

(3aÄ*,5aJ?*,9aÄ*,9bS*)-l,3,3a,4,5,5a,8,9,9a,9b-Decahydro-
9b-(cyanomethyl)naphtho[l,2-c]£uran-6(7iï)-one (15). A 
solution of the conjugated ketone (306 mg, 1.31 mmol) in 
ethanol (50 ml) was stirred in the presence of 10% palladium-
on-charcoal under hydrogen atmosphere for 21 h. After 
removal of the catalyst by filtration the solvent was evapo­
rated and the oily residue (285 mg, 93%) was crystallized 
from benzene-petroleum ether to give the saturated ketone 
15 as colorless prisms, mp 155—157 °C: IR (CC14) 2240, 1715, 
and 1070 cm"1, « N M R (CC14) <5=3.52 (2H, s, CH2CN), 
3.39, 3.62 (2H, ABq, / = 9 Hz, CH2-O), 3.57 (1H, dd, /=4.9 
Hz, CH2CH aH^-0), and 3.97 (1H, dd, /=7,9 Hz, 
CH2CHaH^O). Found: C, 72.13; H, 8.25; N, 5.99%. Calcd 
for C14H19O2N: C, 72.07; H, 8.21; N, 6.00%. 

(rÄ*,2,Ä*,4,aÄ*,8,aÄ*)-2,,3,,4,,4'a,6,,7,,8,,8,a-Octahydro-

2,-methylspiro[£uran-3(2iï),r(5,iï)-naphthalene]-5(4iï),5,-
dione (6). A solution of the decalone 15 (526 mg, 2.26 
mmol) in acetic acid (4 ml) was mixed with 57% aqueous 
hydroiodic acid (4 ml) and red phosphorus (1 g), and the 
mixture was heated at 120—130°C for 4 h. After dilution 
with water the reaction mixture was filtered and the filtrate 
was extracted with benzene. The combined extracts were 
washed successively with water, saturated aqueous 
NaHCÛ3, aqueous Na2S03 and brine, and dried (MgS04). 
Evaporation of the solvent afforded (l'S*,2'JR*,4'aJR*, 
8,ai?*)-2,,3/,4/,4/a,6,,7/,8/,8,a-octahydro-2,-iodomethylspiro-
[furan-3(2H),r(5 ,H)-naphthalene]-5(4H),5 ,-dione (16) as a 
colorless oil (665 mg, 81%), IR (CHCI3) 1770, 1710, and 1030 
cm"1; *HNMR (CDCI3) 6=2.48, 2.67 (2H, ABq, /=18.5 Hz, 
CH2CO2), 2.82 (1H, d, /=10 Hz, CHCHaH^I), 3.47 (1H, dd, 
7=2.5, 10 Hz, CHCHaH/jI), and 4.07, 4.28 (2H, ABq, 7=10 
Hz, CH2OCO). The iodide 16 (665 mg) dissolved in acetic 
acid (13 ml) was stirred with zinc dust (3 g) at room tempera­
ture for 16 h. The inorganic material was filtered off and 
the filtrate diluted with benzene was washed successively 
with water, aqueous NaHCOs and brine, and dried 
(MgSÛ4). Evaporation of the solvent and purification of 
the residue by chromatography (10:1 benzen-ethyl acetate) 
afforded the title lactone 6 as crystals (416 mg, 79% from 15). 
Recrystallization from benzene-hexane gave pure 6, mp 
108—110 °C: IR (CHCI3) 1770, 1710, 1180, and 1030 cm"1; 
*HNMR (CDCI3) 0=0.99 (3H, d, 7=6.5 Hz, CHMe), 2.38, 
2.58 (2H, ABq, 7=18 Hz, CH2CO2), and 4.15, 4.25 (2H, ABq, 
7=11.5, CH2COO). Found: C, 71.21; H, 8.56%. Calcd for 
C14H20O3: C, 71.16; H , 8.53%. 

(rÄ*,2,Ä*,4,aÄ*,8,aÄ*)-2,,3,,4,,4,a,6,,7,,8,,8,a-Octahydro-
2 /-methyl-6 /-(butylthiomethylene)spiro[£uran-3(2H), 
l'(5'fï)-naphthalene]-5(4fï),5'-dione (18). To a solution of 
the keto lactone 6 (565 mg, 2.39 mmol) in benzene (1 ml) was 
stirred with sodium hydride (50% oil dispersion 226 mg, 4.7 
mmol) and ethyl formate (0.34 ml, 4.2 mmol) at room 
temperature for 3 h. The reaction mixture was diluted 
with benzene and shaked three times with water. The 
combined aqueous layers were separated and acidified with 
IM HCl. The product was extracted with benzene and the 
extract solution was washed with brine, and dried (MgSCX). 
Evaporation of the solvent left a light yellow oil (553 mg), 
IR (CHCI3) 3500—2300, 1770, 1630, 1580, and 1180 cm"1, 
which was dissolved in benzene (50 ml) and treated with 1-
butanethiol (2.0 ml, 18.6 mmol) in the presence of a catalytic 
amount of p-toluenesulfonic acid under reflux and with 
removal of water formed (Dean-Stark apparatus) for 3 h. 
The reaction mixture was washed with saturated aqueous 
NaHCC>3 and brine, and dried over MgSÛ4. The crude 
product, obtained by evaporation of the solvent, was chro­
matographed on a column of silica gel (23 g) and eluted 
with 19:1 benzene-ethyl acetate to give the butylthiometh-
ylene derivative 18 as crystals (664 mg, 82%). Recrystalliza­
tion from ether-petroleum ether afforded pure 18 as color­
less needles, mp 101—103 °C: IR (CHCI3) 1770, 1650, 1530, 
1180, and 1030 cm"1; *HNMR (CDCI3) ô=0.94 (3H, t, 7=7 
Hz, CH2Me), 1.00 (3H, d, 7=7 Hz, CHMe), 2.56 (2H, s, 
CH2CO2), 2.89 (2H, t, 7=7 Hz, CH2CH2S), 4.19 (2H, s, 
CH2OCO), and 7.67 (1H, m, CH2C=CHS). Found: C, 
67.81; H, 8.37%. Calcd for G9H28O3S: C, 67.82; H, 8.37%. 

(rÄ*,2,Ä*,4,a5*,8,aÄ*)-2,,3,,4,,4,a,6,,7,,8,,8,a-Octahydro-
2 ,,4 ,a-dimethylspiro[£uran-3(2H),l ,(5 ,H)-naphthalene]-
5(4fï),5'-dione (7). Potassium metal (420 mg, 10.7 mmol) 
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was dissolved in anhydrous £-pentyl alcohol (40 ml) under 
argon atmosphere and to this solution was added the butyl-
thiomethylene derivative 18 (150 mg, 0.44 mmol). After 10 
min methyl iodide (2.2 ml, 35.5 mmol) was added and the 
mixture was stirred at room temperature for 15.5 h. The 
reaction mixture was quenched by the addition of ice-water 
and acidified with 1 M HCl. The product, obtained by 
extraction with benzene, was chromatographed on a column 
of silica gel and elution with 20:1 benzene-ethyl acetate 
furnished (l,

JR*,2,
JR*,4,aS*,8,ai?*)-2,,3,,4,,4,a,6,,7,,8,,8,a-

oc t ahydro -2 / , 4 ' a -d ime thy 1-6'-(butyl th iome thy lene)-
spiro[furan-3(2H),l ,(5 ,H)-naphthalene]-5(4H),5 ,-dione(19) 
as an oil (117 mg, 74%), IR (CHC13) 1770, 1655, 1530, and 
1180 cm"1; ^ N M R (CDCI3) 6=0.95 (3 H, t, 7=7 Hz, 
CH2Me), 0.96 (3H, d, 7=7 Hz, CHMe), 1.20 (3H, s, Me), 2.51 
(2H, s, CH2CO2), 2.89 (2H, t, / = 7 Hz, CH2CH2S), 3.93, 4.01 
(2H, ABq, /=10.5 Hz, CO2CH2), and 7.66 (1H, m, 
CH2=CCHS). The butylthiomethylene compound 19 (64 
mg, 0.18 mmol) was heated with KOH (1.0 g), water (9 ml) 
and ethylene glycol (9 ml) under reflux for 16 h. The 
reaction mixture was diluted with water and the product 
was extracted with benzene. The extract solution was 
washed with brine and dried over MgSCX. The residue (50 
mg) left after evaporation of the solvent was purified by 
chromatography (20:1 benzene-ethyl acetate) to give the 
title ketone 7 as crystals (31 mg, 68%). Recrystallization 
from ether-hexane afforded pure 7 as a colorless needles, mp 
117—119 °C: IR (CHCI3) 1770, 1705, 1185, and 1030 cm"1; 
!HNMR (CDCI3) 0=1.01 (3H, d, / = 7 Hz, CHMe), 1.32 (3H, 
s, Me), 2.26, 2.67 (2H, ABq, /=18 Hz, CH2CO2), and 4.00, 
4.09 (2H, ABq, /=12 Hz, CH2OCO). Found: C, 71.96; H, 
8.88%. Calcd for C15H22O3: C, 71.96; H, 8.88%. 

(rÄ*,2,Ä*,4,aS*,8,aÄ*)-2,,3,,4,,4,a,6,,7,,8,,8,a-Octahydro-
5%5'-ethylenedioxy-2',4'a-dimethylspiro[furan-3(2H), 
l'(5'fï)-naphthalene]-5(4fï)-one (20). A solution of the 
keto lactone 7 (202 mg, 0.69 mmol) in benzene (40 ml) was 
heated with ethylene glycol (0.2 ml) in the presence of p-
toluenesulfonic acid under removal of water for 3 h. 
Working-up gave title acetal 20 (236 mg, 100%) as plates 
(from ether-petroleum ether), mp 150—151 °C: IR (CHCI3) 
1775, 1190, 1095, and 1010 cm"1; *HNMR (CDCls) 6=1.08 
(3H, s, Me), 1.12 (3H, d, / = 6 Hz, CHMe), 2.53 (2H, s, 
CH2CO2), 4.00 (4H, s, OCH2CH2O), 4.24 (1H, brd, /=10 Hz, 
CH«H^OCO), and 4.44 (1H, d, /=10 Hz, CHaH/?OCO). 
Found: m/z 294.1816. Calcd for G7H26O4: M, 294.1829. 

(lÄ*,2Ä*,4a5*,8aÄ*)-l,2,3,4,4a,5,6,7,8,8a-Decahydro-5,5-
ethylenedioxy-l-[2-(3-furyl)ethyl]-l-hydroxymethyl-2,4a-
dimethylnaphthalene (22). To a stirred solution of the 
lactone 20 (42 mg, 0.14 mmol) in anhydrous ether (6 ml) was 
added dropwise a portion of 3-furyllithium solution, pre­
pared from 3-bromofuran (140 mg, 1.0 mmol), butyllithium 
solution (2.3 M in hexane, 0.5 ml, 1.15 mmol) and ether (1 
ml), at — 10°C until the solution became yellow in color. 
Having been stirred for 40 min, the reaction mixture was 
allowed to react for 1 h with the addition of sodium bis(2-
methoxyethoxy)aluminum hydride solution (RDB, 70% in 
benzene, 0.3 ml). Ice-water was added and the product was 
extracted with benzene. The combined organic layers were 
washed with brine, dried over MgSÛ4 and evaporated in 
vacuo to give an oil (58 mg) which was acetylated with acetic 
anhydride (2 ml) and pyridine (3 ml) at room temperature 
overnight. Crude product obtained by working-up was 
purified by chromatography (20:1 benzene-ethyl acetate) to 

furnish the diacetate 21 as colorless oil (53 mg, 87%), IR 
(CCU) 3040, 1745, 1235, 1025, and 875 cm"1. This product 
dissolved in tetrahydrofuran (THF) (2 ml) was added to a 
solution of lithium (40 mg, 5.7 mmol) in liquid ammonia 
(10 ml) at — 78 °C. Since blue coloration of the solution 
disappeared after 5 min, an additional amount of metallic 
lithium (10 mg, 1.5 mmol) was added. After 1 h the reac­
tion mixture was quenched by the addition of solid NH4CI 
and the ammonia was allowed to evaporate. Ice-water was 
added and the mixture was extracted with benzene. The 
combined extracts were washed with brine and dried 
(MgSÛ4). Removal of the solvent afforded crude 22 (43 mg, 
94%). Purification was performed by chromatography 
(20:1 benzene-ethyl acetate) to afford the title compound 22 
as an oil, IR (CC14) 3470, 1090, and 875 cm"1; *HNMR 
(CDCI3) 6=1.07 (3H, d, / = 7 Hz, CHMe), 1.18 (3H, s, Me), 
3.04 (1H, brs, OH), 3.40, 3.62 (2H, ABq, 7=12 Hz, CH2OH), 
3.94 (4H, m, OCH2CH2O), 6.14 (1H, m, furan), 7.13 (1H, m, 
furan), and 7.24 (1H, m, furan). 

Formation of Tricyclic Ketone (26). The furanoid alco­
hol 22 (43 mg, 0.12 mmol) was mesylated with methanesul-
fonyl chloride (0.015 ml, 0.2 mmol) and pyridine at room 
temperature overnight. The crude product (47 mg) was 
chromatographed with 30 ; 1 benzene-ethyl acetate as eluant. 
The earlier fractions (18 mg) represent the mesylated pro­
duct 23, IR (CCU) 1180, 940, and 875 cm"1; 1H NMR (CDCI3) 
0=1.06 (3H, d, 7=6 Hz, CHMe), 1.15 (3H, s, Me), 2.91 (3H, s, 
mesyl Me), 3.96 (4H, m, OCH2CH2O), 4.38, 4.58 (2H, ABq, 
7=10Hz, CH2OMs), 6.22 (1H, m, furan), 7.18 (1H, m, 
furan), and 7.27 (1H, m, furan), the later fractions being the 
recovery of the alcohol 22 ( 10 mg). The mesylate 23 ( 18 mg) 
was hydrolyzed by treatment with 1 M HCl (3 drops) and 
acetone (0.5 ml) at room temperature for 2 h. Working-up 
gave the keto mesylate 25 (14 mg), IR (CC14) 1715, 1340, 
1178, 938, and 875 cm"1. This product (0.036 mmol) dis­
solved in HMPA (0.5 ml) was stirred with sodium iodide 
(30 mg, 0.2 mmol) at 80—100 °C for 4 h. Zinc dust (80 mg, 
1.2 mmol) was added and the mixture was stirred at 100 °C 
for 17 h. Benzene was added and insoluble inorganic mate­
rial was removed by filtration. The filtrate was washed 
with water and brine, and dried (Na2SC>4). The residue left 
after evaporation of the solvent was purified by chromatog­
raphy. Eluant with 10:1 benzene-ethyl acetate was col­
lected to give (lÄ*,2Ä*,4aS*,8aR*)-l,2,3,4,4a,5,6,7,8,8a-deca-
hydro-5,5-ethylenedioxy-1 -[2-(3-f uryl)ethyl]-2,4a-dimethyl-
1,6-methanonaphthalene (26) as colorless oil (7 mg, 68%), IR 
(CCI4) 1725, 1025, and 875 cm"1; « N M R (CDCI3) ô=0.82 
(3H, d, 7=6 Hz, CHMe), 1.04 (3H, s, Me), 2.22 (2H, m, CH2-
furyl), 2.40 (1H, dd, 7=4,6 Hz, CH2CHCO), 6.20 (1H, m, 
furan), 7.18 (1H, m, furan), and 7.32 (1H, m, furan). 
Found: m/z 286.1930. Calcd for C19H26O2: M, 286.1931. 

Formation of the Acetal 27. A solution of the furanoid 
alcohol 22 (15 mg, 0.043 mmol) in acetone (0.5 ml) was stood 
with the addition of a few drops of 1 M HCl at room 
temperature for 7 h. The reaction mixture was diluted 
with benzene and washed with saturated aqueous NaHCOs 
and brine, and dried over Na2SC>4. Evaporation of the 
solvent gave (2S*,5Ä*,6Ä*,7Ä*)-6-[2-(3-furyl)ethyl]-l-(2-
hydroxyethoxy)-2,5-dimethyl-ll-oxatricyclo[4.4.2.02 '7]-
dodecane (27) as colorless oil (15 mg, 100%), IR (CHCI3) 
3400, 1070, and 872 cm"1; « N M R (CDCI3) ô=0.92 (3H, 
d, 7=6 Hz, CHMe), 1.00 (3H, s, Me), 3.54 (4H, m, 
OCH2CH2O), 3.77 (2H, m, CH2-O), 6.16 (1H, m, furan), 



1726 T. TOKOROYAMA, R. KANAZAWA, S. YAMAMOTO, T. KAMIKAWA, H. SUENAGA, and M. MIYABE [Vol. 63, No. 6 

7.10 (1H, m, furan), and 7.22 (1H, m, furan). Found: m/z 
348.2312. Calcd for C21H32O4: 348.2312. 

Formation of the Cyclic Hemiacetal 30. The alcohol 22 
(10 mg) was acetylated by standing with acetic anhydride 
(0.7 ml) and pyridine (1.5 ml) at room temperature over­
night. Working-up gave (lÄ*,2Ä*,4aS*,8aÄ*)-l,2,3,4,4a, 
5,6,7,8,8a-decahydro-1 -acetoxymethyl-5,5-ethylenedioxy-1 -
[2-(3-furyl)ethyl]-2,4a-dimethylnaphthalene (28) as an oil 
(12 mg), IR (CCU) 1737, 1240 and 875 cm"1. The product 
was dissolved in acetone (0.5 ml) and treated with 1 M HCl 
(3 drops) at room temperature for 1.25 h. Working-up 
yielded (lÄ*,2Ä*,4aH*,8aR*)-l,2,3,4,4a,7,8,8a-octahydro-l-
[2-(3-furyl)ethyl]-l-hydroxymethyl-2,4a-dimethyl-5(6H)-
naphthalenone (29) as an oil (12 mg), IR (CC14) 1737, 1707, 
1230, and 877 cm"1. A solution of the keto acetate 29 (10 
mg, 0.029 mmol) in ether was added to a methyllithium 
solution in ether (1.25 M, 0.24 ml, 0.029 mmol) at 0°C. 
After 2 h, ice-water was added and the mixture was extracted 
with benzene, washed with brine and dried (Na2SC>4). The 
solvent was removed to afford (2S*,5R*,6R*,7i?*)-6-[2-(3-
furyl)ethyl]-l-hydroxy-2,5-dimethyl-ll-oxatricyclo[4.4.2.02'7]-
dodecane (30) as an oil (10 mg), IR (CC14) 3400, 1080, 1025, 
and 870 cm"1; ^ N M R (CC14) ô=0.91 (3H, d, 7=6 Hz, 
CHMe), 1.00 (3H, s, Me), 3.75 (2H, s, CH2-O), 6.17 (1H, m, 
furan), 7.15 (1H, m, furan), and 7.29 (1H, m, furan). 

(lÄ*,2Ä*,4a5*,8aÄ*)-l,2,3,4,4a,5,6,7,8,8a-Decahydro-5,5-
ethylenedioxy-l-formyl-l-[2-(3-furyl)ethyl]-2,4a-dimethyl-
naphthalene (31). A solution of the alcohol 22 (121 mg, 
0.35 mmol) in dry dichloromethane (2 ml) was added all at 
once to a stirred suspension of chromium trioxide-pyridine 
complex (900 mg, 35 mmol) in dichloromethane (4 ml) and 
the mixture was stirred for 6 h. The precipitate was filtered 
through a pad of Celite and washed throughly with ethyl 
acetate. The removal of the solvent from the filtrate left 
brownish black residue which was purified by chromatog­
raphy (9:1 benzene-ethyl acetate) to furnish the title alde­
hyde 31 as a colorless oil (111 mg, 92%), IR (CC14) 1710, 1255, 
1090, 1025, and 872 cm"1; *HNMR (CC14) ô=0.92 (3H, d, 
7=6 Hz, CHMe), 1.11 (3H, s), 3.94 (4H, m, OCH2CH2O), 
6.18 (1H, m, furan), 7.16 (1H, m, furan), 7.24 (1H, m, furan), 
and 10.07 (1H, s, CHO). 

(15*,2Ä*,4a5*,8aÄ*)-l,2,3,4,4a,5,6,7,8,8a-Decahydro-5,5-
ethylenedioxy-l,2,4a-trimethyl-l-vinyinaphthalene (34). A 
mixture of (lS*,2Ä*,4a5*,8aß*)-l,2,3,4,4a,7,8,8a-Octahydro-
l,2,4a-trimethyl-l-vinyl-5(6H)-naphthalenone (33) (42 mg, 
0.19 mmol), ethylene glycol (62 mg, 1 mmol) and 10-
camphorsulfonic acid (catalytic amount) was heated under 
reflux in a flask equipped with a Dean-Stark apparatus for 
24 h. The reaction mixture was washed with saturated 
aqueous NaHCÜ3 and brine, dried and evaporated. The 
obtained product was purified with chromatography (20:1 
hexane-ether) to afford the acetal 34 as an oil (45 mg, 89%), 
IR (film) 3090, 1635, 1140, 1095, 1050, and 914 cm"1; 
*HNMR (CDCI3) 6=0.74 (3H, d, / = 6 Hz, CHMe), 1.07 (3H, 
s, Me), 1.13 (3H, s, Me), 3.90 (4H, s, OCH2CH2O), 4.83 (1H, 
dd, /=3,12 Hz, CH=CH2), 4.99 (1H, dd, /=3,17 Hz, 
CH=CH2), and 5.43 (1H, dd, /=12,17 Hz, CH=CH2). 
Found: m/z 264.2089. Calcd for C17H28O2: M, 264.2089. 

(lÄ*,2Ä*,4a5*,8aÄ*)-l,2,3,4,4a,5,6,7,8,8a-Decahydro-5,5-
ethylenedioxy-l-(2-hydroxyethyl)-l,2,4a-trimethylnaphtha-
lene (35). 1,1,2-Trimethylpropylborane solution in THF28) 
(1.34 M, 0.61 ml, 0.81 mmol) was added to a solution of the 
acetal 34 (435 mg, 0.165 mmol) at 0°C and the mixture was 

allowed to react at room temperature for 24 h. The reac­
tion mixture was quenched by careful addition of water. 
After addition of 10% aqueous NaOH and 30% H2O2 (1 ml), 
the mixture was stirred for further 33 h. The product was 
extracted with ethyl acetate, the combined extracts was 
washed with brine, and dried. Evaporation of the solvent 
left an oily residue, which was purified by chromatography 
(3:1 hexane-ether) to afford the title alcohol 35 as crystals, 
IR (CHCI3) 3350, 1140, 1095, and 1035 cm"1; « N M R 
(CDCI3) 0=0.84 (3H, d, / = 6 Hz, CHMe), 0.96 (3H, s, Me), 
1.11 (3H, s, Me), 3.59 (2H, t, / = 7 Hz, CH2OH), and 3.87 (4H, 
s). Found: m/z 282.2202. Calcd for C17H30O3: M, 
282.2195. 

(lÄ*,2Ä*,4a5*,8aÄ*)-l,2,3,4,4a,5,6,7,8,8a-Decahydro-5,5-
ethylenedioxy- l,2,4a-trimethyl- l-(2-oxoethyl)naphthalene 
(36). A solution of the alcohol 35 (190 mg, 0.674 mmol) in 
dichloromethane (6 ml) was stirred with pyridinium chlo-
rochromate (PCC, 726 mg, 7 equiv.) at 0 °C for 30 min and at 
room temperature for 2 h. The reaction mixture was di­
luted with ether and filtered through a pad of Celite. The 
filtrate was chromatographed (5:1 hexane-ether) to afford 
the title aldehyde 36 as an oil (126 mg, 67%), IR (film) 2750, 
1715, 1140, 1095, and 1055 cm"1; « N M R (CDCk) <5=0.90 
(3H, d, / = 6 Hz, CHMe), 1.05 (3H, s, Me), 1.09 (3H, s, Me), 
2.36 (2H, d, 7=3 Hz, CH2CHO), 3.86 (4H, s, OCH2CH2O), 
and 9.83 (1H, t, 7=3 Hz, CH2CHO). Found: m/z 280.2048. 
Calcd for C17H28O3: M, 280.2038. 

(lÄ*,2Ä*,4a5*,8aÄ*)-l,2,3,4,4a,5,6,7,8,8a-Decahydro-l-[2-
acetoxy-2-(3-furyl)ethyl]-5,5-ethylenedioxy-l,2,4a-trimethyl-
naphthalene (38). To a stirred solution of 3-furyllithium, 
prepared from 3-bromofuran (0.23 ml, 2.49 mmol) in anhy­
drous ether (4 ml) and butyllithium (1.45 M in hexane, 1.48 
ml, 2.14 mmol), was added dropwise a solution of the 
aldehyde 36 (100 mg, 0.357 mmol) in ether (45 ml) at -17 °C. 
The reaction mixture was allowed to warm gradually up to 
0 °C and stirred at this temperature for 2 h, then quenched 
by the addition of solid NH4CI. The mixture was washed 
successively with H2O, saturated aqueous NaHCC>3 and 
brine. After drying (MgSC>4) the solvent was evaporated 
to give (lÄ*,2Ä*,4a5*,8aR*)-l,2,3,4,4a,5,6,7,8,8a-decahydro-
5,5-ethylenedioxy-l-[2-(3-furyl-2-hydroxy)ethyl]-l,2,4a-
trimethylnaphthalene (37) as a mixture of diastereomers, IR 
(film) 3450, 1135, 1090, 1050, 1020, and 870 cm"1; *HNMR 
(CDCI3) 6=0.75, 0.91 (3H in total, d, 7=6 Hz, CHMe), 0.98 
(3H, s, Me), 1.06, 1.15 (3N in total, s, Me), 3.88 (4H, s, 
OCH2CH2O), 4.77 (1H, m, CHOH), 6.36 (1H, m, furan), 
and 7.33 (2H, m, furan). The product was acetylated by 
standing with acetic anhydride (4.5 ml), anhydrous pyridine 
(5 ml) and dichloromethane (10 ml) overnight. The reac­
tion mixture was washed successively with H2O, 2 M HCl, 
saturated aqueous NaHCOs and brine, and dried. Evapo­
ration of the solvent gave the title acetate 38 as an oil (140 
mg), IR (film) 1760, 1235, and 875 cm"1; « N M R (CDCI3) 
0=0.75, 0.85 (3H in total, s, Me), 0.97 (3H, s, Me), 1.06, 1.11 
(3H in total, s, Me), 1.97 (3H, s, OAc), 3.88 (4H, s, 
OCH2CH20),5.87 (1H, m, CHOAc), 6.35 (1H, m, furan), 
and 7.33 (2H, m, furan). 

(lÄ*,2Ä*,4a5*,8aÄ*)-l,2,3,4,4a,7,8,8a-Octahydro-l-[2-(3-
furyl)ethyl]-l,2,4a-trimethyl-5(6iï)-naphthalenone (8). 

(a) From the aldehyde 31. A mixture of the aldehyde 31 
(111 mg, 0.32 mmol), hydrazine hydrate (85%, 0.1 ml, 2.7 
mmol), KOH (87 mg, 1.6 mmol) and diethylene glycol (4 ml) 
was heated gradually until a complete solution resulted. 
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The bath temperature was then raised and maintained at 
210—220 °C for 4 h with removal of excess hydrazine and 
water. After cooling the reaction mixture was diluted with 
water and extracted with benzene. The organic layers were 
washed with brine and dried over Na2SC>4. Removal of the 
solvent and purification of the residue by chromatography 
(benzene) gave (lÄ*,2Ä*,4aS*,8aR*)-l,2,3,4,4a,5,6,7,8,8a-
decahydro-5,5-ethylenedioxy-l-[2-(3-furyl)ethyl]-l,2,4a-
trimethylnaphthalene (32) as an oil (57 mg, 54%), IR (CC14) 
1135, 1090, 1025, and 870 cm"1; *HNMR (CDC13) 6=0.82 
(3H, d, /=6Hz, CHMe), 0.96 (3H, s, Me), 1.14 (3H, s, Me), 
3.88 (4H, s, OCH2CH2O), 6.21 (1H, br s, furan), 7.16 (1H, br 
s, furan), and 7.29 (1H, m, furan). Found: m/z 332.2340. 
Calcd for C21H32O3: M, 332.2350. The acetal 32 (20 mg, 
0.06 mmol) was treated with 1 M HCl (1 drop) in acetone (1 
ml). The reaction mixture was diluted with water, 
extracted with benzene, washed with saturated aqueous 
NaHCC>3 and brine, and dried. Evaporation of the solvent 
yielded the title ketone 8 as colorless oil (17 mg), IR (CCI4) 
1710, 1160, 1025, and 872 cm"1; « N M R (CC14) ô=0.72 (3H, 
s, Me), 0.81 (3N, d, / = 6 Hz, CHMe), 1.26 (3H, s, Me), 6.16 
(1H, m, furan), 7.14 (1H, m, furan), and 7.29 (1H, m,furan). 
Found: m/z 288.2102. Calcd for G9H28O2: M, 288.2098. 

(b) From the acetate 38. To a blue solution of lithium 
(450 mg, 64 mmol) in liquid ammonia (ca. 50 ml) was added 
a solution of the acetate 38 (140 mg, 0.35 mmol) in anhy­
drous T H F (10 ml) at —78 °C and the mixture was stirred at 
this temperature for 2 h. The reaction was quenched by the 
addition of solid NH4CI and the ammonia was allowed to 
evaporate. Water was added and the product was extracted 
with ether. The extract solution was washed with brine, 
dried and evaporated to give the acetal 32, which was found 
to be identical with the product obtained in (a) in spectral 
comparison (IR and *H NMR). The hydrolysis in the same 
way above and purification by chromatography (10:1 hex-
ane-ether) gave the ketone 8 as crystals (55 mg, 55% from 36), 
which was identified by high resolution MS, IR, and 
*H NMR. 

15,16-epoxy-rä-cleroda-4(18),13(16),14-triene (40). To the 
CH2Br2-Zn-TiCl4 reagent mixture, prepared24) from acti­
vated zinc dust (0.6 g, 9.2 mmol), T H F (7 ml), dibromo-
methane (0.22 ml, 3.1 mmol) and TiCl4 (0.24 ml, 2.2 mmol), 
was added a solution of the ketone 8(13 mg, 0.04 mmol) in 
dichloromethane (2 ml) and the mixture was stirred at room 
temperature for 24 h. Ether and saturated aqueous 
NaHCÜ3 was added and the mixture was stirred for 20 min 
before extraction with ether. The extract solution was 
washed with 2 M HCl and brine, dried over MgS04 and 
evaporated. The residue was purified by chromatography 
(hexane) to give the title compound 40 as an oil (8.2 mg, 
62%), IR (CHCI3) 3080, 1640, 1025, 890, and 872 cm-1; 
*HNMR (CDCI3) 6=0.79 (3H, d, / = 6 Hz, CHMg), 0.83 (3H, 
s, Me), 1.14 (3H, s, Me), 4.68 (2H, br s, =CH2), 6.20 (2H, m, 
furan), 7.14 (1H, m, furan), and 7.28 (1H, br s, furan). 
Found: m/z 286.2307. Calcd for C20H30O: 286.2297. 

15,16-Epoxy-cw-cleroda-3,13(16),14-triene (9). A solu­
tion of potassium 3-aminopropylamide (KAPA) solution, 
prepared from potassium hydride (35% oil dispersion, 280 
mg, 2.45 mmol) and 1,3-propanediamine (2.5 ml), was added 
to methylene compound 40 (32 mg, 0.11 mmol) and the 
mixture was stirred at room temperature overnight. Solid 
NH4CI was added to quench the reaction and the mixture, 
after addition of water, extracted with ether. Ether extract 

was washed with water, diluted HCl and brine, dried and 
evaporated. The residue was purified by chromatography 
(hexane) to give the title compound as an oil (29.2 mg, 91%), 
IR (CHCI3) 1160, 1025, and 872 cm"1; *HNMR (400 MHz, 
CDCI3) 6=0.79 (3H, d, /=6.7 Hz, CHMe), 0.83 (3H, s, Me), 
1.06 (3H, s, Me), 1.69 (3H, d, /=1.6 Hz, =CMe), 5.28 (1H, m, 
CH=C), 6.27 (1H, m, furan), 7.21 (1H, m, furan), and 7.34 
(1H, t, /=1.7 Hz, furan); 13CNMR (CDCk) 0=16.04(017), 
17.20(C-20), 17.85(C-1), 18.09(012), 19.79(018), 24.11(02), 
28.82(07), 33.13(019), 36.94(09), 37.46(08), 37.84(06), 
38.46(011), 40.25(05), 44.72(010), 111.07(014), 123.24(0 
3), 125.98(013), 138.45(016), 139.89(04), and 142.66(015). 
The spectral data (IR and *HNMR) were identical with 
those of the natural product. 
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The Total Synthesis of 8j8-Hydroxycycloaraneosene by Means of an 
Eight-Membered Ring-Formation via a Lewis Acid-Catalyzed 

Ene Reaction. Confirmation of Its Natural Occurrence 
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An improved eight-membered ring closure by means of a Lewis-acid-catalyzed ene reaction was applied to 
the synthesis of cycloaraneosene and its congener, "hydroxy cycloaraneosene." Comparisons of the NMR 
spectral data of the synthetic and natural compounds established that the natural product possesses an 8)3-
hydroxy structure, not the originally proposed 9a-hydroxy one. 

In the last decade, the total synthesis of di- and 
sester-terpenoids of the 5-8-5-membered tricyclic sys­
tems, such as ophiobolins,1* ceroplastols,2) fusicoc-
cins,3) cotylenins,4) and cycloaraneosene,5* has 
attracted m u c h at tent ion because of their u n i q u e bio­
logical activities and the presence of the eight-
membered r ing, a medium-sized r ing be ing regarded 
difficult to make.6* Only recently several papers de­
scribing successful syntheses of na tura l products have 
appeared; cycloaraneosene,7a) ceroplastol II and 
albolic acid,7b> ophiobol in C,7c) and ceroplastol I.7d> 
Also dictymal, a biogenetically related s^co-derivative 
of epoxydictymene,8 ) has been totally synthesized.9* 
Dur ing our synthetic study of cycloaraneosene (l),7a) a 
metaboli te from Sordaria araneosa, 5-8-5-membered 

tricyclic diterpene isolated by Borschberg5* we have 
prepared 9a-hydroxycycloaraneosene (2),7a) whose 
structure corresponds to the proposed structure of a 
congener, "hydroxycycloaraneosene" (A). However, 
the XH N M R spectra of 2 and A were no t identical wi th 
each other, and so the A structure should be revised. 
Original ly reported spectral data have suggested that 
A migh t be 8/3-hydroxycycloaraneosene (3).7a) T h a t 
is, the 1H N M R spectrum of 2 showed signals ascriba-
ble to a methyl g roup on C- l l at 5=1.20, while the 
reported figure for the corresponding methyl of A was 
at 1.02, which suggested that the configurat ion of the 
allylic alcohol migh t be epimeric. However, the epi-
mer of A, prepared by Borschberg,5* was no t identical 
to 2, either. Therefore, the hydroxyl mus t no t be 
substituted on C-9. T o obtain concrete evidence, we 
have now carried ou t an independent total synthesis of 
hydroxycycloaraneosene, 3. At the same time, we 
have also tried to develop an alternative eight-
membered r ing formation by the use of a Lewis-acid-
catalyzed int ramolecular ene reaction10* of the appro­
priate precursor, which would be an 8,9-stfco-enal deriv­
ative obtained from a chromium(II ) chloride conden­
sation product derived from two iridoid synthons.11* 

13 12 11 " 9 : R = Me3CO 

i v ) | 

10 : R = H 

Scheme 1. i) See, Ref. 7a; ii) Pivaloyl chloride/pyridine; TsOH/MeOH, 98%; iii) o-
nitrophenyl selenocyanate-tributylphosphine/THF; H2O2, 97%; iv) L1AIH4/THF, 
99%; v) (Cl3CCO)20-DMSO, Et3N, 99%; vi) FaCSOaTMS-EtaN/Cî^Ck, 98%; vii) 
Pd(OAc)2/MeCN, 51% or 02-Rose Bengal/acetone, 70%. 
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When (3S)-l-iriden-7-al (4) and (3S,8#)-9-benzyl-
oxy-7-chloro-l-iridene (5) were condensed by the use 
of chromium(II) chloride in a mixture of tetrahydro-
furan and Af,N-dimethylformamide in the presence of 
2-propanol, a stereoselective formation of the desired 
condensate (6) was observed, as was reported in former 
studies.7a>12) From this epimer, 6, a series of transfor­
mations described in connection with the previous 
synthesis of 1 was repeated to obtain a suitable 
substrate for the intramolecular ene reaction. 
8,9-5<?co-(2R,3Ä,6R,7R,10S,llS,14S)-8-Hydroxy-9-(2-
tetrahydropyranyloxy)-cycloaraneosane (7), obtained 
from the dissolving metal reduction of A2-precursor,7a> 
was then treated with pivaloyl chloride in pyridine 
and with p-toluenesulfonic acid in methanol to afford 
9-hydroxy-8-pivaloyloxy derivative (8a), which was 
contaminated by an epimer (8b). After the separation 
of the isomers by means of silica-gel column chroma­
tography, 8a was treated with Grieco's reagent,13* o-
nitrophenyl selenocyanate, and tributylphosphine in 
tetrahydrofuran and subsequently oxidized with hy­
drogen peroxide to afford an elimination product (9), 
which was then hydrolyzed by lithium-aluminum-
hydride reduction to an alcohol (10). The Swern 
oxidation14^ of 10 afforded an aldehyde (11) in a good 
yield. The treatment of 11 with trimethylsilyl tri-
fluoromethanesulfonate and triethylamine gave an 
trimethylsilyl enol ether (12). The conversion of 12 
to an «^-unsaturated aldehyde (13), the precursor for 
the intramolecular ene reaction, was achieved by the 
use of palladium(II)acetate15) or by singlet-oxygen 
oxidation. 

*- 1 

14 15 

Scheme 2. i) 200 °C/toluene, 97%; ii) SnCU/THF, 
85%; iii) NaBH4/MeOH; o-nitrophenyl seleno-
cyanate-tributylphosphine/THF; H2O2, 50%. 

The ene reaction of 13 in toluene by just heating at 
200 °C in a sealed tube, however, afforded a seven-
membered ring compound (14) as the single product. 
The stereochemistry of the product was assumed to be 
as depicted from the mechanistic point of view. The 
formation of the seven-membered ring derivative, 14, 
can be explained in terms of the preference for the 
smaller ring formation under the sterically crowded 
circumstances in the transition state; the 7T-system of 
the enal moiety might not be coplanar. The mecha­
nism of the formation of 14 indicated that, for the 
desired eight-membered ring closure, the carbonyl 
group of the aldehyde must be sufficiently polarized 
by the aid of acidic species. Therefore, the Lewis 
acid-mediated reaction was then attempted by adding 
tin(IV) chloride to a THF solution of 13; the products, 
formed as a mixture in an 85% yield, were indeed the 
desired compounds (15). The epimeric nature of the 
products and their tricyclic ring system were proven 
by their conversion to the previously synthesized 
cycloaraneosene, 1, in the following manner: 

Thus, the sodium borohydride reduction of this 
aldehyde mixture, 15, gave an epimeric mixture of 
alcohols, which, when treated with Grieco's reagent 
followed by hydrogen peroxide oxidation, afforded 1 
as a single product. The identity of the sample with 
the previously prepared compound was cofirmed by 
direct comparisons. Therefore, the ene reaction prod­
ucts possess the proper ring system, with proper 
stereochemistries, for further transformations. An 
isomeric mixture of trimethylsilyl enol ethers pre­
pared from 15 was oxidized to «^-unsaturated alde­
hyde (16) by means of palladium(II) acetate oxidation, 
and 16 was reduced with sodium borohydride and 
cerium(III) chloride16) to give an allylic alcohol (17). 
The treatment of 17 with Grieco's reagent, followed by 
hydrogen peroxide oxidation, caused a smooth 
[2,3]sigmatropic rearrangement17) to give secondary 
allylic alcohol (18) stereoselectively. The NMR 
spectral data of 18 were identical with the epi-
hydroxycycloaraneosene which had previously been 

15 
i ) 

16 17 "* 18 

i v ) 

' 19 ' 3 

Scheme 3. i) FaCSOaTMS-EtaN/CÄCk; Pd(OAc)2/MeCN, 85%; ii) 
NaBH4-CeCl3/MeOH, 99%; iii) o-nitrophenyl selenocyanate-tributyl-
phosphine/THF; H2O2; 77%; iv) (ClaCCO^O-DMSO, Et3N/CH2Cl2, 
94%; v) NaBH4-CeCl3/MeOH, 92%. 
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prepared in the structural study of A. Moreover, in a 
formal sense, this accomplishes a total synthesis of 3; 
our t ransformation from 18 to 3 is actually the same as 
in the or iginal manner.5* T h u s , the Swern oxidat ion 
of 18 afforded a ketone (19), which was identical wi th 
the dehydro derivative of A, as predicted, while the 
reduct ion wi th sodium borohydride and cerium(III) 
chloride gave 3 stereoselectively. T h e XH and 13C 
N M R spectra of 3 were essentially identical wi th the 
data reported for the na tura l product , A, a l though 
some discrepancies were observed wi th in the range of 
ins t rumenta l error; e.g., 5=1.00 was observed for the 
methyl g roup on C - l l , which had previously been 
reported to be 5=1.02. Since model inspections 
clearly show that the convex face a round C-8 of the 
cycloaraneosane r ing system is a-face, the stereoselec­
tive formations of bo th 18 and 3 strongly suggested 
that the hydroxyl of the former is a-oriented, while 
that of the latter is /3-oriented. T h i s conclusion was 
confirmed spectroscopically by the nuclear Over-
hauser effect (NOE) experiment. T h u s , in 3, distinct 
NOE ' s were observed on H-6 (5=2.09, br td, 7=10, 8 
Hz) and H - l a (5=1.44, dd, / = 1 5 , 8 Hz) by irradiat ion 
at the frequency of H-8 (5=4.46, dd, / = 8 , 6 Hz). 

Consequently, the results described herein consti­
tuted the total synthesis of hydroxycycloaraneosene, as 
well as its structure proof. It is worthy of comment 
that the in t ramolecular ene reaction is excellently 
appl ied for eight-membered r ing formation. T h i s 
became feasible by taking advantage of our interme­
diates hav ing two cyclopentane r ings; this apparent ly 
reduces the entropie factor in the r ing-formation reac­
tions. Three different methods are now available; 
the first is a low-valent t i t an ium chloride-mediated 
reductive cyclization of dialdehyde to l,2-diols,7b) the 
second, a low-valent c h r o m i u m chloride-mediated 
condensat ion of allyl hal ide to aldehyde to give allylic 
alcohol,7a> and the third, the ene reaction. T h e yields 
are all h igh . Certainly, one can select an appropr ia te 
method depending on the types of the target 
molecules. 

Related studies of the synthesis of the tricyclic 
h igher terpenoids will be reported in the future. 

Experimental 

The elemental analyses were performed by Miss S. Hira-
shima, of this Institute, Kyushu University. The mps were 
measured with a Yanagimoto Micro mp apparatus and are 
not corrected. The NMR spectra were measured by means 
of JEOL FX 100 and GSX 270H spectrometers in CDC13, 
unless otherwise specified, and the chemical shifts were 
expressed in 8 units. The mass spectra were measured with 
a JEOL 01SG-2 spectrometer. The IR spectra were taken as 
KBr disks for crystalline compounds or as liquid films 
inserted between NaCl plates for oily materials, using a 
JASCO IR-A 102 spectrometer. The optical rotations were 
measured with a Union Model PW-101 apparatus. The 
solvents for the reactions were carefully purified by distilla­

tion in the presence of appropriate dehydrating agents and 
in an N2 atmosphere immediately prior to use; therefore, 
they were anhydrous, unless otherwise stated. The station­
ary phase for the column chromatography was Wakogel C-
300, and the elution solvents were mixtures of hexane and 
ethyl acetate, unless otherwise stated. 

Pivalate 8a and its Stereoisomer (8b). According to our 
previous results,7** the starting tetrahydropyranyl ether 7 was 
obtained as a mixture with its stereoisomer by the reduction 
of the A2-precursor (1.07 g) by the dissolving-metal reduc­
tion in hexamethylphosphoric triamide. The stereoiso-
meric mixture of the reduction products (ca. 1 g), thus 
obtained was then dissolved into pyridine (15 cm3) and 
treated with an excess of pivaloyl chloride (1 cm3) at 20— 
25 °C for 12 h. The reaction mixture was then diluted with 
an aq. NaHC03 solution and extracted with a 2:1 mixture 
of hexane and ethyl acetate. The residue (ca. 1.3 g) 
obtained from an organic extract was then dissolved in 
methanol (20 cm3) and treated with p-toluenesulfonic acid 
(80 mg) at 25 °C for 4 h. The mixture was diluted with 
H2O and extracted with a 1:1-mixture of hexane and ethyl 
acetate. Silica-gel column chromatography of the extract 
gave 8a [a colorless oil, 775 mg; 72% (98% when started from 
pure 7). Found: C, 76.07; H, 11.72%. Calcd for C25H46O3: 
C, 76.09; H, 11.75%. [aft1-73.8° (c2.05, CHCI3). MS m/z, 
394 (M+), 81 (base peak). *H NMR 0=0.84 (3H, d, / = 7 Hz), 
0.85 (3H, d, /=6.5 Hz), 0.91 (3H, d, 7=6.5 Hz), 1.01 (3H, d, 
/ = 7 Hz), 1.07 (3H, s), 1.20 (9H, s), 1.86 (1H, m), 2.12 (1H, m), 
3.65 (1H, dd, /=11 , 5 Hz), 3.73 (IH, dd, 7=11, 4 Hz), 3.84 
(1H, dd, 7=11, 8.5 Hz), and 4.12 (IH, dd, 7=11, 4 Hz). 
13CNMR 0=15.58 (q), 17.64 (q), 17.90 (q), 22.27 (q), 23.79 (t), 
24.55 (t), 27.21 (3C, q), 27.49 (q), 31.24 (d), 32.09 (t), 33.09 (t), 
33.99 (d), 36.69 (d), 37.90 (t), 38.82 (s), 41.74 (d), 44.88 (s), 
47.23 (d), 47.64 (d), 56.04 (d), 64.06 (t), 66.97 (t), and 178.77 
(s). IR P: 3450, 2950, 2870, 1735, 1715, 1450, 1285, 1160, 
1030 cm - 1], and its stereoisomer, (2ß,3S)-isomer, 8b [color­
less needles, mp 47—48 °C, 218 mg; 20%. Found: C, 75.90; 
H, 11.67%. [a]g -37.5° (c 1.79, CHCI3). MS m/z, 394 
(M+), 57 (base peak). « N M R 0=0.85 (3H, d, 7=6.5 Hz), 
0.91 (3H, d, 7=7 Hz), 0.94 (3H, d, 7=7 Hz), 1.00 (3H, d, 7=6.5 
Hz), 1.08 (3H, s), 1.20 (9H, s), 1.80 (2H, m), 3.62 (IH, dd, 
7=11, 5 Hz), 3.70 (IH, dd, 7=11, 7 Hz), 3.83 (IH, dd, 7=10.5, 
7.5 Hz), and 4.08 (IH, 7=10.5, 4.5 Hz). 13CNMR 0=17.09 
(q), 17.96 (q), 21.35 (q), 22.29 (q), 24.64 (t), 27.24 (3C, q), 
27.49 (t), 28.01 (q), 31.30 (d), 33.09 (t), 36.64 (d), 37.94 (t), 
38.85 (s), 41.08 (d), 42.79 (t), 45.27 (s), 46.06 (d), 47.67 (d), 
52.70 (d), 56.17 (d), 64.07 (t), 67.86 (t), and 178.71 (s). IR v: 
3440, 2950, 2865, 1730, 1715, 1480, 1460, 1285, 1160, and 1030 
cm -1]. 

Dehydration of 8a to a Terminal Olefin (9). Into a 
tetrahydrofuran (THF) solution (10 cm3) of 8a (452 mg), o-
nitrophenyl selenocyanate (310 mg) and tributylphosphine 
(0.34 cm3) were added successively. After it had then been 
stirred for 20 min at 20 °C, the reaction mixture was diluted 
with H2O and extracted with ether. The yellow oil (633 
mg) obtained from the extract was dissolved into T H F (5 
cm3), and the mixture was treated with 35% H2O2 (0.2 cm3) at 
20—25 °C for 6 h. The reaction mixture was then diluted 
with H2O and extracted with a 3:1 mixture of hexane and 
ethyl acetate. The residue obtained from the extract was 
chromatographed on a silica-gel column to give 9 [a color­
less oil, 418 mg; 97%. Found: C, 79.68; H, 11.62%. Calcd 
for C25H44O2: C, 79.73; H, 11.78%. [a]$ -110.7° (c 1.83, 
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CHC13). MS mlz, 376 (M+), 95 (base peak). iHNMR 
0=0.77 (3H, d, / = 7 Hz), 0.85 (3H, d, / = 7 Hz), 0.97 (3H, d, 
/ = 7 Hz), 0.98 (3H, s), 0.99 (3H, d, 7=6.5 Hz), 2.15 (1H, m), 
2.41 (1H, m), 3.83 (1H, dd, 7=10.5, 8.5 Hz), 4.06 (1H, dd, 
7=10.5, 4 Hz), 4.73 (1H, d, 7=2.5 Hz), and 4.81 (1H, d, 7=2.5 
Hz). 13CNMR 0=15.77 (q), 16.46 (q), 17.60 (q), 21.96 (q), 
23.04 (t), 23.74 (t), 27.24 (3C, q), 27.95 (q), 28.78 (d), 33.17 (t), 
33.65 (d), 36.41 (d), 37.29 (t), 38.82 (s), 40.11 (t), 41.97 (d), 
46.52 (s), 47.46 (d), 51.20 (d), 66.92 (t), 103.24 (t), 163.36 (s), 
and 178.73 (s). IR v: 3060, 2950, 2860, 1735, 1645, 1480, 
1460, 1155, and 875 cm"1]. 

LAH-Reduction and Subsequent Swern Oxidation of 9 to 
11 via 10. A THF solution (8 cm3) of 9 (338 mg) was treated 
with LiAlH4 (20 mg) at 0 °C for 30 min. A small portion of 
aq NH4CI was then added, and the resulting supernatant 
was dried over MgS04- Silica-gel chromatography of the 
residue afforded a corresponding alcohol 10 [a colorless oil, 
260 mg; 99%. Found: C, 82.10; H, 12.28%. Calcd for 
C20H36O: C, 82.13; H, 12.40%. [<*]# -120.2° (c 1.61, CHCI3). 
MS mlz, 292 (M+), 95 (base peak). 1U NMR 0=0.77 (3H, d, 
7=6.5 Hz), 0.84 (3H, d, 7=7 Hz), 0.97 (3H, d, 7=6.5 Hz), 0.98 
(3H, s), 1.00 (3H, d, 7=7 Hz), 1.97 (1H, sept of d, 7=7, 4.5 
Hz), 2.15 (1H, m), 2.41 (1H, m), 3.36 (1H, dd, 7=10.5, 8 Hz), 
3.69 (1H, dd, 7=10.5, 4 Hz), 4.76 (1H, d, 7=2.5 Hz), and 4.83 
(1H, d, 7=3 Hz). 13CNMR 0=15.72 (q), 16.44 (q), 17.26 (q), 
21.99 (q), 23.05 (t), 23.90 (t), 27.93 (q), 28.75 (d), 33.23 (t), 
36.46 (d), 37.03 (d), 37.32 (t), 40.16 (t), 41.90 (d), 46.58 (s), 
47.33 (d), 51.26 (d), 65.37 (t), 103.11 (t), and 163.82 (s). IR v: 
3330, 3060, 2950, 2860, 1645, 1455, 1380, 1370, 1030, and 880 
cm - 1]. To a CH2CI2 solution (15 cm3) of trichloroacetic 
anhydride (0.25 cm3) we added a CH2CI2 solution (0.5 cm3) 
of dimethyl sulfoxide (0.2 cm3) at — 80 °C. After the mix­
ture had been stirred at -70—-80 °C for 30 min, a CH2CI2 
solution (5 cm3) of 10 (260 mg) was added at —80 °C; stirring 
was then continued for another 1 h at —75——65 °C. The 
reaction temperature was then lowered again to —80 °C, and 
Et3N (1.5 cm3) was introduced. The mixture was gradually 
warmed to — 20 °C, diluted with an aq. NaHCÜ3 solution, 
and extracted with a 5:1 mixture of hexane and ether. 
Silica-gel column chromatography of the extract gave 11 [a 
colorless oil, 256 mg; 99%. *HNMR 0=0.77 (3H, d, 7=7 
Hz), 0.86 (3H, d, 7=7 Hz), 0.98 (3H, d, 7=7 Hz), 0.99 (3H, s), 
1.08 (3H, d, 7=7 Hz), 2.21 (1H, m), 2.40 (1H, m), 2.49 (1H, 
m), 4.76 (1H, d, 7=2.5 Hz), 4.81 (1H, d 7=3 Hz), and 9.75 
( lH ,d ,7=2Hz) . 13C NMR 0=13.23 (q), 15.38 (q), 16.44 (q), 
21.96 (q), 23.04 (t), 24.85 (t), 27.89 (q), 28.77 (d), 33.09 (t), 
36.44 (d), 37.31 (t), 39.88 (t), 42.48 (d), 46.18 (d), 46.48 (s), 
47.59 (d), 51.22 (d), 103.45 (t), 163.25 (s), and 206.06 (d). IR 
v: 3110, 2980, 2910, 2760, 1730, 1650, 1460, 1390, and 905 
cm"1]. 

Conversion of 11 to a,ß-Unsaturated Aldehyde (13). Into 
a CH2CI2 solution (5 cm3) of saturated aldehyde 11 (168 mg) 
we added Et3N (0.24 cm3) and trimethylsilyl trifluoro-
methanesulfonate (0.17 cm3), after which the mixture was 
stirred for 14 h at 20—25 °C. Then the mixture was diluted 
with an aq K2CO3 solution and extracted with a 5 :1 mixture 
of hexane and ether. The organic extract was washed suc­
cessively with a very dilute aq KHSO3 solution, an aq 
NaHCÜ3 solution, and brine. The residue obtained from 
the extract was quickly passed through a Florisil column to 
give trimethylsilyl enol ether of 12 (206 mg; 98%), which was 
subsequently oxidized to an unsaturated aldehyde by the 
following two methods. 

a) Pd(OAc)2 Oxidation. An CH3CN solution (5 cm3) of 
12 (290 mg) was treated with Pd(OAc)2 (198 mg) at 20—25 °C 
for 3 h. The reaction mixture was then passed through a 
short Florisil column with ether. The elutant was washed 
successively with an aq. NaHCÜ3 solution, H2O, and brine. 
Silica-gel column chromatography of the residue gave 13 [a 
colorless oil, 120 mg; 52%. ^ N M R 0=0.75 (3H, d, 7=6.5 
Hz), 0.88 (3H, d, 7=7 Hz), 0.94 (3H, s), 0.96 (3H, d, 7=7 Hz), 
1.14 (1H, dd, 7=14.5, 2 Hz), 2.2—2.45 (2H, m), 2.63 (1H, br 
td, 7=9.5, 7.5 Hz), 4.69 (1H, d, 7=3 Hz), 4.71 (1H, d, 7=3 Hz), 
5.99 (1H, s), 6.24 (1H, br s), and 9.54 (1H, br s). 13CNMR 
0=16.08, 16.67, 22.20, 23.21, 27.99, 29.02, 29.69, 33.69, 36.41, 
37.43, 39.42, 42.90, 44.99, 46.52, 51.30, 103.55, 134.30, 154.10, 
163.30, and 195.28]. 

b) x02 Oxidation. A mixture of 12 (191 mg), pyridine 
(0.03 cm3), and Rose Bengal (1 mg) was irradiated by means 
of a 500-W tungsten lamp under an oxygen stream for 40 
min at 0°C. Then triphenylphosphine (165 mg) was 
added, and the reaction mixture was stirred for 3 h at 20— 
25 °C. Acetone was removed under reduced pressure, and 
the residue was chromatographed on a silica-gel column to 
give 13 (108 mg; 71%). 

Thermal Ene Reaction of 13 to 14. A toluene solution (5 
cm3) of 13 was heated at 200 °C for 24 h in a sealed tube. 
The subsequent evaporation of the solvent and chromato­
graphic purification of the residue afforded 14 [a colorless 
oil, 29 mg; 97%. [a]g +32° (c 1.32, CHCI3). MS mlz, 288 
(M+), 137 (base peak). ^ N M R 0=0.81 (3H, d, 7=7 Hz), 
0.87 (3H, d, 7=7 Hz), 0.90 (3H, s), 0.92 (3H, s), 1.02 (3H, d, 
7=6.5 Hz), 2.58 (1H, sept, 7=7 Hz), and 9.47 (1H, s). 
13CNMR 0=12.46 (q), 14.61 (q), 20.63 (q), 21.58 (q), 25.53 (t), 
25.56 (q), 26.85 (t), 27.18 (d), 30.50 (t), 33.48 (t), 37.59 (t), 
39.87 (d), 43.07 (t), 49.52 (s), 49.75 (s), 51.23 (s), 135.46 (s), 
144.92 (s), and 207.08 (d). IR v: 2950, 2860, 1725, 1695,1455, 
1380, and 1200 cm-1]. 

Lewis-Acid-Catalyzed Ene Reaction of 11 to 13. Into a 
THF solution (8 cm3) of the enal 11 (53 mg) we added SnCl4 

(0.022 cm3) at 0 °C, after which the mixture was stirred for 16 
h at 20—25 °C. The reaction mixture was then diluted 
with an aq. NaHCÜ3 solution and extracted with a 4:1 
mixture of hexane and ethyl acetate. The residue obtained 
from the organic extract was chromatographed on a silica-
gel column to give 13 (a colorless oil, 45 mg; 85%), which 
was an epimeric mixture at C-7. The separation and char­
acterization of the epimers were not attempted at this stage. 

Formation of 1 from 15. A MeOH solution (2 cm3) of 15 
(45 mg) was treated with NaBH4 (10mg) at 0°C for 30 min. 
The reaction mixture was then diluted with H2O and 
extracted with ether. The crude isomeric mixture of alco­
hols (45 mg) obtained from the extract was then treated with 
o-nitrophenyl selenocyanate (43 mg) and tributylphosphine 
(0.046 cm3) in T H F at 20—25 °C for 30 min; then the 
mixture was directly treated with H2O2 (0.025 cm3) at 20— 
25 °C for 6 h. Extraction with a 1:1 mixture of EtOAc and 
hexane and chromatography on a silica-gel column gave 1 
(a colorless oil, 21 mg; 50%). This compound was con­
firmed to be cycloaraneosene by a direct comparison with a 
previously prepared sample.7*) 

Formation of a,ß-Unsaturated Aldehyde (16) from 15. 
Into a CH2CI2 solution (8 cm3) of 15 (51 mg) we added Et3N 
(0.075 cm3) and trimethylsilyl trifluoromethanesulfonate 
(0.055 cm3), after which the mixture was stirred for 12 h. 
Then, the mixture was diluted with an aq K2CO3 solution 
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and extracted with ether. The residue obtained from the 
extract was quickly passed through a Florisil column to give 
an isomeric mixture of the corresponding silyl enol ethers 
(57 mg), which was then treated with Pd(OAc)2 (40 mg) in 
CH3CN (5 cm3) at 20—25 °C for 6 h. The reaction mixture 
was then passed through a short Florisil column with ether. 
The elutant was washed successively with an aq NaHCÜ3 
solution, H2O, and brine. Silica-gel column chromatog­
raphy of the residue gave 16 [a colorless oil, 43 mg; 85%. 
*HNMR 0=0.84 (3H, d, 7=7 Hz), 0.87 (3H, d, /=6.5 Hz), 
0.88 (3H, d, / = 7 Hz), 0.90 (3H, s), 2.51—2.62 (2H, m), 2.75 
(IH, dd, /=14, 8.5 Hz), 3.00 (IH, ddt, 7=14, 8.5, 1.5 Hz), 6.61 
(IH, td, 7=8.5, 1 Hz), and 9.24 (IH, d, 7=1 Hz)]. 

1,2-Reduction of 16 to Allyl Alcohol (17). Into a MeOH 
solution (3 cm3) of 16 (30 mg), CeCl3 • 7H 2 0 (47 mg) was 
added at 0°C, after which the mixture was stirred for a 
while. Then it was treated with NaBH4 (6 mg) for 20 min. 
The reaction mixture was diluted with 0.5 M HCl and 
extracted with ether. Silica-gel column chromatography of 
the extract gave the desired alcohol, 17 [a colorless oil, 30 
mg; 99%. ^ N M R 0=0.84 (3H, d, 7=7 Hz), 0.85 (3H, d, 
7=7 Hz), 0.87 (3H, s), 0.90 (3H, d, 7=6.5 Hz), 2.48 (IH, dd, 
7=14, 8.5 Hz), 2.58—2.77 (3H, m), 4.03 (IH, d, 7=12 Hz), 
4.07 (IH, d, 7=12 Hz), and 5.85 (IH, br t, 7=8.5 Hz)]. 
Although the full characterization of this compound was 
not carried out, a clean 1,2-reduction of the enal moiety of 
16 to 17 obviously occurred judging from the 1 HNMR 
spectrum. 

Reaction of 17 with o-Nitrophenyl Selenocyanate and 
Subsequent 2,3-Sigmatropic Rearrangement to Give Unsat­
urated Alcohol, epi-Hydroxycycloaraneosene (18). Into a 
T H F solution (4 cm3) of 17 (30 mg) we added o-nitrophenyl 
selenocyanate (28.5 mg) and tributylphosphine (0.031 cm3). 
The mixture was then stirred at 20—25 °C for 20 min, 
diluted with H2O, and extracted with ether. The chroma­
tographic purification of the residue gave a yellow oil (47 
mg), which was then treated with H2O2 (0.13 cm3) in THF 
(2.5 cm3) in the presence of Et3N (0.1 cm3) for 20 h. After 
the usual work-up, the residue was chromatographed on a 
silica-gel column to give 18 [colorless needles, mp 128.5— 
130 °C (lit.5) 129—130 °C), 23 mg; 77%. [a]S -14° (c 0.43, 
CHCI3) (lit.5) -10°). *H NMR 0=0.84 (3H, d, 7=7 Hz), 0.84 
(3H, s), 0.91 (3H, d, 7=6.5 Hz), 0.97 (3H, d, 7=7 Hz), 1.94 
(IH, dd, 7=13.5, 10.5 Hz), 2.37 (IH, br td, 7=9.5, 5.5 Hz), 
2.52—2.70 (2H, m), 4.31 (IH, dd, 7=10.5, 7 Hz), 4.84 (IH, br 
s), and 4.94 (IH, br s). 13CNMR 0=14.81 (q), 20.55 (q), 
21.18 (q), 26.50 (t), 26.99 (q), 27.99 (d), 29.56 (t), 34.15 (t), 
34.59 (t), 34.72 (t), 41.37 (d), 42.14 (t), 42.52 (d), 50.04 (d), 
50.24 (s), 76.98 (d), 112.54 (t), 135.15 (s), 143.14 (s), and 159.02 
(s). IR v: 3440, 2980, 2950, 1640, 1010, 1000, and 900 cm"1]. 

Oxidation of 18 to Ketone 19. Into a CH2CI2 solution (4 
cm3) of trichloroacetic anhydride (0.029 cm3) we added a 
CH2CI2 solution (0.05 cm3) of dimethyl sulfoxide (0.022 cm3) 
at —80 °C. After the mixture had then been stirred at —70— 
- 8 0 °C for 30 min, a solution (0.5 cm3) of 18 (30 mg) was 
added at —80 °C and stirring was continued for another 1 h 
at —75——65 °C. The reaction temperature was then 
lowered again to — 80 °C, and Et3N (0.15 cm3) was intro­
duced. The mixture was gradually warmed to — 20 °C, 
diluted with an aq NaHCÜ3 solution, and extracted with a 
5 :1 mixture of hexane and ether. Silica-gel column chro­
matography of the extract gave 19 [colorless needles, 
m p 72.5-74 °C (lit.5) 75 -76 °C), 28 mg; 94%. [a]% +132° 

(c 0.75, CHCI3) (lit.5) +53°). !HNMR 0=0.87 (3H, d, 7=7 
Hz), 0.88 (3H, d, 7=6.5 Hz), 0.90 (3H, d, 7=7 Hz), 0.96 (3H, 
s), 2.42 (IH, br q, 7=8.5 Hz), 2.61 (IH, sept, 7=7 Hz), 3.08 
(IH, br d, 7=14.5 Hz), 3.24 (IH, br d, 7=14.5 Hz), 5.13 (IH, 
br s), and 5.34 (IH, br s). 13CNMR 0=15.76 (q), 19.98 (q), 
20.86 (q), 26.93 (q), 27.18 (d), 27.45 (t), 29.90 (t), 33.31 (t), 
35.11 (t), 38.72 (t), 40.10 (d), 42.39 (t), 47.19 (d), 48.12 (d), 
50.81 (s), 113.51 (t), 130.39 (s), 147.66 (s), 155.89 (s), and 
206.97 (s). IR v: 2970, 2890, 1685, 1650, 1630, 1450, 1375, 
1260, 1100, 935, and 800 cm"1]. 

Reduction of 19 to 3, Hydroxycycloaraneosene. To an 
MeOH solution (3 cm3) of 19 (28 mg) CeCl3- 7H 2 0 (47 mg) 
was added at 0 °C, after which the mixture was stirred for a 
while, and then treated with NaBH4 (6 mg) for 20 min. 
The reaction mixture was diluted with 0.5 M HCl and 
extracted with ether. Silica-gel column chromatography of 
the extract gave 3 [a colorless oil, 26 mg; 92%. [a]g +16° (c 
0.94, CHCI3) (lit.5) +7.5°). *HNMR 0=0.83 (3H, d, 7=7 
Hz), 0.89 (3H, d, 7=7 Hz), 0.91 (3H, 7=7 Hz), 1.00 (3H, s), 
1.26 (IH, dddd, 7=13, 9, 6, 3 Hz; H-4<*), 1.34 (IH, ddd, 7=10, 
8, 7 Hz; H-2), 1.44 (IH, dd, 7=15, 8 Hz; H-la), 1.50 (IH, ddd, 
7=13, 9, 6 Hz; H-12<*), 1.58 (IH, ddd, 7=13, 9, 8 Hz; H-12/3), 
1.62 (IH, br d 7=15 Hz; H-lj8) 1.63 (IH, dtd, 7=13, 10, 6 Hz; 
H-5j8), 1.69 (IH, br s; OH), 1.78 (IH, dddd, 7=13, 9, 8, 5 Hz; 
H-5<*), 1.87 (IH, dddd, 7=13, 10, 7, 5 Hz; HAß), 2.03 (IH, 
sext of d, 7=7, 3; H-3), 2.09 (IH, br td, 7=10, 8 Hz; H-6), 
2.1—2.2 (2H, m; H-13's), 2.39 (IH, ddt, 7=14, 6, 2 Hz; H-9<*), 
2.51 (IH, dd, 7=14, 8 Hz; H-9j8), 2.72 (IH, sept, 7=7 Hz; H-
15), 4.46 (IH, dd, 7=8, 6 Hz; H-8), 4.93 (IH, br s; H-17), and 
5.09 (IH, br s; H-17). 13C NMR 0=16.70 (q), 21.17 (q), 21.23 
(q), 27.29 (d; C-15), 27.85 (t; C-13), 27.86 (q; C-18), 29.60 (t; C-
5), 31.81 (t; C-4), 33.90 (t; C-9), 36.70 (t; C-12), 39.36 (d; C-3), 
42.53 (t; C-l), 46.46 (d; C-2), 48.74 (d; C-6), 50.79 (s; C-ll), 
73.24 (d; C-8), 107.09 (t; C-17), 134.23 (s), 144.64 (s), and 
157.67 (s). IR v: 3360, 2950, 1640, 1375, 1360, 1020, and 895 
cm - 1]. 
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Stereochemistry of NAD(P)-Coenzyme in the Reaction Catalyzed 
by Glycerol Dehydrogenase 
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The coenzyme stereospecificities in the reaction of glycerol dehydrogenases (GDH) from various microbial 
sources have been determined. It is found that the nicotinamide-coenzymes (NADH and NADPH) employed 
by GDHs from eucaryotes exert the pro-S specificity, whereas those employed by procaryotes exert the pro-R 
specificity. The stereospecificity of the coenzyme seems to have a correlation with chemical evolution of GDH 
as well as biological evolution of the host organism. 

Accumula t ing a lot of results on stereochemistry of 
oxido-reductases, Bentley proposed an experimental 
generalization, so called Bentley's rule,1* which is now 
widely accepted. 

T h e rule says that: 
(1) T h e stereospecificity of a par t icular reaction is 

fixed and does not depend on the source of the enzyme. 
(2) T h e stereospecificity of a par t icular reaction is 

the same in those cases in which both N A D + and 
N A D P + can be used as coenzymes. 

(3) If an enzyme utilized a range of substrates, the 
stereospecificity with respect to hydrogen transfer will 
remain the same with all substrates. 

In addi t ion to the above rule, it is interest ing to note 
that bo th L- and D-lactate dehydrogenases, different 
enzymes (1.1.1.27 and 1.1.1.28) each other, use the 
same pro-R hydrogen of N A D H to reduce pyruvic 
acid.2"5) 

T h e "rule 2" is str iking because N A D H usually has 
a different biological role from N A D P H . For exam­
ple, N A D H is used in the degradat ion of fatty acids, 
whereas N A D P H is employed in their synthesis.6) 

Benner is to be honored for his ins ight into sum­
mariz ing chaotic stereochemistry of NAD(P)-
coenzymes. He classified NAD(P)-dependent dehy­
drogenases into pro-R and pro-S specific ones7~9) wi th 
respect to the reactivity of their na tura l substrates: less 
reactive substrates are reduced by more reactive pro-S 
hydrogen of NAD(P)H and vice versa. T h e proposal 
is qui te interesting and suggestive from the viewpoint 
of chemical evolution of enzymes,10) but , at the same 
time, was subjected to the criticism.11"13) There 
appeared other proposals.13 '14) T h e biochemical 
stereochemistry-reactivity re la t ionship has obtained 
an analogy in organic chemistry and the idea has been 
unambiguous ly proved to be valid.15) 

A l though it is difficult to obta in a scientifically 
u n a m b i g u o u s proof for a proposal on biological a n d / 
or chemical evolution, it will be wor thwhi le to shed 
l ight on the stereochemistry of enzymatic reactions to 
unders tand the evolutionary process of proteins and 
other biologically impor t an t materials as well as its 
role for the host organism. 

Bentley himself poin ted ou t tha t there are some 

exceptions for the "rule 1." Namely, the enzymes 
associated wi th electron t ransport processes exert dif­
ferent specificity.1) T h e second example for the vio­
lation of the "rule 1" is seen in alcohol dehydrogenase 
(1.1.1.1): those from yeast and horse liver use the pro-R 
hydrogen of N A D H , whereas that from Drosophila 
melanogaster uses the pro-S hydrogen.9) T h e differ­
ence in stereochemistry of the coenzyme is explained 
by means of physiological roles of these enzymes for 
the survival of host organisms and has been nomi­
nated as an evidence to suppor t the Funct ional Model 
of chemical evolution.9) T h e Historical Model 
should not al low such a divergence in stereochemistry 
of isozymes. 

We would like to report in this paper that the third 
example of the violation exists in a series of glycerol 
dehydrogenases (GDH, 1.1.1. 6). Such a number of 
violation seems to suggest that Bentley's "rule 1" is no 
more a correct prediction and should be wi thdrawn. 

Results and Discussion 

GDH catalyzes the oxidoreduct ion between glycerol 
and dihydroxyacetone and the equi l ibr ium constant 
of this reaction lies in the borderl ine of the pro-R and 
pro-S specificities based on Benner 's classification.8) 
Al though G D H has been classified by Benner in to the 
pro-R specificity, experimental results reported in 
literatures appear messy: NADP-dependent G D H 
from Mucor javanicus shows the pro-S specificity,16) 
which is opposi te to the stereochemistry in the reac­
tion with NAD-dependent G D H from Aerobacter 
aerogens17) and Bacillus megaterium.13) A l though 
Bentley's "rule 2 " predicts that NAD and NADP-
dependent G D H s behave similarly, the rule has no 
guarantee to be universal and it is desirable to find an 
example of NAD-dependent G D H which exibits the 
pro-S specificity in order to claim the enzyme of this 
class to be the third example of scattered stereospecifi­
city. 

Three other G D H s that are dependent on NAD-
coenzyme were, therefore, subjected for investigation. 
They are G D H s from Geotrichum candidum, Cellu-
lomonas species, and the one from a Bacterium (or 



1736 Kaoru NAKAMURA, Tsuyoshi SHIRAGA, Takehiko MIYAI, and Atsuyoshi OHNO [Vol. 63, No. 6 

Bacteria).18) G D H from Bacillus megaterium was 
also employed for the present study to confirm the 
validity of our results by compar ing them with those 
from others. 

T h e reduction of dihydroxyacetone with (47?)- or 
(4S)-NADH-4-d in D 2 0 at p H 7 was run in an N M R 
sample tube in the presence of a G D H , and the reac­
tion was moni tored on a 200 MHz X H N M R spec­
trometer. T h e stereospecificity of the reaction was 
determined by observing the presence or absence of a 
doublet at 8.9 p p m , which is the signal from the 
p ro ton at the 4-position of N A D + . 

T h e results are summarized in Table 1 together with 
those from literatures, from which it is obvious that 
the enzyme from Geotrichum candidum is the first 
example for a pro-S specific NAD-dependent G D H 
and that G D H s from different sources exert different 
stereospecificity. 

Based on the Fundamenta l Model for the chemical 
evolut ion of an enzyme, it is possible to predict that 
G D H s from Mucor and Geotrichum, which are pro-S-
specific, are evolved as dihydroxyacetone reductase 
and the other G D H s , which are pro-R-specilic, are 
evolved as glycerol oxidases, based on redox potentials 
of these chemicals.8'10* However, since most of G D H s 
from these microbes are not characterized, we do not 
know if these enzymes can be categorized in to la rge / 
small-molecular-weight subuni t of enzymes,14) a n d / o r 
in to Zn 2 + -dependent / independent enzymes.13) At the 
same time, we th ink that the classification of enzymes 
by their molecular weight has no scientific back-

Table 1. Stereospecificity of NAD-Coenzyme 
in the Reduction of Dihydroxyacetone 

Catalyzed by GDH 

S-specific GDH 

f?-specific GDH /C0NH2 S-specific GDH 

(S)-4d-NADH 

Signal at 6=8.9 ppm 
Stereo-

Source of GDH (1.1.1.6) NADH-4-d Starting s p ^ f ^ k y 

From iR From 4S 

Mucor jav aniens — 
Geotrichum candidumh) No 
Cellulomonas species* Yes 
Bacillus megateriumd) Yes 
Aerob acter aerogense) Yes 
Bacterium (or Bacteria)f) Yes 

Yes 
No 
No 
No 
No 

pro-S 
pro-S 
pro-R 
pro-R 
pro-R 
pro-R 

a) Ref. 16. b) Amano Co. c) Toyobo Co. d) Toyo 
Jozo Co. and Ref. 13. e) Ref. 17. f) Oriental Yeast 
Co. and Ref. 18. 

(A) 

W y W 

(B) 

W Mtf Lu U*^ 

T — T — i — i — i — r 

9 . 5 , 9 
6 / p p m 

T—i—r i — i — i — i — i — i — | — r 

9 . 5 9 
6/ppm 

Fig. 1. ^ N M R spectra of the reaction mixture of 
(#)-NADH-4-d with GDH from (A): Cellulomonas 
species (B): Geotrichum candium. 

ground because we cannot predict any biological role 
for the molecular-weight of an enzyme. 

In addi t ion to these possibilities, we can propose the 
third classification: the microbes Mucor and Geotri­
chum be long to a g roup of eucaryotes and others to 
procaryotes. Eucaryotes and procaryotes migh t have 
different G D H to satisfy their intr insic (biological) 
survival condi t ions. In other words, the G D H s have 
received biological pressure from their host organisms 
in their evolutionary processes and the biological 
pressure acted differently in eucaryotes from proca­
ryotes. We have reported a chemical evidence and 
theory to suppor t the Funct ional Model.15'19* T h e 
present and other9) evidence seem to suggest that the 
biological pressure from the host organism is qui te 
impor tan t to make a biochemical reaction run on a 
par t icular potent ial energy surface of the reaction. 
In this sense, our proposal for the classification of 
enzymes (eucaryote/procaryote) seems more reason­
able than those based on molecular-weight a n d / o r 
requi rement of a cofactor. Of course, we have to 
answer to many quest ions before the validity of our 
proposal is confirmed; how eucaryotes and proca­
ryotes are different each other from the viewpoint of 
biochemistry; how different the biological pressure 
from these entirely different organisms on their own 
biochemical processes; and so on. At the same time, 
many other examples are necessary for any of the 
proposals . 

Experimental 

Instruments. *H NMR spectra were recorded on a Varian 
VXR-200 spectrometer in D2O with sodium 3-(trimethyl-
silyl)propionate-2,2,3,3-<ii as an internal reference. UV 
spectra were obtained on a Union Giken SM-401 
spectrometer. 
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Glycerol Dehydrogenases. GDHs from Geotrichum can-
didum (246 unit ml"1) and Bacillus megaterium (42 
unit mg"1) were kindly supplied by Amano Pharmaceutical 
Co. and Toyo Jozo Co., respectively. Those from Cellu-
lomonas species (50 unit mg"1) and Bacterium (or Bacteria) 
(100 unit mg"1) were purchased from Toyobo Co. and 
Oriental Yeast Co, respectively. 

(4Ä)-NADH-4-d. A 200 ml round-bottomed flask con­
taining 100 mg of ß-NAD+ (purchased from Kohjin Co.), 
10.0 mg (21 units) of horse liver alcohol dehydrogenase 
(HLADH) purchased from Sigma Co., 1 ml of ethanol-efe, 
and 100 ml of pH 9 phosphate buffer solution (50 mM, 
M=mol dm -3) was kept in an ice-bath for 3 h. The mixture 
was concentrated under reduced pressure and the residue 
was subjected to column chromatography on 100 ml DEAE-
Toyopearl 650 (22 mmc/>X160 mm length). NAD+ was 
eluted by pH 8 phosphate buffer (1.0 mM) monitoring the 
absorption at 260 nm. Then, NADH-4-d was eluted by 
subjecting 0.2 M ammonium carbonate-pH 8 phosphate 
buffer (1.0 mM) solution monitoring the absorption at 340 
nm. The eluent containing NADH-4-d was collected and 
ammonium carbonate was removed under reduced pressure 
from the freezed substrate. The remained powder (971 mg) 
contained 68 mg (68% yield) of (4#)-NADH-4-d. The 
deuterium content and enantiomeric excess in the product 
were measured on 1H NMR spectrometer to be both more 
than 95%. No signal corresponding to the 4-pro-R proton 
was observed. 

(45)-NADH-4-rf. NAD+-4-d prepared from NAD+ and 
alkaline potassium cyanide in D2O according to the litera­
ture method20) was subjected to the reduction with ethanol 
mediated by HLADH as described above. The deuterium 
content and enantiomeric excess in the (4S)-NADH-4-d thus 
obtained and employed for the reaction were 81% and more 
than 95%, respectively. 

Reduction of Dihydroxyacetone. The reduction of dihy-
droxyacetone (7.2 mg) with (4fl)-NADH-4-d (7.7 mg) was 
done in an NMR sample tube with 0.7 ml of D2O at pH 7.0 
as the solvent in the presence of GDH (5—30 unit). The 
reaction was monitored on a 200 MHz XH NMR spectrome­
ter. As shown in Fig. 1, the signal from the proton at the 4-
position of NAD+ appears at around 6=8.9 ppm when the 
enzymatic reaction proceeds with the ß-specificity, whereas 
the reaction with the S-specificity does not show this signal 
because the deuterium at the 4-position of NADH is 
abstracted in the former case but the protium is abstracted in 
the latter. The reduction with (4S)-NADH-4-d was moni­
tored in the same way as described above. Of course, the 
appearance/disappearance of the signal at 6=8.9 ppm is 
reversed herein from the above mentioned reactions. How­

ever, since the deuterium content in this coenzyme is only 
81%, the signal at 8.9 ppm did not disappear completely. 

We thank Dr. N. I toh of Amano Pharmaceut ical Co. 
and Toyo Jozo Co. for k ind supply of GDHs . A. O. 
also thanks Nagase Foundat ion for a part of financial 
suppor t on this work. 
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In the presence of metallic bismuth, bismuth(III) chloride-metallic zinc, or bismuth(III) chloride-metallic 
iron, allylic halides have been found to react with aldehydes under mild conditions to give the corresponding 
homoallylic alcohols in high yields with high chemo-, regio-, and stereoselectivity. Allylic halides have been 
also found to react with aldehydes at room temperature in tetrahydrofuran-water by using bismuth(III) 
chloride-metallic aluminium to afford the expected homoallylic alcohols in high yields. 

T h e addi t ion of allylic organometal l ics to carbonyl 
c o m p o u n d s is an impor t an t synthetic reaction for the 
prepara t ion of homoal ly l ic alcohols,1) and a classical 
method is the addi t ion of an allylic Gr ignard reagent 
which mus t be prepared cautiously to avoid an unde-
sired coupling reaction, Wurtz-type reaction.2) Recently, 
the Grignard- type carbonyl addi t ion of allylic halides 
has been developed ut i l iz ing organometal l ics derived 
from a number of metall ic elements such as manga­
nese,3) zinc,4) tin,4c'5) antimony,6) and cerium,7) where 
Wurtz-type coup l ing reaction did not take place. 

In view of elemental resources for the future, it is 
impor t an t to use various elements for organic synthe­
sis. A m o n g g roup 5B elements, b i smuth metal is 
cheaper and less toxic than arsenic or an t imony and 
can be expected to play some role in organic synthesis 
according to its enhanced metallic character. T o our 
knowledge, however, organic synthesis, especially car­
bon-ca rbon bond forming reaction us ing b i smuth 
and b i smuth compounds has been scarcely studied.8) 
Concerning the Grignard- type carbonyl addi t ion of 

allylic halides ut i l izing a metall ic element, we had an 
interest in b ismuth . We now wish to disclose in full 
the first example of carbon-carbon bond forming reac­
tion with elemental b ismuth , i,e., metallic b ismuth-
[Bi(0)], bismuth(III) chloride(BiCl3)-metallic zinc[Zn(0)], 
BiCl3-metallic iron[Fe(0)], and BiCl3-metallic a lumi-
num[Al(0)]-mediated allylation of aldehydes with 
allylic halides to afford the corresponding homo­
allylic alcohols in good yields.9) 

Results and Discussion 

Metallic Bismuth Mediated Allylation of Aldehydes 
to Provide Homoallylic Alcohols. T h e reaction was 
carried out by the following two procedures. 1) 
Method A, an allylic hal ide was treated wi th Bi(0) in 
N,N-dimethyl formamide (DMF) at room temperature 
(Step I) and then the mixture was reacted wi th an 
aldehyde (Step II); 2) Method B, a mixture of an allylic 
hal ide and an aldehyde was treated wi th Bi(0) in DMF 
at room temperature (Barbier-type reaction). In our 

R2 1 

O 

R 3 ^ H 
2 

Bi°or 
BiCI3-Zn or 

BiCI3-Fe or 

BiCI3-AI 

OH 

R1 R2 

X=CI,Br,l 

Scheme 1. 

T^^ • R>^„ 
R2 1 

B :0 

DMF, r.t. 

OH 

R1 R2 

3 

X=CI,Br,l 

Scheme 2. 

11 Present address: New Drug Research Laboratories, 
Fujisawa Pharmaceutical Co., Ltd., 2-1-6, Kashima, Yodo-
gawaku, Osaka 532. 
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Allylic halide 

CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2I 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 

CH2=CHCH2C1 
CH2=CHCH2C1 
CH2=CHCH2C1 
(CH3)2C=CHCH2Br 

Grignard-Type Addition of Allyl Unit to Aldehydes 

L. Bismuth Mediated Synthesis of 

Aldehyde 

CeHsCHO 
CeHsCHO 
CeHsCHO 
CeHsCHO 
CeHsCHO 
p-MeOC6H4CHO 
£-MeOC6H4CHO 
CeH5CH2CH2CHO 
CeH5CH2CH2CHO 
CH3(CH2)7CHO 
CH3(CH2)7CHO 
(CH3)2CHCHO 
CeH5CH=CCHO 

CeHi3 

CeHsCHO 
CeHsCHO 
CeHsCHO 
CeHsCHO 

Ratioa) 

1.1 
1.1 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 

1.1 
1.2 
1.2 
1.2 

Homoallyl 

Method -

A 
A 
B 
B 
B 
A 
A 
A 
B 
A 
B 
A 
A 

A 
B 
B 
A 

ic Alcohols 

Conditions(r.t) 

Step I Step II 

l h 4 h 
4 h 2 h 

5 h 
12 h 
12 h 

4 h 2 h 
2 h 12 h 
4 h 2 h 

12 h 
4 h 2 h 

12 h 
4 h 3 h 
4 h 3 h 

4 h 2 h 
28 h 
27 h 

3 h 17 h 

Yield of 3(%)b) 

89 
94 
40 
98 
98 
76 
98 
97 
53 
80c)(85)d) 

58c) 

70e)(88)d) 

70f) 

0 
62g) 

80h) 

2 7 D 

1739 

a) The molar ratio of an allylic halide to an aldehyde. The ratio, bismuth/allylic halide, was always 
1.0. b) Isolated yields by thin-layer chromatography (hexane : ethyl acetate=9 :1), based on aldehydes, 
are given unless otherwise stated, c) Isolated yield by Kugelrohr distillation, d) Estimated by 
^ NMR. e) Isolated yield by flash column chromatography (hexane : ethyl acetate=9:1). f) 1,2-
Addition product was obtained, g) Tetraethylammonium bromide was added to the reaction mixture, 
h) Sodium iodide was added to the reaction mixture, i) y-Addition product is a sole product. 

early investigation, commercially available bismuth 
shot (99.999%, Wako Pure Chemical Industries, Ltd.) 
was scraped with a rasp for use in the present reaction. 
Bismuth powder (100 mesh, 99.999%, Aldrich Chemi­
cal Co.) was also effective and more convenient for the 
reaction. Some typical results are described in Table 1. 
Allyl chloride did not give the expected adduct (3) at 
all (run 14), different from its bromide and iodide. 
However, the product was obtained by Method B in 
the presence of tetraethylammonium bromide or 
sodium iodide (runs 15 and 16). The benzaldehyde/ 
prenyl bromide reaction gave a low yield (run 17), 
with the more substituted y-carbon of the allyl group 
regioselectively attacking the carbonyl carbon. The 
low yield was improved by Method D (vide infra). 
Both aromatic and aliphatic aldehydes reacted 
smoothly to afford the corresponding homoallylic 
alcohols in good yields (runs 2, 4, 5, 7, 8, 10, and 12). 
When an a,ß-unsaturated aldehyde was used, the 1,2-
addition product was obtained selectively (run 13). 
When tetrahydrofuran (THF) was used as a solvent, 
the yields of 3 decreased and were not reproducible. 
A recent paper reports the allylation of aldehydes and 
ketones with various allylic bromides by using a mix­
ture of metallic aluminium and metallic tin in a two 
phase system consisting of diethyl ether (Et20) and 
aqueous hydrobromic acid.5b> Therefore, we tried the 
reaction of allyl bromide and 3-phenylpropionaldehyde 
in T H F and H2O at room temperature utilizing Bi(0) 
and A1(0) in the presence of a catalytic amount of 
hydrobromic acid to give the corresponding homo­

allylic alcohol in 90% yield (Eq. 1). 

-Br 

Bi(0)+Al(0), cat.HBr 
OH 

THF+H20 
+~ Ph« 

90% 

(1) 

This reaction did not take place at all in the absence of 
Bi(0) and was sluggish when A1(0) was not used, and 
the yield decreased in 47% when H2O was not added. 
Hardly any expected product was obtained without a 
catalytic amount of hydrobromic acid. Such a reac­
tion in aqueous solvent is of interest because orga-
nometallic compounds usually have to be prepared 
and treated in anhydrous solvents owing to rapid 
protonolysis (vide infra). 

BiCl3-Zn(0) Mediated Allylation of Aldehydes to 
Provide Homoallylic Alcohols. Though effective for 
the Grignard-type allylation, the Bi(0) mediated ally­
lation reaction was sometimes troublesome in T H F as 
described above. Consequently we searched for another 
procedure and found that BiCl3-Zn(0) in T H F can 
be utilized in the title reaction (Method C).10) The 
overall scheme is shown below. The reaction was 
carried out as follows. BiClß was treated with Zn(0) 
in T H F at room temperature for 1 h and then the 
resulting black suspension was reacted with a mixture 
of an allylic halide and an aldehyde for 2 h. Typical 
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+ 

R2 i 

X=CI,Br,l 

0 

R 3 ^ H 
2 

BiCI3 -Zn « 
^ R

J 

THF, r.t. 

Scheme 3. 

OH 

R1 R2 

3 

results are summarized in Table 2. Both aromat ic 
and a l iphat ic aldehydes reacted smoothly to afford the 
corresponding homoal lyl ic alcohols in good yields. 
When an « ^ - u n s a t u r a t e d aldehyde was used, the 1,2-
addi t ion product was obtained selectively. When 

Table 2. BiCl3-Zn(0) Mediated Synthesis 
of Homoallylic Alcoholsa) 

Run Allylic halide Aldehyde Yield of 3(%)b) 

1 
2 
3 
4 
5 
6 

CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 
CH2=CHCH2Br 

PhCHO 
Ph(CH2)7CHO 
CH3(CH2)7CHO 
p-ClC6H4CHO 
CH3CH=CHCHO 
PhCOCH3 

99 
99 
71 
91 
99C) 

56 

a) The molar ratio of an allylic halide : bismuth(III) 
chloride : zinc : aldehyde=1.2:1.2 :1.8:1.0. b) Iso­
lated yields are given unless otherwise stated, c) The 
extract from the reaction mixture was pure by 
Î H N M R without purification. 1,2-Addition product 
was obtained. 

acetophenone was used, the desired product was 
obtained in 56% yield, whi le it was obtained in low 
yield by Method A and it was not obtained in any 
significant a m o u n t by Method D (vide infra). It is 
though t that ZnCl2 generated in situ presumably pro­
moted the addi t ion of an allyl g roup to acetophenone. 
Based on this reactivity difference between aldehydes 
and ketones, we could discriminate benzaldehyde from 
acetophenone (vide infra). In the discr iminat ion 
reaction, when Zn(0) itself was used under otherwise 
the same condit ions ace tophenone adduct was 
obtained in 6% yield. T rea tmen t of BiCk wi th Zn(0) 
gave black powder immediately. A l though details of 
the intermediate species are not at hand, a brief note 
by Nesmeyanov that BiClß was reduced to Bi(0) by 
Zn(0) is informative.11) A l though the reaction mech­
anism is not yet clear at the present stage, we assume 
that some al lylbismuth reagent (not allylzinc reagent) 
is formed th rough the oxidative addi t ion of allylic 
hal ide to Bi(0) formed in situ. 

Table 3. BiCl3-Fe(0) Mediated Synthesis of Homoallylic Alcohols"1 

Run Allylic halide Aldehyde Product (%, yield)b) 

4 

5 

6 

7 

CH2=CHCH2Br 

CH2=CHCH2I 

PhCHO 

PhCHO 

CH3CH=CHCH2Brc) PhCHO 

(CH3)2C=CHCH2Br PhCHO 

CH2=CHCH2Br Ph(CH2)2CHO 

CH2=CHCH2Br CH3(CH2)7CHO 

CH2=CHCH2Br CH3CH=CHCHO 

CH2=CHCH2Br C I - ® " C H O 

Ph 

Ph 

OH 

X ^ (92) 
OH 

OH 

' h ^ 
(93, 85:15)d) 

OH 

> h ^ ( 8 0 ) 

OH 

Ph(CH 2 )J X ^ (91) 
OH 

X^, (98)e) 

(90)e) 

(96) 

a) The molar ratio of an allylic halide : bismuth(III) chloride : iron : aldehyde=1.2:1.2:1.2 :1.0. 
b) Isolated yields are given unless otherwise stated, c) A mixture of eis and trans isomers 
(30:70). d) The ratio of erythro : threo. Determined by ^ N M R (the absorption of the 
methine proton H-C-OH)): erythro, 0=4.50 (d, /=5.7 Hz); threo, 0=4.30 (d, /=7.0 Hz) (Ref. 
10c). e) The extract from the reaction mixture was pure by 1H NMR without purification. 
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BiCl3-Fe(0) Mediated Allylation of Aldehydes to 
Provide Homoal ly l i c Alcohols. We found that treat­
ment of BiCk wi th Fe(0) gradually gave a black 
powder only, whi le wi th Zn(0) a black powder was 

found immediately. Therefore, we used Fe(0) instead 
of Zn(0) in the Method C and discovered BiCl3-Fe(0) 
mediated allylation of aldehydes wi th allylic halides 
to homoal lyl ic alcohols in T H F (Method D). T h e 

R 

Table 4. 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1 X 

R2 1 

X=Br,l 

X H
 BJCI3-

2 THF, 

Scheme 4. 

BiCl3-Al(0) Mediated Synthesis of Homoallylic 

Allylic halide 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2C1 

CHsCH^CHC^Br 0 

Aldehyde 

PhCHO 

PhCHO 

PhCHO 

PhCHO 

PhCHO 

PhCHO 

p-ClC6H4CHO 

p-MeOC6H4CHO 

PhCH2CH2CHO 

CH3(CH2)7CHO 

CH3CH=CHCHO 

PhCHO 

PhCHO 

F e 3 
• R 3 

r.t. 

: Alcohols in 

OH 

R1 R2 

3 

Aqueous Solvent*' 

Product (%, yield)b) 

OH 

OH 

Ph A ^ 

OH • 
P h A ^ 

OH 

OH i 

OH 

P h ^ 

OH 

p - C I C 6 H 4 ^ ^ 

p-MeOC6f 

OH 

OH 

P h C H 2 C H j A v ^ ^ 
OH 

C H 3 ( C U 2 ) ^ * 

C H a C H s C H - ^ ^ ^ 
OH 

OH 

(87, 

(70)M) 

(84)c'e) 

(88ff) 

(98)c'8) 

(88)h) 

(96) 

(83) 

(68) 

(91) 

(70) 

(82) 

(30) 

M:\6f 

a) For the reaction conditions unless otherwise stated, see the text, b) Isolated yields are 
given, c) The reaction solvent: THF (5 ml) -H 2 0 (1 ml), d) The number of mmoles of allyl 
bromide : bismuth(III) chloride : aluminum : benzaldehyde=2.4:2.4:2.4:2.0. e) The number 
of mmoles of allyl bromide :bismuth(III) chloride: aluminum :benzaldehyde=2.4:4.0: 
4.0:2.0. f) The number of mmoles of allyl bromide : bismuth(III) chloride : aluminum 
: benzaldehyde=3.0:3.0:3.0:2.0. g) The number of mmoles of allyl bromide : bismuth(III) 
chloride:aluminum:benzaldehyde=4.0:4.0:4.0:2.0. h) The reaction solvent: T H F (2.5 
ml) -H 2 0 (1 ml). The number of mmoles of allyl bromide: bismuth(III) chlo­
ride .-aluminum:benzaldehyde=2.4:2.4:2.4:2.0. i) A mixture of eis and trans isomers 
(30: 70). j) The ratio of erythro: threo. Determined by 1H NMR (Ref. 10c). 

file://M:/6f
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Y^^^ 
1 

R2 1 

=CI,Br 

, X 

+ 

0 

R 3 ^ H -
2 

Scheme 

BiCI3-AI 

THF-H 2 0 
r.t. 

5. 

OH 

R1 

reaction was carried out as follows. A mixture of an 
allylic halide, an aldehyde, and BiClß was treated with 
Fe(0) in THF at room temperature for 4—7 h. Typi­
cal results are summarized in Table 3. 

Hardly any expected product was obtained from 
allyl chloride, but both allyl bromide and allyl iodide 
themselves could be used as allylation reagents. The 
benzaldehyde/prenyl bromide reaction gave a satisfac­
tory yield, different from Method A (vide supra), and 
the more substituted 7-carbon of an allyl group was 
attached regioselectively to carbonyl carbon (Run 4). 
The reaction of benzaldehyde with crotyl bromide 
gave predominant erythro selectivity regardless of the 
geometry of the crotyl unit (Run 3 and vide infra). 

BiCl3-Al(0) Mediated Allylation of Aldehydes to 
Provide Homoallylic Alcohols in Aqueous Solvent.12) 
Metallic aluminium has more enhanced metallic char­
acter than metallic zinc and metallic iron. Thus, we 
next tried the BiCl3-Al(0) system in order to investi­
gate for another bimetallic system. The desired 
homoallylic alcohol was not obtained at all in T H F 
when A1(0) was used. Surprisingly, we found that a 
Barbier-type allylation of aldehydes with allylic 

halides could be easily effected in THF-H2O (Method 
E).13,14) j n o r c [ e r to optimize the reaction conditions, 
the effect of the amount of THF-H2O and the molar 
scales of the reactants were investigated (Runs 1—5). 
Allyl bromide gave the expected adduct in good yield, 
unlike the corresponding chloride. When an a,ß-
unsaturated aldehyde was used, the 1,2-addition pro­
duct was obtained selectively (Run 11). Both aromatic 
and aliphatic aldehydes reacted smoothly to afford the 
corresponding homoallylic alcohols in good yields. 
The reaction of benzaldehyde with crotyl bromide 
gave predominant erythro selectivity (Run 13). This 
shows essentially complete 7-addition of the bismuth 
reagent. The use of BiCU is essential in this reaction, 
viz., hardly any expected product was obtained using a 
Bi(0)-Al(0) system in THF-H2O (vide supra). BiCl3 

did not promote the allylation at all in the absence of 
A1(0), and the action of A1(0) alone gave none of the 
desired products. Although details of the interme­
diate species of this reaction are not yet known, we 
assume that an allylbismuth reagent is formed 
through the oxidative addition of an allylic halide to 
Bi(0) generated by the reduction of BiClß with A1(0). 

Table 5. Allylation of Aldehydes Containing a Hydroxyl Group 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

Allyl halide 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

CH2=CHCH2Br 

Aldehyde 

H 0 ~O~ C H ° 
H ° ~ O ~ C H 0 

H 0 ~ O ~ C H 0 

H 0 ~ O ~ C H 0 

CH30 
3 OH 

Ph^y ,h 

HO(CH2)4CHO 

HO(CH2)4CHO 

HO(CH2)4CHO 

Method 

A 

C 

D 

A 

C 

A 

C 

D 

Product (%, yield)a) 

OH 

H O ^ OH 

nyj OH 

H C T ^ O H 

H 0 ^ P h 

H O / 

OH 

H O ( C H 2 ) 4 ^ ^ 
OH 

H O ( C H 2 ) 4 ^ ^ 
OH 

H O ( C H 2 ) 4 ^ ^ 

(76) 

(49) 

(81) 

(85)b) 

(75) 

(80)b) 

(45) 

(64) 

a) Isolated yield are given unless otherwise stated, b) The extract from the reaction mixture 
was pure by 1H NMR without purification. 
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("^T"*). 
-BiBr 3-n 

(HO)nAIBr3 .n 

Al(0) 

(HO)nBiBr3 .n 

6 

OH 

HoO 

Scheme 6. Proposed Mechanism of Catalytic BiCk Mediated Allylation 

It is noteworthy that only a catalytic amount of BiClß 
was needed to effect the present reaction. The benzal-
dehyde (2.0 mmol)-allyl bromide (2.4 mmol) reaction 
using B i d s (0.24 mmol) and Al (0.08 g) gave 82% yield 
of the corresponding homoallyl alcohol after stirring 
for 50 h as shown below. 

11 + 
P r T ^ H 

Br 

10 mol% BiCI3> AI 

T H F - H 2 0 (2.5 

r.t. 50 h 
1) 

OH 

82 % 

(2) 

Although the reaction mechanism of the catalytic 
BiCh mediated allylation is not clear, a catalytic cycle 
can be presumed in which some allylbismuth reagent 
(4) prepared via the proposed mechanism as men­
tioned above, reacts with an aldehyde to give 5. 
Hydrolysis of 5 with H2O yields a homoallylic alcohol 
(3) and bismuth(III) compound (6), which is reduced 
by A1(0), regenerating the Bi(0) catalyst. 

Chemoselectivity. A striking feature of the present 
reaction is the high chemoselectivity. Noteworthy is 
the fact that the corresponding homoallylic alcohols 
were obtained from aldehydes containing a hydroxy 1 
group using one equivalent of allylation reagent 
(Table 5), which may signify that some allylbismuth 
reagent prepared in situ does not react with a hydroxyl 
group. Furthermore, one equivalent of allylation 
reagent reacted with benzaldehyde even if benzoic acid 
was present in the reaction mixture, and benzoic acid 
was recovered intact. 

Ph 

O 

Method D 

' h ^ O H 

OH 

7 4 % 

P r r ^ ^ O H 

recovered 

(3) 

When acetophenone was used, Method A gave the 
desired product only in <5% yield estimated by 
XH NMR, and it was not obtained in any significant 
amount by Method B and D,15) while it was obtained 
in 56% yield by Method C (vide supra). Based on this 
reactivity difference between aldehydes and ketones, 
we could discriminate benzaldehyde from acetophe­
none or 4-phenyl-2-butanone (Eqs. 4, 5). 

> h ^ H Ph 

O 

OH 

75% 
1 0 0 % 

OH 
(4) 

0 % 
0 % 

Method A 
Method C 

Method D 

(5) 
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When keto aldehyde (7) was used, secondary homoal-
lylic alcohol (8) was obtained in 50% unoptimized 
yield. Thus, the reaction proceeds selectively on an 
aldehyde carbon but not on a ketone carbon. 

CH 

Method D 

(6) 

Table 6. Stereoselectivity of the Bismuth-
Promoted Allylation (Eq. 7) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Method (solvent) 

B (DMF) 
C (THF) 
D (THF) 
E (THF-H2O) 
D (MeOH) 
D (DME) 
D (EtOH) 
D (DMF) 
D(THF, BF3-OEt2)a) 

D(THF, BF3-OEt2)b) 

E : T 

77:23 
81:19 
85:15 
84:16 
85:15 
88:12 
89:11 
90:10 
89:11 
92:8 

Yield/% 

64 
87 
93 
87 
81 

100 
100 
94 

100 
92 

a) One equivalent of BF3-OEt2 was used, 
equivalents of BF3 • OEt2 were used. 

b) Two 

Functionalized compounds other than aldehydes and 
ketones are unreactive toward the allylation reagent. 
Namely, nitriles and esters were recovered unchanged. 
Another characteristic of the present reaction is that 
alkyl and aryl halides are unreactive toward bismuth, 
and therefore further applications for selective car­
bon-carbon bond formation will be found. 

Stereoselectivity. We next investigated the ste­
reoselectivity of the reaction of benzaldehyde with 
crotyl bromide [a mixture of eis and trans isomers 
(30: 70)] as shown in Table 6. 

O 

P h - ^ H 

[ B i ] 

OH OH 

P h ^ Y ^ + Ph 
(7) 

erythro (E) threo (T) 

In runs 1—4, Method D gave the best erythro selectiv­
ity and yield. Therefore, solvent effects using Method 
D were studied and it was found that DMF was a 
superior solvent to obtain the best erythro selectivity 
(Runs 5—8). It is particularly interesting that 
methanol and ethanol can be used as a reaction sol­
vent (Runs 5 and 7). Recently, Grignard-type allyla­
tion of carbonyl compounds in methanol by the 
electrochemically recycled allylation reagent was re-
ported.5c) Finally, the reaction in the presence of two 
equivalents of BF3-OEt2 in T H F gave the highest 
erythro selectivity (Run 10), in sharp contrast to Sn-Al 

OH 

c=> 

CH 3 

O B 

OH 

Ph 

C H 3 

threo 

Scheme 7. 
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[81% (yield), 87/22 (erythro/threo)],5b> M n C l 2 - L i A l H 4 

(78%, 65/35),10a> Sn (76%, 41/59),5a> SnF 2 (85%, 35/65),16* 
and CrCl 3 -L iAlH 4 system (96%, 0/100).10c> O u r find­
ing is comparable wi th erythro-selective addi t ion of 
crotyltrialkyltins (eis and trans mixture) to alde­
hydes.17) However, noteworthy is that the start ing 
material is crotyl bromide in our method. 

T h u s , the reaction of benzaldehyde wi th crotyl 
bromide gave p redominan t erythro selectivity al­
t h o u g h crotyl bromide is a mixture of eis and trans 
isomers (30: 70). A l though the reaction mechan ism is 
not yet clear at present stage, we propose an acyclic 
t ransi t ion state l c ' ld '17) for the stereochemical rat ional i ­
zation as shown below and the present reaction system 
presumably does not involve a convent ional cyclic 
mechanism. l b , l c '1 8 ) A m o n g several possible transi t ion 
state geometries, two conformations (A and B) leading 
to the erythro alcohol mus t be favored for steric rea­
sons in compar ison wi th those (C and D) leading to 
the threo isomer. 

Finally, the present reaction is the first example of 
the Grignard- type al lylat ion of aldehydes wi th allylic 
halides us ing metall ic b i smuth , BiCi3-Zn(0), or B i C h -
A1(0). We found that b i smuth element can be used 
for ca rbon-carbon bond forming reaction for the first 
time. We believe that the present reaction have 
potent ial utili ty in organic synthesis. 

Experimental 

General Methods. Infrared spectra were recorded on a 
Hitachi 215 spectrophotometer. ^ N M R spectra were 
recorded with Hitachi R-90H spectrometer and chemical 
shifts (ô) were reported in ppm using internal tetramethyl-
silane. Commercially available bismuth shot (99.999%, 
Wako Pure Chemical Industries, Ltd.) was scraped with a 
rasp. Bismuth powder (100 mesh, 99.999%, Aldrich Chemi­
cal Co.) is also effective and more convenient for the reac­
tion. Bismuth(III) chloride, metallic zinc, iron, and alumi­
nium were commercial materials and used without further 
purification. Allylic halides and aldehydes were distilled 
before use. 

General Procedure of Method A. An allylic halide (2.2 
mmol) was treated with metallic bismuth (0.46 g) in DMF 
(5 ml) under nitrogen at room temperature for 4 h. To the 
resulting greenish suspension was added an aldehyde (2.0 
mmol). After stirring at room temperature for 2 h, the 
reaction mixture was quenched with a saturated aqueous 
ammonium chloride solution, and the organic materials 
were extracted with Et2<3 (20 ml X 3). After drying the ether 
layer over anhydrous MgS04, the solvent was evaporated in 
vacuo. The desired product was isolated by preparative 
TLC on silica gel. 

General Procedure of Method B (Barbier-type reaction). 
To metallic bismuth (0.46 g) in DMF (5 ml) were added an 
allylic halide (2.2 mmol) and an aldehyde (2.0 mmol) using 
a syringe under nitrogen at room temperature. The mix­
ture was stirred for 12 h at that temperature. The proce­
dures of workup and purification were the same as those of 
Method A described above. 

General Procedure of Method C. Bismuth(III) chloride 

(2.4 mmol) was placed in a 50 ml two-necked flask and dried 
in vacuo by heating. Metallic zinc powder (0.24 g) was 
added under nitrogen along with anhydrous THF (5 ml), 
and the mixture was stirred for 1 h. To the resulting black 
suspension were added an allylic halide (2.4 mmol) and an 
aldehyde (2.0 mmol) using a syringe. The reaction mixture 
was stirred for 2 h at room temperature and the procedures 
of workup and purification were the same as those of 
Method A described above. 

General Procedure of Method D. Bismuth(III) chloride 
(2.4 mmol) was placed in a 50 ml two-necked flask and dried 
in vacuo by heating. Metallic iron (0.13 g) was added 
under nitrogen and anhydrous T H F (5 ml) was introduced. 
Then, using a syringe an allylic halide (2.4 mmol) and an 
aldehyde (2.0 mmol) were added at room temperature, and 
the reaction mixture was stirred for 4.5 h at that tempera­
ture. The procedures of workup and purification were the 
same as those of Method A described above. 

General Procedure of Method E. Into a mixture of com­
mercial grade Al powder (0.13 g) and BiCb (2.4 mmol) was 
added T H F (2.5 ml) and H2O (1 ml) (this reaction is exother­
mic). Then, an aldehyde (2.0 mmol) and an allylic halide 
(2.4 mmol) were added using a syringe under nitrogen at 
room temperature, and the reaction mixture was stirred at 
room temperature for 10—20 h. The procedures of workup 
and purification were the same as those of Method A de­
scribed above. 

Spectral data of homoallylic alcohols are as follows. 
l-Phenyl-3-buten-l-ol: Purified by thin-layer chromatog­

raphy (Si02, hexane:AcOEt=9:l); IR (neat) 3400, 1640, 
1500, 1450, 1040, 910, 750, and 700 cm"1; *HNMR (CC14) 
0=2.28 (s, 1H), 2.45 (dd, 2H, /=6.5, 6.5 Hz), 4.60 (t, 1H, 
/=6.5 Hz), 4.78—5.20 (m, 2H), 5.35—6.10 (m, 1H), and 7.22 
(s, 6H). This product was also identified by comparison 
with an authentic sample prepared from allyl bromide and 
benzaldehyde using Zn(0).4a> 

1-Phenyl-5-hexen-3-ol: Purified by thin-layer chromatog­
raphy (SiC>2, hexane:AcOEt,=12:1). This product was 
identified by comparison with an authentic sample.5a> 

l-(4-Methoxyphenyl)-3-buten-l-ol: Purified by thin-
layer chromatography (SiCh, hexane: AcOEt=9:1). This 
product was identified by comparison with an authentic 
sample.19) 

l-Dodecen-4-ol: Purified by Kugelrohr distillation. This 
product was identified by comparison with an authentic 
sample.19) 

2-Methyl-5-hexen-3-ol: Purified by thin-layer chromatog­
raphy (Si02, hexane:AcOEt=9:l); IR (neat) 3350, 2905, 
2860, 1640, 1450, 980, and 900 cm"1; « N M R (CDCI3) 
0=0.92 (d, 6H, /=6.5 Hz), 1.40—2.42 (m, 4H), 3.20—3.60 (m, 
1H, 4.95—5.20 (m, 2H), 5.60—6.09 (m, 1H). This product 
was also identified by comparison with an authentic sample 
prepared from the known procedure. 5a> 

l,5-Heptadien-4-ol: The extract from the reaction mix­
ture was pure without purification. This product was 
identified by comparison with an authentic sample.5b> 

l-(4-Chlorophenyl)-3-buten-l-ol: Purified by thin-layer 
chromatography (Si02, hexane: AcOEt=9:1). This prod­
uct was identified by comparison with an authentic 
sample. 5a> 

l-Phenyl-2,2-dimethyl-3-buten-l-ol: Purified by thin-
layer chromatography (Si02, hexane: AcOEt=9:1). This 
product was identified by comparison with an authentic 
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sample.10*) 
1 -Phenyl-l-methyl-3-buten-l-ol: Purified by thin-layer 

chromatography (Si02, hexane: AcOEt=9:1). This prod­
uct was identified by comparison with an authentic 
sample.5b'19) 

l-Phenyl-2-hexyl-l,5-hexadien-3-ol: Purified by thin-
layer chromatography (Si02, hexane : AcOEt=9 :1); *H NMR 
(CDCla) ô=0.85 (t, 3H, /=6.0 Hz), 1.05—2.65 (m, 13H), 4.22 
(t, IH, 5.0 Hz), 5.05—5.29 (m, 2H), 5.60—6.00 (m, 1H), 6.50 
(s, IH), and 7.20 (s, 5H). This product was also identified 
by comparison with an authentic sample prepared from the 
known procedure.53) 

Preparation of Homoallylic Alcohols from Aldehydes 
Containing a Hydroxyl Groups. By use of Methods A, C, 
and D described above, the corresponding homoallylic alco­
hols were obtained from aldehyde containing a hydroxyl 
group using one equivalent of allylation reagent. The 
crude product was purified by thin-layer chromatography 
(Si02, hexane : AcOEt=3 :2). 

l-(4-Hydroxylphenyl)-3-buten-l-ol: IR (neat) 3600—3000, 
1600, 1500, 1220, 900, 820, and 720 cm"1; *HNMR (CDCla) 
0=2.47 (dd, 2H, /=7.0, 7.0 Hz), 2.70—3.80 (brs, IH), 4.62 (t, 
IH, /=7.0 Hz), 4.85—5.28 (m, 2H, 5.40—6.05 (m, IH), 6.70 
(d, 2H, /=9.0 Hz), 7.06 (d, 2H, 7=9.0 Hz), and 7.30—8.10 
(brs, IH). This product was also identified by comparison 
with an authentic sample prepared from the known 
procedure.5b) 

l,2-Diphenyl-4-pentene-l,2-diol: IR (KBr) 3450, 2900, 
1620, 1490, 1440, 1260, 1060, 930, 880, and 700 cm"1; 
*HNMR (CDCla) <5=2.55 (s, IH) , 2.75 (d, IH, 7=4:0 Hz), 
2.83 (dd, 2H, 7=4.2, 1.0 Hz), 4.70 (d, IH, 7=4.0 Hz), 4.80— 
5.20 (m, 2H), 5.30—6.00 (m, IH), and 7.03 (m, 10H). Anal. 
Calcd for Ci7Hi802: C, 80.28; H, 7.13%. Found: C, 80.20; 
H, 7.25%. 

7-Octene-l,5-diol: *HNMR (CDCla) 0=1.10—1.85 (m, 
7H), 2.25 (dd, 2H, 7=7.0, 7.0 Hz), 2.66 (brs, IH), 3.35—3.80 
(m, 3H), 4.90—5.20 (m, 2H), and 5.56—6.05 (m, IH). This 
product was also identified by comparison with an authentic 
sample prepared from the known procedure.55) 

Allylation of Benzaldehyde in the Presence of Benzoic 
Acid by Method D. Bismuth(III) chloride (2.4 mmol) was 
placed in a 50 ml two-necked flask and dried in vacuo by 
heating. Metallic iron (0.13 g) and benzoic acid (2.0 mmol) 
were added under nitrogen, and anhydrous T H F (5 ml) was 
introduced. Then, using a syringe allyl bromide (2.4 
mmol) and benzaldehyde (2.0 mmol) were added at room 
temperature, and the reaction mixture was stirred for 4.6 h at 
that temperature. Workup was achieved according to the 
procedure of Method A. l-Phenyl-3-buten-l-ol was iso­
lated in 74% yield by thin-layer chromatography (hex­
ane : AcOEt=9 :1) and benzoic acid was recovered in 71%. 

Allylation of Benzaldehyde in the Presence of Acetophe-
none by Method C. Bismuth(III) chloride (2.4 mmol) was 
placed in a 50 ml two-necked flask and dried in vacuo by 
heating. Metallic zinc powder (0.24 g) was added under 
nitrogen along with anhydrous THF (5 ml), and the mix­
ture was stirred for 1 h. To the resulting black suspension 
were added benzaldehyde (2.0 mmol), acetophenone (2.0 
mmol), and allyl bromide (2.4 mmol) using a syringe. The 
reaction mixture was stirred for 2 h at room temperature and 
worked up according to the procedure of Method A. 
Inspection of the extract by *H NMR revealed that acetophe­
none did not give the corresponding homoallylic alcohol at 

all. l-Phenyl-3-buten-l-ol was isolated in quantitative yield 
by thin-layer chromatography (Si02, hexane : AcOEt=9 :1). 

Allylation of Benzaldehyde in the Presence of 4-Phenyl-2-
butanone by Method D. Bismuth(III) chloride (2.4 mmol) 
was placed in a 50 ml two-necked flask and dried in vacuo by 
heating. Metallic iron (0.13 g) was added under nitrogen 
and anhydrous THF (5 ml) was introduced. Then, using a 
syringe benzaldehyde (2.0 mmol), 4-phenyl-2-butanone (2.0 
mmol), and allyl bromide (2.4 mmol) were added at room 
temperature. The reaction mixture was stirred for 4.5 h at 
that temperature and worked up according to the procedure 
of Method A. Inspection of the extract by *HNMR 
revealed that 4-phenyl-2-butanone did not give the corre­
sponding homoallylic alcohol at all. l-Phenyl-3-buten-l-
ol was isolated in 80% yield by flash column chromatog­
raphy (Si02, hexane : AcOEt=9 :1 ). 

Allylation of Keto Aldehyde (7). By using Method D, 
BiCla (1.8 mmol), Fe (0.10 g), 4-oxo-4-p-tolylbutanal (1.5 
mmol), and allyl bromide (1.8 mmol) were reacted in dry 
T H F (5 ml). The procedure of workup was the same as 
that of Method D described above. The crude product was 
purified by thin-layer chromatography (Si02, hexane: 
AcOEt=2 :1 ) to afford the corresponding homoallylic 
alcohol (8) in 50% yield. IR (neat) 3450, 2900, 1670, 1605, 
1400, 1180, 1040, 980, 910, and 810 cm"1; *HNMR (CDCla) 
0=1.60-2.50 (m, 5H), 2.40 (s, 3H), 3.11 (dd, 2H, 7=7.0, 7.0 
Hz), 3.73 (brs, IH), 4.95—5.25 (m, 2H), 5.60—6.10 (m, 1H), 
7.23 (d, 2H, 7=7.0 Hz), and 7.82 (d, 2H, 7=7.0 Hz). This 
product was also identified by comparison with an authen­
tic sample prepared from the known procedure.100) 

Crotylation of Benzaldehyde. By using Method B, Method 
C, Method D, and Method E described above, benzaldehyde 
was reacted with crotyl bromide and the product was 
isolated by thin-layer chromatography (Si02, hexane: 
AcOEt=9 :1) in good yield (see text). In the reaction utiliz­
ing BF3 • OEt2, BF3 • OEt2 was added before addition of ben­
zaldehyde. The ratio of erythro-threo was determined by 
*H NMR (the absorption of the methine proton H-C-OH) 
as follows. *H NMR (CDCla) ô=0.86 (threo) and 1.00 (ery­
thro) (d, 3H, 7=6.0 Hz), 2.15—2.70 (m, 2H), 4.30 (threo), and 
4.50 (erythro) (d, IH, 7=7.0 Hz and 5.7 Hz), 4.80—5.22 (m, 
2H), 5.50—5.95 (m, IH), and 7.24 (s, 5H).10c> 
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New Near Infrared Absorbing Metal Complex Dyes: Synthesis and 
Metallochromic Properties of Two Isomeric Ligands, 

2-(Dimethylamino)naphtho {[1,2-g] and 
[2, l-g]}quinoline-7,12-diones 

Katsuhira YOSHIDA,* Te t sunao KOUJIRI, Eriko SAKAMOTO, and Yuji KUBO 
Department of Chemistry, Faculty of Science, Kochi University, Akebono-cho, Kochi 780 

(Received February 10, 1990) 

The Diels-Alder reaction of 5,8-quinolinedione with p-(dimethylamino)styrenes gave new two kinds of 
isomeric dyes, 2-(dimethylamino)naphtho[l,2-g]quinoline-7,12-diones and 2-(dimethylamino)naphtho[2,l-
g]quinoline-7,12-diones, which showed quite different metallochromic behaviors. Upon addition of metal 
salts, one of the two isomers showed drastic spectral changes to have an intense absorption band in near infrared 
region. The color-structure relations were investigated. 

Near infrared absorbing dyes have attracted consid­
erable at tent ion, since these organic dyes have pros­
pect of many appl icat ions in the field of diode-laser 
optical storage or in other fields such as laser pr inter 
or color filter systems. However, organic dyes which 
can absorb at near infrared l ight are not numerous and 
are earnestly desired. Recently, we have proposed a 
new synthetic design of near infrared absorbing dyes 
by ut i l izing metal lochromic properties of some qu ino -
noid l igands, 1 - 4 ) the first absorpt ion bands of which 
were drastically shifted to longer wavelengths wi th a 
large increase in the absorpt ion intensity by metal 
chelate complexat ion. 

In this paper, we report the synthesis of another 
type of q u i n o n o i d l igands obtained by the Diels-Alder 
type reaction of 5,8-quinolinedione(l) wi th p-
(dimethylamino)styrenes (2a—2c). T h e react ion gave 
two kinds of isomeric dyes, 3a—3c and 4a—4c which 
can easily form metal chelate complexes wi th some 
metal ions. Very interestingly, in spite of qui te 
resemblance of their absorpt ion spectra in the free 
state, only one of the two isomers showed drastic 
spectral changes induced by metal chelate complexa­
tion and the resul t ing metal chelate complexes have 
intense absorpt ion bands in near infrared region. 
T h e details are examined to assign the s tructure-color 
relations for the two isomers showing different metal­
lochromic behaviors. 

Results and Discussion 

Syntheses of Isomeric Dyes (3a—3c and 4a—4c). 

T h e thermal reaction of 1 ,4-naphthoquinone wi th 
some substi tuted styrènes is k n o w n to proceed via the 
Diels-Alder type reaction and to produce benz[a]-
anthracene-7,12-dione derivatives.5_7) We examined 
the reaction of 5,8-quinolinedione (1), which is an aza 
ana logue of 1 ,4-naphthoquinone, wi th ^-(dimethyl-
amino)styrenes (2a—2c) and found that 2-(dimethyl-
amino)naphtho[ l ,2-g]quinol ine-7 ,12-diones (3a—3c) 
and 2-(dimethylamino)naphtho[2, l -g]quinol ine-7,12-
diones (4a—4c) were obtained as shown in Scheme 1 
and Tab le 1. T h e Diels-Alder type reaction of 1 wi th 
2c proceeded smoothly in a glass autoclave when 
various solvents except for pyridine were used. Espe­
cially when chloroform, benzene, or e thanol were used 
as solvents, the reaction proceeded efficiently to give 

Table 1. The Reaction of 5,8-Quinolinedione (1) 
with p-(Dimethylamino)styrenes (2a—2c)a) 

Run 

1 
2 
3 
4 
5 
6 
7 

Styreneb) 

2 

2a 
2b 
2c 
2c 
2c 
2c 
2c 

Solvent 

CHCI3 
CHCI3 
CHCI3 
CH2CI2 
Benzene 
EtOH 
Pyridine 

Temp/ 0 

100 
100 
65 
40 
80 
80 

116 

C Time/1 

55 
35 

1 
2 
3 
2 
5 

Yield/%a) 

3 4 

3a 13.5 4a 11.8 
3b 26.1 4b 22.6 
3c 33.5 4c 43.8 
3c 24.6 4c 18.8 
3c 27.0 4c 34.8 
3c 28.3 4c 39.3 

_ d ) _ d ) 

a) The reactions were conducted in a glass autoclave. 
b) Mole ratio; [1] : [2]=4 : 1 . c) Isolated yield based on 
2 used, d) Corresponding products were not 
obtained. 

H2OC 

2 a:R=H 
b R=Me 
c: R=^NMe 2 

NMez 

a< R=H 
b:R=Me 
c: R=O^Me2 

NMe2 
4 a-- R=H 

b R=Me 
C: R=£)-NMe2 

Scheme 1. 
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Table 2. The Analytical and Physical Data of the Two Isomers (3a—3c and 4a—4c) 

Mp (°C) 
IR (KBr); cm"1 

'Milax (£max) 

in T H F 
NMR; ô ppm 

Anal. 
Found (Calcd) 

Mass (m/z) 

3a 

269—271 
1669, 1651 (C=0) 
566 (4390) 

8.90—9.10 (2H, m, Hi and H9) 
8.66 (IH, dd, /=1.6, 7.9 Hz, H") 
8.21 (IH, d, /=8.5 Hz, H6) 
8.06 (IH, d, 7=8.5 Hz, H*) 
7.79 (IH, d, 7=9.2 Hz, H*) 
7.71 (IH, dd, 7=4.6, 7.9 Hz, H">) 
7.33 (IH, dd, 7=2.6, 9.2 Hz, H3) 
3.22 (6H, s, -NMe2) 

in CDCI3 

C, 75.21 (75.48) 
H, 4.52 ( 4.67) 
N, 9.10 ( 9.27) 
302 (M+) 

4a 

3b 

261—262 
1667, 1652 (C=0) 
563 (4250) 

8.93 (IH, dd, 7=1.8, 4.6 Hz, 
8.71 (IH, d, 7=2.6 Hz, Hi) 
8.47 (IH, dd, 7=1.8, 7.9 Hz, 
7.80 (IH, d, 7=9.4 Hz, H4) 
7.71 (IH, dd, 7=4.6, 
7.71 (IH, s, H*) 
7.11 (IH, dd, 7=2.6, 
3.09 (6H, s, -NMe2) 
2.67 (3H, s, -CH3) 

7.9 Hz, 

9.4 Hz, 

in CDCI3 : CD3N02=1 :1 

C, 75.61 (75.93) 
H, 4.93 ( 5.10) 
N, 8.82 ( 8.86) 
316 (M+) 

4b 

H9) 

HU) 

Hio) 

H3) 

3c 

281—282 
1671, 1640 ( C O ) 
563 (6040) 
485 (5580) 
8.95—9.05 (2H, m, Hi and H9) 
8.62 (IH, dd, 7=1.5, 8.0 Hz, H") 
8.10 (IH, s, H*) 
7.97 (IH, d, 7=9.6 Hz, H*) 
7.66 (IH, dd, 7=4.6, 8.0 Hz, H10) 
7.44 (2H, d, 7=8.9 Hz) 
7.13 (IH, dd, 7=2.6, 9.6 Hz, H3) 
6.84 (2H, d, 7=8.9 Hz) 
3.16 (6H, s, -NMe2) 
3.05 (6H, s, -NMe2) 

inCDCla 
C, 76.72 (76.94) 
H, 5.51 ( 5.50) 
N, 9.79 ( 9.97) 
421 (M+) 

4c 

Mp (°C) 
IR (KBr); cm" 
Amax (£max) 

in T H F 
NMR; ô ppm 

244—246 
1667 (CO) 
566 (3950) 

9.0—9.1 (2H, m, Hi and H10) 
8.56 (IH, dd, 7=1.8, 7.9 Hz, H*) 
8.06 (2H, s, H5 and H6) 
7.77 (IH, d, 7=9.1 Hz, H*) 
7.66 (IH, dd, 7=4.6, 7.8 Hz, H9) 
7.32 (IH, dd, 7=2.3, 9.1 Hz, H3) 
3.21 (6H, s, -NMe2) 

in CDCI3 

Anal. C, 75.33 (75.48) 
Found (Calcd) H, 4.38 ( 4.67) 

N, 9.21 ( 9.27) 
Mass (m/z) 302 (M+) 

266—268 
1665 (CO) 
563 (3760) 

9.03 (IH, dd, 7=1.4, 5.4 Hz, H">) 
8.95 (IH, d, 7=2.4 Hz, Hi) 
8.48 (IH, dd, 7=1.4, 8.1 Hz, H*) 
7.97 (IH, d, 7=9.2 Hz, H*) 
7.80 (IH, s, H6) 
7.72 (IH, dd, 7=5.4, 8.1 Hz, H9) 
7.32 (IH, dd, 7=2.4, 9.2 Hz, H3) 
3.18 (6H, s, -NMe2) 
2.75 (3H, s, -CH3) 

i n C D C l 3 : C D 3 N 0 2 = l : l 

C, 75.81 (75.93) 
H, 4.96 ( 5.10) 
N, 8.83 ( 8.86) 
316 (M+) 

264—265 
1663 ( C O ) 
562 (5600) 
468 (5280) 
9.17 ( lH,d , 7=2.6 Hz, Hi) 
9.06 (IH, dd, 7=1.8, 4.8 Hz, H">) 
8.54 (IH, dd, 7=1.8, 7.9 Hz, H8) 
8.02 (IH, s, H6) 
8.00 (IH, d, 7=9.5 Hz, H*) 
7.63 (IH, dd, 7=4.8, 7.9 Hz, H9) 
7.44 (2H, d, 7=9.0 Hz) 
7.19 (IH, dd, 7=2.6, 9.5 Hz, H3) 
6.85 (2H, d, 7=9.0 Hz) 
3.20 (6H, s, -NMe2) 
3.06 (6H, s, -NMe2) 

in CDCI3 
C, 77.11 (76.94) 
H, 5.47 ( 5.50) 
N, 10.00 ( 9.97) 
421 (M+) 

Table 3. Spectral Data for the Complex Formation of Various Metal Salts with 4a—4c in T H F 

Free ligand 

No. 
Metal salt 

Mole ratioa) 

[Metal] 

Complex 

Ratio A max 

A ; b) 

Â Amax 

nm 
Rem 

4a 

4b 

4c 

nm(£max) 

566(3950) 

563(3760) 

562(5600) 

SnCl4 

Cu(C104)2-6H20 
Ni(C104)2-6H20 
Co(C104)2-6H20 
SnCl4 

SnCl4-xH20 
InCl 3-4H 20 

Cu(C104)2-6H20 
Ni(C104)2-6H20 
Co(C104)2-6H20 
SnCl4 

[Ligand] 

1.6 

0.5 
0.4 
1.2 
1.4 
1.4 
6.0 

0.5 
0.4 
0.8 
1.2 

Metal : Ligand 

1:1 

1:2 
1:3 
1:2 
1:1 
1:1 
1:1 

1:2 
1:3 
1:2 
1:1 

nm(£max) 

824(11200) 

807(17500) 
730(21100) 
713(13800) 
819(11300) 
816(11400) 
745(6710) 

794(26900) 
690(38600) 
698(18900) 
743(22800) 

258 

244 
167 
150 
256 
253 
182 

232 
128 
136 
181 

2.84 

4.65 
5.61 
3.67 
3.00 
3.03 
1.78 

4.80 
6.89 
3.38 
4.07 

a) Mole ratio at which the spectral changes are saturated, b) A X max A max (complex)—A 
(free ligand). c) R £max £max (complex)/£max (free ligand). 



I 7 5 0 Katsuhira YOSHIDA, Tetsunao KOUJIRI, Eriko SAKAMOTO, and Yuji KUBO [Vol. 63, No. 6 

[Eu(fod)3]/[3b or 4b] Mole ratio 

Fig. 1. Chemical shift changes by addition of 
Eu(fod)3. 

3c and 4c in favorable yields (runs 3—6). Similarly, 
with other styrene derivatives (2a and 2b) the reaction 
also gave the corresponding two isomeric compounds 
(3a, 3b, and 4a, 4b) in lower yields. The reactivity of 
styrènes was the following order: 2a<2b<2c. The 
assignment of the structures of two isomers (3 and 4) 
was performed by the method reported in the litera­
ture;8) the location of nitrogen atom was confirmed by 
analyzing their lH NMR chemical shift changes of the 
ring protons induced by addition of Eu(fod)3 as a 
chemical shift reagent. If the structure was 3, the 
coordination of europium ion between the ring 8-
nitrogen atom and 7-quinone carbonyl group would 
induce larger chemical shift of H6 than that of H1. 
On the contrary, if the structure was 4 the coordina­

tion of europium ion between 11-nitrogen atom and 
12-quinone carbonyl group would induce larger 
chemical shift of H 1 than that of H6. An example of 
the results for compounds (3b and 4b) are shown in 
Fig. 1. On the basis of results, 3b and 4b were 
assigned to 2-dimethylamino-5-methylnaphtho[ 1,2-
g]quinoline-7,12-dione and 2-dimethylamino-5-
methylnaphtho[2,1 -g]quinoline-7,12-dione, respec­
tively. The physical and analytical data of the two 
kinds of isomers (3a—3c and 4a—4c) are summarized 
in Table 2. In the IR spectra small difference was 
observed between the two isomers: the absorption 
bands of the two C=0 groups were observed separately 
in the spectra of 3a—3c, whereas overlapped each 
other in those of 4a—4c. The UV-VIS spectra of the 
two isomers were very similar in their free states, 
however, quite different spectral changes were 
observed upon addition of metal salts. 

Metallochromic Properties of Isomeric Dyes (3a—3c 
and 4a—4c). We have found that the isomeric dyes (3 
and 4) can easily form metal chelate complexes 
between the ring nitrogen atom and neighboring qui-
none carbonyl group and that the absorption spectra 
of these dyes are changed by the metal complexation. 
Very interestingly, the features of spectral changes 
were quite different between the two isomers (3 and 4). 
As a typical example, Fig. 2 shows the spectral 
changes observed upon addition of tin(IV) chloride to 
THF solutions of 3b and 4b. In the case of 3b, a new 
band appeared around 820 nm, however, only small 
increase in the absorption intensity of the new band 
was observed with further addition of the metal salt to 
the solution. On the other hand, in the case of 4b, 
the absorption band around 563 nm due to the free 
ligand (4b) decreased with great increase in absorption 
intensity of a new band around 820 nm. The final 
absorption spectrum ([Sn4+]/[4b]=1.2) had an intense 
absorption maximum at 819 nm in near infrared 

400 

1 Mole ratio 

1 ,-v Âmax819nm 

Ui'A1 / ^ \ \ 
ÏA 1,7 \« 

1 'I \l // 

R * // 
i A max / 

\ \ / " \ 563 nm III / 

If 0.8V 

/ 0.6^ 

/ 0.4 

i i _ 

M -
[4b] . 

^ 1 

V\ i 

^J 1000 1100 600 800 1000 1100 400 600 800 
Wavelength (nm ) Wavelength (nm) 

Fig. 2. Spectral changes uppon addition of SnCk to the THF solution of 3b and 4b: [3b]=[4b]= 
6.25X10"5M. 
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region. Isosbestic points were observed in both cases, 
which indicated the presence of a s imple equ i l ib r ium 
in the solut ion. T h e similar spectral changes were 
also observed when other compounds (3a, 3c and 4a, 
4c) and other metal ions were used: every 3-isomers 
showed small spectral changes, whereas every 4-
isomers showed drastical spectral changes. Conse­
quent ly , it is concluded that the two isomers are easily 
dis t inguishable by compar ing their spectral changes 
u p o n addi t ion of the metal ions. We further investi­
gated the details about the metal chelate complexa-
tions and drastic spectral changes of the isomers (4a— 
4c). T h e ratios of metal vs. l igand of the complexes 
formed in the solut ion were estimated by the cont inu­
ous variation method. In Fig. 3, cont inuous varia­
t ion plots are illustrated. T h e absorpt ion max ima 
employed were those corresponding to new bands 
which appeared on addi t ion of the metal ions. Fig­
ure 3 shows that max ima appear at [ l igand] / 
([ l igand]+[metal ion])=0.5, 0.67, and 0.75, suggest ing 
the formation of 1:1, 1:2, and 1: 3 meta l - l igand com­
plexes, respectively. Table 3 summarizes the spectral 
data for the complex formation of the isomers (4a—4c) 
wi th some metal ions in T H F at 25 °C. T h e molecu­
lar extinction coefficient of the free l igand (4c) was 
larger than those of other free l igands (4a and 4b), and 
similar tendency was also observed when they formed 
complexes with metal ions. T h e values of bathoch­
romic shifts (A/lmax=/lmax (complex)-zlmax (free ligand)) 
induced by the complex formation of 4a and 4b were 
larger than that of 4c. Both the ba thochromic shift 
(A/lmax) and the relative ratio of absorpt ion intensity 
(/?£max=£max (complex)/£max (free ligand)) were also 

A— Cu(ClO0-6H2O 
D— Ni(ClO0-6H2O 
O-CO(C10A)-6H20 
A— InCb-4H20 
• —SnCU 

[L]+-[fO 

Fig. 3. Continuous variation plots for the Metal 
(Mn+)-Ligand (4b) complexes in THF: [Mn+]+ 
[4b]=1.25X10"4 M. 

dependent on the nature of metal ions part icipated in 
chelate complexat ion. T h e A/Lmax was in the range of 
110—260 n m and the Rsm<ix was about 2—7 times. 
Especially, the Cu(II) or Sn(IV) complexes wi th the 
l igands (4a—4c) showed a large ba thochromic shift 
(about 200—260 nm) and remarkable increase in the 
molecular extinction coefficient, and consequently 
they showed intense absorpt ion bands in near infrared 
region. These metal lochromic dyes are useful not 
only for practical appl icat ions bu t also for theoretical 
investigations of l ight absorpt ion of metal complex 
dyes. T h e detailed mechanism for the drastic spectral 
changes induced by metal chelate complexat ion is 
now under investigation wi th the aid of M O 
calculations. 

Experimental 

Measurements. All the melting points are uncorrected. 
UV and VIS spectra were measured with a Hitachi 220A 
spectrophotometer and a JASCO Ubest-30 spectrophoto­
meter equipped with a temperature controller (JASCO 
EHC-363). ^ N M R spectra were taken on a Hitachi 
Model R-90H spectrometer with TMS as the internal stan­
dard. IR spectra were obtained by using a JASCO FT/IR 
5000 spectrometer on KBr pellets. Mass spectra were run 
on a Hitachi M-80A spectrometer and elemental analyses 
were recorded on a Perkin-Elmer 240 C CHN analyser. 
Thin layer chromatography was performed on silica gel 
(Merk kieselgel 60). 

Materials. 5,8-Quinolinedione (1) was prepared accord­
ing to a procedure described in the literature.9) Metal 
Perchlorate hexahydrates were prepared according to the 
methods described in the literature.10'11) Metal chlorides 
were reagent-grade and were used without further purifica­
tion. The solvents were purified by ordinary methods. 

Preparation of p-(Dimethylamino)styrenes (2a—2c). A 
300 ml three necked round-bottomed flask was fitted with a 
reflux condenser, an addition funnel, a magnetic stirrer, and 
a gas inlet tube. A gentle flow of argon through the 
apparatus was maintained throughout the reaction. A hex-
ane solution of n-butyllithium (20 mmol, about 13 ml and 
40 ml of anhydrous ether was added to the flask. The 
solution was stirred and triphenylmethylphosphonium 
bromide12) (20 mmol) was added cautiously over a 15 min 
period. The solution was stirred for 4 h at room 
temperature. A solution containing the corresponding 
carbonyl compounds [p-(dimethylamino)benzaldehyde, 
p-(dimethylamino)acetophenone, or bis[p-dimethylamino)-
phenyllketone in 100 ml of ether or benzene was added. 
The mixture was stirred at 25 °C (for 2a and 2b) or at 63 °C 
(for 2c). The reaction was monitored by TLC analysis, and 
the existence of starting carbonyl compounds was checked 
by a carbonyl detecting reagent. After the starting carbonyl 
compounds was consumed (2—9 h), the precipitate was 
separated by suction filtration. The filtrate was concen­
trated in vacuo and the crude products were purified by 
column chromatography (silica gel: Wakogel C-300 using 
benzene as eluent). 

p-(Dimethylamino)styrene (2a): Yield 42%, ^ N M R 
(CDC13) 6=2.93 (6H, s), 5.00 (1H, dd, /=1.2 and 10.8 Hz), 
5.52 (1H, dd, /=1.2 and 17.6 Hz), 6.63 (1H, dd, 7=10.8 and 
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17.6 Hz), 6.67, 7.29 (4H, ABq, /=9.0 Hz). 
2-[p-(Dimethylamino)phenyl]propene (2b): Yield 46%, 

m NMR (CDC13) ô=2.12 (3H, m), 2.95 (6H, s), 4.95 (1H, m), 
5.25 (1H, m), 6.68, 7.38 (4H, ABq, /=9.0 Hz). 

l,l-Bis[p-(dimethylamino)phenyl]ethene (2c): Yield 94%, 
!HNMR (CDCI3) 0=2.95 (12H, s), 5.18 (2H, s), 6.67, 7.26 
(8H, ABq, /=9.0 Hz). 

Reaction of 1 with 2a and 2b. The general procedure was 
as follows. A mixture of l (2.67 mmol) and 2 (0.667 mmol) 
in 10 ml of chloroform was reacted in a glass autoclave 
(TEM-MV Type: Taiatsu Glass Industry) with stirring and 
heating. The reaction was monitored by TLC analysis. 
After the starting material was consumed, the precipitate 
was separated by suction filtration. The filtrate was con­
centrated in vacuo and the residue containing the two main 
products (3 and 4) were chromatographed on activated 
alumina using chloroform and then on silica gel using ethyl 
acetate : benzene (=1 :2) as eluent, and purified by recrystal-
lization from chloroform. 

Reaction of 1 with 2c. The reaction and treatment proce­
dures were almost the same as those described above. The 
crude products were washed with small amount of ethanol 
and then chromatographed on silica gel using ethylace-
tate : dichloromethane (=1:1) as eluent and purified by 
recrystallization from chloroform. 

The yields are summarized in Table 1. The analytical 
and physical data are summarized in Table 2. 

T h e present work was partially supported by a 
Grant- in-Aid for Scientific Research (No. 01550676) 
from the Ministry of Educat ion, Science and Culture . 
T h e authors thank the Research Center, Mitsubishi 
Kasei Corporat ion for mass spectral and elemental 
analyses. 
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Opioid Activities of Morphiceptin Analogs Derived from Human ß-Casein1) 
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Four tetrapeptide amides with the iV-terminal Tyr-Pro sequence were synthesized as possible opioid 
agonists that can be produced by degradation of human /3-casein. When these peptides were tested for their 
ability to bind to the p and ô opioid receptors in rat brain, only H-Tyr-Pro-Phe-Val-NFb was active, showing 
the 60% increased affinity for the /x receptors as compared with morphiceptin (H-Tyr-Pro-Phe-Pro-NH2) 
derived from bovine /3-casein. It was highly /x-selective, as well as morphiceptin, with the /x/ô-selectivity ratio 
of 285. Other three analogs, H-Tyr-Pro-Ser-Phe-NH2 , H-Tyr-Pro-Val-Arg-NH2 and H-Tyr-Pro-Val-Pro-
NH2, were almost completely inactive. These results suggested that, for the morphiceptin-like tetrapeptide 
amides, the presence of Phe at position 3 is essential to elicit an activity to bind to the /x opioid receptors. 
Conformational considerations by measuring the CD spectra indicated that the sequence of tetrapeptide amide 
Tyr-Pro-Xxx-Pro(or Val)-NH2 is an important structural requirement to interact with the /JL opioid receptors. 

Several peptides wi th h igh affinity for the opioid 
receptors have been isolated from the enzymatic 
hydrolysates of bovine casein. Those include ß-
casomorph in from ß-casein2) and exorphins from asi-
casein.3) When administered orally, ß-casomorphin 
was shown to produce a moderate analgesia in rats, 
and its intracerebroventricular injection resulted in 
s trong and naloxone-reversible analgesia.4 ) Morphi ­
ceptin, H - T y r - P r o - P h e - P r o - N H 2 , was originally 
reported as a synthetic tetrapeptide amide based on the 
sequence of bovine ß-casein.5>6) However, C h a n g et 
al.7) found that morphicep t in per se can be detected 
biologically and i m m u n o c h e m i c a l ^ in the enzymatic 
hydrolysates of bovine ß-casein. Morphicept in is 
highly specific for the ß opioid receptors in rat bra in 
membrane.5 '6 ) It shows also the moderate affinities 
for opioid receptors in the per ipheral tissues, when 
they are examined, for example, for the biological 
responses to inhibi t the electrically st imulated con­
tractions of smooth muscle preparat ions from the 
guinea p ig i leum and mouse vas deferens.5) Since the 
existence of opioid receptors has been demonstrated in 
some intestinal systems,8) it is likely that these casein 
peptides possess some physiological roles, especially 
the nut r i t iona l functions by interact ing wi th the 
receptors. 

T h e a m i n o acid sequence of h u m a n ß-casein has 
been reported by Greenberg et al.9) Sequence com­
par ison between the h u m a n ß-casein and bovine ß-
casein revealed a 50% identity and a 10-residue shifted 
a l ignment re la t ionship . Interestingly, there are four 
pept ide por t ions wi th the T y r - P r o sequence in this 
h u m a n ß-casein. One of them is qui te similar to the 
bovine casomorphin , having the sequence of T y r -
P ro -Phe . T h u s , it was expected that the peptides 
hav ing this T y r - P r o - P h e sequence at the Af-terminus 
may exhibit some opioid activities due to their possi­
ble interactions wi th the opioid receptors. Al though 

a variety of potent morph icep t in analogs have been 
synthesized by many groups , most of them possess the 
D-Ala2 a n d / o r D-Pro4 residues.5'10'11) In order to eluci­
date the possible nut r i t ional functions, we intended to 
explore the more strict structural requirement of 
opioid receptors for peptides hav ing the Af-terminal 
T y r - P r o sequence and thus to synthesize all the pep­
tide fragments wi th the T y r - P r o sequence in h u m a n 
ß-casein. 

In the present study, we describe the synthesis and 
the structure activity relat ionships of four morph i ­
ceptin-like tetrapeptide amides, namely H - T y r - P r o -

Table 1. Binding Affinities of Morphiceptin Analogs 
Derived from Human ß-casein 

IC50 (nM) 

Compound ^-affinity ô-affinity M-selectivity 
(3H-DAGO) (3H-DADLE) 

5 000 
35 

1400 
14000 

56 
12 
1.5 

22000 
10000 
16000 

>100000 
25 000 

5 
400 

— 
285 
— 
— 
446 
0. 

267 

H-Tyr- Pro- Phe- Pro- NH2 morphicept in 

H-Tyr- Pro- Ser- Phe-NH2 ( la) 

H-Tyr- Pro- Phe- Val- NH2 ( lb) 

H-Tyr -Pro- Val - Arg-NH2 ( l e ) 

H-Tyr- Pro- Val - Pro-NH2 (Id ) 

Fig. 1. Amino acid sequences of morphiceptin and 
morphiceptin-like peptides derived from human ß-
casein. 



1754 K. SAKAGUCHI, H. SAKAMOTO, Y. TSUBAKI, M. WAKI, T. COSTA, and Y. SHIMOHIGASHI [Vol. 63, No. 6 

S e r - P h e - N H 2 (la), H - T y r - P r o - P h e - V a l - N H 2 (lb), 
H - T y r - P r o - V a l - A r g - N H 2 (Ic) and H - T y r - P r o - V a l -
P r o - N H 2 (Id) (Fig. 1). The i r a m i n o acid sequences 
correspond to the fragments of h u m a n ß-casein 41 — 
44, 51—54, 171 — 174, and 196—199, respectively.9) 

Results and Discussion 

T h e synthetic scheme is shown in Fig. 2. T h e ex­
terminai Boc-dipeptide-NH2 (IVa—d) were synthe­
sized us ing l-ethyl-3-(3-dimethylaminopropyl)carbo-
di imide (EDC)12) in the presence of 1-hydroxy-
benzotriazole (HOBt) (Table 2). These dipept ide 
amides were further elongated with B o c - T y r - P r o - O H 
(III) by the same EDC-HOBt method. T h e resul t ing 
Boc-tetrapeptide amides were liberated wi th trifluo-
roacetic acid (TFA) to afford the desired morph i -
ceptin-like peptide analogs (la, b, and d). In the case 
of Ic, the tetrapeptide was hydrogenated to remove the 
ni t ro g roup of Arg3 after the T F A treatment. Pur i ­
fied tetrapeptide amides were verified by h igh-
performance l iqu id chromatography (HPLC) , ele­
mental analyses and high-performance th in layer 
chromatography ( H P T L C ) (Table 3). 

In rat brain , there are at least three distinct subtypes 
of opioid receptors designated as ô, /x, and /c.13) Enke­
pha l ins and their analogs usually b ind to the ô a n d / o r 

/x opioid receptors, while dynorph ins b ind to the K 
receptors. Morphicept in binds predominant ly to the 
fi receptors in rat brain, showing very h igh fi/ô-
selectivity.5'6) T o examine the receptor preferences of 
l igands, it is useful to examine the ability to displace 
the radio-labeled analogs of such highly specific and 
selective l igands in rat brain. Since H - [ 3 H ] - T y r - D -
A l a - G l y - P h e - D - L e u - O H ( 3H-DADLE) is relatively Ô-

Table 2. Physical Properties of Synthetic Boc-Dipeptide-
Amides (IVa—d), Dipeptide Amides (Va—d) and 

Boc-Tetrapeptide Amides (Via—d) 

Yield Mp [a]V/° HPTLC 
V A J l l i p U U 1 1 U 

IVa 
IVb 
IVc 
IVd 

Va 
Vb 
Vc 
Vd 

Via 
VIb 
Vic 
VId 

% 

64 
84 
78 
87 

95 
92 
83 
87 

64 
71 
64 
80 

°C 

141—142 
187—189 
102—104 

(Oil) 

204—205 
213—216 
153—155 
204—206 

138—140 
221-223 
149—150 
126—128 

(cl .0, DMF) 

-6 .8 
+2.1 

-25.7 
— 

+17.2 
+27.2 
-15.1 

(Insoluble) 

-22.8 
(Insoluble) 

-32.3 
-59.7 

Kf 

0.81 
0.93 
0.79 
0.74 

0.60 
0.69 
0.48 
0.45 

0.61 
0.71 
0.49 
0.46 

Tyr Pro 

Boc 

Boc 

Boc 

Boc 

OH H 

DCC-HOBt 

NaOH 

OMe-HCI Boc 

• O M e ( M ) Boc 

OH ( I I I ) H 

E D C - H O B t 

Xxx Yyy 

OH H 

EDC-HOBt 

® T F A 
© H C l / D i o x a n d 

© T F A 
Sephadex G-15 (30% AcOH ) 

NH2-HCI 

NH2 ( IV ) 

NH2-HCI (V ) 

NH2 ( V I ) 

NH2-AcOH ( I ) 

Fig. 2. Synthetic scheme of morphiceptin-like peptides. Xxx and Yyy 
denote the amino acid residues in position 3 and 4 of the tetrapeptides, 
respectively: (Xxx, Yyy)=(Ser, Phe) for a; (Phe, Val) for b; (Val, Arg 
(NO2)) for IVc, Vc, and Vic, and (Val, Arg) for Ic; and (Val, Pro) for d. 
For preparation of Ic from Vic, amino-liberated tetrapeptide by TFA was 
hydrogenated in the presence of Pd-black. 

Table 3. Physical Properties of Tetrapeptide Amides (la—d) 

Compound Yield 
/% 

92 
69 
65 
78 

Mp 
/°C 

123—126 
99—100 
94—98 

108—110 

[«HP/0 

(c 0.5, AcOH) 

-14.2 
-28.7 
-45.6 
-89.2 

HPTLC 
Rt 

0.60 
0.73 
0.45 
0.66 

HPLC* 
(% MeOH) 

47.2 
51.6 
26.9 
37.1 

la 
lb 
Ic 
Id 

*) Conditions for HPLC: column, Hitachi 3063-Cis; flow rate, 1.0 ml min - 1 ; and solvent, 
a linear gradient of 10—90% MeOH in 0.1% TFA for 40 min followed by the isocratic elution 
with 90% MeOH in 0.1% TFA for 10 min. 
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selective and H-[3H]-Tyr-D-Ala-Gly-MePhe-Gly-ol 
(3H-DAGO) is /x-selective,13) using these radio-labeled 
ligands we have evaluated the receptor binding affini­
ties of morphiceptin-like peptides for the opioid 
receptors in rat brain. The potencies expressed by 
IC50, the dose which produces a 50% displacement of 
the tritiated ligands, were estimated from the logarith­
mic dose-response curves constructed with 6—8 doses. 
Table 1 shows the binding affinities of morphiceptin 
and its analogs derived from human ß-casein. It was 
found that, among the peptides synthesized, only H -
Tyr-Pro-Phe-Val-NH2 (lb) was active and selective 
for the fi receptors. The IC50 values of lb were 35 nM 
in the 3H-DAGO assay and 10,000 nM in the *H-
DADLE assay. Based on these IC50 values, the /x-
selectivity ratio of peptide lb was calculated to be 285. 
Morphiceptin showed the binding characteristics sim­
ilar to that of peptide lb: IC5o=56 nM against 3H-
DAGO; 25,000 against 3H-DADLE; and /x-selectivity 
=446 (Table 1). It should be noted that lb and mor­
phiceptin are very active for the /x receptors, but 
almost inactive for the ô receptors. 

Peptide la, H-Tyr-Pro-Ser-Phe-NH2, was almost 
completely inactive for both ô and /x receptors. Pep­
tides Ic and Id were also inactive. Since the structural 
difference between peptides lb and Id is the amino 
acid residues at position 3, namely Phe3 in peptide lb 
and Val3 in peptide Id (Fig. 1), and since the amino 
acid residue at position 3 in morphiceptin is Phe, the 
Tyr-Pro-Phe sequence appears to be the most impor­
tant structural element to elicit the binding ability to 
the fx opioid receptors. The Phe residue at position 3 
is likely to be the essential requisite of morphiceptin-

like peptides for recognition of the /x-opioid receptors. 
In contrast, the position 4 is not so restricted to replace 
the amino acids. It is clear that the substitution of 
Pro4 in morphiceptin with Val increases (about 60%) 
the receptor binding activity. There must be a spe­
cific structural requirement of the /x receptors at the 
site corresponding to this amino acid residue4 in the 
morphiceptin analogs. It is interesting to elucidate 
such a structural element for obtaining more specific 
ligands. 

CD spectra of morphiceptin-like peptides in the two 
different solvents (H2O and 2,2,2-trifluoroethanol 
(TFE)) are shown in Fig. 3. In H2O (Fig. 3A), pep­
tide lb and morphiceptin exhibited very similar CD 
spectra with the negative Cotton effect at 217 nm and 
positive one at 230 nm. Also, they showed similar 
CD patterns in TFE (Fig. 3B). Interestingly, inactive 
peptide Id exhibited similar CD spectra to those of 
morphiceptin in both H2O and TFE, suggesting that 
Id is in a conformation similar to that of morphicep­
tin. Since the peptide Id lacks the binding affinity 
for both ô and /x receptors, this inactiveness is certainly 
due to the substitution of morphiceptin Phe3 with 
Val3. It is thus likely that the bioactive conformation 
of morphiceptin peptides is sustained by the Tyr-Pro-
Xxx-Pro(or Val)-NH2 sequence, while the Phe3 residue 
in morphiceptin plays an essential role in receptor 
recognition and affinity. 

Inactive peptides la and Ic showed completely dif­
ferent CD spectra in H2O, while in TFE they show CD 
profiles relatively similar to those of active analogs, 
suggesting these peptides are flexible. Chang and 
Cuatrecasas14) postulated the model for binding sites 
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Fig. 3. CD spectra of morphiceptin and morphiceptin-like peptides. 
Solvents: A, H2O; and B, TFE. Peptide concentrations: 1.0X10"4 M (1 
M=l moldm-3). Temperature: 25 °C. 
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in the /x receptors and explained the activity and 
selectivity of morphicep t in and enkephal ins . Loew 
et al.15) analyzed the conformation of morphicept in to 
exhibit the /x-selectivity by the energy calculation. 
These studies showed the impor tance of sterical orien­
tation and distance between two aromatic rings of 
Tyr 1 and Phe3 . T h e conformation depicted by CD 
measurements may represent such a conformation. 
Recently, Doi et al.16) reported the conformational 
analysis of peptide lb by XH NMR, no t ing our prel imi­
nary reportx) to select lb as /x-selective peptide l igand. 
According to this report, lb appears to be in a folded 
conformation stabilized wi th 5 (amide)-1 (Tyr -C=0) 
hydrogen bond. 

Yoshikawa et al.17) reported the b ind ing affinities of 
morphicept in and their synthetic peptide correspond­
ing to lb us ing rat bra in and 3 H-naloxone , an antago­
nist specific for the /x opioid receptors. The i r poten­
cies, however, seem to be weak (IC5o=2,000—3,000 
nM) as compared with the results using agonists such as 
3 H-DAGO (Table 1) and other radio-l igands; for mor­
phicept in , IC50=45 nM us ing 3 H-dihydromorphine; 5 ) 

and 19 nM us ing 125I-FK33-824 enkephal in analog.6) 
O n the other hand, Koch et al.18) have shown that the 
synthetic fragment of h u m a n ß-casein 41—44, which 
correspond to the free acid of peptide lb , was 
extremely weakly active (IC50=27,600 nM) in the bind­
ing assay us ing rat bra in and 3 H - D A G O . T h e activ­
ity of this tetrapeptide acid appears to be almost three-
order magni tude weaker than that of the correspond­
ing tetrapeptide amide synthesized in the present 
study. Brand19) also reported the biological activity 
of this fragment in the assay ut i l izing the guinea p ig 
i leum. It was also very weak (IC5o=56,200 nM) in 
inh ib i t ing the electrically s t imulated contract ions. 
These results indicate that the C-terminal amidat ion 
confers a conformation preferable to fit the /x opioid 
receptors u p o n the result ing tetrapeptide amide. 
Unfortunately, this tetrapeptide amide would not be 
in an enzymatic digest of h u m a n ß-casein, since no 
glycine residue that can be a substrate of a -amida t ing 
enzyme exists at the posi t ion 55 following the tetra­
pept ide (51— 54).9) Gly is present at posi t ion 60, and 
thus T y r - P r o - P h e - V a l - G l u - P r o - I l e - P r o - T y r - N H 2 

may appear in the digested mix ture to exhibit some 
physiological roles in the intest inal opioid system. 

Experimental 

Synthesis. HPTLC was carried out on Silica Gel G 
(Merck) with the following solvent system (v/v): R{, n-
BuOH-AcOH-EtOAc-H20 (1:1:1:1) . Optical rotations 
were measured with a Union high sensitivity Polarimeter 
PM-71. Amino acid analyses were performed on a Hitachi 
KLA-5. HPLC was performed on a Hitachi 655A-11 liquid 
Chromatograph. 

Boc-Tyr-Pro-OMe (II): To a solution of H-Pro-
OMe-HCl (2.15 g, 13 mmol) and Et3N (1.8 ml, 13 mmol) in 
DMF (30 ml) were added Boc-Tyr-OH (3.66 g, 13 mmol), 

dicyclohexylcarbodiimide (3.22 g, 16 mmol) and HOBt (3.51 
g, 26 mmol) at 0°C. The reaction mixture was stirred at 
0°C for 2 h and at room temperature overnight. After 
evaporation in vacuo, the residue was suspended in EtOAc 
and dicyclohexylurea was removed by filtration. The fil­
trate was washed successively with 5% KHSO4, 5% NaHCÜ3 
and water, dried over Na2S04, and evaporated to dryness. 
The solid obtained (4.69 g) was purified on a silica-gel 
column (4X50 cm) eluted with CHCl3-EtOAc (2—1:1). 
The fractions containing a pure product were collected and 
evaporated. The residual oil was crystallized from ether-
pet.ether: Yield, 3.85 g (75%); mp 61— 63 °C; [aJff-25.30 (c 
1.0 DMF); R{ 0.85. Found: C, 61.01; H, 7.29; N, 6,90%. 
Calcd for C20H28O6N2: C, 61.21; H, 7.19; N, 7.14%. 

Boc-Tyr-Pro-OH (III): To a solution of Boc-Tyr-Pro-
OMe (3.14g, 8 mmol) in MeOH was added 1 M NaOH (16 
ml) (1 M=l mol dm -3). The reaction mixture was incu­
bated for 9 h at room temperature and evaporated. The 
residue was triturated with 10% citric acid and the separated 
oil was extracted twice with EtOAc. The solution com­
bined was washed with water and dried. After filtration 
and evaporation, the residue was crystallized from ether-
pet.ether: Yield, 2.67 g (96%); mp 115—117 °C; [a]g>-19.2° (c 
1.0, DMF); Rf 0.77. Found: C, 57.72; H, 7.16; N, 7.01%. 
Calcd for C19H26O6N2 • H 2 0 : C, 57.56; H, 7.12; N, 7.07%. 

Boc-dipeptide-NH2 (IV): Boc-Ser-Phe-NH2 (IVa), Boc-
Phe-Val-NHs (IVb), Boc-Val-Arg(N02)-NH2 (IVc), and 
Boc-Val-Pro-NH2 (IVd) were prepared from Boc-amino 
acid (5 mmol) and amino acid amide hydrochloride (5 
mmol) by essentially the same method as described for 
compound II by the EDC-HOBt method. Physical proper­
ties of each compound purified are shown in Table 2. 

H-dipeptide-NH2HCl (Va—d): Compound IVa—d (2 
mmol) were treated with TFA (2 ml) for 1 h at 0°C. After 
evaporation, the residue was dissolved in MeOH to add 5.6 
M HCl in dioxane (2 ml). After incubation followed by 
evaporation, the residue was solidified with the aid of ether 
to afford the hydrochloride. Physical properties of each 
compound are shown in Table 2. 

Boc-Tyr-Pro-dipeptide-NH2 (Via—d): Boc-Tyr-Pro-
OH (III) (0.52g, 1.5 mmol) was coupled with H-dipeptide-
NH2 (Va—d) (1.5 mmol) by the EDC-HOBt method as 
described for II. Physical properties of Boc-tetrapeptide-
NH2 (Via—d) are shown in Table 2. 

H-Tyr-Pro-dipeptide-NH2 • AcOH (la—d): Compound 
Via, b, and d (0.2 mmol) were treated with TFA (1 ml) for 30 
min at 0°C. After evaporation of TFA, the residue was 
dissolved in a small amount of 30% AcOH and the solution 
was put on a column (1.8X140 cm) of Sephadex G-15 eluted 
with 30% AcOH. The fractions containing a pure product 
were collected and twice lyophillized from water. In the 
case of compound Vic, which contains Arg(N02), the 
amino-liberated derivative by treatment of TFA was hydro-
genated for 9 h in MeOH-water-AcOH (5 :3 :2, 10 ml) in the 
presence of Pd-black. The catalyst-free filtrate was evapo­
rated and the residue was reconstituted in 30% AcOH to put 
a Sephadex G-15 column for purification as described above. 
The chromatographic purity was verified by HPTLC and 
HPLC. Physical properties of tetrapeptide amides are 
shown in Table 3. 

CD Measurements. CD was measured at room tempera­
ture with a JASCO J-40A spectropolarimeter equipped with 
a data processor. TFE of spectroscopic grade and twice 
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distilled water were used as solvents for the peptides. The 
CD spectra (Fig. 3) were obtained by plotting the molar 
ellipticity (degcm2dmol -1) against the wave length (nm). 

Receptor Binding Assays. Receptor binding assays using 
rat brain membrane preparations were carried out essen­
tially as reported previously.1) 3H-DADLE (1.5 TBq/ 
mmol, Amersham) and 3H-DAGO (1.5 TBq/mmol, Amer-
sham) were used at a final concentration of 0.25 nM. Incu­
bations were carried out for 1 h at 25 °C in 50 mM Tris • HCl 
buffer (pH 7.4) containing bacitracin (100 jurngml-1) as an 
enzyme inhibitor. 
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Synthetic Study on Peptide Antibiotic Nisin. IV. 
Synthesis of Ring D-E1* 

Koichi FUKASE, Yoshiaki ODA, Akira KUBO, Tateaki WAKAMIYA,* and Tetsuo SHIBAÏ 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received December 25, 1989) 

In the series of synthetic study on peptide antibiotic nisin, a bicyclic sulfide part ring D-E in this molecule 
was successfully synthesized. Conjunctive sulfide rings were constructed either by one step or stepwise 
desulfurization reaction from corresponding disulfides by use of hexaethylphosphorus triamide. Thus, all of 
the ring moieties in nisin were prepared for total synthesis of this antibiotic. 

An antibacterial activity of nisin was found in cul­
ture broth of Streptococcus lactis before the discovery 
of penicillin,2) although the isolation was delayed 
until the work by Mattick in 1947.3) Nisin is widely 
used as a food preservative in Europe because of its 
antibacterial activity particularly against Clostridium 
botulinum.^ Its unique structure composed of 34 
amino acid residues was proposed by Gross in 1971 as 
shown in Fig. 1.5) It contains three dehydro amino 
acids and five cyclic sulfide parts which are composed 
of meso-lanthionine residue in ring A and threo-
methyllanthionine residues in rings B to E, respec­
tively. 

From standpoint of synthetic interest for such a 
unique structure as well as need of confirmation of the 
proposed structure, we started the synthetic study of 
nisin, and already finished syntheses of the rings A, B, 
and C.6_8) In these previous studies, we developed a 
versatile method for the synthesis of lanthionine pep­
tide by desulfurization9^ from the corresponding disul­
fide peptide by use of hexaethylphosphorus triamide 
[P(NEt2)3J. Particularly, in the synthetic studies of 
rings B and C containing ^/ir^o-methyllanthionine 
residue, we revealed that these peptides could be pre­
pared from disulfide peptides involving L-cysteine and 
£/ir£0-3-methyl-D-cysteine, where the configuration on 
ß-carbon atom of ^/ir^o-3-methyl-D-cysteine was 

î Present address: Peptide Institute, Protein Research 
Foundation, Minoh, Osaka 562. 

retained in the course of desulfurization reaction.7'8) 
Among the five ring moieties in nisin, ring D-E 

part seems to be most difficult to be synthesized 
because of its unique bicyclic structure composed of 
two sulfide bridges (Fig. 2). On the basis of the above 
desulfurization reaction, we considered two possible 
synthetic routes as shown in Fig. 3. The first 
approach is a simultaneous construction of both sul­
fide rings from bis-disulfide peptide by one step desul­
furization [method (A)]. On the other hand, second 
method is based on a stepwise construction of these 
sulfide rings [method (B)]. Method (A) seems to be 
advantageous in view of less reaction steps although 
the rearrangement of the rings would occur more 
possibly during the desulfurization reaction. On the 
other hand, a more secure formation of bicyclic sulfide 
structure could be expected in method (B). In fact, 
according to each strategy, we attempted to synthesize 
conjunctive ring D-E moiety as shown in Figs. 4 and 
5, respectively. 

For protection of thiol groups of four mercapto-
amino acids, we chose both trityl (Trt) and acetami-
domethyl (Acm) groups in view of differentiation of 
their removals.10) The amino group and the C-
terminal carboxyl group were protected with t-
butoxycarbonyl (Boc) group and methyl (Me) ester 
respectively. The imidazole ring in histidine residue 

NH2-CH-COOH NH2-CH-COOH 

-CHo 
(Ala) (Ala) 

meso-Lanthionine 

D(S) 
NH2-CH-COOH 

1 (S) 
C H 3 - C H - S 

(Abu) 

L(R) 
NH2-CH-COOH 

i 
CHo 

(Ala) 
tàreo-Methyllanthionine 

Fig. 1. Structure of nisin. Abu: 2-aminobutyric acid; Dha: dehydroalanine, Dhb: dehydrobuty-
rine (=3-methyldehydroalanine). 
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- ffrreo-methyllanthionine 

1759 

Fig. 2. Structure of ring D-E part of nisin. 

SR3 SR1 

SR2 

SR, SR2 

SR4 SR2 SR4 SR2 

method(A) method(B) 

Fig. 3. Synthetic strategies of ring D-E. 

was protected with tosyl (Ts) group. The peptide 
elongation was carried out successively from C-
terminal by either active ester of Af-hydroxysuc-
cinimide (HOSu) (peptide 1, 2), dicyclohexylcarbo-
diimide (DCC) (peptide 3), or symmetrical anhydride 
method (peptides 5). In the case of very slow rate of 
coupling reaction owing to steric influence in cyclic 
sulfide or disulfide peptide, benzotriazol-1-yl die t r i ­
phosphate (BDP),n) known as a particularly active 
reagent, was used for the coupling (peptide 6, 10, 11). 
In this case, Nim-Ts group removed by resulting 1-
hydroxybenzotriazole should be reintroduced with 
tosyl chloride (TsCl) and triethylamine (TEA) after 

the coupling reaction. 
In the synthesis of ring D-E according to method 

(A) (Fig. 4), we first prepared disulfide peptide 4 by 
iodine oxidation of peptide 3. Previously, Kamber 
reported that S-Trt group could be selectively 
removed in the presence of S-Acm group by iodine 
oxidation in CHCI3 or CH2CI2 with or without either 
CF3CH2OH or (CF3)2CHOH.10) However, undesira­
ble oligomerization products were observed predomi­
nantly in CHCI3 or CH2CI2 if we performed the reac­
tion without any fluoro alcohols in the solvent. On 
the other hand, when fluoro alcohol such as 
CF3CH2OH, (CF3)2CHOH or CF3CF2CH2OH, was 
added to CH2CI2, oligomerizations were depressed 
effectively. Among these fluoro alcohols, we chose 
CF3CH2OH as the best additive in view of effectiveness 
and availability. Iodine oxidation of 3 was carried 
out in CH2Cl2-CF3CH2OH=10:1 to obtain cyclic di­
sulfide 4, whose molecular weight was confirmed by 
field-desorption mass spectrometry (FD-MS) (m/z 815, 
M+). Disulfide peptide 4 was then elongated to hexa-
peptide 6. Mono-disulfide peptide 6 thus obtained 
was subjected to second disulfide linkage formation by 
oxidative removal of S-Trt and S-Acm groups with 
iodine in MeOH. Although desired bis-disulfide 
peptide 7 was secured, we only obtained unsatisfactory 
yield (50%) which may be caused by possible disulfide 
exchange reaction during iodine oxidation. In order 
to avoid this disadvantage, we then used MeOH-
H20=9 :1 as solvent, expecting an acceleration of rate 
in the cleavage reaction of S-Trt and S-Acm groups 
by addition of water.10) Desired bis-disulfide peptide 
7 was thus obtained in 78% yield. The molecular 
weight of 7 was confirmed by fast atom bombardment 
mass spectrometry (FAB-MS) [m/z 931, (M+H)+]. 

Finally, the formation of bicyclic sulfide rings was 
attempted by one step desulfurization reaction of 7 
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wi th P(NEt2)3. In the syntheses of r ings A, B, and C, 
the most suitable solvent to desulfurization varied 
depending on the case i.e., Af,N-dimethylformamide 
(DMF) for r ing A,6) benzene for r ing B,7> tetrahydrofu-
ran ( T H F ) for r ing C.8) Whereas, in the present 
study, the desulfurization reaction was carried out 
most smoothly in anhydrous benzene12* to give desired 
r ing D-E 8 in 40% yield, whose molecular weight was 
confirmed by FAB-MS [m/z 867, (M+H)+] . 
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Fig. 4. Synthetic scheme according to method (A). 
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Fig. 5. Synthetic scheme according to method (B). 

T o discuss an advantage of s imul taneous or step­
wise method for desulfurization in this case, we then 
at tempted a synthesis of the same c o m p o u n d of r ing 
D-E according to method (B) (Fig. 5). T h e first 
desulfurization step from disulfide pept ide 4 in anhy­
drous benzene gave the cyclic sulfide peptide 9 corre­
spond ing to r ing E. However, the yield (34%) was 
rather low in compar ison wi th that in method (A), 
since a considerable a m o u n t of ol igomers were formed 
even under h igh di lut ion condi t ions [0.31 m M (1 M = l 
mol d m - 1 ) ] . After the cyclic pept ide 9 was elongated 
to hexapept ide 11, both S-Tr t and S-Acm groups in 
11 were removed wi th iodine in M e O H to give the 
bicyclic pept ide 12. T h e second desulfurization step 
produced the cyclic sulfide par t corresponding to r ing 
D consequently affording the desired r ing D-E 8, b u t 
again in unsatisfactory yield. 

T h e products 8 of the r ing D-E par t thus prepared 
by the different methods were completely identical 
with each other in high performance l iquid chromatog­
raphy ( H P L C ) , iHNMR, 1 3* and FAB-MS. Amino 
acid analyses of their hydrolyzates not only showed an 
identity of bo th compounds , bu t also certified a reten­
tion of threo configurat ion of methyl lan th ionine 
residue as na tura l one in bo th products . 

Al though we succeeded in the synthesis of r ing D-E 
par t of nis in by two methods, the method (A) gave a 
better result than the method (B) in view of the less 
reaction steps, better yield of desulfurization step, and 
easiness of pept ide elongat ion. Consequent ly by this 
study in addi t ion to the previous investigations, we 
have now been able to accomplish the syntheses of all 
r ing parts in nisin. Fur thermore , we have recently 
succeeded in the total synthesis of nis in by coupl ings 
of these l an th ion ine peptide fragments,14 '15) details of 
which will soon be reported elsewhere. 

Exper imenta l 

All melting points are uncorrected. The FD-MS and 
FAB-MS spectra were obtained with a JEOL JMS-DX 300 
mass spectrometer. 1H NMR spectra were obtained with an 
FX-90Q NMR spectrometer. Specific rotations were 
obtained with a Perkin-Elmer 141 Polarimeter. HPLC was 
carried out with Shimadzu LC-5A liquid Chromatograph 
[column: Cosmosil 5Cis column, 4X125 mm; solvent: 
CH3CN-0.1% aq TFA, gradient: 40—70% (2% min"1); flow 
rate: 1.0 ml min - 1; detection: UV at 220 nm]. Amino acid 
analysis was carried out with a Hitachi KLA-5 analyzer 
[column: Hitachi custom #2618 resin, 9X250 mm, 55 °C; 
buffer: 0.20 M sodium citrate pH 3.00 (0—80 min), pH 4.25 
(80—120 min), 0.80 M sodium citrate pH 6.60 (120—230 min); 
flow rate 1.0 ml min - 1] . Samples for amino acid analysis 
were hydrolyzed with constant boiling 6 M HCl in sealed 
tubes at 110 °C for 48 h. Silica-gel column chromatography 
was carried out using Merck silica gel 60 (70—230 mesh) for 
the preparation of 1 and 3 or Merck silica gel 60 (230—400 
mesh) for the preparation of 4, 6, 7, 8, 9, 10, and 11. 

Boc-His(Ts)-Cys(Trt)-OMe (1). To a solution of Boc-
His(Ts)-OH (27.6 g, 67.3 mmol) in 200 ml of THF were 
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added HOSu (7.75 g, 67.3 mmol) and DCC (13.9 g, 67.3 
mmol) under ice cooling. The mixture was stirred at 0°C 
for 1 h and then at room temperature for 2 h. To this 
mixture was added H-Cys(Trt)-OMe (24.6 g, 67.3 mmol) in 
200 ml of T H F under ice cooling. The mixture was stirred 
at room temperature overnight and then filtered. The 
residue obtained by vacuum concentration was dissolved in 
EtOAc and the solution was washed successively with 10% 
aq citric acid, saturated NaHC03, and saturated NaCl solu­
tions. The organic layer was dried over MgSCU and then 
concentrated in vacuo. The residue was purified by silica-
gel column chromatography (500 g, 7X23 cm, benzene-
EtOAc-MeOH=40:1:1) to give oily product: yield 40.3 g 
(77.9%); [a]f? +3.7° (c 0.55, MeOH). Found: C, 63.69; H, 
5.71; N, 7.20; S, 8.30%. Calcd for C41H44N4O7S2 • 0.25H2O: 
C, 63.67; H, 5.80; N, 7.24; S, 8.29%. 

Boc-Cys(Acm)-His(Ts)-Cys(Trt)-OMe (2). Boc group 
of dipeptide 1 (7.00 g, 9.10 mmol) was removed with 28 ml of 
trifluoroacetic acid (TFA). The solution was allowed to 
stand at room temperature for 30 min, and then concen­
trated in vacuo. The residue was dissolved in 15 ml of 
EtOAc. To this solution were added TEA (2.34 g, 23.1 
mmol) and Boc-Cys(Acm)-OSu (5.45 g, 14.0 mmol) under 
ice cooling. The mixture was stirred at 0°C for 1.5 h and 
then washed with 10% aq citric acid, saturated NaHC03, and 
saturated NaCl solutions. The organic layer dried over 
MgS04 was concentrated in vacuo. The residue was pre­
cipitated from EtOAc and hexane: yield 7.18 g (83.7%); mp 
92—105 °C; [a]?3 -4.8° (c 0.52, MeOH). Found: C, 59.13; 
H, 5.78; N, 8.81; S, 9.93%. Calcd for 0^54^0983-0 . '5H 2 O: 
C, 59.29; H, 5.82; N, 8.83; S, 10.10%. 

Boc-3-Me-D-Cys(Trt)-Cys(Acm)-His(Ts)-Cys(Trt)-OMe 
(3). Boc group of 2 (28.7 g, 30.4 mmol) was removed with 
30 ml of TFA as described above. The residue obtained by 
vacuum concentration was dissolved in EtOAc and then 
washed with saturated NaHC03 solution. The organic 
layer dried over MgS04 was concentrated in vacuo. The 
residue and Boc-3-Me-D-Cys(Trt)-OH (14.5 g, 30.4 mmol) 
were dissolved in 120 ml of THF. To this solution was 
added DCC (6.28 g, 30.4 mmol) under ice cooling. The 
mixture was stirred at 0 °C for 1 h and at room temperature 
overnight, and then filtered. The residue obtained by 
vacuum concentration was purified by silica-gel column 
chromatography (500 g, 7X23 cm, CHCl3-MeOH=40:1) to 
give oily product: yield 35.6 g (89.9%). The product was 
precipitated from EtOAc and hexane: mp 116—120°C; [a]$ 
-42.6° (c 0.560, MeOH). Found: C, 63.60; H, 5.82; N, 7.39; 
S, 9.67%. Calcd for C70H75N7O10S4 • H 2 0 : C, 63.66; H, 5.88; 
N, 7.42; S, 9.71%. 

Boc-3-Me-D-Cys-Cys(Acm)-His(Ts)-Cys-OMe (4). To a 
solution of tetrapeptide 3 (11.6 g, 8.90 mmol) in 3.2 1 of 
CH2CI2 and 350 ml of CF3CH2OH was added a solution of h 
(6.78 g, 26.7 mmol) in 270 ml of CH2CI2. After the mixture 
was stirred at room temperature for 20 min, 0.2 M Na2S203 
solution was added until the color of I2 disappeared. The 
organic layer was separated, dried over MgS04, and then 
concentrated in vacuo. The oily residue was purified by 
silica-gel column chromatography (200 g, 3X60 cm, CHCI3-
acetone=l : 1). The product was precipitated from EtOAc 
and hexane: yield 5.68 g (78.2%); mp 117—118 °C; [ajg 
+57.3° (c 0.450, MeOH); FD-MS, m/z 815 (M+). Found: C, 
45.91; H, 5.61 ; N, 11.56; S, 15.11%. Calcd for C32H45N7-

OioS4-H20: C, 46.08; H, 5.68; N, 11.76; S, 15.38%. 

TFA • H-3-Me-D-Cys-Cys(Acm)-His(Ts)-Cys-OMe. Boc 
group of 4 (4.55 g, 5.58 mmol) was removed with 17 ml of 
TFA as described above to give oily residue which was 
subjected to the following reaction without purification. 

Boc-Ala-3-Me-D-Cys-Cys(Acm)-His(Ts)-Cys-OMe (5). 
To a solution of Boc-Ala-OH (3.16 g, 16.7 mmol) in 13 ml 
of CH2CI2 was added DCC (1.72 g, 8.34 mmol) under ice 
cooling and the mixture was stirred at 0 °C for 3 h. To the 
anhydride solution were added the TFA salt described above 
in 10 ml of CH2C12 and TEA (1.69 g, 16.7 mmol) under ice 
cooling. The mixture was stirred at room temperature 
overnight and then filtered. The filtrate was washed, dried, 
and concentrated as described for the preparation of 2. 
Addition of EtOAc and hexane to the residue gave crystal­
line product: yield 4.50 g (90.9%); mp 114—116 °C; [a]# 
+44.0° (c 0.430, MeOH). Found: C, 45.58; H, 5.73; N, 
12.03; S, 14.08%. Calcd for C35H50N8O11S4 • 2H 2 0: C, 45.54; 
H, 5.90; N, 12.14; S, 13.89%. 

HCl • H-Ala-3-Me-D-Cys-Cys(Acm)-His(Ts)-Cys-OMe. 
Boc group of 5 (2.00 g, 2.25 mmol) was removed with 10 ml 
of TFA as described above. The residue obtained by 
vacuum concentration was dissolved in a small amount of 
MeOH. To the solution were added successively 12.9 M 
HCl/MeOH (0.70 ml, 9 mmol) and ether. The precipitate 
was filtered and washed with ether. This peptide was 
subjected to the following reaction without purification. 

Boc-3-Me-D-Cys(Trt)-Ala-3-Me-D-Cys-Cys(Acm)-His-

(Ts)-Cys-OMe (6). Boc-3-Me-D-Cys(Trt)-OH (1.13 g, 2.36 
mmol) and the hydrochloride described above were 
dissolved in 15 ml of DMF. TEA (784 mg, 7.75 mmol) and 
BDP (753 mg, 2.75 mmol) were added to the solution under 
ice cooling. The mixture was stirred at room temperature 
overnight and then concentrated in vacuo. EtOAc and 10% 
aq citric acid were added to the residue. Organic layer was 
washed with saturated NaHC03 and saturated NaCl solu­
tions, and dried over MgS04. EtOAc was evaporated in 
vacuo until the volume of the solution became 10 ml. In 
order to reintroduce Nim-Ts group, TsCl (430 mg, 2.25 
mmol) and TEA (227 mg, 2.25 mmol) were added to the 
solution. The mixture was stirred at room temperature for 
1 h, washed with water, and then dried over MgS04. The 
oily residue obtained by vacuum concentration was purified 
by silica-gel column chromatography (100 g, 3X30 cm, 
CHCl3-MeOH=50:l) to give 6 which was precipitated 
from EtOAc and hexane: yield 2.06 g (70.1%); mp 146— 
153 °C; [a]?3 +9.6° (c 1.0, MeOH). Found: C, 54.75; H, 
5.77; N, 9.67; S, 12.55%. Calcd for C58H71N9O12S5• 1.5H20: 
C, 54.70; H, 5.86; N, 9.90; S, 12.59%. 

Boc-3-Me-D-Cys-Ala-3-Me-D-Cys-Cys-His(Ts)-Cys-OMe 

(7). To a solution of peptide 6 (3.44 g, 2.76 mmol) in the 
mixture of 980 ml of MeOH and 120 ml of H 2 0 was added I2 

(2.10 g, 8.28 mmol) in 83 ml of MeOH at room temperature 
under vigorous stirring. After the solution was stirred for 1 
min, a solution of L-ascorbic acid (3.5 g), citric acid monohy­
drate (6.3 g), and NaOH (2.4 g) in 300 ml of water was added 
until the color of I2 disappeared. The mixture was concen­
trated in vacuo and the residue was extracted with 150 ml of 
CHCI3. The extract was washed with saturated NaCl solu-
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tion and then dried over MgS04. The residue obtained by 
vacuum concentration was purified by silica-gel column 
chromatography (70 g, 2X45 cm, CHCl3-MeOH=70:1) to 
give 7 which was precipitated from EtO Ac and hexane: yield 
2.00 g (77.8%); mp 189—193 °C; [a]g +139° (c 0.659, MeOH); 
FAB-MS, m/z 931 [(M+H)+]. Found: C, 45.59; H, 5.43; N, 
11.73; S, 16.94%. Calcd for CseHsoNgOnSs • H 2 0 : C, 45.55; 
H, 5.52; N, 11.81; S, 16.89%. 

I S , 
Boc-D-Abu-Ala-D-Abu-Ala-His(Ts)-Ala-OMe (8). Method 

1 S { 

(A). To a solution of 7 (350 mg, 0.376 mmol) in 610 ml of 
anhydrous benzene was added P(NEt2)3 (3.70 g, 15.0 mmol). 
The mixture was stirred at room temperature for 3 d and 
then concentrated in vacuo. The residue was dissolved in 
EtO Ac and washed with 10% aq citric acid and saturated 
NaCl solution. The organic layer was dried over MgS04 
and concentrated in vacuo. The residue was purified by 
silica-gel column chromatography (20 g, 1.5X25 cm, 
CHCl3-MeOH=30:1) to give 8 which was precipitated from 
EtO Ac and hexane: yield 131 mg (40.0%); mp 154—158 °C; 
[a]$ -40.5° (c 0.306, MeOH); FAB-MS, m/z 867 [(M+H)+]; 
« N M R (CDCk) 0=1.26—1.44 (9H, m, Ala C(3)-CH3, 
2XAbu C(4)-CH3), 1.49 (9H, s, (CH3)3C-), 2.45 (3H, s, 
C6H4CH3), 2.8—3.7 (8H, m), 3.74 (3H, s, COOCH3), 4.0 (1H, 
m), 4.3—4.7 (3H, m), 4.8—5.2 (3H, m), 6.8—7.2 (4H, m), 7.36 
(2H, d, /=8.2 Hz), 7.5 (2H, m), 7.83 (2H, d, 7=8.2 Hz), 8.02 
(1H, d, 7=1.3 Hz); retention time in HPLC: 8.1 min. 
Amino acid analysis: Melan (2.44), Ala (1.00), His (0.96). 
Found: C, 48.40; H, 5.88; N, 12.41; S, 10.98%. Calcd for 
QeHsoNsOiiSs-LSHfeO: C, 48.36; H, 5.97; N, 12.53; S, 
10.76%. 

Boc-D-Abu-Cys(Acm)-His(Ts)-Ala-OMe (9). To a solu­
tion of 4 (800 mg, 0.980 mmol) in 3.0 1 of anhydrous benzene 
was added P(NEt2)3 (9.70 g, 39.3 mmol). The mixture was 
stirred at room temperature for 4 d and then treated as 
described for the preparation of 8 [method (A)]. The prod­
uct purified by silica-gel column chromatography (25 g, 
1.5X30 cm, CHCl3-acetone=l : 1) was precipitated from 
EtO Ac and hexane: yield 261 mg (34.0%); mp 115—117 °C; 
[a]# -58.0° (c 0.188, MeOH); FD-MS, m/z 784 [(M+H)+]. 
Found: C, 48.19; H, 5.76; N, 12.11; S, 11.90%. Calcd for 
C32H45N70ioS3-H20: C, 47.93; H, 5.91; N, 12.33; S, 11.99%. 

HCl • H-D-Abu-Cys(Acm)-His(Ts)-Ala-OMe. Boc group 
of 9 (380 mg, 0.485 mmol) was removed with 1.5 ml of TFA. 
The residue obtained by vacuum concentration was dis­
solved in 1.4 ml of THF. To the solution were added 5.26 
M HC1-THF (0.40 ml, 2.1 mmol) and ether. The precipi­
tate obtained was subjected to the following reaction with­
out purification. 

Boc-Ala-D-Abu-Cys(Acm)-His(Ts)-Ala-OMe (10). The 
condensation of Boc-Ala-OH (106 mg, 0.561 mmol) and the 
hydrochloride described above (0.485 mmol) was carried out 
using BDP (166 mg, 0.612 mmol) and TEA (181 mg, 1.79 
mmol) in 3 ml of DMF as described for the preparation of 6. 
TsCl (265 mg, 1.39 mmol) and TEA (140 mg, 1.39 mmol) 
were added to DMF solution to reintroduce Nim-Ts group. 
After the mixture was stirred at room temperature for 1 h, 
EtO Ac and 10% aq citric acid were added to the mixture. 
The EtO Ac layer was washed with saturated NaHC03 and 

saturated NaCl solutions, and then dried over MgS04. The 
oily residue obtained by vacuum concentration was purified 
by silica-gel column chromatography (8 g, 1X18 cm, 
CHCl3-acetone=2:1) to give 10 which was precipitated 
from EtOAc and hexane: yield 293 mg (70.6%); mp 136— 
142°C; [«]$ -20.9° (c 0.297, MeOH). Found: C, 47.74; H, 
6.05; N, 12.63; S, 11.14%. Calcd for CssHsoNsOnSs- 1.5H20: 
C, 47.66; H, 6.06; N, 12.70; S, 10.91%. 

HCl • H-Ala-D-Abu-Cys(Acm)-His(Ts)-Ala-OMe. Boc 
group of 10 (259 mg, 0.303 mmol) was removed with 1.0 ml 
of TFA. The residue obtained by vacuum concentration 
was dissolved in CH2CI2. To the solution were added 5.26 
M HC1-THF (0.40 ml, 2.1 mmol) and ether successively. 
The hydrochloride precipitated was filtered and then sub­
jected to the following reaction without purification. 

Boc-3-Me-D-Cys(Trt)-Ala-D-Abu-Cys(Acm)-His(Ts)-Ala-
OMe (11). The condensation of Boc-3-Me-D-Cys(Trt)-OH 
(159 mg, 0.333 mmol) and the hydrochloride described above 
(0.303 mmol) was carried out using BDP (99 mg, 0.364 
mmol) and TEA (107 mg, 1.06 mmol) in 4 ml of DMF as 
described for the preparation of 6. To the solution were 
added CHCI3 and saturated NaHC03 solution. The 
organic layer was separated, dried over MgS04, and concen­
trated in vacuo until the volume of the solution became 4 
ml. To this solution were added TsCl (116 mg, 0.606 
mmol) and TEA (97 mg, 0.91 mmol). The mixture was 
stirred at room temperature for 1 h, and then concentrated in 
vacuo. The residue was purified by silica-gel column chro­
matography (13 g, 1X30 cm, CHCl3-acetone=3 :2) to give 11 
which was precipitated from EtOAc and hexane: yield 255 
mg (69.3%); mp 158—162°C; [ajg -40.3° (c 0.176, MeOH). 
Found: C, 56.03; H, 5.99; N, 9.92; S, 10.25%. Calcd for 
C58H7iN9Oi2S4-2H20: C, 55.71; H, 6.04; N, 10.08; S, 10.26%. 

Boc-3-Me-D-Cys-Ala-D-Abu-Cys-His(Ts)-Ala-OMe (12). 

To a solution of 11 (95 mg, 0.078 mmol) in 28 ml of MeOH 
was added I2 (58 mg, 0.23 mmol) in 2.3 ml of MeOH at room 
temperature under vigorous stirring. The mixture was 
stirred for 50 min, and then treated as described for the 
preparation of 7. The crude product was reprecipitated 
from CHCI3 and hexane: yield 42 mg (60%); mp 155—162 °C; 
[affl +22.4° (c 0.541, MeOH); FD-MS, m/z 899 [(M+H)+]. 
Found: C, 46.29; H, 5.70; N, 11.83; S, 13.95%. Calcd for 
C36H5oN80iiS4-2H20: C, 46.24; H, 5.82; N, 11.98; S, 13.72%. 

Compound 8. Method (B). To a solution of 12 (19.0 
mg, 0.0211 mmol) in 30 ml of anhydrous benzene and 2 ml 
of anhydrous 1,2-dimethoxyethane was added P(NEt2)3 (137 
mg, 0.554 mmol). The mixture was stirred at room temper­
ature overnight and then treated as described for the prepa­
ration of 8 [method (A)]. An oily residue obtained was 
purified by thin-layer silica-gel chromatography (Merck sil­
ica gel F254, 0.5 mm, 20X20 cm, CHCl3-MeOH=15:1): yield 
3.7 mg (20%); FAB-MS, m/z 867 [(M+H)+]; *HNMR 
(CDCI3) 0=1.26—1.44 (9H, m, Ala C(3)-CH3, 2XAbu C(4)-
CH3), 1.49 (9H, s, (CH3)3C-), 2.45 (3H, s, C6H4CH3), 2.8—3.7 
(8H, m), 3.74 (3H, s, COOCH3), 4.0 (1H, m), 4.3—4.7 (3H, 
m), 4.8—5.2 (3H, m), 6.8—7.2 (4H, m), 7.36 (2H, d, 7=8.2 
Hz), 7.5 (2H, m), 7.83 (2H, d 7=8.2 Hz), 8.02 (1H, d, 7=1-3 
Hz); retention time in HPLC: 8.1 min. Amino acid analy­
sis: Melan (2.39), Ala (1.00), His (1.01). 
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Kinetic Study on the Alkaline Hydrolysis of S,S-Diaryl-iV-halosulfilimines 
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Kinetics for the alkaline hydrolysis of S,S-diaryl-N-bromosulfilimines were carried out in aqueous 
methanol. The observed pseudo-first-order rate constants were found to give a linear correlation with the 
concentration of sodium hydroxide, &=&i+&2[NaOH]. The first-order rate constants k\ showed a large 
negative Hammett p value (—2.43) for the substituent effect on the phenyl group, nearly zero activation entropy 
(—0.9+13.1 JK - 1 mol - 1 ) and a relatively large m value (0.638) against the solvent ionizing power Y value 
suggesting that the reaction process for k\ close to SNI. The salt effect, the deuterium solvent isotope effect and 
the steric effect are also in accord with the SNI mechanism. On the other hand, the second-order rate constants 
k,2 revealed a small Hammett p value, a negative activation entropy (—44.0+4.0 JK_ 1mol_ 1) , a small m value 
(0.153) and a steric deceleration by ortho substituents showing that the reaction for &2 is SN2-like. The salt 
effect and the solvent isotope effect are also compatible with the SN2-like mechanism. Meanwhile, the k\ for 
S,S-diphenyl-iV-halosulfilimines remarkably increased in the order of Af-iodo < Af-bromo < Af-chloro. This 
reactivity might be due to the lone pair-lone pair repulsion at the reactant state. From these observations, the 
alkaline hydrolysis of S,S-diaryl-A/-halosulfilimines was confirmed to proceed via concurrent two mechanisms, 
the SNI-like mechanism involving nitridosulfonium cation (>+S=N) as an intermediate and the S^'-like 
mechanism with the transition state in which the N-X bond cleavage is more progressed than the S-O bond 
formation with nucleophiles ("OH, ~OMe). 

S,S-Diaryl-N-halosulfilimines (1) are useful com­
p o u n d s to prepare many other derivatives of sulfilim-
ines. Reactions of 1 wi th various nucleophi les have 
been investigated since 1972.1_4) It has been suggested 
that they have three reaction sites (sulfinyl sulfur, 
i m i n o ni t rogen, and halogen) toward nucleophiles . 

A m o n g these, the reaction of 1 with sodium hydrox­
ide in me thano l affords the corresponding S,S-diaryl-
sulfoximines (2) quanti tat ively. T h i s reaction is very 
useful for the prepara t ion of 2 which generally have 
pharmaceut ica l activities, since prepara t ion of 2 was 
sometimes tedious and synthesized examples of 2 were 
few. In spite of the convenience of this reaction, the 
mechanism has not yet been clarified. Recently, we 
found that a novel intermediate, S,S-diaryl-S-
methoxythiazyne (3), is incipiently formed in this reac­
t ion and it is subject to further hydrolysis to give 25) 

H20 

I ' 
O OMe 

NaOH/MeOH î | 
Ar-S-Ar — • Ar-S-Ar + Ar-S-Ar 

\ at room temp. J, ||| 
NX NH N 

1 (X=C1, Br) 2 3 

Therefore, it is very interesting to investigate how 
this reaction proceeds, because at tacking site of the 
nucleophile(sulfinyl sulfur) is different from the a tom 
carrying the leaving g roup ( imino ni trogen) like 
S N 2 ' reaction. From the results of stereochemistry 
us ing optically active (—)-fSJ-S-fo-methoxyphenyl)-S-
phenyl-Af-chlorosulfilimine and other observations, 
the reaction was suggested to proceed by a nucleo-
phi l ic attack of hydroxide ion on the sulfur a tom and 
following release of chloride ion from the i m i n o ni tro-

N-X N-X H-N-X 
k. ) 

1 

gen wi th retent ion of configuration.4* 
However, these results are no t enough to elucidate 

the t ransi t ion state of this reaction. Therefore, in 
order to unders tand the mechan i sm of this reaction, a 
variety of S,S-diaryl-Af-bromosulfilimines were pre­
pared and subjected to the hydrolysis, and their kinetic 
investigations were carried out. 

Results and Discussion 

Kinetics. Substituent Effect and Activation Parame­
ters. T h e reaction rates of the alkal ine hydrolysis of 
S,S-diaryl-Af- bromosulf i l imines ( la) were determined 
by fol lowing the decrease in the UV absorpt ion at 352 
n m due to la. T h e reaction in excess sodium hydrox­
ide was found to follow a good pseudo-first-order 
kinetic equa t ion for two half lives. T h e first-order 
rate constants obtained in M e O H and 1/1 (v/v) 
M e O H / H b O were plotted against the concentrat ion of 
sodium hydroxide in Fig. 1. A linear correlation was 
observed, &=&i+fe[NaOH]. T h e intercept k\ is 
significant in M e O H / F b O whi le it is nearly zero in 
M e O H . T h e value ki is the a lkal i - independent first-
order rate constant, whi le the fe is the second-order 
rate constant. T h e kinetic data k\ and fe obtained 
for the alkal ine hydrolysis of S,S-diaryl-N-halo-
sulfilimines (1) wi th excess sodium hydroxide in 1/1 
(v/v) M e O H / H 2 0 are summarized in Table 1. 

T h e subst i tuent effect on the phenyl g roup (Table 
1) was examined. T h e electron-donat ing g roup such 
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Table 1. Kinetic Data of the Alkaline Hydrolysis of S,S-Diaryl-N-halosulfilimines, 
YC6H4S(-NX)C6H4Z (1), in 1/1 (v/v) MeOH/H 2 0 

Temp &1XIO4 &2X103 

X Y Z - r 
°C s"1 dm3 mol"1 s"1 

H H 30.0 2.22 2.24 0.999 
H H 35.0 3.62 3.56 0.999 
H H 40.0 7.33 5.92 0.998 

la Br H H 50.0 23.6 15.4 0.999 
p-Me p-Me 35.0 29.9 4.60 0.978 
p-Me H 35.0 12.9 4.63 0.972 
p-Cl H 35.0 1.49 5.13 0.999 
m-Cl H 35.0 0.522 4.71 0.999 

o'-Me H 3*5.0 4.09 0.539 0.999' ' 
o-OMe H 35.0 4.30 0.270 0.999 

lb Cl H H 35.Ö 51.Ö 2.59 0.999' ' 
lca) I H H 35.0 2.25 0.381 0.998 

a) Rates for reduction. 
ki for la(H,H): AH*=(95.4+4.1) kjmol"1 , AS*=-(0.9±13.1) JK~i mol"1 (35.0 °C) (r=0.998), 
p=-2.43 (r=0.996). k2 for la(H,H): AJF**=(76.4±1.3) kjmol"1 , AS*=-(44.0±4.0) JK- imol" 1 

(35.0°C)(r=0.999), p^O. 

20 . 0 h 

I 

03 

^ 1 5 n h y/ 
o m MeOH/HpOd/lXX 
x / 

î o . o h y° 

R n L y MeOH on 1 y 

1 ^ - ^ » 1 1 t _ J 

0 0 . 1 0 . 2 0 . 3 0 . 4 

[NûOH] /mo l.dm"3 

Fig. 1. Typical plots of pseudo-first-order rate con­
stants (k) of the alkaline hydrolysis of S,S-diphenyl-
Af-bromosulfilimine (la(H,H)) vs. the concentra­
tion of sodium hydroxide (35 °C). 

as the P-CH3 group accelerates the uncatalyzed reac­
tion (ki) to give a large negative Hammett p value 
(p=—2.43, r=0.996), while fe values are little influ­
enced, the Hammett p value being nearly zero. 

Arrhenius plot for the ki values in the reaction of 
S,S-diphenyl-N-bromosulfilimines (la(H,H)) afforded 
an activation enthalpy 95.4 k jmol - 1 (35 °C) and 
nearly zero activation entropy (—0.9 JK_ 1mol"1 , 
35 °C) while the fe afforded an activation enthalpy 
76.4 kj mol - 1 (35 °C) and a negative activation entropy 
(-44.0 J K-1 mol-1, 35 °C). 

The large negative p value and nearly zero activa­
tion entropy for k\ are incompatible with usual 
nucleophilic substitution on the sulfinyl sulfur atom 
of S-aryl-Af-tosylsulfilimines. For example, positive 

p values 1.196'7) and 1.2,8) and relatively large negative 
activation entropies, i.e., —78.2——94.5 JK- 1 mol- 1 

and —100 JK- 1 mol _ 1 are reported for the acidic and 
alkaline hydrolysis of S-phenyl-S-methyl-Af-tosyl-
sulfilimine, respectively. Therefore, the substituent 
effect and the activation parameters for the present 
system are in conflict with mechanism proposed 
previously.4* 

The large negative Hammett p value (p=—2.43) for 
ki indicates formation of considerable positive charge 
on the S(IV) atom at the transition state. Further, the 
large activation entropy suggests that this reaction 
occurs with a loose transition state. These two obser­
vations suggest that the reaction for k\ proceeds via an 
SNl-like mechanism involving a nitridosulfonium 
cation9) as an intermediate (4 in Scheme 1). 

Namely the mechanism may involve initial hetero-
lytic cleavage of the N-Br bond to afford the cation 4 
followed by the fast attack of nucleophiles (H2O or 
MeOH) to afford the diphenylsulfoximine (2(H,H)) or 
the diphenylmethoxythiazyne (3(H,H))- The value 
of thé activation entropy is probably a result of the 
cancellation of the expansion of the N-Br bond by the 
solvation of halide ion in the transition state. 

On the other hand, the hydroxide-dependent reac-

hx 'A p h\ PhN Ï 
S /Br > <s "Br< > S + "Br 

»h' N slow [ Ph N N + Ph7 ̂ N J 

la(H,H) 4 

H20, MeOH PhN O Ph OMe 
*• /S + ;s' 

fast Ph^ NH Ph' % 

2(H,H) 3(H,H) 
Scheme 1. 



1766 Toshiaki YOSHIMURA, Eiichi TSUKURIMICHI, Hiroshi KITA, Hiroshi Fujn, and Choichiro SHIMASAKI [Vol. 63, No. 6 

.Sv .Br :Nu • 

Pi/ V 

Ph , N u 6 - . 
< ^ B r 6 " ! 

P h x NT' 

la(H,H) 

Nu:HO~,MeO~ 

PhT NH 

2(H,H) 

Scheme 2. 

P h ^ ^ M e 

Pi/S* 
3(H,H) 

t ion for fe seems to involve an SN2-like mechanism 
(Scheme 2) wi th very small subst i tuent effect and 
negative activation energy. 

Solvent Effect. T h e reaction rates ki and fe for 
la(H,H) were measured in several composi t ion of 

Table 2. Effects of the Concentration of NaOH 
on the Rate of the Alkaline Hydrolysis of S,S-

Diphenyl-N-bromosulfilimine (la (H,H)) 
inMeOH/H2O(35.0°C) 

M e O H : H 2 0 [NaOH]Xl02 &X104 &1XIO4 &2X103 

mol dm - 3 s - 1 dm3 mol - 1 s - 1 

1:2 

1:1 

2:1 

MeOH only 

1.81 
3.61 
7.22 
4.4 

12.0 
12.3 
14.3 
17.5 

11.0 4.53 

4.97 
9.93 

19.6 
39.1 

5.40 
7.27 

10.4 
17.6 

3.62 3.56 

1.81 
3.61 
7.22 

14.4 
18.1 

1.84 
2.36 
3.36 
5.11 
6.43 

1.35 2.74 

22.6 
28.3 
39.9 

2.77 
3.76 -0.423 
5.30 

1.44 

wa te r -methano l mixed solvent. T h e rate constants 
ki and k,2 obta ined are listed in Tab le 2. Both ki and 
k,2 were found to increase as the fraction of water 
increases. 

Plots of the logar i thms of the k\ and fe vs. Y values 
of water-methanol , 1 0 ) ionizing power, afforded good 
straight lines to give the m values 0.638 for k\ and 
0.153 for k% respectively (Table 3). T h e small m 
value obtained for fe may be wi th in the range of 
values for SN2 reaction. Meanwhi le , the large m value 
for k\ indicates that the reaction for k\ has a considera­
ble SNI-character though the m value is smaller than 
that for the standard solvolysis of £-butyl chloride 
(m=1.00)10) 

Salt Effect. Kinetics of the alkal ine hydrolysis of 
la(H,H) was carried out in the presence of l i th ium 
Perchlorate in 1/1 (v/v) H 2 O / C H 3 O H . T h e rate con­
stant k\ was found to increase wi th increasing concen­
tration of the salt, while the rate constant fe slightly 
decreases as shown in Table 4. T h e SNI reactions are 
usually remarkably accelerated by an addit ion of salt 
such as l i t h ium Perchlora te , n ) whi le SN2 reactions of 
neutral substrates wi th ionic nucleophi les are deceler­
ated.12'13) Therefore the observed salt effects are also 
compat ible wi th the above mechanist ic conclusions. 

Solvent Isotope Effect. T h e solvolysis of £-butyl 
chloride, which is considered as a standard SNI reac­
tion, has been found to proceed more slowly in D2O 
than in H2O by a factor of & H / & D = 1 . 4 , whi le the 

Table 4. Salt Effects (LiC104) on the Alkaline Hydrolysis 
of S,S-Diphenyl-N-bromosulfilimine (la (H,H)) 

in 1/1 (v/v) MeOH/H 2 0 at 35.0 °C 

[LiC104] 

mol dm - 3 

0 
0.2 
0.4 
0.6 

&1XIO4 

S " 1 

3.62 
3.80 
4.40 
4.78 

feXlO3 

dm3 mol - 1 s - 1 

3.56 
2.65 
2.12 
1.87 

0.999 
0.999 
0.999 
0.999 

Table 3. The m Values for the Rate Constants on the Alkaline Hydrolysis of S,S-
Diaryl-N-halosulfilimines, o-YC6H4S(-NX)C6H5 (1) (35.0 °C) 

X 

Br 

Y 

H 

MeOH : H 2 0 

v: v 

2:1 
1:1 
1:2 

Y-value 

1.19 
1.97 
2.61 

&1XIO4 

S " 1 

1.35 
3.62 

11.0 

feXlO3 

dm3 mol - 1 s - 1 

2.74 
3.56 
4.53 

m 

h 

0.638 

m 

k2 

0.153 

Br OMe 

4:3 
1:1 
3:4 
1:2 

1.66 
1.97 
2.26 
2.61 

0.69 
1.19 
1.39 
1.66 
1.97 

2.53 
4.30 
7.16 

14.3 

9.77 
17.3 
22.7 
31.6 
51.0 

0.312 
0.270 
0.396 
0.460 

0.790 0.214 

CI H 

3:1 
2:1 
5:3 
4:3 
1:1 

1.34 
1.49 
2.22 
2.19 
2.59 

0.557 0.237 
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solvolysis of £-butylsulfonium ion, methyl chloride 
and methyl iodide gave the same rate in both sol­
vents.15) These examples are explained as the solvol­
ysis of £-butyl chloride depends more on the electro­
philic solvation in the rate-determining step and 
discriminates more difference in electrophilic nature 
of the solvent (H2O is more electrophilic than D2O) 
than the methyl halides. 

The alkaline hydrolysis of la(H,H) with excess 
NaOD was carried out in 1/1 (v/v) D20/MeOD, and 
was found to give ku/kv 1.25 for k\ and 0.668 for fe, 
respectively (Table 5). The effect for k\ suggests that 
the solvolysis proceeds via SNl-like mechanism pro­
moted by the electrophilic solvation of the halide ion 
in the transition state. On the other hand, the iso­
tope effect for fe suggests the SN2-like mechanism 
which involves both the solvation and desolvation. 
However, the effect of the desolvation of oxygen may 
be larger than that of the solvation of bromide anion 
since the size of bromide anion is larger than oxygen 
of "OH and "OMe to weaken hydrogen bonding. 

Ortho Substituent Effect. In order to examine the 
steric effect, the alkaline hydrolysis of S-(o-substituted 
pheny^-S-phenyl-N-bromosulfilimines with excess 
NaOH was carried out in 1/1 (v/v) MeOH/H 2 0 . 
The rate constants obtained were listed in Table 1. 
Reduction of the reaction rates from those for the p-
substituted derivatives were observed for both k\ and 
k.2 of the methyl and methoxy substituents (&io-Me/ 
&lp-Me—0.317, &2o-Me/&2p-Me—0.116, &lo-OMe/&lp-OMe= 

0 . 2 1 4 , &2o-OMe/&2p-OMe = 0.0619, &lp-OMe a n d fep-OMe 

were estimated from the Hammett plot). The ortho 
substituent effects for &2 are larger than those for k\ for 
both o-Me and o-OMe substituents suggesting that ki 
is more susceptible to the steric effect, if the electronic 
effects of ortho and para substituents are assumed to 
be the same. The solvent effect m values measured 
for the o-methoxy derivative (Table 3) are larger than 
those for la(H,H) indicating an increase in SNI-
character due to the introduction of the ortho substitu­
ent group. However, the ratio &i0-Me/&iP-Me (0.317) 
means that the reaction for k\ is also subject to the 
steric effect, and the m value for ki for S-(o-
methoxyphenyl)-S-phenyl-A^-bromosulfilimine is 
considerably less than unity suggesting that the reac-

Table 5. Solvent Deuterium Kinetic Isotope Effect 
of the Alkaline Hydrolysis of S,S-Diphenyl-iV-

bromosulfilimine (la(H,H)) with NaOD 
in 1/1 (v/v) D20/MeOD (35.0 °C) 

[NaOD]X102 

mol dm - 3 

5.31 
10.6 
21.2 
42.5 

&X104 

S " 1 

5.71 
8.66 

14.1 
25.6 

&1XIO4 

S " 1 

2.90 

&2XIO3 

dm3 mol - 1 s - 1 

5.33 

&H/&D=1.25 for ki, &H/&D=0.668 for ki. 

tion for k\ is not an ideal SNI solvolysis. 
Reactions of Other Halogen Derivatives. Rates for 

the solvolyses of £-butyl halides and neopentyl halides 
in 80% aqueous ethanol, which are considered to 
proceed via SNI mechanism, have been found to 
increase in such order as chloride < bromide < iodide 
(1.00:39.4:9915> and 1.00:42.1:11315> respectively). 
The formation of carbocation and halide ion is the 
rate-determining step for the solvolysis of £-butyl 
halides and neopentyl halides. Thus, the longer the 
bond length and the lower the bond energy 
( C K Br < I), the faster the reaction is. The same 
tendency has been observed for SN2 reaction. For 
example, the reaction of propyl halides with sodium 
ethoxide in ethanol has been reported to increase in 
the same order (1.00:62.5 :128).16> 

S,S-Diphenyl-N-chlorosulfilimine (lb(H,H)) and -
Af-iodosulfilimine (lc[H,H)) were also prepared and 
subjected to the alkaline hydrolysis. The rate con­
stants and the m value for lb(H,H) obtained were 
listed in Tables 1 and 3. The product of the reaction 
of lc(H,H) was not the sulfoximine 2(H,H) but 
N-unsubstitutedS,S-diphenylsulfilimine. Therefore 
the rate of the hydrolysis is considered to be slower 
than that of the reduction. In this respect, the maxi­
mum limit of the hydrolysis rate of lc(H,H) was 
estimated from the rate of the reduction as shown in 
Table 1. The m values for lb(H,H) has a similar trend 
to those for la(H,H). The rate constants ki remarka­
bly decreased in the following order N-chloro<N-
bromo < N-iodo (1.00:0.071:0.044) as shown in Table 
1, whose tendency is opposite to that in the reactions 
at carbon atom of alkyl halides. Unlike carbon atom, 
nitrogen has a lone pair of electrons to make the 
repulsion of the lone pairs of electrons between nitro­
gen and halogen in the reactants be important in 
determining the velocity of this reaction. Since the 
size of the orbital occupied with lone pair electrons of 
iodine is greater than chlorine, the polarizability of 
this orbital of iodine is greater than that of chlorine to 
reduce the repulsion. Therefore, the lone pair-lone 
pair repulsion of nitrogen and halogen may be greater 
in the order, N - K N - B r < N - C l . Furthermore, con­
sidering the character of the semipolar S-N bond of 
sulfilimine, partially negatively charged nitrogen 
increases the lone pair-lone pair repulsion to raise the 
energy level of reactants. On the other hand, the rate 
constants ki for la(H,H) and lb(H,H) are close, which 
is probably the results of cancellation of the opposite 
tendencies of the leaving ability of halogen and the 
lone pair-lone pair repulsion. 

General Base Catalysis. From the product analysis 
and the kinetic behavior, it is considered that the 
reaction for k\ involves solvent nucleophiles H2O and 
MeOH, while the reaction for k% involves both "OH 
and "OMe in the rate-determining step. The bond 
breaking of O-H is involved in the alkaline hydrolysis 
of la(H,H) to afford 2(H,H). If the O-H bond break-
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Table 6. Effects of the General Base Catalysis 
of the Alkaline Hydrolysis of S,S-Diphenyl-

Af-bromosulfilimine (la(H,H)) in 1/1 
(v/v) MeOH/H 2 0 

[Base] 

mol dm 

NH3
a) 

NaHC03
b ) 

- 3 

0.08 
0.12 
0.16 
0.40 

0.05 
0.10 
0.15 
0.20 

&X104 

S"1 

4.33 
4.18 
4.38 
4.30 

3.60 
3.71 
3.82 
3.94 

&1XIO4 

S"1 

4.29 

3.49 

&2XIO3 

dm3 mol - 1 s - 1 

0 

0.226 

a) Temp 35.8+0.2 °C. b) Temp 34.9+0.6 °C. 

ing by other bases is involved in the transi t ion state, 
the acceleration of the reaction by general base cataly­
sis can be expected. In order to examine possible 
assistance of general base to abstract the O - H pro ton 
in the rate-determining step, the alkaline hydrolysis of 
la(H,H) in the presence of excess other base, e.g., NH3 
and NaHCOß, was carried out in 1/1 (v/v) M e O H / 
H2O. T h e rate constants obtained are listed in Table 6. 
In spite of the increase in the concentrat ion of a m m o ­
nia and NaHCOs , the rate constants k\ did no t change, 
and &2 was nearly zero, suggesting that the reaction 
does no t involve general base catalysis, the O-H bond 
breaking in the rate-determining step. 

Therefore, the transit ion states of the reactions for ki 
and k.2 are as follows. 

T h e concurrent SNI and SN2 reactions in such a 
present system is similar to the subst i tut ion reaction 
on the d iphenylmethyl halides.17 '18) 

T h i s reaction is not only useful for the prepara­
tion of S,S-diarylsulfoximines (2) and S,S-diaryl-S-
methoxythiazyne (3) but also the first interest ing 
example to proceed via the solvolysis like mechanism 
on the tr icoordinate sulfur a tom. 

Experimental 

General. The IR spectra were taken on JEOL-810 and 
IRA-1 spectrometers. The ^ N M R spectra were obtained 
on HITACHI R-24B spectrometer (60 MHz) in CDCI3, CC14, 
and benzene using TMS as an internal standard. The UV 
spectra were measured on HITACHI EPS- 3T. In order to 
thermostat the UV cell was employed 10 mm thermostated 
cell holder, accessories of UV spectrometer. The MS spec­
tra were obtained on JMS-D 300 spectrometer. 

The reactions were monitored by TLC (MERCK, Kiesel­
gel 60 GF), and the products were separated by column 
chromatography using Merck Kieselgel 60 silica gel. 

All reagents were obtained from Wako Pure Chemical 
Industries Ltd., Tokyo Kasei Co. Ltd. or Aldrich Chemical 
Co.. The reagents and solvents used were further purified 
by general methods. 

iV-Halosulfilimines. S,S-Diaryl-iV-halosulfilimines (1) 
were prepared according to the known method.1-2) The 
physical properties of 1 prepared are as follows (Table 7, 8). 

Conclusion 

Inspect ion of all the present results shows that a 
plausible reaction mechanism is as follows. T h e 
reaction rate can be divided in to two parts , hydroxide 
an ion independent and dependent. T h e former first-
order reaction involves a rate-determining formation 
of a near n i t r idosul fonium cation con ta in ing a 
r ema in ing weak N - X b o n d and a forming weak S-O 
bond wi th nucleophi les (H2O, MeOH) as shown in 
Fig. 2. O n the other hand , the latter second-order 
reaction occurs wi th SN2-like mechanism involving a 
transi t ion state in which the N-X bond cleavage is 
more progressed than the S-O bond formation. 

Ar-

Nul 

<5+ 
S-Ar 

N 

X <5-

Nu2 

Ar-S-Ar 

for k2 for ki 
Nu 1 : H2O, MeOH Nu2 : -OHrOMe 

Fig. 2. The possible transition state structures of the 
reaction for ki and £2. 

Table 7. IR Spectra of S,S-Diaryl-N-bromosulfilimines, 
XC6H4S(-NBr)C6H4Y (la) 

X 

H 
p-Mc 
p-Me 
p-Cl 
m-Cl 
o-Me 
o-OMe 

Y 

H 
p-Me 

H 
H 
H 
H 
H 

a) KBr method. 

*SNa) 

cm - 1 

8602) 
860 
860 
870 
865 

860 & 865 
865 

96.0-
92.0-
89.5-
85.0-

103.5-
94.5-
94.0-

Mp 

°C 

-97.0 (decomp)2) 
-92.5 (decomp) 
-90.0 (decomp) 
-85.5 (decomp) 
-104.5 (decomp) 
-95.5 (decomp) 
-94.5 (decomp) 

Table 8. Elemental Analysis of S,S-Diaryl-iV-bromo-
sulfilimines, XC6H4S(-NBr)C6H4Y (la) 

X 

p-Me 

p-Mc 

p-Cl 

m-Cl 

o-OMe 

o-Me 

Y 

p-Me 

H 

H 

H 

H 

H 

Analytical data/% 

Found C; 54.83, H; 4.63, N; 4.50 
Calcd C; 54.55, H; 4.58, N; 4.54 
Found C; 53.31, H; 4.09, N; 5.02 
Calcd C; 53.07, H; 4.11, N; 4.76 
Found C; 45.50, H; 2.89, N; 4.95 
Calcd C; 45.81, H; 2.88, N; 4.45 
Found C; 45.58, H; 2.81, N; 4.73 
Calcd C; 45.81, H; 2.88, N; 4.45 
Found C; 50.22, H; 3.97, N; 4.88 
Calcd C; 50.33, H; 3.90, N; 4.52 
Found C; 52.97, H; 4.08, N; 4.98 
Calcd C; 53.07, H; 4.11, N; 4.76 
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Kinetics. An aqueous methanol solution (2.7 ml) of 
sodium hydroxide (4—17X10-2 mol dm -3) was placed in the 
absorption cell thermostated at 35 °C (±0.20 °C) for 40 min. 
Then 0.3 ml of S,S-diaryl-AMialosulfilimines (1) (6—9+10 
mol dm -3) in methanol was pipetted into the solution and 
stirred rapidly to start the reaction. At regular time inter­
vals, the absorbance of the solution was measured at the 
wavelength of 352 nm. 

Rate constants were calculated by a least-squares method 
using the 8—30 points accumulated during the first 70% of 
reaction. When the data were plotted as In (Ao—Aoo/At—Aoo) 
vs. time, where Ao is the initial absorbance of 1, At is the 
absorbance of 1 at a particular time and A™ is the absorbance 
of 1 at infinite time (more than 6 half-lives), a good linear 
correlation was observed, suggesting that the reaction rate 
follows a pseudo-first-order kinetics. 

Activation parameters (AH* and AS* were computer cal­
culated by a least-squares method using In k vs. 1/T. The 
Hammett p value was computed by the least-squares method 
using a values and logarithms of the rate constants. 

Product Analysis. A prethermostated methanol solution 
of S,S-diphenyl-Af-bromosulfilimine (la(H,H)) (60 ml, 1.43X 
10"2 mol dm -3) and an aqueous sodium hydroxide solution 
(30 ml, 7.23X10"2 mol dm -3) were mixed into the glass-
stoppered flask to start the reaction, and the flask was 
immersed in a thermostated bath (30—40 °C). After 1.5 
hours, the solution was diluted with water until the total 
volume of the solution was about 150 ml. Then, the solu­
tion was treated by the next two methods to give the different 
products. The one is as follows. The solution was 
extracted with CHCI3. The organic layer was washed with 
water, dried over anhydrous magnesium sulfate. After the 
solvent was evaporated, S,S-diphenylsulfoximine (2,(H,H)) 
was obtained in 34 % as a mixture with S,S-diphenyl-S-
methoxythiazyne (3(H,H)) (60 %).5> The other method 
involves once a treatment of the solution with aqueous HCl 
to acidify. Then the solution was alkalized again with 
NaOH, and extracted with CHCI3. After the similar work­
up, the sulfoximine 2(H,H) was obtained in quantitative 
yield. 
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Three sesquiterpene ethers, guaioxide, a guaiane-type sesquiterpene ether (LB), and maalioxide have been 
subjected to reaction with m-chloroperbenzoic acid in chloroform under reflux. Guaioxide afforded four 
tertiary alcohols, while other two gave secondary alcohols. Structures of the products were determined by 
spectral data and chemical correlations. 

Oxidation reactions at unactivated carbon atoms are 
difficult but very interesting and important. The 
known methods include microbial oxidation,1) mam­
malian metabolism,2) Barton reaction,3) remote oxida­
tion,4) and dry ozonization.5) In the previous papers, 
we reported the oxidation of natural products by m-
chloroperbenzoic acid (mCPBA) yielding hydroxyl or 
carbonyl compounds as a result of functionalization 
of unactivated carbon atoms. Application of this 
method to mono-,6) sesqui-,7) and triterpenes,8) and 
acyclic compounds9) have been published and proved 
to be a convenient method for introduction of a 
hydroxyl group. Namely the method is very simple, 
safe, and applicable to a variety of compounds. 

Guaioxide (2) is a tricyclic sesquiterpene ether iso­
lated from guaiac wood oil and its microbial transfor­

mation has been reported.10) Oxidation reactions by 
dry ozonization and by the metabolism using rabbits 
have been studied.11) Radical brominations12) have 
also been investigated. A guaiane-type sesquiterpene 
ether (a stereoisomer of 2), LB (14), was isolated from 
the roots of a Ligularia genus by T. Takahashi and his 
group and its structure was determined by degrada­
tion.13) Radical bromination of LB (14) using NBS 
has been studied by Hirota et al. as a method for 
functionalization of unactivated carbon atoms.13) In 
connection with our recent study on oxidation reac­
tion of natural and unnatural substances, three ses­
quiterpene ethers, guaioxide (2), LB (14), and maali­
oxide (22),14) were subjected to mCPBA oxidation. 
We now describe the details of these reactions. 

Scheme 1. a) H+; b) Pb(OAc)4; c) mCPBA; d) LiAlH4; e) mCPBA/CHCls/reflux; 
f) POCl3/Py. 
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Results and Discussion 

Oxidation of Guaioxide (2). Guaioxide (2) was 
treated with mCPBA in chloroform under reflux for 
13 h to afford compounds 3, 4, and 5 after column 
chromatography. Careful purification by HPLC 
(Finepak Sil) yielded the fourth compound 6. These 
four compounds were all tertiary alcohols (no proton 
attached to a carbon bearing the hydroxyl group was 
observed in the NMR spectra). Compound 3 had two 
secondary methyl groups, while the others had only 
one secondary methyl group. These facts suggest 
that compound 3 has a hydroxyl group at either C-l or 
C-7 and others have at either C-4 or C-10, apart from 
their stereochemistry. 

Since 7a-hydroxyguaioxide is known,10) compound 
3 is inferred to be 1-hydroxyguaioxide. To establish 
the stereochemistry at 1-position, both la- and 1/3-
hydroxyguaioxide, (12) and (3), were prepared from 
guaiol (1). Guaiol (1) was oxidized by lead tetraace­
tate according to the literature15) to afford Ax-dehydro-
guaioxide (7) in addition to A1(1°)-dehydroguaioxide 
(8), whose formation had not been reported so far.15) 

The mixture was treated with mCPBA to afford three 
epoxides 9—11, which were separated by silica-gel 
column chromatography. It was not easy to assign 
the stereochemistry of the epoxides 9 and 10 by the 
NMR spectra. However, the major epoxide 9 and the 
minor epoxide 10 were suggested tentatively to be 
la,2a-epoxy guaioxide and lß,2ß-epoxy guaioxide, 
respectively, since the ß-face was sterically hindered. 
The fully substituted epoxide (11) was thus assigned 
to be la,10a-epoxyguaioxide by the same discussion. 
Each epoxide, 9 and 10, was treated with LiAlIHU to 
give the corresponding tertiary alcohol 12 and 3, 
respectively. As expected, the yield of 12 from 9 was very 
low due to steric hindrance of the ß-face, while that of 
3 from 10 was very high. The spectral data of the 
oxidation product 3 were identical with those of the 
product, lß-hydroxyguaioxide (3), synthesized in an 
alternative route. 

Among the other three products, compound 5 
showed the identical spectral data with those reported 
by microbial oxidation10) and by dry ozonization.n) 

Thus, the structure of 5 was determined to be 4a-
hydroxyguaioxide. Since the extensive high-field 
NMR analysis of the other two alcohols, 4 and 6, did 
not give the conclusive results, three alcohols, 4, 5, and 
6, were subjected to dehydration. The known alco­
hol 5 gave mainly the exo-olefin 13a on dehydration 
with POCI3 at 0 °C. Under the same reaction condi­
tions, alcohol 4 afforded the other exo-olefin 13b, 
while 6 yielded 13a. Thus, the structures of 6 and 4 
were assigned to be 4ß-hydroxyguaioxide and 10a-
hydroxyguaioxide, respectively, providing that the 
configuration of the 10-position was retained.16) 

Oxidation of LB (14). LB (14) was subjected to the 
reaction with mCPBA (1.2 equiv) in chloroform under 
reflux for 12 h. The products were separated by a 
combination of Sephadex LH-20 and silica-gel 
column chromatography to isolate three compounds 
15, 16, and 17, all of which were secondary alcohols 
(from the IR and NMR spectra, see Experimental). 
The first product 15 showed a molecular ion peak at 
m/z 238, suggesting the introduction of one hydroxyl 
group into LB (14). The proton attached to a carbon 
bearing the hydroxyl group appeared at ö 4.05 (m) and 
showed three cross peaks in its H-H COSY spectrum. 
The hydroxyl proton was observed at ô 3.49 as a 
doublet and was confirmed by the disappearance on 
addition of D2O. As the NMR spectra of the com­
pounds having a guaiane skeleton show characteristic 
signals of H-6a, H-6/3, and H-7, the other protons are 
possible to trace starting from these protons in the 
COSY spectra. In this case, the H-6a was observed at 
Ô 1.76 (1H, d), H-6j3 at Ô 2.29 (1H, dd), and H-7 at'fi 
2.02 (1H, ddd), as the coupling constant between H-6a 
and H-7 is nearly zero. The methyl group attached at 
C-4 position [ô 0.90 (d, /=7.3 Hz)] was easily distin­
guished by observing NOE between H-6/3. Thus 
both ends of the proton network of 15 were clearly 
assigned and other protons were traced on H-H COSY 

LB (14) 

' 17 ! 21 

Scheme 2. a) mCPBA/CHCl3/reflux; b) Jones; c) AI2O3. 
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spectrum. Hence, the hydroxyl group was assigned 
at C-2 position. This conclusion was further con­
firmed by Jones oxidation of 15 to 18 (IR 1728 cm-1) 
and the 2D NMR analysis of this ketone 18. The 
stereochemistry was suggested by NOE difference 
experiments. When the proton at ô 4.05 was irra­
diated, NOE into 10a-methyl group was observed. 
NOE's into 12- and 13-methyl groups and 4/3-proton 
were detected on irradiation of the hydroxyl proton at 
ô 3.49. Thus, the structure of 15 was established to be 
2/3-hydroxy-LB. 

The second product 16 showed a molecular ion 
peak at m/z 238 and the presence of a hydroxyl group 
[3450 cm-1; <5H 3.73 (m); fie 78.4 (CH)]. As in the case 
of 2ß-ol 15, the position of the hydroxyl group was 
assigned at C-3 from the H-H COSY spectrum. Since 
the NOE difference spectra showed NOE into the H-
4/3 on irradiation of the methine proton at ô 3.73 (m), 
the hydroxyl group at C-3 was a. The structure was 
further confirmed by conversion of 16 into the known 
enone 2013) through the ketone 19 [1) Jones oxidation; 
2) alumina]. Thus the structure of 16 was established 
to be 3a-hydroxy-LB. 

The last product 17 was also inferred as a secondary 
alcohol judging from the MS (m/z 238), *HNMR [fi 
4.20 (dd)], 13CNMR [fi 69.9 (CH)], and IR (3440 cm-*) 
spectra. Although the protons at 6a-, 6/3-, and 7 
positions were characteristic, H-7 did not show the 
coupling with the proton attached to a carbon bearing 
the hydroxyl group. However, the methine proton at 
ô 4.20 (dd, H-8) coupled with two protons (H-9), 
which were further correlated to H-10. The position 
of hydroxyl group was suggested by oxidation of 17 
into a ketone 21 (Jones oxidation), which exhibited 
the absorption at 1680 cm -1, showing that the position 
of the carbonyl group was in the seven-membered 
ring. These results suggest that the hydroxyl group 
is at C-8 position. When the proton H-7 of 17 was 
irradiated, NOE into the 13-Me group was observed. 
On the other hand, when the 12-Me group was irra­

diated, NOE into H-8 was observed. These results 
indicate that compound 17 is 8a-hydroxy-LB. 

Oxidation of Maalioxide (22). A solution of maa-
lioxide (22) in chloroform was heated at reflux with 
mCPBA for 12 h. The mixture was purified by 
column chromatography of Sephadex LH-20 followed 
by silica gel to afford alcohols 23, 24, and 25, with 
recovered maalioxide (22). These three products all 
showed the absorption at 3400 cm - 1 in their IR spectra 
and the molecular ion peak at m/z 238 in their mass 
spectra, suggesting that these three alcohols were all 
monohydroxy derivatives of maalioxide. As the lH 
and 13C NMR spectra of 23 indicated the presence of a 
methine group [fiH 3.62 (1H, td, /=10 and 4.4 Hz) and 
fie 72.8 (CH)], this alcohol must be secondary. The 
position of the hydroxyl group should be Iß (equator­
ial), since the methine proton appeared as triplet (10 
Hz) of doublets (4.4 Hz) and only this position has 
three protons on adjacent carbons. Hence the struc­
ture of 23 was established to be 7/3-hydroxy-
maalioxide. 

The second product 24 is deduced to be also a 
secondary alcohol from its *HNMR [fiH 3.87 (1H, tt, 
/=11 and 3.9 Hz)] and *3C NMR [fic 68.6 (CH)] spectra. 
As this methine proton appeared as triplet (11 Hz) of 
triplets (3.9 Hz), the number of protons on adjacent 
carbons were four and the hydroxyl group was equa­
torial. These observations imply that the hydroxyl 
group is either on 2a or 8a (vide infra). 

From the *HNMR [fiH 3.96 (tt, /=11.2 and 4.6 Hz)] 
and 13CNMR [fic 68.1 (CH)] specta of the last com­
pound 25, it was assigned to a secondary alcohol. 
Similar discussion on the coupling pattern of the 
proton attached to a carbon bearing the hydroxyl 
group led to the conclusion that the hydroxyl group is 
either on 2a or 8a. In order to determine the struc­
tures of 24 and 25, either 2a- or 8a-hydroxymaalioxide, 
the NOE experiment was therefore performed. When 
the methine proton at fi 3.87 of 24 was irradiated, only 
one methyl signal appeared in the NOE difference 

•CPBA 

•aalioxide (22) 
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spectrum. O n the other hand, when the pro ton at ô 
3.96 of 25 was irradiated, NOE ' s in to bo th methyl 
groups at C-4 and C-10 were observed. These obser­
vations clearly dis t inguished these two alcohols, as 
expected from the consideration of the model. F rom 
these results, the structures of 24 and 25 were deter­
mined to be 8o!-hydroxymaalioxide and 2a-hydroxy-
maal ioxide, respectively. 

In the mCPBA oxidat ion reactions, the tertiary 
posi t ions are easy to be oxidized giving hydroxylated 
compounds . In this case, however, the tertiary posi­
tions of LB (14) and maal ioxide (22) were no t attacked 
presumably because they were sterically hindered. 
Most of the meth ine protons of these compounds were 
ß-oriented and close to the methyl g roups or the epoxy 
bridge. T h e fact that all the products were equator ia l 
alcohols was due to energetic preference and consist­
ent wi th those observed before in the field of triter-
penes.8) O n the contrary, guaioxide (2) has many a-
protons , apar t from the methyl groups or epoxy 
bridge. T h u s , the in t roduct ion of the hydroxyl 
groups on to guaioxide occurred main ly from a-face. 
Actually 4a-alcohol 5 was the ma in product and it is 
noteworthy that this c o m p o u n d 5 was also the ma in 
product of the dry ozoniza t ion n ) or microbial oxida­
tion,10) suggest ing this posi t ion was the least hindered 
and pro t ruding . 

Experimental 

General. See Refs. 6—9. 
Guaiol (1). Guaiol (1) was isolated from guaiac wood oil 

by recrystallization from acetone. 
Guaioxide (2).17) A solution of guaiol (1) (3 g) in acetic 

acid (10 ml) was treated with coned H2SO4 (0.1 ml) at room 
temperature for 10 h. After extraction with ether, the 
extracts (2.9 g) were purified by column chromatography 
over silica gel (120 g) which was eluted with benzene to 
afford guaioxide (2) (567 mg, 18.9%). 

Reaction of Guaioxide (2) with mCPBA. A solution of 
guaioxide (2) (479 mg) in chloroform (50 ml) was treated 
with mCPBA (1.06 g, 2 equiv.) under reflux for 13 h. The 
mixture was concentrated and filtered. The filtrate was 
directly subjected to column chromatography on silica gel 
(benzene : AcOEt gradient) to give recovered guaioxide (2) 
(230 mg), lj8-ol 3 (6.5 mg, 2.4%18>), lOa-ol 4 (8 mg, 3.0%.18>), a 
mixture of 4 and 6 (ca. 5 mg), 4a-ol 5 (26.5 mg, 9.9%18>). The 
mixture fraction was further purified by HPLC (JASCO 
Fine pak SIL; 10% EtOAc-hexane) to give 40-ol 6 (2 mg, 
0.7%18>). 10-Hydroxyguaioxide (3): IR (CC14) 3550 and 3450 
cm-1; !H NMR 0=0.93 (3H, d, /=6.6 Hz), 0.97 (3H, d, /=7.1 
Hz), 1.22 (3H, s,), 1.34 (3H, s), and 3.41 (1H, s, -OH); 
13CNMR 0=22.9 (GH3), 23.0 (CH3), 23.1 (CH3), 26.8 (CH2), 
30.6 (CH2), 31.6 (CH3), 33.2 (CH2), 33.7 (CH2), 35.1 (CH2), 
38.7 (CH), 46.6 (CH), 53.7 (CH), 80.7 (C), 81.6 (C), and 93.6 
(C); MS 238 (M+), 223, 220, 205 (base), 182, and 139; HRMS: 
Found: m/z 238.1909 (M+). Calcd for Ci5H2602: M, 
238.1933. lOa-Hydroxyguaioxide (4): IR (CHCI3) 3600 and 
3450 cm"1; « N M R 0=0.97 (3H, d, /=6.8 Hz), 1.15 (3H, s), 
1.22 (3H, s), and 1.35 (3H, s); 13CNMR 0=15.7 (CH3), 23.0 
(CH2), 23.7 (CH3), 25.4 (CH2), 30.4 (CH3), 31.7 (CH2), 34.0 

(CH3), 38.3 (CH2), 40.4 (CH2), 44.9 (CH), 46.0 (CH), 58.2 
(CH), 73.0 (C), 82.1 (C), and 91.1 (C); MS m/z 238 (M+), 223, 
and 205 (base); HRMS: Found: m/z 238.1944 (M+). Calcd 
for Ci5H2602: M, 238.1933. 4cx-Hydroxyguaioxide (5)10'11): 
IR 3600 cm"1; ^ N M R 0=0.87 (3H, d, /=6.1 Hz), 1.19 (3H, 
s), 1.308 (3H, s), and 1.315 (3H, s); 13CNMR 0=22.5 (CH3), 
23.0 (CH3), 24.8 (CH3), 24.8 (CH2), 30.7 (CH2), 31.1 (CH3), 
31.4 (CH2), 33.5 (CH2), 34.9 (CH2), 40.0 (CH), 45.5 (CH), 52.1 
(CH), 78.8 (C), 81.6 (C), and 93.0 (C); MS m/z 238 (M+), 223, 
205 (base), 162, and 95. 40-Hydroxyguaioxide (6): IR 
(CHC13) 3500 and 3400 cm"1, 1H NMR 0=0.91 (3H, d, /=6.6 
Hz), 1.19 (3H, s), 1.22 (3H, s), and 1.32 (3H, s); 13CNMR 
0=22.9 (CH3), 23.0 (CH3), 23.1 (CH3), 26.8 (CH2), 30.5 (CH2), 
31.6 (CH3), 33.2 (CH2), 33.6 (CH2), 35.0 (CH2), 38.7 (CH), 
46.5 (CH), 53.6 (CH), 80.7 (C), 81.7 (C), and 93.6 (C); MS m/z 
238 (M+), 223, 205, 162, and 95 (base); HRMS: Found: m/z 
238.1960 (M+). Calcd for Ci5H2602: M, 238.1933. 

Cyclization of Guaiol (1). A solution of guaiol (1) (500 
mg) in acetic acid (10 ml) was treated with Pb(OAc)4 (1.67 g, 
1 equiv.) at room temperature for 24 h. Aqueous Na2S03 

was added and the mixture was extracted with ether. The 
residue was purified by column chromatography over silica 
gel (25 g) (benzene : EtOAc gradient) to afford a mixture of 
A^dehydroguaioxide (7) and A^^-dehydroguaioxide (8) 
(32.7 mg). 

Epoxidation of the Mixture of 7 and 8. To a solution of 
the mixture of 7 and 8 (86.2 mg) in chloroform (3 ml) was 
added mCPBA (144.9 mg, 1.5 equiv.). The mixture was 
treated with aqueous Na2S03 and the residue was purified 
by column chromatography over silica gel (benzene : EtOAc 
gradient) to give la,2a-epoxyguaioxide (9) (73.6 mg), \ß,2ß-
epoxyguaioxide (10) (2.8 mg), and la,10a-epoxyguaioxide 
(11) (5 mg). 9: XH NMR 0=0.90 (3H, d, /=7.6 Hz), 0.91 (3H, 
d, /=7.6 Hz), 1.16 (3H, s), 1.40 (3H, s), and 3.50 (1H, s); 
13CNMR 0=12.8 (CH3), 18.6 (CH3), 23.1 (CH3), 30.6 (CH2), 
31.1 (CH3), 31.2 (CH2), 34.0 (CH), 34.9 (CH2), 35.0 (CH2), 
35.1 (CH), 44.3 (CH), 61.5 (CH), 80.8 (C), 83.0 (C), and 89.8 
(C); MS m/z 236 (M+), 221, 192, 137, 55 (base), and 43; 
HRMS Found: m/z 236.1746 (M+). Calcd for Ci5H2402: M, 
236.1774. 10: « N M R 0=0.73 (3H, d, /=7.0 Hz), 1.02 (3H, 
d, /=7.0 Hz), 1.17 (3H, s), 1.38 (3H, s), and 3.19 (1H, d, /=1.5 
Hz); 13CNMR 0=17.4 (CH3), 18.8 (CH3), 22.8 (CH3), 29.9 
(CH3), 30.7 (CH2), 31.3 (CH2), 31.9 (CH), 34.3 (CH2), 42.1 
(CH2), 43.3 (CH), 45.1 (CH), 59.6 (CH), 68.2 (C), 82.9 (C), 
and 90.2 (C); MS m/z 236 (M+), 221, 203, 179,124 (base), 109, 
and 43; HRMS: Found: m/z 236.1743 (M+). Calcd for 
Ci5H2402: M, 236.1774. 11: ^ N M R 0=1.01 (3H, d, J=1 
Hz), 1.23 (6H, s), and 1.25 (3H, s); 13CNMR 0=13.3 (CH3), 
21.6 (CH2), 27.1 (CH3), 28.1 (CH2), 28.4 (CH2), 28.8 (CH2), 
28.9 (CH3), 30.7 (CH3), 32.5 (CH2), 36.1 (CH), 40.9 (CH), 67.0 
(C), 71.2 (C), 72.9 (C), and 75.0 (C); MS m/z 236 (M+), 221, 
203, 179, 161 (base), 124, 109, and 43; HRMS Found: m/z 
236.1743 (M+). Calcd for Ci5H2402: M, 236.1774. 

Reduction of 9. A solution of 9 (30 mg) in THF (3 ml) 
was treated with LiAlH4 (24 mg) under reflux for 10 h. 
Ether saturated with water was added and the mixture was 
worked up as usual to afford 12 (3 mg) after purification by 
column chromatography (benzene : EtOAc gradient). IR 
(CHC13) 3400 cm-1; « N M R 0=0.95 (3H, d, ]=1 Hz), 1.05 
(3H, d, / = 7 Hz), 1.17 (3H, s), and 1.34 (3H, s); MS m/z 238 
(M+), 223, 220, 205, and 43 (base); HRMS Found: m/z 
238.1912 (M+). Calcd for Ci5H2602: M, 238.1933. 

Reduction of 10. A solution of 10 (2 mg) in THF was 
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also reduced as described above to afford 3 (1.5 mg). The 
spectral data of this product were identical with those of the 
mCPBA oxidation product of guaioxide (2). 

Reaction of LB (14) with mCPBA. A solution of LB (14) 
(80.6 mg) in chloroform (3 ml) was treated with mCPBA 
(101.2 mg, 1.2 equlv.) under reflux for 12 h. The mixture 
was concentrated and filtered. The filtrate was directly 
subjected to column chromatography on Sephadex LH-20 
(CHCl 3 :MeOH=l : l ) and then silica gel (hexane : AcOEt 
gradient) to give recovered LB (14) (46.8 mg), 2ß-ol 15 (3.3 
mg, 9.1%18>), 3a-ol 16 (5.0 mg, 13.8%18>), and 8a-ol 17 (3.3 mg, 
9.1%18>). 15: IR 3450 cm"1; ^ N M R 0=0.90 (3H, d, /=7.3 
Hz, 1.02 (3H, d, /=6.8 Hz), 1.18 (3H, s), 1.26 (3H, s), 3.49 
(1H, d, /=11.5 Hz), and 4.05 (1H, dt, 7=11-5 and 5.8 Hz); 
13CNMR 0=20.1 (CH3), 22.1 (CH3), 24.5 (CH3), 25.8 (CH2), 
28.2 (CH), 31.4 (CH3), 32.7 (CH2), 33.4 (CH2), 43.3 (CH), 43.4 
(CH2), 44.1 (CH), 56.9 (CH), 73.9 (CH), 84.3 (C), and 96.2 
(C); MS m/z 238 (M+), 223, 220, and 43; HRMS Found: m/z 
238.1893 (M+). Calcd for Ci5H2602: M, 238.1933. 16: IR 
3450 cm"1; *HNMR 0=0.86 (3H, d, 7=6.6 Hz), 0.87 (3H, d, 
7=7.6 Hz), 1.19 (3H, s), 1.25 (3H, s), and 3.73 (1H, m); 
13CNMR 0=15.1 (CH3), 22.2 (CH3), 24.6 (CH3), 25.6 (CH2), 

31.0 (CH3), 33.5 (CH), 33.7 (CH2), 33.9 (CH2), 40.1 (CH2), 
43.7 (CH), 53.7 (CH), 54.6 (CH), 78.4 (CH), 83.3 (C), and 94.9 
(C); MS m/z 238 (M+), 223, 220, and 95; HRMS Found: m/z 
238.1890 (M+). Calcd for Ci5H2602: M, 238.1933. 17: IR 
3580 cm-i; *HNMR 0=0.92 (6H, d, 7=7.1 Hz), 1.24 (3H, s), 
1.31 (3H, s), and 4.20 (1H, dd, 7=16.4 and 6.4 Hz); 13CNMR 
0=20.0 (CH3), 22.4 (CH3), 24.5 (CH3), 28.0 (CH2), 29.8 (CH), 
30.4 (CH2), 31.2 (CH2), 31.8 (CH3), 43.8 (CH2), 44.8 (CH), 
54.1 (CH), 54.6 (CH), 69.9 (CH), 81.5 (C), and 94.4 (C); MS 
m/z 238 (M+), 223, 205, and 137; HRMS: Found: m/z 
238.1969 (M+). Calcd for Ci5H2602: M, 238.1933. 

Oxidation of 2j3-ol 15. A solution of 20-ol 15 (1.9 mg) in 
acetone (0.4 ml) was treated with Jones reagent (3 drops) at 
0°C for 1 h. Usual work up and chromatography over 
silica gel (hexane : EtOAc gradient) gave 2-oxo-LB 18 (0.3 
mg). IR 1728 cm-1; *HNMR 0=1.09 (3H, d, 7=7.3 Hz), 
1.20 (3H, d, 7=6.1 Hz), 1.21 (3H, s), and 2.63 (1H, dd, 7=18.8 
and 8.8 Hz); 13CNMR 0=21.1 (CH3), 24.6 (CH3), 25.2 (CH3), 
29.2 (CH2), 29.7 (CH2), 30.9 (CH3), 34.1 (CH2), 34.6 (CH2), 
40.0 (CH), 44.4 (CH), 45.1 (CH2), 60.3 (CH), 83.1 (C), 92.2 
(C), and 214.0 (C); MS m/z 236 (M+), 221, 203, and 137; 
HRMS Found: m/z 236.1778 (M+). Calcd for Ci5H2402: M, 
236.1776. 

Oxidation of 3a-ol 16. A solution of 3a-ol 16 (1.7 mg) in 
acetone (0.3 ml) was treated with Jones reagent (3 drops) at 
0°C for 1 h. Usual work up and chromatography over 
silica gel (hexane ; EtOAc gradient) gave 3-oxo-LB 19 (0.9 
mg). IR 1730 cm-1; *HNMR 0=0.91 (3H, d, 7=6.7 Hz), 
1.05 (3H, d, 7=7.7 Hz), 1.18 (3H, s), and 1.26 (3H, s),; 
13CNMR 0=13.5 (CH3), 22.3 (CH3), 24.4 (CH3), 25.3 (CH2), 
30.8 (CH3), 33.2 (CH), 33.6 (CH2X2), 42.1 (CH2), 44.3 (CH), 
51.7 (CH), 55.9 CH), 83.4 (C), 90.9 (C), and 214.4 (C); MS 
m/z 236 (M+), 221, and 203; HRMS Found: m/z 236.1775 
(M+). Calcd for Ci5H2402: M, 236.1776. 

Isomerization of 3-Oxo LB 19.13) A solution of 3-oxo LB 
(19) (0.9 mg) in ether (1 ml) was absorbed on alumina (2.5 g) 
and eluted with ether (80 ml) after 5 h. Purification over 
silica-gel column chromatography (hexane : EtOAc gra­
dient) afforded an enone 20 (0.2 mg). UV (MeOH) /Lax 

=242 nm (£=1.09X104); IR 3400 and 1680 cm"1; *HNMR 
0=1.04 (3H, d, 7=6.3 Hz), 1.23 (3H, s), 1.26 (3H, s), and 1.68 

(3H, d, 7=1.5 Hz); MS m/z 236 (M+), 218, 203, and 59. 
Oxidation of 8a-ol 17. A solution of 8a-ol 17 (1.5 mg) in 

acetone (0.3 ml) was treated with Jones reagent (3 drops) at 
0°C for 1 h. Usual work up and chromatography over 
silica gel (hexane : EtOAc gradient) gave 8-oxo-LB 21 (0.4 
mg). IR 1680 cm-1; « N M R 0=0.96 (3H, d, 7=6.6 Hz), 
0.97 (3H, d, 7=7.6 Hz), 1.24 (3H, s), and 1.25 (3H, s); 
13CNMR 0=19.5 (CH3), 22.0 (CH), 25.3 (CH3), 28.5 (CH2),' 
30.4 (CH2), 30.7 (CH), 31.0 (CH3), 34.4 (CH2), 45.2 (CH), 51.6 
(CH2), 54.3 (CH), 61.1 (CH), 83.2 (C), 95.2 (C), and 202.0 (C); 
MS m/z 236 (M+), 221, 208, and 137; HRMS Found: m/z 
236.1805 (M+). Calcd for Ci5H2402: M, 236.1776. 

Reaction of Maalioxide (22) with mCPBA. A solution of 
maalioxide (22) (151 mg) in chloroform (10 ml) was heated 
at reflux with mCPBA (211 mg, 1.2 equiv.) for 12 h. The 
mixture was concentrated and filtered. The filtrate was 
directly subjected to column chromatography on Sephadex 
LH-20 (CHCl3-MeOH) and then silica gel (benzene-
AcOEt). Further purification by preparative TLC gave 7/3-
hydroxymaalioxide (23) (1 mg, 1.2%18)), 8a-hydroxymaali-
oxide (24) (1.2 mg, 1.5%18>), and 2a-hydroxymaalioxide (25) 
(1.6 mg, 2.0%18)) in addition to recovered maalioxide (22) (76 
mg). 

70-Hydroxymaalioxide (23); IR (CHC13): 3400 cm"1; 
*HNMR: 0=0.92 (3H, s), 1.14 (3H, s), 1.21 (3H, s), 1.43 (3H, 
s), 3.62 (1H, td, 7=10 and 4.4 Hz), and 3.68 (1H, s); MS m/z 
238 (M+), 223, and 205; HRMS Found: m/z 238.1933 (M+), 
Calcd for Ci5H2602: M, 238.1933. 

8a-Hydroxymaalioxide (24); IR (CHC13): 3400 cm"1; 
!HNMR: 0=0.92 (3H, s), 1.07 (3H, s), 1.12 (3H, s), 1.33 (3H, 
s), 3.67 (1H, s), and 3.87 (1H, tt, 7=11 and 3.9 Hz); MS m/z 
238 (M+), 223, 205, and 195; HRMS Found: m/z 238.1935 
(M+), Calcd for Ci5H2602: M, 238.1933. 

2a-Hydroxymaalioxide (25); IR (CHC13): 3400 cm"1; 
!HNMR: 0=0.93 (3H, s), 1.06 (3H, s), 1.15 (3H, s), 1.33 (3H, 
s), and 3.96 (1H, tt, 7=11.2 and 4.6 Hz); MS m/z 238 (M+), 
223, 205, and 147; HRMS Found: m/z 238.1931 (M+), Calcd 
for Ci5H2602, M, 238.1933. 
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Effect of Azoles as a Nucleotide Activating Group on Uranyl (Vl)-Ion 
Catalyzed Synthesis of Oligoadenylate in Aqueous Solution 
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Various adenosine-5'-phosphorazolides were prepared from adenosine-5'-phosphate and azoles such as 2-
methylimidazole, 4-methylimidazole, 1,2,4-triazole, 3-nitro-l,2,4-triazole, benzimidazole and 2-methyl-
benzimidazole. The adenosine-5'-phosphorazolides obtained were then polymerized in neutral aqueous 
solution using uranyl(VI) ion as a catalyst. Oligoadenylates up to the hexadecamer with 2/-5/-internucleotide 
linkage were formed in high yields under the optimum condition. The azoles worked as adenylate activating 
group, and had a large effect on the rate of polymerization, the yield and the chain length of the resulting 
oligonucleotides. Imidazolides showed the moderate reactivity and gave oligoadenylates of the longest chain 
length. From the phosphortriazolides, only short-chained oligoadenylates were obtained, as they are suscepti­
ble to the hydrolysis. Polymerization and hydrolysis reaction of the benzimidazolides were retarded. 

Previously we reported that some divalent metal 
ions catalyze the polymerizat ion of nucleoside-5'-
phosphor imidazol ide( ImpN) in neutral aqueous solu­
tion forming oligonucleotides from dimer to hexamer. 
T h e resul t ing oligonucleotides contained mainly 2 ' -5 ' 
internucleotide linkage.1) We appl ied the method for 
lead ion-catalyzed polymerizat ion of adenosine-5 ' -
phosphor imidazol ide to the synthesis of 2 ' -5 ' oligo­
adenylate which is related to the interferon's antiviral 
action.2) Since then, we further explored other effi­
cient catalyst for the ol igonucleotide synthesis and 
found that uranyl(VI) ion catalyzes the polymerizat ion 
very efficiently, giving the oligonucelotides u p to the 
hexadecamer wi th h igh 2 ' -5 ' regioselectivity.3) T h e 
regioselectivity and the chain length of the resul t ing 
oligonucleotides vary depending on reaction condi­
tions. In the coordinat ion sphere of the metal ion, 
the 2 ' - or 3'-hydroxy 1 g roup of ImpA attacks the 
phosphor imidazol ide of the proximate ImpA, form­
ing the internucleotide l inkage. Wi thou t metal ions, 
the phosphor imidazol ide spontaneously hydrolyzes in 
aqueous solution. 

Chandrasegaran et al. reported that use of imidazole 
as a catalyst, in a conventional phosphotr ies ter 
method for ol igonucleot ide synthesis, produces the 
phosphor imidazol ide b o n d as an intermediate. They 
have also ment ioned that 1,2,4-triazole has a catalytic 
activity similar to imidazole, while tetrazole and 3-
ni tro- 1,2,4-triazole p romoted the internucleotide bond 
formation more efficiently than imidazole.4) Tetra­
zole and triazole have also been used as activating 
agents for the phosphoramid i t e DNA synthesis.5"7) 
These facts indicate that azole compounds have a large 
effect on the formation and reactivity of phosphorazo-
lide bond. 

Polymerizat ion of guanosine-5 ' -phosphor imidazo-
lide proceeds in the presence of poly C template in 
aqueous solut ion. Zn 2 + and P b 2 + ion alter the regio­
selectivity of the internucleot ide l inkage of the result­
ing oligoguanylate.8) Inoue and Orgel reported that, 
in the poly C-directed ol igoguanylate synthesis, 

replacement of the guanos ine-5 ' -phosphor imida-
zolide wi th guanosine-5 ' -phosphor-(2-methyl imida-
zolide) as a start ing monomer remarkably enhances 
the 3 ' -5 ' regioselectivity and improves the chain 
l e n g t h . G u a n o s i n e - 5 ' - p h o s p h o r - ( 4 - m e t h y l i m i d a -
zolide) or guanosine-5 ' -phosphor-(2-ethylimida-
zolide) has no such effect of enhancement.9) Effect 
of the subst i tuent g roup of imidazole on the polymeri­
zation reaction is of interest. 

In this study, we have prepared various adenosine-
5 '-phosphorazolides and carried ou t their polymeriza­
tion us ing uranyl (Vl)-ion as a catalyst. T h e effect of 
the azoles as nucleotide act ivat ing groups has been 
studied regarding the rate of the polymerization, the 
chain length and the regioselectivity of the resul t ing 
oligoadenylate. 

Experimental 

Materials: Adenosine-5'-phosphate (pA) was from Sei-
kagaku Kogyo. iV-Ethylmorpholine (Tokyo Kasei) was 
distilled before use. Imidazole (Tokyo Kasei) was recrystal-
lized from benzene. Uranyl(VI) nitrate was from 
Yoneyama Chemicals. Other reagents were obtained com­
mercially and used without further purification. Aden-
osine-5'-phosphortriazolide (TrpA) was prepared from pA 
and 1,2,4-triazole by a similar procedure for the synthesis of 
adenosine-5'-phsophorimidazolide (ImpA).10) In brief, pA 
was condensed with 1,2,4-triazole in dry DMF using triphe-
nylphosphine and di-2-pyridyl disulfide as a condensing 
agent. The completion of phosphortriazolide bond forma­
tion and disappearance of pA was checked by cellulose F 
TLC (developing solvent, 2-propanol-concd aq-NH3-
H 2 0 = 7 : 2 : l ) ; Ru 0.73 (TrpA), 0.11 (pA). TrpA was iso­
lated as a sodium salt by adding the above reaction mixture 
to the solution of dry ether and acetone containing sodium 
Perchlorate. The resulting white precipitate was collected 
by filtration with a glass filter in a slow stream of dry 
nitrogen to exclude the moisture. The isolated yield 
was 61%. TrpA was kept in a desiccator stored in a 
freezer. Other adenosine-5'-phosphorazolides, adenosine-
5/-phosphor-(2-methylimidazolide) (2-MeImpA), adenosine-
5'-phosphor-(4-methylimidazolide) (4-MeImpA) adenosine-
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5'-phosphor-(3-nitro-l,2,4-triazolide) (3-NtTrpA), adeno-
sine-5'-phosphorbenzimidazolide (BzImpA) and adenosine-
5/-phosphor-(2-methylbenzimidazolide) (2-MeBzImpA), 
were prepared by the same method in 52—91% yield. The 
adenosine-5'-phsophorazolides, especially 3-NtTrpA, were 
susceptible to the hydrolysis by moisture. Their polymeri­
zation reaction was carried out immediately after the prepa­
ration. No hydrolysis of the phosphorazolide bond was 
checked by TLC and HPLC before the polymerization. An 
attempt to prepare adenosine-5'-phosphortetrazolide by a 
similar procedure was unsuccessful, because the phosphor-
tetrazolide bond was too reactive and hydrolyzed to pA 
during the isolation as a sodium salt. 

General Procedure of Polymerization of TrpA: The 
polymerization of TrpA by uranyl(VI) ion catalyst was 
conducted by a similar method to the one we used for that of 
ImpA previously.3-10) A mixture (200 jal) containing TrpA 
(50 mM) and a catalytic amount of uranyl(VI) nitrate (0.01 — 
10 mM) in iV-ethylmorpholine buffer (0.2 M, pH 7.3) was 
prepared on an ice bath, agitated vigorously and kept at 
20 °C. At the chosen time, the reaction mixture was 
quenched by addition of 0.25 M EDTA solution, and HPLC 
analysis was performed. Polymerization of other 
adenosine-5'-phosphorazolides was carried out by the same 

method. 
Analysis of Products: Analysis of the resulting oligoad-

enylates were carried out by HPLC as described previously.3) 
HPLC was taken with a Hitachi 638 equipment with an 
RPC-5 column (4 mmX25 cm). The elution was carried 
out with a linear gradient of NaClÛ4 solution (0—0.15 M) 
buffered with 2.5 mM Tris-OAc (pH 7.5) and 0.1 mM EDTA 
in 60 min, and monitored by UV absorption at 260 nm. 
Yields were calculated from the peak integrals of the chro-
matograms after allowing for the hypochromicity of each 
oligoadenylate. The products were identified by compar­
ing their retention times with those of authentic samples. 
01igoadenylate-5'-phosphorazolides (Az(pA)„, n=2,3,4) 
were identified by acidic hydrolysis to the corresponding 
oligoadenylates. The reaction mixture containing Az(pA)„ 
was kept in 1 M acetate buffer (pH 4.5) for 1 d, and 
conversion to the corresponding oligoadenylates, (pA)n, was 
checked by HPLC. 

Results and Discussion 

Condensat ion of pA with various azole c o m p o u n d s 
gave the corresponding adenosine-5 ' -phosphorazol-
ides in substantial yields. T h e phosphorazol ide 

n 
o 
II 

X- P-o 
I 
O" 

X . r=\ 

^ CO 0>Hs 

Scheme 1. Oligoadenylate formation from adenosine-5'-phosphorazolide. 

Table 1. Oligoadenylates Formation from 2-MeImpA or 4-MeImpA Catalyzed by Uranyl Ion Complexa) 

[U02
2 +] 

mM 

1 

0.1 

0.01 

1 

0.05 

Time 

d 

1 

5 

10 

1 

10 

MelmpA 

2-MeImpA 
0.3 

0.6 

4.8 

4-MeImpA 
0.2 

1.7 

pA 

0.7 

2.1 

26.2 

0.4 

2.4 

(Percentage of : 

AppA 

0.8 

0.5 

2.3 

0.4 

3.2 

(pA)2 

4.1 
(96) 
18.5 
(97) 
46.1 
(78) 

3.4 
(96) 
33.6 
(94) 

Yield/% 
fully 2'-5' linked oligomer)b) 

(pA)3 

14.5 
(74) 
25.7 
(71) 
14.6 
(50) 

13.2 
(77) 
33.5 
(71) 

(pA)4 

13.3 
(64) 
19.7 
(49) 
3.5 

(31) 

15.4 
(69) 
16.9 
(42) 

(pA)s 

12.4 
(53) 
10.5 
(35) 
0.3 

13.2 
(57) 
7.1 

(28) 

(pA)6-8 

28.3 

12.1 

33.9 

3.6 

(pA)9-16 

13.5 

13.9 

a) Reactions were run at 20 °C in 0.2 M iV-ethylmorpholine-HN03 buffer (pH 7.3). 50 mM of 
MelmpA was used in the reaction, b) Percentage of fully 2 /-5 / linked oligomers is shown in 
the parenthesis below the yield data of each oligoadenylate. 
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Fig. 1. HPLC profiles of the reaction products from 
adenosine-5'-phosphorazolide by uranyl(VI) ion 
catalyst. 
a) The uranyl(VI) ion catalyzed oligoadenylates for­
mation from 2-MeImpA at 20 °C and pH 7.3 for 1 d. 
50 mM of 2-MeImpA and 1 mM of uranyl(VI) 
nitrate were used for the reaction. The number 
given to each peak denotes the chain length of fully 
2 /-5 / linked oligoadenylates. Small subsidiary 
peaks to the right of the main peaks are linkage 
isomers containing 2'-5 and 3'-5 bonds. 
b) The uranyl(VI) ion catalyzed oligoadenylates 
formation from 2-MeBzImpA. The reaction con­
ditions was the same as that in a). The peaks, XH, 
and X(pA)„, denote the 2-methylbenzimidazole and 
2-methylbenzimidazolide of mono and 2 /-5 / oli­
goadenylates, respectively. The peak numbers, 2, 
3, and 4, denote the fully 2 /-5 / linked di-, tri- and 
tetraadenylates, respectively. 

bond is susceptible to the moisture and hydrolyzes in 
neutral aqueous solut ion spontaneously forming 
pA. Adenosine-5 '-phosphortetrazolide is too reactive 
toward hydrolysis to be isolated at room temperature. 
T h e reactivity of the phosphorazol ide bond was in the 
following order; tetrazolide>3-nitrotr iazolide>triazo-
l ide>imidazol ides>benzimidazol ides . T h e order is 
a lmost the same as that for the act ivat ing phosphory l 
g roup in the internucleotide bond formation by phos-
photriester method.4 ) 

Various adenosine-5 '-phosphorazolides were poly­
merized in the presence of uranyl(VI) ion catalyst in 
neutral aqueous solut ion. Typica l H P L C profiles of 
the reaction mixture , in which 2-MeImpA or 2-
MeBzImpA was polymerized by uranyl(VI) ion cata­
lyst, are shown in Fig. 1. Format ion of pA by simple 
hydrolysis was very small in amoun t . T h e rate of the 
polymerizat ion and the chain length of the oligoaden­
ylates obtained varied greatly depending on the char­
acter of the adenosine-5 ' -phosphorazolide. Tab le 1 
shows the yield data of the uranyl(VI) ion-catalyzed 
oligoadenylate formation from 2-MeImpA and 4-
MelmpA. Oligoadenylates u p to the hexadecamer 
were produced in the reaction. T h e 2 ' -5 ' inter­
nucleotide l inkage was preferentially formed. These 
results are somewhat s imilar to that of the uranyl(VI) 
ion-catalyzed oligoadenylate formation from ImpA.3 ) 

However, replacement of nucleotide activating 
group , from imidazole to 2-methylimidazole or 4-
methylimidazole, resulted in a small increase of the 
chain length and a small decrease of 2 ' -5 ' regioselec-
tivity of the oligoadenylates. T h e long chained oli­
goadenylates comprised mainly l inkage isomers con­
ta in ing bo th 3 ' -5 ' and 2 ' -5 ' l inkages. Inoue and 
Orgel reported the large effect of methyl substi tuent 
g roup of imidazole in the poly C-directed polymeriza­
tion of guanosine-5 ' -phosphor imidazol ide deriva­
tives.9) They found that 2-MeImpG increases the 3 ' -
5 ' regioselectivity and the chain length of the result ing 
ol igoguanylate , whi le poly C-directed polymerization 
of 4-MeImpG, I m p G and 2-Et ImpG gives short-
chained ol igoguanyla te wi th low regioselectivity. 

Table 2. Oligoadenylates Formation from Adenosine-5'-phosphor triazolide or Adenosine-5'-
phosphor-(3-nitrotriazolide) Catalyzed by Uranyl(VI) Ion Complexa) 

[U02
2+] 

mM 

1 
0.1 
0.01 
0 

1 
0.1 
0 

Time 

d 

1 
5 

10 
1 

1 
1 
1 

TrpA 

TrpA 
0.2 
5.2 

22.8 
67.6 

pA 

1.6 
10.0 
43.2 
17.0 

3-NtTrpA 
0.6 
0.9 
0.7 

58.0 
71.2 
88.4 

AppA 

3.3 
7.0 
9.4 

14.6 

25.7 
17.4 
8.6 

Yield/% 

(pA)2 

19.6 
36.1 
19.1 

0.5b) 

10.0 
6.8 
1.2 

(pA)3 

35.5 
19.4 
2.0 

5.7 
3.1 

(pA)4 

14.7 
4.3 

(PA)5 

9.7 

2'-5' linkage 
of (PA)2 (%) 

94 
88 
58 

75 
59 

a) Reactions were run at 20 °C in 0.2 M Af-ethylmorpholine buffer (pH 7.3). 50 mM of TrpA 
or 3-NtTrpA was used in the reaction, b) Tr(pA)2 is included. 
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Table 3. Oligoadenylate Formation from Adenosine-5/-phosphor-(2-methylbenzimidazolide) 
or Adenosine-5'-phosphorbenzimidazolide Catalyzed by Uranyl Ion Complexa) 

No. 

1 
2 

3 

4 
5 
6* 

7* 

8 

uo 2
2 + 

mM 

1 
1 

0.1 

0.01 
0 
1 

0.1 

0.1 

Time 

d 

1 
14 

14 

14 
14 
1 

5 

14 

XpA X(pA) n 

2-MeBzImpA 
30.8 36.9 

3.2 

20.6 

68.6 
86.2 

1.7C) 

1.4C) 

BzImpA 
17.7 

10.3 

35.3 

13.7 

6.5d) 

7.4d) 

14.7 

Yield/% 
(Percentage of fully 2 ' -5 ' l inked ol igomer)b ) 

PA 

0.8 
1.1 

2.1 

6.9 
9.6 
0.8 

4.7 

8.1 

(pA)2 

2.9 
10.4 
(91) 
14.5 
(90) 
6.4 

5.6 
(93) 
22.9 
(95) 

32.0 
(90) 

(PA)3 

9.8 
25.2 
(60) 
13.3 
(71) 
0.4 

18.2 
(72) 
18.3 
(75) 

18.4 
(71) 

(pA)4 

7.9 
16.5 

4.5 

17.9 
(68) 
13.0 

6.5 

(pA)s 

4.0 
8.4 

1.2 

11.7 

5.7 

1.7 

(pA)6-8 

3.1 
14.4 

22.4 

5.8 

0.3 

(pA)9-H 

6.9 

a) Reactions were run at 20 °C in 0.2 M Af-ethylmorpholine buffer (pH 7.3) except for Nos. 6 and 7 
where reactions were run at 20 °C in 0.2 M imidazole-HNC>3 buffer (pH 7.3). 50 mM of 2-MeBzImpA 
or BzImpA was used in the reaction. AppA was also formed in small amounts in the reactions. 
b) Percentage of fully 2/-5/ linked oligomers is shown in the parenthesis below the yield data of each 
oligoadenylate. c) ImpA is included, d) Im(pA)„ is included. 

ioo<r 

Fig. 2. Time course of polymerization of 2-
MeBzImpA (50 mM) at 50 °C and pH 7.3 in the 
presence of uranyl(VI) nitrate (10 mM). 
(O), ImpA; (O), Im(pA)n; (•), pA; (A), (pA)2; (A), 
(pA)M; (•) (pA)5-8. 

The orientation of 2-MeImpG on poly C template to 
promote the 3'-5' internucleotide bond formation has 
been proposed for the efficient and regiospecific poly­
merization.11) Present research revealed that such a 
remarkable substituent effect cannot be observed in 
the uranyl(VI) ion-catalyzed polymerization of 
adenosine-5'-phosphorimidazolide derivatives. 

Table 2 lists the oligoadenylate formation from 
TrpA and 3-NtTrpA. Uranyl(VI) ion-catalyzed poly­
merization of TrpA yielded short-chained oligoadeny-
lates in substantial yields, but no long ones. Fully 2'-
5' linked dimer, trimer and tetramer were formed from 
TrpA in 18, 32 and 10% yields, when 1 mM of ura-
nyl(VI) nitrate was used as a catalyst. No efficient 

polymerization took place from 3-NtTrpA. Hydroly­
sis of phosphor-3-nitro-triazolide bond and formation 
of pyrophosphate bond (AppA) were predominant in 
this case. The phosphor-3-nitrotriazolide bond hyd-
rolyzed rapidly in aqueous solution giving pA which 
reacted with 3-NtTrpA to produce AppA. The 
hydrolysis reaction suppressed the chain elongation of 
the oligonucleotide. 

Table 3 shows the oligoadenylate formation from 2-
MeBzImpA and BzImpA by uranyl(VI) ion catalyst. 
2'-5'-Linked internucleotide linkage was predomi­
nant in the oligoadenylates. The steric hindrance 
and resonance effect of 2-MeBzImpA and BzImpA 
stabilized the phosphorbenzimidazolide bond and 
suppressed both the polymerization and hydrolysis of 
2-MeBzImpA and BzImpA. Long reaction time was 
required for the completion of the polymerization in 
N-ethylmorpholine buffer. Chain length did not 
exceed octamer. High reaction temperature acceler­
ated the reaction rate of 2-MeBzImpA. Time course 
of the polymerization at 50 °C and at 10 mM catalyst 
concentration is shown in Fig .2. The polymeriza­
tion was almost complete in 4 h at 50 °C giving 
oligoadenylates from dimer to octamer in more than 
55% total yield. The polymerization reaction of 2-
MeBzImpA was also accelerated when the medium 
was replaced from N-ethylmorpholine buffer (pH 
7.3) to imidazole buffer (pH 7.3). 2-MeBzImpA was 
almost disappeared in the imidazole buffer at room 
temperature for 1 d and oligoadenylates up to tetradec-
amer were formed. The results suggest that exchange 
reaction of imidazole with 2-MeBzImpA took place 
rapidly in the imidazole buffer forming ImpA which 
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was polymerized to oligoadenylates by uranyl(VI) ion 
catalyst. T h e formation of ImpA was confirmed in 
the init ial stage of the reaction. 

Character of the azole in adenosine-5 ' -phos-
phorazolides decides the efficiency of their uranyl(VI)-
ion catalyzed polymerization. However, it has little 
effect on the regioselectivity of the internucleotide 
l inkage. T h e formation of 2 ' -5 ' - internucleotide lin­
kage is always p redominan t , t hough the percentage of 
the 2 ' -5 ' l inkage in the dimer varies 58 to 98%. T h e 
h i g h 2 ' -5 ' regioselectivity is explained by the fact that 
the nucleophil ici ty of 2 '-hydroxyl g roup is stronger 
than that of 3'-hydroxy 1 g roup in the r ibonucleot ide 
system.1012) T h e geometrical or ientat ion of the 
adenosine-5 ' -phosphorazol ides in the coordina t ion 
sphere of uranyl(VI) ion may also be favorable for the 
format ion of 2 ' -5 ' internucleot ide l inkage. T h e ura-
nyl(VI) ion-catalyzed polymerizat ion method is very 
useful for the synthesis of 2 ' -5 ' l inked oligonucleotide. 
For the synthesis of 3 ' -5 ' internucleotide l inkage, 
however, different or ientat ion of the s tar t ing nucleo­
tide is necessary. 
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Effects of Various Gas-Pretreatments of the Fe Powder, Prepared by the 
Reduction of Fel2 with Potassium Metal, on the Catalytic 

Properties in Fischer-Tropsch Synthesis 
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Fischer-Tropsch (F-T) synthesis was carried out on the Fe powder catalyst prepared by the reduction of 
Feb with potassium metal in refluxing tetrahydrofuran (THF). 1-Butène was obtained with 37 wt% selectivity 
and a rather high conversion of 12 wt% by an autoclave system at 553 K. After Fb-pretreatment of the Fe 
powder at 573 K, propylene was produced as the major product (15 wt% selectivity) under otherwise the same 
experimental conditions. In a conventional flow system with a stream of H2, H2/CO, and CO during a heat-
up period of the reactor to 533 K, C3, C4, and C5 olefins were produced as major products, respectively. The 
synthesized Fe powder contains 1.6 wt% of carbon, which may be produced by the decomposition of THF in 
preparation of the catalyst. During the gas-pretreatment of the Fe powder in the flow reactor, evolution of CH4 
CO2, and CO was observed. The amount of carbon on the Fe powder produced after the gas-pretreatment 
varied with the pretreatment gas in the order, CO > H2/CO > H2. Quantitative X-ray photoelectron spectro­
scopy (XPS) analysis of the Fe powder surfaces indicates that a significant amount of carbonaceous species is 
accumulated during the F-T reaction, and that the accumulation of such species can be avoided by the H2-
pretreatment of the Fe powder. The change in surface properties by the gas-pretreatments is discussed in 
relation to the corresponding change of the product distribution in the F-T synthesis. 

One of the most impor tan t research objects in 
F ischer -Tropsch (F-T) synthesis is the development 
of catalysts that pr imari ly make it possible to obtain 
economically valuable products , such as low-
molecular-mass olefins. Many noteworthy efforts 
have been made for this purpose, e.g., the encapsula­
tion of active metal species in to suppor t cages1'2* and 
the use of ultrafine metal powders.3 A ) In the previous 
reports,5,6* we have demonstrated that the F - T reac­
tions over Fe and Fe-Co powder catalysts, prepared by 
the reduct ion of metal halides wi th potass ium metal 
in ref luxing tetrahydrofuran (THF) , yield 1-butène 
wi th more than 35 wt% selectivity and a rather h igh 
conversion of over 10 wt% in a batch autoclave system 
at 533—553 K. O n the other hand, a Co powder 
catalyst, prepared by a similar procedure in T H F , 
showed the ordinary Schulz-Flory type hydrocarbon 
distribution.6* 

T h i s paper reports the effects of different gas-
pretreatments of the Fe powder catalyst on the product 
dis t r ibut ion in the F - T reactions conducted in a con­
vent ional medium-pressure flow reactor and an auto­
clave system. We have examined also the change in 
the a m o u n t of carbonaceous materials on the catalyst 
surface u p o n the gas-treatments, which was analyzed 
by X-ray photoelectron spectroscopy (XPS). 

Experimental 

Preparation of Fe Powder. The Fe powder catalyst 
was prepared in a three-necked flask by the reduction of Fel2 
(5.1X10-3 mol) with excess molten potassium metal 
(2.1X10-2 mol) in refluxing THF for 5 h under a flowing 
argon atmosphere. After completion of the reduction, 
methanol was added dropwise to the resulting T H F solution 

to decompose the remaining potassium. The black Fe 
powder formed was stirred in purified methanol (250 mL) 
for 30 min under a dry nitrogen atmosphere to remove KI 
incorporated into the Fe powder. The Fe powder thus 
purified was dried at 383 K under vacuum overnight, prior 
to the use as a catalyst. Details of the preparation proce­
dures were described elsewhere.5'6* 

F-T Synthetic Conditions. A typical procedure for the 
F-T synthesis in a flow reactor is as follows. The Fe 
powder catalyst (0.2 g) was wrapped with silica wool and 
placed in a stainless-steel basket which was set in the center 
of a stainless-steel reactor (</> 16 mmX250 mm). The reactor 
was heated at 5 K min - 1 up to reaction temperature (533 K) 
in flowing H2, H2/CO (2/1 molar ratio), or CO at 1 atm and 
with the flow rate of 6 L h - 1 . When the temperature of the 
reactor reached 533 K, the pretreatment gas was switched to 
H2/CO (2/1 molar ratio) to proceed the F-T process at 533 K 
under 8 kg cm -2 . The weight-flow ratio was fixed at 6 
g-cat • h mol - 1 . An exit line, which connected the reactor 
with a trap cooled by dry ice-acetone, was heated at 373 K 
using a ribbon heater. 

The F-T process was carried out in a 100 mL autoclave 
containing the Fe powder catalyst (0.2 g) and a mixture of 
H2 and CO (H2/CO=2.0) at 553 K and 20 kg cm"2. The 
detailed procedures for the F-T synthesis in the autoclave5*6* 
and flow10* systems have been described previously. 

Gaseous products from the flow reactor were sampled 
intermittently from a sampling valve set just below the 
reactor and analyzed by GLC.5'6) The condensed products 
in the trap and reactor, the latter of which was recovered by 
pentane washing, were analyzed by GLC.5'6) The products 
from the autoclave system were recovered and analyzed by a 
similar manner to that described previously.5'6) 

XPS Measurements. XPS measurements were conducted 
with M g ^ radiation (8 kVX30 mA) under 1X10"6 Pa using 
a Shimadzu ASIX-1000 instrument. The XPS peak inten­
sity was corrected by considering the photo-ionization cross 
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section.11^ The detailed conditions for the XPS measure­
ments were given previously.12) Gas-treatments of Fe 
powder sample were conducted in a microreactor directly 
attached to the XPS instrument, by flowing H2 and H2/CO 
(2/1 molar ratio) at 573 K for 30 min and at 553 K for 1 min, 
respectively. 

Results and Discussion 

F-T Synthesis in the Autoclave System. Table 1 
shows the results of the F-T syntheses by the autoclave 
system with Fe powder catalysts at 553 K. The high 
selectivity for C4 hydrocarbons (42 wt%) and the rather 
high total hydrocarbon yield (12 wt%) were attained 
over the Fe powder catalyst without Kb-pretreatment. 
Furthermore, C2—C5 hydrocarbons were produced 
with 79 wt% selectivity, which consisted mostly of 1-
alkenes (over 83% selectivity). When Fe powder was 
pretreated in a stream of H2 gas at 573 K for 1 h, a 
significant change in the hydrocarbon product distri­
bution was observed (Table 1). The major fraction 
between C2 and C5 hydrocarbons was C3 (18 wt% 
selectivity) and the selectivity for C2—C5 hydrocarbons 
and olefins decreased considerably, although the total 
hydrocarbon yield (11 wt%) was nearly the same and 
the olefins consisted of 1-alkenes. 

F-T Synthesis in the Flow System. The results of 
the F-T synthesis in the flow reactor are summarized 
in Table 2. The values of the selectivity for C2—C5 
hydrocarbons (over 72 wt%) and the total hydrocarbon 
yield (8—13 wt%) were approximately the same as 
those obtained by the autoclave system shown in 

Table 1. F-T Synthesis in an Autoclave Systema) 

H2 pre- Hydrocarbon 
treatment0* yield/wt% 

No 11.7 

Yes 11.0 

Hydrocarbon distribution/wt%c) 

Ci C2 C3 C4 C5 CO 

15 13 13 42 11 6 
(88) (88) (88) (83) 

20 12 18 16 14 20 
(83) (86) (84) (74) 

Table 1. The major products varied with the pre-
treatment gas in the flow system; C5, C4, and C3 
hydrocarbons became the major products by the pre-
treatment of the catalyst with CO, H2/CO, and H2, 
respectively. These results were reproducible as 
regards to the product distribution and the hydrocar­
bon yield. The pretreatments with H2/CO and H2 in 
the flow system seem to correspond to the experimen­
tal conditions in the autoclave system without any 
pretreatment (heated under H2/CO atmosphere) and 
with H2-pretreatment, respectively. Thus, the same 
hydrocarbons are produced as the major products in 
the autoclave system with and without H2-
pretreatment as those in the flow system pretreated 
with H2 and H2/CO gases, respectively. However, 
the selectivity of C3 hydrocarbons (33 wt%) and olefins 
in the flow system with the H2-pretreatment are 
higher and lower than those in the corresponding 
autoclave system, respectively, although the reason of 
such differences has not been definite. 

In order to examine the optimum experimental 
conditions for the selective production of C3 hydrocar­
bons in the flow system, the reaction temperature was 
changed from 533 K to 573 K (Table 3). The higher 
temperature leads to an increase in the hydrocarbon 
yield (from 13 to 24 wt%) accompanied by decreased C3 
selectivity (from 33 to 23 wt%), while the selectivity for 
C2—C5 hydrocarbons remained high value at around 

Table 3. Effects of Temperature on F-T Products 
in a Flow Systema) 

Reaction 
temp/K 

533 

553 

573 

Hydrocarbon 
yield/wt% 

12.8 

15.6 

24.3 

Hydrocarb 

Ci 

10 

12 

16 

c2 
10 

(77) 
13 

(87) 
14 

(84) 

on distribution/wt%b) 

C3 C4 C5 CO 

33 18 11 18 
(85) (46) (tr.) 
27 19 15 14 

(93) (74) (50) 
23 20 14 13 

(91) (86) (55) 

a) F-T reaction conditions: 553 K; H2/CO (=2.0); 20 
kg cm-2, b) 573 K for 1 h in a flowing H2 atmos­
phere, c) Value in parentheses is olefin selectivity 
(wt%). 

a) H2 was streamed during the heat-up period of the 
reactor. Other reaction conditions were the same as in 
Table 2. b) Value in parentheses is olefin selectivity 
(wt%). 

Table 2. F-T Synthesis in a Flow Systema) 

Gas 
streamedb) 

CO 

H2/CO 

H2 

Hydrocarbon 
yield/wt% 

8.2 

12.4 

12.8 

Ci 

11 

11 

10 

Hydrocarbon distribution/wt%c) 

C2 

12 
(89) 
14 

(84) 
10 

(77) 

C3 

18 
(85) 
20 

(90) 
33 

(85) 

C4 

13 
(85) 
22 

(78) 
18 

(46) 

c5 
25 

(49) 
17 

(75) 
11 

(tr.) 

Ö 
21 

16 

18 

C content 

E.A.d) 

2.5 

1.6 

1:5 

of Fe/wt% 

Gas A.e) 

3.8 

2.5 

1.5 

a) F-T reaction conditions: 533 K; H2/CO (=2.0); 8 kgcm"2; W/F=6 g-Fehmol"1. b) Gas 
streamed during heat-up period of a reactor at 5 K min-1 to 533 K. c) Value in parentheses is 
olefin selectivity (wt%). d) Estimated by elemental analysis, e) Estimated by accumulated 
amounts of evolved gases (see Fig. 2). 
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70 wt%. With an increase in temperature, the selec­
tivity of light fractions (Ci and C2 hydrocarbons) and 
heavy fractions (CÔ+ hydrocarbons) increased and 
decreased, respectively, in agreement with catalytic 
behavior reported for many F-T catalysts.13) For 
C3—C5 hydrocarbons, however, selectivity of C3 
hydrocarbons decreased and that of C4 and C5 hydro­
carbons remained almost constant. Such a unique 
product distribution of C3—C5 hydrocarbons demon­
strates the character of the Fe powder catalyst. 

Figure 1 shows the profiles of the total hydrocarbon 
yield and hydrocarbon product distribution with 
respect to the reaction time at 553 K. The hydrocar­
bon yield decreased to half of the initial value in 7 h 
and thereafter it remained constant. The hydrocar­
bon product distribution is essentially constant over 
the whole time period examined, as far as the follow­
ing points are concerned; the C3 hydrocarbons are 
produced as the major products and rather low selec­
tivity for CH4 and high selectivity for C2—C5 hydro­
carbons are sustained. 

Presence of a Carbonaceous Overlayer on the Fe 
Powder. The synthesized Fe powder was found to 
contain 1.6 wt% of carbon by elemental analysis. 
During the heat-treatment of Fe powder in an H2-
atmosphere at 573 K for 1 h, CH4, CO2, CO, and C2H6 
were evolved with the amount of 40, 65, 28, and 0.07 
jumolg-Fe-1, respectively. Klabunde et al.14) pre­
viously observed the evolution of CHU, CO2, C3H8, and 
small amounts of other hydrocarbon gases during the 
heat-treatment of Ni powder prepared by the conden­
sation of Ni vapor in pentane. The gas evolution has 
been reported to result from a carbonaceous over layer 
formed by the decomposition of pentane used as a 
condensation solvent of Ni vapor.14) Thus, a carbo­
naceous overlayer will also be produced by the decom­
position of T H F in the preparation of the Fe powder, 
because metal powders by the present procedures are 

5 10 
React ion t i m e / h 

Fig. 1. Changes in the hydrocarbon yield and prod­
uct distribution depending on F-T reaction time 
on a Fe powder catalyst. F-T reaction conditions: 
553 K; H2/CO (=2.0) 8 kg cm"2; W/F=6 g-Fe-h 
mol-1. 

known to be very reactive.15) 

The amount of carbon produced on the Fe powder 
after various gas-pretreatments in the flow system was 
estimated by elemental analysis (Table 2). The 
amount of carbon varied with the gas in the order, CO 
(2.5wt%)>H2 /CO(1.6wt%)>H2(1.5wt%). 

Profiles of gases evolved during those pretreatments 
are shown in Fig. 2. Carbon dioxide was mainly 
evolved during heat-treatments with CO and H2/CO 
and the amount increased with an increase in temper­
ature. Such profile of gas evolution suggests that 
accumulation of carbonaceous materials on Fe surfa­
ces occurs by the Boudouard reaction (2CO=C+ CO2). 
At a high temperature around 523 K, a small amount 
of CH4 was also detected even with pure CO-
pretreatment in the absence of H2, suggesting the 
presence of hydrocarbon species on the Fe surfaces. 
In the H2 stream, CO was evolved at a rather low 
temperature region around 473 K and small amounts 
of CO2 and CH4 were detected at a high temperature 
region around 523 K. Evolution of CO and CO2 
indicates the presence of oxygen-containing carbo­
naceous species on Fe surfaces, which may be pro­
duced by the decomposition of T H F during the prepa­
ration of the Fe powder catalyst and/or the oxidation 
of carbonaceous species by iron oxides during the 
heat-treatment (vide infra). The amount of carbon 
on Fe surfaces with various gas-pretreatments was also 
estimated by the accumulated amounts of evolved 
gases and listed in Table 2, where the same order is 
obtained as that estimated by the elemental analysis. 
The variation of the amount of carbon with the gas-
pretreatment indicates carbon accumulation occurs by 

2-Oh 

1-0 

Ê 

£ 
" 0 - 5 0 h 

; 0-2 5 
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0-04 

373 423 473 523 
Temperature / K 

Fig. 2. Profile of gas evolved from Fe powder during 
the heat-up period of a reactor. 
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715 710 705 " 715 710 
B ind ing energy / eV 

705 

Fig. 3. Fe 2p3/2 XPS spectra of a Fe powder sample. 
A, a sample without Fb-pretreatment; B, a sample 
with Fb-pretreatment. I, a sample before exposure 
to H2/CO; II, a sample after exposure to H2/GO. 

the CO-pretreatment, whereas a part of the carbona­
ceous materials can be removed by the H2-pretreatment. 

XPS Analyses of Fe Powder Surfaces. The Fe 2p3/2 
XPS spectra of the Fe powder catalyst before and after 
gas-pretreatments are shown in Fig. 3. The sample 
before the gas-treatment gives the Fe 2p3/2 line at 710.7 
eV (Fig. 3 A-I), which agrees well with the reported 
binding energy values of Fe2Û3 at 710.7 eV9'16> and 
710.8 eV,17) indicating the presence of Fe2Û3 layer on 
Fe powder surfaces. Such Fe2Û3 layer has also been 
reported for fresh Fe powder prepared by the reduction 
of Fe2Û3 by H2 at 675 K for 24 h.16> After treatment of 
the original Fe powder with H2/CO up to 553 K 
(conditions comparable to the F-T synthesis in the 
autoclave system without Hb-pretreatment), the inten-

534 530 534 

B ind ing e n e r g y / e V 
530 

Fig. 4. O Is XPS spectra of a Fe powder sample. 
Notations are the same as in Fig. 3. 

sity of Fe2Û3 peak decreased significantly and a new 
peak appeared at 706.9 eV (Fig. 3 A-II), which agrees 
well with those of iron carbides, such as FesC2.16~18) 

Formation of iron carbides is well known to occur 
during F-T syntheses on various Fe catalysts.7'9'16~20) 

When the original Fe powder is treated with H2 at 573 
K (similar conditions for the autoclave system), the Fe 
2p3/2 line appeared at 706.7 eV, which agrees with the 
reported value (706.6 eV) of metallic iron,16'18) and no 
peak attributed to Fe2Û3 was observed (Fig. 3 B-I). 
The consecutive treatment of the Hb-pretreated Fe 
powder with the H2/CO gas resulted in a slight shift 
of the Fe 2p3/2 peak position from 706.7 to 706.8 eV 
(Fig. 3 B-II), that suggests the presence of iron 
carbides. 

Figure 4 shows the O Is XPS spectra. The O Is 
peak of the original Fe powder before the gas-
treatment was observed at 529.9 eV with a shoulder in 
the high binding energy region around 532 eV (Fig. 4 
A-I). This main peak position coupled with the 

268 284 288 
Binding energy/ eV 

284 

Fig. 5. C Is XPS spectra of a Fe powder sample. Notations are 
the same as in Fig. 3. 
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Table 4. Quantitative XPS Analysis of Fe Powder Surface 

Sample C Is peak 
area/cps. eV 

Fe 2p3/2 peak 
area/cps. eV 

Ratio of C Is area 
to Fe 2p3/2 area 

Original 
After exposure to H2/COa) 

With H2 pre treatment^ 
After exposure to H2/COa) 

3380 
6660 

3010 
2560 

2880 
1120 

5080 
4630 

1.2 
6.0 

0.6 
0.6 

a) At 553 K for 1 min. b) At 573 K for 30 min. 

result of the Fe 23/2 peak analysis (Fig. 3 A-I) supports 
the presence of Fe2Û3 (530 and 529.7 eV have been 
reported in Refs. 21 and 16, respectively). After the 
exposure to H2 /CO, the Fe2Û3 peak disappeared, bu t 
the shoulder peak a round 532 eV remained unchanged 
(Fig. 4 A-II). T h e r ema in ing peak is ascribed to those 
of various oxygen-conta ining carbonaceous and 
hydrocarbon species adsorbed on Fe; CO (530.1—531.4 

eV),2i,22) CH3OH (532.0 eV),23> and C H 3 C O O H (532.0 
eV).24) T h e similar peak appeared after the treatment 
of the or iginal Fe powder wi th H2 (Fig. 4 B-I), fol­
lowed by the exposure to H2 /CO (Fig. 4 B-II). T h i s 
observation is compat ib le wi th the evolut ion of CO 
and CO2 dur ing heat- treatment of the Fe powder as 
described above (Fig. 2). 

Figure 5 shows the C Is XPS spectra. T h e Fe 
powder samples bo th before and after the gas-
treatments show wide C Is peaks r a n g i n g from 282 to 
290 eV, suggest ing the presence of various types of 
carbonaceous species on Fe powder surfaces. 

Change in C Is and Fe 2p3/2 Peak Intensity upon 
Gas-treatments. T h e results of quant i ta t ive XPS 
analyses, us ing the C Is (Fig. 5) and Fe 2p3/2 (Fig. 3) 
peak areas and photo- ionizat ion cross sect ion, n ) are 
summarized in Tab le 4. T h e rat io of the C Is to the 
Fe 2p3/2 speak areas (C/Fe) clearly indicates the pres­
ence of large amoun t s of carbonaceous species on the 
or iginal Fe powder surfaces. When the or iginal Fe 
powder was exposed to H2 /CO, the C /Fe value 
increased from 1.2 to 6.0, indicat ing the accumula t ion 
of carbonaceous species on Fe surfaces under the F - T 
condi t ions, as reported for various types of Fe cata-
lysts.7-9 '16-22) After the treatment of the original Fe 
powder wi th H2 at 573 K, the C/Fe value was reduced 
to 0.6, about half of the value of the or iginal Fe 
powder. T h u s , the Kb-treatment considerably 
removed the carbonaceous overlayer on the Fe powder. 
These XPS results are consistent wi th the change in 
the a m o u n t of carbon estimated after the H 2 / C O - and 
H2-pretreatments in the flow system (Table 2). Inter­
estingly, after the exposure of the Kb-pretreated cata­
lyst to H2 /CO, the C/Fe ratio remained unchanged 
(0.6). T h u s , once the Fe powder catalyst is treated 
wi th H2, n o accumula t ion of carbonaceous species 
occurs. 

Detailed XPS Analyses of C Is Peaks. In order to 
get further ins ight in to the carbonaceous species on Fe 
powder surfaces, the C Is peaks shown in Fig. 5 were 

Table 5. Separated C Is XPS Peaks Measured 
for Fe Powder 

Respective peak area/cps. eVb) 

Samplea) Group 1 Gruop 2 Gruop 3 Group 4 
P (283.0— (284.6— (285.6— (287.5— 

283.3 eV) 285.0 eV) 287.0 eV) 288.8 eV) 

Original 

After expo­
sure to H2/CO 

With H2 pre-
treatment 

After expo­
sure to H2/CO 

230 
(0.08) 
250 

(0.10) 

2650 
(0.78) 
5180 
(0.77) 

2330 
(0.77) 
1400 

(0.54) 

370 
(0.11) 
1240 

(0.19) 

150 
(0.05) 
790 

(0.31) 

360 
0.11) 
240 

(0.04) 

300 
(0.10) 

120 
(0.05) 

a) Treatment conditions are the same as in Table 4. 
b) Value in parentheses is ratio to total C Is peak area. 
c) Not detected. 

288 286 284 

B i n d i n g e n e r g y f e V 
282 

Fig. 6. Separated peaks from C Is XPS spectrum 
obtained from a Fe powder sample with H2-
pretreatment followed by exposure to H2/CO. 

separated in to 4 or 5 componen ts by the curve resolu­
tion technique: A typical example is shown in Fig. 6. 
T h e results of the peak separat ion are summarized in 
Tab le 5, where C Is peaks are divided in to 4 compo­
nents; 283.0—283.3 eV (group 1), 284.6—285.0 eV 
(group 2), 285.6—287.0 eV (group 3), and 287.5—288.8 
eV (group 4). These groups were assigned to carbo­
naceous species according to the literatures as follows. 

T h e g r o u p 1 peak region corresponds to that of i ron 



1786 Mikio MIYAKE, Maki HAMAGUCHI, Masakatsu NOMURA, Hiromichi SHIMADA, and Akio NISHIJIMA [Vol. 63, No. 6 

carbides (283.2—283.5 eV).9>16-18>21>22> T h e disappear­
ance of the g roup 1 peak u p o n treatment of the 
original Fe powder wi th H 2 / C O may be caused by the 
accumula t ion of a large a m o u n t of carbonaceous spe­
cies over carbide layer (see Table 4), because the corre­
spond ing Fe 2p3/2 peak pos i t ion agrees well wi th that 
of i ron carbides (Fig. 3 A-II). 

T h e g roup 2 peak region corresponds to that of 
graphite (284.5—285.3 eV)*»>™w>w adsorbed C2H4,

24> 
or polymethylene2 1 ) on Fe. It has been reported that 
graphite is difficult to be removed by H2-pretreatments.25) 

However, the carbonaceous species or iginal ly present 
on Fe powder surfaces is removed at least part ial ly, as 
shown in Fig. 3 and Tables 2 and 4. T h u s , the 
carbonaceous species in g roup 2 of the or iginal Fe 
powder catalyst could be assigned to C m H n species 
which can be removed by the Kb-pretreatment. T h e 
g r o u p 2 is the ma in componen t of the C Is spectra for 
all samples. T h e change in the g roup 2 peak area by 
various gas-treatments is essentially consistent wi th 
that of the total carbon shown in Table 4. 

T h e g roup 3 peaks are at tr ibuted to oxygen-contain­
ing species adsorbed on Fe, such as carbon monoxide 
(285.6—285.9 eV)22>25> and a-carbons of hydroxyl and 
carbonyl groups (285.4—285.7).23) T h e g roup 4 
peaks are ascribed to highly oxygenated species, such 
as carboxylates (288.3—288.8 eV)24> and carbonates 
(289.0 eV).21> T h e O Is XPS peaks observed in Fig. 4 
as well as the evolution of CO and CO2 du r ing the H2-
pretreatments (Fig. 2) suppor t the presence of oxygen-
con ta in ing carbonaceous species on the or iginal Fe 
powder catalyst. 

T h e change of Fe catalyst surfaces du r ing the F - T 
synthesis estimated by XPS is summarized as follows: 
T h e or iginal Fe catalyst surfaces are covered wi th 
Fe2Û3 (Fig. 3) together wi th hydrocarbon and oxygen-
con ta in ing carbonaceous species (Table 5). Under 
the F - T condit ions, the Fe2Û3 layer is converted to 
iron carbides (Fig. 3) and large amount s of hydrocar­
bon and oxygen-conta in ing carbonaceous species are 
accumulated on the i ron carbides (Table 5). T h e H2-
pretreatment of the or iginal Fe catalyst results in the 
reduct ion of the surface Fe2Û3 layer to metall ic i ron 
(Fig. 3), accompanied by part ial removal of carbona­
ceous species on the or iginal catalyst. Under the F - T 
condit ions, the H2-pretreated Fe catalyst is also con­
verted to i ron carbides (Fig. 3). In this case, however, 
accumula t ion of hydrocarbon species will be little in 
compar ison with the case of the or iginal catalyst 
which already contains carbonaceous species. T h i s 
will be the reason why the Kk-pretreatment results in 
the change in the major products from C4 to C3 
hydrocarbons in bo th the autoclave (Table 1) and flow 
(Table 2) systems. 

T h e gas-pretreatment could cause s inter ing of Fe 
powders. However, such a change in the Fe powders 
will be unlikely to occur, because neither decrease in 
the total hydrocarbon yield after the H2-pretreatment 

(Table 1) nor deterioration in the yield of respective 
hydrocarbon products after repeated reaction over the 
same Fe catalyst5* was observed in the autoclave sys­
tem, and also because only small change in the total 
hydrocarbon yield and the C2—C5 selectivity was 
observed for the flow system by various gas-
pretreatments (Table 2). 

Carbonaceous overlayers have previously been 
reported26 '27) to affect the selectivity and activity of 
catalytic reactions. For example, Somorjai27) reported 
that the presence of an ordered overlayer is responsible 
for the formation of benzene du r ing the dehydrogena-
tion of cyclohexane on Pt catalyst, whereas cyclohex-
ene becomes the major product in the presence of a 
disordered overlayer. T h u s , the presence of hydro­
carbon over layer on the Fe powder surfaces demon­
strated in this study may play an impor tan t role in the 
u n i q u e F - T catalytic property of the Fe powder. 
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The paper presents values of the enthalpies of mixing and formation in the systems Ag-Al and Ag-Sn. 
Appropriate polynomial functions for the composition dependence of the enthalpies of mixing and formation 
and their partial molar quantities are given. The behaviors of the integral and partial molar enthalpies of 
mixing and formation are discussed. The trend of the enthalpy of formation in the system silver-tin points out 
the existence of the compound AgßSn in the solid state. The enthalpy of formation in the system Ag-Sn 
depends insignificantly on the temperature, while that in the system Ag-Al displays a pronounced temperature 
dependence which is attributed to lattice defects in the structure. A pronounced temperature dependence of the 
enthalpy of formation seems, therefore, not to be a general property of all metallic alloys. 

Recent studies1-4* on l iqu id and solid metal l ic sys­
tems disclosed the fol lowing points concerning the 
behavior of the thermodynamic functions: 

(i) T h e behaviors of the thermodynamic functions 
depends on the chemical bond ing which in turn 
depends on the mole fraction, (ii) the valence electron 
concentrat ion (Cve) predicts the trends of the par t ia l 
mola r quant i t ies (refer to Refs. 5 and 6), (iii) the 
stability of the phases present and the behavior of the 
thermodynamic functions depend on the rat io of the 
a tomic radii of the components , (iv) the trends of the 
thermodynamic functions predict the presence of 
intermetal l ic phases and compounds in the l iqu id and 
solid state. T h e last po in t is of considerable impor­
tance not only in the fundamental research, bu t also in 
the industries p roduc ing materials of h igh value. 
T h u s , the study on the behavior of thermodynamic 
functions seemed of interest. 

Al though the above given factors may contr ibute to 
suggestions about systematic statements for the behav­
ior of the enthalpy of formation of solid solutions, 
we still have to depend on model systems (free from 
miscibility gaps and phases of different structures). 
Useful statements for the enthalpy of format ion in 
solid solut ions could be obtained by s tudying systems 
of elements from homologous series. These can be 
obtained by combina t ion of a metal (selected accord­
ing to theoretical s tandpoints) wi th all possible neigh­
bors to binary systems. T h e first work in this direc­
tion began in the previous paper.7* T h e present 
paper deals wi th the trends of mix ing and formation 
enthalpies in the systems Ag-Al8* and Ag-Sn.9 ) 

These systems have been selected due to their some­
wha t large range of miscibility in the solid state and 
due to the nonexistence of miscibility gaps in the 
l iqu id state. From the trends of the enthalpies of 
m i x i n g and formation, it would be possible to detect 
eventual presence of compounds . 

Another po in t of interest is to confirm our previous 

t Dedicated to Prof. Dr. Franz Wittig (Phys. Chem. Inst., 
University of Munich) for the occasion of his 70th birthday. 

conclusion concerning the relat ion of the entha lpy of 
formation in solid solut ion to temperature (see Ref. 7). 

Experimental 

Sample. The metals used were of E. Merck extra purity 
grade. The preparation, treatment and testing of the alloy 
samples were all the same as described before.1) The Ag-Al 
samples were tempered for 12 h at 825 K and 196 h at 773 K, 
while those of Ag-Sn were tempered for 7 h at 700 K and 89 h 
at 823 K. 

Measurements of the enthalpy differences of Ag, Al, and 
Sn were carried out as follows: solid samples of silver with 
different masses lying between 1.781 and 2.055 g were heated 
at the initial temperature used and dropped in the calorime­
ter being heated at even temperature interval of 10 K in the 
range of 700 to 1300 K (Tables 1 and 2 gives the enthalpy 
differences for selected temperatures). The same is true for 
the aluminium samples with different masses lying between 
1.206 and 1.895 g. Determination of the enthalpy differ­
ences of tin are based on Cp measurements in the range 323 
to 1300 K1'2) using Wittig's calorimeter (see Ref. 1). 

The measurements of the enthalpy of mixing were carried 
out using the drop-calorimetry method: samples of silver 
with different masses (12.981—0.368 g) were dropped in 
liquid samples of tin (1.611 g) at 1220 K, or in liquid 
aluminium (1.129 g) at 1225 K. Measurements of the 
enthalpy difference of the single miscible phase were carried 
out using the same method: the solid alloy samples of Ag-Al 
system with different masses lying between 0.953 and 1.105 g 
were dropped at 773 and 825 K in a liquid phase of Ag-Al 
system (of the same composition as that of the alloy sample) 
at 1225 K. The same is true for the samples of Ag-Sn 
system: samples of different masses (1.602—1.589 g) of Ag-
Sn system at 700 and 823 K were dropped in liquid phase of 
Ag-Sn system at 1220 K. 

In order to prevent oxidation, argon gas was used as a 
protector during the measurement process. 

Apparatus. The calorimetric apparatus and measure­
ment technique have been described in detail4'7* along with 
results for the enthalpy difference of a standard sample of 
tin. However, some modifications on the calorimeter are 
made: i.e. increasing the sensibility by using a set of fifteen 
differential thermocouples for measurement of the tempera­
ture drifts of the shield from calorimeter. 
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Results and Discussion 

(i) Enthalpies. Table 1 collects values of 
H&(r)-/ßi(773 K); Hâ(T)-Hâ(825 K) and 

HUT)-H°Ag(773 K); HXg(T)-HXg(825 K), 
which were determined in the present study for the 
enthalpy differences of Al and Ag in the system Al-Ag. 

In Table 2 are listed the enthalpy differences of Ag 
and Sn: 

më(T)-më(700 K); H°sn(T)-Ho
Sn(100 K) and 

HXg(T)-H£g(823 K); H°sn(T)-Hs
0n(823 K) 

which were measured in the present study on the 
system Ag-Sn. 

The deviations are 0.35% and 0.42% for a single 
measurement in the systems Al-Ag and Ag-Sn, 
respectively. 

Table 3 illustrates the present values of the enthalpy 

differences of the alloy Al-Ag: 
HXgAi(1225 K)-HXgAi (773 K) and 

H A W 1 2 2 5 K ) - H A W 8 2 5 K). 

The deviation is 0.43% for a single measurement. 
Table 4 summarizes values of the enthalpy differ­

ences of the Ag-Sn alloy: 
H A W 1 2 2 0 K)-H^gsn(823 K) and 

H A W 1 2 2 0 K ) - H A W 7 0 0 K). 

The estimated standard deviation is 0.4% for a single 
measurement. 

(ii) Enthalpies of Mixing. Equations which could 
be used for determining the enthalpy of mixing have 
been given elsewhere.2) 

Table 5 presents values of the enthalpy of mixing in 
the system Al-Ag at 1225 K in the whole range of 
composition. A number within parenthesis is the 
estimated standard deviation (e.s.d.). The present 

Table 1. Experimentally Determined Enthalpy Differences of Silver and Aluminium 
in kjmol-1 . M(Ag)=107.868 g mol"1; M(A1)=26.982 g mol"1 

77K HXg(T)-H£g(773 K) Hïg(T)-HZë(825 K) HXi(T)-HXi(773 K) H%\(T)-H%\(S25 K) 

800 
900 

1000 
1100 
1200 
1300 

0.759 
3.680 
6.772 

10.034 
13.467 
27.330 

— 
2.160 
5.080 
7.870 

10.770 
25.793 

0.832 
4.081 

17.852 
21.053 
24.210 
27.393 

— 
2.371 

16.290 
19.382 
22.560 
25.751 

Table 2. Experimentally Determined Enthalpy Differences of Silver and Tin 
in kjmol-1 . M(Ag)=107.868 g mol"1; M(Sn)=l 18.69 g mol"1 

77K mè(T)-mèa00K) H%è(T)-mè(823K)Hin(T)-HinO00K) Hs0„(T)-Hs°n(823 K) 

800 
900 

1000 
1100 
1200 
1300 

2.790 
5.779 
8.901 

12.235 
15.739 
29.601 

— 
2.222 
5.257 
8.242 

11.859 
25.871 

9.987 
12.432 
14.805 
16.998 
18.992 
20.790 

— 
9.207 

11.691 
13.870 
16.089 
18.007 

Table 3. Enthalpy Difference of the Alloys in the System Silver-Aluminium 
in kjmol-1 . M(Ag)=107.868 g mol"1; M(A1)=26.98 g mol"1 

XAg 

0.45 
0.50 
0.60 
0.70 
0.80 
0.90 

H£gAi(1225 K)-H£gAi(773 K) 

17.056 
18.245 
20.475 
22.088 
22.812 
22.511 

H£gAi(1225 K)-H£gAi(825 K) 

14.343 
15.599 
17.491 
19.128 
19.621 
19.063 

Table 4. Enthalpy Difference of the Alloys in the System Silver-Tin 
in kjmol"1 . M(Ag)=107.868 g mol"1; M(Sn)=l 18.69 g mol"1 

XSn H^gs„(1220K)-HSgsn(700K) H A W 1 2 2 0 K ) - H A W 8 2 3 K) 

0.15 
0.20 
0.25 

15.146 
15.294 
15.281 

11.353 
11.527 
11.825 
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Table 5. Experimentally Determined Enthalpy of 
Mixing of Liqid Ag-Al Alloys at 125 K Together 

with That Determined by Hultgren et al.10) in 
kj mol -1 . Estimated Standard Deviations 

in Parenthesis in J mol -1 . 
M(Ag)=107.868 g mol"1; M(A1)=26.98 g mol"1 

X\g 

0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 

AsH° 

Present study 

0 
-3.140(25) 
-5.054(26) 
-5.660(22) 
-5.164(24) 
-3.950(18) 
-2.471(15) 
-1.140(12) 
-0.217(5) 
+0.295(6) 

Hultgren 
et al.10) 

0 
-3.182 

— 
-6.001 

— 
-3.913 

— 
-1.171 

— 
-0.280 

AsHâ 

0 
-0.570 
-2.562 
-5.653 
-8.877 

-11.059 
-11.260 

-9.208 
-5.743 
-3.250 

AsHXg 

-36.319 
-26.270 
-15.021 

-4.876 
+0.406 
+3.160 
+3.388 
+2.318 
+1.164 
+0.689 

accuracy obtained for determinat ion of the enthalpy of 
m i x i n g is excellent: 0.4%. T h e present value is in 
good agreement wi th that reported by Hul tg ren et 
al.10) (see Tab le 5). 

T h e results have been fitted by the method of least 
squares in the following po lynomia l function of mole 
fraction of Ag, %Ag: 

AsH0 = -36.319xAg + 39.457:xAg2 + 117.555:xAg3 

-211.243^Ag4 + 91.316xAg5. (1) 

T h e curves of the integral and part ial molar enthal­
pies of m i x i n g against the composi t ion are shown in 

o 

a 

< 

i 

20 30 40 50 60 70 80 90 

At-% Ag 

Fig. 1. The integral and partial molar enthalpies of 
mixing at 1225 K in the system Ag-Al. 

Fig. 1. T h e integral enthalpy of mixing , AsH° in the 
system Al-Ag is negative in the range 10 to 80% Ag. 
After reaching the m i n i m u m at %Ag—0.3, AsH° in­
creases wi th the increase of the composi t ion of Ag and 
becomes slightly positive above the composi t ion 85 
at % Ag. Such a behavior of the enthalpy of mix ing 
in the system Al-Ag has also been observed for AsH° 
in the system Ag-In.7 ) Wi th this in view, we con­
clude that the enthalpies of m i x i n g in binary systems 
of Ag and elements of the third ma in g roup of the 
periodic table nearly exhibit the same behavior as 
described above. 

With reference to Eq. 1, we obtain th rough the 
definition of the part ial molar quant i t ies (see Ref. 2) 
the fol lowing polynomia l functions for ASHAI and 
AsHAg! 

ASHAI = - 39.475xAg2 - 235.110xAg
3 + 633.729xAg

4 

-165.264x Ag5, (2) 

AsHA,g = -36.319+78.914xAg + 313.208:xAg2 

- 1080.082xAg
3 + 1090.309xAg

4 - 365.264xAg
5. (3) 

As shown in Fig. 1, the par t ia l molar enthalpy of 
mix ing of a l u m i n i u m takes a m i n i m u m at the compo­
sition 55 a t%Ag. T h i s is due to the transfer of 
electrons from a l u m i n i u m to silver. Such a transfer 
of electrons increases with the increase of silver mole 
fraction. Consequently, ASHAI becomes more nega­
tive and takes a m i n i m u m at %Ag=0.55. Figure 1 also 
illustrates that the part ial molar enthalpy of mix ing of 
silver, AsH^g is negative in the range 0 to 40 a t % A g 
bu t increases wi th increasing composi t ion and takes 
positive values above 40 a t % A g wi th a m a x i m u m at 
XAg—0.55. T h i s may be explained th rough the fol­
lowing view: the insertion of the somewhat larger 
silver a tom in the structure causes a positive deforma­
tion work which increases wi th the increase of the 

Table 6. Experimentally Determined Enthalpy of 
Mixing of Liqid Ag-Sn Alloys at 1220 K Together 

with That Determined by Hultgren et al.10) in 
kj mol - 1 . Estimated Standard Deviations 

in Parenthesis in J mol - 1 . 
M(Ag)=107.868 g mol"1; M(Sn)=l 18.69 g mol"1 

#Ag 

0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 

AsH° 

Present study 

0a) 

-2.254(16) 
-2.970(12) 
-2.689(09) 
-1.888(11) 
-0.961(08) 
-0.195(4) 
+0.255(6) 
+0.382(4) 
+0.358(3)a) 

Hultgren 
et al.10) 

0 
-2.202 

— 
-2.617 

— 
-0.909 

— 
+0.206 

— 
+0.307 

AsH^g 

0 
-0.863 
-2.706 
-4.532 
-5.574 
-5.383 
-3.927 
-1.672 
+0.340 
+2.172 

AsHgn 

-32.137 
-14.774 
-4.026 
+1.613 
+3.641 
+3.462 
+2.294 
+1.081 
+0.364 
+0.364 

a) Extrapolated value. 
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AsHAg = - 105.767xSn
2+ 197.677xSn

3 

- 20.699xSn
4 - 73.438xSn

5, (5) 

AsHSn = -32.137 + 211.534xsn-402.282xs„2 

+ 225.277^sn3 + 73.598 ŝn4 - 75.438xSn
5 (6) 

These equations produce the curves of the integral 
and partial molar enthalpies of mixing against the 
composition of Sn, xsn as shown in Fig. 2. It is 
clearly observable that the trends of the integral and 
partial molar enthalpy of mixing in the system Ag-Sn 
are similar to those of the integral and partial molar 
enthalpy of mixing in the system Ag-Al. However, 
the minimum of AsH° in the system Ag-Sn is shifted 
to the composition %sn=0.2. This is due to the some­
what large difference in the electronegativity between 
Ag and Sn if compared with that between Ag and Al in 
the system Ag-Al. Furthermore, the minimum of 
Asî Ag and also the maximum of AsHsn are shifted to 
the composition xsn=0.4. 

(iii) Enthalpies of Formation. Equations which 
could be used to calculate the enthalpy of formation 
from that of mixing were derived before.2). 

The present values of the integral and partial molar 
enthalpies of formation at 773 and 823 K in the system 
Ag-Al are given in Table 7 for the compositions 30 to 
90 at % Ag. A number within parenthesis is the e.s.d. 
The average error of the individual measurements was 
found to be 0.4% for the enthalpy of formation at 773 
and 0.5% for that at 825 K. The present value is in 
fair agreement with that obtained by Wittign) who 
studied the heat of formation in the system Ag-Al at 
603, 643, and 703 K, however, using a different 
procedure. 

The following polynomial functions for AfH°, 
AfHAi, and AfH ĝ were derived to produce the curves of 
these quantities against %Ag as illustrated in Fig. 3: 

AfH° = - 8.402xAg + 0.502xAg2 +12.178xAg
3, (7) 

AfHXi = - 0.502xAg2 - 24.356x Ag
3, T=773 K (8) 

Arffig = - 8.402 +1.004* Ag + 36.032*Ag2 - 24.345xAg
3. (9) 

Table 7 and Fig. 3 illustrate the negative trend of the 

Table 7. Enthalpy of Formation in the System Silver-Aluminium in kj mol-1. Estimated Standard 
Deviation in Parenthesis in J mol"1. M(Ag)=107.868 g mol"1; M(A1)=26.98 g mol"1 

XAg 

0.30 
0.40 
0.45 
0.50 
0.60 
0.70 
0.75 
0.80 
0.85 
0.90 

AfH° 

-2.147a) 

-2.501a ) 

-2.570 
-2.553(10) 
-2.230(11) 
-1.458(8) 
-0.882a) 

-0.165(5)a) 

+0.700a) 

+1.722(7)a) 

T=773 K 

AfHXi 

-0.703 
-1.640 
-2.321 
-2.919 
-5.442 
-8.600 

-10.558 
-12.792 
-15.320 
-18.162 

AfHAg 

-5.516 
-3.794 
-2.321 
-1.937 
-0.089 
+1.602 
+2.344 
+3.193 
+3.527 
+3.932 

AfH° 

-1.857a) 

-2.079a) 

-2.070 
-1.969(9) 
-1.312(7) 
-0.443(10) 
+0.290(5) 
+1.162a) 

+2.198a) 

+3.407a) 

T=825 K 

AfHâ 

-0.773 
-1.803 
-3.461 
-3.487 
-5.986 
-9.450 

-11.613 
-14.050 
-19.773 
-19.953 

AfHAg 

-4.387 
-2.493 
-1.480 
-0.449 
+1.583 
+3.444 
+4.260 
+4.973 
+5.562 
+6.008 

composition of Ag due to higher tension suffered by 
the structure. The above described relations for AsH° 
have also been deduced for AsH° in the system Ag­
in,7) however, the position of the maxima or minima 
differs in both systems. 

In Table 6 are listed the values of the integral and 
partial molar enthalpy of mixing in the system Ag-Sn 
together with those obtained by Hultgren et al.10) 

The accuracy obtained is 0.5%. The present value is 
in acceptable agreement with that obtained by 
Hultgren et al.10) who give an accuracy of about 1% for 
their measurements. 

For the integral enthalpy of mixing its partial 
molar quantities, the following equations are derived: 

AsH° = -32.1371xsn + 105.670*sn2-98.8385*sn3 

+ 6.8999xSn
4 + 18.8596xSn

5, (4) 

+ 8t 1 1 1 1 1 1 1 r 

30 10 20 30 40 50 60 70 8 0 90 

At-% Sn 

Fig. 2. The integral and partial molar enthalpies of 
mixing at 1220 K in the system Ag-Sn. 

a) Extrapolated value. 
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enthalpy of formation. AfH° increases slightly with 
the composition of Ag. This is due to the insertion 
of the silver atom, which is not much larger than the 
aluminium atom, in the structure. This causes a 
small negative deformation work so that the enthalpy 
of formation exhibits a slight composition depen­
dence. 

The enthalpy of formation in the system Ag-Al 
takes a minimum at the composition %Ag—0.45. This 
would be clear from the extrapolated trend of A{HM at 
the compositions 0.4 and 0.3 (Fig. 3). 

Figure 3 shows the negative trend of A{HAI which 
becomes more negative at higher composition of Ag. 

The partial molar enthalpy of formation of silver is 
negative, but increases with increasing composition to 
take positive values at the composition 60 at%Ag. 
This behavior is also understandable: the insertion of 
the somewhat larger silver atom in the structure leads 
to higher tension due to a small deformation work 
being associated with the insertion of the aluminium 
atom in the structure. 

Table 7 and Fig. 4 illustrate the enthalpy of forma­
tion at 773 and 825 K in the system Ag-Al. The 
following polynomial function produces the curve of 
AfH° at 825 K: 

AfHo = -7.562xAg + 0.552:xAg2 + 13.396:xAg3. (10) 

It is clearly observable that the enthalpy of forma­
tion displays a pronounced temperature dependence. 

This has also been recognised by Wittign) in his study 
on the enthalpy of formation in the same system. 
According to Wittig's explanation, such a temperature 
dependence of A{H° may be attributed to lattice defects 
of greater expansion of the aluminium lattice in the 
alloy compared with the expansion in pure alumi­
nium metal. 

The values of the partial molar enthalpies of forma­
tion of aluminium and silver at 825 K are given in 
Table 7. These values are obtained from calculations 
according to the equations being derived with refer­
ence to the definition of the partial molar quantities 
(see Ref. 2) and through Eq. 10: 

AfHâ = - 0.552xAg
2 - 26.792xAg

3, (11) 
AfHAg = - 7.562 + 1.104̂ Ag + 39.639^Ag2-26.792^Ag3. (12) 

These equations would produce curves for A{HAI and 
AfHAg with trends similar to those of the same partial 
molar quantities at 773 K. 

Values of the integral and partial molar enthalpies 
of formation at 700 and 823 K in the range of the £ 
phase of the system Ag-Sn are presented in Table 8. 
The average error of the individual measurements was 
found to be 0.5% for the enthalpy of formation at both 
temperatures. There exists no report on the data of 
the enthalpy of formation for the system Ag-Sn in the 
literature. Hence a comparison with the present data 
cannot be made. 

From curve-fitting calculations, the following 
equations are derived for the enthalpy of formation 

o 

a 

Sg 

°£ 

i 1 1 1 1 1 1 1 1 1 T r — 

1 

r l X *« 1 1 \^ 

- I ] 
L _ ^ l 1 

o 

a 

IB 

At-% Ag 

Fig. 3. The integral and partial molar enthalpies of 
formation at 773 K in the system Ag-Al. 

At-% Ag 
Fig. 4. The enthalpies of formation at 773 and 825 K 

in the system Ag-Al. 
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Table 8. Enthalpy of Formation in the System Silver-Tin in kj mol-1. Estimated Standard 
Deviation in Parenthesis in J mol"1. M(Ag)=107.868 gmol"1; M(Sn)=l 18.69 gmol"1 

XSn 

0.10 
0.15 
0.20 
0.25 
0.30 
0.35 

AfH° 

-0.775a) 

-1.026(8) 
-1.211(8) 
-1.285(6) 
-1.228a) 

-1.022a) 

T=700 K 

Afi^Ag 

-0.013 
-0.323 
-0.679 
-1.224 
-1.992 
-3.041 

ArfÄ 

-6.013 
-5.007 
-3.339 
-1.467 
+0.468 
+3.041 

AfH° 

-0.720a) 

-0.980(9) 
-1.157(4) 
-1.212(6) 
-1.133a) 

-0.900a) 

T=823 K 

AfHAg 

-0.120 
-0.337 
-0.696 
-1.351 
-3.447 
-2.049 

AfHâi 

-6.175 
-4.713 
-3.003 
-5.699 
+1.003 
+3.217 

a) Extrapolated value. 
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At-% Sn 
Fig. 5. The integral and partial molar enthalpies of 

formation at 700 K in the range of the f phase in the 
system Ag-Sn. 

and its partial quantities in the system Ag-Sn: 

AfH° = -8.402^sn + 6.502 ŝn2 + 26.178^sn3, (13) 
AfHXg = -6.502xsn2-52.356xsn3, T = 700 K (14) 

AîHïn = - 8.402 + 13.004xsn + 72.032xSn
2- 52.356xSn

3, (15) 
and 

AfH° = - 8.193%sn + 6.665%sn2 + 26.836%Sn
3, (16) 

Af^g = -6.665xsn2-53.672^sn3, T = 823 K (17) 
AfH§„ = — 8.193 + 13.330 ŝn + 73.843^Sn

2 - 53.672^Sn
3. (18) 

The plot of the integral and partial molar enthal­
pies of formation at 700 K versus the composition is 
shown in Fig. 5. The enthalpy of formation is nega­
tive and decreases with increasing composition of Sn 
to reach a minimum at the composition 25 at%Sn; 
after that the enthalpy of formation increases with the 
increase of the composition of Sn. Such a trend of 
AfH° points out the presence of a compound. Using 
Wagner's theory12) for a heteropolar compound where 
Ag is considered to be the donor and Sn the acceptor, 

At-% Sn 
Fig. 6. The enthalpies of formation at 700 and 823 K 

in the range of the f phase in the system Ag-Sn. 

the composition of a compound with the form Ag3Sn 
should lie %sn=l— 3/(l+3)=0.25. Since the minimum 
of AfH° also lies at the same composition, the exis­
tence of such a compound seemed to be reliable. 
More evidence for the presence of the compound 
Ag3Sn is the previous diffraction study by Pearson.13) 

The partial molar enthalpy of formation of Ag is 
negative and becomes more negative at higher compo­
sition of Sn. The partial molr enthalpy of formation 
of tin is also negative but increases with increasing 
composition of Sn. The negtive trend of AfH° indi­
cates the stability of the structure. However, this 
stability decreases at higher composition of Sn due to 
the increasing insertion of Sn atom in the structure: 
the deformation work increases due to higher tension 
suffered by the structure. 

A comparison of the trend of AfH° at 700 K with 
that at 823 K (see Fig. 6) leads to the following 
conclusions: the enthalpy of formation in the system 
Ag-Sn depends insignificantly on the temperature. 
This is in contrast to that for the enthalpy of forma­
tion in the system Ag-Al where AfH° displays a pro­
nounced temperature dependence due to lattice defect 
in the structure (see Ref. 11 ). Low and high tempera­
ture diffraction studies13) on the system Ag-Sn 
revealed nearly the same values of the interlayer dis­
tance, d, and consequently excluded lattice defects in 
the structure. Hence a pronounced temperature 
dependence of AfH° seemed not to be a general prop-
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erty of all metall ic alloys. Th i s also confirms our 
previous conclusion concerning the relation of AfH° 
in metal l ic systems to temperature (see Ref. 7). 
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The paper presents values of the enthalpy of mixing in the liquid systems Sn-Sb, Pb-Bi, and Tl-Pb. The 
enthalpy of mixing in the system Sn-Sb is positive with a maximum of about 1.4 kj mol - 1 . The enthalpies of 
mixing in the systems Pb-Sb, Pb-Bi, and Tl-Pb are slight negative (—0.07 to —1) k jml - 1 . The enthalpy of 
mixing and the f-function in the above given systems rule for liquid systems of B-metals. 

In our previous study1* on the system t in -an t imony , 
it was observed that the enthalpy of mix ing , AmH° and 
the ^-function which is given by 

AmH° 
f X2(l-*2) ( ) 

where X2 is the mole fraction of the second component , 
exhibi t m i n i m a a round 40 a t%Sb. Fur thermore , it 
was observed that the absolute value of the l imi t ing 
par t ia l molar enthalpy of mix ing of an t imony is 
higher than that of tin in accordance wi th the rules by 
Witt ig a n d Gehring2) where the par t ia l molar 
enthalpy of m i x i n g of the metal wi th h igher valency is 
larger than that of the metal wi th the lower valency. 
T h i s observation was in contrast to that found by 
some earlier groups.3~5 ) T h e present study decides 
whether the enthalpy of mix ing and the ^-function as 
predicted before1) may rule for l iqu id systems of B-
metals or not. 

T h e enthalpy of m i x i n g depends on the rat io of the 
atomic radii and the electronegativity of the compo­
nents. Wi th reference to these factors, the present 
study on the above given systems shows that the 
enthalpy of mix ing depends u p o n the posi t ion of the 
components in the periodic table and suggests rules 
for such a dependence. 

Another po in t of interest is to see h o w the enthalpy 
of m i x i n g correlate wi th the volume of m i x i n g us ing 
the data obtained from our study6) on the same systems 
given above. These systems have been selected due to 
their freedom from miscibility gaps. Fur thermore , 
the study on systems from homologous series in the 
periodic table proved to be useful in unders tanding 
the behavior of thermodynamic propert ies of metall ic 
alloys. 

Experimental 

Sample. The metals used were of extra purity grade (E. 
Merck Co.). The preparation, treatment and testing of the 
samples were all the same as described before.7) The proce­
dure adopted in the present study was similar to that used 
earlier.8) In the measurement process, the samples of differ­
ent masses (1.467—1.679 g) were dropped in a liquid phase 

of the same composition and material as that of the solid 
sample. 

Calorimetric Technique. The calorimetric apparatus 
and measurement technique have been described in detail in 
the previous paper8) along with results for measurement on 
the enthalpy of a standard sample of tin. The hollow space 
of the cylindrical calorimeter of Thermax steel which serves 
as a sample container is coated with a layer of aluminum 
oxide. The role of the AI2O3 layer is to prevent reaction of 
the sample with the metallic calorimeter. The calorimeter 
has wells for the drop device, ceramic stirrer and thermo­
couple. The calorimeter is suspended inside a metallic 
shield system of refined steel. This contains two cylindri­
cal compensating systems of Thermax steel placed below 
and above the calorimeter. The lower compensating sys­
tem has wells of each 3.5 mm diameter for twelve differential 
Pt-to-(Pt+10 mass percent Rh) thermocouples. The whole 
assembly is placed in a vertical tube furnace. A second tube 
furnace is placed above the cooling system which in turn 
was placed at the upper part of a silica glass tube containing 
the whole assembly. The role of the second tube furnace 
was to temper the sample before its final drop in the 
calorimeter. 

The calibration of the thermocouples used is based on a 
standard Pt-PtRh thermocouple. The derived tempera­
tures are judged to correspond with the IPTS-68 to within 
0.01 K at 500 K and 0.1 K at 1000 K. 

The calibration of the calorimeter is conducted by mea­
suring the enthalpy difference of a standard sample of tin.9) 

Results and Discussion 

(i) Enthalpies. Values of the enthalpy differences 
of the metals Pb, Sn, Sb, Bi, and T l are presented in 
Tables 1—5. T h e average error of the individual 

Table 1. Experimentally Determined Enthalpy Difference 
of Lead in kj mol"1. M(Pb)=207 g mol"1 

7YKa) H°(T)-H°(29SA5K) 77K H°(T)-H°(298.15 K) 

298.15 0 700.09 17.289 
400.02 2.798 800.01 20.149 
499.98 5.729 899.98 22.965 
600.45(s) 8.897 1000.03 25.748 
600.45(1) 14.370 1099.98 28.549 

a) The approximate temperature increments can be 
inferred from the adjacent mean temperature. 
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Table 2. Experimentally Determined Enthalpy Difference 
of Tin in kjmol"1 . M(Sn)=l 18.69 g mol"1 

T/K H°(T)-H°(29SA5K) T/K H°(T)-H°(298.15 K) 

298.15 
400.01 
505.06(s) 
505.06(1) 
599.98 
700.02 

0 
2.851 
5.822 

13.021 
15.685 
18.622 

800.01 
900.03 
999.98 

1100.02 
1200.00 

— 

21.466 
24.309 
27.155 
32.739 
32.851 

— 

Table 3. Experimentally Determined Enthalpy Difference 
of Antimony in k j mol"1. M(Sb)=121.75 g mol"1 

T/K H°(T)-H°(298.15K) T/K H 

298.15 0 800.01 
400.05 2.627 900.04 
500.01 5.340 904.43(s) 
600.03 7.921 904.43(1) 
699.98 10.688 1000.01 

3(T) -H°(298.15K) 

13.550 
16.551 
16.673 
36.549 
39.566 

Table 4. Experimentally Determined Enthalpy Difference 
of Bismuth in kj mol"1. M(Bi)=208.98 g mol"1 

T/K H0(T)-H°(298.15K) T/K H0(T)-/f°(298.15 K) 

298.15 
400.06 
499.98 
544.56(s) 

0 
2.708 
5.488 
6.771 

544.56(1) 
601.01 
699.98 
800.03 

17.907 
19.550 
22.475 
25.331 

Table 5. Experimentally Determined Enthalpy Difference 
of Thallium in kjmol"1 . M(T1)=204.37 g mol"1 

T/K H0(T)-H°(298.15K) T/K H°(T)-H°(298.15 K) 

298.15 
400.01 
500.07 

0 
2.789 
5.822 

600.03 
698.87 
800.05 

13.214 
16.297 
19.532 

measurement was found to be about 0.34% while the 
deviation for a single measurement of earlier reported 
data10) is about 1%. 

(ii) Enthalpies of Mixing. Equa t ions which could 

be used for de termining of the enthalpy of m i x i n g 
have been given earlier.7) Tab le 6 presents values of 
the integral and par t ia l mola r en tha lpy of m i x i n g for 
the system S n - P b at 1040 K in the whole range of 
composi t ion. A number wi th in parenthesis is the 
estimated s tandard deviation (e.s.d.). T h e accuracy 
obtained is 0.5%. T h e present value is in good agree­
ment wi th that found previously.1(U1) T h e following 
po lynomia l functions are derived us ing curve-fitting 
calculat ions to produce the curves for AmH°, AmHsn, 
and AmHpb as shown in Fig. 1 (xx the mole fraction of 
Pb): 

o 
S 

2fc 

Xpb 

Fig. 1. Integral and partial molar enthalpy of mix­
ing for the liquid system Sn-Pb at 1040 K. 

Table 6. Integral and Partial Molar Enthalpies of Mixing: Values for the Liquid System Sn-Pb 
at 1040 K in k jmol - 1 ; Estimated Standard Deviations in Parenthesis 

A/" 

XPb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

Present study 

0 
0.550(15) 
0.941(14) 
1.201(15) 
1.344(13) 
1.382(15) 
1.317(17) 
1.152(14) 
0.882(14) 
0.505(13) 
0 a) 

àmH° 

Hutgren et al.10) 

0 
0.544 

— 
1.192 

— 
1.368 

— 
1.146 

— 
0.502 

— 

AmHsn 

0 
0.084 
0.297 
0.603 
0.986 
1.450 
2.006 
2.672 
3.465 
4.172 
5.448 

Am/fpb 

6.400 
4.742 
3.517 
2.595 
1.880 
1.313 
0.858 
0.500 
0.236 
0.073 
0 a) 

f 

6.400(00) 
6.273(20) 
6.145(20) 
6.018(18) 
5.890(19) 
5.763(20) 
5.941(17) 
5.508(20) 
5.380(19) 
5.253(20) 
5.125(320) 

a) Extrapolated value. 
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Table 7. Integral and Partial Molar Enthalpies of Mixing: Values for the Liquid System Pb-Sb 
in kj mol - 1; Estimated Standard Deviations in Parenthesis 

XSb 
AmH° 

Present study Hutgrenetal.10* 
AmHpb AmHsb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

0 
0.000(5) 

-0.015(5) 
-0.037(6) 
-0.058(7) 
-0.070(5) 
-0.069(7) 
-0.054(6) 
-0.030(5) 
-0.009(6) 

0a) 

0 
0 

-0.034 

-0.067 

-0.050 

-0.008 

0 
0.009 
0.025 
0.031 
0.012 
0.039 

-0.119 
-0.199 
-0.231 
-0.130 

0.224 

0.097 
-0.078 
-0.174 
-0.196 
-0.163 
-0.100 
-0.036 

0.008 
0.020 
0.004 
0a) 

+0.097(0) 
-0.110(2) 
-0.122(3) 
-0.176(3) 
-0.246(2) 
-0.280(3) 
-0.279(3) 
-0.258(3) 
-0.205(3) 
-0.103(2) 
+0.011(2) 

a) Extrapolated value. 

AmH° = 6.400 X2-9.647 x2
2 + 6.869 x2*~ 4.880 x2

4 + 

1.275 X25, (2) 

Am/Jgn = 9.647 X22- 13.739 x2
3 + 14.641 x2

4 —5.101 x2
5, (3) 

AmHgb =6.400-19.295 x2 +30.256 x2
2~ 33.261 x2

s + 
21.019 X24-5.101 x2

5. (4) 
T h e integral enthalpy of mix ing in the system Sn-

Pb is positive and increases with the increase of lead 
mole fraction to reach a m a x i m u m at 50 at-% Pb; after 
that, the enthalpy of m i x i n g decreases wi th increasing 
lead mole fraction. 

T h e par t ia l molar enthalpy of m i x i n g of tin is 
positive bu t decreases wi th the increase of lead mole 
fraction. 

T h e par t ia l molar en tha lpy of m i x i n g of lead is also 
positive a n d increases wi th increasing composi t ion of 
Pb. T h i s behavior is understandable: the insert ion of 
the larger lead a tom in the structure is associated wi th 
a positive deformation work which increases wi th 
increasing composi t ion since the structure exhibits 
h igher tension. At h igher composi t ion, the structure 
becomes instable. 

According to the definition of the f-function (Eq. 1), 
we obta in th rough Eq. 2 the following linear poly­
nomia l function for f : 

f(T) = 6.400 -1.275 x2. (5) 

T h e values of £ are listed in Tab le 6. Figure 1 
shows the l inear trend of the ^-function. 

In Tab le 7 are collected the values of the integral 
and par t ia l molar enthalpies of m i x i n g for the l iqu id 
system Pb-Sb together wi th those for the ^-function at 
907 K as determined in the present study. T h e pres­
ent value ford AmH° is in excellent agreement wi th 
that obtained by Hu l tg ren et al.10) (see Table 7). 
From curve fitting calculations, the following poly­
nomia l function for AmH° is derived (xx the mole 
fraction of Sb): 

AmH° =0.097 X2-1.059 x2
2 + 0.764 x2

3 +1.439 x2* 
-1.253 x2

5. (6) 

o 
S 

i — > 

is. 

6 

6 

6 

lOOl 

Fig. 2. Integral and partial molar enthalpy of mix­
ing for the liquid system Pb-Sb at 907 K. 

Figure 2 shows the curves AmH°, AmHpb, and AmHsb 
against the mole fraction of an t imony , xSb. T h e inte­
gral en tha lpy of mix ing is slightly negative and takes 
a m i n i m u m at %sb=0.55. Also the part ial molar 
enthalpies of mix ing of Pb and Sb go th rough this 
m i n i m u m . T h e present study on the system Pb -Sb 
also provides the conclusions: bo th enthalpy and 
volume of mix ing are sl ight negative, correlation 
between the behavior of the entha lpy of mix ing and 
that of the volume of mix ing . 

With reference to the definit ion of the part ial molar 
quant i t ies (see Ref.7), we obta in th rough Eq. 6 the 
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fol lowing po lynomia l function for AmHpb and AmHsb 
(#2: the mole fraction of Sb): 

AmHgb=1.059x22- 1.529 x 2
3 - 4.318 %2

4 +5.012 x2
5, (7) 

AmH§b = 0.097-2.119 X2 + 3.353 x2
2-4.229 x2*~ 

10.583 X2A + 5.012 X25. (8) 

Figure 2 shows the curves of the part ial molar 
enthalpies of mix ing of lead and an t imony against the 
mole fraction of an t imony, #sb. 

T h e par t ia l molar en tha lpy of mix ing of lead, 
AmHpb goes th rough negative region lying between 
#2=0.05 and #2=0.675 wi th a m i n i m u m at the compo­
sition 30 at % Sb. Around the composi t ion 70 at % Sb, 
AmHpb becomes slightly positive wi th a m a x i m u m at 
80 a t%Sb. T h i s also indicates the m a x i m u m of 
AmHsb which takes positive values in the region lying 
between #2=0 and #2—0.4. 

T h e par t ia l molar enthalpy of m i x i n g of Sb is 
negative in the region lying between #2=0.4 and 
#2=0.95. T h i s indicates the stability of the structure 
which decreases wi th increasing composi t ion of Sb. 
Above the composi t ion 95 a t%Sb, AmHsb increases 
rapidly since the structure starts to collapse. 

Tab le 7 illustrates values for the ^-function in the 
system Pb-Sb . T h e results have been least squares 
fitted by a po lynomia l expression. T h e trend of f 
deviates from linearity if AmH° far from the parabol ic 
form as a function of #2. T h e ^-function is negative 
wi th a m i n i m u m at #2=0.5. Th i s indicates the stabil­
ity of the structure in the entire range of composi t ion. 
However, the stability decreases wi th the increase of 
Sb mole fraction. 

In Tab le 8 are collected the values of the integral 
and par t ia l molar enthalpies of m i x i n g for the l iqu id 
system Pb-B i together wi th those for the ^-function at 
700 K as determined in the present study. These are 
in acceptable agreement wi th those obtained by 
Hul tg ren et al.10) (see Tab le 8). Based u p o n curve-
fitting calculations, the following po lynomia l func­
tion for AmH°is derived (#2: the mole fraction of Bi): 

àmH° = -4.483 X2 + 5.557 x2
2~ 1.074 x2

s. (9) 

Table 8. Integral and Partial Molar Enthalpies of Mixing: Values at 700 K for the Liquid System Pb-Bi 
in kj mol - 1; Estimated Standard Deviations in Parenthesis 

#Bi 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

^ r 

Present study 

0 
-0.394(4) 
-0.682(7) 
-0.874(7) 
-0.973(9) 
-0.987(8) 
-0.921(9) 
-0.784(7) 
-0.580(6) 
-0.319(5) 

0 

nFl 

Hutgrenetal.10) 

0 
-0.335 

— 
-0.879 

— 
-0.108 

— 
-0.900 

— 
-0.335 

— 

Am/fpb 

0 
-0.053 
-0.205 
-0.442 
-0.752 
-1.121 
-1.537 
-1.986 
-2.457 
-2.935 
-3.409 

AmH§i 

-4.483 
-3.457 
-2.594 
-1.881 
-1.305 
-0.852 
-0.511 
-0.268 
-0.111 
-0.025 

0 

f 

-4.483(0) 
-4.376(3) 
-4.268(5) 
-4.161(4) 
-4.053(7) 
-3.946(7) 
-3.839(4) 
-3.731(6) 
-3.624(3) 
-3.516(5) 
-3.409(0) 

Figure 3 shows the curve of the enthalpy of m i x i n g 
against the temperature. T h e enthalpy of mix ing is 
negative in the whole range of composi t ion and takes 
a m i n i m u m at #2=0.5. 

Us ing Eq. 9 and the definition of the part ial molar 
quant i t ies (Ref. 7), the fol lowing polynomial func­
tions for AmHpb and AmHßi are derived: 

AmH?b = -5.557 x22 + 2.148 x2
z, (10) 

AmH§i = -4.483 + 11.114x2-8.779 x2
2 + 3.138 x2*. (11) 

Figure 3 shows the plot of AmHpb and AmHßi versus 
the mole fraction of Bi, #2. 

T h e par t ia l molar enthalpy of mix ing of lead is 
negative and becomes more negative at higher compo­
sition of Bi. 

o 
S 

S? 

6 

6 

6 

0.7 0.9 Bi 

Fig. 3. Integral and partial molar enthalpy of mix­
ing for the liquid system Pb-Bi at 700 K. 
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Table 9. Integral and Partial Molar Enthalpies of Mixing: Values at 775 K for the Liquid System Tl-Pb 
in kjmol-1; Estimated Standard Deviations in Parenthesis 

V 

XPb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

Present study 

0 
-0.330(7) 
-0.615(6) 
-0.842(6) 
-0.996(5) 
-1.061(7) 
-1.027(5) 
-0.891(5) 
-0.661(5) 
-0.362(6) 

0 a) 

àmH° 

Hutgrenetal.10) 

0 
-0.326 

— 
-0.837 

— 
-1.054 

— 
-0.883 

— 
-0.368 

— 

AmJ^Tl 

0 
-0.021 
-0.098 
-0.263 
-0.549 
-0.976 
-1.539 
-2.189 
-2.820 
-3.259 
-3.243 

AmHpb 

-3.498 
-3.112 
-2.683 
-2.194 
-1.666 
-1.146 
-0.686 
-0.335 
-0.122 
-0.040 

0 a) 

f 

-3.498(0) 
-3.468(7) 
-3.437(7) 
-3.407(7) 
-3.377(9) 
-3.347(3) 
-3.316(5) 
-3.286(5) 
-3.256(7) 
-3.226(6) 
-3.195(47) 

a) Extrapolated value. 

The partial molar enthalpy of mixing of bismuth is 
also negaitve but increases with the increase of bis­
muth mole fraction. This behavior is understand­
able: the insertion of the larger bismuth atom in the 
structure causes a positive deformation work. At 
higher composition, the structure exhibits higher ten­
sion so that the structure becomes instable. 

Values of the ^-function for the liquid system Pb-Bi 
are given in Table 8. The following linear polynomi­
al function is derived with the aid of Eq. 9 to produce 
the linear relation of f to the mole fraction of Bi as 
shown in Fig. 3; 

f(T) = -4.493 + 1.181 x2. (12) 

It is apparent that f (700 K) exhibits a negative 
increasing trend that indicates the stability of the 
structure which becomes less stable at higher composi­
tion of Bi. 

Table 9 presents values of the integral and partial 
molar enthalpies of mixing and the ^-function at 775 
K for the liquid system Tl-Pb. A number within 
parenthesis is the estimated standard deviation (e.s.d.). 
The accuracy obtained in the present study for 
enthalpy of mixing measurement is 0.5%. The pres­
ent value is in excellent agreement with that obtained 
by Hultgren et al.10) (see Table 9). From curve-fitting 
calculations, the following polynomial function for 
AmH° is derived (#2: the mole fraction of Pb): 

AmH° = -3.498x2 + 1.914 x2
2 + 0.292 x2

3 + 
4.283 X24 -3.026 x2

5. (13) 

Figure 4 shows the curve of AmH° against the mole 
fraction of lead, x%. 

The integral enthalpy of mixing for the liquid 
system Tl-Pb is negative in the whole range of com­
position with a maximum lying at 50 at%Pb. 

With reference to the definition of the partial molar 
quantities, we obtain with the aid of Eq. 13 the 
following polynomial functions for AmHii and 
AmHpt>: 

< 

< 

a: 
6 

Fig. 4. Integral and partial molar enthalpy of mix­
ing in the liquid system Tl-Pb at 775 K. 

AmH?, = -1.914 X22-0.583 X23- 12.850 x2
A +12.105 x2

5, 
(14) 

àmH?h = -3.498 + 3.828 x2-1.039 x2
2 + 16.550 x2

s~ 
27.981 x2* + 12.105 x2

5. (15) 

The partial molar enthalpy of mixing of thallium is 
negative and becomes more negative at higher compo­
sition. The behavior of the enthalpy of mixing in 
the system Tl-Pb is similar to that of AmH° in the 
related system Pb-Bi. The explanation for the 
behavior of AmHpb in the system Tl-Bi is the same as 
that for AmHßi in the system Pb-Bi: the insertion of the 
larger Pb atom in the structure leads to a positive 
deformation work. Due to higher tensions, the struc­
ture becomes instable at higher composition. 

Table 9 also illustrates values for the ^-function in 
the liquid system Tl-Pb. These were obtained from 
calculations according to the following linear poly­
nomial function: 
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f(T) = -3.498 + 0.303 x2. (16) 

T h e ^-function is negative in the whole range of 
composi t ion bu t increases at h igher composi t ion of 
Pb. T h i s indicates the structure stability which 
decreases at h igher composi t ion of Pb. Such a behav­
ior has also been observed for the ^-function in the 
l iqu id system Pb-Bi . 
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Phenylmercury Dithio Complexes as Ligands: Preparation and Spectroscopic 
Characterization of Heterobimetallic Complexes Obtained 

from Bisdithio Complexes of Ni(II), Pd(II), 
and Pt(II) as Lewis Acids 

N a n h a i S INGH,* N a n d Kishore SINGH, and Chetna KAW 
Chemistry Department, Banaras Hindu University, Varanasi 221005, India 

(Received August 28, 1989) 

Reaction of PhHgX [X—ethylxanthate (xant) or N,N'-diethyldithiocarbamate (dtc)] with MX2 [M=Ni(II), 
Pd(II) or Pt(II)] occurs, to afford a new class of golden green to yellowish brown organo heterobimetallic 
complexes, PhHgXMX2 with MS4 coordination geometry. The precursor PhHgX, have also been character­
ized. All the complexes are quite stable in solid and solution and are non-conducting species. In PhHgX, IR 
and NMR spectral studies suggest that dithio ligands are bound to phenylmercury in a linear fashion with 
additional Hg—S linkage in monodentate manner. Diamagnetism and electronic spectra indicate square 
planar geometry around M(II) in all the heterobimetallic complexes. IR and NMR spectral studies suggest the 
presence of monodentate and symmetrical bidentate dithio groups in heterobimetallic complexes. 

T h e chemistry associated with ne ighbor ing elec­
tronically different metals in bi- and polynuclear clus­
ters is a topic of current interest.1] T h e interest in 
heterobinuclear t ransi t ion metal complexes has risen 
sharply in recent years2-4) for several reasons such as, 
models for the active sites of many enzyme systems,5) 

evaluat ing the factors that contr ibute to magnet ic 
exchange6) and formation of heterobinuclear com­
plexes as precursor complex with b r idg ing l igands in 
electron transfer reactions.7>8) Heterobimetal l ic com­
plexes are of interest as models of various catalytic 
processes9* such as the Fischer T ropsch synthesis.10) 
Organomercury cations are known to react extensively 
wi th l iving organism. Interest in the interact ion of 
mercurials wi th sulfur conta in ing l igands is h igh 
because of the topical problems of mercury poison­
ing.11) One of the most impor tan t appl icat ions of 
o rgano mercury compounds in organic synthesis is 
related to their potent ia l for generat ing radical 
intermediates.12) 

Recently13) several p lanar bis di thiocomplexes of 
Ni, Pd, and Pt have attracted much interest because of 
their h igh conductivities. Of par t icular interest is 
[Ni(dmit)2]2~ which becomes a superconductor at low 
temperatures and under h igh pressure. 

Binary and ternary complexes of xanthate , di thio­
carbamate and d i th iophospha te have been extensively 
studied.14) It is now well established14-18) that when 
reaction occurs between MX2 [M=Ni(II ) , Pd(II), 
Pt(II)] and most n i t rogen or phosphorus donor 
l igands either 5/6 coordinate or 4 coordinate com­
plexes wi th structural rearrangement of the b o n d i n g 
sites of l igands are formed. Spectroscopic and X-ray 
crystal lographic studies of MeHgdtc is reported.19) 
Format ion of P h H g x a n t , wi th lack of physico-
chemical studies, is also reported,20) bu t to our dismay 
other phenylmercury di thio complexes such as 
P h H g d t c or P h H g d t p are not k n o w n so far. 

By Coucouvanis and Cafferry,21) and in the recent 

years from our laboratory a few papers22'23) have been 
publ ished on heterobimetall ic complexes of z'-MNT, 
xanthate , and di thiocarbamate. In view of these wide 
range of appl ica t ions and as a par t of our on go ing 
research we wish to report our investigations on prep­
arat ion and spectroscopic characterization of o rgano 
heterobimetall ic complexes by treating phenylmer­
cury d i th io complexes as Lewis bases and bis(dithio) 
complexes of Ni(II) , Pd(II), or Pt(II) as Lewis acids. 

Exper imenta l 

Materials and Methods: Potassium tetrachloroplatinate-
(II) and potassium tetrachloropalladate(II) (Johnson-
Matthey), phenylmercury acetate (Aldrich), and ammonium 
diethyldithiophosphate (EGA-CHEMIE) were used as such. 
Potassium ethylxanthate, sodium diethyldithiocarbamate 
trihydrate and the simple MX2 [M=Ni(II), Pd(II), Pt(II); 
X=dtp, dtc or xant] were prepared according to literature 
procedures.14'16'24) All other chemicals were BDH (AR) or 
equivalent grade. The solvents were freshly distilled and 
dried, if necessary, before use. 

Preparation of the Complexes, (i) PhHgX [X=dtp, dtc 
or xant]: The precursor phenylmercury dithio complexes 
were synthesized by the reaction of (3.36 g, 10 mmol) 100 cm3 

ethanolic solution of phenylmercury acetate and (1.6 g, 10 
mmol) 50 cm3 aqueous methanolic solution (80:20, v/v) of 
potassium ethylxanthate; (2.25 g, 10 mmol) of diethyldithio­
carbamate or (2.03 g, 10 mmol) of ammonium diethyldithio­
phosphate. The complexes which precipitated imme­
diately as fine crystalline solids were filtered, washed with 
ethanol, followed by diethyl ether and dried in vacuo. 

Heterobimetallic Complexes, (ii) PhHgXMX2 [M=Ni(II), 
Pd(II), or Pt(II); X=dtc, xant]: Heterobimetallic com­
plexes PhHgxantNi(xant)2 and PhHgdtcNi(xant)2 were pre­
pared by reacting methanol/acetone solution or suspension 
of (0.40 g, 1 mmol) 10 cm3 phenylmercury xanthate (0.42 g, 
1 mmol) 15 cm3 phenylmercury dithiocarbamate and 10 cm3 

(0.30 g, 1 mmol) acetone solution of nickel ethylxanthate. 
The reaction mixture was digested on a water bath at ca. 
60 °C. A clear solution is formed which on cooling yielded 
golden green crystals of the compounds. 
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Table 1. Color, Melting Point, and Selected Infrared Bands (cm-1) of the Complexes 

Complex 

PhHgdtc 

PhHgxant 

PhHgxantNi(xant)2 

PhHgdtcNi(xant)2 

PhHgxantPd(xant)2 

PhHgxantPd(dtc)2 

PhHgdtcPd(xant)2 

PhHgxantPt(xant)2 

PhHgdtcPt(xant)2 

PhHgxantPt(dtc)2 

PhHgdtp 

Color 

White 

Light 
lemon 
Golden 
green 
Golden 
green 
Orange 

Yellow 
Yellow 

Dark 
brown 
Dark 
brown 
Yellow 

White 

Mp/d°C 

109 

126 

102—104 

104—106 

110(d) 

110 
75 

>300b) 

>300b) 

160(d) 

74—75 

*>(C-0) 

— 

1220(s) 

1260(vs) 

1250(s) 

1265(m) 

1265 
1270(s) 

1270(w) 

1270(w) 

1260 

*>(P02) 
730 

a) Split band, b) Sharp melting point is not observed due to i 

p(OS) 

980(s) 
1010(m) 
1000a)(m) 

1000a)(s) 
1035(s, b) 
1000a)(s) 
1030(s,b) 
1000a) 

1030(s,b) 
1000a) 

1000a)(s) 
1035(s) 
1000a)(s) 
1030(s,b) 
1000a)(s) 
1025(s,b) 
1000a)(s) 

KP=S) 
660 

*(Hg-C) 

455(m) 

455(m) 

450(m) 

460(m) 

455(m) 

450(m) 
455(m) 

450(m) 

450(m) 

450(m) 

KP-S) 
550 

the dark brown color. 

v(M-S)/v(Ug-S) 

— 245(m) 

— 250(w) 

290(m), 250(w) 

290(m), 240(w) 

270(w), 255(w) 

275(m), 255(w) 
275(w), 250(m) 

270(w), 250(w) 

270(m), 250(w) 

270(w), 250(w) 

*>(P-0-C) *>(Hg-S) 
375 250(w) 

Table 2a. 1U NMR Chemical Shift Data 
for the Complexes (ô/ppm) 

Complex 

PhHgdtc 
PhHgxant 
PhHgxantNi(xant)2 

PhHgdtcNi(xant)2 

PhHgxantPd(xant)2 

PhHgxantPd(dtc)2 

PhHgxantPt(xant)2 

PhHgdtcPt(xant)2 

PhHgxantPt(dtc)2 

xant 

-CH 3 

— 
1.40(t) 
1.47(t) 
1.48(t) 
1.47(t) 
1.35(s) 
1.43(q) 
1.40(6) 
1.40(6) 

-OCH2 

— 
4.48(t) 
4.57(q) 
4.58(q) 
4.62(q) 
4.56(q) 
4.54(5) 
4.54(6) 
4.57(q) 

dtc 

-CH 3 

1.33(t) 
— 
— 

1.26(t) 
— 

1.35(5) 
— 

1.40(6) 
1.40(6) 

-NCH2 

3.81(q) 
— 
— 

3.61(q) 
— 

3.71(q) 
— 

3.56(q) 
3.58(q) 

Table 2b. 13C NMR Chemical Shift Data 
for the Complexes (ô/ppm) 

Complex 

PhHgdtc 
PhHgxant 
PhHgxantNi(xant)2 

PhHgdtcNi(xant)2 

PhHgxantPd(xant)2 

PhHgxantPd(dtc)2 

PhHgxantPt(xant)2 

PhHgdtcPt(xant)2 

PhHgxantPt(dtc)2 

xant 

-CH 3 

— 
13.80 
14.85 
13.77 
13.81 

13.90 
13.83 
13.83 

13.83 

-OCH2 

— 
72.21 
68.96 
68.91 
68.20 
71.62 
71.70 
70.25 
67.5 
68.0(d) 
71.64 

dtc 

-CH 3 

12.27 
— 
— 

12.48 
— 

12.46 
— 

12.53 

12.34 

-NCH2 

50.18 
— 
— 

43.94(d) 
— 

44.13 
— 

44.39 
49.13(d) 
44.06 

d=doublet. 

PhHgXMX2 [M=Pd(II) or Pt(II)] were prepared exactly in 
the same way in chloroform or 1,2-dichloroethane. The 
reaction mixture was stirred for ca. 4 hours at room temper­
ature. The light yellowish to yellowish brown crystals of 

the complexes were formed on keeping the solution for a few 
days. 

Alternatively PhHgxantM(xant)2 [M=Ni(II) or Pt(II)] 
were prepared by the reaction of [M(xant)3 ]" prepared in 
situ25'26) in acetone or CH2C12/CHC13 and phenylmercury 
acetate in acetone. 

The complexes as prepared above were filtered, washed 
with solvent mixture followed by diethyl ether and dried in 
vacuo. 

Analysis and Physical Measurements: The nickel com­
plexes were analyzed for their metal and sulfur contents 
following the standard procedures. Carbon, hydrogen, and 
nitrogen were estimated on a Perkin-Elmer 240 C model 
microanalyzer. The molecular weight of the complexes 
was determined cryoscopically in benzene. Magnetic sus­
ceptibility measurements were made at room temperature on 
a Cahn-Faraday electrobalance using Hg[Co(NCS)4] as cali­
brant. Molar conductivity measurements of the complexes 
were done in nitrobenzene on a WTW conductivity meter. 
The infrared spectra were recorded in the region 4000—200 
cm - 1 on Perkin-Elmer 783 in Nujol using KBr discs. 
Selected IR bands together with color and mp of the com­
plexes are given in Table 1. Electronic spectra were 
recorded on a Cary-14 spectrophotometer as Nujol-mulls 
following the procedure of Lee. NMR spectra were 
obtained in CDC13 on a JEOL FX-90 Q multinuclear spec­
trophotometer using TMS as internal reference for *H and 
13C, and H3P04 as external reference for 31P. The chemical 
shifts are given in Tables 2a and 2b. Mass spectra of some 
representative complexes were measured on a JEOL JMS-D 
300 mass spectrometer from CDRI, Lucknow. 

Results and Discussion 

T h e precursor, phenylmercury di th io complexes, 
P h H g X melt in 74—126°C temperature range and are 
nonconduc t ing in nitrobenzene. The i r molecular 
weights indicate monomer ic nature . 
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RO-cfl 

( a ) 

R 2 N - C ^ 

( b ) 

R 2 N = C - s c 

C 2 H 5 

RO / X*S 

( c ) 

There is much evidence that canonical forms of the 
type (a), (b), and (c) play an important role in the 
description of the structures of xanthate, dithiophos-
phate, and dithiocarbamate complexes. For dithio-
carbamate, resonance form (b) also contributes consid­
erably. Xanthate, dithiocarbamate or dithiophos-
phate group can act as a mono, bidentate or bridging 
ligands and this different behavior can be inferred 
from IR spectra. However, the assignment of struc­
tures of metal xanthates, dithiocarbamates, and 
dithiophosphates from IR spectra has not always been 
reliable. 

The spectra of these complexes are being dominated 
by bands characteristics of mono-substituted benzene 
ring which are known to be relatively insensitive to 
the nature of the substituents. The occurrence of 
bands in 1420—1580 cm - 1 in the infrared spectra of 
PhHgdtc, is associated primarily, with the thioureide 
vibration14a) and is attributed to the Ï^(C-N) vibration 
of the S2C-NC2H5 bond. A number of phenyl ring 

PhHgdtp 

PhHgxant 

J 
10 9 8 7 6 5 4 3 2 

PPM (6) 
Fig. la. 1U NMR spectra. 

PhHgdtcPt(xant) 

PhHqxantPd(.dtc) 

PhHgd tcNi (xan t ) 2 

10 9 8 7 6 5 4 3 2 1 0 
PPM(<5) 

Fig. Ib. XH NMR spectra. 

vibrations also occur in this region, so the bands 
observed in this region cannot be unequivocally 
assigned either for i/(C-N) or phenyl ring vibrations. 

The second important region between 950—1050 
cm - 1 is associated with the O S stretching vibrations 
and has been used effectively in differentiating 
between bidentate (symmetrical) and monodentate 
(unsymmetrical) dithiocarbamate ligands. In the 
former case only one i/(C-S) vibration occurs28* in the 
region 950—1050 cm -1, however, if two stretching 
vibrations are observed in this region with a separa­
tion of ca. 20 cm -129) monodentate or unsymmetrical 
bidentate coordination of the ligand may be deduced. 
Phenylmercury dithiocarbamate exhibits two stretch­
ing modes at 980 and 1000 cm -1 . These bands may be 
assigned to i/(C-S) vibrations showing monodentate 
behavior of dithiocarbamate similar to MeHgdtc.19) 

^ N M R spectra (Fig. 1) of PhHgdtc exhibit a 
triplet at 6=1.33 and a quartet at 6=3.81 due to -CH3 

and -NCH2 protons. The position of -NCH2 proton 
is near that reported for monodentate dithiocarbam­
ate 16,20) xhe 13CNMR spectra (Fig. 2) shows two 
signals at 6=12.27 and 50.18 due to methyl and meth­
ylene carbon atoms. The chemical shift for -NCH2-
carbon atom is higher as compared to bidentate (6=44) 
dithiocarbamate. 

The complexes where xanthate group is bidentate 
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PhHgdtp 

' I ^ Y * , ' W N W ^ U VwA 

Ex=lQ 

.H^N^^vs~y^'A^'A<Ws<~J'\- 'v^V«vWv^v<^<.rW' W U , s 

PhHgdtc 

ML 

P h H g d t c N i ( x a n t ) 2 

/^vJ/VVnuNV^.'-/JfvWW**."*. u. 

.\*vlJ/J> >V^V^V^Vr^VtS.\v»K«A\^A^ ^ A ' V ^ ' - v s ^ v ' ^ S w ^ ^ ^ A V ^ W ^ V ' S 

200 18Q 160 140 120 f 100 80 60 40 20 0 

PPM (.6) 

Fig. 2. 13C NMR spectra. 

are very c o m m o n bu t comparatively very few are 
k n o w n showing monodenta te behavior of the 
ligand.31 '32) T h e bands observed in the infrared spec­
tra of P h H g x a n t at 1220 cm" 1 and a doublet at 1000 
c m - 1 may be assigned to i/(C-0) and i/(C-S) modes 
respectively, which may be indicative24a) of monodent ­
ate or asymmetr ic b identa te behavior of xan tha te 
g roup . 

1 H N M R spectra (Fig. la) of P h H g x a n t shows a 
triplet at 6 1.40 and a quar te t at 6 4.48 due to -CH3 and 
-OCH2 protons. T h i s shows a marked upfield shift 
as compared to bidentate xanthate in Ni(xant)2 
[ÔCH8 = 1 .62 (t) and 6 0 C H 2 = 4 . 8 1 (q)] and is well in the 

range of monodenta te xanthate g roup reported for 
CpNiPPh 3xant . 3 2 ) T h e 13C N M R spectra of this com­
plex shows two signals at 6=14.19 and 72.21 for -CH3 
and -OCH2 carbons respectively. T h e downfield 
shift in these carbon a toms as compared to Ni(xant)2 
further suppor ts the above nature of xantha te group . 

Di th iophospha te g roup may act in a monodenta te , 
bidentate, b r idg ing or br idg ing as well as bidentate or 
mixed bidentate and monodenta te fashion33* wi th 

metal ions. In general bidentate or br idging di thio­
phospha te groups are c o m m o n bu t relatively mono­
dentate is rare. O n the basis of infrared spectral 
studies, it is very difficult to dis t inguish between 
bidentate and monodenta te behavior33* of d i th iophos­
phate , however, the occurrence of bands in the 
infrared spectra of P h H g d t p at 730, 660, 550, and 375 
c m - 1 may be assigned to i/(P02), v(P=S)f y(P-S), and 
p(P-0-C) s tretching modes, indica t ing monodenta te 
or asymmetrical bidentate behavior of d i th iophos-
phate.3 3 ) 

* H N M R spectra (Fig. la) of P h H g d t p exhibits a 
triplet at 6=1.42 and a mul t ip le t between 6=4.19— 
4.55 compr is ing 8 peaks due to -CH3 and -OCH2 
protons respectively. T h e pro tons attached to the 
carbon a toms of P - O - C g roup show addit ional cou­
p l i ng wi th 31P nuclei. T h e chemical shift observed 
for -OCH2 pro ton of P h H g d t p is slightly higher as 
compared to bidentate dithiophosphate1 4 a '1 6 ) bu t 
occurrence of doublet in the 13C N M R spectrum at 
6=15.97 and 64.30 due to - C H 3 and - O C H 2 carbon 
atoms are well in the range of bidentate d i th iophos­
phate . In the 1 3 C N M R spectra the 1 3 C- 3 1 P N M R 
coupl ing has been observed u p t o three bond lengths. 
T h e two lines observed for -CH3 and -OCH2 carbons 
are due to the coup l ing of 13C to 31P 33) with a coup l ing 
constant of 8 and 9 Hz and may be correlated wi th 
2 / ( 1 3 C- 31P) and 3 / ( 1 3 C- 31P). T h e 31P spectrum of this 
complex displays five peaks at 6=98.2 with a coup l ing 
constant of 11 Hz corresponding to 3 / ( P - H ) , which 
shows that d tp is covalently b o u n d to Hg(II).14 '33 '34) 

All the complexes exhibit signals characteristic for 
phenyl pro tons and carbons in the expected 6=7.3— 
7.4 and 129—137 region respectively.33>35) O n the 
basis of these studies and close similarity of P h H g d t c 
wi th MeHgdtc1 9 ) and also to those of P h H g x a n t and 
P h H g d t p it may be suggested that these compounds 
are isostructural where phenylmercury is bonded to 
one sulfur a tom of the di th io l igands covalently in a 
linear manne r while second sulfur a tom has some 
addi t ional Hg... .S contact (Fig. 3) because of the pro­
pensity of mercury toward sulfur donors and also the 
availability of lone pairs on the coordinated sulfur. 

T h e scope of these interactions in the synthesis of 
heteronuclear complexes have been explored and 
accordingly they have been treated as Lewis bases. 
T h e Ni(II) (borderline) and Pd(II) or Pt(II) (soft 
metal)xanthates , d i th iocarbamates and d i th iophos­
pha te can either raise their coordinat ion number 
beyond four or may undergo fascile l igand substitu­
t ion / rea r rangement reactions and accordingly they 
have been treated as Lewis acids. 

H5C2 
X N - C ; 

HRC„ - 0. 5 c 2-° \y \ 
H5C^ S - H g - P h xS-Hg-Ph H&C 2 -0 S-rfg-Ph 

Fig. 3. 
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Heterobimetallic Complexes. The heterobimetal-
lic complexes PhHgXMX2 are soluble in acetone, 
methanol, chloroform, benzene, and nitrobenzene. 
They are non-conducting and melt or decompose in 
75—160 °C temperature range. The diamagnetic 
nature and electronic spectral bands of these com­
plexes are well in the range of square planar geometry 
around Ni(II), Pd(II), or Pt(II) reported for their bis 
dithio complexes. Very small change observed in the 
position of bands as compared to MX2 suggests that 
MS4 coordination around M(II) is retained on hetero­
bimetallic complex formation with some rearrange­
ments in the bonding modes of the dithio ligands 
covering two metal centers. 

Heterobimetallic complexes PhHgxantM(xant)2 
invariably show strong IR absorption bands in 1250— 
1270 cm-1, 1020—1040 cm"1 and a split band ca. 1000 
cm - 1 due to p(C-0) and i/(C-S) stretching modes, 
indicating presence of bidentate and monodentate 
behavior of xanthate group. In all the complexes, 
the bands occurring below 500 cm - 1 have been 
assigned to v(Hg-C), v(P-0-C), and i/(M-S) stretch­
ing vibrations. 

The XH NMR spectra of these complexes (Table 2a) 
show the characteristic resonances due to presence of 
-CH3 and -OCH2 protons. The appearance of a sharp 
quartet (Fig. lb) at 6=4.58 and a triplet at <5=L47 due 
to -OCH2 and -CH3 protons are in between mono­
dentate and bidentate xanthate groups showing inter­
mediate behavior. On bimetallic complex formation 
two types of xanthate groups viz. bridging and sym­
metrical bidentate are expected but probably due to 
rapid rotation of xanthate moiety and additional lin­
kage of one of the free sulfur end of xanthate group to 
Hg(II), they are not detectable. 

In case of PhHgxantM(dtc)2 [M=Pd(II), Pt(II)] the 
IR absorption bands (Table 1) are characteristic of 
monodentate as well as bidentate behavior of the 
ligands. The position of -OCH2 proton 6=4.56 
shows an upfield shift (Table 2a) as compared to 
PhHgxant, indicating monodentate character of xan­
thate moiety while no appreciable change is observed 
for methyl proton except increased number of peaks 
due to mixing of -CH3 protons of dithiocarbamate. 
The position of -NCH2 proton shows a downfield 
shift as compared to PhHgdtc, indicating interme­
diate behavior of dithiocarbamate due to presence 
of both bidentate as well as monodentate dithio­
carbamate. 

The IR spectra of PhHgdtcM(xant)2 exhibit a split 
band at 1000 cm - 1 due to i/(C-S) stretching mode. 
This band may be related to the mixed monodentate 
and bidentate nature of xant and dtc which is not 
clearly distinguishable. 

The XH NMR spectra of these complexes give rise to 
signals in 6=1.26—1.48 region where the -CH3 pro­
tons of xanthate or dtc are mixed (Fig. lb), giving 
increased number of peaks. A marked upfield shift is 

observed for -NCH2 protons of dtc as compared to 
PhHgdtc on bimetallic complex formation with MX2 
and occurs very near to that known for bidentate 
dithiocarbamates. This may be caused as a result of 
monodentate nature of dtc. On the other hand the 
signals due to -OCH2 protons of xanthates are inter­
mediate, those reported for M(xant)2 and PhHgxant 
showing monodentate as well as bidentate behavior of 
xanthate group. 

In case of *H NMR spectra of PhHgXPtX2 generally 
each resonance is accompained by weaker doublet 
signals arising from coupling of 195Pt (1=1/2, natural 
abundance 34%) and methyl protons of the ligands due 
to 5 /(Pt-H) giving coupling constant ca. 25 Hz. 

In general 13C NMR spectra of the complexes (Table 
2b) show the resonances characteristic of -CH3, 
-OCH2, or -NCH2 carbons of the dithio ligands with 
no appreciable change in heterobimetallic complex 
formation; but their position is well in the range 
reported for covalently bonded xanthate, dithiocar­
bamate or dithiophosphate group. However, in case 
of PhHgdtcMX2 and PhHgXM(dtc)2, there is a 
marked change in the position of -NCH2 carbon of 
dithiocarbamate (Table 2b). The -NCH2 carbon 
observed (Fig. 2) at 6=50.18 in PhHgdtc is invariably 
observed ca. 6=44 in heterobimetallic complexes. 
This upfield shift observed in 13C NMR spectra may be 
related to a change in the coordination mode of 
dithiocarbamate on bimetallic complex formation. 

The plausible mechanism for the formation of hetero­
bimetallic complexes PhHgXMX2 is suggested by the 
following scheme: 

P h - H g - S S + I ; > r • P h - H g - S S - M 

P h - H g - S S . .S P h - H g - S S S x 

^ X s s / V 

M = Ni(II), Pd(II), or Pt(II); S~S = xant, dtc 

The five coordinate intermediate is expected to arise 
from PhHgX coordination to metal centers in MX2. 
This intermediate could revert to a four coordinate 
complex around M(II) by displacement of one of the 
sulfur atoms of dithio group. The four coordinate 
complex would then contain one chelating and one 
dangling dithio moiety. The well-known affinity of 
mercury for sulfur donor and the availability of lone 
pair on the sulfur atom of dangling dithio group 
provides additional Hg....S linkage, yielding stable 
heterobimetallic complexes. 

Mass Spectra: The fragmentation pattern of 
PhHgdtc, PhHgdtcNi(xant)2, and PhHgxantNi(xant)2 

exhibit some obvious similarities. Except PhHgdtc, 
neither of the compounds gives the molecular ion 
peak. The fragmentation patterns differ in the rela-
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tive intensities. In PhHgdtcNi(xant)2 the highest 
observed molecular ion is the one apparent ly arising 
from its spl i t t ing in to P h H g x a n t and Ni(xant) (dtc). 
In c o m p o u n d PhHgxantNi(xant)2 , the highest 
observed molecular ion is the one ar is ing from the loss 
of one xantha te ion at 578. Relatively, this peak is 
very weak. In this c o m p o u n d the domina t ing peaks 
are observed mainly from its spl i t t ing in to P h H g x a n t 
and Ni(xant)2. In general the fragments con ta in ing 
the metal a tom were readily identified by their charac­
teristic isotopic patterns. 
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l ad ium and p l a t i n u m salts from Dr. R. N. Singh and 
Dr. S. P. Singh, Banaras H i n d u University. One of 
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DABCO-Mediated Synthesis and Biological Activity 
of Cyanohydrin Esters 
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Cyanohydrin esters 1—31 have been prepared from a-ketonitriles and aldehydes using DABCO (1,4-
diazabicyclo[2.2.2] octane) as nucleophilic acylation catalyst. The modified piperonal 8 was found to inhibit 
the formation of thromboxane synthetase. 

Recently we have reported the carbon-carbon bond 
formation between acrylic ester and aldehydes using 
DABCO as a catalyst. The utilization of this novel 
reaction in synthesis of natural products has also been 
reported.1) It is well known that the introduction of 
one or two alkyl groups at the terminal double bond 
of acrylic ester reduces its quality as a Michael 
acceptor. 

R'CHO • CH,C 
3 N C N 

R-ÇH Y 
CN 

m 

% Yield 

13 CH3 5 8 

14 C6H5 7 9 

15 C6H4CN(4) 5 4 

16 3-Pyridyl 4 0 

0CH3 RCHO 

DABCO 

OH 

OCH3 

R1 'R 2 = CH3 

R1 'R 2 = H 

However, «^-unsaturated ketonitriles are more 
reactive Michael acceptors than acrylic ester deriva­
tives, also in the Diels-Alder cycloaddition reaction 
with inverse electron demand.2j3) In the recent study 
we tested the effect of the better electron withdrawing 
group -COCN on the course of DABCO-catalyzed 
coupling reactions with aldehydes. 

We have found that DABCO is also a useful nucleo­
philic catalyst for acylations with acyl cyanides, i.e., 

Survey of a-cyanohydrin esters 1 - 3 1 

R'CHO * > = v x C N J a B S ^ R . c ^ 

" PN 
0 C N 

II 
0 
1 - 1 2 

R" 

k 
R'CHO 

R' 

•CU 

17 CH3 

18 CII3 

19 IÎ-C3H7 

R" % Yield % Yield 

H 80 

4-CN 7 1 

H 47 

20 iso-C3H7 H 7 8 

21 n-C4Hg H 7 5 

II 3 0 

H Ca.40a) 

H 8 

2 5 C6H5 H 7 1 

2 6 C6H5 4-OCH3 4 2 

27 C6H4Cl-(4) H 6 2 

2 8 C6II4CN-(4) H 6 6 

29 
H 

' H 

30 3-pyridyl H 

3 1 2-thienyl H 

17 

56 

25 

a) R' CHO = citral. A mixture of E- and Z-isomers (65:35) was 
analyzed by GC. 

% Yield % Yield 

43») 

R'CHO - Citral 

7 C6H4-OC6H5-(3) 

• £& 
9 3-pyridyl 

10 2-pyridyl 

1 1 3-thienyl 

12 2-thienyl 
b) 

R' CHO = Piperonal 

67 

58b) 

62 

35 

40 

35 

for C-O bond formation. Thus cyanohydrin esters 
can simply be prepared by mixing an aldehyde and 
a-ketonitrile including «^-unsaturated derivatives, 
more simple aliphatic and aromatic acyl cyanides, 
with (method B) or without solvent (method A), in the 
presence of a catalytic amount of DABCO. 

Discussion 

Generally cyanohydrin esters are of synthetic interest 
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as efficient latent acyl anions in the preparation 
of ketones and in 1,4-addition reactions,4'5) i.e. as 
Michael donors. Hitherto they have been synthesized 
by several routes.6/7) Recently, Chenevert et al.8) have 
prepared cyanohydrin esters using solid-liquid phase 
transfer (PTC) conditions and an excess of cyanide 
ion. Due to the presence of 18-crown-6 the nucleo-
philicity and solubility of cyanide ion in dichlorome-
thane is dramatically increased. Similarly Au4) has 
used chloroformic esters as electrophiles under PTC 
conditions obtaining a-cyanocarbonates. 

R-C £ Cl-C 
^OR1 

ÇN 
R-CH-0-C02R

1 

It is well known that a-keto nitriles are sensitive 
towards hydrolysis giving the corresponding acids and 
liberating hydrogen cyanide. Hence, the two phase 
method with aqueous phase is less attractive than the 
solid-liquid method,8) which uses 18-crown-6 and 
three equivalents of potassium cyanide. The 
DABCO promoted acylation works well for convert­
ing aldehydes into cyanohydrin esters under homo­
geneous and mild conditions, with and without sol­
vent. It is also attractive from the standpoint of safty 
and convenience. Our method is not efficient for the 
coupling ordinary ketones with keto nitriles, perhaps 
because of the capability of an a-keto nitrile to couple 
with itself11) and also because of the relative low 
concentration of the free cyanide ion under our condi­
tions, as we have found, acetyl cyanide tends to dimer-
ize to 32 in ca. 50% yield in the presence of DABCO. 

Spectroscopic Identification 

Of the 31 cyanohydrin esters (1—31) which we have 
prepared, all compounds, with the exception of the p-
cyanophenyl derivatives 15, 18, and 28 show no nitrile 
band in the IR spectrum. Apparently, introduction 
of the acetoxy group quenches the C=N absorption 
intensity by nucleophilic interaction (5-exo-dig) with 
the nitrile carbon, which agrees with literature 
data.9'lp) Compounds 1—12 and 17—31 also show a 

carbonyl band between 1725 and 1730 cm -1, while 
cyanohydrin acetates 13—16 show a carbonyl band at 
1760 cm"1. In the 13CNMR spectra, they show a 
characteristic peak between ö 57.1 and 66.8 as a dou­
blet. In the ^ N M R spectra, the aldehydic proton 
signal disappeared and is shifted to high field and 
appears between ô 5.3 and 6.7. 

o 

i^ N 
5-exo-dig 

Biological Activity 

Cyanohydrin esters occur naturally in the defensive 
secretions of millipedes and have practical interest as 
insecticides.5) A selected number of them have been 
tested for their biological activity. The cyanohydrin 
ester 9 of nicotinic aldehyde showed slight CNS seda­
tion (at 10 mg/kg ip); however, a marked toxicity was 
observed at doses of 25 mg/kg ip and above. The 
cyanohydrin ester 8 of piperonal was less toxic (50 
mg/kg ip and above) and was found to enter into the 
metabolism of arachidonic acid and to inhibit the 
formation of thromboxane synthetase. 

Experimental 

a-Keto nitriles were prepared according to literature 
methods.12'13) Infrared spectra were recorded on Perkin-
Elmer 457 and 580 infrared spectrometers. NMR spectra 
(CDCI3) were determined on a Bruker WH 90 spectrometer 
(Me4Si internal standard), mass spectra were obtained with a 
Varian CH 5 (70 eV) mass spectrometer. Microanalyses are 
due to Mrs. Bartetzko of the Institut für Organische Chemie. 

General Procedure. A. Without Solvent: 10 mmol of a-
keto nitrile was stirred together with 10 mmol of aldehyde 
under a nitrogen atmosphere, then 1 mmol of 1,4-
diazabicyclo[2.2.2]octane (DABCO) was added (exothermic 
reaction). After several hours, the product was extracted 
with ether or pentane and washed twice with water and 
dried (Na2S04). The organic solvent was evaporated and 
the residue was distilled bulb-to-bulb. 

B. With Solvent: 10 mmol of a-keto nitrile and 10 mmol 
of aldehyde were dissolved together in 10 ml of dichloro-
methane and stirred under argon. 1 mmol of DABCO in 5 
ml of dichloromethane was added dropwise during 10 min. 
The progress of the reaction was monitored by GC. After 
several hours, DABCO was washed out with water, the 
organic layer was dried (Na2S04) filtered, evaporated and the 
product was distilled bulb-to-bulb. 

l-Cyanobutyl-3-methyl-2-butenoate (1): Yield 46% IR 
(CHCI3) 1732, 1650 cm"1, « N M R (CDCI3): ô=0.93 (t, ]=1 
Hz; 3H), 1.33—1.88 (m, 4H), 1.95 (d, /=1 Hz, 3H, Me), 2.2 (d, 
/=1 Hz, 3H, Me), 5.35 (t, 7=7 Hz, 1H), 5.7 (pent, 7=1 Hz, 
1H). we NMR: 0=13.3 (q), 18 (t), 20.5 (q), 27.6 (q), 34.5 (t), 
60.1 (d), 114.2 (d), 117.4 (s), 160.8 (s), 164.3 (s). 

1-Cyanopentyl 3-Methyl-2-butenoate (2): Yield 33% IR 
(CHCI3) 1729, 1649 cm-1, « N M R (CDCI3): 6=0.93—1.78 
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(br. m, 9H), 1.94 (d, /=1.5Hz, 3H, Me), 2.19 (d, /=1.5Hz, 3H, 
Me), 5.27 (t, /=1.5 Hz, 1H). ™C NMR: 13.8 (q), 22.1 (t), 26.8 
(t), 32.2(t), 42.7(t), 60.3 (d), 114.1 (d), 115.5 (s), 117.4 (s), 164.4 
(s), MS (rt) m/z=195 (M+, 7%), 180 (2), 166 (2), 150 (9), 101 
(12), 106 (46), 99 (15), 96 (16), 85 (19), 83 (100), 82 (59), 55 (55). 

l-Cyano-3,7-dimethyl-2,6-octadienyl3-Methyl-2-butenoate 
(3): Yield 43%, IR (CHC13) 1730, 1650 cm"1, « N M R 
(CDCI3): ô=1.6 (s, 3H, Me), 1.68 (s, 3H, Me), 1.78 (d, 7=1 Hz, 
3H, Me), 1.93 (d, 7=1 Hz, 3H, Me), 2.05—2.16 (m, 4H), 2.18 
(d, 7=1 Hz, 3H), 4.88—5.22 (br. m, 1H), 5.36 (m, 7=9 Hz, 
1H), 5.67 (m, 7—1 Hz, 1H). The product is a mixture of E-
Z-isomers (65/35) analyzed by GC. 

a-Cyanophenethyl 3-Methyl-2-butenoate (4): Yield 42%, 
IR (CHCI3) 1730, 1650 cm-i, « N M R (CDCI3): 1.92 (d, 7=1 
Hz, 3H, Me), 2.16 (d, /=Hz , 3H, Me), 3.17 (d, 7=7 Hz, 2H, 
CH2), 5.49 (t, 7=7 Hz, 1H), 5.66 (pent., 7=1 Hz, 1H), 7.3 (s, 
5H, aromatic H's). 13CNMR: 0=20.5 (q), 27.5 (q), 38.6 (t), 
61.2 (d), 113.9 (d), 119.9 (s), 127.7 (d), 128.7 (d), 129.6 (d), 
133.8 (s), 161.1 (s), 164.0 (s). 

a-Cyanobenzyl 3-Methyl-2-butenoate (5): Yield 51%, IR 
(CHCI3) 1730, 1645 cm"1, « N M R (CDCI3): 1.9 (d, 7=1.5 
Hz, 3H, Me), 2.18 (d, 7=1.5 Hz, 3H, Me), 5.71 (pent. 7=1.5 
Hz, 1H), 6.43 (s, 1H), 7.2—7.66 (m, 5H, aromatic H's). MS 
(rt) m/z=215 (M+, 29%), 117 (14), 116 (50), 115 (10), 105 (11), 
89(12), 83(100). 

a-Cyano-4-chlorobenzyl 3-Methyl-2-butenoate (6): Yield 
59%, IR (CHCI3) 1734, 1648 cm"1, « N M R (CDCI3): 1.94 (d, 
7=1.8 Hz, 3H, Me), 2.0 (d, 7=1-8 Hz, 3H, Me), 5.7 (t, 7=1.8 
Hz, 1H), 6.42 (s, 1H), 7.44 (s, 4H). «CNMR: 0=20.6 (q), 
27.6 (q), 61.4 (d), 113.7 (d), 115.6 (s) 116.3 (s), 129.2 (d),129.4 
(d), 131.0 (s), 136.2 (s), 163.8 (s). MS (rt) m/z=M + /M + +2 
(5%/2%), 221/223 (4/2), 150/152 (34/11), 122/124 (12/4), 114 
(8), 99(8), 83(100), 55(18). 

a-Cyano-3-phenoxybenzyl 3-Methyl-2-butenoate (7): Yield 
67%, IR (CHCI3) 1733, 1648 cm"1, « N M R (CDCI3): ô=1.92 
(d, 7=1-7 Hz, 3H, Me), 2.19 (d, 7=1-7 Hz, 3H, Me), 5.7 (t, 
7=1.7 Hz, 1H), 6.5 (s, 1H), 6.95—7.46 (m, 9H). «CNMR: 
20.5 (q), 27.5 (q), 61.6 (d), 113.7 (s), 115.6 (s), 116.3 (d), 117.7 
(s), 119.2 (d), 122.0 (d), 123.9 (d), 129.6 (d), 129.9 (d), 130.2 (d), 
130.3 (d), 130.6 (d), 134.1 (s), 156.3 (s), 158.02 (s), 163.8 (s). 
MS (50 °C) m/z=307 (M+, 13%), 225 (7), 181 (14), 83 (100), 82 
(17), 77(9), 55 (18). 

a-Cyanopiperonyl 3-Methyl-2-butenoate (8): Yield 58%, 
IR (CHCI3) 1730, 1640 cm-1, « N M R (CDCI3): ô=1.93 (d, 
7=1.5 Hz, 3H, Me), 2.2 (d, 7=1-5 Hz, 3H, Me), 5.7 (pent., 
7=1.5 Hz, 1H), 6.01 (s, 2H, OCH2O), 6.34 (s, 1H), 6.72—7.11 
(m, 3H). 13CNMR: 0=20.6 (q), 27.5 (q), 61.9 (d), 101.8 (t), 
108.1 (t), 108.6 (d), 113.9 (d), 116.7 (s), 122.2 (d), 126 (s), 148.4 
(s), 149.2 (s), 161.4 (s), 164 (s). 

Cyano-(3-pyridyl)methyl 3-Methyl-2-butenoate (9): Yield 
62%, IR (CHCI3) 1730, 1640 cm"1, « N M R (CDCI3): ô=1.95 
(d, 7=1.5 Hz, 3H, Me), 2.22 (d, 7=1-5 Hz, 3H, Me), 5.73 
(pent., 7=1.5 Hz, 1H), 6.51 (s, 1H), 7.3—7.5 (m, 1H), 7.82— 
8.0 (dt, 7=2 Hz, 1H), 8.64—8.72 (dd, 7=2 Hz, 1H), 8.77 (d, 
7=2.5 Hz, 1H). !3CNMR: 20.6 (q), 27.6 (q), 60.2 (d), 113.6 
(d), 116 (s), 123.9 (d), 128.6 (s), 135.4 (d), 148.9 (d), 151.3 (d), 
162.3 (s), 163.7 (s). 

Cyano-(2-pyridyl)methyl 3-Methyl-2-butenoate (10): Yield 
35%, IR (CHCI3) 1730, 1650 cm"1, « N M R (CDCI3): 6=1.95 
(d, 7=1.5 Hz, 3H, Me), 2.22 (d, 7=1.5 Hz, 3H, Me), 5.79 
(pent., 7=1 Hz, 1H), 7.22—8.0 (m, 4H), 8.66 (dq, 7=1 Hz, 
IH). 13CNMR: 6=20.6 (q), 27.6 (q), 60.2 (d), 113.6 (d), 116 
(s), 121.7 (d), 124.6 (d), 137.7 (d), 149.9 (d), 151.5 (s), 162.1 (s), 

163.7 (s), Calcd for C12H12N2O2: C, 66.65; H, 5.59; N, 12.96; 
Found: C, 66.54; H, 5.60; N, 12.72. 

a-Cyano-3-thienyl 3-Methyl-2-butenoate (11): Yield 40%, 
IR (CHCI3) 1730, 1642 cm-1, « NMR (CDCI3): 6=1.9 (d, J= 
1 Hz, 3H, Me), 2.18 (d, 7=1 Hz, 3H, Me), 5.68 (m, 1H), 6.5 (s, 
1H), 7.11—7.66 (m, 3H). ^HNMR: 6=20.5 (q), 27.5 (q), 
57.6 (d), 113.8 (d), 116.4 (s), 126 (d), 126.3 (d), 127.6 (d), 132.8 
(s), 161.5 (s), 163.9 (s). 

a-Cyano-3-thienyl 3-Methyl-2-butenoate (12): Yield 35%, 
IR (CHCI3) 1725, 1640 cm"1, « N M R (CDCI3): 6=1.93 (d, 
7=1 Hz, 3H, Me), 2.2 (d, 7=1 Hz, 3H, Me), 5.7 (m, 1H), 6.66 
(s, 1H), 7.01 (dd, 7=4 Hz, 1H), 7.22—7.55 (m, 2H). 
13CNMR: 6=20.6 (q), 27.5 (q), 57.4 (d), 113.7 (d), 115.9 (s), 
127.1 (d), 128.6 (d), 129.1 (d), 134.1 (s), 161.8 (s), 163.8 (s). 

1-Cyanoethyl Acetate (13): Yield 58%, IR (CHCI3) 1760, 
1380 cm"1, « N M R (CDCI3): 6=1.63 (d, 7=6 Hz, 3H, Me), 
2.14 (s, 3H), 5.38 (q, 7=6 Hz, 1H). ^CNMR: 18.7 (q), 20.4 
(q), 57.3(d), 117.7 (s), 169.1 (s). 

a-Cyanobenzyl Acetate(14): Yield 79%, IR (CHCI3) 1760, 
1600 cm"1, « N M R (CDCI3): 6=2.16 (s, 3H, Me), 6.39 (s, 
IH), 7.69 (m, 5aromatic H's), 13CNMR: 6=20.36 (q), 62.9 
(q), 116.3 (dd), 127.9 (s), 129.3 (d), 129.4 (d), 131.9 (s), 
168.9(s). 

4,a-Dicyanobenzyl Acetate (15): Yield 54%, IR (CHCI3) 
2240, 1760, 1500 cm"1, « N M R (CDCI3): 6=2.2 (s, 3H, Me), 
6.47 (s, IH), 7.6—7.84 (m, 4H), ^CNMR: 6=20.3 (q), 62.1 
(d), 114.2 (ss), 115.5 (s), 128.4 (d), 129.9 (s), 133 (d), 136.5 (s), 
163.7 (s). MS (rt) m/z=200 (M+, 8%), 158 (49), 141 (28), 140 
(28), 131 (19), 130 (32), 114 (23), 102 (20), 75 (13), 43 (100). 

Cyano-(3-pyridyl)methyl Acetate (16): Yield 40%, IR 
(CHCI3) 1760, 1600 cm"1, « N M R (CDCI3): 6=2.19 (s, 3H, 
Me), 6.48 (s, IH), 7.32—7.5 (m, IH), 7.83—7.98 (m, IH), 
8.68—8.78 (m, 2H), 13CNMR: 6=20.3 (q), 61 (d), 115.7 (s), 
123.9 (d), 128.2 (s), 135.5 (d), 149 (d), 151.5 (d), 168.8 (s). 

1-Cyanoethyl Benzoate (17): Yield 80%, IR (CHCI3) 1735, 
1605 cm"1, « N M R (CDCI3): 6=1.76 (d, 7=7 Hz, 3H), 5.63 
(q, 7=7 Hz, IH), 7.34—7.62 (m, 3H), 7.99—8.1 (m, 2H), 
13CNMR: 6=18.8 (q), 57.9 (d), 117.7 (s), 128.3 (s), 128.6 (d), 
129.9(d), 133.9(d), 164.7 (s). 

1-Cyanoethyl £-Cyanobenzoate (18): Yield 71%, mp 95— 
96°C, IR (CHCI3) 2240, 1734, 1612 cm"1, « N M R (CDCI3): 
6=1.77 (d, 7=7 Hz, 3H, Me), 5.54 (q, 7=7 Hz, IH), 7.74—8.22 
(m, 4H), 13CNMR: 6=18.2 (q), 59.1 (d), 116.4 (s), 118 (s), 
130.1 (d), 132 (s), 132.8 (d), 163.3 (s). MS (50 °C) m/z=200 
(M+, 12%), 146 (27), L30 (100), 102 (44), 76 (10), 75 (19). 

1-Cyanobutyl Benzoate (19): Yield 47%, IR (CHCI3) 
1730, 1605 cm-1, « N M R (CDCI3): 6=1.03 (t, 7=7 Hz, 3H, 
Me), 1.26—2.17 (m, 4H), 5.59 (t, 7=7 Hz, IH), 7.27—7.64 (m, 
3H), 8.0—8.17 (m, 2H), "CNMR: 6=13.4 (q), 18.1 (t), 34.4 
(t), 61.55 (d), 117 (s), 128.4 (s), 128.7 (d), 129.9 (d) 133.9 (d), 
164.8 (s). 

l-Cyano-2-methylpropyl Benzoate (20): Yield 78%, IR 
(CHCI3) 1730, 1600 cm-1, « N M R (CDCI3): 6=1.18—1.23 
(2d, 7=7 Hz, 6H), 2.06—2.56 (m, IH), 5.43 (d, 7=6 Hz, IH), 
7.22—7.77 (m, 3H), 7.94—8.17 (m, 2H), i»CNMR: 6=13.8 
(q), 22.1 (t), 32.2 (t), 61.8 (d), 117.1 (s), 128.5 (s), 128.7 (d), 
129.9(d), 134(d), 164.8 (s). 

1-Cyanopentyl Benzoate (21): Yield 75%, IR (CHCI3) 
1735, 1605 cm-1, « N M R (CDCI3): 6=0.96 (t, 7=7 Hz, 3H), 
1.23—1.66 (m, 4H), 1.93—2.18 (m, 2H), 5.58 (t, 7=7 Hz, IH), 
7.26—7.71 (m, 3H), 7.8—8.11 (m, 2H), 13CNMR: 6=13.8 (q), 
22.1 (t), 26.7 (t), 32.2 (t), 61.8 (d), 117.1 (s), 128.5 (s), 128.7 (d), 
129.9(d), 134(d), 164.8 (s). 
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l-Cyano-3-methyl-2-butenyl Benzoate (22): Yield 30%, 
IR (CHCls) 1730, 1670, 1600 cm"1, « N M R (CDCI3): 0=1.8 
(s, 6H, 2Me), 5.43—5.53 (m, IH), 6.26 (d, 7=5 Hz, 1H), 
7.22—7.6 (m, 3H), 7.99—8.1 (m, 2H), 13CNMR 18.6 (q), 25.6 
(q), 58.6 (s), 115.8 (s), 116.7 (d), 128.6 (d), 129.9 (d), 133.9 (d), 
144.4(d), 164.6 (s). 

l-Cyano-3,7-dimethyl-2,6-octadienyl Benzoate (23): Yield 
40%, IR (CHCI3) 1730, 1605 cm"1, « N M R (CDCI3): ô=1.63 
(s, 3H), 1.66 (s, 3H), 1.86 (d, / = 1 Hz, 3H), 2.0—2.33 (m, 4H), 
4.88—5.22 (m, 1H), 5.38—5.55 (br. d, / = 9 Hz, 1H), 6.26 (d, 
/ = 9 Hz, 1H), 7.26—7.69 (m, 3H), 7.98—8.1 (dt, 7=2 Hz, 2H), 
The product is a mixture o £-Z-isomers (65/35) analyzed by 
GC. 

Cyano-(6,6-dimethylbicyclo[3.1.1 ]hept-2-yl)methyl Ben­
zoate (24): Yield 8%, IR (CHCI3) 1733, 1606 cm"1, « NMR 
(CDCI3): 6=0.78—2.85 (m, 15H), 5.51 (d, 7=11 Hz, 1H), 
7.35—8.13 (m, 5H), 13CNMR: 0=17.7 (q), 19.81 (q), 22.6 (t), 
25.5 (t), 27.6 (d), 32.8 (d), 38.5 (s), 40.7 (t), 41.1 (t), 43 (d), 64.5 
(d), 123.4 (s), 128.6 (d), 130 (d), 133.9 (d), 164.9 (s). MS 
(50 °C) m/z=283 (M+, 3%), 227 (1), 177 (2), 160 (12), 146 (7), 
134(6), 123(18), 105 (100), 77 (40). 

a-Cyanobenzyl Benzoate (25): Yield 71%, IR (CHCI3) 
1735, 1600 cm-1, « N M R (CDCI3): «5=6.67 (s, 1H), 7.23— 
7.69 (m, 8H), 7.99—8.11 (m, 2H), ^CNMR: 0=63.4 (d), 116.3 
(s), 127.3 (d), 127.8 (d), 128.6 (d), 129.3 (d), 130 (d),134 (s), 
164.5 (s). 

a-Cyanobenzyl /?-Methoxybenzoate (26): Yield 42%, IR 
(CHCI3) 1730, 1610 cm-1, « N M R (CDCI3): «5=3.85 (s, 3H, 
Me), 6.66 (s, 1H), 6.86—6.98 (m, 2H), 7.41—7.68 (m, 5H), 
8.0—8.1 (m, 2H), ^CNMR: 55.5 (q), 63.1 (d), 113.9 (d), 116.4 
(s), 120.4 (s), 129.3 (d), 130.3 (d), 131.6 (d), 132.3 (d), 164.3 (s). 

4-Chloro-a-cyanobenzyl Benzoate (27): Yield 62%, IR 
(CHCI3) 1735, 1600 cm"1, « N M R (CDCI3): «5=6.64 (s, 1H), 
7.24—7.62 (m, 7H), 7.99—8.1 (m, 2H), «CNMR: 0=62.7 (d), 
115 (s), 127.9 (d), 128.7 (d), 129.3 (d), 129.5 (d), 130 (d), 130.5 
(d), 134.2 (d), 136.6 (s), 164.5(s). 

4,a-Dicyanobenzyl Benzoate (28): Yield 66%, IR (CHCI3) 
2240, 1741, 1605 cm"1, « N M R (CDCI3): «5=6.72 (s, 1H), 
7.37—8.11 (m, 9H), 13CNMR: 0=62.6 (d), 114.3 (s), 115.6 (s), 
127.6 (s), 128.4 (d), 128.8 (d), 130 (d), 132.7 (s), 133 (d), 134.4 
(d), 136.6 (s), 164.4 (s). MS (50 °C) m/z=M+ 262 (10%), 141 
(14), 119 (10) 105 (100), 77 (40), 74 (18), 59 (30). 

3-Hydroxy-4-methoxy-a-cyanobenzyl Benzoate (29): Yield 
17%, :IR (CHCls) 1737, 1610 cm"1, « N M R (CDCI3): «5=3.89 
(s, 3H, OCH3), 5.27 (s, 1H), 6.56 (s, 1H), 6.28—8.26 (m, 8H), 
13CNMR: 56.1 (q), 63.2 (d), 114.2 (d), 116.4 (s), 123.7 (d), 
124.9 (s), 128.7 (d), 130.2 (d), 130.3 (d), 133.8 (d), 134 (d), 146.3 
(s), 164.7 (s). MS (rt), m/z 283 (M+, 3%), 256 (6), 162 (3), 161 
(3), 151 (3), 105 (100), 86 (45), 84 (68), 77 (38). 

Cyano-(3-pyridyl)methyl Benzoate (30): Yield 56%, IR 

(CHCls) 1730, 1595 cm"1, « N M R (CDCI3): «5=6.73 (s, 1H), 
7.26—7.73 (m, 4H), 7.9—8.1 (m, 3H), 8.7—8.86 (m, 2H), 
13CNMR: 6.14 (d), 115.5 (s), 124 (d), 127.7 (d), 129.3 (s), 130.1 
(d), 134.3 (d), 135.5 (d), 149.1 (s), 151.6 (d), 164.4 (s), 
G4H10N2O2 Calcd for C, 70.58: H, 4.23; N, 11.76. Found: 
C, 70.30; H, 4.29; N, 11.56. 

a-Cyano-2-thienyl Benzoate (31): Yied 25%, IR (CHCls) 
1730, 1670 cm-1, « N M R (CDCI3): «5=6.88 (s, 1H), 7.16 (dd, 
7=4 Hz, 1H), 7.33—7.72 (m, 5H), 8.0—8.22 (m, 2H). 
C13H9NSO2: C, 64.20; H, 3.73; N, 5.76. Found: C, 64.26; H, 
3.75; N, 5.56. 
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Synopsis. The mesomorphic behavior of fifteen bis(4-
alkoxycarbonylphenyl)terephthalates has been examined in 
order to study the effects of branching of the ester alkyl 
groups. The 2-methylation of purely smectogenic butyl, 
pentyl, and hexyl esters gives rise to the appearance of 
nematic properties. 

As par t of investigations over the past several years 
on the effects of the b ranch ing of the ester alkyl chain 
on the l iqu id crystalline properties, we recently 
reported the behavior of dialkyl 4,4'-[l ,4-phenyl-
enebis(methylidynenitrilo)]bis[benzoates] (l).1* Some 
branched alkyl esters were found to be more polymeso-
morph ic than the unbranched ones. For example, 
the 3-methylpentyl ester exhibits smectic A, B, and G 
phases as well as the nematic phase, whereas the 
pentyl ester produces only the smectic A and nematic 
phases. Consequently, it seemed highly interesting 
to us to examine diesters in which only the l inkage 
groups are different from compounds 1. In this 
paper , we report on an extent ion of our study concern­
ing diesters to a series of bis(4-alkoxycarbonyl-
phenyl) terephthalates (2). 

Ns ' 0-R 

">^>©K. 
0 - R 

Experimental 

Materials. Alkyl 4-hydroxybenzoates were prepared by 
the esterification of 4-hydroxybenzoic acid with alcohols in 
boiling benzene, employing sulfuric acid as a catalyst.2) 
The reaction of terephthaloyl dichloride with alkyl 4-
hydroxybenzoates yielded the desired compounds 2. 

Measurements. The mesophases were identified by an 
examination of their textures with the aid of a polarizing 
microscope in conjunction with a heated stage. The transi­
tion temperatures and associated enthalpy changes were 
determined by calorimetric curves recorded on a Rigaku 
Denki Thermoflex differential scanning calorimeter. 

Results and Discussion 

T h e thermal propert ies of the fifteen esters are sum­
marized in Table 1. Here, K, S, N, and I stand for the 
crystalline, smectic, nematic, and isotropic l iquid 
phases respectively. T h e ethyl ester was prepared by 

Dewar and Goldberg about twenty years ago as a par t 
of their study on p- substi tuted phenyl esters of tereph-
thalic acid, and was found to be mesogenic.3) 

Furthermore , Chiel l ini and his co-workers examined 
fifteen esters consist ing mostly the unbranched alkyl 
esters from the s tandpoint of possible model com­
pounds of thermotropic polyesters.4) T h e reported 
transi t ion temperatures are in reasonable agreement 
wi th ours (see footnotes in Tab le 1). 

While the methyl ester (No. 1) is purely nemato-
genic, the ethyl and propyl esters (Nos. 2 and 3) 
exhibit the smectic A phase as well as the nematic 
phase. T h e depression of clearing po in t by the 
leng then ing the ester alkyl g r o u p is as large as 65 °C 
between the methyl and ethyl esters, bu t merely 19 °C 
between the ethyl and propyl esters. T h e smectic A 
behavior is slightly enhanced by the replacement of 
ethyl g r o u p wi th the propyl g roup . T h e mesophase 
is completely el iminated by the 1-methylation, where­
as the effects of the 2-methylat ion of propyl g roup is 
rather small (see No. 4). T h e neopentyl ester (No. 5) 
still preserves a nematic phase, t hough it is meta-
stable, in contrast to the absence of any mesophase in 
the corresponding member in series 1. 

T h e smectic A phase is the only mesophase dis­
played by the butyl ester (No. 6). T h e stable nematic 
phase and the metastable smectic C phase appear by 
2-methylat ion (see No. 7). T h e emergence of the 
nematic phase by the in t roduct ion of a b ranch ing 
methyl g roup , specifically to the 2 posit ion, has fre­
quent ly been pointed ou t by the present authors for 
bo th monoesters and diesters. 1'5~7) T h e 3-
methylbutyl ester (No. 8) exhibits the smectic C phase 
in addi t ion to the smectic A phase, though no nematic 
phase is detectable. T h e thermal stabilities of these 
two smectic phases are h igher than those given by the 
2-methylbutyl ester. 

T h e pentyl ester (No. 9) can produce only the smec­
tic A phase. T h e addi t ional mesophase appear ing by 
chain b ranch ing is a nematic phase in the case of 2-
methyla t ion (see No. 10) and a smectic C phase in the 
case of 3-methylation (see No. 11). N o extra meso­
phase is acquired by the 4-methylat ion of pentyl 
g roup (see No. 12). T h e smectic A phase in this ester 
is located below the mel t ing poin t . 

T h e 2-methylat ion of the purely smectogenic hexyl 
ester results in also the appearance of a nematic phase 
(compare Nos. 13 and 14). T h e heptyl ester (No. 15) 
is the only unbranched alkyl ester which exhibits the 
smectic C phase as well as the smectic A phase a m o n g 
those studied here. 

In the present series too, the branched esters tend to 
be more po lymesomorphic than the unbranched ones. 
However, it is evident from the foregoing presentat ion 
that a l ternat ion of the l inkage from azomethine to 
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Table 1. Transition Temperatures (°C) and Enthalpy Changes (kj mol -1) of Compounds 2a) 

No. Alkyl group K N 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

CH3 

CH2CH3
b) 

CH2CH2CH3
C) 

CH2CH(CH3)2 

CH2C(CH3)3 

CH2CH2CH2CH3
d) 

CH2CH(CH3)CH2CH3 

CH2CH2CH(CH3)2 

CH2CH2CH2CH2CH3
e) 

CH2CH(CH3)CH2CH2CH3 

CH2CH2CH(CH3)CH2CH3 

CH2CH2CH2CH(CH3)2 

CH2CH2CH2CH2CH2CH3
f) 

CH2CH(CH3)CH2CH2CH2CH3 

CH2CH2CH2CH2CH2CH2CH3
8) 

. 247 
(58) 

. 193 
(43) 

. 130 
(35) 

. 149 
(35) 

. 162 
(42) 

. 137 
(31) 

. 133 
(35) 

. 153 
(47) 

. 145 
(40) 

. 139 
(49) 

. 143 
(41) 

. 169 
(57) 

. 150 
(41) 

. 133 
(46) 

. 145 
(41) 

[• US] 
( - ) 

[. 139] . 
(0.2) 

[. 136] . 
(0.2) 

[ 

[. 139] . 
( - ) 

204 . 
(0.9) 
207 . 
(1.9) 
183 . 

(0.4) 
[• 

182 
(4.0) 
153 . 

(0.6) 
167 

(4.4) 
190 

(5.3) 
143 . 

(0.3) 
153 

(3.9) 
. 167] 

(4.3) 
179 

(5.6) 
134 . 

(0.5) 
179 

(6.3) 

301 . 
(1.0) 
236 . 

(0.5) 
217 . 

(0.6) 
204 . 

(0.5) 
159] . 

(0.3) 

165 . 
(0.4) 

156 . 
(0.4) 

141 . 
(0.4) 

a) The latter quantities are in parentheses. The braced temperatures represent monotropic 
transitions, b) 191 (—) and 235 °C (—) by Dewar and Goldberg.3) 192 (42), 205 (0.8), and 
239 °C (0.3) by Galli et al.4) c) 122 (30), 206 (1.5), and 219 °C (0.5) by Galli et al.4) d) 133 (32) 
and 185 °C (4.1) by Galli et al.4) e) 145 (21) and 188 °C (4.8) by Galli et al.4) f) 146 (40) and 
178 °C (5.5) by Galli et al.4) g) 143 (40), 136 ( - ) , and 173 °C (6.0) by Galli et al.4) 

ester g roups significantly modifies the mesomorph ic 
behavior of diesters. First, the nematic phase is more 
frequently observed in series 1; namely, twelve esters 
in series 1 vs. eight esters in series 2 . Secondly, the 
smectic phases found wi th the present diesters are 
l imited to the types A and C, whereas the smectic 
phases of the types B and G are also found wi th the 3-
methylpentyl esters in series 1. T h e smectic A phase 
is more p redominan t in the present series; that is, 
eight esters vs. thirteen esters. O n the other hand , the 
smectic C phases exhibited by the four esters in series 1 
are enant io t ropic bu t those given by the four in this 
series are all monot ropic . 
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Synopsis. The adsorption of spin-labeled polystyrene on 
the silica surface from a carbon tetrachloride solution was 
studied by ESR spectroscopy. The fraction of train seg­
ments in the adsorbed polymer was determined from ESR 
spectrum analysis. The adsorption behavior of polystyrene 
is discussed as a function of surface coverage. 

Many investigations have been publ i shed concern­
ing the adsorpt ion of polymers by the IR method. l j 2 ) 

Fon tana and T h o m a s developed a spectroscopic tech­
n i q u e for a quant i ta t ive est imation of the fraction 
of train segments in the adsorbed polymer, p.^ 
Recently, the ESR method us ing ni troxide spin labels 
has been appl ied to the adsorpt ion of synthetic poly­
mers.3"7) Sakai et al. studied the conformat ion of the 
adsorbed poly(methyl methacrylate)(PMMA) by the 
ESR method and reported that the ESR spectrum of 
the adsorbed polymer was resolved in to three compo­
nents: train, short loop, and long loop or tail.4) We 
studied the adsorpt ion of PMMA on silica surfaces 
hav ing various silanol densities and estimated the 
values of the segment fractions anchor ing th rough the 
hydrogen bond in all t rain segments of the adsorbed 
polymer.6 ) In this paper , we discuss the adsorpt ion 
behavior of polystyrene(PS) us ing the ESR method, in 
order to confirm the greater effectiveness of this 
method. 

Experimental 

Spin-labeled polystyrene(SL-PS) was prepared by a 
procedure of Regen.8) The copolymer of styrene and p-
chloromethylstyrene was prepared by radical copolymeriza-
tion using a,a'-azobisisobutyronitrile as an initiator at 
70 °C. The copolymer was spin-labeled by reaction with a 
sodium salt of 4-hydroxy-2,2,6,6-tetramethyl-l-piperidyl-
oxyl, which was obtained by the reaction of 4-hydroxy-
2,2,6,6-tetramethyl-l-piperidyloxyl with sodium halide in 
N,N-dimethylformamide solution. The SL-PS was repeat­
edly fractionated in a benzene-methanol mixture to give a 
narrow molecular weight distribution. The weight-
average molecular weight of SL-PS used in this experiment 
was determined to be 22.1X104 by GPC calibrated with 
standard PS. The spin-label concentration in the polymer 
was about one label per 1000 monomer residues. The 
normal sample of polystyrene(NL-PS) was purchased from 
Pressure Chemical Co. The weight-average molecular 
weight of NL-PS was 20.7X104. Two nonporous silica 
samples, Cabosil M5 (Cabot) and Aerosil R812 (Degussa), 
were used as the adsorbents. According to the manufac­
turer, Cabosil M5 has a 2.2 nm~2 silanol density on the 
surface, while Aerosil R812, which is a surface-modified 
silica, has no silanol groups. The carbon tetrachloride 
used in this work was of spectrometric grade. The experi­
mental techniques for the adsorption of polymers on the 
silica adsorbents were basically the same as those described 
in previous papers.4>6> 

Results and Discussion 

T h e adsorpt ion isotherms for SL-PS and NL-PS on 
Cabosil M5 from a carbon tetrachloride solut ion are 
illustrated in Fig. 1. Init ially, bo th isotherms rose 
steeply wi th an increase in the equi l ib r ium concentra­
tion, Ce, in the supernatant solut ion after the adsorp­
t ion and reached a plateau region. T h e adsorpt ion 
isotherms are of usual high-affinity type, which is 
characteristic for the adsorpt ion of polymers. T h e 
amoun t s of saturated adsorpt ion for these polymers 
are almost the same; therefore, a spin-label reagent has 
no influence on the adsorpt ion of PS. No adsorpt ion 
of SL-PS and NL-PS onto Aerosil R812, which has no 
silanol groups , took place. We therefore conclude 
that the adsorpt ion of PS on to the silica surface occurs 
only by the formation of a hydrogen bond between a 
phenyl g roup of styrene and a silanol g roup of the 
surface site. 

Figure 2 shows the ESR spectra of SL-PS adsorbed 
on Cabosil M5 from a carbon tetrachloride solution. 
T h e line shapes indicate that each spectrum comprises 
several por t ions which are easily dist inguishable 
th rough their molecular mot ion . T h e ESR signals 
from the ni t roxide labels at tached to the polymer 
chain sensitively reflect any changes in the mot ion of 
the adsorbed chain segments ar is ing from differences 
in the configurat ional states, whether in the loop or 
the train form. T h e spectral intensity ratio of the 
wings (marked wi th * in Fig. 2) to the inner parts (**) 
increased wi th a decrease in the surface coverage, 0AS 

Fig. 1. Adsorption isotherms of SL-PS and NL-PS 
on Cabosil M5 at 25 °C. O: SL-PS, D: NL-PS. 
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Fig. 2. ESR spectra of the SL-PS adsorbed on Car-
bosil M5 from carbon tetrachloride solution. A: 
0A.=1, B: 0.94, C: 0.47, D: 0.24, E: 0.12. 

(the amount of adsorption relative to that of the 
saturated adsorption). This shows a decrease in the 
content of the mobile segments(i.e., loop segments). 

The procedures for analyzing the ESR spectra are 
principally the same as those described previously 
concerning the adsorption of spin-labeled PMMA.5>6) 

As shown in Fig. 3, for example, the ESR spectrum of 
the adsorbed SL-PS (spectrum A) could be synthesized 
by superposing three reference spectra (obtained from 
the following model systems in which each polymer 
chain had different degrees of the motional freedom). 
Spectrum B was observed in the unadsorbed polymer 
in a carbon tetrachloride solution at 25 °C, and con­
sisted of three motional-narrowing lines due to the 
rapid rotational motion of the segments in the low-
viscosity medium. Spectrum C was obtained from a 
solid polymer in the molten state at 150 °C, and com­
prises an intermediately broadened line showing a 
restricted segment motion. Spectrum D was obtained 
from a cooled polymer solution in the frozen state at 
—120 °C, and showed a typical powder pattern due to 
rigid immobilization. These three model spectra 
were superimposed upon one another on a computer 
to match the observed spectrum of the adsorbed poly­
mer (spectrum A). The amplitude of each model 
spectrum was determined by a least-squares method 
involving multiple regression to fit a summation of 
the three spectra (spectrum E) with the observed spec­
trum (A). In a three-component analysis, close curve 
fitting was found in every case. Therefore, the ESR 
spectra of SL-PS adsorbed on the silica surface are 
composed of three portions which have different local-
chain mobilities, like those previously described for 

Fig. 3. ESR spectra used for simulation of SL-PS 
adsorbed on Cabosil MS from carbon tetrachloride 
solution. Spectrum A: observed from the adsorp­
tion system, B: model for long loop or tail, C: for 
short loop, D: for train, and E: synthesized by 
summation of A, B, and C. 

Fig. 4. Plots of the segment fractions of the SL-PS 
adsorbed from carbon tetrachloride solution as a 
function of the surface coverage (0As). A: train, 
D: short loop, O: long loop. 
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the adsorption of PMMA.4'6) In conclusion, the three 
portions are attributed to signals from the train, short-
loop, and long-loop parts of the adsorbed chain. 

The segment fractions of train(p), short loop, and 
long loop segments for the SL-PS adsorbed on Cabosil 
M5 from carbon tetrachloride solution are plotted 
against the value of 0AS in Fig.4. The fraction of the 
train segment(p) is larger and the fraction of long-
loop segments is smaller at relatively low values of 0AS. 
When the adsorption approaches saturation, the frac­
tion of train segments(p) reduces to ca. 0.28 with a 
relatively rapid increase in the fraction of long loop 
segments. The fraction of short-loop segments 
remained constant against the value of 0AS. This 
behavior (Fig. 4) is almost the same as that described 
previously for the adsorption of PMMA,4>6) and is 
characteristic for the adsorption of polymers. 

As discussed above, if the adsorption of PS occurs 
only by the formation of a hydrogen bond between a 
phenyl group of styrene and a silanol group of the 
surface site, the IR method utilizing the frequency 
shift due to the hydrogen bond should give the same 

value of p estimated by the ESR method. In practice, 
the value of p at the saturated adsorption(0As

:=l) in 
Fig. 4 is almost the same as that described previously 
by Kawaguchi et al., who studied the adsorption of PS 
using an identical solution-adsorbent system(PS-
carbon tetrachloride-silica) by IR method.2) 
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Synopsis. While each the ESR hyperfine coupling con­
stants (hfc's) for the aromatic protons of the anion radical 
derived from 5,10-dihydroindeno[2,l-<z]indene (2"') is sim­
ilar to that of the corresponding protons of the cation 
radical of the same compound (2+*) as well as of the radical 
ions of (£)-stilbene (1"' and 1+'), the methylene protons of 
2"* shows an unusually large hfc value, which is much 
larger than that of 2+*. This is interpreted in terms of the 
so-called "Whiffen Effect." 

ESR studies of the (£)-stilbene anion radical (1"') 
have been repeatedly carried out.1_4) In the previous 
paper we reported unambiguous assignment of the 
ESR hyperfine coupling constants (hfc's: a) of the (E)-
stilbene anion radical (1"'), öf which spectrum exhib­
its hyperfine coupling from two nonequivalent pairs 
of ortho and meta protons because of the slow internal 
rotation of the C-Ph bonds.4) Recently Courtneidge 
et al. reported the ESR spectrum of the (£)-stilbene 
radical cation (1+*), which exhibits only one hyperfine 
coupling constant for the ortho protons and one for 
the meta protons, showing that the internal rotation 
of the C-Ph bonds of the cation radical is fast on the 
ESR time scale.5) We report here ESR spectra of the 
anion radical and the cation radical derived from the 
title compound 5,10-dihydroindeno[2,l-a]indene (2), 
so called a "stiff stilbene," a model compound of the 
planar (£)-stilbene in which the internal rotation of 
the C-Ph bonds in the (£)-stilbene moiety is severely 
restricted by the methylene chains.6~7) 

Experimental 

Preparation of the parent compound 2 was described in a 
previous paper.6) The anion radical was prepared by 
reduction of 2 with sodium metal in 1,2-dimethoxyethane at 
the temperature of dry ice and acetone. The cation radical 
was prepared by oxidation of 2 with CF3COOH/(CF3CO)20 
in dichloromethane. 

The ESR spectra were recorded on a JEOL FE2-XG X 
band spectrometer operating with a 100 KHz field modula­
tion. An aqueous solution of (KSÛ3)2NO was used for the 
magnetic field calibration. 

Results and Discussion 

Figures 1 and 2 show the ESR spectra of 2" and 2+ ' , 
respectively, and Table 1 gives a values for 2" and 2+' 
together with those for 1"' and l + \ The ESR spec­
trum of the anion radical 2" shows an unusually large 
quintet splitting (a= 1.420 mT) assigned to four equiv­
alent protons of the two methylene groups and four 
sets of triplet splitting (a=0.391, 0.264, 0.070, and 0.017 
mT) assigned to the aromatic ring protons. The a 
values of 0.391 and 0.264 mT are undoutedly assigned 
to the para protons (the protons attached to C2 and 
C7) and the ortho protons (the protons attached to C4 
and C9), respectively. The a values of 0.070 and 0.017 
mT are assigned to the meta protons attached to CI 
and C6 and to those to C3 and C8, respectively, since 
in the case of 1"' the a value for the protons of 
positions 5 and 5', which correspond to positions 1 
and 6 in 2", respectively, is larger than that of posi­
tions 3 and 3', which correspond to positions 3 and 8 
in 2", respectively. 

The ESR spectrum of the cation radical 2+* is 
apparently much different from that of the anion 
radical 2". It shows a septet splitting (a=0.053 mT) 
and three sets of triplet splitting (a=0.487, 0.277 and 
0.107 mT). The a values of 0.487 and 0.277 mT are 
safely assigned to the para protons (the protons at­
tached to C2 and C7) and the ortho protons (the 
protons attached to C4 and C9), respectively. 

The septet splitting (a=0.053 mT) is interpreted by 
an accidental degeneracy of the a for the four equiva-

Table 1. ESR Hyperfine Coupling Constants (a/mT) 
for the Protons of (£)-Stilbene (1) and 5,10-Dihy-

droindeno[2,l-<z]indene (2) Radical Ions 

Position l - a ) 

2,2' 0.193 
6,6' 0.303 
ortho (average) 0.248 
3,3' 0.031 
5,5' 0.084 
meta (average) 0.058 
4,4' 0.402 
a,ß 0.450 

J+.b) 

0.278 
0.278 
0.278 
0.072 
0.072 
0.072 
0.453 
0.453 

Position 

4,9 
10a,5a 

3,8 
1,6 
meta (average) 
2,7 
4b,9b 
5,10 

2-.0 

0.264 

0.017 
0.070 
0.044 
0.391 

1.420 

2+.c) 

0.277 

0.053 
0.107 
0.080 
0.487 

0.053 

a) In dimethoxyethane at 183 K, conterion K+.4> b) In 
trifluoroacetic acid at 265 K.5> c) This work. 
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(a) 1.420 mT 

iVWw 
1 mT 

(b) 

Fig. 1. (a) The observed ESR spectrum recorded at 193 K of the anion radical of 5,10-
dihydroindeno[2,l-a]indene (2"') in dimethoxyethane and (b) the simulated spectrum. 

lent methylene protons wi th that for one pai r (i.e., two 
protons) of the two nonequiva lent pairs of meta pro­
tons. T h e a value of 0.107 m T is assigned to the other 
equivalent pair of meta protons. T h e former (a=0.053 
m T ) is assigned to the protons attached to C3 and C8, 
and the latter (a=0.107 m T ) to the protons attached to 
CI and C6, since the order in the magni tude of a 
values for these protons is expected to be the same in 
2 - and 2+'. 

T h e results show that the a values for the aromatic 
r ing pro tons of the radical ions of 2 are similar to 
those for the corresponding protons of the correspond­
ing radical ions of 1. In addit ion, they show that the 
a values of the cation radicals are slightly larger than 
the corresponding a values of the an ion radicals 
derived from the same parent c o m p o u n d in accord­
ance wi th a general feature for the ESR spectra of the 
cation and the an ion radicals of a l ternant hydrocar­
bons. 8"10) In contrast, the a value for the methylene 
protons of 2" ' (1.420 m T ) is much larger than that of 
2+* (0.053 m T ) . T h i s finding, which is the most 
notable feature of the results, shows that there is a 
great difference in the magni tude of the interaction of 
the methylene protons wi th the singly occupied n 
molecular orbital (SOMO) by hyperconjugat ion 
between the an ion and the cation radical. Th i s is 
explained in terms of the so-called "Whiffen Effect" n ) 

as follows. 
According to Whiffen, the a value of protons of a 

methylene g roup which is connected at two points 
wi th a n system having odd n electrons is expressed by 
the following equat ion: 

a = Q(Ci-\-C2)
2 (1) 

where Q is the constant in the McConnel l equat ion, 
and Ci and C2 are the coefficients of the n a tomic 
orbitals at the two points of connect ion in the SOMO. 
Th i s equa t ion shows that the a value is large when Ci 
and C2 are of the same sign ("Whiffen Effect") and it is 
small when they are of opposi te sign ("Anti-Whiffen 
Effect"). T h a t is, according as Ci and C2 are of the 
same sign or of opposi te sign, the hyperconjugat ion 
th rough the methylene g roup acts constructively or 
destructively wi th respect to the spin density on the 
methylene protons. 

T h e SOMO's of 2" ' and 2 + ' are shown in Fig. 3. 
Use of equa t ion (1), a value of 3.50 m T for £) , n ) and 
the Hückel coefficients for stilbene (1)5) (+0.274 for 
or tho posi t ions and ±0.438 for a and ß posit ions) 
gives 

and 

for 2 - a(CH2) = 3.50(0.274+ 0.438)2= 1.770 mT 

for 2+' a(CH2) = 3.50(0.274 - 0.438)2 = 0.094 mT 

T h e calculated figures quali tat ively compare well 
wi th the observed figures. T h i s is an interest ing 
example in which one of the two radical ions gener-
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(a) 

Fig. 2. (a) The observed ESR spectrum recorded at 
253 K of the cation radical of 5,10-dihydro-
indeno[2,l-<2]indene (2+*) in dichloromethane 
and (b) the simulated spectrum. 

ated from an a l ternant hydrocarbon shows the 
Whiffen effect and the other the anti-Whiffen effect. 
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Synopsis. The dissociation equilibrium of the copper-
(II) acetate dimer in acetic acid was studied by means of 
high-sensitivity spectorophotometry. The dissociation 
constant of the nonaquated dimer was determined to be 
£dis=10 -62±02 at 25 °C. The dissociation was promoted in 
the presence of water. The formation constant of the 
monoaquated monomer was estimated to be Km\=3.0. 

Results and Discussion 

T h e absorpt ion spectra of copper(II) acetate, as 
measured at various copper(II) concentrations, were 
smoothed, and the drift of the base line was corrected 
by compar ison wi th the absorbance at 500 nm, at 

It is well known that copper(II) acetate in acetic acid 
exists in a dimeric structure,1-4* m u c h as in the crystal­
line phase. T h e dissociation of dimeric copper(II) 
acetate in to a m o n o m e r is impor tan t to the exact 
t reatment of the solut ion chemistry of copper(II) ace­
tate in acetic acid.5) T h e evaluation of the dissocia­
tion constant of the dimer has been at tempted by 
several workers.1 _ 3 ) T h e reliable value of the con­
stant has, however, not yet been obtained because of 
qui te large errors in the data. 

T h e spectrophotometr ic measurement of the 
absorpt ion of copper(II) acetate is one of the most 
direct and precise methods for the determinat ion of 
the dissociation constant.4 ) It is, however, qui te diffi­
cult to obtain a reliable value of the constant by the 
usual spectrophotometry method because of the rela­
tively low molar ext inct ion coefficient and the small 
value of the dissociation constant of copper(II) acetate 
in acetic acid. 

Recently, we developed a high-sensitivity spectro­
photometer system equ ipped wi th a 100 m m flow cell 
and an external microcomputer.6) In the present 
paper , the dissociation equ i l ib r ium of copper(II) ace­
tate dimer in acetic acid has been investigated by us ing 
this high-sensit ivity spectrophotometry. T h e role of 
water in the dissociation equi l ib r ium was also 
discussed. 

Experimental 

Reagents. The acetic acid and copper(II) acetate were 
prepared by the methods described elsewhere.4) 

Instruments and Measurements. The spectrophotomet­
ric measurements were performed with a Hitachi spectro­
photometer, model U-3400, equipped with a quartz flow cell 
(light pass, 100 mm). By means of data processing with an 
external microcomputer, the uncertainty of absorbance was 
reduced to ±0.0002. Consequently, the sensitivity of this 
system was improved about 100 times compared to that of 
the usual methods.6) 

By means of a Teflon tube, the flow-absorbance cell was 
connected to a mixing vessel kept at 25.0 °C through a 
pump. Acetic acid (200 ml) was placed in the mixing 
vessel, and then an appropriate amount of a copper(II) 
acetate standard solution (Ccu=10-2 M; M=moldm - 3) was 
successively added. The spectrum of acetic acid was used as 
a blank spectrum. In order to prevent any bad effects of 
moisture in air, nitrogen was flowed over the solution. 

KO 1 0 0 

400 500 600 
Wavelength/nm 

700 

Fig. 1. Absorption spectra of copper(II) acetate in 
acetic acid at various copper(II) concentrations. 
CCu: 1, 1.08; 2, 2.15; 3, 5.37; 4, 10.1; 5, 21.2; 6, 51.4; 7, 
98.1X10-5M. CH2o: 1.15 M. 

Fig. 2. Apparent molar extinction coefficents, £, at 
370 nm (A) and 690 nm (B) of copper(II) acetate in 
acetic acid containing various amounts of water. 
CH2o: O, 3.45X10-2; D, 3.39X10"1; A, 1.15 M. 
Solid lines are the calculated curves by using the 
parameters listed in Table 1. 
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which the absorpt ion of copper(II) acetate is negligi­
ble. T h e spectra, converted to an apparen t molar 
extinct ion coefficient, e (absorbance per mole of 
copper(II)), are shown in Fig. 1, where the spectra at 
CH 2 O— 1.15 M are depicted as an example. T h e 
apparen t molar ext inct ion coefficients at 370 n m and 
690 n m are plot ted in Fig. 2 as a function of the total 
concentrat ion of copper, Ccu, at various concentra­
tions of water, CH2O- A S can be seen from these 
figures, reliable absorbance data were obtained down 
to about lO - 5 M of copper(II), even for the peak at 370 
n m with a lower molar extinction coefficient. In 
the case of the usual spectrophotometry, 10 - 3 M of 
copper(II) acetate is the l imit of the concentrat ion at 
which a reliable absorbance can be obtained at 370 
nm. 

By considering the side reactions of dimeric and 
monomer ic species of copper(II) acetate wi th water, 
the dissociation of the dimer in to the m o n o m e r is 
writ ten by; 

where 

Cu2(OAc)4
,^=±2 Cu(OAc)2', 

[Cu2(OAc)4/] = 2 [Cu2(OAc)4(H2Op], 
p 

[Cu(OAc)2r] = S [Cu(OAc)2(H209]. 

(1) 

(2) 

(3) 

T h e condi t ional dissociation constant of dimeric cop-
per(II) acetate is defined by; 

£dis'=[Cu(OAc)2T/[Cu2(OAc)4']. (4) 

An apparen t molar ext inct ion coefficient is given by; 

a = (2[Cu2(OAc)4']£d' + [Cu(OAc)2
,]£m,)Ccu-1 (5) 

where e / and em' are the mean molar extinct ion coeffi­
cients (absorbance per mole of copper(II)) of dimeric 
and monomer ic species of the copper(II) acetate at a 
given water concentrat ion, respectively. Those values 
are constant under the condit ions of CH2O—constant. 

It is well established that the absorpt ion peak at 370 
n m of copper(II) acetate is characteristic of the dimeric 
structure, and the absorpt ion of the monomer ic spe­
cies at 370 n m is assumed to be negligible (em'=0).3>4>7) 

T h e values of the condi t ional constants, £dis', and e / 
at each concentrat ion of water were evaluated from the 
data depicted in Fig. 2(A) with the he lp of a micro­
computer (Table 1). T h e calculated curves obtained 
by us ing these constants are shown by solid lines in 
Fig. 2(A). T h e values of the mean molar extinct ion 
coefficients of the dimeric (£/) and monomer ic (em') 
species at 690 n m were determined by us ing the values 
of Kdis' determined at 370 n m (Table 1). T h e curves 
calculated by us ing the values of em' and e / at 690 n m 
thus obtained are shown by solid lines in Fig. 2(B). 

In order to examine the effect of water on the 
dissociation equi l ibr ia in detail, the change in the 
absorpt ion spectrum of copper(II) acetate was mea­
sured by the successive addi t ion of water. As can be 
seen from Table 1, the value of the mean molar 
ext inct ion coefficient of dimeric species, e / , at 370 n m 
is constant, independent of the water concentrat ion. 

Table 1. The Logarithmic Conditional Dissociation 
Constants and Mean Molar Extinction Co­

efficients of the Copper(II) Acetates 
in Acetic Acid at 25.0 °C 

CH2o/M 

3.45X10-2 
3.39X10-1 

1.15 

l o g o s ' 

-6.2+0.2 
-5.6+0.2 
-4.5+0.2 

370 nm 
£dr 

47 
47 
47 

690 nm 

£m £d 

120 184 
44 184 
32 184 

• - - 5 

o - 6 

-2 -1 

l o g C H 2 0 

Fig. 3. The conditional dissociation constant of 
copper(II) acetate in acetic acid as a function of 
water concentration. Ccu: 1.33X10-5 M. Broken 
line and solid line are calculated curves. See text. 

T h e condi t ional dissociation constant of dimeric cop-
per(II) acetate, Kdis', at each water concentrat ion was 
evaluated from the apparent molar extinction coeffi­
cient, £, at 370 n m by us ing the values of fid'—47 and 
£m'—0. T h e values of l o g o s ' thus obtained are plot­
ted as a function of log CH 2O in Fig 3. 

T h e dissociation of the copper(II) acetate dimer to 
the monomer and an aqua t ion of these species are 
generally wri t ten by the use of Scheme 1. T h e forma­
tion constant of the m o n o a q u a c o m p l e x of the dimer 
has been obtained as Kdi=0.6 by us ing the statistical 
assumpt ion for the d iaquacomplex of £d2—1/4 £di.8) 

If we assume the formation of only a monoaqua ­
complex for the monomer ic species, Cu(OAc)2(H20), 
the condi t ional dissociation constant defined by Eq. 4 
is writ ten by Eq. 6 by us ing the above assumpt ion, 

Cu2(OAc)4 + 2H 2 0 ^ ^ 2 Cu(OAc)2 + 2H 2 0 

Cu2(OAc)4(H20) + H 2 0 

U*2 

Cu2(OAc)4(H20)2 
Ädis(W) 

2 Cu(OAc)2(H20) 

Cu(OAc)2(H20)(„-i) + H 2 0 

I [Km« 
Cu(OAc)2(H20)„ 

Scheme 1. 
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£d2=l/4£di; 

Adis' — Ad 
l+Ami[H2Q] 

1+1/2 Adi[H20] 
(6) 

where KM* refers to the dissociation constant between 
nonaquated species, A^dis=[Cu(OAc)2]2[Cu2(OAc)4]"1, 
and where Km\ refers to the formation constant of the 
monoaquacomplex of monomeric copper(II) acetate. 
The broken line in Fig. 3 is the calculated curve giving 
the minimum discrepancy from the experimental 
results. As can be seen from Fig. 3, no value of Km\ 
reproduces the experimental results. The slope of 
the plots goes up to over 3 at higher water concentra­
tions. These facts indicate that the monomeric com­
plex forms aquated species higher than the mono­
aquacomplex (n>l). 

The information obtained from the results shown 
in Fig. 3 is too sparse to determine independently the 
stepwise constants of the aquation of monomeric spe­
cies. If we assume a statistical correlation9) for the 
successive substitution of four solvent acetic acid 
molecules coordinating to the monomeric copper(II) 
acetate by means of water molecules, the successive 
aquation constants are given by £m2=3/8 Kmi, Kmz=4:/ 
9 Km2, and Km4=3/8 Kmz. By using this assumption, 
the value of the formation constant of the monoaqua­
complex giving the minimum discrepancy was evalu­
ated as Kmi=3.0. As can be seen from Fiq. 3 (solid 
line), the calculated curve shows a good fitting with 
the experimental results. The aquation constant of 
copper(II) acetate obtained here (Kmi=3.0) is of the 
same order of magnitude as that of other acetates of 
divalent transition metals in acetic acid (Kmi=1.6, 6.7, 
and 3.1 for Mn(II), Co(II), and Zn(II) acetates 
respectively).8) 

As can be seen from Fig. 3, Ko*' is constant irrespec­
tive of the water concentration at low CH2O values. 
As the formation of aquated species is negligible in 

this region, A îs' corresponds to Kdi&. Thus, the disso­
ciation constant of non-aquated species is obtained as 
Â dis—10~6 2±02 . Recently, the dissociation constant of 
copper(II) acetate in acetic acid was estimated theoreti­
cally from the partition data of copper(II) carboxylates 
with the help of regular solution theory.10) The 
value thus estimated, £dis=10~6 °9, agrees well with the 
value obtained here. 

The dissociation constant of the aquated copper(II) 
acetate dimer defined by Eq. 7 is calculated as 
A:dis(w)=10-4-2; 

[Cu(OAc)2(H20)]2 _ Ami2 

Adis( w) — — Adis . ( 7 ) 
[Cu2(OAc)4(H20)2] AdiAd2 

This value indicates that the dissociation of an 
aquated dimer is one hundred times easier than that of 
a non-aquated species. 
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Synopsis. The crystal and molecular structure of the title 
compound has been determined by the use of the X-ray 
diffraction method. The central metal atom coordinates all 
four of the nitrogen atoms of iV,iV-dimethyl 2,11-
diaza[3.3](2,6)-pyridinophane and two additional chloride 
atoms in an approximately octahedral geometry. 

T h e chemical and spectroscopic studies of rhodi-
um(III) complexes of tetraaza macrocyclic l igands 
such as 12-membered 1,4,7,10-tetraazacyclododecane 
(cyclen), la 'd 'e) or 14-membered 1,4,8,11-tetraazacyclo-
tetradecane (cyclam) l b_e ) have frequently been reported. 
In addi t ion, the results of a crystallographic investiga­
tion of cz5-[Rh(cyclam)Ci2]Cl have also appeared.2 ) 

However, little is known about the metal complexes of 
metapyr idophane l igands composed of a somewhat 
smaller sized r ing than cyclam. Most of the 2,11-
diaza[3.3](2,6)pyridophanes3) are known to have a syn-
conformation, even in solution.4 ) T h e restricted flex­
ibility in the conformational behavior as well as a 
small concave cavity in the coordinat ion sites of the 
l igand system are expected to have a significant influ­
ence on the l igat ing ability and geometries of the 
metal complexes. Recently, the crystal structure of a 
copper(II) complex of N,N'-dimethyl 2,11-diaza-
[3.3](2,6)-pyridophane 13) has been reported.5) T h i s 
paper will report on the synthesis and X-ray crystal 
structure analysis of a rhodium(III) complex of 
the same pyr id inophane l igand 1, 3,11-dimethyl-
3,1 l ,17,18-tetraazatr icyclo[l 1.3.1. l5>9]octadeca-l(17), 
5,7,9(18),13,15-hexaene. 

RhCl3-3H20 + 

Me 

N-

Me 

+ x-

2a X=BF4 

2b X=BPh4 

2c X=PF6 

Experimental 

Synthesis of Dichloro[(3,11 -dimethy 1-3,11,17,18-tetra-
azatricyclofl l . 3.1. l5'9]octadeca-l(17),5,7,9(18), 13,15-
hexaene]rhodium(III) Tetrafluoroborate 2a, Tetraphenylbo-
rate 2b, and Hexafluorophosphate 2c. A solution of l4d) 
(268 mg, 1.0 mmol) and RhCls • 3H 20 (263 mg, 1.0 mmol) in 
methanol (10 cm3) was heated at 80 °C for 2h. The filtra­
tion of the resultant yellow solution, followed by treatment 
with a hot methanolic solution (5 cm3) of NaBF4 (132 mg, 
1.2 mmol), produced crystals of 2a; these crystals were then 
recrystallized from CHbCN-benzene (487 mg, 0.92 mmol, 

were prepared and 
using NaBPli4 and 

92%). Found: C, 36.24; H, 3.68; N, 10.74; CI, 13.67%. 
Calcd for C16H20BCI2N4F4RI1: C, 36.33; H, 3.81; N, 10.59; CI, 
13.40%. *HNMR (CDCI3) 6=3.29 (6H, s), 4.80 (8H, ABq, 
/=16.7 Hz), 7.39 (4H, d, /=7.9 Hz), 7.14 (2H, dd, /=6.6, 8.4 
Hz); isCNMR (CDCI3) <5=53.7 (q), 74.9 (t), 122.9 (d), 141.2 
(d), 158.4 (s). 

The other compounds, 2b and 2c, 
purified in a similar way except for 
NH4PF6 respectively instead of NaBF4. 

2b. Yield (96%). Found: C, 62.69; H, 5.33; N, 8.94%. 
Calcd for C40H40BCI2N4RI1 • CH3CN: C, 62.86; H, 5.40; N, 
8.73%. 

2c. Yield (90%). Found: C, 32.80; H, 3.32; N, 9.78%. 
Calcd for C16H20CI2F6N4PRI1: C, 32.73; H, 3.43; N, 9.54%. 

The 1H and 13C NMR spectra were recorded at 90 MHz by 
using a Hitachi R-90H FT-NMR spectrometer, with Me4Si 
as the internal standard. Microanalyses were performed by 
the Instrumental Analysis Center for Chemistry, Faculty of 
Science, Tohoku University. 

Crystal-Structure Determination of 2b. Crystal data of 
2b.6) C4oH4oBCl2N4Rh • CH3CN, M=802.46, monoclinic, 
space group P2i/n, a=28.055(9), 6=9.066(2), c=15.552(3)A, 
0=75.27(2)°, F=3825.6(17)Â3, Z=4, Dcalcd=1.394 gem"3, 
ju(Mo-J£a)=2.032 cm -1. A yellow crystal with approximate 
dimensions of 0.25X0.25X0.25 mm was used for data mea­
surement on a Rigaku AFC-5R automatic four-circle diffrac-
tometer (AFC-5PR), using graphite-monochromated Mo-^« 
radiation (A=0.71069Â). The unit-cell parameters were 
obtained by a least squares refinement of the angular setting 
of 25 high-angle (20«3O°) reflections. A total of 7557 inde­
pendent reflections within 20=52° were collected using the 
6—20 scan mode. The position of the Rh atom was deter­
mined by the direct method, while the remaining non-
hydrogen atoms were located step by step, by difference 
Fourier syntheses; then, all the non-hydrogen atoms were 
refined by the use of anisotropical temperature factors. 
Some of the hydrogen atoms were found on the difference 
map experimentally, but the other parameters were calcu­
lated geometrically except for the solvent acetonitrile mole­
cule. The parameters of hydrogen atoms were included in 
the refinement with isotropic temperature factors by the use 
of the block-diagonal least-squares method. 

The final R value was 0.049 (#w=0.055) for 5199 reflec­
tions with FQ > 3a (Fo) All the calculations were carried out 
on a ACOS 2000 at the Computer Center of Tohoku Univer­
sity, using a local version of the UNICS III programs.7) 
The scattering factors were taken from Ref 8. 

Results and Discussion 

A perspective drawing of the cationic complex 2b is 
shown in Fig. 1, whi le selected bond lengths and bond 
angles are listed in Table 1. T h e cationic complex 
has a pseudo-octahedral geometry, wi th the coordina­
tion of all four ni t rogen donors of the cyclic l igand 
and the two chloride l igands to the Rh(III) center, as 
shown in Fig. 1. 
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Table 1. Selected Bond Lengths and Bond Angles, 
with Estimated Standard Deviations 

in Parentheses 

Fig. 1. ORTEP drawing of the cationic complex 2b. 

Fig. 2. Side view of 2b projected along the N(l)-
N(3) axis. 

The tertiary nitrogen donors, N(l) and N(3), occupy 
the axial sites of the octahedral arrangement, while 
two pyridine nitrogen atoms, N(2) and N(4), and the 
two chloro ligands, Cl(l) and Cl(2), form the equator­
ial plane, which is almost planar with a deviation of 
less than 0.007 Â. However, the several distortions 
from the ideal octahedral geometry may be illustrated 
as follows. The N(2)-Rh-N(4) angle is reduced to 
85.8(1)°, while the Cl(l)-Rh-Cl(2) angle is expanded 
to 94.8(1)°. The N(l)-Rh-N(3) (160.6(2)°) bond angle 
indicates that the Rh atom deviates 0.353 Â from the 
N(l)-N(3) axis, jutting out from the cavity of the 
cyclic ligand, as can be seen in the side view of the 
molecular structure (Fig. 2). Furthermore, the two 
pyridine planes, being planar within the limits of 
experimental error, are bent toward the bisectional 
axis of the coordination angle, N(2)-Rh-N(4), to the 
extent of 8.6° and 7.3°. 

The reported bond angles, N(2)-Rh-N(4), Cl(l)-
Rh-Cl(2), and N(l)-Rh-N(3), of the cyclam complex 
are 94.3°, 88.3°, and 173.0° respectively, near the nor­
mal octahedral geometry.2) The replacement of the 

(a) Bond length/Â 
Rh-Cl(l) 
Rh-Cl(2) 
Rh-N(l) 
Rh-N(2) 
Rh-N(3) 
Rh-N(4) 
N(l)-C(l) 
N(l)-C(14) 
N(l)-C(15) 
N(2)-C(2) 
N(2)-C(6) 
N(3)-C(7) 
N(3)-C(8) 
N(3)-C(16) 

2.353(2) 
2.349(2) 
2.094(5) 
1.958(5) 
2.099(5) 
1.960(5) 
1.508(8) 
1.517(8) 
1.494(9) 
1.344(7) 
1.344(7) 
1.509(9) 
1.488(10) 
1.486(10) 

(b) Bond Angles/0 

Cl(l)-Rh-Cl(2) 
Cl(l)-Rh-N(l) 
Cl(l)-Rh-N(2) 
Cl(l)-Rh-N(3) 
Cl(l)-Rh-N(4) 
Cl(2)-Rh-N(l) 
Cl(2)-Rh-N(2) 
Cl(2)-Rh-N(3) 
Cl(2)-Rh-N(4) 
N(l)-Rh-N(2) 
N(l)-Rh-N(3) 
N(l)-Rh-N(4) 
N(2)-Rh-N(3) 
N(2)-Rh-N(4) 
N(3)-Rh-N(4) 
Rh-N(l)-C(l) 
Rh-N(l)-C(14) 
Rh-N(l)-C(15) 
C(l)-N(l)-C(14) 
C(l)-N(l)-C(15) 
C(14)-N(l)-C(15) 
Rh-N(2)-C(2) 
Rh-N(2)-C(6) 
C(2)-N(2)-C(6) 
Rh-N(3)-C(7) 
Rh-N(3)-C(8) 
Rh-N(3)-C(16) 
C(7)-N(3)-C(8) 

94.8(1) 
95.8(1) 
89.1(1) 
96.8(1) 

174.9(1) 
97.2(1) 

175.9(1) 
96.1(1) 
90.1(1) 
82.9(1) 

160.6(2) 
83.4(1) 
82.7(2) 
85.8(1) 
82.5(2) 

105.4(3) 
106.2(3) 
116.9(3) 
110.6(4) 
109.4(4) 
107.9(4) 
117.7(3) 
118.2(3) 
123.5(4) 
106.1(4) 
106.9(4) 
115.8(4) 
111.2(5) 

N(4)-C(9) 
N(4)-C(13) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(7) 
C(8)-C(9) 
C(9)-C(10) 
C(10)-C(ll) 
C(ll)-C(12) 
C(12)-C(13) 
C(13)-C(14) 

C(7)-N(3)-C(16) 
C(8)-N(3)-C(16) 
Rh(l)-N(4)-C(9) 
Rh(l)-N(4)-C(13) 
C(9)-N(4)-C(13) 
N(l)-C(l)-C(2) 
N(2)-C(2)-C(l) 
N(2)-C(2)-C(3) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
N(2)-C(6)-C(5) 
N(2)-C(6)-C(7) 
C(5)-C(6)-C(7) 
N(3)-C(7)-C(6) 
N(3)-C(8)-C(9) 
N(4)-C(9)-C(8) 
N(4)-C(9)-C(10) 
C(8)-C(9)-C(10) 
C(9)-C(10)-C(ll) 
C(10)-C(ll)-C(12) 
C(ll)-C(12)-C(13) 
N(4)-C(13)-C(12) 
N(4)-C(13)-C(14) 
C(12)-C(13)-C(14) 
N(l)-C(14)-C(13) 

1.333(8) 
1.339(7) 
1.473(9) 
1.377(9) 
1.387(10) 
1.381(10) 
1.367(9) 
1.496(9) 
1.517(10) 
1.372(10) 
1.376(11) 
1.378(10) 
1.381(9) 
1.495(8) 

108.2(5) 
108.4(5) 
118.4(4) 
117.3(3) 
123.0(5) 
113.1(5) 
113.5(5) 
118.9(5) 
127.3(5) 
118.9(5) 
120.5(6) 
119.2(6) 
119.0(5) 
113.2(5) 
127.4(5) 
112.4(5) 
112.2(6) 
113.1(5) 
119.3(6) 
127.2(6) 
119.1(7) 
120.4(7) 
118.5(6) 
119.3(5) 
114.3(5) 
126.0(5) 
112.3(4) 

N(2) and N(4) of the cyclam ligand by the pyridine 
nitrogens of 1 does not much decrease the Rh-Cl(l) 
and Rh-Cl(2) bond lengths, which function as probes 
of the trans-eiiect of these nitrogens, but it does reduce 
the Rh-N(2) and Rh-N(4) bond lengths to less than 
1.96 Â. 

Fronczek et al. proposed that the small ring sized 
and reduced flexibility of the ligand 1 did not permit 
the coplanar coordination of the four nitrogen atoms, 
and they reported that the copper complex of 1 was in 
a highly distorted octahedral arrangement.5) 

The oxidation number of the Rh(III) cation is 
greater than that of the Cu(II) cation, while the d 
electrons belonging to Rh(III) are fewer than those 
belonging to Cu(II). It thus appears that the Rh(III) 
cation tends to coordinate all four N atoms of 1 as 
nearly as possible, overcoming the restricted flexibility 
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&>P&>P \ 
Fig. 3. Crystal structure view along the b axis. 

of the l igand. T h i s tendency may then force the 
complex 2 to be close to the normal octahedral geome­
try. T h e angles of bo th the axial N ( l ) - R h - N ( 3 ) 
(160.6°) and the equator ia l N(2)-Rh-N(4) (85.8°) of 2b 
are greater than the corresponding angles, N ( l ) - C u -
N(3) (147.8°) and N(2)-Cu-N(4) (78.9°) respectively, of 
the copper complex.5 ) 

T h e compar ison of the XH and 13C N M R spectra of 
2a and 2c wi th those of 2b suggests that the cations of 
2a and 2c have the same octahedral type arrangement . 

T h e present authors are grateful to Dr. Takanor i 
Suzuki, Depar tment of Chemistry, Faculty of Science, 
T o h o k u University, for his technical assistance in the 
X-ray crystallographic analysis. 
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Synopsis. The X-ray structure of Fe(OEP)(OMe) is 
reported: Fe(C36H44N4)(CH30), F.W =619.7, monoclinic, 
P2i/c, a=13.412(5) Â, è=13.751(2) Â, c=18.912(8)A, 
0=106.28(3)° and F=3348(4)Â3, Z=4. A methoxide-
coordinated iron(III) porphyrinate with n-n dimeric por­
phyrin interaction in the solid state was revealed. The 
facile formation of the methoxide is briefly discussed. 

T h e hydroxide-coordinate iron(III) porphyr ins , 
Fe(P)(OH),1 ) and related macrocycles have a tendency 
to form ju-oxo-bridged dimers in a variety of sol­
vents. 2"~10) However, recent studies ut i l izing sterically 
protected porphyr ins have demonstrated the possibil­
ity of isolat ion of the h igh-sp in hydroxide i ron por­
phyr ina te monomers . n""14) It is also reported that the 
conversion of an unh indered porphyr in hydroxide 
complex, Fe (TTP) (OH) , to the JU-OXO dimer is signifi­
cantly slow at ambien t room temperature.1 5 ) T h e 
magneto-spectroscopic investigations of the antiferro-
magnetical ly coupled (Fe(P))20 complexes were fre­
quent ly hampered , probably by this k ind of h igh-sp in 
complex as impurities.3'8>16) In the course of our 
at tempts to prepare (Fe(OEP))2Û crystals, well formed 
single crystals of the Fe(OEP) alkoxides were pro­
duced in the presence of alcohols, despite the fact that 
a s imilar t reatment of Fe(TPP) gave the /x-oxo dimer. 
T h i s report deals wi th the X-ray crystal structure of 
Fe(OEP)(OMe) and the facile formation of the alkox-
ide complexes of Fe(OEP) from the hydroxide 
complex. 

Experimental 

Fe(OEP)Cl was purchased from Aldrich and purified by 
recrystallization several times from chloroform-methanol. 
Fe(OEP)(OH) was prepared from Fe(OEP)Cl by analogous 
methods reported for a variety of binuclear oxo-bridged 
iron(III) porphyrins;2'7'8) a chloroform solution of Fe(OEP)-
Cl was vigorously shaken in a separatory funnel with an 
aqueous KO H solution three times; the chloroform layer 
was then evapolated to dryness, yielding a crude solid prod­
uct. A solution of the crude product in chloroform was 
allowed to vapor diffusion of pentane for recrystallization; 
however, a brown powder was recovered. Methanol was 
added into the solution, and slow evaporation of the solu­
tion afforded crystals of the methoxide complex. Anal. 
Calcd for FeC37H47N40, Fe(OEP)(OMe): C, 71.72; H, 7.65; 
N, 9.04%. Found: C, 71.66; H, 7.42; N, 9.16%. IR(KBr) 
cm"1: (Fe-OCHs) 542, (Fe-OCD3) 533. 

Rhombic crystals suitable for X-ray analysis were 
obtained by slow evaporation of the chloroform-methanol 
solution of Fe(OEP)(OMe). A preliminary examination of 
a crystal with dimensions of 0.48X0.18X0.57 mm3 on Enraf-
Nonius CAD4 diffractometer indicated a monoclinic unit 
cell. Systematic absences were consistent with the space 
group P2i/c. A least-squares refinement of the setting 
angles of 25 reflections, collected in the range of 22°< 
20<34°, led to the cell constants shown in Synopsis. For 

Z=4 and FW=6\9.7, the calculated density is 1.225 gem"3 

and the experimental density is 1.220 gem - 3 . 
Diffracted intensities were measured by CD—20 scanning 

with graphite-monochromated M o ^ a radiation. A total 
of 8327 reflections up to 20=55° were measured. Net inten­
sities were reduced to a set of relative structure factors by the 
application of the standard Lorentz and polarization factors. 
No absorption correction was made (^=0.48 mm - 1). A 

Table 1. Fractional Coordinates and Isotropic 
Equivalent Temperature Factors 

Atom x y z 5eq* 

* Beq=(4/3) (Bna2+B22b2+B33C2+B12ab(cos y)+Bi3ac-
(cos ß)+B23bc(cos a)). 

Fe 
O 
Ni 
N2 

N3 

N4 

CMe 
Cal 
Ca2 
Ca3 
Ca4 
Ca5 
Ca6 
Ca7 
Ca8 
Cbl 
Cb2 
Cb3 
Cb4 
Cb5 
Cb6 
Cb7 
Cb8 
C m l 
Cm2 
Cm3 
v><m4 

Cn 
Cl2 
C21 
C22 
C31 
C32 
C4I 
C42 
Col 
C52 

Côi 
Cô2 
C71 
C72 
C81 
C82 

0.33505(5) 
0.2918(3 
0.4347(3 
0.4666(3 
0.2544(3 
0.2232(3 
0.2428(5 
0.4068(4 
0.5387(4 
0.5659(4 
0.4673(4 
0.2843(4; 
0.1547(4 
0.1269(4 
0.2235(4 
0.4940(4 
0.5750(4 
0.6317(4 
0.5710(4 
0.1998(4 
0.1203(4 
0.0640(4 
0.1243(4 
0.5990(4 
0.3816(4 
0.0944(4 
0.3081(4 
0.4931(5 
0.5050(6 
0.6818(5 
0.6949(7 
0.7469(4 
0.7751(6 
0.6000(5 
0.5785(8 
0.2046(5 
0.1872(6 
0.0176(5 
0.0085(7 

-0.0435(4 
-0.0452(6 
0.0974(5 
0.1349(8 

0.49160(6) 
0.4341(3 
0.5990(3 
0.4146(3 
0.4155(3 
0.5996(3 
0.4825(6 
0.6885(4 
0.5887(4 
0.4295(4 
0.3256(4 
0.3269(4 
0.4295(4 
0.5890(4 
0.6900(4 
0.7315(5 
0.6705(5 
0.3490(5 
0.2858(5 
0.2884(4 
0.3517(4 
0.6747(4 
0.7355(4 
0.5098(5 
0.2873(4 
0.5096(4 
0.7271(4 
0.8299(5 
0.9131(5 
0.6801(6 
0.6284(9 
0.3424(5 
0.3039(9 
0.1879(5 
0.1042(7 
0.1916(5 
0.1044(5 
0.3477(5 
0.4196(6 
0.6899(5 
0.7264(7 
0.8356(5 
0.9176(6 

0.57070(4) 
0.6451(2 
0.6255(2 
0.5668(2 
0.4776(2 
0.5368(2 
0.6923(3 
0.6481(3 
0.6624(3 
0.6084(3 
0.5319(3 
0.4536(3 
0.4366(3 
0.4896(3 
0.5692(3 
0.7014(3 
0.7110(3 
0.6002(3 
0.5541(3 
0.3957(3 
0.3842(3 
0.4911(3 
0.5408(3 
0.6529(3 
0.4808(3 
0.4439(3 
0.6221(3 
0.7363(4 
0.6872(4 
0.7638(4 
0.8374(5 
0.6367(3 
0.7138(5 
0.5296(4 
0.5749(6 
0.3583(4 
0.4012(5 
0.3275(4 
0.2641(4 
0.4427(3 
0.3660(4 
0.5620(4 
0.5225(6 

2.85(1) 
4.19(9) 
3.27(9) 
3.27(9) 
3.09(9) 
2.90(9) 
5.6(2) 
3.4(1) 
3.4(1) 
3.4(1) 
3.6(1) 
3.3(1) 
3.1(1) 
3.0(1) 
3.2(1) 
3.8(1) 
3.9(1) 
3.7(1) 
3.8(1) 
3.5(1) 
3.6(1) 
3.1(1) 
3.3(1) 
3.7(1) 
3.6(1) 
3.2(1) 
3.5(1) 
5.0(2) 
6.2(2) 
4.8(2) 
9.6(3) 
4.7(2) 
9.3(3) 
5.0(1) 
9.3(3) 
4.5(1) 
6.7(2) 
4.6(1) 
6.1(2) 
3.9(1) 
6.2(2) 
4.6(1) 
8.0(3) 
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Fig. 1. ORTEP diagram(Johnson, 1976) and labeling scheme for all non-
hydrogen atoms of the Fe(OEP)(OMe) molecule. Bond lengths of the coordina­
tion sphere of iron are entered in units of Â. 

total of 5323 unique reflections having |F0|>3a(|F0|) were 
retained as observed and used in the solution and refinement 
of the structure. 

The structure was solved by the direct method and refined 
by full-matrix least-squares methods.173) Final cycles of 
least-squares refinement with anisotropic temperature fac­
tors for non-hydrogen atoms and fixed idealized hydrogen 
atoms were carried to convergence. The final values for the 
discrepancy indices were #=0.077 and #w=0.088.17b) The 
atomic coordinates for non-hydrogen atoms with the iso­
tropic equivalent thermal factors are given in Table l.17c) 

Results and Discussion 

Description of the Molecular Structure. A perspec­
tive view of Fe(OEP)(OMe) with the atomic labeling is 
given in Fig. 1. Also entered in Fig. 1 are the bond 
lengths of the iron(III) coordination sphere. These 
bond lengths and out of plane localization of iron are 
those expected for a five-coordinate high-spin 
iron(III) porphyrinate.18) The TT-TI dimeric nature of 
the complexes in the crystal is shown in Fig. 2. The 
figure displays a flat porphinato core. The maxi­
mum perpendicular displacement from the 24-atom 
mean plane was 0.10 A at the G,3 carbon. Two 
Fe(OEP)(OMe) molecules of the dimer are centrosym-
metrically related by the center lying on the Fe-Fe 
vector. The Fe-Fe separation is 5.78 Â and the sepa­
ration of two mean planes of the 24-atom core is 
3.54 Â. The lateral shift defined by Scheidt and Lee19) 

is calculated to be 3.09 Â in a direction approximately 
parallel to the Fe-Ca3 vector. These dimeric charac­
teristics are categorized into the moderate n-n interac­
tion of Group I.19) 

The molecular structure of Fe(OEP)(OMe), includ­
ing the dimeric nature, is essentially identical with 

that of Fe(MesoDME)(OMe),2°) although we did not 
encounter the disorder problem in this space group 
choice. The average Fe-Np bond distance, 2.074(4) A, 
iron(III) atom displacement from the mean plane 
of the 24-atom core, 0.53 Â, Fe-O bond distance, 
1.843(2) Â, Fe -0 -CH 3 bond angle, 125.5(3)°, are com­
parable with 2.073(6) A, 0.49 A, 1.842(4) A and 
125.9(6)° of Fe(MesoDME)(OMe), respectively. The 
orientation of methanol, determined by the dihedral 
angle between the coordination plane(N2,N4,Fe,0) 
and methanol plane(CMe,0,Fe), is 32.7°, is slightly 
smaller than the bisection angle (—45°) in the disor­
dered Fe(MesoDME)(OMe). The significantly longer 

Fig. 2. An overall view of the TT-TT dimer in the 
lattice of Fe(OEP)(OMe). The porphinato planes 
are approximately perpendicular to the plane of the 
plot. 
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C M e - 0 b o n d length, 1.415(5)A than 1.367(12)Â in 
Fe(MesoDME)(OMe) is associated wi th this orienta­
tion. T h i s or ientat ion is in contrast to the eclipsed 
configurat ion reported for Fe(TPP)(OMe).2 1 ) T h e 
difference in the methoxide or ientat ion between the 
O E P and the T P P moiety can be interpreted in terms 
of the steric factor of the per ipheral parts , i.e., the 
ethyl g roups at the ß-pyrrole posi t ion (OEP) and the 
phenyl g roups at the meso posi t ion (TPP) . There is 
no other u n u s u a l structural feature compared wi th the 
low-temperature structure of Fe(TPP)(OMe), except 
for the dimer formation of Fe(OEP)(OMe). 

Facile Formation of the Methoxide Complex of 
Fe(OEP). Fe(OEP)(OMe) is apparent ly produced 
from the i ron hydroxide porphyr ina te by a dehydra­
t ion reaction, 

Fe(OEP)(OH) + CH3OH —>Fe(OEP)(OMe) + H2O. (1) 

T h e format ion of /x-oxo-bridged species, (Fe(OEP))20, 
from the two hyroxide molecules was also postu­
lated7'16) according to a general hydra t ion-dehydra t ion 
equi l ib r ium, 

2 Fe(P)(OH) 7=± (Fe(P))20 + H 2 0 . (2) 

Few reports have been concerned wi th the character­
ization of Fe(OEP)(OH) or (Fe(OEP)) 2 0 as the precur­
sor of Fe(OEP)(OMe), a l t hough a facile alkoxide 
formation has recently been reported in other i ronpor-
phyr in -a lcoho l systems.22) Such a facile formation of 
Fe(OEP)(OMe) from Fe(OEP)(OH) provokes a ques­
t ion as to whether it is possible to generate a pure /x-
oxo bridged species in the absence of alcohols. T h e 
IR spectrum of the powder Fe(OEP)(OH) product 
prepared in the absence of alcohol showed strong 
absorpt ion at 880 cm""1 in a KBr pellet. T h e absorp­
t ion a r o u n d this region has been assigned to antisym­
metric F e - O - F e stretching of the /x-oxo-bridged spe­
cies. 2'3)8) However, to our surprise, the same strong 
absorpt ion has also been seen in the IR spectrum of 
Fe(OEP)(OMe) in a KBr pellet a long wi th some 
absorpt ions assignable to the methoxide l igand, e.g., 
at 542 c m - 1 of the Fe -OCH3 stretching. T h e inten­
sity of the IR absorpt ion at 880 cm""1 in the 
Fe(OEP)(OMe) sample was too distinct to be 
explained by the par t ia l conversion of Fe(OEP)(OMe) 
to ((Fe(OEP))20, even though it wou ld occur in the 
solid state. T h i s absorpt ion makes it difficult to un i ­
quely identify (Fe(OEP))2Û in the powder product , 
since it is possible for Fe(OEP)(OH) and Fe(OEP)-
(OMe) to possess some unidentified IR absorpt ion in 
this region. O n the other hand, a direct conversion 
of (Fe(OEP)) 2 0 to Fe(OEP)(OMe) is unlikely in a 
chloroform solut ion, since there has been no optical 
spectral change at t r ibutable to the cleavage of F e - O -
Fe by the addi t ion of alcohols in to a solut ion of the 
crude product . However, the powder product has 
been completely converted to methoxide by the addi­
t ion of methanol , as ment ioned above. These facts 
suggest that the formation of the /x-oxo dimer is 
l imited in the Fe(OEP) moiety, and that most of the 
powder solid produced under the condi t ions of this 
work mus t be Fe(OEP)(OH) , which converts easily to 
the methoxide according to Eq. 1. 

Isolat ion and characterization of (Fe(OEP))2Û or 
Fe(OEP)(OH) of h igh chemical pur i ty remains to be 
investigated for establishing Eq. 2 in the Fe(OEP) 
system. 
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Facile Pyrolytic Preparation of ci5-Dioxoporphyrinatomolybdenum(VI) 
from iran5-Diperoxoporphyrinatomolybdenum(VI) 
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Synopsis. czs-Dioxo (tetraphenylporphyrinato)molybde-
num(VI) [MoVI(0)2(tpp)] (tpp=5,10,15,20-tetraphenylpor-
phyrinato) is easily prepared by the pyrolysis of the corre­
sponding diperoxoporphyrinato complex [MoVI(02)2(tpp)] 
releasing dioxygen gas at 200 °C under 10-3—10-4 Torr (1 
Torr «133.3 Pa). 

The chemistry of oxo-metal complexes is intense 
interests in relation to the mechanism of oxygen-
atom- and electron-transfer reactions and ability as 
catalysts for oxygenation reactions.1) m-Dioxopor-
phyrinatomolybdenum(VI) is only one stable isolated 
metalloporphyrin2* whose two oxo ligands are coordi­
nated to the central metal atom from the same side of 
the porphyrin plane.3) The m-dioxo complex is 
supposed to act as an oxygenation catalyst for other 
compounds; in practice, it reacts with triphenylphos-
phine to give triphenylphosphine oxide4>5) and also 
catalizes the formation of acetone from 2-propanol in 
the presence of air.6) 

The cz'5-dioxo complex was first prepared by Ledon 
et al. from ^rans-diperoxoporphyrinatomolybdenum-
(VI) photochemically.4) Our preliminary study of the 
photochemistry of £ran5-diperoxo(tetraphenylpor-
phyrinato)molybdenum(VI) [MoVI(02)2(tpp)] (tpp= 
5,10,15,20-tetraphenylporphyrinato) confirmed that 
the corresponding m-dioxo complex [MoVI(0)2(tpp)] 
was surely formed by the photoirradiation of the 
dichloromethane solution of [MoVI(02)2(tpp)] with 
visible light as reported.6) However, successive photo-
irradiation causes reduction of the m-dioxo complex 
to form [MoIV(0)(tpp)].7) This result and high molar 
absorption coefficients of these metalloporphyrins 
have stood in the way of the large scale photochemical 
preparation of the m-dioxo complex. 

In this communication, facile new preparation of 
cz5-dioxoporphyrinatomolybdenum(VI) by the pyrol­
ysis of £ran5-diperoxoporphyrinatomolybdenum(VI) 
in the solid state is reported. 

The [MoVI(02)2(tpp)] complex has electronic spec­
tral bands at 445, 573, and 612 nm in toluene at room 
temperature. The powder of [MoVI(02)2(tpp)] was 
heated at 200 °C for 4 h under 10"3—10~4 Torr (1 
T o r r « 133.3 Pa). A small amount of [MoVI(02)2(tpp)] 
was sublimed during the pyrolysis. The toluene 

solution of the pyrolyzed product thus obtained has 
electronic spectral bands at 424, 533, and 563 nm (Fig. 
1). These bands agreed with those of the correspond­
ing cz'5-dioxo comlex [MoVI(0)2(tpp)] which was 
separately prepared photochemically (Table 1). The 
solution shows no ESR signals, indicating the forma­
tion of ESR-silent species such as d° [MoVI(0)2(tpp)]. 
The *H NMR spectra of the product in CD2C12 at 270 
MHz revealed that only one porphyrin species was 
formed by the pyrolysis. The ortho protons, meta 
and para protons of phenyl groups, and ß-pyrrole 
protons were observed around ô 8.21, 7.84, and 9.02 at 
21 °C respectively. The sharpness of the resonance 
lines indicated that the porphyrin is diamagnetic. 
The coalescent spectrum of ortho protons at 21 °C was 
split into doublet at — 10°C and quartet at — 70 °C 
reflecting the non-equivalent behavior of the ortho-
ortho' protons due to asymmetric axial ligation. 

300 700 400 500 600 
W a v e l e n g t h / n m 

Fig. 1. Visible absorption spectra in toluene at 25 °C 
of [MoVI(02)2(tpp)] and [MoVI(0)2(tpp)] of the pyro­
lyzed product. 

Table 1. Absorption Bands in UV-Visible Region 

Complex Solvent Amax/nm (e/104 mol"1 dm3 cm"1) at 25 °C 

[MoVI(02)2 (tpp)] 

[MoVI(0)2 (tpp)] 

CH2CI2 
Toluene 
CH2CI2 
Toluene 

321(6.19) 
322 
321(8.83) 
322 

443(62.3) 
445 
422(37.3) 
424 

530(1.19) 573(3.74) 
573 

485(1.59) 532(3.00) 
533 

612(4.17) 
612 
563(2.44) 
563 
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( a ) 

Mo=0 
904,870 cm"1 
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Wovenumber / cm 
VI/ Fig. 2. Infrared spectra (KBr pellet) of [Mo (02)2-

(tpp)] (a) and 
product (b). 

[Mo (0)2(tpp)] of the pyrolyzed 

T h i s XH N M R spectral feature of the or tho protons is 
essentially the same wi th that of the [MoVI(0)2(ttp)] 
( t t p ^ , 10,15,20-tetra-£>-tolylporphyrinato) system.4) 

T h e evolut ion of dioxygen gas in the pyrolysis was 
confirmed by El-mass spectral measurements that 
showed characteristic bands due to dioxygen and oxy­
gen a tom at m/z—32 and 16 respectively. T h e IR 
spectrum of [MoVI(02)2(tpp)] (KBr pellet) has a charac­
teristic band at 960 c m - 1 of O - O stretchings (Fig. 2a). 
By the pyrolysis, the b a n d disappeared wi th appear­
ance of new bands at 904 and 870 c m - 1 which are 
ascribed to the stretchings of M o = 0 bonds (Fig. 2b). 
Usually further purif icat ion is unnecessary.8) T h e 
result of elemental analysis of the red-purple complex 
obtained agreeds wi th the empir ical formura 
C44H28N4O2M0 of the m - d i o x o complex (—100% 
yield). Anal. Calcd for [MoV I(0)2( tpp)]: C, 71.34; H, 
3.82; N, 7.57%. Found: C, 71.23; H , 3.72; N, 7.45%. 
Namely, the pyrolysis of [MoV I(02)2(tpp)] at 200 °C 
affords [MoV I(0)2(tpp)] releasing dioxygen gas 
(Scheme 1). T h i s method is very facile and suitable 
for large scale prepara t ions of the m - d i o x o complex. 

T h e m - d i o x o complex does not form seven coordi-

A (~200°C) ,\—fa 
• ( M o V I 

in s o l i d 

Scheme 1. 

+ 0, 

nate complexes such as [MoV I(0)2(tpp)L] (L^d imethy l 
sulfoxide, pyridine) in toluene even at low tempera­
tures a l t hough [Mo I V 0( tpp)] forms [Mo IV0(tpp)L].9> 
X-Ray structural analysis for [MoVI(0)2(ttp)] shows 
that the molybdenum atom lies at 0.972 A from the 4N 
plane formed by pyrrole nitrogens.3 ) T h e displace­
ment of the molybdenum a tom for the czs-dioxo com­
plex hav ing horse-saddle-type structure is m u c h larger 
than that of the [Mo I V 0( tpp)] pyramidal complex: 
0.6389Â.10> T h i s may make difficult the coordina­
tion of such l igands to the central molybdenum from 
the reverse side of the dioxo l igands. 

Experimental 

Absorption spectra were recorded on a Hitachi 808 spec­
trophotometer. Infrared spectra were measured with a Hita­
chi 270-50 spectrophotometer. A Hitachi RMU-6 El-mass 
spectrometer was used to detect the gas evolved in the 
pyrolysis of £rarcs-diperoxoporphyrinatomolybdenum(VI) 
[MoVI(02)2(tpp)J. The complex was prepared by the 
reported method.n) Toluene was purified and stored in the 
vessel on a vacuum line. 
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Synopsis. Binuclear oxovanadium(IV) complex, 
[(VO)2L(OCH3)], has been synthesized, where H3L denotes 
2,6-diformyl-4-methylphenol bis(benzoylhydrazone). Two 
metal ions are bridged by the phenolic oxygen of L3~ and a 
methoxide oxygen. Cryomagnetic measurements (80—300 
K) indicated the operation of an antiferromagnetic spin-
exchange interaction (/=—191.3 cm-1) between the oxovana-
dium(IV) ions. 

In our series of papers1 - 8) we have shown that 2,6-
diformyl-4-methylphenol and its Schiff bases can 
incorporate two metal ions by the use of the phenol ic 
oxygen as the endogenous bridge. In those studies 
our ma in interest was forcussed on the spin-exchange 
in binuclear copper(II) complexes wi th respect to the 
nature of the exogenous bridge and the geometrical 
feature of the complexes. Studies on the spin-
exchange of dinuclear oxovanadium(IV) complexes in 
compar ison wi th those of dinuclear copper(II) com­
plexes are of interest for ga in ing further ins ight in to 
the spin-exchange mechanism, since copper(II) (d9) 
and oxovanadium(IV) (d1) ions have one unpa i red 
electron, b u t differ regarding their electronic configu­
rat ions; in the former case with square p lanar and 
square pyramidal geometries the unpa i red electron, 
generally, resides in the dx2-y2 orbital and the spin 
coup l ing is effected by a superexchange mechanism; 
in the latter, however, the unpa i red electron resides in 
the dxy orbital (x- and y-axes being taken on the donor 
a toms in equator ia l p lane , hence the spin coup l ing is 
caused by direct over lapping of magnet ic orbitals). 
Studies a long this line, however, are still very limited.7) 

We recently reported the synthesis, structure, and 
magnet ic properties of copper(II) complexes of 
2,6-diformyl-4-methylphenol bis(benzoylhydrazone) 
(abbreviated as H3L, see Fig. I).9) As an extension of 
this study, we report here on the synthesis and mag­
netic properties of an oxovanadium(IV) complex of 
H3L. 

Experimental 

Syntheses. 2,6-Diformyl-4-methylphenol was synthe-

C H 3 

A 
N O N 

^ H \ 
HN NH 

Fig. 1. Chemical structure of H3L. 

sized by a method found in the literature.4) Dinucleating 
ligand, H3L, was obtained by condensation of 2,6-diformyl-
4-methylphenol and benzoylhydrazine in ethanol according 
to a method reported previously.9) 

[(VO)2L(OCH3)]. An aqueous solution (10 cm3) of oxo-
vanadium(IV) sulfate hydrate (2.2 mmol) was added to a hot 
methanolic solution (50 cm3) of H3L (1 mmol). The solu­
tion was warmed under stirring for 30 min to afford a 
greenish microcrystalline product. It was collected on a 
glass filter, washed with hot water and then with a small 
amount of hot methanol, and dried in the open air. The 
yield was 55%. Found: C, 51.29; H, 3.59; N, 10.03%. Calcd 
for V2C24H20O6N4: C, 51.26; N, 3.58; N, 9.96%. 

Measurements. Elemental analyses were carried out at 
the Advanced Instrumentation Center for Chemical Analy­
sis, Ehime University. Infrared spectra were recorded on a 
JASCO IR-810 Spectrophotometer. Reflectance spectra 
were measured on a Shimadzu MPS-5000 Spectrophotome­
ter. The magnetic susceptibilities were determined by the 
Faraday method in the range from liquid-nitrogen tempera­
ture to room temperature. The apparatus was calibrated by 
the use of [Ni(en)3]S203- Pascal's constants were used for a 
diamagnetic correction. The effective magnetic moments 
were calculated from the equation Meff=2.828 VXÄJT, where 
XA is the magnetic susceptibility per metal ion. 

Results and Discussion 

A free l igand shows two sharp IR bands at 3400 and 
3175 c m - 1 a t t r ibutable to the *>(OH) of the phenol ic 
hydroxy 1 g roup and the *>(NH) of the hydrazone 
moiety, respectively; these bands disappear in 
[(VO)2L(OCH3)]. It is presumed that the l igand in 
the trinegative form (L3~) acts as a hexadentate l igand 
to incorporate two oxovanadium(IV) ions in a similar 
way as demonstrated for [Cu2L(OCHs)] by a single-
crystal X-ray analysis,9) and that the methoxide ion 
probably functions as an exogenous br idging group . 
T h e V = 0 stretching vibration is located near 1000 cm - 1 , 
indicat ing no intermolecular V=O...V=0.. . b o n d i n g in 
this complex. Some oxovanadium(IV) complexes 
are known to have a polymeric structure by such 
intermolecular bonding; those complexes show the 
V = 0 stretching mode at a lower wavenumber (850— 
902 cm -1).7 '10-13) T h e reflectance spectrum of the 
complex shows d-d components a round 600 and 470 
n m as discernible shoulders of an intense band at 420 
n m that may be assigned to a charge-transfer transi­
tion.12'14'15) 

All our efforts to obtain a single crystal suitable for 
X-ray analysis have so far been in vain. 

T h e temperature-dependences of the magnet ic sus­
ceptibility and effective magnet ic momen t (per one 
metal ion) are given in Fig. 2. T h e magnet ic 
m o m e n t at room temperature is subnormal (1.18/JLA) 
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Fig. 2. Temperature dependences of magnetic sus­
ceptibilities and effective magnetic moments. 

and decreases wi th lowering the temperature to 0.39)UB 
at 84.6 K. T h i s mus t be due to an antiferromagnetic 
spin exchange wi th in a complex molecule. An anal­
ysis of the magnet ic susceptibility has been made on 
the basis of the Bleaney-Bowers equations16) includ­
ing a correction term for paramagnet ic impur i ty , 

Ng2ß2 1 0.45p 
XA= 3 A T [ l + - 3 - e x p ( - 2 / / A T ) ] - M l - p ) + - y i l + N«. 

Here, p is the mole fraction of the paramagnet ic 
con taminan t and the other symbols have their usual 
meanings . T h e best-fit is at tained wi th magnet ic 
parameters of g=1.95, /=—191.3 cm"1 , Na=60X10" 6 

cm3 m o l - 1 , and p=0.03. T h e result is shown by the 
trace in Fig. 2. T h e exchange integral (/=—191.3 
cm - 1 ) is significantly smaller (in absolute value) than 

that (-301 cm-1) of [Cu2L(OCH3)].9) Th i s result is in 
line wi th that found for the complexes of a sim­
ilar l igand, 2,6-bis[(2-hydroxyphenylimino)methyl]-4-
methylphenol , and its homologs.7 ) 
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Synopsis. Catalytic hydrogénation of Na-pyruvoyl-(S)-
prolinamide over palladium on charcoal in several solvents 
resulted in the formation of Afa-[(S)-lactoyl]-(S)-prolinamide 
in good d.e. up to 77%. Usefulness of iV-isopropyl-(S)-
prolinamide as an asymmetric moiety is described in the 
catalytic hydrogénation. 

Asymmetric induction in heterogeneous catalytic 
hydrogénation is a classical but still interesting field1) 
because of its simplicity and clean procedure for the 
preparation of various kinds of asymmetric com­
pounds. However, the mechanism of the asymmetric 
induction using heterogeneous catalyst has not been 
well clarified1) except for the hydrogénation of a-keto 
acid derivatives.2'3) In the previous papers,2-5) the 
steric courses of the heterogeneous catalytic hydrogé­
nations of chiral derivatives of a-keto acid have been 
explained by the 'chelation mechanism'2'3) which is 
based on a possible five-membered cyclic interme­
diate2'3) between hetero atoms of the substrate and the 
catalytic surface. Of these a-keto acid derivatives, N-
pyruvoyl-(S)-amino acid (Ala, Val, and Leu) esters 
gave N-[(S)-lactoyl]-(S)-amino acid esters in low d.e. 
(<24%)4) through the catalytic hydrogénation. On 
the other hand, the A/r-pyruvoyl-(S)-proline esters, in 
which the N-C bond between the chiral carbon and 
the nitrogen does not rotate, gave higher d.e. (<59%),5) 

and the steric course was explained by the 'chelation 
mechanism'.2'3) 

In the present study, (S)-prolinamides which are 
considered to be more rigid in structure than the 
corresponding esters were used as the chiral source in 

order to improve d.e. in the diastereoselective cata­
lytic hydrogénation. A/r-isopropyl-A/r°!-pyruvoyl-(S)-
prolinamide (4a) and A/r-^-butyl-A/r°!-pyruvoyl-(S)-
prolinamide (4b) were prepared by condensation of 
pyruvic acid with the corresponding (S)-prolinamide 
as shown in Scheme 1. Substrates 4a—b were hydro-
genated in several solvents over palladium on charcoal 
to give diastereomeric mixtures 5a—b. 

Results and Discussion 

The results of the catalytic hydrogénation are sum­
marized in Table 1. The d.e. (54—76%) in the cata­
lytic hydrogénation of 4a at 30 °C were higher than 
those (34—47%) of 4b in all solvents used. The d.e. 
values in the catalytic hydrogénation of 4a—b were 
higher in polar solvents than those in less polar sol­
vents. And the hydrogénation of substrate 4a in 
methanol at - 1 0 °C gave the highest d.e. (77%). The 
d.e. (34—47%) of the products derived from 4b were 
similar to those (39—51%)2) of A/r-pyruvoyl-(S)-proline 
£-butyl ester and a little lower than those (45—57%)2) of 
A/r-pyruvoyl-(S)-proline isopropyl ester. On the other 
hand, the d.e. (54—76%) of the hydrogenated products 
of substrate 4a were about 20% higher than those (45— 
57%) of A/r-pyruvoyl-(S)-proline isopropyl ester. 
These results indicate that (S)-proline isopropyl 
amide is a more effective chiral moiety than the other 
(S)-proline derivatives. 

Effects of A/r-isopropyl-(S)-prolinamide moiety on 
the asymmetric induction could be summarized as 
follows. Substrate 4a is expected to be adsorbed on 

Z-N 

XOOH 

DCC-HOSu 
+ H2N-R-

2 a - b 

2 a : R = P r 1 

2 b : R=Bu t 

Z-N 

3 a : R=Pr 

3 b : R=Bu t 

0 0 
II II 0 0 

H / P d - C CH--C-C-OH if |j 
—£ „ £ ^ C H - c - C - N 

DCC-HOSu 

4 a - b 

— *-CH3-CH-C-N 

CONH-R 

4 a : R=Pr 

4 b : R=Bu t 

5 a - b 

5 a : R=Pr2 

5 b : R=Bu t 

Scheme 1. Preparation and hydrogénation of Na-Pyruvoyl-(S)-prolin-
amides (4a—b). 

"I* Present address: Oyama National College of Technology, 
Nakakuki, Oyama, Tochigi 323. 
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Table 1. Diastereoselective Catalytic Hydrogénation 
of Na-pyruvoyl-(S)-prolinamides(4a-b) 

Substrate Solvent -

4a MeOH 
EtOH 
z-PrOH 
t-BuOH 
T H F 
AcOEt 
z-PrOH 
MeOH 
EtOH 
MeOH 
EtOH 

4b MeOH 
EtOH 
z-PrOH 
t-BuOH 
THF 
AcOEt 
MeOH 
EtOH 
EtOH 
MeOH 

Temp 

°C 

30 
30 
30 
30 
30 
30 

0 
- 1 0 
- 1 0 
- 3 0 
- 3 0 

30 
30 
30 
30 
30 
30 
10 
10 

- 1 0 
- 3 0 

R.t.a) 

h 

64 
64 
64 
64 
70 
70 
72 

105 
105 
168 
168 

117 
117 
117 
117 
120 
120 
87 
87 

172 
138 

Yield 

% 

100 
83 
75 
79 
76 
76 

100 
100 
100 
100 
100 

100 
90 
81 
70 
38 
64 

100 
100 
74 

100 

d.e.b) 

% 

76 
64 
54 
54 
66 
55 
45 
77 
63 
65 
69 

47 
46 
34 
38 
42 
38 
48 
40 
42 
50 

Confign.c) 

S 
S 
S 

s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 

a) Reaction time for catalytic hydrogénation, b) Dia-
stereomeric excess, c) Configuration of the newly 
formed asymmetric moiety. 

the catalyst surface to form the 'chelated interme­
diate' 5) as shown in Fig. 1. And the chelated interme­
diate could be adsorbed on the catalyst at the less 
bulky side to be hydrogenated. However, substrate 
4b is not easy to form the chelated intermidiate, due to 
the steric hindrance of the bulky £-butyl carbamoyl 
group. The molecular models of these compounds 
supported this possibility. Thus it is assumed that 
the higher asymmetric induction is not always caused 
by the bulkiness of the carbamoyl group. Substrate 
4a having less bulky carbamoyl group than 4b gave 
higher d.e. (ca. 30%) than 4b did. And also substrate 

4a gave higher d.e. compared with A/r-pyruvoyl-(S)-
proline isopropyl ester. These results show that the 
carbamoyl moiety(-CONH-Pr*) 4a is more effective in 
yielding asymmetric induction than the ester moiety-
(-COO-Pr*). However, the bulkiness of the amide 
moiety seems to be similar to that of the ester moiety. 
The effectiveness of the amide moiety could be referred 
to the rigidity and or the adsorption7* of amide. 

The A/r-isopropyl-(S)-prolinamide moiety in the 
catalytic hydrogénation was found to be an useful 
chiral source and the asymmetric moiety could be 
applied in other diastereoselective catalytic hydro­
génation. 

Experimental 

The melting points were uncorrected. Optical rotations 
were measured with a JASCO DIP-181 Digital Polarimeter. 
The gas chromatographic analyses were carried out with a 
Hitachi 163 gas Chromatograph, and the peaks on the 
chromatograms were integrated with a Shimadzu C-R3A 
chromatopac. NMR spectra were measured with a Hitachi 
R-24 High Resolution NMR spectrometer. IR spectra were 
measured with a Hitachi 260-50 infrared spectrometer. 
Palladium on charcoal (5%) was purchased from Nippon 
Engelhald. 

Na-Benzyloxycarbonyl-(.S)-prolinamides (3a—b). Na-
Benzyl-oxycarbonyl-(S)-prolinamides were prepared by the 
coupling between iV-benzyloxycarbonyl-(S)-proline (1) (mp 
73.5—74.5 °C) and corresponding amines[isopropylamine 
(2a), É-butylamine (2b)] in the presence of dicyclohexylcar-
bodiimide (DCC) and iV-hydroxysuccinimide (HOSu). 3a: 
Yield, 85%, mp 123—5 °C, [a]ft -49.3 (c 1.0, ethyl acetate). 
3b: Yield, 90%, mp 84—85 °C, [a]ft -43.5 (c 1.0, ethyl 
acetate). 

N-isopropyl-Na-pyruvoyl-(S)-proliamide (4a). N-Iso-
propyl-Na-benzyloxycarbonyl-(S)-prolinamide (3a) (2.62 g, 
9.0 mmol) was hydrogenolyzed in methanol in the presence 
of 5% palladium on charcoal and the filtered reaction mix­
ture was evaporated to give an oily product. The oily 
product was redissolved in dichloromethane and was 
coupled with pyruvic acid (0.79 g, 9.0 mmol) in the presence 
of DCC and HOSu at 0 °C for 2 h and at room temperature 
for 24 h. After usual work-up, the resulted crude oily 
product was purified with silica-gel column chromatog-

c—c 
q7 % i ? ( s - C 0 N H - P r J 

PT" 

Chelated 
intermediate 

0 0 
II II 

CH3-C-C-

Hx CONH-Pr 

CH0 

H~-J/~% H^CONH-Pr'1 

0 0 (S) 

Pd 

Fig. 1. Chelation mechanism in the catalytic hydrogénation of A^a-pyruvoyl-(S)-
prolinamide. 
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raphy (eluant: chloroform-methanol (40-1)). Yield, 2.0 g 
(38%), mp 58—60 °C. [a]g -85.6 (c 1.1, ethyl acetate). 
NMR (CDC13) 0=1.06—1.30 (6H, d), 180—2.30 (4H, br), 
2.40—2.50 (3H, d), 3.60—4.13 (3H, br), 4.50—4.70 (1H, br), 
6.70 (1H, br). IR (KBr): 3250, 3040, 1700, 1680—1600 cm"1. 
Anal., Calcd for G1H18N2O3: C, 58.38; H, 8.01; N, 12.38%. 
Found: C, 58.15; H, 8.02; N, 12.33%. 

N^Butyl-Na-pyruvoyl-(S)-prolinamide (4b). N-£-Butyl-
Afa-pyruvoyl-(S)-prolinamide was prepared from iV-£-butyl-
Afa-benzyloxycarbonyl-(S)-prolinamide (2.07 g, 6.8 mmol) 
by the similar method to 4a. Yield, 0.58 g (43%), mp 102— 
103 °C. [a]% -43.5 (c 1.0, ethyl acetate). NMR (DC13) 
0=1.33 (9H, s), 1.96—2.00 (3H, d), 2.71—2.78 (2H, q), 3.18— 
3.25 (1H, br), 152—1.82 (4H, br). IR (KBr): 3300, 3040, 
1720, 1680, 1620 cm"1. Anal. Calcd for G2H19NO4: C, 
59.97; H, 8.38; N, 5.80%. Found: C, 59.81; H, 8.11; N, 6.08%. 

N^^-LactoylK^-prolinamides (5a—b). N«-[(S)-
Lactoyl]-(S)-prolinamide were prepared by the coupling 
between (S)-lactic acid and the corresponding (S)-
prolinamide in the presence of DCC and HOSu. 5a. 
Yield, 61% (oil), [a]]? -117.1 (c 0.95, ethyl acetate). NMR 
(CDCI3) 0=1.06—1.30 (6H, m), 1.40 (2H, s), 1.82—2.46 (4H, 
br), 3.42—3.76 (3H, br), 3.86—4.73 (4H, m), 6.86 (1H, br). 
IR (NaCl): 3380, 3250, 3040, 1720, 1680—1600 cm-1. Calcd 
for G1H20N2O3: C, 57.83; H, 8.83; N, 12.27%. Found: C, 
57.19; H, 8.95; N, 11.78%. 5b. Yield, 53% (oil), [a]g> 
-109.3 (c 1.01, ethyl acetate). NMR (CDCI3) 0=1.33 (9H, s), 
2.03 (4H, s), 2.77 (3H, d), 3.53 (2H, br), 4.16 (2H, br), 4.83 
(1H, br), 6.80 (1H, br). IR (NaCl): 3380, 3250, 3040, 1720, 
1660—1600 cm-1. Anal., Calcd for C12H22N2O3: C, 59.48; 
H, 9.15; N, 11.56%. Found: C, 57.81; H 9.14; N, 10.65%. 

Catalytic Hydrogénation of Substrates 4a—b. Substrates 
4a—b (0.10 mmol) were dissolved in 5 ml solvents (MeOH, 
EtOH, Pr'OH, Bu'OH, THF, and AcOEt) in the presence of 
20 mg of 5% palladium on charcoal and were hydrogenated 
at 30 °C. After hydrogénation, the catalyst was filtered off 
and the filtrate was evaporated in vacuo to give an oily 
product. Chemical yields and d.e. (=diastereomeric excess) 
of the products were determined by using gas liquid chro­

matography. Catalytic hydrogénation of substrates 4a—b 
at some different temperatures (10, 0, —10, — 30 °C) was also 
carried out by the same manner. 

Gas Chromatographic analysis. All diastereomeric mix­
tures of the hydrogenated products were directly separated to 
each diastereomer by using a Hitachi gas Chromatograph 
with a fused glass capillary column (Chirasil-Val, 25 
mX0.25 mm I.D.) which was purchased from Alltech Asso­
ciates, Inc., Applied Science Labs., IL 60015, U.S.A., carrier 
gas: helium. The column temperature during the analyses 
was 170 °C (constant). Flame thermoionic detector was 
used for the analyses. 
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The Oxidation of 2,6-Di-terf-butyl-4-methylphenol Using 
Hydrogen Peroxide-Heteropolyacid System 
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Synopsis. The oxidation of 2,6-di-tert-butyl-4-methyl-
phenol (1) with hydrogen peroxide in the presence of 
heteropolyacids was carried out in acetic acid to give 2,6-di-
ter^butyl-4-hydroperoxy-4-methyl-2,5-cyclohexadien-l-one 
(2), 2,6-di-ter^butyl-4-hydroxy-4-methyl-2,5-cyclohexadien-
1-one (3), and 2,6-di-ter£-butyl-p-benzoquinone (4). Con­
version of 2 into 4 under acidic conditions suggests that 2 
could be a precursor of 4. The oxidation mechanism of 
phenols was discussed based on isolated intermediates. 

In recent years, much attention has been paid to the 
hydrogen peroxide-heteropolyacid system which can 
selectively oxidize olefins1'2* and alcohols.x) On the 
other hand, only a few papers and patents were 
reported on the oxidation of phenols using the hydro­
gen peroxide-heteropolyacid system3* to give p-
benzoquinones or mixture of hydroquinones and cate­
chols. In the preceding paper,4) we reported the syn­
thesis of p-benzoquinones from phenols using hydro­
gen peroxide-heteropolyacid, but the mechanism of 
the aromatic ring oxidation remained obscure. 

It has been frequently suggested that an interme­
diate in the oxidation of phenols to p-benzoquinones 
with hydrogen peroxide is a hydroquinone species as 
proposed in the oxidation of alkyl-substituted phenols 
catalyzed by ruthenium chloride, which works as a 
Lewis acid catalyst.5) However, the hydroquinone 
intermediate was not detected in this system because 
the hydroquinone can be oxidized more rapidly to the 
p-benzoquinone than the phenol.5) Therefore, we 
have attempted to clarify the oxidation mechanism of 
phenols to p-benzoquinones by using p-substituted 
phenols as the substrate to prevent tautomerization of 
a 4-hydroxy-2,5-cyclohexadien-l-one derivative to the 
corresponding hydroquinone. It has already been 
reported that hydroperoxides were formed in the oxi­
dation of p-alkyl substituted phenols with hydrogen 
peroxide in the presence of transition metal ions.6) 

The present paper deals with the oxidation of 2,6-
di-^r^-butyl-4-methylphenol with hydrogen peroxide-
heteropolyacid system to give the hydroperoxide, 
which converts into the p-benzoquinone under acidic 
conditions. 

Results and Discussion 

When 2,6-di-^r^-butyl-4-methylphenol (1) was 
treated with 60% hydrogen peroxide in the presence of 
12-molybdophosphoric acid as a catalyst at 30 °C for 5 
h, 2,6-di-^r^-butyl-4-hydroperoxy-4-methyl-2,5-cyclo-
hexadien-1-one (2) was obtained as a major product 
along with 2,6-di-^r^-butyl-4-hydroxy-4-methyl-2,5-
cyclohexadien-1-one (3) and 2,6-di-ter£-butyl-p-benzo-
quinone (4). Structures of these compounds were 
determined by 1H NMR and IR spectra. Representa­
tive results of the oxidation with several heteropoly-

Table 1. Oxidation of 1 Using H202-Heteropolyacida) 

Catalyst 

H3PMoi2O40-nH2O 
H3PWi2O40-nH2O 
H3SiMoi2O40-nH2O 
H3SiWi204(r n H 2 0 
Na3PMoi204o • n H 2 0 
Na3PWi204o-nH20 
Na 2 Mo0 4 -2H 2 0 
none 

Conv./% 

79.7 
62.5 
81.3 
72.3 
59.9 
33.7 
18.5 
15.9 

2 

34.1 
33.6 
44.7 
38.2 
31.2 
14.7 
2.0 

11.8 

Yield/% 

3 

1.7 
2.7 
1.4 
2.1 
3.1 
4.1 
7.2 

trace 

4 

4.1 
trace 
6.8 
3.6 
4.2 

trace 
trace 
— 

a) Reaction conditions: 1, 2 mmol; H202 aq (60%), 2 
ml; catalyst, 100 mg; AcOH, 10 ml; 30 °C, 5 h. 

100 

10 30 

Fig. 1. Oxidation of 1 with H202 in the presence of 
H3PMoi2O40-nH2O. 

acids are listed in Table 1. When sodium molybdate 
instead of heteropolyacids was examined, a very small 
amount of 2 was obtained. Thus, heteropolyacids 
seem to play a crucial role in the oxidation. A time 
course of the oxidation is shown in Fig 1. It took ca. 
7 h to give the maximum yield of 2. However, the 
yield of 4 was gradually increased with time showing 
no maximum value. These results suggest that 2 
could be an intermediate in the oxidation of phenols 
to benzoquinones. 

The reactions of the intermediate compounds as 
substrates were carried out in the presence of or 
absence of hydrogen peroxide under the conditions in 
the experimental section (Eqs. 1—5). The treatment 
of 2 with 12-molybdophosphoric acid in acetic acid 
afforded 1, 3, 4, and 4-acetoxymethyl-2,6-di-ter£-butyl-
phenol (5) (Eq. 1). It was thus confirmed that 4 
was produced from 2. The alcohol (3) also afforded 4 
but did not produce 2 when 3 was treated with hydro­
gen peroxide in the presence of 12-molybdophos-
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f-Bu 

HPM=H3PMo1204o«nH20 

H202/HPM 
• 

AcOH 

HPM 

AcOH 

HgOg/HPM 
• 

AcOH 

HPM 

4 (44 %) 

5 (85%) 

4 (58 %) 

0 

4 

8°/( ) 

Eq. 2 

Eq. 3 

Eq. 4 

Vr, ^ 

CH2OAc 

5 

22 % 

AcOH 

f-Bu f-Bu f-Bu 
f-Bu 

HPM 

AcOH 

Me 

O O 

Me OOAc 

6 

7 

70 % 

Eq. 6 

phoric acid in acetic acid (Eq. 2). In the absence of peroxide in the presence of 12-molybdophosphoric 
hydrogen peroxide, 3 did not give 4 but produced 5 in acid was found to give 4 in 58% yield (Eq. 4). 5 was 
85% yield (Eq. 3). The reaction of 5 with hydrogen stable to 12-molybdophosphoric acid in acetic acid 

OH o o 
f-Bu^ ^A^ ^f-Bu f - B u ^ ^ J L ^ f - B u f - B u ^ J L ^ f - B u — TT . T T - . 

H2o2 ^yy "yS _H2O 
M e Me OOH Me OH 

1 2 3 

Ac02H 

f-Bu 

•AcOCH2 

f-Bu f-Bu 

H 0 0 CH2OAc 

9 

f-Bu f-Bu 
I f-Bu 

f-Bu^ > V I ^ \ ^Me 

Me 0 0 Ac 

6 

— 0 0 

7 

Scheme 1. 
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(Eq. 5). These results suggest that 5 easily converts 
in to 4 in the presence of hydrogen peroxide. There­
fore, in the reaction condit ions where an excess 
a m o u n t of hydrogen peroxide existed, 5 wou ld not be 
obtained. 

Since the reaction of 1 and hydrogen peroxide was 
carried out in acetic acid wi th strong acid, i.e., hetero-
polyacid, peracetic acid would be formed under the 
reaction condi t ions and could react wi th phenols to 
give peroxy esters. Therefore, 4-acetylperoxy-2,6-di-
^r^-butyl-4-methyl-2,5-cyclohexadien-l-one (6) was 
synthesized by the acetylation of 2 and was treated 
wi th 12-molybdophosphoric acid in acetic acid to 
afford 2,4-di-^r^-butyl-2-(2-oxopropyl)-3(2H)-furanone 
(7) as the sole product in 70% yield (Eq. 6), consistent 
wi th the results by Nish inaga et al.7) T h i s observa­
tion indicates that peracetic acid has no impor tance in 
the oxidat ion because 7 was not observed in the oxida­
t ion of 1. 

From these results, the mechanism of the pheno l 
oxidat ion is proposed as shown in Scheme 1. T h e 
pheno l (1) reacts wi th hydrogen peroxide to yield 2. 
T h e alcohol (3) can form via O - O bond cleavage of 2 
followed by pro tona t ion . T h e dehydrat ion of 3 
could produce 2,6-di-ter^butyl-4-methylene-2,5-cyclo-
hexadien-1-one (8), which then converted to 5 by the 
addi t ion of acetic acid in the presence of a s trong 
acid.8) Fur thermore, hydrogen peroxide reacts wi th 5 
to form 4 via a hydroperoxide (9). 

In the preceding paper,4) we tentatively considered 
hydroquinones as the intermediates in the oxidat ion 
of phenols to £>-benzoquinones wi th hydrogen perox­
ide in the presence of heteropolyacid as suggested in 
previous work.5) T h e results obtained in this work 
suggest that p-unsubst i tu ted phenols are also able to 
be oxidized to the p-benzoquinones wi th hydrogen 
peroxide by way of hydroperoxide intermediates, 
where the hydroperoxides would be unstable due to 
rapid aromatizat ion of the 2,5-cyclohexadien-l-one 
r ing. 

Exper imental 

Melting points were determined on a Yanagimoto micro-
melting apparatus. Gas Chromatograph analyses were per­
formed on a Shimadzu GC-7A gas Chromatograph using a 
Thermon 3000 column. Liquid Chromatograph analyses 
were performed on a Shimadzu LC-3A liquid Chromato­
graph using an Inertsil ODS column with acetonitrile-
water mixture (75 :25) as solvent. 

General Procedure for the Oxidation of a Substrate Using 
H202-Heteropolyacid. Aqueous hydrogen peroxide9) (60%, 
2 ml, ca. 44 mmol) was added dropwise to a solution of a 
substrate (2 mmol) and a catalyst (100 mg) in acetic acid (10 
ml). The reaction mixture was stirred for 5 h at 30 °C 
under nitrogen atmosphere. Water was added to the solu­
tion and products were extracted with dichloromethane 
three times. The organic layer was washed with water and 
dried over anhydrous magnesium sulfate. Yields of the 
products were determined by an internal standard technique 
using the LC method for 2 and 3 and the GC method for 4 
and 5. 

General Procedure for the Reaction of a Substrate with 
Heteropolyacid. The reaction was carried out as described 
above in the absence of aqueous hydrogen peroxide. The 

yield of 7 was determined by isolation. 
Products. 2,6-Di-^ri-butyl-4-hydroperoxy-4-methyl-2,5-

cyclohexadien-1-one (2) was isolated from the reaction mix­
ture. The crude product was chromatographed on silica 
gel using dichloromethane as eluent. The product was 
recrystallized from hexane; mp 113—115 °C (lit,8) 115°C). 

2,6-Di-ter^butyl-4-hydroxy-4-methyl-2,5-cyclohexadien-
1-one (3) was prepared according to the reported method, 
mp 106—108 °C (lit,8) 112—113 °C ). 

4-Acetoxymethyl-2,6-di-ter£-butylphenol (5) was prepared 
as follows: to the solution of 2,6-di-ter£-butyl-4-
hydroxymethylphenol (5 mmol) and triethylamine (5 mmol) 
in benzene (50 ml), acetyl chloride (5.5 mmol) was added. 
The solution was stirred for 4 h at room temperature. 
Water was added to the reaction mixture, and the product 
was extracted with dichloromethane three times. The 
organic layer was washed with water and dried over anhy­
drous magnesium sulfate. After the evaporation of the 
solvent, the crude product was chromatographed on silica 
gel using dichloromethane as eluent. The product was 
recrystallized from hexane; mp 100—102 °C (lit8) mp 105— 
106 °C). 

4-Acetylperoxy-2,6-di-ter£-butyl-4-methyl-2,5-cyclohexa-
dien-1-one (6) was prepared by the acetylation of 2 in the 
same manner as the preparation of 5. The crude product 
was chromatographed on silica gel using benzene as eluent. 

2,4-Di-ter^butyl-2-(2-oxopropyl)-3(2H)-furanone (7) was 
isolated from the reaction mixture. The crude product was 
chromatographed on silica gel using dichloromethane-ace-
tone-methanol mixture (100:5:1) as eluent. The product was 
recrystallized from hexane; mp 66 °C (lit,7) mp 68—70 °C). 
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Synopsis. A cyclic sulfide moiety corresponding to ring 
C in peptide antibiotic nisin was successfully synthesized 
from a disulfide compound prepared from a heptapeptide 
involving L-cysteine and ^reo-3-methyl-D-cysteine through 
desulfurization reaction with hexaethylphosphorus triam­
ide. 

A pept ide antibiot ic n is in has been used as a food 
preservative widely in Europe because of its antibacte­
rial activity part icularly against Clostridium botuli­
num. T h e u n i q u e structural feature of nisin was 
found in the presence of three dehydro a m i n o acid 

residues and of five cyclic sulfide parts which are 
composed of mtfso-lanthionine in r ing A and threo-
methyl lan th ion ine in rings B to E.2) Our study on 
the total synthesis of nisin was motivated not only 
from a viewpoint of the synthetic interest bu t also for a 
confirmation of the proposed structure as shown in 
Fig. 1. 

In order to proceed the synthesis of such com­
p o u n d of complex structure, we first exploited a 
general me thod for prepara t ion of lan th ionine pep­
tide by desulfurization3) from the corresponding disul­
fide pept ide wi th hexaethylphosphorus tr iamide 

NH2-CH-COOH NH2-CH-COOH 

CH2-
(Ala) 

meso-Lanthionine 

-CH2 

(Ala) 

NH2 

CH3 

D(S) 

•CH-COOH 

•btß s-

L(R) 
NH2-CH-COOH 

i 
CH2 

(Abu) (Ala) 
toreoMethyllanthionine 

Fig. 1. Structure of nisin. Abu: 2-aminobutyric acid; Dha: dehydroalanine; Dhb: dehydrobutyrine 
(=3-methyldehydroalanine). 
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Fig. 2. Synthetic scheme of Boc-(ring C)-OBzl. 

a-OBzi (10) 

-OBzl (11) 

î Present address: Peptide Institute, Protein Research 
Foundation, Minoh, Osaka 562. 
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[P(NEt2)3J. T h i s me thod was successfully appl ied to 
the syntheses of r ings A and B in nisin already.4'5) 
Hence, the synthesis of third cyclic part, r ing C, was 
also a t tempted by appl ica t ion of this procedure. Pre­
viously, we reported on the pre l iminary prepara t ion 
of r ing C derivative whose amino and carboxyl groups 
were protected wi th £-butoxycarbonyl and methyl 
groups, respectively.1) However the yield of final 
desulfurization step did not exceed 9%, even though 
several reaction condi t ions were examined and modi­
fied. Therefore, we at tempted to achieve the p lanned 
synthesis of the r ing C by replacement of methyl ester 
wi th benzyl ester wi th expectation of use of this pro­
duct to a total synthesis of nisin itself. T h u s , we now 
present a synthesis of Boc-(r ing C)-OBzl (11) in this 
study. 

As shown in Fig. 2,6) tetrapeptide 6 was first 
prepared by stepwise e longat ion wi th Af-hydroxy-
succinimide (HOSu) ester method. Fragment con­
densat ion of H O S u ester of Af-terminal dipept ide 1 
wi th tetrapeptide hydrochlor ide 7 gave hexapept ide 8 
which was coupled wi th H C l • H-Cys(Acm)-OBzl by 
pentachlorophenyl ester method to give l inear hepta-
pept ide 9. An iodine oxidat ion of 9 afforded mono-
meric disulfide 10 [fast a tom bombardmen t mass spec­
trometry (FAB-MS), m/z 856 ( M + H ) + ] . Finally, the 
desulfurization reaction of cyclic disulfide pept ide 10 
was carried out in anhyd T H F under h igh di lu t ion 
condi t ions [0.67 m M (1 M ^ l mol dm - 3 ) ] . T w o ma in 
compounds were obtained by silica-gel co lumn chro­
matography of the crude product. FAB-MS showed 
that the one was a desired monomer ic sulfide deriva­
tive 11 [m/z 824 ( M + H ) + ] , whereas the other was a 
dimeric sulfide derivative as assigned for its depro-
tected product [m/z 1267 (M+H)+].7> 

In case of the synthesis of r ing B con ta in ing threo-
methyl lan th ion ine residue, we already revealed that 
the configurat ion of the ß-carbon a tom of threo-3-
methyl-D-cysteine was completely retained th rough 
desulfurization reaction, since a hydrolysis of the pro­
duct gave the na tura l threo form of methyl lanthio-
nine, indica t ing that the desulfurization reaction pro­
ceeded in configurat ion-retaining route ou t of two 
possible pathways.5) T h e same reaction mechanism 
may be also appl icable to the case of the prepara t ion 
of r ing C. In fact, a m i n o acid analysis of the hydroly-
zate of cyclic sulfide pept ide 11 unambiguous ly indi­
cated a sole formation of ^/zr^o-methyllanthionine 
residue. T h u s , we succeeded in the synthesis of r ing 
C par t in nisin. 

T h e results of our synthetic studies of r ings B and C 
suggested that the desulfurization reaction of disulfide 
peptides composed of £/zreo-3-methylcysteine and cys­
teine could be a generally applicable method to the 
synthesis of ^/zr^o-methyllanthionine-containing pep­
tides. In fact, we utilized this method for the synthe­
sis of conjunctive r ing D-E moiety in nisin8 ) and 
accomplished the total synthesis of nisin.9) 

Experimental 

All melting points are uncorrected. The FAB-MS spectra 
were obtained with a JEOL JMS-DX 300 mass spectrometer. 

Specific rotations were obtained with a Perkin-Elmer 141 
Polarimeter. Amino acid analysis was carried out with 
Hitachi 655A type liquid Chromatograph system equipped 
with 655-3410 unit (column: Hitachi custom #2619F, 4X150 
mm, 58 °C; buffer: sodium citrate buffer;10) flow rate: 0.4 
ml min - 1). Samples for the analysis were hydrolyzed with 
constant boiling 6M HCl in sealed tubes at 110°C for 24 h. 

Boc-3-Me-D-Cys(Trt)-Gly-OH • DCHA (1). To a soln of 
Boc-3-Me-D-Cys(Trt)-OSu5) (6.54 g, 15.7 mmol) in T H F (50 
ml) was added a soln of Gly (2.36 g, 31.4 mmol) and 
triethylamine (TEA) (3.18 g, 31.4 mmol) in H 2 0 (15 ml). 
The mixture was stirred at room temp overnight and coned 
in vacuo. The residue was dissolved in EtOAc and 10% aq 
citric acid. EtOAc layer was washed with saturated NaCl 
soln, dried over MgS04, and then coned in vacuo. To an 
ether soln of the residue were added dicyclohexylamine 
(DCHA) (2.85 g, 15.7 mmol) and hexane under ice cooling. 
Cryst product was filtered after thorough cooling: yield 9.98 
g (89.1%); mp 101.5—104 °C; [a]$ -64.5° (c 0.954, DMF). 
Anal. (C42H57N3O5S-0.25H2O) C, H, N, S. 

Boc-Met-Gly-OH (2). To a soln of Boc-Met-OSu (24.6 
g, 71.0 mmol) in DMF (70 ml) was added a soln of Gly (10.7 
g, 142 mmol) and TEA (14.4 g, 142 mmol) in H 2 0 (50 ml). 
The mixture was stirred at room temp overnight. The 
residue obtained by vac concn was applied to silica-gel 
column [Merck silica gel 60 (70—230 mesh), 400 g, 7X20 cm, 
CHCl3-MeOH-AcOH=95:5:3] to give 2, which was 
crystallized from hexane: yield 17.0 g (78.0%); mp 116— 
119°C (decomp); [a]}? -16.5° (c 1.13, MeOH). Anal. 
(Ci2H22N2O5S-0.3H2O) C, H, N, S. 

HCIH-Met-Gly-OH (3). Dipeptide 2 (16.6 g, 54.2 
mmol) was dissolved in 1.4 M HCl/AcOH (780 ml). The 
soln was allowed to stand at room temp for 2.5 h and coned 
in vacuo. An oily residue was triturated with ether to give 
colorless powder, which was subjected to the following 
reaction without purification. 

Boc-Leu-Met-Gly-OH • DCHA (4). To a soln of 3 (54.2 
mmol) in DMF (150 ml) were added Boc-Leu-OSu (17.8 g, 
54.2 mmol) and TEA (16.4 g, 162 mmol) under ice cooling. 
The mixture was stirred at room temp overnight and coned 
in vacuo. The residue was dissolved in EtOAc and satu­
rated NaHCOa soln. Aqueous layer was acidified with 
citric acid and then extracted with EtOAc. EtOAc layer 
was washed with saturated NaCl soln, dried over MgS04, 
and coned in vacuo. To a soln of the residue in EtOAc (100 
ml) was added DCHA (9.83 g, 54.2 mmol) under ice cooling. 
Colorless crystals were filtered and recrystd from EtOH and 
hexane: yield 26.9 g (82.5%): mp 156—158 °C (decomp); [a]tf 
-35.1° (c 1.10, MeOH). Anal. (C30H56N4O6S • 0.75H2O) C, 
H, N, S. 

HCl • H-Leu-Met-Gly-OH (5). Tripeptide 4 (63.3 g, 105 
mmol) was treated with EtOAc and 10% aq citric acid. 
EtOAc layer was washed with H2O and dried over MgS04. 
The oily residue obtained by vac concn was treated with 1.4 
M HCl/AcOH (850 ml) as described for the preparation cf 3. 
The colorless powder obtained was subjected to the follow­
ing reaction without purification. 

Boc-Ala-Leu-Met-Gly-OH (6). To a soln of 5 (105 
mmol) in DMF (350 ml) were added Boc-Ala-OSu (33.1 g, 
116 mmol) and TEA (31.9 g, 315 mmol) under ice cooling. 
The mixture was stirred at room temp overnight and coned 
in vacuo. The residue was dissolved in EtOAc and satu­
rated NaHCOa soln. Aqueous layer was acidified with 
citric acid and then extracted with EtOAc. EtOAc layer 
was washed with saturated NaCl soln, dried over MgS04, 
and coned in vacuo. Cryst residue was recrystd from EtOH 
and hexane: yield 45.7 g (88.7%); mp 161—164 °C (decomp); 
[a]$ -64.8° (c 1.02, MeOH). Anal. (C21H38N4O7S) C, H, N, 
S. 
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HCl • H-Ala-Leu-Met-Gly-OH (7). Tetrapeptide 6 
(19.9 g, 40.6 mmol) was treated with 1.4 M HCl/AcOH (220 
ml) as described for the preparation of 3. The colorless 
powder obtained was subjected to the following reaction 
without purification. 

Boc-3-Me-D-Cys(Trt)-Gly-Ala-Leu-Met-Gly-OH (8). 
Dipeptide 1 (29.1 g, 40.6 mmol) was treated with EtOAc and 
10% aq citric acid. EtOAc layer was washed with H2O, dried 
over MgS04, and coned in vacuo. To a soln of the residue 
in THF (170 ml) were added HOSu (4.90 g, 42.6 mmol) and 
dicyclohexylcarbodiimide (8.80 g, 42.6 mmol) under ice 
cooling. The mixture was stirred at 0 °C for 1 h and then at 
room temp for 3.5 h. The precipitate was filtered off and 
the filtrate was coned in vacuo. To a soln of the residue in 
DMF (220 ml) were added 7 (40.6 mmol) and TEA (12.3 g, 
122 mmol) under ice cooling. The mixture was stirred at 
room temp overnight and coned in vacuo. To the residue 
were added AcOH (40 ml) and H 2 0 (300 ml). The colorless 
precipitate was filtered and washed with H2O and ether: 
yield 35.1 g (95.3%); mp 197—199°C (decomp); [a]$ -72.3° 
(c 1.02, MeOH). Anal. (C46H62N6O9S2 • H 2 0) C, H, N, S. 

Boc-3-Me-D-Cys(Trt)-Gly-Ala-Leu-Met-Gly-Cys(Acm)-
OBzl (9). To a soln of 8 (4.07 g, 4.49 mmol) in DMF (16 ml) 
were added pentachlorophenol (1.32 g, 4.94 mmol) and 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo­
ride (947 mg, 4.94 mmol). The mixture was stirred at 0°C 
for 2.5 h and at room temp for 30 min. To the mixture was 
added a soln of HCl • H-Cys(Acm)-OBzl (1.72 g, 5.39 mmol) 
and TEA (545 mg, 5.39 mmol) in DMF (20 ml) under ice 
cooling. The mixture was stirred at room temp overnight 
and then diluted with H2O. The precipitate was filtered 
and washed with H2O and ether: yield 5.15 g (97.9%); mp 
180—181 °C (decomp); [a]® -99.5° (c 1.00, DMF). Anal. 
(C59H78N80iiS3-2H20) C, H, N, S. 

Boc-3-Me-D-Cys-Gly-Ala-Leu-Met-Gly-Cys-OBzl (10). 
To a soln of 9 (4.85 g, 4.14 mmol) in MeOH (2.5 1) was added 
I2 (3.15 g, 12.4 mmol) in MeOH (250 ml) under vigorous 
stirring. The oxidation was carried out at room temp for 
30 min and quenched by an addition of 0.2 M Na2S203 soln 
until a color of I2 disappeared. The residue obtained by vac 
concn was purified by silica-gel column chromatography 
[Merck silica gel 60 (230—400 mesh), 150 g, 3.5X44 cm, 
CHCl3-MeOH-AcOH=90: 5 :3] to give 10, which was crys­
tallized from MeOH and ether: yield 2.48 g (70.0%); mp 
160—161 °C (decomp); [a]$ -13.3° (c 1.04, DMF); FAB-MS, 
m/z 856 [(M+H)+]. Anal. (C37H57N7O10S3) C, H, N, S. 

Boc-D-Abu-Gly-Ala-Leu-Met-Gly-Ala-OBzl (11). To 
a soln of 10 (350 mg, 0.414 mmol) in anhyd T H F (620 ml) 
was added P(NEt2)3 (1.02 g, 4.14 mmol). The mixture was 

stirred at 25 °C overnight and coned in vacuo. The residue 
triturated with hexane was filtered and washed with 10% aq 
citric acid, H2O, and ether. The powder was purified by 
silica-gel column chromatography [Merck silica gel 60 
(230—400 mesh), 18 g, 1.3X39 cm, CHCl3-acetone=3 :2] to 
give 11, which was recrystd from MeOH and ether: yield 142 
mg (41.6%); mp 248—250 °C (decomp); [a]® -41.8° (c 1.03, 
DMF); FAB-MS, m/z 824 [(M+H)+]. Amino acid analysis: 
Melan (0.93), Gly (1.76), Ala (1.00), Met (1.05), Leu (1.21). 
Anal. (C37H57N70i7S2-H20) C, H, N, S. 
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Synopsis. The dimeric compound formed from 3-
guaiazulenol has been found to be identical with the main 
product (Q2) of the peracid oxidation of guaiazulene, thus 
the previous structure of Q2 being revised to be a ca. 1:1 
mixture of meso (5Rf5'S) and two enantiomeric (5R,5'R and 
5S,5'S) forms of [S^'-biguaiazuleneJ-S^'^H^'HJ-dione. 
Autoxidation of Q2 in pyridine at 25 °C for 1 d mainly gives 
the title 1,7-azulenedione. 

It was reported2) that the oxidation of guaiazulene 
(1) with peracetic acid in hexane at 25 °C for 1 h 
exclusively gave a dimeric 3-guaiazulenone (Q2; 80%) 
together with minor products (2.4%) such as 1,7-
guaiazulenedione3) (3; 0.1%) and quinonemethide 42A) 

(0.1%). Structure of [S^'-biguaiazuleneJ-S^'^H^'H)-
dione (2) was assigned to the major product on the 
basis of the UV, IR, MS, and ^ N M R (270 MHz) 
spectra.2) Meanwhile, during the course of a system­
atic study on hydroxyazulenes and azulenethiols, 
one of us (T. A.) and his co-workers5) have recently 
prepared 3-guaiazulenol (5)6) by the reduction of 3-
guaiazulenyl acetate with L1AIH4. They noticed that 
5 was unstable and changed to a mixture of 3(3aH)-
guaiazulenone and a dimer on standing in ether. 
Based on the NMR data, they suggested their speci­
men of the dimer to be a mixture of meso and enantio­
meric forms 6a and 6b.5) As we found then that the 
*H NMR and IR spectra of the dimer turned out to be 
almost superimposable with those of Q2, we wish to 
describe herein detailed structural determination of 
the dimer, together with revision of the previous struc­
ture 2. Also reported are some additional reactions of 
Q2 to further prove the importance of this unstable, 
key intermediate for the oxidation of 1.2>3>7) 

The 2D *H NMR spectrum (in CDCI3 of Q2 (C30H34O2 
by FAB-MS)2) has now clearly disclosed the exact 

6a (meso) 6b (enantiomers) 

Chart 1. Revised structures for Q2. 

coupling interrelation of all signals, thus indicating 
the presence of two independent, different 3-oxo-3,5-
dihydroguaiazulen-5-yl moieties in a ratio of almost 
1:1. In particular, the absence of 75,5' value, which 
had been erroneously assigned to be 0.8 Hz (as 75,6' in 
formula 2) owing to the insufficient separation of H-5 
and H-5' signals at 270 MHz,2) eliminated the pre­
viously proposed structure 2. A careful study of the 
set of 7 values of H-5, H-6, and H-8 signals has led us 
to a ca. 2 :1 :1 mixture of meso and two enantiomeric 
forms of [ô^-biguaiazuleneJ-S^^H^H^diones5) (6a 
and 6b; Chart 1) for the structure of Q2. 

An inspection of the molecular models of the most 
favorable conformations suggested that in the meso 
form 6a an anisotropic effect exerted by the 0=C(3)-
C(3a)=C(4) plane region of the other moiety is likely to 
cause a slight upfield shift of the 7-isopropyl signals, 
whereas in the enantiomers 6b the same effect would 
cause a slight upfield shift of the 4-methyl signal. 
This enabled us to make the most plausible assign­
ment of all signals of these two compounds (see the 
Exptl section). 

The *H NMR spectrum of Q2 in pyridine-ds (mea­
sured within 1 h after having been dissolved) closely 
resembles that in CDCI3, except for a slight downfield 
shift (0.2—0.3 ppm) for Me-4, H-5, and H-8 signals 
and a better separation of some signals in the former 
solvent, thus confirming Q2 as a ca. 1:1 mixture of 6a 
and 6b; for the assignment of all signals, see the Exptl 
section. However, it has been observed during the 
NMR measurement in pyridine-ds that Q2 gradually 
begins to decompose to give an appreciable amount 
(ca. 25% after 2 h at 27 °C) of a 3-guaiazulenyl deriva­
tive besides many other minor products (mostly benze-
noids). The signals of this major product distinctly 
observable at Ô 1.26 (d, 7=7.0 Hz, Me2C-7), 2.61 (s, Me-
1), 2.82 (sept, 7=7.0 Hz, HC-7), 3.21 (s, Me-4), 6.42 (d, 
75,6=10.5 Hz, H-5), 7.05 (dd, /6f8=1.3 Hz, H-6), 7.44 (br 
s, H-2), and 7.93 (d, H-8) were best interpreted as the 
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02/Py ^LJ R > A ^ C 2—*Ŝ R + 3 + 4 + sjQCf 
( 6 a , b ) """"( * \ 

a) « R=H 
' 9 R=CHO 

11 R=H, R ' = i P r 
1 0 12 R = i P r , R'=H 

Scheme 1. Autoxidation of Q2 in pyridine. 
a) Obtained after treatment with Ac20/Py. 

formation of unstable 5 by the compar ison of its 
spectrum in acetone-do (at —50 °C).5) 

Therefore, we have under taken a study of autoxida­
tion of Q2 in pyridine. When the reaction was inter­
rupted at an earlier stage (after 15 m i n at 25 °C) and 
then the reactant was treated wi th acetic anhydride, 
the following products were isolated besides resinous 
tar (ca. 50% w / w ) after chromatographic separation: 3-
guaiazulenyl acetate 75) (12%), 3 (5%), and 4 (5%) 
(Scheme 1). In contrast, autoxidat ion of Q2 in pyri­
dine at 25 °C for 24 h gave 3 in 46% yield besides other 
minor products such as 4 (0.8%), indenones 83) (6%) 
and 93> (1%), and n a p h t h o q u i n o n e s 102> (5%), 113> (4%), 
and 123) (6%). It should be noted that the same oxida­
tion of Q 2 in CHCI3 afforded2) 4, 8, and 3(5H)-
guaiazulenone as the major products bu t 3 only in 
0.4%. Al though autoxidat ion of another impor t an t 
c o m p o u n d 4 (readily available from Q2)2,4) was also 
studied in pyridine, the kinds and yields of the isolated 
products were essentially similar to those obtained in 
CHC13 ,2 ) the major p roduc t being 9 (55%). 

As the 3-guaiazulenone dimer Q2 and qu inoneme-
thide 4 are considered2) to be h ighly impor tan t key 
intermediates for the major reaction pathways for 
au toxida t ion of 1 to give a wide variety of interesting 
products , the present findings are believed to provide 
further valuable informat ion on the reaction mechan­
ism of oxidat ion of azulenic hydrocarbons. More­
over, the efficient preparat ive method of 3 in pyridine 
enables us to investigate more properties of azulenedi-
ones in detail, which draw interest in recent years in 
view of potent ia l utili ty of their properties even wi th 
conductivity and biological activity.8) 

Experimental 

The preparative procedures described in our previous 
papers2»3) were followed in general. 1H NMR spectra were 
recorded in CDCI3 or pyridine-öfe with a JEOL-GX500 cryo-
spectrometer (500 MHz) at 27 °C. 

(SA^'SJ-p.S'-Biguaiazulenel-S^^Slï^'fO-dioneCea). This 
compound was obtained as a ca. 1:1, chromatographically 
inseparable mixture (Q2) with 6b (see below) by the peracid 
oxidation of l:2) a pale yellow powder, mp 138—142 °C 
decomp (lit.2) 138—142 °C); ^ N M P (CDCI3) <5=1.02, 1.075 
(6 H each, d, /=7.0 Hz, Me2C-7,7'), 2.24 (6 H, d, /Me,2=1.2 
Hz, Me-1,1'), 2.275 (6 H, s, Me-4,4'), 2.43 (2 H, sept, /=7.0 
Hz, HC-7,70, 3.34 (2 H, dd, 75,6=6.0 Hz, /5,6'=2.5 Hz, H-
5,50, 5.28 (2 H, dd, /6,8=0.8 Hz, H-6,6'), 5.98 (2 H, br s, H-
2,2'), and 6.375 (2 H, br d, H-8,8'), (C5D5N) 0=1.035, 1.055 (6 
H each, d, /=7.0 Hz, Me2C-7,7/), 2.205 (6 H, d, /Me,2 =1.2 Hz, 
Me-1,1'), 2.42 (2 H, sept, /=7.0 Hz, HC-7,70, 2.54 (6 H, s, 

Me-4,4'), 3.50 (2 H, dd, /5,6= 6.0 Hz, /5,6'=2.5 Hz, H-5,5'), 
5.36 (2 H, dd, /6,8=0.8 Hz, H-6,6'), 6.13 (2 H, br s, H-2,2'), 
and 6.60 (2 H, br d, H-8,8'). Other spectra of Q2 are 
identical with those reported in the previous papers.2) 

(5R,5'R)- and (55,5,5)-[5,5,-Biguaiazulene]-3,3,(5/f,5,H)-
dione (6b). This compound was a 1:1 enantiomeric mix­
ture; !HNMR9) (CDCI3) 0=1.09, 1.115 (6 H each, d, /=7.0 
Hz, Me2C-7,7'), 2.13 (6 H, s, Me-4,4'), 2.25 (6 H, d, /Me,2=1.2 
Hz, Me-1,1'), 2.48 (2 H, sept, /=7.0 Hz, HC-7,7'), 3.30 (2 H, 
dd, /5,6=6.0 Hz, /5,6—2.5 Hz, H-5,5'), 5.26 (2 H, dd, 7e,8=0.8 
Hz, H-6,6'), 5.985 (2 H, br s, H-2,2'), and 6.385 (2 H, br d, H-
8,8'), (C5D5N) 0=1.16, 1.165 (6 H each, d, 7=7.0 Hz, Me2C-
7,70, 2.21 (6 H, d, /Me,2=1.2 Hz, Me-1,10, 2.40 (6 H, s, Me-
4,40, 2.52 (2 H, sept, 7=7.0 Hz, HC-7,70, 3.54 (2 H, dd, 
75 6=6.0 Hz, 75,6'=2.5 Hz, H-5,50, 5.39 (2 H, dd, 7e,8=0.8 Hz, 
H-6,67), 6.165 (2 H, br s, H-2,20, and 6.61 (2 H, br d, H-8,8'). 

Oxidation of the 3-Guaiazulenone Dimer Q2. A. A 
solution of Q2 (20 mg) in pyridine (2 ml) was stirred for 15 
min at 25 °C under aerobic conditions. Acetic anhydride (3 
ml) was slowly added and the stirring was continued for 30 
min. The reactant was treated with 10% aq Q1SO4 (50 ml), 
carefully neutralized with aq Na2C03, and extracted with 
hexane (50 ml). The extract was washed with water, dried 
(Na2S04), and evaporated in vacuo. The residue was puri­
fied by chromatography, giving the following products, 
whose structures were confirmed by comparison of the EI-
MS with those of the authentic samples: 7 (12%), 3 (5%), and 
4 (5%). 

B. When the solution of Q2 was allowed to stand for 24 
h and the reactant was similarly worked up, the following 
products were isolated: 3 (46%), 4 (0.8%), 8 (6%), 9 (0.8%), 10 
(5%), 11(4%), and 12 (6%). 
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Stereoselective Synthesis of (£)-2-Hydroxyimino-2-phenylacetonitrile 
by Photolysis of 4-Azido-3-phenylfurazan 2-Oxide 
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Synopsis. Synthesis of (£)-2-hydroxyimino-2-phenyl-
acetonitrile from styrene was examined. This compound 
was obtained selectively by the photolysis of 4-azido-3-
phenylfurazan 2-oxide. 

Oximes are impor t an t intermediates for p repar ing 
various materials such as lactams, pharmaceut icals , 
pesticides, or polyamide fibers. Of these, 2-hydro-
xyimino-2-phenylacetonitr i le (3) is the synthetic block 
of 2-( ^-Butoxycarbonyloxyimino)-2-phenylacetoni-
trile (BOC-ON), which is utilized as an excellent 
protect ing agent in peptide syntheses1*. In this 
paper, we should like to report a novel and stereoselec­
tive synthesis of (£)-2-hydroxyimino-2-phenylaceto-
nitri le (3a) from styrene via the photolysis of 4-azido-
3-phenylfurazan 2-oxide (2). 

N N v\ 
PhCH=CH2 

Ph N0 2 

1 3a 3b 

Experimental 

Nitration of Styrene. To a solution of styrene (1.04 g, 
10.0 mmol) in dichloromethane (50 cm3), was added pow­
dered sodium nitrite (80 mmol) with stirring. Acetic acid 
(80 mmol) was added over 30 min. After stirring for 2 h, 
hydrochloric acid (2 mol dm - 3 , 30 cm3) was added and the 
reaction mixture was stirred overnight. The dichlorome­
thane layer was separated and concentrated. By chromato­
graphy on silica gel (hexane-dichloromethane, 2:3), 4-
nitro-3-phenylfurazan 2-oxide (1) (1.41 g, 6.81 mmol, 68%) 
was isolated, mp 100.5—101.5 °C; lit. 100 °C.2) 

Substitution of 1 with Azide Ion. To a solution of 
sodium azide (34 mg, 0.52 mmol) in dimethyl sulfoxide (2 
cm3), 1 (52 mg, 0.25 mmol) was added. After 10 min, the 
solution was poured into an aq sodium dihydrogenphos-
phate solution. By extraction with dichloromethane and 
subsequent silica-gel TLC, 4-azido-3-phenylfurazan 2-
oxide (2) (47.8 mg, 0.235 mmol, mp 95 °C, 94%) was isolated. 

Decomposition of 2. a) Pyrolysis: A solution of 2 (102 
mg, 0.502 mmol) in 1-pentanol (2 cm3) was refluxed for 3 h. 
By evaporation of the solvent and subsequent silica-gel TLC 
(hexane-ethyl acetate,7 :3), the two oximes, (£)- (3a, Rf 0.25, 
mp 100 °C, 11 mg, 0.075 mmol, 15%) and (Z)- (3b, Rf 0.30, 
mp 130 °C, 22 mg, 0.15 mmol, 30%) 2-hydroxyimino-2-
phenylacetonitriles were isolated, b) Photolysis: A solu­
tion of azide 2 (80.0 mg, 0.394 mmol) in dichloromethane 
and ethanol (7:3, 50 cm3) was irradiated through a Pyrex 
filter by a 500-W high-pressure mercury lamp under nitro­
gen for 25 min. Only the single isomer 3a (54.0 mg, 0.369 
mmol, 94%) was obtained. 

Successive Synthesis of 3a from Styrene. The nitration of 
styrene (5.0 mmol) was carried out in the same manner as 
described above. The dichloromethane layer was separated 
and transferred to an Erlenmeyer flask. Sodium azide (7.7 

mmol) and 18-crown-6 (2.5 mmol) was added and the reac­
tion mixture was stirred for 2 h. The solution was filtered 
through a short silica-gel column to remove inorganic salts 
and the crown ether. The eluate was diluted with dichlo­
romethane and ethanol (7:3) and the volume was adjusted 
to 100 cm3. Photolysis was carried out in the same manner 
as described above until most of the azide had disappeared. 
The solution was concentrated and chromatographed on 
silica gel to afford the oxime 3a (3.0 mmol, 60% overall 
yield). 

Results and discussion 

T h e (£)-oxime 3a is less stable thermodynamical ly 
than the corresponding Z-isomer 3b and hence its 
selective synthesis has not been reported. For exam­
ple, the oximes can be synthesized by nitrosation of 
phenylacetoni t r i le wi th alkyl nitri tes, bu t a large 
excess of the (Z)-oxime is invariably formed.3>4) T h e 
(£)-oxime is, therefore, no t obtained by usual 
methods.5 ) O n the other hand , our method start ing 
from styrene affords the (£)-oxime selectively. 

T h e key c o m p o u n d in our method is 4-azido-3-
phenylfurazan 2-oxide (2), which can be derived from 
styrene. By the treatment of styrene in dichlorome­
thane wi th sodium nitri te and acetic acid, 4-nitro-3-
phenylfurazan 2-oxide (1) was obtained in one step in 
68% yield. We have found that the ni t ro g roup of 1 
can be replaced easily wi th azide ion. T h e azide 2 
was thus obtained in nearly quant i ta t ive yields by the 
treatment of 1 wi th sodium azide in dimethyl sulfox­
ide for 10 min . 

We have expected that the structure of 2 is favorable 
to the formation of the oxime hav ing the E configura­
tion. Namely, the decomposi t ion of azide 2 may 
produce a ni t rene intermediate, which will be con­
verted to oxime 3a by subsequent r ing cleavage and 
e l imina t ion of an N O segment in a manner shown in 
Scheme 1. O n the base of this idea, we examined 
decomposi t ion of the azide under various condit ions. 

hi; N N 

- N 2 M N : 

Scheme 1 

N N: 
II 
C 

Ph T = N 

ROH 

- R O N O 
3a 

We first tried to pyrolyze the azide 2 in refluxing 
xylene. T h e reaction occurred, however, only very 
slowly and yields of the oximes were low (totally 13%). 
T h e decomposi t ion rate and the yield were improved 
markedly by addi t ion of alcohols. Alcohols may pro­
mote the e l iminat ion of the N O segment by forming a 
nitr i te ester. In refluxing 1-pentanol, the reaction 
completed wi th in 3 h and a mix ture of (£)-oxime, m p 



1844 N O T E S [Vol. 63, No. 6 

100 °C, and (Z)-oxime, m p 130 °C, was obtained (15% 
and 30% yields, respectively).6> 

When photolysis was appl ied, a dramat ic improve­
ment in both conversion and stereoselectivity was 
realized. By i rradiat ion wi th UV l ight longer than 
300 n m in the presence of alcohols, the azide decom­
posed qui te smoothly and cleanly. T h e reaction 
completed wi th in 25 min , leading to the selective 
formation of the £-isomer in 94% yield.7) 

Al though the photolysis of 2 proves to be qui te 
effective to obtain (jE)-oxime, the route needs three-
step reactions from styrene. We hence tried to 
shorten the reaction steps and found that the conver­
sion can be performed successively wi thou t isolation 
of any intermediates. Namely, when styrene was 
treated in the manner as described in the experimental 
section, the oxime 3a was obtained conveniently in 
60% overall yield. 

As described above, our route to the (£)-oxime starts 
from styrene and the whole process is very simple. 
T h e oxime will be utilized further as a synthetic 
intermediate, provid ing a new synthetic entry.8) 

T h i s work was partially suppor ted by a Grant- in-
Aid for Scientific Research, No 61550621, from the 
Ministry of Educat ion, Science and Culture. 
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Piezochromism of Acridinols 
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Synopsis. Piezochromic properties of acridinols and 
phenazinols have been examined. Only 3-acridinols 
showed piezochromism. This phenomenon was found to 
correspond to the formation of lactam isomers of the 
hydroxy compounds in 20 % aqueous solution of ethanol. 

Recently, functional dyes which show chromo-
tropic properties have attracted great interests. To 
our knowledge, a few reviews and some papers have 
been reported on the piezochromic compounds.1_10) 

The mechanism of piezochromism can be classified 
into 3 cases: 1) twisting of C=C bond as observed in the 
cases of 10,10'-bianthrone,3) diphenylmethylene-
anthrone,4) diphenylmethylenexanthene,4) and difla-
vylene,5) 2) C-C bond cleavage to form stable radicals 
as reported in the cases of bicumaranyl,6* dimers of tri-
arylimidazolyl,7) and dimers of tetraphenylpyrryl,8) 
and 3) isomerization as reported in the case of 9-
phenyl-3-acridinol.9) In the last case, yellow crystals 
of 9-phenyl-3-acridinol were converted into red one by 
pressing or rubbing.9) In 1961, Cairns-Smith et al. 
have reported that the yellow solid mainly existed in 
the lactim form and red one might contain both the 
lactim and the lactam form.10) This report examines 
the piezochromism of acridinols and phenazinols. 

Results and Discussion 

Figure 1 shows the reflection spectra of 9-cyclo-
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Fig. 1. Reflection spectra of 9-cyclohexyl-3-
acridinol (le). 

hexyl-3-acridinol (le). Compound le turned from 
yellow to orange by pressing (ca. 100 kg cm-2) or grind­
ing in a mortar. After pressing the solid, the reflec­
tance at around 500 nm decreased, suggesting that the 
yellow solid changed to orange one. The orange 
solid did not revert to the original yellow solid on 
standing for 2 years in a desiccator at room tempera­
ture. However, by the addition of a drop of organic 
solvents such as ethanol, benzene, carbon tetrachlo­
ride, and acetone, etc. to the solid, the color imme­
diately recovered from orange to yellow. When this 
yellow solid was pressed or grinded, the color changed 
to orange again. 

Figure 2 shows the absorption spectra of le. The 
absorption maximum was observed at 350 nm in 
hexane. While new absorption, which is attributed 
to the lactam isomer of le, was observed at 460 nm in 
20% aqueous solution of ethanol. This new absorp­
tion was not observed in acetonitrile, suggesting that a 
polar protic solvent is suitable to observe the lactim-
lactam isomerization of acridinols and phenazinols. 

Table 1 summarizes the results of piezochromism 
and the formation of the lactam isomer of acridinols 
and phenazinols in 20% aqueous solution of ethanol. 
As has been reported, 9-phenyl-3-acridinol (la), which 
can exist in a lactam isomer in 20% aqueous solution 

in hexane in 20 % 
aqueous 
ethanol 

600 

Wavelength / nm 

Fig. 2. Absorption spectra of 9-cyclohexyl-3-
acridinol (le). Concentration of le was 3.30X10~2 

mmol dm-3. 
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Table 1. Piezochromism and Formation of Lactam Isomers of Acridinols 
and Phenazinols in 20 % Aqueous Ethanol 

R« R* 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Compound 

la 
lb 
lc 
Id 
le 
If 
lg 
l h 
l i 
lj 
Ik 
11 
lm 
In 
lo 
l p 
l q 

X 

C 
C 
C 
C 
C 
C 
C 

c 
c 
c 
c 
c 
c 
c 
c N 
N 

R1 

C6H5 

C6H5 
H 
CH3 

CeHn 
m-CH3C6H4 
£-CH3C5H4 

ra-ClCôFLi 
£-ClC6H4 

p-CH3OC6H4 

I-C10H7 
2-CioHv 
o-HOC6H4 

£-HOC6H4 

C6H5 
— 
— 

R2 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
OH 
OH 
H 

R3 

OH 
OCH3 

OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
OH 
H 
H 
H 
H 
OH 

Piezo­
chromism 

yes 
no 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
no 
no 
no 
no 
no 

Formation of 
lactam isomera) 

yes 
no 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
no 
no 
no 
no 
no 

a) In 20% aqueous ethanol. 

of ethanol , showed piezochromism (run 1). 3-
Methoxy-9-phenylacridine (lb) did not show piezo­
chromism, suggesting that lactam form is necessary to 
show piezochromism (run 2). 9-Unsubsti tuted, 9-
alkyl, and 9-ary 1-3-acridinols (lc)—(11) showed both 
piezochromism and the formation of the lactam iso­
mer in the solvent (runs 3—12). The i r absorpt ion 
max ima in hexane were observed at a round 350 nm. 
While the absorpt ion spectra in 20% aqueous solut ion 
of e thanol showed new absorpt ion at a r o u n d 460 nm. 
They also showed piezochromism from yellow to 
orange in color. In the cases of 9-(2-hydroxyphenyl)~ 
acridine ( lm) , 9-(4-hydroxyphenyl)acridine (In) , 9-
phenyl-1-acridinol ( lo) , and phenazinols ( lp ) and 
( lq) , neither piezochromism (even at a pressure of ca. 
300 kg cm - 2 ) nor the formation of the lactam isomer 
was observed (runs 13—17). 

It was concluded that only 3-acridinols, that can 
form the lactam isomers in 20% aqueous solut ion of 
e thanol , showed piezochromism. 

Experimental 

Instruments. NMR spectra were recorded on a JEOL 
JNM GX-270 spectrometer. Mass spectra were taken on a 
Shimadzu 9020 DF spectrometer at 70 eV. Melting points 
were measured with a Yanagimoto micro melting point 
apparatus and uncorrected. UV and reflection spectra were 
recorded on Hitachi 330 and U-3400 spectrophotometers, 
respectively. 

Materials. Acridinols (la), (lc)—(lo) were prepared by 
the reaction of diphenylamines with carboxylic acids (the 
Bernthsen reaction). They were purified by column chro­
matography (Si02, CHCl2-EtOH) and recrystallized from 
ethanol. 3-Methoxy-9-phenylacridine (lb) was synthesized 
by the methylation of 9-phenyl-3-acridinol (la) using di-
azomethane. 1 -Phenazinol ( lp) was purchased from Tokyo 

Kasei Kogyo Co., Ltd. 2-Phenazinol (lq) was synthesized as 
described in the literature.11) The purity of all materials 
was checked by TLC. The physical and spectral data are 
shown below: 

9-Phenyl-3-acridinol (la): mp: 258—260 °C (decomp) 
(lit10) 264 °C); MS m/z (rel intensity) 271 (M+, 100). 

3-Methoxy-9-phenylacridine (lb): mp: 135 °C (lit10) 137— 
138 °C); MS m/z (rel intensity) 285 (M+, 100). 

3-Acridinol (lc): mp: 255—256 °C (decomp) (lit12) >250 
°C); MS m/z (rel intensity) 195 (M+, 100). 

9-Methyl-3-acridinol (Id): mp: 251—252 °C (decomp) 
(lit1») >250°C); MS m/z (rel intensity) 209 (M+, 100). 

9-Cyclohexyl-3-acridinol (le): mp: 257—258 °C (decomp); 
MS m/z (rel intensity) 277 (M+, 100); Found: m/z 277.1473. 
Calcd for C19H19NO: M, 277.1466. 

9-(m-Tolyl)-3-acridinol (If): mp: 242—244 °C (decomp); 
MS m/z (rel intensity) 285 (M+, 100); Found: m/z 285.1162. 
Calcd for C20H15NO: M, 285.1153. 

9-(£-Tolyl)-3-acridinol (lg): mp: 262—263 °C (decomp); 
MS m/z (rel intensity) 285 (M+, 100); Found: m/z 285.1176. 
Calcd for C20H15NO: M, 285.1153. 

9-(3-Chlorophenyl)-3-acridinol (lh): mp: 200—202 °C 
(decomp) MS m/z (rel intensity) 305 (M+, 100); Found: m/z 
305.0624. Calcd for C19H12NOCI: M, 305.0607. 

9-(4-Chlorophenyl)-3-acridinol (li): mp: 270—272 °C 
(decomp); MS m/z (rel intensity) 305 (M+, 100); Found: m/z 
305.0621: Calcd for C19H12NOCI: M, 305.0607. 

9-(4-Methoxyphenyl)-3-acridinol (lj): mp: 251—252 °C 
(decomp); MS m/z (rel intensity) 301 (M+, 100); Found: m/z 
301.1095. Calcd for C20H15NO2: M, 301.1102. 

9-(l-Naphthyl)-3-acridinol (Ik): mp: 227—229°C (de­
comp); MS m/z (rel intensity) 321 (M+, 100); Found: m/z 
321.1143. Calcd for C23H15NO: M, 321.1153. 

9-(2-Naphthyl)-3-acridinol (11): mp: 234—235 °C (de­
comp); MS m/z (rel intensity) 321 (M+, 100); Found: m/z 
321.1132. Calcd for C23H15NO: M, 321.1153. 

9-(2-Hydroxyphenyl)acridine (lm): mp: 215—211 °C 
(decomp) (lit13) 289—290 °C); MS m/z (rel intensity) 271 
(M+, 100). 
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9-(4-Hydroxyphenyl)acridine (In): mp: >300°C (lit13) 
355—356 °C); MS m/z (rel intensity) 271 (M+, 100). 

9-Phenyl-l-acridinol (lo): mp: 164—165°C (decomp); MS 
m/z (rel intensity) 271 (M+, 100); Found: m/z 271.0980. 
Calcd for C19H13NO: M, 271.0997. 

2-Phenazinol (lq): mp 251— 252 °C (lit11) 253—254 °C); 
MS m/z (rel intensity) 196 (M+, 100). 

Piezochromism of Acridinols and Phenazinols. Press 
test was carried out using an oil press (Riken Power model 
P-16). After pressing the sample, the color change was 
observed. 
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Terminal-Terminal Types of Liquid Crystals. I. Synthesis and 
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Synopsis. A novel ferroelectric liquid crystal, (S)-bis(2-
methylbutyl) 3,3'-[l,2-ethanediylbis[oxy-4,l-phenylenemethyl-
idyne nitrilo-4,l-phenylene]]bis[2-propenoate] (EBOPBP) 
was prepared, which are composed of two chiral mesogenic 
groups interconnected by a very short flexible spacer chain. 
EBOPBP exhibts a chiral smectic C phase (Sc*). From an 
electrooptical effect due to a deformation of helical structure 
in the Sc* state, the rise time (rr) was estimated to be 240 |is at 
180 °C. 

Great interest has recently been shown in l iquid 
crystals possessing ferroelectric properties in chiral 
smectic C (Sc*) phase which can be used as fast elec­
trooptical elements.1-3) Impor tan t information about 
their structure and ferroelectricity has been obtained 
from detailed studies on thermal and electrooptical 
effects for various types of compounds.4"8) O n the 
other hand, low molecular weight compounds com­
posed of two terminal mesogenic groups intercon­
nected by a flexible spacer g roup may be taken as 
models for main-chain type thermotropic l iqu id crys­
talline polymers (TLCPs) which contain core uni ts 
interconnected through spacer groups.9"13) In spite 
of the great variety in chemical structure of ferroelect­
ric l iquid crystals, few terminal - te rminal type com­
pounds have so far been prepared and studied. In 
our previous papers,14"16) syntheses and electrooptical 
properties of polymerizable ester derivatives of a fer­
roelectric l iqu id crystalline c o m p o u n d 4-[(4-decyl-
oxybenzylidene)amino] c innamate (MBDOBAC)17) 

were described. In the course of a study on polymeric 
and monomer ic materials wi th ferroelectric l iquid 
crystalline properties, we have prepared (S)-bis(2-
methylbutyl) 3,3'-[ 1,2-ethanediylbis[oxy-4,1 -phenyl-
enemethyl idyneni t r i lo-4 ,1 -pheny lene]]bis[2-propen-
oate] (EBOPBP) as a prototype of ferroelectric main-
chain type T L C P s . In this note, we report on ther­
mal and electrooptical behavior of EBOPBP. 

Experimental 

4,4'-Ethylenedioxydibenzaldehyde. One mol of 4-hy-
doroxybenzaldehyde was dissolved in a mixture of 350 mL 
ethanol and 150 g KOH in 150 mL water. A trace of KI was 
added and the solution was heated and stirred while 2.2 mol 
of 1,2-dibromoethane was added slowly. The reaction mix­
ture was refluxed for 10 h, the solvent was evaporated and 
the solid residue dissolved in 1 L of water. The solution 
was extracted with chloroform. The chloroform layer was 
then washed successively with 0.2 M (1M=1 mol dm - 3) HCl 
aqueous solution and water and evaporated to dryness. 
The residue was recrystallized from ethanol: 66.1% yield; mp 
117—118 °C; !HNMR (CDCk) 6=4.34 (s, 4H, -CH2CH2-), 
6.92—7.70 (q, 8H, aromatic), and 9.70 (s, 2H, -CHO). 
Found: C, 71.00; H, 5.22%. Calcd for Ci6Hi404 (270.288): C, 
71.10; H, 5.22%. 

EBOPBP. One mmol of 4,4/-ethylenedioxydibenzaldehyde 
in 10 mL of absolute ethanol and 2 mmol of (S)-2-
methylbutyl 4-aminocinnamate in 10 mL of absolute 
ethanol were mixed and allowed to stand for 2 d. The 
precipitate was filtered and recrystallized twice from abso­
lute ethanol: 95.0% yield; *H NMR (CDCI3) 6=0.78—1.12 (m, 
12H, -CH3), 1.12—2.03 (m, 6H, -CH2CH3), 4.00—4.30 (m, 
6H, -CH2CH(CH3)C2H5), 4.57 (s, 4H, -0(CH2)20-) , 6.24— 
6.48 (d, 2H, /=16 Hz, -CH=CH-), 7.15—8.09 (m, 16H, 
aromatic), 8.10—8.24 (d, 2H, /=16 Hz, -CH=CH-), and 8.97 
(s, 2H, -CH=N-). Found: C, 75.65; H, 6.95; N, 4.00%. 
Calcd for C44H4806N2 (700.882): C, 75.40; H, 6.90; N, 4.00%. 

Measurements. XH NMR measurements were carried out 
with a 100 MHz JEOL JNM-MH 100 spectrometer. Phase 
transition temperatures were determined by differential 
scanning calorimetry, using a Rigaku Thermoflex apparat­
us DSC-8230B, with almost the same heating and cooling 
rates (10 Kmin - 1). Sample quantities varied from 5 to 10 
mg. Microscopic investigations were performed using an 
Olympus microscope BH-2, with a heating stage attached to 
a temperature controller. Thin samples were sandwiched 
between two glass slides, the surfaces of which had been 
unidirectionally rubbed with cotton wool to obtain a homo­
geneous alignment. The spacing between top and bottom 
glass plates was 50 |im, with a stretched polyester film used 
as the spacer material. Samples were studied at both 
decreasing and increasing temperatures. Electrooptical 
measurements were carried out as follows. Surfaces of glass 
plates were coated with a transparent conductive material 
(I112O3); the surface resistance was about 100 d m - 2 . The 
spacing between top and bottom glass plates was 25 |im. 
The sample cell was set without polarizer in the optical path 
of a He-Ne laser (NEC-GLG 5313, wavelength 632.8 nm, 
and output power 1 mW). The incident light was damped 
with an attenuator and arranged with a slit. Changes in 
transmission by application of electric field were monitored 
with a photodiode and processed with a microcomputer 
(NEC-9801). 

Results and Discussion 

Thermal Properties. EBOPBP was synthesized via 
two kinds of reactions as follows: 
EBOPBP is a pale yellow powder and is stable to air 

0 0 
BrCH^Br * 2 H0<>CH0 ^ " ^ H ^ O f c H ^ O - Q - C H 

C2H50H/H20 

2 R*0-C-CH=CH-^-NH2 /AcOH 
> 

in Benzene 

0 0 
*R-0-C-CH=CH-O-N=CH-Oc>(CH2)20-©-CH=N^CH=CH-Cl-0-R* 

V--CH2ÔHCH2CH3 E B O P B P 
CH3 

Scheme 1. 
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and prolonged heating. According to differential 
scanning calorimetric and optical microscopic mea­
surements, EBOPBP shows three mesophases: a tran­
sition from isotropic melt first gives a chiral nematic 
N* phase with a fan-shaped texture; further cooling 
gives a smectic A phase, followed by Sc* phase having 
a focal conic texture with stripes due to a helical 
structure. The phase transition temperatures of 
EBOPBP as determined by DSC are compatible with 
those obtained by polarizing microscopic and elec-
trooptical measurements: 

K 157.0 Sc* 197.6 SA 218.1 N* 245.3 I. 

The pitches of the helical structure were obtained by 
averaging spacings of stripes at ten different places in 
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Fig. 1. Temperature dependence of the pitch width 
of helical structure in Sc* phase of EBOPBP. 
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Fig. 2. Transmitted He-Ne laser light intensity (/) 
for EBOPBP on cooling cycles; ( ); £=0, ( ); 
£=16kVcm"1. 

a micrograph of the texture within the temperature 
range of 157.0 to 197.6 °C. The average pitch was 
found to be 1.9 fim as shown in Fig. 1. 

Electrooptical Properties of EBOPBP. As EBOPBP 
shows an Sc* phase in the range of 157.0 to 197.6 °C, 
two headed ferroelectric liquid crystals were subjected 
to electrooptical measurements, in order to obtain 
basic data for practical uses as optical switching and 
display devices. Figure 2 shows the transmission 
intensity (I) of the He-Ne laser through the EBOPBP 
cell on cooling. When no voltage is applied, the 
transmission intensity decreases abruptly because of a 
characteristic light scattering just after the transition 
of the isotropic liquid to the N* phase at 245.3 °C, 
then increasing up to ca. 30% of the original intensity 
as a stable N* phase followed by the SA phase are 
formed at 218.1 °C. On further cooling, the transmis­
sion intensity is caused to decrease gradually by a light 
scattering due to wound states of the helical structure 
of the Sc* phase at 197.6 °C. On the other hand, upon 
application of voltage, the transmission intensity 
never decreases up to 218.1 °C because of the transfor­
mation of the N* to nematic phase caused by d.c. 
After the turning into the SA phase, the transmission 
intensity increases again below 197.6 °C. This elec-
trooptic effect is believed to be due to the transforma­
tion of a wound state (Sc*) to an unwound state (Sc) 
caused by d.c.3) The electrooptical response time cor­
responding to the change in transmission caused by 
voltage application was then measured over the vol­
tage range from 30 V (electric field, £=12 kVcm -1) to 
120 V (£=48 kV cm-1) at 180 °C. Clark and Lagerwall18) 
designed a surface stabilized ferroelectric liquid crystal 
(SSFLC) cell as a fast electrooptical element; the 
response time (rr) is associated with the inversion of 
directors in the surface layer of the cell. In order to 
know the effect of applied voltage on response time, 
the relation between rr and the electric field applied at 
180 °C is plotted in Fig. 3. It shows that increase in 

500 

0) 
IL 

100 

50 
0 20 40 

E/kV-cm-1 
60 

Fig. 3. Effect of electric field (E) on electrooptical 
response (rT) in ferroelectric Sc* phase of EBOPBP 
atl80°C. 

Compound 

EBOPBP 
MBDOBAC 

Table 1. Electrooptical Properties of Ferroelectric Liquid Crystals 

TSA-SC*/°C ATTSC*-TK/°C Pitch width/|im Ethre/VkVcm"1 

198 41 1.9(atl80°C) 11.0(at 180°C) 
95 33 1.7(at 75 °C) 5.2(at 75 °C) 

Tr/|ISb) 

240(atl80°C) 
200(at 90 °C) 

a) Threshold votage. b) Rise time of surface director at 16 kVcm-1. 
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the appl ied voltage will shorten the optical response 
time. T h e results on the electrooptical effect are 
summarized in Table 1. 

Dr. Akihiko Sakamoto is gratefully acknowledged 
for his helpful advice. 
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Reactions of Cinnamylideneamino Isoxazoles 
with Dimethyl Acetylenedicarboxylate 
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Synopsis. The interaction of 4-cinnamylideneamino-3-
methyl-5-styrylisoxazoles (1) with dimethyl acetylenedicar­
boxylate has given an isoxazolyldihydropyndine (2) as 
major and an isoxazolylaminofumarate (3) as minor prod­
ucts respectively. 3-Cinnamylideneamino-5-methylisoxa-
zoles (4) behave similarly. Isoxazolylaminofumarates (3 
and 6) have been identified by unambiguous synthesis. 

Interaction of the Schiffs bases of aminoisoxazoles 
with benzonitrile oxide, naphthols, benzoxazinones 
and light studied in our laboratories, led to the forma­
tion of oxadiazolines,1* naphthoxazines,2) quinazoli-
nones,3) and imidazoles4) respectively as substituents 
on isoxazoles. In continuation of the work in this 
direction, we investigated reaction of cinnamylidene-
aminoisoxazoles with dimethyl acetylenedicarboxy­
late (DMAD). Gagan5* was the first to assign a defi­
nite structure to the products from reaction of 

benzylidenemethylamine and cinnamylideneaniline 
with DMAD. Later, Murphy et al.6) who used benzyli-
deneanisidine and anisylideneaniline in this reac­
tion made some unusual observations. The reactions 
in this field have been reviewed twice.7'8) Though the 
interaction of this versatile synthon with aromatic and 
a few heteroaromatic Schiffs bases is known, the 
isoxazole counterparts have not been utilized so far in 
this reaction. Here, we report the results of the reac­
tion of cinnamylidene Schiffs bases of 3-amino and 4-
aminoisoxazoles with DMAD. 

4-Cinnamylideneamino-3-methyl-5-styrylisoxazoles 
(1) have been synthesized starting from 3,5-dimethyl-
isoxazole by nitration and regiospecific styrylation.9) 

3-Metyl-4-nitro-5-styrylisoxazole thus obtained, on 
reduction with tin(II) chloride-hydrochloric acid10) 

and subsequent reaction with cinnamaldehydes gave 
the conjugated Schiffs bases. 

H3o NH2 A r - C H = C - C H 0 H 3 C 

"c r^s t 
( S t = ph - C H = C H - ) 

R'-C E C - R ' 

R 
l 

N-CH-C = CH-Ar 

1 

XX' 
R-C =C-R (R)Kj 

>MR = C02CH3> I H x
 n A 

%Ast RR' KXst R' 

H^C-^ND^ 

NH2 ? 
Ar -CH=C-CH0 

.N=CH-C =CH-Ar 

R - C r C - R ' 

(R)K; 

|j g-NH-C=CH + f T ^ ^ v ^ R ' 
H 3 C-\> R' R' uCx0y* R \, 
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Q 

b 

c 
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H 
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C 6 H 5 -
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React ion of 1 wi th DMAD has been carried out in 
dry toluene under reflux for 12 h. After the removal 
of solvent the residue was passed th rough a co lumn of 
silica gel. T w o products have been isolated by elut-
ing wi th varying propor t ions of benzene-ethyl acetate. 
T h e first c o m p o u n d from chromatographic separa­
tion has been identified as dimethyl 2-(3-methyl-5-
styryl-4-isoxazolyl) aminofumarate (3). T h e presence 
of N H is indicated by IR (3410 cm-1) and *H N M R ( Ô 
9.0 and exchanged wi th D2O) spectra. In ^ N M R 
the vinyl p ro ton resonates as a sharp singlet at ô 5.5. 
T h e mass spectrum showing a molecular ion at m/z 
342 suppor ts the structure of the product , formed as a 
result of the reaction of aminoisoxazole wi th DMAD. 
T h e aminoisoxazole is presumably formed by the 
action of traces of moisture. T h e presence of cin-
namaldehyde (from 1) in the reaction mixture has 
been detected by Tol len ' s reagent ( A g N 0 3 + l M 
N a O H + a q NH 3 ) (1 M = l mol dm"3) . T h e structure 
of the fumarate (3) has been authent icated by a separ­
ate reaction of 4-amino-3-methyl-5-styrylisoxazole 
wi th DMAD in ether. T h i s reaction has afforded a 
product identical in all respects (TLC, IR, and mixed 
mp) wi th 3. T h e second product which is major, has 
been identified as the cycloadduct whose molecular 
weight is recorded at m/z 598 corresponding to the 1:2 
reaction of the c innamylidene Schiffs base wi th 
DMAD. Based on X H N M R and mass spectra the 
product is shown to be tetramethyl l-(3-methyl-5-
styryl-4-isoxazolyl)-2-styryl-1,2-dihydropyridine :3,4, 
5,6-tetracarboxylate (2) similar to the product reported 
by Gagan (loc. cit.). T w o protons of styryl g roup on 
dihydropyridine and another pro ton on dihydropri-
dine r ing show u p as A M X system between ô 5.1—6.0 
( / A M = 1 5 . 6 , / A X = 0 , and / M X = 5 . 1 H Z ) . T h e trans 

geometry of this styryl double bond is clearly indicated 
by the coup l ing (15.6 Hz) between the two hydrogens. 

T h e reaction of 3-cinnamylideneamino-5-methyl-
isoxazole (4) wi th DMAD under similar condi t ions 
gave the analogous results. Chromatograph ic sepa­
rat ion of the product mixture gave dimethyl 2-(5-
methyl-3-isoxazolyl)aminofumarate (6) and tetrame-

Table 1. The Physical Properties a 

Mp Yield 
Compound Formula 

°C % 
la 115 90 C12H18N2O 
lb 110 85 C22H20N2O2 
lc 150 85 C21H17N3O3 
Id 88 80 C22H20N2O 
2a 92 55 C33H30N2O9 
2b 83 45 C34H32N2O10 
2c 135 50 C33H29N3O11 
2d 85 35 C34H32N2O9 
4a 130 85 C13H12N2O 
4b 95 80 C14H14N2O2 
4c 90 90 C13H11N3O3 
4d 82 82 C14H14N2O 
5a 90 50 C25H24N2O9 
5b 85 40 C26H26N2O10 
5c 120 45 C25H23N3O11 
5d 78 35 C26H26N2O9 
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thyl l-(5-methyl-3-isoxazolyl)-l,2-dihydropyridine-3,4, 
5,6-tetracarboxylate (5). T h e start ing material 4 
required for the above reaction has been made by 
interaction of 3-amino-5-methylisoxazole (purchased 
from market) wi th c innamaldehyde in ethanol . T h e 
fumarate (6) shows N H pro ton as a broad peak at ô 9.8 
(exchangeable wi th D2O) and vinylic proton at ô 5.4 in 
XH NMR. T h e mass spectrum showing the molecular 
ion at m/z 240 is in confirmity with the struc­
ture. T h e structure of 6 was further proved by 
u n a m b i g u o u s synthesis. T h e dihydropyridine (5) 
shows, in *H NMR, an AMX pat tern for the two styryl 
protons and another on the pyridine r ing in the region 
between 5.6—6.7 ( / A M = 1 5 . 6 H Z , / A X = 0 , and / M X = 5 
Hz). Molecular weight of 5 is given by the mass 
spectrum which shows a weak signal at m/z 496. All 
the compounds prepared have been included in the 
table a long wi th the characterization data. 

Exper imenta l 

All the melting points are uncorrected. The purity of the 
compounds was checked by TLC. The IR spectra were 
recorded on a Perkin-Elmer 283 model as KBr discs. 
*H NMR spectra were run on a Varian AD 100 spectrometer 
using TMS as internal reference (chemical shifts in ô scale). 
Mass spectra were recorded on a Hitachi model RMU 6E at 
70 eV. Silica gel was used for both TLC and column 
chromatography. 

4-Cinnamylideneamino-3-methyl-5-styrylisoxazoles (1). 
4-Amino-3-methyl-5-styrylisoxazole (0.01 mol) and cinnam­
aldehyde (0.01 mol) were refluxed in ethyl alcohol (20 ml) 
for 2 h. The compound separated on cooling was filtered 
and recrystallized from benzene (Table 1). 

Reaction of 4-Cinnamylideneamino-3-methyl-5-styryl-
isoxazole with DMAD. A mixture of 4-cinnamylidene-
amino-3-methyl-5-styrylisoxazole (0.01 mol) and DMAD 
(0.02 mol) was refluxed in dry toluene for 12 h. After the 
removal of solvent, the residue was passed over a column of 
silica gel. Elution with benzene-ethyl acetate (5%) gave 
fumarate (3), whereas benzene-ethyl acetate (20%) gave dihy­
dropyridine (2) (Table 1 ). Fumarate (3): mp 80 °C, Yield 5% 
[Found: C, 64.06; H, 5.23; N, 8.15%. Calcd for C18H18N2O5: 
C, 63.15; H, 5.26; N, 8.18%]. IR (KBr): 3410(NH), 1750 cm"1 

Elemental Analysis of the Products 

c 
80.32 
76.71 
70.18 
80.43 
66.10 
65.06 
61.62 
66.63 
74.01 
70.12 
59.98 
74.41 
61.02 
60.12 
55.36 
62.07 

Found/% 

H 

5.71 
5.83 
4.74 
5.98 
4.98 
5.12 
4.72 
5.12 
5.59 
5.65 
4.17 
6.21 
4.92 
5.01 
4.12 
4.99 

N 

8.87 
8.12 

11.66 
8.49 
4.72 
4.53 
6.48 
4.61 

13.19 
11.46 
16.29 
12.29 
5.59 
5.24 
7.67 
5.51 

C 

80.25 
76.74 
70.19 
80.48 
66.22 
64.96 
61.58 
66.66 
73.58 
69.42 
60.70 
74.33 
60.48 
59.31 
55.45 
61.17 

Calcd/% 

H 

5.73 
5.81 
4.73 
6.09 
5.01 
5.09 
4.51 
5.22 
5.66 
5.78 
4.28 
6.19 
4.83 
4.94 
4.25 
5.09 

N 

8.91 
8.13 

11.69 
8.53 
4.68 
4.45 
6.53 
4.57 

13.20 
11.57 
16.34 
12.38 
5.64 
5.32 
7.76 
5.49 
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(CO2CH3); *HNMR (CDCI3): ô=2.2 (s, 3H, isoxazole-CH3), 
3.6, 3.8 (2s, 6H, COOCH3), 5.5 (s, IH, vinylic -H) 6.7—7.2 
(ABq, 2H, Ph-CH=CH), 7.2—7.5 (m, 5H, Ph-H), 9.0 
[s(broad), IH, NH]. dihydropyridine (2a): mp 92°C, *H 
NMR (CDCI3): ô=2.1 (s, 3H, isoxazole-CHs), 3.5, 3.6, 3.7, 3.9 
(4s, 12H, COOCHs), 5.1 (d, IH, Hx, /XM=5.1 HZ), 5.6 (dd, 
IH, HM), 6.0 (d, IH. HA, /AM=15 .6 HZ), 6.6—7.0 (ABq, 2H, 
isoxazole-CH=CH-) 7.0—8.0 (m. 10H, Ph-H). 

3-Cinnamylideneamino-5-methylisoxazole (4). 3-Amino-
5-methylisoxazole (0.01 mol) and cinnamaldehyde (0.01 
mol) were refluxed in ethyl alcohol (20 ml) for 2 h. The 
compound separated in the reaction mixture was filtered 
and recrystallized from benzene (Table 1). 

Reaction of 3-Cinnamylideneamino-5-methylisoxazole 
with DMAD. A mixture of 4 (0.01 mol) and DMAD (0.02 
mol) was heated in dry toluene for 24 h. The residue 
obtained after removal of solvent was passed over column of 
silica gel. Elution with benzene-ethyl acetate (5%) gave the 
fumarate (6) and benzene-ethyl acetate (20%) gave dihydro­
pyridine (5) (Table 1). Fumarate (6): mp 70 °C, Yield 
5% [Found: C, 49.91; H, 5.11; N, 11.59%. Calcd for 
C10H12N2O5: C, 50.0; H, 5.0; N, 11.66%]. IR (KBr): 3420 
(NH), 1760 cm-1 (CO2CH3): *HNMR (CDCI3): ô=2.1 (s, 3H, 
isoxazole-CHs), 3.5. 3.7 (2s, 6H, COOCH3), 5.4 (s, IH, 
vinylic H), 5.7 (s, IH, isoxazole-H), 9.8 [s(broad). IH, NH]. 
dihydropyridine (5a): mp 90 °C: *HNMR (CDCI3): 6=2.3 (s, 
3H, isoxazole-CHs) 3.5, 3.6, 3.7, 3.9 (4s, 12H, COOCHs), 5.9 
(s, IH, isoxazole-H), 5.6 (d, IH, H x , / X M = 5 HZ), 6.1 (dd, IH, 
HM), 6.7 (d, IH, HA, /AM=15 .6 HZ), 7.2—7.6 (m, 5H, Ph-H). 

Unambiguous Synthesis of Fumarate (3): 4-Amino-3-
methyl-5-styrylisoxazole (0.01 mol) and DMAD (0.01 mol) 
were stirred at room temperature in dry ether for 12 h. The 
compound separated was filtered and passed through silica 
gel. Elution with benzene-ethyl acetate (5%) gave the prod­
uct identical in all respects with 3. 

Unambiguous Synthesis of (6): Similar reaction was 
conducted between 3-amino-5-methylisoxazole and DMAD 
which gave the fumarate, found to be identical with 6. 

T h e authors are thankful to Prof. P. S. Rao, Head, 
Depar tment of Chemistry, Kakatiya University, 
Warangal for the facilities and one of the authors 
(ETR) is grateful to Counci l of Scientific snd Indus­
trial Research, New Delhi for the award of senior 
research fellowship. 
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Synthesis of Substituted Azaindenes: Synthesis of New Pyrazolo-
[l,5-a]pyrimidine Derivatives 
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(Received November 16, 1989) 

Synopsis. Several new pyrazolo[l,5-a]pyrimidines were 
synthesized via the reaction of 4,5-disubstituted 3-amino-
pyrazoles la—d with 3-dimethylaminopropiophenone, cin­
namaldehyde, benzylideneacetophenone and tetracyano-
ethylene. 

Interest in synthesis of condensed pyrazoles has 
recently been revived.1-3) The considerable biologi­
cal activities of pyrazolopyrimidines as CAMP-
phosphodiasterase inhibitors,4) xanthine oxidase inhi­
bitors5) and antischistosomal agents6) are beyond this 
recent interest. As a part of a program at our labora­
tory directed for developing new antischistosomal 
agents, samples of certain substituted pyrazolo[l,5-
ajpyrimidines were required. Certain substituted 
pyrazolo[l,5-a]pyrimidines were observed to act as 
inhibitors for snail metabolism. 

One of the most utilized synthetic approaches to 
pyrazolo[l,5-a]pyrimidines is reaction of «^-unsatu­
rated reagents with 3-aminopyrazoles.1) A limitation 
for utility of this approach is the difficulty of estab­
lishing structures of products resulting from reaction 
of non-symmetrical double bond systems with 
aminopyrazoles. 

In the present paper we report synthesis of several 
new pyrazolo[l,5-a]pyrimidines via reaction of 3-
aminopyrazoles with non-symmetrical double bond 
system and provide methods for establishing structure 
of reaction products. Thus, it has been found that 
the 3-aminopyrazoles la—d react with 3-dimethyl­
aminopropiophenone hydrochloride (2) in refluxing 
DMF to yield product of condensation via elimination 
of water, dimethylamine hydrochloride and hydrogen. 
These products can thus be formulated as 3 or iso­
meric 4. Thus, addition of phenyl vinyl ketone (5), 
resulting from elimination of dimethylamine hydro­
chloride from 2, to ring nitrogen would afford inter­
mediate 6 which on cyclization via water elimination 
gives 7 which on aromatization would yield 3. On 
the other hand, condensation with exocyclic amino 
function followed by cyclization can afford 4. 
Although we have earlier shown1) that ring nitrogen 
in aminopyrazoles is the most basic center, we have 
also reported that it is the most hindered site in the 
molecule. Thus, electrophilic attack at la—d would 
be much governed by steric consideration and it is 
difficult to predict the reaction site with certain elec-
trophile. Although in reaction under consideration 
one can assume that 5 is not a bulky reagent and that 
attack at ring nitrogen would take place, an independ­
ent proof for such prediction seemed mandatory. 
^ N M R indicated that the reaction products are 3. 
Thus, ^ N M R of 3d revealed methyl group as a 
doublet at 6=2.50 and one proton multiplet at a 6= 
5.10 in addition to one proton doublet at 6=4.49, / = 2 

S — r N H ' 
R N 

H 
1 

a , R = C S H 5 , R' = H 

b, R = C H j . R'= C 6 H 5 

c , R = N H ? , R f = C j H 5 N = N -

d, R = CHj , R ' = C S H S N = N -

R1 , N H ? . 0 

C 4 H 4 C O C H 2 C H , N ( C H , ) , . H C l 

2 

C6H5COCH=CH2 

5 

R^H-N^CH, "tj-ir y* 
R N'N (£H* 

CIJ» 

HjO 

HH C ° 
H5L6 

10 

2 H 

R 
1 

» A „»1K.H, 

C»H s CH=CH-CHO 

1 a - d 

Hz, and aromatic protons at 6=7.20—7.75. The mul­
tiplicity of the one proton signal at 6=5.10 and the 
appearance of methyl group as a doublet can be only 
intelligibly interpreted in terms of long range cou­
pling between CH3 and a proton at C-7, providing 
evidence for structure 3. Moreover, for this purpose, 
samples of 4a,b were synthesized via condensation la,b 
with cinnamaldehyde 8 and subsequent cyclization of 
resulting cinnamylidene derivatives 9. These prod­
ucts proved different from products of reaction of la,b 
and 2. Thus, structure 3 could be established for the 
latter derivatives. 

We have found that benzylideneacetophenone 11 
reacts with la—c to yield products of condensation via 
elimination of water and hydrogen molecule. These 
were formulated as 12. Formation of 12 is assumed to 
proceed via intermediacy of acyclic adducts resulting 
from attack either by ring N-2 or exocyclic amino 
group and subsequent cyclization and aromatization 
via elimination of water and hydrogen molecule. 
Alternately one can assume condensation of carbonyl 
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CN 
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function in 11 wi th exocyclic amino g roup and subse­
quen t cyclization and oxidat ion. Since we could not 
isolate intermediates for this reaction, it is difficult to 
decide the reaction pathway. 

Tetracyanoethylene (13) reacted wi th la—c to yield 
products of condensat ion by the e l iminat ion of hydro­
gen cyanide. These may be formulated as acyclic 14 
and 15 or cyclic 16 and 17. Acyclic forms were ruled 
ou t based on the stability of the reaction products on 
refluxing in prot ic media, a condi t ion that would 
effect cyclization of these products, structure 16 was 
preferred over isomeric 17 based on 1 H N M R which 
revealed NH2 pro tons at 6=9.0. If these products 
were isomeric 17, a m i n o protons at m u c h higher field 
should have appeared at <5=4.0. We have earlier7) 

reported that 7-aminopyrazolo[l ,5-a]pyrimidines 
hav ing their pro tons deshielded by r ing N anisotropy 
resonate at 6=8.0. Structure proposed for 16a was 
further evidenced by 1 3 C N M R (see formula). 

Experimental 

All mps are uncorrected. IR spectra were recorded on a 
Pye-Unicam spectrophotometer. ^ N M R and 13CNMR 
spectra were measured on a Varian EM-390 spectrometer. 
Microanalyses were performed by the Microanalytical Data 
Unit at Cairo University. Mass Spectra were recorded with 
a mass spectrometer MS 30 and MS 9 (AEI), 70 eV. 

2,5-Diphenylpyrazolo[1.5-a]pyrimidine (3a). To a solu­
tion of la (0.01 mol) in 10 ml DMF, 3-dimethylamino-
propiophenone hydrochloride 2 (0.01 mol) was added. The 
reaction mixture was refluxed for 3 h, poured into ice-cold 
water. The solid product so formed was collected by filtra­
tion and crystallized from ethanol as white crystals; yield 
64%; mp 165 °C. IR: 3050 cm"* (olefinic C-H), 1600, 1590 
(aromatic rings). ^ N M R : 0=7.10—7.50 (m, 11H, aro­
matic protons and H-4 pyrazole); 7.80 (m, IH, H-6), 8.80 (d, 
IH, H-7). Found: C, 79.6; H, 4.9; N, 15.2%. Calcd for 

C18N13N3: C, 79.70; H, 4.79; N, 15.49%. 
6,7-Dihydro-2-methyl-3,5-diphenylpyrazolo[l,5-a]pyr-

imidine (7b). To a solution of lb (0.01 mol) in 10 ml DMF, 
3-dimethylaminopropiophenone hydrochloride 2 (0.01 mol) 
was added. The reaction mixture was refluxed for 3 h, 
poured into ice-cold water. The solid product, so formed, 
was collected by filtration and crystallized from dilute 
ethanol as yellow crystals; yield 59%; mp 90 °C. IR: 2950, 
2700 cm"1 (CH3, CH2); 1600 (aromatic rings). « N M R : 
0=2.35 (d, 3H, CH3); 3.30 (m, 2H, H-6); 4.20 (m, 2H, H-7); 
7.18—7.70 (m, 10 H, aromatic protons) MS: m/z 287 (M+). 
Found: C, 79.5; N, 6.0; N, 14.6%. Calcd for C19H17N3: C, 
79.44; H, 5.92; N, 14.63%. 

3,5-Diphenyl-2-methylpyrazolo[l,5-a]pyrimidine (3b). 7b 
was oxidized by refluxing in 10 ml acetic acid containing 
0.01 g KMnC>4 for 30 min. The reaction product was dil­
uted with water and the solid product so formed was filtered 
off and crystallized from ethanol as yellow crystals; yield 
62%; mp 100 °C. IR: 2900, 2850 cm"1 (CH3); 1600 (aromatic 
rings). « N M R : 0=2.35 (d, 3H, CH3); 4.70 (d, IH, H-6), 
5.06 (m, IH, H-7), 7.17—7.70 (m, 10H, aromatic protons). 
Found: C, 79.8; N, 5.1; N, 14.7%. Calcd for G9H15N3: C, 
80.0; H, 5.26; N, 14.73%. 

2,3-Disubstituted 5-Phenylpyrazolo[l,5-a]pyrimidines (3c, 
d). To a solution aminopyrazoles 1 (0.01 mol) in 10 ml 
DMF, 3-dimethylaminopropiophenone hydrochloride 2 
(0.01 mol) was added. The reaction mixture was refluxed 
for 3 h, poured into ice-cold water. The solid product so 
formed was collected by filtration and crystallized from 
ethanol. 

3c: Brown crystal, yield 71%; mp 104 °C. IR: 3500, 3300 
cm"1 (NH2); 1660, 1600 (aromatic rings). ^ N M R : <5= 
7.19—7.63 (m, 10 H, aromatic protons); 7.80 (d, 1H, H-6); 
7.92 (in, IH, H-7); 8.20 (br, 2H, NH2). Found: C, 68.8; H, 
4.5; N, 26.9%. Calcd for Ci8Hi4N6 : C, 68.78; N, 4.45; N, 
26.75%. 

3d: Orange crystals, yield 76%; mp 210 °C. IR: 2800, 
2850 cm"1 (CH3); 1600 (aromatic rings). ^ N M R : 0=2.44 
(d, 3H, CH3); 4.90 (d, 1H, H-6); 5.06 (m, 1H, H-7), 7.19—7.78 
(m, 10 H, aromatic protons). MS: m/z 313 (M+). Found: 
C, 73.0; H, 4.8; N, 22.2%. Calcd for G9H15N5: C, 72.84; N, 
4.79; N, 22.36%. 

3-Cinnamylideneaminopyrazole (9a,b). To a solution of 
3-aminopyrazoles 1 (0.01 mol) in 10 ml pyridine, cinnamal-
dehyde 8 (0.01 mol) was added. The reaction mixture was 
refluxed for 2 h, poured into ice-cold water. The solid 
product so formed was collected by filtration and crystallized 
from DMF/ethanol mixture. 

9a: Brown crystals, yield 80%; mp 197 °C. IR: 3400 
cm"1 (NH); 1660,1600 (C=C and aromatic rings). « NMR: 
insoluble. MS: m/z 273 (M+). Found: C, 79.3; H, 5.4; N, 
15.3%. Calcd for CisHisNs: C, 79.2; H, 5.49; N, 15.38%. 

9b: Formed buff crystals, yield 78%; mp 165 °C. IR: 
3300 cm-1 (NH), 2850 (CH3), 1580 (aromatic rings). 
« N M R : 0=2.50 (s, 3H, CH3); 6.45 (br, IH, NH), 7.20—7.55 
(m, 13H, 2 Ph and propenyl protons). MS: m/z 287 (M+). 
Found: C, 79.4; H, 6.0; N, 14.6%. Calcd for G9N17N3: 
C, 79.44; H, 5.92; N, 14.63%. 

2,3-Disubstituted 7-Phenylpyrazolo[l,5-a]pyrimidines 
(4a,b). A solution of 9 in 20 ml AcOH was refluxed for 1 h 
and then left to cool to room temperature. The solid 
product so formed was filtered off and crystallized from 
acetic acid. 

4a: Formed buff crystals, yield 82%; mp 235 °C. IR: 
3040 cm"1 (olefinic C-H)); 1610 (aromatic rings). « NMR; 
insoluble. MS: m/z 271 (M+). Found: C, 79.7; H, 4.7; N, 
15.5%. Calcd for Ci8Hi3N3: C, 79.70; H, 4.79; N, 15.49%. 

4b: Formed buff crystals, yield 76%; mp 251 °C. IR: 
2950, 2800 (CH3), 1660 (aromatic rings). « N M R : 0=2.48 
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(s, 3H, CH3); 6.75—7.80 (m, 12H, 2 Ph; 1H, H-5 and 1H, H-
6). Found: C, 79.9; H, 5.2; N, 14.7%. Calcd for C19H15N3: 
C, 80.00; H, 5.26; N, 14.73%. 

2,3-Disubstituted 5,7-Diphenyrazolo[l,5-a]pyrimidines 
(12a,b). To a solution of 1 (0.01 mol) in 20 ml acetic acid 
containing 2 g AcONFU, 2-benzylideneacetophenone (11) 
was added. The reaction mixture was refluxed for 3 h. 
The reaction product was poured into ice-cold water, the 
solid product was filtered off and crystallized from acetic 
acid. 

12a: Yellow crystals, yield 61%; mp 200 °C. IR: 1660, 
1600, 1580 cm-1 (aromatic rings). ^ N M R : 0=6.80—7.90 
(m, aromatic protons). Found: C, 82.8; H, 4.8; N, 12.2%. 
Calcd for C24H17N3: C, 82.99; H, 4.89; N, 12.10%. 

12b: Yellow crystals, yield 2 g (57%); mp 292 °C. IR 
(KBr); 2850 cm"1 (CH3); 1600 (aromatic rings). ^ N M R : 
0=2.5 (s, 3H, CH3), 6.71—7.55 (m, 16H, 3 Ph and 1H, H-6) 
MS: m/z 361 (M+). Found: C, 83.1; H, 5.2; N, 11.8%. 
Calcd for C25H19N3: C, 83.10; H, 5.26; N, 11.63%. 

2-Amino-5,7-diphenyl-3-phenylazopyrazolo[l,5-a]pyr-
imidine (12c). To a solution of lc (0.01 mol) in 10 ml 
pyridine, benzylidenacetophenone (11) (2.0 g, 0.01 mol) was 
added. The reaction mixture was refluxed for 2 h and then 
left to cool to room temperature, the solid product so formed 
was filtered off and crystallized from ethanol/DMF as red 
crystals; yield 61%; mp >300°C. IR: 3450, 3320 cm"1 

(NH2); 1660, 1600 (aromatic rings). *HNMR: insoluble. 
Found: C, 73.8; H, 4.6; N, 21.4%. Calcd for C24Hi8N6: C, 
73.84; H, 4.61; N, 21.53%. 

2,3-Disubstituted 7-Aminopyrazolo[l,5-a]pyrimidine-5,6-
dicarbonitriles (16a—c). To a solution of 1 (0.01 mol) in 10 
ml acetonitrile, tetracyanoethylene (0.01 mol) was added. 
The reaction mixture was refluxed for 15 min and then left 
to cool to room temperature. The solid product so formed 
was filtered off and crystallized from ethanol/DMF. 

16a: Buff crystals, yield 69%; mp >300°C. IR: 3400, 
3200 cm"1 (NH2); 2200 (CN); 1660 (aromatic ring). 
*HNMR: 0=6.43 (s, 1H, H-3); 6.91—7.40 (m, 5H, Ph); 8.37 
(br, 2H, NH2). 13CNMR (see formula) MS: m/z 260 (M+). 
Found: C, 64.6; H, 3.0; N, 32.3%. Calcd for Ci4H8N6: C, 
64.61; H, 3.07; N, 32.30%. 

16b: Yellow crystals, yield 64%; mp >300°C. IR: 
3450—3100 cm-i (NH2, CH3); 2200 (CN), 1650 (aromatic 
ring). iHNMR: 0=2.50 (s, 3H, CH3); 7.14—7.67 (m, 5H, 
Ph): 9.23 (br, 2H, NH2). Found: C, 65.6; H, 3.6; N, 30.7%. 
Calcd for Ci5Hi0N6: C, 65.69; H, 3.64; N, 30.65 %. 

16c: Brown crystals, yield 60%, mp >300°C. IR: 3445, 
3200 (NH2), 2200 (CN), 1650 (aromatic ring). *HNMR: 
0=6.85—7.32 (m, 5H, Ph); 8.40 (br, 4H, 2NH2). Found: C, 
55.4; H, 2.9; N, 41.5%. Calcd for C14H9N9: C, 55.44; H, 2.97; 
N, 41.58%. 

Spectroscopic measurements were performed at 
University of Missouri, Columbia , Missouri, U.S.A. 
by Prof. Dr. M. Tempesta , thanks to the suppor t of 
In ternat ional Organisa t ion of Chemical Sciences in 
Development (IOCD). 
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Temperature dependence of the charge-carrier mobility in tetrakis (octylthio)tetrathiafulvalene crystals has 
been observed in the temperature range of —100—45 °C by the time-of-flight measurement of transient photo-
carriers. The mobility shows a clear jump at the crystal phase transition which is found in the electrical 
conductivity measurement. This fact may lead a quantitative analysis of the correlation between the 
conductivity jump and the phase transition. 

T h e relatively h igh electrical conductivities in the 
series of tetrakis(alkyl-thio, -seleno, -telluro)tetrathia-
fulvalenes, ' T X C - T T F (X=T(S) , Se, Te , ), have 
recently been ga ther ing a keen interest in the study of 
organic semiconductors.1* T h e strong dependence on 
n, the n u m b e r of alkyl carbons, in the various physical 
propert ies of these compounds has lead the concept of 
"molecular fastener effect".2) In the case of T T e C i -
T T F , on the other hand , the unusua l ly short distance 
and the unidirect ional a l ignment in the intermolec-
ular te l lur ium a tom configurat ion are suggestive of a 
substant ial inclusion of covalency in the intermolec-
ular te l lur ium atoms b o n d i n g in addi t ion to the con­
ventional van der Waals interaction.3) 

T h e reduct ion of intermolecular distances due to 
these two effects should result in the increase of the 
charge-carrier mobil i ty in these crystals, and some 
prel iminary measurements for drift mobili tés indicat­
ed that it is actually the case.3»4) In this report, we 
describe the temperature dependence of the mobil i ty in 
T T C s - T T F (Fig. 1) single crystals focusing on the 
correlation between the carrier mobil i ty and crystal 
structure especially at the crystal phase transition.5* 
T X G z T T F crystals are k n o w n to show somewhat 
typical solid-state phase transitions.6 ) One type of 
T T C s - T T F crystals undergoes a crystal phase transi­
t ion at a temperature jus t below its mel t ing po in t 
(47.6 °C), and its electrical resistivity j u m p s to 102 

higher value a r o u n d the transition.7 ) O u r a im of this 
exter iment is to find ou t the or igin of the resistivity 
j u m p from the view points of charge-carrier mobili ty 
and crystal structure. 

Experimental 

TTCs-TTF crystallizes in the two crystal forms depending 

on the conditions of preparation; plate-like crystals of lower-
resistivity (1.2X105S-1 cm at r.t.) were obtained from a cold 
(<~"5 °C) hexane-ethanol solution, and needle-like crystals 
of higher-resistivity (7.0X107S-1 cm at r.t.) from a room 
temperature (>0 ° C) solution. The former undergoes a 
sharp resistivity jump and crystal phase transition around 
33 °C, and it essentially turns to a latter crystal.7) 

A plate-like crystal was set in a sandwich-type mobility-
measurement cell of which electrodes were a tin oxide coated 
quartz plate and a copper (oil. A pulsed nitrogen laser, PRA 
LN1000, was used for photo-excitation source, and the time-
evolution of photocurrents was detected by a storage-type 
ocilloscope, Tektronix 7834, through a cascade-preamplifier 
Tektronix 7A26. Sample temperature was controlled in a 
conventional thermo-regulated cryostat. 

Results and Discussion 

Figure 2 indicates a typical photocurrent time-
evolution curve of a T T C s - T T F crystal (0.125 m m 
thick) which was observed for holes on app ly ing 200 
volts and wi th a 100 o h m i n p u t resistance at room 
temperature. We can recognize a deflection po in t from 
the flat par t to long tail at ca. 140 ns after the init ial 

H 1 7 C 8 - S 

H-j j Cg — S S S ' 

Fig. 1. Molecular structure of TTCs-TTF. 

Fig. 2. Photocurrent time-evolution of TTCs-TTF 
crystal (0.125 mm thick) for holes at room tempera­
ture. Each division on the horizontal axis represents 
50 ns. 
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r is ing po in t if we smooth ou t the high-frequency 
noises which migh t come from the amplif icat ion uni t . 
If we plot the photocurrent in na tura l logar i thmic 
scale vs. t ime, we can identify such points more 
definitely as* shown in Fig. 3. T h e reciprocals of 
transit-time, ta, determined in such a way are almost 
propor t ional to the appl ied electric field u p to 
2.4X104 V c m - 1 at various temperatures (Fig. 4). T h e 
electron and hole mobil i t ies at room temperature are 
6.8 and 6.4 cm2 V - 1 s_1, respectively, which are sub­
stantially higher than a convent ional mobil i ty value, 
jit, for organic crystals, fx^.1 cm2 V - 1 s_1, at room tem­
perature.8) 

At lower temperatures, from room temperature 
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Fig. 3. The natural logarithms of the photocurrent 
are plotted against time for various applied voltages 
at room temperature. 

down to —100 ° C (173 K), the mobilities increased 
monotonous ly wi th decreasing temperature. At 
higher temperatures, especially a round the phase 
transi t ion poin t , 33 °C, there exists a sharp d rop in the 
mobilit ies and it is jus t corresponding to the resistivity 
j u m p at this temperature. A typical photocurrent 
curve after the phase t randi t ion is shown in Fig. 5, 
which seems to be drastically changed after the 
transit ion. T h i s change m i g h t be cuased by the 
crystal-form or defect-state change or temperature 
effects as well as the change of time-range in the 
observation. 

All obtained data in the range of —100—45 ° C are 
summarized in Tab le 1, and they are plotted against 
absolute temperature , T, in both logari thmic scales in 
Fig. 6. F rom the slope in the low temperature region 
(173—295 K), we can evaluate —1.8 as for the negative 
exponent n in the relation of ii°^Tn; 

fJLCCT- 1.8 

and this is just consistent wi th a conventional value 
for usual organic crystals, |??|<3.8) T h e a m o u n t of 
decrease in the mobil i ty after the phase transit ion is 
about one order of magni tude . Such a clear change in 

#J2%"Ù\W4* <&' . . — 

100 200 
vol t a g e / v 

300 
( 2.4X104Vcm-1) 

Fig. 4. The reciprocals of transit-time, U, are plotted 
against the applied electric fields at various temper­
atures. 

Fig. 5. Photocurrent time-evolution at 45°C. Each 
division on the horizontal axis represents 200 ns. 

Table 1. Charge-Carrier Mobilités in a TTCs-TTF 
Crystal at Various Temperatures 

Temperature Mobilities/cm2 V - 1 s_1 

t/°C r / K Mhole ^electron 

-100 
-72 
- 5 3 
- 2 5 

0 
22 
31 
37 
45 

173 
201 
220 
248 
273 
295 
304 
310 
318 

16.58 
11.88 
10.86 
7.75 
6.72 
6.40 
4.34 
1.93 
0.77 

18.20 
12.22 
10.93 
8.41 
7.59 
6.78 
6.01 
2.54 
1.33 
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Fig. 6. The logarithms of the mobilities, ju, are 
plotted against the logarithms of T. Open and full 
circles are for holes and electrons, respectively. The 
resistivities are also indicated by open triangles. 

the charge-carrier mobility according to a crystal phase 
t ransi t ion has been reported in very few cases. T h e 
resistivity j u m p is about two orders of magn i tude 
(^lO2), thus we may conclude that the anomalous 
sharp reduct ion in mobil i ty is strongly responsible to 

the j u m p in the resistivity. 
T h e intermolecular a l ignment of some alkyl chains 

seems to become loose after the phase transit ion based 
on the result of the crystal structure analysis for both 
phases.® Accordingly the intermolecular interaction 
between T T F moieties should be weaker after the 
transit ion, and this change may result in the reduction 
of the mobili t ies and the increase of the band-gap 
energies. T h e details of the crystal structure analysis 
and overlap integral calculat ion will appear elsewhere 
soon.5) 
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Structure Analysis of Metal(I) Halides Mixed Crystal by 
63Cu MAS NMR and X-Ray Diffraction Methods. I. 

CuxAgi-xl Crystal 
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63Cu MAS NMR and X-ray diffraction methods have been used to perform a structure analysis of mixed 
crystals, CuxAgi-xI. The mixed crystals were prepared and analyzed as a complete solid-solution and a core-shell 
type of crystal by the X-ray diffraction method. 63Cu signals in the complete solid-solution shifted with 
broadening to a high field around 14—33 ppm relative to solid Cul, as the silver/copper ratio increased. The 
line width of the signal was 2-to 2.5-times as broad as that for solid Cul. On the othe hand, the signal in a 
core-shell type of crystal did not shift much and the line width was much the same as that for Cul. The shifts 
and broad line widths in the complete solid-solution can be explained by considering components which 
involve the second-order quadrupolar coupling tensors. The quadrupolar coupling tensors are seen to be 
caused by changing from Td of -(C11I4)- spcies to its C3v and C2V symmetries due to replacing Cu with Ag in the 
crystal. 

We are interested in copper(I) and silver halides as 
photosensit ive and semiconductive materials and 
catalysts in organic reactions. We th ink that it is a 
useful step for discovering new materials to produce 
mixed crystals. It is wel l -known that mixed crystals 
are produced so as to change the property of the 
material as a s ingle-component crystal. For example , 
in pho tog raph i c materials,1* in order to increase the 
sensitivity and image quali ty, we first synthesized 
solid-solution silver bromochlor ide , then converted 
silver iodochloride and the core-shell type of silver 
iodobromide emulsions. 

As necessary condi t ions to form mixed crystals, we 
know that the crystal lattices resemble each other and 
that the a tomic radii in the crystals are slightly 
different. Cu l and Agi crystals in this study were of 
cubic zincblende structure. Those crystals satisfy such 
condit ions. We thus produced two types of mixed 
crystals: a complete solid-solution by the melt-
annea l ing method and a core-shell type of crystal by a 
conversion process in an aqueous suspension by us ing 
the solubility difference between Cu l and Agi. Here, 
we demonstrate that the 6 3Cu MAS(magic angle 
sp inning) N M R method can be used to determine the 
local crystal structre of mixed CuxAgi-J . 

MAS is a powerful technique routinely used in 
solid state NMR.2«3) For spin I>\/2 nuclei , MAS can 
only d imin i sh and modify the second-order quadru­
polar l ine b roaden ing in the N M R spectra;4-6* it is not 
possible to average it to zero. T h i s is because of their 
large quad rupo la r coupl ing , e2qQ/h, to the electric 
field gradient, which extends to more than a few MHz 
in some samples. However, the Cu^Agi - J crystal in 
this study has a cubic zincblende structure; we believe 
that the -(CuLi)- species in the un i t lattice is very close 
to tetrahedral symmetry. T h u s , a remarkable line-
nar rowing by MAS can be observed in this crystal. 

A structure analysis of the two types of crystals has 

been performed by X-ray diffraction. Furthermore, by 
MAS NMR, we obtained 63Cu signals shifted wi th 
b roaden ing relative to those of solid Cu l , as the 
s i lver /copper rat io increased. O n the other hand , the 
signal in a core-shell type of crystal showed almost n o 
shift and the l ine width was m u c h the same as that of 
Cul . T h e results obtained by MAS N M R will be 
analyzed by considering the local a tomic structure of 
the un i t cell due to replacing a Cu a tom with a Ag .one 
in zincblende C u x A g i - J . T h e signals in a complete 
solid-solution can be interpreted by considering the 
components which involve second-order quadrupo la r 
coup l ing tensors.5) T h e quadrupo la r coup l ing tensors 
seem to be caused by chang ing from Td to C3v and C2v 
symmetries of -(CuLi)- species, due to replacing a Cu 
a tom with a Ag one in the crystal. 

Experimental 

Materials. A complete solid-solution of mixed CuxAgi-J 
crystal was prepared at 600 °C by the melt-annealing method 
from Cul and Agi. On the other hand, we prepared a core-
shell type of mixed Cu^Agi-J crystal by using the solubility 
difference between Cul and Agi. The crystal was synthesized 
by a conversion process in a Cul suspension with a gradual 
addition of an AgN03 solution by stirring at 60 °C for 30 
minutes. After several décantations, the sample was 
dehydrated in a drying machine at 60 °C for 6 hours. The 
Cul used here was commercially available. 

NMR and X-Ray Diffraction Instruments. The 63Cu 
MAS NMR spectra of mixed crysrtals were measured at a 
63Cu frequency of 71.47 MHz using a JEOL GX-270 
spectrometer equipped with an SH 270 unit; 40 transients 
were accumulated using a 5.5 jxs (90°) pulse. All of the 
spectra were obtained under the conditions of proton gated 
decoupling and magic angle spinning; 8 K data points were 
collected over a band width of 50 KHz. Kel-F rotors were 
used at a spinning speed of about 4.0 MHz. All measure­
ments carried out at room temperature and solid CuCl 
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(125 Hz for the half width) was used as an external reference. 
The ratio Cu/Ag for mixed crystals was estimated by using 
the X-ray fluorescence method. X-Ray diffraction measure­
ments were performed using a Rigaku RAD C. 
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Fig. 1. X-Ray diffraction profiles of complete solid-
solution CuxAgi_xI crystal versus Agl/Cul ratios. 
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Fig. 2. The unit cell dimension of complete solid-
solution CuxAgi-xI crystal versus CuI/AgI ratios: 
The solid line is Vegard law. 

Results 

(a) Solid-Solution of CuxAgi-xI Crystal. Figure 1, (a), 
(b), and (c) show X-ray diffraction profiles of the 
CujcAgi-J crystal. T h i s indicates that the mixed 
crystal has a cubic zincblende structure. These 
diffraction pat terns show that the lattice parameter 
changes l inearly with the Cu and Ag concentrat ion 
wi thou t any change in the crystal structure. T h e un i t 
cell d imension in Fig. 2 follows well the Vegard7) law. 
T h u s , the CuxAgi - J crystal is a complete solid 
solution. 

As shown in (a), (b), and (c) in Fig. 3, 6 3 CuMAS 
N M R signals of the mixed crystal shifted with 
b roaden ing to a h igh field relative to solid C u l 
(—1.5 p p m and 256 Hz for the chemical shift and half-
width) . T h e shift differences and half widths for 
A g / C u ratios of 1/3, 1/1, and 3 / 1 , respectively, are 
shown in Tab le 1. T h e reason can be explained by 
considering the components which involve the second-
order q u a d r u p o l a r coup l ing tensors. T h e coup l ing 
tensors are caused by chang ing from the tetrahedral 
symmetry of -(CuLi)- species due to replacing Cu wi th 
Ag in the un i t lattice. 

CUwsAg^gl 

200 •200 
"i r 

- 4 0 0 ppm 

Fig. 3. 63Cu MAS NMR spectra of complete solid-
solution CuxAgi_xI crystal versus CuI/AgI ratios. 
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Table 1. 63Cu Chemical Shifts, Half-Linewidths, 
Quadrupole Coupling Constants and C11I4 

Symmetry of Complete Solid Solution 
CuxAgi_xI for Agl/Cul Ratios 

Cul 

Agl/Cul ratio 
1/3 1/1 3/1 

Chemical Shifts (ppm)a> 
Half-Linewidths (Hz) 
e2qQ(MHz) 
Cul4 Symmetryb) 

14.1 
1608 

0.27 
C3v 

26.9 
1805 

0.37 
C2v 

32.9 
1427 

0.41 
C3v

+ 

a) Chemical shifts was refered from Cul. b) Symmetries 
of C3v, Ca,, and C3V

+ correspond to -Cu3Agl4-, -Cu2Ag2l4-
and -CuAg3l4- unit cells, respectively. 

(c) 

Cua25Ago.75l ~ 

Fig. 4. X-Ray diffraction curves of core-shell types of 
CuxAgi-xI crystal versus CuI/AgI ratios. 

(b) Core-Shell Type of Cu x Agi-J Crystal. In (a), 
(b) and (c) in Fig. 4, the X-ray diffraction curves of 
Ci ixAgi-J crystal have doublet peaks of (111 ) and (222) 
planes, ind ica t ing solid C u l and solid-solut ion Cu*-
A g i - J . T h e n , a mixed crystal may be considered to be 
either individual crystals or a core-shell type of crystal. 
In Fig. 5, we show the un i t lattice constant in a solid 
solut ion for A g / C u ratios of 1/3, 1/1, and 3 / 1 , respec­
tively. For each A g / C u rat io the lattice constant was 
found to be considerably close to the constant of Ag I, 
6.473 Â, in compar i son with that predicted by the 
Vegard law. T h i s A g / C u rat io dependency of the 

0 
6.000 

50 100 

Fig. 5. The unit cell dimension of solid solution of 
core layer in the core-shell type of CuxAgi_xI crystal 
versus Cul/Agi ratios: The solid line is Vegard law. 
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Fig. 6. 63Cu MAS NMR spectra of core-shell types of 
CuxAgi_xI crystal versus Cul/Agi ratios. 

lattice constant may imply a core-shell model of the 
mixed crystal. Fur thermore , in order to verify it, we 

CUo.75Ago.25I
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have used the electron diffraction method(JEM 200CX). 
From a single crystal of about 0.1 Jim size, we observed 
doublet diffraction spots. It will, thus, be proposed 
that a core-shell type of crystal consists of two layers: 
the inner(core) is Cul and outer(shell) a Cu^Agi-J 
solid solution, respectively. 

For the MAS NMR spectra in (a)-(c) in Fig. 6, the 
signals did not shift and the line widths were much the 
same as those of the Cul. The signals have, however, a 
shoulder or lower peak in the higher-field side, as 
rations of Agl/Cul increase. Thus, the solid-solution 
CujcAgi-J layer in this core-shell type of crystal may be 
thinner. 

PCu,Ag4-,Ï4 — 4C4-iXcuXAg (1) 

where Xcu and XAS denote the molar ratios of copper 
Cu and silver Ag, respectively. The subscript and 
superscript (i and 4—i) correspond to the numbers of 
copper (Cu) and silver (Ag) and i ranges from 0 to 4: 
for example, we define Cuo=Ago=l, Xcu0XAg

4zz:XAg4 

and so on. In Table 2, we show the calculated 
probability for the existence for the five species versus 
the ratio of CuI/AgI in a complete solid-solution 
crystal. Then, four symmetries of -Q1I4- in the table 
for the Agl/Cul ratios of 3/1, 1/1, and 1/3, respective­
ly, can be considered to correspond to the NMR 

Discussion 

A major finding of this work was to determine the 
local crystal structure of mixed crystals by the 
63Cu MAS NMR method and to link the structure 
analysis into the electronic structure of CuxAgi-J. In 
Table 1, the obtained chemical shifts and half line 
widths of tetrahedral -(C11I4)- species in the solid-
solution have different shifted values for three different 
Agl/Cul ratios. Concerning this, we have to give an 
interpretation from an analysis of the NMR chemical 
shifts. 

Let's consider the local atomic structure of a unit 
lattice by replacing a Cu atom with Ag, in order to 
explain the chemical shift dependency of the 63Cu 
spectral peak for different Agl/Cul ratios in the 
complete solid solution crystal. As shown in Fig. 7, we 
can suppose that five types of species, (-(C114-I4)-, 
-(Cu3Ag-I4)-, -(Cu2Ag2-l4)-, -(CuAg3-I4)- and -(Ag4-
I4)-) exist in the unit lattice. In case (a), four Td -CuLi-
species are seen to exist. For (b), three -Cul4- species 
become C3v symmetry by the movement of the location 
for the common I atom between three -CuLi- and 
-Agl4-, since a species of -AgLi- exists. In (c) of Fig. 7 
the existence of two species of -Agl4- produces two C2v 
species of -Q1I4-. In case (d), since there are three 
-Agl4- species, a -Cul4- species becomes another C3v 
symmetry. For (e), four Td -AgLi- exist. We therefore 
believe that four kinds of symmetries of -Cul4- may be 
observable as spectral intensities by 63Cu MAS NMR. 

In the case of a complete solid solution, Cu^Agi-J, 
the existence of five species ((a) to (e) in Fig. 7) will 
follow the probability equation in proportion to the 
ratios of CuI/AgI. The probability for each case ((a)— 
(d)) corresponds to the NMR spectral intensity of four 
kinds of -CuLi- symmetries. The equation is given by 

£ÇHi_2:A9'_0:I 

f T d Cul4 ] 

(b) 
-(Cu3Ag-I4) — 

^ [ C3v C u I4 Î C 3 v Agi, ] 

— (Cu2Ag2-I4) — 

[ C0„ Cul, ; C 9 v Agl4 ] ~2v 2v 

— (CuAg3-I4) — 

[ C 3 v Cul4 ; C 3 v Agl4 ] 

~(Ag4-i4) — 

[ Td Agl4 ] 

Fig. 7. The local atomic crystal structure of the unit 
lattice due to replacing Cu with Ag in the mixed 
CuxAgi_xI crystal. 

Table 2. Existence Probability of Five Species for Complete Solid-Solution 
CuxAgi_xI Crystal in Propotion to Ratio of Cul/Agi 

Cul/Agi ratio -CU4I4- -Cu3AgI4- - C u 2 A g 2 l 4 - - C u A g 3 l 4 - -Ag 4 l4" 

3/1 
1/1 
1/3 

0.316 
0.063 
0.004 

0.422 
0.250 
0.047 

0.211 
0.375 
0.211 

0.047 
0.250 

0.422 

0.004 
0.063 
0.316 
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Table 3. 

Agi ratio 

0.56 
0.71 
0.86 

Existence Probability of Five Species in the Shell for Core-Shell Types of Crystals 
Refered from X-ray Diffraction Profiles of (111) Plane in CuxAgi_xI 

-C1I4I4- -Cu3Agl4- -Cu2Ag2l4- -CuAg3l4-

0.04 0.19 0.36 0.31 
0.01 0.07 0.25 0.42 
0.00 0.01 0.09 0.35 

-Ag 4 l4" 

0.10 
0.25 
0.55 

spectral intensities in (a)-—(c) of Fig. 3. T h u s , the shift 
in Table 1 for each A g l / C u l rat io was considered to 
correspond to C3v CuL* in a -CusAgLi- cell, C2v Cul4 in 
a -Cu2Ag2l4- cell, and C3v CuLi in a -CuAg3l4- cell, 
respectively. 

In this comple solid-solution, if there are four 
species of - C u l 4 - symmetries individually, we are 
supposed to observe four signals for such -CuLi-
symmitry by this 63Cu MAS N M R mathod: We were 
able to obtain three or four split signals for each 
A g l / C u l rat io by consider ing the half width, 256 Hz, 
for pure Cul . T h e results were, however, single 
component- l ike broader signals with high-field shifts. 
T h i s indicates that there are four species of - C u b -
symmetries with slightly small deviations in the 
complete solid-solution. We can thus observe only a 
single component broader signal. 

These differences between the -CuLi - symmetries 
affect the chemical shielding anisotropies, dipolar and 
quad rupo la r coup l ing tensors of the Cu nucleus. In 
this crystal, we believe that the C2v and C3v -C11I4-
species are nearly close to the Td symmetry. T h e n , this 
Cu nucleus has smaller chemical shielding anisotro­
pies and dipolar coup l ing constants. We calculated 
the chemical shift and half wid th of the dipolar 
cont r ibut ion as less than a few ten p p m wi thou t MAS. 
T h e value will be averaged out to zero with MAS. 
Here, we can consider (second-order quadrupo la r 
interaction)^>(second order chemical shielding an­
isotropies), (second-order d ipolar interaction). We, 
thus, assume that the obtained shift (14—33 p p m ) and 
half width differences (1400—1800 Hz) are due to a 
second-order quad rupo la r interaction. An est imation 
of the quadrupo la r coup l ing constants was made from 
the obtained shifts.5) 

For the 63Cu MAS N M R spectrum the central 
transit ion (7=3/2, M = l / 2 ) , the second-order quadru­
polar shift of center of qravity is given as 

aq,(/ = 3/2, m=l /2) (CqV40*L»)(l + 7,2/3), (2) 

where the q u a d r u p o l e coup l ing constant(Cq) and the 
Larmor frequency(ï^L) are both given either in Hz. In 
the case of the shifts given in Table 1, we obtained 
CcpO.27, 0.37, and 0.41 MHz for 77=0 and i/L=71.47 
MHz. In Tab le 1, we show the quadrupole coupl ing 
constants and the C11I4 symmetry which corresponds to 
the shifts. T h e e2qQ values appear to reflect the field 
gradient a round a copper(I) nucleus in a mixed crystal: 
it depends on the densities of the 3d and 4p electrons of 
the Cu atom.8) 

For a core-shell type Cu^Agi - J crystal, the core 
consists of the -(C114-I4)- species in the uni t lattice. 
O n the other hand , by us ing Eq. 1 and the Vegard law 
in Fig. 5 from the X-ray diffraction curves, the shells 
are found to be made u p of each component of five 
species for the C u I / A g I ratios in Tab le 3. T h i s result 
indicates a shoulder or lower peak of the 63Cu MAS 
N M R spectra in the h igh- field side of Fig. 6. For an 
A g l / C u l rat io of 1/1, a shift of 41 p p m was estimated 
as 0.46 MHz of e2qQ. In the case of a 3/1 ratio, a shift 
of 52 p p m was evaluated as be ing 0.51 MHz of e2qQ. 
Thi s implies that the deviation of the symmetries in 
the shell is larger than in a complete solid solution. 
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The crystal structure of (DMET)2Re04 (DMET: 5,6-dihydro-2-(4,5-dimethyl-l,3-diselenol-2-ylidene)di-
thiolo[4,5-6][l,4]dithiin) was determined, and its resisitivity and thermoelectric power were measured. Crystal 
data; (CioHi0S4Se2)2-Re04, Mr=1082.88, triclinic, PT, a=6.715(l) A, 6=14.486(2) A, c=15.867(2) A, a=101.95(4)°, 
0=90.05(1)°, 7=78.43(1)°, F=1478.2(3) A», Z=2, Dx=2.43 Mg m"3, /x(Mo £a)=9.62 mm"*, F(000)=1022, 
T=297 K, R=0.074 for 4391 reflections. The crystal has columnar structure. In the column, a large degree of 
tetramerization is observed. The resistivity under the normal pressure has metallic temperature dependence 
above ca. 295 K. The thermoelectric power is essentially constant above 200 K and no anomaly was detected 
around 295 K. The apparent metallic behavior was attributed to the small activation energy (band-gap) and the 
temperature dependence of the carrier mobility. 

D M E T is the first of the unsymmetr ical donors the 
radical salt(s) of which show the superconduct iv i ty . 1 - 0 

T h e molecule consists of halves of T M T S F and B E D T -
T T F molecules (Fig. 1). A wide variety in crystal 
structure5 '7-13* and physical properties,1 4 - 2 2 ) inc luding 
the superconduct iv i ty , 1 - 0 has been demonstrated in 
the D M E T family. T h e family has been classified in to 
five g roups on the basis of the shape of an ions and 
electrical properties. 15'17) Each g roup has the charac­
teristic crystal structure.11* According to the classifica­
tion scheme, the title compound , (DMET^ReCh, 
seems to belong to g roup 2, which includes BF4 and 
CIO4 salts, because the shape of the an ion has the 
tetrahedral symmetry. N o direct confi rmat ion of the 
prospect, however, has been made so far. T h e situa­
t ion p rompted us to start the study on the crystal 
structure and electrical propert ies of (DMET^ReCh. 
T h e apparen t inconsistency between the structure and 
the electrical properties are discussed. 

Experimental 

Sample. DMET was synthesized according to the method 
described previously.23«24* Crystals of (DMET)2Re04 were 
prepared by electrochemical oxidation of DMET in chloro-
benzene solution in the presence of (n-Bu4N)Re04 at a 
constant current (1 \iA). 

Crystal Structure Analysis. A black plate-like crystal 
0.21X0.13X0.03 mm3. Dm not determined. Rigaku AFC-M 

C(1) = C(2) 

Fig. 1. Numbering scheme for DMET molecule. 

automated four-circle diffractometer. Unit-cell dimensions 
determined from 20 selected reflections (27°<20<31°). 
Intensity data collected using the w-26 scan technique 
(Aû)=1.30°+0.14°-tan 0) with a scan rate 4° min - 1 in cu to 
(sin 0)//l=O.65 Â"1 (~8</i<8, -18<*<18, 0</<20). Three 
standard reflections measured at an interval of 100 reflec­
tions, small (<1.7%) random variations. Data corrected for 
absorption effects using a Gaussian integration procedure; 
Tmin=0.20, Tmax=0.77. 7026 indepencdent reflections collect­
ed; 4391 reflections (|F0|>3cr(F0)) used in the structure 
refinement. Intensity statistics indicated space group PT 
rather than PI and this choice was later confirmed by the 
successful structure solution and least-squares refinement. 
Structure solved by the Patterson and the heavy atom 
methods and refined by the block-diagonal least-squares 
method. Atomic and anomalous scattering factors from 
International Tables for X-ray Crystallography.25) All 
computations carried out using UNICS III program.20 H 
atoms not located. 2^ ( l ^o |~ |F C | ) 2 minimized, where 
^{cr^lFoh+O.OOSS.lFol2}-1, with or(|F0|) based on counting 
statistics. (zf/cr)max=0.02 for ZJ33 of Re(l) in final least-squares 
cycle which resulted in the agreement factors R=0.074, 
wR=0A03 and S=0.82. No correction for secondary 
extinction. A difference synthesis based on the structure 
factors derived from the final parameter values showed some 
peaks of density (-3.3—3.2 e • Â"3). ORTEP II27) was used to 
produce crystal structure illustrations. 

Resistance and Thermoelectric Power Measurements. 
The resistance was measured of some samples using the AC 
(20 Hz) four-probe method at constant current of 10 ^A 
between 80 and 325 K. Pressure was generated using a 
pressure-cell of clamp type, in which oil (Daphne #7373, 
Idemitsu Oil Co., Ltd.) was used as pressure medium. The 
actual pressure in the cell was monitored by measuring the 
resistance of a manganin wire as a pressure sensor. The 
pressure in the cell varies on cooling (heating) due to the 
difference in the thermal contraction (expansion) between 
the cell and pressure medium. The measurements were 
made under every ca. 0.1 kbar (1 bar— 105Pa) from the 
normal pressure to 0.8 kbar. The results were interpolated 
and the values at rounded temperatures and pressures were 
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estimated. 
The thermoelectric power under the normal pressured was 

measured of some samples between liquid nitrogen and 
room temperatures by the method decribed elsewhere.22* The 
measurements under pressures were performed between 270 
and 320 K from the normal pressure to 0.6 kbar using a 
newly constructed sample holder in the same pressure-cell as 
in the resistance measurements. The principle and the 
operation of the new apparatus is essentially the same as in 
the case of the normal pressure.22) The details of the sample 
holder will be published shortly.2® The pressure correction 
was not applied for the results of the thermoelectric power 
measurements because of rather narrow temperature range of 
the measurements. Since the calibration of the apparatus 
has not been completed, the values of the data points under 
pressures are not absolute thermolectric power though they 
may be not far from the true value. 

Results 

Crystal Structure. T h e crystal structure at 297 K 
viewed a long the a axis is shown in Fig. 2. The re are 
two independent D M E T molecules (A and B). T h e 
n u m b e r i n g scheme is given in Figs. 1 and 2. T h e final 
posi t ional and thermal parameters are tabulated in 
Tab l e 1 a n d the bond lengths and angles in Tables 2 
and 3.29) T h e geometry of the D M E T molecules is in 
reasonable agreement with those observed in other 
D M E T salts.7'10«12'13) Both of molecules A and B are 
a lmost p l ana r except for the ethylenedithio g roup 
in contrast to neutral D M E T molecule.30) T h e C(10A) 
and C(10B) atoms are away by 0.7 and 0.8 Â, respec­
tively, from the molecular p lane determined wi th two 
selenium, two inner sulfur, and central carbon atoms. 
T h e other a toms are wi th in about 0.1 Â from the 

Table 1. Fractional Atomic Coordinates and Equivalent Isotropic Thermal Factors of (DMET)2Re04 

Atom 

Molecule A 
Se(l) 
Se(2) 
S(l) 
S(2) 
S(3) 
S(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 

Molecule B 
Se(l) 
Se(2) 
S(l) 
S(2) 
S(3) 
•S(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 

Re0 4 

Re(l) 
O(l) 
0(2) 
0(3) 
0(4) 

103-* 

274.6(2) 
747.8(2) 
203.5(5) 
642.8(5) 
80.5(6) 

607.7(6) 
485(2) 
446(2) 
454(2) 
656(2) 
284(2) 
485(2) 
352(3) 
825(2) 
210(3) 
408(3) 

680.8(2) 
208.0(2) 
749.3(5) 
309.7(5) 
868.6(6) 
340.3(5) 
470(2) 
505(2) 
502(2) 
302(2) 
673(2) 
468(2) 
604(3) 
135(2) 
734(3) 
544(3) 

34.5(1) 
-114(2) 
-80(4) 

79(4) 
260(4) 

104.y 

1690(1) 
1141(1) 
839(3) 
351(3) 
143(3) 

-446(3) 
1179(10) 
849(10) 

1911(9) 
1675(9) 
320(9) 
94(9) 

2348(10) 
1821(11) 

-278(13) 
-1018(13) 

3004(1) 
3548(1) 
3859(3) 
4353(2) 
4461(3) 
5050(3) 
3547(9) 
3869(9) 
2781(10) 
2990(9) 
4320(9) 
4553(10) 
2324(13) 
2820(11) 
5022(15) 
4762(19) 

2922(1) 
3877(11) 
2690(13) 
1945(13) 
3207(21) 

104-z 

5585(1) 
5140(1) 
3524(2) 
3111(2) 
1777(3) 
1260(2) 
4744(8) 
3906(8) 
6504(8) 
6305(9) 
2450(8) 
2251(8) 
7370(8) 
6911(10) 
724(10) 
709(11) 

3585(1) 
4022(1) 
5654(2) 
6047(2) 
7420(2) 
7918(2) 
4428(9) 
5252(9) 
2672(9) 
2866(8) 
6733(8) 
6911(9) 
1796(10) 
2234(9) 
8442(11) 
8657(13) 

-222.5(4) 
461(11) 

-1148(12) 
205(10) 

-401(22) 

ßeq a ) /Ä2 

2.28(3) 
2.22(3) 
2.4(1) 
2.3(1) 
3.3(1) 
3.3(1) 
2.2(3) 
2.1(3) 
2.2(3) 
2.1(3) 
2.3(3) 
1.8(3) 
3.1(4) 
3.0(4) 
3.7(5) 
4.2(5) 

2.32(3) 
2.29(3) 
2.5(1) 
2.3(1) 
3.0(1) 
2.8(1) 
2.3(3) 
2.2(3) 
2.5(4) 
2.1(3) 
1.9(3) 
2.6(4) 
3.6(5) 
2.8(4) 
4.8(6) 
5.7(7) 

3.82(2) 
7.0(5) 
9.4(7) 

10.1(8) 
14.0(13) 

a) ßcq=(4/3)• (Bna• a+Bi2a• b+Bua•<:+•••). 
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c-slnß 
C(10A) 

0(2) 

i-sinr 

Fig. 2. Crystal structure of (DMET)2Re04 viewed 
along the a axis. Thermal ellipsoids indicate the 
region of 50% probability. Thin solid lines show the 
shorter intermolecular contacts than the sum of van 
der Waals radii. Their distances; p=3.754(4) Â, q— 
3.766(4) A, n=3.984(2) A, and r2=3.979(2) A. The 
arrow indicates the "stacking axis" of a tetramer. 

corresponding plane . T h e an ion ReÛ4 is ordered and 
located at a general point . 

As seen in Fig. 2, the D M E T molecules are ar ranged 
in an ordered stack a long the b axis and the basic 
per iod of the crystal lattice contains four molecules. 
T h e structure is different from those of (DMET)2BF4 
and (DMET)2C104 in spite of the same shape of the 
a n i o n s . n ) A l though molecules A and B are inde­
penden t from each other, they are almost paral lel 
wi th in 0.1°. T h e normals of the molecular planes, 
determined wi th six central a toms, are tilted by ca. 11° 
from the b axis. T h e interplanar distances are 3.60(1), 
3.53(1) and 3.54(1) Â for pairs of molecules A-A, B-B, 
and A-B, respectively. T h e rather large distance for 
the A-A pa i r suggests the tetramerized structure. T h e 
solid lines in Fig. 2 indicate the shorter in tera tomic 
contacts t han the sum of van der Waals radii . T h e 
short contacts in the direction of the b axis are 
confined wi th in a " te t ramer" . T h e stacking mode is 
qu i te no rma l wi th in a tetramer. T h e si tuat ion is 
clearly seen in Fig. 3. While the projection of a D M E T 
c o l u m n a long the crystallographic axis (b axis) is 

Table 2. Bond Lengths (/) 

Bond 

DMET 
Se(l)-C(l) 
Se(l)-C(3) 
Se(2)-C(l) 
Se(2) -C(4) 
S(l) -C(2) 
S(l) -C(5) 
S(2) -C(2) 
S(2) -C(6) 
S(3) -C(5) 

Re0 4 

Re(l)-0(1) 
Re(l)-0(2) 

Angle 

DMET 
C(l)-Se(l)-C(3) 
C(l)-Se(2)-C(4) 
C(2)-S(l) -C(5) 
C(2)-S(2) -C(6) 
C(5)-S(3) -C(9) 
C(6)-S(4) -C(10) 
Se(l)-C(l) -Se(2) 
Se(l)-C(l) -C(2) 
Se(2)-C(l) -C(2) 
S(l) -C(2) -S(2) 
S(l) -C(2) -C(l) 
S(2) -C(2) -C(l) 
Se(l)-C(3) -C(4) 

Re04 . 
0( l ) -Re( l ) -0(2) 
0( l ) -Re( l ) -0(3) 
0( l ) -Re( l ) -0(4) 

l/k 

Molecule A 
1.87(1) 
1.91(1) 
1.87(1) 
1.90(1) 
1.74(1) 
1.75(1) 
1.76(1) 
1.75(1) 
1.76(2) 

1.71(1) 
1.66(2) 

e/° 
Molecule A 

94.2(5) 
93.6(5) 
95.9(6) 
96.4(6) 

101.8(7) 
100.5(7) 
115.4(6) 
121.3(9) 
123.3(9) 
113.9(7) 
124.4(9) 
121.7(9) 
117.5(10) 

109.3(9) 
111.3(9) 
108.7(11) 

l/k 

Molecule B 
1.88(1) 
1.90(1) 
1.87(1) 
1.90(1) 
1.76(1) 
1.74(1) 
1.75(1) 
1.75(2) 
1.72(1) 

Bond 

S(3) -C(9) 
S(4) -C(6) 
S(4) -C(10) 
C(l) -C(2) 
C(3) -C(4) 
C(3) -C(7) 
C(4) -C(8) 
C(5) -C(6) 
C(9) -C(10) 

Re(l)-0(3) 
Re(l)-0(4) 

Table 3. Bond Angles (0) 

e/° 
Molecule B 

94.2(6) 
93.9(6) 
97.1(6) 
96.3(6) 

102.5(8) 
101.2(8) 
114.4(7) 
122.6(10) 
122.9(10) 
113.2(7) 
123.9(10) 
122.9(10) 
118.0(10) 

Angle 

Se(l)-C(3) -C(7) 
C(4) -C(3) -C(7) 
Se(2)-C(4) -C(3) 
Se(2)-C(4) -C(8) 
C(3)-C(4) -C(8) 
S(l) -C(5) -S(3) 
S(l) -C(5) -C(6) 
S(3) -C(5) -C(6) 
S(2) -C(6) -S(4) 
S(2) -C(6) -C(5) 
S(4) -C(6) -C(5) 
S(3) -C(9) -C(10) 
S(4) -C(10)-C(9) 

0(2)-Re(l)-0(3) 
0(2)-Re(l)-0(4) 
0(3)-Re(l)-0(4) 

l/k 

Molecule A 
1.81(2) 
1.73(1) 
1.84(2) 
1.36(2) 
1.35(2) 
1.49(2) 
1.51(2) 
1.35(2) 
1.53(2) 

1.67(2) 
1.68(3) 

e/° 
Molecule A 

115.3(10) 
127.2(13) 
119.2(10) 
113.6(9) 
127.1(12) 
112.9(8) 
118.1(10) 
129.0(10) 
116.1(7) 
115.7(9) 
128.2(10) 
114.1(12) 
110.9(12) 

109.7(10) 
109.8(14) 
108.0(15) 

l/k 

Molecule B 
1.81(2) 
1.76(1) 
1.84(2) 
1.33(2) 
1.33(2) 
1.51(2) 
1.53(2) 
1.37(2) 
1.46(3) 

e/° 
Molecule B 

115.2(10) 
126.7(13) 
119.3(10) 
114.7(9) 
126.0(11) 
115.0(7) 
115.9(10) 
129.1(10) 
114.8(8) 
117.4(10) 
127.8(11) 
120.2(14) 
113.3(17) 
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Fig. 3. Overlap mode, a; tetramer in (DMET)2Re04 

viewed along the b axis, b; tetramer in (DMET)2Re04 

viewed along the "stacking axis" of the tetramer 
(indicated with an arrow in Fig. 2). 

Fig. 4. Crystal structure of (DMET)2Re04 viewed 
along the b axis. Two independent DMET mole­
cules, which lie within ca. 0.0—0.5 in y, are shown 
in each column for clarity. Thermal ellipsoids 
indicate the region of 50% probability. Thin solid 
lines show the shorter intermolecular contacts than 
the sum of van der Waals radii. All of the short con­
tacts exist between the molecules related by the 
translation a along the a axis. Their distances; si= 
3.503(6) A, 52=3.491(6) Â, ti=3.551(5) Â, t2= 
3.638(5) Â, wi=3.813(2) A, and w2=3.754(4) A. 

complicated, four molecules overlap in the s imilar 
way to those in other D M E T salts if we see a long the 
direction d rawn in Fig. 2 wi th an arrow, the "s tacking 
ax i s" of the tetramer. T h e normals of the molecular 
planes are tilted by abou t 20° from the s tacking axis as 
in the cases of other D M E T salts. 10.12.ia) 

Figure 4 shows the crystal s tructure of (DMET)2-
ReÛ4 viewed a long the a axis. The re exist three short 
in te rco lumnar contacts for molecules A and B, separ­
ately. T h e pat tern of the in te rco lumnar contacts is the 
same as those observed in other D M E T salts.7.8.10-13) 

270 300 330 
T / K 

Fig. 5. Resistivity of (DMET)2Re04 under pressures. 
Ro denotes the resistance at 270 K under the normal 
pressure, i.e. R0=R(T=270 K, p=\ bar). 

Electrical Resistance. T h e resistivity of (DMET)2-
ReÛ4 at room temperature is 40 S c m - 1 under the 
no rma l pressure and gradual ly increases wi th increas­
ing pressure as seen in Fig. 5. A l though the m i n i m u m 
is very broad, the dependence is seemingly metall ic 
above about 295 K under the no rma l pressure. T h e 
activation energy in the semiconduct ing region was 
deduced as 3.9 k j m o l - 1 from an Arrhenius plot . O n 
app ly ing low pressure, the locat ion of the m i n i m u m 
slightly shifts toward the h igh temperature side. 
The re exists, however, the metal l ic region. A l though 
the metal- insulator " t ransi t ion temperature" is m u c h 
h igher t han those in BF4 and CIO4 salts, the behavior 
of ReÛ4 salts is consistent wi th the classification 
(group2).15 '17> 

Thermoelectric Power. T h e results of the thermo­
electric power measurements under ca. 0.2 kbar are 
polot ted in the region of the metal- insulator "transi­
t i on" in Fig. 6. T h e " t r ans i t ion" temperature is about 
295 K from Fig. 5. T h e thermoelectric power is a lmost 
independent of temperature and there is n o t h i n g 
anomalous a round 295 K. T h e results under other pres­
sures were essentially the same. It is wel l -known that 
thermoelectric power of metal is p ropor t iona l to 
temperature . Hence, the results show that (DMET)2-
ReÛ4 is no t metal l ic at the microscopic level and that 
the " t rans i t ion" is not a phase transit ion in thermo­
dynamic sense. T h e positive value implies that the 
carrier is hole. 

T h e absolute thermoelectric power under the nor­
mal pressure is plot ted in Fig. 7 in the wider 
temperature region. T h e thermoelctric power is 
a lmost independent of temperature with the positive 

10.12.ia
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Fig. 6. Thermoelectric power of (DMET)2Re04 under 
about 0.2 kbar. 
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Fig. 7. Absolute thermoelectric power of (DMET)2-
ReÜ4 under the normal pressure. 

value of 33 LIV K_1 above 200 K, slowly decreases with 
decreasing temperature, passes zero at about 140 K, and 
then decreases rapidly with an incresing slope. There 
is no region where the thermoelectric power is pro­
portional to temperature. 

Discussion 

The experimental results are summarized as follows: 
The crystal structure is described as columns of tetra-
mers. The broad minimum appears in the resistivity. 
No anomaly is detected in thermoelectric power 
around the temperature of the resistance minimum. 
The temperature-independent thermoelectric power is 
observed. Since the period of four DMET molecules 
corresponds to 2&F distortion from the/ stoichiometry 
of the system, the crystal should be insulating, 
irrespective of the degree of electron correlation. The 
seemingly metallic behavior observed in the resistivity 
is in contradiction with the structure. 

These results of the resistivity and the thermoelectric 
power are quite similar to those reported for (TMTTF)2-

C104,31) where the apparent "metallic" behavior was 
attributed to the rather strong temperature dependence 
in the mobility of charge carriers. We tried the same 
analysis as (TMTTF)2C104. Temperature dependence 
of resistivity of semiconductor is generally expressed 

as, 

pocTa-0-5.exp(-£a//?T), 

where £a is the activation energy, the half of the band-
gap in intrinsic semiconductors, a is the exponent 
characterizing the temperature dependence of the 
carrier mobility and it depends on the mechanism of 
the electron scattering. It is observed that, if £a is 
small, the resistivity increases with increasing temper­
ature due to the temperature dependence of the 
mobility. The location of the resistivity minimum is 
calculated as, 

T(pmin) = (£a//?)-(a-0.5)-1. 

Using the value of the activation energy (3.9 kj mol -1) 
and the temperature of the resistivity minimum 
(295 K), the magnitude of a is calculated as 2.0. It is 
well-known that the simple electron scattering by 
phonon gives the value 2. The present value of a is, 
therefore, in a reasonable range. Namely, (DMET)2-
ReÛ4 is intrinsically semiconducting and the apparent 
metallic behavior is due to the temperature depen­
dence in the mobility of the carriers. 

Concerning the temperature-independent thermoele­
ctric power, it is likely that the effect of electron 
correlation plays an important role. It is well-known 
that the thermoelectric power is independent of 
temperature when the ratio betwee the on-site Cou­
lomb repulsion and the transfer integral is sufficiently 
large, i.e. £ 7 / 4 0 1 . The expected value is 60uVK - 1 

for the quarter-filled hole hand. The observed value 
(33 [xV K_1) is smaller than the expected, but not too 
small. Thus, it is regarded as an indication of the 
strong electron correlation. The fact that there is no 
shorter contact between tetramers along the stacking 
axis seems to support this conclusion. The smaller 
value than 60 \iV K - 1 implies U/4t has a rather large 
but finite value.31) Optical measurements will provide 
a direct evidence for the conclusion, and are in 
progress.32) 

There remains a problem, that is why the thermo­
electric power changes the sign betow 140 K. Similar 
behavior was also reported for (TMTTF)2C104,31) 

where the negative thermoelectric power was attributed 
to some defects. Although the same explanation may 
be possible for the present case, this point is open at 
present. 

Since the metal-insulator "transition" in (DMET)2-
ReÛ4 is not a thermodynamic phase transition as 
demonstrated in the thermoelectric power measure-
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ments, the crystal structure at low temperatures mus t 
be essentially the same as that determined in this work. 
O n lowering temperature, however, the degree of the 
tetramerization becomes stronger and stronger, accrd-
ing to the enhancement of the electron localization. 
Since neutral30> and partially-oxidized5.7,20-13) D M E T 
molecules have the different geometry, low-temper­
ature X-ray studies may reveal the location of 
electrons after the electron localization occurs. 

In conclusion, (DMET)2Re04 has tetramerized 
structure distinct from any other radical salts of 
D M E T , and is characterized by a rather s trong electron 
correlation. T h e seemingly metall ic behavior in the 
resistivity is at tr ibuted to the small band-gap and the 
temperature dependence of the carrier mobility. 

T h e authors express their thanks to Professor V. M. 
Yartsev of Chelyobinsk State University for valuable 
discussion, to Mr. Hideki Saitoh for his he lp in 
p repar ing manuscr ip ts and to Mr. Harukazu Yoshino 
for his technical assistance in experiments. T h i s work 
was suppor ted in par t by Grant- in-Aid for Specially 
Promoted Research (No. 63060004) from the Ministry 
of Education, Science and Culture. 
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The Effect of Very High Magnetic Fields 
on Cyclic Voltammetry 
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The cyclic voltammetry of ferrocene and p-benzoquinone in Af,Af-dimethylformamide and acetonitrile was 
inverstigated under very high magnetic fields up to 140 kOe (1 kOe=(l/47r)X103 A m - 1) . Plateaus of limiting 
currents were observed on cyclic voltammograms, and the limiting currents were remarkably enhanced by 
magnetic fields. These results were explained as the enhancement of mass transfer, which is caused by a 
magnetohydrodynamic convection. This effect was found to be pronounced at the slow potential scan rate of 
10 mV s_1 in a low viscosity solvent like acetonitrile, where the current is controlled by not only mass transfer 
but also the electron transfer rate. The current enhancement was also observed in anodic stripping on the cyclic 
voltammogram of Cu2+ above 100 kOe. 

T h e appl ica t ion of a h igh magne t ic field to studies 
of chemical reactions is of great interest in connection 
wi th the magnet ic field effect on a biological system. 
In some chemical reactions inc lud ing organic radicals, 
the rate of intersystem crossing between triplet and 
singlet states is appreciably affected by magnet ic 
fields.1»2* However, there have been only a few papers 
deal ing with fields exceeding 100 kOe: An example is 
concerned wi th the chemical equ i l ib r ium of the 
LaCo5-H system.3) 

O n the other hand, the effect of magnet ic fields on 
electrolytic redox behavior has been investigated by 
many workers.4 _ 7 ) For electrolysis on a steady 
electrode, the enhancement of a l imi t ing diffusion 
current was observed in the presence of a relatively 
weak magnet ic field below 10 kOe.7) T h e result is 
interpreted as a consequence of the magnetohydro­
dynamic (MHD) effect on electrolytic solution. When 
an external magnet ic field is imposed on electrolytic 
cell, the Lorentz force causes streams and enhances the 
rate of mass transfer. Fahidy8 ) predicted that the 
current could be wholly convective in very h igh 
magnet ic fields u p to 150 kOe. In addit ion, Gak and 
Rokhinson 9 ) proposed the appl ica t ion of the M H D 
effect wi th h igh magnet ic fields to control l ing a 
convective transfer velocity in electrolytes. However, 
electrochemical measurements have not been carried 
out in such a h igh magnet ic fields. 

In this paper, we first investigate cyclic voltammetry 
in very h igh magnet ic fields u p to 140 kOe. If a 
diffusion current turns in to a convective one in a h igh 
magnet ic field, the cyclic vo l t ammogram is expected to 
change in to a l imi t ing current curve. In order to 
examine this, we deal wi th the reversible redox systems 
of ferrocene and p-benzoquinone in aprot ic solvents. 
In addit ion, we report the h igh magnet ic field effect on 
anodic s t r ipping in cyclic vol tammetry of Cu2+. 

Experimental 

Reagents. All reagents used in the present experiments 

are guaranteed ones of Kanto Chemicals. Molecular sieves 
were used to eliminate water from nonaqueous solvents of 
Af,Af-dimethylformamide (DMF) and acetonitrile. 

Apparatus and Procedures. The experiments with high 
magnetic fields were performed at the High Field Laboratory 
for Superconducting Materials of Tohoku University. 
Magnetic fields were produced by the water-cooled resistive 
magnet, so-called Bitter magnet, with the maximum field of 
150 kOe in a 80 mm bore at room remperature. 

The diagram of the measurement of cyclic voltammetry in a 
magnetic field is shown in Fig. 1. A Pt-disk electrode with 
the diameter of 1.6 mm was used as a working electrode 
(WE), and a Pt-wire was used as a counter electrode (CE). An 
applied magnetic field HQ was perpendicular to the surface 
of the working electrode. The reference electrode (RE) was a 
AgCl/Ag electrode. Cyclic voltammograms were obtained 
with a Nikko Keisoku potentiogalvanostat model NPGFZ-
2501A containing a function generator and a YEW type-3086 

Bitter type magnet 

Fig. 1. Schematic diagram of the experiment for 
cyclic voltammetry in very high magnetic fields H0. 
WE; working electrode, RE; reference electrode, CE; 
counter electrode. 
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X-Y recorder. Temperature was controlled at 25.0+0.1 °C 
by the water circulating system. The test solutions were 
deaerated for ca. 20 min with nitrogen gas before measure-

0.2 0.4 0.6 0.8 
E (V vs. AgCl/Ag) 

1.0 

Fig. 2. Cyclic voltammograms of lOmmoldm"3 

ferrocene in Af,Af-dimethylformamide under various 
magnetic fields H0. The supporting electrolyte is 
0.10 mol dm"3 tetrabutylammonium Perchlorate. 
The potential scan rate is 10 mV s_1. 

100 150 
Hp(kOe) 

Fig. 3. Plots of the anodic limiting currents u of the 
cyclic voltammograms for ferrocene in DMF. 

ments. The working electrode was polished each time at the 
measurements of anodic stripping. Supporting electrolytes 
were 0.1 mol dm-3 tetrabutylammonium Perchlorate (TBAP) 
in the nonaqueous solutions and 0.1 mol dm-3 sodium 
Perchlorate in the aqueous solution. 

Results and Discussion 

Ferrocene. Ferrocene and ferricinium ion are one 
of the most typical redox couples. Figure 2 shows the 
cyclic voltammograms of lOmmoldm - 3 ferrocene in 
DMF at the scan rate of lOmVs - 1 under various 
magnetic fields. The anodic limiting currents iA are 
plotted in Fig. 3. A remarkable change in the 
voltammogram was not observed below 100 kOe, 
except that ia slightly increases with the magnetic field. 
When the magnetic field increases above 120 kOe, a 
plateau of the anodic limiting current appears and the 
voltammogram approaches a limiting current curve. 
In such a field region, ia increases rapidly with the 
magnetic field. 

When a magnetic field is applied to an electrolytic 
cell, the Lorentz force acting on ions induces convec­
tion of a solution, and hence decreasing the thickness 
of a diffusion layer. For steady state electrolysis, this 
MHD effect is reflected in the current enhancement. 
On the other hand, for cyclic voltammetry the MHD 
effect is reflected in the shape of a voltammogram. In 
the present case, an applied magnetic field is per­
pendicular to the surface of the working electrode. 
Thus, a remarkable change is not observed in the 
voltammogram so long as the current is controlled by 
diffusion. This is the case below 100 kOe. As the 
magnetic field increases above 120 kOe, the convection 
becomes so violent that the current is controlled by not 
only diffusion but also convection. As a result, the 
voltammogram approaches a limiting current curve. 
In such a field region, the limiting current increases 
with the magnetic field because the MHD flow rate is 
proportional to the square root of the Lorentz force.6) 

At the scan rate of 200 mV s_1 no change of the cyclic 
voltammogram was observed in the magnetic field up 
to 140 kOe. It is well-known that the thickness 8 of a 
diffusion layer depends on a time t as 8=(n Dt)l>2, 
where D represents a diffusion constant. Thus, the 
diffusion layer at the scan rate of 200 mV s_1 is thinner 
than that at lOmVs - 1 . Hence, the influence of the 
convection on the diffusion layer is less effective at the 
fast potential scan, and the cyclic voltammogram does 
not change even in the field of 140 kOe. 

£>-Benzoquinone. The MHD effect should depend 
on viscosity of a solvent. In order to examine this, we 
measured cyclic voltammetry of p-benzoquinone in 
DMF and acetonitrile. Figures 4 and 5 show the 
magnetic field dependence of cyclic voltammograms 
for lOmmoldm - 3 p-benzoquinone at lOmVs - 1 in 
DMF and acetonitrile, respectively. p-Benzoquinone 
is reduced by one electron to a relatively stable 
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p-Benzoquinone 
in DMF 

(V vs. AgCl/Ag) 

Fig. 4. Cyclic voltammograms of 10 mmol dm - 3 p-
benzoquinone in DMF under various magnetic 
fields. The supporting electrolyte is 0.10 mol dm - 3 

TBAP. The potential scan rate is 10 mV s"1. 

-1.0 0 
E (V va AgCl/Ag) 

Fig. 6. Cyclic voltammograms of lOmmoldm - 3 

p-benzoquinone in acetonitrile under various 
magnetic fields. The supporting electrolyte is 0.10 
mol dm~3 TBAP. The potential scan rate is 1 V s_1. 
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Fig. 5. Cyclic voltammograms of 10 mmol dm - 3 

p-benzoquinone in acetonitrile under various 
magnetic fields. The supporting electrolyte is 0.10 
mol dm - 3 TBAP. The potential scan rate is 10 mV 

semiqu inone radical in an aprot ic solvent.10) In DMF 
a remarkable change is not observed below 120 kOe. 
T h e pla teau of the cathodic l imi t ing current emerges 

Fig. 7. Plots of the cathodic limiting currents ic of 
cyclic voltammograms for p-benzoquinone in 
acetonitrile. 

in the h i g h field of 140 kOe. O n the other hand , the 
cyclic vo l t ammogram drastically changes in aceton­
itrile. T h e plateau appears above 2 0 k O e and the 
reverse wave almost treads back on the forward wave in 
the field h igher than 80 kOe. T h e potent ia l EL that 
reaches the cathodic l imi t ing current is —0.50 V at zero 
magnet ic field. (In this case EL is equal to the cathodic 
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100 h 
< 
3. 

-0.2 0 0.2 
(V vs. AgCl/Ag) 

Fig. 8. Cyclic voltammograms of 5.0 mmol dm~3 CuSÜ4 in the aqueous solution 
under various magnetic fields. The supporting electrolyte is 0.10 mol dm-3 NaC104. 
The potential scan rate is 10 mV s_1. 

peak potential.) It is found that EL shifts to a negative 
side with increasing the magnetic field and it is ca. 
—1.1 V at 140 kOe. In contrast with the case of 
ferrocene in DMF, the MHD effect on p-benzoquinone 
in acetonitrile can be distinguished even at the fast 
potential scan rate of 1 V s_1, as shown in Fig. 6. The 
cathodic limitig currents ic in acetonitrile are plotted 
against the magnetic field in Fig. 7. The limiting 
current is independent of the magnetic field at the fast 
scan rate of 1 V s_1. On the other hand, in the case of 
the slow scan rate of lOmVs - 1 , ic rapidly increases 
above 20kOe and then tends to approach the 
saturation. 

The coefficients of viscosity for DMF and acetonit­
rile are 7.96 and 3.39 millipoises, respectively. It is 
easy to understand that the MHD effect on the 
acetonitrile solution is larger than that on the DMF 
solution. The viscous solvent is liable to resist the 
MHD convection. 

As mentioned above, in the case of acetonitrile at the 
scan rate of 10 mV s-1, EL shifts to a negative side with 
increasing the magnetic field. This indicates that the 
rate-determining step of the electrode reaction turns 
from the mass transfer into the electron-transfer 
process. In such a case the voltammetric current is 
controlled by both mass transfer and the rate of 
electron transfer. This result is conceivable when the 
MHD convection of a low viscosity solution becomes 
violent in high magnetic fields. 

Anodic Stripping. In electrolysis of a metal ion the 
reduced metal is deposited on an electrode. As 
mentioned above, the MHD convection enhances mass 
teansfer to the surface of a working electrode. Thus, it 
is expected that a magnetic field increases the quantity 
of a deposited metal, which can be measured by anodic 
stripping. Figure 8 shows cyclic voltammograms of 
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0 50 100 150 
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Fig. 9. Plots of the peak currents u for anodic 
stripping of Cu. 

5.0 mmol dm - 3 Q1SO4 in an aqueous solution under 
various magentic fields. The peak at 0.12 V cor­
responds to the anodic stripping of Cu. The anodic 
peak currents L are plotted against the magnetic field 
in Fig. 9, where ia rapidly increases above 100 kOe. 
Because the current of anodic stripping is propor­
tional to the quantity of a deposited metal on a 
working electrode, the observed results indicate that 
mass transfer to the electrode surface is enhanced in the 
field higher than 100 kOe. In this magnetic field 
region the cathodic current is controlled by diffusion 
and the MHD convection. 

Conclusion 

Our experiments are the first example of electro­
chemical measurements under very high magnetic 
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fields up to 140 kOe. In cyclic voltammetry, the shape 
of a voltammogram depends on a magnetic field. 
When a magnetic field is applied perpendicular to the 
surface of a working electrode, the diffusive motion of 
electrolytes should not be influenced by the magnetic 
field. Thus, a remakable change should not be 
observed in a cyclic voltammogram so long as the 
current would be controlled by diffusion. As the MHD 
flow rate increases with the magnetic field, the current 
is expected to be controlled by both diffusion and 
convection. Then the voltammogram changes into a 
limiting current curve, as observed in the present 
experiments. It is moreover confirmed that in a low 
viscosity solvent like acetonitrile the rate-determining 
step on an electrode reaction turns from mass transfer 
to an electron-transfer process with increasing the 
magnetic field. The more quantitative analysis of the 
magnetic field dependence of cyclic voltammograms is 
the subject for a future study. 

The authors wish to thank all staff members of the 
High Field Laboratory of Tohoku University for 

operating the magnet. 
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The table of unit subduced cycle indices (USCIs) for D3h is constructed and applied to the enumerations of 
chemical structures by starting from various parent skeletons of D3h symmetry i.e., a trigonal bipyramid, an 
iceane skeleton, and a pirsmane skeleton. The substitution positions of these skeletons are divided into orbits 
governed by coset representations. According to the division of such a skeleton, subduced cycle indices (SCIs) 
are constructed to enumerate chemical structures with respect to their symmetries. The introduction of figure 
inventories into the SCIs and the subsequent expansion give generating functions for counting fixed points. 
The resulting matrix of fixed points is multiplied by the inverse of a mark table to afford the number of isomers 
with each molecular formula and each subsymmetry. 

Since the original in t roduct ion of Polya's theorem,1* 
the enumera t ion of chemical compounds has been one 
of the major fields that provide a n u m b e r of exercises 
exemplifying the capabili t ies of the theorem.2* Re­
cently, there have emerged several effective methods of 
enumera t ing compounds.3* These methods allow us to 
count compounds wi th respect to molecular formulas 
as well as to symmetries. In previous papers , we have 
reported systematic enumerat ions of compounds by 
means of un i t subduced cycle indices (USCIs).4* T h i s 
method would become a general method wi th great 
potentiali t ies, if we have prepared a table of USCIs 
concerning po in t groups to be examined. However, 
such tables have been reported for a l imited number of 
po in t groups: C2, D2, D2h, D3, and Td .4 '5 ) Hence, the 
construct ion of such a table of USCIs for every po in t 
g roup is an impor tan t task in order to make the USCI 
approach popular . In this connection, the present 
paper aims at showing the merit of the USCI approach 
by examin ing enumerat ions based on various D3h 
skeletons. 

Results and Discussion 

Orbits of D311 skeletons. A l though various D3h-
molecules have been at tract ing the at tent ion of organic 
chemists,6) there have appeared a few systematic 
approaches to enumerate their derivatives.7* Figure 1 
lists several D3h molecules. A l though all of these 
molecules belong to the D3h-symmetry, they are qui te 
different in their shapes. T h i s means that the D3h 
po in t g roup itself is insufficient to man ipu la t e their 
discrete symmetrical properties. 

For the purpose of remedying the inherent drawback 
of the po in t groups , we have already reported the SCR 
nota t ion (the nota t ion based on the subduct ion of 
coset representations).8* T h i s no ta t ion stems from the 
fact that an orbit is subject to the corresponding coset 
representat ion (CR). For example , the molecule (1) is 
represented by the SCR nota t ion , D3h[/C2v(X3); /Ckv-
(Y2); /D3h(P)], which means that three Xs construct an 

orbit governed by the CR (D3h(/C2v)), two Ys are subject 
to the CR (D3h(/C3v)), and P is governed by the CR 
(D3h(/D3h)). Each of these symbols stems from its mode 
of construct ion, in which , for example , D3h(/C2v) is 
obtained th rough a coset decomposi t ion of D3h by C2v. 

In order to assign such an SCR nota t ion to a given 
molecule, we should introduce some mathematical 
concepts utilized in the pe rmuta t ion-group theory. 
T h e D3h g roup has a set of subgroups , 

SSG={Cl, C2, Cs, C's, C3, C2v, C3h, D3, D3h}, (1) 

in which each subgroup is a representative of all 
conjugate subgroups . According to this SSG, the full 
list of coset representations (CRs) is represented by 

SCR={D3h(/Ci), D3h(/C2), D3h(/Cs), D3h(/C's), D3h(/C3), D3h 

(/C2v), D3h(/C3v), D3h(/C3h), D3h(/D3), D3h(/D3h)}. (2) 

T h e subst i tut ion posi t ions (vertices, edges, and faces) 
of a given skeleton can be divided in to orbits which are 
subject to CRs. Let us examine the tr igonal b ipyramid 
(9). T h e ass ignment of an orbi t to the corresponding 
CR is accomplished by a fixed-point vector (FPV), 
which lists the number of fixed points for each 
subgroup dur ing all of the operat ions appear ing in the 

Fig. 1. Several D3h molecules as parent skeletons. 
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Table 1. The Inverse of the Mark Table for D3h Point Group 

C i 

C2 

Cs 

a 
c3 
C2v 

C3v 

C3h 

D3 

D3h 

D3h 

(/Ci) 

1/12 
- 1 / 4 
- 1 / 4 
-1 /12 
-1 /12 

1/2 
1/4 
1/12 
1/4 

- 1 / 2 

D3h 

(/c2) 
0 
1/2 
0 
0 
0 

- 1 / 2 
0 
0 

- 1 / 2 
1/2 

D3h 

(/Cs) 

0 
0 
1/2 
0 
0 

- 1 / 2 
- 1 / 2 

0 
0 
1/2 

D3h 

(/CO 
0 
0 
0 
1/6 
0 

- 1 / 2 
0 

- 1 / 6 
0 
1/2 

D3h 

(/Cs) 

0 
0 
0 
0 
1/4 
0 

- 1 / 4 
- 1 / 4 
- 1 / 4 

1/2 

D3h 

(/C2v) 

0 
0 
0 
0 
0 
1 
0 
0 
0 

- 1 

D3h 

(/C3v) 

0 
0 
0 
0 
0 
0 
1/2 
0 
0 

- 1 / 2 

D3h 

(/CSH) 

0 
0 
0 
0 
0 
0 
0 
1/2 
0 

- 1 / 2 

D3h 

(/Ds) 

0 
0 
0 
0 
0 
0 
0 
0 
1/2 

- 1 / 2 

D3h 

(/Dsi,) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

Suma> 

1/12 
1/4 
1/4 
1/12 
1/6 
0 
0 
1/6 
0 
0 

a) sum=Sm/i. 

subgroup. We obtain an FPV, (6,2,4,4,3,2,3,1,1,1), for 
the skeleton (9). This vector is multiplied by the 
inverse of the mark table for the D3h group (Table 1). 
The resulting vector, (0,0,0,0,0,0,1,1,0,0,1), indicates 
the multiplicity of each subgroup collected in the SSG. 
Hence, there appear D3h(/C2v), D3h(/C3v), and D3h(/D3h) 
in the case of 9. Obviously, the D3h(/C2v) CR governs 
the set (orbit) of 3 equatorial positions of 9 ( • ) , the 
D3h(/C3v) controls the orbit of 2 axial positions (O) and 
the D3h(/D3h) corresponds to the central position (©). 
If we fill up these orbits separately with X3, Y2, and P, 
we can obtain the molecule (1). This situation is 
strictly denoted by the SCR notation, D3h[/C2v(X3); 
/C3v(Y2); /D3h(P)]. 

With respect to the 12 carbon and 18 hydrogen 
atoms of iceane (2), we have an FPV, (30,0,10,0,0,0, 
0,0,0,0). This vector is multiplied by the inverse 
(Table 1) to produce a row vector, (0,0,5,0,0,0,0,0,0,0), 
which indicates the appearance of 5 orbits governed by 
D3h(/Cs): 6 methine carbons, 6 methylene carbons, 6 
methine hydrogens, 6 equatorial methylene hydro­
gens, and 6 axial methylene hydrogens. Hence, we 
obtain the SCR notation for iceane (2): D3h[/Cs(2C6, 
3H6)]. 

In a similar way, the other compounds depicted in 
Fig. 1 are designated by SCR notations, i.e., D3h[/Cs-
(C6, 3H6)] for prismane (3), D3h[/Cs(H6); /C2v(C3)] for 
cyclopropane (4), D3h[/Cs(3C6, 2H6); /C3v(C2, H2)] for 
triptycene (5), D3h[/Ci(Ci2, 2H i2); /C'S(2C6, H6)] for 
l,2:3,4:5,6-tris(bicyclo[2.2.2]oct-2-eno)benzene (6), D3h-
[/C2v(F3), /D3h(B)] for trifluoroborane (3), and D3h[/Ci-
(H12); /Cs(3C6)] for [2.2.2](l,3,5)cyclophane (8).8> 

Construction of a Table of USCIs for D311 Group. 
The mathematical foundation of USCIs has been 
reported in the previous paper.4) A table of USCIs 
constructed by the following steps: (1) construction of 
the concrete form of every coset representation 
(G(/G,-)), where G,- is a subgroup listed in the SSG, (2) 
selection of elements corresponding to another sub­
group (G/) from the elements of G(/G,-), affording a 
subduced representation, G(/G/)IG7, (3) reduction of 

G(/G/)IG/ into a sum of CRs for G7, and (4) assignment 
of dummy variables according to the sum, providing 
a USCI for G(/G/)IG7. This procedure is programed 
with FORTRAN77 and executed on a VAX11-750 
computer. This program is applicable to any point 
group and will be reported elsewhere. The results are 
collected in Table 2, which also contains USCIs with 
chirality fittingness9) in parentheses. For the purpose 
of obtaining a cycle index10), this table at the bottom 
also involves a factor for every subgroup, each of 
which is obtained by summing up the corresponding 
row of Table l .n ) 

Enumeration of Derivatives Based on a Trigonal 
Bipyramid (9). In the preceding section, the trigonal 
bipyramid (9) has shown to have a D3h(/C2v) orbit ( • ) , 
a D3h(/C3v) orbit (O), and a D3h(/D3h) orbit (©). Let us 
examine PX/YWZ„ isomers on this skeleton. Since the 
phosphorus atom always occupies the D3h(/D3h) orbit, 
we can here take into consideration the remaining two 
orbits without losing generality. 

After the above assignment of the CRs to the orbits, 
we construct a subduced cycle index (SCI) for every 
subgroup by means of a table of unit subduced cycle 
indices (USCIs) preestimated in Table 2. 

In this case, we use the D3h(/C2v) and D3h(/C3v) rows 
of this table for preparing SCIs. When we introduce a 
figure inventory: 

sd =xd + yd + zd (3) 

into the SCIs, we obtain generating functions for FPV 
(P0j), 

(*?)(*?) = (x + y + zf for Ci, 

(sis2)(s2) = (x + y + z)(x2 + y2 + z2)2 for C2, 

(sis2)(s$ = (x + y + zf(x2 + y2 + z2) for Cs, 

(sl)(s2) = (x + y + zf(x2 + y2 + z2) for Cs', 
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D3h(/Ci) 

D3h(/C2) 

D3h(/Cs) 

D3h(/Cs) 

D3h(/C3) 

D 3h(/C 2v) 

D3h(/C3v) 

D3h(/C3h) 

D3 h(/D3) 

D3h(/Dsh) 

_ 
2 rriji 
if i 

C i 

s\2 

(b\2) 
s\ 

(b\) 
5? 

(bl) 
s\ 

(b\) 
s\ 

(b\) 

4 
(b\) 
s\ 

(b\) 
s\ 

(b\) 
s\ 

(b\) 
5 l 

(bi) 

1/12 

C2 

4 
(bl) 
C 2 C 2 

(bîbï) 
4 

(bl) 
si 

(bl) 
si 

(bl) 
5l52 

(bib2) 
52 

(bi) 

52 

(bi) 

s\ 
(b\) 
51 

(bi) 

1/4 

Table 2. 

G 

4 
(4) 
4 
(4) 
C 2 C 2 
5l52 

(a2A) 
4 
(4) 
4 
(4) 
5152 

(aic2) 

5? 
(«?) 
52 

(d) 

52 

(«) 
51 

(a i ) 

1/4 

Shinsaku FUJITA 

Unit Subduced Cycli 

C 

4 
(4) 
4 
(4) 
4 
(4) 
s\ 

(at) 
5 ! 

(4) 
5? 

(a?) 
52 

(«) 
5? 

(a?) 
52 

(<*) 
51 

(a i ) 

1/12 

C 3 

53-

(&J) 
5§ 

(Öl) 
si 
(H) 
si 

(bl) 
s{ 

(b\) 
53 

(*s) 
5? 

(Of) 
5? 

(b\) 
5? 

(Ö?) 
51 

(bi) 

1/6 

s Indices of D3h 

C2v 

~< 
(4) 
S2S4 

(C2C4) 

S2S4 

(CI2C4) 

sl 
(4) 
S4 

(CA) 

SlS2 

(aiCL2) 

S2 

(a2) 
S2 

M 
S2 

(C2) 

Sl 

(fl l) 

0 

c3v 

4 
(4) 
56 

(ce) 

4 
(4) 
se 

(ce) 

4 
(cl) 
53 

(as) 

5? 
(af) 
52 

(Ci) 

52 

(a) 
51 

(a i ) 

0 

C3h 

5§ 

(cl) 
56 

(ce) 
56 

(ce) 
c2 

53 
(a2

3) 

4 
(cl) 
53 

(as) 
52 

(Ci) 

5? 
(a?) 
52 

(«) 
51 

(a i ) 

1/6 

D 3 

5 ^ 

(bl) 
4 

(bl) 
se 

(be) 

4 
(bï) 
4 

(bl) 
53 

(bs) 
52 

(bi) 

52 

(02) 
5? 
(M) 
51 

(M 
0 
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Dsh 

512 

(C12) 

se 
(ce) 
se 

(a») 
se 

(as) 
54 

(c*) 
S3 

(as) 
52 

(ai) 

52 

(ai) 

52 

(Ci) 
51 

(a i ) 

0 

No. 7 

(ss)(4) = (x + y + z)2(x3 + y3 + z3) for Cs, 

(sis2)(s2) = (x + y + z)(x2 + y2 + z2)2 for C2v, 

(58)(5?) = (x + y + z)2(x3 + y3 + z3) for C3v, 

Table 3. Coefficients for Enumeration 
Based on the Skeleton (9) 

and 

(ss)(s2) = (x2 + y2 + z2)(x3 + y3 + z3) for C3h, D3, 
and D3h, 

where the first parentheses in the left-hand side of each 
equation is concerned with the D3h(/C2v) row of Table 2 
and the second with the D3h(/C3v) row. The generating 
functions are expanded to give the number (peß of 
fixed points as the coefficient of the term (xymzn). 
These are collected in Table 3, in which each column 
is concerned with a subsymmetry and each row with 
an x'y'V-weight. This weight corresponds to the 
molecular formula, PX/YWZ„. 

Table 3 is regarded as a matrix, which is in turn 
multiplied by the inverse (Table 1) to give a matrix 
shown in Table 4. The value at each intersection 
indicates the number of PX/YmZ„-isomers with the 
corresponding subsymmetry. In the case of any chiral 
group (Ci, C2, C3, or D3), each estimated number is 
concerned with every recemic pair throughout the 
present paper. 

Figure 2 illustrates all PX2Y2Z-isomers enumerated 
in Table 4, in which the numbers for respective 
subsymmetries appear in the [2,2,1] row. Note that an 
arbitrary antipode from each racemic pair is depicted 
here. 

7,m,rz 

5,0,0 
4,1,0 
4,0,1 
3,2,0 
3,1,1 
3,0,2 
2,3,0 
2,2,1 
2,1,2 
2,0,3 
1,4,0 
1,3,1 
1,2,2 
1,1,3 
1,0,4 
0,5,0 
0,4,1 
0,3,2 
0,2,3 
0,1,4 
0,0,5 

C i 

1 
5 
5 

10 
20 
10 
10 
30 
30 
10 
5 

20 
30 
20 

5 
1 
5 

10 
10 
5 
1 

C2 

1 
1 
1 
2 
0 
2 
2 
2 
2 
2 
1 
0 
2 
0 
1 
1 
1 
2 
2 
1 
1 

Cs 

1 
3 
3 
4 
6 
4 
4 
6 
6 
4 
3 
6 
6 
6 
3 
1 
3 
4 
4 
3 
1 

a 
1 
3 
3 
4 
6 
4 
4 
6 
6 
4 
3 
6 
6 
6 
3 
1 
3 
4 
4 
3 
1 

c3 

1 
2 
2 
1 
2 
1 
1 
0 
0 
1 
2 
2 
0 
2 
2 
1 
2 
1 
1 
2 
1 

C2v 

1 
1 
1 
2 
0 
2 
2 
2 
2 
2 
1 
0 
2 
0 
1 
1 
1 
2 
2 
1 
1 

C3v 

1 
2 
2 
1 
2 
1 
1 
0 
0 
1 
2 
2 
0 
2 
2 
1 
2 
1 
1 
2 
1 

C3h 

1 
0 
0 
1 
0 
1 
1 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
1 
1 
0 
1 

D 3 

1 
0 
0 
1 
0 
1 
1 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
1 
1 
0 
1 

D3h 

1 
0 
0 
1 
0 
1 
1 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
1 
1 
0 
1 

The total number of each row of Table 4 can be 
obtained by the direct summation of the row and 
alternatively by meas of a generation function.9) The 
latter method requires a cycle index, 

CI(D3h;srf) = (l/12)(sî)(5Ï) + (l/4)(5is2)(s2) + (l/4)(sis2)(s?) 
+ (l/12)(s?)(s2) + (l/6)(s3)(s

2) + (l/6)(s3)(s2), 
(4) 

where the coefficients of the right-hand side are 
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Table 4. The Number of X/YÄ-Isomers Based on the Skeleton (9) 

l,m,n 

5,0,0 
4,1,0 
4,0,1 
3,2,0 
3,2,1 
3,0,2 
2,3,0 
2,2,1 
2,1,2 
2,0,3 
1,4,0 
1,3,1 
1,2,2 
1,1,3 
1,0,4 
0,5,0 
0,4,1 
0,3,2 
0,2,3 
0,1,4 
0,0,5 

Total 

C i 

0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 

3 

C2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

G 

0 
0 
0 
1 
2 
1 
1 
2 
2 
1 
0 
2 
2 
2 
0 
0 
0 
1 
1 
0 
0 

18 

cs' 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 

3 

c3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

C2v 

0 
1 
1 
1 
0 
1 
1 
2 
2 
1 
1 
0 
2 
0 
1 
0 
1 
1 
1 
1 
0 

18 

C3v 

0 
1 
1 
0 
1 
0 
0 
0 
0 
0 
1 
1 
0 
1 
1 
0 
1 
0 
0 
1 
0 

9 

C3h 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

D3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

D3h 

1 
0 
0 
1 
0 
1 
1 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
1 
1 
0 
1 

9 

Total 

1 
2 
2 
3 
4 
3 
3 
5 
5 
3 
2 
4 
5 
4 
2 
1 
2 
3 
3 
2 
1 

60 

Fig. 2. PX2Y2Z-isomers derived from the skeleton 9. 

adopted from the values listed at the bottom of Table 
2; and the USCIs used in each term are those of the 
D3h(/C2v) and D3h(/C3v) rows.12) The figure inventory 
(Eq. 3) is introduced into Eq. 4 to give 

G(x,y,z) = CI(D3h; x
d + yd + zd) 

= x5 + 2x4y + 2x4y + 3x3y2 + 4x3yz + 3x3z2 

+ 3*y + 5x2y2z + 5x2yz2+ 3x2yz2 + 2xy4 

+ 4xy3z + 5xy2z2 + 4xyz3 + 2xz4 + y5 + 2y4z 
+ 3y3z2 + 3y2z3 + 2yz4 + z5. (5) 

The coefficient of each term (xymzn) is identical with 
the rightmost value of the [/, m, n] row which is 
obtained by the direct summation. 

The total value for every subsymmetry is obtained 
from an FPV: (35,33,34,34,33,33,33,32,32,32), 
which is obtained by introducing x—y^z—l into the 

above SCIs.13) The FPV is multiplied by the inverse 
(Table 1) to afford (3,0,18,3,0,18,9,0,0,0,9). These 
values are indentical with those appearing at the 
bottom of Table 4. 

Enumeration of Derivatives Based on an Iceane 
Skeleton (2). In chemical enumerations, there are 
several cases that should take accoumt of obligatory 
minimum valency (OMV).14) The present USCI 
approach can easily treat such enumeration problems. 
Let us work out an iceane skeleton (2) of D3h-
symmetry, in which we take 12 vertices (carbon atoms) 
into consideration. Obviously, the bridgehead vertices 
can take tri- or more-valent atoms but cannot take 
mono- or di-valent atoms in the light of the OMV 
restriction. On the other hand, di- or more-valent 
atoms can occupy the bridge positions. The SCR 
notation for 2, D3h[/Cs(2C6, 3H6)], indicates that the 
orbits of 6 bridgehead positions (methines: A\) and of 6 
bridge positions (methylenes: A2) are both subjects to 
D3h(/Cs). Let X={C,N,0} be a codomain which con­
tains all substituents. According to the OMV restric­
tion, the orbit (zfi) can take C and N; on the other 
hand, Ai can take O in addition to C and N. We 
thereby determine weights for the orbits, 

n;i(C) = x, wi(N) = y, wi(0) = 0, 

and 

w2(C) = x, w2(N) = y, w2(0) = z, 

which afford two figure inventories, 
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s(i) = xd + ydt (6) (5|)ö>(5l)® = (x2 + y2)3(x2 + y2 + z2)3 for Cj, 

and (s§)(1)(s§)(2) = (*3 + y3)2(x3 + y3 + z3)2 for Cs, 

sf = xd + yd + **, (7) (S2S4)
(1)(S2S4)<2>= (*2 + y2)(*4 + y4)(*2 + y2 + *2) 

X (x* + y4 + Z4) f o r c2vj 

where the superscripts (1) and (2) are concerned with 
A\ and A2. Since the same D3h(/Cs) row of Table 2 is (si)(1)(sl)<2> = (x3 + y3)2(x3 + y3 + z3)2 for C3v, 
adopted for zfi and A% the SCIs of this case are 
obtained as follows, 

(s5)<i>(s5)<2> = (x + y)6(x + y + z)6 for Ci, 

(4)(1)(^1)(2) = (x2 + 3>2)3(*2 + y2 + *2)3 for C2, 

(s2s!)(1)(4*!)(2) = (x + y)2(*2 + y2)2(x + y + z)2 

X (x2 + y2 + z2)2 for Cs, 

Table 5. The Number of C/NmOM- and CwN/0„-Isomers Based on 2 

l,m,n 

12,0,0 

11,1,0 
11,0,1 
10,2,0 
10,1,1 
10,0,2 
9,3,0 
9,2,1 
9,1,2 
9,0,3 
8,4,0 
8,3,1 

8,2,2 
8,1,3 
8,0,4 
7,5,0 
7,4,1 

7,3,2 
7,2,3 
7,1,4 
7,0,5 
6,60 
6,5,1 

6,4,2 
6,3,3 
6,2,4 
6,1,5 
6,0,6 

5,5,2 
5,4,3 
5,3,4 
5,2,5 
5,1,6 
4,4,4 
4,3,5 
4,2,6 
3,3,6 
0,12,0 

0,11,1 
0,10,2 
0,9,3 
0,8,4 
0,7,5 
0,6,6 

Ci 

0 
0 
0 
2 
4 
0 
14 
24 
10 
1 
30 
76 
46 
12 
0 
56 
156 
140 
54 
8 
0 
62 
220 
240 
131 
28 
2 
0 

300 
198 
64 
8 
0 
76 
14 
0 
1 
0 
0 
0 
1 
0 
0 
0 

C2 

0 
0 
0 
2 
0 
1 
0 
0 
0 
0 
6 
0 
7 
0 
1 
0 
0 
0 
0 
0 
0 
8 
0 
14 
0 
5 
0 
0 
0 
0 
0 
0 
0 
8 
0 
1 
0 
0 
0 
1 
0 
1 
0 
0 

G 

0 
2 
1 
4 
3 
1 
8 
7 
5 
1 
14 
13 
11 
6 
1 
20 
18 
20 
12 
4 
1 
18 
22 
26 
17 
7 
3 
0 
30 
24 
12 
5 
1 
12 
7 

0 

0 

G 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
4 
0 
1 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

C3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

C2v 

0 
0 
0 
2 
0 
1 
0 
0 
0 
0 
3 
0 
1 
0 
1 
0 
0 
0 
0 
0 
0 
2 
0 
2 
0 
2 
0 
0 
0 
0 
0 
0 
0 
2 
0 
1 
0 
0 
0 
1 
0 
1 
0 
0 

C3v 

0 
0 
0 
0 
0 
0 
2 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 

C3h 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3h 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 

Total 

1 
2 
1 
10 
7 
3 
24 
31 
15 
3 
54 
89 
67 
18 
3 
76 
174 
160 
66 
12 
1 
96 
242 
286 
151 
43 
5 
1 

330 
222 
76 
13 
1 

100 
21 
3 
3 
1 
1 
3 
3 
3 
1 
1 

and 

(s6)
(1)(s6)

(2) = (*6 + y6)(x6 + y6 + z6) for C3h, D3, and D3h, 

in which superscripts (1) and (2) indicates A\ and A2. 
The right-hand side of each of the SCIs is a generating 
function, which is obtained by introducing the figure 
inventories (Eqs. 6 and 7). 
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Expanding these generating functions, we obtain a 
coefficent for each term (xlymzn) and each subsymmetry 
in the form of a table similar to Table 3. For example, 
the x10y2 row of the table is calculated to be 
(66,6,10,6,0,2,0,0,0,0,), which is alligned according to 
the SSG. This row vector is multiplied by the inverse 
(Table 1) to yield a vector, (2,2,4,0,0,2,0,0,0,0), which 
indicates that the set of C10N2 isomers consists of two 
Ci-, two C2-, 4CS-, and two C2V-isomers. Other results 
are obtained similarly and shown in Table 5. Note 
that the index [l,m,n] corresponds to the term xymzn 

(GNwO„) and xmylz (GnN/O,). 
In order to exemplify the effect of OMVs, Fig. 3 

collects C10N2-, C10NO- and Go02-isomers derived 
from (2), the numbers of which appear at [10,2,0]-, 
[10,1,1]- and [i0,0,2]-rows of Table 5. Compare the 
CioN2-isomers with Go02-ones; the total number of 
the former is 10, whereas that of the latter is 3. This 
difference is because an oxygen atom is forbidden to 
occupy any bridgehead position. 

The sum of each row of Table 5 shown at the 
rightmost column can be obtained in terms of a 
generating function. A cycle index for this case is 
obtained in a similar way as Eq. 4, i.e., 

C1 0N2 

C10NO 

Cl0O2 

Ci 

/^nO (X 
Cs 

CI(D3h; 5<i>, sf) = (l/12)(sÜV(4)<» + (l/4)tâ)0>(5§)® 
+ (l/4)(4s!)(1)(4*!)(2) + (l/12)(*i)G>(*i)00 
+ (l/6)(5§)0>(5§)® + (1/6)(S6)<1>(56)<2>, 

(8) 

where the coefficients of the right-hand side are 
adopted from the values listed at the bottom of Table 
2.12) Note that each term of Eq. 8 contains twice the 
USCI of D3h(/Cs) row and that the two USCIs are 
differentiated by the superscripts (1) and (2) according 
to the orbits Ax and A2). The figure inventories (Eqs. 6 
and 7) are introduced into Eq. 8 to give a generating 
function, in which the coefficient of the term (x ymzn) is 
identical with the total value appearing at the 
corresponding [l,m,n] row of Table 5. 

Enumeration of Cage-Shaped Molecules Derived 
from Prismane (3). In previous papers,® we have 
reported enumerations in terms of an edge strategy, 
where Td and D2h skeletons are manipulated. This 
methodology is effective generally for enumerating 
cage-shaped molecules of high symmetries. Figure 4 
depicts its application to a prismane skeleton (3). 
Suppose that an appropriate number of methylenes 
( • ) occupy (or insert) the edges of this skeleton. For 
example, if six methylenes occupy all the edges of the 
top and bottom triangles, there emerges an iceane 
molecule of D3h-symmetry with the term x6. The latter 
term corresponds to the molecular formula of (CH)ß-
(CH2)e. Our target is the enumeration of such isomers 
as having xm (i.e., (CH6(CH2)m) and a given subsym­
metry. 

The edges of prismane (3) construct two orbits that 
are subject to D3h(/Cs) and D3h(/C2v), whereas the 
vertices otherwise behave according to the SCR 
notation, D3h[Cs(C6,He)]. As a result, we use the 
D3h(/Cs) and D3h(/C2v) rows of Table 2 for preparing 
SCIs. When we introduce a figure inventory: 

Sdz 1 + xd (9) 

into theSCIs, we obtain generating functions for FPV 
(P*;), 

(st)(sl) = (I +x)9forCi, 

(4)(sis2) = (1 + x)(l + *2)4 for C2, 

(4s!)(sis2) = (1 + *)3(1 + *2)3 f°r C*> 

6 -•- ^Ä 

LÜ 
3 D 3h 2 D 3 h 

Fig. 3. C10N2-, C10NO-, and CioC>2-isomers derived Fig. 4. An edge strategy for enumerating cage-shaped 
from 2. molecules derived from a prismane skeleton. 
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2 and the second with the D3h(/C2v) row. The 
procedure described in the preceding sections is 
repeated for this case to afford Table 6, in which the 
intersection between an m row and an subsymmetry 
column indicates the number of the corresponding 
cage-shaped molecules. 

Figure 5 illustrates all of the cage-shaped molecules 
counted in Table 6, where we take no account of their 
conformations. Since this method clarifies the 
molecular formulas (or constitutions) of the enumer­
ated molecules as well as their symmetries, we can 

where the first parentheses in the left-hand side of each depict such molecules without duplication nor over-
equation are concerned with the D3h(/Cs) row of Table looking. 

and 

(5i)'(5?) = ( l + x ) 3 ( l + x 2 ) 3 f o r C ; , 

(5§)(58) = ( 1 + * 3 ) 3 for Cs, 

(s2S4)(sis2) = (1 + x)(l + x2)2(l + x4) for C2v, 

(s§)(s8) = (l +x 3) 3forC 3 v , 

I 

(56)(S3) = (1 + *3)(1 + *6) for C3h, D3, and D3h, 

D3h Cs C2v 
J3h C2v 

a à d 
c, c2 Cs Cl C2 Cs 

C2v C2v 

a a 
Cs Cs Cs 

c2v C3v D3h c2v C3v D3h 

ag^a 
Cl. 

„5 ^ 
x I d C2 C2 

64 a&® 
Cs 

Cs C2v Cs C2v 

Fig. 5. Cage-shaped molecules derived from a prismane skeleton. 
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Table 6. The Number of (CH)6(CH2)w-Molecules Based on 3 

m 

9 
8 
7 
6 
5 
4 
3 
2 
1 
0 

C i 

0 
0 
1 
4 
6 
6 
4 
1 
0 
0 

c2 

0 
0 
1 
1 
2 
2 
1 
1 
0 
0 

G 

0 
1 
2 
3 
5 
5 
3 
2 
1 
0 

G 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 

c3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

C2v 

0 
1 
2 
1 
2 
2 
1 
2 
1 
0 

C3v 

0 
0 
0 
1 
0 
0 
1 
0 
0 
0 

C3h 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3h 

1 
0 
0 
1 
0 
0 
1 
0 
0 
1 

Total 

1 
2 
6 

12 
16 
16 
12 
6 
2 
1 

Al though we do no t man ipu l a t e the other D3h-
skeletons (Fig. 1) in the present paper, the USCI 
method is appl icable no t only to the r ema in ing 
skeletons bu t also to D3h-skeletons to which we have 
not referred here. 

Conclusion 

We have clarified the usefulness of the USCI (uni t 
subduced cycle index) approach in the enumera t ion of 
isomers derived from various D3h skeletons. Since any 
skeleton is considered to consist of several orbits 
governed by coset representat ions, a preestimated table 
of USCIs provides us wi th a general method for 
enumera t ion of compounds , graphs and other geo­
metrical objects. 
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Lithium Alkylamide Catalyzed Addition Reaction of Alkylamine 
to Vinyl Monomers. II. Preparation and Q,e-Values of 

New Styrene Derivative: (S)-iV-a-Methylbenzyl-
3-vinylphenethylamine 
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Department of Enviromental Engineering, Saitama Institute of Technology, Okabe-machi, 
Osato-gun, Saitama 369-02 

(Received September 2, 1989) 

The lithium alkylamide catalyzed addition reaction of a-methylbenzylamine with 1,3-divinylbenzene (m-
DVB) was found to produce N-a-methylbenzyl-3-vinylphenethylamine (1:1 adduct) (ra-MBVPA), which is a new 
styrene derivative, and l,3-bis(A^a-phenethyl-2-aminoethyl)benzene (1:2 adduct). The specific rotation of (S)-N-
a-methylbenzyl-3-vinylphenethylamine derived from the optically active (S)-a-methylbenzylamine with m-DVB 
was found to be [a]%=—62.2° (c 1.46, CH3OH). The higher reactivity of 1,4-divinylbenzene (£-DVB) compared 
to m-DVB in this addition reaction system is ascribable to a larger conjugation of p-DVB. The vinyl group of 
m-MBVPA has been found to show a higher reactivity compared to that in the adduct of MBA with p-DVB. The 
monomer reactivity ratios and Q,e-values obtained from the radical copolymerization of m-MBVPA (Mi) and 
styrene (M2) were n=0.48, r2=0.70; Qi=0.62, and ei=0.24. 

T h e l i t h ium die thylamide catalyzed addi t ion reac­
t ion of d ie thylamine to butadiene has been reported 
to selectively form ds- l -die thylamino-2-butene in h igh 
yields.1* T h e investigation on the reaction system of 
dia lkylamine and 1,3- a n d 1,4-divinylbenzenes has also 
opened a new route to styrene derivatives possessing 
a lky lamino groups,2 - 4* and to their polymerizat ion 
products for which some appl ica t ions have been 
developed. 

In a previous report we described how a styrene 
derivative hav ing an optically active g roup was 
synthesized from 1,4-divinylbenzene (p-DVB) and (S)-
Q!-methylbenzylamine ((S)-MBA) catalyzed wi th lith­
i u m (S)-Q!-methylbenzylamide.5) T h i s m i g h t provide a 
new reaction which yields an optically active adducts of 
conjugated dienes, wi th the amines possessing phenyl 
or benzyl moieties. 

In order to examine this reaction in greater detail, 
the reactions of 1,3-divinylbenzene (m-DVB) wi th a-
methylbenzylamine (MBA) and (S)-MBA were inves­
tigated wi th respect to the synthesis of a new styrene 
derivative possessing an optically active g roup . Fur­
ther development in comparison to the reactivity 
between m-DVB and p-DVB wi th MBA is also 
described. T h e polymerizat ion reactivity of the new 
monomer , thus synthesized, such as Q,£-values, is 
presented. 

Exper imenta l 

Most of the experiments, such as distillation and anionic 
addition reaction, were carried out under a purified nitrogen 
atmosphere in order to preclude oxygen and moisture. 

Reagents. Commercial (RS)-a-methylbenzylamine (MBA) 
was purified by refluxing over calcium hydride and then 
distilling under reduced pressure. 1,3-Divinylbenzene (m-
DVB) and 1,4-divinylbenzene (p-DVB) (supplied by Asahi 
Chemical Industry Co.) was refluxed over calcium hydride 
and then distilled under reduced pressure. (S)-a-Methyl-

benzylamine ((S)-MBA) ([«]D=—40.9° (neat)) was prepared 
by resolution of racemate with (+)-tartaric acid.6) Commer­
cial butyllithium was used after determining the concentra­
tion of the hexane solution by a double titration method.7) 

Other reagents and solvents were purified by conventional 
methods. 

A^a-Methylbenzyl-3-vinylphenethylamine (ra-MBVPA). 
To a toluene (30 ml) solution of MBA (50 mmol), 1 mmol of 
butyllithium was added in order to synthesize a catalytic 
amount of the lithium amide at room temperature. Then, 
50 mmol of m-DVB was introduced into the solution. After 
the reaction mixture was kept at 40 °C for 5 days, a small 
amount of methanol was added in order to stop the reaction. 
The product was isolated by fractional distillation, giving 
23.3 g (37%); bp 135.5 °C (4Pa). ^ N M R (CDCI3, 60 MHz) 
0=1.25—1.36 (4H, d, ]=1 Hz, CH3 and NH), 2.75 (4H, s, 
CH2), 3.63—3.92 (1H, q, J=6 Hz, CHCH3), 5.08—5.83 (2H, 
dd, /=13 , 17 Hz, C=CH2), 6.45—6.93 (1H, dd, /=10, 19 Hz, 
CH=C), 7.20—7.26 (9H, C6H4 and C6H5). Found: C, 86.14; 
H, 8.29; N, 5.57%. Calcd for Ci8H2iN: C, 86.01; H, 8.42; N, 
5.57%. 

(S)-A^a-Methylbenzyl-3-vinylphenethylamine ((S)-ra-
MBVPA). The reaction of m-DVB with (S)-MBA was 
carried out by the same method, giving 1.2 g (9.2%). 
[c*]?)=-62.20 (c 1.46, CH3OH). 

l,3-Bis[2-(l-phenethylamino)ethyl]benzene(ra-BPAB). 
To a toluene (15 ml) solution of MBA (240 mmol), 5 mmol of 
butyllithium was added in order to synthesize a catalytic 
amount of the lithium amide. 30 mmol of m-DVB was added 
into the solution. After the reaction mixture was kept at 
50 °C for 6 days, a small amount of methanol was added in 
order to stop the reaction. The product was isolated by 
fractional distillation giving 6.9 g (62%); bp 220 °C (4pa). 
MS (70 eV) m/z (rel intensity) 373 (M+1+; 7), 239 (100), 135 
(11), 134 (13), and 105 (64). 1U NMR (CDCI3, 60 MHz) 
0=1.25—1.36 (8H, d, J=l Hz, CH3 and NH), 2.72 (8H, s, 
CH2), 3.59—3.91 (2H, q, / = 5 Hz, CHCH3), 7.02 (4H, m, 
C6H4), 7.27 (10H, s, C6H5). Found: C, 83.24; H, 8.67; N, 
7.23%. Calcd for C26H32N2: C, 83.82; H, 8.66; N, 7.52%. 

Dependence of Product Yield on the Reaction Time. An 
equimolar reaction of MBA with m-DVB was carried out in 
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toluene catalyzed by lithium alkyl amide, as described above. 
The reaction temperature was thermostated at 40+0.2 °C. 
The reaction was quenched after appropriate time intervals 
by sampling portions of the reaction mixture and adding 
them to methanol. The concentrations of the starting 
materials and products were determined by vapor-phase 
chromatography using pentadecane as an internal standard. 

Radical Copolymerization. Styrene, m-MBVPA (totally 
20 mmol), benzene (1ml) and 2,2/-azobisisobutyronitrile 
(0.01 mmol) were introduced into a glass ampoule. A 
copolymerization reaction was then carried out at 70 °C. 
The polymer was isolated by precipitation with petroleum 
ether and drying to constant weight. The copolymer 
composition was determined by elemental analysis. 

Measurements. Vapor-phase chromatography was me­
asured by a HEWLETT PACKARD 5890A equipped with 
FID. Column: Fused silica 5 mX0.53 mm, methyl silicone 
gum. The column temperature was programmed 100— 

300 °C at 20° C min-1. The *H NMR spectrum was 
measured with a Hitachi R-600 FT-NMR and the 13C NMR 
spectrum with a JEOL GSX-270 FT-NMR. The molecular 
weights of reaction products were measured with a 
JEOL-QH100 GC-MS. The D-line specific rotation was 
measured with a JASCO DIP-4 digital Polarimeter. 

Results and Discussion 

T w o new peaks (product (I) and product (II)) in 
addi t ion to m-DVB, MBA, the solvent and the internal 
s tandard appeared in the vapor-phase chromatogram 
6 h after the reaction started. T h e peaks of product (I) 
and (II) gradually increased wi th the reaction time. 

Product (I) was isolated by disti l lation, as described 
in the experimental part. T h e *H N M R and the 
elemental analysis of product (I) suggest the structure 
of m-MBVPA in Eq. (1). 

H3CCHNH2 + 

MBA 

H 2 C = C H - 0 

m-DVB 

>NLi 

CH=CHn 

C H 2 = C H - 0 
CH2CH2NHCHCH3 

m-MBVPA 

(1) 

Based on the results of racemic MBA wi th m-DVB, 
an examina t ion of the reaction between the optically 
active (S)-MBA and m-DVB successfully showed a new 
styrene derivative, (S)-m-MBVPA, possessing an opt i ­
cally active amine moiety. T h e yield was rather low, as 
described in the exper imental section. T h i s com­
p o u n d m i g h t be a p romis ing m o n o m e r to form 
various optically active polymers. 

T h e mass spectrum and the retention t ime of the 
reaction product (II) agreed wi th those of m-BPAB, 
which was synthesized under other reaction condi­
t ions, as described in the exper imental part . T h e mass 
spectrum, elemental analysis, and 1H N M R of m-
BPAB suggest a 1:2 addi t ion product , as descrived in 
Eq. 2. 

m-MBVPA + MBA >NLi , HQCÇHNHCH2CH2 
^ 

CH2CH2NHCHCH3 

m-BPAB 

(2) 

Time 

h 

Table 1. Time Dependence of the Reaction of (RS)-a-Methylbenzylamine 
(MBA) with 1,3-Divinylbenzene (m-DVB)a> 

[MBA] [m-DVB] [m-MBVPA] [m-BPAB]b> [m-DVB]+[ra-MBVPA]+[m-BPAB]c> 

mmol mmol mmol mmol mmol 

3 
6 
9 

12 
15 
18 
24 
36 
48 
60 
72 
84 
96 

108 
121 

0.70 
0.62 
0.53 
0.48 
0.43 
0.41 
0.36 
0.27 
0.24 
0.21 
0.20 
0.18 
0.15 
0.15 
0.14 

0.70 
0.64 
0.57 
0.52 
0.48 
0.46 
0.42 
0.34 
0.33 
0.31 
0.30 
0.28 
0.26 
0.26 
0.25 

0.21 
0.32 
0.38 
0.41 
0.44 
0.46 
0.50 
0.51 
0.56 
0.54 
0.55 
0.56 
0.58 
0.57 
0.58 

0 
0.02 
0.04 
0.04 
0.05 
0.05 
0.06 
0.07 
0.09 
0.10 
0.10 
0.10 
0.11 
0.11 
0.11 

0.91 
0.98 
0.99 
0.97 
0.97 
0.97 
0.98 
0.92 
0.98 
0.95 
0.95 
0.94 
0.94 
0.94 
0.94 

a) [m-DVB]o=0.97 mol dm"3, b) [m-BPAB]=[m-DVB]-[MBA]. c) [m-DVB]+[m-MBVPA]+[m-BPAB] should 
be equal to the initial concentration of [m-DVB]o. 
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In order to compare the reactivity between ra-DVB 
and p-DVB under the same reaction conditions, the 
time dependence of the concentrations of MBA, m-
DVB and m-MBVPA in the reaction mixtures are 
shown in Fig. 1(A) and Table 1. Preliminary 
information concerning the reactivity of p-DVB with 
MBA and the data of Fig. 1(B) were presented in a 
previous paper.5> The concentrations of MBA and m-
DVB (Fig. 1(A)) were found to decrease more slowly at 
an early stage of the reaction compared to those of 
MBA and p-DVB in Fig. 1(B), which evidently shows 
that the reactivity of m-DVB is lower than that of p-
DVB during first-step addition reactions (Eq. 1). 
Although the concentrations of the second-step addi­
tion products could not be measured because of the 
high boiling temperature, the formation of these 
compounds should be proportional to the differences 
between the concentrations of m-DVB and MBA ([m-
BPAB]=[m-DVB]=[MBA]). The initial concentration 
of m-DVB, [m-DVB]o should be equal to [m-DVB]+m-
MBVPA]+[m-BPAB]. As shown in the last column of 
Table 1, the obtained values satisfactorily agree with 
the initial concentration of m-DVB ([m-DVB]0=0.97 
mol dm - 3) within the experimental error. Therefore, 
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Fi g. 1. Time dependence of the reaction of MBA with 
m-DVB (A) and MBA with p-DVB (B), m-MBVPA 
(O), m-DVB (D), MBA (A), p-MBVPA (•), p-DVB 
(D); Reaction conditions: [ra-DVB]o=[/?-DVB]0= 
0.97 mol dm-3, [MBA]0=0.95 mol dm"3, [>NLi]= 
0.02 mol dm"3 in toluene at 40 °C. 

no remarkable side reactions, such as polymerization 
of m-DVB, takes place. 

The reaction of MBA with m-DVB during first-step 
addition (Eq. 1) was found to be slower compared to 
the reaction of MBA with p-DVB, as mentioned above. 
The reactions of diethylamine with m-DVB and p-
DVB have been reported to show similar results.8) The 
higher reactivity of p-DVB may be ascribed to a 10-
membered conjugation system, compared to the 8-
membered conjugation of m-DVB. 

The reactivity of the vinyl group in m-MBVPA is, 
on the contrary, higher compared to that in the 
reaction product (p-MBVPA) of MBA with p-DVB 
since the ([m-DVB]—[MBA]) values are larger than 
those for p-DVB (Fig. 1). These phenomena may be 
related to the electron density of the vinyl groups since 
the reactions are apparently anionic, as reported in the 
reaction system of diethylamine with m-DVB and p-
DVB,9) in order to obtain information concerning the 
electron density, 13C NMR chemical shifts of ß-carbons 
of these monomers including divinylbenzenes were 
measured (summarized in Table 2). The ô values of 
the ß-carbons were found to be in the order styrene>m-
MBVPA>p-MBVPA. The reactivity of m-MBVPA 
and p-MBVPA may, therefore, be governed by the 
electron density of the ß-carbon of the vinyl group. 

The rva lue of Alfrey-Price's <2,£-scheme is one of 
the most important scales for estimating the effect of 
the substituents on the reactivity of vinyl monomers. 
The results of a radical copolymerization of m-MBVPA 
(Mi) with styrène (M2) are summarized in Table 3 and 
Fig. 2. The monomer reactivity ratios calculated from 
the data in Table 2 by the Kelen-Tüdös method10) are 
71=0.48 and r2=0.70. From the monomer reactivity 
ratios, Q,^-values of m-MBVPA were calculated to be 
(21=0.62 and £1=0.24. Regarding the radical copoly­
merization of para isomer (Mi) and styrène (M2), 
<2i=1.59 and e\——1.28.5) The higher electron density 
of the ß-carbon of m-MBVPA, as mentioned above, has 
been confirmed, since the rva lue of m-MBVPA was 
found to be larger than that of p-MBVPA. Yukawa et 
al. have also reported a similar tendency regarding the 
styrene derivatives, such as m-[2-(diethylamino)ethyl]-
styrene ((2=1.0, e=—0.8) andp-[2-(diethylamino)ethyl]-
styrene («2=1.26, <?=-1.36)."> 

Table 2. 13C NMR Chemical Shift of the ß-Carbon 
of Styrene Derivatives in CDCI3 Solution 

Styrene derivative 

m-MBVPA 
p-MBVPA 
1,3-Divinylbenzene (m-DVB) 
1,4-Divinylbenzene (p-DVB) 
Styrene 

ô from TMS 

ppm 
113.73 
113.09 
114.04 
113.72 
113.75 

A<5a> 

ppm 

-0.02 
-0.66 

0.29 
-0.03 

0 

a) Aô=ô (styrene derivative)—ô (styrene). 
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Table 3. Copolymerization of ra-MBVPA(Mi) with Styrene(M2) in Benzene at 70 °C 

Ammount of monomer feed mol% of Mi in Yield N mol% of Mi 
Run i \o . 

1 
2 
3 
4 
5 

Mi/mmol 

3.0 
7.0 

10.0 
13.0 
17.0 

M2/mmol 

17.0 
13.0 
10.0 
7.0 
3.0 

monomer 

15 
35 
50 
65 
85 

feed % 

15.4 
10.3 
16.3 
14.0 
7.1 

% 

1.89 
2.99 
3.70 
4.34 
4.41 

in polymer 

17.5 
35.1 
46.8 
59.9 
75.5 

CD 

c 
-r~ 
zr 

o 
r~ 
o 
• p 

u 

fr
a 

Q) 

O 

S~ 

ly
m

e 

o 
a. 
o 

1.0 

0.8 

0.6 

0.4 

0.2 

0 

_ 

-

-

" 
-

• 

/ / 

i i 

/ y 
/ 

i i 

i i 

JO 
/ / 

i i 

i 

J^ 

i 

i i 

a' 

i i 

i i 

/° 

i i 

/ . 

-

-
H 

A 
~i 

-\ 
H 

0 0.2 0.4 0.6 0.8 1.0 

Mole fraction of M1 in the 
monomer feed 

Fig. 2. Copolymer composition curve for system of 
ra-MBVPA (Mi) and styrene (M2). 
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Oxidation of Alcohols with Electrolytic Manganese Dioxide. 
Its Application for the Synthesis of Insect Pheromones 
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Oxidation of alcohols with electrolytic manganese dioxide under mild conditions afforded aldehydes and 
ketones in good yields. The method was applied for the syntheses of cystophorene [(3£, 5Z)-l,3,5-undecatriene] 
(15) and a sex pheromone of forest tent cater pillar [(5Z, 7£)-5,7-dodecadien-l-ol (18)]. 

There are a number of methods for the oxidat ion of its qual i ty varies widely, the prepara t ion is tedious, 
pr imary alcohols to aldehydes. It was wel l -known that and the commercial reagent is expensive. O n the other 
crystalline manganese dioxide is a poor oxidant . hand , electrolytic manganese dioxide (Mn02) is less 
Activated manganese dioxide is a useful reagent for the expensive and does not need to be purified. T o our 
oxidat ion of allylic alcohols to aldehydes.1* However, knowledge, the use of electrolytic manganese dioxide 

Table 1. Oxidation of Alcohols with Electrolytic Manganese Dioxidea) 

Alcohol Reaction time/h Product Yieldb>/% 

la 

lb 

lcd> 

Id 

le 

If 

lg 

lh 

3 

0.5 

1.5 

7 

U 

10 

\ ^ \ ^ y ^ C H O 

^ ^ ^ - ^ C H O 

^ ^ ^ " ^ ^ C H O 

0 

0 
% ^ s ^ - s ^ \ 

0 
^ y A v / C 0 2 E t 

0 o^ 
^ Y ^ C H O 

2a 

2b 

2c 

2d 

2e 

2f 

2g 

2h 

100 (85) 

78 

73 

63 (48)c> 

59(0) 

100 (12) 

76 (60) 

100 

24 

12 

48 

CHO 
2i 

2j 

CH3(CH2)iiCHO 2k 

21 

78 

76 <81> 

36 (0) <32> 

31 

16 

a) The reaction was carried out in hexane. Electrolytic Mn02-1 (TKV) was used unless otherwise indicated. 
b) Isolated yield unless otherwise indicated. Yields in the oxidations of alcohols with electrolytic Mn02-2 
(jfr-EMD) and with activated manganese dioxide are shown in parentheses < > and ( ), respectively. 
c) Determined by GC. d) Prepared from ethyl (2£,4Z)-2,4-decadienoate: s e e Ref 5 
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for organic syntheses is qui te few.2) 

We report here a new method for the oxidat ion of 
alcohols 1 to aldehydes or ketones 2 in good yields by 
us ing electrolytic manganese dioxide. T h i s method is 
economical , efficient, and simple to operate and 
consists of t reat ing a solut ion of alcohols in hexane 
wi th manganese dioxide. T w o kinds of electrolytic 
manganese doxides (Mn02-1 and Mn02-2), of which 
pore sizes are different, were used. These results are 
shown in Tab le 1. 

> 
CH-OH 

electrolytic Mn02 

^ V 
R ' ' 2 

T h e oxidat ion was conducted mainly by us ing 
commercial ly available electrolytic Mn02-1 , and the 
yields were compaired wi th that of the oxidat ion by 
activated MnC>2, as shown in parenthesis. 

Tab le 1 shows that allylic alcohols can be easily 
oxidized to give allylic aldehydes in good yield. 
Especially, benzyl alcohols as well as vinylogous 
benzyl alcohol ( lh) were oxidized wi th h igh yields to 
afford the cor responding ketones and aldehydes. In 
contrast wi th the oxidat ion by activated M n 0 2 , 
saturated alcohols were slowly oxidized to yield the 
corresponding aldehydes in low yields. T h e oxidat ion 
wi th electrolytic M n 0 2 possessing larger pores was 
carried ou t representatively for 1-phenylethanol (lj) 
and tridecanol (Ik), respectively. However, the yield in 
bo th cases were no t m u c h improved. 

As shown in Tab le 2, bo th of aromat ic and cyclic 
amines were also oxidized by electrolytic manganese 

Table 2. Oxidation of Amines with 
Electrolytic Manganese Dioxide 

Amine 
Reaction 
time/h Product Yielda> 

§Tm> « « or' ,CN 
24 r î T 4 68 

.CHO 

Or 5 10 

,NHCH3 ^ i N m ^ - ^ N H C H O 

Q 7 24 Q 8 38 

CH3 

N. 
CH 3 9 48 

CH3 

N. 
CHO 10 47 

N 11 74 N O 1 2 1 5 

H H 

a) Isolated yield. Electrolytic MnÜ2-2 (p-EMD) was 
used. 

dioxide (Mn02-2) to give the corresponding amides in 
15—38% yields. Trea tment of benzylamine wi th 
electrolytic manganese dioxide gave a mixture of 
benzaldehyde (10% yield) and benzonitri le (71% yield). 
H i g h t and Wi ldman , however, reported that the 
oxidat ion of benzylamine wi th solid manganese 
dioxide gave benzaldehyde in 34% yield.3) In order to 
clarify this discrepancy, we reinvestigated the above 
oxidat ion. When the reaction was carried out in an 
ambient a tmosphere by the same procedure as shown 
in the literature,3 ) benzaldehyde was obtained. How­
ever, the reaction under an a tmosphere of ni t rogen and 
absolute condi t ion afforded benzonitri le (35% yield) 
a long wi th another product wh ich was not described 
in the literature.3) Th i s c o m p o u n d was identified as 
N-benzylphenylmethanimine(6) (33% yield) by spe­
ctral analysis. These results show that the oxidat ion of 
benzylamine wi th activated manganese dioxide pro­
duces pheny lme than imine at first, which is sub­
sequently hydrolyzed wi th mois ture existing in the 
flask to give benzaldehyde, as in Scheme 1. Fur ther 
oxidat ion of pheny lme than imine will yield benzoni­
trile. Imine 6 seems to be produced by the 
condensat ion reaction of benzylamine and benzalde­
hyde. Actually, the structure was confirmed by the 
independent synthesis from the above reaction. 

Oxidat ion of AT-methylaniline (7) and N,AT-dimethyl-
ani l ine (9) wi th electrolytic manganese dioxide gave 
the corresponding formanilides, respectively. Oxida­
t ion of pyrro l id ine also afforded pyrrol idone as a sole 
product a l t hough in a low yield. All of data show the 
electrolytic manganese dioxide is m u c h active than the 
activated one. 

Reactivity of electrolytic manganese dioxide was 
compared wi th that of activated one on the oxidat ion 
of 1-phenyl-1-propanol ( lg) and the results were 

or NH2
 M n °2 

((TNH) 
H20 

Mn02 

£ T N 
^CH = 0 

Cr 
Or» 

© - C H = NCH,-C) 

Scheme 1. 
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shown in Fig. 1. T h e oxidat ion of the alcohol wi th 
electrolytic M n 0 2 proceeds m u c h faster than that of 
activated one. 

T h e difference of the activity between activated 
manganese dioxide and electrolytic one can be 
discussed by the rela t ionship of the corresponding p H 
and potent ial . Figure 2 shows that the plots of 
electrode potent ia l versus solut ion p H fell on straight 
lines wi th the slopes of —60 m V / p H being very close to 
the theoretical p H response on electrode potent ia l 
based on the reactions 

Mn0 2 + H+ + e" MnOOH (in acidic solution), 

and 

Mn0 2 + H 2 0 + e~ -• MnOOH + OH-, 

(1) 

(2) 
(in neutral and basic solution), 

where H+ and H2O represent p ro ton and water 
molecule, respectively, in aqueous solut ion t rapped in 
the micropores of manganese dioxide, and e~ does 
electron released from reducing agent. T h e oxidat ion 

ability of manganese dioxide depends on the na ture of 
the oxide and solut ion p H . T h e oxidat ion ability of 
the dioxides used was in order of electrolytic Mn02-1 
>electrolytic Mn02-2>act ivated M n 0 2 at a certain p H . 
T h e arrows in Fig. 2 show the p H s where the p H of 
solutions did no t change by addi t ion of the manganese 
dioxide powders to the solutions. T h e p H s which are 
named the equi-acid-base points (EABP)4> of the 
dioxides used should agree wi th the p H s of solutions 
t rapped in the micropores of the oxides. From the 
potent ials at the EABPs the oxidat ion ability of the 
dioxides is predicted to be in order of electrolytic 
Mn02-2>electrolytic Mn02- l>ac t iva ted Mn02. 

T h e present me thod was appl ied for the synthesis of 
cystophorene [(3£,5Z)-l,3,5-undecatriene] (15), isolat­
ed from the essential oil of Ferula galbaniflua.5) T h e 
reaction sequence was shown in Scheme 2. Oxidat ion 
of (2£,4Z)-2,4-decadien-l-ol (lc)6) wi th electrolytic 
manganese dioxide gave (2£,4Z)-2,4-decadienal (2c) in 
73% yield, as shown in Tab le 1. T h e reaction of 2c 
wi th methylenet r iphenylphosphorane ( T H F , 0 ° C , 
1 h) afforded 15 in 69% yield after co lumn chromatog­
raphy. T h e spectral data were identical wi th those of 
the authent ic sample.5) 

20 30 
Reaction Time (h) 

50 

Fig. 1. Comparison of the reactivity of electrolytic 
Mn0 2 and activated Mn0 2 on the oxidation of 
l-phenyl-2-propanol. Q Electrolytic Mn02 ; I : 
Activated Mn02 . 

pH 

Fig. 2. Potential vs. pH plots for various Mn02 . 
Q Electrolytic Mn02-1; O: Electrolytic Mn02-2; 
• : Activated Mn02 . 

C02Et 

Ether/-40 °C 
96% 

2c 

1c 

Ph3P=CH2 

CHO - • 
THF,1.5h, 69% 

Scheme 2. 

hexane, 1.5h 

73% 

Cystophorene 15 
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Mn02 

• 
hexane, 0.5h, 78% 

1891 

*CHO 
2b 

I" PhsPVv^'N^OaEt 
16 

- * • 

n-BuLi, 20% 
*C02Et 

17 

LiAIH, 

ether, 0.5 h, 
- * • 

(5Z,7E)-5,7-dodecadien-1-ol (18) 

Scheme 3. 

Fur thermore the present procedure was appl ied for 
the synthesis of (5Z,7£)-5,7-dodecadien-l-ol (18), a sex 
p h e r o m o n e of forest tent cater pillar.7> T h e reaction 
sequences were shown in Scheme 3. Oxida t ion of (£)-
2-hepten- l -ol ( lb) wi th electrolytic M n 0 2 afforded (£)-
2-heptenal (2b) in 78% yield, which was condensed 
w i t h 4 -e thoxyca rbony lbu ty l t r i pheny lphosphon ium 
iodide (16) to give ethyl (5Z,7£)-5.7-dodecadienoate 
(17) in the low yield. Reduct ion of 17 wi th l i th ium 
a l u m i n u m hydride gave the sex phe romone (18) in 
86% yield. 

Experimental 

The melting and boiling points are uncorrected. Ele­
mental analyses were carrid out by Mr. Eiichiro Amano of 
our laboratory. IR spectra were obtained with a JASCO 
Model A-102 infrared spectrophotometer. 1U NMR spectra 
(60 MHz) were recorded with a JEOL JNM-PMX60SI 
apparatus. *H NMR (100 MHz) and 1 3CNMR spectra 
(25 MHz) were obtained with a JEOL JNM-FX100 appara­
tus, with CDCI3 as a solvent. All chemical shifts are reported 
in ô unit downfield from the internal Me4Si; / values are 
given in hertz. Mass spectra were obtained with ESCO 
EMD-05B apparatus. 

1H NMR (500 MHz) spectra were obtained with a Varian 
VXR-500 instrument. Analytical determinations by GLC 
were performed on a Hitachi Model 163 gas Chromatograph 
fitted with 10% Apiezone Grease L on Chromosorb W 
column (3 mm o.d. XI m). Column chromatography was accom­
plished with a 100—200 mesh Wakogel C-200. Hexane was 
dried over calcium chloride. Electrolytic Mn02-1 (com­
monly named TKV) is commercially available from Mitsui 
Mining & Smelting Co., Ltd. Electrolytic Mn02-2 (com­
monly named p-EMD) was donated by Mitsui Mining & 
Smelting Co., Ltd. Activated Mn0 2 was obtained by the 
activation of commercially available Mn02 .8) All Mn0 2 

were dried in vacuo before use. Alcohols la, lb, li, l j ? Ik, 11 
and lm were commercially available. (£,Z)-2,4-Decadien-l-
ol (lc) was prepared by the method published by one of us.6) 

(£)-2-Hepten-4-ol (Id) was obtained by the reaction of 
crotonaldehyde with propylmagnesium bromide: bp 100 °C/ 

20 Torr (short-pass distillation) (1 Torr~133.322 Pa); 79.1%.9> 
l-Octyn-3-ol (le) was prepared by the method described in 
the literature.10) Ethyl 3-hydroxy-3-phenylpropionate (If) 
was obtained by the reaction of benzaldehyde with ethyl 
bromozincioacetate.u) 1-Phenyl-1-propanol (lg) was pre­
pared by the reaction of benzaldehyde with ethylmagnesium 
bromide:12> bp 105 °C/20 Torr (short-pass distillation); 87% 
yield. First grade amines 3, 7, 9, and 11 were used after 
distilled and dried over molecular sieves. 

General Procedure of the Oxidation of Alcohols with 
Mn02 . Electrolytic Mn02

13) was charged in a three-necked 
round bottom flask and the atmosphere was replaced with 
nitrogen gas. A solution of alcohols in dry hexane was 
added at room temperature and then the mixture was stirred 
at room temperature. When the starting material was 
consumed, the mixture was filtered and the filtrate was 
concentrated to give the desired product. Some experiments 
were representatively shown below. 

Geranial. (a) To 1.15 g (13.2 mmol) of electrolytic 
M n 0 2 was added a solution of 100 mg (0.649 mmol) of 
geraniol in 16 ml of hexane at 0 °C. The mixture was stirred 
at 0 °C14> for 6 h. After filtration of the mixture, the filtrate 
was concentrated to give 109 mg (100%) of geranial. GLPC 
(column: 100 °C) showed one peak at Rt 7 .43 min. 

(b) To 1.15 g (13.2 mmol) of activated M n 0 2 was added a 
solution of 100 mg (0.649 mmol) of geraniol in 16 ml of 
hexane at 0 °C. The mixture was stirred at 0 °C14> for 6 h. 
After filtration of the mixture, the filtrate was concentrated 
to give 119 mg of a clean oil, whose GLPC analysis (column: 
100 °C) showed two peaks at Rt 7.43 and 9.03 min with the 
intensity ratio of 7:3. Each peak was identified as geranial 
and geraniol, respectively. 

(2£,4Z)-2,4-Decadienal (2c). To 5.6 g (64.4 mmol) of 
electrolytic M n 0 2 was added a solution of 458 mg (2.97 
mmol) of lc in 40 ml of dry hexane at room temperature. 
The mixture was stirred for 1.5 h, and then filtered. The 
filtrate was concentrated in vacuo to give crude 2c. 
Purification with column chromatography (Si02, hexane) 
gave 329 mg (72.8%) of 2c. Spectral data were consistent with 
those of an authentic sample.0 

Oxidation of Benzylamine (3) with Activated Mn02. A 
mixture of 3 (300 mg, 2.79 mmol), activated M n 0 2 (4.50 g, 
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51.7 mmol), and chloroform (30 ml) was stirred for 24h at 
room temperature under an atmosphere of nitrogen. After 
filtration, the solvent was evaporated, giving 270 mg of a 
crude product. Short-path distillation gave two fractions. 
First fraction (bp 105 °C (bath temperature)/15 Torr) afford­
ed 110 mg of a mixture (91:8 by 1H NMR) of benzonitrile 
(35% yield) and recovered benzylamine: IR (neat) 2230 (C=N), 
1598 (phenyl), 1490, 1442 cm-1; XH NMR (CDC13) 0=1.51 (s, 
0.16H, C6H5CH2NH2), 3.84 (s, 0.16H, C6H5CH2NH2), 7.1 — 
7.9 (m, 4.95H, C6H5CH2NH2 and CeHsCN). The second 
fraction (bp 165 °C (bath temperature)/15 Torr) gave 90 mg 
(33% yield) of N-benzylphenylmethanimine (6): IR (neat) 
3050 (phenyl), 2850, 1640 (ON) , 1600, 1585, 1451, 1020 cm"1; 
« NMR (CDCI3) 0=4.78 (t, / = 1 Hz, 2H, CH2N=), 7.1—7.9 
(m, 5H, C6H5), 8.33 (t, 7=1 Hz, 1H, CH=N); MS (70 eV) m/z 
(rel intensity) 196 (21, M+), 165 (5), 117 (27), 103 (56), 91 (100). 

Independent Synthesis of iV-Benzylphenylmethanimine 
(6). To a solution of 3 (30 mg, 0.28 mmol) in dry 
chloroform (5 ml) was added benzaldehyde (30 mg, 0.28 
mmol) at room temperature. After the mixture was stirred 
for 1 h, the solvent was evaporated, giving 50 mg (91%) of 6. 
IR and NMR spectra were identical with those of the sample 
described above. 

Oxidation of Benzylamine (3) with Electrolytic Mn02. A 
solution of 3 (100 mg, 0.935 mmol) in dry chloroform (15 ml) 
was stirred with electrolytic MnÜ2-2 (1.50 g, 17.0 mmol) for 
24 h at room temperature under an atmosphere of nitrogen. 
The mixture was filtered and the filtrate was concentrated to 
give 78 mg of an oil: IR (neat) 2250 (CN), 1750 (C=0), 1500, 
1450 cm-1; m NMR (CC14) 0=7.25—7.80 (m, phenyl), 9.90 (s, 
CH=0). The GLC analysis (column: SE-30 (5 mm 
o.d.Xl m), 80 °C) showed two peaks at Rt 2.17 and 2.33 min 
with the intensity ratio of 6.7/1. Retention times of each 
peak were consistent with those of benzonitrile (71% yield) 
and benzaldehyde (10% yield). 

Oxidation of iV-Methylaniline (7) with Electrolytic Mn02. 
A mixture of electrolytic MnÜ2-2 (3.0 g, 34.4 mmol), N-
methylaniline (7) (100 mg, 0.93 mmol), and dry chloroform 
(15 ml) was stirred for 24 h at room temperature under an 
atmosphere of nitrogen. After filtration, the solvent was 
evaporated to give 90 mg of a crude oil. Preparative TLC 
(Si02, hexane/ethyl acetate=l/l) gave 42 mg (38%) of 
formanilide (8). The XH NMR spectrum was identical with 
that of an authentic sample. 

Oxidation of iV,iV-Dimethylaniline (9) with Electrolytic 
Mn02. A mixture of electrolytic MnÜ2-2 (3.6 g, 41 mmol), 
9 (200 mg, 1.6 mmol), and dry chloroform (15 ml) was stirred 
for 2 d at room trmperature under an atmosphere of 
nitrogen. After filtration, the solvent was evaporated to give 
190 mg of an oil. Distillation under reduced pressure gave 
102 mg (47%) of N-methylformanilide (10): bp 100°C/0.3 
Torr. 1H NMR spectrum and the retention time of the GLC 
were identical with those of an authentic sample. 

Oxidation of Pyrrolidine (11) with Electrolytic Mn02. A 
mixture of electrolytic MnÜ2-2 (2.50 g, 28.7 mmol), pyrroli­
dine (100 mg, 1.4 mmol), and chloroform (15 ml) was stirred 
for 3 d at room temperature. After filtration, the solvent was 
evaporated to give 90 mg of an oil. Distillation of the crude 
product gave 20 mg (15%) of 2-pyrrolidone (12): bp 
130 °C/5 Torr. Proton NMR spectrum was identical with 
that of an authentic sample. 

Cystophorene (15). To a mixture of 211 mg (0.592 mmol) 
of triphenylmethylphosphonium bromide in dry THF 

(1.5 ml) was added 0.366 ml (0.6 mmol) of butyllithium at 
0 ° C. The mixture was stirred for 30 min, and then 90 mg of 
2c was added drop wise at 0 ° C. After being stirred at 0 ° C for 
30 min, the mixture was poured into ice water and then 
acidified with 10% HCl. The organic layer was dried over 
MgSÜ4. Removal of the solvent gave a clean oil, which was 
purified by column chromatography to give 61 mg (68.6%) of 
15. 

Spectral data were consistent with those of an authentic 
sample.5) 

4-Ethoxycarbonylbutyltriphenylphosphonmm Iodide (16). 
To a solution of 1.32 g (5.92 mmol) of triphenylphosphine 
in 20 ml of dry benzene was 1.07 g (4.18 mmol) of ethyl 5-
iodopentanoate under an atmosphere of dry nitrogen. The 
mixture was heated at reflux temperature of benzene for 24 h. 
After removal of the solvent, hexane (50 ml) was added. The 
precipitate was collected by filtration, and washed with 
hexane to give 2.20 g (100%) of 16. 

Ethyl (5Z,7E)-5,7-Dodecadienoate (17). Dry N,N-di-
methylformamide (DMF) (5 ml) was added to 600 mg 
(1.16 mmol) of 16 at — 50 °C under an atmosphere of dry 
nitrogen. Butyllithium in hexane (0.935 ml, 1.49 mmol) was 
added dropwise, and then the mixture was stirred for 2 h. 
After a dropwise addition of 2b (60 mg, 0.536 mmol), the 
mixture was stirrred for 2 h at —50——60 °C, poured into ice 
water, and then acidified with 10% HCl. The organic 
materials were extracted with ether and the combined 
extracts were washed with water, and dried over MgSÜ4. 
After evaporation of the solvent, column chromatography 
(SiÜ2, hexane/ethyl acetate (100/1)) of the crude oil and 
further purification with HPLC (column: Unisil Q (10.7 
mm o.d.X250 mm), eluent: hexane/ethyl acetate (50/1)) gave 
20 mg (7.7%) of 17: Rt 37.5 min; IR (neat) 3000, 2950, and 
1750 cm-1; ^ N M R (500 MHz, CDCI3) ô=0.895 (t, / = 7 Hz, 
3H, CH3), 1.255 (t, /=7.5Hz, 3H, OCH2CH3), 1.280—1.400 
(m, 4H, (CH2)2), 1-720 (tt, /=6.2 Hz, 2H, CH2CH2CO2), 2.094 
(dt, /=7.5Hz, 2H, CH2CH-), 2.209 (dt, /=7.5 Hz, 2H, 
CH2CH2CH2CO2), 2.310 (t, /=7.5 Hz, 2H, CH2CO2), 5.260 
(dt, /=10.7 and 7.5 Hz, 1H, =C(5)H), 5.675 (dt, 7=15.0 and 
7.5 Hz 1H, =C(8)H), 5.984 (dd, 7=10.9 and 10.7 Hz, 1H, 
=C(6)H), 6.263 (dd, 7=11.04 and 15.0 Hz, 1H, =C(7)H); 
13CNMR (CDCI3) 6=14.0, 14.2, 22.3, 24.9, 27.0, 31.5, 32.6, 
33.7, 60.2, 125.3, 128.3, 129.7, 135.3, 173.7. 

(5Z,1E)—5,7-Dodecadien-l-ol (18).7> To a stirred mixture 
of lithium aluminumhydride (2 mg, 0.05 mmol) and dry 
ether (1 ml) was added dropwise a solution of 17 (20 mg, 
0.0893 mmol) at — 40 °C. After the mixture was stirred for 
30 min at — 40 °C, it was poured into ice water and 
neutralized with 10% HCl. The organic materials were 
extracted with ether, and the combined extracts were washed 
with water, dried over MgSC>4. Evaporation of the solvent 
gave 14 mg (86%) of 18: IR (neat) 3300, 2950, 2850 cm-1; 
1U NMR (500 MHz, CDCI3) 6=0.87 (t, 7=7.5 Hz, 3H, CH3), 
1.27—1.38 (m, 4H, CH3CH2CH2), 1.44 (m, 2H, CH2CH2-
CH2OH), 1.58 (m, 2H, CH2CH2OH), 2.08 (m, 2H, =C(8)-
CH2), 2.18 (m, 2H, C(4)H2), 3.63 (t, 7=7.0 Hz, CH2OH), 5.27 
(dt, 7=7.5 and 10.5 Hz, 1H, =C(5)H), 5.64 (dt, 7=7.5 and 
15.0 Hz, 1H, =C(8)H), 5.79 (dd, 7=10.5 and 11.00 Hz, 1H, 
=C(7)H), 6.26 (dd, 7=11.0 and 15.0 Hz, 1H, =C(6)H). 

We are grateful to T h e SC-NMR Laboratory of 
Okayama University for 500-MHz ^ N M R exper­
iments. 
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Stereocontrolled Addition Reaction of Organometallics to Chiral a-Keto Amides 
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Complementary stereoselection in the addition reaction of several organometallics to chiral benzoylform-
amide, prepared from benzoylformic acid and (S)-2-(methoxymethyl pyrrolidine, could be achieved using 
magnesium- and titanium-based reagents to give differeent diastereomers of atrolactamide. On the other hand, 
the reaction of phenyl metallics to the corresponding pyruvamide afforded (S)-atrolactamide. 

In the field of asymmetric synthesis, the stereocon­
trolled addition of organometallics to carbonyl com­
pounds possessing chiral auxiliary is one of the most 
important methods for asymmetric carbon-carbon 
bond formations.V Most of ever developed reactions, 
however, afforded only one of the possible two 
diastereomers. If the chiral auxiliaries were synthe­
sized from naturally occurring compounds such as 
amino acids, preparation of the other diastereomer was 
very difficult, and there still remains the important 
problem to obtain both diastereomers in high di-
astereomeric excess from a same starting material.2) In 
regard to obtaining either isomer, several successful 
chiral induction reactions in nucleophilic addition of 
organometallics to ketones were reported, such as 1,3-
oxathianes,3a) a-keto acetals,3b) a-siloxy ketones,3c) 3-
acylisoxazolines,3d) 14/3-hydroxyandrostan-17-one,3e) 

and hexopyranosiduloses.3f) Being concerned with 
this matter, we have already reported that (S)-2-
( me thoxy methyl pyrrolidine is efficient chiral auxil­
iary for either diastereoselection in the reaction with 
organometallics to afford both enantiomers depending 
on the metal used.4) Now we wish to describe the 
diastereocontrolled reaction of organometallic reagents 
to chiral benzoylformamide or pyruvamide.5) 

Chiral benzoylformamide 1 was synthesized from 
benzoylformic acid and (S)-2-(methoxymethyl)pyrroli-
dine6) using dicyclohexylcarbodiimide in 64% yield. The 
addition reaction of methyllithium to 1 in ether at 
—78 °C gave a mixture of the corresponding (S)-

atrolactamide 2 and (ß)-atrolactamide 3. Separation 
of two diastereomers by TLC on silica gel afforded 2 
and 3 in 53 and 40% yields, respectively (Entry 1). In 
the case of using methylmagnesium bromide, (S)-
atrolactamide 2 was mainly obtained in 55% yield 
accompanied with 17% of 3 (Entry 2). The stereochem­
istry of 2 and 3 was confirmed by XH NMR spectra and 
the specific rotation by comparison with the reported 
data.7) The effect of additives for the selectivity was 
examined and it was revealed that addition of divalent-
metal salts greatly influenced the stereochemistry of 
the reaction to result in increasing the formation of 2 
(Entries 3—5). The best selectivity (2:3=89:11) was 
realized when zinc chloride was utilized (Entry 4). 
Alkylation with dimethylzinc, prepared from zinc 
chloride and methylmagnesium bromide in situ,8) 

proceeded less selectively (Entry 6). 
On the other hand, (ß)-atrolactamide 3 was mainly 

obtained when cerium reagent, derived from Grignard 
reagent and cerium trichloride,9) was used (Entry 7). 
Furthermore, more Lewis acid titanium reagents, 
prepared from methyllithium and titanium tetra-

«.-typ 
0 \ ) M e 

V v + phV/ 
0 \ H M P 0 V O M 

Me4 PH 

Ph 

Fig. 1. 

Entry 

Table 1. Reaction of Chiral Benzoylformamide 1 with Organometallics 

Me-Met Solvent Temp/°C Yield/% Ratio of 
2:3a> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

MeLi 
MeMgBr 
MeMgBr-ZnBr2 

MeMgBr-ZnCl2 

MeMgBr-CdCl2 

Me2Zn 
MeMgBr-CeCl3 

MeTiCls 
Me2TiCl2 

Me2TiCl2 

Et20 
Et20 
Et20 
Et20 
Et20 
Et20 
T H F 
Et20 
Et20 
CH2C12 

- 7 8 
- 7 8 
- 7 8 
- 7 8 
- 7 8 
-78-+0 
- 7 8 
- 2 5 
- 2 5 
- 1 0 

93 
72 
65 
81 
79 
32 
85 
60 
64 
45 

57:43 
76:24 
86:14 
89:11 
82:18 
80:20 
25:75 
27:73 
12:88 
6:94 

a) The ratios were determined by separation of the diastereomers by TLC on silica gel and/or HPLC analyses 
(Finepak SIL). 
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chloride in situ,10) p roduced 3 predominant ly (Entries 
8—10), and d ichlorodimethyl t i tan ium realized better 
stereoselectivity than t r ichloromethyl t i tanium. Especi­
ally, the reaction of d ichlorodimethyl t i tanium in 
CH2CI2 afforded (JR)-atrolactamide 3 in highly stereo­
selective manner (2 :3=6 :94 ) . u ) These results were 
summarized in Tab le 1. 

T h e chiral sorce of atrolactamide 2, (S)-2-(methoxy-
methy 1 p y r r o l i d i n e , could be removed by transforma­
t ion in to (S)-3-hydroxy-3-phenyl-2-butanone (4) and 
(S)-3-methyl-2-phenyl-2,3-butanediol (5) us ing methyl-
l i thium. 7 ) T h e absolute configurat ion of 2 was also 
confirmed by the compar i son of optical ro ta t ion 
values.7) 

Me. OH 

Ph' 
0 \)Me 

Me fJH 

p h > V M e 

0 

Me OH 

Ph>VM e 

HO Me 

Fig. 2. 

O n the other hand, when chiral pyruvamide 6, 
derived from pyruvic acid and (S)-2-(methoxymethyl)-
pyrrol id ine , was used instead of 1, the attack of several 
organometal l ics always proceeded from si-ia.ce to give 
2, and the p h e n o m e n o n of reversal diastereoselection 
did no t appear; i.e., the reaction 6 wi th phenylmagne-
s ium bromide in the presence of zinc b romide afforded 
2 and 3 in a rat io of 78:22 (Entry 4), and in the case of 
t r i ch lorophenyl t i t an ium c o m p o u n d 2 was also ob­
tained mainly (2: 3=74:26 , Entry 6). T h e best selection 
of si-ia.ce addi t ion to 6 occurred by us ing phenyl-
magnes ium bromide in CH2CI2 (Entry 3). These 
results were listed in Tab le 2. 

A l though the actual stereochemical course is still an 
open quest ion, the diastereoselection m i g h t be rat ion­
alized us ing the models Ti—T4. In the addi t ion 

x0Me 

PhM 
HQ^Me/ 

+ Ph" 
N0Me " x0Me 

3 

M \ P H r ^ \ HO xMer"A 

reaction of pyruvamide 6, two carbonyl oxygens 
chelate to Lewis acid resul t ing s-cis conformation and 
organometal l ics , which coordinate to the ether oxygen 
of methoxymethyl g roup , attack from si-face (Ti). In 
the case of benzoylformamide 1, re-facial attack of 
Gr ignard reagent occurred in the s-trans form of 1 (T2) 
because steric interact ion between large phenyl g roup 
and (S)-2-(methoxymethyl)-l-pyrrolidinyl g roup dis­
favored s-cis conformat ion of 1 (T3). In contrast, a 
t i t an ium reagent as highly s t rong Lewis acid is 
complexed wi th two carbonyl oxygens beyond steric 
interact ion and reversal diastereoselection is realized 
by si-facial addi t ion (T4). 

• M , M e t 

9WSP t>Me 

T1 o 
Zn 

I 0 ,.0Me 
1 MgBr 
>Me 

T2 

0 0 

H(j 
-OMe QM«Ô. 

X3 
Meh>—Ti-., 

P h ^ N 

OMe 

T3 O J 
TA 

Fig. 4. 

Fig. 3. 

As described above, the different coordinat ion states 
between chiral benzoylformamide and organometal­
lics could control either diastereofacial differentiation. 

Experimental 

All the melting points and boiling point are uncorrected. 
The IR spectra were determined on JASCO IR 810 spec­
trometer. The XH NMR spectra were recorded with JEOL 
JNM—PMXC60si spectrometer in CC14 with tetramethyl-
silane as an internal standard. The MS spectra were taken on 
a JEOL JMS-D300 spectrometer. Optical rotations were 
measured with Union PM-101. Tetrahydrofuran (THF) and 
diethyl ether were freshly distilled from sodium diphenyl-
ketyl. Dichloromethane was distilled from CaH2 and stored 
over Molecular Sieves 4A. Ethyl acetate was distilled before 
use in amidation reaction. Purification of products was 
performed by column chromatography on silica gel (Wako-

Table 2. Reaction of Chiral Pyruvamide 6 with Organometallics 

Entry Ph-Met Solvent Temp/°C Yield/% Ratio of 
2:3a> 

1 
2 
3 
4 
5 
6 

PhLi 
PhMgBr 
PhMgBr 
PhMgBr-ZnBr2 

PhMgBr-CeCl3 

PhTiCl3 

THF 
THF 
CH2CI2 

Et20 
THF 
Et20 

- 7 8 
- 7 8 
-78-+50 
- 7 8 
- 7 8 
- 3 0 

70 
77 
52 
70 
73 
67 

53:47 
75:25 
81:19 
78:22 
67:33 
74:26 

a) The ratios were determined by separation of the diastereomers by TLC on silica gel and/or HPLC analyses 
(Finepak SIL). 

si-ia.ce
si-ia.ce
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gel C-300) or preparative TLC on silica gel (Wakogel B-5F). 
Preparation of (S)-N-Benzoylformyl-2-(methoxymethyl)-

pyrrolidine (1). To an ethyl acetate (10 mL) solution of 
benzoylformic acid (666 mg, 4.44 mmol) was added an ethyl 
acetate (3 mL) solution of (S)-2-(methoxymethyl)pyrroli-
dine6) (467 mg, 4.05 mmol) at —16 °C under an argon 
atmosphere. After being stirred for 30 min at that 
temperature, an ethyl acetate (3 mL) solution of dicylohexyl-
carbodiimide (882 mg, 4.28 mmol) was added and then the 
solution was gradually warmed to room temperature for 
12h.12) The resulting precipitate was filtered off and the 
condensed filtrate was dissolved in CH2CI2 and washed with 
1 M hydrochloric acid, sat. aq NaHCOs, and water. The 
organic layer was dried over Na2SÜ4 and condensed under 
reduced pressure. Purification by column chromatography 
on silica gel (hexane : ethyl acetate=l : 1 v/v) gave (S)-N-
benzoylformyl-2-(methoxymethyl)pyrrolidine (1) (641 mg, 
64%). [a]f>3 -108.5° (c 1.03, CH2C12). IR (neat) 1685, 
1640 cm-1. *HNMR 0=1.53—2.32 (4H, m), 2,87 and 3.37 
(total 3H, s, CH3), 2.98—3.77 (4H, m), 4.01—4.47 (IH, m), 
7.18—7.62 (3H, m), 7.62—8.12 (2H, m). Found: m/z 
247.1160. Calcd for Ci4H17N03:M, 247.1206. 

Stereoselective Reaction of Chiral Benzoylformamide 1 
with MeMgBr-ZnCl2 in Ether (Table 1, Entry 4). To an 
ether solution (8 mL) of ZnCb (151 mg, 1.10 mmol) was 
added an ether (5 mL) solution of benzoylformamide 1 
(204 mg, 0.83 mmol) at 0 °C under an argon atmosphere and 
stirred for l h at 0°C. After being cooled to — 78 °C, 
methylmagnesium bromide (4.7 mL of a 0.71 M solution in 
ether (1M=1 mol dm -3)) was added and the solution was 
stirred at that temperature for 7 h. The reaction was 
quenched with sat. aq NH4CI and was extracted with 
CH2CI2. The separated organic layer was dried over Na2SÛ4 
and condensed under reduced pressure. Purification by 
preparative TLC on silica gel (hexane : ethyl acetate=3:2, 
v/v) to give (S)-[N-(S)-2-hydroxy-2-phenylpropionyl]-2--
(methoxymethyl)pyrrolidine (2) (157 mg, 72%), and (S)-[N-
(i?)-2-hydroxy-2-phenylpropionyl]-2-(methoxymethyl)pyr-
rolidine (3) (20 mg, 9%). The ratio of 2/3 was also determined 
by HPLC analysis after isolation of the mixture of 2 and 3 
(Finepak SIL, hexane:ethyl acetate : 2-propanol=90 :10:3, 
v/v; Rt2=30 min, Rtz=24 min). 2; [a]g -15.3 ° (c 0.90, C6H6), 
mp 82—83 °C (hexane) (lit,6> [aß 3 -15.5 ° (c 2.3, C6H6), mp 
82—83 °C), IR (CHCI3) 3400, 1625 cm-1, *H NMR 0=1.33— 
2.03 (4H, m), 1.69 (3H, s), 2.73—3.60 (4H, m), 3.28 (3H, s), 
4.00—4.41 (1H, m), 4.61 (1H, br s), 7.29 (5H, s). Found: m/z 
263.1511. Calcd for C15H21NO3 : M, 263.1520. 3; [a]% 
-106.9° (c 0.34, C6H6), mp 108.5—109.5 °C (hexane) (lit,6> 
[aß 3 -103.2° (c 2.2, C6H6), mp 108.5—109 °C), IR (CHCI3) 
3400, 1625 cm"1. *H NMR 0=1.20—2.02 (4H, m), 1.69 (3H, 
s), 2.67—3.68 (4H, m), 3.28 (3H, s), 3.93—4.43 (1H, m), 4.81 
(1H, br s), 7,29 (5H, s). Found: m/z 263.1513. Calcd for 
C15H21NO3: M, 263.1520. 

Stereoselective Reaction of Chiral Benzoylformamide 1 
with Me2TiCl2 in CH2C12 (Table 1, Entry 10). To a CH2CI2 
(3 mL) solution of TiCU (171 mg, 0.90 mmol) was added 
methyllithium (1.73 mL of a 1.04 M solution in ether) at 
—78 °C under an argon atmosphere and stirred for 1 h.10) 

Then a CH2CI2 (3 mL) solution of benzoylformamide 1 
(HOmg, 0.44 mmol) was added and stirred for 1.5 h at 
—78 °C. The mixture was gradually warmed to —10 °C 
during 10 h and stirred overnight at that temperature. The 

reaction was quenched with pH 7 buffer and the resulting 
precipitate was filtered off. The filtrate was extracted with 
CH2CI2 and the combined extracts were dried over Na2SÜ4. 
After the solvent was removed in vacuo, the residue was 
chromatographed on silica gel by using hexane-ethyl acetate 
(3:2, v/v) to give 2 and 3 (total 53 mg, 45%) in the ratio of 
6:94, respectively. 

Removal of Chiral Source of 2 with Methyllithium. To a 
T H F (4mL) solution of 2 (66 mg, 0.75 mmol) was added 
methyllithium (0.55 ml of a 1.37 M solution in ether) at 
—10 °C under an argon atmosphere, and stirred at 0 °C for 
12 h.7) The reaction was quenched with sat. aq NH4CI, 
extracted with ether, and dried over Na2SC>4. The ethereal 
solution was concentrated in vacuo and the residue was 
purified by preparative TLC on silica gel (hexane : ether= 
1:1, v/v) to furnish (S)-3-hydroxy-3-phenyl-2-butanone (4) 
(28 mg, 69%) accompanied with (S)-3-methyl-2-phenyl-2,3-
butanediol (8 mg, 18%). 4; [a]g -149.7 ° (c 0.33, EtOH) (lit,7> 
[aß3-150.6 ° (c 2.1, EtOH)). IR (neat) 3450 cm"1. *H NMR 
0=1.66 (3H, s), 2.02 (3H, s), 4.15 (IH, br s), 7.13—7.53 (5H, 
m). 

Preparation of (S)-N-Pyruvoyl-2-(methoxymethyl)pyrro-
lidine (6). To an ethyl acetate (3 mL) solution of N-
hydroxysuccinimide (353 mg, 3.06 mmol) were added an 
ethyl acetate (2 mL) solution of pyruvic acid (295 mg, 
3.35 mmol) and an ethyl acetate (2 mL) solution of (S)-2-
(methoxymethyl)pyrrolidine (353 mg, 3.06 mmol) at 0°C 
under an argon atmosthere, and stirred for 2 h. Being cooled 
to —13 °C, an ethyl acetate (2 mL) solution of dicyclohexyl-
carbodiimide (704 mg, 3.41 mmol) was slowly added to the 
mixture and gradually warmed to room temperatute.13) 

After being stirred for 64 h, the resulting precipitate was 
filtered off. The condensed filtrate was dissolved in CH2CI2, 
washed with 1 M hydrochloric acid, sat. aq NaHCÜ3, and 
water, dried over Na2SÛ4, and condensed under reduced 
pressure. The residue was purified by preparative TLC on 
silica gel (hexane : ethyl acetate=2:l, v/v) gave (S)-N-
pyruvoyl-2-(methoxymethyl)pyrrolidine (6) (383 mg, 68%). 
[«If3-56.6° (c 0.94, CHCI3). bp 134 °C/2 mmHg (bath 
temp) (lmmHg=133.322Pa). IR (neat) 1720, 1650, 1635 
cm-1. !H NMR 0=1.43—2.23 (4H, m), 2.25 and 2.33 (total 
3H, s, CH3C), 2.90—3.75 (4H, m), 3.25 and 3.27 (total 3H, s, 
CH3O), 3.90—4.67 (IH, m). Found: m/z 185.1023. Calcd for 
C9H15NQ3:M, 185.1050. 

Reaction of Chiral Pyruvamide 6 with PhMgBr in CH2C12 

(Table 2, Entry 3). Tetrahydrofuran, as a solvent of 
phenylmagnesium bromide (9.2 mL of 0.70 M solution in 
THF), was evaporated in vacuo and the residual Grignard 
reagent was dissolved in CH2CI2 (6.5 mL) under an argon 
atmosphere. The phenylmagnesium bromide was added to a 
CH2CI2 (7 mL) solution of pyruvamide 6 (198 mg, 1.07 
mmol) at —78 °C under an argon atmosphere. After being 
stirred at - 7 8 °C for 6 h and at - 5 0 °C for 30 min, the 
reaction was quenched with sat. aq NH4CI extracted with 
CH2CI2, and dried over Na2SÜ4. The solvent was evaporated 
in vacuo and the residue was purified by preparative TLC on 
silica gel (hexane : ethyl acetate=3:2, v/v) to give 2 (119 mg, 
42%) and 3 (29 mg, 10%). 

T h e authors are grateful to Professor Koichi 
Narasaka, the University of Tokyo , for performing 
high-resolut ion mass spectra. T h e present work was 
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In the presence of a catalytic amount of triphenylmethylium hexachloroantimonate or a catalyst system of 
antimony pentachloride, chlorotrimethylsilane and tin(II) iodide, «-substituted cyclic ethers are stereoselectively 
prepared from lactones by successive treatment with l-(^-butyldimethylsiloxy)-l-ethoxyethene and silyl 
nucleophiles such as triethylsilane, allyltrimethylsilane and trimethylsilyl cyanide.1»® These catalysts also 
promote the reaction of y-, ô-, and £-trimethylsiloxy carbonyl compounds with silyl nucleophiles resulting in 
the formation of «-substituted cyclic ethers.3) The former procedure is effectively applied to short syntheses of 
(-)-cis-rose oxide and (ds-6-methyltetrahydro-2-pyranyl)acetic acid, a constitutent of civet.2) Furthermore, 
syn-l,3-diols are also stereoselectively prepared from lactone analogue, 6-as-substituted 2-trichloromethyl-1,3-
dioxan-4-ones, easily prepared from ß-hydroxy carboxylic acids.4) 

In recent years, m u c h at tent ion has been focused on 
«-substituted cyclic ethers, because cyclic ethers con­
stitute a characteristic structural feature of many 
na tura l products inc luding impor tan t C-glycosides.5) 

Several methods for the prepara t ion of «-substituted 
cyclic ethers have already been reported, for example, a 
direct «-substi tut ion of cyclic ethers wi th organo-
metall ic compounds or silyl nucleophiles,6 '7 ) cycliza-
t ion of hydroxy olefins,8) and the Diels-Alder reaction 
of dienes and carbonyl compounds , « ^ - u n s a t u r a t e d 
carbonyl compounds and dienophiles, or «-substituted 
furans and dienophiles.9 ) Concerning the «-substitu­
t ion of cyclic ethers such as lactols, cyclic hemi-
acetals, activated substrates such as «-halo, «-alkoxy, 
«-acyloxy, «-alkyl thio or «-sulfonyl subst i tuted 
cyclic ethers are usual ly required.6* In the cases of 
several nucleophi l ic substi tutions of unactivated 
cyclic hemiacetals, a large excess of BF3-Et20 or 
trifluoroacetic acid was necessary to complete the 
reaction.7) In previous papers, we have reported that 
the siloxyl g r o u p of silylated hemiacetals, generated in 
situ from aldehyde and alkoxytrialkylsilane, was 
smoothly replaced by a hydrogen a tom or an allyl 
g r o u p or iginated from the corresponding silyl deriva­
tives to give the acyclic ethers by the p r o m o t i o n of a 
catalytic a m o u n t of T r C 1 0 4 or Ph2BOSO2CF3 .10) 

A l t h o u g h the aldol type addi t ion of silyl enol ethers to 
aldehydes and ketones are well known, little is yet 
k n o w n about the addi t ion of silyl enol ethers to 
lactones. In the course of our study on the acid-
catalyzed nucleophi l ic subst i tut ion of silylated hemi­
acetals, we were interested in the above ment ioned 
reactions. T h u s , we at tempted first to prepare cyclic 
ethers from lactones by the successive t reatment wi th 
silyl ketene acetal and silyl nucleophi les (EtsSiH, 
al lyl tr imethylsi lane, MesSiCN, etc.), and also from 
siloxy carbonyl compounds by the t reatment wi th silyl 
nucleophi les in the presence of a catalytic a m o u n t of 
Lewis acid. 

T h e effect of Lewis acids was examined in the 
former reaction, and it was found that tr iphenyl­
methyl ium salts such as TrSbClo, TrSbFô, and TrClO/i, 
and combined use of SbCls, MesSiCl, and S n b are 
qui te effective1* and that nuc leophi l ic subst i tut ion of 
most of silylated cyclic hemiacetals wi th silyl nucleo­
philes proceeds in a h ighly stereoselective manner 
except in the cases of y-butyrolactones and 2-
substituted ô-valerolactone.2) In the presence of the 
above ment ioned catalysts, the cyclic ethers were also 
stereoselectively prepared from siloxy carbonyl com­
pounds.3* 

T h e above procedure is effectively appl ied to short 
syntheses of (-)-cis-rose oxide and (as-6-methyltetra-
hydro-2-pyranyl)acetic acid, the g landular secretion of 
the civet cat (Viverra civetta).2) 

yyn-l,3-Diols are also stereoselectively prepared from 
6-m-substi tuted 2-trichloromethyl-l ,3-dioxan-4-ones 
(12), a lactone analogue, by (i) the successive treatment 
of 12 wi th silyl ketene acetal (2) by use of TrSbClô as a 
catalyst ,n ) (ii) reduct ion of siloxyl g r o u p of init ial ly 
formed silylated cyclic hemiacetals (21 and 22) wi th 
EtsSiH by use of TiCU as a promoter,1 2 ) (iii) reduction 
of t r ichloromethyl g roup wi th n-Bu3SnH, and (iv) 
deprotect ion of ethylidene g r o u p wi th EtSH by use of 
T iCU as a promoter . T h e stereochemistry of the 
silylated cyclic hemiacetals, formed in the first step, is 
dependent on bo th the subst i tuent at the 5-position of 
2- t r ichloromethyl- l ,3-dioxan-4-ones (20) and the 
a m o u n t of the catalyst.11* 

Results and Discussion 

Preparation of Cyclic Ethers from Lactones. In the 
present study, an extensive screening of Lewis acids 
in the reaction of ô-valerolactone (Id), l-(£-butyldi-
methylsiloxy)-l-ethoxyethene (2) and allyltrimethyl­
silane was tried in order to realize a one-pot procedure 
for the prepara t ion of corresponding cyclic ethers (3d2) 
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1 . 1 equiv. 1 .5 e q u i v . „ , . , , . ^ 
^ QSiMe2Bu-t Cata lys t ^ ^ nn ^ 
[ I H +CH2=CHCH2SiMe3 — — * ^ LCH2C02Et 
k 0 A 0 OEt - T B - Ä - i a - C - P . t . °CH2CH=CH2 

Id 2 3d2 

Scheme 1. 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Table 1. The Effect of Catalyst 

Catalyst (equiv) 

SbCl5(0.05)-Me3SiCl(0.1 )-SnF2(0.1 ) 
SbCl5(0.05)-Me3SiCl(0.1 )-SnCl2(0.1 ) 
SbCl5(0.05)-Me3SiCl(0.1 )-SnBr2(0.1 ) 
SbCl5(0.05)-Me3SiCl(0.1 )-SnI2(0.1 ) 
Me3SiCl(0.1)-SnI2(0.1) 
SbCl5(0.05)-SnI2(0.1) 
SbCl5(0.05)-Me3SiCl(0.1) 
SnCl4(0.05)-Me3SiCl(0.1 )-SnI2(0.1 ) 
TrClO4(0.05) 
TrSbF6(0.05) 
TrSbCl6(0.05) 

Yield/% 

2 
64 
77 
84 

0 
75 
0 

69 
83 
82 
87 

(Table 1). Of several Lewis acid screened, SbCls, 
SnCl4, TiCLi, and AICI3 proved to be effective for the 
addi t ion of 2 to lactones, while BF3-Et20 did not 
p romote the reaction. These Lewis acids do not 
p romote the second step of the nucleophi l ic substitu­
t ion reaction of in situ formed intermediate silylated 
cyclic hemiacetals (4) wi th silyl nucleophi les . T h e n , 
we investigated the above reaction by combined use of 
several Lewis acids. T h e results showed that bo th the 
first and second steps were smoothly p romoted when 
the combina t ion of SbCls, MesSiCl, and S n b or the 
combinat ion of SnCh, MesSiCl, and Snl2 was employed 
as a catalyst system (Entries 4 and 8). O n the other 
hand , T iCU and AICI3 combined wi th MesSiCl and 
Snl2 afforded the desired cyclic ethers in poor yields 
a long wi th several unseparable by-products whose 
structure remained undetermined. In the case of 
SbCls, the combina t ion wi th SnX2 (X: CI, Br, and I) is 
essential for the p r o m o t i o n of the reaction, and further 
addi t ion of MesSiCl improved the yield (Entries 2—7). 
T r ipheny lme thy l i um salts such as TrSbClo, TrSbFô, 
and TrC104 also effectively promote the reaction 
(Entries 9, 10, and 11). T h e counter an ions of these 
t r iphenylmethy l ium salts make little difference on the 
yield. Several examples of the prepara t ion of cyclic 
ethers from lactones are demonstrated in Tab le 2 us ing 
TrSbClô a lone or a combina t ion of SbCls, MesSiCl, 
and Snl2 as a catalyst. Al though EtsSiH, allyltrimethyl-
silane and MesSiCN could be successfully employed as 
silyl nucleophi les in the second step, whi le silyl enol 
ethers and silyl ketene acetals were not used effectively. 

Tetrahydropyrans and oxepanes were stereoselective^ 
prepared from ô-valerolactones and £-caprolactones, 
respectively. In the cases of ô-valerolactones, silyl 
nucleophi les main ly attack the o x o n i u m intermediate 
(5), a major conformer init ial ly formed from the 

R3SiNu 7 a ' b 

a: Ri=CH2C02Et, R2=Me, R3=H 
b: Ri=CH2C02Et, R3=Me, R2=H 

Fig. 1. 

lactone and 2, from a-side due to toftional strain 
(Scheme 3). T h e stereoselectivity is especially h igh in 
the cases of 3- and 5-methyl-ô-valerolactones (If and 
l h ) (Entries 10, 12, and 13), because silyl nucleophi les 
attack from a-side of the init ial ly formed oxon ium 
intermediate (6), a mino r conformer, as well, due to 
1,3-diaxial interaction. O n the other hand, in the cases 
of 2- and 4-methyl-ô-valerolactones ( le and lg) 
(Entries 8, 9, and 11), the nucleophi l ic attack takes 
place main ly from a-side of the intermediate (5). 
However, the decrease in the selectivity may be caused 
by the competi t ive ß-side attack of nucleophiles to the 
intermediate (6). When 2-methyl-ô-valerolactone was 
employed, it was expected that eis isomer should 
mainly be obta ined because conformer (6) preferred to 
conformer (5) due to allylic strain.13* Surpris ingly, 
however, the trans isomer was preferentially obtained 
probably due to a small allylic strain associated wi th 
conformer (5). 

As for £-caprolactones, the ß-side of the oxon ium 
intermediate (7a and 7b) is blocked by the axial 
hydrogens H a and Hb , located at the 4- and 6-position, 
respectively, like the endo side of norbornylene (Fig. 
1).14) Therefore, the silyl nucleophi le attacks from the 
a-side to results in the formation of eis isomers start ing 
from 2- and 6-methyl-£-caprolactones (l j and Ik) 
(Entries 17 and 18). In the cases of y-butyrolactones, 
the el iminat ion of £-butyldimethylsilanol from silylated 
cyclic hemiacetal took place readily to give ethyl 
(tetrahydro-2-furylidene)acetates. Accordingly, we 
suppose that the silyl nucleophi le attacks the inter­
mediate, a ,ß-unsaturated esters (8 and 9) derived 
respectively from 2- and 4-methyl-y-butyrolactones ( l b 
and lc) (Fig. 2).15) In the former case (Entry 2), the 
trans isomer was obtained in preference to the eis 

R3SiNu 

Hb Hb 

8 9 

Fig. 2. 
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5 - 3 0 mol% 
T r S b C l 6 

(CH2)n
 1 ' 1 e q u i v -

C 1 + =< 
ql^<n^^0 OEt 

0SiMe2Bu-t SbCl 5 -Me 3 SiC l -Sn I 2 

"0" 

1 

CH2C12 

- 7 8 °C(30 min) 

(CH2)n 

R^O-^TCHpCOgEt 
0 S i M e 2 B u - t 

1 .5 e q u i v 
R3SiNu 

-78 °C o r - 2 3 °C - r . t . 

(CH2)n 

^ C H 2 C 0 2 E t 

Scheme 2. 

Table 2. Preparation of Cyclic Ethers from Lactones 

Yield/% (cis/trans)b) 

mury 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

l" 7 

la 
lb 
lc 
Id 
Id 
Id 
Id 
le 
le 
If 
lg 
lh 
lh 
l i 
l i 
l i 
lj 
Ik 

JS.3>311N U 

Et3SiH 
Et3SiH 
Et3SiH 
Et3SiH 
CH2=CHCH2SiMe3 

MesSiCN 
Me3SiSCH2C6H5 
EtsSiH 
CH2=CHCH2SiMe3 

EtsSiH 
EtsSiH 
EtsSiH 
CH2=CHCH2SiMe3 

EtsSiH 
CH2=CHCH2SiMe3 

MesSiCN 
EtsSiH 
EtsSiH 

Method Ac> 

75 
71 (36:64) 
59(53:47) 
91*> 
87e> 
83e^> 
51 
84(12:88) 
40 (17:83) 
82 (>99:1) 
87 (7:93) 
82 (>99:1) 
86(>99:1) 
87 
45f> 
70e^) 

91 (>99:1) 
85 (>99:1) 

Method Bd> 

72 
56(31:69) 
39(48:52) 
95e> 
84e> 
66 
46 
83 (10:90)e> 
45 (26:74) 
89 (>99:l)e> 
82(4:96)e> 
79(>99: l ) e> 
76(>99:1) 
90 
67f> 
62 f ) 

86(>99:1) 
81 (>99:1) 

a) la=y-butyrolactone; lb=2-methyl-7-butyrolactone; lc=7-valerolactone; ld=ô-valerolactone; le=2-methyl-
ô-valerolactone; lf=3-methyl-ô-valerolactone; lg=4-methyl-ô-valerolactone; lh=5-methyl-ô-valerolactone; 
li=£-caprolactone; lj=2-methyl-£-caprolactone; lk=6-methyl-£-caprolactone. b) The stereochemistry was 
determined by 400-MHz JH NMR. c) TrSbCle was used as a catalyst, d) SbCl5 combined with Me3SiCl 
(10 mol%) and Snl2 (10 mol%) was used as a catalyst, e) 5 mol% of TrSbClô or SbCls was used, f) 30 mol% of 
TrSbCU or SbCls was used, g) At the second step, the reaction was performed at — 78 °C: In all other cases, 
10 mol% of TrSbClô or SbCls was used and at the second step, the reaction was performed in the temperature 
range at — 23 °C—r.t. 

isomer due to the 1,3-diaxial interaction because Hb is 
closer to C 1 t han H a in 8. In the latter case (Entry 3), 
the nuc leophi le wou ld attack from bo th a- and ß-sides 
because there is little difference in the distances O - E L 
and O - H b in 9. 

Except for ethyl (m-3-methyl-2-oxepanyl)acetate 
(3j), the configurat ion of cyclic ethers was determined 
by the N O E analysis (400-MHz 1U N M R spectrum) 
a n d / o r by the s p i n - s p i n coup l ing constants for the 
r ing protons . T h e stereochemistry of 3j was deter­
mined by X-ray analysis for Af-(l-naphthyl)carbamate 
(11) of m-2-(2-hydroxyethyl)-3-methyloxepane (10), 
derived from 3j by reduct ion wi th l i th ium a l u m i n u m 
hydride (Fig. 3). Fig. 3. Stereoview of 11. 
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R2 

^ V ' V ^ 1 0SiMe2Bu-t XI + =< 
le—h 

OEt 

2 

/ 

R3 R 4 - ^ + V _ ^ Ç H 2 C 0 2 E t 

^ 5 R3SiNu 

3 R 2 I 
R 4 ^ O ^ C H 2 

Nu 

R1 

CH2C02Et 

e : R1=Me, R2=R3=R4=H 

f: R2=Me, R1=R3=R4=H 

g: R3=Me, R1=R2=R4=H 

h : R4=Me, R1=R2=R3=H 

Scheme 3. 

+ =< 
0 S i M e 2 B u - t 

+ Et3SiH 
OEt 

S b C l 5 - M e 3 S i C l - S n I 2 

84% C02Et 

MeMgBr 

9 1 % 
CSA 

T o l u e n e 

cis/trans=93:7 

Scheme 4. 

Synthesis of (-)-cis-Rose Oxide (15). (#)-3-Methyl-<5-
valerolactone (98%ee) (12), prepared according to the 
method of R. Rossi et al.,16) reacted wi th 2 and Et3SiH 
in the presence of a catalyst system of SbCls, MesSiCl, 
and Snl2 to afford ethyl (2S,4#)-(4-methyltetrahydro-2-
pyranyl)acetate (c i s / t rans>99:1 ) (13) in 84% yield. 
T h e reaction of the ester (13) wi th methy lmagnes ium 
bromide afforded the tertiary alcohol (c is / t rans>99:1 ) 
(14) in 91% yield, which in turn underwent acid-
catalyzed dehydrat ion (dZ-10-camphorsulfonic acid 
(CSA)Aoluene, reflux) to afford (—)rm-rose oxide 
(c is / t rans=93:7) (15), [a]g> -68 .3° (c 3.0, CHC13) (lit,17> 
[ a ] D - 5 8 . 1 ° ) , in 44% yield, a long wi th (2S,4fl)-4-
methyl-2-(2-methylal lyl)- tetrahydropyran (c is / t rans 
>99.T) (16), [a]2J-1.9° (c, 3.0, CHCI3), in 25% yield 
(Scheme 4). 

Synthesis of (cis-6-Methyltetrahydro-2-pyranyl)acetic 
Acid (17). Ethyl (m-6-methyltetrahydro-2-pyranyl)-

acetate (3hi), prepared in 82%) yield by the reaction of 
5-methyl-ô-valerolactone ( lh) wi th 2 and Et3SiH in the 
presence of a catalytic a m o u n t of TrSbClo, was 
hydrolyzed under acidic condi t ions to give (cis-6-
methyltetrahydro-2-pyranyl)acetic acid (17), m p 51 — 
53 ° C (lit.18> 52—53 °C), in 94% yield (Scheme 5). 

Preparation of Cyclic Ethers from Siloxy Carbonyl 
Compounds. In the presence of a catalytic a m o u n t of 
TrSbClô or a catalyst system of SbCls, MesSiCl, and 
S n b , five—seven membered cyclic ethers were prepared 
according to the fol lowing two step procedure, that is, 
cyclization of 7-, ô-, and £-siloxy carbonyl compounds , 
followed by the nucleophi l ic subst i tu t ion of init ially 
formed silylated cyclic hemiacetals wi th silyl nucleo-
philes (Table 3).19) T h e results show that the 
combined use of SbCls, MesSiCl, and S n b is superior 
to that of TrSbClô in terms of yield in every case, and 
that in the case of preparat ion of tetrahydropyrans, an 
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0 ^ 0 OEt 

lh 2 

0SiMe2Bu-t 
+ Et3SiH 

T r S b C l 6 > 

82% 

3hi 

C02Et 

HCl 

aq . d i o x a n e 
94% 

0 

17 

C02H 

Scheme 5. 

Entry 

1 
2 
3 
4 
5 
6 

7 
8 

18 

18a 
18b 
18c 
18d 
18d 
18d 

18e 
18f 

OSiMi 
R1CO(CH2)nCHR2 

18 

Table 3. 

n 

2 
3 
3 
3 
3 
3 

4 
4 

Preparation 

R1 

Ph 
Ph 
Ph 
H 
H 
H 

Ph 
PhCH2 

B3 

1) TrSbClß 
o r 

S b C l 5 - M e 3 S i C l - S n I 2 
CH2C12, - 7B °C 

2) R3SiNu 
- 2 3 ° C - r . t . 

Scheme 6. 

((CH2)n 

19 

of Cyclic Ethers from Siloxy Carbonyl Compound 

R2 

H 
H 
Me 
Ph 
Ph 
Ph 

H 
H 

RsSiNu 

EtsSiH 
EtsSiH 
Et3SiH 
Et3SiH 
CH2=CHCH2SiMe3 

MesSiCN 

EtsSiH 
EtsSiH 

Yield/% 

Method Aa> 

89 
90 
92 (cis)c> 
76 
75 (trans)c> 
19 (trans) 
11 (eis) 
68 
80 

Method Bb) 

91 
95 
96 (cis)c> 
90 
83 (trans)c> 
53 (trans) 
28 (eis) 
77 
95 

a) TrSbCle (10 mol%) was used as a catalyst, b) SbCls (10 mol%) combined with Me3SiCl (10 mol1 

(10 mol%) was used as a catalyst, c) No stereoisomer was detected by either 1H or 13C NMR. 
i and Snh 

axial at tack of nucleophi les to the o x o n i u m inter­
mediate is preferred to an equator ia l attack (Entries 3, 
5, and 6) due to torsional strain. It is wor thwhi le to 
note that there is a marked tendency toward an axial 
attack when EtsSiH or allyltr imethylsi lane was used as 
a silyl nucleophi le (Entries 3 and 5). 

T h e configuration of râ-2-methyl-6-phenyltetrahydro-
pyran (19c) and £ram-2-allyl-6-phenyltetrahydropyran 
(19d2) were assigned by the N O E analysis (400-MHz 
N M R spectrum) for the r ing meth ine protons . T h e 
stereochemistry for trans- and £is-2-cyano-6-phenyltetra-
hydropyran (19d3a and 19d3b) was determined by the 
sp in - sp in coup l ing constants for the r ing methine 
protons in the 400-MHz 1H N M R spectrum. 

Prepara t ion of $)>n-l,3-IHols. j n t n e presence of a 
catalytic a m o u n t of TrSbClo, 6-cis-substituted 2-
trichloromethyl-l ,3-dioxan-4-ones (20), easily prepared 
from ß-hydroxy carboxylic acids,4) are stereoselectively 
attacked by 2 to afford l,3-dioxane-4-acetic acid 
derivatives (21 and 22). First, we examined the effect of 
the a m o u n t of TrSbClô and the k ind of bases used for 

q u e n c h i n g (Table 4). It was found there that the 
a m o u n t of catalyst employed had a significant effect 
on the stereochemical outcome of the reaction. When 
5 mol% of TrSbClô was employed, the 2,4-cis isomer 
(21a) was obta ined exclusively. T h e 2 ,4-m isomer 
(21a)/2,4-trans isomer (22a) ratio decreases wi th an 
increase in the a m o u n t of TrSbClô, and 22a became 
p redominan t wi th 20 mol% of TrSbClo. T h e base used 
for quench ing had only a marg ina l effect on the 
diastereomer ratio. Pyridine and cesium fluoride gave 
the highest stereoselectivity when 5 mol% of TrSbClô is 
used as the catalyst. 

Next, the stereoselectivity of the addit ion of 2 to 
several 2-trichloromethyl-l ,3-dioxan-4-ones (20a—e) 
was examined (Table 5). 2 ,4 -m Isomers (21c—e) are 
preferentially produced in the cases of 5,5-disubstituted 
l ,3-dioxan-4-ones (20c—e) irrespective of the a m o u n t 
of TrSbClô (Entries 5—10). Whi le , in the cases of 5-
unsubst i tu ted l,3-dioxan-4-ones (20a and 20b), the 
stereoselectivity is dependent on the a m o u n t of 
TrSbCle: 2,4-trans isomer (22a and 22b) are main ly 
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„A? CCI3 1 . 3 e q u l v T p 

A n 0 S l M e 2 B u - t CH2C l 2, - 7 B ° C 0 ~ C 1 

\,Et 2) B 9 S e A>«0 

CClg 

o A g . 

20a 

> 0 S i M e 2 B u - t 
T L O S i M e 2 B u - t 

^CHzCOzEt 

21a 

Scheme 7. 

22a 

Table 4. The Effect of the Amount of TrSbCle 
and the Bases for Quenching 

Entry 

1 
2 
3 
4 
5 
6 

TrSbCle 

mol% 

20 
10 
5 
5 
5 
5 

Base 

Pyridine 
Pyridine 
Pyridine 
CsF 
Aqueous NaHC0 3 

Phosphate buffer 
(pH=7.0) 

Yield/% 

21a 22a 

7.1 80 
19 71 
93 — 
92 -
88 4.7 
84 5.1 

produced in the presence of 20mol% of T r S b C k 
(Entries 1 and 3) and 2,4-cis isomers (21a and 21b) are 
exclusively produced by us ing 5 mol% of TrSbCU 
(Entries 2 and 4). W h e n o6-£-butyl-6-methyl-r-2-
tr ichloromethyl- l ,3-dioxan-4-one (20£) is used, the 

addi t ion of 2 does not proceed under the same 
condit ions (Scheme 9). Therefore, we assumed that the 
nuc leophi le (2) attacks from the axial side due to 
torsional s train to afford the adduct an ion (23) 
(Scheme 10). W h e n 5 mol% of TrSbCle is used, 23 is 
t rapped very rapidly wi th £-butyldimethylsilyl cation. 
O n the other hand , when more than 10mol% of 
TrSbClo is used, the oxo a n i o n of 23 is blocked by 
t r iphenylmethyl cations, and thereby under these 
reaction condi t ions , the adduct an ions (23 and 25) are 
in equ i l i b r ium via keto a n i o n (24) similar to the 
tautomeric equ i l ib r ium between lactol and hydroxy 
ketone.20) As the adduct an ion (25) may be thermo-
dynamical ly more stable than the other an ion (23) in 
the cases of 5-unsubsti tuted l,3-dioxan-4-ones, 2,4-
trans isomers are mainly produced. O n the other hand, 
in the cases of 5,5-disubstituted l ,3-dioxan-4-ones, 23 
is more stable than 25 probably due to steric repuls ion 
between the gemina l methyl g roups at 5-position and 
the acetate g r o u p at 4-posi t ion leading to the 
preferential formation of the 2,4-os isomers. T h e 
thermodynamica l stability was suggested by heats of 
formation of ethyl 4-hydroxy-6-methyl-2-trichloro-
methyl-l ,3-dioxane-4-acetates, which were determined 
by molecular mechanics calculations. 

CC13 

0 0 / 

1 .3 e q u i v . 

0SiMe 2 Bu- t 

20 

OEt 

2 

CCI3 
1) T r S b C l 6 T 
CH2C12. - 7 8 °C 0 0 
— — * I > C H 2 C 0 2 E t 
2) P y r i d i n e R i ' S ^ Q S i M e z B u - t 

21 

CCI3 

0 ^ 0 
T L0SiMe2Bu-t 

R l R > V C H 2 C ° 2 E t 

22 Scheme 8. 

Table 5. The Reaction of 2-Trichloromethyl-l,3-dioxan-4-ones and 
1 -(^-Butyldimethylsiloxy)-1 -ethoxyethene 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

t-

20 

20a 
20a 
20b 
20b 
20c 
20c 
20d 
20d 
20e 
20e 

CCI3 

0 ^ 0 
Me„T T 

- B u ^ — ^ 0 

20f 

R1 

Me 
Me 
Ph 
Ph 
7Î-C7H15 

7Î-C7H15 
Ph 
Ph 
PI1CH2CH2 
PhCH2CH2 

0SiMe2B 
+ = < 

OEt 

2 

R2 

H 
H 
H 
H 
Me 
Me 
Me 
Me 
Me 
Me 

l u - t 

TrSbCle 

mol% 

20 
5 

20 
5 

20 
5 

20 
5 

20 
5 

T rSbCl 6 

t -

Yield/% 

21 

7.1 
93 

6.6 
91 
98 

100 
92 
96 
93 
99 

CC13 

0 ^ 0 
M e J LCH2C02Et 

•Bu^^-^^OSiMesBu-

21f and/or 22f 

- t 

22 

80 
— 
77 
— 
— 
— 
0.8 
— 
— 
— 

Scheme 9. 
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Table 6. Effect of Lewis Acids Table 7. Reduction of Siloxy Group 

1 
2 
3 
4 
5 
6 

TiCl 4 ( l . l ) 
TiCl4 (3.0) 
SnCl4 (3.0) 
AlCls (3.0) 
SbCls (3.0) 
BF3-Et20 (3.0) 

Entry Lewis acid (equiv) Yield/% (2,4-cis/trans)a) 

62(98:2) 
91 (98:2) 
54(97:3) 
16(96:4) 
4(97:3) 
1 (91:9) 

a) The selectivity was determined by 400-MHz 
iH NMR. 

Several Lewis acids were screened for the reduction 
of the siloxyl g r o u p of 21a, because a catalytic a m o u n t 
of TrSbClo does not p romote the reduct ion (Table 6.). 
T h e results show that T iCU was superior to the other 
Lewis acids in terms of yield and selectivity. Adducts 
21 and 22 were reduced wi th EtsSiH by use of TiCU as 
a promoter to afford 06-substituted r-2-trichloromethyl-
l ,3-dioxane-o4-acetates (26) stereoselectively (Table 7). 
T h e selectivity follows a similar tendency to that of 
cyclic ethers derived from lactones or siloxy carbonyl 
compounds , suggest ing that the reaction proceeds via 
o x o n i u m intermediates. When 21b was reduced us ing 
5 equivalents of EtsSiH, ethyl c-6-phenyl-r-2-trichloro-
methyl-l,3-dioxane-<>4-acetate (26b) was obtained in 

Entry 21 or 22 R1 R2 Yield/% 
(2,4-cis/trans)a) 

1 
2 
3 
4 
5 
6 
7 

22a 
21a 
22b 
21b 
21c 
21d 
21e 

Me 
Me 
Ph 
Ph 
n-CvHis 
Ph 
PI1CH2CH2 

H 
H 
H 
H 
Me 
Me 
Me 

92 (>99:1) 
91 (98:2) 
67 (97:3) 
65 (98:2) 
94(>99:1) 
97 (>99:1) 
98(>99:1) 

a) The selectivity was determined by 400-MHz 
m NMR. 

71% yield a long wi th ethyl 3-hydroxy-5-phenylvalerate 
(30) in 23% yield. Therefore, in the cases of 21b and 
22b, the competi t ive pathway, the e l iminat ion of 
chloral from 27 to form conjugated olefin (28) was 
accelated by phenyl g r o u p at 6-position due to 
stabilizing 28 (Scheme 13). 

Tr ich loromethyl g roup of 26 was reduced in good 
yields according to the method of B. Giese et al.21) 

(Table 8). 
Convent ional methods for cleavage of the acetal-

dehyde acetals (31) by acid-catalyzed hydrolysis (e.g., 
50% H 2 S0 4 , 2 1 ) HCl -aq EtOH,22> 80% AcOH23> did no t 
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Table 8. Preparation of syn-1,3-Diols 

Yield/%a> 
mury 

1 
2 
3 
4 
5 

£D 

26a 
26bb> 
26c 
26d 
26e 

JR.* 

Me 
Ph 
77-C7H15 
Ph 
PhCH2CH2 

JV" 

H 
H 
Me 
Me 
Me 

31 

70 
79c) 
94 
95 
95 

32 

87 
95 
90 
97 
90 

a) No stereoisomer was detected by 1H. NMR in all cases. 
b) The ratio of 2,4-ds isomer/2,4-trans isomer is 97:3. 
c) The other isomer could not be purified. 

give successful results, due to the unstabil i ty of 1,3-
diols (32) under the react ion condit ions. T h e cleavage 
of 31 wi th Me2BBr was also unsuccessful.24* Desired 
1,3-diols (32) were obta ined in satisfactory yields by 
t reatment of 31 wi th AlCl 3 -EtSH system,25> and then 
the yields were further improved by subs t i tu t ing TiCU 
for AICI3 (Table 8). 

It was verified by the following two experiments 
that no epimerizat ion occurred under these reaction 
condi t ions . (1) T h e *H N M R spectra of 3-hydroxy-5-
methyl-ô-valerolactone (33) which was derived from 
ethyl ,yyn-3,5-dihydroxyhexanoate (32a) by use of 
pyridinium p-toluenesulfonate showed 3,5-trans relation­
ship , that is, the c o u p l i n g constants between axial 
p ro ton at 4-posit ion and vicinal pro tons showed 
ax ia l -ax ia l (11.3 Hz) and axia l -equator ia l (3.2 Hz) 
re la t ionship (Scheme 15). (2) T h e X-ray crystallo-
graphic analysis of ethyl 3,5-dihydroxy-4,4-dimethyl-
5-phenylvalerate (32d) showed 3,5-syn re la t ionship 
(Fig. 4). 

T h u s , it is concluded that, in the presence of a 

OH OH 

32a 

X 0 2 E t 
PPTS 

C 6 H 6 

82% 
-A OH 

33 

Scheme 15. 

Fig. 4. Stereoview of 32d 

catalytic a m o u n t of TrSbClô or a catalyst system of 
SbCk, MesSiCl, and S n b , «-substituted cyclic ethers 
are stereoselectively prepared in good yields by the 
fol lowing two procedures: (1) T h e addi t ion of 2 to 
lactones, followed by nucleophi l ic substi tut ion of 
init ially formed silylated cyclic hemiacetals wi th silyl 
nucleophi les by one-pot procedure. (2) T h e cycliza-
tion of 7-, 8- and £-trimethylsiloxy carbonyl compounds, 
followed by nucleophi l ic subst i tut ion of init ially 
formed silylated cyclic hemiacetals wi th silyl nucleo­
phi les by one-pot procedure. Fur thermore , a con­
venient me thod for the prepara t ion of syn- 1,3-diols 
from lactone analogue, 6-cis-substituted 2-trichloro-
methyl-l ,3-dioxan-4-ones, was established. 

Experimental 

General Procedures. All the melting points were un­
corrected. Infrared spectra were taken with a Hitachi IR-215 
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or an Analect FX-6200 FT-IR spectrophotometer. NMR 
spectra were recorded with a Hitachi R-90H, a JEOL JNM-
FX-200 or a JEOL JNM-GSX-400 spectrometer. Chemical 
sifts are given as 8 values from tetramethylsilane as an 
internal standard. The following abbreviations are used; 
s=singlet, bs=broad singlet, d=doublet, t=triplet, q=quartet, 
quint=quintet, dd=double doublet, dt=double triplet, dq=double 
quartet, dh=double heptet, tt=triple triplet, ddd=double 
double doublet, ddt=double double triplet, ddq=double 
double quartet, dddd=double double double doublet, dddt= 
double double double triplet, and dddq=double double 
double quartet. Mass spectra (EI) were recorded with a 
Finnigan Mat INCOS 50 or a JEOL JMS-HX 100 mass 
spectrometer. Microanalyses were performed on a Perkin-
Elmer 2400 C, H, N, analyzer, a Yokogawa IC-100 ion 
chromatographic analyzer and a Hitachi Z-8000 atomic 
absorption spectrophotometer. Optical rotations were 
measured on a Union PM-201 Polarimeter. Preparative thin 
layer chromatography was carried out on Kieselgel 60 F254 
(Merck). Silica Gel 60 K-230 (230—400 mesh) (Katayama) 
were used for flash column chromatography. 

Materials. TrSbCl6,26) TrSbF6,27) TrC104
28) and l-(M>utyl-

dimethylsiloxy)-l-ethoxyethene (2)29) were prepared by the 
previously reported method. 7-Butyrolactone (la), 7-
valerolactone (le), ô-valerolactone (Id) and e-caprolactone 
(li) were commercially available and were purified by 
distillation. 2-Methyl-7-butyrolactone (lb),30) 2-methyl-ô-
valerolactone (le),30> (R)-3-methyl-<5-valerolactone ( [ag +26.93° 
(c 5.7 CHCI3); 98% ee.) (12),16) 4-methyl-ô-valerolactone (lg),31) 

5-methyl-ô-valerolactone (lh),31) and 2-methyl-£-caprolactone 
(lj)3o) Were synthesized by the previously reported method. 
3-Methyl-ô-valerolactone (If) was prepared by oxidative 
lactonization of 3-methylpentane-l,5-diol with NaBr02.32) 6-
Methyl-£-caprolactone (Ik) was prepared by the Baeyer-
Villiger oxidation of 2-methylcyclohexanone with m-
chloroperbenzoic acid. 4-Trimethylsiloxybutyrophenone 
(18a) was prepared from 4-oxo-4-phenylbutyric acid by (i) 
reduction with L1AIH4, (ii) oxidation with Mn02, and (iii) 
trimethylsilylation with hexamethyldisilazane. 5-Trimethyl-
siloxyvalerophenone (18b) was also prepared from 5-oxo-5-
phenylvaleric acid by the above method. 5-Trimethyl-
siloxyhexanophenone (18c) was prepared by Grignard 
reaction of 5-trimethylsiloxyhexanenitrile with phenylmagne-
sium bromide. 5-Trimethylsiloxy-5-phenylpentanal (18d) 
was prepared by reduction of methyl 5-trimethylsiloxy-5-
phenylvalerate with diisobutylaluminum hydride. 6-Tri-
methylsiloxyhexanophenone (18e) was prepared from 2-
phenyl-l,3-dithiane by (i) alkylation with 5-(tetrahydro-
2-pyranyloxy)pentyl bromide, (ii) deprotection of 1,3-
dithiane and tetrahydropyranyl moieties, and (iii) trimethyl­
silylation. l-Phenyl-7-trimethylsiloxy-2-heptanone (18f) 
was prepared from 1,3-dithiane by the similar manner. 3-
Hydroxybutyric acid was commercial available and was used 
without further purification. Other ß-hydroxy carboxylic 
acids were prepared by (i) the aldol condensation of carbonyl 
compounds with silyl ketene acetal using TrSbClô as a 
catalyst and (ii) hydrolysis. 

Preparation of Cyclic Ethers from Lactones (Method 
A). A typical procedure is described for ethyl (2-allyltetra-
hydro-2-pyranyl)acetate (3d2) from ô-valerolactone (Id) 
using TrSbClô as a catalyst: Under an argon atmosphere, 
TrSbClô (28 mg, 0.05 mmol) was added to a solution of <5-

valerolactone (101 mg, 1.0 mmol), l-(^-butyldimethylsiloxy)-
1-ethoxyethene (226 mg, 1.1 mmol) and allyltrimethylsilane 
(169 mg, 1.5 mmol) in CH2C12 (4.5 ml) at - 7 8 °C, and then 
the reaction mixture was stirred for 30 min at the same 
temperature and for 4.5 h at —23 °C. After being warmed 
gradually to room temperature, the reaction was quenched 
with aqueous saturated NaHCOs. The organic materials 
were washed with brine, dried over Na2S04, and evaporated 
in vacuo. The residue was purified by preparative thin layer 
chromatography on silica gel (8:1 hexane-ethyl acetate as a 
developing solvent) to give 3d2 (186 mg, 87%). IR (neat) 
1735(C=0) and 1640 cm-1 (C=C); ^ N M R (CDCI3) 6=1.26 
(3H, t, /=7.1 Hz, CO2CH2CH3), 1.4-1.75 (6H, m), 2.39 (1H, 
ddt, /=14, 7 and 1 Hz, CH2CH=CH2), 2.51 (1H, d, 
/=13.7 Hz, CH2C02Et), 2.57 (1H, dd, 7=14 and 7 Hz, 
CH2CH=CH2), 2.63 (1H, d, 7=13.7 Hz, CH2C02Et), 3.71 (2H, 
t, 7=5 Hz, 6-H), 4.14 (2H, q, 7=7.1 Hz, C02CH2CH3), 5.05— 
5.2 (2H, m, CH2=CHCH2), and 5.7—5.95 (1H, m, CH2= 
CHCH2); MS, m/z (rel intensity) 171(M+-C3H5; base peak), 
125 (66), 97 (83), 83 (17), 69 (32), 55 (44), and 41 (71). 

Preparation of Cyclic Ethers from Lactones (Method 
B). A typical procedure is described for ethyl (tetrahydro-2-
pyranyl)acetate (3di) from ô-valerolactone (Id) using a 
catalyst system of SbCl5, Me3SiCl, and Snl2: Under an argon 
atmosphere, a 0.2 molar solution of Me3SiCl in CH2C12 

(0.5 ml, 0.1 mmol) and Snl2 (38 mg, 0.1 mmol) were added to 
a solution of ô-valerolactone (100 mg, 1.0 mmol), \-(t-
butyldimethylsiloxy)-l-ethyoxyethene (222 mg, 1.1 mmol) 
and Et3SiH (174 mg, 1.5 mmol) in CH2C12 (4.5 ml) at - 7 8 °C. 
To the reaction mixture was added dropwise a 0.5 molar 
solution of SbClö in CH2C12 (0.1 ml, 0.05 mmol) at the same 
temeprature. After stirring for 30 min at —78 °C and for 4 h 
at —23 ° C, the reaction mixture was gradually warmed to 
room temperature. The reaction was quenched with 
aqueous saturated NaHC0 3 . The organic materials were 
washed with brine, dried over Na2S04, and evaporated in 
vacuo. The residue was purified by preparative thin layer 
chromatography on silica gel (8:1 hexane-ethyl acetate as a 
developing solvent) to give 3di (164mg, 95%). IR (neat) 
1740 cm-i (C=0); *H NMR (CDC13) 0=1.26 (3H, t, 7=7.3 Hz, 
C02CH2CH8), 1.3—1.9 (6H, m), 2.37 (1H, dd, 7=14.8 and 
5.4 Hz, CH2C02Et), 2.50 (1H, dd, 7=14.8 and 7.6 Hz, 
CH2C02Et), 3.39—3.52 (1H, m), 3.68—3.81 (1H, m), 3.9—4.0 
(1H, m), and 4.15 (2H, q, 7=7.3 Hz, C02CH2CH3); MS, m/z 
(rel intensity) 173 (M++H; 1.8), 172 (M+; 1.5), 143 (35), 130 
(78), 97 (42), 85 (base peak), 55 (50), and 41 (86). 

Physical properties of other products are presented: 
Ethyl (tetrahydro-2-furyl)acetate (3a). IR (neat) 1735 cm"1 

(C=0); *H NMR (CDC13) 0=1.27 (3H, t, 7=7.1 Hz, C02CH2CH3), 
1.47—1.61 (1H, m), 1.83—2.17 (3H, m), 2.46 (1H, dd, 7=15.1 
and 6.3 Hz, CH2C02Et), 2.58 (1H, dd, 7=15.1 and 7.3 Hz, 
CH2C02Et), 3.69—3.94 (2H, m), 4.09—4.32 (1H, m), and 4.16 
(2H, t, 7=7.1 Hz, C02CH2CH3); MS, m/z (rel intensity) 159 
(M++H; 1.0), 158 (M+; 0.6), 130 (33), 115 (.13), 87 (16), 84 (22), 
71 (base peak), 55 (21), and 43 (84). 

Ethyl (3-methyltetrahydro-2-furyl)acetate (3b). IR (neat) 
1735 cm-1 (C=0); ^ N M R (CDC13) (the eis isomer) 6=0.93 
(3H, d, 7=7.1 Hz, 3-Me), 1.27 (3H, t, 7=7.1 Hz, C02CH2CH8), 
1.5—1.65 (1H, m), 2.05—2.15 (1H, m), 2.3—2.4 (1H, m), 2.41 
(1H, dd, 7=15.2 and 5.5 Hz, CH2C02Et), 2.48 (1H, dd, 7=15.2 
and 8.5 Hz, CH2C02Et), 3.74 (1H, dt, 7=6.5 and 8 Hz, 5-H), 
3.93 (1H, dt, 7=5.9 and 8 Hz, 5-H), 4.26 (1H, dt, 7=8.5 and 
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5.5 Hz, 2-H), and 4.17 (2H, q, /=7.1 Hz, CO2CH2CH3) (NOE 
was observed between methylene of acetate group at 2-
position and 3-Me but no NOE was detected between 2-H 
and 3-Me), (the trans isomer) 0=1.06 (3H, d, 7=6.6 Hz, 3-Me), 
1.27 (3H, t, /=7.1 Hz, CO2CH2CH3), 1.5—1.65 (IH, m, 4-H), 
1.85—1.95 (IH, m, 3-H), 2.05—2.15 (IH, m, 4-H), 2.47 (IH, 
dd, /=15 and 7.9 Hz, CH2C02Et), 2.53 (IH, dd, /=15 and 
4.6 Hz, CH2C02Et), 3.78 (IH, dt, 7=4.6 and 7.9 Hz, 2-H), 3.85 
(2H, dd, 7=7.9 and 6Hz, 5-H), and 4.17 (2H, q, 7=7.1 Hz, 
CO2CH2CH3) (NOE was observed between one proton of 
methylene of acetate group at 2-position and 3-Me and 
between 2-H and 3-Me); MS, m/z (rel intensity) 171 (M+—H; 
0.5), 144 (62), 129 (18), 98 (23), 85 (base peak), 71 (18), and 
56(44). 

Ethyl (5-methyltetrahydro-2-furyl)acetate (3c). IR (neat) 
1740 cm-1 ( C O ) ; *H NMR (CDCI3) (the eis isomer) 0=1.23 
(3H, d, 7=6 Hz, 5-Me), 1.26 (3H, t, 7=7.1 Hz, CO2CH2CH3), 
1.43—1.52 (IH, m), 1.59—1.68 (IH, m), 1.95—2.1 (2H, m), 
2.46 (IH, dd, 7=15.2 and 6.7 Hz, CH2C02Et), 2.63 (IH, dd, 
7=15.2 and 6.7 Hz, CH2C02Et), 3.95—4.03 (IH, m, 5-H), 4.15 
(2H, q, 7=7.1 Hz, CO2CH2CH3), and 4.23 (IH, quint., 
7=6.7 Hz, 2-H) (NOE was observed between 2-H cand 5-H), 
(the trans isomer) 0=1.21 (3H, d, 7=6.2 Hz, 5-Me), 1.26 (3H, 
t, 7=7.1 Hz, CO2CH2CH3) 1.45—1.54 (IH, m), 1.57—1.65 
(IH, m), 2.0—2.1 (IH, m), 2.1—2.2 (IH, m), 2.42(1H, dd, 
7=15 and 6.8 Hz, CH2C02Et), 2.60 (IH, dd, 7=15 and 6.8 Hz, 
CH2C02Et), 4.08—4.19 (IH, m, 5-H), 4.15 (2H, q, 7=7.1 Hz, 
CO2CH2CH3), and 4.41 (IH, quint., 7=6.8 Hz, 2-H) (no NOE 
between 2-H and 5-H was detected); MS, m/z (rel intensity) 
171 (M+-H; 1.0), 157 (5.3), 130 (63) and 85 (base peak). 

Ethyl (2-cyanotetrahydro-2-pyranyl)acetate (3ds). IR 
(neat) 1740 cm"1 (C=0); 13C NMR (CDCI3) 0=14.1 (q), 19.9 
(t), 24.4 (t), 34.5 (t), 45.0 (t), 61.1 (t), 65.7 (t), 72.1 (s), 117.8 (s), 
and 167.5 (s); ^ N M R (CDCI3) ô=1.29 (3H, t, 7=7 Hz, 
CO2CH2CH3), 1.5—1.95 (5H, m, 3-Hax, 4-H and 5-H), 2.08 
(IH, dt, 7=13.2 and 2.5 Hz, 3-Heq), 2.76 (IH, d, 7=15.4 Hz, 
CH2C02Et), 2.82 (IH, d, 7=15.4 Hz, CH2C02Et), 3.75-4.05 
(2H, m, 6-H), and 4.21 (2H, q, 7=7 Hz, CO2CH2CH3); MS, 
m/z (rel intensity) 197 (M+; 3.5), 168 (24), 152 (29), 124 (26), 
110 (82), 82 (36), 55 (66), and 41 (base peak). 

Ethyl (2-benzylthiotetrayhydro-2-pyranyl)acetate (3cU). IR 
(neat) 1730 cm"1 (C=0); ^ N M R (CDCI3) ô=1.28 (3H, t, 
7=7 Hz, CO2CH2CH3), 1.5—1.7 (3H, m),1.7—2.1 (3H, m), 
2.84 (IH, d, 7=13.7 Hz, CH2C02Et), 2.89 (IH, d, 7=13.7 Hz, 
CH2C02Et), 3.62 (IH, d, 7=12.3 Hz, PhCH2S), 3.6—3.8 (IH, 
m, 6-H), 3.81 (IH, d, 7=12.3 Hz, PhCH2S), 3.9—4.1 (IH, m, 
6-H), 4.17 (2H, q, 7=7 Hz, CO2CH2CH3), and 7.1—7.35 (5H, 
m, Ph); MS, m/z (rel intensity) 296 (M++H2; 0.5), 294 (M+; 
0.3), 249 (3.7), 171 (75), 124 (46), 97 (45), 91 (base peak), and 
55 (57). 

Ethyl (3-methyltetrahydro-2-pyranyl)acetate (3ei). IR (neat) 
1735 cm-1 (C=0); 1U NMR (CDCI3) (the trans isomer) 0=0.84 
(3H, d, 7=6.8 Hz, 2-Me), 1.18—1.28 (IH, m), 1.27 (3H, t, 
7=7.1 Hz, CO2CH2CH3), 1.43 (IH, dddq, 7=11.7, 9.7, 3.7 and 
6.8 Hz, 3-Hax), 1.49—1.56 (IH, m), 1.6—1.7 (IH, m), 1.75— 
1.83 (IH, m), 2.36(1H, dd, 7=14.9 and 9.3 Hz, CH2C02Et), 
2.62 (IH, dd, 7=14.9 and 3.3 Hz, CH2C02Et), 3.35—3.42 (2H, 
m), 3.93—3.97 (IH, m), 4.15 (IH, dq, 7=10.6 and 7.1 Hz, 
CO2CH2CH3), and 4.17 (IH, dq, 7=10.6 and 7.1Hz, 
CO2CH2CH3), (the eis isomer) 0=0.99 (3H, d, 7=6.7 Hz, 
CO2CH2CH3), 2.29 (IH, dd, 7=15 and 4.7 Hz, CH2C02Et), 
and 2.52 (IH, dd, 7=15.9 and 9 Hz, CH2C02Et); MS, m/z 

(rel intensity) 186 (M+; 1.2), 156 (14), 144 (35), 130 (41), 111 
(25), 99 (base peak), 71 (38), and 55 (53). 

Ethyl (2-allyl-3-methyltetrahydro-2-pyranyl)acetate (3e2). IR 
(neat) 1730 (C=0) and 1635 cm"1 (C=C); 1U NMR (CDCI3) 
(the trans isomer) 0=0.91 (3H, d, 7=7 Hz, 3-Me), 1.26 (3H, t, 
7=7.1 Hz, CO2CH2CH3), 1.3—1.5 (IH, m), 1.54—1.67 (3H, 
m), 1.99 (IH, dd, 7=14.8 and 8.4 Hz, CH2CH=CH2), 2.0—2.1 
(IH, m), 2.47 (IH, d, 7=13.6 Hz, CH2C02Et), 2.60 (IH, d, 
7=13.6 Hz, CH2C02Et), 2.78 (IH, ddt, 7=14.8, 5.8 and 1 Hz, 
CH2CH=CH2), 3.5—3.6 (IH, m, 6-H„), 3.65—3.75 (IH, m, 
6-Heq), 4.13 (IH, dq, 7=10.9 and 7.1 Hz, CO2CH2CH3), 4.16 
(IH, dq, 7=10.9 and 7.1 Hz, CO2CH2CH3), 5.1—5.2 (2H, m, 
CH2=CH), and 5.81—5.91 (IH, m, CH2=CH) (upon irradia­
tion of 6-Hax, 4.0% NOE was observed on one proton of 
methylene of allyl group, whereas upon irradiation of 3-Me, 
7.2% and 4.5% NOE were observed on the other of methylene 
of allyl group and one proton of methylene of acetate group 
respectively), (the eis isomer) 0=0.80 (3H, d, 7=6.9 Hz, 3-Me), 
1.26 (3H, t, 7=7.1 Hz, CO2CH2CH3), 2.19 (IH, d, 7=13.6 Hz, 
CH2C02Et), 2.41 (IH, dd, 7=14.8 and 8.7 Hz, CH2CH=CH2), 
2.71 (IH, ddt, 7=14.8, 5.5 and 1 Hz, CH2CH=CH2), and 2.92 
(IH, d, 7=13.6 Hz, CH2C02Et); MS, m/z (rel intensity) 226 
(M+; 0.1), 185 (63), 139 (30), 111 (base peak), 97 (24), 69 (40), 
55 (22), and 41 (42). 

Ethyl (ds-4-methyltetrahydro-2-pyranyl)acetate (3f). IR 
(neat) 1735 cm"1 (C=0); ^ N M R (CDCI3) 6=0.9—1.0 (IH, 
m, 3-Hax), 0.94 (3H, d, 7=6.3 Hz, 4-Me), 1.14—1.28 (IH, m, 
5-Hax), 1.26 (3H, t, 7=7.1 Hz, CO2CH2CH3), 1.49—1.55 (IH, 
m, 5-Heq), 1.57—1.7 (IH, m, 4-H„), 1.62—1.7 (IH, m, 3-Heq), 
2.38 (IH, dd, 7=15 and 5.3 Hz, CH2C02Et), 2.51 (IH, dd, 
7=15 and 7.8 Hz, CH2C02Et), 3.44 (IH, ddd, 7=12.5, 11.4, 
and 2.3 Hz, 6-H„), 3.73 (IH, dddd, 7=11.3, 7.8, 5.3, and 
1.9 Hz, 2-Hax), 3.97 (IH, ddd, 7=11.4, 4.6, and 1.5 Hz, 6-Heq) 
and 4.15 (2H, q, 7=7.1 Hz, CO2CH2CH3) (upon irradiation 
of 6-Hax, 6.1% and 4.5% NOE were observed on 2-Hax and 
4-Hax respectively); MS, m/z (rel intensity) 187 (M++H; 0.7), 
185 (M+-H; 0.7), 171 (0.9), 157 (27), 143 (13), 130 (77), 111 
(40), 99 (base peak) 69 (38), and 55 (52). 

Ethyl (£rans-5-methyltetrahydro-2-pyranyl)acetate (3g). IR 
(neat) 1735 cm-1 (C=0); ^ N M R (CDCI3) ô=0.78 (3H, d, 
7=6.7 Hz, 5-Me), 1.1—1.2 (IH, m), 1.26 (3H, t, 7=7.1 Hz, 
CO2CH2CH3), 1.3—1.4 (IH, m), 1.6—1.7 (2H, m), 1.8—1.9 
(IH, m), 2.39 (IH, dd, 7=15.1 and 5.3 Hz, CH2C02Et), 2.51 
(IH, dd, 7=15.1 and 7.8 Hz, CH2C02Et), 3.02 (IH, t, 
7=11.2 Hz, 6-Hax), 3.67 (IH, dddd, 7=11, 7.8, 5.3, and 2.2 Hz, 
2-H), 3.85 (IH, ddd, 7=11.2, 4.4, and 2.3 Hz, 6-Heq) and 4.15 
(2H, q, 7=7.1 Hz, CO2CH2CH3) (upon irradiation of 6-Hax, 
7.2% and 3.3% NOE were observed on 2-Hax and 5-Meeq 

respectively); MS, m/z (rel intensity) 186 (M+; 0.4) 157 (16), 
143 (28), 130 (80), 112 (31), 99 (base peak), 81 (61), 55 (64), and 
43 (45). 

Ethyl (as-6-methyltetrahydro-2-pyranyl)acetate (3hi). IR 
(neat) 1730 cm"1 (C=0); 1H NMR (CDCI3) 0=1.12—1.27 (2H, 
m), 1.15 (3H, d, 7=6.2 Hz, 6-Me), 1.26 (3H, t, 7=7.1 Hz, 
CO2CH2CH3), 1.47—1.66 (3H, m), 1.78—1.85 (1H, m), 2.37 
(1H, dd, 7=14.9 and 6 Hz, CH2C02Et), 2.54 (1H, dd, 7=14.9 
and 7.4 Hz, CH2C02Et), 3.47 (1H, ddq, 7=11, 2, and 6.2 Hz, 
6-H), 3.77 (1H, dddd,/=11.1, 7.4, 6, and2 Hz, 2-H), and4.15 
(2H, q, 7=7.1 Hz, CO2CH2CH3) (upon irradiation of 6-Hax, 
8.5% NOE was observed on 2-Hax); MS, m/z (rel intensity) 
186(M+; 2.4), 171 (2.1), 157 (4.8), 143 (44), 130 (base peak), 99 
(92), 81 (51), 71 (45), 55 (75), and 42 (83). 
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Ethyl (2-allyl-c-6-methyltetrahydro-r-2-pyranyl)acetate 
(3h2). IR (neat) 1725 cm"1 (C=0) and 1635 cm"1 (C=C); 
i H N M R (CDCls) 6=1.09 (3H, d, 7=6.2 Hz, 6-Me), 1.1—1.2 
(1H, m), 1.25 (3H, t, /=7.1 Hz, CO2CH2CH3), 1.52—1.7 (5H, 
m), 2.33(1H, dd, /=14.5 and 8.3 Hz, CH2CH=CH2), 2.40 (1H, 
dd, /=13.8 and 1 Hz, CH2C02Et), 2.51 (1H, d, /=13.8Hz, 
CH2C02Et), 2.75 (1H, ddq, /=14.5, 5.3, and 1 Hz, CH2CH= 
CH2), 3.67—3.72 (1H, m, 6-H), 4.12 (2H, q, /=7.1 Hz, 
CO2CH2CH3), 5.1—5.14 (2H, m, CH2=CH), and 5.74—5.85 
(IH, m, CH2=CH) (upon irradiation of one proton of 
methylene of allkyl group, 7.2% NOE was observed on 6-
Hax); MS, m/z (rel intensity) 227 (M++H; 0.2), 185 (91), 143 
(18), 139 (54), 115 (36), 111 (22), 97 (base peak), 69 (86), 55 
(47), and 41 (55). 

Ethyl (2-oxepanyl)acetate (3ii). IR (neat) 1740 cm-1 

( C O ) ; iH NMR (CDCI3) ô=1.26 (3H, t, /=7.1 Hz, CO2CH2-
CH3), 1.4—1.9 (8H, m, 3-, 4-, 5-, and 6-H), 2.36 (1H, dd, /=15 
and 5.1Hz, CH2C02Et), 2.51 (1H, dd, 7=15 and 8.8 Hz, 
CH2C02Et), 3.5—3.63 (1H, m), 3.77—4.03 (2H, m), and 4.15 
(2H, q, /=7.1 Hz, CO2CH2CH3); MS, m/z (rel intensity) 187 
(M++H; 0.6), 143 (58), 130 (52), 99 (79), 81 (48), 71 (49), 55 
(base peak), and 42 (95). 

Ethyl (2-allyl-2-oxepanyl)acetate (3i2). IR (neat) 1735 
(C=0) and 1640 cm"1 (C=C); 1U NMR (CDCI3) ô=1.26 (3H, t, 
/=7.1 Hz, CO2CH2CH3), 1.4—1.9 (8H, m, 3-, 4-, 5-, and 6-H), 
2.34 (1H, dd, 7=13.8 and 8 Hz, CH2CH=CH2), 2.44 (1H, d, 
7=14.2 Hz, CH2C02Et), 2.45 (1H, dd, 7=13.8 and 6.8 Hz, 
CH2CH=CH2), 2.49 (1H, d, 7=14.2 Hz, CH2C02Et), 3.57— 
3.62 (2H, m, 7-H), 4.12 (2H, q, 7=7.1 Hz, CO2CH2CH3), 
5.0—5.16 (2H, m, CH2=CH), and 5.77—5.98 (IH, m, 
CH2=CH); MS, m/z (rel intensity) 185 (M+-C3H5; base peak), 
139 (46), 115 (28), 111 (32), 97 (61), 69 (79), 55 (46), and 41 
(76). 

Ethyl (2-cyano-2-oxepanyl)acetate (3ia). IR (neat) 1735 cm - 1 

(C=0); 13CNMR (CDCI3) <5=14.1(q) 22.5 (t), 28.0 (t), 30.2 (t), 
38.8 (t), 44.0 (t), 61.0 (t), 66.7 (t), 74.4 (s), 120.1 (s), and 167.8 
(s); m NMR (CDCI3) 6=1.30 (3H, t, 7=7 Hz, CO2CH2CH3), 
1.4—1.85 (6H, m), 2.1—2.2 (2H, m), 2.71 (IH, d, 7=15 Hz, 
CH2C02Et), 2.81 (IH, d, 7=15 Hz, CH2C02Et), 3.7—3.9 (2H, 
m, 7-H) and 4.21 (2H, q, 7=7 Hz, CO2CH2CH3); MS, m/z (rel 
intensity) 211 (M+; 0.4), 182 (12), 166 (13), 138 (15), 124 (56), 
115 (44), 96 (22), 69 (31), 55 (96), and 42 (base peak). 

Ethyl (as-3-methyl-2-oxepanyl)acetate (3j). IR (neat) 
1735 cm-1 (C=0); *H NMR (CDCI3) <5=0.90 (3H, d, 7=7 Hz, 
3-Me), 1.27 (3H, t, 7=7.1 Hz, CO2CH2CH3), 1.4—1.63 (2H, 
m), 1.63—1.75 (4H, m), 1.8—1.88 (IH, m), 2.29 (IH, dd, 
7=15.4 and 3.8 Hz, CH2C02Et), 2.55 (IH, dd, 7=15.4 and 
9.9 Hz, CH2C02Et), 3.58—3.64 (IH, m, 7-H), 3.78—3.84 (IH, 
m, 7-H), 4.03 (IH, ddd, 7=9.9, 3.8, and 2.8 Hz, 2-H), 4.15 
(IH, dq, 7=10.8 and 7.1 Hz, CO2CH2CH3) and 4.16 (IH, dq, 
7=10.8 and 7.1 Hz, CO2CH2CH3); MS, m/z (rel intensity) 200 
(M+; 2.2), 157 (37), 144 (31), 130 (27), 117 (43), 113 (72), 89 
(54), 82 (38), 71 (84), 55 (base peak), and 41 (86). 

Ethyl (7-methyl-2-oxepanyl)acetate (3k). IR (neat) 1735 cmr1 

(C=0); iHNMR (CDCI3) 0=1.12 (3H, d, 7=6.3 Hz, 7-Me), 
1.27 (3H, t, 7=7.1 Hz, CO2CH2CH3), 1.45—1.82 (8H, m), 2.37 
(IH, dd, 7=15.1 and 4.6 Hz, CH2C02Et), 2.50 (IH, dd, 7=15.1 
and 9.1 Hz, CH2C02Et), 3.65—3.74 (IH, m, 7-H), 3.93—4.0 
(IH, m, 2-H), 4.14 (IH, dq, 7=10.8 and 7.1 Hz, CO2CH2CH3), 
and 4.15 (IH, dq, 7=10.8 and 7.1 Hz, CO2CH2CH3) (upon 
irradiation of 2-H, 14.8% NOE was observed on 7-H); MS, 
m/z (rel intensity) 200(M+; 2.6), 143 (41), 130 (67), 117 (34), 

113 (79), 95 (48), 88 (52), 69 (51), 55 (base peak), and 41 (74). 
Preparation of cis-2-(2-Hydroxyethyl)-3-methyloxepane 

(10). L1AIH4 (51 mg, 1.3 mmol) was added to a solution of 
3j (325 mg, 1.9 mmol) in T H F (5 ml) at room temperature, 
and then the reaction mixture was refluxed for 40 min. After 
cooling to room temperature, the reaction was quenched 
with aqueous saturated Rochelle salt. The separated 
precipitate was filtered off. The filtrate was evaporated in 
vacuo. The residue dissolved in ethyl acetate was washed 
with brine, dried over Na2SÜ4 and evaporated in vacuo to 
give 10 (275 mg, 92%). IR (neat) 3360 cm"1 (OH); m NMR 
(CDCI3) 6=0.91 (3H, d, 7=7.3 Hz, 3-Me), 1.4—1.94 (9H, m), 
2.73 (IH, t, 7=4.9 Hz, OH), and 3.55—3.94 (5H, m); MS, m/z 
(rel intensity) 158 (M+; 4.3), 113 (65), 82 (56), 75 (85), 69 (45), 
56 (94), and 41 (base peak). 

Preparation of 2-(cis-3-Methyl-2-oxepanyl)ethyl 2V-(1-
Naphthyl)carbamate (11). A solution of 10 ( 115 mg, 0.73 mmol) 
and 1-naphtyl isocyanate (132 mg, 0.78 mmol) in benzene 
(1 ml) was allowed to stand for 2 d, and then evaporated in 
vacuo. The residue was purified by preparative thin layer 
chromatography on silica gel (5:1 hexane-ethyl acetate as a 
developing solvent) to give 11 (221 mg, 93%), mp 88.5— 
90 °C (diisopropyl ether). IR (Nujol) 3280 (NH) and 
1725 cm-1 (C=0); m NMR (CDCI3) 0=0.91 (3H, d, 7=7 Hz, 
Me), 1.4—1.95 (9H, m), 3.4—3.6 (2H, m), 3.8—3.95 (IH, m), 
4.33 (2H, dd, 7=7.1 and 5.2 Hz, 7-H), 6.93 (IH, bs, NH), 
7.42—7.56 (3H, m), 7.67 (IH, d, 7=8.2 Hz), and 7.75—7.9 
(3H, m); MS, m/z (rel intensity) 327 (M+; 1.8), 169 (base 
peak), 140 (21), and 115 (14). Found: C, 73.40; H, 7.87; N, 
4.23%. Calcd for C20H25NO3: C, 73.37; H, 7.70; N, 4.28%. 

Preparation of Ethyl [(25,4Ä)-4-Methyltetrahydro-2-
pyranyljacetate (13). Under an argon atmosphere, a 0.2 molar 
solution of Me3SiCl in CH2CI2 (2.8 ml, 0.56 mmol) and Snl2 

(203 mg, 0.545 mmol) were added to a solution of (#)-4-meth-
yl-ô-valerolactone (626 mg, 5.48 mmol), l-(^-butyldimethyl-
silyl)-l-ethoxyethene (1.23 g, 6.08 mmol) and EtaSiH (960 mg, 
8.27 mmol) in CH2C12 (25 ml) at - 7 8 °C. To the reaction 
mixture was added dropwise a 0.5 molar solution of SbCls in 
CH2CI2 (0.55 ml, 0.275 mmol) at the same temperature. After 
stirring for 30 min at - 7 8 °C and for 4 h at - 2 3 °C, the 
reaction mixture was gradually warmed to room temperature. 
The reaction was quenched with aqueous saturated NaHCOs. 
The organic materials were washed with brine, dried over 
Na2S04 and evaporated in vacuo. The residue was purified 
by flash column chromatography on silica gel (15:1 
hexane-ethyl acetate as an eluent) to give 13 (859 mg, 84%). 
IR, !H NMR and MS spectra were identical with those of 3f. 

Preparation of (25,4Ä)-2-(2-Hydroxy-2-methylpropyl)-4-
methyltetrahydropyran (14). Under an argon atmoshpere, 
a 2.01 molar solution of MeMgBr in THF (5.4 ml, 10.9 mmol) 
was added dropwise to a solution of 13 (779 mg, 4.2 mmol) in 
ether (15 ml) at 0°C, and then the reaction mixture was 
stirred for 30 min at the same temperature and for 1 h at 
room temperature. After cooling to 0°C, the reaction was 
quenched with aqueous saturated NH4CI. The organic 
materials were washed with brine, dried over Na2S04 and 
evaporated in vacuo. The residue was purified by flash 
column chromatography on silica gel (15:1 hexane-ethyl 
acetate as an eluent) to give 14 (655 mg, 91%). IR (neat) 3500 
and 3430 cm-1 (OH); ^ N M R (CDCI3) ô=0.93 (3H, d, 
7=6.4 Hz, 4-Me), 0.99 (1H, dt, 7=12.2 and 10.9 Hz, 3-H.x), 
1.16—1.29 (1H, m), 1.20 (3H, s, Me of side chain), 1.26 (3H, s, 
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Me of side chain), 1.44—1.7 (4H, m), 1.73 (1H, dd, /=14.5 
and 10.9 Hz, one proton of methylene of side chain), 3.42 
(1H, dt, /=2.2 and 11.3 Hz, 6-H„), 3.65 (1H, tt, /=10.9 and 
2.1 Hz, 2-H), 4.00 (1H, s, OH), and 4.00 (1H, ddd, /=11.3, 
4.6, and 1.3 Hz, 6-Heq); MS, m/z (rel intensity) 172 (M+; 0.2), 
157 (14), 154 (7.5), 139 (58), 99 (base peak), 81 (58), 59 (79), 55 
(40), and 43 (90). 

Dehydration of (2S,4Ä)-2-(2-Hydroxy-2-methylpropyl)-4-
methyltetrahydropyran (14). dZ-10-Camphorsulfonic acid 
(28 mg, 0.12 mmol) was added to a solution of 14 (292 mg, 
1.7 mmol) in toluene (10 ml). The reaction mixture was 
refluxed for 30 h using a Dean-Stark distillation head. After 
cooling to room temperature, the reaction mixture was 
purified by flash column chromatography on silica gel (30:1 
pentane-ether as an eluent) to give (—)-as-rose oxide (15) 
(115 mg, 44%, cis/trans=93:7) and (2S,4R)-4-methyl-2-(2-
methylallyl)tetrahydropyran (16) (64.7 mg, 25%, cis/trans 
>99:1). 

Physical properties of 15: [a]% -68.3° (c 3.0, CHC13); IR 
(neat) 1675 cm"1 (C=C); ^ N M R (CDCI3) (the eis isomer) 
0=0.93 (3H, d, 6.4 Hz, 4-Me), 1.02 (1H, dt, /=13 and 11.4 Hz, 
3-Hax), 1.15—1.26 (1H, m), 1.48—1.75 (3H, m), 1.68 (3H, d, 
/=1.3 Hz, CH=CMe2), 1.72 (3H, d, 7=1.3 Hz, CH=CMe2), 
3.46 (1H, ddd, 7=12.4, 11.4, and 2.2 Hz, 6-H„), 3.95-4.01 
(2H, m, 2-H and 6-Heq), and 5.16 (1H, dh, 7=8.2 and 1.3 Hz, 
CH=CMe), (the trans isomer) 0=1.07 (3H, d, 7=7 Hz, 4-Me), 
3.65—3.78 (2H, m, 6-H), 4.36 (1H, dt, 7=3.5 and 8.2 Hz, 2-H), 
and 5.28 (1H, dh, 7=8.2 and 1.4 Hz, CH=CMe2); MS, m/z (rel 
intensity) 154 (M+; 26), 139 (base peak), 83 (53), 69 (78), 55 
(47), and 41 (78). 

Physical properties of 16: [a]g )-7.90 (c 3.0, CHCI3); IR 
(neat) 1640 cm"1 (C=C); 1U NMR (CDCI3) 6=0.84—0.9 (1H, 
m, 3-Hax), 0.93 (3H, d, 7=6.3 Hz, 4-Me), 1.15-1.25 (1H, m), 
1.5—1.64 (3H, m), 1.75 (3H, s, Me of side chain), 2.09 (1H, 
dd, 7=13.8 and 5.6 Hz, CH2C(CH3)=CH2), 2.27 (1H, dd, 7=13.8 
and 7.1 Hz, CH2C(CH3)=CH2), 3.37—3.45 (2H, m, 2-H and 
6-Hax), 4.00 (1H, ddd, 7=11.4, 4.6, and 1.6 Hz, 6-Heq), 4.73— 
4.75 (1H, m, CH2=C), and 4.78—4.80 (1H, m, CH2=C); 
*HNMR (C6D6) 6=0.76—0.85 (1H, m, 3-H„), 0.78 (3H, d, 
7=6.5 Hz, 4-Me), 1.0—1.1 (1H, m, 5-H„), 1.15—1.20 (1H, m), 
1.20—1.31 (1H, m, 4-H), 1.37—1.42 (1H, m), 1.75 (3H, s, Me 
of side chain), 2.12 (1H, dd, 7=13.8 and 5.7 Hz, CH2C(CH3)= 
CH2), 2.38 (1H, dd, 7=13.8 and 7.1 Hz, CH2C(CH3)=CH2), 
3.18 (1H, dt, 7=2.2 and 11.4 Hz, 6-H„), 3.26—3.32 (1H, m, 
2-H), 3.90 (1H, ddd, /=11.4, 4.6, and 1.6 Hz, 6-Heq), and 
4.87—4.88 (2H, m, CH2=C) (upon irradiation of 2-Hax, 5.0% 
NOE was observed on 4-H); MS, m/z (rel intensity) 154 (M+; 
1.8), 99 (base peak), 81 (49), 69 (37), 55 (53), and 43 (98). 

Preparation of (cis-6-Methyltetrahydro-2-pyranyl)acetic 
Acid (17). A mixture of ethyl (czs-6-methyltetrahydro-2-
pyranyl)acetate (3hi) (92.4 mg, 0.5 mmol), 6 M HCl (1ml) 
and dioxane (1 ml) was refluxed for 40 min (1 M=l mol dm -3). 
After cooling to room temperature, the reaction mixture was 
diluted with water and then extracted with ethyl acetate. 
The extract was washed with brine, dried over Na2SÜ4 and 
evaporated in vacuo. The residue was recrystallized from 
pentane to give 17 (74.0 mg, 94%), mp 51—53 °C (lit.18> 52— 
53 °C). IR, *HNMR, 13C NMR and MS spectra were 
identical with those of the authentic sample prepared by B. 
Maurer.18) 

Preparation of Cyclic Ethers from Siloxy Carbonyl 
Compounds (Method A). A typical procedure is described 

for £rans-2-allyl-6-phenyltetrahydropyran (19d2) from 5-
phenyl-5-trimethylsiloxypentanal (18d) using TrSbClô as a 
catalyst: Under an argon atmosphere, TrSbClô (58 mg, 
0.1 mmol) was added to a solution of 18d (250 mg, L0 mmol) 
in CH2C12 (3 ml) at - 7 8 °C. After stirring for 5 min, to the 
mixture was added dropwise a solution of allyltrimethyl-
silane (172 mg, 1.5 mmol) in CH2C12 (1.5 ml) at the same 
temperature. The reaction temperature was raised to 
—23 °C, and then the reaction mixture was stirred for 2h. 
After being warmed gradually to room temperature, the 
reaction was quenched with aqueous saturated NaHC03. 
The organic materials were washed with brine, dried over 
Na2SÜ4 and evaporated in vacuo. The residue was purified 
by preparative thin layer chromatography on silica gel (20:1 
hexane-ethyl acetate as a developing solvent) to give 19d2 
(152 mg, 75%). IR (neat) 1640 cmn* (C=C); 1H NMR (CDCI3) 
0=1.43—1.51 (1H, m), 1.63—1.8 (3H, m), 1.9—2.0 (2H, m), 
2.28 (1H, dddt, 7=14, 1.5, 1, and 7 Hz, CH2CH=CH2), 2.51 
(1H, dddt, 7=14, 1.5, 1, and 7 Hz, CH2CH=CH2), 3.81 (1H, 
dq, 7=3.8 and 7 Hz, 2-H), 4.85 (1H, t, 7=5.3 Hz, 6-H), 5.04 
(1H, ddt, 7=10, 2, and 1 Hz, CH2=CH), 5.09 (1H, ddt, 7=17, 2, 
and 1.5 Hz, CH2=CH), 5.85 (1H, ddt, 7=17, 10, and 7 Hz, 
CH2=CH), 7.22-7.26 (1H, m), and 7.32-7.40 (4H, m) (upon 
irradiation of one proton of methylene of allyl groups, 3.8% 
NOE was observed on 6-Hax);

 13CNMR (CDCI3) <5=18.9 (t), 
29.3 (t), 29.9 (t), 38.0 (t), 71.4 (d), 72.3 (d), 116.4 (t), 126.3 (d), 
126.8 (d), 128.2 (d), 135.2 (d), and 142.0 (s); MS, m/z (rel 
intensity) 202 (M+; 3.8), 161 (base peak), 117 (98), and 91 (97). 

A Preparation of Cyclic Ethers form Siloxy Carbonyl 
Compounds (Method B). A typical procedure is described 
for 2-phenyltetrahydrofuran (19a) from 4-trimethylsiloxy-
butyrophenone (18a) using a catalyst system of SbCls, 
MesSiCl, and Snl2: Under an argon atmosphere, a 
0.5 molar solution of SbCl5 in CH2C12 (0.2 ml), a 0.2 molar 
solution of Me3SiCl in CH2C12 (0.5 ml) and Snl2 (38 mg, 
0.1 mmol) were added to a solution of 18a (238 mg, 
1.0 mmol) in CH2C12 (3 ml) at - 7 8 °C. After stirring for 
5 min, to the mixture was added dropwise a solution of 
Et3SiH (172 mg, 1.5 mmol) in CH2C12 (1.5 ml) at the same 
temperature. The reaction temperature was raised to 
—23 °C, and then the reaction mixture was stirred for 2.5 h. 
After being warmed gradually to room temperature, the 
reaction was quenched with aqueous saturated NaHCOs. 
The organic materials were washed with brine, dried over 
Na2SÜ4 and evaporated in vacuo. The residue was purified 
by preparative thin layer chromatography on silica gel (12:1 
hexane-ethyl acetate as a developing solvent) to give 19a 
(136 mg, 91%). IR (neat), no characteristic peak is detected; 
*H NMR (CDCI3) 0=1.72—1.91 (1H, m), 1.94—2.07 (2H, m), 
2.25—2.4 (1H, m), 3.93 (1H, dt, 7=8.3 and 6.8 Hz, 5-H), 4.09 
(1H, dt, 7=8.3 and 6.8 Hz, 5-H), 4.89 (1H, t, 7=7.1 Hz, 2-H), 
and 7.15—7.4 (5H, m); MS, m/z (rel intensity) 148 (M+; 85), 
147 (M+-H; base peak), 117 (20), 105 (92), 91 (26), 77 (45), 51 
(20), and 42 (24). 

Physical properties of other products are presented: 
2-Phenyltetrahydropyran (19b). IR (neat), no character­

istic peak is detected; *H NMR (CDCI3) 6=1.45—2.0 (6H, m, 
3-, 4-, and 5-H), 3.55—3.68 (1H, m, 6-H„), 4.14 (1H, dt, 
7=15.1 and 3 Hz, 6-Heq), 4.32 (1H, dd, 7=10.3 and 2 Hz, 2-H), 
and 7.15—7.4 (5H, m); MS, m/z (rel intensity) 162 (M+; 97), 
105 (base peak), 91 (26), 77 (30), and 41 (20). 

as-2-Methyl-6-phenyltetrahydropyran (19c). IR (neat), 
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no characteristic peak is detected; *H NMR (CDCb) ô=1.25 
(3H, d, /=6.2 Hz, 2-Me), 1.28—1.35 (1H, m), 1.49 (1H, ddt, 
7=11.2, 3.9, and 12.9 Hz), 1.61—1.73 (2H, m), 1.76—1.82 (1H, 
m), 1.89—1.94 (1H, m), 3.63 (1H, ddq, / = 1 1 , 2, and 6.2 Hz, 
2-H), 4.36 (1H, dd, /=11.2 and 2.2 Hz, 6-H) (upon 
irradiation of 2-Hax, 12.6% NOE was observed on 6-Hax); MS, 
m/z(rel intensity) 176 (M+; 40), 107 (base peak), 105 (86), 104 
(90), 91 (22), 79 (33), 77(35), 55(20), and 42(31). 

£rans-2-Cyano-6-phenyltetrahydropyran (19d3a). IR (neat), 
no characteristic peak is detected; 13C NMR (CDCI3) 6=20.0 
(t), 28.3 (t), 32.6 (t), 65.2 (d), 76.5 (d), 117.6 (s), 125.8 (d), 127.8 
(d), 128.5 (d), and 141.0 (s); ^ N M R (CDCI3) 6=1.6—1.7 
(IH, m), 1.85—2.1 (5H, m), 4.81 (1H, dd, 7=11.4 and 2.2 Hz, 
6-H), 5.01 (IH, dd, 7=3 and 2 Hz, 2-H), and 7.25—7.4 (5H, 
m); MS, m/z (rel intensity) 187 (M+; 31), 158 (31), 133 (23), 
105 (base peak), 91 (24), and 77 (46). 

as-2-Cyano-6-phenyltetrahydropyran (19d3b). IR (neat), 
no characteristic peak is detected; 13CNMR (CDCI3) 6=23.1 
(t), 29.8 (t), 32.4 (t), 66.4 (d), 80.7 (d), 118.0 (s), 125.6 (d), 127.8 
(d), 128.3 (d), and 140.9 (s); ^ N M R (CDCI3) 6=1.55—1.8 
(2H, m), 1.8—2.1 (4H, m), 4.38 (IH, dd, 7=11-2 and 2.1 Hz, 
2-H or 6-H), 4.42 (IH, dd, 7=11.5 and 3 Hz, 2-H or 6-H), and 
7.25—7.4 (5H, m); MS, m/z (rel intensity) 187 (M+; 27), 158 
(28), 133 (23), 105 (base peak), 91 (23), and 77 (44). 

2-Phenyloxepane (19e). IR (neat), no characteristic peak 
is detected; ^ N M R (CDCI3) 6=1.4—2.25 (8H, m, 3-, 4-, 5-
and 6-H), 3.55—4.1 (2H, m, 7-H), 4.56 (IH, dd, 7=8 and 
4 Hz, 2-H), and 7.1—7.3 (5H, m); MS, m/z (rel intensity) 176 
(M+; 53), 147 (20), 133 (26), 117 (24), 106 (base peak), 91 (50), 
79 (77), 55 (39), 51 (33), and 42 (45). 

2-Benzyloxepane (19f). IR (neat), no characteristic peak 
is detected; 1H NMR (CDCI3) 6=1.35—1.85 (8H, m, 3-, 4-, 5-
and 6-H), 2.64 (IH, dd, 7=13.7 and 5.9 Hz, CH2Ph), 2.85 (IH, 
dd, 7=13.7 and 7.3 Hz, CH2Ph), 3.4—3.55 (IH, m), 3.6—3.9 
(2H, m), and 7.1—7.3 (5H, m, Ph); MS, m/z (rel intensity) 
190 (M+; 0.5), 99 (base peak), 91 (40), 81 (65), 55 (38), and 43 
(26). 

Preparation of 2-Trichloromethyl-l,3-dioxan-4-ones (20). A 
typical procedure is described for a.s-5,5-dimethyl-6-phenyl-
2-trichloromethyl-l,3-dioxan-4-one (20d) from 2,2-dimethyl-
3-hydroxy-3-phenylpropionic acid: A suspension of 2,2-
dimethyl-3-hydroxy-3-phenylpropionic acid (2.96 g, 15.2 
mmol), chloral (11.3 g, 76.7 mmol) and pyridinium p-
toluenesulfonate (338 mg, 1.54 mmol) in benzene (100 ml) 
was refluxed for 2 d using a Dean-Stark distillation head. 
After cooling to room temperature, the reaction mixture was 
washed with water, dried over Na2S04 and evaporated in 
vacuo. The residue was recrystallized from ethyl acetate-
hexane to give 20d (4.51 g, 91%), mp 159—161 °C. IR 
(Nujol) 1760 cm-1 (C=0); ^ N M R (CDCI3) 6=1.19 (3H, s, 
5-Me), 1.31 (3H, s, 5-Me), 4.92 (IH, s, 6-H), 5.75 (IH, s, 2-H), 
and 7.25—7.4 (5H, m) (upon irradiation of 6-Hax, 29.8% NOE 
was observed on 2-Hax); MS, m/z (rel intensity) 322 and 324 
(M+; 0.02 and 0.04), 205 (0.3), 117 (35), 91 (24), and 70 (base 
peak). Found: C, 48.47; H, 4.02; CI, 32.65%. Calcd for 
C13H13CI3O3: C, 48.25; H, 4.05; CI, 32.87%. 

Physical properties of other products are presented: 
as-6-Methyl-2-trichloromethyl-l,3-dioxan-4-one (20a). 

Yield: 42%. mp 80—81 °C (ether-hexane). Found: C, 31.04; 
H, 2.88; CI, 45.30%. Calcd for C6H7CI3O3: C, 30.87; H, 3.02; 
CI, 45.55%. IR, *H NMR, and MS spectra were identical with 
those of (2ß,6ß)-6-methyl-2-trichloromethyl-l,3-dioxan-4-

one prepared by D. Seebach et al.4) 

ds-6-Phenyl-2-trichloromethyl-l,3-dioxan-4-one (20b). 
Yield: 58%. mp 98—99.5 °C (diisopropyl ether-hexane). IR 
(Nujol) 1770 and 1755 cmr1 (C=0); *H NMR (CDCI3) 6=2.91 
(IH, dd, 7=17.8 and 11.2 Hz, 5-H), 3.06 (IH, dd, 7=17.8 and 
4 Hz, 5-H), 5.15 (IH, dd, 7=11.2 and 4 Hz, 6-H), 5.77 (IH, s, 
2-H), and 7.2—7.5 (5H, m, Ph) (upon irradiation of 6-Hax, 
27.5% NOE was observed on 2-Hax); MS, m/z (rel intensity) 
294, 296 and 298 (M+; 0.26, 0.23, and 0.05), 177 (8.7), 131 (base 
peak), 104 (32), and 77 (43). Found: C, 44.78; H, 2.83; CI, 
36.20%. Calcd for C11H9CI3O3: C, 44.70; H, 3.07; CI, 35.99%. 

m-5,5-Dimethyl-6-heptyl-2-trichloromethyl-1,3-dioxan-4-one 
(20c). Yield: 62%. mp 63—64.5 °C (hexane). IR (Nujol) 
1755 cm-i (C=0); *H NMR (CDCI3) 6=0.89 (3H, t, 7=7 Hz, 
Me of side chain), 1.25—1.4 (9H, m), 1.28 (3H, s, 5-Me), 1.33 
(3H, s, 5-Me), 1.45—1.55 (IH, m), 1.6—1.7 (2H, m), 3.72 (IH, 
dd, 7=10.1 and 1.9 Hz, 6-H), and 5.56 (IH, s, 2-H), (upon 
irradiation of 6-Hax, 28.5% NOE was observed on 2-Hax); MS, 
m/z (rel intensity) 345 and 347 (M++H; 0.05 and 0.05), 315 
and 317 (0.05 and 0.05), 154 (19), and 70 (base peak). Found: 
C, 48.72; H, 6.67; CI, 30.92%. Calcd for G4H23CI3O3: C, 
48.64; H, 6.71:: CI, 30.77%. 

ds-5,5-Dimethyl-6-phenethyl-2- trichloromethyl-1,3-dioxan-
4-one (20e). Yield: 85%. mp 90.5—92 °C (hexane). IR 
(Nujol) 1755 cm-1 (CO) ; ^ N M R (CDCI3) 6=1.20 (3H, s, 
5-Me), 1.34 (3H, s, 5-Me), 1.80 (IH, ddt, 7=14.3, 1.9, and 
8.5 Hz, PhCH2CH2), 2.01 (IH, dddd, 7=14.3, 10.8, 8.5, and 
4.4 Hz, PhCH2CH2), 2.73 (IH, dt, 7=13.5 and 8.5 Hz, 
PhCH2), 2.98 (IH, ddd, 7=13.5, 8.5, and 4.4 Hz, PhCH2), 3.66 
(IH, dd, 7=10.8 and 1.9 Hz, 6-H), and 5.49 (IH, s, 2-H), 
(upon irradiation of 6-Hax, 27.3% NOE was observed on 2-
Hax); MS, m/z (rel intensity) 350, 352, and 354 (M+; 1.2, 1.1 
and 0.5), 233 (5.4), 159 (45), 136 (43), 117 (37), 91 (base peak), 
and 41 (38). Found: C, 51.16; H, 4.57; CI, 30.47%. Calcd for 
C15H17CI3O3: C, 51.23; H, 4.87; CI, 30.25%. 

c-6-^-Butyl-6-methyl-r-2-trichloromethyl-l,3-dioxan-4-one 
(20f). Yield: 40%. mp 61.5—63 °C (hexane). IR (Nujol) 
1780 and 1760 cm-i (C=0); *H NMR (CDCI3) 6=1.01 (9H, s, 
*-Bu), 1.42 (3H, s, 6-Me), 2.44 (IH, d, 7=17.1 Hz, 5-H), 2.95 
(IH, d, 7=17.1 Hz, 5-H), and 5.58 (IH, s, 2-H) (upon 
irradiation of 6-Meax, 21.1% NOE was observed on 2-Hax); 
MS, m/z (rel intensity) 287 and 289 (M+-H; 0.1 and 0.1), 273 
and 275 (M+-CH3; 0.2 and 0.2), 231, 233, 235, and 237 
(M+-C4H9; 4.9, 5.5, 2.2, and 0.4), 85 (base peak), 57 (90), and 
43 (61). Found: C, 41.70; H, 5.21; CI, 36.57%. Calcd for 
C10H15CI3O3: C, 41.48; H, 5.22; CI, 36.73%. 

Addition of l-(£-Butyldimethylsiloxy)-l-ethoxyethene (2) 
to 2-Trichloromethyl-l,3-dioxan-4-ones (20). A typical pro­
cedure is described for preparation of ethyl 4-^-butyldimethyl-
siloxy-c-6-methyl-r-2-trichloromethyl-l,3-dioxane-^-4-acetate 
(21a): Under an argon atmosphere, TrSbClô (14.6 mg, 
0.025 mmol) was added to a solution of as-6-methyl-2-
trichloromethyl-l,3-dioxan-4-one (20a) (117 mg, 0.5 mmol) 
and l-(^-butyldimethylsiloxy)-l-ethoxyethene (133 mg, 0.66 mmol) 
in CH2CI2 (2.5 ml) at — 78 °C, and then the reaction mixture 
was stirred for 2 h at the same temperature. The reaction was 
quenched with a solution of pyridine (21.1 mg, 0.27 mmol) 
in CH2CI2 (1 ml). The reaction mixture was washed with 
brine, dried over Na2S04 and evaporated in vacuo. The 
residue was purified by flash column chromatography on 
silica gel (30:1 hexane-ethyl acetate as an eluent) to give 21a 
(202 mg, 93%), mp 75—76 °C (petroleum ether). IR (Nujol) 
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1720 cm-1 (C=0); ^ N M R (CDC13) 0=0.19 (3H, s, MeSi), 
0.21 (3H, s, MeSi), 0.87 (9H, s, *-BuSi), 1.27 (3H, t, 7=7.2 Hz, 
CO2CH2CH3), 1.35 (3H, d, 7=6.1 Hz, 6-Me), 1.57 (IH, ddd, 
7=13.6, 12, and 1.4 Hz, 5-H„), 2.29 (IH, dd, 7=13.6 and 
2.3 Hz, 5-Heq), 2.74 (IH, dd, 7=13 and 1.4 Hz, CH2C02Et), 
2.93 (IH, d, 7=13 Hz, CH2C02Et), 4.01 (IH, ddq, 7=12, 2.3, 
and 6.1Hz, 6-H), 4.09 (IH, dq, 7=10.9 and 7.2 Hz, 
CO2CH2CH3), 4.17 (IH, dq, 7=10.9 and 7.2 Hz, CO2CH2CH3), 
and 4.95 (IH, s, 2-H) (upon irradiation of one proton of 
methylene of acetate group, 18.6% and 10.1% NOE were 
observed on 2-Hax and 6-Hax); MS, m/z (rel intensity) 419, 
421, 423, and 425 (M+-CH3; 0.14, 0.14, 0.05, and 0.01), 377, 
379, 381, and 383 (M+-C4H9; 4.7, 4.4, 1.6, and 0.21), 231 (41), 
187 (base peak), 159 (67), 145 (48), 115 (73), 103 (61), and 75 
(90). Found: C, 44.40; H, 6.74; CI, 24.34; Si, 6.21%. Calcd for 
Ci6H29Cl305Si: C, 44.09; H, 6.71; CI, 24.40; Si, 6.44%. 

Physical properties of other products are presented: 
4-^-butyldimethylsiloxy-<:-6-methyl-r-2-trichloromethyl-1,3-

dioxane-c-4-acetate (22a). IR (neat) 1735 cm"1 (C=0); !H NMR 
(CDCI3) 6=0.20 (3H, s, MeSi), 0.26 (3H, s, MeSi), 0.92 (9H, s, 
*-BuSi), 1.27 (3H, t, 7=7.1 Hz, CO2CH2CH3), 1.31 (3H, d, 
7=6.5 Hz, 6-Me), 1.90 (IH, dd, 7=13.2 and 2.4 Hz, 5-Heq), 2.00 
(IH, dd, 7=13.2 an 11.1 Hz, 5-Hu), 2.73 (IH, d, 7=14.4 Hz, 
CH2C02Et), 2.86 (IH, d, 7=14.4 Hz, CH2C02Et), 4.12 (1H, 
dq, 7=10.9 and 7.1 Hz, CO2CH2CH3), 4.13 (IH, dq, 7=10.9 
and 7.1 Hz, CO2CH2CH3), 4.22 (IH, ddq, /=11.1, 2.4, and 
6.5 Hz, 6-H), and 5.23 (IH, s, 2-H) (no NOE was detected 
between methylene of acetate group and 2-Hax, or between 
the former and 6-Hax); MS, m/z (rel intensity) 433 and 435 
(M+-H; 0.04 and 0.04), 419, 421, 423, and 425 (M+-CH3; 0.32, 
0.28, 0.09, and 0.01), 377, 379, 381, and 383 (M+-C4H9; 13, 12, 
3.8, and 0.57), 271 (21), 247 (27), 231 (22), 187 (base peak), 159 
(45), 145 (43), 115 (47), 103 (47), and 75 (96). 

£-Butyldimethylsiloxy-o6-phenyl-r-2- trichloromethyl-1,3-
dioxane-£-4-acetate (21b): mp 115—116 °C (petroleum ether). 
IR (Nujol) 1720 cm-1 (C=0); ^ N M R (CDCI3) ô=0.22 (3H, 
s, MeSi), 0.23 (3H, s, MeSi), 0.86 (9H, s, *-BuSi), 1.29 (3H, t, 
7=7.1 Hz, CO2CH2CH3), 1.85 (IH, ddd, 7=13.8, 12, and 
1.4 Hz, 5-Hax), 2.55 (IH, dd, 7=13.8 and 2.4 Hz, 5-Heq), 2.86 
(IH, dd, 7=12.9 and 1.4 Hz, CH2C02Et), 3.09 (IH, d, 
7=12.9 Hz, CH2C02Et), 4.12 (IH, dq, 7=10.9 and 7.1Hz, 
CO2CH2CH3), 4.20 (IH, dq, 7=10.9 and 7.1 Hz, CO2CH2CH3), 
4.95 (IH, dd, 7=12 and 2.4 Hz, 6-H), 5.16 (IH, s, 2-H), and 
7.3—7.4 (5H, m, Ph), (upon irradiation of one proton of 
methylene of acetate group, 16.0% and 9.2% NOE were 
observed on 2-Hax and 6-Hax respectively); MS, m/z (rel 
intensity) 439, 441, and 443 (M+-C4H9; 0.92, 0.96, and 0.35), 
187 (base peak), 159 (25), 103 (21), and 75 (73). Found: C, 
50.83; H, 6.14; CI, 21.09; Si, 5.85%. Calcd for C2iH3iCl305Si: 
C, 50.66, H, 6,28; CI, 21.36; Si, 5.64%. 

4-^-Butyldimethylsiloxy-c-6-phenyl-r-2-trichloromethyl-1,3-
dioxane-c-4-acetate (22b). IR (neat) 1735 cm"1 (C=0); m NMR 
(CDCI3) ô=0.25 (3H, s, MeSi), 0.31 (3H, s, MeSi), 0.98 (9H, s, 
*-BuSi), 1.26 (3H, t, 7=7.2 Hz, CO2CH2CH3), 2.18 (IH, dd, 
7=13.4 and 2.6 Hz, 5-Heq), 2.30 (1H, dd, 7=13.4 and 11.6 Hz, 
5-Hax), 2.77 (1H, d, 7=14.6 Hz, CH2C02Et), 2.91 (1H, d, 
7=14.6 Hz, CH2C02Et), 4.12 (1H, dq, 7=10.9 and 7.2 Hz, 
CO2CH2CH3), 4.13 (1H, dq, 7=10.9 and 7.2 Hz, CO2CH2CH3), 
5.17 (1H, dd, 7=11.6 and 2.6 Hz, 6-H), 5.43 (1H, s, 2-H), and 
7.2—7.45 (5H, m, Ph) (upon irradiation of 2-Hax, 4.9% and 
2.4% NOE were observed on the two methyl groups at siloxyl 
group, whereas upon irradiation of 6-Hax, 19.3% NOE was 

observed on 2-Hax); MS, m/z (rel intensity) 481 and 483 
(M+-CH3; 0.04 and 0.04), 439 and 441 (M+-C4H9; 2.6 and 
2.6), 187 (27), 131 (27), 103 (48), and 75 (base peak). 

4-^-Butyldimethylsiloxy-5,5-dimethyl-<:-6-heptyl-r-2-trichloro-
methyl-l,3-dioxane-£-4-acetate (21c). IR (neat) 1735 cm-1 

(C=0); !H NMR (CDCI3) 0=0.10 (3H, s, MeSi), 0.18 (3H, s, 
MeSi), 0.83 (3H, s, 5-Me), 0.88 (3H, t, 7=6.9 Hz, Me of side 
chain), 0.93 (9H, s, f-BuSi), 1.04 (3H, s, 5-Me), 1.25—1.35 
(9H, m), 1.27 (3H, t, 7=7.1 Hz, CO2CH2CH3), 1.35—1.65 
(3H, m), 2.72 (IH, d, 7=13 Hz, CH2C02Et), 3.11 (IH, d, 
7=13 Hz, CH2C02Et), 3.66 (IH, dd, 7=9.6 and 0.5 Hz, 6-H), 
4.06 (IH, dq, 7=10.9 and 7.1 Hz, CO2CH2CH3), 4.19 (IH, dq, 
7=10.9 and 7.1Hz, CO2CH2CH3), and 5.32 (IH, s, 2-H), 
(upon irradiation of one proton methylene of acetate group, 
14.5% and 12.9% NOE were observed on 2-Hax and 6-Hax 

respectively); MS, m/z (rel intensity) 489 and 491 (M+-C4Hg; 
0.04 and 0.03), 247 (19), 215 (57), 115 (29), 75 (base peak), 57 
(35), and 41 (48). 

4-^-Butyldimethylsiloxy-5,5-dimethyl-<:-6-phenyl-r-2-trichloro-
methyl-l,3-dioxane-*-4-acetate (21d): mp 132.5—134 °C 
(hexane). IR (Nujol) 1720 cm"1 (C=0); m NMR (CDCI3) 
0=0.14 (3H, s, MeSi), 0.22 (3H, s, MeSi), 0.82 (3H, s, 5-Me), 
0.92 (9H, s, f-BuSi), 0.93 (3H, s, 5-Me), 1.30 (3H, t, 7=7.1 Hz, 
CO2CH2CH3), 2.89 (IH, d, 7=12.9 Hz, CH2C02Et), 3.30 (1H, 
d, 7=12.9 Hz, CH2C02Et), 4.11 (1H, dq, 7=10.9 and 7.1 Hz, 
CO2CH2CH3), 4.23 (1H, dq, 7=10.9 and 7.1 Hz, CO2CH2CH3), 
4.91 (1H, s, 6-H), 5.55 (1H, s, 2-H), and 7.25—7.35 (5H, m, 
Ph) (upon irradiation of one proton methylene of acetate, 
18.2% and 19.5% NOE were observed on 2-Hax and 6-Hax); 
MS, m/z (rel intensity) 523 and 525 (M+-H; 0.02 and 0.02), 
467 and 469 (M+-C4H9; 0.26 and 0.30), 215 (69), 132 (base 
peak), and 75 (36). Found: C, 52.50; H, 6.69; CI, 20.37; Si, 
5.36%. Calcd for C23H35Cl305Si: C, 52.52; H, 6.71; CI, 20.22; 
Si, 5.34%. 

4-^-Butyldimethylsiloxy-5,5-dimethyl-<:-6-phenyl-r-2-trichloro-
methyl-l,3-dioxane-c-4-acetate (22d): IR (CHCI3) 1735 cm"1 

(OO) ; lH NMR (CDCI3) ô=0.36 (3H, s, MeSi), 0.38 (3H, s, 
MeSi), 0.85 (3H, s, 5-Me), 1.04 (9H, s, f-BuSi), 1.08 (3H, s, 
5-Me), 1.27 (3H, t, 7=7.1 Hz, CO2CH2CH3), 2.82 (IH, d, 
7=13.8 Hz, CH2C02Et), 3.00 (IH, d, 7=13.8 Hz, CH2C02Et), 
4.13 (2H, q, 7=7.1 Hz, CO2CH2CH3), 5.26 (IH, s, 6-H), 5.46 
(IH, s, 2-H), and 7.25—7.35 (5H, m, Ph) (upon irradiation of 
2-Hax, 5.3% and 4.6% NOE were observed on one of methyl 
and £-butyl group at siloxy group respectively and upon 
irradiation of 6-Hax, 11.2% NOE was observed on 2-Hax); 
MS, m/z (rel intensity) 467 and 469 (M+-C4H9; 0.9 and 0.8), 
215 (17), 132 (62), 75 (base peak), and 57 (70). 

4-^-Butyldimethylsiloxy-5,5-dimethyl-c-6-phenethyl-r-2-
trichloromethyl-l,3-dioxane-£-4-acetate (21e): IR (neat) 
1735 cm-1 (C=0); *H NMR (CDCI3) <5=0.10 (3H, s, MeSi), 
0.19 (3H, s, MeSi), 0.77 (3H, s, 5-Me), 0.92 (9H, s, *-BuSi), 
1.06 (3H, s, 5-Me), 1.26 (3H, t, 7=7.2 Hz, CO2CH2CH3), 
1.71 — 1.77 (1H, m, PhCH2CH2), 1.87—1.92 (1H, m, PhCH2-
CH2), 2.65 (1H, d, 7=13 Hz, CH2C02Et), 2.66 (1H, dt, 7=13.8 
and 8.3 Hz, PhCH2), 2.94 (1H, dt, 7=13.8 and 4.6 Hz, 
PhCH2), 2.98 (1H, d, 7=13 Hz, CH2C02Et), 3.65 (1H, dd, 
7=10.3 and 1.8 Hz, 6-H), 4.06 (1H, dq, 7=10.9 and 7.2 Hz, 
C02CTkCH3), 4.16 (1H, dq, 7=10.9 and 7.2 Hz, CO2CH2CH3), 
5.32 (1H, s, 2-H), and 7.18—7.32 (5H, m, Ph) (upon 
irradiation of 6-Hax, 16.3% and 11.0% NOE were observed on 
2-Hax and one proton of methylene of acetate group, 
respectively); MS, m/z (rel intensity) 495, 497, 499, and 501 
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(M+-C4H9; 0.73, 0.67, 0.25, and 0.02), 247 (35), 215 (base 
peak), 91 (50), and 75 (59). 

Preparation of c-6-Substituted Ethyl r-2-Trichloromethyl-
l,3-dioxane-c-4-acetate (26). A typical procedure is descried 
for ethyl 5,5-dimethyl-c-6-phenyl-r-2-trichloromethyl-l,3-di-
oxane-c-4-acetate (26d): Under an argon atmosphere, a 
solution of 21d (2.63 g, 5.0 mmol) and Et3SiH (871 mg, 
7.5 mmol) in CH2CI2 (30 ml) was added dropwise to a 
1.0 molar solution of TiCk in CH2CI2 (15 ml, 15 mmol) at 
—23 °C. After stirring for 30 min, the reaction was quenched 
with aqueous saturated NaHCOs. The organic materials 
were washed with brine, dried over Na2SÜ4 and evaporated 
in vacuo. The residue was purified by flash column chro­
matography on silica gel (10:1 hexane-ethyl acetate as an 
eluent) to give 26d (1.92 g, 97%).mp 113.5—114.5 °C (ethyl 
acetate-hexane). IR (Nujol) 1730 cm-1 (C=0); ^ N M R 
(CDCI3) 6=0.80 (3H, s, 5-Me),0.87 (3H, s, 5-Me), 1.28 (3H, t, 
/=7.1 Hz, CO2CH2CH3), 2.59 (IH, d, /=6.5 Hz, CH2C02Et), 
4.19 (2H, q, /=7.1 Hz, CO2CH2CH3), 4,26 (IH, t, /=6.5 Hz, 
4-H), 4,62 (IH, s, 6-H), 5.10 (IH, s, 2-H), and 7.31—7.37 (5H, 
m, Ph) (upon irradiation of 4-Hax, 17.1% and 10.3% NOE 
were observed on 2-Hax and 6-Hax respectively); MS, m/z (rel 
intensity) 393, 395, and 397 (M+-H; 0.01, 0.02, and 0.01), 142 
(base peak), 96 (31), and 69 (43). Found: C, 51.54; H, 5.11; CI, 
26.67%. Calcd for C17H21CI3O4: C, 51.60; H, 5.35; CI, 26.88%. 

Physical properties of other products are presented: 
Ethyl c-6-methyl-r-2-trichloromethyl-l,3-dioxane-c-4-ace-

tate (26a). IR (neat) 1735 cm-1 (C=0); m NMR (CDCI3) 
0=1.27 (3H, t, /=7.1 Hz, CO2CH2CH3), 1.34 (3H, d, 
7=6.2 Hz, 6-Me), 1.44 (1H, dt, 7=13.2 and 11.3 Hz, 5-Hax), 
1.72 (1H, dt, 7=13.2 and 2.4 Hz, 5-Heq), 2.52 (1H, dd, 7=15.7 
and 6.2 Hz, CH2C02Et), 2.73 (1H, dd, 7=15.7 and 7 Hz, 
CH2C02Et), 3.98 (1H, ddq, /=11.3, 2.4, and 6.2 Hz, 6-H), 
4.16 (2H, q, 7=7.1 Hz, CO2CH2CH3), 4.27 (1H, dddd, 7=11.3, 
7, 6.2, and 2.4 Hz, 4-H), and 4.86 (1H, s, 2-H) (upon 
irradiation of 2-Hax, 14.5% and 9.8% NOE were observed on 
4-Hax and 6-Hax respectively); MS, m/z (rel intensity), 303, 
305, 307, and 309 (M+-H and M++H; 0.1, 0.2, 0.2, and 0.07), 
259, 261, and 263 (0.6, 0.4, and 0,2), 217, 219, 221, and 223 
(M+-C4H7O2; 1.9, 1.8, 0.6, and 0.1), 157 (25), 141 (68), 115 
(32), 99 (37), 71 (79), 55 (36), and 43 (base peak). 

Ethyl c-6-phenyl-r-2-trichloromethyl-l,3-dioxane-<;-4-ace-
tate (26b). IR (neat) 1725 cm-1 (C=0); ^ N M R (CDCI3) 
0=1.27 (3H, t, 7=7.1 Hz, CO2CH2CH3), 1.73 (IH, dt, 7=13.3 
and 11.3 Hz, 5-Hax), 2.00 (IH, dt, 7=13.3 and 2.4 Hz, 5-Heq), 
2.56 (IH, dd, 7=15.9 and 6.2 Hz, CH2C02Et), 2.79 (IH, dd, 
7=15.9 and 7 Hz, CH2C02Et), 4.17 (2H, q, 7=7.1 Hz, 
CO2CH2CH3), 4.45 (IH, dddd, 7=11-3, 7, 6.2, and 2.4 Hz, 
4-H), 4.92 (IH, dd, 7=11.3 and 2.4 Hz, 6-H), 5.07 (IH, s, 2-H), 
and 7.25—7.4 (5H, m, Ph) (upon irradiation of 4-Hax, 18.3% 
and 6.0% NOE were observed on 2-Hax and 6-Hax respectively); 
MS, m/z (rel intensity), 366, 368, and 370 (M+; 0.43, 0.52, and 
0.17), 203 (26), 157 (54), 129 (base peak), 105 (52), and 77 (40). 

Ethyl 5,5-dimethyl-c-6-heptyl-r-2-trichloromethyl-1,3-dioxane-
c-4-acetate (26c). IR (neat) 1735 cm-1 (C=0); m NMR 
(CDCI3) 6=0.79 (3H, s, 5-Me), 0.88 (3H, t, 7=6.8 Hz, Me of 
side chain), 0.95 (3H, s, 5-Me), 1.2—1.4 (9H, m), 1.26 (3H, t, 
7=7.1 Hz, CO2CH2CH3), 1.45—1.65 (3H, m), 2.51 (1H, dd, 
7=15.6 and 4.7 Hz, CH2C02Et), 2.53 (1H, dd, 7=15.6 and 
7.7 Hz, CH2C02Et), 3.40—3.43 (1H, m, 6-H), 4.01 (1H, dd, 
7=7.7 and 4.7 Hz, 4-H), 4.16 (2H, q, 7=7.1 Hz, CO2CH2CH3), 
and 4.89 (1H, s, 2-H) (upon irradiation of 6-Hax, 18.1% and 

13.6% NOE were observed on 2-Hax and 4-Hax respectively); 
MS, m/z (rel intensity), 415, 417, and 419 (M+-H; 0.01, 0.02, 
and 0.01), 142 (base peak), 96 (36), 69 (76), and 41 (56). 

Ethyl 5,5-dimethyl-c-6-phenethyl-r-2-trichloromethyl-1,3-
dioxane-c-4-acetate (26e). IR (neat) 1735 cm"1 (C=0); W NMR 
(CDCI3) ô=0.71 (3H, s, 5-Me), 0.97 (3H, s, 5-Me), 1.25 (3H, t, 
7=7.1 Hz, CO2CH2CH3), 1.76—1.93 (2H, m, PhCH2CH2), 
2.48 (1H, dd, 7=15.7 and 3.8 Hz, CH2C02Et), 2.51 (1H, dd, 
7=15.7 and 8.6 Hz, CH2C02Et), 2.67 (1H, dt, 7=13.8 and 
8.3 Hz, PhCH2), 2.92 (1H, ddd, 7=13.8, 8.3, and 4.8 Hz, 
PhCH2), 3.37 (1H, dd, 7=10.3 and 2 Hz, 6-H), 3.95 (1H, dd, 
7=8.6 and 3.8 Hz, 4-H), 4.15 (2H, q, 7=7.1 Hz, CO2CH2CH3), 
4.88 (1H, s, 2-H), and 7.18—7.31 (5H, m), (upon irradiation 
of 4-Hax, 19.9% and 11.7% NOE were observed on 2-Hax and 
6-Hax respectively); MS, m/z (rel intensity) 422, 424, 426, and 
428 (M+; 0.8, 0.7, 0.2, and 0.05), 142 (86), 91 (67), 69 (base 
peak), and 41 (38). 

Reduction of Trichloromethyl Group of c-6-Substituted 
Ethyl r-2-Trichloromethyl-l,3-dioxane-c-4-acetates (26). A 
typical procedure is described for preparation of ethyl c-6-
phenethyl-r-2,5,5,-trimethyl-1,3-dixona-c-4-acetate (31e): Under 
an argon atmosphere, 2.2'-azobisisobutyronitrile (82.8 mg, 
0.5 mmol) was added to a solution of 26e (424 mg, 1.0 mmol) 
and n-Bu3SnH (1.20 g, 4.0 mmol) in toluene (4 ml). The 
reaction mixture was refluxed for 5 h, and then evaporated in 
vacuo. The residue was passed through a column of silica 
gel (15:1 hexane-ethyl acetate as an eluent) to remove a large 
portion of organotin compounds. After the collected 
effluent was evaporated in vacuo, the residue was purified by 
preparative thin layer chromatography on silica gel (6:1 
hexane-ethyl acetate as a developing solvent) to give 31e 
(304 mg, 95%). IR (neat) 1735 cmr1 (C=0); m NMR (CDCI3) 
0=0.69 (3H, s, 5-Me), 0.89 (3H, s, 5-H), 1.25 (3H, t, 7=7.2 Hz, 
CO2CH2CH3), 1.34 (3H, d, 7=5.1 Hz, 2-Me), 1.7—1.76 (2H, m, 
PhCH2CH2), 2.39 (1H, dd, 7=15.5 and 8.6 Hz, CH2C02Et), 
2.43 (1H, dd, 7=15.5 and 3.6 Hz, CH2C02Et), 2.67 (1H, dt, 
7=13.7 and 8.3 Hz, PhCH2), 2.89 (1H, dt, 7=13.7 and 7.1 Hz 
PhCH2), 3.23 (1H, t, 7=6.1 Hz, 6-H), 3.78 (1H, dd, 7=8.6 and 
3.6 Hz, 4-H), 4.14 (1H, dq, 7=10.9 and 7.2 Hz, CO2CH2CH3), 
4.16 (1H, dq, 7=10.9, and 7.2 Hz, CO2CH2CH3), 4.75 (1H, q, 
7=5.1 Hz, 2-H), 7.17—7.2 (3H, m), and 7.26—7.3 (2H, m) 
(upon irradiation of 4-Hax, 14.1% and 11.3% NOE were 
observed on 2-Hax and 6-Hax respectively); MS, m/z (rel 
intensity) 319 (M+-H; 0.4), 276 (1.2), 142 (40), 91 (99), 69 (base 
peak), and 41 (55). 

Physical properties of other products are presented: 
Ethyl r-2,c-6-dimethyl-l,3-dioxane-<;-4-acetate (31a). IR 

(neat) 1735 cm"1 (C=0); ^ N M R (CDCI3) 0=1.2—1.35 (IH, 
m, 5-Hax), 1.23 (3H, d, 7=6.3 Hz, 6-Me), 1.26 (3H, t, 7=7.1 Hz, 
CO2CH2CH3), 1.32 (3H, d, 7=5.1 Hz, 2-Me), 1.61 (IH, dt, 
7=12.9 and 2.4 Hz, 5-Heq), 2.42 (IH, dd, 7=15.5 and 6.2 Hz, 
CH2C02Et), 2.61 (IH, dd, 7=15.5 and 7.1 Hz, CH2C02Et), 
3.77 (IH, ddq, 7=10.7, 2.4, and 6.3 Hz, 6-H), 4.04—4.11 (IH, 
m, 4-H), 4.16 (2H, q, 7=7.1 Hz, CO2CH2CH3), and 4.74 (IH, 
q, 7=5.1 Hz, 2-H) (upon irradiation of 2-Hax, 11.6% and 8.8% 
NOE were observed on 4-Hax and 6-Hax respectively); MS, 
m/z (rel intensity) 201 (M+-H; 4.1), 187 (22), 158 (15), 141 
(68), 113 (41), 99 (59), 71 (69), and 45 (base peak). 

Ethyl r-2-methyl-c-6-phenyl-1,3-dioxane-c-4-acetate (31b). IR 
(neat) 1730 cm"1 (C=0); ^ N M R (CDCI3) ô=1.26 (3H, t, 
7=7.1 Hz, CO2CH2CH3), 1.41 (3H, d, 7=5.1 Hz, 2-Me), 1.62 
(IH, dt, 7=13.1 and 11.3 Hz, 5-Hax), 1.86 (IH, dt, 7=13.1 and 
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2.5 Hz, 5-Heq), 2.46 (1H, dd, 7=15.6 and 6.2 Hz, CH2C02Et), 
2.67 (1H, dd, 7=15.6 and 7 Hz, CH2C02Et), 4.16 (2H, q, 
7=7.1 Hz, C02CH2CH3), 4.25 (1H, dddd, /=11.3, 7.1, 6.2, and 
2.5 Hz, 4-H), 4.70 (1H, dd, 7=11.3 and 2.5 Hz, 6-H), 4.94 (1H, 
q, 7=5.1 Hz, 2-H), 7.26—7.3 (1H, m), and 7.32—7.38 (4H, m) 
(upon irradiation of 4-Hax, 16.0% and 6.7% NOE were 
observed on 2-Hax and 6-Hax respectively); MS, m/z (rel 
intensity) 264 (M+; 0.7), 220 (9.4), 203 (5.2), 175 (19), 158 (29), 
129 (31), 114 (81), 105 (77), and 77 (base peak). 

Ethyl c-6-heptyl-r-2,5,5-trimethyl-l,3-dioxane-<;-4-acetate 
(31c). IR (neat) 1735 cm"1 (C=0); 1H NMR (CDC13) 0=0.74 
(3H, s, 5-Me), 0.88 (3H, s, 5-Me), 0.88 (3H, t, 7=6.9 Hz, Me of 
side chain), 1.2—1.6 (12H, m), 1.26 (3H, t, 7=7.1 Hz, 
C02CH2CH3), 1.30 (3H, d, 7=5.1 Hz, 2-Me), 2.40 (1H, dd, 
7=15.6 and 9.1 Hz, CH2C02Et), 2.45 (1H, dd, 7=15.6 and 
3.3 Hz, CH2C02Et), 3.21 (1H, dd, 7=9.5 and 2 Hz, 6-H), 3.81 
(1H, dd, 7=9.1 and 3.3 Hz, 4-H), 4.15 (1H, dq, 7=10.8 and 
7.1Hz, C02CH2CH3), 4.16 (1H, dq, 7=10.8 and 7.1Hz, 
C02CH2CH3) and 4.75 (1H, q, 7=5.1 Hz, 2-H) (upon 
irradiation of 6-Hax, 14.0% and 14.1% NOE were observed on 
2-Hax and 4-Hax respectively); MS, m/z (rel intensity) 313 
(M+-H; 0.3), 142 (base peak), 96 (23), and 69 (54). 

Ethyl c-6-phenyl-r-2,5,5-trimethyl-1,3-dioxane-c-4-acetate 
(31d). IR (neat) 1735 cm"1 (C-O); *H NMR (CDCI3) ô=0.73 
(3H, s, 5-Me), 0.82 (3H, s, 5-Me), 1.28 (3H, t, 7=7.1 Hz, 
C02CH2CH2), 1.39 (3H, d, 7=5.1 Hz, 2-Me), 2.45 (1H, dd, 
7=15.5 and 9.2 Hz, CH2C02Et), 2.51 (1H, dd, 7=15.5 and 
3.2 Hz, CH2C02Et), 4.05 (1H, dd, 7=9.2 and 3.2 Hz, 4-H), 
4.18 (1H, dq, 7=10.8 and 7.1 Hz, C02CH2CH3), 4.19 (1H, dq, 
7=10.8 and 7.1 Hz, C02CH2CH3), 4.42 (IH, s, 6-H), 4.97 (1H, 
q, 7=5.1 Hz, 2-H), and 7.26—7.34 (5H, m, Ph), (upon 
irradiation of 6-Hax, 14.1% and 12.0% NOE were observed on 
2-Hax and 4-Hax respectively); MS, m/z (rel intensity) 291 
(M+-H; 0.34), 203 (4.4), 142 (base peak), 96 (50), and 69 (60). 

Preparation of syn-l,3-Diols (32). A typical procedure is 
described for ethyl syn-3,5-dihydroxy-5-phenyrvalerate (32b): 
Under an argon atmosphere, a 1.0 molar solution of TiCk in 
CH2C12 (2.5 ml, 2.5 mmol) was added dropwise to a mixture 
of 31b (133 mg, 0.5 mmol) and EtSH (2.0 ml, 27 mmol) at 
—23 °C. After stirring for 30 min, the reaction was 
quenched with aqueous saturated NaHC0 3 . The organic 
materials were washed with brine, dried over Na2S04 and 
evaporated in vacuo. The residue was purified by flash 
column chromatography on silica gel (3:1 hexane-ethyl 
acetate as an eluent) to give 32b (114 mg, 95%). IR (neat) 
3400 (OH), 1725, and 1715 (shoulder) cmr1 (C=0); ^ N M R 
(CDC13) 0=1.27 (3H, t, 7=7.2 Hz, C02CH2CH8), 1.77 (1H, dt, 
7=14.4 and 3 Hz, 4-H), 1.93 (1H, dt, 7=14.4 and 9.7 Hz, 4-H), 
2.47 (1H, dd, 7=16.5 and 5.1 Hz, 2-H), 2.50 (1H, dd, 7=16.5 
and 7.1 Hz, 2-H), 3.60 (1H, s, 5-OH), 3.85 (1H, d, 7=2.2 Hz, 
3-OH), 4.17 (2H, q, 7=7.2 Hz, C02CH2CH3), 4.25—4.45 (1H, 
m, 3-H), 4.97 (1H, dd, 7=9.4 and 3.5 Hz, 5-H), and 7.25—7.45 
(5H, m, Ph); MS, m/z (rel intensity) 220 (M+-H20; 3.5), 192 
(0.6), 174 (13), 146 (20), 105 (53), 77 (base peak), 51 (42), and 
43 (82). 

Physical properties of other products are presented: 
Ethyl syn-3,5-dihydroxyhexanoate (32a). IR (neat) 3370 

(OH), 1725, and 1715 (shoulder) cmr1 (C=0); ^ N M R 
(CDC13) 0=1.20 (3H, d, 7=6.3 Hz, 6-H), 1.28 (3H, t, 7=7.2 Hz, 
C02CH2CH8), 1.56 (1H, dt, 7=14.2, and 3.4 Hz, 4-H), 1.60 
(1H, dt, 7=14.2, and 9.4 Hz, 4-H), 2.47 (1H, dd, 7=16.6 and 
5.6 Hz, 2-H), 2.48 (1H, dd, 7=16.6 and 7 Hz, 2-H), 3.35 (1H, 

bs, OH), 3.80 (1H, bs, OH), 4.05—4.15 (IH, m), 4.18 (2H, q, 
7=7.2 Hz, C02CH2CH3), and 4.2—4.3 (1H, m); MS, m/z (rel 
intensity) 158 (M+-H20; 1.2), 117 (17), 114 (18), 89 (25), 71 
(43), and 43 (base peak). 

Ethyl syn-3,5-dihydroxy-4,4-dimethyldodecanoate (32c). IR 
(neat) 3440 (OH), 1740 (shoulder), and 1720 cm-1 (C=0); 
*H NMR (CDC13) 0=0.76 (3H, s, 4-Me), 0.88 (3H, t, 7=6.8 Hz, 
12-H), 0.91 (3H, s, 4-Me), 1.2—1.65 (12H, m), 1.28 (3H, t, 
7=7.3 Hz, C02CH2CH8), 2.44 (1H, dd, 7=16.1 and 9.8 Hz, 
2-H), 2.57 (1H, dd, 7=16.1 and 2.9 Hz, 2-H), 3.16 (1H, bs, 
OH), 3.55 (1H, bd, 7=8.3 Hz, 5-H), 3.82 (1H, bs, OH), 4.01 
(1H, dd, 7=9.8 and 2.9 Hz, 3-H), and 4.18 (2H, q, 7=7.3 Hz, 
C02CH2CH3); MS, m/z (rel intensity) 225 (M+-C2H702; 
0.26), 200 (4.8), 142 (32), 96 (23), and 72 (base peak). 

Ethyl syn-3,5-dihydroxy-4,4-dimethyl-5-phenylvalerate (32d). 
mp 74.5—76 °C (ether-hexane). IR (Nujol) 3520 and 3440 
(OH), and 1720 cm"1 (C=0); *H NMR (CDC13) 0=0.63 (3H, s, 
4-Me), 0.96 (3H, s, 4-Me), 1.28 (3H, t, 7=7.1 Hz, C O ^ H ^ H s ) , 
2.49 (1H, dd, 7=16.4 and 9 Hz, 2-H), 2.56 (1H, dd, 7=16.4 and 
3.9 Hz, 2-H), 3.74 (1H, bs, OH), 4.04 (1H, bs, OH), 4.05—4.12 
(1H, m, 3-H), 4.19 (2H, q, 7=7.1 Hz, C02CH2CH3), 4.75 (1H, 
s, 5-H) and 7.25—7.4 (5H, m, Ph); MS, m/z (rel intensity) 220 
(M+-C2H60; 1.3), 142 (62), 132 (22), 117 (27), 107 (39), 77 
(base peak), 72 (47), 70 (47), 57 (42), and 43 (72). Found: C, 
67.54; H, 8.61%. Calcd for Ci5H2204: C, 67.65; H, 8.33%. 

Ethyl syn-3,5-dihydroxy-4,4-dimethyl-7-phenylheptanoate 
(32e). IR (neat) 3420 (OH), 1735 (shoulder), and 1715 cm"1 

(C=0); 1U NMR (CDC13) 0=0.74 (3H, s, 4-Me), 0.92 (3H, s, 
4-Me), 1.28 (3H, t, 7=7.3 Hz, C02CH2CH8), 1.6—1.9 (2H, m, 
6-H), 2.43 (1H, dd, 7=16.6 and 9.8 Hz, 2-H), 2.55 (1H, dd, 
7=16.6 and 2.9 Hz, 2-H), 2.62 (1H, ddd, 7=13.7, 9.3, and 
6.4 Hz, 7-H), 2.93 (1H, ddd, 7=13.7, 9.8, and 5.4 Hz, 7-H), 
3.49 (1H, bs, OH), 3.60 (1H, dd, 7=10.2 and 2.4 Hz, 5-H), 3.81 
(1H, bs, OH), 3.98 (1H, dd, 7=9.8 and 2.9 Hz, 3-H), 4.18 (2H, 
q, 7=7.3 Hz, C02CH2CH3), and 7.15—7.35 (5H, m, Ph); MS, 
m/z (rel intensity) 248 (M+-C2HeO; 3.7), 230 (7.0), 117 (18), 
104 (48), 91 (base peak), 72 (48), 57 (30), and 43 (53). 

Preparation of £raro-3-Hydroxy-5-methyl-ô-valerolactone 
(33): Pyridinium jb-toluenesulfonate (15.9 mg, 0.063 mmol) 
was added to a solution of ethyl syn-3,5-dihydroxyhexanoate 
(32a) (47.7 mg, 0.27 mmol) in benzene (5 ml), and then the 
reaction mixture was refluxed for 30 min. After the mixture 
were evaporated in vacuo, the residue was purified by flash 
column chromatography on silica gel (1:1 hexane-ethyl 
acetate as an eluent) to give 33 (29.0 mg, 82%). IR (Nujol) 
3405 (OH) and 1695 cm-1 (C=0); ^ N M R (CDC13) 0=1.40 
(3H, d, 7=6.5 Hz, 5-Me), 1.72 (1H, ddd, 7=14.5, 11.3, and 
3.2 Hz, 4-H.x), 1.99 (1H, dddd, 7=14.5, 3.8, 3.1, and 1.7 Hz, 
4-Heq), 2.62 (1H, ddd, 7=17.7, 3.6, and 1.7 Hz, 2-Heq), 2.70 
(1H, dd, 7=17.7 and 4.8 Hz, 2-Hax), 2.75 (1H, bs, OH), 4.34— 
4.38 (1H, m, 3-H), and 4.82—4.9 (IH, m, 5-H); MS, m/z (rel 
intensity) 130 (M+; 0.78) and 43 (base peak). 

X-Ray Crystal Structure Analysis of 2-(cis-3-Methyl-2-
oxepanyl)ethyl iV-(l-Naphthyl)carbamate (11) and Ethyl 
5yn-3,5-Dihydroxy-4,4-dimethyl-5-phenylvalerate (32d). The 
X-ray diffraction data were collected by RIGAKU AFC/5, 
with monochromated CuKa radiation (,3=1.5418 Â). Both 
structures were solved by direct method (MULTAN 80'),33) 

and the refinements of atomic parameters were carried out 
using block-diagonal least-squares method, with anisotropic 
temperature factors for non hydrogen atoms, and with 
isotropic temperature factors for hydrogen atoms, of which 
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located on the difference Fourier maps. The positions of the 
other hydrogen atoms were assumed geometrically, and 
fixed. Throughout the refinement, the function 2 
(iFoHFcl)2 was minimized. The weight of y/w=l/a(F0) 
was used during the final refinement stage for each 
compounds. The atomic scattering factors were taken from 
"International Tables for Crystallography".34) 11: C2oH2sN03= 
327.42. A colorless transparent prism, which was recrystallized 
from methyl acetate-hexane, was used for date collection and 
accurate cell determination, with the dimension of 0.50X0.50X 
0.45 mm3. Crystal data are as follows: a=16.916(l), 
b=15.260(2), c=7.090(l)A, 0=98.33(1)°, F=1810.8(3)Â3, 
monoclinic, P2i/a, Z=4, Dc=1.201 gcmr3 , F(000)=704, 
M (GuA:a)=6.505cm-1. 3086 unique reflections (20^130°) 
were measured, of which 2767 with |FQ|^2.67a (FQ) were 
considered as observed. No absorption correction was 
applied. The final R value is 0.061 (Rw=0.079). 32d: 
CIÖH2204=266 .34 . A colorless transparent prism, which was 
recrystallized from diisopropyl ether-pentate by vapor 
diffusion method, was used for data collection and accurate 
cell determination, with dimension of 0.50X0.40X0.35 mm3. 
Crystal data are as follows: a=7.354(l), 6=9.765(1), c=20.425(4) 
Â, F=1466.6(5) Â3, orthorhombic, Pca2i, Z=4, Dc=1.206 g cm"3, 
F(000)=576, M (Cu Ka)=7.131 cm"1. 1123 unique reflections 
(20^120°) were measured, of which 1066 with |FG|^2.67a (FQ) 
were considered as observed. No absorption correction were 
applied. The final R value is 0.043 (Rw=0.052). The 
computation for structure determinations were carried out 
by Apollo DN/460. The complete F0—Fc tables, atomic 
coordinates with equivalent isotropic or isotropic thermal 
parameters, bond lengths, bond angles and anisotropic 
thermal parameters for non H atoms were deposited as 
Document No. 8925 at the Office of the Editor of Bull. 
Chem. Soc. Jpn. 

Molecular Mechanics Calculations. The structural mod­
elling and all calculations were performed on an IRIS 
4D/80GT 3d-graphics workstation (Silicon Graphics) using 
the molecular modelling program SYBYL (Tripos Associates) 
and MOL-GRAPH (Daikin Industries). In the case of 
cycloheptene, chair, twisted boat and boat form models were 
built with MOL-GRAPH, and then each of them was 
minimized with MM2 (Ailingens MM2 1977-force field). 
Models of the other compounds were built with SYBYL or 
MOL-GRAPH. The energetically possible conformations 
were searched by use of the SEARCH command in SYBYL 
with Tripos force field. Each of them was minimized with 
MM2, thus the local minimal energy conformations were 
determined. 

T h e authors are grateful to Dr. Akio Kinumaki 
(Tanabe Seiyaku Co. Ltd) for N O E analysis, Mr Kimio 
O k a m u r a (Tanabe Seiyaku Co. Ltd) for X-ray crystal­
lography of 11 and 32d and Miss Chiaki Fukush ima 
(Tanabe Seiyaku Co. Ltd) for molecular mechanics 
calculations. 
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Channel Forming Activity of an Anionic Amphiphilic Sequential 
Polypeptide in a Cationic Bilayer Membrane 
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A channel forming activity of hydrophobic polypeptide, hydrophobic and anionic random copolypeptide, 
and anionic amphiphilic sequential copolypeptide, respectively, was investigated in a cationic bilayer 
membrane composed of dimethyldioctadecylammonium chloride (DOAC1), and correlated with their location 
in the membrane estimated by fluorescence spectroscopic and microscopic measurements. A pure hydrophobic 
polypeptide, poly(y-methyl L-glutamate) (PMG), was incorporated into DOAC1 bilayer membrane resulting 
from their hydrophobic interaction. The incorporation, however, allowed PMG to exhibit very little channel 
forming activity for sodium ion. A hydrophobic and anionic random copolypeptide, composed of 7-methyl 
L-glutamate and L-glutamic acid containing 30 mol% of L-glutamic acid (70/30 MG/GA) could hardly penetrate 
the bilayer membrane and was almost localized at the cationic membrane surface because of Coulombic 
interaction. 70/30 MG/GA did not effectively control the sodium ion permeability through the membrane. On 
the other hand, an anionic amphiphilic sequential polypeptide composed of 7-methyl L-glutamate and 
L-glutamic acid (am. -MG/GA) was incorporated into the cationic DOAC1 membrane to form the transmembrane 
bundle ca. 40 A in diameter. This transmembrane bundle consisting of am. -MG/GA acted as a channel for 
sodium ion. However, lithium ion having larger hydration size than sodium ion could not penetrate through 
the channel. 

It has been recognized that the a m i n o acid sequence 
of membrane prote ins in the biological membrane is 
closely related to the localization and function of the 
membrane proteins. For example,1 _ 7 ) integral mem­
brane prote in channels spann ing the l ipid bilayer were 
shown to consist of several paral lel a-helices. And 
each hel ix contains bo th hydrophobic and hydrophi l ic 
a m i n o acid side chains , periodically arranged so that 
all side chains facing the outside are hydrophobic , 
whi le those on the inside are hydrophi l ic . Studies of 
the channel forming synthetic polypept ide are impor­
tant to the unders tand ing general mechanism of 
structural and functional properties of biological 
membranes. 

In a previous study,8) we found an u n i q u e and 
simple technique for the preparat ion of an amph i ­
phi l ic sequential polypept ide (am. -MG/GA) , whose 
sequence is 

—(GAGAMGMGGAMGMGMGGAMGMGGAMGMGMGGAMGMG)^-

where M G and G A denoted 7-methyl L-glutamate and 
L-glutamic acid residue, respectively. T h i s method 
involves the formation of a solid condensed monolayer 
of poly(7-methyl L-glutamate) (PMG) at an air-water 
interface and the selective saponification of the P M G 
side chains hydrated in the aqueous phase, keeping the 
r ema in ing side chains oriented away from the aqueous 
phase unreacted. As a result, the a-hel ix of am.-
M G / G A obtained is an ion ic on one face ( G A ) and 
hydrophobic on the opposi te face ( M G ) . 

We report here, a channel forming activity of the 
an ionic a m p h i p h i l i c sequential polypeptide, am.-
M G / G A , in the bilayer membrane and compared wi th 
those of the hydrophob ic polypept ide, P M G , and a 
hydrophobic and an ionic r andom copolypeptide 

consist ing of M G and G A whose a m i n o acid composi­
t ion is about the same as that of am. -MG/GA. 

Experimental 

Materials. Polypeptides; Poly(7-methyl L-glutamate) 
(PMG) was obtained by polymerization of Af-carboxyanhy-
dride of L-glutamic acid 7-methyl ester in 1,2-dichloroethane 
solution with hexylamine as an initiator.9* The molar ratio 
of the anhydride to initiator was 75. Polymerization 
occurred at room temperature for 24 h. The PMG obtained 
was precipitated in dry methanol. A molecular weight of 
4400 was estimated from the viscosity measurements in 
dichloroacetic acid. 

-{NH-CH-CO)-

Cht 
1 

CHg 
CO 
I 

o 
CH3 
PMG 

Poly(7-methyl L-glutamate-co-L-glutamic acid)s with 3 
mol% (97/3 MG/GA), 30 mol% (70/30 MG/GA) of 
L-glutamic acid residues were prepared by the homogeneous 
saponification of the PMG obtained in 1,2-dichloroethane 
solution.10) The degree of polymerization did not decrease by 
saponification. 

-^NH-CHCOHNH-CH-CO)-
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A preparation of an amphiphilic sequential copoly­
peptide consisting of y-methyl L-glutamate and L-glutamic 
acid (am.-MG/GA) has been already reported in a previous 
study.8) A solid condensed state of PMG monolayer was 
formed by using a L-B trough of moving wall type11* 
(Nippon Laser & Electronics Lab., NL-LB240-MWA). 
When the area per monomer residue of PMG reached to 
15 Â, a 2.5 M aqueous solution (1 M=l mol dm -3) of 
potassium hydroxide (KOH) was added in large excess into 
the aqueous phase beneath the solid condensed monolayer. 
The molar ratio of KOH to y-methyl L-glutamate residue was 
105. After ca. 10 min, excess hydrochloric acid was added to 
convert the copolypeptide to its acidic form. The resulting 
copolypeptide with 34 mol% of GA residues, am.-MG/GA, 
whose sequence was 

—(GAGAMGMGGAMGMGMGGAMGMGGAMGMGMGGAMGMG)*-. 

The am.-MG/GA formed an amphiphilic helix which is 
anionic on one face consisting of L-glutamic acid side chains 
(GA) and hydrophobic on the opposite face comprising of 
y-methyl L-glutamate side chains (MG).8) 

Fluorescent Probes; PMG containing 2.7 mol% of 1-
amino-8-anilinonaphthalene (AN) in the side chain (AN-
PMG) was obtained by the condensation reaction of poly(y-
methyl L-glutamate-co-L-glutamic acid) containing 3 mol% 
of L-glutamic acid with AN in Af,Af-dimethylformamide 
using dicyclohexylcarbodiimide (DCC) and 1-hydroxy-1H-
benzotriazole (HOBt) for 24 h at room temperature.12) 70/30 
MG/GA and am.-MG/GA with 3 mol% of AN in the side 
chains were obtained in the same way as AN-PMG. It 
should be noted that, in the fluorescent modification of am.-
MG/GA, AN group was necessarily introduced to the 
anionic face of the amphiphilic a-helix rod. 

The content of AN in the polypeptides was determined by 
fluorescence spectroscopic analysis. 

N-(8-Anilino-l-naphthyl)propionamide (Pro-AN) as a 
model compound of the AN modified polypeptides was 
synthesized by the condensation reaction between propionic 
acid and AN using DCC and HOBt. DOACl vesicle solution 
containing am.-MG/GA labeling NH2-terminal with 4-
chloro-7-nitro-2,l,3-benzoxadiazole (NBD)13) for fluorescence 
microscopic measurements was prepared as follows. DOACl 
vesicle solution, 10 ml, containing am.-MG/GA (6.0 |ig) was 
incubated at 60 °C with 10 LLI ethanol solution of NBD 
(10~2M) for 1 min. After the reaction, this solution was 
rapidly quenched to 0 ° C. The strong fluorecence could be 
observed with the resulting DOACl vesicle containing am.-
MG/GA carrying NBD at the NH2-terminal.. 

Amphiphile; Dimethyldioctadecylammonium chloride 
(DOACl) was kindly provided from Kao Co., Ltd. 

CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2 CHs 

. CH3+CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2 
CI >N 

CHs CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2 

CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH2 CH3 

DOACl 

Vesicles; The DOACl vesicles containing polypeptides 
(PMG, 70/30 MG/GA and am.-MG/GA) were prepared as 

follows. PMG and 70/30 MG/GA, respectively, were 
dissolved in chloroform with DOACl. On the other hand, 
am.-MG/GA was dissolved in A/,Af-dimethylformamide with 
DOACl. These solutions of polypeptides and DOACl were 
poured into a glass flask, respectively, and then a thin film 
was formed in the inner surface of the flask by evaporating 
the solvent. Tris-HEPES (4-(2-hydroxyethyl)-l-piperazine-
ethanesulfonic acid) buffer solution (50 mM, pH 6.8) was 
added to this flask, and it was sonicated at 0°C under a 
stream of nitrogen by using a Bionic model 7250B ultrasonic 
processor (SEIKO I & E/Sonic & Materials), for 10 min to 
prepare the vesicles. The phase-transition temperature of 
DOACl vesicle was 40 ° C from differential scanning 
calorimetry.14) 

Methods. Spectroscopic Measurements; Fluorescence 
spectra of Pro-AN and AN modified polypeptides were 
obtained with a spectrofluorophotometer (Shimadzu, RF-
540). The excitation wavelength of AN was 350 nm and the 
concentration of DOACl was 0.2 mg ml - 1 . The molar ratio 
of polypeptides to DOACl was fixed at 4.2X10-4. 

Microscopic Measurements; Fluorescence microscopic 
measurements of DOACl vesicles containing am.-MG/GA 
with NBD at the NH2-terminal, was carried out using a 
fluorescence microscope (Olympus Optical, Moded BHS-
RFK, X1250). The concentration of DOACl was 0.2 mg 
ml - 1 . NBD was excited by a super high-pressure mercury 
lamp using BP490 and EY455 filters (Olympus Optical), and 
fluorescence emission was detected by a Olympus camera 
PM-10ADS. The molar ratio polypeptides to DOACl was 
fixed at 4.2X10-4. 

The shape of am.MG/GA in DOACl bilayer membrane 
was directly observed with a transmission electron micro­
scope using a freeze-fracture replica technique.10 An aliquot 
of the DOACl vesicle solution containing am.-MG/GA was 
placed in a thin gold plate, and this sample was rapidly 
plunged into liquid Fleon 22 (Balzers). The sample was 
stored in liquid nitrogen until fractured. Freeze-fracturing 
was carried out with a freeze-etching system (Balzers, BAF-
400) at -115 °C and 10"6mbar (1 bar=105 Pa). In order to 
prepare the reprica, platinum-carbon and pure carbon were 
evaporated at angles, 45 ° and 90 °, respectively, to the 
specimen surface. Electron microscopy was carried out 
using a Hitachi H-500 electron microscope. The concentra­
tion of DOACl was l .Omgml - 1 . The molar ratio of 
polypeptides to DOACl was fixed at 9.4X10-4. 

Ionic Permeability; DOACl vesicle solution containing 
potassium gluconate in the interior was prepared as follows. 
DOACl (100 mg) was added to the 50 mM Tris-HEPES 
buffer, pH 6.8, (10 ml) containing potassium gluconate 
(0.1 M), and it was sonicated in a similar manner as above. 
The aqueous suspension of the vesicle was filtered off, and 
150 mg of the residue was added to the buffer solution 
containing 0.1 M sodium or lithium gluconate as external 
solution, respectively. The total volume was 50 ml. The 
resulting vesicles had an ionic concentration gradient 
between the interior (0.1 M potassium ion) and exterior 
(0.1 M sodium or lithium ion) under isotonic conditions. 
The addition of polypeptides to the vesicle was performed by 
addition of Af,Af-dimethylformamide solution of poly­
peptides ( l m g m l - 1 ) . The pure N,N-dimethylformamide 
did not induce any changes in the rate of the potassium ion 
permeability. The amount of polypeptide added was 
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6.8X10-9 mol. The amount of potassium ion that transport­
ed across the vesicular bilayer before and after the addition of 
polypeptide, was detected with an ion meter (Horiba Co., 
Ltd., N-7ionII) at 20 °C. In this case, because of 
electroneutrality the number of potassium ion transported 
from vesicular interior to the external solution is the same as 
that of sodium or lithium ion from the external to the 
interior. Further, the cations, sodium and lithium ions, both 
having larger hydration size than that of potassium ion 
determine the permeability across the membrane for the 
cationic pairs, potassium/sodium and potassium/lithium, 
respectively. 

Results and Discussion 

Location of Polypeptides in DOACl Bilayer Mem­
brane. We have already reported 14'16) the interaction 
between polypeptides a n d a cationic bilayer membrane 
consist ing of d imethyld ioc tadecylammonium chloride 
(DOACl), indica t ing that the hydrophobic poly­
pept ide, P M G , was readily incorporated in to the 
hydrophobic membrane interior to form membrane-
s p a n n i n g helix, however, the incorpora t ion of hydro­
phobic and anionic r a n d o m copolypeptides, M G / G A , 
con t a in ing more than 30 mol% of L-glutamic acid 
residues could no t occur, and they were a lmost 
localized at the membrane surface. 

We elucidated the par t i t ion of a m p h i p h i l i c se­
quent ia l polypept ide in the cationic bilayer membrane 
consis t ing of DOACl by means of fluorescence 
spectroscopic measurements . It is wel l -known that 
fluorescence characteristics, such as emission max ima 
and fluorescence intensity, of an i l inonaph tha lene 
derivatives are very sensitive to the environmenta l 
polar i ty a r o u n d the fluorescence probes.17) Figure 1 
shows fluorescence spectra of AN modified poly­
peptides ( A N - P M G , AN-70 /30 M G / G A and AN-am. -
M G / G A ) in DOACl vesicle solution. T h e relation-

450 500 

\ / nm 

Fig. 1. Fluorescence spectra of AN modified poly­
peptides in DOACl bilayer membrane; ( ): 
AN-PMG, ( ): AN-70/30 MG/GA, ( ): AN-
am.-MG/GA, [DOAC1]=0.02 wt%, [polypeptide]/ 
[DOAC1]=4.2X10"4. 

sh ip between the emission max ima , /imax? of AN 
modified polypept ide in DOACl vesicle solut ion and 
the empir ical solvent polari ty, Z,18) was shown in Fig. 
2. T h e solid l ine in the figure shows the re la t ionship 
between the Z value and Xm*x of Pro-AN, the fluorescent 
model c o m p o u n d for AN modified polypeptides, in 
various solvents. It is apparen t that the Àmax of Pro-AN 
shifts to h igher wavelength wi th increasing solvent 
polari ty. T h e Xmax of A N - P M G , hydrophobic poly­
pept ide, in DOACl vesicle solut ion, 453 nm, corre­
sponds to Z value of octane. However, the Xmax of 
AN-70 /30 M G / G A , hydrophobic and anionic r andom 
copolypept ide, in DOACl vesicle solution, 499 nm, 
corresponds to Z value between methanol and water. It 
may say, therefore, that P M G is readily incorporated 
in to DOACl membrane interior , whereas 70/30 M G / 
GA is a lmost localized at the cat ionic surface of the 
membrane . O n the other hand , the Xmax of AN-am. -
M G / G A in DOACl vesicle solut ion, 470 nm, corre­
sponds to Z value between A N - P M G (membrane inter­
ior) and AN-70 /30 M G / G A (membrane surface). As 
was described in the experimental section, the fluores­
cent AN g r o u p was localized at the anionic face of the 
a m p h i p h i l i c a-helix rod. Therefore, the Xmax of 470 n m 
means a possibil i ty that the an ion ic face of AN-am. -
M G / G A is accessible to nei ther the membrane surface 
nor the hydrocarbon chains of DOACl. 

T o elucidate the par t i t ion of a m . - M G / G A in 
DOACl vesicle solut ion more clearly, freeze-fracture 
electron microscopy of DOACl bilayer membrane 
vesicles con ta in ing a m . - M G / G A was carried out. 
Figure 3 shows the freeze-fracture electron micrograph 
of DOACl bilayer membrane vesicle conta in ing am.-
M G / G A . Ini t ia l magnif ica t ion was X40000. T h e 

500 

490 

480 

470 

460 

AN-70/30 MG/GA 

AN-PMG 

450 l~"Â 

Fig. 2. Relation between fluorescent emission max­
ima of Pro-AN and empirical Z solvent polarity. 
[Pro-AN]=3.0X10"5 M, (1): water, (2): methanol, (3): 
ethanol, (4): 2-propanol, (5): MN-dimethylform-
amide, (6): acetone, (7): chloroform, (8): octane. 
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Fig. 3. Transmission electron micrograph of DOAC1 
bilayer vesicle prepared by freeze-fracture, initial 
magnificationX40000, [DOAC1]=0.1 wt%, [am.-
MG/GA]/[DOAC1]=9.4X10-4. 

Fig. 5. A proposed structure of am.-MG/GA-DOACl 
membrane system. am.-MG/GA aggregates consist 
of bundles of paralleled a-helices oriented per­
pendicular to DOAC1 bilayer membrane surface. 
Shaded surfaces represent location of hydrophilic 
amino acid side chains and unshaded surfaces are 
hydrophobic. 

10/4T1 

Fig. 4. Fluorescence micrograph of DOAC1 vesicles 
containing am.-MG/GA labeled at the NH2-
terminal with NBD, initial magnificationX1250, 
[DOAC1]=0.02 wt%, [am.-MG/GA]/[DOACl]=4.2X 
IO-4. 

i n t r amembranous particles were clearly observed in 
the electron micrograph (Fig. 3). These particles 
displayed a n n u l a r shapes ca. 40 Â in diameter. T h e 
size of the particles and their annu la r na ture suggests 
that the in t r amembranous particles consist of cylind­
rical aggregate of several a m . - M G / G A helical rods, 
since a single helical rod of polypept ide wou ld not be 
large enough to make the annu la r structure seen in 
Fig. 3. Further, in the fluorescence micrograph of 
DOAC1 vesicles con ta in ing a m . - M G / G A labeled wi th 
NBD, the fluorescence emission of NBD could be 
observed as the spherical particles (vesicles) on the 
dark background (aqueous phase) (Fig. 4). T h i s may 
also suppor t the incorpora t ion of a m . - M G / G A into 
the cationic bilayer membrane . These results suggest 

the fol lowing possibilities concern ing the par t i t ion of 
a m . - M G / G A in DOAC1 bilayer membrane . T h e am.-
M G / G A can be incorporated in to the DOAC1 mem­
brane resul t ing from the format ion of t ransmembra-
nous bundles composed of several a m . - M G / G A 
molecules. T h e hydrophob ic residues of each am.-
M G / G A are on the exterior surface of the t ransmem­
brane bund le to contact wi th the hydrocarbon region 
of DOAC1 membrane . While , the hydrophi l ic 
(anionic) faces, which are accessible to neither the 
membrane surface nor the hydrocarbon region of the 
membrane , are in contact wi th each other in the 
interior of the t ransmembrane bundle . These specula­
t ions may give a visual model shown in Fig. 5 as a 
possible structure of the membrane system. 

A Channel Forming Activity of Polypeptides Incor­
porated into DOAC1 Bilayer Membrane Vesicle. 
Figure 6 shows the rate of sod ium ion permeat ion 
th rough the bilayer membrane of DOAC1 vesicle. T h e 
permeabilit ies of sodium ion th rough the bilayer mem­
brane were measured before and after addi t ion of 
polypept ides , a m . - M G / G A , 70/30 M G / G A and P M G , 
respectively, at 20 °C. T h e sodium ion permeabili ty 
was a lmost independent on the addi t ion of 70/30 
M G / G A , since 70/30 M G / G A , 16> as is noted above, 
could hardly penetrate the bilayer membrane and were 
almost localized at DOAC1 membrane surface owing 
to the electrostatic interaction. Fur thermore, it is 
found that the addi t ion of P M G can induce little 
increase in the sodium ion permeabili ty. T h e little 
increase in permeabil i ty t h rough the membrane wi th 
P M G , in spite of the easy incorpora t ion of P M G in to 
the membrane , is associated wi th the absence of the 
permeat ion site for cation in PMG.1 6 ) O n the other 
hand, the degree of increase in the permeability induced 
by the addi t ion of a m . - M G / G A was much larger than 
that by the addi t ion of the other polypept ides ( P M G 
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I i i i i i I 

-20 -10 0 10 20 30 40 

t / min 

Fig. 6. Effect of polypeptides, PMG, 70/30 MG/GA 
and am.-MG/GA, addition on the rate of sodium ion 
permeation through the bilayer membrane 
consisting of DOAC1 at 20 °C. The arrow marks the 
time at which the polypeptides were introduced. 

and 70/30 M G / G A ) . T h i s result may be explained in 
terms of the hypothet ical molecular a r rangement of 
a m . - M G / G A in the bilayer membrane based on the 
fluorescent and microscopic studies. T h a t is, am.-
M G / G A aggregates each other to form t ransmembrane 
bundle hav ing the hydrophobic exterior and hydro-
phi l ic inner pore sur rounded by an ion ic surface. 
T h r o u g h the an ion ic pore the cat ion may be trans­
ported. 

It was found, furthermore, that the ionic per­
meability th rough the ion channel formed by the am.-
M G / G A aggregate in DOAC1 bilayer membrane was 
strongly dependent on a permeant ion size. T h a t is, 
l i th ium ion was used as the external cation in the place 
of sod ium ion, the channel - forming activity of am.-
M G / G A was disappeared. Tab le 1 shows the ratio of 
the permeabi l i ty coefficient, P/Po, (P a n d Po are the 
permeabil i ty coefficients of the bilayer membrane wi th 
and wi thou t a m . - M G / G A , respectively.), and the 
Stokes' radius, ns, of external cation. T h e large 
hydrated ion, l i t h i u m ion hardly permeates th rough 
the ion channel composed of several a m . - M G / G A 
molecules, however, sodium ion hav ing smaller 
hydra t ion size t han that of l i t h i u m ion, easily 
permeates t h rough the channel . T h u s , this result 
shows that the ion channel formed by t ransmembra-

Table 1. The Ratio of Permeability Coefficient, P/Po, 
and the Stokes' Radius, ris, of External Cation 

External cation Sodium Lithium 

r/k 1.83 2.37 
P/Po 3.4 1.0 

nous bund le composed of several a m . - M G / G A molec­
ules in DOAC1 bilayer membrane recognizes the cation 
by its hydrated size. 
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Reaction of jß-Nitroketeneaminal with Olefins Bearing 
Electron-Withdrawing Group and Aldehydes 

T a k a o TOKUMITSU 
Department of Chemistry, Faculty of Science, Yamaguchi University, 

Yoshida, Yamaguchi 753 
(Received December 25, 1989) 

The reaction of 2-(nitromethylene)imidazolidine (1) with olefins bearing an electron-withdrawing group 
gave Michael-type addition products and/or 5-nitro-l,7-diazabicyclo[4.3.0]nonane derivatives derived from the 
Michael-type adduct. The reaction of 1 with a,/3-unsaturated aldehydes in the presence of an acid, on the other 
hand, gave similar diazabicyclic derivatives and 2-[(2-imidazolidinylidene)nitromethylene]-5-nitro-l,7-diaza-
bicyclo[4.3.0]non-5-ene derivatives. The reaction of 1 with saturated and aromatic aldehydes in the presence of 
hydrochloric acid gave l,3-bis(2-imidazolidinylidene)-l,3-dinitropropane derivatives. The enhanced enaminic 
character of 1 is ascribable to the two electron-donating amino groups fixed in a five-membered ring. 

In previous papers the au thor reported that ß-
n i t roenamines reacted wi th some electrophiles to give 
^-substi tuted ß-ni t roenamines and heterocyclic com­
pounds . x '2) However, the nucleophi l ic reactivity of the 
ß-n i t roenamines is so small that they do no t react wi th 
the carbon-electrophiles, such as aldehydes, except 
formaldehyde, wh ich reacts wi th iV-phenyl ß-nitroen-
amine to give an aldol adduct,3) and olefins bear ing an 
e lect ron-withdrawing g roup . O n the other hand, 
Ra jappa suggested that ß-ni t roketeneaminals wi th 
two a m i n o groups at the ß-posit ion of ni troethylene 
may possess a moderate enamin ic reactivity, o w i n g to 
the e l ec t ron -dona t ing character of two a m i n o 
groups. 4 >5) 

In this paper I wish to report that 2-(nitromethyl-
ene)imidazolidine (1) reacts wi th olefins bear ing an 
e lec t ron-wi thdrawing g r o u p or aldehydes to give 
products ar is ing from Michael or aldol adducts. 

(94%) u p o n hea t ing for a few minutes at 160 ° C 
(Scheme 2). Imidazol idine 1 and 3-buten-2-one (2d) in 
acetonitrile con ta in ing a catalytic a m o u n t of acetic 
acid gave a cyclized adduct 5 and its dehydrat ion 
p roduc t 6 in 63.6 and 22% yields. Product 5 was 
dehydrated to give product 6 in 90% yield u p o n 
ref luxing for 3 m i n in acetonitri le con ta in ing a 
catalytic a m o u n t of hydrochloric acid (Scheme 3). In 
the reaction wi th olefins 2f,g under similar condit ions, 
products 7 and 8 ar is ing from a Michael addit ion, 

3 c 

Results and Discussion 

Reaction of 2-(Nitromethylene)imidazolidine (1) 
with Olefins 2. T h e reaction of imidazolidine 1 wi th 
olefins 2a,b,e in acetonitri le gave ß-substi tuted ß-
ni t roketeneaminals 3a,b,e in 67.7—95% yields. Ethyl 
acrylate (2c) afforded the Michael adduct 3c together 
wi th a small a m o u n t of lactam 4 ar is ing from 
cyclization of 3c; ß-ni t roketeneaminal 3c gave lactam 4 

Scheme 2. 
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Table 1. Reaction of l with «^-Unsaturated Aldehydes 9 

[Vol. 63, No. 7 

9 Catalyst 

9a HCl 
9b AcOH 
9ba> HCl 
9c AcOH 
9c HCl 

a) Used 2 equimolar 

1 + 

a 
b 
c 

Reaction 
temp/°C 

40 
Bp 
Bp 
Bp 
Bp 

amounts of 1. 

R - C H = C H - C H 0 

9 a - c 

: R=H 

: R=Me 

: R=Ph 

Reaction 
time/h 

8 
15 
8 

24 
8 

MeCN . 

L 

OH 

y 
,N 

N̂ 
H 

IC 

10 

Yield/% 

56 
62.8 
— 

32.9 
6 

—v 

^ R + 
\ 

N02 

>a-c 

MeCN-

Mp/°C 

159—160 
161—162 

226 
226 

/== 

rV 
H 

l la-
1 

-HCl 

Scheme 5. 

Product 

Yield/% 

35 
— 

16.5 

— 
6 

( 

>-•+ 
\ 

N02 

-c 

11 

Mp/°C 

153—154 

141—142 

175—176 

rV 
H 

12a-

t 

Yield/% 

— 
— 

51.5 
— 

86.9 

A 

^ 
N02 

-C 

12 

Mp/°C 

264—265 

278 

Table 2. Reaction of 1 with Aldehydes 13 

13 Solvent Catalyst Reaction 
temp/°C 

Reaction 
time/h Product Yield/%a> Mp/°C 

13a 
13b 
13c 
13d 

H 2 0 
H 2 0 
MeCN 
MeCN 

HCl 
HCl 
HCl 
HCl 

Rt 
Rt 
Bp 
Bp 

5 
24 
2 
5 

14a 
14b 
14c 
14d 

74.0 
71.8 
85.8 
83.8 

254 
221 
230 
226 

a) Recrystallized from DMF. 

2 I 

a 
b 

Ho0 or MeCN 
RCH0 

HCl 

!3a-d x KD 
UD M ^ ^ 

R=H 

R=Me 

C : R=Et 

(J : R=Ph 

NO 
\ 

CHR 

N0 2 

I4a-d 

Scheme 6. 

followed by dehydrat ion were exclusively obtained in 
56 and 59% yields, respectively; none of the ^-substi­
tuted ß-ni t roketeneaminals were obtained (Scheme 4). 
Similar reactions of 1 wi th « ^ - u n s a t u r a t e d aldehydes 
9a—c in acetonitr i le con ta in ing a catalytic a m o u n t of 
acetic acid or hydrochlor ic acid afforded mixtures of 
adducts 10a—c, their dehydrat ion products (11a—c) 
and compounds (12b,c) formed via condensat ion of 

10b,c wi th 1, w i thou t any format ion of aldol adducts 
(Scheme 5). T h e results are summarized in Tab le 1. 
T h e isolated 10a—c was dehydrated u p o n ref luxing in 
1,2-dichloroethane con ta in ing acetic acid (10%) to give 
the cor responding l i a — c in 87—89.6% yields. T h e 
reaction of products 10a—c w i th 1 in the presence of 
hydrochlor ic acid gave 12a—c in 64.6—87%) yields. 
T h e results show that the Michael addi t ion takes place 
in preference to the aldol reaction. 

Reaction of 2-(Nitromethylene)imidazolidine (1) 
with Aldehydes 13. T h e addi t ion reaction of im­
idazolidine 1 wi th « ^ - u n s a t u r a t e d aldehydes 9a—c (as 
described above) gave predominan t ly Michael-type 
adducts. Al iphat ic or aromat ic aldehydes 13a—d, 
however, reacted wi th imidazol idine 1 in the presence 
of hydrochlor ic acid as a catalyst to give 1:2 
condensat ion products (14a—d) in 71.8—85.8% yields 
(Scheme 6). T h e results are summarized in Tab le 2. 
Products 14a—d are presumably formed via aldol 
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addi t ion, acid-catalyzed dehydration, and the final 
addi t ion of 1 to the resul t ing i m i n i u m intermediate. 

T h u s , the enhanced reactivity of 2-(nitromethylene)-
imidazolidine (1) described above may be at tr ibutable 
to an enhanced enamin ic character by the two 
e lec t ron-donat ing a m i n o groups . T h e reaction of 
acyclic ß-ni t roketeneaminals , such as N,N'-dimethyl 
ß-ni t roketeneaminal , wi th olefins bear ing an electron-
wi thd rawing g r o u p and aldehydes, however, led to the 
recovery of unchanged s tar t ing materials or a mix ture 
of decomposi t ion products . T h u s , the reactivity of 
ß-ni t roketeneaminals depends on the structure. T h e 
greater nucleophi l ic i ty of 1 may presumably to be due 
to fixed C - N bonds in the five-membered r ing. 

Experimental 

The melting points are uncorrected. IR and UV spectra 
were measured with Hitachi 270-50 and Hitachi 124 
spectrophotometers, respectively. The !H NMR spectra were 
recorded with a Hitachi R-24B (60 MHz) or a R-250H 
(250 MHz) instrument using TMS as an internal standard. 
Elemental analyses were performed at the Microanalytical 
Laboratory of Kyoto University. 

Materials. 2-(Nitromethylene)imidazolidine (1) and ni-
troethylene were prepared according to the reported pro­
cedures.6»^ The other reagents commercially available were 
used without further purification. 

Reaction of 1 with Olefins 2. A solution containing 1 
(5 mmol) and 2a—c,e (5.5 mmol) in acetonitrile 15 ml was 
heated under reflux for 1—72 h. After the solvent was 
removed by a rotary evaporator the residue was purified by 
recrystallization to give 3a—c,e. 

2-(3-Cyano-l-nitropropylidene)imidazolidine (3a): Reac­
tion time 72 h; yield 86.8% (from DMF); mp 197 °C; IR (KBr) 
3360 m, 3200 m, 2225 m, 1605 s, 1543 s, and 1340 s cm"1; UV 
(EtOH) Anm (10~4£) 338 (2.0); m NMR (DMSO-d6) ô=8.55 (br, 
2H), 3.70 (s, 4H), 2.82 (t, / = 5 Hz, 2H), and 2.60 (t, / = 5 Hz, 
2H). Found: C, 46.03; H, 5.47; N, 30.82%. Calcd for 
C7H10N4O2: C, 46.15; H, 5.53; N, 30.75%. 

2-(l,3-Dinitropropylidene)imidazolidine (3b): Reaction 
time 4 h; yield 67.7% (from acetonitrile); mp 188 °C; IR (KBr) 
3350 m, 3200 m, 1598 s, 1562 s, 1545 s, 1365 s, and 1338 s cm"1; 
UV (EtOH) 2 n m (10~4£) 328 (1.9); ^ N M R (DMSO-d6) 
0=8.55 (br, 2H), 4.56 (t, / = 7 Hz, 2H), 3.67 (s, 4H), and 3.10 (t, 
/ = 7 H z , 2 H ) . Found: C, 35.70; H, 4.82; N, 27.70%. Calcd for 
C6H10N4O4: C, 35.65; H, 4.98; N, 27.71%. 

2-(3-Ethoxycarbonyl-l-nitropropylidene)imidazolidine 
(3c): Reaction time 36 h; yield 55.0% (from EtOH); mp 
157 °C; IR (KBr) 3330 m, 3200 m, 1728 s, 1604 s, 1540 s, 1366 s, 
1351 s, and 1318 s cm-1; UV (EtOH) 2 n m (10~4£) 346 (2.0); 
m NMR (DMSO-de) ô=8.50 (br, 2H), 4.90 (q, / = 7 Hz, 2H), 
3.67 (s, 4H), 2.70 (m, 4H), and 1.20 (t, /=7Hz, 3H). Found: 
C, 46.89; H, 6.31; N, 18.29%. Calcd for C9H15N3O4: C, 47.15; 
H, 6.59; N, 18.33%. 

2-( 1,3-Diriitro-2-phenylpropylidene)imidazolidine (3e): 
Reaction time 1 h; yield 95%) (from acetonitrile); mp 195 °C; 
IR (KBr) 3330 m, 3220 m, 1593 s, 1551s, 1542 s, 1374 s, and 
1342 s cm-1; UV (EtOH) Anm (10~4£) 329 (1.9); ^ N M R 
(DMSO-de) ô=8.80 (br, 2H), 7.28 (s, 5H), 5.37 (d, / = 7 Hz, 
2H), 4.67 (t, J=l Hz, 1H), and 3.70 (s, 4H). Found: C, 51.80; 

H, 5.03; N, 19.93%. Calcd for C12H14N4O4: C, 51.79; H, 5.07; 
N, 20.13%. 

The isolated 3c was heated at 160 °C for 3 min, and 
recrystallized from ethanol to afford 5-nitro-l,7-diazabicyclo-
[4.3.0.]non-5-en-2-one (4) in a 91% yield; mp 245 °C 
(decomp); IR (KBr) 3350 m, 1695 s, 1640 s, 1488 s, 1348 s, and 
1313 s cm-1; UV (EtOH) Anm (10~4£) 349 (2.2); 1U NMR 
(DMSO-de) 6=9.49 (br, 1H), 3.82 (s, 4H), and 2.73 (m, 4H). 
Found: C, 46.19; H, 4.94; N, 23.01%. Calcd for C7H9N3O3: C, 
45.90; H, 4.95; N, 22.94%. 

The reaction of 1 with 2d was carried out in acetonitrile 
containing of a catalytic amount of acetic acid; after heating 
under reflux for 2 h, the mixture was cooled, and the 
resulting precipitation was separated by filtration to give 
2-methyl-5-nitro-l,7-diazabicyclo[4.3.0]non-5-en-2-ol (5): 
yield 63.6% (from acetonitrile); mp 183—184°C (decomp); 
IR (KBr) 3320 m, 3180 m, 1595 s, 1532 s, 1380 s, and 1340 s cm"1; 
UV (EtOH) Anm (10~4£) 338 (1.8); 1U NMR (DMSO-d6) 
0=9.0 (br, 1H), 5.90 (s, 1H), 3.65 (s, 4H), 2.60 (m, 2H), 1.95 
(m, 2H), and 1.50 (s, 3H). Found: C, 48.06; H, 6.51; N, 
20.86%. Calcd for C8H13N3O3: C, 48.23; H, 6.58; N, 21.09%. 
The filtrate was evaporated; the residue was then purified by 
recrystallization from benzene to give 2-methyl-5-nitro-l,7-
diazabicyclo[4.3.0]nona-2,5-diene (6), which was the dehydra­
tion product of 5: yield 22%; mp 138—139 °C; IR (KBr) 
3300 m, 1683 m, 1660 s, 1530 s, and 1365 5 cm-1; UV (EtOH) 
X nm (10~4£) 311 (1.0) and 374 (1.5); W NMR (CDCb) 6=8.9 
(br, 1H), 4.90 (m, 1H), 3.70 (s, 4H), 3.37 (m, 2H), and 1.90 (d, 
/=2Hz, 3H). Found: C, 52.91; H, 5.99; N, 23.07%. Calcd for 
C8H11N3O2: C, 53.03; H, 6.12; N, 23.19%. On the other hand, 
the isolated 5 (5 mmol) was refluxed in 10 ml of acetonitrile 
containing a drop of concentrated hydrochloric acid for 
3 min to give 6 in a 90% yield. 

The reaction of 1 with 2f,g was performed in the same 
manner as 2d by adding a catalytic amount of concentrated 
hydrochloric acid. The reaction with 2f was stirred under 
reflux for 40 h, and the solvent was evaporated; the residue 
was then recrystallized from ethanol to afford 2-methyl-5-
nitro-4-phenyl-l,7-diazabicyclo[4.3.0]nona-2,5-diene (7): yield 
59.1%; mp 194—195 °C; IR (KBr) 3320 m, 1683 m, 1598 s, 
1495 s, 1365 s, and 1321 s cm"1; UV (EtOH) À nm (10~4£) 320 
(1.5) and 368 (1.1); m NMR (CDCI3) ô=8.60 (br, 1H), 7.25 (s, 
5H), 4.93 (d, / = 6 Hz, 1H), 4.77 (d, /=6Hz, 1H), 3.80 (m, 4H), 
and 1.9 (s, 3H). Found: C, 65.35; H, 5.79; N, 16.06%. Calcd 
for C14H15N3O2: C, 65.35; H, 5.87; N, 16.33%. Similarly, the 
reaction with 2g was heated under reflux for 6 h to give the 
corresponding 5-nitro-2,4-diphenyl-1,7-diazabicyclo[4.3.0]-
nona-2,5-diene (8): yield 55.1% (from EtOH); mp 176— 
177 °C; IR (KBr) 3350 m, 1660 s, 1610 s, 1496 s, 1358 s, and 
1328 s cm-1; UV (EtOH) À nm (10~4£) 323 (1.3) and 369 (1.2); 
« N M R (CDCI3) 6=8.70 (br, 1H), 7.28 (m, 10H), 5.15 (d, 
/ = 4 Hz, 1H), 4.95 (d, / = 4 Hz, 1H), and 3.60 (m, 4H). Found: 
C, 71.34; H, 5.19; N, 13.10%. Calcd for C19H17N3O2: C, 71.45; 
H, 5.36; N, 13.15%. 

Reaction of 1 with a,ß-Unsaturated Aldehydes 9a—c. A 
solution containing 1(5 mmol), 9a—c (5.5 or 11 mmol) and a 
catalytic amount of acetic acid or concentrated hydrochloric 
acid in 15 ml of acetonitrile was stirred at 40 °C for 8 h or 
under reflux for 8—24 h. The solvent was removed by a 
rotary evaporator, and the residue was sepatated by silica-gel 
columun chromatography (dichloromethane-acetone 5:1) 
or fractional precipitation (from DMF). The results are 
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summarized in Table 1. 
5-Nitro-l,7-diazabicyclo[4.3.0]non-5-en-2-ol (10a): IR (KBr) 

3350 m, 3150 m, 1600 s, 1530 s, and 1345 s cm-1; UV (EtOH) 
Anm (10~4£) 336 (2.2); ^ N M R (DMSO-d6) ô=9.1 (br, 1H), 
6.20 (d, / = 6 Hz, 1H), 5.0 (m, 1H), 3.71 (m, 4H), 2.65 (m, 2H), 
and 1.90 (m,2H). Found: C, 45.40; H, 5.90; N, 22.52%. Calcd 
for C7H11N3O3: C, 45.40; H, 5.98; N, 22.69%. 

4-Methyl-5-nitro-l,7-diazabicyclo[4.3.0]non-5-en-2-ol(10b): 
IR (KBr) 3300 m, 3160 m, 1587 s, 1531 s, and 1368 s cm"1; UV 
(EtOH) Anm (10~4£) 336 (2.2); XH NMR (DMSO-d6) 6=8.9 
(br, 1H), 6.30 (d, / = 7 Hz, 1H), 4.83 (m, 1H), 3.68 (m, 4H), 
3.15 (m, 1H), 1.85 (m, 2H), and 1.12 (d, / = 5 Hz, 3H). Found: 
C, 48.25; H, 6.51; N, 20.86%. Calcd for CsHisNsOs: C, 48.23; 
H, 6.57; N, 21.09%. 

5-Nitro-4-phenyl-l,7-diazabicyclo[4.3.0.]non-5-en-2-ol(10c): 
IR (KBr) 3320 m, 3180 m, 1603 s, 1523 s, and 1368 s cm"1; UV 
(EtOH) Anm (10~4£) 335 (2.2); *H NMR (DMSO-d6) 6=9.1 
(br, 1H), 7.25 (m, 5H), 6.40 (d, J=l Hz, 1H), 4.40 (m, 2H), 
3.72 (m, 4H), and 2.05 (m, 2H). Found: C, 59.62; H, 5.68; N, 
16.09%. Calcd for C13H15N3O3: C, 59.76; H, 5.78; N, 16.08%. 

5-Nitro-l,7-diazabicydo[4.3.0]nona-2,5-diene (IIa): IR 
(KBr) 3330 m, 1665 m, 1605 s, 1502 s, and 1350 5 cm-1; UV 
(EtOH) 2 n m (10~4£) 306 (0.6) and 373 (1.4); iH NMR 
(CDCI3) 6=8.9 (br, 1H), 6.30 (d, / = 8 Hz, 1H), 5.20 (m, 1H), 
3.90 (s, 4H), and 3.45 (m, 2H). Found: C, 50.18; H, 5.39; N, 
25.05%. Calcd for C7H9N3O2: C, 50.29; H, 5.42; N, 25.13%. 

4-Methyl-5-nitro-l,7-diazabicyclo[4.3.0]nona-2,5-diene(llb): 
IR (KBr) 3330 m, 1665 s, 1591s, 1505 s, 1365 s, and 1340 s 
cm-1; UV (EtOH) 2 n m (10~4£) 311 (0.6) and 372 (1.1); 
1U NMR (CDCI3) 6=8.5 (br, 1H), 5.91 (d, / = 8 Hz, 1H), 5.03 
(dd, / = 8 and 6 Hz, 1H), 3.85 (m, 4H), 3.67 (m, 1H), and 1.25 
(d , /=7 Hz, 3H). Found: C, 53.08; H, 6.07; N, 23.15%. Calcd 
for C8H11N3O2: C, 53.03; H, 6.12; N, 23.12%. 

4-Phenyl-5-nitro-l,7-diazabicyclo[4.3.0]nona-2,5-diene (1 lc): 
IR (KBr) 3370 m, 1668 s, 1603 s, 1594 s, 1505 s, 1358 s, and 
1340 s cm-1; UV (EtOH) À nm (10~4£) 315 (0.6) and 367 (1.1); 
i H N M R (CDCI3) 6=8.5 (br, 1H), 7.30 (m, 5H), 6.0 (d, 
/ = 8 Hz, 1H), 5.15 (dd, / = 8 and 6 Hz, 1H), 4.13 (d, / = 5 Hz, 
1H), and 3.69 (m, 4H). Found: C, 64.12; H, 5.18; N, 17.04%. 
Calcd for C13H13N3O2: C, 64.18; H, 5.38; N, 17.28%. 

Reaction of 1 with Isolated 10a—c. A solution contain­
ing 1 (5 mmol), 10a—c (5 mmol) and a catalytic amount of 
concentrated hydrochloric acid in 15 ml of acetonitrile was 
stirred under reflux for 5 h. After cooling, the resulting 
precipitation was removed by filtration; the residue was then 
recrystallized from DMF to give the condensation products 
12a—c, respectively. The results are as follows. 

2-[(2-Imidazolidinylidene)nitromethylene]-5-nitro-l,7-di-
azabicyclo[4.3.0]non-5-ene (12a): Yield 86%; mp 283 °C 
(decomp); IR (KBr) 3350 m, 3270 m, 1604 s, 1584 s, 1366 s, 
and 1340 s cm"1; UV (EtOH) X nm (10~4£) 332 (4.0); m NMR 
(DMSO-de) 6=9.1 (br, 1H), 8.9 (br, 2H), 4.55 (m, 1H), 3.70 
(m, 4H), 3.50 (m, 4H), 2.78 (m, 2H), and 1.83 (m, 2H). 
Found: C, 44.61; H, 5.36; N, 27.99%. Calcd for CiiHi6N604: 
C, 44.59; H, 5.44; N, 28.36%. 

2-[(2-Imidazolidinylidene)nitromethylene]-4-methyl-5-ni-
tro-l,7-diazabicyclo[4.3.0]non-5-ene (12b): Yield 64.6%; mp 
264—265 °C (decomp); IR (KBr) 3340 m, 3290 m, 1590 s, 1540 s, 
1526 s, 1362 s, and 1328 s cm"1; UV (EtOH) X nm (10~4£) 333 
(4.2); 1H NMR (DMSO-de) 6=9.1 (br, 1H), 8.7 (br, 2H), 4.32 

(m, 1H), 3.60 (m, 8H), 1.51 (m, 2H), and 1.19 (d, / = 7 Hz, 
3H). Found: C, 46.41; H, 5.74; N, 27.02%. Calcd for 
Ci2Hi8N604: C, 46.44; H, 5.84; N, 27.08%. 

2-[(2-Imidazolidinylidene)nitromethylene]-5-nitro-4-phen-
yl-l,7-diazabicyclo[4.3.0]non-5-ene (12c): Yield 87%; mp 
278 °C (decomp); IR (KBr) 3320 m, 3200 m, 1599 s, 1580 s, 
1377 s, and 1365 s cm"1; UV (EtOH) 2 n m (10~4£) 333 (4.1); 
iHNMR (DMSO-de) 6=9.1 (br, 1H), 8.5 (br, 2H), 7.35 (m, 
5H), 4.35 (m, 2H), 3.60 (m, 8H), and 1.80 (m, 2H). Found: C, 
54.67; H, 5.34; N, 22.55%. Calcd for C17H20N6O4: C, 54.78; H, 
5.40; N, 22.64%. 

Reaction of 1 with Aldehydes 13a—d. A solution contain­
ing 1 (5 mmol), 13a—d (2.5 mmol) and a catalytic amount of 
hydrochloric acid in water or acetonitrile 15 ml was stirred at 
room temperature for 5—25 h or under reflux for 2 h. After 
cooling, thr reaction mixture was neutralized with triethyl-
amine. The resulting precipitation was filtered off and 
washed with water, and recrystallized from DMF to give 
14a—d. The results are summarized in Table 2. 

l,3-Bis(2-imidazolidinylidene)-l,3-dinitropropane(14a): 
IR (KBr) 3350 m, 3310 m, 1604 s, 1543 s, 1375 s, and 1367 s 
cm-1; UV (EtOH) 2 n m (10~4£) 316 (2.4); « N M R (DMSO-
de) 6=9.1 (br, 4H), 3.95 (s, 2H), 3.77 (s, 8H), Found: C, 39.92; 
H, 5.20; N, 30.79%. Calcd for C9H14N6O4: C, 40.00; H, 5.22; 
N, 31.09%. 

l,3-Bis(2-imidazolidinylidene)-2-methyl-l,3-dinitropro-
pane (14b): IR (KBr) 3330 m, 3180 m, 1588 s, 1530 s, 1345 s, 
and 1320 s cm"1; UV (EtOH) À nm (10~4£) 322 (2.2); « NMR 
(DMSO-de) 6=9.1 (br, 4H), 4.88 (q, / = 8 Hz, 1H), 3.73 (s, 8H), 
and 1.48 (d, / = 8 Hz, 3H). Found: C, 42.03; H, 5.58; N, 
29.60%. Calcd for CioHi6N604: C, 42.25; H, 5.67; N, 29.56%. 

l-(2-Imidazolidinylidene)-2-[(2-imidazolidinylidene)nitro-
methyl]-l-nitrobutane (14c): IR (KBr) 3350 m, 3330 m, 
1531s, 1379 s, 1355 s, and 1325 5 cm-1; UV (EtOH) 2 n m 
(10~4£) 322 (2.2); 1U NMR (DMSO-d6) 6=9.0 (br, 4H), 4.50 (t, 
/ = 8 Hz, IH), 3.65 (s, 8H), 1.86 (m, 2H), and 0.68 (t, / = 8 Hz, 3H). 
Found: C, 44.64; H, 6.03; N, 28.11%. Calcd for CiiHi8N604: 
C, 44.82; H, 6.08; N, 28.17%. 

l,3-Bis(2-imidazolidinylidene)-l,3-dinitro-2-phenylpro-
pane (14d): IR (KBr) 3330 m, 3250 m, 1607 s, 1524 s, 1370 s, 
and 1340 s cm"1; UV (EtOH) À nm (10~4£) 323 (2.2); XU NMR 
(DMSO-de) 6=8.9 (br, 4H), 7.2 (m, 5H), 6.2 (s, IH), and 3.70 
(s, 8H). Found: C, 52.01; H, 5.30; N, 24.05%. Calcd for 
Ci5Hi8N604: C, 52.02; H, 5.24; N, 24.26%. 
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Asymmetric Synthesis of Fluorophenylalanines and 
(Trifluoromethyl)phenylalanines; the Use of Chiral 
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Transamination reactions in the presence of zinc(II) ion between (R)- or (S)-15-aminomethyl-14-hydroxy-
5,5-dimethyl-2,8-dithia[9](2,5)pyridinophane, pyridoxamine analog with planar chirality, and o-, m-, and p-
fluorophenylpyruvic acids or o-, m-, and p-(trifluoromethyl)phenylpyruvic acids gave the corresponding 
fluorophenylalanines or (trifluoromethyl)phenylalanines with 33—66% enantiomeric excess in moderate yields. 
The observed rate constants of these transaminations, &obsd, were determined with a concomitant observation of 
of a linear relationship between log &obsd and Hammett's constant, o°. 

Fluor ine-conta in ing amino acids1* have attracted 
considerable a t tent ion regarding their potent ia l util i ty 
as medical and agr icul tural drugs, a l though none of 
these a m i n o acids have been found in nature . Actual­
ly, an artificial synthesis of (S)-ß-fluoroalanine disclos­
ed its ant imicrobia l activity.2* It recently was reported 
that (S)-enantiomers of o-, m-, and p-f luorophenyl-
alanines and p-( t r i f luoromethyl)phenylalanine were 
successfully prepared from the corresponding 2-oxo 
acids t h rough the transfer of an a m i n o g roup from 
L-aspartic acid catalyzed by specific t ransaminase of 
microbial origin.3* In order to move the equ i l ib r ium 
towards the f luor ine-containing phenyla lanines and 
oxaloacetic acid, that system was coupled with 
oxaloacetic acid decarboxylase for the removal of 
oxaloacetic acid derived from L-aspartic acid as the 
a m i n o g r o u p donor . Consequently, an enzymatic 
p roduc t ion of those f luor ine-containing chiral a m i n o 
acids was accompanied by a loss of L-aspartic acid 
th rough its conversion in to pyruvic acid and carbon 
dioxide. In this paper we present an appl ica t ion of 
our t ransaminase model system to asymmetric synthe­
ses of o-, m-, and p-f luorophenylalanines and o-, m-, 
and p-( t r i f luoromethyl)phenylalanines . In our system 
there is n o consumpt ion of the a m i n o g r o u p donor, 
since it can be recycled after a brief treatment. Some 
observations on the kinetics of the t ransaminat ion 
reactions are also described. 

In previous papers we have reported the syntheses of 
(R)- and (S)-15-aminomethyl-14-hydroxy-5,5-dimeth-
yl-2,8-dithia[9](2,5)pyridinophanes (1)4) and their homo-
logs5 '6) as pyr idoxamine analogs wi th p lanar chirality 
and their successful use in the presence of zinc ion for 
asymmetr ic syntheses of na tura l a m i n o acids by a 
t rasnamina t ion reaction which mimicks v i tamin BO 
enzymes.6 '7) T h e molecular rat io of zinc ion to chiral 1 
and the solvent to be employed were crucial factors in 
increasing the enant iomer ic excess values of the 
products . Fol lowing the obtained information, chiral 
1, its one half molecular zinc(II) ion, and an excess of 

sodium salt of o-, m-, or p-f luorophenylpyruvic acid or 
o-, m-, or p-( t r i f luoromethyl)phenylpyruvic acid were 
treated in methanol . T h e reaction temperature was 
precisely kept at 25.0 °C, a l t hough the ambient 
temperature had been employed for previous syntheses 
of the na tu ra l a m i n o acids. Prepara ton of phenyl­
a lan ine from sod ium phenylpyruvate in this m a n n e r 
was also re-conducted for a compar ison . Pr ior to such 
transaminations, o-, m-, and p-(trif luoromethy^phenyl-
pyruvic acids were prepared by a similar method for 
the p repara t ion of phenylpyruvic acid,8) whi le sodium 

aCH 2 -COCOONa 1 / 2 Zn** ^ 

Ö
C H 2 - C — ^ O ( ^ V C H 2 - C - 1 = 0 

xT ijr ^T 
H2C^ N Z n 1 / 2 J**' HÇ* N Z n 1 / 2 6 H+ 

CHO 

OH H 

, i -CH 2 -C—COOH 2 

+ I I I + 1/2 Zn 

+ y^J NH2 

S R ^ 

R: H, o -F, m -F, p -F, o -CF3> m -CF3> p -CF3 

Scheme 1. 
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salts of o-, m-, and p-f luorophenylpyruvic acids were 
suppl ied by a company. T h e Schiff base isomerization 
from init ial ly formed ketimine (2) to a ld imine (3) 
wi th in zinc chelate complex is well-known to con­
stitute an essential par t of these t ransaminase model 
reactions. These isomerizations towards the produc­
t ion of f luor ine-containing amino acids were monitor­
ed by the change in the electronic absorpt ion 
spectrum. In contrast to the cases of the usual a m i n o 
acid formations so far studied,9* there were several ab­
sorpt ion max ima in the region 269—309 n m ascribable 
to 2 and the phenylpyruvate used when the fluorine-
con ta in ing phenylpyruvates were employed as the 
a m i n o g r o u p acceptors. Al though the chang ing 
pa t te rn of these absorpt ions th rough the reaction was 
diverse, the absorpt ions of 3 appear ing at 398—401 n m 
as a single peak were regularly enhanced wi th t ime for 
all f luor ine-containig substrates. O n the basis of the 
enhancements of these absorbance, the observed rate 
constants of the isomerization reaction, Äobsd, were 
determined9»10) (Table 1). In the case of enzymatic 
t ransaminat ions , 3) there was a large difference in the 
reaction rates between p-f luorophenylpyruvic acid (or 
phenylpyruvic acid) and p-(tr if luoromethyl)phenyl-
pyruvic acid as substrates. In contrast, this model 
t ransamina t ion system essentially lacked such a 
difference. O n the other hand, Äobsd of the o-isomers 
were considerably smaller than those of the corre-

Table 1. Observed Rate Constant, k0\ 
and Hammett's Constant, o° 

R Äobsd/lO-Ss-1 o° 
H 6.0 

o-F 
m-F 
p-F 

0-CF3 
ra-CF3 
JÖ-CF3 

6.9 
8.2 
7.6 

6.7 
9.5 

12.0 

0.35 
0.21 

0.47 
0.53 

sponding m- and p-isomers, owing to a steric hindrance 
of the subst i tuent g roup . A linear re la t ionship was 
expected between log Äobsd and one of the Hammet t ' s 
cons tan t ,a 0 , n ) regarding substi tuent groups on the 
benzene r ing of phenylpyruvic acids, since those 
benzene r ings and the C=N double bond were 
separated by a methylene g roup wi th in zinc chelate 
complexes of Schiff bases, such as 2 and 3. Th i s was 
actually the case; i.e., the reaction constant, p, was 0.50 
and the correlat ion coefficient, r, was 0.96 in a roughly 
linear re la t ionship between log Äobsd and a0 (Fig. 1). 

T h e t ransaminat ion reactions between (R)- or (S)-l 
and o-, m-, and p-f luorophenylpyruvic acids and o-, 
m-, and p-( tr i f luoromethyl)phenylpyruvic acids were 
conducted in a similar way to that of the previous 
studies.6 '7) T h u s , a solut ion of sodium salt of fluorine-
con ta in ing phenylpyruvic acid (or a mixture of 
equimolecular amount s of the phenylpyruvic acid and 
sodium methoxide), (R)- or (S)-l, and zinc acetate 
(4 :2 :1 in molecular ratio) in methano l was stirred at 
25.0 °C. For a comparison to the previous studies ,6 '7) 

24 h was chosen as the reaction time, a l t hough 
mo n i to r i n g the reaction th rough the electronic absor­
p t ion change showed that a shorter period had been 

o 

1.0 

0.8 

-

-

-H . / 

:fî_ 1 

P-F 

L ......1 

m-F 

1 1 

P-CF3O 

m -CF3 

0 0.2 0.4 

G° 

Fig. 1. Relation between the rate constant of the 
reaction, fcobsd, and Hammett's constant, o°. 

Table 2. Transamination Reaction 

R Enantiomer of 3 
Time C.y.a> E.e.b) 

Major enantiomer 

H R 24 76 61 

o-F 
o-F 
m-F 
p-F 

0-CF3 
0-CF3 
m-CF3 
P-CF3 

R 
S 
R 
R 

S 
S 
R 
R 

24 
8 

24 
24 

24 
8 

24 
24 

92 
90 
85 
82 

86 
80 
65 
84 

65 
63 
58 
66 

33 
41 
46 
33 

S 
R 
S 
S 

R 
R 
S 
S 

a) C.y.: chemical yield, b) E.e.: enantiomeric excess. 
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sufficient for its complet ion. In order to isolate and 
characterize the isomerization products, the zinc 
chelate complex in the reaction mixture was decom­
posed by the addi t ion of acid and the resul t ing (R)- or 
(S)-15-formyl-14-hydroxy-5,5-dimethyl-2,8-dithia[9]-
(2 ,5)pyr idinophane (4) wi th or iginal chirality was 
recovered by extract ion wi th an organic solvent. T h e 
aqueous solut ion underwent ion exchange chromatog­
raphies for further separation, giving the fluorine-
con ta in ing phenyla lan ine . Tab le 2 shows the chem­
ical yields, k ind of major enant iomer , and the 
enant iomer ic excesses of these f luorine-containing 
a m i n o acids obtained and those of phenyla lan ine as a 
reference. T h e chemical yields of most of the fluorine-
con ta in ing phenyla lanines were higher than that of 
phenyla lanine . Employmen t of (R)-l gave (S)-amino 
acids in excess, and vice versa, suggest ing that 
prepara t ions of f luor ine-conta ining a m i n o acids also 
obey the general rule reported previously.7* All 
f luorophenylalanines were obtained in the range 58— 
66% of enant iomer ic excesses, which was essentially 
equivalent to the enant iomer ic excess of phenyl­
a lan ine (61%). O n the other hand, the enant iomeric 
excesses of ( tr if luoromethyl p h e n y l a l a n i n e s (33—46%) 
were m u c h less than that of phenylalanine . In both 
series, o- and ^-subst i tuted phenylalanines were 
obta ined in a lmost the same enant iomeric excess after 
the reaction had been conducted for 24 h. A 
compar i son of m-isomer to o- and ^- isomers showed 
that the enant iomer ic excess value of m-fluorophenyl-
a lan ine was smaller than those of the corresponding o-
and p-isomers, whereas this was not the case in the 
( t r if luoromethy 1 p h e n y l a l a n i n e series (m- > o- and 
p-). With an exception concerning o-( trifluoromethyl )-
phenyla lan ine , the slower reaction (the smaller Äobsd) 
resulted in a larger enant iomer ic excess value of the 
product . In order to check the corelation between the 
enant iomer ic excess values and the reaction times, 
prepara t ions of o-f luorophenylalanine and o-(trifluo-
r o m e t h y l p h e n y l a l a n i n e were again a t tempted us ing a 
reaction t ime of 8 h , 1/3 as long as the previous one 
employed. T h e enant iomer ic excess of o-(trifluoro-
methyl )phenyla lan ine increased from 33% to 41% by 
shor ten ing the reaction time, whereas that of o-
f luorophenyla lanine kept almost the same value. Th i s 
difference migh t be rationalized by considering the 
degree of racemization, to which the a m i n o acid 
residues formed wi th in the zinc chelate complex will 
be apt to undergo . A fluorine a tom strongly 
wi thdraws an electron since it has the greatest 
electronnegativity a m o n g the elements. However, 
w h e n it is located directly on an aromat ic r ing , it can 
also donate an electron by mesomeric effect. O n the 
contrary the t r i f luoromethyl g roup just serves as a 
powerful e lect ron-withdrawing group . T h u s , racem­
ization wou ld be affected in different degrees by fluoro 
and trif luoromethyl groups . 

Since chiral 15-formyl-14-hydroxy-2,8-dithia[9](2,5)-
pyr id iophane (4) recovered after the isomerization 
reaction is readily converted in to the original pyri-
doxamine ana log (1) keeping the full chirality,4) it can 
be reused for another run. T h e o p t i m u m reaction 
condit ions for the m a x i m u m enant iomeric excess of 
the a m i n o acids susceptible to racemization migh t be 
at ta ined by taking the rates of bo th t ransaminat ion 
and racemization in to consideration. 

Experimental 

General. Melting points were determined in a capillary 
tube using a Ishii melting-point apparatus and are 
uncorrected. IR and UV-VIS absorption spectra were 
recorded on a Shimadzu IR 27G and a Varian-Cary 2290 
spectometers, respectively. 1H NMR spectra were obtained 
with a JOEL JNM GSX 500S (500 MHz) using TMS as the 
internal reference. Optical rotations were measured with a 
Perkin-Elmer Model 241 MC Polarimeter. 

Materials. Sodium salts of o-, m-, and £>-fluorophenyl-
pyruvic acids were donated by Asahi Glass Co., Ltd. 

Prepatations of o-, m-, and p-(Trifluoromethyl)phenyl-
pyruvic Acids. A suspension of a-acetylamino derivative of 
o-, m-, or p-(trifluoromethyl)cinnamic acid12) in 1 mol dm - 3 

hydrochloric acid (l :20wt/v) was refluxed for 3 h while 
being stirred. After standing overnight in an ice box, the 
resulting precipitates of the corresponding pyruvic acid were 
recrystallized from water. 

o-Isomer: Yield 93%; mp 142—141 °C; UV (MeOH) 288 nm 
(£ 1.7X104); IR (KBr) 3450 (OH) and 1690 cm"1 (broad, O O ) ; 
1H NMR (DMSO-de) ô=6.62 (1.18H, d, /=1.8Hz, Ph-CH2), 
7.41 (1H, t, /=7.7 Hz, Ph-H), 7.65 (1H, t, /=7.7 Hz, Ph-H), 
7.71 (1H, d, /=8.1 Hz, Ph-H), 8.37 (1H, d, 7=8.1 Hz, Ph-H), 
9.7 (broad, 1H, s, COOH), and 13.5 (broad, 0.82H, s, 
O C - O H ) . 

Found: C, 51.62; H, 2.99; F, 24.32%. Calcd for C10H7F3O3: 
C, 51.74; H, 3.04; F, 24.55%. 

m-Isomer: Yield 73%; mp 132—134°C; UV (MeOH) 
286 nm (e 1.9X104); IR (KBr) 3550 (OH), 1700, and 1670 cm"1 

(OO) ; 1H NMR (DMSO-d6) ô=6.52 (1.22H, s, Ph-CH2), 7.59 
(1H, d, 7=3.6 Hz, Ph-H), 7.60 (1H, d, 7=3.2 Hz, Ph-H), 7.98 
(1H, t, 7=3.6 Hz, Ph-H), 8.22 (1H, s, Ph-H), 9.7 (broad, 1H, 
s, COOH), and 13.4 (broad, 0.78H, s, O C - O H ) . 

Found: C, 51.30; H, 3.04; F, 24.28%. Calcd for C10H7F3O3: 
C, 51.74; H, 3.04; F, 24.55%. 

^-Isomer13*: Yield 92%; mp 179—181 °C; UV (MeOH) 
291 nm (e 2.1X104); IR (KBr) 3500 (OH) and 1700 cm"1 

(broad, C=0); 2H NMR (DMSO-d6) ô=6.48 (1.18H, s, 
PI1-CH2), 7.71 (2H, d, 7=8.3 Hz, Ph-H), 7.97 (2H, d, 
7=8.3 Hz, Ph-H), 9.8 (broad, 1H, s, COOH), and 13.4 
(broad, 0.82H, s, O C - O H ) . 

Found: C, 51.73; H, 3.03; F, 24.07%. Calcd for C10H7F3O3: 
C, 51.74; H, 3.04; F, 24.55%. 

The Determination of the Observed Rate Constant of the 
Reaction, kohsA. Stocked solutions of (RS)-l (1 mmol dm - 3 

in methanol, 5 cm3) and zinc acetate dihydrate (1 mmol dm - 3 

in methanol, 2.5 cm3) were immediately added to a solution 
of sodium salt of fluorine-containing phenylpyruvic acid (or 
equimolecular amounts of sodium methoxide and the acid) 
(0.25 mmol dm~3, 40 cm3) kept at 25.0 °C and filled up to 
50 cm3 with methanol in a volumetric flask. The reaction 
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mixture was kept at 25.0 °C in a stoppered quartz cell and 
the absorption spectra were recorded at regular time 
intervals. The observed rate constant of the reaction, /tobsd, 
was determined from the slope of the straight line in the 
plots of In A—In (A—At) against the time, t, where A and At 

indicate the absorbance at the absorption maxima around 
400 nm at the completion of the reaction (72 h for 
convenience) and at the time, t, respectively.9»10 

Transamination. A suspension of (R)- or (S)-l (93.7 mg, 
0.3 mmol), sodium salt of fluorine-containing phenyl-
pyruvic acid (0.6 mmol) (or the acid (0.6 mmol) and sodium 
methoxide (0.6 mmol)), and zinc acetate dihydrate (32.9 mg, 
0.15 mmol) in methanol (150 cm3) was stirred at 25.0 °C for 
8 h or 24 h. After addition of 1 mol dm - 3 hydrochloric acid 
(6 cm3), the resulting mixture was concentrated to dryness 
under reduced pressure and extracted with water-ethyl 
acetate. The organic extract was washed with water, dried 
over anhydrous magnesium sulfate, and concentrated. The 
residue was placed on a silica-gel column (Merck, No. 7734, 
0.063-0.200 mm in particle size) and eluted with chloroform, 
giving chiral 4 (for example, preparation of phenylalanine: 
76.1 mg (81%), [aß3 =+421 ° (c 0.381, CHC13), ([a]£ =-422 ° 
for (S)-44))). The aqueous extract was concentrated to ca. 
10 cm3 and put on a column packed with Dowex 50W X8 
(100—200 mesh, H + form, 50 cm3). The column was 
successively eluted with water (1dm3) and 0.1 mol dm - 3 

aqueous ammonia. The latter eluate was concentrated to 
give an amino acid-containing residue, which was put on a 
column packed with Amberlite CG 50 (100—200 mesh, H+ 
form, 20 cm3). The column was eluted with water to collect 
the amino acid-containing fractions, and evaporated. Enan­
tiomeric excess of the product obtained was calculated on the 
basis of its optical rotation. 

T h e authors wish to express their thanks to Dr. 
H i rok i T a n a k a of Asahi Glass Co., Ltd. for a generous 
gift of sodium salts of o-, m-, and p-f luorophenyl-
pyruvic acids. T h a n k s are also due to Miss Mutsuko 
Yoshida and her co-workers of this Inst i tute for 

elementary analyses and to Dr. J u n Uzawa and Mrs. 
T a m i k o Chi j imatsu of this Inst i tute for the measure­
ment of XH N M R spectra. 
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Syntheses and some properties of undecathymidylate analogs containing stereoregulated phosphoromor­
pholidate and phosphodiester linkages in an alternating manner are described. These analogs were easily 
obtained by the phosphorobisamidite approach starting from pre-separated diastereomerically pure 
dithymidine phosphoromorpholidate derivatives. Both isomers were found to be high resistant to nucleases, in 
comparison with natural oligothymidylate; the phosphodiester linkages except 3'-end in the isomers were not 
cleaved by SI nuclease and both isomers were very slowly degraded by phosphodiesterase I and micrococcal 
nuclease. The rate of each degradation was dependent on the configuration of phosphoromorpholidate linkage 
in each isomer. The UV and CD spectral studies show that one of the isomer can interact with poly(dA) to give 
B-type duplex possessing the same thermal stability as natural oligothymidylate-poly(dA) duplex and the other 
isomer does not interact with poly(dA) under the comparable conditions. 

Synthetic ol igonucleotides and their analogs have 
been noted as regulatory substances for gene expres­
sion by the sequence-specific b ind ing to the target 
D N A / R N A . For example they have been shown to 
inh ib i t viral repl icat ion in cell culture wi th h u m a n 
immunodeficiency virus1 '2 ) and herpes s implex virus 
type 1.3) It is considered that the ol igonucleot ide 
ana logs hav ing modified phospha te groups , such as 
methylphosphonates , phosphorothioates , and phos-
phoramidates , have been shown to be useful as 
inhib i tors of prote in t ranslat ion due to their nuclease 
resistance and their increasing cell membrane per­
meabil i ty compared wi th normal ol igonucleotides 
hav ing all phosphodiester linkages.4»5* T h e modified 
backbone can be introduced into oligonucleotides 
t h rough routes based on the phosphotriester,6 ) phos­
phite,7 '8* and hydrogen phosphonate 9 ) methods of 
ol igonucleot ide synthesis. These modifications some­
times influence the stabilities of duplexes. It has been 
presumed that the influence results from the electronic 
na ture of the subst i tuent groups, their steric h in­
drance, the dis turbance of the spine of the hydra t ion 
a round the modified phospha te groups , and the 
absolute stereochemistry at phosphorus atoms.9»10) In 
par t icular , Miller and co-workers demonstrated that 
the absolute stereochemistry at phosphorus a toms in 
methy lphosphona te l inkages controls duplex forma­
tion.10* It is therefore speculated that stereochemically 
pure oligonucleotide analogs would increase the 
potent ia l as gene regulatory substances.11) In order to 
investigate the effects of the modified phospha te 
groups in ol igonucleotide analogs, easy and systematic 
prepara t ion methods of those analogs are required. We 
have developed the novel method for generat ing 

phosphoromorpho l ida t e l inkages by one-pot proce­
dure.12«13) 

In this paper , we described the syntheses of 
oligothymidylate analogs having stereoregulated phos­
phoromorpho l ida te linkages from pre-separated dia­
stereomerically pure d i thymidine phosphoromorpho l ­
idate derivatives. Resistances of these analogs to 
nucleases and their abilities to form the complex wi th 
complementary poly(dA) were also examined. 

Experimental 

General Methods High-performance liquid chromatog­
raphy (HPLC) was carried out on Cosmosil 5Cis (4.6X150 mm, 
Nacalai Tesque Co. Ltd., Kyoto, Japan) or DAISO GEL 
ST-120-5 ODS (6.0X150 mm, Daiso Co. Ltd., Osaka Japan) 
at 35 °C using Shimadzu LC-6A chromatographic system 
(Shimadzu Co. Ltd., Kyoto, Japan). For the purification of 
5'-0-dimethoxytritylated undecathymidylate analogs, a lin­
ear gradient of 6—60% acetonitrile (1%/min) in 0.1 Ma) 

triethylammonium acetate (TEAA) buffer (pH 7.0) was used 
at a flow rate of LOmLmin - 1 on Cosmosil 5Cis. For the 
further purification and the check of purities of detritylated 
undecathymidylic acid and undecathymidylate analogs, a 
linear gradient of 6—30% acetonitrile (0.5%/min) in 0.1 M 
TEAA buffer was used at a flow rate of 0.5 mL min - 1 on 
Cosmosil 5Ci8. To analyze the products obtained from the 
treatment of the oligomers with nucleases, a linear gradient 
of 3—24% acetonitrile (1%/min) in 0.1 M TEAA and 
sequentially an isocratic eluent (24% acetonitrile) in 0.1 M 
TEAA were used at a flow rate of 1.0 mL min - 1 on DAISO 
GEL ST-120-5 ODS column. Thin layer chromatography 
(TLC) was carried out on Kieselgel 6OF254 (Art. 5554, E. 
Merck, Darmstadt, F.R.G.) using ethyl acetate/dichloro-

a) M=mol dm"3 
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methane/triethylamine (5/4/1, v/v/v) as a solvent. Dichloro-
methane was refluxed over calcium hydride and distilled 
prior to use. Acetonitrile was distilled over phosphorus 
pentoxide, then further distilled over calcium hydride, and 
stored over Molecular Sieves 4A. Diethylamine was standing 
over potassium hydroxide and then distilled over calcium 
hydride. 5-(p-Nitrophenyl)tetrazole was prepared by the 
method reported in the literature.14) Chlorobis(diethyl-
amino)phosphine was prepared by the method described 
elsewhere.15) 5'-0-Dimethoxytritylthymidine loaded silica 
gel support (T-resin) was purchased from Dojindo Labo­
ratories (Kumamoto, Japan). Undecathymidylic acid ((dT)n) 
was synthesized by a phosphoramidite method. Polydeoxy-
adenylic acid (poly(dA)), SI nuclease (Asperillus oryzae), 
phosphodiesterase I (Crotalus adamanteus Venom), and 
micrococcal nuclease (Staphylococcus aureus) were purchased 
from Pharmacia LKB Biotechnology (Uppsala, Sweden). All 
other chemicals were reagent grade. 

Syntheses of Undecathymidylate Analogs. 5'-0-Dimethoxy-
trityldithymidine phosphoromorpholidate, 1, was converted 
into their phosphorobisamidite derivative by chlorobis(diethyl-
amino)phosphine. Compound 1 (0.1 mmol) was reacted 
with chlorobis(diethylamino)phosphine (0.1 mmol) in dry 
dichloromethane (0.5 mL) containing diethylamine (0.3 
mmol) at room temperature for 15 min. After extraction 
with saturated aqueous sodium chloride, the organic layer 
was dried over sodium sulfate. After removal of the solvent 
in vacuo, the residue was redissolved in dry acetonitrile 
(1 mL) and used to oligomer syntheses. The purity of the 
resulting phosphorobisamidite, 2, was checked by TLC. 

The synthetic cycle of undecathymidylate analogs on T-
resin (20 mg, 5'-0-dimethoxytritylthymidine; 0.05 mmol 
g-1) is as follows; 1) washing with dichloromethane 
(3X0.3 mL), 2) detritylation with 3% dichloroacetic acid in 
dichloromethane (0.5 mL, 2 min), 3) washing with dry 
acetonitrile (5X0.3 mL), 4) coupling with 2 (20 equiv) using 
5-(p-nitrophenyl)tetrazole (40 equiv) in dry acetonitrile 
(0.4 mL, 10 min), 5) hydrolysis with 0.5 M tetrazole in 
acetonitrile/water (4/1, v/v, 0.5 mL, 5 min), 6) washing with 
acetonitrile (3X0.3 mL). After the last cycle, the resin was 
treated with 0.1 M iodine solution in water/2,6-lutidine/ 
THF (1/2/2, v/v/v) for 10 min. The undecathymidylate 
analogs were removed from the resin by the treatment with 
coned aq ammonia (room temperature, 2 h). After evapora­
tion, the products were purified by reversed-phase HPLC. 
Appropriate fractions were collected, evaporated and coeva-
porated with water. The residues were detritylated by 80% 
acetic acid at room temperature for 30 min. After 
evaporation, the products were again purified by reversed-
phase HPLC. 

To confirm the length of these analogs, they were treated 
with 10% isopentyl nitrite in water/acetic acid/ethanol,( 1/4/5, 
v/v/v) at 45 °C for 45 h to remove a morpholine moiety9) and 
the products were analyzed by HPLC. 

Measurements of UV Melting Behaviors. UV spectra 
were measured by Shimadzu MPS-2000 spectrophotometer 
(Shimadzu, Kyoto, Japan) equipped with Neslab EX-100 
bath circulator and FTC-350A flowthru cooler (Neslab 
Instruments Inc., N.H., U.S.A). The temperature of the cell 
was measured by Yokogawa Model 2455 digital thermometer 
(Yokogawa Electric Co., Tokyo, Japan). Condensation of 
moisture at low temperature was prevented by passing dry 

nitrogen. The absorbance of the samples was monitored by 
increasing the temperature at total nucleotide concentration 
of 4X10"5 M. Relative absorbance at 260 nm is calculated by 
the following equation; Relative absorbance (260 nm)= 
Abs(observed)/Abs(observed at 80 °C). Molar extinction 
coefficients used were 8.7X103 (266 nm)16) for oligothmidylic 
acid and its analogs and 8.6X103 (257 nm)17) for poly(dA). 

Measurements of CD Spectra. Circular dichroism spectra 
(CD) were measured by JASCO J-600 spectropolarimeter 
(JASCO, Tokyo, Japan) equipped with Neslab EX-100 bath 
circulator and FTC-350A flowthru cooler. The spectra were 
measured in 10 mM phosphate buffer (pH 7.2) containing 
150 mM sodium chloride at total nucleotide concentration of 
2X10_5M for undecathymidylate analogs and 4X10_5M for 
the mixtures of undecathymidylate analogs and poly(dA). 

Enzymatic Digestion of Undecathymidylate Analogs. Diges­
tion of undecathymidylate analogs (0.1 O.D.266) was carried 
out at 37 °C in the following solution. SI nuclease; enzyme 
(ca. 380 unit) solution (200 uL) in 0.05 M ammonium acetate 
buffer (pH 5.0) containing 0.05 M sodium chloride and 
1 mM zinc acetate. Phosphodiesterase I; enzyme (1 unit) 
solution (300 uL) in 0.02 M Tris-HCL buffer (pH 8.8) 
containing 0.02 M magnesium chloride. Micrococcal nu­
clease; enzyme (30 unit) solution (200 uL) in 0.05 M sodium 
borate (pH 8.8) containing 2.5 mM calcium chloride. 
Aliquots were taken out at appropriate time intervals, heated 
at 80 ° C and analyzed by reversed-phase HPLC. Under those 
conditions, (dT)n was completely hydrolyzed within 5 min. 

Results and Discussion 

Syntheses of Undecathymidylate analogs. A pair of 
undecathymidylate analogs having stereoregulated 
phosphoromorpho l ida t e and phosphodiester l inkages 
in an a l ternat ing manner were synthesized by phos­
phorobisamidi te approach1 8 ) from diastereomerically 
pure di thymidine phosphoromorphol ida te derivatives. 
T h e prepara t ion of 5 ' -0-dimethoxytr i tyldi thymidine 
phosphoromorpho l ida te , 1, by our reported method12) 
gave a mix ture of isomers wi th R and S configurations 
at p h o s p h o r u s a tom, R p and Sp. These two diaster-
eomers could be easily separated on a reversed-phase 
co lumn, as shown in Fig. 1. T h e diastereomers are 
named as 1-1 and l-II in their elut ion order. T h e 
configurat ions of 1-1 and l-II were tentatively assigned 
to Rp- and Sp-forms by pro ton N M R study, respective­
ly.13) 

Scheme 1 shows the synthetic route of stereoregular 
ol igothymidylate analogs. Diastereomerically pure 1-1 
or l-II was converted in to phosphorobisamida te 
derivative by chlorobis(die thylamino)phosphine. T h e 
phosphorob isamid i te 2 prepared in situ was used to 
synthesize the ol igothymidylate ana log by block 
condensat ion on solid suppor t us ing syringe tech­
nique.19) T h e average coupl ing yield, estimated from 
the trityl assay, was ca. 89%. T h e diastereomers of 2, 
2-1 and 2-II, showed no difference in the yield of the 
block condensat ion. T h e oligothymidylate analogs 
were purified by reversed-phase H P L C before and 
after detri tylation. T h e undecathymidylate ana log 
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having phosphoromorpho l ida te l inkages is abbrevi­
ated to (Tp(mor)Tp)5T, as shown in Scheme 1. T h e 
diastereomers of undecathymidylate analogs are nam­
ed as 4-1 synthesized from 1-1 and as 4-II synthesized 
from l-II. 

Figure 2 shows the chromatograms of 4-1, 4-II, and 
(dT)n. Retent ion times of those analogs on reversed-

A 

DMTr-O-i o 

P 
O ^ ° 

o 
OH 

Rp (1-1) 

.O 

° °Y°NT 

Sp ( l - I I ) 

i-ii 
B 

1-1 

Ü L 

5 10 15 
Retention time/min 

20 

Fig. 1. (A) Absolute configurations of 5'-0-dimeth-
oxytrityldithymidine phosphoromorpholidates. (B) 
HPLC profile of the mixture of 1-1 and l-II on 
DAISO ODS column using 80% methanol in water 
as an eluent at a flow rate of 1 mL min - 1 . 

phase H P L C were as follows: 3-1, 32.4 min; 3-II, 
34.4 min under the purif icat ion condi t ions for 5 ' - 0 -
dimethoxytri tylated undecathymidylate analogs; 4-1, 
33.6 min; 4-II, 33.4 min , where 3-1 was 5 ' -0-d imeth-
oxytritylated undecathymidylate ana log synthesized 
from 1-1 and 3-II was that from l-II. Both 4-1 and 4-II 
were eluted m u c h slower than (dT)n and 4-1 was 
eluted slower than 4-II. Interestingly, the e lut ion 
order of undecathymidylate analogs was reversed by 
the deprotection of the 5 ' -0-dimethoxytr i tyl group. 
T h i s reversal of the e lut ion order was also observed in 
d i thymidine phosphoromorphol idate 1® and ol igonu­
cleotide analogs bear ing phosphoro th ioa te linkages.20) 

Removals of the morpho l ine moieties from the 
analogs gave the c o m p o u n d comigra t ing wi th (dT)n 
and therefore the length of 4-1 and 4-II was confirmed. 

Resistance to Nuclease. Resistances of 4-1 and 4-II 
to nucleases were investigated by use of SI nuclease, 
phosphodiesterase I, and micrococcal nuclease. Both 
diastereomers of d i thymidine phosphoromorpho l ida te 
were not degraded by the treatment wi th these 
nucleases, t h o u g h the same condi t ions led to hydroly­
sis of d i thymidine monophospha t e . T h i s results 
indicate that the phosphoromorpho l ida t e l inkage is 
resistant to nucleases. T h e resistance of phospho-
ramidate l inkages to nucleases is in agreement wi th 
other reports.7»21) Undecathymidyl ic acid was com­
pletely degraded wi th in 5 m i n by the treatment wi th 
these nucleases. 

W h e n 4-1 was incubated wi th SI nuclease, thymi­
dine 5 ' -monophospha te (5 ' -TMP) and one major peak 
in H P L C were obtained. T h e mojor peak was eluted a 
little later than 4-1 and was no t degraded by the further 
incubat ion . T h e major porduc t is therefore assumed 
to be the c o m p o u n d wh ich was obtained by the 
cleavage of mononucleo t ide at 3'-end of 4-1, (Tp(mor)-
Tp)4Tp(mor )T . T h u s , the phosphodies ter l inkages in 
the resul t ing (Tp(mor )Tp)4Tp(mor )T were not hydro-
lyzed by the further incubat ion. T h i s resistances to 
enzymatic degradat ion may result from the decrease of 
negative charges or the steric h indrance of morpho l ino 

B 

10 20 30 

Retention time/min 
40 10 20 30 

Retention time/min 
40 

_ I _ 
10 20 30 

Retention time/min 
40 

Fig. 2. The elution profiles of 4-1 (A), 4-II (B), and (dT)n (C). Conditions are described in Experimental 
Section. 
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Fig. 3. Degradation of 4-1 (-Eh) and 4-II (-+-) by SI 
nuclease. Residual oligomer shows amounts of 
remaining 4-1 or 4-II. Conditions are described in 
Experimental Section. 

groups . T h e treatment of 4-II w i th SI nuclease led to a 
s imilar result as that of 4-1 except the rate of 
hydrolysis. T h e rate to hydrolyze the 3 ' terminal 
phosphodiester l inkage of 4-1 was faster than that of 
4-II (Fig. 3). T h e difference of the hydrolysis rate 
suggests that SI nuclease recognizes the difference of 
the configurat ion a round the 3'-end. 

C o m p o u n d s 4-1 and 4-II were degraded by the 
t reatment wi th phosphodiesterase I wi th in 5 m i n to 
give several products con ta in ing 5 ' -TMP. T h e 
products except 5 ' -TMP were slowly degraded by 
further treatment. Figure 4A shows the H P L C profile 
of the products obtained by the treatment of 4-1 wi th 
phosphodiesterase I for 20 min . Peak 1 was assigned to 
be 5 ' -TMP and peak 3 was assigned to be d i thymidine 
phosphoromorpho l ida t e . Since peak 2 was converted 
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Fig. 4. HPLC profiles of the products obtained by the treatment of 4-1 (A) and 4-II (B) with 
phosphodiesterase I for 20 min and time courses of their products obtained from 4-1 (C) and 4-II 
(D). -<£-, peak 1; - • - , peak 2; - • - , peak 3; -EK peak 8. Conditions are described in Experi­
mental Section. 

to d i thymidine phosphoromorpho l ida te by the treat­
men t wi th a lkal ine phosphatase , this c o m p o u n d was 
assigned to be phosphorylated di thymidine phosphoro­
morphol ida te . Peak 8 was in accord wi th the product 
obta ined by the t reatment of 4-1 wi th SI nuclease, 
(Tp(mor )Tp)4Tp(mor )T . T h e time conversion curves 
of peaks 1, 2, 3, and 8 were shown in Fig. 4C. T h e 
a m o u n t of (Tp(mor)Tp)4Tp(mor)T (peak 8) decreased 
and those of d i thymid ine phosphoromorpho l ida te 
derivatives (peaks 2 and 3) increased. Also, the a m o u n t 
of 5 ' -TMP was almost constant after 5 min . Amounts 
of peaks 4 to 7 reached m a x i m u m and then d imin i ­
shed. Al though these compounds are no t identified, 
they are presumably the short ol igomers resulted by 
the hydrolysis of phosphodies ter l inkages in 4-1. T h e 
t rea tment of the final products (peaks 1, 2, and 3) wi th 
alkal ine phospha tase gave thymidine and d i thymidine 
phospho romorpho l ida t e in molar rat io of 1:4.7. T h e 
similar results were obta ined by the t reatment of 4-II 
wi th phosphodies terase I, as shown in Figs. 4B and D. 
These results suggest that these internucleotide phos­
phodiester l inkages of 4-1 and 4-II are slowly cleaved 
by phosphodiesterase I. Similar results were obtained 
by Miller and co-workers for ol igothymidylate analogs 

con ta in ing stereoregulated methy lphosphona te and 
phosphodies ter linkages.10) Moreover, Figs. 4C and D 
show that the phosphodiester linkages of 4-1 are 
cleaved more repidly than those of 4-H. T h i s 
difference of the cleaving rates may result from the 
different configurat ions of the site recognized by this 
nuclease. 

C o m p o u n d s 4-1 and 4-II were very slowly degraded 
by the t reatment wi th micrococcal nuclease compared 
to phosphodiesterase I and 4-1 was degraded m u c h 
slower than 4-II, as shown in Fig. 5. T h e difference of 
the hydrolysis rates between 4-1 and 4-II suggests that 
the configurat ion of internucleotide phosphoromor­
phol ida te l inkages affects the b i n d i n g of the o l igonu­
cleotide ana log to nucleases a n d / o r the cleaving of 
that wi th nucleases. 

UV Mel t ing Behaviors. Complex formations be­
tween undecathymidylate analogs, 4-1 and 4-II, wi th 
poly(dA) were investigated by the mel t ing behavior 
us ing UV spectrophotometer , respectively. T h e 
exper iments were carried ou t at an equal nucleot ide 
concentra t ion of either 4-1 or 4-II and poly(dA), 
2X10 - 5 M. Figure 6 shows the me l t ing curves of 4-1, 
4-II, or (dT)n wi th poly(dA), and Tab le 1 summarizes 
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mel t ing temperatures (Tm) for the complexes of 4-1, 
4-II or (dT)n wi th poly(dA) at different salt concentra­
tions. Lit t le change in absorbance was observed for 
4-1, 4-II, or (dT)n over the temperature range 
investigated. T h e complex of 4-II wi th poly(dA) 
showed dist inct Tm whereas the complex of 4-1 wi th 
poly(dA) did not , indica t ing that 4-II has a favorable 
configurat ion a round the phosphoromorphol ida te 
l inkage in forming the complex wi th poly(dA). T h i s 
consideration was also supported by the CD sepctra 
described below. T h e mel t ing temperature of the 
complex of 4-II wi th poly(dA) was similar to that of 
(dT)n wi th poly(dA), whi le the effect of ionic s trength 
on the stability of the complex was different. T h e Tm 

change of 4-II and poly(dA) by decreasing ionic 

Fig. 5. Degradation of 4-1 ( - • - ) and 4-II (-4-) by 
micrococcal nuclease. Residual oligomer shows 
amounts of remaining 4-1 or 4-II. Conditions are 
described in Experimental Section. 

s trength was smaller than that of (dT)u and poly(dA). 
T h i s result may be at t r ibuted to the reduct ion of 
repulsive force by the decrease of negative charges in 
the backbone of 4-II in the complex formation wi th 
poly(dA). 

C D spectra. T h e conformations of 4-1 or 4-II and 
their complexes wi th poly(dA) were examined by CD 
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Fig. 6. Absorbance profiles of the complexes of 4-1 
(-4-), 4-II (-0-) , or (dT)n (-Q-) with poly(dA) in 
10 mM phosphate buffer (pH 7.2) containing 150 
mM sodium chloride at total nucleotide concen­
trations of 4X10-5 M. 

Table 1. Melting Temperatures (/°C) of the Complexes 
Formed by 4-1, 4-II, or (dT)n with Poly(dA)a> 

NaCl concn/mM 150 15 

4-1 
4-11 
(dT)n 

n.d.b> 
28 
30 

n.d.b> 
19 
15 

a) 10 mM Sodium phosphate buffers were used, b) n.d. 
indicates that melting temperature was not detected. 

Wavelength/nm 

Fig. 7. CD spectra of 4-1, 4-II, and (dT)n in 10 mM phosphate buffer 
(pH 7.2) containing 150mM sodium chloride at 10°C. 
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spectroscopy. Figure 7 shows CD spectra of 4-1, 4-II, 
and (dT)u. They had different molecular ellipticities. 
T h e values of molecular ellipticities at 277 n m are 
0.74X104 for 4-1 and 1.12X104 for 4-II. T h e spectrum of 
4-II was more similar to tha t of (dT)n than that of 4-1. 
T h e spectra of these molecules scarcely changed for 
temperature change at a range of 10—40 °C. 

T h e CD spectra of the complexes of 4-1, 4-II, or (dT)n 
wi th poly(dA) at different temperatures are shown in 
Fig. 8. T h e spectra obtained from the complex of 4-II 
and poly(dA) largely changed wi th the temperature in 
analogy with the complex of (dT)n and poly(dA), 
whi le the spectra obta ined from the mixture of 4-1 and 
poly(dA) did not change wi th the temperature. These 
temperature dependencies reflect the stability of these 
complexes. It is reported that the complex of 
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Fi g. 8. CD spectra of the complexes of 4-1 (A), 4-II (B), 
or (dT)n (C) with poly(dA) at different temperatures 
in 10 mM phosphate buffer (pH 7.2) containing 
150 mM sodium chloride. 

ol igo(dT) and poly(dA) was assumed to be a B-type 
geometry.10) As CD spectra of the complex of 4-II and 
poly(dA) are a imilar to that of (dT)n and poly(dA), a 
geometry of the complex of 4-II and poly(dA) was 
assumed to be B-type. CD spectrum obtained from 4-1 
and poly(dA) agreed wi th a sum of CD spectrum of 4-1 
and CD spectrum of poly(dA), indicat ing that 4-1 does 
not interact wi th poly(dA) under the experimental 
condit ions. T h i s result agrees wi th that of UV mel t ing 
behavior as described. 

T h e results demonstrated here indicate that the 
configurat ion of the phosphoromorpho l ida te linkages 
in ol igonucleotide analogs must be regulated for the 
stable duplex formation wi th complementary strand 
and that the in t roduct ion of phosphoromorpho l ida te 
linkages in to oligonucleotide analogs in greatly 
increases their resistance to nucleases. T h e present 
method for in t roduct ion of stereoregulated phospho­
romorphol ida te l inkages in to oligonucleotides pro­
vides an effective way for increasing the potential of 
this type of analogs as regulatory substances for gene 
expression. 

We would like to thank Dr. Yasuhisa Kuroda of 
Kyoto University for the use of CD spectropolarimeter. 
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A Novel Formation of Phenyl-Substituted Pyridines by the Reaction of 
AKDiphenylphosphinyl)-1-azaallyl Anions with a,/MJnsaturated 

Carbonyl Compounds. A New Synthetic Equivalent 
of Primary Vinylamines 
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The iV-phosphinyl-1-azaallyl anions, which were derived from the corresponding imine or enamine, 
reacted with «^-unsaturated carbonyl compounds to afford phenyl-substituted pyridines along with 1-
propanone and 1,5-pentanedione derivatives. A plausible mechanism involving a sequence of Michael addition 
and intramolecular aza-Horner-Wittig reaction is described, and the 1-azaallyl anions were found to behave as a 
synthetic equivalent of primary vinylamines. 

A l though m u c h at tent ion has been received on the 
chemistry of 1-azaallyl anions,1* most of the an ions 
have been utilized for selective carbon-carbon bond 
formations and the reactivity on the ni t rogen a tom has 
been unexplored.x ) It is of interest to investigate the 
chemical behavior of 1-azaallyl anions bear ing a 
phosph iny l g r o u p on the ni t rogen a tom such as 1, 
because they can be regarded as Horner-Wit t ig type 
variations of Af-vinyliminophosphoranes which have 
been useful for the preparat ions of pyridines,2) 

pyrroles,3) and l-azaazulenes.4) T h e Af-vinyliminophos-
phoranes , consequently, have proved useful as a 
synthetic equivalent of pr imary vinylamines 2, wh ich 
are labile even at low temperature.5 ) Recently, an N,N-
bis(trimethylsilyl)enamine6 ) and l-amino-2-hydroxy-
alkylsilanes7) have also been recognized as synthetic 
equivalents of 2 and they have afforded a pyridine 
derivative a n d / o r 2-azadienes. We wish to describe 
here on the reactions of the Af-phosphinyl- 1-azaallyl 
anions 1 wi th a,jS-unsaturated carbonyl compounds to 

yield mainly phenyl-substi tuted pyridines a long wi th 
1-propanone and 1,5-pentanedione derivatives. 

Results and Discussion 

N - ( D i p h e n y l p h o s p h i n y l ) - l - p h e n y l e t h a n i m i n e (5) 
was prepared by the reaction of ace tophenone oxime 
(3) wi th ch lo rod ipheny lphosph ine in the presence of 
t r ie thylamine at —40°C.8) A similar reaction wi th 
deoxybenzoin oxime (4), however, resulted in the 
formation of N-(l ,2-diphenylethenyl)-P,P-diphenyl-
p h o s p h i n i c amide (6) in a 42% yield. In the 1H N M R 
spectra of 6, a singlet peak at 0=6.53 can be assigned to 
the ß -pro ton of 6. A peak of the ß-carbon of 6 at 
113.3 p p m in the 13C N M R spectra and an absorpt ion 
of N - H stretching (3356 cm-1) in the IR spectra also 
suppor t the structure of 6, a l t hough the stereochem­
istry of the double bond is ambiguous . 

T h e Af-phosphinyl- 1-azaallyl an ion 1 ( R = H ) was 
generated by the treatment of 5 wi th potass ium t-
butoxide in benzene at ambien t temperature . T o this 
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Table 1. Yields of the Products by the 
Reaction of 5 or 6 with 7 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Substrates 

5 

6 

7a 
7b 
7c 
7d 
7e 
7f 
7g 
7a 
7e 

8 

49 
48 
32 
27 
14a) 

9 
b) 
— 
— 

Yield/% 
10 11 

12 
9 
4 
5 

— 
— 
— 
— 
— 

7 
6 

13 
20 
— 
7 

28 
— 
— 

12 

— 
— 
— 
— 
— 
— 
— 
17 
21 

a) Isolated as picrate, b) T h e pyridine 8a was obtained 
in a 2% yield. 

mixture , l ,3-diphenyl-2-propen-l-one (7a) was added 
in one por t ion and st i rr ing was cont inued for 24 h. 
Separat ion on T L C afforded 2,4,6-tr iphenylpyridine 
(8a), 1 ,3-diphenyl- l -propanone (9a) which was identi­
fied by conversion to the corresponding 2,4-dinitro-
phenylhydrazone (10a), and l ,3,5-triphenyl-l ,5-pen-
tanedione (11a). T h e yields of the products are 
summarized in the Tab le 1 (Entry 1). Similar reactions 
of 5 wi th 3-aryl- l -phenyl-2-propen-l-ones (7b—d) 
provided the pyridine derivative (8b—d) bear ing the 
aryl g r o u p at the 4-posi t ion of the pyr id ine r ing , a long 
wi th p ropanones 9b—d and pentanediones l i b — d 
(Entries 2—4). In the reaction of 5 wi th 7b, d iphenyl-
p h o s p h i n i c acid was also isolated (70% yield). U p o n 
treatment wi th c innamaldehyde (7e), the imine 5 
provided 6-unsubst i tuted pyridine 8e which was 
isolated as the picrate in a 14% yield (Entry 5). T h e 
presence of a bulky g r o u p adjacent to the carbonyl 
g r o u p of 7 appears to decrease the yields of the 
pyr idine derivatives by steric effects: the reaction of 5 

and 7f gave pyridine 8f in a 9% yield a long wi th l l f in 
a 7% yield (Entry 6). Further , the reaction wi th 5g 
provided l l g in a 28% yield, accompanied by the 
formation of a small a m o u n t of the pyridine 8a instead 
of 8g (Entry 7). In similar reactions of 6 wi th 7a and 
7e, 2,3,4,6-tetraphenylpyridine (12a) and 2,3,4-triphen-
ylpyridine (12e) were obta ined in 17 and 21% yields, 
respectively (Entries 8 and 9). T h e best yield of the 
pyridine 8a was at tained by use of potass ium t-
butoxide-benzene system, wh ich was chosen by a 
survey of various bases and solvents such as £-BuOK, 
N a H , DBU, K O H (with a phase-transfer catalyst), and 
benzene, T H F , or DMSO. 

All the pyridines except 12e have been previously 
reported and their structures were unequivocal ly 
characterized by compar ison of physical data wi th 
those described in the literatures. T h e structures of 9, 
10, and 11a—d were confirmed by comparison wi th 
au thent ic specimens independent ly prepared (see 
Experimental) . 

T h e present reaction can be best explained by the 
mechanism shown in Scheme 3. T h e N-phosph iny l -1 -
azallyl an ions 1, generated from the corresponding 
imine 5 or enamine 6, wou ld ini t ia l ly undergo the 
Michael addi t ion to 7 g iv ing the intermediate 13. 
Isomerization of 13 could give 14, and its intramolec­
ular aza-Horner-Wit t ig react ion and the subsequent 
dehydrogenat ion would lead to the pyridine deriva­
tives 8 or 12. At the stage of dehydrogenation, 7 could 
act as a hydrogen acceptor to yield 9.9) Further, the 
1,5-pentanedione derivatives 11a—d could arise from 
hydrolysis of the intermediates 13,14, a n d / o r 15 wi th a 
trace a m o u n t of water in the solvent or under the 
work-up condi t ions . T h e difficulty of the pyridine 
format ions for 7f and 7g could be ascribed to the steric 
effects at the stage of the in t ramolecular cyclization 
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Scheme 3. 

from 14 to 15. In the reaction wi th 7g, the retro-
Michael-type degradat ion of 14 giving 16 and the 
subsequent reaction of 16 wi th 1 could result in the 
formation of a small a m o u n t of 8a. 

In conclusion, the Af-phosphinyl-1-azaallyl an ions 
1, derived from the corresponding imine 5 or enamine 
6, reacted with a,jS-unsaturated carbonyl compounds 7 
to give main ly the pyr idine derivatives via Michael 
addi t ion, followed by the in t ramolecular aza-Horner-
Wit t ig reaction. T h e present study demonstrates that 
the an ion 1 has shown bidentate reactivities on the 
jS-carbon and the ni t rogen atoms, and the an ion 1 was 
found to behave as a synthetic equivalent of pr imary 
vinylamines 2. T h e Af-phosphinyl imines have 
recently been reported to be useful for preparat ions of 
amines by reduction8 ) »10) and of oxaziridines by 
oxidat ion react ions , n ) and the reactions described 
above may open u p another usefulness of the N-
phosph iny l imine. 

Exper imenta l 

General. All the melting points were measured with a 
Yanagimoto hot-stage apparatus and uncorrected. The IR 
spectra were obtained with a Hitachi 345 spectrometer. The 
!H-(90 MHz) and 13C NMR (22.5 MHz) spectra were recorded 
with a JEOL-FX-90Q spectrometer with tetramethylsilane as 
an internal standard. The 31P NMR (36.2MHz) were 
measured with the same spectrometer by use of 85%-H3PC>4 
as an external standard. The mass spectra were obtained 

with a Shimadzu QP-1000 spectrometer. Elemental analyses 
were performed with a Perkin-Elmer Model 240 apparatus. 
All reactions were carried out under nitrogen atmosphere. 
Benzene and tetrahydrofuran were dried and purified by 
standard methods. The 3-aryl-l-phenyl-2-propen-l-one 
derivatives 7a—d,12) 7f,13) and 7g14) were prepared according 
to the methods described in the literatures. 

iV-(Diphenylphosphinyl)-l-phenylethanimine (5)8): To a 
cooled (—40 °C) solution of acetophenone oxime (3) (4.06 g, 
30 mmol) and Et3N (3.03 g, 30 mmol) in dichloromethane-
petroleum ether (100 ml, 1/1) was added a solution of 
chlorodiphenylphosphine (6.63 g, 30 mmol) in dichloro-
methane (4 ml) over 2 min. The mixture was stirred at 
—40 °C for 60 min and then warmed up to ambient 
temperature over 60 min. Insoluble material (EtsN • HCl) was 
removed by filtration and the filtrate was concentrated in 
vacuo. Ether was added to the residue and the resulted 
crystals were filtered to give colorless powder of 5 (5.32 g, 
56%): mp 128—130 °C (lit,8> mp 135—137 °C); IR (KBr) 
3077, 1641, 1591, 1576, 1438, 1279, 1199, 1180, 1121, 
1108 cm"1; *H NMR 0=2.95 (3H, d, 2/P-H=2.2Hz), 7.24—8.18 
(15H, m); 31P NMR (CDC13) 5=18.7. 

A^(l,2-Diphenylethenyl)-P,P-diphenylphosphinic Amide 
(6); According to the same procedure for 5, deoxybenzoin 
oxime (4) (6.52 g, 31 mmol) was treated with chlorodiphenyl­
phosphine (6.84 g, 31 mmol) and Et3N (3.14g, 31 mmol) to 
provide colorless needles of 6 (4.48 g, 42%): mp 150—153 °C 
(benzene-ether); IR (KBr) 3356, 3036, 1627, 1436, 1410, 1330, 
1235, 1195, 1120, 1104 cm"1; !H NMR (CDCI3) 6=4.80 ( lH,d, 
2/p_H=i0.3 Hz, NH), 6.53 (1H, s), 6.69—7,00 (5H, m), 7.23— 
7.53 (11H, m), 7.85—8.10 (4H, m); 13C NMR (CDCI3) 
0=113.3 (d, 3 / P - C = 3 . 7 H Z ) , 125.5—138.2; 31P NMR (CDCI3) 
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0=17.6; MS m/z (rel intensity) 395 (M+, 84), 201 (100). HR-
MS Found: 395.1442, Calcd for C26H22NOP: 395.1439. 
Found: C, 78.82; H, 5.57; N, 3.54%. Calcd for C26H22NOP: C, 
78.97; H, 5.61; N, 3.54%. 

General Procedure for the Reaction of 5 or 6 with a,ß-
Unsaturated Carbonyl Compounds 7. To a solution of the 
imine 5 (160 mg, 0.5 mmol) or the enamine 6 (198 mg, 
0.5 mmol) in benzene (10 ml) was added potassium t-
butoxide (67 mg, 0.6 mmol) and the mixture was stirred at 
ambient temperature for 5 min. To this mixture was added 7 
(0.5 mmol) in one portion and stirring was continued for 
24 h. The products were extracted with benzene. The 
organic phase was successively washed with aqueous sodium 
hydrogencarbonate and water, and dried over Na2SÛ4. 
Concentration afforded the mixture of the products, which 
were separated on TLC (silica gel, benzene) to give the 
pyridine 8 or 12, the 1-propanone derivatives 9, and the 1,5-
pentanedione derivatives 11. The 1-propanones 9 were 
transformed to the corresponding 2,4-dinitrophenylhydra-
zones 10 upon treatment with an acidic methanol solution 
of 2,4-dinitrophenylhydrazine. The yields of the products are 
summarized in the Table 1. In the reaction of the imine 5 
and 7b, the aqueous phase was acidified with hydrochloric 
acid and the resulted precipitate was filtered to give 
diphenylphosphinic acid (76 mg, 70%). 

2,4,6-Triphenylpyridine (8a): mp 141—142 °C (hexane) 
(lit,1® mp 137 °C); IR (CHC13) 2928, 1592, 1542, 1494, 1451, 
1392, 1074, 1028 cm"1; « NMR (CDCI3) 0=7.43—7.84 (11H, 
m), 7.90 (2H, s), 8.16—8.27 (4H, m); MS m/z (rel intensity) 
307 (M+, 100), 306 (49). 

4-(/?-Chlorophenyl)-2,6-diphenylpyridine(8b): mp 127— 
131.5 °C (hexane) (lit,16> mp 128.5—130 °C); IR (CHCI3) 
3003, 1604, 1581, 1547, 1406, 1387, 1095, 1034cm"1; « N M R 
(CDCI3) 0=7.20—7.72 (10H, m), 7.79 (2H, s), 8.06—8.28 (4H, 
•m); MS m/z (rel intensity) 343 (M++2, 37), 341 (M+, 100), 306 
(42). 

2,6-Diphenyl-4-(/?-methylphenyl)pyridine (8c): mp 119— 
122.5 °C (hexane) (lit,17> mp 118—118.5 °C); IR (CHCI3) 
3007, 1598, 1583, 1544, 1389, 1116, 1022; « N M R (CDCI3) 
0=2.43 (3H, s), 7.08—7.72 (ÎOH, m), 7.86 (2H, s) 8.10—8.30 
(4H, m); MS m/z (rel intensity) 321 (M+, 100), 306, (32). 

2,6-Diphenyl-4-(/?-methoxyphenyl)pyridine (8d): mp 99— 
100 °C (hexane) (lit,17> mp 99—100 °C); IR (CHCI3) 2999, 
2928, 1598, 1549, 1512, 1464, 1397, 1297, 1190, 1117, 
1035 cm"1; « N M R (CDCI3) <5=3.84 (3H, s), 7.02 (2H, d, 
/=8.8 Hz), 7.30—7.60 (6H, m), 7.66 (2H, d, /=8.8 Hz), 7.82 
(2H, s), 8.10—8.30 (4H, m); MS m/z (rel intensity) 337 (M+, 
100), 322(21), 306(10). 

2,4-Diphenylpyridine (8e): oil, picrate: mp 197—199° C 
(methanol) (lit,18> picrate: mp 190.5—192.5 °C); IR (CHCI3) 
2954, 1599, 1545, 1473, 1447, 1397, 1072cm"1; « N M R 
(CDCI3) 0=7.20—8.14 (12H, m), 8.73 (1H, dd, /=5.0, 0.9 Hz). 

6-*-Butyl-2,4-diphenylpyridine (8f): mp 94—94.5 ° C (meth­
anol) (lit,19> mp 87—88 °C); IR (KBr)1612, 1605, 1575, 1505, 
1413, 770 cm"1; « NMR (CDCI3) 0=1.48 (9H, s), 7.20—7.80 
(10H, m), 8.00—8.25 (2H, m); MS m/z (rel intensity) 287 (M+, 
60), 272 (100), 245 (40), 230 (8). Found: C, 87.99; H, 7.44; N, 
4.51%. Calcd for C2iH2iN: C, 87.76; H, 7.37; N, 4.87%. 

1,3-Diphenyl-l-propanone (9a): mp 72 °C (hexane) (lit,20) 

mp 72 °C); IR (CHCI3) 2887, 1687, 1600, 1453, 1293, 
1106cm"1; « N M R (CDCI3) 5=2.94—3.42 (4H, m), 7.04— 
7.60 (8H, m), 7.80—8.04 (2H, m). 

3-(p-Chlorophenyl)-l-phenyl-1-propanone (9b): mp 56— 
57 °C (hexane) (lit,2«) mp 58 °C); IR (CHCI3) 3007, 2927, 
1682, 1601, 1492, 1452, 1403, 1367, 1297, 1178, 1096, 
1019cm"1; « N M R (CDCI3) 0=2.90—3.38 (4H, m), 7.14— 
7.76 (7H, m), 7.88—8.04 (2H, m). 

3-(p-Methylphenyl)-l -phenyl- 1-propanone (9c): colorless 
oil; IR (CHCI3) 3008, 2927, 1687, 1604, 1582, 1519, 1457, 1371, 
1301, 1180, 1110, 1004, 982cm"1; « N M R (CDCI3) 0=2.30 
(3H, s), 2.84—3.38 (4H, m), 7.11 (4H, s), 7.28—7.56 (3H, m), 
7.84—8.00 (2H, m). 

3-(/?-Methoxyphenyl)-l-phenyl-l-propane (9d): mp 64— 
66 °C (hexane) (lit,20> mp 66 °C); IR (CHCI3) 2998, 2935, 
2835, 1681, 1611, 1599, 1582, 1541, 1451, 1364, 1304, 1242, 
1174, 1109, 1037cm"1; « N M R (CDCI3) 0=2.88—3.98 (4H, 
m), 3.75 (3H, s), 6.84 (2H, d, /=8.8 Hz), 7.14 (2H, d, 
/=8.8 Hz), 7.38—7.60 (3H, m), 7.84—8.02 (2H, m). 

1,3-Diphenyl-1 -propanone 2,4-Dinitrophenylhydrazone 
(10a): mp 188.5—192.5 °C (chloroform-methanol); IR (KBr) 
3329, 1605, 1590, 1504, 1414, 1335, 1307, 1120, 1105 cm"1; 
« NMR (CDCI3) 0=2.82—3.34 (4H, m), 7.10—7.50 (8H, m), 
7.78—7.94 (2H, m), 8.07 (1H, d, /=9.4Hz), 8.29 (1H, dd, 
/=9.4, 2.4 Hz), 9.12 (1H, d, /=2.4 Hz), 11.36 (1H, br); MS m/z 
(rel intensity) 390 (M+, 11), 389 (48), 372 (11), 196 (12), 119 
(37), 105 (25), 104 (62), 103 (49), 91 (100), 77 (38). Found: C, 
64.60; H, 4.61; N, 14.25%. Calcd for C2iHi8N404: C, 64.61; H, 
4.65; N, 14.35%. 

3-(/?-Chlorophenyl)-1 -phenyl-1 -propanone 2,4-Dinitro­
phenylhydrazone (10b): mp 201.5—203 °C (chloroform-
methanol); IR (KBr) 3311, 1616, 1592, 1511, 1492, 1422, 1332, 
1309, 1261, 1239, 1104 cm"1; « NMR (CDCI3) 0=2.76—3.28 
(4H, m), 7.02—7.56 (7H, m), 7.72—7.92 (2H, m), 8.08 (1H, d, 
/=9.4 Hz), 8.35 (1H, dd, 7=9.4, 2.4 Hz), 9.14 (1H, d, 
7=2.4 Hz), 11.40 (1 H, br); MS m/z (rel intensity) 425 (M++2, 
5), 423 (M+, 12), 196 (11), 138 (17), 127 (26), 125 (86), 103 (97), 
77 (100). Found: C, 59.53; H, 4.03; N, 12.98%. Calcd for 
C2iHi7N404Cl: C, 59.37; H, 4.03; N, 13.19%. 

3-(/?-Methylphenyl)-l -phenyl- 1-propanone 2,4-Dinitrophen­
ylhydrazone (10c): mp 162—165 °C (chloroform-methanol); 
IR (KBr) 3298, 1622, 1601, 1519, 1426, 1340, 1319, 1131, 
1114 cm"1; « NMR (CDCI3) <5=2.25 (3H, s), 2.80—3.28 (4H, 
m), 7.06—7.60 (7H, m), 7.80—7.96 (2H, m), 8.06 (1H, d, 
7=9.5 Hz), 8.31 (1H, dd, 7=9.5, 2.6 Hz), 9.12 (1H, d, 
7=2.6 Hz), 11.35 (1H, br); MS m/z (rel intensity) 403 (M+-1, 
8), 119 (17), 118 (14), 105 (100), 77 (58). Found: C, 65.33; H, 
4.67; N, 13.83%. Calcd for C22H20N4O4: C, 65.34; H, 4.98; 
N, 13.85%. 

3-(p-Methoxyphenyl)-1 -phenyl-1 -propanone 2,4-Dinitro­
phenylhydrazone (lOd): mp 172—174 °C (chloroform-
methanol); IR (KBr) 3309, 1622, 1606, 1519, 1431, 1342, 1318, 
1256, 1118cm"1; « N M R (CDCI3) 0=2.75—3.27 (4H, m), 
3.73 (3H, s), 6.80 (2H, d, 7=8.8 Hz), 7.15 (2H, d, 7=8.8, Hz), 
7.20—7.60 (3H, m), 7.80—7,95 (2H, m), 8.06 (1H, d, 
7=9.6 Hz), 8.32 (1H, dd, 7=9.6, 2.2 Hz), 9.11 (1H, d, 
7=2.2 Hz), 11.34 (1 H, br); MS m/z (rel intensity) 420 (M+, 8), 
373 (5), 134 (5), 122 (9), 121 (100), 103 (26), 91 (24), 77 (47). 
Found: C, 63.19; H, 4.80; N, 13.58%. Calcd for C22H20N4O5: 
C, 62.85; H, 4.80; N, 13.33%. 

l,3,5-Triphenyl-l,5-pentanedione (lia): mp 85.5—86.5 °C 
(ethanol) (lit, 21> mp 85 °C); IR (KBr) 3009, 2885, 1692, 1675, 
1596, 1493, 1450, 1357, 1274, 1203, 1071, 985cm"1; « N M R 
(CDCI3) 0=3.38 (2H, dd, 7=16.7, 6.8 Hz), 3.46 (2H, dd, 
7=16.7, 6.8 Hz), 4.06 (1H, quint., 7=6.8 Hz), 7.12—7.66 (11H, 



July, 1990] Pyridine Formation with iV-Phosphinyl-1-azaallyl Anions 1941 

m), 7.84—8.06 (4H, m); MS m/z (rel intensity) 328 (M+, 3), 
209(39), 105(100), 77(86). 

3-(/?-Chlorophenyl)-1,5-diphenyl-1,5-pentanedione (lib): 
mp 113—113.5 °C (ethanol) (lit,16> 109.5—110.5 °C); IR (KBr) 
3023, 2805, 1696, 1680, 1606, 1500, 1459, 1371, 1235, 1213, 
1090, 1005 cm"1; ^ N M R (CDC13) 5=3.35 (2H, dd, /=16.8, 
6.9 Hz), 3.45 (2H, dd, /=16.8, 6.9 Hz), 4.03 (IH, quint., 
/=6.9 Hz), 7.18—7.66 (10H, m), 7.84—8.04 (4H, m); MS m/z 
(rel intensity) 364 (M++2, 2), 362 (M+, 6), 245 (23), 243 (70), 
105(100), 77(88). 

l,5-Diphenyl-3-(/?-methylphenyl)-l,5-pentanedione (lie): 
mp 121—122 °C (ethanol); IR (KBr) 3016, 2885, 1673, 1591, 
1570, 1510, 1447, 1361, 1291, 1238, 1201, 1194, 1180, 
1005 cm"1; ^ N M R (CDCI3) 0=2.27 (3H, s), 3.35 (2H, dd, 
7=16.6, 6.8 Hz), 3.45 (2H, dd, 7=16.6, 6.8 Hz), 4.02 (IH, 
quint., 7=6.8 Hz), 6.96—7.66 (10H, m), 7.80—8.04 (4H, m); 
MS m/z (rel intensity) 342 (M+, 11), 224 (18), 223 (100), 105 
(95), 77 (63). Found: C, 84.19; H, 6.50%. Calcd for C24H22O2: 
C, 84.18; H, 6.48%. 

l,5-Diphenyl-3-(/?-methoxyphenyl)-l,5-pentanedione(lld): 
mp 96.0—96.5 °C (ethanol) (lit, 21> mp 94 °C); IR (KBr) 2999, 
2827, 1683, 1596, 1515, 1447, 1356, 1240, 1204, 1192, 1183, 
1117, 1037 cm"1; 1H NMR (CDCI3) 0=3.34 (2H, dd, 7=16.6, 
6.9 Hz), 3.44 (2H, dd, 7=16.6, 6.9 Hz), 3.74 (3H, s), 4.01 (IH, 
quint., 7=6.9 Hz), 6.80 (2H, d, 7=8.9 Hz), 7.19 (2H, d, 
7=8.9 Hz), 7.30—7.66 (6H, m), 7.84—8.04 (4H, m); MS m/z 
(rel intensity) 358 (M+, 7), 240 (11), 239 (62), 238 (10), 105 
(100), 77 (72). 

6,6-Dimethyl -l,3-diphenyl-l,5-heptanedione (11£):22) mp 
133—134°C (hexane); IR (CHCI3) 2955, 1710, 1686, 1600, 
1445, 1363 cm"1; 1H NMR (CDCI3) 5=1.03 (9H, s), 2.93 (2H, 
d, 7=6.9 Hz), 3.20—3.40 (2H, m), 3.88 (1H, quint., 7=6.9 Hz), 
7.12—7.52 (8H, m), 7.80—7.98 (2H, m); 13C NMR (CDCI3) 
0=26.1 (q), 36.8 (d), 42.9 (t), 44.1 (s), 44.5 (t), 126.5, 127.5, 
128.1, 128.4, 132.8, 137.1, 144.1, 198.6, 213.6; MS m/z (rel 
intensity) 308 (M+, 23), 307 (100), 306 (46), 230 (20), 202 (13). 
Found: C, 81.99; H, 7.86%. Calcd for C21H24O2: C, 81.78; H, 
7.84%. 

1,3-Diphenyl-5-(2,4,6- trimethylphenyl)-1,5-pentanedione 
(llg):22) colorless oil, bp 260 °C (bath temp, 533 Pa); IR 
(CHC13)1680, 1620, 1598, 1455, 982 cm"1; *H NMR (CDCI3) 
0=1.99 (6H, s), 2.22 (3H, s), 3.17 (2H, dd, 7=7.0, 1.9 Hz), 3.38 
(2H, dd, 7=7.0, 1.9 Hz), 4.06 (IH, quint., 7=7.0 Hz), 6.75 
(2H, s), 7.10—8.02 (10H, m); MS m/z (rel intensity) 370 (M+, 
3), 251 (40), 209 (21), 147 (100), 105 (30). HR-MS Found: 
370.1945. Calcd for C26H21O2: 370.1933. 

2,3,4,6-Tetraphenylpyridine (12a): mp 189.5—190 °C 
(hexane) (lit,23> mp 178—181 °C); IR (CHCI3) 3054, 1580, 
1534, 1493, 1446, 1417, 1377, 1073, 1027, 1004 cm"1; iHNMR 
(CDCI3) 0=6.86—7.82 (18H, m), 7.77 (IH, s), 8.10—8.26 (2H, 
m); MS m/z (rel intensity) 383 (M+, 57), 382 (100). Found: C, 
90.77; H, 5.55; N, 3.66%. Calcd for C29H21N: C, 90.83; H, 
5.52; N, 3.65%. 

2,3,4-Triphenylpyridine (12e): mp 189—190 °C (meth­
anol); IR (CHCI3) 2958, 1577, 1490, 1437, 1395, 1073, 
1009 cm"1; ^ N M R (CDCI3) 5=6.80—7.42 (15H, m), 7.33 
(IH, d, 7=5.0 Hz), 8.71 (IH, d, 7=5.0 Hz); MS m/z (rel 
intensity) 307 (M+, 48), 306 (100). Found: C, 89.67; H, 5.56; 
N, 4.37%. Calcd for C23H17N: C, 89.87; H, 5.57; N, 4.56%. 

Diphenylphosphinic Acid: mp and mixed mp 198— 
198.5 °C (benzene) (lit,24> mp 190—192 °C); IR (KBr) 3075, 
3050, 1660, 1437, 1180, 1130, 965 cm"1. 

Independent Synthesis of the 3-Aryl-l-phenyl-1-propanone 
Derivatives (9a—d).25) To a cooled (—15 °C) suspension of 
copper(I) iodide (3.04 g, 16 mmol) in anhydrous T H F 
(15 ml) was added L1AIH4 (152 mg, 4 mmol) and the mixture 
was stirred for 3 min. To the solution was added 7a—d 
(2 mmol) and stirring was continued for 60 min. Ethanol 
and aqueous sodium hydroxide was added to the reaction 
mixture and the products were extracted with CH2CI2 
(10mlX3). The organic phase was dried over Na2SÜ4. Con­
centration and purification on TLC afforded 9a (21%), 9b 
(47%), 9c (36%), and 9d (35%), along with recovery of 7a—d. 
The yields of 9 were not optimized. 

Independent Synthesis of the 3-Aryl-l,5-diphenyl-l,5-
pentanedione Derivatives (11a—d).16) To a solution of 
acetophenone (5.41 g, 45 mmol) and an aromatic aldehyde 
(15 mmol) in ethanol (35 ml) was added a solution of NaOH 
(4 g, 100 mmol) in water (40 ml), and the mixture was stirred 
for 24 h. The resulted precipitate was collected by suction 
and washed with ethanol. Recrystallization from ethanol 
gave 11a (52%), l ib (47%), l i e (66%), and l id (46%). 

T h e a u t h o r (T. K.) wou ld like to thank for the 
financial suppor t for this work by Grand-in-Aids for 
Encouragement of Young Scientist (No. 01740303) 
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Oxidation of Secondary Alcohols over Hydrous Zirconium(IV) Oxide 
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The oxidation of secondary alcohols with ketones was carried out by catalysis with hydrous zirconium(IV) 
oxide. In the batch reaction system, the oxidation proceeded efficiently to give the corresponding ketones, 
except for some secondary alcohols. On the other hand, all of the secondary alcohols were efficiently converted 
to the corresponding ketones in the flow oxidation system. The influence of the hydrogen acceptor on the 
oxidation rate was investigated by the use of several ketones, and the oxidation rate was influenced by the 
electron density and steric hindrance around the carbonyl group. The dependence on the reaction temperature 
was also investigated in the flow reaction system. 

Ketones and aldehydes can be reduced by the use of 
metal alkoxides and alcohols (Meerwein-Ponndorf-
Verley reduct ion) . T h e reverse reaction, which is 
k n o w n as O p p e n a u e r oxidat ion, has been used for the 
oxida t ion of alcohols. In previous papers , 1 »^ we have 
reported that the Meerwein-Ponndorf-Verley type 
reduct ion of aldehydes, ketones, and carboxylic acid 
proceeded efficiently over hydrous zirconium(IV) 
oxide. Generally, oxida t ion has been carried ou t by 
the use of a metal alkoxide catalyst, and a l u m i n i u m 
isopropoxide has been found to be the best reagent for 
this oxidation.3 ) However, this method calls for not 
only the addi t ion of a large a m o u n t of a l u m i n i u m 
isopropoxide , bu t also for the neutral izat ion of 
a lkoxide salt w i th acid. Therefore, it has several 
disadvantages, such as the need for tedious purifica­
t ion and the unreusabi l i ty of the catalyst. 

Heterogeneous catalysts for the oxidat ion are known; 
silica,4) magnesia,4 ) and a l u m i n i u m oxide5) have been 
reported to be successful catalysts. These methods 
have several advantages in the isolation of products . 
However, they need to be carried out in the vapor 
phase and require a h igh reaction temperature. 

In this paper we repor t that the oxidat ion of 
secondary alcohols wi th ketones proceeded efficiently 
over hydrous z i rconium oxide in our batch reaction 
system, and that it was found that the majority of 
alcohols were converted to the corresponding ketones 
in a h igh yield. By u s i n g this method the fol lowing 
advantages are expected: (1) easy product isolat ion (2) 
the lack of a need to m a i n t a i n water-free condi t ions (3) 
reusability of the catalyst, and (4) durabil i ty of the 
catalytic activity. T h e oxidat ion of several secondary 
alcohols also proceed efficiently by us ing a flow 
react ion system. T h e flow reaction system can control 
the contact period wi th the catalyst and expand the 
range of reaction temperatures. As a result, a number 
of secondary alcohols could be efficiently converted to 
the corresponding ketones. 

Further , we also report the effect of the hydrogen 
acceptor and the dependence on the reaction temper­
ature in the oxidat ion of secondary alcohols wi th 
ketones catalyzed by the hydrous zirconium oxide. 

Experimental 

Materials. Comercial reagents were used for the reaction 
without any further purification. 

Hydrous Zirconium(IV) Oxide. To a solution of zircon­
ium dichloride oxide (ZrCl20-8H20) (200 g of a solid in 
10 dm3 of deionized water), we slowly added an aqueous 
solution of sodium hydroxide (1 mol dm - 3) at room temper­
ature. Constant gentle stirring was maintained and the 
addition was continued until the pH of the resulting 
solution reached 6.80. The solution was allowed to stand for 
48 h at room temperature. The resulting product was 
filtered and washed free of chloride ions. A gel was spread 
on a glass plate and dried in air at room temperature for 10 h 
and then at 80 ° C for 2 h. Fifty four grams of hydrous 
ziconium oxide were obtained in the form of granules, which 
were heated at 300 °C for 5 h. 

General Procedure in the Batch Reaction System. In a 
20 cm3 round-bottomed flask equipped with a reflux conden­
ser were placed hydrous zirconium oxide (24—60 mesh; 
1.0 g), a benzene or toluene solution (10 cm3) of an alcohol 
(0.25 mmol), a ketone (14.6 mmol), and a hydrocarbon 
(0.20 mmol) as an internal standard. The contents were then 
heated at 80 or 110 °C. The reaction mixture products were 
analyzed by gas chromatography (a capillary column PEG 
20M 30 m and OV101 30 m) and GC-MS (Shimadzu 
QP1000). 

General Procedure in the Flow Reaction System. Cataly­
tic oxidation was carried out in a glass-flow reactor (6.5 mm 
in diameter)with a fixed-bed catalyst: flow rate of nitrogen= 
60 cm3 min - 1 ; catalyst^l.O g, 24—60 mesh; reaction temper-
ature=55—115 °C. A mixture of an alcohol (1.25 mmol), a 
ketone (50 cm3), and a hydrocarbon (1.25 mmol) as an 
internal standard was fed into the reactor (5 cm3 h_1) by 
means of a microfeeder. The activity and yield of the 
reaction were determined after the steady states had been 
reached. The products were then analyzed in a similar 
manner to that described above. 

Results and Discussion 

Oxidation of Secondary Alcohols in the Batch 
Reaction System. Table 1 shows the oxidat ion of 
various alcohols wi th acetone catalyzed by the hydrous 
zirconium(IV) oxide. T h e majori ty of these alcohols 
were converted to the corresponding ketones in h igh 
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Table 1. Oxidation of Secondary Alcohols over 
Hydrous Zirconium(IV) Oxide in the 

Batch Reaction Systema) 

Reactant Time/h Conv./% Yield/% Â/S"1 

OH 8.0 100.0 100.0 3.33X10"5 

OH 

OH 

8.0 100.0 91.9 6.39X10-5 

OH 

Q 
OH 

OH 

OH 
OH 

OH 

cv 
OH 

"1 C\ 

4.0 100.0 99.6 8.89X10"5 

1.5 100.0 87.4 2.31X10-4 

1.5 68.7 48.1 

8.0 100.0 87.9 6.11X10-5 

10.0 100.0 92.7 4.01X10-5 

8.0 100.0 100.0 3.89X10-5 

8.0 19.2 19.2 2.78X10"6 

6.0 100.0 98.6 8.33X10-5 

8.0 100.0 100.0 3.06X10-5 
OH 

a) Catalyst; 1.0 g, alcohol; 0.25 mmol, acetone; 1.0 cm3, 
benzene; 9.0 cm3, temperature; 80 °C. b) Maximum 
yield. 

yields. In par t icular , it is noteworthy that borneol was 
converted to camphor in a 100% yield. C a m p h o r 
resisted reduct ion wi th 2-propanol over hydrous 
z i rconium oxide due to its steric hindrance.1* General­
ly, the Oppenaue r oxidat ion is often accompanied by 
side reactions, for instance aldol condensation. In fact, 
the oxidat ion of alcohols wi th a large a m o u n t of 
acetone over hydrous z i rconium oxide mainly gives 
aldol condensat ion products . However, oxidat ion 
us ing the di luted ketone proceeded efficiently wi thou t 
any side reactions, except in the case of cyclohexanol. 
T h e oxidat ion of cyclohexanol gave a low yield of 
cyclohexanone and aldol products wi th acetone were 
obtained. O n the other hand, 2-methyl and 2-
ethylcyclohexanol were oxidized efficiently. These 
results indicate that the a-alkyl g roup on the 
cyclohexane r ing has a p ronounced effect in interfer­
ing wi th the aldol condensat ion wi th acetone. 

T h e rate constants of the oxida t ion of the alcohols 
are dependent on the steric circumstances a round the 

Table 2. Effect of Hydrogen Acceptor for 
the Specific Rate Constant in the 

Oxidation of 2-Octanola) 

Hydrogen acceptor 

Acetone 
Diethyl ketone 
Diisopropyl ketone 
Cyclohexanone 
Benzophenone 

k/s-1 

2.89X10-4 
2.50X10-4 
7.78X10-5 
2.44X10-4 
3.08X10-4 

Electron 
C b ) 

3.776 
3.778 
3.771 
3.769 
3.691 

density 

Oc> 

6.293 
6.287 
6.289 
6.292 
6.281 

a) Catalyst; 1.0 g, 2-Octanol; 0.25 mmol, toluene; 10.0 
cm3, hydrogen acceptor; 3.0 mol%, reaction tempera­
ture; 110°C. b) Carbonyl carbon, c) Carbonyl oxygen. 

hydroxyl g roup . In fact, the rate constants of 2-
octanol, 2-methylcyclohexanol, and 2-phenylethanol 
are larger than those of 4-octanol, 2-ethylcyclohex-
anol , and d iphenylmethanol , respectively. T h e slow 
rate in the case of men tho l may be expla ined by its 
steric hindrance. 

Effect of Hydrogen Acceptor in the Batch Reaction 
System. In order to elucidate the dependence on the 
variety of hydrogen acceptors, the oxidat ion of 2-
octanol w i th several ketones was carried ou t at 110 °C. 
T h i s results are listed in Tab le 2. T h e rate constant of 
the oxidat ion us ing benzophenone was larger than 
those of the others. T h e result can be a t t r ibuted to the 
electron density at the carbonyl g roup . T h e electron 
densities at the carbonyl carbon and oxygen of the 
ketones are listed in Tab le 2. These values were 
calculated by us ing computa t iona l chemistry. T h e 
method used was as follows; the most stable conforma­
t ion of each ketone was calculated by a molecular 
mechanics p rogram called CHARMm, 6 ) and its molec­
ular orbital was calculated by AMPAC.7 ) F rom these 
results it turned out that the electron density at the 
carbonyl carbon of benzophenone was m u c h lower in 
compar i son wi th that of the other ketones. T h e low 
electron density at the carbonyl carbon was a 
d o m i n a n t factor in accelerating oxidat ion. In pre­
vious papers,1* we reported the reduction of aldehydes 
and ketones wi th 2-propanol over hydrous zirconium 
oxide; the rate-determing step was proposed to be a 
step involving hydride transfer from 2-propanol to a 
carbonyl compound . Further , a H a m m e t t relation­
sh ip was found in the reduction of substituted 
benzaldehyde.8) These results can be explained if the 
reactivity is dependent on the electron density of the 
carbonyl carbon. An agreement of this exp lana t ion 
wi th the reactivity in the oxidat ion suggested that 
these oxidat ions would also proceed by a similar 
mechanism. 

However, the reduction of benzophenone wi th 2-
p ropano l proceeded slowly.1* T h i s conflict was 
interpreted in terms of the relatively low electron 
density at the carbonyl oxygen of benzophenone, as 
shown in Tab le 2. Carbonyl compounds coordinate to 
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the catalyst by d o n a t i n g an electron pair . T h e 
adsorpt ion of benzophenone was relatively slow in 
compar i son wi th other ketones because of the relative­
ly low electron density of the carbonyl oxygen a tom. 
Because of the low concentra t ion of benzophenone in 
the reduct ion, the length of t ime required for this 
adsorp t ion had a greater effect on the reaction rate 
than the hydride transfer. In contrast, for oxidat ion 
when a large excess of benzophenone was used, the 
adsorpt ion rate was not an impor tan t factor regarding 
the reaction rate. 

O n the other hand , the oxidat ion rate in di isopropyl 
ketone was m u c h slower than those of other ketones, 
a l t h o u g h this ketone was almost equal to acetone and 
diethyl ketone wi th regard to the electron density at 
bo th of the carbonyl carbon and oxygen. These results 
can be explained as be ing caused by a steric h indrance 
a round the carbonyl g roup . 

Oxidation of Alcohols in the Flow Reaction 
System. T h e results of the oxidat ion of secondary 
alcohols in the flow reaction system are listed in Tab le 
3. T h e majority of these alcohols were converted to the 

Table 3. Oxidation of Secondary Alcohols 
over Hydrous Zirconium(IV) Oxide 

in the Flow Reaction System 

Reactant Cat./g Temp./°C Yield/% 

OH 

OH 

OH 

9 
OH 

OH 

OH 
OH 

OH 

OH 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

2.0 

2.0 

1.0 

1.0 

1.0 

100 

100 

100 

100 

100 

100 

100 

115 

100 

150 

150 

94.5 

93.6 

95.7 

41.6 

92.7 

92.0 

68.7 

86.5 

88.1 

100.0 

92.3 

cor responding ketones in h igh yields. In par t icular , it 
was noteworthy that mentho l is efficiently converted 
to men th o n e in compar ison wi th the yield from the 
batch reaction system. A l though the sterically 
hindered ketones could be oxidized by use of the flow 
reaction system, cyclohexanol was not efficiently 
converted to cyclohexanone. In order to achieve a h igh 
oxidat ion yield, we changed the hydrogen acceptor 
from acetone to 30mol% of diethyl ketone wi th 
benzene. As a result, cyclohexanol was converted to 
cyclohexanone in a 84.6% yield. 

Dependence on Reaction Temperature. In order to 
investigate the dependence on the reaction temper­
ature, the oxidat ion of 2-decanol and mentho l was 
carried ou t in the range of 55 to 115 °C. T h e natura l 
logar i thm of the rate, r, vs. the reciprocal of the 
absolute temperature (the Arrhenius plot), is shown in 
Fig. 1. As can be seen from Fig. 1, very s t raight l ines 
are obtained. F rom the slope of the lines, the 
activation energies of these oxidat ions were calculated 
as be ing 4.34 kcal m o l - 1 (2-decanol) and 3.13 kcal 
m o l - 1 (menthol) . T h e activation energy of 2-decanol 
has almost the same value as that of menthol . 

Effect of Hydrogen Acceptor in the Flow Reaction 
System. T h e influence of various hydrogen acceptors 
was investigated for the oxida t ion of 2-octanol. T h e 
results are listed in Tab le 4. In the case of acetone and 
diethyl ketone, 2-octanol was efficiently converted to 
2-octanone. O n the other hand , when us ing diisopro­
pyl ketone or cyclohexanone, the oxidat ion of 2-
octanol did no t proceed wi th a h igh yield. These four 
ketones are almost equal in the electron densities 
a round the carbonyl g roup . Accordingly, it was 
considered that the ma in factor of these results could 

-2.5 

-3.0 H 

OH 

Alcohol; 0.125 mmol h - 1 , Acetone; 5 cm3 h_1. 

-3.5 1 

2 . 7 2 . 9 3 .1 3 . 3 

T - l / 1 0 - 3 d e g - 1 

Fig. 1. Arrhenius Plot. • ; Menthol (cat. 2.0 g), A; 
2-Decanol (cat. 1.0 g), Conditions: Alcohol 1.25X10"1 

mmol h - 1 , Acetone 5 cm3 h_1. 
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Table 4. Effect of Hydrogen Acceptor 
in the Oxidat ion of 2-Octanol 

(Flow Reaction System)a) 

Electron density 
Hydrogen acceptor Yield/% 

Cb) oc> 

Acetone 94.5 3.776 6.293 
Diethyl ketone 95.1 3.778 6.287 
Diisopropyl ketone 9.2 3.771 6.289 
Cyclohexanone 13.5 3.769 6.292 

a) Catalyst; 1.0 g, 2-Octanol; 0.125 mmol h_1, hydrogen 
acceptor; 5.0 cm3 h -1 , reaction temperature; 100°C. 
b) Carbonyl carbon, c) Carbonyl oxygen. 

be at tr ibutable to a hindrance a round the carbonyl 
carbon. T h i s is similar to the results from the batch 
reaction system. 

Catalytic Activity of Several Catalysts in the 
Oxidation. In order to compare the catalytic activi­
ties, the oxidat ion of 2-octanol wi th acetone was 
carried ou t over several catalysts. T h e results are listed 
in Tab le 5. Except for hydrous zirconium oxide and 
a l u m i n i u m oxide, oxidat ion proceeded wi th a low 
yield. A l u m i n i u m oxide has been reported as be ing a 
heterogeneous catalyst in the Oppenaue r oxidation.5 ) 

However, hydrous zirconium(IV) oxide was superior 
to a l u m i n i u m oxide wi th regard to bo th activity and 
selectivity. Consequently, it can be elucidated that 
hydrous zirconium oxide is the best catalyst for the 
oxidat ion of secondary alcohol wi th acetone a m o n g 
these catalysts. 

Table 5. Comparison of the Catalytic Activity 
of Several Catalysts in the Oxidation 

of 2-Octanol with Acetonea) 

Catalyst Conversion/% Yield/% 

Hydrous zirconium(IV) oxide 
Hydrous titanium(IV) oxide 
Hydrous tin(V) oxide 
AI2O3 
Si0 2 

Aluminium silicate 
Zeolite, A-4 

100.0 
tr. 
tr. 

51.7 
tr. 

29.4 
3.6 

99.6 
tr. 
tr. 

29.9 
tr. 
9.5 
3.6 

a) Catalyst; 1.0 g, 2-octanol; 0.25 mmol, acetone; 1.0 
cm3, benzene; 9.0 cm3, temperature; 80 ° C 

References 

1 ) M. Shibagaki, K. Takahashi, and H. Matsushita, Bull. 
Chem. Soc. Jpn., 61, 3283 (1988). 

2) M. Shibagaki, K. Takahashi, H. Kuno, and H. 
Matsushita, Chem. Lett., 1988, 1633. 

3) C. Djerassi, Org. React, 6, 207 (1951). 
4) H. Niiyama and E. Echigoya, Bull. Chem. Soc. Jpn., 

45, 938 (1972). 
5) R. Schwartz and A. Juhasz, Rev. Roum. Chim., 31, 131 

(1986). 
6) B. R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. 

States, S. Swaminathan, and M. Karplus, / . Compt. Chem., 4, 
187 (1983). 

7) M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, and J. J. 
P. Stewart, / . Am. Chem. Soc, 107, 3902 (1985). 

8) M. Shibagaki, H. Kuno, K. Takahashi, and H. 
Matsushita, Bull. Chem. Soc. Jpn., 61, 4153 (1988). 



July, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 1947—1950 (1990) 1947 

Carbometallation of 1,4-Bis(trimethylsilyl)butadiyne with 
Trimethylaluminium Using a Bis(cyclopentadienyl)metal 
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Carbometallation of l,4-bis(trimethylsilyl)-l,3-butadiyne with trimethylaluminium in the presence of a 
bis(cyclopentadienyl)zirconium dichloride or bis(cyclopentadienyl)titanium dichloride catalyst afforded (E)-2-
methyl-l,4-bis(trimethylsilyl)-l-buten-3-yne selectively after aqueous workup. Treatment of the intermediate 
organoaluminium compound with an electrophile like D20, Af-bromosuccinimide, iV-chlorosuccinimide, or 
acetyl chloride gave the same hydrocarbon possessing D, Br, CI, or CH3CO at C-l. The reaction using a 
bis(cyclopentadienyl)vanadium dichloride catalyst gave rise to (Z)-l,2-dimethyl-l,4-bis(trimethylsilyl)-l-buten-3-
yne in a single step. 

Butadiyne is the smallest hydrocarbon which con­
tains two conjugated carbon-carbon triple bonds. It is 
produced as a by-product during the transformation of 
natural gas to acetylene. Due probably to the 
intrinsically explosive nature, its application to 
organic synthesis has been limited. In contrast, its 
disilyl derivative, l,4-bis(trimethylsilyl)butadiyne (l),1* 
is a crystalline compound thermally stable enough. 
Sublimation of 1 at 200 °C is easily carried out without 
any troubles. The compound 1 is readily available by 
silylation of butadiyne2) or oxidative coupling of 
trimethylsilylacetylene3'4) and now commercially avail­
able. The disilyl diacetylene 1 should be the stable 
model compound of its mother conjugated diyne. In 
addition, the two silyl groups of the products may be 
replaced by various functional groups. At the outset of 
our study, the disilyl diacetylene 1 had been used 
widely in organic synthesis as a C4 building block 
through a 4-trimethylsilylbutadiynyl anion.5~8) The 
resulting diyne moiety was easily reduced to an enyne 
or a diene system.9_18) The Diels-Alder reaction is 
another type of synthetic use of I.19'20) We report 
herein that the zirconium-catalyzed carbometalla­
tion21-2^ of 1 with trimethylaluminium allows us to 
introduce methyl group at C(2) and various electro-
philes as well as methyl group at C(l) in a stereo­
selective manner.25* 

The reaction conditions reported by Negishi and his 
coworkers21) were slightly modified and employed for 
our reaction. Reaction of 1 with trimethylaluminium 
in the presence of a catalytic amount of bis(cyclo-
pentadienyl)zirconium dichloride and quenching with 
1 M (1 M=l mol dm - 3) sodium hydroxide aqueous 
solution gave (£)-2-methyl-1,4-bis(trimethylsilyl)-1 -
buten-3-yne (2a) as an isolable product in 69% yield 
(Eq. 1). The stereochemistry of 2a was assigned as 
such on the basis of 13CNMR and *H NMR. 3/(HC= 
CÇH3) observed for 2a is 12.2 Hz which is typical for 
(£) allylic coupling (cf. (£)>10 Hz; (Z)<8 Hz).2«» Allylic 
coupling constant /(HC=CCH3)=1.1 Hz also supports 

Me3Si Me 

1) AlMe3/Cp2ZrCl2 ) = / (1 ) 
M e 3 S i — = — ~ SiMe3 • E \ \ 

2) E+ N^ 

E + = H 2 0 2a (E = H) 69% 
D 2 0 2b (E = D) 60% 
NBS 2c (E = Br) 56% 
NCS 2d (E = CI) 47% 
AcCl 2 e (E = Ac) 44% (2:1 stereoisomer^ mixture) 

the (E) configuration (cf. 1.5 Hz for (E) and 2 Hz for 
(Z)).27) To determine the regiochemistry of the Me 
group, 2a was treated with 57% hydriodic acid28) in 
benzene-^6. The disilylated product exhibited olefinic 
signals at 6=5.00 and 5.35 typical to terminal 
methylene. Various solvents and a series of catalysts of 
type CP2MÜCI2 were screened for the reaction, and the 
results are summarized in Table 1. With 1 equiv of 
Cp2ZrCl2 2a was obtained in 66% yield (Run 1). We 
examined the amount of the catalyst and the reaction 
temperature and found the best yield 75% was achieved 
by the reaction with 19 mol% of the Zr-catalyst at 40— 
50 °C. Large amount of the catalyst at the reflux 
temperature did not give 2a (Run 3). Hereby 
dimethylated product 3 formed which consisted of (E) 
and (Z) isomers of 1:2 ratio. When 1.3mol% of the 
Zr-catalyst was employed, heating at reflux was needed 
(Run 4). Of various solvents tested, 1,2-dichloroethane 
was found to be the best for the carbometallation. In 
diethyl ether or hexane solvent, the reaction did not 
proceed at all (Runs 5 and 6). The reaction with 
trimethylgallium or triethylaluminium in place of 
trimethylaluminium gave only starting material or a 
complex mixture of products (Runs 7—10). For the 
reaction using a titanium catalyst Cp2TiCl2, the 
reaction temperature of dichloromethane reflux was 
pertinent, and 2a was obtained in 38%) yield (Run 12). 
At higher temperatures a complex mixture of products 
resulted (Run 13). Triethylaluminium did not give 
the corresponding carbometallation product with the 
titanium catalyst (Runs 14 and 15). Bis(cyclopenta-
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Table 1. Carbometallation of 1 

Run 

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

R3Mtl 

Me3Al 
MesAl 
Me3Al 
Me3Al 
Me3Al 
Me3Al 
Me3Ga 

EtsAl 
EtsAl 
Et3Al 
Me3Al 
Me3Al 
Me3Al 
EtsAl 
EtaAl 
Me3Al 
Me3Al 

Cp2MtlCl2 (mol%) 

Cp2ZrCl2 (100) 
Cp2ZrCl2 (19) 
Cp2ZrCl2 (20) 
Cp2ZrCl2 (1.3) 
Cp2ZrCl2 (4.5) 
Cp2ZrCl2 (17) 
Cp2ZrCl2(19) 

Cp2ZrCl2(100) 
Cp2ZrCl2 (3.4) 
Cp2ZrCl2 (3.4) 
Cp2TiCl2 (100) 
Cp2TiCl2 (19) 
Cp2TiCl2 (20) 
Cp2TiCl2 (100) 
Cp2TiCl2(100) 
Cp2VCl2 (5.7) 
Cp2VCl2 (13) 

Solvent 

C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
Et20 
77-C6Hl4 

C1CH2CH2C1 

C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
CH2C12 

CH2C12 

C1CH2CH2C1 
C H 2 C I 2 
CH2C12 

C1CH2CH2C1 
C1CH2CH2C1 

Conditions 

R.t. 2 1 h a n d t h e n 5 0 ° C l h 
40—50 °C 10 h 
Reflux 20 h 
Reflux 10 h 
Reflux 35 h 
Reflux 12 h 
40—50 °C 10 h and then 

reflux 20 h 
0 ° C 2 4 h 
R.t. 13 h 
Reflux 4 h 
R.t. 14 h 
Reflux 18 h 
Reflux 10 h 
R.t. 2 h 
Reflux 0.5 h 
Reflux 19 h 
Reflux 10 h 

2a 

66 
75 
tr 
69 

6 
38 

Yield/91 

nr 
nr 
nr 

c 
nr 
c 

c 
nr 
c 

ja.b) 

3(E:Z) 

15(1:2) 

3(Z) 

27(Z) 
1Q(Z) 

a) Isolated yield. Except the runs of nr, the conversions were more than 
mixture. 

b) tr: trace; nr: no reaction; c: complex 

MeoSi 

SiMe* SiMeo 

(Z)-3 (E)-3 

dienyl)vanadium dichloride was found to catalyze the 
dimethylation to give (Z)-3 (27% yield) instead of 2a in 
a single step (Run 16). This type of vicinal 
dimethylation is unprecedented. Probably, the vana­
dium catalyst promoted the reductive elimination of 
an intermediary methyl alkenyl metal species. 

The zirconium catalyzed methylation of 1 afforded, 
as shown in Eq. 1, a trans carbometallation product. 
The results contrast sharply to the well established 
stereochemistry of the carbometallation of alkynes 
using Cp2ZrCl221) or Cp2TiCl2-22) The unusual 
stereochemical results may be ascribed to a facile 
isomerization of an initially produced (Z)-alkenyl-
aluminum species 4a to an (£)-isomer 4b thanks to the 
intramolecular coordination effect of the acetylenic 
bond nearby the aluminium metal (Eq. 2). Similar 

Me2AI Me 

Me3Si V 

4a 
SiMe3 

( 2 ) 

SiMe3 

trans stereochemistry is observed often in the carbo-
alumination of l-silyl-3-alken-l-ynes.29) In the vana­
dium catalyzed carbometallation reaction giving the 
dimethylation product (Z)-3, the reductive elimination 
of 4a should be faster than the configurational 

isomerization to 4b. 
The intermediate 4b was allowed to react with 

various electrophiles. Quenching 4b with D2O, N-
bromosuccinimide (NBS), Af-chlorosuccinimide (NCS), 
or acetyl chloride (AcCl) afforded the corresponding 
1-substituted 2-methyl-l,4-bis(trimethylsilyl)-l-buten-
3-yne (2b, 2c, 2d, or 2e). 

The reaction of 4b with excess copper(I) chloride at 
room temperature gave an (£)-dimethylated product 
(£)-3. Upon the reaction of 4b with copper(II) 
chloride a chlorinated product 2d (43%), the dimethyl-
ated derivative (E)-3 (12%), and a trace amount of 
dimerization product 5 were produced.30) 

1) AlCl3/Cp2ZrCl2 

(E)-3 -+ 1 
2) CuCl 

1) AlCl3/Cp2ZrCl2 

2) CuCl2 

- • 2 d + (E)-3 (3) 

The 1-substituted 2-methyl-l,4-disilyl-l-buten-3-ynes 
herein synthesized stereoselectively are expected to be 
versatile synthetic building blocks for a stereodefined 
conjugated C4 homologation. 

Experimental 

Melting points and boiling points are given in °C and are 
uncorrected. Bulb-to-bulb distillation was carried out using 
a Shibata glass tube oven GTO 250R, and boiling points 
were determined by measurement of the bath temperature 
and given in °C/Torr (1 Torr=133.322 Pa). 1H NMR spectra 
were obtained with a Varian EM-390, a Hitachi R-90, or a 
Bruker AM-400 spectrometer, chemical shifts being given in 
ppm units, 13C NMR spectra with a Varian XL-100 or a 
Bruker AM-400 spectrometer. IR spectra were recorded with 
a JASCO A-202 machine. MS were recorded with a RMU-
6MG spectrometer under 70 eV. High resolution mass 
spectra were recorded with a Hitachi M-80A spectrometer. 



July, 1990] Carbometallation of 1,4-Bis(trimethylsilyl)butadiyne 1949 

GLC assays were performed with a Shimadzu GC-7A 
Chromatograph equipped with TCD or a Hitachi 163 gas 
Chromatograph using FID, preparative GLC with an 
Ohkura Model-802T Chromatograph equipped with TCD. 
TLC analyses were performed using Merck silica gel 60 F254 
glass plates (0.25 mm). Preparative TLC (1.2 mm thick) 
were prepared from Merck Kiesel-gel PF254. The TLC 
mobility of a given component is described by its R{ value. 
Column chromatography was carried out with silica gel 
(Wakogel C-200) at atmospheric pressure. 

(£)-l,4-Bis(trimethylsilyl)-2-methyl-l-buten-3-yne(2a). To 
a solution of bis(cyclopentadienyl)zirconium dichloride (2.0 
mg, 7X10~3mmol) in 1,2-dichloroethane (1 ml) was added 
trimethylaluminium (2.0 M hexane solution, 0.83 ml, 1.66 
mmol), and the solution was stirred for 0.5 h at room 
temperature. Then a 1,2-dichloroethane (2 ml) solution of 
l,4-bis(trimethylsilyl)butadiyne (1) (101 mg, 0.52 mmol) was 
added, and the mixture was heated to reflux for 10 h. Sodium 
hydroxide aqueous solution (1 M, 3 ml) was added at 0 °C, 
and the mixture was filtered through a Celite layer and 
washed with saturated sodium chloride aqueous solution 
(20 ml) and extracted with diethyl ether (20 ml). The 
ethereal extract was dried over anhydrous sodium sulfate and 
concentrated under reduced pressure. Purification by 
preparative TLC (hexane, R{ 0.65) gave 2a 75.5 mg (69% yield) 
as a colorless oil. Bp 75 °C/0.5 Torr. *H NMR (CDCI3) 
0=0.12 (s, 9 H), 0.17 (s, 9 H), 1.93 (d, /=1.1 Hz, 3 H), 6.05 (q, 
7=1.1 Hz, 1H); 13CNMR (CDCI3) ô=-0.4 (q, 7=119 Hz, 
S1ÇH3), 0.0 (q, 7=119 Hz, S1ÇH3), 22.5 (dq, 7=12.2 and 
127 Hz, C(2)-ÇH3), 91.2 (br m, Ç(4)), 109.0 (br m, Ç(3)), 134.0 
(br s, Ç(2)), 139.3 (br d, 7=134 Hz, Ç(l)); IR (neat) 2960, 2140, 
1575, 1305, 1250, 1160, 1000, 850, 760, 700, 640, 550 cm"1; MS 
m/z (rel intensity) 210 (M+, 18), 196 (12), 195 (58), 156 (18), 
155 (100), 137 (12), 163 (12), 97 (12), 73 (38). Found: C, 62.87; 
H, 10.79%. Calcd for C11H22S12: C, 62.78; H, 10.54%. 

Protodesilylation of 2a. The butenyne 2a (53 mg, 0.25 
mmol), benzene-cfe (0.5 ml), and 57% hydriodic acid aqueous 
solution (33 ul) were sealed in an NMR-tube. After 1 h the 
mixture showed *H NMR (C6D6) 0=1.70 (br s, 3 H), 1.90 (br 
s, 1 H), 5.00 (m, 1 H), 5.35 (m, 1 H). 

(£)-1,4-Bis( trimethylsilyl)-1 -deuterio-2-methyl-1 -buten-3-
yne (2b). The butadiyne 1 (94.6 mg, 0.49 mmol) was 
allowed to react with trimethylaluminium (1.5 mmol) under 
the same conditions as above, and deuterium oxide (0.4 ml) 
was added at 0 °C. The mixture was stirred for 1.5 h at room 
temperature and then worked up. Purification by prepara­
tive TLC (hexane, R{ 0.65) gave 2b 61.7 mg (60% yield) as a 
colorless oil, bp 70 °C/0.4 Torr. *H NMR (CDCI3) 0=0.13 (s, 
9 H), 0.19 (s, 9 H), 1.93 (s, 3 H); IR (neat) 2970, 2150, 1580, 
1250, 1230, 840, 760, 695, 670, 635, 550, 510 cm"1; MS m/z (rel 
intensity) 211 (M+, 15), 196 (55), 156 (18), 155 (100), 73 (43). 
Found: m/z 211.1307. Calcd for CnH2iDSi2: M, 211.1321. 

(£)-l,4-Bis(trimethylsilyl)-l-bromo-2-methyl-l-buten-3-yne 
(2c). The butadiyne 1 (0.79 g, 4.0 mmol) was allowed to 
react with trimethylaluminium (2 M hexane solution, 8 ml, 
16 mmol) and Cp2ZrCl2 (39.5 mg, 0.13 mmol) in 1,2-dichloro­
ethane (13 ml). Af-Bromosuccinimide (3.2 g, 17 mmol) was 
added to the reaction mixture at —40 °C. The mixture was 
stirred at 0°C for 0.5 h, and worked up. Purification by 
column chromatography (hexane, Rt 0.65) gave 2c 0.66 g 
(56% yield) as a colorless oil, bp 100°C/0.5 Torr. 1H NMR 
(CDCI3) ô=0.21 (s, 9 H), 0.28 (s, 9 H), 1.98 (s, 3 H); ™C NMR 

(CDCI3) <5=-0.14 (septuple q, 7=2 and 120 Hz, S1ÇH3), 0.50 
(septuple q, 7=2 and 120 Hz, S1ÇH3), 22.45 (q, 7=129 Hz, 
C(2)ÇH3), 100.5 (decuplet, 7=3 Hz, Ç(4)), 106.1 (q, 7=5 Hz, 
Ç(3)), 132.1 (q, 7=7 Hz, Ç(2)), 134.7 (br m, Ç(l)); IR (neat) 
2990, 2170, 1560, 1260, 1210, 850, 765, 700, 640, 570, 530 cm"1; 
MS m/z (rel intensity) 290 (M++2, 8), 288 (M+, 8), 122 (13), 
121 (100), 97 (6), 73 (56), 45 (8). Found: m/z 288.0348 and 
290.0359. Calcd for CnH2iBrSi2: M, 288.0360 and M+2, 
290.0359. 

(£)-l,4-Bis(trimethylsilyl)-l-chloro-2-methyl-l-buten-3-yne 
(2d). This compound was prepared in a similar manner. 
Bp 90 °C/0.5 Torr. *H NMR (CDCI3) 0=0.22 (s, 9 H), 0.27 (s, 
9 H), 1.98 (s, 3 H); IR (neat) 2970, 2140, 1570, 1250, 1220, 840, 
760, 640 cm"1; MS m/z (rel intensity) 246 (M++2, 6), 244 (M+, 
15), 174 (5), 123 (4), 122 (13), 121 (100), 97 (6), 93 (8), 74 (6), 73 
(63), 45 (12). Found: C, 53.91; H, 8.72; Cl, 14.52%. Calcd for 
C11H21CIS12: C, 53.95; H, 8.64; Cl, 14.48%. 

3,6-Bis(trimethylsilyl)-4-methyl-3-hexen-5-yn-2-one (2e). 
The butadiyne 1 (106 mg, 0.55 mmol) was allowed to react 
with trimethylaluminium under the same conditions as for 
2a. Acetyl chloride (0.4 ml, 5.6 mmol) was added to the 
reaction mixture at 0 °C, and the whole was stirred for 2 h. 
Workup and purification by preparative TLC (hexane/ethyl 
acetate=7/l) gave 2e 41 mg (Rt 0.64) and 20 mg (R{ 0.61) as a 
colorless oil in totally 44% yield. Stereochemical assignment 
of each product could not be made. 

Major Isomer: 1U NMR (CDCI3) <5=0.15 (s, 9 H), 0.18 (s, 
9 H), 1.95 (s, 3 H), 2.28 (s, 3 H); IR (neat) 2980, 2160, 1695, 
1570, 1355, 1255, 890, 845, 760, 650 cm"1; MS m/z (rel inten­
sity) 252 (M+, 13), 238 (16), 237 (34), 221 (15), 179 (21), 163 
(16), 147 (37), 133 (19), 97 (16), 75 (25), 73 (100), 45 (21), 43 
(13); Found: m/z 252.1372. Calcd for C13H24OS12: M, 
252.1364. 

Minor Isomer: *H NMR (CDCI3) <5=0.21 (s, 9 H), 0.25 (s, 
9 H), 1.85 (s, 3 H), 2.18 (s, 3 H); IR (neat) 2970, 2150, 1690, 
1570, 1350, 1250, 1200, 890, 840, 760, 660 cm"1; MS m/z (rel 
intensity) 252 (M+, 11), 238 (14), 237 (55), 179 (21), 163 (14), 
147 (31), 133 (13), 121 (15), 97 (17), 75 (27), 73 (100), 45 (19), 43 
(17). Found: m/z 252.1371. Calcd for Ci3H240Si2: M, 
252.1364. 

(£)-l,4-Bis(trimethylsilyl)-3-methyl-3-penten-l-yne((£)-3). 
The butadiyne 1 (102 mg, 0.52 mmol) was allowed to react 
with trimethylaluminium as before, and the resulting 
mixture was treated with copper(I) chloride (0.4 g, 4.0 mmol) 
at room temperature, and the whole was stirred for 0.5 h. 
Workup and purification by preparative TLC (hexane, R{ 

0.65) gave (£)-3 79 mg (67% yield) as a colorless oil, bp 
80°C/0.5 Torr. ^ N M R (CDCI3) 6=0.15 (s, 9 H), 0.20 (s, 
9H), 1.95 (s, 6H); iH NMR (C6D6) 0=0.15 (s, 9 H), 0.32 (s, 
9H) , 2.03 (q, 7=1.5 Hz, 3 H), 2.19 (q, /=1.5 Hz, 3 H); IR 
(neat) 2970, 2140, 1570, 1440, 1405, 1250, 960, 840, 755, 690, 
650, 530 cm"1; ^C NMR (CDCI3) <5=-0.2 (septuple q, 7=2 
and 119 Hz, S1ÇH3), 0.3 (septuple q, 7=2 and 120 Hz, 
SiCH3), 22.1 (q, 7=127 Hz, QH3), 22.7 (qq, 7=1 and 128 Hz, 
CH3), 97.9 (decuplet, 7=2.5 Hz, C(l)), 106.6 (m, C(2)), 126.8 
(m, Ç(3)), 145.6 (m, Ç(4)); MS m/z (rel intensity) 224 (M+, 
17), 209 (43), 155 (75), 151 (L5), 150 (18), 136 (16), 121 (18), 97 
(18), 73 (100), 45 (19). Found: C, 64.15; H, 10.56%. Calcd for 
C12H24S12: C, 64.20; H, 10.78%. 

(Z)-l,4-Bis(trimethylsilyl)-3-methyl-3-penten-l-yne((Z)-3). 
To a 1,2-dichloroethane (2 ml) solution of bis(cyclopenta-
dienyl)vanadium dichloride (8.0 mg, 0.03 mmol) was added 
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trimethylaluminum (2.0 M hexane solution, 1.2 ml, 2.4 mmol), 
and the solution was stirred for 0.5 h at room temperature. 
The diacetylene 1 (108 mg, 0.56 mmol) dissolved in 1,2-
dichloroethane (1.5ml) was added to the reaction mixture. 
The resulting mixture was heated under reflux for 19 h. 
Workup and purification by preparative TLC (hexane, Rt 
0.65) gave (Z)-3 34 mg (27% yield) as a colorless oil, bp 
80 °C/0.5 Torr. *H NMR (CDC13) <5=0.17 (s, 9 H), 0.19 (s, 
9 H), 1.73 (q, /=1.1 Hz, 3 H), 1.87 (q, /=1.1 Hz, 3 H); *H NMR 
(C6D6) 0=0.30 (s, 9 H), 0.42 (s, 9 H), 1.68 (q, /=1.1 Hz, 3 H), 
1.91 (q, /=1.1 Hz, 3H); IR (neat) 2960, 2140, 1570, 1440, 
1410, 1250, 840, 755, 690, 665, 645, 630 cm"1; 13C NMR 
(CDGI3) ô=—0.8 (septuple q, 7=2 and 119 Hz, S1ÇH3), -0 .1 
(septuple q, 7=2 and 120 Hz, S1ÇH3), 18.3 (q, 7=127 Hz, 
CH3), 20.5 (qq, 7=1 and 128 Hz, ÇH3), 94.8 (decuplet, 
7=2 Hz, Q(l)), 109.4 (m, Ç(2)), 127.0 (m, Q(3)), 146.4 (m, 
C(4)); MS m/z (rel intensity) 224 (M+, 22), 209 (52), 179 (25), 
155 (100), 151 (15), 150 (22), 136 (17), 97 (16), 73 (71), 45 (12). 
Found: m/z 224.1389. Calcd for G2H24S12: M, 224.1415. 
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The self-associations of p-hydroxybenzaldehyde (HBA) and p-hydroxyacetophenone (HAP) have been 
studied from measurements of phosphorescence and the excitation spectra at 77 K. At appropriately high 
concentrations of HBA and HAP in ethereal matrices, such as 1,4-dioxane, these compounds exhibit dual 
phosphorescences around 430 and 470 nm with excitation at 290 and 330 nm, respectively. The shorter-
wavelength emission is due to monomeric species of the substrates. The longer-wavelength emission can be 
interpreted as being due to ion pairs, in which the proton of the hydroxyl group of the substrate molecule is 
transferred intermolecularly to the formyl group of another substrate molecule. The phosphorescence excitation 
spectra show that the ion pairs are formed in the ground states of the phenolic compounds, being in equilibrium 
with the monomeric species at 77 K. The ion pair formation is strongly dependent on the medium. 

It has been k n o w n that some organic acids are 
associated wi th bases to give ion pairs as well as 
hydrogen-bonded complexes.1_4) In particular, phenols, 
naph tho l s , and their related compounds behave as a 
hydrogen or a p ro ton donor in these molecular 
in teract ions . 5 - 8 ) In the cases of molecules hav ing bo th 
hydrogen-dona t ing and -accepting g roup at the or tho-
posi t ion, in t ramolecular p ro ton transfers have been 
observed.9_12) Intermolecular and intramolecular 
proton-transfer interactions in the g round and excited 
states are attractive subjects in connection wi th acid-
base equi l ibr ia , characteristics of excited and emissive 
states, q u e n c h i n g processes, and photochemical re­
activities. 

T h e formation of an ion pair may be characterized by 
its u n i q u e absorption, emission, and excitation spectra. 
In most of the hi therto-reported papers describing 
intermolecular p ro ton transfer, substrate concentra­
tions were appropr ia te ly low enough to avoid self-
associations. Previously, p-hydroxybenzaldehyde 
(HBA) was found to form a hydrogen-bonded dimer in 
the g r o u n d state at appropr ia te ly h igh concentrat ions 
in methanol.1 3 ) However, the absorpt ion spectra of 
HBA at room temperature provide no evidence for the 
existence of ion pairs in various solvents. O n the other 
hand , Baba14) has reported that at 77 K the HBA-
trie thy lamine system involves a p ro ton-transferred ion 
pai r as well as a s imple hydrogen-bonded complex. 

In this work intermolecular self-interactions for 
HBA and p-hydroxyacetophenone (HAP) were studied 
as proved from phosphorescence and its excitation 
spectra measured at 77 K for various substrate concentra­
tions in several ethereal matrices. 

Experimental 

HBA and HAP were obtained from Wako Pure Chemical 
Industries Ltd. and were purified by recrystallization from 

aqueous ethanol and vacuum sublimation. p-Methoxy-
benzaldehyde (Wako) was subjected to repeated fractional 
crystallizations. 1,4-Dioxane and tetrahydrofuran (Wako) 
were spectrograde and used without further purification. 
Other solvents and amines were used after distillation. 

Ultraviolet absorption spectra were measured with a 
Shimadzu UV-210A spectrophotometer. Phosphorescence 
and excitation spectra were recorded on a Shimadzu RF-500 
spectrofluorimeter equipped with a cylindrical rotating sector 
at 77 K using a 3.5 mm diameter quartz tube cell. The 
observed phosphorescence and excitation spectra were 
uncorrected. The infrared spectra were taken with a Hitachi 
270-30 infrared spectrometer using a 1 mm KRS-5 cell. 

Results and Discussion 

Phosphorescence Spectra. HBA and HAP show 
s t rong phosphorescences in various matrices at 77 K, 
whi le showing very weak fluorescence. In methanol 
and cyclohexane the shapes of the phosphorescence 
bands are independent of the concentrations, r ang ing 
over 10~6—10~2 mol d m - 3 and on the excitat ion wave­
lengths . T h i s indicates that there are n o marked 
solute-solute interactions. However, a different 
s i tuat ion has arisen in the 1,4-dioxane mat r ix (Fig. 1) 
in wh ich the phosphorescence bands of HBA obta ined 
for relatively low and h igh concentrat ion matrices 
wi th varying excitat ion wavelengths are presented. It 
can be seen from this figure that HBA shows dual 
phosphorescences in a d ioxane mat r ix of h igh 
concentrat ion (10~2mol d m - 3 ) , depend ing on the 
excitat ion wavelength (AE); one is obtained wi th 
excitat ion at 295 n m and has an emission peak at 
437 n m wi th two shoulders (this b a n d is referred to as 
A band, (2) in Fig. 1); the other is obtained wi th 
excitation at 337 n m and is a structureless band wi th a 
peak at 467 n m (called as B band, (3) in Fig. 1). In the 
lower concentrat ion matr ix (10~5 mol d m - 3 ) only the A 
b a n d ((1) in Fig. 1) is observed, irrespective of the 
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Fig. 1. Phosphorescence spectra of HBA in 1,4-
dioxane. Concentration and excitation wavelength: 
(1) 1.0X10-5moldm-3, 294 nm, (2) 1.0X10-2mol 
dm"3, 295 nm, (3) 1.0X10"2 mol dm"3, 337 nm. 
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Fig. 2. Substrate concentration dependence of inten­
sities of the A phosphorescence at 434 nm and the 
B phosphorescence at 460 nm for HBA in dioxane. 
Excitation wavelength: (1) 300 nm, (2) 358 nm. 

excitation wavelength employed. T h i s band well 
resembles those observed in me thano l and cyclo-
hexane. 

T h e emission intensities of the A and B bands are 
plot ted wi th respect to the substrate concentrat ions in 
Fig. 2 for HBA. T h e intensit ies of the A b a n d increase 
wi th increasing concentrat ion of HBA u p to about 
5X10 - 4 mol d m - 3 , and then decrease u p o n further 
increasing the concentra t ion. O n the other hand , the 
B band appears at HBA concentrations h igher than 
5X10 - 4 mol d m - 3 and becomes stronger wi th a d iminu­
tion of the A band. These spectral behaviors are also 
noted for HAP in dioxane; in this case the A- and 
B-type bands appear at 435 and 475 n m , respectively. 
T h e results ment ioned above indicate that the A band 
is due to the monomer ic species of the substrate and 
the B b a n d arises from a solute-solute interaction, a 
type of self-association. In order to obta in further 

Table 1. Dependence of the Intensity Ratio of 
the A and B Phosphorescence Bands 

of HBA on Cooling Rate 

Cooling rate 
/ B / / A d ) 

Fasta> 
0.7 

Mediumb> 
1.4 

Slowc> 
1.9 

a), b), c) Final low temperature (77 K) was attained 
within a few seconds (a), 10 sec (b), and 20 sec (c). d) IA 

is the intensity of the A band at 440 nm with excitation 
at 295 nm. ZB is of the B band at 465 nm with excitation 
at 344 nm. 

evidence for the existence of a solute-solute interac­
tion, the phosphorescence spectra were measured for 
samples whose final low temperature (77 K) was 
at ta ined at various cool ing rates. T h e results are 
shown in T a b l e 1, in wh ich the ratios of the A and the 
B phosphorescence intensities (/A and / B ) are pre­
sented. As can be seen from this table, the rat io IB/IA is 
clearly dependent on the cool ing rate, i.e., the rat io 
becomes larger wi th a reduct ion of the rate. T h i s 
means that an association of solute molecules takes 
place u p o n cooling. 

Phosphorescence Excitation Spectra. T h e phos­
phorescence excitation spectra for the A and B emission 
bands of H B A are shown in Fig. 3. T h e excitat ion 
spectrum moni tored at 415 n m (A band) has a m a i n 
peak at 293 n m and a weak band at 333 n m (Fig. 3(1)). 
O n the other hand , the 333 n m band becomes the m a i n 
band, moni tored at 465 n m (Fig. 3(3)). T h e 293 and 
333 n m bands are referred to as the A ' and B ' bands , 
respectively. In spectrum (2) of Fig. 3, the intensities 
of the A ' and B ' bands are comparable , in which the 
moni tored wavelength (438 nm) is chosen as be ing 
intermediate between the A and B emission band 
posi t ions. As for H A P , the A ' and B ' bands are at 288 
and 330 nm, respectively. T h i s spectrum does not 
agree wi th the absorpt ion spectrum measured in 
d ioxane at r o o m temperature. T h a t is, a l t hough the 
absorpt ion spectrum has a band at 283 nm, which 
corresponds to the A ' and, there is no band corres­
p o n d i n g to the B ' band. T h o u g h the B ' band migh t be 
correlated to the nTC* absorpt ion band, the intensity of 
the B ' b a n d is too strong to be assigned as be ing due to 
an nTC* transi t ion. T h a t the B ' band can not be 
assigned to the nTC* transi t ion is also supported by the 
fact that the band is no t observed in nonpo la r 
hydrocarbons, such as cyclohexane. T h e phosphores­
cence excitat ion spectrum has also been found to 
depend on the cool ing rate of the sample. T h e B ' band 
becomes stronger and the A ' one weaker wi th the 
decrease in the cool ing rate. T h e observed behavior of 
the excitat ion spectra suggests that at least two 
chemical species exist in the h igh concentrat ion 
d ioxane mat r ix of HBA in the g r o u n d state at 77 K. 
O n e species, g iving the A ' absorpt ion band and the A 
phosphorescence band, can be regarded as being the 
m o n o m e r of the solute molecule. T h e other, g iving 
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Fig. 3. Phosphorescence excitation spectra of HBA 
in dioxane. Concentration: 1.0X10"3 mol dm -3 , 
Monitored wavelength; (1) 415 nm, (2) 438 nm, (3) 
465 nm. 

the B ' absorpt ion and B phoshorescence bands, can be 
regarded as being a solute-solute associated species. In 
addit ion, p-methoxybenzaldehyde and p-methoxy-
acetophenone, which have n o phenol ic pro ton , exhibit 
only the A phosphorescence bands, even at h igh 
concentrat ions in dioxane matrices, indicat ion that as 
for the present phenol ic and methoxy compounds 
excimer formations do not occur. Fur thermore, the 
formation of a 1:1 solute-solvent exciplex, such as 
that found for 4-(dimethylamino)ethyl benzoate in 
dioxane,15) can also be ignored in the present systems. 

Absorption Spectra. As a possible solute-solute 
interaction in the present systems, proton-trasferred 
ion-pai r formation can be considered, since HBA and 
HPA have both p ro ton dona t ing and accepting 
groups. In order to determine the structure of the 
associated species, absorpt ion spectroscopic studies 
have been carried out. In the cases of the proton-
transferred ion- pair formation of aromat ic hydroxy 
compounds in the excited singlet and triplet states 
wi th bases such as amines , the excitat ion spectra for 
the emissions of the ion pa i r agree wi th the absorpt ion 
spectra of the hydroxy compounds . However, this is 
not the case for bo th HBA and HAP systems. As 
ment ioned above, the excitation spectra can be 
interpreted as be ing due to the presence of two 
chemical species in concentrated HBA and HAP 
solutions at 77 K, i.e., the monomer ic and the 
associated species. T h i s indicates tha t at 77 K the 
associated species already exist in the g round elec­
tronic states of HBA and HAP. However, n o evidence 
for the existence of the ion pai r could be obtained from 
the absorpt ion spectra at room temperature . Un­
fortunately, the absorpt ion spectra in d ioxane at 77 K 
could not be measured, because of a lack of trans­
parency of the med ium. Hence, for the sake of a 
compar ison wi th the excitation spectra, the absorpt ion 
spectra of the phenola te ions of HBA and HAP have 
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Fig. 4. Absorption spectra of HBA and HAP at room 

temperature in aqueous dioxane (80 vol%). Concen­
tration: l.OXlO"3 mol dm-», (1) HBA, pH=6.11, 
(2) HBA, pH=12.00, (3) HAP, pH=6.53, (4) HAP, 
pH=12.00. 
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Fi g. 5. Absorption spectrum of HBA ( 10-4 mol dm -3) 
in a mixture of ethanol and methanol (1:1) contain­
ing triethylamine (10-2 mol dm -3). 

been measured at room temperature . T h e results are 
shown in Fig. 4. In neutra l solut ions the absorpt ion 
bands appear a r o u n d 280 nm, and in the a lkal ine 
solutions a round 330 nm. T h e former and the latter 
absorpt ion bands correspond well wi th the A ' and B ' 
bands in the excitat ion spectra, respectively. In 
addi t ion, the phosphorescences of the phenola te ions 
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of HBA and H A P are very similar to those of the 
corresponding ion pairs (the B phosphorescence). 
Fur thermore , the absorpt ion spectrum of the H B A -
tr ie thylamine system in an alcoholic solut ion well 
resembles the exci tat ion spectrnm of HBA, as shown 
in Fig. 5. According to Baba,14) at 77 K HBA and 
tr ie thylamine form the proton-transferred ion pair, the 
phosphorescence b a n d of which is very similar to the 
present B phosphorescence. Consequent ly , it is 
concluded that HBA and H A P in the g round states 
form proton-transferred ion pairs in an appropr ia te ly 
h i g h concentrat ion of dioxane matr ix , as shown 
below. 
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Fig. 6. Phosphorescence excitation spectra of HBA 
in tetrahydrofuran. (1) Concentration: 1.0X10-4 mol 
dm - 3 , Monitored at 400 nm, (2) Concentration: 1.0X 
10~2 mol dm - 3 , Monitored at 455 nm. 

It can be shown that the present solute-solute 
interact ion does not lead to the formation of the trimer 
or h igher aggregates. When a sufficiently di lute 
solut ion of HBA or H A P in dioxane (ca. 10 _ 4 mol 
d m - 3 ) , from which the B phoshorescence is no t 
detected apparent ly , is added in to the concentrated 
solut ion of p-methoxybenzaldehyde or p-methoxy-
ace tophenone (ca. 10 - 2 mol d m - 3 ) , B phosphorescence 
apparent ly appears . T h i s emission can be at t r ibuted 
to ion-pai r format ion between the phenol ic and 
methoxy compounds ; such an ion pair has n o ability 
to jo in the addi t ional phenol ic compounds because of 
their low concentrat ions. 

Solvent Dependence of the Ion Pair Formation. T h e 
ion-pai r format ion of HBA and H A P could not occur 
in some polar media , e.g., m o n o and polyhydric 
alcohols, N,N-dimethyl formamide, dimethyl sulf­
oxide, as well as n o n p o l a r media. Therefore, the 
solvent polari t ies seem not to be a critical factor for 
ion-pa i r formation. We have thus examined the 
effectiveness of some ethers as a suitable solvent for 
ion-pair formation. 

In a tetrahydrofuran (THF) matr ix, bo th HBA and 
H A P exhibit only the A phosphorescences, regardless of 
the concentrat ions a n d excitation wavelengths. In 
contrast to these emission spectra, the excitation 
spectra were found to depend on these factors (Fig. 6) 
for HBA. T h e di lute matr ix gives the A ' band, 
whereas the concentrated mat r ix the B ' band . T h i s is 
also the case for H A P . T h e features of the excitation 
spectra in T H F well resemble those in dioxane. T h i s 
means that in T H F an ion pair is formed in the 
g r o u n d state; it then dissociates in to monomers in the 
phosphorescent triplet state or in the excited singlet state 
pr ior to the occurence of Si—>Ti intersystem crossing. 
Analogous behavior has been found when di isopropyl 
ether and acetaldehyde diethyl acetal are used as 
a media. 

400 450 500 
Wave 1ength/nm 

550 

Fig. 7. Phosphorescence spectra of HBA in 1,3-diox-
olane. Concentration: 1.0X10-4 mol dm -3 , Excita­
tion wavelength: (1) 290 nm, (2) 330 nm. 

In a 1,3-dioxolane matr ix , ion pairs are formed even 
at concentrat ions as low as 1 0 _ 4 m o l d m - 3 , as can be 
seen from Fig. 7. HBA in 1,3-dioxolane exhibits only 
one phosphorescence band at 451 n m (the B band) , 
irrespective of the excitation wavelengths, i.e., 290 n m 
(the A ' band) and 330 n m (the B ' band) ; this indicates 
the absence of a monomer ic species, even in a di lute 
matr ix. T h i s can also be confirmed by the excitation 
spectrum; that is, no A ' band appears , even though the 
B ' band is detected by m o n i t o r i n g at any wavelength 
in the emission band region. 

As described above, a l t h o u g h there is some differ­
ences in the behavior, proton-transferred ion pairs of 
HBA and H A P are formed in all ethers employed here 
at low temperature . In view of the observed solvent 
dependence it can be suggested that a peculiar 
in termolecular interaction between HBA (or HAP) 
and ether molecules takes place; thus , the resul t ing 
in terac t ing species plays an essential role in ion-pai r 
formation. In this connect ion, we have recently found 
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that xan thone dimerizes th rough orbital interactions 
together wi th d ipo le -d ipo le interactions, and that the 
d imer has been proposed to take the sandwich like 
s tructure facing the carbonyl g r o u p and the ethereal 
oxygen atom.17) As for 1,4-dioxane, S u p p a n et al.18>19) 

noted that its behavior in absorpt ion solvatochromic 
shifts was anomalous and proposed that in the vicinity 
of po la r solute molecules 1,4-dioxane takes the polar 
boat form th rough dipole-dielectr ic stabilization. As 
described above, HBA and H A P can form ion pairs 
wi th respective par tners , p-methoxy compounds , even 
when the p-hydroxy compounds are dilute, provided 
that the concentrat ions of the methoxy compounds are 
sufficiently h igh . F rom a consideration of this fact, 
possible hydrogen b o n d i n g between the phenols and 
ethers, - O H • • • O, can be regarded as no t being 
contr ibutory factor to ion-pai r formation. At any rate, 
further detailed investigations from various points of 
view need to be performed before the na ture of the 
interact ions between the HBA or H A P molecule and 
ethereal molecules can be clarified. 

Hydrogen Bonding. Hydrogen bond ing complexa-
t ion at 77 K shou ld be concerned in view of an earlier 
report in which the hydrogen-bonded dimer of HBA 
was found in a concentrated methanol solut ion at 
r oom temperature from measrements of the nTC* 
absorpt ion band.13) Here, it is a quest ion whether the 
hydrogen-bonded dimer, such as follows, exists at 77 K 

0 
^ o OH---0 ̂

„ 

w 
a OH 

or not. It was earlier found from the NMR sectra that 
phenol did not undergo any intermolecular associa­
tion in strong polar solvents, such as dimethyl 
sulfoxide.20) On the other hand, several hydroxy -
benzaldehydes are known to form inter- or intra­
molecular hydrogen bonds in the solid state.21) At 
room temperature, evidence for solute-solute hydrogen 
bonding has been derived from the OH stretching 
vibrational bands in the IR spectra of HBA and HAP 
in a mixture of carbon tetrachloride and chloroform 
(7:3). Therefore, equilibrium is established between 
the monomer and the hydrogen-bonded dimer in both 
HBA and HAP at room temperature. 

In contrast to such behavior at room temperature, a 
different situation has arisen regarding the phoshores-
cence behavior at low temperature. No evidence for 
the occurrence of simple hydrogen bonding between 
the substrate molecules has been obtained from the 

phosphorescence spectra at 77 K. A comparison was 
made between the phosphorescence of HBA in dioxane 
(A band in Fig. 1) and of p-methoxybenzaldehyde. 
Both spectra agree well with each other with respect to 
the positions and shapes. Such agreement was also 
noted between HAP and p-methoxyacetophenone. 
Consequently, it can be considered that equilibria are 
established between the monomeric species and the ion 
pairs in ethereal matrices of HBA and HAP at 77 K. 
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Effect of Bond-Length Alternation on the Aromaticity of Benzene 
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Dewar-de Llano PPP-SCF-MO calculations were performed to examine the effect of bond-length alternation 
on the a and n frames of benzene. It was confirmed that the equalization of the CC bond lengths in benzene was 
caused primarily by a high degree of aromaticity. Benzene still is highly aromatic even if it is deformed artificially. 
Adiabatic and vertical resonance energies were defined for this compound. 

There has been controversy in the literature about 
the origin of the symmetric structure of benzene.1-7) 

Hiberty and co-workers recently provided computational 
evidence that the symmetric hexagonal structure of 
benzene is caused by the o frame.1-4) According to 
them, the n frame of benzene favors a distorted, 
localized structure, but this propensity is quenched by 
the a frame which strongly resists distortion. They 
concluded that derealization of TT electrons in benzene 
is a by-product of a geometric constraint and that it 
occurs despite the opposite inherent tendency of TT 
electrons. 

Distortion of benzene requires energy. The tendency 
of benzene to remain symmetric and delocalized can be 
estimated from the energy needed to deform it. This 
energy may somehow be partitioned between o and n 
frames. Hiberty and co-workers compared the energy 
of symmetric benzene with all CC bond lengths of 
1.40 Â with that of distorted benzene with CC bonds of 
alternating lengths of 1.34 and 1.4627 Â, and showed 
that the o energy is better in the symmetric structure by 
about 17 kcal mol - 1 , that the n energy is worse by 
about 11 kcal mol - 1 , and that overall the symmetric 
structure is preferred by about 6 kcal mol -1 .1-4 ) 

The length of 1.34 Â chosen by Hiberty and co­
workers for shorter CC bonds in distorted benzene is 
similar to the length for the terminal C=C bonds in 
butadiene (1.344 Â) and hexatriene (1.337 Â).1-4> 
However, it should be noted that all CC bonds in the 
alternating structure are conjugated from both sides 
rather than from one.7) Baird pointed out that the 
argument by Hiberty and co-workers rests critically on 
a questionable assumption concerning the bond 
lengths in the alternating structure and that if more 
appropriate values are used, their conclusion is 
reversed and the traditional view that the symmetric 
structure is due to TT electrons is recovered.7) It is the 
purpose of this paper to examine arguments from both 
sides. We design a more realistic alternating structure 
for benzene, together with its polyene reference, using 
the Dewar-de Llano bonding model. The non-distortive 
propensity and aromaticity of benzene is then analyzed 
in terms of the heat of atomization and Dewar 
resonance energy. 

Theory 

As illustrated by Heilbronner,6) the simple Hückel 
model (with variable ß) may be sufficient for 
describing the possible propensity of a hexagonal n 
frame of benzene to distort to an alternating or 
localized structure. In this paper, the Dewar-de Llano 
PPP-SCF-MO model, combined with a bond order-bond 
length relationship,8»9* is adopted to analyze the 
electronic structure of benzene and related structures. 
The energy of the o frame is estimated by means of a 
Morse function with parameters established by them. 
Although this bonding model is semi-empirical in 
nature, it reproduces very well the experimental heats 
of atomization for a variety of cyclic and acyclic 
conjugated hydrocarbons.8»9) 

Heats of atomization and Dewar resonance energies 
were calculated according to the original Dewar-de 
Llano definitions.8-10) As suggested by Hess and 
Schaad, 11) Dewar resonance energy must be evaluated 
as the difference between the energy of a given 
molecule and the energy of the polyene reference with 
no allowance for differences in nonbonded interac­
tions or ring strain. Fortunately, these troublesome 
effects are all ignored in the present semi-empirical 
bonding model.8»9) 

Results and Discussion 

Dewar and de Llano demonstrated that the heats of 
atomization of acyclic polyenes could be quantitatively 
interpreted in terms of the localized bond model, using 
a single bond-energy value for all formal C-C bonds 
and a single bond-energy value for all formal C=C 
bonds.8-10) All C-H bonds were also assumed to have 
the same bond energy.8»9) Then, the heat of 
atomization AHa for any acyclic polyene C2«H2/z+2 is 
accurately given by the bond-energy sum, namely, 

AHa(C2«H2/2+2) — n Ec=c 

+ (n - l)£c-c + (2n + 2)Ec-n (1) 

Here, £c=c, £c-c, and Ec-n are the bond energies of the 
bonds indicated by the subscripts. This kind of energy 
additivity is reproducible by means of ab initio MO 
theory.11* 
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Table 1. Heats of Atomization for Linear Polyenes with Alternating Bond Lengths 

1957 

Number of carbon atoms 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

o Component 

21.0064 

37.1475 

53.2950 

69.4444 

85.5942 

101.7441 

117.8941 

134.0441 

150.1940 

166.3440 

Heat of a 

El 

16.1411 

16.1475 

16.1494 

16.1498 

16.1499 

16.1500 

16.1500 

16.1499 

16.1500 

tomization/eVa) 

TV Component 

2.3036 

4.9058 

7.5180 

10.1310 

12.7439 

15.3568 

17.9696 

20.5825 

23.1953 

25.8081 

El 

2.6022 

2.6122 

2.6130 

2.6129 

2.6129 

2.6128 

2.6129 

2.6128 

2.6128 

a) 1 eV=23.060 kcal mol"1=96.484 kj mol"1. 

We calculated heats of atomization for linear 
polyenes with up to ten C=C bonds (Table 1). Within 
the framework of the Dewar-de Llano bonding 
model,8»9) AHa(C2/zH2rt+2) can be partitioned exactly 
between the o and n frames in the molecule. 
Contributions of the o and n frames to AHa will be 
referred to simply as the o and n energies, respectively. 
As the number of carbon atoms is increased by two in 
the linear polyene series, a -CH=CH- unit (X) is added 
to the chain. The increments of the o and n energies 
due to one additional -CH=CH- unit are denoted by 
Ex and Ex, respectively. It is clear from Table 1 that 
except for some small polyenes, energy additivity is 
satisfactory. Ex and Ex are almost constant for larger 
polyenes, i.e., 

<^^%f 

Eax = Ea
c=c + ££_c + 2£C-H = 16.1500 eV, (2) 

Ex = E"c=c + ££_c = 2.6128 eV. (3) 

Here, superscripts o and n stand for the o and n 
components of the bond energy, respectively. The 
overall contribution of X to the heat of atomization of 
the entire polyene is given as a sum of Ex and Ex, 
namely, 

£(X) = E°x + En
x = 18.7628 eV. (4) 

We now begin to analyze the energy of benzene. This 
compound is known to be highly aromatic with a 
large Dewar resonance energy.7-10* If benzene loses its 
entire aromaticity, CC bond lengths in it must be 
changed to those in nonaromatic linear polyenes and 
the alternating hexagonal structure results. Structure 

Fig. 1. Benzene and related structures. Alternating 
polyene-like structure (A), symmetric polyene-like 
structure (B), distorted aromatic benzene (C), and 
symmetric aromatic benzene (D). 

A in Fig. 1 represents such a polyene-like cyclic 
structure for benzene. This hypothetical structure was 
constructed by connecting three olefinic -CH=CH-
units in a cyclic manner. However, six n electrons in it 
must have no freedom of cyclic conjugation. The heat 
of atomization of this alternating structure is naturally 
equal to three times the energy given in Eq. 4, namely, 

AHa(A) = 3 £(X) = 55.9032 eV. (5) 

The o and n components of AHa(A) are listed in Table 
2. Note that the lengths of individual CC bonds in 
structure A were not given explicitly from the above 



1958 Jun-ichi AIHARA [Vol. 63, No. 7 

Table 2. Heats of Atomization for Benzene and Related Structures 

Structure 

A (Polyene-like) 
B (Polyene-like) 
C (Aromatic) 
D (Aromatic) 

o C o m p o n e n t 

48.4500 
48.6543 
48.4501 
48.6544 

Heat of atomizat ion/eV a ) 

IT C o m p o n e n t 

7.8384 
7.2489 
8.5300 
8.5028 

To ta l 

56.2884 
55.9032 
56.9801 
57.1571 

a) See footnote a in Table 1. 

Table 3. Energy Changes Caused by Deformation and/or Aromatization of Some CÔHÔ Species 

Structural change 

A - + B 
B - + D 
A - + C 
C - + D 
A - + D 

o C o m p o n e n t 

+4.71 
0 
0 

+4.71 
+4.71 

Energy change /kca l mol~ i a ) 

7T C o m p o n e n t 

- 1 3 . 5 9 
+28.92 
+15.95 

- 0 . 6 3 
+15.32 

T o t a l 

- 8 . 8 8 
+28.92 
+15.95 

+4.08 
+20.03 

a) lkcal=4.184kj. 

discussion. 
The bond order-bond length relationship in the 

Dewar-de Llano bonding model sets all CC bond 
lengths in aromatic benzene equal to 1.396 Â, which is 
very close to the best experimental value (1.3965 Â).12) 

Benzene with this geometry is denoted by D in Fig. 1. 
Dewar resonance energy of benzene (20.03 kcal mol -1) 
represents the energy by which this molecule (D) is 
more stable than its olefinic reference structure (A) or 
the sum of the stabilization energy of the o frame 
(4.71 kcal mol -1) due to the release from distortion and 
that of the n frame (15.32 kcal mol -1) due mainly to 
aromatization. It corresponds to the energy change 
caused by the structural change A—>D in Table 3. It is 
noteworthy that both the o and n frames of structure A 
are stabilized in aromatic benzene. 

What lengths can realistically be assigned to the 
C=C and C-C bonds in structure A ? We inspected 
many optimized CC bond lengths in long polyenes, 
and chose 1.4627 Â and 1.3517 Â as the representative 
lengths of polyene C-C and C=C bonds, respectively. 
In so doing, a couple of CC bonds near both ends of 
every polyene were disregarded. Interior CC bonds in 
linear polyenes must resemble the CC bonds in the 
nonaromatic alternating structure for benzene, in the 
sense that they are conjugated from both sides. 
Consequently, the C=C bond length chosen by us 
(1.3517 Â) is appreciably larger than that chosen by 
Hiberty and co-workers (1.34Â).1-4) It seems very 
likely that the longer and shorter CC bond lengths in 
structure A are close to 1.4627 Â and 1.3517 Â, 
respectively. In fact, the last digits in these bond 
lengths were determined somewhat arbitrarily, in such 
a manner that the constructed alternating structure 
gives the same o energy as structure A. Interestingly, 
our C-C bond length (1.4627 Â) coincides with the 

value chosen by Hiberty and co-workers.1-4) 

Next, 1er us imagine distorted benzene in which 
longer and shorter CC bond lengths are 1.4627 and 
1.3517 Â, respectively. If six n electrons retain a 
freedom of cyclic conjugation, this alternating struc­
ture still must be aromatic. This deformed structure of 
aromatic benzene is denoted by C in Fig. 1. The heat of 
atomization for this distorted aromatic benzene was 
evaluated by applying the Dewar-de Llano bonding 
model to the fixed geometry of the alternating 
structure. The obtained o and n components of the 
heat of atomization are given in Table 2. 

Deformation of aromatic benzene reduces the thermo­
dynamic stability by 4.08 kcal mol -1 , which is primarily 
attributable to the destabilization of the o frame. 
Deformation of benzene corresponds to the reverse of 
the structural change C—>D in Table 3. The n frame of 
benzene is seen to have a faint propensity to distort. 
Thus, the conclusion drawn by Hiberty and co­
workers1-^ that the derealization of TT electrons is a 
by-product of a geometric constraint was marginally 
confirmed. Dewar resonance energy of deformed 
benzene (C) is given as an energy difference between it 
and structure A, which amounts to 15.95 kcal mol - 1 . 
Deformed benzene retains 80 percent of the resonance 
energy of symmetric benzene. As emphasized by 
Baird,7) the aromaticity of benzene is slightly damped, 
rather than destroyed completely, when it is forced to 
adopt CC bond lengths appropriate to polyenes. 

We then estimate the heat of atomization for 
hypothetically nonaromatic non-distorted benzene or 
symmetric polyene-like 1,3,5-cyclohexatriene (structure 
B in Fig. 1). For this purpose, it is necessary to 
evaluate heats of atomization for a series of linear 
polyenes with all CC bond lengths fixed at 1.396 Â. 
Dewar-de Llano MO calculations were carried out for 
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Table 4. Heats of Atomization for Linear Polyenes with Uniform CC Bond Lengths 

1959 

Number of carbon atoms 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

o Component 

21.4216 

37.6397 

53.8578 

70.0759 

86.2940 

102.5122 

118.7303 

134.9484 

151.1665 

167.3846 

Heat of atomization/kcal mol~ia) 

E? 

16.2181 

16.2181 

16.2181 

16.2181 

16.2181 

16.2181 

16.2181 

16.2181 

16.2181 

IT Component 

1.8005 

4.1720 

6.5776 

8.9906 

11.4059 

13.8218 

16.2381 

18.6544 

21.0707 

23.4870 

£Y 

2.3715 

2.4056 

2.4130 

2.4153 

2.4159 

2.4163 

2.4163 

2.4163 

2.4163 

a) See footnote a in Table 1. 

linear polyenes whose CC bond lengths are all equal to 
those in real benzene. The results of calculations are 
listed in Table 4. These hypothetical polyenes are 
again very additive in energy The increments of the o 
and n energies due to one additional -CH=CH- unit 
are, respectively, 

E°Y = E°c=c + ££-c + 2£C-H = 16.2181 eV, (6) 

Ey = Ec=c + Ec-c = 2.4163 eV. (7) 

Here, Y denotes the -CH=CH- unit in polyenes with 
equal CC bond lengths; the bar over letter E refers to 
such polyenes. Then, the overall contribution of Y to 
the heat of atomization of the entire polyene is 

£(Y) = E°Y + ££ = 18.6344 eV. (8) 

Structure B can be constructed by connecting three 
such -CH=CH- units in a cyclic manner. It must have 
a heat of atomization given by 

AHa(B) = 3 £(Y) = 55.9032 eV. (9) 

Both structures A and B are polyene-like or 
nonaromatic by definition. As shown in Table 3, the 
heat of atomization decreases by 8.88 kcal mol - 1 on 
going from A to B. Of the two structures, A has a less 
stable o frame and a much more stable n frame. The n 
energy of structure A is better by 13.59 kcal mol - 1 than 
that of structure B. Thus, a polyene-like n frame tends 
to alternate CC bond lengths. This must be exactly 
what Hiberty and co-workers wanted to say.1_4) Paldus 

and Chin previously noted that for the polyenic 
systems, the o energy will oppose the tendency of n 
electrons to dissipate.13) As mentioned above, the n 
frame of benzene (D) is better than that of structure A 
by 15.32 kcal mol - 1 . This energy difference represents 
the sum of the destabilization energy due to symmetriza-
tion of the n frame (—13.59 kcal mol -1) and the 
stabilization energy of the n frame due to aromaticity 
(+28.92 kcal mol"1). 

In principle, there are two types of resonance 
energies or stabilization energies due to aromaticity. 
They are adiabatic and vertical ones. Dewar resonance 
energy is a kind of adiabatic resonance energy, which 
is defined using the energies of the molecule and the 
olefinic reference in its optimized geometry.8»9* 
Adiabatic resonance energy necessarily consists of 
contributions not only from the n but also from the o 
frame. As has been seen above, when adiabatic 
resonance energy is sufficiently large, bond-length 
alternation is not favorable to the molecule. This is 
the reason why there is no severe bond-length 
alternation in aromatic molecules. 

Vertical resonance energy is defined as a stabiliza­
tion energy of a given molecule relative to the polyene 
reference having the same geometry. Within the 
present bonding model, vertical resonance energy is 
totally ascribed to the resonance stabilization of the n 
frame. For example, vertical resonance energy of 
symmetric benzene (d) is 28.9 kcal mol - 1 . In this case, 
the symmetric polyene structure (B) represent the 
reference structure. Vertical resonance energy of 
deformed benzene (C) is 15.95 kcal mol -1 , which is an 
energy difference berween structures C and A, both 
having the same geometry (Table 3). Vertical 
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Table 5. 

MO model 

Dewar-de Llanoc) 

STO-3Gd> 
6-31Gd> 

Jun-ichi AIHARA 

Comparative MO Study of the Distortion Energy of Benzene 

o Component 

+ 14.6 
+ 17.1 
+ 16.3 

Distortion energya)/kcal mol~ 

TT Component 

-9 .4 
-11.9 

-9 .7 

- lb) 

[Vol. 63, No. 7 

Total 

+5.2 
+5.2 
+6.6 

a) Energy change due to the distortion of benzene with all CC bond lengths chosen as 1.40 Â to a structure with 
CC bonds of alternating lengths of 1.34 and 1.4627 Â. This way of structural change was adopted by Hiberty 
and co-workers.1-4) The positive value of distortion energy represents reluctance to distort, b) See footnote a in 
Table 3. c) Refs. 8 and 9. d) ab initio MO theory; see Refs. 1—4. 

resonance energy of benzene is reduced to 55 percent by 
the introduction of bond-length alternation. Both 
Hess-Schaad resonance energy14) and topological re­
sonance energy 15»16) are kinds of vertical resonance 
energies. 

We have seen in Table 2 that the n energy of 
symmetric aromatic benzene (D) is really comparable 
to that of deformed aromatic benzene (C). This 
phenomenon can be interpreted as follows. As shown 
in Table 3, the n energy of the symmetric polyene-like 
species (B) is worse by 13.59 kcal mol - 1 than that of the 
deformed polyene-like structure (A). On the other 
hand, the vertical Dewar resonance energy of symétrie 
benzene (D) is larger by 12.97 kcal mol - 1 than that of 
deformed benzene (C). It is worth remarking that both 
symmetric and deformed benzene molecules have 
essentially the same n energy. This is because the 
increase in n energy due to bond-length alternaton 
almost cancels the decrease in n energy due to 
diminished aromaticity. 

Concluding Remarks 

Realistic geometries were presented for the alternating 
structure of benzene and related structures. We 
caluculated the energy of symmetric benzene (D) with 
all CC bond lengths of 1.3960 Â and that of distroted 
benzene (C) with CC bonds of alternating lengths of 
1.3517 and 1.4627 Â, and showed that the o energy is 
better in the symmetric structure by 4.71 kcal mol - 1 , 
that the n energy is worse by 0.63 kcal mol - 1 , and that 
overall the symmetric structure is preferred by 4.08 kcal 
mol - 1 . It is true that the n frame of benzene would 
have a faint propensity to distort without the 
buttressing effect of the o frame.1_4) However, this 
does not contradict with Baird's conclusion that the 
main symmetrizing force in benzene originates from 
the n frame.7) 

Note again that real benzene with a full Dewar 
resonance energy is symmetric in shape, whereas the 
polyene reference with no Dewar resonance energy 
takes an alternating structure. As shown in Table 3, 
the n frame contributes much more to the Dewar 
resonance energy than the o frame. Therefore, benzene 
would have taken an alternating structure if its Dewar 
resonance energy were smaller by a certain amount 
than it is. In this sense, we might say that the regular 

geometry and special stability of benzene are due 
primarily to n electrons, which tend to cluster in a 
symmetric arrangement to form a so-called aromatic 
sextet. 

Finally, one comment must be made on the validity 
of the Dewar-de Llano bonding model. As can be seen 
from Table 5, this model reproduced very well the 
distortion energy of benzene calculated using the ab 
initio bonding model7) within an accuracy of a few 
kcal mol - 1 . Definitions of the o and n energies in the 
former model are different from those in the latter one. 
Therefore, the o and n energies reported in this paper 
cannot be compared directly with those reported by 
Hiberty and co-workers,1-4) but the differences in o and 
n energy between two related structures can be 
compared very well. It is the Dewar-de Llano bonding 
model that Baird used with confidence to discuss the 
effect of bond-length alternation on benzene.7) 
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Synthesis of Binuclear Palladium(I) and (II) Complexes Containing 
(Benzylthiomethyl)diphenylphosphine as Bridging Ligand. The X-Ray 

Crystal Structure and Reactions of [Pd2Cl2(//-PhCH2SCH2PPh2)2] 
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The side-by-side type palladium(I) complex [Pd2Cl2(//-btmp)2] (2) was synthesized either by the reaction 
among [PdCl2(NCMe)2], [Pd(dba)2] (dba=dibenzylideneacetone), and (benzylthiomethyl)diphenylphosphine 
(btmp) or by the reaction of [PdCl2(btmp-P)2] (1) and [Pd(dba)2]. The structure of 2 was established by a 
single-crystal X-ray diffraction study; the crystals were monoclinic, space group P2i/c, with a=\3.537(3), 
6=19.550(3), c=17.240(4) Â, ß=l 14.59(2)°, and Z=4; final R factor 0.049 for 5490 observed reflections. The 
structure showed that there is a metal-metal bond [Pd-Pd 2.590(2) Â]. Treatment of 2 with sodium iodide 
afforded the diiodo complex [Pd2I2(//-btmp)2], whereas that with 4-methylpyridine (4-MePy) in the presence of 
AgC104 gave [Pd2(//-btmp)2(4-MePy)2][C104]2. Moreover, 2 reacted with substituted acetylenes (RC=CR': 
R=Ph, R '=H; R=C02Me, R '=H; R=R'=C0 2 Me) to yield A-frame type complexes [Pd2Cl2(//-RC=CR')(//-
btmp)2]. All the complexes obtained in this study were characterized by means of elemental analysis, and IR 
and NMR spectroscopy. 

Considerable current interest has been shown in 
recent years in m o n o - a n d bi-metall ic complexes of 
"shor t b i t e" l igands such as b is (d iphenylphosphino)-
methane (dpm),1_4) bis(diphenylarsino)methane (dpam),5) 

(diphenylarsino)(diphenylphosphino)mediane (dapm),6 ^ 
and 2-(diphenylphosphino)pyridine (Pri2PPy).8) These 
"shor t b i t e " l igands can act as unidenta te , bidentate 
chelat ing, or bidentate b r idg ing mode in complexes, 
depend ing on the na ture of l igands and each metal 
center, and on the oxidat ion state of the metal ion. 

As for the bidentate l igands wi th different donor 
sites P a n d S, only a few reports have been publ ished. 
Sanger reported the synthesis of some complexes us ing 
(phenyl th iomethyl )d iphenylphosphine as b r idg ing li­
gands; a heterobimetal l ic complex of [RhCi2(HgCl)-
(CO)(M-PhSCH2PPh2)2]9) hav ing a meta l -meta l bond, 
a n d complexes of [PdCl2(HgCl2)(M-PhSCH2PPh2)2]9) 

[{PdCl2(M-PhSCH2PPh2)}4]10) both lacking meta l -meta l 
bond. T h e coordination ability of the phenylthiomethyl 
g r o u p seems weak, whi le it favorably coordinates to 
mercury in the former two complexes. As for pa l l ad ium 
complex of the neutral l igand involving different donor 
sites of P and S, there seemed possibility to form a 
pa l ladium(I) complex conta in ing a meta l -meta l bond. 
In order to investigate this possibility, we newly 
prepared (benzylthiomethyl)diphenylphosphine (btmp) 
in wh ich benzyl g r o u p was introduced to enhance the 
donor ability in sulfide moiety. 

In this paper , we wish to report the synthesis, single-
crystal X-ray structural analysis, and some reactivities 
of the side-by-side type pal ladium(I) complex, [Pd2Cl2-

t Present address: Laboratory of Chemistry, College of 
General Education, Kyushu University, Ropponmatsu, 
Chuo-Ku, Fukuoka 810. 

(ju-btmp)2] (2). D u r i n g our study, Anderson and 
K u m a r n ) recently reported the syntheses of p l a t i n u m 
and rhodium complexes containing (methylthiomethyl)-
d iphenylphosphine , including the complexes of [Pt2Cl2 
(M-MeSCH 2PPh 2 )2] a n d [Rh2Cl2(CO)2(M-MeSCH2-
PPri2)2]. However, X-ray crystal-structure analyses on 
these two complexes have no t been reported. 

Results and Discussion 

Syntheses and Characterization of the Complexes. The 
methods of prepara t ion of the complexes are sum­
marized in Scheme 1. Yields, mel t ing points , and 
analytical data are collected in Tab le 1. N M R data are 
listed in Tables 2 and 3. T h e unidenta te (benzyl-
thiomethyl)diphenylphosphine (btmp) complex, [PdCk-
(btmp-P)2] (1), was obtained by reacting Na2[PdCi4] 
wi th two equivalents of b t m p . Complex 1 exhibited a 
single b a n d at 331 c m - 1 in its Far-IR spectrum, 
indicating a trans configuration of chlorides. Moreover, 
a conductance measurement in acetone solut ion 
(V4M=2.0 S cm2 mo l - 1 ) showed that 1 is a nonelectrolyte. 
These results are consistent wi th the unidenta te b t m p 
coordinat ion mode in 1. T h i s behavior of b t m p 
l igands in 1 is different from that of bis(diphenyl-
phosph ino )me thane (dpm) in similar system; two 
equivalents of d p m react wi th [PdCl2(NCPh)2] to yield 
the salt [Pd(dpm-P,P')2]Ci2.2) However, bis(diphenyl-
arsino)methane (dpam) and (diphenylarsino)(diphenyl-
phosphino)methane (dapm) formed £ran.s-[PtCl2(dpam-
As)2]5) and c7.s-[PtCl2(dapm-P)2],12) in which d p a m and 
d a p m act as a unidentate l igand. 

O n treat ing 1 wi th one equivalent of [Pd(dba)2], a 
side-by-side type pal ladium(I) complex, [Pd2Cl2(M-
btmp)2] (2), was produced. T h i s complex can also be 



1962 Yoshio FUCHITA, Kenneth I HARDCASTLE, Katsuma HIRAKI, a n d Masanor i KAWATANI [Vol. 63, No. 7 

PhCH2SCH2PPh2 

Ph2P^ ^SCH2Ph 

Me-^N—Pd Pd—N^>-Me 

PhCH2S*^^PPh2 

Ph2P^^SCH2Ph 

Cl—Pd —Cl (ii 

Ph2P^^SCH2Ph 

1 

(C104)2 

SCH2Ph 

CI 

Pd 5. R=Ph, R*=H 

6. R=C02Me, R*=H 

PPh2 7. R=R,=C02Me 

Scheme. 1. (i) Na2[PdCl4]. (ii) [Pd(dba)2]. (iii) [PdCl2(NCMe)2] and [Pd(dba)2]. (iv) Nal. 
(v) 4-MePy and AgC104. (vi) RC^CR'. 

Table 1. Yields, Melting Points, and Analytical Data of the Complexes 

Yield Mpa> Found (Calcd) 
complex 

12CH2Cl2
b> 

2-CH2Cl2
b> 

3 
4CH2Cl2

b> 
5 
6 
7CH2Cl2

b> 

% 

68 
55c> 
85d> 
72 
26 
63 
81 
78 

°C 

151 
143 

135 
174 
153 
175 
183 

c/% H/% N/% 

50.67(50.85) 
48.29(48.59) 

41.34(42.23) 
48.10(47.44) 
55.92(55.94) 
52.06(52.19) 
48.87(48.85) 

4.35(4.27) 
3.97(3.98) 

3.22(3.45) 
3.93(4.10) 
4.36(4.30) 
4.22(4.18) 
4.11(4.10) 

2.12(2.11) 

a) With decomposition, b) Presence of CH2C12 solvent is confirmed by 1H NMR spectroscopy, c) Yield in the 
reaction of 1 with [Pd(dba)2]. d) Yield in the reaction among [PdCl2(NCMe)2], [Pd(dba)2], and btmp. 

Table 2. Selected 1H and 31P{!H} NMR Data of the Complexes 

Complex 

1 
2 
3 
4 

5 

6 

7 

2.54ddd, 
3.03d,*> 

3.00dd,m 

2.70ddd* 

PCH2S 

3.14s 
3.95dc> 
3.97dd> 
3.99s,br 

*-"> 2.73ddd*.i> 
3.04d*> 

2.7m 
3.15ddm) 

.»> 3.39ddd«'°> 

*H NMRa> 

PhCH2S 

3.56s 
4.29s 
4.44s 
4.65s,br 

3.10d,J> 3.48dJ> 
4.25d,J> 4.27dJ> 
3.34d,J> 3.61dJ> 
4.22d,J> 4.24dJ> 
3.47dd,J.p> 4.26# 

Others 
— 
— 
— 

2.19s(Me) 
6.82d(HV> 7.76(Ha)f) 

6.41dd(=CH)k> 

__o 
3.07s(OMe) 
3.15s(OMe) 

MFpH] NMR") 

16.5s 
6.1s 
_ _ e ) 

_ _ e ) 

27.7s 
30.7s 
25.3s 
26.2s 
26.1s 

a) Recorded in CDCI3 solution at 400 MHz and 50°C. Chemical shifts (8) in ppm relative to SiMe4. Phenyl signals are 
omitted. br=broad, s=singlet, d=doublet, dd=doublet of doublets, ddd=doublet of doublets of doublets, m=multiplet. 
b) Recorded in CDCI3 solution at 162 MHz and 50 ° C. Chemical shifts (8) in ppm relative to external 85% H3PO4 in CDCI3. 
c) 2 /PH=5 .5 Hz. d) 2 /PH=4 .4 Hz. e) Not measured, f) 3 /HH=5.9 HZ. g)2/HH=13.1 Hz. h)/PH=10.3, 5.9 Hz. i)/PH=8.3,5.0 Hz. 
j) 2 /HH=14 .4 HZ. k) 3/PH—20.9 Hz, 4/PH—18.7 Hz. 1) A signal due to =CH was overlapped with phenyl-proton resonances, 
m) 2 /HH=12.5 HZ, / P H = 3 . 7 HZ. n) /PH=10.5, 6.6 Hz. o) /PH=3.1 Hz. p) /PH=2.2 Hz. 
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Table 3. Selected ^C^H} NMRa> Data of Some Complexes 

Complex PCH2S PhCH2S C=C OÇH3 c=o 
2 40.77db> 
5 25.60d,c> 26.50dd> 
6 26.55d,d> 26.70dh> 
7 26.74dh> 

41.55s 
38.61s, 39.08s 
39.49s, 39.72s 

39.08s 

139.38,e.f> 147.33e.*> — — 
138.3s,br 156.1s,br 50.99s 162.6s,br 

145.39dd> 51.14s 164.42e'j) 

a) Recorded in CDCI3 solution at 101 MHz and 30°C Chemical shift (6) in ppm relative to SiMe4. br=broad, s=singlet, 
d=doublet, dd=doublet of doublets. Phenyl signals are omitted, b) 7 P C = 2 7 . 4 HZ. C) VPC=25.5 HZ. d)Vpc=29.3 HZ. e)See 
text, f) / P C = 7 . 8 Hz. g) /PC=9.8 Hz. h) 7 P C = 2 7 . 4 HZ. i) 2/PC=13.7 Hz, 3/PC=6.0 Hz. j) /PC=8.8 Hz. 

Ph 2 P SCH2Ph Ph 2P SCH2Ph 

CI— Pd Pd — CI CI— Pd Pd — CI 

P h C H 2 S ^ ^ ^ P P h 2 Ph 2P ^ ^ ^ SCH2Ph 

Head-to-Tail Head-to-Head 

Fig. 1. Possible structures for 2. 

PhCH2 

CH2Ph 

.CI 

PPh 2 

Fig. 2. Structure of 5. 

obtained by the reaction of [PdCl2(NCMe)2], [Pd(dba)2], 
a n d b t m p . In the lH N M R spectrum of 2 at 50 ° C, two 
kinds of methylene p ro ton resonances were observed at 
0=4.29 (PI1CH2S) and a doublet at 0=3.95 (PCH2S) due 
to coup l ing wi th 3 1P nucleus. U p o n cooling, these 
resonances broadened gradually, indica t ing that the 
inversion of the benzyl g roups on the sulfur a toms was 
slow down. However, further discussion abou t the 
inversion of the benzyl groups was no t described, as 2 
gave n o low-temperature l imi t ing spectrum even at 
—50 °C. As for the complexes 3—7 (see below), low-
temperature l imi t ing spectra were no t obtained either. 
Moreover, 31P{1H} N M R showed only one singlet at 
ô=6 .1 . T w o structures are possible for 2; one is the 
head-to-tail isomer and the other is the head-to-head 
isomer as i l lustrated in Fig. 1. By X-ray crystal­
lography, 2 was revealed to have the head-to-tail 
a r r angement (see below). It is noted that the P - P d - P 
coordinat ion in 1 was converted in to the P - P d - S 
coordinat ion du r ing the reaction from 1 to 2. 

T h e chloro l igands in 2 were readily replaced by 
iodo ions a n d by 4-methylpyridine (4-MePy) l igands in 
the presence of AgClÛ4 to give the di iodo derivative 
[Pd2Ï2(M-btmp)2] (3) a n d the dicat ionic complex 
[Pd2(M-btmp)2(4-MePy)2][C104]2 (4), respectively. T h e 
XH N M R spectrum of 3 was similar to that found for 2, 
indica t ing that 3 has the same structure to 2. As for the 
XH N M R spect rum of 4, a- and ß-pro tons of the two 
4-MePy l igands appeared at 6=7.76 and 6.82 as only 
one pai r of doublets, respectively, suggesting that the 
head-to-tail mode of the b t m p l igands remains 
unchanged. 

Furthermore, 2 reacted with unsymmetrical acetylenes, 

phenylacetylene and methyl propiolate , to afford A-
frame type pal ladium(II) complexes [Pd2Cl2(M-RC= 
CH)(M-btmp)2] (5, R = P h ; 6, R = C 0 2 M e ) . In the 
XH N M R spect rum of 5, the methylene pro tons 
between P a n d S atoms of the b t m p l igand showed 
their u n u s u a l sensitivity to structure. Because of the 
unsymmetr ica l A-frame structure (Fig. 2), the four 
pro tons in bo th methylene groups are inequivalent . 
Consequently, the methylene resonances of 5 resonated 
as two AB quartets wi th a 13.1 Hz coupl ing between 
the gemina l p ro tons . Each h igher field resonance at 
ô=2.54 a n d 2.73 in the AB quar te t was further spli t 
in to double t of doublets, whereas each lower field 
resonance at 6=3.03 and 3.04 in the AB quar te t was 
split in to doublet . Lack of coupl ings between 
methylene p ro tons of PCH2S and P h C F b S was 
confirmed by measur ing 1 H - 1 H COSY spectrum of 5. 
So, the further spli t t ings of the AB quartets are 
ascribed to P - H coupl ings. As for the benzyl-
methylene groups in 5, they are also inequivalent and 
two methylene protons of each methylene g roup are 
diastereo topic. Therefore, the methylene resonances of 
5 appeared as two AB quartets at 6=3.10 (d), 3.48 (d), 
4.25 (d), a n d 4.27 (d) ( 2 / H H = 1 4 . 4 Hz). T h e C H signal of 

the inserted phenylacetylene moiety resonated as 
doublet of doublets at 6=6.41 owing to coupl ings wi th 
two inequiva len t 3 1P nuclei , wh ich appeared as two 
singlets at 6=27.7 and 30.7 in the ^ H J N M R 
spectrum. 

Moreover, in the ^ C ^ H } N M R spectrum, reflecting 
the unsymmetr ica l structure of 5, the two methylene 
carbons between P and S a toms and the two 
benzyl-methylene carbons resonated inequivalently as 
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two doublets (6=25.60 and 26.50) and as two singlets 
(S= 38.61 and 39.08), respectively. As for the olefinic 
carbons derived from the acetylene, they were also 
observed inequivalently at 6=139.38 and 147.33 as 
apparent triplets. As for 6, the observed NMR spectra 
were quite similar to those of 5 (Tables 2 and 3). 

Dimethyl acetylenedicarboxylate, a symmetrical sub­
stituted acetylene, also reacted with 2 to give a A-frame 
type complex [Pd2Cl2{M-(Me02C)2C2}(M-btmp)2] (7). In 
this case, two methylene groups between P and S 
atoms are equivalent although the two protons of each 
methylene group are inequivalent. Consequently, the 
methylene resonances appeared at 6=2.70 and 3.39 as a 
basic AB pattern with a 13.1 Hz geminal coupling. 
Each doublet was further split into doublet of doublets 
due to P-H couplings. The diastereotopic metylene 
protons of equivalent benzyl-methylene groups also 
resonated as an AB pattern at 6=3.47 and 4.26; the 
former doublet was coupled with 31P nucleus and split 
into doublet. The methoxy protons of the inserted 
acetylene moiety appeared as only one singlet at 
6=3.15, supporting that the head-to-tail structure 
remains unchanged after the conversion of 2 to 7. In 
the 13C{1H} NMR spectrum, two metylene carbon 
signals due to PCH2S and PI1CH2S were observed at 
6=26.74 and 39.08, respectively. As for the olefinic 
carbons of the inserted acetylene moiety, they appeared 
at 6=145.39 as a doublet of doublets, whereas the 
carboxylate carbons resonated apparently as a triplet. 

It has been reported that the well-known side-by-
side type complex of dpm, [Pd2Cl2(M-dpm)2], reacts 
with substituted acetylenes having one or two electron-
withdrawing groups (i.e., CF3GCCF3, Me02CC=CC02-
Me, and Me02CC=CH) to give A-frame type complexes 
like 6 and 7, whereas other acetylenes without 
activating groups such as PhC=CH and PhC=CPh 
failed to react.13) In our study, though diphenyl-
acetylene did not react with 2, it is noteworthy that 
phenylacetylene did react with 2 to give 5. However, 
very recently Shaw et al.14) reported the acid-catalyzed 

Table 4. Selected Bond Lengths (Â) and Bond Angles (°) for [Pd2Cl2(M-btmp)2] (2) 
with Estimated Standard Deviations (esds) in Parentheses 

Pd(l)-Pd(2) 
Pd(l)-Cl(l) 
Pd(l)-S(l) 
Pd(l)-P(l) 
S(l)-C(2) 
P(l)-C(l) 

Pd(2)-Pd(l)-Cl(l) 
Pd(2)-Pd(l)-S(l) 
Pd(2)-Pd(l)-P(l) 
Cl(l)-Pd(l)-S(l) 
Cl(l)-Pd(l)-P(l) 
S(l)-Pd(l)-P(l) 
Pd(l)-S(l)-C(2) 
Pd(l)-P(l)-C(l) 
S(2)-C(l)-P(l) 

2.590(2) 
2.408(5) 
2.333(3) 
2.249(3) 
1.77(2) 
1.87(2) 

177.4(1) 
85.8(1) 
85.5(1) 
92.7(1) 
95.9(1) 

170.5(2) 
107.9(7) 
114.3(5) 
104.1(8) 

Pd(2)-Cl(2) 
Pd(2)-S(2) 
Pd(2)-P(2) 
S(2)-C(l) 
P(2)-C(2) 

Pd(l)-Pd(2)-Cl(2) 
Pd(l)-Pd(2)-S(2) 
Pd(l)-Pd(2)-P(2) 
Cl(2)-Pd(2)-S(2) 
Cl(2)-Pd(2)-P(2) 
S(2)-Pd(2)-P(2) 
Pd(2)-S(2)-C(l) 
Pd(2)-P(2)-C(2) 
S(l)-C(2)-P(2) 

2.412(5) 
2.352(3) 
2.226(3) 
1.79(2) 
1.84(2) 

178.8(1) 
83.6(1) 
82.1(1) 
95.6(1) 
98.7(2) 

165.7(1) 
97.1(5) 

109.2(6) 
109.1(8) 

addition of non-activating acetylenes to [Pd2Cl2(ju-
dpm)2]. 

Crystal Structure of [Pd2Cl2(M-btmp)2] (2). This 
material crystallized with one molecule of the complex 
and a partial, disordered solvent molecule of dichloro-
methane lying in channels in the lattice between 
[Pd2Cl2(M-btmp)2] molecules, with no unusual inter-
molecular contacts. The structure is shown in Fig. 3 
and selected bond lengths and bond angles are given in 
Table 4. 

Each palladium atom is in the center of an 
approximately square-planar arrangement formed by 
coordinated chlorine, phosphorous, palladium, and 
sulfur atoms. The bridging btmp ligands are trans to 
one another and are arranged in a head-to-tail fashion. 
The Pd(2)-Pd(l)-Cl(l) and Pd(l)-Pd(2)-Cl(2) angles 
are 177.4 (1)° and 178.8 (1)°, respectively, indicating 
that Cl-Pd-Pd-Cl chain is approximately linear. The 
Pd-Cl distances of 2.408 (5) Â for Pd(l)-Cl(l) and 2.412 
(5) Â for Pd(2)-Cl(2) are at the long end of the range of 
known Pd-Cl distances (2.24—2.45 Â),15) and probably 
reflect the high trans influence of the metal-metal 
bond. The Pd-Pd single bond distance in this 

C(19) 

Fig. 3. Molecular structure of 2 showing the prin­
cipal atomic numbering. 
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molecule [2.590(2) Â] is a little longer than the P d - P d 
bond in [Pd2(CNMe)6][PF6]2 [2.5310(9) Â],16> but shorter 
than those found in [Pd2Br2(M-dpm)2] [2.699(5) Â]17> 
a n d [Pd2Mn2(CO)9(M-dpm)2] [2.681(1) A].1» 

T h e dihedral angle between the two pa l l ad ium 
coord ina t ion planes (S, Pd, Cl, P) is 51.6°, which is 
larger than that found in [Pd2Br2(M-dpm)2] (39°).17> In 
contrast, the dihedral angle in [Pd2(CNMe)6][PF6]2 

where two p a l l a d i u m atoms are directly bonded 
w i t h o u t b r idg ing l igands, has a considerably larger 
value, 86.2°.16) 

Experimental 

General. All the reactions were carried out under dry 
nitrogen. Solvents were dried by usual methods and 
distilled. The IR spectra were measured on a JASCO A-100 
and a Shimadzu IR 450 spectrometers. The NMR spectra 
were recorded on a JEOL JMN GX-400 instrument. 
Conductivity measurements were carried out for 1.0X10-3 

mol dm - 3 acetone solution at 25 °C on a Toa Electronics 
CM-6A conduct meter. Melting points were determined with 
a Yanaco micro melting point apparatus. 

The complexes [PdCl2(NCMe)2]19) and [Pd(dba)2]
20) were 

prepared by the literature methods. 
(Benzylthiomethyl)diphenylphosphine (btmp). Potassium 

diphenylphosphide was prepared by the reaction of Pri2PCl 
(22.3 g, 0.10 mol) with metallic potassium (7.90 g, 0.20 g-
atom) in 1,4-dioxane (270 cm3). To this solution benzyl 
chloromethyl sulfide21* (15.7 g, 0.091 mol) in T H F (50 cm3) 
was added dropwise during the course of 20 min. The 
mixture was successively stirred overnight at room tem­
perature. A T H F (90 cm3)-water (5 cm3) mixture was added 
to destroy remaining KPPI12, after which all the volatile 
materials were evaporated in vacuo. To the resulting 
residue, acetone (110 cm3) and water (175 cm3) were added 
successively to afford white precipitates. The precipitates 
were collected, washed with water, and then dried in vacuo 
to give btmp (29.3 g, 92%): mp 58 °C; ^ N M R (CDCI3) 
0=3.91 (2H, d, 2 /PH=3 .7 Hz, PCH2S), 4.52 (2H, s, PhCH2S), 
and 7.2—7.4 (15H, m, Ph). Found: C, 74.84; H, 6.10%. Calcd 
for C20H19PS: C, 74.51; H, 5.94%. 

[PdCl2(btmp-P)2].2CH2Cl2. Solid btmp (0.230g, 0.74 
mmol) was added to a solution of Na2[PdCU] (0.100 g, 
0.34 mmol) in MeOH (39 cm3). A thick suspension immedi­
ately formed, was stirred for 3 h. The resulting yellow pre­
cipitates were collected, and recrystallized from CH2CI2-
Et2Ü to give 1 2CH2CI2 as yellow crystals. 

[Pd2Cl2(M-btmp)2]-CH2Cl2. a) Solid [Pd(dba)2] (0.070 g, 
0.12 mmol) was added to a solution of I2CH2O2 (0.10 g, 
0.10 mmol) in CH2CI2 (30 cm3). The resulting red solution 
was stirred for 3 h at room temperature, and then filtered. 
The filtrate was diluted with MeOH to give 2CH2O2 as 
reddish orange crystals. b) [PdCl2(NCiVIe)2] (0.256 g, 
0.99 mmol), [Pd(dba)2] (0.568 g, 0.99 mmol), and btmp 
(0.637 g, 1.97 mmol) were refluxed together in CH2CI2 
(20 cm3) for 1 h. The resulting red solution was diluted with 
MeOH to afford 2CH2O2 as reddish orange crystals. 

[Pd2l2(/i"btmP)2] (3). A methanol (20 cm3) suspension 
containing 2-CH2CI2 (0.150 g, 0.15 mmol) and sodium iodide 
(0.121 g, 0.81 mmol) was stirred for 3 days at room 

temperature. The solvent was removed under reduced 
pressure and the residue was extracted into CH2CI2 (20 cm3). 
The extract was concentrated and diluted with hexane to 
give the required product as orange-purple powders. 

[Pd2(M-btmp)2(4-MePy)2][C104]2-CH2Cl2. A mixture of 
2- CH2CI2 (0.150 g, 0.15 mmol) and 4-methylpyridine (0.032 g, 
0.34 mmol) in CH2CI2 (15 cm3) was treated with AgC104 

(0.072 g, 0.35 mmol) in CH2CI2 (5 cm3), and resulting 
mixture was stirred overnight at room temperature. The 
solvent was removed under reduced pressure, and then the 
residue was extracted into CH2CI2 (20 cm3). The extract was 
concentrated and diluted with hexane to produce 4 • CH2CI2 
as yellow microcrystals. 

Reactions of 2CH2CI2 with Substituted Acetylenes, a) 
With Phenylacetylene: A solution of phenylacetylene (0.080 
g, 0.78 mmol) in CH2CI2 (5 cm3) was added to a solution of 
2.CH2CI2 (0.200 g, 0.20 mmol) in CH2CI2 (10 cm3). The color 
of the resulting solution gradually changed from orange to 
pale yellow. After stirring for 1 day at room temperature, the 
volatile materials were removed under reduced pressure. The 
residue was extracted into benzene, and the extract was 
diluted with Et20 and hexane to give 5 as yellow crystals. 

b) With Methyl Propiolate: A solution of methyl 
propiolate (0.050 g, 0.59 mmol) in CH2CI2 (10 cm3) was 
added to a suspesion of 2CH 2 C1 2 (0.300 g, 0.30 mmol) in 
Et20 (10 cm3). The initial orange suspension changed to a 
pale yellow solution within 5 min, and was slowly diluted 
with hexane (50 cm3) to afford yellow precipitates (0.290 g). 
The yellow precipitates were purified by passing through a 
silica-gel column with CH2Cl2/Et20 (10/1) mixed solvent. A 
yellow fraction was evaporated to dryness, and the residue 
was recrystallized from benzene-Et20 to give 6 as yellow 
microcrystals. 

c) With Dimethyl Acetylenedicarboxylate: A solution of 
dimethyl acetylenedicarboxylate (0.122 g, 0.86 mmol) in 
CH2CI2 (5 cm3) was added to a solution of 2- CH2CI2 (0.200 g, 
0.20 mmol) in CH2CI2 (10 cm3). The mixture was stirred for 
1 day at room temperature. Hexane (20 cm3) was added to 
the resulting pale yellow solution to yield 7-CH2C12 as 
yellow crystals. 

Crystallography. Suitable crystals of [Pd2Cl2(M-DtmP)2]-
CH2CI2 were grown from dichloromethane-hexane. 

a) Crystal Data: C4oH38Cl2Pd2P2S2, M=928.53, monoclinic, 
a=13.537 (3), 6=19.550 (3), c=17.240 (4) Â, 0=114.59 (2)°, 
17=4148.8 Â3, Z=4, space group P2i/c. Dc=1.49gcm-3, 
M(Mo-Jfi:«)=11.8cm-1, F(000)=1864, A=0.7107Â, T=25± 
1°C. 

b) Data Collection: A reddish-orange rectangular crystal 
of approximate dimensions 0.37X0.12X0.03 mm was 
mounted on a glass fiber, placed on an Enraf-Nonius CAD4 
diffractometer and exposed to graphite-monochromated Mo-
Ka radiation. Cell constants and an orientation matrix for 
data collection were obtained from least-square refinement, 
using the setting angles of 25 reflections in the range 2<0<9. 
The data were collected using the œ scan technique, where 
the scan rate varied from 1 to 10 min - 1 (in cu) and data were 
collected to a maximum 20 angle of 44.0°. The scan range in 
degrees was determined as a function of 6 to correct for the 
separation of the Ka doublet as follows: 6 scan width=0.8+ 
0.350 tan 0. Moving-crystal moving-counter background 
counts were made by scanning an additional 25% above and 
below this range. 
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Table 5. Atom Coordinates for [Pd2Cl2(M_btmp)2] (2) with Estimated 
Standard Deviations (esds) in Parentheses 

Atom 

Pd(l) 
Pd(2) 
Cl(l) 
Cl(2) 
S(l) 
S(2) 
P(l) 
P(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 

X 

0.31955(8) 
0.43678(8) 
0.2102(3) 
0.5430(3) 
0.4503(3) 
0.2726(3) 
0.2032(3) 
0.5666(3) 
0.206(1) 
0.579(1) 
0.286(1) 
0.191(1) 
0.190(2) 
0.102(1) 
0.019(2) 
0.017(1) 
0.107(1) 
0.061(1) 

-0.013(1) 
-0.119(2) 
-0.154(1) 
-0.084(2) 

0.026(1) 
0.221(1) 

y 

0.20212(6) 
0.18074(6) 
0.2164(2) 
0.1619(3) 
0.1383(2) 
0.1401(2) 
0.2544(2) 
0.2238(2) 
0.221(1) 
0.171(1) 
0.1171(9) 
0.0786(8) 
0.007(1) 

-0.032(1) 
0.001(1) 
0.071(1) 
0.1085(9) 
0.2439(8) 
0.297(1) 
0.286(2) 
0.222(2) 
0.165(2) 
0.179(1) 
0.3471(9) 

z 

0.85002(6) 
0.76597(7) 
0.9290(2) 
0.6851(3) 
0.9587(2) 
0.6600(2) 
0.7307(2) 
0.8839(2) 
0.6300(9) 
0.976(1) 
0.5614(9) 
0.5026(8) 
0.516(1) 
0.455(1) 
0.391(1) 
0.383(1) 
0.440(1) 
0.7105(9) 
0.686(1) 
0.672(2) 
0.676(1) 
0.700(2) 
0.719(1) 
0.7305(9) 

Atom 

C(17) 
C(18) 
C(19) 
C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
C(36) 
C(37) 
C(38) 
C(39) 
C(40) 

X 

0.233(1) 
0.243(2) 
0.246(2) 
0.230(2) 
0.218(2) 
0.444(1) 
0.539(1) 
0.625(1) 
0.708(2) 
0.704(2) 
0.619(2) 
0.531(2) 
0.548(1) 
0.513(1) 
0.509(1) 
0.541(2) 
0.562(3) 
0.569(2) 
0.708(1) 
0.777(1) 
0.886(1) 
0.924(1) 
0.853(2) 
0.750(1) 

y 

0.382(1) 
0.453(1) 
0.490(1) 
0.454(1) 
0.386(1) 
0.151(1) 
0.113(1) 
0.149(1) 
0.113(1) 
0.042(1) 
0.007(1) 
0.040(1) 
0.3109(9) 
0.3526(9) 
0.425(1) 
0.446(1) 
0.401(2) 
0.336(1) 
0.2201(9) 
0.2742(9) 
0.267(1) 
0.206(1) 
0.154(2) 
0.160(1) 

z 

0.803(1) 
0.807(1) 
0.742(1) 
0.663(1) 
0.659(1) 
1.061(1) 
1.131(1) 
1.190(1) 
1.252(1) 
1.252(1) 
1.196(1) 
1.133(1) 
0.9040(9) 
0.835(1) 
0.846(2) 
0.935(1) 
0.999(2) 
0.982(2) 
0.8983(9) 
0.933(1) 
0.942(1) 
0.929(1) 
0.895(2) 
0.884(1) 

c) Data Reduction: A total of 5490 reflections were 
collected, of which 5278 were unique and not systematically 
absent. As a check on crystal and electronic stability three 
representative reflections were measured every 120 min, and 
a linear decay correction applied to the data. Lorenz and 
polarization correction based on a series of IP-scans was 
applied to the data. Relative transmission coefficients 
ranged from 0.890 to 0.999 with an average value of 0.964. A 
secondary extinction correction also was applied.22) 

d) Structure Solution and Refinement: The structure was 
solved by direct methods. Using 300 reflections (minimum E 
of 0.07) and 64 relationships, a total of 32 phase sets were 
produced. A total of 6 atoms were located from an £-map 
prepared from the phase set with probability statistics: 
absolute figure of merit= 1.08 and residual=2.84. The 
remaining atoms were located in succeeding difference 
Fourier syntheses. Hydrogen atoms were not included in the 
calculations. The structure was refined in full-matrix least-
square where the function minimized was t^dFoHFd)2 and 
the weight w is defined as 4F0

2/[a(F0)2]2. 
Scattering factors were taken from Cromer and Waber.23) 

Anomalous dispersion effects were included in Fc;
24) the 

values for A/' and A/" were those of Cromer.25) Only the 
1980 reflections having intensities greater than 3.0 times 
their standard deviation were used in the refinements. The 
final cycle of refinement included 434 variable parameters 
and converged with a maximum parameter shift of 0.01 
times its estimated standard deviation and unweighted and 
weighted agreement factors of 0.049 and 0.062, respectively. 
The standard deviation of an observation of unit weight was 
1.47. There were no correction coefficients greater than 0.50. 
The largest peak in the final difference Fourier had a height 
of 0.44 e Â - 3 with an estinated error based on AF26) of 0.08. 
No attempt was made to incorporate the disordered solvent 

molecule in the final refinements. Plots of Eu;(|Fo|—|FC|)2 

versus F0, reflection order in data collection, (sin 0)/X, and 
various classes of indices showed no unusual trends. All 
calculations were performed on a Micro VAX II computer 
using SDP/VAX.27) The final atomic coordinates and their 
standard deviations are listed in Table 5.28) 
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Thienylpyridines as a New Fluorescent Reagent. I. Determination 
of Primary Alkylamines with 5-(4-Pyridyl)-2-

thiophenecarbaldehyde Using HPLC 
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5-(4-Pyridyl)-2-thiophenecarbaldehyde has been prepared as a new fluorescent dérivatization reagent and 
utilized for the determination of primary alkylamines. A definite detection limit was achieved for the amines by 
using a method based on the combination of precolumn derivatization and postcolumn hydrolysis-detection of 
the original fluorescent reagent regenerated from the derivatives. Approximately a 0.1 pmol (10 fil injection) 
(S/N=2) of detection limit was obtained. A dynamic linear range was over 5 orders of magnitude. 

Since th ienylpyr id ine was found to be a new 
skeleton for various f luorophores in our laboratory,1* 
we wish to report on the prepara t ion of a new 
fluorescent compound, 5-(4-pyridyl)-2-thiophenecarbal-
dehyde (1), and its appl ica t ion to the determinat ion of 
pr imary alkylamines. 

T h e Schiff bases prepared by the reaction of 1 wi th 
pr imary amines were non-fluorescent in aqueous 
methano l and decomposed wi th an acid to produce the 
fluorescent aldehyde 1. T h e fol lowing system was, 
therefore, devised for the determinat ion of pr imary 
amines: format ion of Schiff bases, separat ion on a 
H P L C co lumn, hydrolysis of the e lu t ing Schiff bases, 
and fluorescence detection of the or ig inal aldehyde. 
T h e pr imary alkylamines were consequent ly deter­
mined wi th nearly equa l sensitivity. T h e detection 
l imi t was superior to those of k n o w n reagents, except 
for the SINC derivative2) and NBI-S02C1,3> and the 
dynamic l inear range was extremely wide as far as we 
know. 

Experimental 

The 1H and 13C NMR spectra were recorded on a JEOL 
JNM-GX400 FT spectrometer in CDCls using TMS as the 
internal standard. Mass spectra were recorded on a Hitachi 
M-80B mass spectrometer. UV-VIS spectra and fluorescence 
spectra were obtained on a Shimadzu UV-265 spectro­
photometer or a Shimadzu RF-5000 spectrofluoro-
photometer, respectively, and recorded with a Fujitsu FM 
16ß computer connected with these photometers. Melting 
points were not corrected. 

Isocratic liquid chromatography experiments were con­
ducted on a HPLC system consisting of a Shimadzu LC-6A 
high-pressure pump, a Rheodyne Model 7125 fixed loop 
injector, a Shim-pack CLC-ODS column (150mmX6.0mm 
i.d.) placed in a Shimadzu CTO-6A column oven (40 °C), a 
mixing coil (30cmX0.3mm i.d.) merged with a stream of 
acid solution delivered by a Mitsumi peristaltic pump, and a 
RF-5000 spectrofluorometer equipped with a 12 fil flow cell 
or a Shimadzu RF-535 fluorescence monitor. Gradient 
elution experiments utilized two Tosoh excellent CCPE 
pumps equipped with an MX-8010 mixer. Chromatograms 
were recorded with a Shimadzu C-R3A chromatopac or with 

the computer connected with the chromatopac. 
Reagent. All chemicals were of reagent grade and were 

used as received from commercial sources, except those noted 
below. Solvents were distilled and water was purified 
through a Milli-QII system. 

Preparation of 1. 2-Iodo-5-methylthiophene (2): A mix­
ture of iodine (22.2 g, 87.4 mmol), periodic acid dihydrate 
(6.66 g, 29.2 mmol), and 2-methylthiophene (20.0 g, 204 mmol) 
was stirred in 80% acetic acid (200 ml) at 65 °C for 8 h. After 
cooling the precipitated heavy oil was separated, the acidic 
solution was made alkaline, the residual product was 
extracted with chloroform, the combined oil and extract was 
steam-distilled from a sodium hydroxide and sodium 
thiosulfate solution, and the crude product was then distilled 
in vacuo to give 2, yellowish oil in an 80% yield; bp 
90 °C/4.1 kPa (lit,4> bp 88.2—89.3 °C/1.9 kPa). 

4-(5-Methyl-2-thienyl)pyridine (3): A mixture of palladi­
um amalgam (0.46 g, 1.5 mmol), sodium hydroxide (14.7 g, 
368 mmol), 4-iodopyridine5) (7.50 g, 36.6 mmol), and 2 
(16.4 g, 73.2 mmol) was refluxed in 47 ml of water containing 
hydrazine hydrate (2.34 g, 46.8 mmol) for 6 h with stirring. 
The resulting mixture was filtered, and the residual metal 
was washed with hot chloroform and hot water. The 
separated organic layer was reduced to 50 ml, treated with 
15 ml of 25% hydrochloric acid, and the crude product was 
back-extracted into chloroform after the separated acid 
solution was made alkaline. After evaporation of the 
chloroform, the residue was distilled in vacuo using a ball 
tube distillation apparatus. The distillate (150 °C/0.4 kPa) 
was chromatographed on silica gel using acetone-chloroform 
(1:1) as an eluent and 3 was obtained as the first fraction in a 
30% yield: white solid, mp 136.0—136.6 °C. Found: C, 68.53; 
H, 5.06; N 8.05%; m/z, 175.0427. Calcd for &0H9NS: C, 
68.54; H, 5.18; N, 7.99%; M, 175.0454. *H NMR (400 MHz, 
CDCI3) 6=2.527 (3H, d, 4/H-Me=l.l Hz, Me), 6.782 (1H, dd, 
/=3.6 Hz and 4/H-Me=l.l HZ, H-4 in thiophene ring), 7.311 
(1H, dd, /=3.6 Hz and 5/H-Me=0.5 Hz, H-3 in thiophene 
ring), 7.401 (2H, dd, /=4.4 and 1.6 Hz, H-3 and H-5 in 
pyridine ring), and 8.541 (2H, dd, /=4.4 and 1.6 Hz, H-2 and 
H-6 in pyridine ring). 13CNMR (100 MHz) 0=15.62 (q), 
125.44 (d, 2C), 126.75 (d), 126.78 (d), 138.57 (s), 141.68 (s), 
142.43 (s), and 151.15 (d,2C). 

Aldehyde 1: A mixture of 3 (1.00 g, 5.7 mmol) and 
selenium (IV) oxide (957 mg, 8.6 mmol) in 35 ml of m-xylene 
was refluxed with stirring for 8 h. After evaporation of the 
solvent, the residue was distilled in vacuo using a ball tube 
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distillation apparatus. The crude product (bp 200°C/0.8 
kPa) was chromatographed on silica gel using ethyl acetate 
as an eluent and the aldehyde (0.71 g, 66%)) obtained as white 
plate crystals, mp 135.0—136.0 °C. Found: C, 63.46; H, 3.78; 
N, 7.17%; m/z, 189.0246. Calcd for C10H7NOS: C, 63.47; H, 
3.73; N, 7.40%; M, 189.0247. *H NMR 0=7.546 (2H, dd, 
/=4.4 and 1.7 Hz, H-3 and H-5 in pyridine ring), 7.589 (IH, 
d, 7=4.0 Hz, H-4 in thiophene ring), 7.803 (IH, d, 7=4.0 Hz, 
H-3 in thiophene ring), 8.691 (2H, dd, 7=4.4 and 1.7 Hz, H-2 
and H-6 in pyridine ring), and 9.949 (IH, s, CHO). 13C NMR 
0=120.29 (d, 2C), 126.11 (d), 136.97 (d), 140.12 (s), 144.26 (s), 
150.11 (s), 150.69 (d, 2C), and 182.82 (d). 

Preparation of Schiff bases. iV-[5-(4-Pyridyl)-2-thenyl-
idene]butylamine (4): A mixture of 1 (0.20 g, 1.1 mmol) and 
butylamine (0.30 g, 4.1 mmol) was refluxed in benzene 
(20 ml) for 4 h. After evaporation of the solvent, the residue 
was distilled in vacuo using a ball tube distillation 
apparatus to give yellow oil 4 in a 54%) yield (0.14 g, bp 
170°C/0.5kPa). Found: C 67.84; H, 6.80%; m/z 244.1031. 
Calcd for Ci4Hi6N2S: C, 68.82; H, 6.60%; M, 244.1033. *H NMR 
0=0.952 (3H, t, 7=7.3 Hz, CH3), 1.387 (2H, h, CH2), 1.691 
(2H, q, CH2), 3.606 (2H, t, 7=7.0 Hz, CH2), 7.278 (IH, d, 
7=3.7 Hz, thiophene ring proton), 7.456 (IH, d, 7=3.7 Hz, 
thiophene ring proton), 7.482 (2H, dd, 7=4.6 and 1.7 Hz, H-3 
and H-5 in pyridine ring), 8.337 (IH, s, CH=N), and 8.607 
(2H, dd, 7=4.6 and 1.7 Hz, H-2 and H-6 in pyridine ring); UV 
(60% MeOH) 322 (e 2.37X104). 

jV-[5-(4-Pyridyl)-2-thenylidene]octylamine (5): A mixture 
of 1 (0.10g, 0.53 mmol) and octylamine (0.14g, 1.1 mmol) 
was refluxed in benzene (20 ml) for 6 h. After évapora ton of 
the solvent, the residue was distilled twice in vacuo to give 
yellow-orange solid 5 (240 °C/0.5 kPa) in a 82% yield. Mp 
56.0—57.0 °C. Found: C, 71.43; H, 8.21; N, 9.09%; m/z, 
300.1655. Calcd for Ci8H24N2S: C, 71.95; H, 8.05; N, 9.32%; 
M, 300.1659. !HNMR 0=0.879 (3H, t, 7=6.7 Hz, CH3), 
1.274-1.327 (10H, m, (CH2)5), 1.700(2H, q, =N-CH2-CH2), 
3.596 (2H, t, 7=7.2 Hz, =N-CH2-CH2), 7.286 (IH, d, 7=4.0 Hz, 
thiophene ring proton), 7.463 (IH, d, 7=4.0 Hz, thiophene 
ring proton), 7.489 (2H, dd, 7=4.6 and 1.5 Hz, H-3 and H-5 
in pyridine ring), 8.338 (IH, s, CH=N), and 8.608 (2H, dd, 
7=4.6 and 1.5 Hz, H-2 and H-6 in pyridine ring); UV (60% 
MeOH) 323 (e 2.46X104). 

jV-[5-(4-Pyridyl)-2-thenylidene]aniline (6): A mixture of 1 
(0.15 g, 0.79 mmol) and aniline (0.25 g, 2.7 mmol) was 
refluxed in benzene (20 ml) for 6 h. After evaporation of the 
solvent, the residue was distilled twice in vacuo to give 
yellow-orange solid 6 (235 °C/0.4 kPa) in a 67% yield. Mp 
148.0—149.0°C. Found: C, 72.63; H, 4.62; N, 10.34%; m/z, 
264.0720. Calcd for Ci6Hi2N2S C, 72.70; H, 4.58; N, 10.60%; 
M 264.0720. *H NMR 0=7.167—7.203 (3H, m), 7.314—7.353 
(2H, m), 7.415 (1H, d, 7=3.8 Hz, thiophene ring proton), 
7.479—7.455 (3H, m), 8.494 (1H, s, CH=N), and 8.572 (2H, d, 
H-2 and H-6 in pyridine ring); UV (60% MeOH) 322 (e 
2.06X104). 

Derivatization Procedure. A mixture of 1 (a 1.1-2.2-fold 

amount of the total amines) and amines (20—50 |imol for 
each amine) in methanol(10 ml) was refluxed for 5 h, and 
then diluted to 1X10"3—2X10"8 mol dm~3. Each 5—10 ^1 of 
the solution was subjected to an HPLC instrument, and the 
Schiff bases in eluate were hydrolyzed with 1.0 mol dm - 3 

nitric acid, followed by monitoring the fluorescence inten­
sities of 1 at 395 nm with excitation of 340 nm. 

For trace amounts of amines. To a mixed solution of 
amines (0.5—1.0 nmol), a 170-fold excess of 1 (6.3X10"4 mol 
dm - 3 methanol solution) and sufficient methanol were 
added so as to become 10 ml; after refluxing for 5 h and 
diluting to 50 ml, 10 \i\ of the solution was injected into the 
HPLC instrument. 

Results and Discussion 

Preparation and Characterization of 1. Reagent 1 
was prepared from 4-iodopyridine and 2-iodo-5-
methy l th iophene , as out l ined in Scheme 1, since n o 
formylation of 4-(2-thienyl)pyridine occurred under 
the condi t ions in the Vilsmeier-Haack reaction de­
scribed for the prepara t ion of 2-thiophenecarbal-
dehyde.6) T h e structure of 1 was proved by its *H and 
13C N M R spectra, MS, and elemental analysis. T h e 
aldehyde p r o t o n of the *H N M R spectrum appeared at 
ô=9.949 as a singlet, two th iophene r ing protons at 
0=7.589 and 7.803 as doublets ( /=4 .0 Hz), and four 
pyr idine r i ng pro tons at 0=7.546 and 8.691 as doublets 
of doublets ( /=4 .4 and 1.7 Hz). A cross peak between 
the high-field th iophene r ing p ro ton and the h igh-
field pyr id ine r ing protons was observed in the 
NOESY spectrum. The i r high-field protons were, 
therefore, assigned to the C4 pro ton in the th iophene 
r ing and the C3 and C5 pro tons in the pyridine r ing, 
respectively. T h e aldehyde, a stable crystalline 
substance, behaved as a weak base wi th pKa 3.74 in 40% 
aqueous me thano l . A pro tona ted form of 1 exhibi ted 
excellent fluorescent properties and good stability, 
whi le a nonpro tona ted one decomposed slowly only at 
concentrat ions less than 1 0 ~ 6 m o l d m - 3 under irradia­
tion of a 150 W Xenon l a m p (A=319nm, band 
w i d t h = 5 nm) . T h e fluorescence spectra and the 
photomet r ic properties are shown in Fig. 1 and Tab le 
1, respectively. 

Properties of Schiff Bases. T h e new Schiff bases, 
4—6, were prepared in usual way from the aldehyde 1 
and the corresponding p r imary amines , and were 
characterized by bo th mass and *H N M R spectra as 
well as by elemental analysis. The i r physical and 
fluorescent propert ies were examined for analytical 
appl icat ions . T h e behavior of Schiff bases 4—6 was 
qu i t e different from that of the Schiff bases prepared 

| Q - I + I-ÇJ-CHa —^-» QJQLcHa O^?-cH0 

Scheme 1. a) N 2 H 4 -H 2 0, PdHg, H2O, NaOH; b) Se02, m-(CH3)2C6H4. 
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Fig. 1. Excitation ( ) and emission (—) spectra 
of 7.20X10-7 mol dm"3 1 in 60% MeOH at pH 1.53 
(Aex=334nm, /Ln=398nm, and slit widths=5nm) 
(corrected). 

Table 1. Spectroscopic Properties of 1 in 60% MeOH 

Aabs.max/nm 

£ 

/ l e x . m a x / n m 

/ nm 
0f 
IFSd> 

Protonated form 
(pH 1.5)a> 

334 
2.35X104 

334 
398 

0.06c> 
0.39 

Non-protonated form 
(pH 6—12.5)a> 

319 
2.08X104 

b) 
b) 
b) 

a) Adjusted with HCl or NaOH. b) Not determined 
owing to photodecomposition. c) Determined relative 
to the fluorescence quantum efficiency of 4-(2-thien-
yl)pyridine (#f=0.07, /U=334 nm).« d) Calculated from 
the equation IFS=s&f/Wi/2, where Wi/2=3025 cm -1. 

from 2-fluorenecarbaldehyde (or 1 -pyrenecarbaldehyde) 
and pr imary alkylamines7 ) regarding the following 
points : (1) non-fluorescence in aqueous methanol , 
chloroform, and ethyl acetate, (2) photodecomposi t ion 
in aqueous methanol , and (3) hydrolysis wi th acid.8) 

Consequently, the aldehyde 1 could no t be used as a 
p reco lumn reagent for the usual fluorescent detection 
of p r imary alkylamines; however, the aldehyde 1 
migh t be utilized as a derivatization reagent by 
incorpora t ing the format ion and hydrolysis of the 
Schiff bases in to pre- and pos tco lumn reactions in 
HPLC. 

Amine Analysis. T h e type and concentrat ion of 
acids were examined to hydrolyze 5 as a model Schiff 
base. As can be seen from Fig. 2, n i t r ic acid was better 
than hydrochlor ic acid for the hydrolysis of the Schiff 
base. T h e results further showed that the fluorescent 
intensities were constant at a concentrat ion range from 
0.5 to 2.0 mol d m - 3 n i t r ic acid and that the intensities 
were increased only 1.2 times when the length of the 
m i x i n g tube was changed from 30 cm to 210 cm. 

2 3 4 5 6 
- l o g ( [H+] / m o l dm"3) 

Fig. 2. Relative fluorescent intensity as a function 
of the concentration of acid used for postcolumn 
hydrolysis of 5. Column, 150X6 mm i.d. Shim-pack 
CLC-ODS; eluent, methanol 1.0 ml min -1; post-
column reagent, (#) nitric acid or (O) hydrochloric 
acid at 0.2 ml min -1; sample size, 10 fil (66 pmol); 
detector, Shimadzu RF-5000, /lex=334 nm, Aem=398 
nm (slit widths 15 nm). 

Fig. 3. Influence of precolumn reaction time on 
the ratio of hydrolysis product 1, derived from the 
Schiff base 5, to octylamine (7) used. The ratios were 
calculated from the amount of 7 used (8.00X10-4 

mol dm -3) and the peak areas of 1 relative to that 
of 3 added (3.87X10-4 mol dm -3) in the reaction 
mixture. Conditions are as described under Fig. 2 
except that the RF-535 detector (Aex=340 nm (slit 13 
nm), /Um—395 nm (slit 15 nm)) and 1 mol dm - 3 nitric 
acid were used. 

Therefore, 1.0 mol d m - 3 ni tr ic acid and a 30 cm-long 
mix ing tube were used in the following experiments. 

Fiure 3 shows the influence of the p reco lumn 
react ion t ime on the a m o u n t s of 1 derived from the 
Schiff base. T h e Schiff base formation was completed 
w i th in 7 h at the refluxing temperature; therefore, a 
reaction t ime of 5 h, which achieved over 90% of the 
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reaction, was chosen in this study. T h e a m o u n t of the 
Schiff base was decreased to 1/4—1/7 of that obtained 
in me thano l when chloroform or benzene was used as 
a solvent; methanol was therefore used in the 
p reco lumn reaction. Chromatograms of alkylamines 
(60—90pmol injected) are shown in Fig. 4. W h e n 
ultratrace amounts of amines (6X10 -7—9X10 -7 mol dm - 3 ) 
were tested under the same condi t ions as in the above 
ment ioned experiment except that a 170-fold excess of 
1 was used to the total a m o u n t of the amines, a similar 
chromatogram was obtained and the amounts of the 
amines were determined with equal sensitivity (Fig. 
4-C). Figure 5 shows the cal ibrat ion curves for alkyl 

(A) (B) 

10 5 10 
t /m in 

15 15 20 

Fig. 4. Separation of the Schiff bases of primary 
alkylamines: (1) reagent 1, (2) butyl-, (3) hexyl-, (4) 
octyl-, (5) decyl-, (6) dodecyl-, (7) tetradecyl- and (8) 
hexadecylamines. Conditions are as described under 
Fig. 3 except as follows: eluent, (A) 90% MeOH, 
(B) and (C) 100% MeOH; sample size, (A) 2ul 
(65, 86pmol), (B) 5^1 (60—75pmol), and (C) 10 ul 
(1.1 — 1.9pmol). 

amines. All alkylamines could be detected wi th a 
similar sensitivity. T h e linear corelation coefficient 
was more than 0.999 for the following alkylamines in 
the concentration range of 1X10 - 3 to 2X10 - 8 mol d m - 3 : 
butyl-, hexyl-, octyl-, decyl-, dodecyl-, and hexadecyl-
amine. T h e detection l imit (S /N=2) was 0.10— 
0.15 pmol for the injected sample. Th i s l imit was 
superior to those of the k n o w n reagents, except for 
SINC derivatives2) and NBI-S02C1.3> T h e coefficient 
of variation for a 1X10 - 5 mol d m - 3 octylamine solution 
(n=5) was 1.8%. T h e preco lumn reaction occurred 
nearly quantitatively, since the calibration curves of 
octylamine agreed with that of 5 in a methanol 
solution. Some alkyl and arylamines could be also 
determined wi th nearly equal sensitivity as shown in 

to 
CD 

< 

to 
CD 

CL 
O) 
O 

l o g ( [Amine] / m o l dm ) 

Fig. 5. Calibration curve for primary alkylamines: 
(#) octyl-, and (O) decyl-, dodecyl-, and hexadecyl­
amines. Conditions are as described under Fig. 4. 

Table 2. Retention Time and Relative Response of Schiff Basesa) 

Amine ^R/min 
100% M e O H 90% M e O H 

4.7 
5.5 
6.7 
8.3 

10.8 
21.3 

3.7 
3.5 
4.3 

4.0 

4.6 
6.1 

4.0 
5.0 
4.5 
4.7 

5.1 
5.4 
4.1d> 

Relative resp 

0.79 
0.72 
1.00 
0.93 
0.89 
0.83 
0.84 
0.71 
0.96 
0.52 
0.61 
1.13 
2.02 
0.61 
1.05 
0.27c> 
6.18 

Buty lamine 
Hexylamine 
Octylamine 
Decylamine 
Dodecylamine 
Tetradecylamine 
Hexadecy lamine 
Octadecylamine 
Benzylamine 
Cyclohexylamine 
1 -Phenyle thylamine 
2-Phenylethylamine 
1,3-Propanediamine 
1,8-Octanediamine 
^-Toluidine 
p-Chloroaniline 
Dopamine hydrochloride 

a) Conditions as stated in Fig. 4. Retention times of 1 were 3.1 min (100% MeOH) and 3.3 min (90% MeOH). 
b) Ratio of peak area of amines to that of octylamine at the concentration of 1X10~6 mol dm - 3 , c) If the 
precolumn reaction was carried out in the presence of KOH, the response of this base could be equal to that 
of octylamine. d) This retention time was agreement with that of 4-(5-dimethoxymethyl-2-thienyl)pyridine. 
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Table 2. An increase of retention time or water 
contents in the eluent decreased the amoun t of the 
detectable Schiff bases owing to the hydrolysis of the 
Schiff bases in the co lumn. T h e relative response of 
amines, the ratio of the peak area of amine to that of 
octylamine, was 0.7 to 1.1, except for that of 
cyclohexylamine, 1-pheny le thy lamine, 1,8-octanedi-
amine, and 2-(3,4-dihydroxyphenyl)ethylammonium 
chloride. In the case of d iamine , the response of 1,3-
p ropaned iamine was reasonable rather than 1,8-
octanediamine. In the case of 2-(3,4-dihydroxyphenyl)-
e t h y l a m m o n i u m chloride, no preco lumn reaction 
seemed to occur, since its retention t ime was in 
agreement with that of 4-(5-dimethoxymethyl-2-thienyl)-
pyridine and its response was too large compared that 
of monoamine . No p reco lumn reaction occurred wi th 
the following amines: 4-aminophenol , 4-aminoaceto-
phenone , 4-aminopyridine, 3-aminoquinol ine , L-histi-
dine, L-lysine monohydrochloride, adenine, and hydrox-
y l a m m o n i u m chloride. 

A gradient elut ion was tried in order to improve the 
peak b roaden ing which was observed a long wi th an 
increase in the retent ion time; the results were 
unsuccessful: Separat ion was performed wi th a linear 
gradient of 80%MeOH to 100%MeOH or to M e O H - T H F 

(90:10), bu t the detection limits were increased wi th an 
increase of noise level in a base line and with a decrease 
of the response owing to hydrolysis of the Schiff bases 
in the co lumn. 

It is concluded that the present pre- and pos tco lumn 
procedure us ing isocratic e lut ion is suitable for the 
determinat ion of pr imary alkylamines wi th nearly 
equal sensitivity. 
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Ethylenediamine (en) reacts with salicylaldehyde and beryllium(II) in a weakly basic solution to form a 
fluorescent beryllium(II)-Schiff base complex. A fluorometric method for the determination of en by using the 
beryllium(II) complex has been established. Ethylenediamine could be determined in 2X10-7—2X10_5mol 
dm - 3 within a relative standard deviation of 3%. The detection limit of en was 8X10~9 mol dm - 3 . Ammonia, 
diethylamine, and triethylamine does not interfere with the determination of en. The present method has been 
applied to the analysis of en in aminophylline tablets. The fluorometric method for the determination of trace 
amount of amino acid by using an aluminum(III)-Schiff base complex has also been investigated. 

Several methods for the determinat ion of ethylenedi­
amine (en) have already been reported.1 _ 1 0 ) Gas chro­
ma tog raphy 1 - ^ and high-performance l iqu id chroma­
t o g r a p h y 4 - 0 are usual ly used for the de terminat ion of 
en in the presence of various chemical substances, 
especially other p r imary amines. T h o u g h spectro-
photomet r ic 7 - 9 ) and titrimetric10) methods can be used 
wi thou t separations for simpler samples, they have 
bo th low sensitivity a n d low selectivity. A few 
sensitive spec t rophotometr ic n ) and chemiluminescen-
ce12) methods have been reported, bu t they require 
strict controll of the analytical condit ions. 

Ethylenediamine reacts quanti tat ively wi th salicyl­
aldehyde and beryl l ium(II) in a weakly basic solut ion 
to form a Schiff base complex, which has a s t rong blue 
fluorescence u p o n ultraviolet excitation. 13'14) T h i s 
reaction is selective for en since most of the amines and 
a m i n o acids form Schiff base complexes only in 
strongly basic solut ions . In the present study, the 
f luorometric de terminat ion of en by us ing the beryl-
l ium(II) complex was investigated in order to 
establish a more sensitive and selective method than 
the convent ional ones. Moreover, a m i n o acids give 
fluorescence reactions by us ing a luminum(I I I ) instead 
of beryl l ium(II) , whi le most of amines , in this case, 
show no fluorescence. T h e method for the determina­
t ion of trace a m o u n t s of a m i n o acid by u s ing the 
complex formed wi th a luminum(I I I ) was also in­
vestigated. 

Experimental 

Reagents. A standard solution of en was prepared by 
dissolving en dihydrochloride with 99.5% purity (Wako Pure 
Chemical Industries, Ltd.) in distilled water. Standard 
solutions of the other diamines and amino acids were 
prepared by using diamines or their dihydrochloride and 
amino acids of analytical grade in the same way. Quinine 
solutions as reference standard were prepared by dissolving 
quinine hydrogen sulfate in a 0.05 M (1 M=l moldmr3) 
sulfuric acid. All other reagents were of analytical grade. 

Apparatus. The fluorescence spectra and the intensity 
were measured with a Hitachi Model 204 fluorescence 
spectrophotometer fitted with a 150 W Xenon lamp. A Toa 
pH Meter, Model HM-20E, was used for the pH measure­
ments. 
Determination Procedure: (A) Determination Procedure of 
en. (a) Fluorometric Reagent Solution. To 50 cm3 of a 
1X10~2M beryllium sulfate tetrahydrate aqueous solution 
was added 100 cm3 of a 5X10-3 M salicylaldehyde methanolic 
solution. The mixture was diluted to 200 cm3 with water. 
This solution was kept in a dark place. 

(b) Buffer Solution. To 7 cm3 of a 1 M sodium hydroxide 
aqueous solution was added 4.8 g of HEPES [4-(2-hydroxy-
ethyl)-piperazineethanesulfonic acid]. The solution was 
diluted to 100 cm3 with water. 

(c) Determination Procedure. To 1 cm3 of a sample 
solution containing from 5X10~9mol to 5X10~7mol of en, 
were added 2 cm3 of the fluorometric reagent solution and 
1 cm3 of the buffer solution. The mixture was left standing 
for 10 min at room temperature, and then diluted to 25 cm3 

with water. After standing for an additional 10 min, the 
fluorescence intensity was measured at 425 nm with an 
excitation wavelength of 345 nm by using (0.05—5) \ig cm - 3 

of the standard quinine solution. Calibration curves for en 
were obtained by using 1 cm3 of the standard en solutions 
containing various amounts of en. When analyses of 
samples solution containing (1—5)X10~9mol cm - 3 of en 
were required, 5 cm3 of each sample solution was taken. The 
calibration curves were then determined under the same 
condition. 

(B) Determination Procedure of Amino Acids. (a) 
Fluorometric Reagent Solution. To 60 cm3 of a 3 M 
sodium acetate aqueous solution was added 100 cm3 of a 
2X10~2M salicylaldehyde methanolic solution. The pH of 
the solution was adjusted to 6.3 with acetic acid. To the 
mixture was added 50 cm3 of a 4X10~2 M aluminum nitrate 
nonahydrate aqueous solution; this solution was then 
diluted to about 250 cm3 with water. The pH of the solution 
was adjusted to 6.3 with a 6 M sodium hydroxide aqueous 
solution and then diluted to 300 cm3 with water. This 
solution was kept in a dark place. 

(b) Determination Procedure. To 1 cm3 of a sample 
solution of amino acid was added 3 cm3 of the fluorometric 
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reagent solution. The mixture was warmed at 50 °C for 
20 min and then diluted to 25 cm3 with water. The 
fluorescence intensity was measured at 430 nm with an 
excitation wavelength of 360 nm against the standard 
quinine solution. 

Results and Discussion 

Excitation and Emission Spectra. T h e excitation 
and emission spectra of the beryllium(II) complex 
wi th the Schiff base (Af-salicylideneethylenediamine) 
are shown in Fig. 1. T h e excitation and emission 
m a x i m a of the complex occur at 345 n m and 425 (cor­
rected value 430) nm, respectively. Fluorescence of a 
reagent b lank appeared from a beryl l ium (II) complex 
wi th salicylaldehyde. 

T h e excitation and emission spectra of a l u m i n u m -
(III)-AT-salicylideneamino acid were similar to those of 
the beryllium(II) complex. T h e o p t i m u m excitation 
and emission wavelengths of the a luminum(I I I ) com­
plexes formed by us ing 12 kinds of a m i n o acids were 
obtained in the ranges 350—360 n m and 430—440 nm, 
respectively. In this study, glycine was mainly used for 
the investigation of the o p t i m u m analytical condit ions 
of a m i n o acids. 

Effect of Standing Time. T h e fluorescence inten­
sity of the beryllium(II) complex required 120 m i n to 
reach its m a x i m u m , when the sample solut ion was 
di luted to 25 cm3 wi th water immediately after a buffer 
solut ion added. U p o n s tanding for 10 min after 
addi t ion of the buffer solution, the fluorescence of the 
complex developed fully immediately after di lut ion. 
T h o u g h the intensity decreased by about 10% wi th in 

60 min , h ighly reproducible results were obtained as 
long as measurements were made between 10 and 
15 min after di lut ion. 

T h e m a x i m u m complex formation of a m i n o acid 
with salicylaldehyde and a luminum(I I I ) required 
hea t ing at 50 °C for 20 m i n before di lu t ion. T h e 
fluorescence intensity of the complex was stable for at 
least 2 h after d i lu t ing to 25 cm3. 

Effect of Volume of Sample Solution. Various 
volumes of en aqeous solutions were added to mixtures 
of the fluorometric reagent and buffer solut ions, and 
the changes in the fluorescence intensities were 
measured. T h e intensity decreased as the volume of 
the en solut ion was increased. However, l inear 
relat ionships were observed between the concentrat ion 
of en and the fluorescence intensity when a constant 
volume of the en solut ion was used. In this study the 
volume of the sample solut ion of en was fixed at 1 cm3. 
Similarly, the volume of sample solut ions of a m i n o 
acid was fixed to 1 cm3. 

Effect of p H . T h e effect of p H on the fluorescence 
intensity of the beryllium(II) complex was investigat­
ed. T h e p H was measured for the final solut ion after 
d i lu t ing to 25 cm3. As shown in Fig. 2, a m a x i m u m 
fluorescence intensity was obtained at p H 7.7—7.9. A 
sample solut ion of en in the p H range 2—12 can be 
directly appl ied to the proposed method. T h e 
m a x i m u m fluorescence intensity of the a luminum(I I I ) 
complex was obtained at nearly p H 6. Amino acid in 
sample solut ion at p H 4—8 could be determined 
directly wi thou t any p H adjustment. 
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Fig. 1. Excitation (1) and emission (2) spectra of 
en reacted with salicylaldehyde and beryllium(II). 
en: 4X10"6 mol dm"3, Salicylaldehyde: 2X10"4mol 
dm-8, Be(II): 2X10"4 mol dm"3, pH: 7.8. — : appar­
ent spectra. : corrected spectra. (1)' and (2)': 
excitation (1)' and emission (2)' spectra of reagent 
blank. 
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Fig. 2. Effects of pH on RFI of en (1) and glycine 
(2). (1) en: 4X10~6 mol dm"3, Salicylaldehyde: 2X10~4 

mol dm"3, Be(II): 4X10"4 mol dm"3, Wavelength: 
345—425 nm, 45 div vs. 0.1 \igcm~s quinine solu­
tion. (2) Glycine: 4X10-6 mol dm - 3 , Salicylaldehyde: 
8X10-4 mol dm"3, Al(III): 8X10"4 mol dm"3, Wave­
length: 360—430 nm, 50 div vs. 0.1 ug cm - 3 quinine 
solution. (l) r and (2)r: reagent blank of (1) and (2). 
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Fig. 3. Effect of concentration of salicylaldehyde on 
RFI of en (1) and glycine (2). (1) en: 4X10"6mol 
dm"3, Be(II): 2X10"4 mol dm"3, pH: 7.8. (2) Glycine: 
4X10-6 mol dm"3, Al(III): 8X10"4 mol dm"3, pH: 5.8. 
Other conditions: reference to Fig. 2. (1)' and (2)': 
reagent blank of (1) and (2). 
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Fig. 4. Effect of concentration of beryllium(II) (1) 
and aluminum(III) (2) on RFI of en (1) and glycine 
(2). (1) en: 4X10"6 mol dm"3, Salicylaldehyde: 5X10"6 

moldm-3, pH: 7.8. (2) Glycine: 4X10"6 mol dm"3, 
Salicylaldehyde: 8X10"4 mol dm"3, pH: 5.8. Other 
conditions: reference to Fig. 2. (1)' and (2)': reagent 
blank of (1) and (2). 

Effects of Concentrations of Salicylaldehyde and 
Beryllium(II). The effect of the concentration of 
salicylaldehyde is shown in Fig. 3. The maximum 
fluorescence intensity was obtained in the range (1.6— 
3.2)X10"4M of salicylaldehyde. Figure 4 shows the 
effect of the concentration of beryllium(II). The 
maximum intensity was obtained for more than 
4X10"5M of beryllium(II). In the determination 
procedure of en, 2X10~4M of both salicylaldehyde 
beryllium(II) was suitable. This concentration was 
achieved by adding 2 cm3 of the fluorometric reagent 
solution described in Determination Procedure to a 
sample solution. Figures 3 and 4 indicated that 
8X10-4 M of both salicylaldehyde and aluminum (III) 
was adequate for the determination of 4X10_6M 
glycine. 

Calibration Curve and Detection Limit. According 
to Determination Procedure, en can be determined in 
the range (2X10"7—2X10-5) M within a relative stand­
ard deviation (r.s.d.) of 3%. Calibration curves are 
linear over this range. The r.s.d. for 4X10_6M and 
4X10_8M of en were 1.8 and 8.2% (n=5) respectively. 
The lower detection limit of en was 8X10-9 M. In the 
case of amino acid, glycine could be determined in the 
range (4X10-7—2X10"5) M within a r.s.d. of 3%. The 
detection limit of glycine was 8X10-8 M. 

Fluorescence Intensities of Various Diamines and 
Amino Acids. The fluorescence intensities of 11 
kinds of diamines and triamine were examined. The 
results obtained under their optimum conditions are 
shown in Table 1. The fluorescence of 1,2-propanedi-
amine at pH 8.5 was as intense as that of en, and the 
intensity of diethylenetriamine at pH 6.5 was about 
twice that of en. These amines reacted with 
salicylaldehyde to form the tridentate (0,N,N) or 
tetradentate (OfN,N,N) Schiff bases. On the other 
hand, diamines having four or more methylene groups 
between two amino groups acted as the bidentate 
(0,N) Schiff bases after reacting with salicylaldehyde; 
they reacted slightly near pH 11 with beryllium(II) to 
emit only weak fluorescence. 

The fluorescence intensities of the 13 kinds of amino 
acids examined are listed in Table 2. Most of the a-
amino acids were detected as sensitively as glycine, 
while jÖ-alanine was not sensitive. The aluminum-
(Ill)-Schiff base complex in a weakly acidic solution 
was formed by the template mechanism via a mixed 
ligands complex formed with salicylaldehyde, amino 
acid and aluminum(III).16) Zinc (II) also formed a 
fluorescent Schiff base complex with salicylaldehyde 
and amino acid,15) but aluminum(III) was more 
selective for the determination of amino acid because 
most of amines do not form a mixed ligands complex 
with aluminum(III). 

Effects of Other Amines. The effects of foreign 
amines on the determination of en (4X10_6M) were 
investigated. 1,2-Propanediamine and 1,3-propanedi-
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Table 1. Relative Fluorescence Intensity of Diamines 

Amine 

H2NCH2CH2NH2 
H 2 NCH(CH3)CH 2 NH2 
H 2 N(CH 2 )3NH 2 

H2N(CH2)4NH2 
H2N(CH2)5NH2 
H2N(CH2)6NH2 
(H 2 NCH 2 CH 2 )2NH 

a"* 
^ V ^ - NH2 

a N H 2 
^ < ^ NH2 

H z N N ^ ^ - N H 2 

p H 

7.8 
8.5 
9.0 

10.5 
11.0 
11.0 

6.5 

8.5 

9.0 

Net 

91.4 
92.2 
11.0 
2.0 
2.9 
2.0 

196.3 

13.8 

3.0 

RFI 

Blank 

6.6 
4.0 
9.8 
3.6 
4.1 
4.1 
9.2 

5.0 

4.0 

Wavelength2 

Ex. 

345 
340 
335 
340 
340 
340 
350 

345 

340 

l ) / nm 

Em. 

425 
425 
430 
430 
430 
430 
430 

430 

420 

H2N 

NHz 

0 

Amine: 4X10~6M, Salicylaldehyde: 2X10-4M, Be(II): 2X10"4M, 45 div vs. 0.1 ^g cm"3 quinine solution. 
a) Apparent value. 

Table 2. Relative Fluorescence Intensity of Amino Acids 

H2NCHCOOH 
I 
R 

Amino acid 

R: H 
C H 3 

CH(CH 3 ) 2 

CH2OH 
C H 2 C O O H 
CH2CH2COOH 
CH2CONH2 

RFI (Net)a> 

81.0 
66.7 
55.1 
90.8 
68.5 
79.8 
82.4 

Amino acid 

R: CH2CH2CONH2 
CH 2 (CH 2 )3NH 2 

CH2SH 
CH2CH2SH 

C H Z H Q 

H2NCH2CH2COOH 

RFI (Net)a> 

95.5 
96.6 
84.9 

102.2 
191.0 

6.2 

Amino acid: 4X10"6 M, Salicylaldehyde: 8X10"4 M, Al(III): 8X10"4 M, pH: 5.8, Wavelength: 360 nm/430 nm, 
50 div vs. 0.1 ngcm - 3 quinine solution, a) RFI of reagent blank: 22.5. 

Table 3. Analytical Results of en in Aminophylline Tableta) 

Sample t aken /g D i l u t i o n / c m 3 

By the proposed method 
0.0911e) 1000 

0.0503e) 1000 

By the titrimetric methodb ) 

7.2178d> 200 

3.6143e) 100 

Sample solut ion 

taken/cm 3 

1 

1 

25 

25 

Replicate n u m b e r 

of measurement 

5 

5 

5 

3 

en found in the tablet/% 

Each value 
(r.s.d., %) 

6.37, 6.55, 6.43, 
6.48, 6.46 (0.92) 
6.76, 6.64, 6.75, 
6.62, 6.79 (1.02) 

6.55, 6.57, 6.58, 
6.58, 6.58(0.18) 
6.66, 6.70, 6.69 
(0.25) 

Average 
value 

6.46 

6.71 

6.57 

6.68 

a) Commercially available, Nominal content of aminophylline: 100 mg in a tablet. Mean weight of one tablet: 0.2165 g 
(r.s.d. 1.42%, n=\00). b) Titration with 0.1 M hydrochloric acid.17) c) Sample taken from one tablet, d) Sample taken 
from 36 tablets, e) Sample taken from 18 tablets. 
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amine gave positive errors in an equivalent a m o u n t of 
en. 1,4-Butanediamine, 1,5-pentanediamine and 1,6-
hexanediamine gave slightly positive errors in 10-fold 
excess of en. 10-Fold methy lamine 100-fold ani l ine, 
and 1000-fold ammonia , die thylamine and triethyl-
amime did not interfere. In the determinat ion of 
a m i n o acid (glycine; 4X10 _ 6 M), 10-fold en compared 
to glycine concentration, 100-fold ani l ine, and am­
monia , methylamine, diethylamine and tr iethylamine 
did not interfere at all. o-Aminophenol1 3 ) did not 
interfere in an equivalent a m o u n t of a m i n o acid, bu t 
gave a negative error in 10-fold excess. 

Analysis of en in Aminophy l l ine Tablet . T h e 
present method for the determinat ion of en was 
appl ied to the analysis of en in commercial amino­
phyl l ine (CuHieNsCXi-en-xFbO) tablet. T h e sample 
solut ions used for analyses were prepared according to 
the reported procedure.9) T h e results (Table 3) were 
compared with those obtained by t i t rat ion with 0.1 M 
hydrochloric acid.9 '17) T h e ti trimetric method, how­
ever, required many tablets. Good agreement was 
observed between the results obtained by the present 
method and the ti trimetric method. T h e present 
me thod is highly sensitive and is useful for the 
determinat ion of en in a small a m o u n t of sample. 
However, the effect of the matr ix of the sample must be 
examined carefully with a recovery test before analysis. 

T h e authors are very grateful to Dr. Yoshimoto Abe, 
Faculty of Science and Technology, Science University 
of Tokyo, for his helpful discussions. 
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Its Alkali Ion Exchange 
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A new crystalline hydrous lithium titanate, (Lii.si, Ho.i9)Ti205-2.2H20, was synthesized hydrothermally at 
190 °C by a reaction of hydrous titanium dioxide with LiOH solution. The compound has a layered structure 
and showed a C-base-centered orthorhombic system with the lattice constants, <2o=16.66+0.02Â, 60=3.797± 
0.002 Â, and cG=3.007+0.003 Â. The lattice constants were changed to ao=18.08+0.03 Â, b0=3.784+0.003 Â, and 
Co=2.998+0.002 Â upon conversion to the hydrogen form. The 8.5% increase in the a0 value along the a axis 
suggests a layered structure. A hypothetical structure was proposed. The H + form showed the ion-exchange 
selectivity at an ionic strength of 0.1 in the order of K+<Na+<Li+ at pH>6 and Li + <K + <Na + at pH<6. 

Many inorganic ion-exchange materials have been 
extensively synthesized and appl ied in the various 
fields of the separat ion chemistry because of the h igh 
selectivity towards some inorganic ions.1 _ 5 ) 

There have been k n o w n several types of hydrous 
t i t an ium dioxides as the ion exchanger: amorphous , 
anatase- and rutile-types,4) , and alkali titanates.6) T w o 
series of alkali t i tanates, A2Tim02m+i and A4Ti„02«+2, 
have been reported for m—\—9 and n = l , 3 , 5 , and 9.7_18) 

Alkali meta l ions, Ag+ a n d T1+ can occupy the A 
posi t ion. Recently, sod ium ti tanate has found the 
h igh selectivity towards Sr2+, which is of potent ial use 
for the separat ion of 90Sr in the h igh level nuclear 
waste.19) These are composed of TiOô octahedrons as 
the basic un i t of which dimensions are nearly the same 
as that of rutile.10) 

Anhydrous alkal i t i tanates, ApTiôOio+p (p=0, 3, and 
4), have been k n o w n in the early 1960's, where A 
represents the pseudo-cubic posit ions available to the 
alkal i metal ions and is no t necessarily occupied. 0 

T h e T i - O host lattices of all three phases are con­
structed from identical zigzag r ibbons of trebled 
octahedra shar ing edges. T h e trebled octahedra are 
joined corner-to-corner in puckered sheets in Na2Ti307 
(/?=4 in the above equat ion) where all Na posi t ions are 
filled. T h e trebled octahedra are joined by corners, 
resul t ing in the tunne l structure (Na2Ti60i3, p=3) 
where only two out of three posi t ions are occupied by 
Na+ .10) These materials take the monocl in ic system. 
Fibrous substances of indefinite composi t ion inter­
mediate between the members of p=3 and 4 have been 
prepared bo th hydrothermal ly and from the melt.17) 

Some ion-exchange phenomena for n -a lky lammonium 
ions were reported on tr i t i tanate a long wi th polyphos­
phates, layer lattice silicates, and u r a n i u m micas.6) 

Recently, ion-exchange studies for Na2Tis07, K2T12O5, 
and Na2Ti409 have been reported. 15'16»20) 

+ Present address: Kao Co., Tokyo Res. Lab., 2-1-3, Bunka, 
Sumida-ku, Tokyo 131. 

T h e present paper describes a synthetic method and 
its ion-exchange selectivities of a new layered l i t h ium 
titanate. 

Experimental 

Hydrothermal Synthesis of Lithium Titanate (Li-T). 
The hydrothermal process was used for the preparation of a 
genuinely new lithium titanate by using the following two 
precursors. 

Process A: An amorphous hydrous titanium dioxide 
(Am-HTDO) was used as a precursor for the sake of a simple 
control of mole ratios in the starting materials. Am-HTDO 
was prepared by hydrolysis of TiCU aqueous solution with 
NaOH solution.21) Am-HTDO in the H + form was obtained 
by air-drying after removing as much Na+ as possible by 
percolating 0.1 M (M=mol dm - 3) HNO3 solution through 
an Am-HTDO column (1 cm i.d. XlOcm, 100—200 mesh). 
The chemical composition was Ti02-1.25H20 from the 
ignition loss at 700 °C. The precursor was hydrothermally 
treated as follows. A mixed solution of 0.1 M (MOH+MC1) 
(M=Li, Na, or K) (10 cm3) was added to the Am-HTDO in 
the H+ form (0.10 g) in a sealed reaction bomb and heated at 
elevated temperatures. 

Process B: A wet precursor used was prepared as 
follows. An 80 cm3 aliquot of H2O was added to 7.11 g of 
Ti[OCH(CH3)2]4 at 5 °C and the formed precipitate was aged 
in the mother liquor for 2 d at 5 °C. It was then washed with 
water by using a centrifuge to remove the remaining alcohol 
and used for the hydrothermal process without air-drying. 
An aliquot of 2M LiOH solution was added to the wet 
precursor with different mole ratios of Li /Ti and heated as 
above. The process occurred was examined by analyzing the 
supernatant solution for Li+ and pH after cooling to room 
temperature, and by an X-ray analysis of the product. 

X-Ray, Thermal, and Infrared Absorption Analyses. Cu 
Ka radiation was used for X-ray diffraction analysis with a 
JEOL X-ray diffrac tome ter, Model JDX-7E, or a Philips 
diffractometer, Model PW-1700. Diffraction angles were 
calibrated using a silicon powder. The lattice parameters 
were determined with the least square fitting. Thermal 
analyses (TG and DTA) were carried out by using a Rigaku 
Denki thermal analyzer, Model 8078, at a heating rate of 
10°Cmin - 1 . Infrared absorption spectra were measured 
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with the KBr disk method by using a JASCO spectrometer, 
Model DS-701G. Metal ions were determined with a Varian 
AA spectrometer, Model 1100 or a SEIKO inductively 
coupled plasma atomic emission spectrometer, Model 
SPS7000. 

pH Titration Study. A 10 cm3 aliquot of 0.1 M (MC1+ 
MOH or HCl) mixed solution (M=Li, Na, or K) was 
equilibrated with a 0.10 g portion of the titanic acid at 
30+0.5 °C. After the equilibration, the metal ion concentra­
tion and the equilibrium pH of the solution were 
determined. The determination of alkali metal ions was 
carried out as follows.22) A 5 cm3 aliquot was neutralized 
with standardized 0.05M NaOH or 0.05M HCl (vol. of NaOH 
used, A cm3). The neutralized solution was percolated 
through a Dowex50W-X8 cation-exchange column in the 
H + form (lOcmXl.Ocm i.d.) and then the column was 
washed with water. The H + of the effluent was titrated with 
the standardized 0.05M NaOH solution (vol. of NaOH, B 
cm3). The metal ions remaining in the equilibrium solution 
can be determined from the difference between A and B. The 
uptake of metal ions was deduced from the difference 
between the initial and the equilibrated concentrations. 

Chemicals. All the chemicals were of an analytical grade 
from Wako Pure Chemical Ind., Ltd., and used without 
further purification. 

Results and Discussion 

Hydrothermal Synthesis of a Lithium Titanate. 
T h i s was tried us ing the A m - H T D O as a dry pre­
cursor. In this process, the up take of alkal i metal ions 
showed the s imilar t rend u p to 90 ° C in the p H range 
h igher than 10 (Fig. 1). T h e amorphous structure of 
the A m - H T D O was mainta ined. T h e uptake for 
cations rapidly decreased at 145—190 ° C at p H < 1 2 
(samples shown by A, C, D, and E in Fig. 1). It was 
at tr ibuted to a crystallization to an anatase type by the 
X-ray diffraction analysis of these products . How­
ever, A m - H T D O showed a large uptake of 4.5 mequiv 
L i + g " 1 a n d 2.8 mequ iv K+g" 1 at p H « 1 3 at 190°C 
(samples B and F in Fig. 1). T h e large up take for Li+ 
at 190 ° C can be noted. T h e X-ray diffraction analysis 
revealed the followings. T h e hydrothermal process in 
the alkal ine solut ion at p H « 1 3 produced a mixture of 
an u n k n o w n phase and an anatase in the case of L i O H 
solu t ion (sample B), a brooki te in the case of N a O H 
solut ion (sample D) and a weekly crystallized anatase-
type in the case of K O H solut ion (sample F). A large 
up take for Li+ by the sample B suggested a formation 
of a new l i th ium ti tanate (L i -T) . 

T h e A m - H T D O possibly includes a small a m o u n t 
of Na+ from the s tar t ing material for the synthesis. A 
hydrous t i t an ium dioxide gel wi thou t ionic impuri t ies 
prepared from the sol-gel may be better for the exact 
setting of the synthetic condit ions. T h e L i - T found in 
the above hydro thermal process was tried to synthesize 
reproducibly by us ing the wet precursor. A single 
phase of l i t h ium t i tanate was formed in a relatively 
l imited range of L i / T i mole rat io (R) of 0.75—0.85 at 
190 ° C (Fig. 2). An anatase and Li2Ti03 were admixed 
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Fig. 1. Uptake of alkali metal ions by a dry precursor 
(Am-HTDO) treated hydrothermally as a function of 
pH. Temp: O 30°G, A 90°C, A 145°C, • 190°C. 

in lower R t h an 0.7 and in larger R t han 0.90. U p to 
200 °C, only a single phase was obtained at R of 0.8, 
bu t a mix ture of anatase and L i - T or Li2Ti03 was 
formed above 210 °C. T h e formation region was 
i l lustrated in Fig. 3. T h e o p t i m u m R value wil l be 0.8 
for the prepara t ion of the new l i t h ium titanate. 

Thermal Studies. T w o endothermic peaks at 75 ° C 
and 230 ° C were observed in the D T A curve of the 
L i - T (Fig. 4, top). T h e T G curve showed the 
cor responding decrease in the weight . After the large 
dehydrat ion at 230 °C, the material became mostly 
a m o r p h o u s . T h e X-ray pat terns of L i - T heated at 
400 ° C showed a L i ^ T i ^ C ^ phase.23) Therefore, the 
exothermic peak at 350 ° C could be ascribed to a 
crystallization to L i ^ T i s / s O ^ 

T h e L i - T gave a turbid solut ion in a demineralized 
water (>106 S cm - 1 ) . Th i s unstabil i ty may be due to 
the insufficient physical strength. A heat treatment 
w i thou t change in the degree of crystallization is 
suitable for increasing the physical strength. T h e 
thermal stability of the L i - T was tested for deciding 
the o p t i m u m temperature of heat t reatment for the 
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Li/Ti=0.6 

Li/Ti= 0.7 

Li/Ti= 0.8 
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Fig. 2. Powder X-ray diffraction patterns of lithium 
titanates prepared hydrothermally at 190°C. a: 
anatase, A: Li2Ti03. 
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Fig. 3. Formation region of lithium titanate. 
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Fig. 4. TG and DTA curves of lithium titanate and 
titanic acid. Heating rate: 10°Cmin - 1 . 

stabilization. Lit t le change was observed in the X-ray 
powder pat terns of l i th ium ti tanate heated by 150 °C, 
whi le the diffraction peaks became broad at a h igher 
temperature than 150 °C. T h e L i - T s heated at 110 ° C 
and 130 ° C were slightly unstable in demineralized 
water, p roduc ing still a turbid solution. T h e L i - T 
heated a t>150 °C appeared stable and did no t give any 
visual turbidity. T h e stabilization could be ascribed to 
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the par t ia l condensat ion of T i ( 0 / O H ) 6 groups on the 
surface of crystallites. T h e o p t i m u m temperature of 
the heat t reatment for stabilization was inferred to be 
140— 150 ° C. T h e L i - T stabilized by hea t ing at 145 ° C 
for 24h showed the composi t ion of (Lii.si, Ho.i9)Ti205-
2 . 2 H 2 0 . 

T h e Li+ of the L i - T could be removed by per­
colat ion of 0.01M H N O 3 as an eluent th rough a 
c o l u m n packed wi th the L i - T . T h e Li+ content in the 
condi t ioned material was lower than 0.0013 in the 
L i / T i mole ratio. T h e T G and D T A curves of the 

t i tanic acid (HT) showed a large endothermic peak at 
95 ° C and a small exothermic peak at a round 400 ° C 
(Fig. 4, bot tom). T h e former peak may be due to a 
release of interstitial a n d / o r adsorbed water. A 
gradual release of bonded water occurred at elevated 
temperatures over 300 °C. T h e H T changed nearly 
amorphous at 300 °C, crystallized to anatase at 500 ° C 
and finally to ruti le at 800 °C. T h e chemical 
composi t ion of the H T was H2Ti20s- I.OH2O from the 
weight loss at 800 °C. 

T h e infrared spectra of the L i - T and H T showed 
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Fig. 5. Infrared spectra of lithium titanate (above) and titanic acid (below). KBr 
disk technique was employed. 
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Fig. 6. Powder X-ray diffraction patterns of lithium titanate (above) and titanic 
acid (below). 
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s t rong absorp t ion bands due to the streching mode of 
H2O at 3400 c m - 1 and to the bend ing mode of H2O at 
1630 c m - 1 (Fig. 5). T h e large absorpt ion bands at 
850 c m - 1 and 500 c m - 1 indicate the presence of well-
ordered TiOô octahedrons. T h e spectrum of the L i - T 
also indicated the negligible a m o u n t of adsorbed 
C03 2 ~ at 1440 and 1300 cm - 1 . T h e two absorpt ion 
bands have been assigned to the bend ing mode of 
adsorbed carbonate.24) 

A powder X-ray diffraction pat tern of the L i - T 
could be indexed by the C-base-centered or thorhombic 
lattice wi th h+k=2n (Fig. 6 top, Tab le 1). T h e lattice 
constants were a0=16.66(2)Â, 60=3.797(2)Â, and cQ= 
3.007(3) Â. Standard deviation on the last figure is 
shown between brackets. T h e observed " d " spacings 
showed a good agreement with the calculated values. 

T h e X-ray pat tern of the H T may be indexed by the 
body-centered or s imple or thorhombic lattice wi th 
h+k+l=2n (Fig. 6 bo t tom, Tab le 2). T h e lattice 
constants were changed to ao=18.08(3) Â, 60=3.784(3) 
Â, and Co=2.998(2) Â. T h e basal spacing of (200) 
increased by 8.5% u p o n conversion of Li+ form (L i -T ) 
to H+ form (HT) . T h e change in the b0 and c0 

associated wi th the condi t ion ing wi th 0.01 M H N O 3 
was very small. T h e large e longat ion a long the a axis 
is ascribable to the layered structure of the product. 
T h e increase in the lattice constant associated with the 
ion exchange is typically 1—2% at most in inorganic 
ion exchangers wi th a three-dimensional frame work.4) 

T h e hypothetical structural model of Fig. 7 may be 
deduced from the above findings. Exchangeable Li+ is 
situated between the layers. T h e detailed structure 
analysis is yet to be carried out. T h e change in the 

Table 1. X-Ray Powder Diffraction Data for the Li-T 

h k I d /Â a ) a0bsd/A / / /o 

2 
4 
1 
3 
2 
6 
4 
1 
3 
6 
0 
2 
7 
2 
0 
4 
2 
9 
1 
6 
3 

0 
0 
1 
1 
0 
0 
0 
1 
1 
0 
2 
2 
1 
2 
0 
2 
0 
1 
1 
2 
1 

0 
0 
0 
0 
1 
0 
1 
1 
1 
1 
0 
0 
1 
1 
2 
1 
2 
1 
2 
1 
2 

8.33 
4.165 
3.702 
3.134 
2.828 
2.777 
2.438 
2.334 
2.170 
2.040 
1.898 
1.851 
1.675 
1.576 
1.503 
1.498 
1.480 
1.456 
1.393 
1.390 
1.356 

8.34 
4.162 
3.703 
3.134 
2.831 
2.770 
2.431 
2.332 
2.167 
2.042 
1.898 
1.850 
1.679 
1.575 
1.506 
1.495 
1.480 
1.456 
1.393 
1.392 
1.356 

100 
2.6 
8.6 

54.1 
5.4 
3.4 

31.1 
1.1 
2.8 

13.5 
25.7 

6.7 
10.2 
2.4 
9.4 

11.0 
2.4 
1.1 
5.7 
5.9 
2.4 

lattice ment ioned above could be interpreted on a basis 
of the model . A removal of Li+ from the L i - T may 
cause a sl ip of the middle layer of Fig. 7 (right) by cQ/2 
a long the c axis against the above and the bo t tom 
layers. As a result, the L i - T wi th the C-base-centered 
lattice changed to the H T wi th the body-centered 
lattice. A layered compound has been reported wi th 
the compos i t ion of H 2 T i 2 0 s n H 2 0 . 2 5 ) It was derived 
from unhydrous K2Ti20s by removing K+ wi th H C l 
solution. T h i s c o m p o u n d belongs to the monocl in ic 
system, t h o u g h it has the similar chemical composi­
tion. 

Ion-Exchange Properties. T h e p H ti trat ion curves 
of the H T indicated the presence of the strongly acidic 
sites (Fig. 8a). T h e H T behaved as a monobasic acid 
for N a O H and K O H , and as a dibasic acid for L i O H . 
T h e difference between the t i t rat ion curve and the 
b lank should give the uptake of alkali cations when 
the relevant process obeyed the ion exchange. T h e 
actual uptakes of alkali metal and C I - ions were 
determined for the solut ion (Fig. 8b). They were in 
good agreement wi th those calculated from the p H 
t i t rat ion curve. T h e C I - was no t adsorbed wi th in the 
experimental error (0.05 mequiv g - 1 ) in the p H region 
studied. Hence, the equiadsorpt ion po in t (EAP) was 
estimated to be lower than 2. T h e EAP value was 
defined by the p H which gives the equal up take for 
an ions and cations.4»20 T h e adsorbed a m o u n t of Na+ 
and K+ increased linearly wi th the p H , whi le that of 
Li+ increased in two steps. T h e amount s of up take 
increased in the order of Li+<K+<Na+ below p H 6 
and K+<Na+<Li+ above p H 6. Above p H 8, the Li+ 
uptake was m u c h larger than the Na+ or K+ uptake. 
T h e X-ray powder pat tern of Li+ form with 6.2 
mequiv Li+ g - 1 showed a good agreement wi th that of 
the L i - T , indica t ing the reversible shrinkage of the 
interlayer distance from 9.04 Â in the H+ form to 

Table 2. X-Ray Powder Diffraction Data for the H T 

h k l dcalcd/Âa) äfobsd/Ä / / /o 

2 0 
4 0 
1 1 
3 1 
6 0 
3 0 
5 0 
4 1 
7 0 
0 2 
2 2 
9 0 
8 1 
0 0 
2 0 
5 2 
7 2 

0 
0 
0 
0 
0 
1 
1 
1 
1 
0 
0 
1 
1 
2 
2 
1 
1 

9.04 
4.520 
3.704 
3.205 
3.013 
2.684 
2.308 
2.085 
1.957 
1.892 
1.852 
1.669 
1.629 
1.499 
1.479 
1.463 
1.360 

9.04 
4.56 
3.696 
3.204 
3.012 
2.684 
2.306 
2.087 
1.957 
1.893 
1.851 
1.664 
1.629 
1.497 
1.478 
1.461 
1.358 

100 
3.7 

17.8 
35.9 
0.6 

14.6 
17.8 
1.5 
8.4 

17.0 
11.8 
1.4 
5.3 
4.9 
3.4 
3.2 
3.5 

a) Lattice parameter: a0=16.66(2) Â, 60=3.797(2) Â, 
co=3.007(3) Â. 

a) Lattice parameter: a0=18.08(3) Â, bo=3.784(3) Â, 
co=2.998(2) Â. 



July, 1990] A New Layered Lithium Titanate 1983 

Fig. 7. A hypothetical schematic view of a C-base-centered lithium 
titanate. 

8.33 Â in the Li+ form. 
T h e m a x i m u m uptake for Li+ ions by the H T was 

6.25 mequiv g _ 1 of H T . It corresponds to 0.62 mole of 
L i / m o l e of T i which is slightly lower than the Li+ 
content of the L i - T , 0.90 mole of L i / m o l e of T i . T h e 
difference possibly came from the Li+ concentrat ion 
used. In the prepara t ion of the L i - T , 2M L i O H was 
used, whi le 0.1 M L i O H was used in the p H t i trat ion 
study. T h e larger uptake of metal ions has been 
observed in the h igher concentrat ion of the t i trant by 
the mass-action law.21»27»28* 
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Selectivity of Coordination Sites in Ni(II), Zn(II), and Cd(II) 
Complexes with 7-[(3,5-Dichloro(or bromo)-2-pyridyl)-

azo]-8-hydroxyquinoline-5-sul£onic Acid 

H u HUANG, Hi roak i CHIKUSHI, Masaaki NAKAMURA, and Fumiak i KAI* 
Department of Chemistry, Faculty of Science, Kumamoto University, Kumamoto 860 

(Received January 11, 1990) 

A new multidentate ligand, 7-[(3,5-dichloro(or bromo)-2-pyridyl)azo]-8-hydroxyquinoline-5-sulfonic 
acid (sodium salt, abbr. as 3,5-di-X-PAHQS, X=C1 or Br) which contains pyridylazonaphthol (PAN) and 8-
quinolinol skeletons, was prepared for the first time in order to investigate its coordination behavior toward 
metal(II) ions. For comparative studies, the ligands (2-[(3,5-dichloro(or bromo)-2-pyridyl)azo]-l-hydroxy -
naphthalene-4-sulfonic acid (sodium salt, abbr. as 3,5-di-X-aPANS, X=C1 or Br), l-[(3,5-dichloro(or bromo)-2-
pyridyl)azo]-2-hydroxynaphthalene-6-sulfonic acid (sodium salt, abbr. as 3,5-di-X-ßPANS, X=C1 or Br), and 
7-[(4-chloro or unsubstituted phenyl)azo]-8-hydroxyquinoline-5-sulfonic acid(sodium salt, abbr. as 4-C1-
BAHQS for chloro substituted phenyl and BAHQS for unsubstituted phenyl, respectively)) were also prepared. 
The coordination modes of the synthesized multidentate ligands with Ni(II), Zn(II), and Cd(II) ions were 
investigated both spectrophotometrically and polarographically, in aqueous solution. Judging from the 
variations of the reduction potentials of the azo group with metal complexations, in the case of the ligands of 
BAHQS systems, the azo group did not participate in complexation. On the contrary, for the ligands of the 
PAN and PAHQS systems, the azo group in these ligands clearly participated in metal-complexation. On the 
basis of the results of Polarographie studies and of spectral data, the complexing equilibria of these complexes 
were analyzed and the stability constants calculated. The dissociation constants and the reduction potentials of 
these new ligands are also discussed. 

T h e selectivity of the coordinat ion modes1* in metal 
complexes is one of the fundamental functions of mul ­
tidentate l igands, because of their steric restrictions, 
and is ascribed either to the bulkiness of the l igands or 
to the basicity of an a tom conta ined in the l igands. 
However, the selectivity is not considered to be fully 
and systematically unders tood at the present time. 
Accordingly, a study of mul t identa te l igands is of 
interest for metal complexat ion from the viewpoint of 
the selectivity of coordinat ion sites against various 
metal ions. For example , it is wel l -known that, in 
aqueous solut ions, the Ni(II) ion coordinates wi th 
iV,iV,0-terdentate pyridylazophenolic or naph tho l i c 
l igands (such as 4-[(2-pyridyl)azo]resorcinol or l-[(2-
pyridyl)azo]-2-hydroxynaphthalene) to form N,N,0-
terdentate complexes.2 _ 4 ) O n the other hand , the 
format ion of the iV,iV-bidentate complex of an N,N,0-
terdentate l igand (4-[4-methyl-2-pyridyl)azo]resorcinol) 
wi th Ni(II) Perchlorate in an aprot ic solvent, such as 
thoroughly dehydrated neat l ,4-dioxane,5 ) was also 
reported. Further , it is known that a l igand (8-
hydroxyquinol ine-5-sulfonic acid (abbr. as HQS)) 
coordinates wi th various metal ions involving a 
representative metal ion, such as Al(III), to form stable 
Af,0-bidentate complexes.6 '7 ) In the present study, as 
is shown in Scheme 1, 7-[(3,5-dichloro(or bromo)-2-
pyridyl)azo]-8-hydroxyquinoline-5-sulfonic acid (so­
d i u m salt, abbr. as 3,5-di-X-PAHQS, X=Cl ,o r Br), 
which is expected to coordinate to metal(II) ions either 
wi th iV,iV,0-(N-atom in pyridine r ing, N-a tom of 
adjacent one in azo g r o u p to 8-hydroxyquinol ine r ing, 
O-atom of quinol inola te) to form two five-membered 
fused chelate r ings , or wi th N,0- of the 8-hydro­
xyqu ino l ine moiety to form a five-membered chelate 

OH OH 

(x=ci,Br,
 J'5-0^cïX? 

Scheme 1. Chemical formula of new ligands syn­
thesized. 

r ing , was prepared for the first t ime in order to 
investigate its coordinat ion behavior toward metal(II) 
ions. For the sake of comparat ive studies, l igands 2-
[(3,5-dichloro(or bromo)-2-pyr idyl )azo]- l -hydroxy -
naphthalene-4-sulfonic acid (sodium salt, abbr. as 3,5-di-
X - a P A N S , X=C1 or Br), l-[(3,5-dichloro(or bromo)-
2-pyridyl)azo]-2-hydroxynaphthalene-6-sulfonic acid 
(sodium salt, abbr. as 3,5-di-X-jßPANS, X=C1 or Br), 
7-[(4-chloro or unsubst i tu ted phenyl)azo]-8-hydroxy-
quinol ine-5-sulfonic acid (sodium salt, abbr. as 4-C1-
B A H Q S for chloro substi tuted phenyl and BAHQS for 
unsubs t i tu ted phenyl , respectively), were also prepar­
ed, since these l igands were also expected to act as an 
N,N,0-(N-atom in the pyridine r ing, an N-a tom of the 
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azo g r o u p , a n O - a t o m of n a p h t h o l a t e ) t e r d e n t a t e 

l i g a n d s o r N,0-(HQS m o i e t y ) b i d e n t a t e l i g a n d s i n 

a q u e o u s s o l u t i o n s , as d e s c r i b e d a b o v e . 

T h e m e t a l i o n s s t u d i e d i n t h i s w o r k a r e N i ( I I ) , 

Z n ( I I ) , a n d C d ( I I ) , s i n c e t h e y f o r m s t a b l e c o m p l e x e s 

w i t h P A N a n d H Q S l i g a n d s . T h e p r e s e n t w o r k 

d e s c r i b e s t h e c o o r d i n a t i o n m o d e s of t h e s y n t h e s i z e d 

m u l t i d e n t a t e l i g a n d s w i t h these m e t a l ( I I ) i o n s focus ­

s i n g o n t h e c o o r d i a n t i o n se lec t iv i ty of t h e c h e l a t e 

r i n g s , u s i n g b o t h s p e c t r o p h o t o m e t r i c a n d P o l a r o ­

g r a p h i e m e t h o d s . 

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

Prepa ra t ion of L igands . 3,5-di-X-PAHQS (X=C1 or 
Br): T h e diazotization8 ) of 2-amino-3,5-di-X-pyridine and 
the azo c o u p l i n g of the resu l t ing d i azon ium salt w i th 
commercial ly obta ined 8-hydroxyquinoline-5-sulfonic acid 
( sod ium salt) in a m e t h a n o l so lu t ion by pass ing CO2 gas at 
60—65 ° C for 36 hou r s afforded 3,5-di-X-PAHQS. T h e 
crude p roduc t was purif ied twice by recrystallization from an 
aqueous solut ion, a n d then dried in vacuo (yield 15%, m p 
(decomp)>300°C) . 

3,5-di-X-aPANS (X=C1 or Br): T h e l igand was also synthe­
sized by a procedure s imilar to that for 3 ,5-di-X-PAHQS, bu t 
wi th a react ion t ime of 24 hours (yield 25%, m p (decomp) 
> 3 0 0 ° C ) . 

3,5-di-X-ßPANS (X=C1 or Br): T h e l igand was synthe­
sized by a s imilar procedure for 3,5-di-X-aPANS, bu t wi th a 
reaction t ime of 12 hours (yield 25%, m p (decomp)>300 °C). 

BAHQS: Ani l ine was diazotizated by the usua l method.9 ) 

T o a sl ightly basic ( p H 8—10) aqueous so lu t ion c o n t a i n i n g 
diazotizated an i l ine , commercial ly obta ined 8-hydroxy-
quinol ine-5-sulfonic acid (sodium salt) was added; a crude 
p roduc t was then ob ta ined by ref luxing the so lu t ion under 
an N2 a tmosphere for a b o u t 5 hours . T h e crude p roduc t was 
purif ied by recrystall ization from a mixed solvent of 
d imethy l fo rmamide a n d chloroform (yield 81%, m p (de-
c o m p ) > 3 0 0 ° C ) . 

4-C1-BAHQS: T h i s l igand was synthesized by a proce­
dure similar to that for BAHQS (yield 83%, m p (decomp)>300 
°C). 

T h e pur i t ies of all the l igands were checked by elemental 
analysis. XH N M R spectra were ob ta ined o n a J E O L 
PMX60-SI spectrometer. T h e IR spectra were recorded on a 
JASCO A-102 spectrometer (KBr disk). 

Aqueous Ni(II) , Zn(II), a n d Cd(II) solut ions were prepared 
as Perchlorates, in wh ich Zn(II) Perchlorate was obta ined by 
dissolving meta l l ic zinc (Wako, 99.999%) in perchlor ic acid; 
Ni(II) a n d Cd(II) Perchlorates were prepared by dissolving 
their ni trates in perchlor ic acid. In order to avoid hydrolysis, 
a small excess of acid was added. T h e concentra t ions of the 
metal(II) ions were determined by t i t rat ion wi th EDTA, 
u s ing the usua l methods . All of the other chemicals used 
were of analyt ical or equiva lent grade a n d were used wi thou t 
further purif icat ion. 

Measurements . T h e dissociat ion constants of the l igands 
a n d the format ion constants of the complexes were obtained 
spectrophotometr ical ly o n a Hi tach i 220A recording spec­
t rophotometer . All measurements were carried ou t under the 
fol lowing condi t ions ; l i gand concent ra t ion=1.00X10~ 5 mol 
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dm - 3 , metallic ion concentration=1.00X10~4moldm~3, n= 
0.1 (KNOs), 25.0+0.5 °C. 

Polarograms were recorded on a Yanaco Polarographic 
Analyzer P-1100 in an aqueous solution containing 0.1 mol 
dm - 3 KNO3 as the supporting electrolyte, and 0.01% gelatin 
as the maximum suppressor. A three-electrode cell was used 
for measurements, in which the working electrode was a 
dropping mercury electrode (DME); the auxiliary electrode 
was a platinum coil. A saturated calomel electrode (SCE) 
was used as the reference electrode. The DME had the 
following characteristics: ra=2.02mgs_1, £=1.00s/drop at 
—0.5 V vs. SCE, in electrolytic solution at pH=7.0. 

The pH values of the sample solutions for both 
spectrophotometric and Polarographie measurements, which 
were adjusted by an appropriate buffer solution, were read 
instantly on a Hitachi-Horiba F-13 pH meter after mea­
surements had been carried out. 

Results and Discussion 

In Tab le 1, the data of elemental analyses, XH N M R 
and IR spectra are listed. As can be seen in this table, 
the spectral data of 1H N M R for eight l igands can be 
reasonably assigned to protons in each l igand. 
Fur ther , all of the l igands show IR spectra in the 
region 1350—1390 c m - 1 due to a stretching vibration 
of the azo g roup . These data show that the objective 
l igands were clearly prepared. As described above, the 
me l t ing po in t s of all the l igands (>300°C) suggest 
tha t the obta ined azo dyes were in the form of sodium 
salts (-SOsNa). 

Protonation Constants of Ligands. As a typical 
example , the dissociation process of 3,5-di-X-PAHQS 
is shown in Scheme 2, in which the charges of species 
are omit ted for simplicity. All of the dissociation 
constants were calculated us ing Hi ldebrand 's meth­
od.10* T h e obta ined values are summarized in Tab le 2, 
together wi th those of 3,5-di-X-aPANS and 3,5-di-X-
ßPANS. For a compar ison, the dissociation constants 
of 8-hydroxyquinoline-5-sulfonic acid (HQS), 1-hydroxy-
naphthalene-4-sulfonic acid (aNS) and 2-hydroxy-

(HL) 

Scheme 2. Dissociation processes of 3,5-di-X-
PAHQS as typical example. 

naphthalene-6-sulfonic acid (j3NS) are also listed in this 
Table . As can be seen from Table 2, the pK&i values of 
the B A H Q S system, P A H Q S systems and 3,5-di-X-
a P A N S l igands were smaller than those of l igands 
H Q S and a N S , wh ich had n o pyridylazo-group 
(mean ing of pK^ was presented in the footnote in 
Tab l e 2). These results could be expla ined in terms of 
an electron-attractive ability of the pyridylazo group . 
In addi t ion, n o differences in the pKœ and pK^s values 
of the chloro- and bromo-derivatives of 3,5-di-X-
P A H Q S systems were observed. In other words, the 
effects on the dissociation by chlor ine and b romine 
introduced in to the pyridine r ing were almost the 
same. T h e same basicities of the chloro- and bromo-
derivatives may be considered as a reflection of 
Hammet te ' s constants (ap: Cl=0.23, Br=0.23; om: 
0 = 0 . 3 7 , Br=0.39); furthermore, it was demonstrated 
that a conjugated system was formed between 3,5-di-X-
pyridine and 8-hydroxyquinol ine via the azo group . 
O n the other hand , the p£ a ; value of the l igand, 3,5-di-

Table 2. Dissociation Constants of Ligands 

Ligand 

3,5-di-Cl-PAHQS 
3,5-di-Br-PAHQS 
HQS 
3,5-di-Cl-aPANS 
3,5-di-Br-aPANS 
3,5-di-Cl-0PANS 
3,5-di-Br-/3PANS 
aNS 
0NS 
BAHQS 
4-C1-BAHQS 

P#al 

3.84c> 

8.01 
8.86 
2.93c> 
2.77c) 

P#a2 

2.23 
2.21 
8.35d> 
7.99e> 
7.91e> 

10.70e> 
10.73e> 

7.40d> 
7.32d) 

P#a3 

7.23 
7.25 

Ref. 

This worka) 

This worka) 

b) 
This worka) 

This worka) 

This worka) 

This worka) 

b) 
b) 

This worka) 

This worka) 

All the experimental errors are within ±0.05 in pKa unit in this work, a) Aq soin, /x=0.1 (KNO3), 25.0+0.5 °C. 
b) R. M. Smith and A. E. Martell, "Critical Stability Constants," Plenum Press, New York (1982). HQS: 
8-hydroxyquinoline-5-sulfonic acid; aNS: l-hydroxynaphthalene-4-sulfonicacid; ßNS: 2-hydroxynaphthalene-
6-sulfonic acid, c) Dissociation of proton from heterocyclic nitrogen atom in HQS. d) Dissociation of proton 
from HO- in HQS. e) Dissociation of proton from HO- in hydroxynaphthalene moiety. 
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S03Na 

Scheme 3. Tau tomer ism equilibria of intramole­
cular hydrogen bonding of ligands. (a): 3,5-di-X-
aPANS, (b): 3,5-di-X-0PANS. 

X-ßPANS, was larger than that of ßNS, showing 
strong hydrogen bonding between the azo and 
hydroxyl groups. The pKu values of 3,5-di-X-ßPANS 
were larger than those of 3,5-di-X-aPANS by a factor 
of about 3 in pK^ units, as listed in Table 2. This can 
be explained in terms of Scheme 3: tautomerism 
equilibria are considered to be present in these ligands, 
as illustrated in this Scheme. Regarding the results for 
3,5-di-X-/3PANS, a six-membered ring by a dipole-
dipole interaction between the naphtholate ring 
hydrogen atom and a lone pair electron of the N-atom 
in the azo group should be formed, owing to the 
direction of the lone pair electron against the 
naphtholate ring hydrogen atom, as well as to a 
suitable distance between the N-atom of the azo group 
and the hydrogen atom. Accordingly, the hydrogen 
bond should be stabilized in 3,5-di-X-ßPANS. Where­
as, for 3,5-di-X-aPANS, no stabilization by a dipole-
dipole interaction should be expected as a result of the 
direction of the lone pair electron of the N-atom and 
distance between the N-atom and the ring hydrogen 
atom, as shown in the Scheme. 

Polarograms of Ligands and Their Metal(II) Com­
plexes. Figure 1 shows the relations between the pH 
values vs. the reduction potentials of the azo groups in 
ligands 3,5-di-Cl-aPANS, 3,5-di-Cl-jßPANS, 3,5-di-
Cl-PAHQS, and BAHQS. As can be seen from Fig. 1 
fine linear relations are obtained in all cases involving 
the ligands. However, it is noteworthy that, in the case 
of the ligand of the /SPANS system, the values of the 
half-wave potentials are markedly shifted toward the 
positive potential region at pH=10.73, where a 
dissociation of the proton in the hydroxyl group at an 
ortho position to the azo group will occur. This 
means that very strong hydrogen bonding formed 
between the proton of the hydroxyl group and the 
nitrogen atom in the azo group, which is additionally 
stabilized by the dipole-dipole interaction shown in 
Scheme 3, is abruptly destroyed at this pH; thus, the azo 
group is easily reduced at this pH by a positive shift 

u 
en 

S 

-0.25 h 

\ - 0 . 5 0 h-

-0 .75^ 

Fig. 1. Relation between pH and half-wave potential 
of ligand. (1): 3,5-di-Cl-aPANS, £i/2=0.048-0.055 
pH (r=0.999); (2): 3,5-di-Cl-/3PANS, £i/2=0.007-
0.055 pH (pH=3—10, r=0.999); £i/2=0.074-0.056 
pH (pH=ll —13, r=0.987); (3): 3,5-di-Cl-PAHQS, 
£i/2=0.157-0.061 pH (r=0.999); (4): BAHQS, £1/2= 
0.138-0.076 pH (r=0.999), [ligand]=2.50X10"4 mol 
dm"3, \i=0A (KNO3), 0.01% gelatin, 24±2°C. 

effect.11) On the other three ligands, since the 
hydrogen bonding is very weaker than that of /SPANS 
ligands, the reduction potentials of the azo groups 
were only dependent on the pH values, but independ­
ent of the kinds of ligand species. 

The half-wave potentials of 3,5-di-Cl-PAHQS were 
in the positive region compared with those of 3,5-di-
Cl-aPANS and of BAHQS. This can be explained by 
an electronegative rule12) for a reduction of organic 
compounds. 

Figure 2 shows plots of the pH vs. the reduction 
potentials of the azo groups of free 3,5-di-Cl-aPANS, 
3,5-di-Cl-/?PANS, and their Ni(II) complexes. It can 
apparently be seen from this figure that the reduction 
potentials of the ligands in Ni(II) complexes at the 
same pH values were markedly shifted to the negative 
side, compared with those of the ligands themselves, 
showing stabilization by a negative-shift effect.13_15) 

Figure 3 shows plots of the pH vs. the reduction 
potentials of the azo groups in BAHQS and 3,5-di-Cl-
PAHQS, themselves, and of their Ni(II) complexes. It 
was found from this figure, in the case of the ligand 
BAHQS, that the reduction potentials of BAHQS itself 
and that of the Ni(II) complex were almost similar to 
each other, suggesting that the azo group did not 
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Fig. 2. Relation between pH and half-wave potential 
of ligand and its nickel(II) complex. (1): 3,5-di-Cl-
aPANS, £i/2=0.048-0.055 pH (r=0.999); (V): 3,5-di-
Cl-aPANS+Ni(II), £i /2=0.007-0.061 pH (r=0.992); 
(2): 3,5-di-Cl-0PANS, £i/2=0.007-0.055 pH (pH= 
3—10, r=0.999); £i /2=0.074-0.056 pH (pH=l l — 
13, r=0.987); (2'): 3,5-di-Cl-j8PANS+Ni(II), £1/2= 
-0.214-0.038 pH (r=0.986); [ligand]=2.50X10"4 

mol dm"3, [Ni2+]=2.50X10-4 mol dm"3, \i=0.1 (KNOs), 
0.01% gelatin, 24±2°C. 

par t ic ipate , in this case, in the complexat ions . In 
other words, complexat ion occurred by us ing only the 
hydroxyqu ino l ine moiety in the ligand.16) O n the 
other hand , in the case of the l igand 3,5-di-Cl-PAHQS, 
it was similar to the PAN systems; thus, the reduct ion 
potent ia ls of the l igand in the Ni(II) complex were 
considerably shifted toward the negative potent ia l 
region at the same p H values. T h i s means , for a 
l igand of the P A H Q S system, that a stable Ni(II)-
complexat ion should occur by forming chelate r ings 
con ta in ing the azo group . 

T h e same results described above were observed in 
the cases of Zn(II)- and Cd(II)-complexation. Namely, 
in the Ni(II), Zn(II), and Cd(II) complexes formed wi th 
PAN and P A H Q S , it was clearly observed that the azo 
groups were coordinated to these metal(II) ions. In the 
metal(II) complexes formed wi th BAHQS, however, it 
was found that the azo g roup did no t par t ic ipate in 
metal(II)-complexations. 

Spectrophotometric Data of Metal(II) Complexes: 
Tab le 3 shows the composi t ions (metal to l igand), 
complex ing p H ranges, m a x i m u m absorpt ion wave-
numbers and molar absorptivities of the complexes. 
T h o u g h the composi t ions were main ly determined by 
Hi ldebrand ' s method,1 0 ) they were confirmed by the 
con t inuous variat ion method (Job's method) . As can 

-0.25h 

u 

a -0.50h 

-0.75U 

Fig. 3. Relation between pH and half-wave potential 
of ligand and its nickel(II) complex. (1): BAHQS, 
£1/2=0.138-0.076 pH (r=0.999); (1'): BAHQS+ 
Ni(II), £i/2=0.105-0.071 pH (r=0.995); (2): 3,5-di-
Cl-PAHQS, £i/2=0.157-0.061 pH (r=0.999); (2'): 
3,5-di-Cl-PAHQS+Ni(II), £ i / 2=-0.062-0.052 pH 
(r=0.997); Curves (2) and (2') are shifted 0.25 unit 
downward for clarity. [ligand]=2.50X10-4 mol dm -3, 
[Ni2+]=2.50X10-4moldm-3, \i=0.1 (KNOs), 0.01% 
gelatin, 24±2°C. 

be seen from the Table , so far as the Ni(II)-3,5-di-X-
P A H Q S complexes were concerned, the composi t ions 
were 1:2 by us ing the H L ' species of 3,5-di-X-PAHQS 
judg ing from the Polarographie results which showed 
that the azo g roup should part icipate in metal-
complexat ions and from the complexing p H ranges. 

It is notewor thy that the l igands of the P A H Q S 
system coordinates at a lower p H than in either the 
PAN or B A H Q S system. Similar results were found by 
Busev et al. in their study on compleximetr ic 
determinat ion wi th 7-(2-pyridylazo)-8-hydroxy-quino-
line (PAHQ).17> 

For the complexes formed between Ni(II), Zn(II), 
and Cd(II) and the four PANS l igands systems, the 
complex ing modes seemed to be similar to each other 
on the basis of the features of the absorpt ion spectra, 
composi t ions and complex ing p H ranges of the 
complexes.2 _ 4 ) Accordingly, it was though t that the 
metal ions studied in this experiments reacted wi th 
these 3,5-di-X-aPANS and 3,5-di-X-/3PANS to form 
the Af,iV,0-terdentate mode (N-atom in pyridine r ing , 
N-a tom of adjacent one in azo g roup to hydroxy-
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naph tha lene r ing, O-atom of naphthola te) . Therefore, 
from the fact of the 1:1 compos i t ion of the complexes, 
if the structures of the complexes are assumed to be a 
six-coordinated octahedron, three water molecules as a 
solvent are coordinated as [ML(H20)3], which has two 
five-membered fused chelate r ings. In this l igand 
systems, the formation of a tetrahedral structure for the 
complexes, is not ant icipated because of the sterical 
restriction, since three coordinat ion sites in the PANS 
ligands lie on the same plane. 

Stability Constants of the Metal(II) Complexes. 
All of the aqueous solutions conta in ing Ni(II), Zn(II), 
and Cd(II) complexes wi th the eight l igands synthe­
sized in this experiments showed spectral changes 
hav ing clear isosbestic points , due to p H variat ions. 
As can be seen from the structure of the PANS l igand 
systems a m o n g the eight l igands, they have a pos­
sibility for only one coordinat ion mode, namely by 
us ing iV,iV,O-terdentate r ing-formations. In this case, 
a released p ro ton number in an equ i l ib r ium at tained 
should be one from the naph tho l i c hydroxyl g roup for 
a 1:1 complexat ion for a metal : l igand. Accordingly, 
the stability constants for these complexes could be 
obtained by calculations us ing s imple equ i l ib r ium 
equat ions , as described previously,1 0 and Hildebrand 's 
method.1 0 ) However, the complexat ion equil ibr ia for 
the l igands of the P A H Q S system which have coor­
d ina t ion sites of N,N,0- or N,0- and for BAHQS 
system which have coordinat ion sites of 0 , iV-(0-atom 
of qu ino l ino la te , N-a tom of adjacent one in azo g r o u p 
to qu ino l ino l r ing) or iV,0-(HQS moiety) are consider­
ed to be very complicated. However, j udg ing from the 
variat ions of the reduction potent ials of the azo g roup 
wi th the metal-complexat ions described above, n o 
par t ic ipa t ion of azo g roup in the metal complexat ions 
was observed for the l igands of the BAHQS system. 
O n the contrary, for the l igands of the P A H Q S system, 
azo g roup in this l igand clearly part icipated in metal 
complexat ions , j u d g i n g from the results of polarog-
raphy. In this case, the complexat ion equil ibria are 
simplified and, thus, analyses of the equi l ibr ia were 
carried ou t easily. For example , in the cases of 
complexat ions between 3,5-di-X-PAHQS andZn(I I ) or 
Cd(II): 

M + H2L ^~ 
_^ M(HL') + H, (1) 

where charges of the species are omit ted for simplicity, 
and H L ' is a l igand which still has a conjugated 
p ro ton combined wi th a n i t rogen a tom in the 
q u i n o l i n e moiety; however, its phenol ic p ro ton has 
been released by the complex ing reaction wi th 
metal(II) ion, 

£1 = [M(HL')][H]/[M][H2L]. (2) 

When the total metal concentrat ions were denoted as 
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CMe = [M] + [M(HL')], (3) 

the total l igand concentrat ions, CL, were 

CL = [H2L ] + [HL] + [M(HL')]. (4) 

T h e stability constant , ßi, of the complex, [M(HL') ] , is 
calculated by us ing the pK& values of the l igands as 
follows: 

ft = [M(HL /)]/[M][HL /] = Ki/K*. (5) 

In this complex ing reaction, £a3 = [HL ' ] [H] / [H2L] . 
T h e n , Eq. 6 can be derived from Eqs. 1—5 as 

log ft = log([M(HL')]/[H2L]) - pH 

- log (CMe + [HL]/2 - CL/2) + p^a3. (6) 

For the Ni(II) complex wi th 3,5-di-X-PAHQS, 

Ni + 2H2L ^ = ^ Ni(HL')2 + 2H. (7) 

In this case, Eq. 8 can be derived as in the cases of 
Zn(II) and Cd(II) complexes: 

log/32 = log([M(HL')2]/[H2L]) - 2pH 

- l o g ( C M e + [ H L ] / 3 - C L / 3 ) 

- log (CL/3 - [HL]/3) + 2p£a3. (8) 

In Eqs. 6 and 8, [HL]=CL / (1+[H]/A:12+X a8/[H]) . 

O n the other hand , for the metal(II) complexes wi th 
BAHQS, the equ i l ib r ium is given as 

M + H2L ^ ML + 2H. (9) 

T h e stability constants of the complexes M L are given 
as 

log 0i = log([ML]/[H2L]) - 2pH 

- l o g ( C M e + [ H L ] / 2 - C L / 2 ) 

+ 2P£al + 2P£a2. (10) 

I n E q . 1 0 , [ H L ] = ( l + [ H ] / ^ a i + ^ a 2 / [ H ] ) . By us ing Eqs. 
6, 8, and 10, l o g ( [ M ( H L ' ) ] / [ H 2 L ] ) vs. p H from Eq. 6, 
log ([M(HL')2] / [H 2L]) vs. p H from Eq. 8 and log 
([ML]/[H2L]) vs. p H from Eq. 10 should give straight 
lines wi th slopes of 1, 2, and 2, respectively, and then, 
each stability constant is obtained from the intercepts 
of the lines. As typical examples, Figs. 4 and 5 show 
the relat ions for the complexat ions of 3,5-di-Cl-
PAHQS-Zn(II) u s ing Eq. 6, and of 3,5-di-Cl-PAHQS-
Ni(II) by Eq. 8, respectively. T h e formation constants, 
corrected by the side reaction coefficients of l igands 
and metal(II) ions wi th the data in Tab le 2 and in the 
reference 19, are listed in Tab le 4. F rom these results, 
in the case of the B A H Q S system, 1:1 complexat ions 
are considered, by a m a g n i t u d e of ßi, to occur wi th 
r ing formation us ing N,0- sites in the hydroxy qu ino -
l ine moiety. O n the other hand , in the 1:1 com-

2.00 

Fig. 4. Plots of log ([Zn(HL')]/[H2L]) vs. pH of Zn-
3,5-di-Cl-PAHQS complex at 540 nm (25.0+0.5 °C). 
log([Zn(HL ,])/[H2L])=-1.43+1.13 pH (r=0.999). 

S 
•H 
53 

O 

2.00 

Fig. 5. Plots of log ([Ni(HL')2]/[H2L]) vs. pH of Ni-
3,5-di-Cl-PAHQS complex at 570 nm (25.0+0.5 °C). 
log([Ni(HL ,]2)/[H2L])=-1.98+1.90pH(r=0.999). 

plexat ions of Zn(II) and Cd(II) wi th the l igand of the 
P A H Q S system, iV,iV,0-terdentate chelate r ing forma­
tions by us ing the N-a tom in the azo g roup are 
considered to occur as well as complexat ions of the 
PANS l igand systems, j u d g i n g from larger stability 
constants of the Zn(II) and Cd(II) complexes wi th the 
P A H Q S l igands, compared wi th those of the a- a n d 
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Scheme 4. Probable structures of metal complexes. 
(a): Complex with 3,5-di-X-<*PANS, (b): Complex 
with 3,5-di-X-0PANS. In which, M denotes Ni(II), 
Zn(II), and Cd(II). 

jßPANS l igands. Regard ing the degree of the 
complexat ion equil ibria of Ni(II) complexes, however, 
no exact a rgument can be made because of the different 
compos i t ions of Ni(II): l igands (1:2 for P A H Q S a n d 
1:1 for PANS); it might , however, be considered that 
the N,N,0-chelate rings are formed in these complexes, 
j u d g i n g from very large values of ß2. Nevertheless, 
these considerations seemed to be closely associated 
wi th the results of the Polarographie studies described 
above, that the reduction potentials of the azo g roup in 
the metal complexes fromed wi th l igands of the 
P A H Q S system were shifted markedly toward the 
negative region, compared wi th those of free l igands at 
the same p H . Moreover, the degree of this shift was 
larger than that of the PANS l igand systems. 

In all complexat ions of the metal(II) ions studied, 
the stability constants wi th 3,5-di-X-ßPANS were 
always larger than those wi th 3,5-di-X-aPANS in 
abou t 2—5 in log ßi un i t , as listed in Table 4. T h i s 
difference m i g h t be at t r ibuted to a stabilization effect 
b rough t about by a six-membered r ing formation by a 
d ipole-d ipole interaction between the naph tho la te 
r i ng hydrogen a tom and the N-a tom of the azo g r o u p 
of the 3,5-di-X-jßPANS complexes, as shown in Scheme 
4. Finally, the values of log ßi of the 1:1 metal(II) 
complexes formed wi th the PANS and BAHQS 
systems were in the order Ni(II)>Zn(II)>Cd(II) . 

T h e au thors are grateful to Professor Dr. Kazu 
Kurosawa of K u m a m o t o University for valuable 
discussion du r ing this work. 
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Preparation and Characterization of Cobalt(III)-Dimethyldithiocarbamato 
Complexes Containing R2P(CH2)nPR2 (R=CH3, C6H5; rc=l,2,3,4) and 

PR3 (R=C2H5, C6H5). Crystal Structure of [Co{(CH3)2NCS2}-
{(CH3)2PCH2P(CH3)2}2](BF4)2 
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Twelve new cobalt(III)-phosphine complexes, [Co(dtc)4(CH3)2P(CH2)nP(CH3)2}3-x](3-Jf)+ (x=l , 2; n=l,2,3), 
[Co(dtc)2{(C6H5)2P(CH2)nP(C6H5)2}]+ (n=l,2,3,4), and tams-[Co(dtc)2(PR3)2]+ (R=C2H5, C6H5) were prepared, 
where dtc denotes dimethyldithiocarbamate(l—). The molecular structure of [Co(dtc){(CH3)2PCH2P(CH3)2}2]-
(BF4)2 was determined by X-ray analysis. Crystal data are: monoclinic, space group Cc, a= 15.927(4), 
6=11.726(2), c=14.422(7) Â, 0=91.38(3)°, F=2692.6(15) Â3, Z=4, 72=0.058 for 2251 reflections. The complex ion 
forms a distorted octahedron with the small P-Co-P (73.1(2) and 75.5(2)°) and S-Co-S (75.97(9)°) chelate angles. 
The mean Co-P and Co-S distances are 2.238(5) and 2.285(3) Â, respectively. On the basis of the angular overlap 
model(AOM) treatment, the ligand field bands were assigned and the effect of ring size of diphosphine chelates 
on these bands were examined. Positive en(P) values were necessary to satisfy the observed data, and the result 
indicates that the Co-dn; orbitals are destabilized by coordination of the phosphine ligand. 

In contrast to extensive studies on d i th ioca rbamato -
metal complexes,1* relatively few investigations have 
been reported on mixed-di th iocarbamato complexes.2) 

Recently one of the present authors (M. Kita) prepared 
mixed dimethyldi th iocarbamato (dtc)-Co(III) com­
plexes con ta in ing ethylenediamine (en), [Co(dtc)x-
(en)3-x](3_x)+ (#=1,2), by oxidizing an aqueous solut ion 
con ta in ing Co(II) ions and en wi th teträmethyl-
t h iu ram disulfide.3) By similar oxida t ion reactions we 
have prepared a number of mixed dtc-Co(III) com­
plexes con ta in ing p h o s p h i n e l igands. T h i s paper 
reports p repara t ion and characterization of [Co(dtc)x-
{(CH3)2P(CH2)„P(CH3)2}3-x](3-^+ (*=1A n-1,2,3), [Co(dtc)2-
{(C6H5)2P(CH2)„P(C6H5)2}]+ (n=l,2,3,4), and trans-
[Co(dtc)2(PR3)2]+ (R=C2H5,C6H5). T h e paper also reports 
X-ray structure analysis of [Co(dtc){(CH3)2PCH2P-
(CH3)2}2](BF4)2 wh ich contains a four-membered di­
phosph ine chelate l igand. 

T h e fol lowing abbreviations are used for the 
d iphosph ine l igands: (CH3)2P(CH2),,P(CH3)2; n = l 
(dmpm) , n=2 (dmpe), n=3 (dmpp) , and ( C Ô H S ^ P -
(CH2)«P(C6H5)2; n = l (dppm), n—ï (dppe), n=3 (dppp), 
and n—\ (dppb). 

Exper imental 

Phosphine ligands were handled under an atmosphere of 
nitrogen until they formed cobalt(III) complexes. All 
solvents used for preparing ligands and complexes were 
deoxygenated by bubbling nitrogen for 20 min immediately 
before use. Absorption and *H NMR spectra were recorded 
on a JASCO UVIDEC spectrometer and a Hitachi R-90HS 
spectrometer, respectively. 

Phosphine ligands. Phosphine ligands, dppm, dppe, 
dppp, and PPh3, and (CH3)2P(S)P(S)(CH3)2 were obtained 
from Strem Chemicals, Inc. and dppb from Kanto 
Chemicals, Inc. The dmpe4) and dmpp5) ligands were 
prepared according to literature methods, and dmpm was 
prepared by a method similar to that for dmpe, the method 

being more convenient than the literature method.6) To 
liquid ammonia (300 cm3) in a three-necked 500 cm3 flask at 
—78 °C was added 1.15 g of sodium. After stirring for 1 h, 
2.60 g of (CH3)2PP(CH3)2

4) was added dropwise. The color of 
the solution gradually changed from blue to orange. Stir­
ring was continued for 30 min, and then 2.12 g of 
dichloromethane was added dropwise. After 1 h, liquid 
ammonia was allowed to evaporate, and the product was 
extracted with diethyl ether (200 cm3). The extract was 
evaporated under reduced pressure to give colorless oily 
dmpm, which was used for preparing complexes without 
further purification. Yield: ca. 1.3 g (45%). The ^ N M R 
spectrum of dmpm in CDCb (6=1.40 (t) and 1.08 (t)) was 
identical with the literature data.5) 

Preparation of Complexes. [Co(dtc)^(dmpm)3-x](3-Jc)+ 

(x=l and 2). To a stirred solution of Co(BF4)2 • 6H2O (0.82 g, 
2.4 mmol) in methanol (5 cm3) was added a solution of 
dmpm (0.65 g, 4.8 mmol) in methanol (5 cm3). A lemon 
yellow precipitate was deposited. To this was added a 
solution of tetramethylthiuram disulfide (0.25 g, 1.04 mmol) 
in methanol (80 cm3) and the mixture was stirred at room 
temperature for 2 days. The resulting yellow-green 
precipitate was filtered (the filtrate was treated as described 
below), and washed with diethyl ether (100 cm3X3) to remove 
green [Co(dtc)s]. The yellow product remained was 
recrystallized from water (70 °C) to give yellow needle 
crystals of [Co(dtc)(dmpm)2](BF4)2. Yield: 0.2 g (13%). 
Found: C, 24.99; H, 5.36; N, 2.25%. Calcd for [Co(dtc)-
(dmpm)2](BF4)2=Ci3H34NP4S2B2F8Co: C, 24.98; H, 5.48; N, 
2.24%. !H NMR (D20, DSS): <5=3.35(N(CH3)2). 

The filtrate obtained above was evaporated to dryness 
under reduced pressure and the residue was dissolved in a 
small amount of water. The solution was applied on a 
column (03 cmXIOO cm) of SP-Sephadex C-25 (Na+ form) and 
the adsorbed product was eluted with 0.2 mol dm - 3 NaBF4. 
The eluate of the main red band gave red needle crystals of 
[Co(dtc)2(dmpm)]BF4 on cooling. Yield: 0.7 g (55%). Found: 
C, 25.15; H, 5.22; N, 5.51%. Calcd for [Co(dtc)2(dmpm)]BF4= 
C11H26N2P2S4BF4C0: C, 25.30; H, 5.02; N, 5.36%. 1H NMR 
(CDCI3, TMS): 0=3.29, 3.31(N(CH3)2). 

[Co(dtc)x(dmpe)3-x]®~*)+(*=l and 2). These complexes 
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were prepared by a method similar to that for the dmpm 
complexes. A mixture of Co(BF4)2 • 6H 2 0 (0.2 g, 0.59 
mmol), dmpe (0.18 g, 1.2 mmol), and tetramethylthiuram 
disulfide (72 mg, 0.30 mmol) in methanol (70 cm3) was stirred 
for a day at room temperature. The resulting yellow 
precipitate was filtered, washed with diethyl ether (100 
cm3X3), and recrystallized from methanol to give yellow 
needle crystals of [Co(dtc)(dmpe)2](BF4)2. Yield: 65 mg 
(17%). Found: C, 26.87; H, 5.71; N, 2.10%. Calcd for 
[Co(dtc)(dmpe)2](BF4)2=Ci5H38NB2F8P4S2Co: C, 27.59; H, 
5.87; N, 2.15%. *H NMR (D20, DSS): <5=3.28(N(CH3)2). The 
mother liquor from which the above complex was filtered 
off was diluted with 20 cm3 of water. On evaporation of 
methanol under reduced pressure the solution gave a red 
precipitate. Red columnar crystals of [Co(dtc)2(dmpe)]BF4 
were obtained by recrystallization from methanol (ca. 60 °C). 
Yield: 45 mg (14%). Found: C, 27.27; H, 5.27; N, 5.32%. 
Calcd for [Co(dtc)2(dmpe)]BF4=Ci2H28N2BF4P2S4: C, 26.87; 
H, 5.26; N, 5.22%. ^ N M R (CDC13, TMS): 0=3.17, 
3.26(N((CH3)2). 

[Co(dtc)*(dmpp)3-J(3-*)+(*=l and 2). Yellow [Co(dtc)-
(dmpp)2](BF4)2 (0.72 g, 20%) and red [Co(dtc)2(dmpp)]BF4 

(0.32 g, 11%) crystals were obtained from Co(BF4) • 6H 2 0 
(1.8 g, 5.25 mmol), dmpp (1.72 g, 10.5 mmol), and tetrame­
thylthiuram disulfide (0.63 g, 2.6 mmol) by a method similar 
to that for the dmpm complexes. Found for yellow crystals: 
C, 29.83; H, 6.26; N, 2.08%. Calcd for [Co(dtc)(dmpp)2](BF4)2 

=Ci7H42NP4S2B2F8Co: C, 29.98; H, 6.22; N, 2.06%. *H NMR 
(D20, DSS): <5=3.30(N(CH3)2). Found for red crystals: C, 
28.36; H, 5.50; N, 4.89%. Calcd for [Co(dtc)2(dmpp)]BF4= 
Ci3H3oN2P2S4BF4Co: C, 28.37; H, 5.49; N, 5.09%. *H NMR 
(CDC13, TMS): 0=3.25, 3.31(N(CH3)2). 

[Co(dtc)2(dppm)]BF4. An acetone solution (10 cm3) of 
tetramethylthiuram disulfide (0.12 g, 0.5 mmol) was added to 
a mixture of Co(BF4)2 • 6H 2 0 (0.34 g, 1 mmol) and dppm 
(0.8 g, 2 mmol) in acetone (10 cm3). The resulting deep-
purple solution was stirred for 12 h, to yield purple crystals, 
which were filtered, washed with benzene (50 cm3) and then 
diethyl ether (50 cm3), and recrystallized by dissolving in 
dichloromethane (10 cm3) and by adding diethyl ether 
(10 cm3). Yield: 0.39 g (50%). Found: C, 48.29; H, 4.39; N, 
3.59%. Calcd for [Co(dtc)2(dppm)]BF4=C3iH34N2S4P2BF4Co: 
C, 48.32; H, 4.45; N, 3.64%. *H NMR (CDC13, TMS): 0=2.73, 
3.04(N(CH3)2). 

[Co(dtc)2(dppe)]BF4. An ethanol solution (100 cm3) of 
tetramethylthiuram disulfide (0.15 g, 0.63 mmol) was added 
to a mixture of Co(BF4)2 • 6H 2 0 (0.44 g, 1.3 mmol) and dppe 
(1.0 g, 2.5 mmol) in ethanol (100 cm3). The mixture was 
stirred for 15 h, at room temperature, and then filtered to 
remove a small amount of yellow precipitate. On 
evaporation to a small volume under reduced pressure the 
filtrate yielded dark red crystals, which were filtered, and 
recrystallized by dissolving in ethanol-dichloromethane 
(1:1) and by slow evaporation of dichloromethane. Yield: 
0.35 g (35%). Found: C, 49.86; H, 4.88; N, 3.54%. Calcd for 
[Co(dtc)2(dppe)]BF4=C32H36N2BF4P2S4Co: C, 48.99; H, 4.62; 
N, 3.57%. *H NMR (CDC13, TMS): 0=2.58, 2.78(N(CH3)2). 

[Co(dtc)2(dppp)]BF4. To a stirred solution of Co(BF4)2 • 
6H 2 0 (0.92 g, 2.7 mmol) in ethanol (10 cm3) were added a 
solution of dppp (1.18 g, 2.8 mmol) in benzene-methanol 
(1:1, 200 cm3), a solution of tetramethylthiuram disulfide 
(0.33 g, 1.4 mmol) in benzene-methanol (1:1, 20 cm3), and a 

solution of sodium dithiocarbamate dihydrate (0.49 g, 
2.7 mmol) in water-methanol (1:1, 20 cm3) successively. 
The mixture was stirred for 12 h at room temperature, and 
evaporated to dryness under reduced pressure. The residue 
was dissolved in a small amount of methanol and the 
solution was chromatographed with a Toyopearl TSK-GEL 
column (<t>3 cmX40 cm) and methanol as an eluent. Red-brown 
and then green ([Co(dtc)3]) bands were eluted. The red-
brown eluate was collected and mixed with sodium tetra-
fluoroborate (1.0 g) to give red-brown crystals, which were 
filtered and recrystallized from methanol (ca. 60 °C). Yield: 
0.30 g (14%). Found: C, 50.29; H, 5.08; N, 3.25%. Calcd for 
[Co(dtc)2(dppp)]BF4=C33H38N2S4P2F4BCo: C, 49.63; H, 4.80; 
N, 3.51%. *H NMR (CDC13, TMS): 0=2.66, 2.80(N(CH3)2). 

[Co(dtc)2(dppb)]BF4. A mixture of Co(BF4)2 . 6H 2 0 (0.43 
g, 1.26 mmol) dppb (1.07 g, 2.52 mmol) and tetramethyl­
thiuram disulfide (0.15 g, 0.63 mmol) in methanol (40 cm3) 
was stirred for 15 h at room temperature. The resulting 
brown solution was evaporated to ca. 10 cm3 under reduced 
pressure, and green ([Co(dtc)3]) which deposited was filtered 
off. The filtrate was chromatographed with a Toyopearl 
TSK-GEL column (03 cmX40 cm) using methanol as an 
eluent. Dark green, brown (main), and bright green ([Co(dtc)3]) 
bands were eluted in this order. The brown eluate was 
collected and evaporated under reduced pressure to yield a 
brown-red precipitate, which was filtered and recrystallized 
from methanol (ca. 60° C). Yield: 0.16 g (20%). Found: C, 
50.15; H, 4.99; N, 3.49%. Calcd for [Co(dtc)2(dppb)]BF4= 
C34H40N2P2S4CoBF4: C, 50.25; H, 4.96; N, 3.45%. 1U NMR 
(CDC13, TMS): 0=2.75, 2.91(N(CH3)2). 

*raras-[Co(dtc)2(PPh3)2]BF4. A solution of tetramethyl­
thiuram disulfide (0.66 g, 2.5 mmol) in ethanol (100 cm3) was 
added to a mixture of Co(BF4)2 • 6H2O(0.44 g, 1.3 mmol) and 
triphenylphosphine (0.66 g, 2.5 mmol) in ethanol (100 cm3) 
with stirring. After 1 h, dark brown crystals were precipitated, 
filtered and recrystallized by dissolving in dichloromethane-
ethanol (1:1) and by slow evaporation of dichloromethane. 
Yield: 0.25 g (21%). Found: C, 55.24; H, 4.85; N, 3.05%. 
Calcd for [Co(dtc)2(PPh3)2]BF4=C42H42N2 BF4P2S4Co: C, 
55.39; H, 4.65; N, 3.08%. *H NMR (CDC13, TMS): 0=2.40 
(N(CH3)2). 

frara-[Co(dtc)2(PEt3)2]BPh4. A solution of tetramethyl­
thiuram disulfide (0.15 g, 0.63 mmol) in ethanol (100 cm3) 
was added to a mixture of Co(BF4)2 • 6H2O(0.44 g, 1.3 mmol) 
and triethylphosphine (0.30 g, 2.5 mmol) in ethanol (100 
cm3) and the mixture was stirred for 15 h. The resulting dark 
brown solution was evaporated to dryness under reduced 
pressure. The residue was dissolved in methanol (10 cm3), 
and the solution was applied on a column (02 cmX30 cm) of 
Toyopearl TSK-GEL. By elution with methanol, brown 
(main), brown, pink, and green bands developed in this 
order. The eluate of the main brown band was collected and 
concentrated to ca. 20 cm3 under reduced pressure. On 
addition of a solution of sodium tetraphenylborate (0.40 g) 
in methanol (10 cm3) the concentrate yielded a brown 
precipitate, which was filtrated and recrystallized by 
dissolving in dichloromethane-ethanol (1:1) and by slow 
evaporation of dichloromethane. Yield: 0.50 g (45%). 
Found: C, 60.34; H, 7.19; N, 3.30%. Calcd for [Co(dtc)2-
(PEt3)2]BPh4=C42H62N2BP2S4Co: C, 59.01; H, 7.31; N, 3.28%. 
m NMR (CDC13, TMS): <5=3.02(N(CH3)2). 

X-Ray Analysis. Crystal data of [Co(dtc)(dmpm)2](BF4)2: 
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monoclinic, Ce, a=15.927(4), è=11.726(2), c=14.422(7)Â, 
ß=91.38(3)b, F=2692.8(15)Â3, Z=4, Dm= 1.56(4) gern"3, Dc= 
1.54 g cm - 3 , ju(Mo Ka)=l0.8 cm-1. A yellow-orange crystal 
of approximate dimensions 0.50X0.35X0.30 mm3 was used 
for X-ray analysis. Diffraction data were collected on a 
Rigaku AFC-5 diffractometer with graphite monochrom-
atized MoKa radiation (/l=0.71069Â). Within the range 
24°<20<6O°, 2251 independent reflections with|F0 |>3a(|F0 |) 
were obtained. No absorption correction was applied. The 
calculations were carried out on a HITAC M-680H computer 
at the Computer Center of the Institute for Molecular 
Science with the program system UNICS III.7* The structure 
was solved by the usual heavy-atom method; the position of 
Co was deduced by means of the Patterson synthesis, and all 
the non-hydrogen atoms were located by the subsequent 
Fourier synthesis. The positions of hydrogen atoms were 
identified in subsequent difference-Fourier maps as many as 
possible. The structure was refined by the block-diagonal 
least squares method with anisotropic thermal parameters 
for non-hydrogen atoms and isotropic for hydrogens. The 
function minimized was 2i^||F0|— \FC\\2. Final R was 0.058 for 
2251 observed unique reflections, and the atomic parameters 
of non-hydrogen atoms are listed in Table 1. Complete lists 
of the observed and calculated structure factors, the hydrogen 
atomic parameters, and the thermal parameters for non-
hydrogen atoms are preserved by the Chemical Society of 
Japan (Document No. 8930). 

Table 1. Positional Parameters (X104) and 
Equivalent Temperature Factors (Â2) 

of [Co(dtc)(dmpm)2](BF4)2 

Atom x y z Btqv 

The AOM Analysis. The d-d transition energies of the 
mixed dtc-phosphine cobalt (III) complexes were estimated 
by the AOM calculations with the program AOM6 coded by 
Dr. T. Komorita of Department of Chemistry, Faculty of 
Science, Osaka University.8* For the ligand field parameters 
of dtc, ea and en, 7000 and 1000 cm - 1 were used, respectively. 
The values were estimated by the AOM analysis of absorp­
tion, CD, and MCD spectral data of [Co(dtc)3-n(en)„]n+ 

(n=0—3; en=ethylenediamine),3) the S-Co-S and N-Co-N 
bite angles being assumed to 76 and 85°,8) respectively. The 
values of the Racah's parameters, B and C were estimated 
from the CD spectral data of [Co(en)2(dmpe)]3+ 9) with the 
assumption of C=4B, and B=450 cm - 1 and C= 1800 cm - 1 

were assumed. Using these parameter values, the ligand 
field parameters of phosphine ligands, e„(P) and ^(P) in 
[Co(dtc)3-4R2P(CH2)nPR2K]Jf+ (R=CH3 , C6H5) and trans-
[Co(dtc)2(PR3)2]+ (R=C2H5, C6H5), were determined as the 
most appropriate values for assigning observed ligand field 
spectra of these complexes. The P-Co-P bite angles used in 
the calculation were estimated from the data of X-ray 
analysis on related complexes; R2PCH2PR2=72o,10-13) R2P-
(CH2)2PR2=82°,14-17> R2P(CH2)3PR2=94°,13.18-20> and R2P-
(CH2)4PR2=90°.21) The results of calculation are given in 
Table 4. 

Results and Discussion 

Preparation and Structure of the Complexes. It is 
k n o w n that oxidat ion of an aqueous solut ion contain­
ing Co(II) ions and en wi th te t ramethyl th iuram 
disulfide affords [Co(dtc)x(en)3-„] (3-x)+ ( x= l ,2 , and 3)3> 
By similar oxidat ion reactions us ing phosph ine 
l igands instead of en, [Co(dtc)x(diphosphine)3-x] (3_x)+ 

(x=l and 2) were obtained for tetramethyldiphos-
phines (dmpm, dmpe, d m p p ) , whi le only [Co(dtc)2-
(d iphosph ine ) ] + was formed for te t raphenyldiphos-
phines (dppm, dppe, dppp, dppb). T h e bis(tetraphenyldi-
phosphine) complexes will be unstable because of steric 
crowding due to many bulky phenyl groups. In the 
case of monophosph ines , fran,s-[Co(dtc)2(PR3)2]+ ( R = 
Ph , Et) were obtained. T h e m o n o p h o s p h i n e com­
plexes show a single resonance for four Af-bonded 
methyl groups of two dtc l igands in the 1H N M R 
spectra and can be assigned to the trans isomer. As 
shown in the Exper imenta l Section, the chemical shift 
of the Af-bonded methyl g r o u p of the PEt3 complex 
(3.02 p p m ) is similar to that of [Co(dtc)3] (3.23 p p m ) , 
whi le that of the PPh3 complex is observed at a 
remarkably h i g h field (2.40 ppm) . T h e h igh field shift 
is a t t r ibutable to the shielding effect of phenyl groups 
on p h o s p h o r u s disposed over the dtc r ing. T h e 
[Co(dtc)2(tetraphenyldiphosphine)]+ complexes also 
show the methyl signals at a h i g h field compared wi th 
those of the te t ramethyldiphosphine complexes. 

In a previous paper,22) we reported that trans-
[Co(acac)2(phosphine)2]+ (acac=acetylacetonate ion) easi­
ly liberates one p h o s p h i n e l igand in wet me thano l or 
e thanol to afford fram-[Co(acac)2(H20)(phosphine)]+. 
T h e present *ram-[Co(dtc)2(PR3)2]+ (R=Ph, Et) com­
plexes, however, are fairly stable in wet e thanol . T h e 

Co 
SI 
S2 
PI 
P2 
P3 
P4 
Fll 
F12 
F13 
F14 
F21 
F22 
F23 
F24 
N 
Cll 
C12 
C13 
C14 
C15 
C21 
C22 
C23 
C24 
C25 
CI 
C2 
C3 
Bl 
B2 

5626(3) 
5224(2) 
5986(2) 
6347(2) 
6881(2) 
4857(2) 
4351(2) 
2003(13) 
2491(14) 
2087(9) 
3054(9) 
4374(9) 
4237(9) 
2997(7) 
3749(14) 
5609(24) 
6662(7) 
6069(12) 
7292(10) 
7590(8) 
7099(10) 
5045(10) 
4706(9) 
3891(9) 
4340(10) 
3746(9) 
5601(19) 
5312(12) 
6091(12) 
2360(8) 
3841(10) 

5982(1) 
4449(2) 
4450(2) 
7172(2) 
6099(2) 
7165(2) 
6104(2) 
4588(10) 
6101(10) 
4420(11) 
4383(14) 
10299(12) 
9977(11) 
10250(12) 
8726(13) 
2487(6) 
6701(11) 
8668(9) 
7142(16) 
4869(12) 
6741(16) 
8647(13) 
6672(12) 
7017(11) 
6815(13) 
4826(14) 
3617(7) 
1848(11) 
1873(11) 
5018(13) 
9895(14) 

2914(2) 
3771(2) 
2035(2) 
2029(2) 
3608(2) 
3754(2) 
2200(2) 
3811(9) 
4903(12) 
5387(8) 
4501(14) 
5643(8) 
7117(10) 
6347(11) 
6311(15) 
2890(21) 
908(8) 
1810(9) 
2765(11) 
3750(10) 
4758(11) 
3865(13) 
4936(8) 
3058(9) 
1092(8) 
2120(11) 
2818(15) 
3582(11) 
2110(10) 
4655(10) 
6286(10) 

1.9 
3.0 
2.9 
3.2 
2.7 
3.0 
2.6 
9.2 
11.5 
7.3 
9.4 
7.7 
7.9 
7.8 
11.8 
4.4 
3.7 
5.0 
5.4 
4.3 
5.6 
5.2 
4.2 
4.1 
4.6 
5.0 
2.6 
5.2 
5.2 
3.9 
4.2 
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PEt3 complex is more stable than the PPI13 complex 
and its aqueous solution shows no spectral change 
during the measurement. Since the dtc ligand can be 
regarded as being more soft than acac, the result 
indicates that mixed Co(III) phosphine complexes 
with a soft ligand are more stable than those with a 
hard ligand. 

The dmpm and dppm ligands are known to act as 
two coordination modes; one is a chelate ligand to 
form a four-membered chelate ring and the other is a 
bridging ligand to form a dinuclar complex. The 
[Co(dtc)(dmpm)2]2+ complex is monomeric as revealed 
by X-ray analysis. Figure 1 shows a perspective 
drawing23) of [Co(dtc)(dmpm)2]2+. The bond distances 
and angles are listed in Table 2. The Co atom is 
octahedrally coordinated by four P and two S atoms. 

C24 

Fig. 1. Perspective view of [Co(dtc)(dmpm)2]2+. 

Table 2. Bond Distances (//Â) and Bond Angles (4>/°) of [Co(dtc)(dmpm)2](BF4)2 

For coordination sphere 
Co-S(l) 
Co-P(l) 
Co-P(3) 

S(l)-Co-S(2) 
S(l)-Co-P(2) 
S(l)-Co-P(4) 
S(2)-Co-P(2) 
S(2)-Co-P(4) 
P(l)-Co-P(3) 
P(2)-Co-P(3) 
P(3)-Co-P(4) 

For dtc ligand 
S(l)-C(l) 
C(l)-N 
N-C(3) 

Co-S(l)-C(l) 
S(l)-C(l)-S(2) 
S(2)-C(l)-N 
C(l)-N-C(3) 

For dmpm ligand 
P(l)-C(ll) 
P(l)-C(13) 
P(2)-C(14) 
P(3)-C(21) 
P(3)-C(23) 
P(4)-C(24) 

Co-P(l)-C(ll) 
Co-P(l)-C(13) 
C(ll)-P(l)-C(13) 
Co-P(2)-C(13) 
Co-P(2)-C(15) 
C(13)-P(2)-C(15) 
Co-P(3)-C(21) 
Co-P(3)-C(23) 
C(21)-P(3)-C(23) 
Co-P(4)-C(23) 
Co-P(4)-C(25) 
C(23)-P(4)-C(25) 
P(l)-C(13)-P(2) 

2.286(3) 
2.233(4) 
2.232(4) 

75.97(9) 
93.8(2) 
92.1(2) 
93.7(2) 
91.8(2) 

102.6(1) 
102.5(2) 
73.1(2) 

1.80(2) 
1.33(1) 
1.56(3) 

84.9(5) 
110.1(5) 
131(2) 
114(2) 

1.80(1) 
1.82(2) 
1.84(1) 
1.77(2) 
1.81(1) 
1.81(1) 

118.9(4) 
106.0(7) 
106.0(7) 
94.2(5) 

125.4(5) 
104.9(8) 
124.5(6) 
96.2(4) 

106.3(7) 
95.7(5) 

117.0(5) 
108.4(7) 
95.5(8) 

Co-S(2) 
Co-P(2) 
Co-P(4) 

S(l)-Co-P(l) 
S(l)-Co-P(3) 
S(2)-Co-P(l) 
S(2)-Co-P(3) 
P(l)-Co-P(2) 
P(l)-Co-P(4) 
P(2)-Co-P(4) 

S(2)-C(l) 
N-C(2) 

Co-S(2)-C(l) 
S(l)-C(l)-N 
C(l)-N-C(2) 
C(2)-N-C(3) 

P(l)-C(12) 
P(2)-C(13) 
P(2)-C(15) 
P(3)-C(22) 
P(4)-C(23) 
P(4)-C(25) 

Co-P(l)-C(12) 
C(ll)-P(l)-C(12) 
C(12)-P(l)-C(13) 
Co-P(2)-C(14) 
C(13)-P(2)-C(14) 
C(14)-P(2)-C(15) 
Co-P(3)-C(22) 
G(21)-P(3)-C(22) 
C(22)-P(3)-C(23) 
Co-P(4)-C(24) 
C(23)-P(4)-C(24) 
C(24)-P(4)-C(25) 
P(3)-C(23)-P(4) 

2.285(3) 
2.222(5) 
2.264(5) 

163.5(2) 
91.8(2) 
92.0(2) 

160.4(2) 
75.5(2) 
99.7(2) 

172.8(1) 

1.63(2) 
1.35(3) 

89.0(6) 
119(2) 
128(2) 
118(1) 

1.84(1) 
1.86(2) 
1.85(2) 
1.83(1) 
1.81(1) 
1.79(2) 

124.9(6) 
102.2(6) 
108.2(8) 
123.1(4) 
111.4(7) 
96.8(7) 

113.5(5) 
104.6(8) 
110.9(6) 
115.1(6) 
109.7(6) 
109.7(7) 
94.8(7) 



1998 Masakazu KITA, Akiyoshi OKUYAMA, Kazuo KASHIWABARA, and Junnosuke FUJITA [Vol. 63, No. 7 

The dmpm ligand forms a four-membered chelate ring 
with the average P-Co-P angle of 74.3(2)°. The value 
is larger than that in seven-coordinate [Mol2(CO)-
(dmpm)2] (av. 65.9(2)°), which is only structurally 
known monomeric dmpm complex,10* but is similar to 
those for the dppm chelate complexes ([Co(CsH5)I-
(dppm)]+: 75.1(3)°,11> [Rh(dppm)2(CO)]+: 70.45(5)°.i» 
The average Co-P-C (98.0(7)°) and P-C-P (95.2(8)°) 
angles of the dmpm chelate ring in [Co(dtc)(dmpm)2]+ 
are also fairly smaller than the tetrahedral angle. 
Thus, the four-membered dmpm chelate ring involves 
large strain. The S-Co-S angle of the four-membered 
dtc chelate ring (75.97(9)°) is similar to those in 
[Co(dtc)8] (av. 76.4(1 )°)24) and [Co(dtc)(en)2]2+ (76.90 
(9)°).8) The planes formed by the dmpm chelate ring 
[Co, PI, P2, C13] and [Co, P3, P4, C23] in [Co(dtc)-
(dmpm)2]2+ are nearly planar, the deviation from the 
mean plane of each chelate ring being less than 
0.14(2) Â. The Co and dtc ligand atoms [Co, SI, S2, 
CI, N, C2, C3] also form a plane with the deviation 
less than 0.11(2) Â from the mean plane. 

The average Co-P distance (2.238(5) Â) is a little 
longer than that of a five-membered dmpe complex 
containing O-ethyldithiocarbonate, [Co(S2COC2Hs)2-
(dmpe)]+ (2.205(1) Â).14> The average Co-S distance 
(2.286(3) Â) is similar to that trans to the P atom in 
[Co(S2COC2H5)2(dmpe)]+ (2.290(2) Â), but longer than 
that trans to the S atom in the same complex 
(2.255(1) Â). The average Co-S distances of [Co-

(dtc)3]
24) and [Co(dtc)(en)2]2+3) are 2.264(2) Â and 

2.263(3) Â, respectively. The longer Co-S distance in 
the present dtc complex may be attributed to the trans 
influence of the phosphorus donor atom. 

Electronic Spectra. Figures 2, 3, and 4 show 
absorption spectra of the dtc complexes of [Co(dtc)-
(P-P)2]2+, [Co(dtc)2(P-P)]+, and ^am-[Co(dtc)2(P)2]+ 

types, respectively. Table 3 lists the spectral data. The 

Fig. 2. Absorption spectra of [Co(dtc){Me2P(CH2)„-
PMe2}2](BF4)2 in H 2 0: n=\ (dmpm, — ) , n=2 (dmpe, 

), and n=3 (dmpp, — • - ) . 

a/103 cm"1 

Fig. 3. Absorption spectra of (a) [Co(dtc)2{Me2P(CH2)„PMe2}]BF4 in CH2C12: 
n=\ (dmpm, — ) , n=2 (dmpe, ), and n=3 (dmpp, ); (b) 
[Co(dtc)2{Ph2P(CH2)nPPh2}]BF4 in CH2C12: n=\ (dppm, — ) , n=2 (dppe, 

), n=3 (dppp, ), and n=4 (dppb ). 
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Table 3. Absorption Spectral Data 

Complex/Sol ven t 
tfLFband/lOacm-l 

(log (fi/mol-1 dm3 cm-1)) 
a C T or Intraligand b a n d / 1 0 3 CIT1 X 

(log (e/mol -1 dm3 cm-1)) 

[Co(dtc)(dmpm)2](BF4)2/H20 21.8(2.94)sh, 25.2(3.15) 
[Co(dtc)(dmpe)2](BF4)2/H20 22.7(2.84)sh, 25.2(3.00) 
[Co(dtc)(dmpp)2](BF4)2/H20 21.5(2.82), 23.8(2.90) 
[Co(dtc)2(dmpm)]BF4/CH2Cl2 19.6(2.92), 25(3.20)sh 

[C(dtc)2(dmpe)]BF4/CH2Cl2 20.7(2.92), 25.2(3.30)sh 

[Co(dtc)2(dmpp)]C104/CH2Cl2 19.3(2.71), 24.5(3.25)sh 

[Co(dtc)2(dppm)]BF4/CH2Cl2 18.2(3.15), 24.2(3.56) 
[Co(dtc)2(dppe)]BF4/CH2Cl2 18.8(2.96), 23.8(3.49) 
[Co(dtc)2(dppp)]C104/CH2Cl2 18.5(2.74), 22.9(3.34) 
[Co(dtc)2(dppb)]BF4/CH2Cl2 17.6(2.62)sh, 22.0(3.24) 
[C(dtc)2(PEt3)2]BPh4/CH2Cl2 17(2.36)sh 

[Co(dtc)2(PPh3)2]BF4/CH2Cl2 15.9(2.58), 19.1(3.01)sh 

30(3.92)sh, 33.4(4.30), 38.0(4.18), 41.6(4.16) 
29.5(3.65)sh, 33.4(4.43), 41.7(4.45) 
28(3.65)sh, 32.5(4.27), 32.5(4.27), 38.2(4.34), 42(4.15)sh 

28.5(4.0)sh, 32.6(4.38), 39(4.27)sh, 42.3(4.39) 
29.2(4.06)sh, 33.2(4.40), 34.7(4.35)sh, 42.6(4.42) 
29.0(3.97)sh, 32.6(4.41), 39.5(4.33)sh, 42.8(4.36) 
31.2(4.45), 35.5(4.39) 
31.8(4.47), 28(3.96)sh, 34.4(4.41), 39.0(4.36) 
28(4.08)sh, 31.4(4.44), 35.3(4.46) 
27.4(4.00)sh, 31.8(4.33), 34.9(4.27)sh 

25.6(4.10), 29.6(4.48), 36.4(4.45)sh, 41.0(4.63) 
23.1(3.95), 28(1.88)sh, 30.3(4.31), 37(4.45)sh 

LF denotes spin-allowed ligand field transition, sh denotes shoulder. 

v 2h 

o/103 cm -1 

Fig. 4. Absorption spectra of trans (P)-[Co(dtc)2-
(PEt3)2]BPh4 in CH2C12 (—) and tams(P)-[Co(dtc)2-
(PPh3)2]BF4 in CHC13 ( ). 

complexes exhibi t two broad bands or shoulders wi th 
a small energy separat ion in the d-d transi t ion region. 
T o assign whether these two absorptions correspond 
to the 1st and 2nd d-d transit ions or split components 
of the 1st d-d band, the d-d t ransi t ion energies were 
evaluated by the AOM treatment described in the 
Exper imenta l Section. T h e results shown in Tab le 4 
indicate that the two bands or shoulders of [Co(dtc)-
(P-P) 2 ] 2 + and [Co(dtc)2(P-P)]+ in the 18000—25000 
c m - 1 region can be assigned to the 1st and 2nd d-d 
t ransi t ions, whi le the band a round 16000 c m - 1 and the 
shoulder a round 18000 c m - 1 of fram-[Co(dtc)2(P)2]+ to 
two split components of the 1st d-d transit ion, the 

second band being hidden by s trong bands. 
Except the four-membered d iphosph ine complexes, 

the d-d bands are shifted to lower energy wi th an 
increase in r ing member of the d iphosph ine chelates. 
T h e lower 1st d-d transit ion energy of the four-
membered d iphosphine complex than those of the five-
or six-membered d iphosph ine complexes will be 
at tr ibutable to the improper over lapping between the 
Co-d and P donor orbitals due to the small P - C o - P 
bite angle (73.1(2) and 75.5(2)° in [Co(dtc)(dmpm)2]2 +). 
In the series of [Co(dtc)2(dppx)]+ ( x=m, e, p , b), the 
2nd d-d band of the four-membered d p p m complex is 
observed at the highest energy. T h e results of A O M 
calculat ion given in Table 4 show that the weighted 
average energies of two split components (a and e) of 
the 2nd d-d band decrease in the order of d p p e > d p p p > 
d p p m > d p p b , bu t the order of energies of the lower 
energy components of the 2nd d-d band is d p p m > d p p e 
> d p p p > d p p b . T h e latter order is the same as that for 
the observed band posit ions. T h u s the band in the 2nd 
d-d band region of [Co(dtc)2(dppx)]+ may correspond 
to the lower energy component of the 2nd d-d band. 
As shown in Tab le 4, the 2nd d-d bands of the other 
complexes, [Co(dtc)„(dmpx)3-«] (3"" )+ ( n = l , 2; x = m , e, 
p), may also be assigned to the lower energy com­
ponen t of the split 2nd d-d band. 

T h e ea(P) and en(P) values satisfying the above 
spectral features of the mixed d iphosph ine complexes 
are given in Tab le 4. No detailed discussion can be 
made for these values at present, b u t it is noticeable 
tha t the en(P) values are all positive and increase wi th 
the increasing r ing members of d i p h o s p h i n e chelates. 
T h e calculat ion wi th negative en(P) values gives no 
reasonable results. T h e phosph ine donor g r o u p can 
have a filled 7r-type molecular orbital (e symmetry 
under Cßv approx imat ion) composed of three P - C o-
bond orbitals as shown in Fig. 5.25) T h i s orbital will 
interact wi th the filled an orbital of Co(III) and 
destabilize it to give a positive en (P) value. T h e energy 
of Co-drc orbital seems to be fairly low compared wi th 
that of vacant d orbitals of phosphorus , and no 
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Table 4. 1st and 2nd d-d Transition Energies (a/103 cm-1) of [Co(S)jc(P)6-*]-Type 
Complexes Obtained by the AOM Analysis 

p - p 
(0(P-M-P)/°) 

[Co(dtc)(dmpx)2]2+ (x=m, 
dmpm Obsd 
(72°) Calcd 
dmpe Obsd 
(82°) Calcd 
dmpp Obsd 
(94°) Calcd 

[Co(dtc)2(P-P)]+ (dmpx oi 
dmpm Obsd 
(72°) Calcd 
dmpe Obsd 
(82°) Calcd 
dmpp Obsd 
(94°) Calcd 
dppm Obsd 
(72°) Calcd 
dppe Obsd 
(82°) Calcd 
dppp Obsd 
(94°) Calcd 
dppb Obsd 
(90°) Calcd 

*rans-[Co(dtc)2(PR3)2]+ 

PEt3 Obsd 
(180°) Calcd 
PPh3 Obsd 
(180°) Calcd 

ffist d-d/103cm_1 

e, P) 
21.8sh 

20.8e, 21.5 (av. 21.0) 
22.7sh 

21.8, 22.5e (av. 22.3) 
21.5 
20.6, 21.1e (av. 20.9) 

*dppx) 
19.6 
18.1e, 20.4 (av. 18.9) 
20.7 
18.1e, 22.4 (av. 19.6) 
19.3 
17.5e, 21.5 (av. 18.8) 
18.2 
17.7e, 19.9 (av. 18.4) 
18.8 
17.6e, 21.6 (av. 18.9) 
18.5 
17.2e, 20.9 (av. 18.4) 
17.6sh 

16.5e, 19.7 (av. 17.6) 

17sh, 19sh 

16.8e, 17.5 
15.9, 19.1sh 

15.6e, 17.6 

<72nd d-d/103Cm-1 

25.2 
26.2e, 30.0 (av. 27.5) 
25.2 
28.2e, 32.1 (av. 29.5) 
23.8 
25.7e, 30.4 (av. 27.3) 

25.0sh 

24.5, 25.6e (av. 25.2) 
25.2sh 

24.8, 27.0e (av. 26.3) 
24.5sh 

24.1, 26.2e (av. 25.5) 
24.2 
24.1, 25.2e (av. 24.8) 
23.8 
23.8, 26.6e (av. 25.7) 
22.9 
23.2, 26.0e (av. 25.1) 
22.0 
22.2, 25.1e (av. 24.1) 

hidden by CT bands 
22.9e, 31.7 
hidden by CT bands 
22.4e, 29.6 

<?a(P)/cm-i 

10000 

10600 

10000 

10000 

10600 

10000 

9800 

10800 

10400 

10000 

10000 

10000 

eirCPyair1 

600 

1000 

1200 

600 

1000 

1200 

800 

1600 

1800 

2200 

1600 

2200 

Racah's parameters B=450 and C^lSOOcmr1 and ea(S)= 
commonly used, e: Doubly degenerate components. 

c 

Â C : C 

Fig. 5. The filled rc-type MOs of a phosphine ligand 
with e symmetry under C3v approximation and the 
rc-type interaction with the Co-drc orbital. 

effective interaction may occur between them. 
The intensity of d-d bands decreases with an increase 

in ring member of diphosphine chelates. The results 
may be related to the octahedral distortion of the 
complex. The reported P-M-P bite angles of R2P-
(CH2)«PR2 chelates (R=CH3, CÔHS) increase in the 
order of n=\ (70—75°)1°-1®<n=2 (83—88° )14"17><n=4 
(90°)21><n=3 (91—96°).13'18-2°) The deviation of these 
angles from the octahedral angle (90°) becomes large 
in the order of 4<3<2<1 for n, and the order is in 

:7000 and <?ff(S)=1000cm-1, and dtc bite angle=76° were 

accord with that of increasing band intensity in these 
complexes. 

The authors wish to thank the Ministry of Educa­
tion for Scientific Research Grant-in-Aids No. 61430013 
and 63740337 from the Ministry of Education, Science 
and Culture, and the Institute for Molecular Science for 
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The 5-8-5 fused ring compounds, synthesized by photocycloaddition, cis-cisoid-cis- and cis-transoid-cis-
tricyclo[9.3.0.04»8]tetradecane-2,9-dione (1-A and 2-A) and cz5-a5o^-cz5-tricyclo[9.3.0.03»7]tetradecane-2,9-dione 
(3-A) were isomerized to trans isomers (1-B, 1-C, 2-B, 2-C, and 3-B) at ring junction under basic conditions. 
Their molecular structures except for 1-B were determined by X-ray crystallography. The eight-membered rings 
of these 5-8-5 fused ring compounds were found in various conformations, boat-chair, twist-boat (S4), chair, 
twist-boat-chair, and chair-chair forms. With regard to the conformations of their eight-membered rings the 
strain energies were calculated by MM2 and the predicted conformations were compared with those obtained by 
X-ray crystallography. 

T h e cyclooctane r i n g is so flexible tha t there are 
many possible conformations which are designated by 
their symmetry. A l though there have been a number 
of conformational studies on cyclooctane r ings, little is 
k n o w n abou t the conformat ion on the 5-8-5 fused r i ng 
systems which are found amongs t oph iobol ins of 
sesterterpenes1) and fusicoccin of diterpenes.2) In order 
to provide the conformat ional informat ion, we have 
synthesized 5-8-5 fused r ing compounds and deter­
mined the molecular structures. 

In the preceding paper3»4) we reported the syntheses 
of 5-8-5 fused r i ng c o m p o u n d s by photocycloaddi t ion 
and the molecular structures determined by X-ray 
crystallography. In this study several other cis-trans 
isomers at the r ing junc t ions were synthesized and the 
molecular structures were determined by X-ray crystal­
lography. Steric energies of these compounds were 
calculated by molecular mechanics (MM2 force field)5) 

and the most stable conformations of their eight-
membered r ings were compared wi th the results of X-
ray analyses. 

Results and Discussion 

T h e photoadducts , cis-cisoid-cis- and cis-transoid-cis-
tricyclo[9.3.0.04»8]tetradecane-2,9-dione (1-A and 2-A), 
and m-mozd!-a5-tricyclo[9.3.0.03 '7]tetradecane-2,9-di-
one (3-A) were synthesized by photochemica l cyclo­
addi t ion of bicyclo[4.3.0]nonane-2,4-dione to cyclo-
pentene,3 ) and their conformations were determined by 
X-ray crystallography,4 ) as described previously. 
A m o n g the possible four isomers, three isomers (1-A, 
2-A, and 3-A) were isolated and one isomer (4-A) could 
no t be detected. These compounds which have all eis 
configurat ion at r i ng junct ion , are isomerized to trans 
conf igurat ion under basic condit ions. T h e c o m p o u n d 

1-A was isomerized to two isomers 1-B and 1-C, and 
2-A also gave two isomers 2-B a n d 2-C. O n the other 
h a n d c o m p o u n d 3-A gave only one isomer 3-B,4) and 
3-C could no t be detected. Fur thermore 1-C and 2-C 
were also isomerized to 1-B a n d 2-B, respectively 
(Scheme 1). 

1 3 C N M R spectra of 1-C and 2-C show 14 peaks, 
cor responding to the 14 carbon atoms. However, 1-A, 
1-B, 2-A, 2-B, 3-A, and 3-B gave 1 3 C N M R spectra 

0 0 0 

H # H H # H H# H 
0 0 0 
( 1 - A ) ( 1 - B ) ( 1 - C ) 

cis-cisoid-cis trans-transoid-trans cis-cisoid-trans 

Scheme 1. 
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Fig. 1. Perspective views of the molecules 1-C, 2-B, 
and 2-C. 

consisting of only 7 peaks.6) Therefore the formers are 
expected to exist in unsymmetrical structures and the 
latters are considered to take symmetric conforma­
tions. Consequently, it was assumed that 1-B, 2-B, and 
3-B are all trans at ring junctions, while in 1-C and 2-C 
one of the ring junction is eis and the other is trans. 

The molecular structures of these compounds were 
determined by X-ray crystallography except for 1-B of 
which suitable crystals were not available. The 
molecular structure of 3-B was reported in a previous 
paper.4) Figure 1 shows perspective views of 1-C, 2-B, 
and 2-C. Figure 2 shows the side views of these 5-8-5 
fused ring compounds, 1-A, 1-C, 2-A, 2-B, 2-C, 3-A, 
and 3-B. The proposed cis-trans configurations of 
these compounds based on the 13C NMR spectra agreed 
with the results of X-ray analyses. The cis-trans 
isomerization of 1-A and 2-A proceeds in the following 
pathway, 1-A-+1-C-+1-B and 2-A-+2-C->2-B. In these 
5-8-5 fused ring compounds, trans-fused isomers are 
more stable than the cis-fused isomers, as observed for 
the 5-8 fused ring compounds.7) 

Cyclooctane,8) l,5-cyclooctanedione,9'10) and their 
simple derivativesn) were found to be predominantly 
in boat-chair (BC) form, which is the most stable con­
formation predicted by the molecular mechanics 
calculations.12_14) Previously we reported the molec­

ular structures of two monobromo derivatives of 5-8 
fused ring compounds and revealed that the eight-
membered rings also take BC forms.15) Since the strain 
energy difference between BC form and several other 
conformations is small, it has been expected that 
appropriately substituted derivatives of cyclooctane 
will possess conformations other than BC form. In 
this study, it was revealed that these 5-8-5 fused ring 
compounds actually exist in several different conform­
ations, boat-chair (BC), twist-boat (S4), chair (C), twist-
boat-chair (TBC), and chair-chair (CC) forms. 

The conformations of these compounds are shown 
in Table 1, and the observed (X-ray) and calculated 
(MM2) torsion angles for eight-membered rings in 
these compounds are compared in Table 1. The eight-
membered rings in 2-C and 3-A exist in familiar BC 
form (BC-3,7), as in 1,5-cyclooctanedione. In Table 1, 
the deviation parameter ABC proposed by Miller et 
al.10) is a measure of fit to the symmetrical BC 
conformation. Additionally, for the other conforma­
tions (C, S4, TBC, and CC) we defined deviation 
parameters,16) AC, AS4, ATBC, and ACC and evaluated 
them (Table 1). The ABC values obtained from X-ray 
study for 2-C and 3-A are 19.9 and 20.3°, respectively. 
These values are larger than that for 1,5-cyclooctane­
dione (2.6°) and those from MM2 calculation (6.7 and 
7.8°). The BC form of 2-C and 3-A in crystalline state 
may be strained by intermolecular interactions. 

In 2-B the eight-membered ring exists in chair (C) 
form as in 2-A which shows a typical C form, though 
the eight-membered ring of 2-B is somewhat twisted 
from C form. The AC values obtained from either 
X-ray study or MM2 for 2-B (19.5 and 22.6°) are larger 
than those for 2-A (2.5 and 2.9°). The position of 
five-membered ring fused to chair skeleton of eight-
membered ring in 2-B is different from that in 2-A as 
seen from Fig. 2. The observed torsion angles (X-ray) 
in 2-A and 2-B are in excellent agreement with the 
calculated values (MM2). 

The torsion angles of the eight-membered rings of 
1-A, 1-C, and 3-B which exist in conformations with 
S4, TBC, and CC forms, respectively, are also listed in 
Table 1. In these compounds the observed torsion 
angles are in fairly good agreement with the calculated 
values. 

The strain energies for the typical conformations of 
1,5-cyclooctanedione and the 5-8-5 fused ring com­
pounds were calculated. The former conformations 
and the strain energies were shown in Fig. 3 and those 
of the latter compounds were listed in Table 2. In 
Table 2, the strain energies of 5-8-5 fused ring 
compounds were calculated with the conformations 
corresponding to 1,5-cyclooctanedione with the lowest 
energy conformation, shown in Fig. 3. The strain 
energy for 1,5-cyclooctanedione indicates that BC-3,7 
form is more stable than BC-1,5 form. However, BC-
1,5 form was estimated as the most energetically 
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1-C 

o o 

HH 

HH 

3-A 
Fig. 2. The side views of the molecules 1-A, 1-C, 2-A, 2-B, 2-C, 3-A, and 3-B. 

favorable conformation for 3-B. Furthermore for 
cyclooctane and 1,5-cyclooctanedione the C form is 
unfavorable because of high strain energy, and the 
structure with the C conformation has not hitherto 
been reported. Nevertheless, C form for 2-A was 
calculated to be the lowest energy conformation and 
actually observed. 

Thus it has become apparent that the stable 
conformations of the eight-membered rings in 5-8-5 
fused ring compounds are different from that of 
cyclooctane or 1,5-cyclooctanedione. 

The observed conformations of 1-A, 1-C, and 2-A are 
consistent with the lowest energy. Therefore it may be 
assumed that their conformations in solution are for 
the most part the same as those in the solid state. On 
the other hand, for 2-B, 2-C, 3-A, and 3-B the con­
formations predicted by MM2 disagree with those 
obtained by X-ray analysis. The conformation of 1-B 
was not determined by X-ray analysis, but the MM2 
results show the CC form is the preferred conforma­
tion for the eight-membered ring in 1-B. The strain 
energies for the isomers, 4-A and 3-C which could not 
be detected, are also calculated and listed in Table 2. 

The strain energy of the observed conformation for 

1-A (S4 form) is larger than that for 1-C (TBC form), 
and for 3-A (BC form) it is larger than that for 3-B (CC 
form). These MM2 results are consistent with the 
above experimental results of isomerization under 
basic condition. However, for 2-A, 2-B, and 2-C the 
MM2 results disagree with the experimental results 
because the strain energy of the observed conformation 
for 2-A (C form) is smaller than those of 2-B (C form) 
or 2-C (BC form). Further investigation may be 
required with regard to these MM2 results.17) 

In *H and 13C NMR spectra,6) each carbon and 
proton was assigned on the basis of the two-
dimensional proton-proton (1H-1H) and carbon-
proton (13C-1H) correlation spectra. Table 3 shows the 
chemical shifts of the protons and carbons at ring 
junctions, which are a- and ^-positions of the 
carbonyl groups. In the *H NMR spectra of these 
compounds, the chemical shifts of the protons at ring 
junctions which are ^-positions of carbonyl group 
(Hß) appear in unusually low magnetic field. It seems 
to be attributed to the magnetic anisotropy of the 
carbonyl groups.18) The chemical shifts of the protons 
at ring junctions which are a- and ^-positions of 
carbonyl group (Ha and Hß) show an appreciable 



Table 1. Conformations and Torsion Angles (Calculated and Observed) for 8-Membered Rings 

Conformations 

Boat-chair (BC) 

Chair (C) 

Twist-boat (S4) 

Twist-boat-chair 
(TBC) 

Chair-chair (CC) 

Compounds 

Cyclooctane 
1,5-Cyclo-
octanedione 
3-A 

2-C 

Cyclooctane 
2-A 

2-B 

Cyclooctane 
1,5-Cyclo-
octanedione 
1-A 

Cyclooctane 
1,5-Cyclo-
octanedione 
1-C 

Cyclooctane 
1,5-Cyclo-
octanedione 
3-B 

a) The positions 

Calcdb> 
X-Rayc> 
MM2 
X-Rayd> 
MM2 
X-Ray 
MM2 

Calcdb> 
X-Rayd> 
MM2 
X-Ray 
MM2 

Calcdb> 
MM2 

X-Rayd> 
MM2 

Calcdb> 
MM2 

X-Ray 
MM2 

Calcdb> 
MM2 

X-rayd> 
MM2 

COla) 

65.0 
62.8 
60.3 
68.4 
59.3 
71.1 
61.4 

119.9 
125.3 
122.9 
114.1 
112.0 

64.9 
69.7 

74.5 
77.1 

88.0 
93.4 

-78.4 
-81.9 

66.0 
70.8 

66.4 
75.0 

of the torsion angles 

C(ll)-C(l)-C(2)-C(3) 
C(l)-C(2)-C(3)-C(4) 
C(2)-C(3)-C(4)-C(8) 
C(3)-C(4)-C(8)-C(9) 
C(4)-C(8)-C(9)-C(10) 
C(8)-C(9)-C(10)-C(ll) 
C(9)-C(10)-C(ll)-C(l) 
C(10)-C(ll)-C(l)-C(2) 

1-A 

(Ol 

(08 

(07 

(06 

(05 

(04 

(03 

(02 

(OI-8 

1-C 

(05 

(04 

(03 

(02 

(Ol 

(08 

(07 

(06 

(02a) 

44.7 
47.5 
50.3 
31.3 
48.0 
29.0 
42.4 

-76.2 
-77.7 
-77.1 
-87.9 
-89.3 

37.6 
37.7 

26.8 
24.3 

-93.2 
-84.9 

80.2 
94.0 

-105.2 
-105.9 

-100.7 
-100.3 

Torsion angles/0 

(03a) (04a) (05a) 

-102.2 
-107.5 
-108.2 
-102.2 
-106.0 
-100.3 
-104.9 

0.0 
3.5 
5.4 

16.0 
18.3 

-64.9 
-59.9 

-67.4 
-62.9 

51.9 
48.7 

-67.4 
-68.2 

105.2 
104.4 

108.7 
102.4 

are shown below. 

2-A 

(08 

(Ol 

(02 

(03 

(O4 

(05 

(06 

(O7 

2-B 

(06 

(07 

(08 

(Ol 

(02 

(03 

(04 

(05 

65.0 
69.2 
65.1 
62.0 
56.1 
70.3 
69.4 

76.2 
76.3 
76.2 
65.0 
61.8 

-37.6 
-45.1 

-33.4 
-35.8 

44.8 
48.1 

-25.5 
-20.0 

-66.0 
-69.7 

-75.4 
-75.4 

2-C 

(07 

(06 

(05 

(04 

(03 

(02 ' 

(01 ' 

(08 

-65.0 
-67.3 
-65.3 
-48.8 
-50.8 
-61.9 
-66.3 

-119.9 
-125.3 
-123.5 
-114.1 
-112.1 

64.9 
69.7 

74.5 
77.1 

-115.6 
-120.3 

100.8 
108.2 

66.0 
70.8 

71.2 
73.3 

(06
a) 

102.2 
105.0 
108.1 
104.3 
103.4 
110.0 
109.1 

76.2 
77.7 
76.3 
87.9 
89.0 

37.6 
37.7 

26.8 
24.3 

44.8 
44.8 

-40.5 
-53.5 

-105.2 
-105.9 

-98.8 
-96.6 

C(ll)-C(l)-C(2)-C(3) 
C(l)-C(2)-C(3)-C(7) 
C(2)-C(3)-C(7)-C(8) 
C(3)-C(7)-C(8)-C(9) 
C(7)-C(8)-C(9)-C(10) 
C(8)-C(9)-C(10)-C(ll) 
C(9)-C(10)-C(i: l)-C(l) 
C(10)-C(ll)-C(l)-C(2) 

(O-fi 

-44.7 
-50.1 
-49.5 
-72.6 
-60.1 
-66.5 
-57.4 

0.0 
-3 .5 
-3 .7 

-16.0 
-17.6 

-64.9 
-59.9 

-67.4 
-62.9 

51.9 
48.9 

-61.3 
-54.0 

105.2 
104.4 

103.8 
99.6 

3-A 

(06 

(07 

(08 

(Ol 

(02 

(03 

(O4 

(05 

3-B 

(07 

(06 

(05 

(04 

(03 

(02 

(Ol 

(08 

(08a) 

-65.0 
-59.6 
-60.8 
-43.9 
-52.4 
-47.1 
-52.7 

-76.2 
-76.3 
-77.1 
-65.0 
-62.1 

-37.6 
-45.1 

-33.4 
-35.7 

-93.2 
-103.1 

105.9 
92.1 

-66.0 
-69.7 

-73.2 
-77.4 

Deviation 
parameters/0 

ABCe>= 0.0 
ABCe>= 2.6 
ABCe>= 0.4 
ABCe>=20.3 
ABCe>= 6.7 
ABCe>=19.9 
ABCe>= 7.8 

ACf>= 0.0 
ACf>= 2.5 
ACf>= 2.9 
ACf>=19.5 
ACf>=22.6 

AS4
g>= 0.0 

AS4
g>= 8.6 

AS4
g>= 6.9 

AS4
g>=12.8 

ATBCh>= 0.0 
ATBCh>= 7.2 

ATBCh>=15.6 
ATBCh>=16.5 

ACC>=0.0 
A C C ^ l . 3 

ACC>=6.0 
ACC>=2.8 

^D 
^D 2 
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b) Ref. 12. c) Ref. 9. d) Ref. 4. e) ABC=(\(oi+(08\ + \(o2+(07\ + \(03+(06\ + \«>4+«>5\ )/4. f) AC=(|coi+w5 | + | CÜ2+W4| + |CÜ6+ 
0)8|+|a)3| + |a)7 | ) /4 . g) AS4=(\(oi+(03+(05+(07\ + \(02+(04+(06+(08\)/4. h) A T B C = ( | C Ü 2 - C Ü 8 | + |CÜ3-CÜ7| + | C Ü 4 - C Ü 6 | ) / 3 . i) ACC= 

| (Ol~\-(081 + | (02~\-(071 + | (03+(06 \ + | C04+Ö>51 ) / 4 . 
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difference between eis- and trans-junctions. T h e 
protons of cis-j unc t ion appear comparatively at lower 

^ VA„ 
( BC-3,7 ) 

13 .17 

S& 

( TBC-1,5 ) 
14 .04 

( TCC-1,5 ) 
1 4 . 4 3 

( CC-3,7 ) 
1 4 . 6 1 

O O 

15 .73 

o<>o 
( TC-3,7 ) 

17 .98 

( C-1 ,5 ) 
1 8 . 5 

( BC-1,5 ) 
1 5 . 3 1 

( TBC-2,6 ) 
16 .19 

( TCC-2,6 ) 
1 6 . 5 

( CC-1,5 ) 
17 

^ - < * > > -
( S 4 - 2 , 6 ) 

18 .60 

( TC-1,5 ) 
2 0 . 9 

la 
( C-2,6 ) 

1 9 . 5 

( BC-2,6 ) 
14 .96 

\J^ W v^ 
( CC-2,6 ) 

15 .8 

<?<>*> 
( TC-2,6 ) 

18 .20 

Fig. 3. Conformations and total energies of 1,5-cyclo-
octanedione by MM2. (kcal mol -1). 1 kcal mol- 1 ^ 
4.184 kj mol"1. 

magnet ic field than those of trans-j unct ion. O n the 
contrary to the chemical shifts of protons , the chemi­
cal shifts of t rans- junct ion carbons appear at lower 
magnet ic field than those of cis-j unc t ion carbons. 

T h e 5-8-5 fused r ing c o m p o u n d s exist in various 
conformations: BC, S4, TBC, CC, and C forms as 
shown in Fig. 2. T h e variety of the conformations may 
be the result from the reduced flexibility of the eight-
membered r ings by the r igid five-membered r ings 
fused to the eight-membered r ing at two sites. 

Experimental 

Melting points are uncorrected. The *H and 13C NMR 
spectra were recorded on a Varian XL-400 (400-MHz) 
spectrometer in CDCb with TMS as the internal standard. 
The IR spectra were recorded using JASCO IR-G spectro­
meter. The mass spectra were obtained with a Hitachi M-
80B mass spectrometer. The GC-analyses were carried out 
on a 263-50 Hitachi gas chromatography. Column 
chromatography was carried out with silica gel (Wakogel 
C-300). 

Isomerization of 1-A to 1-B and 1-C. The compound 1-
A3) (0.3 g) was dissolved in a solution of potassium hydrox-
ide(2 g)-water(10ml)-ethanol (40 ml) and the solution was 
allowed to stand for 3 days at room temperature. The 
reaction mixture was neutralized with 1 M hydrochloric 
acid (1 M=l moldm - 3 ) and extracted with ether. The 
ethereal extract was washed with water and dried over sodium 
sulfate. Removal of the solvent under reduced pressure and 
the residue was subjected to silica-gel column chromatog­
raphy. Elution with hexane-ether (2:1) gave trans-transoid-
£rans-tricyclo[9.3.0.04»8]tetradecane-2,9-dione (1-B) (143 mg) 
and crude a'5-a5O^-^ran5-tricyclo[9.3.0.04'8]tetradecane-2,9-
dione (1-C) which was further purified by column chromatog­
raphy. (62 mg). In a GC-analysis of the reaction mixture, 
the ratio of 1-B and 1-C was approximately 1.8:1. 

1-B: Mp 123—124 °C; IR (Nujol) 1690 cm"* (C-O); MS 
m/z (rel intensity) 220 (M+, 25), 192 (14), 178 (8), 165 (33), 153 
(23), 152 (15), 137 (33), 124 (72), 111 (28), 95 (100, base), 83 
(32), 81 (25), 67 (72), 55 (33), 41 (29). HRMS; Found: m/z 
220.1459. Calcd for C14H20O2: M, 220.1464. *H and 
13C NMR; (Ref. 6). 

1-C: Mp 94—96 °C; IR (Nujol) 1700 and 1680 cm"1 

(C-O); MS m/z (rel intensity) 220 (M+, 71), 192 (8), 178 (13), 
165 (50), 153 (57), 152 (27), 137 (39), 124 (100, base), 111 (33), 

Table 2. Total Energies of 1-A, 1-B, 1-C, 2-A, 2-B, 2-C, 3-A, 3-B, 3-C, and 4-A/kcal mol~ia) (by MM2) 

Conformations 

BC 

TBC 

TCC 
CC 
S4 
TC 
C 

1-A 

36.40 

36.47 

39.1 
38.44 
33.40b> 
37.61 
36.78 

1-B 

_ e ) 

35.63 

33.76 
32.04 
37.28 

— 
— 

1-C 

36.13 
(33.50)c> 
32.8b> 

(31.95)d> 
36.34 
37.8 
37.92 
37.6 

— 

2-A 

38.07 

34.60 

38.88 
36.56 
44.21 
46.9 
32.54b> 

2-B 

33.77 

32.76 

— 
— 
— 
— 

34.12b> 

2-C 

34.00b> 
(32.84)d> 
35.82 

36.34 
— 
— 
— 

43 

3-A 

36.25b> 

34.70 
(34.05) 
40.92 
40.62 
35.79 
38.5 

— 

3-B 

(31.45)c> 

34 

— 
34.31b> 
40.0 
45.42 

— 

3-C 

— 

34.71 

37.41 
38 
37.23 
39.95 
37.83 

4-A 

37.43 

36.92 

41.7 
41.10 
39,3 
38.1 
38.01 

a) 1 kcal mol-1=4.184 kj mol -1, b) Observed conformation in crystals, c) BC-1,5 form, d) Asymmetric form, e) No 
energy minimum around the starting conformation. 
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Table 3. Chemical Shifts of 1H and 13C NMR at Ring Junctions 
(a- and ^-Positions of Car bony 1 Groups) 

C o m p o u n d s 

(cis/cis) 

1-A 
2-A 
3-A 

Chemical shifts (<5/ppm) 

a-Posi t ion 

13C *H 
(Ha) 

52.48 
55.25 
54.80 

3.33 
3.10 
3.07 

ß-Posit ion 

13C *H 
(H,) 

36.84 
40.41 
42.78 

3.09 
2.91 
2.62 

C o m p o u n d s 
( trans/ trans) 

I B 
2-B 
3-B 

Chemical shifts (<5/ppm) 

a-Posi t ion 

13C 

57.34 
56.75 
59.04 

(H«) 

3.00 
2.58 
2.77 

ß-Posi t ion 

13C *H 
(H,) 

47.86 2.13 
42.04 2.35 
46.50 2.16 

1-A, 1-B 

2-A, 2-B 

Table 4. Crystal Data, Experimental Conditions and Refinement Details 

Cell constants, a (Â) 
b 
c 

ß ( ° ) 
v (A3) 

Space g r o u p 
Z 
Size of s p e c i m e n / m m 3 

Range of h, k, and I 

Number of reflections measured 
Number of reflections observed 
[ | F . | > 3 o ( | F . | ) ] 
Transmiss ion factor, A 
Number of u n i q u e reflections 
Final R value 
(A/a)m a x for nonhydrogen a toms 
Ap/e Â"3) 

1-C 

10.448(2) 
21.554(4) 

5.398(1) 
90 

1214.5(5) 
P2i2i2i 

4 
0.25X0.25X0.50 
0 ^ / i ^ l 2 
0^k ^ 2 5 
0^1 ^ 6 

1279 
746 

0.975—0.987 
746 

0.054 
0.27 

- 0 . 1 7 , 0.14 

2-B 

11.754(3) 
5.457(2) 

10.394(3) 
115.16(2) 
603.4(3) 
P 2 i / n 

2 
0.50X0.20X0.30 

- 1 5 ^ / i ^ l 5 
0^k^ 7 

- 1 3 ^ / ^ 1 3 
2767 
1135 

0.978—0.986 
605 

0.057 
0.17 

- 0 . 1 9 , 0.36 

2-C 

18.895(3) 
5.505(1) 

12.125(2) 
107.61(1) 

1202.1(3) 
P2 i / a 

4 
0.10X0.50X0.60 

-20^h ^ 2 0 
-5^k^ 0 

0^1 ^ 1 3 
1648 
1058 

0.967—0.993 
1006 

0.039 
0.21 

- 0 . 1 3 , 0.15 

95 (85), 83 (50), 81 (33), 67 (99), 55 (48), 41 (29). HRMS; 
Found: m/z 220.1453. *H and 13C NMR; (Ref. 6). 

Isomerization of 2-A to 2-B and 2-C. The compound 2-
A3) (0.2 g) was dissolved in a solution of potassum hydroxide 
(0.1 g)-ethanol(40ml)-water(10ml) and the solution was 
stirred for 1 h at room temperature. A similar work-up as 
mentioned above gave trans-cisoid-trans-tricyc\o[9.3.0.04*8]-
tetradecane-2,9-dione (2-B) (91 mg) and cis-transoid-trans-
tricyclo[9.3.0.04«8]tetradecane-2,9-dione (2-C) (23 mg). The 
ratio 2-A, 2-B, and 2-C was 1:3.2:1 by GC-analysis. 

2-B: Mp 118—119 °C; IR (Nujol) 1688 cm"1 (C-O); MS 
m/z (rel intensity) 220 (M+, 15), 192 (10), 178 (7), 165 (24), 153 
(23), 152 (14), 137 (29), 124 (64), 111 (28), 95 (88), 83 (47), 81 
(31), 67 (100, base), 55 (72), 41 (78). HRMS; Found: m/z 
220.1468. Calcd for C14H20O2: M, 220.1464. *H and 
13C NMR; (Ref. 6). 

2-C: Mp 122—124 °C; IR (Nujol) 1685 and 1675 (sh) 

cm"1 (C=0); MS m/z (rel intensity) 220 (M+, 18), 192 (5), 178 
(4), 165 (18), 153 (21), 152 (10), 137 (19), 124 (52), 111 (22), 95 
(62), 83 (35), 81 (29), 67 (100, base), 55 (60), 41 (78). HRMS; 
Found: m/z 220.1471. *H and 13C NMR; (Ref. 6). 

Isomerization of 1-C (or 2-C) to 1-B (or 2-B). The pure 
1-C (or 2-C) (0.1 g) was dissolved in a solution of KOH 
(0.5 g)-EtOH(10 ml)-H20(3 ml) and the solution was allowed 
to stand for 24 h at room temperature. In a GC-analysis of 
the reaction mixture, the ratio of 1-B and 1-C was 2:1. (The 
ratio of 2-B and 2-C was 1:0.03) 

Isomerization of 3-A to 3-B. The compound 3-A3) (0.2 g) 
was dissolved in a solution of KOH (1 g)-EtOH (20 ml)-H 2 0 
(5 ml) and the solution was allowed to stand for 2 days at 
room temperature. TLC (silica gel) analysis of the reaction 
mixture showes only one isomerization product. A similar 
work-up as mentioned above gave trans-cisoid-trans-tricyclo-
[9.3.0.03«7]tetradecane-2,9-dione (3-B) (162 mg): Mp 120— 
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Table 5. Fractional Coordinates (X104) and 
Equivalent Thermal Parameters (X10)a) 

Atom x y z £eq/Â2X10 

a) Ref. 23. 

121 °C; IR (Nujol) 1688 and 1705 (sh) cm"* (OO) ; MS m/z 
(rel intensity) 220 (M+, 4), 153 (14), 152 (25), 124 (100, base), 
109 (7), 95 (93), 81 (55), 67 (97), 55 (40), 41 (77). HRMS; 
Found: m/z 220.1470. *H and 13CNMR; (Ref. 6). 

Crystal Structure Determination. The molecular struc­
tures of 1-C, 2-B, and 2-C were determined by X-ray 
diffraction method. The chemical formula is C14H20O2 with 
formula weight 220.3. Dx 's are 1.21 —1.22 Mgm" 3 and fi 
(Mo Kays are 0.073—0.074 mm"1. Crystal data and exper­
imental conditions are listed in Table 4. X-ray intensity 
measurements were performed on a Rigaku AFC-5 four-
circle diffractometer with M o ^ a radiation (A=0.71073Â) 
monochromatized by a graphite plate. Five standard 
reflections showed no significant variation. Absorption 

correction was applied. The space group was uniquely 
determined from the Laue group and systematic absences. 
The structures were solved by a direct method with 
MULTAN 78,19) and refined by block-diagonal least-squares 
with anisotropic thermal parameters for non-hydrogen 
atoms using UNICSIII computation program system.20) 

Scattering factors were taken from International Tables for 
X-Ray Crystallography.21) The numbers of H atoms located 
by difference synthesis were 14 among 20, 6 among 10, and 18 
among 20 for 1-C, 2-B, and 2-C, respectively. Positions of 
other H atoms were calculated and refined with isotropic 
thermal parameters. Final atomic parameters are listed in 
Table 5.22) The molecule 2-B has a center of symmetry. 
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General and Highly Efficient Syntheses of m-Fluoro Arènes 
Using Potassium Fluoride-Exchange Method1* 

Hiroshi SUZUKI, Naoto YAZAWA, Yasuo YOSHIDA, Osamu FURUSAWA, and Yoshikazu KIMURA* 
Research and Development Department, Ihara Chemical Industry Co., Ltd., 

Fujikawa-cho, Ihara-gun, Shizuoka 421-33 
(Received February 22, 1990) 

Tetraphenylphosphonium bromide was found to be a suitable catalyst for the reaction of m-nitroaryl 
derivatives carrying cyano, nitro, chlorocarbonyl, trifluoromethyl, and chlorosulfonyl groups with potassium 
fluoride in the presence of a stoichiometric amount of phthaloyl dichloride, giving the corresponding m-fluoro 
aromatic derivatives in good yields. The catalyst was also found to be efficient for the fluorodesulfonylation of 
m-(fluorosulfonyl)aryl derivatives to afford m-fluoro arènes by the use of a reaction-distillation technique. 

Fluorine-containing aromatic compounds are of 
current interest because of their unique chemical and 
biological properties in agricultural and pharmaceuti­
cal research areas.2) Although a number of methods 
for the introduction of fluorine into organic molecules 
have been developed and successfully utilized for the 
synthesis of fluoro aromatic compounds,3) halogen-
exchange reactions of the corresponding chloro 
aromatic compounds by potassium fluoride (KF) seem 
to be one of the most practical and useful methods.4) 

This method is, in general, useful for chlorine placed 
at ortho- and/or para-positions to electron-withdraw­
ing groups such as NO2, CN, CF3, and COC1, giving o-
and/or p-fluoro aromatic derivatives in fairly good 
yields. However, the limitation of this method is that 
the reaction of m-chloro aromatic compounds without 
any other substituent as activating chlorine with KF 
gave poor results. For example, Ishikawa reported 
that a reaction of l-chloro-3-nitrobenzene (li) with KF 
in dimethyl sulfoxide (DMSO) did not afford 1-fluoro-
3-nitrobenzene (2a) at 190 °C.5) 

Although numerous attempts to enhance the nucleo-
philicity of fluoride ion on halogen-exchange reac­
tions have been made for the syntheses of fluoro 
aromatic compounds (spray-dried KF,6) freeze-dried 
KF,7> KF/18-crown-6 complex,® KF/CaF2,

9) AgF/CaF2,
10) 

Ph4PHF2,n) Ph4PBr/KF,12> Ph4PBr/18-crown-6/KF,13> 
PEG/KF,14> Ph4PBr/PEG/KF,15> polystyrene-support­
ed pyridinium salt/KF16)), efficient methods for the 
preparation of m-fluoro aromatic compounds by KF-
exchange are quite few. Kumai and co-workers17) 

recently reported in a patent that 3-fluorobenzonitrile 
(2b) was obtained from 3-chlorobenzonitrile in 31% 
GLC yield by a halogen-exchange reaction in the 
presence of l-(2,2-dimethylpropyl)-4-(dimethylamino)-
pyridinium chloride18) as a catalyst. A direct replace­
ment of m-substituted aryl chloride to m-substituted 
aryl fluoride by halogen-exchange seems to be very 
difficult. 

However, a leaving group displaced by fluoride ion 
is not always only chloride with the aim of prepara­
tion of fluoro arènes. Actually, several successful 
results were reported for the preparation of o- and/or 

p-fluoro arènes by fluorodenitrations.19) For the 
preparation of m-fluoro aromatic compounds, the use 
of fluorodenitrations20_22) and fluorodesulfonylations23) 

have also been reported. However, these reactions do 
not generally seem to be applicable to the large scale 
preparation of m-fluoro arènes, due to the rather low 
yields, the long reaction time taken even in polar 
solvents at elevated temperatures, and the limitation 
of the applicable compounds. 

We have now found that tetraphenylphosphonium 
bromide (Ph4PBr) is a quite promising catalyst for this 
purpose, and that a number of m-nitro- and m-
fluorosulfonyl aromatic compounds carrying such 
functional groups as NO2, CN, COC1, and CF3 can 
readily be converted to the corresponding m-fluoro 
arènes in good yields.1* This report deals with the 
details of these findings. 

Results and Discussion 

Fluorodenitrations. In order to compare the cat­
alytic efficiency for fluorodenitration, we chose the 
conversion of 3-nitrobenzonitrile (lb) to 2b (Eq. 1). 
This nitro derivative has a reasonable tendency to 
undergo substitution and produces a single fluoro 
aromatic product. 

CN CN 

( S + KF (Ql, +KN02 (1) 
N 0 2 

lb 2b 

In the absence of a catalyst, a tetrahydrothiophene 
1,1-dioxide (sulfolane) solution of lb afforded no 
detectable 2b after vigorous stirring with spray-dried 
KF (2 equiv) for 5 h at 210 °C. In the presence of 0.1 
equiv of Ph4PBr, a 10% yield of 2b was obtained with a 
33% conversion of lb. Surprisingly, when phthaloyl 
dichloride (PDC) (1 equiv) was employed, 2b was 
produced in an 86% isolated yield, in which case 
phthalic anhydride was obtained in an almost 
quantitative yield. Table 1 lists the observed results in 
the presence or absence of Ph4PBr and PDC. As 2 
equiv of KF was consumed to react with PDC (PDC 
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Table 1. Reaction of 3-Nitrobenzonkrile (lb) with Spray-Dried Potassium Fluoride in the 
Presence or Absence of Tetraphenylphosphonium Bromide and Phthaloyl Dichloridea) 

KF Ph4PBr PDC Reaction time/h Conv. of lb Yield of 2b 
Run 

equiv equiv equiv At 150°C then 210°C % % 

1 2.0 0 0 0 5 0 0 
2 2.0 0.1 0 2 3 33 10b> 
3 2.2 0.1 1.0 2 4 30 23 
4 4.0 0.1 1.0 2 2 98 86 

a) See experimental part, b) Accompanied by 21% of bis(3-cyanophenyl) ether. 

Table 2. Efficiency of Tetraphenylphosphonium Bromide as Catalyst 

KF Catalyst PDC Reaction time/h Conv. of lb Yield of 2ba> 
Run 

equiv 0.1 equiv equiv At 150° C then 210° C % % 

1 4.0 no 1.0 2 4 6 6 
2 the resulting mixture of run n 4 Qß 

1 plus 0.1 equiv of Ph4PBr ^ y ö ö l 

3 4.0 Me4NCl 1.0 2 8 29 12 

a) Yields were determined by GLC. 

was converted to ph tha loy l difluoride (PDF)) before 
f luorodeni t ra t ion of l b , excess of KF is necessary on 
the reaction. W h e n a sl ight excess of KF was 
employed, the react ion did not proceed smoothly. 
Rega rd ing the s tandard procedure, 4 equiv of KF and 
1 equiv of P D C were employed (Table 1, R u n 4). 

In order to confirm the efficacy of PruPBr on the 
reaction, similar treatments were carried ou t again. 
T h u s , a mixture of l b (1 equiv), KF (4 equiv), and P D C 
(1 equiv) was heated. As expected, bo th the conversion 
and the yield were only 6% (Table 2, R u n 1). T o the 
mix ture was added 0.1 equiv of PruPBr; the resul t ing 
mix ture was further stirred at 210 ° C for 4.5 h. Analy­
sis of the organic layer revealed an 81% yield of 2b 
(Table 2, R u n 2). W h e n t e t r ame thy lammonium 
chlor ide (Me4NCl)19a) was used as a catalyst instead of 
Ph 4 PBr, only a 12% yield of 2b was obta ined after 10 h. 

T h e precise react ion mechanism of the novel 
catalytic reaction is presently obscure. However, we 
have already observed that the react ion of l b wi th KF 
in the presence of PruPBr plus P D C produced 2b 
exclusively. We presumed that PruPBr accelerates Eq. 
(a) in Scheme 1.1 to enhance the nucleophi l ic i ty of 
fluoride ion.12»13) T h e role of P D C m i g h t be a 
t r app ing agent of po tass ium nitri te (KNO2) a n d / o r 
d ipotass ium oxide (K2O) generated from thermal 
decomposi t ion of KNO2 at 210 0C.1 9 a-2 4 ) In the absence 
of PDC, the generat ion of a b rown gas (presumably 
n i t rogen dioxide) was observed; the resul t ing mix ture 
was very messy to produce h igh bo i l ing or tarry 
materials which m i g h t be derived from KNO2 or K2O. 
T h e m a i n by-product was identified as bis(3-cyano-
phenyl) ether (Ar2Ü) which migh t be derived from a 
nuc leophi l i c attack of K2O to 2b. Analysis of the 
resul t ing mix ture of the exper iment in Tab l e 1, R u n 2, 
revealed the produc t ion of Ar2Û in a 21% yield. 

Table 3. Fluorodenitration of 1,3-Dinitrobenzene 
(la) under Various Conditions^ 

Run 

1 
2 
3 
4 
5 

KF 

equiv 

1.2 
2.2 
2.2 
2.2 
3.2 

PDC 

equiv 

0 
0 
0.5 
1.0 
1.0 

Conv. 

% 

29 
29 
61 
29 
95 

Yield of 2ab> 

% 

16 
20 
45 
26 
93 

a) Ph4PBr (0.1 equiv) was used. All reactions were 
performed at 150°C for 2 h then at 180°C for 2 h. 
b) GLC analysis using internal standard technique. 

In order to further examine the effect of PDC, several 
control exper iments were carried out , as shown in 
Tab le 3. T h e f luorinat ion reaction, consequently, 
proceeded smoothly in the presence of 3 equiv of KF 
and 1 equiv of P D C (Table 3, R u n 5). In this case, 
ph tha l i c anhydr ide was produced in quant i ta t ive 
yield, confirmed by GC-MS (m/z 148). Consider ing 
these facts, this reaction has been best explained as 
shown in Scheme 1.1. Stoichiometrically, 2 equiv of 
KF should be reasonably used. However, one more 
excess of KF was required for the comple t ion of the 
reaction (Table 3, R u n s 4 a n d 5). We are tentatively 
t h ink ing that the " K F " regenerated in Eq. (c) does no t 
have any f luor inat ion ability.25) 

We first considered a p a t h inc lud ing the thermal 
decomposi t ion of KNO2 (Scheme 1.2). However, it 
does no t seem to be reasonable from the results of the 
control exper iments ment ioned above. T h e reaction 
did not come to complet ion in the presence of 2 equiv 
of KF and 0.5 equiv of P D C (Table 3, R u n 3). In the 
case of absence of PDC, the p a t h shown in Scheme 2.1 
could be reasonable. 
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( i n t h e P r e s e n c e of PDC ) 

r z ± ArF + KN0o ArN0 2 + KF 

Q c o c l
 + 

CtoF + 

ce 

2KF 
*C0F 

* " ^ C O F + 2 K C 1 

KN0o - <X ,X:O-O-N=O 

!OF "KF" 

/CO-0-N=0 

OF 
^ c o x 

CC<C FNO 

( a ) 

(b) 

( c ) 

(d) 

ArN02 + 3KF + (Q^° C 1 ^ ArF + Q C ^ O + 2KC1 + "KF" + FNO^ 

ArN0o + KF 
2 —« 

1/2 ^coci 

Scheme 1.1. 

ArF + KNO^ 

KF 
1/2 f*[C0F 

' COF Û  KCl 

KNOn -3- 1/2 K20 + 1/2 N 20 3 (NO + N02) 

i2 ^ r C 0 F
 + 1/2 K 0 O — 1/2 f*rœ^ 

IA COF CO JO + "KF" 

ArN0 2 + 1/2 ff C0C1 

C0C1 

r r< vco v 
+ 2KF s- ArF + 1/2 I I ^ L Ç Q ' 0 + K C 1 + " K F " 

+ 1/2 N 2 0 3 î 

Scheme 1.2. 

(In the Absence of PDC) 

ArN02 + KF ̂ = ^ ArF + KN02 

KN0 2 ^ l / 2 K 2 0 + l / 2 N 2 0 3 

1/2 ArF+ 1/2K20 > l /2ArOK+ 1/2KF 
l / 2 A r O K + l / 2 A r F >Ar20 + l /2KF 

Scheme 2.1. 

T h e synthetic uti l i ty of the explored fluorodenitra-
t ion is further demonstra ted in Tab le 4 by the 
successful f luor ina t ion of a series of a romat ic com­
p o u n d s carrying cyano, n i t ro , t r i f luoromethyl , chloro-
carbonyl, and chlorosulfonyl groups . Monosubst i tut -
ed m-nitrobenzene derivatives such as l a and l b could 
be readily converted to m-fluoro derivatives (2a and 2b) 
in excellent yields. In the case of Id and le , the yield of 
products 2d and 2e w o u l d be depressed, since 2d and 
2e, themselves, may be employed as a par t of the 
t r app ing agents for KNO2 or K2O, even in the presence 
of PDC. In the case of l g , p roduc t 2g is a very volatile 
c o m p o u n d , so that a considerable a m o u n t of 2g may 
be u n c a u g h t du r ing the f luorinat ion reaction. 

Fluorodesulfonylations. T h e au thors have ex­
plored an efficient synthesis of m-fluoro aromatic 
compounds in which the f luorodenitrat ions catalyzed 

by PruPBr constitutes the key reaction. Al though we 
succeeded in p repar ing several m-fluoro aromat ic 
congeners which have been difficult to easily prepare 
by employ ing the developed catalytic reaction, a m u c h 
more efficient and practical synthesis of m-fluoro 
arènes is h igh ly desirable because: (i) the requi rement 
of a s toichiometric a m o u n t of PDC, which is fairly 
expensive for an industr ia l use, as a t r app ing agent for 
KNO2 or K2O, (ii) the requ i rement of a large excess of 
KF, because P D C consumes 2 equiv of KF to give PDF, 
and (iii) the feasibility of the explosion of the s tar t ing 
ni t ro compounds in f luorodenitrat ions. 

We next a t tempted to use the fluorosulfonyl g r o u p 
as a leaving g r o u p replaced by fluoride ion. T h e so-
called fluorodesulfonylations are known,2 3 ) t h o u g h 
their use in the synthesis of m-fluoro arènes, except for 
1,3-benzenedisulfonyl derivatives, has barely been 
explored. O u r research interest is in the development 
of general synthetic scheme for m-fluoro arènes by the 
use of fluorodesulfonylations. 

First of all , in order to evaluate the reported 
fluorodesulfonylation method, which could afford the 
desired 3-fluorobenzenesulfonyl fluoride (5a) in 45% 
yield, the reaction of 1,3-benzenedisulfonyl difluoride 
(4a)26,27) w i t h 2.2 equiv of KF in sulfolane at 240 ° C 
was re-examined (Eq. 2). After 5 h, G L C analysis of 
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Table 4. Fluorodenitrations Catalyzed by Tetraphenylphosphonium Bromidea) 

Substrate 
KF Tempb> Timeb> Yieldc> 

equiv °C h 

3 

2.5 

2 

8.5 

8 

3 

8 

6 

5.5 

riouuc 

£>°2 

FO c N 

Fp™ 

F P ^ O P 

F0-SO2P 

0- F 

°2N 

F
F O _ C F 3 

P" C F 3 

P ^ > ° 2 

£> c l 

A 

2a 

2b 

2c 

2d 

2e 

3e 

2f 

2g 

2h 

3h 

2i 

Bp/° C/mmHg Reported 
or Mp/°C constant Ref. 

< > N 0 2 
°2^ 

o2i>N 

0 ^ 

o2P-o c l 

o„P*°2cl 

la 

lb 

lc 

Id 

le 

o £ > * 3 If 

>-NO„ 
lh 

o ^ C 1 " 

180 

210 

180 

210 

210 

200 

210 

190 

220 

C>C N « 
°2N 

O"C H 0 ik 
°2N 

/=^C 1 

02N-^- / X1 

5 

4 

6 

220 

210 

180 

8 

5 

3 

F£>CN 2j 

F£>CH0 2k 

F - 0 ~ CN 21 

89 

86 

65 

61 

57 

7J> 

56k> 

53k> 

46 

3J> 

27» 

2a 16» 

25 

7j> 

0 

78—80/15 

81—84/30 

51—53 

56—60/30 

78—82/20 

80—85/15 

87—92/30 

205/760 

52-54 

g) 

205/760 

33—35 

d) 

182.6/753 e) 

h) 

78—80/20 i) 

95—98/760 105/760 1) 

100—103/760 101/760 m) 

76—80/11 n) 

127.6/760 o) 

d) 

a) See experimental part, b) Reaction was performed at 150°C for 2 h then at appropriate temperature, c) Isolated 
yield and all samples gave satisfactory IR, NMR, and mass spectra, d) E. D. Bergmann, S. Berkovic, and R. Ikan, 
/ . Am. Chem. Soc, 78, 6037 (1956). e) Ref. 32. f) The Aldrich Fine Chemical Catalog Handbook, p. 539 (1988). g) This 
sample was identified as diethylamino derivative by comparison with the authentic sample which was prepared from 
3-fluorobenzoyl chloride. Hydrolysis of 2d gave 3-fluorobenzoic acid, mp 125 °C (mp 125 °C in Ref. h), h) J. Frederick, 
J. Dippy, and R. H. Lewis, / . Chem, Soc, 1936, 644. i) Ref. 23. j) Yield was determined by GLC. Compounds were 
identified by GC-MS. k) Use of reaction-distillation technique, i) W. J. Feast, W. K. R. Musgrave, and R. G. Weston, 
/ . Chem. Soc, C, 1971, 1547. m) L. V. Cherry, M. E. Hobbs, and H. A. Strobel,/. Phys. Chem., 61, 465 (1957). n) Ref. 20. 
o) H. S. Booth, H. M. Elsey, and P. E. Burchfield, / . Am. Chem. Soc, 57, 2064 (1935). 

the reaction mix ture revealed a complete disappea- Direct dist i l lat ion of the reaction mixture gave 5a in 
ranee of 4a. 44% yield, wh ich is very close to that reported.23) Wi th 

^=>^
 KF a sole isolated product , 5a, a large a m o u n t of a tarry 

\_ps02F *~ \J~S02F (2) mater ia l was produced together. Wi th the a im to 
J2S F improve the yield of 5a a long wi th a decrease of tarry 

4 a 5a materials , the use of Ph 4 PBr a n d / o r P D C was 

F0 o S 
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Table 5. Reaction of 1,3-Benzenedisulfonyl Difluoride (4a) with Spray-Dried 
Potassium Fluoride under Various Conditions 

Run 

1 
2 
3 
4 
5 
6 

Temp 

°C 

240 
220 
220 
220 
210 
240 

Time 

h 

5 
3 
3 
3 
5 
5 

KF 

equiv 

2.2 
2.2 
2.2 
4.2 
2.2 
2.2 

Ph4PBr 

equiv 

— 
0.1 
— 
0.1 
0.1 
— 

Additive 

1 equiv 

— 
— 
— 

PDC 
— 
— 

Recovery of 4a 

% 

0 
1 

27 
0 
0 
0 

Yield of 5a 

% 

44 
43 
18 

51, 49a> 
74b> 
57b> 

a) Duplicate experiment, b) Reaction-distillation technique. 

Table 6. Fluorodesulfonylations by Use of Reaction-Distillation Techniquea) 

Run Substrate Yield/% Product 

1 F O 2 S 0 - S ° 2 F 4a 74 

2 F O 2 S > - ^ 2 4b 48 

Q-COP 4 c 21„, 

FO 2 S£> F 2e 0*°2 3e (7:1) 

P* :OF 2d 

;8-i> F~\\ />NO, 4 F0ls^Jr^2 4d 49 *£> K > N 0 2 2h 
FO, 

? ^ > 6d (7:1) 

4d 13c> 

6 F - ^ \ C O F 4e 45 
po2s>-y 

7 4e 10c> 

2h+6d 

K\ >COF 5e 
Fi> 

5e 

a) See experimental part, b) A 69% of 4c was recovered, c) Without reaction-distillation technique. 

attempted. 
The use of 0.1 equiv of PruPBr certainly accelerates 

the fluorination reaction, even though the yield of 5a 
did not improve (Table 5, Run 2). Moreover, the 
addition of 1 equiv of PDC slightly effected an 
improvement in the reaction (Run 4). However, a 
more detailed examination did not take place because 
we judged that the method, which required a 
stoichiometric amount of PDC, did not have sufficient 
merit. 

We hypothesized that reaction product 5a might be 
unstable under the fluorination conditions at elevated 
temperature to give tarry materials. We confirmed this 
hypothesis by showing that use of a reaction-distil­
lation technique to avoid any decomposition of the 
reaction product increased the yield of 5a. Thus, the 
reaction of 4a (50 mmol) and KF (110 mmol) in 
sulfolane (8.5 ml) in the presence of PruPBr (5 mmol) 
at 210 °C under reduced pressure (270 mmHg)t for 5 h 

t 1 mmHg=133.32 Pa 

gave 5a in 74% yield (Table 4, Run 5). Product 5a, 
having a boiling point lower than that of sulfolane, 
was easily collected since it was distilled during the 
reaction. The distillate, 5a, was almost in its pure 
form, including a small amount of sulfolane; washing 
with water, followed by distillation, gave pure 5a. In 
the absence of PruPBr, the use of reaction-distillation 
technique could also improve the yield of the desired 
5a, though a higher reaction temperature was required 
than that in the presence of PruPBr. 

Further evidence for the efficacy of the reaction-
distillation technique in the improvement of the yields 
on fluorodesulfonylations catalyzed by PruPBr is 
provided in Table 6; an application of the reported 
fluorodesulfonylation procedure to benzenesulfonyl 
fluoride derivatives carrying other functional group, 
such as NO2 and COF, could not afford the desired 
m-fluoro arènes. For example, 3,4-difluorobenzoyl 
fluoride (5e) is an important synthetic intermediate for 
pharmaceutical products and agrochemicals. Accord­
ing to the reported procedure,23) 5e could be prepared 
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from 4-fluoro-3-(fluorosulfonyl)benzoyl fluoride (4e) 
a n d KF. However, the yield was only 10% and a large 
a m o u n t of tarry materials was obtained (Table 6, R u n 
7). O n the other hand , the present process (PruPBr 
p lus reaction-dist i l lat ion) provided rap id progress 
concerning the a im to improve the yield of the desired 
products a long wi th a decrease of tarry materials 
(Table 6, R u n 6). However, the yield was still low, 
even after employ ing the explored method; cont inu­
ing efforts wil l be necessary in order to realize 
industr ia l use. 

O u r 5e, wh ich is u n k n o w n in the l i terature, was 
identified as an acid form (9), m p 119—120 ° C (lit,28> 
m p 119.2—120 °C). 3,4-Difluoroaniline (8) and 3,4-
dif luorobenzonitr i le (2c) readily derived from 5e via 
3,4-difluorobenzamide (7) are also useful intermedi­
ates.28* T h e y had been previously obta ined from 3,4-
difluorobenzoyl chloride (10), which was prepared 
from 1,2-difluorobenzene (DFB) or 3,4-difluorotoluene 
(DFT) in a mul t i -s tep synthesis.28a) T h e fluorocarbons 
(DFB and DFT) have been prepared by employ ing a 
hazardous reagent, such as anhydrous hydrogen 
fluoride (HF), the h a n d l i n g of which requires caut ion. 

As ment ioned above, we have succeeded in develop­
ing a novel catalyzed reaction which is useful in the 
synthesis of m-fluoro aromat ic derivatives. T h e 
catalytic reaction developed herein is ant icipated to be 
one of the most pract ical and general synthetic 
methods of various structural types of m-fluoro arènes. 

C1-0-CC13 

2 * 

12 11 

X c ) 

4e 5e 9 

1 » 1 » 
F-£>CONH2 F-£)K:OCI 

*y 7 \^> io 
P£>H2 F-P-CN 

8 2c 

a) CISO3H, 150°C, 2 h (100%). b) SOCl2 in PhH, reflux, 8 h 
(94%). c) sd KF in CH3CN, cat. Ph4PBr, reflux, 24 h (71%). 
d) see text, e) 10% NaOH then 10% HCl (93%). f) 6% NH4OH 
(82%). g) Br2 in aq KOH, 0—88°C, 1 h (65%). h) SOCI2 in 
C6H5C1, reflux, 3 h (71%). i) SOCb in PhH, reflux (81%). 

Scheme 3. 

Experimental 

General. All melting points were determined with a 
Yanaco micro melting point apparatus or Mettler FP61 
melting point apparatus and were uncorrected. IR spectral 
measurements were carried out with a JASCO FT/IR-5M 
infrared spectrometer. NMR spectra were recorded with a 
JEOL model JNM-PMX 60 spectrometer. Mass spectra were 
taken with a Hewlett Packard model 5998A GC-Mass 
spectrometer using a 0.20 mmX25 m column of Ultra 2 (5% 
phenyl methyl silicone). Product mixtures were analyzed by 
GLC on a Shimadzu Model GC-7AG gas Chromatograph 
using a 3 mmX2 m column of Dexsil 400GC on Chromosorb 
W AW DMCS. The temperature of the oil bath was 
controlled with the aid of a Ricoh Mini Heater Electric 
Controller, Model MH-10. 

Unless stated otherwise, all reagents and chemicals were 
obtained commercially and used without further purifica­
tion. Spray-dried potassium fluoride was purchased from 
Morita Kagaku Kogyo Co. or Reidel de Häen Co. Sulfolane 
was purchased from Seitetsu Kagaku Kogyo (Sumitomo 
Seika) Co. Tetraphenylphosphonium bromide was obtained 
from Hokko Kagaku Kogyo Co. or Tokyo Kasei Kogyo Co. 
4-Chloro-3-nitrobenzonitrile was prepared according to the 
literature,29) mp 98—101 °C (lit,29> mp 101 °C). 2-Chloro-5-
nitrobenzonitrile was prepared from 2-chlorobenzonitrile 
and mixed acid in 1,2-dichloroethane at 10—20 °C for 16 h, 
mp 103—107 °C (lit,30> mp 106 °C). 2,4-Dichlorobenzoni-
trile was prepared according to a method described in the 
literature,31) mp 56—60 °C (lit,31) mp 61—62 °C), then usual 
nitration of the sample gave 2,4-dichloro-5-nitrobenzoni-
trile, mp 105—109 °C, which was identified by GC-MS. 

General Procedure for Fluorodenitrations. Synthesis of 
3-Fluorobenzonitrile (2b): A 100 ml four-necked flask 
equipped with a mechanical stirrer, a thermometer, and a 
water separator was charged with spray-dried KF (23.2 g, 
0.4 mol), PruPBr (4.2 g, 0.01 mol), sulfolane (50 g), and 
toluene (20 ml). The mixture was stirred in order to remove 
toluene azeotropically in an oil bath. After the flask was 
cooled to 120 °C, PDC (20.3 g 0.1 mol) and lb (14.8 g, 
0.1 mol) were added in one portion. The whole mixture was 
stirred for 2 h at 150 °C and then for 2.5 h at 210 °C. The 
mixture was then cooled to room temperature and filtrated 
to remove inorganic materials. The residue was distilled to 
give pure 2b (10.4 g, 84%) having a boiling point of 81 — 
84°C/30mmHg (lit,32) bp 182.6 °C/753 mmHg) and ident­
ical NMR, IR, and Mass spectra with those of an authentic 
sample. 

General Procedure for Fluorodesulfonylations. a) Synthe­
sis of 3-Fluorobenzenesulfonyl Fluoride (5a) (Table 5, Run 
5): A 100 ml four-necked flask equipped with a mechanical 
stirrer, a thermometer, and a water separator was charged 
with spray-dried KF (6.5 g, 0.11 mol), Ph4PBr (2.1 g, 5 
mmol), sulfolane (8.5 ml), and toluene (20 ml). The mixture 
was stirred to remove toluene azeotropically. After the flask 
was cooled to 100 °C, the water separator was replaced by a 
distilling head and 1,3-benzenedisulfonyl difluoride (4a) 
(12.1 g, 0.05 mol) was added. The whole mixture was stirred 
at 210 °C under reduced pressure (270 mmHg) for 5 h. The 
product, having a boiling point (170 °C/270 mmHg) lower 
than that of sulfolane, was easily collected as it was distilled 
from the reaction mixture during the reaction. After 
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washing with water, subsequent distillation resulted in pure 
5a (6.56 g, 74%), bp 87 °C/20 mmHg (lit,23> bp 92—101 °C/ 
20 mmHg). 

b) Synthesis of 3,4-Difluoronitrobenzene (2h) (Table 6, 
Run 4): Treatments of 2-fluoro-5-nitrobenzenesulfonyl 
fluoride (4d) (11.15 g, 0.05 mol) with a mixture of spray-dried 
KF (6.5 g, 0.11 mol) and Ph4PBr (2.1 g, 5 mmol) in sulfolane 
(8.5 ml) in a similar manner to that described in a) (210 °C, 
300 mmHg), gave 7:1 mixture of 2h and 2,5-difluoroben-
zenesulfonyl fluoride (6d) (3.88 g), bp 86—88°C/20mmHg, 
which could not be separated (lit,20> bp 76—80 °C/11 mmHg 
as for 2h). GC-MS: m/z 159 (M+ for 2h) and 196 (M+ for 6d). 

c) Synthesis of 3,4-Difluorobenzoyl Fluoride (5e) (Table 6, 
Run 6): Treatments of 3-fluorosulfonyl-4-fluorobenzoyl 
fluoride (4e) (11.2 g, 0.05 mol) with a mixture of spray-dried 
KF (6.5 g, 0.11 mol), and Ph4PBr (2.1 g, 5 mmol) in sulfolane 
(8.5 ml) at 210 ° C and 270 mmHg in the same manner to that 
described in a), followed by washing with water and 
purification by redistillation (bp 74°C/75 mmHg), gave 5e 
(3.21 g, 45%). GC-MS: m/z 160 (M+). Found: m/z 160.0135, 
Calcd for C7H3F3O: m/z 160.0136. IR (neat): 1820 cm"1. 

Hydrolysis of 5e into 3,4-Difluorobenzoic Acid (9). Com­
pound 5e (1.0 g, 6.25 mmol) was treated in 10% NaOH 
(10 ml) for 1 h, followed by neutralization with 15% HCl to 
pH 6—7. The precipitated 9 was collected by filtration, 
washed with water, and recrystallized from hexane. Yield 
0.93 g (93%). Mp 119—120°C (lit,2**) m p 119.2—120.1 °C). 
The IR spectrum of this sample was identical with that of 
authentic 9. 

3,4-Difluorobenzamide (7). To a mixture of 25% aqueous 
ammonia (9.8 g) and water (5.6 g) was added dropwise 5e 
(4.5 g, 28 mmol) with stirring. After being stirred for 2 h, 
filtration and concentration of the reaction mixture afforded 
3.6 g (82%) of 7, mp 129—130 °C. IR (KBr): 3380, 3180, and 
1660cm"1. MS: m/z 157 (M+). Found: C, 53.18, H; 3.39, N; 
8.59%, Calcd for C7H5NF2O: C; 53.51, H; 3.21, N; 8.91%. 

3,4-Difluoroaniline (8). Compound 7 (7.85 g, 50 mmol) 
was added to a mixture of KOH (14.0 g, 250 mmol), bromine 
(8.0 g, 50 mmol) and water (80 ml) at 0 °C. The mixture was 
gradually heated to 88 ° C for 1 h. After cooling, the 
resulting mixture was poured into a water, then extracted 
with ether. After being dried over Na2SÜ4, filtration and 
concentration in vacuo gave a residue, which was distilled to 
give 4.2 g (65%) of 8 having a bp 92 °C/20 mmHg (lit,33> bp 
77 °C/7 mmHg). The IR and MS spectra were identical with 
those of authentic 8. 

3,4-Difluorobenzonitrile (2c). A mixture of 7 (7.85 g, 
50 mmol) and thionyl chloride (12.0 g, 100 mmol) in 
chlorobenzene (25 g) was heated at reflux for 3 h. After 
removal of excess thionyl chloride and chlorobenzene, the 
residue was distilled to give 2c (4.9 g, 71%) having bp 
77°C/20mmHg and mp 51.0—51.2 °C (lit,1) mp 51 — 
53 °C). IR(KBr): 2340 cm"1. MS: m/z 139 (M+). 

4-Chloro-3-(chlorosulfonyl)benzoic Acid (11). Chlorosul-
furic acid (290 g, 2.5 mol) was added to l-chloro-4-(trichloro-
methyl)benzene (115 g, 0.5 mol) with stirring. The mixture 
was heated at 120 °C for 1 h then at 150 °C for 2 h. After 
cooling, the resulting liquid was added in small portions 
onto ice, then extracted with ether. The ether extract was 
washed with water, dried, and concentrated in vacuo to give 
a crude 11 (127.9 g, 100%), which was used without 
purification in the next step. 

4-Fluoro-3-(fluorosulfonyl)benzoyl Fluoride (4e). Thionyl 
chloride (357 g, 3 mol) was added dropwise under stirring to 
a refluxing mixture of 11 (255 g, 1 mol) and benzene (0.5 1); 
the reflux was continued for 7 h. After removal of benzene 
and excess of thionyl chloride, the residue was distilled 
under reduced pressure (bp 151 °C/1 mmHg) to afford pure 
4-chloro-3-(chlorosulfonyl)benzoyl chloride (12) (257 g, 94%). 
A mixture of 12 (27.3 g, 0.1 mol), spray-dried KF (23.2 g, 
0.4 mol), PruPBr (4.2 g, 0.01 mol) in anhydrous acetonitrile 
(100 ml) was refluxed for 16 h. Filtration and concentration, 
followed by distillation, gave 16 g (71%) of 4e having a bp 
8 5 ° C / l m m H g . IR (neat): 1830 and 1220 cm"1. Found: m/z 
223.9739, Calcd for C7H3F3SO3: m/z 223.9754. 

l-Fluoro-2-fluorosulfonyl-4-nitrobenzene (4d). To a 
molten l-chloro-4-nitrobenzene (15.75 g, 0.10 mol) was added 
30% fuming sulfuric acid (29.3 g, 0.11 mol) at 83 °C. The 
whole mixture was stirred at 110—115°C for 16 h. The 
resulting mixture was carefully poured into 80 ml of water 
while stirring well. Then, 48% NaOH was added in order to 
precipitate the sodium salt of the sulfonic acid, which was 
collected by filtration, washed with water, and dried. Yield 
23.66 g (100%). To a mixture of sodium 2-chloro-5-
nitrobenzenesulfonate (18.17 g, 0.070 mol), acetonitrile (35 ml), 
sulfolane (35 ml), and iV,iV-dimethylacetamide (1.75 ml) was 
added phosphoryl chloride (42.9 g, 0.28 mol) at 70 °C. After 
an additional hour's reaction, the resulting mixture was 
poured into water, and extracted with ether. The ether layer 
was washed with water, dried, and concentrated to afford 
14.4 g (80%) of l-chloro-2-chlorosulfonyl-4-nitrobenzene. A 
mixture of Ph4PBr (6.7 g, 16 mmol), spray-dried KF (46.5 g, 
0.80 mol), and sulfolane (192 g) was dehydrated with toluene 
azeotropically. To the mixture was added l-chloro-2-
chlorosulfonyl-4-nitrobenzene (84.5 g, 0.32 mol) in one por­
tion. The whole mixture was heated at 130—140 °C for 16 h. 
After filtration to remove inorganic matter, ether (0.5 1) and 

water (0.3 1) were added. The organic layer was separated, 
washed with water, and dried over Na2SÜ4. Filtration and 
concentration in vacuo gave a residue, which was distilled to 
afford 64.8 g (90%) of 4d having a bp 115 °C/0.3 mmHg. IR 
(neat): 1620, 1595, 1545, 1490, 1430, 1360, 1270, 1225, 1075, 
910, 805 cm"1. W NMR (CDCI3): 6=7.4—7.9 (m, ÎH), 8.5— 
9.0 (m, 2H). MS: m/z 223 (M+). 

1,3-Benzenedisulfonyl Difluoride (4a). To a mixture of 
disodium 1,3-benzenedisulfonate (56.44 g, 0.2 mol), aceto­
nitrile (100 ml), sulfolane (100 ml), and Af,Af-dimethylacet-
amide (5 ml) was added phosphoryl chloride (245.3 g, 
1.6 mol) at 70 °C during for 1 h. After an additional 3 h 
reaction, the resulting mixture was poured into water 
(300 ml), and extracted with ether (500 ml). The etherate was 
washed with water, dried, and concentrated to give 46.2 g 
(84%) of crude 1,3-benzenedisulfonyl dichloride. A mixture 
of 1,3-benzenedisulfonyl dichloride (46.2 g, 0.17 mol) prepared 
as mentioned above, KF (39.0 g, 0.67 mol), and Ph4PBr 
(7.04 g, 17 mmol) in anhydrous acetonitrile (170 ml) was 
heated at reflux for 16 h. Filtration and concentration, 
followed by distillation, gave pure 4a (35.3 g, 87%) having a 
bp 112 °C/1 mmHg (lit,23> bp 98—104°C/0.5 mmHg). IR 
(neat): 1580, 1410, 1300, 1220, 1120, 1080, 820, 780, 750 cm"1. 
MS: m/z 242 (M+). 
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The adsorption from solution of polystyrene and poly(methyl methacrylate) mixtures on a silica surface 
was studied in order to establish the competitive adsorption behavior of these polymers. The fractions of train 
segment for these polymers were determined from the ESR spectra analyses, and these values were compared 
with those of the individual adsorption. When the initial concentrations of the polymer mixtures in solution 
were fixed and the added amounts of silica adsorbent were varied, the adsorption of polystyrene did not take 
place until the poly(methyl methacrylate) in solution was completely exhausted. In the simultaneous 
adsorption, the amount of adsorption of poly(methyl methacrylate) was affected by the presence of polystyrene 
in the solution. On the other hand, the amount of adsorption of polystyrene was unaffected by the presence of 
poly(methyl methacrylate) in the system. The conformation of the adsorbed poly(methyl methacrylate) was also 
affected by the presence of polystyrene when they were simultaneously adsorbed on the silica surface. The 
conformation of the poly(methyl methacrylate) adsorbed from the mixed solution formed a more compressed 
polymer layer in comparison with that for the case where the poly(methyl methacrylate) was adsorbed alone. 

The adsorption of polymers at solid-liquid inter­
faces has been studied extensively. Among the 
molecular models proposed for characterizing polymer 
molecules adsorbed from solution onto a solid surface, 
past studies have led to the conclusion that a "loop-
train-tail" model would be most general and most 
successful.1* In order to discuss the conformation of an 
adsorbed polymer molecule, it is important to estimate 
the fraction of train segments in the adsorbed polymer, 

P-
A number of techniques have been applied to the 

study of the conformation of the polymer adsorbed at 
the solid-liquid interface; FT-IR,2"7> ESR,1'8"16* 
NMR,17-19) ellipsometry,20'21) and so on. Fontana and 
Thomas first developed a technique for a quantitative 
estimation of the segment fraction attached to the 
surface sites through the hydrogen bond using IR 
spectroscopy.2* They obtained values of p from 0.3 to 
0.4 for adsorbed poly(alkyl methacrylate) on the silica 
surface in organic solvents. Robb and Smith first 
employed the ESR method for studies of the adsorp­
tion of poly(AT-vinylpyrrolidone) onto the silica 
surface, mainly from aqueous solution.n) Sakai et al. 
reported a procedure for estimating the three com­
ponents of the adsorbed polymer segments(train, short 
loop, and long loop or tail) from the ESR spectra of 
spin-labeled polymers.1* The present authors reported 
the adsorption of poly(methyl methacrylate) (PMMA) 
on silica surfaces having various silanol densities and 
estimated the values of the segment fractions anchor­
ing through the hydrogen bond in all train segments 
of the adsorbed polymer.15) We also reported the ad­
sorption of methyl methacrylate-styrene copolymer 
on the silica surface as functions of the composition in 
the copolymer. We also discussed the difference in the 

adsorption ability of styrene and methyl methacrylate 
on the silica surface.16) 

Several studies have been reported on the competi­
tive and displacement adsorption of polymers.3'22_31) 

They can be divided into three groups as follows. (1) 
Competition between chains of different length(poly-
dispersity). The use of polydisperse polymers in 
adsorption studies is the rule rather than the excep­
tion. Kolthoff and Gutmacher22) noted that the 
adsorption itself could have a fractionating effect due 
to the preferential adsorption of a longer chain. (2) 
Competition between polymers and small molecules. 
Howard and McConnell23) noted that polymer adsorp­
tion, although usually impossible by dilution alone, 
could sometimes be achieved by changing the solvent. 
They suggested that the desorptive power of an added 
solvent was due to its stronger interaction with the 
surface. Kawaguchi et al.24'25) studied the displace­
ment of preadsorbed polymers by adding various 
displacer molecules. (3 Competition between poly­
mers of a different chemical species. Kawaguchi et 
al.27) studied the competitive and displacement 
adsorption of polystyrene(PS) and poly(ethylene ox-
ide)(PEO) and reported that PEO adsorbs preferential­
ly over PS, and the preferential adsorption of large 
molecules over small molecules occurs even in the 
presence of different species. They28) also studied the 
competitive and displacement adsorption of PS and 
PMMA or styrene-methyl methacrylate copolymer 
having a wide range of styrene contents. Thies3) 

studied the competitive and displacement adsorption 
of PS and PMMA mixtures from trichloroethylene 
solution using infrared spectroscopy. He reported the 
reversibility of adsorption processes in such systems. 

As reported in our previous paper,15) the segments of 
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the P M M A adsorbed on the silica surface can be 
divided in to two groups : one is the segments at tached 
t h rough the hydrogen bond between the carbonyl 
g r o u p of the polymer and the silanol g r o u p on the 
surface site, whi le the other is the segments attached 
except for the hydrogen bond. Since the IR method 
evaluates only the segments adsorbed th rough a 
hydrogen bond , the value of p est imated by the IR 
me thod is underest imated compared wi th that estimat­
ed by the ESR method. Therefore, we have now 
studied the competi t ive adsorpt ion behavior of PMMA 
a n d PS mixtures u s ing the ESR method, based on 
est imation of the values of p. 

T h e purpose of this study is to utilize the ESR 
method to explore the competit ive adsorpt ion be­
havior of PS a n d P M M A mixtures on to a n o n p o r o u s 
silica surface from carbon tetrachloride solut ion, and 
to determine whether polymer incompat ibi l i ty effects 
alter the a m o u n t of adsorpt ion or adsorbed structure of 
either polymer when they are s imultaneously adsorbed 
on the silica surface. Therefore, we deal wi th two 
kinds of competi t ive adsorpt ion systems: (1) the 
competi t ive adsorpt ion of spin-labeled P M M A and 
no rma l PS, (2) the competi t ive adsorpt ion of no rmal 
P M M A and spin-labeled PS. At present, it is 
impossible to deal wi th a system having both polymer 
componen t s labeled, or to analyze the ESR spectrum 
for the dynamic behavior of PMMA and PS individu­
ally. 

Experimental 

Materials. The normal sample of PMMA (NL-PMMA) 
was prepared by an anionic polymerization of methyl 
methacrylate in toluene at 0 ° C using phenylmagnesium 
bromide as a catalyst. The polymer was repeatedly 
fractionated in an acetone-water mixture to give narrow 
molecular weight distributions. The normal sample of PS 
(NL-PS) was purchased from Pressure Chemical Co. The 
spin-labeled PMMA (SL-PMMA) was prepared by the 
anionic copolymerization of methyl methacrylate with 4-
hydroxy-2,2,6,6-tetramethyl-l-piperidinyloxyl in toluene at 
0 °C using phenylmagnesium bromide as a catalyst.12) The 
polymer was repeatedly fractionated by the same procedure 
as for NL-PMMA. The spin-label concentration of SL-
PMMA was approximately one spin per 400 monomer units. 
The spin-labeled PS (SL-PS) was prepared by the procedure 
of Regen.32) The copolymer of styrene and £>-chloromethyl-
styrene was prepared by radical copolymerization using a, 
a'-azobisisobutyronitrile as an initiator at 70 °C. The 
copolymer was spin-labeled by reaction with a sodium salt of 
4-hydroxy-2,2,6,6-tetramethyl-l -piperidyloxyl, which was ob­
tained by the reaction of 4-hydroxy-2,2,6,6-tetramethyl-l-
piperidyloxyl with sodium halide in A/,iV-dimethylforma-
mide solution. The SL-PS was repeatedly fractionated in 
benzene-methanol mixture to give narrow molecular weight 
distributions. The spin-label concentration of SL-PS was 
approximately one spin per 1000 monomer units. The 
polymer samples used in this work are characterized in Table 
1. 

Table 1. Characterization of the Polymer Samples Used 

Sample name 

SL-PMMA 
NL-PMMA 
SL-PS 
NL-PS 

Mwa) 

224000 
219000 
221000 
207000 

Mw/Mn
a> 

1.3 
1.3 
1.5 
1.1 

a) Mw and Mw/Mn were determined by means of GPC 
in THF. 

Cabosil M5, with a specified surface area of 220 m2 g_1 for 
nitrogen adsorption, was used as an adsorbent. The silica 
had a 2.2 nmr2 silanol density on its surface. The silica was 
essentially nonporous and had an average particle size of 
14 nm. 

Carbon tetrachloride used in this work was spectrometric 
grade and was used without further purification. 

Techniques of Measurements. The experimental tech­
niques for the adsorption of polymers on the silica 
adsorbents were basically the same as those described in 
previous papers. 15'16) The polymer solution was added to the 
silica adsorbent, and the mixture was stirred with a magnetic 
stirrer. The silica dispersions were separated by the use of a 
centrifuge. The amounts of adsorption, A (gmr2), for 
PMMA were determined by IR spectroscopy by measuring 
the difference in the polymer concentrations before and after 
the adsorption. The characteristic band for PMMA at 
1732 cm - 1 was utilized for IR analysis. The values of A for 
PS were determined by means of UV spectroscopy by 
measuring the decrease in the intensity at 262 nm after the 
adsorption. Ce denotes the concentration of unadsorbed 
polymer remaining in the supernatant solution after the 
adsorption. 

The competitive adsorption studies on PMMA-PS mix­
tures were carried out in a similar manner to that used for the 
individual polymers in two modes as follows: (1) Initial 
concentrations of PMMA and PS in solution were fixed 
while the added amounts of silica adsorbent (i.e., surface 
area) were varied. Adsorption isotherms of mixtures were 
plotted as values of Ce for both polymers as a function of the 
surface area of the silica adsorbent (m2); (2) Total initial 
concentrations of PMMA and PS in solution were varied 
while the added amounts of silica adsorbent were fixed. In 
this case, adsorption isotherms of mixtures were plotted as 
the amounts of adsorption of each polymer as a function of 
values of CT. CT denotes the total concentration of both 
polymers in solution before adsorption. 

The surface coverage, 0AS (amount of adsorption / amount 
of maxiumum adsorption), was determined by using the 
same procedure as in a previous paper.15) 

Analyses of the ESR spectra of the adsorbed SL-PMMA 
were performed using the same procedure described in 
previous papers.1 '10 Analyses of the ESR spectra of the 
adsorbed SL-PS were basically the same as that of SL-
PMMA. As shown in Fig. 1, the ESR line shape observed 
from the adsorption system (spectrum D) was simulated by 
the summation of three model spectra; the triplet line with 
narrowed width showing high mobility (spectrum A), the 
intermediately broadened line showing restricted segment 
motion (spectrum B), and the powder pattern showing rigid 
immobilization (spectrum C). The spectrum was normaliz-
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Fig. 1. ESR spectra used for simulation of adsorbed 
SL-PS on Cabosil M5 from carbon tetrachloride 
solution. Spectrum A: model for long loop or tail, B: 
or short loop, C: for train, D: observed from adsorp­
tion system, and E: synthesized by summation of A, 
B, and C. 

ed by the signal intensity obtained from the second 
integration first-derivative spectrum. The amplitude of each 
model spectrum was determined by the least squares method 
on multiple regression to fit the summation of the three 
spectra (spectrum E) with the observed spectrum. The three 
model spectra were selected to make the correlation 
coefficient close to unity between the observed spectrum and 
the summation of three model spectra. In the three-
component analysis, close fitting curves were found in every 
case. 

Results and Discussion 

Adsorption of Individual Polymers. Typica l adsor­
p t ion isotherms of individual polymers in carbon 
tetrachloride so lu t ion are shown in Fig. 2. Init ially, 
the isotherms rose steeply wi th the increase in the 
value of Ce a n d reached pla teau regions. All 

Ce / 10"3g cm"3 

Fig. 2. Adsorption isotherms on Cabosil M5 from 
carbon tetrachloride solution at 25°C. O: SL-
PMMA, • : NL-PMMA, Q SL-PS, • : NL-PS. 

adsorpt ion isotherms were of the usual high-affinity 
type, wh ich is characteristic for the adsorpt ion of 
polymers . As shown in Fig. 2, amoun t s of saturated 
adsorpt ion for SL-PMMA and N L - P M M A are almost 
the same. A similar results was obtained for the 
adsorpt ion of SL-PS and NL-PS . T h e influence of the 
spin-label agent on the a m o u n t s of the adsorpt ion is 
negligible, as the spin-label concentrat ions of the two 
labeled polymer samples are extremely low. T h e 
slight difference in the amoun t s of the adsorpt ion 
between spin-labeled polymer and non-labeled poly­
mer wou ld be caused by the difference in the molecular 
weights between the polymers. 14*21) 

In Fig. 3, the segment fractions of train, short loop, 
and long loop for the adsorpt ion of SL-PMMA are 
plot ted against the surface coverage, 0AS. Increasing 
the value of 0AS, the number of train segments decrease, 
whereas the number of long loop segments increase. 
At relatively low 0AS, most of the segments were h igh ly 
localized near the surface. As a result, the adsorbed 
polymer was considered to be flattened and formed a 
th in layer. At the saturated adsorpt ion ( 0 A S = 1 ) , the 
fraction of train segments(the value of p) reduces to ca. 
0.4, which indicates that the adsorbed PMMA has a flat 
conformation. 

In Fig. 4, the segment fractions of train, short loop, 
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and long loop for the adsorption of SL-PS are plotted 
against the value of 0AS. Increasing the value of 0AS, the 
number of train segments decrease, whereas the 
number of long loop segments increases. In contrast 

- 0.5h 

Fig. 3. Plots of the segment fractions, /, of train, 
short loop, and long loop against the value of 0AS for 
adsorbed SL-PMMA from carbon tetrachloride solu­
tion. A: train, D: short loop, O: long loop. 

to the adsorption of PMMA, over the whole range of 
0AS, it can be seen that the fraction of short loop 
segments is smaller. At the saturated adsorption-
(0AS=1), the fraction of train segments (the value of p) 
reduces to ca. 0.28. In contrast to the adsorption of 
PMMA, the trend toward lower values of p indicates 
that a more extended adsorbed structure (i.e., loopy 
conformation) is formed as the silica surface is filled 
with the adsorbed PS. 

Competitive Adsorption of Mixtures. When initial 
concentrations of PMMA and PS mixtures in solution 
were fixed at 1:1 by weight and the added amounts of 
silica adsorbent (i.e., surface area) were varied, the 
equilibrium adsorption isotherms are presented in 
Figs. 5 and 6. The numbers in the graph are the values 
of p at that point. In the figures, the dashed lines 
represent the calculated relationship between the 
values of Ce for PMMA and PS and the surface area. 
These relations are estimated from the date for the 
amount of adsorption in Fig. 2, and are based on the 
following assumptions: (1) PMMA is completely 
adsorbed before any PS adsorbs and PS in solution has 
no influence on the amount of adsorption of PMMA; 
(2) PS adsorbs once PMMA adsorption is complete and 
the presence of PMMA on the silica surface has no 
effect on the amount of adsorption of PS. 

As shown in Figs. 5 and 6, the adsorption of PS does 
not take place until the PMMA in solution was 

Fig. 4. Plots of the segment fractions, /, of train, 
short loop, and long loop against the value of 0As 

for adsorbed SL-PS from carbon tetrachloride solu­
tion. A: train, D: short loop, O: long loop. 

Surface area of s i l i ca /m 

Fig. 5. Equilibrium adsorption isotherms for 1:1 
(by weight) PMMA-PS mixtures. The dashed lines 
shown represent the calculated relationship between 
the values of Ce for PMMA and PS and the weight 
of silica adsorbent (i.e., surface area), assuming com­
plete adsorption of PMMA occurs before PS is ad­
sorbed. The numbers on the graph are the values of p 
at that point. • : SL-PMMA, O: NL-PS. 
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Fig. 6. Equilibrium adsorption isotherms for 1:1 
(by weight) PMMA-PS mixtures. The dashed lines 
shown represent the calculated relationship between 
the values of Ce for PMMA and PS and the weight 
of silica adsorbent (i.e., surface area), assuming com­
plete adsorption of PMMA occurs before PS is ad­
sorbed. The numbers on the graph are the values of p 
at that point. • : NL-PMMA, O: SL-PS. 

completely exhausted. The amount of adsorption of 
PMMA is affected by the presence of PS in solution, 
while the amount of adsorption of PS is unaffected by 
the presence of PMMA in the system. Once the 
adsorption of PMMA is complete, the adsorption of PS 
begins immediately. Although the measured values of 
Ce for PS are somewhat scattered, the amount of 
adsorption of PS is nearly independent of the surface 
coverage by PMMA. These results demonstrate that 
under equilibrium condition PMMA is preferentially 
adsorbed on the silica surface from carbon tetra­
chloride containing PMMA-PS mixtures. This 
reflects the stronger interaction of PMMA with the 
silica surface arising from its more polar character and 
greater hydrogen bonding ability. 

When SL-PMMA and NL-PS mixtures adsorbed 
simultaneously on the silica surface, the segment 
fractions of train, short loop, and long loop segment 
for SL-PMMA can be plotted against the amounts of 
silica adsorbent (i.e., surface area) in Fig. 7. Until the 
PMMA molecules in solution are completely exhaust­
ed, the fraction of train segment(p) increases dramati­
cally, while the fraction of long loop segment 
decreases. That is, the adsorbed PMMA varies 
dramatically from a loopy conformation to a flat 
conformation with an increase in the available surface 
site. After the complete removal of PMMA molecule 
from solution (i.e., surface area of silica in excess of ca. 

- 0.5 

area of silica / m 

Fig. 7. Plots of the segment fractions, /, of train, 
short loop, and long loop against the surface area of 
silica for SL-PMMA adsorbed from carbon tetra­
chloride solution. A: train, D: short loop, O: long 
loop. 

30 m2) where PMMA and PS may coexist on the silica 
surface, the conformation of adsorbed PMMA varies 
toward a more compressed polymer layer accompanied 
by a decrease in the fraction of short loop segment with 
the increase in the adsorbed amount of PS. 

When NL-PMMA and SL-PS mixtures are adsorbed 
simultaneously on the silica surface, the segment 
fractions of train, short loop, and long loop segment 
for SL-PS can be plotted against the amounts of silica 
adsorbent (i.e., surface area) as in Fig. 8. After the 
complete removal of the PMMA molecules from 
solution, the adsorption of PS begins immediately. 
The fraction of long loop segment for SL-PS decreases 
steeply with the increase in the surface area of silica, 
accompanied by an increase in the segment fractions of 
short loop and train. That is, the adsorbed PS varies 
dramatically from a loopy conformation to a flat 
conformation with an increase in the available surface 
site. 

When the total initial concentrations of SL-PMMA 
and NL-PS mixtures in solution were varied and the 
added amounts of silica adsorbent were fixed, typical 
adsorption isotherms of mixtures are shown in Fig. 9 
as a function of values of Cj. The numbers in the 
graph are the values of p for SL-PMMA at that point. 
The appearance of the adsorption isotherm for the 
mixture of SL-PMMA and NL-PS is different from 
that of usual high-affinity type, which is characteristic 
for the individual adsorption. The adsorption 
isotherm consists of the following three regions: (1) a 
region below CT=2X10~3gcm -3 where both SL-
PMMA and NL-PS adsorb completely with the equal 
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Surface area of si l ica / m 

Fig. 8. Plots of the segment fractions, /, of train, 
short loop, and long loop against the surface area 
of silica for SL-PS adsorbed from carbon tetrachlo­
ride solution. O: train, D: short loop, A: long loop. 

CT / 10"3g cm"3 

Fig. 9. Typical adsorption isotherms for SL-PMMA 
and NL-PS mixtures as a function of the values of CT. 
The numbers on the graph are the values oip at that 
point. O: SL-PMMA, Q NL-PS. 

a m o u n t s of adsorp t ion , (2) a CT region of 2 to 
4 X 1 0 ~ 3 g c m - 3 where the amoun t s of adsorp t ion for 
SL-PMMA further increase, accompanied by a decre­
ase in the a m o u n t of adsorpt ion of NL-PS , (3) a region 
above C T = 4 X 1 0 ~ 3 g c m - 3 where the silica surface is 
filled wi th only SL-PMMA and n o NL-PS is adsorbed. 

2 A 6 8 
-3 -3 

CT / 1 0 g cm 

Fig. 10. Typical adsorption isotherms for NL-PMMA 
and SL-PS mixtures as a function of the values of CT. 
The numbers on the graph are the values of p at that 
point. O: NL-PMMA, Q SL-PS. 

In region (1) the values of p decrease gradually wi th 
the increase in the value of CT; that is, the fractions of 
loop segment increase. In region (2) the a m o u n t of 
adsorpt ion for SL-PMMA is further increased wi th the 
desorpt ion of NL-PS. T h i s behavior implies that at 
C T = 2 X 1 0 ~ 3 g c m - 3 the silica surface is initially saturat­
ed wi th SL-PMMA and NL-PS . Later the NL-PS on 
the silica surface is displaced from the interface by SL-
P M M A in solut ion. T h i s desorpt ion of NL-PS by SL-
PMMA molecule, as shown in Fig. 5, is mainly 
at tr ibuted to the stronger interaction of PMMA with 
the silica surface ar is ing from its molar polar character 
a n d greater hydrogen bond ability. In region (3) the 
silica surface is filled wi th only SL-PMMA and n o 
NL-PS is adsorbed. T h e a m o u n t of adsorpt ion for 
SL-PMMA in this region is m u c h smaller than that of 
adsorpt ion on the silica surface individually as shown 
in Fig. 2. T h e values of p for SL-PMMA is m u c h 
larger than that when adsorbed on the silica surface 
individual ly as shown in Fig. 3; that is, the P M M A 
adsorbed from the mixed solut ion has a flatter 
conformat ion than that in the individual adsorption. 
In conclusion, the influence of PS on the adsorpt ion of 
PMMA is clarified and the results represented here are 
consistent wi th those shown in Figs. 5 and 6. 

When the total init ial concentrat ions of N L - P M M A 
and SL-PS mixtures in solut ion were varied and the 
added a m o u n t s of silica adsorbent were fixed, typical 
adsorpt ion isotherms of mixtures are shown in Fig. 10 
as a function of values of CT- T h e numbers in the 
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g r a p h are the values of p for SL-PS at that poin t . T h e 
change of the a m o u n t s of adsorpt ion for N L - P M M A 
and SL-PS against the value of CT is a lmost same as 
that shown in Fig. 9. Regions (1), (2), and (3) are 
defined in a s imilar m a n n e r as Fig. 9. In a region (1) 
below C T = 3 X 1 0 - 3 g c m - 3 where bo th N L - P M M A and 
SL-PS adsorb completely wi th the equal amount s of 
adsorpt ion, the values of p for SL-PS reduces 
remarkably from 0.42 to 0.18. T h i s implies that the 
conformat ion of adsorbed PS varies from a flat 
conformation to a loopy conformation. In region (2) 
of CT r a n g i n g from 3 to 5 X 1 0 _ 3 g c m - 3 where the 
amoun t s of adsorpt ion of N L - P M M A further increase 
wi th the desorpt ion of SL-PS, the values of p for SL-
PS reduces from 0.18 to 0.04. T h i s implies that the 
conformat ion of the adsorbed PS varies toward a more 
loopy conformation. 

Significantly, P M M A displaces PS from the silica 
surface even though PS and PMMA are incompat ib le 
polymers . T h e PS molecule in the mixed solut ion 
affects the a m o u n t and the conformation of the 
adsorbed PMMA. As shown in Figs. 9 and 10, some PS 
is adsorbed init ial ly when P S - P M M A mixtures are 
added to the silica adsorbent and then is completely 
displaced from the interface by excess P M M A in the 
solut ion, a l t hough a greater number of PS-surface 
a t tachments mus t be rup tured in order to effect 
displacement . T h e fact that P M M A completely 
displaces PS from the silica surface establishes that 
P M M A readily penetrates the adsorbed PS layer. As 
soon as the silica surface is saturated wi th bo th PMMA 
and PS, P M M A molecules in solut ion displace PS 
molecules. T h i s behavior has been poin ted out in the 
s imultaneous adsorpt ion of PS and P E O by Kawaguchi 
et al.27) T h e complete displacement of PS by PMMA 
observed th roughou t this study demonstrates the 
reversibility of the PS adsorpt ion process. It is 
consistent wi th previous observations that preferential 
adsorpt ion of more surface-active molecules could 
effect polymer displacement.33 '34* Silberberg35) and 
others36 '37) stressed that polymer adsorpt ion is rever­
sible under suitable condit ions, showing that no 
irreversible polymer-surface bonds are formed. 
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Deuterium Isotope Effects on Aromatic Carbon-13 Chemical Shifts. II. 
Dependence of One- and Two-bond Isotope Shifts on Electron 

Densities of Substituted Benzenes 
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One- and two-bond deuterium isotope effects (lA and 2A) on 13C chemical shifts of substituted benzenes are 
reported. The one-bond effects are correlated with the 7i-electron densities on the observed carbons, and the 
two-bond effects are correlated with the a-electron densities on the observed carbons. There are no correlations 
between 1A and 2A. lAs reflect the direct change on going from a C-H bond to a C-D bond, but 2As reflect their 
indirect effect. 

Deuter ium isotope effects on 13C chemical shifts are 
useful parameters for s t ructural studies.1* T h e y are 
correlated wi th several physicochemical parameters. 
For example , long-range isotope shifts in deuterio-
methylated compounds were described as the change of 
the hyperconjugat ional effect from CH3 to CD3-2 '3 '4) 

For carbocations, Servis et al. described their isotope 
shifts as an isotopic per turba t ion of their canonical 
structures.5) However, the origins of the isotope shifts 
have not yet been clarified. M O calculations, which 
assume the different average b o n d lengths for the C - H 
a n d the C-D bonds , can establish the sign of lA, bu t 
can not represent that of 2J.6«7) Fur ther studies are 
necessary. We have shown that two-bond isotope shifts 
for the substi tuted pheno ls are correlated wi th the SCS 
values of the substi tuents of 13C NMR.8 ) In this study, 
abou t 40 one-bond isotope shifts (}A) are presented and 
discussed. lA of the para-posi t ioned carbons are cor­
related wi th their 7r-electron densities, whi le two bond 
isotope shifts (2A) are correlated wi th a-electron 
densities on the observed carbons. These facts suggest 
that the origins, which contr ibute to XA, will be differ­
ent from those of 2A. 

Experimental 

The samples were selected for substituted phenols, anisoles, 
and anilines. Deuterium-labeled compounds were prepared 
with acid- or base-catalyzed proton-deuteron exchange-
reactions of the selected substituted benzenes. Details were 
given in our previous report.0 In the measurement of lA, 
broad signals were observed due to the quadrupole effect of 
the adjacent deuterium whose resolution was increased by 
measuring the spectra at a rather high temperature (80 °C). 
An example of our measurements is given in Fig. 1. As 
shown in Fig. 1, the line width at 80 °C is about half of that 
measured at 22 ° C. Linear regression calculations of the 
experimental data were carried out on an NEC PC9801VX 
personal computer using a BASIC program. 

Results and Discussion 

Thi r ty -n ine one-bond isotope shifts (}A) of twenty 

C-H 

100 HZ 

Fig. 1. 13C NMR signals of C2 or CO atoms of the 
products obtained from the proton-deuteron ex­
change reaction of 4-methylphenol in a neat liquid 
mixture, a) At 22°C and b) at 80°C. 

substi tuted benzenes were determined, which were 
ranged from 217 to 318 p p b . T w o - b o n d isotope shifts 
(2A) were observed in seventy-six different sites, most of 
which have been reported previously.8) T h e values 
observed ranged from 29 to 138 p p b . T h e data are 
given in Tables 1 and 2. T h e data observed for the 
unsubst i tu ted benzene (283 and 111 ppb9 )) can be used 
as references for these substi tuted benzenes. T h e 2A 
values observed are smaller than that of benzene except 
for one which is observed for C3 of 3-iodophenol. In 
the cases of XA, bo th larger and smaller values are 
observed for substi tuted benzenes as compared wi th 
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Table 1. One-Bond Deuterium 

Substituent 

Isotope Effects (lA) 

Solvent 

on 13C Chemical Shifts of Substii 

c2 

tuted Benzenes 

Observed carbon 

C3 c4 

in ppba) 

C6 

1-OH 
1-OH, 3-D 
1-OH, 3-NH3 
l,3-(OH)2 

1-OH, 3-OMe 
1-OH, 4-OMe 
1-OH, 3-*-Bu 
1-OH, 4-^-Bu 
1-OH, 3,5-*-Bu2 

1-OH, 3-Me 
1-OH, 4-Me 
1-OH, 3-C1 
1-OH, 4-C1 
1-OH, 3,5-Cl2 

1-OH, 3-1 
1-OH, 3-F 
I-NH2 
1-OMe, 3-Me 
1-Me 
1-̂ -Bu 

Neat 
CDCI3 
0.10 wt%NaOH-
0.10 wt%NaOH-
Neat 
Neat 
Neat 
1,4-Dioxane 
1,4-Dioxane 
Neat 
Neat 
Neat 
Neat 
Neat 
Neat 

-D2O 
-D2O 

1.0 wt% NaOH-D 2 0 
Neat 
Neat 
CDCI3 
Acetone-^6 

262 

257 
251 
275 
263 
b) 

274 
269 
287 
262 
264 
255 
257 
314 
217c> 
278 
318 

272 

285 

280d> 

269 262 

260 
247 
283 

280 

295 
285 

264 

267 
305 
218c> 
259 
293 
276e> 
278e> 

239 
247 
254 
263 
b) 

274 
269 
258 
262 
250 
255 
257 
260 
251c> 
278 
296 

a) Errors are estimated to be wi th in 4 p p b . b) Signal is not available because lines overlapped, c) With large 
uncertainty, d) Ref. 9. e) Ref. 12. 

Tab le 2. Two-Bond Deuter ium Isotope Effects (2A) 
on 13C Chemical Shifts of Phenols in ppb a ) additivity equa t ion similar to that used previously,8) 

Substituent 

3-1 
4-1 
3-F 

Solvent 

Neat 
CDCI3 
Neat 

Ci 

48 

46 

Observed carbon 

C3 C5 

138 111 
82 82 
29 102 

a) Errors are estimated to be within 5 ppb. 

that of the unsubst i tu ted benzene. Especially large 
values are obtained for 3-iodophenol . Whi le , very 
small values are obtained for 3-fluorophenol. T h e 
observed isotope effects are different for iodine and 
fluorine which belong to the same co lumn in the 
periodic table. Therefore, the effects can correlate 
simply to the electronegativity of the substituent. 

O n the other hand, it has been reported that lA is 
dependent u p o n hybridization of the carbon atom.10) 

Since all of the carbon atoms studied in this articles are 
in the sp2 hybridization, the hybridizat ion can no t 
become a control l ing factor of the lA change, because 
the lA observed spread over a wide range of 100 p p b . 
T h i s range is nearly equal to a hybridizat ion change 
from cyclohexane (sp3: 418 ppb) to benzene (sp2: 
283 p p b ) . n ) Accordingly the XA is considered to be 
controlled by factors other than hybridization. 

Statistical Determinat ion of SIS of lA. T h e method 
used in our previous report was appl ied to the analyses 
of the observed xAs. T h e cont r ibut ions of various 
substituents to the one-bond isotope shifts were 
determined by linear regression analyses us ing an 

lA = xBo + n}a + n0
lb + nm

lc + nj-d, (1) 

where xBo is lA of unsubs t i tu ted benzene(cited as 
283 ppd9>). T h e SIS(Subsituent Isotope Shilft) param­
eters (la, 1b, lc, and ld) are the contr ibut ions from 
ipso, or tho, meta, and para-posi t ioned substituents, 
respectively. It is necessary that the SIS parameters 
determined for lA mus t be differentiated from those 
previously determined for 2 J ' s . For this purpose , we 
propose here tha t the SIS parameters of nA can 
conveniently be represented as na and nb, where Hi, Ho, 
nm, or np is a weight factor for each subst i tuent 
parameter. Details of the calculations were described in 
our previous report.8) 

T h e experimental ly observed values given in Tables 
1 and 2, a n d Tab le 1 of Ref. 8 are used to evaluate the 
SIS parameters for each substi tuent. T h e SIS 
parameters obtained for n ine substi tuents are given in 
Tab l e 3. xBo can be calculated from the regression 
analyses us ing the exper imenta l XA values at 80 °C. 
T h e calculated ^ 0 (283.4 ppb) is consistent wi th the 
observed value (283 ppb9 )) at room temperature. 
Therefore, the temperature effect for XA seems to be 
negligibly small. T h e observed one-bond isotope shifts 
can be well-expressed by Eq. 1 us ing the SIS values of 
lA, wi th an RMS error of 3.0 p p b and a correlation 
coefficient of 0.995. T h e present SIS's of XA for the 
CH3 g r o u p are consistent wi th those reported by 
Berger and Diehl.9) T h e values for the para-
substi tuents, namely ^ ' s are also consistent wi th those 
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Table 3. Statistical Parameters for Eq. 1 

Substituent 

H 
F 
OH 
OMe 
N 0 2 

NH2 

*-Bu 
Me 
Mec> 
CI 
I 

16 

0 
- 4 7 . 8 
- 1 8 . 5 

14.7 
— 

- 6 . 4 
14.1 
20.4 
23.7 
0.5 

44.2 
!ßo=283.4 

SIS (!J)a> 
lc 

0 
— 

- 1 2 . 3 
- 2 . 0 
— 
— 
9.0 

- 3 . 2 
- 0 . 9 

- 1 0 . 0 
— 

U 

0 
- 1 4 . 0 
- 1 7 . 8 
- 1 0 . 9 

— 
- 2 5 . 2 

- 7 . 8 
- 5 . 5 
- 7 . 4 

- 1 1 . 7 
- 5 . 0 

2fl 

0 
- 7 8 . 5 
- 6 4 . 7 
- 6 0 . 2 
- 4 6 . 5 
- 4 4 . 5 
- 4 1 . 5 
- 2 2 . 7 
- 2 6 . 4 
- 1 9 . 7 

30.5 
2 £ o = l l l 

SIS (2J)b> 

26 

0 
— 

- 3 . 0 
- 6 . 5 
- 3 . 5 
— 

- 6 . 8 
- 4 . 1 
- 5 . 5 
- 9 . 5 

- 2 5 . 5 
(const.) 

V 

0 
-2.9 
-3.5 

2.7 
-1.4 
-3.4 
-6.9 

0.2 
0 
0.7 
2.6 

U 

0 
— 
0 
0 
0 
— 
0 
0 
0 
0 
0 

a) RMS error=3.0 ppb. Linear correlation coefficient between experimental and calculated data=0.995. 
Standard deviation=2.1 ppb. b) RMS error=4.3 ppb. Linear correlation coefficient between experimental 
and calculated data=0.992. c) Ref. 9. 
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Fig. 2. Correlation between the SIS and SCS values of 
the 13C NMR determined for substituted benzenes. 
A correlated straight line is expressed as SIS(ppb)= 
-2.18 SCS(ppm)-0.181 with r=0.982 and the 
standard deviation of 5.3 ppb when only white circles 
are used except for a point of ipso-positioned I. 

to the 13C chemical shifts except for the NO2 group.10) 

The deviation which appeared in Fig. 2 can be 
explained by assumig no contribution from the 
resonance effects of the substituents. For, while the 
SCS values are affected by the resonance effects of the 
substituents, the SIS values are not affected by them. 

As given in Fig. 3, SIS's of 2A can be well-correlated 
with the change of a-electron densities on the observed 
carbons. The electron densities were cited from two 
reports in which they were calculated by the CNDO/2 
method. 14'15) The correlation suggests that 2A are 
induced by transmitting a shielding change of the a-
carbon. That is to say, 2A are interpreted as a result of 
increased inductive electron release. Osten et al. called 
this mechanism "a secondary shielding change with a 
primary bond length change".16) One of the SIS's, ld 
can be well-correlated with change of 7r-electron 
densities, as shown in Fig. 4. The correlated straight 
line has a positive slope. This is opposite in sign to 
the case of 2A. Therefore, the higher the 7r-electron 
density is, the smaller is the lA. If the C-H bond is 
already polarized by electron release of the sub­
stituent,^ SIS's of lA will have negative values 
consistent with those presented in Table 3. 

reported by Berger and Diehl.12) No correlation exists 
between the SIS's of Ms and 2As. 

The origins of the isotope shifts were partly 
attributed to the different vibrations based on a change 
from the C-H bond to the C-D bond.la'13) As already 
reported,8) SIS's of 2A are strongly correlated with the 
SCS values of the carbons, as shown in Fig. 2. Both the 
SIS's and the SCS's are linearly correlated with each 
other at ipso and meta positions. A correlated straight 
line is given in Fig. 2. The deviation of the data points 
given by black-filled circles and triangles are down­
ward from the straight line except for that of the para 
position of an NO2 group. They give shielding effects 

Conclusion 

One-bond isotope shifts for the substituted benzenes 
are represented additively by three parameters assigned 
to each substituent. Among the three parameters, xd's 
are correlated with 7r-electron densities on the observed 
carbons with positive slope. On the other hand, SIS's 
of 2A for the subsituted benzenes are correlated with the 
a-electron densities on the observed carbons with 
negative slope. There are no correlation between XA 
and 2A. XA on the benzene ring carbons are dominated 
by the 7r-polarization effects originated by the sub­
stituents on the observed carbons. 2A are interpreted as 
a result of increased inductive electron release by the 
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o 

Fig. 3. Correlation between SIS(2J) and Aq0=q0— qa(C6Ü6) for sub­
stituted benzenes. A correlated straight line is expressed as SIS(2zf)= 
—427Aq0— 4.35 with r=0.966 and the standard deviation of 6.8 ppb. 
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Fig. 4. Correlations between SIS(1J) and Aqn=qn— 
qn(C6H-6) for substituted benzenes. A correlated 
straight line is expressed as SIS(1A)=5\1 Aqn-\-0.796 
with r=0.967 and the standard deviation of 2.9 ppb. 

a-carbon (C-D b o n d carbon). 
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The effect of supporting carbon particles on the electric and electrochemical properties of polarizable 
electrodes in electric double layer capacitors have been studied. The polarizable electrodes examined were 
activated carbon fiber sheets (ACF sheets) composed of phenolic resin-based activated carbon fibers, carbon 
fibers, and pulps. The sheets with supporting carbon particles have been prepared by impregnation of the 
sheets with suspension of submicron carbons. The electric resistance of the sheets with supporting carbon 
particles of 18.7 g m - 2 decreased by 53% and the differential electric double layer capacitance in an organic 
electrolyte increased by 12%. In accordance with these results, the impedance of the capacitors composed of ACF 
sheets with supporting carbon particles decreased by 33% and the capacitance increased by 11% in comparison 
with those of the capacitors composed of the sheets without supporting ones. 

Electric double layer capacitors have widely been 
used as memory back-up devices. T h e polarizable 
electrodes in electric double layer capacitors prepared 
from phenol ic resin-based activated carbon fiber cloths 
a n d activated carbon fiber sheets (ACF sheets) previ­
ously developed showed advantages of h i g h capaci­
tance, h igh working voltage, and h igh rel iabil i ty.1 - 0 We 
have reported that the electric resistance of ACF sheets 
was drastically decreased wi th the addi t ion of pi tch-
based carbon fibers.6) T h e capacitors wi th lower 
impedance and h igher reliability have strongly been 
requi red in the devices. T h e impedance of the 
capacitors is largely influenced by the conductivity of 
electrolytes and polarizable electrodes. 

The re are two ways to decrease the impedance of the 
capacitors. One is to use aqueous electrolytes which 
show two orders of magn i tude larger conductivity 
than that of organic electrolytes. However, the 
decomposi t ion voltage of aqueous electrolyte (theore­
tical decomposi t ion vo l t age^ l .23 V) is lower than that 
of organic electrolytes. It is thus necessary to use 
organic electrolytes to obta in the capacitors wi th h igh 
work ing voltage (more than 2.0 V dc). T h e other is to 
decrease the electric resistance of polarizable electro­
des. We have tried to reduce the electric resistance of 
ACF sheets and found that the sheets wi th suppor t ing 
carbon particles showed the lower electric resistance 
wi th the larger electric double layer capacitance 
compared wi th that of the sheets wi thou t suppor t ing 
ones. 

In this paper, we report that the specific surface area, 
electric resistance, and differential electric double layer 
capacitance of ACF sheets wi th and wi thou t support­
i ng carbon particles. T h e impedance, capacitance, 
and reliability of the capacitors wi th the sheets have 
been investigated. 

Experimental 

Preparation of ACF Sheets with Supporting Carbon 
Particles. The activated carbon fiber sheets (ACF sheets) 
were composed of phenolic resin-based activated carbon 
fibers (ACF), pitch-based carbon fibers (CF), and natural 
pulps. The sheets were prepared by the conventional paper-
making method. The details of the production process of the 
sheets were described previously.6* Two types of ACF sheets 
were prepared. One showed 790—850 jim thick with the 
specific weight of 140gm - 2 and the other showed 550— 
600 jim with 130 g m~2. The ACF sheets with supporting 
carbon particles were prepared by impregnation of the sheets 
with suspension of submicron carbons (Acheson Japan Ltd., 
Aguadag). The specific gravity of the suspension was 1.05. 
After impregnation, the sheets were dried at 110 °C for more 
than 3 h. The specific surface area of the sheets was obtained 
from the methanol vapor adsorption isotherm at 50 °C. The 
details of the measurement were described previously.4* 

The aluminum layer (100—150 jim) was formed by a 
plasma spraying method on the side of the sheets as a 
collector electrode. 

The propylene carbonate solution(PC) containing 0.51 
mol dm - 3 of tetraethylammonium fluoroborate (Et4NBF4) 
was used as the electrolyte. 

Characteristics Measurement. The electric resistance of 
ACF sheets was measured with a digital multimeter (Takeda 
Riken, TR 6843). The size of ACF sheets was 1 cm in width 
and 5 cm in length. Both ends of the specimens were in 
contact with metal clips to obtain an enough electric contact 
with leads. 

The triangular voltage sweep cyclic voltammetric exper­
iments were carried out using a potentiostat (Hokuto Denko, 
Model HA-303) and a function generator (Hokuto Denko, 
Model HB-104) at 25 °C in a dry box. The ACF sheets (6 mm 
in diameter) with plasma sprayed aluminum layer were used 
as a working electrode. The measurement was carried out 
between —1.5 and 1.5 V vs. SCE at 25 °C with the sweep rate 
of 5 mV sec-1. The details of the experiments were described 
previously.5) 

Capacitance of coin type electric double layer capacitors 
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was measured at 25 °C. The details of the constructions and 
the measurements of the capacitance of the capacitors were 
described in a previous paper.4) The impedance of the 
capacitors was measured at 1 kHz with an LCR meter 
(Yokogawa Hewllet Packard, 4261A). 

The stability of the capacitors during dc voltage load was 
tested with charging at a constant dc voltage of 2.0 V at a 
constant temperature of 70 °C for 1000 h. 

Results and Discussion 

Properties of ACF sheets with supporting carbon 
particles. Figure 1 shows the adsorpt ion isotherms of 
ACF sheets wi th suppor t ing carbon particles of 
18.7 g m - 2 and wi thou t suppor t ing ones. T h e sheets 
examined were composed of 54% ACF, 31% pitch-based 
carbon fiber (CF), a n d 15% pulps , whose specific 
weight and thickness are 1 4 0 g m - 2 and 820//m, 
respectively. From the figure, the specific surface area 
of ACF sheets wi th and wi thou t suppor t ing carbon 
particles were found to be 970 and 906 m 2 g - 1 , 
respectively. Wi th suppor t ing ones, the specific 
surface area increased by 7%. T h e area of supported 
carbon particles was estimated to be 1450 m 2 g_ 1 . 

T h e electric resistance of the sheets decreased from 
40.9 to 19.2 £1 wi th suppor t ing carbon particles of 
18.7 g m - 2 . We have previously reported that the 
electric resistance of the sheets was largely influenced 
by the electric resistance of the pu lps in the sheets.6) 

Therefore, it is impor t an t to develop the pu lps wi th 
electric conductivity. In order to clarify the effects of 
suppor ted carbon particles on the electric resistance of 
the sheets, the electric resistance of papers made of 
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Fig. 1. Adsorption isotherm of ACF sheets with and 

without supporting carbon particles. (1) With sup­
porting carbon particles, (2) without ones. 

na tura l p u l p s (50 \xm in thickness) wi th suppor t ing 
carbon particles of 2.3 g m - 2 was measured. T h e 
papers wi th suppor t ing ones showed electric resistance 
of 2.56 kjQ. As the electric resistance of the films of the 
carbon particles examined (25|im in thickness) was 
15 Q, the electric resistance of the papers was expected 
to be decreased wi th increasing the a m o u n t of 
s u p p o r t i n g carbon particles. T h e electric resistance of 
the p u l p s in the sheets thus decreased wi th suppor t i ng 
carbon particles. 

Figures 2 and 3 show microscopic pho tog raph and 
SEM micrograph of the sheets, respectively. In Fig. 2, 
the carbon particles cover the sheets like a film. In Fig. 
3, the carbon particles are attached on the surface of 
ACF, CF, and pu lps . Since p u l p s are easy to absorb 

(a) 

(b) 1 0 p m 

Fig. 2. Microscopic photograph of ACF sheets with 
and without supporting carbon particles, (a) With 
supporting carbon particles, (b) without ones. 
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(a) 

(b) 

Fig. 3. SEM micrographs of ACF sheets with and 
without supporting carbon particles, (a) With sup­
porting carbon particles, (b) without ones. 

the suspension of carbon particles, carbon particles 
seem to be suppor ted inside the pu lps . T h e 
suspension of submicron carbons examined is mainly 
used for the electrostatic screening. T h e submicron 
carbons used are suitable materials to form conductive 
layer on the insulators . T o test the stability of the 
suppor ted carbons, the sheets wi th carbon particles 
were d ipped in the organic electrolyte of P C contain­
ing 0.51 mol of Et 4NBF 4 for 24 h at 70° C. T h e carbon 
particles on the sheets did not change after d ipp ing . 
T h e carbon particles are thus firmly suppor ted on the 
sheets. 

Cyclic vol tammometry is a useful technique to 
investigate the electrochemical properties of activated 
carbon electrodes.8) Figure 4 shows cyclic vol tamo-
gram of the sheets wi th a n d wi thou t suppo r ing carbon 
particles in the organic electrolyte of P C con ta in ing 
0.51 mol of Et4NBF4. Since most of the electric double 
layer capacitors essentially operated in the 0.8—2.8 V 
dc range, we have carried out electrochemical exper­
iments in this range. From the m i n i m u m capacitive 
cur rent at 0.1 V vs. SCE in Fig. 4, the differential 
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Fig. 4. Cyclic voltammograms of ACF sheets (6 mm 
in diameter) with plasma sprayed aluminum layer at 
5 mV s -1. (1) With supporting carbon particles, 
(2) without ones. 

lOjum -

-2 Weight of carbon/gm" 

Fig. 5. Impedance vs. weight of supporting carbon 
particles. 

double layer capacitance of ACF sheets wi th and 
wi thou t suppo r t i ng carbon particles was found to be 
63.6 and 57.3 F g - 1 , respectively. In accordance wi th 
the increase in the capacitance of 11%, the surface area 
of the sheets increased by 12% wi th suppor t ing carbon 
particles. T h e surface area was calculated us ing the 
value of specific surface area of the sheets wi th and 
wi thou t suppo r t i ng carbon particles obtained from 
Fig. 1. 

Characteristics of Capacitors. T h e characteristics 
of two types of capacitors, capacitor A and B, have 
been investigated. T h e polarizable electrodes used for 
capacitor A and B were the sheets wi th and wi thou t 
suppor t i ng carbon particles, respectively. T h e sheets 
used were composed of 54% ACF, 31% CF, and 15% 
pulps . Wi th suppor t ing 18.7 g m - 2 carbon particles 
on the sheets, the impedance of the capacitors 
decreased by 33% and the capacitance increased by 11%. 
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These results were at t r ibuted to the decrease in the 
electric resistance and the increase in differential 
double layer capacitance of ACF sheets with suppor t ing 
carbon particles. 

After the load life test of the capacitors composed of 
the sheets wi th carbon particles of 18.7 g m - 2 , the 
capacitance decreased by 13%, whi le in the case of 
capacitors composed of the sheets wi thou t suppor t ing 
one, the capacitance decreased by 37%. T h e reliability 
of the capacitors were thus considerably improved by 
suppor t ing carbon particles on the sheets. 

Figure 5 shows the relat ion between the impedance 
of the capacitors and the weight of suppor ted carbon 
particles on the sheets. T h e sheets examined were 
composed of 29% ACF, 56% CF, and 15% pu lps , whose 
specific weight was 1 3 0 g m - 2 . T h e impedance is 
gradual ly decreased wi th increasing weight of sup-
po i r t ing carbon particles. It seems that the space in 
ACF sheets is filled wi th carbon particles and the 
electric resistance of the sheets is decreased. Wi th 
suppor t i ng carbon particles of 10—30gm~ 2 , the im­
pedance of the capacitors decreased effectively. T h e 
capacitors composed of the sheets wi th suppor t i ng 
carbon particles thus showed low impedance and the 
suitable a m o u n t of suppor t ing carbon particles was 
10—30 gm~ 2 . 

Conclusion 

(1) T h e electric resistance of ACF sheets wi th 
suppor t ing carbon particles became less than half in 
compar ison with that of the sheets wi thou t suppor t ing 

ones. T h i s is mainly at tr ibuted to the pu lps 
conta in ing carbon particles wi th electric conductivity. 

(2) T h e surface area of the sheets wi th suppor t ing 
carbon particles increased by 11%. In accordance wi th 
this increse, the differential electric double layer 
capacitance of the sheets increased by 12%. 

(3) Us ing ACF sheets wi th suppor t ing carbon 
particles for polarizable electrodes, the impedance of 
the capacitors decreased by 33%, while the capacitance 
increased by 11% and the reliabili ty of the capacitors 
was considerably improved. 

T h e authors would like to acknowledge Prof. T . 
Minami of the University of Osaka Prefecture for his 
helpful discussion and critical reading of the man­
uscript. 
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The Use of Different Figure-Inventories in the 
Enumeration of Isomers Derived from Non-Rigid 

Parent Molecules 
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Inevitable use of different figure-inventories is discussed in the enumeration of non-rigid isomers derived from 
2,2-diphenyl-(l) and 2,2-dimethylpropane (2) by means of unit subduced cycle indices (USCIs). Such a parent 
non-rigid molecule is divided into a rigid skeleton and mobile moieties. Thus, the molecule (1) consists of a 
rigid skeleton of C2v symmetry, a methyl moiety of C3v symmetry and a phenyl moiety of C2v symmetry. The 
molecule (2) contains a Td rigid skeleton and a C3v moiety. The USCIs are used in the first enumeration of 
mobile moieties as well as the subesequent enumeration based on a rigid skeleton. A general procedure for 
enumerating non-rigid isomers is discussed. 

Enumera t ion of r igid molecules has long been 
studied by the Pôlya-Redfield theory,1 »2) by a method 
based on double cosets3), a n d by a me thod us ing tables 
of marks.4 ) T h e re la t ionsh ip between them has been 
discussed.3»5* Appl ica t ions of these methods to various 
problems in chemistry have been developed, as 
reviewed for the former theory6-9* and for the latter 
methods.1 0 ) Recently, we have appl ied the Pô lya-
Redfield theory to enumera t ion of organic reactions,11* 
in which we have used different figure-inventories 
according to the O M V (obligatory m i n i m u m valency) 
restriction of vertices. 

Isomer enumera t ions that take spacial symmetry 
in to account have recently been developed by us ing 
tables of marks,12) by coup l ing double cosest and tables 
of marks,13) and by combin ing double cosets and 
framework groups.1 4 ) We have reported a method 
us ing un i t subduced cycle indices (USCIs) for solving 
this type of enumera t ions , 1 0 where we have also taken 
account of the effect of different figure-inventories in 
order to meet the OMV restriction. 

O n the other hand , enumera t ion of non-r ig id 
molecules has attracted less at tent ion than that of r igid 
ones, probably because of its complicated nature . 
Polya1* has already ment ioned the enumera t ion of 
non-r ig id molecules in terms of "coronas" , which are 
equivalent to wreath products . T h e coun t ing of non-
r igid cyclohexane isomers was discussed by intro­
duc ing a r ing-f l ip-rotat ion operator a long wi th usual 
symmetry operations.1 6 ) Isomers derived from a non-
r ig id e thane were enumera ted by means of the concept 
of covering groups.1 7 ) A generalized wreath product 
method was presented for enumera t ing stereo- and 
posi t ional isomeres.18) 

We reported a mathemat ica l foundat ion for the 
appl ica t ion of the USCIs to the systematic enumera­
t ion of non-r ig id isomers.19) T h i s enumera t ion took 
account of spacial symmetries of isomers; however, it 
was restricted to the cases in which a single figure-
inventory is taken in to considerat ion. As a cont inua­

t ion of the work, the present paper will deal wi th a 
further extension of the USCI app roach by us ing 2,2-
d iphenyl a n d 2,2-dimethylpropane as examples. In 
part icular , we will discuss addi t ional cases in which 
two or more figure-inventories should be used. 

Results and Discussion 

Rigid Skeleton and Mobile Moieties of a Non-Rigid 
Parent Molecule. In order to enumerate isomers, a 
non-r ig id paren t molecule is regarded as a three-
d imensional object that has terminal subst i tut ion 
posit ions. These posit ions can be chemically classified 
in to several equivalence classes. Al though this 
classification should be discussed by us ing wreath 
products1* and generalized wreath products,8* we here 
adopt a more intui t ive approach which is suitable for 
the app l i ca t ion of USCIs. In the present paper , we 
take account of the non-r igidi ty that comes from bond 
rotat ions and not from tortions.20) 

A non-r ig id moelcules is considered to be divided 
in to a r ig id skeleton and mobi le moieties. For 
example , 2 ,2-diphenylpropane (1) is divided in to three 
parts ( la , l b , and lc) as shown in Fig. 1. Note that free 
bond-rotat ions are considered to be allowed in this 
compound . T h e r igid skeleton ( la) of C2v symmetry 
has four roots ( • and ©) to wh ich the mobi le moieties 
attach. T h e mobile moiety ( lb) of C3v symmetry 
consists of such a root (©) and 3 subst i tut ion posi t ions 

o A A > C ^ / C s ) C3v(/Cs) 2C2v(/Cs) 

1 1a 1b ^ ^ 
1c 

F i g . 1. A C 2 v [ ( / C ) [ C 3 v ( / C , ) ] , ( /C' s ) [C2v(2 /Cs ,C 2 v) ] ] 
molecule. 
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(O). T h e mobi le moiety (lc) of C2v symmetry contains 
the root ( • ) and 5 substi tution posit ions (O). T h e other 
posi t ions of these par ts are not taken in to considera­
tion. 

In the l ight of this formulat ion, the r igid skeleton 
( la ) is invar iant on any chemical bond-rota t ions 
a round the bonds contained in the skeleton. More­
over, the mobi le moieties ( lb and lc) are al lowed to be 
regarded as r igid objects, since they are also invar iant 
on any bond-rota t ions . Hence, the previously de­
veloped method15* for enumera t ing r igid molecules are 
appl icable to the present case. T h e roots ( • and ©) are 
thus considered to be subst i tut ion posi t ions and 
divided in to two equivalence classes, wh ich are called 
orbits in terms of the terminology of pe rmuta t ion 
groups.2 1 '2 2 ) T h e 3 posi t ions of l b and the 5 posit ions 
of l c are also divided in to several orbits. 

Each of the orbits corresponds to a coset representa­
t ion (CR), G(/G,-) in one-to-one fashion, where G is a 
(point) g r o u p for characterizing the symmetry of such 
a r igid skeleton or a mobile moiety and G,- is a 
subgroup of G.15) A table of marks for the G-
symmetry23) is used for ass igining an orbit to a 
CR(G(/G,)) . 

T h e four roots of the r igid skeleton ( la) construct 
two orbits that are subject to CRs, C2v(/Cs) and 
C2v(/C /

S), respectively. T h i s fact can be formulated as 

Table 1. USCIs for C2v Point Group 

Pia = C2v(/Cs) + C2v(/C's). (1) 

T h e three subst i tu t ion posi t ions (O) of the mobile 
moiety ( lb) be long to an orbit governed by a CR, 

c3v(/cs). 
T h e mobi le moiety (lc) has five vertices to be 

considered (O). Since this un i t belongs to C2v-
symmetry, they are classified in to three orbits that are 
subject to C2v(/Cs), C2v(/C s), and C2v(/C2v). T h i s 
ass ignment is algebraically represented by 

P,c = 2C2v(/Cs) + C2v(/C2v), (2) 

the de te rmina t ion of wh ich can be accomplished by 
us ing the table of marks,15) where P l c is a pe rmuta t ion 
representat ion of the C2v un i t (le). As a result, the 
non-r ig id molecule (1) is represented by the symbol, 
C2v[(/Cs)[C3v(/Cs)], (/C's)[C2v(2/Cs,C2v)]], to which we 
refer as an extended wreath product (EWP) notation in 
the present paper. 

Enumeration of Mobile Moieties. T h e formula­
t ion described in the previous section allows us to 
app ly the me thod u s i n g u n i t subduced cycle indices 
(USCIs) (Appendix 1), since a mobile moiety can be 
considered to be rigid. Tables 1 and 2 list USCIs for 
C2v and C3v. T h e table of USCIs for T d g r o u p has been 
reported elsewhere.15) 

For the purpose of i l lus t ra t ing the enumera t ion of 
mobi le moieties, let us work out a C2v(/Cs) mobile 

C2v(/Ci) 
C2v(/C2) 
C2v(/Cs) 
C2v(/C

/s) 
C2v(/C2v) 

iCi 

*î (b\) 
s\ (bl) 
si (b\) 
s\ (b\) 
si (bi) 

Unit subduced cycle indexa) for 
1C2 

4 (bl) 
si (b\) 
S2 (b2) 

S2 ( 62 ) 

Si (bl) 

ICs 

s\ (c\) 
S2 C2 

s\ (a\) 
S2 (C2) 

si (ai) 

JC's 

SÎ (C\) 

S2 (C2) 

S2 (C2) 

s\ (a\) 
si (ai) 

iC3v 

54 (C4) 

S2 (C2) 

S2 (a2) 

s2 (a2) 
si (ai) 

a) A variable in the parentheses is a USCI with chirality 
fittingness. 

Table 2. USCIs for C3v Point Group 

C3v(/Cl) 
C3v(/Cs) 
C3v(/C3) 
C3v(/C3v) 

Unit subduced c 
iCi 

5? (bl) 
s\ (bl) 
si (bl) 
51 (bl) 

iCs 

*i (4) 
S1S2 (CL1C2) 

S2 (C2) 

Si (f l l) 

:ycle indexa) for 
IC3 IC3v 

si (bl) se (c6) 
S 3 ( 63 ) S3 (A3) 

S2, (b\) 52 (C2) 

Si (bl) 51 (fl i) 

a) A variable in the parentheses is a USCI with chirality 
fittingness. 

moiety (lc). Suppose that the five posit ions of l c are 
occupied by either X or Y. T h e n , the codomain of the 
present case is X={X, Y}. T h e doma in conta in ing the 
five posi t ions is designated by *A={1,2,3,4,5}, which is 
divided in to three orbits, 

ijji = {1,2} subject to C2v(/Cs), 
1A2 = {3,4} subject to C2v(/Cs), and 
1A3 — {5} subject to C2v(/C2v), 

according to Eq. 2. L e m m a 1 (Appendix 1) affords the 
SCIs for this case, where these are obtained from the 
C2v(/Cs) (twice) and C2v(/C2v) rows of Table 1. Intro­
duct ion of a figure inventory, sd—XdJrYd

f in to these 
SCIs provides generat ing functions, 

and 

(s{)\ = (X + Y)5 for d , 

(s2)\ = (X + Y)(X2 + Y2)2 for C2, 

(s2)\ = (X + Y)5 for Cs, 

(52)
25i = (X + Y)(X2 + Y2)2 for C 2 , 

(s2)\ = (X + Y)(X2 + Y2)2 for C2v. 

(3) 

(4) 

(5) 

(6) 

(7) 

Note that a single figure-inventory is used in this case, 
since all of the five posi t ions are monovalent . These 
equa t ions are expanded to give a matr ix (p^) as the 
coefficients of respective terms. According to L e m m a 2 
(Appendix 1 ), this mat r ix is in tu rn mul t ip l ied by the 
inverse of the mark table of C2v. Thereby, we arrive at 
the following matr ix expression, 
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X5 

X4Y 

X3Y2 

X2Y3 

XY4 

Y5 

1 1 1 1 

5 1 5 1 

10 2 10 2 

10 2 10 2 

5 1 5 1 

[ 1 1 1 1 

K) 

X5 

X4Y 

X3Y2 

X2Y3 

XY4 

Y5 

C i 

1 ° 
0 

0 

0 

0 

1 o 

c2 
0 

0 

0 

0 

0 

0 

c s c s 
0 0 

2 0 

4 0 

4 0 

2 0 

0 0 

C<2v 

1 

1 

2 

2 

1 

1 

The resulting matrix affords the numbers of respective 
moieties, which are depicted in Fig. 2. The set of 
symbols (m of • and n of O) in Fig. 2 corresponds to 
XmYn and XnYm. All of the mobile moieties collected in 
Fig. 2 are achiral. 

In a similar way, we enumerated mobile based on 
lb, where we used the table of USCIs for C3v group. 
Since X and Y were taken as substituents, there 
appeared only achiral moieties. If we use three kinds 
of substituents, we have a chiral moiety in addition of 
achiral ones, as shown below. 

Enumeration of Non-Rigid Isomers. A rigid skel­
eton such as la has several orbits as a result of 
displacement by different sets of mobile moieties. This 
situation inevitably requires the use of different figure-
inventories with respect to the respective orbits. In this 
case, the figure-inventories are determined by the 
preceding estimation of mobile moieties. Assignment 
of different figure-inventories to two or more orbits has 
been discussed in previous papers,11* in which an OMV 
restriction controls the determination of figure-
inventories. Although the two cases have different 

X5, Y 5 | 

& 
c 2 v 

X 3 Y 2 X 2 Y 3 

Ä 
c2v 

• 

* 
C2v 

XAY XYA 

2$C! 
C2v 

cA: 
Cs 

^c 
Cs 

Ä 
Cs 

^vC 
Cs 

Ä 
Cs 

A 
Cs 

chemical meanings, they can be mathematically 
manipulated in the same line (Appendix 2), except 
that the present case uses figure-inventories calculated 
by preceding enumerations. 

Let us examine the parent 1 with substituents 
selected from {X, Y}. Since this case produces no chiral 
mobile moieties, we can obtain the same result, 
whether we use Lemma 3 or Lemma 4 (Appendix 2). A 
figure inventory for lc is obtained in the light or Eq. 8, 
where the values in each row of the right-hand matrix 
are summed up to give the coefficient of the corre­
sponding term. Thus, we have 

( = 1 for Û>£ = X5 and Y5 

«sa I = 3 for ÙUÇ = X4Y and XY4 (9) 

I = 6 for tt)f = X3Y2 and X2Y3. 

According to Lemma 4 (Appendix 2), we obtain the 
figure-inventory, 

5(2) = X5d + 3(x4Y)d 

+ 6(X3YY + 6(X2YY + 3(XYY + Y5d (10) 

for lc. 

A figure inventory for lb can be obtained by a similar 
enummeration as described in the previous section. 
Alternatively, we can easily obtain the same result, 
because there are four patterns of substitutions (X3, 
X2Y, XY2, and Y3) on the basis of the basis of the 
mobile moiety (lb). 

5(1) = XZd + (X2yy* + {XY2)d + yZd ( n ) 

for lb. 

The four vertices of the rigid skeleton (la) are divided 
into two categories which are subject to C2v(/Cs) and 
C2v(/Cs), as characterized by Eq. 2. Hence, the above 
figure-inventories are introduced into SCIs which are 
derived from the C2v(/Cs) and C2v(/C

/
S) rows of Table 1 

(Lemma of Appendix 2). Thereby, we obtain 

(s2)(1)(s2)(2) = (X3 + X2Y + XY2 + Y3)2 

X (X5 + 3X4Y + 6X3Y2 + 6X2Y3 + 3XY4 + Y5)2 (12) 

for d , 

(s2)
(1)(s2)

(2) = (X6 + X4Y2 + X2Y4 + Y6) 

X (X10 + 3X8Y2 + 6X6Y4 + 6X4Y6 + 3X2Y8 + Y10) (13) 

for C2, 

(s2)(1)(s2)
(2) = (X3 + X2Y + XY2 + Y3)2 

X (X10 + 3X8Y2 + 6X6Y4 + 6X4Y6 + 3X2Y8 + Y10) (14) 

for C„ 
Fig. 2. Mobile moieties based on lc. 
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(s2)
(1)(*i)(2) = (X6 + X4Y2 + X2Y4 + Y6) 

X (X5 + 3X4Y + 6X3Y2 + 6X2Y3 + 3XY4 + Y5)2 (15) 

for C's, and 

(52)
(1)(52)

(2) = (X6 + X4Y2 + X2Y4 + Y6) 

X (X10 + 3X8Y2 + 6X6Y4 + 6X4Y6 + 3X2Y8 + Y10) (16) 

for C2v, 

in which superscripts (1) and (2) denote the C2v(/Cs) 
and C2v(/C/

S) orbits, respectively. Note that we apply 
the different figure-inventories to the respective orbits. 
Expansion of these generating functions and collec­
tion of the terms of the same power give a matrix 
involving the values of o&. This matrix is multiplied 
by the inverse of the mark table of C2v, i.e., 

X16 

X15Y 
X14Y2 

X13Y3 

X12Y4 

X nY 5 

x i o y 6 

X 9y7 

X8Y8 

Cx 

1 
8 
36 

112 

264 

496 

764 

c2 
1 
0 
4 
0 

10 

0 

16 

986 0 
1070 18 

cs 
1 
2 
6 

10 

18 

26 

34 

42 
42 

C's 

1 
6 

22 

54 

100 

146 

178 

194 
198 

C2v 

1 
0 
4 

0 

10 

0 

16 

0 
18 

K-) 

X16 

X15Y 
X14Y2 

X13Y3 

X12Y4 

x i i y 5 

X10y 6 

X 9y7 

X8Y8 

C i 

0 
0 
3 

12 

39 
81 

142 

187 
212 

c2 
0 
0 
0 

0 

0 
0 

0 

0 
0 

( 

cs 
0 
1 
1 

5 

4 
13 

9 

21 
12 

c s 
0 
3 
9 

27 

45 
73 

81 

97 
90 

c2v 
1 
0 
4 

0 

10 
0 

16 

0 
18 

Since the Xm Yn and XnYm terms afford the same results, 
Eq. 17 lists the values of the XmYn term (ra>n). 

Figure 3 depicts 17 X14Y2-isomers having the sub-
symmetries of the C2v-symmetry, in which the symbol 
(O) denotes a Y-substitution and the remaining 14 
positions are occupied by X. Thus, there emerge 3 Cx 

(asymmetric) molecules, one Cs-molecule, 9 C's mole­
cules and 4 C2v-molecules in accord with the data listed 
in the 3rd row of the rightmost matrix in Eq. 17. Note 
that these symmetries are concerned with the subduc­
tion of the rigid skeleton (la). For a more detailed 
description, they should be denoted by EWP symbols. 

Enumeration Involving Chiral Mobile Moieties. The 

° Td(/C3v) C3v(/Cs) 
2 2a 2b 

Fig. 4. Enumeration based on 2,2-dimethylpropane 
(2). 

enumeration described in the previous section involves 
achiral mobile moieties only, where we have used 
Lemma 4. On the other hand, we should use Lemma 3 
in the case that involves chiral mobile moieties in 
addition to achiral ones. This section is devoted to 
giving a typical procedure for utilizing Lemma 3. Let 
us work out an enumeration based on 2,2-dimethyl­
propane (2), which involves a participation of a chiral 
mobile moiety. We consider 12 substituents selected 
from a domain, X={X, Y, Z} to occupy the 12 positions 
of 2,2-dimethypropane (2). 

Step 1 is the decomposition of 2 into a rigid skeleton 
(2a) and a mobile moiety (2b) as shown in Fig. 4. 

Step 2 is the classification of the vertices (substitu­
tion positions) of each mobile moiety (i.e., 2b in this 
case) into orbits and the assignment of coset representa­
tions (CRs) to the orbits. This assignment has been 
described in the previous sections. Thus, the vertices 

i o o 
. 1 1 0 

4 2 U 

.1 0 ± 
4 U 2 

-i o o 
1 1 1 
2 2 2 

0 

0 

0 
i 
2 

1 
2 

the inverse 

0 \ 

0 

0 

0 

1 ' 

c2v 
qr yi ^ C f j T Xh Of M 

Fig. 3. X14Y2-isomers based on 1. 
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of 2b are subject to C3v(/Cs). 
In Step 3, we construct the SCIs for this case, using 

the C3v(/Cs) row of Table 2. When we introduce a 
moiety-figure inventory, sd=Xd+Yd+Zd, into these 
SCIs, we have generating functions for p^, i,e., 

s\ = (X + Y + Z)3 for d , 

Sls2 = (X + Y + Z)(X2 + Y2 + Z2) for Ca 

s3 = X3 + Y3 + Z3 for C3, 

and 

^ ^ ^ 

iese 

(18) 

(19) 

(20) 

x 3 y 3 z 3 X2Y) x y 2 X Y 2 

X2Z, XZ2 

Y2Z, YZ2 

C3v Cs C] 

achiral chiral 

Fig. 5. Mobile moieties derived from 2b. 

* 3 : X3 + Y3 + Z3 for C3v. (21) 

There equations are expanded to afford a matrix (piq). 
In Step 4, the matrix (piq) is multiplied by the 

inverse of the mark table of C3v, i.e., 

X3 

X2Y 

XY2 

Y3 

X2Z 

XYZ 

Y2Z 

XZ2 

YZ2 

Z3 

Cx 

1 

3 

3 

1 

3 

6 

3 

3 

3 

1 

Cs C3 C3v 

1 1 1 

1 0 0 

1 0 0 

1 1 1 

1 0 0 

0 0 0 

1 0 0 

1 0 0 

1 0 0 

1 1 1 

\ i o 
4 i 
- 1 0 

4 - i 

0 0 

0 0 

i o 
4 i 

the inverse 

(Pfc) 

Ci Cs 

X3 

X2Y 

XY2 

Y3 

X2Z 

XYZ 

Y2Z 

XZ2 

YZ2 

z3 

0 0 

0 1 

0 1 

0 0 

0 1 

1 0 

0 1 

0 1 

0 1 

0 0 

c3 c3v 

0 1 

0 0 

0 0 

0 1 

0 0 

0 0 

0 0 

0 0 

0 0 

0 1 

• (22) 

<B») 

The matrix obtained indicates that there appear three 
types of mobile moieties shown in Fig. 5. Note that 
the XYZ-moiety is chiral. 

Step 5 is the construction of figure inventories. 
Application of Lemma 3 to the data of Eq. 22 yields 
the following inventories: 

ad = XZd + (X2Y)d + (XY2)d + YZd 

+ {X2Z)d + (Y2Z)d + (XZY + (YZ2)d + ZX3d, (23) 

bd = XZd + (X2Y)d + (XY2)d 

+ Y3d + (X2Z)d + (Y2Z)d 

+ (XZ2)rf + {YZ2)d + Z3d + 2{XYZ)d, (24) 

and 

cd = X3d + (X2Y)d + (XY2)d 

+ YZd + (X2Z)d + (Y2Z)rf 

+ (XZ2)rf + ( YZ2)̂  + Z3rf + 2{XYZ)d. (25) 

Step 6 is the construction of SCIs for a rigid skeleton 
(i.e., 2a in this case). Since the four vertices (roots) are 
subject to Td(/C3v), we select the USCIs with chirality 
fittingness appearing in the Td(/C3v) row of a table of 
USCIs.15) After introducing the above figure inven­
tories into the SCIs, we obtain generating functions: 

b\ = (X3 + X2Y + XY2 + Y3 

+ X2Z + Y2Z + XZ2 + YZ2 + Z3 + 2XYZ)4 

for d , (26) 

b\ = (X6 + X4Y2 + X2Y4 + Y6 

+ X4Z2 + Y4Z2 + X2Z4 + Y2Z4 + Z6 + 2X2Y2Z2)2 

for C* (27) 

aï̂ 2 = (X3 + X2Y + XY2 + Y3 

+ X2Z + Y2Z + XZ2 + YZ2 + Z3)2 

X (X6 + X4Y2 + X2Y4 + Y6 + X4Z2 + Y4Z2 

+ X2Z4 + Y2Z4 + Z6 + 2X2Y2Z2) 

for Cs, (28) 

bibs = (X3 + X2Y + XY2 + Y3 

+ X2Z + Y2Z + XZ2 + YZ2 + Z3 + 2XYZ) 

X (X9 + X6Y3 + X3Y6 + Y9 + X6Z3 + Y6Z3 
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+ X3Z6 + Y3Z& + Z9 + 2X3Y3Z3) 

for Q , (29) 

c4 = X12 + X8Y4 + X4Y8 + Y12 + X8Z4 

+ y8z4 + x4z8 + y4z8 + z12 + 2X4Y4Z4 

for S4, (30) 

b4 = x12 + x8y4 + X 4 Y 8 + y12 + x8z4 

+ Y8Z4 + X4Z8 + Y4Z8 + Z12 + 2X4Y4Z4 

for D2 and T, (31) 

a\ = (X6 + X4Y2 + X2Y4 + Y6 

+ x4z2 + y4z2 + x2z4 + y2z4 + z6)2 

for C2v, (32) 

«i«3 = (x3 + X2Y + xy 2 + y3 

+ x2z + y2z + xz2 + yz2 + z3) 

x (x9 + x6y3 + x3y6 + y9 + x6z3 + Y6Z3 

+ x3z6 + y3z6 + z9) 

for C3v, (33) 

and 

a4 = x12 + x8y4 + x4y8 + y12 

+ x8z4 + y8z4 + x4z8 + y4z8 + z12 

for D2d and for Td, (34) 

according to Eqs. 47 and 48. These equat ions are 
expanded and the terms of the same powers are 

collected. In the present case, the terms are classified 
in to 19 types, which are designated by a type index 
[l,m,n] for XlYmZn, XmYnZl and so on. T h e terms of the 
same type have equal coefficients. Table 3 collects 
such coefficients for each type index and each 
subsymmetry of Td . 

Step 7 is the mul t ip l ica t ion of Tab le 3 by the inverse 
of the mark table for Td.15) T h e result ing matr ix 
(Table 4) shows the n u m b e r of isomers of each type 
and each subsymmetry. 

Figure 6 depicts [9,2,l]-isomers, each of which is 
denoted by the symmetry of the corresponding r igid 
skeleton. 

T h e total values at the bo t tom of Tab le 4 are 

Table 3. Coefficients for Enumeration 

Index C2 Cs C3 S4 D2 C2v C3v D2d T Td 

[12,0,0] 
[11,1,0] 
[10,2,0] 
[10,1,1] 
[ 9,3,0] 
[ 9,2,1] 
[ 8,4,0] 
[ 8,3,1] 
[ 8,2,2] 
[ 7,5,0] 
[ 7,4,1] 
[ 7,3,2] 
[ 6,6,0] 
[ 6,5,1] 
[ 6,4,2] 
[ 6,3,3] 
[ 5,5,2] 
[ 5,4,3] 
[ 4,4,4] 

1 
4 
10 
20 
20 
52 
31 
100 
138 
40 
152 
256 
44 
184 
364 
448 
408 
584 
682 

1 
0 
2 
0 
0 
0 
3 
0 
6 
0 
0 
0 
4 
0 
8 
0 
0 
0 
10 

1 
2 
4 
2 
6 
6 
7 
6 
14 
8 
8 
16 
8 
8 
22 
16 
20 
20 
30 

1 
1 
1 
2 
2 
1 
1 
1 
0 
1 
2 
1 
2 
1 
1 
4 
0 
2 
4 

1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 

1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 

1 
0 
2 
0 
0 
0 
3 
0 
2 
0 
0 
0 
4 
0 
4 
0 
0 
0 
6 

1 
1 
1 
0 
2 
1 
1 
1 
0 
1 
0 
1 
2 
1 
1 
2 
0 
0 
0 

1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 

1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Table 4. Number of Non-Rigid Isomers Derived from 2 

Type index 
C2 C3 

Number of isomers of 
SA D2 C2v C3v D2d 

Total 

[12,0,0] 
[11,1,0] 
[10,2,0] 
[10,1,1] 
[ 9,3,0] 
[ 9,2,1] 
[ 8,4,0] 
[ 8,3,1] 
[ 8,2,2] 
[ 7,5,0] 
[ 7,4,1] 
[ 7,3,2] 
[ 6,6,0] 
[ 6,5,1] 
[ 6,4,2] 
[ 6,3,3] 
[ 5,5,2] 
[ 5,4,3] 
[ 4,4,4] 

0 
0 
0 
0 
0 
1 
0 
3 
2 
0 
4 
7 
1 
6 
10 
15 
12 
19 
21 

0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 

0 
0 
0 
1 
1 
2 
2 
2 
6 
3 
4 
7 
0 
3 
8 
6 
10 
10 
12 

0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
1 
0 
1 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
1 
0 
0 
0 
1 
0 
1 
0 
0 
0 
2 
0 
2 
0 
0 
0 
3 

0 
1 
1 
0 
2 
1 
0 
1 
0 
1 
0 
1 
2 
1 
1 
2 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
1 
2 
2 
3 
4 
4 
6 
10 
4 
9 
15 
5 
10 
22 
24 
22 
30 
39 

Total 411 9 333 19 1 0 36 72 0 1 9 891 
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alternatively calculated in the l ight of Lemma 6 and 
Corollary 3 (Appendix 3). T h u s , L e m m a 6 for this 
case yields a row vector (114,112,92X11,112,11,11,92, 
92,11,9). According to Corollary 3, this vector is 
mul t ip l i ed by the inverse of the mark table for T d to 
afford (411,9,333,19,1,0,36,72,0,1,9), each value of 
which is identical wi th that obtained by the summa­
tion of each co lumn of Table 4. 

T h e total value of each row of Tab le 4 can be 
alternatively obtained in the form of a generat ing 
function (a cycle index) if we apply Theo rem 2 to the 
present case. T h e cycle index (CI) of this case is given 
as 

EAeWe = (l/24)bi + (l/B)bl 

+ (l/4)afc2 + (1/3)6x63 + (l/4)c4, (35) 

in to which Eqs. 23 to 25 are introduced. 
For calculat ing non-r igid isomers con ta in ing at 

least one chiral moiety, Corollary 2 sould be appl ied to 
this case. A similar procedure as above affords Tab le 
5. 

For i l lus t ra t ing the result of Tab le 5, several selected 
examples are depicted in Fig. 7. 

Note that the p o i n t g roups assigned in Fig. 7 are 
concerned wi th the rigid skeletons, not with the 

C] Cs C s C3v 

Fig. 6. Isomers with the index[9,2,l] based on 2. 

molecules themselves. For example, the [6,3,3], C3-
isomer in Fig. 7 belongs to C3-point g roup . O n the 
other hand , the other isomers are restricted wi th in Cx 

po in t g roup , even if they have conformations of the 
highest symmetries. T h e [4,4,4], T-molecule belongs 
to D2 symmetry, strictly speaking. In contrast to this, a 
full symmetry is realized in the [4,4,4], S4-molecule. 
Several remarks have been made on such problems.25) 

Conclus ion 

Uni t subduced cycle indices (USCIs) are appl ied to 
the enumera t ion of non-r ig id molecules such as 2,2-
diphenyl- and 2,2-dimethylpropane. Non-r igid mole­
cules are regarded as a combina t ion of a r igid skeleton 
and mobile moieties. T h i s formula t ion allows us to 
treat non-rigidity in the same line as rigid molecules, 
since bo th the r igid skeleton and the mobile moiety 

-^ ->-r^ svrc» *>"r^ 
C3 DO.1.1] C3 [7A1] C3 [6,3.3] C3 [4,4,4] 

<?„«Q 

_Q 

T [4,4,4] Ŝ  [4,4,4] 

Fig. 7. Selected isomers with chiral moieties based 
on 2. 

Table 5. Number of Non-Rigid Isomers with Chiral Moieties Based on 2 

Type index 

[12,0,0] 
[11,1,0] 
[10,2,0] 
[10,1,1] 
[ 9,3,0] 
[ 9,2,1] 
[ 8,4,0] 
[ 8,3,1] 
[ 8,2,2] 
[ 7,5,0] 
[ 7,4,1] 
[ 7,3,2] 
[ 6,6,0] 
[ 6,5,1] 
[ 6,4,2] 
[ 6,3,3] 
[ 5,5,2] 
[ 5,4,3] 
[ 4,4,4] 

Ci 

0 
0 
0 
0 
0 
1 
0 
2 
2 
0 
3 
5 
0 
4 
7 

10 
8 

13 
15 

C2 

0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 

Cs 

0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
2 
0 
0 
3 
2 
4 
4 
6 

C 3 

0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
1 
0 
1 
1 

Number of 
S4 D 2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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11 
13 
12 
18 
24 
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can be treated as rigid. Several proposi t ions useful for 
isomer enumera t ion are presented. 

Appendix 1. 

Enumeration of Mobile Moieties. A mathematical treat­
ment is essentially the same as described for rigid molecules 
in a previous paper.15) Suppose that a given moiety of H-
symmetry consists of several atoms whose symmetrical 
properties are characterized by a permutation representation 
(PH). Then, PH can be reduced into the sum of coset 
representations, i.e., 

PH = S 7 , H ( / H P ) , (36) 

P=\ 

where the symbol H p (£=1,2,..., cH) denotes a representative 
of conjugate subgroups and the multiplicity, yp, is a non-
negative integer. The multiplicity yp can be algebraically 
obtained by using the table of marks for H group.15) Eq. 2 is 
a simple example of this formulation. 

According to the subduction of the CRs (H(/H/,) IH9), we 
have defined unit subduced cycle indices (USCIs) as 

Z(H(/Up)ÏHq;tdq) = Û(tJ- (37) 
r=l 

for p=\,2,...,cY{ and g=l,2,..., cH, where the symbol Hqr 

(r=l,2,...,vq) denotes a representative of conjugate subgroups 
of tlq.

15) Note that the t variables are just dummy symbols. 
The symbol dqr denotes the length of the Hq(/Hqr) orbit 
which is in turn represented by 

d„ = | H , | / | H j . (38) 

In terms of the USCIs (Eq. 37), a subduced cycle index 
(SCI) for each subgroup (H.q) is defined as: 

ZZ(H,;tJ = IÏ[Z(H(/H,) i H * t J F ' 

= mm j-r-
p=\ r=\ 

= ft(*J^ (39) 

for^=l,2,...,cH.15) 

Suppose that mobile moieties belonging to an equivalence 
class have the same molecular formula, w^X^X^-'-XJ^l, 
where | i/f| is the number of positions in a mobile moiety and 
n1+n2+---/2|x|. The number of isomeric moieties is regarded 
as the number of such equivalence classes with the same 
molecular formula. Let p^ be the number of such isomeric 
moieties with the weight ws and Hq. Then, p^ is obtained by 
means of generating functions,10 i.e., 

Lemma 1. (Calculation of p^). 

2 P ^ = Z / ( H Ä ) (40) 
s 

for g=l,2,...,cH, in which every term of the right-hand side is 

substituted by a figure-inventory: 

|x| 
tdw='2xï. (41) 

r=l 

In the light of this lemma, the net number of mobile 
moieties (B^) is obtained by 

Lemma 2. (Enumeration of mobile moieties). When 
Jhqp is an element of the inverse of the mark table, the net 
number of mobile moieties (B^) is obtained by 

afr = Z p t f V (42) 

q=\ 

Note that we count every pair of antipodes (y& and y€q). 

Appendix 2. 

Enumeration of Non-Rigid Isomers. Suppose that the 
rigid skeleton of a non-rigid molecule of G-symmetry has | <f>\ 
substitution positions. If a permutation group PG acts on 
the positions, the action is expressed by 

CG 

PG = 2 « I . G ( / G I . ) , (43) 
i= l 

wherein at is the multiplicity of the CR, G(/Gz). According 
to the subduction of the CR, 

G(/Gz.) i G, = i:ßijkGj(/Gjk), (44) 
k=\ 

we define a USCI with chirality fittingness as 

Z(G(/G,) i G/,$dß) = h($d/», (46) 
k=\ 

for i=1,2,...,cG and;=l,2,...,cG. This USCI is essentially equi­
valent to that described for a mobile moiety. In a similar 
way, the subscript for $ is calculated by 

<fe = |G,|/ |G*|. (46) 

The dummy variable $ is replaced by the variable (a, b, or c) 
in accord with the chirality fittingness of the participating 
CR. The variable (a) is selected when both G7 and Gjk are 
improper. The variable (b) is adopted, if both Gy and Gjk are 
proper. The variable (c) is for the case G7 is improper and G^ 
is proper. Since the dummy variable is dependent upon the 
ia-th orbit through the corresponding CR, this dependence is 
designated by the symbol $d

l"\ The SCI for this case is 
obtained in a similar way described in the preceding 
sections, i.e., 

ZJ(Gy;5£») = ft nZ(G(/G,.) i Gßjf) 
i=\ a=\ 

(<W*0) 

= n n [ n ( j ^ ] (47) 
F l a=\ k=\ 

(<w*0) 

(/ = l,2...,cG). 
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A non-rigid compound is regarded as a derivative of a G 
rigid skeleton, in which the a-th G(/GJ orbit is substituted 
by the moieties of H(j,a) that have been enumerated in the 
preceding sections. 

Suppose that non-rigid molecules belonging to an 
equivalence class have the same molecular formula, 
We=X^1X22"'XJ^J where |</>| is the number of positions 
(roots) in the rigid skeleton and ?i1+721+---+?2|x|= |</>|. 

If all the mobile moieties (y^) and their antipodes (yj^'s) 
(p=\,2,...,cHw) have the same weight (w^a)) the following 
lemma can be obtained by a slight modification of the 
method described elsewhere.24) We arrive at 

Lemma 3. (Calculation of odj). Let aej be the number of 
such derivatives with weight (We) that are invariant (of 
fixed) on the operation of G7. We can estimate oej in terms of 
generating functions,10 

If we restrict the mobile moieties within achiral ones as 
above, we arrive at 

Lemma 4. (Calculation of aej). Let oej by the number of 
such derivatives with weight (W6) that are invariant (or 
fixed) on the operation of G7, when only achiral mobile 
moieties are allowed. We can estimate oej in terms of 
generating functions,10 

TßejWe = ZI(Gßs%>) (56) 

for / = 1,2,...,cG, in which every variable of the right-hand side 
is substituted by a figure-inventory, 

s^ = ^a(wf^. (51) 

ZoejWe = ZI(Gß$$>) (48) 

for y=l,2,...,cG in which every variable of the right-hand side 
is substituted by figure-inventories, 

<-2^>f)4< for $ = a (49) 

and 

bff = S * ( a ; f ) * + 22ic ( w f ) * for $ = b (50) 

4:) = s^ûHa))^ + 2s^>(f))4i for $ = c> < 5 1 > 

where K^a and K^C are represented by 

Using Lemma 4, we can enumerate non-rigid molecules 
without any chiral mobile moieties. For this purpose, we 
obtain 

Corollary 1. (Enumeration of non-rigid isomers with 
achiral mobile moieties). Let A ei be the number of We, Gr 

isomers without any chiral mobile moieties. This is 
calculated from aej (Lemma 4) by means of 

08j= S^Ö/M^- (58) 

for j = 1,2,...,cG, 

or inversely, 

Aoi= 2 M * / , -
7=1 

(59) 

for i = l,2,...,cc 

2 *£° 
improper 

and 

K = T Biia) 

P=l 

(52) 

(53) 

By means of this lemma, we end up with 
Theorem 1. (Enumeration of W6, Grisomers). Let Aöz be 

the number of We, Grisomers. This is calculated by using 
aei (Lemma 3) by means of 

G6j= YxAetMij (54) 

for ; = l,2,...,cG 

or inversely, 

Adi= YiVejMji 
7=1 

(55) 

for i = 1,2,...,CG 

wherein Mtj is the z*y-element of the mark table (My) for the 
G-group and (M/z) denotes the inverse of the matrix (My). 

wherein Mtj is the z*y-element of a mark table (My) for the 
G-group and (Mß) denotes the inverse of the matrix (My). 

Lemmas 3 and 4 affords foundation to the enumeration of 
the case concerning derivatives with at least one chiral 
mobile moiety. That is to say, 

Lemma 5. (Calculation of aej). Let aej be the number of 
such derivatives with weight (Wq) that are invariant (or 
fixed) on the operation of Gy, when permitting achiral as 
well as chiral mobile moieties. Then, 

2 fyW, = ZI(Gf,$%>) - ZI(Gfis%) (60) 

for y=l,2,...,cG, in which every variable of the right-hand side 
is given by Lemmas 3 and 4. 

In the light of Lemma 5, we can enumerate non-rigid 
molecules having at least one chiral mobile moiety. We 
arrive at 

Corollary 2. (Enumeration of non-rigid isomers with at 
least one chiral mobile moiety). Let A ei be the number of 
We, Gfisomers with at least one chiral mobile moiety. This 
is calculated from aej (Lemma 5) by menas of 

08j= S^Ö/My- (61) 

for ; = 1,2,...,CG, 
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or inversely, 

c° _ 
Aet = 2 ooiMji (62) 

7=1 

for i = 1,2,...,cG, 

wherein Mtj is the z/-element of the mark table (Mtj) for the 
G-group and (Mß) denotes the inverse of the matrix (My). 

Appendix 3. 

The Total Numbers for Every Weight and for Every 
Subsymmetry. When we sum up all Aei over Gz, we obtain 
the total number (Ae) of isomers with WVweight. That is to 
say, 

Ae = 2 Adi = 2 2 o0iMß. (63) 
i=l i=l 7=1 

Enumeration of Ae can be accomplished by using the 
generating function represented by 2 AdWe. This term is 
converted as follows: ö 

CG CG _ 

TAeWe = 2 ( 2 2 aeiMß)We 
e e i=\ j=\ 

0 7=1 i=\ 

= 2 ( 2 ^ ) 2 ^ . 
7=1 1=1 0 

Since the last sum of the last side has been given by Eq. 48, 
we end up with 

Theorem 2. (The total number of non-rigid isomers for 
every weight). 

HAoWe = 2 ( 2 M,)Z/(G;;S|:>), (64) 
0 7=1 i - l 

in which the SCIs are generated as shown in Lemma 3. 
c° — 

It should be noted that the term, ^Mß, is calculated by 
1=1 

summing up each row of the inverse of the mark table for G. 
This terms is zero if G is not a cyclic group. The right-hand 
side of Eq. 64 is a cycle index (CI) that is an alternative form 
to what is described by Polya.1* It should be emphasized that 
the present procedure generating USCIs — • SCIs —• CI 
provides us with a systematic tool for enumeration.24) 

If we sum up all Am over We, we are able to calculate the 
total number (At) of non-rigid isomers with Grsymmetry. 
This is expressed by 

CC _ CG _ 

At = 2 A = 2 2 oe,Mß = 2 (2<^)M,7. (65) 
e e 7-1 7-1 0 

The term in the inner parentheses of the rightmost side can 
be estimated by introducing 

wf* = 1 for all f and all ia; We = 1 (66) 

into the equations of Lemma 3. This operation affords 
Lemma 6. (Calculation of oj), Let a, be the number of 

derivatives that are invariant (or fixed) on the operation of 
Gj. We can estimate CT7 in the light of 

oJ='Sav = n(Gj;S^) (67) 
0 

for / = l,2,...,cG, in which every variable of the right-hand side 
is substituted by 

«£» = 2 K f a = 2 2 Bg> for $ = a (68) 

improper 

= 2 ( 2 B«a) + 2 2 B«a)) (69) 
S />=! P P=l P 

improper proper 

for $ = b and $ = c. 

By means of this lemma, we end up with 
Corollary 3. (The total number of non-rigid isomers for 

every subsymmetry). Let At be the total number of G r 

isomers. This is calculated by using <jj (Lemma 6) by means 
of 

Ai=hojMji (70) 
7=1 

for i = 1,2,...,CG, 

wherein the symbol (Mß) denotes the inverse of the matrix 
(Mß). 
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at the Polarized Nitrobenzene-Water Interface 
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The adsorption of tetraethylene glycol monododecyl ether, C12E4, has been studied by measuring the 
electrocapillary curves at the polarized interface between the nitrobenzene solution of 0.1 mol dm - 3 tetra-
pentylammonium tetraphenylborate and the aqueous solution of 0.05 mol dm - 3 lithium chloride. C12E4 
adsorbed at the interface over the entire polarized potential range of 250 mV. Although C12E4 itself is a neutral 
molecule, its surface activity was greatly affected by changing the potential drop across the interface ; an increase 
in the potential of the aqueous phase with respect to the potential in the nitrobenzene phase markedly enhanced 
the adsorption. The complex formation between the adsorbed C12E4 molecules and Li+ ions in the aqueous 
side of the interface was shown to play a decisive role in determining the dependence of adsorption on the 
electrical potential difference across the interface. A proposed model for complex formation at the interface 
based on the Gouy-Chapman double-layer theory well-explained the observed trend in the adsorption Gibbs 
energy when the potential drop across the interface was changed. 

T h e effect of the electrical potent ia l difference across 
the interface on the surface activity of surfactants is of 
great impor tance not only in unders tand ing various 
surface phenomena , bu t also in the field of practical 
appl ica t ions of surfactants, since its surface activity 
can be control led by regu la t ing the electrical state of 
the interface. Guas ta l la first found the fact that the 
adsorpt ion of hexadecyl t r imethylammonium ion at 
the ni t robenzene-water interface was very m u c h 
influenced by the appl ied potential,1* and called this 
p h e n o m e n o n "electroadsorpt ion", since, according to 
h im, no effect was observed when no long-cha in 
electrolytes were dissolved in bo th phases. Later, 
Watanabe et al. studied the effect of an appl ied 
potent ia l on the surface activity of various surfactants 
at the methyl isobutyl ketone-water interface by 
app ly ing the concept of electrocapillarity.2) As 
exemplified by our previous studies of the adsorpt ion 
of hexadecy l t r imethy lammonium ion at the polarized 
ni trobenzene-water interface,3'4* the effect of the 
electrical state of the interface on the surface activity of 
surfactants at o i l -water interfaces is best studied by 
us ing an ideally polarized o i l -water interface, where 
the electrocapillarity can be studied under the well-
defined electrical state of the interface.5* Since the term 
"elect roadsorpt ion" has been used almost exclusively, 
in dist inction from "electrocapil lari ty", to indicate the 
adsorpt ion of ionic components at the oi l -water 
interface under the passage of significant electric 
current,6*7* we shall use in this paper the term "electro­
sorpt ion" , which has been used in studies of the 
adsorpt ion on electrodes,8* as a concise expression for 
designat ing explicitly the adsorpt ion phenomena 
under the influence of electrical variables. T h e effect 
of the electrical potent ia l difference at the interface is 
no t l imited to the case of ionic surfactants. T h e 
adsorpt ion of neut ra l surfactants is also expected to be 

affected by the electrical state of the interface. First, the 
difference in the polarizabili ty as well as in the dipole 
m o m e n t between the adsorbate and solvent molecules 
gives rise to a difference in the electrical energy of the 
interface, as is wel l -known in the adsorpt ion of 
organic c o m p o u n d s on electrodes.9) Second, non ion ic 
surfactants hav ing an oxyethylene g roup as a hydro-
phi l ic g r o u p are capable of forming complexes wi th 
ions and behave as if they are charged species. T h e 
latter propert ies of the non ion ic surfactants have been 
utilized for solvent extraction10-12* and selective ion 
t ranspor t in biological membrane processes13* as well 
as the selective detection of ions in ion-selective 
electrode.14* Recently, in a study of ion transfer across 
an ni t robenzene-water interface facilitated by T r i t on 
X's, Yoshida and Kihara15* suggested us ing a d r o p p i n g 
electrolyte solut ion electrode that the adsorpt ion of 
T r i t o n X's wou ld be dependent on the appl ied voltage 
across the interface. T h e purpose of the present study 
was to extend our previous studies concerning the 
electrosorption of ionic surfactrants at the polarized 
o i l -water interface to non ion ic surfactants for charac­
terizing their adsorpt ion properties thermodynamical-
ly under a well-defined electrical state of the interface. 
T h i s paper deals wi th the electrosorption of tetraethyl­
ene glycol monododecyl ether, C12E4, at the polarized 
interface between the nitrobenzene solut ion of tetra-
p e n t y l a m m o n i u m tetraphenylborate, T P n A T P B , and 
an aqueous solut ion of l i t h ium chloride studied by 
measur ing equ i l ib r ium electrocapillary curves.16* 

Experimental 

The interfacial tension was measured at 25+0.05 °C using 
a computer-aided pendant drop method.17* Details of this 
method were described elsewhere.17* Nitrobenzene solutions 
of TPnATPB containing various amounts of C12E4 were 
shaken with an aqueous solution of lithium chloride 
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overnight at 25 ° C for ensuring partition equilibrium. In 
the measurement, a drop of a nitrobenzene solution was 
formed at the tip of a glass tubing immersed in the aqueous 
phase. After the formation of a drop, the drop image was 
recorded at a fixed applied potential, which was stepwise 
increased by 20 mV from negative to positive every 30 sec. 
The potential drop across the interface was controlled with a 
laboratory-made four-electrode potentiostat.17) The polariz-
ability of the interface was monitored through linear 
potential sweep voltammetry recorded prior to an interfacial 
tension measurement. The residual ohmic potential drop 
due .to an uncompensated solution resistance was compen­
sated for by using a positive feedback method. The amount 
of the feedback voltage was adjusted to be just below the 
point of oscillation of the system. 

High-purity C12E4 was obtained from Nikko Chemicals 
(Japan) and used without further purification. Nitroben­
zene was first distilled under reduced pressure and then 
treated with active alumina. Water was treated with an 
NANOpure II system (Barnstead, MA., USA) and then 
distilled from potassium permanganate solution. TPnATPB 
was prepared as described elsewhere.3* An aqueous solution 
of tetrapentylammonium chloride, TPnACl, was saturated 
with silver chloride. The TPnACl concentration was 
determined by a Potentiometrie titration of chloride ion. 
Lithium chloride monohydrate (a Merck's Spurapur grade) 
was used without further purification. The concentration of 
C12E4 in the aqueous phase in partition equilibrium with a 
nitrobenzene solution containing C12E4 was determined 
polarographically using the suppression of the Polarogra­
phie maximum on a oxygen-reduction wave. The concen­
tration of nitrobenzene in the aqueous phase was also 
measured polarographically from the limiting current of a 
nitrobenzene reduction wave. 

Results 

T h e electrochemical cell used for the electrocapil-
lary curve measurements is represented by: 

Ag 

II 

AgCl 

III 
0.02 Ma> 

TPnACl 

IV 
0.1 M TPnATPB 

+ 
x mM C12E4 

V 
0.05 M 

LiCl 

VI 

AgCl 

VII 

Ag 

(water) (nitrobenzene) (water) 

T h e interface between IV and V is the polarized 
interface and the interface between III and IV is the 
nonpolar ized interface, which served as par t of the 
reference electrode reversible to TPnA+ ion in the 
phase IV. T h e potent ia l of the r igh t -hand side 
terminal of the cell was measured wi th respect to the 
potent ia l of the left and is hereafter referred to as E. 
T h e l inear potent ia l sweep vo l tammogram for this cell 
at x=l, 10, and 100 are shown in Fig. 1, after 
subtract ing the vo l t ammogram for x=0. T h e polar­
ized range became narrower with increasing concentra­
t ion of C12E4. T h e analysis of the current vs. 
potent ia l curves18) indicated that this increase in the 
current was due to the facilitated transfer of Li+ ions 

40 
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Fig. 1. Linear potential sweep voltammograms in 
the presence (—) and in the absence ( ) of C12E4 
in the nitrobenzene phase; scan rate is 20 mV s"1 and 
the area of the interface is 0.279 cm2. The concen­
tration of C12E4 is indicated by each line in mmol 
dm - 3 . 

a> 1 M = 1 mol dm - 3 . 

Fig. 2. Electrocapillary curves at 25°C for the inter­
face between the nitrobenzene solution of 0.1 mol 
dm - 3 TPnATPB and the aqueous solution of 0.05 
mol dm - 3 LiCl in the presence of x mmol dm - 3 

C12E4: x=0(l), 1(2), 2(3), 5(4), 7(5), 10(6), 15(7), 20(8), 
30(9), 40(10), 50(11), 70(12), 80(13), and 100(14). 

from the aqueous phase to the nitrobenzene phase. 
T h e interfacial tension was measured at 20 mV 
intervals of the appl ied voltage in the polarized range 
for 13 concentrat ions of C12E4 between x=l and 100. 
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T h e electrocapillary curves are shown in Fig. 2. T h e 
interfacial tension was lowered wi th the C12E4 
concentrat ion over the entire polarized range, indicat­
ing the adsorpt ion of C12E4 at the interface. T h e 
mono tonous decrease in the interfacial tension wi th 
the C12E4 concentrat ion wi thou t a break po in t 
indicates the absence of appreciable micelle formation 
in the ni trobenzene phase u p to 100 m m o l d m - 3 of 
C12E4. 

From the general electrocapillary equa t ion for the 
polarized oi l -water interface,19) the derivative of the 
interfacial tension, y , wi th respect to the chemical 
potent ia l of C12E4, //Ci2E4, at constant temperature, 
pressure, and chemical potentials of the components 
except C12E4 is expressed in this case as 

\~Ä7, L ^ _ * C12E4 /*C12E4 Kx 

_ 1 w*NB ~~ ^NB*W 

C12E4 > (1) 

YW NB _ VNBVW > 

and 

K = 
r w x NB _ 

* W*NB 
NB 

VW YNB _ VNBVW 

Furthermore, the second term on the r.h.s. of Eq. 2 is 
negligibly small by two reasons; first, XC?2E4/*NB is 
negligibly small , since this term is in the present case 
no t greater than 0.015, and, second, 7"NB wou ld not 
significantly be larger than 7"CI2E4. Hence, the 
derivative in Eq. 2 directly gives the value of 7~CI2E4 and 
can be seen as be ing the adsolute a m o u n t of adsorbed 
C12E4 at the interface. In the fol lowing analysis, the 
activity of C12E4 in the ni trobenzene phase was 
equated to its concentration, C^EA-

T h e 7"ci2E4 values were obtained from the numerical 
differentiation of y vs. log CciB2E4 curves at constant E 
us ing a B-spline function and are plot ted in Fig. 3 as a 
function of E at several CciB2E4 values. T h e 7~CI2E4 value 
increased wi th a positive increase in E. T h e 
adsorpt ion isotherms at £=0 .12 , 0.18 and 0.25 V shown 
in Fig. 4 were fitted to the L a n g m u i r isotherm: 

Bc = 
B 

(1-0) 
(3) 

where B is the adsorpt ion coefficient, é£=/ci2E4/JHci2E4 
and i"ci2E4 is the m a x i m u m adsorpt ion. From the 
intercept and the slope of the plots in Fig. 5, the values 

where 7! is the surface excess of species i, (2=C12E4, W, 
or NB; W and NB stand for water and nitrobenzene), 
and x°l is the mole fraction of a componen t i in phase a, 
(a denotes aqueous or nitrobenzene phase as W or NB). 
T o estimate the cont r ibut ion of the second and thi rd 
terms on the r igh t -hand side of the Eq. 1 to the left, we 
measured the concentrat ions of C12E4 and ni t ro­
benzene in the aqueous phase as follows. 10 ml of a 
nitrobenzene solution containing 500 mmol d m - 3 C12E4 
in addi t ion to 0.1 mol d m - 3 T P n A T P B was shaken 
wi th a 100 ml aqueous solut ion of 0.05 mol d m - 3 LiCl . 
T h e equ i l i b r ium concentrat ion of C12E4 in the 
aqueous phase was found to be below the detection 
l imit of this method, 1 jimol d m - 3 , which in the 
present case was b o u n d by the presence of nitrobenzene 
distr ibuted in the aqueous phase; the par t i t ion 
coefficient of C12E4 between nitrobenzene and water 
was est imated to be at least larger than 98. T h e 
nitrobenzene concentrat ion in the aqueous solut ion 
was found to be 15±1 m m o l d m - 3 . T h i s value agrees 
well wi th a l i terature value of 16.4 m m o l dm~3 2 0 ) for 
the par t i t ion equ i l ib r ium wi thou t suppor t ing electro­
lytes. O n the other hand , the concentrat ion of water in 
water-saturated nitrobenzene is 0.00295 at 25 ° C in 
mole fraction scale.20) Therefore, the terms x^12E4f x^B> 
and x $ B in Eq. 1 can safely be ignored a n d Eq. 1 is 
reduced to 

'£ 
(J 

£ 

"2 
X 

LP 

dy \ 
\dfXC12E4>T,P,E,^C]2¥A 

— 7 c i 2 E 4 

VNB 
XC12E4 

VNB 
*NB 

Fig. 3. Dependence of the adsorbed amount of 
(2) C12E4, rCi2E4, on E at the concentration of C12E4 

in the nitrobenzene phase being, CciB2E4—50(1), 20(2), 
10(3), and 5(4) mmol dm"3. 
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Fig. 4. Adsorption isotherms of C12E4 at £=0.120 
(D), 0.180 (A), and 0.240 (O) V. 
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Fig. 7. Dependence of the standard adsorption Gibbs 
energy, AG?, on £. 
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Fig. 5. Plot of l/Tci2E4 vs. l/cgf2E4 at £=0.120 (D), 
0.180 (A), and 0.240 (O)V to test the Langmuir 
isotherm. 
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Fig. 6. Dependence of the maximum adsorption of 
C12E4, rmci2E4, on £. 

for i"ci2E4 and B were estimated and the latter quan t i ty 
was converted to the s tandard adsorpt ion Gibbs 
energy, AG?, whose standard states were 1 mol d m - 3 for 
the aqueous phase and 6=1 for the interface, bo th of 
them referring to infinite d i lu t ion. Figure 6 shows 
that il:i2E4 is virtually independent of E, while AG? 
decreases wi th increasing E (Fig. 7). 

Discussion 

T h e surface activity of C12E4 at the ni t robenzene-
water interface shows a remarkable dependence on the 
potent ia l d rop across the interface (Fig. 3), a l though 
the C12E4 molecule, itself, bears no net charge. T h e 
constancy of r^12E4 wi th respect to E (Fig. 6) suggests 
that the change in E does no t induce any change in the 
or ien ta t ion of the adsorbed C12E4 molecules nor the 
formation of a multilayer; the effect of E is pr imari ly 
on AGa- In the case of the adsorp t ion of neut ra l 
organic c o m p o u n d s on electrodes, the adsorpt ion does 
depend on the electrical state of the interface.9* T h i s is 
due the difference in the energies of the por t ion of the 
interface covered and uncovered by the adsorbed 
organic molecules.21) In fact, the adsorpt ion properties 
of most of the organic compounds at electrode-
solut ion interfaces conform to the two parallel 
condenser model based on the above reasoning 
proposed by Frumkin.2 2 ) T h i s model predicts that AGa 
is a quadra t i c function of E and decreases as E away 
from the potent ia l of m a x i m u m adsorpt ion, provided 
that the capacitance value at 0=1 is larger than at 0=0. 
Indeed, the AG? vs. E curve in Fig. 7 is of slightly 
concaved form and may be seen as a quadra t ic 
function. In fact, the adsorpt ion of C12E423) and other 
homologous surfactants2 4 '2 0 at the electrified interface 
between mercury and water can essentially be inter­
preted in terms of this model. 

However , this model does no t seem to be app ro ­
priate to give a satisfactory explana t ion of the observed 
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'E o 

u 

K = 

E/V 

Fig. 8a. Dependence of excess surface charge density, 
^w , on £ at c£i2E4=0 ( • ) and 80 (O) mmol dm"3. 

Fig. 8b. Dependence of the double layer capacitance, 
Cdi, on E at c^f2E4=0 (#) and 80 (O) mmol dm"3. 

adsorpt ion behavior of C12E4 at the ni t robenzene-
water interface. Figures 8a and 8b show the excess 
charge density in the aqueous phase, qw, and the 
double-layer capacitance, Cdi, when x=0 and x=80, 
evaluated from the first and second derivative of the 
corresponding electrocapillary curves wi th respect to 
E. As can be seen in Fig. 8b, the difference in the Cdi 
values becomes smaller and the two curves merge 
together in the region where the adsorpt ion becomes 
m a x i m u m in the polarized range. O n the other hand, 
the two paral lel-plate condenser model implies that 
the difference in the two Cdi values is greatest a round 
Em; in fact, this is the case in the C12E4 adsorpt ion on 
the mercury electrode.24) 

An alternative in terpre ta t ion for the observed 
sensitivity of the C12E4 surface activity against the 
change in E is the complexat ion of C12E4 at the 
interface wi th counter ions in the aqueous side of the 
interface: 

C12E4(NB) + Li+(W) C12E4.Li+(S), (4) 

where S denotes the interface. T h e facilitated transfer 
of L i + ions seen at the positive and of the polarized 
(Fig. 1) suggests the occurrence of this complex 
formation, even in a less positive range of E. T h e 
stability constant, K, for the above reaction is defined 
by 

[ C12E4-L1 

C12E4 L Li 
(5) 

where scYi is the surface concentrat ion of L i + ion, and 
7"ci2E4 and i"ci2E4u are the adsorbed amoun t s of the free 
C12E4 and the complex, C12E4-Li+. Then , the total 
surface excess of C12E4 obtainable experimental ly is 
the sum19) 

! C12E4 + r< C12E4LI 9 (6) 

and the corresponding AG° t o t a l , which is evaluated 
from the l imi t ing slope of an adsorpt ion isotherm 
when Cc1

B
2E4 approaches zero, can be expressed as (See 

Appendix) 

AG°total = A G ° f - RT In (1 + KscZ ), (7) 

where AG° f is the s tandard adsorpt ion Gibbs energy in 
the adsence of surface complexat ion. 

sc™i is, in general , a function of the electrical state of 
the interface. O n est imat ing the sCy values, we 
assumed that complexat ion took place at the outer 
He lmhol tz p lane in the aqueous side, O H P w , and s ^ 
was given by the G o u y - C h a p m a n theory.26>27) T h i s 
simplified treatment may be justified, since the double-
layer structure at the polarized ni trobenzene-water 
interface in the absence of specific adsorpt ion can be 
well described by this theory28) and the reference state 
of the AG? in the present case is 0=0 at the interface. 
T h e n , the sCy is expressed as 

s-W — t v w ~ v „ / L_,„w l 
^Li — C L i e x P \ „ 7 - ^ 2 J 

where 

and 

,w = _ <P2 = 
2RT 

RT 

sinh-1 [pq™), 

(8) 

p = (SRTX 103£W bc^r1 / 2 . 

In Eq. 8, bcYi is the concentrat ion of Li+ in the bulk of 
the aqueous phase in mol d m - 3 , cp$ the potent ia l at 
the O H P w , and £w the permitt ivity in the aqueous 
phase. Subst i tu t ing Eq. 8 into Eq. 7, we obtain 

AGMotal AGaf — 

- R T l n [ l + KbcZ(pq™ + V' {pq"? + l)2]. (9) 

T h e solid lines in Fig. 9 are the calculated curves us ing 
Eq. 9 for K>cZ=h 10,100, and 1000, VgpO.05 mol dm"3 , 
£w=78.36, and T=298.15K. Figure 9 shows that 
AG^totai-AGajf decreases wi th an increase in g w , i.e., an 
increase in E; Eq. 9 conforms to the observed tendency 
of C12E4 adsorpt ion. T h e increase in K gives rise to an 
enhancement of both AG°total—AG°f, at a given g w and its 
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Fig. 9. Dependence of AG2 on qw calculated from 
Eq. 8 at Kbc?r=l(l), 10(2), 100(3), and 1000(4) at 
25 °C when bc£=0.05 mol dm"3. Filled circles are 
experimental values. 

dependence on g w . It is interesting to note that the 
effect of complex formation on AG° is appre­
ciable even in the negative branch, where c7w<0 and 
the aqueous side of the interface is densely popula ted 
wi th an ions , C I - , in the present case. T h e fact that the 
curvature of the calculated curves in Fig. 9 depends on 
the K value may be utilized to estimate an exper­
imenta l K value by fit t ing the calculated curve to the 
experimental ly obta ined AG? vs. g w curve. T h e exper­
imental AG° values, AG°expt, in Fig. 7 are replotted in 
Fig. 9 as a function of g w , which was calculated from 
the electrocapillary curve when x=0 (Fig. 8a). T h e 
vertical axis was shifted, so that the best fit of exper­
imenta l poin ts to a calculated curve was obtained, 
a s suming that AG° f is independent of q™. T h e best fit 
of the calculated curve to the experimental one was 
obta ined when fD>c^=l ( £ = 2 0 dm 3 mole"1) and AG°r= 
—8 k j m o l - 1 . In view of a rather rudimentary stage of 
the above proposed treatment, it would be premature 
to discuss physical mean ings of these values at any 
length, t h o u g h they seem reasonable. Fur ther studies 
by c h a n g i n g the concentra t ion and the ionic species in 
the aqueous phase will be desirable to judge the scope 
of the present model . A further refinement of the pres­
ent t reatment is to incorporate the difference in the 
energies of the double layer charg ing as the F rumkin ' s 
model , since in the potent ial range between £=0 .15 
and 0.25 V the difference between the two Cdi values is 
considerable (Fig. 8b). T h i s correction should intro­
duce a quadra t i c dependence of AGajtotai o n £ th rough 
AGajf. An es t imat ion of the value of Cdi when 0=1 is 

necessary for the refinement of the adsorpt ion model 
a long this l ine. 

Another evidence for the surface complexat ion of 
C12E4 wi th Li+ ions is the shift in the electrocapillary 
maxima, corresponding to the potent ial of zero charge, 
pzc, to the negative potent ia l in the course of the 
adsorpt ion(Fig . 2). T h i s negative shift can be ascribed 
to the specific adsorpt ion of Li+ ions at the interface 
from the aqueous side, as is the case of the specific 
adsorpt ion of Li+ ions to the hydrophi l ic par t of a 
phospha t idy lchol ine monolayer.29) T h e increase in Cdi 
values in the curve 2 in Fig. 8b probably corresponds 
to this specific adsorpt ion. Since the L i + ion, itself, is 
no t specifically adsorbed at the interface in the absence 
of C12E4 adsorpt ion, the presence of the specific 
adsorpt ion in the present system indicates that the 
adsorpt ion of C12E4 induces the specific adsorpt ion of 
Li+ ions, wh ich in turn stabilizes the adsorbed C12E4 
molecules; the s imul taneous adsorpt ion of C12E4 and 
L i + exhibi ts synergism. T h i s k ind of cooperative 
act ion has no t been reported in the adsorpt ion of 
non ion ic surfactants at mercury-water as well as at 
a i r -water interfaces, and can be at t r ibuted to the 
uniqueness of the polarized o i l -water interface, where 
the surfactants and counter ions be long to the separate 
phase and their electrochemical potentials may be 
controlled independently.1 9 ) 

Appendix 

Experimentally, the standard adsorption Gibbs energy can 
be obtained from the adsorption coefficient, which can be 
estimated from either fitting an appropriate theoretical 
isotherm to an experimental one or the limiting slope of an 
experimental isotherm when the concentration of adsorbate 
is infinitely small. The reciprocal plot based on the 
Langmuir isotherm obviously gives the same quantity. From 
Eqs. 5 and 6, 

d/l exptl 

-C12E4 
(l+KscZ) 

dr. C12E4 

dc C12E4 

and 

<&«-> o ^ dcgS ia ; <&•„-> o ^ dc£12E4 / 

Hence, 

Bexptl = (1 + &€& )B, 

where Bexpti is the experimentally observed adsorption 
coefficient and B is the corresponding quantity in the 
absence of the complex formation. Thus, 

AGaexpti = — RT In Bexptl 

= - R T l n £ - R T l n ( l + KscZ ) 

= A G ° f - # r i n ( l + £ s ^ ) , 
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which is identical with Eq. 7. 
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Preparation and Characterization of Cobalt(III) Complexes Containing 
3,7-Diphenyl-3,7-diphosphanonane-l,9-diamine, NH2CH2CH2P-

( C 6 H 5 ) C H 2 C H 2 C H 2 P ( C 6 H 5 ) C H 2 C H 2 N H 2 

M i n h o JUNG, Masamichi ATOH,+ Kazuo KASHIWABARA, and Junnosuke FUJITA* 
Department of Chemistry, Faculty of Science, Nagoya University, 

Chikusa-ku, Nagoya 464-01 
(Received February 17, 1990) 

New cobalt(III) complexes with the titled ligand and its analog, czsa-[Co(L)(ra<;(P)-232NPPN)]'I+ (L=2,4-
pentanedionate (acac) and oxalate(ox) ions, and ethylenediamine(en)), cisß-[Co(L)(rac(P)-or meso(P)-
232NPPN)]"+ (L=acac and ox) and asa-[Co(acac)(rac(P)-222NPPN)]2+ and asjß-[Co(acac) (m^o(P)-222NPPN)]2+ 

were prepared and characterized by 1H and 13C NMR,, and absorption spectra, where rac(P)-and meso(P)-
232NPPN and -222NPPN denote recemic(P)-and m e s o ^ - N ^ C ^ C ^ P ^ e H s X C H a ^ C e H s ^ ^ C ^ N ^ 
with n=3 and 2, respectively. All the cisa isomers except the en complex react with coned hydrochloric acid at 
room temperature to yield the corresponding cisa-dichloro complexes. For the cisß isomers, the acac complexes 
dissociate one amino group of NPPN reversibly depending on the acidity of solution, yielding [Co(acac)(H20)-
(NPPNH+)]3+ , while the ox complexes of rac(P)-and ra<?so(P)-232NPPN yield the rise* and trans-dichloro 
complexes, respectively in hydrochloric acid. All the cisß isomers except [Co(ox)(rac(P)-232NPPN)]+ 

decompose slowly in coned hydrochloric acid to give Co(II) species. 

In a previous paper,x) we reported the preparat ion 
and characterization of cobalt(III) complexes contain­
ing quadr identa te l igands hav ing two chiral phos­
phorus donor a toms, NH2CH2CH2P(C6H5)CH2CH2P-
(C6H5)CH2CH2NH2(222NPPN) and SS(C)-NH2CH-
(CH3)CH2P(C6H5)CH2CH2P(C6H5)CH2CH(CH3)NH2 
(SS(C)-222NPPN). T h e racemic(P) l igands formed 
selectively either the trans or cisa isomer, whi le no 
stable complex was obta ined wi th the meso(P) l igands 
except cz.siß-[Co(acac)(m^o(P)-SS(C)-222NPPN)]2+ 
which slowly decomposed in water. T h e selectivity in 
complex formation is qu i te different from that of 
tetramine analogs such as NH2CH2CH2NHCH2CH2-
NHCH 2 CH 2 NH2( t r ien) . 2 ) In order to explore such 
features of quadr identa te phosph ine l igands, we have 
studied cobalt(III) complexes wi th 3,7-diphenyl-3,7-
d iphosphanonane- l ,9 -d iamine , NH2CH2CH2P(CeH5)-
CH2CH2CH2P(C6H5)CH2CH2NH2(232NPPN) which 
forms a six-membered P - C o - P chelate r ing u p o n 
coordinat ion. 

Exper imenta l 

The phosphine ligands were prepared and handled under 
an atmosphere of nitrogen until they formed cobalt(III) 
complexes. All solvents used for the preparation were made 
oxygen-free by bubbling nitrogen for 20 min immediately 
before use. Absorption and *H and 13C NMR spectra were 
recorded on Hitachi U3400 and R-90HS spectrometers, 
respectively. 

Preparation of Ligands. 3,7-Diphenyl-3,7-diphosphano-
nane-l,9-diamine (232NPPN). The ligand was prepared by 
a method similar to that for 222NPPN.1'3) To (2-
aminoethyl)phenylphosphine (9.7 g, 63 mmol) in dry tetra-

t Present address: Department of General Education, 
School of Commerce, Senshu University, Higashi-mita 2-1-
1, Tama-ku, Kawasaki 214. 

hydrofuran (THF) (200 cm3) was added dropwise a 15% 
hexane solution of butyl lithium (50 cm3) over a period of 1 h 
with stirring. After further stirring for 1 h, 1,3-dibromo-
propane (6.4 g, 32 mmol) was added dropwise, the solution 
was refluxed for 3 h, and cooled to room temperature. Water 
(2 cm3) was added dropwise, the solvent THF was evaporat­
ed, and to the residue were added water (200 cm3) and then 
diethyl ether (200 cm3) with stirring. The ethereal layer was 
separated, dried over MgS04 (ca. 5 g) overnight, filtered, and 
evaporated to give an oily product. It was heated at ca. 
100 °C under highly reduced pressure (ca. 135 Pa) to remove 
by-products and starting materials. The 232NPPN ligand 
was not distilled under such conditions and used for 
preparing cobalt(III) complexes without further purifica­
tion. Yield: 60% 

3,6-Diphenyl-3,6-diphosphaoctane-l,8-diamine(222NPPN). 
This ligand was prepared by the same method as that 
described in a previous paper.1* 

Preparation of Cobalt(III) Complexes.^ cisa-[Co(acac)-
(rac(P)-232NPPN)](C104)2 • 2H 2 0 (A-I), cwj8-[Co(acac)(roc(P)-
232NPPN)]{B(C6H5)4}2 2(CH3)2CO (All) and risj8-[Co(acac)-
(m€So(P)-232NPPN)](C104)2 • H2O (A-III). To [Co(acac)3]

4) 

(550 mg, 1.55 mmol) in methanol (100 cm3) was added 
232NPPN (535 mg, 1.55 mmol) in methanol (10 cm3), and 
the mixture was stirred overnight. The resulting brown 
solution was evaporated to dryness under reduced pressure. 
The residue was stirred in a mixture of water (200 cm3) and 
diethyl ether (100 cm3). The aqueous layer was separated, 
diluted with water (5 dm3), and applied on a column 
(c/>4.5 cmX50 cm) of SP-Sephadex C-25. The adsorbed 
products were eluted with an aqueous 0.1 mol dm - 3 NaCl 
solution (pH 7), yielding three large orange bands (A-I, A-II, 
and A-III in the order of elution) and two small red bands. 
Each eluate of the three orange bands was evaporated to 
dryness under reduced pressure at 40 ° C, and the residue was 

t1" Caution; The Perchlorates of cobalt(III) phosphine 
complexes are potentially explosive, and should be handled 
carefully. 
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mixed with ethanol to extract the orange complex. The 
ethanol solution was evaporated again to dryness under 
reduced pressure, and the residue was dissolved in water 
(10 cm3). Complexes A-I and A-III were isolated from these 
solutions by addition of NaC104 (2 g) and recrystallized from 
hot methanol by adding NaC104 (1 g) in water (10 cm3). 
Complex A-II was isolated in a similar way by addition of 
NaB(C6Hö)4 (0.1 g) and recrystallized from a mixture of 
acetone and methanol (3:1, 10 cm3) by adding water (10 cm3). 
Yields A-I: 125 mg (20%), A-II: 155 mg (9%), A-III: 125 mg 
(20%). Found for A-I: C, 39.10; H, 5.54; N, 3.94%. Calcd for 
mo!-[Co(acac)(rac(P)-232NPPN)](C104)2 • 2H20=C24H39N2-
O12P2CI2C0: C, 38.99; H, 5.32; N, 3.79%. Found for A-II: C, 
74.73; H, 7.06; N, 2.20%. Calcd for cwj8-[Co(acac)(roc(P)-
232NPPN)]{B(C6H5)4}2 • 2(CH3)2CO=C78H87N204P2B2Co: C, 
74.41; H, 6.96; N, 2.22%. Found for A-III: C, 40.38; H, 5.34; 
N, 4.06%. Calcd for osj8-[Co(acac)(m<Mo(P)-232NPPN)]-
(C104)2 • H20=C24H37N2OiiP2Cl2Co: C, 39.96; H, 5.17; N, 
3.88%). Complexes A-I and A-III are soluble in methanol, 
ethanol, acetone, and acetonitrile, but insoluble in water. 
Complex A-II is soluble in acetone and acetonitrile, but 
insoluble in methanol, ethanol, and water. Structures of the 
complexes are described later. 

cwa-[Co(acac)(roc(P)-222NPPN)]{B(C6H5)4}2 • H 2 0 • 2(Cih)2-
CO (B-I) and râj8-[Co(acac)(meso(P)-222NPPN)]{B(C6H5M2 • 
3H 2 0 • (CH3)2CO (B-II). To [Co(acac)3] (1.6 g, 4.5 mmol) in 
methanol (200 cm3) were added 222NPPN (1.5 g, 4.5 mmol) 
in methanol (20 cm3) and active charcoal (200 mg). The 
mixture was stirred overnight at room temperature and 
filtered. The filtrate was diluted with water (5 dm3), mixed 
with coned hydrochloric acid (3 cm3), and applied on a 
column (#4.5 cmX50 cm) of SP-Sephadex C-25. By elution 
with 0.1 mol dm~3 Na2SÜ4 (pH ca. 2) the column gave a 
large orange yellow and a large orange red band and several 
small red bands. The eluate of the orange yellow band was 
evaporated to dryness under reduced pressure, and the 
orange complex was extracted from the residue with ethanol. 
The extract was evaporated again to dryness under reduced 
pressure, and the residue was dissolved in water (15 cm3). 
Orange crystals (B-I) were precipitated on addition of an 
aqueous NaB(C6Hs)4 solution to the solution and recrystal­
lized from a mixture of acetone and water (2:1). Yield: 1.84 g 
(36%). Found: C, 73.22; H, 6.95; N, 2.21%. Calcd for CISOL-
[Co(acac)(rac(P)-222NPPN)]{B(C6H5)4}2 • H 2 0 . 2(CH3)2CO= 
C77H87N2P2Ö5B2C0: C, 73.17; H, 6.94; N, 2.22%. 

The eluate of the orange red band became red in color on 
standing, but the color turned orange yellow when adjusted 
its pH at ca. 7 with Na2C03. On addition of NaB(C6Hs)4 the 
solution, which had been adjusted the pH at ca. 7, gave a 
pale orange precipitate, which was recrystallized from acetone 
and water to form orange crystals (B-II). Yield: 520 mg 
(10%). Found: C, 71.68; H, 6.81; N, 2.10%. Calcd for cisß-
[Co(acac)(m^o(P)-222NPPN)]{B(C6H5)4}2 • 3 H 2 0 • (CH3)2-
CO=C74H85N2P2B206Co: C, 71.56; H, 6.90; N, 2.26%. The 
complex is stable in the solid state, but the chloride (vide 
infra) which is soluble in water decomposes slowly in water 
at about 40 °C. The solubilities of the 222NPPN complexes 
are quite similar to that of the tetraphenylborate of 
232NPPN complex. 

cwa-[Co(ox)(roc(P)-232NPPN)]PF6 (C-I), cwj3-[Co(ox)(rac(P)-
232NPPN)]B(C6H5)4 • 3.5H20 (C-II), and cisß-[Co(ox)(meso-
(P)-232NPPN)]PF6 (C-III). To K3[Co(ox)31. 3H20

5> (820 mg, 

1.66 mmol) in a mixture (80 cm3) of methanol and water 
(7:1) was added 232NPPN (565 mg, 1.63 mmol) in methanol 
(10 cm3). The mixture was stirred for 6 h at room 
temperature and filtered. On dilution with water (500 cm3) 
the filtrate gave a white precipitate which was filtered off. 
The filtrate was further diluted with water (4 dm3) and 
applied on a column (#3 cmX130 cm)of SP-Sephadex C-25. 
By elution with 0.1 mol dm - 3 NaCl, a large yellow-orange 
and a large orange band, and then a small red band 
developed. The yellow-orange eluate was diluted ten times 
with water and applied again on a small column (</>3 cmXIO 
cm) of SP-Sephadex C-25. The adsorbed complex was eluted 
with 1.0 mol dm - 3 NaCl, and the eluate was mixed with an 
aqueous solution of NaB(C6Hs)4. A pale orange precipitate 
was formed, filtered, washed with water, and dissolved in 
acetone (20 cm3). By addition of water (10 cm3) and by slow 
evaporation of acetone by standing, the solution gave orange 
crystals of C-II, which were filtered, washed with water and 
dried in air. Yield: 160 mg (12%). Found: C, 61.51; H, 5.86; 
N, 3.08%. Calcd for asj8-[Co(ox)(rac(P)-232NPPN)]B(C6H5)4 
• 3.5H20=C45H54N2P207.5BCo: C, 61.73; H, 6.33; N, 3.20%. 

The eluate of the slower-moving orange band was 
evaporated to dryness under reduced pressure at 40 ° C, and 
the residue was mixed with ethanol to remove NaCl. 
Sodium chloride was filtered off, and the filtrate was 
evaporated to dryness under reduced pressure. The residue 
was dissolved in a small amount of water, and the solution 
was applied again on a column (#4.5 cmX40 cm) of SP-
Sephadex C-25. By elution with 0.1 moldm~3 Na2S04, an 
yellow and an orange band developed. Each eluate was 
evaporated to dryness under reduced pressure at 40 °C, and 
the complex was extracted with ethanol. The extract was 
concentrated to ca. 5 cm3 under reduced pressure and mixed 
with a saturated aqueous solution of NH4PF6 (ca. 2 cm3). 
The mixture was cooled in ice to yield orange crystals, which 
were filtered, washed with cold water and dried in air. Yield: 
250 mg (24%) for C-I and 180 mg (17%) for C-III. Found for 
C-I: C, 39.51; H, 4.49; N, 4.45%. Calcd for cisot-
[Co(ox)(rac(P)-232NPPN)]PF6=C2iH28N2P304F6Co: C, 39.52; 
H, 4.42; N, 4.39%. Found for C-III: C, 39.53; H, 4.42; N, 
4.41%. Calcd for asj8-[Co(ox)(m«o(P)-232NPPN)]PF6=C2i-
H28N2P304F6Co: C, 39.53; H, 4.42; N, 4.39%. 

Complexes C-I and C-III are soluble in methanol and 
acetone, slightly souble in water and ethanol, and insoluble 
in diethyl ether. Complex C-II is soluble in acetone and 
acetonitrile, and insoluble in water, methanol, and ethanol. 

cwa-[Co(en)(rac(P)-232NPPN)](C104)3 H2O CH3OH. 
To [Co(en)3]Cl3

6> (750 mg, 2.17 mmol) in a mixture (50 cm3) 
of methanol and water (5:3) were added 232NPPN (750 mg, 
2.17 mmol) in methanol (15 cm3) and active charcoal 
(200 mg). The mixture was stirred overnight at room 
temperature and filtered. The filtrate was diluted with water 
(3 dm3, pH ca. 4) and applied on a column (03 cmXllO cm) 
of SP-Sephadex C-25. The adsorbed product was eluted with 
0.2 mol dm - 3 Na2S04, giving a large orange-yellow band and 
several small red and orange bands. There was no 
spectroscopic evidence of [Co(en)(232NPPN)]3+ in the 
eluates of small bands. The eluate of the orange-yellow band 
was evaporated to dryness under reduced pressure, and the 
complex was extracted with ethanol. The extract was 
evaporated again to dryness under reduced pressure, and the 
residue was dissolved in water. On addition of NaC104 
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orange crystals were precipitated, filtered, and recrystallized 
from hot methanol. Yield: 187 mg (11%). Found: C, 32.56; 
H, 5.79; N, 7.21%. Calcd for cwa-[Co(en)(roc(P)-232NPPN)]-
(C104)3 • H 2 0 . CH3OH=C22H42N4P20i5Cl3Co: C, 32.47; H, 
5.20; N, 6.88%. 

The complex is soluble in acetone, acetonitrile, and 
methanol, and insoluble in water. 

Reactions of the Complexes with Hydrochloric Acid. All 
the complexes were converted to the chlorides, which were 
readily soluble in water, by stirring with Dowex 1X8 (Cl~ 
form) in a mixture of acetone and water (2:1 ). The resin was 
filtered off, and the filtrate was evaporated to dryness under 
reduced pressure. The residue was soluble in water and used 
for examining the reactivity of the complex in water or 
hydrochloric acid without further purification. 

The chloride of A-I was dissolved in a small amount of 
coned HCl. After 24 h the resulting red solution was 
concentrated in a desiccator over NaOH, yielding red crystals 
which were filtered and washed with diethyl ether. Found: 
C, 40.13; H, 5.15; N, 4.93%. Calcd for cisa-[CoCh(rac(P)-
232NPPN)]C1 • 1.5HCl=Ci9H29.5N2P2Cl4.5Co: C, 40.29; H, 
5.25; N, 4.95%. Each chloride of A-II and A-III was dissolved 
in 0.1 mol dm - 3 HCl, and the solution was allowed to stand 
for 24 h. The resulting red solution was evaporated to 
dryness under reduced pressure at 40 °C to give a dark red 
complex. Found for the complex from A-II: C, 42.83; H, 
6.14; N, 4.54%. Calcd for [Co(acac)Cl(rac(P)-232NPPNH+)]-
Cl2 • 1.5H20 • HCl=C24H4oN2P203.5Ci4Co: C, 42.75; H, 5.98; 
N, 4.15%. Found for the complex from A-III: C, 41.42; H, 
5.96; N, 4.09%. Calcd for [Co(acac)Cl(m^o(P)-232NPPNH+)]-
Cl2 • 3H 2 0 • HCl=C24H43N2P205Cl4Co: C, 41.11; H, 6.18; N, 
3.99%. These chloro complexes liberate the chloride ion 
rapidly in water and dil HCl, and decompose in coned HCl 
to give Co(II) species. 

The reaction of B-I with coned HCl also afforded a red 
complex, which was isolated in a similar way. Found: C, 
37.62; H, 4.99; N, 4.92%. Calcd for cisa-[CoCh(rac(P)-
222NPPN)]C1 • 2HCl=Ci8H28N2P2Cl5Co: C, 37.89; H, 4.95; 
N, 4.91%. The color of orange B-II changed slowly to red in 
0.1 mol dm - 3 HCl, indicating the same dissociation of one 
amino group of 222NPPN as occurred in isomers A-II and 
A-III. However, the complex decomposed during the course 
of isolation. 

The chloride of C-I was more reactive to HCl and yielded a 
red complex by the reaction with 2 mol dm - 3 HCl. The 
absorption spectrum of the product was identical with that 
of asa-[CoCl2(rac(P)-232NPPN)]+(19950 a n a l o g £=2.79), 25600 
cm_1(log£=2.5)(shoulder)). Both isomers C-II and C-III in 

0.1 mol dm - 3 HCl solutions showed little change in absorption 
spectra. However, an orange-yellow soluton of C-II in 
2 mol dm - 3 HCl slowly turned red, from which eisa-[CoCh(rac-
(P)-232NPPN)]+ was obtained. Isomer C-III in a 2 mol dm"3 

HCl solution changed the color slowly from orange-yellow 
to green. The absorption spectrum of the green solution 
showed a band at 620 nm and a shoulder around 500 nm 
which were characteristic of fram-[CoCl2(232NPPN)]+(vide 
infra). The green complex slowly decomposed to cobalt(II) 
species and was failed in isolation. 

The products yielded by reactions of the complexes with 
hydrochloric acid are summarized in Scheme 1. The reaction 
rates and spectral changes for representative complexes are 
described later. 

Results and Discussion 

T h e 232NPPN and 222NPPN ligands have two 
chiral p h o s p h o r u s a toms wh ich are stable to racemiza-
t ion, and exist in the racemic (RR,SS) and meso(RS) 
forms. In a previous paper,x ) we isolated trans-
[CoCl2(rac(P)-222NPPN)]+ in a yield of 32% from the 
reaction p roduc t of [CoCl(NH3)5]Cl2 and 222NPPN. 
T h e corresponding m£so(P)-222NPPN complex was 
ra ther uns table and decomposed to Co(II) species and 
an oily mater ia l du r ing the course of isolation. T h e 
instabil i ty of this complex may be at tr ibutable to a 
strained structure (envelop conformation) of the 
central five-membered P - C o - P chelate r ing. In this 
study, we have obtained a mix ture of trans-[CoCh(rac-
(P)-232NPPN)]+ and -[CoCl2(m^o(T)-232NPPN)]+ in 
a yield of ca. 60% by a method similar to that for the 
222NPPN complex. However, a t tempts to separate 
them were unsuccessful. In co lumn-chromatography 
the complex was adsorbed strongly on ion-exchangers 
and eluted hardly wi th even 5 mol d m - 3 H C l or NaCl. 

T h e reactions of [Co(acac)3] wi th 232NPPN and 
wi th 2 2 2 N P P N yielded three (A-I, A-II, and A-III) and 
two (B-I and B-II) isomers of the [Co(acac)(NPPN)]2+-
type complex , respectively. For this type of complex, 
there are three possible geometrical or diastereomeric 
isomers. (Fig. 1) Each isomer has its ant ipode, bu t 
other diastereomers such as cisa-(A-RR(P)/A-SS(P)) 
are not possible. T h e chiralities of phosphorus a toms 
of these N P P N l igands are related to the geometrical 
structures of [Co(acac)(NPPN)]2+. T h e rac(P)-NPPN 

czsa-[Co(acac)(rac(P)-232NPPN)]2+ 

cz\sa-[Co(acac)(rac(P)-222NPPN)]2+ 

czsa-[Co(ox)(rac(P)-232NPPN)]+ 

ds0-[Co(ox)(rac(P)-232NPPN)]+ 

(A-I) -

(B-I) ~ 

(C-I) -

(C-II)-

czs0-[Co(acac)(rac(P)-232NPPN)]2+ (A-II) -

cz5)8-[Co(acac)(m^o(P)-232NPPN)]2+ (A-III)-

cz'5)8-[Co(acac)(m^o(P)-222NPPN)]2+ (B-II)— 

czs0-[Co(ox)(m^o(P)-232NPPN)]+ (C-III) 

coned HCl 
-> a'so!-[CoCl2(NPPN)]+ 

2 mol dm-3 HCl 

O.lmoldm-3 HCl 

2 mol dm"3 HCl 

•> [Co(acac)(H20)(NPPNH+)]3+ 

-> tam5-[CoCl2(NPPN)]+ 

Scheme 1. 
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Table 1. ^ N M R and Absorption Spectral Data 

Complex *H NMR (acac)a> 
-CH 3 =CH-

Absorptionb) 

cz'50!-[Co(acac)(rac(P)-232NPPN)]2+ 
cz'5)8-[Co(acac)(rac(P)-232NPPN)]2+ 
cz'5)ß-[Co(acac)(m^o(P)-232NPPN)]2+(A-IH) 
cz'50!-[Co(acac)(rac(P)-222NPPN)]2+ 
ds0-[Co(acac)(m^o(P)-222NPPN)]2+(B-II) 
cz'50!-[Co(ox)(rac(P)-232NPPN)]+ 

cz'5)8-[Co(ox)(rac(P)-232NPPN)]+ 

cz'5)8-[Co(ox)(m^o(P)-232NPPN)] 
cz50!-[Co(en)(rac(P)-232NPPN)]3+ 

(A-I) 
(A-H) 
(A-III) 
(B-I) 
(B-II) 
(C-I) 
(C-II) 
(C-III) 

2.00 
1.69 1.75 
1.29 1.96 

2.13 
1.10 2.07 

5.60 
4.91 
4.82 
5.71 
5.00 

21.3(2.66) 
20.0(2.6)sh, 
19.1(2.5)sh, 
22.2(2.88) 
18.4(2.5)sh, 
21.4(2.64) 
20.2(2.5)s\ 
19.4(2.3)s\ 
21.8(2.6)sh, 

22.8(2.94) 
22.8(2.97) 

22.7(3.02) 

22.6(2.67) 
23.5(2.81) 
23.7(2.69) 

26.4(2.4)s*c) 

26.8(2.8)shC) 

26.5(2.84)c> 

a) ô/ppm from TMS, solvent (CD3)2SO. b) First absorption band, î>/103cm~1 (loge), solvent; CH3CN for the acac 
complexes, CH3OH for the ox complexes, and H2O for the en complex, sh; shoulder, c) Second absorption band. 

n 
p J. p 

N 

(a) 

Fig. 1. Three possible isomers of [Co(acac)(NPPN)]2+: 
(a) asa-(A-SS(P)/A-RR(P)), (b) cisß-{A-SS(P)/A-
RR{P)), (c) cisß-(A-RS(P)/A-SR(P)). 

l igand can form bo th cisa and cis/3 isomers, while the 
meso(P)-NPPN l igand affords only the cis/3 isomer, 
since two terminal P-N chelate arms of the meso(P)-
l igand p o i n t to the same apical site wi th respect to the 
P - C o - P plane . Approx imate symmetries of the cisa 
and cis/3 isomers are C2 and Ci, respectively. T h u s 
isomers A-I and B-I which show only one methyl 
s ignal of acac in the XH N M R spectra can be assigned 
to the cisa structure, and isomers A-II, A-III, and B-II 
which give two kinds of methyl s ignal to the cis/3 one 
(Table 1). T h e ass ignment for two cis/3 isomers of the 
rac(P)- and meso(P)-NPPN complexes can also be 
made from the chemical shift of methyl g roups of acac 
in the 1H N M R spectra. Tab le 1 shows that isomers 
A-III a n d B-II exhib i t one of the two methyl signals at 
a remarkably h i g h field, 1.29 and 1.10 p p m , respec­
tively compared wi th other methyl signals (1.69— 
2.13 p p m ) . Molecular models indicate that one methyl 
g roup in as/^[Co(acac)(m£so(P)-NPPN)]2+ is located 
over the phenyl r i ng bonded to the phosphorus a tom 

Fig. 2. A schematic structure of 4-«sß-[Co(acac)-
(RS(P)-NPPN)]2+. 

t rans to the oxygen a tom of acac as shown in Fig. 2. 
T h e h i g h field shift of the methyl signal is at t r ibutable 
to the shielding effect of this phenyl group. T h e cisß-
[Co(acac)(rac(P)-NPPN)]2+ complex has a structure 
that bo th methyl groups are no t strongly shielded by 
phenyl groups . T h u s isomer A-II is assigned to cisß-
[Co(acac)(rac(P)-232NPPN)]2+, and isomers A-III and 
B-II to as /HCo(acac)(m^o(P)-232NPPN)] 2 + and cisß-
[Co(acac)(m^o(P)-222NPPN)]2+, respectively. T h e 
third isomer of 222NPPN complex, a.s/3-[Co(acac)(ra<;-
(P)-222NPPN)]2+ was not obtained by the reaction of 
[Co(acac)3] wi th 222NPPN. 

As Fig. 2 shows, the other pheny l r ing bonded to the 
p h o s p h o r u s a tom trans to the ni t rogen a tom is 
si tuated over the acac chelate r ing. A similar structure 
is also formed in a.s/HCo(acac)(ra<;(P)-232NPPN)]2+, 
whi le bo th phenyl r ings in the cisa isomer are 
disposed away from the acac chelate r ing. T h u s all the 
cisß isomers show the meth ine p ro ton signal of acac at 
a h igher field than that of the cisa isomer (Table 1). 
Such a h i g h field shift of the meth ine pro ton of acac 
has been observed in our previous studies and often 
used to assign the geometry of complexes.7) 

Absorpt ion spectra of isomers A-I, A-II, and A-III 
are shown in Fig. 3 and the data of the first d-d bands 
are given in Tab le 1. T h e first d-d band of isomer A-I 
(cisa) is nearly symmetric in shape, whi le those of cisß 
isomers, A-II and A-III are broad and show a distinct 
shoulder on the low energy side. T h e spectra of 
222NPPN complexes are qui te similar to those of the 
corresponding isomers of the 232NPPN complex. 
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Since the order of l igand field strengths of donor atoms 
will be P > N > 0 as observed in many Co(II) phos-
ph ine complexes,8* the spl i t t ing of the first d-d band is 
expected to be larger for the cis/3 isomer than for the 
cisa isomer from Yamatera 's rule.9) 

T h e chlorides of isomers A-I and B-I are stable in 
water and dil H C l (ca. 1 mol d m - 3 ) , bu t react gradually 
in coned HCl , the color of solut ions chang ing from 
orange to red (See Exper imenta l section). Figure 4 
shows the spectral change of isomer A-I in coned HCl 
recorded at 1 h intervals at 23.5 °C. An isosbestic po in t 
is seen at 473 n m , and the plots of In (Dt—D«,) against 
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t ime gives a straight line. T h e product isolated was 
CMa-[CoCl2(rflc(P)-232NPPN)]+ as characterized by 
elemental analysis, absorpt ion and 1 3 C N M R spectra 
(DMSO-de, - C H 2 - ; ô=24.97(s), 25.03(t), 29.44(t), 33.29-
(s)) (Scheme 1). Isomer B-I in coned HCl reacts in a 
similar manner to yield râa-[CoCl2(rac(P)-222NPPN)]2+. 
T h e half-life times of the reactions at 20 ° C are 
364 m i n for isomer A-I and 87 m i n for isomer B-I, 
isomer A-I be ing more stable than isomer B-I. For a 
tetramine ana log cisa-[Co(acac)(trien)]2+ ( t r ien=NH2-
CH2CH2NHCH2CH2NHCH2CH2NH2),1 0 ) no spectral 
change was observed in coned H C l at room temper­
ature over 24 h. T h e difference in reactivity of acac 

Fig. 3. Absorption spectra of isomers A-I (—), 
( ), and A-III ( ) in CH3CN. 

A l l 

Fig. 4. Change in absorption spectrum of isomer A-I 
in coned HCl recorded at 1 h intervals at 23.5°C. 
Trends of spectral changes with time are shown by 
arrows. 
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Fig. 5. Change in absorption spectrum of isomer 
0.1 mol dm"3 HCl recorded at 1 h intervals at 23.5 °C. 

A l l i n 
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between the NPPN and trien complexes may be 
attributable to the stronger trans effect of the 
phosphine donor group than that of the amine donor 
group. The reason for the rate difference between 
isomers A-I and B-I is not clear, but it may be related to 
the size of the central P-P chelate ring. The rac(P)-
222NPPN ligand which forms a smaller five-member-
ed P-P chelate ring will coordinate to the Co(III) ion 
with a shorter Co-P distance than that of a larger six-
membered P-P chelate ring in the rac(P)-232NPPN 
complex, and the phosphine donor group will have a 
stronger trans effect on the acac ligand in the trans 
positions and will make it more labile. 

The chlorides of isomers A-II and A-III are stable in 
water, while the chloride of isomer B-II decomposes 
slowly in water at 40 °C. These three isomers 
decompose fairly rapidly in coned HCl to give Co(II) 
species. In dil HCl (pH 1) the isomers change 
gradually from orange to red in color, although isomer 
B-II accompanies very slow decomposition to Co(II). 
Figure 5 shows a spectral change of isomer A-II with 
time in O.lmoldm- 3 HCl at 23.5 °C. The spectra 
change with isosbestic points at 376 and 478 nm. The 
reaction rates increase in the order of A-IKA-IIKB-II. 
From the 0.1 mol dm - 3 HCl solutions of isomers A-II 
and A-III, red complexes formulated, respectively as 
[Co(acac)Cl(rac(P)-232NPPNH+)]Cl2 • 1.5H20 • HCl and 
[Co(acac)Cl(m^o(P)-232NPPNH+)]Cl2 • 3H 2 0 • HCl 
were isolated. The product from isomer B-II was not 
obtained because of decomposition during the course 
of isolation. These red complexes of 232NPPN show 
the first d-d band at 516 nm in ethanol solutions, but 
the band shifts to 495 nm in aqueous and dil HCl 
solutions, indicating rapid replacement of CI - by 
water. In 1H NMR spectra the two red complexes give 
the signals of acac at the same positions, 1.60 and 
1.84 ppm for the methyl protons, and 4.87 ppm for the 
methine proton. The methyl signal at 1.29 ppm of 
isomer A-III shifts to a lower field in the red complex. 
The result indicates that in the red complex the 
shielding of the methyl group by the phenyl group is 
removed by dissociation of the amino group in the 
position trans to the phosphorus atom (Fig. 2). Simi­
lar structures can be assigned to the other red 
complexes from A-II and B-II from similarity of the 
XH NMR and absorption spectra to those of the red 
complex from isomer A-III. All the red complexes 
formed in acidic solutions revert to the original orange 
complexes by neutralizing the solutions. The dissocia­
tion reactions of the amino group take place by 
protonation to the nitrogen atom. An analogous 
tetramine complex dsß-[Co(acac)(232-tet)]2+ (232-tet= 
NH2CH2CH2NH(CH2)3NHCH2CH2NH2)10> shows no 
spectral change in dil and coned HCl solutions at 
room temperature over 24 h. The dissociation of the 
amino group by pro tonic acids in the present 
phosphine complexes may also be attributable to the 

trans effect of the phosphine donor group. 
Three isomers (C-I, C-II, and C-III) of [Co(ox)-

(232NPPN)]+ were obtained by reaction of [Co(ox)3]3_ 

with 232NPPN. Isomer C-I is assigned to cisa-
[Co(ox)(rac(P)-232NPPN)]+ from the 13C NMR spec­
trum (CD3CN, -CH2- ; <5=19.80(s), 23.47(t), 31.13(t), 
42.72(s)). The isomer is stable in water and methanol, 
but more reactive to HCl than isomer A-I of the acac 
complex and affords ma-[CoCl2(rac(P)-232NPPN)]+ 
in 2 mol dm - 3 HCl at room temperature. The 
spectrum of isomer C-I in 2 mol dm - 3 HCl changes 
with an isosbestic point at 464 nm, and the half-life 
time is 220 min at 30 °C (Fig. 6(a)). The chloride of 
isomer C-II isomerizes to isomer C-I in water, 
methanol, or acetonitrile very slowly (several days at 
room temperature) as confirmed by 13C NMR and 
absorption spectra, and column-chromatography. 
The isomer affords isomer A-II of the acac complex by 
reaction with Li(acac) at room temperature. Thus 

400 500 600 700 
/ n m 

Fig. 6. Changes in absorption spectra of (a) isomer 
C-I and (b) isomer C-II in 2 mol dm-3 HCl recorded 
at 1 h intervals at 23.5°C (a) and 50°C (b). 
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Fig. 7. Absorption spectra of isomers C-I (—), 
C-II ( ), and C-III ( ) in CH3OH. 

isomer C-II can be assigned to cisß-[Co(ox)(rac(P)-
232NPPN)]+. T h e r ema in ing isomer C-III is assigned 
to râj8-[Co(ox)(m<Ko(P)-232NPPN)]+. T h e isomer is 
stable in water a n d me thano l , and reacts wi th Li(acac) 
to yield isomer A-III of the acac complex. 

Both cisß isomers of the ox complex in acidic 
solut ion have different reactivity from that of the 
corresponding isomers of the acac complex, where one 
a m i n o g r o u p of the 232NPPN l igand is liberated from 
the Co(III) ion. T h e chloride of isomer C-II in 
2 m o l d m " 3 H C l changes to cisa-[CoCh(rac(P)-
232NPPN)]+, and the spectral change has an isosbestic 
p o i n t at 463 n m (Fig. 6(b)). For isomer C-III, the 
orange 2 mol d m " 3 H C l solut ion slowly turns green, 
and its spectrum is very similar to that of trans-
[CoCl2(232NPPN)]+, a l though the green complex 
decomposes very slowly to Ca(II) under the exper­
imenta l condit ions. T h u s neither cisß isomer of the ox 
complex dissociates the a m i n o g r o u p of the N P P N 
l igand, and the oxalate ion is liberated by acids, in 
contrast wi th the cisß isomers of the acac complex. 

Absorpt ion spectra of three isomers of the ox 
complex are shown in Fig. 7, and the data are listed in 
T a b l e 1. T h e spectral pat terns are s imilar to those of 
the corresponding isomers of the acac complex, 
a l t hough the ox complexes show a peak or shoulder 
assignable to the second d-d band which is no t 
observed clearly for the acac complexes. T h e 
similari ty in spectra between the ox and acac 
complexes will suppor t the ass ignment for isomers of 
these complexes. 

Either reaction of [Co(en)3]3 + wi th 232NPPN or 
*rans-[CoCl2(232NPPN)]+ wi th en affords only cisa-

[Co(en)(rac(P)-232NPPN)]3+, which was assigned on 
the basis of the 13C N M R spectrum (D2O, - C H 2 - ; 
6=19.41(s), 25.26(t), 29.52(t), 44,49(s), 46.00(s)). N o 
fraction indicative of the cisß isomer is observed in 
co lumn-chromatography . T h e cisa isomer is stable 
and does no t react wi th even coned HCl . T h e en 
complex of 222NPPN also forms only the cisa isomer 
wi th mc(P)-222NPPN.1) T h e m*wo(P)-NPPN l igand 
does not form the cisß-en complex. T h e instability of 
this isomer seems to come from the steric crowding 
between the a m i n o g roup of en and the phenyl g roup 
as indicated in Fig. 2. T h e proper ty that the present 
232NPPN complexes are more stable in the cisa 
isomer t h an the cisß one is qu i t e different from the 
corresponding complexes of 232-tet2> and 232PNNP 
( (C 6 H5) 2 PCH 2 CH 2 NH(CH 2 )3NHCH 2 CH 2 P(C 6 H5) 2 ) 1 1 ) 

which form only the cis/3 isomer. 

T h e au thors wish to thank Grant- in-Aid for 
Scientific Research No. 61430013 from the Ministry of 
Educat ion, Science and Culture . 
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In a one-pot diazotization of anilines followed by fluoro-dediazoniation in situ using HF or HF with bases 
(HF-Base) as a solvent, the diazotization stage has been found to play the most important part to yield fluoro­
arenes effectively. Diazotization of anilines was greatly influenced by the composition of the HF solution, and 
greatly enhanced by employing appropriate amounts of bases, such as pyridine. On the other hand, fluoro-
dediazoniation of diazonium salts, once formed, took place very readily in HF or HF-Base to produce fluoro­
arenes in high yield, although such bases served to slow down the rate of decomposition of diazonium salts to 
some extent. 

Al though fluoroarenes appear in a broad variety of 
molecules, many difficulties arise regarding the 
methods for in t roduc ing a fluorine a tom in to the 
aromat ic nuclei effeciently and in h igh yield.x) T h e 
Balz-Schiemann reaction, f luoro-dediazoniation of 
arenediazonium tetrafluoroborate salts derived from 
anil ines, is known to be the most convenient and 
practical method available for controlled, a regiospe-
cific in t roduct ion of f luorine in to aromat ic rings.2 , 3 ) 

However, this procedure is somewhat troublesome, 
and the reproducibi l i ty for the yields of the desired 
fluoroarenes is at times invariably poor. A few 
at tempts have been made to improve such a conven­
tional two-step process us ing anhydrous hydrogen 
fluoride (HF) providing a convenient one-pot diazotiza­
tion and fluoro-dediazoniation of anil ines affording 
fluoroarenes in fairly good yields.4 - 6 ) Even in such a 
convenient procedure, however, the yield of fluoro­
arenes was greatly influenced by a subst i tuent on the 
aromatic nucleus, and tarry matter was at times formed 
in considerable amoun t s to render it difficult to apply 
this method satisfactorily for technical production.7* 

Recently, this procedure has been greatly improved 
to produce fluoroarenes in h igh yields while depress­
ing the formation of undesirable tarry matter by the 
use of H F with bases (HF-Base) . 8 - n ) T h e reaction can 
be postulated to be an ini t ial formation of arenedi­
azonium species (diazotization step) and its subsequent 
decomposi t ion (fluoro-dediazoniation step) in situ in 
the H F solut ion. T h e acidity of the reaction media 
should influence bo th the diazotization rate of 
anil ines,1 2 - 1 4 ) and fluoro-dediazoniation of arenedi­
azonium ions. So far, the dediazoniat ion step has been 
regarded as being very impor t an t for improv ing the 
yield of fluoroarenes and to suppress any undesirable 
products , such as tarry matter , in such a one-pot 
procedure.6«10) However, there are still quest ionable 
problems regarding the formation of tarry matter, and 
the factors for ob ta in ing fluoroarenes in h igh yield in 
such a one-pot procedure in an H F solution. 

In this paper , discussions are focussed on one-pot 
diazotization and the fluoro-dediazoniat ion of ani l ine 

or p - to lu id ine and the fluoro-dediazoniation of ben-
zenediazonium salt (tetrafluoroborate) us ing the H F 
solut ion to clarify this subject. 

Experimental 

A solution of anilines (aniline or p-toluidine) and NaN02 
in HF or HF with pyridine (HFPyr ) , of which quantities 
are shown in Figs. 1—3 and Tables 1 and 2, was prepared at 
lower than —50 °C in a 100 ml FEP15) made reactor equipped 
with a reflux condenser and/or a cooled trap. Then, the 
temperature of the solution was raised to room temperature 
(Stage [A]) and maintained at this temperature for 30 min or 
longer. The reaction mixture was then heated to the 
prescribed temperatures (55—90 °C) for 30 min or longer in 
an oil bath under stirring (Stage [B]). Next the mixture was 
quenched with ice-water, and the products extracted with 
CH2CI2. The products thus obtained were indentified by 
ordinary spectroscopic methods. The NMR spectra of the 
reaction mixtures of p-toluidine were taken on a Bruker 
MSL 400 NMR spectrometer using a tube made of FEP (3</>) 
inserted in the usual NMR sample tube (5</>) with TMS as the 
external standard. Benzenediazonium tetrafluoroborate was 
prepared according to Starkey's methods.10 

Results and Discussion 

Reactions of Anilines in HF. T h e reactions of 
aniline and p-toluidine in H F using a one-pot procedure 
were always accompanied by the formation of tarry 
matter. As shown in Fig. 1, the yield of the cor­
responding fluoroarenes increased remarkably u p o n 
decreasing molar rat io of HF /an i l i ne s in the reaction 
of ani l ine and p- toluidine . However, the increasing 
use of ani l ines b rough t about difficulty in dissolving 
NaNÜ2 in H F . T h e a m o u n t of the highest l imit of 
ani l ines wh ich enables the reaction to proceed 
smoothly was found to be 1/19 mola r rat io for H F ; 
fluoroarenes were afforded in yields of a round 90% or 
higher . Unde r the condi t ion of a h i g h molar ra t io of 
H F / a n i l i n e s , a considerable a m o u n t of tarry matter 
was produced. T h e temperature of a solut ion of 
ani l ine (5 mmol ) and NaNÜ2 in H F (450 mmol ; ca. 
9 cm3), prepared at —78 °C, was allowed to rise to room 
temperature (Stage [A]) and was then main ta ined for 
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(HF/ArNH2) / molar ratio 

Fig. 1. The effect of HF/ArNFb molar ratio on the 
yield of ArF in the diazotization and fluoro-
dediazoniation of ArNFb in HF. Diazotization: 
ArNH2, 20 mmol; NaN02, 21 mmol; 0°C for 
20 min. Dediazoniation: O; Aniline 60 °C for 
1 h,#; ^-Toluidine 75°C for 1 h. 

60 min. By quenching the reaction mixture with ice-
water, the color of resulting solution changed to 
brown from deep red, and a trace amount of 
fluorobenzene (0.5%) was extracted with CH2CI2. The 
addition of 1-naphtylamine to this aqueous acid 
solution brought about a color change to dark purple. 
When ammonium chloride and copper(I) chloride 
were added to this solution a considerable amount of 
chlorobenzene (85%), together with a small amount of 
chloro-fluoro-, difluoro- and dichlorobiphenyls (less 
than 2% in total) was produced. Furthermore, when 
this solution was neutralized with K2CO2, benzene 
(30%) and biphenyl (less than 1%) were extracted with 
CH2CI2, together with a deep brown tarry residue (less 
than 2%). These results suggest the presence of 
benzenediazonium ion in the aqueous acid solution. 

On the other hand, when the solution prepared in 
Stage [A] was heated at a temperature higher than 
50 °C for 30 min, fluorobenzene boiled off together 
with NOx and a considerable amount of HF (ca. 5 cm3) 
which condensed in a cooled trap during the reaction. 
After quenching the reaction mixture with ice-water, 
fairly large quantities (40% or more) of a tarry matter 
and fluorobenzene were obtained together with some 
(2% or less) fluoro- and difluorobiphenyls. The total 
yield of fluorobenzene was 15—30% (reproducibility is 
poor). Tarry matter (Found: C, 82.37; H, 4.97; N, 
10.64; F, 2.06%; lR(KBr) 3390(N-H), 3030, 1620, 1500, 
1300, 820(p-substituted aryl)) thus obtained was 
insoluble in both CH2CI2 and aqueous acid layer and 
was composed of black particles that resembled sand. 
The empirical formula of this material was CeH4.3N0.7-
F0.1, which is similar to that of poly aniline 
(C6H4.5-5N).17) The remaining solution containing the 
tarry matter was neutralized with K2CO3 to change the 
color to slightly dark brown. From this solution, 

(HF/Pyrldlne) / molar ratio 

Fig. 2. The effect of HF/pyridine molar ratio of 
HF-Pyr on the yield of PhF in the diazotization and 
fluoro-dediazoniation of PI1NH2. Diazotization: 
HF, 450 mmol; PhNH2, 5 mmol; NaN02, 5.5 mmol; 
20°C for 30 min. Dediazoniation: 55°C for 1 h. 

aniline (20%) together with benzene, biphenyl, am-
inobiphenyls, diaminobiphenyls, and phenylazoani-
lines (2% or less in total) were extracted with CH2CI2. 
A small amount of brown tarry matter was also 
obtained from the extracts after the evaporation of 
CH2CI2. 

Reactions in HF with Pyridine (HF Pyr). The 
reaction of aniline with NaNC>2 was carried out using 
the HF-Pyr solution with various molar ratio of 
HF/pyridine (N).18) When the solution with N=6 
prepared at Stage [A] remained at room temperature, 
the reaction gradually took place to increase the yield 
of fluorobenzene (5% for l h and 30% for 24 h). 
Interestingly, fluorobenzene, together with phenol, 
was obtained increasingly from the solution of the ice-
water-quenched reaction mixture by standing for some 
time at room temperature (PhF 27%, PhOH 51% for 
24 h, and PhF 31%, PhOH 57% for 48 h). 

When the solution obtained at Stage [A] was heated, 
the yield of fluorobenzene after the usual work-up was 
greatly influenced by the composition of the HF • Pyr, 
as shown in Fig. 2. Under the conditions of 55 °C for 
1 h, fluorobenzene was produced in low yields, 
accompanying the formation of various kinds of 
complicated compounds in the case of the HF-Pyr 
with A/>9. However, it was obtained in nearly 
quantitative yield using a solution with 6<iV<9, 
although small amounts of fluorobiphenyls, difluoro­
biphenyls and p-nitrofluorobenzene19) (less than 2% in 
total) were found. In the case of HF-Pyr (AK6), a 
remarkable decrease in the yield of fluorobenzene was 
observed (9% at iV=1.7) with the formation of phenyl-
pyridines (55% at iV=1.7) and 2- or 4-phenylazoani-
lines (ratio 1:5, 8% in total at N=1.7) with unidentified 
variable products. When a solution with N=6 
prepared at Stage [A], which is stable up to 90 °C, was 
heated immediately at 55—90 °C for 1 h, a nearly 
quantitative yield of fluorobenzene was obtained. The 

CeH4.3N0.7-
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solution with N=9, which is stable up to 55 °C, also 
gave also a quantitative yield of fluorobenzene by 
immediate treatment at 55 ° C. However, since this 
solution was not stable at 90 °C, considerable amounts 
of HF together with NOx were released in the reaction 
at 90 °C leading to a decrease in yield of fluorobenzene 
(83%) with some formation of difluorobiphenyls and 
fluoronitrobenzenes. On the other hand, when this 
solution was allowed to stand at 0 °C for 1 h or longer, 
the subsequent reaction at 90 °C gave rise to an 
increasing yield of fluorobenzene (89% for 1 h and 95% 
for 2 h). These results suggest that the rate of 
diazotization of aniline in HF • Pyr with N=9 is much 
slower than that with iV=6, although immediate 
heating of the solution (N=9) at 55 °C gives fluoro­
benzene effectively without the occurrence of undesir­
able reactions, since the diazotization rate of unaltered 
aniline at 55 °C seems to be reconciled with the fluoro-
dediazoniation rate of the resultant benzenediazonium 
ion. 

The Rate of Diazotization of p-Toluidine in 
HF. p-Toluidine was employed as a substrate to 
make NMR spectroscopic analysis easier,20) in order to 
examine the rate of diazotization in the HF solution. 

As shown in Table 1, the protonation of p-toluidine 
took place almost exclusively at its amino group in a 
solution with a composition of 25 or more moles of 
HF to one mole of p-toluidine prepared at 0°C 
(Entries 3, 9, 13). However, when such a solution was 
heated (Entries 7, 11) or diluted with water (Entry 12), 
a fair amount of arenediazonium ion was found in the 
resultant solutions. This evidence indicates that a 
stronger protonation towards a nitrogen atom in p-
toluidine tends to prevent its nitrosation with NO+ to 
form Af-nitrosoanilinium ion. In a solution having a 
HF/p-toluidine molar ratio less than 25 (Entries 1, 2), 

on the other hand, the diazotization of p-toluidine was 
found to take place remarkably, even at 0°C. This 
may be because of the dilution of HF by p-toluidine, 
which reduces the acidity of the HF solution to 
accelerate the diazotization of p-toluidine. 

The rate of diazotization of anilines is known to be 
decreased with the increasing acidity of reaction 
medium with an H0 value of higher than — 4.12-14»21> Such 
a rate decrease at high acidities was explained by 
assuming that the rate-limiting step is the deprotona-
tion of the Af-nitrosoanilinium ion to afford benzenedi­
azonium ion.14'21) Judging from our experimental 
results, the rate-limiting step in highly concentrated 
acidic media, such as HF with an H0 value of —10,22) 

should exist at least before the formation of N-
nitrosoanilinium ion, since this ion and arenedi­
azonium ion were not observed in the solution with 
HF/p-toluidine ratio of 40—60 at 0 °C (Entries 9, 13). 
Raising the temperature of such a solution, on the 
other hand, brought about some formation of arenedi­
azonium ion (Entries 10, 11) with the generation of 
nitrogen monoxide (NO),23) and caused highly vari­
able reactions giving biaryls, arylazoanilines, and tarry 
matter. Although the formation of azo compounds 
can be well explained by the reaction of arenedi­
azonium ion with an unaltered anilines,25) the 
formation of diaminobiphenyls and difluorobiphen­
yls20 can not currently be well elucidated. However, 

5»H2 * N 0 

6 
NH2 NH2 F F 

à \<Z 
Tarry matter 

Scheme 1. 

Table 1. Products Found in the Diazotization of p-Toluidine in HF 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Solution (HF/p-Toluidine/NaN02)a) 

Composition 
HF/£>-toluidine 
/molar ratio 

5C> 
10 
25 
25 
25 
25 
25 
25 
40 
40 
40 
40d> 
60 

Standing cone 

°C 

5 
5 
0 
0 
0 
0 

20 
20 
0 

20 
40 
0 
0 

itions 

min 

0 
120 

0 
20 
60 

120 
20 
60 
0 

60 
60 
0 

120 

P-T0INH3+ 

% 

29.5 
18 
85 
70 
48 
46 
34 
15 

100 
96 
37 
0 

100 

Productsb) 

p-TolN2
+ 

% 

70 
80 
15 
28 
48 
49 
57 
77 
0 
3.3 

53 
91 
0 

composition 

Others 

% 

0.5 
5 
0 
2 
4 
5 
9 
8 
0 
1.7 

14 
9 
0 

p-TolF 

% 

0 
Trace 

0 
0 

Trace 
Trace 
Trace 
Trace 

0 
0 

Somee) 

0 
0 

a) ^-Toluidine, 20 mmol; NaNÜ2, 21 mmol, b) £-TolNH3+; p-Tolylammonium ion, p-To\N2+; p-Methylbenzen-
diazonium ion, p-TolF; p-Methylfluorobenzene. c) NaNÛ2 did not dissolve in HF completely, d) Water (100 mmol) 
was added to this solution, e) Less than 3%. 
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Table 2. Fluoro-Dediazoniation Rate Constants 
of PhN2BF4in HF-Pyra> 

H F/ Pyridine £X105 

(HF/Pyrldlne) / molar ratio 

Fig. 3. The effect of HF/pyridine molar ratio of 
HF-Pyr on the yield of PhF in the fluoro-
dediazoniation of PI1N2BF4. Reaction conditions: 
HF, 450 mmol; PhN2BF4, 5 mmol; 55°C for 1 h. 

the generat ion of N O in this reaction sugests the 
oxygenat ion of ani l ines wi th NO+ to give an active 
precursor, such as a n i l i n i u m cation radical , for the 
formation of d iaminobiphenyls and difluorobiphenyls, 
and also that of tarry matter as shown in Scheme 1. 

Reactions of a Benzenediazonium Salt in HF or 
HF-Pyr. T h e decomposi t ion of benzenediazonium 
tetrafluoroborate PI1N2BF4 in polar solvents is k n o w n 
to give nuc leophi l ic products wi th solvents, main ly 
such as pheno l and aryl ethers together w i th a small 
a m o u n t of f luoro-dediazoniat ion product , namely 
fluorobenzene.27) O n the other hand , when the 
reaction was carried ou t in nonpo la r solvents, such as 
dodecane, the decomposi t ion of PI1N2BF4 was observed 
to take place very slowly, bu t almost exclusively to give 
fluorobenzene in a yield of 43% at 50 ° C for 30 min . 
However, it was performed successfully to afford 
fluorobenzene in h igh yields us ing H F or the H F • Pyr 
wi th N > 6 , as shown in Fig. 3. 

Good first-order plots were obtained at a rate of such 
f luoro-dediazoniat ion of PI1N2BF4 in the H F • Pyr wi th 
Af>4. T h e rate cons tan t was increased wi th the 
increas ing value of N, as shown in Tab le 2. T h o u g h 
the activation energies were calculated to be the same 
(30.0 kcal m o l - 1 ) in these solutions, the activation 
ent ropy was found to increase slightly wi th decreasing 
value of N in the H F - P y r (23.5 and 20.0 cal K"1 m o l " 1 

for N=35 and 6 respectively). T h i s may be related to 
the viscosity of the H F - P y r , which decreases wi th 
increasing value of N. However, when us ing H F • Pyr 
wi th iV<6, the reaction of pyridine wi th PhN2 + 

occurred remarkably to give phenylpyridines (70% at 
iV=1.7) wi th a decreasing yield of fluorobenzene (20% 
atiV=1.7). 

Consequent ly , bo th stages of diazotization of anil­
ines and fluoro-dediazoniation of the corresponding 
arenediazonium salts are influenced by the composi­
t ion of the H F - P y r employed. T h e yield of 

mole ratio 

36 
16 
9 
6 
4 

S"1 

3.80 
3.02 
2.12 
1.54 
0.88 

a) Reaction Conditions: PI1N2BF4, 5 mmol; HF, 450 
mmol; 20 ° C 

fluorobenzenes in a one-pot procedure us ing HF 4 _ 6 ) or 
H F - B a s e , 8 - n ) is greatly dependent on the rate of the 
former stage. 
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A heat-stable enterotoxin (STh) produced by a human strain of enterotoxigenic Escherichia coli consists of 19 
amino residues including 6 half-cystine residues. Analogs of STh from positions 6 to 19 with replacements of the 
Ala residue at position 14 by other amino acid residues were synthesized by a solid-phase method and examined 
by biological and biochemical methods. This Ala residue was demonstrated to be very important for expression 
of the toxicity of STh and for interaction of the toxin with its receptor protein(s). 

Heat-stable enterotoxins produced by enterotoxi­
genic Escherichia coli are peptides wi th 18 or 19 a m i n o 
acid residues (named ST P and STh , respectively) that 
cause acute d iar rhea in infants and domestic an­
imals.2"4* Similar enterotoxins have been isolated 
from some pa thogen ic strains of Yersinia enterocolitica 
and Vibrio cholerae non-01. 5 ' 6 ) Previous studies have 
revealed that all the enterotoxigenic propert ies of these 
toxins are due to the h ighly homologous sequence of 
13 a m i n o acid residues boxed by dotted lines in Fig. 1,7) 

and that the three disulfide bridges are organized 
identically in all the toxins.8) These findings indicated 
that the s tructural element(s) required for generat ion 
of the toxicity of these toxins is located on the tertiary 
structure formed by the segment of this tridecapeptide. 
Other exper iments demonstrated that the ini t ial step 

of the biological reactions of the toxin is the b ind ing 
of the toxin to its receptor protein(s) on intest inal 
epi thel ial cell membranes.9 ) T h e formation of a toxin-
receptor complex leads to the s t imula t ion of guanylate 
cyclase, wh ich is b o u n d to or present near the receptor 
protein(s), followed by elevation of the intracellular 
concentra t ion of c G M P a n d change of electrolytes in 
the cells. 10~12) However, little is known about the 
interact ion of the toxin wi th its receptor protein(s) at 
the molecular level. 

Recently, we analyzed the conformation of a 
t r idecapeptide of ST P (abbreviated as ST P (5—17)),13) 

consis t ing of the sequence from Cys5 to Cys17 in STP , 
and demonst ra ted that this pept ide has a r igh t -handed 
spiral conformat ion which is consti tuted from three 
l oop parts from Cys5 to Cys10, Cys10 to Cys14, and Cys14 

Escherichia coli ST, 

Escherichia coli ST 

a) 

b) 

1 5 

Asn-Ser-Ser-Asn-Tyr-

1 

Asn-Thr-Phe-Tyr-

10 15 

I 
Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Thr-Gly-Cys 

« ; ' i 
5 10 15 

19 

-Tyr 

18 

r "i Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys{-Tyr 
1 ! ' I 

c) Yersinia enterocolitica ST ' Ser-Ser-Asp-Trp-Asp-tCys-Cys-Asp-Val-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-CySj 
I ! I 

Vibrio cholerae non-01 ST d) Ile-Asp-fCys-Cys-Glu-Ile-Cys-Cys-Asn-Pro-Ala-Cys-Phe-Gly-Cysl-Leu-Asn 

I ! I 

Fig. 1. Amino acid sequences and disulfide pairings of heat-stable enterotoxins produced by various 
pathogenic bacteria: a) see Refs. 3 and 8; b) see Refs. 4 and 8; c) see Refs. 5 and 8; d) see Refs. 6 and 8. 
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MBzl MBzl OBzl 
i i 

MBzl MBzl 
i 

MBzl Bzl 
I 

MBzl Bzl(2,6-Cl0) 

Cys - Cys - Glu - Leu - Cys - Cys - Asn - Pro - Leu - Cys - Thr - Gly - Cys - Tyr -(Resin) 
fi in 1A iQ N ^ — + S 10 14 

1 ) HF 

2) Oxidation 
3) HPLC 

L e u 1 4 - S T h ( 6 - 1 9 ) 

Fig. 2. Scheme for synthesis of Leu14-STh(6—19). 

19 

to Cys1?. T h i s f inding has made it possible to 
investigate the relat ion between the conformat ion of 
the toxin a n d its toxicity a n d to determine the effect of 
a m i n o acid replacements on the receptor b ind ing 
ability of the toxin, in other words, to reside the a m i n o 
acid residue(s) concerned in interaction of the toxin 
wi th its receptor protein(s). 

In this paper we describe the synthesis of various 
analogs of STh, wh ich consisted of the sequence from 
Cys6 to Tyr 1 9 in ST h b u t wi th replacements of Ala at 
posi t ion 14 by other a m i n o acid residues, and the 
effects of replacement of this Ala residue on the 
biological properties of STh. T h i s replacement was 
chosen to determine the effect of a replacement in the 
second loop from the N- te rminus of STh on its 
conformat ional and biological properties. Other 
reasons of this choice were based on the following 
previous f indings: 1) T h e sequence from Cys11 to 
Cys15 is conserved in all the enterotoxins.6 ) 2) T h e 
sequence from Cys6 to Cys15 is the shortest pept ide of 
STh showing enterotoxigenic activity.14) 3) T h e Pro 
residue seems i m p o r t a n t for formation of loop 
structure from Cys10 to Cys14, because this residue is 
often located in ß- tu rn structures in proteins.1 5 ) Us ing 
1 H N M R spectroscopy, we also examined the confor­
mat ion of the Leu 1 3-analog of STP(5—17) (abbreviated 
as Leu13-STP(5—17)), in which Ala at pos i t ion 13 of 
ST P was replaced by Leu. 

Results and Discussion 

Synthesis of Analogs of STh(6—19). T h e analogs of 
STh(6—19) were synthesized by a stepwise strategy of 
the solid-phase method.8»16) As an example the scheme 
for synthesis of the Leu 1 4 -analog of STh(6—19)(Leu14-
STh(6—19)) is shown in Fig. 2. T h e C-terminal Tyr at 
pos i t ion 19 was used as a s tart ing a m i n o acid residue, 
a l t hough this Ty r was no t essential for expression of 
the toxicity of STh.7) T h e protected peptide was treated 
wi th anhydrous l iqu id hydrogen fluoride to liberate it 
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Fig. 3. HPLC profiles of Leu14-STh(6—19): A) Profile 
of the crude peptide on elution with an increasing 
concentration of CH3CN in 0.05% TFA, Bl—B3) 
Profiles on rechromatography of peaks 1—3 in A), 
respectively, on elution with an increasing concen­
tration of CH3CN in 0.01 M ammonium acetate 
(pH 5.7). 

from the resin and remove all protect ing groups , and 
the resul t ing free linear pept ide was spontaneously 
oxidized by air to form disulfide l inkages. T h e crude 
pept ide was purified by high-performance l iqu id 
ch romatography (HPLC) and one major and several 
m i n o r peak fractions were obtained, as shown in Fig. 
3A. All the peak fractions obta ined were isolated and 
examined by a m i n o acid and FAB mass spectrometric 
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Table 1. Amino Acid Compositions,^ Mass Valuesb) and Toxic Activitiesc) of Leu14-STh(6—19) 

Asp 
Thr 
Glu 
Pro 
Gly 
Cys 
Leu 
Tyr 

[M+H]+ 

MED (ng) 
(pmol) 

1-1 

1.06 
1.01 
1.06 
0.98 
1.03 
5.32 
2 
0.96 

1518.9 

>10000 
>6600 

2-1 

1.14 
1.02 
1.19 
0.97 
1.40 
4.52 
2 
0.84 

1518.2 

>4000 
>2600 

2-2 

1.07 
1.04 
1.01 
1.08 
1.01 
4.72 
2 
0.86 

1518.2 

>10000 
>6600 

3-1 

1.06 
1.03 
0.97 
1.02 
1.02 
4.39 
2 
0.76 

1518.2 

>20000 
>13000 

3-2 

1.06 
1.00 
1.04 
1.03 
1.04 
4.47 
2 
0.97 

1518.1 

>20000 
>13000 

Theoretical value 

6 
2 
1 

1518.5 

a) Values were calculated as mol/mol of Leu. b) [M+H]+, mass value of quasi-molecular ion. c) MED: 
Minimum effective dose. 

Table 2. Amino Acid Compositions^ and Mass Valuesb) of Various Analogs of STh(6—19) 

Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Cys 
Val 
Leu 
He 
Tyr 
Phe 
Lys 
Arg 

[M+H]+ 

Gly14 

1.02(1) 
0.97(1) 

— 
0.98(1) 
0.92(1) 
1.99(2) 

4.81(6) 
— 

1(1) 
— 

0.93(1) 
— 
— 
— 

• 1462.5 
(1462.4) 

Ser14 

1.06(1) 
1.02(1) 
0.97(1) 
1.05(1) 
1.05(1) 
1.17(1) 

5.94(6) 
— 

1(1) 
— 

1.00(1) 
— 
— 
— 

1492.0 
(1492.4) 

Asp14 

2.32(2) 
0.98(1) 

— 
1.04(1) 
1.02(1) 
1.02(1) 

3.68(6) 
— 

1(1) 
— 

0.95(1) 
— 
— 
— 

1520.5 
(1520.4) 

Glu14 

1.06(1) 
0.97(1) 

— 
1.87(2) 
0.94(1) 
1.12(1) 

4.41(6) 
— 

1(1) 
— 

0.90(1) 
— 
— 
— 

1534.4 
(1534.4) 

Gin14 

1.12(1) 
1.02(1) 

— 
2.05(2) 
0.84(1) 
1.02(1) 

5,81(6) 
— 

1(1) 
— 

0.86(1) 
— 
— 
— 

1533.2 
(1533.4) 

Val14 

1.06(1) 
1.01(1) 

— 
1.05(1) 
0.87(1) 
1.04(1) 

5.36(6) 
0.98(1) 
1(1) 

— 
0.95(1) 

— 
— 
— 

1504.4 
(1504.4) 

Ile14 

1.32(1) 
0.99(1) 

— 
1.04(1) 
1.02(1) 
1.04(1) 

4.21(6) 
— 

1(1) 
0.91(1) 
1.02(1) 

— 
— 
— 

1518.2 
(1518.5) 

Leu14 

1.06(1) 
1.01(1) 

— 
1.06(1) 
0.98(1) 
1.03(1) 

5.32(6) 
— 

2(2) 
— 

0.96(1) 
— 

— 
— 

1518.9 
(1518.5) 

Phe14 

1.05(1) 
1.00(1) 

— 
1.03(1) 
1.12(1) 
1.05(1) 

5.62(6) 
— 

1(1) 
— 

0.93(1) 
1.06(1) 

— 
— 

1552.4 
(1552.4) 

Lys14 

1.05(1) 
1.00(1) 

— 
1.05(1) 
0.97(1) 
1.01(1) 

5.05(6) 
— 

1(1) 
— 

0.95(1) 
— 

1.00(1) 
— 

1533.7 
(1533.5) 

Arg14 

1.03(1) 
0.98(1) 

— 
1.02(1) 
0.89(1) 
1.02(1) 

5.51(6) 
— 

Kl) 
— 

0.90(1) 
— 
— 

0.96(1) 

1561.5 
(1561.5) 

a) Values were calculated as mol/mol of Leu. Numbers in parentheses indicates theoretical values, b) [M+H]+, mass 
value of quasi-molecular ion. Numbers in parentheses indicate theoretical values. 

analyses. The peak fractions (peaks 1, 2, and 3 in Fig. 
3A), which had amino acid compositions and mass 
values compatible with the theoretical values, were 
collected. These peak fractions were further chrom-
atographed under different conditions from those in 
Fig. 3A, as shown in Fig. 3B1—3B3. The main 
fraction (peak 1) gave only one peak (1-1 in Fig. 3B1), 
while the minor peak fractions 2 and 3 were each 
separated into several fractions. Of these peak 
fractions peaks 1-1, 2-1, 2-2, 3-1, and 3-2 were confirmed 
to be single by HPLC under the same conditions as 
those for Fig. 3A, and found to show identical 
analytical data to the theoretical values (Table 1). 

Other peptides were synthesized and purified in 
similar ways to those shown in Figs. 2 and 3. Almost 
all the analogs of STh(6—19) gave one major peak and 
several minor peaks on HPLC with similar amino acid 
compositions and mass values to the theoretical 

values, like Leu14-STh(6—19) shown in Fig. 3A. 
Analytical data on the major peak fractions of these 
analogs are summarized in Table 2. 

Biological and Biochemical Properties of Synthetic 
Peptides. In the suckling mice assay,17) peak fractions 
1-1, 2-1, 2-2, 3-1, and 3-2 in Fig. 3B, did not show 
toxicity at doses of less than 4,000 ng (Table 1), while 
STh(6—19) showed toxicity at a dose of 0.6 ng.7) These 
results indicated that Leu14-STh(6-19) is inactive. The 
reactivities of these fractions with a monoclonal 
antibody against STh were examined by a competitive 
enzyme-linked immunosorbent assay (ELISA). As 
shown in Fig. 4, the major fraction (peak 1-1 in Fig. 
3B) reacted with the monoclonal antibody similarly to 
STh(6—19), whereas the minor fractions 2-2 and 3-1 
reacted only weakly with the antibody and 2-1 and 3-2 
showed no reactivity. Thus the major fraction (peak 
1-1) had the same epitope as that in STh(6—19), in 
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Fig. 4. Reactivity of peak fractions in Fig. 3B with monoclonal antibody STh53-4 in 
competitive ELISA: STh(6—19) (D), peak 1-1 (A), peak 2-1 (O), peak 2-2 ( • ) , peak 3-1 
(A), and peak 3-2 ( • ) . 

Table 3. Toxicities of Various Analogs of STh(6—19) 

Amino acid sequence MED/pmol 

6 14 19 
Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Thr-Gly-Cys-Tyr 

— — — _ _ _ _ _ Leu — Ala — — — 

0.4 
10 
14 

506 
540 

2090 
>6600 
>1300 
>6600 
>6400 
>6400 
>6500 

>6400 

MED: minimum effective dose. 

other words, the same surface structure to interact wi th 
the monoc lona l ant ibody as that of STh(6—19). 

Tab le 3 shows the toxicities of other analogs of 
STh(6—19). Gly14- and Ser14-STh(6—19) had about one-
twentieth and one-thir t ie th, respectively, of the toxi­
city of STh(6—19), whereas the other peptides were 
almost inactive. These results indicated that wi th 
increase in the size of the side chain of the a m i n o acid 
residue at posi t ion 14, the peptides become less active, 

and that replacement of the a m i n o acid residue at this 
posi t ion by an a m i n o acid residue with a bulky side 
cha in results in marked reduct ion of toxicity. T h e 
Gly 1 4 -analog wi th a smaller side cha in than that of the 
or iginal pept ide was less active than STh(6—19), the 
pept ide wi th the native sequence. Th i s implies that 
the size of the side chain at the a m i n o acid residue at 
this pos i t ion is an impor t an t factor for expression of 
the toxicity of STh. T h e ini t ial step of the biochemical 
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reactions of STh is its b ind ing to the receptor 
protein(s): the formation of the STh-receptor protein 
complex.10) T h e present results strongly suggest that 
Ala at pos i t ion 14 takes pa r t in the interact ion of ST h 

with its receptor protein(s) on the target cell and that 

1 2 3 4 5 6 7 8 9 10 

Fig. 5. Radioautogram of Polyacrylamide gel after 
electrophoresis of the membrane proteins isolated 
from rat intestine and cross-linked with radio-iodinated 
125I-5-azido-2-nitrobenzoyl-STh(5—19): (lane 1) in 
the absence of STh(6—19), (lane 2) in the presence of 
STh(6—19), (lanes 3—10) in the presence of Gly14-
STh(6—19), Glu14-STh(6—19), Gln14-STh(6—19), 
Phe14-STh(6—19), Arg14-STh(6—19), Val14-STh(6—19), 
Lys14-STh(6—19), and Leu14-STh(6—19), respective­
ly. Numbers on the left side indicate the positions of 
standard markers of molecular weight (X103). 

the methyl g roup may be a suitable size for the b ind ing 
of ST h to its receptor protein(s). 

Recently, H i rayama et al.12) identified a protein of 
70 kDa from rat intest inal epithel ial cell membranes 
that b inds specifically to ST h and is labeled wi th a 
photoaffinity-labeled and radio-iodinated ana log of 
ST h (125I-5-azido-2-nitrobenzoyl-STh(5—19)). We ex­
amined the competitive b ind ing of synthetic analogs 
of STh(6—19) wi th this labeled ana log to the 70 kDa 
protein. As shown in Fig. 5, the b ind ing of the labeled 
ana log to this protein was completely inhibi ted by 
STh(6—19) (lane 2 in Fig. 5) and part ly by the Gly14-
ana log of STh(6—19) (lane 3), which showed about 
one-twentieth of the activity of the original peptide. 
But at the same molar level as that of STh(6-19) other 
peptides did not inhibi t the b ind ing of the labeled 
c o m p o u n d to the 70 kDa protein (lanes 4 to 10). 
A l though the competi t ive b ind ing of the analogs of 
STh(6—19) to 70 kDa prote in was not examined 
quanti ta t ively in this experiment, the results clearly 
demonstra te that the b ind ing abilities of synthetic 
peptides to the 70 kDa prote in on the target cells are 
correlated wi th their toxic activities. 

Conformational Studies. As described above, Leu14-
STh(6—19) was suggested to have a similar conforma­
t ion to STh(6—19). For conf i rmat ion of this sugges­
t ion and elucidat ion of the role of the a m i n o acid 
residue at pos i t ion 14 in STh(6—19) in its spatial 
structure-function relat ionship, we examined the 
conformat ion of Leu13-STP(5—17). Th i s pept ide was 
chosen instead of Leu14-STh(6—19) for the following 
reasons: 1) STP(5—17) has almost the same chemical 
and biological properties as those of STh(6—18)7) and 
hence its conformat ion is assumed to be almost the 

h4 
60!(PPM) 

h i 

h 4 
Oh(PPM) 

\-2 

M 

Fig. 6. DQF-COSY spectra of Leu13-STP(5—17) (left) and STP(5—17) (right) in the aliphatic 
regions showing the CaH-QgH 1H cross peaks. 
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same as that of STh(6—18), 2) the C-terminal Tyr 
residue at pos i t ion 19 in ST h is no t impor t an t for 
toxicity,7) and 3) the conformation of STP(5—17) has 
been analyzed in detail by N M R spectroscopy,13) whi le 
the conformat ion of STh(6—18) is yet obscure. Leu13-
STP(5—17) was synthesized and purified in a similar 
manner to that described above. 

We measured the DQF-COSY and NOESY spectra of 
Leu13-STP(5—17) and compared them wi th those of 
STP(5—17). T h e ass ignment of the spin system of 
const i tuent a m i n o acids of Leu13-STP(5—17) and their 
sequent ia l resonances was at tained by the established 
procedures described in Refs. 18 and 19, respectively. 
T h e chemical shifts of the protons of Leu13-STP(5—17) 
were a lmost the same as those of STP(5—17) except for 
the Q r p r o t o n s of Leu1 3 , as shown in Fig. 6. T h e 
N O E s were observed wi th similar relative intensities 
between the same pro tons in bo th Leu13-STP(5—17) 
and STP(5—17) and these are summarized in Fig. 7. 

C 5 C 6 E7 L 8 C 9 C 1 0 N11 P12 L13 C 1 4 A1 5 G1 6 C17 

H. OZAKI, H. ITO, T. HIRAYAMA, 

A. TAI, and Y. SHIMONISHI 
[Vol. 63, No. 7 

aN(i , i+ l ) 

dNN(i, i+l) 

dßN(i , i+ l) 

daN(i,i+2) 

dNN(T ,i+2) 

daN(i,i+3) 

daa(i, i+3) 

aN(i,i+4) 

aN(i,i+5) 

daß(i, i+5) 

dßß0\i+5) 

daß(i, i+8) 

( i , i+8) 

Fig. 7. Summary of NOEs observed in Leu13-STP(5— 
17): The intensities of NOEs are indicated by line 
thicknesses, and NOEs involving Q H protons of 
Pro12 by dotted lines. 

Fig. 8. Space-filling models of Leu13-STP(5—17) 
(right) and STP(5—17) (left). 

Moreover, the temperature dependency of the chemical 
shifts showed that the N H pro tons of Cys9, Cys14, and 
Cys17 in Leu13-STP(5—17) took par t in hydrogen 
bondings similarly to those of STP(5—17), which 
contr ibuted to stabilization of its tertiary structure.13) 

These results indicate that the back bone structure of 
Leu13-STP(5—17) is qui te similar to that of STP(5—17); 
that is, the back bone structure was not influenced by 
replacement of Ala at pos i t ion 13 (corresponding to 
Ala14 in STh) by Leu, a n d the overall folding was 
similar in the two peptides. T h e stability of this 
conformat ion may be main ta ined by the three intra­
molecular disulfide linkages. T h i s f inding suggests 
that the replacement of this residue by the a m i n o acid 
residues listed in Tab le 3 did no t affect the conforma­
tion of STP(5—17). 

Figure 8 il lustrates the molecular model of Leu1 3-
STP(5—17), which was drawn u p by replacing the 
methyl g r o u p of Ala13 in STP(5—17) wi th an isobutyl 
g roup , a n d also that of STP(5—17). T h e model of STP-
(5—17) shows that side chains of the sequence Asn1 1-
Pro 1 2-Ala 1 3 are oriented in the same direction. T h e 
replacement of the methyl g r o u p of the Ala residue by 
a bulky side chain such as an isobutyl g r o u p may 
result in changes in the surface structure of this region 
and the bulky side chain may in t rude u p o n the contact 
of the S T molecule wi th its receptor protein(s). T h i s 
inference may confer to STh(6—19). Gly14- and Ser14-
STh(6—19) wi th side chains of more or less similar size 
to that of the native toxin may still come in to contact 
wi th the receptor protein(s) and hence retain toxicity. 
Presumably, other a m i n o acid residues besides Ala14 in 
ST h take pa r t in the interact ion of the toxin wi th its 
receptor protein(s). Further detailed analyses of the 
conformation-activity re la t ionship should provide 
insights in to the molecular basis of the toxin-receptor 
interact ion. T h e results should also be useful in 
unders tand ing the molecular basis of the peptide-to-
protein b ind ing interaction. 

Experimental 

The general and analytical methods used were described in 
the preceding papers.7'14* All chemicals used for preparative 
experiments were of reagent grade, those used for analyses 
were of guaranteed grade, and solvents were distilled before 
use. All amino acids used were of the L-configuration except 
glycine. Boc-amino acids were purchased from the Peptide 
Institute Inc. (Minoh, Osaka). Solvent for NMR exper­
iments (DMSO-de (99.96%), CH3CN-d3 (99.9%), and D 20 
(99.95%)) were obtained from CEA (Commissarriat a 
L'Energie Atomique, France). The abbreviations used in 
this paper are those recommended by the IUPAC-IUB [/. 
Biol. Chem., 261, 1 (1986)]. Additional abbreviations are: 
MBzl, 4-methylbenzyl; DMSO, dimethyl sulfoxide; TFA, 
trifluoroacetic acid; FAB, fast atom bombardment; DQF, 
double quantum-filtered; COSY, two dimensional correlat­
ed spectroscopy; NOE, nuclear Overhauser enhancement; 
NOESY, two dimensional NOE spectroscopy; ELISA, 
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enzyme-linked immunosorbent assay. 
Synthesis of Peptides. Peptides were synthesized manu­

ally by the solid-phase method.8»16 Boc-Tyr(Bzl(2,6-Cl2))-
polystyrene (2% divinylbenzene) (0.2—0.3 mmol of amino acid 
per 1 g of resin) was elongated one amino acid at a time in 
order by coupling Boc-amino acids with the aid of DCC. 
The following protecting groups for functional groups of 
side-chains were used: Bzl for serine, threonine, aspartic acid, 
and glutamic acid, MBzl for cysteine, 2-chlorobenzyloxycar-
bonyl for lysine, and p-toluenesulfonyl for arginine. After 
coupling all the amino acids, the protected peptide-resin was 
treated with the same amount of anisole in anhydrous 
hydrogen fluoride at 0 ° C for 1 h. The hydrogen fluoride 
was removed under reduced pressure and the residue was 
diluted with water to a peptide concentration of 5X10~5M 
(1M=1 mol dm - 3) and adjusted to pH 8.O. The solution was 
kept at room temperature with occasional stirring until no 
free mercapto groups were detectable. The resulting peptide 
was purified by high-performance liquid chromatography, 
as described below. 

High-Performance Liquid Chromatography (HPLC). 
The synthetic peptides were purified on a reversed-phase 
column (YMC-ODS, 8X250 mm, Yamamura Chemical In­
dustries Ltd., Kyoto) using an HPLC delivery system 
consisting of a Waters M600 pump (Milford, MA) and 
Hitachi 655A variable wavelength UV monitor and D-2000 
chromatointegrator (Tokyo). The peptides were eluted with 
a linear gradient of increasing concentration of CH3CN in 
0.05% TFA or 0.01 M ammonium acetate (pH 5.7). The 
absorbance of the eluate at 220 nm was monitored. 

Amino Acid and Mass Analyses. The purified peptides 
were hydrolyzed for 24 h at 110 °C in constant boiling 
hydrochloric acid and the amino acid compositions of the 
hydrolyzates were analyzed in a Hitachi L-8500 amino acid 
analyzer. The mass values were examined by FAB mass 
spectrometry, as described in Ref. 20. 

Biological Assays. Toxic activities of synthetic peptides 
were examined in suckling mice (1.7+0.1 g) of 2—3 days old 
as described previously.17) Assay of binding of synthetic 
peptides to the receptor protein(s) was carried out using 
brush-border membranes isolated from male Sprague-
Dawley rats (8 weeks old, 200—250 g), as described in Ref. 
12. 5-Azido-2-nitrobenzoyl-STh(5—19) and 125I-5-azido-2-
nitrobenzoyl-STh(5—19) were synthesized as described pre­
viously.12* In competition experiments, the membranes 
(200 ng of proteins) were incubated with 125I-5-azido-2-
nitrobenzoyl-STh(5—19) (3X10"6M) in the presence of 
STh(5—19) or its analogs (10"6 M). After photolysis at 4°C 
by exposure to light at 254 nm, the photoaffinity-labeled 
proteins were solubilized in the presence of 0.1% Lubrol PX 
and analyzed by sodium dodecyl sulfate Polyacrylamide gel 
electrophoresis using 10% separating gel.21) 

Enzyme-Linked Immunosorbent Assay (ELISA). Com­
petitive ELISA was performed using monoclonal anti-STh 

antibody which recognizes at least Leu9 in STh.22) STh(l—19) 
(1 jig ml - 1 of phosphate-buffered saline (PBS)) (0.1 ml) was 
added to each well of a Falcon microtest III flexible assay 
plate (Becton Dickinson and Co., Oxnard, Ca., USA). The 
plate was incubated at 37 °C for 2 h and washed three times 
with PBS. PBS (0.15 ml) containing 1% bovine serum 
albumin (BSA) was added to each well and incubated at 
37 °C for 1 h. After washing the wells three times with PBS 

containing 0.05% Tween 20 (PBS T), 0.05 ml of sample and 
0.05 ml monoclonal antibody solution appropriately diluted 
with PBS T were mixed and added to each well. After 
incubation at 37 °C for 1 h, the wells were washed three 
times with PBS T. PBS T solution (0.1 ml) of horseradish 
peroxidase-conjugated goat anti-mouse immunoglobulin G 
(Zymed Laboratories, Inc., San Francisco, Ca., USA) was 
added to each well and incubated at 37 °C for 1 h. After 
washing three times with PBS T, 0.1 ml of 0.1% o-
phenylenediamine (Sigma) in 100 mM citrate buffer (pH 4.5) 
containing 0.015% hydrogen peroxide was added, and after 
incubation at room temperature, the optical density at 
450 nm was measured with a spectrophotometer. 

NMR Spectroscopy. The sample peptide was dissolved 
in a mixture (0.5 ml) of DMSO-d6 and CH3CN-d3 (v/v, 
80/20) at a peptide concentration of 8—12 mM. 1U NMR 
spectra were recorded with a JEOL GX-400s spectrometer 
with a proton probe maintained thermostatically at 10 °C. 
Chemical shifts were measured relative to the methyl reson­
ance of tetramethylsilane used as an internal standard. The 
DQF- COSY and NOESY spectra were obtained in a phase 
sensitive mode,23) using quadrature detection in both 
dimensions. Other experimental conditions were as des­
cribed previously.13) 

T h i s work was suppor ted in pa r t by a Grant - in Aid 
from the Ministry of Educat ion, Science and Culture. 
We are indebted to Miss Chieko Katsu for prepara t ion 
of the Manuscr ipt . 
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The acidity function, Ho, of silica-supported heteropoly compounds (HPC) such as H3PM012O40, 
H3PW12O40, and their sodium, potassium, ammonium, cesium, and bismuth oxide salts has been examined in 
connection with their catalytic activity for the dehydration of £-butyl alcohol (TBA). The values of Ho for the 
respective catalysts have been determined spectrophotometrically utilizing adsorbed dicinnamylideneacetone 
(DCA) as a probe molecule. A linear relationship has been established between the amount of HPC supported 
(log m) and its Ho. Also, for the dehydration of TBA in the liquid-phase all plots of log k\ vs. Ho fall on a 
straight line with a slope of —1, independent of the kind of catalyst. In this case k\ is the apparent rate constant 
of the dehydration of liquid TBA. On the other hand, for the gas-phase dehydration of TBA the plots yield 
straight lines with different slopes, depending on the type of catalyst. The dependence of the catalytic activity 
on the Ho supports the previous conclusion that the dehydration of liquid and gaseous TBA proceeds through 
pseudo-liquid and outer-surface mechanisms, respectively. 

In a previous study1* we proposed the dehydration 
mechanism of l iqu id and gaseous £-butyl alcohol 
(TBA) in the presence of such heteropoly compounds 
(HPC) as H3PW12O40, H3PM012O40, and their sodium, 
potassium, a m m o n i u m , and b i smuth oxide salts 
suppor ted on silica. T h e dehydrat ion of l iquid T BA 
proceeds th rough a pseudo- l iquid mechanism and all 
catalysts used are slightly poisoned by the evolved 
water. Regard ing the dehydrat ion of gaseous TBA the 
outer-surface mechanism has been confirmed, in 
which slight po i son ing occurs du r ing the reaction. 
In bo th cases the catalytic activity of H P C has been 
found to decrease wi th increasing number of cations 
substituted for hydrogen ions, imply ing that there 
should be a relat ion between the catalytic activity and 
the acid-base property of H P C . 

In this paper , therefore, we present a quant i ta t ive 
evaluat ion of the acidity of H P C supported on 
AEROSIL-200 us ing the acidity function, H0,

2>3) and 
discuss the catalytic activity for the dehydrat ion of 
TBA in terms of Ho values. 

Exper imenta l 

Supported HPC catalysts on AEROSIL-200 (abbreviated 
as SiO2-200), such as M„H3-„PW/SiO2-200 and M„H3-„-
PMo/SiO2-200, were prepared by a previously described 
procedure,1* in which M„H3-*PW and M„H3-*PMo stand for 
M„H3-nPWi2O40 and M„H3-*PMoi2C>40, respectively, M is 
sodium, potassium, cesium, ammonium, and oxobismuth 
ions, and n denotes the number of substituted hydrogen ions. 

Dehydration of MJutyl Alcohol. Dehydration of liquid 
TBA was carried out in a batch system at 355.3 K and that of 
gaseous TBA in a flow-system at 413—513 K. The detailed 
procedure for the dehydration of TBA was given in a 
previous paper.1* 

Determination of Actidity. The acidity function of the 
supported HPC was determined spectrophotometrically 
using dicinnamylideneacetone (DCA) as an acid-base indi­
cator.4«0 A stock solution of DCA was prepared by 

dissolving DCA in dry decalin, and was kept in a dark, cool 
place. The DCA concentration was adjusted to 2 mmol dm - 3 . 
Solutions for spectrophotometry were prepared by pipetting 
decalin and a DCA solution of 2.0 and 0.20 cm3, respectively, 
into a stoppered conical flask. Then 0.10 g catalysts are 
dispersed in them, and shaken for 3 h before measurement. 
The amount of DCA added was 4 jimol per gram catalyst, far 
less than the amount of acid on the surface of the catalyst 
(about 0.1—0.2 mmol g -1). All of the procedure mentioned 
above was carried out in a dark place in order to avoid 
photodecomposition of the adsorbed DCA. 

The absorption spectra of slurry containing DCA adsorb­
ed on HPC/SiO2-200 were recorded on a Hitachi model 340 
spectrophotometer equipped with a head-on detector in 
quartz cells of 0.5 mm in light path length. The DCA 
adsorbed on H2SO4/SiO2-200 of 0.02 mmol g-supr 1 (mili-
mole per gram of support) and SiO2-200 alone was referred 
as standards for the acid and base color, respectively. It was 
confirmed that the supernatant solution after adsorption of 
DCA had no adsorption band, indicating that all of the DCA 
added was adsorbed on the surface of the catalysts. 

Results and Discussion 

Acidity Func t ion , Ho, of Supported H P C . Figure 1 
shows a representative absorpt ion spectra of DCA 
adsorbed on H 3 PW/SiO 2 -200 catalysts. A b a n d at 560 
n m increases u p o n increasing the a m o u n t of suppor t ­
ed H P C . As is evident from Fig. 1, an isosbestic po in t 
is observed at 452 nm. A band at 400 n m increases wi th 
increasing n, compared wi th MWH3-WPW to H3PW. As 
DCA in decalin has only band at 370 nm, the bands at 
560 and 400 n m are assigned to those of the DCA 
adsorbed on acid and base sites, respectively. A similar 
trend was observed for all of the other catalysts 
examined. These spectral pat terns do not change wi th 
the a m o u n t of DCA added, except for these absor-
bance. 

It is wel l -known that Ho is a measure of the pro ton-
dona t ion ability, which depends on the concentra t ion 
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Fig. 1. Absorption Spectra of DCA adsorbed on the 
surface of catalysts. A: 0.02 mmol g-supt-1 H2SO4/ 
SiO2-200 (standard for acid color); B: SiO2-200 
alone (standard for base color); a) C: ra=0.20; 
D: m=0.10; E: m=0.05; F: m=0.01 mmol g-supr1 

H3PW/SiO2-200; b) m=0.20 mmol g-supt"1; G: 
H3PW/SiO2-200; H: KH2PW/SiO2-200; I: K2HPW/ 
SiO2-200; J: K3PW/SiO2-200. 

of acid. Ho for a homogeneouus l i qu id H2O-H2SO4 
system has been defined as follows by H a m m e t and 
Deyrup: 

Ho = (p/i^w - log (CIA/CIB) 

= -log{aH-/iB//iA}, 
(la)2> 
(lb)2) 

where CIA or CIB and /IA or /IB stand for the 
concentrat ion and activity coefficients of the indicator 
of an acid or base form respectively, an the activity of 
proton, and (p£ a)w the dissociation constant of an 
indicator in an aqueous solution. 

In a heterogeneous l iqu id-so l id system CIA or CIB 

and /IA or /IA in Eqs. l a and lb refer to the surface 
concentrat ion and the activity coefficients of DCA 
adsorbed on acid or base site, respectively.3) T h e value 
of (p£a)w for DCA is -3.0.4 '6> T h e ratio C I A / C I B is 
estimated spectrophotometrical ly ut i l izing the absor-
bance at 560 nm, 

CIA/CIB — (d — ^B)/(^A ~~ d), (2) 

where d, d\ and dß are the absorbance of DCA adsorbed 
on an HPC/SiO 2 -200 catalyst, H2SO4 /SiO2-200, and 
SiO2-200 alone, respectively. T h u s , the value of Ho for 
the catalyst should be determined uti l izing Eqs. l a and 
2. 

Effect of the Amount of H P C Supported on the 
Acidity Function, Ho. In Fig. 2, plots of Ho vs. log m 
are given, in which m (mmol g-supt - 1) is the a m o u n t of 
H3PW, KH 2 PW, K 2 HPW, K3PW or H3PM0 supported 
on SiO2-200. T a k i n g in to account the definition of Ho 
in Eqs. l a and l b , showing that Ho corresponds to p H 
(=—log[H+]) in di lute solution,2 ) it is noticed that a 
linear re la t ionship obtained between Ho and log m is 
reasonable (Fig. 2). T h e slope of the lines for 
H 3 PW/SiO 2 -200 and H 3 PMo/SiO 2 -200 is approxi­
mately — 1 , and those for their salts on SiO2-200 give 
the same results as shown in Table 1. 

Concern ing the k ind of heteropoly compound , the 
acidity is found to decrease in the order H 3 P W / S i 0 2 -
200>H 3 PMo/SiO 2 -200>H 3 P/SiO 2 -200 (where H 3 P de­
notes the phosphor ic acid, H3PC>4) and H 3 P W / S i 0 2 -
2 0 0 > K H 2 P W / S i O 2 - 2 0 0 > K 2 H P W / S i O 2 - 2 0 0 > K 3 P W / 
SiO2-200. T h e former order of acidity corresponds to 
that of acid s t rength measured in acetone,7) and is 
estimated from the formation constant for polyanions 
wi th chloral hydrate.8«9) Also, Misono has reported 
that the a m o u n t of strong acid decreases wi th 
increasing cat ion content, in paral lel wi th a change in 
catalytic activity.10) 

It is na tura l that the acidity function depends on 

1 1 1 1 I 1 1 1—1—1 1 1 1 1 r 

0.01 0.05 0.1 0.2 0.01 
Amount of HPC Supported / ranol/g-supt 

Q05 0.1 0.2 

Fig. 2. The plots of acidity function Ho against amount of HPC supported on SiO2-200. 
a) A: H3PW/SiO2-200; B: H3PMo/SiO2-200; C: H3P/SiO2-200; b) A: H3PW/SiO2-200; 
D: KH2PW/SiO2-200; E: K2HPW/SiO2-200; F: K3PW/SiO2-200. 
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Table 1. The Value of the Acidity Function Ho for HPC Supported on AEROSIL-200 
and Their Slope against the Amount of HPC Supported 

HPCa> 

H3PW 
H3PM0 
H3P 
KH2PW 
K2HPW 
K3PW 
(NH4)H2PW 
(NH4)2HPW 
(NH4)3PW 
KH2PM0 
K2HPM0 
K3PM0 
NaH2PMo 
Na2HPMo 
Na3PMo 
(BiO)H2PMo 
(BiO)2HPMo 
(BiO)3PMo 

ra=0.01b> 

-2.40 
-1.78 
-0.30 
-2.17 
-1.94 
-1.05 
-2.27 
-2.10 
-1.27 
-1.75 
-1.50 
-1.40 
-1.76 
-1.57 
-1.20 
-1.72 
-1.47 
-1.26 

Acidity function Ho 

m=0.05b> 

-2.94 
-2.52 
-1.25 
-2.89 
-2.71 
-1.54 
-3.04 
-2.85 
-1.80 
-2.44 
-2.18 
-2.00 
-2.53 
-2.26 
-1.98 
-2.31 
-2.10 
-1.92 

ra=0.10b> 

-3.31 
-2.90 
-1.75 
-3.22 
-2.96 
-1.89 
-3.20 
-3.10 
-2.13 
-2.70 
-2.48 
-2.25 
-2.65 
-2.60 
-2.25 
-2.80 
-2.45 
-2.11 

m=0.20b> 

-3.66 
-3.20 
-2.25 
-3.51 
-3.30 
-2.14 
-3.57 
-3.44 
-2.38 
-2.95 
-2.80 
-2.53 
-3.22 
-2.92 
-2.56 
-2.96 
-2.67 
-2.40 

Slopec> 

-1.10 
-1.07 
-1.45 
-1.08 
-1.06 
-0.93 
-1.07 
-1.05 
-0.95 
-0.95 
-0.98 
-0.86 
-1.10 
-1.08 
-1.06 
-1.06 
-0.91 
-0.86 

a) The support used is AEROSIL-200 (S=200 m2 g-1), b) m (mmol g-supt-1) means the amount of HPC 
supported on AEROSIL-200. c) "Slope" means the slope of the plots for the acidity function Ho against the 
amount of HPC supported log m. 

the number of cations substituted for hydrogen ions. A 
similar trend, in w h i c h the acidity decreases wi th 
hydrogen-ion subst i tut ion, was observed in case of 
other cations. 

Correlation between the Catalytic Activity and the 
Acidity Function, Ho. Acid catalysis activity has been 
related to the s t rength a n d / o r the a m o u n t of acid.1 0 - 1 2 ) 

Figures 3 and 4 show plots of the apparen t rate 
constants , k\ (min - 1 ) , and the rate constants, ko 
(mol g - 1 h - 1 ) , for the dehydrat ion of l iqu id and 
gaseous TBA1* against Ho, respectively. It is apparen t 
that they are empirical ly formulated as follows for the 
dehydrat ion of l iqu id TBA: 

log k\ = — Ho + const. 

For gaseous TBA, 

log ko — — ( 1 — ô) • Ho + const. 

(3) 

(4) 

As can be seen from the dehydrat ion of l iqu id T B A 
in Fig. 3, a large majori ty of the plots of log k[ vs. Ho 
are on the same line wi th a slope of — 1 . These results 
suppor t the idea that the apparen t rate constant k\ in 
the dehydrat ion of l i qu id TBA is an available measure 
for the surface acidity of the catalyst. Other lines wi th 
a slope of - 1 for H 3 PMo/SiO 2 -200 , H 3 PW/SiO 2 -200 , 
Na„H3- , ,PMo/SiO2-200 (n= l—3) and ( N H 4 ) H 2 P W / 
SiO2-200 are considered to be due to a s t rong 
interaction of the acid site and the alcohol. 

For the dehydrat ion of gaseous TBA, however, it is 
found that the slope of log ko vs. Ho varies wi th the 
k ind of catalyst (Fig. 4); plots for H 3 PW/SiO 2 -200, 

Fig. 3. The relation between the apparent rate con­
stants k\' for the dehydration of liquid TBA at 
355.3 K and the acidity function Ho. • : H3PW, €>: 
KH2PW, Q: K2HPW, 3 : K3PW, • : (NH4)H2PW, Œ: 
(NH4)2HPW, D: (NH4)3PW, O: H3PM0, • : KH2PW, 
O: K2HPMo,^: K3PM0, A: NaH2PMo, A: Na2HPMo, 
A: Na3PMo,@: CsH2PMo,©: Cs2HPMo,©: Cs3PMo, 
• : (BiO)H2PMo,T: (BiO)2HPMo, andV: (BiO)3PMo 
supported on SiO2-200. 

H 3 PMo/SiO 2 -200, and KH 2 PMo/SiO 2 -200 are on the 
same line, wi th a slope of —0.63. Those for 
K 2 HPMo/SiO 2 -200 and K3PMo/SiO2-200 are on the 
other line, wi th a slope of —1.50. 

Therefore, Ho affects the activity for the dehydrat ion 
of TBA. A similar correlat ion between the acidity and 
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Fig. 4. The relation between the rate constants ko 
for the dehydration of gaseous TBA at 453 K and 
the acidity function Ho. • : H3PW, O: H3PM0, 3 : 
KH2PM0, A: K2HPM0, A: K3PM0 supported on 
SiO2-200. 

the catalytic activity in a homogeneous system was 
proposed by Paul and Long.13-14) 

Mechanisms of the Dehydration of f-Butyl Al­
cohol. In conformity to the theoretical procedure 
proposed by Pau l and Long,13-14) the following 
mechanisms are postula ted regarding the present 
system: 

R + A: 
KR 

R A 

and 

R A P + H 2 0 + A, 

(5) 

(6) 

where A is an active acid site on the catalysts and R, 
R • A, and P denote the reactant TBA, adsorbed species 
wi th TBA, and isobutene produced, respectively. Eq. 6 
is assumed to be the rate de termining step. 

T a k i n g the activated complex (transition state) 
theory into consideration, the rate, r, is expressed as 

r = Ä'.[(R.A)*] = &'.#*• Ä:R.[R]./R.aH'//* (7) 

where /R and /* stand for the activity coefficients for 
the reactant, R, and the activated complex, R A * , 
respectively, an' is the p ro ton activity, and k' the rate 
constant of Eq. 6, and K* (=[ (R.A)*] / [ (R.A)]) the 
equ i l ib r ium constant between the activated complex 
(R- A)* and the adsorbed species (R- A). 

T a k i n g in to considerat ion the kinetics of the 
dehydrat ions of TBA,X) the exper imental apparent rate 
constant , k, wh ich corresponds to k\ or ko in the 
dehydrat ion of l iqu id and gaseous TBA, may generally 

be related to kf as 

log k = log k' + const. (8) 

If the value of an in a catalytic reaction experiment is 
propor t iona l to an in indicator adsorpt ion type, the 
relat ion for a heterogeneous catalysis can be wri t ten as 
follows from Eqs. 7 and lb : 

log k = - Ho + log {(/IA//IB)(/R//*)} + const. (9) 

If the value of ( / I A / / I R ) ( / R / / * ) is approximately unity, 
the second term Eq. 9 becomes negligible; therefore, 

log k — —Ho + const. (10) 

/ I A / / I B — / V / R implies that the pro tonat ion behavior of 
T B A as a reactant is similar to that of DCA. T h i s 
formula satisfies Eq. 3, which is an empirical one for 
the dehydrat ion of l iquid TBA. 

In a homogeneous acid catalysis the slope of the 
correlat ion between the catalytic activity and the 
acidity function has been verified to be —1,13,14) 
Therefore, the results in Fig. 3 prove that l iqu id TB A 
is dehydrated th rough a pseudo- l iquid mechanism.1 5 ) 

T h i s is consistent wi th our previous conclusion based 
on kinetic data.1* 

In the case that the value of ( / I A / / I B ) ( / R / / * ) is 
different from uni ty (Eq. 11), on the basis of Eq. l b , 
assuming the second term of Eq. 9 is p ropor t iona l to 
Ho, 

logk — — (1 — 8)-Ho + const. (11) 

Here, 8 is a parameter which depends on the activity 
coefficients of the reactant and the activated complex 
formed on the surface of the catalyst. Th i s also agrees 
wi th an empir ical formula (Eq. 4) for the dehydrat ion 
of gaseous TBA. 

In contrast to the dehydrat ion of l iquid TBA, any 
deviation from —1 of the slope supports the idea that 
the dehydra t ion of gaseous TBA proceeds t h ro ugh an 
outer-surface mechanism.x ) 

References 

1) R. Ohtsuka, Y. Morioka, and J. Kobayashi, Bull. 
Chem. Soc. Jpn., 62, 3195 (1989). 

2) L. P. Hammett and A. J. Deyrup, / . Am. Chem. Soc, 
54, 272 (1932). 

3) C. Walling, / . Am. Chem. Soc, 72, 1164 (1950). 
4) H. A. Benesi, / . Phys. Chem., 78, 5490 (1956). 
5) J. Kobayashi and I. Higuti, Shokubai (Catalyst), 4, 49 

(1962). 
6) J. Kobayashi, Y. Morioka, H. Senzaki, and M. Masui, 

Shokubai (Catalyst), 22, 235 (1980). 
7) I. V. Kozhevnikov and K. I. Matveev, Appl. Catal., 5, 

135 (1983). 
8) L. Barcza and M. T. Pope, / . Phys. Chem., 79, 92 



July, 1990] Acidity and Catalytic Activity of Supported Heteropoly Compound 2075 

(1975). 
9) Y. Izumi, K. Matsuo, and K. Urabe, / . Mol. Catal, 18, 

299(1983). 
10) M. Misono, Catal Rev. -Sei. Eng., 29, 269 (1987). 
11) M. Otake and T. Onoda, Shokubai (Catalyst), 17, 13 

(1975). 
12) K. Tanabe, "Solid Acids and Bases," Kodansha-

Academic Press, Tokyo (1970). 
13) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957). 
14) M. A. Paul and F. A. Long, Chem. Rev., 57, 935 (1957). 
15) K. Sakata, Y. Konishi, M. Misono, and Y. Yoneda, 

Shokubai (Catalyst), 21, 307 (1979); M. Misono, K. Sakata, Y. 
Yoneda, and W. Y. Lee, Proc. 7th Int. Congr. Catal., Tokyo, 
June 1980, Abstr., B-27. 



2076 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 61 2076—2082 (1990) [Vol. 63, No. 7 

Studies of the Acidity and Ionic Conductivity of Silica-Supported 
Heteropoly Compounds. III. Paramagnetic Species Involved 
in the Dehydration Reaction on Supported 12-Molybdophos-

phoric Acid and Its Salts 

Reiji OHTSUKA and Jun- ich i KOBAYASHI* 
Department of Applied Chemistry, Faculty of Engineering, Shizuoka University, Johoku, Hamamatsu 432 

(Received December 18, 1989) 

ESR studies on the dehydration reaction of £-butyl alcohol have been carried out while trying to characterize 
12-molybdophosphoroc acid (H3PM012O40) and its salts supported on silica. In H3PM012O40 supported on silica 
ESR spectra showed three signals due to molybdenum(V) with three different surroundings: at the interface near 
the silica support, at the outer surface of the H3PM012O40 layer and in the bulk of H3PM012O40. For K3PM012O40 
supported on silica, crystalline K3PM012O40 is formed on silica, even at low loadings. The ESR spectra of 
partially potassium-substituted catalysts is also examined. 

We have clarified the dehydrat ion mechanisms of 
l iqu id and gaseous £-butyl alcohol (TBA) in the 
presence of heteropoly compounds (HPC) such as 
H3PM012O40, H3PW12O40, and their sodium, potas­
s ium, cesium, a m m o n i u m , and b i smu th oxide salts 
suppor ted on silica;1'2* the dehydrat ion of l iqu id and 
gaseous TBA proceed th rough pseudo- l iquid and 
outer-surface mechanisms , respectively.1* Also, a 
linear re la t ionship has been established between the 
catalytic activity and acidity function.2) At h igher 
loadings of H P C , it is found that the way of s tacking 
H P C molecules on silica is a p r o m i n e n t factor 
regarding catalytic activity.1'2* 

In the present study, therefore, we have appl ied 
electron spin resonance (ESR) spectroscopy to the 
characterization of H3PM012O40 and their potass ium 
salts suppor ted on silica in order to elucidate the 
structural difference a m o n g them. Also, the change in 
the ESR spectra of the catalysts used for the dehydra­
t ion of TBA is discussed in connect ion wi th the 
reaction mechanisms of TBA. 

Experimental 

Supported HPC catalysts on AEROSIL-200 (abbreviated 
SiO2-200) containing polyanion PMoi2O403~, such as H3-
PMo/SiO2-200 and K„H3-„PMo/SiO2-200, were prepared by 
the same procedure as described previously,x) in which 
H3PM0 and KnH3-nPMo stand for H3PM12O40 and K„H3-/Î-
PM012O40, respectively, and n denotes the number of 
substituted hydrogen-ions. 

Dehydration of f-Butyl Alcohol. The dehydration of 
liquid and gaseous TBA was carried out in a batch system at 
355.3 K and in a flow-system at 413—513 K, respectively. 
Details of the procedure were given in a previous paper.1* 

ESR Measurement. The samples for ESR measurements 
were prepared as follows: As-prepared catalysts were calcined 
at 573 K for 3 h in air. Partially reduced catalysts were 
prepared, followed by reduction under a hydrogen stream of 
30 cm3 min - 1 at 373 K. After the dehydration reaction of 
liquid TBA, the catalysts were dried at 383 K for 24 h in air 
before measurements. 

The ESR spectra were recorded on a JEOL JES-FE-1XG 

spectrometer either at 77 or 293 K, operating in the X-band 
(9. 130+0.003 GHz). Mn2+ doped in MgO and ECHO EFM-
2000 NMR field meter were used for calibrating the magnetic 
field. 

The observed spectra were doubly integrated using a 
Graphtec DT-1000 digitizer in order to estimate the relative 
spin concentration of molybdenum(V) iT(g~:L or g-supt_1).3'4) 

Some of the observed spectra were simulated with the aid of a 
NEC PC-98XL personal computer using a TURBO PASCAL 
program in order to deconvoluve the signals.5~7) 

X-Ray Diffractometry. Powder X-ray diffraction data 
(XRD) were obtained with a Rigaku-Denki Model D-3F 
diffractometer using nickel-filtered CuKot radiation. 

Results and Discussion 

ESR Spectra for Support-Free H3PM012O40. T h e 
ESR spectrum of as-received H3PM012O40 • 29H2<3 
recorded at 77 K shows only a sharp symmetrical 
signal (abbreviated as signal Mo-1) at 333 m T (spec­
t rum B in Fig. 1). According to Fricke and 
Ohlmann , 8 ) the nar row signal is one characteristic of 
strongly delocalized electrons; thus, electron h o p p i n g 
occurs a m o u n g the twelve molybdenum atoms of the 
Keggin anion . 

After heat t reat ing at 573 K a signal wi th axial 
symmetry (abbreviated signal Mo-2) appears at 332 m T 
in the ESR spectrum at 77 and 293 K (spectrum C in 
Fig. 1). T h e axial symmetry of the signal indicates 
that an electron is localized on a molybdenum atom.8 ) 

Since support-free H3PM012O40 is almost completely 
dehydrated to form an anhydrous type at 573 K, the 
mobil i ty of electrons in solid H3PM012O40 is drastical­
ly reduced above the temperature. It is, therefore, 
reasonable that anhydrous H3PM012O40 gives a s ignal 
wi th axial symmetry. 

ESR Spectra for As-Prepared H3PMo/SiO2-200. In 
the ESR spectrum of as-prepared H3PMo/SiC>2-200 at 
77 K the signals assigned to two different kinds of 
molybdenum(V) appear at 335.5 and 330 m T , respec­
tively (spectra A and B in Fig. 2), and their relative 
intensity varies slightly wi th the a m o u n t of H3-
PM012O40 supported. Both signals at 335.5 and 
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M 

333 

320 330 340 350 
Magnetic Field / mT 

360 

Fig. 1. ESR spectra of the as-received H3PMoi2O40* 
29H20 recorded at various temperature; A: 293 K, B: 
77 K, and C: that of the support-free anhydrous 
H3PM012O40 calcined at 573 K recorded at 77 K. 
(Broken lines show the calculated curves). 

330 mT (abbreviated Mo-3 and Mo-4, respectively) 
show axial symmetry. At m=0.05—1.00 (ra is the 
amount of H3PM012O40 supported on SiO2-200 (mmol 
g-supt-1)) the relative intensity ratio of signal Mo-4 to 
signal Mo-3 is in the range 0.18—0.38. 

In Fig. 2 it can be noticed that signals Mo-3 and 
Mo-4 overlap around 345 mT (Fig. 9 and 10). More­
over, additional lines at 355.5 and 363.5 mT are 
observed. Since the intensities of the lines are 
proportional to that at 330 mT (Fig. 3), they are 
assigned to a hfs of rar=3/2 and 5/2 of molybdenum(V) 
and belong to a signal Mo-4. Assuming axial 
symmetry for all signals which appeared, a computer 
simulation was carried out to estimate the ESR 
parameters for the respective molybdenum(V) atoms. 
The obtained results are summarized in Table 1. 

Although twelve molybdenum atoms in a Keggin 
structural unit are equivalent to each other, the spectra 

320 330 340 350 360 
Magnetic Field / mT 

370 

Fig. 2. ESR spectra of the as-prepared HsPMo/SiCV 
200 with various loadings of H3PM012O40; A: m= 
0.05, B: m= 1.00 mmol g-supr1 H3PMo/SiO2-200, 
and that of 1.00 mmol g-supr1 H3PMo/SiO2-200 
reduced under hydrogen stream at various temper­
ature; C: 373 K, D: 423 K. 

in Fig. 2 indicates that there are two different 
surroundings for molybdenum(V) in H3PM012O40 
supported on silica. With respect to the assignment of 
signals Mo-3 and Mo-4, it is noteworthy that the 
surface area of the supported catalysts is larger than 
that of the support-free ones by a factor of 100.10) For 
this reason, signal Mo-3 has been assigned to molyb-
denum(V) of H3PM012O40 on the surface. 

Reduction of H3PMo/SiO2-200. Again, in Fig. 2 it 
is found that the reduction of 1.00 mmol g-supt -1 

H3PMo/SiO2-200 at 373 and 423 K gives signals Mo-2 
and Mo-5, respectively, in addition to signals Mo-3 
and Mo-4. For the new signal, Mo-5, with a broad 
line, similar signals were observed in the spectra of 
strongly reduced H3PMoi2O40.n) It is, therefore, 
implied that the broad signal is attributed to a 
spin-spin interaction among molybdenum(V) ions,9) 

since it has been proposed that the Keggin structural 
framework is collapsed owing to a loss of bridging 
oxygen at 423 K. This leads to spin-spin interaction of 
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Table 1. Critical ESR Parameters and the Assignments for the Respective Signals of Heteropoly Compounds 

Signal 

Resonance 
fielda> 

mT 

AHb> 
g± Ag 

mT mT mT 
Assignment and reference 

Mo-1 

Mo-2 

Mo-3 

333 

332 

335.5 

Mo-4 330, 355.5,d> 
363.5d> 

Mo-5c> — 

1.955e> 0.000 — — 1.6 

1.950 1.955 0.005 4.0 1.2 3.0f> 

1.915 1.935 0.020 5.0 0.8 4.0f> 

1.904 1.970 0.066 8.5 0.3 2.3f> 

The support-free H3PMoi2O40-29H2O and 
K3PMo/SiO2-200 

The support-free anhydrous H3PM012O40 
H3PM012O40 in bulk layer of H3PMo/SiO2-200 
H3PM012O40 at the outer surface of H3PM0/ 

SiO2-200 
H3PM012O40 at the interface near silica 

support 
H3PM012O40 destructed by H2 reduction 

(broad signal) 

a) The most characteristic resonance peak in the signal is listed as a resonance field referred in the text and figures. 
b) AH is the full half width of Lorentz function, c) ESR parameters could not be determined, d) These weak resonance 
correspond to 95,97Mo hfs of rai=3/2 and 5/2 respectively, e) Isotropic g-value. f) These values are the mean for the 
value of AH at each nuclear spin quantum number mi. 

335.5 

310 320 330 340 350 360 370 
Magnetic Field / mT 

Fig. 3. Effect of the amount of H3PM012O40 sup­
ported on the ESR spectra of the reduced H3PM0/ 
SiO2-200; A: m=0.15, B: ra=0.40, C: ra=0.70, D: 
m= 1.00 mmol g-supr 1 H3PMo/SiO2-200. (Broken 
lines show the calculated curves). 

molybdenum(V) atoms,11»12* suppor ted by the fact that 
the intensity rat io of signal Mo-3 to Mo-4 decreases 
wi th increasing reduction temperature. 

Effect of the Amount of H3PM012O40 Supported. 
Figure 3 shows the ESR spectral change of H 3 P M 0 / 
SiO2-200 reduced at 373 K wi th the a m o u n t of 
H3PM012O40 supported. T h e relative spin concentra­
tion, 27, for reduced H3PMo/SiC>2-200 is larger than that 
for the as-prepared one by a factor of more than 20. As 
can be seen from Fig. 3, a marked change in the ESR 
spectral pa t tern was observed u p o n increasing the 
a m o u n t of H3PM012O40 supported: At a low loading 
of H3PM012O40 their spectra were the same as those of 
the as-prepared H3PMo/SiC>2-200, while at h igher 
loadings signal Mo-2 appears in addi t ion to two other 
signals, Mo-3 and Mo-4. Part icular ly, it is remarkable 
that signal Mo-2 is observed only at loadings h igher 
than the monolayer thickness of H3PM012O40 on silica. 
It is supposed that there are three different H3-
PM012O40 groups in H3PMo/SiO2-200; one is at the 
interface near the silica suppor t , one at the outer 
surface of the H3PM012O40 layer suppor ted and others 
in bu lk H3PM012O40 layers. T h e bulk layer is only 
formed under h igher loadings. It is, therefore, 
presumed that signals Mo-2 and Mo-4 can be assigned 
to the H3PM012O40 in the b u l k layer and at the 
interface, respectively. 

Also, a spectral s imulat ion gives the ESR parameters 
and the relative spin concentra t ion, 27. In Fig. 4 the 
overall value of 27 for reduced H3PMo/SiO2-200 is 
plotted against the H3PM012O40 content in the catalyst, 
together wi th those calculated for the respective values 
of 27. As can be seen from Fig. 4a, a linear re la t ionship 
between the overall value of 27 for the observed spectra 
and the content of H3PM012O40 (wt%) are quant i ta ­
tively established. 

For plots of the values of 272, 273, and 274 for signals 
Mo-2, Mo-3, and Mo-4 in the ESR spectra of reduced 
H3PMo/SiO2-200, respectively, against the a m o u n t of 
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H3PM012O40, the value of £3 increases linearly u p o n 
increasing the a m o u n t of H3PM012O40 suppor ted at 
low loading less than m=0.30 and then approaches a 
p la teau. O n the other hand , the values of EA and Ei 
increase wi th the a m o u n t of H3PM012O40 suppor ted at 
h igher loading than ra=0.3 and 0.6, respectively. 

For the formation of the first or second monolayer of 
H3PM012O40 on the surface of the silica suppor t , 
critical values of ra^O.SO or ra=0.60 can be worked 
out, respectively, us ing the effective cross section per 
H3PM012O40 molecule.1* These values agree wi th the 
exper imental ones shown in Fig. 4 b, suppor t ing that 
the assignments of signals Mo-2 and Mo-4 as be ing 
reasonable. T h i s also corresponds to the dependence 
of the catalytic activity on the a m o u n t of H3PM012O40 
supported.1* T a k i n g in to consideration the fact that 
H3PM012O40 groups stack u p o n themselves, it is 
suppor ted that signal Mo-3 can be assigned to 
H3PM012O40 at the outer surface. 

Interestingly, signals Mo-2 and Mo-4 are observed 
even under low loading of H3PM012O40. It is, 
therefore, presumed that H3PM012O40 molecules ag­
gregate d u r i n g on earlier stage of loading owing to the 
network formation of H3PM012O40 a n d / o r the stacking 
of H3PM012O40 on themselves, as discussed later in 
terms of the X R D results. Figure 5 shows schematic 
i l lustrations of the stacking method. 

a) 

10 

5h 

B. 0 

1 1 1 — 

Id) 

^ _ 1 L _ 

1 1 1 

1 1 1 

T 1 1 

^^ 1 

1 • 1 

10 20 30 40 50 60 70 
Content of H3PMo in Catalyst / wtZ 

b) 

Fig. 5. The schematic illustration for the way of 
stacking of H3PM012O40; a) at low loading of 
H3PM012O40 and b) at higher loadings; O, • , and 
6 indicate the H3PM012O40 molecules giving signals 
Mo-3, Mo-4, and Mo-2 respectively. 

v 0 
Amount of H3PMo Supported / mmol/g-supt 

Fig. 4. The plots of the relative spin concentration 
against a) the content of H3PM012O40 in catalyst 
and b) the amount of H3PM012O40 supported; 
a) overall values of E for the observed spectra (O) 
and the calculated lines (•) ; b) A: overall value of E, 
B: Es, C: E4, D: E2. 

320 330 340 350 
Magnetic Field / mT 

360 

Fig. 6. ESR spectrum of the reduced KsPMo/SiCV 
200 of 0.05 mmol g-supt-1. (Broken line shows the 
calculated line). 
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Potassium-Substituted H P C Supported on Silica. 
In Fig. 6, a representative ESR spectrum for K3PM0/ 
SiO2-200 is shown. In the ESR spectrum of as-
prepared K3PMo/SiO2-200 only a sharp symmerical 
signal wi th a full half wid th of 1.6 m T was observed at 
333 m T . A compute r s imula t ion for this signal gave a 
g-value of 1.955, the same as signal Mo-1 in support-
free H3PMoi2O40-29H2O. T h e spectral pat tern is 
independent of the a m o u n t of K3PM012O40 supported, 
and does no t change after a reduct ion of the catalysts. 
It is also presumed that the aggregation of H P C 

c) 

J_^*J 

L_L_ J L 
5 10 1510 

26 / degree 
b) , d) 

20 
26 / degree 

J Uv^ 
5 10 15 10 
20 / degree 

20 
20 / degree 

Fig. 7. Powder X-ray diffraction pattern of a) H3PM0/ 
SiC>2-200 with various loadings of H3PM012O40; A: 
m=0.10, B: m=0.20, C: m=0.30, D: m=0.40, E: m= 
0.50, F: ra=0.60, G: ra=0.70, H: ra=0.80,1: ra=0.90, J: 
m= 1.00 mmol g-supr1 H3PMo/SiO2-200, b) the 
support-free anhydrous H3PM012O40, c) K3PM0/ 
SiO2-200 with various loadings of K3PM012O40; K: 
ra=0.10, L: ra=0.30 mmol g-supr1 K3PMo/SiO2-200 
and d) the as-received H3PMoi2O40-29H2O. 

molecules takes place significantly du r ing the early 
stage of K3PM012O40 deposit ion on silica. 

T h i s p r e sumpt ion was proved by X-ray diffracto-
metry (XRD): T h e diffraction lines due to the cubic 
lattice of K3PM012O40 appear even at low load ing of 
K3PM012O40 (less than ra=0.30, the critical a m o u n t for 
the formation of a monolayer). H3PM012O40, however, 
does not give any diffraction line under the same 
loading (Fig. 7). It is, thus, concluded that crystalline 
K3PM012O40 is formed on silica, even under the low 
loadings. 

Figure 8 shows the ESR spectra of potass ium-
substi tuted catalysts reduced at 373 K. For a KH2PM0/ 
SiO2-200 catalyst, the obtained resonance comprises 
signals Mo-1 , Mo-3, and Mo-4; their relative intensity 
is independent of the a m o u n t of H P C loaded. For a 
K2HPMo/S i02 catalyst, on the other hand , a marked 
change in the relative intensity was observed wi th the 
a m o u n t of H P C supported: At low H P C loading, 

310 320 330 340 350 360 
Magnetic Field / mT 

370 

Fig. 8. ESR spectra of a) the reduced KH2PM0/ 
SiO2-200; ra=0.30 mmol g-supr1 and b) the re­
duced K2HPMo/SiO2-200 with various loadings of 
K2HPM012O40; A: m=0.15, B: ra=0.40, C: ra=0.70 
mmol g-supr1 . 
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signals Mo-1 and Mo-3 appear, while at higher load­
ing signal Mo-4 appears in addition. It is particularly 
interesting that signal Mo-4 is observed only under 
loading more than a monolayer thickness of K2-
HPM012O40 on silica. 

It is presumed that signal Mo-1 and signals Mo-3 
and Mo-4 can be assigned to crystalline K3PM012O40 
and supported H3PM012O40, respectively. For KH2-
PMo/SiO2-200 and K2HPMo/SiO2-200, it is, therefore, 
obvious that mixtures of H3PM012O40 and K3PM012O40 
are formed on silica. 

Correlation between ESR Spectra for HaPMo/SiCfe-
200 and the Catalytic Reaction. It is interesting that 
the color of an H3PM012O40 catalyst turned from 
yellow to blue during the dehydration of liquid and 
gaseous TBA under all conditions examined, indicat­
ing that hexavalent molybdenum is partially reduced 
to the pentavalent form. In Fig. 9, the ESR spectra of 
the catalysts after dehydration of TBA are shown. A 
sharp signal with g=2.0054 appears at 325 mT in all of 
the obtained spectra. It is natural that this signal is 

310 320 330 340 350 360 370 
Magnetic Field / mT 

Fig. 9. ESR spectra of H3PMo/SiO2-200 catalysts 
after the dehydrations of a) liquid TBA; A: ra=0.10, 
B: m=0.45, C: m=0.70 mmol g-supr1 H3PMo/Si02-
200, and b) gaseous TBA. 

assigned to free radicals in a carbonaceous residue. 
For the catalysts, after dehydration of liquid TBA, 

the relative intensity ratios of signals Mo-2 and Mo-4 
to signal Mo-3 increase with increasing the amount of 
H3PM012O40 supported (spectra A—C in Fig. 9). This 
phenomenon is similar to that for the reduced 
H3PM012O40 (Fig. 3). This proves that both the surface 
and inner molybdenum atoms are reduced to the +5 
state during dehydration of liquid TBA. In conclu­
sion, it is deduced that the dehydration of liquid TBA 
proceeds through a pseudo-liquid mechanism.1* 

For the dehydration of gaseous TBA, on the 
contrary, we did not find any significant change in the 
ESR spectral pattern, except for the intensity (spectra 
A and B in Fig. 2 and spectrum D in Fig. 9). This 
means that TBA molecules are adsorbed and react on 
the outer surface of the catalysts, supporting the idea 
that the dehydration of gaseous TBA proceeds through 
an outer surface mechanism.x) 

ESR Spectra for Potassium-Substituted Catalyst 
after Catalytic Reaction. For the potassium-substi­
tuted catalyst K3PMo/SiO2-200, no change in the ESR 
spectra was found after the reaction, except for the 
intensity. Figure 10 shows the ESR spectra of 
K2HPMo/SiO2-200 after dehydration of gaseous TBA. 
For partially potassium-substituted catalysts KH2PM0/ 

330 340 350 
Magnetic Field / mT 

370 

Fig. 10. ESR spectra of K2HPMo/SiO2-200 catalysts 
after the dehydrations of gaseous TBA; A: ra=0.15, B: 
ra=0.30, C: ra=0.50 mmol g-supr1 K2HPMo/Si02-
200. 



2082 Reiji OHTSUKA and Jun-ichi KOBAYASHI [Vol. 63, No. 7 

SiO2-200 and K 2 HPMo/SiO 2 -200, on the contrary, 
three signals assigned to signals Mo-1, Mo-3, and Mo-4 
were observed after the dehydration of gaseous TBA. 
T h e relative intensity ra t io of signal Mo-3 to signal 
Mo-1 increased markedly u p o n increasing the a m o u n t 
of H P C loaded. Assuming that the mix ture of species 
H3PM012O40 and K3PM012O40 wi th different mole 
ratios are formed, the spectral change implies that 
species H3PM012O40 and K3PM012O40 distribute heter-
ogeneously on the surface of the catalysts. It is also 
presumed that the outer surface of the catalyst is 
p redominan t ly covered wi th H3PM012O40. T h e results 
obtained in this study coincide wi th our previous 
conclusion based on the fact that the catalytic activity 
depends onm.l) 

For the dehydrat ion of l iqu id TBA, on the other 
hand , the ESR spectra consists of signals Mo-1, Mo-3, 
and Mo-4. T h e relative intensity of signal Mo-1 
increases wi th the a m o u n t of H P C loaded, suggest ing 
that T B A molecules react even at the inner site of the 
H P C layer. T h i s bears out the idea that the 
dehydrat ion of l iquid TBA in the presence of 
potassium-subst i tuted catalysts proceeds th rough a 
pseudo- l iquid mechanism.1* 
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Stabilization of a petroleum-derived mesophase pitch (P-MP) fibers was investigated in order to create a 
skin-core structure in the carbonized fibers. The pitch fibers were either oxidatively stabilized at 270 °C in air or 
10 vol% O2 for short periods, or oxidized in air for 15 min and successively extracted by tetrahydrofuran (THF) 
for 30 min. A skin-core structure could be observed in the carbonized fibers under a polarized-light microscope 
or SEM. The relationship between the oxidative reactivity of P-MP fiber and creation of a skin-core structure, 
and the effect of solvent extraction for the creation are discussed according to the results. 

Mesophase pitch-based carbon fiber has been re- hea t ing and a short stabilization period at h igher 
cognized to be a p rominen t filler for advanced temperatures, such as 350°C,4 ) by stabilization in a 
composites.1 - 3 ) However, problems concerning its lower oxygen concentration,5»6* and by two-step stabiliza-
qual i ty and cost still remain. t ion, short oxidation, and solvent extraction.7) 

The re may be several lines of approach to solve these In the present study, by cont ro l l ing the stabilization 
problems. T h e present authors have reported that4 _ 7 ) condit ions, the creation of a skin-core structure was 
carbonizat ion under strain of a coal tar-based meso- a t tempted in to pet roleum (FCC-decant oil) derived 
phase pi tch fiber significantly improved the mech- mesophase pi tch, which is practically believed to be a 
anical s trength of the carbon fiber when the stabiliza- more suitable precursor than that derived from coal 
t ion was controlled in such a way that the fiber central tar.3»8_13) T h e pi tch has been reported to show a higher 
area was fused to form a core, whereas the fiber surface reactivity for oxidative stabilization due to its greater 
area was sufficiently stabilized so as no t to adhere to number of alkyl and n a p h t h e n i c groups . 14»15) H igher 
each other du r ing carbonization. Such a manne r of reactivity may be favorable for creation when competi-
stabilization reflects a steep gradient of oxidat ion t ion between the diffusion of oxygen and oxidat ion 
a long the fiber radius, leading to a skin-core structure governs the oxidative gradient a long the pi tch fiber 
in the carbonized fiber, where the skin a n d the core radius. However, h igher reactivity may lead to rapid 
exhibi t a mosaic and a doma in texture, respectively, oxida t ion in to the core of a th in fiber (ca. 10 um in 
under a polarized-light microscope. diameter) wi th in a short period. N o fusion is allowed 

An oxidat ion gradient has been introduced by rap id at the core, even if an oxidat ion gradient is established. 

Table 1. Properties of the Petroleum Derived Mesophase Pitch (P-MP) 

Pitch 

P-MP 

H 

4.6 

C N 

wt% 

93.9 0.2 

Diff. 

1.3a> 

H/C 

0.59 

S.P.b> 

°c 
250 

A.P.C> 

% 

100 

Solubilit ies/%d ) 

BS BI-PS 

42 12 

PI 

46 

a) Ash: 0.2, Sulfur 0.7. b) Softening po in t by ho t stage, c) Anisotropic percentage, d) BS: Benzene soluble. 
BI-PS: Benzene insoluble/pyridine soluble. PI: Pyridine insoluble. 

Table 2. Proton and Carbon Distribution by 1H NMR and 13C NMR 

Pitch 

P-MP 

Caro 4.1 

3.7 

Haro 

62 

Caro 4.2 

13.1 

Ha 

25 

Caro 4.3 

23 

H/> 

12 

Caro 3 

52.6 (23.6) 

H7 

1 

Cali 2 

3 

Fa(H)a> 

0.88 

Cali 1 Fa(C)b> 

5 0.92 

a) Proton distribution by 1H NMR. b) Carbon distribution by 13C NMR. Aromatic carbon. Caro 4.4: Internal 
benzonaphtenic carbon (150.1 —138.0 ppm). Caro 4.2: Substituted carbon (138.0—132.1 ppm). Caro 4.3: 
Internal carbon (132.1 —127.0 ppm). Caro 3: Unsubstituted carbon (127.0—116.9 ppm). Aliphatic carbon. 
Cali 2: Methylene carbon (54.2—21.9 ppm). Cali 1: Methyl (21.9—8.5 ppm). 
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Experimental 

Some properties and structural parameters (NMR) of the 
petroleum derived mesophase pitch (P-MP) used in the 
present study are summarized in Tables 1 and 2, respectively. 

The pitch was spun into pitch fibers at 315 °C, at which 
temperature its viscosity was 500 poise. The pitch fibers 
were oxidatively stabilized at 270 °C for various periods in 
air or in a diluted oxygen atmosphere (10 vol% O2) at a 
heating rate of 5°Cmin _ 1 . After oxidative stabilization, 
some fibers were successively extracted with tetrahydrofuran 
(THF) in Soxhlet for 30min.7) The stabilized fibers were 
carbonized at 600 °C for 1 h and, subsequently, calcined at 
1300 °C for 1 h. The heating rates for both steps were 
10°Cmin-1 . 

The oxygen uptake in the stabilized fibers was calculated 
according to elemental analyses. The oxygen distribution 
along the radius of thick fiber (30 |im in diameter) was 
measured by EPMA (Shimadzu, electron probe microana-
lyzer EPM-810).16* The fibers stabilized at 270 °C for a 
holding time of 0 or 45 min were mounted in the 
polypropylene resin at 200 °C for 1 min. The mounted fibers 
were carefully cut with a sharp knife at room temperature to 
obtain a flat cross-sectional surface. The fiber surface was 
coated with carbon using a high-vacuum evaporator 
(Hitachi, HVS-5GB). The electron beam accelerated by a 
voltage of 15 kV was irradiated to such a surface by scanning 
along the fiber diameter with a step of 1 (im. The sample 
electric current due to the irradiation was 0.05 |iA. The 
intensity of the characteristic X-rays due to oxygen 
(2.3608 nm wavelength) was recorded as counts for 10 sec at 
30 points along the fiber diameter. The counts were then 
converted into the average oxygen content based on 
elemental analyses. 

After mounting in a polyester resin and conventional 
polishing, carbonized fibers were observed under a polarized-
light microscope (LEITZ Othoplan) in order to examine the 
adhesion and texture of the filaments. The cross-sectional 
morphology of the carbonized fiber was observed by SEM 
(JEOL-25S). 

Results 

Oxidative Stabilization of P-MP Fiber in Air. 
Figures 1 (a) to (c) show the mic ropho tographs of the 
carbonized P-MP fibers after stabilization at 270 ° for 
15, 20, and 30 min , respectively. A short ho ld ing t ime 
of 15 m i n left a few adhesions a m o n g the filaments; 
they exhibited a distinct skin-core structure (Fig. 1 (a)). 
T h e adhesion was reduced by increasing the ho ld ing 
t ime to 20 min . T h e skin-core structure could still be 
observed in most of the filaments (Fig. 1(b)). A further 
increase in the t ime to 30 min completely e l iminated 
the adhesion, leading to a disappearance of the skin-
core structure (Fig. 1 (c)). 

Figures 2 (a) to (c) show cross-sectional morpho­
logies of the fibers oxidatively stabilized, carbonized 
and further calcined at 1300 °C. All fi laments show a 
radial-like cross-sectional morphology in the skin, 
where a marked increase in its thickness with the 
stabilization t ime could be observed. Dur ing the 

Fig. 1. Microphotographs of carbonized P-MP fibers. 
Stabilization: 5°Cmin-1 , 270°C in air for (a) 15, 
(b) 20, and (c) 30 min. Carbonization: 10°Cmin-1, 
600°C, l h . 

ini t ial stage of stabilization (15 min) carbon p lanar 
sheets were densely stacked, forming a broad core 
(3.5—4.0 | im in diameter), as shown in Fig. 2 (a). A 
fusion of mesogens dur ing carbonization is suggested. 
However, the diameter of the core was reduced to 2.5— 
3.0 urn by increasing the stabilization time to 20 m i n 
(Fig. 2 (b)); finally, a lmost n o difference between the 
skin and the core was observed in Fig. 2 (c), where 
stabilization had come to complet ion. T h u s , creation 
was possible only w h i t h i n a nar row range of 
stabilization times under the specified condit ions. 

Oxidative Stabilization in 10vol% O2. T h e pi tch 
fibers were oxidatively stabilized in 10vol% O2 at 
270 ° C for 25 and 45 min. Figures 3 (a) and (b) show 
cross-sectional morphologies of the carbonized fibers. 
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Fig. 2. Cross-sectional morphologies of carbonized 
P-MP fibers. Stabilization: 5°Cmin-1 , 270°C in air 
for (a) 15, (b) 20, and (c) 30 min. Carbonization: 
10°Cmin-1 , 600°C, 1 h. Calcination: 10°Cmin-1 , 
1300°C, l h . 

Fig. 3. Cross-sectional morphologies of carbonized 
P-MP fibers. Stabilization: 5°Cmin-1 , 270°C in 
10% O2 for (a) 25 and (b) 45 min. Carbonization: 
10°Cmin-1 , 600°C, 1 h. Calcination: 10°Cmin-1, 
1300°C, l h . 

T h e skin-core structure could be created in the fibers 
wi thou t f i lament adhesion by us ing 25 m i n stabiliza­
tion (Fig. 3 (a)); however, n o skin-core structure was 
observed after the t ime was pro longed to 45 min (Fig. 3 
(b)). T h u s , even if in a di luted oxygen atmosphere, the 
creation of a skin-core structure in P-MP fibers proved 
to be difficult. 

Oxidation and Solvent Extraction Stabilization. 
T h e P-MP fibers that oxidatively stabilized at 270 ° C 
for 15 m i n in air were further extracted wi th tetrahy-
drofuran ( T H F ) for 30 m i n in a Soxhlet. Figure 4 
shows mic ropho tographs of the carbonized fibers. A 
sl ight adhes ion of filaments was observed wi thou t 
extraction (Fig. 4 (a)); however, extraction completely 
removed the adhesion, leaving a distinct doma in 
texture in the core (Fig. 4 (b)). 
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Fig. 4. Microphotographs of carbonized P-MP fibers. 
Stabilization: (a) 5°Cmin-1 , 270°C, 15 min in air 
without extraction, (b) after successive extraction in 
THF for 30 min. Carbonization: 10°C min"1, 600°C, 
l h . 

Figures 5 (a) to (d) show typical morphologies of the 
carbonized fibers after oxidat ion and extraction stabi­
lization. All filaments exhibited a distinct skin-core 
structure. T h e morphologica l feature of those fibers 
revealed difference in the or ientat ion and the size of 
carbon p l ana r sheets between the skin and the core. 
Larger carbon p l ana r sheets (around 0.5 um in width) 
could be observed in the core (3.5—4.0 urn in 
diameter). In contrast, very small sheets (less than 
0.1 urn) were found in the skin area (2.0—2.4 urn). T h e 
sheets in the core became radially oriented in most 
cases wi th some folded ones, whereas all of sheets in 
the skin became oriented radially. T h e different 
fusibilities dur ing carbonization at the skin and the 
core may be responsible for these sheet or ientat ions. It 
shou ld be noted that a crack r u n n i n g paral led to the 
fiber axis, which was introduced by the solvent 
extraction, did no t p ropaga te further u p o n carboniza­
tion. 

Oxygen Uptake and Distribution in Stabilized 
Pitch Fibers. Figure 6 shows the oxygen and hy­
drogen contents in the pi tch fibers after stabilization at 
270 ° C for 10, 15, a n d 45 m i n in air. T h e oxygen and 
hydrogen contents increased and decreased, respective­
ly, u p o n increasing the stabilization time. T h e oxygen 
content was a round 6 wt% after 30 m i n of stabilization, 
when the stabil ization of the pi tch fiber was com­
pleted. Such a r ap id oxygen up take may reflect its 

more naph then ic natures, as revealed in Table 2. 
Figure 7 show the d is t r ibut ion of oxygen a long the 

radius of thick fibers (30 urn in diameter) after 
stabilization at 270 ° C for 0 and 45 m i n in air, and the 
calculat ion result for a th in fiber (10 urn). Dur ing the 
ini t ia l step of oxidat ion (270 °C, 0 min) , the fiber 
exhibi ted a small gradient of oxygen dis t r ibut ion 
a long the radius . In the skin zone (5 urn), the oxygen 
content was 4 wt% at the surface and 2 wt% at 5 urn from 
the surface, respectively. T h e oxygen content at the 
central zone (beyond 5 urn from the surface) was 
identical, a round 2 wt%. 

A steep gradient was in t roduced in the skin zone 
wi th in 7 urn from the surface after 45 min stabiliza­
t ion, where the oxygen contents at surface and po in t 
7 urn deep were 6.0 wt% and a r o u n d 3 wt%, respective­
ly. T h e oxygen content at the skin zone wi th in 5 urn 
from surface, on average, increased by 2 wt% for 45 min 
stabilization, whereas that in the core (beyond 5 urn) 
only increased by 1 wt%. 

When oxygen is assumed to diffuse similarly in the 
th in fiber (10 urn in diameter), the oxygen content in 
the center is estimated to be over 4.5 wt% by the t ime 
when the skin is sufficiently stabilized by taking u p 
6.3 wt% of oxygen, and no fusion is expected any more. 
T h e diffusion of oxygen to the center from the two 
surfaces of the fiber should be expected to increase the 
oxygen content there. 

T h e thick fibers (30 urn in diameter) after EPMA 
observation were carbonized at 600 ° C for 1 h. T h e 
pi tch fiber which stabilized wi thou t a ho ld ing t ime 
fused completely du r ing carbonization, wi th n o 
fibrous form being retained at all. T h e fibers stabilized 
for 45 m i n showed a distinct skin-core structure, as 
shown in Fig. 8. T h e skin area (5.8—6.7 urn) 
prohibi ted any deformation in the fiber form du r ing 
carbonization, suggesting a sufficient stabilization of 
the skin. T h e mesogens fused in the center to give a 
large doma in texture. T h u s , thick petroleum fiber 
provided ra ther easily the skin-core structure. By 
c o m p a r i n g the texture a long the fiber radius wi th the 
oxygen content, their relat ion could analyzed. 

Discussion 

T h e desired skin-core structure was introduced in to 
reactive pe t ro leum mesophase pi tch (P-MP) based car­
bon fibers by selecting very nar row condit ions for 
oxidative stabilization in air or a reduced oxygen 
concentra t ion (10 vol% O2), and readily th rough two-
step stabilization by oxidat ion and solvent extraction. 
T h e thermal in t roduct ion to the P-MP fiber was pos­
sible only in a m u c h narrower range of oxidative 
condi t ions to satisfy bo th no adhesion of the filaments 
and fusion of the core dur ing carbonization than to the 
coal tar derived pi tch fiber.4_7) 

It may be wor thwhi le to discuss why the oxidative 
stabilization alone suffers a nar row window for 
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Fig. 5. Cross-sectional morphologies of carbonized P-MP fibers. Stabilization: 5°Cmin_ 1 , 270°C, 
15 min in air extraction in THF for 30 min. Carbonization: 10°Cmin_1 , 600°C, 1 h. Calcination: 
10°Cmin-1 , 1300°C, 1 h. 
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Fig. 6. Oxygen uptake during the stabilization. 
Stabilization: 5°Cmin-1 , 270°C in air. 
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Fig. 7. The distribution of oxygen uptake along 
the radius of stabilized pitch fibers. A: 30 |im fiber, 
270 °C—0 min. • : 30 Jim fiber, 270 °C—45 min. • : 
calculation oxygen distribution in 10 |im fiber. 
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Fig. 8. Microphotographs of the thick (30 (im in 
diameter) carbonized P-MP fibers. Stabilization: 
5°C min - 1 , 270°C for 45 min in air. Carbonization: 
10°Cmin-1 , 600°C, 1 h. 

creat ing a skin-core structure in th in pet ro leum fiber 
in spite of its h i g h oxidat ion reactivity. T h e 
pet ro leum fiber exhibi ted more rap id oxygen uptake 
and complete to the stabilization than a coal tar fiber 
at the same temperature.1 5 ) T h e EPMA of the 
stabilized thick fiber (30 um in diameter) revealed that 
such a r ap id oxygen up take led to a steeper gradient of 
the oxygen concent ra t ion in the skin zone (within 
5 | im from the surface) a long the fiber radius, whereas 
the oxidat ion extent was flat in the center (beyond 
5 um). T h u s , a definite skin-core structure could easily 
be introduced in the thick fiber. 

T h e ga in in oxygen and loss of hydrogen contents 
have been a t t r ibuted to a series of reactions which take 
place at the n a p h t h e n i c and alkyl side chain groups 
un i - or bi-molecular ly du r ing stabilization. Oxygena­
tion, oxidat ion, dehydrogenat ion as well as cross-
l inkage formation are assumed.17_21) T h e P-MP carries 
a greater n u m b e r of a l ipha t ic hydrogen in naph thenes 
and alkyl side chains (Table 2); in another word, it 
carries a larger n u m b e r of reaction sites to tie u p 
oxygen, a l lowing a rap id increase in the oxygen 
content , even at the core of the fiber wi th in the 
stabilization period. T h u s , the skin-core structure is 
obta ined only by a very short range of stabilization 
periods. 

In contrast, two-step stabilization could control the 
fusibilities of the skin and the core separately. Only 
th in skin is slightly oxidized to be differentiated from 
the core, and successive extraction by solvent could 
further complete the stabilization to su r round a broad 
core of unoxidized mesogens. Hence, the skin-core 
structure can be designed by the oxidat ion extent, and 

the adhesion is removed by extracting the fusible 
components from the skin. Such a stabilization 
procedure is expected to be very useful for ob ta in ing a 
skin-core structure in the fiber of h igher reactive 
mesogens derived from naph then ic feedstocks. 

T h e au thors wou ld like to thank Mr. Kaoru 
Hirokawa, Cooporate Research & Development Labor­
atory, T o n e n Corporat ion, for EPMA analyses. 
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Synthesis of Dimethylamino Terminated Poly(tetrahydrofuran) and Adhesion 
Property of Poly(tetrahydrofuran) Ionene Prepared Therefrom 

Shinzo KOHJIYA,* T o h r u OHTSUKI, Shinzo YAMASHITA, 
Masaharu TANIGUCHI,+ and T a m o t s u H A S H I M O T O ^ 
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ïKyowa Ltd., 3-20-28, Tachibana, Nishinari-ku, Osaka 557 

(Received February 15, 1990) 

In order to establish the polymerization conditions for the synthesis of bifunctional dimethylamino group 
terminated poly(oxytetramethylene) (AT-PT), living cationic polymerization of tetrahydrofuran by trifluoro-
methanesulfonic anhydride was carried out. Especially, factors determining the molecular weight were 
investigated. The polymerization enabled us to prepare monodispersed AT-PTs having molecular weght 
between 2000 and 10000. The resultant AT-PTs were bifunctional, i.e., each molecule contains two dimethyl­
amino groups. From AT-PT and dihalide, poly(oxytetramethylene) ionene (PTI) was synthesized in a thin film 
form. Tensile properties of the PTI films revealed that the films were very tough and elastic. PTI was also 
found to have high peel strength towards the Bakelite surface. The peel strength increased with the increase of 
cationic site on PTI main chains, i. e., with the decrease of molecular weight of AT-PT. PTI also had a high 
permeability of moisture due to the presence of ionic sites. From these results, PTI can be a promising adhesive 
material for some biomedical application. 

Polymers hav ing functional groups at their chain 
ends are k n o w n as telechelic polymers, or often as a 
telechelic o l igomer when the molecular weight is 
relatively low. T h e y are very useful materials for the 
prepara t ion of a functionalized polymeric material 
inc lud ing adhesives for special purposes.x ) A m o n g 
these ol igomers , polyether polyols are of m u c h use in 
order to synthesize polyurethanes in combina t ion wi th 
di- or triisocyanate.2) 

Poly(oxytetramethylene) glycol ( P T M G ) is espe­
cially impor tan t , because P T M G based polyurethanes 
show excellent mechanica l properties, such as very 
good tensile propert ies and perhaps the highest anti-
fatigue proper ty a m o n g elastomers.3>4) Additionally, 
PTMG-based polyure thanes are known to be biocom­
pa t ib le , 5 - ^ thus used in the fabrications of artificial 
hearts.8) However, there appeared few reports on the 
synthesis of poly(oxytetramethylene) hav ing function­
al groups other than hydroxy 1 group.9 ) 

In this report a synthetic route of d imethy lamino 
g roup terminated poly(oxyethylene) (AT-PT) is es­
tablished, followed by the reaction with dihalide to give 
ionene-type poly(oxytetramethylene) (PTI ) . 1 0 ' n ) P T I 
is found to show excellent tensile propert ies like 
PTMG-based po lyure thanes . n ) We have also recog­
nized the adherence of P T I onto h u m a n skin. A T - P T s 
wi th various molecular weights are synthesized, and 
the P T I s from them are subject to tensile and peel ing 
tests in order to explore possibili ty of P T I as an 
adhesive, for example, for biomedical uses. 

Exper imenta l 

Materials. AT-PT was synthesized by cationic ring­

le Present address: Department of Industrial Chemistry, 
Shiga Prefectural Junior College, 1900, Hassaka-cho. Hikone-
shi, Shiga 522. 

opening polymerization of tetrahydrofuran (THF). T H F 
was purified by distillation several times on sodium wire 
until a blue color appearance by benzophenone. Trifluoro-
methanesulfuric anhydride, which is used as an initiator of 
cationic polymerization, was prepared according to Burden 
et al.12) Dimethylamine was freed from moisture by passing 
through a column packed with KOH pellets just before use. 
The reaction conditions of cationic polymerizations are 
shown in Table 1. The polymerization was conducted in an 
ice bath (2 °C) or at 25 °C under a dry nitrogen stream. It 
was essential to minimize the influence of adventitious water 
to prepare telechelic, AT-PTs. 

AT-PT was reacted with a,a'-dichloro-p-xylene to give 
PTI.1 0 'n ) At first the reaction was carried out in T H F at 
30 ° C for one hour, and the reaction mixture was poured 
onto a Teflon® mold. After the evaporation of THF the 
mold was kept at 100 °C for two hours under a gentle stream 
of dry nitrogen gas. 

Analyses of AT-PT and PTI. The reaction products were 
analyzed by a few techniques. The dimethylamino group 
content in AT-PT was assayed by non-aqueous titration 
with perchloric acid in acetic acid solution. Infrared spectra 
were obtained on a Hitachi 215 IR Spectrometer. Proton 
NMR was recorded on a Varian T-60 A Spectrometer in 
CDCI3 solution using tetramethylsilane as an internal 
standard. 

Tensile Property Measurents. Tensile stress-strain curves 
were obtained on a tensile tester TOM 200D at room 
temperature. The crosshead speed was 10 mm min - 1 . The 
measurements were carried out on dumbell-shaped spec­
imens (JIS No. 3) at least three times and the average value 
was used. 

Peeling Tests. As adherends three plates were used. A 
Bakelite plate and a glass plate were used after the surface 
cleaning by acetone. The surface of a stainless steel plate 
(SUS 304-27CP) was treated according to JIS R6253. The 
preparation of test sample was as follows: Ethanol solution 
of PTI (ca. 30%) was applied on the surface of adherend (the 
area=4X5 cm2 and the amount of PTI=0.015—0.020 g cm"3). 
After 5 min standing, a cotton canvas sheet(No. 10) was 
placed on PTI layer on the adherend and pressed. The test 
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Table 1. Polymerization of THF by (CF3S02)20 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

[I] 

mol I"1 

0.078 
0.117 
0.156 
0.240 
0.300 
0.078 
0.078 
0.078 
0.078 
0.130 
0.259 

Temp 

°C 

25 
25 
25 
25 
25 
2 
2 
2 
2 
2 
2 

Time 

min 

5 
5 
5 
5 
5 

10 
15 
25 
25 
10 
10 

[Amine] 

m 
147 
73 
73 
73 
73 
73 
73 
73 
73 
45 
73 

Conv. 

% 

10.2 
32.6 
46.4 
53.4 
54.8 
13.8 
15.1 
30.8 
43.3 
31.3 
60.7 

MW 

2920 
3800 
4400 
3050 
3150 
2170 
3460 
6290 
9740 
3270 
8740 

Mw 

Mn 

1.16 
1.21 
1.27 
1.65 
1.61 
1.18 
1.14 
1.19 
1.17 
1.19 
2.33 

[DAG] 

X104moll-1 

6.30 
5.20 
4.55 
5.56 
5.78 
8.17 
5.72 
2.99 
2.01 
5.85 
2.26 

Functionality 

Titration 

1.84 
1.98 
2.00 
1.79 
1.82 
1.77 
1.98 
1.88 
1.95 
1.91 
1.97 

NMR 

1.9 
— 
— 
1.8 
1.8 
1.9 
— 
— 
— 
1.9 
— 

I=(CF3S02)20, initiator. Amine=dimethylamine. Conv. is relative to the initial THF feed. MW=molecular weight 
by VPO. Mw/M„=weight-average over number-average molecular weight by GPC. DAG is dimethylamino group in 
AT-PT. Functionality=number of dimethylamino group per polymer. 

sample was dried under vacuum at room temperature. The 
180°-peeling tests were conducted at room temperature. The 
measurements were repeated untill five stable stress-strain 
curves were obtained. 

Gas-Permeability Measurements. Permeability of PTI 
film was measured by the standard method which is very 
similar to ASTM D 1434-75 when penetrant was nitrogen or 
oxygen. Moisture permeability was determined by so called 
"cup" method (JIS Z 0208).13> 

Results and Discussion 

Synthesis of AT-PT. Synthetic route of A T - P T 
from T H F monomer is shown in Scheme 1. T h i s 
synthesis is based on the report by Smith and Hubin 9 ) 

with a few modificat ions for the present product.1 1 ) As 
they already reported, the amine c o m p o u n d had to be 
used in large excess to introduce the a m i n o g roup onto 
the bo th po ly (THF) chain ends (see Tab le 1). T h e 
reason why such an excess amine was necessary to get 
A T - P T is not fully elucidated yet. In considering this 
ques t ion, two factors have to be ment ioned; the 
stability, in other words not m u c h reactivity, of the 
tertiary o x o n i u m cat ion from T H F and the equi­
l ib r ium na tu re of the T H F polymerizat ion. Due to 
these natures, it is necessary to use an excess of the 
end-blocking agent to ensure as rap id a te rminat ion 
reaction as possible. Otherwise, the functionality of 
A T - P T became m u c h lower than 2.0 and the 
molecular-weight dis t r ibut ion was no t monodisper-
sed. 

P ro ton N M R of A T - P T s showed pro tons in N-
methyl g r o u p at 2.2 p p m (singlet) wh ich enabled us to 
evaluate the d imethy lamino g roup contents in AT-
P T s if their molecular weight were below ca. 3000, 
a l t h o u g h the g roups are only at the bo th ends of the 
polymeric chains. T h e assayed concentrat ion of the 
g r o u p by p ro ton N M R was in good agreement wi th 
that by ti tration. T h e polymerization condit ions and 
the results are collected in Table 1. A T - P T s having 

CH2-CH2 under N2 
1 2 ' 2 • (CR>S0,),0 
CH2 CH2 ^ 3 ^ 2 , 2 u bulk,2or25°C 

X 0 

CH2-CH2Ne ® XH2-CH2 

VcH/W(CH2)'°^CH2)<<CH2-iH2 

(CH3)2NH 

-78°C 

•2CF3SO3 

* (CH3)2N-((CH2)40)F?rr(CH2)4-N(CH3)2 

AT-PT 

Scheme 1. 

10 20 30 40 

Conversion (%) 

50 

Fig. 1. Relationship between conversion and mol wt 
of AT-PT: Polymerization at 2°C, [I]=0.078 mol 1"1. 

the molecular weight between two and n ine thousands 
were obtained, whose functionalities were very near to 
two. In other words, telechelic oligomers of poly-
(oxytetramethylene) were prepared. 

L iv ing nature of the present polymerization system 
is demonstra ted in Fig. 1. Wi th the progress of 
polymerizat ion molecular weight increased linearly. 
T h i s result and almost quant i ta t ive in t roduct ion of 
d ime thy lamino g roup to A T - P T strongly suggest the 
l iving na ture of this cationic polymerization. 
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T h e molecular weights in Tab le 1 were measured on 
vapor pressure osmometer (VPO). However, it is 
m u c h more convenient if they can be obta ined by gel-
permeat ion ch romatography (GPC), calibrated by 
polystyrene standards. Figure 2 shows the re la t ionship 
between V P O and G P C molecular weights of AT-PTs . 
T h e experimental results fit the following equat ion: 

MWVPO = 0.650 X MWGPC (1) 

E q u a t i o n (1) is in good agreement wi th that for 
poly(oxytetramethylene) reported by Burgess et al.14) 

Synthesis of PTI and Its Tensile Properties. AT-
P T was reacted wi th a ,a ' -dichloro-p-xylene to form 
quaternary a m m o n i u m salt via the Menschutkin- type 
reaction as shown in Scheme 2. T h e kinetic study of 
this reaction was reported by us.15) T h e synthetic 
process, wh ich is described in Exper imenta l section, 
affords P T I film directly from the mix ture of s tar t ing 
materials . It is a k ind of reactive processing, t hough 
the operat ional scale is very small. 

T h e resulted films were highly elastomeric and very 
tough. Figure 3 shows a typical tensile stress-strain 
curve of P T I film. T h e stress remained very low unt i l 
about 500% elongation, and further elongat ion b rough t 
ab rup t increase of the stress to give a very h igh tensile 
s t rength wi th a very large e longat ion at break. T h e 
features appeared in Fig. 3 were observed on all the 
P T I s prepared here. T h e tensile modu lus at 100% 
elongat ion, tensile s trength, and e longat ion at break 

~0 2 4 6 8 10 12 14 16 

MWGPC * 10"3 

Fig. 2. Relationship between mol wt by GPC (calib­
rated by standard polystyrenes) and mol wt by VPO 
(number-average mol wt). 

(H3C)2N-(CH2)440(CH2)4^rN(CH3)2 • ClH2C-(>CH2Cl 
in THF 

1 

stirring 
AT-PT DCX 

under N2 stream 

100°C,2hr 

CH3 Cl~ CH3 CI" 
* ^ N ^ C H 2 ) 4 ^ 0 ^ C H 2 ^ ^ N - C H 2 - Q - C H 2 4 — 

CH3 

PTI 

Scheme 2. 

CH, 

are listed in Tab le 2 in order to show the elastomeric 
na ture of P T I for practical purposes. These tensile 
propert ies indicate that P T I is extremely flexible and 
has as h igh a strength as reinforced rubbers or poly-
ether ure thanes. 

Adhesion Property of PTI. In the course of this 
study, we noticed that P T I did adhere to h u m a n skin 
very well. W h e n me thano l or e thano l solut ion of P T I 
was appl ied on the surface of h u m a n skin, very tough 
and flexible film was formed after evaporat ion of 
alcohol . Once the P T I films was formed, it was 
extremely difficult to remove the th in film from the 
skin. Somet ime the only way was wash ing it ou t by 
alcohol . T h e adhesion proper ty of P T I on h u m a n 
skin was to be investigated. However, it is difficult to 
conduct pee l ing test from h u m a n skin. As a substi tute 

& 

0) 
0) 
0) 

500 

Elongation (%) 

Fig. 3. Tensile stress-strain behavior of PTI (No. 3, 
mol wt of the precursor AT-PT was 4400). 

Table 2. Tensile Properties of PTI 

Sample MW of MIOO Th 

code 

6 
1 
4 
5 
10 
2 
3 
8 
9 

AT-PT 

2170 
2920 
3050 
3150 
3270 
3800 
4400 
6290 
9740 

MPa 

1.4 
1.5 
1.1 
1.5 
1.7 
1.6 
0.7 
2.1 
5.5 

MPa 

30.0 
28.0 
32.3 
32.0 
38.2 
39.6 
27.1 
32.1 
32.2 

% 

810 
730 
910 
770 
750 
710 
1110 
960 
880 

Mioo=tensile modulus at 100% elongation. Tb=tensile 
strength at break. £b=elongation at break. 

Table 3. 180° Peel Strength of PTI 

Sample 
code 

Peel strength/N m~ 

Bakelite Stainless steel Glass 

1930 
1610 
1040 
340 

170 
70 

140 
70 

340 
40 

110 
40 



2092 S. KOHJIYA, T. OHTSUKI, S. YAMASHITA, M. TANIGUCHI, and T. HASHIMOTO [Vol. 63, No. 7 

co 
O 
x 
sz 
•4-» 
en 
c 
<b 

•4-» 

en 

(b 
CL 
o 
o 
oo 

2.0 

1.5 

1.0 

0.5 

\ o 

Ov 

^ 

l „„ 1 

10 

(Mn of AT-PT) x 10" 

Fig. 4. Relationship between 180°-peel strength of 
PTI and mol wt of the precursor AT-PT. Adherend, 
the Bakelite surface. 

of h u m a n skin, we chose a Bakelite surface and 
compared the results wi th those obtained on glass and 
metal surfaces. 

Tab l e 3 shows 180°-peel s t rength of P T I from 
Bakelite, stainless steel or glass surface. T h e results 
were the average of 5 times measurements. T h e peel­
i ng of P T I from the Bakelite sheet was found m u c h 
more difficult t han from the other two. Addit ionally, 
it seemed that the peel strength depended on the 
molecular weight of poly(oxytetramethylene) segment, 
i.e., the molecular weight of A T - P T . T h e re la t ionship 
is displayed in Fig. 4. Very good l ineari ty is 
recognized. In case of P T I , the smaller is the 
molecular weight of A T - P T , the more is the ionic site 
in a u n i t vo lume, hence the more po la r it becomes. 
T h e results in Fig. 4 is expla ined by the n u m b e r of 
ionic site, i.e., a m m o n i u m ion and its counter anion , 
wh ich is one of the impor t an t factors de te rmin ing the 
adherence. 

The re appeared a few theories re la t ing peel ing 
strength to Young ' s modu lus . For example , Kaelble16) 

proposed the fol lowing equat ion for 180 °peel: 

P = 
a b 
4 

Oof (2) 

where a is thickness of adhesives, b wid th of adhesives, 
oo tearing strength, £ a the Y o u n g modu lus of 
adhesives. Also Fukuzawa1 7 ) derived the fol lowing 
equat ion: 

b U U 
4 £a 

- + • 
W* 

(3) 

where U is thickness of adhesives, /c inherent adhesive 
force of interface, £ a the Young modu lus of adhesives, 
and Wz work for r u p t u r e to produce peeled surface. In 
accordance to these equat ions , the present peel ing 

0 1 2 3 A 

(1/Young modulus) x 103 (MPcf1) 

Fig. 5. Relationship between 180°-peel strength and 
the Young modulus of PTI. Adherend, the Bakelite 
surface. 

Table 

Sample 

PTI 
NRC> 

4. Gas Permeability 

H2O
a> 

3.4 
0.067 

o2
b> 

1.89 
2.33 

of PTI 

N2
b) 

0.705 
0.805 

a) At 25 °C, in 109 g cm/cm2 s cmHg (1 cmHg=1333.22 
Pa), b) At 28°C, in 109cm3 (STP) cm/cm2 s cmHg. 
c) Natural rubber vulcanizate cured by sulfur. 

results of P T I from the Bakelite is related to the inverse 
of the Y o u n g m o d u l u s as shown in Fig. 5. Here the 
Young modu lus was calculated from the init ial slope 
of the tensile stress-strain curve. T h e number of 
exper imenta l points is not enough to conclude, b u t we 
may say that modu lus is one factor to influence adhe­
sion of P T I . In case of P T I , the h igher is the con­
centrat ion of ionic sites, the h igher are both the Young 
m o d u l u s and adhesiveness. Therefore it is qu i te 
na tura l that the re la t ionship shown in Fig. 5 was 
observed. 

Gas Permeability. When we th ink of adhesives for 
biomedical appl icat ions , gas permeabili ty, especially 
that of mois ture and of oxygen, are very impor tan t . 
T h e results on H2O, O2, and N2 are shown in Tab le 4. 
Compared wi th na tura l rubber (NR) vulcanizate 
(sulfur cured), moisture permeabil i ty of P T I was m u c h 
larger, whi le that of oxygen or ni t rogen was of the 
same order of magni tude . Since rubbers inc luding N R 
are known to have h igh gas permeabilit ies, P T I seems 
to have good enough permeabil i ty for the appl ica t ion 
on h u m a n skin. 

Conclusion 

T h e synthetic condit ions of A T - P T s and ionene 
polymers therefrom were established for those hav ing 
various molecular weight of poly(oxytetramethylene). 
Toge ther wi th excellent tensile properties and very 
good gas and mois ture permeabil i t ies of P T I film, its 
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h igh adhesiveness to a Bakelite surface suggests us that 
P T I can be a candidate of adhesives for biomedical 
appl ica t ions . T h i s view is further suppor ted by the 
fol lowing researches: It is very well known that 
P T M G based poly(urethane)s are blood compa t ib l e , 6 - 0 

and ionene-type polymers have been considered for 
biomedical applications.1 8 _ 2 0 ) T h e possibility on this 
l ine will be investigated and be reported later. 
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Synthesis of Nickel and Magnesium Phyllosilicates 
with 1:1 and 2:1 Layer Structures 
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Toyota Central Research and Development Laboratories, Inc., 41-1 Nagakute, Yokomichi, 
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Nickel and magnesium phyllosilicates with 1:1 and 2:1 layer structures were prepared from silicic acid and 
metal chlorides (NiCb or MgCh) in water. The phyllosilicates were allowed to crystallize at room temperature 
or 200 °C. The 1:1 and 2:1 phyllosilicates were selectively prepared by adjusting the metal ion to silicon ratio 
(M/Si) in the starting mixtures. The 1:1 phyllosilicate was crystallized from the starting mixture with an M/Si 
ratio of 1.5 and the 2:1 phyllosilicate was crystallized from the mixture with an M/Si ratio of 0.5. The increase in 
the OH~/M ratio in the starting mixture accelerated the crystallization to phyllosilicates. Crystallization to the 
phyllosilicates occurred even at room temperature, and a hydrothermal treatment at 200 °C accelerated this 
process. The crystal size of the 1:1 phyllosilicates was larger than that of the 2:1 phyllosilicates. The nickel 
phyllosilicates crystallized faster than the magnesium phyllosilicates. These results can be explained by 
assuming successive copolymerization reactions of silicic acid and aqua metal ions, in which an intermediate 
with a 1:1 structure is involved. The acidity of the aqua metal ions plays an important role in the mechanism of 
the copolymerization process. 

Clay minerals have attracted m u c h at tent ion because 
of their interesting intercalat ion chemistry and charac­
teristic surface properties. Appl icat ions to new 
materials1* and novel reaction media 2 - 4 ) have recently 
been investigated wi th intense efforts. There should be 
crucial advantages to us ing synthetic clay mineral 
analogs over na tura l ones for such studies, since clay 
minerals wi th the desired chemical composi t ions and 
crystal or defect structures can be synthesized. It is 
known that under carefully controlled reaction condi­
tions clay minerals can be al lowed to crystallize even at 
room temperature.5 _ 7 ) We described the mechanism of 
copolymerization of silicic acid and metal ions in a 
previous paper.8) Based on studies of the crystalliza­
tion process of the metal silicate gels, it was recognized 
that control l ing the nucleat ion (or the ini t ial process 
of crystallization) is impor t an t for the selective 
synthesis of clay minerals . In this work we investigat­
ed the crystallization behavior of nickel and magne­
sium silicates at both room temperature and 200 °C.9) 

We wish to repor t that the 1:1 and 2:1 nickel and 
magnes ium phyllosilicates can be selectively prepared 
by control l ing the copolymerizat ion reaction of silicic 
acid and metal ions. 

Experimental 

Materials. Silicic acid was prepared by neutralizing an 
aqueous solution of sodium orthosilicate (Nacalai Tesque) 
with 2 M hydrochloric acid just before use. Nickel chloride 
and magnesium chloride were purchased from Wako Pure 
Chemical Industries, Ltd. 

Preparation of Nickel Phyllosilicate with 1:1 Structure. 
Sodium orthosilicate (2.07 g) was dissolved in 200 ml of 
deionized water and 2 M10) of hydrochloric acid (ca. 18 ml) 
was added to make the pH of the solution 3.0. Nickel 
chloride hexahydrate (3.21 g, Ni/Si=1.5) was dissolved in 
this clear solution.n) This solution was mixed slowly with 
40.5 ml of 1 M sodium hydroxide by a dropwise addition at a 

rate of 2—4 ml min - 1 (OH~/Ni=3.0). The obtained suspen­
sion was aged for 3 d at room temperature. A green 
precipitate was collected by suction filtration, and washed 
with distilled water. The product was dried in vacuo at 
40 °C for 10 h (yield 1.53 g), and then studied by powder 
X-ray diffraction (XRD) with CoKa radiation and 1°— 0.3— 
1° slits. 

Preparation of Nickel Phyllosilicate with 2:1 Structure. 
An aqueous solution of silicic acid (45 mM, 200 ml) was 
prepared, as shown above, and 1.07 g of nickel chloride 
hexahydrate was dissolved (Ni/Si=0.5). This solution was 
mixed slowly with 22.5 ml of 1 M sodium hydroxide 
(OH_ /Ni=5). The obtained suspension was aged for 3 d at 
room temperature. A green precipitate was collected by 
suction filtration and washed with distilled water. The 
product was dried in vacuo at 40 °C for 10 h (yield 0.63 g). 

Preparation of Nickel Phyllosilicate with 1:1 Structure 
under Hydrothermal Conditions. Nickel chloride hexahy­
drate (3.21 g, Ni/Si=1.5) was dissolved in 200 ml of an 
aqueous solution of silicic acid (45 mM), prepared as shown 
above. This solution was slowly mixed with 40.5 ml of 1 M 
sodium hydroxide (OH_ /Ni=3). The obtained suspension 
was aged for 3 d at room temperature, followed by a 
hydrothermal treatment in a teflon-lined autoclave at 200 °C 
for 50 h under autogeneous pressure. A green precipitate 
was collected by suction filtration and washed with distilled 
water. The product was dried in vacuo at 40 °C for 10 h 
(yield 1.50 g). 

Preparation of Magnesium Phyllosilicate. Magnesium 
phyllosilicates were prepared in the same manner as shown 
above, except that magnesium chloride was used instead of 
nickel chloride. 

Chemical Analysis. The amounts of Si, Ni, and Na of the 
nickel phyllosilicates were determined by gravimetric anal­
ysis, volumetric analysis, and atomic absorption spectro­
scopy, respectively, after the samples were dried at 110 °C for 
3 h in air. 

Results 

Formation of Nickel Phyllosilicates at Room Tern-
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perature. T h e X R D spectra of the products obtained 
from N i / S i molar ratios of 1.5 and 0.5 and an O H V N i 
molar rat io of 5.0 are shown in Fig. 1. These spectra 
exhibited the (020) peak at 4.5—4.6 Â, the (200) peak at 
2.6 Â, and the (060) peak at 1.54 Â, indicat ing a 
phyllosilicate crystal structure, such as pecoraite.12) 

There was also a peak in the low-angle region (7— 
16 Â) due to the (001) reflection. T h e values of d(001) 

Ni/Si=1.5 r.t. 

Ni/Si=1.5 200°C 

Ni/Si = 0.5 r.t. 

Ni/Si=0.5 200X 

2 10 30 50 
29/deg 

70 90 

Fig. 1. X-Ray powder diffraction patterns (CoKa 
radiation) of the nickel phyllosilicates prepared from 
a Ni/Si ratio 1.5 or 0.5 and an OHVNi ratio 5. 

varied wi th reaction condi t ions. Figure 2 shows the 
d-spacings of the (001) interlay er distances as a 
function of the N i /S i and O H - / N i molar ratios of the 
start ing mixtures . T h i s figure indicates that the d(001) 
values are determined mainly from the N i /S i molar 
rat io in the reaction mixtures . T h u s , 1:1 phyllosi­
licate is formed from a N i /S i rat io larger than 1.5 and 
2:1 phyllosi l icate from a N i / S i rat io of about 0.5. T h e 
effects of the O H _ / N i rat io are to improve the 
crystallinity of the products . T h u s , a small value of 
the O H - / N i rat io, especially at a low Ni /S i ratio, gave 
a m o r p h o u s nickel silicates. N o formation of nickel 
hydroxide was detected by X R D , even when the N i /S i 
rat io was 3. 

Formation of Nickel Phyllosilicates at 200 ° C. T h e 
values of the d(001) spacings of the products crystalliz­
ed under hydrothermal condi t ions at 200 °C for 50 h 
are shown in Fig. 3. Under hydrothermal reaction 
condi t ions , the N i / S i molar ra t io was again the m a i n 
factor governing the crystal structure of the products. 
T h u s , 1:1 and 2:1 nickel phyllosilicates can be 
selectively prepared by choosing the N i /S i molar 
ratios of the s tar t ing mixtures . Hydro thermal treat­
ment accelerated the crystallization, and phyllosilicate 
crystals were obtained from the start ing mixture wi th 
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Fig. 2. Variation of d-spacings of (001) peaks (Â) as 
a function of OH~/Ni ratios and Ni/Si ratios. The 
reaction was carried out at room temperature for 3 d. 
Triangles show that no (001) peak was observed. 
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Fig. 3. Variation of d-spacings of (001) peaks (Â) as 
a function of OH~/Ni ratios and Ni/Si ratios. The 
reaction was carried out at 200°C for 50 h. Triangles 
show that no (001) peak was observed. 

Table 1. Elemental Analysis (wt%) of Nickel Phyllosilicatesa) 

Sampleb) 

A 
B 
C 
D 

Temp. 

R.t. 
R.t. 

200 °C 
200 °C 

Si 

12.9 
21.5 
14.3 
18.8 

Found/% 

Ni 

42.5 
34.0 
46.6 
32.5 

Na 

1.0 
1.8 
0.2 
3.1 

Si 

13.7 
22.5 
14.7 
21.5 

Calcd/%a> 

Ni 

41.7 
33.1 
45.7 
30.1 

Na 

1.0 
1.7 
0.2 
2.8 

xa> 

0.09 
0.19 
0.02 
0.31 

„a) 

1.73 
1.07 
0.18 
2.48 

a) Theoretical atomic weight percentages were calculated from the formulas Na2^Ni(3-x)Si20ö(OH)4'nH20 
(for samples A and C; 1:1 type) and Na2xNi(3-x)Si40io(OH)2-nH20 (for samples B and D; 2:1 type), b) Samples 
A, C: Ni/Si=1.5, OH~/Ni=5.0 (molar ratios in the starting mixture), Samples B, D: Ni/Si=0.5, OH~/Ni=5.0 
(molar ratios in the starting mixture). 
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Fig. 4. X-Ray powder diffraction patterns (Co Kot 
radiation) of the magnesium phyllosilicates prepared 
from a Mg/Si ratio 1.5 or 0.5 and an OH~/Mg ratio 5. 

u-

3-

ra
ti

o
 

^ 2 i 

en 
2 

1 -

A 

°11.3 

A 

O 
11.3 

A 

0 1 2 3 4 5 6 
OHVMg ratio 

Fig. 5. Variation of d-spacings of (001) peaks (Â) as 
a function of OH~/Mg ratios and Mg/Si ratios. The 
reaction was carried out at room temperature for 3 d. 
Triangles show that no (001) peak was observed. 

an O H ~ / N i rat io of 3 and a Ni /S i rat io of 0.5, where 
only a m o r p h o u s materials were obta ined at room 
tempera ture (see Fig. 2). T h e X R D spectra show that 
nickel hydroxide was formed in addi t ion to the 
phyllosil icates from the s tar t ing mixtures wi th a N i /S i 
ra t io of 3.0. N o nickel hydroxide was detected when 
the N i / S i ra t io was 1.5. A narrower half wid th of the 
(001) peak in the X R D spectra of the 1:1 phyllosil icate 
than that of the 2:1 phyllosi l icate indicates the larger 
crystal size of the former sample.13) 

Elemental Analysis of Nickel Phyllosilicates. T h e 
elemental analysis of the nickel phyllosil icates is listed 
in Tab le 1 a long wi th the theoretical values calculated 
from the nickel phyllosil icate formulas, Na2xNi3-x-
S i 2 0 5 (OH) 4 rcH20 (1:1 type) and Na2xNi3-*Si4Oio-
(OH) 2 • n H 2 0 (2:1 type). T h e observed N i / S i molar 
ra t io was larger than the theoretical ra t io for sample D 
(the 2:1 phyllosi l icate prepared at 200 °C), indica t ing 
that the sample conta ined about 10wt% of nickel 

3 A 
OH"/ Mg ratio 

Fig. 6. Variation of d-spacings of (001) peaks (Â) as 
a function of OH~/Mg ratios and Mg/Si ratios. The 
reaction was carried out at 200 °C for 50 h. Triangles 
show that no (001) peak was observed. 

hydroxide. Other samples also exhibited N i /S i molar 
ratios larger than the theoretical values, indicat ing a 
small a m o u n t (3—6wt%) of nickel hydroxide in the 
samples. 

Formation of Magnesium Phyllosilicates at R o o m 
Temperature. Figure 4 shows the X R D spectra of the 
m a g n e s i u m phyllosilicates prepared from the star t ing 
mix tures w i th a M g / S i ra t io of 1.5 or 0.5 and an 
O H - / M g rat io of 5. T h e d(001) spacings of the sili­
cates that crystallized at room temperature are sum­
marized in Fig. 5. Only the react ion condi t ions wi th a 
M g / S i mola r ra t io of 1.5 gave a product with a distinct 
(001 ) peak. T h e products obta ined from a Mg/S i ra t io 
of 3 or 0.5 exhibi ted n o (001) peaks, indica t ing that the 
formation of a layer structure was very slow. 

Formation of Magnesium Phyllosilicates at 200 ° C. 
T h e d(001) spacings of the magnes ium phyllosilicates 
that crystallized under hydrothermal condit ions are 
shown in Fig. 6. Phyllosil icates wi th the 1:1 structure 
formed from reaction mixtures wi th a Mg/S i molar 
rat io of 1.5 or larger, and phyllosilicates wi th the 2:1 
structure formed from mixtures wi th a Mg/S i ra t io of 
0.5. T h e peak area of (001) of the magnes ium 
phyllosil icates was smaller than that of the nickel 
phyllosilicates. T h i s indicates that crystallization of 
the magnes ium silicate is slower than that of the nickel 
silicate under hydrothermal condit ions. 

Discussion 

Comparison between Nickel and Magnesium Phyl­
losilicate Formation. A l though the ionic radii of 
nickel and magnes ium ions are similar (Mg 0.65 Â, 
Ni 0.69 Â, 6-coordination14)), their acidity strength is 
qui te different (pi£i*=12.2—12.8 for the aquamagne-
s ium ion and 6.5—10.6 for the aquanickel ion15)). As 
shown in Figs. 2 and 5, the two ions exhibited a 
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different crystallization profile at room temperature. 
T h e nickel phyllosil icates formed from the reaction 
mixtures wi th a wide range of N i /S i ratios (0.5 to 3). 
However, ma gnes ium phyllosil icate wi th a distinct 
(001) peak formed only from mixtures wi th a Mg/S i 
mola r ra t io of 1.5, and other Mg/S i ratios gave 
phyllosilicates wi th no (001) peaks in the X R D spectra. 
Under hydrothermal condi t ions at 200 °C, bo th nickel 
and magnes ium ions gave 1:1 and 2:1 phyllosilicates, 
depend ing on the compos i t ion of the s tar t ing mix­
tures. Crystallization of the nickel phyllosilicates was 
faster than that of the magnes ium phyllosilicates, both 
at room temperature and 200 °C. T h i s difference can 
be a t t r ibuted to a difference in the acidity of the a q u a 
metal ions. A more acidic aquanicke l ion has a 
s tronger tendency to make bonds to oxygen, and an 
octahedral nickel oxide layer can form easily. We 
tentatively propose that this wou ld he lp in the 
nucleat ion of phyllosil icate crystals. An aquamagne-
s ium ion is less acidic and should be slow in mak ing 
an octahedral magnes ium oxide sheet. 

Crystallization at R o o m Temperature. T h e selec­
tive format ion of 1:1 a n d 2:1 phyllosil icates can be 
expla ined by consider ing copolymerization reactions 
in water. Because the aquanickel cation is a stronger 
acid than silicic acid,8) the copolymerization reaction 
between silicic acid and the nickel ion can be init iated 
by a depro tona t ion of the aquanickel cat ion (Eq. 1). 
T h e deprotonated aquanickel cation is then condensed 
wi th silicic acid (Eq. 2), giving intermediate 1: 

Ni2 +-OH2 + O H " > Ni+-OH + H 2 0 , (1) 

Ni+-OH + Si-OH > Si-0-Ni+-OH2 . (2) 

1 

If excess silicic acid is present, further condensat ion of 
in termediate 1 wi th silicic acid occurs u p o n the 
addi t ion of a hydroxide ion (Eq. 3—4): 

Si-0-Ni+-OH + O H " > Si-O-Ni-OH, (3) 

Si-O-Ni-OH + HO-Si > Si-O-Ni-O-Si + H 2 0 . 
2 (4) 

T h i s mechan i sm suggests that the N i / S i rat io is the 
m a i n factor de te rmin ing which intermediate (1 or 2) is 
d o m i n a n t after the ini t ial copolymerization reactions 
have come to complet ion, provided that a sufficient 
a m o u n t of the hydroxide ion is present. 

We assume that the structure of the first inter­
mediate 1 is close to a 1:1 phyllosil icate for the 
fo l lowing reasons: (1) T h e X R D spectra of the ini t ial 
precipitates exhibi ted broad peaks ascribable to (200) 

and (060) of phyllosilicate structures.1 0 (2) No other 
crystalline phase appeared in the reactions. Based on 
this a s sumpt ion we can estimate the critical N i / S i 
ratios from the stoichiometric ratios in the crystals. 
T h e stoichiometric rat io of the formation of a 1:1 
nickel phyllosil icate is 

Si(OH)4 :Ni2 + :OH- = 2:3:6 (Ni/Si = 1.5), 

and that of a 2:1 phyllosilicate is 

Si(OH)4 :Ni2 + :OH- = 4:3:6 (Ni/Si = 0.75). 

If the N i / S i rat io is h igher than 1.5, all silicic acid 
will be consumed in the reaction (Eq. 2), and 
intermediate 1 forms predominant ly . Therefore, 1:1 
phyllosil icate will be selectively crystallized. O n the 
other hands , if the N i / S i ra t io is lower than 1.5, silicic 
acid is still available after the reaction (Eq. 2) has come 
to comple t ion , m a k i n g the react ion (Eq. 4) proceed. 
When the N i / S i rat io is about 0.75, intermediate 2 
forms predominant ly , and the final product is a 2:1 
nickel phyllosilicate. 

These conclusions are consistent wi th the observed 
results that the 1:1 phyllosilicate is formed from a 
N i / S i ra t io of 1.5 and the 2:1 phyllosil icate is formed 
from a N i / S i rat io of 0.5. 

In contrast to the nickel ion, the magnes ium ion 
gave poor crystals of silicates at room temperature 
from most s tar t ing mixtures , except for a Mg/S i molar 
ra t io of 1.5. T h i s can be a t t r ibuted to the difference in 
the reaction mechanism of the copolymerization 
processes. T h u s , the copolymerizat ion between 
magnes ium and silicic acid is init iated by the 
format ion of a silicate anion8 ) wh ich can be condensed 
wi th silicic acid as well as a q u a m a g n e s i u m ion. We 
suggest that this competit ive reaction tends to proceed 
to give a non-crystall ine silicate. 

Crystallization at 200 °C . Under hydrothermal 
condi t ions at 200 °C, bo th the 1:1 and 2:1 phyllosi l i ­
cates can be selectively prepared by adjust ing the M/S i 
rat io of the s tar t ing mixtures to the stoichiometric 
ratios. It shou ld be noted that the crystal size of the 1:1 
phyllosi l icate is larger than that of the 2:1 phyllosi­
licate. T h i s also supports the idea that the 1:1 type 
intermediate forms first d u r i n g the ini t ial copolymer­
ization process. At 200 ° C the crystallization of nickel 
phyllosil icates is faster than that of the magnes ium 
analogs. These results indicate that control of the 
structure of intermediates formed du r ing the ini t ial 
step of copolymerizat ion is impor t an t for the follow­
ing hydrothermal crystallization. 

Conclusion 

Nickel phyllosilicates were prepared by the reaction 
of silicic acid, nickel chloride, and sodium hydroxide. 
T h e N i / S i molar ratios in s tar t ing mixtures of 1.5 or 
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larger lead to 1:1 phyllosil icate, whi le a N i / S i rat io of 
0.5 lead to 2:1 phyllosilicates. T h e 1:1 phyllosil icate 
was larger than the 2:1 phyllosil icate in crystal size. 
An increase in the O H - / N i rat io accelerated the 
crystallization, bu t showed no effects on the selectivity 
of the crystal structure. T h e effects of the M/S i rat io 
on the selectivity of the crystal structure can be 
expla ined by a mechanism in which a l . i nickel 
silicate is the intermediate of copolymerization. 
T h o u g h magnes ium phyllosil icate was similarly 
obtained at room temperature, the reaction condit ions 
giving phyllosilicates were more l imited and the 
crystallization was slow. Hydro thermal treatment 
accelerated the crystallization of bo th nickel and 
magnes ium phyllosilicates. M/S i ratios larger than 
1.5 lead to 1:1 phyllosi l icate, whi le an M / S i rat io of 
0.5 lead to 2:1 phyllosilicates. At room temperature 
and 200 °C, the magnes ium phyllosilicates crystallized 
slower than did the nickel phyllosilicates. 

We thank Mr. H. Mizuta for the elemental analysis. 
Discussions with Prof. S. H i r a n o of Nagoya University 
are also acknowledged. 
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Synopsis. Methoxyl (CH3O-) substituent on unsaturated 
molecules was suggested by ab initio molecular orbital 
calculation and qualitative orbital interaction theory to 
change from coplanar to vertical conformation on electron 
acceptance. The conformational adaptation can make it 
possible that methoxyl group is less electron-donating than 
methyl group. 

Substi tuent effects of methoxyl and methyl groups 
on unsaturated molecules are usually understood in 
terms of h igh electron-donating capabili ty of meth­
oxyl vs. methyl groups . However, reversed order of 
dona t ing capabili t ies was observed for electron affini­
ties of benzene derivatives measured by electron 
transmission spectroscopy2* and the half-wave poten­
tials of substituted 9,10-dihydro-9,10-o-benzenoanthra-
cene-l,4-diones.3) These experimental findings have 
provoked theoretical study of prototypical substi tuted 
unsa tura ted compounds , i.e., p ropene (1) and methyl 
vinyl ether (2). Ab ini t io molecular orbital calcula­
tions have suggested that methoxyl groups could be 
weaker donors than methyl groups due to conforma­
t ional change of methoxyl groups on electron accept­
ance (conformational adaptat ion). 

T h e geometries of 1 and 2 and their radical an ions 
were fully opt imized by ab ini t io molecular orbital 

118.8 

H 62.7oH 

CH2—CHCH3 
(1-) 

CH2=CHOCHp 
( 2 - ) 

CH2=CHCH3 

( 1 ) 
CH2=CHOCH3 

(2) 

Fig. 1. Energy differences between the neutral states 
and the radical anions of propene and methyl vinyl 
ether. 

calculat ions wi th the 3-21G basis set. Figure 1 shows 
the relative energies. T h e results show the reversed 
order of the electron-donating capabilities. T h e 
methoxy-substi tuted molecule was found to be less 
destabilized on the one-electron reduction. T h e energy 
difference between the neutral molecule and the 
radical an ion is 3.41 eV for 2, smaller than 3.61 eV for 
1. T h e energies of the 3-21G optimized geometries 
were calculated wi th the 6-3IG* and 6-31+G basis sets 
to estimate the effects of polar izat ion and diffuse 
orbitals. T h e single po in t 6-31G*//3-21G and 6-
3 1 + G / / 3 - 2 1 G calculations also give small energy 
differences (3.34 eV and 2.64 eV) for the methoxy 
derivative, relative to those (3.45 eV and 2.75 eV) for 
the methyl derivative, respectively. 

T h e reverse order ing is at t r ibuted to the conforma­
tional adapta t ion to the anionizat ion (Fig. 2). In the 
neutra l state the CH3-O bond lies on the molecular 
plane. T h e p lanar conformation is the most suitable 
for C H 3 O - as a donor. T h e lone pair p-orbital on the 
methoxyl oxygen is allowed to interact most effectively 
wi th the unsatura ted moieties. Electron acceptance 
changes parts of the conjugated g roup from an acceptor 
to a donor. T h e methoxyl g roups adapt themselves 
to accepting electrons as m u c h as possible. T h e 
L U M O of C H 3 O - groups is the an t ibond ing orbital of 
the CH3-O bond. For the greatest over lapping with 
the Tc-orbitals of the conjugated groups , C H 3 O - is 
required to be vertical to the molecular plane. In fact, 
CH3-O bond is an t iper ip lanar to the S O M O on the 
adjacent unsaturated carbon a tom (Fig. 1). 

T h e change in electron dis t r ibut ion of the radical 
an ion with the conformat ional adapta t ion supports 
the preceding argument . T h e negative charge on 
C H 3 O - increases by 0.014 e~ wi th the change from the 
p lanar to fully optimized geometry. 

A possible explana t ion of the reversed order of 
dona t ing capabilities s imply in terms of inductive 
effects cannot be supported by the present calculations. 
T h e geometries of the radical an ions were optimized 
under the constraint of the Cs symmetry (symmetric 
wi th respect to the reflection in the molecular plane) . 
T h e energy difference 4.02 eV between the neutral 

Fig. 2. Conformational adaptation. 
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methoxy derivative and its radical anion is greater 
than 3.78 eV of the methyl derivative. This does not 
indicate that inductive effects are predominant, since 
inductive effects are considered to be independent of 
the conformations. 

Substituent effects have been discussed in terms of 
resonance and inductive effects. Conformational 
changes possible to be accompanied have not explicit­
ly been taken into consideration. In fact, the electron 
transmission spectra of benzene derivatives were 
successfully explained in a usual manner,2) and the 
half-wave potentials of substituted 9,10-dihydro-9,10-
o-benzenoanthracene-l,4-diones can be understood 
similarly.3* However, the present study suggests an 
interesting possibility that conformational change 
may play a significant role in the substituent effects. 
Although no convincing experimental evidence is 
available, the concept of the conformational adapta­
tion proposed here remains to be substantiated by 
experimental observation. Very recently, a theoretical 
interpretation of the hyperfine structure observed in 
the ESR spectra of radical anions of aryl methyl ethers 
suggested the possibility of similar rotational isomer­

ism.^ 

The authors thank Dr. Shinichi Yamabe of Nara 
University of Education for the computational tech­
nique and critical reading of the manuscript. This 
work was supported by the Ministry of Education, 
Science and Culture (Grant-in-Aids for Special Project 
Research to I.M. and for Scientific Research to K.Y. 
and S.I.)- The calculations were carried out on a 
HITACH M-680H computer at the Institute for 
Molecular Science, with Gasussian 80 and 82 pro­
grams. 
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Absorption Spectra of the Cationic Radical Salt of 
S^^^jS^Tetramethylbenzidine in Acetonitrile 
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Synopsis. The absorption spectrum of 3,3',5,5'-tetra-
methylbenzidine (TMB) Perchlorate in acetonitrile strongly 
depends on both the temperature and concentration. An­
alyzing the absorption band around 660 nm, which corres­
ponds to the charge transfer from TMB to (TMB)2+, the 
equilibrium constant and the enthalpy change of the charge-
transfer complex formation at 25 °C have been obtained as 
1.9X104 mol - 1 dm3 and —66.2 kj mol -1 , respectively. 

T h e absorpt ion spectra of radical salts from aro­
matic d iamines in solut ion have long been investig­
ated.1 - 4 ) However, no studies have been carried out on 
the cationic radical salts from a less carcinogenic 
diamine, 3,3' ,5,5'-tetramethylbenzidine (TMB) (TMB 
had been synthesized by Ho l l and et al.5)), except for the 
studies of Josephy et al. on enzyme-catalyzed oxidat ion 
of TMB6-7) and the study of Watanabe et al. on 
electrolytic oxidat ion of T M B in aqueous solution.® 
We have obtained, by electrolytic oxidat ion, a very 
stable cat ionic radical salt: T M B Perchlorate.9) We 
have demonstrated that the salt should be a charge-
transfer complex between (TMB)2+ and T M B as 
follows:10> 

NH, 

CH-

CH, 
NH-

CH-

. 2 C 1 0 4 

CH, 

In this paper , the absorpt ion spectra of the salt in 
acetonitrile are reported and the charge-transfer com­
plex formation is discussed. 

T M B Perchlorate was prepared by a previously 
reported method.9 ) A solut ion wi th a concentrat ion of 
about 3 X 1 0 ~ 4 m o l d m - 3 was prepared followed by 
di lu t ing the stock solut ion to the desired concentration 
just pr ior to use. T h e absorbance of the solution in 
acetonitrile was measured with a Shimadzu MPS-2000 
spectrophotometer. 

T h e temperature dependence of the absorpt ion 
spectrum of T M B Perchlorate (1.0X10 - 4 mol d m - 3 ) in 
acetonitrile is shown in Fig. 1. As the temperature is 
raised from 15 ° C u p to 60 °C, the absorpt ion bands 
a round 370 and 660 n m become weaker, whereas the 
bands a r o u n d 450 and 800 n m become stronger. Based 
on the concept ion that T M B Perchlorate is a salt of a 
charge-transfer complex between (TMB)2+ and TMB,1 0 ) 

it is suggested that the bands a round 370 and 660 n m 
belong to the complex, whereas the bands a round 450 
and 800 n m be long to (TMB)2+. T h e temperature 
dependence of the spectrum resembles that for the one-
electron oxidat ion product of T M B generated by 
horseradish peroxidase in aqueous solution, which 
has been reported by Josephy et al.6) They have stated 
that the complex is composed of the d iamine (TMB) 
and its d i imine , where two protons have been dis­
sociated from (TMB) 2 + . We believe, however, that the 
complex in acetonitr i le is composed of T M B and 
(TMB)2+, where no pro ton is dissociated, since the 
solvent is not protic. 

T h e apparen t molar absorpt ion coefficient, which is 
defined as the absorbance of the solution divided by 
the total concentrat ion, becomes smaller at 370 and 
660 nm, as the solut ion is diluted. T h e dependence of 
the apparen t molar absorpt ion coefficient at 660 nm, 
£660nm, on the total concentrat ion of T M B Perchlorate, 
C, is shown in Fig. 2. 

Analysis of the concentrat ion dependence can give 
the equ i l ib r ium constant of complex formation, K. In 
our system, four species are in equi l ibr ium as follows: 

TMB + (TMB)2+ £=± complex 2(TMB)+ (1) 

Let us assume tha t the second equ i l ib r ium in Eq. 1 is 
negligible. T h i s assumpt ion is reasonable since the 
reaction in which the complex is formed from the 
cat ionic radical (TMB)+" is very slow and, thus , the 
complex canno t be formed wi thou t (TMB)2+.10) K is 
defined as 

K = [complex]/[TMB][(TMB)2+] (2) 

We introduce the degree of dissociation, a, which is 
defined as 

a = {[TMB] + [(TMB)2+]}/C. (3) 

From Eqs. 2 and 3 and the relation [TMB]=[(TMB)2+], 
we obtain 

1 - a = {1 + KC - ( 1 + 2KC)V*}/KC. (4) 

It we let £c be the intrisic molar absorpt ion coefficient 
of the complex (TMB monomer based quant i ty) and £u 

be the molar absorpt ion coefficient of the uncom-
plexed species, we can then write 

£ = (1 - a)sc + as». (5) 

We can thus obta in K, ec, and £u by a curve-fit t ing 
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500 
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Fig. 1. Temperature dependence of the absorption spectrum of TMB Perchlorate in acetonitrile. 
Concentration: 1.0X10~4 moldm"3 . Temperature: 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 °C. 

t /°C 

60 40 20 

C / mol dm-3 

Fig. 2. The dependence of the apparent molar 
absorption coefficient at 660 nm on the total con­
centration of TMB Perchlorate C from 20 to 60 °C. 
Open circle: observed value. Solid curve: calculated 
from Eq. 5. 

method. T h e solid curves in Fig. 2 were obtained 
thereby. T h e obtained value for K at 25 ° C is 
1.9X104 d m 3 m o l - 1 and those for ec and £u at 660 n m are 
2 . 0 X 1 0 4 d m 3 m o l - 1 c m - 1 and 0 .1X10 4 dm 3 mol - 1 cm"1 , 
respectively. Josephy et al.6) have reported the molar 
absorpt ion coefficient of the complex in aqueous 
solut ion to be 2. OX 104 dm 3 m o l - 1 (TMB m o n o m e r 
based) at 652 n m . Fortunately, our result in the 
present work agrees well wi th this value. 

F rom the tempera ture dependence of K, shown in 
Fig. 3, the entha lpy change of complex formation has 
been estimated as —66.2 k j mo l - 1 . T h i s value is larger 
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Fig. 3. The temperature dependence of the equilib­
rium constant K of complex formation for TMB 
Perchlorate. 

than the value for dimerization of the te tracyanoquino-
d imethan an ion radical, — 4 4 k J m o l _ 1 , which was 
reported by Boyd and Ph i l l i p s . n ) 

T h e absorpt ion spectrum of the cationic radical salt 
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of A^A^A^AT-tetramethylbenzidine (N-TMB) electro-
chemically synthesized10* has been obtained at room 
temperature. T h e spectrum has the same shape as the 
spectrum of the radical in e thanol reported by 
T a k e m o t o et al.3) T h e spectrum of the N - T M B radical 
has no absorpt ion bands in the region 500—700 n m . 
T h i s fact suggests that the charge-transfer force is too 
weak to analyze complex formation. T h e reason why 
the T M B radical makes a stable complex is that the 
potent ial difference between the first and second 
oxidat ion steps is greater for T M B than for N - T M B by 
0.04 V.10) In addi t ion, it should be noted that, in the 
salt of T M B , hydrogen bond ing can exist and p ro ton 
transfer can occur from amino groups to i m i n i u m 
groups , whereas they are impossible in the salt of 
N-TMB. 

More extensive research is now in progress. 

T h e present work was partially supported by a 
Grant- in-Aid for Scientific Research No. 01604512 
from the Ministry of Culture, Science and Educat ion. 
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Synopsis. Optimization of the structure for 15-crown-5 
and its water-accommodating species was carried out by a 
molecular mechanics calculation. Molecular deformation 
presumed from the Raman spectral feature of 15-crown-5 in 
aqueous solutions was confirmed by the results of the 
calculation. 

T h e present au thor has found that R a m a n spectra of 
crown ethers a n d related polyethylene glycol dialkyl 
ethers show remarkable features for aqueous solutions, 
and concluded that molecular deformation takes place 
by accommoda t ion of water molecules.x ) In the 
present study, molecular mechanics calculat ion of 15-
crown-5-water systems was made in order to examine 
whether such a molecular deformation due to accom­
modat ion of water is expected from the calculation. 
For this purpose , informat ion concerning the confor­
mat ion of 15-crown-5 optimized by molecular mech­
anics is necessary. However, no molecular mechanics 
calculat ion of 15-crown-5 has been reported, in spite of 
the presence of many reports concerning molecular 
mechanics calculat ions and other types of calculations 
regarding other crowns.2 _ 9 ) Therefore, a calculation of 
15-crown-5 was also carried out as a first step for 
calculations of 15-crown-5-water systems. 

Calculations 

Calculat ions were carried out wi th an EWS AV300 
work station (Data General Corporat ion) of the 
Information Processing Center of Shizuoka University, 
us ing the MM2(87) p rogram (VAX version) purchased 
from Q C P E , and wri t ten by Allinger.10) Opt imizat ion 
of 15-crown-5 was started from a conformat ion wi th 
Dsh symmetry, in which the molecular skeleton is in a 
p lane (in the following, this structure is designated as 
" the Dsh structure") . For 15-crown-5-water systems, 
two structures (one in which a water molecule was 
placed at each side of the Dsh structure, and another in 
which two water molecules were placed instead of one 
water molecule) were used as s tar t ing conformations 
for opt imizat ion. First, these calculations were carried 
ou t w i thou t the use of a symmetry co-ordinate 
technique, and confirmed that opt imized structures 
hav ing C2 symmetry are obtained. T h e n , the 
technique was used for opt imizat ion. In these systems, 
the hydrogen b o n d plays an impor t an t role. In the 
p rogram used for the present study, the potent ia l for a 
hydrogen bond is included. T h e H O H bend ing force 
constant , and the s tandard H O H b o n d angle are no t 
contained in the MM2 program. T h u s , values of 
0.350 mdyn Â - 1 and 109.5° were input , respectively, for 
the present calculations. 

Results and Discussion 

15-Crown-5. For the purpose of opt imizat ion we 
started from the Dsh structure (molecular parameters: 
rcH=1.09 Â, rcc=1.507 Â, rCo=1.430 Â, ZCCO=109.47°, 
ZHCH=108 .00° , ZHCC=110.91° , ZHCO=108.74° , 
Z C O C = l 10.94°). A slightly deformed conformation 
hav ing C2 symmetry was obtained; parameters for the 
skeleton are shown in Tab le 1; other parameters are as 
follows: rcH=1.114lA, ZHCH=109 .277° —109.332°, 
ZCCH=110.220°—110.257°, ZHCO=108.268°—108.336°. 
T h e energy is 34.9165+0.0028 kcal mo l" 1 (compres-
sion=0.8685, bending=5.2115, stretch-bend=0.5737, 
van der Waals (1,4 energy= 17.4822, o ther=-0 .8946) , 
t o r s i o n a l s . 8 4 2 2 , dipole=1.8328). T h e dipole mo­
ment of the conformer is 0.000 Debye. 

15-Crown-5-2H20 System. In the ini t ial structure, 
one water molecules is located at each side of the Dsh 
structure (the coordinates of a water molecule in the 
coordinate system in Fig. 1, are O (0, 0, 1.47910), H 
(0.77667, -0 .25236, 0.90196), H (-0.77667, 0.25236, 

O" 

xf 21 N ^ 5 
25 22 > 

Fig. 1. Projection of the optimized 15-crown-5-4H20 
[II] on the xy plane (for two CH (or OH) bonds from 
the same carbon (or oxygen) atom, solid line bond is 
above dotted line bond; C2 axis passes through the 
middle point of 1-2 bond and atom, 9, which coin­
cides with y axis; other cartesian axes, x and z, are 
taken so that the x (or z) coordinates of symmetrically 
equivalent atoms are opposite in sign and equal in 
absolute value). 
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Table 1. Molecular Parameters of Various Structures Optimized by Molecular Mechanicsa) 

Parameters 

12=CC 
23=l,15=CO 
34=14,15=CO 
45=13,14=CC 
56=12,13=CO 
67=11,12=CO 
78=10,11=CC 
89=9,10=CO 
123=21,15=CCO 
234=14,15,l=COC 
345=13,14,15=OCC 
456=12,13,14=CCO 
567=11,12,13=COC 
678=10,11,12=OCC 
789=9,10,1 l=CCO 
89,10=COC 
t(12)=t(CC) 
t(23)=t(l,15)=t(CO) 
t(34)=t(14,15)=t(OC) 
t(45)=t(13,14)=(CC) 
t(56)=t(12,13)=t(CO) 
t(67)=t(ll,12)=t(OC) 
t(78)=t(10,ll)=t(CC) 
t(89)=t(9,10)=t(CO) 

15-Crown-5 

1.5235 
1.4129 
1.4129 
1.5235 
1.4130 
1.4129 
1.5235 
1.4131 

110.472 
112.849 
110.402 
110.381 
112.871 
110.423 
110.462 
112.843 

0.171 
-179.748 
-179.876 

-0.619 
-179.885 
-179.747 

0.114 
180.000 

15-Crown-5-2H20 

1.5216 
1.4107 
1.4110 
1.5206 
1.4127 
1.4121 
1.5217 
1.4108 

107.136 
114.851 
106.482 
107.398 
114.110 
108.205 
107.723 
114.945 

-57.899 
176.851 

-177.291 
57.058 

-169.033 
175.349 

-43.490 
-160.366 

15-Crown-5-4H20 

m 
1.5192 
1.4116 
1.4110 
1.5209 
1.4114 
1.4108 
1.5196 
1.4111 

106.771 
114.165 
108.027 
111.123 
114.471 
107.643 
107.493 
114.007 
57.865 

-171.562 
-168.249 
-47.304 
-85.884 
171.875 

-55.539 
-175.012 

15-Crown-5-4H20 
[H] 

1.5219 
1.4106 
1.4108 
1.5209 
1.4128 
1.4122 
1.5220 
1.4097 

107.167 
114.907 
106.706 
107.471 
114.168 
108.255 
107.372 
115.130 
61.611 

-172.674 
176.215 

-59.767 
166.562 

-177.848 
42.652 

164.721 

a) ij•••bond length of ij bond (in Â). 
ij (in degree). 

ijk--bond angle of ijk angle (in degree). t(ij)•••dihedral angle around bond, 

0.90196); another water molecule is located at the 
position produced by C2 operation on the above-
mentioned coordinates). The corresponding final 
coordinates are O (0.05355, -0.01547, 1.44051), H 
(0.59736, -0.45049, 0.80164), H (-0.68438, 0.34133, 
0.97167). The optimized structure has a C2 symmetry; 
the parameters for the skeleton are shown in Table 1. 
Other parameters of 15-crown-5 in the system are the 
same as the corresponding ones of 15-crown-5, as is the 
case for the 15-crown-5-4H20 systems described below. 

The energy is 2.4949+0.0033 kcal mol - 1 (compres-
sion=0.6530, bending=6.8619, stretch-bend=0.3844, 
van der Waals (1,4 energy=12.3606, other=-16.8091), 
torsional=0.0136, dipole=—0.9696). The dipole mo­
ment is 0.224 Debye. The parameters of this system 
shown in Table 1 are somewhat different from the 
corresponding ones of 15-crown-5 in the table, 
showing that the presence of water molecules has 
considerable effect on the structure of 15-crown-5 in 
the system. 

15-Crown-5-4H20 System. Two cases, [I] and [II], 
were studied. In both cases, structures in which two 
water molecules are located at each side of the Dsh 
structure, were adopted as the starting structures for 
optimization by molecular mechanics. 

[I] The initial co-ordinates of water molecules are 
shown in Table 2. The optimized structure has the 
parameters of a skeleton, as shown in Table 1. The 
energy is —8.9057+0.0038 kcal mol - 1 (compression = 
0.5820, bending=7.5673, stretch-bend=0.4141, van der 
Waals (1,4 energy=11.8469, other=-24.8358), torsion-
al=1.6051, dipole=—6.0852). The dipole moment is 
1.881 Debye. The final coordinates of the water 

molecules are shown in Table 2. 
[II] The initial structure for [II] is that produced by a 

rotation operation of 90° around the C2 axis on only 
water molecules in the initial structure of [I]. The 
parameters of the skeleton of the optimized structure 
are shown in Table 1, which are remarkably different 
from those of 15-crown-5. The energy is =—12.0556+ 
0.0038 kcal mol - 1 (compression=0.6611, bending=6.9554, 
stretch-bend=0.3814, van der Walls (1,4 energy= 
12.2781, other=-27.2393), torsional=-0.1124, dipole= 
-4.9798). The dipole moment is 0.703 Debye. The 
final coordinates of the water molecules are shown in 
Table 2, and the arrangement of water molecules are 
shown in Fig. 1. In this figure, hydrogen bonds are 
present between the respective pair of atoms shown in 
Table 3. 

Other initial structures produced by a 6° rotation of 
the water molecules of the initial structure in [I] 
around the C5 axis of "the Dsh structure" were 
optimized to the same structure and energy as those of 
[I] for 0=30°, 50°, 80°, and to the same structure and 
energy as those of [II] for (9=10°, 20°, 40°, 45° 60°, 70°, 
respectively. 

Measurements of the Raman spectra of 15-crown-5 
revealed that remarkable frequency shifts of skeletal 
vibrations, 825 cm"1^848 cm"1, 548 cm-x^553 cm"1, 
319 cm-1—»338 cm -1 , occur by a state change: pure 
liquid to an aqueous solution.x) This suggests some 
considerable deformation of 15-cronw-5 by the accom­
modation of one or more water molecules. The results 
of the present calculation are in accordance with the 
experimental results, as follows. The optimized 
structures, [I] and [II], for 15-crown-5-4H20 systems 
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[I] 

[II] 

0(16) 
H(17) 
H(18) 
0(22) 
H(23) 
H(24) 
0(16) 
H(17) 
H(18) 
0(22) 
H(23) 
H(24) 

Table 

X 

0.00000 
0.81664 

-0.81664 
0.00000 
0.81664 

-0.81664 
-0.64674 
-0.64674 
-0.64674 

0.64674 
0.64674 
0.64674 

N OTES 

2. Coordinates of Water Molecules (in Â)a) 

Initial coordinates 
y 

-0.64674 
-0.64674 
-0.64674 

0.64674 
0.64674 
0.64674 
0.00000 
0.81664 

-0.81664 
0.00000 
0.81664 

-0.81664 

z 

1.47910 
0.90196 
0.90196 
1.47910 
0.90196 
0.90196 
1.47910 
0.90196 
0.90196 
1.47910 
0.90196 
0.90196 

Final coordinates 
X 

-0.04188 
0.12185 

-0.56897 
-1.23277 
-0.58252 
-1.37705 
-0.16281 
-0.66028 

0.38677 
1.30194 
0.49575 
1.80579 

y 

-0.06734 
0.55701 

-0.75752 
1.56398 
0.93057 
1.39051 

-0.01217 
0.20052 

-0.75478 
-1.15402 
-0.66573 
-0.79485 
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z 

1.72102 
1.03069 
1.35009 
2.99388 
3.24842 
2.07729 
1.39051 
0.61521 
1.18694 
2.93763 
2.98452 
2.22538 

a) Coordinates of the other two water molecules are produced by C2 operation on the above coordinates. 

Table 3. Important Hydrogen Bonds 
in 15-Crown-5.4H20 [II] 

Atom pair Interatomic distance/Â 

0(3) •• 
0(6) •• 
0(6) •• 
0(6) •• 
0(9) •• 
0(9) •• 
0(12)--
0(12)--
0(12)--
0(15)--
0(16)--
0(16)--
0(19)--
0 (19) -
0(22)--
0 (25) -

•H(17) 
•H(17) 
•H(21) 
• H(27) 
•H(18) 
•H(21) 
•H(18) 
• H(20) 
• H(24) 
• H(20) 
• H(20) 
• H(23) 
•H(17) 
• H(26) 
•H(18) 
•H(21) 

1.8570 
2.0111 
1.9133 
1.8626 
1.8648 
1.8648 
1.9133 
2.0111 
1.8626 
1.8570 
2.1785 
1.8444 
2.1785 
1.8444 
2.0154 
2.0154 

have energies of -8 .9057+0.0038 kcal m o l " 1 and 
-12.0556+0.0038 kcal mol" 1 , respectively. T h i s shows 
the stabilization of the structures compared wi th the 
opt imized structure of 15-crown-5 hav ing an energy of 
34.9165+0.0028 kcal mol" 1 . Th i s stabilization pri­
marily comes from van der Waals energy other than 1,4 
energy (15-crown-5-4H 20 [I]: -24 .8358, 15-crown-5-
4H2O [II]: —27.2393), which overcomes any instability 
due to the bend ing energy (15-crown-5-4H20 [I]: 
7.5673, 15-crown-5-4H 20 [II]: 6.9554) generated by 
bond angle changes in the molecular skeleton. As 
shown in Tab le 1, these structures, especially [II], have 
dihedral angles remarkably different from those of the 
optimized structure of 15-crown-5 given in the table. 
T h e difference in the dihedral angles shows a deforma­
t ion of the molecular skeleton, wh ich is expected to 
give rise to changes in the skeletal vibrat ion frequen­

cies, as observed in the R a m a n spectra. Therefore, 
bo th the present calculation and the observed R a m a n 
spectra suggest such a molecular deformation of 15-
crown-5 as to accommodate water molecules. T h e 
average n u m b e r of i terations for each opt imizat ion 
t h r o u g h o u t the entire calculat ion is a rather small 
value of 155 (max., 306; min. , 96), which seems to 
suggest an effective energy min imiza t ion which wou ld 
lead to reasonable optimized structures. 

My thanks are due to Dr. E. Osawa of Hokka ido 
University for offering me the MM2 program(1977) for 
personal computers , which was useful for the funda­
menta l calculat ion of 15-crown-5, and also to Mr. S. 
T a k a t a of the Informat ion Processing Center of 
Shizuoka University for technical assistance in us ing 
the MM2(87) p rogram purchased from QCPE. 
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Photocatalytic Reaction on Layered Cs-Nb-Ti Complex Oxide 
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Synopsis. Ion-exchangeable layered titano-niobates, 
CsNbTi207 and CsNbTiOs, were prepared and the photocat­
alytic properties of those oxides as well as of the 
H+-exchanged forms were investigated. H2 or O2 evolution 
reaction from an aqueous methanol solution or from an 
aqueous silver nitrate solution was carried out under a high 
pressure mercury lamp irradiation. For H2 evolution, Pt 
(0.1 wt%)-loaded H+-exchanged forms showed remarkable 
activity both for CsNbTi207 and CsNbTiOs, while higher 
rates of O2 evolution were obtained for H+-exchanged forms 
than those for the original forms. 

Using various metal oxides, many photocatalytic 
reactions such as H2 and O2 evolutions from various 
aqueous solutions were reported. Recently the authors 
reported that some ion-exchangeable layered niobates1* 
and titanates2) show a noticeable photocatalytic 
behavior which is distinguished from that of bulk-solid 
type photocatalysts such as TiÛ2 and SrTiÛ3. Especial­
ly, A4NbeOi7 (A=K or Rb) was found to decompose 
water into H2 and O2 with a high and stable 
activity.1'3* In this note, we report a photocatalytic 
behavior of niobatotitanates, i.e. CsNbTi207 and 
CsNbTi05 . 

Both niobatotitanates are orthorhombic, and [(NbTi2)-
O7]- layers and [(NbTi)05]~ layers are held by cesium 
ions at the interlayer spaces. Cs+ ions can be easily 
exchanged to other cations. Catalysts were prepared 
according to the previously reported papers.4'5* 
CsNbTi207 was synthesized from CS2CO3, TiÛ2, and 
ND2O5 in a molar ratio of 1.1:4:1. The mixture was 
first slowly heated from 673 to 1023 K, then fired at 
1223 K for 4 h in a platinum crucible, and annealed at 
1373 K for 2 h. The prepared catalyst had the same 
X-ray diffraction pattern as data in the reference.4* 
When CsNbTiOs was synthesized, CS2CO3, TiÛ2, and 
ND2O5 in a molar ratio of 1.1:2:1 were mixed and 
slowly heated from 723 to 923 K, then fired at 1023 K 
for 2 h in a platinum crucible.5* The prepared catalyst 
has almost the same oaxis length as the reference 
data.4'5* 

H+-exchanged catalysts were respectively prepared 
as follows:6'7* 2 g of the original catalyst was stirred in 
300 ml of 3 M (M=mol dm-3) aqueous H2SO4 solution 
at room temperature. It took a week for CsNbTi207 
and 3 days for CsNbTiOs to complete the substitution 
of H+ ions for Cs+ ions. After filtration the catalyst 
was washed with distilled water and dried at room 
temperature. In both cases about 100% of Cs+ ions 
were found to be exchanged by H+ ions which were 
examined by atomic absorption analysis. 

Photocatalytic reaction was carried out in a Pyrex 
reactor (541 ml) connected to a closed gas circulation 
system. The catalyst (1 g) was suspended in an 

aqueous solution by magnetic stirring. Before reac­
tion, the system was evacuated and degassed complete­
ly, and then Ar of ca. 100 Torr (1 Torr^l33.322 Pa) 
was introduced. The reactor was illuminated by a 
high pressure mercury lamp (450 W). Gas chromatog­
raphy equipped directly to the gas circulation system 
was used for quantitative analysis of H2 and O2. 

A mixture of CH3OH (10 ml) and H 2 0 (340 ml) was 
used for H2 evolution reaction, and an aqueous silver 
nitrate solution (1.7X10~2 M, 350 ml) for O2 evolution 
reaction. Pt loading was carried out by a photodeposi-
tion method,8* i.e. the addition of H2PtCl6 into an 
aqueous methanol solution before irradiation. 

In Figs. 1 and 2, UV reflectance spctra of CsNbTi207 
and CsNbTiOs as well as of those H+-exchanged forms 
are shown. The band gaps estimated from those 
spectra, i.e. extraporating the absorption edge as shown 
in Figures, are summarized in Table 1. H+-exchanged 
forms have smaller band gaps than the originals. The 
flat-band potentials determined by a slurry electrode 
method are also shown in Table 1. Flat-band 
potentials were measured by open-circuit photopoten-
tials. At the highest light intensity there was a 
saturation of the potential. Under that condition 
the potentials was regarded to be equal to the flat-band 
potentials.9* When the ion-exchange was carried out, 

c 
o 

o 
if) 

< 

0.5 

250 300 400 500 
Wavelength / n m 

Fig. 1. UV reflectance spectra of CsNbTi207 and 
H+/CsNbTi207. —; CsNbTi207, •••; H+/CsNbTi207. 
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Table 1. Several Physical Properties of the Catalyst 

Catalyst Flat-band potential/eV vs. SCE Band gap/eV c-Axis length/nm 

CsNbTi207 

H+/CsNbTi207 

CsNbTiOs 
HVCsNbTiOs 

-0.56 (pH 10) 
-0.68 (pH 3) 
-0.30 (pH 11) 
-0.33 (pH 3) 

3.56 
3.03 
3.51 
3.24 

1.84 
2.12 
1.98 
1.67 

c 
o 

o 
to 
-Q 

< 

Table 2. Photocatalytic Activity of CsNbTi207/fimol h_ 1 

250 300 400 500 
Wavelength / n m 

Fig. 2. UV reflectance spectra of CsNbTiOs and 
HVCsNbTiOs. — ; CsNbTiOs •••; HVCsNbTiOs. 

Catalyst H2
a) o 2

b ) 

CsNbTi2Ov 
Pt-CsNbTi207

c) 

HVCsNbTi2Ov 
Pt-HVCsNbTi207

c> 

4.6 
8.5 
1.9 

87 

19 

51 

a) H2 evolution reaction from a mixture of CH3OH 
(10 ml) and H 2 0 (340 ml). b) 0 2 evolution reaction 
from an aqueous silver nitrate solution (1.7X10-2 M, 
350 ml). c) Pt-loaded 0.1 wt% against catalyst, d) Not 
measured. 

Table 3. Photocatalytic Activity of CsNbTiOs/jimol h - 1 

Catalyst H2
a> o2

b> 
CsNbTiOs 
Pt-CsNbTiOsc) 

HVCsNbTiOs 
Pt-HVCsNbTiOsc) 

15 
12 
13 

320 

1.2 
_ d ) 

24 
_ d ) 

a) H2 evolution reaction from a mixture of CH3OH 
(10 ml) and H 2 0 (340 ml). b) 0 2 evolution reaction 
from an aqueous silver nitrate solution (1.7X10-2 M, 
350 ml). c) Pt-loaded 0.1 wt% against catalyst, d) Not 
measured. 

o a x i s l eng th changed in each case. If only the ion 
exchange from Cs + to H+ ions at the interlayer spaces 
occurs, the interlayer spacing distance will decrease. 
In the case of CsNbTi207, the distance increased due to 
the hydration of the interlayer spaces,® while CsNbTiOs 
was turned in to H N b T i O s wi thou t hydrat ion, so the 
distance of interlayer decreased.7) 

T h e exper imenta l results of H2 evolut ion from an 
aqueous me thano l solut ion and O2 evolut ion from an 
aqueous silver ni t rate solution are summarized in 
Tables 2 and 3. T h e rates are the values at steady state 
reaction condi t ion. For the H2 evolut ion reaction, 
bo th the or ig inal forms of CsNbTi207 and CsNbTiOs 
wi th or w i thou t Pt load ing showed rather low activity. 
For the H + -exchanged forms, however, the H2 evolu­
t ion rate was markedly enhanced by Pt load ing whi le 
it was still low w i t h o u t Pt loading. In the cases of 
layered niobates and titanates,2) the H2 evolut ion rate 
from methano l aqueous solut ion increased dramati ­
cally wi th H + - exchange not load ing or Pt. T o the 
contrary, niobatot i tanates require bo th H+-exchange 
and Pt loading treatments for the enhancement of H2 
evolut ion activity. At present, it is no t clear the reason 
for the different behavior a m o n g these layered com­
pounds . For O2 evolution, the rates were enhanced by 
the H + -exchange treatment in bo th cases. 

In summary , photocatalyt ic reactions on the ion-
exchangeab le layered t i t anon ioba te c o m p o u n d s , 
CsNbTi207 and CsNbTiOs are examined for the first 
t ime on the ion-exchangeable layered t i tanoniobate 
compounds , CsNbTi207 and CsNbTiOs, and it was 
found that the H + -exchanged forms of those com­
pounds work as efficient photocatalysts under a h igh 
pressure mercury l a m p irradiat ion. 

T h e au thors thank Prof. T . Yamase, Research Lab . 
of Resources Util ization, T o k y o Insti tute of Tech­
nology for measurement of flat-band potentials by a 
slurry electrode method. Dr. T . Hosh ino is acknowl­
edged for measurement of UV reflectance spectra by 
Hi tach i 228 spectrophotometer. 
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XH NMR Study of the Motion of Guanidinium Ions in Guanidinium 
Dichloroiodate(I) and Tetrachloroiodate(III) 

Yoshihiro FURUKAWA* and Daiyu NAKAMURA 

Department of Chemistry, Faculty of Science, Nagoya University, Nagoya 464-01 
(Received March 14, 1990) 

Synopsis. The temperature dependence of the *H NMR 
spin-lattice relaxation time, Ti, was measured for C(NH2)3-
ICI2 and C(NH2)3lCl4. For the dichloro complex, three T\ 
minima were observed and assigned to the reorientations of 
crystallographically inequivalent C(NH2)3+ ions about the 
three-fold axes, each of which has an activation energy of 21, 
15, and 8.4 kj mol - 1 . The tetrachloro complex yielded a 
single T\ minimum with an activation energy of 33 kj 
mol - 1 . A phase transition in C(NH2)3lCl2 was found at 
399 K by NMR and differential thermal analysis. 

T h e dynamical propert ies of p lana r g u a n i d i n i u m 
cations (C(NH2)3+, abbreviated as guH+) in various 
crystalline c o m p o u n d s were studied us ing *H N M R 
techniques . 1 - 9 ) In the present study, we measured the 
temperature dependence of the *H N M R spin-lattice 
re laxat ion t ime, Ti, for g u H I C k and guHICLi, in 
which the an ions are rod-like and p lanar , respectively, 
to obta in further informat ion about the dynamics of 
the guH+ ions in crystals. 

Experimental 

Guanidinium dichloroiodate(I) was crystallized from 
coned hydrochloric acid solution saturated with equimolar 
guHCl and ICI, and purified twice by recrystallization from 
its hydrochloric acid solution. The crystals of thin plates 
were orange and very soft. The X-ray powder pattern taken 
at room temperature was too complex to be indexed. 

Guanidinium tetrachloroiodate(III) was obtained by the 
following method. guHCl and a slight excess of ICI3 were 
dissolved in a 1:1 hydrochloric acid-acetic acid mixture; 
then, chlorine gas was bubbled into the solution. When the 
yellow solution, thus obtained, was cooled down to ca. 280 K 
from room temperature, yellow needle-like crystals were 
obtained. From a hydrochloric acid solution of guHICU 
heated once to ca. 360 K, a mixture of guHICU and guHICk 
was obtained upon cooling, indicating that the ICU" ions 
decomposed into ICI2- ions (and CI2) at high temperatures. 
Therefore, all synthetic experiments of guHICLi were carried 
out at or below room temperature. The powder diffraction 
pattern recorded at room temperature suggested that 
guHICU forms a monoclinic lattice isomorphous with that 
of the room-temperature phase of guHAuCl4.10) 

Analysis: Calcd for C(NH2)3lCl2: N, 16.3%; CI, 27.5%. 
Found: N, 16.6%; CI, 27.2%. Calcd for C(NH2)3lCl4: N, 
12.8%; CI, 43.1%; I, 38,6%. Found: N, 12.9%; CI, 43.1%; I, 
38.5%. 

The spin-lattice relaxation time, Ti, of 1H NMR was 
measured by the inversion recovery method, using pulse 
NMR spectrometers.1«1^ Errors in the T\ measurements were 
estimated to be less than 5%. The 1H NMR absorption lines 
were recorded by using a JEOL JNM-MW-40S continuous-
wave spectrometer operated at 40 MHz. Differential thermal 
analysis (DTA) was measured with a home-built appa­
ratus.12) The temperatures were determined by a copper-
constantan thermocouple within an accuracy of ±1 K. 

Results and Discussion 

Figure 1 shows the temperature dependence of *H T\ 
in g u H I C k measured at resonance frequencies (Û>/2TI) 
of 20 and 42 MHz. Below room temperature, three T\ 
m i n i m a were observed. T h e values of the T\ m i n i m a 
and the temperatures at wh ich the m i n i m a occur at 
20 MHz were 41 ms and 266 K, 42 ms and 192 K, and 
40 ms and ca. 104 K, respectively. Above room 
temperature , T\ increased wi th increasing temperature 
a n d above 399 K the tempera ture gradient of T\ 
changed slightly. D T A experiments were carried ou t 
between ca. 90 K and m p (ca. 445 K) of g u H I C h . O n 
heat ing runs , a small endothermic peak was observed 
at 399 K, conf i rming that the T\ anomaly described 
above is due to a phase t ransi t ion. Because a thermal 
hysteresis of ca. 4 K was observed, the t ransi t ion is of a 
first-order. 

300 200 100 
1 M i l l 1 1 T 1 ] 

h C(NH2)3[ICI2] 1 

J I I 1 I I ' I L 

2 6 10 

kK/r 
Fig. 1. Temperature dependence of *H T\ observed 

for C(NH2)3ICl2. • : 42 MHz; O: 20 MHz. Solid 
curves were calculated by using the best-fit param­
eters given in Table 1. 
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Table 1. Motional Parameters of C3 Reorientations of C(NH2)3+ Ions 
in C(NH2)3lCl2 and C(NH2)3IC14 Crystals 

Compound Phase C/109s-2 log (TO/S) £ a /kJ mol -

C(NH2)3ICl2 

C(NH2)3IC14 

Room-temp 

High-temp 

1.91+0.09 
2.00+0.06 
2.13+0.06 

4.91±0.13 

-12.3+0.1 
-12.5+0.2 
-12.5+0.1 

-14.5+0.1 

20.9+0.6 
15.2+0.6 
8.4+0.3 

22 ±2 
33.1+0.6 

T o determine the modes of guH+ ion mot ions 
occurr ing in this crystal, we recorded the *H N M R 
absorpt ion curves at room temperature, and calculated 
the second moment , M2, of the curves to be 0.032+ 
0.005 mT 2 . Theoret ical values of *H M2 for a guH+ ion 
were calculated for several mot iona l models by 
considering magnet ic d ipolar interactions a m o n g *H 
and *H, and 1U and 14N spins.« T h e y are 0.166 m T 2 

for a r igid lattice model and 0.043 m T 2 for a cation 
ro ta t ing abou t its C3 axis. Therefore, it is concluded 
from a compar ison of the observed and calculated M2 
values that all of the guH+ ions in the crystal perform 
rapid C3 reorientat ion at room temperature. 

XH T\ due to nuclear d ipolar interact ion can be 
approx imated as13) 

T1-1 • + 
4r 

1 + <o2r2 1 + 4<u2r2 -
(1) 

where r is the correlat ion t ime of the guH+ ion mot ion 
and C is a constant. For simplicity, the contr ibut ion 
from 14N nuclei to *H T\ was neglected in Eq. 1. T h e 
usual Arrhenius relat ion is assumed to hold for r: 

T = TO exp (Ea/RT). (2) 

T h e room-tempera ture phase of g u H I C h shows 
three T\ m i n i m a hav ing almost the same depth. T h i s 
fact suggests that there are three kinds of crystallo-
graphical ly inequivalent g u H + ions in the crystal and 
that these cations reorient wi th correlat ion times 
different from each other. T h e n , the observed 
tempera ture dependence of T\ can be represented in 
terms of a superposi t ion of three T\ curves, each of 
wh ich is expressed by Eq. 1. A least-squares fi t t ing 
calculat ion for the T\ data observed at 20 and 42 MHz 
was carried ou t in order to determine the mot iona l 
parameters of the cat ions. T h e best-fit parameters 
obtained are listed in Tab le 1 and the calculated 
tempera ture dependences of T\ are d rawn by solid 
lines in Fig. 1. 

T h e observed C values agree satisfactorily wi th the 
theoretical value (1/3)X5.15 • 109s"2.5> T h e £ a values 
for the C3 reor ienta t ions of the guH+ ions varied 
greatly u p o n c h a n g i n g the counter an ions forming 
crystals wi th guH+ ions, probably depending on the 
crystal pack ing a n d / o r hydrogen-bonding ability of 
the anions . 1 _ 9 ) T h e £ a values already reported are in 
the range 20—80 k j m o l - 1 . T h e £ a values obtained 
g u H I C h are widely spread, indicat ing that the three 
types of cations are in largely different environments . 

400 300 7VK 200 

7Vs 

0.1 t 

0.01 

kK/r 
Fig. 2. Temperature dependence of 1H T\ observed 

for C(NH2)sICl4. • : 42 MHz; O: 20 MHz. 

An £ a of 8.4 k j mo l " 1 as well as 15.2 and 20.9 k j mo l " 1 

is the smallest one a m o n g those for the guH+ C3 
reorientat ions determined so far. For the h igh-
tempera ture phase , an £ a value of ca. 22 k j m o l - 1 was 
obtained from the slope of the log Ti vs. \/T curve. 

T h e temperature dependence of 1H T\ for guHICU 
is shown in Fig. 2. Only a single T\ m i n i m u m was 
observed in each measurement at 20 and 42 MHz. T h e 
m i n i m u m at 20 MHz was 18.5 ms and appeared at 
275 K. T h e room-temperature M 2 value of 0.034+0.005 
m T 2 indicates that the observed T\ is a t t r ibutable to 
the C3 reor ienta t ion of the g u H + ions as well. T h e 
mot iona l parameters determined by the least-squares 
fit t ing are given in Tab le 1. guHICU has a crystal 
structure either i somorphous wi th or very similar to 
that of guHAuCU. In the latter compounds , the g u H + 

ions undergo a reorientat ion wi th an Ea of 39 k j 
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mol -1 ,3* which is slightly larger than 33 k j m o l - 1 for 
the former complex. T h i s can be ascribed, in part , to a 
larger u n i t cell of g u H I C l 4 (a~15.8, 6—4.0, c~ 15.0 Â, 
jff~95°) than that of guHAuCl 4 . D T A and Ti 
measurements showed n o indicat ion of the occurrence 
of a phase transi t ion in a temperature range 440— 
130 K, in contrast to guHAuCU, which shows a phase 
transi t ion at 363 K.1'3* 
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Synopsis. MNDO RHF CI and MINDO/3 RHF CI cal­
culations, in which one type of singly-excited configuration 
is included, were shown to give hyperfine coupling 
constants of n radicals which are in better agreement 
with the experimental values, as compared with the UHF 
method. 

In spite of remarkable progress regarding molecular 

orbital methods, the simple Huckel and McLachlan 
methods are frequently used to elucidate the ESR 
hyperfine coup l ing (hfc) constants of r ing protons in n 
radicals.x) More sophisticated U H F SCF methods 
produces the spin density at the nucleus of the r ing 
pro ton in the n radical th rough the spin-polarization 
mechanism. T h e magn i tude of this spin density is 
small a n d the semiempirical U H F method (like 

Table 1. Calculated hfc Constants for 1H 

Radical Atom MNDO UHF 
MNDO 
UHF-QA 

MINDO/3 
RHF CI 

MNDO 
RHF CI 

Expa> 

CH3 

NH2 
trans- Butadiene-

Allyl 

Phenoxyl 

Nitrobenzene-

Benzyl 

Benzonitrile-

p-Benzosemiquinone-

o-Benzosemiquinone-

Pyridine -

Pyrimidine -

Pyrazine-

Phthalonitrile -

Isophthalonitrile -

Terephthalonitrile -

Napthalene -

Anthracene+ 

Anthracene-

1,4-Napthosemiquinone-

CH2 

CH 
trans 
eis 
CH 
2 
3 
4 
2 
3 
4 
2 
3 
4 
2 
3 
4 

3 
4 
2 
3 
4 
2 
3 
4 

3 
4 
2 
4 
5 

1 
2 
1 
2 
9 
1 
2 
9 
2 

-27.6 
-17.4 
-16.1 

1.9 
-21.2 
-21.6 

14.8 
-17.6 

14,5 
-19.7 
-14.0 

12.2 
-16.7 
-16.4 

14.6 
-15.5 
-10.3 

9.0 
-16.7 
-2 .8 
-8 .5 
-0 .4 
-1.7 
-0.02 

-18.3 
-0.04 

-15.1 
10.4 

-1 .6 
5.1 

-7 .2 
1.4 

-16.2 
11.0 

-0 .8 
-9 .6 

0.0 
-5 .2 

0.2 
-11.4 
-4.7 

0.3 
-12.8 
-3 .1 

-9 .0 
-5 .7 
-5 .3 

0.7 
-7 .0 
-7.1 

5.0 
-6 .2 

5.2 
-6 .9 
-4 .8 

4.3 
-5.7 
-6 .3 

5.7 
-5 .9 
-3 .5 

3.1 
-5 .6 
-0 .9 
-2 .8 
-0 .1 
-0 .6 

0.0 
-6 .0 
-0.01 
-5 .0 

3.5 
-0 .5 

1.7 
-2 .4 

0.5 
-5 .4 

3.7 
-0 .3 
-3 .2 

0.0 
-1.7 

0.1 
-3 .8 
-1 .6 

0.1 
-4 .3 
-1 .0 

-22.0 
-16.8 
-8 .7 
-3 .4 

-11.9 
-12.7 

1.9 
-6 .4 

1.0 
-11.4 
-5 .0 

0.3 
-6 .5 
-2 .6 

0.5 
-2 .0 
-3 .7 
-0 .9 
-7 .3 
-3 .3 
-4 .0 
-3 .5 
-3 .3 
-1 .8 

-11.2 
-2 .2 
-8 .4 

0.7 
-3 .1 
-0 .2 
-3 .4 
-0 .5 
-8 .0 

0.7 
-2 .2 
-5 .1 
-1 .7 
-2 .4 
-1 .1 
-6 .5 
-2 .3 
-1 .1 
-6 .2 
-4 .2 

-20.6 
-14.0 

-8 .4 
-3 .1 

-11.3 
-11.5 

2.4 
-5 .1 

1.6 
-13.1 
-4 .1 

0.6 
-5 .6 
-2 .1 

0.7 
-1 .5 
-3 .4 
-0 .2 
-8 .0 
-3 .0 
-5 .1 
-3 .1 
-1 .3 
-2 .1 

-14.4 
-0 .4 
-8 .3 

1.4 
-2 .4 

0.5 
-3 .1 

0.4 
-8 .5 

1.4 
-1 .8 
-5 .1 
-1 .3 
-2 .2 
-0 .7 
-6 .2 
-2 .1 
-0 .7 
-6 .6 
-3 .6 

(-)23.0 
(-)23.9 
(-) 7.6 
(-) 2.8 
(-)13.9 
(-)14.8 
(+) 4.1 
(-) 6.6 
(+) 2.0 
(-)10.4 
(-) 3.3 
(+) 1.1 
(-) 4.0 
(-) 5.1 
(+) 1.8 
(-) 6.1 
(-) 3.6 
(-) 0.3 
(-) 8.4 
(-) 2.4 
(-) 3.7 
(-) i.o 
(-) 3.6 
(-) 0.8 
(-) 9.7 
(-) 1.3 
(-) 9.8 
(+) 0.7 
(-) 2.6 
(+) 0.3 
(-) 4.2 
(+) 0.1 
(-) 8.3 
(+) 1.4 
(-) 1.6 
(-) 4.9 
(-) 1.8 
(-) 3.1 
(-) 1.4 
(-) 6.5 
(-) 2.7 
(-) 1.5 
(-) 5.3 
(-) 3.2 

a) Refs. 6 and 8 and references cited therein. 
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INDO, MINDO/3, MNDO and AMI) cannot well re­
produce the experimental values. The anihilation of 
the qurtet component from the UHF wave function 
(UHF-QA) is not sufficient to remove the spin 
contamination. In order to overcome the poor spin 
density on the Is orbital, ps, calculated by semiempiri-
cal UHF methods, attempts have been reported in 
which the proportional constant QH in AH—PSQH is 
parametrically adjusted; the QH value varies from 400 
to 1200 Gauss (1G=10"4T), depending on the MO 
method employed.2) However, the value of QH has 
been determined to be 507 Gauss;3) it seems natural to 
use this value and to improve the wave function of free 
radicals. This study shows that the RHF open shell 
SCF plus configuration interaction (CI) calculation 
with the MNDO or MINDO/3 approximation gives 
the spin distribution of n radicals much better than do 
the UHF methods. 

In order to evaluate the efficiency of the meth­
odology, it is necessary to uniquely determine the 
molecular structure of a radical. In this study, the 
molecular structure was optimized by the RHF SCF 
method for the doublet state.4) The spin density on the 
Is orbiral, ps, was then evaluated by using the CI wave 
function. In the CI calculation for the doublet state, 
only singly-excited configurations were considered. 
There are four types of such configuration functions.5) 

Only the fourth type of function, W\^k, mixes directly 
with the ground configuration, Wg,® it induces the 
finite spin density on the ring proton in n radicals. All 
such functions were included in the CI calculations.7* 

2Wg = \(t>l(l)l--<t>i(i>i---<t>m-l(i)m-l<l>m\ (1) 

2 ^ k = \/y/6~ {\<t>l<i>l-'-(t>i(i>k-'<t>m\ - 10101 —0ik0i—0w| 

+ 2\(t>l(j>l-(t>iî>m-<t»c\} (2) 

The calculated RHF CI hfc constants are listed in 
Table 1. The UHF and UHF-QA values are also 
listed. As can be seen from Table 1, MNDO RHF CI 
and MINDO/3 RHF CI calculations give better hfc 

constants than do the UHF and UHF-QA calculations. 
The mean deviations of the calculated hfc constants 
from the experimental values for 44 experimental 
values of 20 n radicals are 6.0, 2.9, 1.3, and 1.1 Gauss 
for MNDO UHF, MNDO UHF-QA, MNDO RHF CI, 
and MINDO/3 RHF CI, respectively. 

The effeicency of the INDO RHF CI calculation of 
hfc constants has been reported,6* where little attention 
was paid to the molecular structure of radicals. The 
present results are better than the INDO CI results for 
n radicals. Since the magnitude of the hfc constants 
depends largely on the molecular structure of a radical, 
a simultaneous evaluation of the molecular structure 
and hfc constants is required in order to elucidate the 
ESR observation. In that case, an MNDO or 
MINDO/3 RHF CI calculation can successfully be 
employed. 
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Synopsis. A fine powder of yttrium (III) oxide used for 
an additive of new ceramics, such as SisN4, ZrC>2 etc, has been 
obtained by thermal decomposition (at 750 °C for 1.5 h) of 
NH4Y(C2Û4)2 • H2O prepared by the reaction of yttrium 
hydroxide slurry and an oxalic acid solution. This process 
has facilitated a scale-up for the production of NH4Y-
(C2Û4)2 • H2O fine crystals, resulting in low production costs. 
The formation mechanism of the crystals via Y(OH)3 slurry 
is discussed. 

In our previous paper,x) a fine powder of yt t r ium 
oxide, Y2O3, for new ceramics was obtained by the 
thermal decomposi t ion of fine crystals of NH4Y-
(C2C>4)2 • H2O precipi tated by the reaction of a strongly 
acidic y t t r ium oxalate solution and an aqueous 
a m m o n i a solut ion. In order to obta in fine crystals of 
NH4Y(C204)2 • H2O, it was necessary to mix these 
solut ions rapidly (wi thin 2 s) and, furthermore, to use 
large a m o u n t s of ni t r ic acid and a m m o n i a solutions. 
From an industr ia l viewpoint , a procedure which 
includes r ap id m i x i n g a n d the consumpt ion of a large 
a m o u n t of acid a n d base (ammonia) does no t seem 
feasible. It was therefore, expected that a more feasible 
process could be developed by the use of the worthy 
and interest ing precipitate, NH4Y(C2Û4)2 • H2O, from 
an industr ia l viewpoint . However, there is no 
ment ion in the li terature regarding the formation 
condi t ions of the precipitate, exept for a repor t by 
Barrett el al.2) and our previous paper.x) We have 
found that the precipi ta te can be obtained by a 
reaction of y t t r ium hydroxide slurry and an oxalic acid 
solut ion. T h u s , in the present work, the effect of the 
precipi ta t ion condi t ions for N H U Y ^ O ^ • H2O from 
the reaction of y t t r ium hydroxide slurry and an oxalic 
acid solut ion on the particle-size dis tr ibut ion of Y2O3 
fine powder is examined from an industr ial viewpoint . 

Experimental 

Preparation of NH4Y(C204)2 • H 2 0 Precipitate. Yttrium 
nitrate (Y(NOs)3 solution, 1 mol dm -3) was prepared by 
dissolving Y2O3 powder (Rhone Poulence, 99.9%) into coned 
nitric acid (S.G. 1.38, 60%); an excess of nitric acid was 
removed by the usual heating method. Into a glass vessel 
(Volume; 1.5 dm3), 105 cm3 of a 1 mol dm - 3 Y(NOs)3 solution 
and 500 cm3 of water were taken and 300 cm3 of a 
1.48 mol dm - 3 aqueous ammonia solution was added within 
one minute under agitation at 250 rpm with a paddle mixer 
having four blades (HEIDON Suri-Wan-Motor, G5). Into 
the Y(OH)3 slurry, thus obtained, 200 cm3 of a 0.9 mol dm - 3 

oxalic acid solution was added; the mixture was agitated for 
10 minutes as the same agitation speed (250 rpm). The slurry 
was filtered by vacuum suction (from the filtrate, no pre­
cipitate was observed upon the addition of a large amount of 

oxalic acid solution; thus, the recovery of yttrium ion was 
estimated to be almost 100%), washed with 200 cm3 of water, 
and then dried on a hot plate. The product was identified as 
being almost NH4Y(C2Û4)2 • H2O by a X-ray diffraction 
method (Rigaku-Denki, model RAD-3A). 

Preparation of Y2O3 Powder and Measurement of Its 
Particle Size. Fine powder of Y2O3 was obtained by the 
calcination of NH4Y(C2Û4)2 • H2O fine precipitate in a 
platinum crucible at 750 °C for 1.5 h. The particle-size 
distribution of Y2O3 powder was measured by a Micron 
Photo Sizer (Seishin Kigyo, model SK). About 2 mg of Y2O3 
powder was well dispersed in 10—20 cm3 methanol by using 
a supersonic disperser. Particle having a diameter larger 
than 4 |am </> were measured by natural sedimentation, and 
those under 4 [im </> were measured by centrifugal sedimenta­
tion at 25+1 °C. 

Results and Discussion 

Preparative Conditions for Y2O3 Fine Powder. 
Table 1 shows the re la t ionship between the addi t ion 
t ime (time used for addi t ion) of the aqueous a m m o n i a 
solut ion and the particle-size distr ibution of Y2O3 
powder. A faster addi t ion of the aqueous a m m o n i a 
solut ion seems to produce finer particles of Y(OH)3, 
since finer particles may br ing finer particles of Y2O3 
via N H U Y ^ O ^ • H2O finer crystals. Therefore, the 

Table 1. Effect of Addition Time of Aqueous Ammonia 
Solution for Obtaining Y(OH)3 Slurry on Particle 

Size Distribution of Y2O3 Powder 

Addition 

min 

p) 
5 

15 
30 

time 

0—1 

85 
84 
78 
74 

Particle 

1—2 

9 
10 
13 
14 

size distribution/% 

2 - 3 

3 
3 
4.5 
4.5 

3 - 4 

2.5 
1.5 
1.5 
2 

4—6/|am 

0.5 
1.5 
3 
5.5 

a) Standard conditions. Conditions: Charged molar 
ratio of oxalic acid to yttrium hydroxide; 1.75. 

Table 2. Effect of Concentration of Y(OH)3 Slurry 
on Particle Size Distribution of Y2O3 Powder 

Concentration 
of Y(OH)3 slurry 

mol dm - 3 

0.1a> 
0.2 
0.4 

Particle size distribution/% 

0—1 1—2 2—3 3—4 4—6/^m 

85 9 2 2.5 1.5 
85 8 2 2.5 2.5 
85 8 2 2 3 

a) Standard conditions. Conditions: Charged molar 
ratio of oxalic acid to yttrium hydroxide; 1.75. 
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Fig. 1. Dried precipitate obtained at the standard conditions. (H2C2O4/ 
Y(OH)3 molar ratio, 1.75): Magnification 12500X. 

Table 3. Effect of Charged Molar Ratio of Oxalic 
Acid to Yttrium Hydroxide on Particles Size 
Distribution of Y2O3 Powder and Relation­
ship between the Molar Ratio and Weight 

of Dried Precipitate Obtained by 
Preliminary Experiments^ 

H2C204/Y(OH)3 
molar ratio 

0.5 
1.0 
1.5 
1.75a> 
2.0 

Particle 
distribut 

0—1 1 

35 
68 
82 
85 
88 

size 
ion/% 

—6/|am 

65 
32 
18 
15 
12 

Weight of dried 
precipitate^ 

g 

6.2 
7.7 
8.1 
9.6 

10.2 

a) Standard conditions, b) All precipitates were obtained 
under the condition of amount of charged yttrium 
hydroxide being about 3.8 g as Y2O3 (in a small scale). 

standard time for the addition of the aqueous 
ammonia solution, was determined as being one 
minute from an industrial viewpoint. The relation­
ship between the concentration of Y(OH)3 slurry and 
the particle-size distribution of Y2O3 powder is shown 
in Table 2. The concentration of the slurry from 0.1 to 
0.4 mol dm - 3 had no effect on the particle-size distribu­
tion of Y2O3 powder. This result is very important 
from an industrial viewpoint, because a large amount 
of NÜ4Y(C204)2 • H2O crystals can be produced by the 
use of a small reactor. The relationship between the 
charged molar ratio of H2C2O4 to Y(OH)3 and the wt% 
of Y2O3 particles of diameter less than 1 Jim and 
1—6 jim is shown in Table 3. When the molar ratio is 
larger than 1.5, the particle-size distribution of Y2O3 

powder is almost constant. From an industrial 
viewpoint, 1.75 is suitable to produce Y2O3 fine 
powder; the precipitate was identified as being almost 
NH4Y(C2C>4)2 • H 2 0 by the X-ray diffraction method. 
Furthermore, in order to indirectly estimate the 
composition of the precipitate, the relationship 
between the molar ratio and the weight of the dried 
precipitate obtained by the preliminary experiments 
(in a small scale), is also shown in Table 3. The 
composition of the precipitate obtained under the 
molar ratio, 1.75, is easily estimated to be NH4Y-
(C204)2 • H 2 0 , 89% and Y(OH)C204, 11%, respectively, 
from the material balance equation regarding yttrium 
and oxalate ions and supposing the main species to be 
NH4Y(C204)2 • H2O and Y(OH)C204 crystals. The 
existence of these compounds was deduced by the use 
of the molar fraction of yttrium oxalate complexes 
ions in solution, calculated in our previous paper.x) 

All of the precipitates have good crystal form, with 
diameters less than 1 Jim. Thus, there seems to be no 
amorphous substances as shown in Fig. 1. The rela­
tionship between the addition time of oxalic acid 
solution and the particle-size distribution of Y2O3 
powder is shown in Table 4. Since a rapid addition of 
oxalic acid solution makes Y2O3 powder finer, the 
standard time used for the addition was selected to be 
10 seconds. Suitable calcination conditions for the 
fine precipitate were determined at 750 °C for 1.5 h, as 
discussed in our previous paper.x) Based on the above 
results, the standard preparative conditions for Y2O3 
fine powder with an average diameter, D50, less than 
1 jim, were selected as follows: Addition time of 
aqueous ammonia solution: 1 min. Concentration of 
Y(OH)3 slurry: 0.1 mol dm-3. Charged molar ratio 
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Table 4. Effect of Addition Time of Oxalic Acid 
Solution into the Y(OH)3 Slurry on Particle 

Size Distribution of Y2O3 Powder 

Addition time of 
oxalic acid soin 

s 

10a> 
20 
30 

Particle size distribution/% 

0—1 1—2 2—3 3—4 4—6/jim 

85 9 3 2.5 0.5 
82 10 2 3 3 
81 14 2 1 2 

a) Standard conditions. Conditions: Addition time of 
NH3 aqueous solution; 1 min. Concentration of 
Y(OH)3 slurry; 0.1 mol dm - 3 . Charged molar ratio, 
H2C204/Y(OH)3; 1.75. 

H2C2O4 to Y(OH)3: 1.75. Addit ion t ime of oxalic acid 
solution: 10 s. Calcinat ion condit ions: 750 °C for 
1.5 h. 

Formation Process of NH 4 Y(C 2 0 4 )2 • H2O Fine 
Crystals from the Reaction of Y(OH>3 Slurry and the 
Oxalic Acid Solution. Y(OH)3 slurry, prepared from 
the reaction of a Y(NOs)3 solut ion and an aqueous 
a m m o n i a solut ion consists of very fine particles. 
Therefore, Y(OH)3 particles are easily dissolved in an 
oxalic acid solut ion due to the formation of yt t r ium 
oxalate complexes, such as Y(C204)+, Y(C204)2~ etc., as 
shown in Eqs. 1 and 2: 

Y(OH)3 + H2C2O4 

Y(OH)3 + 2H2C204 

Y(C204)+ + O H - + 2H20, (1) 

Y(C204)2- + H+ + 3H20. (2) 

Feibush et al.3) reported the formation constants for 
Y(C 2 0 4 ) + , Y(C204)2-, and Y(C204)33- complex ions. 
As discussed in our previous paper,$ the Y(C204)2~ ion 
is the m a i n species in the present system; it reacts 
rapidly wi th NEU-1" ion, which exists as a dominan t 
species, to form an ion pair in the solution: 

Y(C204)2- + NH4+ NH4Y(C204)2 

NH 4Y(C 20 4 ) 2H 20. (3) 

T h e ion-pai r formation is so fast that NH4Y(C204)2 • 
H2O predominan t ly precipitates from the solution. 
T h u s , the Y2O3 particle size does not depend on the 
concentrat ion of Y(OH)3 slurry, bu t slightly depends 
on the addi t ion t ime of oxal ic acid solut ion in to the 
Y(OH)3 slurry. Therefore, this preparative method is 
very useful for the product ion of Y2O3 fine powder. 

T h e authors are indebted to prof. Dr. T . Yotsuyanagi 
of T o h o k u University at Sendai, J apan , Dr. K. 
Yoshida, president of our research center, Drs. T . 
Onoda and K. Wada w h o are our bosses, and Messrs. 
K. Kojima, T . Kaneko, K. Yamaguchi , and S. Kasuya, 
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Synopsis. The reactions of arylazoxy aryl sulfones (1) 
with «^-unsaturated esters and nitriles in the presence of a 
palladium(O) catalyst were found to give aryl-substituted 
esters and nitriles in good yield. 

Recently, much attention has been paid to the 
palladium catalyzed substitution reaction of vinylic 
hydrogen by aryl and vinyl halides.2) Kikukawa et al. 
have first demonstrated that arenediazonium salts react 
with olefins in the presence of a palladium(O) catalyst 
to give arylated olefins in high yield.3) We previously 
reported that the reactions of arylazo aryl sulfones4) or 
arylazoxy aryl sulfones5) (1) with cyclic and acyclic 
olefins catalyzed by tetrakis(triphenylphosphine)palla-
dium(O) in benzene gave aryl-substituted olefins in 
high yield. We found that the reactions of 1 with 
«^-unsaturated esters and nitriles catalyzed by a 
palladium(O) complex gave aryl-substituted compounds, 
and the results will be described herein. 

Results and Discussion 

The reaction of phenylazoxy phenyl sulfone (la) 
(1.0 mmol) with ethyl acrylate (2a) (5.0 mmol) proceeds 
smoothly in the presence of catalytic tetrakis(triphenyl-
phosphine)palladium(O) in benzene in a degassed 
sealed tube at 80 °C for 24 h to give ethyl (£)-3-
phenylpropenoate (3a) (0.89 mmol) and ethyl 3,3-
diphenylpropenoate (3b) (0.33 mmol). The latter 
product may be produced by the arylation of 3a once 
formed. When the palladium(O) catalyzed reaction of 
la with ethyl acrylate was carried out in the presence of 

tri-butylphosphine (0.10 mmol), 3a was formed (1.20 
mmol) as the sole product. Similarly, the reactions of 
arylazoxy aryl sulfones (1) with «^-unsaturated esters 
and nitriles catalyzed by a palladium(O) complex 
afforded aryl-substituted compounds (3) in good yield. 
However, the arylation of «^-unsaturated ketones by 1 
under similar conditions did not occur. The reason is 
not clear at the present time. The arylation occurred 
selectively at ^-position of the «^-unsaturated ester or 
nitrile, and no aryl-substituted compound at the «-
position was detected. The results are summarized in 
Table 1. 

Ar-tf-N-S-Ar - R \ = Pd(PPh3)4 

O. O R U6H6 

1a: Ar=Ph 2 a : R 1 = H- R2 = C02Et 
1 b: Ar = p-Tol 2b: R1 = CH3, R2 = C02Et 
1 c: Ar = p-CIC6H4 2c: R1 = Ph, R2 = C02Et 

2d: R1=H, R2 = CN 
2e: R1=CH3, R2 = CN 

• A r v ^ 

3 

In the cases of Entries 2—4, 6 and 9, an aryl-
substituted product was formed 1.20—1.57mol/mol 
arylazoxy aryl sulfone. These results suggest that both 
of the aryl groups of 1 are participating for the 
arylation. A plausible catalytic cycle for this reaction 
is shown in Scheme 1. Oxidative addition of 1 to a 
palladium(O) catalyst gives arylazoxy(arylsulfonyl)palla-
dium(II) species (4) which split off dinitrogen mon­
oxide and sulfur dioxide to give the diarylpalladium 
(II) intermediate (5). Subsequent addition of 5 to the 

Table 1. Reaction of Azoxysulfones with Olefins Catalyzed by a Pd(0) Complex at 80°Ca) 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Arylazoxy aryl 

sulfone 

la 
lad> 
la 
la 
lb 
lb 
lc 
la 
la 
lb 
lb 
lc 
lc 

Olefin 

2a 
2a 
2c 
2c 
2a 
2a 
2a 
2d 
2ee> 
2d 
2e 
2d 
2e 

Reaction time/h 

24 
24 
24 
48 
24 
48 
24 
24 
24 
24 
24 
24 
48 

3a 
3a 
3b 
3b 
3c 
3c 
3d 
3e 
3f 
3g 
3h 
3i 
3j 

Ar 

Ph 
Ph 
Ph 
Ph 
p-To\ 
p-To\ 
£-ClC6H4 

Ph 
Ph 
p-To\ 
p-To\ 
/?-ClC6H4 

/?-ClC6H4 

Product 

R1 

H 
H 
Ph 
Ph 
H 
H 
H 
H 
CH3 

H 
CH3 

H 
CH3 

R2 

C02Et 
C02Et 
C02Et 
C02Et 
C02Et 
C02Et 
C02Et 
CN 
CN 
CN 
CN 
CN 
CN 

Yieldb> 

0.89c> 
1.20 
1.57 
1.52 
0.93 
1.38 
0.76 
0.54 
1.46 
0.61 
0.60 
0.84 
0.91 

a) All reactions were performed with 1.0 mmol of arylazoxy aryl sulfone (1), 5.0 mmol of olefin, and 0.01 mmol of 
tetrakis(triphenylphosphine)palladium(0) in benzene (5.0 cm3) in a degassed sealed tube at 80°C. b) Yield (mol/mol of 
arylazoxy aryl sulfone) was determined by GC. c) Ethyl 3,3-diphenylpropenoate (3b) was formed (0.33 mmol) together 
with 3a. d) n-BmP (0.1 mmol) was added, e) Crotononitrile (10.0 mmol) was added. 



July, 1990] NOTES 2119 

Pd(0) 

Ar-Pd(U)-H 

7 

Ar PdAr 

>=c< 
2 

0 

Ar4=N-S-Ar 
l ii 

o- o 
1 

0 

Ar-lî=N-S-Ar 
l ll 

0 . 0 

1a: Ar=Ph 
1b: Ar = p-Tol 

CH3 

Ar-Pd(ll)-Ar 

5 

Scheme 1. 

Ar-N=N-Pd(ll)-S-Ar 

o- ö 

N20 + S02 

olefin gives the adduct (6) from which e l iminat ion of 
an a ry lpa l lad ium moiety and ß-hydrogen gives the 
aryl-substi tuted olefins (3) and the arylhydridopalla-
dium(II) (7). T h e palladium(O) catalyst is regenerated 
by reductive e l iminat ion of an arene from 7. 

T h e intermediate 7 wil l be able to add to a further 
molecule of olefin to give the adduct (8). By the 
subsequent e l iminat ion of dihydridopal ladium(II) (9) 
from 8, an aryl-subst i tuted olefin (3) wil l also be 
formed as shown in Scheme 2. T h e palladium(O) 
catalyst is regenerated by the reductive e l iminat ion of 
hydrogen from 9, a l t h o u g h the formation of hydrogen 
was no t confirmed by MS. T h e reductive e l imina t ion 
process of an arene from 7 giving palladium(O) shown 
in Scheme 1 and the add i t ion process of 7 to 2 g iv ing 
the adduct 8 shown in Scheme 2 are considered to be 
occurr ing competitively. Therefore, 3 has a possibility 
to form 1.0—2.0 m m o l from 1.0 m m o l of arylazoxy 
aryl sulfone used. 

ArPd(ll)H 

7 

) C = C < ;c— c 
i i 

Ar PdH 

Scheme 2. 

-HPdH 
9 

;c=c< 
Ar 

T h e (£)-isomers of aryl-substituted compounds were 
formed stereoselectively as shown in Tab le 1. These 
results are accounted for by the yyn-addition of 
diarylpal ladium(II) (5) or arylhydridopal ladium(II) 
(7) to the olefin g iving syn-adduct 6 or 8, respectively, 
and the syn-el iminat ion of arylhydridopal ladium(II) 
(7) or d ihydr idopal ladium(II ) (9) giving an (£)-isomer. 
Similar syn-addit ion and syn-el imination process of 

a ry lpa l lad ium species have been reported by Heck6) 

and Kikukawa et al.3) 

W h e n the pheny la t ion of ethyl crotonate wi th l a 
was carried ou t under similar condi t ions, aryl-
substi tuted compounds 11a was formed together wi th 
unexpected products 12a, 13a, and 14a. Similar results 
were obta ined in the reaction of l b wi th ethyl 
crotonate in the presence of the palladium(O) catalyst. 

T h e product 12 may be formed by the reaction of 1 
wi th ethyl 3-butenoate which is considered to be 

C02Et 

Pd(PPh3)4[ 

C R H C 

A r>=\ 
CH3 C02Et 

11 a: 0.96 mmol 
11b: 1.16 mmol 

- c 
Ar 

'CH2C02Et 

12a: 0.32 mmol 
12b: 0.46 mmol 

Ar 

M 
Ar xCH2C02Et 

13a: 0.23 mmol 
13b: 0.20 mmol 

Ar Ar 

W 
CH2C02Et 

14a: 0.08 mmol 
14b: 0.11 mmol 

formed by the palladium(O) catalyzed isomerization of 
ethyl crotonate since pa l l ad ium catalyzed isomeriza­
t ion of olefins is known.7 ) T h e products 13 and 14 may 
be formed by the secondary arylation of 12 once formed. 
However, crotononitrile did not afford such unexpected 
c o m p o u n d s as shown in Tab le 1. T h e difference 
between these two olefins is not clear at present. 

Exper imental 

Measurement. IR spectra were determined on a Hitachi 
260-10 spectrometer with samples as either neat liquids or 
KBr discs. *H NMR spectra were measured on a JEOL JNM-
PMX 60SI (60 MHz) and a Varian Gemini-200 (200 MHz) 
spectrometers. 13C NMR spectra were measured on a JEOL 
JNM Fx90Q FT NMR (90 MHz) spectrometer. 1U and 
13C NMR signals were referenced to Me4Si as an internal 
standard. Mass spectra were measured on a JEOL JMS DX-
300 spectrometer by the electron impact (EI) ionizing 
technique at 70 eV. Gas chromatography was performed 
using a Hitachi 263-30 gas Chromatograph with SE-30 (10%) 
1 m stainless column. Gel permeation chromatography was 
performed using a JAL LC-08 liquid Chromatograph with 
JAIGEL-1H (200X600 mmX2) using chloroform as eluant. 

Materials. All solvents were distilled and stored under 
nitrogen. Phenylazoxy phenyl sulfone (la), mp 119—121 °C 
(123°C)8>, p-tolylazoxy p-tolyl sulfone (lb), mp 102—104°C 
(106°C),8) and p-chlorophenylazoxy p-chlorophenyl sulfone 
(lc), mp 174.5—175.0°C were prepared by the published 
procedures.® Tetrakis(triphenylphosphine)palladium(0) was 
prepared by the methods described in the litemture.9) a,ß-
Unsaturated esters and nitriles of Tokyo Kasei Chemicals 
were purified by distillation prior to use. 

General Procedures for the Reaction of Arylazoxy Aryl 
Sulfones (1) with a,ß-Unsaturated Esters or Nitriles. A 
solution containing 1 (1.0 mmol), «^-unsaturated ester or 
nitrile (5.0 mmol), and tetrakis(triphenylphosphine)palla-
dium(0) (0.01 mmol) in dry benzene (5.0 cm3) was degassed 
by a freeze-thaw cycle, sealed in an ampoule and heated at 
80 °C for 24 or 48 h. The reaction mixture was subjected to 
short column chromatography on Florisil using benzene as 
eluant to remove the metal complex. The yields of the 
products were determined by GC using undecane as the 
internal standard. The products were isolated from the 
reaction mixture by the use of gel permeation chromato­
graphy and/or column chromatography over silica gel 
(Wakogel C-60) and identified by IR, NMR, and mass 
spectra. The structures of ethyl (£)-3-phenylpropenoate 
(3a),10> ethyl 3,3-diphenylpropenoate (3b),n> ethyl (E)-3-(p-
tolyl)propenoate (3c),l2) ethyl (£)-3-phenyl-2-butenoate (lla),18) 

and ethyl (£)-3-(£-tolyl)butenoate (llb)13) were identified by 
comparison of their IR, *H NMR, and mass spectral data 
with those of authentic samples. The structures of the 
following products were determined by their IR, NMR, and 
mass spectra. 

Ethyl (jE)-3-(£-chlorophenyl)propenoate (3d): IR (neat) 
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2910, 1710, and 1610cm-1: « N M R (CDC13) 0=1.30 (3H, t, 
/=6.0 Hz), 4.18 (2H, q, /=6.0 Hz), 6.27 and 7.49 (2H, ABq, 
/=15.0 Hz), and 7.07—7.41 (4H, m); MS m/z 210 (M+) and 
182. 

(E)-3-Phenyl-2-propenenitrile (3e): IR (neat) 3100, 2210, 
1600, 1330, and 1210 cm"1: « NMR (CDCI3) 0=5.91 and 7.48 
(2H, ABq, /=15.0 Hz), and 7.45 (5H, s); MS m/z 129 (M+), 
115, 104, and 78. 

(jE)-3-Phenyl-2-butenenitrile (3f): IR (neat) 2250 and 
1610 cm-1; « NMR (CDCI3) <5=2.44 (3H, s), 5.57 (IH, s), and 
7.38 (5H, s); MS m/z 143 (M+), 128, 115, 104, and 78. 

(E)-3-(£-Tolyl)-2-propenenitrile (3g): IR (neat) 2200, 
1600, and 1510cm"1; « N M R (CDCI3) <5=2.36 (3H, s), 5.77 
and 7.59 (2H, ABq, 7=16.8 Hz), and 7.18 and 7.25 (4H, ABq, 
7=4.2 Hz); MS m/z 143 (M+), 129, and 115. 

(E)-3-(/>-Tolyl)-2-butenenitrile (3h): IR (neat) 2240 and 
1600cm-1; « N M R (CDCI3) <5=2.32 (3H, s), 2.37 (3H, d, 
7=1.1 Hz), 5.51 (IH, q, 7=1.1 Hz), and 7.16 and 7.27 (4H, ABq, 
7=9.6 Hz); MS m/z 157 (M+), 147, 129, 115, and 91; HRMS 
Found: 157.0930, Calcd for CnHnN: M, 157.0891. 

(E)-3-(p-Chlorophenyl)-2-propenenitrile (3i): IR (neat) 
2200, 1620, 1590, and 1490cm-1; « N M R (CDCI3) 0=5.85 
and 7.33 (2H, ABq, 7=16.8 Hz), and 7.34 (4H, s); MS m/z 163 
(M+), 136, and 128. 

(iE>3-(£-Chlorophenyl)-2-butenenitrile (3j): IR (neat) 3020, 
2210, and 1610cm-1; « N M R (CDCI3) 0=2.42 (3H, d, 
7=1.1 Hz), 5.55 (IH, q, 7=1.1 Hz), and 7.37 (4H, s); MS, m/z 
177 (M+), 162, 142, and 101; HRMS Found: 177.0370, Calcd 
for CioHsNCl: M, 177.0346. 

Ethyl (jE)-3-phenyl-2-butenoate (lla)10>: IR (neat) 1700, 
1620, and 1150cm-1; « N M R (CDCI3) <5=1.30 (3H, t, 
7=7.1 Hz), 2.57 (3H, d, 7=1.2 Hz), 4.20 (2H, q, 7=7.1 Hz), 6.12 
(IH, q, 7=1.2 Hz), and 7.32—7.46 (5H, m); MS, m/z 190 
(M+), 161, 145, 117, and 91. 

Ethyl (E)-3-(£-tolyl)-2-butenoate (llb)13>: IR (neat) 1710, 
1620, and 1160 cm"1; « NMR (CDCI3) 0=1.30 (3H, t, 7=7.1 Hz), 
2.35 (3H, s), 2.56 (3H, d, 7=1.2 Hz), 4.20 (2H, q, 7=7.1 Hz), 
6.13 (IH, q, 7=1.2 Hz), and 7.16 and 7.37 (4H, ABq, 
7=8.2 Hz); MS, m/z 204 (M+), 184, and 159. 

Ethyl 3-phenyl-3-butenoate (12a): IR (neat) 3010 and 
1730 cm-1: « NMR (CDCI3) <5=1.15 (3H, t, 7=7.1 Hz), 3.49 
(2H, d, 7=1.1 Hz), 4.08 (2H, q, 7=7.1 Hz), 5.21 (IH, t, 
7=1.1 Hz), 5.52 (IH, s), and 7.24—7.44 (5H, m); MS m/z 190 
(M+), 161, 145, 117, and 91. 

Ethyl 3-(/>-tolyl)-3-butenoate (12b): IR (neat) 1720 and 
1610cm-1; « N M R (CDCI3) 0=1.18 (3H, t, 7=7.1 Hz), 2.33 
(3H, s), 3.49 (2H, d, 7=1.1 Hz), 4.11 (2H, q, 7=7.1 Hz), 5.18 
(IH, t, 7=1.1 Hz), 5.51 (IH, s), and 7.14 and 7.32 (4H, ABq, 
7=8.3 Hz); MS m/z 294 (M+), 249, 221, 206, and 129. 

Ethyl (E)-3,4-diphenyl-3-butenoate (13a): IR (neat) 3010 
and 1720cm-1; « N M R (CDCI3) 0=1.15 (3H, t, 7=7.1 Hz), 
3.71 (2H, s), 4.10 (2H, q, 7=7.1 Hz), 7.03 (IH, s), and 7.24-
7.53 (10H, m); MS m/z 266 (M+), 193, 178, 115, and 91. 

Ethyl (E)-3,4-di(£-tolyl)-3-butenoate (13b): IR (neat) 1730, 
1600, 1320, and 1160cm-1; « N M R (CDCI3) 0=1.16 (3H, t, 
7=7.1 Hz), 2.35 (6H, s), 3.68 (2H, s), 4.09 (2H, q, 7=7.1 Hz), 
6.96 (IH, s), 7.14 and 7.18 (4H, ABq, 7=2.1 Hz), and 7.27 and 
7.38 (4H, ABq, 7=8.5 Hz); MS m/z 294 (M+), 249, and 221; 
HRMS Found: m/z 294.1581, Calcd for C20H22O2 M, 
294.1619. 

Ethyl (Z)-3,4-diphenyl-3-butenoate (14a): IR (neat) 2950, 
1740, 1440, 1320, and 1160cm-1; « N M R (CDCI3) 0=1.15 
(3H, t, 7=7.1 Hz), 3.47 (2H, s), 4.06 (2H, q, 7=7.1 Hz), 6.56 
(IH, s), 6.95—7.38 (10H, m); MS m/z266 (M+), 237, 193, 178, 

and 165; HRMS Found: 266.1298, Calcd for Ci8Hi602: M, 
266.1307. 

Ethyl (Z)-3,4-di(£-tolyl)-3-butenoate (14b): IR (neat) 1710 
and 1600cm-1; « N M R (CDCI3) 0=1.14 (3H, t, 7=7.1 Hz), 
2.22 (3H, s), 2.31 (3H, s), 3.43 (2H, s), 4.06 (2H, q, 7=7.1 Hz), 
6.50 (IH, s), 6.86 and 6.90 (4H, ABq, 7=8.0 Hz), and 7.08 (4H, 
s); MS m/z 294 (M+), 249, 221, 206, and 129. 

The products 12a, 13a, and 14a were ozonized in 
dichloromethane at — 78 °C and then treated with dimethyl 
sulfide. Ethyl benzoylacetate was obtained in each reactions. 
IR (neat) 1745 and 1685 cm"1; « NMR (CDCI3) 0=1.24 (3H, 
t, 7=7.2 Hz), 3.94 (2H, s), 4.18 (2H, q, 7=7.2 Hz), and 7.20— 
7.97 (5H, m); MS m/z 192 (M+), 164, 146, 120, 105, and 77. 
The formation of benzaldehyde was also observed by GC-MS 
in the ozonolysis of 13a and 14a. These results support the 
structures of compounds 12a, 13a, and 14a. 
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Synthesis and Heteroannulation of 3,4-Dibenzoyl-l-phenyl-
2a,5-diazabenz[cd]azulene 
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Synopsis. 3,4-Dibenzoyl-1 -phenyl-2a,5-diazabenz[c<i]-
azulene (2b) was synthesized by cycloaddition of 8-amino-3-
phenyl-1-azaazulene with dibenzoylacetylene. Heteroannula­
tion to 2b has been achieved by reactions with hydrazine and 
phosphorus pentasulfide. 

Cycloadditions of heterocycles with dibenzoylacetylene 
(DBA) and successive heteroannulations are efficient 
methods to obtain fused heterocycles,1-4) especially 
thiophene-fused heterocycles, which are difficult to 
obtain by other methods. Although some cycloaddi­
tions of 2-substituted 1-azaazulenes with reactive 
acetylenes to give fused heterocycles are known,5-7* 
cycloaddition of 8-substituted 1-azaazulene is not yet 
known. Therefore, it is expected that cycloaddition 
and successive annulation of 8-substituted 1-azaazul­
enes afford a novel aromatic system. Here we describe 
the cycloadditions of 8-amino-3-phenyl-l-azaazulene8) 

with reactive acetylenes giving 2a,5-diazabenz[cd!]-
azulene derivatives,9»10) and successive heteroannula­
tions leading to novel heterocycles fused with pyri-
dazine, furan, and thiophene. 

Reaction of 8-amino-3-phenyl-1-azaazulene (1) with 
dimethyl acetylenedicarboxylate (DMAD) in refluxing 
benzene for 2 h gave a complex mixture. From the 
mixture, dimethyl l-phenyl-2a,5-diazabenz[cd!]azulene-
3,4-dicarboxylate10) (2a) was isolated in a 10%) yield by 
column chromatography on silica gel. 

2 a : E = C02Me 

2b:E = C0Ph 

NVV-Ph 

Similar treatment of 1 with DBA gave 8-benzoylamino-
3-phenyl-1-azaazulene (3) and 3,4-dibenzoyl-l-phenyl-
2a,5-diazabenz[cd!]azulene (2b) in 21% and 30%) yields, 
respectively. These structures were assigned on the 
basis of spectroscopic data as well as elemental 
analyses. Compound 3 was identical with the 
compound obtained by the reaction of 1 with benzoic 
anhydride. A possible mechanism for the formation of 
3 is shown in Scheme 1. 

Treatment of 2b with hydrazine hydrate gave the 
corresponding pyridazine derivative 4 in nearly quan­
titative yield. 

Treatment of 2b with phosphorus pentasulfide in 
refluxing pyridine for 30 min gave a furan derivative 5 
and a thiophene derivative 6 in 68% and 26% yield, 
respectively. When the reaction was carried out in 
refluxing xylene for 4h, compounds 5 and 6 were 
obtained in 63% and 32% yield, respectively. Compound 
5 shows an M+ ion at m/z 436 (rel intensity 100%) and a 
PhCO+ ion at m/z 105 (4%). Its *H NMR spectrum 
shows four seven-membered ring protons at ô=5.93 
(dd, /=11.0 and 7.9 Hz), 6.35 (dd, 7=12.2 and 7.9 Hz), 
6.67 (d, 7=12.2 Hz), and 6.77 (d, 7=11.0 Hz) together 
with H-l proton and phenyl protons (16H, m) at 
0=7.2—8.3. Compound 6 shows an M+ ion at m/z 452 
(rel intensity 100%), an M2+ ion at m/z 226 (3%), and a 
PhCS+ ion at m/z 121 (4%). Its *H NMR spectrum 
shows a 1H singlet at ô=7.04 and four seven-memberd 
ring protons at 0=5.90 (dd, 7=11.0 and 7.9 Hz), 6.35 
(dd, 7=12.2 and 7.9 Hz), 6.61 (d, 7=12.2 Hz), and 6.74 
(d, 7=11-0 Hz) together with phenyl protons (15H, 8 
7.2—8.1). In the 13C NMR spectra of 5 and 6, signals 
were observed at ô=115—155 and are in accord with 
the proposed structures. Although mechanisms for the 
formation of 5 and 6 are interesting, we were unable to 

Fig. 1. Scheme 1. 
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advance a rat ionale. 
Compared wi th l-azaazulenes,8 'n '1 2 ) h igher field 

resonances and large divergences of coup l ing constants 
(/3,4~/4,5~/5,6:A3.1—4.3 Hz) of the seven-membered 
r i ng p ro tons were observed in the XH N M R spectra of 
4, 5, and 6, and comparab le wi th those of 2a and 2b. 
T h e result exhibits appreciable b o n d al ternat ion, and 
suggests that the heteroannulated 2a,5-diazabenz[cd] 
azulenes have the character of butadiene-bridged 
3a,6-diazaindene. 

Experimental 

Melting points were uncorrected. 1H NMR spectra 
(250 MHz) and 13C NMR spectra (62.87 MHz) were taken on 
a Hitachi R-250H spectrometer using CDCI3 as a solvent 
(TMS as an internal standard). IR spectra were recorded for 
Nujol mulls with a Hitachi 270-50 infrared spectrophoto­
meter. Mass spectra were determined with a JEOL-01SG-2 
spectrometer at 70 eV of ionization energy. High-resolution 
mass spectrum was obtained on the same instrument. 
Column chromatography was performed on Kieselgel 60. 

Reaction of 1 with DMAD. A mixture of 18) (0.881 g) and 
DMAD (1.71 g) in dry benzene (50 ml) was refluxed for 2 h 
and evaporated. The residue was chromatographed with 
benzene-chloroform (1:1) to give 2a10) (0.148 g, 10%). 

Reaction of 1 with DBA. A mixture of 1 (0.973 g) and 
DBA (2.07 g) in dry benzene (60 ml) was refluxed for 70 h and 
evaporated. The residue was chromatographed. Elution 
with benzene gave 3 (0.307 g, 21%), which was recrystallized 
from cyclohexane to give red needles, mp 147—149 °C, 
1U NMR 0=7.35—7.70 (9H, m, H-5 and phenyl), 8:00 (IH, 
dd, /=11.0 and 9.8 Hz, H-6), 8.17 (2H, dd, 7=7.9 and 1.8 Hz, 
H-o-phenyl), 8.51 (IH, s, H-2), 8.66 (IH, d, 7=9.8 Hz, H-4), 
and 9.50 (IH, d, 7=11.0 Hz, H-7);13> 13C NMR 0=120.02 (d), 
125.94 (d), 126.84 (d), 127.57 (dX2), 128.81 (dX2), 128.86 
(dX2), 128.93 (s), 129.25 (dX2), 132.49 (d), 134.40 (sX2), 
135.55 (d), 139.02 (d), 139.12 (s), 144.39 (s), 146.71 (s), 148.78 
(d), and 166.15 (s); IR 3296 (NH), 1684 (OO) , and 694 cm"1 

(phenyl). Found: C, 81.29; H, 5.10; N, 8.63. Calcd for 
C22H16N2O: C, 81.26; H, 4.97; N, 8.63%. Further elution gave 
2b (0.607 g, 30%), which was recrystallized from hexane-
dichloromethané to give violet needles, mp 247—248 °C, 
iHNMR 0=5.53 (IH, ddd, 7=11.6, 6.1 and 3.1Hz, H-7), 
5.95—6.10 (2H, m, H-8 and 9), 6.55 (IH, d, 7=11.6 Hz, H-6), 
7.28 (IH, s, H-2), 7.30—7.45 (9H, m, H-m,£-phenylX3), 
7.45—7.55 (2H, m, H-o-phenyl), 7.83 (2H, d, 7=7.3 Hz, H-o-
phenyl), and 7.89 (2H, d, 7=7.3 Hz, H-o-phenyl); 13C NMR 
0=116.27 (d), 120.04 (s), 124.08 (d), 126.83 (s), 127.62 (s), 
127.73 (d), 127.94 (dX2), 128.66 (dX2), 128.74 (dX2), 128.83 
(dX2), 128.96 (dX2), 130.32 (dX2), 132.49 (s), 132.56 (d), 
133.01 (d), 133.75 (d), 134.96 (d), 136.10 (s), 136.42 (s), 136.94 
(d), 138.36 (s), 142.71 (s), 158.38 (s), 189.36 (s), and 191.28 (s); 
IR 1664 and 1644 cm"1 ( C O ) . Found: C, 82.44; H, 4.45; N, 
6.14; M+, 452. Calcd for C31H20N2O2: C, 82.28; H, 4.46; N, 
6.19%; M, 452. 

Benzoylation of 1. A mixture of 1 (0.200 g) and benzoic 
anhydride (0.800 g) in dry benzene (50 ml) was refluxed for 
3 h and evaporated. The residue was chromatographed with 
benzene to give 3 (0.273 g, 93%). 

Reaction of 2b with Hydrazine Hydrate. A solution of 2b 
(0.130 g) and 80% hydrazine hydrate (1.0 ml) in ethanol 
(20 ml) was refluxed for 1 h and evaporated. To the residue 
water was added, and the mixture was extracted with 
chloroform. The extract was dried (Na2SÜ4) and evaporated. 
Chromatography of the residue with chloroform gave 4 
(0.128 g, 99%o), which was recrystallized from hexane-dichlo-
romethane to give red needles, mp 283—285° C, ^ N M R 

0=5.86 (IH, ddd, 7=11-0, 7.3, and 1.8 Hz, H-5), 6.34 (IH, dd, 
7=12.2 and 7.3 Hz, H-4), 6.40 (IH, dd, 7=12.2 and 1.8 Hz, 
H-3), 6.63 (IH, s, H-1), 6.74 (IH, d, 7=11.0 Hz, H-6), 7.08 
(2H, dd, 7=7.3 and 1.8 Hz, H-o-phenyl), 7.30—7.40 (3H, m, 
H-m,£-phenyl), 7.45—7.55 (3H, m, H-m,p-phenyl), 7.55— 
7.65 (5H, m, phenyl), and 8.13 (2H, dd, 7=7.3 and 1.8 Hz, 
H-o-phenyl); IR 760 and 702 cm"1 (phenyl). Found: C, 
83.25; H, 4.35; N, 12.51; M+, 448. Calcd for C3iH2oN4: C, 
83.01; H, 4.49; N, 12.49%; M, 448. 

Reaction of 2b with Phosphorus Pentasulfide. a) A 
mixture of 2b (0.300 g) and phosphorus pentasulfide 
(0.442 g) in dry pyridine (20 ml) was refluxed for 30 min, 
then poured into dil NaOH soin (100 ml) to give red 
precipitates. They were collected by filtration and chromato­
graphed. Elution with benzene gave 5 (0.198 g, 68%), which 
was recrystallized from cyclohexane-dichloromethane to 
give red needles, mp 205—206 °C, 1U NMR 0=5.93 (IH, dd, 
7=11.0 and 7.9 Hz, H-5), 6.35 (IH, dd, 7=12.2 and 7.9 Hz, 
H-4), 6.67 (IH, d, 7=12.2 Hz, H-3), 6.77 (IH, d, 7=11.0 Hz, 
H-6), 7.24 (IH, td, 7=7.3 and 1.2 Hz, H-p-phenyl), 7.29—7.46 
(10H, m, H-1 and phenyl), 7.48 (IH, td, 7=7.3 and 1.2 Hz, 
H-£-phenyl), 7.66 (2H, dd, 7=7.3 and 1.2 Hz, H-o-phenyl), 
and 8.20 (2H, dd, 7=7.3 and 1.2 Hz, H-o-phenyl); 13C NMR 
0=115.80 (s), 117.02 (d), 122.08 (s), 123.94 (d), 124.66 (dX2), 
126.54 (s), 127.03 (d), 127.25 (d), 127.88 (dX2), 128.26 (s), 
128.35 (dX2), 128.40 (d), 128.58 (dX2), 128.76 (dX2), 129.24 
(d), 129.38 (dX2), 130.06 (s), 130.41 (s), 131.05 (s), 132.81 (d), 
133.24 (s), 135.17 (s), 136.27 (d), 143.47 (s), and 154.66 (s); IR 
756, 702, and 684 cm"1 (phenyl); MS m/z (rel intensity) 436 
(100, M+), 435 (4), 407 (21), 331 (32, M+-PhCO), 204 (6), 203 
(12), 176 (8), 105 (4, PhCO+). Found: C, 85.59; H, 4.87; N, 
6.26. Calcd for C31H20N2O: C, 85.30; H, 4.62; N, 6.42%. 
Further elution gave 6 (0.077 g, 26%), which was re­
crystallized from cyclohexane-dichloromethane to give red 
needles, mp 214—216 °C, 1U NMR 0=5.90 (IH, dd, 7=11.0 
and 7.9 Hz, H-5), 6.35 (IH, dd, 7=12.2 and 7.9 Hz, H-4), 6.61 
(IH, d, 7=12.2 Hz, H-3), 6.74 (IH, d, 7=11.0 Hz, H-6), 7.04 
(IH, s, H-1), 7.20-7.56 (13H, m, H-phenyl), and 8.06 (2H, dd, 
7=7.3 and 1.2 Hz, H-o-phenyl); 13CNMR 0=117.38 (d), 
119.53 (s), 120.85 (s), 122.94 (s), 123.97 (d), 126.20 (s), 127.15 
(d), 127.30 (d), 128.03 (dX2), 128.47 (dX2), 128.54 (dX2), 
128.66 (dX2), 128.83 (d), 129.22 (dX2), 129.66 (d), 130.40 
(dX2), 131.16 (s), 131.21 (s), 132.44 (s), 133.22 (s), 133.45 (s), 
133.56 (d), 136.01 (d), 138.04 (s), and 154.23 (s); IR 761, 747, 
700, and 690 cm"1 (phenyl); MS m/z (rel intensity) 452 (100, 
M+), 451 (14), 331 (3, M+-PhCS), 226 (3, M*+), 121 (5, PhCS+). 
Found: C, 82.49; H, 4.66; N, 6.10; M+, m/z 452.1371. Calcd 
for C31H20N2O: C, 82.27; H, 4.45; N, 6.19%; M, 452.1346; 

b) A mixture of 2b (0.155 g) and phosphorus pentasulfide 
(0.225 g) in dry xylene (20 ml) was refluxed for 4 h and 
evaporated. To the residue water was added, and the mixture 
was extracted with chloroform. The extract was dried 
(Na2S(>4) and evaporated. The residue was chromato­
graphed with benzene to give 5 (0.095 g, 63%) and 6 (0.050 g, 
32%), successively. 

We thank Dr. Masafumi Yasunami (Tohoku Univer­
sity) and Dr. Akira Mori (Kyushu University) for the 
measurement of mass spectra and elemental analyses. 
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Synopsis. 1-Aryl- or l-alkenyl-2-(perfluoroalkyl)acetylenes 
were produced in high yields by the coupling reaction of aryl 
or alkenyl iodides with (perfluoroalkynyl)zinc compounds 
prepared from the corresponding (perfluoroalkyl)acetylenes 
in the presence of Pd catalyst. 

Fluoro-organic compounds are of increasing interest, 
because of their use as medicinals, as tools in medical 
diagnosis, and in fundamental studies of biologically 
active products.2) Synthesis of fluoro-organic com­
pounds from fluorine-containing molecules is a useful 
methodology for the specific introduction of fluorine 
into a variety of types of organic substrates. (Per-
fluoroalkyl)acetylenes are expected to be such a useful 
fluorine-containing molecules for the synthesis of 
fluoro-organic compounds, and some studies have 
been reported.3-9) We have also previously reported1* 
on the synthesis of l-aryl-2-(perfluoroalkyl)acetylenes 
using (perfluoroalkyl)acetylenes by the use of the 
Negishi reaction.10) 

We now wish to report some extended work on the 
cross-coupling reactions of aryl halides1 »7) or alkenyl 
halides with (perfluoroalkynyl)zinc compounds, which 
are derived from the corresponding (perfluoroalkyl) 
acetylenes, to prepare 1-aryl- or l-alkenyl-2-(perfluoro-
alkyl)acetylenes in good yields using palladium (Pd) 
catalyst. 

Results and Discussion 

Since ethynylarenes are known to be produced by 
the reaction of aryl halides in the presence of Pd 
catalyst,1^ we first examined the reaction of 3,3,3-
trifluoropropyne (1) with iodobenzene (2) using 
tetrakis(triphenylphosphine)-palladium (Pd(PPh3)4) (3) 
and diethylamine for 4-—6 h at 120—160 °C. However, 
we could not obtain the corresponding ethynylarene 
yet A/^,A/^-diethyl-3,3,3-trifluoro-l-propenylamine was 
produced in 25% yield12) as shown in Scheme 1. 

Rf-
1) n-BuLi/THF 

Rt-

2) ZnCI2 

-ZnCI + Ar l 

Rt- -ZnCI 

Pd(PPh3)4 
Rf- -Ar 

CF3 = H Phi 
Et3N, Pd(PPh3)4 

( Rf-: CF3-, C4F9- , C 6F 1 3 - ) 

Scheme 2. 

benzene (4) in the reaction of 2 with 1 were as follows. 
The temperature that produced (trifluoro-1-propynyl) 
zinc chloride (5) was —78 °C or lower. The ratio of 5 to 
2 is two equivalent. The amount of 3 is 5 mol%. The 
coupling reaction temperature and time is 50 °C and 
4h. 

As seen in the Table 1, iodobenzenes (Arl) gave the 
corresponding 4 in high yields independing on 
whether Arl has an electron-withdrawing or -donating 
substituent. The position of substituents on the 
aromatic ring also had no effect on the reactivity of Arl 
as was observed in the reaction of methyliodobenzenes. 
(Perfluorobutyl)- or (perfluorohexyl)acetylenes were 
less reactive than 1, so that it required somewhat more 
severe conditions (THF reflux, 6 h or longer) to afford 
the corresponding l-aryl-2-(perfluoroalkyl)acetylenes. 
However, the reaction was difficult to bring about for 
aryl halides (ArX X: CI, Br) other than Arl. 

Benzoyl chloride did not afford the cross-coupling 
reaction product with 5 but gave benzoic acid butyl 
ester under T H F reflux conditions. The reaction of 
heteroaromatic iodides with (perfluoroalkyl)acetylenes 
was sluggish, although the reaction with alkyl-
acetylenes was known to proceed readily affording the 
corresponding coupling reaction products in fairly 
good yields.10) On the other hand, as shown in Scheme 
3, the reaction of alkenyl halides with (perfluoroalkyl) 
acetylene zinc chlorides was successfully carried out 
using Pd catalyst to produce the corresponding ene-
yne compounds containing perfluoroalkyl groups 
with retention of configuration. Representative 
results are also shown in Table 1. 

P h - - C F 3 + 
Et2N 

o% 

Scheme 1. 

25 % 
CF3 

Rf- -ZnCI + 

( X: I, Br ) 

Pd(PPh3)4 

Scheme 3. 

The titled compounds, on the other hand, were 
produced by the reaction of aryl iodides with 
(perfluoroalkynyl)zinc compounds in the presence of 
Ph catalyst as shown in Scheme 2. Some results are 
summarized in Table 1. The conditions determined as 
optimum for the preparation of (trifluoro-1-propynyl) 

These l-aryl-2-(perfluoroalkyl)acetylenes could be 
converted readily to other fluoro-organic compounds 
such as (7), (8), and (9) as shown in the following 
Scheme. The methoxyl group is known to convert to 
the hydroxyl group by the reaction of Nal and SiCLi, 
followed by the treatment of H20.13) However, 



July, 1990] NOTES 2125 

Table 1. 

Acetylene 

The Reaction of (Perfluoroalkyl)acetylenes with Aryl or Alkenyl Iodidesa) 

Aryl or Alkenyl halide Yield of productb)/%c) 

CF3-OC-H 

C4F9-OC-H 

C6Fi3-OC-H 

Iodobenzene 
Bromobenzene 
o-Methoxyiodobenzene 
m -Chloroiodo benzene 
m-Nitroiodobenzene 
(£)-4-Iodo-3-butene-2-old) 
o-Methyliodobenzene 
m-Methyliodobenzene 
/?-Methyliodobenzene 
1 -Iodonaphthalene 
(£)-1 -Iodo-1 -octene 
(Z)-l-Iodo-l-octene 
(£)-1 -Iodo-3,3-dimethyl-1 -butène 
(E)-\ -Iodo-2-Phenylethene 
(Z)-1 -Bromo-2-phenylethene 
o-Methyliodobenzene 
m-Nitroiodobenzene 
1 -Iodo-1 -cyclohexene 
(E)-l -Bromo-1 -octene 

96 
Trace 
98 
94 
85 
60(90) 
78 
96 
98 
80 
73(98) 
67(90) 
74(98) 
70(98) 
35(98) 
90 
94 
72 
35(98) 

a) See reaction conditions in the text, b) Aryl- or alkenyl-(perfluoroalkyl)acetylenes. c) Isolated yields. 
Parentheses are purity of the stereoisomer determined by GC. d) The hydroxyl group is protected as OTHP 
before the reaction. 

j f 
^CF3 

HgS0 4 , H 2S0 4 , EtOH, H20 
^CF3 

^ O C H 3 

6 

fi 

^ C F 3 

Y -

1) Nal, SiCi4 

2) H20 

Pyridine 

Scheme 4. 

^ X ) C H 3 

7 

Is 
^ ^ X = C H C F : 

CC 0 C H , 
8 

9 

interestingly, o-(3,3,3-trifluoropropynyl)anisole (6) 
did no t give the corresponding pheno l bu t afforded 
o-(3,3,3-trifluoro-l-iodo-l-propenyl)anisole (8) under 
similar condit ions. 

Experimental 

Materials. (Perfluoromethyl, -butyl, and -hexyl)acetylenes 
were obtained from Nippon Halon Co. The halobenzenes 
and vinyl halids employed were commercial reagents and 
used for the reaction without further purification. Pd 
catalysts were prepared according to the literature.14) 

The Representative Procedure for the Reaction of (Perfluoro-
alkyl)acetylenes with Iodobenzenes. Two mmol of 1 (gas; 
ca. 46 cm3) in a glass made 50 cm3 syringe was bubbled into a 
dry 5 cm3 T H F at — 78 °C placed in a flame-dried 25 cm3 

Pyrex vessel equipped with reflux condenser. To this 
solution was added 2 mmol of rz-BuLi in THF and the 
mixture was stirred at —78 ° C for 30 min. Then ZnCb 
(6 mmol) in T H F (6 ml) was added and the resultant 
solution was allowed to warm slowly (for 3 h) to room 
temperature by removing the cooling bath (Dry Ice-acetone). 
After another 30 min stirring at room temperature, the 

reaction vessel was immersed in an ice water bath and 57 mg 
of Pd(PPh3)4 (5 mol%) and 0.238 g of m-chloroiodobenzene 
(1 mmol) were added respectively under an argon atmosphere. 
The resultant solution was stirred for 30 min at room 
temperature and then allowed to warm at 50 °C for 4 h in an 
oil bath. After cooling, 5 ml of water was added and the 
resulting mixture was extracted with 5 ml of ether. The 
ether solution was dried (MgSCU), filtered, and concentrated 
in vacuo to obtain crude products. The products were 
separated from the crude mixture by column chromatography 
on silica gel with 2:1 hexane/dichloromethane as an eluant. 
All pure products were fully characterized by infrared 
spectra, recorded on a Hitachi 260-10 Spectrophotometer, 
1H NMR taken on a Hitachi R-22 (90 MHz) spectrometer, 
and mass spectra analysis which were carried out at the 
Center for Instrumental Analysis, Hokkaido University. 
Analytical GC was performed on a SE 30 1 m, Silicone OV-17 
2 m on Uniport 20%, or PEG 20M capillary column 25 m. 

Preparation of o-(l-Oxo-3,3>3-trifluoropropyl)anisole (7)# 

To 10 cm3 ethanol in a 25 cm3 round bottle was added to 1 ml 
H2O, one drop of concentrated H2SO4, 2 mg of HgSC>4 and 
0.2 g of 6 (1 mmol) at room temperature. The resultant 
solution was stirred under ethanol reflux overnight, and 
another 5 ml of water and 5 ml of benzene were added. The 
benzene solution was then dried over (MgSCU), filltered and 
evaporated in vacuo. Compound 7 (0.168 g) was separated 
by TLC with hexane/CH2Cl2 (1:1) eluent (Yield 76%). 
1H NMR (CDCI3) <5=3.88(q, /=10 Hz, 2H), 3.94(s, 3H), and 
6.94—7.86(m, 4H), Found: m/z 218.0558. Calcd for 
G0H9O2F3 218.0565. 

Preparation of o-(3,3>3-Trifluoro-l-iodo-2-propenyl)ani-
sole (8). To a solution of CH2C12 (5 cm3) and CH3CN 
(5 cm3) 0.2 g of 6 (1 mmol), 0.225 g of Nal and 0.172 cm3 

(1.5 mmol) of SiCU were added at room temperature and 
refluxed at CH2CI2 (38 °C) overnight. Next 5 ml of water 
and 5 ml of ether were added to extract organic compounds. 
The ether solution was treated in the usual manner to obtain 
product 8 in a yield of 89%. 1U NMR (CDCI3) «5=3.88 (s, 3H), 
6.62 (q, / = 7 Hz, 1H), and 6.82—7.41 (m, 4H). Found: m/z 
327.9585, Calcd for C10H8O2F3I 327.9586. 

Preparation of 2-(Trifloromethyl)benzofuran (9). The 
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solution of o-(3,3,3-trifluoro-l-propynyl)phenol (1 mmol) 
and pyridine (6 ml) in a 25 cm3 round bottle was stirred at 
reflux temperature for 4h . Ether was added, and the 
solution washed ten times with 50 ml of water of remove the 
pyridine. The ether solution was then dried over MgS04, 
filtered and evaporated in vacuo. The crude product was 
treated in the usual way to obtain the pure product 9 in a 
yield of 30%. XH NMR (CDC13) 5=6.84—7.81 (m, 4H) and 
8.52—8.72 (m, 1H). MS m/z 186 (M+). 

We express our thanks to Dr. Hi romich i Kohno, 
N i p p o n H a l o n Co., for the prepara t ion of (perfluoro-
alkyl)acetylenes and invaluable assistance. 
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Optical Resolution of Arsine Oxides by Complexation with 
Optically Active [U'-Binaphthyl]-2,2'-diol 

Koji M O R I and F u m i o T O D A * 
Department of Industrial Chemistry, Faculty of Engineering, 

Ehime University, Matsuyama, Ehime 790 
(Received February 9, 1990) 

Synopsis. Some dialkylarylarsine oxides were resolved 
efficiently by complexation with optically active [l,l '-bi-
naphthyl~|-2,2'-diol. 

As we are aware, only one a t tempt on the optical 
resolut ion of arsine oxide has been reported by L. 
H o r n e r and his coworker.x) They have shortly re­
ported that the resolut ion is very difficult because 
optically active arsine oxide rapidly racemizes in the 
presence of a small a m o u n t of water t h rough the 
e q u i l i b r i u m shown in Scheme 1. O u r con t inuous 
successes in the optical resolut ion of a wide variety of 
organic c o m p o u n d s by complexat ion wi th optically 
active host c o m p o u n d s p rompted us to try the optical 
resolut ion of arsine oxide.2 ) We now report efficient 
optical resolut ion of some dialkylarylarsine oxides (1) 
by complexat ion wi th optically active [ l , l ' - b i n a p h -
thyl]-2,2'-diol (2).3> 

T h e enantioselective complexat ion of racemic 1 
wi th (—)-host (2) in acetone-hexane gave a 1:1 
inclusion c o m p o u n d (3) of (+) - l and 2 as crystals in 
the yield shown in T a b l e 1. Since the (+ ) - l was no t 
isolated in pure state from 3 wi thou t racemization, the 
opt ical pur i ty was determined for the (+) - l in 3, by 
measur ing quickly the 1H N M R spectrum of a freshly 
prepared CDCI3 so lu t ion of 3 in the presence of the 
chiral shift reagent, (—)-l,6-bis(o-chlorophenyl)-l,6-
diphenyl-2,4-hexadiyne-l ,6-diol (4),4> (Table 1). 

T h e opt ical pur i ty of the (+) - l is no t very h igh , 
probably because of an easy racemization. Half-life 
t ime of the ethyl g r o u p substituted ones ( le and lg) , ca. 
4—5 m i n in CDCI3 at 37 °C, was m u c h shorter than 
that of isopropyl g r o u p subst i tuted ones ( lb , Id, If, 

0 2 
1 H ^ R 

( + ) - R X - A s ^ 
R3 

OH 2 

i_^ R - A S z 

i > 3 

Scheme 1. 

< - ) - R W " 

@>-

0 2 

\ 
Me 

( - ) - P h - C — C = C ~ C S C - C - P h 

Table 1. Yield and Optical Purity of the 
(+)-l in 3 and Melting Point of 3 

la 
lb 
lc 
Id 
le 
If 
lg 
lh 

Arsine oxide (1) 

R1 R2 

H 
H 
o-Me 
o-Me 
ra-Me 
ra-Me 
p-Me 
p-Me 

Et 
z-Pr 
Et 
z-Pr 
Et 
z-Pr 
Et 
z-Pr 

Mp/°C of 3a> 

210—211 
170—172 
188—189 
167—168 
175—176 
144—145 
155—158 
163—165 

(+) 
Yield/%b> 

78 
52 
91 
64 
91 
50 
57 
38 

-1 

% eec> 

— d ) 

65 
0 

64 
42 
64 
40 
65 

a) 3 is a 1:1 inclusion compound of optically active 1 
and 2. b) Yield was calculated based on 3 formed. 
c) Optical purity of (+)-l was determined by measuring 
1H NMR spectrum of 3 in the presence of 4 in CDCI3. 
d) Optical purity was not determined due to an in­
solubility of the complex (3a) in CDCI3. 

Table 2. Relationship between the Chemical Shift 
Value of the Me Signal of Racemic 1 

and the Ratio of 4 to 1 

Arsine oxide (1) 
Chemical shift value ô/ppma) 

Molar ratio of 4 to racemic 1 
0 1 2 

la 

lb 

lc 

Id 

le 

If 

lg 

lh 

1.800 

1.827 

1.850 

1.917 

1.800 

1.833 

1.783 

1.767 

4.617 ( 

M .650 [ 

4.617 ( 

4.650 [ 

4.633 ( 

4.667 [ 

/1.750 { 

M.783 [ 

1.667 ( 

/1.583 ( 

M .600 [ 

/1.583 { 

M .600 [ 

/1.650 ( 

H.677 ( 

d.533 
a.567 

d.533 
a.587 

d.550 
4.617 

d.667 
a.717 

d.440 
a.493 

4.450 
a.493 

d.500 
4.550 

4.550 
4.600 

OH OH 
a) All the signals are of the Me protons on the As atom. 
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a n d l h ) , ca. 35 m i n under the same condi t ions . T h e 
arsine oxide which is substi tuted wi th relatively more 
bulky alkyl g r o u p wou ld resist against such hydra t ion 
as shown in Scheme 1 and the rate of the racemization 
would be relatively slower. In any way, the real optical 
pur i ty of the (+) - l in 3 wou ld be h igher than those 
estimated by lH N M R spectroscopy. It is not clear, 
however, why the resolut ion method is not effective for 
l c (Table 1). 

T h e chemical shift values of the Me pro tons of 1 in 
the presence of 4 are summar ied in Tab le 2. In all 
cases except le, an equ imola r a m o u n t of 4 is enough 
for an effective spl i t t ing of the Me pro ton signal. 
W h e n twice molar a m o u n t s of 4 are used, the spl i t t ing 
is about doubled (Table 2). Previously, we have 
already reported as a pre l iminary communica t ion that 
the 2 and 4 are effective as a chiral shift reagent for 
amines, alcohols, sulfoxides, selenoxides, phosph ine 
oxides, phosphates , and arsine oxides.5) We have also 
reported that 2 and 4 are useful as a chiral reagent to 
determine the absolute configurat ion of chiral com­
pounds by XH N M R spectroscopy.6) 

Finally, we succeeded in the isolat ion of optically 
active arsine oxide as an inclusion complex wi th 2. 
T h i s inclusion complex is useful to store the optically 
active arsine oxide stably. T h e inclusion complex 
m i g h t also be useful to an enantioselective reaction of 
the optically active arsine oxide, namely, direct action 
of a reagent on the inclusion complex gives optically 
active arsine derivative. 

Exper imenta l 

Material. Dialkylarylarsine oxides (1) were prepared 
according to the reported procedure.7) 

General Procedure of the Optical Resolution. For 
example, when a solution of racemic Id (0.12 g, 0.5 mmol) 
and 2 (0.14 g, 0.5 mmol) in benzene-hexane (1:1, 10 ml) was 
kept at room temperature for 5 h, a 1:1 inclusion compound 

(3d) of (+)-ld and 2 was obtained as colorless prisms (0.17 g, 
64% yield, mp 167—168 °C), the optical purity of the (+)-ld 
and 3d was determined to be 64% ee by the XH NMR 
spectroscopy as described in the following section. By the 
same procedure, racemic la, lb, and le—h were resolved 
(Table 1). 

Determination of Optical Purity. For example, when the 
XH NMR spectrum of the 1:1 complex of (+)-ld and 2 (3d) in 
CDCb in the presence of an equimolar amount of 4 by JEOR 
JNM-PMX 60 Spectrometer, the originally singlet Me signal 
of Id at 6=1.917 ppm splitted into the two signals at 6=1.750 
and 1.783 ppm of 82:18 ratio, from the data the optical purity 
of the (+)-ld was determined to be 64% ee. When the 
spectrum was measured in the presence of two molar 
amounts of 4, the signal of Me protons of (+)-ld appeared at 
6=1.667 and 1.717 ppm. By this method, optical purity of 
(+)-lb and (+)-le—h was determined (Tables 1 and 2), 
although the optical purity of (+)-la was not determined 
because of an insolubility of 3a in CDCI3. 

We wish to thank for the Ministry of Educat ion, 
Science and Cul ture , for Grant- in-Aid for Develop­
mental Scientific Research, No. 63840017. 
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Synopsis. Diastereoselective addition of dialkylzinc re­
agents to 2-phenylpropanal using amino alcohol as catalyst 
afforded erythro alcohols (Cram-selectivity) in high diastereo-
meric excess (up to 88% d.e.). 

Many efforts have been devoted to unders t and ing 
1,2-asymmetric alkylation of chiral carbonyl compounds, 
and useful models for predict ing the relative stereo­
chemistry have been provided.1} A m o n g chiral 
carbonyl compounds , 2-phenylpropanal (1) has been 
one of the most widely used fundamental indicators of 
the diastereoselectivity of 1,2-asymmetric induct ion 
(Cram's open-chain 2 ) a n d Felkin's3 ) models) in addi­
t ion reactions of organometa l l ic reagents. However, 
from the s tandpoint of organic synthesis, diastereomeric 
excesses (d.e.'s) of Cram addi t ion to 1 have been low to 

Ph 

X + (R,)2Zn 
Me CHO 

OH QH 

Catalyst^ ^ F * / " V ^ 

(1) (2) 

R2-N-CH2CH2OH 
R3 

(5) 
a;R2=R3=H 
b;R2=Me1R3=H 
c;R2=R3=Me 
d;R2=R3=Et 
e;R2= R3=n-Bu 

Scheme 1. 

Me 

Cram(3) 
a;R'--Me 
b;R'=Et 
c;R]=n-Bu 

Me 

anti-Cram(A) 

moderate, i.e., MeMgI,2> EtMgBr,2> MeZnX,4> Et 2 Zn-
TiCl4,5) MeLi.6> It is only recently that more 
diasetereoselective methods using organometallic reagents 
wi th certain auxil iaries, i.e., Bu2CuLi-Me3SiCl-crown 
ether,7) MeLi-TiCl 4 , 6 ) Et4Pb-TiCl4 ,8> have been re­
ported.9) These methods require stoichiometric amounts 
of auxil iaries such as TiCl410) and crown ether. 

We repor t a h ighly diastereoselective addi t ion to 1 
wi th an organozinc reagent u s ing a catalytic a m o u n t 
of auxil iary (catalyst). D u r i n g our con t inu ing study 
on the enantioselective addi t ion of dialkylzincs to 
aldehydes,11) we found that 1 is alkylated diastereo-
selectively in h igh d.e.'s wi th dialkylzincs (2) us ing 
a m i n o alcohols (5)12) as catalysts. W h e n 1 was treated 
wi th Et2Zn us ing 10 mol% of 2-dimethylaminoethanol 
(5c) in hexane at room temperature, 2-phenylpentan-3-
ols (3b+4b) were obtained in a combined 64% isolated 
yield.13) ErythroSb (Cram selectivity) was formed 
predomina t ly in 86% d.e. (determined by G L C 
analysis) (Table 1, Entry 4). W h e n the reaction was 
r u n at 0 °C , d.e. of 3b increased to 88%) d.e. (Entry 5). 
T r a t m e n t of 1 wi th dibutylzinc afforded Cram-3c in 
84%) d.e. (Entry 8). T h e Cram-selectivity obtained here 
is m u c h h igher than those of the existing organozinc 
methods [MeZnX (ca. 20% d.e.),4) Et 2 Zn-TiCl 4 (54% 
d.e.)5>]. 

D.e. was also h i g h when a lesser a m o u n t (5 mol%) of 
the catalyst (5c) was used (Entry 3). Both primary-
a m i n o (5a), secondary -amino (5b), and tertiary-amino 
(5c, 5d, 5e) alcohols act as catalysts to afford Cram-3b 
in h igh d.e.'s (Entries 1, 2, 4, 9, and 10).15> T h e h igh 

Table 1. Diastereoselective Alkylation of 1 with Dialkylzincs (2) 
Using Amino Alcohols (5) as Catalystsa) 

Entry R1 in 2 Catalyst (5) Alcohols (3+4) 
Yield (3+4),b>/% D.e.[Cram-3],c>/ 

1 
2 
3d) 

4 
5e> 
6» 
7 
8 
9 
10 

Et 
Et 
Et 
Et 
Et 
Et 
Me 
n-Bu 
Et 
Et 

a 
b 
c 
c 
c 
c 
c 
c 
d 
e 

b 
b 
b 
b 
b 
b 
a 
c 
b 
b 

55 
45 
53 
64 
60 
65 
55 
37 
53 
45 

83 
83 
85 
86 
88 
87 
74 
84 
85 
84 

a) Unless otherwise noted reactions were run in hexane at room temperature for 45—51 h. Molar ratio. 1:2:5= 
1.0:2.0:0.1. b) Isolated yields, c) Determined by GLC analyses. Conditions: FID detector, OV- 1,50m capillary 
column, column temp. 120°C. Retention time 15.7 min for 4a (minor), 16.3 min for 3a (major). Column 
temp. 105 °C. Retention time 46.0 min for 4b (minor), 48.2 min for 3b (major). PEG-20M 25 m capillary 
column, column temp. 125°C. Retention time 16.5 min for 4c (minor), 19.9 min for 3c (major), d) Molar ratio. 
1:2:5=1.0:2.0:0.05. e) Reaction was run at 0°C for 69 h. f) Reaction was run at 0°C in a mixed solvent of 
hexane and toluene (2:1, v/v) for 44 h. 
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diastereoselectivity of the present R2Z11 wi th a m i n o 
alcohol catalyst may results from the steric bu lk of the 
activated organozinc reagent formed in situ by the 
complex format ion of a m i n o alcohol wi th R2Zn. 
These bulky a lkyla t ing reagents are more diastereo-
selective probably because of their more effective steric 
interaction wi th the large P h g roup substi tuent of 1. 

Experimental 

GLC analyses were performed on a Shimadzu GC-4C gas 
Chromatograph with Chromatopac C-R6A data processor. 
2-Phenylpropanal (1) and amino alcohols (5a—e) were 
purchased from Tokyo Kasei, Inc. Diethylzinc (hexane 
solution) was purchased from Kanto Chemical Co. 
Dibutylzinc was prepared according to the literature 
procedure.14) 

Typical procedure (Table 1, Entry 5): To a solution of 
(5c)(13.5mg, 0.15 mmol) in hexane (1.5 ml) was added (1) 
(0.2 ml, 202 mg, 1.5 mmol). The mixture was stirred at room 
temperature for 20 min. Then, Et2Zn (3 mmol, 3.0 ml of 1 M 
hexane solution, M=mol dm - 3) was added at 0°C. The 
reaction mixture was stirred at 0 °C for 69 h and was 
quenched with 1 M HCl. The mixture was extracted with 
dichloromethane, and the extract was dried over anhydrous 
Na2SC>4, and evaporated under reduced pressure. The 
residue was purified by silica-gel TLC [hexane-AcOEt=4:1 
(v/v) as developing solvent]. Alcohols (3b and 4b) were 
obtained in 60% total yield (148 mg). NMR and IR spectra 
were identical with those of authentic samples. Conditions 
of GLC analyses are described in a footnote to Table 1. 

We thank T r i Chemica l Inc. for a generous gift of 
Me2Zn. 
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Synopsis. A reaction of reduction products of carbon 
dioxide by benzoin carbanion with sodium dithionite gave a 
substance showing only one 13C NMR absorption signal at 
75.4 ppm, which was tentatively attributed to a signal of an 
oligomer having a -C(SC>3Na(H))2- structure as a repeating 
unit. 

Interest has been s t imulated in the reaction of 
carbon dioxide (CO2) in view of the use of resources. It 
has been wel l -known that CO2 reacts wi th various 
organic c o m p o u n d s to give carboxylic acids, ̂  car­
bonate ,^ subst i tuted 3-oxazolin-5-ones,3) substi tuted 2-
oxazolidinones,4 ) a n d lactones.5) In these reactions 
CO2 incorporates in to organic compounds keeping 
CO2 uni t . There seems to be no example that CO2 is 
converted to c o m p o u n d s having O C bond and only 
carbon a tom of CO2 is given to oragnic or inorgan ic 
compounds . However, it has been reported that 
unstable carbon oxide such as C2O, which has 
structure : O C = 0 , gives a carbon a tom to ethylene 
derivatives or tetrahydrofuran to give alien deriva­
t ives0 or cyclobutanone,7 ) respectively. If CO2 is 
converted to unstable carbon oxides, there is a 
possibili ty that c o m p o u n d s hav ing O C bond(s) are 
formed and that the only carbon a tom of CO2 is given 
to organic or inorganic compounds . 

In the present report it will be shown that carbon 
a tom of the unstable carbon oxides, which are formed 
by the reduct ion of CO2 wi th benzoin carbanion (1) 
(structure is shown in Eq. 1), is given to inorganic 
c o m p o u n d by the reaction of carbon oxides wi th 
sod ium di th ioni te . In the pre l iminary report it was 
reported that saturated hydrocarbons were formed8) by 
the reaction of sydnones wi th the carbon oxides 
formed by the reduct ion of CO2 wi th Iß 

Results and Discussion 

React ion of the reduct ion products of CO2 by 1 wi th 
sod ium di th ion i te was carried ou t as described in 
Exper imenta l . Products were separated as part ial ly 
exchanged sulfonic acid salt (-SOsNa(H)) by treatment 
wi th ion exchange resin (see Experimental) . A l though 
the instabili t ies of the products and insolubil i t ies of 
the products in organic solvents prevent perfect 
pur i f icat ion a n d characterization of the products , 
observations obta ined seem to be worthy to be 
reported. 

T w o sorts of the products (products A a n d B) were 
obta ined by the reaction of sodium di th ioni te wi th the 
reduct ion products (unstable carbon oxides) formed by 
the reduct ion of CO2 wi th 1. T h e produc t A was 
obta ined by the reaction of sodium di th ioni te wi th the 
reduct ion products wh ich were formed when CO2 was 
in t roduced in to the so lu t ion of 1 in r ap id speed at 
—78 ° C for 20 min . T h e product B was obtained by the 

reaction of sodium di th ioni te wi th the reduct ion 
products which were formed when CO2 was introduced 
in slow speed at —78 °C for 1 h. 

T h e p roduc t A was isolated in a yield of 29%.10) T h e 
product A showed only one 13C N M R signal at 
75.4 p p m as is shonw in Fig. 1-a. IR spectrum of the 
product A is shown in Fig. 2-a. Elemental analyses of 
the p roduc t A were C, 4.99; H , 0.98; S, 26.80; Na, 
13.23%, wh ich indicated that S /C was nearly 2. T h e 
p roduc t A did no t show signals in *H N M R spectrum 
other than that of H2O. T h i s fact indicates that the 
produc t A does no t have C - H bonds. Since IR 
spectrum shown in Fig. 2-a resembles closely to that of 
hydrated sulfonic acids or sulfonic acid salts, the 
product A is considered to be sulfonic acid or sulfonic 
acid salt. React ion of p roduc t A wi th S-benzyl-
t h i u r o n i u m chloride1 x) gave a white precipitate. 

WfWW^ 
1 1 1 r~ 

180 160 140 120 100 80 60 40 20 0 
ppm 

Fig. 1. 13C NMR spectra (in D2O) of the reaction 
products, a: product A; b: the spectrum of the 
product A measured after standing of D2O solution 
of it for several days at room temperture; c: product B. 
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O OLi 
C6H5-C-Ç-C6H5 (1) 

I i i i i i i i i i i i i i 

4000 3600 3200 2800 2400 2000 1600 1200 800 400 
cm"1 

Fig. 2. FT-IR spectra of the reaction products, a: 
product A; b: the spectrum of the compound con­
taining carbon, which was separated from the solu­
tion described in Fig. 1-b; c: product B. 

Elemental analyses of the precipitate were almost 
coincident wi th the calculated value for -(C6H5CH2SC 
(NH2)203S)2C- (see Experimental) . These all facts 
indicate that the product A has -C(S03Na(H)) 2 -
structure as a repea t ing uni t . Determina t ion of 
molecular weight of A by means of gel permeat ion 
chromatography was impossible because of insolubility 
of the product A in organic solvents. Since the product 
A is a mix ture of sod ium salt of sulfonic acid and free 
sulfonic acid and contains water and small a m o u n t of 
silica gel,12) de terminat ion of the molecular weight by 
means of vapor phase osmometry was no t under taken. 
A l t h o u g h molecular weight of the p roduc t A was no t 
determined, the fact tha t the produc t A has only one 
signal in 13C N M R indicates that the product A is an 
o l igomer hav ing -C(SOsNa(H))2- structure as a 
repeat ing uni t . T h e formation of the product A is 
summarized in Eq. 1. 

CO2 
- 7 8 °C (THF) LCxOyLizJ 

CxOy or 

Na2S204 

reflux (THF-H2O) 

ion exchange resin 

-C(S03Na)2-

-C(S03Na(H))2-
product A 

(1) 

When a D2O solut ion of the product A was al lowed 
to stand for several days at room temperature, 
13C N M R spectrum of the so lu t ion changed in the 
chemical shift from 75.4 to 91.0 p p m as is shown in 
Fig. 1-b. Fi l t rat ion of the D2O solut ion and 
evaporat ion of filtrate gave a residue. T h i s residue was 
separated by means of T L C us ing methanol as an 
eluent to give a c o m p o u n d conta in ing carbon. IR of 
this c o m p o u n d is shown in Fig. 2-b. Elemental 
analyses of it were C, 7.59; H , 1.23; S, 20.11; Na, 
13.70%, which indicated that S /C was nearly 1. T h i s 
c o m p o u n d does not show signals in XH N M R spectrum 
other than that of H2O. Appearance of IR absorpt ion 
at a round 1100 c m - 1 in Fig. 2-b (compare wi th Fig. 
2-a) a n d the change of the ra t io of S /C from 2 (product 
A) to 1 indicate that the product A is converted to a 
ol igomer hav ing -C(OH)(SC>3Na(H))- as a repeat ing 
unit.13> 

T h e produc t B was isolated in a yield of 84%.10) 

13C N M R and IR spectra of the product B are shown in 
Fig. 1-c a n d Fig. 2-c, respectively. Elemental analyses 
of the p roduc t B were C, 11.50; H , 2.60; S, 16.35; Na, 
1.99%, which indicated that S /C was 0.53. 

13C N M R and IR spectra of the product B are a lmost 
same wi th those (Figs. 1-b and 2-b) of the c o m p o u n d 
which was obtained by s tanding of D2O solution of the 
produc t A for several days. T h i s fact indicates that the 
product B is also a ol igomer hav ing - C ( O H ) (SO3 
N a ( H ) ) - as a repeat ing uni t . However, S /C of the 
product B is lower than 1. T h i s low value of S/C and 
h igh yield of the product B (84%) calculated from the 
carbon content10) suggest that the product B is 
con tamina ted by other several impuri t ies each of 
which exists in small amoun t . One of impur i t ies can 
be seen in IR spectrum (at 1730 cm- 1 , Fig. 2-c) and 
13C N M R spectrum (at 167 p p m , Fig. 1-c). 

Format ion of the product A suggests that the carbon 
oxides formed have polymerizable C=C bond in their 
structures. Various sorts of unstable carbon oxides 
such as C20,6 '14> C30,14> C40,14> and C6014> have been 
reported. These carbon oxides have been considered to 
have a structure :C=(C)„=C=0. C2O has a ability to eject 
:C: bu t does no t have ability to eject :C=C.\ Therefore, 
a possible candidate for the carbon oxides formed by 
the reduct ion of CO2 wi th 1 wou ld be :C=(C)„= 
C=O(n>0) . React ion of the carbon oxides formed wi th 
sodium di th ioni te presumably gives an olefin hav ing a 
structure, (Na0 3S) 2C=C(S0 3Na) 2 . Hea t ing under 
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reflux of the solut ion of this olefin presumably gives 
the ol igomer A. 

Slow in t roduc t ion of CO2 would keep the basicity of 
the solut ion higher . As a result, impuri t ies , which 
catalyses conversion of the product A to the product B, 
would be formed in this case.17) 

Experimental 

General Procedure. Instruments and reaction vessel used 
and thin-layer chromatography procedure were described in 
the previous paper.9) Preparation of 1 was described in the 
previous paper.9) 

Reaction of Sodium Dithionite with Carbon Oxides 
Formed by the Reduction of CO2 with 1. After finishing of 
introduction of CO2 to the solution of 1 (4.5 mmol), a serum 
cap was put off from one neck of two-necked 100 ml flask 
and a 30 cm long Liebig cooler was put on the neck of the 
flask. Water solution (10 ml) containing 1.57 g (9 mmol) of 
sodium dithionite was added dropwise from a top of the 
cooler. During the addition the reaction solution was kept at 
—78 °C, taking care so that the solution did not blow up. 
After addition of Na2S204 solution the mixture was allowed 
to warm up to room temperature taking care so that CO2, 
which was contained in the solution, did not blow up 
abruptly. The solution was heated under reflux with 
stirring under nitrogen atmosphere. At the biginning of 
reflux additional 10 ml of Na2S204 (1.57 g) solution was 
added, followed by reflux for 1 h. At the end of the reflux for 
l h additional 5 ml of Na2S204 (0.78 g) was added to the 
mixture, followed by heating under reflux for additional 
0.5 h. 

Separation Procedure of the Reaction Products of Sodium 
Dithionite with Carbon Oxides Formed by the Reduction of 
CO2 with 1. The above stated reaction mixture of Na2S204 
with the reduction products of CO2 was totally evaporated 
using a rotary evaporator and a pump at room temperature. 
The residue obtained was extracted with water to give 50 ml 
of water solution, which gave about 7 g of the residue by 
evaporation using a pump. This residue was extracted with 
small portion of water repeatedly and all of the water 
solutions were passed successively through 80 g of DOWEX 
50W-X4 (50-100 Mesh, H Form) ion exchange resin. 16> The 
aqueous solution initially flowing out from the resin (60— 
80 ml) was evaporated to give pale yellow residue. This pale 
yellow residue was extracted with methanol and the extracts 
were separated by means of TLC using methanol as an 
eluent. 

Salt of the Product A with S-Benzylthiuronium Chloride. 
A reaction of the Product A with S-benzylthiuronium 
chloride by the procedure shown in the literature11* gave a 
white precipitate. Since this precipitate is not soluble in 
water or organic solvents, NMR spectrum was not taken. IR 
spectrum of the salt shows following absorptions; 3300— 
2800 (broad), 1657, 710 cm - 1 (these absorptions are seen in 
that of S-benzylthiuronium chloride), and 1454, 1232, 1153, 
1074, 997 cm - 1 . Elemental analyses of the salt were: Found: 
C, 39.81; H, 4.69; S, 26.47; N, 11.51%. Calcd for 
-(C6H5CH2SC(NH2)203S)2C- : C, 40.30; H, 4.38; S, 25.31; N, 
11.06%. Since the reaction procedure for making this salt11 

presumably brings about a little decomposition of the 
product A, a little discrepancy between these values is 
unavoidable. 

Au thor thanks to Professor Mitsunor i Hozawa and 
Mr. Atsushi Shono of this insti tute for helpful 
assistance of quant i ta t ive analyses of sodium ion. 
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Synopsis. The reaction of alkylidenemalononitriles with 
trimethylsilyl cyanide in the presence of KCN/18-crown-6 
gave 4,4-disubstituted 2,3-dicyano-5-imino-2-pyrrolines in 
high yields. 

In a series of t rans i t ion metal-catalyzed reaction of 
tr imethylsiyl cyanide (l),1* we have already reported 
that 1 reacted wi th aryl iodides in the presence of 
Pd(PPri3)4 to give aryl cyanides in good yields (Eq. 1).2) 

/ = \ Me3SiCN (1) /==\ 

\\\_Û~ Pd(PPh3)4 w\J/ 
CN (1) 

D u r i n g the examina t ion of scope and l imi ta t ions of 
the cyanat ion reaction, we found that l , l -dibromo-2,2-
diphenylethylene (2) reacted wi th 1 in refluxing 
toluene in the presence of Ni(PPri3)2(CO)2 gave 
(d iphenylmethylene)malononi t r i le (3a) in 92% yield 
(Eq.2). However, 2,3-dicyano-4,4-diphenyl-5-imino-2-

Ph Br Me3SiCN(1) Ph CN 

P h / ^ B r Ni(PPh3)2(CO)2 p h ^ c N 
reflux 

toluene 

without solvent 

3a 
92% 

44% 

Ph, CN 
P h - 4 — / 

H N ^ N ^ C N (2) 

H 
4a 

0% 

43% 

pyrrol ine (4a) was obta ined a long wi th 3a when the 
reaction was carried out wi thou t solvent. It was 
expected that 4a wou ld be produced by a further 
reaction of the pr imary product 3a wi th 1. Actually, 4a 
was obta ined in a h igh yield from the Ni-catalyzed 
reaction of 3a wi th 1. As a result of opt imizat ion of the 
reaction condi t ions , we have found that the nickel 
catalyst was no t neccessary to proceed the construct ion 
of pyr ro l ine r i n g from 3. We n o w wish to report that 
the reaction of alkyl idenemalononitr i les 3 wi th 1 gave 
4,4-disubstituted 2,3-dicyano-5-imino-2-pyrrolines (4) 
in h igh yields (Eq. 3).3) 

R CN 

R' CN 

Me3SiCN (1) 

KCN/18-crown-6 

R'^A f CN 

HN AX N 
H 

CN (3) 

T h e results are summarized in Tab le 1. Cyclohexyli-
denemalononi t r i le (3b) was used as substrate for 
op t imiza t ion of the reaction condi t ions . H ighe r 
temperatures gave h igher yields (Entries 1—3). 
Format ion of 4b proceeded even the reaction tem­
perature was 25 ° C and even n o catalyst was present 
(Entry 3). A l though the presence of KCN did no t affect 
the yield of the 4b (Entry 4), we have found that a small 

Table 1. Reaction of Alkylidenemalononitriles with MeaSiCN (l)a) 

Entry Substrate Temp/°C Catalyst Product Yield/%b> 

<o<c' 
3b 

Reflux 92 

2 
3 
4 
5 

6 

7 

8 

3b 
3b 
3b 
3b 

Ph CN 

>=< 
Me CN 

3c 

Ph CN 

w 
Ph7 CN 

3a 

3a 

80 
25 
25 
25 

25 

25 

50 

— 
— 

KCN 
KCN/18-crown-6 

KCN/18-crown-6 

KCN/18-crown-6 

KCN/18-crown-6 

4b 
4b 
4b 
4b 
4b 

Ph. CN 

M e i ~ l 
H N N ^ C N 

H 

4b 
Ph. CN 

P h - ) — / 

H N ^ < N > - C N 
H 

4a 

4a 

a) Reaction conditions: alkylidenemalononitrile (2.5 mmol), MesSiCN (15 mmol, 2.0 ml), 
18-crown -6 (0.1 mmol) for 20 h. b) Isolated yields based on the substrate. 

82 
52 
60 
98 

50 

26 

86 

KCN (0.1 mmol), 
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[July, 1990] NOTES 2135 
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R CN Me3SiCN R , ^ ) — / Me3SiCN R' 

R CN 

w 
R- CN cat.CN' N"r \\ 

C V C N 
N N(SiMe3)2 

6 
SiMeq 

R
v CN R

x CN 
R ' ~ / Y EtOH R,~h{ 

M e 3 S i N ^ N ^ C N - EtOSiMe3 H N ^ N ^ C N 
SiMe3 H 

7 4 

Scheme 1. 

a m o u n t of KCN/18-crown-6 are exceptionally mi ld 
and efficient catalyst for the formation of 4b (Entry 
5).4) Phenyl-subst i tuted alkyl idenemalononitr i les 3a 
and 3c gave the cor responding 2,3-dicyano-5-imino-2-
pyrrol ines 4a and 4c, respectively (Entries 6—8). T h e 
reaction of benzyl idenemalononi t r i le (3d), which has a 
hydrogen at the vinylic posi t ion, wi th 1 gave a 
complex mixture . 

A plaus ib le react ion p a t h is shown in Scheme 1. 
Michael addi t ion of 1 to a lkyl idenemalononi t r i le 3 
catalyzed by CN _ 5 ) gave a ketenimine 5 to which 1 
added to give in termedia te 6. R i n g closure of 6 by an 
in t ramolecular nuc leophi l i c attack of the s i lylamino 
g r o u p at the cyano g r o u p led silyl-protected 2,3-
dicyano-5-imino-2-pyrroline derivative 7. Desilylation 
of 7 by E t O H gave a pyrrol ine 4. 

T h e reaction of cyclohexylidenecyanoacetate (8) did 
no t give an expected product b u t hydrocyanat ion 
product 9 was obtained as a sole product (Eq. 4). 

>—f cnr 

1) Me3SiCN(1) 
KCN/18-crown-6 

COOEt 2) EtOH 
90% 

O-T 
CN COOEt 

(4) 

In summary, we found that alkylidenemalononitri les 
are the presursor for the preparat ion of 4,4-disubstituted 
2,3-dicyano-5-imino-2-pyrrolines,6) which would be 
useful intermediates for organic synthesis because of 
their multi-functionalit ies.7 ) 

Experimental 

General. Melting points (mp) were determined on a 
Yanagimoto micro melting point apparatus and uncorrected. 
Infrared spectra were obtained on a Hitachi 260-10 spectrom­
eter. Peaks are reported in units of cm -1 . 1H NMR and 
13C NMR spectra were recorded on a Bruker WM 360 
spectrometer and are reported in ppm from tetramethylsilane 
or chloroform as an internal standard on the 6 scale. Data 
are reported as follows: chemical shift, multiplicity (s= 
singlet, d=doublet, t=triplet, m=multiplet, br=broad), cou­
pling constant, integration, and interpretation. Mass spectra 
were obtained on a JMS-DX 300 with ionization voltages of 
70 eV. Elemental analyses were performed on a Perkin-
Elmer 240C by the ISIR Material Analysis Center in Osaka 
University. 

Materials. 1,1 -Dibromo-2,2-diphenylethylene (2) was pre­
pared by the literature method.8) Alkylidenemalononitriles 
(3) were prepared from the Knoevenagel reaction9* of 
corresponding ketones with malononitrile according to the 
method reported previously by our group.10) Trimethylsilyl 

cyanide was obtained from Tokyo Kasei Co., and distilled 
from CaÜ2. 18-Crown-6 was purchased from Aldrich Co., 
and recrystallized from CH3CN. 

General Procedure for the Reaction of Alkylidenemalono­
nitriles with Trimethylsilyl Cyanide. To a solution of 
alkylidenemalononitrile (2.5 mmol) and MeßSiCN (15 mmol, 
2.0 ml) was added KCN/18-crown-6 (0.1 mmol/0.1 mmol). 
The solution was stirred at 25 ° C for 20 h and exess MeßSiCN 
was distilled in vacuo. To the residue was added EtOH 
(20 ml) and the mixture was stirred at 25 °C for 1 h. 
Recrystallization of the residue from acetone/hexane gave 
4,4-disubstituted 2,3-dicyano-5-imino-2-pyrrolines. Spectral 
samples were obtained by recrystallization from EtOH. 

2,3-Dicyano-5-imino-4,4-pentamethylene-2-pyrroline (4a). 
White solid, mp 220 °C (decomp); IR (Nujol) 3360, 3330, 
2230, 2205, 1675, 1650, 1550 cm"1; iH NMR (acetone-^) 
0=1.74—1.96 (c, 10 H, CH2), 7.63 (br, 1 H, NH), 8.04 (br, 1 H, 
NH); !3CNMR (acetone-d6) 6=22.58, 25.24, 34.12, 58.54, 
112.2, 114.3, 116.7, 142.0, 185.6; MS m/z 200 (M+). Found: C, 
66.01; H, 5.85; N, 27.77%. Calcd for C11H12N4: C, 65.98; H. 
6.04; N, 27.98%. 

2,3-Dicyano-5-imino-4-methyl-4-phenyl-2-pyrroline (4b). 
White solid; mp 218 °C (decomp); IR (Nujol)2420, 2230, 

2200, 1655, 1570; *H NMR (acetone-d6) 6=1.84 (s, 3H, CH3), 
7.43 (d, /=7.0 Hz, 2 H, Ph), 7.44—7.46 (m, 3 , Ph), 7.65(br, 
1 H, NH), 8.14 (br, 1 H, NH); 13C NMR (acetone-*,) 6=20.52, 
61.58, 113.7, 114.1, 116.2, 127.0, 129.5, 130.2, 136.7, 140.2, 
185.5. MS m/z 222 (M+); Found: C, 69.96; H, 4.16; N, 24.55%. 
Calcd for C13H10N4: C, 70.26; H, 4.54; N, 25.21%. 

2,3-Dicyano-4,4-diphenyl-5-imino-2-pyrroline (4c). 
White solid; mp 280 °C (decomp); IR (Nujol) 3400, 2210, 

1670, 1560; ^ N M R (acetone-*,) 6=7.29—7.51 (m, 10 H, 
Ph), 8.69(br, 2 H, NH); MS m/z 284 (M+). Found: C, 76.25; 
H, 4.13; N, 19.29%. Calcd for Ci8Hi2N4: C, 76.04; H, 4.25; N, 
19.71%. 

Ethyl Cyano(l-cyanocyclohexyl)acetate (11). Colorless 
oil; IR (neat) 2250, 2240, 1745; *H NMR (CDCI3) 6=4.33 (q, 
/=7.2 Hz, 2 H, CH2O), 3.65 (s, 1 H, CH), 2.24 (m, 1 H, CH2), 
2.08 (m, 1H, CH), 1.53—1.88 (m, 8 H, CH2), 1.37 (t, 
/=7.2 Hz, 3 H, CH3); MS, m/z 220 (M+). 
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Radical salts of 2,7-bis(methylthio)-l,6-dithiapyrene (MTDTPY) with PF£ and 2,7-bis(methylseleno)-l,6-
dithiapyrene (MSDTPY) with AsFë and [Au(CN)2]" were prepared using an electrochemical method._ The 
crystal structures of these salts were determined with an X-ray method. MTDTPY-(PFe)o.67 (triclinic PI) and 
MSDTPY-(AsF6)o.67 (triclinic PI) form uniform segregated stacks of MTDTPY and MSDTPY molecules with 
interplanar distances of 3.40 and 3.59Â, respectively. Short S-S contacts of 3.46—3.56Â for MTDTPY-(PF6)o.67 
and 3.54—3.61 Â for MSDTPY-(AsFe)o.67 were observed between the columns. The chains of disordered PFë 
and AsFë were found to be parallel to the stack axis. Analysis of the disorder showed a stoichiometric ratio of 
the DTPY derivatives and counter anions at 1:0.67; the formal charge of MTDTPY and MSDTPY was 
estimated at +0.67. MSDTPY-Au(CN)2 (monoclinic P2/c) forms a segregated stack of MSDTPY molecules 
with an interplanar distance of 3.40 Â. The optical reflection spectra of these crystals were measured with 
polarized light both parallel and perpendicular to the stack axis. In spite of the short intercolumnar S-S 
contacts, the spectra of MTDTPY-(PFe)o.67 and MSDTPY-(AsFe)o.67 showed a strong one-dimensional character. 
The optical conductivity spectra (o(co)) and the real part of the dielectric constant (£'(co)) along the stack axis 
were obtained by means of Kramers-Kronig transformation. Both the conductivity spectra and the dielectric 
constant substantially differ from the simple Drude model. These results were analyzed with a one-
dimensional electron-localization model in a disordered system with the following optical parameters: 
<*>p=im0 cm-1; T ;=2 .2X10- 1 5 S (rf1=2400 cm"1) and £COre=3.0 for MTDTPY-(PF6)o.67 and c^=10000 cm"1; 
T;=2 .2X10- 1 5 S (Tf1=2400 cm"1) and £COre=3.5 for MSDTPY-(AsF6)o.67. From the spectra of MSDTPY-Au(CN)2, 
the on-site Coulomb repulsion U was estimated at 6000 cm -1 . 

In the field of synthetic organic metals, tetrathiaful-
valene ( T T F ) and its derivatives have been widely 
investigated.1) Some of the tetramethyltetraselenaful-
valene (TMTSF) radical salts2) and bis(ethylenedithio)-
tetrathiafulvalene ( B E D T - T T F ) radical salts3) have 
shown superconductivi ty. It is thus impor t an t to 
design new components for organic metals in order to 
find the mechanism of metallic conductivity and 
superconductivity. Nakasuji et al. designed new 
donors, (3,10-dithiaperylene (DTPR) and 1,6-dithia-
pyrene DTPY)) which be long to a class of peri-fused 
Weitz-type donors.4 ) These new donors are substi­
tuted wi th either methyl th io or methylseleno groups 
in order to increase the dimensional i ty of the conduct­
i ng chains. Actually, in charge-transfer complexes of 
2,7-bismethylthio)- l ,6-di thiapyrene ( M T D T P Y ) (Fig. 
1) wi th T C N Q and chlorani l , short S-S contacts are 
found and metall ic conductivity was observed.5) 

MTDTPY MSDTPY 

Fig. 1. Molecular structures of MTDTPY and 
MSDTPY. 

In this paper we present s tructural studies concern­
ing the radical salts of M T D T P Y wi th PF£ and 2,7-
bis(methylseleno)-l ,6-dithiapyrene (MSDTPY) (Fig. 
1), wi th AsFë and [Au(CN)2]~ prepared by an electro­
chemical method. We determined the crystal struc­
tures of these salts wi th an X-ray method and mea­
sured the polarized reflection spectra (200—20000 
cm - 1 ) a long directions bo th parallel and perpendicu­
lar to the stack axis. Based on a one-dimensional 
electron localization model, we could explain the 
infrared spectra which characterize the behavior of 
conduct ing electron. 

Experimental 

Preparation of Single Crystals of MTDTPY-(PF6)o.67: 
Single crystals of 2,7-MTDTPY-(PF6)o.67 suitable for X-ray 
crystal structure analysis and reflection-spectra measure­
ments were grown using electrocrystallization techniques. 
A solution of 2,7-MTDTPY (0.1 M, 1 M=l mol dm"3) in 
acetonitrile containing 72-BU4NPF6 (0.6 M) was oxidized on a 
platinum anode at a constant current (1.0 JLIA) for several 
days. The resulting black plates were collected and dried. 
The stoichiometry was deduced from a structural analysis. 

Preparation of 2,7-Bis(methylseleno)-l,6-dithiapyrene 
(MSDTPY): To a solution of 1,6-dithiapyrene (960 mg, 
4.00 mmol) in tetrahydrofuran (200 mL) was added 1.5 M n-
BuLi (16.0 mL, 24 mmol) in hexane at - 7 0 °C. After 30 
min. stirring, selenium powder (156 g (20.0 mmol)) was 
added. The resulting mixture was allowed to warm to 0 °C 
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over 1 h and was then cooled to —70 °C. To the mixture 
was added methyl iodide (1.56 mL, 25 mmol); this mixture 
was allowed to warm to room temperature. After evapora­
tion of the tetrahydrofurane, the mixture was treated with 
water and extracted with dichloromethane. The extracts 
were dried over magnesium sulfate and concentrated under 
reduced pressure. Recrystallization from benzene gave 2,7-
bis(methylseleno)-l,6-dithiapyrene (MSDTPY) (1.26 g, 74%): 
Orange plates, mp 185 °C; *H NMR 0=2.24 (6H, s), 6.07 (2H, 
d, /=8.0 Hz), 6.10 (2H, s), 6.23 (2H, d, /=8.0 Hz); UV /lmax 
(toluene) 292 nm (sh loge 4.05), 434 (3.99), 456 (4.04); MS m/z 
(relative intensity) 428 (M+, 100%); Anal. Calcd for 
Ci6Hi2S2Se2: C, 45.08; H, 2.84%. Found: C, 45.27; H, 2.84%. 

Preparation of Single Crystals of MSDTPY Salts: Sin­
gle crystals of MSDTPY-(AsF6)o.67 and MSDTPY-Au(CN)2 

were grown using electrocrystallization techniques. A 
solution of MSDTPY (0.1 M) in dichloromethane contain­
ing 72-Bu4NAsF6/n-Bu4N[Au(CN)2] (0.6 M) was oxidized on 
a platinum anode at a constant current (3.5 uA) for several 
days. The resulting black needles were collected and dried. 
The stoichiometry was determined by elemental analysis. 
MSDTPY-(AsF6)o.67: Calcd for Ci6Hi2S2Se2(AsF6)o.67: C, 
34.76; H, 2.19%. Found: C, 34.86; H, 2.38%. MSDTPY-
Au(CN)2: Calcd for Ci6Hi2S2Se2Au(CN)2: C, 32.01; H, 1.79%. 
Found: C, 32.20; H, 1.87%. 

X-ray Study: X-ray diffraction data were collected using 
a Rigaku automated four-circle diffractometer with MoKa 
radiation (A=0.7093 Â) monochromatized by graphite. The 
28-0) scan mode was employed (20max=5Oo). MTDTPY-
(PF6)o.67 and MSDTPY-(AsFe)o.67 showed diffuse scattering 

in addition to normal Bragg reflections in the oscillation 
photographs on the planes perpendicular to the oaxis. 
The diffuse layers were indexed on the basis of a superstruc­
ture spacing of 6.45 Â and 6.57 Â for MTDTPY-(PF6)o.67 and 
MSDTPY-(AsF6)o.67, respectively. Three standard reflec­
tions, which were measured every 100 reflections, decay less 
than 1, 1 and 3% for MSDTPY-(AsF6)o.67, MSDTPY-
(AsF6)o.67, and MSDTPY-Au(CN)2, respectively. The 
experimental details and crystal data are given in Table 1. 

The structures were solved by a Monte-Carlo direct 
method6) with the aid of the MULTAN-78 program system.7) 
It was refined using a full-matrix least-square method on 
F28) with anisotropic temperature factors. In MSDTPY-
(AsF6)o.67, no H atoms were allocated; in MSDTPY-(AsFe)o.67 
and MSDTPY-Au(CN)2, all H atoms were allocated from a 
differential Fourier map and were refined with isotropic 
temperature factors equivalent to the bonded carbon atoms. 
Atomic scattering factors were taken from International 
Tables for X-ray Crystallography.9^ Finally, we obtained 
values for R (K=2ll f i>HF c | | /2 l* 'o | ) and Rw {Rw= 
2Ml^oHFc | | /2a> |J r o | ) of 0.083 and 0.079 for MTDTPY-
(PF6)o.67, 0.116 and 0.098 for MSDTPY-(AsF6)o.67 and 0.042 
and 0.039 for MSDTPY-Au(CN)2, respectively. All calcu­
lations were carried out on FACOM M780 and FACOM 
VP200 computers at the Nagoya University Computer 
Center. The final positional parameters and equivalent 
isotropic thermal parameters of MTDTPY-(PFe)o.67, 
MSDTPY-(AsF6)o.67 and MSDTPT-Au(CN)2 are given in 
Tables 2, 3 and 4, respectively. The complete F0—Fc tables, 
atomic parameters of the H atoms and the anisotropic 

Table 1. Crystal Data and Experimental Datails for X-Ray Studies 

Formula 
Fw 
Cell 
a/A 
b/k 
c/k 
OL/° 

ß/° 
y/° 

v/k* 
z Dm g cm - 3 

Dx gem - 3 

Space group 
Crystal shape 
Crystal dimension 
Radiation 

ji/cm.'1 

Abs correction 
Scan mode 
Scan range 
No. of data 
No. of data 

with F>3o(F) 
Decay 
No. of variables 
R on Fo 
Rw on Fo 

MTDTPY-(PF6)o.67 

Ci6H12S4P0.67F4.00 
428.2 

8.289(3) 
13.074(4) 
4.302(4) 

91.45(5) 
103.75(5) 
109.11(12) 
447.2(12) 
1 
1.60 
1.62 
PI 
Black plate 
0.50X0.15X0.05 mm 

graphite 

6.52 
None 

1530 
1252 

less than 1% 
143 
0.083 
0.079 

MSDTPY-(AsF6)o.67 

Ci6H12S2Se2As0.67F4.00 
552.25 

8.373(8) 
13.328(27) 
4.371(4) 

91.12(13) 
102.81(10) 
148.75(7) 
447.2(20) 
1 
2.02 
2.05 
PI 
Black plate 
0.50X0.10X0.05 mm 

:-monocromated Mo Ka 
A=0.7093Â 

61.5 
Analytical*0 

29-oj 

20^50° 
1181 
877 

less than 1% 
129 
0.116 
0.098 

MSDTPY-Au(CN)2 

Ci8Hi2N2S2Se2Aui 
675.31 

12.504(2) 
10.342(2) 
7.156(6) 

102.27(3) 

904.3(7) 
2 
2.50 
2.48 
P2/c 
Black block 
0.30X0.05X0.05 mm 

109.0 
None 

1601 
1318 

less than 3% 
131 
0.042 
0.039 

a) Ref. 8. 

Ci6H12S4P0.67F4.00
Ci6H12S2Se2As0.67F4.00
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Table 2. Final Atomic Coordinates (X104) and Equivalent 
Isotropic Thermal Parameters, Beq (Â2) (X101) 

of MTDTPY-(PF6)o.67. 
1Äeq=8/3ic22S UijafafaiOj 

Atom 

P 
F(l) 
F(2) 
F(3) 
S(l) 
S(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

X 

0 
0497(16) 

-1528(15) 
1517(22) 
1829(1) 
2353(2) 
3323(5) 
4959(5) 
5630(5) 
4640(5) 
2904(5) 
1951(5) 
7327(5) 
3979(10) 

i ] 

y 

0 
-1004(7) 
-0464(7) 

0506(16) 
5354(1) 
7370(1) 
6642(3) 
6999(4) 
6364(3) 
5294(3) 
4757(3) 
3706(4) 
6847(4) 
8669(6) 

z 

5000 
5177(36) 
6517(47) 
7687(49) 
8263(3) 

11573(3) 
9622(9) 
9136(10) 
7333(9) 
5903(9) 
6192(8) 
4768(10) 
6949(11) 

12560(21) 

Beq 

127(3) 
167(6) 
172(7) 
220(10) 
33(1) 
44(1) 
31(1) 
30(1) 
27(1) 
25(1) 
25(1) 
31(1) 
31(1) 
64(2) 

Table 3. Final Atomic Coordinates (X104) and Equivalent 
Isotropic Thermal Parameters, Beq (Â2) (XI01) 

of MSDTPY-(AsF6)o.67. 

aßeq=8/37r22.2.C/zyflz*fly*flzay 

Atom 

As 
F(l) 
F(2) 
F(3) 
Se 
S 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

X 

0 
0593(212) 

-1744(34) 
0325(49) 
2277(3) 
1842(7) 
3313(28) 
5025(22) 
5637(23) 
4645(25) 
2878(23) 
1960(25) 
7360(24) 
4090(33) 

y 

0 
0279(173) 

-0547(21) 
-1035(21) 

7409(2) 
5338(5) 
6602(17) 
7047(16) 
6374(16) 
5290(16) 
4733(18) 
3674(18) 
6887(17) 
8826(19) 

z 

0 
4595(937) 
1749(278) 

-0385(164) 
6553(7) 
3243(14) 
4511(45) 
4124(45) 
2323(45) 
0921(43) 
1161(43) 

-0136(51) 
1972(51) 
7212(67) 

Beq 

258(15) 
316(105) 
279(42) 
292(33) 

55(1) 
44(2) 
39(8) 
35(7) 
29(7) 
27(7) 
31(7) 
37(8) 
40(8) 
78(11) 

Table 4. Final Atomic Coordinates (X104) and Equivalent 
Isotropic Thermal Parameters, Beq (Â2) (X101) 

of MSDTPY-Au(CN)2. 
aßeq=8/37r22.2;I/zyai*ay*azay 

Atom 

Au 
Se 
S 
N 

C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 

X 

0 
2799(1) 
4769(2) 
1142(7) 
3461(6) 
3048(7) 
3613(6) 
4730(5) 
5323(6) 
6431(6) 
3059(7) 
1370(7) 
690(8) 

y 

0 
5442(1) 
6711(2) 

-2714(10) 
7005(7) 
8201(8) 
9373(7) 
9406(7) 
8241(7) 
8290(8) 

10551(8) 
6073(11) 

-1727(12) 

z 

5000 
2452(1) 
4843(3) 
5770(15) 
3460(11) 
3142(12) 
3755(11) 
4768(11) 
5325(11) 
6286(12) 
3286(13) 
1173(18) 
5441(16) 

Beq 

43(1) 
30(1) 
25(1) 
54(3) 
22(2) 
23(2) 
21(2) 
19(2) 
22(2) 
24(2) 
26(2) 
42(3) 
46(3) 
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temperature factors have been deposited as Document No. 
8927 at the Office of Editor of Bull. Chem. Soc. Jpn. 

Reflection Spectra: Reflection spectra were measured 
within the 200—20000, 700—20000, and 4000—20000 cm"1 

range for MTDTPY-(PF6)o.67, MSDTPY-(AsF6)o.67 and 
MTDTPY-Au(CN)2, respectively. The far-infrared region, 
200—800 cm - 1 , was covered with a Fourier-interferrometer 
equipped with a Ge bolometer. For the mid-infrared 
region, 700—5000 cm-1,another Fourier spectrometer with a 
HgCdTe detector was used. For the near-infrared and vis­
ible regions, a microspectrophotometer was used, which 
comprised a Carl-Zeiss double monochromator with a PbS 
cell and a photomultiplier tube (HTV 928). An alumi­
num mirror and a SiC were used as references in the infrared 
and visible regions, respectively. 

Kramers»Kronig Analysis: The optical conductivity 
spectra {o(co)) along the stack axis were obtained by means of 
Kramers-Kronig transformation. In order to determine the 
phase shift (6(co)) upon reflection at both ends of measure­
ment, we extrapolated the reflectance with a Drude-like 
function (R(Ù))=A—BO)^2) at low frequency and with an 
inverse fourth-power function (R(co)=CIcoA) at high fre­
quency. A, B, and C were determined with a least-square 
method within low- and high- frequency regions. 

Results and Discussion 

Crystal Structure. A: MTDTPY-(PF6)o.67: The bond 
distances and angles of the M T D T P Y molecule are 

C6 C7' 

Fig. 2. Molecular structures and it's numbering 
schemes of (a) MTDTPY-(PF6)o.67: (b) MSDTPY-
(AsF6)o.67; (c) MSDTPY-Au(CN)2. 
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Table 5. Intramolecular Distances (/Â) 
and Angles (/°) for MTDTP-(PF6)o.67a) 

S(l)-C(l) 
S(l)-C(5) 
S(2)-C(l) 
S(2)-C(8) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(3)-C(7) 

C(l)-S(l)-C(5) 
C(l)-S(2)-C(8) 
S(l)-C(l)-S(2) 
S(l)-C(l)-C(2) 
S(2)-C(l)-C(2) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(2)-C(3)-C(7) 
C(4)-C(3)-C(7) 

Distances 
1.732(2) 
1.726(5) 
1.739(5) 
1.767(6) 
1.356(6) 
1.437(5) 
1.414(5) 
1.400(6) 

C(4)-C(5) 
C(4)-C(4') 
C(5)-C(6) 
C(6)-C(7') 

Angles 
103.8(2) 
102.8(3) 
108.8(2) 
124.0(4) 
127.2(3) 
123.8(4) 
122.9(4) 
117.7(4) 
119.4(4) 

C(3)-C(4)-C(5) 
C(3)-C(4)-C(4') 
C(5)-C(4)-C(4') 
S(l)-C(5)-C(4) 
S(l)-C(5)-C(6) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(7') 
C(3)-C(7)-C(6/) 

1.425(5) 
1.425(5) 
1.388(5) 
1.372(6) 

122.2(4) 
120.6(4) 
117.2(4) 
123.2(3) 
115.4(3) 
121.4(4) 
120.4(4) 
121.0(4) 

a) Estimated standard deviations are encloded in 
parentheses. 

listed in Table 5, respectively. An ORTEP10) per­
spective drawing of the molecular structure and the 
numbering are shown in Fig. (2a). The methylthio groups 
deviate from the planar DTPY skeleton: 0.19Â for C8. 

Diffuse spots were found on the plane normal to the 
c-axis and the superstructure spacing (c') corresponds 
to 3/2c. The diffuse planes have been interpreted as 
the superlattice of PFe. Since 3c=2c', the PFë super-
lattice is commensurate with the MTDTPY lattice. 
As shown in Fig. 3, PFë is aligned at intervals of 6.45 Â 
along the c-axls. According to this model, the stoi­
chiometric ratio of MTDTPY and PFë is 1:0.67. 
This value is consistent with the density of the crystal, 
pm=1.60 gem- 3 and pm=1.62 gem-3 for MTDTPY-
(PF6)o.67- The temperature factors of PFë have large 
values along the c-axis (Fig. 3). This result supports 

Fig. 4. Crystal structure 
viewed along c-axis. 

of MTDTPY-(PF6)o.67 

(a) 

Fig. 3. Anion disorder model of MTDTPY-(PF6)o.67. 
(d=6.45Â) 

Fig. 5. Overlap mode of MTDTPY and MSDTPY 
molecules in stack form, (a) MTDTPY-(PF6)o.67 
(interplanar distance 3.40 Â); (b) MSDTPY-
(AsF6)o.67 (interplanar distance 3.59 Â); (c) 
MSDTPY-Au(CN)2 (interplanar distance 3.40 Â). 

the disorder model of PFë. 
The crystal structure of MTDTPY-(PFe)o.67 is shown 

in Fig. 4. The stack of MTDTPY is iso-structural 
with ß-MTDTPY-TCNQ complex.5) The inter­
planar spacing of MTDTPY along the c-axis is 3.40 Â. 
The overlap mode of MTDTPY molecules in the stack 
is shown in Fig. (5a). (This value is shorter than 
3.48Â of the TCNQ complex.) As shown in Fig. 
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(b) 

Fig. 6. View of the sheet-like network of MTDTPY 
and MSDTPY molecules in (a) MTDTPY-(PF6)o.67 
(di=3.460Â d2=3.568Â); (b) MSDTPY-(AsF6)o.67 
(di=3.54Â&=3.61Â). 

Table 6. Intramolecular Distances (/A) 
and Angles (/°) for MSDTPY-(AsF6)o.674 

Se -C(l) 
Se -C(8) 
S -C(l) 
S -C(5) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(3)-C(7) 

C(l)-Se -C(8) 
C(l)-S -C(5) 
Se -C(l)-S 
Se -C(l)-C(2) 
S -C(l)-C(2) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
G(2)-C(3)-C(7) 
C(4)-C(3)-C(7) 

Distances 
1.90(3) 
1.97(2) 
1.72(2) 
1.74(3) 
1.41(3) 
1.46(3) 
1.45(3) 
1.42(3) 

C(4)-C(5) 
C(4)-C(4') 
C(5)-C(6) 
C(6)-C(7') 
As -F(l) 
As -F(2) 
As -F(3) 

Angles 
101(1) 
105(1) 
110(1) 
122(1) 
128(2) 
117(2) 
126(2) 
114(2) 
121(2) 

C(3)-C(4)-C(4') 
C(3)-C(4)-C(5) 
C(5)-C(4)-C(4') 
S -C(5)-C(4) 
S -C(5)-C(6) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(7') 
C(3)-C(7)-C(6/) 

1.45(3) 
1.44(5) 
1.40(3) 
1.41(4) 
1.96(40) 
1.75(8) 
1.50(4) 

121(2) 
123(2) 
116(2) 
121(2) 
117(2) 
122(2) 
122(2) 
118(2) 

a) Estimated standard deviations are encloded in 
parentheses. 

6(a), there are shorter intercolumnar S-S contacts 
(3.460(2)Â in the [TOI] direction and 3.568(2)Â in the 
[100] direction) than the van der Waals contacts. 
Regarding the intercolumnar contacts, the donor 
sheets in this crystal are more closely packed than in 
the case of the TCNQ complex.5) 

Fig. 7. Crystal structure 
viewed along oaxis. 

of MSDTPY-(AsF6)o.67 

B: MSDTPY-(AsF6)o.67: The bond distances and 
angles of MSDTPY-(AsF6)o.67 are listed in Table 6. 
An ORTEP perspective drawing of the molecular 
structure and the numbering are shown in Fig. 2(b). 
The methylseleno groups deviate from the planar 
DTPY skeleton: 0.16Â for C8. 

MSDTPY-(AsF6)o.67 is an isostructure of MTDTPY-
(PF6)o.67. Similarly to MTDTPY-(PF6)o.67 diffuse spots 
are found on the plane normal to the c-axis, and the 
superstructure spacing (c') corresponds to 3/2c. The 
diffuse planes are interpreted as being a superlattice of 
AsFë ions. Since 3c=2c/, the AsFë superlattice is 
commensurate with the MSDTPY lattice. The AsFë 
ions align at intervals of 6.57 Â along the c-axis. 
According to this model, the stoichiometric ratio of 
MSDTPY and AsFë is 1:0.67. This is consistent 
with the result of elemental analysis. 

The crystal structure of MSDTPY-(AsF6)o.67 is 
shown in Fig. 7. MSDTPY molecules are arranged in 
the same mannar as MTDTPY molecules in MTDTPY-
(PF6)o.67. MSDTPY molecules form a stacked 
column along the c-axis with an interplanar spacing 
of 3.59 Â. This value is longer than 3.40 Â of 
MTDTPY-(PF6)o.67. The overlap mode of MSDTPY 
molecules in the stack is shown in Fig. 5(b). As 
shown in Fig. 6(b), there are shorter intercolumnar S-
S contacts (3.54(2)Â in the [TOI] direction and 
3.61(3) Â in the [100] direction) than in the van der 
Waals contacts. 

C: MSDTPY-Au(CN)2: The bond distances and 
angles of MSDTPY-Au(CN)2 are listed in Table 7. 
An ORTEP perspective drawing of the molecular 
structure and the numbering are shown in Fig. 2(c). 
The methylseleno groups deviate from the planar 
DTPY skeleton: 0.03 Â for C8. The crystal structure 
of MSDTPY-Au(CN)2 is shown in Fig. 8. MSDTPY 
molecules form a stacked column along the c-axis. 
The overlap mode of MSDTPY molecules in the 
stacking direction with an interplanar spacing of 
3.40 Â and a dihedral angle of 6.6° is shown in Fig. 
5(c). The intercolumnar S-S contacts were 3.59 Â 
and the intercolumnar contacts through substituted 
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Table 7. Intramolecular Distances (/A) 
and Angles (/°) for MSDTPY-Au(CN)2

4 

Se -C(l) 
S -C(8) 
S -C(l) 
S -C(5) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 

C(l)-Se -C(8) 
C(l)-Se -C(5) 
Se -C(l)-S 
Se -C(l)-C(2) 
S -C(l)-C(2) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(2)-C(3)-C(7) 
C(4)-C(3)-C(7) 
C(3)-C(4)-C(5) 

Distances 
1.888(7) 
1.940(9) 
1.749(7) 
1.732(8) 
1.341(11) 
1.425(11) 
1.431(10) 

C(4)-C(5) 
C(3)-C(7) 
C(4)-C(4') 
C(5)-C(6') 
C(6)-C(7') 
Au -C(9) 
C(9)-N 

Angles 
100.2(4) 
103.9(4) 
110.4(4) 
127.1(6) 
122.4(6) 
125.8(7) 
122.9(7) 
118.5(7) 
118.6(7) 
121.0(7) 

C(3)-G(4)-C(4/) 
C(5)-C(4)-C(4') 
S -C(5)-C(4) 
S -C(5)-C(6) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(7') 
C(3)-C(7)-C(6/) 
Au -C(7)-N 
C(9)-Au -0(90 

1.426(10) 
1.405(11) 
1.408(14) 
1.411(10) 
1.362(11) 
1.979(12) 
1.167(16) 

120.5(8) 
118.5(7) 
123.6(5) 
116.1(6) 
120.3(7) 
120.4(7) 
121.7(7) 
176.4(8) 
180.0(8) 

a) Estimated standard deviations are encloded in 
parentheses. 

Fig. 8. Crystal structure of MSDTPY-Au(CN)2 
viewed along c-axis. (di=3.69Â Gfe=3.59Â). 

selenium atoms were 3.69 Â (See Fig. 8). 
Estimation of Transfer Integrals. In order to esti­

mate interaction between MTDTPY molecules in 
MTDTPY-(PF6)o.67 and MSDTPY molecules in 
MSDTPY-(AsF6)o.67, we calculated the transfer inte­
grals for some of the directions with the highest occu­
pied orbital by the PPP method. In MTDTPY-
(PF6)o.67, values of *i=0.249 eV, *2=0.005 eV, and 
te=0.004 eV were calculated for directions [001], [100], 
and [Ï01], respectively, in MSDTPY-(AsF6)o.67; values 
of *i=0.150 eV, *2=0.004 eV and *3=0.003 eV were 
calculated for the directions [001], [100], and [101], 
respectively (See Fig. 6). From the large anisotoropy 
in MTDTPY-(PF6)o.67 and MSDTPY-(AsF6)o.67, it is 
expected that, in spite of short intercolumnar S-S 
contacts, the MTDTPY and MSDTPY columns 
formed one-dimensional conducting chains. Accord­
ing to the tight-binding model, the HOMO band is 
partially filled when the formal charge of a molecule 
is +0.67. The dc conductivity of a single crystal at 
ambient temperature along the stack axis is weakly 

temperature dependent with 43 S cm - 1 for MTDTPY-
(PF6)o.67 and 36 Sern"1 for MSDTPY-(AsF6)o.67. 
Though these values correspond to that of a moderate 
organic conductor, they show semiconductlve behav­
ior within the low-temperature region.n) 

Reflection spectra. A: MTDTPY-(PF6)o.67: The 
reflection spectra of MTDTPY-(PF6)o.67 on [010] are 
shown in Fig. 9. The reflection spectra of a single 
crystal showed the typical behavior of a one-
dimensional metallic column. The reflectance with 
light polarized parallel to the c-axis is much higher 
than that of the perpendicular direction. A Drude-
type reflectance edge could be discerned around 6000 
cm - 1 indicating the presence of a free carrier. In the 
stacking direction, a number of sharp peaks were 
found in the 500—1500 cm - 1 infrared region. Strong 
peaks (836, 902, 1000, 1122, 1330, 1394, 1422 cm"1) 
were found in the IR spectra of MTDTPY. However, 
the vibrational peaks in the perpendicular direction 
are relatively weak and most vibrational peaks of in-
plane mode should not be observed in the stacking 
direction. The ^dg-type Raman modes appear in the 
infrared spectra through a coupling with an out-of-
plane electronic transition of the charge-transfer char­
acter (electorn-molecular vibration coupling).12) 
Therefore, the positions of these peaks (1190, 1330, 
1420 cm -1) may correspond to the Raman spectra of 
MTDTPY (1215, 1327, 1365, 1445 cm-*). The peak at 
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Fig. 9. Reflection spectra on [010] of MTDTPY-
(PF6)o.67. (solid line: parallel to oaxis, dashed line: 
perpendiculer to oaxis). 
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Fig. 10. Reflection spectra on [010] of MSDTPY-
(AsF6)o.67. (solid line: parallel to c-axis, dashed line: 
perpendiculer to c-axis). 
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1000 cm"1 may correspond to the IR mode, and the 
peak at 810 cm - 1 is due to PFë. 

B: MSDTPY-(AsF6)o.67: The reflection spectra of 
MSDTPY-(AsF6)o.67 on [010] are shown in Fig. 10. 
As well as MTDTPY-(PF6)o.67, the reflection spectra of 
the single crystal showed the typical behavior of a one-
dimensional metallic column. The reflectance with 
light polarized parallel to the c-axis was much higher 
than that in the perpendicular direction. A Drude-
type reflectance edge could be discerned around 6000 
cm-1, indicating the presence of a free carrier. Com­
pared with MTDTPY-(PF6)o.67, however, the reflec­
tance is relatively low. 

G: MSDTPY-Au(CN)2: Since the stoichiometric 
ratio of MSDTPY and [AuCN)2]" is 1:1, MSDTPY 
molecules are fully oxidized and exist as MSDTPY"1" 
ions. The reflection spectra of MSDTPY-Au(CN)2 

on [100] are shown in Fig. 11. Obviously, a strong 
electronic transition exists for polarization parallel to 
the stacking axis; however, no clear transitions could 
be found for polarization perpendicular to the stack 
axis. This transition is assigned to the charge-
transfer band between MSDTPY radical cations. 
According to a simple harmonic-oscillator model, the 
transition energy, oscillator strength and half-band 
width exist at 6000 cm"1, 0.6 and 2800 cm -1 , respec­
tively. Since MSDTPY molecules are fully oxidized, 
this transition energy corresponds to an on-site 
Coulmb repulsion ([/). This value is relatively small 
compared to TCNQ,12) showing that U is smaller for a 
large layered conjugated system and that MSDTPY is 
suitable for the component of organic metals. Since 
the result gives a smaller value of U, the dc conducti­
vity at room temperature11) is relatively high (a=0.15 
S cm"1), compared with other fully oxidised charge-
transfer complexes. 

Optical Properties and One Dimensional Localiza­
tion Models. The optical conductivity (o(co)) and the 
real part of the dielectric constant (fi'(<w)) spectra for 
MTDTPY-(PF6)o.67 and MSDTPY-(AsF6)o.67 are 
shown in Figs. 12 and 13, respectively. According to 
the relatively low dc conductivities (~10 Sern-1) of 
these materials, the optical conductivities of the 
DTPY families have their maxima in the infrared 
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Fig. 11. Reflection spectra on [100] of MSDTPY-
Au(CN)2. (solid line: parallel to oaxis, dashed line: 
perpendiculer to oaxis). 
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Fig. 12. Frequency dependence of a) Re(e) and b) a 
for MTDTPY-(PF6)o.67. The solid line repersents 
experiment and the dash line represents theory at 
T71=2400 cm"1, cof 1=14000 cm"1, and £COre=3.0. 
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Fig. 13. Frequency dependence of a) Re(e) and b) o 
for MSDTPY-(AsF6)o.67. The solid line repersents 
experiment and the dash line represents theory at 
T - ^ 2 4 0 0 cm"1, c^=10000 cm"1, and £COre=3.5. 

region, and decrease with co-* 0. The real parts of the 
dielectric functions showed positive values with the 
low-frequency region. Such behavior is not des­
cribed by the simple Drude model. 

We have pointed out that a one-dimensional locali­
zation model is useful for describing the electronic 
structre of MTDTPY complexes. 14> Mott et al. 15> sug­
gested that the optical conductivity (o(co)) in a one-
dimensional metal disordered by impurities or lattice 
defects has the form co2 (In co)2 in the corrCl region. 

Berezinsky16* showed that backward scattering is 
dominant in one-dimensional disordered metals, and 
derived a formula which is valid for any cozi, where T* 
is the mean lifetime with respect to scattering on a 
disordered potential. Gogolin17>18) solved the Berezinsky 
formula using numerical methods. 

At the limit con^l, this model shows o(co) and S(CD) 
of the Drude type: o(co)~2oo/(coTi)2, e(co)—eo/(cozi)2. 
At the limit ÛJT,-<C1, this model shows Mott's form: 
û>2(ln co)2. 

A one-dimensional MTDTPY and MSDTPY chain 
may be described by a model involving a random 
potential created by impurities, lattice defects and a 
disorder of PFë and AsFë. With Gogolin's method 
for numerical calculations, the optical conductivity 
(o(co)) and dielectric constant (e(a>)) of MTDTPY-
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(PF6)o.67 and MSDTPY-(AsF6)o.67 were simulated as the 
dashed lines shown in Figs. 12 and 13, respectively. 
The fitting parameters are shown in Table 8. Here, 
cop is the plasma frequency. 

According to the tight-binding model, the effective 
mass (m*) is estimated from (op follows: 

nc2co% ^ ' 

Here, c is the velocity of light and N is the density of carriers. 
The transfer integral (t) in a stacked column is expressed by 

4: m*d2 sin (pn/2) 

where d is the cell constant of the stack axis and p is a 
number of carriers per site. The estimated values of t 
from Eq. 2 are shown in Table 8. 

The smaller value of cop= 10000 cm"1 in MSDTPY-
(AsF6)o.67 than that of cop= 14000 cm-1 in MTDTPY-
(PF6)o.67 correspond to a larger value of m*. There­
fore, the transfer integral (t) in MSDTPY-(AsF6)o.67 is 
smaller than that in MTDTPY-(PF6)o.67. This result 
is consistent with a large interplanar spacing in the 
stacking axis. The values of t estimated from the 
optical spectra were in good agreement with that 
estimated by a molecular orbital calculation. (See 
Table 8) 

In MTDTPY-(PF6)o.67 and MSDTPY-(AsF6)o.67 this 
model can not completely explain the dominant 
strong peak in the infrared region. Nevertheless, the 
theoretical curve of an electron localization model for 
the background contribution agrees with the experi­
mental data. 

The mean free path of a localized system is given by 
U=vF Ti. The values of vF were estimated using 

vF= _ p'nn . (3) 
2\/2 m*d sin (p n/2) 

The localization length (Zi0c=4Z,17>) was estimated to be 
19.2 and 11.0 Â for MTDTPY-(PF6)o.67 and MSDTPY-
(AsF6)o.67, respectively. 

Since the Berezinsky equation is valid for a weak 
random potential, it may not be suitable for a rela­
tively strongly disordered case created by PF£ and 
AsFë ions. Gogolin applied the Berezinsky diagram 
technique to the case of a strong random potential.17) 
However, the behavior of one-dimensional carriers in 
a strong random potential has not yet been clarified. 

The large value of the scattering rate (Tf1~2400 cm-1) 

Table 8. Fitting Parameters of Localization Model 

cop/cm'1 

TfVcm"1 

£core 

t/tV (opt) 
t/tV (calcd) 

MTDTPY-(PF6)o.67 

14000 
2400 

3.0 
0.233 
0.249 

MSDTPY-(AsF6)o.67 

10000 
2400 

3.5 
0.120 
0.150 

in MTDTPY-(PF6)o.67 and MSDTPY-(AsF6)o.67 indi­
cates that the localized electron model is more approp­
riate for describing the electronic structure. 

In a one-dimensional localization model, the con­
duction mechanism is mainly hopping electrons. A 
moderate metallic conductiviy at room temperature 
may be contradictory to such an localized electron 
model. However, Kaveh et al.19) suggested that intra­
molecular phonons have a delocalizing effect on the 
electrons and that the resistance is mainly due to 
scattering by a disordered potential. Since the reflec­
tion spectra of MTDTPY-(PF6)o.67 show a strong elec­
tron-molecular vibration coupling, o may have weak 
temperature dependence due to disordred potentials. 

Conclusion 

MTDTPY-(PF6)o.67 and MSDTPY-(AsF6)o.67 crys­
tals have superstructures of PFë or AsFë. MTDTPY 
molecules in MTDTPY-(PF6)o.67 and MSDTPY mole­
cules in MSDTPY-(AsF6)o.67 form one-dimensional 
conducting columns parallel to the c-axis. In order 
to explain electronic structures of these salts, we 
assume a one-dimensional disordered model; electrons 
in MTDTPY or MSDTPY columns are relatively 
strongly scattered and are localized due to the disor­
dered potential of PFë or AsFë ions. Values of T,-1 = 

2400 cm-1
 ( T , = 2 . 2 X 1 0 - 1 5 S) and Û>P=14000 cm"1 in 

MTDTPY-(PF6)o.67 and values of Tr1=2400 cm"1 

( T , = 2 . 2 X 1 0 - 1 5 S) and Û>P=10000 cm"1 in MSDTPY-
(AsF6)o.67 were obtained for free carriers in the column. 

The MSDTPY-Au(CN)2 crystal is a fully oxdized 
radical salt and MSDTPY molecules form segregated 
stacks along the c-axis. From the reflection spectra, 
the on-site Coulomb repulsion U was estimated as 
6000 cm-1 (0.75 eV). This relatively small value of U 
indicates that MSDTPY is suitable for the component 
of organic metals. 
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Polarized reflection spectra were measured on two charge-transfer complexes of 2,7-bis(methylthio)-l,6-
dithiapyrene (MTDTPY) with chloranil and 7,7,8,8-tetracyanoquinodimethane (TCNQ), which showed metal­
lic conductivity. In spite of short intercolumnar S-S contacts, the spectra showed a strong one-dimensional 
character. The optical conductivity spectra, O(OJ), and real part of the dielectric constant, S'(CÛ), along the stack 
axis were obtained by means of Kramers-Kronig transformation. The conductivity spectra and the dielectric 
constant of both complexes substantially differ from the simple Drude model. These results were analyzed 
with a one-dimensional electron localization model in a disordered system with the optical parameters: 
cüP=13500 cm-1, T,=1.6X10-15 s ( T - ^ 3 3 0 0 cm"1) for chloranil complex and CÜP=12000 cm"1, T ,=2 .5X10" 1 5 S (zr1= 

2100 cm"1) for TCNQ complex. 

T h e design and synthesis of new components for 
organic metals are impor t an t in order to find the 
mechanisms of metall ic conductivity and supercon­
ductivity. Nakasuji et al. synthesized new donors, 
3,10-dithiaperylene ( D T P R ) and 1,6-dithiapyrene 
(DTPY), which belong to a class of peri-condensed 
Weitz-type donors.1* T h e new donors were substi­
tuted with methyl thio groups or etylenedithio groups 
in order to increase the dimensional i ty of the conduct­
ing chains. Actually, some charge-transfer complexes 
of 2,7-bis(methylthio)-l ,6-dithiapyrene (MTDTPY) 
showed metall ic conductivity.2) Imaeda et al. reported 
from ESR studies that the metal- insulator (M-I) tran­
sition occurred a round 110 and 240K for 0 -MTDTPY-
T C N Q and MTDTPY-ch lo ran i l , respectively.3* 

T h e reflection spectra of organic metals show a 
quasimetal l ic behavior a long the stacking direction of 
molecules with a well defined plasma edge; some­
times, however, the spectra do not show a simple 
Drude behavior, in which the conductivity spectra 
have a m a x i m u m in the infrared region and the real 
part of dielectric constant shows a positive value, even 
in the low frequency region. 

In this paper we explain the optical properties of 
these complexes in terms of the electron localization 
model in a one-dimensional disordered system,4-7) and 
characterize the behavior of conduc t ing electron from 
the spectral properties. 

Experimental 

Reflection spectra were measured in the 700—20000 cm - 1 

frequency range using two different instruments with polar­
ized light both parallel and perpendicular to the stack axis 
on the [010] and [100] faces, with typical areas of 0.1 mm2 for 
TCNQ and chloranil complexes, respectively. For the 
mid-infrared region, 700—5000 cm -1, a Fourier spectrometer 
with a HgCdTe detector was used. For the near-infrared 
and visible regions, a microspectrophotometer was used, 
which comprised of a Carl-Zeiss double monochromator 

with a PbS cell and a photomultiplier tube of HTV 928. 
An aluminum mirror and SiC were used as references in the 
infrared and visible regions, respectively. 

Results 

Reflection Spcectra: T h e reflection spectra of ß-
M T D T P Y - T C N Q on the [010] face are shown in Fig. 
1. For both parallel and perpendicular polarizat ion 
directions, the reflection spectra are fairly low 
above—6000 c m - 1 and broad peaks are observed in this 
region. A p lasma edge can be seen a long the stacking 
direction at 5000 cm - 1 . T h e reflectance below 4000 to 
800 c m - 1 is 50—60%. In the transverse direction, no 
evident peaks can be observed. 

T h e reflection spectra of MTDTPY-ch lo ran i l on 
the [100] face are shown in Fig. 2. Similar to ß-
M T D T P Y - T C N Q , the spectra show a large aniso-
tropy both paral lel and perpendicular to the stacking 
direction; and the reflectance gradually rises at low 
frequencies. T h e plasma edge in the chlorani l com­
plex is more broad than in the T C N Q complex. 
Vibrat ional structures could not be clearly resolved in 
both complexes, except that the chloranil complex 
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Fig. 1. Reflection spectra of 0-MTDTPY-TCNQ on 
[010] face, solid line: parallel to the stack axis, 
dashed line: perpendicular to the stack axis. 
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Fig. 4. Frequency dependence of a) Re(e) and b) o 
for MTDTPY-chloranil. The solid line represents 
experiment and the dashed line represents localiza­
tion model. 

showed a strong vibrat ional structure at —1430 cm - 1 , 
corresponding to values of 1330 or 1420 c m - 1 of the 
electron-molecular vibrat ion coupled bands (emv-
coupl ing) of M T D T P Y molecules.8) 

Kramers-Kronig Analysis: T h e optical conductiv­
ity spectra, G(CD), a long the stacking axis were obtained 
by means of Kramers-Kronig transformation. In 
order to determine the phase shift, 0(<o), u p o n reflec­
tion at both ends of the measurement , we extrapolated 
the reflectance, wi th Drude like (R(co)=A— Bco1'2) at 
low frequency and wi th an inverse fouth power 
(R((O)=C/OJ4) at h igh frequency. Here, A, B, and C 
were determined with a least-square method in order 
to fit the experimental data in the low- and high-
frequency regions. 

Figures 3 and 4 show the optical conductivity and 
the real part of the dielectric constant for the T C N Q 
and chloranil complexes, respectively. Consider ing 
that the dc conductivities of T C N Q and chlorani l 
complexes are values of 110 and 140 S c m - 1 , respec­
tively, both optical conductivity spectra fall with 
decreasing co. T h e real par t of the dielectric constant 
has a positive value and doesn' t show any tendency of 
go ing to negative values. These results can not be 
explained by the s imple Drude model, and will be 
discussed in more detail in the next section. 
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Fig. 3. Frequency dependence of a) Re(e) and b) a 
for 0-MTDTPY-TCNQ. The solid line represents 
experiment and the dashed line represents localiza­
tion model. 

Discussion 

Electronic Structure: X-Ray crystal structure anal­
ysis^ showed that both ß - T C N Q and chloranil com­
plexes have a segregated co lumn structure wi th inter-
p lanar distances'of 3.48 Â of M T D T P Y and 3.27 Â of 
T C N Q for 0 - M T D T P Y - T C N Q , 3.47 Â of M T D T P Y 
and 3.22 Â of chlorani l for MTDTPY-ch loran i l ; short 
S-S contacts were found between the M T D T P Y 
columns. T h e degrees of charge transfer were esti­
mated at ca. 0.6 in both complexes.2) Al though the 
T C N Q complex has two-dimensional networks in the 
crystals, the electronic structures has a s trong one-
dimensional character, as evidenced by the overlap 
integral calculated with the extended Hückel 
method.3) For the chlorani l complex, in spite of the 
small anisotoropy of the overlap integrals, the ESR 
spectra showed one-dimensional electronic struc­
tures.3) As shown in Figs. 1 and 2, the one-
dimensional electronic structures can be seen in the 
large anisotropy of the reflection spectra. 

We neglected the in tercolumnar interaction and 
treated the electronic structures of these complexes as 
one-dimensional metals. 

Analysis with Localization Model: Since the opti­
cal conductivities and the real par t of the dielectric 
constants are different from the simple Drude-like 
behavior, we must consider the localization effect. 

Mott,9) Berezinsky,4) and Saso et al.10) suggested that 
a one-dimensional system distinctly displays a locali­
zation effect which is not found in a three-
dimensional system. One of them, the optical con­
ductivity, o(<ti), in a one-dimensional metal disordered 
by impuri t ies or lattice defects, has the form co2 In2 co in 
the cüTi<Cl region.8) 

Berezinsky4) derived values of o(co) and e'((o) which 
are valid at any co at 0 K by following equat ions: 

o(a)) = GoRe 2 Qm(Rm—Rm+\) ( 1 ) 

and 
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—£0 °° 
fi'(o>) = Im 2 Qm(Rm-Rm+\), (2) 

2ùJTi i=0 

where oo and £o are the Drude values of the conductiv­
ity and the dielectric constant, respectively. Rm and 
Qm satisfy the following recursion equations: 

2ia>ZiRm + m(Rm+\+Rm-\-2Rm) = 0,R0 = 1 (3) 

and 

2ia)Ti(m+\/2)Qm + (m+\)2(Qm+\-Qm) 
-m*(Qm-Qm-\)=Rm+i-Rm, (4) 

where Zi is the mean lifetime with respect to scattering 
on a disordered system. At the limit coz^l, this 
model shows o(w) and e((o) of the normal Drude type: 
o((ü)~2oo/((ozi)2 and e((o) eo/((ozi)2. 

Numerical solutions of these formula were given by 
Gogolin,5'7) who assumed RM=QM— 1 and RM+\= 

U M + I = 0 , and solved the recursion equations down to 
Ro and Qp. Following Gogolin's numerical calcula­
tion method, the optical conductivity, o((o), and the 
real part dielectric constant, e'(cu), were simulated, as 
shown in Figs. 3 and 4. As shown in Table 1, we 
determined three parameters in this simulation: Zi, (op, 
and Score- Here, (op is the plasma frequency. 

j3-MTDTPY-TCNQ: Fitting parameters were 
determined as T ; = 2 . 5 X 1 0 - 1 5 S (Tr1=2100 cm"1), wp= 
12000 cm - 1 and Score O.D. Score as typical values for an 
organic metal. The calculated values are shown in 
Fig. 3 by dashed lines; they fit well with the experi­
mental curve. This result shows that the one-
dimensional localization model is appropriate for des­
cribing the present system. However, the reflection 
spectra were measured at room temperature. Hence, 
the optical conductivity at co~>0 didn't vanish. 

According to a tight-binding approximation, the 
mean free path of a one-dimensional system is given 
by U—VFZi. The value of VF is estimated as follows: 

p2nh 
VF = 7 = 7 , (5) 

2\f2 m*dûn(p%/2) 

Here, d is the spacing of stacked molecules, p=0.6 is 
number of carriers per site, and ra* is effective mass 
estimated from cop by 

Ne2 

m*=—TT> (6) 

where c is the velocity of light. Here, U was estimated 
to be 2.6 Â. The electron localization length was 
given by /ioc=4/;;6) we then obtained /ioc=10.5Â=2.4 d. 

The temperature dependence of the dc conductivity 

Table 1. Fitting Parameters of Localization Model 

ß-MTDTPY-TCNQ MTDTPY-chloranil 

cop/cm-1 12000 13500 
rrVcm-i 2100 3300 
Ccore O.D O. U 

showed no obvious M-I transition and the maximum 
value was found at 275 K.3> Gogolin,6'7) and Kaveh et 
al .n ) pointed out that the temperature dependence of 
the dc conductivity in localization systems has a maxi­
mum value for the following reasons: 

(1) At low temperatures, when Zi<€^zPh, electron-
phonon scattering gives rise to electron transitions 
between localized states, leading to hopping 
conductivity. 

(2) At high temperature, the effective impurity 
mean free path is given by kfr1 (7,)=Zr1+(iPh/)"1» t n e 

drop in the conductivity is caused by a decrease in the 
localization length due to the influence of intramolec­
ular phonons. Consequently, in the medium-
temperature region, the dc conductivity has a maxi­
mum value. 

We reported that MTDTPY molecules in PF6" salts 
showed strong emv-coupling.8) Actually, the activa­
tion energy below 90 K was estimated to be 0.056 eV 
(452 cm-1).3) The value of £a=0.056 eV is in the range 
of molecular vibration region. This picture may be 
too simple; nevertheless, it gives a qualitatively correct 
description of the features regarding the temperature 
dependence of dc conductivity. 

MTDTPY-Chloranil: The fitting parameters were 
determined as being TJ=1 .6X10- 1 5 S (rr1 =3300 
cm -1), cüp=13500 cm"-1, and £COre=3.0. Regarding ß-
MTDTPY-TCNQ, £COre is a typical value for organic 
metals. The calculated curves didn't completely 
explain the experimental curves, as shown in Fig. 4; 
nevertheless, the overall feature is satisfactory. 
According to the tight-binding approximation, the 
electron localization length was determined as 
/ioc=8.8Â=2.3d. 

The value rr1—3300 cm - 1 was larger than that of ß-
TCNQ. The temperature dependence of dc conduc­
tivity clearly showed a M-I transition at 240 K. 
Hence, a Peierls gap may appear as the result of a one-
dimensional fluctuation.3) Considering that Bere-
zinsky's equations are valid for a weak random poten­
tial, the potentials created by a Peierls fluctuation are 
so strong that Berezinsky's equations may not be 
valid. Gogolin applied the Berezinsky diagram tech­
nique to the case of a strong random potential.7) 

However, the behavior of one-dimensional carriers in 
a strong random potential has not yet been made clear. 

Recently, Saso et al. discussed both localization and 
interaction in a one-dimensional electron system. 10> 
The contribution of the interaction between electrons 
may be considered to describe a one-dimensional elec­
tron system. 

Comparison with MTDTPY-(PF6)o.67: We pre­
viously reported on the one-dimensional localization 
characteristics of MTDTPY-(PFe)o.67 radical salts; 
parameters of rr1—2400 cm"1

 (T*=2.2X10- 1 5 S) and 
cüp=14000 cm"1 were obtained.8) The large value of 
Wp for MTDTPY-(PF6)o.67 is due to a small interplanar 
distance of 3.40 Â, compared with the value of 3.48 Â 
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in T C N Q complexes. T h e r r 1 of the T C N Q com­
plexes is smaller than MTDTPY-(PF6)o.67. T h i s 
result showed that the localization effects of the 
T C N Q complexes are smaller than those of 
MTDTPY~(PF6)o.67. T h e fluctuation of the Peierls 
instability may occur in a chlorani l complex, since the 
localization effect is larger than in M T D T P Y -

(PF6)0.67. 

Conclusion 

T h e reflection spectra of charge-transfer complexes 
of M T D T P Y with T C N Q and chloranil showed 
strong one-dimensionali ty, in spite of short interco-
l u m n S-S contacts. T h e one-dimensional localiza­
tion picture is suitable for describing the optical p rop­
erties of a one-dimensional conduct ing electron, 
rather than the simple free-electron picture. 

In 0 - M T D T P Y - T C N Q , values of r r 1 = 2 1 0 0 c m - 1 

(Tr=2.5X10-15 s) and CÜ P =12000 cm" 1 were obtained for 
free carriers in the column. T h e electron localization 
length was estimated to be /ioc=10.5Â. 

O n the other hand, in MTDTPY-ch loran i l , values 
of T r 1 = 3 3 0 0 c m - 1 ( T F = 1 . 6 X 1 0 - 1 6 S), <WP=13500 cm" 1 

and /ioc—8.8 Â were obtained. T h e large r r 1 and opti­
cal conductivity spectra showed that f luctuation due 

to the Peierls instability may occur in this crystal. 
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Modification of an Ion-Exchange Membrane Surface by Plasma 
Process Part 3: Interfacial Resistance of Monovalent 

Cation Perm-Selective Membrane from Nation® 
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Kazuaki YASUDA, and Zen-ichiro TAKEHARA 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
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The monovalent cation perm-selectivity of Nafion® 117, perfluoro-sulfonate cation-exchange membrane, 
was enhanced by depositing on its surface an ultrathin anion-exchange layer prepared by plasma polymeriza­
tion. The anion exchanger was deposited from a 4-vinylpyridine monomer vapor followed by quaternariza-
tion with 1-bromopropane. The resulting anion-exchange layers were found to be pinhole-free and of 
uniform thickness. The monovalent cation perm-selectivity of the plasmamodified Nafion membrane was 
determined by measuring the Fe 2+ ion transference number, tFe, in a Li+-Fe2 + system. The influence of the 
thickness of the plasma layers on the tFe and the membrane resistance was investigated. The tFe decreased with 
increasing thickness of the plasma polymer layer, but at the cost of enhanced membrane resistance. The 
resistance of treated Nafion was separated into bulk resistance and interfacial resistance. A large interfacial 
resistance was observed between Nafion and the plasma polymer layer, and was ascribed to the implantation of 
cation species. 

On account of their relatively high ionic selectivity, 
ion-exchange membranes have recently received con­
siderable attention as materials for use in water elec-
trolyzers,1'2) sensors,3>4) redox-flow batteries,5'6* and 
organic electrolyzers.7'8) Ion-exchange membranes 
have a high selectivity of counter ions over co-ions. 
However, their ion selectivity among different counter 
ions is generally low. If these ion-exchange mem­
branes had a higher selectivity among counter ions of 
different valency, the performance of such systems as 
redox flow batteries and brine electrolysis would be 
improved and membranes might find new fields of 
application. In previous reports9-11) we reported that 
the perm-selectivity of the monovalent ion of a perflu-
orinated ion-exchange membrane, Nafion®, in the 
systems containing monovalent ion/divalent ions was 
enhanced by depositing on its surface an ultrathin 
anion-exchange membrane layer. The thin layer of 
the anion exchanger was prepared by the plasma 
polymerization of 4-vinylpyridine. 

The principle of enhanced perm-selectivity of a 
monovalent ion is shown in Fig. 1. A thin plasma 
polymer layer of an anion exchanger is deposited on 
the surface of a cation-exchange membrane. On 
account of the electrostatic repulsion from the fixed 
anionic groups in the cation-exchange membrane, the 
anion can not be transported through the membrane. 
Similarly, the transport of monovalent ions and the 
divalent cation is also suppressed by an electrostatic 
repulsion from the fixed cationic groups in the thin 
cationic plasma polymer layer on the surface of the 
cation-exchange membrane. However, since the 
repulsion of monovalent ions from the fixed cations 
in the plasma polymer layer is weaker than that of 

0 © 

Cathode 

•M+ 

-M" 
Anode 

"Nafion" is a registered trade mark of the Du Pont de 
Nemous and Co., Inc. 

r— Nafion —H Anion-exchange | 
Layer 

Fig. 1. Principle of the enhancement of monovalent 
ion perm-selectivity through a cation-exchange 
membrane. 

divalent ions, monovalent ions can be transported 
through the plasma polymer layer much more easily 
than can divalent ions. 

In a previous study,n) the lithium ion perm-
selectivity of Nafion was enhanced by depositing on 
its surface an ultrathin anion-exchange layer by the 
plasma polymerization of 4-vinylpyridine, followed 
by quaternarization with 1-bromopropane in the L i + -
Fe2+ system. This, however, was at the cost of mem­
brane ionic conductivity. In the present paper, we 
discuss the high membrane resistance, and, in particu­
lar, how the membrane resistance was enhanced dur­
ing plasma polymerization. 

Experimental 

Plasma Polymerization. The apparatus used to carry out 
plasma polymerization, which was described in detail in a 
previous report,11) consisted of a glass reactor equipped with 
capacitively coupled inner disk electrodes to which an alter­
nating voltage was applied at a frequency of 13.56 MHz. 
This reactor was introduced into a vacuum system compris­
ing of a mechanical booster pump, a rotary pump, and a 
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Table 1. Compositions of the Electrolyte Used 
for Perm-Selectivity Measurement 

Catholyte Anolyte 

0.2M CH3COOH 
0.2M CH3COOLi 
0.8M LiCl 

0.2M CH3COOH 
0.2M CHsCOOLi 
0.7M LiCl 
0.05M FeCl2 

cold trap. The pressure in the reactor was monitored by 
using a Pirani gauge. Nafion 117 sheets were utilized as a 
substrates. The pretreatment of Nafion was described pre­
viously. 10> In order to obtain a tight adhesion of the plasma 
layer onto Nafion, the Nafion surface was pretreated by an 
oxygen plasma preceding plasma polymerization. A Naf­
ion sheet was fixed on an RF electrode and sputtered with an 
oxygen plasma at a flow rate of 10 cm3 (STP)min - 1 , 6.6 Pa 
pressure, and 50 W RF power. The substrate was placed in 
a nominal "after-glow" region, 2 cm downstream from the 
edge of the electrodes. 4-vinylpyridine vapor at a flow rate 
of 10 cm3 (STP)min - 1 was introduced into the reactor and 
the pressure was maintained at a constant value of 67 Pa. 
Plasma polymerization was carried out at an RF power of 
5W. The thickness of the plasma polymer film was 
changed by controlling the plasma polymerization time. 

Quaternarization of Plasma-Polymerized 4-Vinylpyri-
dine. A thin layer of plasma-polymerized 4-vinylpyridine 
was quaternarized by treatment with a 1 vol% 1-
bromopropane/propylene carbonate solution at 50 °C for 48 
h.12> After soaking, each film was washed with propylene 
carbonate in order to remove any excess 1-bromopropane. 
These films treated were then dried under reduced pressure 
(10_1 Pa) in order to evaporate the propylene carbonate. 

Properties of the Plasma Polymer. The measuring tech­
nique of the ohmic resistance of the plasma-modified Naf­
ion was described previously. 10> The membrane resistance 
was measured in an aqueous 1.0 M HCl solution (1 M=l 
mol dm -3). 

The monovalent ion perm-selectivity of the plasma-
modified Nafion was evaluated from the transference 
number of the Fe2+ ion (*Fe) in the Li+-Fe2 + system. A total 
charge of 100 C was passed at a constant current of 10 mA 
(12.8 mAcm -2) through the system: 

anolyte 
of Table 1 

plasma-modified Nafion 
(plasma layer contacting the anolyte) 

catholyte 
of Table 1 

Each compartment was filled with an electrolyte solution 
(listed in Table 1), respectively. After electrolysis, the total 
amount of Fe2+ in the catholyte was measured by absorption 
spectrometry using 1,10-phenanthroline13) to evaluate the 
amount of Fe2+ transported through the plasma-modified 
Nafion. The values of ^e were calculated from the amount 
of Fe2+ transported and the total charge passed during 
electrolysis. 

Results and Discussion 

Influence of Thickness of Plasma Polymer Layer on 
Membrane Resistance of Plasma-Modified Nafion®. 
T h e IR spectrum of the p lasma polymer layer showed 
absorpt ion peaks of N - H and O N vibrat ion, which 
indicated a cleavage of the pyr idine r ing of 4-

vinylpyridine. O n the scale of the scanning electron 
micrograph, the plasma polymer layer was found to 
be free from pinholes and uniform in thickness. T h e 
membrane resistances of the plasma-modified Nafion 
are shown in Fig. 2 as a function of the thickness of 
the p lasma polymer layer. Also indicated in Fig. 2 is 
the transference number of Fe 2 + th rough plasma-
modified Nafion. T h e transference number of Fe2 + 

decreased with increasing thickness of the p lasma 
polymer layer. Th i s fact indicates that the ion-
exchange capacity of the p lasma polymer layer is low 
because of a decomposi t ion of the monomer of 4-
vinylpyridine in glow region, as described above. 

T h e membrane resistance of the plasma-modified 
Nafion is in direct p ropor t ion to the thickness of the 
membrane. However, the resistance obtained by 
extrapola t ing to zero membrane thickness is no t zero 
but , rather, 7.6 H cm2. In this case, the resistance of 
the oxygen-sputtered Nafion used as a substrate is 
only 1.5Hem2 . These facts indicate that the mem­
brane resistance consists of two different components ; 
viz, the bu lk resistance of the p lasma polymer layer 
and interfacial resistance between the plasma polymer 
layer and the Nafion membrane , which is 6.1 Ü cm2 

(different between 7.6 and 1.5 Hem 2 ) . 
Interfacial Resistance between Plasma Polymer 

Layer and Nafion®. T h e interfacial resistance migh t 
be ascribed to neutral layers con ta in ing no or few ion-
exchange groups , or caused by stable ion pa i r ing 
between the sulfo g roup of the Nafion membrane and 
the quaternarized amino or pyridyl g roup . T h e 
former layer is formed by a decomposi t ion of the sulfo 
g roup in the Nafion membrane by the attack of a 
highly energetic species in the glow region. T h e 

N 

0 0.1 0.2 0.3 0.4 
Membrane thickness / \irr\ 

c 
o 

Fig. 2. Variation of Fe2+ ion transference number 
and membrane resistance with membrane thickness 
of plasma polymer layer. Flow rate of 4-vinyl­
pyridine: 10 cm3 (STP)min - 1 . RF power: 5 W. 
Polymerization pressure: 67 Pa. 
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latter layer is formed by the penetration of nitrogen-
containing species into the Nafion membrane. 

Nafion membranes sputtered by oxygen showed a 
membrane resistance value of 1.50 cm2, despite the 
fact that the sputtering conditions were harder than 
those for plasma polymerization. This fact does not 
indicate that the decomposition of the sulfo group of 
Nafion during plasma polymerization extended very 
remarkably. Therefore, the interfacial layer is com­
posed of a tightly bound ion pair. The penetration 
of a nitrogen-containing species into the Nafion 
would occur through a process like the implantation 
of cationic species containing nitrogen, which were 
accelerated by an electric field between the plasma 
bulk and the substrate. However, the electric field 
was not as high as in a conventional ion-implantation 
method. 

The cationic species containing nitrogen is of inter­
est. Since various kinds of reactive species exist in 
the glow region, it is difficult to identify the nitrogen-
containing cation. The cationic species in the glow 
region can, however, probably be inferred from the 
mass spectra of the 4-vinylpyridine used as a mono­
mer. The mass spectra of 4-vinylpyridine are shown 
in Fig. 3. The ionization was affected by electron 
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bombardment at 30 (Fig. 3A), 20 (Fig. 3B), and 10 (Fig. 
3C) eV, respectively. The average electron tempera­
ture under the glow discharge used in this study was 
less than 10eV.14) Therefore, the fragmentation at 10 
eV should approximate more closely what occurs 
under the plasma polymerization conditions. The 
mass spectrum of 4-vinylpyridine at 10 eV had a major 
peak at m/z=\05 (a parent peak) and at ra/z=78. A 
similar spectrum was obtained at 20 and 30 eV, except 
for the appearance of peaks of m/z=5l, 52, and so on, 
since fragmentation proceeded more extensively than 
at the lower energy levels. The probable major spe­
cies of the mass spectra are shown in Fig. 4. Among 
these cationic species in Fig. 4, only the species at m/z 
105, which is a parent peak, contains nitrogen. Since 
higher-energy particles exist in significant amount 
under the conditions of plasma polymerization, the 
other cationic species may be capable of appearing in 
the mass analysis at a high fragmentation energy. 
Further, since the cationic species collide more than 
two times in the glow region, cationic species contain­
ing nitrogen (other than that of ra/z=150) can be 
formed. However, the species of m/z=\05 is inferred 
to be the main, important species for the production 
of an ion-exchange layer. 

Figure 5 schematically shows the process for the 
formation of the interfacial layer between Nafion and 
the plasma polymer layer. First, the cationic species 
contains nitrogen (perhaps the species m/z=\05 of 
Fig. 4) which is accelerated by an electric field caused 
by a difference between the plasma potential (Vs) and 
the floating potential on Nafion (Vt) (Fig. 5a). The 
difference between Vs and Vi under the glow discharge 
used in this study is expected to be of the order of 
tens.15-17) In our preliminary results,18) the Vs and V[ 
measured by a single-probe method are 77 and 10 V 
(vs. ground level) under similar conditions to that of 
plasma polymerization, except for the absence of 4-
vinylpyridine. From these results, the difference 

m/z 
Fig. 3. Mass spectra of 4-vinylpyridine: (A) electron 

temperature=30 eV, (B) 20 eV, and (C) 10 eV. 

+ HON 

m/z 78 
Fig. 4. Probable fragmentation products of 4-vinyl­

pyridine by electron bombardment. 
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a + Plasma Region 

Fig. 5. Schematic diagram of the process for the 
formation of the interfacial layer between Nafion 
and the plasma polymer layer. (The thickness 
ratio is different from practical value.) 

between Vs and Vi was approximately estimated to be 
about 67 V. T h e cationic species con ta in ing nitro­
gen was implan ted by the potential difference between 
Vs and Vi (Fig. 5a and 5b). In previous studies,9-11* 
the membrane resistance increased with increasing R F 
power, or wi th decreasing polymerization pressure. 
T h e influences of the polymerizat ion pressure, P, and 
appl ied R F power, W, are related to each other. It is 
therefore convenient to consider the R F power-to-
pressure ratio (W/P) as being a parameter of the 
energy given to the plasma. T h e greater the value of 
W/P, the higher is the electron temperature in the 
plasma.1 9 ) T h e higher electron temperature, the 
more the extent of decomposi t ion of the monomer 
becomes, and the larger the potent ia l difference 
between Vs and Vf. Therefore, in this study, p lasma 
polymerizat ion was carried out at a relatively h igh 
pressure of 67 Pa and a low R F power of 5W. T h e 

implan ta t ion of cationic species having low m/z 
should not be excluded since these would have a 
h igher kinetic energy, which is favorable to implan ta ­
tion. T h e p lasma polymer layer was deposited on 
the interfacial layer (Fig, 5c). T h e penet ra t ing 
n i t rogen-conta in ing species is then quaternarized 
wi th 1-bromopropane and forms a tightly bonded ion 
pair between the sulfo g roup of the Nafion membrane 
and the quaternarized a m i n o or the pyridyl g roup . 
T h i s b o n d i n g causes an increase in the membrane 
resistance. 

T h i s work was supported by the Asahi Glass Foun­
dat ion for Industr ia l Technology. 
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Dynamical Structures of Normal Alkanes, Alcohols, and Fatty Acids in 
the Liquid State as Determined by Viscosity, Self-Diffusion 
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The dynamical structures of molecules of normal alkanes (Cs—Cu) and normal fatty acids (Cs and C9) in 
the liquid state were estimated through analyses of their self-diffusion coefficients (D), viscosities (77), molar 
volumes, and 13C NMR spin-lattice relaxation time (Ti). The apparent hydrodynamic radius evaluated from D 
and 77 for the alkanes was ca. 2.5X10"10 m and that for the fatty acids, ca. 3.1X10"10 m, irrespective of their 
hydrocarbon chain length: The former value is almost equal to that of the van der Waals radius (2.4X10"10 m) of 
the cross section of a hydrocarbon chain; the latter is in agreement with that of the normal alcohols reported in a 
previous paper. It is thus concluded that in the pure liquid of a rod-like compound such as normal alkane, 
alcohol, and fatty acid, the free rotational (end-over-end) as well as the transverse motion of the rod-like 
molecule is severely restricted due to the entanglements of the molecules; only a longitudinal translation is 
allowed. In addition, the infrared-spectrum results suggest that a unit in translational motion for a normal 
fatty acid is a dimer. 

In a previous paper1) we reported that the apparen t 
hydrodynamic radius for normal alcohol homologs 
(Ci—Cs), evaluated th rough the Stokes-Einstein for­
mu la under slip boundary conditions,2>3) was always 
constant (ca. 3.2X10 -10 m), irrespective of the hydro­
carbon chain length of the alcohol, except for 
methanol . T h e value, 3.2X10 - 1 0 m, is appreciably 
large compared wi th that of the van der Waals radius, 
2.4X10 - 1 0 m, which was evaluated us ing a CPK molec­
ular model for the cross section of a hydrocarbon 
chain. T h i s large value could be elucidated by 
decreasing the self-diffusion coefficient caused by a 
longi tudina l self-association of two alcohol mole­
cules. It is likely that the self-diffusion coefficient 
for a doubly associated molecule is smaller than that 
for a monomer molecule, probably be ing l / \ / 2 of 
that for a monomer molecule. Namely, the hypo­
thetical value of the self-diffusion coefficient for the 
m o n o m e r alcohol is larger than the observed value by 
a factor of V 2 , and gives 2.25X10 - 1 0 m as the apparen t 
hydrodynamic radius. T h i s seems to be reasonable 
for the cross-section of the hydrocarbon chain. T h e 
constancy of the apparent radius for a normal alcohol 
molecule, irrespective of the number of carbon atoms, 
has also been ascribed only to the longi tud ina l mot ion 
of an extended rod-like dimer. Both the rotat ional 
and transverse (to the direction perpendicular to the 
rod axis) mot ions of a rod-like dimer are hindered by 
other rods in its vicinity. M '5 ) 

If the above-mentioned concept for no rmal alcohols 
in the l iquid state is completely valid, a lkane mole­
cules, which do not form any dimer, should have the 
same value for the radius as that of the van der Waals 

"ff" Present address: Tokyo Ohka Kogyo Co., Samusawa, 
Kanagawa 253-01. 

type of the cross section of a hydrocarbon chain; fatty 
acid molecules, which are expected to perfectly form a 
linearly combined dimer, should have the same value 
as that for normal alcohol. 

In the present study we have measured the density, 
viscosity and self-diffusion coefficient for normal 
alkane homologs (C5—C14) and normal fatty acids (Cs 
and C9), the 13C N M R spin-lattice relaxation t ime for 
the alkanes, and the infrared spectra for 1 -octanol and 
octanoic acid; we also estimated the dynamical struc­
tures for their compounds and verified the concept1) 
for a normal alcohol in the l iqu id state. 

Experimental 

Materials. Gas-chromatographically pure samples of 
pentane (99.9%; Tokyo Kasei Industry Co.), hexane (99.8%; 
Wako Pure Chemical Industries Ltd.), heptane, octane 
(99.9%; Tokyo Kasei Industry Co.), nonane, decane (99.9%; 
Wako Pure Chemical Industries Ltd.), undecane, dodecane, 
tridecane, tetradecane (99.9%; Kan to Kagaku Co.), and 
octanoic and nonanoic acids (99.99%; Nippon Oil and Fats 
Co., Ltd.) were used without further purification. The 
purity for the above-mentioned samples was confirmed by 
gas-liquid chromatography (Hitachi 663-50 with a column 
of SE-30 for the alkanes and Shimazu GC-14A with a capil­
lary column of SP-2560 for the acids). The water used was 
a triply distilled type. Deuterium oxide (99.95%) from E. 
Merck A.G. was used without further purification. 

Density. The densities of normal alkanes and normal 
fatty acids were obtained on a twin-cell-type vibrational 
densimeter (Shibayama Kagaku Co., Model SS-D-200), with 
reference to degassed pure water. 

Viscosity. The viscosities of the alkanes and fatty acids 
were measured with Ostwald capillary viscometers. Pure 
water was used for calibrating the viscosity. 

Self-Diffusion Coefficient. The self-diffusion coefficients 
of the alkanes and fatty acids were obtained by a pulsed-
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gradient FT-NMR method6-8) All measurements were 
made on protons at 99.6 MHz, with an internal D2O lock at 
the temperatures of 298 K and 323 K±0.5 K on a NMR 
spectrometer (JEOL FX-100). Each sample was placed in a 
1 mm-dia. tube inserted in a 5 mm-dia. tube containing D2O 
(for NMR lock). 

!3C NMR Spin-Lattice Relaxation Time T\. The 13C NMR 
relaxation time (T\) of the alkanes, which were fully de-
oxigened with bubling argon gas, was obtained by an inver­
sion recovery method8) on a 90 MHz-NMR spectrometer 
(JEOL FX-90Q). The sample was placed in a 5 mm-dia. 
tube with a 1 mm-dia. tube containing D2O. 

Infrared Spectrum. The infrared spectra of octanoic acid 
and 1-octanol were obtained on a Parkin-Elmer infrared 
spectrometer (Model 983) equipped with a heating device 
(Hitachi Model 1RH-2). 

Molar Volume. The molar volumes of the normal 
alkane homologs were obtained from their densities. 
Theoretical molar volumes were calculated by the use of the 
CPK molecular.model, assuming a hexagonal close-packed 
structure of rods rotating along the axis, a face-centered 
cubic packed structure of spheres of randomly coiled alkane 
molecules, or pile-like packing structure of rectangular 
solids. 

Results and Discussion 

Table 1 summarizes the experimental values of the 
density (p), viscosity (17), and self-diffusion coefficient 
(D) for normal alkane homologs and for octanoic and 
nonano ic acids at 298.1 and 323.1 K. In the same 
table, l i terature data9_15) are also tabulated. O n the 
whole, our data are in agreement wi th the reference 
values. T h e apparent hydrodynamic radius (a) for 
the above samples was calculated by subst i tut ing our 
data for 17 and D in to the following Stokes-Einstein 
equat ion under the slip boundary conditions:2,3) 

kT 
a = - 47177D (1) 

where k is Boltzmann's constant and T the absolute 
temperature. 

In Fig. 1 the apparen t hydrodynamic radius 
(Stokes-Einstein radius) at 298.1 K of the normal 
alkanes (a; open circles) is plotted against their 
hydrocarbon-chain length, together with the hypo­
thetical radius (ao; closed circles) obtained by substi­
tu t ing the value of the density (p) at 298 K into 

Table 1. Density p, Viscosity 77, and Self-Diffusion Coefficient D for Normal Alkanes and Acids 

298.1 K 

Alkanes 

Acids 

323.1 K 

Alkanes 

Acids 

Number of 
carbon atom 

5 

6 

7 

8 

9 

10 

11 
12 
13 
14 

8 
9 

6 
7 
8 
9 

10 
11 
12 
13 
14 

8 
9 

p/10 3kgm" 3 

0.6210 

0.6556 

0.6793 

0.6983 

0.7137 

0.7265 

0.7363 
0.7455 
0.7528 
0.7590 

0.9060 
0.9008 

0.6325 
0.6577 
0.6779 
0.6941 
0.7074 
0.7177 
0.7269 
0.7349 
0.7413 

0.8860 
0.8807 

0.62139a) 

0.6210° 
0.65481a) 

0.6558) 

0.67951a) 

0.67958) 

0.69849a) 

0.6988) 

0.71381a) 

0.713288) 

0.72625a) 

0.726438) 

0.74516a) 

0.9064d) 

0.6582e) 

0.6782e) 

0.6942e) 

0.7180e) 

0.7349e) 

0.225 

0.309 

0.393 

0.515 

0.648 

0.833 

1.159 
1.324 
1.649 
2.028 

5.105 
6.754 

0.251 
0.315 
0.388 
0.486 
0.603 
0.736 
0.891 
1.075 
1.290 

2.839 
3.595 

r7/10-3 Pas 

0.225a) 

0.215f) 

0.2985a) 

0.29378) 

0.3967a) 

0.3868) 

0.5151a) 

0.50828) 

0.6696a) 

0.66218) 

0.8614a) 

0.85278) 

1.378a) 

5.16d) 

0.3100e) 

0.3928e) 

0.4968e) 

0.7609e) 

1.1177e) 

2.62e) 

3.79e) 

0.22b) 

0.29b) 

0.38b) 

0.51b) 

0.67b) 

0.85b) 

D/10-»m* 

5.96 

4.44 

3.32 

2.55 

1.96 

1.48 

1.17 
0.93 
0.75 
0.60 

0.221 
0.156 

5.96 
4.47 
3.50 
2.75 
2.17 
1.72 
1.44 
1.15 
0.92 

0.421 
0.316 

5.45b) 

4.21b) 

3.12b) 

2.25b) 

1.70b) 

L31b) 

4.2bj)8) 

3.'lb'# 
2.6b'# 
2.1b,/?) 

' S " 1 

5.535° 

3.13c) 

1.72c) 

1.38c) 

0.86c) 

0.58c) 

4.24c) 

2.49c) 

2.06c) 

1.32c) 

0.92c) 

a): Riddick and Bunger,9* b): Douglass and McCall,10* c): Erth and Dullien,11* d): Jones et al.,12> e): 
Doolittle and Peterson,13) f): Fisher,14) g): Timmermans,15) and ß): Interpolated value of the data by 
Douglass and McCall.10> 
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Fig. 1. Molecular radius of normal alkane against 
the number of carbon atoms. Open circles indi­
cate the apparent hydrodynamic radius (the Stokes-
Einstein radius) at 298 K and open triangles, at 323 
K; filled circles being calculated from the densities 
of the normal alkane homologs at 298 K according 
to Eq. 2. 

ao = 
3M \1/3 

4npL 
(2) 

where M is the molar weight of alkane, and L 
Avogadro's number. 

The latter radius increases monotonously with an 
increase in the chain length, whereas the former is 
almost constant (ca. 2.5X10-10 m in average, although 
a slight increment from 2.4 to 2.7X10-10 m being 
observed). The constant value is comparable to the 
van der Waals radius of the cross section of the hydro­
carbon chain (2.4X10"10 m). 

To confirm the validity of the value 2.5X10-10 m, we 
compared the experimental molar volumes based on 
the density data for the normal alkanes with those 
estimated from the CPK molecular model. Figure 2 
shows the effects of the number of carbon atoms in a 
alkane molecule on its molar volume based on various 
calculations. The experimental values (open circles) 
are in fair agreement with the theoretical values calcu­
lated by assuming a hexagonal close-packing of the 
rotating rods, the radii of which are commonly 
2.5X10-10 m; they differ significantly from those 
obtained by assuming a face-centered cubic packing of 
a sphere of randomly coiled normal alkanes as well as 
from those based on the pile-like packed model (open 
rectangles) with a value of 3.6X4.0X10"20 m2 for the 
cross-sectional area of a rectangular rod. 

Consequently, the value of 2.5X10-10 m is ade­
quately correct for normal alkanes at 298 K. The 
slight deviation from the van der Waals radius 
(2.4X10"10 m) is mainly attributable to vigorous, seg­
mental motions in the hydrocarbon chain. In fact, as 
shown in Fig. 1, the radii for the alkanes at 323 K 
(triangles) are always larger than those at 298 K (open 
circles). The segmental motion becomes large as the 

3.5h 

3.Oh 

o 
e 

r i — r 
r 

L 
r 

[_ 
b 
L 

I 
r~ 

h 

I 
f— 
L / 
1 D 

r / 
[u 

— 1 — j — , — , — r — , — j — 

/ H / 4 
a' J 

/ | F.C.C. Packing / H 

a' I 
/ J 

'* J 
/ Ä s9 yi 1 

^ / c// n 

/ /ßty "3 /~/s y -A 

».''JTA -0 ' ' J 

.&y ,o" J 
r PL/IS .'O'Pile-l ike Packing -1 

\y r .o* 
F ° ' ' 
i i i 

^ 1 

,o'' i —j 

H 

1 I I I I I I I 1 

Ë 2.5h 
To 

\ 
«jj2.0| 
D 

O 
> 
JO 1.5 
"o 

1.0h 

0 5 5 6 7 8 9 10 11 12 13 U 

Number of Carbon Atoms 

Fig. 2. Effects of the number of carbon atoms in the 
normal alkane molecule upon the molar volumes 
based on the density data (O), and on the CPK 
model with assumptions of the hexagonal close 
packing of the rotating rods with a radius of 
2.6X10-10 m (3), 2.5X10-10 m (•), 2.4X10"10 m (A), 
the face-centered cubic packing of the sphere (D), 
and the pile-like packing of rectangular rods with a 
cross sectional area of 3.6X4.0X10"20 m2 «>)• 

Table 2. Relaxation in Normal Alkanes. T\ (sec) 
as a Function of Carbon Number 

308 K 
C Ô H H 

C7H16 
C8H18 

C9H20 

C10H22 
C11H24 

C12H26 
C13H28 
C14H30 

323 K 
CôHi4 
C7H16 
C8H18 

C9H20 
C10H22 
C11H24 

C12H26 
C13H28 
C14H30 

Cl 

16.49 
9.91 
9.14 
7.40 
7.39 
6.23 
5.81 
5.51 
5.02 

20,32 
15.06 
11.64 
9.37 
8.79 
8.29 
7.92 
7.68 
6.57 

C2 

19.08 
11.59 
11.00 
8.58 
7.47 
5.64 
5.29 
4.51 
4.67 

20.78 
17.54 
13.72 
10.72 
9.76 
7.91 
6.91 
6.30 
6.13 

C3 

18.19 
11.26 
9.52 
6.98 
6.48 
5.13 
4.06 
4.05 
3.31 

20.43 
17.01 
12.56 
9.43 
8.09 
6.13 
5.63 
4.95 
4.41 

C4 

10.95 
10.22 
7.17 
5.85 
4.24 
3.92 
3.01 
3.07 

15.83 
11.97 
8.31 
7.75 
5.71 
5.14 
4.14 
3.88 

(CH2)n 

6.09 
5.62 
3.98 
2.92 
2.46 
1.96 

7.88 
5.80 
5.46 
3.91 
3.24 
2.63 
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temperature is increased. This is further supported 
by the fact that the 13CNMR spin-lattice relaxation 
time (7i) for each segment in the alkane molecule at 
323 K is always larger than that at 308 K, as tabulated 
in Table 2. 

A comparison of the T i values of the carbon atoms 
located at the same position, counted from the methyl 
group for the alkanes at each constant temperature, 
indicates that the 7\ value at the same position 
decreases with increasing the molecular weight of the 
alkanes. In spite of a decrease in the segmental 
motion with increasing chain length, the hydrody-
namic radius for the alkane increases slightly from 2.4 
to 2.7X10-1° at 298 K or from 2.5 to 3.0X10-1° m at 323 
K. This is probably due to an increase in the gauche 
structure in the hydrocarbon chain with increasing 
the chain length.16) 

Erth and Dullien10) evaluated the apparent molecu­
lar diameter (d) for normal alkane homologs using 

where V is the molar volume of the alkane, and R the 
gas constant. However, the obtained d values (6.5— 
7.65X10-10 m for C5H12, C6Hi4, C7Hi8, C9H20, and 
C10H22) at their melting points are too large to satisfy 
the molar volumes of the alkanes obtained from their 
density data. 

In Fig. 3 the Stokes-Einstein radii for octanoic and 
nonanoic acids (closed rectangles) at 298.1 K are also 
plotted against the hydrocarbon chain length, 
together with those for normal alcohols^ (circles). 
The radius for the each acid is apparently equal to 
that for the alcohols. Thus, the acids seem to be in 
similar molecular conformation to the alcohols. 
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Fig. 3. Molecular radius of normal fatty acids (Cs 
and C9) and normal alcohols (Ci—Cs) against the 
number of carbon atoms at 298 K. Open circles 
indicate the apparent hydrodynamic radius for the 
alcohols1) and filled rectangles, for the acids. 

The IR spectra of octanoic acid in its liquid state in 
the temperature range 296—346 K indicated that the 
acid molecules were always linearly self-associated to 
be cyclic dimers by the hydrogen bonds of their car­
boxyl groups. Namely, the strong absorption band 
at 1710 cm-i due to the C=0 streaching vibration and 
the relatively broad band at 920 cm - 1 due to the OH 
out-of-plane bending vibration of the carboxyl group 
(assigned to the cyclicly hydrogen-bonded dimer) 
remained completely unaltered throughout the 
temperature range. 

Longsworthi4) designated, from the magnitude of 
the mutual diffusion coefficient and its concentration 
dependence, that the carboxylic acids in carbon 
tetrachloride at 298 K were present almost entirely as 
dimers and gave no indication of further association. 

The IR spectra of 1-octanol in its liquid state in the 
same temperature range also indicated that the alco­
hol molecules were always self-associated by hydrogen 
bonds of their OH groups, although the peak due to 
the hydrogen-bonded OH-streching vibration was too 
broad to be assigned to a dimer or a higher polymer. 

It can consequently be concluded that the unit, at 
least in the translational motion for alcohol mole­
cules, is a linearly self-associated dimer as well as that 
for acid molecules. The large apparent hydrody­
namic radii for the alcohols or for fatty acids, com­
pared with those for alkanes, are also attributed to the 
lower self-diffusion coefficients for their dimers than 
those for their monomers (as predicted in a previous 
paperi)). Namely, the self-diffusion coefficient of 
such a dimer is assumed to be inversely proportional 
to the root of the mass for two monomers. In fact, the 
mutual diffusion coefficient reported for alcohols in 
carbon tetrachloride is high at low concentrations, 
decrease steeply with increasing concentration, and 
finally becomes almost equal to that for a dimerlzed 
fatty acid possessing the same number of carbon 
atoms.i?) Thus, the hypothetical value of the self-
diffusion coefficient for the monomeric alcohol or 
acid gives 2.25X10-1° m or 2.20X 10"10 m as the appar­
ent hydrodynamic radius, which seems to be reason­
able for the cross-section of the hydrocarbon chain. 

In general, the Stokes-Einstein formula under the 
slip boundary conditions is applicable for only a 
spherically shaped molecule having a similar size to 
that for the surrounding-solvent molecules.18) Judg­
ing from the results for rod-like compounds such as 
normal alkanes, alcohols, and acids, however, we can 
conclude that the formula is sufficiently applicable, 
even to rod-like molecules having a relatively long-
hydrocarbon chain. 

As derived by Stokes, the frictional coefficient (Jo) is 
given by fo=6nrja: a spherical object of radius a, 
moving in a fluid continuum, is carried along with no 
slipage of the fluid layer in contact with it. Its move­
ment of the object is impeled by a force due to the 
pressure built up in front of it (=/\:nrja) and a fric-
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tional force parallel to its surface (=27177«); these two 
forces add up to the value given for the above fric-
tional coefficient (/o). 

Even though the fluid does not stick to the surface 
of the spherical object (the slip boundary conditions), 
some fluid in front of the object must be displaced 
when the object moves.19) There is some viscous dis­
sipation of energy, and motion of the object is 
retarded. On the other hand, the side surface of the 
object undergoes a translational motion as well as a 
rotational type, and does not displace any fluid since 
the frictional force parallel to the surface of the spheri­
cal object is very small. Thus, the overall frictional 
force (/o) becomes inrja. 

In the case of a rod-like molecule in its pure liquid, 
the free rotational (end-over-end), as well as trans­
verse, motion of the rod-like molecule is severely re­
stricted4'5* owing to entanglements of the molecules, 
even with slip between the molecules; this is because 
the liquid has very little space for motion, as assumed 
by the fact that only ca. 10% increases in volume at a 
solid-melt transition for a long-chained fatty acid.20) 

Thus, the object molecule must displace many other 
molelcules in its transversal motion or end-over-end 
rotation. 

On the other hand, in the longitudinal motion of a 
rod-like molelcule, although the object molecule 
should displace some other molecules in front of its 
head, its side surface may slightly displace a few 
molecules surrounding the object molecule. Thus, 
only a longitudinal translation is allowed and the 
resistant force comes to be only inrja. Douglass and 
McCall10) also suggested that the elementary diffusion 
process for normal alkanes involves the translation of 
an extended molecule parallel to its chain axis, based 
on the fact that the activation energies of self-diffusion 
increase with increasing molecular weight of the 
alkanes. 
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Hiroshi Kobayashi for his valuable discussions, to 
Professor Tadashi Kato, Tokyo Metropolitan Univer­
sity, for his help with the self-diffusion measurement, 
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Miscibility of 1-Octanol and 2-(Octylsul£inyl)ethanol in the 
Adsorbed Film and Micelle 
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The surface tension of the aqueous solution of 1-octanol and 2-(octylsulfinyl)ethanol (OSE) mixture was 
measured as a function of the total molality of surfactants and the composition of OSE in the total surfactants at 
298.15 K under atmospheric pressure. It was observed that 1-octanol molecules form mixed micelles with OSE 
molecules in the composition range above 0.850. The corresponding composition in the mixed adsorbed film 
was evaluated numerically by applying the thermodynamic relations developed previously. It was found that 
the surfactant molecules mix with each other in all proportions in the adsorbed film and the composition in the 
adsorbed film is smaller than that in the solution. Further, the adsorbed film was found to be richer in 1-
octanol than the micelle at the critical micelle concentration (cmc). This behavior was attributed to the fact 
that 1-octanol is more surface active than OSE though it does not form the micelle. 

In our previous papers, the thermodynamics of 
adsorption1 '2* and micelle formation3) of surfactants 
has been developed on the basis of the excess thermo­
dynamic quant i t ies and extended so as to be applica­
ble to surfactant mixtures.4 '5* Further , the relat ion 
a m o n g the composi t ions of bulk solution, adsorbed 
film, and micelle has been discussed for mixed systems 
of cationic surfactants5-8* and that of nonion ic surfac­
tants.9* In these systems, the surfactants form their 
individual micelles and their mixtures form mixed 
micelles over the whole composi t ion region. Now it 
is interesting to examine whether a mixture of two 
surface active components , of which one (component 
1) does no t form micelle, mix in the micellar state and 
how the composi t ion of mixed micelle is correlated 
wi th that of mixed adsorbed film. 

T o obta in useful informat ion about the miscibili ty 
of surfactants in such a system, we choose the 1-
octanol-2-(octylsulf inyl)ethanol (OSE) mixture for 
reasons that (i) the surfactants are different only in the 
chemical structure of head g roup from each other, (ii) 
their adsorpt ion and micelle formation have been 
investigated in our previous papers,10'11* and (iii) the 
effect of alcohol on their behavior has been discussed 
by many workers from the po in t of view of a mixed 
solvent or an organic additive.12-18* In the present 
study, the alcohol molecules are treated as surfactant 
molecules. T h e surface tension is measured as a 
function of the total concentrat ion and composi t ion 
of the mixture near the critical micelle concentrat ion 
(cmc) at constant temperature under a tmospher ic 
pressure. 

Experimental 

1-Octanol (Nacalai Tesque's guaranteed reagent) was 
fractionally distilled under reduced pressure. Its purity 
(>99%) was checked by a gas-liquid chromatography. 2-
(Octylsulfinyl)ethanol was synthesized and purified by the 
method described previously.10) Its purity checked by a 
gas-liquid chromatography was better than 99%. No min­

imum was observed on the surface tension vs. concentration 
curve of 2-(octylsulfinyl)ethanol. Water was triply distilled 
from dilute alkaline permanganate solution. 

The surface tension of aqueous solution was measured by 
the drop volume technique at 298.15 K under atmospheric 
pressure.19) The experimental error was within 0.05 
mN m_1. The temperature was kept constant within 0.01 K 
by immersing the measuring cell in a thermostat. 

Results and Discussion 

In order to examine the miscibility of surfactants in 
the adsorbed film and micelle, it is useful to adopt the 
total molali ty m and composi t ion of surfactant mix­
ture X2 in the aqueous solut ion defined, respectively, 
by5-9* 

m = mi + m2 (1) 

and 

X2 = m2/m (2) 

at constant temperature T and pressure p. Here mi 

I I 1 I I I I L _ 

0 5 10 15 20 25 30 35 
m / mmol kg"1 

Fig. 1. Surface tension vs. total molality curves at 
constant composition: (1) X2=0; (2) 0.200; (3) 0.497; 
(4) 0.750; (5) 0.800; (6) 0.850; (7) 0.900; (8) 0.950; (9) 
0.980; (10) 0.990; (11) 1. 
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and rri2 represent the molalities of 1-octanol and OSE, 
respectively. The surface tension y of the aqueous 
solution of the mixture was measured as a function of 
m at fixed values of X2 at 298.15 K under atmospheric 
pressure. 

The surface tension measured is plotted against the 
total molality at constant compositions in Fig. 1. 
The 7 value decreases with increasing m and varies 
regularly with X2. When X2 is larger than about 

0 0.2 0.4 0.6 0.8 

Fig. 2. Surface tension vs. composition curves at 
constant total molality: (1) m=2 mmol kg"1; (2) 3; 
(3) 5; (4) 7; (5) 10; (6) 15; (7) 20; (8) yc vs. X2. 

Fig. 3. Total molality vs. composition curves at con­
stant surface tension: (1) 7=50 mNm"1; (2) 45; (3) 
40; (4) 35; (5) 30; (6) C vs. X2. 

0.850, a break is observed on the 7 vs. m curve and its 
concentration is referred to as the critical micelle 
concentration (cmc). However, the break is not 
observed when X2 is smaller than about 0.800, because 
the solution of mixture separates into two phases. 
Therefore it is concluded that such a mixture 
(X2<0.800) does not form micelles in the solution. 
Figures 2 and 3 show the variation of 7 with X2 at a 
given m and that of m with X2 at a given 7 obtained 
from Fig. 1, respectively. The surface tension at the 
cmc 7 and the cmc C are also drawn in Figs. 2 and 3, 
respectively. Both the 7 e and C values decrease with 
increasing the composition of 1-octanol. When 1-
octanol is regarded as an additive to the aqueous 
solution of OSE, the molality of OSE m\ at the break 
point is usually defined as the cmc. In Fig. 4, mi is 
plotted against the molality of 1-octanol mi; mi is 
seen to decrease with increasing mi, which is appar­
ently similar in shape to the C vs. X2 curve. How­
ever, as will be shown later, the C vs. X2 curve gives 
useful information about the miscibility of surfactants 
in the mixed micelle. 

Miscibility in the Adsorbed Film below the cmc. 
First we examine the adsorption of the mixture at 
concentrations below the cmc in terms of the total 
surface density rH and the composition of OSE in the 
mixed adsorbed film X2. Here JTH and X2 are defined, 
respectively, by 

and 

rH=/f+r2
H 

x?=;17rH, 

(3) 

(4) 

where /"* is the surface excess number of moles per 
unit area of component i with respect to the two 
dividing planes.12* 

The numerical values of 7"H were estimated by ap­
plying the equation9^ 

rH = -(m/RT) (dy/dm)T>P>x2 (5) 

my / mmol kg 
Fig. 4. Critical micelle concentration of OSE vs. 

molality of 1-octanol curve. 
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to the curves shown in Fig. 1; they are plotted against 
m at constant X2 in Fig. 5. The J 0 value increases 
with increasing m and reaches the saturated one at a 
concentration near the cmc. However, when the 
aqueous solution is enriched in OSE, the 1^ vs. m 
curve rises steeply. On the other hand, the value of 

is seen to decrease remarkably with increasing X2 at 
a given m. These findings suggest that there is differ­
ence in composition between the adsorbed film and 
the bulk solution. Now it is necessary to estimate the 

10 15 20 
m / mmol kg"1 

Fig. 5. Total surface density vs. total molality curves 
at constant composition: (1) X2=0; (2) 0.200; (3) 
0.497; (4) 0.750; (5) 0.800; (6) 0.850; (7) 0.900; (8) 
0.950; (9) 0.980; (10) 0.990; (11)1; (•') total surface 
density at the cmc r 

-H,C 

composition of OSE in the mixed adsorbed film. 
The X2 values at constant 7 can be evaluated with 

the aid of the equation derived for the mixture of two 
nonionic surfactants in our previous paper:9) 

X5 = X2 ~ (XiX2/m) (dm/dX2)T,p,y. (6) 

The values calculated by applying Eq. 6 to the curves 
given in Fig. 3 are represented diagrammatically in 
the form of the m vs. X2 curves together with the 
corresponding m vs. X2 curves in Fig. 6. The X" 
value is significantly smaller than the X2 value over 
the whole range of composition. Since the diagrams 
are similar in shape to a cigar, the surfactant mole­
cules may mix with each other in all proportions in 
the adsorbed film.4"9'20) The value of X2 at constant 
m can also be obtained from the 7 vs. X2 curve given 
in Fig. 2 by use of the equation9) 

X5 = X2~ (XiX2//?TrH) (<9y/<9X2)T,p,m. (7) 

The results are depicted in the form of the 7 vs. X2 
curves together with the corresponding 7 vs. X2 curves 
in Fig. 7. The diagrams are essentially similar to 
those shown in Fig. 6. 

Close examination of Figs. 6 and 7 shows that the 
gap between the compositions of aqueous solution 
and adsorbed film varies with the surface tension at a 
fixed total molality and with the total molality at a 

IT 

fixed surface tension. Figure 8 shows the X2—X2 vs. 
X2 curve at 40 mNm - 1 . This difference X2—X2 
reaches the maximum value, which is about 0.35, at 
X2=about 0.8. In order to gain some information 
about the influence of chemical structure of surfactant 
molecules on their miscibilty in the adsorbed film, the 
corresponding curve of 2-(decylsulfinyl)ethanol 
(DeSE)-OSE mixture9) is also drawn in Fig. 8. Both 

Fig. 6. Total molality vs. composition curves at con­
stant surface tension: (1) y=50 mNm-1; (2) 40; (3) 
30; ( ) X2; (-—) X§. 

0.4 0.6 
X21 X2 

Fig. 7. Surface tension vs. composition curves at 
constant total molality: (1) m=3 mmol kg-1; (2) 5; 
(3) 7; ( ) X2; (-—) X§. 
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Fig. 8. Composition differences X2—X? vs. composi­
tion curves at 7=40 mNm-1: (1) 1-octanol-OSE 
system; (2) DeSE-OSE system. 

the curves have maxima at similar bulk compositions 
but the values at the maxima are different from one 
another. The difference in the hydrocarbon chain 
length of surfactant appears to have a remarkable 
influence on the miscibility in the mixed adsorbed 
film. 

Miscibility in the Adsorbed Film and Micelle at the 
cmc. As seen above, the adsorbed film is richer in 1-
octanol molecules than the solution. Now it is inter­
esting to examine whether 1-octanol molecules are 
incorpolated into the micelle of OSE though they do 
not form micelle. Let us introduce the composition 
of OSE in the micelle X*2 defined in a similar manner 
as that in the adsorbed film by 

X^ = A^/(A/^+A#), (8) 

where N*f is the excess number of molecules of surfac­
tant i in one mixed micelle particle with reference to 
the spherical dividing surface.4* The value of X3^ is 
calculated by applying the following equation4'9* to 
the C vs. X2 curve given in Fig. 3: 

^2 = X2 ~ (X1X2/C) (dC/dX2)T>p (9) 

The C vs. J& curve obtained are shown together with 
the C vs. X2 curve in Fig. 9. 1 -Octanol molecules form 
mixed micelle with OSE molecules and are preferen­
tially incorporated into the micelle. Further the X3^ 
value is given in the form of the 7 e vs. X3^ and 7 e vs. X2 
curves in Fig. 10. This diagram is informative to 
understand qualitatively the change of 7 value with 
the total molality in the concentration region above 
the cmc; that is, the 7 value is expected to increase 
gradually with m in this concentration region. This 
is in accord with the behavior of the 7 vs. m curve 
observed in Fig. 1. 

Finally we direct our attention to the difference in 
composition between the micelle and the adsorbed 
film. The composition in the adsorbed film existing 
in equilibrium with the micelle at the cmc X2,c is 
evaluated by making use of the relation9* 

30 

25 

20 

15 

3 , 

// l / 

1 1 1 1 

0.2 0.4 0.6 
w yM y H,C 
A 2 , ^ 2 >A2 

0.8 

Fig. 9. Critical micelle concentration vs. composi­
tion curves: (1) C vs. X2; (2) C vs. A& (3) C vs. Xfc. 

Fig. 10. Surface tension at the cmc vs. composition 
curves: (1)7° vs. X2; (2) 7° vs. AÜ 

Xfc = J$-(X1X2/RTrHC) (dyc/dX2)T>p, (10) 

where r**'0 is the total surface density of the mixture at 
the cmc. The X%'c values calculated by using the 7 e 

vs. X2 curve given in Fig. 2 and the X3^ values given in 
I T /"> 

Fig. 9 are illustrated in the form of the C vs. X2 plot 
in Fig. 9. The adsorbed film at the cmc is enriched in 
1 -octanol compared with the micelle as shown in Fig. 
9. Taking into account that the diagram of Fig. 9 is 
partly similar to those observed in the dodecylammo-
nium chloride (DAC)-decylammonium chloride 
(DeAC), decylammonium bromide (DeAB)-DeAC, 
and DeSE-OSE systems,6'8'9* this behavior is attributa­
ble to the fact that 1-octanol is more surface active 
than OSE although it does not form a micelle. 
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Magnetic Field Effects on the Intramolecular Photoreaction of 
n-Alkyl Anthraquinone-2-carboxylates 
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In the photoreaction of rc-alkyl anthraquinone-2-carboxylates, AQ-rc, magnetic field effects were observed 
in the decay of biradicals, the formation rate and the yield of cage products and the disappearance yield of AQ-rc. 
The results are interpreted in terms of the radical pair mechanism. Chain length dependence of the 
disappearance yield indicates that singlet-triplet energy degeneracy of biradicals occurs when n>10. 

Studies of magnet ic field effects (MFE) on pho to ­
chemical reactions cont inue to be of fundamental 
interest because of their central role in spin dynamics 
of radical reactions. After the first observation of 
MFE on the photolysis of dibenzoyl peroxide in 1976,1* 
we have studied a number of photochemical reactions 
of aromat ic ketones.2) Especially, we have deeply 
concerned with MFE on their photoreact ions in aque­
ous micellar solution. It is because radical pairs 
generated in a micellar cage exhibit remarkable 
effects. In the previous papers,3'4* we reported MFE 
on the end-to-end photoreact ion of bifunctional chain 
molecules as a model reaction between aromatic mole­
cules solubilized in a micellar cage. Al though sur­
factant molecules composing micellar cages act also as 
a hydrogen donor in qui te a few photoreact ions 
reported,2* no MFE study on int ramolecular pho to­
reaction model ing this type of reaction was reported. 
In order to elucidate the mechanism of MFE and the 
role of a micellar cage, we designed int ramolecular 
photoreact ions of an th raqu inone and benzophenone 
derivatives having a long methylene side chain as a 
model reaction of the respective ketone and surfactant 
molecules in a micellar cage. In laser flash photoly­
sis, however, no appreciable MFE was observed 
on the photoreact ion of n-alkyl benzophenone-4-
carboxylates, most probably due to the slow in t ramo­
lecular hydrogen abstraction rate in the excited triplet 
states. 

In this paper,5* we describe MFE on the intramolec­
ular hydrogen abstraction of n-alkyl an th raqu inone -
2-carboxylates (AQ-n), studied wi th the aid of laser 
flash photolysis, two-step laser-induced fluorescence 
and steady-state photolysis. In this system, we can 
see considerable MFE on product yield and others, 
t hough the overall reaction rate is mainly controlled 
by the hydrogen abstraction in the excited triplet 
states. Cha in length dependence of MFE on the 

Present address: a) Department of Chemistry, Faculty 
of Science, Hiroshima University, Higashisenda-machi, 
Naka-ku, Hiroshima 730. b) The Graduate University for 
Advanced Studies, Nagatsuda, Midori-ku, Yokohama 227. 

disappearance yield of AQ-n indicates that singlet-
triplet energy degeneracy of the biradicals occurs wi th 
n>10. 

Experimental 

Chemicals. n-Alkyl anthraquinone-2-carboxylates (AQ-
n) were available from the previous work.6) EP grade 1,1,2-
trichloro-l,2,2-trifluoroethane (Freon 113) was purified by a 
column of basic aluminum oxide (1 m). This solvent was 
used in order to minimize the hydrogen abstraction from the 
solvent. Sample solutions (10~4 M) were deaerated by 
repeated freeze-pump-thaw cycles, when necessary (1 M=l 
mol dm -3). 

Apparatus. Transient absorption spectra were obtained 
by using an XeCl excimer laser (308 nm) and a xenon arc 
lamp as an exciting and a probe light source, respectively. 
Transient signal on a storagescope was fed into a microcom­
puter for analysis. 

Two-step laser-induced fluorescence (TS-LIF) was mea­
sured by using an excimer laser (308 nm) and an N2 laser-
pumped dye laser (430 nm) as the first and the second laser. 
A homemade variable delay circuit was used for the timing 
of two lasers. 

In steady-state photolysis, a 3 ml aliquot of the aerated 
sample solution was irradiated with a 500 W xenon arc lamp 
filtered with a combination of filters (Amax=330 nm). Rela­
tive yield </> of disappearance of AQ-rc was determined from 
the initial UV spectral change around 320 nm. 

Magnetic fields were applied with a conventional electro­
magnet. Details of the apparatus were described 
elsewhere.6* 

Results and Discussion 

Reaction Mechanism. In a previous paper,6* we 
studied photo induced int ramolecular hydrogen 
abstraction reaction of n-alkyl an thraquinone-2-
carboxylates AQ-n (n=2—20), by steady-state photoly­
sis, phosphorescence, laser flash photolysis, and TS-
LIF measurements. Photophysics and photochemis­
try of AQ-n in deaerated Freon 113 solut ion are de­
scribed by the following scheme: 

AQ-rc —>!AQ*-n (1) 
lAQ*-n—>*AQ*-n (2) 
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3AQ*-n—» AQ-n + phos. 

3AQ*-n—>AQ-n 
3AQ*-n—>3BR-n 
3BR-n —^BR-ra 

>BR-n —+ P-n 

(3) 

(4) 

(5) 

(6) 

(7) 

Table 1. Magnetic Field Effects on the Decay time (TLP) 
of Transient Absorption Monitored at 380 nm 

and the Risetime (TR) of TS-LIF Intensity 
Monitored at 520 nma) 

The excited triplet 3AQ*-n of the anthraquinone 
moiety is generated by photoexcitation ((1) and (2)). 
While it phosphoresces (3), it abstracts a hydrogen 
atom from its methylene side chain, affording to a 
triplet biradical, 3BR-n, composed of an anthrasemi-
quinone and an alkyl radical (5). Triplet (T)-singlet 
(S) intersystem crossing (ISC) (6) is followed by the 
recombination of two radical centers to form cyclic 
cage products, P-n (7). Reactive methylene cites, 
from which a hydrogen atom is abstracted and at 
which cage recombination takes place, may be distrib­
uted among the chain in proportion to the collision 
probability of the aromatic moiety and the chain. 

Remarkable n dependence of the relative yield of 
disappearance of AQ-n, the lifetime and yield of 
3AQ*-n (phosphorescence and laser flash photolysis) 
and yield of P-n (laser flash photolysis and TS-LIF) 
were observed. These results are attributable to the 
reaction (5), which is controlled by the collision prob­
ability between the methylene chain and the excited 
triplet anthraquinone moiety. In order to see how 
distances of two radical centers affect MFE on present 
biradicals, photoreaction of AQ-n were examined. 

Laser Flash Photolysis. In the laser flash photoly­
sis of the deaerated Freon 113 solution of AQ-n, an 
intense absorption band appears around 380 nm. In 
general, the transient spectra within the 100 us time 
scale might be composed of at least three species, i.e., 
3AQ*-n, BR-n, and P-n. Decay curves of AQ-n 
exhibit non-exponential decay as reported in a pre­
vious paper.6) The decay component (decaytime, 50 
(n=2)—4 us (n=20)) is mainly attributable to the 
absorption of 3AQ*-n, as they are comparable with the 
phosphorescence lifetimes (76 (n=2)—4 us (n=20)). 
Spectral assignment of BR-n is rather difficult, as their 
absorption may be covered by those of 3AQ*-n. The 
decaytimes of 3BR-n at zero field seem to be con­
trolled by the lifetime of 3AQ*-n, as the risetimes of P-
n are compatible with the phosphorescence lifetimes.6) 

Absorption intensities left at the late stage of the decay 
may be attributable to photoproducts P-n, since the 
spectra are similar to those of photoproducts observed 
in the steady-state photolysis and risetimes of P-n 
monitored by TS-LIF is comparable to the lifetimes of 
3AQ*-n. 

Small but appreciable MFE were observed for the 
decay curves of long-chain molecules with n=18 and 
20 (Fig. 1 and Table 1), though AQ-n with n<18 
exhibited no appreciable effect. In the case of AQ-20, 
the apparent decaytime monitored at 380 nm increases 
from 4.5 us at zero field to 5.9 us in the presence of a 

AQ-18 
AQ-20 

TLP/JIS 

0 T 1 T 

4.9 6.8 
4.5 5.9 

T R / U S 

0 T I T 

4.9 6.3 

a) Experimental errors are ±15%. 

CD 
O 
c 
<0 

JQ 
C 
O 
CO 

JQ 
<c 

0 1 2 3 4 
Time / JJS 

Fig. 1. (a) Magnetic field effects on the decay of 
transient absorption of AQ-20 monitored at 380 nm 
in deaerated Freon 113 solution. 

magnetic field (1 T). The decay component exhibit­
ing MFE is definitely assigned to the absorption of 
BR-n (n=\S, 20), though it may be hidden by the 
intense absorption of 3AQ*-n at zero field. 

The results imply that T-S ISC of 3BR-18 and 3BR-
20 occurs via electron-nuclear hyperfine (hf) interac­
tion at zero field and that the rate is reduced in a 
magnetic field, because of the Zeeman splitting of 
triplet sublevels, as observed for the photoreaction of 
anthraquinones in micellar solution.7) No MFE on 
the transient absorption of AQ-n with n<18 may be 
attributable to the slow decay rate of 3AQ*-n as de­
scribed above. 

Because of local high concentration of surfactant, 
hydrogen abstraction of excited triplet anthraquinone 
from a surfactant molecule in a micellar cage is very 
fast (<10 ns).7) Thus in micellar solution we can see 
significant MFE on the radical pair composed of the 
semiquinone and a radical derived from the sur­
factant by laser flash photolysis. In the present 
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model system, however, small effects are observed only 
for long chain molecules because hydrogen abstrac­
tion is more than hundred times slower in the present 
in t ramolecular reaction than in the bimolecular reac­
tion in micellar solution. 

Two-Step Laser-Induced Fluorescence (TS-LIF). 
In steady-state photolysis, intense fluorescence of p h o -
toproducts, P-n, generated from the recombinat ion 
reaction (7) appears a round 500 nm. T h u s , MFE on 
the yield of P-n were examined by T S - L I F technique. 
In the present experimental setup, TS-LIF was 
detected for P-n wi th n > 8 , where an efficient in t ramo­
lecular reaction took place in 3AQ*-n. Agreement of 
risetimes of P-n (17.5 (n=10)—4.7 us (n=20)) wi th the 
lifetimes of 3AQ*-n ment ioned in the above section, 
indicates that reaction in 3AQ*-n is the rate-
de termining step. 

Figure 2 shows MFE on the t ime profile of TS-LIF 
of P-20 moni tored at 520 nm. Risetime of P-20 
increases slightly in the presence of a magnet ic field (1 
T) wi th the concomitant decrease in intensity (Table 
1). T h e change in the risetime is in good agreement 
wi th that in the decaytime of 3BR-20 ment ioned above. 

Table 2. Magnetic Field Effects on the TS-LIF Intensity 
at 20 fis Delay after Laser Excitation 

Monitored at 520 nm 

AQ-n 

AQ-10 
AQ-12 
AQ-14 
AQ-16 
AQ-18 
AQ-20 

fia)/% 

-32±10 
-27 
-28 
-24 
-29 
-24 

a) Q is the TS-LIF intensity change induced by the 
presence of a magnetic field (1 T). 

Table 2 shows MFE on the yield change of P-n 
obtained from the TS-LIF intensities at 20 us delay 
after the first laser excitation. Obviously the yields 
decrease by about 20—30% in a magnetic field. T h e 
results indicate that rate of product formation (P-20) 
and yield of cage products , P-n (n=10—20), decrease 
due to the reduct ion of T-S ISC rate in a magnet ic 
field as expected. In this reaction, bimolecular reac­
tions (8) and (9), compet ing wi th T-S ISC in 3BR-n, 
may be responsible to the reduction of P-n yield, 
though they are not shown in the above scheme. 

3BR-n + impurity (or solvent) -
3BR-rc + 3BR-rc—> 

(8) 

(9) 

Steady-State Photolysis. Steady-state photolysis 
was carried ou t in aerated Freon 113 solution. In 
aerated solut ion, oxidat ion of the an th rasemiqu inone 
moiety, which competes wi th T-S ISC, may regenerate 
the a n t h r a q u i n o n e one as observed in the photoreac-
tion of a n t h r a q u i n o n e in micellar solution.8> 

3BR-rc + 0 2 -> -> AQ-n (or AQ'-n) (10) 

Oxida t ion of the corresponding alkyl radical center 
may result in the regenerat ion of original alkyl chain 
(AQ-n) or the generat ion of an unsaturated chain 
(AQ'-n), t hough its fate is unclear in the UV spectral 
measurements . T h u s the yield of disappearance of 
AQ-n is expected to be affected by a magnetic field. 

Figure 3 shows MFE on the relative yield (f> of 
disappearance of AQ-14 in aerated Freon 113 solution. 
T h e reduct ion of T-S ISC rate in 3BR-14 caused by a 
magnet ic field leads to an increase in the yield 
of a compet ing reaction process (10). A remarkable 
decrease in the yield occurs at low field (<0.05 T) . In 
the presence of oxygen, the lifetime of 3BR-14 may be 
determined by the reaction wi th oxygen in higher 

1.50 

rp 

• r-l 
en 
c 
CD 

C 

1.00 

S 0.50 
i 

cn 

20 40 
Delay Time / JJS 

Fig. 2. Magnetic field effects on the rise of TS-LIF of AQ-
20 monitored at 520 nm in deaerated Freon 113 solution. 
Inest: Semi-logarithmic plots of the intensities I(t). 
Here, the intensity at 31 fis delay is used as /». 
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Fig. 3. Magnetic field dependence of the relative 
yield 4>(H) of disappearance of AQ-14 in aerated 
Freon 113 solution. A typical experimental error 
is given by an error bar. 

magnetic field, and, for this reason, saturation of MFE 
occurs at low field. 

Next, influence of chain length on </> was examined 
(Fig. 4). In the presence of a magnetic field (0.26 T), 
0 decreases by about 10% for long chain molecules 
with n>10, whereas no effect is observed for short 
chain molecules. Sharp change of the effects is 
observed between n^lO and 12. The chain length 
dependence of MFE was revealed by steady-state pho­
tolysis measurements, though we failed to examine it 
by transient measurements as mentioned above. 

An S-T energy gap of a biradical arises from the 
electron exchange interaction and decreases exponen­
tially with increasing interradical distance. When a 
chain length is long (n>10), T-S ISC of biradicals 
occurs via hf interaction at zero field in the chain 
conformations in which the energy gap is comparable 

to the hf energy. In the presence of a high magnetic 
field, the ISC rate is reduced due to the Zeeman split­
ting of triplet sublevels. When the distance is short 
(n<12), the exchange interaction determining the S-T 
energy gap becomes much larger than the hf interac­
tion and T-S ISC caused by hf interaction becomes of 
minor importance. Under the circumstances, the 
Zeeman splitting of triplet sublevels in a magnetic 
field does not affect appreciably the ISC rate of biradi­
cals. In other words, Fig. 4 implies that S-T energy 
degeneracy of BR-n occurs when n>10. 

Chain-linked biradicals may be divided into two 
groups, i.e., biradicals exhibiting sharp chain length 
dependence of MFE and those exhibiting gradual 
dependence. Singlet ionic biradicals generated from 
phenanthrene-(CH2)n-dimethylaniline,9) pyrene-
(CH2)n-dimethylaniline,10) and neutral triplet ones 
generated from cyclic ketones11) belong to the former 
group. In the case of phenanthrene-(CH2)n-dimethyl-
aniline, for example, drastic change of MFE on 
exciplex fluorescence intensity is observed between 
n=S and 10. On the other hand, triplet biradicals 
generated from xanthone-COO-(CH2)n-OCO-xan-
thene3) and benzophenone-0-(CH2)n-0-diphenyl-
amine4) are classified in the second group. In these 
cases, considerable MFE are observed even for the 
short chain biradicals in which the S and T states are 
likely non-degenerate, and magnitude of the effects 
increases gradually with increasing the chain length. 
The difference between two groups seems attributable 
to the magnetic-field-independent deactivation rate 
from the respective biradical states. When the life­
time of a biradical is short, ISC occurs only between 
degenerate states and its MFE is sharply affected by the 
chain length. In the case of biradicals in which no 
fast magnetic-field-independent process is involved, 
ISC may also take place between slightly non-

Fig. 4. Chain length dependence of the relative yield </> of 
disappearance of AQ-n in the presence and absence of a 
magnetic field (0.26 T) in aerated Freon 113 solution. A 
typical experimental error is given by an error bar. 
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degenerate states, and, for this reason, change of MFE 
u p o n chain length is not sharp. Chain length 
dependence of disappearance of AQ-n shown in Fig. 4 
may be comparable wi th those of biradicals composed 
of well-defined radical centers ment ioned above, and 
3BR-n may be classified in to the first g roup . It is 
because location of alkyl radical center is considered to 
mostly localize at the penul t imate methylene car­
bon for n<16 , taking in to account of the fact that, in 
the reaction of ra-alkyl benzophenone-4-carboxylates 
(BP-n, n ^ 14—20), the reactive methylene site is con­
siderably localized (50—70%) at the penul t imate meth­
ylene when the chain becomes short (n=14 and 16).12) 

In the present biradicals, the fast reaction wi th oxy­
gen, estimated to be about 5X106 sec - 1 , may be respon­
sible for shor tening of biradical lifetimes. 

According to the conformational calculat ion of BP-
n,13) distances from the methylene carbon a tom adja­
cent to the ester g roup to the methyl carbon a tom are 
about 0.89 n m (BP-10) and 1.04 n m (BP-12). T h u s , 
the distance between two radical centers (presumably 
the carbon a tom at hydroxy 1 g roup and the penul t i ­
mate carbon a tom at the alkyl chain) of BR-12 is 
estimated to be longer than 1 nm. T h u s , we may 
make rough est imation that the distance between two 
unpa i red electrons in the biradicals must be long (>1 
nm) for appearance of MFE. From the present model 
study, the interradical distance of a radical pair com­
posed of an th ra semiqu inone and a surfactant-derived 
radical generated in a micellar cage is estimated to 
be > 1 nm. Furthermore, agreement of the present 
results wi th those of our previous MFE studies on the 
bifunctional chain molecules3'4'9'14* and those reported 
by other groups10'11* leads to a general conclusion that 
S-T degeneracy of biradicals occurs at the interradical 
distance of 1 n m or so. 

T h i s work was supported by Jo in t Studies Program 
of Insti tute for Molecular Science and by Grant- in-Aid 

for Scientific Research from the Ministry of Educa­
tion, Science and Culture. 
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Effects of Phenyl Groups on Thermodynamic Parameters of Lanthanoid(III) 
Complexation with Aromatic Carboxylic Acids 
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The enthalpy changes as well as the stability constants of the complexes between a series of lanthanoid(III) 
cations and phenylacetate, 3-phenylpropionate, and salicylate ions have been measured using a potentiometer 
and an isothermal calorimeter, respectively. The data were compared with the data with benzoate ions. The 
enthalpy changes for formation of the heavier lanthanoid(III) complexes are larger than those for the 
complexation of the lighter lanthanoids. Also, the complexation heat changes by the carboxylate ions having 
methylene group(s) between the carboxyl and the phenyl groups are more endothermic than by the anions in 
which these two groups are joined directly. The results are explained in terms of the differences in the 
dehydration of the lighter lanthanoid(III) from that of the heavier ones upon complexation and also the 
different basicities of the carboxylate ions of the ligands. 

It has been reported1* that the dis t r ibut ion constant 
of phenylacetic acid is very similar to that of benzoic 
acid when chloroform is employed as organic solvent, 
a l t hough the constant of a l iphat ic carboxylic acids 
increases a factor of 4 wi th each addi t ion of a methy­
lene group. 2 ) It has also been observed1* that the 
adduct formation constants of the chelates between 
several lanthanoids(III) and 2-thenoyltrifluoroace-
tone wi th phenylacetic acid in chloroform as well as 
the formation constants of the lanthanoid(III) com­
plexes wi th the acid, in 0.1 M (1 M ^ l mol d m - 3 ) 
sodium Perchlorate solution, are smaller than the 
constants of the corresponding lanthanoid(III) com­
plexes wi th benzoic acid, in spite of the very similar 
pKa values of the acids. 

These observations suggest that the presence or 
absence of a methylene between the carboxyl and 
phenyl groups in acid may influence the hydrat ion of 
the an ion which also affects the complexat ion. T o 
study this possibility in more detail, the enthalpy 
changes as well as the stability constants of a series of 
lanthanoid(I I I ) complexes wi th salicylate, phenylace­
tate, and 3-phenylpropionate ions have been measured 
in the present work and compared wi th the data for 
benzoate complexing . Salicylic acid was chosen 
for compar ison as it also has no - C H 2 - between 
the phenyl and the carboxyl groups, while 3-
pheny lp rop ion ic acid was chosen for its analogy wi th 
phenylacetic acid since the carboxyl g roup is screened 
from the phenyl g roup by methylene groups. 

Experimental 

Reagents. Lanthanoid(III) Perchlorate solutions were 
prepared by dissolving the weighed lanthanoid oxides (the 
purities were >99.9%) in perchloric acid. The exact lantha-
noid(III) concentrations were determined by titration with 
EDTA using Xylenol Orange as an indicator and acetate 
buffer. Phenylacetic acid (Aldrich Chemical Co., Milwau­
kee WI, U.S.A., the purity: 99%), 3-phenylpropionic acid 
(Tokyo Kasei Co., Tokyo, the purity: >98%), and salicylic 

acid (Kanto Chemical Co., Tokyo) were used without purifi­
cation. These acids were buffered by adding sodium 
hydroxide solution and these solutions served as the ligand 
solution in the Potentiometrie and calorimetric titrations. 
Sodium Perchlorate prepared from sodium carbonate and 
perchloric acid was recrystallized twice from water. The 
total ionic concentration was adjusted to 0.1 M with the 
addition of sodium Perchlorate solution. 

Procedures. Potentiometrie titrations were performed in 
a similar way to that described elsewhere.3) The hydrogen 
ion concentration was determined potentiometrically using 
1.00X10"2 M perchloric acid solution (the total Perchlorate 
concentration was 0.1 M) as a standard of —log [H+]=2.00. 
Calorimetric titrations were performed on an isothermal 
calorimeter equipped with a motorized buret (Tronac Model 
1250, Utah, U.S.A.). A reaction vessel and a buret were 
immersed in the water bath of 298 K. The heat was detected 
as the change in the energy required to maintain the solu­
tion at initial temperature. The solution was stirred con­
stantly and vigorously during the measurement. The 
titrant was injected into a stainless steel reaction vessel at a 
constant rate. After the first injection of the titrant, 
approximately 4 minutes were required to stabilize the 
temperature of the solution. The heat measurement was 
started after the temperature had been stabilized. In the 
cup, 75 mL of a lanthanoid Perchlorate solution was placed 
and titrated with the ligand solution. The dilution heats 
for the ligand solution were determined by titrating a 75 mL 
of 0.10 M sodium Perchlorate solution with the ligand 
solution. The protonation heats for the carboxylate ions 
were determined calorimetrically by titrating these buffered 
solutions with perchloric acid solution. The data from the 
calorimetric titrations were treated by a linear least-squares 
analysis. 

Results and Discussion 

Tab le 1 shows the typical experimental condi t ions 
which were used in the Potentiometrie t i trations to 
determine the stability constants. T h e symbol n 
denotes the average number of l igand molecules 
b o u n d to a metal ion. T h e Potent iometr ie data were 
analyzed on the basis of the Bjerrum formation func-
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Table 1. Typical Experimental Conditions Employed in Potentiometrie 
Titrations for the Lanthanoids(III)-Phenylacetate Systema) 

(7=0.10 M (NaC104); T=298 K) 

L n m 

Pr 
Nd 
Sm 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Lu 

Volume added 
/ml 

2.4-8.0 
1.8-8.0 
2.6-6.5 
1.3-6.5 
2.0-7.5 
2.0-7.0 
1.0-7.0 
0.5-6.5 
2.0-7.0 
1.0-7.0 

a) Initial Conditions. In 
AT=2.0X10-• 2 M . 

the cup: 

- log[H+] 

3.81-3.78 
3.81-3.75 
3.77-3.74 
3.88-3.80 
3.86-3.83 
3.86-3.83 
3.94-3.87 
4.01-3.88 
3.87-3.84 
3.94-3.86 

[Ln3+]=1.0X10-2 M, 

[A"] 
/lO"4 M 

2.64-8.16 
1.88-7.63 
2.44-5.97 
1.57-7.05 
2.61-8.78 
2.65-8.50 
1.47-9.84 
0.82-8.59 
2.73-8.65 
1.47-8.69 

volume=50.0 mL. 

n 

0.029-0.082 
0.020-0.074 
0.033-0.074 
0.015-0.064 
0.017-0.055 
0.016-0.046 
0.009-0.047 
0.004-0.040 
0.014-0.042 
0.009-0.051 

In the buret: 

Table 2. Thermodynamic Parameters for Protonation of Carboxylate 
Anions (7=0.1 M (NaC104); T=298 K) 

Anion 

Phenylacetate 
3-Phenylpropinate 
Benzoate5) 
Salicylate 

log#,ii+<5a) -

4.00+0.03D 
4.40+0.01 
3.99+0.05 
2.72+0.013) 

AGoii+ô 

kjmol" 1 

-22.8+0.2 
-25.1+0.1 
-22.8+0.3 
-15.5+0.1 

AHoii+ô 

kjmol" 1 

1.72+0.01 
1.06+0.01 

-0.87+0.05 
-3.95+0.01 

ASoii+ô 

Jmol- iK" 1 

82.2+0.7 
87.9+0.3 
74 +5 
38.7+0.3 

a) ô donotes error limits based on the agreement in repetitive titrations. 

Table 3. Calorimetric Titration Data for the Praseodymium(III)-Phenylacetate Systema) 

(7=0.1 M (NaC104); T=298 K) 

Titrant 

ml 

4.41 
4.73 
5.04 
5.36 
5.67 
5.99 
6.30 
6.62 
6.93 
7.25 
7.56 
7.88 
8.19 

û(corr)b) 

m j 

-26.65 
-53.60 
-80.60 

-106.95 
-134.31 
-161.74 
-188.04 
-212.50 
-237.98 
-262.81 
-287.47 
-312.68 
-337.95 

Q(calcd)c) 

m j 

-27.74 
-55.15 
-82.26 

-109.06 
-135.57 
-161.79 
-187.72 
-213.38 
-238.76 
-263.88 
-288.73 
-313.32 
-337.66 

- log[H+] -

3.805 
3.803 
3.802 
3.801 
3.800 
3.800 
3.800 
3.799 
3.799 
3.799 
3.800 
3.800 
3.800 

[LnA2+] 

lO"2 mmol 

4.195 
4.458 
4.718 
4.975 
5.229 
5.480 
5.729 
5.975 
6.218 
6.459 
6.697 
6.933 
7.167 

0.070 
0.074 
0.078 
0.082 
0.087 
0.091 
0.095 
0.099 
0.103 
0.107 
0.111 
0.115 
0.119 

a) Initial Conditions: In the cup: [Pr3+]=8.05X10"3 M, -log[H+]=4.07, volume=75.0 mL. 
In the buret: AT=4.14X10"2 M, [A-]=2.06X10"2 M. b) Q(corr) is the observed heat corrected 
for dilution and protonation, c) Q,(calcd) is the heat calculated using the stability constants 
and the enthalpy changes observed. 

tion4) and the mass balance equations of the relevant 
species. Table 2 lists the thermodynamic parameters 
for protonation of the four carboxylate ions. A nota­
ble point in these constants is that the protonation 
heats for benzoates are exothermic while those for the 
carboxylates having methylene group(s) between 
the carboxyl and phenyl groups are endothermic. 
Although the cause of the difference is not clear, it can 
be explained by a difference of the hydration of ligand 

anions. In phenylacetate and 3-phenylpropionate 
anions, the inductive effect of phenyl ring should be 
weaker due to the shielding of the methylene group 
and these anions can be expected to be more basic than 
that of benzoate anions. Consequently, the hydra­
tion of these anions having methylene group(s) 
should be greater than that of benzoate, and the 
enthalpy change in the protonation of the carboxylate 
ion joined to methylene groups would be larger than 
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that of benzoate ion. This interpretation is sup­
ported by the more positive values of AS for the 
phenylacetate and 3-phenylpropionate protonation. 
However, we note that the p£ a values for benzoic and 
phenylacetic acids are very close which would seem to 
disagree with the prediction that the basicity of benzo­
ate ion is weaker than that of phenylacetate. 

Table 3 is an example of the calorimetric titration 
data. The net heat changes (Q(corr)) were obtained 
by subtracting the dilution heat and the protonation 
heat from the observed heat. 

The values of the stability constants and of the 
enthalpy changes obtained are listed in Table 4. The 
values for the formation of the second complex, 
LnA2+, from both the Potentiometrie and the calori­
metric data are uncertain for the 3-phenylpropionate 
and salicylate systems since only a small amount of 
the second complex was formed. Neither the potentio-

Table 4-a. Stability Constants of Complexation 
of Lanthanoids by Phenylacetate and 3-Phenyl-

propionate (7=0.10 M (NaC104); T=298 K) 

L n m 

La 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

Phenylacetate 

log/3ioi±ôa) 

1.74+0.04 
2.04+0.01 
2.09+0.06 
2.13+0.01 
2.06+0.02 
1.96+0.06 
1.82+0.08 
1.77+0.03 
1.77+0.02 
1.70+0.01 
1.73+0.06 
1.80+0.02 
1.82+0.09 

3-Phenylpropionate 

log/3ioi+ô 

2.08+0.02 
2.16+0.01 
2.19+0.00 
2.18+0.02 

1.96±0.03 

1.89+0.03 
1.91+0.01 
1.98+0.03 

\0gßw2±0 

3.60+0.17 
3.67+0.09 
3.75+0.10 
3.77+0.11 

3.62+0.24 

3.40+0.06 
3.45+0.11 
3.58+0.08 

a) 8 donotes error limits based on the agreement in 
repetitive titrations. 

metric nor the calorimetric data gave evidence 
of the formation of the second complex with phenyl­
acetate ion. (As seen in Table 3, the observed heat 
coincides with the heat calculated without the second 
complex over all the range studied.) The thermody­
namic parameters calculated on the basis of the data 
in Table 4 are compared to those with benzoic acid 
in Fig. 1. 
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Fig. 1. Thermodynamic parameters (—AGioi, 
—AHioi, and TASioi) in complexation between 
lanthanoid(III) and phenylacetate (O), 3-phenyl­
propionate (•), and salicylate (A) ions. The data 
are compared to those with benzoate5) (— ). 

Table 4-b. Enthalpy Changes of Complexation of Lanthanoids(III) by Phenylacetate, 
3-Phenylpropionate and Salicylate (7=0.10 M NaC104); T=298 K) 

L n m 

La 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

Phenylacetate 

AHioi+ô 

k jmol- 1 

11.30+0.17 
10.43+0.33 
10.21+0.04 
9.99+0.22 

11.05+0.37 
12.01+0.50 
14.86+0.07 
15.57+0.44 
15.08+0.11 
16.34+0.03 
16.73+0.05 
16.10+0.01 
15.76+0.07 

3 -Pheny lpropionate 

AHioi+ô AHio2±ô 

k jmol- 1 

10.65+0.08 
9.82+0.64 
9.47+0.23 

10.36+0.54 

13.60+0.26 

15.15+0.40 
15.60+0.66 
14.82+0.63 

5.47±5.91 
17.56+3.48 
18.16+13.2 
13.83+9.80 

17.48+6.40 

16.82+11.5 
14.24+9.28 
22.98+12.8 

Salicyl; 

AHioi+ô 

itea) 

AHio2±ô 

kjmol- 1 

2.01+0.34 
2.07+0.07 
1.66+0.20 
0.98+0.01 
1.29+0.34 
1.93+0.31 
3.02+0.01 
3.32+0.00 
3.05+0.03 
3.81+0.11 
3.34+0.36 
2.98+0.07 
3.61+0.22 

5.07+4.91 
3.63+1.15 
5.94+0.76 
3.91+0.02 
5.71+2.45 
5.92+0.78 
4.43+0.10 
8.77+1.63 
7.30+0.42 
6.31+3.09 
6.97+2.43 

18.58+0.56 
9.46+2.04 

a) Using the stability constants taken from Ref. 3. 
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In Fig. 1 the patterns of the variation with lantha­
noid atomic number are similar for the different 
ligands. All the curves can be resolved in an initial 
group (the lighter lanthanoids), an intermediate 
group (Sm-Dy) and a final group (the heavier ones). 
The trends observed in the enthalpy changes as a 
function of the atomic number may be explained in 
terms of the different hydration number of the lighter 
and the heavier lanthanoid ions.6) The values of 
AHioi (the complexation heat of the reaction, 
Ln3 ++A --*LnA2 +) of the heavier lanthanoid(III) 
complexes are more endothermic as more dehydration 
occurs for these cations when they are complexed. 

Figure 1 also shows that the enthalpy changes in the 
complexation with the carboxylates having methylene 
group(s) between carboxyl and phenyl groups are 
more endothermic than those by the carboxylates join­
ing directly to these groups, that is, the enthalpy 
changes of the phenylacetates and 3-phenylpro-
pionates are more endothermic than those of benzo­
ates. The difference in AHioi between benzoate and 
phenylacetate could be related to difference in the 
dehydration of the ligands when they are complexed 
as the difference in AHioi is about the same as in 
protonation heat(AHon), e.g., the difference of AHon 
is 2.6 kj mol - 1 and that of AHioi for neodymium(III) is 
2.2 kjmol-1 . This is also reflected in the entropy 
changes where TASioi is about 2 k j m o l - 1 more 
positive for Nd(phenylacetate)2+ than for Nd(benzo-
ate)2+ formation and TASon is about 2 kj mol - 1 more 
positive for phenylacetic acid compared to benzoic 
acid. If the difference with these two ligands would 
mainly be caused by the difference of the hydration of 
the ligand anions, the difference should be similar 
regardless of lanthanoids. However, the difference of 
the enthalpy changes with the phenylacetates between 
the lighter and the heavier lanthanoids is larger than 

that of the benzoates (the difference for the phenylace­
tates, ca. 6 k jmo l - 1 and for the benzoates, ca. 3—4 
kj mol -1). Some effects caused by the direct combi­
nation of carboxyl and phenyl groups, i.e., the reson-
ance7) as well as the inductive effect of benzoate ions, 
would influence the complexation of lanthanoids. 
This is also seen in the values of enthalpy changes and 
entropy changes of the 3-phenylpropionates which are 
very similar to those of the phenylacetates and in the 
similarity in the patterns in the benzoates and the 
salicylates. It apparently suggests that such a differ­
ence would be attributable to the direct combination 
of carboxyl and phenyl groups. 
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Solvent Effect on Reaction Mechanism and Kinetics of Triplet 
Ion Pairs between Chloranil and Acenaphthene 
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A comparative study on decay dynamics of triplet ion pairs has been performed for the chloranil (CA) and 
acenaphthene (ACN) system in both the nonpolar solvent benzene (BZ) and the moderately polar 1,2-
dichloroethane (DCE) by means of nanosecond laser photolysis. Triplet chloranil (3CA) is quenched by ACN 
to yield the (1:1) triplet ion pair (IPi), 3(CAT, ACNt), in BZ, while the (1:2) ion pair (IP2), 3(CAT, ACN2+), in 
DCE as well as IPi in the concentration range less than 1 M (1 M=l moldm"3) of ACN. Temperature 
dependence of the transient spectra indicates that IP2 is energetically lower than IPi in DCE. In BZ, IPi decays 
through both back electron transfer (back ET) to the ground state of the donor-acceptor pair and intra-ion-pair 
proton transfer (PT) leading to formation of the chloranil semiquinone radical (CAH • ). In DCE, both IPi and 
IP2 disappear through the back ET and ionic dissociation (ID) to free anion and cation radicals, while no PT 
is observed. The efficiency of ID is greater in IP2 (0.70) than in IPi (0.33). From temperature dependence 
on decay profiles, Arrhenius parameters are obtained for each decay process of the ion pairs. The PT process 
in BZ requires a considerably high activation energy (30 kjmol - 1 ) , while the ID process in DCE proceeds 
with practically no activation energy for both IPi and IP2. The activation barrier for the back ET of IPi in BZ 
is obtained to be 13 kjmol"1 which is significantly greater than that (~0 kjjmol"1) in DCE. This solvent 
effect may be attributed to the difference in the ion pair states: i.e., a contact type in BZ and solvent-separated 
type in DCE. 

Investigations concerning formation and decay 
dynamics of transient triplet ion pairs (3IP) provide 
m u c h informat ion on many photochemical reactions 
associated wi th electron transfer (ET) in the triplet 
state.1_9) In a previous work,10) we have clarified 
decay characteristics of the triplet-state termolecular 
ion pairs (IP2) between the chlorani l an ion radical 
(CAT) and the dimer cat ion radical of naph tha lene 
(Np2"i") or monoha logena ted naphtha lenes (NpX2+) in 
DCE. It has been suggested that in the moderately 
polar DCE, IP2 are in a loose, solvent-separated ion-
pair (SSIP) state. If 3IPs were produced in a nonpo-
lar solvent such as BZ, they would be expected to be in 
a contact ion-pair (CIP) state and to exhibit a decay 
behavior notably different from that of SSIP, not only 
in a reaction mode bu t also in a rate of the back E T 
process. In BZ, however, the ion pair 3(CAT , Np2+) is 
observed spectroscopically at only h igh [Np] (ca. 1 
M),6> which is in an equi l ib r ium with 3 ( C A s N p t ) 
and also 3CA over a wide concentrat ion range of Np . 
As a result, the decay behavior of the each individual 
ion pair , 3(CA~, Np2+) or 3(CA", N p t ) , is rather com­
plicated wi th respect to temperature dependence.11) 
In addi t ion, neither 3(CA^, NpX2+) nor 3(CA", NpX+) 
has been produced in BZ, whereas the locally excited 
(LE-type) triplet exciplexes, 3 (CA*--NpX), have been 
formed, because of relatively h igh ionizat ion poten­
tials of the halogenated naphtha lenes . T h e n , we 
have tried to investigate various other systems yield­
ing 3 IP. T h i s report describes results of a detailed 
study on the decay dynamics of IPi for the CA-
ACN system in both BZ and DCE together wi th 
decay characteristics of IP2 observed in DCE. Differ­
ence in decay dynamics between CIP and SSIP is 
clarified 

Experimental 

An apparatus for measurements of transient absorption 
spectra and decay profiles was the same Nd : YAG laser 
system as used previously10) operated in the third harmonic 
(355 nm) oscillation mode. The second harmonic at 532 
nm was used for direct CT-band excitation. Some transient 
spectra were also observed by using a frequency doubled (347 
nm) ruby laser system as described elsewhere.3'12'13) The 
ground-state absorption spectra were recorded on a UV/VIS 
spectrophotometer (JASCO, Ubest-50) at room temperature. 
Acenaphthene (ACN; GR grade, Tokyo Kasei) was purified 
by recrystallization from a methanol-cyclohexane mixture 
and then from cyclohexane. Chloranil (CA: tetrachloro-p-
benzoquinone) was the same material as purified pre­
viously.10) Both spectrograde benzene (BZ, Dotite) and 1,2-
dichloroethane (DCE, Dotite) were used as received. Sam­
ple solutions subject to the photolysis were deaerated care­
fully by Ar-bubbling for more than 15 min. Especially, for 
solutions of high [ACN] the Ar-bubbling was performed 
under the action of supersonic vibration in order to prevent 
the precipitation of ACN in a needle tube for the gas flow. 
Temperature control of a sample was performed by the same 
manner as described previously.10) 

Results and Discussion 

The Ground-State Complex Formation and the 
Lowest CT-Band Excitation. A mixed solut ion of 
CA and A C N forms the electron donor-acceptor com­
plex, CA—ACN,. in the g round state. T h e complex 
exhibits the 1st charge-transfer (CT) absorpt ion band 
wi th a m a x i m u m at 564 n m in DCE (Fig. 1) and at 558 
n m in BZ (Fig. 2). T h e formation constant (Kc) and 
the molar ext inct ion coefficient (fic(A)) of the complex 
at the wavelength X (nm) were estimated to be Kc= 
(0.63+0.01) M-1 ; £ c(565)=(1.59±0.03)X103M-1cm-1 



2174 Harumichi KOBASHI, Shunichi OKABE, Youichi OHSUGI, and Haruo SHIZUKA [Vol. 63, No. 8 

800 

Fig. 1. The ground-state UV/VIS absorption spec­
tra of the CA and ACN system in DCE: 
[CA]=2.09X10-3 M and [AGN]=(1) 0, (2) 0.100, (3) 
0.200, (4) 0.300, (5) 0.400, and (6) 0.500 M. The 
short arrows indicate the wavelengths of the laser 
oscillation, 347, 355, and 532 nm. 
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Fig. 2. The ground-state UV/VIS absorption spec­
tra of the CA and ACN system in BZ: [CA]= 
1.87X10-3 M and [ACN]=(1) 0, (2) 0.250, (3) 0.500, 
(4) 0.625, (5) 0.750, (6) 0.875 M. 

in DCE at 25 °C and £ c=(0.31±0.01) M"1; £c(560)= 
(1.95±0.07)X103 M - i c m - i in BZ at 25 °C. These 
values were obtained by the nonl inear least-square 
fitting us ing the fol lowing equation:1 4 ) 

D = (Do + Kc [ACN] Dc)/(1+Kc [ACN] ). 

Here, D and Do are the absorbances in the presence 
and absence of ACN, respectively, under the condi­
tions of [CA]<C[ACN]. Dc(=£c[CA], the l ight pa th 
1=1 cm) denotes the extrapolated absorbance of the 
complex in the infinite concentrat ion of ACN; i.e., the 
absorbance of the complex when all CA is converted 
in to the complex. 

T h e laser pulse at 532 n m matches the 1st C T band 
of the complex in bo th solvents (indicated by short 
arrows in Figs. 1 and 2). However, the excitation at 
532 n m led to no transient formation in bo th solvents 
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Fig. 3. Time-resolved transient absorption spectra 
of the CA (3.3X10-3 M) and ACN (3.2X10"3 M) 
system in DCE obtained by the ruby laser photolysis 
at 15 °C. Delay times after the start of laser oscilla­
tion are given in the figure. 

even in the solutions con ta in ing the most concen­
trated ACN examined here (ca. 0.5 M in DCE and 1 M 
in BZ). T h i s result indicates that the internal conver­
sion in the Si(CT) state of the complex is so rapid 
unable to be detected by nanosecond laser photolysis 
as reported previously for the CA-durene1* and CA-
diphenylamine 3 ) complexes. 

Photolysis at 347 or 355 nm in DCE. As can be 
seen from Fig. 1, the second absorpt ion band of the 
complex CA—ACN shorter than 450 n m overlaps wi th 
the band of CA having a m a x i m u m around 375 nm. 
T h e laser pulse at 347 or 355 n m can excite the band of 
free CA as well as the second band of the complex. 
Figure 3 shows time-resolved transient absorpt ion 
spectra for the CA(3.3X10"3 M)-ACN(3.2X10- 3 M) 
system in DCE obtained by the ruby laser photolysis. 
T h e band at 515 n m due to 3 C A U 2 ) is quenched by 
ACN wi th a rate constant (kq) expressed by the 
Arrhenius equat ion , &q=5.1X10nexp(—10.2 k j m o l " 1 / 
R T ) M - i s - 1 . T h i s kq value (e.g., 7.7X109 M ^ s " 1 at 
20 °C) is greater than that of 4.9X109 M ^ s - 1 for the 
E T q u e n c h i n g by naph tha lene (Np) at 20 °C.10) T h i s 
is due to low oxidat ion potent ia l of ACN (1.25 eV)15> 
than that of N p (1.65 eV).15> T h e bands a round 390, 
450, and 665 n m appear remarkably associated wi th 
the 3CA quench ing . T h e 450-nm band is assigned as 
that of the chlorani l radical an ion (CA7).1) T h e 
bands a r o u n d 390 and 665 n m are both characteristics 
of the acenaphthene radical cation (ACNt).16) T h u s , 
the q u e n c h i n g reaction is surely E T from ACN to 3CA 
occurr ing faster than that from N p in the C A - N p -
DCE system.10) These ion-radical bands decrease 
rapidly in an early stage (<200 ns after the excitation) 
and then decay wi th a relatively slow rate. Figure 4a 
gives a lst-order decay profile of 3CA monitored at 515 
nm. Figure 4b shows 2nd-order decay plots corres­
p o n d i n g to the bands of CAT at 448 n m and A C N t at 
670 n m after the cessation of the init ial rapid decay. 
T h e exactly 2nd-order kinetics of the ion-radical 
bands indicates clearly the formation of isolated CAT 

and A C N t decaying via recombina t ion inc lud ing 
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Fig. 4. Absorbance decay profile measured in the CA 
(3.3X10-3 M)-ACN (3.2X10-3 M)-DCE system at 
15 °C: (a) 3CA at 515 nm, (b) CA" at 448 nm and 
ACN+ at 670 nm. 

back ET or disproportionation. The slope of the 
2nd-order plots corresponds to k.2/e(Ä)l where fe is the 
2nd-order rate constant, s(À) the extinction coefficient 
at A, and I the optical path length. Therefore, the 
£(670)/£(448) value can be evaluated to be 0.38. On 
the other hand, the value of £(670)/£(448) is separately 
estimated to be 0.35 from the spectrum at 400 ns in 
Fig. 4. Both values are in good agreement with each 
other. On the assumption that the £(448) value 
mainly due to CAT (the absorption of ACNi" overlaps 
a little at 448 nm)16> is approximated to 9.0X103 M"1 

cm-1 of CA",1) the £(670) value of ACNt is estimated as 
(3.2—3.4)X103 M"1 cm"1. This value is quite similar 
to £(685), (3.0—3.2)X103 M^cm- 1 , of Npt.n.ia) 

In order to observe clearly the rapid decay due to the 
ion pair, 3(CA", ACN+) or 3(CA", ACN2+), as a pre-
cusor for the free ions, the photolysis was performed 
for the solutions containing more concentrated ACN. 
Figures 5, 6, and 7 present the transient spectra in the 
CA-ACN-DCE system at [ACN]=0.005, 0.1, and 0.3 
M, respectively, measured at 8, 20, and 50 °C. At 
these concentrations, the 3CA band around 515 nm is 
quenched almost completely immediately after the 
excitation. The spectra in Fig. 5 are mainly com­
prised of the characteristic bands of CAT and the 
monomer ACNi" in the present temperature range. 
Figure 6 shows the appearance of a new band around 
580 nm instead of a relative decrease of the ACN+ 
bands at 390 and 665 nm. The 580-nm band can be 
assinged as that of the acenaphthene dimer radical 
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Fig. 5. Transient absorption spectra observed by the 
Nd : YAG laser system in the CA (2.0X10"3 M)-ACN 
(5.1X10-3 M)-DCE system at (a) 50, (b) 20, and (c) 
8 °C. Delay times after the start of laser oscillation 
are given in the figures. 
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Fig. 7. Transient absorption spectra observed in the 
GA (2.0X10-3 M)-ACN (0.30 M)-DCE system at (a) 
50, (b)20, and(c)8°C. 

cation, ACN2t, by comparison with a reported spec­
trum of ACN2+ in a freon matrix at 77 K16) and that of 
Np2~t" having a similar electronic structure.10'17'18) 
These spectral features indicate that the dimer band 
relative to the monomer one increases in absorbance 

with an increase of [ACN] and with decreasing 
temperature. Similar spectral behavior was also 
observed in the solution containing 20 mM ACN. 
Such temperature dependence of the spectra implies 
that ACN2+ is energetically more stable than ACNt at 
least in the isolated state. The coexistence of ACNt 
and ACN2+ in the high concentration range suggests 
that the equilibrium constant between them is consid­
erably small compared with that between Np t and 
Np2t.10) In Fig. 7, the characteristic bands of CAT 

and ACN2Î are observed remarkably even at the short­
est delay time while no band due to ACNt is recog­
nized almost completely. In addition, no CAH-
formation is observed in DCE in the time range under 
the present concern (Figs. 3, 5—7). Therefore, no PT 
occurs competing with both ID and back ET in the 
ion pairs in DCE. 

Figure 8 exemplifies decay profiles after one-shot 
excitation corresponding to the bands due to both 
CA" at 448 nm (a) and ACN2t at 580 nm (b) in the 
solution containing 0.1 M ACN. The smoose, dotted 
curves overlaid are calculated ones by the least-square 
method described later. These decay curves consist of 
two components. The initial, rapid decay is 1st order 
(the rate constant k\) attributable to the decay of the 
ion pairs, 3(CA", ACNt) and/or 3(CA", ACN2+). The 
slow component corresponds to the 2nd-order decay 
(the rate constant £2) indicating the disappearance of 
the isolated ions, CA", ACNt and/or ACN2+. From 
Fig. 8, it is found that these two decay patterns resem­
ble quite well and that the rate constant k\ of the 448-
nm band of CAT is equal to that of the 580-nm band 
due to ACN2t within experimental accuracy. This 
fact indicates that an equilibrium between 3(CAT, 
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Fig. 8. Decay traces of absorbance due to CA" at 448 nm (a) and ACN2t at 580 nm (b) in the CA (3.0X10"3 

M)-ACN (0.10 M)-DCE solution at 20 °C. The fitting was performed to the signal in the time range 
between two vertical, dotted lines. The residuals were plotted in the bottom. Owing to high [ACN], the 
fluorescence scattering could not be avoided in the present measurements immediately after the flash. 
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ACNt) and 3(CA", ACN2+) is established rapidly at 
such a high concentration of ACN (i.e., at least 0.1 M). 
Taking into consideration these temporal behaviors, 
most time-resolved spectra shown in Figs. 5—7 can be 
regarded as those of the ion pairs, although the spectra 
at the longest delay time correspond to those of the 
dissociated ions. Therefore, Fig. 5 shows the spectral 
change principally due to IPi, 3(CA", ACNt), in the 
temperature range 8—50 °C. In contrast, Fig. 7 
exhibits the spectral features dominantly due to IP2, 
3(CAT, ACN2+). Figure 6 shows spectra of an inter­
mediate case involving both IPi and IP2. 

Estimation of Decay Parameters of the Ion Pairs in 
DCE. From the results mentioned above, ion-pair 
decay would be summarized as follows: 

3(CA", ACNt) + ACN <—>3(CA", ACN2+) 

Ädwi lÄiw Äi<2>J IM*2) 

(CA, ACN) C A " + A C N t + A C N <—>CA"+ACN 2 t (CA, ACN2) 

1 &2(1)1 lfe(2> 1 
CA + ACN CA + 2ACN CA + 2ACN 

or other products 

Scheme 1. 

where kd{n) and ki{n) are the rate constants for the back 
ET to the ground state and the ionic dissociation to 
the corresponding free ions, respectively. The super­
script n (1 or 2) indicates each quantity belonging to 
IPi or IP2, respectively. If the equilibrium between 
IPi and IP2 is established dynamically or inclines to 
the one side of the equilibrium as mentioned pre­
viously at 5XIO-3 or 0.3 M of ACN, then the kinetic 
analysis for such cases would be sufficient to take into 
account only decay processes for apparently one tri­
plet ion pair (3IP). Therefore, rate equations for 3IP 
and the free ions (FI) can be expressed as follows: 

d[3IP]/d* = -(/d + M)[3IP] (1) 
d [3FI] /dt = ki [3IP] - k2 [FI]2 (2) 

The observed absorbance D, which is the sum of 
absorbances of 3IP and FI, is given by Eq. 3: 

dD / df = - [1 - (£2 / £1) </>i ] kiDoexp (-kit) 

-(k2/e2)[D-Doexp(-kit)Y (3) 

where k\=ki+kà, (t>i=ki/(ki+kd), £1 and £2 refer to the 
extinction coeficients of 3IP and FI respectively at the 
observed wavelength A, and Do denotes the initial 
value of D at t=0. Here, the optical path length I is 
settled to be unity for simplicity. This situation is 
just the same as that for 3(CAT, Np2+) in the CA-Np-
DCE system reported previously.10) Therefore, we 
can analyze decay curves by the same approximation 
method as utilized for 3(CAT, Np2~t"),10) instead of using 
the complicated solution of Eq. 3.20) The approxi­
mate solution of Eq. 3 is given by the follwing 
equation: 

where A\ and A2 are the initial absorbances of the 
independently decaying two components, Mi with the 
lst-order rate constant k\ and the extinction coefficient 
£1 and M2 with the 2nd-order rate constant fe and £2, 
respectively. In this model, the value (E\/E2)A2/ 

(A1+A2) is assumed to correspond to </>i. The differ­
ential of Eq. 4 has the following form (Eq. 5), which is 
rather similar to Eq. 3: 

dD / df = - [ 1 - (£2 / £1) </>i ] ÄiDoexp (-ki* ) 

- (k2 / £2) {D - [ 1 - (£2 / £1) <t>i ] Doexp (-kit) }2 (5) 

In the present case, £1 may be nearly equal to £2 because 
of spectral similarity between 3IP and FI. 

T h e dotted curves in Fig. 8 are fitting ones obtained 
by the nonl inear least-square regression analysis 
(Marquardt method) us ing Eq. 4. T h e agreement 
between the observed and calculated curves is excel­
lent. It has been found previously that the parame­
ters, ki, fe/£2, and </>i, estimated by this approx imat ion 
can be utilized as reliable parameters for the real 
kinetics (Eq. 3)10) Accordingly, we can obta in the 
decay rate constants, ki and kd, from the relations, 
ki=ki(f)i and Äd=Äi(l— </>i), for individual ion pairs. 
T h i s approx imat ion method was also appl icable to 
the decay curves at various [ACN]. 

Figure 9 shows k\ values as a function of [ACN] 
obtained by this method appl ied to the decay curves at 
448 nm. T h e ki value is nearly constant in the range 
[ACN]=(0 .5-2)X10- 2 M and tends to decrease slightly 
wi th an increase of [ACN] u p to 0.3 M. Unfortu­
nately, it was impossible to measure accurately the k\ 
values at [ACN] > 0.3 M, because the intensity of tran­
sient absorpt ion became extremely weak owing to 
strong overlap of the C T band of CA—ACN with the 
band of free CA at 355 n m for excitation. It was 
addit ionally found that, s imultaneously wi th the 
change of k\, the </>i value tends to increase wi th an 
increase of [ACN] in the (2—10)X10"2 M range. T h e 
plateau region of k\ in the low [ACN] corresponds to 
the IPi region. From this result together wi th the 
result of temperature independence of the IPi spec­
t rum (Fig. 5), the lst-order decay rate constants k\ 
obtained in the solution con ta in ing 5X10 - 3 M ACN 
can be regarded as intrinsic ones of IPi independent 
on the equ i l ib r ium between IPi and IP2 at the temper-

40 

^0 20 

CA + ACN / DCE 

• • M M 

at 20°C 

0 I—1—1—1—L. _ l I I II I I L 

D = Aiexp(-kit) + \/[(l/A2) + (k2/e2)t] (4) 

1 2 3 

EACN1/10"1 M 

Fig. 9. Plots of the k\ values as a function of [ACN]. 
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Table 1. Decay Kinetic Prameters (at 20 °C) of (1:1) and 
(1:2) Ion Pairs Obtained in the CA-ACN-DCE System 

(Ion pair) 
ki kd 

106 s"1 

( l : l ) a ) 

£a /kJ mol"1 

logiA/s-1) 

(l:2)b) 

£a/kJ mol"1 

l o g ^ / s " 1 ) 

0.33±0.04 19±2 6±1 13±2 
2.3±0.6 0.3±1.2 
7.2±0.1 7.1±0.2 

0.70+0.03 13±3 9±3 4±1 
-0.3±2.3 5.4±2.8 

6.9±0.4 7.5±0.5 

a) 3(CA", ACN+); [ACN]=5.1X10"3 M. b) 3(CA", 
ACN2+); [ACN]=0.30 M. 

(a) 

1.0 

1 i.o 

( 1 : 1 ) 

tt$<ftq> s $ ft ^—~-

CA+ACN/DCE 

0 fl$fl (D ojfr <\) 

3.0 3.6 3.0 

103 K/T 10° K/T 

Fig. 10. Arrhenius plots for the ki and kd values of 
the ion pairs: (a) 3(CA7, ACNt) in the solution 
containing [CA]=2.0X10"3 and [ACN]=5.1X10"3 

M; (b) 3(CA", ACN2t) in the solution of [CA]= 
2.0X10"3 and [ACN]=0.30 M in DCE. 

atures 8—50 °C. At first glance, on the other hand , 
the k\ value at [ACN]=0.3 M does not appear to reach 
a l imi t ing value of IP2 in Fig. 9. However, it would 
be reasonable that the k\ value at 0.3 M is nearly equal 
to that of IP2 itself, since IP2 exists dominan t ly in the 
solut ion of 0.3 M ACN (Fig. 7) and the ki value of IPi 
is not so great as to affect largely the decay rate of IP2 
at such a negligibly small fraction of IPi in the equil i ­
b r ium, if any. Hence, the decay rate parameters of 
IPi and IP2 can be estimated from the analysis for the 
solut ions conta in ing 5.1X10"3 and 0.30 M ACN, 
respectively. 

Tempera ture effects on ki and kd for each ion pair 
are plotted in Fig. 10. Table 1 presents the kinetic 
parameters for the ion pairs at 20 °C together with the 
Arrhenius parameters. In Tab le 1, on go ing from IPi 
to IP2, the ki value becomes somewhat large bu t the M 
value decreases into about one third at 20 °C. T h i s 
result explains the tendency that wi th increasing 

[ACN], k\ becomes small and inversely </>i becomes 
large. T h e activation energies (Ea) are very small for 
both ID and back E T in each ion pair. T h e fact that 
virtually no activation energy is required for ki indi­
cates that the geminate ion radicals are bound very 
weakly. Hence, they are considered to be spatially 
separated from each other in a solvent cage by a 
solvation weakening the Cou lomb attraction between 
them. These properties of the ion pairs are qui te 
similar to those of the (1:2) ion pair , 3(CAT , Np2+) in 
DCE, which has been suggested to be a loose SSIP.10) 

Therefore, it is also suggested that the ion pairs 
observed here in DCE exist dominant ly as SSIP. 
Then , it is addit ionally unders tood that the spectra of 
the ion pairs are very similar to those of the free ions. 
Other properties of the ion pairs will be compared 
later wi th those of an ion pair in BZ. 

Photolysis in Bz. T h i s solvent system has been 
studied by Jones et al.9) concerning mainly intra-ion-
pair p ro ton transfer (PT) in a l imited concentrat ion 
( â20 raM) of ACN at 25 °C. We have investigated 
here the same system in a more wide [ACN] range 
(=il.O M) and temperature effect has been examined 
with special at tent ion to the back E T process rather 
than the P T reaction. T h e triplet chloranil 3CA in 
BZ which exists in the complexed state, 
3CA-BZ,21 '22) is quenched by ACN with a rate con­
stant expressed by &q=(5.6±1.2)X108exp[-(11.0±0.4) 
k J m o l - V Ä T ] M" 1 s-1 in the range 8—50°C. the kq 

value of 6.0X109 M" 1 s"1 in BZ at 20 °C is smaller than 
that of 7.7X109 M ^ s " 1 in DCE in harmony with the 
effect of solvent polari ty on E T quenching . Figure 
11 shows time-resolved transient absorpt ion spectra 
for the CA-ACN system in BZ involving various con­
centrations of ACN. A strong band a round 450 n m 
and a relatively weak, broad band a round 650 n m are 
observed immediately after the 3CA quenching . 
With increasing delay time, the strong band decays 
rapidly causing a peak shift from 450 to 435 nm. T h e 
435 n m band disappears gradually with a long life. 
O n the other hand, the band a round 650 n m decays 
rapidly in a mono tonous fashion.23* T h e initial band 
a round 450 n m is identified as that of CAT in BZ from 
comparison wi th the reported spectra22) and that in 
various solvents. 1'2'12'13) Hence, the band a round 650 
n m is assignable to that of the counter cation radical, 
A C N t , taking addit ional ly acount of the spectral sim­
ilarity wi th that in DCE. However, the spectrum of 
A C N t in BZ is significantly broad and shifts to blue 
by ca. 20—30 n m in compar ison with that in DCE. 
These spectral features (shift and broadening) seem to 
result from the electrostatic a n d / o r exchange interac­
tion between CA" and A C N t in a close contact state, 
a l though solvation effect by BZ with n electrons would 
also contr ibute to the broadening in some degree. 
Similar solvent effect on transient spectra has been 
known for a typical singlet exciplex between pyrene 
and diethylaniline24) and the pyrene-dimethylani l ine 
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intramolecular exciplex.25) Then, it is considered 
that both ions, CAT and ACNt, exist as a contact ion 
pair as expected. In fact, their decay profiles obey 
exactly the lst-order kinetics as shown later. The 
band at 435 nm is assigned as that of CAH-, because its 
spectrum is similar to that of CAH- in BZ produced 
via hydrogen transfer reaction between 3CA and 
tetrachlorohydroquinone.13'26) No long-lived free 
ions, CAT and ACNt, were recognized in the spectra 
in BZ (Fig. 11) unlike those in DCE (Figs. 5—7). 
This result indicates that no ID occurs in BZ. These 
spectral features in Fig. 11 are well similar to one 
another and essentially independent on temperature 
variation as examined in the solution of 4X10-2 M 
ACN as an example. No absorption band due to the 
dimer cation radical ACN2^ can be observed even at 1 
M ACN (Fig. lid). Since the spectrum of Np2+ is 
observed in BZ at 1.0 M Np,6 'n) the present result 
indicates that due to the steric hindrance the forma­
tion of ACN2Î from the corresponding monomer 
cation radical is less efficient than that of Np2^ in BZ 
as well as in DCE. 

It should be noted here that the formation process of 
CAH- would not be an ultrafast hydrogen-transfer 
(HT) reaction from an encounter complex between 
3CA and ACN competing with 3IP formation, 
although such a mechanism has been reported for a 
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Fig. 11. Time-resolved transient absorption spectra 
for the CA and ACN systems in BZ at 20 °C: 
[CA]=1.93X10-3 M and [ACN]=(a) 4.99X10"3, (b) 
4.08X10-2, (c) 0.50, (d) 1.00 M. 

few similar systems. 1'5'27) Reasons for this neglect are 
the followings. (1) In the mechanism of such a rapid 
HT,1} it is presumed naturally that yields of neutral 
radicals are insensitive to solvent polarity. In fact, 
it has been confirmed in the benzophenone-
diphenylamine system.27) In the present case, how­
ever, the CAH- formation is remarkably dependent on 
the solvent, BZ or DCE. (2) In the rapid HT, the 
relative yields of neutral radicals and 3IP would be 
expected also to be less dependent on temprature. 
However, it was found that the yield of CAH- esti­
mated by the comparison with a reference absorbance 
of 3CA was significantly dependent on temperature as 
well as the yield </>r defined below. Therefore, it is 
considered that CAH- is originated successively from 
3IP. 

Reaction pathways of the ion pair, 3(CAT, ACNt), 
can be written by the following scheme: 

3(CA", ACNt) 

Mi \kx 

CA + ACN <- (CA, ACN) CAH- + ACN'- -> products 

Scheme 2. 

where M is the rate constant of back ET accompany­
ing spin inversion, kr the rate constant of proton 
transfer leading to the production of neutral free radi­
cals, and k,2 the 2nd-order rate constant of the radicals 
via recombination or disproportionation. ACN'-
represents acenaphthenyl radical. Although ACN'-
has a strong characteristic absorption band at 380 
nm,28> no band could be observed owing to the inter­
nal filter effect by the intense absorption of the 
CA—BZ complex (Fig. 2). This scheme is essentially 
the same as that presented by Jones et al.8) and similar 
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kl 1.239D+07± 2.64D+05 
\: k2/£ 5.708D+05± 3.71D+05 
•; Al 0.2290± 0.0028 

A2 0.0722± 0.0012 

rpwçfr • ^ n ^ h ^ ' a r r y ' . ^ i , '̂ ,'"'»'*.*,' ' 
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-J I L. 
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0 511 
t ( 1.95 ns/ch.) 

Fig. 12. Decay profile of transient absorbance at 435 
nm measured in the CA (1.95X10-3 M)-ACN 
(2.00X10-2 M)-BZ solution at 20 °C. 
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in form to the decay pathways of the individual ion 
pairs in Scheme 1. Different points of Scheme 2 from 
Scheme 1 are the reactions producing the neutral 
radicals and successive product formation.8) There­
fore, the same kinetic analysis as mentioned above is 
applicable. Transient decay monitored at 435 nm is 
exemplified in Fig. 12, where the dotted curve is also a 
fitting one according to Eq. 4. Here, &i=M+£r 
and <l>T=kr/(kd+kr)=(Ei/e2)A2/(Ai+A2). Namely, the 
first, rapid decay component is due to the ion pair 
obeying the lst-order kinetics (ki) and the second, slow 
component is attributed to the 2nd-order decay (fe) of 
the free radicals, mainly CAH-. In this case, the 
value of £i is not equal to that of £2. For estimation of 
</>r, we use here £i(435)=6.2X103 M^cm" 1 of CA" in 
acetone29) and £2(435)=5.7X103 M^cm" 1 of CAH- in 
BZ estimated by spectral comparison with that in 
dioxane.13'26'30) The decay rate constant k\ was inde­
pendent on [ACN] in the range 5X10"3—0.25 M. 
Judging from the above-mentioned spectral and 
kinetic features, it seems that the ion pair exists in the 
(1:1) type, 3(CA^, ACNt), at least in this [ACN] 
region. Then, we examined temperature effect upon 
the ion-pair decay using the solutions of (1—4)X10"2 

M ACN. Arrhenius plots for M and kr are illustrated 

Table 2. Decay Kinetic Prameters (at 20 °C) of (1:1) and 
(1:2) Ion Pairs Obtained in the CA-ACN-BZ System 

(Ion pair) # 
kr kd 

106 s-1 

(l:l)a) 0.25+0.05 12.5±1.4 3.2±1.1 9.3±1.8 
Ea/kjmol-1 29.8±0.8 13.2+0.6 
log^/s"1) 11.8+0.1 9.3+0.1 

(l:l)+(l:2)b) 0.06+0.01 11.4+0.7 0.7+0.2 10.7+0.8 

a) 3(CA~, ACN+); [ACN]=(1—4)X10"2 M. b) 3(CA", 
ACN+)+3(CA", ACN2+); [ACN]=1.0 M. 

10JK/T 

Fig. 13. Arrhenius plots for kr and kd values of the 
(1:1) ion pair, 3(CA", ACNt) in BZ. 

in Fig. 13. Averaged results are listed in Table 2, 
where the result for the system containing 1.0 M ACN 
at 20 °C is additionally given. 

Comparison of Decay Characteristics between the 
Ion Pairs in BZ and DCE. As mentioned above, the 
observed triplet ion pairs (3IP) may exist principally as 
the contact ion pair (CIP) in BZ and the solvent-
separated ion pair (SSIP) in DCE. From the view­
point of the ion-pair states, the decay properties in 
Tables 1 and 2 can be understood. The ionic dissoci­
ation of 3IP occurs in DCE with a rate constant of 
several 106 s_1 but does not occur in nonpolar BZ, since 
the contact 3IP in BZ is strongly bound by Coulomb 
force. Some ki values in DCE are known to be (12, 9, 
7, 6, and 7)X106 s"1 for the (1:2) ion pairs, 3(CA", 
Np2 t) , 3(CA", (l-chloronaphthalene)2t), 3(CA", (2-
chloronaphthalene)2t), 3(CA", (l-bromonaphthalene)2t), 
and 3(CAT, (2-bromonaphthalene)2t), respectively,10) 
and (5 and ca. 10)X106 s"1 for the (1:1) ion pairs, 
3(CAT, durenet) and 3(CA", diphenylaminet), respec­
tively.1'3) Thus, the ki value of SSIP is not so depend­
ent on the difference of the cation radical species, 
although it may be affected slightly by the ion size or 
molecular weight. 

In contrast, the proton transfer (PT) takes place in 
BZ but does not in DCE. The activation energy in 
PT is distinctly large and common for such kinds of 
PT5). This marked contrast in reactivity between 
CIP and SSIP may result from the essential difference 
in a separation distance between geminate anion and 
cation radicals. Namely, in CIP a special conforma­
tion required for PT would be established easily by the 
mutual orientation but in SSIP such a conformation 
may be restricted, because the geminate ions in SSIP 
are separated by solvent molecules from each other 
with a relatively long distance. Therefore, even if PT 
occurred in DCE, it would proceed with a very low 
frequency factor. Although it is known that a sim­
ilar type of PT occurs competing with ID in 3(CAT, 
durenet) with a rate constant of 2X106 s_1 in DCE at 
20 °C,1) this discripancy between 3(CA", ACNt) and 
3(CA", durenet) would be resolved by taking into 
account the differences in the number of active hydro­
gens and in properties of the proton donors; i.e., 
ACNt is a relatively weak proton donor judging from 
both acidity of the cation radicals and stabilization 
energy of the resultant neutral radicals. The high 
frequency factor (ca. 1012 s_1) for kr in BZ seems 
appropriate to the intra-ion-pair PT without spin 
inversion. 

As can be seen from Fig. l id and Table 2, the yield 
of CAH- decreases remarkably in the solution contain­
ing 1.0 M ACN in BZ. This behavior is found to be 
attributed mainly to decrease in kr but not to increase 
in kd. At such a high [ACN], some interaction of the 
(1:1) 3IP with the excess ACN could not be neglected. 
The interaction is assumed to be a weak (1:2) 3IP 
formation although it is unclear from the spectra. In 
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this respect, similar low yields of CAH- and kr values 
were found in experiments using eis and trans dimers 
of acenaphthylene with a weak electronic interaction 
between two acenaphthene rings as donors.n) There­
fore, it is considered that the decrease in the PT rate is 
caused from a reduction in acidity of a hydrogen at 9-
or 10-position of ACNt induced by a weak resonance 
interaction between the acenaphthene rings. 

In Table 1 for SSIP, the Ad value (13X106 s"1) of the 
(1:1) 3(CA", ACNt) is greater than that (4X106 s"1) of 
the (1:2) 3(CA", ACN2+). The latter value is also 
smaller than the kd value (10X106 s"1) of the (1:2) 
3(CA", Np2"i")10) which is rather close to the former. 
Furthermore, the kd value of 3(CAT, ACNt) is nearly 
equal to that (13X106 s"1) of 3(CA", durenet) in DCE.1* 
The oxidation potentials of a donor (D), £(D/D+), are 
known to be 1.25 V for ACN, 1.65 V for Np, and 1.59 V 
for durene,15) and estimated to be 1.1 V for the dimer 
Np2 in the ground state.31) From the fact that 
(ACN)2+ shows the absorption band very similar to 
that of Np2i", it might be estimated that (ACN)2 in the 
ground state also has the oxidation potential approxi­
mately close to that (1.1 V) of Np2. It has been 
reported that the back ET processes in some EDA 
systems with energetics similar to those in the present 
case belong to the Marcus ''inverted region" in the 
nonpolar BZ (dielectric constant £=2.28) and less polar 
1,1,2,2-tetrachloroethane (£=8.2).4) However, taking 
the £(D/D~t) values into consideration in the present 
work, the above-noted results in DCE (£=10.66) can 
not be interpreted by the energy gap law in the 
''inverted region". Therefore, the back ET of the 
present SSIP in DCE may be considered to proceed 
through singlet-triplet transition enhancement in the 
ion radical pair by the hyperfine coupling mechanism 
or others as known in the magnetic field effect on 
various radical and ion pairs in polar solvents;32-34) 
that is, the indirect back ET via the singlet ion-pair 
state. This consideration does not contradict the fact 
that the activation energies (Ea) are practically zero for 
kd as well as ki, since in such a case the rate-
determining spin-inversion process, 3IP—•1IP, requires 
practically no activation energy. 

On the other hand, the back ET process of 3(CAT, 
ACN+) in BZ requires a distinct activation energy (13 
kj mol -1). This £a value is reasonable as the activa­
tion energy for the intra-ion-pair transition, since 
similar activation energies have been reported for the 
intersystem crossing or internal conversion in some 
aromatic hydrocarbons with a naphthalene ring.28'35-38) 
For the contact 3(CAT, ACN+) in BZ its energy level 
can be estimated to be 1.40 eV above the ground state 
by the following equation:1'22) 

£(CT) = £(ACN / ACNt ) - £(CA" / CA) + 0.16 (6) 

Then, the kd value of 9X106 s_1 in this system lies well 
on the line in the "inverted region" of the kd vs. AG 
(free energy change) relationship in BZ.4) Therefore, 

if the energy splitting between the singlet and triplet 
states is fairly large in this CIP39) as noted previously 
by Levin et al. for the CA-durene or -hexamethylben-
zene system,22) then the back ET of 3(CA", ACNt) in 
BZ can be regarded as the direct transition to the 
ground state. 

Summary 

1) Both (1:1) and (1:2) triplet ion pairs, 3(CA", 
ACNt) and 3(CA", ACN2+), were found to behave as 
solvent-separated ion pairs in moderately polar DCE. 
The ion pairs decay through ionic dissociation (ID) 
and back electron transfer (ET). The activation ener­
gies of ID and back ET processes are virtually zero for 
both ion pairs. 

2) The (1:1) ion pair in BZ behaves as a contact 
ion pair, which decays via back ET and proton 
transfer (PT). The back ET requires a small but 
definite activation energy (13 kjmol - 1) . The PT 
process in the contact ion pair takes place with a 
considerable activation barrier of 30 kj mol -1 . 

3) Such discrimination of the ion-pair types was 
established by examining spectral features and 
temperature dependence of decay channels (ID,PT, 
and back ET) as probes. 

4) Mechanism of the back ET in the triplet ion 
pairs (direct or indirect pathway connecting with 
more detailed mechanisms such as spin-orbit cou­
pling, hyperfine coupling, and others) seems to be 
swayed by a delicate balance of distribution between 
contact and solvent-separated ion pairs in an equilib­
rium state. 
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Crystal and Electronic Structures of (BEDT-TTF)2[MHg(SCN)4] (M=K and NH4) 
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The crystal structures of (BEDT-TTF)2[MHg(SCN)4] (M=K at 298 and 104 K and M=NH4 at 298 K) were 
determined by X-ray analyses. A donor layer and an anion sheet stack alternately along the è-axis. The 
packing pattern of the donor is close to a-phase, while an anion sheet constructs a thick two-dimensional 

polymer plane parallel to (010). The linkage of -SCN-K (or NH4) -NCS-Hg-SCN in an anion sheet is very 

unique. The band structure calculation indicates both a closed and an open Fermi surfaces, resembling that of 
/<-(BEDT-TTF)2[Cu(NCS)2]. 

Bis(ethylenedithiolo)tetrathiafulvalene, BEDT-TTF, 
is a prominent donor since it affords a variety of 
complexes from insulators, metals, and superconduc­
tors.1) Actually, the chemical and physical properties 
of these complexes could be controlled to some extent 
by the anion that we selected and under what condi­
tions the complexes were prepared and treated. For 
example, ß-(BEDT-TTF)2l3 has three kinds of super­
conducting states with TVs of 1.5, 2.0, and 8.0 K, 
depending on the pressure or heat treatment.10) The 
TVs of the 0-(BEDT-TTF)2X, X=l3 (high TC phase, 
8.0 K), Aul2 (Tc=3.4—5.0 K) and IBr2 (2.7 K) become 
higher upon increasing the length of the linear anion 
or increasing the unit-cell volume (Vc) of the salts.2) 

The various phases for (BEDT-TTF)2l3 also have a 
similar Tc dependence on VJn, where n is the number 
of the conduction electron, namely ß (Tc=S.O K, VJ 
n=852Â3),lb> 0 (3.6, 1693/2)ld> and K (3.6, 1688/2).le> 
Therefore, it has been postulated that there is a good 
correlation between Tc and VJn for BEDT-TTF 
superconductors. However, we have observed a 
superconducting transition at 10.4 K in JC-(BEDT-

TTF)2 [Cu(NCS)2]la) which has almost the same donor 
packing pattern and unit-cell parameters as those of K-
(BEDT-TTF)2I3.le> 

On the basis of these experimental results we have 
proposed a correlation between Tc and the effective 
donor volume (VQii=(Vc— Vanion)/n, where Fanion is the 
anion volume) (Fig. 1).3) The effective volume is the 
area shared by an electron in a unit cell. A larger 
effective volume in which a loose packing of donors is 
formed gives a weaker overlap integral of the donors. 
Consequently, the bandwidth, it, based on a simple 
model becomes relatively smaller, which affords a 
larger density of states and a higher Tc. Therefore, if 
a larger effective volume can be constructed without 
any destruction of the molecular packing, a higher Tc 

* Present address: Japan Carlit Co. Ltd., Gunma 377. 
t1" Department of Chemistry, Faculty of Science, Kyoto 
University, Kyoto 606. 
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Fig. 1. Correlation between effective volume (=( VJ 
—Vanion)/n) of some BEDT-TTF superconductors 
and their 7Ys. 1 : Re04, 2 :0-IBr2, 3 : K-I3, 4 : Ö-I3, 
5 : low To J8-I3, 6 : high Tc ß-h, 7 : jS-Aufe, and 8 : K-
Cu(NCS)2 salts of BEDT-TTF. 

is expected from Fig. 1. In order to require a larger 
effective volume, a variety of molecular designs are 
available. One of them is to use a bigger and bulkier 
anion than Cu(NCS)2. The Cu(NCS)2 anion forms a 
zig-zag one-dimensional (ID) flat polymer, and the 
polymers construct a 2D insulating sheet which 
frames the 2D conducting layer of BEDT-TTF mole­
cules in *:-(BEDT-TTF)2[Cu(NCS)2].

la> The dimen­
sionality of the complex does not depend only on the 
intralayer interactions. The interlayer transfer inte­
gral, t±, provides the degree of three-dimensionality 
and modifies the cylindrical 2D Fermi surface to cause 
a warping. The degree of warping may thus depend 
on the thickness of the anion layer when anions form 
a rigid polymer on a bridged anion sheet. It is very 
interesting to see the effect of the anion thickness (or 
degree of three dimensionality) on the appearance of 
superconductivity in 2D BEDT-TTF salts in order to 
obtain more clear insight into the mechanism of 
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superconductivity and in order to design organic 
superconductors. 

In the course of our investigation of B E D T - T T F 
salts wi th a metal-pseudohal ide an ion that are candi­
date polymers, we recently came across (BEDT-
TTF) 2 [MHg(SCN) 4 ] (M=K and NH4).4> T h e M = K 
and NH4 systems are isostructural . T h e temperature 
dependences of the electrical resistivities for (BEDT-
TTF) 2 [MHg(SCN) 4 ] ( M = K and NH 4 ) were confirmed 
to be metall ic down to 0.5 and 1.5 K, respectively, 
a l though a resistivity peak appeared a round 100 K 
where the resistivity is about twice as large as that at 
room temperature for bo th salts. T h e investigation 
of the electrical resistivity for the M = N H 4 salt below 
1.5 K is now under way.5) Moreover, a large enhance­
ment of the Shubnikov-de Haas (SdH) oscillation 
above 22.5 T and angle-dependent q u a n t u m oscilla­
tions were observed for (BEDT-TTF)2[KHg(SCN)4] .6> 
T h e SdH oscillation period (0.0015 T _ 1 ) corresponded 
to 16 % of the first Bri l louin zone. It is also notable 
that these complexes conta in cations (K+ or N H 4

+ ) 
that have never been observed in B E D T - T T F com­
plexes, as far as we know. In this paper we report on 
the crystal structures of (BEDT-TTF) 2 [MHg(SCN) 4 ] 
(M=K at 298 K and 104 K and M = N H 4 at 298 K) as 
well as the calculated band structure for (BEDT-
TTF) 2 [KHg(SCN) 4 ] at 104 K. 

Exper imenta l 

Single crystals for X-ray structure analysis were prepared 
by the electrochemical oxidation of BEDT-TTF in the 
presence of KSCN (or NH4SCN), Hg(SCN)2, and 18-crown-6 
ether in a mixture solvent of 1,1,2-trichloroethane and 
volume 10% of absolute ethanol for about a month. The 
use of a mixed solvent is very critical for the inclusion of K+ 

(or NH4
+). The crystal data are shown in Table 1. The 

intensities were collected by the co-20 scan technique on a 
Rigaku automated four-circle diffractometer (Mo Ka, 
20<6O°) and were corrected for the usual Lorentz and polari­
zation effect, though not for absorption. The structure was 
solved by the Patterson method and the succeeding Fourier 
syntheses and refined by the block-diagonal least-squares 
procedure (|F0 |>3(|F0 |)) by using UNICS III program sys­
tem.7) The atomic scattering factors were taken from Inter­
national Table for X-ray Crystallography.8) ORTEP9) was 
used for drawing of the molecular and crystal structures. 
All H atoms were located by the calculation based upon the 
sp3 model and were refined with isotropic temperature fac­
tors. The anisotropic thermal parameters were adopted for 
all non-hydrogen atoms.10) 

Results and Discussion 

The atomic parameters for (BEDT-TTF)2[MHg(SCN)4] 
(M=K at 298 K and 104 K and M = N H 4 at 298 K) are 
listed in Tab le 2(a), (b), and (c), respectively. Since 

>smQ tr—, 9 

8 ° 
, ! 5 2 C 5 1 C 4 1 N 4 2 

Fig. 2. Crystal structure of (BEDT-TTF)2[NH4Hg-
(SCN)4] projected along the c-axis at 298 K. 

Table 1. Crystallographic Data of (BEDT-TTF)2[MHg(SCN)4] (M=K and NH4) 

Chemical formula 

FW 
System 
Space group 

a/A 
b/k 
c/k 
a/° 
ß/° 
y/° 
v/k* 
z Dx 

R 
No. of reflections 
20max/ 
X (Mo K( «)/A 

(BEDT-TTF)2[KHg(SCN)4] 

298 K 104 K 

HgKS2oC24N4Hi6 

triclinic 
P i 

10.082 (10) 
20.565 (4) 

9.933 (2) 
103.70 (2) 
90.91 (4) 
93.06 (4) 

1997.0(21) 
2 
2.07 
0.070 

7636 
60 
0.709260 

1241.3 
triclinic 
P i 

9.948 (2) 
20.505(11) 

9.833 (4) 
103.34 (4) 
90.53 (3) 
92.80 (3) 

1948.8 (14) 
2 
2.12 
0.042 

10292 
60 
0.709260 

(BEDT-TTF)2[NH4Hg(SCN)4] 

298 K 

HgS2oC24N5H20 

1220.3 
triclinic 
P i 

10.091 (1) 
20.595 (2) 
9.963 (1) 

103.65(1) 
90.53 (1) 
93.30(1) 

2008.1 (3) 
2 
2.02 
0.047 

6301 
60 
0.709260 
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the ionic radii of K+ (1.33 Â) and NH 4 + (1.43 Â) are 
almost the same, both systems are isostructural and 
show identical unit-cell parameters (Table 1). 
Therefore, we main ly focused on the M = N H 4 crystal. 

T h e crystal structure for ( B E D T - T T F ) 2 [ N H 4 H g -
(SCN)4] is depicted in Fig. 2. A B E D T - T T F layer 
and an an ion sheet stack alternately a long the b-axis, 

Table 2 (a). Atomic Parameters (X105: Hg Atom, X104: 
Non-Hg Atoms) and Equivalent Isotropic Thermal 

Parameters with e.s.d.'s in Parentheses of 
(BEDT-TTF)2[KHg(SCN)4] at 298 K 

ßeq=8/37C222 Uijafafaiaj. 
* i 

Atom x y z B( 

Hg 
S(A1) 
S(A2) 
S(A3) 
S(A4) 
S(A5) 
S(A6) 
S(A7) 
S(A8) 
S(B1) 
S(B2) 
S(B3) 
S(B4) 
S(C1) 
S(C2) 
S(C3) 
S(C4) 
C(A1) 
C(A2) 
C(A3) 
C(A4) 
C(A5) 
C(A6) 
C(A7) 
C(A8) 
C(A9) 
C(A10) 
C(B1) 
C(B2) 
C(B3) 
C(B4) 
C(B5) 
C(C1) 
C(C2) 
C(C3) 
C(C4) 
C(C5) 
S20 
S30 
S40 
S50 
C21 
C31 
C41 
C51 
N22 
N32 
N42 
N52 
K 

25123( 7) 
1881( 4) 
4470( 4) 
3146( 4) 
5254( 4) 
4508( 4) 
6525( 4) 
5479( 4) 
7892( 4) 
9500( 4) 
7036( 4) 
10346( 4) 
8332( 4) 
9552( 4) 
6887( 4) 
10456( 4) 
8256( 4) 
2339(16) 
2850(15) 
3194(14) 
4171(14) 
4581(14) 
5113(15) 
6611(14) 
5694(13) 
7288(17) 
6965(15) 
7927(16) 
7529(18) 
9206(14) 
8318(13) 
9730(14) 
8706(17) 
7208(16) 
9235(14) 
8270(14) 
9732(14) 
504( 4) 

4678( 4) 
2734( 4) 
2108( 4) 
588(16) 

4583(15) 
4326(18) 
439(16) 
692(16) 

4539(14) 
5472(15) 
-686(14) 
2549( 4) 

598( 3) 
3082< 
2641{ 
4431{ 
4085< 
5964< 
5583< 
7381{ 
69121 
2615< 
3083( 
4056( 
4424( 
2604( 
3109< 
40461 
4433( 
2238( 
221K 
3588( 
3430( 
4696( 
5337 
6424( 
6592( 
7740 
7863( 
2169< 
2254( 
3413 
3590( 
4678( 
2138 
2266 
3416 
3600 
4678 
770 
788 

-644 
-700 
830 
831 

-784 
-817 
871 
861 

-930 
-906 
326 

' 2) 
'2) 
' 2) 
' 2) 
' 2) 
' 2) 
' 2) 
' 2) 
' 2) 
: 2) 
: 2) 
: 2) 
: 2) 
: 2) 
: 2) 
[2) 
: 7) 
: 7) 
: 6) 
: 6) 
: 7) 
! 7) 
: 7) 
: 6) 
! 7) 
: 7) 
: 8) 
: 8) 
! 6) 
: 6) 
: 6) 
! 7) 
: 8) 
I 6) 
! 6) 
! 6) 
12) 
I 2) 
( 2) 
! 2) 
! 8) 
! 8) 
! 8) 
! 7) 
! 8) 
! 8) 
! 7) 
! 8) 
( 2) 

24902( 7) 
2721( 4) 
401( 4) 

3183( 4) 
1165( 4) 
4087( 4) 
1978( 4) 
4951( 4) 
2423( 4) 
4877( 4) 
2818( 4) 
5562( 4) 
3756( 4) 
-213( 4) 

—1911( 5) 
431( 4) 

—1112( 4) 
1862(15) 
374(14) 

2293(13) 
1369(14) 
2450(14) 
2795(14) 
2920(14) 
3894(13) 
3080(14) 
4652(14) 
4228(17) 
2822(17) 
4650(14) 
3837(14) 
4860(14) 

-1777(16) 
-1734(19) 
-347(14) 
-1029(14) 
-140(14) 
3147( 4) 
2581( 4) 
4278( 4) 

73( 4) 
4841(16) 
897(17) 

3998(15) 
209(14) 
6082(14) 
-261(14) 
3835(15) 
291(14) 
7643( 4) 

2.1 
2.5 
3.0 
2.5 
2.7 
2.4 
2.7 
2.6 
2.6 
2.9 
2.9 
2.6 
2.7 
2.8 
3.2 
2.6 
2.8 
2.5 
2.3 
1.8 
1.8 
2.0 
2.3 
2.0 
1.5 
2.5 
2.2 
3.1 
3.2 
1.7 
1.8 
1.8 
2.7 
3.3 
1.8 
1.8 
1.9 
2.6 
2.7 
2.5 
2.7 
2.8 
2.8 
3.2 
2.4 
4.4 
3.9 
3.8 
4.2 
3.1 

which is a characteristic structure for an organic con­
ductor. The crystal comprises three kinds of BEDT-
T T F molecules (one BEDT-TTF molecule (A), two 
halves of BEDT-TTF molecules (B and C)), one NH4 

cation, and one [Hg(SCN)4] anion. The intramolec­
ular distances and angles are shown in Table 3. The 
C=C bond distances in BEDT-TTF molecules are 

Table 2 (b). Atomic Parameters (X105: Hg Atom, X104: 
Non-Hg Atoms) and Equivalent Isotropic Thermal 

Parameters with e.s.d.'s in Parentheses of 
(BEDT-TTF)2[KHg(SCN)4] at 104 K 

ßeq=8/37t222 Uijafafaittj. 
i j 

A t o m x y z B&q 

Hg 
S(A1) 
S(A2) 
S(A3) 
S(A4) 
S(A5) 
S(A6) 
S(A7) 
S(A8) 
S(B1) 
S(B2) 
S(B3) 
S(B4) 
S(C1) 
S(C2) 
S(C3) 
S(C4) 
C(A1) 
C(A2) 
C(A3) 
C(A4) 
C(A5) 
C(A6) 
C(A7) 
C(A8) 
C(A9) 
C(A10) 
C(B1) 
C(B2) 
C(B3) 
C(B4) 
C(B5) 
C(C1) 
C(C2) 
C(C3) 
C(C4) 
C(C5) 
S20 
S30 
S40 
S50 
C21 
C31 
C41 
C51 
N22 
N32 
N42 
N52 
K 

24996( 
1881( 
4493( 
3149( 
5267( 
4516( 
6553( 
5487( 
7923( 
9522( 
7003( 
10355( 
8308( 
9549( 
6895( 
10452( 
8263( 
2346( 
2860( 
3183( 
4176( 
4596( 
5144( 
6653( 
5704( 
7306( 
6988( 
7917( 
7478( 
9234( 
8303( 
9722( 
8731( 
7231( 
9260( 
8239( 
9729( 
459( 
4686( 
2722( 
2121( 
579( 

4628( 
4372( 
444( 
671( 

4584( 
5493( 
-728{ 
2546< 

3) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
7) 
6) 
6) 
6) 
6) 
6) 
6) 
6) 
7) 
6) 
6) 
7) 
6) 
6) 
6) 
6) 
6) 
6) 
6) 
7) 
2) 
2) 
2) 
2) 
6) 
6) 
6) 
7) 
6) 

' 6) 
6) 

' 6) 
' 1) 

652( 1 
3075( 1) 
2624( 1) 
4434( 1) 
4082( 1) 
5967( 1) 
5585( 1) 
7393( 1) 
6922( 1) 
2598( 1) 
3082( 1) 
4052( 1) 
4429( 1) 
2595( 1) 
3092( 1) 
4046( 1) 
4428( 1) 
2246( 3) 
2203( 3) 
3594( 3) 
3425( 3) 
4704( 3) 
5331( 3) 
6417( 3) 
6601( 3) 
7741( 3) 
7864( 3) 
2167( 3) 
2240( 3) 
3406( 3) 
3580( 3) 
4686( 3) 
2132( 3) 
2248( 3) 
3406( 3) 
3585( 3) 
4685( 3) 
778( 1) 
793( 1) 

-641( 1) 
-712( 1) 
813( 3) 
810( 3) 

-767( 3) 
-792( 3) 
858( 3) 
837( 3) 

-883( 3) 
-872( 3) 
298( 1) 

) 24797( 
2734( 
359( 

3189( 
1115( 
4098( 
1943( 
4986( 
2398( 
4864( 
2817( 
5579( 
3757( 
-213( 
-1942( 

494( 
-1154( 
1852( 
382( 

2292( 
1350( 
2429( 
2790( 
2906( 
3902( 
3101( 
4648( 
4266( 
2828( 
4655( 
3835( 
4866( 

-1758( 
-1777( 
-295( 

-1037( 
-139( 
3147( 
2583( 
4298( 
63( 

4865< 
886< 

4073( 
162< 

6073( 
-287( 
3805( 
223( 
7637 

3) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
6) 
6) 
6) 
6) 
6) 
6) 
6) 
6) 
6) 
6) 
7) 
7) 
6) 
6) 
6) 
6) 
7) 
6) 
6) 
6) 
2) 
2) 
2) 
2) 

' 7) 
' 7) 
: 6) 
' 6) 
: 6) 
: 6) 
: 6) 
: 6) 
: i) 

1.6 
2.1 
2.8 
2.2 
2.4 
2.2 
2.4 
2.4 
2.4 
3.2 
2.5 
2.3 
2.6 
2.4 
3.0 
2.3 
2.4 
1.9 
2.3 
1.5 
1.8 
1.4 
2.0 
1.8 
1.5 
1.9 
1.8 
2.9 
3.4 
2.3 
2.4 
1.8 
2.3 
3.4 
2.1 
2.1 
1.8 
1.9 
1.8 
2.0 
1.8 
2.4 
2.6 
1.8 
1.2 
2.8 
2.3 
2.8 
2.3 
1.9 
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Table 2 (c). Atomic Parameters (X105: Hg Atom, X104: 
Non-Hg Atoms) and Equivalent Isotropic Thermal 

Parameters with e.s.d.'s in Parentheses of 
(BEDT-TTF)2[NH4Hg(SCN)4] at 298 K 

Beq=8/37ç22S Uijafafaiaj. 
i j 

Atom 

_ H g 
S(A1) 
S(A2) 
S(A3) 
S(A4) 

S(A5) 
S(A6) 
S(A7) 
S(A8) 
S(B1) 
S(B2) 
S(B3) 
S(B4) 

S(C1) 
S(C2) 
S(C3) 
S(C4) 
C(A1) 
C(A2) 
C(A3) 
C(A4) 

C(A5) 
C(A6) 
C(A7) 
C(A8) 
C(A9) 
C(A10) 
C(B1) 
C(B2) 
C(B3) 
C(B4) 

C(B5) 
C(C1) 
C(C2) 
C(C3) 
C(C4) 

C(C5) 
S20 
S30 
S40 
S50 
C21 
C31 
C41 
C51 
N22 
N32 
N42 
N52 
N100 

H6\ 
CÄ 

C9f 
H6c< 

X 

25178( 4) 
1890( 2) 
4460( 2) 
3150( 2) 
5250( 2) 
4508( 2) 
6519( 2) 
5477( 2) 
7875( 2) 
9499( 2) 
7052( 2) 
10349( 2) 
8341( 2) 
9552( 2) 
6895( 2) 
10459( 2) 
8258( 2) 
2346( 9) 
2854( 8) 
3175( 8) 
4148( 8) 
4592( 9) 
5127( 8) 
6598( 8) 
5682( 8) 
7311( 9) 
6967( 8) 
7946( 9) 
7508(11) 
9221( 8) 
8316( 8) 
9732( 8) 
8686( 9) 
7223( 9) 
9254( 8) 
8239( 8) 
9727( 9) 
515( 2) 
4668( 2) 
2717( 2) 
2134( 2) 
613( 9) 
4630( 9) 
4313( 9) 
492( 9) 
648( 9) 
4635(10) 
5409( 9) 
-640( 9) 
2561( 8) 

57 

X 7 C8Ü 

JH5 CjÖ 

y 

655( 2) 
3083( 
2639( 
4435( 
4085( 
5963( 
5579( 
7381( 
6908( 
2618( 
3083( 
4059( 
4425( 
2605( 
3111( 
4046( 
4438( 
2256( 
2213( 
3595( 
3434( 
4703( 
5336( 
6411( 
6589( 
7726( 
7849( 
2175( 
2255( 
3414( 
3584( 
4681( 
2153( 
2280( 
3415( 
3599( 
4680( 
778( 
801( 

-647( 
-701( 
839( 
824( 

-795( 
-811( 
900( 
851( 

-908( 
-910( 
317( 

55 

C6Y>— 

1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
1) 
4) 
4) 
3) 
4) 
4) 
4) 
3) 
3) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
1) 
1) 
1) 
1) 
4) 
4) 
4) 
4) 
4) 
5) 
5) 
4) 
4) 

S3 

CJC5 

z 

24907( 4) 
2716( 2) 
398( 3) 
3185( 2) 
1170( 2) 
4085( 2) 
1975( 2) 
4948( 2) 
2419( 2) 
4885( 3) 
2827( 3) 
5569( 2) 
3748( 2) 
-215( 3) 
-1896( 3) 

429( 2) 
-1108( 2) 
1853( 9) 
403( 8) 
2308( 8) 
1382( 8) 
2441( 9) 
2806( 9) 
2916( 8) 
3894( 8) 
3118( 8) 
4632( 8) 
4233(11) 
2841(10) 
4664( 8) 
3831( 9) 
4861( 9) 

-1750( 9) 
-1738(11) 
-338( 9) 
-1029( 9) 
-140( 8) 
3125( 2) 
2605( 2) 
4257( 2) 
93( 2) 

4826( 9) 
930( 9) 
4025( 8) 
170( 8) 

6012( 9) 
-215( 9) 
3891( 9) 
206( 8) 
7651( 8) 

51 

y C 3 HIÇ 

^ û ^ H3E 

#eq 

2̂ 9 
3.2 
3.6 
3.2 
3.3 
3.2 
3.4 
3.3 
3.3 
3.5 
3.6 
3.2 
3.3 
3.4 
3.9 
3.3 
3.4 
3.0 
2.9 
2.6 
2.7 
2.9 
2.8 
2.5 
2.4 
3.0 
2.7 
3.8 
3.9 
2.6 
2.7 
2.8 
3.4 
3.8 
2.7 
2.7 
2.9 
3.4 
3.4 
3.2 
3.5 
3.3 
3.4 
3.0 
3.1 
4.7 
5.1 
4.9 
4.5 
4.4 

H2 

JO 

!C2 

HA 

reasonable for 77=0.5, the degree of charge transfer.11) 
A not so large thermal motion of the ethylene groups 
in BEDT-TTF molecules for the M=NH4 salt was 
observed, even at room temperature, compared with 
those of K>(BEDT-TTF)2[Cu(NCS)2]

la> and 0-(BEDT-
TTF)2I3

lb) (Table 2(c)). Neither the M=NH 4 salt nor 
the M=K salt affords a large thermal motion of the 
ethylene groups at 298 and 104 K. 

Figure 4 shows the arrangement of the donor mole­
cules along the long molecular axis. There are two 
kinds of stacking modes along the c-axis (I and II); in 
the mode I, the stacking molecules, Ai and A2, are 
related to each other by an inversion center, whereas in 
the mode II, donors B and C are on the inversion 
center and stack alternately. Short S--S contacts 
(<3.6Â) are found not within a column but between 
columns (I and II), as shown in Fig. 5. Very similar 
S--S contacts were obtained for the M=K system at 
room temperature. At 104 K the number of S--S 
contacts increased for the M=K system (Fig. 5). 6-
(BEDT-TTF)2I3

ld> and a-(BEDT-TTF)2I3
12> also have 

a similar zig-zag donor arrangement and transverse 
S--S contacts. A BEDT-TTF molecule comprises 
three planes of tetrathio-substituted ethylene moieties. 
The dihedral angles between the least-square plane of 
the central tetrathio-substituted ethylene moiety in A 
and that in B or that in A and that in C are listed in 
Table 4. These angles (76 and 82°) are relatively 
closer to that of 0-(BEDT-TTF)2I3 (79.6°) rather than 
those of a-(BEDT-TTF)2I3 (59.4 and 70.4°). How­
ever, when we include the periodicity of BEDT-TTF 

•>a 

I II I II 

58 56 ^ 52 
Fig. 3. Molecular structure of BEDT-TTF. 

Fig. 4. Molecular arrangement of (BEDT-TTF)2-
[NH4Hg(SCN)4] projected along the molecular 
long axis. The calculated overlap integrals are 
cl= -1.9, c2=6.8, c3=-l . l , c4=-1.4, pl=-10.0, 
p2= -9.7, p3=13.3, and p4=13.2X10"3. 
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Table 3. Intramolecular Distances and Angles of (BEDT-TTF)2[NH4Hg(SCN)4] at 298 K 

Intramolecular distances/Â 
S(A1)-C(A1) 
S(A1)-C(A3) 
S(A2)-C(A2) 
S(A2)-C(A4) 
S(A3)-C(A3) 
S(A3)-C(A5) 
S(A4)-C(A4) 
S(A4)-C(A5) 
S(A5)-C(A6) 
S(A5)-C(A8) 
S(A6)-C(A6) 
S(A6)-C(A7) 
S(A7)-C(A8) 
S(A7)-C(A10) 
S(A8)-C(A7) 
S(A8)-C(A9) 
C(A1)-C(A2) 
C(A3)-C(A4) 
C(A5)-C(A6) 
C(A7)-C(A8) 
C(A9)-(A10) 

1.806(8) 
1.735(8) 
1.799(8) 
1.747(7) 
1.747(7) 
1.758(9) 
1.745(8) 
1.736(8) 
1.736(8) 
1.745(8) 
1.745(9) 
1.746(7) 
1.745(7) 
1.809(8) 
1.747(8) 
1.792(8) 
1.522(12) 
1.354(11) 
1.348(10) 
1.351(11) 
1.517(12) 

S(B1)-C(B1) 
S(B1)-C(B3) 
S(B2)-C(B2) 
S(B2)-C(B4) 
S(B3)-C(B3) 
S(B3)-C(B5) 
S(B4)-C(B4) 
S(B4)-C(B5) 
C(B1)-C(B2) 
C(B3)-C(B4) 
C(B5)-C(B5)a) 

S(C1)-C(C1) 
S(C1)-C(C3) 
S(C2)-C(C2) 
S(C2)-C(C4) 
S(C3)-C(C3) 
S(C3)-C(C5) 
S(C4)-C(C4) 
S(C4)-C(C5) 
C(C1)-C(C2) 
C(C3)-C(C4) 
C(C5)-C(C5)b) 

1.802(9) 
1.744(8) 
1.793(9) 
1.740(8) 
1.764(7) 
1.742(9) 
1.753(8) 
1.758(8) 
1.500(15) 
1.343(12) 
1.356(10) 
1.783(9) 
1.744(8) 
1.806(10) 
1.734(8) 
1.755(8) 
1.744(9) 
1.748(8) 
1.743(9) 
1.513(13) 
1.349(12) 
1.362(11) 

Angles/0 

C(A1)-S(A1)-C(A3) 
C(A2)-S(A2)-C(A4) 
C(A3)-S(A3)-C(A5) 
C(A4)-S(A4)-C(A5) 
C(A6)-S(A5)-C(A8) 
C(A6)-S(A6)-C(A7) 
C(A8)-S(A7)-C(A10) 
C(A7)-S(A8)-C(A9) 
S(A1)-C(A1)-C(A2) 
S(A2)-C(A2)-C(A1) 
S(A1)-C(A3)-C(A4) 
S(A1)-C(A3)-S(A3) 
S(A3)-C(A3)-C(A4) 
S(A2)-C(A4)-C(A3) 
S(A2)-C(A4)-S(A4) 
S(A4)-C(A4)-C(A3) 
S(A3)-C(A5)-S(A4) 
S(A3)-C(A5)-C(A6) 
S(A4)-C(A5)-C(A6) 
S(A5)-C(A6)-S(A6) 
S(A5)-C(A6)-C(A5) 
S(A6)-C(A6)-C(A5) 
S(A6)-C(A7)-C(A8) 
S(A6)-C(A7)-S(A8) 
S(A8)-C(A7)-C(A8) 
S(A5)-C(A8)-C(A7) 
S(A5)-C(A8)-S(A7) 
S(A7)-C(A8)-C(A7) 
S(A8)-C(A9)-C(A10) 
S(A7)-C(A10)-C(A9) 

102.7(4) 
100.5(4) 
95.6(4) 
96.0(4) 
95.6(4) 
95.0(4) 

102.2(4) 
100.6(4) 
113.4(6) 
112.8(5) 
129.0(5) 
114.3(4) 
116.7(6) 
127.2(6) 
115.6(5) 
117.1(5) 
114.3(4) 
122.9(6) 
122.8(7) 
115.2(4) 
124.1(7) 
120.7(6) 
117.5(6) 
113.7(4) 
128.9(5) 
116.7(5) 
115.4(4) 
127.9(6) 
113.5(6) 
113.7(5) 

C(B1)-S(B1)-C(B3) 
C(B2)-S(B2)-C(B4) 
C(B3)-S(B3)-C(B5) 
C(B4)-S(B4)-C(B5) 
S(B1)-C(B1)-C(B2) 
S(B2)-C(B2)-C(B1) 
S(B1)-C(B3)-C(B4) 
S(B1)-C(B3)-S(B3) 
S(B3)-C(B3)-C(B4) 
S(B2)-C(B4)-C(B3) 
S(B2)-C(B4)-S(B4) 
S(B4)-C(B4)-C(B3) 
S(B3)-C(B5)-S(B4) 
S(B3)-C(B5)-C(B5)a) 

S(B4)-C(B5)-C(B5)a) 

C(C1)-S(C1)-C(C3) 
C(C2)-S(C2)-C(C4) 
C(C3)-S(C3)-C(C5) 
C(C4)-S(C4)-C(C5) 
S(C1)-C(C1)-C(C2) 
S(C2)-C(C2)-C(C1) 
S(C1)-C(C3)-C(C4) 
S(C1)-C(C3)-S(C3) 
S(C3)-C(C3)-C(C4) 
S(C2)-C(C4)-C(C3) 
S(C2)-C(C4)-S(C4) 
S(C4)-C(C4)-C(C3) 
S(C3)-C(C5)-S(C4) 
S(C3)-C(C5)-C(C5)b) 

S(C4)-C(C5)-S(C5)b) 

100.7(4 
102.3(4 
95.3(4 
95.1(4 

114.9(7 
114.2(6 
127.9(6 
115.0(5 
117.0(6 
128.9(6, 
113.6(5, 
117.5(6; 
115.1(4; 
123.4(6, 
121.5(6, 
98.7(4; 

103.1(4; 
95.2(4, 
95.4(4, 

112.6(6, 
113.4(6, 
126.7(6, 
116.2(5, 
116.9(6, 
129.0(6, 
113.8(5, 
117.2(6; 
115.3(4; 
122.3(7; 
122.4(7; 

a)=(2-x, 1-y, 1-z) b)=(2~x, 1-y, -z). 

Table 4. Dihedral Angles of (BEDT-TTF)2[MHg(SCN)4] (M=K at 298 K 
and 104 K and M=NH 4 at 298 K) 

(BEDT-TTF)2[KHg(SCN)4] (BEDT-TTF)2[NH4Hg(SCN)4] 

298 K 104 K 298 K 

Al-B 81.9° 82.4° 82.3° 
A2-B 75.7 78.2 75.6 
B-C 6.2 4.3 6.6 
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arrangement along the long molecular axis, the total 
packing pattern for (BEDT-TTF)2[MHg(SCN)4] (M= 
K and NH4) resembles that of «-(BEDT-TTF^Is, 
rather than that of 0-(BEDT-TTF)2l3. Namely, every 
two BEDT-TTF donor of 0-(BEDT-TTF)2I3 repeats 
along the long molecular axis, whereas one donor 
arranges equivalently for a-(BEDT-TTF)2l3 and 
(BEDT-TTF)2[MHg(SCN)4] (M=NH4 and K). There­
fore, if we classify the BEDT-TTF salts by a three-
dimensional packing pattern of the donors, the Hg 
systems studied here should be called a-phase. 

The Hg systems have a curious anion arrangement. 
The anion layer comprises a triple-sheet (y=0, ±0.08) 
parallel to the ac-plane. The y=0 sheet containing 
Hg2 + and NH 4

+ (or K+) cations is sandwiched by 
y=±0.08 sheets where linear SCN groups are located. 
As shown in Fig. 6, the Hg atom is tetrahedrally 

Fig. 5. Short S -S contacts of (BEDT-TTF)2-
[NH4Hg(SCN)4] at 298 K are shown in solid lines 
(3.47<r( )<3.55Â). The dotted lines indicate 
the increased number of S • • S contacts (3.40< 
r( )<3.60A) for (BEDT-TTF)2 [KHg(SCN)4] at 
104 K. 

coordinated by two S atoms of the SCN groups on the 
upper y=+0.08 sheet and another two S atoms on the 
lower y=—0.08 sheet. The two coordinated SCN 
groups on the upper (or lower) sheet are parallel to 
each other. Also, the two upper-coordinated SCN 
groups are arranged almost perpendicularly to the 
other two lower-coordinated SCN groups (Fig. 7). 
The distance between Hg2 + and S, (2.55—2.56Â) is 
less than the sum of the ionic radius of Hg2 + and the 
van der Waals radius of S, 2.90 Â (Table 5). On the 
other hand, NH 4

+ (or K+) is electrostatically linked by 
four N atoms of NCS groups to form a pyramid. The 
N (in NH4)-N (in NCS) distances (2.95—3.00 Â) are 
close to the van der Waals radii (2.98 Â) for M=NH 4 

salt and K+--N (in NCS) contacts (2.85—2.89Â) are 
almost equal to the sum of the ionic radius of K+ and 
the van der Waals radius of N (2.88 Â for M=K salt), 
respectively. Due to the thermal motion of NH4

+ , 
the hydrogen atoms could not be determined at room 
temperature for M=NH4 salt. Since the ionic radius 
of NH4+ (1.43 Â) is a little larger than that of K+ 

(1.33 Â) the contacts of N (in NH4+)-N (2.94—3.00Â) 
are relatively larger than those of K+--N (2.85—2.89 Â) 
by 0.1 Â, corresponding to the difference in the ionic 
radii between NH 4

+ and K+. Figure 7 depicts the two-
dimensional zig-zag network of •• NEU » NCS •• Hg •• SCN ». 

spread over the (010) plane. NH 4
+ is replaced by K+ 

for the M=K salt. The two-dimensional polymer of 
(HgX4)2- (X=SCN and SeCN) was also reported in 
other inorganic complexes, M(II)Hg(SCN)4 (M(II)= 
Co, Zn, and Cd) and CoHg(SeCN)4.

13> 
In order to understand the electronic structure, the 

tight-binding energy band of (BEDT-TTF)2[KHg-
(SCN)4] at 104 K was calculated on the basis of the 
extended Hückel method.14) The calculated HOMO 
energy levels of crystallographically independent 
three donor molecules show no meaningful difference, 
indicating the absence of any charge separation 
among the donor molecules. The calculated overlap 
integrals of donor HOMO are cl=—1.9, c2=6.8, 
c 3 = - l . l , c4=-1.4, p l=-10 .0 , p2=-9.7, p3=13.3, and 
p4=13.2X10"3 (Fig. 4). The transverse interactions 
(pl-p4) are larger than those along the stack (cl-c4). 
Therefore, the two-dimensional network of these pre-

N32 

Fig. 6. Molecular arrangement of an anion for (BEDT-TTF)2[NH4Hg(SCN)4]. 
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Table 5. Bond Lengths (Â) and Angles ( °) in an Anion for (BEDT-TTF)2[MHg(SCN)4] 
(M=K and NH4) 

(BEDT-TTF)2[KHg(SCN)4] 

298 K 

(BEDT-TTF)2[NH4Hg(SCN)4] 

104 K 298 K 

Hg-S20 
Hg-S30 
Hg-S40 
Hg-S50 
K(N100)-N22 
K(N100)-N32a) 

K(N100)-N42b) 

K(N100)-N52C) 

S20-Hg-S30 
S40-Hg-S50 
N22-K(N100)-N32a) 

N42b)-K(N100)-N52c) 

S20-C21 
C21-N22 
S30-C31 
C31-N32 
S40-C41 
C41-N42 
S50-C51 
C51-N52 
S20-C21-N22 
S30-C31-N32 
S40-C41-N42 
S50-C51-N52 

2.562(4) 
2.569(4) 
2.558(4) 
2.549(4) 
2.85(2) 
2.85(1) 
2.89(2) 
2.89(1) 

112.0(1) 
110.2(1) 
135.6(5) 
131.8(4) 

1.66(2) 
1.22(2) 
1.70(2) 
1.17(2) 
1.66(2) 
1.21(2) 
1.70(2) 
1.15(2) 

178.0(15) 
178.9(16) 
174.9(16) 
178.9(15) 

2.561(2) 
2.564(2) 
2.560(2) 
2.551(1) 
2.852(7) 
2.858(6) 
2.866(6) 
2.868(6) 

111.9(1) 
109.3(5) 
134.9(2) 
132.4(2) 

1.677(7) 
1.173(9) 
1.677(7) 
1.168(9) 
1.683(7) 
1.157(9) 
1.674(7) 
1.173(9) 

178.0(6) 
178.5(6) 
177.1(6) 
177.6(6) 
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133.0(4) 
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1.159(13) 
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1.155(13) 
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1.146(13) 
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1.151(12) 
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Fig. 7. Anion arrangement projected along the b* 
axis. 

d o m i n a n t transverse interactions (pl-p4) affords a 
two-dimensional energy band. 

T h e t igh t -b ind ing energy band structure calculated 
from these overlap integrals is provided in Fig. 8(a). 
T h e two-dimensional Bri l louin zone has a pair of 
electron-like open Fermi surfaces that r u n a long the c-
direction, and a closed hole-like Fermi surface a round 
the V point . Because these Fermi surfaces seem to be 
very complicated, we consider a simplified model: 

(b) 
>% 

Qj 

ÜJ 

y y 

i 

r 

/\ 

N 
r 

*Ka 

BV Z V 

Fig. 8. (a) Energy band structure calculated from 
overlap integrals of cl——1.9, c2=6.8, c3=—1.1, 
c4=-1.4, p l=-10 .0 , p2=-9.7 , p3=13.3, and 
p4=13.2X10-3 and (b) energy band structure based 
on the simple model whose overlap integrals are 
cl=c2=c3=c4=-1.4, p l=p2=-9 .8 , and p3=p4= 
13.3X10-3 for (BEDT-TTF)2 [KHg(SCN)4]. 

when we assume c l=c2=c3=c4=—1.4, p l=p2=—9.8 , 
and p3=p4=13 .3X10 - 3 , the band structure becomes as 
shown in Fig. 8(b). T h i s simplification introduces 
an artificial degeneracy on the ZV zone boundary to 
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make a large connected elliptical Fermi surface, the 
cross-section of which is equal to the first Bri l louin 
zone. T h i s is a typical two-dimensional Fermi sur­
face, t h o u g h it is somewhat elongated a long the c-
direction. T h e spl i t t ing of the degeneracy on the ZV 
zone boundary due to the subtle structural distort ion 
separates the open and closed pieces of the Fermi 
surface, as shown in Fig. 8(a). Similar logic also 
applies to K > ( B E D T - T T F ) 2 [ C U ( N C S ) 2 ] . 1 5 > T h e calcu­
lated density of states at £ F is 3.94 states/eV, which is 
close to 3.59 states/eV for K > ( B E D T - T T F ) 2 [ C U -
(NCS)2].

14> 

T h e Fermiology of (BEDT-TTF) 2 [KHg(SCN) 4 ] has 
been intensively investigated by means of magneto-
t ransport measurements.6) T h e Shubnikov-de Haas 
oscillation indicates the presence of a cylindrical 
Fermi surface, cor responding to the closed Fermi sur­
face in Fig. 8(a). Its experimental ly obtained cross-
section is 16% of the first Bri l louin zone, in qual i tat ive 
agreement wi th the present calculat ion (19%). T h e 
anisotropy of this closed area, ÄF(a)/&F(c)=2, evalu­
ated from the angle-dependent oscillations also seems 
to be basically consistent wi th the present calculat ion 
(Fig. 8(a)). T h e wa rp ing of the elliptical Fermi sur­
face was confirmed by investigations of the angle-
dependent oscillations; t± was estimated as be ing 
about 5 meV. T h e magneto t ranspor t properties of 
(BEDT-TTF) 2 [NH 4 Hg(SCN) 4 ] will be reported soon. 
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Simulation was performed by use of a chemical kinetic model built for flat hydrogen-air premixed flames 
in order to investigate the combustion mechanism taking place in flames through a wide range of equivalence 
ratio. The following results were obtained: the flame zone of the stoichiometric flame can be considered as 
having two different regions; the low-temperature region has, furthermore, three parts differing in reaction 
mechanism; since the reactions cannot proliferate hydrogen atoms by themselves in the low-temperature region, 
the acceleration of the reactions is necessarily governed by the hydrogen atoms diffused from the flame front; in 
the high-temperature region, the reactions produce an excess of hydrogen atoms which activate the reactions in 
this region or diffuse toward the low-temperature region; lean hydrogen flames possess smaller burning velocity 
than that of rich flames because the reactions in the low-temperature region have less reproducibility of 
hydrogen atoms. 

The propagation mechanism of a laminar premixed 
flame is determined as the result of complicated inter­
actions between almost all properties of the flame. It 
has been well-known that the propagation mecha­
nism can be simply analyzed either on the basis of the 
thermal theory or the active-species-diffusion theory.1) 
These theories are able to explain approximately the 
propagation mode and the structure of a flame; never­
theless both theories are not exact enough for a 
detailed investigation. 

The thermal theory, for instance, divides the whole 
flame region into two zones: a preheating zone and a 
reaction zone. The temperature raise in the preheat­
ing zone is ascribed only to the accumulation of heat 
through conduction from the flame front, if the con­
tribution of heat release from reactions is ignored. 
According to the definition of the two zones, the net 
increment of thermal energy due to conduction 
becomes zero at the boundary between them; there, 
heat release due to reactions must, therefore, be equili­
brated with the convective heat outflow in a steady 
flame; since chemical reactions cannot be initiated 
immediately, reaction must have already started in the 
preheating zone, contradicting the theory. Hence, an 
accurate discussion on the propagation mode and the 
structure of a flame requires the solution of the full 
governing equations. 

There is considerable difficulty to solve analytically 
the governing equations of a flame. Moreover, an 
actual flame propagation is governed partly by ther­
mal conduction and partly by active species diffusion, 
and the problem becomes very complicated. 

The purpose of this investigation is to elucidate in 
detail the mechanism of combustion reactions in hy­
drogen-air premixed flames by means of computer 
simulation using a chemical kinetic model. 
Although hydrogen-air flames are simple combustion 
systems, their elementary reactions are essential for 
almost all flames of fuels containing hydrogen atoms. 
In addition, hydrogen-air systems can burn fast, 
allowing the recognition of the necessary conditions 

for large burning velocities. 

Simulation Model 

The following assumptions were made in the con­
struction of the simulation model. 

1. The flame under consideration is an idealized 
flat flame, where any properties are described as func­
tions of time and a one-dimensional position. 

2. Since the flow velocity of the gas mixture is 
much smaller than the sound velocity, the pressure is 
constant throughout the flame and is set to be atmo­
spheric pressure. 

3. The effect of viscosity is neglected. 
4. Heat loss from the flame to its surroundings is 

neglected. Consequently the temperature is asymp­
totically raised up to the adiabatic flame temperature, 
which is evaluated on the basis of the temperature, 
pressure and composition of the initial gas mixture. 
Radiational heat transfer is also neglected. 

5. Chemical species present in the flame are OH, 
H, O, H 0 2 , H2O2, H2O, H2, 0 2 , and N2. The twenty-
one pairs of elementary reactions tabulated in Table 1 
take place between those species. Nitrogen is consi­
dered as inert according to the following reasons: (1) 
the rate constant of the nitrogen oxidation by oxygen 
atoms,6) which is the governing step of NOx forma­
tion, is much smaller than that of the corresponding 
hydrogen oxidation;2) (2) the reactions producing ni­
trogen oxides do not proceed in the main combustion 
reaction zones of hydrogen flames7) so that they do not 
appreciably influence the hydrogen combustion 
process. 

The above described assumptions simplify the 
governing equations as follows: 

i=l,2,...,9 (2) 
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Table 1. Hydrogen-Oxygen Reaction Scheme 
k = ATnexp(-E/Tf 

No. 

Rl 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
R9 
RIO 
R l l 
R12 
R13 
R14 
R15 
R16 
R17 
R18 
R19 
R20 
R21 

Reaction 

H2 + 0 2 - > O H + OH 
H + 0 2 - > O H + 0 
0 + H 2 - > O H + H 
OH + O H - > 0 + H 2 0 
OH + H 2 - > H + H 2 0 
H + H + M->H 2 + M 
0 + 0 + M - > 0 2 + M 
H + 0 + M - > O H + M 
OH + H + M - > H 2 0 + M 
H + 0 2 + M - > H 0 2 + M 
H + H 0 2 - > H 2 + 0 2 

H + H 0 2 - > O H + OH 
H + H 0 2 - > 0 + H 2 0 
OH + H 0 2 - > H 2 0 + 0 2 

0 + H 0 2 - » O H + 0 2 

H 0 2 + H 2 - > H + H 2 0 2 

H 0 2 + H 0 2 -> H 2 0 2 + 0 2 

OH + H 2 0 2 -> H 0 2 + H 2 0 
H + H 2 0 2 - > O H + H 2 0 
0 + H 2 0 2 - > O H + H 0 2 

H 2 0 2 + M - > O H + OH + M 

A 

2.50E06 
2.20E08 
1.80E04 
6.30E06 
2.20E07 
2.60E06 
1.90E01 
3.60E06 
4.06E10 
5.00E03 
2.50E07 
2.50E08 
9.00E05 
5.00E07 
6.30E07 
7.30E05 
8.50E06 
1.00E07 
2.20E09 
2.80E07 
1.20E11 

n 

0.0 
0.0 
1.0 
0.0 
0.0 

-1 .0 
0.0 

-1 .0 
-2 .0 

0.0 
0.0 
0.0 
0.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

E 

19600.0 
8450.0 
4480.0 

550.0 
2590.0 

0.0 
-900.0 

0.0 
0.0 

-500.0 
350.0 
950.0 

2000.0 
500.0 
350.0 

9400.0 
500.0 
910.0 

5900.0 
3200.0 

22900.0 

Ref. 

2 
2 
2 
2 
2 
2 
2 
3 
2 
2 
2 
2 
2 
4 
5 
2 
2 
2 
2 
2 
2 

a) The rate constants are expressed in m • mol • s units. 

- ^ - (cppT) + -^- (cppTv) - Results and Discussion 

iH^l+^l?-?** (3) 

P = ?RT2-%- (4) 
i 

where the independent variables t and x are the time 
and position, p is the density, v the flow velocity, T 
the temperature, p the pressure, cp the specific heat, 
and X the thermal conductivity of the gas mixture; coi 
is the mass fraction, <f>i the net production rate by 
reactions, hi the enthalpy, rm the molar mass and Di 
the diffusion coefficient of the z-th species in the gas 
mixture; and R is the gas constant. The partial dif­
ferential terms in the governing equations were dis-
cretized into the corresponding finite difference terms 
using the control-volume method.8) 

At the boundary of the unburned side, the tempera­
ture is 298 K and the combustible gas mixture is 
composed of only the fuel and air. By means of a 
trial-and-error method the flow velocity is so given 
that it agrees with the burning velocity, which is 
univocally determined by the combustion conditions. 
At the boundary of the burned side, adiabatic flame 
temperature and the correspondent equilibrium com­
position are assumed. The finite difference equa­
tions were solved by use of a time-dependent method; 
this method yields steady-state solutions independ­
ently of the initial conditions when the flow velocity 
given as the cold boundary condition agrees with the 
burning velocity. 

Validity Verification of the Simulation Model. We 
verified the validity of the model by comparison of the 
predicted burning velocities of various hydrogen-air 

Equivalence Ratio 

0.0 0.5 1.0 2.0 4.0 8.0 
4 i 1 1 1 1 r-

20 40 60 80 

Hydrogen Content / % 
100 

Fig. 1. Burning velocities of hydrogen-air premixed 
flames. The solid line denotes the burning veloc­
ity calculated in this investigation, and the other 
lines represent experimental values.7) 
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premixed flames with experimental values of the liter­
ature. Figure 1 shows the b u r n i n g velocities 
obtained by s imulat ion over a wide range of fuel 
content and the experimental velocities summarized 
by Andrews and Bradley.9) 

T h e b u r n i n g velocity obta ined th rough s imula t ion 
techniques should result from the contr ibut ions of all 
the constituents of the model such as chemical reac­
tion terms and transport terms of species and 
enthalpy. T h e agreement between the calculated and 
the measured velocities shown in Fig. 1 leads us to the 
conclusion that the model employed in this investiga­
tion can reproduce accurately the combust ion pro­
cesses of actual hydrogen-a i r premixed flames. 

Reaction Mechanism of a Stoichiometric Hydrogen 
Flame. Figures 2 and 3 show the mole fraction pro­
files of the reactants and products , and those of the 
intermediate species, respectively, in a stoichiometric 
hydrogen-a i r premixed flame together with the 
temperature profile. Since the flames considered in 
this investigation are ideally flat, the b u r n i n g veloci­
ties are eigenvalues for the given combust ion condi­
tions; a simulated flame is stable only when the flow 
velocity of the unbu rned gas is equil ibrated with the 
b u r n i n g velocity; the flame can be stabilized at an 
arbitrary spatial posi t ion and therefore the abscissas in 

Distance / mm 

Fig. 2. Profiles of the temperature and the concen­
trations of stable species in the stoichiometric hy­
drogen-air premixed flame. 

0.05i « 

Distance / mm 

Fig. 3. Profiles of the temperature and the concen­
trations of active and intermediate species in the 
stoichiometric hydrogen-air premixed flame. 

Figs. 2 and 3 indicate only relative posit ions wi th in 
the flame. T h e mole fractions of hydroperoxyl radi­
cals and hydrogen peroxide become maxima at about 
400 K and 500 K, respectively. In addit ion, the mole 
fraction of hydroxyl radicals, increasing at tempera­
tures as low as 400 K, once becomes almost constant at 
about 600 K and increases again from 900 K. T h e 
two-staged increase in hydroxyl radicals reveals that 
reactions have already taken place in low-temperature 
regions, and at about 1000 K chemical reactions are 
intensified. 

Figure 4 shows the heat increase rates due to the 
respective terms in the conservation equat ion of ther­
mal energy, Eq. 3: convection, conduct ion, heat 
transfer accompanying species diffusion, and heat 
evolution by reactions. T h e rate of thermal conduc­
tion increases remarkably at a temperature a little 
higher than room temperature and decreases to zero at 
980 K after reaching its m a x i m u m at 410 K. Heat 
evolution from chemical reactions occurr ing in this 
flame is large even at a very early stage of combust ion, 
exceeding the thermal conduct ion at 450 K. Such 
large heat release forms a reaction zone about 0.2 m m 
thick, beyond which temperature approaches asymp­
totically the adiabatic flame temperature, 2380 K. 
T h e thermal conduct ion term does not make consider­
able contr ibut ion to the balance of thermal energy 
except in the low-temperature region but the heat-
release term, on the other hand , plays a major role 
over a wide range of temperature. 

T h e thermal theory divides the whole flame zone 
into two regions based on the contr ibut ion of thermal 
conduction,1) and assumes that (1) at the preheat ing 
zone heat evolut ion by reactions is negligibly small 
and the combust ible gas mixture is heated by thermal 
energy transferred by conduct ion, and (2) conduct ion 
carries away thermal energy from the reaction zone 
toward the ups t ream region. T h e temperature at the 
po in t where the heat conduct ion rate crosses zero was 
calculated to be 980 K in this flame. It should be 

Distance / mm 

Fig. 4. Rates of the heat increase due to convection 
(Conv), conduction (Cond), heat transfer accom­
panying species diffusion (Diff), and heat release by 
chemical reactions (React) in the stoichiometric 
hydrogen-air premixed flame. 
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noted that chemical reactions are activated and release 
a large amount of thermal energy even at much lower 
temperatures than the above boundary temperature. 

From the viewpoint of combustion chemistry and 
propagation modes, the hydrogen premixed flame is 
one of the most representative flames. Its combus­
tion reaction includes some essential elementary reac­
tions appearing in the combustion of almost all of 
hydrogenated fuels. The results of the investigation 
of chemical reactions in hydrogen-air premixed 
flames, which have been accumulated in a series of 
works of Dixon-Lewis, for instance, can be summar­
ized as follows:10"13) 

1. Hydrogen atoms are diffused into low-
temperature regions from the flame front, and work as 
a trigger for low-temperature reactions. A large 
amount of heat is released by reactions. The propa­
gation of hydrogen flames is, therefore, governed pre­
dominantly by the diffusion of hydrogen atoms. 

2. Water molecules are produced exclusively by 
the reaction 

OH + H2->H + H20 (R5) 

at both low and high temperatures. 
3. Hydroxyl radicals, the oxidizer of hydrogen, are 

supplied at low temperatures by the reaction 

H + H0 2-*OH + OH, 

which follows the reaction 

H + 0 2 + M->H02 + M. 

(R12) 

(RIO) 

In high-temperature regions, on the other hand, they 
are yielded by the pair of reactions 

and 

H + 0 2 ^ O H + 0 

0 + H2->OH + H. 

(R2) 

(R3) 

Both reactions (R2) and (R3) are well-known and take 
on a prominent role as chain-branching reactions not 
only in hydrogen flames but also in almost all flames 
of hydrogen-containing fuels. 

An important role assigned to the theories on prop­
agation of premixed flames is to elucidate how 
temperature increases in low-temperature regions. 
When no heat release occurs at early stages of combus­
tion, only thermal conduction works, and, as easily 
shown by analytical solution of the time-independent 
conservation equation of thermal energy with some 
assumptions such as constant specific heat and ther­
mal conductivity,1) the temperature increases expo­
nentially. If it were not for the heat release at low 
temperatures, the temperature gradient would be large 
immediately before heat evolution through reactions 
and the flame front would be thin; the heat release rate 
should be large to make the temperature approach 
asymptotically the adiabatic flame temperature14) par­
ticularly when the flame possesses large burning 

velocity as that of hydrogen flames. One of the con­
ditions for a premixed flame to maintain large burn­
ing velocity is that chemical reactions take place even 
in the low-temperature region, evolving some amount 
of thermal energy there. 

Figure 5 gives the rates of the six predominant 
reactions in the stoichiometric flame; reaction (Rll) 
has the sixth largest rate in this flame, but this and the 
other reactions which are not plotted in this figure can 
be neglected without fundamental errors in compari­
son with the five main reactions. 

In the stoichiometric hydrogen flame, there are two 
different reaction mechanisms, the low-temperature 
and the high-temperature mechanisms, according to 
Fig. 5. The series of reactions (RIO), (R12), and (R5) 
take place predominantly in the low-temperature 
region defined, based on the profiles of the reaction 
rates, as the region with temperatures lower than 1100 
K. Assuming the relative rates of the above three 
reactions to be 1:1:2, the overall reaction derived by 
addition of these three elementary reactions in consid­
eration of their reaction rates, becomes 

2H2 + 02-*2H20. (5) 

Consequently, the low-temperature reactions cannot 
proliferate the active species such as hydrogen atoms 
by themselves. Rising temperature reduces the over­
all reaction rate since the activation energy of reaction 
(RIO), the chain-initiation reaction in this mecha-

7 10 

o 

a 
té 
d 
o 

• r - l 

té 

/ 

/RIO / 

l/^np 

1 i i 

^ R 5 

1 Jt2 

/YL,R3 

l 1 

500 1000 1500 2000 
Temperature / K 

Fig. 5. Rates of the predominant reactions in the 
stoichiometric hydrogen-air premixed flame. 

R2 :H + 02->OH + 0 
R3 : 0 + H2->OH + H 
R5 :OH + H2->H + H20 
R10:H + O2 + M->HO2 + M 
R l l : H + H02->H2 + 0 2 
R12:H + H02->OH + OH 
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500 1000 1500 2000 
Temperature / K 

Fig. 6. Rates of the increase in hydrogen atoms due 
to convection (Conv), diffusion (Diff), and reactions 
(React) in the stoichiometric hydrogen-air pre-
mixed flame. 

nism, is negative. The increase in the rates of the 
low-temperature reactions should, therefore, be 
ascribed to hydrogen atoms diffused from the high-
temperature region. Figure 6 indicates that the hyd­
rogen atoms produced by reactions at high tempera­
tures are diffused to the low-temperature region, 
where they are consumed by the low-temperature reac­
tions. 

In the high-temperature region of this flame, the 
rates of the two reactions in which hydroperoxyl radi­
cals participate decay with the rising temperature, and 
the two chain-branching reactions are instead added 
to the reaction mechanism. The predominant three 
reactions, (R2), (R3), and (R5), in the high-tempera­
ture mechanism yield the overall reaction 

3H2 + 02-*2H20 + 2H (6) 

under the assumption that the rates of the three reac­
tions are also in the ratio 1:1:2. The excess of 
hydrogen atoms produced is responsible for the expo­
nential increase in the overall reaction rate and for the 
promotion of the supply of hydrogen atoms toward 
the low-temperature region. 

Activation of the above two mechanisms is simply 
controlled by the balance of the rate constants of 
reactions (RIO) and (R2); a critical temperature for the 
activation of the high-temperature mechanism is 
defined so that the rates of those two reactions become 
equal. Although this temperature depends on the 
gas composition because of the third-body efficiency 
of reaction (R10),2) it was estimated to be 1160 K in this 

investigation. 
Dividing the whole reaction region into two, the 

high-temperature and the low-temperature reaction 
zones, we investigated the individual reaction mecha­
nism in detail. The low-temperature reaction zone 
was partitioned furthermore into the three subdivi­
sions: (1) from the unburned side to the position 
where the rate of heat release becomes equal to that of 
the heat increase due to thermal conduction (298—450 
K in this flame); (2) between the first subdivision and 
the position where the rate of reaction (R2) becomes 
positive (450—810 K); (3) between the second subdivi­
sion and the limit of the low-temperature reaction 
zone (810—1160 K). The reaction mechanisms in 
each subdivision will be described in the following. 

First Subdivision: Hydrogen atoms are scarcely 
produced by chemical reactions in the range of 
temperature from 298 to 450 K; although their produc­
tion can be ascribed to reaction (R5) at temperatures 
lower than 810 K, the low temperature and the lack of 
hydroxyl radicals hinder the activation of that reac­
tion. Hydrogen atoms are, therefore, supplied to this 
region only by diffusion from the flame front. More 
than 60 % of the consumed hydrogen atoms are oxid­
ized to hydroperoxyl radicals through reaction (RIO) 
and the rest of them further react with the produced 
hydroperoxyl radicals through reaction (R12) and its 
competitive reaction 

H + H02->H2 + 02. (RH) 

Some of the hydroperoxyl radicals are accumulated in 
the gas. Most of them are, however, transformed into 
stable species such as hydrogen peroxide, molecular 
hydrogen and oxygen by reactions (RH) and 

H02 + H0 2 -^H 2 0 2 + 02, (R17) 

and the rest are converted to hydroxyl radicals through 
reaction (R12). 

All of the reactions activated in this lowest tempera­
ture region have negative or small activation energy 
and yield stable or inactive species. The diffused 
hydrogen atoms are, consequently, degraded to stable 
species, such as molecular hydrogen or hydrogen 
peroxide, particularly via hydroperoxyl radicals. 
The secondary formation of hydrogen atoms or other 
reactions which directly affect the combustion at later 
stages do not take place in this subdivision. 

This region is hence not much more than a preheat­
ing zone where enthalpy is transferred to mostly by 
thermal conduction from the flame front. At the 
same time, however, a small amount of heat comes 
with hydrogen atoms as chemical energy, released 
when the. hydrogen atoms are combined to stable 
species. More than 80% of the released heat is due to 
reactions (RIO), (R12), (Rll) and 

OH + H02 -> H20 + 02. (R14) 

Second Subdivision: About half of the hydrogen 



2196 Seishiro FUKUTANI, Nilson KUNIOSHI, and Hiroshi JINNO [Vol. 63, No. 8 

atoms consumed in this subdivision are oxidized to 
hydroperoxyl radicals. With the increase in tempera­
ture, the proportion of the hydroperoxyl radicals con­
verted further to hydroxyl radicals by reaction (R12) 
increases from 50% to 75% within this region. 
About 45% of the produced hydroxyl radicals at low 
temperatures and 90% at high temperatures are effec­
tively used by the oxidation of hydrogen (R5). About 
20% (at low temperatures) to 75% (at high tempera­
tures) of the consumed hydrogen atoms are repro­
duced by this reaction. The chain-branching reac­
tions (R2) and (R3), however, are not incorporated 
into the whole combustion reaction yet. The reac­
tions cannot replace fully the amount of hydrogen 
atoms consumed in this region though the overall 
reaction in this subdivision is approximately 
expressed as Eq. 5. 

At early stages in this subdivision, the reaction rates 
increase with the increasing diffusion of hydrogen 
atoms. At later stages, however, the rate of such 
diffusion to this region becomes almost constant (see 
Fig. 6); the acceleration of the chemical reactions and 
the transition to the third subdivision are, therefore, 
ascribed to the reduction in the degradation of hydro­
gen atoms to stable species as temperature increases. 

The formation and consumption rates of hydro­
peroxyl radicals reach maxima at about 830 K. 
Although the concentration profiles of hydrogen 
peroxide and hydroperoxyl radicals are similar, both 
production and consumption reactions of the former 
species are much smaller than those of the latter. 
Since hydrogen peroxide is present in small amounts 
and works only as a temporary storage of active 
species, it can be neglected in hydrogen-air premixed 
flames. 

Third Subdivision: At low temperatures, reaction 
(R2) proceeds backward and produces hydrogen 
atoms: 

OH + O-+H + O2. -(R2) 

The third subdivision starts from the position where 
this reaction turns forward and consumes hydrogen 
atoms. The pair of reactions (R2) and (R3) produce 
abundantly hydroxyl radicals, and reactions (R3) and 
(R5) compensate 70% to 100% (near the limit with the 
high-temperature reaction zone) of the consumed hy­
drogen atoms. Diffusion of hydrogen atoms, on the 
contrary, declines steeply (see Fig. 6). 

The third subdivision is consequently a transient 
stage where the low-temperature reaction mechanism 
consisting of reactions (RIO), (R12), and (R5) shifts to 
the high-temperature mechanism, composed of reac­
tions (R2), (R3), and (R5). The boundary between 
this subdivision and the high-temperature reaction 
zone agrees very well with the position where the net 
production rate of hydrogen atoms becomes positive, 
and, in addition, with the position where the diffusion 
rate of hydrogen atoms becomes negative as shown in 

Fig. 6. 
Heat release by chemical reactions is overwhelm­

ingly ascribed to reaction (RIO). As temperature 
rises, however, the contribution of reaction (R5) to the 
total heat release increases, exceeding 30% at the end of 
this subdivision. The predominant endothermic 
reactions are (R2) and (R3). 

High-Temperature Reaction Zone: In this zone 
the high-temperature reaction mechanism whose 
overall reaction is approximately expressed as Eq. 6, 
gradually becomes predominant. The production 
rate of hydrogen atoms reaches maximum at 1340 K 
and about 70% of their production is ascribed to reac­
tion (R5) and the rest to reaction (R3). As for their 
decrease, on the other hand, 35% is due to the con­
sumption by reaction (R2), 30 % to the diffusion 
toward the low-temperature region, 15 and 10 % to 
reactions (RIO) and (R12), respectively. It should be 
noted that the low-temperature reactions remain even 
at such high temperatures (see Fig. 5); the ratios 
between the reaction rates of (R2) and (RIO) are 2.0 at 
1300 K, 2.6 at 1400 K, 2.8 at 1500 K and decreases again 
down to 1.0 at 1700 K. The combustion reaction 
enters into a so-called recombination stage above 1700 
K and the overshoot of hydrogen atoms is relaxed 
toward the equilibrium composition at the adiabatic 
flame temperature by the recombination reactions 
such as reactions (RIO) and 

OH+H + M -> H2O + M. (R9) 

The gradual increase in temperature in this region is 
due to heat release by these recombination steps. 
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Fig. 7. Burning velocity of various hydrogen-air 
premixed flames as a function of their adiabatic 
flame temperature. The upper half corresponds to 
rich conditions. 
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Reaction Mechanism under Various Equivalence 
Ratios. We simulated hydrogen-air premixed flames 
through a wide range of fuel content. The equival­
ence ratio is defined as the ratio of the amount of fuel 
in a gas mixture to its stoichiometric amount. Fig­
ure 7 shows the relation between the adiabatic flame 
temperature and the burning velocity predicted in this 
investigation. Rich and lean flames having the same 
adiabatic flame temperatures do not necessarily pos­
sess the same burning velocities: the former flames 
burn about twice as fast as the latter indicating that 
the combustion reactions proceed more effectively in 
the former flames. Adiabatic flame temperature is 
determined univocally by the given initial gas compo­
sition and combustion conditions such as temperature 
and pressure. Burning velocity, on the other hand, 
depends chiefly on the propagation mode and the 
chemical characteristics of the combustible gas 
mixture. 

The ratios of the total production rate of hydrogen 
atoms to their total consumption rate for the various 
flames are plotted in Fig. 8 as functions of tempera­
ture. This ratio is expected to be one of the simplest 
indices for the prediction of the reaction mechanism 
in hydrogen flames since it should be equal to unity 
when the low-temperature reactions (RIO), (R12), and 
(R5) occur exclusively and three for the high-
temperature reactions (R2), (R3), and (R5). 

Figure 8 shows that the profiles for the flames 
with equivalence ratio less than 1.6 quite agree 
throughout the whole low-temperature reaction zone 
indicating that these flames have similar reaction 
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mechanisms. However, in the flames with equival­
ence ratio greater than 2, those ratios increase with 
increasing equivalence ratio, allowing chemical reac­
tions to proceed efficiently. There are virtually two 
alternative reaction pathways for consumption of 
hydroperoxyl radicals: reactions (R12) and (RH); the 
former reaction produces active hydroxyl radicals and 
is, then, indispensable for stable continuation of the 
combustion reaction at low temperatures; the latter 
reaction recombines hydroperoxyl radicals and hydro­
gen atoms into inactive molecular hydrogen and oxy­
gen. Since both reactions have the same reactants, the 
ratio between their rates does not differ at an arbitrary 
temperature even in flames with different equivalence 
ratios. Hence these reactions cannot be responsible 
for the difference in the behavior of hydrogen atoms. 

As the equivalence ratio approaches unity, the con­
centration of hydroxyl radicals increases and another 
reaction 

OH + H0 2 ->H 20 + 02 (R14) 

Fig. 8. Ratios of the hydrogen-atom production rate 
to its consumption rate in the hydrogen-air pre­
mixed flames with various equivalence ratios, (/>. 

contributes to the consumption of hydroperoxyl and 
hydroxyl radicals. The transformation of these two 
species into stable species obstructs the continuation 
of the combustion process in hydrogen flames having 
equivalence ratio less than 1.6. This is one of the 
reasons why the burning velocities of these flames are 
lower than those of flames with larger equivalence 
ratios for the same adiabatic flame temperatures. 

Concluding Remarks 

A chemical kinetic model for flat hydrogen-air pre­
mixed flames was proposed and its validity was veri­
fied by comparing the burning velocities predicted 
under various conditions with experimental values. 
Simulation using the model lead to the following 
conclusions: 

1. According to the reaction mechanism, the reac­
tion zone of the stoichiometric flame is divided into 
two parts at the temperature of 1160 K: the low-
temperature and the high-temperature reaction zones. 
The low-temperature zone is furthermore partitioned, 
according to particular characteristics, into three sub­
divisions: the first subdivision, ranging from 298 to 
450 K, the second subdivision, from 450 to 810 K, and 
the third subdivision, from 810 to 1160 K. 

2. In the first subdivision, reactions are hardly 
activated and then the temperature is predominantly 
raised by the thermal energy transferred by conduction 
from the high-temperature region. This subdivision 
is simply a preheating zone, in agreement to the 
thermal propagation theory. 

3. Most of the hydrogen atoms diffused from the 
flame front are oxidized to hydroxyl radicals via the 
produced hydroperoxyl radicals in the second subdivi­
sion. The hydroxyl radicals are consumed as the 
oxidizer of hydrogen molecules. A large amount of 
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thermal energy is released by reaction (RIO). 
4. In the third subdivision the low-temperature 

reactions (RIO), (R12), and (R5), are gradually substi­
tuted wi th the high- temperature reactions (R2), (R3), 
and (R5) such that this subdivision becomes a tran­
sient stage to the high- temperature reaction zone. 

5. T h e high- temperature reactions are activated at 
temperatures higher than 1160 K, but hydrogen a toms 
are still consumed by reactions (RIO) and (R12). 
About 30 % of the hydrogen a tom decreasing in this 
region are due to diffusion toward the low-
temperature region. 

6. Rich hydrogen-air premixed flames reproduce 
hydrogen a toms in their low-temperature regions 
th rough product ion of hydroxyl radicals by reaction 
(R12) from the hydroperoxyl radicals formed by reac­
tion (RIO). In the flames with equivalence rat io less 
than 1.6, however, a degradation of hydroxyl and 
hydroperoxyl radicals, reaction (R14), appears , lower­
ing the reproducibil i ty of hydrogen atoms at low 
temperatures. 

References 

1) A. G. Gaydon and H. G. Wolfhard, "Flames," 4th ed., 
Chapman and Hall, London (1979), Chap. 5. 

2) D. L. Baulch, D. D. Drysdale, D. G. Home, and A. C. 
Lloyd, "Evaluated Kinetic Data for High Temperature 
Reactions," Butterworths, London (1972), Vol. 1. 

3) D. E. Jensen and G. A. Jones, Combust. Flame, 32, 1 
(1978). 

4) M. P. Heap, T. J. Tyson, J. E. Cichanowicz, R. 
Gershman, C. J. Kau, G. B. Martin, and W. S. Lanier, 
"Sixteenth Symposium (International) on Combustion," 
The Combustion Institute, Pittsburgh (1977), p. 535. 

5) D. L. Baulch, D. D. Drysdale, J. Duxbury, and S. 
Grant, "Evaluated Kinetic Data for High Temperature 
Reactions," Butterworths, London (1976), Vol. 3. 

6) D. L. Baulch, D. D. Drysdale, D. G. Home, and A. C. 
Lloyd, "Evaluated Kinetic Data for High Temperature 
Reactions," Butterworths, London (1973), Vol. 2. 

7) C. P. Fenimore, "Thirteenth Symposium (Interna­
tional) on Combustion," The Combustion Institute, Pitts­
burgh (1971), p. 373. 

8) S. V. Patankar, "Numerical Heat Transfer and Fluid 
Flow," Hemisphere Publishing Co., New York (1980), 
Chap. 3. 

9) G.E. Andrews and D. Bradley, Combust. Flame, 20, 77 
(1973). 

10) G. Dixon-Lewis, Proc. R. Soc. London, Ser. A, 298, 
495(1967). 

11) G. Dixon-Lewis, Proc. R. Soc. London, Ser. A, 307, 
111 (1968). 

12) G. Dixon-Lewis, Proc. R. Soc. London, Ser. A, 317, 
235(1970). 

13) M. J. Day, G. Dixon-Lewis, and K. Thoomson, Proc. 
R. Soc. London, Ser. A, 330, 199 (1972). 

14) S. Fukutani, and H. Jinno, "Complex Chemical Reac­
tion Systems," ed by J. Warnatz and W. Jäger, Springer-
Verlag, Berlin (1987), pp. 233. 



August, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 2199—2205 (1990) 2199 

Photoelectron Spectra of Polypyrrole: The Effect of the 
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Ultraviolet and X-ray photoelectron spectra of carefully prepared undoped as well as doped polypyrrole 
have been measured. Reliable UPS of undoped polypyrrole must be the first one in spite of its popularity, 
because of its instability in the air. Our UPS were compared with those of presumably polymerized pyrrole by 
X-ray irradiation and other reported results. We examined the validity of these spectra and we found the 
deformation of the UPS caused by air exposure of the undoped film. A comparison of our UPS with 
theoretical calculation gave 1.40 Â.as an estimated bond distance between a,a' carbon atoms. Both Cls and Nls 
XPS were asymmetric and consisted of a few peak components, which was not dependent on doping. Their 
peak envelopes varied with its historical back ground. While the Cls peak envelopes were not deformed so 
seriously by air exposure, the Nls envelopes were affected by slight air exposure as were observed in the UPS. 

There have been a controversy on the results and 
their interpretation of X-ray photoelectron spectra 
(XPS) of polypyrrole. Salaneck and his co-workers1* 
measured the XPS of doped and undoped polypyrrole. 
They reported that the peak shapes of Cls and Nls 
spectra of both doped and undoped species were essen­
tially symmetric, but the spectra of doped polypyrrole 
were skewed by the excitation of Fermi surface elec­
trons. Pfluger and Street2) also obtained asymmetric 
peak shapes of doped polypyrrole, but they attributed 
the origin of asymmetry in the Cls spectrum to the 
chemical shift of carbon atoms induced by a nitrogen 
atom, and that of Nls to the difference of distance 
between the nitrogen atoms and the counter anions 
in the polymer. As have been repeatedly reported,3'4) 
the undoped polypyrrole film is unstable in the 
ambient atmosphere. In order to overcome this 
nature, Skotheim's group prepared polypyrrole in 
an ultra-high vacuum chamber with an aid of solid 
electrolyte and measured its XPS without exposing 
the specimen to the air.5) They observed an asymmet­
ric Nls spectrum in an as-grown film, and reported 
that the spectrum changed in accordance with varying 
the cell bias. However, they could not go into details 
of the Cls spectra, since there were two types of 
carbons in the specimen, namely polypyrrole and 
poly(oxyethylene), base film of the specimen. 
Instead of polypyrrole, polythiophene or poly(3-
methylthiophene) which is more stable in the air has 
been measured to settle the argument.6/7) XPS of 
polycarbazole which has a pyrrole unit in its molecu­
lar structure has been also reported to clarify the 
existence of chemical shift caused by the nitrogen 
atom.8) In spite of these efforts, it seems that the 
argument is not settled yet. Settlement requires to 
measure the XPS of polypyrrole itself in a carefully 
controlled condition. 

The situation of ultraviolet photoelectron spectra 

1" Present address, The Graduate University for Advanced 
Studies, Okazaki, 444. 

(UPS) of polypyrrole is more or less the same. There 
has been no reported reliable spectrum of undoped 
polypyrrole as far as the authors have known. Sala­
neck et al.1) measured a X-ray irradiated pyrrole film 
and claimed that they obtained the spectrum of "poly­
pyrrole." Their result was questioned by Pfluger et 
al.,9) because the spectrum of X-ray irradiated pyrrole 
showed no prominent low-energy peak (shoulder) due 
to the bonding Ti-orbital which was observed by them 
in the spectra of anion and oxygen (air) doped poly­
pyrrole and was predicted by a CNDO/S3 calcula­
tion.10) Recently Tourillon and Jugnet7) reported 
UPS and XPS of poly(five-membered heterocycle)s 
including polypyrrole and polythiophene. They did 
not show the spectrum of undoped polypyrrole. 
They only mentioned that they have found the Ti-band 
extension (the same as the low energy shoulder due to 
the bonding Ti-orbital) in the spectrum of undoped 
polypyrrole just below the Fermi level, as was 
observed in the spectra of polythiophene7,11'12) and 
poly(3-methylthiophene).6) They also mentioned 
that the spectrum of air exposed polypyrrole differed 
from that of a non air exposed film. 

The color of carefully prepared undoped polypyr­
role is yellow or dark yellowish green, but it turns into 
black when the film is exposed to air only 1 minute or 
less. This must be the reason of the controversy and 
the lack of reliable UPS data. In this paper we report 
the photoelectron spectra of undoped and doped poly­
pyrrole with various doping levels prepared carefully 
in a dry box attached to a photoelectron spectrometer. 
We also discuss how the ambient atmosphere changes 
the spectra. 

Experimental 

Synthesis and treatments of polypyrrole were carried out 
in an argon filled dry box which was connected directly to 
an ultra-high vacuum photoelectron spectrometer. Pyrrole 
supplied by Tokyo Kasei Kogyo Co. Ltd. was dehydrated 
with CaH2 and deoxygenated by repeated freeze-thaw cycles 
under 1.0X10-4 Torr or less vacuum combined with vacuum 
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distillation before use (1 Torr=133.322 Pa). Supporting 
electrolyte was (C4Hs)4NBF4 (Tokyo Kasei Kogyo Co., Ltd.) 
and it was recrystallized from ethanol three times and then 
vacuum dried. Acetonitrile was used for synthesizing sol­
vent. The solvent was dehydrated with P2O5 and distilled 
then deoxygenated by the same method used for pyrrole. 
Electropolymerization was performed in a single compart­
ment cell with three electrodes. Polypyrrole films were 
deposited onto a platinum working electrode with a plati­
num counter electrode and a platinum reference electrode. 
An Ag/AgCl reference electrode was used to examine the 
potential difference with the platinum reference electrode, 
and it was found to be negligible small. A Hokuto Denko 
Ltd. potentiostat/galvanostat, HA-301, was used to oxidize 
pyrrole monomers. The solutions used for the preparation 
of the films contained 0.05 M pyrrole and 0.15 M electrolyte. 
Potentiostatic electrolysis of 1.2 V to the Pt reference elec­
trode was carried out at room temperature for 10 min. The 
current varied but remained mainly around 0.3 mAcrn -2. 
Estimated thickness of the films were several tens nanometer 
or less. Undoping process was performed by applying 
negative potential of 0.2—2 V to the reference electrode and 
by controlling undoping time. Doping levels of the poly­
mers were determined by the intensity of the fluorine Is 
spectrum. 

Photoelectron spectra were recorded by the Kratos XSAM-
800 ultrahigh vacuum spectrometer equipped with Mg and 
Al X-ray guns, a DC discharge helium lamp and a fast 
insertion lock system. Pt4f lines from the substrate were 
used for energy calibration of the XPS in the course of 
measurements. The Fermi level of the spectrometer for the 
UPS measurement was determined using the Fermi edge of a 
gold evaporated film. Binding energies in the following 
text are referred to the Fermi level of each specimen. Base 
pressure of the spectrometer was 3X10~10 Torr. The pres­
sure during the XPS measurements was less than 1X10~9 

Torr, and 4X10-9 torr or less during the UPS measurements. 
The prepared film with the Pt substrate was introduced into 
the spectrometer through the air lock system. An analyzing 
chamber of the spectrometer was evacuated down to 5X10~9 

Torr within 30 min after an introduction of the specimen 
into the chamber. Surface cleaning procedures of the speci­
mens such as Ar ion bombardment or heating were not 
performed, since such treatments might damage the 
specimen. 

Results and Discussion 

Valence Band Spectra. Figure 1A is a H e l l spec­
t rum of u n d o p e d polypyrrole. T o have a clear onset 
posi t ion of the spectrum, an expanded H e I spectrum 
of undoped polypyrrole is also shown in the inserted 
figure. T h e spectrum begins at 0.3 eV below the 
Fermi level. Assuming that undoped polypyrrole is 
an intr insic semiconductor , an estimated band gap of 
undoped polypyrrole is 0.6 eV. T h i s value is consist­
ent wi th the value obtained by the optical measure-
men ts.3'13'14) We do no t go into details whether this 
band gap is due to b ipo la ron bands or intr insic ones. 
First distinct structure is a shoulder at a round 2.5 eV 
below E{, which corresponds with the b o n d i n g n-
orbital observed in doped polypyrrole9) and in both 

15 10 5 0 = Ef 
Bi nd ing Energ y le V 

Fig. 1. He II spectra of undoped polypyrrole; (A) the 
present result of undoped species and the inserted 
figure is He I spectrum to show the onset of the 
spectrum clearly, (B) Salaneck's result (Ref. 1) on X-
ray irradiated pyrrole, (C) our result of polypyrrole 
undoped then exposed to air for 5 min, (D) Pflug-
er's result (Ref. 9) on undoped then oxygen exposed 
polypyrrole, (E) our result of doped then air 
exposed polypyrrole. 

doped and undoped poly(3-methylthiophene),6 '7 ) and 
calculated by a C N D O / S 3 method. 10> There is a peak 
at 4.2 eV below £ f . T h i s is due to the Ti-orbitals 
which are no t affected u p o n polymerizat ion of pyrrole 
rings. Theoret ical calculat ions also give density of 
valence states (DOVS) at this energy region.10 '15) 
The re is a broad band at 9 eV accompanied by a 
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shoulder located at 7.5 eV. This structure is due to a 
mixture of o- and 7i-orbitals. There is a faint struc­
ture at around 13 eV below EÎ, which is derived from 
o-orbitals of pyrrole. This structure was also 
observed in the spectrum of condensed pyrrole,1) that 
is, this band is not affected upon polymerization. 

Figure IB is the spectrum of X-ray irradiated pyr­
role reported by Salaneck et al.1) A comparison of the 
spectra reveals following differences between them; (a) 
the shift of each peak, (b) the appearance of the 
structure near the Fermi level and (c) sharpness of the 
peaks. The spectrum obtained by Salaneck's group 
seems to shift toward lower binding energy than ours. 
The shift may be caused by the difference in either 
energy calibration or work functions. They attrib­
uted the reason of the lack of the low binding energy 
shoulder to its small photoelectron cross section. 
However, the shoulder is observed as is seen in Fig. 1A 
and that is also reported in the doped polypyrrole.9) 
Therefore their spectrum is dubious to claim to be that 
of polypyrrole. Sharpness of their spectra also 
reflects its monomeric (molecular) nature rather than 
polymeric one. Apart from the absolute binding 
energy of each peak, a relative relation of each peak of 
both spectra A and B is in good agreement. 

Ford et al.10) pointed out that an a,a carbons bond 
length between the pyrrole rings influenced the shape 
of the band located between 5 and 10 eV. They 
concluded that the bond length was 1.49 Â through a 
comparison of their calculated DOVS results with the 
spectrum (Fig. IB) obtained by Salaneck et al.1) 
However, Salaneck's result is not sufficient to com­
pare, as described above. Therefore, their conclusion 
is worth to reconsider. A comparison of the Fig. 10 
of Ref. 10 and our results reveals that the estimated 
bond length is not so long as 1.49 Â. The bond 
length is rather shorter than that value. Our spec­
trum seems to be well reproduced by using 1.40 Â as 
the OL,OL' bond distance. This value is slightly smaller 
than 1.45 Â which is a proposed distance for pyrrole 
oligomers.15,16) As Ford et al. did not show the calcu­
lation on the polymer of the 1.45 Â bond length, we 
are not able to be decisive on the value of 1.40 Â. 
However a much stronger interaction can be expected 
between the pyrrole rings in the polymer than those in 
the oligomer. The stronger interaction means the 
shorter bond distance. Therefore, our conclusion is 
plausible even if it is not exact. 

Our spectrum (panel A) differs very much from 
doped or oxygen-exposed undoped polypyrrole (Fig. 
ID) reported by Pfluger's group.9) In order to have 
better understanding we measured 5 minutes air-
exposed undoped polypyrrole (Fig. 1C). The spec­
trum is quite different from the spectrum A or B. It 
shows a large band at 8 eV and low binding energy 
side shoulders located at about 1.9, 3.6, and 5.3 eV. 
The spectrum is identical to the spectrum of oxygen-
exposed polypyrrole reported by Pfluger's group,9) if a 

small shift of the spectrum is considered. This shift 
is acceptable, since the spectrum C begins at 0.3 eV 
below the Fermi level while the spectrum D begins 
just at the Fermi level. Thus the electronic structure 
of undoped polypyrrole is easily changed by the slight 
exposure of air as is observed in its color change.13) 
This relates to the easily oxidized nature of undoped 
polypyrrole. 

The UPS of doped polypyrrole does not suffer 
deformation by the air exposure, as is shown in Fig. 
IE. The spectrum is the same as that of doped one 
(Fig. 2D). That is, the electronic structure of doped 
polymer is not influenced by the air exposure. The 
deformation of the spectrum, which means the change 
of the electronic structure, takes place only in the 
undoped species. Furthermore, the effect induced by 
the air exposure on the neutral polymer is different 
from the one caused by the doping anions. 

Figure 2 shows He I and He II spectra of polypyrrole 
undoped by applying -0 .2 V (A) and —2 V (B) to the 
reference electrode and 25% doped (G) and as-prepared 
doped polypyrrole (D). The spectra of both undoped 

15 10 5 Ef=0 5 Ef=0 
Binding Energy/eV 

Fig. 2. He I and Hell spectra of polypyrrole; (A) 
undoped by applying —0.2 V to the reference elec­
trode, (B) undoped by applying —2 V to the refer­
ence electrode, (C) 25% doped by applying —0.2 V to 
the reference electrode, (D) doped (as-prepared). 
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species begin at 0.3 eV below the Fermi level, while 
those of doped ones move toward the Fermi level. 
The spectrum of 25% doped polypyrrole begins at O.I5 
eV below the Fermi level, and that of as-prepared one 
begins just at the Fermi level. This movement of the 
onset of the spectrum indicates that the band gap 
decreases with increase of dopant concentration. 
This phenomenon must be closely related to an expo­
nential increase of its electric conductivity upon 
doping.4) 

In He I and He II spectra paneled A the existence of 
the new band near the Fermi level is difficult to point 
out, because the spectra grow their intensity slowly. 
However, in other spectra, particularly in the He I 
spectra, the new band is observed as a distinct shoulder 
at around 1.5 eV below the Fermi level. Though the 
first peaks (or shoulders) of these spectra are difficult 
to point out the exact positions, the second peaks, 
particularly panels B and D clearly show their peak 
positions at 4.2 eV and 3.9 eV, respectively. This 
energy difference is the same as that of their spectral 
onsets. The spectra A and B should be the same from 
a view point of specimen as undoped ones, but there is 
a slight difference between them. The peak located 
at 4.2 eV is clearly observed in the spectrum B, while 
the structure in the spectrum A is not so distinct but is 
vaguely observed. The treatment of the film may be 
crucial. 

In the spectrum D the band located at around 9 eV is 
intenser than the other spectra. The reason of this 
enhancement is superposition of the F2p levels, since 
the F2p levels of tetrafluoroborate anions locate at this 
energy region.1) 

Threshold energy, £th, of undoped polypyrrole is 
ranging between 4.0 and 4.2 eV, which is in good 
agreement with the calculated ionization potential.15) 
This small threshold energy relates closely to its easily 
oxidized nature. Em of doped polypyrrole is found to 
be 4.7 eV. This difference in the Eth's is understood as 
follows; the electrons of undoped polypyrrole are 
ejected easier than those of doped one, since the elec­
tron density of the former is higher than the latter. 

Nitrogen Is and Carbon Is Spectra. Figure 3 shows 
nitrogen Is spectra of polypyrrole with different histo­
ries. Left side figure is their full spectra, and right 
side figure indicates their main peak region with peak 
fitting results. Panel A is the spectrum of polypyr­
role undoped with —2 V reducing potential vs. the 
reference electrode. Panel B is of —0.2 V applied 
undoped one. Panel C is of undoped one but 
exposed to air for 5 min before the measurement. 
Panel D is of 25% doped one. Panel E is of as-
prepared one, namely doped polypyrrole. Panel F is 
the same as E but was exposed to air after the prepara­
tion. All the spectral shapes of the main peaks are 
asymmetric. Even undoped polypyrrole gives an 
asymmetric peak. This finding is to the contrary of 
Salaneck's deduction that undoped polypyrrole gives 

Bind ing Ene rgy / e V 

Fig. 3. Full Nls X-ray photoelectron spectra of 
polypyrrole at the left, and main peak regions 
together with results of peak fitting at the right; (A) 
undoped by applying —2 V to the reference elec­
trode, (B) undoped by applying —0.2 V to the refer­
ence electrode, (C) the same as (A) but exposed 
to the air for 5 min before the measurement, (D) 25% 
doped by applying —0.2 V to the reference electrode, 
(E) doped (as-prepared), (F) doped then exposed 
to air. 

symmetric spectral envelope.1) All spectra can be 
deconvoluted into four peak components. The 
strongest component locates at between 399.6 and 
400.0 eV, which is due to neutral nitrogen Is core 
level. 

Two types of undoped polypyrrole films give 
slightly different results. The main peaks of both 
spectra locate at 399.8 eV, but their FWHM's differ by 
0.2 eV. The second largest peak component of both 
spectra also locates at almost the same position of 
398.3—5 eV, but their intensities and FWHM's are 
different as are shown in Table 1. This peak is due to 
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Table 1. The Results of Peak Fitting of NI s and Cl s Spectra 

Nls Cls 

Undoped with 
—2V applied 

Undoped with 
-0.2V applied 

-2V Undoped 
then exposed 
to air 

25% Doped 
(-0.2V 
applied) 

As-prepared 

As-prepared 
then exposed 
to air 

Peak position 

eV 

398.5 
399.8 
401.0 
402.5 

398.3 
399.8 
400.8 
402.0 

398.5 
399.8 
400.9 
402.6 

398.4 
400.0 
401.2 
402.5 

397.6 
399.6 
400.9 
402.2 

397.6 
399.6 
400.8 
402.2 

Intensity 

% 

26 
84 
18 
6 

33 
87 
15 
5 

44 
76 
20 

5 

46 
91 
14 
14 

7 
89 
25 
14 

9 
85 
28 
14 

FWHM 

eV 

2.3 
1.5 
1.7 
1.7 

1.7 
1.7 
2.0 
1.8 

2.1 
1.5 
2.0 
1.4 

1.9 
1.8 
1.5 
1.6 

1.2 
1.7 
2.1 
2.3 

1.3 
1.7 
2.0 
2.6 

Peak position 

eV 

284.2 
285.0 
286.1 
288.1 

284.5 
285.3 
286.6 
288.3 

284.2 
285.0 
286.1 
288.4 

284.8 
285.4 
286.9 
288.9 

284.1 
285.0 
286.2 
288.0 

284.2 
285.0 
286.2 
288.0 

Intensity 

% 

48 
59 
29 

6 

54 
55 
23 
10 

47 
61 
31 
4 

48 
56 
26 
4 

45 
59 
31 

7 

39 
60 
29 

8 

FWHM 

eV 

1.9 
1.6 
2.0 
1.6 

2.0 
1.7 
2.0 
1.7 

1.9 
1.6 
2.1 
1.9 

2.2 
1.7 
2.2 
1.4 

2.0 
1.7 
2.1 
2.2 

2.2 
1.8 
2.1 
2.4 

those nitrogen atoms which get about the 1/4 charge, 
when an empirical relation of 5.8 eV shift per unit 
charge17) is adopted. Probably the different applying 
reducing potentials make various environment of the 
nitrogen atoms, and hence the amounts of charges 
they get may be different. This relates to the slight 
difference observed in the UPS. This lower binding 
energy component is also observed in air exposed 
(panel C) and partially doped (panel D) polypyrrole 
with stronger intensity. This enhancement is not 
caused by the doping process, since the spectra of 
doped polypyrrole (the spectra E and F) do not show 
such a large low binding energy peak component. 
The appearance of this low binding energy compo­
nent suggests an electron-rich surrounding near the 
nitrogen atoms in undoped polypyrrole. A possible 
reasoning is dehydrogenation from some nitrogen 
atoms.18) 

Doped polypyrrole showed skewed spectrum toward 
high binding energy as reported earlier.l>2) Our peak 
fitting gives two high binding energy components at 
400.9 and 402.2 eV and a small low binding energy 
component at 397.6 eV. It is consistent with Pfluger 
and Street's results on the peak positions of the high 
binding energy components, but it differs in the 
FWHM's and the area. They attributed the origin of 

these components to the difference in the distance 
between nitrogen atoms and the anions, i.e., 1:2:2 for 
the ratio of the counterions' least affected nitrogen 
neighbors, next nearest nitrogen neighbors and near­
est nitrogen neighbors. A widening trend in the 
FWHM's of these respective nitrogen atoms was an 
additional evidence to their conclusion. However, 
our results question on their conclusion in terms of 
both the ratio and the FWHM's. These components 
are observed even in undoped polypyrrole although 
they are small. That is, the counterions are not 
responsible for the formation of the asymmetry of 
doped polypyrrole. Further the FWHM's of peak 
components do not show widening trend as they have 
claimed. These components grow its intensity in 
accordance with the dopant concentration (including 
the air exposed one), as the electric conductivity 
increases.4) These facts support Doniach-Sunjic type 
Fermi surface electron excitation as the origin of the 
high binding energy peak components (peak asymme­
try). The existence of the low binding energy com­
ponent indicates occurrence of dehydrogenation even 
in the doped state though it is small. 

Skotheim et al. reported that the spectrum of the as-
prepared (doped) film consisted of a few peaks rather 
than of one asymmetric peak. They also reported an 
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asymmetric peak envelope for undoped one.5) Their 
results are to the contrary of our results. The reason 
is not clear. However, as their solid electrolyte cell is 
a complicated one from a view point of photoelectron 
measurement, their description on the doped and/or 
undoped film may be erratic. 

When undoped polypyrrole is exposed to air, the 
intensity of the 399.8 eV peak decreases and that of the 
398.5 and 401.0 eV peaks increase. Enhancement of 
the 398.5 eV is very strong. Easily oxidized nitrogen 
atoms in the neutral polymer may have a crucial 
key.18) The air exposure of the doped polymer also 
shows the same tendency, but the amount of change is 
small. Doped polypyrrole is strong enough to resist 
the effect of the air exposure. 

Carbon Is XPS results are shown in Fig. 4. Expla­
nations of panels A—F of each spectrum are the same 
as in Fig. 3. All spectra are asymmetric as are 
observed in the Nls spectra. The main peak region 

Fig. 4. Full Cl s X-ray photoelectron spectra of poly­
pyrrole at the left, and main peak regions together 
with results of peak fitting at the right; the explana­
tion of each panel is the same as in Fig. 3. 

can be deconvoluted into four components. There 
are two intense peaks at 284.2 and 285.0 eV in both 
undoped and doped polypyrrole. (In the spectra of B 
and D they locate at slightly higher binding energies.) 
Observation of two intense components even in the 
undoped specimen indicates that they are not caused 
by doping of polypyrrole but they are characteristic to 
polypyrrole itself. They must correspond to two 
chemical states of carbon atoms, namely a- and ß-
carbons.2) The energy separation of these two com­
ponents corresponds to the chemical shift induced by 
nitrogen atoms.19) 

There is another intense (about a half intensity of 
above two components) peak at 286.1—2 eV in all 
spectra. (Again a slight shift is observed in the spec­
tra of B and D). The intensity of this peak is slightly 
stronger when the polymer is doped. The existence 
of this component is the main reason of the peak 
asymmetry. On the other hand, the Cl s spectra of 
poly(3-methylpyrrole) or poly(3-methylthiophene) are 
symmetric.7) Substitution at the 3-position prevents 
the hetero-bonding. Therefore, this peak component 
is probably due to the hetero-bonding. However, 
there still remains ambiguities on this explanation: 
(A) Even the hetero-bonding is the bonding between 
carbon atoms. The bonding between ordinary car­
bon atoms does not produce such a large chemical 
shift as are observed in the figure. (B) There should 
be hetero-bonding even in the 3-position substituted 
polymers, such as bond termination. Therefore, 
spectra reported in Ref. 7 might be recorded with 
poorer resolution. (C) Overall C Is FWHM's of 
doped and undoped polypyrrole are 2.60 and 2.41 eV, 
respectively. FWHM's of conducting (doped) poly­
mers are usually wider than that of less conducting 
(undoped) ones.20) Therefore, Doniach-Sunjic type 
asymmetry proposed by Salaneck's group1* as was 
observed in the conductive graphite compounds or the 
excitation of valence band electrons (shake-up)6) could 
be still the reason of this peak. 

The highest peak component observed at between 
288.0 and 288.9 eV in every spectrum must be the 
satellite peak, since the energy separation between this 
peak and the other two main peak components is 
about 3 eV, which is the n-n* transition energy 
obtained by optical measurement.13) 

Air exposure of the undoped film causes a slight 
intensity increase of the 286.1 eV peak. The ambient 
air may work as the dopant. The other peaks are not 
affected by the air exposure. When the polymer is 
doped, no serious change is observed upon the air 
exposure. This suggests that the once oxidized 
(doped) film is stable enough to resist further oxida­
tion or deformation. 

Summary 

Photoelectron spectra of carefully synthesized poly-
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pyrrole depend u p o n its hand l ing and history. 
Slight exposure of the undoped polymer to the 
ambient a tmosphere causes drastic change in the UPS. 
While the U P S of bo th doped and undoped polypyr­
role are essentially the same, those of the air-exposed 
and non-air-exposed undoped polymers are com­
pletely different. T h e doped polymer is resistible 
from oxidat ion or deformation caused by the air expo­
sure. Both N l s and Cl s XPS give asymmetric peak 
envelopes. T h e N l s peak shapes of undoped poly­
mers depend on the appl ied reduction potential , and 
the air exposure causes a large spectral change. T h e 
dopan t or the air exposure induces no drastic change 
in the Cl s spectra. 

References 

1) W. R. Salaneck, R. Erlandsson, P. Prejza, I. 
Lundstrom, and O. Inganas, Synth. Metals, 5, 125 (1983). 

2) P. Pfluger and G. B. Street, / . Chem. Phys., 80, 544 
(1984). 

3) G. B. Street, J. C. Clarke, M. Krounbi, K. Kanazawa, 
V. Lee, P. Pfluger, J. C. Scott, and G. Weiser, Mol. Cryst. 
Liq. Cryst., 83, 253 (1982). 

4) P. Pfluger, M. Krounbi, G. B. Street, and G. Weiser, / . 
Chem. Phys., 78, 3212(1983). 

5) T. A. Skotheim, M. I. Florit, A. Melo, and W. E. 
O'Grady, Phys. Rev. B, 30, 4846 (1984). 

6) Y. Jugnet, G. Tourillon, and T. M. Due, Phys. Rev. 
Lett., 56, 1862 (1986). 

7) G. Tourillon and Y. Jugnet, / . Chem. Phys., 89, 1905 

(1988). 
8) S. Hino, M. Nakazato, and K. Matsumoto, Chem. 

Phys., 127,411 (1988). 
9) P. Pfluger, U. M. Gubler, and G. B. Street, Solid State 

Commun., 49, 911 (1984). 
10) W. K. Ford, C. B. Duke, and W. R. Salaneck, / . Chem. 

Phys., 77, 5030 (1982). 
11) W. R. Salaneck, C. R. Wu, J. O. Nilsson, and J. L. 

Bredas, Synth. Metals, 21, 57 (1987). 
12) C. R. Wu, J. O. Nilsson, O. Inganas, W. R. Salaneck, 

J.-E. Osterholn, and J. L. Bredas, Synth. Metals, 21, 197 
(1987). 

13) K. Yakushi, L. J. Lauchlan, T C. Clarke, and G. B. 
Street, / . Chem. Phys., 79, 4774 (1983). 

14) J. L. Bredas, J. C Scott, K. Yakushi, and G. B. Street, 
Phys. Rev. B, 30, 1023 (1984). 

15) J. L. Bredas, B. Themans, and J. M. Andre, / . Chem. 
Phys., 78, 6137 (1983). 

16) G. B. Street, "Handbook of Conducting Polymers," 
ed by T. A. Skotheim, Dekker, New York (1986). 

17) R. Nordberg, R. G. Albridge, T Bergmark, U. 
Ericson, J. Hedman, C R. Nordling, K. Siegbahn, and B. J. 
Lindberg, Ark. Kemi., 28, 257 (1968). 

18) O. Inganas, R. Erlandsson, C Nylander, and I. 
Lundstrom, / . Phys. Chem. Solids, 45, 427 (1984). 

19) U. Gelius, P. F. Heden, J. Hedman, B. J. Lindberg, R. 
Manne, R. Nordberg, C Nordling, and K. Siegbahn, Phys-
ica Scripta, 2, 70(1970). 
20) S. Hino and K. Iwasaki, to be published. 
21) P. M. Th. M. van Attekum and G. K. Wertheim, Phys. 

Rev. Lett., 43, 1896(1979). 



2206 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 2206—2211 (1990) [Vol. 63, No. 8 
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The copper(II) Schiff base complexes linked to viologen via number 3 and 4 of methylene groups were 
synthesized and characterized. The complexes are the binuclear type, the second Cu(II) of which binds with 
two iodide ions to the phenolate edge of N,N/-bis(salicylidene)ethylenediaminatocopper(II). A pulse radio-
lytic study in acetonitrile showed that the intramolecular electron transfer from the viologen radical to the 
Cu(II)02l2 site occurred along with an intermolecular electron transfer between the viologen radical and the 
Cu(II)02l2 site of the other complexes existing in excess; also, the number of the methylene groups (3 and 4) 
little affected the intra- and intermolecular electron-transfer rate. A trinuclear copper(II) Schiff base complex 
linked to viologen via number 5 of methylene groups was also synthesized and characterized. 

T h e intramolecular electron-transfer type reaction 
has received considerable a t tent ion in both the fields 
of chemistry and biochemistry; part icularly, studies of 
the role of the redox-site separat ion distance on the 
intramolecular electron transfer are significant for 
unders tanding electron transfer in biological sys­
tems.1) T h e viologens are diquaternary salts of 4,4'-
bipyridine. They undergo reversible one-electron 
reduction to form colored radical cations the property 
of which is utilized in the catalytic photolysis of water 
to liberate hydrogen. Recently, viologen-linked 
metal complexes have been developed in order to 
improve such photo-catalytic systems.2) T h e Ni(II) 
Schiff base complex, l inked to viologen via number 
six of the methylene groups , has also been prepared by 
us.3) A study of the in t ramolecular electron-transfer 
reaction by us ing model compounds has an impor tan t 
problem regarding whether the possibility of an inter­
molecular electron transfer between the radical inter­
mediate and the reactant exist ing in excess can be 
excluded against an in t ramolecular electron transfer. 
We have recently reported that three decay modes of 
the radical cation intermediate have been observed 
after reacting pentaammine( l -methyl-4 ,4 ' -bipyr i -
dinium)cobalt(III) wi th the C 0 2 T radical anion: an 
int ramolecular electron transfer from the coordinated 
viologen radical to the Co(III) center, an intermolecu­
lar electron transfer between the radical cation inter­
mediate and the Co(III) complex in excess, and a 
dispropor t ionat ion of the radical cation interme­
diate.4) 

In the present work we synthesized viologen-l inked 
Cu(II) Schiff base complexes (Fig. 1) and studied both 
the intra- and intermolecular electron transfer of the 
viologen radical cation intermediate produced in the 
reaction of the complexes wi th an acetonitri le radical 
an ion by us ing a pulse radiolytic technique. 

Experimental 

Materials. Af,Af'-Bis(4-hydroxysalicylidene)ethylenedi-

Br-tCH2*nO ' OfCH^Br 

[Cu(LCnBr)] (n=3~6) 

BHCH^O k l k , 0 4 C H 2 V N Q K H Q I C H 3 

w 
[ C u C u ( L C n M V ) ] 2 + ( n = 3 and A) 

Fig. 1. Structure of the Cu(II) complexes. 

aminatocopper(II), [Cu(L)], was prepared in a similar 
method described for the Ni(II) complex.3) l-Methyl-4,4'-
bipyridinium iodide was prepared as in a previously 
reported method.5) l,l'-Dimethyl-4,4'-bipyridinium Per­
chlorate monohydrate was obtained from the corresponding 
chloride salts. All other chemicals used were of guaranteed 
grade. 

Syntheses of Complexes. iV,iV-Bis[4-(a>-bromoalkoxy)-
salicylidene]ethylenediaminatocopper(II), [Cu(LCnBr)] (n= 
3—6). The complex [Cu(L)] (2.8 mmol) and a,a>-dibromo-
alkane (2.8 mmol) were dissolved in 200 ml of N,N-
dimethylformamide (DMF) in the presence of K2CO3 (28 
mmol). The mixture was stirred at room temperature for 3 
days. After the suspension was filtered off, the filtrate was 
evaporated to a small volume. To this solution was added 
chloroform; the mixture was then filtered off to remove KBr. 
Then, the filtrate was loaded on a silica-gel column which 
had previously been equilibrated with chloroform. The 
first fraction eluted with chloroform was evaporated to a 
small volume and added to a mixture of hexane and benzene 
(1:1). A blue precipitate was collected. [Cu(LC3Br)] 
Yield: 15%. Found: C, 47.64; H, 4.31 ; N, 4.29%. Calcd for 
CuC22H24N2O4Br2-0.5C6Hi2: C, 46.49; H, 4.68; N, 4.34%. 
[Cu(LC4Br)] Yield: 57%. Found: C, 45.46; H, 4.78; N, 
3.87%. Calcd for CuC24H28N204Br2: C, 45.62; H, 4.47; N, 
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4.43%. [Cu(LCsBr)] Yield: 52%. Found: C, 47.15; H, 5.36; 
N, 3.91%. Calcd for CuC26H32N204Br2: C, 47.32; H, 4.89; N, 
4.25%. [Cu(LC6Br)] Yield: 22%. Found: C, 49.68; H, 4.56; 
N, 4.35%. Calcd for CuC28H36N204Br2: C, 48.89; H, 5.27; N, 
4.07%. 

[CuCu(LCnMV)]I2 (n=3 and 4). A mixture of [Cu(LC„Br)] 
(0.32 mmol) and l-methyl-4,4'-bipyridinium iodide (1.6 
mmol) was dissolved in 150 ml of ethanol and refluxed for 
3—4 days. The precipitate was collected and washed with 
warm water. Recrystallization was carried out by adding 
chloroform to a DMF solution. [CuCu(LC3MV)]I2 Yield: 
10%. Found: C, 31.11; H, 2.99; N, 4.53; Cu, 10.97%. Calcd 
for Cu2C33H35N404Brl4: C, 31.30; H, 2.79; N, 4.42; Cu, 
10.04%. [CuCu(LC4MV)]I2 Yield: 14%. Found: C, 32.47; 
H, 3.06; N, 4.56; Cu, 9.92%. Calcd for C ^ C s s H ^ N ^ B r ^ : 
C, 32.47; H, 3.04; N, 4.33; Cu, 9.82%. 

[Cu2Cu(LCsMV)]Br2. The same procedure as described 
for [CuCu(LCnMV)]I2 was employed. Yield: 13%. Found: 
C, 29.64; H, 3.08; N, 4.46; Cu, 11.87%. Calcd for 
Cu3C37H43N404Br3l4-C3H7NO: C, 29.68; H, 3.11; N, 4.33; 
Cu, 11.78%. 

Measurements. Electronic absorption, infrared, and 
*H NMR spectra were recorded on Hitachi 200-20, Hitachi 
260-50, and JEOL GX-270 spectrometers, respectively. 

Cyclic voltammetry was carried out in a nitrogen atmo­
sphere in DMF containing a 0.05 M (1 M=l mol dm"3) 
tetrabutylammonium Perchlorate ([Bu4N]C104) with a 
Yanaco Model P-900 instrument. A three-electrode system 
was used with a Pt auxiliary electrode and a glassy carbon 
working electrode against an Ag/AgCl (0.1 M KCl) reference 
electrode. 

The magnetic susceptibilities were measured by the Fara­
day method. The apparatus was calibrated by the use of 
tris(ethylenediamine)nickel(II) thiosulfate. 

In pulse-radiolysis experiments a CN Van de Graaff elec­
tron accelerator at the Center for Fast Kinetics Research, The 
University of Texas, Austin in U.S.A., was used as an 
electron source. Pulses of 100-ns duration were delivered to 
samples in a quartz cell (1-cm optical path length) in a 
nitrogen atmosphere at 23 °C; the absorptions of species 
were monitored by using a tungsten lamp, a monochrome-
ter, and a photomultiplier. The signals were digitized by a 
Biomation 8100 transient recorder and analyzed by the use of 
an on-line PDP 11/70 minicomputer. The radiolysis of 
acetonitrile by ionizing radiation produced the monomeric 
and/or dimeric acetonitrile anion radical (CH3CNT) with a 
G value (the number of product molecules formed by the 
absorption of 100 eV in solution) of 1.03.6) The concentra­
tions of the generated reducing radical were (1—5)X10-6 M 
and were determined using methyl viologen radical (MVt) 
production in separate experiments (fi6oo— 1.4X104 M_1 

cm-1).7) The decay of the radical intermediate produced in 
the reaction of [CuCu(L„MV)]2+ (ra=3 and 4) and 
[Cu2Cu(LC5MV)]2+ with CHsCN" was followed at 600 and 
400 nm. The observed rate constant was an average of three 
to five runs. 

The reaction of [Cu(LC3Br)] with MVt and dithionite 
reductions of the Cu(II) complexes were also studied in an 
aqueous 70% acetonitrile solution (0.03 M Tris/HCl buffer 
at pH 8). The reaction was followed at 600 nm by a 
Gibson-Dionex stopped-flow apparatus interfaced with an 
OLIS data-collecting system. The MVt was prepared by 
adding of 0.95 eq of sodium dithionite to the MV2+ solution. 

Results and Discussion 

Characterization of Complexes. T h e electronic 
absorpt ion spectra of [Cu(LCnBr)] (n=3—6) in DMF 
(Fig. 2 and Table 1) show the characteristic of square 
p lanar Cu(II) Schiff base complexes.8) T h e chain 
length of the methylene groups l inked to the 4- and 4 '-
posi t ion little affected the absorpt ion band. T h e 
infrared absorpt ion spectra showed the presence of 
methylene groups at 2800—2900 cm"1 , the vibration of 
which can be assigned to C - H stretching. T h e 
ligand-field absorpt ion bands (564—567 nm) of 
[CuCu(LC n MV)] 2 + ions are very similar to those of the 
[Cu(LCnBr)] ions. T h e di th ioni te reduction of 
[CuCu(LC3MV)]2 + in aqueous 70% of acetonitrile con­
ta in ing a 0.03 M T r i s / H C l buffer at p H 8 generates a 
typical spectrum of methyl viologen radical (Fig. 2). 
T h e differences in the molar absorpt ion coefficients 
between the radical and [CuCu(LC3MV)]2 + are 
9.6X103 M ^ c m - 1 at 604 n m and 3.5X104 M ^ c m " 1 at 
396 nm. These values are very similar to those of 

T i 1 i r 

300 400 500 600 700 
W a v e l e n g t h / n m 

Fig. 2. Electronic absorption spectra of the 
Cu(II) Schiff base complexes. (1) : [CuCu-
(LC3MV)]2+ in DMF, (2) : [Cu(LC3Br)] in DMF, 
and (3) : a difference spectrum between 
[CuCu(LC3MVt)] and [CuCu(LC3MV)]2+ in an 
aqueous 70% acetonitrile solution (0.03 M Tris/HCl 
buffer at pH 8) produced by a dithionite reduction 
under an argon gas. 

Table 1. Absorption Spectral Data for Complexes in DMF 

Complex Amax/nm (log(£/M_1cm-1)) 

[CuCu(LCnMV)]2+ n=3 567(2.60) 350(4.14) 280(4.60) 
n=4 565(2.56) 350(4.13) 283(4.63) 

[Cu2Cu(LC5MV)]2+ 564 (2.55) 349 (4.08) 280sha) (4.65) 
[Cu(LCnBr)] n=3 571 (2.53) 348 (4.10) 287 (4.38) 

n=4 569(2.57) 349(4.15) 288(4.43) 
n=5 570(2.62) 349(4.21) 289(4.47) 
n=6 568(2.57) 348(4.14) 288(4.42) 

a) sh=shoulder. 
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MVt (£607=1.4X104 M ^ c m - 1 and £397=4.2X104 M"1 

cm-1),7) suggesting that the [CuCu(LC3MV)]2+ ion 
contains one viologen unit. The presence of the viol­
ogen unit was also confirmed by the ^ N M R spec­
trum in dimethyl-do sulfoxide; 6=4.3—4.4 ppm (CH3) 
and 8.6—9.2 ppm (bipyridinium ring). The other 
signals, due to the protons of Schiff base and methyl­
ene groups, were broadened. The infrared absorp­
tion spectrum showed the presence of the methyl 
group of the viologen at 3050 cm -1, which can be 
assigned to the frequency of the C-H stretching vibra­
tion. Analyses of copper in the [CuCu(LCnMV)]l2 
complexes (n=3 and 4) showed that two copper atoms 
are contained. Moreover, the maxima of the ligand-
field bands of the [CuCu(LCnMV)]2+ ions shift to 
shorter wavelengths than those of the mononuclear 
[Cu(LCnBr)] complexes (see Table 1). These obser­
vations suggest that the second Cu(II) ion binds 
through phenolate oxygen bridges to the Schiff base 
complex. Cyclic voltammetry of the complexes 
showed the presence of the second Cu(II) sites (vide 
infra). The formation of the binuclear adducts is 
promoted in alcohol in the presence of copper(II) 
halides.8) Therefore, [CuCu(LCnMV)]I2 might be 
formed by the reaction of the Cu(II) Schiff base com­
plex with free copper ions, the latter being formed by a 
decomposition of the copper(II) complexes. 

An attempt to prepare compounds [CuGu-
(LC5MV)]I2 and [CuCu(LC6MV)]I2 was unsuccessful, 
though a trinuclear-type compound [Cu2Cu(LCsMV)]-
Br2-C3H?NO was obtained. The absorption spec­
trum of [Cu2Cu(LC5MV)]2+ was similar to that of 
[CuCu(LCnMV)]2+ (n=3 or 4). An analysis of the 
copper ions showed the presence of three copper ions 
in the [Cu2Cu(LC5MV)]2+ ion. The temperature 
dependence of the magnetic susceptibility of this com­
plex is well explained by the susceptibility equation 
(Eq. 1) for a linear trinuclear system9'10* with /=—120 

Ng2ß2 1+exp (2//£T)+10exp (3J/kT) 
XA = X + Na (1) 

\2kT 1+exp (2J/kT)+ 2exp(3J/kT) 

cm-1 (1 cm-^l.gSôXlO-2 3 / ) , g=2.20, and Na=0 (Fig. 
3). Here, / is the mean value for the exchange inte­
grals between the adjacent copper ions, the other 
symbols have their conventional meanings. 
Moreover, the : H N M R spectrum of the 
[Cu2Cu(LC5MV)]2+ ion in dimethyl-de sulfoxide 
showed the presence of DMF as a crystal solvent. 
From these results, the [Cu2Cu(LCsMV)]2+ ion might 
have the trinuclear structure, as is shown in Fig. 4. 

Cyclic Voltammetry. Cyclic voltammograms of 
the [CuCu(LCnMV)]2+ and [Cu(LCnBr)] ions were 
measured in DMF. Figure 5 shows cyclic voltammo­
grams of the Cu(II) complexes for n=3, along with 
methyl viologen. Though methyl viologen showed 
reversible waves, the complexes [CuCu(LCnMV)]2+ 

and [Cu(LCnBr)] (n=3 and 4) did not show well-

2.0, 

o 
£ 
c/) 
en 1.5 
V 

CO 
I o 
\ 
< 

1.0h 

NO 

T / 1 0 2 K 

Fig. 3. Temperature dependence of magnetic sus­
ceptibility of [Cu2Cu(LC5MV)]Br2 • C3H7NO. Solid 
curve is drawn on the basis of Eq. 1 using the 
parameters, /=—120 cm-1, g=2.20, and Na=0. 

Fig. 4. Proposed structure of [Cu2Cu(LC5MV)]2+. 

-0.5 -1.0 
E /v (vs .Ag/AgCl ) 

1.5 

Fig. 5. Cyclic voltammograms of [CuCu(LC3MV)]2+ 

and [Cu(LC3Br)] along with MV2+ in DMF contain­
ing a 0.05 M [Bu4N]C104 with a scan rate of 5 
mVs"1. (1) [Cu(LCaBr)], (2) [CuCu(LC3MV)]2+, 
and (3) MV2+. 
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resolved waves; especially, the waves of the Cu(II) sites 
were irreversible. Therefore, the half-wave potentials 
were obtained at a slow scan of 5 mVs - 1 . The redox 
potential at -1.20 V for [CuCu(LCnMV)]2+ (n=3 or 4) 
can be assigned to that for the CunN2C>2 site, since the 
cyclic voltammogram for the corresponding mononu­
clear [Cu(LCnBr)]2+ complex shows only one redox 
wave at —1.20 V. The redox waves at —0.34 and at 
—0.74 V can be assigned to those for the MV2+/t and 
MVt /0 couples, being comparable to those for methyl 
viologen. Therefore, the redox waves at —0.24 and at 
—0.87 V can be assigned to those for the Cu2+/+ and the 
Cu+/0 couples at the Cun02l2 site. The Cun02l2 site 
is more easily reduced than the CunN202 site. This 
can be explained by the fact that the former has a 
distorted tetrahedral geometry and that the latter has a 
square-planar geometry similar to that for 
[Cu(LCnBr)]. An X-ray crystallographic study of 
dichloro[A^Af'-bis(salicylidene)ethylenediaminato-
copper(II)]copper(II) has shown the tetrahedral 
geometry around the Cu O2CI2 site.n) Distorted-
tetrahedral Cu(II) is more easily reduced to the Cu(I) 
state than is the square-planar Cu(II).12) 

Dithionite Reduction of [CuCu(LC3MV)]2+. The 
[CuCu(LC3MV)]2+ ion ((1.00—3.00)X10"5 M) was 
reduced by dithionite ions ((0.20— 1.00)X10-3 M) to 
generate the viologen radical [CuCu(LC3MVt)] in an 
aqueous 70% acetonitrile solution (a 0.03 M Tris/HCl 
buffer at pH 8). There were two reactions: fast 
(within 50 ms) and slow (over 103 s) at 5.0X10"4 M 
dithionite ions. The observed first-order rate con­
stant for the first stage obtained by following at 600 
nm was (5±2)X102 s"1 at 25 °C. The second-order 
rate constant for S02T reduction was estimated to be 
(7±3)X107 M-1 s-1 by using the value of 10"7 M for the 
dissociation constant of dithionite to S02T radical 
anions in aqueous acetonitrile solutions.13) The 
second-order rate constant for the S02T reduction of 
MV2+ under the same experimental conditions was 
obtained to be (1.1±0.4)X108 M"1 s"1. The first stage, 
therefore, corresponds to the reduction of the viologen 
unit in the [CuCu(LC3MV)]2+ ion, being followed by 

intra- and/or intermolecular electron transfer reac­
tions from the viologen radical to Cun02l2 site (vide 
infra). The slow reaction might represent the reduc­
tion of the Cu(II) Schiff base site, CunN202, since the 
rate of the reduction was similar to that for the 
[Cu(LC3Br)] ion ((1—2)X102 M^s"1) . 

Intra- and Intermolecular Electron-Transfer Reac­
tion of [CuCu(LCnMVt)]. It is known that the sol-
vated acetonitrile anion radical forms in pulse radioly-
sis in acetonitrile.6) After irradiation of methyl 
viologen in acetonitrile the MVt radical cation was 
produced. Small amounts of MVt (<10%) were con­
sumed within 4 ms, which may be attributed to a 
reaction with residual O2. Most of the viologen radi­
cal was very stable during the measurements. 

MV2+ + CH3CN-—• MVt + CH3CN (2) 

The reaction of [CuCu(LCnMV)]2+ ((1.25— 
5.00)X10"5 M) with CH3CN" ((1.4—4.8)X10"6 M) was 
came to completion within 30 jus, and decay had barely 
commenced. The spectrum of the transient is very 
similar to that of MVt, though the absorption band 
shifted slightly to a shorter wavelength (/Lax 590+10 
nm). From the initial increase in the absorbance at 
600 nm, the amounts of the viologen radical interme­
diate can be estimated (Table 2). About 70% of 
CH3CNT reacted with the viologen unit to generate a 
radical cation intermediate [CuCu(LCnMVt)] (n=3 
and 4); the remaining CHsCNT attacked the Cu(II) 
site. The intermediate [CuCu(LCnMVt)] decayed 
within times ranging from 0.1—0.4 s, depending on 
the concentrations of the complexes pulsed. The 
decay was first order in the concentrations of the 
radical intermediate. The observed first-order rate 
constants were dependent on the concentrations of 
[CuCu(LCnMV)]2+ (n—3 and 4) remaining in excess, 
as is shown in Fig. 6. Therefore, the decay of the 
intermediate obeys the following rate law: 

-d[[CuCu(LC„MV+)]]/d* = *0b4[CuCu(LC„MV+)]], (3) 

where 

/tobsd Cintra + Ai„te,[[CuCu(LC„MV)]2+]. (4) 

Table 2. Observed First-Order Rate Constants for the Decay of the Radical 
Cation Intermediates in Acetonitrile at 23 °C 

[Cu(II)]o 

10-6M 

[CuCu(LC3MV)]2+ 

12.5 
25.0 
50.0 

[CuCu(LC4MV)]2+ 

12.5 
50.0 

[Cu2Cu(LC5MV)]2+ 

11.1 
22.3 
41.0 

[radical^ 

10-6M 

1.4 
3.2 
4.8 

1.4 
4.8 

1.4 
3.0 
3.0 

[intermediate^ 

10-6M 

1.0 
2.3 
3.4 

1.0 
3.4 

1.0 
2.1 
2.1 

[Cu(II)]remained 

10-6M 

11 
22 
45 

11 
45 

10 
19 
38 

rtobsd 

S " 1 

18.8 
28.8 
48.0 

17.5 
44.0 

10.0 
13.0 
21.4 
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C/) 

o 

•a 
U) 

o 

f C u ( I I ) ] / l O " 5 M 

Fig. 6. Plots of Aobsd vs. the concentrations of 
[CuCu(LC„MV)]2+ (n=3 and 4) and [Cu2Cu-
(LCsMV)]2+ for the decay of the radical cation 
intermediates. O: [CuCu(LC3MV)]2+, 3 : [CuCu-
(LC4MV)]2+, and • : [Cu2Cu(LC5MV)]2+. 

Table 3. Rate Constants for Intra- and Intermolecular 
Electron-Transfer Reaction of [CuCu(LCnMV+] and 

[Cu2Cu(LC5MV+)] in Acetonitrile at 23 °C 

Complex Cintra/ S fcnter/lOSM-iS"1 

[CuCu(LC3MV+)] 
[CuCu(LC4MVt)] 
[Cu2Cu(LC5MVT)] 

9.6+0.8 
8.9+0.7 
5.6+0.5 

8.6+0.7 
7.8+0.6 
4.1+0.3 

T h e pa th , be ing independent of the concentrat ions of 
the Cu(II) complex, should be the int ramolecular 
electron transfer from the M V t par t to the CunC>2l2 
site, since the redox potent ia l of the latter is h igher 
than that of the former. T h e reaction scheme is 
presented as follows: 

[CunCun(LC„MV)]2+ + CH3CN- —> [CunCun(LC„MVt)] 

(and [CuICuII(LC„MV)]+), (5) 

[CunCun(LCnMVt)] - ^ + [CuICuII(LC„MV)]+, (6) 

[CuICuII(LC„MV)]+ -*-> [CunCun(LC„MVt)] 

no reaction, (7) 

and 

[Cu I ICu I I(LCnMV+)] + [CunCun(LC„MV)]2+ 

- ^ [CunCun(LC„MV)]2+ + [CuICuII(LC„MV)]+. (8) 

T h e rate constants for the intra- and intermolecular 
electron-transfer, Amtra and Ämter, respectively, are listed 
in Table 3. Both the intra- and intermolecular elec­
tron-transfer reactions are little affected by the chain 
length of the methylene groups of 3 and 4. Th i s is 

c/) 
CM 

o 

U) 
n 
o 

I . J 

1.0 

0.5 

n /m 

i 

o/ 

i 

i 

/ o 

rrCu(LC3Br)3]/ lO rA M 

Fig. 7. Plots of Aobsd vs. [[Cu(LC3Br)]] for the reac­
tion of MVt with [Cu(LC3Br)] in an aqueous 70% 
acetonitrile solution. The concentrations of MVt 
was (2—5)X10~6 M. O: a stopped-flow method 
and • : a pulse-radiolysis method described in the 
text. 

probably because the two redox sites linked by the 
methylene groups can associate wi th each other due to 
the flexibility of the methylene chain. 

We also examined the reduct ion of the tr inuclear 
complex, [Cu 2Cu(LC 5MV)] 2 + , wi th CH 3 CN". T h e 
formation and decay of the radical intermediate, 
[Cu2Cu(LC5MVt)], was also observed and the rate 
constants, k intra and h inter* were obtained from the plots 
of Aobsd vs. the concentrations of [Cu2Cu(LC5MV)]2+ . 
In this case the electron-transfer reaction migh t be 
very complicated, since there are two reducible Cu(II) 
sites (Cu n 02l2 and Cuni2l2) by the viologen radical. 

T h e presence of free iodide ions did not affect the 
rate of the reaction, since the reaction of M V t wi th I2T 

produced by the irradiat ion of the I" solution was very 
slow. T h e observed first-order rate constant for this 
reaction was 5 s"1 in the presence of 1.3X10-4M KI. 

It may be possible that the bromopropyl g roup of 
the Cu(II) complex reacts wi th the methyl viologen 
radical;14) therefore, we also examined the reaction of 
[Cu(LCsBr)] wi th M V t by both stopped-flow and 
pulse-radiolysis methods. T h e decay of M V t was 
first order in the concentrations of M V t in the pres­
ence of [Cu(LsBr)] in large excess. T h e reaction was 
also first order in the concentrat ions of the Cu(II) 
complex (Fig. 7). Th i s reaction corresponds to the 
fol lowing reaction: 

[Cu(LC3Br)] + MVt—• 

[Cu(LCH2CH2CH2-)] + Br" + MV2+ (9) 
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T h e second-order rate constant was (2.3±0.2)X105M_ 1 

s_1, indica t ing that the reaction between the viologen-
radical par t of [ C u C u ( L C n M V t ) ] and the bromo-
propyl g r o u p of the complex is slower than reactions 6 
and 8. 
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Synthesis, Structure, and Magnetism of Binuclear Cu(II)Cu(II), Cu(II)Ni(II), 
and Ni(II)Ni(II) Complexes Doubly Bridged by Oxymate Groups 

D o m i n i q u e L U N E A U , ^ Hi rok i OSHIO, Hisashi OKAWA,*^ Masayuki KOIKAWA^ and Sigeo KIDA* 

Institute for Molecular Science, Myodaiji, Okazaki 444 
"^Department of Chemistry, Faculty of Science, Kyushu University, Hakozaki, Higashiku, Fukuoka 812 

(Received March 31, 1990) 

Binuclear complexes, [Cu(L)Cu(L')(H20)2]X2 (H2L=3,3'-trimethylenedinitrilobis(2-butanoneoxime) 
(H2dopn) or 3,3'-ethylenedinitrilobis(2-butanoneoxime) (Fbdoen); L'=2,2'-bipyridyl (bpy) or 1,10-
phenanthroline (phen); X=C104 or NO3), [Ni(dopn)Cu(bpy)(H20)](C104)2, and [Ni(dopn)Ni(bpy)2](C104)2, 
have been prepared and characterized. The structure of [Cu(dopn)Cu(phen)(CH30H)2](C104)2 (di-methanol 
adduct) has been determined by single crystal X-ray method. The Cu(dopn) molecule coordinates to the 
second copper(II) ion through the deprotonated oximate oxygens to afford a binuclear structure doubly bridged 
by the oximate groups in the eis arrangement. The binuclear cation is bent at the oxymate oxygens with a 
dihedral angle of 26.7(2)°. The binuclear copper(II) complexes show a characteristic visible band of significant 
intensity (e 2700—2900 dm3 mol - 1 cm -1) near 22000 cm - 1 and a strong intramolecular antiferromagnetic spin-
exchange interaction. The exchange integrals (/) are evaluated to be —413.3——433.0 cm -1. The magnetic 
moment (per molecule) of the nickel(II)-copper(II) complex is 1.80 /XB at room temperature and the moment of 
the binuclear nickel(II) complex is 2.94/XB, demonstrating that the Ni(dopn) entity of these complexes is 
diamagnetic. 

Studies on spin exchange in polynuclear metal 
complexes in view of the nature of the br idging g roup 
and stereochemical factors are con t inu ing subjects in 
the field of coordinat ion chemistry.1 '2) Recently we 
have reported the tr inuclear copper(II) complexes of 
the general formula [Cu(dioxim)2{CuL}2]X23) (H2-
diox im=dimethy lg lyox ime, diphenylglyoxime, or o-
benzoquinonedioxime; L ^ ^ ' - d i p y r i d y l (bpy) or 
1,10-phenanthroline (phen); X = N 0 3 ~ or CIO4") where 
Cu(dioxim)22" functions as a bridge to combine two 

c Cu Cu Cu 

2 + 

N N=bpy, phen 

( a ) 

C H 3 ,C H3 CH3 CH3 -, 

// \ f 
f - \ /N-°x /°-Nx /""A 
< Cu Cu Cu \ 

W >-o" V-N' NN-/ 
M 

CH 3 CH 3 _, 
CH3 CH3 

2 + 

( b ) 

Fig. 1. Chemical structures of [Cu(dioxim)2(CuL)2]2+ 

(a) and [Cu{Cu(dopn)}2]2+ (b). 

C u L 2 + entities th rough its deprotonated oximate oxy­
gens to afford linear tr inuclear skeleton (see Fig. 1 (a)). 
Those complexes show a very s t rong antiferromag­
netic spin-exchange th rough the dioximate-bridge in 
eis a r rangement so as to cause complete sp in-coupl ing 
even at room temperature. In a related tr inuclear 
complex [Cu{Cu(dopn)}2](C104)24) of 3,3'-trimethyl-
enedinitr i lobis(2-butanoneoxime) (Fbdopn) (see Fig. 
1 (b)) the configurat ion a round the central copper is 
significantly distorted to tetrahedron and the tr inu­
clear cation is bent at the edges of the br idging oxi­
mate oxygens to afford a butterfly shape to the cation. 
In spite of such large distortions this complex shows a 

2+ CH3 CH3 

S - NN N - 0 / x ( C H 2WA) 
CH3 CH3 

2 + 

11=2,3; N^N=bpy, phen 

(a) 

CH, CH 

)U 
( Ni 

M 
C H 3 CH 

N "V 

CH. CH0 

W W V 
C H3 ^ H3 

N N=bpy 

(b) 

3 

"Ox 1 /N 

Ni 

3 J 

bpy 

2 

^ Present address: Centre d'Etudes Nucléaires de Greno­
ble, Departement de Recherche Fondamentale, Laboratoire 
de Chimie, 38041 Grenoble Cedex, France. 

( c ) 

Fig. 2. Chemical structures of Cu(II)Cu(II) (a), Ni-
(II)Cu(II) (b), and Ni(II)Ni(II) (c) complexes. 
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Table 1. Elemental Analysis of Dinuclear Complexes 1 to 7 

Complex 

[Cu(dopn)Cu(bpy)(H20)2](C104)2 
(1) 

[Cu(dopn)Cu(phen)(H20)2](C104)2 
(2) 

[Cu(doen)Cu(bpy)(H20)2](N03)2 
(3) 

[Cu(doen)Cu(bpy)(H20)2](C104)2 
(4) 

[Cu(doen)Cu(phen)(H20)2](C104)2 
(5) 

[Ni(dopn)Cu(bpy)(H20)](C104)2 
(6) 

[Ni(dopn)Ni(bpy)2](C104)2 

(7) 

C 

33.39 
(33.34) 
35.02 

(35.39) 
36.72 

(37.00) 
32.39 

(32.35) 
35.36 

(35.39) 
34.70 

(34.38) 
42.66 

(42.94) 

Found % (Calcd %) 

H 

4.10 
(3.99) 
4.19 

(3.87) 
4.33 

(4.44) 
3.70 

(3.80) 
4.11 

(3.87) 
3.72 

(3.87) 
3.97 

(3.95) 

N 

11.20 
(11.11) 
10.82 

(10.64) 
16.57 

(16.44) 
11.26 

(11.32) 
10.58 

(10.77) 
11.56 

(11.45) 
12.56 

(12.93) 

Cua) 

16.92 
(16.80) 
16.30 

(16.28) 
18.81 

(18.64) 
17.22 

(17.16) 
16.55 

(16.28) 
8.75 

(8.66) 
— 
— 

• a\ 

Nia) 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
8.17 

(8.00) 
13.68 

(13.54) 

a) Determined by atomic absorption. 

s trong ant iferromagnetic spin-exchange th rough the 
dioximate-bridge in eis a r rangement so as to cause 
perfect sp in-coupl ing at 170 K. 

In order to gain further evidences for the effective 
sp in -coup l ing in such eis d ioximate b r idg ing system, 
we have synthesized binuclear Cu(II)Cu(II), Cu(II)-
Ni(II), and Ni(II)Ni(II) complexes of the types given 
in Fig. 2 by the use of H^dopn and S^'-ethylene-
dini t r i lobis(2-butanoneoxime) (Hbdoen). T h i s paper 
deals wi th the synthesis, structure, and magnet ic and 
spectral propert ies of the complexes. 

Experimental 

Materials. All chemicals were of reagent grade and were 
used as commercially obtained. H2dopn, H2doen, [Cu(H-
dopn)]C104-H20, [Cu(Hdoen)]C104-H20, and [Ni(H-
dopn)]C104 were prepared according to the literature 
methods.5,6) 

Preparations of Complexes. Following seven complexes 
have been synthesized in this study: [Cu(dopn)Cu(bpy)-
(H20)2](C104)2 (1), [Cu(dopn)Cu(phen)(H20)2](C104)2 (2), 
[Cu(doen)Cu(bpy)(H20)2](N03)2 (3), [Cu(doen)Cu(bpy)-
(H20)2](C104)2 (4), [Cu(doen)Cu(phen)(H20)2](C104)2 (5), 
[Ni(dopn)Cu(bpy)(H20)](C104)2 (6), and [Ni(dopn)Ni-
(bpy)2(C104)2 (7). Some typical examples of synthetic 
methods are shown below. 

Complex 1. A mixture of [Cu(Hdopn)]C104 • H 2 0 (0.5 
mmol), copper(II) Perchlorate hexahydrate (0.5 mmol), and 
bpy (0.5 mmol) in methanol (30 cm3) was refluxed for 1 
hour. The resulted red solution was filtered while hot and 
concentrated slowly to a small portion to give red crystals. 

Complexes 2 and 3 were obtained in a way similar to that 
of complex 1. 

Complex 4. A solution of copper(II) Perchlorate hexahy­
drate (0.5 mmol) in methanol (10 cm3) was added to a hot 
solution of H2doen (0.5 mmol) in methanol (10 cm3), and 
the mixture was refluxed for 30 minutes. Then a hot 
solution of copper(II) Perchlorate hexahydrate (0.5 mmol) 
and bpy (0.5 mmol) in methanol (10 cm3) was added and the 
mixture was refluxed for one hour. The resulting red 
solution was once filtered while hot and slowly concentrated 

Table 2. Summary of Crystal Data, Intensity Data 
Collections, and Structure Refinements 

Formula 
F.W. 
Crystal system 
Space group 
a/A 
b/k 
c/k 
a/° 
ß/° 
y/° 
v/k* 
z 
Dx/g cm - 3 

Dm/g cm - 3 

ßiMoKaycm-1 

Crystal size /mm 
Temperature/K 
Diffractometer 
Scan type 
Scan width/0 

Scan speed/0 min - 1 

20max/ 
Octant measd. 
No. of refl. measd. 
No. of unique refl. 

with(|Fo|>3a(F0)) 
No. of refl. 

per parameter 
Max. min. residual 

electron density/(eÂ3) 
Max (shift/e.s.d.) 
Weighting scheme (w) 
R 
Rw 

C25H34NeOl2Cl2Cu2 

804.48 
Triclinic 
PI 

13.948(2) 
14.076(2) 
8.381(2) 

99.90(1) 
95.79(1) 
89.49(1) 

1612.4(5) 
2 
1.665 
1.658 

16.07 
0.43X0.24X0.18 

200 
Rigaku AFC-5 
0-20 

1.2+0.4 tan 6 
3 

60 
+h, ±k, ±1 
8228 

4971 

7.6 

2.6, -0 .9 
0.3 

[ac
2+(0.03|F|)2]-i 
0.051 
0.060 

to a small portion to give purple crystals. 
In a similar way complex 5 was obtained as purple 

crystals. 
Complex 6. A solution of [Ni(Hdopn)]C104 (0.5 mmol), 

copper(II) Perchlorate hexahydrate (0.5 mmol), and bpy (0.5 
mmol) in methanol (30 cm3) was refluxed for one hour and 
the resulting reddish solution was filtered while hot. A 
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methanolic solution of NaOH (0.5 mmol) was added to the 
filtrate, and the mixture was allowed to stand at room 
temperature to give an orange microcrystalline powder. 

Complex 7. A solution of [Ni(Hdopn)]C104 (0.5 mmol), 
nickel(II) Perchlorate hexahydrate (0.5 mmol), and bpy (1 
mmol) in methanol (30 cm3) was refluxed for 1 hour and 
filtered while hot. The addition of a methanolic solution 
of NaOH (0.5 mmol) to the filtrate resulted in the precipita­
tion of yellow microcrystals. 

The analytical results for 1—7 are given in Table 1. 
X-Ray Crystal Structure Analysis of 2. Crystal data and 

the details of experimental conditions are given in Table 2. 
In our preliminary experiments at room temperature, the 
crystal effloresced in the course of data collection. Thus, 
the intensity data were collected at 200 K on a Rigaku AFC-5 
four-circle diffractometer equipped with a Mo Ka X-ray tube 
and a graphite monochromator. Peak profile study for one 
reflection upon cooling the crystal showed no deterioration. 
Three reference intensities were recorded periodically 
throughout the data collection and the results showed no 
sign of deterioration. Cell constants were obtained from a 
least-squares fit of 50 reflections. The intensity data were 
corrected for Lorentz and polarization effects and for absorp­
tion and were reduced by the use of UNICS III program7) 
system of the Computer Centre of the Institute for Molecular 
Science. 

The location of the copper atoms and the coordinated 
atoms were based on direct method using MULTAN pack­
age.8) The remaining non-hydrogen atoms were located in 
a succession of difference Fourier synthesis. After aniso­
tropic refinement the hydrogen atoms were located in differ­
ence Fourier synthesis and refined with isotropic thermal 
parameters. During the structure determination one of the 
Perchlorate ions was found to be disordered. Thus, three 
oxygens of the Perchlorate ion were refined with two sets of 
positions each with occupation factor 0.5. The atomic 
scattering factors were taken from International Tables.9) 

The final block diagonal least-squares refinement converged 
at R=0.051 and Kw=0.060. 

Atomic parameters for non-hydrogen atoms are listed in 
Table 3. Non-hydrogen anisotropic parameters, hydrogen 
atomic parameters, FQ—FC tables, and full bond lengths and 
angles are deposited as Document No. 8934 at the Office of 
the Editor of Bull. Chem. Soc. Jpn. 

Other Physical Measurements. Electronic spectra were 
recorded on a Hitachi 3400 UV Spectrometer in DMF solu­
tions. Magnetic susceptibilities were determined with a 
Faraday balance designed in Kyushu University, in the 
range from liquid nitrogen temperature to room tempera­
ture. The apparatus was calibrated with [Ni(en)3]S2O310) 

and diamagnetic corrections were made by the use of 
Pascal's constants.11) 

Results and Discussion 

Crystal Structure of 2. An O R T E P diagram of the 
complex is shown in Fig. 3. Relevant bond distances 
and angles are given in Tab le 4. T h e crystal used for 
X-ray structure analysis contains two methanol mole­
cules t hough the elemental analysis made on a efflo­
resced polycrystall ine sample indicated the presence of 
two water molecules. It appears that the methanol 
molecules are readily replaced with a tmospher ic water 

Table 3. Atomic Parameters for Non-Hydrogen Atoms 

Atom 

Cu(l) 
Cu(2) 
O(l) 
0(2) 
N(l) 
N(2) 
N(3) 
N(4) 
N(5) 
N(6) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
C(20) 
C(21) 
C(22) 
C(23) 
O(ml) 
C(ml) 
0(m2) 
C(m2) 
Cl(l) 
0(3) 
0(4) 
0(5) 
0(6) 
Cl(2) 
0(7) 
0(8) 
0(9) 
O(10) 
O(80 
O(90 
O(IO') 

x/a 

0.20076(5) 
0.35234(4) 
0.3892(2) 
0.2539(2) 
0.3329(3) 
0.2131(3) 
0.0723(3) 
0.1907(3) 
0.4713(3) 
0.3526(3) 
0.3685(4) 
0.4686(5) 
0.2993(5) 
0.3311(6) 
0.1378(5) 
0.0398(5) 
0.0137(5) 
0.0470(4) 

-0.0429(4) 
0.1138(4) 
0.0978(4) 
0.5300(4) 
0.6091(4) 
0.6256(4) 
0.5643(4) 
0.4876(4) 
0.4230(4) 
0.4331(4) 
0.3669(5) 
0.2971(4) 
0.2927(4) 
0.5122(5) 
0.5745(5) 
0.1413(3) 
0.1667(5) 
0.2359(3) 
0.1610(5) 
0.3019(1) 
0.2547(4) 
0.3738(4) 
0.3479(4) 
0.2348(5) 
0.8816(1) 
0.8031(4) 
0.9543(7) 
0.9349(9) 
0.867(1) 
0.871(1) 
0.883(2) 
0.9522(9) 

y/b 

0.19854(4) 
0.41245(4) 
0.2811(2) 
0.4023(2) 
0.2037(3) 
0.0622(3) 
0.1848(3) 
0.3299(3) 
0.4479(3) 
0.5597(3) 
0.1207(4) 
0.1089(5) 
0.0396(4) 

-0.0618(5) 
-0.0123(4) 

0.0327(5) 
0.0964(5) 
0.2575(4) 
0.0624(5) 
0.3409(4) 
0.4304(5) 
0.3897(5) 
0.4241(5) 
0.5215(5) 
0.5863(5) 
0.5453(4) 
0.6055(4) 
0.7065(4) 
0.7613(4) 
0.7150(4) 
0.6139(4) 
0.7458(5) 
0.6897(5) 
0.2483(3) 
0.1998(5) 
0.4204(3) 
0.4913(5) 
0.0388(1) 
0.1237(4) 
0.0097(3) 
0.0606(4) 

-0.0347(4) 
0.2880(1) 
0.2860(5) 
0.3597(7) 
0.2034(7) 
0.318(1) 
0.1971(8) 
0.349(1) 
0.275(2) 

z/c 

0.34081(8) 
0.36040(8) 
0.2945(5) 
0.5021(4) 
0.2829(5) 
0.2422(6) 
0.4151(5) 
0.4737(5) 
0.2583(5) 
0.4359(5) 
0.2240(6) 
0.1748(9) 
0.2072(7) 
0.1468(9) 
0.2295(9) 
0.2230(8) 
0.3745(9) 
0.5150(7) 
0.5983(9) 
0.5529(6) 
0.6691(8) 
0.1733(7) 
0.1046(7) 
0.1277(8) 
0.2174(7) 
0.2823(7) 
0.3743(7) 
0.3999(7) 
0.4938(8) 
0.5582(8) 
0.5268(7) 
0.3316(8) 
0.2477(8) 
0.0869(4) 

-0.0638(8) 
0.1429(4) 
0.1671(9) 
0.6579(2) 
0.6191(6) 
0.5464(6) 
0.8181(6) 
0.643(1) 
0.071(2) 

-0.048(1) 
0.043(1) 
0.046(1) 
0.234(2) 
0.136(1) 
0.194(2) 

-0.013(2) 

ßeq(A2) 

2.3 
2.0 
2.8 
2.4 
2.2 
3.1 
2.7 
2.0 
2.6 
2.5 
2.6 
4.7 
3.2 
5.5 
4.8 
4.4 
4.7 
2.7 
4.8 
2.4 
4.5 
3.4 
4.1 
4.3 
3.6 
2.9 
2.6 
3.6 
4.1 
3.7 
2.8 
4.5 
4.6 
3.1 
4.4 
3.0 
4.5 
4.0 
5.9 
5.4 
7.2 

10.4 
4.6 

10.0 
6.1 
7.0 

11.9 
9.1 

19.8 
16.3 

The isotropic equivalent thermal parameter is given 
as Beq=4/32Sft;«^;. 

i j 

molecules. 
T h e complex consists of a dinuclear cation 

[Cu(dopn)Cu(phen) (CH 3 OH) 2 ] 2 + and Perchlorate 
ions. T h e Cu(dopn) molecule coordinates to the 
second copper(II) ion th rough the deprotonated oxi­
mate oxygens to afford a dinuclear skeleton doubly 
bridged by oximate groups in eis arrangement . T h e 
copper(II) ion Cu( l ) is p lanar ly surrounded by four 
ni t rogen a toms of d o p n 2 - . T h e deviations of the 
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00(5) 
Fig. 3. ORTEP views of 2 (di-methanol adduct) 

with the numbering system: Projection onto the 
coordination plane (a) and edge view (b). In the 
ORTEP diagram (a) the methanol molecules and 
the Perchlorate ion are eliminated for clarity. 

nitrogen atoms from the N4 least-squares plane fall 
within ±0.03 Â. The Cu-N bond lengths fall in the 
range 1.958(4)—1.992(4) Â which are slightly elon­
gated compared with the Cu-N bonds of [Cu(dopn)]-
CIO4 (1.937(5)—1.961(5) Â). One of the methanol 
molelcules weakly coordinates to Cu(l) with the 
Cu(l) -0(ml) distance of 2.420(4) Â. Further, one of 
the Perchlorate ions is more weakly bonded to Cu(l) 
with the Cu(l)-0(3) distance of 2.756(5) Â. Thus, the 
configuration around Cu(l) can be regarded as a dis­
torted octahedron where Cu(l) is slightly displaced 
from the N4 plane (0.120(2) Â) towards the methanol 
oxygen O(ml). The other Perchlorate ion is free 
from coordination and disordered. 

The coordination geometry around Cu(2) is a dis­
torted square-pyramid with two oximate oxygens and 
two nitrogens of the phen ligand on the basal plane 
and a methanol oxygen at the apical position. The 
Cu(2)-N(5) and Cu(2)-N(6) bond distances (2.044(5) 
and 2.060(4) Â, respectively) and Cu(2)-0(1) and 
Cu(2)-0(2) distances (1.917(3) and 1.926(4) Â, respec­
tively) are common for in-plane bonds whereas the 
Cu(2)-0(m2) distance (2.333(4) Â) is elongated. The 
deviation of Cu(2) from the N2O2 plane is 0.168(2) Â. 

The binuclear cation is not coplanar and bent at the 

Table 4. Relevant Bond Lengths/Â and Angles/0 

Cu(l)-N(l) 1.958(4) Cu(l)-N(2) 1.968(4) 
Cu(l)-N(3) 1.977(5) Cu(l)-N(4) 1.992(4) 
Cu(l)-0(ml) 2.420(4) Cu(l)-0(3) 2.756(5) 
Cu(2)-0(1) 1.917(3) Cu(2)-0(2) 1.926(4) 
Cu(2)-N(5) 2.044(5) Cu(2)-N(6) 2.060(4) 
Cu(2)-0(m2) 2.333(4) Cu(l)—Cu(2) 3.666(1) 

N(l)-Cu(l)-N(2) 81.7(2) N(l)-Cu(l)-N(3) 174.2(2) 
N(l)-Cu(l)-N(4) 100.5(2) N(2)-Cu(l)-N(3) 95.9(2) 
N(2)-Cu(l)-N(4) 171.1(2) N(3)-Cu(l)-N(4) 81.1(2) 
N(l)-Cu(l)-0(ml) 89.9(2) N(2)-Cu(l)-0(ml) 94.2(2) 
N(3)-Cu(l)-0(ml) 95.6(2) N(4)-Cu(l)-0(ml) 94.5(2) 
N(l)-Cu(l)-0(3) 93.8(2) N(2)-Cu(l)-0(3) 95.9(2) 
N(3)-Cu(l)-0(3) 80.6(2) N(4)-Cu(l)-0(3) 90.2(2) 
0(3)-Cu(l)-0(ml) 173.4(1) 0(l)-Cu(2)-0(2) 103.3(2) 
0(1)-Cu(2)-N(5) 85.7(2) 0(2)-Cu(2)-N(6) 164.4(2) 
0(l)-Cu(2)-0(m2) 97.4(1) 0(2)-Cu(2)-N(5) 165.7(2) 
0(2)-Cu.(2)-N(6) 88.5(2) 0(2)-Cu(2)-0(m2) 90.9(2) 
N(5)-Cu(2)-N(6) 80.8(2) N(5)-Cu(2)-0(m2) 99.0(2) 
N(6)-Cu(2)-0(m2) 92.6(2) Cu(l)-N(l)-0(1) 128.1(3) 
Cu(l)-N(4)-0(2) 129.2(3) Cu(2)-0(1)-N(l) 125.9(3) 
Cu(2)-0(2)-N(4) 122.1(3) 

edge with the oximate oxygens. The dihedral angle 
between the plane defined by N(l), N(4), D(l), and 
0(2) and the plane defined by Cu(2), O(l), and 0(2) is 
26.7(2)°. A similar deviation has been found for tri-
nuclear [Cu{Cu(dopn)}2](C104)2

4) but the dihedral 
angle found for the present complex is much small 
compared with those (55.88(9)°) found for the trinu-
clear complex. Because of the bent structure the 
Cu(l)—Cu(2) distance (3.665(1) Â) is significantly 
short compared with the corresponding distance 
(3.74—3.75 Â) of [Cu(dioxim)(CuL)2]2+ (see Fig. 1(a)) 
which adopts a coplanar trinuclear skeleton.3) 

Electronic Spectra., The electronic spectra of 1—7 
were determined in DMF solutions in the range 
10000—37000 cm-1. Electronic spectra of [Cu(dopn)]-
C10 4 -H 2 0, [Ni(dopn)]C104, and [Cu{Cu(dopn)}2]-
(C104)24) were also recorded for comparison. All the 
spectra obey Beer's law in the concentration range 
1X10-3— 1X10-4 mole dm - 3 . The numerical data are 
summarized in Table 5. 

The most characteristic feature of the electronic 
spectra of the binuclear copper(II) complexes 1—5 is a 
discrete absorption band (e~2800 dm3 mol - 1 cm -1) 
near 22000 cm - 1 (see Fig. 4). This band cannot be 
assigned to a d-d transition band judging from its 
extinction coefficient. A similar absorption band 
was observed for [Cu{Cu(dopn)}2](C104)24) but not for 
6 (Ni(II)Cu(II)) and 7 (Ni(II)Ni(II)). Further, such 
an absorption band is not seen for [Cu(Hdopn)]C104. 
Thus, the visible band found for 1—5 (and also for 
[Cu{Cu(dopn)}2](C104)2) can be ascribed to the 
Cu(dopn) and Cu(doen) chromophores. In fact the 
extinction coefficient (per molecule) of the band for 
[Cu{Cu(dopn)}2](C104)2 is approximately twice of that 
for 1—5. In the previous paper3) we have reported 
that trinuclear complexes [Cu(dioxim)2{CuL}2]X2 
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Table 5. Electronic Spectral Data in DM F 

Complex *>/103 cm-1 (s/dm3 mol-1 cm-1) 

1 

2 

3 

4 

5 

6 

7 

[Cu{Cu(dopn)}2](C104)2
a) 

[Cu(Hdopn)]C104 

[Ni(Hdopn)]C104 

16.5(600) 

16.5(670) 

16.8(610) 

15.6(710) 

15.8(730) 

16.6(225) 
21.7(750) 

17.2(1020) 
20.8(1710) 

16.7(1500) 

18.0(220) 

16.7(410) 

18.7( 520) 

18.5(1310) 

20.0(760) 

22.8(2700) 

22.8(2820) 

22.9(2760) 

20.7(2810) 

20.5(2900) 

25.3(3630) 

26.2(4050) 

22.1(5100) 

26.0(3200) 

30.0( 9600) 
33.1(23500) 

30.8(12300) 
36.8(35700) 

30.0( 9800) 
33.1(20600) 

29.5( 9300) 
33.1(25100) 

30.3(11300) 
37.0(38100) 

32.3(21700) 
34.5(22000) 

32.8(30800) 
34.5(28800) 

29.4(21400) 

30.8( 2910) 

32.1(22700) 
34.5(20400) 

33.9(21050) 

32.0(20000) 
34.5(17200) 

32.1(22600) 
34.5(22200) 

33.9(21900) 

33.2(24200) 

33.6(32700) 

33.5(25100) 

33.9( 3950) 

a) Ref. 4. 

Fig. 4. Electronic absorption spectra of 1 ( ) and 
[Cu(Hdopn)]C104 ( ) in methanol. 

show a characteristic band near 21000 cm - 1 (£=4000— 
5000 dm3 mol - 1 cm -1). This band is probably the 
same in origin as the visible band found for the 
present complexes 1—5. The d-d bands for 1—5 
appear as a superposed band near 16000 cm -1. The 
complex 6 shows three bands at 17200, 18700, and 
21700 cm -1. The latter two bands may be assigned to 
the d-d transition bands of the planar Ni(dopn) 
chromophore. The complex 7 shows three d-d bands 
in the region 16000—21000 cm - 1 which are assigned to 
the d-d transition bands of the nickel(II) ions. The 
intense absorption bands in the near ultraviolet to 
ultraviolet region may be assigned to intraligand tran-

200 

160 

120 

100 200 

T/K 

300 

Fig. 5. Temperature-variation of magnetic suscepti­
bility of 1. The trace is drawn based on the equa­
tion given in the text by the use of magnetic 
parameters given in Table 6. 

sition and charge-transfer bands. 
Magnetic Properties. All the dicopper(II) com­

plexes 1—5 show a subnormal magnetic moment 
(0.60—0.70 /XB per copper) at room temperature, sug­
gesting the operation of an antiferromagnetic spin-
exchange within each molecule. The susceptibilities 
were measured over the temperature range 80—300 K 
and a typical example is shown in Fig. 5. The sus­
ceptibility decreases with lowering of temperature, 
reaches a plateau (85X10-6 cm3 mol -1) at 160 K and 
then again tends to increase below 140 K. The 
increase of the susceptibility at lower temperature 
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Table 6. Magnetic Data for Complexes 1—7 

(77K) cm - 1 cm3 mol - 1 

1 0.64(295.6) 426.6 2.13 56 0.9 
2 0.69(296.3) 433.0 2.10 60 1.1 
3 0.72(295.0) 420.8 2.12 63 1.3 
4 0.52(297.2) 413.3 2.10 55 0.5 
5 0.48(295.6) 417.7 2.11 62 0.3 
6 1.84(296.8) 
7 3.01 (297.5) 

a) Calculated by the equation /xeff=2.828 (xAT)1/2 for 
1—5 and by the equation /xeff=2.828 (xM^)1/2 for 6—7. 

suggests the presence of a small a m o u n t of paramag­
netic impuri t ies . T h u s , the magnet ic analyses have 
been made by the use of modified Bleaney-Bowers 
equation13) inc luding a correcting term for the para­
magnet ic impuri t ies , 

XA = (Ng*ß2/3kT) {1 + [ e x p ( - 2 / / A T ) ] / 3 } - i (\-p) 

+ 0A5p/T + Na, 

where p is the mole fraction of the paramagnet ic 
con taminan t and other symbols have their usual 
meanings . T h e magnet ic properties of 1—5 can be 
simulated wi th this equat ion as shown by the trace in 
Fig. 5. T h e magnet ic parameters determined by the 
best fit technique are summarized in Tab le 6. T h e 
exchange integrals (—/) fall in the range 413.3—433.0 
c m - 1 and demonstrate a very strong antiferromagnetic 
spin-exchange in 1—5 th rough the double oxymate 
bridge in the eis arrangement . However, it should be 
ment ioned that the interaction th rough the double 
oximate-bridges in 1—5 is even weaker compared wi th 
some binuclear and trinuclear copper(II) complexes 
showing a complete sp in-coupl ing even at room 
temperature.3 '14_19) It is reasonable to ascribe the rea­
son for the weakened spin-exchange of the present 
complexes to the bent structure at the edge as demon­
strated for complex 2. 

T h e heteronuclear complex 6 shows a magnet ic 
momen t corresponding to one unpa i red electron (1.80 
/XB per molecule) at room temperature. Further , the 
magnet ic m o m e n t is constant in the range from room 
temperature to l iqu id n i t rogen temperature . T h e 
result clearly demonstrates that the nickel(II) ion of 
the Ni(dopn) entity is of low-spin, in l ine wi th the 
previous report5) that [Ni(Hdopn)]C104 is d iamag-
netic. In accord with this the binuclear nickel(II) 
complex 7 shows a magnet ic m o m e n t corresponding 

to two unpa i red electrons at room temperature (2.94 
/XB per molecule). T h u s , this complex is a mixed-
spin binuclear complex comprised of a h igh-spin and 
a low-spin nickel(II) ions. 
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Although the photochemically induced reaction of benzil with allyltrimethylstannane in benzene afforded 
a-allylbenzoin as a major product, benzil did not react thermally with the same reagent. An ESR observation 
disclosed that the benzil anion radical ion-paired upon contact with trimethylstannyl cation (BSnMe3) was 
generated during irradiation. Its structure was confirmed by the detection of satellite signals arising from tin 
isotopes. Moreover, a triplet radical pair was also observed during the photolysis of a solid solution 
containing benzil and allylstannane at 77 K. This reaction proceeded via a single electron transfer from 
allylstannane to photoexcited benzil, followed by a cleavage of the C-Sn bond of the allyltin cation radical. 
Ultimately, a radical pair composed of BSnMe3 and the allyl radical was formed and their coupling gave a-
allylbenzoin as an isolated product. 

Dur ing the last decade, the chemistry of organot in 
compounds has received widespread investigation.1) 
A m o n g them, al lyls tannanes are known to be attrac­
tive reagents because of their uti l i ty in organic syn­
theses.2) Recently, photochemical allylations us ing 
al lylstannanes have become of great interest in con­
nection wi th the field of photo induced electron-
transfer chemistry.3 - 7) One of the most essential 
strategies probed in these systems has been fragmenta­
tion after a pho to induced single electron transfer 
process of cation radicals to yield radicals and cationic 
species. T h i s prevents any back electron transfer to 
reproduce reactants in their g round states. T h e syn­
thetic aspects of the photoal ly la t ions of i m i n i u m 
salts,3) cyano compounds,5) monoketones,6 ) and qu i -
nones7 ) u s ing al lyls tannanes have been reported inde­
pendently; it is proposed that the photochemical exci­
tation of substrates causes single electron transfer from 
al lylstannane. In these studies, allyltin cation radi­
cals have been considered to undergo a C-Sn bond 
cleavage, whi le generat ing the allyl radical which 
recombines with an ion radicals. However, there 
have been few at tempts to clarify the mechanism by a 
direct observation of the reactive paramagnet ic inter­
mediates. In our recent pre l iminary reports on the 
photochemical reaction of qu inones wi th allylstan­
nanes,7) we proposed a single electron transfer mecha­
nism on the basis of bo th the C I D N P and the ESR 

Table 1. Photochemical Reactions of Benzils 1 with Allylstannane 2 

Run 

1 
2 
3 
4 

lb 
la 
lc : 
Id 

Benzil 

:-X= 
:X= 
:X= 
:X= 

=C1 
=H 
=Me 
=MeO 

£peak ( 1 / l T ) a ) 

-0.87 V 
-1.48 V 
-1.55 V 
-1.59 V 

Conversion 
of 1/% 

87 
83 
66 
65 

NMR 

3 

3b 
3a 
3c: 
3d 

:92, 
:98, 
:99, 
:99, 

yield/%b) 

4 

4b 
4a 
4c: 
4c: 

:8 
:2 
: trace 
: trace 

Isolated yield/%b) 

3 

3b 
3a: 
3c: 
3d 

:75, 
:83, 
85, 

:87, 

4b 
4a: 
4c: 
4d 

4 

:5 
: trace 
trace 

: trace 

a) Obtained by cyclic voltammetry: Pt electrode, tetraethylammonium Perchlorate (0.1 M) in 
acetonitrile solution vs Ag/0.1 M AgC104. b) Yields based on starting benzil consumed. 
NMR yields were estimated by *H NMR using 1,2-dichloroethane as an internal standard. 

diagnoses. As a further extension, we report here on 
the results of a photochemical ly induced reaction of 
benzils wi th al lylstannane. Since benzil has two 
adjacent carbonyl groups which could give a stable 
an ion radical and a long-lived excited triplet state,8) it 
is suitable for an investigation of the reactive interme­
diates generated in a photochemical ly induced elec­
tron transfer reaction. 

Results 

1) Photochemically Induced Reactions between 
Benzils and Allylstannane. I r radiat ion (>400 nm) of 
a deaerated benzene solut ion (25 ml) con ta in ing benzil 
la (1 mmol ) and al lyl t r imethyls tannane 2 (2 mmol ) 
for 3. h under an argon a tmosphere gave, after silica-
gel co lumn chromatography, a-allylbenzoin 3a (98%) 

0 0 2 

hv 

JJ 

0 OH 0 

Scheme 1. 
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and allyl phenyl ketone 4a (2%) as isolated products 
(Run 2 in Table 1 and Scheme 1). Under these condi­
tions benzil la was selectively excited; the absorption 
of light by allylstannane 2 was negligible. The reac­
tion did not proceed without irradiation.95 The 
structures of 3a and 4a were identified by spectroscopic 
analyses. The characteristic spectral data of the 
major product 3a are described below. The IR spec­
trum of 3a showed absorption bands due to hydroxyl 
and carbonyl groups at 3470 and 1650 cm -1, respec­
tively. In its ^ N M R spectrum, the diastereotopic 
ally lie methylene protons appeared at 2.98 ppm (dd, 
/=7 , 14 Hz) and 3.15 ppm (dd, / = 7 , 14 Hz). In its 
mass spectrum, strong fragment ion peaks appeared at 
m/z 147 and 105. It seems that the subsequent photo­
chemical reaction of 3a afforded 4a, since the irradia­
tion of a benzene solution of 3a afforded 4a under 
similar conditions (Scheme 2).10) The photochemical 
reactions of other p-disubstituted benzils lb-d with 2 
proceeded similarly and gave the corresponding or­
ally lbenzoins as the major products. All of the 
results are summarized in Table 1. On the contrary, 
no reaction was observed for the irradiation of benzil 
in the presence of allylsilane, which has a lower 
reducing ability compared to that of allylstannane.n) 

2) ESR Investigations. To elucidate the feature 
of reactive intermediates, an ESR technique was ap-

hv 
n 
0 OH C6

H6 0 0 
3a 

Scheme 2. 

0 0 2 

1a 

hv 

C6H6 

Ho Hm 

©-^-^-"P K . t | 

Q 0 
'SnMe3 

1.11 G 

0 .45 G 

8.49 G 

aSnll7 = 8' 0 7 G 

g = 2.0044 

Ho.p 

aHm 

aSnll9 

Fig. 1. ESR spectrum observed during irradiation of 
a benzene solution containing la and 2. The 
insets show resolved 117Sn and 119Sn splittings at 
high gain. 

Table 2. Hyperfine Coupling Parameters 
of Benzil Anion Radicals 

Metal 
K + a ) 

K + a ) 

Na+a) 

Na+a) 

SnMe3
+ 

SnBu3
+ 

Temperature 

R.t. 
- 2 0 °G 
R.t. 
- 2 0 °C 
10°C 
10°C 

a)Ho,P/Gb) 

0.92 
0.92 
0.91 
0.94 
1.11 
1.10 

a)Hm/Gb) 

0.35 

s m-M-© 
0.36 0 P 
0.45 V 
0.46 

a) See Ref. 13. b)G=10-4T. 

plied to the present reactions. Upon irradiating a 
thoroughly degassed benzene solution of benzil la 
(3X10-2 M) and allyltrimethylstannane 2 (6X10~2 M) 
in an ESR cavity (1M=1 mol dm"3), the spectrum due to 
a paramagnetic species was observed (Fig. 1). From a 
detailed analysis of the spectrum, the species was 
assigned to a benzil anion radical which was ion-
paired upon contact with the trimethylstannyl cation 
at the two carbonyl oxygen atoms (i.e., BSnMe3). Its 
structure was clearly confirmed by the detection of 
satellite signals arising from tin isotopes.12) The 
ESR signal due to BSnMe3 was observed even after 
turning off the light. The lifetime of BSnMe3 was 
about 40 s. Compared with the hyperfine coupling 
constants of the other ion-paired benzil anion radicals, 
the tightness of the interionic interaction between the 
benzil anion radical and the stannyl cation could be 
estimated approximately.13) As is well-known, the 
spin densities of the o- and ^-carbons in the benzil 
anion radical become higher with any increase in the 
perturbation of the cation on the carbonyl oxygens. 
Based on the results shown in Table 2, the trimethyl­
stannyl cation seems to interact with the benzil anion 
radical more strongly than does those with alkali 
metal cations.14) Similar paramagnetic species were 
detected during photochemical reactions of lb and lc 

cK^Ç-ç-<^ci 
Q 0 

SnMe3 

a H o = 1 .12 G 

aHm- ° ' 4 9 G 

g = 2 .0045 

Fig. 2. ESR spectrum observed during irradiation of 
a benzene solution containing lb and 2. 
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C H ^ Ç £ ^ C H 3 

op 
5nMe3 

a H o = 1.30 G 

aHm= 0 .48 G 

a CH, 1 . 13 G 

2 . 0 0 4 1 

Fig. 3. ESR spectrum observed during irradiation of 
a benzene solution containing lc and 2. 

9 * 2 

9 * 2 

Fig. 4. ESR spectrum observed just after irradiation 
of a solid solution containing la and 2 in toluene at 
77 K. 

(Fig. 2, 3). 
In order to investigate the primary process in detail, 

the ESR method was also applied to photolysis at 77 
K. Upon irradiating a toluene solution containing 
la and 2 at 77 K, a weak, but unequivocal, axially 
symmetric triplet ESR signal was observed in addition 
to strong absorption due to the doublet state of other 
radicals (Fig. 4). No triplet signal was detected in the 

180 s 

450 s 

540 s 

630 s 

Fig. 5. ESR spectral change observed during photo­
lysis of la with 2 in a solid toluene solution at 77 K. 

photolysis of a solid solution containing only la or 2. 
This shows that the presence of both benzil and allyl-
stannane is essential to form the observed triplet spe­
cies. Interestingly, the fine structure of the triplet 
signal altered by an elongated irradiation and the 
other doublet signal developed (Fig. 5). From an 
analysis of the zero-field splitting parameters of the 
triplet species, the mean distance between the two 
radicals formed just after photolysis was estimated to 
be about 7.0Â.15) When the sample was dissolved by 
warming it to room temperature, only BSnMe3 was 
detected with or without irradiation. Furthermore, 
when the solution was re-cooled to 77 K (without 
irradiation), the triplet signal was no longer observed, 
though the weak doublet signal remained. 

Discussion 

ESR techniques are one of the useful tools for 
investigating the mechanistic aspects of electron 
transfer reactions.16) The ESR observation for the 
photochemical reaction of benzils 1 with allylstan-
nane 2 in the liquid state disclosed that the paramag­
netic species, BSnMe3, was generated as a key interme­
diate. This fact suggests that two processes, a 
photochemically induced single electron transfer from 
2 to excited 1 and the cleavage of 2+ to yield BSnMe3, 
are involved in the reaction. It is well-known that 
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the tetraalkyltin cation radicals are unstable and 
undergo an instantaneous cleavage of the C-Sn 
bond.17) In the present system in which allylstannane 
was employed, the fragmentation of 2+ produced the 
trimethylstannyl cation and the allyl radical; the 
former paired ionically with the benzil anion radical. 
Thus, the radical pair composed of the allyl radical 
and BSnMe3 was formed. Two experimental facts 
indirectly support this interpretation; one is the rela­
tive reactivity of benzils and the other is the regioselec­
tivity in allylations. First, the relative reactivity of 
benzils is dependent upon their reduction potentials. 
As is widely known, the free-energy exchange in the 
photoinduced electron-transfer process can be esti­
mated using the Rehm-Weiler equation.18) 

AG = 23.06(£(2t/2) - E(l/l') - eVed) - ET (kcal mol-1) 

Here, £(2+/2) is the oxidation potential of 2, £(1/1~) is 
the reduction potential of 1, e2/ed is the Coulombic 
term (d is the distance between two ion radicals and e 
is the solvent dielectric constant), and ET is the triplet 
excitation energy of 1.19) Due to the limitation in the 
derivatives of the benzil series, we can assume that the 
contribution of both the Coulombic term and the 
triplet energy are equal. If the reaction proceeds via a 
photochemically induced electron-transfer process, 
there must be a relationship between E(l/l~) and the 
reactivity. In fact, the higher is the reduction poten­
tial of benzil, the higher is its conversion yield (Table 
1). This fact shows that the reaction may be caused 
by a photochemically induced single electron transfer 
from 2 to excited 1.20) Second, the regioselectivity in 
allylation is correlated to both the spin density and the 
steric hindrance of the intermediary radical. As pre­
viously reported,7) in the photochemical reactions of 
p-quinones with allylstannane, allylation occurs at 

several positions with low selectivity and the p-
semiquinone radical combined with the trimethyl­
stannyl moiety (£-QSnMe3) and the allyl radical are 
simultaneously observed by ESR during irradiation 
(Fig. 6). On the other hand, in the case of benzil, 
allylation occurs only at the carbonyl carbon. It is 
doubtless that the allyl adducts are afforded by cou­
pling between the allyl radical and XSnMe3 (X=B or 
p-Q) at the positions with high spin density. Based 
upon both the hyperfine coupling parameters and 
simple HMO calculations, the spin densities of 
XSnMe3 were estimated. Scheme 3 shows XSnMe3 
represented by a linear combination of the limiting 
structural formulas; the spin density, calculated by 
simple HMO, is summarized at the bottom.21) In the 
£-QSnMe3, where one carbonyl oxygen is combined 
with trimethylstannyl moiety, moderate spin densities 
are distributed to the naked carbonyl oxygen, olefinic 
ring carbon, and carbonyl carbon, respectively. In 
fact, the allyl radical attacks these positions with low 
selectivity. While in BSnMe3 where the trimethyl­
stannyl moiety is attached to two neighboring car­
bonyl oxygens, the spin densities are localized only to 
the two carbonyl carbons. In fact, allylation 
occurred at the carbonyl carbon with high selectivity. 
Furthermore, a steric hindrance around the oxygen 
atoms would affect whether O-allylation occurs or 
not. In the former case, one oxygen atom of p-
QSnMe3 is free from the trimethylstannyl moiety, 
which makes possible the O-allylation. However, in 
the latter case, two neighboring oxygen atoms of 
BSnMe3 are covered with the SnMe3 moiety, making 
O-allylation disadvantageous. 

The ESR observation in the solid state established 
the primary process of the reaction. Based upon the 
results described above, the observed triplet species 

-f- <^-"SnMe3 
during 

irradiation 

dark 

v#M#W 

A x5nMe3 

0 

a = 0 . 4 2 G 
HA 

a„ = 5 .27 G 
"B 

g = 2 .0051 

Fig. 6. ESR spectra observed before and during irra­
diation of a benzene solution containing p-
benzoquinone and 2. 

0 0 

"5nMe3 "SnMe3 "SnMe3 

0 CL. „ 0 (X. 
5nMe3 v5nMe3 

SnMe3 
80 d £ - P 

5nMe3 

Scheme 3. 
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B : B e n z i l 

Scheme 4. 

migh t be the radical pa i r initially formed by a single 
electron transfer from 2 to photoexcited 1. Consider­
ing the fact that the distance between two free spins 
was evaluated to be about 7Â, it is reasonable to 
assume that the free spin of cation radical is mostly 
localized in the allyl moiety.16) Conf i rmat ion of this 
interpretat ion has come from a nice experiment by 
Emori , Weri, and Wan.2 2 ) They observed analogous 
radical pairs by us ing an ESR method in the photoly­
sis of qu inones wi th organot in compounds . Interest­
ingly, the fine structure of the triplet species altered 
u p o n irradiat ion, and was at last covered with an 
increased signal of the doublet species. T h i s observa­
tion may be interpreted as representing the gradual 
cleaving process of the radical pair in to free radicals. 
T h e lifetime of BSnMe3 is relatively long, whereas that 
of the allyl radical is too short to be detected at room 
temperature. T h u s , only BSnMe3 can be observed in 
a warmed l iqu id sample. 

O n the basis of these findings, we propose the 
pho to induced electron transfer mechanism shown in 
Scheme 4. T h i s is ana logous to the well-established 
mechan i sm reported in previous studies.3~7) At first, 
a single electron transfer from al lyls tannane 2 to the 
photoexci ted triplet benzil 1 produced a radical ion 
pai r ( I T 2+).23) Because of the unstable 2+ and the 
relatively stable allyl radical, ins tantaneous bond 
cleavage between allylic carbon and tin would result 
to form a radical pai r composed of BSnMe3 and the 
allyl radical. T h e isolated product , a-allylbenzoin, is 
produced by an attack of the allyl radical toward 
BSnMe3. In our ESR experiments, BSnMe3 escaped 
from the solvent cage wou ld be detected in the l iqu id 
state, and the radical pa i r generated in the init ial stage 
wou ld be observed in the solid state. 

Exper imenta l 

Materials. Benzene and toluene were distilled from 
sodium wire under a nitrogen atmosphere. Benzils la—d 
were synthesized according to the reported methods and 
recrystallized from benzene.24) Allylstannane 2 was syn­
thesized according to the reported method and purified by 
distillation.25) 

General Procedures. The photochemical reaction of 
benzil with allylstannane in a benzene solution was carried 
out as follows. A deaerated benzene solution (25 ml in a 
Pyrex tube) containing 1 (1 mmol) and 2 (2 mmol) was 
irradiated through a glass filter (Toshiba VY-42) for 3 h at 
room temperature with a high-pressure mercury lamp (500 

W). After irradiation, the reaction mixture was quenched 
with water, concentrated in vacuo and separated by column 
chromatography on silica gel (Merck Keisel gel 60H), elut-
ing with hexane-ether. For a determination of the NMR 
yield, 1,2-dichloroethane was used as an internal standard. 

ESR Measurements. ESR measurements were carried 
out using the reaction vessel described in our previous 
report.70) The sample was sealed off under high vacuum. 
The ESR spectra were observed by a JEOL JES-FE1XG X-
band ESR spectrometer system. A Mn2+ marker and 2,2-
diphenyl-1-picrylhydrazyl were used for a determination of 
the zero-field splitting constant, the hyperfine splitting con­
stants, and g-values. A typical ESR measurement in the 
liquid state was as follows. A benzene solution of benzil 1 
was mixed with allylstannane 2 just before the measure­
ment. Irradiation was carried out with the light of a 500-W 
high-pressure mercury lamp through a glass filter (Toshiba 
VY-42). ESR observations were made before, during, and 
after irradiation. The solid-state measurement was carried 
out as follows. After mixing of 1 with 2 in a toluene 
solution, an ESR quartz cell containing the toluene solution 
was placed in the tip of a quartz Dewar filled with liquid 
nitrogen, and the Dewar was inserted into the cavity. The 
irradiation and observation were undertaken in a similar 
manner as described above. 

Physical Properties of the Products. l,2-Diphenyl-2-
hydroxy-4-penten-l-one (3a): Pale yellow needles from 
hexane-ether; mp 90—92 °C. MS; m/z 105, 147, 235. 
Found: C, 80.85; H, 6.36%. Calcd for Ci7Hi602: C, 80.93; H, 
6.39%. IR (KBr); 3470 (OH), 1650 (C=0) cm"1. *HNMR 
(CDC13); 0=2.98 (1H, dd, / = 7 , 14 Hz), 3.15 (1H, dd, 7=7, 14 
Hz), 4.23 (1H, s), 4.9—5.2 (2H, m), 5.6—5.9(1H, m), 7.2—7.8 
(10H, m). 

1,2-Bis(4-chlorophenyl)-2-hydroxy-4-penten-1 -one (3b): 
Yellow needles from hexane-chloroform; mp 72—74 °C. 
MS; m/z 139, 141, 251, 253. Found: C, 63.30; H, 4.33; CI, 
21.97%. Calcd for G7H14CI2O2: C, 63.57; H, 4.39; CI, 
22.07%. IR (KBr); 3420 (OH), 1660 (C=0) cm"1, *H NMR 
(CDCI3); 0=2.83 (1H, dd, / = 7 , 14 Hz), 3.08 (1H, dd, / = 7 , 14 
Hz), 3.91 (1H, s), 5.0—5.3 (2H, m), 5.6—5.8 (1H, m), 7.26 
(2H, d, / = 9 Hz), 7.33 (2H, d, 7=9 Hz), 7.42 (2H, d, 7=9 Hz), 
7.74 (2H, d, 7=9 Hz). 

1.2-Bis(4-methylphenyl)-2-hydroxy-4-penten-l-one (3c): 
Colorless oil. MS; m/z 119, 161, 263. High resolution MS; 
Found: 282.1644. Calcd for G9H22O2: 282.1616. IR (NaCl); 
3440 (OH), 1670 (C=0) cm"1. *HNMR (CDCI3); 6=2.31 
(3H, s), 2.32 (3H, s), 2.98 (1H, dd, 7=7, 14 Hz), 3.10 (1H, dd, 
7=7, 14 Hz), 4.30 (1H, s), 4.9—5.2 (2H, m), 5.6—5.8 (1H, m), 
7.08 (2H, d, 7=8 Hz), 7.17 (2H, d, 7=8 Hz), 7.35 (2H, d, 7=8 
Hz), 7.65 (2H, d, 7=8 Hz). 

l,2-Bis(4-methoxyphenyl)-2-hydroxy-4-penten-l-one (3d): 
Colorless oil. MS; m/z 135, 177, 295. Found: C, 72.54; H, 
6.46%. Calcd for G9H20O4: C, 73.06; H, 6.45%. IR (NaCl); 
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3420 (OH), 1660 (C=0) cm"1. *HNMR (CDC13); 6=3.00 
(1H, dd, / = 7 , 14 Hz), 3.08 (1H, dd, 7=7, 14 Hz), 3.78 (6H, s), 
4.46 (1H, s), 4.9—5.2 (2H, m), 5.6—5.8 (1H, m), 6.76 (2H, d, 
/ = 9 Hz), 6.88 (2H, d, / = 9 Hz), 7.37 (2H, d, 7=9 Hz), 7.76 
(2H, d, / = 9 Hz). 

l-Phenyl-3-buten-l-one (4a): Colorless oil. ^ N M R 
(CDCI3); 6=3.75 (2H, d, 7=7 Hz), 5.1—5.3 (2H, m), 6.0—6.1 
(1H, m), 7.4—7.7 (6H, m), 7.9—8.0 (4H, m). 

l-(4-Chlorophenyl)-3-buten-l-one (4b): Colorless oil. 
!H NMR (CDCI3); ô=3.71 (2H, d, 7=7 Hz), 5.1—5.3 (2H, m), 
6.0—6.1 (1H, m), 7.42 (2H, d, 7=9 Hz), 7.88 (2H, d, 7=9 Hz). 

l-(4-Methylphenyl)-3-buten-l-one (4c): Colorless oil. 
!H NMR (CDCI3); 6=2.37 (3H, s), 3.73 (2H, d, 7=7 Hz), 5.1 — 
5.3 (2H, m), 6.0—6.1 (1H, m), 7.16 (2H, d, 7=9 Hz), 7.78 (2H, 
d, 7=9 Hz). 

l-(4-Methoxyphenyl)-3-buten-l-one (4d): Colorless oil. 
!H NMR (CDCI3); 6=3.70 (3H, d, 7=7 Hz), 3.86 (2H, s), 5.1 — 
5.3 (2H, m), 6.0—6.1 (1H, m), 6.93 (2H, d, 7=9 Hz), 7.94 (2H, 
d, 7=9 Hz). 
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Synthesis of a Homostatine-Containing Renin Inhibitor Which 
Incorporates a Sulfonemethylene Isostere at Its Af-Terminus 
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A homostatine analogue, (2JRS,4S,5S/)-N-isobutyl-5-amino-2-ethyl-4-hydroxy-7-methyloctanamide, was 
synthesized starting from natural statine. The modified Horner-Wadsworth-Emmons reaction of (4S,5i?)-3-
benzyloxycarbonyl-5-formyl-4-isobutyl-2,2-dimethyloxazolidine is a key reaction for the synthesis of a homosta­
tine analogue. Stereoselective and stereospecific syntheses of a Af-terminal precursor, N-[(2i?)-3-hydroxy-2-(l-
naphthylmethyl)propionyl]-L-norleucine £-butyl ester and a total synthesis of a highly active renin inhibitor, 
(2i^S,4S,5S)-N-isobutyl-5-[[N-[(2S)-2-( l-naphthylmethyl)-3-(2-pyrimidinylsulfonyl)propionyl]-L-
norleucyl]amino]-2-ethyl-4-hydroxy-7-methyloctanamide are described. 

Renin , a ra te- l imit ing enzyme in the renin-
angiotensin system, is t hough t to play an impor tan t 
role in the regulat ion of blood pressure and sodium 
homeostasis, and the synthetic study of its inhibi tor 
has been investigated intensively in this decade. 
A m o n g inhibi tors synthesized so far, compounds con­
ta in ing homosta t ine ana logue 1 turned ou t to show 
potent inhibi tory activities against h u m a n plasma 
renin.1) Homos ta t ine ana logue 1 is a dipeptide ana­
logue in which the pept ide bond at the scissile site is 
replaced by a 1-hydroxy-1,2-ethanediyl bond (hydrox-
yethylene isostere), and syntheses of it have been 
achieved previously by various methods. Al though 
several synthetic methods of a homosta t ine start ing 
from an L-amino acid were reported, all of them failed 
to control the stereochemistry of the posi t ion-4 in 
homosta t ine , resul t ing only in a mixture of the ste­
reoisomers. 2-8,n,i4,i7) Actually, however, we ensured 
that the stereostructure of natura l (3S,4S)-statine (2) 
could be transformed in to the corresponding (4S,5S)-
homosta t ine ana logue (1) wi thout any epimerization 
of its chiralities. We have tried to remove the peptide 
bond in a renin inhib i tor in order to improve the oral 
bioavailavility and to prevent proteolytic hydrolysis.9) 

As the result, we found that the replacement of the 
amide bond by a sulfonemethylene isostere at the 
Af-terminus of homosta t ine-conta in ing inhibi tor 
enhanced its renin- inhibi tory activity. We selected a 
2-pyrimidinylsulfonyl derivative, (2RS,iS,bS)-N-iso-
butyl -5-[ [N-[(2S)-2-( l -naphthylmethyl) -3-(2-pyr imi-
dinylsulfonyl)propionyl]-L-norleucyl]amino]-2-ethyl-
4-hydroxy-7-methyloctanamide (26) as a target com­
pound , which is shown in Fig l.10»11) It was qui te 
expected that the in t roduct ion of such a Af-heteroaryl-
sulfonyl c o m p o u n d wou ld be a good analogy to the 
structure of - P r o 7 - in angiotensinogen (P4 site1* of 
substrate). Here we report a modified synthetic 
approach of a homos ta t ine analogue 14 s tar t ing from 
statine (2) and a total synthesis of a homosta t ine-
con ta in ing renin inhib i tor 26 which incorporates a 
sulfonemethylene isostere at its Af-terminus. 

OH 

OH R 

1 homostatine analogue 

hydroxyethylene dipeptide 
isostere 

OH O 

2 statine 

ICöo(nM, human plasma renin) 0.17 

Fig. 1. A highly active renin inhibitor, (2RS, 4S, 
5S)-N-isobutyl-5-[[N-[(2S)-2-( 1 -naphthylmethyl)-3-
(2-pyrimidinylsulfonyl)propionyl]-L-norleucyl]-
amino]-2-ethyl-4-hydroxy-7-methyloctanamide 
(26). 

Results and Discussions 

O u r new method for a synthesis of homosta t ine 
ana logue (1) has a characteristic of us ing two chiral 
centers (3S,4S) of statine (2) which was easily obtained 
from hydrolysis of pepstat in (isovaleryl-Val-Val-Sta-
Ala-Sta), a na tura l aspartic protease inhibitor . Pep­
statin was highly produced (4 m g m l - 1 ) by act inomy-
cetes in media conta in ing various sources, as reported 
before.12) Pepstat in was hydrolyzed in concentrated 
hydrochloric acid at 30—40 °C for several days. By 
sequential chromatographica l separations of the mix­
ture, pure statine (2) was obtained in about 50% yield. 
T h u s , it has become possible to supply a large a m o u n t 
of statine (2) from hydrolysis of pepstat in. 

Scheme 1 illustrates a synthetic pathway to a 
homosta t ine analogue (14). Trea tment of statine (2) 
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R 1 - H N 

3) 

1) 

OH O 

2 : R 1 = H , R 2 = O H 

3 : R 1 = Z f R 2 = O H 

4 : R 1 = Z , R 2 = O M e 

-> Z-N 

V 

-> Z-N 

2) 

OMe 

\-~° ° 
-> Z-N 

6 : X=OH 

7 : X=OTs 

8 : X=C1 

> Z-N !OY 

11 : Y = O E t 

1 2 : Y=OH 

1 3 : Y = N H - i B u 

6 ) 7) 

N H - i B u - > Z-HN N H - i B u 

OH 

14 15 

Reagents: 1) (MeO)2C(CH3)2, TsOH; 2) a. NaBH4 b. TsCl, pyridine c. LiCl; 3) KOBu1; 
4) Os04, NaI04; 5) (EtO)2PO-CH(Et)-COOEt, Et3N, LiCl; 6) Pd, H2; 7) Z-S-Reagent, 
Et3N. 

Abbreviation: Z=benzyloxycarbonyl, z"Bu=isobutyl, Bu^-butyl, Et=ethyl. 
Scheme 1. Synthesis of a homostatine analogue. 

with O-benzyl S-(4,6-dimethyl-2-pyrimidinyl)carbono-
thioate gave Af-Z-statine (3) in 93% yield. Esterifica-
tion with methanolic hydrogen chloride, followed by 
Af,0-isopropylidenation with 2,2-dimethoxypropane 
afforded fully-protected statine 5 as colorless syrup in 
91% yield. Reduction of 5 with sodium borohydride 
in ethanol gave an alcohol 6 quantitatively. Treat­
ment of 6 with p-toluenesulfonyl chloride in pyridine 
gave the tosylate 7, together with the chloride 8 as a 
minor product. A mixture of 7 and 8 was treated 
with lithium chloride in Af,Af-dimethylformamide 
(DMF) without separation to afford a single product 8 
in 80% yield. The chloride 8 was treated with potas­
sium ^-butoxide in DMSO and benzene (1:1) to afford 
a vinyl compound 9 quantitatively. A key interme­
diate, (4S,5i?)-3-benzyloxycarbonyl-5-formyl-4-iso-
butyl-2,2-dimethyloxazolidine (10) was obtained from 
the Lemieux-Johnson oxidation13* of 9 in 94% yield. 
The elongation of the C-terminus was carried out 
with aldehyde 10 and diethyl phosphonate, (EtO)2-
POCH(R1)COR2. An epimerization at the a-posi­
tion of the formyl group in the aldehyde 10 is likely to 
occur under drastic conditions, and we observed in 
fact that a Horner-Wadsworth-Emmons reaction 
using sodium hydride as a base resulted in partial 
epimerization. In addition to that, Thaisrivongs et 
al.14) reported that the diastereomeric mixture of 
(4S,5i?S)-3-£-butoxycarbonyl-5-formyl-4-isobutyl-

B o c - N B o c - N 

(4S, 5R) (4S, 5S) 

Scheme 2. Base-catalyzed equilibration between (4S, 
5R)- and (4S,5S)-5- formyloxazolidine derivatives.14) 

oxazolidine which was prepared from an (2S)-amino 
aldehyde derivative, can be equilibrated to the favora­
ble (4S,5JR)-isomer rather than unfavorable(4S,5S)-
isomer [10:1<(4S,5R): (4S,5S)] (Scheme 2). How­
ever, we found that under the modified reaction condi­
tions,15'16) where the reaction proceeded smoothly in 
the presence of lithium chloride and triethylamine or 
l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) instead of a 
strong base such as butyllithium or metal alkoxide, no 
epimerization was observed. Thus, Emmons con­
densation product 11 containing an alkyl substituent 
at the position-2 was prepared in good yield as an E/Z 
mixture in a 50:50—60:40 ratio, as shown in Table 1. 
Ethyl (diethoxyphosphinyl) acetate (Entry 1, Table 1) 
was allowed to react with 10 in the presence of triethyl­
amine. However, ethyl 2-(diethoxyphosphinyl)-
alkanoate needed more stong base such as DBU than 
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Table 1. Modified Horner-Wadsworth-Emmons Reactions 

O R ' 
I l I 2 

(EtO) 2-P-CH-COR^ 

L i C l , b a s e 

Li 
/ \ 

Ö 0 10 

-> ( E t O ) 2 - P -> Z-N COR^ 

Entry R1 R2 Base Yield/% {E:Zf 

1 
2 
3 
4 
5 
6 

7 

8 

9 

H 
z-Bu 
z-Bu 
z-Bu 
z-Pr 

Et 

0"CH2-
0C H2-C H2-

THP-0-(CH2)3-

OEt 
OEt 
OEt 
NH-z-Bu 
OEt 
OEt 

OEt 

OEt 

OEt 

Et3N 
Et3N 
DBU 
DBU 
DBU 
DBU 

DBU 

DBU 

DBU 

82 
27 
65 
0 

60 
88 

68 

83 

84 

100:0 
50:50 
60:40 

— 
35:65 
52:48 

61:39 

58:42 

60:40 

Et: ethyl, z-Bu : isobutyl, z-Pr : isopropyl, DBU: l,8-Diazabicyclo[5.4.0]undec-7-ene, T H P : 
tetrahydropyranyl. a) Determined by HPLC analysis. 

triethylamine (Entry 2 and 3). In the case of Entry 4 in 
Table 1, AMsobutyl-4-methyl-2-(diethoxyphosphinyl)-
pen tanamide failed to react wi th 10 under the same 
condit ions. Therefore, the ester 11 obtained under 
the condit ions of Entry 6 was converted via 12 into an 
amide 13 as follows. T h e ester 11 was hydrolyzed 
with sodium hydroxide in aqueous ethanol pr ior to 
hydrogenolysis of the double bond and hydrogeno-
lytic removal of the protect ing groups , in order to 
prevent a lactone formation. T h e resulted carboxylic 
acid 12 was condensed wi th isobutylamine to yield an 
E/Z mixture of Af-isobutyl-3-[(4S,5S)-3-benzyloxy-
carbonyl-4- isobutyl -2 ,2-dimethyl-5-oxazol id inyl] -2-
ethyl-2-propenamide (13) which could be separated by 
silica-gel co lumn chromatography to afford (Z)-
isomer (13a) and (Zs)-isomer (13b). But even as in an 

E/Z mixture , c o m p o u n d 13 was allowed to be reduced 
over pa l l ad ium black under the a tmospher ic pressure 
of hydrogen to give a homosta t ine isobutylamide 14 as 
a 1:1 mix ture of stereoisomers at the posit ion-2. 
After conversion of 14 in to a Af-benzyloxycarbonyl 
compound 15, the stereoisomers at the position-2 of 15 
were separated by H P L C . T h e separated 15a and 15b 
were debenzyloxycarbonylated by a usual manner to 
give a chiral homosta t ine 14a and 14b, respectively. 

Wuts et al. reported that an isomerization of the 
double bond was observed when an ester of the 
H o r n e r - E m m o n s product such as 11 was hydrogen-
ated over pa l l ad ium carbon.17) However, in the 
course of this study, we did not observe any epimeriza-
tion at the posit ion-4 in homosta t ine or the formation 
of the carbonyl c o m p o u n d reported by Wuts et al. 

Scheme 3. 1) NaBH4; 2) LDA, BnOCH2Br; 3) a. LiOOH, b. cyclohexene/ethanol, Pd, 
reflux; 4) L-Nle-OBu1, HOBT, DCC. 
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18 
OH -VSAroR 

\jr\ 

2 3 : n = 0 , R = B u c 

2 4 : n = 2 , R = B u t 

2 5 : n = 2 , R=H 

Scheme 4. 1) TsCl, pyridine; 2) 2-pyrimidinethiol, 
NaH, DMF; 3) a: H 20 2 , Na2W04 , b: TFA-CH2C12, 
c. homostatine (14), DPPA, EtaN. 

T h i s may be due to the conversion of ester 11 into the 
stable amide 13 before reduction of the double bond 
and removal of Af,0-isopropylidene group . T h u s we 
have ensured an efficient synthesis of a homosta t ine 
ana logue 14 start ing from na tura l statine. 

Schemes 3 and 4 illustrate a synthetic pathway to 
the N-terminus of 26. We have led Af-[(2i?S)-ethoxy-
carbonyl-3-( 1 -naphthyl)propionyl]-L-norleucine £-butyl 
ester (16) into a N-terminal precursor of our renin 
inhibi tor , which is the modificat ion of Af-benzyl-
oxycarbonyl-3-(l-naphthyl)-L-alanine,18> a typical N-
terminus of previous inhibitors.19) C o m p o u n d 16 
was readily prepared from condensat ion between 
racemic 2-ethoxycarbonyl-3-( 1 -naphthyl )propionic 
acid and L-norleucine £-butyl ester by DPPA2 5 ) or 
D C C - H O B T method. Borohydride reduction of 16 
afforded a diastereomeric mixture which was separ­
ated by silica-gel co lumn chromatography to afford 17 
and 18. T h e stereostructure of the diastereomers 17 
and 18 were determined by an asymmetric alkylat ion 
of 19 to afford 20. Acylation of l i th ium salt of Evans 
chiral auxiliary, (4S)-isopropyl-2-oxazolidinone wi th 
3-( l -naphthyl)propionyl chloride gave 19.20> T h e 
asymmetr ic alkylation21) was accompl ished by the 
treatment of 19 wi th LDA and bromomethyl benzyl 
ether which was generated in situ from chloromethyl 
benzyl ether.4) Hydroxy acid 21 could be obtained by 
a treatment of 20 with l i th ium hydrogen peroxide,22) 

followed by catalytic transfer hydrogénat ion us ing 
pa l l ad ium black and cyclohexene as the hydrogen 
doner.23) When the hydrolysate of 20 was treated 
wi th a usual hydrogénat ion over pa l l ad ium black 
under the a tmospher ic pressure of hydrogen, it 
afforded the unfavorable tetralin compound . T h e 
chiral acid 21 was coupled wi th L-norleucine £-butyl 
ester to afford 18, and any detectable a m o u n t of 17 was 
not included in the 18 obtained from 21. We made 
use of not only 16 but also 21 in order to provide 18 
efficiently. C o m p o u n d 18 was treated with tosyl 

chloride in pyridine by usual manne r to afford 22. 
C o m p o u n d 22 was treated wi th sodium thiolate which 
was prepared from sodium hydride and 2-
pyr imidinethiol in DMF to afford 23. Oxidat ion of 
23 with hydrogen peroxide in the presence of sodium 
tungstate afforded 24. T h u s , by means of versatile 
nucleophil ici ty of the thiolate an ion followed by sub­
sequent oxidat ion, various sulfonyl compounds were 
synthesized.10) Dur ing the conversion of 18 in to 24 
(Scheme 4), little epimerization took place at the ex­
posit ion of the 2-( l -naphthylmethyl)propionyl 
moiety.24) After 24 was treated wi th trifuloroacetic 
acid to deprotect £-butyl ester, the result ing 25 was 
coupled wi th a homosta t ine analogue 14 (as a 1:1 
mixture of (2R)- and (2S)-isomer) to afford a highly 
active renin inhibi tor 26. According to the results of 
our assay, the 2-pyrimidinylsulfonyl c o m p o u n d 26 
revealed a qui te potent inhibi tory activity against 
h u m a n p lasma renin (0.17 nM, IC50). T h e structure-
activity re la t ionship at the 2-position in homosta t ine 
analogue (1) is under investigation. 

Experimental 

General. Melting points were determined with a Yana-
gimoto micro melting point apparatus and are uncorrected. 
Optical rotations were determined with a HORIBA SEPA-
200 HIGH SENSITIVE POLARIMETER. IR spectra 
were recorded on a HITACHI 270-30 Infrared Spectropho­
tometer. 1H NMR (300 MHz) and 13C NMR (75 MHz) spec­
tra were recorded on a VARIAN VXR-300 spectrometer. 
High-performance liquid chromatography (HPLC) was car­
ried out by a Jasco 880-PU intelligent HPLC pump (JAPAN 
SPECTROSCOPIC CO.,LTD.) and a SSC UVDETECTOR 
3000 (SENSHU SCIENTIFIC Co., Ltd.). Mass spectra 
were obtained with JEOL JMS-DX300 mass spectrometer. 
Elemental analyses were measured by a service at Sumika 
Chemical Analysis Service, Ltd. Thin-layer chromatog­
raphy was conducted with E. Merck 0.25-mm glass plates 
precoated with silica-gel 60 F254(Art. 5715). For column 
chromatography, E. Merck silica-gel 60, 70—230 mesh (Art. 
7734) was used. 

Statine (2), (Hydrolysis of Pepstatin). Pepstatin was 
obtained from a culture of actinomycetes , as described 
before.12) Pepstatin (110 g) was dissolved in concentrated 
hydrochloric acid (1 l)and hydrolyzed at 37—40 °C for two 
days. The solution was diluted with 25% water-containing 
methanol (30 1) and then passed through a column of Dowex 
50W (H+-type, 50—100 mesh, 2.5 1). The column was 
washed with 1 M ammonium hydroxide (18 1) (1 M=l 
mol dm -3). The eluate was concentrated in vacuo to obtain 
crude powder (45 g) which was dissolved in formate buffer 
(0.2 M pyridine-formic acid, pH 3.0) and charged on a 
column of Dowex 50W (pyridine-type, 200—400 mesh, 1.2 1). 
The column was washed with (pH 3.0, 1.5 1 and then pH 4.0, 
3.0 1) and eluted with (pH 5.0, 4.5 1) the same formate buffer. 
Statine-containing fractions were collected and concentrated 
in vacuo to obtain statine (28 g, 50%): mp 200-201 °C 
(decomp); [<*]$ -19° (c 0.5, H 20) . 

N-(Benzyloxycarbonyl)statine (3) To a solution of sta­
tine (3.0 g, 17 mmol) in aqueous dioxane (1:1, 90 ml) were 
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added 5.2 g (19 mmol) of O-benzyl S-(4,6-dimethyl-2-
pyrimidinyl) carbonothioate (Z-S-Reagent) and triethylam-
ine (3.6 ml, 26 mmol). The mixture was stirred at 30 °C 
overnight and concentrated in vacuo. The residue was 
dissolved in 3% aqueous sodium hydrogencarbonate (100 
ml) and washed with diethyl ether. After the organic layer 
was removed, the aqueous layer was adjusted to pH 4 by a 
dropwise additon of 1 M hydrochloric acid and extracted 
with ethyl acetate (2X150 ml). The extracts were combined 
and washed with 0.5 M hydrochloric acid and brine, dried 
over anhydrous sodium sulfate, and concentrated in vacuo 
to give 4.9 g (93 %) of 3 as pale yellow powder. Recrystal-
lized with diethyl ether-hexane afforded pure 3: mp 118— 
121 °C; [a]l° -43.9° (c 0.9, CHC13). Calcd for C16H23NO5: 
C, 62.12; H, 7.49; N, 4.53%. Found: C, 62.17; H, 7.58; N, 
4.36%. 

Methyl [(4S,5S)-3-Benzyloxycarbonyl-4-isobutyl-2,2-di-
methyl-5-oxazolidinyl] Acetate (5). To a solution of 3 (2.88 
g, 9.3 mmol) in anhydrous methanol (15 ml) was added 10% 
dry hydrogen chloride in methanol (0.1 ml) and the mixture 
was allowed to stand at room temperature for 24 h. An 
additional 10% dry hydrogen chloride in methanol (0.1 ml) 
was added and it was warmed at 40 °C for 24 h. Volatiles 
were removed in vacuo and the residue was dissolved in a 
mixture of dichloromethane and toluene, concentrated, and 
dried azeotropically in vacuo to give methyl ester 4 as yellow 
syrup: 1H NMR (CDCI3) 6=0.89—0.97 (m, 6H), 1.37 (m, ÎH), 
1.50—1.75 (m, 2H), 2.50—2.57 (m, 2H), 3.27 (br, 1H), 3.65— 
3.74 (m, 4H), 4.04 (m, 1H), 4.99 (d, 1H, 7=9 Hz), 5.10 (s, 2H), 
and 7.32—7.38 (m, 5H). To a solution of the methyl ester 4 
in 2,2-dimethoxypropane (15 ml) was added dry p-
toluenesulfonic acid (83 mg, 0.48 mmol) and it was stirred at 
room temperature for 2 h and then at 38 °C for 1 h. The 
resultant mixture was diluted with diethyl ether (300 ml) 
and washed successively with 4% aqueous sodium hydrogen­
carbonate and brine, dried over anhydrous sodium sulfate, 
and concentrated in vacuo. The residue was purified by 
silica-gel column chromatography (20:1 toluene-ethylace-
tate) to afford 3.08 g (91%) of 5 as colorless syrup: [a]g> +8.7° 
(c 1.03, CHCI3); IR (CHCI3) 1700 and 1740 cm"1; *HNMR 
(CDCI3) 0=0.75—1.01 (m, 6H), 1.44—1.68 (m, 9H), 2.63 (m, 
2H), 3.70 (s, 3H), 3.83 (m, 1H), 4.34 (br t, 1H, /=6.9 Hz), 5.08 
(br m, 1H), 5.18 (d, 1H, /=12.0 Hz), and 7.32—7.38 (m, 5H). 

HRMS(FAB) Found: m/z 364.2139. Calcd for C20H29NO5: 
M+H, 364.2124. 

(4S,5S)-3-Benzyloxycarbonyl-5-(2-hydroxyethyl)-4-iso-
butyl-2,2-dimethyloxazolidine (6). To a stirred solution of 
5 (3.02 g, 8.31 mmol) in ethanol (75 ml) was added sodium 
borohydride (630 mg, 16.7 mmol) and the mixture was 
stirred for 8 h. After sodium borohydride (945 mg) was 
added and it was stirred for 24 h, an additional sodium 
borohydride (945 mg) was added and it was stirred for 16 h. 
The mixture was concentrated in vacuo to give a suspension 
which was dissolved in chloroform (250 ml). After addi­
tion of water (150 ml), 1 M hydrochloric acid (50 ml) was 
added dropwise into the two-phase solution with vigorous 
stirring to decompose excess sodium borohydride. The 
organic layer was adjusted to pH 5, separated from the 
aqueous layer, washed with 4% aqueous hydrogencarbonate 
and then brine, dried over anhydrous sodium sulfate, and 
concentrated in vacuo to give 2.78 g (99.7%) of 6 as colorless 
oil: [a]® +6.8° (c 0.84, CHCI3); IR (CHCI3) 1710 cm"1; 
*H NMR (CDCI3) 6=0.75—1.00 (m, 6H), 1.42—1.71 (m, 8H), 

1.71—2.00 (m, 3H), 3.71—3.86 (m, 3H), 4.10 (m, 1H), 5.09 (br 
d, 1H, /=12.5 Hz), 5.18 (d, 1H, /=12.5 Hz), and 7.33—7.40 
(m ,5H). 

HRMS(FAB) Found: m/z 336.2187. Calcd for G9H29NO4: 
M+H, 336.2175. 

(4S,5S)-3-Benzyloxycarbonyl-5-(2-chloroethyl)-4-isobutyl-
2,2-dimethyloxazolidine (8). To a solution of 6 (3.89 g, 11.6 
mmol) in anhydrous pyridine (15 ml) was added p-
toluenesulfonyl chloride (2.65 g, 13.9 mmol) and the mix­
ture was allowed to stand at room temperature overnight. 
The resultant mixture was concentrated in vacuo and the 
resulted crystals were filtered off and washed with a small 
amount of toluene. The combined filtrate was concen­
trated in vacuo and was purified by silica-gel column chro­
matography (30:1 benzene-ethyl acetate) to give a mixture 
(4.47 g) of 7 and 8 as syrup. To a solution of this syrup in 
anhydrous DMF (30 ml) was added dry lithium chloride 
(1.16 g, 27.4 mmol) and the mixture was allowed to stand at 
room temperature overnight. After the mixture was con­
centrated in vacuo, the residue was dissolved in chloroform 
(300 ml). The solution was washed with water, 2% aqueous 
potassium hydrogensulfate, 4% aqueous sodium hydrogen­
carbonate, and brine, dried over anhydrous sodium sulfate, 
and concentrated in vacuo to give 3.30 g (80%) of 8 as 
colorless syrup: [a]g> -8.6° (c 1.3, CHCI3); *H NMR(CDC13); 
0=0.75—1.04 (m, 6H), 1.45—1.67 (m, 9H), 1.94 (m, 1H), 2.09 
(m, 1H), 3.56—3.85 (m, 3H), 4.12 (m, 1H), 5.09 (m, 1H), 5.18 
(d, 1H, /=12.0 Hz), and 7.29—7.31 (m, 5H). 

Calcd for G9H28CINO3: C, 64.49; H, 7.97; N, 3.96; CI, 
10.02%. Found: C, 64.57; H, 7.91; N, 3.98; CI, 10.08%. 

(4S,5S)-3-Benzyloxycarbonyl-5-ethenyl-4-isobutyl-2,2-
dimethyloxazolidine (9). To a stirred and cooled solution 
of 8 (610 mg, 1.72 mmol) in dry benzene (3.6 ml) was added a 
solution of potassium ^-butoxide (390 mg, 3.48 mmol) in 
dimethyl sulfoxide (3.6 ml). The mixture was warmed to 
room temperature and stirred for 10 minutes. The solution 
was directly charged on a column of silica gel and eluted 
with benzene-ethyl acetate (30:1). The eluate was concen­
trated in vacuo to afford 540 mg (99%) of 9 as colorless syrup: 
[a]l° +13.3°(c 0.95, CHCI3); *HNMR (CDCI3) 6=0.73—1.00 
(m, 6H), 1.45—1.72 (m, 9H), 3.85 (br, 1H), 4.30 (dd, 1H, 
7=3.8 Hz, 7.0 Hz), 5.09 (d, 1H, 7=12.4 Hz), 5.17 (d, 1H, 
7=12.3 Hz), 5.21 (d, 1H, 7=10.2 Hz), 5.32 (d, 1H, 7=17.0 Hz), 
5.94 (ddd, 1H, 7=7.1 Hz, 10.2 Hz, 17.2 Hz), and 7.29—7.38 
(m, 5H). 

HRMS(FAB) Found: m/z 318.2079. Calcd for G9H27NO3: 
M+H, 318.2069. 

(4S, 5Ä)-3-Benzyloxycarbonyl-5-formyl-4-isobutyl-2,2-di-
methyloxazolidine (10). To a solution of 9 (535 mg, 1.69 
mmol) in dioxane (3.5 ml) was added a solution of osmium 
tetraoxide (30 mg, 0.12 mmol) in dioxane (3 ml) at room 
temperature. The mixture was stirred in the dark for 15 
minutes. The resulted mixture was diluted with water (7 
ml) and aqueous sodium periodate (720 mg, 3.37 mmol in 4 
ml) was added dropwise over a period of 1 h. After being 
stirred for additional 1 h, the precipitate was removed by 
filtration. The filtrate was extracted with ethyl acetate (80 
ml) and the extract was washed with 5% aqueous sodium 
sulfide and brine, dried over anhydrous sodium sulfate, and 
concentrated in vacuo. The residue was further dried 
under the reduced pressure to afford 477 mg (94 %) of 10 as 
crude syrup: IR (KBr) 1710 cm"1; *H NMR (CDCI3) ô=9.8 (s, 
1H). Melting point and optical rotation were measured by 
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its 2,4-dinitrophenylhydrazone derivative. 
(4S,5Ä)-3-Benzyloxycarbonyl-5-formyl-4-isobutyl-2,2-

dimethyloxazolidine 2,4-dinitrophenylhydrazone: mp 36— 
42 °C; [a]g>-82.4°(c 0.9, CHC13); ^ N M R (CDCI3) 6=0.85— 
1.05 (m, 6H), 1.5—1.7 (m, 9H), 4.37 (br, 1H), 4.63 (dd, 1H, 
/=2.0 Hz, 4.7 Hz), 5.16 (s, 2H), 7.37 (m, 5H), 7.53 (d, 1H, 
7=4.7 Hz), 7.83 (br, 1H), 8.28 (br, 1H), 9.12 (d, 1H, 7=2.4 
Hz), and 11.07 (s, IH); HRMS (FAB) Found: m/z 500.2162. 
Calcd for C24H29N5O7: M+H, 500.2145. 

Ethyl 2-(diethoxyphosphinyl)butanoate. Sodium hydride 
(856 mg, 60% dispersion in mineral oil, 21.5 mmol) was 
washed with hexane to separate the oil. After dried under a 
nitrogen stream, the powdered sodium hydride was sus­
pended in DMF (7.2 ml). To the ice-cooled and stirred 
suspension was added dropwise ethyl (diethoxyphosphinyl)-
acetate (4.26 ml, 21.5 mmol) over a period of 1 h and the 
mixture was stirred at room temperature for 1 h and then it 
was recooled in an ice bath. To the mixture was added 
bromoethane (1.92 ml, 25.7 mmol) and the mixture was 
stirred at 55 °C overnight. The resultant mixture was 
poured into water (40 ml) and extracted with ethyl acetate 
(3X20 ml). The extract was washed with water and brine, 
dried over anhydrous sodium sulfate, and concentrated in 
vacuo. The residue was purified by silica-gel column chro­
matography (4:1 hexane-acetone) to afford 2.76 g (51%) of 
the title compound as oil: ^ N M R (CDCI3) ô=0.98 (t, 3H 
7=7.0 Hz), 1.29—1.33 (m, 12H), 1.88—2.08 (m, 2H), 2.84 
(ddd, IH, 7=22.6 Hz, 10.5 Hz, 4.4 Hz), 4.08—4.29 (m, 6H); 
FAB MS m/z 253 (M+H)+ . 

Ethyl 3-[(4S,5S)-3-benzyloxycarbonyl-4-isobutyl-2,2-di-
methyl-5-oxazolidinyl]-2-ethyl-2-propenoate (11). To a 
stirred suspension of lithium chloride (72 mg, 1.70 mmol) in 
5 ml of dry tetrahydrofuran (THF) in an argon atmosphere 
were added a solution of ethyl 2-(diethoxyphosphinyl)-
butanoate (426 mg, 1.69 mmol) in dry THF (0.6 ml) and a 
50% dry T H F solution containing DBU (323 mg, 2.12 
mmol). After being stirred at room temperature for 10 min, 
a solution of 10 (450 mg, 1.41 mmol) in dry T H F (1.0 ml) 
was added into the mixture and it was stirred at room 
temperature overnight. The resultant mixture was neutral­
ized with 1 M hydrochloric acid with cooling in an ice bath 
and then extracted successively with ethyl acetate. The 
combined extract was washed with water and brine, dried 
over anhydrous sodium sulfate, and concentrated in vacuo. 
The residual syrup was purified by silica-gel column chro­
matography 10:1 benzene-ethyl acetate) to give (518 mg, 
88%) of 11 as colorless syrup: *HNMR (CDCI3) 6=0.65—0.96 
(m, 6H), 1.01 (m, 3H), 1.26 (t, 3H, 7=7.1 Hz), 1.4—1.7 (m, 
9H), 2.22-2.44 (m, 2H), 3.74 (br, 0.5H), 3.82 (br, 0.5H), 4.18 
(m, 2H), 4.58 (dd, 0.5H 7=2.7 Hz, 9.0 Hz), 5.00—5.18 (m, 
2.5H), 5.83 (d, 0.5H, 7=9.0 Hz), 6.67 (d, 0.5H, 7=9.0 Hz), and 
7.3 (m, 5H). 

HRMS(FAB) Found: m/z 418.2601. Calcd for C24H35NO5: 
M+H, 418.2594. 

N-Isobutyl-3-[(4S,5S)-3-benzyloxycarbonyl-4-isobutyl-2,2-
dimethyl-5-oxazolidinyl]-2-ethyl-2-propenamide (13). Com­
pound of 11 (517 mg, 1.24 mmol) was dissolved in 2 M 
potassium hydroxide (3.1 ml, 6.2 mmol) in aqueous ethanol 
(EtOH-water 9:1) and the solution was stirred for 3 h at 
room temperature. The reaction mixture was adjusted to 
pH 2 with 1 M hydrochloric acid with cooling in an ice 
bath, diluted with water (24 ml), and extracted with ethyl 
acetate (3X20 ml). The combined organic layer was 

washed with water and brine, dried over anhydrous sodium 
sulfate, and concentrated in vacuo to afford 3-[(4S,5S)-3-
benzyloxycarbonyl-4-isobutyl-2,2-dimethyl-5-oxazolidinyl]-
2-ethyl-2-propenoic acid (12) as crude syrup. To a cooled 
(—10 °C) and stirred solution of the crude 12 in dry DMF (1.0 
ml) were added successively isobutylamine (0.15 ml, 1.48 
mmol) and 0.32 ml (1.48 mmol) of diphenyl phosphorazi-
date (DPPA),25> and triethylamine (0.21 ml, 1.50 mmol). 
The mixture was stirred at —10 °C for 1 h and then stirred at 
room temperature overnight. The resultant mixture was 
diluted with ethyl acetate (60 ml), washed with 10% aqueous 
citric acid, 4% aqueous sodium hydrogencarbonate, and 
brine, dried over anhydrous sodium sulfate, and concen­
trated in vacuo. The residue was purified by silica-gel 
column chromatography (5:1 hexane-ethyl acetate) to 
afford 204 mg (37%) of (2Z)-N-isobutyl-3-[(4S,5S)-3-
benzyloxycarbonyl-4-isobutyl-2,2-dimethyl-5-oxazolidinyl]-
2-ethyl-2-propenamide (13a) as a solid and 151 mg (27%) of 
(2£)-Af-isobutyl-3-[(4S, 5S)-3-benzyloxycarbonyl-4-isobutyl-
2,2-dimethyl-5-oxazolidinyl]-2-ethyl-2-propenamide (13b) 
as colorless syrup. 

Z-Isomer 13a: mp 86—87 °C; [a]g> -63.2°(c 1.0, CHCI3); 
*HNMR (CDCI3) 6=1.82 (m, IH), 2.26 (m, IH), 2.40 (m, 
IH), 3.19 (m, 2H), 3.81 (br, IH), 4.51 (dd, 7=2.6 Hz, 8.7 Hz, 
IH), 5.10 (br dj=12.3 Hz, IH), 5.19 (d, 7=12.2 Hz, IH), 5.61 
(d, 7=8.8 Hz, IH), 6.54 (br, IH), and 7.36 (m, 5H). 

Calcd for C26H40N2O4: C, 70.24; H, 9.07; N, 6.30%. 
Found: C, 70.14; H, 9.23; N, 6.47%. 

£-Isomer 13b: [a]g> -40.8° (c 1.0, CHCI3); *HNMR 
(CDCI3) 6=1.82 (m, 1H), 2.42 (m, 2H), 3.14 (dt, 7=1.5 Hz, 5.0 
Hz, 2H), 3.83 (br, IH), 4.60 (dd 7=2.8 Hz, 8.9 Hz, IH), 5.09 
(br d, 7=11-7 Hz, IH), 5.18 (d, 7=11-8 Hz, IH), 5.76 (br, IH), 
6.08 (d, 7=9.0 Hz, IH), and 7.3—7.4 (m, 5H). 

Calcd for C26H40N2O4: C, 70.24; H, 9.07; N, 6.30%. 
Found: C, 70.16; H, 9.11; N, 6.74%. 

(2ÄS,4S,55)-N-Isobutyl-5-amino-2-ethyl-4-hydroxy-7-
methyloctanamide (14). A solution of 13 (1 ; 1 mixture of E 
and Z, 578 mg, 1.30 mmol) in methanol (10 ml) was hydro-
genated under the atmospheric pressure of hydrogen over 
palladium black. During 4 h, 1.4 ml of 1 M hydrochloric 
acid (7X0.2 ml, 1.4 mmol) was added dropwise into the 
solution to maintain the pH (ca. 5). Then the palladium 
black was filtered off and the filtrate was concentrated in 
vacuo. A solution of the residual syrup in a mixture of 
dichloromethane-benzene was concentrated and dried under 
reduced pressure to afford 361 mg (90%) of 14 as amorphous 
hydrochloride salt. The crude 14 could be coupled with an 
acid component without any purification. The pure 14a 
and 14b [(2ft)-isomer or (2S)-isomer] were obtained as 
hygroscopic solids by catalytic (over 10% palladium carbon) 
hydrogénation of 15a and 15b, respectively. Their spectral 
data are shown as follows. 

Isomer 14a (derived from 15a): IR (KBr) 3350, 3080, 2970, 
2870, 2720, 1650, 1600, 1550, and 1470 cm"1; *HNMR 
(CDCI3) 6=0.8—1.0 (m, 15H), 1.13—1.38 (m, 2H), 1.50—1.87 
(m, 5H), 2.2—2.5 (m, 3H), 2.59 (m, 1H), 3.03 (m, 1H), 3.13 
(m, IH), 3.30 (m, IH), and 6.34 (br, IH); 13CNMR (CDCI3) 
6=11.8, 20.0 (2C), 21.4, 23.6, 24.6, 25.2, 28.3, 37.1, 43.4, 45.8, 
46.6, 53.6, 72.6, and 176.0. 

Isomer 14b (derived from 15b): IR (KBr) 3330, 2960, 2880, 
1650, 1580, 1550, and 1470 cm"1; *HNMR (CDCI3) 6=0.80— 
1.05 (m, 15H), 1.10—1.50 (m, 3H), 1.62—1.89 (m, 3H), 2.2— 
2.5 (m, 3H), 2.54 (m, IH), 2.99—3.22 (m, 3H), and 6.24 



2230 M. NAKANO, S. ATSUUMI, Y. KOIKE, S. TANAKA, H. FUNABASHI, J. HASHIMOTO, M. OHKUBO, and H. MORISHIMA [Vol. 63, No. 8 

(br,lH); 13CNMR (CDC13) <5=12.2, 20.1 (2C), 21.4, 23.7, 24.7, 
26.3, 28.4, 37.5, 43.6, 45.7, 46.7, 53.9, 71.6, and 175.5. 

(2R or 2S,4S,5S)-N-Isobutyl-5-benzyloxycarbonylamino-
2-ethyl-4-hydroxy-7-methyloctanamide (15a) and (2S or 
2Ä,4S,5S)-N-isobutyl-5-benzyloxycarbonylamino-2-ethyl-4-
hydroxy-7-methyloctanamide (15b). A (2RS,4S, 5S)-stereo-
mixture of 15 (410 mg,73%) was obtained from 14 (425 mg) 
by the same method used for the preparation of 3 from 2. 
The mixture (200 mg) was separated by HPLC to afford 15a 
(77 mg) and 15b (49 mg). The conditions were given as 
follows. Column: Senshu Pak Silica-1151-N (</>10X300 
mm); solvent: 100 ; 20:5 hexane-ethyl acetate-methanol (flow 
rate 3.0 ml min -1); detection: 254 nm; retention time 20.0 
min (15a) and 22.8 min (15b). 

Isomer 15a: mp 122—123 °C; [a]g> +8.4° (c 1.2, CHCI3); IR 
(KBr) 3480, 3360, 3340, 2960, 2930, 2870, 1670, 1650, 1550, 
1470, 1390, 1360, 1270, 1230, and 1120 cm"1; iHNMR 
(CDCI3) 0=0.83 (t, /=7.4 Hz, 3H), 0.90 (m, 12H), 1.2—1.9 
(m, 8H), 2.15 (m, IH), 2.96 (m ,1H), 3.11 (m, IH), 3.55 (m, 
IH), 3.69 (m, IH), 3.74 (d, /=5.1 Hz, IH), 5.07 (m, 2H), 5.34 
(d, /=9.6 Hz, IH), and 6.04 (br t, 7=6.0 Hz, IH); 13CNMR 
(CDCI3) 6=11.6, 20.0 (2C), 22.1, 23.0, 24.5, 26.6, 28.3, 36.7, 
41.8, 46.0, 46.7, 52.5, 66.4, 72.0, 127.7, 127.8, 128.3, 136.6, 
156.7, and 176.2. 

Calcd for C23H38N204: C, 67.95; H, 9.42; N, 6.89%. 
Found: C, 68.10; H, 9.42; N, 7.08%. 

Isomer 15b: mp 150—152 °C; [a]g> -35.0° (c 1.0, CHCI3); 
IR (KBr) 3460, 3330, 2960, 2940, 2870, 1680, 1630, 1550, 1470, 
1390, 1270, 1120, 1070, and 1050 cm"1; iHNMR (CDCI3) 
0=0.9 (m, 15H), 1.25—1.8 (m, 8H), 2.29 (m, IH), 3.00 (m, 
IH), 3.11 (m, IH), 3.64 (br, 3H), 5.00 (br d, 7=8.4 Hz, IH), 
5.09 (s, 2H), 5.92 (br t, 7=5.1 Hz, IH), and 7.27—7.4 (m, 5H); 
13CNMR (CDCI3) 0=12.2, 20.0 (2C), 22.0, 23.1, 24.7, 25.1, 
28.4, 36.8, 41.7, 45.7, 46.8, 53.6, 66.5, 70.4, 127.7, 127.9, 128.3, 
136.5, 156.8, and 176.3. 

Calcd for C23H38N2O4: C, 67.95; H, 9.42; N, 6.89%. 
Found: C, 68.00; H, 9.55; N, 7.09%. 

N-[(2S)-3-Hydroxy-2-(l-naphthylmethyl)propionyl]-L-
norleucine «-Butyl Eser (17) and N-[(2Ä)-3-hydroxy-2-(l-
naphthylmethyl)propionyl]-L-norleucine f-Butyl Ester (18). 
Compound 16 (2.45 g, 5.6 mmol) was prepared from racemic 
2-ethoxycarbonyl-3-(l-naphthyl)propionic acid and L-
norleucine £-butyl ester by DPPA25> method. To a stirred 
solution of 16 in ethanol (60 ml) was carefully added sodium 
borohydride (1.48 g, 39 mmol) and the mixture was stirred at 
room temperature for 3.5 h. An additional sodium borohy­
dride (0.5 g, 13 mmol) was added and stirred for 2 h. The 
resultant mixture was concentrated in vacuo (<40°C) to 
afford paste which was suspended in ethyl acetate (250 ml). 
The solution was washed with water and brine, dried over 
anhydrous magnesium sulfate, and concentrated in vacuo. 
The residue was purified by silica-gel column chromatog­
raphy (1:1 hexane-ethyl acetate) to afford 17 (0.97 g, 44%) 
and 18 (0.74 g, 33%) as white amorphous solids. 

Compound 17: mp 92—94 °C; [a]g> -72.6° (c 1.0, CHCI3); 
IR (KBr) 3260, 3100, 2960, 2870, 1750, 1660, and 1570 cm"1; 
« N M R (CDCI3) 0=0.84 (t, 7=7.4 Hz, 3H), 0.92 (m, 2H), 
1.17 (m, 2H), 1.35—1.55 (m, 2H), 1.43 (s, 9H), 2.79 (m, IH), 
3.26 (m, 2H), 3.48 (dd, 7=9.0 Hz, 14.1 Hz, IH), 3.86 (t, 7=6.5 
Hz, 2H), 4.36 (m, IH), 5.74 (br d, 7=7.8 Hz, IH), 7.36 (m, 
2H), 7.51 (m, 2H), 7.73 (m, IH), 7.86 (dd, 7=1.5 Hz, 8.1 Hz, 
IH), and 8.02 (dd, 7=1.0 Hz, 7.8 Hz, IH). 

Calcd for C24H33NO4: C, 72.15; H, 8.33; N, 3.51%. Found: 

C, 72.01; H, 8.28; N, 3.51%. 
Compound 18: mp 94—95 °C; [a]g> +50.5° (c 1.0, CHCI3); 

IR (KBr) 3380, 2960, 2870, 1720, 1650, and 1550 cm"1; 
iHNMR (CDCI3) 0=0.86 (t, 7=7.1 Hz, 3H), 1.13—1.15 (m, 
4H), 1.43 (s, 9H), 1.62 (m, IH), 1.77 (m, IH), 2.77 (m, 2H), 
3.33 (dd, 7=7.7 Hz, 13.9 Hz, IH), 3.49 (dd, 7=7.5 Hz, 13.8 Hz, 
IH), 3.82 (m, IH), 4.37 (ddd, 7=5.6 Hz, 7.1 Hz, 12.9 Hz, IH), 
6.12 (br d, 7=7.2 Hz, IH), 7.38 (d, 7=5.1 Hz, 2H), 7.52 (m, 
2H), 7.73 (dd, 7=3.0 Hz, 6.6 Hz, IH), 7.86 (dd, 7=1.5 Hz, 8.1 
Hz, IH), and 8.05 (dd, 7=0.9 Hz, 8.4 Hz, IH). 

Calcd for C24H33NO4: C, 72.15; H, 8.33; N, 3.51%. Found: 
C, 72.09; H, 8.27; N, 3.79%. 

(4S)-3-[(2Ä)-3-Benzyloxy-2-(l-naphthylmethyl)propionyl]-
4-isopropyl-2-oxazolidinone (20). Prior to the asymmetric 
alkylation, bromomethyl benzyl ether was generated from 
chloromethyl benzyl ether and used in the reaction imme­
diately. To a solution of dry lithium bromide (3.23 g, 37 
mmol) in T H F (10 ml) under a dry argon atmosphere was 
added dropwise a solution of chloromethyl benzyl ether 
(5.56 g, 36 mmol) in dry THF (10 ml) at room temperature. 
The solution was stirred for 1 h. To the reaction vessel was 
attached a vacuum line which was filled with anhydrous 
calcium chloride. After almost of the THF was evaporated 
through the vacuum line under the reduced pressure, dry 
pentane was added via syringe and the solution was stirred 
for a few minutes. The precipitated lithium chloride was 
filtered off in an argon atmosphere. The filtrate was con­
centrated in vacuo under a dry argon stream to afford 
slightly brown bromomethyl benzyl ether. The crude solu­
tion was allowed to be stored in a dry argon and used in the 
alkylation as soon as possible. A magnetically stirred and 
cooled (—78 °C) solution of lithium diisopropylamide 
which was prepared from diisopropylamine (164 mg, 1.62 
mmol) in dry T H F (2 ml) and butyllithium (1.48 M in 
hexane, 1.09 ml, 1.61 mmol) was used to enolize 1920) (475 
mg, 1.52 mmol) in dry T H F (2 ml). After being stirred at 
—78 °C for 0.5 h, bromomethyl benzyl ether (0.8 ml) pre­
pared as above was added via syringe. The mixture was 
stirred at —40 °C for 1 h, and stirred at 0 °C for 3 h, and it was 
quenched by addition of 10% aqueous ammonium chloride 
(20 ml). Volatiles were removed in vacuo and the product 
was extracted into ethyl acetate (30 ml). The extract was 
washed with brine, dried over anhydrous magnesium sul­
fate, and concentrated in vacuo to afford yellow oil which 
was purified by flash column chromatography (silica-gel, 
6:1 hexane-ethyl acetate) to afford 470 mg (71%) of 20 as 
colorless oil: [a]g> +51.7° (c 0.9, CHCI3); IR (KBr) 1780, 1700, 
1390, 1300, and 1200 cm"1; iHNMR (CDCI3) 6=0.75 (d, 
7=6.9 Hz, 3H), 0.85 (d, 7=7.2 Hz, 3H), 2.28 (m, 1H), 3.38 (dd 
7=7.4 Hz, 14.0 Hz, IH), 3.48 (dd, 7=7.8 Hz, 13.8 Hz, IH), 
3.66 (dd, 7=5.4 Hz, 9.3 Hz, IH), 3.82 (dd, 7=6.8 Hz, 8.9 Hz, 
IH), 3.86 (t, 7=8.6 Hz, IH), 4.03 (dd, 7=3.0 Hz, 9.0 Hz, IH), 
4.28 (m, 1H), 4.50 (m, 2H), 4.69 (m, IH), 7.27—7.39 (m, 7H), 
7.49 (m, 2H), 7.72 (dd, 7=3.0 Hz, 6.6 Hz, IH), 7.83 (m, 1H), 
and 8.09 (m, 1H). 

HRMS(FAB) Found: m/z 432.2181. Calcd for C27H29NO4: 
M+H, 432.2175. 

(2Ä)-3-Hydroxy-2-(l-naphthylmethyl)propionic Acid (21). 
To a solution of 20 (200 mg, 0.46 mmol) in aqueous T H F 
(9.6 ml, 3; 1 THF-water) cooled in an ice bath were added 
30% hydrogen peroxide (0.26 ml, 5 equiv) and lithium 
hydroxide monohydrate (43.5 mg, 1.04 mmol). The mix­
ture was stirred at room temperature for 6.5 h and then 
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cooled (0 °C). To the cooled mixture was added dropwise 
1.5 M aqueous sodium sulfite (1.7 ml). After being stirred 
at room temperature for 1.5 h, volatiles were evaporated in 
vacuo and the resultant aqueous solution was adjusted pH 3 
with 2 ml of 1 M sulfuric acid. The product was extracted 
with ethyl acetate (20 ml), washed with 1 M sulfuric acid and 
brine, dried over anhydrous magnesium sulfate, and concen­
trated in vacuo to afford 140 mg of crude (2R)-3-benzyloxy-2-
(l-naphthylmethyl)propionic acid as oil. To a solution of 
the oil in ethanol (4 ml) were added freshly distilled cyclo-
hexene (2 ml) and palladium black and the mixture was 
refluxed for 4 h. The catalyst was filtered off and the 
filtrate was purified by silica-gel column (50:1:0.05 
toluene-ethanol-acetic acid) to afford a solid. It was 
recrystallized with benzene to afford pure crystals of 21 (85 
mg, 80%): mp 9 6 - 9 9 °C; [a]g> +34.8° (c 1.2, CHC13); IR 
(KBr) 3400, 3060, 2960, and 1730 cm"1; *HNMR (CDCI3) 
0=3.06 (m, 1H), 3.29 (dd, 7=9.3 Hz, 14.1 Hz, 1H), 3.64 (dd, 
/=5.6 Hz, 14.0 Hz, 1H), 3.74 (dd, /=6.2 Hz, 11.6 Hz, 1H), 
3.82 (dd, /=3.6 Hz, 11.1 Hz, 1H), 7.36—7.43 (m, 2H), 7.51 
(m, 2H), 7.76 (dd, 7=2.7 Hz, 6.6 Hz, 1H), 7.87 (m, 1H), and 
8.08 (dd, 7=1-0 Hz, 8.1 Hz, 1H). 

Galcd for C14H14O3: C, 73.03; H, 6.13%. Found: C, 72.90; 
H, 6.25%. 

N-[(2Ä)-3-Hydroxy-2-(l-naphthylmethyl)propionyl]-L-
norleucine f-Butyl Ester (18) from 21. Compound 21 was 
coupled with an equivalent amount of L-norleucine £-butyl 
ester by usual DCC-HOBT method in DMF to afford 18 
(90%) which was identical with the sample 18 prepared from 
16. 

N-[(2Ä)-2-(l-Naphthylmethyl)-3-(p-toluenesulfonyloxy)-
propionyl]-L-norleucine f-Butyl Ester (22). Compound 18 
(488 mg) was tosylated by a usual procedure (tosyl chloride 
in pyridine) to afford 636 mg (94%) of 22 as colorless oil: [a]$ 
+25.8° (c 0.9, CHCI3); IR (KBr) 3390, 2960, 2930, 1740, 1680, 
1670, and 1540 cm"1; *H NMR (CDCI3) ô=0.87 (t, 7=7.1 Hz, 
3H), 1.05—1.35 (m, 4H), 1.38 (s, 9H), 1.52 (m, 1H), 1.70 (m, 
1H), 2.43 (s, 3H), 2.95 (m, 1H), 3.27 (m, 2H), 4.18 (dd, 7=5.4 
Hz, 10.2 Hz, 1H), 4.29 (m, 2H), 5.79 (br d, 7=7.6 Hz, 1H), 
7.20—7.38 (m, 5H), 7.52 (m, 2H), 7.71 (m, 1H), 7.86 (dd, 
7=1.5 Hz, 8.1 Hz, 1H), and 7.93 (dd, 7=0.9 Hz, 8.4 Hz, 1H). 

HRMS(FAB) Found: m/z 554.2574. Calcd for C31H39NO6S: 
M+H, 554.2576. 

N-[(2S)-2-(l-Naphthylmethyl)-3-(2-pyrimidinylthio)-
propionyl]-L-norleucine f-Butyl Ester (23). To a stirred 
suspension of sodium hydride (80 mg, 3.3 mmol) in dry 
DMF (0.5 ml) was added a solution of 2-pyrimidinethiol 
(560 mg, 5.0 mmol) in DMF (4 ml) and the mixture was 
stirred at room temperature for 1 h. The solution described 
as above (0.5 ml, 0.56 mmol) was added dropwise into a 
solution of 22 (52 mg, 94 umol) in DMF (0.5 ml). After the 
mixture was stirred for 4 h, water (1 ml) was added. The 
product was extracted with ethyl acetate (20 ml) and the 
extract was washed with water and brine, dried over anhy­
drous magnesium sulfate, and concentrated in vacuo. The 
residue was purified by silica-gel column (3 :1 hexane-ethyl 
acetate) to afford 41 mg (88%) of 23 as white amorphous 
solids: mp 82 °C; [a]g> -33.7° (c 1.0, CHCI3); *HNMR 
(CDCI3) <5=0.85 (t, 7=7.1 Hz, 3H), 1.11—1.35 (m, 4H), 1.37 
(s, 9H), 1.56 (m, 1H), 1.75 (m, 1H), 3.04 (m, 1H), 3.38 (dd, 
7=6.2 Hz, 14.0 Hz, 1H), 3.47 (m, 2H), 4.36 (m, 1H), 6.13 (br 
d, 7=7.5 Hz, 1H), 6.96 (t, 7=5.0 Hz, 1H), 7.31—7.42 (m, 2H), 
7.42—7.48 (m, 2H), 7.70 (br dd, 7=1.5 Hz, 7.5 Hz ,1H), 7.83 

(m, 1H), 8.13 (m, 1H), and 8.45 (d, 7=4.2 Hz, 2H). 
HRMS(FAB) Found: m/z 494.2455. Calcd for C28H35N3O3S: 

M+H, 494.2477. 
N-[(2S)-2-(l-Naphthylmethyl)-3-(2-pyrimidinylsulfonyl)-

propionyl]-L-norleucine f-Butyl Ester (24). To a solution 
of 23 (38 mg, 77 umol) in methanol (1 ml) were added 
sodium tungstate dihydrate (20 mg, 61 umol) and 30% hydro­
gen peroxide (0.25 ml, 2.2 mmol). The mixture was stirred 
at room temperature overnight. The resultant mixture was 
diluted with ethyl acetate (20 ml), washed with water and 
brine, dried over anhydrous magnesium sulfate, and concen­
trated in vacuo to afford 29 mg (76%) of 24 as white solids. 
This crude compound was conducted to the next step with­
out any more purification. Compound 24: mp 50—54 °C; 
[a]$ -7.0° (c 1.0, CHCI3); IR (KBr) 1730, 1670, 1570, and 
1390 cm-i; iHNMR (CDCI3) 6=0.87 (t, 7=7.1 Hz, 3H), 
1.16—1.37 (m, 4H), 1.40 (s, 9H), 1.62 (m, 1H), 1.74 (m, 1H), 
3.23—3.39 (m, 2H), 3.50 (dd, 7=7.5 Hz, 13.5 Hz, 1H), 3.72 
(dd, 7=3.2 Hz, 14.9 Hz, 1H), 4.13 (dd, 7=8.0 Hz, 15.2 Hz, 
1H), 4.29 (m, 1H), 6.08 (br d, 7=7.5 Hz, 1H), 7.27—7.38 (m, 
3H), 7.50 (m, 2H), 7.70 (br d, 7=8.1 Hz, 1H), 7.82 (m, 1H), 
7.96 (m, 1H), and 8.63 (d, 7=4.8 Hz, 2H). 
HRMS (FAB) Found: m/z 526.2401. Calcd for C28H35N3O5S: 
M+H, 526.2375. 

(2ÄS,4S,5S)-N-Isobutyl-5-[[N-[(2S)-2-(l-naphthylmethyl)-
3-(2-pyrimidinylsulfonyl)propionyl]-L-norleucyl]amino]-2-
ethyl-4-hydroxy-7-methyloctanamide (26). To a solution 
of 24 (27 mg, 51 /xmol) in dichloromethane (0.5 ml) was 
added trifluoroacetic acid (0.5 ml) and the mixture was 
allowed to stand at room temperature for 3 h. The mixture 
was concentrated in vacuo and the residue which was dis­
solved in benzene was dried by azeotropical concentration in 
vacuo to afford 25 as white solids. To a cooled (—15 °C) 
and stirred solution of the resulted solid in dry DMF (0.4 ml) 
were added triethylamine (21 fi 1) and DPPA (14 \x 1, 65 /xmol) 
successively. After 5 minutes, a solution of 14 (27 mg, 87 
jLtmol) and triethylamine (15 \A) in DMF (0.5 ml) was added 
into the reaction mixture. The mixture which was stirred 
at — 15°C for 1 h and stirred at 5°C overnight was diluted 
with ethyl acetate (20 ml). The solution was washed with 
water, 4% aqueous sodium hydrogencarbonate, and brine, 
dried over anhydrous magnesium sulfate, and concentrated 
in vacuo. The residue was purified by silica-gel column 
(40:1 chloroform-methanol) to afford 31 mg (85%) of 26 as 
white solid: mp 164—168 °C; IR (KBr) 3300, 2960, 2870, 
1740, 1650, 1560, and 1470 cm"1; *HNMR (CDCI3) 6=2.20 
(m, 0.5H), 2.30 (m, 0.5H), 2.88—3.05 (m, 1H), 3.12 (m, 1H), 
3.28 (m, 2H), 3.50 (m, 1H), 3.61 (m, 1H), 3.70 (dd, 7=2.6 Hz, 
14.9 Hz, 1H), 3.86 (m, 1H), 4.04 (m, 1H), 4.22 (m, 1H), 5.85 
(m, 1H), 6.20 (m, 1H), 6.42 (m, 1H), 7.28 (m, 2H), 7.37 (m, 
1H), 7.50 (m, 2H), 7.72 (br d, 7=7.8 Hz, 1H), 7.83 (m, 1H), 
7.91 (m, 1H), 8.55 (d, 7=4.2 Hz, 1H), and 8.56 (d, 7=4.2 Hz, 
1H). 

HRMS (FAB) Found: m/z 724.4100. Calcd for C39H57N5O6S: 
M+H, 724.4108. 
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Syntheses of 22,23-Dihydro-la,25-dihydroxyvitamin D2 and 
Its 24Ä-Epimer, New Vitamin D2 Derivatives 
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New la,25-dihydroxyvitamin D2 derivatives (22,23-dihydro-la,25-dihydroxyvitamin D2 (2a) and its 24K-
epimer (2b)), were synthesized by two procedures. 22-Oxo-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-diyl)-
23,24-dinor-6-cholene-la,3/3-diyl diacetate (8), obtainable readily from ergosterol, was converted to 22-
phenylsulfonyl-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-diyl)-la,3jS-bis(tetrahydropyranyloxy)-23,24-
dinor-6-cholene (14) or 22-iodo-5a,8a-(4-phenyl-3, 5-dioxo-1,2,4-triazolidine-1,2-diyl)-la,3ß-bis(tetrahydro-
pyranyloxy)-23,24-dinor-6-cholene (16). Condensation of the C-22 sulfone (14) with (3K)-4-iodo-2,3-dimethyl-
2-butanol T H P ether, or the C-22 iodide (16) with (3#)-2,3-dimethyl-4-phenylsulfonyl-2-butanol T H P ether 
followed by desulfonylation and successive deprotection gave 5,7-ergostadiene-la,3ß,25-triol (21a), which led to 
2a upon irradiation and subsequent thermal isomerization. Similarly, a 24K-epimer of 2a was synthesized. 

It is well established that v i tamin D3 and v i tamin D2 
must be hydroxylated at the C-25 posi t ion in the liver, 
and subsequently at the C - l a posi t ion in the kidney, 
before el ici t ing their physiological activity.1] Biolog­
ical testing indicated that the activity of la ,25-
dihydroxyvi tamin D2 ( la) is similar to that of the 
cor responding v i tamin D3 derivative in manmal s , 
t hough the former is 1/5—1/10 less active than the 
latter in birds.2) Recently, DeLuca et al. reported that 
t hough la -hydroxyvi tamin D2 is equally potent to l a -
hydroxyvi tamin D3 regarding biological activity, the 
former is 5—10 times less toxic than the latter in rats.3) 

These findings seem to be responsible for the differ­
ence of the side chain moiety between these "active" 
v i tamin D2 and v i tamin D3. 

In order to study the functional impor tance of 
the 24-methyl g roup , the (24#)-la,25-dihydroxy-
vi tamin D2

4"6) ( lb) and (22£)- and (22Z)-dehydro-la-
hydroxyvi tamin D37) were synthesized and their bind­
ing affinities investigated.8) However, the influence 
of the C-22 double bond of these active v i tamin D2 
derivatives on the physiological activity has not yet 
been clarified. These observations p rompted us to 
study the effect of unsa tura t ion at C-22,23 of la ,25-
dihydroxyvi tamin D2. In the present work, the syn­
theses of 22,23-dihydro-la,25-dihydroxyvitamin D2 
(2a) and its 24#-epimer (2b), the new active v i tamin D2 
derivatives, are described. 

O u r syntheses of 2a and 2b were achieved by two 
procedures. One was based on a condensat ion of the 
steroidal C-22 sulfone wi th optically active iodide 
derivatives to consti tute the side chain part; the other 
was based on a coup l ing of the steroidal C-22 iodide 
wi th the corresponding side chain sulfone derivatives. 

T h e side chain fragments (optically active iodides 
(6a and 6b) and sulfones (7a and 7b)) were synthesized, 
respectively, s tart ing from methyl (S)- and (R)-3-
hydroxy-2-methylpropionate (3a and 3b) as follows 
(Scheme 1 ). T h e syntheses of 7a and 7b were reported 
previously.6) T h e tosylate (4a), an intermediate of the 

Ri R2 Ri R2 

H C r " ^ ^ 0 H H 0 " ' " ^ S s 0 H 

la Ri=Me, R 2=H 2a Ri=Me, R 2=H 
lb Ri=H, R2=Me 2b Ri=H, R2=Me 

Ri R2 Ri R2 Q b Ri R2 

C02Me > 0 H ^ O R 

3a,b 4a,b v 5a, b R = H 
^ Rl R2 6a, b R = T H P 

P h S 0 2 O O 
3-7a Ri=Me, R 2=H >0THP 
3-7b Ri=H, R2=Me 7a,b 

Scheme 1. a) Nal/acetone; b) DHP, PPTS. 

sulfone (7a), was reacted wi th sodium iodide9) in 
refluxing acetone to give the hydroxy iodide (5a) in 
70% yield. T h e hydroxyl g roup of 5a was protected as 
a tetrahydropyranyl ( T H P ) ether in the usual manne r 
to afford the iodide (6a) in 93% yield. Similarly, 6b 
was prepared via the tosylate (4b). 

T h e C-22 steroidal blocks, the C-22 sulfone (14) and 
the C-22 iodide (16) were synthesized as follows 
(Scheme 2). 22-Oxo-5a,8a-(4-phenyl-3,5-dioxo-1,2,4-
triazolidine-1,2-diyl)-23,24-dinor-6-cholene-1 a,3 ß-diyl 
diacetate (8), prepared by a method described in our 
previous paper,6) seemed to be a good key intermediate 
for the prepara t ion of 2a and 2b as the steroidal block. 
T h u s , the aldehyde (8) was reduced by NaBEU in 
M e O H to afford the alcohol (9),10) which was tosylated 
in the convent ional manne r to give the tosylate (10) in 
78% yield from 8. T rea tmen t of 10 wi th sodium 
iodide in D M F was followed by a reaction wi th 
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Scheme 2. a) NaBH4/MeOH; b) p-TsCl, Py; c) Nal/DMF; d) PhS02Na/DMF; e) NaOH or KOH/MeOH; 
f) DHP, PPTS or p-TsOH. 

sodium benzenesulfinate to yield the sulfone (12) in 
82% yie ld . n ) T h e acetyl groups of 12 were converted 
to stable protective groups under the basic condi t ions 
employed in the following steps.10) T h u s , the 
hydrolysis of 12 yielded the diol (13), which was 
protected as T H P groups in the usual manne r to give 
the steroidal C-22 sulfone (14) in 71% yield. Sim­
ilarly, the conversion of the acetyl g roups of 11 to the 
T H P groups via the diol (15) gave the steroidal C-22 
iodide (16) in 73% yield. 

T h e next task was to introduce the side cha in 
moiety (Scheme 3). Li th ia t ion of the C-22 sulfone 

(14) by bu ty l l i th ium in the presence of hexamethyl-
phosphor ic tr iamide (HMPA) in T H F at - 2 0 °C fol­
lowed by the addi t ion of the iodide (6a) gave the 22-
phenylsulfonyl derivative (17a) in 44% yield (72% 
based on the consumed 14) together wi th the recovered 
star t ing sulfone (14) in 38% yield. Reductive desul-
fonylation wi th sodium a m a l g a m in buffered M e O H 
(Na2HPÛ4) and subsequent deprotect ion of the T H P 
groups of the resul t ing 19a provided the triol (20a) in 
43% yield. T h e triol (20a) was treated with L1AIH4 in 
ref luxing T H F to remove the triazoledione protective 
group,1 2 ) g iving 5,7-ergostadiene-la,3/3,25-triol (21a) 

PhS02 Ri R2 

14 

16 

THPO 

17-21a Ri=Me, R 2=H 
17-21b Ri=H, R2=Me 

OTHP 

OTHP 
S0 2 Ph 

NT >=0 

c f N P h 18a,b 

Ri R2 

RO • N - v - 0 19a,b R = T H P 
\Hp^ 20a,b R = H 

Rl R2 

2a,b 

21a,b 

Scheme 3. a) 6a or 6b, n-BuLi, HMPA/THF; b) 7a or 7b, n-BuLi, HMPA/THF; c) Na-Hg/MeOH 
(Na2HP04); d) p-TsOH/EtOH e) LiAlH4 /THF; f) hv; g) reflux/EtOH. 
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in 71% yield. 
T h e in t roduct ion of a side chain was carried ou t by 

an alternative procedure. Condensat ion of the C-22 
iodide (16) wi th the sulfone (7a) was achieved under 
the same condi t ions described above to yield the 23-
phenylsulfonyl derivative (18a) in 60% yield. Desul-
fonylation of 18a gave 19a in 35% yield. 

I r radiat ion of the 5,7-diene-la,3ß,25-triol (21a) wi th 
a high-pressure mercury l a m p us ing an aq 1.5% KNO3 
solut ion as a filter followed by thermal isomerization 
of the resul t ing previ tamin D in refluxing E t O H 
furnished crystalline 22,23-dihydro-la,25-dihydroxy-
vi tamin D2 (2a) in 25% yield after purif icat ion by 
preparat ive H P L C . 

Similarly, (24R)-5,7-ergostadiene-l«,3/5,25-triol (21b) 
was prepared from C-22 sulfone (14) and iodide (6b) in 
place of 6a in four steps with a 32% yield from 14. 
I r radiat ion of 21b and subsequent thermal isomeriza­
t ion of the resul t ing previ tamin D gave crystalline 
(24ß)-22,23-dihydro-la,25-dihydroxyvitamin D2 (2b) 
in 17% yield. 

Since 22,23-dihydro-la,25-dihydroxyvitamin D2 (2a) 
and its 24/?-epimer (2b) were prepared by two syn­
thetic methods, the present study provides efficient 
routes to la ,25-dihydroxyvi tamin D derivatives hav­
ing the C-22,23 single bond. 

T h e biological activities of 2a and 2b will be 
reported elsewhere. 

Experimental 

All melting and boiling points are uncorrected. IR spec­
tra were measured on a Jasco IR-810 spectrometer. 
*HNMR spectra were recorded with TMS as an internal 
standard and CDCI3 as a solvent at 200 MHz on a JEOL 
JNM-FX 200 spectrometer, unless otherwise stated. Opti­
cal rotations were measured with CHCI3 as a solvent on a 
Jasco DIP-370 Polarimeter, unless otherwise stated. Mass 
spectra were recorded on a Hitachi M-80 spectrometer at 70 
eV. Merck Kieselgel 60 (Art 7734, 70—230 mesh) or Merck 
Kieselgel 60 (Art 9385, 230—400 mesh) were used for Si02 

column chromatography. 
(3Ä)-4-Iodo-2,3-dimethyl-2-butanol THP Ether (6a). The 

tosylate (4a) was prepared from (S)-2,3-dimethyl-l,3-
butanediol6) (6.40 g, 54.2 mmol) in the same manner as 
described previously.6* A solution of 4a and sodium iodide 
(24.4 g, 0.16 mol) in acetone (180 ml) was stirred for 5 h at 
reflux temperature. After removing the acetone in vacuo, 
water was added to the residue and the mixture was extracted 
with ether. The ether solution was washed with a 10% 
Na2S203 solution and brine, dried (MgS04), and concen­
trated in vacuo. The residue was distilled to give 8.26 g 
(70%) of 5a: bp 69—71 °C/4 mmHg (1 mmHg«133.322 Pa); 
nff 1.5192; [a]g> -37.7° (c 1.98); IR (film) 3400, 1470, 1380, 
1190, 1135, 1110, 950 cm"1; *HNMR 0=1.11 (3H, d, /=6.8 
Hz), 1.16 (3H, s), 1.26 (3H, s), 1.69 (1H, s), 1.87 (1H, m), 2.91 
(1H, dd, /=9.5 and 10.5 Hz), 3.67 (1H, dd, /=9.5 and 7.2 Hz). 

A solution of 5a (7.73 g, 33.9 mmol), dihydropyran (5.70 g, 
67.8 mmol) and pyridinium p-toluenesulfonate (PPTS) 
(0.85 g, 3.4 mmol) in dry CH2CI2 (70 ml) was stirred for 3 h at 

room temperature. The mixture was washed with a sat. 
NaHC03 solution and brine, dried (MgS04), and concen­
trated in vacuo. The residue was chromatographed over 
Si02 (130 g) eluting with hexane-ether (19:1) to give 9.88 g 
(93%) of 6a: IR (film) 1470,1390, 1375,1200,1130,1075,1035, 
1025, 985 cm -1 . This was employed in the next step with­
out further purification. 

(35)-4-Iodo-2,3-dimethyl-2-butanol THP Ether (6b). In 
the same manner as described for 5a, (R)-2,3-dimethyl-l,3-
butanediol6) (6.85 g, 58.1 mmol) was converted to 10.20 g 
(77%) of 5b: bp 69—71 °C/4 mmHg; nff 1.5190; [a]g> +38.7° 
(c 1.93). Its IR and *HNMR spectra were identical with 
those of 5a. 

In the same manner as described for 6a, 5b (8.60 g, 37.7 
mmol) was converted to 10.88 g (92%) of 6b. Its IR spec­
trum was identical with that of 6a. 

5a,8a-(4-Phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-diyl)-
23,24-dinor-6-cholene-la,30,22-triyl Ia,3j8-Diacetate 22-p-
Toluenesulfonate (10). To a stirred solution of 8 (9.50 g, 
15.8 mmol) in MeOH (100 ml) was added NaBH4 (0.30 g, 7.9 
mmol) portionwise over 10 min at room temperature; the 
mixture was stirred for an additional 10 min. To the 
mixture was added AcOH (0.3 ml); the mixture was stirred 
for 10 min. After removal of MeOH in vacuo, water was 
added to the residue and the mixture was extracted with 
CHCI3. The CHCI3 solution was washed with water and 
brine, dried (MgS04), and concentrated in vacuo to give 9.50 
g of crude alcohol (9).10) This was employed in the next 
step without further purification. 

To a stirred, ice-cooled solution of 9 (9.50 g) in dry 
pyridine (45 ml) was added p-toluenesulfonyl chloride (4.50 
g, 23.6 mmol); the mixture was stirred for 4 h at room 
temperature. To the reaction mixture was added a small 
amount of water and the mixture was stirred for 1 h at that 
temperature. The mixture was next poured into ice water 
and extracted with CHCI3. The CHCI3 solution was 
washed with water, 5% HCl, sat. NaHCOs solution and 
brine, dried (MgS04), and concentrated in vacuo. The 
residue was chromatographed over Si02 (250 g) eluting with 
hexane-EtOAc (1:1—1:2) to give 9.33 g (78% from 8) of 10: 
IR (KBr) 1750, 1700, 1600, 1505, 1400, 1245, 1180, 1030 cm"1; 
!HNMR 0=0.80 (3H, s, I8-H3), 1.01 (3H, d, /=6.6 Hz, 21-
H3), 1.05 (3H, s, 19-H3), 2.01 (3H, s, Ac), 2.02 (3H, s, Ac), 2.44 
(3H, s, -CHs(tosyl)), 3.25 (1H, dd, /=13.4 and 5.6 Hz, 9-H), 
3.73 (1H, dd, /=8.8 and 6.6 Hz, 22-H), 4.01 (1H, dd, /=8.8 
and 2.4 Hz, 22-H), 5.09 (1H, m, 1-H), 5.87 (1H, m, 3-H), 6.33 
and 6.41 (2H, ABq, /=8.3 Hz, 6-H and 7-H), 7.32—7.50 (8H, 
m, Ph), 7.77 (2H, d, /=8.1 Hz, Ph); MS m/z (rel intensity) 
524 (M+-PTAD-AcOH; 3), 464 (58), 292 (43), 277 (16), 177 
(62), 155(100), 119(78). 

22"Iodo-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-
diyl)-23,24-dinor-6-cholene-la,3ß-diyl Diacetate (11). A 
solution of 10 (2.61 g, 3.44 mmol) and sodium iodide (2.57 g, 
17.1 mmol) in dry DMF (20 ml) was stirred for 30 min at 
80 °C. After cooling, the mixture was poured into water 
and extracted with CHCI3. The CHCI3 solution was 
washed with water, a 5% Na2S203 solution and brine, dried 
(MgS04), and concentrated in vacuo. The residue was 
chromatographed over Si02 (50 g) eluting with hexane-
EtOAc (3 :2—1:1) to give 2.33 g (95%) of 11: mp 173—174 °C 
(from hexane-EtOAc, rods); [a]g -64.4° (c 1.12); IR (KBr) 
1740, 1685, 1600, 1505, 1410, 1250, 1230, 1030cm"1; « N M R 
0=0.87 (3H, s, I8-H3), 1.04 (3H, d, /=6.6 Hz, 21-H3), 1.06 
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(3H, s, 19-H3), 2.01 (3H, s, Ac), 2.04 (3H, s, Ac), 3.12—3.36 
(3H, m, 9-H and 22-H2), 5.11 (1H, m, 1-H), 5.88 (1H, m, 3-
H), 6.34 and 6.44 (2H, ABq, 7=8.3 Hz, 6-H and 7-H), 7.28— 
7.51 (5H, m, Ph); MS m/z (rel intensity) 540 (M+-PTAD; 
0.3), 480 (8), 420 (95), 251 (20), 141 (100), 119 (65). Found: 
C, 57.25; H, 5.93; N, 5.82%. Calcd for C34H42N3O6I: C, 
57.07; H, 5.92; N, 5.87%. 

22-Phenylsul£onyl-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-tri-
azolidine-l,2-diyl)-23,24-dinor-6-cholene-la,3iS-diyl Diace-
tate (12). A solution of 10 (9.30 g, 12.3 mmol) and sodium 
iodide (9.19 g, 61.3 mmol) in dry DMF (80 ml) was stirred for 
30 min at 80 °C. To the mixture was next added sodium 
benzenesulfinate (4.20 g, 24.5 mmol); this mixture was 
stirred for 30 min at 80 °C. The mixture was then poured 
into ice water and extracted with CHCI3. The CHCI3 solu­
tion was washed with water, a 5% Na2S2Ü3 solution and 
brine, dried (MgS04), and concentrated in vacuo. The 
residue was chromatographed over SiCh (200 g) eluting with 
hexane-EtOAc (1:1—1:2) to give 7.31 g (82%) of 12: mp 
176—178 °C (from hexane-EtOAc, needles); [a]g -99.3° (c 
1.20); IR (KBr) 1750, 1695, 1600, 1505,1400, 1305, 1250, 1235, 
1145 cm"1; « N M R 0=0.83 (3H, s, I8-H3), 1.05 (3H, s, 19-
H3), 1.21 (3H, d, /=6.4 Hz, 21-H3), 2.01 (3H, s, Ac), 2.02 (3H, 
s, Ac), 2.84 (1H, dd, 7=13.8 and 9.4 Hz, 22-H), 3.13 (1H, d, 
7=13.8 Hz, 22-H), 3.25 (1H, dd, 7=13.9 and 5.6 Hz, 9-H), 
5.09 (1H, m, 1-H), 5.89 (1H, m, 3-H), 6.33 and 6.41 (2H, 
ABq, 7=8.3 Hz, 6-H and 7-H), 7.30—7.70 (8H, m, Ph), 7.89 
(2H, m, Ph); MS m/z (rel intensity) 494 (M+-PTAD-AcOH; 
10), 435 (100), 251 (18), 177 (48), 141 (82). Found: C, 65.75; 
H, 6.53; N, 5.78%. Calcd for C40H47N3O8S: C, 65.82; H, 
6.49; N, 5.76%. 

22-Phenylsul£onyl-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-tri-
azolidine-l,2-diyl)-23,24-dinor-6-cholene-la,3iS-(iiol(13). A 
mixture of 12 (7.31 g, 10.0 mmol) and potassium hydroxide 
(1.12 g, 20.0 mmol) in MeOH (100 ml) was stirred at reflux 
temperature for 30 min. After cooling, a crystallized mate­
rial was filtered off to give 5.12 g (79%) of 13 as needles: mp 
240-242 °C; [a]g -87.3° (c 0.49); IR (KBr) 3540, 3470, 1740, 
1675, 1505, 1410, 1310, 1155, 1090, 1040 cm"1; « N M R 
0=0.82 (3H, s, I8-H3), 0.90 (3H, s, 19-H3), 1.23 (3H, d, 7=6.4 
Hz, 2I-H3), 2.82 (1H, dd, 7=13.7 and 8.1 Hz, 22-H), 3.10 (2H, 
m, 9-H and 22-H), 3.81 (1H, m, 1-H), 4.84 (1H, m, 3-H), 6.25 
and 6.36 (2H, ABq, 7=8.1 Hz, 6-H and 7-H), 7.30—7.70 (8H, 
m, Ph), 7.91 (2H, m, Ph); MS m/z (rel intensity) 470 
(M+-PTAD; 5), 452 (2), 434 (4), 239 (21), 177 (53), 119 (100). 
Found: C, 66.74; H, 6.75; N, 6.47%. Calcd for C36H43N3O6S: 
C, 66.95; H, 6.71; N, 6.51%. 

22-Phenylsul£onyl-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-tri-
azolidine-l,2-diyl)-la,3iS-bis(tetrahydropyranyloxy)-23,24-
dinor-6-cholene (14). A solution of 13 (5.12 g, 7.9 mmol), 
dihydropyran (2.67 g, 31.8 mmol) and PPTS (0.40 g, 1.6 
mmol) in dry CH2CI2 (50 ml) was stirred for 24 h at room 
temperature. The mixture was washed with a sat. 
NaHCÜ3 solution and brine, dried (MgSÜ4), and concen­
trated in vacuo. The residue was chromatographed over 
SiÜ2 (100 g) eluting with hexane-EtOAc (2:1), and then 
crystallized from hexane-ether to give 5.81 g (90%) of 14 as 
needles: mp 181—186 °C; [a]ff -84.9° (c 1.03); IR (KBr) 1750, 
1695, 1605, 1505, 1400, 1305, 1150, 1030 cm"1; « N M R 
0=0.83 (3H, s, I8-H3), 0.95 and 0.98 (3H, pair of s, 19-H3), 
1.23 (3H, d, 7=6.4 Hz, 21-H3), 2.85 (1H, m, 22-H), 3.15 (2H, 
m, 9-H and 22-H), 3.50 (2H, m, CH2(THP)), 3.70 (1H, m, 1-
H), 3.90 (2H, m, CH2(THP)), 4.75 (2H, m, CH(THP)), 4.85 

(1H, m, 3-H), 6.32 (2H, m, 6-H and 7-H), 7.3—7.7 (8H, m, 
Ph), 7.91 (2H, m, Ph); MS m/z (rel intensity) 638 
(M+-PTAD; 0.5), 554 (2), 536 (2), 239 (13), 177 (62), 119 (100). 
Found: C, 67.39; H, 7.31; N, 5.05%. Calcd for C46H59N3O8S: 
C, 67.87; H, 7.30; N, 5.16%. 

22-Iodo-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-
diyl)-la,3ß-bis(tetrahydropyranyloxy)-23,24-dinor-6-
cholene (16). A mixture of 11 (1.23 g, 1.72 mmol) and 
sodium hydroxide (0.14 g, 3.5 mmol) in MeOH (20 ml) was 
stirred for 30 min at reflux temperature. After removal of 
MeOH in vacuo, water was added to the residue and the 
mixture was extracted with CHCI3. The CHCI3 solution 
was washed with brine, dried (MgS04), and concentrated in 
vacuo to give 1.05 g of crude 15. This was employed in the 
next step without further purification. An analytical sam­
ple was prepared by recrystallization from CHCh-EtOAc: 
mp 172—174 °C (rods); [a]g -65.4° (c 1.14); IR (KBr) 3420, 
1745, 1680, 1600, 1505, 1400, 1150, 1090, 1030cm"1; « N M R 
0=0.84 (6H, br s, I8-H3 and 19-H3), 1.05 (3H, d, 7=5.6 Hz, 
2I-H3), 3.02—3.35 (3H, m, 9-H and 22-H2), 3.70 (1H, m, 1-
H), 4.80 (1H, m, 3-H), 6.20 and 6.34 (2H, ABq, 7=8.3 Hz, 6-
H and 7-H), 7.29—7.40 (5H, m, Ph); MS m/z (rel intensity) 
456 (M+-PTAD; 13), 438 (5), 436 (11), 420 (10), 410 (20), 328 
(5), 251(15), 177(68), 119(100). 

A solution of crude 15 (1.05 g), dihydropyran (0.43 g, 5.12 
mmol) and a catalytic amount of p-TsOH-H20 in dry 
CH2CI2 (20 ml) was stirred for 24 h at room temperature. 
The mixture was washed with sat. NaHC03 solution and 
brine, dried (MgS04), and concentrated in vacuo. The 
residue was chromatographed over Si02 (30 g) eluting with 
hexane-EtOAc (2:1) to give 1.00 g (73% from 11) of 16 as a 
foam: IR (KBr) 1750, 1690, 1600, 1505, 1400, 1130, 1115, 1030 
cm-i; « NMR 0=0.87 (3H, s, I8-H3), 0.96 and 0.99 (3H, pair 
of s, I9-H3), 1.05 (3H, d, 7=5.9 Hz, 21-H3), 3.10—3.65 (5H, 
m, 9-H, 22-H2 and CH2 (THP)), 3.70 (1H, m, 1-H), 3.90 (2H, 
m, CH2(THP)), 4.75 (2H, m, CH(THP)), 4.95 (1H, m, 3-H), 
6.30—6.45 (2H, m, 6-H and 7-H), 7.30—7.50 (5H, m, Ph); 
MS m/z (rel intensity) 624 (M+-PTAD; 0.8), 540 (2), 454 (10), 
437 (48), 420 (23), 382 (15), 309 (10), 251 (12), 177 (48), 119 
(100). 

22-Phenylsul£onyl-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-tri-
azolidine-l,2-diyl)-la,3iS,25-tris(tetrahydropyranyloxy)-6-
ergostene (17a). To a stirred solution of 14 (3.50 g, 4.3 
mmol) in dry THF (35 ml) was added successively butylli-
thium (1.5 mol dm - 3 in hexane, 3.4 ml, 4.3 mmol) and dry 
HMPA (2.26 ml, 12.9 mmol) at - 7 8 °C under Ar, and the 
mixture was stirred for 20 min at —20 °C. To the mixture 
was added a solution of 6a (4.30 g, 12.9 mmol) in dry T H F 
(12 ml); the mixture was stirred for 1.5 h at — 20 °C. The 
mixture was then poured into a sat. NH4CI solution and 
extracted with CHCI3. The CHCI3 solution was washed 
with brine, dried (MgS04), and concentrated in vacuo. The 
residue was chromatographed over Si02 (200 g) eluting with 
hexane-EtOAc (2:1—3 :2—1:1). The earlier fraction gave 
1.90 g (44%; 72% based on the consumed 14) of 17a, and the 
latter fraction gave 1.34 g (38%) of the recovered 14: 17a, IR 
(KBr) 1750, 1695,1605,1505, 1400,1150,1130,1075,1030, 985 
cm-1; iHNMR 0=3.05 (1H, m, 22-H), 3.22 (1H, m, 9-H), 
3.48 (3H, m, CH2(THP)), 3.69 (1H, m, 1-H), 3.93 (3H, m, 
CH2 (THP)), 4.78 (3H, m, CH(THP)), 4.93 (1H, m, 3-H), 
6.33 (2H, m, 6-H and 7-H), 7.3—7.9 (10H, m, Ph); MS m/z 
(rel intensity) 552 (M+-PTAD-DHPX3-H20; 16), 534 (21), 
177(60), 119(100). 
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(24Ä)-22-Phenylsul£onyl-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-
triazolidine-l^-diy^-lajSiS^S-trisCtetrahydropyranyloxy)^-
ergostene (17b). In the same manner as described for 17a, 
14 (2.55 g, 3.1 mmol) and 6b (2.93 g, 9.4 mmol) was con­
verted to 1.43 g (46%; 84% based on the consumed 14) of 17b 
together with 1.17 g (46%) of the recovered 14: 17b, IR (KBr) 
1750,1695, 1605,1505,1400, 1150,1130,1080,1030, 985 cm"1; 
*HNMR 0=3.18 (2H, m, 9-H and 22-H), 3.48 (3H, m, 
CH2(THP)), 3.70 (IH, m, 1-H), 3.93 (3H, m, CH2(THP)), 
4.80 (3H, m, CH(THP)), 4.92 (IH, m, 3-H), 6.32 (2H, m, 6-H 
and 7-H), 7.3—7.9 (10H, m, Ph). 

23-Phenylsulfonyl-5a,8a-(4-phenyl-3,5-dioxo-l,2,4-tri-
azolidine-l,2-diyl)-la,3ß,25-tris(tetrahydropyranyloxy)-6-
ergostene (18a). To a stirred solution of 7a (326 mg, 1.0 
mmol) in dry T H F (3 ml) was added successively butylli-
thium (1.5 mol dm - 3 in hexane, 0.67 ml, 1.0 mmol) and dry 
HMPA (0.17 ml, 1.0 mmol) at - 7 8 °C under Ar; the mixture 
was stirred for 20 min at —20 °C. To the mixture was next 
added a solution of 16 (400 mg, 0.50 mmol) in dry THF (4 
ml). After stirring for 2 h at —20 °C, the mixture was stirred 
for 2 h at room temperarure, poured into a sat. NH4CI 
solution, and extracted with CHCI3. The CHCI3 solution 
was washed with brine, dried (MgS04), and concentrated in 
vacuo. The residue was chromatographed over Si0 2 (20 g) 
eluting with hexane-EtOAc (4:1) to give 317 mg (64%) of 
18a: IR (KBr) 1750, 1695, 1600, 1500, 1400, 1140, 1125, 1030 
cm-1; !HNMR 0=3.1—3.6 (5H, m, 9-H, 23-H and 
CH2(THP)), 3.67 (IH, m, 1-H), 3.87 (3H, m, CH2(THP)), 
4.75 (3H, m, CH(THP)), 4.95 (IH, m, 3-H), 6.33 (2H, m, 6-H 
and 7-H), 7.3—7.9 (10H, m, Ph); MS m/z (rel intensity) 570 
(M+-PTAD-DHPX3; 3), 552 (4), 534 (4), 177 (57), 119 (100). 

5a,8a-(4-Phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-diyl)-
la,3ß,25-tris(tetrahydropyranyloxy)-6-ergostene (19a). (a) 
(from 17a) To a solution of 17a (1.20 g, 1.2 mmol) in MeOH 
saturated with Na 2 HP0 4 (120 ml) was added sodium amal­
gam (5%, 16.6 g, 36.0 mmol), and the mixture was stirred for 
16 h at room temperature. After removal of MeOH in 
vacuo from the supernatant, water was added to the residue 
and the mixture extracted with CHCI3. The CHCI3 solu­
tion was washed with water and brine, dried (MgS04), and 
concentrated in vacuo. The residue was chromatographed 
over Si0 2 (20 g) eluting with hexane-EtOAc (3:1—2:1) to 
give 0.51 g (50%) of 19a: IR (KBr) 1750, 1700, 1605, 1505, 
1400, 1135, 1080, 1030, 985 cm"1; *HNMR 0=3.22 (IH, m, 9-
H), 3.47 (3H, m, CH2(THP)), 3.70 (IH, m, 1-H), 3.92 (3H, m, 
CH2(THP)), 4.78 (3H, m, CH(THP)), 4.93 (IH, m, 3-H), 
6.37 (2H, m, 6-H and 7-H), 7.3—7.5 (5H, m, Ph); MS m/z 
(rel intensity) 598 (M+-PTAD-DHP; 4), 580 (1), 412 (80), 239 
(18), 177(85), 119(100). 

(b) (from 18a) In the same manner as described above, 18a 
(300 mg, 0.30 mmol) was converted to 90 mg (35%) of 19a. 
Its IR and 1H NMR spectra were identical with those des­
cribed above. 

(24Ä)-5a,8a-(4-Phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-
diyl)-la,3iS,25-tris(tetrahydropyranyloxy)-6-ergostene (19b). 
In the same manner as described for 19a, 17b (1.17 g, 1.7 
mmol) was converted to 0.78 g (53%) of 19b: IR (KBr) 1750, 
1695, 1600, 1505, 1395, 1130, 1075, 1025, 985 cm"1; *HNMR 
0=3.20 (IH, m, 9-H), 3.47 (3H, m, CH2(THP)), 3.70 (IH, m, 
1-H), 3.92 (3H, m, CH2(THP)), 4.78 (3H, m, CH(THP)), 
4.93 (IH, m, 3-H), 6.37 (2H, m, 6-H and 7-H), 7.3-7.5 (5H, 
m, Ph). 

5a,8a-(4-Phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-diyl)-6-

ergostene-la,3ß,25-triol (20a). A solution of 19a (0.51 g, 
0.60 mmol) and p - T s O H - H 2 0 (23 mg, 0.12 mmol) in 95% 
EtOH (5 ml) was stirred for 4 h at 80 °C. After removal of 
EtOH in vacuo, brine was added to the residue and the 
mixture was extracted with CHCI3. The CHCI3 solution 
was dried (MgS04) and concentrated in vacuo. The residue 
was chromatographed over Si0 2 (25 g) eluting with CHCI3-
EtOAc (1:3) and then EtOAc to give 0.31 g (85%) of 20a: mp 
211—214 °C (from EtOAc, rods); [a]f? -97.7° (c 0.31); IR 
(KBr) 3530, 3460, 1745, 1680, 1505, 1410, 1320, 1150, 1035 
cm-1; *HNMR 0=0.81 (3H, s, I8-H3), 0.88 (3H, d, /=7.1 Hz, 
28-H3), 0.92 (3H, s, I9-H3), 0.94 (3H, d, /=6.4 Hz, 21-H3), 
1.14 and 1.15 (6H, each s, 26-H3 and 27-H3), 3.12 (IH, dd, 
7=15.6 and 6.1 Hz, 9-H), 3.85 (IH, m, 1-H), 4.88 (IH, m, 3-
H), 6.25 and 6.41 (2H, ABq, /=8.5 Hz, 6-H and 7-H), 7.3— 
7.4 (5H, m, Ph); MS m/z (rel intensity) 430 (M+-PTAD; 13), 
412 (12), 394 (11), 251 (17), 199 (41), 119 (100). Found: m/z 
430.3444. Calcd for C28H4603 (M+-PTAD): M, 430.3449. 

(24Ä)-5a,8a-(4-Phenyl-3,5-dioxo-l,2,4-triazolidine-l,2-
diyl)-6-ergostene-la,3ß,25-triol (20b). In the same manner 
as described for 20a, 19b (0.77 g, 0.90 mmol) was converted to 
0.45 g (83%) of 20b: mp 216—218 °C (from EtOAc-MeOH, 
needles); [a]% -79.0° (c 0.36); IR (KBr) 3520, 1745, 1680, 
1505, 1410, 1325, 1155, 1035 cm"1; *HNMR 0=0.82 (3H, s, 
I8-H3), 0.87 (3H, d, /=6.8 Hz, 28-H3), 0.93 (3H, s, 19-H3), 
0.95 (3H, d, /=6-7 Hz, 21-H3), 1.15 and 1.17 (6H, each s, 26-
H3 and 27-H3), 3.15 (IH, dd, 7=16.4 and 7.1 Hz, 9-H), 3.88 
(IH, m, 1-H), 4.90 (IH, m, 3-H), 6.27 and 6.42 (2H, ABq, 
7=6.8 Hz, 6-H and 7-H), 7.30—7.42 (5H, m, Ph); MS m/z (rel 
intensity) 430 (M+-PTAD; 8), 251 (15), 177 (44), 119 (100). 
Found: C, 71.39; H, 8.52; N, 7.01%. Calcd for C36H51N3O5: 
C, 71.37; H, 8.49; N, 6.94%. 

5,7-Ergostadiene-la,3ß>25-triol (21a). To a suspension 
of L1AIH4 (0.40 g) in dry T H F (30 ml) was added a solution 
of 20a (0.44 g, 0.73 mmol) in dry T H F (10 ml); the mixture 
was stirred for 1.5 h at reflux temperature. Then to the ice-
cooled mixture was added successively water (0.4 ml), a 10% 
NaOH solution (0.4 ml) and water (1.2 ml); the mixture was 
stirred for 30 min at room temperature. After addition of 
MgSÜ4, the mixture was stirred for an additional 30 min and 
filtered through Celite. The filtrate was concentrated in 
vacuo; thus, the residue was recrystallized from EtOH-THF 
to give 0.22 g (71%) of 21a as needles: mp 228—231 °C; [a]g 
-89° (c 0.11, THF); IR (KBr) 3520, 3360, 1655, 1605, 1465, 
1380, 1135, 1070, 1045 cm"1; *HNMR (DMSO-d6+CDCl3) 
0=0.60 (3H, s, I8-H3), 0.84 (3H, d, 7=6.6 HZ, 28-H3), 0.85 
(3H, s, 19-H3), 0.95 (3H, d, 7=6.1 Hz, 21-H3), 1.07 and 1.08 
(6H, each s, 26-H3 and 27-H3), 3.62 (IH, m, 1-H), 3.91 (IH, 
m, 3-H), 5.30 (IH, m, 7-H), 5.56 (IH, m, 6-H); MS m/z (rel 
intensity) 430 (M+; 55), 412 (85), 394 (31), 251 (40), 197 (64), 
157 (100), 145 (68); UV (EtOH) 282 nm (e 9200). Found: C, 
77.59; H, 10.70%. Calcd for C28H4603: C, 78.09; H, 10.77%. 

(24Ä)-5,7-Ergostadiene-la,3ß,25-triol (21b). In the same 
manner as described for 21a, 20b (0.45 g, 0.74 mmol) was 
converted to 0.28 g (86%) of 21b: mp 154—157 °C (from 
EtOH, rods); [aft2-17° (c0.12, MeOH); IR (KBr) 3400, 1655, 
1605, 1465, 1385, 1155, 1055 cm"1; *HNMR 0=0.63 (3H, s, 
I8-H3), 0.88 (3H, d, 7=6.6 Hz, 28-H3), 0.95 (3H, d, 7=6.1 Hz, 
2I-H3), 0.95 (3H, s, I9-H3), 1.16 and 1.17 (6H, each s, 26-H3 

and 27-H3), 3.78 (IH, m, 1-H), 4.08 (IH, m, 3-H), 5.40 (IH, 
m, 7-H), 5.73 (IH, m, 6-H); MS m/z (rel intensity) 430 (M+; 
32), 412 (20), 394 (18), 251 (35), 197 (64), 157 (100), 145 (65). 
Found: m/z 430.3443. Calcd for C28H4603: M, 430.3449. 
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22,23-Dihydro-la,25-dihydroxyvitamin D2 (2a). A solu­
tion of 21a (100 mg, 0.23 mmol) in ether-THF (19:1, 1000 
ml) was irradiated for 3 min under Ar at water-cooled 
temperature with a high-pressure mercury lamp (Ushio, 
UM-452) using 1.5% KNO3 solution as a filter. The mix­
ture was concentrated in vacuo. A solution of the residue 
containing the previtamin D in EtOH (30 ml) was stirred for 
1 h at reflux temperature under Ar, and then concentrated in 
vacuo. The residue was chromatographed on HPLC 
(Merck, LiChrosorb® Si60 (7 urn), 25X250 mm) eluting with 
6% MeOH-CH2Cl2 (6.0 ml min"1) to give 25 mg (25% from 
21a) of crystalline 2a. This was recrystallized from hexane-
CH2CI2 to give 2a as needles: mp 93—95 °C; [a]£ +33° (c 
0.15, EtOH); *HNMR 0=0.54 (3H, s, I8-H3), 0.90 (3H, d, 
/=6.8 Hz, 28-H3), 0.94 (3H, d, /=5.9 Hz, 21-H3), 1.15 and 
1.17 (6H, each s, 26-H3 and 27-H3), 4.23 (IH, m, 3-H), 4.43 
(IH, m, 1-H), 5.00 (IH, narrow m, 19-H), 5.33 (IH, narrow 
m, 19-H), 6.02 (IH, d, /=11.2 Hz, 7-H), 6.38 (IH, d, /=11.2 
Hz, 6-H); MS m/z (rel intensity) 430 (M+; 8), 412 (10), 394 
(11), 285 (6), 251 (5), 134 (100), 105 (34); UV (EtOH) 265 nm 
(£ 16900). 

(24Ä)-22,23-Dihydro-la,25-dihydroxyvitamin D2 (2b). A 
solution of 21b (100 mg, 0.23 mmol) in ether (1000 ml) was 
irradiated for 3 min under the same conditions as described 
above, and then concentrated in vacuo. The residue was 
chromatographed on HPLC (Merck, LiChrosorb® Si60 (7 
urn), 25X250 mm) eluting with 6% MeOH-CH2Cl2 (6.0 
ml min -1) to give 25.0 mg (25%) of the previtamin D: 
!HNMR 0=0.70 (3H, s, I8-H3), 0.88 (3H, d, /=6.8 Hz, 28-
H3), 0.95 (3H, d, /=6.1 Hz, 21-H3), 1.17 (6H, br s, 26-H3 and 
27-H3), 1.77 (3H, s, 19-H3), 4.06 (IH, m, 3-H), 4.20 (IH, m, 1-
H), 5.50 (1-H, m, 9-H), 5.78 and 5.92 (2H, ABq, /=12.2 Hz, 
6-H and 7-H). 

A solution of the previtamin D (25.0 mg) in EtOH (15 ml) 
was stirred for 1 h at reflux temperature, and concentrated in 
vacuo. The residue was chromatographed on HPLC under 
the same conditions as mentioned above to give 16.7 mg 
(67%; 17% from 21b) of crystalline 2b. This was recrystal­
lized from hexane-CH2Cl2 to give 2b as rods: mp 172— 

174 °C; [aft2 +63° (c 0.11, EtOH); *H NMR 0=0.54 (3H, s, 18-
H3), 0.88 (3H, d, /=6.8 Hz, 28-H3), 0.93 (3H, d, 7=6.1 Hz, 21-
H3), 1.16 and 1.17 (6H, each s, 26-H3 and 27-H3), 4.23 (IH, 
m, 3-H), 4.44 (1,H, m, 1-H), 5.01 (IH, narrow m, 19-H), 5.33 
(IH, narrow m, 19-H), 6.02 (IH, d, 7=11.2 Hz, 7-H), 6.38 
(IH, d, 7=11.2 Hz, 6-H); MS m/z (rel intensity) 430 (M+; 5), 
412 (11), 394 (18), 285 (5), 251 (5), 134 (100), 105 (32); UV 
(EtOH) 265 nm (e 17600). 
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From the rhizomes of Ligularia dentata Hara two new compounds, a phenolic norsesquiterpene liguden­
tatol (2), and a eudesmanoid ligucyperonol (6), have been isolated in addition to the known caryophillene (1) 
and additional three phenolic norsesquiterpenes (3, 4, and 5). The structures and stereochemistries of 2 and 6 
have been established by a combination of spectroscopic and chemical methods, and by correlation with known 
ligujapone (4) and (+)-a-cyperone (11), respectively. 

Ligularia dentata Hara (Marubadakebuki in Japa­
nese) is a perenial herb that grows in subalpine grass­
land. The ligularia species have been extensively 
investigated by Takahashi,2* Bohlmann,3_6) and oth­
ers;7) though they are thought to be rich sources of 
furanoeremophilanes, these molecules could not be 
found in this plant. The present paper reports on the 
isolation and structural elucidation of six sesquiter­
penes from the title plant. The four known com­
pounds among them were identified as being caryo-
phyllene (1),8> and three norsesquiterpene phenols, 
(liguhodgsonal (3),3'4> ligujapone (4),3) and 2-hydroxy-
platyphillide (5)4'6>) isolated previously from Ligula­
ria and Senecio species by Bohlmann. The two new 
compounds were another phenolic norsesquiterpene 
and a eudesmane derivative, named ligudentatol (2) 
and ligucyperonol (6), respectively. Bohlmann and 
his colleagues have already studied the same plant,3) 

but reported only liguhodgsonal 3 as a common com­
ponent with ours. 

A structural elucidation of the new compounds, 2 
and 6, were performed as follows. 

The structure of ligudentatol 2 (CuHisO, a colorless 
oil, [a]ö +82°) was readily deduced by a detailed 
comparison of the spectral data with those of the 
norsesquiterpene constituents; the constituents were 
found to be closely related with each other. They 
showed various characteristic common features: (i) a 
Ci4 compound (based on elemental analysis or 
HRMS); (ii) a phenolic OH group (positive color test 

to diazotized sulfanilic acid-Na2CC>3 aqueous solu­
tion, and IR spectra in the 3600—3200 and 1600—1500 
cm - 1 regions); (iii) an isopropenyl group (IR ca. 1645 
and 895 cm -1; ^ N M R : CH3 and exo-methylene 
groups with allyl coupling); (iv) CH3 or its oxygen­
ated substituent attached to a trisubstituted phenol 
ring (UV 260—310 nm; ^ N M R : two aromatic pro­
tons with o- or m-coupling). Also, the 13C NMR spec­
tra well illustrate the above features (Table 1 and 
Exptl.). Furthermore, 4 exhibits IR 1665 cm -1; 
13CNMR 0=197.3; *HNMR 0=7.88 and 6.79 (each d, 
/=8.6 Hz) attributable to a conjugated system includ­
ing 9-oxo and two aromatic protons (1-H and 2-H 
with o-coupling). Compound 2 also shows o-coupl-
ing, 0=6.82 and 6.57 (each d, /=8.4 Hz, 1-H and 2-
H).9> In addition, acetylations of 2 and 4 showed 
induced upfield shifts of 14-Me signals (6=2.12 to 2.02 
in 2a and 2.21 to 2.13 in 4a) in ^ N M R , indicating 
the presence of the phenolic OH at the o-position to 
the methyl group. In 13C NMR, acetylation effects10) 

can be observed upon the chemical shifts of 2-C, 3-C, 
and 4-C in 2a and 4a (See Table 1). Further, the 13C 
chemical shifts and the ^ C ^ H splittings in 4 [ô=41.8 
(d) 7-CH, 43.1 (t) 8-CH2] would be suited to the 
isopropenyl group11) attached to the j8-carbon of the 
9-keto group12) based on the 13CNMR spectrum of 
6-methoxy-1 -tetralone.13) 

Thus, the above observations revealed that liguden­
tatol 2 should be the 9-deoxy derivative of ligujapone 
4. In order to clarify the structural relationship 

Fig. 1. Formula 1—6 
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Table 1. 13C NMR Chemical Shifts of Ligudentatol (2) and the Related 
Compounds (2a, 4, 4a, 4b, 8, 8a, and 8b) 

c 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
MeCO 
MeCO 
MeO 

2 

126.7 
112.6 
151.3 
121.8 
136.4 
32.8 
42.1 
27.8 
29.6 

128.8 
149.8 
109.1 
20.6 
10.9 

2a 

127.0 
118.1 
147.0 
128.1 
136.1 
32.8 
41.8 
27.6 
30.0 

134.4 
149.6 
109.3 
20.6 
12.0 

169.7 
20.8 

4 

126.9 
113.8 
158.8 
121.6 
144.0 
32.3 
41.8 
43.1 

198.2 
125.8 
147.0 
110.0 
20.6 
11.2 

4a 

126.2 
120.6 
153.2 
128.3 
143.9 
32.4 
41.6 
43.2 

197.3 
130.5 
146.7 
111.0 
20.5 
12.2 

168.7 
20.8 

4b 

126.9 
108.5 
161.6 
123.8 
143.1 
32.3 
41.8 
43.3 

197.3 
125.8 
147.0 
110.7 
20.6 
11.2 

55.6 

8 

121.9 
112.4 
151.3 
126.6 
137.0 
31.1 
41.0 
26.2 
30.1 

129.6 
32.6 
19.7a) 

19.8a) 

10.4 

8a 

126.9 
118.7 
146.9 
128.2 
137.3 
31.0 
40.7 
25.8 
30.3 

135.0 
32.6 
19.7a) 

19.8a) 

11.9 
169.7 
20.9 

8b 

124.7 
108.3 
155.5 
126.3 
136.7 
31.1 
41.0 
26.3 
30.0 

129.5 
32.6 
19.7a) 

19.8a) 

11.0 

55.8 

a) Assignments may be interchanged in each column. 

R 
8 H 
8a Ac 
8b Me 

Pi, EtOH AC-.0, Pyr Pd-C, AcOH A Pd-C, EtOH 
2a - 8 a - — — 8 - 4 • 

O 

.OH 

X 
2 
V Pi, EtOH Raney Ni (CH2SH)2 \ 

2b— ! -8b-* 7 - 4D 

Scheme 1. 

between 2 and 4, both compounds were interconverted 
by the following routes (Scheme 1). 3-O-Methyligujapone 
(4b) was treated with l,2-ethanedithiol-BF3 to furnish 
a substitution-addition compound, G9H28OS4 (7), 
which showed new ^ N M R signals (0=1.43, s and 
1.32, s), thus indicating the presence of a sulfur atom 
attached to 11-C, as in the formula 7. Subsequent 
desulfurization with Raney nickel afforded 3-0-
methyldihydroligudentatol (8b) which was identical 
to 8b converted from 3-O-methylligudentatol (2b) by 
hydrogénation with Adams' catalyst in EtOH. In 
another attempt, hydrogénation of 4 with 5% Pd-C in 
AcOH gave a tetrahydro derivative (8) accompanied by 
a reduction of the keto group. This showed a disap­
pearance of the IR band due to the 9-keto group (1665 
cm -1) in 4. The acetate of 8 was identical in all 
respects with 8a transformed from 2a by hydrogéna­
tion with Adams' catalyst in EtOH. 

Finally, the stereochemistry of 4 and, accordingly, 
of 2 was drawn from the CD spectra. The absolute 
configuration and the CD spectra of substituted tetra-
lone and tetralin were studied by Snatzke et al.14) 

They reported that (S)-(+)-3-methyl-l-tetralone (9) 
showed a positive CD maximum in the n—>7T* transi­
tion region (Afi32i=+1.3), which has a preferred sofa-

type conformation with an equatorial alkyl substitu­
ent. Both ligujapone 4 and its dihydro derivative (10) 
also showed positive Cotton effects in a similar region 
due to the n—>7i* transition (Afi3i3—+2.81 in 4 and 
Afi3i6—+1.99 in 10). These positive CD maxima seem 
to be controlled by equatorial (S)-oriented alkyl 
substituents. 

Thus, ligudentatol can be represented by stereofor-
mula 2. 

Ligucyperonol (6)15'16> (colorless needles, mp 
123.5—124.5 °C, [a]D+85°) showed the following 
absorption spectra: UV (MeOH) 249 nm (a 19200) 
attributable to a ketone conjugated with a trisubsti-
tuted double bond; IR (CHCI3) 3600, 3420 (OH), 1660, 
1610 (a,/3-unsaturated C=0), 895 cm - 1 (terminal meth­
ylene); *H NMR (CDCI3) a vinyl methyl (0=1.78, s, 14-
Me), a quaternary methyl (1.18, s, 15-Me), a paired 
signals due to an isopropenyl group (6=1.77, d, /=1.1 
Hz and 4.78, d, /=1.1 Hz, 13-Me and 12-CH2), an axial 
proton signal attached to a carbon bearing a hydroxyl 
group coupled with an adjacent isolated methylene 
group (0=3.84, ddd, /=11 , 7.1, 5.2 Hz, 1-H; 2.70, dd, 
/=7 .1 , 18 Hz, 2a-H; 2.50, dd, /=11 , 18 Hz, 2/3-H). 

6 Ac2Q-AcONa \z 
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Table 2. 13C NMR Chemical Shifts of Ligucyperonol (6) 
and the Related Compounds (6a, 11, 12, 13, and 14) 

c 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
MeQO 
MeCO 

6 

74.4 
42.5 

197.3 
129.5 
161.7 
37.8 
45.2 
26.6 
32.9 
41.4 

148.9 
109.4 
20.6 
10.9 
16.3 

6a 

75.4 
40.1 

195.5 
130.0 
160.4 
37.5 
45.0 
26.4 
32.7 
39.2 

148.7 
109.4 
20.6 
11.0 
17.6 

170.1 
21.0 

11 

37.5 
33.8 

198.7 
128.9 
161.8 
33.0 
46.0 
27.0 
42.0 
35.9 

149.0 
109.2 
20.6 
10.9 
22.6 

12 

156.4 
126.2 
186.2 
129.4 
159.4 
38.0 
46.6 
26.3 
32.9 
40.2 

148.5 
109.6 
20.8 
10.5 
23.6 

13 

154.8 
118.4 
186.8 
127.4 
154.6 
127.2 
153.4 
23.7 
32.5 
37.6 
35.8 
21.6 
21.3 
10.0 
25.2 

14 

37.2 
33.9 

199.0 
126.4 
156.1 
118.3 
155.9 
23.7 
36.5 
33.2 
36.1 
21.1 
21.1 
10.1 
21.5 

Coup l ing constant /—5.2 Hz was exchangeable with 
D2O, and disappeared u p o n acetylation of 6 (<5=5.05, 
dd, /=11 .6 , 6.2 Hz, 1-H). In addi t ion, l igucyperonol 
6 exhibited a CD maxima, Afi245—+11.4 and A£3i7.8= 
—2.5, due to ft—>7z;*17) and n—>7r*18) t ransi t ions, respec­
tively. T h e CD signs suggest that 6 preferentially 
adopts a half-chair conformation wi th a r ight-handed 
helix regarding the transoid enone system. Conse­
quently, the ( lß) -conf igura t ion can be assigned to the 
preferred conformation (cf. 6-A). 

T h e above observation regarding the functional 
groups and a biogenetic consideration caused us to 
postulate a eudesmane-type, with the stereoformulas 6 
and 6-A for l igucyperonol. T h i s p resumpt ion was 
also suppor ted by its 13C N M R data (Table 2). 

In order to confirm this assumpt ion , the chemical 
correlation of 6 to (+)-a-cyperone (11)19> with the 
known stereochemistry was performed by the follow­
ing two routes (Scheme 2). Dehydrated ligucype­
ronol (eudesma-l ,4, l l - t r ien-3-one) (12)20) and its iso­
mer, eudesma-l,4,6-trien-3-one (13), were synthesized 
from both 6 and 11, as shown in Scheme 2: that is, i) 
wi thou t migra t ion of A11'12; and ii) wi th migra t ion of 
A11'12 to A6'7, respectively. 

T h e hydroxyl g roup of 6 was dehydrated wi th 
Ac2Û-AcONa under reflux to afford a dehydro deriva­
tive (12), which showed *H N M R signals due to a 
terminal methylene and a newly introduced double 
bond conjugated with the keto g roup , 6=4.81 (d, 
/ = 1 . 1 Hz, I2-CH2, 6.77 and 6.23 (each d, / = 9 . 9 Hz, 1-
and 2-H). C o m p o u n d 12 was also obtained from (+)-
a-cyperone 11 by dehydrogenat ion with D D Q in 
dioxane. 

Pure (+)-a-cyperone 11 was obtained via its semi-
carbazone (mp 209.0—210.0 °C21>) from the commer­
cial d rug "Ko-bushi" , dried rhizomes of Cyperus 
rotundus of Chinese origin. C o m p o u n d 12 was iso-
merized to eudesma-l,4,6-trien-3-one (13) by st irr ing 

in dilute H2SC>4,22) or by hea t ing wi th Amberlyst 15; it 
showed UVmax 315 n m (e 17400) caused by a crossed 
conjugated tr ienone moiety, and : H N M R signal due 
to a newly observed olefinic p ro ton at ô=6.41 (s, 6-H). 
Similarly, (+)-a-cyperone 11 was subjected to isomeri-
zation with dilute H2S04,16) or wi th Amberlist 15 in 
dry benzene at 70 °C; it afforded j8-cyperone (14),22'23> 
which showed a shifted olefinic proton, ô=6.29 (br s, 
6-H) and an isopropyl signals, 6=1.12 (6H, d, / = 6 . 8 
Hz, 12- and 13-Me). T h e following dehydrogenat ion 
of 14 with D D Q in dry dioxane under reflux gave the 
same c o m p o u n d as the above 13. T h e results of these 
interconversions are consistent wi th those of the 
13C N M R data in Table 2. 

T h u s , l igucyperonol can be represented by stereo-
formulas 6 and 6-A. 

T h e sesquiterpenes, h i ther to found in Ligularia 
species, include a large number of eremophilanes;2~7 ) 

however, little is known about the occurrence of a 
eudesmane-type derivative postulated as a biogenetic 
precursor of eremophilanes in those plants. 

It would therefore be the first example that four 
phenol ic norsesquiterpenes 2—5 and an addi t ional 
eudesmane-type product 6 have been isolated from a 
Ligularia p lant . 

Experimental 

All melting points are uncorrected. The IR, UV, CD, and 
MS spectra were taken with Hitachi 270-30, Cary 118, 
JASCO Model ORD/CD-5, and JEOL JMS-D300 spectro­
photometers, respectively. The XH and 13CNMR spectra 
were recorded with a JEOL FX-90Q (90 MHz and 22.5 MNz) 
spectrometer; the chemical shifts are reported in ô-values 
(with TMS as the internal reference). The optical rotations 
were measured with a Perkin-Elmer 141 Polarimeter. The 
TLC were run on a Kieselgel G (Merck). Centrifugal prep­
arative liquid chromatography was conducted with a Hita­
chi Model CLC-5. The analytical and preparative GLC 
were performed with a Hitachi 163 (0=3 mmX2 m) and 
Varian aerograph Model 90-P (4>=6 mmXl m). 

Isolation of Constituents. The plant rhizomes of Ligula­
ria dentata (A. Gray) Hara were collected at the foot of Mt. 
Goryu in Nagano Prefecture. Fresh rhizomes (30 kg) were 
extracted in the cold with MeOH for 2 weeks. The solvent 
was removed under reduced pressure, and the residue was 
suspended in H2O and then extracted, successively, with 
hexane and ether. Both extracts were washed with a satu­
rated NaHCÛ3 aqueous solution and then with water; they 
were then dried over anhydous Na2SÜ4 and evaporated in 
vacuo, respectively, leaving dark oils [hexane extract (A): 
70.5 g and ether extract (B): 62 g]. 

Extracts A and B were divided in a similar manner into 
the three crude fractions by column chromatography over 
silica gel with benzene (Fr. 1), benzene-AcOEt (20:1) (Fr. 2), 
and benzene-AcOEt (10:1) (Fr. 3), and finally with AcOEt 
(Fr. 4) as eluents. Further purification was achieved by 
GLC and repeated chromatography as follows. 

A small amount (137 mg) of the ether-soluble hydrocar­
bons from Fr. 1 was subjected to vacuum distillation, bp 
116 °C/0.08 mmHg (1 mmHg«133.322 Pa), to afford a color-
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less oil. The main fraction on GLC (FID: PEG-20M, 
column temp 120°C, N2 50 ml min -1 , retention time 8.8 
min; ca. 80% of the total peak areas) was collected by 
preparative GLC (TCD: column temp 120 °C, H2 80 
ml min - 1 , retention time 13 min) to afford caryophillene (1) 
(0.85% yield based on the crude extract). This was identical 
with the authentic sample by a comparison of the IR and 
XH NMR spectra with GLC analysis. The other hydrocar­
bons were not further investigated. 

Fr. 2-A (4.64 g) was chromatographed on silica gel (200 g) 
with hexane-ether (50:1) and gave a pale-yellow oil (331 
mg, 4.7% based on the crude extract A), which was positive 
to diazotized sulfanilic acid and purified by preparative 
TLC (hexane-ether 5:1) to furnish ligudentatol (2) (150 mg; 
Rt 0.56,benzene). 

Repeated chromatography of Fr. 3-A (14.6 g) and Fr. 2-B 
(4.74 g) on silica gel (hexane-ether 25:1) afforded liguhodg-
sonal (3) as amorphous solid [146 mg (A) and 87 mg (B); R{ 

0.77, benzene-AcOEt 15:1]. A further elution of Fr. 3-A 
and repeated chromatography of Fr. 3-B (7.53 g) with hex­
ane-ether (7:1) gave pale-yellow crystalls, 346 mg (A) and 
402 mg (B), respectively, (total content: 0.56%), which were 
purified by recrystallization to afford ligujapone (4) (TLC: 
Rt 0.65, benzene-AcOEt 5:1). Further elution of the above 
chromatography with hexane-ether (5:1) gave pale greenish 
crystalls, 12.3 mg (A) and 224 mg (B), which were purified by 
recrystallization to furnish 2-hydroxyplatyphillide (5) 
(TLC: Rr 0.45, benzene-AcOEt 5:1). 

Fr. 4-A (7.63 g) was chromatographed on silica gel (350 g) 
with hexane-ether (3:1) afforded ligucyperonol (6) (119 mg) 
(TLC: R{ 0.25, benzene-AcOEt 5:1). 

The acetylation and methylation were performed with 
acetic anhydride-pyridine, and methyl iodide-K2C03 in ace­
tone or CH2N2-ether solution in the usual manner, 
respectively. 

Ligudentatol (2). Colorless oil, [a]2
D

2+82.4° (c 0.80, 
CHCI3); UV (MeOH) 280 (e 9700), 220sh nm (9000); IR 
(CHCI3) 3600, 3330, 1645, 1600, 895 cm-1; *H NMR (CDCI3) 
0=6.82 (d, /=8.4 Hz, 1-H), 6.57 (d, 7=8.4 Hz, 2-H), 4.78 (br s, 
I2-CH2), 4.55 (s, OH), 2.12 (s, 14-Me), 1.82 (t, 7=1.1 Hz, 13-
Me); 13C NMR (Table 1). 

Found: m/z 202.1347. Calcd for Ci4Hi80: M, 202.1353. 
2a: Colorless oil, [a]2

D
2+61.0° (c 0.59, CHCI3); UV 

(MeOH) 265 nm (e 600); IR (neat) 1765, 1645, 1640sh, 1600, 
885 cm"1; *H NMR (CDCI3) <5=6.96 (d, 7=8.4 Hz, 1-H), 6.76 
(d, 7=8.4 Hz, 2-H), 4.79 (m, 12-CH2), 2.31 (s, OAc), 2.02 (s, 
14-Me), 1.81 (t, 7=1.1 Hz, 13-Me); 13CMMR (Table 1); TLC: 
Rt 0.39 (hexane-ether 10:1). 

Found: m/z 244.1457. Calcd for Ci6H2o02: M, 244.1458. 
2b: Colorless oil; [a]2

D
2 +42° (c 0.25, CHCI3); IR (CHCI3) 

1645, 1600, 895 cm"1; *H NMR (CDCI3) «5=6.92 (d, 7=8.4 Hz, 
1-H), 6.68 (d, 7=8.4 Hz, 2-H), 4.78 (br s, 12-CH2), 3.80 (s, 
OMe), 2.11 (s, 14-Me), 1.82 (t, 7=1.1 Hz, 13-Me); TLC: Rt 

0.26 (hexane). 
Iiguhodgsonal (3): Colorless amorphous solid, [ajf2 

+108° (c 0.85, CHCI3); UV (MeOH): 330 (e 3600), 263 (9300), 
225 nm (16000); IR (CHCI3) 3580, 3320, 2730, 1690, 1650, 
1615, 1595, 895 cm"1; *HNMR (CDCI3) ô=10.25 (s, 14-H), 
7.16 (d, 7=2.7 Hz, 3-H), 6.86 (d, 7=2.7 Hz, 1-H), 5.66 (s, OH), 
4.78 (br d, 7=0.8 Hz, 12-CH2), 3.43 (dd, 7=11.0, 3.9 Hz, 6a-
H), 1.82 (br s, 13-Me); 13C NMR (CDGI3) 6=121.9 (1-C), 153.7 
(2-C), 115.8 (3-C), 134.8 (4-C), 131.7 (5-C), 30.0 (6-C), 41.5 (7-
C), 27.2 (8-C), 30.8 (9-C), 139.8 (10-C), 148.9 (11-C), 109.7 (12-

C), 20.8 (13-C), 192.6 (14-C). 
Found: m/z 216.1151. Calcd for C14H16O2: M, 216.1146. 
3a: Colorless oil, [a]2

D
3+87.7° (c 0.52, CHCI3); UV 

(MeOH) 255 (e 9300), 306 nm (2200); IR (neat) 1770, 1695, 
1650, 1605, 1590, 890 cm"1; XH NMR (CDCI3) ô=10.24 (s, 14-
H), 7.37 (d, 7=2.4 Hz, 3-H), 7.06 (d, 7=2.4 Hz, 1-H), 4.80 (m, 
I2-CH2), 2.31 (s, OAc), 1.83 (br s, 13-Me); 13CNMR (CDCI3) 
0=127.5 (1-C), 148.5 (2-C), 122.8 (3-C), 134.9 (4-C), 136.8 (5-
C), 31.4 (6-C), 41.2 (7-C), 26.9 (8-C), 29.9 (9-C), 139.8 (10-C), 
148.7 (11-C), 109.8 (12-C), 21.0 (13-C), 191.6 (14-C), 169.3 
(CH3ÇO), 20.7 (ÇH3CO); TLC: Rf 0.87 (benzene-AcOEt 
5:1). 

Found: m/z 258.1261. Calcd for Ci6Hi803: M, 258.1251. 
3b: Colorless oil, [a]g +101.3° (c 0.46, CHCI3); IR 

(CHCI3) 1690, 1650, 1610, 1580, 895 cm"1; *HNMR (CDCI3) 
0=10.28 (s, 14-H), 7.20 (d, 7=3 Hz, 3-H), 6.88 (d, 7=3 Hz, 1-
H), 4.80 (m, I2-CH2), 3.83 (s, OMe), 1.82 (s, 13-Me); 
13CNMR 0=120.7 (1-C), 157.4 (2-C), 113.7 (3-C), 139.5 (4-C), 
131.6 (5-C), 30.0 (6-C), 41.4 (7-C), 27.1 (8-C), 30.7 (9-C), 139.9 
(10-C), 149.0 (11-C), 109.5 (12-C), 20.7 (13-C), 192.2 (14-C), 
55.4 (OCH3); TLC: R{ 0.63 (benzene). 

Found: m/z 230.1296. Calcd for Ci5Hi802: M, 230.1302. 
Ligujapone (4): Mp 178—179 °C, colorless needles (from 

diisopropyl ether); [a]2
D

2+6.8° (c 0.71, CHCI3); UV (MeOH) 
232 (e 16900), 288 nm (18100); CD (c 7.36X10"4, MeOH) [0]3i3 
+9270; IR (CHCI3) 3580, 3270, 1665, 1600sh, 1585, 900 cm"1; 
*HNMR (CDCI3) 6=7.88 (d, 7=8.6 Hz, 1-H), 6.79 (d, 
7=8.6Hz, 2-H), 6.55 (s, OH), 4.85 (m, 12-CH2), 2.21 (s, 14-
Me), 1.83 (m, 13-Me); 13CNMR (Table 1). 

Found: C, 77.71; H, 7.48%. Calcd for Ci4Hi602: C, 77.75; 
H, 7.46%. 

4a: Colorless oil; [a]% +10.4° (c 0.78, CHCI3); UV 
(MeOH) 256 (e 18000), 290 nm (2700); CIMS m/z 259 (MH+ 
base peak); IR (CHCI3) 1765, 1685, 1650, 1600, 1590, 900 cm"1; 
*HNMR (CDCI3) 6=7.96 (d, 7=8.6 Hz, 1-H), 7.00 (d, 7=8.6 
Hz, 2-H), 4.87 (m, 12-CH2), 2.35 (s, OAc), 2.13 (s, 14-Me), 
1.83 (t, 7=0.9 Hz, 13-Me); 13CNMR (Table 1); TLC: R{ 0.53 
(benzene-AcOEt20:l).. 

4b: Mp 66.0—67.0°C, colorless needles (from hexane); 
[a]?2+4.8° (c 0.48, CHCI3); UV (MeOH) 229 (e 18600), 282 
nm (18200); CD (c 4.78X10"5, MeOH) [0]32o+6OOO; EIMS: ml 
z 230 (M+), 188 (M+-42, base peak); IR (CHCI3) 1665, 1590, 
895 cm-1; *H NMR (CDCI3) <5=7.96 (d, 7=8.8 Hz, 1-H), 6.82 
(d, 7=8.8 Hz, 2-H), 4.84 (m, 12-CH2), 3.88 (s, OMe), 2.17 (s, 
14-Me), 1.83 (t, 7=1.3 Hz, 13-Me); 13CNMR (Table 1); TLC: 
Ri 0.59 (benzene-AcOEt 20:1). 

Found: C, 78.23; H, 7.92%. Calcd for G5H18O2: C,78.23; 
H, 7.88%. 

2-Hydroxyplatyphyllide (5): Mp 214.0—216.0 °C (decomp), 
colorless prisms (from AcOEt); [a]$-66.5° (c 0.43, MeOH); 
UV (MeOH) 239 sh (e 6600), 313 nm (4900); EIMS: m/z 230 
(M+), 162 (base peak); IR (KBr) 3280, 1735, 1645, 1625, 
1610sh, 895 cm"1; XHNMR (methanol-^) 6=6.95 (d, 7=2.0 
Hz, 3-H), 6.91 (dd, 7=2.0, 1.1 Hz, 1-H), 5.26 (d, 7=9.4 Hz, 6-
H), 4.94 (m, I2-CH2), 1.87 (t, 7=1.1 Hz, 13-Me); 13CNMR 
(acetone-de) 6=119.4 (1-C), 153.2 (2-C), 103.9 (3-C), 133.9 (4-
C), 127.9 (5-C), 88.0 (6-C), 55.0 (7-C), 34.8 (8-C), 35.8 (9-C), 
143.4 (10-C), 148.7 (11-C), 115.9 (12-C), 28.0 (13-C), 167.5 (14-
C). 

Found: C, 72.95; H, 6.12%. Calcd for G4H14O3: Q73.02; 
H, 6.13%. 

5a: Mp 105.0—106.0 °C, colorless needles (from hexane); 
[a]2

D
2-44° (c 1.01 CHCI3); UV (MeOH) 231.5 (e 7700), 292 nm 



August, 1990] Sesquiterpenes from Ligularia dentata Hara 2243 

(2600); E1MS m/z 272 (M+), 230, 162 (base peak); IR (KBr) 
1765, 1760, 1650, 1635, 890 cm"1; *HNMR (CDCla) 6=7.36 
(m, 3-H), 7.14 (m, 1-H), 5.26 (d, /=10.1 Hz, 6-H), 4.97 (m, 12-
CH2), 2.32 (s, OAc), 1.88 (t, /=1.1 Hz, 13-Me); 13CNMR 
(CDCla) 6=125.8 (1-C), 152.2 (2-C), 116.1 (3-C), 135.1 (4-C), 
126.0 (5-C), 80.3 (6-C), 46.3 (7-C), 26.0 (8-C), 26.7 (9-C), 143.9 
(10-C), 146.2 (11-C), 112.5 (12-C), 20.6 (13-C), 169.2 (14-C), 
169.2 (CH3ÇO), 21.0 (ÇH3CO); TLC: Rt 0.72 (benzene-
AcOEt5: l ) . 

5b: Mp 92.0—93.0 °C, colorless leaflets (from hexane) 
[a]ï?-50.4° (c 0.96, CHCI3); UV (MeOH) 243 (e 4200), 308 
nm (3500); EIMS m/z 244 (M+), 176 (base peak); IR (CHCI3) 
1755, 1640, 1630, 1605, 895 cm"1; *HNMR (CDCI3) 6=7.09 
(m, 3-H), 6.95 (m, 1-H), 5.16 (d, /=9.6 Hz, 6-H), 4.95 (m, 12-
CH2), 3.84 (s, OMe), 1.87 (t, /=1.1 Hz, 13-Me); ^CNMR 
(CDCI3) 0=120.0 (1-C), 161.8 (2-C), 105.8 (3-C), 134.9 (4-C), 
125.8 (5-C), 80.3 (6-C), 46.6 (7-C), 26.1 (8-C), 26.9 (9-C), 141.7 
(10-C), 112.2 (12-C), 20.7 (13-C), 170.1 (14-C), 55.9 (OCH3); 
TLC: Rr 0.58 (benzene-AcOEt 20:1). 

Found: C, 73.85; H, 6.63%. Calcd for Ci5Hi603: C, 73.75; 
H, 6.60%. 

Ligucyperonol (6): Mp 123.5—124.5 °C, colorless needles 
(from diisopropyl ether-hexane); [a]%+85° (c 1.10, CHCI3); 
UV (MeOH) 249 nm (e 19200); CD (c 2.98X10"4, MeOH, 
25 °C) [0]245+376OO, [0]3i7.8-83OO; EIMS m/z 234 (M+), 216, 
191, 190, 147 (base peak); IR (CHCI3) 3600, 3420,1660, 1610, 
895 cm"1; *H NMR (CDCI3) «5=4.78 (d, /=1.1 Hz, 12-CH2), 
3.83 (ddd, /=11 , 7.1, 5.2 Hz, 1-H), 2.70 (dd, /=7 .1 , 18 Hz, 2a-
H), 2.50 (dd, /=11 , 18 Hz, 2j8-H), 1.78 (s, 14-Me), 1.77 (d, 
7=1.1 Hz, 13-Me), 1.18 (s, 15-Me); ^CNMR (Table 2); TLC: 
Rt 0.25 (benzene-AcOEt 5:1). 

Found: C, 76.78; H, 9.37%. Calcd for G5H22O2: C,76.88; 
H, 9.46%. 

6a: Colorless oil; [a]% +23° (c 0.81, CHCI3); UV (MeOH) 
248 nm (e 21000); IR (CHCI3) 1745, 1670, 1610, 895 cm-1; 
*HNMR (CDCI3) 6=5.05 (dd, 7=11.6, 6.2 Hz, 1-H), 4.79 and 
4.78 (each d, 7=1.1 Hz, 12-CH2), 2.77 (dd, 7=6.2, 17 Hz, 2a-
H), 2.56 (dd, 7=H.6, 17 Hz, 2j8-H), 2.08 (s, OAc), 1.78 (s, 14-
Me), 1.77 (d, 7=1.1 Hz, 13-Me), 1.24 (s, 15-Me); 13CNMR 
(Table 2); TLC: Rt 0.72 (benzene-AcOEt 5:1). 

Found: m/z 276.1685. Calcd for G7H24O3: M, 276.1719. 
3-O-Methyldihydroligudentatol 8b from 3-O-Methyl-

ligujapone 4b. a) To a mixture of 4b (50 mg) and 1,2-
ethanedithiol (0.5 ml), BF3-etherate (0.5 ml) was added with 
ice cooling at 0°C and under stirring. The mixture was 
kept at room temperature for 3.5 h, diluted with MeOH (2 
ml) and concentrated under reduced pressure. The result­
ing pale-yellow oil was chromatographed over silica gel (20 
g, hexane-ether 5:1) to afford a thioacetal (7) (55 mg, 82%); 
[a]% +55° (c 1.72, CHCI3); IR (CHCI3) 1600, 1585 cm"1; 
*HNMR (CDCI3) 6=7.84 (d, 7=8.8 Hz, 1-H), 6.77 (d, 7=8.8 
Hz, 2-H), 3.80 (s, OMe), 3.51 (m, acetal CH2), 2.81 (m, acetal 
CH2), 2.10 (s, 14-Me), 1.43 (s, 12-Me), 1.32 (s, 13-Me); TLC: 
R{ 0.61 (hexane-ether 5:1). 

Found: m/z 400.1016. Calcd for G9H28OS4: M, 400.1013. 
b) The thioacetal 7 (40 mg) was heated under reflux with 

Raney Ni (2.5 g) in EtOH (30 ml) for 6 h. The combined 
filtrates were evaporated in vacuo to give a colorless oil (20 
mg) which was purified by preparative TLC (elution with 
hexane, 4 times) to give 3-O-methyldihydroligudentatol (8b) 
(13 mg, 58%). 

8b: Colorless oil, [aft2+67° (c 1.25, CHCI3); IR (CHCI3) 
1600, 1570 cm"1; *H NMR (CDCI3) 0=6.91 (br d, 7=8.5 Hz, 1-

H), 6.66 (d, 7=8.5 Hz, 2-H), 3.79 (5, OMe), 2.12 (s, 14-Me), 
0.97 and 0.96 (each d, 7=6.4 Hz, 12- and 13-Me); 13CNMR 
(Table 1); TLC: Rt 0.37 (hexane). 

Found: m/z 218.1656. Calcd for C15H22O: M, 218.1665. 
Hydrogénation of 3-O-Methylligudentatol 2b. A solu­

tion of 2b (6 mg) in EtOH (0.2 ml) was hydrogenated at 
room temperature and under atmospheric pressure in the 
presence of Adams' catalyst (3 mg) for 40 min to quantita­
tively afford 3-O-methyldihydroligudentatol (8b) (6 mg) as a 
colorless oil; [a]% +67° (c 0.25, CHCI3). This was found to 
be identical in all respects ([a]D, IR, and 1H NMR) with 8b 
converted from 3-O-methylligujapone 4b (described above). 

Hydrogénation of Ligujapone 4. a) A solution of 4 (40 
mg) in acetic acid (2 ml) was hydrogenated with 5% Pd-C 
(40 mg) for 16 h. The filtrate was evaporated in vacuo and 
the residual pale-yellow oil chromatographed on silica gel 
(10 g) to furnish dihydroligudentatol (8) as a colorless oil 
(37.6 mg, 92%); [a]g+71.6° (c 0.19, CHCI3); UV (MeOH) 281 
nm (£ 3500); IR (neat 3400, 1600, 1490, 820 cm"1; *H NMR 
(CDCI3) 6=6.82 (d, 7=8.3 Hz, 2-H), 6.57 (d, 7=8.3 Hz, 1-H), 
4.50 (s, OH), 2.13 (s, 14-Me), 0.98 (d, 7=5.5 Hz, 12-Me), 0.97 
(d, 7=6.4 Hz, 13-Me); 13CNMR (Table 1). 

Acetylation of 8 (11.9 mg) was carried out in the usual 
manner with AC2O (0.5 ml) and pyridine (0.25 ml) to give 
(8a) (10.7 mg, 77%). 

8a: Colorless oil, [a]g +45° (c 0.10, CHCI3); UV (hexane) 
228 (£ 1700), 256.5 (400), 265.3 (300), 275.0 nm (400); IR (neat) 
1770, 1600, 1220, 825 cm"1; *HNMR (CDCI3) 6=6.95 (d, 
7=8.9 Hz, 2-H), 6.75 (d, 7=8.9 Hz, 1-H), 2.32 (s, OAc), 2.03 (s, 
14-Me), 0.98 (d, 7=5.3 Hz, 12- and 13-Me); 13C NMR (Table 1). 

Found: m/z 246.1625. Calcd for C16H22O2: M, 246.1614. 
b): A soin of 4 (60.3 mg) in EtOH (1 ml) was hydrogen­

ated with 5% Pd-C for 1.5 h. The filtrate was evaporated in 
vacuo to afford a semicrystalline product, which was crystal­
lized from diisopropyl ether to give dihydroligujapone (10) 
as colorless prisms, mp 176.0—177.0 °C, [a]g+21.3° (c 0.16, 
CHCI3); UV (MeOH) 231 (e 18000), 286 nm (20000); IR (KBr) 
3150, 1650, 1580, 1290, 840 cm"1; CD (c 3.93X10"4, MeOH, 
22 °C) [0]3i6+657O; XH NMR (CDCI3) ô=7.86 (d, 7=8.6 Hz, 1-
H), 6.73 (d, 7=8.6 Hz, 2-H), 5.74 (d, 7=2.0 Hz, OH), 2.21 (s, 
14-Me), 1.00 (d, 7=7.7 Hz, 12- and 13-Me). 

Found: m/z 218.1336. Calcd for Ci4Hi802: M, 218.1302. 
Hydrogénation of Ligudentatol Acetate 2a. A soin of 2a 

(40 mg) in EtOH (0.5 ml) was hydrogenated with Adams' 
catalyst (16 mg) for 2.5 h. The filtrate was evaporated in 
vacuo to afford dihydroligudentatol acetate (8a) as a color­
less oil (26 mg, 89%). This sample was found to be identi­
cal in all respects ([«]D, IR, and XHNMR) with 8a trans­
formed from ligujapone 4 by hydrogénation and acetylation 
(described above). 

Dehydration of Ligucyperonol 6. A mixture of 6 ( 16 mg) 
and AcONa (56 mg) in AC2O (1 ml) was refluxed for 11 h. 
The reaction mixture was decomposed with ice-water and 
then extracted with ether. Working-up as usual gave a 
pale-yellow oil (15 mg), which was purified by preparative 
TLC (benzene-AcOEt 30:1) to afford eudesma-l,4,ll-trien-
3-one(12)(14mg, 95%). 

12: Colorless oil, [a]g -149° (c 0.52, CHCI3); UV (MeOH) 
240 (e 11000), 265.5 nm (7700); IR (neat) 1660, 1625, 1610 cm"1 

(«^-unsaturated CO); XHNMR (CDCI3) ô=6.77 (d, 7=9.9 
Hz, 1-H), 6.23 (d, 7=9.9 Hz, 2-H), 4.81 (d, 7=1.1 Hz, 12-CH2), 
1.92 (d, 7=1.1 Hz, 14-Me), 1.80 (t, 7=1.1 Hz, 13-Me), 1.25 (s, 
15-Me); 13CNMR (Table 2); TLC: Rt 0.31 (benzene-AcOEt 
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30:1). 
Found: m/z 216.1513. Calcd for G5H20O: M, 216.1509. 
Eudesma-l,4,ll-trien-3-one 12 from (+)-a-Cyperone 11. 

a) Isolation of (+)-a-Cyperone 11: The commercial drug 
"Ko-bushi", the dried rizomes (5 kg) of Cyperus rotundus 
Linne of the Chinese origin, were powdered and extracted 
with ether at room temperature for 3 days. Removal of the 
solvent afforded a dark oil (50.6 g). The crude extract (6.7 
g) was steam-distilled to give a light-brown oil (2.03 g), 
which was subjected to centrifugal chromatography (silica 
gel KT-2061, 100 g; hexane-ether 50:1) to furnish a pale-
yellow oil (387 mg), including (+)-a-cyperone (11) as the 
main component (5.8% based on the crude extract). The 
above oil (2.57 g) was treated with semicarbazide acetate and 
the resulting solid was recrystallized from EtOH to afford 
(H-)-a-cyperone semicarbazone (1.325 g) as colorless prisms; 
mp 209.0—210.0 °C. Pure (+)-a-cyperone (11) was obtained 
from the above semicarbazone by steam distillation with 
saturated aqueous oxalic acid, followed by redistillation, bp 
120—125 °C (bath temp)/0.1 mmHg (ca. 13.3 pa), and prep­
arative GLC: Thermon 1000, column temperature 170°C, 
H2-flow rate 80 ml min - 1 , retention time 12.6 min; 
[a]%+l 19° (c 1.32, CHCI3); UV (MeOH) 250 (e 8400), 299 nm 
(1450); IR (neat) 1660, 900 cm"1; *H NMR (CDCI3) <5=4.78 (d, 
/=1.1 Hz, I2-CH2), 1.78 (t, 7=1.1 Hz, 13-Me), 1.78 (s, 14-Me), 
1.22 (s, 15-Me); 13CNMR (Table 2). 

Found: m/z 218.1690. Calcd for G5H22O: M, 218.1665. 
b) Dehydrogenation of (+)-a-Cyperone 11 with DDQ. 

A solution of 11 (399 mg) and DDQ (827 mg) in dry dioxane 
(30 ml) was refluxed for 20 h. After filtration and concen­
tration of the filtrate, the residual oil was diluted with ether, 
then washed with aqueous 1% NaOH and water. Working-
up the dried solution in the usual manner gave a brown oil 
(338 mg), which was chromatographed on silica gel (67 g) 
and eluted with benzene-AcOEt (100:1) to give dehydro-
ligucyperonol (eudesma-l,4,ll-trien-3-one) (12), as a pale-
yellow oil (237 mg, 60%). Pure 12, a colorless oil, 
[a]g—167° (c 0.27, CHCI3), was obtained by preparative 
GLC: Thermon 1000, column temperature 170°C, H2-flow 
rate 100 ml min - 1 , retention time 13.2 min; analytical GLC: 
Thermon 1000, column temperature 180 °C, N2-flow rate 50 
ml min - 1 , retention time 18.0 min. This sample was iden­
tical in all respects with 12 prepared by the dehydration of 6 
(described above). 

Preparation of Eudesma-l,4,6-trien-3-one 13. (A) By Iso-
merization of Eudesma-l,4,ll-trien-3-one 12: a) A mix­
ture of 12 (39 mg) in aqueous 50% H2SO4 (1 ml) was stirred at 
35 °C for 2 h. Dilution with water, extraction with ether, 
and working up as usual gave a crude oil (25 mg), which was 
purified by preparative TLC (Rt 0.23, benzene-AcOEt 10:1) 
to afford eudesma-l,4,6-trien-3-one (13) (9 mg, 23%). 

13: Colorless oil, [a]?2+321° (c 0.40, CHCI3); UV 
(MeOH) 228 (e 17800), 315 nm (17400); IR (neat) 1650, 1605"1; 
*HNMR (CDCI3) 6=6.73 (d, 7=9.7 Hz, 1-H), 6.41 (s, 6-H), 
6.23 (d, 7=9.7 Hz, 2-H), 1.13 (each d, 7=6.8 Hz, 12- and 13-
Me); 13C NMR (Table 2). 

Found: m/z 216.1515. Calcd for C15H20O: M, 216.1509. 
b) A mixture of 12 (47 mg) and Amberlist 15 (47 mg) in 

dry benzene (0.6 ml) was heated at 70 °C for 2 h. Filtration 
and removal of the solvent left a yellow oil (39 mg), which 
was subjected to preparative TLC (Rt 0.20, benzene-AcOEt 
15 :1) to give 13, as a colorless oil (22 mg, 56.5%). This was 
identical in all respects with the above 13. 

(B) Isomerization and Dehydrogenation of (+)-(*-Cyperone 
11: a-i) A mixture of 11 (81.9 mg) in aqueous 50% H2SO4 (2 
ml) was stirred at 0°C for 10 h. Working-up as usual 
afforded an oil (83 mg), which was purified by preparative 
TLC (R{ 0.72, benzene-AcOEt 3:1), gave 0-cyperone (14) as 
a colorless oil (56 mg, 67.5%). 

a-ii) A mixture of 11 (93 mg) in dry benzene (0.6 ml) and 
Amberlist 15 (93 mg) was heated at 70 °C for 1.5 h. Filtra­
tion and removal of the solvent afforded ß-cyperone (14) as a 
pale-yellow oil (88 mg, 95%), which was purified in a similar 
manner as above to afford a colorless oil; [a]g>+232° (c 0.505, 
CHCI3); UV 299.5 nm (e 7000); IR (neat) 1650, 1610 cm"1; 
*HNMR (CDCI3) 6=6.29 (br s, 6-H), 1.83 (s, 14-Me), 1.12 
(each d, 7=6.8 Hz, 12- and 13-Me), 1.09 (s, 15-Me); "CNMR 
(Table 2). 

Found: C, 82.30; H, 10.25%. Calcd for C19H22O: C, 82.51; 
H, 10.16%. 

b) A solution of /3-cyperone 14 (12.6 mg) in dry dioxane 
(1.5 ml) and DDQ (26.2 mg) was refluxed for 20 h. After 
filtration and concentration of the solution, the residue was 
diluted with ether, then washed with aqueous 1% NaOH and 
water. Working up as usual gave a brown oil (13.2 mg), 
which was purified by preparative TLC (R{ 0.20, benzene-
AcOEt 20:1 ) to furnish a colorless oil (3.2 mg, 25.4%). This 
product was identical in all repects (TLC, IR, and XH NMR) 
with the substance 13 prepared by method (A) (described 
above). 

References 

1) K. Naya, M. Fujiwara, T. Okayama, and S. Kurio, 
30th Symposium on the Chemistry of Terpenes, Essential 
Oils, and Aromatics, Hiroshima, Sept. 1986, Symposium 
Papers, p. 152. 

2) F. Patil, G. Ourisson, Y. Tanahashi, M. Wada, and T. 
Takahashi, Bull. Soc. Chim. France, 1968, 1047; Y. Tanahashi, 
Y. Ishizuka, and T. Takahashi, Tetrahedron Lett., 1968, 
3739; Y. Moriyama, T. Sato, H. Nagano, Y. Tanahashi, and 
T. Takahashi, Chem. Lett, 1972, 637; H. Nagano and T. 
Takahashi, Bull. Chem. Soc. ]pn., 45, 1935 (1973); M. Tada, 
Y. Moriyama, Y. Tanahashi, and T. Takahashi, Tetrahe­
dron Lett., 1972, 5251; H. Nagano, Y. Tanahashi, Y. 
Moriyama, and T. Takahashi, Bull. Chem. Soc. Jpn., 46, 
2840 (1973); M. Tada, Y. Moriyama, Y. Tanahashi, and T. 
Takahashi, ibid., 47, 1999 (1974); H. Nagano and T. 
Takahashi, ibid., 51, 3335 (1978); Y. Ishizuka, Y. Tanahashi, 
T. Tsuyuki, T. Takahashi, and K. Tori, ibid., 52, 1182 
(1979) 

3) F. Bohlmann, D. Ehlers, C. Zdero, and M. Grenz, 
Chem.Ber., 110,2640(1977). 

4) F. Bohlmann and K. H. Knoll, Phytochemistry, 18, 
877(1979) 

5) F. Bohlmann and C. Zdero, Phytochemistry, 19, 1550 
(1980) 

6) F. Bohlmann and U. Fritz, Phytochemistry, 19, 2471 
(1980) 

7) H. Ishii, T. Tozyo, and H. Minata, Tetrahedron, 21, 
2065 (1965); H. Ishii, T. Tozyo, and H. Minato, J. Chem. 
Soc. C, 1966, 1545; H. Ishii, T. Tozyo, M. Nakamura, and H. 
Minato, Tetrahedron, 26, 2911 (1970); T. Kurihara and S. 
Suzuki, Yakugaku Zasshi, 97, 863 (1977); ibid., 98, 1441 
(1978). 

8) "Spectral Atlas of Terpenes and the Related Com-



August, 1990] Sesquiterpenes from Ligularia dentata Hara 2245 

pounds," ed by Y. Yukawa and S. Ito, Hirokawa, Tokyo 
(1973), p. 38. 

9) L. M. Jackman and S. Sternhell, "Applications of 
Nuclear Magnetic Resonance Spectroscopy in Organic 
Chemistry," 2nd ed, Pergamon, London (1969), p. 202. 

10) M. Christi, H. J. Reich, and J. D. Roberts, / . Am. 
Chem. Soc, 93, 3463(1971). 

11) D. E. Dorman, M. Jautelat, and J. D. Roberts, / . Org. 
Chem., 36, 2757(1971). 

12) F. J. Weigert and J. D. Roberts, / . Am. Chem. Soc, 92, 
1347(1970). 
13) E. Breitmair and W. Voelter, "Carbon-13 NMR Spec­

troscopy," 3rd ed, VCH Verlag., Weinheim (1987), p. 54. 
14) J. Barry, H. B. Kagan, and G. Snatzke, Tetrahedron, 

27,4737(1971). 
15) D. L. Roberts, Phytochemistry, 11, 2077 (1972): A 

formula "1-keto-a-cyperone" was assigned to a compound 

isolated from tobacco and the structure 6 was also given to 
its reduction product with Zn dust-AcOH. Later, the 
structure was revised to "1-keto-a-cyperone" in Ref. 16. 

16) A. Murai, M. Ono, A. Abiko, and T. Masamune, 
Chem. Lett., 1978, 1005. 

17) C. Djerassi, R. Records, E. Bunnenberg, K. Mislow, 
and A. Mocowitz, / . Am. Chem. Soc, 84, 870 (1962). 

18) G. Snatzke, Tetrahedron, 21, 413, 421, 439 (1965). 
19) R. Howe and F. J. McQuillin, / . Chem. Soc, 1955, 

2423. 
20) A. Sannai, T. Fujimori, and K. Kato, Phytochemisty, 

21,2986(1982). 
21) H. Hikino, K. Aota, and T. Takemoto, Chem. Pharm. 

Bull, 14,894(1966). 
22) F. J. McQuillin, / . Chem. Soc, 1955, 528. 
23) D. H. R. Barton and E. Tarlton, / . Chem. Soc, 1954, 

3492. 



2246 © 1990 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 63, 2246—2251 (1990) [Vol. 63, No. 8 

An Ab Initio Molecular Orbital Study on the Ene Reaction 
of Methyl Acrylate with Propene 

Tadafumi UCHIMARU,* Seiji TSUZUKI, Kazutoshi TANABE, and Yujiro HAYASHI+ 
National Chemical Laboratory for Industry, Agency of Industrial Science and Technology, 

MITI, Tsukuba Science City 305 
tDepartment of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 

(Received February 9, 1990) 

The exo and endo transition structures for the ene reaction of methyl acrylate with propene have been 
located with RHF calculations at the 3-21G and 6-31G levels. Energetics have been evaluated with the 6-3IG* 
basis set and MP2 correlation energy correction. The transition-state geometries and the calculated energetics 
have been compared with those for the parent ene reaction between ethylene and propene. The exo and endo 
transition structures resemble rather closely that for the parent ene reaction. Reasonable substituent effects are 
indicated on activation energies and extents of electron transfer in the transition states. According to the 
calculated overlap populations, the transition structures for methyl acrylate ene reaction have less asynchronous 
character in the bond reorganization as compared with the parent ene reaction. The relatively small stability 
difference between exo and endo transition structures suggests that intrinsic exo/endo selectivity in the ene 
reactions is not so obvious as in the Diels-Alder reactions. 

The ene reactions are increasingly powerful tools in 
the organic synthesis.1-3) While some thermal ene 
reactions clearly proceed through a stepwise process 
with a diradical intermediate, it has been observed that 
a concerted mechanism is generally preferred.4'5) 
Recently, Loncharich and Houk6) have reported ab 
initio calculations for the parent ene reaction between 
propene and ethylene. The transition-state geome­
tries for a concerted pathway have been located with 
RHF calculations at the STO-3G and 3-21G levels. 
The calculated geometries are useful for understand­
ing and predicting some stereochemical aspects of the 
ene reactions. From the standpoint of practical util­
ity, however, the ene reactions of enophiles activated 
with an electron-withdrawing substituent are of great 
interest. It is quite conceivable that the introduction 
of an electron-withdrawing substituent on an eno-
phile alters significantly the transition-state geometry. 
We report here the ab initio calculations on the ene 
reaction of an activated enophile. 

The most common electron-withdrawing substitu­
ent used for enophile activation is alkoxycarbonyl. 
We have therefore carried out model calculations on 
the ene reaction of methyl acrylate with propene. 
The recent ab initio1 ^ and experimental7) studies on 
thermal Diels-Alder reactions have revealed that acry­
lates have an s-cis conformation in the transition state. 
The most likely cause for the preference for the s-cis 
conformation in Diels-Alder transition states origi­
nates from the greater electrophilicity of the s-cis 
conformation due to narrower frontier molecular 
orbital energy gaps than for the s-trans conformer.8) 
The preference for the s-cis conformation in the tran­
sition state parallels the ground-state conformational 
preference observed for the isolated acrylates. In the 
ground state, the s-cis conformer of methyl acrylate 
has been calculated to be more stable than the s-trans 
conformer by 0.7 kcal mol"1 at the RHF/6-31GV/3-

21G level.9) This estimate is in good agreement with 
the experimental results in the vapor phase.10) In this 
context, we have attempted to search for the exo and 
endo cisoid transition states. 

Computational Details 

The ab initio calculations were carried out with the 
GAUSSIAN 86 program.11) The potential energy 
surface was explored with MND012) and AM113) 

methods. Transition-state geometry optimizations 
were carried out starting from the flat region of the 
MNDO potential energy surface. The transition 
structures were fully optimized without any constraint 
by analytical energy gradient techniques14) at the RHF 
level of theory. The standard split-valence 3-21 G15) 

and 6-31G16) basis sets were utilized in the geometry 
optimizations. The authenticity of the transition 
structures was ensured by vibrational frequency calcu­
lations. Single-point calculations were then carried 
out with the 6-31G*17> basis set at RHF and MP2 levels 
on the 6-31G optimized geometries for relative energy 
estimation. And furthermore, in order to make a 
comparison between the parent and methyl acrylate 
ene reactions, the calculations at the same computa­
tional levels were performed for the parent ene reac­
tion. Starting from the 3-21G geometry presented by 
Loncharich and Houk,6) the transition-state geometry 
for the parent ene reaction was optimized at the 6-31G 
level and then single-point calculation was carried out 
with the 6-3 IG* basis set. 

Results and Discussion 

Energetics: The calculated energetics are given in 
Table 1. In ene reactions, it is generally observed 
that electron-withdrawing substituents on the eno­
phile lower the activation energies. For example, the 
experimental activation energy for the ene reaction of 
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Table 1. Energetics of the Ene Reaction of Methyl Acrylate with Propenea) 

2247 

Computational level 

RHF/3-21G 
RHF/6-31G 
RHF/6-31 GV/RHF/6-31G 
RMP2/6-31 GV/RHF/6-31G 

AZPE(3-21G) 
AZPE(6-31G) 
AS(3-21G) 
AS(6-31G) 

Activation 

Exo 

46.4 (45.4) 
53.8 (52.6) 
56.4 
24.9 

+0.2 
0.0 

-46.5 
-46.4 

L energy 

Endo 

46.9 (45.9) 
54.1 (52.9) 
56.6 
25.3 

+0.2 
0.0 

-45.9 
-46.4 

Reaction 

-19.2 (-
-15.7 (-
-19.4 
-25.3 

+3.3 
+3.5 

-39.8 
-39.8 

energy 

-16.4) 
-12.8) 

a) Energies are in kcal mol-1. Entropies are in eu (cal mol-1 K_1). kcal=4.184 kj. Total 
energies (au) of reactants are as follows; propene -116.42401 (RHF/3-21G), -117.02828 
(RHF/6-31G), -117.07142 (RHF/6-31 GV/RHF/6-31C), -117.45481 (RMP2/6-31GV/RHF/ 
6-31G); methyl acrylate -302.98202 (RHF/3-21G), -304.53963 (RHF/6-31G), -304.67765 
(RHF/6-31 GV/RHF/6-3 IG), -305.53246 (RMP2/6-31 GV/RHF/6-3 IG). Total energies of 
the exo and endo transition structures are -419.33207, -419.33127 (RHF/3-21G); -421.48208, 
-421.48163 (RHF/6-31G); -421.65918, -421.65887 (RHF/6-31 GV/RHF/6-3 IG); 
-422.94753, -422.94689 (RMP2/6-31GV/RHF/6-31G). Total energies of the product is 
-419.43667 (RHF/3-21G), -421.59296 (RHF/6-31G), -421.78008 (RHF/6-31GV/RHF/6-
31G), -423.02754 (RMP2/6-31 GV/RHF/6-3 IG). The values in parentheses are AH+ and AH 
at 298.15 K. The imaginary frequencies computed for the exo and endo transition structures 
are 1483i and 1457i cm"1 at the 3-21G level and 1519i and 1465i cm"1 at the 6-31G level, 
respectivrly. The motion of atoms in the normal modes corresponding to the imaginary 
frequencies firmly connect the reactants and the product. 

maleic anhydride with terminal alkenes has been mea­
sured as 21.5 kcal mol-1,18) as compared to the mea­
sured activation energies of 37.5 and 36.5 kcal mol - 1 

for the reactions of ethylene with trans- and cis-2-
butene.19) The same trend is clearly reproduced with 
ab initio RHF calculations with a split-valence,or 
better, basis set. With the 3-21G basis set, the activa­
tion energy drops from the value of 51.7 kcal mol -1 , 
calculated for the parent ene reaction,6) to 46.4 and 
46.9 kcal mol - 1 for the exo and endo transition states, 
respectively. However, the activation energies calcu­
lated with the split-valence 3-21G and 6-31G basis sets 
are remarkably too large, as compared to the experi­
mental values.18) The polarization functions cause 
the energies of the reactants to be lowered more than 
those of transition structures. The 6-3 IG* basis set 
produces even higher activation energy estimates. 
The RHF activation energies, regardless of the basis 
sets utilized, are still larger than the activation barrier 
of 35 kcal mol - 1 estimated for the parent ene reaction.6) 
Overestimation of activation energy with RHF calcu­
lations has been also experienced in ab initio studies 
on the parent ene6) and the related7'20) reactions. 
However, the activation energies estimated from the 
correlation energy correction at MP2 level with the 6-
31G* basis set are much closer to the experimental 
values18) for the ene reactions of activated enophiles. 
The activation entropy is estimated to be ca. 46 eu 
with RHF calculations at the 3-21G and 6-31G levels. 
The calculated values are rather reasonable, consider­
ing that experimental activation entropies for the 
intermolecular ene reactions of maleic anhydride with 
various alkenes have been measured as the range from 

- 3 6 to - 4 6 eu.18) 
Transition-State Geometries: The optimized tran­

sition structures are shown in Fig. 1. The exo and 
endo transition structures resemble rather closely each 
other, except for the spatial relationship between the 
methoxycarbonyl and the propene moieties. The 
transition-state geometry for the parent ene reaction, 
which is characterized as an envelope conformation,6) 
is almost conserved in the transition states for the 
methyl acrylate ene reaction. The propene moiety 
and the C=C double bond moiety of methyl acrylate 
have pseudo-envelope conformations in the exo and 
endo transition structures. However, the forming 
and cleaving bond lengths in the transition structures 
are altered significantly upon replacing ethylene with 
methyl acrylate in the parent ene reaction. Accord­
ing to the 3-21G optimized geometries, the partially 
formed C-C bond lengths of 1.966 and 1.977 Â for exo 
and endo transition structures are shortened some­
what, compared with the value of 2.110Â for the 
parent ene transition structure.6) The transferring 
hydrogen is located more closely to the original car­
bon atom in the transition structures for the methyl 
acrylate ene reaction than for the parent ene reaction. 
In the 3-21G optimized exo transition structure, the 
partially formed and broken C-H bond lengths are 
1.538 and 1.296 Â, respectively. The corresponding 
values for the endo transition structure are 1.533 and 
1.295 Â. For the parent ene transition structure, the 
corresponding C-H bond lengths have been calcu­
lated to be 1.477 and 1.394Â respectively.6) 

The Extents of Bond Reorganization and Electron 
Transfer in the Transition Structures: The differen-
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(a) (b) 

Fig. 1. The front and top views of the optimized (a) exo and (b) endo transition structures for the ene reaction of 
methyl acrylate with propene. The optimized parameters are given in Â and degrees. 

Bond lengths 

C1-C2 
C1-C9 
C2-C3 
C3-04 
04-C5 
C3-06 
C7-C8 
C8-C9 
C2-H(C7) 
C7-H(C7) 

Torsional angles 

C1-C2-C3-04 
C1-C2-C3-06 
C2-C3-04-C5 
06-C3-04-C5 
C1-C2-H(C7)-C7 
C3-C2-H(C7)-C7 
C2-H(C7)-C7-C8 
H(C7)-C7-C8-C9 
C7-C8-C9-C1 
C2-C1-C9-C8 

3-21G 

1.409 
1.966 
1.452 
1.355 
1.449 
1.215 
1.405 
1.384 
1.538 
1.296 

Exo 

6-31G 

1.417 
1.957 
1.452 
1.352 
1.442 
1.226 
1.405 
1.392 
1.554 
1.299 

Exo 

3-21G 

Endo 

3-21G 

1.409 
1.977 
1.458 
1.356 
1.449 
1.214 
1.404 
1.385 
1.533 
1.295 

6-3 IG 

+166.4 +163.6 
-16.5 -19.0 

+177.7 +178.1 
+0.5 

+24.4 
-94.5 
-34.2 

+57.3 
-69.2 

+49.3 

+0.6 
+21.2 

-100.3 
-33.8 
+57.9 
-67.9 
+44.8 

6-3 IG 

1.419 
1.948 
1.452 
1.352 
1.442 
1.227 
1.405 
1.394 
1.564 
1.294 

Bond angles 

C2-C1-C9 
C1-C2-C3 
C2-C3-04 
C2-C3-06 
04 -C3-06 
C3-04-C5 
C2-H(C7)-C7 
C8-C7-H(C7) 
C7-C8-C9 
C8-C9-C1 
C1-C2-H(C7) 

Endo 

3-21G 

-164.9 
+17.6 

-178.0 
-0 .5 
+2.1 

+119.1 
-22.1 
+59.6 
-69.2 
+38.1 

6-31G 

-162.0 
+20.7 

-178.0 
-0 .6 
+1.9 

+120.6 
-21.6 
+58.8 
-68.8 
+37.9 

Exo 

3-21G 

111.4 
116.3 
112.7 
125.5 
121.8 
117.7 
153.3 
96.4 

118.5 
101.4 
100.6 

6-31G 

112.6 
118.1 
113.3 
125.4 
113.3 
119.5 
152.4 
96.5 

119.3 
102.2 
101.1 

Endo 

3-21G 

113.6 
116.2 
112.4 
125.7 
121.9 
117.6 
155.0 
95.6 

118.6 
101.3 
101.0 

6-3 IG 

114.0 
117.6 
113.4 
125.2 
121.4 
119.4 
153.4 
96.2 

119.0 
102.2 
101.2 

ces in the geometrical features between the parent ene 
and methyl acrylate ene transition structures suggest 
that the introduction of methoxycarbonyl group on 
ethylene alters considerably the extents of bond forma­
tion and cleavage in the transition states. In order to 
evaluate the extents of the bond reorganization in the 

transition structures from another standpoint, we car­
ried out population analysis, which gives a qualitative 
indicator of the amount of the electron density shared 
between two atoms. The overlap populations rele­
vant to the orming and cleaving bonds calculated 
with the 6-,/iG* basis set on the 6-31G optimized 
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Table 2. The Overlap Populations Relevant to the Forming and Cleaving Bonds 
in the Methyl Acrylate Ene and the Parent Ene Reactiona) 

Translating bond 

C7-H(C7) 

C2-H(C7) 

C1-C9 

Reactant 

0.396(1.083) 
0.390(1.086) 

— 

— 

Product Transition state 

Methyl acrylate ene reaction 
0.000 (4.934) exo 0.226 ( 1.299) 

endo 0.217 (1.294) 

Parent ene reaction 
0.000(5.111) 0.210(1.375) 
0.000 (4.955) 

Methyl acrylate ene reaction 
0.383(1.086) exo 0.176 (1.554) 

endo 0.187 (1.564) 

Parent ene reaction 
0.397(1.084) 0.193(1.430) 
0.392 (1.085) 

Methyl acrylate ene reaction 
0.340 (1.530) exo 0.166 (1.957) 

endo 0.164 (1.948) 

Parent ene reaction 
0.352(1.531) 0.130(2.146) 

Extent of bond 
reorganization^ 

(%) 

43.0 
42.2 
45.3 
44.5 

47.0 
46.2 

45.8 
48.8 

48.5 
49.1 

48,8 
48.2 

36.9 

a) The atom numbering is the same as in Fig. 1. The overlap populations were calculated 
with the 6-3IG* basis set at RHF level on the 6-31G optimized geometries. The values in 
parentheses are bond lengths in Â. b) Extents of bond reorganization in the transition 
structures were calculated with the overlap populations, i.e. (OPts

—OPreactant)/(0Product 
O x reactant). 

geometries are given in Table 2. In the exo and endo 
transition states, C1-C9 overlap populations are 0.166 
and 0.164, respectively, while the corresponding over­
lap population in the parent ene transition state is 
0.130. Consequently, as expected from the bond 
lengths in the transition structures, the overlap popu­
lations suggest that there is more C-C single bond 
formation in the methyl acrylate transition structures, 
compared with the parent ene transition structure. 
The evaluation based upon the overlap populations 
indicates that the extents of the C-C single bond 
formation and the hydrogen transfer are more equally 
balanced in the transition structures for the methyl 
acrylate ene reaction than for the parent ene reaction. 
The extents of bond formation and cleavage in the 
transition states were evaluated by comparing the 
overlap populations for transition structures with 
those for the reactants and the products. In the par­
ent ene transition structure, the hydrogen is nearly 
half-transferred, while the C-C single bond is less 
than 40% formed (Table 2). The hydrogen transfer 
appears to be somewhat more advanced than the C-C 
single bond formation in the parent ene reaction. In 
the transition structures for the methyl acrylate ene 
reaction, on the other hand, the hydrogen transfer and 
the C-C single bond formation both proceed slightly 
less than 50%. It is likely that introduction of 
methoxycarbonyl group on the enophile reduces the 
degree of asynchronous character in the bond 

reorganization. 
The electron-withdrawing character of methoxycar­

bonyl group is clearly recognized in the transition 
structures. The population analysis with the 6-3IG* 
basis set indicates that there is donation of 0.18 elec­
trons from propene to methyl acrylate both in the exo 
and endo transition structures. In the same compu­
tational level calculation, only 0.06 electrons is found 
to be transferred in the parent ene transition structure. 

Exo/Endo Selectivity: It is generally accepted 
that, although endo mode of addition in ene reactions 
is favored by orbital symmetry relationships, the pref­
erence is not so marked as in the Diels-Alder reactions. 
The exo/endo selectivity is rather sensitive to the steric 
effect.4'21'22^ The calculations that we have carried 
out, including MNDO calculations, indicate that the 
exo transition state is slightly favored over the endo 
transition state, regardless of the computational levels 
utilized. The RHF calculations with the 6-3 IG* 
basis set give the value of 0.2 kcal mol - 1 for relative 
energy difference between the exo and endo transition 
states. The correlational energy correction at MP2 
level gives somewhat larger (0.4 kcal mol -1) relative 
energy difference, which is in good agreement with 
the value provided with MNDO calculations. The 
relatively small stability difference between the exo 
and endo transition structures conceivably reflects 
subtle exo/endo selectivity in ene reactions. The 
immediate conclusion to be drawn from these calcula-
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tions is that intrinsic exo/endo selectivity in the ene 
reaction of methyl acrylate is expected to be not so 
obvious as in the Diels-Alder reactions. 

In order to understand the origin of the slight exo 
preference, we carried out some other calculations on 
the 6-31G optimized transition structures. However, 
these calculations are not very convincing. First of 
all we evaluated the distortion energies of the propene 
and methyl acrylate moieties in the exo and endo 
transition-state geometries. We carried out single-
point energy calculations on each moiety constrained 
to the geometries of the transition structures with the 
6-3IG* basis set at RHF and MP2 levels. The energy 
of the propene moiety was evaluated by removing the 
atoms of methyl acrylate followed by the single-point 
calculations, without altering the transition-state 
geometries in any way. The energy of the methyl 
acrylate moiety was evaluated in a similar fashion. 
The calculated distortion energies of each moiety, in 
which the influence of electron transfer from propene 
to methyl acrylate in the transition states is not 
included, are given in Table 3. The overall distor­
tion energy difference between the exo and endo tran­
sition structures is evaluated to be less than 0.5 
kcal mol - 1 both at RHF and MP2 levels. The pro­
pene moiety in the exo transition structure is more 
stable than that in the endo transition structure by 0.5 

Table 3. The Distortion Energies of Propene and Methyl 
Acrylate Molecules in the 6-31G Optimized Exo 

and Endo Transition Structures'0 

Computational 
level 

RHF/6-31G* 
RMP2/6-31G* 

Propene 

Exo Endo 

38.4 38.9 
31.9 32.2 

Methyl acrylate 

Exo Endo 

22.8 22.8 
16.2 16.1 

a) Energies are in kcal mol-1. The distortion energies 
are the differences between the total energies on the 
ground-state geometries and those on the transition-
state geometries. Total energies (au) of propene on the 
exo and endo 6-3IG optimized transition-state geome­
tries are -117.01022, -117.00938 (RHF/6-31G*); 
-117.40400, -117.40339 (RMP2/6-31G*). Total ener­
gies of methyl acrylate on the exo and endo transition-
state geometries are -304.64125, -304.64126 (RHF/6-
•31G*); -305.50658, -305.50684 (RMP2/6-31G*). 

and 0.3 kcal mol - 1 at RHF and MP2 levels, respec­
tively. The distortion energies of the methyl acrylate 
moiety in the exo and endo transition structures are 
almost the same at RHF level. At MP2 level, the 
methyl acrylate moiety in the endo transition structure 
is favored by 0.1 kcal mol - 1 . The differences in inter­
actions between propene and methyl acrylate mole­
cules in the exo and endo transition structures can be 
estimated by taking away the differences of the distor­
tion energies of each molecule on the transition-state 
geometries from the relative energy differences 
between the exo and endo transition structures. The 
remaining energy difference, —0.3 and 0.1 kcal mol - 1 

at RHF and MP2 levels, respectively, might arise from 
the results of the differences in the several kinds of 
interactions between propene and methyl acrylate 
molecules, such as primary and secondary orbital 
interactions, electrostatic and steric interactions and 
van der Waals forces. Analysis of transition-state 
geometries and the overlap populations shows some 
differences in interactions between propene and 
methyl acrylate molecules in the transition structures. 
The forming and cleaving bond lengths and the over­
lap populations given in Table 2 indicate that the exo 
transition structure is just a little more asynchronous 
than the endo transition structure. The torsional 
angle C2-C1-C9-C8 in the exo transition structure is 
slightly larger than in the endo transition structure. 
This might be related to the greater asynchronicity of 
exo transition structure. Part of the differences in 
interactions between propene and methyl acrylate 
molecules in the transition structures conceivably 
comes from the differences in interactions between the 
propene and methoxycarbonyl moieties. The inter­
atomic distances and the overlap populations between 
propene moiety and ester carbonyl group are given in 
Table 4. The ester carbonyl group is closer to the 
propene moiety in the endo transition structure than 
in the exo transition structure. The overlap popula­
tions indicate that there are larger interactions 
between these moieties in the endo transition struc­
ture. However, the overall effects of interaction 
between propene moiety and methoxycarbonyl group 
on exo/endo selectivity are not conclusive, since some 
overlap populations indicate attractive interactions 

Table 4. The Overlap Populations and the Interatomic Distances in the Exo 
and Endo Transition Structuresa) 

C3 0 6 

Exo Endo Exo Endo 

H(C7) 
C7 
C8 
C9 

-0.017 (2.305) 
0.001 (3.387) 
0.001 (3.896) 
0.002 (3.597) 

-0.025(2.172) 
-0.005(3.314) 
0.003 (3.527) 
0.001 (3.805) 

-0.002 (3.038) 
0.001 (3.823) 
0.000 (4.206) 

-0.002 (3.616) 

-0.003 (2.823) 
0.001 (3.666) 
0.003 (3.552) 

-0.001 (3.963) 

a) The atom numbering is the same as in Fig. 1. The overlap populations were calculated 
with the 6-3IG* basis set at RHF level on the 6-31G optimized geometries. The interatomic 
distances (Â) are given in parentheses. 
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and others are repulsive. 

Conclusion 

R H F calculat ions for methyl acrylate ene reaction 
give reasonable substi tuent effect on activation ener­
gies and extent of electron transfer from ene to eno-
phi le in the transi t ion state. MP2 level calculat ions 
give qui te reasonable activation energy estimates. 
T h e parent ene transition-state geometry is a lmost 
conserved both in the exo and endo t ransit ion struc­
tures. T h e calculated overlap popula t ions suggest 
that the extents of the C-C single bond formation and 
the hydrogen transfer are more equally balanced in the 
t ransi t ion structures for methyl acrylate ene reaction 
than for the parent ene reaction. T h e relatively small 
stability difference between the exo and endo transi­
t ion structures conceivably reflects subtle exo/endo 
selectivity in ene reactions. Remarkable differences 
between the exo and endo t ransi t ion structures are not 
seen in the distort ion energies of p ropene and methyl 
acrylate molecules and in the interaction energies 
between these two molecules. Consequently, in t r in­
sic exo/endo selectivity in the methyl acrylate ene 
reactions is expected to be not so obvious as in the 
Diels-Alder reactions. 

We thank Professor Koichi Narasaka and Mr. 
Satoru Shimada (The University of Tokyo) for helpful 
comments . 
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2-(Trifluoroacetyloxy)pyridine as a Mild Trifluoroacetylating 
Reagent of Amines and Alcohols 
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A new trifluoroacetylating reagent, 2-(trifluoroacetyloxy)pyridine (TFAP), was prepared by the reaction of 
2-pyridinol and trifluoroacetic anhydride. TFAP has been found to be effective in the tnfluoroacetylation of 
aliphatic and aromatic amines and alcohols including phenol under mild conditions. The reaction of p-
nitrophenol with TFAP in ether gave the hydrogen-bonded complex between the phenol and 2-pyridone. 
This reagent has also been shown to be useful for the intramolecular dehydration of aldehyde oximes and 
amides to give nitriles in high yields. 

Trifluoroacetylation is a valuable reaction for the 
protection or activation of functional groups in 
organic synthesis and biochemistry. The reaction is 
also very often used in gas-chromatographic analysis 
of amines and alcohols. Though trifluoroacetic anh­
ydride,1) N-(trifluoroacetyl)imidazole,2) N-methylbis-
(trifluoroacetyl)amine,3) or S-ethyl trifluorothioace-
tate4) have been available for the reaction, some of 
them have disadvantages. The most widely used tri­
fluoroacetic anhydride is volatile and sensitive to 
moisture; in addition, it needs a base to remove the 
liberated acid. N-(trifluoroacetyl)imidazole is hard 
to handle because of its high sensitivity against 
moisture. 

We have previously shown that the ester between 
2-pyridinol and trifluoromethylsulfonic acid, 2-
(trifluoromethylsulfonyloxy)pyridine (TFOP) is a 
useful reagent for the condensation of carboxylic acid 
and arene to give acylarene, in which the trifluoro-

RYH + a - * RYC0CF3 + 

TFAP 

R= AlKyl, Aryl 

Y= 0 . NH 

COGF3 

Scheme 1. 

a 

methylsulfonylation of carboxylic acid with TFOP 
was assumed.5) Analogously, we have prepared the 
ester between 2-pyridinol and trifluoroacetic acid, 2-
(trifluoroacetyloxy)pyridine (TFAP). We now wish 
to report an application of TFAP to a trifluoroacety­
lating reagent of amines and alcohols.6) The prepa­
ration of nitriles by the reaction of aldehyde oximes 
and amides with TFAP will also be reported. 

Results 

Synthesis of TFAP. The new reagent, TFAP, was 

Table 1. Trifluoroacetylation of Amines, Alcohols, and Phenols with TFAP 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

PrnHnrf 
X X KJ\XIA.\^L 

Cyclohexyl-NHCOCFs 
Hexyl-NHCOCF3 

Phenyl-NHCOCF3 

4-Nitrophenyl-NHCOCF3 

4-Methylphenyl-NHCOCF3 

l-Naphthyl-NHCOCF3 

Diphenyl-NCOCF3 

Pentyl-OCOCF3 

Isopentyl-OCOCF3 

Hexyl-OCOCF3 

Cyclohexyl-OCOCF3 

Benzyl-OCOCF3 

4-Methylbenzyl-OCOCF3 

Phenyl-OCOCF3 

4-Chlorophenyl-OCOCF3 

4-Nitrophenyl-OCOCF3 

2-Hydroxyphenyl-NHCOCF3 

4-Hydroxyphenyl-NHCOCF3 

2-Hydroxy^5-chlorophenyl-NHCOCF3 

3-Hydroxy-5-methylphenyl-NHCOCF3 

Reactiona) 

time/h 

0.5 
0.5 
0.5 
0.5 
0.5 
1.0 
0.5 
0.5 
0.5 
1.0 
0.5 
0.5 
1.0 
2.0b) 

2.0b) 

1.0 
1.0 
1.0 
1.0 
1.0 

Isolated 
yield/% 

93 
95 
93 
93 
90 
95 
99 
99 
93 
95 
99 
98 
99 
98 
95 
c) 

99 
99 
94 
94 

B p / ° C / m m H g o r 
(Mp/°C) 

(92—93) 
114—115/9 
(89—90) 

(151—152) 
(111—113) 
(101—103) 
(71—73) 

140—141/760 
119—120/760 
141-142/760 

145/760 
175/760 

184—185/760 
60—61/46 
84—85/40 

(160—161) 
(167—169) 
(217—219) 
(191—192) 

IR^/cm- 1 ) 
^co 

1695 
1705 
1715 
1750 
1710 
1710 
1715 
1795 
1796 
1790 
1788 
1795 
1785 
1804 
1805 

1693 
1700 
1690 
1695 

a) Carried out in an ether solution at 20 °C. b) Carried out in boiling ether, 
bonded complex between p-nitrophenol and 2-pyridone was obtained. 

c) The hydrogen-
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The reaction of phenols required a longer time and 
higher temperature than that for alcohols. Com­
pounds containing both the hydroxyl and amino 
groups in a molecule were selectively trifluoroacety-
lated at the amino group. For example, p-amino-
phenol reacted with TFAP to give p-(trifluoro-
acetylamino)phenol in a quantitative yield. 

The reagent failed to trifluoroacetylate p-nitro-
phenol. A white solid was separated out upon stir­
ring a mixture of p-nitrophenol and TFAP in ether at 
room temperature. In the IR spectrum of this solid, a 
broad absorption band over 3250— 2500 cm-1 and 
peaks due to the carbonyl (1660 cm-1) and nitro 
groups (1590 and 1343 cm-1) were observed. The 
1H NMR spectrum in CDCI3 at 50 °C has four peaks, 
0=7.60 (t, 1H), 7.49 (d, 1H), 6.72 (d, 1H), and 6.45 (d, 
1H), which are similar to those for the ring protons of 
2-pyridone,7) in addition to the two doublets from a p-
nitrophenol frame. The broad signals were recog­
nized over a region of 0=6.0-—7.0 on the ^ N M R , 
of which intensity corresponded to two protons. The 
solid is soluble in water, methanol, and dimethyl 
sulfoxide (DMSO) to give a light-yellow colored solu­
tion, which seems to indicate the regeneration of p-
nitrophenol. The XH NMR spectrum in DMSO-d6 at 
50 °C is consistent with that of a mixture of 2-pyridone 
and p-nitrophenol, in which the protons of the 
hydroxyl group and the lactam NH function are 
observed at ô=10.92 and 11.64 respectively. Thus, 
the white solid was identified as the hydrogen-bonded 
complex between p-nitrophenol and 2-pyridone, as 
shown in scheme 2. The same complex was obtained 
by stirring a mixture of 2-pyridinol and p-nitrophenol 
in ether at room temperature. 

Nitrile Synthesis from Aldehyde Oximes or Amides 
with TFAP. The treatment of aldehyde oximes with 
TFAP in boiling tetrahydrofuran gave nitriles. The 
results are shown in Table 2. 

A variety of aldehyde oximes were subjected to 
reacting with TFAP to afford the corresponding 

Table 2. Nitrile Synthesis by the Reaction of Aldehyde Oximes or Amides with TFAP 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

R of Nitrile 
(RCN) 

Pentyl 
Hexyl 
Cyclohexyl 
2-Furyl 
Phenyl 
p-Tolyl 
m-Tolyl 
p-Chlorophenyl 
m-Chlorophenyl 
o-Chlorophenyl 
p-Nitrophenyl 
Styryl 

Yield of Nitrile/% 

From Oximea) 

(RCH=NOH) 

Quant. 
— 
— 
89 
90 
94 
— 

Quant. 
— 

Quant. 
97 
91 

From Amideb) 

(RCONH2) 
— 
91 

Quant. 
— 
72 
91 
77 
90 
77 
— 
61 
85 

Bp/°C/mmHg 

Found 

163/760 
180/760 
185/760 
146/760 
191/760 
(24-27) 
211/760 
(91—93) 
(40—41) 
(45—46) 

(145—149) 
(16—18) 

;or(Mp/°C) 

Reported21) 

164/760 
183—184/760 
184—185/760 
146—148/760 

191/760 
(26—28) 

210—212/760 
(94—96) 
(39—42) 
(43—44) 

(146—149) 
(18—20) 

IR^/cm- 1 ) 
J^CN 

2224 
2240 
2230 
2220 
2210 
2210 
2210 
2210 
2210 
2225 
2220 
2220 

a) Carried out in boiling tetrahydrofuran for 2—6 h. b) Carried out in boiling acetonitrile for 5 h. 

prepared by the reaction of two equivalents of 2-
pyridinol with trifluoroacetic anhydride in a tetrahy­
drofuran solution in good yield. 

V\>H 2 VVOCF, S A H (1) 
3 H 

-"OCOCF3 

This compound has not appeared in the literature, 
despite its simple structure. It is a stable, colorless 
liquid which does not freeze at the ice-salt temperature 
and has a high boiling point. Physical data is given 
in the experimental section. 

Trifluoroacetylations with TFAP. Trifluoroacety-
lations with TFAP were carried out by stirring the 
solution of a substrate and TFAP (in a molar ratio of 
1:1.1, respectively) in ether. The results are summar­
ized in Table 1. Trifluoroacetylated products were 
identified by a comparison of their IR spectrum or the 
retention time of GLC with those of the authentic 
compounds prepared from the reaction of the corres­
ponding substrate with trifluoroacetic anhydride. 

Various alkylamines and arylamines readily reacted 
with TFAP at a room temperature to give the corres­
ponding N-trifluoroacetyl amines in satisfactory 
yields. The amines with low nucleophilicity, such as 
p-nitroaniline and diphenylamine, also underwent 
the trifluoroacetylation at room temperature. 

By means of a similar procedure, alcohols and 
phenols were allowed to react with the reagent. The 
trifluoroacetylation of alcohols easily proceeded in an 
ether solution at the room temperature. When the 
reaction mixture of cyclohexanol and TFAP in ether 
was cooled to 0°C, white crystals were yielded from 
the solution, and identified as 2-pyridone by its IR and 
m NMR spectra (Eq. 2). 

OH OCOCF3 
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in DMSO / = \ , x 

\_jt"°2 in C H C l 3 ^ ) 

Scheme 2. 

RCH=NOH • a RCN 
H OCOCF3 S 'OH (3) 

OCOCF3 

nitriles in satisfactory yields (Eq. 3). 
The use of the reagent has been extended to the 

intramolecular dehydration of amides, which are 
more difficult to dehydrate than aldehyde oximes. 
The reaction was carried out by heating a mixture of 
amide and TFAP in acetonitrile under reflux. The 
results are given in Table 2. Aliphatic amides as well 
as benzamides having a variety of substituents have 
been converted to the corresponding nitriles in good 
isolated yields (Eq. 4). 

RCONHo 
N^OCOCF3 

RCN a " I T ^OH 
H-

OCOCFo 

(4) 

Discussion 

2-Pyridinol has a well-known tendency to form 
2-pyridone, as shown in scheme 3.8) Therefore, 
although the other structure, i.e., the amide form 
(TFAP7), can be drawn for the reaction product of 2-
pyridinol with trifluoroacetic anhydride, there are no 
peaks, indicating the amide form on the IR and 
lH NMR spectra. 

C L — CL CL N "OH 
H 

Scheme 3. 

COCF3 

TFAP ' 

An acyl group of 2-(acyloxy)pyridine can be pre­
dicted from the above tautomerism to behave as a good 
electrophile. In fact, Imoto and coworkers have 
reported that 2-(acetyloxy)pyridine reacts with amines 
and alcohols in boiling tetrahydrofuran to give the 
corresponding acetamides and alkyl acetates, respec­
tively.9) Dutta and Morley reported the use of 2-
pyridyl ester of N-acyl amino acids in peptide synthe­
sis.10) We also previously reported that 2-(acyloxy)-
pyridines are effective for the acylation of activated 
arènes in trifluoroacetic acid.11) Now, TFAP has 
been shown to be useful for the trifluoroacetylation of 
amines and alcohols involving phenols. The reac­
tion of jfr-nitrophenol with TFAP did not give the 
desired trifluoroacetylated products but, rather, the 

molecular complex between the phenol and 2-
pyridone. The complex may be formed by the re­
action of p-nitrophenol and 2-pyridone, which was 
generated by a reaction with a trace amount of water 
contained in the reaction system, as shown in scheme 
4 12) 

Scheme 4. 

" MT.M^°2 
CF3C00H 

In contrast to N-(trifluoroacetyl)imidazole,13) TFAP 
seems to have no enough reactivity to trifluoroacety-
late the hydroxyl group of p-nitrophenol, which is 
strongly deactivated by nitro group. The reagent 
showed a high chemoselectivity in the reaction of 
aminophenols to give a trifluoroacetylamino com­
pound. 

Many methods have been known for converting 
aldehyde oximes into nitriles, but some of them have 
disadvantages, such as vigorous reaction conditions, 
tedious work-up procedures, unsatisfactory yields, or 
the requirement of unusual reagents. Among them, 
N-(trifluoroacetyl)imidazole (previously reported by 
us) is a good reagent for the reaction in the light of the 
fact that this reagent allows the dehydration of alde­
hyde oximes under neutral conditions without any 
additives.15) However, the reagent is sensitive to 
moisture due to its high reactivity. 

Some methods have been reported for the conver­
sion of amides into nitriles. Recent developed proce­
dures for the reaction include diphosphorus tetraio-
dide,16) Vilsmeier reagent,17) cyanuric chloride/N,N-
dimethylformamide,18) triethoxydiiodophosphorane,19) 
and trifluoroacetic anhydride.20) However, these re­
agents still have some disadvantages regarding diffi­
culty in handling or unsatisfactory yields. 

At present, TFAP has been found to be useful for 
the nitrile synthesis from aldehyde oximes and 
amides. In the reactions of these substrates with 
TFAP, the trifluoroacetylation of the substrates seems 
to first take place to give the corresponding O-
trifluoroacetyl compound, followed by an elimination 
of trifluoroacetic acid by the generated 2-pyridone, 
resulting in the formation of nitrile and 2-hydroxy-
pyridinium trifluoroacetate (Scheme 5). 

0 
M 

RC-NH2 

OH 

:±RC=NH 
COCOCF3 

5* RC=NH 

Scheme 5. 

RCN 

.OH 

OCOCFo 
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In conclusion, the new reagent, TFAP, which can be 
easily obtained from 2-pyridinol and trifluoroacetic 
anhydride, has been found to be useful for trifluoro-
acetylating a variety öf amines and alcohols. Th i s 
reagent is mi ld and easy to handle compared to tri­
fluoroacetic anhydr ide and Af-(tri£luoroacetyl)imid-
azole. It is also effective regarding the intramolecu­
lar dehydrat ion of aldehyde oximes and amides to 
afford nitriles. 

Experimental 

Measurements: Melting and boiling points are uncor­
rected. The IR spectra were recorded on a Hitachi EPI-S2 
model infrared spectrophotometer. 1 HNMR spectra were 
recorded on a JEOL-FX 270 FT-NMR spectrometer with 
tetramethylsilane as the internal standard. GLC analysis 
was carried out on a Hitachi GC Model 163 gas Chromato­
graph equipped with a hydrogen flame ionization detector 
and a stainless-steel column (length 3 m, i.d., 3 mm) packed 
with 3% Dexil 300 GC on Chromosorb W. 

Preparation of TFAP: To a solution of 2-pyridinol (25 
g, 0.263 mol) in dry tetrahydrofuran (60 ml), trifluoroacetic 
anhydride (27.6 g, 0.132 mol) dissolved in tetrahydrofuran 
(20 ml) was added slowly at 0—5 °C over 0.5 h. Then, the 
reaction mixture was stirred for 1 h at room temperature and 
heated under reflux for 4 h; the solvent was then removed 
under reduced pressure. The residue was distilled under 
reduced pressure to give TFAP (21.76 g, 87% yield); bp 81 — 
82°C/21 mmHg, 92°C/42 mmHg, 79°C/20 mmHg, 69 °C/ 
14 mmHg (1 mmHg«133.322 Pa); IR (neat) 1810, 1472, 1175, 
and 775 cm"1; *HNMR (CDCls) ô=8.43 (d, 1H, /=3.4 Hz), 
7.89 (td, 1H, /=1.5, 7.8 Hz) ,7.35 (t, 1H, 7=6.1 Hz), and 7.19 
(d, 1H, 7=8.3 Hz). Found: C, 43.99; H, 2.11; H, 7.12%. 
Calcd for C7H4F3NO2: C, 43.85; H, 2.24; N, 7.33%. 

Trifluoroacetylation: A typical procedure will be des­
cribed for the reaction of cyclohexanol. To a solution of 
cyclohexanol (1.00 g, 10 mmol) in dry ether (3 ml), a 
solution of TFAP (2.10 g, 11 mmol) in dry ether (4 ml) was 
added. The mixture was stirred at room temperature for 
0.5 h and, then cooled by ice water. The resulting precipi­
tate was removed by filtration and washed with ether. The 
combined filtrate was washed with water and dried over 
anhydrous sodium sulfate. The solvent was evaporated 
under reduced pressure to give cyclohexyl trifluoroacetate 
( 1.95 g, quantitative yield). The above-obtained precipitate 
was identified as 2-pyridone (mp 104—106 °C); IR (KBr) 
3200—2800 (br), 1650, 1240, 1100, and 775 cm"1; *HNMR 
(CDCI3) 0=7.45—7.52 (m, 1H), 7.29—7.42 (m, 1H), 6.60 (d, 
1H, 7=9.2 Hz), 6.30 (t, 1H, 7=6.7 Hz). 

Reaction of p-nitrophenol with TFAP: A solution of 
TFAP (0.300 g, 1.57 mmol) dissolved in ether (10 ml) was 
added to a mixture of p-nitrophenol (0.218 g, 1.57 mmol) 
and ether (10 ml). Within a few minutes, a white solid 
separated out. After stirring for 2 h at room temperature, 
the resulting solid was filtered and washed with ether to give 
a solid with the mp of 147—148 °C (0.333 g, 91% yield). 
The recrystallization of the solid from chloroform gave 
crystals with the mp of 149—150 °C; IR (KBr) 3250—2500 
(br), 1660, 1590, 1495, 1343, 1290, 1115, 843, and 780 cm"1; 
*HNMR (CDCI3 at 50 °C) ô=8.13 (d, 2H, 7=9.2 Hz), 7.60 (t, 
1H, 7=8.6 Hz), 7.49 (d, 1H, 7=6.1 Hz), 6.92 (d, 2H, 7=9.2 

Hz), 6.72 (d, 1H, 7=9.2 Hz), and 6.45 (t, 1H, 7=7.7 Hz); MS 
m/z (rel intensity) 139 (80), 123 (20), 109 (40), and 95 (100). 
Found: C, 56.25; H, 4.51, N, 11.82%. Calcd for C11H10N2O4: 
C, 56.41; H, 4.30, N, 11.96%. 

A mixture of 2-pyridinol (0.149 g, 1.57 mmol) and p-
nitrophenol (0.218 g, 1.57 mmol) was stirred in ether at a 
room temperature for 2 h to give a complex with the mp of 
146—148 °C (0.363 g, 99% yield). This compound was 
ascertained to be the same as the compound mentioned 
above, by the IR spectrum. 

Nitrile Synthesis from Aldehyde Oximes: A typical 
procedure for converting aldehyde oximes into nitriles is 
described for the reaction of benzaldehyde oxime. To a 
solution of benzaldehyde oxime (0.50 g, 4.1 mmol) in dry 
tetrahydrofuran (6 ml), TFAP (0.86 g, 4.5 mmol) in tetrahy­
drofuran (4 ml) was added. After the mixture was heated 
under reflux for 2 h, it was cooled in an ice-water bath; the 
resulting precipitate was removed by filtration and washed 
with ether (30 ml). The combined filtrate was worked up 
as usual to obtain benzonitrile (0.38 g, 90% yield). 

Nitrile Synthesis from Amides: A typical procedure will 
be described for the synthesis of p-chlorobenzonitrile from 
p-chlorobenzamide: To a solution of p-chlorobenzamide 
(0.2 g, 1.28 mmol) in acetonitrile (3 ml), TFAP (0.368 g, 1.93 
mmol) was added. The reaction mixture was heated under 
reflux for 5 h. The solvent was then removed upon obtain­
ing about one third of the volume under reduced pressure; 
this mixture was poured into ice-water. The resulting 
solid was filtered, washed with water, dried and purified by 
flush chromatograhy over silica gel with chloroform to give 
p-chlorobenoznitrile (0.159 g, 89% yield, mp 88—89 °C). 

T h e au thors are grateful to NICCA Chemical Co. 
for a par t of the financial suppor t of this work. 
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High-Pressure Cycloaddition of Tropones to Ethoxyethene. 
An Occurrence of [4+2] and [8+2] Cycloadditions 
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Although thermal cycloaddition of tropone to ethoxyethene under ordinary pressure conditions is syntheti­
cally impractical, the reaction was greatly improved under 10000 bar to give six products with 95% conversion (1 
bar=105 Pa): the major products obtained in 66% yield were 9a- and 9)8-ethoxybicyclo[3.2.2]nona-3,6-dien-2-
ones, Diels-Alder adducts, which were accompanied by other two 8-ethoxy derivatives and two [8+2] cyclo-
adducts. 2-Methoxy- and 2-chlorotropones similarly gave better results under high-pressure conditions. The 
13C NMR spectra of these Diels-Alder adducts provided useful information regarding structure elucidations. 

Recently, the thermal cycloaddition of tropones has 
again become a focus of much attention regarding 
various aspects; in 1987 we reported1) an improved 
synthesis of homobarrelenone (A)2) by means of a 
high-pressure Diels-Alder reaction of tropone to 2,3-
bis(methoxycarbonyl)-7-oxabicyclo[2.2.1 ]heptadiene 
and subsequent fragmentation, which opened a 
general route for synthesizing substituted derivatives 
of A. 

We have now examined a reaction of tropones to 
ethoxyethene (1) in order to prepare 9- or 8-ethoxy-
bicyclo[3.2.2]nona-3,6-dien-2-ones, dihydrohomobar-
relenones. It is well known that 1 polymerizes easily 
under ordinary conditions, and that high-pressure 
cycloaddition greatly improves the reaction by sup­
pressing the radical process.3) 

Results and Discussion 

Thermal High-Pressure Cycloaddition. When 1 
and tropone (2) were heated at 120 °C under 10000 bar 
for 10 h, 95% of 2 was consumed to give 1:1-adducts 
(3 -8) . 

The major products, 3 and 4, obtained in 38 and 28% 
yields, respectively, were 9a- and 9/3-ethoxybicyclo-
[3.2.2]nona-3,6-dien-2-ones in view of the NMR spec­
tral similarity with the reported derivatives.4) How­
ever, in the *H NMR of 3, the methylene proton signal 
of the ethoxyl group appeared at ca. 6—3.5 as overlap­
ping multiplets with other two proton signals, pre­
venting an unambiguous assignment by first-order 
analysis; thus, two-dimensional H-H and C-H COSY 
experiments5* were carried out. According to the H -
H COSY spectrum of 3 (Fig. 1), mutually-correlated 
signals, a methine proton signal at 0=4.01 and the 
lower component of the overlapped signal at 0=3.5, 
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Fig. 1. The H-H COSY Spectrum of 3. 

respectively, showed correlations to those at 6=1.87, 
2.32, and 6.44. 

Therefore, the signal in the lower part of the over­
lapping multiplets was assigned to be the signal of the 
C-5 methine proton; the hydrogen on the ethereal 
carbon, appearing at 6=4.01, is therefore adjacent to 
C-5 ( i.e, C-9). Furthermore, the C-9 methine proton 
signal behaved as a doublet with additional small 
splittings; this was only possible for the ß-methine 
proton at C-9, whose vicinal coupling constant with 
the signal of the C-5 proton should be small in accord­
ance with a stereomolecular model inspection.4) 

In the XHNMR of 4, the corresponding methine 
proton signal appeared as a doublet of doublets of 
doublets at 6=3.88, and its coupling constant, /=4.4 
Hz, with the adjacent C-5 proton eliminated the struc­
ture other than that depicted. 

The other Diels-Alder adducts, 5 and 6, were 8a-
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&° 
2:X=H 
9: X=OMe 

16: X-CI 

5: X=Y=H 
15: X«OMe, Y-H 
19:X=H,Y-CI 
21:X=CI,Y=H 

6: X=Y«H 
12: X-OMe, Y=H 
13: X-H, Y-OMe 

OB 

3: X=Y=H 
10: X=OMe, Y=H 
14: X=H, Y=OMe 
17: X=H, Y=CI 
20: X=CI, Y=H 

Scheme 1. 

4: X=Y=H 
11:X=OMe, Y=H 
18: X=CI, Y=H 

and 8ß-ethoxy derivatives. Their structures were 
similarly deduced from the *H NMR spectra; i.e. in 5, 
the signal ascribable to the proton on the ethereal 
carbon appeared as a doublet of doublets at 6=4.03 
with coupling constants of 8.4 and 4.4 Hz, and the C-l 
methine proton signal was a doublet of doublets at 
6=3.75 (/=7.3, 1.8 Hz). Therefore, 5 is 8a-ethoxy and 
6 is 8ß-ethoxy derivatives, respectively. 

The remaining 7 and 8 were stereoisomeric [8+2] 
cycloadducts, and the stereochemistry was differen­
tiated by coupling sequences; in the ^ N M R spec­
trum of 7, the a-oriented methine proton of the ethe­
real carbon, C-2, at 6=5.43, appeared as a doublet of 
doublets, /=5.5 and 1.1 Hz, and ß-proton of the adja­
cent methylene group at C-3 coupled to C-2 proton 
with 7—11 Hz showed a large vicinal coupling con­
stant, 7—8-1 Hz, with the methine proton at the ring 
juncture, C-3a. Therefore, the proton on the ring-
juncture has ^-orientation. The nuclear Overhauser 
effect (NOE) further supported this conclusion; by 
irradiating frequencies corresponding to the C-4 ole­
finic proton signal, the proton signals of the ß-proton 
at C-3 showed an enhancement, ca. 4%. On the other 
hand, the methine proton on the ethereal carbon, C-2, 
showed a signal at ô=5.53 as a doublet of doublets, 
7—5.5 and 1.8 Hz, of which the larger coupling was 
assigned to be with the ß-proton on the C-3. The 
large coupling constant between the ß-proton on C-3 

and the angular ß-proton at C-3a led us to formulate 
the structure as depicted. Though the NOE experi­
ments with 8 showed no contradiction to this, overlap­
ping of the observed signals provided insufficient 
information to draw a conclusion. 

Similarly, 2-methoxytropone (9) and 1 also gave six 
stereoisomeric 1:1-Diels-Alder adducts (10—15), but 
no [8+2] cycloadduct was detectable in this case. The 
major class of products 10—12, and 15, was 3-
substituted derivatives, since they showed three ole­
finic proton signals; 1-methoxy derivatives, 13 and 14, 
were obtained only in combined yield of 11.5%. 
Their structures were elucidated by NMR spectral 
evidence. Namely, 9a-ethoxy-3-methoxy derivative, 
10, showing the signal of the 9ß-proton at 6=3.97 as a 
doublet of triplets, /=8.1 and 1.8 Hz, was similar to 
that of 3, at 6=4.01 (dm, 7=8.1 Hz). This type of 
similarity was consistently observed between the 
Diels-Alder adducts from 2 and 9. For example, in 
the ^ N M R of 8ß-ethoxy-1-methoxy derivative, 13, 
the signal ascribable to the methine proton on the 
ethereal carbon appeared at 6=4.04 as a clear doublet 
of doublets, 7—8.8 and 1.8 Hz. This difference in the 
splitting pattern is an evidence of the 1-methoxy deriv­
ative; usually, 8ß-ethoxy derivatives reveal relatively 
large splittings of ca. 8 to 9 Hz and 5 to 6 Hz with an 
additional small splitting of ca. 2 to 3 Hz. A lack of 
the other splitting in 13 shows the presence of a 
substituent at C-l. 

The reaction of 2-chlorotropone (16) and 1 pro­
ceeded quantitatively to afford five Diels-Alder 
adducts (17—21) and two [8+2] cycloadducts (22 and 
23). Their structures were elucidated by the same 
principle as in the cases of 1 to 2 and 9. For example, 
one of the major product, 18, showed three olefinic 
proton signals, indicating a chlorine atom on the C-3 
position. As can be seen in Table 1, its methine 
proton signal on the ethereal carbon appeared at 
6=3.83 with spin-spin splittings of 7—8.8, 5.1, and 4.7 
Hz, of which the figure, 4.7 Hz, is assigned to be the 
coupling constant with the C-5-methine at 6=3.77 
appearing as a doublet of doublets of doublets, /=9 .1 , 
7.1 and 4.7 Hz. This clearly indicated 18 to be a 
3-chloro-9ß-ethoxy derivative. The next major prod­
uct, 19, had a l-chloro-8a~ethoxy structure; the sig-

Table 1. *H NMR Chemical Shifts Data of Methine Proton Signals of the Ethereal Carbons 

H 

1-MeO 

1-Cl 

3-MeO 

3-Cl 

8a-EtO 

4.03 
(dd, 8.4, 4.4) 

3.88 
(ddd, 8.4, 3.7, 

4.02 
(ddt, 8.4, 4.8, 

4.02 
(dd, 8.3, 4.8) 

1.1) 

1.1) 

8ß-EtO 

3.98 
(ddd, 8.8, 5.9, 2.7) 

4.04 
(dd, 8.8, 1.8) 

3.95 
(ddd, 9.2, 6.2, 2.9) 

9a-EtO 

4.01 
(dm, 8.1) 

3.95 
(dm, 8.1) 

3.97 
(dm, 8.1) 

3.97 
(dt, 8.1, 1.8) 

4.04 
(dt, 8.1,2.2) 

9ß-EtO 

3.88 
(ddd, 8.5, 5.5, 4.4) 

3.79 
(ddd, 8.1,5.1,4.0) 

3.83 
(ddd, 8.7, 5.1,4.7) 
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nal of proton on the ethereal carbon appeared as a 
doublet of doublets of doublets at 0=3.88 (/=8.4, 3.7, 
1.1 Hz); the magnitude of the second splitting identi­
fied to be an a-ethoxy derivative, and the third split­
ting was identified to be a spin-spin splitting due to 
the C-5 methine proton. This kind of relationship 
between regio- and stereo-chemical preferences (1-
chloro-8a- vs. 3-chloro-9/3-) was frequently observed 
in the Diels-Alder reaction of troponoids6) The pro­
duct, 21, which was obtained in very minute amounts 
via intensive high-pressure liquid chromatography, 
was identified to be the Diels-Alder adduct having a 
3-chloro-8a-ethoxy-structure. In high-pressure liquid 
chromatograms there were three more Diels-Alder 
adducts, indicating the formation of all of the possible 
stereo- and regio-isomers. However, due to the 
limited amount available, no attempt was made to 
isolate them. 

Substituent Effects of 13CNMR Chemical Shifts of 
the Diels-Alder Adducts. Two decades ago we ana­
lyzed the *H NMR chemical shifts of a series of cyano 
derivatives of this group,4) and these data were occa­
sionally employed to deduce the structures of the 
related compounds.7) 

As already mentioned, several methine proton sig­
nals in the present series were obscured by overlap­
ping with other signals, and made first-order analysis 
difficult. In view of the rigid carbocyclic framework 
of the bicyclo[3.2.2]nonadienones, the 13CNMR data 
must provide direct and clear information; we thus 
made an unambiguous assignment of 13C chemical 
shifts of the major products, 3 and 4, derived from 
parent tropone, 2, by means of C-H COSY measure­
ments (Figs. 2 and 3). 

After establishing the assignments of 13C chemical 
shifts of 3 and 4, mutual comparisons allowed a full 
assignment of all 13C chemical shifts of the derivatives. 
Table 2 shows these figures together with the chemical 
shift differences of each carbon of chloro and methoxy 
derivatives calculated therefrom. 

Among the derivatives, a large substituent effect on 

the chemical shift was recognized in a neighborhood 
linked within two covalent bonds; for example, upon 
the introduction of substituents into the C-l position, 
the chemical shifts of the carbonyl carbon caused large 

Fig. 2. The C-H COSY Spectrum of 3. 
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Fig. 3. The C-H COSY Spectrum of 4. 

Table 2. The 13CNMR Chemical Shifts Assignment of Ethoxybicyclo[3.2.2]nonadienes 

No. 

C-l 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 
C-9 
Et 

Me 

5 
H 

58.9 
195.7 
129.4 
153.9 
35.5 

138.4 
124.8 
75.7 
34.8 
15.4 
64.8 

8a-Ethoxy derivatives 

19 
1-C1 

83.9 (+25.0)a) 

187.7 (-8.0) 
131.9 (+2.5) 
154.3 (+0.4) 
35.4 (-0.1) 

135.7 (-2.7) 
127.2 (+2.4) 
78.6 (+2.9) 
33.7 (-1.1) 
15.2 
67.9 

15 
3-MeO 

57.8 (-1.1) 
191.3 (-4.4) 
150.4 (+21.0) 
120.3 (-33.6) 
35.7 (+0.2) 

139.8 (+1.4) 
124.0 (-0.8) 
75.6 (-0.1) 
32.0 (-2.8) 
15.4 
64.7 
54.7 

21 
3-C1 

57.7 
188.4 
132.0 
150.0 
34.9 

138.3 
124.9 
75.1 
34.9 
15.3 
64.9 

(-1.2) 
(-7.3) 
(+2.6)a) 

(-3.9) 
(-0.6) 
(-0.1) 
(+0.1) 
(-0.6) 
(+0.1) 

6 
H 

57.7 
195.7 
131.0 
153.5 
36.7 

139.8 
125.3 
75.1 
36.4 
15.3 
64.6 

8ß-Ethoxy derivatives 

13 
1-MeO 

92.5 (+34.8)a) 

192.5 (-3.2) 
130.0 (-1.0) 
150.9 (-2.6) 
36.3 (-0.4) 

138.0 (-1.8) 
128.8 (+3.5) 
78.5 (+3.4) 
34.9 (-1.5) 
15.5 
66.1 
52.8 

12 
3-MeO 

56.6 (-1.1) 
191.3 (-4.4) 
152.3 (+21.3)a) 

120.3 (-33.2) 
36.6 (-0.1) 

140.6 (+0.8) 
124.6 (-0.7) 
74.9 (-0.2) 
33.6 (-2.8) 
15.2 
64.6 
54.9 
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Table 2. (Continued) 

No. 

C-l 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 
C-9 
Et 

Me 

3 
H 

51.1 
197.3 
130.9 
149.2 
42.1 

135.1 
127.6 
30.7 
77.8 
15.4 
64.5 

i 

14 
1-MeO 

85.7 (+34.6)a) 

194.5 (-2.8) 
130.9 (0.0) 
147.8 (-1.4) 
41.8 (-0.3) 

133.6 (-1.5) 
129.4 (+1.8) 
35.5 (+4.8) 
75.2 (-2.6) 
15.4 
64.5 
52.2 

9a-Ethoxy derivatives 

10 
3-MeO 

50.3 (-0.8) 
192.9 (-4.4) 
151.5 (+20.6)a) 

115.8 (-33.4) 
39.0 (-3.1) 

136.5 (+1.4) 
127.0 (-0.6) 
30.4 (-0.3) 
78.2 (+0.4) 
15.4 
64.4 
54.8 

17 
1-C1 

83.6 (+32.5)a) 

188.0 (-9.3) 
133.4 (+2.5) 
148.6 (-0.6) 
42.4 (+0.3) 

134.1 (-1.0) 
128.9 (+1.3) 
41.1 (+10.4) 
76.2 (-1.6) 
15.3 
64.7 

20 
3-C1 

50.1 (-1.0) 
190.0 (-7.3) 
133.3 (+2.4)a) 

145.5 (-3.7) 
41.8 (-0.3) 

135.2 (+0.1) 
127.6 (0.0) 
30.2 (-0.5) 
77.1 (-0.7) 
15.4 
64.6 

4 
H 

51.7 
197.6 
131.0 
149.5 
41.9 

136.5 
127.2 
28.6 
79.5 
15.5 
64.4 

9ß-Ethoxy derivatives 

11 
3-MeO 

50.5 (-1.2) 
193.3 (-4.3) 
151.5 (+20.5)a) 

115.3 (-34.2) 
38.9 (-3.0) 

137.9 (+1.4) 
126.5 (-0.7) 
28.1 (-0.5) 
78.4 (-1.1) 
15.5 
64.2 
54.9 

18 
3-C1 

50.6 (-1.1) 
190.4 (-7.2) 
133.1 (+2.1)a) 

146.2 (-3.3) 
42.0 (+0.1) 

136.5 (0.0) 
127.2 (0.0) 
28.1 (-0.5) 
78.9 (-0.6) 
15.4 
64.5 

a) Figures were chemical shifts of carbons carrying the substituents. 

Table 3. Pressure Effect for Product Distributions of the Reaction of 1 and Tropones (2, 9, and 16) 

Tropones 

2 
2 

9 
9 

16 
16 

Pressure/bar 

1 
10000 

1 
10000 

1 
10000 

[4+2] 

8)8 

4.1 
4.5 

4.3 
20.1 

— 

Exo 

9ß 
26.3 
32.8 

31.9 
26.3 

21.7 
31.7 

[4+2] 

8a 

2.1 
2.3 

8.5 
2.7 

19.2 
3.8 

Endo 

9a 

35.0 
44.2 

55.3 
50.9 

28.2 

[8+2] 

32.5 
16.2 

— 

59.6 
36.3 

[4+2]/[8+2] 

ca. 2/1 
ca. 5/1 

ca. 2/3 
ca. 2/1 

up-field shifts by steric compression, i.e., the chemical 
shift differences from those of parent ethoxy deriva­
tives, A<5, were ca. 3 for methoxy derivatives and 7—10 
for chloro derivatives. The observed behavior upon 
introducing substituents into the C-3 position, being 
the a-position in the a,/3-unsaturated keto system, 
were just as predicted. Other than these, almost all 
of the signals appeared within Aô^ca. 3. Notable 
exceptions were the C-8 signals of 1-substituted deriv­
atives, i.e, l-chloro-9a-ethoxy derivative, 17 showed 
A<5=+10.4, and 9a-ethoxy-l-methoxy derivative, 14 
showed +4.8. These could be understood by the pres­
ence of the substituents at C-l. Thus, although we 
must sometimes be extremely careful, the 13CNMR 
spectra can provide reliable information concerning 
structure elucidations. 

Pressure Effect of the Cycloaddition. It is evident 
that the high-pressure conditions were effective for 
obtaining better results; in all cases, reactions under 
ordinary pressure conditions proceeded very slowly. 
For the reaction of 1 and 2 under ordinary pressure, a 
much longer time (i.e., ca. 100 h for 43% conversion of 
2 at 100 °C) was required. However, there was a 
notable difference in product distributions: that is, the 
ratios of [4+2]/[8+2] were larger under high-pressure 
conditions for reactions with both 2 and 16 (Table 3). 
This is parallel to the pressure effect of the cycloaddi­
tion reaction of 1 to cyclohepta[6]furan-2-one deriva­
tives (B).8> 

ÇOOMe 

:0 

It is now clear that the [4+2] cycloadducts formed in 
kinetically controlled fashion, but that the [8+2] 
cycloadducts were thermodynamic products. 

Experimental 

Elemental analyses were performed by Mrs. M. Miyazawa 
of this Institute, Kyushu University. The mps were mea­
sured with a Yanagimoto micro mp apparatus and are not 
corrected. The NMR spectra were measured by JEOL FX 
100 and GSX 270H spectrometers in CDCI3, unless other­
wise specified, and the chemical shifts expressed were in 8 
units. Mass spectra were measured with a JEOL 01SG-2 
spectrometer. The IR spectra were taken as KBr disks for 
crystalline compounds or as liquid films inserted between 
NaCl plates for oily materials using a JASCO IR-A 102 
spectrometer. The stationary phase for the column chro­
matography was Wakogel C-300 and the elution solvents 
were mixtures of hexane and ethyl acetate. 

High-Pressure Diels-Alder Reaction of 1 and 2. A toluene 
solution (4 cm3) of 1 (590 mg), 2 (424 mg), and hydroqui-
none (20 mg) was heated at 80 °C under 10000 bar for 12 h. 
The mixture was then separated by means of a silica-gel 
column and high-pressure liquid (Microporasil, EtOAc and 
hexane) chromatography to give the following products: 
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3: A colorless oil, 270 mg; 37.9%. Found: C, 73.81; H, 
7.91%; M.W., 178.0995 (M+). Calcd for CnHi 40 2 : C, 74.13; 
H, 7.92%; iVI.W., 178.0994. ^ N M R 0=1.19 (3H, t, /=7.0 
Hz), 1.87 (IH, m), 2.32 (IH, dd, /=13.9, 8.1 Hz), 3.4—3.6 
(3H, m), 3.55 (IH, dd, /=9.2, 7.0 Hz), 4.01 (IH, dm, /=8.1 
Hz), 5.77 (IH, ddd, /=11.0, 2.5, 0.7 Hz), 6.24 (IH, tm, /=8.4 
Hz), 6.44 (IH, ddt, /=8.4, 7.0, 0.7 Hz), and 6.95 (IH, dd, 
/=11.0, 9.2 Hz). MS m/z: 179 (6), 178 (30), 149 (44), 133 
(29), 132 (100), 131 (78), 121 (39), 107 (81), 103 (26), 91 (44), 77 
(46), 44 (34), and 26 (37). IR: 3016, 2876, 1667, 1386, 1222, 
1089, and 669 cm"1. AM^X

H =237 nm (£=4400) and 342 (130). 
4: A colorless oil, 200 mg; 28.1%. Found: M.W., 

178.0989 (M+). Calcd for CnHi402 ; 178.0994. *HNMR 
0=1.20 (3H, t, /=7.0 Hz), 1.70 (IH, dd, 7=14.3, 5.5 Hz), 2.42 
(IH, ddd, 7=14.3, 8.8, 7.0 Hz), 3.39 (IH, ddd, 7=7.3, 7.0, 0.7 
Hz), 3.49 (IH, dq, 7=9.5, 7.0 Hz), 3.59 (IH, dq, 7=9.5, 7.0 
Hz), 3.70 (IH, ddd, 7=8.4, 7.3, 4.4 Hz), 3.88 (IH, ddd, 7=8.8, 
5.5, 4.4 Hz), 5.93 (IH, dd, 7=11-0, 2.2 Hz), 6.05 (IH, dd, 
7=8.1, 7.3 Hz), 6.40 (IH, ddd, 7=8.1, 7.3, 1.1 Hz), and 6.87 
(IH, dd, 7=11.0, 8.4 Hz). MS m/z: 179 (8), 178 (29), 149 
(36), 132 (82), 107 (100), 91 (38), 77 (38), 44 (28), and 26 (28). 
IR : 3048, 2972, 2870, 1668, 1387, 1100, and 733 cm"1. UV 
A " =232 nm (£=3600). 

5: A colorless oil, 14 mg; 2.0%. Found: M.W., 178.0994 
(M+). Calcd for CnHi 40 2 : 178.0994. *HNMR 0=1.19 
(3H, t, 7=7.0 Hz), 1.65 (IH, dt, 7=13.2, 4.4 Hz), 2.51 (IH, 
ddd, 7=13.2, 8.4, 1.8 Hz), 3.2—3.3 (IH, br m, Why=23 Hz), 
3.44 (IH, dq, 7=9.5, 7.0 Hz), 3.57 (IH, dq, 7=7.5, 7.0 Hz), 
3.75 (IH, dd, 7=7.3, 1.8 Hz), 4.03 (IH, dd, 7=8.4, 4.4 Hz), 
5.68 (IH, dd, 7=11.0, 1.8 Hz), 6.07 (IH, dd, 7=8.4, 7.3 Hz), 
6.67 (IH, t, 7=8.4 Hz), and 7.07 (IH, dd, 7=11.0, 8.8 Hz). 
MS m/z: 178 (100), 149 (52), 132 (64), 131 (56), 107 (69), 91 
(28), 78 (58), 77 (48), 72 (87), 55 (31), 44 (72), 43 (72), 43 (37), 
and 39 (26). IR: 3044, 2970, 2930, 1666, 1634, 1385, 1097, 
716, and 676 cm"1. A*tâH =228 nm (£=6000). 

6: A colorless oil, 28 mg; 3.9%. Found: M.W., 178.0996 
(M+). Calcd for C11H14O2: 178.0994. *HNMR 0=1.13 
(3H, t, 7=7.0 Hz), 1.91 (IH, dm, 7=13.6 Hz), 2.26 (IH, ddd, 
7=13.6, 8.8, 5.1 Hz), 3.25—3.35 (IH, br m, Whl/2=25 Hz), 3.41 
(IH, dq, 7=9.2, 7.0 Hz), 3.67 (IH, dq, 7=9.2, 7.0 Hz), 3.98 
(IH, ddd, 7=8.8, 5.9, 2.7 Hz), 4.05 (IH, ddm, 7=7.3, 5.9 Hz), 
5.85 (IH, dd, 7=11.0, 1.4 Hz), 5.99 (IH, dd, 7=7.7, 7.3 Hz), 
6.54 (IH, dd, 7=8.1, 7.7 Hz), and 7.16 (IH, dd, 7=H-0, 8.8 
Hz). IR: 3040, 2926, 2866, 17S0, 1663, 1633, 1387, 1249, 
1098, and 757 cm"1. UV AMmâH=225 nm (£=4100) and 290 
(600). 

7: A colorless oil, 28 mg; 3.9%. Found: M.W., 178.0991 
(M+). Calcd for CnHi402 ; 178.0994. *HNMR 0=1.22 
(3H, t, 7=7.7 Hz), 2.13 (IH, ddd, 7=13.5, 8.1, 5.5 Hz), 2.52 
(IH, dd, 7=13.5, 9.5 Hz), 2.93 (IH, dddd, 7=9.5, 8.1, 3.3, 2.2 
Hz), 3.56 (IH, dq, 7=9.5, 7.0 Hz), 3.82 (IH, dq, 7=9.5, 7.0 
Hz), 4.89 (IH, dd, 7=9.5, 3.3 Hz), 5.43 (IH, dd, 7=5.5, 1.1 
Hz), 5.72 (IH, dm, 7=6.6 Hz), 6.07 (IH, ddd, 7=9.5, 5.9, 2.2 
Hz), 6.20 (IH, dd, 7=11.0, 5.9 Hz), and 6.35 (IH, dd, 7=11.0, 
6.6 Hz). 13CNMR 0=15.1, 38.5, 38.7, 63.9, 97.3, 106.5, 
122.9, 124.0, 127.0, 128.6, and 153.8. MS m/z: 179 (14), 178 
(100), 149 (56), 133 (36), 132 (83), 131 (95), 121 (56), 110 (98), 
107 (71), 105 (48), 103 (35), 91 (44), 78 (46), 77 (57), 73 (90), 72 
(63), 45 (72), 44 (64), 43 (32), and 26 (46). IR: 3014, 2976, 
2930, 1647, 1544, 1505, 1379, 1346, 1155, 1099, 978, 918, and 
710 cm-1. AMm?x

H =212 nm (£=11500), 265 (3000), 289 (3500), 
and 315 (2200). 

8: A colorless oil, 71 mg; 10.0%. Found: M.W., 178.0991 

(M+). Calcd for CnHi402 : 178.0994. *HNMR 0=1.18 
(3H, t, 7=7.3 Hz), 2.18 (IH, dt, 7=12.7, 1.8 Hz), 2.55 (IH, 
ddm, 7=10.3, 3.3 Hz), 2.60 (IH, ddd, 7=12.7, 10.3, 5.5 Hz), 
3.50 (IH, dq, 7=9.5, 7.3 Hz), 3.75 (IH, dq, 7=9.5, 7.3 Hz), 
5.11 (IH, dd, 7=9.2, 3.3 Hz), 5.53 (IH, dd, 7=5.5, 1.8 Hz), 
5.65 (IH, d, 7=6.2 Hz), 6.07 (IH, dd, 7=9.2, 5.5 Hz), 6.25 (IH, 
dd, 7=11-0, 5.5 Hz), and 6.42 (IH, dd, 7=11.0, 6.2 Hz). 
13CNMR 0=15.1, 37.1, 39.3, 64.2, 95.7, 107.4, 123.9, 124.2, 
126.1, 129.2, and 152.4. IR: 3014, 2976, 1642, 1378, 1350, 
1161, 1111, 951, 891, and 713 cm"1. MS m/z: 179 (10), 178 
(79), 149 (45), 132 (71), 131 (100), 121 (55), 118 (38), 107 (70), 
105 (32), 103 (34), 91 (59), 78 (54), 77 (59), 73 (36), 72 (55), 44 
(66), 43 (34), and 26 (50). UV Ä " =265 nm (£=2300), and 
288 (2600). 

High-Pressure Diels-Alder Reaction of 1 and 9. Sim­
ilarly, a toluene solution (4 cm3) of 1 (600 mg) and 9 (250 
mg) was heated at 120 °C under 10000 bar for 10 h. The 
mixture was then separated on a silica-gel column and high-
pressure liquid chromatography to give the following 
products: 

10: Colorless crystals, mp 64—65 °C, 53 mg; 13.9%. 
Found: C, 69.21; H, 7.77%. Calcd for Ci2Hi603; C, 69.21; H, 
7.74%. iHNMR 0=1.18 (3H, t, 7=7.0 Hz), 1.83 (IH, ddm, 
7=14.7, 6.2 Hz), 2.36 (IH, dd, 7=14.7, 8.1 Hz), 3.4—3.65 (4H, 
m), 3.55 (3H, s), 3.97 (IH, dt, 7=8.1, 1.8 Hz), 5.92 (IH, d, 
7=9.9 Hz), 6.23 (IH, t, 7=8.1 Hz), and 6.51 (IH, dd, 7=8.1, 
7.3 Hz). MS m/z: 208 (100), 179 (22), 162 (29), 136 (94), 118 
(27), 107 (79), 91 (27), 77 (27), and 28 (19). IR: 3040, 2966, 
2872, 1681, 1637, 1616, 1367, 1225, 1118, 1038, 1033, 837, 783, 
and 770 cm"1. UV Ä H =239 nm (£=2400) and 279 (3500). 

11: A colorless oil, 48 mg; 11.9%. Found: M.W., 
208.1096 (M+). Calcd for Ci2Hi603: 208.1098. *HNMR 
0=1.20 (3H, t, 7=7.0 Hz), 1.63 (IH, dd, 7=14.3, 5.1 Hz), 2.37 
(IH, ddd, 7=14.3, 8.8, 7.1 Hz), 3.4—3.6 (3H, m), 3.59 (3H, s), 
3.69 (IH, ddd, 7=9.2, 8.4, 4.0 Hz), 3.79 (IH, ddd, 7=8.8, 5.1, 
4.0 Hz), 5.83 (IH, d, 7=9.2 Hz), 6.03 (IH, dd, 7=8.4, 7.7 Hz), 
and 6.48 (IH, td, 7=8.4, 1.1 Hz). MS m/z: 208 (100), 162 
(27), 136 (79), 107 (68), 105 (33), 91 (28), 79 (24), 77 (28), and 
26 (21). IR: 3048, 2972, 2872, 1731, 1682, 1637, 1620, 1444, 
1372, 1220, 1092, and 739 cm"1. UV AM1°X

H=226 nm 
(£=1800) and 276 (2000). 

12: A colorless oil, 28 mg; 6.7%. Found: M.W., 208.1096 
(M+). Calcd for Ci2Hi603: 208.1098. *HNMR 0=1.12 
(3H, t, 7=7.0 Hz), 1.83 (IH, dt, 7=13.6, 2.9 Hz), 2.22 (IH, 
ddd, 7=13.6, 9.2, 4.8 Hz), 3.39 (IH, dq, 7=9.2, 7.0 Hz), 3.3— 
3.5 (IH, m), 3.55 (3H, s), 3.68 (IH, dq, 7=9.2, 7.0 Hz), 3.95 
(IH, ddd, 7=9.2, 6.2, 2.9 Hz), 4.20 (IH, dd, 7=7.0, 6.2 Hz), 
5.96 (IH, ddd, 7=8.1, 7.0, 1.1 Hz), 6.14 (IH, d, 7=9.5 Hz), and 
6.61 (IH, dd, 7=8.1, 7.3 Hz). MS m/z: 208 (49), 136 (100), 118 
(19), 107 (33), and 91 (17). IR: 3050, 2970, 2870, 1728, 1681, 
1636, 1622, 1372, 1241, 1128, 1103, 1028, and 746 cm"1. UV 
Ä H =229 nm (£=2300) and 277 (2600). 

13: A colorless oil, 10 mg; 2.4%. Found: M.W., 208.1092 
(M+). Calcd for Ci2Hi603: 208.1098. *HNMR 0=1.11 
(3H, t, 7=7.0 Hz), 1.91 (IH, dm, 7=13.6 Hz), 2.16 (IH, ddd, 
7=13.6, 8.8, 4.4 Hz), 3.3 (IH, br m, Whl/2=23 Hz), 3.56 (IH, 
dq, 7=9.2, 7.0 Hz), 3.58 (3H, s), 3.69 (IH, dq, 7=9.2, 7.0 Hz), 
4.04 (IH, dd, 7=8.8, 1.8 Hz), 5.87 (IH, d, 7=11.0 Hz), 5.98 
(IH, dd, 7=9.2, 1.1 Hz), 6.56 (IH, dd, 7=9.2, 7.3 Hz), and 7.04 
(IH, dd, 7=H.O, 8.4 Hz). MS m/z: 208 (100), 179 (37), 161 
(68), 136 (48), 131 (35), 108 (97), 99 (33), 91 (29), 55 (27), and 
26 (26). IR: 2972, 2872, 1732, 1687, 1375, and 1103 cm"1. 
UV Ä H =224 nm (£=3400). 
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14: A colorless oil, 38 mg; 9.1%. Found: M.W., 208.1100 
(M+). Calcd for C12H16O3: 208.1098. *HNMR 0=1.19 (3H, 
t, /=7.0 Hz), 2.00 (IH, dm, /=14.0 Hz), 2.46 (IH, ddd, 
/=14.0, 8.1, 1.1 Hz), 3.4—3.8 (3H, m), 3.49 (3H, s), 3.95 (IH, 
dm, /=8.1 Hz), 5.81 (IH, d, 7=H-0 Hz), 6.18 (IH, dm, 7=8.8 
Hz), 6.43 (IH, ddd, 7=8.8, 7.0, 1.1 Hz), and 6.91 (IH, dd, 
7=11.0, 8.8 Hz). MS m/z: 208 (86), 179 (100), 164 (44), 135 
(48), 119 (36), 109 (39), 108 (54), 91 (74), 77 (35), 55 (39), 39 
(34), and 26 (30). IR: 3044, 2972, 2876, 1735, 1681, 1376, 
1348, 1214, 1105, 1080, and 713 cm"1. UV Ä H = 2 3 1 nm 
(£=3800). 

15: A colorless oil, 5 mg; 1.2%. Found: M.W., 208.1097 
(M+). Calcd for C12H16O3: 208.1098. *HNMR 0=1.18 (3H, 
t, 7=7.0 Hz), 1.60 (IH, dt, 7=13.2, 4.8 Hz), 2.45 (IH, ddd, 
7=13.2, 8.4, 2.2 Hz), 3.3 (IH, m, Whl/2=24: Hz), 3.43 (IH, dq, 
7=9.5, 7.0 Hz), 3.52 (3H, s), 3.57 (IH, dq, 7=9.5, 7.0 Hz), 3.90 
(IH, d, 7=7.3 Hz), 4.02 (IH, ddt, 7=8.4, 4.8, 1.1 Hz), 6.04 
(IH, d, 7=9.5 Hz), 6.05 (IH, ddt, 7=8.1, 7.3, 1.1 Hz), and 6.73 
(IH, dd, 7=8.1, 7.7 Hz). MS m/z: 208 (36), 136 (100), 107 
(42), 105 (20), 91 (16), and 77 (14). IR: 2972, 1734, 1680, 
1375, 1163, 1102, 1028, and 749 cm"1. UV Ä H = 2 2 3 nm 
(£=1600, sh) and 278 (1000). 

High-Pressure Diels-Alder Reaction of 1 with 16. A toluene 
solution (4 cm3) of 1 (580 mg) and 16 (282 mg) was heated at 
100 °C under 10000 bar for 25 h. The mixture was then 
similarly fractionated to give the following products: 

17: A colorless oil, 3 mg; 0.7%. Found: M.W., 212.0602 
(M+). Calcd for CiiHi302

35Cl: 212.0603. *HNMR 0=1.19 
(3H, t, 7=7.0 Hz), 2.34 (IH, dm, 7=14.7 Hz), 2.79 (IH, ddd, 
7=14.7, 8.1, 0.7 Hz), 3.49 (2H, q, 7=7.0 Hz), 3.5—3.6 (IH, m), 
3.97 (IH, dm, 7=8.1 Hz), 5.94 (IH, d, 7=11.4 Hz), 6.21 (IH, 
d, 7=8.8 Hz), 6.45 (IH, ddd, 7=8.4, 7.0, 1.1 Hz), and 6.97 (IH, 
dd, 7=11.4, 8.8 Hz). MS m/z: 214 (M+ for 37C1, 10), 212 (M+ 
for 35C1, 30), 183 (27), 177 (100), 166 (31), 149 (42), 131 (85), 
112 (39), 91 (49), 77 (31). IR: 3036, 2974, 2876, 1691, 1379, 
1348, 1102, 1080, 930, and 622 cm'1 . UV AMm°H=220 nm 
(£=4100). 

18: A colorless oil, 134 mg; 31.4%. Found: C, 61.70; H, 
6.40%; M.W., 212.0603 (M+ for 35C1). Calcd for CiiHi302

35Cl: 
C, 62.12; H, 6.16%; M.W., 212.0603. *H NMR 0=1.20 (3H, t, 
7=7.2 Hz), 1.69 (IH, dd, 7=14.7, 5.1 Hz), 2.40 (IH, ddd, 
7=14.7, 8.8, 7.1 Hz), 3.45 (IH, dq, 7=9.1, 7.2 Hz), 3.56 (IH, 
dq, 7=9.1, 7.2 Hz), 3.66 (IH, t, 7=7.1 Hz), 3.77 (IH, ddd, 
7=9.1, 7.1, 4.7 Hz), 3.83 (IH, ddd, 7=8.8, 5.1, 4.7 Hz), 6.09 
(IH, dd, 7=8.3, 7.1 Hz), 6.45 (IH, ddd, 7=8.3, 7.1, 1.2 Hz), 
and 7.18 (IH, d, 7=9.1 Hz). MS m/z: 214 (M+ for 37C1, 17), 
212 (M+ for 35C1, 52), 183 (58), 177 (100), 166 (98), 141 (54), 
131 (39), 91 (52), 72 (83), 44 (59), and 26 (33). IR: 3052, 2972, 
2872, 1687, 1637, 1604, 1371, 1338, 1103, 945, and 726 cm"1. 
AMma°xH =230 nm (4000, sh) and 254 (4800). 

19: A colorless oil, 13 mg; 3.1%. Found: M.W., 212.0603 
(M+). Calcd for CnHi302

35Cl: 212.0603. *HNMR 0=1.21 
(3H, t, 7=7.0 Hz), 1.91 (IH, ddd, 7=13.6, 5.1, 3.7 Hz), 2.53 
(IH, ddd, 7=13.6, 8.4, 1.8 Hz), 3.29 (IH, dddm, 7=8.8, 7.7, 
5.1 Hz), 3.63 (IH, dq, 7=9.5, 7.0 Hz), 3.75 (IH, dq, 7=9.5, 7.0 
Hz), 3.88 (IH, ddd, 7=8.4, 3.7, 1.1 Hz), 5.87 (IH, d, 7=11.0 
Hz), 6.04 (IH, dt, 7=8.4, 1.1 Hz), 6.56 (IH, dd, 7=8.4, 7.7 Hz), 
and 7.17 (IH, dd, 7=11-0, 8.8 Hz). MS m/z: 214 (M+ for 
37C1, 7), 212 (M+ for 35C1, 26), 177 (54), 160 (30), 141 (30), 131 
(72), 103 (26), 91 (22), 77 (35), 72 (100), and 44 (43). IR: 
3036, 2972, 2872, 1681, 1380, 1101, 919, and 713 cm-i. UV 
A T =226 nm (£=5500). 

20: A colorless oil, 119 mg; 27.9%. Found: C, 61.88; H, 

6.30%; M.W., 212.0601 (M+ for 35C1). Calcd for CnHi302
35Cl: 

C, 62.12; H, 6.16%; M.W., 212.0603. *HNMR 0=1.18 (3H, t, 
7=7.0 Hz), 1.86 (IH, dddd, 7=14.7, 6.2,2.2, 0.7 Hz), 2.33 (IH, 
dd, 7=14.7, 8.1 Hz), 3.46 (IH, dq, 7=9.2, 7.0 Hz), 3.52 (IH, 
dq, 7=9.2, 7.0 Hz), 3.63 (IH, ddm, 7=8.4, 7.0 Hz), 3.74 (IH, 
dd, 7=7.7, 6.2 Hz), 4.04 (IH, dt, 7=8.1, 2.2 Hz), 6.29 (IH, dd, 
7=8.1, 7.7 Hz), 6.49 (IH, dd, 7=8.1, 7.0 Hz), and 7.25 (IH, d, 
7=8.4 Hz). MS m/z: 214 (M+ for 3?C1, 10), 212 (M+ for 35C1, 
30), 183 (84), 177 (61), 166 (64), 141 (41), 91 (29), 72 (100), and 
44 (66). IR: 3052, 2972, 2872, 1686, 1638, 1603, 1373, 1332, 
1094, 941, and 732 cm'1 . UV AM™X

H=230 nm (£=3800, sh) 
and 252 (4800). 

21: A colorless oil, 0.2 mg; a trace amount. Found: 
M.W., 212.0605 (M+). Calcd for CnHi302

35Cl: 212.0603. 
*HNMR 0=1.18 (3H, t, 7=7.0 Hz), 1.63 (IH, dt, 7=13.5, 4.8 
Hz), 2.52 (IH, ddd, 7=13.5, 8.3, 2.0 Hz), 3.34 (IH, m), 3.45 
(IH, dq, 7=9.5, 7.0 Hz), 3.57 (IH, dq, 7=9.5, 7.0 Hz), 4.01 
(IH, d, 7=7.2 Hz), 4.02 (IH, dd, 7=8.3, 4.8 Hz), 6.12 (IH, dd, 
7=8.3, 7.2 Hz), 6.70 (IH, dd, 7=8.3, 7.5 Hz), and 7.35 (IH, d, 
7=9.5 Hz). MS m/z: 214 (M+ for 37C1, 6), 212 (M+ for 35C1, 
18), 177 (34), 166 (22), 141 (22), 77 (22), 72 (100), and 44 (43). 
IR: 3052, 2972, 2870, 1682, 1634, 1375, 1099, 1071, 959, and 
722 cm-1. UV XM£? =234 nm (£=4400) and 264 (2500). 

22: A colorless oil, 51 mg; 12.0%. Found: M.W., 212.0602 
(M+). Calcd for CnHi302

35Cl: 212.0603. *H NMR 0=1.25 
(3H, t, 7=7.0 Hz), 2.20 (IH, ddd, 7=13.2, 8.4, 5.5 Hz), 2.59 
(1H, ddd, 7=13.2, 9.2,1.1 Hz), 3.07 (1H, ddm, 7=9.2, 8.4 Hz), 
3.62 (1H, dq, 7=9.5, 7.0 Hz), 3.89 (1H, dq, 7=9.5, 7.0 Hz), 
5.01 (1H, dd, 7=9.5, 3.3 Hz), 5.55 (1H, dd, 7=5.5, 1.1 Hz), 
6.05 (1H, ddd, 7=9.5, 5.9, 2.2 Hz), 6.19 (1H, dd, ]=\\.l, 5.9 
Hz), and 6.33 (1H, d, 7=11.7 Hz). 13CNMR 0=15.1, 38.2, 
38.9, 64.4, 101.9, 106.9, 124.6, 125.3, 126.6, 129.9, and 148.7. 
MS m/z: 214 (M+ for 3?C1, 23), 212 (M+ for 35C1, 71), 183 (41), 
177 (51), 165 (36), 141 (49), 131 (34), 103 (52), 91 (64), 77 (69), 
72 (100), 44 (78), and 26 (48). IR: 3020, 2976, 2876, 1643, 
1376, 1343, 1179, 1102, 918, 719, and 619 cm"1. UV 
A " =212 nm (£=16500), 254 (1700), and 306 (3200). 

23: A colorless oil, 102 mg; 23.9%. Found: M.W., 
212.0604 (M+). Calcd for CuHi302

35Cl: 212.0603. *H NMR 
0=0.91 (3H, t, 7=7.0 Hz), 1.7—1.9 (2H, m), 2.36 (IH, dtd, 
7=10.3, 4.4, 1.8 Hz), 3.13 (IH, dq, 7=9.5, 7.0 Hz), 3.58 (IH, 
dq, 7=9.5, 7.0 Hz), 5.05 (IH, dd, 7=9.2, 4.4 Hz), 5.06 (IH, dd, 
7=5.1, 2.3 Hz), 5.83 (IH, ddd, 7=9.2, 5.5, 1.8 Hz), 6.02 (IH, 
dd, 7=11.4, 5.5 Hz), and 6.48 (IH, d, 7=11.4 Hz). 13CNMR 
0=15.0, 37.4, 39.2, 64.6, 100.6, 108.1, 125.2, 125.8, 126.5, 
130.7, and 147.6. MS m/z: 214 (M+ for 37C1, 22), 212 (M+ for 
35C1, 70), 183 (38), 177 (49), 165 (37), 141 (47), 112 (35), 103 
(48), 91 (60), 77 (66), 72 (100), 51 (35), 43 (37), and 26 (47). 
IR: 3022, 2976, 2880, 1643, 1540, 1444, 1375, 1347, 1185, 1105, 
921, 713, and 634 cm"1. UV AM™°X

H =210 nm (£=13800), 258 
(1200), and 307 (2400). 

Thermal Cycloaddition Reactions of 2, 9, and 16 with 1 
under Ordinary Pressure, a) A toluene solution (4 cm3) of 1 
(590 mg) and 2 (424 mg) was heated in a sealed tube at 100 °C 
for 100 h. The mixture was chromatographed on a silica-
gel column to give a mixture of 3—6 (117 mg; 16.5%) and a 
mixture of 7 and 8 (60 mg; 8.5%) together with the recovered 
2 (242 mg; 57%). Further fractionation was carried out by 
means of high-pressure liquid chromatography; and the 
results are given in Table 3. 

b) A toluene solution (4 cm3) of 1 (600 mg) and 9 (430 mg) 
was similarly heated in a sealed tube at 120 °C for 100 h. 
After silica-gel column chromatography of the mixture, a 
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mixture of adducts (10 mg; 2%) and the recovered 9 (394 mg; 
92%) was identified. Further characterization was carried 
out by high-pressure liquid chromatography. 

c) A toluene solution (4 cm3) of 1 (290 mg) and 16 (141 mg) 
was similarly heated in a sealed tube at 100 °C for 25 h to 
achieve ca. 15% conversion. After preliminary separation 
by silica-gel column chromatography, the mixture was 
further fractionated through high-pressure liquid chroma­
tography; the product ratio is shown in Table 3. 

References 

1) G. R. Tian, S. Sugiyama, A. Mori, and H. Takeshita, 
Chem. Lett., 1987, 1557; Bull. Chem. Soc. Jpn., 61, 2393 
(1988). 

2) M. J. Goldstein and B. G. Odell, / . Am. Chem. Soc, 
89,6356(1967). 

3) T. Asano and W. J. le Noble, Chem. Rev., 78, 407 
(1978); R. van Eldik, T. Asano, and W. J. le Noble, ibid., 89, 
549 (1989). 

4) S. Itô, H. Takeshita, and Y. Shoji, Tetrahedron Lett., 
1969, 1815. 

5) The measurement was carried out by a GSX 270 H 
Model spectrometer with the VCOSYN pulse sequence of 
the JEOL GSX series software. 

6) H. Takeshita, M. Shima, and S. Itô, Bull. Chem. Soc. 
Jpn., 46, 2915 (1973). 

7) K. Saito, T. Watanabe, and K. Takahashi, Chem. 
Lett., 1989, 2099. 

8) The results will be published elsewhere. 



2264 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 2264—2267 (1990) [Vol. 63, No. 8 
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Unlike the parent 2,6-cycloheptadien-l-one, the UV-light irradiation of polysubstituted 2,6-cyclo-
heptadien-1-ones gave bicyclo[3.2.0]hept-3-en-2-ones, lumiketone-like products, which subsequently photo 
isomerized to bicyclo[2.2.1]hept-2-en-7-ones. The reaction of cycloheptadienones to lumiketones was proven 
to proceed via a triplet excited state from both sensitization and quenching experiments. 

The photorearrangement of 2,5-cyclohexadien-l-
ones to bicyclo[3.1.0]hex-3-en-2-ones, lumiketones, 
has been extensively investigated from synthetic and 
mechanistic points of view.3) The limitation of this 
photorearrangement has not yet been explored beyond 
the cyclohexadienone chromophore, and it is not 
known whether this is operative or not in the 2,6-
cycloheptadien-l-one system, a homologous cross-
conjugated system. Previously, upon irradiation of 
unsubstituted 2,6-cycloheptadien-l-one (1), forma­
tions of solvent-dependent photoproducts, i.e., a mix­
ture of the head-to-head and the head-to-tail [2+2] 
cyclodimers in hexane, methanol adducts in meth­
anol, bicyclo[3.2.0]heptan-3-ones in acetic acid,4) and 
a 5-vinyl-2-cyclopenten-l-one in fluorosulfuric acid,5) 

were reported. Herein, we wish to report the first 
occurrence of similar lumiketone-type products from 
several substituted 2,6-cycloheptadien-l-ones. 

hv 
ROK 

AcOH 

ROH 
OAc 

h v IFS03H \ ^ h y d r o c a r b o n \ R O 

a mixture of isomers 

OR 

Ri OMe 

In connection to these, we have already reported 
that the reactions between £ram-2,3,4a,9a-tetrahydro-
4aa,9a/3-dimethoxy-7H-cyclohepta[ 1,4]dioxin-7-one 
(2), a cross conjugated cycloheptadienone having a 
cyclic acetal structure, and olefins exclusively yielded 
oxetane derivatives upon UV irradiation.6) Without 

olefin, the irradiation of 2 afforded no photoproduct. 

Results and Discussion 

When a benzene solution of 4,4,5,5-tetramethoxy-
2,7-dimethyl-2,6-cycloheptadien-l-one (3a)7'8) was ir­
radiated for 1 h by means of a 400-W high-pressure 
mercury lamp, two products (4a and 5a) were isolated 
in 50 and 4% yields, respectively. Both of the pro­
ducts showed in their 13CNMR spectra a carbonyl 
carbon signal, two olefinic carbon signals, and four 
sp3-carbon signals, including two acetal carbons. 
The IR spectrum of the major product 4a showed ^c=o 
at 1710 cm -1 , which is appropriate for the cyclopenten-
one chromophore. All of these data are consistent 
with the proposed structure of 4a to be 6,6,7,7-
tetramethoxy-l,3-dimethylbicyclo[3.2.0]hept-3-en-2-
one, a lumiketone-like product. 

Since the second product 5a revealed the presence of 
a symmetry element in the 13C NMR spectrum and a 
strained carbonyl group at 1780 cm - 1 in the IR spec­
trum, 5a is 5,5,6,6-tetramethoxy-l,4-dimethylbicyclo-
[2.2.1 ]hept-2-en-7-one. A reduction of 5a with sodium 
borohydride gave an alcohol (6) whose 13C NMR spec­
trum retained the symmetry element. Furthermore, 
its 1H NMR spectrum showed a doublet signal (/=12.8 
Hz) of a methine proton on the carbon bearing a 
hydroxyl group at 6=3.06, which was coupled with 
the hydroxyl hydrogen. This indicates a tight intra­
molecular hydrogen bonding with a methoxyl group. 
The XH NMR signal for the methine proton appeared 
at a rather high field, suffering a shielding effect from 
the double bond. Therefore, the hydroxyl group is 
eis to the ethano bridge with tetramethoxyl groups. 

Further irradiation of 4a for 1 h gave 5a in 33% yield. 
Similarly, 3b and 3c yielded corresponding photopro­
ducts (4b; 48%, 4c; 47%, 5b; 10%, and 5c, 8%). 

It has been established that the photoreaction of 
cyclohexadienones to lumiketones proceeds via a tri­
plet excited state by sensitized and quenching experi­
ments.3) In the present case, the direct irradiation of 
3a, a sensitized reaction with benzophenone, and a 
quenching experiment with isoprene were investi-
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Scheme 2. 

gated. A product identified by its lH N M R spectrum 
was 4a in each experiment. T h e a m o u n t of 3a was 
traced by the lH N M R spectrum us ing toluene as an 
internal s tandard (Fig. 1). T h e rate enhancement , 
measured by the decrease in 3a, was ca. 1.5 when the 
reaction was carried out in the presence of benzophe-
none, a sensitizer. Al though the q u e n c h i n g with iso-
prene was not so effective, it is evident that the triplet 
excited state was involved in the reaction of 3 to a 
lumiketone. 

As has been verified in the photoreact ion of cyclo-
hexadienones,3 ) a zwitterion (7) would be involved in 
the photoreact ion of 3. A subsequent rearrangement 
of 7 to bicyclo[3.2.0]hept-3-en-2-ones, the lumike-
tones, is a symmetry-allowed [1,4] s igmatropic shift. 
Further , a [1,3] s igmatropic shift9) of the lumiketones 
should give symmetrical molecules, bicyclo[2.2.1]-
heptenones, as has been verified. An occurrence of 
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Fig. 1. Time-course of the benzophenone-sensitiza-
tion and the isoprene-quenching expriments of 3a: 
O; 2.7 mg of 3a in 0.6 cm3 of benzene-ßfe (sample 1), 
• ; sample 1 and 70 mg of benzophenone, A; sample 
1 and 7 mg of isoprene, • ; sample 1 and 14 mg of 
isoprene, and D; sample 1 and 28 mg of isoprene. 
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the [1,3] s igmatropic shift should be characteristic for 
the cycloheptadienones; a photochemical [1,3] sigma­
tropic rear rangement of bicyclo[3.2.0]hept-3-en-2-one 
(8) gave bicyclo[2.2.1]hept-2-en-7-one (9) via a non-
concerted, biradical pa thway and methyl cyclohexene-
carboxylate derivative (10) via a concerted process. i 0 ) 

In the cyclohexadienone derivatives, however, such a 
s igmatropic shift must lead to energetically disfavored 
strained bicyclo[2.1.1 ]hex-2-en-5-ones. 

T h e inert na ture of the intramolecular photorear-
rangement in 2 migh t be due to a severe r ing strain in 
the trans-fused zwitterion (11). T h e different modes 
of photochemical changes revealed in 3 vs. 1 and 2 
could be explained in terms of the substi tuent effect; 
the bulky substituents on C4 and C5 should inhibi t an 
intermolecular approach to a double bond to form a 
[2+2] cyclodimer. Fur thermore , the polysubsti tuted 
nature of 3 made the rates of the conformational 
change slow to decrease a self-quenching of the 
excited molecules . n ) T h e thermodynamic parame­
ters of this interesting conformat ional change for 3 
have been analyzed.12) 

In conclusion, the present results consti tute the first 
observation of the lumiketone formation from cross-
conjugated cycloheptadienones, which subsequently 
cause [1,3] s igmatropic isomerization to bicyclo[2.2.1]-
hept-2-en-7-one. T h e latter step has been never de­
tected in the cyclohexadienone series, of which the 
expected products , bicyclo[2.1.1]hexenones, migh t be 
too strained to be formed. 

Experimental 

Elemental analyses were performed by Miss S. Hirashima 
and Miss T. Mizoguchi, of Institute of Advanced Material 
Study, Kyushu University. NMR spectra were measured by 
a JEOL FX 100 Model and a JEOL GSX 270 H Model 
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spectrometers in a CDCI3 solution (unless otherwise speci­
fied); chemical shifts are expressed in the unit <5. Mass 
spectra were measured with a JEOL 01SG-2 spectrometer. 
IR spectra were taken using a Jasco IR-A 102 spectrometer. 
UV spectra were measured by a Hitachi U-3200 spectro­
photometer. 

Photoreaction of 3a. A benzene solution (2.5 cm3) of 3a 
(177 mg) was irradiated for 1 h through a Pyrex filter by 
means of a 400 W high-pressure mercury lamp. The reac­
tion mixture was purified by a HPLC (Microporasil, 
AcOEt-hexane) to give 88.7 mg (50%) of 4a and 6.5 mg (4%) 
of 5a. 

4a: Colorless crystals, mp 69—70 °C. *H NMR 0=1.27 (3H, 
s), 1.84 (3H, dd, /=1.6, 1.5 Hz), 2.81 (IH, dq, 7=2.9, 1.6 Hz), 
3.24 (3H, s), 3.32 (3H, s), 3.38 (3H, s), and 7.16 (IH, dq, 
7=2.9, 1.5 Hz); 13CNMR 0=10.9, 14.7, 49.9, 51.0, 51.2, 51.8 
(2C), 53.7, 104.6, 104.7, 145.3, 152.0, and 209.2; IR (KBr) 
3050—2850, 1710, 1640, 1450, 1270, and 1205 cm"1; UV 
(MeOH) 227 nm (£=5550); MS m/z (%) 256 (M+, 24), 241 (53), 
182 (28), 181 (27), 148 (46), 133 (100), 106 (51), 78 (21), and 60 
(34). 

Found: C, 61.10; H, 7.85%. Calcd for G3H20O5: C, 60.92; 
H, 7.87%. 

5a: Colorless crystals, mp 106—108 °C. XH NMR 0=1.32 
(6H, s), 3.40 (6H, s), 3.47 (6H, s), and 6.25 (2H, s); 13CNMR 
0=9.8 (2C), 52.0 (2C), 52.5 (2C), 60.3 (2C), 106.9 (2C), 136.0 
(2C), and 204.5; IR (KBr) 3050—2850, 1780, 1440, 1380, 1210, 
1185, 1120, 1090, 1070, and 1025 cm"1; UV (MeOH) 202 
(£=3500) and 227 nm (680 sh); MS m/z (%) 256 (M+, 6), 241 
(100), 213 (72), 182 (31), 148 (28), 139 (46), 133 (69), 105 (46), 
78 (26), and 60 (26). 

Found: 61.04; H, 7.99%. Calcd for G3H20O5: C, 60.90; H, 
7.87%. 

Photoreaction of 3b. A CDCI3 solution (0.3 cm3) of 3b 
(10.5 mg) was irradiated for 20 min. A HPLC purification 
gave 5 mg (48%) of 4b and 1 mg (10%) of 5b. 

4b: Colorless crystals, mp 65—66 °C. *HNMR 0=3.00 
(IH, d, 7=7 Hz), 3.33 (3H, s), 3.34 (3H, s), 3.38 (3H, s), 3.4 
(IH, underneath the signals of MeO groups), 3.42 (3H, s), 
6.37 (IH, dd, 7=5.5, 1.5 Hz), and 7.61 (IH, dd, 7=5.5, 2.9 Hz); 
13CNMR 0=46.9, 49.2, 50.8, 51.1, 51.3, 51.8, 104.4, 105.3, 
138.6, 159.2, and 205.5; IR (CHCI3) 3050—2800, 1710, 1580, 
1440, and 1340 cm"1; UV (MeOH) 236 nm (£=3100). 

Found: C, 58.06; H, 7.13%. Calcd for CnHi605 : C, 57.88; 
H, 7.07%. 

5b: Colorless crystals, mp 77—78 °C. *HNMR 0=3.27 
(2H, dd, 7=2.6, 2.2 Hz), 3.35 (6H, s), 3.43 (6H, s), and 6.56 
(2H, dd, 7=2.6, 2.2 Hz); 13C NMR 0=51.2 (2C), 51.6 (2C), 56.7 
(2C), 106.4 (2C), 130.6 (2C), and 199.5; IR (CHCU) 3100— 
2800, 1780, 1600, and 1430 cm"1. 

Found: C, 58.09; H, 7.08%. Calcd for CnHi605 : C, 57.88; 
H, 7.07%. 

Photoreaction of 3c. A CDCI3 solution (0.3 cm3) of 3c (6 
mg) was irradiated for 10 min to give 2.8 mg (47%) of 4c and 
0.5 mg (8%) of 5c. 

4c: Colorless oil. *HNMR 0=0.8—1.2 (8H, m), 1.4—1.6 
(2H, m), 1.6—1.8 (IH, m), 1.9—2.1 (IH, m), 2.1—2.3 (2H, 
m), 2.97 (IH, dt, 7=3.5, 1.5 Hz), 3.23 (3H, s), 3.31 (3H, s), 3.36 
(3H, s), 3.38 (3H, s), and 7.15 (IH, dt, 7=3.5, 1.5 Hz); 
13CNMR 0=13.6, 14.4, 17.3, 20.9, 27.3, 30.3, 47.8, 49.9, 51.2, 
51.9, 52.1, 58.9, 104.6, 104.7, 150.4, 152.1, and 208.5; 
IR (CHCI3) 3050—2800, 1700, 1460, 1260, and 1195 cm"1; 
MS m/z (%) 312 (M+, 7), 297 (42), 269 (22), 149 (23), 133 (100), 

105 (48), 91 (22), and 59 (46). 
Found: C, 65.27; H, 9.04%. Calcd for C17H28O5: C, 65.27; 

H, 9.03%. 
5c: Colorless oil. « N M R 0=0.93 (6H, t, 7=7.0 Hz), 

1.2—1.4 (4H, m), 1.6—1.8 (2H, m), 1.8—2.0 (2H, m), 3.39 
(6H, s), 3.46 (6H, s), and 6.41 (2H, s); 13CNMR 0=14.9 (2C), 
18.4 (2C), 25.8 (2C), 52.0 (2C), 52.6 (2C), 64.3 (2C), 107.6 (2C), 
133.2 (2C), and 205.6; IR (oil) 3100—2800, 1785, 1460, and 
1175 cm-1; MS m/z (%) 312 (M+, 8), 297 (63), 281 (21), 269 
(53), 195 (20), 149 (25), 133 (100), 105 (94), 91 (33), 79 (29), 77 
(28), and 59 (57). 

Found: C, 65.70; H, 9.22%. Calcd for G7H28O5: C, 65.36; 
H, 9.03%. 

A NaBH4-Reduction of 4a. A dry MeOH solution (2 
cm3) of 4a (8 mg) and NaBH4 (7 mg) was stirred at room 
temperature monitoring with TLC. The solvent was evap­
orated and the residue was diluted by 5% aqueous HCl. 
The aqueous phase was extracted with CHCI3 and the 
extract was purified by Si02 chromatography to give 7.8 mg 
(98%) of 6. 

6: Colorless crystals, mp 80—82°C. « N M R 0=1.28 
(6H, s), 3.06 (IH, d, 7=12.8 Hz), 3.35 (6H, s), 3.47 (6H, s), 
3.69 (IH, d, 7=12.8 Hz, D20 exchangeable), and 5.86 (2H, s); 
13CNMR 0=13.6 (2C), 51.5 (2C), 51.6 (2C), 57.0 (2C), 90.5, 
109.8 (2C), and 136.7 (2C); IR (CHCI3) 3520, 3050—2800, 
1440, and 1420 cm"1. 

Found: C, 60.27; H, 8.39%. Calcd for G3H22O5: C, 60.44; 
H,8.59%. 

Photoconversion of 4a. A CDCI3 solution of 4a (81 mg) 
was irradiated for 1 h. The mixture was purified by a 
HPLC to give 25.9 mg (33%) of 5a and 3.2 mg of 4a. 

Photoconversion of 4b. Similarly, irradiation of 4b (17 
mg) gave 7 mg (44%) of 5b and 1 mg of 4b. 

Photoconversion of 4c. Similarly, irradiation of 4c (17 
mg) gave 9 mg (53%) of 5c. 

Sensitization and Quenching Experiments for 3a. A 
benzene-afe solution (4 cm3) of 3a (18 mg) and an internal 
standard (toluene) was degassed with N2 for several min. 
The solutions used for these experiments contained 2.7 mg 
of 3a in 0.6 cm3 of benzene-do (sample 1), sample 1 and 70 mg 
of benzophenone (sample 2), sample 1 and 7 mg of isoprene 
(sample 3), sample 1 and 14 mg of isoprene (sample 4), and 
sample 1 and 28 mg of isoprene (sample 5). Irradiation was 
carried out with a 100 W high-pressure mercury lamp using 
a merry-go-round apparatus. An amount of 3a was ana­
lyzed by its *H NMR spectra. 
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Triphenylgermane easily adds to acetylenes or terminal olefins in the presence of Et3B to give alkenyltri-
phenylgermane or alkyltriphenylgermane respectively under excellent control of regio- and stereoselectivities. 
While Et3B catalyzed addition of PhsGeH to 1-dodecyne at — 78 °C affords (Z)-l-triphenygermyl-l-dodecene 
exclusively, the addition of PhsGeH at 60 °C provides (£)-l-triphenylgermyl-1-dodecene as a single product. 
The triphenylgermyl radical is also effective to isomerize Z-olefins into their thermodynamically more stable E-
isomers. 

Free radical reactions have been used increasingly in 
recent years for the synthesis of organic molecules.1] 

Hydrogermylation2* and hydrostannation3) of acety­
lenes readily take place either in the absence of a 
catalyst or in the presence of catalytic amount of 
radical initiator such as azobisisobutyronitrile 
(AIBN).4,5) These reactions producing the corres­
ponding alkenyltriphenylgermane6) or alkenyltriphe-
nylstannane7) are of particular synthetic interest, how­
ever, they have a serious limitation. The reactions 
are generally not highly stereoselective.8* Moreover 
the mechanism of the reactions does not appear to 
have been well established mainly because the result­
ing alkenyltriphenylgermane and alkenyltriphenyl-
stannane isomerize under the general reaction condi­
tions of hydrogermylation or hydrostannation.9) 

Here we wish to report that trialkylborane facilitates 
the addition of PhsGeH10* to acetylenes to give(£)- or 
(Z)-alkenyltriphenylgermanes with excellent control 
of regio- and stereoselectivities under equilibrating 
conditions or non-equilibrating conditions respec­
tively.n) Reactions of PhsGeH with olefins are also 
described. 

Treatment of a toluene solution of 1-dodecyne (1.1 
mmol) and Ph3GeH (1.0 mmol) with Et3B

12* (1.0 
mmol) at — 78 °C gave (Z)-l-triphenylgermyl-1-dodecene 
exclusively in 76% yield (Z/£=>20/l) . The represen­
tative results are summarized in Table 1. The iso­
meric ratios of the products heavily depend on the 
reaction temperature and the ratio [acetylene]/ 
[PhsGeH]. The reaction at —78 °C in toluene in the 
presence of slight excess of the acetylenic compound 
provides (Z)-alkenyltriphenylgermane exclusively, 
whereas the reaction at 60 °C in benzene with slight 
excess of PhsGeH gives (£)-alkenyltriphenylgermane 
as a single product. Solvent also affects the isomeric 
ratio of the products. In polar solvents, the (Z)-
isomer was obtained as major product. For instance, 
treatment of 1-dodecyne with PhsGeH-EtsB in THF at 
0 °C for 2 h gave a mixture of (Z)-l-triphenylgermyl-1-
dodecene and (£)-isomer (Z/E=S/l) in 84% yield. 
Addition of methanol (10 mmol per 1.0 mmol of 
substrate) to toluene is also effective for the selective 

Table 1. Stereoselective Hydrogermylation of Acetylenes 

Entry 

1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 
13 
14 

Ph3GeH R y GePh 3 R RC = CH 2 ^ v > = < / + 

E 

Acetylene 

R 

n-CioH2i 

CH3
e) 

HOCH2CH2 

Me3Si 

EtOOC(CH2) 

6-Dodecyne 

El3B H H H 

Reaction conditions 

Temp/°C 

-78 c ) 

-20d ) 

25d) 

60d) 

0(THF) d ) 

0d) 

(PhMe-
M e O H ) 

- 7 8 c ) 

- 7 8 c ) 

60d) 

- 7 8 c ) 

60d) 

9 - 7 8 c ) 

60d) 

- 7 8 c ) 

Time/h 

3 
2 
2 
2 
2 
2 

2 
5 

15 
6 
3 

12 
15 
8 

H 
>=< 

1 

GePh3 

Ya> 

% 

76 
78 
77 
99 
84 
80 

65 
80 
75 
72 
87 
64 
93 
65 

Productb) 

ratio(Z/£) 

>20/ l 
2/1 
1/9 

< l /20 
8/1 

10/1 

>20/ l 
>20/ l 
< l / 20 
56/44 
0/100 

>10/1 
< l /20 

>20/ l 

a) Isolated yield, b) Determined by GC and/or NMR. 
c) Acetylene (1.1 mmol), PhsGeH (1.0 mmol), and 
Et3B (1.0 mmol) were employed. Toluene was used as 
solvent, d) Acetylene (1.0 mmol), Ph3GeH (1.1 
mmol), and Et3B (1.0 mmol) were employed. Benzene 
was used as solvent unless otherwise stated, e) Pro-
pyne (3.0 mmol), PhsGeH (1.0 mmol), and EtsB (1.0 
mmol) were employed. 

formation of (Z)-isomer (Entry 6 in Table 1). 
Et3B-induced addition of n-Pr3GeH to acetylenes 

did not proceed with high stereoselectivity as com­
pared to the addition of PhsGeH. For instance, the 
reaction of 1-dodecyne with n-PrsGeH at 60 °C in the 
presence of Et3B gave an isomeric mixture of (E)-l-
tripropylgermyl-1 -dodecene and (Z)-isomer in 79% 
yield (Z/£=2/l) . 

The addition of triphenylgermyl radical to carbon-
carbon triple bonds was efficiently applied to the 
intramolecular cyclization of enynes just like the tri-
phenyltin radical case which we reported previously10* 
(Scheme 1). 

It was anticipated that the trans addition products 
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Table 2. Isomerization of Olefins by Means of Pri3GeH-Et3B System 

RV R2 Ph3GeH R \ H 
H ^ H Et3B H > = = = < R 2 

Entry R1 R2 Substrate Reaction 

Z/E Time/h 

Product 

Z/E 

1 
2 
3 
4 
5 
6 
7 
8 

n-CöHn 
*-Bu 
n-CeHi3 
Ph 
n-CeHi3 
n-CioH2i 
HO(CH2)2 

EtOOC(CH2)9 

n-CöHn 
n-CsHn 
Ph 
Ph 
SiPhMe2 

GePh3 

GePh3 

GePh3 

>20/ l 
>20/ l 
100/0 

>20/ l 
>20/ l 

10/1 
>20/ l 

7/1 

10 
10 
5 
2 

10 
4 

10 
10 

90 
91 
96 
81 
84 
88 
70 
95 

15/85 
0/100 
0/100 

< l / 2 0 
< l /20 
< l /20 
< l /20 
< l /20 

GePh3 

Ph3GeH 

Et3B 

Scheme 1. 

H N H 

" > . ^ G B P h j "-CioHj, H 

Scheme 2. 

GePh3 

(i.e., (Z)-isomers) were kinetically-controlled products 
and that they isomerized into the (£)-isomers under 
thermodynamic condit ions. T h i s was indeed the 
case as demonstrated by the isomerization of (Z)-l-
tr iphenylgermyl-1-dodecene into (£)-isomer. Heat­
ing a benzene solut ion of (Z)-l-triphenylgermyl-1-
dodecene at 60 °C in the presence of catalytic a m o u n t 
of P h s G e H and Et3B gave (£)-isomer exclusively. 
T h i s isomerization is explained by addit ion-el imi­
na t ion sequence of t r iphenylgermyl radical (Scheme 

2). 
T h e germyl radical, PhßGe •, attacks the carbon-

carbon double bond at the carbon bear ing tr iphenyl­
germyl g roup to give a radical intermediate A. Free 
rotat ion followed by e l iminat ion of PhsGe- would 
induce the stereochemical scrambling of the olefin, so 
that the composi t ion of the mixture reaches the ther­
modynamic equil ibrium.1 3) T h i s mechanism is sup­
ported by the fol lowing experiment. T rea tmen t of 
(Z)-l-triphenylgermyl-1-dodecene (1.0 mmol ) with n-
Pr3GeH-Et3B (1.0 m m o l each) at 60 °C gave a mixture 
of (£)- l - t r ipropylgermyl- 1-dodecene (1) and (E)-l-
t r iphenylgermyl- 1-dodecene (2) ( 1 / 2 = 2 / 5 , pa th a in 
Scheme 3), whi le t reatment of (Z)-l- tr ipropylgermyl-l-
dodecene wi th Ph3GeH-Et3B also gave the same mix­
ture 1 and 2 ( 1 / 2 = 2 / 5 , pa th b in Scheme 3). 

T h i s concept was successfully appl ied to the isomer-
izations of various kinds of olefins and the results are 
summarized in Tab le 2.14) (Z)-6-Dodecene was equil­
ibrated to (£)-isomer after heat ing a benzene solut ion 
of (Z)-6-dodecene (1.0 mmol) , P h 3 G e H (0.1 mmol) , 
and Et3B (0.1 mmol ) at 60 °C for 10 h (Entry 1 of Tab le 
2). T h e product rat io of Z / £ = 1 5 / 8 5 reflects the ther­
modynamic stability of (Z)- and (£)-isomer (Htrans 
-Hci ,=1.0 kcal mol-1).15) 

T r ipheny lge rmane easily added to terminal olefins 

n-C10H21 J3ePh3 
N C = C / v. 

n-CioHzw Ge(n-Pr)3 

u / c = = c \ . ' 

n-C10H21 

\ 
H 

H n-C10H21 H 

Ge(n-Pr)3 H GePh3 

a: n-Pr 3GeH-Et 3B 

b: Ph 3 GeH-Et 3 B 

Scheme 3. 

in contrast to internal olefins. For instance, PhsGeH 
added to 1-dodecene at 25 °C affording dodecyltriphe-
nylgermane in 89% yield.16) 

n-C10H21CH=CH2
 P t ^ G

[ f
H > n-C10H21CH2CH2GePh3 

EtoB 

Experimental 

Distillation of the products was performed by the use of 
Kugelrohr (Büchi), and boiling points are indicated by an 
air bath temperature without correction. All melting 
points were obtained on Yanaco MP-50929 melting points 
apparatus and are uncorrected. The IR spectra were deter­
mined on a JASCO IR-810 spectrometer, the mass spectra on 
a Hitachi M-80 machine, the !H and 13CNMR spectra on 
Varian XL-200 spectrometer. The chemical shifts of the 
XH NMR are given in ô with Me4Si as an internal standard, 
and those of the 13C NMR are given in Ô with CDC13. The 
analyses were carried out by the staff at the Elemental 
Analyses Center of Kyoto University. Tetrahydofuran was 
freshly distilled from sodium benzophenone ketyl. Purifi­
cation of products was performed by column chromatog­
raphy or preparative thin-layer chromatography (tic) on 
silica gel. 

General Procedure for Triethylborane-Induced Hydro-
germylation of Acetylenes and Terminal Olefins. Hydro-
germylation of 1-dodecyne is representative. A hexane 
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solution of Et3B (1.0 M, 1 M=l moldm"3, 1.0 ml, 1.0 mmol) 
was added to a solution of 1-dodecyne (0.18 g, 1.1 mmol) and 
Ph3GeH (0.30 g, 1.0 mmol) in toluene (8 ml) at - 7 8 °C under 
an argon atmosphere. After stirring for 3 h at —78°C, the 
reaction mixture was poured into ice-cooled water and 
extracted with ethyl acetate three times. Combined organic 
layers were washed with brine, dried over Na2S04, and 
concentrated in vacuo. The residual oil was submitted to 
preparative tic on silica gel to give (Z)-l-triphenylgermyl-l-
dodecene exclusively (0.36 g, 76% yield, Z/£=>20/ l ) : 
*HNMR (CDCls) 6=0.88 (t, /=6.5 Hz, 3H), 0.74—1.49 (m, 
16H), 1.95 (dt, /=7.3, 7.3 Hz, 2H), 6.04 (C=CHGe, d, /=12.6 
Hz, IH), 6.67 (C=CHR, dt, /=12.6, 7.3 Hz, IH), 7.31—7.50 
(m, 9H), 7.50—7.76 (m, 6H); 13CNMR (CDCls) 6=14.12, 
22.70, 29.22, 29.31, 29.52, 31.92, 34.65, 123.2, 128.1, 128.9, 
134.8, 137.7, 151.2. On the other hand, £-isomer was 
obtained as follows. A hexane solution of Et3B (1.0 M, 1.0 
ml, 1.0 mmol)17) was added to a solution of 1-dodecyne (0.17 
g, 1.0 mmol) and PhsGeH (0.33 g, 1.1 mmol) in benzene (8 
ml). The mixture was heated at 60 °C for 2 h. Evapora­
tion of the solvent followed by purification provided (E)-\-
triphenylgermyl-1-dodecene (0.48 g, 99% yield Z/£=<l /20) : 
mp 55—56 °C (toluene); IR (neat) 2880, 2820, 1425, 1085, 
730, 695 cm"1; *HNMR (CDCls) ô=0.86 (t, /=6.7 Hz, 3H), 
1.06—1.66 (m, 16H), 2.14—2.34 (m, 2H), 6.13—6.23 (m, 2H), 
7.23—7.45 (m, 9H), 7.45—7.70 (m, 6H); 13CNMR (CDCls) 
6=14,04, 22.70, 28.64, 29.20, 29.36, 29.48, 29.61, 31.92, 36.69, 
123.1, 128.1, 128.9, 135.1, 137.0, 151.0. Found C, 76.42; H, 
8.16%. Calcd for CsoHssGe: C, 76.46; H, 8.13%. 

(Z)-l-Triphenylgermyl-l-propene: Mp 35—37 °C (toluene); 
IR (KBr) 3044, 2982, 1609, 1483, 1429, 1090, 1020, 1004, 734, 
697 cm"1; *HNMR (CDCI3) 6=1.68 (d, /=7.0 Hz, 3H), 6.10 
(C=CHGe, d, /=13.0 Hz, IH), 6.80 (C=CHMe, dq, 7=13.0, 
7.0 Hz, IH), 7.33—7.48 (m, 9H), 7.48—7.65 (m, 6H); 
13CNMR (CDCls) 6=21.2, 125.6, 129.1, 129.7, 135.7, 138.4, 
146.1. Found: C, 73.25; H, 5.69%. Calcd for C2iH2oGe: C, 
73.11; H, 5.84%. 

(E)-4-Triphenylgermyl-3-buten-l-ol; IR (KBr) 3350, 3060, 
2973, 1618, 1484, 1430, 1091, 1039, 999, 982, 735, 698, 671 cm"1; 
*HNMR (CDC13)6=1.25 (bs, IH), 2.54 (dt, 7=6.3, 6.4 Hz, 
2H), 3.69 (t, 7=6.4 Hz, 2H), 6.18 (C=CHR, dt, 7=18.3, 6.3 Hz, 
IH), 6.35 (C=CHGe, d, 7=18.3 Hz, IH), 7.44—7.62 (m, 9H), 
7.62—7.87 (m, 6H); 13CNMR (CDCI3) 6=40.00, 61.45, 127.3, 
128.2. 129.0, 135.0, 136.4, 141.6. Found: C, 70.35; H, 5.82%. 
Calcd for C22H22OGe: C, 70.46; H, 5.91%. 

(Z)-4-Triphenylgermyl-3-buten-l-ol: Bp 170 °C (bath temp, 
0.3 Torr, 1 Torr=133.322 Pa); *HNMR (CDCI3) 6=1.22 (bs, 
IH), 2.28 (dt, 7=7.5, 6.8 Hz, 2H), 3.49 (t, 7=6.8 Hz, 2H), 6.18 
(C=CHGe, d 7=12.5 Hz, IH), 6.76 (C=CHR dt, 7=18.3, 6.3 
Hz, IH), 7.36—7.51 (m, 9H), 7.56—7.69 (m, 6H). 

(Z)-6-Triphenylgermyl-6-dodecene: Bp 170 °C (bath temp, 
0.3 Torr); IR (neat) 3066, 2924, 2854, 1730, 1432, 1090 cm"1; 
*H NMR(CDC13) 6=0.71 (t, 7=6.7 Hz, 3H), 0.73 (t, 7=6.8 Hz, 
3H), 0.84—1.43 (m, 12H), 1.81 (dt, 7=7.4, 7.4 Hz, 2H), 2.09 (t, 
7=7.4 Hz, 2H), 6.24 (t j=7.4 Hz, IH), 7.35—7.67 (m, 15H); 
13CNMR (CDCI3) 6=13.95, 14.00, 22.22, 22.38, 29.14, 30.17, 
31.35, 31.42, 33.60, 38.81, 128.0, 128.6, 135.1,135.9, 137.7, 
143.3. Found: C, 76.66; H, 8.34%. Calcd for CsoHssGe: C, 
76.47; H, 8.13%. 

(E)-6-Triphenylgermyl-6-dodecene: *H NMR (CDCls) 6= 
0.71 (t, 7=6.7 Hz, 3H), 0.73 (t, 7=6.8 Hz, 3H), 0.84—1.43 (m, 
12H), 2.17—2.33 (m, 4H), 5.83 (t, 7=7.4 Hz, IH), 7.35—7.67 
(m, 15H). 

(£)-l-Trimethylsilyl-2-(triphenylgermyl)ethene: Mp 
92—94 °C (hexane); IR (KBr) 2310, 1484, 1410, 1245, 1169, 
1092, 1005, 834, 735, 616 cm"1; *HNMR (CDCls) 6=0.14 (s, 
9H), 6.78 (d, 7=21.8 Hz, IH), 7.14 (d, 7=21.8 Hz, IH), 7.32— 
7.47 (m, 9H), 7.47—7.67 (m, 6H); 13CNMR (CDCls) 6= 
-1 .51, 128.2, 128.9, 135.1, 136.5, 143.1, 155.1. Found: C, 
68.41; H, 6.51%. Calcd for C23H26GeSi: C, 68.52; H, 6.50%. 

(E)-Ethyl 1 l-Triphenylgermyl-10-undecenoate: Bp 200 °C 
(bath temp, 1.0 Torr); IR (neat) 2924, 2850, 1735, 1613, 1484, 
1431, 1183, 1092, 734, 698 cm"1; « N M R (CDCls) 6=1.09— 
1.29 (m, 10H), 1.25 (t, 7=7.1 Hz, 3H), 1.29—1.78 (m, 2H), 
2.19—2.43 (m, 2H), 2.28 (t, 7=7.5 Hz, 2H), 4.12 (q, 7=7.1 Hz, 
2H), 6.11—6.24 (m, 2H), 7.31—7.48 (m, 9H), 7.48—7.65 (m, 
6H); 13CNMR (CDCI3) 7=14.27, 25.00, 28.57, 29.11, 29.95, 
34.37, 36.65, 60.14, 123.1, 127.9, 128.9, 135.0, 136.9, 150.9. 
Found: C, 72.33; H, 7.55%. Calcd for C3iH3802Ge: C, 72.27; 
H, 7.43%. 

(Z)-Ethyl 1 l-Triphenylgermyl-10-undecenoate: Bp 200 °C 
(bath temp, 1.0 Torr); *HNMR (CDCI3) 6=0.85—1.45 (m, 
10H), 1.24 (t, 7=7.2 Hz, 3H), 1.48—1.73 (m, 2H), 1.95 (dt, 
7=7.4, 7.0 Hz, 2H), 2.26 (t, 7=7.5 Hz, 2H), 4.12 (q, 7=7.2 Hz, 
2H), 6.04 (C=CHGe, d, 7=12.6 Hz, IH), 6.67 (C=CHR, dt, 
7=12.6, 7.4 Hz, IH), 7.31—7.45 (m, 9H), 7.45—7.73 (m, 6H); 
i3CNMR (CDCI3) 6=14.24, 24.91, 29.06, 34.35, 34.58, 60.09, 
123.3, 128.1, 128.8, 134.8, 135.0, 137.7, 151.0, 173.8. 

Dodecyltriphenylgermane: Mp 63—64 °C (methanol); 
IR (CH2CI2) 3050, 2926, 2854, 1432, 1278, 1092 cm"1; 
*HNMR (CDCI3) 6=0.87 (t, 7=6.4 Hz, 3H), 1.22 (bs, 20H), 
1.45—1.60 (m, 2H), 7.33—7.45 (m, 9H), 7.45—7.58 (m, 6H); 
13CNMR (CDCI3) 6=14.00, 14.13, 22.69, 25.01, 29.12, 29.58, 
29.64, 31.92, 34.46, 128.1, 128.8, 134.9, 137.4. Found: C, 
76.07; H, 8.46%. Calcd for C3oH4oGe: C, 76.14; H, 8.52%. 

Radical Cyclization of 3-Methyl-2-butenyl 2-Propynyl 
Ether. A hexane solution of triethylborane (1.0 M, 0.2 ml, 
0.2 mmol) was added to a solution of Ph3GeH (0.37 g, 1.2 
mmol) and 3-methyl-2-butenyl 2-propynyl ether (0.12 g, 1.0 
mmol) in benzene (100 ml) at 25 °C under an argon atmos­
phere. After stirring for 3 h at 25 °C, the reaction mixture 
was poured into water and extracted with ethyl acetate. 
Purification by preparative tic on silica gel gave the cyclized 
compound, (Z)-4-isopropyl-3-(triphenylgermylmethylene)-
oxolane (0.29 g, 68%) as a single product: mp 101—102 °C 
(methanol); IR (neat, before crystallization) 3062, 2954, 1729, 
1632, 1432, 1090, 1062, 737, 698 cm"1; *HNMR (CDCls) 
6=0.94 (d, 7=6.8 Hz, 3H), 1.01 (d, 7=6.9 Hz, 3H), 1.92—2.15 
(m, IH), 2.66—2.80 (m, IH), 3.70—3.95 (m, 4H), 6.05 (bs, 
IH), 7.32—7.48 (m, 9H), 7.49—7.65 (m, 6H); 13CNMR 
(CDCI3) 6=17.96, 21.27, 30.52, 52.88, 69.78, 71.88, 112.8, 
128.3, 129.1, 134.8, 136.6, 162.4. Found: C, 72.49; H, 6.71%. 
Calcd for C26H28OGe: C, 72.78; H, 6.58%. 

The Isomerization of (Z)-l-Triphenylgermyl-l-dodecene 
into (E)-l-Triphenylgermyl-l-dodecene. Heating a benzene 
solution (5 ml) of (Z)-l-triphenylgermyl-l-dodecene (0.47 g, 
1.0 mmol) at 60 °C for 4 h in the presence of PhsGeH (30 mg, 
0.1 mmol) and EtsB (1.0 M in hexane, 0.1 ml, 0.1 mmol) gave 
(£)-triphenylgermyl-l-dodecene (0.41 g, 88% yield) exclu­
sively. 

The Reactions of (Z)-l-Triphenylgermyl-l-dodecene with 
Tripropylgermane in the Presence of Triethylborane. 
Treatment of (Z)-l-triphenylgermyl-l-dodecene (1.0 mmol) 
with n-Pr3GeH-Et3B (1.0 mmol each) at 60 °C for 4 h gave a 
mixture of (£)-l-tripropylgermyl-l-dodecene (1) and (E)-\-
triphenylgermyl-1-dodecene (2) (1/2=2/5) in 88% combined 
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yield. 1: « NMR (CDC13) 6=0.65—1.00 (m, 18H), 1.15— 
1.52 (m, 22H), 2.00—2.18 (m, 2H), 5.70 (C=CHGe, d, /=18.4 
Hz, 1H), 5.87 (C=CHR, dt, /=18.4, 6.0 Hz, 1H); 13CNMR 
(CDCI3) 0=14.13, 16.00, 18.20, 18.69, 22.72, 28.64, 29.39, 
29.53,29.66,31.96,36.82, 127.3. 

1-Tripropylgermyl-l-dodecyne: To a solution of 1-
dodecyne (830 mg, 5.0 mmol) in THF (10 ml) was added n-
BuLi (1.60 M in hexane, 3.13 ml, 5.0 mmol) at 0°C under an 
argon atmosphere. After stirring for 15 min at 0°C, tripro-
pylgermyl chloride (1.33 g, 5.5 mmol) was added slowly to 
this mixture. After 15 min at 0°C, the ice bath was 
removed and the resulting mixture was stirred for another 30 
min at 25 °C. The reaction mixture was quenched with ice-
aqueous HCl (1 M) and extracted with ethyl acetate three 
times. The combined organic layers were dried over 
Na2SÜ4 and concentrated in vacuo. The product was puri­
fied by silica-gel column chromatography to give 1-
tripropylgermyl-1-dodecyne in 60% yield: bp 120 °C (bath 
temp, 1.0 Torr); IR (neat) 2952, 2924, 2856, 2166, 1730, 1462, 
1072 cm"1; *HNMR (CDCI3) 6=0.73—1.10 (m, 18H), 1.15— 
1.65 (m, 22H), 2.22 (t, /=6.8 Hz, 2H); 13CNMR (CDCI3) 
0=14.10 17.18, 17.79, 18.72, 19.89, 22.70, 28.74, 28.99, 29.13, 
29.36, 29.58, 31.92, 81.62, 107.6; Found: C, 68.81; H, 11.79%. 
Calcd for C2iH42Ge: C, 68.70; H, 11.53%. 

(Z)-l-Tripropylgermyl-l-dodecene:18) A hexane solution 
of diisobutylaluminium hydride (1.0 M, 2.5 ml, 2.5 mmol) 
was added to a solution of 1-tripropylgermyl-l-dodecyne 
(0.74 g, 2.0 mmol) in hexane (2.0 ml)-ether (1.5 ml) at 0°C 
under an argon atmosphere. After 15 min at 0°C, the 
mixture was allowed to come to room temperature arid then 
stirred for 3 h at 25 °C. To this mixture were added KF 
(0.15 g, 2.6 mmol), water (0.10 ml) and then hexane (10 ml). 
Filtration, condensation, and purification by silica-gel 
column chromatography gave (Z)-l-tripropylgermyl-l-
dodecene (0.64 g) in 86% yield: bp 123 °C (bath temp, 1.0 
Torr); IR (neat) 2952, 2922, 2854, 1608, 1459, 1075 cm"1; 
*HNMR (CDCI3) 0=0.75—1.05 (m, 18H), 1.20—1.55 (m, 
22H), 2.00—2.15 (m, 2H), 5.55 (C=CHGe, d, /=12.9 Hz, 1H), 
6.33 (C=CHR, dt, /=12.9, 7.3 Hz, 1H); 13CNMR (CDCI3) 
0=14.12, 17.28, 18.25, 18.82, 22.70, 29.38, 29.47, 29.63, 29.85, 
31.94, 34.29, 127.2, 147.4. Found: C, 68.17; H, 12.05%. 
Calcd for C2iH44Ge: C, 68.32; H, 12.01%. 

The Reaction of (Z)-l-Tripropylgermyl-l-dodecene with 
Triphenylgermane in the Presence of Triethylborane. 
Treatment of (Z)-l-tripropylgermyl-l-dodecene (1.0 mmol) 
with Ph3GeH-Et3B (1.0 mmol each) at 60 °C for 4 h gave a 
mixture of (£)-l-tripropylgermyl-l-dodecene (1) and (£)-l-
triphenylgermyl-1-dodecene (2) (1/2=2/5) in 92% combined 
yield. 

The Isomerization Reactions of General Olefins with 
Triphenylgermane-Triethylborane System. (Table 2) Typical 
procedure is as follows. Triethylborane (1.0 M hexane 
solution, 0.1 ml, 0.1 mmol) and triphenylgermane (0.03 g, 
0.1 mmol) were added to a solution of (Z)-6-dodecene (Z/ 
£ = > 2 0 / l , 0.17 g, 1.0 mmol) in benzene (5 ml). The mix­
ture was heated at 60 °C for 10 h. Evaporation of the 
solvent and purification gave 6-dodecene (Z/E= 15/85) in 
90% yield. 

(Z)-l-Phenyldimethylsilyl-l-octene: Bp 120 °C (bath temp, 
1.0 Torr); IR (neat) 3064, 3048, 2996, 2954, 2922, 1605, 1466, 
1428, 1248, 1112, 820 cm-*; *HNMR (CDCI3) ô=0.36 (s, 6H), 
0.85 (t, /=6.3 Hz, 3H), 1.13—1.40 (m, 8H), 1.97—2.09 (m, 
2H), 5.61 (C=CHSi, dt, 7=14.0, 1.2 Hz, 1H), 6.43 (C=CHR, 

dt, 7=14.0, 7.4 Hz, 1H), 7.35—7.47 (m, 3H), 7.55—7.69 (m, 
2H); !3CNMR (CDCI3) «5=0.69, 14.07, 22.58, 28.96, 29.48, 
31.71, 33.79, 126.4, 127.7, 128.3, 128.7, 133.7, 139.8, 151.1. 
Found: C, 78.11; H, 10.91%. Calcd for Ci6H26Si: C, 77.97; 
H, 10.63%. 

(E)-l-Phenyldimethylsilyl-l-octene: Bp 120 °C (bath temp, 
1.0 Torr); IR (neat) 3066, 3046, 2954, 2924, 2852, 1617, 1428, 
1248, 1114 cm-1; « N M R (CDCI3) «5=0.31 (s, 6H), 0.88 (t, 
7=6.5 Hz, 3H), 1.15—1.50 (m, 8H), 2.10—2.22 (m, 2H), 5.74 
(C=CHSi, dt, 7=18.6, 1.4 Hz, 1H), 6.13 (C=CHR, dt, 7=18.6, 
6.2 Hz, 1H), 7.30—7.47 (m, 3H), 7.50—7.60 (m, 2H); 
13CNMR (CDCI3) «5=-2.41, 14.09, 22.63, 28.59, 29.74, 31.73, 
36.83, 127.2, 127.7, 128.8, 133.8, 139.4,149.5; Found: C, 78.23; 
H, 10.86%. Calcd for Ci6H26Si: C, 77.97; H, 10.63%. 
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Multi-Dimensional Stacking Structures in Phthalocyanine-Based Electrical 
Conductors, K[Co(phthalocyaninato)(CN)2]2 • 5CH3CN 

and Co(phthalocyaninato)(CN)2 • 2H 20 
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Two kinds of electrically conducting crystals have been obtained by the electrochemical oxidation of potas­
sium dicyanophthalocyaninatocobalt(III), KCo(Pc)(CN)2. Oxidation in acetonitrile gives K[Co(Pc)(CN)2]2 • 
5CH3CN, in which the phthalocyanine rings are two-dimensionally stacked. Since some of the acetonitrile 
molecules can be easily removed from the lattice, the crystal is not stable outside of the solution. Mosaically 
distorted crystals, which are exposed to air, show relatively high conductivities («10 fl^cm - 1 at room 
temperature). On the other hand, oxidation in benzonitrile in the presence of dibenzo-18-crown-6 yields 
Co(Pc)(CN)2 • 2H2O, in which the phthalocyanine rings are three-dimensionally stacked. The water molecules 
in this crystal form hydrogen bonds, and the crystal is stable against drying. The conductivity of this crystal is 
«1 fl-1 cm""1 at room temperature. The multi-dimensionalities observed in these two kinds of crystals arise 
from a slipped stacking of phthalocyanine, due to steric interactions of the axial substituents. 

Up to now, more than twenty organic superconduc­
tors have been discovered, and the obtained supercon­
ducting transition temperature now exceeds 10 K.1* 
Since one-dimensional systems, e.g., typical organic 
conductors such as TTF-TCNQ,2 ) are known to be 
unstable at low temperatures due to a Peierls distor­
tion arising from an electron-phonon interaction, 
increasing the dimensionality is now recognized as 
being essential for maintaining the metallic properties 
and, consequently, to achieve a superconducting state. 
From this point of view, a number of molecules which 
have chalcogen atoms have been synthesized so that 
they can interact transversely with adjacent molecules 
(Fig. 1(a)). In fact, all of the organic superconductors 
so far discovered comprise this type of molecule, i.e., 
BEDT-TTF,3) TMTSF,4> MDT-TTF,5* DMET,6> 
Ni(dmit)2, and Pd(dmit)2.7) Since chemical modifica­
tions by chalcogen atoms are rather limited, another 
approach to constructing two-dimensional systems is 
important for extending the varieties of organic super­
conductors. 

Metal phthalocyanines as well as metal-free phthalo­
cyanine are known to form low-dimensional con­
ducting materials upon oxidation.8) In most cases, 
oxidation takes place at the ligand site, and conduc­
tion occurs through an overlapping of the ligand n-
orbitals. One of the advantages of this system is the 
feasibility of substitution at the axial sites, which is 
difficult for ordinary conjugation systems. Making 
use of this advantage, several kinds of co-facial poly­
mers were synthesized as members of a group of con­
ducting polymers (Fig. 1(b)).9) From a different point 
of view, axial substituents are expected to be useful in 
constructing multi-dimensional systems. If a mole­
cule has projections at its center (axial substituents), it 
cannot be stacked directly above another molecule. 
Consequently, the molecules form slipped stacks 
due to a steric interaction of the axial substituents. 
Regarding such stacking, a two-dimensional molecu-

Fig. 1. Schematic representation of molecular arran­
gement in molecular conductors. Transverse 
interaction by chalcogen atoms (represented by S) 
(a) and axially substituted molecules, one-
dimensional (b), two-dimensional (c), and three-
dimensional (d). 

lar arrangement expected is represented schematically 
in Fig. 1(c). A three-dimensional molecular arrange­
ment (Fig. 1(d)) may be obtained when the counter 
parts are small enough to fit the space. Taking the 
size of phthalooyanine into account, intermolecular 
interactions are expected to be sufficiently effective for 
electrical conduction, although the overlapping is 
partial. In order to examine this possibility, electro­
chemical oxidation was carried out for the dicyano-
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phthalocyaninatocobal t(III) an ion , [Co(Pc)(CN)2]". 
T w o kinds of products, K[Co(Pc)(CN)2]2 • 5CH3CN10> 
and Co(Pc)(CN)2 • 2H2O, were obtained; they were 
found to have stacking forms corresponding to Figs. 
1(c) and (d), respectively. In this paper, the structures 
and the electrical properties of these two products are 
presented. 

Experimental 

Materials. K[Co(Pc)(CN)2]2 • 5CH3CN was obtained by 
the electrocrystallization of KCo(Pc)(CN)2 with a constant 
current of 2—10 fxA in acetonitrile without adding an elec­
trolyte. KCo(Pc)(CN)2 was prepared following a method 
reported by Metz and Hanack.11* 

When crown ether was added to a KCo(Pc)(CN)2 solution, 
electrocrystallization yielded different types of crystals. 
The best crystal quality was obtained when benzonitrile was 
used as the solvent, although the size was small, i.e., the 
largest dimension was less than 0.5 mm. The crystals 
obtained in benzonitrile with an excess amount of dibenzo-
18-crown-6 were found to be Co(Pc)(CN)2 • 2H 2 0 by X-ray 
analysis. 

X-Ray Structure Analyses. An automated RIGAKU 
AFC-5R diffractometer with graphite monochromatized 
M o ^ a radiation was used for data collection at room 
temperature. After exposing crystals of K[Co(Pc)(CN)2]2 • 
5CH3CN to air, no diffraction peaks could be observed in X-
ray measurements. By carefully observing the crystals 
under a microscope immediately after transferring them 
from the electrochemical cell onto filter paper, a slight 
deformation or cracking of the crystals were noticed. Since 
the crystals were stable in the electrochemical-cell solution, 
even when exposed to air, they were assumed to be unstable 
towards drying. It was also found that crystals stored in 
pure acetonitrile became non-conducting, suggesting the 
occurrence of a kind of disproportionation. Therefore, X-
ray measurements were carried out after shielding the crystal 
in a Lindemann-glass capillary containing solution from 
the anode side of the electrochemical cell. Fifty reflections 
with 25°<20<3O° were used to determine the lattice parame­

ters (Table 1). Intensity data were collected in the region 
20<6O° ( - 2 1 ^ / ^ 2 1 , - 2 3 ^ / K 2 3 , 0^/^14) in the 0-20 mode 
at a scan rate of 5° min - 1 . The background counts at each 
end were 4—12.6 sec. The intensities of the three standards 
used (monitored every 100 data measurements) remained 
constant within 3%. Of the 10515 unique reflections mea­
sured, 4849 independent reflections with |F0 |>3a(F0) were 
used for the structure analysis. The crystal structure was 
solved by the Patterson method. 

A single crystal of Co(Pc)(CN)2-2H20 was directly 
mounted on a glass capillary and exposed to air during data 
collection. Twenty-four reflections with 21°<20<3O° were 
used to determine the lattice parameters. The crystal data 
are listed in Table 1. Intensity data were collected in the 
region 20<6O° ( - 1 9 ^ / ^ 1 8 , 0^ /^20 , 0^/^10) in the 0-20 
mode at a scan rate of 4°min_1. The background counts at 
each end were 5—15.4 sec. The intensities of the three 
standards used (monitored every 100 data measurements) 
remained constant within 3%. Of the 2265 unique reflec­
tions measured, 1144 independent reflections with \F0\ 
>3o(F0) were used for the structure analysis. The crystal 
structure was solved by a direct method. 

The positions of the hydrogen atoms were determined 
from difference synthesis maps, except for those attached to 
disordered solvent molecules. A block-diagonal least-
squares technique (UNICS III12)) with anisotropic thermal 
parameters for non-hydrogen atoms and isotropic for hydro­
gen atoms (weighting scheme, l/w=a2+(0.015 |F0|)2) was 
employed for the structure refinement of both crystals. 

Measurements. Electrical conductivity measurements 
were carried out by a conventional four-probe method, 
except when the crystal was too small, in which case one 
contact was shared for the current and voltage probes. 
Thermoelectric power measurements were performed by a 
method reported earlier.13) 

Results and Discussion 

K[Co(Pc)(CN)2]2 • 5CH3CN. T h e obtained ph tha lo -
cyanine structures are shown in Fig. 2; the a tomic 
parameters are listed in Tab le 2.14) T h e crystal s true-

Table 1. Crystal Data 

Chemical formula 
Molecular weight 
Crystal color 
Crystal size/mm 
Crystal system 
Space group 
a/A 
b/k 
c/k 
a/deg 
0/deg 
y/deg 
F/Â3 

Z 
Dc/g cm - 3 

ju( Mo Ka)/cm~l 

R 
JRW 

K[Co(Pc)(CN)2]2 • 5CH3CN 

C78H47N25C02K 

1491.377 
Dark purple 
0.5X0.6X0.3 
Triclinic 

P i 
15.577(3) 
16.626(3) 
10.645(2) 
94.89(2) 
99.22(2) 

138.37(1) 
1717.3(7) 

1 
1.442 
6.06 
0.050 
0.067 

Co(Pc)(CN)2-2H20 

C34H20N10O2C0 

659.535 
Dark purple 
0.4X0.2X0.1 
Monoclinic 

C2/m 
14.173(4) 
14.250(2) 
7.701(2) 

90 
115.19(2) 
90 

1407.3(6) 
2 
1.556 
6.59 
0.070 
0.067 
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Table 2. Atomic Parameters for 
K[Co(Pc)(CN)2]2-5CH3CN (X104) 

CAO 

Fig. 2. ORTEP drawing18) of [Co(Pc)(CN)2]
0-5- in 

K[Co(Pc)(CN)2]2 • 5CH3CN showing the atom num­
bering scheme; the molecule I is located at (0, 0, 0) 
and the molecule II is located at (0, 0.5, 0). 

Fig. 3. Crystal structure of K[Co(Pc)(CN)2]2 • 
5CH3CN; fully and lightly shaded ellipsoids indi­
cate potassium and acetonitrile, respectively. The 
arrows indicate acetonitrile which does not coordi­
nate to potassium. 

ture is shown in Fig. 3. The cobalt atoms and potas­
sium ion are located at the center of the inversion. 
There are five acetonitrile molecules in the unit cell; 
four of them coordinate to the potassium ion, in 
addition to the axial cyano groups, as shown in Fig. 4. 
The remaining acetonitrile molecule occupies the 
space centered at (0, 0.5, 0.5), which is positionally and 
orientationally disordered. Since this molecule has 
no interaction with the other part of the lattice, a loss 
of acetonitrile from the lattice is expected to occur 
easily. 

The stacking structure of the phthalocyanine rings 
is shown in Fig. 5. Phthalocyanine (II) located at (0, 
0.5, 1) is crystallographically independent of that (I) 
located at (0, 0, 1). However, they are almost parallel 
(angle between the two planes, 0.82°) and equally 
separated. Thus, the stacking along the 6-axis can be 
regarded as uniform. The bond lengths and angles 

Co 1 
N 2 
N 3 
N 4 
N 5 
C 6 
C 7 
C 8 
C 9 
C10 
Cll 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C20 
C21 
C22 
N23 
Co24 
N25 
N26 
N27 
N28 
C29 
C30 
C31 
C32 
C33 
C34 
C35 
C36 
C37 
C38 
C39 
C40 
C41 
C42 
C43 
C44 
C45 
N46 
K47 
N48 
C49 
C50 
N51 
C52 
C53 
N54 b ) 

N55 b ) 

C56c) 

C57c) 

X 

0( 
1645( 
1017( 
3297( 
-772( 
1740( 
3179( 
3793( 
5211( 
5955( 
5327( 
3910( 
2924( 
2387( 
2776( 
4007( 
4000( 
2816( 
1580( 
1581( 
511( 

-477( 
—777( 

0( 
1617( 
1038( 
3303( 
-732( 
1707( 
3128( 
3746( 
5154( 
5903( 
5284( 
3874( 
2907( 
2406( 
2827( 
4073( 
4115( 
2934( 
1684( 
1647( 
549( 

-578( 
-988( 

0( 
-999( 

-1541( 
-2275( 
2468( 
2462( 
2305( 
796( 

-2172( 
3( 

-1230( 

— ) 

3) 
3) 
3) 
3) 
4) 
4) 
4) 
5) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
5) 
5) 
5) 
4) 
4) 
4) 
4) 
— ) 

3) 
3) 
3) 
3) 
4) 
4) 
4) 
5) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
5) 
5) 
4) 
4) 
4) 
4) 
4) 

5) 
6) 
8) 
5) 
5) 
7) 
18) 
18) 
13) 
12) 

y 

0( 
524( 
16261 
2675( 
1348( 
—195( 
583( 
288( 
12661 
2451( 
2722( 
17521 
1693( 
2619( 
3679( 
4861 ( 
5639( 
5254( 
4070( 
3286( 
2010( 
-707( 

—1131< 
5000( 
5491 ( 
6609( 
7632( 
6369( 
4787( 
5524( 
5232( 
6203( 
7368( 
7642( 
6685( 
6656( 
7581( 
8656( 
9849( 
10663( 
10296( 
9107( 
8286( 
7007( 
4185( 
3648( 

0( 
830( 
1040( 
1201( 
2383( 
2969( 
3565( 
4284( 
3189( 
4078( 
3700( 

'—) 
' 3) 
' 3) 
' 3) 
' 3) 
' 4) 
' 4) 
' 5) 
' 5) 
5) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
— ) 
3) 
3) 
3) 
3) 
4) 
4) 
4) 
5) 
5) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
4) 
5) 

— ) 
5) 
6) 
8) 
5) 
5) 
6) 
20) 
19) 
13) 
12) 

z 

0 
468( 
1147 
19421 
850( 
-19( 
535( 
342( 
961( 
1734( 
19421 
13061 
1268( 
18821 
2645( 
3540( 
41121 
3785( 
2892( 
2320( 
1378( 
1464( 
2313( 

0( 
456( 
1213( 
1997( 
947( 
-84( 
448( 
214( 
871( 
1724( 
1970( 
1294( 
1293( 
1943( 
2710( 
3574( 
4145( 
3841 ( 
2952( 
2396( 
1461( 
1371( 
2141( 
5000( 
3936( 
3717( 
3425( 
5070( 
5665( 
6344( 
5861( 
5216( 
5629( 
5369( 

'—) 
' 3) 
: 3) 
' 3) 
' 3) 
' 4) 
' 4) 
' 5) 
' 5) 
' 5) 
' 4) 
' 4) 
4) 
4) 
4) 
4) 
5) 
5) 
5) 
4) 
4) 
4) 
4) 
— ) 

3) 
3) 
3) 
3) 
4) 
4) 
5) 
5) 
5) 
5) 
4) 
4) 
4) 
4) 
5) 
5) 
5) 
4) 
4) 
4) 
4) 
4) 
— ) 
5) 
6) 
9) 
6) 
5) 
7) 
19) 
18) 
11) 
10) 

ßeq/A2a) 

2.5 
2.7 
2.8 
3.3 
3.1 
2.9 
3.2 
4.2 
4.8 
4.8 
4.0 
3.2 
2.9 
3.0 
2.9 
3.8 
4.4 
4.4 
3.8 
3.0 
2.8 
2.8 
4.3 
2.7 
2.9 
3.0 
3.4 
3.2 
3.0 
3.1 
3.8 
4.5 
4.5 
4.0 
3.2 
3.1 
3.0 
3.4 
4.0 
4.4 
4.2 
3.8 
3.2 
3.2 
3.6 
5.9 
5.6 
7.8 
7.1 
10.6 
10.1 
6.6 
10.1 
7.7 
6.3 
8.0 
8.0 

a) £eq=4/32Sfty*i"«/- b) Occupancy=l/4. c) Occu-
i ;' 

pancy=l/2. 
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2.920(10)A-

£> 
6 o c ts \ 

"^03 
Fig. 4. Geometry of coordination of the potassium 

ion. 

Fig. 5. Molecular overlap in the two-dimensional 
phthalocyanine sheet in K[Co(Pc)(CN)2]2 • 
5CH3CN; viewed perpendicular to the molecular 
plane. The molecule IF is translationally related 
to the molecule II along the a-axis. 

shown in Fig. 6 also indicate that there are no large 
differences between the two molecules. In addition 
to this stacking, there exists a partial overlap between 
the phthalocyanine rings along the [2 0 1] direction. 
The distances between the overlapping benzene rings 
are 3.45 and 3.57 Â between molecules I and II, and 
3.51 Â between molecules I and IF in Fig. 5. This 
stacking pattern is the same as that shown in Fig. 1(c), 
in which the molecules form a two-dimensional 
network. 

Compared with the oxidation potential of the Pc 
ring, those of the potassium ion, cobalt(III), and the 
coordinated cyano groups are too high to be oxidized 

Fig. 6. Bond lengths (Â) and angles (degree) of 
[Co(Pc)(CN)2]

0-5- in K[Co(Pc)(CN)2]2 • 5CH3CN; the 
values for the molecule II are underlined. 
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Fig. 7. Electrical resistivities of the dried K[Co(Pc)-
(CN)2]2 • 5CH3CN crystal, a, and the Co(Pc)(CN)2-
2H 2 0 crystal, b. 

under the present electrochemical conditions. 
Therefore, the anode removes an electron exclusively 
from the HOMO level of the Pc ring.15) Since the 
potassium-to-phthalocyanine ratio in this material is 
1:2, the phthalocyanine ring (formal charge of the 
unoxidized closed-shell structure is Pc2-) is partially 
oxidized to Pc1-5-. For such partially oxidized uni­
form stacking, a partially filled band (i.e., a metallic 
state) is expected. Unfortunately, the crystal is not 
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stable outside of the solution, as mentioned above. 
This makes it extremely difficult to measure its intrin­
sic electrical properties. Although the crystals lose 
any long-range order after drying, most of them retain 
their shape. Thus, the electrical properties of this 
dried material were measured to permit speculation 
about the intrinsic properties. Figure 7 shows the 
temperature dependence of the resistivity observed for 
one of the crystals. The value and the temperature 
dependence vary from crystal to crystal, i.e., they 
depend on the sample history and size. The typical 

Fig. 8. ORTEP drawing of Co(Pc)(CN)2 in Co(Pc)-
(CN)2 • 2H2O showing the atom numbering scheme 
(a) and bond lengths (Â) and angles (degree) (b). 

Table 3. Atomic Parameters for 
Co(Pc)(CN)2-2H2O(X104) 

Co 1 
N 2 
N 3 
N 4 
C 5 
C 6 
C 7 
C 8 
C 9 
CIO 
Cll 
C12 
C13 
N14 
015a) 

016a) 

X 

O(-) 
452( 3) 
O(-) 

1173( 5) 
397( 4) 
860( 4) 
981( 5) 
1495( 5) 
1826( 5) 
1700( 4) 
1193( 4) 
947( 4) 
1343( 6) 
2196( 5) 
4128(14) 
4323(21) 

a) Occupancy=1/3. 

y 

O(-) 
958( 2) 
2365( 4) 

O(-) 
1918( 3) 
2396( 3) 
3336( 4) 
3537( 4) 
2862( 4) 
1912( 4) 
1706( 3) 
806( 3) 
O(-) 
O(-) 

422(12) 
O(-) 

z 

O(-) 
1951( 4) 

O(-) 
4811( 7) 
1657( 6) 
3512( 6) 
3970( 7) 
5925( 7) 
7298( 7) 
6842( 6) 
4896( 6) 
3904( 6) 
66( 9) 
166( 8) 

-237(28) 
990(36) 

ßeq/A2a) 

3.0 
2.9 
4.0 
3.6 
3.3 
3.5 
4.7 
5.2 
5.0 
4.0 
3.2 
3.0 
3.6 
4.5 
14.0 
12.7 

conductivity at room temperature is ^10 O - 1 cm -1. 
All samples show semiconducting behavior; the acti­
vation energy value, which depends on the sample and 
the number of heat cycles, lies in the range 0.01—0.05 
eV. Since these results strongly suggest that the 
observed properties are dominated by the grain bound­
aries produced by the drying process, the intrinsic 
character of this material is probably metallic. The 
temperature dependence of the thermoelectric power 
was again not very reproducible. The typical value 
at room temperature is about +20 juVdeg-1, which is 
consistent with the hole conduction in the partially 
oxidized phthalocyanine stacks. 

Co(Pc)(CN)2 • 2H2O. The molecular structure in 
this crystal is shown in Fig. 8; the atomic parameters 
are listed in Table 3.14) In this crystal, as well as in 
the K[Co(Pc)(CN)2]2-5CH3CN crystal, the cobalt 
atom is coordinated by two axial cyano groups. It is 
not likely that one of the cyano groups leaves when 
the phthalocyanine ring is oxidized, as speculated by 
Orihashi et al.16) 

As shown in Fig. 9, the cobalt atom is located at the 
center of the inversion. A 2/ra symmetry element is 
located on the phthalocyanine molecule. Since the 
sodium salt of the starting material has been reported 

Fig. 9. Crystal structure of Co(Pc)(CN)2 • 2H 20; pro­
jections along the &-axis (a) and along the a-axis 
(b); I (0, 0, 0), F (0, 0, 1), I" (1/2, 1/2, 1). The water 
molecules are not presented for clarity. 
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1.48 

8$> 

Fig. 10. Hydrogen-bonds between the water mole­
cules and Co(Pc)(CN)2. 

to be hydrated,u) it is likely that the potassium salt 
contains water in the lattice. The water molecules in 
this product are, thus, assumed to result from them; 
they are positionally disordered, i.e., one molecule can 
occupy any one of three positions (Fig. 10). They 
form hydrogen-bonds with the axial cyano groups and 
with each other. These bonds act as a bridge between 
the phthalocyanine molecules along the a-axis. The 
hydrogen-bonds are assumed to be effective in retain­
ing the water molecules in the lattice after drying the 
crystals. 

The overlap between the phthalocyanine rings 
along the c-axis is the same type as that observed in 
K[Co(Pc)(CN)2]2-5CH3CN along the 6-axis, i.e., two 
benzene rings overlapping. The other overlap which 
is similar to that observed along the [2 0 1] direction in 
K[Co(Pc)(CN)2]2 • 5CH3CN (one benzene ring overlap­
ping) exists along the [112] and [112] directions in 
Co(Pc)(CN)2 • 2H 2 0. Consequently, one phthalocya­
nine ring interacts with six phthalocyanine rings, so 
that the total intermolecular interaction becomes 
three-dimensional. The interplanar distances between 
the overlapped benzene rings are 3.51 Â between mole­
cules I and F, and 3.58 Â between molecules I and I " 
in Fig. 9. 

From the stoichiometry of Co(Pc)(CN)2 • 2H 2 0, the 
phthalocyanine ring is known to be oxidized to Pc1- . 
The conductivity data are shown in Fig. 7; the repro­
ducibility of independent runs is good. The value at 
room temperature, «1 n _ 1cm _ 1 , seems to be a little 
high for a fully oxidized material. Also, the observed 
activation energy (0.06—0.11 eV) is too small to con­
sider that the gap is due to the on-site Coulomb 

Fig. 11. Correlation between the averaged Ca-Q? 
distances and the charge on the phthalocyanine 
skeleton; A: Zn(Pc),19> B: Cu(Pc),20> C: Fe(Pc),21> 
D: Co(Pc),22) E: Mn(Pc),21> F: Si(Pc)(OSiMe3)2,23> 
G: Mn(Pc),22> H: Ni(Pc)I,24> I: [Ni(Pc)]2(SbF6),

25> 
J,K: K[Co(Pc)(CN)2]2-5CH3CN, L: Li(Pc).26> 

repulsion.17) Since the form of the water molecules 
in the lattice is HOH-OH2, there might be some 
contributions from the protonated form, [H2OH 
•••OH2]"1". It is not possible to estimate the protonated 
form distribution from an X-ray analysis. Another 
method to estimate such a contribution is to compare 
the molecular geometries of the phthalocyanine ring. 
Considering the Ti-electron structure of Pc2- , in order 
to satisfy the 187i-electron system for the tetraaza-
porphyrine skeleton, two of the eight Ca-Qg bonds 
(insertion in Fig. 11) have a double-bond character in 
any one resonance structure. Thus, one of the termi­
nal benzene rings must have a quinonoid structure. 
When the phthalocyanine ring is oxidized, the 18TT-
electron system is assumed to no longer be satisfied. 
Thus, for the total system, recovering the aromaticity 
for all of the terminal benzene rings may be energeti­
cally favorable. For such an electronic structure, all 
of the Ca-Cß bonds are expected to have a single-bond 
character. This tendency is summarized in Fig. 11; 
data are collected only for planar metal phthalocya-
nines. Assuming a linear correlation, a positive 
slope can be obtained (the chain-dotted line in Fig. 
11). Since the double-bond character is diluted by 
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1/4 in the ph tha locyan ine system, the bond- length 
change by charge is m u c h less p ronounced compared 
wi th T T F or T C N Q . Al though the data chosen in 
Fig. 11 are h ighly reliable, this feature makes the error 
for each data po in t ra ther large. A l though it should 
be critical to estimate the oxidat ion number quant i ta ­
tively, this re la t ionship indicates that the oxidat ion 
n u m b e r of Pc in Co(Pc)(CN)2 • 2 H 2 0 (averaged C«-C/3 
distance, 1.460 Â) is less than one. T h i s result, as 
well as the conductivity data, suggests that the compo­
sition of this material is Co3 +(Pc)(1 +*)-(CN-)2-
(H 3 0 + ) x (H 2 0)2 -x . 

General Remarks 

In both K[Co(Pc)(CN)2]2 - 5CH3CN and Co(Pc)(CN)2 -
2 H 2 0 the intermolecular interaction is not one-
dimensional , b u t two-dimensional and three-dimen­
sional, respectively. These mult i -dimensional i t ies 
arise from a steric effect of the axial substituents. 
Accurate conductivity anisotropics have not been mea­
sured due to bo th the instability of the crystals for 
K[Co(Pc)(CN)2]2 • 5CH 3 CN and the small crystal size 
for C o ( P c ) ( C N ) 2 - 2 H 2 0 . A rough est imation of the 
anisotropy in C o ( P c ) ( C N ) 2 - 2 H 2 0 has been made by 
measur ing the conductivities a long the c-axis and 
perpendicular to the c-axis wi th two contacts (each 
contact serving as bo th a voltage and current probe). 
These measurements indicate that the anisotropy of 
the conductivity, o//c/o±c, is 3—10, which is consistent 
wi th the three-dimensional stacking form in this 
material . O u r approach to designing mul t i ­
d imens ional systems, by us ing axially substituted 
phtha locyanines as the first step, seems to be success­
ful. T h e molecular shape can be varied by chang ing 
the substi tuents, the central metals, and the Ti-ligands. 
T h i s feature may be useful for the rationalized design 
of more conduc t ing systems for further progress. 

T h e authors are grateful to Dr. Hideki Masuda for 
supp ly ing the data of Li(Pc) prior to the publ ica t ion 
and Professors. M. H a n a c k of Universität T ü b i n g e n 
and M. R. Willis of the University of N o t t i n g h a m for 
their helpful discussions. 
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The Crystal and Band Electronic Structures of Bis[4,5-ethylenedithio-
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The molecular and crystal structures of EVT2PF6 and EVT2AsFe [EVT=4,5-ethylenedithio-4',5/-
(vinylenedithio)tetrathiafulvalene] were determined by an X-ray diffraction method. Tight-binding band-
structure calculations were made, and the results were compared with those of closely resembling conducting 
salts, <*-(BEDT-TTF)2PF6 and VT2PF6 [BEDT-TTF=bis(ethylenedithio)tetrathiafulvalene; VT=bis(vinyl-
enedithio)tetrathiafulvalene]. It was concluded that the extent of the two-dimensional nature of the band 
electronic structure increased systematically in the order VT2PF6, EVT2PF6, and a-(BEDT-TTF)2PF6; this result 
was analysed in terms of their crystal structures. 

Studies concerning conduct ing organic salts have 
led to various organic superconductors du r ing the last 
few years.1) T h e properties of conduct ing salts are 
closely related to their crystal structures. Al though 
the existence of organic superconductors with two-
dimensional molecular arrangements has been estab­
lished,2) most of the conduct ing salts have a stack of 
donor a n d / o r acceptor molecules in the crystal to form 
a co lumnar structure. It has now been recognized 
that an in te rco lumnar interaction th rough chalcogen-
chalcogen contacts shorter than the van der Waals 
distance plays an i m p o r t a n t role in realizing the two-
dimensional electrical properties of conduct ing salts. 
T h i s is believed to be effective for suppressing the 
Peierls t ransi t ion inherent in a one-dimensional sys­
tem. In order to determine the effect of a slight 
modificat ion of a donor molecule on both the crystal 
and band electronic structures of a conduct ing salt, it 
is impor t an t to compare the crystal and band elec­
tronic structures of salts possessing similar molecular 
structures at the donor site. Knowledge obtained in 
this way will be useful in designing new conduct ing 
organic salts. For this purpose we noticed bis(ethyl-
enedithio)tetrathiafulvalene (BEDT-TTF) , 4,5-ethyl-
enedithio-4 /,5 /-(vinylenedithio)tetrathiafulvalene(EVT),3) 
and bis(vinylenedithio)tetrathiafulvalene (VT)4) to be 
donor molecules possessing similar molecular struc­
tures. We carried out X-ray crystallographic studies 
of EVT2PF6 and EVT2ASF6. Bandelec t ronic calcula­
tions were made based on a t ight-binding method, 

CSISXSXSJ ( Y x Y ) (i5i5x5jô 
BEDT-TTF EV T V T 

ï Present address: Department of Applied Physics and 
Chemistry, The University of Electro-Communications, 
Chofugaoka, Chofu, Tokyo 182. 

us ing the molecular orbitals obtained by an extended 
Hückel method.5) These results were compared wi th 
those of oKBEDT-TTF) 2 PF 6 and VT 2PF 6 , which have 
the same crystal system and space g roup (triclinic, 
PI)6'7> as those of EVT 2 PF 6 and EVT2AsF6 . We found 
that a slight modification of the donor site results in a 
systematic change of both the crystal and band elec­
tronic structures.8) 

Experimental 

Electrochemical Crystallization. EVT was synthesized 
by a previously reported method.3) Single crystals of 
EVT2PF6 and EVT2AsF6 were grown using an electrochemi­
cal crystallization method in tetrahydrofuran and chloro-
benzene, respectively, under a galvanostatic condition 
(~1 /xA), using platinum wires as electrodes and tetrabutyl­
ammonium hexafluorophosphate or tetrabutylammonium 
hexafluoroarsenate as electrolytes. 

Crystal Data. EVT2PF6: (CioH6S8)2PF6, M=910.33, tri­
clinic, PI , fl=6.47(2), 6=7.80(3), c=15.81(5)A, «=94.8(8), 
0=80.2(3), 7=100.2(6)°, F=772(5)A3, Z=l, Dc=1.96 gem"3, 
/z(Mo£a)=11.8 cm-1; EVT2AsF6 (CioHeSs^AsFe, M=954.28, 
triclinic, PI , «=6.494(1 ), 6=7.760(2), c=16.039(4)A, a= 
94.97(2), 0=98.63(1), 7=79.58(2)°, F=784.5(3)A3, Z=l , Dc= 
2.02 gem - 3 , /z(Mo/£tt)=21.6 cm -1 . The crystals were needle 
shaped with approximate dimensions of 0.78X0.21X0.08 
mm3 for EVT2PF6 and 0.53X0.28X0.10 mm3 for EVT2AsF6. 
X-Ray diffraction data were collected by the 0-20 scan 
technique up to 20=47° and 50° for EVT2PF6 and EVT2AsF6 

respectively on a Rigaku AFC-4 four-circle diffractometer, 
using graphite monochromatized MoKa radiation (A= 
0.71069 A). The scan rates (6) were 2° min"1 for EVT2PF6 

and 4° min - 1 for EVT2AsF6, and the scan widths A0= 
(1.2+0.5 tan0)° for EVT2PF6 and A0=(1.O+O.5 tan0)° for 
EVT2AsF6. Backgrounds were counted for 5 s at both ends 
of each scan. No significant intensity decay of three stan­
dard reflections, which were measured after every 100 reflec­
tions, were detected for either crystal. For EVT2PF6, of the 
2523 reflections measured, 1778 were observed (\F0\>2o(F0)). 
For EVT2AsF6, of the 2990 reflections measured, 2565 were 
observed (|F0|>2a(F0)). The data were corrected for both 
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Lorentz and polarizaion factors, but not for absorption. 
The structures were solved by a direct method (MULTAN 

78),9> and were refined anisotropically by a block-diagonal 
least-squares procedure (HBLS V) for nonhydrogen 
atoms.10) Not all of the hydrogen atoms could be reasona­
bly refined. Thus, they were relocated at the calculated 
positions with the isotropic temperature factors set equal to 
those of bonded carbon atoms. They were included in the 
calculations but were not refined. The minimized function 

Table 1. Atomic Parameters of Nonhydrogen Atoms 
of EVT2PF6, with Equivalent Isotropic 

Temperature Factors12) 

Atom x y z Beq/A
2 

C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
S(l) 
S(2) 
S(3) 
S(4) 
S(5) 
S(6) 
S(7) 
S(8) 
P 
F(l) 
F(2) 
F(3) 

0.492(2) 
0.324(3) 
0.532(3) 
0.251(3) 
0.453(3) 
0.525(2) 
0.476(2) 
0.683(2) 
0.537(3) 
0.749(3) 
0.2399(6) 
0.6982(5) 
0.1193(6) 
0.6658(6) 
0.3166(5) 
0.7766(6) 
0.3599(6) 
0.8696(6) 
0. 
0.014(3) 

-0.231(1) 
0.091(2) 

0.284(2) 
0.151(2) 
0.172(2) 

-0.005(3) 
0.092(3) 
0.338(1) 
0.429(2) 
0.461(2) 
0.361(2) 
0.399(2) 
0.2125(5) 
0.2619(5) 
0.0715(6) 
0.1268(6) 
0.3484(5) 
0.4044(5) 
0.4554(5) 
0.5257(5) 
0. 
0.201(1) 

-0.012(2) 
0.042(1) 

0.5181(8) 
0.3864(9) 
0.3609(8) 
0.233(1) 
0.1958(9) 
0.6009(8) 
0.7616(8) 
0.7356(7) 
0.9149(8) 
0.8942(8) 
0.4932(3) 
0.4374(2) 
0.3288(3) 
0.2597(3) 
0.6836(2) 
0.6299(2) 
0.8664(3) 
0.8068(3) 
0. 
0.0221(8) 

-0.0213(7) 
-0.0957(6) 

2.9 
2.9 
3.0 
5.4 
4.2 
2.2 
2.8 
2.1 
3.4 
3.2 
3.4 
3.1 
3.9 
4.0 
3.0 
2.9 
3.2 
3.4 
2.8 
7.8 
6.3 
6.0 

Table 2. Atomic Parameters of Nonhydrogen Atoms 
of EVT2ASF6, with Equivalent Isotropic 

Temperature Factors12) 

Atom 5eq/Â2 

C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
S(l) 
S(2) 
S(3) 
S(4) 
S(5) 
S(6) 
S(7) 
S(8) 
As 
F(l) 
F(2) 
F(3) 

0.5103(7) 
0.6771(7) 
0.4687(7) 
0.753(1) 
0.5489(8) 
0.4759(7) 
0.5221(7) 
0.3148(7) 
0.4610(8) 
0.2506(9) 
0.7610(2) 
0.3041(2) 
0.8839(2) 
0.3384(2) 
0.6831(2) 
0.2233(2) 
0.6390(2) 
0.1280(2) 
0. 

-0.0076(9) 
0.2481(5) 

-0.1007(6) 

0.2812(6) 
0.1498(6) 
0.1710(6) 

-0.010(2) 
0.0923(7) 
0.3398(6) 
0.4333(6) 
0.4601(6) 
0.3674(7) 
0.4059(7) 
0.2141(2) 
0.2623(2) 
0.0699(2) 
0.1227(2) 
0.3508(2) 
0.4054(2) 
0.4593(2) 
0.5299(2) 
0. 
0.2184(5) 

-0.0220(7) 
0.0351(6) 

0.5211(3) 
0.3899(3) 
0.3641(3) 
0.2363(4) 
0.2004(3) 
0.6010(3) 
0.7591(3) 
0.7351(3) 
0.9131(3) 
0.8913(3) 
0.4940(1) 
0.4391(1) 
0.3313(1) 
0.2639(1) 
0.6821(1) 
0.6298(1) 
0.8640(1) 
.0.8049(1) 
0. 
0.0208(3) 

-0.0259(3) 
-0.1027(2) 

3.0 
3.0 
3.1 
6.4 
4.2 
2.8 
2.7 
2.8 
3.6 
4.1 
3.5 
3.4 
4.2 
4.3 
3.3 
3.1 
3.7 
3.8 
3.2 
8.7 
7.5 
6.4 

was Xco(AF)2. The weighting functions used in the final stage 
of the refinements were ÛF=[CT2(FO)-0.0045|FO|+0.01491 Fol2]"1 

for EVT2PF6 and cü=[a2(Fo)-0.0055|Fo| +0.00291Fol2]"1 for 
EVT2ASF6. The atomic scattering factors were taken from 
those of International Tables of X-Ray Crystallography.11) 
The final R indices were 0.118 for EVT2PF6 and 0.053 for 
EVT2ASF6. The atomic coordinates and equivalent iso­
tropic temperature factors12) are given in Tables 1 and 2.13) 

Electrical Conductivities. The temperature dependences 
of the electrical conductivities of the single-crystals of 
EVT2PF6 and EVT2ASF6 were measured by a four-probe 
method, using a D-type Cryomini Refrigerator (Osaka 
Sanso Co. Ltd). 

Results and Discussion 

Electrical Conductivities. Figure 1 shows the 
temperature dependence of the electrical conductivi­
ties of EVT2PF6 and EVT2ASF6 a long the 6-axis. T h e 
electrical conductivities of EVT2PF6 and EVT2ASF6 at 
room temperature were 0.76 S c m - 1 and 0.17 S cm - 1 , 
respectively. They showed a semiconduct ing behav­
ior wi th small activation energies of ca. 0.14 eV for 
EVT 2 PF 6 and 0.11 eV for EVT2AsF6 . a - (BEDT-
TTF)2PF6 also showed a semiconduct ing behavior 
wi th a similar band gap of about 0.1 eV.6) O n the 
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Fig. 1. Temperature dependences of the electrical 
conductivities of the single crystals of EVT2PF6 and 
EVT2ASF6 measured by a four probe method. 
(a) EVT2PF6, (b) EVT2AsF6. 
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(b) 

Fig. 2. The molecular structure of EVT molecule in EVT2AsF6, and 
the bond lengths and bond angles, (a) Over view, (b) side view. 
Nonhydrogen atoms are drawn as thermal ellipsoids with 50% 
probability level. Estimated standard deviations of the bond 
lengths and angles are 0.005—0.02 Â and 0.3—0.6° respectively. 

Fig. 3. (a) The crystal structure of EVT2ASF6. The molecules A and B are related by the symmetry 
operation (\—x, \—y, 1—z). (b) The mode of a stacking of EVT molecules related by the symmetry 
operation (\—x, \—y, 1—z). (c) The mode of a stacking of EVT molecules related by the symmetry 
operation (1—x, —y, 1—z). (d) The arrangement of the EVT molecules along the a-axis. The dotted lines 
indicate the S—S contacts shorter than the van der Waals distance (3.7 Â). The values of h, h, d\, <i2, dz, 
and d± are summarized in Table 3. 



2284 
H. NAKANO, K. MIYAWAKI, T. NOGAMI, Y. SHIROTA, S. HARADA, N. KASAI, 

A. KOBAYASHI, R. KATO, and H. KOBAYASHI 
[Vol. 63, No. 8 

other hand, VT2PF6 showed a metallic behavior above 
180 K, below which the conductivity was activated 
(£a~0.055eV(T<100K)).7> 

Molecular and Crystal Structures of EVT2ASF6 and 
EVT2PF6. Figure 2 shows the molecular structure of 
the EVT molecule in the EVT2ASF6 crystal, together 
with the bond lengths and bond angles. The planar-
ity of the EVT molecule was increased in its semica-
tion state (EVT+0-5).3> No conformational disorder 
was found at the ethylene group of the EVT molecule. 
Figure 3 shows the crystal structure of EVT2ASF6. 
Only one EVT molecule is crystallographically inde­
pendent, and the ASFÔ" anion is on the center of 
symmetry. The EVT molecules are stacked along the 
è-axis, as is usually observed for the conducting salts 
of T T F derivatives (Fig. 3(a)). Two kinds of the 
molecular overlap shown in Figs. 3(b) and 3(c) are 
observed. In one overlap mode (Fig. 3(b)), two EVT 
molecules are slightly shifted relative to each other 
within the unit cell. In the other overlap mode (Fig. 
3(c)), the five-membered ring of one EVT molecule is 
overlapped with the six-membered ring of another 
EVT molecule across the unit cell. These two over­
lap modes are characterized by h and h in Figs. 3(b) 
and 3(c). No intermolecular S-—S contact shorter 
than the van der Waals distance (3.7 Â) was found 
within the donor column. This fact is in contrast 
with the crystal structures of a-(BEDT-TTF)2PF6 and 
VT2PF6; intermolecular S-—S contacts shorter than 
3.7 Â were found within the donor column for these 
salts.6'7) Table 3 shows the relative shifts of the donor 
molecules (h and h) and intercolumnar S----S distances 
(di, d2, ds, and d4) in a-(BEDT-TTF)2PF6, EVT2PF6, 
EVT2ASF6, and VT2PF6 for the sake of a comparison 
(see also Figs. 3(b), 3(c), and 3(d)). All of the S--S 
contacts along the a-axis were shorter than 3.7 Â in 
EVT2AsF6, as shown in Fig. 3(d) and Table 3. Both 
a-(BEDT-TTF)2PF6 and VT2PF6 also possess interco­
lumnar S—S contacts shorter than 3.7Â.6'7> The 
molecular and crystal structures of EVT2PF6 were 
found to be very similar to those of EVT2ASF6. 
Hence, the above arguments regarding the molecular 
and crystal structures of EVT2ASF6 are also applicable 
to the case of EVT2PF6. However, the final R value 

Fig. 4. (a) Intermolecular overlap integrals (bl, b2, 
p, q, and s), (b) Fermi surface, and (c) band structure 
of EVT2PF6. Since this salt shows a semiconduct­
ing behavior, the absence of the band gap (in other 
words, the appearance of the Fermi surface) will be 
caused by the neglect of on-site Coulomb repulsion 
among conducting electrons in the present calcula­
tion. 

Table 3. Relative Shift of Donor Molecules (h and h) and Intercolumnar S*"S Distances 
between Donor Molecules (di, di, ds, and di) in the Crystals of a-(BEDT-TTF)2PF6, 

EVT2PF6, EVT2AsF6, and VT2PF6 

Distances'1' 
/A 

h 
k 
di 
d2 

ds 
d± 

<*-(BEDT-TTF)2PF6 

0.3 
4.2 
3.48 
3.61 
3.57 
3.58 

EVT2PF6 

1.2 
3.0 
3.404(7) 
3.450(6) 
3.619(5) 
3.599(6) 

EVT2AsF6 

1.2 
3.0 
3.394(3) 
3.503(2) 
3.664(2) 
3.592(2) 

VT2PF6 

1.6 
2.4 
3.51 
3.56 
3.71 
3.43 

a) The distances h, li, di, di, ds, and d± are shown in Figs. 3(b), 3(c), and 3(d) for EVT2ASF6 as 
typical examples. 
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Table 4. Intermolecular Overlap Integrals of HOMO Calculated 
by an Extended Hückel Molecular Orbital Methoda) 

Overlap integral 

WX103 

62X103 

£X103 

4XIO3 

sX103 

<*-(BEDT-TTF)2PF6 

20.2 
8.7 
2.9 
0.6 

-2 .5 

EVT2PF6 

14.5 
8.4 
1.8 
3.0 

-1 .0 

EVT2AsF6 

14.5 
8.6 
1.6 
3.3 

-0 .8 

VT2PF6 

13.2 
13.9 
2.1 
1.3 

-1 .4 

a) Overlap integrals bl, b2, p, q, and s are shown in Fig. 4 for EVT2PF6 as a typical example. 

of the latter-mentioned salt was large (#=0.118) due to 
poor crystal quality. 

Band Electronic Structures. Figure 4 shows inter­
molecular overlap integrals, Fermi surface, and the 
band structure of EVT2PF6 calculated by a tight-
binding approximation based on an extended Hückel 
molecular orbital.14) The band structure and Fermi 
surfaces of EVT2ASF6 were very similar to those of 
EVT2PF6.15) We also obtained both closed and open 
Fermi surfaces for a-(BEDT-TTF)2PF6 and VT2PF6,

7> 
respectively. The appearance of the Fermi surfaces 
in a-(BEDT-TTF)2PF6, EVT2PF6, and EVT2AsF6 con­
flicts with their semiconducting properties. These 
contradictory results are caused by an on-site Cou­
lomb repulsion among conducting electrons, which 
was not taken into account in the present calculation. 
Since the present calculation method gives a simple 
perspective concerning the dimensionality of many 
conducting organic salts,16) the following analysis is 
believed to be valid for any discussion about the 
relative band electronic structures of BEDT-TTF-, 
EVT-, and VT- salts. The values of intermolecular 
overlap integrals of HOMO levels in VT2PF6, 
EVT2PF6, EVT2AsF6 and a-(BEDT-TTF)2PF6 are 
summarized in Table 4. Here, the intermolecular 
overlap integrals (bl, b2y p, q, and s) in EVT2PF6 are 
shown in Fig. 4 as a typical example. The amount of 
the intermolecular transfer integral (t) is assumed to 
be of the order of t^ES [£=orbital energy of HOMO 
level (~—8.5 eV); S=intermolecular overlap integral]. 
Table 4 shows that a dimeric intermolecular interac­
tion exists in the direction of the donor stack in a-
(BEDT-TTF)2PF6; bl is more than twice as large as 
b2. The ratio of bllb2 decreases systematically in 
the order Û ^ ( B E D T - T T F ) 2 P F 6 > E V T 2 P F 6 > V T 2 P F 6 . 

Thus, an almost homogeneous intermolecular inter­
action within the donor column was found for 
VT2PF6 (bl^b2). This feature makes the effective 
band width of VT2PF6 the largest among these salts; 
this is related to the fact that only VT2PF6 shows a 
metal-like behavior. a-(BEDT-TTF)2PF6 has a 
much larger absolute value of the overlap integral |s| 
than those of the other salts; s is a measure of the side-
by-side intermolecular interaction. The dimension­
ality of the band electronic structure of these salts is 
discussed below from the viewpoint of their conduc­
tion band widths. 

Table 5. Relative Conduction Band Widths17'18) 
of <*-(BEDT-TTF)2PF6, EVT2PF6, 

EVT2AsF6, and VT2PF6 

Salts AW r-Y AW r-x 
<*-(BEDT-TTF)2PF6 18.6 
EVT2PF6 22.8 
EVT2AsF6 23.8 
VT2PF6 30.4 

17.0 
13.6 
13.0 
12.4 

The matrix elements (Hij) of a secular equation of 
a-(BEDT-TTF)2PF6, EVT2PF6, EVT2AsF6, and VT2PF6 

are written as follows (see also Fig. 4):17'18) 

Hn = H22 = 2tscos(ka) 

and 

H i : H2i* = tbi + th2 e~ikb + tp e"< *< + tq e •i(kh+kc) 

Here, tx (x=bl, b2, p, q, and s) denote the intermolecu­
lar transfer integrals. By solving the secular equa­
tion, we obtained the following equations for the 
conduction-band widths (AW), important measures 
for the dimensionality of the band electronic struc­
tures of the conducting salts: 

AWv-V = -2(tb2 + tq) 

and 

AWr-x = 4ts-2(tp + tq). 

AWr-Y and AW r-x are the conduction-band widths in 
the r -Y and T-X directions in the Brillouin zone (see 
Fig. 4).17'18) Table 5 summarizes the relative values of 
the conduction band widths19) (AWr-Y and AWr-x) 
of a-(BEDT-TTF)2PF6, EVT2PF6, EVT2AsF6, and 
VT2PF6. It is noticeable that AWr-Y increases in the 
order a-(BEDT-TTF)2PF6 < EVT2PF6 <VT2PF6. On 
the other hand, AW r-x changes in the reverse order. 
Since AWr-Y and AWr-x are comparable in a-
(BEDT-TTF)2PF6, this salt is assumed to possess a 
two-dimensional electronic property. Table 5 shows 
that the extent of the two-dimensional nature is 
largest for a-(BEDT-TTF)2PF6, intermediate for 
EVT2PF6, and smallest for VT2PF6. The relation 
between the conduction band widths and the crystal 
structures are discussed below in more detail regard­
ing these salts. 

The AWr-x value of a-(BEDT-TTF)2PF6 is the larg­
est among those of the conducting salts given in Table 
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5. The main reason for this arises from the largest 
absolute overlap integral \s\ of this salt (Table 4). All 
of the HOMO levels of BEDT-TTF, EVT, and VT 
have larger LCAO coefficients on the sulfur atoms 
than those on the carbon atoms. Thus, the overlap 
integral, s, is mainly determined by the side-by-side 
overlap between the lone-pair orbitals of the sulfur 
atoms belonging to the adjacent donor columns. 
The main reason that the AWr-Y value for EVT2PF6 is 
larger than that for a-(BEDT-TTF)2PF6 arises from 
the larger value of q in the former salt. Here, q 
denotes the intercolumnar molecular overlap integral 
between the donor molecules related by a symmetry 
operation (1— x, —y, ~z). On the other hand, EVT 
salts have smaller values of AWr-x than that of a-
(BEDT-TTF)2PF6. Thus, the extent of the two-
dimensional nature of the former salts is less than that 
of the latter. In the case of VT2PF6, AT r̂-Y is much 
larger than those of the corresponding BEDT-TTF 
and EVT salts. The main reason for this arises from 
the largest value of b2 (intracolumnar molecular over­
lap integral). The mode of the the stacking of the 
donor molecules connected by the overlap integral b2 
are characterized by h in Table 3. In the case of a-
(BEDT-TTF)2PF6, the mode of the intermolecular 
overlap is that of a "ring-external bond-type overlap" 
usually found in 1-D organic metals. On the other 
hand, a six-membered ring of one molecule overlaps 
with a five-membered ring of another molecule in 
EVT2PF6 and VT2PF6; the extent of the molecular 
overlap of the latter salts is larger than that of the 
former. These features are characterized by the order 
of h values: a-(BEDT-TTF)2PF6 > EVT2PF6 > VT2PF6. 
Moreover, only VT2PF6 has four S-—S contacts shorter 
than the van der Waals distance between the donor 
molecules connected by the overlap integral, b2. 
Since the terminal vinylene group of a VT molecule is 
less sterically crowded than the terminal ethylene 
group of a BEDT-TTF or an EVT molecule, espe­
cially in the presence of PFO" anion nearby, the VT 
molecules related by a symmetry operation (1—x, —y, 
—z) are stacked more closely than the latter molecules 
are in EVT2PF6 or a-(BEDT-TTF)2PF6; this gives rise 
to the largest value of b2 for the former salt. On the 
other hand, the intercolumnar overlap integrals (p, q, 
and s) of VT2PF6 are not very different from the 
corresponding values of the EVT salt; the AWv-x 
value of VT2PF6 is similar to that of the EVT salt. 
Therefore, the extent of the one-dimensional band 
electronic property of VT2PF6 is the largest among the 
conducting salts listed in Table 5. Comparing the 
modes of the molecular overlaps characterized by h 
values in Table 3, a-(BEDT-TTF)2PF6 showed a direct 
overlap of the molecules; i.e., h is very small (~0.3Â). 
On the other hand, EVT2PF6 and VT2PF6 showed 
appreciable shifts of the molecules. These molecular 
overlaps are related to the overlap integral, bl. There­
fore, bl of a-(BEDT-TTF)2PF6 is much larger than 

those of EVT2PF6 and VT2PF6. However, bl does 
not appear in the equations of the band widths, 
AWY-Y and AWv-x, but does in the equations for the 
band gaps. 

The electrical conductivities of various VT-salts 
have been measured, and most of them showed a 
metal-insulator transition.20) The temperature 
dependence of the X-ray crystallographic analysis of 
VT2PF6 revealed a doubling of the lattice constants 
below 170 K [(a,b,c) -> (2a,2b,2c)].20^ These results are 
assumed to be caused by the quasi-one-dimensional 
nature of the VT-salts. Since the extent of the two-
dimensional nature of the EVT-salts is expected to be 
greater than that of the VT-salts, as in the present 
study, and since EVT is the molecule with the slight­
est modification of BEDT-TTF,3) EVT-salts are 
expected to give conducting salts with electronic prop­
erties similar to those of BEDT-TTF salts. Syntheses 
of the other conducting EVT-salts are underway using 
electrochemical crystallization and a diffusion 
method. 

We are grateful to the Protein Engineering Center, 
Institute for Protein Research, Osaka University, for 
the use of ACOS S850 Computer. 
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Water-borne polyesters which can provide a flexible film having a high resistance to water have been 
designed. Such hydrophobic polyesters can be dispersed into water by introducing small amounts of 
hydrophilic groups. When a few mol% of sodium 5-sulfonatoisophthalic acid is used as a hydrophilic group 
and some water-soluble organic compounds, such as 2-butoxyethanol, are used as additives, stable aqueous 
dispersions of polyester resins are obtained, having a fine particle size under 1.0 /mi-

Hi ther to , many polyesters have widely been used in 
various fields such as fibres, films, adhesives, p a i n t i n g 
binders, and the like. Such polyesters can be used as 
water-resisting films when they are solved in organic 
solvents and form films by evaporation. Recently, 
however, in view of saving na tura l resources and 
prevent ing environmental pol lu t ion , the conversion 
of organic solvents into inorganic solvents is h ighly 
recommended. 

It is k n o w n that branched polyesters wi th low 
molecular weight can be solubilized into water when 
they have carboxyl groups at the end of polymer chain 
and are neutralized with alkali.1) In order to obtain a 
water-resisting cured film, it is necessary to bake the 
film at h igh temperature after drying. 

Next, when sodium 5-sulfonatoisophthalic acid (IS) 
is copolymerized with diethylene glycol (DEG) or 
polyethylene glycol (PEG), the resul t ing hydrophi l ic 
polyesters are soluble in hot water and the solut ions 
are stable at room temperature.2 ) O n the other hand , 
when polyesters are combined wi th non ion ic surface-
active agents, the polyesters can be solubilized in water 
by increasing their affinity to water.3) However, 
when a film formed from the polymers is d ipped in to 
room temperature water or hot water, it becomes 
muddy and is finally solubilized. T h i s prevents its 
use as a water-resisting film. Technical problems 
concern how to satisfy both the solubil ization of 
polyesters in water and h igh resistance of their film to 
water. These two propert ies of polyesters seem to be 
in conflict wi th each other. However, these problems 
have hi ther to been solved for other polymers, except 
for the polyesters. For example, when low-hydro-
phi l ic materials in an acrylic system are polymerized, 
water-resisting films are obtained from a fine part icle 
dispersion of the polymers.4 ) In this study, when IS 
was copolymerized wi th other hydrophobic materials, 
both the concentrat ion of IS and an additive effect of 
water-soluble organic cosolvents were examined. 

Experimental 

Preparation of Polyesters. As an example of the prepara­
tion, definite amounts of terephthalic acid (TP), isophthalic 

Table 1. Characteristics of Copolyesters 

Component 
•-ppa) 

IP 
IS 
EG 
DPD 
DEG 

Properties 

M„(X10"4) 
CN(equiv/106 g) 

E-1 

50 
50 
0 

50 
50 
0 

1.10 
12 

E-2 

50 
48 
2 

50 
50 
0 

1.20 
13 

E-3 

50 
42 
8 

50 
50 
0 

1.21 
20 

E-4 

50 
42 
8 
0 
0 

100 

1.10 
20 

a) Abbreviations are given in the text. 

acid (IP), sodium 5-sulfonatoisophthalic acid (IS), ethylene 
glycol (EG), 2,2-dimethyl-l,3-propanediol (DPD), diethy­
lene glycol (DEG), and catalysts such as zinc acetate or 
antimony trioxide were charged into a reactor and subjected 
to an esterification reaction at 140 to 220 °C for three hours. 
The mixture was then subjected to a polycondensation 
reaction under reduced pressure (0.1 mmHg, 1 m m H g « 
133.322 Pa) at 220 to 270 °C for two hours. The polyesters, 
thus obtained, and their physical properties are shown in 
Table 1. In this table, the number-averaged molecular 
weights (Mn) are given which were determined by the GPC 
method; the numbers of the carboxyl groups (CN) were 
determined by titrating the polymer solution in chloroform 
with 0.1 equiv potassium ethoxide. The water content of 
each polyester was determined from the change of weight 
when a sheet of the polyester (0.5 mm thick, 1 cm length, 
and 1 cm width) was allowed to stand at temperature of 
40 °C and moisture of 80%. 

Solubilization of Polyesters in Water. The polymer 
shown in Table 1 (30 wt%), a water-soluble organic com­
pound (0 or 15 wt%) and water (70 or 55 wt%) were charged 
into a reactor, and then stirred for six hours at 70 °C. After 
cooling to room temperature, the mixture was filtered with a 
stainless-steel filter (200 mesh), thus becoming free from 
undispersed materials. The undispersed polyesters were 
determined by weight. The components and the properties 
of the polyesters, thus obtained (D-l—D-4), are shown in 
Table 2. The water-soluble organic compounds used were 
commercially available from Nakarai Chem. Co. Deion-
ized water was used throughout this study. The dispersed 
particle size was measured with a COULTER (model N4) at 
25 °C when the sample dispersion was adjusted with a solid 
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Table 2. Characteristics of Water-Dispersed Copolyesters 

Water-Dispersed Copolyestera) D-l D-2 D-3 D-4 
Copolyester 
Characteristics 

Undispersed copolyester/wt% 
Appearance 
Mean particle size/nm 
Viscosity/cps 

E-1 

100 
No Change 

— 
— 

E-2 

100 
No Change 

— 
— 

E-3 

100 
No Change 

— 
— 

E-4 

0 
Translucent 

55 
2000 

a) Copolyester/Water : 30/70 (by wt). 

concentration of 0.1 wt% in water. The viscosity of sample 
dispersion was measured with a rotation-viscometer (Tokyo 
Keiki Co. Ltd., Model EM) at 25 °C for 10 rpm. The solid 
content of sample dispersion was determined from the 
weight change of the sample after 10 g of the dispersion was 
taken into a container, and kept for 4 h at 100 °C and 4 h at 
150 °C under a vacuum of 0.1 mmHg. 

Results and Discussion 

Hydrophilic Property of Polyesters. The composi­
tions and properties of the polyesters studied are given 
in Table 1. Those of E-1, E-2, and E-3 are the same, 
except for the content of IS instead of IP. On the 
other hand, the composition of E-4 is greatly different 
from the compositions of the others in the contents of 
hydrophilic DEC 

The four polyesters have almost the same character­
istics, such as molecular weight (Mn) and number of 
carboxyl groups (CN), and are noncrystalline. When 
the four polyesters were left standing under a constant 
temperature of 40 °C and humidity of 80%, E-1, E-2, 
and E-3 did not show any change in appearance, even 
after 48 h, while E-4 showed white colored turbidity 
and lost its transparency after 12 h. Then, after 48 h, 
its surface softened and partly solubilized out. 

Third, changes in the moisture absorption of the 
four polyesters are shown in Fig. 1. Those of E-1, E-
2, and E-3 ranged under a change of 0.5 wt% and 
almost reached equilibrium at 48 h; they showed a 
small increase in weight in the order E-1, E-2, and E-3. 
Therefore, the three polyesters can be recognized as 
being hydrophobic. On the other hand, E-4 showed 
a high water absorption and did not obtain equili­
brium, even after 48 h. It is therefore a strong hydro­
philic polyester. Its strong affinity to water seems to 
be caused by a high concentration of IS and DEC 

Solubilization of Polyesters in Water. E-1, E-2, E-
3, or E-4 was charged into a vessel with water and then 
agitated at 70 °C for about 6 h. The dispersion, thus 
obtained, is shown in Table 2. E-4 showed good 
water dispersibility and gave a faint bluish-white vis­
cous dispersion, D-4. On the other hand, E-1, E-2, 
and E-3 showed no water dispersibility and no change 
in appearence and viscosity, even after agitation. 
Only E-4, which contains a hydrophilic component of 
DEG with IS, could be solubilized in water. How­
ever, E-1, E-2, and E-3, which do not have a compo-

1.5 r 

T ime / h 

Fig. 1. Moisture absorption against to time for E-1 
(O), E-2 (A), E-3 (•), and E-4 (D) respectively, when 
they are settled at 40 °C and relative humidity of 

nent of DEG, could not be solubilized in water. 
Combined Use of Water-Soluble Cosolvents. As 

stated in the previous section, E-3 was not dispersed 
into water. However, when it was agitated at 70 °C 
for about 6 h with water in the presence of some 
amounts of cosolvent, it could be dispersed into water. 
The results are shown in Table 3. 2-Buthoxyethanol 
(BEA), 3-propoxy-l,2-propanediol (PPA), 2-propanol 
(IPA), and N,N-dimethylformamide (DMF) were used 
as such cosolvents. In such cases, opaque viscous 
dispersions (D-5—D-8) were obtained with small 
mean particle sizes. The suitable cosolvents seem to 
be regulated by their solubility parameters (SP). 
Toluene (TLN), however, showed no dispersion 
effect. Therefore, suitable cosolvents are also related 
to their solubilities in water (Table 3). Thus, a com­
bination of hydrophobic polyesters, water-soluble cos­
olvents, and water makes it possible to produce disper­
sions which can form highly water-resisting films. 
The mean particle sizes of the obtained dispersions are 
also given in Table 3. The values are those obtained 
24 h after the formation of the dispersions, and are 
similar to those measured at 720 h (given in paren­
theses). This shows that the dispersions are very 
stable for many hours. 

Concentration Effect of SOsNa Group, Particle 
Size, and Viscosity. Three hydrophobic polyesters 
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Table 3. Characteristics of Water-Dispersed Copolyesters Using 
Copolyester E-3, Cosolvent, and Watera) 

Water-dispersed copolyesters 

Cosolvent 
Cosolvent properties 

Solubility parameter 
Solubility (wt% in water) 

Characteristics of dispersions 

Undispersed copolyes ter/wt% 
Appearance 
Mean particle size/nmc) 

Viscosity/cps 

D-5 

BEAb) 

9.2 
100 

D-6 

PPA 

8.8 
100 

0 0 
Translucent Translucent 

5.1(5.1) 8.6(8.6) 
700 750 

D-7 

IPA 

11.5 
100 

0 
Opaque 

23(23) 
300 

D-8 

DMF 

11.5 
100 

0 
Opaque 

18(18) 
400 

D-9 

TLN 

8.9 
0 

100 
No change 

a) Copolyester E-3/Cosolvent/Water : 30/15/55 (by wt). b) Abbreviations are given in the 
text, c) The values were measured at 24 h after preparing the dispersion. Those in 
parentheses were measured at 720 h. 

Table 4. Influence of IS Concentration on Dispersion of Copolyestersa) 

Water-Dispersed Copolyesters 

Copolyesters 
Cosolvents 
Caracteristics 

Undispersed copolyester/wt% 
Appearance 
Mean particle size/nm 
Viscosity/cps 

D-10 

E-l 
BEAb) 

100 
No change 

D-11 

E-2 
BEA 

0 
Opaque 

74 
1200 

D-5 

E-3 
BEA 

0 
Translucent 

5 
700 

a) Copolyester/Cosolvent/Water : 30/15/55 (by weight), b) Abbreviations are given in the 
text. 
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Fig. 3. Relative distribution of the particle size of 
D-11. 

P a r t i c l e Size/ nm 

Fig. 2. Relative distribution of the particle size of 
D-5. 

(E-l , E-2, and E-3) were subjected to solubil ization in 
water wi th the use of various cosolvents; the results are 
shown in Tab le 4. E-l showed no solubilized effect 
in water, even u p o n the addit ion of BEA. E-2, how­
ever, gave a homogeneous dispersion (D-11) wi th fine 
particle size. T h i s shows that the presence of IS in 

the polymer skeleton is very impor tan t , even in small 
amoun t , to produce dispersion. T h e dispersion, thus 
obtained (D-11), was opaque and milk-white, and its 
mean particle size was larger than that of D-5. T h e 
dis t r ibut ion of the particle sizes is shown in Figs. 2 
and 3. A l though both D-5 and D-11 gave a small 
d is t r ibut ion range, D-5 was smaller in size and more 
clear in transparency. It also behaved as a h o m o ­
geneous solut ion. T h i s is considered to be caused by 
a slightly different hydrophi l ic property between 
polyesters which have different contents of the SOsNa 
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Fig. 4. Viscosity of the copolyesters, E-2 (O) and E-3 
(A), dispersed in water against to the amount of E-2 
and E-3 with BEA (15 wt%). 

group. 
Next, as shown in Fig. 4, a dispersion made of E-2 

rapidly increased its viscosity with an increase in its 
copolyester concentration. That made of E-3, how­

ever, gradually increased its viscosity. The former 
behavior is a typical of that observed for the dispersion 
system.5) The latter one, however, is similar to that 
observed for aqueous solutions. 

The structures and formation mechanisms of these 
dispersions are quite interesting. As shown in Table 
1, E-2 and E-3 have a hydrophobic polymer skeleton. 
Further, the content of the SOsNa group is extremely 
low. Such hydrophobic polymer skeletons can thus 
associate with each other. On the other hand, hydro-
philic groups like SC^Na can be oriented so as to come 
into contact with aqueous solutions which comprise a 
mixture of water and organic cosolvents. The whole 
polymer chain can then make a particle. Thus, E-3 
has a greater affinity with aqueous solutions than E-2 
with increased contents of the SOsNa group; it also 
shows lower association among polymer chains. 
This is a cause further of the smaller mean particle size 
and higher transparency in D-5 than in D-ll. 
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MINDO/3 calculations have been performed on 3-amino-, 4-amino-, 5-amino-, and 6-amino-2-pyridinols 
to estimate their molecular geometries. The lactam-lactim tautomerization from amino-2-pyridone to amino-
2-pyridinol was expected for 5-amino- and 6-amino-2-pyridinols from the MINDO/3 calculations. In addi­
tion, their dimer formation energies were evaluated by the CNDO/2 method. Among the four amino-2-
pyridones, 6-amino-2-pyridone has the largest dimer formation energy and 3-amino-2-pyridone the smallest. 
Furthermore, to certify the tautomerization of 3-amino-, 5-amino-, and 6-amino-2-pyridinols the UV absorption 
and fluorescence spectra were measured, and compared with those of their O-methyl and nuclear iV-methyl 
derivatives. From the UV spectral data the equilibrium constants of the lactam-lactim tautomerization were 
determined for 5-amino and 6-amino derivatives in tetrahydrofuran (THF) at various temperatures. The 
lactam form is more stable than that of the lactim; the enthalpy changes between two forms of 5-amino and 6-
amino derivatives were estimated to be 7.9 and 6.3 k jmol - 1 , respectively. The lactam and lactim dimers of 
these two derivatives were found to be easily formed in T H F and ether. From the fluorescence spectral data the 
lactim dimer of 6-amino derivative was found to be formed in the lowest excited n,n* singlet state. On the other 
hand, the 3-amino derivative exists predominantly in the lactam monomer form in both the ground and the 
lowest excited 7r,7r* singlet states. 

Lac tam- lac t im tautomerizat ion has been the subject 
of several investigations.1 ,2) In a previous investiga­
tion,3) the absorpt ion spectra of 2-pyridinol and 
monomethyl -subs t i tu ted 2-pyridinols were measured, 
and analyzed wi th the aid of molecular-orbital calcu­
lations. These compounds exist p redominant ly in 
the lactam m o n o m e r and dimer forms in carbon 
tetrachloride. T h e lactam dimer absorpt ion band 
(^g—>1BU) was found to appear at wavenumbers higher 
than those of the m o n o m e r (1A/—>1A/). O n the other 
hand , Peresleni et al.,4) have described that 6-amino-2-
pyr id inol exists as a mix ture of the lactim and lactam 
forms. Barlin et al.5) measured the UV absorpt ion 
spectra of amino-2-pyridinols , and obtained the ioni­
zation constants, from which the structures of mono-
and di-cations were analyzed. 

In this paper , to ascertain the effect of a m i n o substi­
tu t ion on the lac tam-lac t im tautomerizat ion and the 
dimer format ion energy of 2-pyridinol the tautomeri­
zation and dimer formation energies of m o n o a m i n o -
2-pyridinols were evaluated by the M I N D O / 3 and 
C N D O / 2 methods.6"8 ) Fur thermore, the equil i­
b r i u m constants and entha lpy changes between tauto-
mers of 3-amino-, 5-amino-, and 6-amino-2-pyridinols 
were determined by UV absorpt ion spectroscopy. 
T h e observed UV absorpt ion spectra were also inter­
preted wi th the calculated results. In addi t ion, dimer 
formation in the excited states was analyzed in terms 
of the fluorescence spectra. 

Experimental 

Materials. 3-Amino-2-pyridinol was prepared according 
to a procedure of Salemink9) Purification of this com­
pound is accomplished by using the technique of alumina 
column chromatography with ether as an eluent. 3-

Amino-2-methoxypyridine and 3-amino-l-methyl-2(lH)-
pyridinone were prepared by a procedure of Bickel et al.,10) 
and Peresleni et al.,4) respectively. These compounds were 
purified by alumina column chromatography using T H F as 
an eluent. The preparation of 5-amino-2-pyridinol, 5-
amino-2-methoxypyridine, and 5-amino-l-methyl-2(lH)-
pyridinone has been described in the literatures.10'11) Puri­
fication of these compounds was performed by repeated 
silica-gel column chromatography using THF as an eluent. 
Commercial 6-amino-2-pyridinol (Aldrich) was recrystal-
lized from acetonitrile. 6-Amino-2-methoxypyridine10) was 
prepared from commercial 2,6-dichloropyridine (Aldrich) 
by way of 6-amino-2-chloropyridine. 12> 6-Amino-1 -methyl-
2(lH)-pyridinone was prepared from 6-amino-2-pyridinol 
by methylation with diazomethane. The compound was 
purified by repeated silica-gel column chromatography 
using ether as an eluent. 

The 1H and 13CNMR spectra of these compounds were 
taken on a JEOL FX90Q spectrometer using TMS as an 
internal standard. The amino-substituted pyridinols have 
the following *H and 13C NMR spectroscopic properties: 

3-Amino-2-pyridinol: XHNMR (DMSO-d6) ô=5.0 (2H, m, 
NH2), 6.01 (1H, 7=5 Hz, t, ring), 6.45 (1H, /=5Hz, d, ring), 
6.63 (1H, /=5Hz, d, ring), 11.4 (1H, m, NH); 13CNMR 
(DMSO-de) 6=107.0 (d), 112.2 (d), 120.9 (d), 139.2 (s), 
158.2(s). 

3-Amino-2-methoxypyridine: iHNMR (CDC13) 6=3.87 
(3H, s, CH3), 4.9 (2H, m, NH2), 6.8 (2H, m, ring), 7.4 (1H, m, 
ring); 13C NMR (CDCI3) «5=53.2 (q), 118.0 (d), 119.3 (d), 133.1 
(s), 152.5 (s). 

3-Amino-l-methyl-2(lH)-pyridinone: ^ N M R (DMSO-
de) 0=3.44 (3H, s, CH3), 5.1 (2H, m, NH2), 6.01 (1H, t, 
7=5Hz, ring), 6.46 (1H, dd, 7=1 and 5Hz, ring), 6.98 (1H, dd, 
7=1 and 5Hz, ring); 13CNMR (DMSO-d6) 6=36.8 (q), 106.3 
(d), 110.3 (d), 132.6 (d), 138.3 (s), 157.5 (s). 

5-Amino-2-pyridinol: m NMR (DMSO-d6) ô=3.6 (2H, m, 
NH2), 4.3 (1H, m, NH), 6.25 (1H, d, 7=5 Hz, ring), 6.77 (1H, 
s, ring), 7.06 (1H, d, 7=5Hz, ring); 13CNMR (DMSO-d6) 
0=105.1 (d), 109.9 (d),118.9 (d), 137.6 (s), 156.5 (s). 
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5-Amino-2-methoxypyridine: ^ N M R (DMSO-d6) 6= 
3.74 (3H, s, CH3), 4.75 (2H, m, NH2), 6.56 (1H, d, /=5 Hz, 
ring), 7.07 (1H, dd, J=2 and 5 Hz, ring), 7.54 (1H, d, /=2Hz, 
ring); 13CNMR (DMSO-d6) «5=52.9 (q), 110.1 (d), 126.7 (d), 
131.4(d), 139.3 (s), 156.0 (s). 

5-Amino-l-methyl-2(lH)-pyridinone: !H NMR (DMSO-d6) 
0=3.34 (3H, s, CH3), 3.99 (2H, m, NH2 6.27 (1H, d, /=5 
Hz,ring),6.87 (1H, d, J=2 Hz,ring), 7.10 (1H, dd, /=2 and 5 
Hz, ring); ™C NM (DMSO-d6) 0=36.0 (q), 119.5 (d), 120.4 (d), 
129.4 (s), 134.9 (d), 159.2 (s). 

6-Amino-2-methoxypyridine: *HNMR (DMSO-d6) 6=3.77 
(3H, s, CH3), 5.86 (2H, m, NH2), 5.93 (1H, d, /=5 Hz, ring), 
5.06 (1H, d, /=5Hz, ring), 7.30 (1H, t, /=5 Hz, ring); 
13CNMR (DMSO-d6) 6=55.3 (q), 95.8, (d), 99.1 (d), 139.6 (d), 
158.5 (s), 162.9 (s). 

6-Amino-l-methyl-2(lH)-pyridinone: *HNMR (DMSO-
de) 6=3.32, (3H, s, CH3), 5.44 (1H, d, /=5 Hz, ring), 5.49 (1H, 
d, /=5 Hz, ring), 6.49 (2H, m, NH2), 7.10 (1H, t, /=5 Hz, 
ring); «CNMR (DMSO-d6) 6=28.0 (q), 87.1 (d), 100.9 (d), 
140.2(d), 153.2 (s), 161.8 (s). 

The presence of the lactim form in amino-2-pyridinols 
could not be confirmed from the *H and 13C NMR spectra. 

Purification of tetrahydrofuran (THF), acetonitrile, and 
ether was performed by conventional methods.13) 

Apparatus. The UV absorption spectra were measured 
with a Hitachi model 323 spectrophotometer. The mea­
surement of the absorption spectra at various temperatures 
(20 °C——90 °C) was carried out on samples in 10 mm square 
quartz cells placed in a metallic Dewar vessel with two 
quartz windows. The temperature regulation of the sam­
ples was achieved by using liquid nitrogen. The fluores­
cence spectra were recorded with instrumentation already 
described;14) the fluorescence quantum yields were normal­
ized to a value of 0.55 for quinine sulfate in 0.1 equiv-H2SÛ4 
at room temperature.15) 

Calculation Method and Molecular Model 

Since the observed molecular structures of mono-
amino-2-pyridinols were unavailable, their molecular 

geometries were obtained by the MINDO/3 method6) 
with full geometry optimization using the original 
standard parameters under the assumption that the 
molecules are planar. For the dimers of the lactam 
form, a C2h symmetric model which has parameters 
of R and 6 (Fig. 1) was used. The composite parts of 
the dimer are invariant upon dimer formation. The 
dimer formation energies (AHD) of monoamino-
substituted 2(lH)-pyridinones were obtained by the 
CNDO/2 method according to the same procedure 
used for the previous dimer model.16) 

The transition energies, oscillator strengths, and 
band maxima of the monomer and dimer of the lac­
tam form and the monomer of the lactim form were 
calculated by the CNDO/CI method.316) 

Results and Discussion 

Theoretical. Table 1 shows the total energies, ET, 
and dipole moments, n, of the models of monoamino-
2-pyridinol, as calculated by the MINDO/3 method. 
The present calculation shows that (1) the lactam 
form is more stable than the lactim form in 
monoamino-2-pyridinol and (2) the lactam-lactim 
tautomerization energy of 6-amino-substituent is the 
smallest of the compounds listed in Table 1. Kuzuya 
et al.2) has also elucidated same results for 2-pyridinol 
and several monosubstituted 2-pyridinols using the 
MINDO/3 method with full geometry optimization. 
Recently, a calculation of the lactam-lactim tautomer­
ization energy of 2-pyridinol was carried out by the ab 
initio MO method at various levels of approxima­
tion.1718) The calculated results showed that the lac­
tam form is more stable than the lactim form at 
approximations of 3-2IG, 6-3IG, 6-3IG*, and 6-31G 
with MP2,17) while the lactim form is more stable than 
the lactam form at the 6-3IG** approximation.18) 
However, the energy difference between the lactam 
and lactim forms is relatively small in both results and 
it depends on the level of approximation. Therefore, 
the present calculated results of tautomerization 
should be ascertained by the ab initio MO method. 
The calculated energy difference between the lactam 
and lactim forms of 6-amino-2-pyridinol is 4.73 

Table 1. The Total Energies (£T), Energy Differences 
(A£T), and Dipole Moments (/z) of the Optimized 
Models of Monoamino-Substituted 2-Pyridone 

and 2-Pyridinol, as Calculated by 
the MINDO/3 Method 

Compound -£T/eV AÊT/kJmol"1 p/D 

Fig. 1. The dimer model of monoamino-2(lH)-
pyridinones belongs to the points group of C2h. 
The R and 0 stand for the parameters to be opti­
mized by the CNDO/2 method. 

3 - Amino-2-pyridone 
3 - Amino-2-pyridinol 
4-Amino-2-pyridone 
4-Amino-2-pyridinol 
5-Amino-2-pyridone 
5-Amino-2-pyridinol 
6-Amino-2-pyridone 
6-Amino-2-pyridinol 

1419.296 
1419.092 
1419.588 
1419.371 
1419.194 
1419.100 
1419.790 
1419.741 

0 
19.7 
0 

20.9 
0 
9.08 
0 
4.73 

2.682 
0.942 
5.473 
2.022 
5.281 
1.958 
5.609 
2.284 
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Table 2. The Hydrogen Bond Energies (AHD), Corrected Hydrogen Bond Energies (AHDc), 
Equilibrium Distances (Re) and Angles (0) of Monoamino-Substituted 

2-Pyridone Dimers, as Calculated by the CNDO/2 Method 

Dimer Sym. Re/Â 0/deg -AHD/kJ mol- -AHDc/kJmol"1 

3-Amino-2-pyridone 
4-Amino-2 -pyridone 
5-Amino-2-pyridone 
6-Amino-2-pyridone 
2-Pyridone 

C2h 

C2h 

C2h 

C2h 

C2h 

1.48 
1.45 
1.47 
1.46 
1.46 

65.8 
63.8 
70.8 
62.0 
65.7 

84.9 
101 
91.3 

109 
95.7 

38.6 
45.7 
41.4 
49.1 
43.4 

kjmol"1 , while the corresponding values2) of 2-
pyridinol and 6-methyl-2-pyridinol are 15.6 and 12.8 
kj mol -1 , respectively. The lactim forms of the latter 
two compounds were not observed in previous experi­
ments. 3>16) The smaller value of 6-amino-2-pyridinol 
suggests the possibility of the lactim form. On the 
other hand, since the energy difference values (19.7 
and 20.9 kj mol"1) of 3- and 4-amino-2-pyridinols are 
larger than those of 2-pyridinol and 6-methyl-2-
pyridinol, the formation of their lactim forms may be 
difficult in the ground state. 

The calculated dimer formation energies (AHD), 
equilibrium distances (Re), and angles (0) of the lac­
tam form are shown in Table 2 with the correspond­
ing values for a 2-pyridinone model which was optim­
ized by the MINDO/3 method. The calculated dimer 
formation energies were corrected by using the pre­
vious procedure.16) The corrected dimer formation 
energies (AHDC) are listed in Table 2. The dimer 
formation energy of 3-amino-2-pyridone is the smal­
lest among the four amino substituents. Qualita­
tively, the charge density of the oxygen atom of 3-
amino-2-pyridone is the smallest among the four com­
pounds. It is noteworthy that the calculated dimer 
formation energies of 5- and 6-amino-2-pyridones are 
larger than that of 2-pyridone, while the correspond­
ing value for 3-amino-2-pyridone is smaller than that 
of 2-pyridone. 

The calculated band maxima of the first and second 
TT-TT* absorption spectra of the monomer and dimer of 
lactam form and those of the lactim monomer form 
are plotted against the position of amino substitution 
in Fig. 2. The theoretical spectral behaviors of 
amino substituents are similar to those of methyl 
substituents.3) 

UV Absorption Spectra of Monoamino-2-pyri-
dinols. The concentration of the amino-2-pyridinols 
was kept constant, and their UV absorption spectra 
were observed for various concentrations of 0—11 
moldmr 3 of acetonitrile (Fig. 3), with those of 
amino-2-methoxypyridines (O-methyl derivatives) 
and amino-l-methyl-2(lH)-pyridinones (nuclear N-
methyl derivatives) in THF. From Fig. 3 it was 
found that in T H F and the THF-acetonitrile mixed 
solvent 3-amino-2-pyridinol exists in the lactam form, 
since its spectrum resembles that of the nuclear N-
methyl derivative; however, it differs from that of O-

300 h 

E 
c 

250 h 

200 
3 A 5 6 

Position of amino group 

Fig. 2. Plots of the calculated band maxima of 
the first and second TC-TC* absorption spectra 
of the lactam and lactim forms of mono-
amino-2-pyridinol vs. the position of amino group. 
(a) —#—: Monomer of lactam form, (b) —#—: 
Dimer of lactam form, (c) —O—: Monomer of 
lactim form. The zero position corresponds to 
those of 2-pyridinol. 

methyl derivative. For 5-amino- and 6-amino-2-
pyridinols in THF and its mixed solvent, the existence 
of lactam-lactim equilibrium is considered since some 
clear isosbestic points have been observed in the UV 
spectra (Fig. 3); these spectra are characterized by an 
overlapping of those of the O-methyl and Af-methyl 
derivatives, respectively. The absorption band maxi­
mum of the lactim form is found to appear at a shorter 
wavelength than that of the lactam form. The lac­
tam form becomes predominant with an increase in 
the acetonitrile concentration. The dielectric con­
stants of T H F and acetonitrile are 5.61 and 37.5, 
respectively. Accordingly, the lactam form increases 
with an increases in the polarity of the solvent. This 
trend is in line with the magnitude of the calculated 
dipole moments of the lactam and lactim forms shown 
in Table 1. 

The UV absorption spectra of 5- and 6-amino-2-
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Fig. 3. UV absorption spectra of monoamino-2-
pyridinols in THF-acetonitrile mixed solvents with 
those of their O-methyl and nuclear Af-methyl 
derivatives at room temperature, (a): 3-Amino-2-
pyridinol. (b): 3-Amino-2-methoxypyridine ( ) 
and 3-ammo-l-methyl-2(lH)-pyridinone ( ). 
(c): 5-Amino-2-pyridinol. (d): 5-Amino-2-metho-
xypyridine ( ) and 5-amino-l-methyl-2(lH)-
pyridinone ( ). (e): 6-Amino-2-pyridinol. (f): 
6-Amino-2-methoxypyridine ( ) and 6-amino-l-
methyl-2(lH)-pyridinone ( ). Concentrations 
of amino-2-pyridinols and their O-methyl and 
nuclear iV-methyl derivatives: 4X10-5 mol dm-5, 
concentrations of acetonitrile (mol dm-3): (1) 0, (2) 
0.7,(3)2.3,(4)5.7,(5)9.5,(6)11.0. 

pyridinols were observed at concentrations of 10-5— 
10"3 mol dm - 3 in T H F and in ether (Fig. 4); however, 
the 5-amino derivative is insoluble in ether. The 
UV spectra of 5-amino- and 6-amino-2-pyridinols 
change with their concentrations, as is shown in Figs. 
4a, 4b, and 4c. In the case of the 6-amino derivative 
in ether, the band maximum at 295 nm, which corres­
ponds to the monomer of the lactim form, shifts 
towards a longer wavelength with an increase in the 
concentration of the 6-amino derivative; the absorp­
tion band at 330 nm, which corresponds to the mono­
mer of lactam form, shifts toward a shorter wave­
length accompanying an enhancement of the 
intensity. These shifts would be due to the dimer 
formation of lactim and lactam, respectively. The 
spectral behavior is in line with the calculated results 
shown in Fig. 2. Further, the lactam dimer of 6-
amino-2-pyridinol becomes appreciably predominant 
with an increase in the concentration. For methyl-2-
pyridinols no band shift toward longer wavelengths, 
owing to lactim dimer formation, has been observed; 

c 
a 
V -

o 
V) 

< 

300 350 400 

Wavelength/nm 

Fig. 4. UV absorption spectra of 5-amino-2-
pyridinol in THF (a), and 6-amino-2-pyridinol in 
ether (b) and in THF (c) at room temperature. 
Concentrations of these amino-2-pyridinols were 
1X10-5 mol dm-'8, 100 mm cell ( ); 1X10"4 

moldm-3, 10 mm cell ( ); 1X10"3 mol dm"3, 1 
mm cell ( ). 

the shorter wavelength shift due to lactam dimer for­
mation merely appeared, as is shown in a previous 
paper.3) 

The concentration effect of 6-amino-2-pyridinol on 
the absorption spectrum in T H F is not so conspicu­
ous as that in ether, as shown in Fig. 4b. In T H F 
lactim monomer formation and lactam and lactim 
dimer formations are poorer than in ether, since the 
polarity of T H F (dielectric constant; 5.61) is larger 
than that of ether (1.15). The spectral behavior of the 
5-amino derivative with a change in its concentration 
in THF (Fig. 4a) is also similar to that of the 6-amino 
derivative in THF (Fig. 4c). 

On the other hand, there was no change in the UV 
absorption spectrum of 3-amino-2-pyridinol within 
this concentration range in either THF or ether; its 
spectrum was extremely similar to that of the Af-
methyl derivative shown in Fig. 3b. Consequently, 
the 3-amino derivative is stable in the lactam mono­
mer form in these solvents. The introduction of a 
methyl group at the 3-position tends to decrease the 
dimer formation energy of 2-pyridone.2) This is in 
good accord with the present calculated result for the 
3-amino-2-pyridone dimer. 

The UV absorption spectra of monoamino-2-
pyridinols and their O-methyl and nuclear Af-methyl 
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Fig. 5. Temperature effect on UV absorption spectra 
of 3-amino- (a), 5-amino- (b), and 6-amino-2-
pyridinols (c) in THF: (1) 20 °C, (2) 0°C, (3) -20 °C, 
(4) -40 °C, (5) -60 °C, (6) -80 °C, (7) -90 °C. Con­
centrations of these amino-2-pyridinols were 4X 
10"5 mol dm-3. 

[X] = 

Ai 8YI 

Ä2 8Y2 

8X1 8Y1 

8X2 8Y2 

-,[Y]--

8X1 Ai 

8X2 Ä2 

8X1 8Y\ 

8X2 8Y2 

(2) 

Here, [X] and [Y] are the equilibrium concentrations 
of the lactim and lactam isomers, respectively; A\ and 
Ai are the observed absorbances at two wavelengths, X\ 
and X% £xi and £x2 are the molar absorption coeffi­
cients of lactim at X\ and fa, while £YI and £Y2 are the 
corresponding ones of lactam. Here, the absorption 
coefficients of £xi and £YI of O-methyl and N-methyl 
derivatives were used for those of the lactim and 
lactam isomers. 

The enthalpy changes (AHT) accompanying tauto-
mer formation can be obtained from knowledge of the 
variation of Kj with the temperature. In the present 
experiment the values of Kj were determined for each 
compound at seven temperatures within the range 
from 20 °C to - 4 0 °C (Fig. 6). The lactam form is 
more stable than the lactim form and the values of Kj 
and AHT at 20 °C are 2.2 and -7 .9 kjmol- 1 for the 5-
amino derivative and 0.53 and —6.3 k jmol- 1 for 6-
amino derivative, as given in Fig. 6. No corresponding 
values for the 3-amino derivative were obtained, since 
this compound is very stable (energetically) in the 
lactam form. These values of the 6-amino derivative 
are approximately equal to those of the 5-amino deriv-

derivatives were measured at various temperatures 
(20—90 °C). Some examples of the experimental 
results are shown in Fig. 5. In the case of their O-
methyl and Af-methyl derivatives and 3-amino-2-
pyridinol (Fig. 5a) the band intensities of the absorp­
tion spectra increased merely with decreasing temper­
ature. On the other hand, in the 5-amino and 6-
amino derivatives, the shapes of the absorption spectra 
changed and clear isosbestic points appeared with 
decreasing temperature, as is shown in Figs. 5b and 5c. 

From the UV spectral change shown in Fig. 5c, the 
6-amino derivative was found to exist in the lactam 
and lactim monomer forms near 20 °C to —40 °C and 
in the dimer forms in the range near —50 °C to —90 °C. 
The lactam-lactim tautomerization between the mon­
omers of amino-2-pyridinols can be represented by the 
following equilibrium: 

WN H2 ^ wNH2 

The equilibrium constants, Kj, of the tautomerization 
reactions were obtained by the use of the following 
equation: 

[Y] 
Kj — • 

[X] 
(1) 

•5 1 
o 
a 

E o 

-1 

-7.9 kj mol 

AHT=-6.3kJ mof 

3.0 3.5 4.0 A. 5 

fVldV 
Fig. 6. Plots of In ([lactam]/[lactim]) vs. T_1 for 5-

amino- (•) and 6-amino-2-pyridinol (O) in THF. 
The values in this figure show the enthalpy changes 
(AHT) accompanying tautomer formation and were 
determined from the slope of the curve in the loga­
rithmic plots. 
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were measured in THF containing various amounts of 
acetonitrile at room temperature (Fig. 7). Further, 
the fluorescence band maxima and fluorescence quan­
tum yields (fa) of monoamino-substituted 1-methyl-
2(lH)-pyridinones and 2-me thoxy pyridines in T H F 
and in CH3CN are given in Table 3. The fa value of 
5-amino-l-methyl-2(lH)-pyridinone in CH3CN is of 
the largest among the six compounds, while that of 6-
amino-l-methyl-2(lH)-pyridinone in CH3CN is of the 
smallest. The value of fa of 2-methoxypyridine is 
0.003 in CH3CN19) and 0.014 in an alcohol (ethanol 
containing 10% methanol) mixture,20) and that of 1-
methyl-2(lH)-pyridinone is 0.006 in an alcohol mix­
ture.20) The introduction of an amino group to 2-
methoxypyridine and l-methyl-2(lH)-pyridinone 
tends to increase the fluorescence quantum yield; by 
introduction of an amino group at the 5-position the 
fa value is greatly increased. 

As shown in Fig. 7a, the fluorescence spectrum of 3-
amino-2-pyridinol in THF shows only one peak; the 
fluorescence is quenched in the presence of acetoni­
trile. However, the band maximum at 380 nm does not 
shift and it is in fair agreement with that (380 nm) of 
3-amino-l-methyl-2(lH)-pyridinone (Table 3). The 
fa values of 3-amino-2-pyridinol in THF and CH3CN 
were 0.23 and 0.12, respectively. These values in 
T H F and CH3CN are close to the values of 0.27 and 
0.17 of 3-amino-l-methyl-2(lH)-pyridinone, but differ 
from the values of 0.13 and 0.19 of 3-amino-2-
methoxypyridine. From these results it is thought 
that 3-amino-2-pyridinol in T H F and the THF-
acetonitrile mixed solvent exists mainly in the lactam 
monomer form in the excited state as well as in the 
ground state. On the other hand, 5-amino-2-
pyridinol in these solvents shows two fluorescence 
bands by excitation with the wavelength which the 
absorption spectra of its lactam and lactim overlap 
(Fig. 7b). The fluorescence bands at 380 and 440 nm 
can be assigned to emission from the lactim and 
lactam forms, respectively, on the basis of the fluores­
cence characteristics of O-methyl and Af-methyl deriv-

Table 3. The Fluorescence Band Maxima (Af max) and Fluorescence Quantum Yields (fa) 
of Monoamino-Substituted l-Methyl-2(lH)-pyridinones and 

2-Methoxypyridines in THF and CH3CN 

Compound 

3-Amino-l-methyl-2(lH)-pyridinone 

3-Amino-2-methoxypyridine 

5-Amino-l-methyl-2(lH)-pyridinone 

5-Amino-2-methoxypyridine 

6-Amino-l-methyl-2(lH)-pyridinone 

6-Amino-2-methoxypyridine 

Solvent 

THF 
CH3CN 
THF 
CH3CN 
THF 
CH3CN 
T H F 
CH3CN 
THF 
CH3CN 
THF 
CH3CN 

Af max/nm 

383 
380 
348 
343 
440 
438 
371 
373 
380 
380 
339 
337 

fa 
0.27 
0.17 
0.13 
0.19 
0.64 
0.91 
0.36 
0.30 
0.011 
0.010 
0.22 
0.09 

ative. Furthermore, these values are approximately 
close to those of 2-pyridinol in cyclohexane (Kj=l.6 
and AHT=-4.7 kjmol"1).1) 

Fluorescence Spectra of Monoamino-2-pyridinols. 
The fluorescence spectra of monoamino-2-pyridinols 

L ( a ) 380 

300 350 400 450 500 

Wavelength/nm 

Fig. 7. Fluorescence spectra of lactam form of 3-
amino-2-pyridinol obtained by excitation at 290 nm 
(a), those of lactim and lactam forms of 5-amino-2-
pyridinol obtained by excitation at 310 nm (b), and 
those of lactim and lactam forms of 6-amino-2-
pyridinol obtained by excitation at 290 nm (c) (left) 
and at 330 nm (c) (right), respectively. These spec­
tra were measured in THF-acetonitrile mixed sol­
vent at room temperature. Concentrations of 
amino-2-pyridinols and acetonitrile are equal to 
those ones in Fig. 3. 
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atives given in Table 3. A clear isoemissive point is 
observed at 422 nm in the fluorescence spectra. 
These results indicate that an equilibrium of lactam-
lactim tautomerization exists in the excited state as 
well as in the ground state. 

In the case of 6-amino-2-pyridinol in THF and the 
THF-acetonitrile mixed solvent, the fluorescence 
band maximum was observed near 350 nm upon exci­
tation at 290 nm, at which the absorption bands of 
lactim and lactam overlap; the corresponding one at 
388 nm could only be observed by excitation in the 
lactam absorption region (Fig. 7c). Whereas the 
fluorescence of the lactam of 5-amino derivative 
would be intense from an analogy of the fa value of 5-
amino-l-methyl-2(lH)-pyridinone, and it appears 
clearly (Fig. 7b). Therefore, the fluorescence spectral 
result of the 6-amino derivative in Fig. 7c seems not to 
resemble that of the 5-amino derivative shown in Fig. 
7b. However, the fluorescence which appeared at 388 
nm for the 6-amino derivative is considered to be weak 
from the fa value of 6-amino-l-methyl-2(lH)-
pyridinone, and to be hidden by an intense fluores­
cence band observed near 350 nm. Further, the fluo­
rescence band near 350 nm for the 6-amino derivative 

V) 

c 

0> 

ë 
O 
CD 
v_ 
O 
3 

300 350 400 450 500 
Wavelength/nm 

Fig. 8. Fluorescence spectra of lactim monomer 
( ), lactim dimer ( ), lactam monomer ( ), 
and lactam dimer ( ) of 6-amino-2-pyridinol in 
ether at room temperature. ( ); Concentration: 
1X10"5 mol dm-3, excitation wavelength: 290 nm. 
( ); Concentration: 1X10"3 mol dm-3, excitation 
wavelength: 290 nm. ( ); Concentration: IX 
10"4 mol dm-3, excitation wavelength: 325 nm. 
( ); Concentration: 1X10-3 mol dm-3, excita­
tion wavelength: 325 nm. 

has a weak shoulder band near 330 nm. This band 
may be due to the lactim monomer, since the fluores­
cence band maximum of 6-amino-2-methoxypyridine 
is observed at 337 nm in acetonitrile. The fluores­
cence at 350 nm (described above) should be assigned 
to the lactim dimer of 6-amino-2-pyridinol. Note 
that the lactim dimer is more readily formed in the 
excited state than in the ground state, since the ring N 
atom of pyridine in the excited state is expected to 
become more basic than in the ground state. On the 
other hand, it is hard to assign the fluorescence band 
near 388 nm to either the lactam monomer and/or the 
dimer of 6-amino-2-pyridinol for the weak and broad band. 

In ether, the fluorescence spectra of the lactim and 
lactam of the monomer and dimer are easily observed 
as follows. The fluorescence spectra of 6-amino-2-
pyridinol in ether are presented in Fig. 8 for the 
concentration range 10-5—10-3 mol dm -3. The flu-
rescence spectra at 334, 350, 376, and 380 nm can be 
assigned to emission from the lactim monomer and 
dimer and the lactam dimer and monomer, 
respectively. 
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Effects of Branching of the Ester Alkyl Chain on the Mesomorphic Properties 
of Alkyl 4-[4-(4-Substituted benzoyloxy)benzylideneamino]benzoates 

Hiroyuk i MATSUZAKI and Yoshio MATSUNAGA* 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received March 29, 1990) 

The mesomorphic properties of five homologous series of alkyl 4-[4-(4-X-substituted benzoyloxy)benzyli-
deneaminojbenzoates, where X=CN, NO2, CH3, CI, and CH3COO, have been studied. The ester alkyl groups 
employed were the following eleven types: ethyl and propyl and their mono-, di-, and trimethyl-substituted 
ones. Although the introduction of the first branching methyl group to the ester alkyl chain depresses the 
nematic stability, the second and/or third groups may either further depress or enhance the stability, depending 
upon the nature of the substituent X. While all of the members of the cyano and nitro derivatives are purely 
nematogenic, many members of the other three series display a smectic A phase, as well as a nematic phase. In 
addition to the above-mentioned esters, the butyl, pentyl, and their monomethyl-substituted esters were 
examined in order to demonstrate that the effects on the thermal stability of the smectic A phase of the 
branching of the ester alkyl chain and those of the substituent X are also interdependent. 

C o n t i n u i n g our studies on the effects of b ranch ing 
of the ester alkyl g roup on the mesomorphic proper­
ties,1_4) we recently described the properties of two 
closely-related homologous series: alkyl 4-[4-(4-
methoxybenzoyloxy)benzylideneamino)benzoates and 
4-[4-(4-methoxybenzylideneamino)benzoyloxy]benzoates.5) 

T h e nemat ic phase appea r ing in the former series is so 
stable that the £-butyl and 1,1-dimethylpropyl esters 
are mesogenic. Moreover, the mesophases in these 
two esters are significantly stabilized relative to those 
in the isopropyl and 1-methylpropyl esters, respec­
tively. An odd-even al ternat ion in the thermal stabil­
ity of their nemat ic phase occurs when the b ranch ing 
methyl g roup is shifted progressively to the penul t i ­
mate carbon of the chain in both series. 

These findings are no t in conformity wi th those 
reported by Gray and Harrison.6 '7* According to their 
work on alkyl 4-(4-substituted benzylideneamino)cin-
namates , the thermal stabilities of the nematic and 
smectic phases of all the branched chain esters are 
lower than those of the unbranched alkyl esters. T h e 
nemat ic thermal stability is more affected by branch­
ing at any carbon of the chain than the smectic ther­
mal stability. T h e former properties are so reduced 
by 1-methylation that the phases become monot rop ic 
or are completely el iminated. Regard ing the shift of 
the methyl g roup towards the end of the chain, the 
transi t ion temperature again rises. T h e mesomor­
ph ic propert ies of some cyanobiphenyls and -p-
terphenyls with branched terminal alkyl groups have 
also been reported by Gray and Kelly.8) T h e general 
pat tern of the effect on the liquid-crystal transit ion 
temperatures was found to be in accord with that 
observed wi th c innamate esters. 

It seemed to us qui te reasonable that the effects of 
the b ranch ing of the ester alkyl chain on both the 
nemat ic and smectic thermal stabilities are substan­
tially affected no t only by the molecular framework 
bu t also by the na ture of substituent; we have therefore 
under taken an extension of our work to alkyl 4-[4-(4-

X-substituted benzoyloxy)benzylideneamino]benzoates 
(1), where X = C N , NO2, CH 3 , CI, and CH3COO. 

Experimental 

Materials. 4-(4-X-Substituted benzoyloxy)benzaldehydes 
were prepared by a reaction between 4-X-substituted benzoic 
acid or its chloride and 4-hydroxybenzaldehyde. The 
desired compounds were obtained by condensing the above-
mentioned benzaldehyde derivatives with alkyl 4-
aminobenzoates in boiling ethanol. For example, Found: 
C, 75.31; H, 6.32; N, 3.30%. Calcd for C27H28NO4 (the 1,1-
dimethylpropyl ester of the methyl derivative): C, 75.50; H, 
6.34; N, 3.26%. 

Measurements. The mesophases were identified by an 
examination of their textures with the aid of a polarizing 
microscope in conjunction with a heated stage. The transi­
tion temperatures were determined by calorimetric traces 
recorded on a Rigaku Denki Thermoflex differential scan­
ning calorimeter, as described in our previous papers.4»5* 

Results and Discussion 

T h e mel t ing points and liquid-crystal t ransi t ion 
temperatures measured for the cyano, ni tro, chloro, 
methyl, and acetoxy derivatives are presented in 
Tables 1 to 5 wi th the associated enthalpy changes. 
Here, K, SA, N, and I stand for the crystalline, smectic 
A, nematic , and isotropic l iqu id phases respectively. 

N - I Transition and Chain Branching. All of the 
members in the cyano derivatives are purely nemato­
genic, inc lud ing the £-butyl and 1,1-dimethylpropyl 
esters. T h e clearing po in t of the ethyl ester is depressed 
by as m u c h as 60 °C by the first b ranch ing methyl 
g roup , bu t by only 34 °C by the second one. T h e 
changes in the clearing po in t ar is ing from the intro-
ducton of a b ranch ing methyl g roup are summarized 
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Table 1. Transition Temperatures (°C) and Enthalpy 
Changes (kj mol-1) of Alkyl 4-[4-(4-Cyanoben-

zoyloxy)benzylideneamino]benzoatesa) 

No. Alkyl group K N I 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

CH2CH3 
CH(CH 3 ) 2 

C(CH 3 ) 3 

CH2CH2CH3 
C H ( C H 3 ) C H 2 C H 3 

C H 2 C H ( C H 3 ) 2 

C(CH 3 )2CH 2CH3 
CH(CH 3 )CH(CH 3 )2 
CH 2C(CH 3 )3 
C(CH3)2CH(CH3)2 
CH(CH 3 )C(CH 3 )3 

181(36) 
168(38) 
205(26) 
133(34) 
153(38) 
126(37) 
201(33) [ 
141(22) 
150(32) 
181(28) [ 
176(31) [ 

306(0.3) 
246(0.3) 
212(—) 
2 5 8 ( - ) 
213(0.1) 
276(0.1) 
199(0.1)] 
203(0.4) 
248(0.4) 
173(0.1)] 
164(0.1)] 

a) The latter quantities are in parentheses. Brackets 
indicate monotropic transitions. 

Propyl 

/ \ 
-72 -9 

/ \ 
1-Me 2-Me 

A A 
- H -10 -73 -28 

/ \ / \ 
1,1-Me2 1,2-Me2 2,2-Me2 

\ / \ / 
-26 -30 -39 -84 

1,1,2-Me3 1.2,2-Me3 

Fig. 1. The change in the N-I transition tempera­
ture (°C) of the propyl ester of the cyano derivative 
by the introduction of a branching methyl group. 

for the propyl ester in Fig. 1. The clearing point is 
progressively depressed by the introduction of branch­
ing methyl groups. The reduction of the nematic 
thermal stability by the 1-methylation of the propyl 
ester is eight-times larger than that by the 2-
methylation. The effects of a branching methyl 
group introduced to the 1 position is represented by 
the following order of the temperature decrease: 

2,2-dimethylpropyl > 2-methylpropyl > propyl > 
1,2-dimethylpropyl > 1-methylpropyl. 

Thus, the reduction of the nematic thermal stability 
by a branching 1-methyl group is augmented by the 
presence of 2-methyl group(s) (compare the reduction 
of the clearing point of the propyl ester, —72 °C , with 
that of the 2-methylpropyl ester, —73 °C, and also that 
of the latter with that of the 2,2-dimethylpropyl ester, 

—84 °C). However, it is diminished by the presence 
of a 1-methyl group (compare the reduction of the 
clearing point of the propyl ester with that of the 1-
methylpropyl ester, —14 °C, and also that of the 2-
methylpropyl ester with that of the 1,2-dimethyl­
propyl ester, — 30 °C). Thus, the effects of these 
methyl groups cannot be assessed by the additivity 
rule. On the other hand, the depression of the 
nematic thermal stability by a branching 2-methyl 
group is enlarged by the presence of a methyl group at 
any position in the propyl group. The magnitude of 
the depression falls off in the following order: 

1,2-dimethylpropyl > 2-methylpropyl > 

1.1-dimethylpropyl > 1-methylpropyl > propyl. 

The reduction is augmented more by the presence of a 
2-methyl group than by the presence of 1-methyl 
group(s). For example, the reduction of the clearing 
point of the 1-methylpropyl ester, —10 °C, and that of 
the 2-methylpropyl ester, — 28 °C, may be compared 
with that of the propyl ester, —9 °C. Because of these 
effects, the 1-methylation of a given methyl-
substituted propyl ester does not necessarily destabil­
ize the nematic phase more than 2-methylation does. 
In Fig. 1 one can see that the clearing point of the 1,2-
dimethylpropyl ester is depressed more by 2-
methylation than by 1-methylation: 39 °C versus 30 °C. 
On the basis of these results, one may assume that the 
metastable nematic phase in the 1,1,2,2-tetramethyl-
propyl ester would appear around 120 °C if the melt 
were sufficiently supercooled. 

The effects of a first branching methyl group intro­
duced to the propyl ester of the purely nematogenic 
nitro derivatives are analogous to those found for the 
cyano derivatives. Nevertheless, the behavior of the 
methyl-substituted propyl esters (summarized in Fig. 
2) differs remarkably from that found for the cyano 
derivatives. Specifically, the depression in the 
nematic thermal stability caused by a branching 1-
methyl group is diminished by the presence of any 

Table 2. Transition Temperatures (°C) and Enthalpy 
Changes (kjmol-1) of Alkyl 4-[4-(4-Nitroben-

zoyloxy)benzylideneamino]benzoatesa) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

CH2CH3 
C H ( C H 3 ) 2 

C(CH 3 ) 3 

CH2CH2CH3 
C H ( C H 3 ) C H 2 C H 3 

CH 2 CH(CH 3 )2 
C(CH 3)2CH 2CH3 
CH(CH 3 )CH(CH3) 2 

CH 2C(CH 3 )3 
C(CH3)2CH(CH3)2 
CH(CH 3 )C(CH 3 )3 

175(40) 
178(42) 
175(42) 
141(32) 
149(18) 
142(37) 
194(40) [ 
145(32) 
178(41) 
177(44) 
186(36) [ 

2 8 0 ( - ) . 
231(0.6) . 
185(0.1) . 
271(—) . 
161(0.5) . 
258(0.4) . 
185(0.1)] . 
186(0.3) . 
219(0.1) . 
2 8 6 ( - ) . 
178(0.1)] . 

a) The latter quantities are in parentheses. Brackets 
indicate monotropic transitions. 
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2-methylpropyl > propyl > 1,2-dimethylpropyl > 

1-methylpropyl > 1,1-dimethylpropyl. 

Here again, the p romot ion of the transit ion tempera­
ture by an addi t ional methyl g roup is observed for 
esters carrying the last two alkyl groups. Conse­
quent ly , a stable nematic phase may appear in the 
1,1,2,2-tetramethylpropyl ester. It may be added that, 
on the two routes start ing from the 1-methylpropyl 
ester and end ing at the 1,1,2-trimethylpropyl ester, the 
1- and 2-methyl groups affect the clearing po in t of the 
precursors to almost the same extent. 

T h e £-butyl and 1,1-dimethylpropyl esters in the 
methyl derivatives are not mesogenic at all. T h e 
observed clearing po in t depression arising from 1-
methyla t ion diminishes in the following order and the 
stabilization of the nematic occurs in the last two: 

propyl > 2-methylpropyl > 2,2-dimethylpropyl 

> 1,2-dimethylpropyl. 

J u d g i n g from this order, it mus t be said that the 
absence of a nemat ic phase in the 1,1-dimethylpropyl 
ester (for which the result of elemental anlysis is given 
in Exper imental ) is anomalous ; therefore, the accu­
mula ted methyl groups in the present derivative cause 
more complex effects on the nemat ic thermal stability 
than those found for the cyano and ni t ro derivatives. 

T h e accumula t ion of methyl groups in different 
ways results in a p romot ion of the nematic thermal 
stability: namely, by 3 ° C in the 2,2-dimethylpropyl 
ester and by 98 °C in the 1,2-dimethylpropyl ester. 
T h e order of the clearing po in t depression given by 
the 2-methylat ion is as follows: 

2-methylpropyl > 1,2-dimethylpropyl > propyl 

sion is obtained: > 1-methylpropyl > 1,1-dimethylpropyl. 

Table 3. Transition Temperatures (°C) and Enthalpy Changes (kj mol -1) 
of Alkyl 4-[4-(4-Methylbenzoyloxy)benzylideneamino]benzoatesa) 

No. Alkyl group K SA N I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

CH2CH3 
CH(CH3)2 

C(CH3)3 

CH2CH2CH3 
CH(CH3)CH2CH3 

CH2CH(CH3)2 

C(CH3)2CH2CH3 
CH(CH3)CH(CH3)2 

CH2C(CH3)3 

C(CH3)2CH(CH3)2 

CH(CH3)C(CH3)3 

CH2CH2CH2CH3 

CH(CH3)CH2CH2CH3 

CH2CH(CH3)CH2CH3 

CH2CH2CH(CH3)2 
CH2CH2CH2CH2CH3 

CH(CH3)CH2CH2CH2CH3 

CH2CH(CH3)CH2CH2CH3 

CH2CH2CH(CH3)CH2CH3 

CH2CH2CH2CH(CH3)2 

181(46) 
183(35) [. 
193(36) 
150(40) [ 
156(37) [ 
136(37) [ 
161(36) 
160(39) [ 
145(30) 
181(52) 
166(31) [ 
136(37) 
146(36) [ 
119(26) 
135(28) 
139(41) 
150(44) [ 
121(32) 
147(35) 
136(30) 

156(-)] [ 

134(—)] 
146(2.9)] [ 
127(—)] 

139(1.7)] [ 
[ 

131(—)] [ 
149(0.1) 
145(3.1)] 
136(0.9) 
164(1.9) 
147(0.5) 
142(3.9)] 
129(1.7) 
161(1.6) 
162(0.8) 

250(0.5) . 
177(0.1)] 

236(0.3) 
155(0.1)] 
229(0.3) 

154(0.2)] 
140(0.8)] 
252(0.4) 
143(0.2)] 
209(0.3) 

199(0.4) 
194(0.2) 
206(0.5) 

196(0.4) 
184(0.3) 

. 198(0.3) 

a) The latter quantities are in parentheses. Brackets indicate monotropic transitions. 

Propyl 

-110 -13 

/ \ 
1-Me 2-Me 

U-Me2 1,2-Me2 2,2-Me2 

1,1,2-Me3 1,2,2-Me3 

Fig. 2. The change in the N-I transition tempera­
ture (°C) of the propyl ester of the nitro derivative 
by the introduction of a branching methyl group. 

b ranch ing methyl g roup . T h e magni tude decreases 
in the fol lowing order: 

propyl > 2-methylpropyl > 2,2-dimethylpropyl > 

1-methylpropyl > 1,2-dimethylpropyl. 

It may be noteworthy that 1-methylation of the last 
two esters gives rise to the p romot ion of the transit ion 
temperature as m u c h as by 24 °C and 100 °C . 

T h e change in the thermal stability by 2-
methyla t ion is also different from that found for the 
cyano derivatives. T h e following order of the depres-
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Table 4. Transition Temperatures (°C) and Enthalpy Changes (kjmol - 1) 
of Alkyl 4-[4-(4-Chlorobenzoyloxy)benzylideneamino]benzoatesa) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Alkyl group K S/ 

CH2CH3 
CH(CH3)2 

C(CH3)3 

CH2CH2CH3 
CH(CH3)CH2CH3 

CH2CH(CH3)2 

C(CH3)2CH2CH3 
CH(CH3)CH(CH3)2 

CH2C(CH3)3 

C(CH3)2CH(CH3)2 

CH(CH3)C(CH3)3 

CH2CH2CH2CH3 

CH(CH3)CH2CH2CH3 

CH2CH(CH3)CH2CH3 

CH2CH2CH(CH3)2 

CH2CH2CH2CH2CH3 

CH(CH3)CH2CH2CH2CH3 

CH2CH(CH3)CH2CH2CH3 

CH2CH2CH(CH3)CH2CH3 

CH2CH2CH2CH(CH3)2 

211(48) 
156(26) 
211(57) 
174(38) 
130(27) 
132(54) 
208(43) 
138(33) 
146(30) 
209(54) 
180(36) [ 
155(37) 
122(26) 
118(28) 
148(30) 
145(38) 
135(34) 

. 99(31) 

. 159(36) 

. 149(41) 

^ 
218(11) 
204(8.3) 
218(11) 
199(2.8) 
187(5.7) 
178(1.6) 
219(1.0) 
165(3.0) 
154(10) 
219(12) 
145(2.2)] 
201(0.4) 
184(6.3) 
179(2.2) 
207(4.0) 
201(2.7) 
174(5.9) 
170(0.9) 

. 198(5.9) 

. 198(4.4) 

N I 

. 266(0.4) . 

. 263(0.5) 

. 250(0.3) 

. 238(0.3) 

. 293(0.1) 

. 169(0.3) 

. 210(0.3) 

. 266(0.6) 
[. 151(0.3)] 
. 224(0.3) 

. 212(0.3) 

. 215(0.3) 

. 221(0.4) 

. 208(0.3) 

. 205(0.4) 

a) The latter quantities are in parentheses. Brackets indicate monotropic transitions. 

Clearly, the vir tual nemat ic thermal stability in the 
1,1-dimethylpropyl ester is strongly promoted by 2-
methylat ion. 

All of the chloro derivatives examined were smecto-
genic. In Tab le 4, one can find a strong tendency 
that the 1-methylation eliminates the nemat ic phase. 
Nonetheless, the presence of any methyl g roup dimin­
ishes the reduct ion of the nematic thermal stability by 
a b ranch ing 1-methyl group. T h e clearing po in t 
depression is found to fall off in the following order: 

propyl > 2-methylpropyl > 2,2-dimethylpropyl 

> 1,2-dimethylpropyl > 1-methylpropyl. 

Since the nemat ic phase in the 1-methylpropyl and the 
1,2-dimethylpropyl esters is stabilized by about 100 °C 
by the added 1-methyl g roup , the presence of a 1-
methyl g r o u p is an extremely dominan t factor in 
cont ro l l ing the effect of a newly added 1-methyl 
g roup . O n the other hand , the clearing po in t seems 
to be only slightly and irregularly affected by the 
presence of a 2-methyl group(s). Regarding 2-
methylat ion, the following order was obtained: 

2-methylpropyl? '- 1,1-dimethylpropyl 

> 1,2-dimethylpropyl? ' propyl. 

Table 5. Transition Temperatures (°C) and Enthalpy Changes (kj mol -1) 
of Alkyl 4-[4-(4-Acetoxybenzoyloxy)benzylideneamino]benzoatesa) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Alkyl group K SA 

CH2CH3 

CH(CH3)2 

C(CH3)3 

CH2CH2CH3 

CH(CH3)CH2CH3 

CH2CH(CH3)2 

C(CH3)2CH2CH3 

CH(CH3)CH(CH3)2 

CH2C(CH3)3 

C(CH3)2CH(CH3)2 

CH(CH3)C(CH3)3 

CH2CH2CH2CH3 

CH(CH3)CH2CH2CH3 

CH2CH(CH3)CH2CH3 

CH2CH2CH(CH3)2 

CH2CH2CH2CH2CH3 

CH(CH3)CH2CH2CH2CH3 

CH2CH(CH3)CH2CH2CH3 

CH2CH2CH(CH3)CH2CH3 

CH2CH2CH2CH(CH3)2 

146(23) 
147(31) 
181(38) 
132(21) 
144(34) 
133(32) 
187(43) 
156(36) [ 
160(28) 
187(43) 
182(42) [ 
151(41) 
135(30) 
122(29) 
141(34) 
125(32) 

. 123(25) 

. 127(31) 

. 124(28) 

. 115(28) 

N 

150(0.1) 
168(0.1) 

[ 
155(0.1) 
165(0.5) 
146(0.1) 

[ 
160(0.7)] 

[ 
159(—)] 
162(0.2) 
167(1.5) 
143(0.1) 
170(0.4) 
161(0.1) 
172(1.5) 
150(0.1) 
168(0.5) 
150(0.1) 

I 

>310 
256(0.1) 
165(0.1)] 
>300 
227(0.3) 
275(0.3) 
182(0.1)] 
213(0.2) 
253(0.1) 
178(0.1)] 
199(0.3) 
256(0.4) 
180(0.1) 
233(0.3) 
233(0.3) 
242(0.4) 

. 178(0.2) 

. 238(0.5) 

. 211(0.3) 

. 212(0.1) 

a) The latter quantities are in parentheses. Brackets indicate monotropic transitions. 
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This order suggests a destabilization of the nematic 
phase by methyl branching at any position; however, 
the clearing points given by the 1,1-dimethylpropyl 
and 1,2,2-trimethylpropyl esters are not in accordance 
with this suggestion. 

In the acetoxy derivatives, the presence of any 
methyl group in the propyl ester diminishes the clear­
ing point depression. Regarding 1-methylation, the 
following order was established: 

propyl > 2-methylpropyl > 2,2-dimethylpropyl 
> l-methylpropyl> 1,2-dimethylpropyl. 

Regarding 2-methylation: 

propyl > 2-methylpropyl > 1-methylpropyl 
= 1,2-dimethylpropyl > 1,1 -dimethylpropyl. 

Thus, the presence of a methyl group(s) gives rise to 
the suppression of the clearing point depression by an 
added methyl group; however, their effects are not so 
significant that the promotion of the nematic thermal 
stability by a branching methyl group is never 
achieved in this series. 

Finally, the methoxy derivatives reported in our 
previous paper may be summarized in the same way. 
The 1-methylation gives the following order: 

propyl > 2,2-dimethylpropyl > 1,2-dimethylpropyl 

> 2-methylpropyl > 1-methylpropyl. 

Although the presence of a 1-methyl group gives rise 
to a promotion of the clearing point, the accumula­
tion of methyl groups produces no drastic effect. In 
the case of 2-methylation, the following order was 
obtained: 

1,1 -dimethylpropyl > 1,2-dimethylpropyl > 
2-methylpropyl > propyl > 1-methylpropyl. 

In this order too, a remarkable change is seen in the 
influence of 1-methyl groups: that is, the incoming 2-
methyl group promotes mesophase stability in the 
presence of a single 1-methyl group, whereas the same 
methyl group greatly depresses the stability when two 
1-methyl groups exist in the chain. 

It is often said that the centers of mass of the 
molecules in the nematic phase have three transla-
tional degrees of freedom, and are thus distributed at 
random. Such a picture is known to be too simple. 
Leadbetter et al. carried out detailed X-ray diffraction 
measurements on five nematogens and concluded that 
the structures of the different types of compounds in 
the nematic phase differ appreciably.9) Thus, Schiffs 
bases carrying only alkyl and alkoxyl groups form 
rather simple structures with no strong correlations in 
the local order; the Schiffs base carrying a cyano 
group, however, has a quasi-crystalline local ordering. 
Most strikingly, the repeat distance along the molecu­
lar alignment in cyanobiphenyls is of about 1.4 molec­
ular lengths, which is interpreted as arising from an 

overlapping head-to-tail arrangement of molecules, 
resulting in a quasi-smectic A structure on the local 
scale. The diversity in the nematic properties dis­
closed by the present esters can probably be under­
stood in terms of the difference in such a local quasi-
crystalline ordering in the nematic phase. In other 
words, the nature of terminal substituent exerts signif­
icant effects on the molecular packing adopted in the 
nematic phase, resulting in quite different effects of 
chain branching of the ester alkyl group on the meso­
morphic properties. 

SA-I or S A - N Transition and Chain Branching. 
Smectic A phases are of a higher degree of order than 
nematic phases; therefore, thermal stability may be 
more susceptive to branching of the ester alkyl chain. 
If so, the effect on the smectic properties of the present 
compounds may be as complicated as we have seen for 
the nematic properties. In order to check such a 
possibility, the methyl, chloro, and acetoxy derivatives 
carrying butyl, pentyl, and their monomethyl-
substituted groups were included in the present work. 
As is clear from Tables 3 to 5, these esters are all 
smectogenic. Indeed, the change in the thermal sta­
bility of the smectic A phase by chain branching 
depends strikingly upon the nature of the substituent 
and also upon the alkyl chain length. 

When the terminal substituent is a methyl group, 
the introduction of a branching methyl group to the 1 

\ o 
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Fig. 3. Plots of the SA-N/SA-I (•) and N-I (O) 
transition temperatures against the position of the 
branching methyl group. The unmethylated alkyl 
ester is denoted by 0. (a) propyl, (b) butyl, and (c) 
pentyl esters of the methyl derivative. 
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position of the propyl ester enhances the smectic prop­
erties but that to the 2 position gives rise to the 
depression as depicted in Fig. 3. In contrast, the 
branching methyl group at the 1 position of the butyl 
and pentyl esters slightly depresses the smectic proper­
ties; in other words, a decrease in the transition 
temperature by 4 to 5 °C was observed. The methyl 
group at the 2 position further decreases the transition 
temperature. It must be added that the change is 
more than twice that caused by the 1-methyl group. 
A marked odd-even alternation in the nematic thermal 
stability by the shift of a branching methyl group, 
which is analogous to that found for the methoxy 
derivatives, was partially exhibited by these esters. 

In the chloro derivatives, the depression of the tran­
sition temperature by the 1-methyl group increases as 
the ester alkyl becomes longer. The depression by 
the 2-methyl group is larger than that by the 1-methyl 
group in all of the three esters, and the magnitude also 
increases with increasing the alkyl chain length. 

The effects of a branching methyl group on the 
propyl ester of the acetoxy derivatives closely resemble 
those found for the propyl ester of the methyl deriva­
tives. However, the alternation in the transition 
temperature by the shift of the branching methyl 
group to the end of the chain continues to occur in the 
butyl and pentyl esters. 

In conclusion, the effects of a branching of the ester 
alkyl chain on both the nematic and smectic proper­

ties are much more complicated than those demon­
strated in early studies. Evidently, all of the posi­
tions of the branching methyl groups, the length of 
the alkyl chain, the nature of the terminal substituent, 
and the molecular framework are important factors 
which affect the molecular interactions responsible for 
the formation of mesophases. They are also strongly 
interdependent. Therefore, much remains to be stud­
ied about the relationship between the molecular 
structure and the properties of mesophases. 
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The isotopic exchange rate of cobalt ions between a hydrous tin(IV) oxide ion exchanger and aqueous 
solutions was radiochemically measured in order to obtain fundamental data which could be useful for 
elucidating the ion-exchange kinetics of the material for the transition metal elements. This rate can be 
understood by considering that the cobalt in an exchanger exists as three species: (Ai) dissociated ions which can 
diffuse in the exchanger particles; (A2) weakly bound ions to the exchange sites, which are in local equilibrium 
with Ai; and (B) covalently fixed ions to the exchange sites, which are exchanged very slowly with Ai. At a 
small ratio of the amount of B to the total amount of_cobalt sorbed on the exchanger, the rate is controlled by the 
diffusion of Ai, with effective diffusion coefficient, Dtu, a value which depends on the concentration ratio of_A2 
to Ai. When B predominates over A, the concentration ratio of B to Ai greatly affects Dtu. The values of Dtu 
and their activation energy (20 kj mol -1) were also estimated. 

An investigation of ion-exchange kinetics is very 
impor t an t for unders tand ing the ion-exchange mech­
anism of hydrous metal oxides. Measurements of the 
isotopic exchange rates of cations between exchangers 
and aqueous solutions provide fundamental data 
which are useful for elucidat ing ion-exchange kinet­
ics. As one part of such a study in our series, radio­
chemical experiments were previously under taken in 
order to measure the isotopic-exchange rate of sodium 
ions between hydrous tin(IV) oxide in the sodium 
form and the aqueous solutions of sodium salts. T h e 
rate-control l ing step of the reaction was concluded to 
be the diffusion of ions in the pr imary particles, which 
were formed dur ing the initial stage of precipi ta t ion 
and aggregated to form an oxide gel.1* O n the other 
hand, a study of the ion-exchange equ i l ib r ium 
revealed that transit ion metal ions, dissimilar to 
sodium ions, were sorbed on the exchanger by a b o n d 
which is partially covalent in character, rather than by 
a pure ionic bond.2) Hence, the transit ion metal ions 
are expected to differ from sodium ions regarding 
their kinetic behavior. Conversely, a kinetic study 
will intensify the conclusion derived from the equil i ­
b r ium studies made on the ion-exchange reactions of 
transi t ion metal ions. 

T h i s paper deals with the isotopic exchange rates of 
cobalt ions between hydrous tin(IV) oxide in the 
cobalt form with various particle sizes and the aque­

ous solutions of cobalt salts with varying concentrations. 

Experimental 

Preparation of the Exchanger in the Cobalt Form Spiked 
with 60Co. The hydrous tin(IV) oxide prepared by a pre­
viously recommended method was classified into three parti­
cle sizes by using Japan Industrial Standard sieves; it was 
then converted to the hydrogen form by treating it with a 0.1 
mol dm - 3 HCl solution.3) After being washed with water, 
the exchanger was air-dried and stored in a desiccator con­
taining a saturated NH4CI solution (relative humidity, 79%). 
Table 1 shows the particle size and some properties of each 
sample. The average particle radius was estimated by 
approximating the particle shape as a sphere, from the 
particle-size distribution measured in a 84.5 wt% glycerol 
solution by using a Seishin Enterprise Micron-Photo-Sizer 
(Model SKC-2000S). The specific surface area of the sam­
ple, after being heated at 110°C to constant weight, was 
determined by the BET method (N2 adsorption at —196 °C) 
using a Yanagimoto Surface Area Measuring Apparatus 
(Model GSA-10). 

The exchanger in the hydrogen form was converted to the 
cobalt form(while being simultaneously labeled with 60Co) 
in the following way (unless otherwise noted). The 
exchanger in the hydrogen form (0.30 g) was equilibrated for 
10 d with 10 cm3 of Co(NOs)2 solution containing 60Co as a 
tracer with the same chemical composition and temperature 
as those used for the rate measurement. The acidity of the 
solution was adjusted by HNO3 and by a mixture of 2-

Particle 
size 

mesh1) 

-70+100 
-100+145 
-145+200 

Table 1. 

Average 
radius 

urn 

98±4 
70+3 
47+3 

Particle Size and Some Properties of Samples 

Density 

g e m - 3 

3.48+0.05 
3.44+0.05 
3.52+0.08 

Ion-exchange 
capacity2) 

mmol g - 1 

0.67+0.02 

Composition3) 

mol H2O (mol Sn02)"1 

2.20+0.03 

Specific 
surface area 

m 2 g - 1 

174+8 
180+5 
178+8 

1) Japan Industrial Standard mesh. 2) Exchange capacity for Co2+ at pH 5 in 0.1 mol dm - 3 

Co(N03)2 solution. 3) The water content was determined from the weight loss at 850 °C. 
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morpholinoethanesulfonic acid (MES) and NaOH, respec­
tively, when the rate was measured at a pH lower or higher 
than 4. The MES-NaOH buffer solution had been con­
firmed to exert no effect on either the number of the cobalt 
ions taken up by the exchanger or the rate of the isotopic 
exchange. After having been separated from the solution 
by using a sintered glass filter under suction, the exchanger 
was used for the rate measurement. 

The number of cobalt ions taken up by the exchanger was 
determined as follows. When the initial cobalt-ion concen­
tration in the solution was lower than 0.045 mol dm - 3 , the 
number of the ions taken up by the exchanger was calcu­
lated from the difference between the initial and final 
radioactivities present in the solution. When the initial 
cobalt ion concentration was higher than 0.045 mol dm - 3 , 
the exchanger was dissolved in a 2.6 mol dm - 3 hydrobromic 
acid solution containing 10% bromine, followed by a spec-
trophotometric determination of the cobalt ions in the solu­
tion, by using ammonium thiocyanate as a coloring reagent. 
The increase in the number of cobalt ions taken up by the 
exchanger with pH in the solution became sharp when the 
pH exceeded 5, indicating the commencement of hydrolysis 
of the cobalt ions in the solution. The rate was then 
measured at pH lower than 5. 

Measurement of the Isotopic Exchange Rate. The rate 
was measured in solutions with the same composition and 
temperature as those used for converting the exchanger to 
the cobalt form, by using the same apparatus as before.4) 
Otherwise, an ion-exchange reaction would occur between 
hydrogen and cobalt ions, since the ion-exchange capacity 
for cobalt ions depends strongly on both the pH and the 
cobalt-ion concentration of the solution, and to some degree 
the temperature. A portion(<0.3 g) of the sample was 
placed in a cage and immersed in 200 cm3 of a solution with 
the desired composition while the cage was being rotated. 
The frequency of revolution was measured with a Yokog-
awa, Model 2607, Photo Tachometer. The solution had 
been adjusted in advance to a constant (temperature within 
±0.1 °C). Aliquots of the solution(0.2 cm3) were removed 
at appropriate time intervals in order to measure the 
radioactivity with a well-type NaI(Tl)scintillation counter 
(Aloka Model ARC-361). The time of contact of the 
exchanger with the solution was taken as being the time 
elapsed between the immersion of the cage and the withdra­
wal of an aliquot of the solution. The fractional attain­
ment of equilibrium, F=Ct/Coo, was calculated from these 
results; here, Ct is the total radioactivity of the solution at 
time t and C« at t=°°. Coo was calculated by Coo=CM/ 
(M+m), where C\ is the initial total radioactivity of the 
exchanger; m and M are the total amounts of cobalt ions in 
the exchanger and in the solution, respectively. Although 
the rate was measured by a batch method, an infinite 
solution-volume approximation was closely obeyed under 
the present experimental conditions; the ratio of the total 
amount of cobalt ions in the exchanger to that in solution 
was less than 0.05. 

Results and Discussion 

In order to study the efficiency of agitat ion, the 
effect of the st irr ing rate on the half-exchange t ime 
was examined at 30 °C for a p H 2.4 solut ion of 0.1 
mol d m - 3 Co 2 + , by us ing exchanger particles wi th an 

average radius of 98 um. 
T h e t ime required for a half-exchange was inde­

pendent of the stirring rate (from 950 to 1500 m i n - 1 ) . 
It was also confirmed that no particle was broken 
dur ing agitation at revolution rates of u p to 1500 min - 1 . 
O n the basis of these results, a revolut ion rate of 1300 
m i n - 1 was adopted th roughout the experiments. 

Figure 1 shows a representative rate curve. As can 
be seen from the figure, about 80 percent of the cobalt 
in the exchanger was rapidly exchanged wi th Co 2 + in 
the solut ion; the remainder was never exchanged dur­
ing an experimental period of 2 d. Th i s fact suggests 
the existence of at least two kinds of cobalt species 
sorbed on the exchanger: rapidly and hardly exchange­
able species. For the rapidly exchangeable species, 
plots of F vs. \ft follow a straight l ine passing 
th rough the po in t of origin in the region F<0 .3 , 
indicat ing that the exchange rate is controlled by the 
diffusion of the ions wi th in the particles (particle 
diffusion).5) T h i s is compatible wi th the results from 
an " in te r rup t ion test": when the exchanger was 
removed from the solution for 1 h and then re-
immersed, the rate immediately after reimmersion was 
greater than that pr ior to interruption.6 ) 

Figure 2 shows the influence of the a m o u n t of 
cobalt in the exchanger on the isotopic exchange rate. 
In any case, plots of F vs. yt gave straight lines 
passing th rough the poin t of origin dur ing the early 
stage of the exchange reaction. T h e slopes of the 
straigt lines, however, decreased with increasing 
a m o u n t of cobalt in the exchangers. Th i s observa­
tion cannot be explained by the diffusion of a rapidly 

F 

v///min 
Fig. 1. Isotopic exchange rate of cobalt ions between 

hydrous tin(IV) oxide in the cobalt form and aque­
ous solutions. Particle radius, 98+4 urn; tempera­
ture, 30 °C; 0.1 mol dm"3 Co(N03)2; pH, 2.4. 
(A): Fraction of rapidly exchangeable cobalt spe­
cies. (B): Fraction of hardly exchangeable cobalt 
species. 
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F 

S7Ï mm 
Fig. 2. Effect of the amount of cobalt sorbed in the 

exchanger on the isotopic exchange rate. Particle 
radius, 98+4 urn; temperature, 30 °C; 0.1 mol dm - 3 

Co(N03)2. Amount of cobalt in the exchanger/ 
mmolg"1 , O: 0.14 (pH=2.4); A: 0.34 (pH=3.3); 
D: 0.67 (pH=4.9). 

exchangeable species wi th a constant diffusion coeffi­
cient, bu t by assuming the coexistence of a nondiffusi-
ble species, which equil ibrates wi th the diffusible 
species. T h e exchanger then contains three kinds of 
cobalt species, as follows: 

Ai: Dissociated cobalt ions which can diffuse in the 
exchanger particles(the dissociated cobalt). 

A2: Cobal t b o u n d weakly(possibly ionically) to the 
exchange sites(the b o u n d cobalt). T h i s species is 
always in equ i l ib r ium with the dissociated cobalt. 

B : Cobal t fixed strongly(possibly covalently) to the 
exchange sites (the fixed cobalt). T h i s species 
exchanges very slowly with the dissociated cobalt, 
m u c h slower than the diffusion of the dissociated 
cobalt. 

T h e isotopic exchange reaction of cobalt ions is 
expressed by C o * + C o = C o + C o * , where a bar indicates 
the exchanger phase, an asterisk shows the cobalt 
spiked wi th 60Co, which is initially in the exchanger 
phase. T h e rate of the reaction can be conveniently 
analyzed by dividing it in to three cases. 

T h e first is that there exists Ai and B in the 
exchanger. In this case, Ai may be the only species 
involved in the reaction, as is suggested from Fig . l . 
In spherical exchanger particles, the change of 
[Ai(r,0*] and F wi th t ime are given by 

d[Ai(r,t)*]/dt = div (D grad [Ai(r,*)*]), 

and 

F = 
/ J 0 U 1 M * ] dtdV 

/J."[Ai(r,0*] dtdV+U0°°[B(r,tf] dtdV 

(1) 

(2) 

where [Ai(r,£)*] and [B(r,£)*I respectively, refer to the 
local concentrat ions of Ai and B of the spiked cobalt at 
a distance r from the center of the particles at t ime t, D, 
the diffusion coefficient of the dissociated cobalt(Ai) 
in the exchanger, and, V, the volume of the exchanger 
phase. Since the reaction is performed approxi ­
mately under the infinite solut ion volume condi t ion, 
we can set 

fvfAMr,t)*] dtdV = 4nro*(Ä?]0/3, (3) 

and 

fjAWïf] dtdV = 4nr0*[B*]o/3, (4) 

where [ • • ]o refers to the average concentrat ion of the 
enclosed species in the exchanger phase at t ime 0, and 
ro is the radius of the exchanger. T h e average con­
centrat ion of the spiked Ai at t ime t is expressed by 

[Ai(0*] = 3 jyïÂ^tf] dV/47iro3. 

T h i s corresponds to the specific radioactivity of Ai in 
the exchanger phase and can be experimental ly deter­
mined by measur ing the radioactivity of the solut ions 
at t ime t. W h e n Eq. 1 is solved under the condi t ions 
of no radioactivity in the solut ion at time 0, and of 
infinite solut ion volume, we obtain7* 

/JoW,o*] dtdv= 
47iro3[Ai 

-[i-JrJ;-är«p(-£n*o], 

where 

E=Dn2/r0
2. 

Subst i tu t ing Eqs. 3, 4 and 5 to Eq. 2, we obtain 

F = 
1 

Äi+1 
_6_ 

%2 =1 n2 -[\—^^-~exp(-En2t)l 

(5) 

(6) 

(7) 

where 

Ki = [B*]o/[Ai*]o. (8) 

Since the isotopic effect of cobalt ions can be ignored, 
the fol lowing relation holds: 

Ri = [B*]o / [A?]o = [B] / [Ä7], (9) 

where [ • • ] refers to the equ i l ib r ium concentrat ion of 
the enclosed species in the exchanger phase. T h e 
concentrat ion quotient , Ri, depends on such experi­
menta l condi t ions as the p H , temperature and cobalt-
ion concentrat ion in the solut ion ([Co2+]). 

T h e second case is that there exist only the Ai and A2 
species in the exchanger. Since the exchange reac­
t ion between these species is m u c h faster than the 
diffusion of Ai in the exchanger, the local concentra­
t ion of A2 is always in equ i l ib r ium with that of Ai. 
Fur thermore , the specific radioactivity of Ai is always 
equal to that of A2 at any place in the exchanger 
particles: 

R2 = [Aa(r,0*] / [Ai(r, 0*] = [A2] / [Ai]. (10) 
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Similar to R\, the concentrat ion quot ient , R2, depends 
on the exper imental condit ions, bu t is constant 
t h roughou t a given exper imental run . As J. Grank 
deduced, the rate equa t ion of the isotopic exchange 
reaction under these condi t ions is7) 

d[Ai(r,*)*] / K = div (Deir grad [Ai(r,*)*]), (11) 

where 

Deff = D/(Ä2+l) . (12) 

Here, Deff is the effective diffusion coefficient of the 
ions. T h e fractional a t ta inment of equi l ib r ium, F, 
can be obtained by solving Eq. 11 us ing the same 
ini t ial a n d boundary condi t ions as those used in Eq. 7, 

where 

F=\--^£±exp(-E'nH), 

£'=Deff7T2 /ro2 . 

(13) 

(14) 

Equa t ion 13 implies that the rate of isotopic exchange 
accompanying the equ i l ib r ium between the disso­
ciated cobalt (Ai) and the b o u n d cobalt(A2) is con­
trolled by the diffusion of the dissociated cobalt in the 
exchanger particles wi th the effective diffusion coeffi­
cient: that is, the diffusion coefficient of the disso­
ciated cobalt modified by the concentrat ion ratio 
between Ai and A2. 

From Figs. 1 and 2, the isotopic exchange reaction 
of cobalt ions between the hydrous tin(IV) oxide in the 
cobalt form and the aqueous solutions of cobalt salts 
is considered to be a mixed type of the two cases 
discussed above. T h e fractional a t ta inment of equil i ­
b r i um of the isotopic exchange reaction is then 

F = 
R 2 + I 

R1 + R2 Tr[l-^^^p(~E^t)l (15) 

by combin ing Eq. 7 wi th Eq. 13. 
T h e values of ( K 2 + l ) / ( Ä i + Ä 2 + l ) a n d E' can be 

determined by fitt ing the experimental F vs. t plots to 
Eq. 15, by us ing the nonl inear least-squares method. 
T h e fraction of B to the total cobalt in the exchanger 
was then evaluated from 1— (Ä2+l ) / (Ä i+Ä2+l ) and 
Deff from Eq. 14 by us ing the particle radius shown in 
Tab le 1. Hereafter, the cobalt species exchanged 
wi th in 2 d is collectively called the exchangeable 
species; its equ i l ib r ium concentrat ion is [A]=[Ai] 

+[Ä4 
Figure 3 shows the effect of particle size on the rate 

in a 0.1 mol d m " 3 cobalt solution. For any particle 
size, the exper imental data agreed well wi th Eq. 15 by 
app ly ing the values of (Ä2+ l ) / (Ä i+Ä2+l ) and £ ' 
required to give the best fit. As is shown in Fig. 4, E', 
thus obtained, was inversely propor t iona l to the 
square of the particle radius, as expected from Eq. 14. 
T h i s indicates that the particle diffusion of the disso­
ciated cobalt controls the isotopic exchange rate of the 
exchangeable species. In this case, the effective diffu-

F 

///min 
Fig. 3. Effect of particle size on the isotopic 

exchange rate. Temperature, 30 °C; 0.1 mol dm - 3 

Co(NOs)2; pH, 2.4. Particle radius/um; O: 98+4; 
D: 70+3; A: 47+3. : Curves calculated by Eq. 
15. 

rA 5x10 

Fig. 4. Relation between particle radius and E'. 
Temperature, 30 °C; 0.1 mol dm"3 Co(N03)2; pH, 
2.4. 

sion coefficient of the exchangeable species, Deff, 
should be used instead_of the diffusion coefficient of 
the dissociated cobalt, D. 

T h e rat io of the a m o u n t of the fixed cobalt to the 
total a m o u n t of cobalt sorbed on the exchanger(B-
fraction) was evaluated as a function of p H , as is 
shown in Fig. 5. T h e B-fraction 0.47+0.04 at p H 1.5 
decreased wi th increasing p H , reaching nearly zero at 
p H 4.2. In order to determine the rate of the 
exchange reaction between the dissociated cobalt(Ai) 
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pH 
Fig. 5. The pH dependence of B-fraction (the ratio 

of the fixed cobalt to the total cobalt sorbed on the 
exchanger). Temperature, 30 °C; 0.1 mol dm - 3 

Co(N03)2. 

Table 2. Influence of the Type of 60Co Labeling 
on B-Fraction and Deff 

Duration of 
labeling with 60Co 

d 

3 
15 
S3> 

B-fraction1) 

0.06+0.01 
0.12+0.02 
0.25+0.03 

Deff2) 

cm2 s - 1 

(1.1+0.1)X10-9 

(1.2+0.1)X10-9 

(1.2+0.1)X10-9 

Temperature, 30 °C; 0.10 mol dm"3 Co(N03)2; pH, 2.4. 
1) The ratio of the hardly exchangeable 60Co to the 
total 60Co in the exchanger. 2) The effective diffu­
sion coefficient of cobalt ions in the exchanger. 
3) The exchanger was converted to the cobalt form, 
simultaneously labeled with 60Co. 

and the fixed cobalt(B) in the exchanger phase, a 
compar ison of the B-fractions of 60Co was made for 
samples prepared by two types of 60Co labeling: one 
was labeled for some t ime after the conversion to the 
cobalt form, and the other was labeled s imultaneously 
wi th the conversion. Deff for these samples were also 
evaluated. T h e conversion and the labeling were 
performed at 30 °C by us ing a 0.10 mol d m - 3 cobalt 
solut ion wi th p H 2.4. T h e results are shown in 
Tab le 2, which show that the exchange rate of the 
exchangeable species was independent of the type of 
labeling. T h e exchange between Ai and B was very 
slow compared wi th the diffusion of Ai, since the B-
fraction of the 60Co in the exchanger labeled for 3 d 
after the conversion was only about 20 percent of that 
in the exchanger labeled s imultaneously wi th 
conversion. 

In the h igh p H region, the reaction between Ai and 
B in the exchanger is considered to have little effect on 
the ini t ial rate because of very small value of the B-

fraction in this region(Fig. 5). In this case, the B-
fraction and the Deff of cobalt ions, respectively, can be 
determined from the plateau and the initial slope of F 
vs. \JT plots , which were fitted to Eq. 15. 

In the low p H region, where the B-fraction is large, 
the exchange between Ai and B possibly affects the 
isotopic exchange rate, since any decrease of the spe­
cific radioactivity of B-fraction du r ing the experimen­
tal period of 2 d(about 8 percent of that of total cobalt 
in the exchanger) cannot be ignored. T h i s causes 
some ambigui ty in the evaluat ion of the B-fraction. 
In spite of this fact, the B-fraction obtained by curve-
fitting can be taken as an adequate value, since the 
procedure, itself, leads to an error(+9%) comparable to 
the ambigui ty ment ioned above. When the B-
fraction is h igh , in the course of the diffusion of the 
dissociated cobalt ions, the exchange of these ions 
wi th the fixed cobalt cannot be neglected. If this 
reaction is very fast compared wi th the diffusion of the 
dissociated cobalt, R\ should be added to the denomi­
nator of Deff defined in Eq. 12 in order to incorporate 
the cont r ibut ion of the exchange reaction between the 
Ai and the B species. Since the rate of this reaction is 
very slow, however, the concentrat ion quot ient , _Ri, 
cannot be directly appl icable to expression of Deff. 
Instead, the factor a, which is a certain function of 
7?i(nearly propor t iona l to Ri), should be introduced. 
T h e n , in the region of low p H where the B-fraction is 
h igh , the effective diffusion coefficient of the disso­
ciated cobalt is expressed by 

Deff = D/(Ä2-+a + l), (16) 

instead of Eq. 12 for the region of low B-fraction (high 
p H region). 

Figure 6 shows the influence of [Co2 +] on Deff at the 
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Fig. 6. Effect of cobalt-ion concentration in solution 

on Deff. Particle radius, 98+4 urn; temperature, 
30 °C; [NO3-], 0.2 mol dm"3. Exchange capacity 
for cobalt ions/mmol g"1, O: 0.25; A: 0.35. 
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constant exchange capacity for the ions (0.25 or 0.35 
mmol g-1). Deff increased with [Co2+], which is unusu­
al in the particle-diffusion controlled exchange rate. 
The reason for this observation is considered to be as 
follows. By combining the concentration quocient 
#2(=[A2]/[Ai]) and the proportionality oi_a to Ri(= 
[B]/[XÏ])jvith Eq. 16, we can set DCff=D[Äi]//([CÖ]), 
where/([Co]) is a function of ion-exchange capacity for 
cobalt ions. When the exchange capacity is constant, 
Deff depends only on [Ai] at a given temperature. As 
was shown in Fig. 6, the ratio of Deff between different 
exchange capacities is almost independent of the con­
centration of cobalt in the aqueous phase. [Co2+] is 
then considered to govern [Ai]. The large exchange 
capacity of hydrous tin(IV) oxide for cobalt ions at pH 
<4, where sodium ions, ionic in nature, are not taken 
up at all,8) suggests that most of the cobalt ions in the 
exchanger are either bound or fixed to the exchange 
sites. The interaction between the ions and the sites 
makes_the activity of anionic sites very small. There­
fore, [Ai] may be determined by the Donnan equi­
librium of cobalt-electrolyte sorption between the 
exchanger and the aqueous solution. 

Figure 7 shows the influence of the equilibrium 
concentration of the exchangeable cobalt species ([A]) 
on the effective diffusion coefficients. [A] was calcu­
lated by fitting experimental F vs. t plot to Eq. 15.. As 
can be seen from the figure, irrespective of [Co2+], Deff 
increased sharply "with decreasing [A] in the_high [A] 
region, and then gradually in the region of [A] <0.1 or 
0.2 mmol g -1 . _ _ 

The dependence of [A] and [B] oji the pH is shown 
in Fig. 8. This figure shows that [B] depends little on 
the pH, while [A] increases appreciably with the pH. 

Since the equilibrium concentration of the dissociated 
cobalt in the exchanger ([Ai]) is constant for a given 
concentration of cobalt ions in solution, the increase 
in [A] brings about an increase in i?2(=[A2]/[Ai]) on 
account of the replacement of hydrogen at exchange 
sites with Ai to form A2. This reaction proceeds more 
readily with increasing pH. Since Deff can be ex­
pressed by Eq. 12 in the region of high [A], the 
increase of R2 may be directly reflected in Deff. On 
the other hand, Deff is expressed by Eq. 16 in the region 
of high B-fraction. As [Ai], [B] and then Ri were 
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E 
E 

lOQ 
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K 

Fig. 8. The pH-dependence of equilibrium concen­
tration of the A and the B species in the exchanger. 
Particle radius, 98+4 umj_ temperature, 30 °C; 
[NO3-], 0.1 mol dm-*. O: [A]; A: [B]. 
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Fig. 7. Effect of equilibrium concentration of the 
exchangeable cobalt ([A]) on Deff. Particle radius, 
98±4 urn; temperature, 30 °C; [NO3-], 0.2 mol dm"3. 
Cobalt-ion concentration in solution/mol dm - 3 , 
O: 0.1; D: 0.05; A: 0.01. 
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Fig. 9. Effect of concentration of nitrate ions in 
solution on Dtu at various [A]. Particle radius, 
98+4 urn; temperature, 30 °C; [Co2+], 0.01 mol 
dm - 3 . [A]: Equilibrium concentration of the A 
species in the exchanger. Concentration of nitrate 
ions/mol dm"3, O: 0.2; D: 0.02. 
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constant for solutions of a given cobalt concentration, 
the factor a can be considered almost constant. The 
decrease in R2 with lowering pH makes R2 compara­
ble to_i?i, which is independent of the pH. Deff in 
low [A] region then become insensitive to any further 
decrease in the [A] value. 

Figure 9 shows the effect of the concentration of 
nitrate ions on the relation between log Deff and [A]. 
Deff is large in the case of higher concentration of the 
anions and the difference in Deff decreased with 
increasing [A], which increases with pH in the sur­
rounding solution. The exchanger is amphoteric 
and uptakes anions from solutions with pH lower 
than 4; the uptake capacity for anions increases with 
decreasing pH, as was reported in our previous 
paper.8) In a cation exchange occurring in the 
exchanger without acid dissociation (pH<4), cations 
are considered to diffuse with accompaning anions in 
the exchanger with a low electrostatic field, compared 
with an acid-dissociated exchanger, such as a strongly 
acidic resin. The diffusion of cations is, therefore, 
faster in the former than in the latter exchanger. 
This is the reason why Deff strongly depends on the 
uptake capacity of anions, pH and the concentration 
of anions in the solutions. 

Figure 10j>hows the influence of temperature on Deff 
at various [A]. Deff depended on the temperature at 
[A] higher than 0.1 mmol g -1, while it did not at lower 
[A] values. By combining #2=[A2]/[Ai] with Eq. 12 
for Deff jii high [A], Deff can be expressed as DCH= 

D ( [ A I ] / [ A ] ) . [Ai] is constant in solutions of a given 
cobalt-ion concentration, (described above). There­
fore, the activation energy of the diffusion coefficient 
of cobalt ions can be determined from the temperature 
dependence of the Deff values at constant [A] value. 

Plots of In Deff vs. 1/T at constant [A] of 0.2 or 0.3 
mmolg - 1 give a linear relation, as shown in Fig. 11. 
From the Arrhenius equation, D=Do exp(—E&/RT), 
the activation energies, £a, were determined: £a—19±3 
kjmol- 1 at [X]=0.2 mmolg- 1 and E*=20±2 k jmol" 1 

at [A]=0.3 mmolg"1. Since they agree with each 
other within the experimental error, the mechanism of 
the diffusion of cobalt ions in the exchanger is con­
sidered to be unchanged by the composition of the 
exchanger. The temperature dependence of [A] and 
[B] was examined at pH 2.5, as is shown in Fig. 12. 
[B] increased with the temperature, while [A] was little 
affected by the temperature. Since [Ai] is not affected 
by the temperature in an exchanger immersed in solu-

CM 
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c 

3.6x10-

1 / T I K" 

Fig. 11. Arrhenius plots of Dtu. Particle radius, 
98+4 urn; 0.1 mol dm"3 Co(N03)2. Equilibrium 
concentration of the exchangeable species in the 
exchanger ([X])/mmol g"1, O: 0.2; A: 0.3. 

-8.5i 
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Fig. 10. Temperature-dependence of Deu at various 
concentrations of the exchangeable species ([X]). 
Particle radius, 98±4 urn; 0.1 mol dm"3 Co(N03)2. 
Temperature/°C, A: 10; D: 20; O: 30. 
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Fig. 12. Effect of temperature on equilibrium con­
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exchangeable species (B) in the exchanger. Parti­
cle Jradius,_98±4 urn; 0.1 mol dm"3 Co(N03)2. 
O: [A]; A: [B]. 
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tions of a given cobalt-ion concentration, the concen­
tration ratio of A2 to Ai, R2, is independent of the 
temperature, while that of B to Ai, R\, is increased 
with the temperature. In the region of low [A], 
where Den is expressed by the equation D1n=D/ 
(R2+a+l), therefore, the increase in a and in D_with 
the temperature compensates each other, so that Deff is 
almost independent of the temperature. 

As has been described above, the isotopic exchange 
rate of cobalt ions between a hydrous tin(IV) oxide 
ion-exchanger and aqueous solutions can be under­
stood by a model which assumes the presence of three 
kinds of cobalt species in the exchanger. This con­
clusion also supports the view advocated by the pres­
ent authors from equilibrium studies that the transi­
tion metal ions are sorbed on the exchanger by a bond 
that is partially covalent in character, rather than by a 
pure ionic bond. 
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First Synthesis of [Fe4(r/5-C5H5)4S4](PF6)3 and Improved Syntheses 
of [Fe4(775-C5H5)4S4](PF6)„ (n=l ,2) 

Hiroshi O G I N O , * Asako SATOH, and M a m o r u SHIMOI 
Department of Chemistry, Faculty of Science, Tohoku University, Aoba-ku, Sendai 980 

(Received March 17, 1990) 

[Fe4(i7
5-C5H5)4S4](PF6) and [ F e ^ - C s H s ^ K P F e ^ were prepared in 81 and 82% yields, respectively, by bulk 

electrolysis of [Fe4(i75-CsH5)4S4] at the requisite potentials according to the results of voltammetric studies. 
[Fe4(i75-CsH5)4S4](PF6)3 was prepared and isolated first by electrolysis of [Fe4(i75-CsH5)4S4](PF6)2 in acetonitrile at 
+0.95 V vs. SCE in 83% yield. The electronic spectral data for ^ ( ^ - C s H s ^ f (n=0, 1+, 2+, 3+) were 
collected. 

T h e cyclic vo l t ammogram of the iron-sulfur cubane 
cluster, [Fe4(r75-C5H5)4S4], shows four reversible redox 
waves which indicate the existence of five oxidat ion 
states. T r i n h - T o a n et al. reported that the five oxida­
tion states correspond to [Fe4(r75-C5Hs)4S4]n wi th n— 
1—, 0, 1+, 2+ , and 3+.1* However, recent investiga­
tions revealed that the ass ignment should be corrected 
to n—0, 1+, 2+ , 3+ , and 4+.2~4> O n the early assign­
ment that [Fe4(ï75-C5H5)4S4]n takes the five oxidat ion 
states wi th n—\—, 0, 1+, 2+ , and 3+ , T r i n h - T o a n et 
al. prepared the monoca t ion and the dication of the 
cluster by bulk electrolysis in 60 and 45% yields, 
respectively.1) 

In this work, bu lk electrolysis of [Fe4(i75-C5Hs)4S4] 
was carried ou t according to the new ass ignment that 
the five species are [Fe4(r75-CsH5)4S4]n wi th n—0—4+. 
T h e monoca t ion and dication of [Fe4(i75-C5Hs)4S4] 
were prepared in better yields than those reported 
previously.1) Fur thermore , the trication salt of the 
cluster was also prepared by bulk electrolysis and 
isolated for the first t ime. T h e electronic spectral 
data of [Fe4(r/5-C5H5)4S4f (n=0, 1+, 2+ , 3+) were 
collected. Because of the instability of [Fe4(i75-
C5H5)4S4]3+, the electronic spectral data of this species 
were found to be obtained accurately only by a spec-
troelectrochemical measurement . 

Experimental 

Unless otherwise mentioned all procedures were carried 
out under a nitrogen atmosphere. Electronic spectra were 
recorded on a Shimadzu UV-260 spectrophotometer, and 
NMR measurements were made on a JEOL FX90Q (using 
acetone-^ as solvent). 

Materials. [Fe4(i75-CsH5)4S4] was prepared as described in 
the literature.5) NH4PF6 (Aldrich Chemical Company Inc., 
99.5%) was purified by recrystallization from acetonitrile. 
Tetrabutylammonium tetrafluoroborate (TBAB) (Tokyo 
Kasei) was recrystallized from ethanol-water mixed solvent. 
Acetonitrile was distilled from P2O5 twice and from CaFb. 
Diethyl ether was distilled from sodium. 

Preparation of [Fe4(i75-CsH5)4S4](PF6). A suspension of 
200 mg (0.33 mmol) of [ ^ ( ^ - C s H s ^ ] in 150 cm3 of an 
acetonitrile solution containing 0.1 M NH4PF6 was oxidized 
electrochemically while stirring at room temperature.6) 
When the potential was applied at +0.17 V vs. SCE and the 

electrochemical oxidation was continued for 1 h, the current 
reduced to 1 mA. The coulombic number required for the 
electrolysis was 40 C (calculated value: 32 C). The solution 
was filtered and evaporated to dryness and the residue then 
washed with water to remove excess NH4PF6. The crude 
product was extracted with dichloromethane (80 ml) and the 
filtered solution evaporated to 5 ml. Upon the addition of 
diethyl ether, 200 mg of the desired product was obtained as 
black powder (yield 81%). Found: C, 31.79; H, 2.86%. 
Calcd for C2oH2oF6Fe4PS4: C, 31.73; H, 2.66%. ^ N M R 
spectra showed a very broad signal centered at 8=6.15 due to 
the paramagnetism of the complex. 

Preparation of [Fe4(i75-CsH5)4S4](PF6)2. A suspension of 
400 mg (0.65 mmol) of [ F e ^ - C s H s ^ ] in 120 cm3 of 
acetonitrile solution containing 0.1 M NH4PF6 was oxidized 
electrochemically at +0.5 V vs. SCE. When the electrolysis 
at +0.5 V vs. SCE was continued for 1 h, the current reduced 
to 1.5 m A. The coulombic number required for the elec­
trolysis was 132 C (calculated value: 127 C). The solution 
was filtered and evaporated to dryness and the residue 
washed with water to remove the electrolyte and then with 
dichloromethane to remove trace amounts of [Fe4(i75-
CÖH5)4S4](PF6). The procedure gave 486 mg of [Fe4(i75-
CÖH5)4S4](PF6)2 (yield 82%), which was recrystallized from 
acetonitrile by the addition of diethyl ether. Found: C, 
26.47; H, 2.49. Calcd for C2oH2oFi2Fe4P2S4: C, 26.63; H, 
2.24. iH NMR 0=6.26. 

Preparation of [ ^ ( ^ - C s H s ^ K P F e ) ^ In 120 ml of ace­
tonitrile solution containing 0.1 M NH4PF6, was dissolved 
170 mg (0.19 mmol) of [ ^ ( ^ - C ö H ö ^ K P F e ) ^ When the 
oxidation at +0.95 V vs. SCE was continued for 1 h, the 
current reduced to 1.5 mA. The coulombic number 
required for the electrolysis was 22 C (calculated value: 18 
C). The solution was evaporated to dryness, and the 
residue was washed with water and dichloromethane, suc­
cessively, dried in air, and finally dried by heating at 100 °C 
under vacuum to remove the acetonitrile which was consid­
ered to be solvent of crystallization. The procedure 
afforded 163 mg of the desired product (83%). Found: C, 
23.22; H, 2.03%. Calcd for C2oH2oFi8Fe4P3S4: C, 22.95; H, 
1.93. ! H N M R spectrum showed a very broad signal cen­
tered at ô=6.33 due to the paramagnetism of the complex. 
ESR spectrum showed signals in acetonitrile at 77 K 
(gj=1.998,g//=2.072). 

Electrochemical and Spectroelectrochemical Measure­
ments and Equipments. Cyclic voltammetry was made 
with a model 311 potentiostat (Huso Co.) combined with a 
Model 321 function generator (Huso Co.). Direct current 
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polarograms were recorded with a Yanagimoto Polaro­
graphie Analyzer P-1000. Electrochemical measurements 
were carried out at room temperature by use of a three 
electrode system consisting of a working electrode (a plati­
num rod electrode for cyclic voltammetry and a dropping 
mercury electrode for DC polarography), a coiled platinum 
wire as a counter electrode, and an aqueous saturated 
calomel electrode (SCE) as a reference electrode. 

The spectroelectrochemical cell with an optically trans­
parent thin-layer electrode (OTTLE) was constructed 
according to the direction reported in a literature.7) The 
spectroelectrochemical measurements were made at — 10°C 
with the Model 311 potentiostat and Model 321 function 
generator. 

Bulk electrolysis was carried out by use of a three electrode 
system consisting of a platinum plate electrode as a working 
electrode, a carbon rod as a counter electrode, and an aque­
ous saturated calomel electrode (SCE) as a reference elec­
trode. The potential was applied by a HA-501 potentiostat 
(Hokuto Denko Ltd.) coupled with a HB-104 function 
generator (Hokuto Denko Ltd.). 

Results and Discussion 

Voltammetry of [Fe4(T75-C5H5)4S4]n. In acetonitrile, 
[Fe4(T75-CsH5)4S4](PF6)2 shows four reversible one-
electron redox waves wi th £1/2=+1.31, +0.85, +0.33, 
and - 0 . 2 9 V vs. SCE (Fig. 1). Crucial evidence that 
[Fe4(775-C5H5)4S4]n takes the five oxidat ion states 
assigned as n = 0 , 1 + , 2 + , 3+ , and 4 + , instead of n—\—, 
0, 1+, 2 + , and 3 + , is provided by DC polarography. 
T h e po la rogram of [Fe4(r75-CsH5)4S4](PF6)2 in acetoni­
trile shows two-step one-electron reduct ion waves at 
+0.33 and - 0 . 2 4 V vs. SCE (Fig. 2). T h i s corres­
ponds to the formation of the monoca t ion ic and neu­
tral clusters, respectively. 

Syntheses of [ F e ^ - C s H s ^ ? (1+, 2 + , 3+) . T h e 
mono- , di-, and trication of [Fe4(T75-CsH5)4S4] were 
obtained in h igh yields by electrolysis at +0.17, +0.5 , 
and +0.95 V vs. SCE, respectively. In our previous 

+1,0 +0,5 0,0 

E / V vs, SCE 

Fig. 1. Cyclic Voltammogram of [Fe4(i75-CsH5)4S4] 
(PFÔ)2 in acetonitrile containing 0.1 M TBAB. 
[cluster]=0.99X10-3 M, scanning speed: 50 mVs"1. 

+0,4 0,0 

E / V vs, SCE 

-0.5 

Fig. 2. DC polarogram of ^ ( ^ - C s H s ^ K P F e ^ in 
acetonitrile containing 0.1 M TBAB. [cluster]^ 
2.2X10"3 M. 

paper,2 ) we reported the synthesis of [Fe4(rj5-
C5H5)4Se4]3+ as the first cubane cluster hav ing 17 
skeletal electrons. [Fe4(r75-C5H5)4S4](PF6)3 obta ined 
in this work is the second example of this sort. 

A l though we obtained crystals of [Fe4(i75-C5H5)4S4]-
(PF6)3, they were no t suitable for X-ray structure anal­
ysis due to their efflorescent property. Pro longed 
exposure to various solvents caused the reduct ion of 
the cluster to [ F e ^ - C s H s ^ K P F e ^ or [Fe4(r?

5-
C s H s ^ K P F e ) . In the case of [Fe4(r75-C5H5)4Se4]-
(PF6)3-CH3CN, the crystals effloresce less easily, and 
n o reduct ion was observed.2) T h i s may be due to the 
difference of crystal pack ing structures and the redox 
potent ia ls between thé selenium and sulfur clusters. 
Since even the trication is reduced by solvents or 
impur i t ies in the solvents, the prepara t ion and isola­
t ion of the tetracation is likely to be more difficult. 

T h e potent ials that T r i n h - T o a n et al. employed for 
the prepara t ion of the m o n o - and dication of the 
clusters were +0.4 and +1.1 V vs. SCE, respectively.1) 
According to our electrochemical results, the dicat ion 
and tr ication mus t be formed at these respective poten­
tials. However, it is no t surprizing that they 
obtained the monocat ion and the dication at +0.4 and 
+1.1 V vs. SCE, because, in their preparat ions , the 
constant potent ia l electrolysis was interrupted when 
the coulombic number of the electrolysis reached the 
requisi te value. Therefore, it is considered that the 
[Fe4(T75-C5H5)4S4]2+ formed by the electrolysis at +0 .4 V 
vs. SCE reacts wi th [Fe4(i75-C5H5)4S4] in the bu lk solu­
t ion and proport ionates to [Fe4(i75-CsH5)4S4]+. Sim­
ilarly, it may be understood that electrolysis at +1.1 V 
vs. SCE gave the dication of the cluster. In fact, 
[Fe4(r75-C5H5)4S4](PF6)3 was obtained in this work, 



2316 Hiroshi OGINO, Asako SATOH, and Mamoru SHIMOI [Vol. 63, No. 8 

Table 1. Electronic Spectral Data of [ F e ^ - C s H s ^ f (n=0, 1+, 2+, 3+) 

Solvent Imax/nm (log(£/M-1cm-1)) Ref. 

0 

1+ 

2+ 

3+ 

CH2CI2 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 

468 (3.57), 
450(3.17), 
440 sh (3.78), 
440 (3.85), 

345 sh (4.26), 
305 (4.58), 

298 (4.30), 
297 (3.88) 
298 (4.53) 
297 (4.55) 
293 (4.60), 
295 (4.53) 
235 (4.66) 

231 (4.33) 

235 sh (4.63) 

This work 
1 

This work 
1 

This work 
1 

This work 

230 300 400 
Wavelength / nm 

Fig. 3. Spectral change of 0.25X10"3 M [Fe4(775-
CÖH5)4S4](PF6)2 obtained by spectropotentiostatic 
measurement. £apPi: (a) +0.5—+0.70; (b) +0.75; (c) 
+0.78; (d) +0.81; (e) +0.83; (f) +0.85; (g) +0.87; (h) 
+0.89—+0.95 V vs. SCE. 

+0.7 +0,8 

EQ p p l / V vs, SCE 
+0,9 

Fig. 4. Nernst plots of log {(AR—A)/(A—Ao)} vs. ap­
plied potentials £apPi. Data are taken from Fig. 3. 

when the electrolysis was carried out at +0.95 V vs. 
SCE, which is more negative than +1.1 V vs. SCE. 

Electronic Spectral Data of [Fe4(r75-C5H5)4S4]n (n=0, 
1+, 2+ , 3+) . T h e electronic spectra of [Fe^rç5-
C5H5)4S4], [Fe4(r75-C5H5)4S4]+, and [Fe4(r75-C5H5)4S4]

2+ 

were measured in CH2CI2 or acetonitrile. T h e data 
are summarized in Tab le 1 a long with the reported 
data.1* Both data are reasonably in good agreement. 
As ment ioned above, when [Fe4(r75-C5H5)4S4](PF6)3 is 
dissolved in a solvent, reduction of the cluster is 
induced. T o obtain accurate numerical data for 
[Fe4(r75-C5H5)4S4]3+, spectropotentiometric measure­
ments were carried ou t us ing O T T L E . Spectral 
change wi th the change of appl ied potentials is shown 
in Fig. 3. Curve (a) corresponds to the spectrum of 
[Fe4(r75-C5H5)4S4]2+. T h e spectral change accompan­
ies isosbestic po in t s at 263, 305, and 400 nm. T h i s 
suggests strongly that curve (h) obtained at more 
positive potent ia l than +0.89 V vs. SCE corresponds to 
the spectrum of the one-electron oxidized species 
[Fe4(r/5-C5H5)4S4]3+. In fact, Nernst plots of log 
{(AR—A)/(A—AO)} VS. the appl ied potent ials £appi give 
a good linear relat ion (Fig. 4), where A denotes the 
absorbance at 280 n m a n d at any appl ied potent ia l 

iEappi. ^R and Ao represent the absorbances at 280 n m 
of the completely reduced species [Fe4(i75-C5H5)4S4]2+ 

and the completely oxidized species [Fe4(r75-
C5H5)4S4]3+, respectively. T h e reciprocal slope of the 
plots given in Fig. 4 was 56 mV. T h i s indicates that 
the electrode process for the [Fe4(r75-C5H5)4S4]3+/2+ 

redox couple is reversible. T h e potent ial value of the 
intercept was +0.82 V vs. SCE, which is in good 
agreement wi th the £1/2 of the [Fe4(r75-C5H5)4S4]3+/2+ 

redox couple obtained by the cyclic vol tammetr ic mea­
surements (+0.85 V vs. SCE). In Tab le 1, the spectral 
data of [Fe4(r75-C5H5)4S4]3+ thus obtained is given. 
When the potent ia l is appl ied beyond +1.2 V vs. SCE, 
absorbance decreases over the whole range of wave­
lengths. T h i s means that [Fe4(r75-C5H5)4S4](PF6)4 
formed by the electrochemical oxidat ion is insoluble 
in acetonitr i le or that the decomposi t ion produc t 
derived from [Fe4(r75-C5H5)4S4]4+ is insoluble. For 
this reason, the spectral data of [Fe4(i75-C5Hs)4S4]4+ 

could no t be determined. 
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Preparation of Graphite Single-Crystal from an Iron Solution 
by a Temperature-Gradient Method^ 
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A graphite single-crystal with maximum dimensions of 30 mm in diameter and 0.24 mm thick was 
prepared from an iron solution by a temperature-gradient method. A flux of 300—500 g of electrolytical iron, 
10 g of graphite powder and silicon powder of 0—5 g for the flux weight were charged in a graphite crucible. 
Large and thickened graphite single-crystal films of good quality were prepared at 2100 °G by repeating 4 times 
the heating and cooling processes. The cell parameters of the graphite single-crystal film were a0

=2.463+0.003 
and c0=6.708+0.001 Â. The optimum amount of silicon additive was 1 wt% for the flux weight. In order to 
increase the thickness along the c-axis of graphite single-crystal films, the number of heating and cooling 
processes should be increased. 

Studies on the prepara t ion of graphi te single-
crystals have been carried out by many reseachers,1_13) 

in which nickel, i ron, and many other metals have 
been used as a flux. Studies on the prepara t ion of a 
graphi te single-crystal from an i ron melt have been 
reported by Austerman et al.8) and Noda et al.9'10) 

Austerman et al. synthesized graphi te single-crystals 
by slow cool ing of an i ron melt which was saturated 
wi th carbon, us ing an electric precision furnace wi th a 
tempera ture gradient control . Noda et al. made gra­
ph i te single-crystal films of about 30 m m in diameter 
and about 0.06 m m thick in which the c-axis was 
no rma l to the surface of the iron melt, by slowly 
cool ing an i ron melt con ta in ing 1 wt% Si. 

As described in a previous paper,1) g raphi te single-
crystal films wi th m a x i m u m dimensions of 40 m m in 
diameter and 0.04 m m in thickness were prepared 
from an i ron solut ion by a slow-cooling method. We 
could directly observe that the graphi te single-crystal 
films were prepared t h rough a heat ing process rather 
than th rough a slow-cooling process. It therefore 
appears that growth d u r i n g a heat ing process plays an 
impor t an t role in the formation process of a graphi te 
single-crystal film. T h e most suitable condi t ion for 
p repa r ing a large graphi te single-crystal film wi th 
good qual i ty was by us ing a heat ing rate of 6 °C m i n - 1 

and a m a x i m u m temperature above about 1950 °C. 
In addi t ion, same crystals wi th a rhombohedra l struc­
ture seemed to exist a m o n g the grown single crystals. 
T h e thickness a long the c-axis for large graphi te 
single-crystals was about 0.03—0.04 m m . 

T h e purpose of this study was to clarify the prepara­
tive condi t ions for m a k i n g a large single-crystal film 
and to elucidate the condi t ions under which graphi te 
single-crystal film grows thick in a long the c-axis, 
u s ing a temperature-gradient method. Therefore, in 
this exper iment a long, nar row graphi te crucible was 
used, unl ike that used in our previous experiment.1) 
Graph i te single-crystal films were prepared by a 

t Study on Synthesis of Large Single Crystal for Industrial 
Use. XVII. 

temperature-gradient method and the resproducibili ty 
investigated. T h e products were examined by an X-
ray Laue p h o t o g r a p h method. 

Exper imenta l 

A Tannman electric furnace (electric power of 1.5 kW and 
a maximum electric current of 1000 A) was used as a heat 
treatment apparatus (described in a previous paper1)). The 
dimensions of the graphite heater were 400 mm long, 70 mm 
inner diameter and 5 mm thick. A graphite crucible (50 
mm outer diameter, 10 mm thick and 180 mm high) was 
made from a graphite rod by machining. A graphite tube 
(12 mm inner diameter, 4 mm thick and 200 mm long) used 
for observations was installed in the graphite crucible. 
Temperature errors were within +20 °C. Electrolytical 
iron (purity above 98%) was used as a flux. Silicon powder 
(99.9% pure) of 0—5 g was added to the flux as an additive 
agent. Graphite powder (10 g), obtained by crushing the 
graphite rod, was used as a nutrient. 

Electrotytical iron (300—500 g) was placed into a graphite 
crucible with silicon and graphite powder. After heating, 
the wall of the graphite crucible became partially eroded. 
The upper part of the iron melt in the crucible was main­
tained at a lower temperature, while the lower part obtained 
higher temperature. Due to this temperature gradient ther­
mal convection took place from the lower parts to the upper 
parts of the melt. Therefore, when the melt which became 
saturated at the higher-temperature locations moved to 
regions of lower temperature, the graphite was supersatu­
rated and then deposited. 

The temperature distribution at a maximum temperature 
of 1300 °C in the furnace is shown in Fig. 1. A Pt-Pt-13% 
Rh thermocouple was used for measuring the temperature 
distribution. The maximum measurable temperature of 
the thermocouple was 1600°C, lower than the temperature 
of the experiment. It may be considered, however, that 
locations near the maximum temperature of the furnace 
(above 1600°C) were the same as those below 1600°C. In 
order to make use of thermal convection in the temperature-
gradient method, the graphite crucible was fixed as the 
lower part of the melt, and was maintained at the maximum 
temperature. In this experiment the surface temperature of 
the melt for all runs was measured using a pyrometer. 

A microscope with a micrometer was used for measuring 
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contact with solidified flux brick. The flux spout 
observed in an experiment involving cooling method1) 
was not produced during this temperature-gradient 
method. Wrinkled patterns were mostly observed on 
the surface of grown films. 

It was observed that the wall of the graphite crucible 
was much eroded and the thermal convection of the 
flux melt was very great. 

Photographs of the films (S-2-8, S-2-15, and S-2-5) 
and heating curves are shown in Figs. 2 and 3, respec­
tively. The metallic lustre of the grown films in S-2-
8 was slightly faded and a wrinkled pattern on the 
surfaces of graphite films was observed. After repeat­
ing the heating process two times, a film with a 
metallic lustre and 0.16 mm thickness was prepared 
(S-2-15). In S-2-8, a film with a slightly metallic 
lustre was grown all over the surface of the flux melt. 
Small crystals were coprecipitated below the film. 

In the case of S-2-9, the thickness of the grown film 
was about 0.15 mm; this film was in contact with a 
solidified flux. The central part of this film became 
depressed, perhaps caused by contact of the flux melt 
with the film during the cooling process. 

A film with a metallic lustre was grown for S-2-6. 
In this experiment no silicon was added to the flux 
melt. For S-2-7, the thickness of the film was about 
0.13 mm at a maximum temperature of 2000 °C. The 
metallic lustre of this film disappeared upon adding 5 
g of silicon. 

The thicknesses of films prepared by the temperature-
gradient method were 2- to 5-times larger than those 
produced by the previous slow-cooling method. 
This is because in the temperature-gradient method, 
which makes use of a thermal convection, it was 
possible for the films to come into contact with the 

Table 1. Preparation of Graphite Single Crystal Films 

Run No. 

S-2-9 
S-2-1 
S-2-10 
S-2-8 
S-2-16 
S-2-15 
S-2-17 
S-2-6 
S-2-7 
S-2-5 
S-2-14 
S-2-11 
S-2-13 
S-2-12 
S-2-3 
S-2-4 
S-2-2 

Flux 

g 

300 
309 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
495 
495 

Si added 

g 

3.0 
1.5 
1.0 
3.0 
1.0 
1.0 
1.0 
0 
5.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

Maximum 

temperature 

2350 
2300 
2250 
2200 
2150 
2150 
2100 
2000 
2000 
1950 
1950 
1900 
1800 
1800 
1700 
1700 

(1950)a) 

Heating 

rate 

^ m i n - 1 

28 
9 

13 
16 
3 
2 
5 

11 
6 
7 
2 
4 

— 
— 
— 
— 
— 

Cooling 

rate 
^ m i n - 1 

8 
12 
4 
6 
4 

10 
10 
6 
4 
4 
2 
3 

— 
— 
— 
— 
— 

Number of heating 
and cooling 

processes 

1 
1 
1 
1 
1 
2 
4 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Graphite single 
crystal filmb) 

© 
© 
© 
© 
© 
© 
© 
© 
© 
© 
0 
o © 
o 0 
o © 

Tickness 
of films 

(mm) 

0.15 
n.m. 
n.m. 
n.m. 
0.12 
0.16 
0.24 
n.m. 
0.13 
0.11 
n.m. 
0.13 
n.m. 
n.m. 
n.m. 
n.m. 
n.m. 

a) Estimated temperature, b) ©; A large graphite film greater than 25 cm in diameter was grown. Q; A small 
crystal less than 1 cm in diameter was grown, n.m.; not measured. 

the thickness of the graphite films, 
uniform in thickness. 

The grown films were 

Results and Discussion 

Growth of Film. In Table 1 the double circle 
represents the case in which a large graphite film 
(greater than 25 mm in diameter) was grown; the 
single circle represents the case in which small crystals 
(less than 10 mm in diameter) were prepared. As is 
obvious from Table 1, large films were often formed in 
many runs. 

Graphite crystals can be classified roughly into 
three types: single-crystal films, small single-crystals, 
and fine crystals in a solidified flux, as described in a 
previous paper.1) 

The grown large films almost had a metallic lustre. 
Below these films, small graphite crystals were grown 
in large quantities; they were, however, directly in 

500 

Flux melt 

1000 1500 
Temperature(°C ) 

Fig. 1. Temperature distribution in an electric fur­
nace and a position of the graphite crucible. 
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(a) S-2-8 1 cm 

(b) S-2-15 1 cm 

(c) S-2-5 1 cm 
Fig. 2. Grown graphite single-crystal films, (a) S-

2-8, (b) S-2-15, (c) S-2-5. 

\ S-2-15 

5 10 
Time ( h ) 

Fig. 3. Heating curves during the growth of 
graphite single-crystal films. 

liquid surface for a long time. The depth of the flux 
melt was about 7 to 8 cm. Thus, the films continued 
to grow, and it can be assumed that large, thick 
graphite films were thus prepared. 

The results of an attempt to increase the number of 
heating and cooling processes are shown in Fig. 4. 
In a case of S-2-16, the maximum temperature and 
heating rate were the same, or almost the same as that 
of S-2-15, expect that its cooling rate was slower and 
heating process took place only once. The thickness 
of the film was slightly thinner than that of S-2-15. 

For S-2-17, heating was repeated four times. The 
maximum thickness of a grown film was about 0.24 
mm. Comparing the growth conditions of S-2-17, 
with those of S-2-15 and S-2-16, it appears that the 
maximum temperature (ranging between 2100 and 
2150°C) and heating rate (within 5°Cmin-1) were 
almost the same. Furthers the silicon quantities (1.0 
g) were also the same, though the number of the 
heating processes was different. As is evident from 
these results, we could prepare films with thick layers 
by increasing the number of heating and cooling 
processes. The reason for this may be that since the 
films prepared by the first heating come into contact 

2000 

u. 
D 

"5 
\_ 
Q. 
£ 
CD 

1500 

1000 

S-2-16 
(0.12 mm) 

S-2-15 
\ ( 0.16mm) 

- i - J 
0 5 10 

T ime ( h ) 
15 20 

Fig. 4. Relationship between thickness of graphite 
single-crystal films and the number of heating and 
cooling processes. 
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{ 1 1 2 2 } 

Fig. 5. Laue photograph of graphite single-crystal 
film for S-2-17. 

S-2-6 
SiOg 

wi th the surface of the melt, the grown films play the 
role of a seed for further growth. 

In the temperature-gradient method, the bo t tom of 
the melt at tained the m a x i m u m temperature and the 
surface of the melt a t ta ined the lowest temperature. 
Therefore, the films formed on the uppe r par t du r ing 
the first hea t ing process did no t dissolve and the 
crystal g rowth of these films was promoted further by 
very small graphi te crystals which were deposited. 
Further , since it was believed that repeated heat ing 
helped annea l ing while p romot ing a rearrangement 
of the structure, thick graphi te films wi th good qual ­
ity could be prepared by increasing the number of 
hea t ing cycles. 

Laue X-Ray Photograph. A Laue X-ray photo­
g raph of S-2-17 is shown in Fig. 5. J u d g i n g from the 
spots of hexagonal symmetry the grown single-crystal 
of graphi te film appeared to have good quali ty. 
Laue spots show a 6-fold axis of symmetry of {lOTl} 
and {1122} groups. Indexing of the spots was achieved 
us ing the G u n o m o n projection method. T h e un i t 
cell parameters (a0 and c0 values of a graphi te film for 
S-2-17) were 2.463+0.002 and 6.708+0.001 Â respec­
tively, and agreed well wi th the unit-cell parameters of 
a na tura l graphi te crystal.14) 

Effect of a Silicon Addtion. Silicon promotes gra-
phi t izat ion for steel engineer ing and increases the 
difference in the eutectic temperature between gra­
phi te and cementite.15) 

O n the other hand , it seems that silicon decomposes 
a cementite and playes the role of a growth nucleus. 
If a silicon nucleus exists, heterogeneous nucleat ion 
occurs. Accordingly, a silicon nucleus plays an 
impor t an t role in p r o m o t i n g the decomposi t ion of 
cementite. 

T h e amoun t s of silicon additives studied ranged 
from zero to 5 g to the flux amounts . T h e most 

S-2-7 

Si 5 g 

Fig. 6. Effects of silicon additions on metallic lus­
tres. For silicon content of 1 g and 3 g, see the 
photographs of S-2-5(c) and S-2-8(a), respectively in 
Fig 2. 

suitable silicon a m o u n t for a film to grow wi th a 
metall ic lustre close to that of a na tura l graphi te 
single crystal was about 1 g. T h e metallic-lustre 
effect due to the addi t ion of silicon while g rowing 
films is shown in Figs. 2 and 6. 
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Amphophilic Porphinatoirons Having Steroid Groups and Their 
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Amphiphilic heme derivatives having four steroid groups (steroid-heme), 5,10,15,20-^^ra^z5[a,û!,û!,û!-o-[2,2-
dimethyl-8-(3a-hydroxycholan-24-oyloxy)octanamido]phenyl]porphinatoiron ( lb) and 5,10,15,20-te trakis-
[a,a,û!,û!-o-(3-acetoxycholan-24-oylamino)phenyl]porphinatoiron (2b), were synthesized as a model of an oxy­
gen carrier. They were efficiently embedded in the bilayer of a phospholipid liposome based on their high 
compatibility with the lipid. The oxygen-binding ability of lb was compared with those of hemoglobin (Hb) 
and myoglobin (Mb). The dioxygen adduct of lb was also characterized by Mössbauer and infrared 
spectroscopy. 

We have reported that phospho l ip id derivatives of 
te t raphenylporphinatoi ron, such as 5,10,15,20-tetrakis-
[ a , a , a , a - o - [ 2 , 2 - d i m e t h y l - 2 0 - [ 2 - ( t r i m e t h y l a m m o n -
ioe thoxy)phosphina toxy]e icosanamido]phenyl ]porp-
h ina to i ron (II) (abbreviated as l ipid-heme), are effi­
ciently embedded in the bilayer of a phospho l ip id 
l iposome and t ransport oxygen reversibly under phy­
siological condit ions ( p H 7.0 aqueous medium, 
37 °C), just as H b does.1 _ 3 ) T h e good compatibi l i ty 
of the po rph ina to i ron wi th a phospho l ip id molecule 
enhances not only the t r app ing efficiency of the por­
ph ina to i ron in the l iposome, bu t also the oxygen-
b ind ing ability of the porph ina to i ron in an aqueous 
medium. 

M; 2H (la) M; 2H (2a) 
Fe (lb) Fe (2b) 

It is wel l -known that a sterol molecule, such as 
cholesterol, is a good packing reagent for a phospho­
l ipid bilayer assembly and stabilizes the phospho l ip id 

bilayer structure in biological membranes.4) Recently, 
Groves et al. synthesized a steroid derivative of porph i ­
na to i ron , 5,10,15,20-tetrakis[a,ß,a,ß-o-[(3-hydroxy-5-
cholan-24-oyl)amino]phenyl]porphinatoiron, as a 
model c o m p o u n d of oxygenase P-450 and reported 
that it has a h igh compatibi l i ty wi th a phospho l ip id 
bilayer after performing 31P N M R and ESR spectros­
copy.5) T h o u g h it has two steroid moieties appended 
from either side of the porphyr in plane, the two fences 
on both sides of the macrocycle, respectively, could 
not construct a sufficient hydrophobic pocket a round 
the metal sufficiently to form a stable oxygen adduct 
under physiological conditions. In the present study, 
we synthesized steroid derivatives of porph ina to i ron 
(steroid-heme), 5,10,15,20-tetrakis[a,a,a,a-o-[2,2-dimethy\-
8-(3a-hydroxycholan-24-oyloxy)octanamido]phenyl]-
po rph ina to i ron (lb) and 5,10,15,20-tetrakis[a,a,a,a-o-
( 3 a - a c e t o x y c h o l a n - 2 4 - o y l a m i n o ) p h e n y l ] p o r p h i n -
atoiron (2b), hav ing four steroid groups on one side of 
the po rphyr in plane. The i r h igh compatibi l i ty wi th 
a phospho l ip id or the stabilization effect of the substi­
tuted steroid groups on the formed l iposome was 
estimated by the t r app ing efficiency of l b and 2b in 
the phospho l ip id bilayer and their l iposome structure. 
T h e effect of steroid groups substituted on the por­
phyr in p lane was also analyzed th rough an oxygen-
b ind ing reaction of the l iposome embedded steroid-
heme ( lb) under physiological condit ions and 
th rough a characterization of the oxygen adduct by 
both Mössbauer and infrared spectroscopy, in compar­
ison wi th those of Hb. 

Experimental 

5,10,15,2,0-tetrakis[a,a,a,a-o-[2,,2,-dimethyl-S-(3a-
hydroxycholan-24-oyloxy)octanamido]phenyl]porphinatoiron 
(lb). 3a-(formyloxy)cholan-24-oyl chloride (4.0 g, 9.76 
mmol) was allowed to react with 5,10,\5,20-tetrakis[a,a,a,a-
o-(2,2-dimethyl-8-hydroxyoctanamido)phenyl]porphine6) 
(1.88 g, 1.39 mmol) in dry T H F (300 cm3) containing pyri­
dine (0.77 g, 9.76 mmol); the mixture was heated to reflux 
under nitrogen and continuous stirring for 10 hr. The 
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solution was then dried on a rotary evaporator and extracted 
with CH2CI2. The organic layer was washed, first with 
dilute HCl and then with aqueous ammonia. The result­
ing solution was evaporated and the residue chromato-
graphed on a dry silica-gel column using 10:1 (v/v) CHCI3-
diethyl ether as the eluent. The elution was reduced to a 
small volume on a rotary evaporator and the residue dried at 
room temperature for several hours in vacuo, to give a 
purple crystalline product, 5,\0,\5,20-tetrakis[a,a,a,a-o-[3a-
(formyl-oxycholan-24-oyloxy)octanamido]phenyl]porphine 
(3.57 g, 1.23 mmol). This porphyrin (3.57 g, 1.23 mmol) 
was deformylated by potassium hydrogencarbonate (0.74 g, 
7.4 mmol) in CH2Cl2-CH3OH-water (100 cm»). The mix­
ture was continuously stirred at 40—50 °C for 2 h, and then 
extracted with CH2CI2. The extract was concentrated and 
separated by a dry silica-gel column using 20:1 (v/v) CHCI3-
CH3OH as the eluent to give 5,10,15,20-tetrakis[a,a,a,a-o-
[2,2-dimethyl(3a-hydroxycholan-24-oyloxy)octanamido]-
phenyl]porphine (la) (2.13 g, 54.7%). Anal. Calcd for 
Ci8oH258N8Oi6: C, 78.1; H, 8.6; N, 5.0. Found: C, 77.9; H, 
8.6; N, 4.9. IR (KBr); 3350 cm"1 (i/OH), 1740 cm"1 (PCO 
(ester)), 1685 cm"1 (PCO (amide)). *H NMR (CDCI3) ô=~2.4 
(2H, s, inner H), -0 .2 (24H, s, 2,2-dimethyl H), 0.2—2.0 
(40H, m, alkyl. chain H), 0.2—2.3 (104H, m, steroid), 0.6 
(12H, s, C21 steroid), 0.9 (24H, m, Cw, C19 steroid), 2.2 (8H, s, 
C23 steroid), 3.5 (4H, s, C3 steroid), 4.0 (8H, t, alkyl chain 
H(CH2OCO-)), 7.1—7.9 (24H, m, meso-phenyl H), 8.7 (4H, 
s, amido H), 8.8 (8H, s, ß-H of porphyrin ring). VIS. 
(CHCI3) 641, 588, 545, 511, and 418 nm. Iron insertion of 
the porphyrin was carried out as follows: la (1 g, 0.36 mmol) 
and anhydrous iron (II) bromide (7.98 g, 27 mmol) were 
dissolved in dry T H F (200 ml); the mixture was then heated 
to reflux under nitrogen. The reaction was came to com­
pletion after 6 h. The mixture was then dried on a rotary 
evaporator and extracted with CH2CI2. The resulting solu­
tion was chromatographed on a dry silica-gel column using 
20:1 (v/v) CHCI3-CH3OH as the eluent. The elution was 
treated with concentrated HBr (0.2 ml) and dried at room 
temperature for several hours in vacuo, to give a dark-purple 
crystalline product (lb) (1.0 g, 94.4%). Anal. Calcd for 
CisoHsseNsOieFeBr: C, 73.9; H, 8.8; N, 3.8; Fe, 1.9; Br, 2.7%. 
Found: C, 74.0; H, 9.0; N, 3.9; Fe, 1.8; Br, 2.6%. IR (KBr) 
3350 cm-1 (i/OH), 1740 cm"1 (^o(ester)), 1685 cm"1 

(ï^co(amide)). VIS. (CHCI3), 678, 646, 575, 506, and 419 nm. 
An iron 57-labeled derivative of lb, used for Mössbauer 
spectroscopic measurements, was also synthesized according 
to the above method. 

5,10,15,20-te£ra£is[a, a, a, a-o-(3a-acetoxycholan-24-
oylamino)phenyl]porphinatoiron (2b). 3a-Acetoxycholan-
24-oyl chloride (4.05 g, 9.56 mmol) was allowed to react with 
5,10,15,20-te£ra&zs(a,a,a,a-o-aminophenyl)porphine (0.92 g, 
1.37 mmol) in dry THF (300 cm3) containing pyridine (1.08 
g, 13.7 mmol); the mixture was continuously stirred for 10 h. 
at 25 °C under nitrogen. The solution was then dried 
on a rotary evaporator and extracted with CH2CI2. The 
organic layer was washed, first with dilute HCl and then 
with aqueous ammonia. The resulting solution was evap­
orated and the residue chromatographed on a dry silica-gel 
column using 10:1 (v/v) CHCl3-diethyl ether as the eluent. 
The elution was reduced to a small volume on a rotary 
evaporator and residue dried at room temperature for several 
hours in vacuo, to give a purple crystalline product, 
5,10,15,20-^ra&zs[a,a,a,û!-o-(3a!-acetoxycholan-24-oyl-

amino)phenyl]porphine (2a) (2.90 g, 92.9 %). Anal. Calcd 
for C148H194N8O12: C, 78.1; H, 8.6; N, 4.9. Found C, 78.4; H, 
8.9; N, 4.8. IR (KBr) 1725 cm"1 (^o(ester)), 1685 cm"1 

(i>co(amide)); ^ N M R (CDCU) <5=~2.4 (2H, s, inner H), 
0.2—2.3 (104H, m, steroid), 0.6 (12H, s, C21 steroid), 0.9 
(24H, m, Ci8, C19 steroid), 2.0 (12H, s, C3-OCO-ÇH3), 4.0 
(4H, s, C3 steroid), 7.1—7.9 (24H, m, meso-phenyl H), 8.7 
(4H, s, amido H), 8.8 (8H, s, ß-H of porphyrin ring). VIS. 
(CHCI3) 641, 588, 545, 511, and 418 nm. Iron insertion was 
carried out as described above. (2b); Anal. Calcd for 
Ci48Hi92N8Oi2FeBr: C, 73.4; H, 8.0; N, 4.7; Fe, 2.3; Br, 3.3%. 
Found C, 73.0; H, 7.9; N, 4.6; Fe, 2.1; Br, 3.4%. IR (KBr) 1725 
cm"1 (i/co(ester)), 1685 cm"1 (^co(amide)) VIS. (CHCI3) 680, 
651,582, 511, and 419 nm. 

Other Materials. Potassium hydrogencarbonate was 
commercially available as a special grade and used without 
further purification. Tetrahydrofuran (THF) and benzene 
were purified immediately before use by distillation from 
sodium and benzophenone under nitrogen. Dichlorome-
thane (CH2CI2) and pyridine were purified before use by 
distillation from calcium hydride under nitrogen. 1-
Dodecylimidazole (dim) and l-dodecyl-2-methylimidazole 
(dmi) were synthesized as reported in previous papers.7) 
Ditetradecylphosphatidylcholine (DMPC) and egg york leci­
thin (EYL) were purchased from Sigma (special grade). 

Preparation of the Liposomal Steroid-heme. The 
liposome-embedded iron(II) porphyrin (deoxy type) was 
prepared as described in a previous paper.3) A suspension 
including the steroid-heme, the imidazole derivative and the 
phospholipid (molar ratio 1: 3—40:50—200) was ultrasoni-
cated and homogenized in a 0.1 mol dm - 3 phosphate buffer 
solution (pH 7.0) to give red and transparent solutions of the 
liposome-embedded steroid-heme. 

Spectroscopic Measurements. The spectra were recorded 
on a Shimazu UV-2100 high-sensitive spectrophotometer 
equipped with a thermostated cell holder and a bath. 
Infrared (IR) spectra were taken with JASCO IR-810 spec­
trometer. 1H NMR and 13C NMR spectra were recorded on 
JEOL GSX-400 instrument. Chemical shifts are expressed 
in parts per million downfield from Me4Si as an internal 
standard. 

Oxygen-Binding to the Liposomal Steroid-heme. The 
oxygen-binding affinity (P50: oxygen pressure at half 
oxygen-binding for the metalloporphyrin.) was determined 
by the spectral changes at various partial pressures of oxy­
gen. The enthalpy and entropy change of oxygenation 
(AH, AS) were obtained from van't Hoff plots of P50 vs. \/T 
( 7 = 2 0 - 3 7 °C). 

Kinetic Measurement. The kinetics of the oxygen-binding 
was monitored by flash-photolysis spectroscopy, using a 
Unisoku USP-500. The oxygen-binding rate constants 

were determined by pseudo-first-order kinetics at 
various partial pressures of oxygen. 

Infrared Spectroscopy. The infrared differential spectra 
were measured under 16U2 vs. 1802 and 12C160 vs. nitrogen 
atmospheres. The heme concentration was 10 mmol dm - 3 , 
and the cells used were precisely matched in terms of path 
length (0.1 mm) and NaCl window thickness. The spec­
trum was recorded with double-beam type IR spectrometer 
in the absorbance mode. 

Mössbauer Spectroscopy. The Mössbauer spectra were 
measured under argon, CO, or O2, respectively, at 77 K. 
The Mössbauer spectrometer was a constant-acceleration 
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type. The source was used at 25 °C and consisted of ca. 10 
mCi (3.7X108 Bq) *7Co diffused palladium foil. The 
absorbers were maintained at 77 K. The Doppler velocity 
was calibrated with natural iron foil kept at 25 °C; the zero 
velocity was taken as the centroid of its Mössbauer spectrum 
at 25 °C. The spectra were fitted to Lorentzian line shapes 
by using a least-squares fitting program. 

Other Measurements. The gel permeation chromato­
graphy (GPC) elution curve was measured with a Sepharose 
4B column (Pharmacia Fine Chemical, 2.5X50 cm. A 
small amount of the phospholipid, which contains an 
unsaturated fatty acid residue, l,2-bis(2,4-octadecadienoyl)-
src-glycero-3-phospocholine, was added for the probe. 
Transmission electron microscopy (TEM) (Hitachi H-500) 
of the liposomal steroid-heme was carried out by a negative 
staining method using uranyl acetate. The particle size of 
the liposomal steroid-heme was also measured by a sub-
micron particle analyzer (Coulter Electronics N4 SD). 

Results and Discussion 

The incorporation of lb or 2b in the lipid bilayer of 
liposome was confirmed by gel permeation chromato­
graphy monitored by absorption at 418 and 255 nm, 
based on the heme derivative and the phospholipid, 
respectively. The curves coincided with each other, 
meaning that lb or 2b are included in the liposome. 
The trapping efficiency of lb or 2b in the liposome 
was also measured by the GPC. The efficiency was 
more than 80%, which was superior to those of 
5,10,15,20-tetraphenylporphinatoiron. This indicates 
that the steroid substituent groups improve the com­
patibility of the porphyrin with the phospholipid 
bilayer. 

From TEM the liposomal steroid-heme looked like 
a unilamellar or single-walled liposome with diame­
ters of ca. 30—40 nm. It shows that steroid-heme was 
incorporated in the phospholipid assembly without 
disordering their bilayer structure, owing to its high 
compatibility to the liposome. The average particle 
size of the liposomal steroid-heme was also measured 
by the particle analyzer; the diameter of the particle 

sizes was distributed in the range 25—35 nm. 
The metal-free porphyrin derivatives, la and 2a, are 

fluorescent active and are used as a fluorescent probe 
to estimate the position of the porphyrin in the bilayer 
membrane. The fluorescence spectrum of the lipo­
some embedded la with maxima at 585 and 650 nm 
agreed with those in aprotic and organic solvents. 
Furthermore, its fluorescence intensity was interme­
diate between those in benzene and dichloromethane. 
These results indicate that the porphyrin is molecu-
larly dispersed in the bilayer and surrounded by an 
environment similar to that in aprotic and organic 
solvents. 

The visible spectrum of the deoxy-liposome 
embedded steroid-heme lb/dmi complex (Amax 439, 
533, and 561 nm) changed to that assigned to the 
oxygen adduct (Àmax 424 and 546 nm) upon exposure to 
oxygen. The spectrum of the oxygen adduct changed 
to that of the CO adduct (Amax 426 and 544 nm) when 
CO was bubbled through the solution; it returned to 
that of deoxy-heme upon bubbling nitrogen. The 
deoxy-oxy cycle could be repeated more than one 
hundred times under physiological conditions. On 
the other hand, the spectrum of the deoxy-liposome 
embedded 2b (Xmax 437, 533, and 561 nm) changed 
upon exposure to oxygen to that assigned to the 
irreversibly oxidized Fe(III) form of the porphinatoi-
ron. This result suggests that the two methyl groups 
on the octanamido side chain of tetraphenylporphina-
toiron play a crucial role to form an oxygen adduct 
and that steric substituents on the porphyrin plane 
efficiently suppress the irreversible oxidation of the 
oxygen adduct. 

The oxygen-binding affinity was determined by an 
oxygen-binding equilibrium curve measurement in 
the aqueous medium (Table 1). The P50 value of the 
embedded liposome (lb) is 55 mmHg at 37 °C, close to 
that of Hb in blood8) and our previously reported 
lipid-heme.1'3'7) This indicates that the liposome-
embedded steroid-heme (lb) acts as an effective oxygen 

Table 1. Rate Constants, Affinity, and Thermodynamic Parameters for the Oxygen-Binding 
of the Liposomal Steroid-heme in pH 7.0 Aqueous Solution at 37 °C 

Heme 

Liposomal steroid-heme(lb) 
EYLC) 

EMPCC) 

Liposomal lipid-hemed,e) 

Liposomal picket fence-hemed,f) 

Red blood cell8) suspension 
Stripped Hbh) 

Mb*} 

10-4&on 

dm3 mol - 1 s - 1 

3700 
3600 
9800 
0.79 

1.1—4.2 
3300 

1000—2000 

koîî 

S"1 

2900 
2900 
8200 
0.32 
0.16 

12—13 
10—30 

p50 

mmHga) 

55 
58 
53 
51 
27 

0.22—0.36 
0.37—1.0 

AH 

kcal mol 

- 1 2 
- 1 2 
- 1 5 
- 1 6 
- 1 4 

- 1 4 — 
- 1 4 — 

- i b ) 

15 
21 

AS 

cal K -1 mol - 1 

- 3 5 
- 3 6 
- 4 0 
- 4 6 
- 4 2 

ca. - 4 0 
ca. - 4 0 

a) mmHg=133.322 Pa. b) cal=4.184 J. c) Liposome composed of EYL or DMPC. Ligand is 
dmi. d) Liposome composed of DMPC. Ligand is dim. e) From Ref. 11. f) From Ref. 3. 
g) From Ref. 8 and K. Imai, H. Morimoto, M. Kotani, H. Watari, and M. Kuroda, Biochim. 
Biophys. Acta, 200, 189 (1970). h) From Ref. 10, 12, and M. R. Wang, B. M. Hoffman, S. J. 
Shire, and F. R. N. Gurd, / . Am. Chem. Soc, 101, 7394(1979), at 20 °C. 
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carrier under physiological conditions. 
A kinetic profile of the oxygen-binding reaction was 

studied using flash photolysis. The oxygen-binding 
association and dissociation rate constants (kon, k0u) 
are summarized in Table 1. The kon value for the 
liposome-embedded 5,10,15,20-tetrakis(a,a,a,a-o-piv3.\-
amidophenyl)porphinatoiron (abbreviated as picket 
fence-heme) was similar to that of the red blood cell 
suspension.9) The oxygen-binding rate constants for 
the homogenous system, such as Mb and Hb, were ca. 
1000-times larger than those of the liposome-
embedded picket fence-heme and the red blood cell 
suspension.10) The oxygen-binding reaction is 
assumed to be largely retarded by a diffusion process 
of oxygen in and through the phospholipid mem­
brane. The kon values for the liposome-embedded 
steroid-heme and liposome-embedded lipid-heme 
were comparable with those of Hb and Mb.11) These 
results suggest that the steric alkyl or steroidal groups 
above the porphyrin plane form an oxygen-binding 
pathway from the outside water phase to the oxygen-
binding site of the heme and accelerate diffusion of 
oxygen in the bilayer membrane. 

The thermodynamic parameters for the oxygen 
binding are also shown in Table 1. The enthalpy 
change (AH) and entropy change (AS) for the oxygen 
binding of the embedded liposome (lb) were estimated 
to be —12 kcal mol - 1 and —35 calK-1mol"1, respec­

tively. These values are comparable to those of 
Hb10'12) and the liposome-embedded lipid-heme.1) 
These results indicate that the oxygen binding of the 
embedded liposome embeded (lb) proceeds in the 
same way as the binding of Hb and the liposome-
embedded lipid-heme. 

Mössbauer spectra were measured for the deoxy 
complex and the CO and oxygen adducts of lb at 77 K. 
The Mössbauer parameters for lb and other porphina-
toiron are summarized in Table 2. For the deoxy-
dim ligated porphinatoiron complex of lb, both the 
isomer shifts(ô) and the quadrupole splitting(A£Q) 
were nearly equal to those of the deoxy complex of the 
picket fence-heme, which indicates that the iron ion is 
in the iron(II) low-spin state.13) For the CO adduct of 
lb, both ô and AEQ were smaller than those of the 
deoxy complexes of lb, in the iron(II) low-spin state, 
owing to a 7T-back donation effect at the coordinated 
CO. For the oxygen adduct of lb, the Mössbauer 
parameters were consistent with those of oxy-Hb and 
oxy-Mb. The visible absorption spectra of the lb 
complex under the same experimental conditions sup­
ported the oxygen adduct formation. The small ô 
value and the larger AEQ value for the oxygen adduct 
mean that the iron ion is in an iron(III) low-spin state. 
This suggests a charge-separated structure Fe(III)-02~ 
which has been reported for oxy-Hb,1415) oxy-Mb and 
the oxygen adduct of the picket fence-heme. 

Table 2. Mössbauer Parameters of the Steroid-heme Complexes 

Heme 

Steroid-heme( lb) 
Picket fence-hemea) 

Lipid-hemec) 

Chelated-hemed) 

Hbe) 

Mbe) 

Ligand 

dim 
mim 
dim 

im 
— 
— 

Solvent 

Toluene 
Toluene 
Methanol 

— 
— 
— 

ô 

mms" 

0.44 
0.44 
0.49 
0.95 
0.92b) 

0.90 

Deoxy 

AEQ 

_1 m m s - 1 

0.99 
0.99 
0.85 
2.06 
2.42b) 

2.21 

ô 

mms" 

0.25 
0.27b) 

0.22 
0.22 
0.26b) 

0.27b) 

CO 

_ AEQ 

1 mm s - 1 

0.33 
0.27b) 

0.44 
0.38 
0.36b) 

0.36b) 

ô 

mms" 

0.25 
0.27 
0.28 
— 

0.26 
0.22 

Oxy 

AEQ 

1 m m s - 1 

1.98 
2.04 
2.15 
— 

2.19 
2.27 

a) From Ref. 13. b) At 4.2 K. c) From Ref. 19. d) From E. Tsuchida, H. Nishide, 
Yokoyama, H. Inoue, and T. Shirai, Polym. J., 16, 325 (1984). e) From Refs. 15 and 19. 

H. 

Table 3. Infrared Spectra Data of the Steroid-heme 

Oxy CO 

Heme ï>160-160(l>l/2) 

cm - 1 

1162(13) 
1159(—) 
1107(9+1) 
1103(8+1) 
1556 

Ï>18Ç)-180 

cm - 1 

1078 
1075 
1065 
1065 
— 

^co(^i/2) 

cm - 1 

1970 
1968 
1951(8) 
1944(12) 
2143 

Intensity ratio 
A(02)/A(CO) 

0.14 
— 

0.19 
0.10 
— 

Steroid-heme( lb)a) 

Picket fence-hemeb) 

Hbc) 

Mbd) 

O2 or CO gase) 

a) Ligand is dim. Benzene solution, b) Ligand is mim. Nujol mulls. From Ref. 15. 
c) From C H. Barlow, J. C. Maxwell, W. J. Wallace, and W. S. Caughey, Biochem. Biophys. 
Res. Commun., 55, 91 (1973). d) J. G. Maxwell, J. A. Volpe, C H. Barlow, and W. S. 
Caughey, Biochem. Biophys. Res. Commun., 58, 166 (1974). e) 1602=1145 cm-1. From Ref. 
17. 
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Data concerning the infrared absorpt ion spectra are 
summarized in Tab le 3. T h e C - O stretching fre­
quency (*>co of lb-CO) was 1970 cm - 1 , similar to that 
of the picket fence-heme-CO complex of 1-methyl-
imidazole (mim) in Nujol mulls (*>co—1969 cm -1).13) 
Similarly, the difference spectrum of the CO vs. the 
16Û2 adducts of l b showed an intense band at 1970 cm - 1 . 
T h e difference spectrum of the 16C>2 adduct vs. the 
CO adduct of l b showed an intense band at 1162 c m - 1 

with a b a n d - w i d t h of 13 c m - 1 at 1/2 height, a value 
which agreed wi th those of the picket fence-heme 
complex in Nujol mulls.1 6 ) T h e intensity relative to 
the C O band of l b was similar to those of Mb and Hb . 
For the difference spectra of the 1602 vs. the 1802 
adducts of l b , the 1602 adduct showed an intense band 
at 1162 c m - 1 while the 1802 adduct showed p rominen t 
bands at 1122 and 1078 c m - 1 based on the frequency of 
160-180 and 1 8 0 - 1 8 0 , respectively. T h e O - O stretch­
ing frequency of l b differs from that of the gaseous 
molecular oxygen (*>o-o—1556 cm - 1) , 1 7 ' bu t is similar 
to that of superoxide (O2", 1145 cm -1).17) It is con­
cluded that the coordinat ion structure of the oxygen 
adduct of l b at room temperature is a bent end-on type 
similar to oxy-Mb, oxy-Hb, and the oxygen adduct of 
the picket fence-heme.18) 

O u r results show that the l iposome embedded ste­
roid heme (lb) acts as an effective H b and Mb model 
under physiological condit ions. 

T h i s work was partially supported by Grant- in-
Aids in science research on a priority area, "Macromo-
lecular Complexes ," from the Ministry of Educat ion, 
Science and Culture. 
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The famous empirical n* (or 7C*(N)) solvent polarity scale has been improved for nonassociating solvents by 
introducing newly presented solvent polarity parameters of n\ and n%. Here, the n\ parameter is a modified 
form of the 7r*(N) scale. The shortcoming that the 7r* scale does not correlate to solvent spectral shifts of 
nonpolar and less polarized solutes has been overcome by introducing the new supplementary n% solvent scale. 
The present parameters of n\ and n%, the physical meanings of which are clarified on the basis of their 
theoretical background, are more successfully applied to the solvent frequencies of both nonpolar and less 
polarized solutes and to the logarithmic rate constants for organic reactions than is the 7r*(N) scale. 

Since 1948 many solvent polari ty scales have been 
proposed. l ) According to Bekârex,6* more than 50 
procedures and solvent scales have been suggested 
hi ther to in the fields of empirical and semiempirical 
methods concern ing the present problem. T h e most 
famous empirical scales are the G r u n w a l d and 
Winstein 's Y values,7) Kosower's Z values,8'9* 
Dimroth 's ET values,10'11* and the 7T* scale.12"19* Among 
them, the greatest recent at tent ion seems to be focused 
on the 7T* scale, since the 7T* values have already been 
given for the most solvents and are frequently used. 

T h e 7T* scale proposed by Kamlet, Abboud, and 
Taft12* has been theoretically examined in terms of 
reaction field theory.14'20'21* T h e 7T* scale is based on 
the average observed solvatochromic shifts of the TCTC* 
electronic transi t ions in highly polarized aromatic 
molecules such as Af,Af-diethyl-4-nitroaniline, 1-ethyl-
4-nitrobenzene and 4-nitroanil ine. These molecules 
have large ground-state dipole moments , and thus 
have m u c h greater d ipole moments in their excited 
states; nitrobenzene22* and 4-nitroaniline23 '24* have 
exper imental ly confirmed this facts. Accordingly, 
the 7T* scale is characterized by being fundamental ly 
defined by the differences between the solvation ener­
gies of the g round and excited states of h ighly polar 
solute molecules in solvents. These solvation ener­
gies may mainly be due to solute dipole-solvent 
dipole interactions in the case of polar solvents and to 
solute dipole-solvent induced dipole interactions in 
the case of nonpo la r solvents. T h i s is because solute 
molecules have large electric dipole moments in both 
the g r o u n d and excited states. Therefore, the 7r* 
values do no t correlate wi th the solvent spectral shifts 
of solutes hav ing no or small dipole moments . As 
shown below, there are, actually, no linear relations 
between the 7r* values and the observed electronic 
transit ions of nonpo la r and less polarized molecules 
such as naph tha lene , ß-carotene, and chlorobenzene. 

O n the basis of the theoretical background for sol­
vent spectral frequency shifts of organic molecules, 
therefore, the 7T* scale is modified for nonassociat ing 
solvents by p ropos ing a new supplementary scale in 
order to overcome the shor tcoming that the 7T* scale 

cannot be appl ied to nonpo la r and less polarized 
molecules. It is demonstrated that the present modi­
fied parameters are better correlated with the observed 
solvent spectral frequency shifts of organic molecules 
and wi th the observed rate constants for organic reac­
tions in various solvents than is the 7T* scale. 

Theoretical Background 

According to previous papers25'26* concerning the 
theoretical treatment of solvent effects on the fre­
quency shifts of the electronic absorpt ion spectra, the 
wave number (oio) of a t ransi t ion from the g round 
state to the zth-excited state of a neutral solute mole­
cule (A) in a solvent (S) is given by 

2(^o)2{(PoAo)2-(PoAo'^)} , Mo)2Ko-<4) 
Oio(S) — a?o~\-

3hc(4ne0)
2kT + -

/IC(4TI£O) 

{ <*y(ftoAo)2-(ft£)2} { 

hc(ineo) 

3/(Wo 

2/IC(4TI£O) 

X 
< 

i+/<5//A i+/(5//A 

N 

2 
l 

=i R 
(1) 

As 

Here, c is the speed of l ight in vacuum, h Planck 's 
constant, k Boltzmann's constant, £o the permittivity of 
a vacuum, and T the thermodynamic temperature. 
T h e superscripts/subscripts (A and s) denote the 
solute and the sth solvent molecule, respectively. 
T h e corresponding transi t ion energy (in cm - 1 ) of the 
solute molecule in the vapor state is denoted by o%. 
T h e symbols poo, aoo and Jo denote the electric dipole 
moment , the electric isotropic polarizability and the 
ionizat ion potent ial , respectively, for the g round state. 
T h e zth-excited state values, corresponding to poo and 
aoo, are pü and an, respectively. Moreover, N is the 
number of solvent molecules and RAS the distance 
from A to s. In Eq. 1 the average transit ion energies 
for all t ransi t ions from both the g round state and the 
zth-excited state to all other states are replaced by Io, as 
was done in Ref. 26. 

In order to separate the solute and solvent terms in 
each term of Eq. 1, the following two approx imat ions 
are made: 
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N 1 

As 

4TIL ds 1 
X X — 

3 M* rl 

and 

1+-
n 

*2. 

(2) 

(3) 

Equa t ion 2 was given by Amos and Burrows.27) Here, 
L is the Avogadro constant , Ms and ds are the relative 
molecular mass and density, respectively, of the non-
associat ing solvent, and TA is the radius of a spherical 
solute molecule. Moreover, the following approxi­
mat ion is made in order to reduce the terms of Eq. 1 : 

*4-M=(*4)2. (4) 

As pointed out in Ref. 25, the approx imat ion of Eq. 4 
leads to a neglect of the Franck-Condon principle. 

From the above approx imat ions of Eqs. 2—4, one 
can write Eq. 1 as 

(Poo)2-(PÀ)2 "bra* 
Ol0(S) = o°0 + F1(S)XKF00/ , + F2(S)X-

r 3 
rA 

where 

4TIL d 
Fi(S) = X X 

She Ms 

F W 

3(4TI£O)2 
- + • 

Û&) 

(47l£o) 

and 

F2(S) = 
4TIL 

X-
Ms -x (Psoo)2 + 

3/oûéo 

(5) 

(6) 

(V) 
3/IC(4TI£O) 

From Eqs. 6 and 7, Fi(S) and /^(S) are obviously 
related only to a nonassiciat ing solvent, S. An 
a t tempt is made to estimate the empirical relative 
values for Fi(S) and F2(S) in the following section. 

New Solvent Polarity Parameters 

The 7rf Scale. Instead of the usual 7r* scale, the 
7T*(N) scale,28) wh ich is a 7T* scale determined from the 
result of Nicolet and Laurence29 '30* only on N,N-
dimethyl-4-ni t roani l ine, is used in this paper, for con­
sistency, since their result is also used for the modified 
7T* scale of n% Here, consider the case that in Eq. 5 
the cont r ibut ion of {{p^)2~{pu )2} to aio(S) is extremely 
larger than that of («ob - a u) is. In this case the term 
con ta in ing (a§0—af-) in Eq. 5 may be assumed to be 
constant for various solvents. From the above 
assumpt ion , by taking cyclohexane as the standard 
solvent, one can write the following equat ions for the 
solvents of the Sth solvent and dimethyl sulfoxide 
(DMSO) according to Eq. 5: 

cJio(S) — azo( cyclohexane) 

« {Fi(S)-Fi(cyclohexane)} X 
(ftoAo)2-(ft£)2 

rl 
(8) 

a;o(DMSO) — Oio( cyclohexane) 

(POO)2-(PÜ)2 

« {Fi(DMSO)-Fi(cyclohexane)} X . (9) 

rl 

From Eqs. 8 and 9, we can define 7T?(N) as 

7T*(N) = -
CTIO(S) — a*o(cyclohexane) 

ajo(DMSO) — CTao(cyclohexane) 

Fi(S) — Fi(cyclohexane) 
(10) 

Fi(DMSO) - Fi(cyclohexane) 

T h e 7T*(N) value defined by Eq. 10 is the empir ical 
7r?(N) scale of Taft et al.28) for the Sth solvent. 
According to Eq. 10, the 7T*(N) values for the solvents 
of cyclohexane and DMSO are obviously 0 and 1, 
respectively. 

From Eq. 10, one obtains 

Fi(S) = Fi(cyclohexane) + TT?(N) X {Fi(DMSO)-Fi(cyclohexane)}. 

(11) 
O n the other hand, when the term con ta in ing 

(oLQQ—a^) can be neglected compared with the term 
con ta in ing {(poo)2~~(Pu)2} in Eq- 5, we can write the 
fol lowing equat ions for the Sth solvent and the cyclo­
hexane solvent according to Eq. 5: 

(PoAo)2-(p£)2 

a*o(S)«a*) + Fi(S)X-
rl 

(12) 

and 

(Jzo(cyclohexane) « o°o + Fi(cyclohexane) X 
(M))2-(PA)2 

rl 
(13) 

From Eqs. 12 and 13, we define the n\ parameter for 
for the Sth solvent as 

n\--
Oio(S)—QiO Fi(S) 

(14) 
a;o(cyclohexane)—aä Fi(cyclohexane) 

Obviously, Eq. 14 gives the 7t\ value of 1 for the 
cyclohexane solvent. 

From Eq. 14, we obtain 

Fi(S) = n\ X Fi(cyclohexane) (15) 

As ment ioned above, for consistency, the n\ values 
are determined by Eq. 14 from the result of Nicolet et 

a l 29,30) o n i y o n A/^A/^dimethyl-4-nitroaniline, as listed 
in Tab le 1, since the highly polarized Af,Af-dimethyl-4-
n i t roani l ine molecule may be suited for the determi­
na t ion of the n\ scale. T h e o% value29) of 31340 c m - 1 

for Af,Af-dimethyl-4-nitroaniline was used. 

When the term conta in ing («ob-afi) c a n D e n e § ~ 
lected in Eq. 5, we can also write Eq. 10. By equa t ing 
Eq. 11 to Eq. 15, we obtain the following relat ion 
between n% and n\(N) for the Sth solvent: 

7ct = l+7ct(N)X{-
Fi(DMSO) 

Fi(cyclohexane) 
• i } . (16) 

and Actually, the correlation between the n\ and 7T*(N) 
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Table 1. Values of 7TÎ,TTÎ(N), PP, and AN 

No. 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

Solvent 

Perfluoro(methylcyclo-
hexane) 

Perfluorohexane 
Perfluorodecalin 
Perf luoro( 1 -methyl decalin) 
2-Methylbutane 
Pentane 
Tetramethylsilane 
Hexane 
Heptane 
Dodecane 
Cyclohexane 
ds-Decalin 
Tetrachloromethane 
Tetrachloroethylene 
Hexafluorobenzene 
Trichloroethylene 
Carbon disulfide 
1,4-Difluorobenzene 
Fluorobenzene 
1,3-Dichlorobenzene 
Chlorobenzene 
1,2-Dichloroethane 
Bromobenzene 
1,2-Dichlorobenzene 
Iodobenzene 
Diiodomethane 
Chloroform 
Dichloromethane 
Tribromomethane 
Benzene 
Toluene 
p-Xylene 
Mesitylene 
Prehnitene 
1-Chlorobutane 
1-Bromobutane 
Iodobutane 
Dimethyl disulfide 
Diethyl disulfide 
Methyl phenyl sulfide 
Dimethyl sulfide 
Trimethylene sulfide 
Pentamethylene sulfide 
Diethyl sulfide 
Dibutyl sulfide 
Tetrahydrothiophene 
Diisopropyl sulfide 
Anisole 
Bis(2-chloroethyl) ether 
Dioxolane 

7TÎ 

0.661 -

0.627 -
0.712 -
0.728 -
0.870 -
0.886 -
0.911 -
0.915 -
0.927 -
1.000 
1 
1.101 
1.272 
1.275 
1.354 
1.579 
1.611 
1.630 
1.718 
1.737 
1.769 
1.854 
1.804 
1.842 
1.864 
2.127 
1.813 
1.854 
1.937 
1.658 
1.544 
1.456 
1.421 
1.468 
1.494 
1.576 
1.639 
1.810 
1.718 
1.870 
1.668 
1.794 
1.706 
1.525 
1.408 
1.756 
1.421 
1.807 
1.889 
1.782 

7lf(N) 

-0.30 

-0.34 
-0.26 
-0.24 
-0.12 
-0.10 
-0.08 
-0.08 
-0.06 

0.00 
0 
0.09 
0.24 
0.25 
0.32 
0.52 
0.55 
0.57 
0.64 
0.66 
0.69 
0.77 
0.72 
0.76 
0.78 
1.01 
0.73 
0.77 
0.84 
0.59 
0.49 
0.41 
0.38 
0.42 
0.44 
0.52 
0.57 
0.73 
0.64 
0.78 
0.60 
0.71 
0.63 
0.47 
0.37 
0.68 
0.38 
0.72 
0.80 
0.70 

PP AN 

0.000 0.0 
0.002 

0.051 

0.267 8.6 

0.385 

0.534 

0.577 
0.675 16.7 
0.586 

0.625 23.1 
0.658 20.4 

0.459 8.2 
0.423 
0.377 
0.342 

0.587 

No. 

51 
52 
53 
54 
55 
56 

57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 

77 
78 
79 

80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 

92 
93 
94 
95 
96 

Solvent 

1,4-Dioxane 
Dibenzyl ether 
Diethyl ether 
Dibutyl ether 
Te trahy drof uran 
2,2,5,5-Tetramethyltetra-

hydrofuran 
Chloroacetonitrile 
Benzonitrile 
Acetonitrile 
Dimethylcyanamide 
Diethyl carbonate 
Methyl acetate 
Ethyl acetate 
2-Butanone 
Acetophenone 
Acetone 
Cyclohexanone 
N,N-Dimethylformamide 
Tetramethylurea 
NjN-Dimethylacetamide 
N-Methylpyrrolidinone 
Dimethyl sulfate 
Diethyl sulfite 
Dimethyl sulfoxide 
Te trahy drof uran S-oxide 
Diethyl phosphorochlori-

date 
Trimethyl phosphate 
Triethyl phosphate 
Hexamethylphosphoric 

triamide 
Pentafluoropyridine 
2,6-Difluoropyridine 
2-Fluoropyridine 
2-Bromopyridine 
Pyrimidine 
3 -Bromopyr idine 
Pyridine 
Quinoline 
4- M e thy lpyr idine 
3,4-Dimethylpyridine 
2,4,6-Trime thy lpy ridine 
N ^ N ' ^ ' - T e t r a m e t h y l -

guanidine 
N,N-Dimethylbenzylamine 
A/^N-Dimethylpiperazine 
Triethylamine 
Tributylamine 
A/^iV-Dimethylcyclohexyl-

amine 

7TÎ 

1.630 
1.845 
1.339 
1.263 
1.699 
1.358 

2.117 
1.934 
1.867 
1.915 
1.516 
1.668 
1.623 
1.778 
1.930 
1.794 
1.829 
1.972 
1.889 
1.949 
2.000 
1.889 
1.788 
2.114 
2.117 
1.823 

1.902 
1.835 
1.946 

1.585 
1.873 
1.918 
2.035 
1.978 
1.908 
1.934 
2.057 
1.892 
1.883 
1.747 
1.835 

1.481 
1.373 
1.196 
1.133 
1.310 

7lf(N) 

0.56 
0.76 
0.30 
0.24 
0.63 
0.32 

1.00 
0.84 
0.78 
0.82 
0.46 
0.60 
0.56 
0.70 
0.84 
0.71 
0.74 
0.87 
0.80 
0.85 
0.90 
0.80 
0.71 
1 
1.00 
0.74 

0.81 
0.75 
0.85 

0.53 
0.78 
0.82 
0.93 
0.88 
0.82 
0.84 
0.95 
0.80 
0.79 
0.67 
0.75 

0.43 
0.34 
0.18 
0.12 
0.28 

PP 

0.500 

0.264 
0.213 
0.508 

0.734 
0.720 

0.477 
0.484 
0.609 

0.635 
0.611 
0.760 

0.757 

0.862 

0.765 

0.707 

0.111 

AN 

10.8 

3.9 

8.0 

15.5 
18.9 

12.5 

16.0 

13.6 

19.3 

10.6 

14.2 

values for the 96 solvents listed in Tab le 1 is given by 

7T? = 1.000+ 1.114 Xrc^N) ( r = 1.000). (17) 

In this paper the correlation coefficient is denoted by 
r. T h e exact realization of Eq. 16 means that the n\ 
parameter reflects the same interactions between the 
solute and solvent as does the 7T^(N) parameter, i.e., 
the 7T* scale is a modified scale of the 7r*(N) scale. 

relation 
scale is 

From Eqs. 16 and 17, we obtain the 
Fi(DMSO)/Fi(cyclohexane)=2.114. T h e TV 

superior to the 7T^(N) one, as described below. 
The n% Scale. In the case of a nonpo la r solute 

molecule, we obtain according to Eq. 5 

a*,(S) = aä + F2(S)X-
«ob - 0 

ri 
(18) 

In this case, by taking the cyclohexane solvent as the 
standard, the n% parameter can be defined for the Sth 
solvent as 
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No. Solvent 

Table 2. Values of Oio and TT] 

°i0 
TT2 INO. 

cm - 1 

i 

Solvent 
OiQ 

cm - 1 A 

(a) From spectral dataa) of naphthalene 
1 Pentane 32198 
2 Hexane 32168 
3 Heptane 32169 
4 Cyclohexane 32160 
5 2-Methylbutane 32198 
6 2,2-Dimethylbutane 32195 
7 2,3-Dimethylbutane 32181 
8 2-Methylpentane 32187 
9 3-Methylpentane 32181 

10 2,2,4-Trimethylpentane 32179 
11 2,2,5-Trimethylhexane 32161 
12 Methylcyclopentane 32171 
13 Cyclopentane 32160 
14 Methylcyclohexane 32154 
15 Undecane 32139 
16 Tridecane 32127 
17 2-Chloropropane 32166 
18 2-Chlorobutane 32156 
19 1-Chloropropane 32164 
20 1-Chlorobutane 32140 
21 2-Chloropentane 32153 
22 1-Chloropentane 32133 
23 1-Chloroheptane 32136 
24 1,1,1-Trichloroethane 32118 
25 1,2-Dichloropropane 32127 
26 1,3-Dichloropropane 32127 
27 Dichloromethane 32114 
28 1-Chlorodecane 32127 
29 1,2-Dichloroethane 32123 
30 czs-Dichloroethylene 32108 
31 Zrans-Dichloroethylene 32115 
32 Chloroform 32090 
33 1,2,3-Trichloropropane 32102 
34 Trichloroethylene 32073 
35 1,1,2,2-Tetrachloroethane 32080 
36 Tetrachloroethylene 32044 
37 1,5-Cyclooctadiene 32092b) 

0.872 
0.973 
0.970 
1 
0.872 
0.882 
0.929 
0.909 
0.929 
0.936 
0.997 
0.963 
1.000 
1.020 
1.071 
1.111 
0.980 
1.014 
0.986 
1.068 
1.024 
1.091 
1.081 
1.142 
1.111 
1.111 
1.155 
1.111 
1.125 
1.176 
1.152 
1.236 
1.196 
1.294 
1.270 
1.392 
1.230 

38 1,2-Dibromoethane 
39 1-Bromobutane 
40 1,4-Dioxane 
41 Diethyl ether 
42 Acetonitrile 

(b) From spectral datad) of ß-carotene 

3203 lb) 

32120b) 

32144b) 

32220c) 

32190c) 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

Ethyl acetate 
Nonane 
Dodecane 
A/^N-Dimethylformamide 
Hexadecane 
Tetrachloromethane 
Decalin 
Benzene 
Pyridine 
Cyclohexylbenzene 
Tetralin 
Ethyl cinnamate 
Iodobenzene 
Carbon disulfide 

22046 
22070 
21988 
21622 
21905 
21630 
21788 
21575 
21346 
21488 
21434 
21298 
20999 
20730 

(c) From spectral datab) of anthracene 
57 Tetradecane 26564 
58 Acetone 26579 
59 2-Pentanone 26568 
60 3-Pentanone 26548 
61 2-Heptanone 26509 
62 3-Heptanone 26518 
63 2-Octanone 26511 
64 Acetophenone 26272 
65 Bromobenzene 26272 
66 1-Bromonaphthalene 26109 
67 Benzonitrile 26278 
68 Propionaldehyde 26536 
69 Butyraldehyde 26518 
70 Nitromethane 26483 
71 Nitroethane 26501 
72 1-Nitropropane 26501 

1.436 
1.135 
1.054 
0.797 
0.899 

1.010 
0.999 
1.037 
1.208 
1.076 
1.204 
1.131 
1.230 
1.337 
1.270 
1.296 
1.359 
1.498 
1.624 

1.029 
1.010 
1.024 
1.050 
1.100 
1.089 
1.098 
1.407 
1.407 
1.617 
1.399 
1.066 
1.089 
1.134 
1.111 
1.111 

a) Ref. 31. b) Ref. 32. c) Ref. 33. d) Ref. 35. 

T T * -

Oio(S)—Oio F2(S) 

CT;o(cyclohexane)—CT°O F2( cyclohexane) 
(19) 

From Eq. 19, of course, the n% value for cyclohexane is 
unity. 

From Eq. 19, 

F2(S) = n% X F2(cyclohexane). (20) 

T h e data of solvent spectral shifts measured by 
Weigang et al.31) for the xLb transit ion of naph tha lene 
are used for the determinat ion of n% values by Eq. 19, 
where the o% value for the transi t ion is 32456 cm - 1 . 3 1 ' 
Moreover, addi t ional data32>33) mus t be used, since the 
data of Weigang et al. are limited. T h e values esti­
mated for n% are listed in Tab le 2. O u t of the spectral 
data of Weigang et al., the data points for the solvents 
of te t rachloromethane and nonane were excluded, 
because te t rachloromethane forms a charge-transfer 
complex wi th benzene34* and the n% value (1.088) cal­
culated by us ing the da tum for nonane is slightly 
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Fig. 4. Correlation of n$ with the xLa band of 
anthracene. 
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different from that calculated by using the datum for 
ß-carotene. In the case of the nonane solvent, the n* 
value calculated for ß-carotene is alternatively 
adopted. 

As shown in Fig. 1, the correlation between the 
7T*(N) values and the 15 solvent spectral shifts for 
naphthalene is very bad (r=0.322). This is the reason 
for the necessity of the present proposal of the n% scale 
for a nonpolar solute, such as naphthalene. As 
shown in Fig. 2, the correlation of the new n% values 
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Fig. 5. Correlation of rcf(N) with the xLa band of 
anthracene. 

with the 6 solvent spectral shift data35) of ß-carotene is 
excellently given by 

cxio(S)caicd = 24213 cm"1-2145 cm-1Xn% (r = 0.994). (21) 

Of course, the correlation betwen the n*[(N) values and 
the 15 solvent spectral shift data of ß-carotene is not 
good (r=0.706), as shown in Fig. 3. By applying Eq. 
21 to the spectral data35) of ß-carotene for solvents 
whose n% values were unkown, the n% values were 
calculated, as listed in Table 2. 

As shown in Fig. 4, the application of the n* scale to 
the solvent spectral shifts32) of the nonpolar anthra­
cene molecule gives the following good correlation: 

a,o(S)caicd = 27361 cm"1-774.2 cm"1 X n% (r = 0.934). (22) 

The first term of 27361 cm - 1 corresponds to the ofo 
value, as described below. The observed o% valued32) 

of 27590 cm - 1 agrees well with the above-estimated 
value. The correlation between the 7i*(N) values and 
the solvent spectral shifts of anthracene is not good 
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(r=0.701) as shown in Fig. 5. In order to increase the 
n% values in number for solvents whose n% were 
unknown, the n% values were estimated by using Eq. 
22 to these solvent spectral shifts of anthracene, as 
listed in Table 2. 

Discussion 

In Eq. 1, all interaction modes of the dipole-dipole 
and dipole-induced dipole interactions and disper­
sion forces between the solute and solvent molecules 
are included. According to Eq. 5, the solvent 
parameter of Fi(S) is related to the solute dipole­
solvent dipole interactions and the solute dipole-sol-
vent induced dipole interactions, and F2(S) is related 
to the solvent dipole-solute induced dipole interac­
tions and the dispersion forces. Accordingly, the 
present parameters of 7t\ and n% defined by Eqs. 14 and 
19, respectively, have the same above physical mean­
ings that Fi(S) and F2(S), respectively, have. This is 
because 7r* or n% is related only to the values of Fi(S) or 
F2(S), according to Eq. 14 or 19. It should be noted 
that the dispersion forces are not considered in the 
7T*(N) parameter as well as the 7t\ parameter, because 
neither of the parameters are related to /<2(S). 

Equation 1 was derived based on the assumptions 
that a system consists of a neutral solute molecule (A) 
and N identical neutral solvent molecules and that 
there are no specific interactions between the solute 
and solvent molecules. Thus, under the conditions 
that a neutral solute molecule does not form a hydro­
gen bond or complex with the neutral solvent mole­
cules in a dilute solution of A, the parameters of n\ 
and n% have the above-mentioned physical meanings. 

As described above, the approximation of Eq. 4 
leads to a neglect of the Franck-Condon principle.25) 
Therefore, Eq. 5 is an approximation derived by neg­
lecting the Franck-Condon principle. Accordingly, 
the solute terms of {(p^)2~(Pzz )2}A\ and («&—«£ )/i£ in 
Eq. 5 are not suited for estimations of pft and a£ from 
the solvent spectral frequency shifts. 

In a previous paper,36) 2 ( 1 / ^ L ) w a s approximated 
by 

2 —r = "7" X {('A+r,)~4 + (rA+3r,)-4 + (rA+5r,)-4}, (23) 

where rs is the radius of a spherical solvent molecule. 
Equation 23 is suited to the present model, but is not 
appropriate to the present purpose, since Eq. 23 can­
not be explicitly divided into two terms each concern­
ing only the solute or solvent. Therefore, 2 (1 /^L) 
is, for covenience, approximated by Eq. 2. The use of 
Eq. 2 results in some unfavorable estimations of the 
values for %\ and n%. 

In Table 2 there is not a sufficient number of the 
necessary n% values to apply them. An attempt has, 
therefore, been made to find a relationship between 
the n% scale and some property of the solvent in order 

to estimate an unknown n% value from the property. 
Among the 42 solvents listed in Table 2, (a), there are 
37 solvents whose refractive indexes (TID) at room 
temperature (mainly at 25 °C) are available. For the 
37 solvents, the following empirical correlation was 
found: 

Scaled = -1-137 + 1.098 X(nD)2 (r = 0.957). (24) 

For solvents whose n% values are not listed in Table 2, 
the 7i% values are, for convenience, estimated from Eq. 
24 below. 

The present parameter of 7r* correlated well with the 
statistical scale of PP proposed by Pytela5>b) for 33 data 
points in Table 1: 

PPcaicd = - 0.707 + 0.734 Xn\ (r = 0.990). (25) 

The good correlation means that the PP parameter 
may be related to the same solute dipole-solvent 
dipole and solute dipole-solvent induced dipole inter­
actions as is the n\ parameter. 

Mayer et al.37) have proposed the acceptor number 
(AN) parameter (Table 1) from 31P-NMR measure­
ments of triethylphosphine oxide. The AN parame­
ter for the solvents listed Table 1, in which two 
solvents with a-values of the solvent hydrogen-bond 
donor aridities14) higher than 0.1 were excluded, corre­
lated well with the present parameters of n\ and n% for 
14 data points by 

ANcaicd = -17.2 + 12.4 X7TÇ + 6.3 Xn% (r = 0.912). (26) 

Here, the n% values not listed in Table 2 were calcu­
lated by Eq. 24. At the present time the correlation 
cannot be theoretically explained, because the accep­
tor number has been determined in a quite different 
way from the present parameters. 

Putting Eqs. 15 and 20 into Eq. 5, 

azo(S) = aâ + 7T*X/i + 7r*2X/2, (27) 

where 

(pL)2—(p^ )2 

/i = Fi(cyclohexane) X — (28) 
rl 

and 

«oo"~ aiî 
h = F2(cyclohexane) X . (29) 

rl 
Here, Fi(cyclohexane) and /^(cyclohexane) are the 
Fi(S) and F2(S) values, respectively, for the cyclohex-
ane solvent in Eq. 5. The application of Eq. 27 to the 
solvent spectral shift data by a least-squares method 
gives three coefficients of a°0, /i, and fe that are con­
stant for a given solute molecule. By using these 
coefficients, one can obtain values (aio(S)caicd) calcu­
lated for Oio(S) and compare them with the corres­
ponding experimental values. From Eq. 27, it is 
known that the first term of Eq. 22 is the o% value, as 
mentioned above. 

As described above, the n\ scale is related to the 
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7T*(N) scale by Eq. 16. Therefore, the 7T?(N) scale is 
linearly related to aio(S) by 

and 

a1-o(S) = a/+fiX7C?(N). (30) 

Here, o' and f[ are constant for a given solute mole­
cule. In this case, however, the constant o' does no t 
correspond to a°0. 

Since the Franck-Condon pr inciple is ignored in 
the present theoretical t reatment (as described above), 
the solvation energy (z) of the solute molecule in the 
g round state can be writ ten from Eq. 27 (according to 
Ref 25) as 

r ~ — TT* N 

n\ X Fi(cyclohexane) x — n% X F2(cyclohexane) y, (31) 

where 

and 

AV2 

x = -

<*ob 

(32) 

(33) 

Here x and y are parameters characteristic of the solute 
molecule in the g round state. 

By us ing the present parameters of n\ and n%, the 
solvent effects on the rate constant (k) and activation 
energy (Ea) for a thermal decomposi t ion of a neutra l 
solute or for a bimolecular reaction between two kinds 
of neutral solutes can be discussed on the basis of the 
Arrhenius equat ion of \nk=\n A—Ea/RT, where A is 
the preexponent ia l factor and R is the gas constant. 
Let us consider, for example, the bimolecular reaction 
of A+B—»products. In the present treatment, the sol­
vent effects on the preexponent ia l factor are assumed 
to be ignored, as usual.38) T h e activation energy for 
the reaction in the vapor phase is denoted by E\. An 
activated complex is indicated by M* T h e n , us ing 
Eq. 31, we write the activation energy for the reaction 
in a solvent as 

E* = E\-ZK-z* + zui = a + n\Xb + n%Xd, (34) 

where 

a =EÏ, (35) 

b ={ 1 jXFi(cyclohexane), (36) 

and 

a 0 0 , ^00 ^ 0 0 
d ={——+ }XF2(cyclohexane). (37) 

Accodingly, In k can be writ ten as 

\nk = e + n*1Xf + n%Xg, 

where 

F°a 
e = \nA — 

RT 

f = ~ RT 

(38) 

(39) 

(40) 

d 
RT 

(41) 

According to Eqs. 34 and 38, the observed activation 
energies and logar i thmic rate constants, respectively, 
for a reaction in different solvents can be correlated 
wi th the parameters of n\ and n% for the solvents. 
Coefficients a, b, and d in Eq. 34 and those e, f, and g 
in Eq. 38 can be obtained by least-squares analysis. 
By us ing these coefficients, the values for £ a and In k 
can be calculated and compared wi th the correspond­
ing observed values. In the case of a unimolecular 
reaction, poo and aoo disappear in Eqs. 36 and 37. 

When the 7T?(N) is used instead of 7t\, the following 
equat ions are easily obtained: 

& = a/ + fe/X7csï(N) 
and 

(42) 

(43) ln£ = e'+/'X7r*(N), 

because the 7T?(N) scale is related to the n\ scale by Eq. 
16. Here a'',b'',e'', and / ' are constant for a given 
reaction. In this case, a' is not equal to E\. 

T h u s , by us ing the newly proposed empirical 
parameters of 7r* and n%, one can discuss the solvent 
effects on the rate constants and activation energies for 
reactions of neutral reactant molecules in various non-
associating solvents, as shown in the next section. 

Applicat ions 

Solvent Spectral Frequency Shifts. In order to 
stress the necessity of the n% scale, Eq. 27 has been 
appl ied to several nonpo la r and less polarized solute 
molecules. In apply ing Eqs. 27 and 30, only data for 
solvents whose n% and 7r*(N) values are listed in Table 
1 were chosen. T h e n% values not listed in Tab le 2 
were estimated from Ëq. 24. 

C30-Polyene: It is shown in Fig. 3 that the solvent 
spectral frequency shifts of ß-carotene do not correlate 
wi th the 7T*(N) values. Such a noncorrela t ion is not 
restricted to ^-carotene of polyenes. For example, the 
correlations of the solvent spectral shift39) of the non-
polar C3o-polyene molecule wi th the n% and 7T^(N) 
values were obtained by app ly ing Eqs. 27 and 30, 
respectively, to the spectral data for 8 solvents as 
follows: 

cx;o(S)caicd = 29070 cm-1 - 2430 cm"1 X n% (r = 0.992) 

and 

a*o(S)caicd = 26490 cm" 1 -600 cm^Xn^N) (r = 0.388). 

Obviously, the spectral shifts correlate well wi th the 
n% values, bu t do not correlate wi th the 7T*(N) values. 

Fluorene: T h e solvent effects on the 0-0 band of 
the So—»Si transit ion of fluorene have been investi­
gated by Mohler and Wirth.40> According to them, 
fluorene is a polar molecule. Data for 8 solvents were 
chosen ou t of their reported total of 24 solvents by 
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excluding alcohols and solvents whose 7t\ values were 
not available in Tab le 1. T h e appl icat ions of Eqs. 
27 and 30 to the chosen data gave the following 
correlations: 

Gr*o(S)caicd = 16948 cm"1 + 114 cm"1 X n\ - 439 cm"1 X n% 

(r = 0.969) 

and 

cr,-o(S)caicd = 16651 c m - 1 - 8 3 o n ^ X ^ N ) (r = 0.519). 

T h e above equat ions show that the n\ and n% values 
give a good correlation bu t that the n\(N) values do 
not. In the case of the it\ and n% parameters, the 
ffzo(S)caicd value for the benzene solvent deviated m u c h 
more from the corresponding azo(S)0bsd value., T h i s 
may be due to a TC-TC association between the aromat ic 
r ings of fluorene and benzene.40* 

Chlorobenzene: Macovei41) have investigated the 
effects of a solvent on the 0-0 vibrat ional compo­
nents42) of the 37052 cm" 1 TCTC* band of chlorobenzene 
in the vapor phase. T h e ground-state dipole m o m e n t 
of chlorobenzene is 1.782 D(1D=3.333X10-3 0 C m ) . 
Data for 14 solvents from his reported data involving 
27 solvents were chosen. T h e results are shown in 
Fig. 6. Obviously, the spectral shifts correlate wi th 
the parameters of n\ and n% (r=0.847) bu t not wi th the 
7rÇ(N) values (r=0.021).- T h i s is probably due. to the 
result that the coefficient (—482 cm-1) of n% is m u c h 
larger than that (64 cm- 1 ) of n\ in the equa t ion for 
ffzo(S)caicd. Moreover, the first term of 37196 c m - 1 in 
the equa t ion agrees well wi th the observed o% value of 
37052 cm- 1 . 
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Fig. 6. Correlations between the observed and calcu­
lated Oio values for chlorobenzene: (O) calculated by 
Eq. 27, ( • ) calculated by Eq. 30. 

Azulene: From spectral data31* for the xLb and !La 

bands of azulene, 7 and 8 data points , respectively, 
were chosen. T h e results are given by the following 
equat ions : 

For the ^ b band, 

(Xfo(S)caicd = 14210 cm-1 + 208 cm"1 X TT* - 83 cm"1 X n% 

(r=0.967), 

and 

a,o(S)caicd = 14332 cm"1 + 206 cm"1 X n%(N) (r=0.952). 

For the ^ a band, 

cr,-o(S)caicd = 29705 cm-1 + 142 cm"1 X n\ - 514 cm"1 X n% 

(r=0.933) 

and 

cx,-o(S)caicd = 29322 c m - H 13 c m - i X ^ N ) (r=0.059). 

These results show that the appl icat ions of the 7t\ and 
n% parameters give good correlations for both the xlLh 

and !La bands and provide good estimations of 14210 
and 29705 c m - 1 for the observed o% values31) of 14270 
and 29760 cm"1 , respectively. T h e 7T?(N) scale does 
not correlate wi th the ^ a band. 

The Neutral 2,2 /-Bipyridine Organometallic Com­
plex: T h e metal- to-l igand charge-transfer t ransi t ion 
energies in the neutral 2,2 /-bipyridine (bpy) orga­
nometal l ic complex of fac-Re(bpy)(CO)3phen have 
been reported by Sullivan.43* From his reported total 
of 17 data points , 15 data points were chosen. T h e 
results are given by the following equat ions: 

cr,-o(S)caicd = 16590 cm-1 + 5140 cm"1 X n\ - 2360 cm"1 X n% 

(r=0.938) 

and 

(Xio(S)caicd = 18760 cm"1 + 5800 cm"1 X rcftN) (r=0.810). 

T h e appl ica t ion of the n\ and n% parameters gives 
slightly better correlations than does the 7r^(N) scale. 
T h i s small difference in the correlations may be due to 
the large dipole m o m e n t of the organometal l ic 
complex. 

Acetone: Applicat ions of the n\ and n% parameters 
and the ^ ( N ) scale were made to the solvent spectral 
shifts44* of acetone. From a total of 13 data points , 11 
data po in ts for solvents were chosen. T h e results are 
given by the following equat ions: 

cr,-0(S)caicd = 35700 cm-1 + 700 cm"1 X n\ - 610 cm"1 X n% 

(r=0.980) 

and 

cF,-o(S)caicd = 35820 cm-1 + 640 cm"1 X n\(N) (r=0.932). 

T h e correlation of the spectral shifts wi th the n\ and 
n% parameters is slightly better than that wi th the 
7z^(N) scale is. As in the case of the acetone molecule, 
hav ing a dipole m o m e n t of 2.90 D, the correlation of 
the solvent spectral shifts of a considerably polarized 
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solute molecule wi th the 7T?(N) scale approches that 
wi th the n\ and n% parameters . 

Rate Constants and Activation Energies. In order 
to demonstrate the superiori ty of the presented solvent 
parameters of n% and n% over the 7T?(N) scale, Eqs. 34, 
38, 42, and 43 should be appl ied to kinetic data for 
reactions in which only the nonpo la r or less polarized 
neutral chemical species take part. Unfortunately, 
however, no such reliable kinetic data for the reac­
tions are available, except for only an example of rate 
constants for the radiative deactivation of a singlet 
molecular oxygen. Appl icat ions of Eqs. 38 to several 
recent data for the solvent effects on the rate constants 
of thermal un imolecu la r and bimolecular reactions of 
neutral reactants were successfully made; in all these 
reactions, however, some highly polarized chemical 
species took par t and appl icat ions of Eq. 43 for the 
7Ti(N) scale to these reactions were similarly successful. 
A few of the above appl icat ions will be described 
below in order to stress the usefulness of the present 
solvent parameters of n\ and n% which have clear 
physical mean ings . In app ly ing Eqs. 34, 38, 42, and 
43, only kinetic data for the nonassociat ing solvents 
(whose 7t\ and 7r^(N) values are listed in Tab le 1) were 
chosen. T h e n% values not listed in Tab le 2 were 
estimated from Eq. 24. Of course, data for solvents 
which were capable of forming hydrogen bonds or 
complexes wi th solutes were excluded. 

Decompositions of f-Butyl Halides: Abraham et 
al.45) have reported data for the decomposi t ion rates of 
«-butyl halides in various solvents at 25 °C. Ou t of 
their total of 21 data points , data points for solvents 
whose a values of solvent hydrogen-bond donor acidi­
ties14'15) were above 0.2, were excluded, because their 
analyses (based on empir ical solvent parameters) show 
that the cont r ibut ion of the a value to logk is great. 
T h e appl ica t ions of 9 data points from the total of 21 
data po in ts for each «-butyl hal ide gave the fol lowing 
equat ions : 
For «-butyl chloride, 

(log (Ä/5"1))adcd = - 20.91 + 7.94 X n\ - 3.07 X n% 

(r=0.974) 

and 

(log (Ä/5-1))«!«! = -15.02 + 7.10 X nftN) (r=0.955). 

For «-butyl bromide, 

(log (Ä/s-^caicd = -18.95 + 8.54 X n\ - 3.39 X n% 

(r=0.980) 

and 

(log (ÄA-^caicd = -12.62 + 7.61 X rcftN) (r=0.961 ). 

For «-butyl iodide, 

(log ( AA-1))caicd = - 16.34 + 8.31 X n\ - 3.92 X n% 

(r=0.975) 

and 

Table 3. Comparison of Calculated and Experimental 
Values for (log^-£a

o /2.303ßT) at 25 °C 

«-Butyl halide Calcd Exptla) 

«-Butyl chloride -20.91 -19.25 
«-Butyl bromide -18.95 -16.76 
«-Butyl iodide -16.34 -14.30 

a) Values calculated from experimental data.46) 

(log ( A/*-1))«!* = -10.59 + 7.03 X TC?(N) (r=0.946). 

T h e good correlations of log k wi th the n\ and n% 
parameters are slightly better than the corresponding 
ones wi th 7T?(N) scale are. According to Eq. 36, in 
which £>oo disappears in this case, the positive / value 
for each «-butyl halide in Eq. 38 means that the dipole 
m o m e n t of each activated complex is m u c h larger 
than that of the corresponding «-butyl halide, because 
TA^TM* in this case. T h i s result agrees wi th that of 
Abraham et al.45) 

According to Eq. 39, the e values in the above 
equat ions concerning the n\ and n\ parameters for 
(logÄ)caicd a r e t n e estimated values for (logA— E°J 
2.303RT), as shown in Tab le 3. T h e average 
observed values of log A and E°a for the decomposi­
tions of the «-butyl halides in the gas phase have been 
reported.46) By us ing these observed values, experi­
menta l values for (logA— £°/2.303i?T) were obtained, 
as listed in Tab le 3. Tab le 3 shows that the values 
calculated for ( log^-£° a /2 .303 i?T) at 25 °C approxi ­
mately agree wi th the corresponding experimental 
values. Such a dicussion cannot be made from the 
above equat ions concerning the 7T*(N) scale. 

Abraham and Abraham47) reported various solvent 
effects on the activation energies for the decomposi­
t ion of «-butyl chloride. From their reported total of 
7 data points , only 4 data points for the solvents of 
heptane, acetone, acetonitrile, and Ar,Af-dimethyl-
formamide were chosen. Appl icat ions of Eqs. 34 and 
42 to the 4 data points gave the following equat ions: 

£a,caicd = 50.8 kcal mol - 1 — 14.4 kcal mol - 1 X n\ 

+ 2.5 kcal mol"1 X n% (r=0.998) 

and 

£a,caicd = 38.9 kcal mol"1 - 15 .9 kcal mol"1 X n\(N) 
(r=0.997). 

Here, 1 cal t h=4.184 J. According to Eq. 35, 50.8 
kcal m o l - 1 in the above equa t ion concerning the 7t\ 
and n% parameters is equal to E% whose observed 
value47) is 45.0 kcal m o l - 1 . T h u s , the present value 
estimated for E° roughly agrees wi th the observed one. 

Reaction of p-(Dimethylamino)benzenethiyl Radi­
cal: Ito and Matsuda48) have investigated the solvent 
effects on the rate constants for the foward reaction 
of p-(dimethylamino)benzenethiyl radical wi th a-
methylstyrene at 23 °C. From their total of 25 data 
points , 20 were chosen. T h e results of appl icat ions 
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are given by the following good correlations: 

(log ( A/mol"1 dm3 s-
1))Caicd = 5.96 -1.51 X n% + 0.64 X n% 

(r=0.973) 

and 

(log (A/mol-1 dm3 s " 1 ) ^ = 5.15 - 1.55 X n%(N) 
(r=0.934). 

The correlation of the kinetic data with the n% and n% 
parameters is slightly better than that with the n%(N) 
scale. Ito and Matsuda48) also showed that the values 
for the logarithmic rate constant correlate well with 
the Kirkwood parameter. As mentioned by them, 
these good correlations are probably due to a large 
dipole moment of the radical. 

The result that the absolute value of the coefficient 
(—1.51) of n% is larger than that (0.64) of n% in the 
above equation means that the dipole-dipole and 
dipole-induced dipole interactions of the reactants 
and activated complex with solvent molecules are 
important. According to Eq. 40, the negative coeffi­
cient of n% means that the contribution of the dipole 
moment of the activated complex is smaller than those 
of the dipole moments of the reactants. This result is 
in agreement with that of Ito and Matsuda.48) 

The Menschutkin Reaction of Triethylamine with 
Ethyl Iodide: Abraham and Grellier49* reported data 
of solvent effects on the Menschutkin reaction of 
triethylamine and ethyl iodide at 25 °C. In the reac­
tion, the uncharged reactants proceed to polar pro­
ducts. From their reported total of 32 data points, 21 
for solvents were chosen and applied. The results are 
shown by the following equations: 

(log (&/mol-1 dm3 s~1))Caicd = 
- 11.44 + 4.22 XTT?-0.44 X TT? (r=0.992) 

and 

(log ( A/mol"1 dm3 s " 1 ) ^ = - 7.63 + 4.53 X TT*(N) 

(r=0.990). 

Both of the correlations are excellent. According to 
Eq. 40, the positive value (4.22) for the coefficient of n% 
means that the contribution of a dipole moment of an 
activated complex is much greater than those of the 
reactants. This result agrees with that of Abraham 
and Grellier.49) In the present theoretical back­
ground, no ionic interactions are considered at all in 
defining the n% and n% parameters by Eqs. 14 and 19, 
respectively. The same statement is true for the 
7T*(N) scale. In the present case, both of the reactants 
are uncharged. Accordingly, the above excellent 
correlations lead to the suggestion that the activated 
complex may be uncharged, since a number of investi­
gators have suggested so.49) 

The Radiative Deactivation of Singlet Molecular 
Oxygen: Scurlock and Ogilby50) have reported data 
regarding the solvent effects on the relative rate 

log(fcr/s Oobsd 

Fig. 7. Correlations between the observed and calcu­
lated log kr values for the radiative deactivation of 
singlet molecular oxygen in various solvents: 
(O) calculated by Eq. 38, (•) calculated by Eq. 43. 

constant (kx) for the radiative deactivation (1Ag02-> 
32"g02) of the singlet molecular oxygen ^ 0 2 at 20°. 
The transition of the nonpolar molecule ^ 0 2 to the 
nonpolar molecule 32~g02 should occur through a 
nonpolar species. From their reported total of 15 
data points, 12 for the solvents listed in Table 1 could 
be chosen. The results are shown in Fig. 7. The 
correlation of the kr values with the n% and n% parame­
ters is good (r=0.954). Moreover, the coefficient 
(0.01) of n% was negligibly small compared with that 
(1.42) of 7t%. This means that the solvent effects on 
the kr value depend almost on the n% values. On the 
other hand, the n%(N) scale obviously does not corre­
late with the kT values (r=0.251). This is the reason 
for the necessity of the new n% scale. 

This work was partially supported by a Grant-in-
Aid for Scientific Research No. 63540323 from the 
Ministry of Education, Science and Culture. 
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Functionalized Bilayer Membranes as Artificial Tryptophan Synthase. 
Characterization of Catalytic Efficiency, Substrate 

Specificity, and Reaction Selectivity^ 

Yuki to MURAKAMI,* Jun- ich i KIKUCHI ,^ Yoshio HISAEDA, Koichiro NAKAMURA, 

T o m o y u k i KITAZAKI, and Hidenor i KAYA 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812 
(Received April 10, 1990) 

Functionalized bilayer membranes having vitamin Be activity effectively catalyzed ^-replacement reactions 
of serine with indoles to afford the corresponding tryptophan derivatives in aqueous media under mild 
conditions. Catalytic capability of the present artificial enzyme was subjected to change by changing a 
combination of molecular components constituting the catalyst system. The structural mode of a hydrophobic 
pyridoxal derivative as the coenzyme model, the catalytic ability of an amino acid residue placed in a peptide 
lipid which forms single-walled bilayer vesicles as the apoenzyme model, and the coordination property of 
added metal ions were found to be responsible for the overall catalytic performance. Multifunctional 
assistance was observed in the ß-replacement reaction of serine with indole, and the reaction proceeded in 
preference to other side reactions, such as ^-elimination, dealdolation, and transamination reactions. Sub­
strate selectivity was found to be primarily dependent on the nucleophilicity of indole derivatives. 

In biological systems, vi tamin Bo-dependent enzymes 
are pr imar i ly involved in metabolisms of a -amino 
acids. These enzymatic reactions are classified in to 
several reaction types; such as t ransaminat ion , racemi-
zation, decarboxylation, ß- and 7-el iminat ion, ß- and 
y-replacement, and dealdolat ion reactions. A m o n g 
these reactions, ^-replacement of an a -amino acid 
wi th a nucleophi le is very attractive from the view­
po in t of synthetic organic chemistry, because various 
^-subst i tuted alanines may be prepared from a simple 
a - amino acid, such as serine, and nucleophiles (YH) 
(refer to Eq. 1). Recent growing interest in biomi-

HO-CH2CH-C02H + YH - Y-CH2CH-C02H + H20 

NH2 NH2 

metic chemistry has led us to develop several artificial 
enzymes which were consti tuted with simpler molecu­
lar devices in compar i son with the corresponding 
na tura l enzymes and capable of s imula t ing catalytic 
functions of v i tamin Bo-dependent holoenzymes.1 _ 7 ) 

Few artificial catalysts effective in ^-replacement reac­
tions of a -amino acids have been reported u p to the 
present t ime. In 1950's, Snell et al. found that the ß-
replacement reaction of serine wi th indole, which 
resulted in formation of t ryptophan, proceeded non-
enzymatically to a slight extent in aqueous media in 
the presence of pyridoxal and a luminum(I I I ) ions 
under severe temperature condit ions (100°C).8) In 
recent years, Breslow et al. developed coenzyme-bound 
cyclodextrins as v i tamin Bo-dependent artificial 
enzymes. These catalysts were effective as a transami­
nase mimic,3) bu t not so much as a t ryp tophan syn­
thase mimic.5 ) 

+ Contribution No. 924 from this Department. 
f t Present address: Department of Applied Chemistry, 
Faculty of Science and Engineering, Saga University, 
Honjo-machi, Saga 840. 

We have recently developed functionalized bilayer 
membranes , each being consti tuted with a synthetic 
pept ide l ipid and a hydrophobic vi tamin BO deriva­
tive, as v i tamin Bo-dependent holoemzyme models.9-13) 
In the presence of copper(II) ions, these holoenzyme 
models catalyzed the t ransaminat ion reaction of an a-
a m i n o acid wi th an a-keto acid under mi ld condi­
tions, exhib i t ing h igh substrate selectivity.14_16) We 
now examined the reactivity of similar membrane 
catalysts in the ^-replacement reaction of serine wi th 
indoles (refer to Eq. 2). We performed modifications 

HO H ? 

NH3
+ H H NH3 (2) 

of the active site of our artificial holoenzyme by 
employ ing various combinat ions of peptide l ipids, 
N+C5Ala2Ci6 and N+C5His2Ci6 , and hydrophobic 
pyridoxal derivatives, PL2Ci6 and PL+2Ci6. In this 
article, we are to report on catalytic activity, substrate 
selectivity, and reaction selectivity exercised by such 
functionalized membranes as t ryptophan synthase 
mimics.1 7 ) 

I / (C H2) l5C H3 
(CH3)3N+(CH2)5CNHCHCN^ B r -

O O (CH2)l5CH3 

N+C5Ala2C16 

N ^ N H 
H 2 C - W 

I /(CH2)l5CH3 
(CH 3 ) 3 N + (CH 2 ) 5 CNHCHCN' ßr_ 

& è X(CH2)15CH3 

N + C5His2C16 
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CHO /(CH2)15CH3 
HO^J^CHX 

Y Y X (CH2 )1 5CH3 
HgC'Nr 

PL2C16 

HO CH3 

W /(CH2)15CH3 

OHC-4 N + CH2CN^ CI 
}-^ I ^(CH2)15CH3 

HOH2C 

PL+2C16 

Experimental 

Materials. The following a-amino acids and their deriv­
atives were obtained from commercial sources as guaranteed 
reagents and used without further purification: L-serine, L-
tryptophan, 5-hydroxy-L-tryptophan, 5-methyl-DL-trypto­
phan, 5-methoxy-DL-tryptophan (these from Nacalai 
Tesque), benzyl L-serinate, and benzyl L-tryptophanate 
(these from Sigma Chemical Co., Missouri, U.S.A). Indole 
and its 5-substituted derivatives, as nucleophiles for the ß-
replacement reaction of a-amino acids, were commercially 
available as guaranteed reagents: indole, 5-hydroxyindole, 5-
methylindole, and 5-methoxyindole (all from Nacalai 
Tesque). Preparation and characterization of l-[(dihexa-
decylcarbamoyl)methyl]-4-formyl-3-hydroxy-5-hydroxy-
methyl-2-methylpyridinium chloride (PL+2Ci6),13) N,N-
dihexadecyl-A/^-[6-( t r imethylammonio)hexanoyl]-L-
alaninamide bromide (N+C5Ala2Ci6),18) and N,N-dihexa-
decyl-Na-[6-(trimethylammonio)hexanoyl]-L-histidinamide 
bromide (N+C5His2Ci6)12) have been reported elsewhere. 

5-[(Dihexadecylamino)methyl]-4-formyl-2-methyl-3-
pyridinol (PL2Ci6) was prepared from 4-aminomethyl-5-
[(dihexadecylamino)methyl]-2-methyl-3-pyridinol10) by 
transamination with a-oxoglutaric acid in methanol in the 
presence of zinc nitrate, in a manner similar to that reported 
for the synthesis of 5-dodecylthiomethyl-4-formyl-2-methyl-
3-pyridinol:9) a yellow solid (yield 58%). 400MHz 1H NMR 
(CDCI3) 0=0.87 [6H, t, CH2CH2(CH2)i3CH3], 1.25 [52H, m, 
CH2CH2(CH2)i3CH3], 1.89 [4H, m, CH2CH2(CH2)i3CH3], 
2.53 [3H, s, CH3 on pyridine ring], 3.49 [4H, m, CH2CH2-
(CH2)i3CH3], 3.67 [2H, s, CH2N on pyridine ring], 7.96 [1H, 
s, H on pyridine ring], 8.07 [1H, s, CHO]. 

Found: C, 72.63; H, 11.65; N, 4.24%. Calcd for C4oH74N202 • 
HCl-0.5H2O: C, 72.74; H, 11.60; N, 4.24%. 

Copper(II) Perchlorate (Kishida Chemical Co.), alumi-
num(III) nitrate (Wako Pure Chemical Industries), galli-
um(III) nitrate (Ishizu Seiyaku Co.), and zinc(II) Perchlorate 
(Kishida Chemical Co.) were dissolved in deionized water 
and standardized by conventional chelatometric titration. 
Disodium ethylenediaminetetraacetate (EDTA; Dojin 
Chemical Laboratories) was obtained as a guaranteed 
reagent. 

General Analyses and Measurements. Elemental ana­
lyses were performed at the Microanalysis Center of Kyushu 
University. 400 MHz XHNMR spectra were taken on a 
JEOL JNM-GSX400 spectrometer installed at the Center of 
Advanced Instrumental Analysis of Kyushu University. A 
Beckman <É>71 pH meter equipped with a Beckman 39505 
combined electrode was used for pH measurements. 

Kinetic Measurements. Single-walled covesicles com­
posed of the peptide lipid and the hydrophobic pyridoxal 
derivative were prepared upon sonication of an aqueous 
dispersion sample of these species by a probe-type sonicator 
(W-220F, Heat Systems-Ultrasonics) in a manner similar to 
that reported previously.14) Progress of the ^-replacement 
reaction of L-serine or benzyl L-serinate with an indole 
derivative, as catalyzed by the vesicular catalyst in aqueous 
buffers at 30.0 °C in the presence and absence of copper(II) 
ions, was monitored by measuring amounts of the corre­
sponding tryptophan derivative produced in the course of 
reaction. Tryptophans were separated by liquid chromato­
graphy on a column of TSK gel ODS-120T (length, 250 mm; 
internal diameter, 4.6 mm) by employing a HPLC system 
assembled with a Hitachi 655A-11 pump, a Hitachi L-6000 
pump, and a Hitachi L-5000 LC controller, and eluting 
fractions were monitored by a Hitachi F-1000 fluorescence 
spectrophotometer: flow rate, 1.0 mLmin - 1 ; mobile phase, 
mixtures of Tris buffer (10 mmol dm - 3 , pH 8.0) and 
methanol at volume ratios of 7 :3, 4 : 1 , and 1:1 for trypto­
phan and 5-methoxytryptophan, 5-hydroxytryptophan, and 
5-methyltryptophan, respectively. A column of TSK gel 
SILICA-150 (length, 250 mm; internal diameter, 4.6 mm) 
was used for separation of benzyl tryptophanate: flow rate, 
1.0 mL min - 1 ; mobile phase, methanol. The ^-elimination 
product derived from serine, pyruvate, was converted into 
the fluorescent 3-methyl-2-quinoxalinol by reaction with o-
phenylenediamine in a manner similar to that reported in 
literature,19^ and analyzed by the HPLC system: column, 
TSK gel ODS-120T; flow rate, 1.0 mLmin"1 ; mobile phase, 
a mixture of aqueous tetrapropylammonium bromide (0.1 
mol dm - 3), aqueous sodium phosphate (0.1 mol dm - 3 , pH 
7.0), water, and acetonitrile at a volume ratio of 2:10:7 : 1 . 
The dealdolation product of serine, glycine, was dansy-
lated14) and analyzed by the HPLC system: column, TSK gel 
ODS-120T; flow rate, 1.0 mLmin - 1 , mobile phase, a mix­
ture of Tris buffer (10 mmol dm - 3 , pH 8.0) and methanol at a 
volume ratio of 7 :3. Progress of the transamination reac­
tion of serine with pyruvate was monitored by measuring 
amounts of alanine formed in the course of reaction without 
indole. The transamination product, alanine, was dansy-
lated14) and analyzed by the HPLC system: column, TSK gel 
ODS-120T; flow rate, 1.0 mLmin - 1 ; mobile phase, a mix­
ture of Tris buffer (10 mmol dm - 3 , pH 8.0) and methanol at 
a volume ratio of 2 :1 . The reactivity was evaluated from 
the initial reaction rates determined by measuring amounts 
of the corresponding products formed in a period of the first 
16 h. 

Results 

Catalytic Efficiency. In our prel iminary commu­
nication,17) we have reported that synthetic bilayer 
vesicles hav ing vi tamin Be activity markedly enhanced 
the ^-replacement reaction of L-serine (L-Ser) wi th 
indole to afford t ryptophan (Trp) , showing turnover 
behavior of the catalyst, in aqueous media under mi ld 
condit ions. As listed in Tab le 1, the rate enhance­
ment in the overall reaction mainly comes from three 
functional factors; (i) a med ium effect provided by the 
bilayer membrane in aqueous media, (ii) a general 
acid-base catalysis by the imidazolyl g roup of the 
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Table 1. Catalytic Activities of Various Catalysts for ß-
Replacement Reaction of L-Ser with Indole at 30.0 °C 

Catalysta) Relative reactivityb) 

PL+2Ci6-N+C5His2Ci6-Cun 

PL+2Ci6-N+C5His2Ci6 
PL+2Ci6-N+C5Ala2Ci6-Cun 

PL+2Ci6-N+C5Ala2Ci6 

Pyridoxal-Cu" 
Pyridoxal 

180 
130 
60 
51 

1.2 
lc) 

a) In an aqueous acetate buffer (25 mmol dm - 3 , ß 0.04 
with KCl, pH 5.0). Concentrations in mmol dm -3: L-
Ser, 5.0; indole, 5.0; pyridoxal derivatives, 0.025; pep­
tide lipids, 1.0; Cu(C104)2, 0.050. For metal-free sys­
tem, EDTA (0.10 mmol dm -3) was added. 
b) Analyzed by HPLC for Trp and evaluated on the 
basis of initial reaction rates, c) Initial rate, 1.8X10-6 

mmol dm - 3 h - 1 . 

Table 2. Metal-ion Effect in ^-Replacement Reaction 
of L-Ser with Indole in the PL+2Ci6-N+C5His2Ci6 

Vesicle at 30.0 °Ca) 

Metal ion Relative reactivityb) 

Cu11 

Al m 

Ga i n 

Zn11 

Nonec) 

2.6 
1.8 
1.8 
1.4 
ld) 

a) In an aqueous acetate buffer (25 mmol dm - 3 , JU 0.04 
with KCl, pH 5.0). Concentrations in mmol dm - 3: L-
Ser, 50; indole, 50; PL+2G 6 , 0.50; N+C5His2Ci6, 10; 
metal ions, 0.50. b) Analyzed by HPLC for Trp and 
evaluated on the basis of initial reaction rates. 
c) EDTA (0.10 mmol dm -3) was added, d) Initial 
rate, 0.12 mmol dm - 3 h - 1 . 

pept ide l ipid (N+C5His2Ci6), and (iii) a coordinat ion 
effect by metal ions. T h u s , the vesicular catalyst 
composed of PL+2Ci6, N+C5His2Ci6, and copper(II) 
ions exhibited the highest activity for the ß-
replacement reaction, showing turnover behavior.17) 

Addit ion of other metal ions, such as a luminum(I I I ) , 
gall ium(III) , and zinc(II) ions, resulted in rate 
enhancement to certain extents in compar ison wi th 
the reaction wi thout metal ions (Table 2). 

T h e catalytic activity of the PL+2Ci 6 -N+C 5His2Ci6 
vesicular system in the jS-replacement of L-Ser with 
indole at p H 5.0 was higher than that at p H 9.5 in the 
presence and absence of metal ions (Table 3). T h e 
catalytic activity of PL2Ci6 in the metal-free 
N+C5His2Ci6 vesicle was comparable to that of 
PL+2Ci6 in the identical vesicle at p H 5.0, bu t m u c h 
lower at p H 9.5 (Table 3). 

Substrate Specificity. As for the ^-replacement 
reaction carried out in the metal-free PL+2Ci6-
N+C5His2Ci6 vesicular system, L-Ser and its hydro­
phobic benzyl ester derivative were comparable to each 
other in reactivity (Table 4). O n the other hand , 
marked substrate specificity was observed for indole 
derivatives as nucleophiles in the presence of copper-

Table 3. Catalytic Activities of N+CsHis2Ci6 Vesicles 
Having Vitamin BO Activity for ^-Replacement 

Reaction of L-Ser with Indole at 30.0 °Ca) 

Pyridoxal 
derivative 

PL+2Ci6 

PL+2Ci6 

PL2Ci6 

Metal ion 

Cu11 

None 

None 

pHb) 

5.0 
9.5 
5.0 
9.5 
5.0 
9.5 

Relative reactivityc) 

31 
18 
9.6 
4.7 
7.6 
ld) 

a) Concentrations in mmol dm - 3 : L-Ser, 5.0; indole, 
5.0; pyridoxal derivatives, 0.05; N+C5His2Ci6, 1.0; 
Cu(C104)2, 0.05. For metal-free system, EDTA (0.10 
mmol dm -3) was added, b) In an aqueous acetate 
buffer (25 mmol dm"3, /x 0.10 with KCl) at pH 5.0, and 
in an aqueous carbonate buffer (20 mmol dm - 3 , /i 0.10 
with KCl) at pH 9.5. c) Analyzed by HPLC for Trp 
and evaluated on the basis of initial reaction rates, 
d) Initial rate, 9.0X10"6 mmol dm"3 t r 1 . 

Table 4. Substrate Specificity of Artificial Trypto­
phan Synthase Formed with PL+2Ci6 

and N+C5His2Ci6 at 30.0 °Ca) 

Serine derivative pHb> Relative reactivity01 

Benzyl L-serinate 

L-Ser 

5.0 
10.0 
5.0 

10.0 

2.4 
1.4 
2.0 
ld) 

a) Concentrations in mmol dm - 3 : L-Serine derivatives, 
5.0; indole, 5.0; pyridoxal derivatives, 0.05; 
N+C5His2Ci6, 1.0; EDTA, 0.10. b) In an aqueous 
acetate buffer (25 mmol dm"3, /i 0.10 with KCl) at pH 
5.0, and in an aqueous carbonate buffer (20 mmol 
dm"3, ß 0.10 with KCl) at pH 10.0. c) Analyzed by 
HPLC for Trp and evaluated on the basis of initial 
reaction rates, d) Initial rate, 4.3X10-5 mmol dm - 3 h -1 . 

Table 5. Substrate Specificity of Artificial Tryptophan 
Synthase Formed with PL+2G 6 , N+C5His2Ci6, 

and Copper(II) Ions, and Natural 
Tryptophanase at 30.0 °C 

Indole derivative 

5-Hydroxyindole 
5-Methylindole 
5-Methoxyindole 
Indole 

Relative reactivity 

Artificial enzymea) Natural enzymeb) 

40 0.04 
18 0.04 
13 0 

lc) ld) 

a) In aqueous media at pH 4.2. Concentrations in 
mmol dm - 3 : L-Ser, 5.0; indole derivatives, 5.0; pyri­
doxal derivatives, 0.0071; N+C5His2Ci6, 1.0; Cu(C104)2, 
0.05. Analyzed by HPLC for tryptophan derivatives 
and evaluated on the basis of initial reaction rates, b) 
Taken from Ref. 20. In an aqueous ammonium chlo­
ride buffer (100 mmol dm - 3) at pH 9.O. Amounts in a 
total volume of 2 ml: potassium pyruvate, 150 umol; 
indole derivatives, 100 umol; pyridoxal-5'-phosphate, 
0.2 umol; enzyme, 0.179 unit, c) Initial rate, 
3.38X10-5 mmoldm-sh" 1 d) Yield, 1.60 umol/20 
min. 
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(II) ions (Table 5). The reactivity of indoles in the ß-
replacement of L-Ser increased in the following order: 
i n d o l e < 5 - m e t h o x y i n d o l e < 5 - m e t h y l i n d o l e < 5 -
hydroxyindole. Substrate specificity for the identical 
series of indole substrates as demonstrated by a natural 
enzyme, tryptophanase,20) is also shown in Table 5. 

Reaction Selectivity. Since the PL+2Ci6-N+C5-
His2Ci6 bilayer vesicle exhibited the highest catalytic 
activity as an artificial tryptophan synthase in the 
presence of copper(II) ions, its selectivity for other side 
reactions (refer to Scheme 1) was examined as sum­
marized in Table 6. As clarified previously, the pres­
ent vesicular catalyst behaves as an effective artificial 

transaminase for the transamination reaction of a 
hydrophobic a-amino acid with a hydrophilic a-keto 
acid, showing high substrate selectivity.14) In other 
words, the catalytic activity in the amino group 
transfer from a hydrophilic a-amino acid to an a-keto 
acid is extremely low. Indeed, the transamination 
reaction of L-Ser with pyruvate was much repressed 
(Table 6). The dealdolation reaction of L-Ser to 
afford glycine and formaldehyde was a minor pathway 
with the present vesicular catalyst. Although the ß-
elimination reaction of L-Ser to give pyruvate and 
ammonia proceeded to a certain extent, a major cata­
lytic reaction was referred to the ^-replacement of L-

HO 

HoCCCO, 

Ni-n 
HgC 

H3CCC02-

Transamination 

HO 

HgCCCOg" + HjCCHCOjf + PL 

O |L + 

HO 
I 

H2CCHC02" 

NH3+ 

+ 
CHO 

HOH5C, 

HO 
I 

H2CCHC02" 
I 
NH + 

"H20 HC' 
= * H O H ^ O " 

NT ^CH3 

H,0 

Dealdolation 

H^CCO;," + CH2 + PL 

NH3+ 

PL 

H2C=CC02" 

NH + 
HC" 

H O H 2 C v J v J D " 

T+X 
H,0 

ß-EIimination 

H3CCC02" + NH4+ + PL 

O 

Og 

Ox -CH9CHC02" 

I + 

NH + 

HOHaC^Js^O-
^rîrxHg 

ß-Replacement 

CH^CHCO, n U M p U M U J o , 

J I + 

NT |S|H,+ 

PL 

Scheme 1. 
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Table 6. Reaction Selectivity of Artificial Vesicular Catalyst Formed with PL+2Ci6, 
N+C5His2Ci6, and Copper(II) Ions at 30.0 °Ca) 

pHb) 

5.0 
7.0 
9.5 

ß-Replacement 

150 
110 
77 

Relative reactivityc) 

^-Elimination Dealdolation 

70 ld) 

53 
40 

Transamination 

7.3 

a) Concentrations in mmol dm"3: L-Ser, 5.0; indole, 5.0; PL+2G 6 , 0.05; N+C5His2Ci6, 1.0; 
Cu(C104)2, 0.05. b) In an aqueous acetate buffer (25 mmol dm"3, /x 0.01 with KCl) at pH 5.0, 
in an aqueous HEPES buffer (25 mmoldm - 3 , /i 0.10 with KCl) at pH 7.0, and in an aqueous 
carbonate buffer (20 mmol dm"3, n 0.10 with KCl) at pH 9.5. c) Analyzed by HPLC for Trp, 
pyruvate, and glycine obtained by ß-replacement, ß-elimination, and dealdolation reactions, 
respectively. The transamination reaction of serine with pyruvate (5.0 mmol dm -3) was 
monitored without indole; analyzed by HPLC for alanine. Reactivity parameters were 
evaluated on the basis of initial reaction rates, d) Initial rate, 3.0X10-6 mmol dm - 3 h - 1 . 

Ser with indole. 

Discussion 

In the present vesicular system, the ^-replacement 
reaction of Ser wi th indole proceeded to afford T r p 
plausibly via reaction steps shown in Scheme 2, in a 
manner analogous to that proposed for t ryptophan 
synthase and tryptophanase.2 1 _ 2 3 ) T h e a ldimine 
Schiff-base (A in Scheme 2), derived from the pyri-
doxal derivative (PL) and Ser, is a c o m m o n interme­
diate in the vi tamin Bo-catalyzed reactions. In order 
to achieve formation of T r p , the effective nucleophi l ic 
attack of indole on the a,^-elimination product (B in 
Scheme 2), formed by dehydrat ion of A, must be 
followed by the hydrolysis of the a ld imine Schiff-base 
(C in Scheme 2). T h e first and second steps in 
Scheme 2 are dehydrat ion processes and seem to be 

thermodynamical ly unfavorable in homogeneous 
aqueous media. When Schiff-base B was hydrolyzed 
prior to the attack by indole, the reaction results in ß-
el iminat ion to give pyruvate, ammonia , and the P L 
derivative. 

Snell et al. reported that the ß-el iminat ion of Ser, as 
catalyzed by pyridoxal and a luminum(II I ) ions, read­
ily took place in aqueous media in the absence of 
indole under severe reaction condit ions (100°C and 
p H 6).24) U p o n addit ion of indole to the reaction 
system, only a small a m o u n t of T r p (ca. 1 % yield) was 
obtained as the ^-replacement product under the iden­
tical conditions.8) T h u s , an efficient attack of indole 
on the intermediate species (B) seems to be a key step 
for the ^-replacement reaction. Recently, Breslow et 
al. found that formation of T r p from ß-chloroalanine 
and indole was catalyzed by an artificial catalyst, a 
pyr idoxamine moiety b o u n d to ß-cyclodextrin, in the 
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Ser H2CCHC02" 

I • 
NH + + 
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presence of aluminum(III) ions under severe condi­
tions similar to those adopted by Snell et al.5) An 
efficient attack of indole on the intermediate (equiva­
lent to B) may be favored, since the ß-cyclodextrin 
cavity provides a hydrophobic binding site for the 
indole molecule. However, the catalytic activity of 
their macrocyclic enzyme model as an artificial trypto­
phan synthase was not so significant: a yield of Trp 
was somewhat improved but only a few percent. 

In the present work, we adopted mild reaction con­
ditions (30.0 °C and pH 5—10) for investigation of the 
^-replacement of Ser derivatives with indoles by the 
vitamin Bo-dependent vesicular catalysts. Even 
under such mild conditions, the catalyst composed of 
PL+2Ci6, N+C5His2Ci6, and copper(II) ions exhibited 
significantly high activity for the formation of Trp 
from Ser and indole, showing turnover behavior.17) 

In the light of kinetic data listed in Table 1, this 
catalyst system must exercise three kinds of catalytic 
functions cooperatively to achieve the best perform­
ance; (i) a microenvironmental effect of hydro­
phobic nature provided by the bilayer vesicle, (ii) a 
general acid-base catalysis by the imidazolyl group of 
the peptide lipid, and (iii) a coordination effect by 
copper(II) ions. These catalytic functions have also 
been evidenced in the transamination reaction of a-
amino acids with a-keto acids as catalyzed by the same 
vesicular catalyst. 10-16) A microenvironmental polar­
ity at the reaction site situated in the intramembrane 
domain was evaluated to be equivalent to 2-propanol 
[£T(30)=50.7 kcal mol-1].11) The relatively hydro­
phobic reaction site acts to eliminate water molecules 
significantly, so that the formation of intermediates A 
and B is much favored. In addition, indole is much 
readily incorporated into the reaction site and the 
formation of C is largely enhanced as a consequence. 
It is noteworthy that the attack of the hydrophobic 
indole on species B (^-replacement) becomes more 
favorable relative to the hydrolysis of B (/?-
elimination) due to significant elimination of water 
molecules from the reaction site (refer to Table 6). 
On the other hand, the hydrolysis of species C seems to 
be unfavorable in the bilayer phase because of the 
hydrophobic field effect. However, such disadvan­
tage can be partly overcome by a general acid-base 
catalysis of the imidazolyl group of the lipid,13-16) 
which is placed in the proximity site of the coenzyme 
moiety in the intramembrane domain.12'13) The 
imidazolyl group may also catalyze the reaction steps, 
A to B and B to C, as a general acid or base, in a 
manner similar to that postulated for the enzymatic 
reactions.22) 

Addition of metal ions, such as bivalent copper and 
zinc, and tervalent aluminum and gallium, resulted in 
enhancement of the ^-replacement of Ser with indole 
(Table 2). The coordination of such metal ions to 
the Schiff-base species must generate electron-
withdrawing and template effects in favor of forma-

HO 

H2CCH<o 

O 
H2C=C-C( 

I > 
HC' N u " 

O J 

^ CH3 

~ CHoCHC^ 

N ^ / 

HOH2C.X.O 

tion of the intermediate species, A, B, and C, and 
enhances the hydrolysis of C to afford Trp (refer to A', 
B', and C ) 

In the PL+2Ci6-N+C5His2Ci6 system, the ß-
replacement was somewhat more favored under acidic 
pH conditions rather than that carried out under basic 
conditions regardless of the participation of copper(II) 
ions (Table 3). This implies that the acid-catalyzed 
reaction steps, elimination of the ß-hydroxyl group of 
the Ser residue in A and hydrolysis of C, are concerned 
with determination of the overall rate of the ß-
replacement reaction. In the light of our previous 
kinetic analysis focused on the isomerization process 
between an aldimine Schiff-base and the correspond­
ing ketimine Schiff-base in the transamination reac­
tion,13) the protonation at the a-position of the Trp 
residue in the carbanion Schiff-base intermediate to 
afford C is not referred to the rate-determining step. 

When PL+2Ci6 was replaced by PL2Ci6 in the 
N+C5His2Ci6 vesicle in the absence of metal ions, the 
catalytic efficiency of the latter in the /^-replacement 
was comparable to that of the former at pH 5.0 but 
much depressed at pH 9.5 (Table 3). Since the pKa 

value for the pyridyl nitrogen of the Schiff-base, 
derived from PL2Ci6 and a-amino acid, in the vesicle 
presumably lies in a 6—7 range,15'25) the pyridyl nitro­
gen of PL2Ci6 is not protonated at pH 9.5 and a 
positive charge on the pyridyl nitrogen of PL+2Ci6 
acts to promote the ^-replacement reaction as an elec­
tron sink. 

The vesicular catalyst composed of PL+2Ci6 and 
N+C5His2Ci6 as an artificial tryptophan synthase 
exercised substrate selectivity toward indoles but not 
toward serine analogues (Tables 4 and 5). Thus, it 
became clear that the formation of aldimine Schiff-
base A is not referred to the rate-determining step. In 
addition, the pH-effect in reactivity of benzyl L-
serinate is similar to that of L-Ser as mentioned above. 
On the other hand, marked selectivity for indole deriv­
atives primarily reflects differences in their nucleophi-
licity. The substrate selectivity of the present artifi­
cial tryptophan synthase is much different from that 
of the natural tryptophanase. It must be noted that 
the artificial enzyme is effective for the formation of 5-
methoxytryptophan that can not be produced by the 
natural enzyme. 

In conclusion, the present vesicular catalyst com­
posed of PL+2Ci6, N+C5His2Ci6, and copper(II) ions 



August, 1990] Artificial Tryptophan Synthase 2345 

behaves effectively as an artificial t ryptophan synthase 
toward substrate couples of serine and indole ana­
logues, showing h igh reaction selectivity (Table 6). 
O n the other hand , the same catalyst can be used as an 
artificial t ransaminase effective for couples of hydro­
phobic a - amino acids and hydrophi l ic a-keto acids as 
substrates. T h e catalytic sites of t ryptophan synthase 
and t ryptophanase seem to exercise molecular recog­
ni t ion toward substrate species based on their sizes. 
O n the other hand , the present artificial holoenzyme 
does not perform size-selective molecular discrimina­
tion due to softness of the in t ramembrane domain . 
However, a novel feature of molecular recognit ion, 
which reflects nucleophil ici ty of the second substrate 
(an indole derivative), is now realized. We are aim­
ing at developing artificial holoenzymes capable of 
performing novel substrate specificity and reaction 
selectivity which have not been acknowledged by nat­
urally occurr ing holoenzymes. 
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Fading Mechanism of Paint Films Composed of Insoluble 
Azo Pigment and Titanium Dioxide 
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The fading mechanism of paint films comprising an insoluble azo pigment and titanium dioxide was 
investigated using ESR and FT-IR spectrometers and the results of outdoor exposure tests. Some paramag­
netic species were found in paint films at room temperature. They showed no hyperfine structure and their g-
values drastically changed according to sample preparation, the measurement temperature and treatments with 
a base or acid. These paramagnetic species are proposed to be O i in an adsorbed state on a TiU2 surface and 
O" of the TiOt. It is suggested that film fading occurs through an attack of these active oxygens on the 
insoluble azo pigment. 

Typica l pa in t films generally comprise various 
kinds of resins, hardners , and pigments . It is some­
times observed that remarkable fading in pa in t films 
occurs wi th special combinat ions of an organic pig­
ment and an inorganic p igment of t i t an ium dioxide 
under exposure to outside weather condit ions. One 
of these combinat ions is an insoluble azo p igmen t and 
t i t an ium dioxide; it is still u n k n o w n why fading 
occurs in this combina t ion film, compared with that 
compr i s ing only an insoluble azo p igmen t or tita­
n i u m dioxide. Many papers concerning the photo­
chemistry of t i t an ium dioxide exist,1-6 ) and studies7"9* 
concerning the species of adsorbed oxygen on tita­
n i u m dioxide by us ing ESR have been reported. 
Bickley et al.10) studied the adsorpt ion and exhaust 
process of O2 on t i t an ium dioxide under UV-
irradiat ion; they showed that both holes and electrons 
are first formed on the t i t an ium dioxide; then, O2 is 
generated by a reaction of the adsorbed O2 and elec­
trons. T h e chemistry of chalking on pa in t films 
con ta in ing t i t an ium dioxide was out l ined by Völz et 
a l . n ) They detected T i 3 + , hydroxyl radicals and 
peroxides by ESR measurements and showed that UV 
light, water and oxygen are essential factors for the 
Ti02-catalyzed degradat ion of the binder. O n the 
other hand , there have been a few studies12'13* concern­
ing the degradat ion of organic pigments . Yao et 
al.12) s tudied the degradat ion mechanism of an azo 
p igmen t under water. 

Generally, the particles of the organic p igmen t 
aggregate wi th each other and behave as polymers. 
The i r propert ies differ according to the degree of 
aggregat ion, even if the chemical structures are the 
same. It is therefore very difficult to determine the 
degradat ion process of organic p igments , and more 
difficult to investigate the fading mechanism of pa in t 
films compr i s ing a combina t ion of an organic pig­
ment and t i t an ium dioxide. We have studied the 
fading mechanism of a combinat ion pa in t film by 
us ing ESR and found some paramagnet ic species, the 
concentrat ion of which correlates well wi th the fading 

of the pa in t films. In this paper we give an out l ine of 
the fading mechanism of pa in t films compr is ing an 
insoluble azo p igmen t and t i t an ium dioxide, based on 
the results of ESR and FT-IR measurements. Finally, 
we compare these results wi th those from an outdoor-
exposure test. 

Experimental 

Outdoor Exposure Test. A 60% xylene solution of an 
oil-free polyester resin was synthesized from isophthalic acid 
and other monomers. A butylated melamine resin was 
used as a hardner. The solid matter-ratio of the resin to the 
hardner (R/H) was 7/3 by weight. For the organic and 
inorganic pigments, an insoluble azo pigment (Pigment 
Red 170 Scheme 1.) and titanium dioxide JR-602 (Teikoku-
kako Co., Ltd.) were used, respectively. 

OC2H5 

OH .CONH-̂ Q) 
H2N0C-<Q)-N=N-<n) 

Scheme 1. 

By using these raw materials two groups of paints for both 
outdoor exposure tests and ESR measurements were pre­
pared (Table 1). In the case of paints (P-l and P-2) the 
solid-matter ratio of the pigment to binder (P/B) and that of 
the organic pigment to titanium dioxide were 0.6/1.0 and 
1.0/1.0 by wt, respectively. These pigments were dispersed 
as 10 jum particle into the binder using a paint conditioner. 
Galvanized-steel panels were coated with paints, P-l and P-
2, and were cured for 20 min at 150 °C. Painted panels (PT-
1 and PT-2) with a dry-film thickness of 50 jum were exposed 
for 17 months at Omaezaki, Japan. Their gloss retentions 
and color differences were measured in order to evaluate 
their fading degree by using a gloss meter (Model TC-108-D, 
Tokyo Denshoku Co., Ltd.) and a color-difference meter 
(Model SM-1, Suga Weathering Technology Foundation). 
The gloss retention was calculated from G1/G0 where Go is 



t, 1990] Fading Mechanism of Paint Films 

Table 1. Paint Formulations for Outdoor Exposure Test and ESR Measurement.(% w 

Constituents 

Resin (l)a) 

Resin (2)b) 

Hardner(l)c ) 

Hardner (2)d) 

Organic pigmente) 

Titanium dioxide 
TEA 
PTS 

Total 

P-l 

51.5 

22.1 

26.4 

100.0 

P-2 

51.5 

22.1 

13.2 
13.2 

100.0 

EP-1 

69.6 

29.8 

0.6 

100.0 

EP-2 

69.6 

29.8 

0.6 

100.0 

Paint No. 

EP-3 

69.6 

29.8 

0.3 
0.3 

100.0 

EP-4 

68.9 

29.5 

0.3 
0.3 
1.0 

100.0 

EP-5 

68.9 

29.5 

0.3 
0.3 

1.0 

100.0 

EP-6 

68.9 

29.5 

0.12 
0.48 
1.0 

100.0 

'0 

EP-7 

76.8 

21.6 
0.12 
0.48 
1.0 

100.0 

2347 

a) Oil-free polyester, 60% solution, b) Epoxy resin, 40% solution, c) Butylated melamine 
resin, 60% solution, d) Urea resin, 60% solution, e) Insoluble azo pigment (P.R. 170). 

the specular gloss14) of the coated panel before the outdoor 
exposure test, and Gi is that after the exposure test. The 
color difference (AE) consists of three component differ­
ences: the light-index difference (AL) and two chromaticity 
differences (Aa and Ab). Here, AE is calculated from15) 

and 

AE = [(AL)2 + (Aa)2 + (Ab)*]1*, 

AL = Li — Lo, Aa^ai — ao, Ab = b\ — bo. 

where Lo, ao, and bo refer to the three components of the 
coated panel before the outdoor exposure test; L\, a\, and b\ 
refer to those after the exposure test. 

ESR Measurements. For ESR measurements paints EP-1 
to EP-7 were prepared (their combinations are also listed in 
Table 1). The same binder and paint R/H as those of P-l 
and P-2 were used for paints EP-1 to EP-6 and epoxy resin 
(Epikote # 1007, Yuka Shell Co., Ltd.). For the binder, urea 
resin was used for paint EP-7. EP-1 contained only tita­
nium dioxide, and EP-2 only the organic pigment; the 
others contained both pigments. The (P/B) of FP-1 to FP-
7 was 1.0/100 by wt. The solid-matter ratios of the organic 
pigment to titanium dioxide of EP-3 to EP-5, and those of 
EP-6 and EP-7 were 1.0/1.0 and 1.0/4.0 by wt, respectively. 
Triethylamine (TEA) was added into EP-4, EP-6, and EP-7, 
and p-toluenesulfonic acid (PTS) was added into EP-5 in 
order to examine the effects of a base and an acid. These 
pigments for paints EP-1 to EP-7 were dispersed into the 
binders for 5 h by using a paint conditioner. The outsides 
of sample tubes for ESR measuments were coated with 
paints EP-1 to FP-7 up to 5 cm from the bottom of tubes. 
The coated films were cured for 20 min at 150 °C. The dry 
films (ES-1 to ES-7) with an averaged thickness of 30 jum 
were thus obtained on the tubes. The ESR spectrometer 
JEOL JM-FE-3X was used. Some of these films were mea­
sured under the exposure of UV light having a main wave­
length of 365 nm at room temperature. Cr3+ doped in MgO 
was used as an ESR intensity standard, its g-value being 
1.9800. For measurements of the FT-IR spectra JEOL JIR-
100 was used. The spectra were obtained with KBr by a 
diffused-refraction method. 

Results and Discussion 

ESR Measurement. T h e ESR measurements of ES-
1 to ES-3, made from paints EP-1 to EP-3, were carried 

out wi thou t UV-irradiat ion at room temperature. 
From the films of ES-1, (which comprised only tita­
n i u m dioxide) and ES-2 (which comprised only 
organic p igment ) , no signal was observed, except for 
that due to Cr3 + in MgO of the s tandard sample. O n 
the other hand , from some films of ES-3 compr i s ing 
bo th p igments , either of the broad structureless sig­
nals ((A), (B), or (C) in Fig. 1) was observed wi th a 
probabi l i ty of 10% of all the films of ES-3. All of the 
ES-3 films from which no signals were observed were 
analyzed by the ESR after UV-irradiat ion for 20 min­
utes at room temperature; however, signals (A) to (C) 
were no t newly observed. T o enhance the probabi l -

Fig. 1. ESR spectra generated from ES-3 with the 
organic pigment and Ti02i (1) Signal (A), (2) Sig­
nal (B), (3) Signal (C). 



2348 Shingo OKAMOTO and Hiroaki OHYA-NISHIGUCHI [Vol. 63, No. 8 

ity of generating a signal among (A) to (C), the effect 
of TEA, PTS and an increase of the titanium dioxide 
content to the organic pigment were tested for films 
ES-4 to ES-6. Each of them independently showed 
some enhanced probability. Especially, in the case of 
the films of ES-6, the probability to generate either 
one of signals (A) to (C) increased from 10 to 50%. 

The probability of generating signal (A) in ES-3 
films was very low, and the g-value of signal (A) was 
1.942 at room temperature. When a film showing 
signal (A) was irradiated for 30 minutes at room 
temperature, the g-value was drastically changed with 
the irradiation time, while keeping the ESR intensity 
constant (Fig. 2). After 30 minutes of irradiation, the 
g-value became 2.079 (Fig. 2-(6)); one hour after turn­
ing off the UV-light, however, it returned to 1.942, 
while keeping the ESR intensity constant. Signal (A) 
was identified as being a paramagnetic species based 
on Ti3 + with O2 generated in titanium dioxide, its g-
value ranging from 1.94 to 2.00.16) 

Signal (C) was observed in some films of ES-3 to ES-
7. Its ESR intensity was extremely larger than those 
of signals (A) and (B). The g-value of signal (C) was 
2.175 at room temperature, but the ESR shape and g-
value anisotropy varied with the temperature. The 
change in signal (C) observed in ES-4 at temperatures 
from 50 °C to -140 °C is shown in Fig. 3. At 50 °C 
the signal was very sharp and large, without any 
hyperfine structure. The g-value asymmetry was 

Fig. 2. Time dependences of UV-irradiation on ESR 
spectra of the signal (A): (1) Before irradiation, (2)— 
(6) After irradiation during 5 min to 30 min at room 
temperature. 

Fig. 3. Temperature dependences of the ESR spectra 
of the signal (C) without UV-irradiation on cooling 
from 50 °C to -140 °C: (1) 50 °C, (2) 0°C, (3) -50 °C, 
(4)-75°C, (5)-140°C. 

enhanced with lowering temperature: gi=2.390 and 
g2=2.249 at - 7 5 °C, and gi=2.651 and g2=2.254 at 
—140 °C (Fig. 3). The g-value of signal (C) at room 
temperature did not change upon UV-irradiation. It 
is presumed from these results that the most probable 
candidate for signal (C) is the paramagnetic species of 
0~,17) or TiO^ generated in titanium dioxide. 

Though the ESR intensity of signal (B) was the 
smallest, the probability of observing it for ES-3 to ES-
6 was highest among the three signals. Signals (A) 
and (C) generated from ES-3 to ES-6, respectively, had 
the same g-values and shapes at room temperature, 
respectively. On the contrary, the g-value and shape 
of signal (B) were quite variable. Moreover, signal 
(B) also appeared from ES-7, the binder of which was 
different from that of the other films. The g-value 
and shape of signal (B) often changed upon ESR 
sample preparation as well as the measurement 
temperature and treatments with a base or acid. As 
an example, these variations are shown for ES-7 in 
Fig. 4. Fig. 4-(l) is the result of the first measurement 
of ES-7 and Fig. 4-(2) is that of a second measurement 
one hour later. Although the measurement tempera­
ture of (2) was only 2 degrees higher than that of (1), 
the g-value as well as the shape of (2) were remarkably 
changed. After the measurement of (2), the film was 
dipped into ethyl alcohol for 60 seconds; it was then 
dried with cool air by a drier. As can be seen in Fig. 4-
(3), the ESR intensity after an EtOH treatment 
decreased with a delicately different g-value from 
those of (1) and (2). Fig. 4-(4) and (5) were obtained as 
follows: 

After the measurement of (3), the sample film was 
dipped into a 10% solution of NaOH for 60 seconds in 
the case of Fig. 4-(4) and then a 10% solution of HCl 
for the same time in the case of Fig. 4-(5). It was then 
washed with pure water and dried with cool air. In 
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Fig. 4. ESR spectra of the signal (B) for various 
treatments at room temperature: (1) No treatment, 
(2) Measurement one hour later after measurement 
of (1), (3) Treatment with EtOH, (4) Treatment 
with NaOH, (5) Treatment with HCl. 
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Fig. 5. Temperature dependences of the g-values of 
ES-7. 

the case of (4), the g-values of the signals shown in 
Figs. 4-(l) to (3) d imin ished and a new signal wi th a g\\ 
of 2.609 and a g± of 2.079 appeared. When the film 
was treated wi th HCl , as in the case of (5), signals 
similar to those shown in (1) to (3) appeared again and 
the g-value recovered to 2.317, almost the ini t ial value. 
It is very rare to observe such a labile signal depending 
on the a tmosphere of the sample. Therefore, it is 
very difficult to identify the species which produces 
signal (B). However, it is most probable to consider 
that the species comes from molecular oxygen in the 
air, based on the experiments described above. If the 
active site of T i 3 + on the surface couples wi th O2 in 
air, the superoxide ion O2 is easily produced.16) 

Trea tmen t wi th N a O H increases T i 3 + , and O2 
increases as the result.18* T h u s , O2 appeares more 
clearly in Fig. 4-(4) than in Figs. 4-(l) to 4-(3). O n 
the contrary, the HCl treatment decreases O 2 accord­
ing to18) 

H + + 0"i—>HOO-

and 

2 H O O - • H 2 O 2 + O2. (1) 

T h u s , by taking the experimental procedures des­
cribed above as well as the obtained g-value in to 
account, it is supposed that signal (B) is produced by 
O2 in the adsorbed state on the T i 0 2 surface. 
Moreover, any hydrogen peroxide generated from the 
reaction described in Eq. 1 changes to the hydroxyl 
radical and the hydroxyl ion under T i 3 + , as shown in 
Eq. 2.11) T h e hydroxyl radical appears as O " on ESR 
signal in accordance wi th p H condit ion of the sample. 

CD 

~r5 
C 
cn 

> 

O 

2.1 8 

- 2.1 7 

% 2.1 6 

2.1 5 

-75 -50 -25 0 25 50 75 

Temp/C 

Fig. 6. Temperature dependences of the g-values of 
ES-6. 

Ti3+ + H2O2 —> Ti4+ + OH" + • OH. (2) 

After these treatments, the film was tested again at 
various temperature from —75 °C to 75 °C; the g-value 
shifted drastically to a small value with increasing 
temperature (Fig. 5). T h e g-value against the meas­
urement temperature, showed the same tendency 
obtained from the film of ES-6 having a different 
binder system (polyester/butylated melamine, as 
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shown in Fig. 6). In Figs. 5 and 6 the g-values were 
reversible, showing that the g-values of signal (B) 
depend on measurement temperature. These results 
support the possibility that signal(B) is O2 in the 
adsorbed state on the TiÛ2 surface. The reasons for 
this are as follows: There have been many papers 
proving the existence of O2 on titanium dioxide.19_23) 

The asymmetric g-values of O2 described in these 
papers were smaller than those of signal(B) found in 
the present work; those of O 2 found by M. Meistrich24) 
were larger than those of signal (B). Thus, the g-
values of signal (B) is most likely somewhere between 
those reported in these papers. Moreover, it has been 
explained by P. Kasai25) that the g-value of O2 drasti­
cally changes depending on environment. It is consi­
dered from these papers that the labile O2 is generated 
in paint films. 

Outdoor Exposure Test and FT-IR Measurements. 
—Fading Mechanism of Paint Films. Panel PT-1 
comprising only insoluble azo pigment after 17 months 
weathering at Omaezaki had a gloss retention value of 
40% with a color difference value (AE) of 13; panel PT-
2 of the insoluble azo pigment mixed with titanium 
dioxide exhibited only an 18% gloss retention and a 
color difference value of 18. These results clearly 
show that the degree of degradation of PT-2 of mixed 
pigments is larger than that of a single pigment, PT-1. 
It is reasonable to consider that there exists a close 
correlation between the remarkable fading of panel 
PT-2 and the concentration of the paramagnetic spe­
cies found in ES-3 to ES-7. It is assumed that these 
paramagnetic species are mainly produced by reac­
tions between the organic pigment and titanium diox­
ide. The reasons for this are as follows: 

1) These species were not generated from films 
containing only the organic pigment or titanium 
dioxide, but from those containing mixed pigments. 

2) Because these species are generated in both films 
comprising different binders, there may be no rela­
tionships between these species and the binders added 
to paint films. 

3) Moreover, the possibility of producing these spe­
cies was increased by increasing either the titanium 
dioxide content in the films, or by adding TEA or PTS 
to the paints. 

Though the UV effect is not certain at the begin­
ning of the reaction between titanium dioxide and the 
organic pigment in this experiment, it is conceivable 
to consider that UV light takes part in the reaction, 
and that the addition of TEA or PTS increases the 
possibility of an electron-transfer between titanium 
dioxide and the organic pigment: 

TiÜ2 + Organic pigment 

hv /—• Ti3++ Organic pigment* 
(TEA or PTS)\—> T i o + + Organic pigmentsT 

The Ti3 + or T i O | generated from equation (3), fol-
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Fig. 7. Difference spectrum of FT-IR between the 
spectrum of the film of ES-7 with ESR signal (B) 
and that without ESR signal (B). 

lowed by reactions with O2 in films, yields an interme­
diate, T i 3 + - 0 2 , finally yielding O2 in the adsorbed 
state on the T i 0 2 surface (Eq. 4). 

Ti3+ + 0 2 ^ T i 3 + - 0 2 ^ [ T i 4 + - O i ] (4) 

The generated TiO^ probably establishes equilibrium 
with one form of localized hole, O 2 -—Ti 4 + -0~ (Eq. 5). 

T iOt <—> O2" — T i 4 + - O-. (5) 

Thus, ESR signals (A), (B), and (C) described above 
probably correspond to T i 3 + - 0 2 , T i 4 + - 0 2 , and O2-
—Ti4+---0", respectively. 

The difference spectrum of FT-IR was obtainted by 
subtracting the spectrum of the film of ES-7 without 
an ESR signal from that showing signal (B) (Fig. 7). 
In the case of the film indicating signal (B), the IR 
peak which corresponds to an aggregated or polymer­
ized o-quinone appeared at 1741 cm-126'27) and the 
peak corresponding to a polymeric hydroxyl group 
diminished between 3400—3600 cm -1. Such behav­
ior was also recognized in the film of ES-6 comprising 
a different binder. It is thus conceivable that the 
behavior of the difference spectrum of FT-IR was 
caused from a reaction between the organic pigment 
and titanium dioxide. J. Griffiths et at.28_30) studied 
the photochemical fading of 4-arylazo-l-naphthol dye 
in methyl alcohol and reported that the dye was 
attacked by XÖ2 and changed to 2, 4-bis(£-tolylazo)-l-
naphtol. In the case of O2 or O - , it is reasonable to 
consider that first a hydrogen atom is abstracted from 
the hydroxyl group of the organic pigment, and then 
O2 joins the phenoxyl radical generated from the 
pigment; at last, o-quinone is generated. 

In the case of paint panels under outdoor exposure, 
the O2 in the adsorbed state on the Ti02 surface and 
O" originated in T i O t will attack not only the 
organic pigment, but also the binder; it is presumed 
that the remarkable fading and decreasing gloss reten­
tion occured on PT-2. 

In conclusion, the reaction of an insoluble azo 
pigment with titanium dioxide occurs through the 
electron-transfer reaction; the most important factor 
concerning fading is thought to be the active oxygens 
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of O2 in the adsorbed state on a TiÛ2 surface and O " 
or ig ina t ing in TiO" | , and produced by the mechanism 
described above. 
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Vapor-Phase Carbonylation of Methanol over Tin-on-Active Carbon Catalysts 

Hirosh i YAGITA, Kohji OMATA, T s u t o m u SHIKADA, and Kaoru FUJIMOTO* 
Department of Synthetic Chemistry, Faculty of Engineering, The University of 
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It was found that a number of metals or metal oxides showed catalytic activities for the vapor-phase 
carbonylation of methanol in the presence of methyl iodide (CH3I) promoter under the conditions of 250 °C and 
10 atm (1 atm=1.01325X105 Pa), when they were supported on active carbon. Particularly, tin and lead showed 
high activities. The catalytic activity of the metallic tin increased with the process time over 5 h while that of 
the unreduced tin catalyst increased for more than 10 h to reach the same level. The catalytic performances of 
the tin on active carbon were similar to those of the nickel on active carbon which have been already reported.1-3) 
It was suggested that the active species of the tin catalyst was some kind of metal compounds which was highly 
dispersed on active carbon and was able to be incorporated in the redox cycle. 

It has been wel l -known that the carbonylat ion of 
methanol is catalyzed by metal carbonyl complexes of 
cobalt,4* rhodium, 5 ) nickel,6) and iridium,7 ) dissolved 
in the l iquid media, in the presence of iodide promot­
er. However, in the l iquid phase, it has never been 
reported that metal species other than g roup VIII 
metals show the catalytic activity for the carbonyla­
tion of methanol . 

We have already reported1-3* that nickel and other 
g roup VIII metals supported on active carbon (AC) 
show h igh catalytic activities and selectivities for the 
vapor phase carbonylat ion of methanol . We have 
also reported that the activities of g roup VIII metals 
supported on AC can be ordered by the affinity 
between metal and halide ion, which exhibits a clear 
volcano shape wi th a peak at rhodium.8) We have 
already reported in the letters that metal species such 
as Mo,9) Sn,10) and P b n ) show catalytic activity for the 
title reaction, when they were suppor ted on AC. 

Experimental 

Catalyst precursors were prepared by impregnating a 
commercially available active carbon (AC; Takeda Pharma­
ceutical Inc., Shirasagi C, specific surface area 1200 m2g_1 , 
particle size 20—40 mesh) with metal chloride or acetate 
from their aqueous solutions by the dry-up method. They 
were reduced in a hydrogen stream, at 400 °C, for 3 h, before 
the reaction. Also, silica gel (Fuji Davison ID, S.A. 270 
mag"1) and 7-AI2O3 (Tokai konetsu,TKS 99651,S.A. 170 
m2g_1) were used for the tin catalyst. A flow type reaction 
apparatus with a fixed catalyst bed was employed under the 
pressurized conditions. The reactor was made of stainless-
steel tube with an inner diameter of 8 mm. Methanol was 
mixed with CH3I and was introduced to the reactor by a 
micro-feeder. The reaction mixture from the reactor was 
sampled by a heated gas sampler and was analyzed with a 
gas Chromatograph. The temperature-programmed re­
action (TPR) of chemisorbed CO on Sn/AC was done. 
The XPS analysis of catalysts were conducted before and 
after the reaction using Shimazu ESCA-850. 

Results and Discussion 

1. Catalytic Activity of Metal-on-Active Carbon. 

Figure 1 shows the carbonylat ion activities of a variety 
of metal species other than g roup VIII metal, which 
we are plot ted as a function of their first ionizat ion 
potential . A m o n g the metal species listed, tin, lead, 
copper, manganese , and molybdenum show h igh 
activities. T h e relation between the activity and the 
ionization potent ia l represents a volcano shape which 
has a peak at tin. T h e reason why the catalytic 
activity are classified wi th respect to their ionizat ion 
potent ial , should be attr ibuted to the redox cycle of 
metal cation, which has been postulated for Rh-
catalyzed5) or N i / A C catalyzed8) carbonylation re­
action. T h i s subject will be discussed later. 

In the present study, the characteristic features of 
the t in-on-AC catalyst, which exhibits the highest 
activity a m o n g the metals tested, were clarified in 
more detail. 

2. Operational Factors Controlling Catalyst Perform­
ances. Figure 2 shows the effect of reaction tempera­
ture on the yield of carbonylat ion products on tin, 
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Fig. 1. Catalytic activity over some metal/AC cata­
lysts as a function of first ionization potential. 
Loading: 2.5 wt%, temperature: 250 °C, W/F: 
5 ghmol"1 , CO/CH3OH/CH3I: 100/19/1. 
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Table 1. Carbonylation of CH3OH with Supported 
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Fig. 2. Effect of reaction temperature about some 
metal/AC catalysts. 
Loading: 2.5 wt%, pressure: 11 atm, W/F: 5 g h 
mol"1, CO/CH3OH/CH3I: 100/19/1. 
O: AcOMe (Sn/AC), • : AcOH (Sn/AC), A: AcOMe 
(Pb/AC), A: AcOH (Pb/AC), D: AcOMe (Ni/AC), 
• : AcOH (Ni/AC). 

lead and nickel suppor ted on active carbon. T h e 
yields of a imed products , methyl acetate and acetic 
acid, increased wi th increasing reaction temperature, 
for all catalysts. T h e yield of methyl acetate was 
higher than that of acetic acid for all metals at lower 
temperature. T h e yield of acetic acid exceeded that of 
methyl acetate at 300 °C for the N i / A C catalyst, whi le 
the po in t was 340 °C on the S n / A C catalyst and 
methyl acetate was the major product over all temper­
ature range tested on the Pb /AC. These differences 
can be expla ined by the successive reaction mecha­
nism (the pr imary product is methyl acetate and acetic 
acid is formed successively from methyl acetate).1) 
T h e catalyst of higher activity has the crossing po in t 
at lower temperature. 

Figure 3 shows how the opera t ing pressure affects 
the catalyst performances. T h e yields of methyl ace­
tate and dimethyl ether increased with increasing 

11 15 21 
Total pressure / atm 

Fig. 3. Effect of reaction total pressure. 
Catalyst: Sn/AC (2.5 wt%), temperature: 250 °C, 
W/F: 5 g h mol"1, CO/CH3OH/CH3I: 100/19/1. 

Catalyst 

Sn/AC 
Sn/Si02

a) 

Sn/Al203
b) 

AcOMe 

25.1 
0 
0 

Yield/% 

AcOH 

0.6 
0 
0 

CH4 

0.2 
0.1 
0.7 

DME 

3.1 
0.5 

86.3 

Loading: 2.5 wt%, temperature: 250 °C, pressure: 11 
atm, W/F: 5 g h mol -1, a) 
b) TKS99651 , S.A. : 170 m 2g" 

ID, S.A.: 270 m2g-1 . 

operat ion pressure while those of methane and acetic 
acid were almost constant over the pressure region 
tested. T h e selectivity to carbonylat ion products was 
kept a lmost constant at 80%. Since the S n / A C cata­
lyst shows the positive reaction orders with respect to 
CO and CH3OH, as well as the N i / A C catalyst (Table 
2), the rate of reaction should be increased wi th the 
increase in the reaction pressure, because of the 
increase in the part ial pressures of CO and CH3OH. 

3. Catalytic Features of Sn/AC Catalyst. 3-a. Effect 
of Supports. Tab le 1 shows the effect of suppor ts on 
the catalytic activity of tin. T h e activity of tin for the 
carbonylat ion appeared only when it was suppor ted 
on active carbon (AC) giving the methyl acetate yield 
of 25.1% and the acetic acid (AcOH) yield of 0.6% at 
250 °C and 11 atm. T h i s products dis tr ibut ion is 
a lmost the same as that of nickel on AC (Ni /AC). 
When suppor ted on Si02 or AI2O3, tin exhibited no 
carbonylat ion activity, qui te similarly to that of 
nickel.11) T h e appearance of the carbonylat ion activ­
ity of tin only AC is most presumably attr ibuted to the 
same carrier effects of AC which was suggested for the 
N i / A C catalyst.1) 

2 4 6 8 10 
Time on stream / h 

14 

Fig. 4. Activity change with process time, (the effet 
of reduction) Catalyst: Sn/AC (2.5 wt%), tempera­
ture: 250 °C, W/F: 5 g h mol"1, CO/CH3OH/CH3I: 
100/19/1. 
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3-b. Effect of H2 Reduction on the Activation of 
Sn/AC Catalyst. Figure 4 shows the effect of pre­
reduction of the Sn/AC catalyst by hydrogen on the 
change in the catalytic activity as a function of process 
time. In the case of the unreduced tin catalyst (made 
of tin acetate), the yield of methyl acetate increased 
slowly with the reaction time. As the temperature of 
pre-reduction was increased, the rate of catalyst activa­
tion increased. When the catalyst was reduced by 
hydrogen at 400 °C, the yield of methyl acetate 
increased quickly and leveled off at about 5 h. Sim­
ilar phenomenon was also observed for the Pb/AC 
catalyst.11^ Supported tin acetate was decomposed to 
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Fig. 5. Effect of H2 addition. 
Catalyst: Sn/AC (2.5 wt%), temperature: 250 °C, 
W/F: 5 g h mol"1, CO/CH3OH/CH3I/H2: 100/19/1/19. 
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tin oxide during the heating step and it was reduced to 
metallic tin upon hydrogen reduction at 400 °C (Fig. 
6). The data in Fig. 4 shows that metallic tin is 
quickly converted to active species and that the slow 
activation of the unreduced catalyst should be attrib­
uted to the slow reduction of the catalyst during the 
carbonylation reaction. The Sn^/AC was activated 
rather quickly in spite of no pre-treatment. In all 
cases which were examined, the yields of methane and 
dimethyl ether were almost constant over the process 
period. 

3-c. Effect of Added H2 on the Catalytic Activity. 
Figure 5 shows the effect of added hydrogen gas in the 
feed. The yields of carbonylation products rose after 
30 minutes from the hydrogen addition and reached a 
constant level after 1 h. After 1 hour from the stop of 
hydrogen addition, the yield returned to the level 
under the hydrogen free condition. The reason of the 
promotional effect of hydrogen should be similar to 
that on the Ni/AC catalyst,12) which will be discussed, 
later. 

3-d. Physical and Chemical State of Tin on Active 
Carbon. Figure 6 shows XRD pattern of the Sn/AC 
catalysts, before and after the reaction. In case of the 
unreduced catalyst, no clear peak was observed before 
and after the reaction, the weak peaks assigned to tin 
acetate and tin oxide were observed. In case of the 

Fig. 6. XRD pattern of Sn/AC catalysts. Fig. 7. XRD pattern of Pb/AC catalysts. 
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Fig. 8. XPS pattern of Sn/AC catalysts. 

reduced catalyst, on the other hand, sharp peaks 
assigned to tin metal were observed before the reac­
tion, while no peak was observed after the reaction. 
These facts suggest that tin compounds in the oxi­
dized state and activated tin species are dispersed very 
finely on active carbon. Similar behaviors were also 
observed for the Pb/AC catalyst as demonstrated in 
Fig. 7. 

Figure 8 shows the results of XPS analysis of the 
reduced Sn/AC catalysts before and after the reaction. 
Before the reaction, the surface of catalyst consists of 
the mixture of reduced tin and oxidized tin. After the 
reaction, most of the tin seems to be in the oxidized 
state. The existence of iodide on the catalyst was also 
confirmed by the XPS analysis. Thus the main tin 
species during the reaction can be concluded to tin 
salts containing iodide ion. 

4. Discussions on the Catalysis of Sn/AC for 
Methanol Carbonylation. 4-a. Redox Cycle of 
Sn/AC Catalyst. It has been generally accepted that the 
methanol carbonylation with transition metal com­
plexes, which gives methyl acetate ( AcOMe) and acetic 
acid (AcOH), are based on the redox cycle of metals.13) 

(1) Oxidative addition of CH3I to the catalyst 
surface. 

(2) Insertion of CO into the methyl-metal bond. 
(3) Reductive methanolysis of complex to give the 

products. 
Step (1) is rate determining for the Rh complex 

catalyst.5* Also, on the Rh/AC catalyst, the fact that 
the reaction order with respect to CO is low (0.3) and 
that of CH3I is high (0.7) (Table 2), suggests that the 
adsorption of CH3I is rather rate-determining. On 
Ni/AC catalyst, on the other hand, the order with 
respect to CH3I is low (0.1) and those of CO and 

methanol are high (0.1 and 0.5, respectively). Thus, 
it has been concluded that the oxidative addition of 
CH3I (step (1)) is not the rate-determining step, but 
step (2) or step (3) is rate-determinating on the Ni/AC 
catalyst.2) 

For the Ni/AC catalyst, the redox cycle consists of 
the oxidation of Ni° to Ni2+ by the adsorbed CH3I 
(step (1)) and the reduction of Ni2+ by methanol or CO 
(step (2) and (3)). The XPS experiments on the Ni / 
AC catalyst pointed out that Ni is mostly in the Ni2+ 

state and that active carbon promote the step (3) 
(Ni2+-+Ni°).14> 

As described before, the catalytic features of Sn/AC 
is quite similar to those of Ni/AC as follows; 

[1] Carbonylation activity appears only when it is 
supported on active carbon (Table 1). 

[2] The reaction order with respect to CH3I is low 
while those with respect to methanol and CO are 
rather high (Table 2). 

[3] Carbonylation activity increases by adding H2 
to feed (Fig. 5). Thus, it is quite probable that the 
carbonylation reaction on the Sn/AC catalyst proceeds 
on the catalytic cycle similar to that of the Ni/AC 
catalyst. 

It is well known that metallic tin reacts quickly 
with CH3I to form organic tin compound.15) Rather 
high average oxidation number of tin after the reac­
tion (1.5), which was determined by XPS (Fig. 8), and 
the disappearance of metallic tin during the reaction 
suggests that the chemisorption of CH3I proceeds in 
the form of the oxidative addition. The low reaction 
order with respect to CH3I also suggests that its adsorp­
tion on tin is strong like the case for the Ni/AC catalysts. 

If the adsorption of CH3I to tin is strong, the 
peculiar promotional effect of active carbon should be 
attributed to its promotion of the reductive elimina­
tion step as is the case of the Ni catalyst.14) The 
correlation of catalytic activity to the ionization 
potential of the catalytically active ingredient, which 
shows a volcano shape giving a peak at Sn, can be well 
explained by that the oxidation-reduction character of 
Sn is best balanced for the redox cycle during 
methanol carbonylation. 

4-b. The Behavior of CO and CH3I on Sn/AC. 
Another subject, which should be discussed, is 
whether the step (2) (insertion of CO into CFb-Sn 
bonding) is possible or not. Figure 9 shows the 
temperature-programmed reaction (TPR) spectra of 

Table 2. Reaction Order of Methyl Acetate Formation 
for Each Metal Active Carbon Catalysts 

Catalyst 

Sn 
Ni 
Rh 

CO 

0.5 
0.6 
0.3 

Reactants 

CH3OH 

0.3 
0.5 
0.6 

CH3I 

0.0 
0.1 
0.7 

Loading: 2.5 wt%. 
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Fig. 9. Temperature-programmed reaction spectra 
of adsorbed CO. Catalyst: Sn/AC (2.5 wt%), Heat­
ing rate: 400 °C h-1, H2 flow rate: 100 cm3 g -1 min-1. 
(a) CO adsorbed at 150 °C without the pre-adsorp-
tion of CH3I, (b) CO adsorbed at 150 °C after the 
pre-adsorption of CH3I at 250 °C. 

adsorbed CO on Sn/AC in H2 stream. Since the 
catalyst has been treated with flowing H2 for 3 h to 
reduce tin acetate to metallic tin and to decompose 
surface oxide compounds on AC, the CO desorbed 
between 100 and 200 °C should be attributed to the 
adsorbed CO on tin metal, while the CO desorbed at 
above 400 °C should be attributed to the decomposi­
tion of surface oxide remained. From the catalyst 
with pre-adsorbed CH3I, no CO was desorbed below 
200 °C, but large amount of CH4 and CH3I were 
desorbed above 250 °C which was accompanied by a 
small CO desorption. 

Since little or no CH3I was adsorbed on active 
carbon at 250 °C, the desorbed CH3I and CH4 should 
be attributed to adsorbed CH3I on Sn. Since CH3I is 
stable at around 400 °C, CH4 formation may presum­
ably be attributed to the hydrogénation of dissoatively 
adsorbed CH3I. 

CH3-X-I + H2 —• CH4 + HI + X. 

Another point, which should be noticed is that the 
TPR spectrum of CO is quite similar to that of CH4, 
except that its amount is about 1/20 of that of CH4. 
Since the adsorption of CO on Sn with pre-adsorbed 
CH3I (as demonstrated in Fig. 9(b)), the desorbed CO 

above 250 °C is most probably attributed to the 
hydrogenolysis of acyl complex on Sn. 

CH3-CO-X-I + H2 —• CH4 + CO + HI + X. 

If this assumption is correct, it is further suggested 
that about 5% of dissociatively adsorbed CH3I is con­
verted to acyl complex when exposed to CO at 150°C 
and that the acyl complex is rather stable to heat and 
H2. 

The promotional effect of hydrogen on the carbonyl-
ation activity is caused by the strong chemisorption of 
CH3I to the catalyst surface. The access of methanol 
or carbon monoxide to the catalyst surface should be 
suppressed by the adsorbed iodide. However, when 
hydrogen is added, the catalyst surface is reduced to 
increase the free sites on which methanol or carbon 
monoxide is accessible. 

The considerations described so far lead us to the 
concept that the catalysis of the Sn/AC for the carbon-
ylation reaction is composed of (1) the oxidative 
adsorption of CH3I to tin (presumably zero valence 
state), (2) the insertion of CO into Sn-CH3 bonding to 
form acyl complex and (3) the carbon catalyzed reduc­
tive methanolysis of the complex to form methyl 
acetate. 

Conclusion 

(1) A variety of metal species showed the catalytic 
activity for the vapor phase carbonylation of methanol 
when they were supported on active carbon, among 
which tin and lead showed high activities. 

(2) The carbonylation activity of tin appeared only 
when it was supported on active carbon and its activ­
ity was promoted by the addition of hydrogen gas in 
the feed. 

(3) The Sn/AC catalyst showed similar characteris­
tic feature in their catalytic performances to the Ni / 
AC catalyst. 

(4) Metallic tin was converted to active species 
quickly during the reaction. 

(5) Redox cycle of Sn2+ and Sn° has been proposed 
as the catalysis of Sn/AC for methanol carbonylation 
in the presence of CH3I. 

We greatly acknowledge Nippon Oil Company Ltd. 
for the helpful XPS analysis of catalysts. 
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It has been reported that magnetic anisotropic gel beads (MA gel beads) prepared by the gelation of a ferrite 
suspension in a static magnetic field have a property of oscillating in an alternating magnetic field. This 
paper presents the results concerning the application of MA gel beads to a study of immobilized enzymes. MA 
gel beads were prepared by the gelation of a suspension containing 5% catalase, 3.5% /c-carrageenan and 0—17% 
Sr-ferrite in a static magnetic field of 500—2500Oe (1 Oe=l/47rX103 Am - 1 ) . The enzyme reaction was carried 
out in a column, which was filled with MA gel beads, by continueously flowing a solution containing H2O2 as a 
substrate. It was found that ® MA gel beads oscillated intensely upon applying an alternating magnetic field 
of 100—600 Oe, 50 Hz in the column, (2) the concentration of O2 in the elution that passed through the column 
increased by 10—60% compared with that in the absence of a magnetic field, and (3) the concentration of O2 in 
the elution was influenced by the strength of the alternating magnetic field, the strength of the static magnetic 
field and the concentration of ferrite in the gel. 

T h e ferri te-containing gel beads prepared in a static 
magnet ic field were found to exhibi t a property of 
magnet ic anisotropy. These gel beads (abbreviated 
to MA gel beads) oscillated wi th tu rn ing and sp inn ing 
in an a l ternat ing magnet ic field. T h e diffusion layer 
on the surface between the MA gel beads and the 
solut ion could, thus, be thinner , owing to this oscilla­
tion; in turn, the transport of molecules th rough the 
surface could be facilitated. T h e above-mentioned 
suggestions were confirmed in a previous paper by a 
measurement of velocity of p igmen t ejection from MA 
gel beads in to a solut ion wi th a magnet ic field that 
was turned off and on.1) 

Enzyme immobil ized gel beads filled in a co lumn 
migh t be hardly stirred by a mechanical method. In 
that case, the process of molecule t ransport th rough 
the diffusion layer is deduced to be the rate-
de termining step of the enzyme reaction. O n the 
other hand , there are many papers concerning flui-
dized beds us ing magnet ic fields for both stabiliza­
tion2) and stirring,3) and for prevention of particles 
f lowing out.4) Magnetic gel beads (not exhib i t ing an 
anisotropic property) in a fluidized bed can be stirred 
by app ly ing a magnet ic field from outside in order to 
facilitate the enzyme reaction.5 6) In this connect ion, 
there have been appl ica t ion reports regarding the re­
covery of enzymes immobil ized to magnet i te par t i ­
cles78) and magnetosomes isolated from magnetotact ic 
bacteria.9 '10) 

T h e purpose of this study regarding appl icat ions to 
immobil ized enzymes was to expand the uti l ization of 
MA gel beads. T h e p romot ion of enzyme reactions 
was expected by app ly ing an a l ternat ing magnet ic 
field in a co lumn filled wi th MA gel beads, which 
migh t play the role of a stirrer in the co lumn under a 
magnet ic effect. MA gel beads were prepared wi th 
catalase, fc-carrageenan and Sr-ferrite. T h e fol lowing 
effects were surveyed regarding the properties of MA 

gel beads by measur ing decomposi t ion (%) of H2O2: 
T h e effect of the strength of the static magnet ic field 
on the prepara t ion of MA gel beads, the effect of the 
ferrite concentrat ion in MA gel beads and the effect of 
the strength of an al ternat ing magnet ic field. T h i s 
paper presents the result that the decomposi t ion (%) of 
H2O2 increased under the influence of an a l te rna t ing 
magnet ic field by a round 60%, as compared wi th no 
magnetic field by using MA gel beads of K>carrageenan, 
like those of alginic acid. 

Experimental 

Materials. The Sr-ferrite used was the same as that men­
tioned in a previous paper.1) The catalase used was a 
product of Boeringer Mannheim Co. made from bovine 
lever (26X104 U cm -3). /c-Carrageenan and the other chemi­
cals used were of guaranteed grade or the best commercially 
available. 

Preparation of MA Gel Beads. A mixture containing 
3.5% K-carrageenan and 0—17% Sr-ferrite in 0.5% NaCl was 
warmed to more than 60 °C. /c-Carrageenan was used as a 
carrier of enzyme.11) Into 19 parts of the mixture after 
dissolving /c-carrageenan, 1 part of the catalase solution was 
added. This mixture (kept at 55 °C) was dripped into a 0.1 
mol dm - 3 KCl solution at 25 °C by a syringe. MA gel beads 
(about 3 mm in diameter) were formed immediately after 
each droplet had fallen into the KCl solution in a vessel, 
which was placed in various static magnetic fields of 0— 
2500 Oe (lines of magnetic flux were parallel to horizontal). 
/c-Carrageenan made gel much easier than did alginic acid. 
MA gel beads were allowed to stand for half an hour in the 
vessel. Figure 1 shows a picture of MA gel beads aligned in 
a static magnetic field. 

Equipment and Analysis. The same equipment, includ­
ing a coil which generates an alternating magnetic field (50 
Hz) introduced along the axis of the column, and a column 
(1 cm in inside diameter, 8 cm in bed height of gel beads) 
were used, as in a previous paper.1) 

The concentration of O2 dissolved in the elution passed 
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Fig. 1. A picture of MA gel beads. MA gel beads, which were prepared in static magnetic field of 
1600 Oe, contained 3.5% /c-carrageenan, the fixed amount of catalase and 2.5—15% Sr-ferrite. (a) 
Ten % ferrite containing MA gel beads were placed in no magnetic field, (b) The same MA gel 
beads aligned in static magnetic field of 150 Oe. MA gel beads contained 2.5% (c) and 15% (d) ferrite 
aligned in static magnetic field of 150 Oe. In the figure, the direction of magnetic flux is shown by 
arrows, and the bar, , is expressed as 3 mm long. (Oe=103(47i)-1 Am"1). 

through the column was measured by an O2 electrode (Able, 
DG-5G) connected to a voltammeter (Kikusui Electronics, 
116A) and a vertical pen recorder (Yokogawa, type 3056). 

Results and Discussion 

Effects of Static Magnetic Field on the Preparation 
of MA Gel Beads. When a suspension containing K-
carrageenan, catalase and Sr-ferrite in a syringe was 
dripped into a 0.1 mol dm"3 KCl solution, each drop­
let was found to make a gel bead with a tear-like 
shape. This was different from alginic acid MA gel 
beads which formed with a spherical shape, as 
reported in the previous paper.1) The different shape 
of fc-carrageenan MA gel beads resulted from the prop­
erties of fc-carrageenan, which was more viscous in 
solution and made gel easier than did alginic acid. 

The MA gel beads which were prepared in the static 
magnetic field were transfered into a region with no 
magnetic field. It was found that MA gel beads exhib­
ited a magnetized property; MA gel beads made a 
chain caused by pulling against each other (Fig. la). 
The same MA gel beads were again placed in a static 
magnetic field. The beads were then found to align 
parallel to the lines of the magnetic flux (Fig. lb). It 
seems that the shape of the MA gel beads depends on 
the fluidity of the suspension, the fluidity of which is 
reduced by increasing the ferrite concentration. The 
shape transformed to round for MA gel beads contain­
ing less than 10% ferrite, and to a rod shape for MA gel 
beads containing more than 15% ferrite (Fig. lc, Id). 
In the case that the strength of static magnetic field 
was more than 2 000 Oe, the shape of the MA gel beads 
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Fig. 2. Effects of static magnetic field on the prepa­
ration of MA gel beads. Ten % ferrite containing 
MA gel beads were prepared in various static mag­
netic field at 55 °C. Flow rate of H2O2 solution in 
the column: 25 cm3 min-1. Alternating magnetic 
field (50 Hz) applied; — #—: 100, —A—: 300, 
—O—: 600 Oe. 

transformed to conic form. 
MA gel beads prepared under various static mag­

netic fields were filled in a column, and a H2O2 
solution was flowed through the column. The 
decomposition (%) of H2O2 to O2 was determined with 
and without exposing an alternating magnetic field to 
the column. The result in the case of 10% ferrite 
containing MA gel beads is shown in Fig. 2; the 
ordinate shows the ratio of H2O2 decomposition (%) 
between on-and-off states in the alternating magnetic 
field, and the abscissa shows the strength of the static 
magnetic field for the preparation of MA gel beads. 
The effect of an alternating magnetic field on the 
H2O2 decomposition (%) appeared in the case that MA 
gel beads were prepared in a static magnetic field of 
more than 800 Oe. It therefore looks like there is a 
threshold value of static magnetic strength, as des­
cribed in the previous paper concerning of alginic 
acid MA gel beads.l) The stronger the static magnetic 
field above the threshold value was, the more the 
alternating magnetic field caused H2O2 decomposi­
tion (%). However, ferrite particles were found to 
leak from the MA gel beads in the process of gelling 
under exposure of a static magnetic field of more than 
2000 Oe. 

The Movement of MA Gel Beads in the Alternating 
Magnetic Field. In the case of alginic acid MA gel 
beads, ferrite particles align along the long axis of gel 
beads, as described in the previous paper.1) On the 
contrary, fc-carrageenan MA gel beads indicate the 
direction of the NS polarity to be perpendicular to the 
long axis of gel beads as shown in Fig. 1. It was 

10 20 30 40 

Flow rate / cm3min"1 

Fig. 3. The relationship between flow rate and H2O2 
decomposition ratio in the on/off of alternating 
magnetic field. Ten % Sr-ferrite containing MA 
gel beads were prepared in static magnetic field of 
1600 Oe at 55 °C. Alternating magnetic field (50 
Hz) applied: — •—: 0, — O—: 300 Oe. 

observed by slow-motion video that MA gel beads were 
both swinging with spinning (or twisting) in an alter­
nating magnetic field of 50 Hz. 

The Relationship Between Flow Rate and H2O2 
Decomposition Ratio in the on/off of Alternating 
Magnetic Field. The decomposition (%) of H2O2 
with or without an alternating magnetic field was 
compared by changing the flow rate of a 15 ppm H2O2 
solution containing 0.1 mol dm - 3 KCl and 20 
mmol dm"3 tris-HCl buffer (pH 7.3, 25 °C) in the 
column. The result is shown in Fig. 3. The decom­
position (%) of H2O2 increased, reaching 100% by 
decreasing the flow rate of the H2O2 solution in the 
column. The curve for the case without a magnetic 
field in Fig. 3 (bottom) corresponds to that of the H2O2 
decomposition (%) vs. the reciprocal of the time passed 
through the column. The H2O2 solution in the 
column was mixed well by the intense oscillation of 
MA gel beads under an alternating magnetic field. 
Figure 3 (top) shows the ratio of H2O2 decomposition 
(%) between the on-and-off states of the alternating 
magnetic field against the flow rate of the H2O2 solu­
tion in the column. As the optimum flow rate, 
which results in a maximum on/off ratio of H2O2 
decomposition (%), 25 cm3 min-1 was used for the 
experiments thereafter. 

In this connection, this experiment under the opti­
mum conditions (Fig. 3) was continued for 58 hrs in 
order to determine whether or not enzymes might leak 
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Fig. 4. The curve of H2O2 decomposition (%) with 
the lapse of time in off and on of alternating mag­
netic field. Ten % Sr-ferrite containing MA gel 
beads were prepared in static magnetic field of 1600 
Oe at 55 °C. Alternating magnetic field (50 Hz) 
applied: 300 Oe. Flow rate of H2O2 solution in the 
column: 25 cm3 min-1. 

from the MA gel beads. The results are shown in 
Fig. 4. The H2O2 decomposition (%) was found to 
decrease with the lapse of time under no magnetic 
field. The trend of decreasing H2O2 decomposition 
(%) did not change, even though H2O2 decomposition 
(%) increased after turning the magnetic field (300 Oe) 
on. It was thought that catalase in MA gel beads was 
leaking steadily. The leakage of catalase was con­
firmed by measuring the H2O2 concentration in the 
H2O2 solution passed through the column. The 
H2O2 concentration was found to decrease after allow­
ing it to stand for several hours, due to the presence of 
catalase in the eluted solution. However, the concen­
tration ratio of catalase in the eluted solution was 
estimated to be less than 10~5, as compared with that 
inside the MA gel beads. For a further investigation, 
prevention against the leakage of catalase must be 
devised. 

Effects of Alternating Magnetic field and Sr-ferrite 
Concentration on H2O2 Decomposition Ratio. The 
effect of an off and on alternating magnetic field on 
the ratio of H2O2 decomposition (%) was surveyed by 
varying the strength of the alternating magnetic field 
as well as the ferrite concentration in the MA gel 
beads. A catalase reaction was carried out in the 
column under the same flow-rate and temperature 
conditions as described above. MA gel beads were 
prepared in a static magnetic field of 1600 Oe. The 
result in Fig. 5 shows that a higher ratio of H2O2 
decomposition (%) between the on-and-off states of the 
alternating magnetic field was obtained by increasing 
the field strength and increasing ferrite concentration 
in MA gel beads. We obtained the result (not shown) 
that the curve produced upon applying 600 Oe of 
alternating magnetic field was almost superposed on 
that of 400 Oe (Fig. 5). 

Ferrite powder was found to leak from MA gel 
beads, which contained more than 15% ferrite as the 

10 15 
Sr-ferrite /% 

Fig. 5. Effects of alternating magnetic field and Sr-
ferrite concentration on H2O2 decomposition ratio. 
MA gel beads were prepared with various concen­
tration of Sr-ferrite in static magnetic field of 1600 
Oe at 55 °C. Alternating magnetic field (50 Hz) 
applied: — •—: 100, —A—: 200, — O—: 400 Oe. 
Flow rate of H2O2 solution in the column: 25 
cm3 min-1. 

Time 
Fig. 6. Magnetic response after on and off of alter­

nating magnetic field. MA gel beads were pre­
pared with 2.5—10% Sr-ferrite in static magnetic 
field of 1600 Oe at 55 °C. Alternating magnetic 
field (50 Hz): 400 Oe. 

strength of alternating magnetic field was increased. 
The higher concentration of ferrite made beads so 
fragile and oscillation so strong that beads were 
crashed through collisions with each other. For 
more than a 10% ferrite content in the MA gel beads, 
the ratio of the H2O2 decomposition (%) between the 
on-and-off states of the alternating magnetic field was 
not linearly related to the ferrite concentration and 
field strength. As the ferrite concentration increased, 
the MA gel beads changed from spherical to rod shape 
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(Fig. 1). The magnetic moment of the MA gel beads 
with a rod shape had to be reduced, because the 
distance between both magnetic poles of north and 
south is shorter than that in spherical shape. Rod 
MA gel beads were observed to make spinning about 
the NS-axis more difficult than spherical MA gel 
beads. Therefore, the ratio of the H2O2 decomposi­
tion (%) between the on-and-off states of the alternat­
ing magnetic field can decrease under higher ferrite 
concentrations. If spherical MA gel beads were used, 
the H2O2 decomposition (%) might increase upon 
increasing the ferrite concentration. It is suggested 
that the curves in Fig. 5 show both the effects of 
acceleration and decceleration of H2O2 decomposi­
tion. 

The response on the H2O2 decomposition (%) imme­
diately after turning the alternating magnetic field on 
was found to quicken upon increasing the ferrite 
concentration in the MA gel beads and upon increas­
ing the strength of the alternating magnetic field (Fig. 
6). The time for the H2O2 solution to pass through 
the column was estimated to be around 10 seconds. It 
therefore takes more than 10 seconds to reach a steady 
state in the column after turning the magnetic field 
on, even though a plug flow of the H2O2 solution is 
assumed to occur. Because the height of the column 
bed of the MA gel beads was observed to increase due 
to the movement of MA gel beads in an alternating 
magnetic field, it is reasonable that the response time 
to reach a steady state takes 20—30 seconds for MA gel 

beads containing more than 5% ferrite (Fig. 6). It is 
speculated that 2.5% ferrite containing MA gel beads, 
which have a smaller magnetic moment, may require 
a time-lag in order to move by overcoming static 
friction. 

On the other hand, no effect was observed in the 
process of relaxation after turning magnetic field off. 
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Si02-Al203 for Alkylation of Benzene with Propene 
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For surface modification, the vapor-phase fluorination of Si02-Al203 with CCIF3 was carried out at various 
temperatures ranging from 350 to 550 °C in a conventional flow reactor. It was found that surface fluorination 
at about 400 °C was especially effective for the enhancement of both the catalytic activity and the maintenance of 
the catalytic activity for the vapor-phase alkylation of benzene with propene. Ammonia-TPD revealed that 
the surface acidity of Si02-Al203 could be somewhat increased by surface fluorination at about 400 °C. The 
vapor-phase adsorption of water, hexane, propene, benzene, and cumene showed that the SiCh-A^Os surface 
became hydro- and lipo-phobic after surface fluorination. Thus, an enhancement of catalytic activity 
maintenance was assignable to a decrease in the affinity of the catalyst surface to reaction products. 

It is k n o w n that the surface acidities of some metal 
oxides are enhanced by surface f luorinat ion. 
Hi ther to , surface f luor inat ion has generally been car-
rid out by us ing aqueous solutions of HF,1* NH4F,2) 
and NH4HF2.3) Recently, the authors have found 
that the vapor-phase f luor inat ion of Al203,4) AI2O3-
Cr 2 0 3 , 5 ) TiCVAkOa, 1* and T i 0 2 - S i 0 2 - A l 2 0 3 1 ) us ing 
such chlorofluorocarbons(CFCs) as CCI3F, CCIF3, 
and CQ2FCCIF2 are effective for increasing the surface 
acidities and the catalytic activities for some acid-
catalyzed reactions. In addit ion, t reatment us ing 
CCIF3 at temperatures lower than 600 °C was also 
effective for the surface f luorinat ion of H-mordeni te 
(molar ra t io of Si02/Al203=19).6 ) Fur thermore , this 
t reatment was found to be available not only for 
increasing the catalytic activity, bu t also for enhanc­
ing the stability of the activity. 

In general, the surface properties of mixed oxides 
are fairly different from those of their componen t 
oxides. T h u s , Si02-Al203 shows a remarkably large 
surface acidity compared to both SiÜ2 and AI2O3. As 
is well known, Si02-Al203 is a typical solid acid that is 
useful as an industr ial catalyst. It would be favorable 
if the surface acidity of Si02-Al203 could be further 
enhanced by chlorofluorocarbon(CFC)-treatments 
similarly to those of Si027 ) and Al203.4) However, the 
CFC-treatment of Si02-Al203 may be not necessarily 
effective for such an enhancement , since the CFC-
treatment of H-mordeni te , which is mainly composed 
of SiÜ2 and AI2O3, on the contrary, decreased its 
surface acidity.6) Hence, the effect of the CFC-
treatment on both the surface acidity and the catalytic 
activity for a certain acid-catalyzed reaction, the alky­
lat ion of benzene wi th propene , was studied due to the 
fact that the CFC-treatment of Si02-Al203 has been 
only little reported in the literature. 

Experimental 

Materials. A commercial SiC^-A^Os catalyst, N-631L 

(Nikki Chemical Co., Si/Al(atomic ratio)=85/15), was used 
as a Si02-Al203 sample. For a comparison, a protonated 
Y-type zeoliye, HY(Toso Co., TSZ-320HOA, SiCVAfeOa 
(molar ratio)=5.7), was used as another sample. Single 
oxides, SiÜ2 and AI2O3, were prepared by the hydrolysis of 
ethyl silicate and aluminum isopropoxide, respectively. 
All of the catalyst oxides other than HY, were heat-treated at 
600 °C for 3 h immediately before use as a catalyst or for 
surface fluorination. Exceptionally, HY was heat-treated 
at a lower temperature, such as 500 °C, since H Y partly 
decomposes upon heating at 600 °C or above. 

The fluorination agent, CCIF3, having a purity of higher 
than 99.9%, was supplied by Mitsui-Dupont Fluorochemical 
Co., and used without further purification. 

Fluorination Procedure. Fluorination with CCIF3 was 
carried out in a conventional flow reactor using N2 as a 
diluent at various temperatures ranging from 250 to 550 °C 
immediately before use as a catalyst. The other conditions 
of the fluorination were as follows: fluorination time, 0.5 h; 
CCIF3/N2 (molar ratio)=l; flow rate of gas(CClF3+N2), 100 
ml min - 1 . 

Determinations of Structure and F Content. The struc­
ture of Si02-Al203 was determined by XRD. The F content 
in the surface layer was measured by XPS employing Mg Ka 
radiation. The content was calculated from the areas of the 
spectral peaks on the basis of the photo-ionization cross 
section at 1245 eV in units of the C Is cross section, 22200 
barns (1 barn=10~24 cm2).8' 

Determinations of Surface Properties. The acidity 
change of SiCh-A^Os due to surface fluorination was deter­
mined by using NH3-TPD under the following conditions: 
pretreatment, evacuation at 400 °C for 1 h; adsorption 
temperature of NH3, 100 °C; increasing rate of the bed 
temperature, 20 °C per minutes. The surface areas were 
determined by applying the BET equation for the adsorp­
tion isotherm of N2 at —196 °C. The change in the adsorp-
tive activity of Si02-Al203 due to surface fluorination was 
examined by the vapor-phase adsorption of water, hexane, 
propene, benzene, and cumene on Si02-Al203 at 50 °C, 
before and after surface fluorination. 

Reaction Procedure. The vapor-phase alkylation of ben­
zene with propene was carried out under ordinary pressure 
in a conventional flow reactor. Unless otherwise noted, the 



2364 Akito KuROSAKi and Susumu OKAZAKI [Vol. 63, No. 8 

25 

Ö 

s 
u 
o 
Ö 
N 
Ö 

PQ 

o 

a 

:20 

15 

10 

(A) Before 

• ->-• . . 

1 2 3 

25 

20 

15 

(B) After fluorination 

IV 
\ 
\ 

L ^ -A ^ 
^"~A— 

(0.3) 

(15.1) 
~ # • — • — 

•v.. (9.3) 

(22.1) 

i 

A 0 1 2 3 
Time on stream/h 

Fig. 1. Catalytic activities for alkylation of benzene with propene of metal 
oxides before and after fluorination. • : Si02-Al203(N-63IL), A: AI2O3, 
• : Si02, • : HY. Fluorination temperature: 400 °C. The numbers in 
parentheses indicate the F content of respective samples. 

reaction conditions were as follows: reaction temperature, 
350 °C; W/F=17.8ghmol"1; propene/benzene (molar 
ratio)=2. The products were analyzed by gas chromato­
graphy using a column packed with Bentone 34(5%) and 
DIDP(5%) supported on Uniport HP. 

Results and Discussion 

Comparisons of Catalytic Activity. Figure 1 shows 
the results of the alkylation of benzene with propene 
catalyzed by Si02 , AI2O3, Si02-Al203 and HY before 
and after the COF3-treatment. 

As Fig. 1(A) shows, the single oxides, AI2O3 and 
SiÜ2, exhibited only slight catalytic activities for the 
alkylation. Since alkylation is known to be catalyzed 
by Brônsted acid sites,9) the lower catalytic activities 
are ascribable to the absence or lack of the Brônsted 
acid sites on Al2O310,11) and SiÛ211) surfaces. In fact, 
Si02-Al203 and HY, which are known to be strong 
Brônsted acids, showed high catalytic activities, even 
though the catalytic activities decreased significantly 
with time on stream. This decrease may have 
resulted from the deposition of carbonaceous product 
on the active sites of the catalyst surfaces. 

After surface fluorination with CCIF3 (Fig. 1(B)), 
AI2O3 showed a high catalytic activity for the alkyla­
tion, even though the activity gradually decreased 
with the process time. On the other hand, the SiÜ2 
surface was still catalytically inactive, even after the 
CClF3-treatment. Fluorinated Si02-Al2C>3, having a 
high Si/Al atomic ratio (such as 85/15), exhibited a 
high catalytic activity. In addition, the activity was 
well maintained during its use as a catalyst for alkyla­
tion. Thus, the decrease in the conversion was very 
slight after a process time of about 90 min, in contrast 
to that found for the CClF3-treated HY. As is well 

known, metal fluorides are less volatile than the cor­
responding metal chlorides, and are far more stable 
towards water vapor or moisture in air. The stability 
of metal fluoride or M-F bond on a CFC-treated 
surface should be one reason for the excellent mainte­
nance of the catalytic activity of CFC-treated SiÜ2-
AI2O3. Thus, the effects of the surface-treatment of 
Si02-Al203 on the catalytic activity and the surface 
properties were examined in further detail as follows. 

Effect of Fluorination Temperature on Catalytic 
Activity. To determine the effect of a CCIF3-

400 
Temperature 

500 
°C 

600 

Fig. 2. Effect of fluorination temperature on cata­
lytic activity. • : time on stream 1 h, • : time on 
stream 3 h. The symbols in parentheses indicate 
the conversion for unfluorinated SiCh-AkOs. 



August, 1990] Catalytic Activity of SiCh-AkOs Fluorinated with CCIF3 2365 

treatment on the catalytic activity for alkylation, reac­
tions were carried out in the presence of Si02-Al203 
either treated or fluorinated with CCIF3 at various 
temperatures ranging from 350 to 550 °C. As shown 
in Fig. 2, the catalytic activity shown by the conver­
sion of benzene to cumene reached a maximum when 
the Si0 2 -Al 20 3 was fluorinated at 400 °C. When 
Si02-Al203 was fluorinated at such high temperatures 

Table 1. Specific Surface Area of AI2O3 and SiÜ2-
AI2O3 Fluorinated at Various Temperatures 

Oxide Temperature 
/°C 

Specific surface 
area/m2 g"1 

A1203 

Si02-Al203 

— 
350 
— 

400 
450 
500 
550 

226a) 

161 
480a) 

473 
447 
439 
424 

a) Value of before fluorination. 

200 300 400 500 
Temperature / °C 

600 

Fig. 3. Effect of Fluorination temperature on F con­
tent in surface layer. 

as 450 °C or above, the catalytic activity abruptly 
decreased and became lower than that of the untreated 
one. This decrease was ascribable as being due to 
either the surface OH groups, or to the Brönsted acid 
sites on the surface being fully dimnished by the 
replacement with F atoms during the CClF3-treatment 
at higher températures.7) 

Effects of Fluorination on Surface Area and Struc­
tures. As shown in Table 1, the specific surface area 
of AI2O3 was significantly decreased by fluorination at 
350 °C, possibly due to the formation of stable or 
crystalline A1F3.5) On the other hand, the surface 
area of Si02-Ai203 was little decreased by the fluorina­
tion carried out even at higher temperatures. The 
XRD analyses revealed that Si02-Al203 was still 
amorphous, even after fluorination at such high 
temperatures as 550 °C. 

Content and Bonding of F Atoms in the Fluorinated 
Surface Layer. As Fig. 3 shows, the order of the 
reactivity of the metal oxides toward CCIF3 was 

AI2O3 > S1O2-Al203>Si02. 

Concerning the surface fluorination of Si02-Al203, 
there was an optimal temperature at about 450 °C for 
increasing the F content in the fluorinated surface 
layer. The decrease in F content at temperatures 
higher than 500 °C was due to the formation of vola­
tile SiF4.

7> 
The peak due to Fis in XPS spectra for Si02-Al203 

fluorinated at around 400 °C was found at 687.3— 
687.6 eV. The peak position is close to that for 
A1F3(687.3 eV)4> or AI2O3 fluorinated with CCIF3 
(687.5 eV),4> while it is far from that of Si02 fluori­
nated with chlorofluoromethanes (688.3—688.7 eV).7> 
This fact indicated that the F atoms introduced by 
CCIF3 molecules preferentially bound to the Al atoms 
in the Si02-Al203 surface layer. 

Acidity of Fluorinated Surface. In order to exam­
ine the acidity changes of Si02-Al203 during surface 
fluorination, and its use as a catalyst, NH3-TPD was 
attempted using modified gas chromatography at 

> 

(A) Fresh (B) Used catalyst 

200 300 400 500 100 200 
Temperature / °C 

300 400 500 

Fig. 4. NH3-TPD spectra for fresh and used catalyst. Dotted 
line: Si02-Al203, solid line: Si02-Al203 fluorinated with 
CCIF3. The numbers in parentheses indicate the fluorination 
temperature. 
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temperatures ranging from 100 to 500 °C. 
As shown in Fig.4(A), the NH3-TPD spectra of 

Si02-Al203 before use as a catalyst varied remarkably 
with the fluorination temperature. Especially, the 
peak position of Si02-Al203 was markedly shifted 
from 200 to 300 °C by fluorination at 400 °C, indicat­
ing a strengthening of the surface acidity. This peak, 
however, was significantly lowered by surface fluori­
nation above 420 °C. These results indicate a weak­
ening of the surface acidity by fluorination at temper­
atures higher than 400 °C. The fact that maximum 
surface acidity was obtained at a fluorination tempera­
ture of 400 °C is consistent with the fact that the 
maximum activity was found for a sample fluorinated 
at the same temperature, as shown in Fig. 2. 

As shown in Fig. 4(B), the strong surface acidity of 
Si02-Al203 was reduced to a certain extent by a use as 
a catalyst. However, a reduction of the strong surface 
acidity observed for fluorinated Si02-Al203 was slight 
compared to that observed for Si02-Al203 without 
surface fluorination. The superior retention of 
strong surface acidity may be the main reason for the 
preferable enhancement of the activity maintenance 
observed for fluorinated Si02-Al203. 

Adsorptive Activities of Fluorinated Surface for Var­
ious Gases. Figures 5 and 6 show Freundlich plots 
for the vapor-phase adsorption of water, hexane, pro-

> 
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for Fig. 5. Application of Freundlich equation 
gaseous adsorption of water and hexane. 
P: Vapor pressure/Torr (1 Torr=133.322 Pa), V: 
Adsorbed amount/jj, molm-2. D, <>: Si02-Al203, 
• , • : Si02-Al203 fluorinated at 400°C. D: V= 
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Fig. 6. Application of Freundlich equation for 
gaseous adsorption of propene, benzene, and 
cumene. 
P: Vapor pressure/Torr, V: Adsorbed amount/JJ, 
molm-2. O, A, D: Si02-Al203, • , A, • : Si02-
A1203 fluorinated at 400 °C. O: V=1.39X10"1 P0-48, 
• : V=2.04X10-1 P0-38, A: V=8.87X10"2 P0-75, A: V= 
1.85X10-2 po.75̂  fj. v=1.38X10"1 P0-53. 

pene, benzene, and cumene on Si02-Al203 before and 
after fluorination. The equilibrium adsorption 
amounts per unit surface area of Si02-Al203 were all 
decreased by fluorination. Thus, Si02-Al203 became 
hydro- and lipo-phobic after surface fluorination. 
The characteristic property supplied by the CCIF3-
treatment should have resulted from the remarkably 
low surface energy of the fluorinated Si02-Al203 sur­
face, which is well-covered by F atoms. A similar 
characteristic surface was also obtained for chloro-
fluoromethane-treated Si02.7) 

As shown in Figs. 5 and 6, the decrease in the 
adsorption amount of polar or nucleophilic com­
pounds, such as water and propene, was not so remar­
kable compared to that observed for non- or less polar 
compounds such as hexane, benzene and cumene. It 
is well known that the catalytic alkylation of benzene 
with olefins and alcohols proceeds via carbonium 
ions formed by the protonation of the alkylation 
agent.12) Hence, it seems very favorable for maintain­
ing the catalytic activity that the affinity of SiÜ2-
AI2Ö3 for propene is not changed so remarkably by 
surface fluorination. 

Thus, the results suggested that the effect of surface 
fluorination on the enhancement of the stability of the 
activity was ascribable to decreasing the acumulation 
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of the less volatile reaction products or carbonaceous 
deposits on the Si02-Al203 catalyst surface. In addi­
tion, the decrease in the adsorptive activity of the 
Si02-Al203 catalyst surface for the desired product , 
cumene, may also be favorable for p r o m o t i n g product 
desorpt ion and for a more frequent use of the active 
site for alkylation. 
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Topochemical Double Photocyclodimerization of Bis(butoxycarbonyl)-
Substituted Tetrathiafulvalene in the Crystalline State 
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Crystals of bis(butoxycarbonyl)-substituted tetrathiafulvalene having three reactive double bonds yield 
upon irradiation two products, a "cage product" (II) as well as another (I) by the participation of a pair of 
reactive double bonds. The formation of both the products is understood based on the molecular packing in 
the crystal lattice. The circumstances leading to the formation of more than one photoproduct in the 
crystalline state and the question regarding the sulfur atom as a steering group in the context of crystal 
engineering are discussed. 

In the crystalline state photocyclodimerizations, the 
rate of the reaction as well as the nature of the prod­
ucts obtained are governed by the packing character­
istics, local symmetry and the separation distance 
between the reactive double bonds.1 - 3) T h e ma in 
problem in achieving photochemical reactions in 
crystalline state is to b r ing the reactive partners close 
enough ( « 4 Â) in the crystal lattice. T o achieve this 
goal at tempts are made to discover suitable steering 
groups. For example, it has been observed that chlo­
rine is, by and large, a good steering g roup leading to, 
more often than not, the ß type packing.4 '5) T h e 
suggestion that sulfur could also be a good steering 
g roup emanates from the observation that molecules 
conta in ing divalent suïfur a toms reveal intermolecu-
lar S...S contacts less than 3.7 Â in the crystal lat­
tice.6'7) 

In this connect ion, it is interest ing that bis(butoxy-
carbonyl)-substituted tetrathiafulvalene ((Z)-4,4/-
bis(butoxycarbonyl)-zl2 '2 ,-bi-l,3-dithiole: CISTTF) 
undergoes a solid state photochemical [2+2] cycload­
dit ion reaction.8) It is noteworthy that two products 
have been obtained (Scheme 1). However, there is 

COOBu COOBu 

BuOOC. s s COOBu S W s V S^y S ^ 

\xsx i^r-j(s X+ A A c,r y vL-öi--
Je hV (solut ion) / / 

I COOBu COOBu 

(I ) ( I I ) 

| ^ J 
Sun light 

Scheme 1. 

no reaction in the solut ion phase. It has also 
been observed that crystals of the trans isomer, 
namely (£)-4,4 /-bis(butoxycarbonyl)-zd2 '2,-bi-l,3-dithiole 
( T R A T T F ) do not undergo dimerization. In order to 
unders tand the difference in the photochemical behav­
ior of these two derivatives wi th three reactive double 

bonds as well as to assess the possible role of sulfur 
a toms in the reactive compound , three d imensional 
crystal lographic investigation of these two com­
pounds were carried out. We became aware recently 
that the structure determinat ion of T R A T T F has been 
reported.9) So we confine ourselves to discuss the 
results per ta in ing to C I S T T F only. 

Experimental 

Both the isomers of tetrathiafulvalenecarboxylic esters 
were synthesized as per the reported procedures.10'11) Finely 
powdered CISTTF (80 mg; 20 mmol) was taken in a sealed 
glass tube and kept in sunlight for 2 days. The sample was 
shaken from time to time. During the irradiation, deep 
orange color of the compound changed to yellow. TLC 
analysis of the resulting yellow compound did not reveal the 
presence of any polymeric material. Chromatography on a 
column of silica gel (particle size 0.2—0.5 mm; length 20 cm; 
diameter 1 cm) packed with hexane and elution with chloro-
form-hexane (70:30) gave the first fraction as the 'cage 
product' (II) (52 mg; 65%) and second fraction as (I) (24 mg; 
30%). They were characterized and the physical data were 
in good agreement with the earlier study.8). 

Structural Investigation. Good single crystals of 
CISTTF were obtained from ethanol-chloroform (70: 30) by 
slow evaporation. Preliminary rotation and Weissenberg 
photographs indicated that the crystal system is monoclinic. 
Crystal data: C16S4O4H20, M=404.2, space group, P2i/a, 
a=8.663(2), 6=26.745(4), c=8.941(l)Â, 0=108.24(2)°, V= 
1967.5Â3, Z=4, dx=1.36 gem"3, dm=1.35 gem"3. Intensity 
data were collected on an Enraf-Nonius CAD-4 diffractome-
ter using a crystal of 0.4X0.3X0.15 mm size in co-20 mode 
with a scan speed of 1° min"1 upto 0<7O° (A=1.5418Â). 
The cell parameters were determined accurately by least 
squares analyses of 25 standard reflections in the range 
1O°<0<31°. The stability and orientation of the crystal 
were monitored by using three standard reflections after 
every 1800 s of X-ray exposure, the orientation was checked 
once in 100 reflections. The three monitored reflections 
(161, 031, 250) showed only statistical variations within 2%. 
3822 reflections were collected, 3205 unique #int=0.066, 2599 
siginificant reflections with [|F0 |>3a(|F0 |)]. Corrections 
were applied for Lorentz and polarization factors and for 
absorptions (JU=43.3 cm-1).12) 

The structure was solved using direct method program 
MULTAN-84.13) At the isotropic convergence stage it was 
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found that the three terminal atoms of one of the side chains 
namely (C(14),C(15),C(16)) and the methyl carbon of the 
other side chain (C(8)) were disordered. Full matrix least 
squares refinements14) of scale factor, positional and aniso­
tropic thermal parameters of non-hydrogen atoms without 
disorder as well as positional and isotropic thermal parame­
ters of disordered atoms was performed. As for the hydro­
gen atoms, they were refined for their positional and iso­
tropic thermal parameters. The final #=0.069 and 
i?w=0.077. The function minimized in the least squares 
refinement was X(w\F0\-\Fc\)

2 where w=k/(o2\F0\)+g\F0\
2) 

with £=1.9290 and g=0.002014. The final difference Four­
ier map was featureless. Residual electron density in the 
final AF was less than 0.4 eA-3. Atomic scattering factors 
were taken from International Tables for X-ray 
Crystallography. 15> 

Results and Discussion 

Posit ional coordinates of non-hydrogen atoms are 
listed in Table 1.16) Selected bond lengths and angles 
are recorded in Table 2. A perspective view of the 
molecule drawn wi th O R T E P 1 7 ) a long wi th number­
ing scheme is shown in Fig. 1. T h e tetrathiafulva­
lene (TTF) moiety is nearly p lanar in the title com­
p o u n d (CISTTF) wi th a small twist about C(l)-C(9), 
the angle between the least squares planes passing 

C(81) 
C(7) 

C(5) 
C062) 

0(2) 

C(2)l 

5(3) COO) 

Fig. 1. A perspective view of the molecule with 
atomic numbering scheme and the thermal ellip­
soids at 50% probability level. Disordered atoms 
with less occupancy are not shown. 

th rough both the five membered rings being 2.3(2)°. 
Atoms C(2) and C(3) deviate significantly from the 
least squares p lane defined by S(l), S(2), C(l) , C(9), 
S(3), and S(4): (C(2)=0.071(5); C(3)=0.072(5) A) where­
as C(10) and C(ll) lie in the plane. T h u s T T F moiety 
in C I S T T F has a sofa conformation as against the 
chair conformat ion observed in TRATTF 9 ) or 

Table 1. Fractional Atomic Coordinates (XI04) 
and Equivalent Temparature Factors (XI04) 

for Non-Hydrogen Atoms with 
e.s.d.'s in Parentheses 

S(l) 
S(2) 
S(3) 
S(4) 
O(l) 
0(2) 
0(3) 
0(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(81) 
C(82) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(141) 
C(142) 
C(151) 
C(152) 
C(161) 
C(162) 

C/eq=(l/3)2S^;-fl«*fl;-*fl«fly 

2245(1) 
3518(2) 
6355(2) 
5040(2) 

-562(4) 
-669(4) 
8627(6) 
6529(4) 
3710(5) 
1897(6) 
1309(6) 
-58(5) 

-2011(6) 
-2390(7) 
-3691(10) 
-3665(22) 
-4447(19) 
4870(6) 
7320(6) 
6731(6) 
7417(7) 
7050(9) 
6310(20) 
5779(13) 
4616(24) 
5665(19) 
3720(18) 
4485(26) 

517(0) 
-282(0) 

486(0) 
1260(0) 
244(1) 

-565(1) 
2048(2) 
2205(1) 
338(2) 

-421(1) 
-66(2) 

-109(2) 
-647(2) 

-1188(2) 
-1316(2) 
-1894(6) 
-1846(6) 

648(2) 
1052(2) 
1411(2) 
1914(2) 
2723(2) 
2925(6) 
3042(4) 
2997(7) 
2898(6) 
3306(6) 
3251(8) 

9160(1) 
11516(1) 
13532(1) 
11101(1) 
6484(4) 
7136(4) 

13816(5) 
11665(4) 
10934(5) 
9904(5) 
8821(5) 
7355(5) 
5677(6) 
5573(6) 
4053(7) 
3642(17) 
4009(18) 

11755(5) 
13798(5) 
12699(5) 
12813(6) 
11680(8) 
9971(14) 

10757(12) 
9490(21) 
9110(17) 
8081(17) 
7699(23) 

C/ec 

745(4) 
765(6) 
766(4) 
789(4) 
799(12) 
776(12) 

1278(19) 
904(14) 
653(15) 
719(17) 
660(15) 
680(16) 
825(19) 
949(23) 

1226(30) 
1291(48) 
1219(45) 
676(13) 
784(18) 
734(17) 
891(21) 

1189(28) 
1035(46) 
1035(28) 
1243(51) 
1346(44) 
1265(41) 
1394(64) 

Distance 

Table 2. Selected Bond Lengths (/) and Angles (0) Involving Non-Hydrogen Atoms 
with Their e.s.d.'s in Parentheses 

l/k. Distance l/k Angle <t>/° Angle 0/° 
S(l)-C(l) 1.759(4) 0(4)-C(13) 1.453(6) C(l)-S(l)-C(3) 94.6(2) 
S(l)-C(3) 1.739(5) C(l)-C(9) 1.331(7) C(l)-S(2)-C(2) 94.8(2) 
S(2)-C(l) 1.763(5) C(2)-C(3) 1.337(6) C(9)-S(3)-C(10) 95.5(2) 
S(2)-C(2) 1.709(5) C(3)-C(4) 1.471(6) C(9)-S(4)-C(ll) 94.6(2) 
S(3)-C(9) 1.757(5) C(5)-C(6) 1.480(8) C(4)-0(2)-C(5) 116.0(4) 
S(3)-C(10) 1.710(5) C(6)-C(7) 1.509(9) C(12)-0(4)-C(13) 116.7(4) 
S(4)-C(9) 1.760(5) C(7)-C(81) 1.591(17) S(l)-C(l)-S(2) 114.4(3) 
S(4)-C(ll) 1.744(5) C(7)-C(82) 1.555(19) S(l)-C(l)-C(9) 122.5(4) 
0(1)-C(4) 1.213(6) C(10)-C(ll) 1.355(7) S(2)-C(l)-C(9) 123.1(4) 
0(2)-C(4) 1.320(6) C(ll)-C(12) 1.461(8) S(2)-C(2)-C(3) 118.9(4) 
0(2)-C(5) 1.467(6) C(13)-C(141) 1.558(14) S(l)-C(3)-C(2) 117.3(4) 
0(3)-C(12) 1.201(7) C(13)-C(142) 1.433(14) S(l)-C(3)-C(4) 115.2(4) 
0(4)-C(12) 1.326(6) C(141)-C(151) 1.407(27) C(2)-C(3)-C(4) 127.5(5) 
C(142)-(152) 1.495(20) C(151)-C(161) 1.504(24) 0(l)-C(4)-0(2) 125.2(4) 
C(152)-C(162) 1.649(24) 0(1)-C(4)-C(3) 122.7(4) 

0(2)-C(4)-C(3) 112.1(4) 

0(2)-C(5)-C(6) 107.4(4) 
C(5)-C(6)-C(7) 111.6(5) 
C(6)-C(7)-C(81) 111.7(8) 
S(3)-C(9)-S(4) 114.6(3) 
S(3)-C(9)-C(l) 124.0(4) 
S(4)-C(9)-C(l) 121.4(4) 
S(3)-C(10)-C(ll) 118.1(4) 
S(4)-C(ll)-C(10) 117.3(4) 
S(4)-C(ll)-C(12) 119.3(4) 
C(10)-C(ll)-C(12) 123.3(5) 
0(3)-C(12)-0(4) 124.1(5) 
0(3)-C(12)-C(ll) 124.6(5) 
0(4)-C(12)-C(ll) 111.3(5) 
0(4)-C(13)-C(141) 106.9(7) 
C(13)-C(141)-C(151) 114.6(13) 
C(141)-C(151)-C(161) 123.1(16) 
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in other T T F derivatives such as J2 '2 '-bis-l,3-
benzodithiole18) and diphenyltetrathiafulvalene.19) 

In the case of bis(ethylenedithio)tetrathiafulvalene the 
molecule occupies a nonplanar conformation in the 
crystal lattice.20) Another striking feature is that the 
C-S bond lengths S(3)-C(10) (1.710(5)) and S(2)-C(2) 
(1.709(5)Â) are significantly shorter than S(4)-C(ll) 
(1.744(5) A) and S(l)-C(3) (1.739(5) A). The observed 
bond length variation indicates that the following 
valence bond structures are important (Scheme 2). 

This trend in the C-S bond lengths is observed in 
substituted TTFs with electron-withdrawing groups 
attached to it. For example, the C-S bond lengths in 
TRATTF are 1.749(2) and 1.725(2) A.9) In diphenyl-
tetrathiafulvalene19) the C-S bond length in the 
phenyl-substituted side is longer (1.777(7) A) than the 
unsubstituted side (1.739(7)A). This trend is not 
observed in T T F derivatives which are symmetrically 
substituted.20) 

Structure Reactivity Correlation. From the pack­
ing diagram (Fig. 2), it is observed that the nearest 
neighbouring molecules are related by an inversion 
center. The two potentially reactive pairs of double 
bonds (C(2)=C(3) and C(10)=C(11)) with nearest neigh­
bours are placed at a distance of 3.944Â (C(2)...C(11)) 
and 3.947 A ((C(3)...C(10)) in the crystal lattice. For 
the [2+2] photodimerization to occur, the n orbitals of 
the reactive double bonds would, in the ideal situa­
tion, be expected to overlap. The geometrical 
parameters of relevance are center-to-center distance 
between the reactive double bonds, angles 61,62,63, and 
the displacement of the double bonds, d, with respect 
to one another (Fig. 3). 

For the best overlap of the n orbitals for the cyclodi-
merization 0i=O°, 02=03=90°, and d=0A. The calcu­
lated values are 0i=O°, 02=8O.6°, 03=62.2°, and 
d=1.81 A. Thus considerable motion of the reactive 
partners are required before the reaction ensues. 

JÜ—i—iL 

! W H 
=4=4** 

Fig. 2. Stereo packing of the molecules in the unit 
cell. The side chains are not shown for clarity. 

Fig. 3. Geometrical parameters used in the relative 
representation of the reactive double bonds. 

Indeed, it has been noted that in most of the photo-
reactive compounds, the ideal geometrical conditions 
are not achieved.5) These observations emphasize 
that there must be sufficient cavity volume available 
in the crystal lattice which could permit the necessary 
motions of the reactive partners so as to achieve the 
overlap of the orbitals upon excitation. 

From the packing of the molecules (Fig. 2) it is clear 
that the bonds C(10)=C(11) and its centrosymmetri-
cally related partner C(2)=C(3) would interact to pro­
duce the experimentally observed double [2+2] photo-
cyclodimerization product. It has been reported that 
in addition to the 'cage product' (II), another dimer 
(I) also was obtained.8) It may be mentioned that 
according to Kreitsberga et al.8) the yield of II is only 
12% whereas the yield of I is as high as 70%. However 
according to our experiment the major product corres­
ponds to II, 65% yield, and I is 30%. A stepwise 
mechanism in which the cage product could result 
from I is ruled out as the irradiation of I does not yield 
II. It is possible that in some reaction sites, as one 
pair of double bonds interact, the other pair would be 
expected to move too far apart resulting in unfavoura­
ble orientation of the other partner. The occurrence 
of more than one product with significant yields in a 
topochemically controlled solid state reaction is 
exceptional. In this connection two observations 
reported in literature are noteworthy. In the photo-
reaction of dimethyl (2£,5£)-4-oxo-2,5-heptadienoate 
in the solid state, it has been observed that a single 
product with two cyclobutane rings was obtained.21) 
On the other hand, photoirradiation of 1,4-dicin-
namoylbenzene produces, in high yield, a double 
[2+2] cycloaddition product and a small amount of 
oligomers.22) Another important observation is that 
the photoirradiation of unsymmetrically substituted 
diolefin compounds such as a-cyano-4-[2-(4-pyridyl)-
ethenyl]cinnamates resulted in dimers and oligomers 
in the solid state which could be rationalized in terms 
of their molecular packing.23) The molecular pack­
ing in the title compound permits neither the forma­
tion of oligomers nor the photodimerization between 
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C(1)=C(9) and its centrosymmetrical partner. 
In many of the crystal structures conta in ing dival­

ent sulfur, the sulfur a toms act as electrophile-nucleo-
phi le couple hav ing short intermolecular contacts less 
than 3.70 Â.6'7) In the title compound , however, the 
shortest S...S distance between the reacting molecules 
is 3.95 Â, significantly longer than the sum of van der 
Waals radii (3.70 Â). T h i s observation is in agree­
ment wi th other neutral tetrathiafulvalene deriva­
tives. 18,19,24-26) T h u s the role of S atoms in steering 
the molecules is not clearcut and not, at any rate, the 
only cont ro l l ing factor. In this connection it is note­
worthy that the crystals of the trans isomer are no t 
photoreactive at all. It may be ment ioned that the 
role of chlor ine as a steering g roup is beyond ques­
tion27-31) a l t hough it appears that it is not effective for 
all kinds of molecular framework.32) 

T o conclude, while the present study allows us to 
rationalize the photochemical behavior of C I S T T F , 
the role of sulfur atoms for crystal engineering could 
not be substantiated in the present case as well as in 
the case of the photostable T R A T T F . T h e results of 
the present study as well as a few other reports in the 
literature21-23) reveal that in molecules con ta in ing 
more than one reactive double bond, the solid state 
photoreact ion yields more than one product, the 
s ingular exception being dimethyl (2£,5£)-4-oxo-2,5-
heptadienoate in which one product is obtained.21) 
T h e factors control l ing this observation appear to be 
the subtle features of the molecular packing wi th in 
the broad classification of the a and ß type packing 
modes as well as the degree of molecular mot ions that 
the par t icular crystal would permit . 

T h e authors thank the Counci l of Scientific and 
Industr ia l Research and the University Grants Com­
mission, Government of India, for financial support . 
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Phosphorescence Emission of 2,6-Diacetylpyridine: Role of 
2V-Heteroatom and Effect of Hydrogen-Bonding 

S. K. SARKARÏ and T. GANGULY* 

Department of Spectroscopy, Indian Association for the Cultivation of Science, Jadavpur, Calcutta 700032, India 
(Received October 11, 1989) 

The absorption, excitation, and luminescence spectra of 2,6-diacetylpyridine (DAP) and acetophenone 
(ACP) are investigated in nonpolar methylcyclohexane (MCH) and polar ethanol (EtOH) matrices at 300 K and 
77 K. The emitting state of DAP is found to be the lowest triplet state of essentially rnz* nature. In the 
emitting lowest triplet nrc* states of DAP and ACP the carbonyl group is observed to be the chromophore. The 
comparative studies on the photophysical properties of DAP and ACP reveal that the introduction of a pyridinic 
nitrogen atom in the phenyl nucleus of ACP leads to large nonradiative transitions from the lowest 3no7t* due to 
vibronic interaction between this state and the pyridinic n^n* state. In the case of ACP a weak nn* 
fluorescence, in addition to phosphorescence is observed in EtOH glass matrix at 77 K. On the other hand in 
EtOH no such fluorescence is detected for DAP. The phosphorescence decay profile of DAP in presence of 
EtOH is found to be of single exponential indicating emission from a particular excited electronic state. It is 
suggested that due to comparatively much weaker hydrogen-bonding interaction between DAP molecule and 
EtOH solvent both intersystem crossing and internal conversion rates are little affected. 

Studies on the photophysical properties of pyridyl 
ketones and their parent carbonyl molecules in differ­
ent solvents of varying polari ty has been the subject of 
increasing interest.1_5) T h e photophysica l behaviors 
of these compounds are mainly governed by the rela­
tive energy posit ions of n7U* and TUTU* states and the 
vibronic interaction between them in the singlet and 
triplet manifolds. It was demonstrated by several 
authors6 - 9) that the radiative and nonradiat ive proper­
ties of aromatic compounds are markedly modified 
wi th the in t roduct ion of a n i t rogen a tom in the 
phenyl nucleus of these molecules. Moreover, inter­
est in the characterization of the lowest emit t ing states 
of such type of molecules is always high.10-16* 
Generally these compounds exhibi t only phosphores­
cence in nonpo la r r igid matr ix. In polar solvent a 
weak fluorescence, in addi t ion to phosphorescence, 
has been observed in a few cases. Even t hough a few 
works were done to assign unambigous ly the na ture of 
the lowest triplet states of some pyridyl ketones, con­
troversy in characterizing the na ture of the emi t t ing 
states still remains. 

In the present paper our a t tent ion is directed to 
study the photophysical properties of 2,6-diacetyl­
pyridine and to compar these propert ies wi th those of 
acetophenone which may be treated as a parent car­
bonyl c o m p o u n d of DAP. T h i s investigation is done 
to reveal how the photophysica l properties of the 
parent carbonyl c o m p o u n d are modified wi th the 
in t roduct ion of a pyridinic n i t rogen atom. T h e DAP 
molecule having both acyl groups and an N-a tom in 
the phenyl nucleus possesses biological importance.1 7 ) 

T h e hydrogen-bonding na ture in bo th g round and 
excited electronic states of pyridyl ketone molecule is 
expected to differ significantly from the parent aryl 

t Present address: Department of Physics, Vidyasager 
College, Calcutta 700006, India. 

ketone due to the presence of pyridinic ni t rogen a tom 
in the former molecule. It is well-known that 
e lectron-withdrawing substi tuents generally decrease 
hydrogen-bonding ability bo th in the electronic 
g round and excited states. T h e pyridinic ni t rogen 
a tom can be considered as an electron-withdrawing 
substituent. It can also produce addit ional electronic 
excited states of n7u* character. T h e role of this hete-
roatom is t hough t to be of very m u c h impor tan t in the 
mechanism of intermolecular hydrogen-bonding 
interaction part icularly in the excited electronic states 
th rough which radiative and nonradiat ive processes of 
the excitational energy occur. Keeping this in view 
the absorpt ion, excitation, and emission spectra, tri­
plet lifetimes and polarizat ion data of DAP and ACP 
are recorded bo th in nonpo la r methylcyclohexane and 
polar protic e thanol r igid glass matrices at 77 K. In 
this paper the results are described. 

Experimental 

2,6-Diacetylpyridine purchased from Aldrich Chemical 
Company (USA) was purified first by repeated crystalliza­
tion and subsequently by zone refining. Acetophenone 
(EGA Chemie, West Germany) was purified by repeated 
fractional distillation till no impurity could be detected with 
a flame ionization detector column (Hewlett Packard, Model 
5730A). Spectrograde ethanol, methylcyclohexane, and ace-
tonitrile of E. Merck, West Germany were distilled under 
reduced pressure and tested for residual impurity phospho­
rescence emission at a sensitivity level at least one order of 
magnitude greater than that used for recording of the spectra 
of the compounds under investigation. Freshly prepared 
and deoxygenated solutions of concentration 10-4 M (1 M=l 
mol dm -3) were used for recording absorption and emission 
spectra. Emission, excitation, and polarization data were 
obtained with a Perkin-Elmer MPF 44A spectrophotometer 
equipped with a compensating spectral unit model ESU 
while absorption data were recorded with a Shimadzu UV-
Vis spectrophotometer model 210A. Phosphorescence life-
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times were measured using ECIL 05769 10 MHZ oscillo­
scope in conjunction with the rotating can phosphorescence 
accessory. Phosphorescence quantum yields of DAP were 
determined relative to that of acetophenone.18) 

Results and Discussion 

In nonpolar MCH and in polar protic solvent 
EtOH at 300 K both ACP and DAP are found to 
exhibit two systems of Tu-electronic absorption bands 
corresponding to 1Lb<— So and 1La<—So transitions in 
the wavelength regions of 300—260 and 250—220 nm, 
respectively (Table 1). The phosphorescence excita­
tion spectra of both these molecules in MCH glassy 
matrix at 77 K clearly exhibit these two band systems 
(Fig. 1). Besides these TUTU* bands the phosphores­
cence excitation spectrum of DAP displays a very weak 
band system in the spectral region of 320—380 nm as 
shown in Fig. 1. Such a band system in the same 
spectral region is also observed in the case of ACP 
(Fig. 1). By analogy this band system observed in the 
case of DAP may be designated as singlet noTU* band 
arising due to transition involving the n-electrons on 
the oxygen atom of carbonyl group (the subscript " O " 
stands for oxygen atom). In the protic solvent EtOH 
these 1noTU* bands are observed to be broadened (Fig. 
1). It is noteworthy that in the case of DAP in which 
a pyridinic nitrogen atom is present, no band system 
associated with 1TU*<—nN transition due to the excita­
tion of n-electrons on the Af-heteroatom could be 
observed. Moreover, the band systems corresponding 
to %*<—TU and %*<—no transitions could not be 
detected in the case of DAP, though such band systems 
were observed by Kastha et al.18) in the absorption and 
excitation spectra of ACP. It may be presumed that 
the very weak absorption and phosphorescence emis­
sion of DAP as compared to that of ACP prevent us 

from detecting such 3noiu* and 3TUTU* bands. However, 
it may be assumed that the 3no7u* and 3TUTU* states of 
DAP molecule lie nearly in the same energetic posi­
tions as observed in the case of ACP molecule. 

When excited with 280 nm wavelength which cor­
responds to the 1Lb<—So transition, both ACP and DAP 
exhibit fairly intense phosphorescence emission in 
MCH rigid glassy matrix at 77 K. The lack of fluo­
rescence emission is observed from both the molecules 
in MCH matrix. The measured phosphorescence 
lifetimes (TP) of ACP and DAP are found to be of 2.5 
and 2 ms, respectively (Table 2). In polar protic 
EtOH glassy matrix large blue shifts of phosphores-

220 280 3 4 0 
WAVELENGTH/nm 

400 

Fig. 1. Phosphorescence excitation spectra of ACP 
in MCH (1) and EtOH (2), and DAP in MCH (3) 
and in EtOH (4) at 77 K. 

Table 1. Observed Singlet TTTT* and n07r* States and Triplet n07r* States of ACP and DAP 
from Room Temperature Absorption and 77 K Phosphorescence Excitation 

and Emission Spectra in Different Solvents 

Molecules 

ACP 

DAP 

^(TTTT*) ï W c m - 1 

MCH EtOH 

42092a) 41395 
(39892)b) (39749) 
42735 42194 

(40 322) (40000) 

1Lb(7T7r*) ï W c m - 1 

MCH EtOH 

34954 34712 
(34675) (34532) 
35 398 35 398 

(35211) (35211) 

ôTT* ï^oo/cm-1 

MCH EtOH 

27 692 28000 
(27 776) (28240) 
27 313 27 800 

(27 397) (28011) 

3n07T* 

M C H 

25 819c) 

24420 

^oo/cm - 1 

EtOH 

26007 

24753 

a) From absorption spectra, b) From phosphorescence excitation spectra, c) From phos­
phorescence emission spectra. 

Table 2. Measured Phosphorescence Quantum Yield (&p) and Lifetime (TP), Derived 
Radiative Lifetime (TJ) and Phosphorescence Radiative (kp) 

and Nonradiative (knp) Rate Constants at 77 K 

Molecules 

ACP 
DAP 

&P 

MCH EtOH 

0.65 0.60 
0.14 0.35 

Tp/ms 

MCH EtOH 

2.5 5 
2 4 

TpVms 

MCH EtOH 

3.9 8.3 
14.3 11.4 

Vs"1 

MCH EtOH 

260 120 
70 90 

Änp/ S 

MCH EtOH 

140 80 
430 160 
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cence spectra of these molecules are observed and xp 

values are found to be increased by two folds (Table 2). 
In EtOH glass a very weak fluorescence emission band 
appears in the case of ACP18) but DAP exhibits no 
detectable fluorescence emission in the same solvent. 
It was reported by several authors18* that intersystem 
crossing (ISC) and internal conversion (IC) in some 
aromatic carbonyls are substantially decreased in 
hydrogen-bonding solvents relative to nonpolar sol­
vents and fluorescence emission becomes detectable in 
the hydrogen-bonding solvent. The lack of fluores­
cence of DAP in the polar solvent, therefore, needs 
clarification. Before that the nature of the emitting 
state is to be examined. 

Figure 2 reproduces phosphorescence spectra of 
DAP both in MCH and EtOH rigid glassy matrices at 
77 K and the degree of polarization of the same spectra 
as obtained by photoselection technique. As seen in 
Fig. 2, the phosphorescence 0,0 band of DAP is 
polarized highly positive with respect to the excitation 
into the xLa band at about 240 nm both in MCH and 
EtOH glassy matrices. The observation of short 
phosphorescence lifetimes (2.5 ms) as it was described 
earlier, polarization behavior both in MCH and 
EtOH glasses, and the blue shift of the phosphores­
cence spectra in going down from MCH to polar 
protic solvent EtOH strongly suggest that the emit­
ting state is the lowest triplet state which is essentially 
of nTU* nature. Further, from the phosphorescence 

390 450 510 
WAVELENIGTH/nm 

Fig. 2. Phosphorescence (P) and phosphorescence 
polarization (PP) spectra of DAP in MCH (....) and 
EtOH ( ) at 77 K. 

spectra exhibiting the vibrational progression of car-
bonyl stretching frequency it is apparent that the 
phosphorescence bands are attributable to transitions 
involving the n-electrons on the oxygen atom of the 
carbonyl group and have been designated as 3no7u* 
bands. So in the triplet n7i* state of DAP, the car­
bonyl group is the chromophore, as it is for ACP 
molecule.18) The relative dispositions of the noTU* 
and TUTU* singlet and triplet energy levels of DAP 
indicate that the excitational energy corresponding to 
1Lb<—So transition is transferred to the lowest 3no7u* 
state through lnn*(lL>b)-*lnon* IC, ^of t*-* 3 ^* ISC, 
and 37U7U*—>3no7u* IC processes as in the case of ACP 
molecule. To observe the effect of pyridinic nitrogen 
atom in an aromatic ketone like molecule on the 
energetic positions of its different excited electronic 
states and also on the radiative and nonradiative 
depletion processes, the phosphorescence quantum 
yields (</>p), triplet lifetime (TP) of both ACP and DAP 
are measured in MCH and EtOH rigid glassy matrices 
at 77 K for comparative study. Moreover, the other 
photophysical parameters e.g., radiative (kp) and non-
radiative (knp) rate constants and the radiative lifetimes 
(TP°) are evaluated for these compounds using the well-
known relations given below and they are listed in the 
Table 2. 

Tp° = Tp/</>p (considering triplet yield </>T=1), 

ftp l /Tp j ftnp 1/Tp 1/Tp . 

It is generally believed that an electron-withdrawing 
substituent stabilizes the n7u* states of the carbonyls. 
If the pyridinic nitrogen is considered to be an 
electron-withdrawing substituent, the energy posi­
tions of the ^OTU* and 3no7u* states of DAP will be 
lowered with respect to ACP. The observed red shifts 
of the 1noTU* and 3noTt* band systems of DAP as com­
pared to ACP are in accord with this expectation 
(Table 1). As DAP molecule has two carbonyl groups 
one can also expect that the interaction between the 
nonbonding electron pairs leads to the splitting of 
carbonyl no molecular orbitals into the no+ and no" 
orbitals and there are two possible excited electronic 
states of noTU* nature resulting from no"1"->TU* and no" 
—>7U* orbital transitions.19) Such splitting of carbonyl 
no molecular orbitals may give another reason of the 
red shifted noTU* states of DAP as compared to ACP. 
It is noteworthy that the presence of N-atom may 
hinder the conjugation effect of the accepting acyl 
group, leading to destabilization of the TUTU* states of 
DAP relative to ACP. The large blue shifts of the 
1La(TUTU*) and 1Lb(TUTU*) bands observed in the case of 
DAP relative to ACP (Table 1) support this view. 

In MCH glassy matrix at 77 K, 0P of DAP (0.14) is 
found to be lower in magnitude in comparison to that 
of ACP (0.65), as shown in Table 2. It is also seen 
from this table that the knp of DAP is larger nearly by 
three times relative to that of ACP molecule. On the 
other hand the kp of DAP is approximately one fourth 
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of that value observed for ACP. The larger value of 
the Tp° further supports the proposition that the phos­
phorescence radiative rate from the emitting triplet 
state, 3no7u* of DAP is reduced considerably. It is 
apparent that large changes in the values of </>p, TP and 
other photophysical parameters are brought about 
due to the introduction of a pyridinic nitrogen atom 
in ACP type of molecule. Wassam and Lim20* 
pointed that in many nitrogen heterocyclic com­
pounds the lowest emitting triplet state is distorted 
due to vibronic interaction between the closely lying 
3nN7u* and 3TTTC* states which enhances the nonradiative 
rate from the emitting state. The magnitude of the 
vibronic interaction depends on the proximity of the 
interacting states. Because of the close proximity, the 
lower state may acquire some characteristics of the 
upper state. In the case of DAP, the predominantly 
in-plane polarization of phosphorescence emission 
and very short triplet lifetime indicate that the emit­
ting state is essentially of 3no7u*, but it may be the case 
that the lowest triplet state acquires a small amount of 
TUTU* character, due to closely lying 3TUTU* state. Since 
our observed phosphorescence lifetime is very much 
like that of 3n7u*—>So emission it seems reasonable to 
regard such vibronic mixing to be less important. 
Because of the presence of N-atom in DAP it is 
expected that there is a possibility of 3nN7u* state lying 
close to the 3noft* state and the vibronic interaction 
between these states may lead to the mixing of the 
emitting state with 3nNTC* state. Following the emis­
sion characteristics of N-heterocyclic compounds it is 
presumed that the vibronic interaction between the 
closely lying upper 3TUTT* state and the lowest triplet 
state having a small amount of 3nN7U* character may 
enhance the nonradiative transition which is manif­
ested by the reduction in $p and TP values for DAP as 
compared those in ACP. It is to be pointed in this 
context that there is another possibility of photochem­
ical reaction in the 3no7u* state which may be consi­
dered to account for the large reduction in the </>p and 
Tp values for DAP. The occurrence of photochemical 
reaction in the 3noTC* state of some pyridyl ketones has 
been reported by some earlier authors.21~25) 

In EtOH rigid glass at 77 K it is observed that the </>p 

and Tp values of DAP increase as compared to those in 
MCH glass. On the other hand for ACP molecule TP 

increases with the change of solvents from normal 
hydrocarbon glass to polar protic EtOH glass but a 
little lowering in the <£p value is observed (Table 2). 
The increased </>p and TP values of DAP in protic 
solvent can be accounted for in terms of decreased 
vibronic interaction between 3no7u* and 3nN7u* states. 
It is seen from Table 1 that the 3no7u* state of DAP is 
blue shifted by 333 cm - 1 in changing the matrix 
from MCH to EtOH whereas for ACP this shift is 
found to be 188 cm"1. Unfortunately, we could not 
find the position of 3nN7u* state of DAP in any solvent. 
However, in the case of pyridine derivatives like cya-

nopyridines it is reported that the 3nN7u* state under­
goes large blue shift (846 cm -1) in going from MCH to 
EtOH glass.9) In view of the above facts it is expected 
that the energy gap between the 3nN7u* and 3no7u* states 
of DAP increases in protic solvent as a result of which 
the vibronic interaction between these states is consid­
erably decreased. This reduction in the vibronic 
interaction in the triplet manifold causes a substantial 
decrease in 3no7u*—>So nonradiative deactivation lead­
ing to the increase in </>p and TP values of DAP in EtOH 
glass. As regards to fluorescence activation it is 
important to note that ACP molecule exhibits a weak 
TUTU* fluorescence band in EtOH glassy matrix whereas 
DAP molecule is nonfluorescent in both the polar and 
nonpolar matrices. It is apparent that for ACP mole­
cule 17üTü*-̂ 1noTü* IC and ôn:*—>37U7U* ISC rates are 
hindered a little in polar matrix as a result of which a 
weak fluorescence is observed. The nonfluorescence 
behavior of DAP suggests that the IC and ISC rates are 
not affected appreciably in EtOH. It is generally 
known that hydrogen-bonding effect in the electronic 
excited states may hinder IC and ISC rates.18* Keep­
ing this in view a systematic study has been made to 
reveal the fact that hydrogen-bonding interaction does 
really occur between DAP and EtOH solvent. Exis­
tence of hydrogen-bonding between ACP and EtOH 
has been confirmed previously by some authors from 
the observation of lowering in IC and ISC rates. As 
seen from the Fig. 1, the sharp vibronic bands in the 
excitation spectra of DAP corresponding to 1noTU*<—So 
observed in MCH glass at 77 K become broadened in 
EtOH. Such broadening of the excitation spectra 
was not observed in acetonitrile solvent which may be 
treated as a nonhydrogen-bonding solvent. These 
observations suggest that there may be hydrogen-
bonding interaction between C=0 group of DAP and 
EtOH solvent in the ground state. To examine the 
occurrence of such interaction in the excited state the 
following experiment has been performed. 

As EtOH of low concentration is gradually added to 
the binary mixture of DAP and MCH, the phospho­
rescence band of DAP is found to be gradually shifted 
to higher energy region with the increase in intensity 
(Fig. 3). The observed blue shift of phosphorescence 
spectrum is certainly characteristic of TÜ*<—n transi­
tion. As MCH solution can be treated as the bulk of 
the ternary solution in which the relative concentra­
tion of EtOH is low, the effect of change of polarity 
will not be of any great significance and the observed 
spectral changes should presumably be attributed to 
intermolecular hydrogen-bonding involving C=0 
group of excited DAP and EtOH molecules. In order 
to get corroborative evidence for the occurrence of 
hydrogen-bonding interaction in the excited state the 
phosphorescence spectrum of DAP is also recorded in 
acetonitrile which is a nonhydrogen-bonding solvent 
having a higher dielectric constant (£^38) than EtOH 
(e^25). It can be seen from the Fig. 3 and Table 1 
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Fig. 3. Phosphorescence spectra of DAP in MCH at 
77 K (excitation wavelength: 280 nm). Concentra­
tion of DAP is lXlO"4 M and that of EtOH in 1, 0M, 
2, 0.04M; 3, 0.08M; 4, 0.12M. 

that a blue shift of 271 cm - 1 is produced with acetoni-
trile while a larger blue shift (333 cm -1) is observed 
with EtOH having lower dielectric constant value. 
Invariably hydrogen-bonding interaction has a signif­
icant role for this blue shift. These blue shifts 
observed in the cases of both DAP and ACP molecules 
in changing the environment from MCH to EtOH 
matrix may be ascribed to the formation of C=O...H-
OEt type hydrogen-bonding. The broadening of 
phosphorescence vibrational structure with gradual 
addition of EtOH in binary mixture of DAP and 
MCH as well as the decrease of C=0 stretching fre­
quency from 1680 cm - 1 in MCH to 1631 era - 1 in pure 
EtOH provide the evidences for the occurrence of 
intermolecular hydrogen-bonding interaction in the 
ground state. (The observed blue shifts and the aug­
mentation of the phosphorescence bands support the 
formation of intermolecular hydrogen-bonds in the 
triplet state of DAP with EtOH.) 

From the above observations it may be concluded 
that hydrogen-bonding interaction between C=0 
group of DAP in the ground and excited states and 
EtOH is largely responsible for the broadening of 
phosphorescence excitation and emission spectra and 
large blue shifts of phosphorescence band origin. 
However, the effect of hydrogen-bonding interaction 
is found to be different in the cases of ACP and DAP 

molecules. In the case of former molecule, the mag­
nitude of </>p is observed to be slightly lowered due to 
hydrogen-band formation with EtOH with the 
appearance of a very weak TUTU* fluorescence band 
system. Moreover, both &np and kp values are seen to 
be considerably reduced (Table 2). But in the case of 
the latter molecule </>p value increases due to hydrogen-
bonding interaction with EtOH with the significant 
reduction of knp and increment of kp (Table 2). It is 
well-known that hydrogen-bonding interactions in 
the excited states of some aromatic and pyridyl ketones 
hinder the ISC and IC processes resulting a weak 
fluorescence emission from these molecules in EtOH 
solvent. In the case of DAP no such fluorescence has 
been detected in EtOH. It is reported that in the 
presence of pyridinic nitrogen atom C=0 group loses 
its basic properties mostly. As a result hydrogen-
bonding interaction of DAP with EtOH becomes 
much weaker than that of ACP where no pyridinic 
nitrogen atom is present. Therefore, in the case of 
DAP it is probable that hydrogen-bonding interaction 
is not sufficient enough to decrease ISC and IC rates 
significantly leading to the observation of TUTU* fluores­
cence emission and lowering in </>p value. It is 
already pointed that in contrast to acetophenone, the 
splitting of carbonyl n0 molecular orbitals of DAP 
gives rise to two ^OTC* states. As the noTU* states 
generally undergo blue shift in EtOH it is possible 
that the vibronic interaction between the 1TUTU* (1Lb) 
state and the nearby ^OTU* state increases in the protic 
solvent. This phenomenon may provide another rea­
son of the nonfluorescence behavior of DAP in EtOH. 
Such vibronic interaction in the singlet manifold 
seems to have a correlation with the observation that 
the relative intensity of 1no7E**-So excitation spectrum 
of DAP is considerably enhanced in the higher fre­
quency region in EtOH compared to that in MCH. 
The progressive enhancement of phosphorescence 
intensity with the addition of hydrogen-bonding sol­
vent EtOH in the MCH solution of DAP also finds its 
explanation from the decrease of vibronic interaction 
in the triplet manifolds. It is described earlier that in 
EtOH matrix 3nN7u* state may be largely destabilized 
so that the energy gap between the interacting 3nN7u* 
and 3no7u* states in the protic medium becomes larger 
than that in MCH. As EtOH is gradually added to 
the solution of DAP in MCH, it is expected that the 
energy separation between the interacting states 
increases and the vibronic interaction between them 
decreases. This leads to the decrease in the nonradia-
tive rate from the emitting state, which is manifested 
as the gradual enhancement of phosphorescence 
intensity with the addition of EtOH in MCH solution 
of DAP. 

It is observed that both in MCH and EtOH glass 
matrices at 77 K a single exponential of phosphores­
cence decay profile is observed for DAP. On the 
other hand in case of ACP dual phosphorescence 
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emission was observed in EtOH. 1 8 ) T h i s pheno­
menon was interpreted in the l ight of s trong 
hydrogen-bonding interaction between ACP and 
E t O H due to which IC process between the two closely 
lying 3TCTC* and 3no7c* states is lowered.26'27* T h i s 
makes the radiative processes from 3TTTU* to some extent 
competent wi th the IC process leading to the observa­
tion of dual phosphorescence emission in case of ACP. 
It may be presumed that due to comparatively m u c h 
weaker hydrogen-bonding interaction in the case of 
DAP, IC between 3TUTU* and 3norc* states wou ld not be 
m u c h affected leading to single exponent ia l na ture of 
the triplet decay curve of hydrogen-bonded DAP. 
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Heterogeneous Photocatalysis. VIII.1} Zinc Sulfide Catalyzed Hydrogen 
Formation from Water in the Presence of Sodium Formate 
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A suspension of n-ZnS in aqueous sodium formate photocatalyzes formation of hydrogen (72%) and 
carbon monoxide (27%). The stoichiometry of the hydrogen producing reaction is determined as 
HC02Na+H20=H2+HC03Na. The quantum yield at 290 nm is 0.24 mol H2/Einstein and its wavelength-
dependence parallels that of the anodic photocurrent measured photoelectrochemically. Reaction rates 
increase linearly with increasing light-intensity and do not change when the temperature is increased up to 
70 °C. No gaseous products are formed when nonaqueous formic acid is employed instead of formate, or when 
ZnS is dehydrated at 250 °C before use or when CdS is substituted for ZnS. When THF or sulfur compounds 
are added to the solution, H2 is the only gaseous product. The dependence of the reaction rate on formate 
concentration points to a Langmuir-type adsorption of formate onto the semiconductor surface, £ads=26 M"1. 
In D20/HC02Na the initial rate does not change but the amount of CO increases to 60% and photocorrosion is 
much stronger than in H2O; the initial isotopic composition of 85, 10, and 5% changes to 63, 30, and 7% of D2, 
HD, and H2, respectively, when 400 mL of gas has been produced. In H20/DC02Na the rate decreases by a 
factor of 1.3 and the amount of CO is only 15%; only H2 but no D2 and HD are detectable. The hole scavenger 
KSCN does not influence the quantum yield of hydrogen formation while the electron scavenger NaNOs 
induces a strong decrease and completely inhibits CO formation. Stern-Volmer analysis indicates that nitrate 
scavenges in addition to conduction band electrons also an intermediate CO2" radical. The latter has been 
identified by spin-trapping experiments. 

Sodium formate and formic acid have been 
employed as reducing agents for hydrogen production 
from water in photoelectrochemical cells containing 
photoanodes like zinc oxidelj2) and cadmium sulfide.3_5) 

In addition, suspensions of semiconductor powders 
like titanium dioxide,6) platinized5) and non-
platinized cadmium sulfide (CdS/Pt),7) and colloidal 
zinc sulfide8) were recently used as photocatalysts. In 
this colloidal system as with unmodified CdS only 
carbon dioxide was reported as oxidation product 
while CdS/Pt induces also formation of carbon mon­
oxide. In most cases the amount of hydrogen pro­
duced was small, no complete material balance was 
established and the mechanistic information is rather 
scarce. In the following we report on the ability of n-
type zinc sulfide powder to photocatalyze the reduc­
tion of water in the presence of sodium formate on a 
preparative scale. The mechanism of the reaction is 
studied by establishing a complete material balance 
and by investigating the effects of temperature, light 
intensity, pH-value, formate concentration, deuter-
ated substrates, and electron and hole scavengers on 
the reaction rate and product composition. 

Results 

Characterization of the Photocatalyst. Zinc sulfide 
was prepared from zinc sulfate and thiourea9) in alka­
line medium. The compound has to be stored under 
argon since otherwise zinc oxide which inhibits the 
photocatalytic activity, is produced upon standing at 
room temperature. When the precipitation of the sul­
fide is performed in neutral solution, the obtained 
powder is three times less active and photocorrodes 

much faster. The bulk ratio Zn : S of this sample 
determined by elemental analysis is 1:1 while it is 
1:0.86 for the material obtained from the alkaline 
solution which has a surface ratio of 1:0.74 as deter­
mined by EDAX-measurements. This latter sulfide 
was used in all of the experiments unless otherwise 
stated. S EM-micrographs reveal an average particle 
diameter of 200 nm; the specilfic surface area as 
obtained from BET-measurements is 17 m2g_ 1 . The 
surface ratio Zn : S drops to 1:0.47 after several hours 
of irradiation in the presence of formate. 

Diffuse Reflectance spectra indicate a band-gap of 
3.65 eV. The spectrum of a previously irradiated 
sample contains a shoulder at 3.2 eV and absorption 
extends to 3.0 eV. The shoulder appears also when 
small amounts of zinc powder are admixed to nonirra-
diated zinc sulfide. When Co2+ , Mn2+, Fe2+, or Ni2+ 

are present in about 5 mol% during the preparation, 
the correspondingly doped samples are inactive. In 
the case of Co2+ the spectrum contains a shoulder at 
3.47 eV. 

The "point of zero zeta potential" ("pzzp")10) was 
determined by differential titration. A maximum is 
observed at pH 8+0.2 (Fig. 1). 

Photoelectrochemical measurements with a zinc 
sulfide-covered platinum electrode afford an anodic 
photocurrent. The typical current-vol tage curve has 
its onset at +0.25 and —0.45 V, and reaches a plateau at 
+0.8 and +0.3 V (NHE) in the absence and presence of 
formate, respectively. In the latter case the saturation 
current is 1.3 times larger than in the former. The 
wavelength dependence of this photocurrent is shown 
in Fig. 2a. It parallels the quantum yield of hydro­
gen formation, $(H2), obtained from irradiation of a 
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Fig. 1. Differential Potentiometrie titration of ZnS; 
see Experimental Section. 
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Fig. 2. Wavelength dependence of a) anodic photo-
current of a ZnS covered platinum electrode (0.5 V 
vs. NHE), 0.1 M K2SO4 and 0.015 M HC02Na; b) 
quantum yield of hydrogen formation (mol H 2 / 
Einstein), 8.5 mg (0.09 mmol) of ZnS suspended in 4 
mL of 1.84 M aqueous HC02Na. 

zinc sulfide suspension in the presence of sodium 
formate. A m a x i m u m value of 0.24+0.02 mol H 2 / 
Einstein is measured at 290 nm. At this wavelength a 
slight and almost l inear increase to 0.25, 0.26, 0.27, 
0.28, 0.30, and 0.31 (±0.02) occurs u p o n decreasing the 
l ight intensity to 78, 61, 45, 32, 20, and 12% of its 
or iginal value, respectively. N o gas evolut ion is 
observed when zinc sulfide is replaced by cadmium 
sulfide prepared analogously. 

Photochemical Hydrogen Evolution. Polychro­
matic i rradiat ion (A>248 nm) of a suspension of zinc 
sulfide in aqueous sodium formate results in a cata­
lytic gas evolution (Fig. 3) which levels off after one 
day bu t continues with a constant rate u p to 2—3 days 
when the photocatalyst is either plat inized or prepared 
in situ from [Zn(mnt)2][NBu4]2, m n t 2 - = m a l e o -
ni tr i ledi thiolate .n ) T h e same rate is measured at 70 °C. 
A linear increase of the rate occurs when thé relative 
intensity of the excit ing l ight (A=290 nm) is increased 
from 10 to 90%. Negligible amoun t s of gas are pro­
duced when zinc sulfide is omit ted in these experi-
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Fig. 3. Gas evolution as function of irradiation 
time; 40 mg (0.41 mmol) of ZnS suspended in 100 
mL of 1.17 M HC0 2Na, A>248 nm; a) untreated 
ZnS, b) platinized ZnS or ZnS prepared in situ from 
[Zn(mnt)2](NBu4)2. 

ments. Depending on the reaction condit ions, turn­
over rates are about 3000 monolayers HCC^Na/h. 1 2 ) 
After i r radia t ing 20 m g of ZnS suspended in 0.245 M 
H C 0 2 N a (1 M = l mol dm- 3 ) for 50 min , the gas 
evolved contains 72% H2 , 27% CO, 0% CO2, and 1% 
unidentif ied products . T h e results of a complete 
material balance for the gas and l iquid phase are 
summarized in Fig. 4. From these data it follows that 
the ratio of carbonate to hydrogen as well as that of 
carbonate to formate consumed is 1:1, when the latter 
is corrected for the amoun t s of CO and oxalate pro­
duced. T h u s , the stoichiometry of the hydrogen pro­
ducing reaction is given by Eq. 1. 

HC0 2 Na + H 2 0 
hv, ZnS 

H2 + HC03Na. (1) 

Depending on the formate concentrat ion the ini t ial 
p H value of 8—9 is increased to 10—11 after irradiat­
ing for several hours . When the solution is b rough t 
first to p H 4 by addi t ion of HCl , the p H value 
increases steadily and reaches a plateau at p H 10.6 
after 20 m i n reaction time; the rate has not changed 
bu t 19% of carbon dioxide are now present in the gas 
phase. W h e n an aqueous formic acid solution of the 
same concentrat ion is used instead of formate, the rate 
becomes three times slower and the composi t ion of the 
gas phase after evolut ion of 80 m L gas is changed to 
76% CO2. 15% H2 , 8% CO, and 1% CH 4 ; the aqueous 
phase contains n o w 2 m m o l of formaldehyde. No 
gaseous products are produced when zinc sulfide is 
irradiated in the presence of concentrated, nonaque­
ous formic acid. 

Only fully hydrated zinc sulfide photocatalyzes the 
reaction as demonstrated by the results summarized in 
Fig. 5. Dehydrat ion in vacuo at temperatures from 
R T to 250 °C leads to increasing induct ion times and 
finally to an inactivé zinc sulfide. DTA- and D T G -
experiments for the same temperature range indicate 
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Fig. 4. Concentration changes of educt and products 
observed upon irradiation of 20 mg (0.2 mmol) of ZnS 
suspended in 120 mL of 0.245 M HC02Na; A>248 nm; note 
the different concentration range for oxalate. 
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Fig. 5. Influence of dehydration conditions of ZnS 
on induction time and reaction rate of the gas 
evolution; 1—4 correspond to curves obtained with 
photocatalysts which were dried at 0.1 Torr for 8 h 
at the temperatures indicated; 30 mg (0.31 mmol) of 
ZnS suspended in 100 mL of 0.33 M HC02Na, 
A>248 nm. 
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Fig. 6. Gas evolution rate measured at £=90 s; a) as 
function of amount of ZnS present in 22 mL of 0.33 
M HC02Na; b) as function of formate concentra­
tion, 15 mg (0.15 mmol) of ZnS suspended in 22 mL 
of water; A>254 nm. 

that the largest weight loss occurs endothermically at 
50—150 °C followed by a smaller, now exothermic one 
at 150—300 °C. 

The relative amount of carbon monoxide increases 
on the expense of hydrogen from 13 to 50% when the 
formate concentration is increased from 0.04 to 0.73 
M. At a fixed concentration the relative CO content 
has a similar wavelength dependence as the anodic 
photocurrent (Fig. 2, see Experimental). Addition of 
T H F or Na2mnt induces a partial or almost complete 
suppression of CO. When zinc sulfide is generated 
from [Zn(mnt)2][NBu4]2, no CO is produced at all. 

Influence of Formate and Zinc Sulfide Concentra­
tions. At a given formate concentration maximum 
rates are obtained when all the incoming light is 
absorbed by the suspended catalyst powder. In the 
case of the experimental conditions given in Fig. 6a, 

this occurs at about 15 mmol of ZnS suspended in 22 
mL of aqueous formate. 

At a given amount of photocatalyst the rate 
increases first sharply when the formate concentration 
is raised to about 0.015 M (Fig. 6b); thereafter a much 
slower acceleration occurs up to a concentration of 3 
M. When these data are treated as a Langmuir iso­
therm13) a plot of the reciprocal rate as function of 
reciprocal concentration affords a straight line from 
which an adsorption equilibrium constant of £=26 
L • M - 1 is obtained. 

Higher formate concentrations induce a decrease of 
photocorrosion which may be estimated by the ratio 
f"i(2)/ri(i); f"i(i) is the rate measured in the first irradiation 
experiment, ri(2) the one when the powder is filtered off 
and used again in a second experiment. The corre­
sponding ratios are 0.05, 0.2, 0.26, 0.4, 0.5, 0.7, 0.8, 0.8, 
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and 0.8 at 0.007, 0.02, 0.038, 0.06, 0.075, 0.10, 0.15, 0.25, 
and 0.30 M HCÛ2Na, respectively. Thus, almost no 
photocorrosion occurs when the formate concentra­
tion is above 0.1 M. 

Influence of Deuterated Substrates. When D2O is 
employed, the initial rate does not change up to 50 
miri reaction time. But the relative amount of CO 
produced at that time increases to 60% as compared to 
27% in the case of H2O; in addition, photocorrosion is 
much stronger and leads to darkening of zinc sulfide 
through the formation of Zn(0) as indicated by the 
reduction of MV2+ (methylviologen). The corrosion 
induces a levelling off in the gas evolution curve much 
earlier as compared to the nondeuterated case. 

In the system DCO2-/H2O the rate decreases by a 
factor of 1.3 and the relative CO content of the evolved 
gas is decreased to 15% at 50 min of irradiation time. 

The product isotope effect was studied by determin­
ing the differential isotopic composition of the hydro­
gen produced as a function of reaction time. When 
D2O is employed, the amount of total hydrogen 
increases on expense of CO (Fig. 7A). To obtain the 
changes for hydrogen only, the CO-part was sub­
tracted. As can be calculated from the data of Fig. 7, 
the relative percentages of D2, HD, and H2 change 
from 85, 10, and 5 to 63, 30, and 7%, respectively, when 
400 mL of gas have been produced. This decrease of 
the D2 content (Fig. 7B, curve a) is not affected when 
D2 is isotopically diluted by addition of 2 mol% of 
H2O (curve b). When DCÛ2Na is used in this latter 
system, almost no decrease is observed. 

In the system ZnS/H20/DC02Na only H2 and no 
HD or D2 is detectable even when the concentration of 
DC02Na is as high as 0.72 M. 
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Fig. 7. A) : Differential isotopic composition of 
total gas phase, and B) : D2-content relative to 
total amount of hydrogen gas as function of gas 
evolved; 20 mg (0.21 mmol) of ZnS suspended in 100 
mL (5.5 mol) of D20, A): 0.44 M HC02Na, B): a) 
0.29 M HC02Na, b) as in a) but 2 mL (0.11 mol) of 
H2O were added. 

Effect of Scavengers for Radical, Holes and Elec­
trons. When the system ZnS/H 20/HC02Na is 
illuminated in the presence of (4-pyridyl-1-oxide)-1-
AM-butylnitrone (POBN) an intermediate CO2" radi­
cal is detected through the ESR spectrum of the corres­
ponding spin adduct. No evidence for an adduct of 
the OH radical could be found. These findings agree 
with the results of Harbour and Hair.14) 

Addition of dissolved zinc, cadmium, nickel, or 
manganese(II) chlorides in amounts slightly above 
equimolar with respect to ZnS results in a complete 
inhibition of the gas evolution. With sodium nitrate 
which scavenges electrons in a diffusion-controlled 
process15) (Eqs. 2 and 3). 

N03- + e-aq—>N03
2" (2) 

NOs2" + H2O —• NO2" + OH + OH" (3) 

The quantum yield of hydrogen formation, <P°(H2)= 
0.24, decreases linearly with the scavenger concentra­
tion. However, at 0.008 M nitrate a plateau is 
observed which persists up to 0.03 M (Fig. 8a). 

Thereafter a further decrease of $(H2) occurs (Fig. 
8b) and at a concentration equal to that of formate, 
1.84 M, it has dropped to 0.01. The ratios <P°(H2)/ 
<P(H2) are plotted in S tern-Volmer diagram for both 
concentration ranges in Fig. 8. The inhibiting effect 
of nitrate is accompanied by a decrease of the CO 
content which becomes zero at 0.008 M where $(H2) is 
still 0.12. 

To test how hole scavengers influence the hydrogen 
formation, KSCN was added to the suspension of zinc 
sulfide in 0.033 M HC02Na. The quantum yield of 
0.22 is changed only (<P(H2)=0.26) when the thiocya-
nate to formate ratio reaches 2.8:1. It increases further 
to 0.28 when this ratio is 11:1. The product of hole-
scavenging, (SCN)2_, Amax=470 nm could not be 
detected spectrophotometrically. No hydrogen is 
formed when the system ZnS/KSCN/H20 is illumi­
nated in the absence of formate. 

0.2 0.4 0.6 0.8 mol/L 

NaN0 3 [mmol/L] 

Fig. 8. Stern-Volmer plot for the inhibition of hy­
drogen formation by NaNOs; 8.5 mg (0.089 mmol) 
of ZnS suspended in 4 mL of 1.83 M HC02Na 
containing different amounts of nitrate; A=290 nm. 
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Discussion 

Hydrogen Formation. From the experiments pres­
ented above, the following mechanism is proposed for 
the hydrogen producing reaction (Eqs. 1 and 4—9). 
For the sake of simplicity, photophysical processes, 

H20 + DZnS^H20ad (4) 
HCOO" + DZnS^=±HCOOad- (5) 

hv 

ZnS^=±ZnS(etr-, htr+) (6) 

htr+ + HCOOad" > HCOOad (7) 

HCOOtr + H2Oad —* C0 2 + H3Oad+ + etr" (8) 

2 etr- + 2 H2Oad —* H2 + 2 OHad- (9) 

HCOOad + H2Oad > H3Oad+ + COOad" (10) 

C O O a d - ^ C 0 2 - (11) 

2 C 0 2 " — + C 2 0 4
2 " (12) 

2 C 0 2 - + 2 H + — ^ C O + C 0 2 + H 2 0 (13) 
adsorption equilibria and the hydration of CO2 are 
omitted unless they are of special importance. This 
is the case for the adsorptions of water and formate 
(Eqs. 4 and 5) as indicated by the influences of ZnS 
dehydration and formate concentration on the reac­
tion rate. The long induction times observed when 
ZnS is dehydrated at temperatures from RT to 100 °C 
(Fig. 5) point to a rehydration of the surface during 
this initial reaction stage. At temperatures above 
100 °C the removal of physisorbed water is accompan­
ied by loss of chemisorbed water resulting in the 
formation of ZnO. This is corroborated by ESCA-
spectra exhibiting Ol s binding energies of 532.2, 
531.6, and 530.4 eV for samples dehydrated at 0.1 Torr 
and RT, 150 and 300 °C, respectively.16) Thus, to 
observe hydrogen formation the surface of ZnS has to 
be covered with physisorbed water, different to TiCh 
where the presence of surface OH groups is suffi­
cient.17) This finding agrees with the failure of non­
aqueous formic acid to undergo the same reaction. 

The adsorption equilibrium of formate (Eq. 5) is 
supported by the dependence of the rate on the for­
mate concentration (Fig. 6b). The obtained curve is 
best rationalized by assuming that it is equivalent to a 
Langmuir adsorption isotherm. The corresponding 
equilibrium constant, 26 Lmol"1 , agrees well with 
values measured for the adsorption of other efficient 
reducing agents.18) Since the adsorption properties 
may depend on the surface charge of the catalyst, the 
"pzzp" was measured. It is found at pH 8+0.2 and 
indicates a weak acidic surface for the ZnS employed 
throughout this study. The linear changes of for­
mate and hydrogen concentrations with reaction time 
are further evidence for a surface reaction. 
Parameter-free plots of these data19) indicate the pres­
ence of a zero order reaction. The n-type semicon­
ducting character of the zinc sulfide employed is cor­
roborated by the anodic photocurrent measured both 
with a slurry or with a ZnS-powder electrode. The 

increase of the saturation current by a factor of 1.3 
when formate is present, is due to "current-dou­
bling",20) suggesting that a reaction intermediate can 
inject an electron into the conduction band. The 
strong decrease of the photocurrent at wavelengths 
shorter than 300 nm points to enhanced surface 
recombination due to the shorter penetration length 
of the absorbed light.21a~c) The slight increase of 
0(H2) at low light intensity most likely is due to 
reduced surface recombination.210) Further evidence 
that the n-type character is necessary for photpcata-
lytic action stems from the observation that powders 
with a slight excess of zinc are better catalysts than 
those with a 1:1 ratio of zinc to sulfur. Additional 
support is the fact that the action spectrum of hydro­
gen evolution parallels that of the photocurrent. 

The photogenerated electron-hole pair in ZnS (Eq. 
6) has Zn(0) and S(0) character22) and therefore photo-
corrosion is an efficient process in the absence of 
electron and hole scavengers.23) Formate prevents 
anodic corrosion to Zn(II) and S(0) since only a very 
small amount of dissolved Zn(II) is formed which does 
not increase during the reaction. At a limiting for­
mate concentration the corrosion is almost completely 
suppressed and the powder may be used a second time 
without decrease in catalytic activity. 

The possibility that in the polychromatic irradia­
tions part of the hydrogen originates from HS",24) can 
be excluded since in that case HD should be a major 
part of the gas phase when D2O is employed. How­
ever, this occurs only at pH 14 where the hydrogen 
composition changes to 15, 40, and 4% as compared to 
85, 10, and 5% of D2, HD, and H2, respectively, at pH 9. 
At the high pH value part of the ZnS has dissolved by 
formation of DS" which photocatalyzes a homogene­
ous hydrogen formation.24) 

The oxidation of adsorbed formate (Eq. 7) is ther-
modynamically feasible since the hole in the valence 
band has a redox potential of about 1.8 V (NHE) at 
pH 725> while E° (C02", H+/HC0 2 - ) is 1.0 V.26) 
Other hole scavengers like thiocyanate do not induce 
hydrogen evolution. 

The Stern-Volmer diagram (Fig. 8) indicates that 
nitrate scavenges two different species. When the 
first plateau is reached, $(H2) is lowered by 50% and 
CO formation is completely inhibited. This indi­
cates that CO and the half amount of hydrogen are 
formed through a common intermediate. This is 
unlikely to be CO2" since in the radiolysis experi­
ments the G-value for H2 is not increased when ZnS is 
introduced into the solution containing this radical. 
It is therefore more likely that the adsorbed formate 
radical27) injects an electron into the conduction band 
(Eq. 8)28) and that this process is completely inhibited 
by 0.008 M nitrate. At this concentration and up to 
0.03 M NaNOs formate can supply only one electron 
for the reduction of water (Eq. 9). At this low sca­
venger concentration it is unlikely that nitrate could 
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compete with adsorbed water for the trapped electron. 
This seems to occur only at higher concentrations 
(Fig. 8). 

In the absence of nitrate part of the formate radical 
forms carbon monoxide and oxalate (Eqs. 10—13). 
The latter product is predominantly obtained when 
CO2" is generated in homogeneous solution.29> The 
low oxalate yield of 7% may suggest that 14% of the 
radicals escape to the solution. However, it cannot 
be excluded that the dimerization occurs between 
adsorbed molecules. 

The interfacial electron transfer to water (Eq. 9) 
may occur via a surface state at —0.45 V (NHE), pH 7, 
as suggested by the onset of the photocurrent in the 
photoelectrochemical experiments. In the absence of 
formate a surface state is located at +0.25 V and 
accordingly no hydrogen evolution is observed. As 
in the colloidal systems Zn(0) formed by cathodic 
photocorrosion in competition with Eq. 9, may facili­
tate the electron transfer. Apparantly, platinization 
does not accelerate this latter process, since the rate is 
not changed, but rather inhibits photocorrosion. 
Therefore the original catalytic activity is conserved 
much longer than in the case of non-platinized ZnS 
(Fig. 3). 

Carbon Monoxide Formation. The fact that addi­
tion of T H F or Na2mnt decreases the CO formation 
suggests that a fully solvated intermediate is involved. 
In addition, the method of ZnS preparation is also 
important since no CO is produced when ZnS is 
synthesized from a zinc dithiolene. Furthermore, CO 
formation is also wavelength-dependent, having a 
maximum at 310 nm. Finally, the CO content 
increases when the concentrations of formate or 
hydroxide are increased and when D2O is used instead 
of H2O. These findings resemble the complicated 
situation reported for the electrochemical oxidation of 
formate, where the amount of CO produced depends 
on concentration, current density, and diffusion layer 
thickness.30) By analogy we therefore assume that in 
the present system CO is formed via a disproportiona­
t e (Eq. 13), AG°=-2.6 eV.26) The decrease of CO 
formation upon use of DCÛ2Na is in agreement with 
the now more difficult deprotonation step (Eq. 10). 

From the catalytic thermal decomposition of formic 
acid it is known that dehydrogenation occurs predom­
inantly at metal surfaces while dehydration is favored 
at MgO and Zn0.31) This may rationalize the obser­
vation that platinized ZnS induces a decrease of the 
CO content by 60% as compared to the non-platinized 
catalyst. The diminishing amounts of CO with 
increasing irradiation time may therefore be caused by 
the concomitant formation of Zn(0) through photo-
corrosion (Fig. 7A). 

Deuterated Substrates. The linear dependence of 
rate on light intensity suggests that only one photo­
chemical step is involved in product formation. 
Since no thermal activation energy is observable, the 

rate is determined by the intensity of the light 
absorbed. Accordingly, D2O induces no change of 
rate while a small isotope efffect of 1.3 is measured 
when HC02Na is replaced by DC02Na. This indi­
cates an influence of reaction steps according to Eq. 8 
and Eq. 10 in which C-D (C-H) bond breaking 
occurs. When the amount of CO is subtracted or 
when CO formation is inhibited by addition of 
Na2mnt, the product isotope effect in ZnS/HC02Na/ 
D2O exactly parallels the one observed in the system 
ZnS/2,5-dihydrofuran/D20.n) The increasing amounts 
of HD and H2 are due to the formation of H2DO+ in 
reaction step according to Eq. 8. In the absence of 
adsorption effects the amount of D2, HD, and H2 
should be statistically related to the mole fraction 
X H = H / ( H + D ) . A calculation32) shows that for xu— 
0.02, as given for the experimental conditions of Fig. 
7B, curve b, one expects 95% D2, 5% HD, and negligi­
ble amounts of H2. However, the experimental 
values of 58% D2, 33% HD, and 9% H2 are very different 
but fit exactly if it is assumed that x=0.25. This 
behavior is found for all the isotopic compositions 
determined at different reaction times and suggests 
that the mole fraction at the surface is about ten times 
larger than in solution. This may result from the 
better adsorption of HCÛ2Na as compared to H2Û33) 

and therefore D2O. Further evidence stems from the 
addition of H 2 0 to the system ZnS/D 20/HC0 2Na. 
The rate of D2 decrease does not change although xu 
in solution increases from 0.05 (curve a) to 0.07 (curve 
b, Fig. 7B). The fact that even in the presence of 0.72 
M DCÛ2Na in H2O no D2 or HD can be detected, is in 
agreement with the large excess of H2O (XHÄ1) and 
therefore no deuterated gas should be formed. 
Assuming that the concentration of DCÛ2Na may be 
ten times larger, one should find 10% HD. 

Experimental 

All ZnS-suspensions were sonicated for 5 min prior to 
irradiation in Ar-saturated solutions. Volumes of 100—120 
mL were irradiated in an immersion lamp apparatus 
equipped with an inner quartz tube (A>248 nm) and a high-
pressure mercury lamp (Philips HPK 125 W), volumes of 22 
mL in a cylindrical quartz cell with a 2500 W Hg-Xe lamp 
(Canrad Hanovia, A>254 nm); the evolved gases were con­
tinuously recorded.11) Quantum yields were measured 
using a specially designed 4 mL quartz cuvette which 
allowed the GC-determination of dissolved and gaseous 
hydrogen.11) The intensity of the exciting light was 
lowered with the help of metal gauze filters of different mesh 
size; under the experimental conditions as described in Fig. 2 
the rate increases from 1 to 1.7, 2.7, 3.6, 4.5, 5.5, and 7.6 
;umolh-1 when the intensity of the absorbed light (A=290 
nm) is increased from 10 to 22, 33, 45, 60, 75, and 98%, 
respectively. See Ref. 11 for further details. 

ZnS was prepared as reported.9'11) When prepared in 
neutral solution, refluxing was done for 1 h. The powders 
obtained should be kept under Ar at normal pressure to 
avoid formation of ZnO which inhibits catalysis. Aged 
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samples can be regenerated by the removal of ZnO through 
treatment with 50% (w/w) HOAc for 0.5 h at 50 °C followed 
by carefully washing to neutrality with deoxygenated water. 
When CdS was prepared by the same procedure, no gas 
evolution occurs under identical irradiation conditions. 
Doped samples were precipitated from the alkaline solution 
in the presence of 5 mol% of the corresponding metal 
sulfates. 

Platinization was performed by a slight modification of 
the procedure described by Bard et al.;34) 2 g of ZnS were 
suspended in 100 mL of EtOH/lHbO and brought to pH 5 
with acetate buffer; after addition of 0.5 mol% H2PtCl6x6* 
H2O and 30 min sonication the suspension was irradiated 
for 5 h. The grey powder was washed three times with 
deoxygenated water and dried 24 h at ambient conditions. 

SEM experiments were performed with the Scanning 
Electron Microscope S 150 Cambridge-Instruments which 
contained an ED AX analysator model 711. For sample 
preparation some drops of a previously sonicated suspen­
sion of 10 mg of ZnS in 22 mL of H2O were pasted on a glass 
slide and dried at about 10 Torr for 12 h. Evaporation of 
Au, Pd, or graphite onto the ZnS-particles did not improve 
the contrast of the micrographs. 

Diffuse Reflectance spectra were measured against BaSÜ4 
(Weißstandard, Merck) as a reference using the double-beam 
spectrophotometer MIT-20, Bruins Instruments, München. 
The samples were diluted with BaSÜ4 by grinding for 30 
min in a ball-mill. For evaluation of the band-gap,35) 

[F(Roo)hv]2 was plotted as a function of hv, the energy of the 
exciting light; F(Roo)=Kubelka-Munk function; the straight 
line obtained, in accordance with an allowed transition,36) 
intersects the abscissa at 3.67+0.03 eV. 

Determination of "pzzp". 1 g (10.3 mmol) of ZnS were 
suspended in 0.5 L of triply distilled water and sonicated for 
20 min. The solution was first brought to pH 10 by adding 
0.1 M KOH and than titrated with 0.01 M HNO3 in 1 mL 
portions. 1 min after each addition the pH value was 
measured with an Ingold glas electrode. When 0.5 and 3 g 
of ZnS were used, the maximum was steeper and more flat, 
respectively, due to the different buffer capacity of the sus­
pension. The maxima occured in all three cases at pH 
8+0.2. 

Photoelectrochemical Experiments. On an optical 
bench the light from an Osram HBO 200 W lamp passed 
through a Kratos GM 100-3 monochromator and rotating 
sector onto a standard photoelectrochemical cell;37) working 
electrode (WE): platinum (2X2 cm), counter electrode: plati­
num wire, connected with the WE-compartment via an 
agar-agar salt bridge saturated with K2SO4; reference elec­
trode: Hg/HgS04; potentiostat: Bank Elektronik, Potentio-
Galvano-Scan, Wenking PGS 77; voltage scanner: Bank 
Elektronik, Voltage Scan Generator, Wenking VSG 72. In 
the slurry method37) 25 mg of ZnS were suspended in 50 mL 
0.1 M K2SO4; although the platinum flag was oriented 
parallel to the light beam, it showed a small photocurrent in 
the absence of ZnS which was subtracted from the value 
obtained with the slurry. The ZnS-covered WE was pre­
pared by precipitating ZnS at least two times in the presence 
of the platinum flag. The resulting ZnS-electrode was 
shortly dried under Ar at ambient conditions, dipped into 
20% HOAc, washed neutral with deoxygenated, triply dis­
tilled water and dried again under Ar. SEM-micrographs 
revealed the presence of particles with diameters of 100—200 

nm. A Lock-in-Amplifier (PAR 42) was necessary to 
observe a reproducible photocurrent. In all cases the 
results compared well with those obtained in the slurry 
method. The absolute value of the photocurrent was in the 
range of 4 and 0.5 pA for the slurry and ZnS/Pt-elctrode, 
respectively. Attempts to adapt one of the published depo­
sition procedures38) were not successful. For the measure­
ment of the wavelength dependence the lamp spectrum was 
calibrated with a photodiode (Hamamatsu S780-8BQ). 

Material Balance. In the experiment described in Fig. 4 
the irradiation was interrupted after every 70 mL of gas 
produced; the gas was withdrawn into two evacuated flasks, 
one was analyzed by GC, the other by MS.n ) At the same 
intervals 5 mL of the solution were withdrawn and carbo­
nate was removed by acidification with 0.01 M HCl; the 
evolved CO2 was gravimetrically determined through 
absorption in 2 M NaOH and precipitation as barium 
carbonate; the remaining solution was brought to pH 8 by 
addition of dilute NaOH and carefully evaporated to dryness 
below 150 °C; the residue was redissolved in 10 mL of H2O 
by sonicating for 20 min, ZnS was removed with the help of 
a millipore filter (0.2 pm), and 20 pL of this solution were 
used to determine formate and oxalate by HPLC (Chro-
mopak Ionospher tmA 4X250 mm, mobile phase: 0.025 M 
sodium salicylate adjusted to pH 4 with HOAc, differential 
refractometer for detection). 

Influence of pH Value. Instead of 4.4 g (0.07 mol) of 
HC02Na, 3 g (0.07 mol) of HCO2H were employed in the 
presence of 50 mg (0.51 mol) of ZnS suspended in 120 mL of 
H2O; formaldehyde was determined colorimetrically;29) tra­
ces of MeOH were detected by GC. When 50 mg of ZnS 
were suspended in nonaqueous HCO2H, no gas evolution 
occurred upon irradiation. The glass electrode was 
inserted directly into the immersion lamp apparatus for 
continuous measurement of pH changes. 

Thermoanalyses. Differential Thermal Analysis (DTA) 
in the range from RT to 500 °C affords a minimum at 110 
and a maximum at 320 °C. Differential Thermal Gravimetry 
(DTG) of 71 mg ZnS gave the following weight losses: 2.32 
(50—150), 0.68 (150—310), 1.5 (310—400), and 0.6 mg (400— 
470 °C). 

Wavelength Dependence of CO Formation. From irradi­
ation of a suspension of 10 mg (0.1 mmol) of ZnS in 4 mL of 
1.83 M HC02Na a gas phase with the following CO content 
was obtained: 7, 42, 25, 20, and 7% at 320, 310, 290, 280, and 
254 nm, respectively. 

Influence of Solutes on Product Composition. Upon 
additon of 20% (v/v) of T H F or 50 mg (0.258 mmol) of 
Na2mnt to the system 20 mg (0.21 mmol) ZnS/100 ml of 0.29 
M HC0 2 Na the CO content decreased by 30% or 95%. No 
CO is detected when ZnS prepared in situ from [Zn(mnt)2)]-
[NBu4]2U) was employed in the above experiment. As com­
pared to the original, nondeuterated case, the CO content 
was doubled in the system ZnS/HC02Na/D20 while it was 
decreased to half of its original value when ZnS/DC02Na/ 
H2O was employed. 

Influence of Formate Concentration on Photocorrosion. 
Due to strong adsorption of MV+ onto ZnS it was not 
possible to use this method40) for quantitative determination 
of Zn(0) produced. As a rough estimate we used the ratio of 
the initial reaction rates ri(2)/r(i) measured at 90 s reaction 
time; 50 mg (0.52 mmol) of ZnS suspended in 100 mL of 
H2O were irradiated at the given formate concentrations; 
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after 10 min, ri(i) was taken from the gas evolution curve; the 
catalyst was then filtered off and irradiated a second time at 
the same formate concentration to obtain r ^ ; see Results 
section. 

Influence of Deuterated Substrates. Each of the isotopic 
compositions given in the following is an average from 
three samples; the determination was performed with the 
spectrometer CEC MS 103-C which was calibrated with the 
three dihydrogen isotopes. The values (mol%) of H2, HD, 
D2, and CO for Fig. 7B are: curve a) 1.0, 3.6, 3.1, 64.4; 2.2, 6.7, 
28.1, 63.0; 1.5, 9.8, 27.7, 61.0; curve b) 2.9, 11.4, 20.3, 65.4; 4.9, 
13.7, 17.2, 64.3; 5.2, 15.0, 16.6, 63.3; curve c) 1.8, 16.1, 40.0, 
42.1; 2.2, 16.1, 39.9, 41.9; 2.4, 17.3, 40.3, 40.0 at 50, 100 and 
150 mL gas evolved, respectively. The composition of the 
hydrogen gas (D2, HD, H2) is 85, 10, 5; 80, 16, 4; 74, 23, 6; 71, 
28, 3; and 63, 30, 7% at 50, 100, 150, 250, and 400 mL of total 
gas evolved, respectively. 

The possibility that the photoexcited ZnS may catalyze an 
isotopic exchange between hydrogen gas and D2O was 
excluded by the result of the following experiment: A sus­
pension of 30 mg (0.31 mmol) of ZnS in 100 mL of D2O 
containing 3 g (44 mmol) of HC0 2Na was irradiated under 
H2 which was permanently bubbled through the suspension 
with the help of a circulating pump and a 2 L reservoir. 
When 60 mL gas were formed, only D2 and CO but no HD 
were detected by MS. To exclude a deuterium exchange 
between H 2 0 and DC02Na, the experiment described above 
was performed by adding 2 g (111 mmol) of H 2 0 and 
replacing HC0 2 Na by 1 g (14.5 mmol) of DC02Na. After 
evolution of 150 mL gas, ZnS was removed by centrifugation 
and the filtrate evaporated to dryness; IR-analysis of this 
solid residue gave no evidence for the presence of HC02Na. 
In the system ZnS (20 mg, 0.21 mmol) /H 2 0 (100 mL)/ 
DC02Na (5 g, 072 M) no HD or D2 could be detected after 
600 mL of gas produced (92% H2, 8% CO). 

For measurement of the kinetic isotope effect a suspension 
of 8.5 mg (0.087 mmol) of ZnS in 4 mL of H 2 0 or D 20 
containing 0.1 g (1.47 mmol) of HC0 2Na or 0.101 g (1.47 
mmol) of DC02Na was irradiated with a low-pressure mer­
cury lamp (A=254 nm) and the amount of gas evolved after 2 
min, it contained only very small amounts of CO, was 
determined by GC; these values were taken as the initial 
rates. In the system ZnS/HC02Na the rates in D20 and 
H 2 0 were identical, in ZnS/H 2 0 the rate was lowered by a 
factor of 1.3 when DC02Na was employed instead of 
HC02Na. 

Influence of Scavengers. The system ZnS (10 mg, 0.1 
mmol) /HC0 2Na (0.1 g, 1.4 mmol) /H 20 (50 mL) was placed 
in a flat cell and irradiated for a few minutes (A>330 nm) in 
the presence of POBN in the cavity of the ESR spectrometer 
(Varian E-6-X-band). The observed signal (an=3.3, a^= 
1.53 G) is in accordance with the literature.41) No signal 
was observed when the systems HC0 2Na/POBN or ZnS/ 
POBN were irradiated. Attempts to scavenge OH-radicals 
either with POBN or with 5,5-dimethyl-l-pyrroline-Af-
oxide, which affords a longer lived spin adduct, failed. 

Radiolysis Experiments. 0.1 M HC0 2 Na in the absence 
and presence of ZnS was bubbled with N 2 0 for 30 min 
followed by y-radiolysis for 30 min (dose rate=6.77 
kradmin - 1 , 60Co-radiation source, Nuclear Engineering 
Ltd, "Irradiation Unit, Type LCU 2") and the total amount 
of H2 was determined by GC.11) The following G-values 
were obtained: GH=0.92 (without ZnS), 1.08 (with ZnS, with 

stirring), and 0.90 (with ZnS, without stirring). 

T h i s work was suppor ted by Fonds der Chemischen 
Industrie. Technical assistance by Prof. Dr. F. Huber , 
University of Dor tmund , Prof. Dr. A. Fuj ishima and 
Dr. R. Baba, Tokyo University; is gratefully acknow­
ledged. 
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Thermal Reactions of A^N-Dimethyl-l,2-ethanediamine Complexes 
of Nickel(II) in the Solid State 
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Complexes [NiL2(H20)X]X-nH20 (L=iV,iV-dimethyl-l,2-ethanediamine; n=0 when X=BF4; n=\ when 
X=Br; n=3 when X= CI), [NiL2(H20)Y] • nH2<3 (n= 2 when Y= Se04; n=5 when Y=S<34), [NiL2(H20)2]-
(NÜ3)2 • H 2 0 and [NiL2] ( 0 0 4 ) 2 have been synthesized and investigated thermally in the solid state. The 
complexes [NiL2(H20)Cl]Cl • 3H 20, [NiL2(H20)Br]Br • H 2 0 , [NiL2(H20)(S04)] • 5H 20, and [NiL2(H20(Se04)] • 
2H 2 0 possess trans octahedral geometry and undergo deaquation-anation associated with trans —> eis isomeriza-
tion upon heating in the solid state whereas on deaquation the complex [NiL2(H20)2](N03)2 • H 2 0 retains its 
trans octahedral configuration. The complex [NiL2(H20)(BF4)](BF4) possesses cis octahedral geometry and on 
thermal deaquation it transforms to a square planar complex. The complex [NiL2](C104)2 is square planar 
and undergoes a yellow-*red thermochromic phase transition on heating (203—216°C; AH=6.9 kjmol - 1) . 
The red isomer is also square planar. The species [NiLCl2], [NiL(S04)] and NiLo.33Cl2 have been synthesized 
pyrolytically in the solid state from their corresponding parent diamine complexes. The complexes [NiLCl2] 
and [NiL(S04)] possess octahedral geometry. NiLo.33Cl2 possesses an unusually high magnetic moment (4.1 
BMat28°C). 

In the solid state generally the following three types 
of isomerization occur in the Ni(II)-bis(diamine) com­
plexes on heat ing; i) octahedral^±square planar ,1 - 3) ii) 
conformational changes of individual d iamine chelate 
r ings,4 _ 9 ) and iii) geometrical i.e. c is^±trans . i a i l ) 

T h e first k ind i.e. octahedral^±square p lanar trans­
formations are mostly associated wi th a change in 
color and have been investigated by several workers 
since the historical paper of Lifschitz.12) T h e identi­
fication of structure can easily and unequivocal ly be 
done wi th the he lp of electronic spectra and magnet ic 
moment . 

T h e thermally induced conformational changes 
p h e n o m e n a in the solid state are associated wi th 
the thermochromic behavior of [Cu(dieten)2](ClC>4)2, 
(where d ie ten=N,N-die thyl - l ,2-e thanediamine) first 
observed by Pfeiffer et al.13) T h i s p h e n o m e n o n was 
original ly at t r ibuted by Lever et al.14'15) to a tempera­
ture dependent axial interaction between the an ion 
and the Q1N4 p lane and later was demonstrated to be 
due to a weakening of the in-plane l igand field 
strength as a result of conformational changes of the 
d iamine chelate rings.1 6 _ 1 9 ) Several Ni(II)-bis(di-
amine) complexes have been reported to undergo this 
type of conformational changes.4 _ 9 ) Only a few 
of which are thermochromic , however. 4>5) Several 
instances of the non the rmochromic conformational 
changes have been detected by D T A and reported from 
this laboratory.5 _ 9 ) 

T h e li terature on cis^±trans isomerism of Ni(I I ) -
bis(diamine) complexes is scanty1(U1) and their identi­
fication by means of the visible and IR spectra were 
no t well-established. Recently, however, it has been 
found that the electronic spectra in the N I R region are 
very m u c h useful for characterization of a cis or trans 
isomer of such complex.2 '20-22) Us ing this N I R 
region we characterized a novel cis^±trans formation 

p h e n o m e n o n in Ni(dmen)2(NC>3)2, where d m e n = 
N,N' -dimethyl-1,2-ethanediamine.1 0 ) 

In con t inua t ion of these studies, the thermal behav­
ior of N,N-dimethyl- l ,2-e thanediamine nickel(II) 
complexes were investigated in the solid state. T h e 
result obtained will be reported in the present paper. 

Exper imental 

The metal salts used were all of AR grade and N,N-
dimethyl-l,2-ethanediamine(L) was purchased from Fluka 
AG, Switzerland and was used without further purification. 

Preparation of Complexes. The [NiL2(H20)Cl]Cl • 3H 2 0 
(1), [NiL2(H20)Br]Br.H20 (2), and [NiL2(H20)2](N03)2-
H 2 0 (5) were prepared by the similar methods as reported 
earlier.23'24) 

The complexes [NiL2(H20)(S04)] • 5H 2 0 (3), and [NiL2-
(H20)(Se04)] • 2H 2 0 (4) were prepared by mixing respective 
metal salts and diamine in 1:2 ratio in water and subse­
quent precipitation by adding ethanol. These complexes 
were recrystallized from water-ethanol (2:1) mixture. 

The complex [NiL2(H20)(BF4)](BF4) (6) was prepared by 
mixing diamine with metal salts in 1:2 ratio in ethanol. 
The crystals which separated immediately, were filtered and 
washed with ethanol. 

To prepare [NiL2](C104)2 (7), diamine was mixed with 
Ni(C104)2 • 6H 2 0 in 2-propanol in 1:2 ratio and the mixture 
was heated to boiling and the resulting blue-green solution 
was filtered hot. On cooling the solution, yellow crystals 
separated out. These were filtered and washed with ether. 

The species [NiLCl2] (lb), NiLo.ssCb (lc) and [NiL(S04)] 
(3b) were synthesized thermally by temperature arrest tech­
nique from their parent diamine complexes in the solid 
phase. 

Measurements. Simultaneous TG and DTA measure­
ments were carried out with a Shimadzu DT-30 thermal 
analyzer using a platinum-platinum-rhodium (10%) ther­
mocouple and matched platinum crucible under a constant 
flow of nitrogen (30 ml min - 1). The heating rate and 
amounts of samples used are given in the figure. Enthalpy 
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change of phase transition was calculated by Perkin Elmer 
DSC-2 differential scanning calorimeter using indium metal 
as calibrant. 

The IR and electronic spectra (visible and NIR regions) 
were recorded in nujol mulls with Perkin Elmer 783 infrared 
spectrophotometer and Hitachi U-3400 spectrophotometer, 
respectively. Carbon, H and N were estimated by a Perkin 
Elmer 240C elemental analyzer. The effective magnetic 
moments were evaluated from magnetic susceptibility mea­
surements with an EG and G PAR 155 vibrating-sample 
magnetometer at room temperature. The molar conduc­
tance data were evaluated with a Philips PR 9500 conductiv­
ity bridge using methanol as solvent. 

Results and Discussion 

Structures of the Original Complexes. All the 
complexes except NiL2(C104)2 (7) possess octahedral 

geometry as is evident from their magnet ic moment 
and electronic (mull) spectral data (Tables 1 and 2). 
However, the species NiL2(C104)2 (7) is diamagnet ic 
and possesses electronic spectrum typical of a square 
p lanar Ni(II). T h e complexes N i L 2 C l 2 - 4 H 2 0 (1), 
NiL2Br2 • 2 H 2 0 (2), and NiL2(BF4)2 • H 2 0 (6) behave as 
1:1 electrolyte (ydm=70, 85 and 95 Ci-1 mol cm2 for (1), 
(2), and (6), respectively) and NiL 2 (N0 3 )2 • 3 H 2 0 (5) as 
1:2 electrolyte (ydm=170 Ü" 1 mol cm2) whereas the 
complexes N i L 2 S 0 4 - 6 H 2 0 (3) and N i L 2 S e 0 4 • 3 H 2 0 
(4) behave as nonelectrolyte in methanol , suggesting 
the presence of SO4, Se04, and one of the CI, Br, and 
BF4 ions inside the coordina t ion sphere whereas both 
the NO3 ions are noncoordinated. T h e IR spectra of 
NiL2(NC>3)2 • 3H2O (5) show a sharp single band at ca. 
1750 c m - 1 which indicates the presence of ionic NO3. 
IR spectra of these complexes show the presence of 

Table 1. Data on the Elemental Analysis and Magnetic Moments of iV,iV-Dimethyl-l,2-
ethanediamine(L) Complexes of Nickel(II) 

Complexes Color 
Analytical dataa) 

C/% H/% N/% 

Meff 

BM 

toms-[NiL2(H20)Cl]Cl • 3H 2 0 
cz5-[NiL2Cl2] 
[NiLCl2] 
NiLo.33Cl2 

toms-[NiL2(H20)Br]Br • H 2 0 
cis-[ NiL2Br2] 
toms-[NiL2(H20)(S04)] • 5H 2 0 
as-[NiL2(S04)] 
[NiL(S04)] 
tons-[NiL2(H20)(Se04)] • 2H 2 0 
cz'5-[NiL2(Se04)] 
*rans-[NiL2(H20)2](N03)2 • H 2 0 
toms-[NiL2(N03)2] 
as-[NiL2(H20)(BF4)](BF4) 
[NiL2](BF4)2 

[NiL2](C104)2 

[NiL2](C104)2 

(1) 
(la) 
(lb) 
(lc) 
(2) 
(2a) 
(3) 
(3a) 
(3b) 
(4) 
(4a) 
(5) 
(5a) 
(6) 
(6a) 
(7) 
(7a) 

Blue-Violet 
Bluish-Green 
Greenish-Yellow 
Brownish-Grey 
Blue-Violet 
Bluish-Green 
Blue-Violet 
Greenish-Blue 
Greenish-Yellow 
Blue-Violet 
Bluish-Green 
Blue-Violet 
Blue-Violet 
Greenish-Blue 
Yellow 
Yellow 
Red 

25.1(25.4) 
31.1(31.4) 
22.0(22.0) 
10.3(10.1) 
22.6(22.3) 
24.1(24.3) 
21.7(21.9) 
28.9(29.0) 
20.0(19.8) 
22.0(22.2) 
25.1(25.4) 
23.4(23.2) 
27.0(26.7) 
22.7(22.5) 
23.2(23.5) 
21.9(22.1) 
21.9(22.1) 

8.1(8.5) 
7.8(7.8) 
5.4(5.5) 
2.7(2.5) 
6.6(6.5) 
6.2(6.1) 
8.1(8.2) 
7.4(7.3) 
4.7(4.9) 
6.7(6.9) 
6.5(6.3) 
7.1(7.3) 
6.4(6.7) 
6.4(6.1) 
5.7(5.9) 
5.7(5.5) 
5.9(5.5) 

14.8(14.8) 
18.0(18.3) 
12.7(12.8) 
6.0(5.8) 

13.1(13.0) 
14.3(14.2) 
12.8(12.8) 
16.7(16.9) 
11.3(11.5) 
12.9(13.0) 
14.6(14.8) 
19.9(20.3) 
23.6(23.4) 
12.8(13.1) 
13.9(13.7) 
12.6(12.9) 
12.7(12.9) 

3.2 
3.2 
3.2 
4.1 
3.3 
3.2 
3.2 
3.3 
3.3 
3.2 
3.2 
3.3 
3.3 
3.3 

Diamagnetic 
Diamagnetic 
Diamagnetic 

a) Calculated values are in parentheses. 

Table 2. Data on Some Selective Bands of Electronic and Infrared Spectra of iV,iV-Dimethyl-l,2-
ethanediamine(L) Complexes of Nickel(II) 

Complexes 

*rans-[NiL2(H20)Cl]Cl • 3H 2 0 
cz5-[NiL2Cl2] 
*rans-[NiL2(H20)Br]Br • H 2 0 
cz5-[NiL2Br2] 
*rans-[NiL2(H20)(S04)] • 5H 2 0 
cz5-[NiL2(S04)] 
*rans-[NiL2(H20)(Se04)] • 2H 2 0 
cz'5-[NiL2(Se04)] 
tans-[NiL2(H20)2](N03)2 • H 2 0 
*rans-[NiL2(N03)2] 
as-[NiL2(H20)(BF4)](BF4) 
[NiL2](BF4)2 

[NiL2](C104)2 

[NiL2](C104)2 

(1) 
(la) 
(2) 
(2a) 
(3) 
(3a) 
(4) 
(4a) 
(5) 
(5a) 
(6) 
(6a) 
(7) 
(7a) 

Electronic spectra 
Amax/nm 

1176,775,605 
1020, 625 

1174,825,620 
1025, 602 

1158,817,612 
1038, 630 

1142,821,590 
1030, 631 

1162,815,610 
1142,805,602 

1065, 612 
465 
455 
478 

IR spectraa) 

pr(CH2) bands/cm - 1 

930, 880 
940, 920, 882 

925, 878 
942, 925, 885 

930, 881 
960, 925, 885 

b) 
b) 

930, 885 
940, 892 

965, 938, 892 
— 
— 
— 

a) IR spectra are taken in Nujol. 
with selenate bands. 

b) Ligand bands are not distinguishable due to overlapping 
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Pw(H20)25) at ca. 700 cm - 1 and from which it is sug­
gested that the water molecules are probably coordi­
nated with the Ni atom.26) 

The number of observed bands in electronic spectra 
and mode of splitting in the NIR region (Table 2, Fig. 
1) clearly suggest that the complexes (1), (2), (3), (4), 
and (5) possess trans octahedral structure.20-22) 
Moreover, the pr(CH2) bands of the complexes (1), (2), 
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Fig. 1. Representative electronic spectra of eis and 

trans isomers. The lines ( ) for trans-[NiL2-
(H20)C1]C1-3H20 (1), ( ) for ds-[NiL2Cl2] (la) 
and ( ) for czs-[NiL2(H20)(BF4)](BF4) (6). 

(3), and (5) appearing in the IR region at ca. 1000—750 
cm - 1 are characteristic of trans isomer.27) But the 
complex NiL2(BF4)2 • H2O (6) possesses eis configura­
tion as is evident from IR and electronic spectra 
(Table 2, Fig. 1). It is interesting to note that the 
complex (6) is different from the other hydrated com­
plexes in geometrical arrangement. Very probably it 
is due to the intramolecular hydrogen bonding 
between the aquo ligand and the tetrafluoroborate 
ion. The formulas of the complexes corroborating 
the above facts are shown in Table 1. However, the 
IR bands for coordinated SO4, SeC>4 or BF4 are not 
distinguishable due to the overlapping with diamine 
bands. The complex NiL2(ClC>4)2 (7) is diamagnetic 
and shows only one strong band in its electronic 
spectrum at 455 nm. Therefore it is square planar. 

Thermal Analysis. The results of simultaneous 
TG-DTA measurements of the complexes are shown 
in Table 3. The weight losses observed in all the 
complexes except [NiL2](ClC>4)2 (7) within the temper­
ature range 40—150 °C correspond to the liberation of 
water molecules (obsd 19.1%, calcd 19.0% for (1); 8.2%, 
8.4% for (2); 24.5%, 24.7% for (3); 9.2%, 9.4% for (4); 
12.8%, 13.1% for (5); 3.9%, 4.2% for (6), respectively). 
All the complexes except (5) change their color on 
deaquation (Table 1). A distinct color change from 
violet-blue to greenish blue is observed for the com­
plexes (1), (2), (3), and (4) whereas the color of com­
plex (6) changes drastically from greenish blue to 
yellow. The complexes (1) and (3) on further heating 
decompose to their respective metal salts via several 
isolable intermediates (Table 3, Fig. 2). The complex 
(2) after dehydration decomposes to metal salt upon 
heating without showing any break in the TG curve 
for the formation of any intermediate. The counter 
anions of the complexes (4), (5), and (6) (SeC>4, NO3, 
and BF4, respectively) start to decompose along with 

Table 3. Thermal Parameters of A^,N-Dimethyl-l,2-ethanediamine(L) Complexes of Nickel(II) 

Thermally induced reactions 
DTA peak temperature/ °C 

„idLuic l a n g e / \ 

50—130 
174—260 
286-361 
371-425 
60—120 

212—410 
40—145 

220-268 
321—422 
422—490 

70—130 
202b) 

40—70 
220b) 

101—150 
165b) 

203—216 

Endo. 

74, 120 
251 
345 
— 

97, 117 
276, 290 

70, 121 
256 
392 
— 

112, 120 
271 

65 
— 

135, 
188, 208 

209 

Exo. 

— 
— 

355 
418 
— 

330, 365 
— 
— 
— 

428, 442 
— 

310 
— 

230 
— 

290,315 
— 

toms-[NiL2(H20)Cl]Cl • 3H20 (l)—>czs-[NiL2Cl2] (la) 
ds-[NiL2Cl2] (la)—>[NiLCl2] (lb) 
[NiLCl2] (lb)—>NiLo.33Cl2 (lc) 
NiLo.33Cl2 (lc)—>NiCl2+C 
*rans-[NiL2(H20)Br]Br.H20 (2)—>ds-[NiL2Br2] (2a) 
cz5-[NiL2Br2] (2a)—>NiBr2+C 
*rans-[NiL2(H20)(S04)] • 5H20 (3)—^cù-[NiL2(S04)] (3a) 
a"5-[NiL2(S04)] (3a)—>[NiL(S04)] (3b) 
[NiL(S04)] (3b)—> NiL0.33(SO4) 
NiL0.33(SO4)—>NiS04+C 
tons-[NiL2(H20)(Se04)] • 2H20 (4)—>cù-[NiL2(Se04)] (4a) 
m-[NiL2(Se04)] (4a)—>a) 
*ratts-[NiL2(H20)2](N03)2-H2C> (5)—^ratts-[NiL2(N03)2] (5a) 
toms-[NiL2(N03)2] (5a)—>a) 
m-[NiL2(H20)(BF4)](BF4) (6)—>[NiL2](BF4)2 (6a) 
[NiL2](BF4)2 (6a)—>a) 
[NiL2](C104)2 (7)—+[NiL2](C104)2 (7a) 

a) Decompositions are complicated, b) Temperature at which decomposition starts. 
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Fig. 2. TG-DTA patterns of *rans-[NiL2(H20)Cl]-
C1-3H20 (1) ( ) and trans-[NiU(H20)-
(S04)]-5H20 (3) ( ). Heating rate: K^Cmin"1 

for both the complexes. Amount of sample used: 
10.20 mg for (1) and 11.35 mg for (3). 

the elimination of the diamine at higher temperature. 
Thus the decomposition patterns of these complexes 
are very complicated. The species [NiLC^] (lb), 
[NiL(S04)] (3b), and NiLassCk (lc) are synthesized by 
temperature arrest technique and characterized (vide 
infra). 

The TG-DTA study shows that the complex 
[NiL2](C104)2 (7) undergoes an endothermic phase 
transition associated with thermochromism from yel­
low to red at ca. 203 °C (Fig. 3). Enthalpy change for 
this transformation is calculated with the help of DSC 
(AH=6.9 kj mol -1). The transformation is irreversi­
ble and the red species can be stored in a desiccator but 
not in open atmosphere due to its extreme hygros­
copic nature. 

Structure of the Complexes Obtained by Heating. 
The dehydrated species (la), (2a), (3a), (4a), and (5a) 
possess octahedral geometry as is evident from mag­
netic moment and electronic spectra (mull) (Tables 1 
and 2, Fig. 1). The complexes (la), (2a), (3a), and (4a) 
show one band in the NIR region in their electronic 
spectra (Table 2, Fig. 1 ) which clearly suggest their eis 

190 200 210 220 

TEMPERATURE/°C 

Fig. 3. DSC curve showing transformation of 
[NiL2](C104)2 (7) (wt taken=7.65 mg) into (7a). 
Heating rate: 10 °C min-1. 

configuration.20-22) Moreover, the IR spectra of (la), 
(2a), and (3a) show three bands in the region 1000— 
850 cm - 1 where generally pr(CH2) vibrations appear 
corroborating the eis geometry of the complexes.27) 
On the other hand the electronic spectra of (5a) 
are identical with that of the original trans-
[NiL2(H20)2](N03)2-H20 (5) except for a slight shift 
of the band positions which indicate a partial 
exchange of ligands. The IR spectra of (5a) reveal 
that the pr(CH2) vibrations at 1000—750 cm - 1 remain 
the same as in (5) but the combination band of NO3 in 
the region 1700—1800 cm - 1 splits into two weaker 
peaks characteristic of monodentate nitrate group in 
contrast to the single sharp peak of ionic nitrate in 
(5) 2,28) This indicates that in complex (5a) the two 
nitrate ions coordinate in the axial position as mono-
dentate ligand to form the trans octahedral structure. 
From the foregoing discussion it is, therefore, con­
cluded that on deaquation the complexes (1), (2), (3), 
and (4) change their geometry from trans->cis but the 
complex (5) retains its trans octahedral geometry. 

The yellow anhydrous product (6a) is diamagnetic 
and its electronic spectrum is characteristic of a square 
planar nickel(II) complex having a broad and strong 
absorption band in the blue part of the spectrum 
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(Table 2). Therefore, it is clear that the dehydrat ion 
of the complex (6) is accompanied wi th an octahed­
ral—>square p lanar structural transformation. 

T h e electronic spectrum of red isomer i.e. post-
phase species of yellow [NiL2](C104)2 (7) is very sim­
ilar to that of its pre-phase species except for a shift of 
the peak to the longer wave length region (Table 2). 
T h i s spectral pat terns and diamagnet ism of the iso­
mers clearly suggest that bo th the yellow and the red 
isomers are square p lanar . T h e IR spectra of yellow 
and red form differ appreciably in the regions 3350— 
3100, 1600, 1400—1350, and 950—850 cm" 1 where the 
z>NH2, ÔNH2, pw(CH2) and skeletal vibrations appear 
(Table 4). T h i s difference in the spectral pat tern 
suggests that the conformat ion of the chelate r ing are 
different in the two isomers.7~9) T h e vibrat ional 
mode of CIO4 in the region 1200—900 c m - 1 has been 
examined carefully and it is found that the CIO4 is no t 
involved in part ial covalent b o n d i n g in either form. 
T h i s observation is consistent wi th the square p lanar 
geometry of bo th the forms. Consequently, a sudden 
change of in-p lane l igand field strength caused by 
conformat ional changes in the d iamine r ing system is 
assumed to be responsible for the observed thermoch-
romic phase transformation. T h e same mechanism 
has been established for the thermochromism of 
[M(dieten)2] (C104)2 (where M=Cu(I I ) and Ni(II)) 
wi th the he lp of X-ray single crystal analysis of bo th 
phases of [Cu(dieten)2] (004)2.1 6~1 9 ) It is interest ing 
to note that the color change, enthalpy change (AH in k j 
mo l - 1 ) and spectral shift for t ransi t ion of [NiL2]-
( 0 0 4 ) 2 resemble closely to those of [Ni(dieten)2]-
( 0 0 4 ) 2 (Table 5). These observations strengthen the 
proposed conformat ional change mechanism for the 

phase t ransi t ion of [NiL2](004)2. 
T h e electronic spectra (mull) of [N iLCh] ( lb) and 

[NiLS04] (3b) show two bands in the visible region 
which is typical of the octahedral nickel(II). T h e 
magnet ic m o m e n t data also suppor t the octahedral 
geometry (Table 1). T h e IR spectra suggest that che­
la t ing character of d iamine is retained. Therefore, to 
satisfy the octahedral geometry bo th the chloride and 
sulfate ions should act as b r idg ing l igands as reported 
earlier by us.29) 

T h e complex NiLo.3302 (lc) possesses unusua l ly 
h igh magnet ic momen t (/zeff=4.1 BM at 28 °C) consid­
er ing the formula NiLo.3302. T h i s type of h igh mag­
netic m o m e n t probably arises due to the ferromagnetic 
behavior developed from chloride bridging3 0 - 3 2) and 
meta l -meta l interaction.33> But, as the c o m p o u n d is 
very m u c h hygroscopic, its IR and electronic spectrum 
are no t well resolved. Therefore, it is very difficult to 
comment on the structure of this species. 

Thermal Reactions. Consider ing the discussions 
in the preceeding sections it may be concluded that six 
types of thermochemical changes are occurr ing which 
are represented by the following equat ions: 

(i) D e a q u a t i o n - a n a t i o n associated wi th geometri­
cal isomerization:34) 

*7Ym5-[NiL2(H20)X] • n H 2 0 J czs-[NiL2X2] 
Oh -(n+l)H20 

Oh' 
(X=C1 and Br). 

(ii) Deaqua t ion associated wi th geometrical iso-
merization: 

*ran5-[NiL2(H20)Y] • n H 2 0 -
Oh 

-(n+l)H20 
cz5-[NiL2Y] 

(Y= 

Oh' 

=S04 and Se04) 

Table 4. IR Spectral Data for the Isomers (7) and (7a) in Nujol 

Isomer [NiL2](C104)2 *>(NH2) 
T(NH)+pw(NH)+r(CH2)a) 

<5(NH2) pw(CH2) +stretching vibrations of 
skeleton+*>(C-N)+*>(C-C) 

a) These band are partially overlapped by CIO4 bands. 

Pr(CH2) 

(7) 3265 s, 1588 s(sp) 1470 sbr, 1315 s, 1287 s, 1240 s, 1205 vs, 945 s(sp) 
3220 sbr, 1460 sh, 1177 vs 931s, 
3245 s(sp), 1452 sh 925 m, 
3238 sh 912 s 

(7a) 3320 wbr, 1580 sbr 1390 w, 1318 s, 1291 vs, 1245 m, 1205 s 935 sbr, 
3280 sbr, 1380 m, 915 m, 
3230 s, 1360 s 892 w 
3140 mbr 

Table 5. Comparative Statement of Color Change, Enthalpy Change (AH) and Spectral 
Shift of Thermochromic Transition of A/yV-Diethyl-l,2-ethanediamine(L') and 

A^Af-Dimethyl-l,2-ethanediamine(L) Complexes of Nickel(II) Perchlorate 

Complexes Color change Enthalpy change 
/ k j mol"1 

Spectral shift 
/ nm 

[NiU](C104)2
a) 

[NiL2](C104)2 

Orange-
Yellow-

*red 
>red 

6.7 
6.9 

465-
455-

>488 
>478 

a) Data taken from Ref. 4. 
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(iii) Deaqua t ion-ana t ion wi thout any structural 
change: 

tom5-[NiL2(H20)2](N03)2 • H 2 0 > *nms-[NiL2(N03)2]. 
Oh "3H2° Oh' 

(iv) Deaquat ion-deanat ion associated wi th config­
ura t ional changes: 

«5-[NiL2(H20)(BF4)](BF4) ——» [NiL2](BF4)2. 
Oh H2° Sp 

(v) The rma l ly induced conformational changes: 

[NiL2](C104)2 ——» [NiL2](C104)2. 

Sp Sp 

(vi) The rma l ly induced decomposit ions: 

cù-[NiL2Cl2] A > [NiLCfe] —^—> NiL0.33Cl2. 
- L —0.66L 

We wish to thank Prof. R. G. Bhattacharya, Depart­
ment of Chemistry, Jadavpur University, Calcutta 
700032 for NIR facility. 
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Reduction of CO2 by Halobacterium Halobium MMT22 to Formic Acid 
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(Received August 10, 1989) 

Photobiological and photoelectrochemical conversion of CO2 to formic acid was achieved by using 
Halobacterium halobium MMT22. The yield of formic acid increased considerably by regenerating NADH by 
cathodic reduction at —0.60 V or in the presence of the two-electron donor ascorbic acid. Under photoelectro­
chemical reduction, maximum yield of 0.2 mol of HCOOH/mg cells/h was obtained, the highest reported so 
far. 

Wi th the variety of industr ial processes, large 
amoun t s of CO2 are released in to the a tmosphere 
caus ing po l lu t ion and ecological problems.1) CO2 is 
widely used for large scale prepara t ion of urea and 
certain inorganic chemicals such as carbonates and 
hydrogen carbonates.2 ) Carbon dioxide be ing the 
a b u n d a n t source of carbon, wide opt ions are available 
for convert ing this valuable Ci synthetic block in to 
industr ia l organic chemicals. 

There are numerous reports on the microbial-
Auto t rophic and Hetero t rophic carbon dioxide fixa­
tion.3) In Halobacterium halobium, photoact ivat ion 
of the bacter iorhodopsin results in the transfer of 
pro tons from the interior to the exterior of the cells. 
It is n o w generally believed that 2—3 H + are trans­
located across the p u r p l e membrane per cycling 
bacteriorhodopsin.4) 

Under anaerobic condi t ions in the l ight H. halo­
bium synthesizes ATP 5 ) and carbon uptake is greatly 
increased. Carbon dioxide is fixed th rough reductive 
pa thways and N A D H is produced du r ing i l lumina­
t ion by reversal of electron transport.6) T h i s reduced 
n ico t inamideadenine dinucleot ide (NADH) functions 
as an electron donor in the biological CO2 fixation.7) 
Photochemica l reduct ion of CO2 to formic acid in the 
presence of [Ru(bpy) 3 ] 2 + and [Ru(bpy)2(CO)2]2 + 

(bpy—2,2 /-bipyridine) was reported in H 2 O / D M F in 
the presence of N A D H model c o m p o u n d 1-benzyl-1,4-
d ihydronicot inamide (BNAH) or t r i e thano lamine / 
A^N-dimethylformamide system.8'9) 

T h e N A D H / N A D + complex was regenerated bo th 
by constant potent ial coulometry at —0.60 V and by the 
use of a two-electron donor ascorbic acid. T h e effi­
ciency of the system increases in the order photochem-
ical<photochemical+ascorbicacid<photoelectrochem-
ical. Recently, cyclohexanone was reduced to cyclo-
hexanol by coup l ing N A D H / N A D + coupled to alco­
hol dehydrogenase. T h e two electrons needed to 
regenerate N A D H is provided electrochemically at 
—0.73 V vs. Ag/AgCl . In the photochemica l or the 
photoelectrochemical systems, there is a need to 
transfer two electrons and a p ro ton to N A D + to make 
the system catalytic. T h e transfer is mediated by a 
hydride-transfer agent usually a rhodium(I) complex 

that goes t h rough RhVRh 1 1 1 redox change by hydride 
transfer.9) In the absence of electrons catalysis, a 
sacrificial two-electron donor such as t r ie thanolamine 
or E D T A is needed to complete the catalytic cycle.7'8) 

Exper imenta l 

The extreme halophile, H. halobium MMT22 was isolated 
from the brine obtained from the Salt Farm of CSMCRI in a 
nutrient medium at pH 7.0. Incubation was carried out at 
40 °C under illumination. 

Photobiological studies were carried out in a 50 ml re­
action vessel maintained at 40 °C through a thermostatic 
water bath. 1 mg (wet weight) of H. halobium MMT22 was 
taken in an air tight vessel containing 35 ml of the above 
nutrient medium and in a solution containing 35 ml of 25% 
NaCl, respectively. The Ch-free CO2 gas was supplied to 
the reaction vessel under illumination with a light intensity 
of 0.3mWcm-2. 

In a second set of experiment, 1 mg ascorbic acid was 
added to the reaction medium. 

5 ml of the sample was taken out every 2 hours interval 
and made free of cells by centrifugation. The cell-free 
suspension was then subjected to distillation on steambath 
so as to make the products free of the very high sodium 
chloride concentration. 

Controlled potential coulometric electrolysis was carried 
out with a PAR Model 173 potentiostat and Model 179 
current integrator. A coulometric cell of three electrode 
configuration consisting of mercury as working electrode, 
platinum as counter electrode and calomel as reference 
electrode was used. Deaeration of the solution consisting 
of 12 ml mercury and 35 ml 0.1 M tetraethylammonium 
chloride (1 M=l mol dm -3) was done by passing N2 through 
the solution for 15 min in a coulometric cell of 50 ml. 
Oxygen present in the system was reduced at —0.9 V. After 
observing very small background current for blank, 1 mg 
(wet weight) of H. halobium MMT22 was introduced in the 
reaction vessel separately and CO2 gas was passed. The 
reaction vessel was illuminated with a light intensity of 0.3 
mW cm -2 . The rate of CO2 reduction by electrolysis at Hg 
cathode at —0.6 V vs. SCE was measured by taking out 
sample at every 2 hours interval, followed by separation of 
cells by centrifugation and distillation. Control experi­
ments were done in a similar system devoid of cells at —0.6 V 
vs. SCE when CO2 was supplied. 

The products were analyzed using a high-performance 
liquid Chromatograph, Water Model 501 with automated 
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Gradient Controller, SE 120 manual chart recorder, model 
740 data module, Model U6k as sample injecting system, 
Model 430 as conductivity detector (expressed in uS) with 
anion (A) column using borate buffer as an eluent solution. 
Flow rate was kept at 1 ml min - 1 . 

Results and Discussion 

Under strictly anaerobic condit ions on i l lumina­
tion, each bacter iorhodopsin cycling in the purp le 
membrane of H. halobium, releases 2—3 protons 
which are released on the exterior of the cells. Simul­
taneously carbon up take is greatly increased as CO2 is 
fixed th rough the reductive pathways and N A D H is 
produced du r ing i l l umina t ion by reversal of electron 
transport . T h u s , N A D H functions as an electron 
donor in the system. 

STANDARD 

LU 

•z 
o 
£L 
(J) 
LU 

cc 
ce 
o 

LU 

o 

o 
o 
ô 

RETENTION TIME (MINUTES) 

Fig. 1. Selective formation of formic acid by H. 
halobium MMT22 as analyzed by HPLC. 

As shown in Fig. 1, H. halobium MMT22 gave a 
selective p roduc t ion of formic acid wi th no other by­
products . T h e probable products of carbon dioxide 
reduct ion such as methanol , formaldehyde, formic 
acid were checked wi th the relevant standards on 
Shimadzu Gas Chromatograph Model GC-9A qual i ta­
tively. Formic acid was detected as the sole product . 
Further , quant i ta t ive studies were done on H P L C 
because of its h igher sensitivity by mak ing s tandard 
concentrat ion of formic acid and match ing the results 
wi th its. 

T h e solubili ty of carbon dioxide in water at 26 °C is 
0.0320 M which means 0.0320 M formic acid should be 
produced after 100% conversion in time t. We, how­
ever, obta ined 1.25 M of formic acid after 6 hours 
which is a lmost 40 times of the equi l ib r ium solubili ty 
concentrat ion of CO2 because of cont inuous bubb l ing 
of the gas t h rough the reaction medium. T h i s results 
in the accumula t ion of formic acid in the reaction 
vessel. T h e yield can, therefore, be considered as 
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Fig. 2. Reduction of CO2 to formic acid by H. halo­
bium MMT22. O—O: Photobiological formic acid 
production in 25% NaCl. • — • : Photobiological 
formic acid production in nutrient medium. D—D: 
Effect of ascorbic acid on photobiological in nutri­
ent medium. A—A: Photoelectrochemical formic 
acid production at —0.6 V vs. SCE. 

Table 1. Reduction of CO2 to Formic Acid by H. halobium MMT22 

Time 

Formic acid produced/mol/mg cells 

Photobiological 

H. halobium MMT22 
in 25% NaCl 

H. halobium MMT22 
in nutrient salt 

medium 

H. halobium MMT22 
+ascorbic acid 

Photoelectrochemical 

H. halobium MMT22 
at -0 .6 V vs. SCE 

0 
4 
6 

0.002 
0.005 

0.098 
0.182 

0.26 
0.41 

0.95 
1.25 
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Fig. 3. Mechanism for reduction of CO2 by Halobacterium halobium 
MMT22 to formic acid. 

100% with a turnover frequency of 0.20 mol of formic 
acid per mg cells per hour. 

As shown in Table 1, the cells when suspended in a 
nutrient medium show enhanced yield of formic acid 
production as compared to those when suspended in a 
solution containing 25% NaCl. Cells suspended in 
distilled water do not give favorable results since in 
the absence of NaCl, the cells burst and the cellular 
constituents come out in the medium. Photobiologi-
cally, reduction of CO2 to formic acid is a continuous 
process as long as the cells are kept under strictly 
anaerobic conditions with proper supply of nutrients 
and illumination. 

When 1 mg ascorbic acid was added in the above 
system, almost 2.2 times increase in the formic acid 
production was observed. Ascorbic acid serves as a 
two-electron donor which thereby enhances the rate of 
CO2 reduction by maintaining the NADH/NAD+ 
cycle. 

Seven times increase in the formic acid production 
was obtained photoelectrochemically at —0.6 vs. SCE 
using H. halobium MMT22 as compared to the photo-
biological experiments and three times when com­
pared to the experiments in the presence of ascorbic 
acids. This shows the best quantum yields of formic 
acid formation reported so far (Fig. 2). CO2 reduction 
to formic acid photoelectrochemically using H. halo­

bium MMT22 is also a continuous process. 
Reports on electrochemical and photochemical CO2 

reduction catalyzed by metal complexes are many, but, 
none of them shows more than 2.7% yield of the formic 
acid production. The maximum yield of HCOOH 
produced in 10 hours is reported to be 20 umoles 
photochemically as compared to H. halobium which 
shows continuous production of HCOOH at the rate 
of 0.2 mol/mg cells/hour. The system does not need 
a hydride carrier such as Rh(I) complex and is capable 
of directly transferring e~+H+ (H~) to the NADH/ 
NAD+ couple. The mechanism of the reaction is 
shown in Fig 3. 
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iV-Chlorosuccinimide-Promoted Oxidative Decarboxylation of 
a-Amino Acids in Aqueous Alkaline Medium 

M. S. RAMACHANDRAN,* D. EASWARAMOORTHY, V. RAJASINGH, and T . S. VIVEKANANDAM 

School of Chemistry, Madurai Kamaraj University, Madurai 625021, India 
(Received August 12, 1989) 

Kinetics of oxidation of twelve a-amino acids (AA) by Af-chlorosuccinimide (NC1S) in aqueous alkaline 
media have been studied and compared with those of N-bromosuccinimide (NBS) oxidation. Analysis of the 
results shows that the observed rate of oxidation is first-order in [oxidant] and zero-order in [substrate]. The 
rate of oxidation increases with increase in [OH~]free in [NC1S], the exception being the amino acids having ß~ 
alkyl substituent such as valine, leucine etc. Perusal of the results shows that NC1S/NBS reacts with a-amino 
acid anion to produce a-amino acyl hypohalite which then decomposes in the rate-determining step to give the 
products. The intermediate a-amino acyl hypohalite is identified by UV-visible absorption spectra. Glycine 
behaves differently from other amino acids in both oxidants. The proposed mechanism is consistent with the 
observed kinetics. 

A m i n o acid metabol ism is one of the well-docu­
mented process. However the mechanism of the 
chemical oxidative decarboxylation of a -amino acids 
is not well-understood and still an area of experimen­
tation. As a par t of our broad p rogram on the mech­
anistic aspects of the oxidat ion of a m i n o acids, we 
have studied the kinetics of twelve a -amino acids viz., 
glycine, a lan ine , a - a m i n o butyr ic acid, norval ine, 
valine, nor leucine, leucine, isoleucine, serine, threo­
nine, phenyla la ine , and g lu tamine wi th iV-chlorosuc-
cinimide in aqueous alkal ine medium. T h e oxida­
t ion of a - amino acids by Af-bromosuccinimide is also 
studied and the results are compared wi th the oxida­
t ion by iV-chlorosuccinimide. 

Results and Discussion 

Oxidation by iV-Chlorosuccinimide: T h e kinetics 
of oxidat ion of a - amino acids by Af-chlorosuccinimide 
(NC1S) are investigated at pseudo-first-order condi­
tions by keeping an excess of the [amino acid] (i.e. 
more than 10 times) over [oxidant] and also wi th 
[OH-]totai> [amino acid]. Here [oxidant] or [NC1S]/ 
[NBS] means the concentrat ion of active (positive) 
chlor ine or bromine . Plots of log [oxidant] vs. t ime 
are l inear even u p to 70% conversion of [oxidant] . 
Values of &0bs, the pseudo-first-order rate constants, are 
unaffected by the increase in [NClS]o in all the a m i n o 
acids. T h i s clearly shows that the rate is first-order 
wi th respect to [oxidant] . Glycine alone behaves dif­
ferently and [NClS]o shows an inverse relation on &0bs. 

Values of &0bs are unaffected by the change in 
[amino acid] at constant [OH-]free where [OH-]free= 
[OH"]T—[amino acid]—[succinimide]. T h i s clearly 
shows that the rate is zero-order wi th respect to [amino 
acid]. 

T h e rate constant remains constant wi th change in 
[ O H - ] T when [ O H ~ ] T < [amino acid]+[succinimide] 
and then increases linearly in glycine, a lanine, a-
a m i n o butyric acid, norvaline, norleucine, serine, 
threonine, and g lu tamine (Fig. 1). T h e effect of [OH~] 

to/ 

3 0 h 

* I W / ^ 
•* l i s ^JSr^^^ 

20 r / / /<*"— 

r * I 

/ SV 

10 k o ftj 6 O *~ " 

ol 1 1 1 1 
0-05 0-10 0.15 0.20 

[NaOH] 

Fig. 1. Plot of &obs vs. [NaOH] at 35 °C. 
[Amino acid]=0.05 M; [Succinimide]=0.05 M, 
SAL-Alanine; [NC1S]=4.1X10~3 M, SAB-Butryne; 
[NC1S]=3.6X10~3 M, SV-Valine; [NC1S]=3.18X10~3 

M, SS-Serine; [NC1S]=3.85X10~3 M, ST-Threonine; 
[NC1S]=3.34X10~3 M. 

on Äobs was studied in the absence of succinimide also. 
T h e plots of &obs vs. [OH-]free are straight lines. 

T h e change in [succinimide] has no effect on k0b$ in 
valine, leucine, isoleucine, and phenyla lan ine at con­
stant [ O H " ] T . But in the other amino acids &0bs shows 
an inverse dependence on [succinimide] at constant 
[OH"] T . However at constant [OH-]free, k0b$ is no t at 
all affected by the change in [succinimide]. T h i s 
clearly shows that the rate is zero-order wi th respect to 
[succinimide]. Formaldehyde, chloride ion, and 
ionic strength have no effect on ftobs-
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Table 1. Rate Constants for the Oxidation of a-Amino 
AcidsbyNBS a )at35°C 

106. [NQOH] ' 

103 [NBS] [Alanine] 104X/tobs 

M 

1.98 
3.88 
3.88 
3.88 

M 

0.05 
0.05 
0.075 
0.05* 

S"1 

54.9 
54.9 
57.0 
58.0 

a) [NaOH]f=0.00, [succinimide]=0.05 M; *[succinimide]= 
0.05, [NaOH]f=0.0 M. 

Oxidation by iV-Bromosuccinimide (NBS). Under 
pseudo-first-order condi t ions plots of log [oxidant] vs. 
t ime are l inear for two half lives indica t ing a first-
order dependence on [oxidant] . Except glycine the 
rate is fast wi th half life approximate ly 3—4 minutes . 
However the results are reproducible wi th in ± 5 % 
when the experiments are repeated wi th u tmost 
care (Table 1). Moreover the extrapolat ions of 
log [oxidant] vs. t ime plots give the ini t ial concentra­
tions of the oxidant used wi th an error of ±5%. T h i s 
indicates that there is n o fast side reaction. T h e 
values of &0bs are unaffected by the increase in 
[oxidant] . 

T h e values of k0b$ are unaffected wi th increase in 
[amino acid] at constant [OH-]free indica t ing that the 
rate is zero-order wi th respect to [amino acid]. How­
ever in glycine alone, the rate of oxidat ion shows a 
l inear dependence on [glycine] at constant [OH_]f 
bo th in the presence and absence of succinimide. 
Hence plots &0bs vs. [glycine] at constant [OH"]free bo th 

0.06 _ _ 0.12 
(Glycine] 

Fig. 2. Plot of &obs vs. [Glycine] at 35 °C. 
A. [Imide]=0.05 M; [NBS]=3.88X10"3 M; [NaOH]f 

=0.0 M. B. [NBS]=3.88X10-3 M; [NaOH]f=0.0 M; 
[lmide]=0.0 M. 

[NaOHlf 
0.02 

Fig. 3. A. Plot of fcobs vs. [NaOH]f at 35 °C. 
[Valine]=0.05 M; [NBS]=3.86X10"3 M; [lmide]=0.0 
M. B. Plot of &obs vs. [NaOH]? at 35 °C. [Gly-
cine]=0.05 M; [NBS]=3.88X10~3 M; [lmide]=0.0 M 

* 8 
[jmidej.lo*2 

Fig. 4. Plot of fcobs vs. [Imide] at 35 °C. 
[Glycine]=0.05 M; [NaOH]f=0.0 M; [NBS]=3.88X 
10-3 M. 

in the presence and absence of succinimide give 
straight lines wi th identical slope (Fig. 2). 

We could not study the effect of [OH-]free on the 
a m i n o acids wi th linear side chain since the rate is too 
fast to be measured. However the rate of oxidat ion of 
glycine and valine at various [OH"]f can be followed. 
T h e p lo t of &obs vs. [OH-]2

f is a straight l ine wi th an 
intercept in glycine whereas k0b$ vs. [OH-]free is a 
straight l ine in valine (Fig. 3). 

T h e p lo t of &obs vs. [succinimide] at constant 
[OH-]free is a straight l ine in glycine alone whereas in 
all other a m i n o acids the rate is zero-order wi th respect 
to [succinimide] (Fig. 4). 

Spectral Analysis: T o a solut ion conta in ing 
equ imola r a m o u n t of a m i n o acid and N a O H was 
added a solut ion of NC1S/NBS and the UV-visible 
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Table 2. Absorption Maximum of the Intermediate 

Amino acid 

Glycine 
Alanine 
Valine 
Serine 

NC1S 

283 
281 
282 
283 

/-max 

nm 

NBS 

306 
294 
294 
298 

[Amino acid]=[NaOH]=0.1 M, [NC1S]/[NBS]=0.015 
M. 

Table 3. Aldehyde Yield in the Oxidation 
of a-Amino Acids 

Aldehyde yield/% 
Amino acid 

NC1S NBS 
Glycine 
Alanine 
a-Amino butyric acid 
Norvaline 
Valine 
Norleucine 
Leucine 
Serine 
Threonine 
Glutamine 

0(4, 24) 
55(24, 48) 
60(24, 48) 
65(24) 
52(24) 
75(24) 

— 
100(24) 
140(24) 

0(24) 

0(4, 24) 
30(24), 13(48) 
35(24, 48) 
40(24) 
40(24) 
50(24) 
58(24) 
60(24) 
70(24) 
— 

Values given in parentheses are time in hrs after which 
the yield is measured. %yield is calculated based on 
[oxidant]. Very high yield in serine and threonine may 
be due to the formation of osazones by a-hydroxy 
aldehydes (Ref. E. Earl Royals, "Advanced Organic 
Chemistry," Prentice-Hall Inc., Englewood cliffs, N.J. 
(1958) p. 656). [AA]=[NaOH]=0.05 M ; [Oxidant]= 
ca. 0.03 M. 

spectrum of the mixture was obtained. This mixture 
exhibits well defined absorption maximum (Table 2) 
and this absorption maximum is found to decrease 
with time. This clearly shows that the reaction 
involves the formation of an intermediate which then 
decays to products. 

Product Analysis: The oxidation of amino acids 
by Af-haloimides (NC1S and NBS) in alkaline media 
results in the formation of the corresponding alde­
hyde, ammonia, and carbondioxide. The overall 
stoichiometry of the oxidation reaction may be repres­
ented as 

1 NC1S/NBS +1 Amino acid —+ Aldehyde 
+ C02 + NH3 + Cl-/Br- + succinimide. ( 1 ) 

The analysis of the product (aldehyde) yields is given 
in Table 3. One of the interesting experimental 
observation is that aldehydes from serine and threo­
nine are precipitated as 2,4-dinitrophenylhydrazone 
only after 3—4 h, whereas all other aldehydes are 
precipitated instantaneously. Analysis of the results 
given in Table 3 along with this observation clearly 
shows that either the self condensation of aldehyde 
molecules or condensation of aldehyde with imine 

may be responsible for the poor yield. Very high 
yield obtained in serine and threonine may be due to 
the formation of osazones. 

Aliphatic amino acids exist as dipolar ionic form in 
water. The reaction involved in alkaline medium is 

RCH(ÄH3)COO- + OH" —• RCH(NH2)COO- + H20 (2) 

and with strong alkali such as NaOH the reaction is 
complete and quantitative. 

Succinimide has no effect on k0b$ in all the amino 
acids at constant [OH-]free, exception being glycine in 
NBS oxidation. The apparent effect of [succinimide] 
on &obs at constant [ O H " ] T (in NC1S oxidation) is due 
to the change in [OH-]free as shown by Eq. 3 

) N-H + OH- — 0 N- + H20. (3) 

This reaction is possible because succinimide is a 
weak acidx) with pK* 9.6. 

In alkaline medium iV-halo compounds give hypo-
halite anion as, 

) N-X + 20H- —O N- + OX- + H2O. (4) 
(X=Br or CI) 

The reactive species of the oxidant could be either 
hypohalite anion or iV-halosuccinimide itself. The 
formation of OC1" from NC1S and OBr~ from NBS 
may be ruled out on the ground that the intermediate 
should have a maximum at 292 nm3) and 330 nm3) 

respectively. 
Let us consider the nature of the intermediate indi­

cated by the absorption at ca. 280 nm in NClS-a-
amino acid system so that we can have a clear insight 
into the mechanism. The work of Metcalf4) has 
clearly established that iV-chloro amine, one of the 
possible intermediates, shows an absorption spectrum 
with a Amax at 253 nm. Anbar and Dostrovsky3* have 
shown that the general appearance of the spectra of 
alkyl hypochlorites such as acetyl hypochlorite 
CH3COOCI in CCI4 show an absorption maximum at 
265 nm. The absorption maximum of the interme­
diate from various amino acids (Table 2) occurs at the 
same wavelength irrespective of the structure of a-
amino acids. Comparison of the spectrum of the 
intermediate with that of alkyl hypochlorites reported 
by Anbar and Dostrovsky3) shows that the interme­
diate shown by the absorption at ca. 280 nm may be 
due to the formation of a-amino acyl hypochlorite 
RCH(NH2)COOCl. Similarly the intermediates in 
NBS oxidation with /Lax ca. 295 nm is due to acyl 
hypobromites, since the general appearance of the 
spectra of hypobromites in CCI4 shows a maximum at 
280 nm with a weak shoulder at 340 nm.3'4) This 
clearly shows that the intermediate formed on the 
oxidation of amino acids by iV-halosuccinimide in 
alkaline medium is a-amino acyl hypohalite. 

Amino acid concentration has no effect on the rate 
in all amino acids. This clearly shows that the 
decomposition of the intermediate, a-amino acyl 
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hypochlori te , which is formed rapidly and quant i ta ­
tively, may be the rate-determining step. T h e a-
hydrogen a tom of the a m i n o acid is acidic and it can 
be removed to give a-carbanion by the interaction 
wi th s t rong alkali.5) T h e a-hydrogen a tom can also 
be removed very easily as shown by the study of metal 
chelates of s imple a - amino acids and peptides.6> T h e 
catalytic effect of hydroxide ion on &0bs can be 
explained wi th the he lp of an in te rac t ion/complex 
formation between the hydroxide ion and a-hydrogen 
of the a m i n o acid as shown in Scheme 1. 

fast 

) N-X + RCH(NH2)COO- — • RCH(NH2)COOX + ) N" 
(X=C1 or Br) (5) 

H...-OH 
jç, I 

RCH(NH2)COOX + OH- ï=± R-C-COOX (6) 

NH2 

RCH(NH2)COOX — • products 

H...-OH 

R-C-COOX — • products 

NH2 

Scheme 1. 

(V) 

(8) 

According to the reaction Scheme 1, the rate equa t ion 
can be wri t ten as, 

d[RCH(NH2)COOX] 

d* 

= Äl+£lÄ2[OH-]f«e 

1 

[RCH(NH2)COOX] 

(9) 

Equa t ion 9 explains all the experimental observation. 
At [OH-]free=0.0 Eq. 9 reduces to k0bi=k\. T h e values 
of ki and Kik.2 are tabulated in Tab le 4. Perusal of 
the results (Table 4) shows that the value of ki calcu­
lated from the plot of &0bs vs. [ O H - ] ^ agrees well wi th 

Table 4. Rate Constants for the Oxidation 
of a-Amino Acids at 35 °C 

Amino acid 

Glycine 
Alanine 
of-Amino butyric acid 
Norvaline 
Norleucine 
Valine 
Leucine 
Isoleucine 
Serine 
Threonine 
Phenylalanine 
Glutamine 

NC1S 

Wki 

S'1 

2.2 
13.3(11.8) 
16.4(16.0) 
14.7(14.6) 
16.0(15.5) 
9.6 

18.0 
11.6 
15.6(8.4) 
8.4(0.0) 

16.3 
18.1 

WKik2 

— 
190.0 
72.0 
60.0 
44.0 

ca. 0.0 
ca. 0.0 
ca. 0.0 
850 

1450 
ca. 0.0 
220 

NBS 

Wki 

s-1 

0.6 
55.0 
65.0 
60.8 
64.9 
35.0 
67.6 
45.7 
73.0 
34.5 

Very fast 
— 

the one calculated at zero [OH"]f. T h e only excep­
t ion is threonine wher in the p lot k0b$ vs. [OH-]free gives 
a small negative intercept wh ich can be considered as 
equa l to zero. T h i s may be due to the h igh reactivity 
of the hydroxide complex of threonine, as observed by 
the very h igh value of Kik.2, the value of ki may be 
neglected at n o n zero [OH-]free. 

Glycine behaves differently from other a m i n o acids 
bo th in the oxidat ion by NC1S and NBS. In NC1S 
oxidat ion glycine differs from other amino acids in 
the respect that the rate of the oxidat ion at constant 
[OH_]free decreases with increase in [oxidant]. T h i s 
different behavior of glycine can be explained by the 
assumpt ion that glycine hypochlor i te dimerizes to 
give a nonreactive intermediate. Gopa lakr i shnan 
and Hogg 7 ) observed this type of dimerization in gly­
cine a lone in the oxidat ion of a -amino acids by N-
bromosucc in imide in buffered media. For glycine 
alone, we can propose the fol lowing reaction scheme 
to expla in the observed exper imental facts. 

CH2(NH2)COO- + ) N-Cl - ^ CH2(NH2)COOCl + ) N" ( 10) 

CH2(NH2)COOCl + OH" ï=± HO-...H-C-(NH2)COOCl 

H H ° 

\ / II 
K2 JNL.Cl-O-G 

2CH2(NH2)COOCl ï=± CH2
 XCH2 

\ I (12) 
C-O-Cl Nv 

Il / \ 

o H H Dimer 

CH2(NH2)COOCl —»products 

HO-...H-C-(NH2)COOCl —»products 

H 

(13) 

(14) 

Values given in the parentheses are calculated using 
Eq. 9 i.e. plot of &0bs vs. [NaOH]f. 

Scheme 2. 

T h i s reaction Scheme 2 differs from the earlier scheme 
only in the reaction (12) namely the dimerization of 
glycine hypochlori te . 

d 
[CH2(NH2)COOCl] = fci[CH2(NH2)COOCl]f + 

dt 

fc2[HO-...H-C-(NH2)COOCl] (15) 

H 

[CH2(NH2)COOCl]T rOH 

= [CH2(NH2)COOCl]f + [CH2(NH2)COOCl] + 

2[Dimerized product] (16) 

We can write Eq. 16 as, 

[CH2(NH2)COOCl]T 

= [CH2(NH2)COOCl]f + £i[CH2NH2COOCl]f[OH-]f 

+ 2£2[CH2(NH2)COOCl]2
f (17) 
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Subst i tu t ing the term [ C H 2 N H 2 C O O C l ] f from Eq. 17 
in 15 and rearranging, we get 

_ ki+Kik2[OH-]t 
&obs — (18) 

l+£i[OH-] f+2£2[CH2NH2COOCl] f 

T h i s equa t ion can be approx imated as 
Äl+£lÄ2[OH-]f 

&obs = (19) 
l+£i[OH-]f+2£2[CH2NH2COOCl]T 

Since [CH 2 (NH2)COOCl] T is formed quant i ta t ively it 
can be replaced by [ N C 1 S ] T as 

ki+Kik2[OH-]f 
^obs = (20) 

l+£i[OH-]f+2A:2[NClS]T 

Equa t ion 20 explains the inverse dependence of k0b$ 
on [oxidant] . At zero concentrat ion of free hydroxide 
ion, Eq. 20 will be modified as 

h 
*obs = (21) 

1+2£2[NC1S]T 

Therefore a p lot of Äobs"1 vs. [ N C 1 S ] T should be a 
straight l ine wi th a slope of ÏKi/k\ and intercept of 1/ 
k\. Such a p lot is found to be a straight l ine (Fig. 5) 
wi th h as 2 .2X10" 4s- 1 and K2 as 101.3 M"1 . T h e 
effect of [ N C 1 S ] T on k0b$ is also studied at various [OH-] f , 
viz. 0.02, 0.03, 0.04, and 0.05 M. Similarly the 
effect of [OH"]f on k0bS at constant [ N C 1 S ] T is also 
studied. One of the interest ing observation is that at 
[OH-] f =0.05 M, &obs is independnt of [NC1S]T. Also 
the p lo t of &obs vs. [OH"]f at constant [NC1S] gives a 
straight l ine wi th a small negative intercept which can 
be considered as equal to zero. These observation can 
be expla ined by the assumpt ion that ki<Kik,2 [ O H - ] f 

and can be neglected. Therefore Eq. 21 becomes 

Fig. 5. Plot of fcobs"1 vs. [NC1S] at 35 °C. 
A. [Glycine]=0.05 M; [Succinimide]=0.05 M; 
[NaOH]f=0.0 M. B. [Glycine]=0.05 M; [Succin-
imide]=0.05 M; [NaOH]f=0.02 M. 

£iÄ2[OH-]f 
kobs = (22) 

i+£i[OH-] f+2£2[NCis]T 

According to Eq. 22, p lo t of fcobs-1 vs. [NC1S]T, at 
constant [ O H " ] T , should be a straight l ine (Fig. 5) 
wi th a slope of 2AV£i fe [OH"] f and an intercept of 
l+Ki [OH-] f /£ i f e [OH- ] f . T h e slope and intercept 
thus obtained at various [OH"]f should be a function 
of [OH-J r 1 . T h e plot of (slope) vs. [OH-] f - i should be 
a straight l ine passing th rough the origin and the p lo t 
of (intercept) vs. [ O H J r 1 should be a straight l ine wi th 
a positive intercept. Actually the p lot of (intercept) 
vs. [OH-]f_1 (Fig. 6) gives a straight line wi th positive 
intercept whi le the p lot (slope) vs. [ O H ' J r 1 is a 
straight l ine wi th negative intercept. Th i s may prob­
ably due to the error involved in the slope obtained 
from the plots (Fig. 5) us ing Eq. 22. T h e values of fe 
and K\ are calculated from the p lo t of (intercept) vs. 
[ O H - J r 1 as 45X10"4 s"1 and 58.0 M"1 . T h e value of 
K2 is also calculated us ing the slope from the plots in 
Fig. 6 as 4X102 M - 1 which is comparable in magni ­
tude wi th the one calculated from the plot of k0b$ vs. 
[NC1S]T at zero [OH"] f . Equa t ion 22 explains the 
observation that at 0.05 M of [OH"] f &0bs is independ­
ent of [NC1S]. T h i s is because the denomina to r 
remains a lmost constant (changes from 4.26 to 5.34) 
for the variat ion of [NC1S] from 1.8X10"3 M to 
7.2X10-3 M. Similarly at constant [NC1S], the 
change in the value of the denominator is no t in 
p ropor t ion wi th that of [ O H " ] (for a five fold change 
of [OH"]f i.e 0.01 to 0.05 M, the denomina tor changes 
from 2.31 to 4.62 at [NC1S]=3.6X10"3) and fortui­
tously we get a straight line for &0bs vs. [OH"]f. In the 
above discussions we use the value of K\ calculated at 
zero [OH"] f since it is free from other equ i l ib r ium and 

0 25 50 

[NaOH] f 

Fig. 6. Plot of intercept and slope (from Fig. 5) vs. 
rOH-lr1. 
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is considered more reliable. 
The interesting observation in the NBS oxidation is 

that glycine shows a second order dependence on 
[OH"]free. Not only that the break down of glycyl 
hypobromite is also influenced by glycine anion (vide 
substrate effect) and succinimide anion. All other 
amino acids show zero-order dependence on each 
amino acid anion and succinimide anion. This 
clearly shows that the break down of glycyl hypo­
bromite is base-catalysed. In order to examine the 
possibility of general base-catalysis, the kinetics of 
oxidation of glycine in the presence of sodium acetate 
was studied. Sodium acetate concentrations have no 
effect on &0bs. This is not surprising since glycine 
anion and succinimide anion are very strong bases 
than acetate anion (pKa of glycine(classical), succin­
imide, and acetic acid are 9.78, 9.60, and 4.76 respec­
tively). Thus the breakdown of glycyl hypobromite 
can be depicted, bearing the experimental observation 
as, 

H2C(NH2)COOBr + 20H" 

OHT 

OIT 

H2C(NH2)COOBr + CH2(NH2)COCT 

; c ; (23) 
H COOBr 

K*. 

EL NH2 
CH2(NH2)cocr;f " > X " 

"H COOBr 

H^ JNTH2 K5 J H L NH2 

X + -N< ï=± >N- >CT 
H COOBr H COOBr 

CH2(NH2)COOBr 

OH".... H 

products 

HO~... .H^ 
C(NH2)COOBr —> products 

(24) 

(25) 

(26) 

(27) 

k4 

CH2(NH2)COO~....H2C(NH2)COOBr - ^ products (28) 

^N~....H2C(NH2)COOBr - ^ products (29) 

Scheme 3. 

The reaction shown in Eq. 23 is actually not a trimo-
lecular one but for simplicity the multiple step reac­
tion is shown in one step. Similarly the interaction 
of the weak nucleophile with either of the hydrogens 
is simply depicted as in Eq. 24 and 25 and the struc­
tures in these equations do not mean the interaction of 
the nucleophile with the two hydrogen atoms simul­
taneously. We could not kinetically observe the 
dimerization of glycyl hypobromite eventhough this 
was observed at pH 4.00 by Gopalakrishnan and 
Hogg.7) The rate equation for the above scheme can 
be written as 

fcobs = ki + Ks k3 [OH~]2
f + KA U [Glycine anion] + 
£5 k$ [succinimide anion]. (30) 

\ | M — X H-R — C 
/ 1 

H 0 

II 
c-

Fast 

NHo 

H 0 ^ 
- R - C — C - O - X 

H - N - H 

R-C = NH+C02+X +H (X=CI or Br) 

R-CHO+NH3 

Scheme 4. 

The equation explains the plots of &0bs vs. [glycine 
anion], &0bs vs. [OH"]2

f, and &0bs vs. [succinimide]. 
The values of K±k± both in the presence and absence of 
succinimide anion are identical as 132X10"4M-1s-1. 
The values of Kzkz and K$kb are l ô . l M ^ s - 1 and 
40.5X10-4M-1s-1 respectively. The value of K5k5 

obtained from the effect of glycine anion in the pres­
ence of succinimide at zero [OH"]f is 50X10-4 M"1 s_1. 
Similarly the values of ki from different plots are 
8XIO-5 s-1, 2X10-5 s-1, and 9X10"5 s"1 (average 6X10"5 s"1). 

Based on the experimental observation we can pro­
pose a reaction scheme for the decomposition of the 
intermediate, a-amino acyl hypohalite (Scheme 4). 
Perusal of the results (values of ki) shows that slight 
electron-releasing effect of alkyl group favours the 
reaction and this may be due to the stabilization of any 
partial positive charge that develops on the a-carbon 
in the transition state due to the possible noncon-
certedness of bond making and bond-breaking i.e. the 
carbon-carbon bond cleavage to precede carbon-nit­
rogen bond formation to some extent. 

Comparison of the results of the oxidation by N-
chlorosuccinimide with that of Af-bromosuccinimide 
is interesting. Glycine shows a first order depend­
ence of [OH"]f while valine is independent in NC1S 
oxidation. In NBS oxidation glycine shows a second 
order dependence on [OH"]f whereas valine shows a 
first order dependence. Not only that, the breakdown 
of glycyl hypobromite is catalysed by both the glycine 
anion and succinimide anion which is not observed in 
the breakdown of glycyl hypochlorite. This clearly 
shows that the formation of acyl hypobromite makes 
the a-hydrogens more reactive towards the nucleo­
phile than in acyl hypochlorite. This is further con­
firmed by the correlation of k\ with structure. 

Perusal of the structure of the intermediate acyl 
hypohalites shows difference only in the alkyl substit­
uent R at the a-carbon. Therefore 

R GOOX 

H NH2 

we can correlate k\ with a*, the electron-donating 
power of the substituent and £s, steric substituent 
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constant of the alkyl g r o u p us ing the Taft 's equation8) 

logfci = logfco + p*a* + <5£s (31) 

T h e results obtained can be expressed as 

log AI =-3 .01-1 .651 a*+ 0.16 Es (32) 
(Multiple correlation R=0.912) 

log ki =-2 .61 - 3.99 a* + 0.39 £ s (33) 
(#=0.95) 

for NC1S and NBS oxidat ions respectively. In this 
analysis we include glycine, a lanine, a - amino butyric 
acid, norval ine, valine, norleucine, leucine, and iso-
leucine only. T h i s equa t ion is valid only for a nar­
row range of a* i.e. from +0.49 to —0.19 only and too 
m u c h impor tance can ' t be attached. Here we made 
the assumpt ion that the polar and steric effects are 
additive and this assumpt ion is proved successful in 
many free energy correlation.8) But the assumpt ion 
that the steric effects are additive does not seem to be 
justified and is no t normal ly done.8j9) However this 
correlation analysis substantiates the fact that in acyl 
hypobromi te the inductive effects are more pro­
nounced than in acyl hypochlor i te and also the nega­
tive sign of the p* term in Eqs. 32 and 33 indicates 
that the electron-releasing substituents accelarate the 
reaction. 

T h e a - amino acids wi th e lectron-withdrawing sub­
stituents such as serine (R, CH2OH a*=0.31), threo­
n ine (R, C H 3 C H O H , a*=0.12), g lu tamine (R, CH 2 -
CH2GONH2, a*=0.19), and phenyla lan ine (R, C6H5-
CH2,a*= 0.27) show vertical deviation to Eqs. 32 and 
33 and the mechanism may be different in these a m i n o 
acids. T h e decomposit ion of phenylalanyl hypochlo­
rite is no t influenced by hydroxide ion (Table 4) and 
it is s imilar to valine, leucine etc. T h i s suggest that 
phenyl g r o u p in the ß-carbon inhibi ts the interact ion 
of a-hydrogen wi th the hydroxide ion. T h e rate of 
decomposi t ion of phenyla lanyl hypobromite is too 
fast to be measured by the experimental methods 
employed here. These observation shows that the 
subst i tuent C6H5CH2 behaves like a s trong electron 
donor bu t the positive a* value suggests that it should 
be an electron attractor. Similarly the substituents in 
serine and threonine i.e. C H 2 O H - and C H 3 C H O H -
behave like electron dona t ing groups similar to CH3 
etc. as evidenced by the large ki values whereas the 
hydroxide ion catalysed decomposi t ion shows that 
these substi tuents behave similar to that of glycine 
(a*=+0.49) . T h i s abnormal reactivity observed in 
these a m i n o acids namely phenyla lanine , serine, and 
threonine may be due to a lpha effect.10) 

Experimental 

Amino acids were purchased from Loba-Indo Austranal 
Co (INDIA) and Sigma (USA). Af-Chlorosuccinimide and 

Af-bromosuccinimide both from Fluka (USA) were recrystal-
lized from hot water and its purity was checked by iodomet-
ric determinations. Other chemicals used were of analyti­
cal grade. The reactions were carried out under pseudo-
first-order conditions in a blackened reaction vessels. The 
amount of unreactive active chlorine/bromine was esti­
mated by titrating against standard thiosulphate at suitable 
time intervals. The pseudo-first-order rate constants calcu­
lated from the plots of log [Vol. thio] vs. time were reproduc­
ible within +5%. 

Stoichiometry and Product Analysis: To a solution of 
amino acid with equimolar amount of sodium hydroxide 
NCIS/NBS solution was added and diluted to a constant 
volume. The final concentrations of amino acid and 
NCIS/NBS were always in the ratio of 0.05 M : 0.03 M. 
After being kept for 24 hours aldehyde was estimated by 2,4-
dinitrophenylhydrazone method.n) The unreacted a-
amino acid (in the form of anion) was estimated by titrating 
with standard HCl using Methyl Orange indicator. The 
accuracy of the titration was improved by the addition of 5 
ml of formaldehyde (30% solution) to the titration mixture.12) 

Spectral Measurements: The concentration of amino 
acid (with equimolar NaOH) and NCIS/NBS in the mixture 
was kept in the ratio of 0.1 M : 0.015 M. The spectra were 
measured immediately on a Hitachi 557 spectrophotometer 
at room temperature using 1 cm cells. 
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Methoxybromination of Cinnamic Acid by iV-Bromosuccinimide 
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With cinnamic acid in aqueous methanol iV-bromosuccinimide yields 2-bromo-3-methoxy-3-phenyl-
propionic acid. It is a second-order reaction independent of [H+] at moderately high [H+]. At low [H+] the 
rate increases with decrease in [H+]. The reaction is inhibited by succinimide. The reaction rate decreases 
with increase in methanol content of the medium. Mechanistic pathways of the reaction are discussed and a 
rate equation is derived. 

N-Bromosuccinimide (NBS) bromination1-3) and 
oxidation4'5) of saturated organic compounds in protic 
solvents have received considerable attention. There 
seems to be no detailed study on the reactions of NBS 
with unsaturated compounds in protic solvents. We 
have studied the reactions of NBS with ß,y-
unsaturated alcohols.6"8) Here we report methoxy­
bromination of cinnamic acid — a simple and conve­
nient method of synthesising bromomethoxy acid — 
and its kinetics and mechanism. Crotonic acid with 
NBS in aqueous acetic acid has yielded dibromo acid.9) 

Results and Discussion 

The reaction of NBS with cinnamic acid in aqueous 
methanol in presence of perchloric acid yields 2-
bromo-3-methoxy-3-phenylpropionic acid. The 
stoichiometry of the reaction is 1:1. Hence the reac­
tion is represented as 

(CH2CO)2NBr + C6H5CH=CHCOOH + CH3OH -+ 
C6H5CH(OCH3)CHBrCOOH + (CH2CO)2NH 

Methoxybromination is a second-order reaction— 
first order each with respect to NBS and cinnamic acid 
(acid). Under second-order conditions plots of 
In ([NBS]o[Acid]/[Acid]o[NBS]) against time when [NBS]o 
7̂  [Acid]o, and [NBS]Consumed/[NBS] against time when 
[NBS]o=[Acid]o are linear. A typical second-order 

plot is shown in Fig. 1 (103[NBS]o=1.5 mol dm - 3 , 
103[Acid]o=2.0 moldm-3, 102[H+]=1.62 mol dm"3, 
solvent 50%(v/v) aqueous methanol, temp 35 °C, 
correlation coefficient, r=0.9996 and standard devia­
tion, 5=0.0100). The second-order rate constant 
determined at different [Reactantsjo remains constant 
(Table 1). At fixed [Reactantsjo and ionic strength, /x 
(maintained with sodium Perchlorate) the rate of the 
reaction is independent of [H+] at moderately high 
[H+] but at low [H+] it increases with decrease in [H+] 
as shown in Table 1. Even at low [H+] the reaction 
follows second-order rate law. Figure 2 shows a 
linear second-order plot at low [H+]. (103[NBS]o= 
103[Acid]o=2.0moldm-3, 103[H+]=1.15moldm-3, 102/z= 
8.0 mol dm - 3 , solvent 50%(v/v) aqueous methanol, 
temp 35 °C, r=0.9983 and s= 0.1186).10) 

Ionic strength of the medium has no influence on 
the reaction rate (Table 1). The reaction is inhibited 
by succinimide. Initial addition of succinimide to 
the reaction mixture suppresses the reaction rate sub­
stantially. Under the conditions 103[Reactants]o=2.0 
mol dm - 3 and 102[H+]=1.62 mol dm - 3 the second-

Table 1. Second-Order Rate Constants for Methoxy­
bromination of Cinnamic Acid by NBS 

in 50% Aqueous Methanol at 35 °C 

Fig. 1. Second-order rate plot for NBS-cinnamic 
acid reaction at moderately high [H+]. 

103[NBS]o 

mol dm - 3 

0.50 
1.00 
1.50 
1.75 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 

103[Acid]o 

mol dm - 3 

2.00 
2.00 
2.00 
2.00 
2.00 
2.50 
3.00 
3.50 
4.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 

102[H+] 

mol dm - 3 

1.62 
1.62 
1.62 
1.62 
1.62 
1.62 
1.62 
1.62 
1.62 
0.115 
0.437 
0.603 
1.62 
3.39 
4.47 
6.17 
1.62 

k 

dm3 mol - 1 s - 1 

1.74+0.09 
1.76±0.08 
1.91±0.06 
2.02±0.10 
1.96±0.07 
1.79±0.13 
1.90+0.19 
1.95±0.13 
1.86+0.26 
3.43±0.20a) 

2.51±0.07a) 

2.26+0.12a) 

1.81±0.24a) 

1.88±0.07a) 

1.72±0.08a) 

1.83±0.02a) 

2.09+0.16b) 

a) M=0.08 mol dm"3, b) ju=0.14 mol dm" 
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i i i i 
50 300 600 850 

Time/s 

Fig. 2. Second-order rate plot for NBS-cinnamic 
acid reaction at low [H+]. 

order rate constant decreases from 0.570+0.014 to 
0.124+0.005 dm3mol-1 s-1 when 102[Succinimide]o is 
increased from 1.0 to 4.0 mol dm - 3 in 50% (v/v) aque­
ous methanol at 35 °C. However, in the absence of 
initially added succinimide at moderately high as well 
as low [H+] the reaction uninhibited by the product 
formed follows a clean second-order rate law (Figs. 1 
and 2). Non-linear plots of [Acid]0 In [Acid]—[NBS]0 

In [NBS] against time (Fig. 3, conditions as in Fig. 1) 
and ([Reactants]o/[Reactants])+ In ([Reactants]/[Re-
actants]o) against time (Fig. 4, conditions as in Fig. 2) 
at moderately high and low [H+] respectively confirm 
the absence of first-order inhibition by succinimide 
when formed in low concentration, i.e., at fixed [H+] 
the rate law 

- d[NBS]/d* = £[NBS] [Acid]/[Succinimide] 

does not hold. Here, the concentration of consumed 
NBS is taken as the concentration of succinimide. 

The dielectric effect is positive. The rate of the 
reaction increases from 0.445+0.015 to 5.11+0.14 dm3 

s "2-5 h / 

°. I i i I 
500 1000 

Time/s 

Fig. 3. Reactants—second-order, succinimide (form­
ed)— inverse first-order rate plot at moderately high 
[H+]. 

50 300 600 850 

Time/s 

Fig. 4. Reactants —second-order, succinimide (form­
ed)— inverse first-order rate plot at low [H+]. 

m o l ^ s - 1 when methanol content in the medium is 
decreased from 70 to 30% (v/v) at 35 °C. The activa­
tion parameters of the reaction at [H+]=0.0162 
mol dm~3 in the absence of initially added succinimide 
in 50% (v/v) aqueous methanol have been calculated 
from the rate measurements at 15, 25, and 35 °C 
through Eyring plot. 

AH#= 17.8 kj mol"1 

AS# = -182JK"1mol-1 

AG# = 73.8kJmol-1(at35°C) 

The possible reactive species of NBS in acidic 
medium are NBS itself, protonated NBS (NBSH+), 
HOBr, and solvated bromonium ion.6_8) With the 
oxidising species cinnamic acid may react in its 
molecular form or through its anion. The reaction 
has been studied at [H+] range 0.00115 to 0.0617 
mol dm -3 . Under this concentration range protona­
tion of cinnamic acid is less likely. The reaction is 
not catalysed by H + and hence NBSH+ and proto­
nated cinnamic acid (if at all protonated) are ruled out 
as the reactive species. The reaction of NBSH+ with 
cinnamate ion should be independent of [H+]. But 
NBSH+-cinnamate ion reaction pathway is unlikely 
as the reaction fails to exhibit neutral salt effect. The 
rate of formation of solvated bromonium ion from 
molecular NBS under identical conditions is about 
one-tenth of the rate of the title reaction.7) Hence Br+ 

is unlikely to be the reactive species. Protonation of 
NBS should facilitate the release of Br+. But forma­
tion of Br+ through NBSH+ is not considered as the 
pH titration curve of NBS-HCIO4 shows no apprecia­
ble protonation. HOBr is formed by the hydrolysis 
of molecular NBS.7'8) Methoxybromination of cin­
namic acid even at low [H+] follows second-order rate 
law (Fig. 2). If HOBr were to be the reactive species 
its interaction with the substrate should be rate deter­
mining. In that case in the absence of initially added 
succinimide inhibition by succinimide formed is to be 
observed. As it is not so (Figs. 2 and 4) HOBr is less 
likely to be the reactive species. On the basis of the 
rate dependence on [H+]— rate is independent of [H+] 
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at moderately h igh [ H + ] b u t increases with decrease in 
[ H + ] at low [ H + ] — the reaction is proposed to proceed 
via two competit ive pa ths , one independent of [ H + ] 
and the other inhib i ted by H + . Molecular NBS is 
suggested as the reactive species and is proposed to 
react wi th c innamic acid (Scheme 1) and c innamate 
ion as well (Scheme 2). For the suggested mechanis­
tic routes the over all rate law is derived as 

-d[NBS] 
d* 

k\k2 

+ " 
Kite 

I £-i[Succinimide]+£2 [H+] 
[NBS] [Acid] (1) 

In the absence of init ially added succinimide and at 
moderately h igh [ H + ] , wi th the approx imat ions 
&-i[Succinimide] < fe and ^ a f e / [ H + ] <C ki, the compo­
site rate equa t ion (Eq. 1) reduces to the s imple second-
order rate law (Eq. 2) 

-d[NBS]/d* = ÄI[NBS] [Acid] (2) 

which has been experimental ly observed, the experi­
menta l second-order rate constant, k=k\. T h u s in 
moderately h igh acid med ium ([H + ] > 0.016 mol d m - 3 ) 
and in the absence of init ial ly added succinimide the 
reaction is mainly t h rough one pa th , i,e., rate-
de termining formation of P h C H C H B r C O O H by the 
transfer of positive bromine to the substrate (Scheme 1). 
T h e cyclic intermediate visualized may decompose 

(CH2CO)2NBr + PhCH=CHCOOH ;=± C + (CH2CO)2N" 
k-i 

C - ^ PhCHCHBrCOOH 

PhCHCHBrCOOH + CH3OH —•> 

PhCH(OCH3)CHBrCOOH + H+ fast 

(CH2CO)2N- + H+ —> (CH2CO)2NH fast 

where 

PhÇH—^H 

C = Br + ;C0H 

V 
Scheme 1. 

E 

400 
1/[H+]/dm3 mol"1 

800 

instantaneously leading to P h C H C H B r C O O H making 
the intermediate non-existent. 

In the absence of initially added succinimide, wi th 
the a p p r o x i m a t i o n /^- i [Succinimide]<fe, the over all 
rate equa t ion (Eq. 1) simplifies to rate law (3). 

-d[NBS]/d* = ( ki + Kzks / [H+]) [NBS] [Acid] (3) 

T h e second-order rate constant, k=ki+K&k3/[H+]. 
Linear p lo t of k versus 1/[H+] wi th a positive inter­
cept (Fig. 5, r=0.9674, 5=0.1679) confirms rate law (3). 
At low [H+] ( [ H + ] < 0.006 mol dm- 3 ) besides the rate-
l imi t ing transfer of Br+ from molecular NBS to cin­
namic acid (Scheme 1) NBS-c innamate ion reaction 
pa thway (Scheme 2) is operative significantly. 

At moderately h igh [ H + ] and in the presence of 
initially added succinimide, wi th the approx imat ions 
&-i[Succinimide] > fe and &ife/&-i[Succinimide] > £ a f e / 
[H+] , the composite rate law (Eq. 1) reduces to rate law (4). 

-d[NBS]/d* = £i£2[NBS] [ Acid]/k-i [Succinimide] (4) 

T h e second-order rate constant, 

k = &i&2/&-i[Succinimide]. 

L inear p lo t of k versus l /[Succinimide]o a lmost 
t h rough the origin (Fig. 6, r=0.9666, 5=0.0629, inter­
c e p t ^ . 0 1 7 dm _ 3 m o l _ 1 s_1) confirms rate law (4). 
T h e visualization of the formation of an intermediate 
in steady state concentrat ion accounts for the inhibi ­
t ion by succinimide. If P h C H C H B r C O O H were to 
be the intermediate and were to undergo rate- l imit ing 
nucleophi l ic attack by methano l the reaction rate, 
contrary to the experimental findings, should increase 

P h C H = C H C O O H ^ P h C H = C H C O O - + H+ 

(CH2CO)2NBr + PhCH=CHCOO—^ 

PhCHCHBrCOO" + (CH2CO)2N~ slow 

PhCHCHBrCOO" + CH3OH—•* 

PhCH(OCH3)CHBrCOO- + H+ fast 

PhCH(OCH3)CHBrCOO- + H+ ~T± 

PhCH(OCH3)CHBrCOOH 

(CH2CO)2N- + H+—+ (CH2CO)2NH fast 

Scheme 2. 

Fig. 5. Dependence of k on 1/[H+]. 

1/[succinimide]0/dm3 mol"1 

Fig. 6. Dependence of k on 1/[Succinimide]o. 
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Table 2. The Percentage of the Reaction through Scheme 
2 at Different pH in 50% Aqueous Methanol at 35 °Ca) 

pH 

% 

1.21 

1.7 

1.35 

2.5 

1.47 

3.0 

1.79 

6.5 

2.22 

14 

2.36 

17 

2.94 

48 

a) [NBS]o=[Acid]o=2X10-3 mol dm"3. 

wi th increase in me thano l content of the medium. 
From the slopes and intercept the kinetic constants at 
35 °C are found as 

ki = 1.82 dm3 mol"1 s"i, 

K&h= 1.91 X 10-3 s"1, 

k2/k-i =3.17X10- 3 mol dm-3. 

T h e percentage of the reaction th rough Scheme 2 at 
different p H is given in Tab le 2. T h e h igh negative 
entropy of activation is in agreement with the forma­
tion of a positively charged cyclic intermediate. T h e 
low entha lpy of activation is in accordance wi th the 
ra te- l imit ing breakdown of weak bond. 

Experimental 

Materials. Af-Bromosuccinimide was prepared by the 
bromination of succinimide and recrystallized. Analytical 
grade methanol was purified by the usual procedure. Ana­
lytical grade perchloric acid and sodium Perchlorate were 
used as such. Succinimide (Merck) was recrystallized before 
use. Cinnamic acid was purified by recrystallization in 
aqueous ethanol. 

Stoichiometry. NBS in slight excess (4.7X10-3 mol dm -3) 
was allowed to react with cinnamic acid (2.0 X10-3 mol dm -3) 
in 50% (v/v) aqueous methanol in presence of perchloric 
acid (2.0 X10 -2 mol dm -3) at 35 °C and iodometric estima­
tion of unreacted NBS after 3, 6, 12, and 24 hours showed 
that 1 mole of cinnamic acid consumed 1 mole of NBS. 
Due correction for the decomposition of NBS in the medium 
was given by carrying out simultaneously a blank 
experiment. 

Kinetics. Aqueous solutions of NBS and perchloric acid 
of desired concentrations were prepared. Cinnamic acid 
was dissolved in methanol. Required volumes of the reac-
tants were mixed in reaction stills blackened from outside at 
constant temperature, and the progress of the reaction was 
followed from 20 to 80% completion by iodometric estima­
tion of unreacted NBS; 2ml aliquots of the reaction mixture 
at different time intervals were drained into a mixture of 5 
ml of 2.5 M sulphuric acid (1 M=l mol dm"3) and 5 ml of 2% 
potassium iodide and 0.3 mol dm - 3 sodium hydrogen carbo­
nate, and the liberated iodine was titrated against thiosul-
phate to the starch end point. The second-order rate con­
stant (k) was calculated from the slopes of the plots of In 

([NBS]o[Acid]/[Acid]o[NBS]) against time when [NBS]o^ 
[Acid]o, and [NBS]COnsumed/[NBS] against time when [NBS]o= 
[Acid]o by the method of least square. The error quoted in 
k is the 95% confidence limit of a Student's £-test. The [H+] 
was calculated from pH measurements. 

Product Analysis. To cinnamic acid (0.05 mole) in 50% 
aqueous methanol (100 ml) in presence of perchloric acid 
(0.1 mol dm"3) at 65 °C NBS (0.05 mole) was added. After 
cooling it was treated with saturated solution of sodium 
hydrogen carbonate, and succinimide was filtered off. The 
bromomethoxy acid was regenerated with mineral acid, 
filtered (yield: 60%), recrystallized in 50% aqueous ethanol 
and identified as 2-bromo-3-methoxy-3-phenylpropionic 
acid by IR, *H NMR and MS. IR (Nujol) 2910 (O-H), 2840 
(O-CHs), 1700 (OO) , and 1105 (C-O-C) cm-*: *HNMR 
(270 MHz) 0=3.11 (3H, s, OCH3), 4.42 (1H, d, /=9.9 Hz), 4.52 
(1H, d, /=9.9 Hz), 7.37—7.43 (5H, aromatic), and 13.34 (b, 
carboxyl). MS (in the decreasing order of abundance) m/z 

121 (C6H5-CH=6-CH3), 77 (C6H5
+), 91 (C7H7

+), 103 [M-
(CHsOBr and COOH)], 147 [M-(HBr and OCH3)], 148 (M-
CHsOBr), 131 [M-(CH3OBr and OH)], 227 and 229 (M-
OCH3), 179 (M-Br), and 181 and 183 (M-C6H5). 

T h e au thors thank Dr. K. Ganapa thy for provid ing 
facilities. T h a n k s are also due to SIF, Bangalore for 
r u n n i n g 1H NMR spectrum and RSIC, Lucknow for 
provid ing mass spectrum. 
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The formation of the condensation products obtained when pyruvic acid and aromatic amines are allowed 
to react, can be explained by condensation of one mole of the imine of pyruvic acid with one mole of the 
enamine isomer, either through the C atom or through the N atom, followed by elimination and lactonization 
to give a 7-lactone carboxylate or an azlactone carboxylate, which on decarboxylation give an iminobutanolide 
or an azlactone respectively. Aminolysis of these cyclic intermediates led to the formation of the final products. 

In our search for synthetic equivalents of pyruvic 
acid d ianions , our interest was directed to the reaction 
between this acid and aromat ic amines. Whereas 
pyruvic acid generally reacts wi th a l iphat ic amines to 
give as expected, the corresponding imines,1* the reac­
tion wi th aromat ic amines is m u c h more complex, 
and many products can be formed. 

When ani l ine is mixed rapidly wi th pyruvic acid, 
the major c o m p o u n d obta ined is the te t rahydroquino-
line 1; however, if pyruvic acid is added slowly to an 
excess of ani l ine, the resul t ing c o m p o u n d is the 
condensed imine 22) (Scheme 1). 

Other aromat ic amines, specially those wi th elec­
tron donor groups on the r ing, such as anisidine, 
hydroxyani l ine , 2,4,6-trimethylaniline or toluidine, 
form c o m p o u n d s such as 3, 4, and 5 in their reaction 
wi th pyruvic acid. 

A s tr iking feature is the fact that type-4 diamides are 
formed in this reaction. T h e formation of these in 
the reaction med ium is no t evident since the acid 3 has 
not been found to be transformed in to the diamide 4 
under the reaction condit ions employed. T h i s 
p rompted us to study the mechanism by which these 
substances are formed. 

Results and Discussion 

Dane et al. proposed a mechanism for this reaction 
in 1957,3) T h e scheme proposed involves a pa thway 
th rough the ketenimine 6 (Scheme 2). 

As can be observed, this mechanism accounts for the 
formation of amid ine 5 very well, bu t does not easily 
expla in the formation of the diamide 4. We though t 
that bo th compounds mus t arise from a c o m m o n 

intermediate such as the 4-imino-4-butanolide 7 that 
could convincingly explain the formation of the ami-
dine 5 and the diamide 4. T h e attack of the amine on 
carbonyl carbon leads to the formation of a diamide, 
whereas the reaction of the imine carbon, which is 
probably protonated, would give the amidine. O n 
the other hand , c o m p o u n d 3 can be obtained by 
hydrolysis of the amidine 5 by the water released in the 
reaction. T h i s hypothesis is reasonable since it is 
k n o w n that isoimines do in fact have acylat ing 
properties.4 ) 

T h e 4-imino-4-butanolide 7 can of course be obtained 
by cyclizaion of ketenimine 6 bu t this high-energy 
intermediate is no t essential, and the decarboxylat ion 
of a type-8 lactone migh t justify the appearance of the 
iminobu tano l ide 7. It seems clear that a lactone of 
this type could be obtained in the reaction medium, 
since substance 2 has been isolated in the reaction wi th 
ani l ine . In addi t ion, the decarboxylation of the acid 
function in 8 th rough the furan intermediate seems 
specially favourable (Scheme 3). 

In order to decide if the correct intermediate of the 

o 

Ar O H + PhNH, 
PhNH, 

H,0 
4 + 5 ' 3 

NPh 

Scheme 2. 

o 

COO NH3Ph 
O 

OH 

la R = H 
lb R = M e 

PhNH 

3, R= OH; 4, R=NHPh 
3b, 4b, Ph = p-Tolyl 
3c, 4c, Ph = Mesityl 

5b, Ph = p-Tolyl 
5c, Ph = Mesityl 

Scheme 1. 
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o 
PhNH2 A v 

H,0 PhNH2 

O + C02-* l p O 

Scheme 3. 

reaction was ketenimine 6 or lactone 8, the reaction of 
pyruvic acid wi th 2,4,6-trimethylaniline was studied. 
T h i s amine was chosen because it is not expected to 
exhibi t the competit ive formation of type-1 tetrahy-
d roqu ino l ine since its or tho-posi t ions are blocked by 
methyl groups . T h e reaction wi th 2,4,6-trimethyl­
ani l ine was carried ou t under different experimental 
condi t ions and c o m p o u n d s 3c, 4c, 9,10c, 11,12, and 13 
were isolated (Scheme 4). 

T h e structure of the crystalline c o m p o u n d 93) 

already isolated by Dane, was assigned according to its 
spectroscopic properties. T o confirm the structure of 
this imine , it was treated wi th BuLi in T H F and the 
d ian ion formed was captured wi th methyl benzoate, to 
afford the condensat ion c o m p o u n d 14 (Scheme 5). 

T h e imine 9 seemed specially interest ing because we 
felt it mus t be an intermediate in the reaction. It was 
therefore heated in the N M R tube trying to detect the 
formation of lactone 8b; however this was no t possible 
because complex mixtures were always obtained. 
T h e failure to detect lactone 8b was first a t t r ibuted to 
the fact that the vo luminous methyl groups of the 
2,4,6-tr imethylanil ine could h inder aldolic condensa­
tion of the imine 9, increasing the decarboxylation 
rate. Under these condi t ions lactone 8b breaks u p 
more quickly than it is formed, and it is no t easily 
detected. 

Accordingly, we preferred to cont inue our study 
wi th an amine that has fewer drawbacks, such as 
toluidine. T h e reaction of pyruvic acid wi th tolui-
dine at — 30 °C in chloroform followed by filtration 
yielded a solid, whose spectroscopic properties were 
consistent wi th a mixture of te t rahydroquinol ine l b 
and another c o m p o u n d that proved to be the expected 

lactone 8b. T h i s lactone was easily isolated by treat­
ing the solid wi th ethyl acetate in which 8b is soluble. 
When this lactone was refluxed in ethyl acetate a 
mix ture of d iamide 4b and amid ine 5b was obtained. 
T h i s confirms that ketenimine 6 is not likely to be an 
intermediate in the reaction. 

T h e reaction of 8b in the N M R tube was also 
studied to detect the presence of 4-imino-4-butanolide, 
however the decarboxylation of 8b rapidly led to the 
formation of mixtures of 3b and 4b. T h i s mus t be 
because the molecule of to luidine in lactone 8b is able 
to cleave the iminobutanol ide faster than it is formed. 
T h u s it was decided to release the lactone 8b from the 
amine , t ransforming it in to the corresponding acid 15 
(Scheme 6). 

By heating a solution of the acid 15 in benzene-dß or in 
deuteriochloroform only complex mixtures could be 
observed; n o iminobutanol ide was detected. Surpris­
ingly, when the decarboxylation of lactone 8b was 
carried ou t in the presence of T C N E , in an a t tempt to 
intercept the furan intermediate, the iminobutenol ide 
16 was obtained. T h e structure of this c o m p o u n d 
was confirmed by synthesis from methylmaleic anhy­
dride: t reatment of this substance wi th toluidine fol­
lowed by acetic anhydride or dicyclohexylcarbodiim-
ide5) yielded a mixture of two isomeric iminobuteno-
lides, which could be isolated by chromatography. 
T h e less polar was identical to Af-phenyl-4-imino-2-

O H N ' 

NMst DBuLi 
2) Ph-COOCH; 

COO" NH3Mst 
3) CH:N: 

1 _ | ^ V / ^ < ^ C O O C H 3 

Scheme 5. 

V -jcr O + lb 

p-TolHN' ^ c o o - + H r f T o | 

H V H P 

p-TolNH' COOH 

Scheme 6. 

• AC NMst 

* COOH 

M NMst I] 
N > ^ N H M s t II ^ V ^ - N H M s t . 

- X ^ C O O - +NH3Mst l i ^ N H M s , * ^ M s t - N ^ 

OH 

V 
10c 11 

Scheme 4. 

o 
13 
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o o 
// 1) PhNHj // 

i> I?— r> 

Scheme 7. 

methyl-2-buten-4-olide 16 (Scheme 7). 
Since the treatment of 16 with toluidine affords the 

diamide 10b, it seems likely that 16 would be an 
intermediate in the reaction of pyruvic acid with 2,4,6-
trimethylaniline. It should be noted that the reaction 
of 16 with toluidine takes place rapidly only if acetic 
acid is added as a catalyst. 

The above results suggest that the decarboxylation 
of the lactone 8b can take place through two competi­
tive routes: either by the loss of CO2 from the carboxy-
late through a furan intermediate (Scheme 3) or by 
direct decarboxylation of the acid, such as the transfor­
mation of citric acid into acetonedicarboxylic acid.6) 

Since our experiments showed that tautomerization 
of the furan to iminobutanolide should be an 
extremely rapid reaction (furan could never be 
detected), to get any evidence that would support the 
formation of the intermediate furan, we decided to 
eliminate the amine proton of 8b, by treatment with 
an excess of ketene to avoid the enamine-imine tauto-
merism. Besides acylation of nitrogen, the reaction 
also led to the formation of a mixed anhydride, which 
was hydrolyzed in water to give the desired compound 
17. Again, direct decarboxylation of 17 by heating 
led to complex mixtures but, when lutidine was added 
the carboxylate lost CO2 slowly yielding the acylam-
ine 18 in which one of the double bonds of the furan 
could not be tautomerized (Scheme 8). 

Since all attempts to detect iminobutanolides in the 
reaction medium failed, this compound was prepared 
from methyl succinic anhydride in order to confirm 
that the reaction with toluidine does generate the 
aforementioned diamide/amidine mixture (Scheme 
9). 

Treatment of the anhydride with toluidine, fol­
lowed by dicyclohexylcarbodiimide, afforded a mix­
ture of two isomeric iminobutanolides which could 
not be separated because of its lability. This mixture 
of isomers reacted quickly with toluidine to generate 
the diamide 4b, but the expected amidine 5b was not 
obtained. However, when the iminobutanolide mix­
ture reacted with toluidine in the presence of acetic 
acid, the isomeric amidines were obtained. It thus 
seems that the formation of amidine is preceded by 
protonation of the imine nitrogen. 

The formation of 11 obtained in the reaction of 
pyruvic acid with 2,4,6-trimethylaniline can also be 
explained through the intermediate lactone 8c. The 
slow aldolic condensation undergone by the 2-
mesityliminopropionate 9, yields the iminobutano­
lide 7c in the presence of a large amount of 9. In 
addition, the weak nucleophilic nature of 2,4,6-
trimethylaniline accounts for the formation of the 
mixed anhydride 19 owing to the attack of the imino-
carboxylate 9 on the iminobutanolide 7c. The attack 
of 2,4,6-trimethylaniline on the mixed anhydride 19 
can in turn explain the formation of 11 (Scheme 10). 

To confirm that iminobutanolides can induce the 
formation of amides, the aforementioned iminobutan­
olide mixture was reacted with acetic acid and 2,4,6-

N p-Tol 

L NMsl II 
^CNIIMsl 
II 
O 

Scheme 10. 

8b 
ketene 

Scheme 8. 

lutidine 

COOH 
p-TolN 

18 
Y 
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o o 

| ^ OH I O 

U PhlIN PhHN y ? p h H jf O 

p C O Q I 1 ^LCOOH O ^ _ _ \ U ^ 

^ NHPh P h N X ^ P h N > C " _ P h N ^ ° 

- 2 ^ coon C0011 i 

Scheme 11. 

t r imethylani l ine. In fact a small a m o u n t of 2,4,6-
t r imethy lan i l in ium acetate was obtained which sup­
ports the proposed mechanism. 

T h e formation of compounds 12 and 13 cannot be 
expla ined directly by means of the lactone 8c. Sub­
stances of this type have been known for many years to 
be formed in reactions of pyruvic acid wi th 
amines.7 '8>9) The i r formation has been explained 
th rough the ketenimine 203) or by cleavage of the 
azlactone 21.1 0 ) In our op in ion the mechanism 
involving azlactone is m u c h more likely since it 
explains the formation of c o m p o u n d 12 easily. T o 
expla in the formation of compounds 12 and 13 we 
propose a mechanism similar to that previously dis­
cussed. If the ini t ial condensat ion of the 2-
i m i n o p r o p i o n i c acid takes place by attack of the 
enamine , no t t h rough the C-atom bu t t h rough the 
enamine N-atom, then lactonization and e l iminat ion 
can expla in the formation of the carboxylate 2 
(Scheme 11). 

Decarboxylat ion of the intermediate 22 gives rise to 
an oxazol that is rapidly tautomerized to the azlactone 
23, which is responsable for the formation of the two 
final products . 

Exper imenta l 

Melting points were obtained in a Kofler apparatus and 
are uncorrected. IR spectra were recorded on a Beckman 
Acculab IL NMR spectra were recorded on a Bruker WP 
200 SY instrument (200 MHz *H, 50.3 MHz 13C). Mass 
spectra were obtained with a VG-TS 250 spectrometer (70 
eV) by a direct insertion probe. Chromatographies were 
run on SiC)2 columns eluting with hexane-EtOAc mixtures 
of increasing polarity as eluent. 

Reaction of Pyruvic Acid with 2,4,6-Trimethylaniline in 
Ether. A solution of 2,4,6-trimethylaniline (2 g, 0.014 mol) 

in ether (15 ml) was added dropwise to a solution of pyruvic 
acid (1.3 g, 0.014 mol) in ether (15 ml) at 0°C. Once the 
addition had finished, the solvent was evaporated, and the 
gummy residue was crystallized in CHCI3 (471 mg of 4c). 
The mother liquor was concentrated and the solid residue 
was crystallized in ethyl acetate. This solid in ether was 
washed with aqueous NaHCCta Concentration of the ethe­
real phase gave 4c (128 mg) and the aqueous phase, after 
acidulation (2M HCl) (1 M=l mol dm -3) and extraction 
with ether, gave the acid 3c (148 mg). The mother liquor 
from the crystallization in EtOAc (1.9 g) was washed with 
2M HCl and 4% NaOH to give 278 mg of 2,4,6-trimethyl­
aniline. The neutral components were chromatographed, 
affording 11 (316 mg), 10c (140mg), and 4c (168 mg). 

Amide 3c: mp 184—185 °C (EtOAc). IR (Nujol) 3200, 
1700, 1640, 1535, 1250, 1180, 900, 850 cm"1; *HNMR 
(CD3OD) 0=6.91 (2H, s), 3.04 (1H, m), 2.94—2.50, (2H, m), 
2.29 (3H, s), 2.21 (6H, s), 1.34 (3H, d, /=8Hz); 13CNMR 
0=179 (s), 173 (s), 138 (s), 136 (s, 2C), 133 (s), 129 (d, 2C), 40 
(t), 37 (d), 21 (q), 18(q,2C), 17 (q). 

Diamide 4c: mp 270—286 °C (CHCI3). IR (Nujol) 3240, 
1640, 1520, 850 cm"1; *HNMR (DMSO-d6) 0=6.83 (4H, s), 
3.0 (1H, m), 2.80-2.35 (2H, m), 2.20 (6H, s), 2.06 (12H, s), 
1.21 (3H, d, /=8Hz); 13CNMR 0=173 (s), 169 (s), 134 (s, 4C), 
134 (s, 2C), 132 (s, 2C), 127 (d, 4C), 39 (t), 36 (d), 20 (q), 17 (q, 
6C). 

Diamide 10c: mp 193—194 °C (Et20-hexane). IR (Nujol) 
3180, 1650, 1600, 1500, 1250, 850 cm"1; *HNMR (CD3OD) 
0=6.84 (2H, s), 6.81 (2H, s), 6.20 (1H, d/=2Hz), 2.21 (3H, d, 
/=2Hz), 2.19 (12H, s), 2.13 (6H, s); 13CNMR 0=172 (s), 166 
(s), 148 (s), 139 (s), 138 (s), 137 (s, 2C), 136 (s, 2C), 134 (s), 133 
(s), 130 (d, 4C), 124 (d), 24 (q), 22 (q, 2C), 20 (q, 2C), 19 (q, 
2C). 

Imine 11: mp 105—108 °C (Et20-hexane). IR (Nujol) 
3320, 1680, 1650, 1500, 1220, 850 cm"1; *HNMR (CDCI3) 
0=9.01 (1H, s), 6.94 (2H, s), 6.92 (2H, s), 2.27 (6H, s), 2.23 
(6H, s), 1.99 (6H, s), 1.98 (3H, s); 13C NMR 0=164 (s), 162 (s), 
144 (s, 2C), 136 (s), 135 (s), 133 (s, 2C), 131 (s), 129 (d, 2C), 128 
(d, 2C), 124 (s), 21 (q), 20 (q), 18 (q, 2C), 17 (q, 2C), 15 (q); MS 
(70 eV) m/z (rel intensity) 322.2050 (M+, 25), (calcd for 
C21H26N2O 322.2045), 232(50), 204(40), 160(100), 119(42), 
91(35), 69(25). 

2,4,6-Trimethylanilinium iV-Mesityl-2-iminopropionate 
9. A solution of pyruvic acid (0.5 g, 0.006 mol) in ether (3 
ml) was added to a solution of 2,4,6-trimethylaniline (1.6 g, 
0.012 mol) in hexane (14 ml). The solid 9 (1.9 g) was 
removed from the solution by filtration, mp 68—70 °C. IR 
(Nujol) 1620, 1550, 1210, 1170, 850 cm"1; *HNMR (CDCI3) 
0=6.84 (2H, s), 6.73 (2H, s), 2.25 (3H, s), 2.18 (3H, s), 2.14 
(6H,s), 1.93 (3H, s), 1.89 (6H, s); 13CNMR 0=163 (s), 162 (s), 
142 (s), 139 (s), 134 (s, 2C), 129 (d, 4C), 127 (s), 125 (s), 122 (s, 
2C), 21 (q), 20 (q), 17 (q, 4C), 15 (q). 

Reaction of Iminopropionate 9 with Methyl Benzoate: 
Methyl-4-oxo-4-phenyl-2-(2,4,6-trimethylanilino)-2-butenoate 
14. The iminopropionate 9 (500 mg, 1.47 mmol) was dis­
solved in T H F (4 ml) and HMPA (8 ml). Under nitrogen, 
the solution was cooled with ice and 3 ml of MeLi (1.5 M) 
were added and then, 300 mg (2.20 mmol) of methyl benzo­
ate. After 30 min, the reaction was quenched with water 
and extracted with ether. The water layer was carefully 
acidified, (at the isoelectric point) extracted with ethyl ace­
tate and the crude product was esterified with CH2N2/EtO 
and chromatographed. 14 (84 mg) was isolated as an oil. 
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IR (film) 3380, 1740, 1600, 1570, 1270, 1050, 850 cm"1; 
*H NMR (CDC13) 6=7.99 (2H, m), 7.48 (3H, m), 6.86 (2H, s), 
6.40 (1H, s), 3.62 (H, s), 2.26 (3H, s), 2.22 (6H, s); 13CNMR 
0=191 (s), 164 (s), 153 (s), 139 (s), 136 (s), 135 (s, 2C), 134 (s), 
132 (d), 129 (d, 2C), 128 (d, 2C), 127 (d, 2C), 93 (d), 52 (q), 21 
(q), 18 (q, 2C). 

Reaction of Pyruvic Acid with 2,4,6-Trimethylaniline in 
Chloroform. A solution of pyruvic acid (652 mg, 7.4 
mmol) and 2,4,6-trimethylaniline (500 mg, 3.7 mmol) in 
chloroform (10 ml) was heated under reflux for 20 min. 
The solution at room temperature was extracted with 
NaHCÜ3, acidified, extracted with ether, and then esterified 
with CH2N2-Et20. Chromatography of the esterification 
mixture led to the isolation of the methyl esters of 9 (120 
mg), 3c (50 mg) and 13 (260 mg). 

Compound 13: mp 35—36 °C (Et20-hexane). IR (Nujol) 
1750, 1660, 1500, 1380, 1200, 1060, 850 cm"1; ^ N M R 
(CDCI3) 6=7.87 (1H, s), 7.83 (1H, s), 4.37 (1H, q, /=8Hz), 
3.70 (3H, s), 2.34 (3H, s), 2.22 (3H, s), 2.03 (3H, s), 1.64 (3H, 
s), 0.92 (3H, d /=8Hz); ^CNMR 0=173 (s), 171 (s), 138 (s), 
137 (s), 136 (s), 135 (s), 130 (d), 129 (d), 55 (q), 52 (d), 21 (q), 20 
(q), 18 (q), 17 (q), 15 (q). 

Chromatography of the neutral part, besides 11 (45 mg), 
afforded the acetamide 12 (100 mg). mp 200—205 °C 
(Et20-hexane). IR (Nujol) 3240,1740,1660, 1520, 840 cm"1; 
*HNMR (CDCI3) 6=6.89 (1H, s), 6.88 (1H, s), 6.85 (2H, s), 
4.84 (1H, q, /=8Hz), 2.29 (3H, s), 2.27 (3H, s), 2.23 (3H, s), 
2.21 (6H, s), 2.12 (3H, s), 1.76 (3H, s), 1.15 (3H, d, /=8Hz); 
MS (70 eV) m/z (rel intensity) 366.2310 (M+, 60), (calcd for 
C23H30N2O2, 366.2307), 277(35), 232(95), 204(90), 162(100), 
91(25). 

Butenolide 8b (2-Methyl-4-/?-toluidino-2-buten-4-olide-4-
carboxilate). A solution of p-toluidine (2.7 g, 0.025 mol) in 
chloroform (20 ml) was dropped slowly onto a solution of 
pyruvic acid (2.2 g, 0.025 mol) in chloroform (20 ml) at 
—30 °C. When the addition had finished, the solution was 
kept at — 30 °C overnight after which a solid precipitated. 
The solid (4.5 g) was washed with ethyl acetate remaining 8b 
(2.9 g) insoluble. Evaporation the ethyl acetate solution 
gave lb (1.5 g). 

8b: mp 229 °C decomp (EtOAc). IR (Nujol) 3380, 1730, 
1640, 1600, 1520, 1170, 850, 800 cm"1; *HNMR (CD3OD) 
0=7.00—6T8T"(4H, AB, / A B = 8 H Z ) , 6.86 (1H, q, /=2Hz), 
6.85—6.53 (4H, AB, /=8Hz), 2.14 (3H, s), 2.05 (3H, s), 1.76 
(3H,d /=2Hz) . 

lb : mp 184—185 °C (EtOAc-hexane). IR (Nujol) 3300, 
1740, 1590, 1500, 1200, 910, 800 cm"1; *HNMR (CD3OD) 
0=6.98-6.94 (4H, AB, / A B = 8 H Z ) , 6.82 (1H, s), 6.82-6.74 
(2H, AB, / A B = 8 H Z ) , 2.23 (2H, AB, /A B=6 Hz), 2.13 (3H, s), 
2.03 (3H,s), 1.35 (3H,s). 

Decarboxylation of the Butenolide 8b. Butenolide 8b 
(900 mg) in 20 ml of ethyl acetate was heated lightly and 
bubbles of CO2 could be observed. When all the compound 
had dissolved, the solution was cooled and a very insoluble 
solid appeared (496 mg, 5b). The mother liquor was 
allowed to crystallize and 4b (290 mg) was isolatd. In the 
presence of a trace of water compound 5b was transformed 
into 3b at room temperature. 

3b: mp 174-175 °C. IR (Nujol) 3300, 1700, 1660, 1500, 
820 cm-1; *HNMR (CDCI3+CD3OD, 9:1) 0=7.30 (4H, AB, 
/ A B = 8 H Z ) , 3.00 (1H, m), 2.81-2.38 (2H, m), 2.29 (3H, s), 
1.26 (3H, d, /=8Hz). 

4b: mp 210—213 °C (EtOAc-hexane). IR (Nujol) 3280, 

1650, 1530, 800 cm"1; 1H NMR(CDCl3+CD3OD, 9:1) 
0=7.38-7.05 (8H, m), 3.04 (1H, m), 2.82-2.41 (2H, m), 2.28 
(6H, s), 1.26 (3H, d, /=8Hz); 13CNMR 0=175 (s), 170 (s), 135 
(s, 2C), 133 (s, 2C), 129 (d, 4C), 120 (d, 4C), 40 (t), 38 (d), 20 
(q,2C),17(q). 

5b: mp 215 °C (EtOAc). IR (Nujol) 1650, 1500, 1300, 
1220, 800 cm-1; *HNMR (pyridine-*) ô=6.78 (4H, s), 6.73 
(4H, s), 2.86—2.49 (3H, m), 1.81 (6H, s), 0.96 (3H, d, /=8Hz). 

Butenolide 15 (2-Methyl-4-/?-toluidino-2-buten-4-olide-4-
carboxilic Acid). 8b (2 g) was dissolved in 10% NaHC03 
and extracted with ether and the aqueous solution was 
acidified (coned HCl) and extracted with dichloromethane. 
The solvent was then evaporated in vacuo without heating 
and 15 (1.32 g) was obtained, mp 75—77 °C. IR (Nujol) 
3380, 1770, 1730, 1510, 1070, 980, 810 cm-*; *HNMR 
(DMSO-de) 6=7.28 (1H, q, /=2Hz), 6.97—6.62 (4H, AB, 
/AB=8HZ) , 2.16 (3H, s,) 1.88 (3H, d, /=2Hz). Methyl ester 
(CH2N2-Et20): mp 142—144 °C. IR (Nujol) 3380, 1770, 
1600, 1510, 1210, 930, 810 cm"1; *HNMR (CDCI3) 6=6.99— 
6.68 (4H, AB, / A B = 8 H Z ) , 6.80 (1H, q, /=2Hz), 3.78 (3H, s), 
2.22 (3H, s), 1.94 (3H, d, /=2Hz); 13C NMR 0=171 (s), 167 (s), 
143 (d), 138 (s), 135 (s), 132 (s), 129 (d, 2C), 120 (d, 2C), 94 (s), 
54 (q), 20 (q), 10 (q): MS (70 eV) m/z (rel intensity), 
261.1006 (M+, 500, (calcd for G4H15NO4 261.1001), 202(100), 
174(35), 106(65), 91(50), 65(30). 

iV-/?-Tolyl-4-imino-2-methyl-2-buten-4-olide 16. A solu­
tion of 15 (262 mg, 1.06 mmol) and TCNE (136 mg, 1.06 
mmol) in benzene (10 ml) were mixed and heated under 
reflux for 15 min. After evaporating off the solvent and 
chromatography, 16 (125 mg) was isolated, mp 109— 
110°C (Et20-hexane). IR (Nujol) 1770, 1660, 1500, 1200, 
890, 810 cm-1; *HNMR (CDCI3) 6=7.30—7.13 (4H, AB, 
/AB=8HZ) , 6.97 (1H, q, /=2Hz), 2.33 (3H, s), 2.08 (3H, d, 
/=2Hz); !3CNMR 6=168 (s), 149 (s), 141 (s), 138 (s), 137 (s), 
136 (d), 129 (d, 2C), 125 (d, 2C), 21 (q), 10 (q). MS (70 eV) 
m/z (rel intensity), 201.0785 (M+, 100), (calcd for G2H11NO2 
201.0789), 157(25), 117(50), 91(30), 68(45). 

iV,iV-Di-/?-tolylmaleamide. 10b. One drop of acetic acid 
was added to a solution of iminobutenolide 16 (63 mg, 0.3 
mmol) and p-toluidine (34 mg, 0.3 mmol) in benzene (5 ml). 
After 10 min at room temperature compound 10b (90 mg) 
was isolated, mp 192—193 °C. IR (Nujol) 3260, 1650, 
1610, 1550, 1520, 1200, 810 cm"1; *HNMR (CDCI3+CD3OD, 
9:1) 6=7.34-6.88 (8H, m), 5.87 (1H, q, /=2Hz), 2.12 (3H, s), 
2.10 (3H, s), 1.96 (3H, d, /=2Hz); i*c NMR 6=167 (s), 164 (s), 
145 (s), 135 (s, 2C), 134 (s, 2C), 129 (d, 2C), 124 (d), 120 (d, 
2C), 120 (d, 2C), 22 (q), 20 (q, 2C). MS (70 eV) m/z (rel 
intensity), 308.1520 (M+, 10), (calcd for G9H20N2O2 
308.1524), 202(98), 174(10), 107(100), 91(50), 77(35). 

N-Acetyl-2-methyl-4-/?-toluidino-2-buten-4-olide-4-carboxylic 
Acid 17. Ketenen) was bubbled through a solution of 8b 
(1.93 g) in dichlromethane (50 ml) until all the material had 
dissolved. The solvent was then removed in vacuo and the 
residue was stirred for 15 min with a solution of 10% 
NaHCÜ3. The solution was extracted with dichlorome­
thane and the aqueous layer was acidified (coned HCl) and 
extracted with CH2CI2, affording 17 (923 mg). mp 94— 
96 °C. IR (Nujol) 1770, 1750, 1620, 1500, 1220, 1050, 880 
cm-i; iH NMR (CD3OD) 6=7.33 (2H, s), 7.20—6.90 (2H, AB, 
/AB=8HZ) , 6.78 (IH, q, /=2Hz), 2.36 (3H, s), 1.82 (3H, s), 
1.68 (3H, d, /=2Hz); 13CNMR 6=174 (s), 173 (s), 168 (s), 145 
(d), 141 (s), 137 (s), 134 (s), 132 (d, 2C), 130 (d, 2C), 93 (s), 23 
(q), 21 (q), 10 (q). 
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Methyl ester (CH2N2-Et20): mp 145 °C (Et20). IR 
(Nujol) 1760, 1670, 1500, 1240, 1020, 860 cm"1; *HNMR 
(CDC13) 6=7.16 (2H, s), 7.07—6.84 (2H, AB, /AB=8Hz), 6.47 
(1H, q, /=2Hz), 3.72 (3H, s), 2.27 (3H, s), 1.74 (3H, s), 1.64 
(3H, d, /=2Hz); ^CNMR 0=172 (s), 171 (s), 186 (s), 143 (d), 
139 (s), 136 (s), 133 (s), 130 (d, 2C), 129 (d, 2C), 92 (s), 53 (q), 
22 (q), 21 (q), 10 (q). MS ( 70 eV) m/z (rel intensity), 
303.1100 (M+, 10), ( calcd for Ci 6 HnN0 5 303.1107), 202(100), 
110(25), 91(20), 69(35). 

Af-Acetyl-2-methyl-4-£-toluidino-3-butenolide 18. Lutidine 
(75 mg, 0.7 mmol) was added to a solution of 17 (200 mg, 0.7 
mmol) in benzene (20 ml). The mixture was stirred for 10 
min and was washed with coned HCl. The benzene was 
evaporated off to yield 18 (150 mg). IR (Film) 1800, 1700, 
1500, 1110, 800 cm-1; *HNMR (CDCI3) 0=7.32—7.17 (4H, 
m), 5.45 (1H, d, /=2Hz), 3.47—3.41 (1H, dq, / = 2 , 8Hz), 2.35 
(3H, s), 2.05 (3H, s), 1.33 (3H, d, /=8Hz); 13CNMR 0=177 
(s), 170 (s), 147 (s), 138 (s), 136 (s), 130 (d, 2C), 128 (d), 127 (d, 
2C), 41 (d), 23 (q), 21 (q), 15 (q). MS (70 eV) m/z (rel 
intensity), 245.1054 (M+, 5),(calcd for C14H15NO3 245.1052), 
204(10), 149(60), 107(100), 91(10), 77(25). 
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Crystal Structure of Potassium 2,2/-(2,5-Cyclohexadiene-l,4-diylidene)-
bis[propanedinitrile]-1,4,7,10,13,16-hexaoxacyclooctadecane, 

[K+(<a8-Crown-6")]TCNQ-
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Synopsis. The crystal structure of the title complex was 
determined by an X-ray diffraction method. The potas­
sium ion is coordinated by six oxygens of a crown ether and 
two cyano-nitrogens of two TCNQ anion radicals. Both 
the crown ether dimer and the TCNQ dimer are arranged 
alternately in the solid. 

Macrocyclic polyethers called "crown ether" are 
k n o w n to accommodate metal cations in their cavi­
ties.1) T h e chemistry of crown ether has been greatly 
developed wi th in about three decades from many 
sides, such as analytical chemistry, phase-transfer 
reactions, and host-guest chemistry.2) As an exten­
sion of crown ether complexes to solid-state chemistry, 
we have synthesized over 100 kinds of ca t ion -TCNQ-
crown ether complexes in the hope of developing 
highly conduc t ing organic materials .3 _ 8 ) The i r elec­
trical conductivities and electronic reflection spectra 
were measured; we found that these two physical 
properties are correlated very closely to each other. 
Crown e t h e r - T C N Q complexes are interesting from 
the viewpoint of solid-state chemistry, since an elec­
tronic interact ion between T C N Q molecules in a solid 
can be modified by choosing an appropr ia te pair 
compr is ing a crown ether and a m e t a l - T C N Q salt.9) 

In order to discuss the physical properties in more 
detail, knowledge concern ing the crystal structures of 
crown e t h e r - T C N Q complexes is impor tant . We 
have thus determined the crystal structure of a com­
plex of [K+('T8-crown-6")]TCNQ-1 0> by an X-ray dif­
fraction method. T h e pre l iminary results of the crys­
tal structures of [ N H 4

+ ( ' T 8 - c r o w n - 6 " ) ] T C N Q - and 
[Cs + ( 'T5-crown-5") 2 ] (TCNQ) 2 - are also reported.10) 

Exper imenta l 

Crystal Data. [K+("18-crown-6")]TCNQ-: K(Ci2H2406) 
(C12H4N4), M=507.61, monoclinic, A2/a, a=26.613(5), 
6=8.221(2), c=24.307(5) Â, 0=98.70(9)°, F=5256(3) Â3, Z=8, 
Dc= 1.283 g cm"3, /x(Mo Ka)=2Al cm"1. The black crystal 
has a parallel-piped shape with an approximate size of 
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[K+("18-CTOwn-6")]TCNQ-

0.52X0.13X0.06 mm3. Reflection data were collected at 
room temperature by a 6-26 scan technique up to 20=42° on 
a Rigaku AFC-3 four-circle diffractometer, using graphite 
monochromatized MoKa radiation (1=0.71069 Â). The 
data were corrected for Lorentz and polarization factors, but 
not for absorption. 

X-Ray Weissenberg photographs showed Laue symmetry 
of 2/m and systematic absences of the reflections, 
&+Z=2n+l for general reflections and h=2n+l (l=2n+\) for 
hOl reflections. This is consistent with a possible space 
group Aa or A2/a. The space group A2/a was assumed; the 
structure could be solved by a direct method (MULTAN 
78).n) It was refined with anisotropic temperature factors 
by a block-diagonal least squares procedure (HBLS V),12) by 
using 2108 reflections with |F0 |>3a(|F0 |) from 2824 mea­
sured reflections. The minimized function was ^w(AF)2. 
The weighting function used at the final stage of the refine­
ment was ^=[a2(Fo)+0.3946|Fo|-0.0013l|Fo |2]-1. Not all 
of the hydrogen atoms could be refined reasonably. They 
were thus relocated at the calculated positions with isotropic 
temperature factors equal to those of the bonded carbon 
atoms. They were included in the calculations but were 
not refined. The atomic scattering factors for neutral 
atoms were taken from International Tables for X-Ray 
Crystallography.13) The atomic coordinates and equivalent 
isotropic temperature factors14) are given in Table 1.15) The 
final R and R* indices were 0.086 and 0.051, respectively. 
The refinement, by assuming the space group Aa, did not 
give a satisfactory result. 

Results and Discussion 

Crystal Structure of [K+("18-crown-6")]TCNQ-. 
Figure 1 shows the molecular ar rangement viewed 
a long the b-axis. T w o molecules of the T C N Q 
an ion radicals form a dimer. A potassium ion is 
included in to the cavity of 'T8-crown-6", as ex­
pected.16) No conformational disorder was found at 
the ethylene por t ions of "18-crown-6". Figure 2 
shows the overlap of the T C N Q dimers projected 
normal to the molecular plane. T h e two T C N Q 
molecules overlap almost completely. T h e mode of 
this molecular overlap is unusua l , however, because 
most of the T C N Q complexes show "ring-external 
bond type overlaps" of T C N Q molecules in the 
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Table 1. Fractional Coordinates and Their Equivalent 
Isotropic Temperature Factors14) of the Nonhydrogen 

Atoms of [K+(''18-crown-6")]TCNQ-

Atom x y z 
Â2 

K and "18-crown-6" 
K 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 

TCNQ 
N(l) 
N(2) 
N(3) 
N(4) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 
C(32) 

0.3324(2) 
0.3482(3) 
0.4067(4) 
0.3655(3) 
0.2830(3) 
0.2236(3) 
0.2692(3) 
0.4015(5) 
0.4117(6) 
0.4235(6) 
0.4184(5) 
0.3572(6) 
0.2997(5) 
0.2297(5) 
0.2166(5) 
0.2102(5) 
0.2161(5) 
0.2786(5) 
0.3352(5) 

-0.0215(5; 
-0.0728(4) 

0.1704(4) 
0.1249(5) 
0.0151(4) 
0.0470(4) 
0.0788(4) 
0.0802(4) 
0.0474(5) 
0.0163(4) 

-0.0172(5; 
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Fig. 1. Molecular arrangement of [K+("18-crown-
6")] TCNQ" complex along the b-axis.22) 

Fig. 2. Overlap of TCNQ dimers projected normal 
to the molecular plane in [K+("18-crown-6")] 
TCNQ" crystal.22) 

solid.17) Two molecules of "18-crown-6" also showed 
the dimeric structure. The TCNQ dimer and crown 
ether dimer are located alternately. Since the TCNQ 
dimer is isolated from the other TCNQ dimers by the 
presence of neighboring crown ether dimers, a low 
electrical conductivity and the appearance of a charge-
transfer absorption band between the dimeric TCNQ 
anion radicals are expected from this figure. In fact, 
this complex showed low electrical conductivity 
(1.5X10-10 Sern-1) at 21 °C for a compressed pellet 
sample, and a charge-transfer absorption band which 
peaked at 11.7X103 cm-1.4) The six oxygens of the 
crown ether lie almost on the same plane. The potas­
sium ion is surrounded by the six oxygens of the 
crown ether, since the ionic size of the potassium ion 
fits the cavity of "18-crown-6".2) The planar arrange­
ment of oxygen atoms and the inclusion of a metal 
cation into the cavity of the crown ether, as in the 
present study, have generally been found for a number 
of crown-ether complexes.2'18) The distances from K+ 

to O(l), 0(3), and 0(5) are slightly longer than those 
from K+ to 0(2), 0(4), and 0(6) [2.902(8) Â for K+-
O(l), 2.837(8) Â for K+-0(2), 2.925(8) Â for K+-0(3), 
2.855(8) Â for K+-0(4),-2.969(8) Â for K+-0(5), and 
2.819(8) Â for K+-0(6)]. The potassium ion is also 
coordinated to two cyano-nitrogens (N(2) and N(3)) of 
two TCNQ anion radicals [3.01(2) Â for K+-N(2), and 
2.83(2) Â for K+-N(3)]. The other two cyano groups 
containing N(l) and N(4) are stretched out toward the 
b-axis. 

The diffraction patterns of Weissenberg photo­
graphs of [NH4

+ri8-crown-6")]TCNQ- complex 
were almost identical to those of [K+("18-crown-
6")]TCNQ". Thus, these two complexes are 
assumed to be isomorphous. This can be understood 
in terms of the similar ionic sizes of the two cations 
(ionic sizes: K+=2.66 A; NH4+=2.86 Â).19> We have 
also tried to determine the crystal structure of the 
complex [Cs+(<<15-crown-5")2](TCNQ)2-.

2°) Because 
of the distorted structure of "15-crown-5", the atomic 
positions of the crown ethers could not be determined 
precisely. The structure is strongly characterized by 
two-dimensional stacks of the TCNQ molecules along 
the a-and c-axes.21) 
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Synopsis. The radiation-induced cationic polymeriza­
tion of isobutyl vinyl ether by PI12IPF6 was investigated in 
dichloromethane solution. The polymerization occurs in 
the aerated solution containing the salt and is extremely 
accelerated when the solution is degassed. Contribution of 
radiolytically produced radicals to the cationic initiation is 
described. Results for the polymerization by PI13SPF6 are 
also presented for the sake of comparison. 

UV- a n d radia t ion-cur ing has been the subject of 
recent indust r ia l interest. Numerous studies have 
been done on the appl ica t ion of d iary l iodonium and 
tr iarylsulfonium salts hav ing complex metal hal ide 
an ions as photo in i t ia tors for cationic polymerizat ion 
since it was first developed by Crivello and Lam.1) 
U p o n i r radia t ion wi th UV light the salts undergo 
pho todecompos i t ion to yield Brönsted acids capable 
of in i t ia t ing cationic polymerizat ion. We have inves­
tigated the radia t ion- induced cationic polymerizat ion 
by Ph 2 IPF 6 and Ph 3SPF 6 . 2- 6 ) When dilute solutions 
of the salts are irradiated wi th ionizing radiat ion such 
as 7-rays, the radia t ion energy is absorbed mainly by 
solvents. T h e salts react wi th the reactive species 
produced from the solvents. T h i s facilitates a q u a n ­
titative compar i son of the ini t ia t ion efficiencies of 
PI12IPF6 and PI13SPF6 based on the absorbed energy. 

T h e reactions of the salts in irradiated solutions 
depend on solvents.7) In alcohols, ethers, acetoni-
trile, and acetone, the salts decompose th rough one-
electron reduct ion by the solvated electrons or the 
solvent an ions , the latter of which is the case of 
acetonitri le and acetone. T h e one-electron reduction 
is inhibi ted in d ichloromethane, because the solvent 
itself is an electron scavenger. In alcohols and ethers 
hav ing a-hydrogen, the a-alkoxyalkyl radicals pro­
duced from the solvents are oxidized by PI12IPF6 to the 
corresponding cations, bu t not by PI13SPF6, as 
reported for the photochemical reactions.1) T h e 
radical- induced decomposi t ion of PI12IPF6 is a chain 
reaction of which chain carrier is the phenyl radical 
produced from the salt. 

T h e present study is concerned wi th the radiat ion-
induced cationic polymerizat ion of isobutyl vinyl 
ether (IBVE) by PI12IPF6 in d ichloromethane solut ion, 
where the cont r ibut ion of radiolytically produced rad­
icals to the cationic in i t ia t ion is expected to be impor­
tant. Similar experiments were carried out for 
PI13SPF6 for the sake of comparison. 

Experimental 

IBVE (Tokyo Kasei) and dichloromethane (Wako Chemi­
cals) were successively washed three times with 10% aqueous 
sodium hydroxide solution and with water and then dis­

tilled over calcium hydride. PI12IPF6 and PI13SPF6 were the 
same as those used in the previous study.5) The radiation-
induced polymerization was carried out at room tempera­
ture for aerated and degassed solutions by using a 60Co 
source. The monomer and salt concentrations were 1.9 and 
0.01 mol dm - 3 , respectively. The degassed samples were 
prepared by the freeze-thraw method and were sealed under 
vacuum. Polymer was precipitated by an excess of aqueous 
methanolic ammonia, dried under vacuum, and then 
weighed. 

Results and Discussion 

T h e major pr imary species produced by 7-
ir radiat ion of the d ichloromethane solut ion of IBVE 
con ta in ing a small a m o u n t of the salts are the solvent 
radical cat ion and electron. T h e electron is scav­
enged by the solvent to give a chloromethyl radical, 
which is expected to give the 2-methyl-l-(ethenyl-
oxy)propyl radical th rough hydrogen abstraction 
from IBVE. 

CH2CI2 - A M CH2Cl2+' + e-

e- + CH2CI2—>C1- + CH2C1-

CH2CI • + IBVE —> CH3CI + IBVE ( -H) • 

(1) 

(2) 

(3) 

where I B V E ( - H ) - is ( C H 3 ) 2 C H C H O C H = C H 2 . If 
the radical is oxidized by PI12IPF6 to the correspond­
ing cation, the ini t ia t ion efficiency of the polymeriza­
t ion by PI12IPF6 becomes m u c h larger than that by 

D o s e / Gy 

Fig. 1. Dose-conversion curves for the radiation-
induced polymerization by PI12IPF6 in the aerated 
(O) and degassed ( • ) solutions: [IBVE]=1.9 mol 
dm"3, [Ph2IPF6]=0.01 mol dm"3. 



2418 N O T E S [Vol. 63, No. 8 

PI13SPF6. It is also expected that the radical-induced 
decomposition is more important in the radiation-
induced polymerization than in the photoinduced 
polymerization because of the higher radical yield by 
the radiolysis of the solvent. 

No polymer was obtained when the aerated solution 
of IBVE was irradiated with 7 rays in the absence of 
the salts. The addition of the salts to the solution 
enables the cationic polymerization even in the aer­
ated solution. The polymer yields by PI12IPF6 were 
much larger than those by PI13SPF6 when compared at 
the same absorbed dose. 

Figure 1 shows the polymer yields plotted against 
the absorbed dose for the aerated and degassed dichlo-
romethane solutions of IBVE containing PI12IPF6. 
The dose rates were 11 and 41 Gy h"1 for the aerated 
and degassed solutions, respectively. The extremely 
high polymer yields for the degassed solution, com­
pared with those for the aerated solution, demonstrate 
the contribution of free radicals to the cationic initia­
tion of polymerization. The initiating cations are 
considered to be generated from the IBVE(—H) • radi­
cal by the chain reaction. 

IBVE(-H)- +Ph2IPF6—• 
IBVE (~H)+ + PF6- + Phi + Ph • (4) 

Ph • + IBVE —• PhH + IBVE (-H) • (5) 

The G value of monomer consumption for the 
degassed solution, determined from the straight line 
in the early stage of the polymerization, was 7.3X106, 
whereas the maximum G value determined from the 
polymer yield in the aerated solution was 4.7X105. 

Figure 2 shows the similar plots for the PI13SPF6 
systems. The dose rate was 3.4 X 103 Gy h"1. It can 
be seen that the polymerization by PI13SPF6 is scarcely 
affected by the presence of oxygen. The absorbed 
dose required for the polymerization by PI13SPF6 is 
about 200 times that by PI12IPF6 in the aerated system. 

100 

80 
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o 40 
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It has been reported that the photoinduced cationic 
polymerization of Af-vinylcarbazole by PI13SASF6 is 
suppressed in oxygen-saturated dichloromethane 
solution.8) This was interpreted in terms of the pho-
todecomposition of the salt via the triplet excited state 
giving the Brönsted acid. The absence of the oxygen 
effect in the present PI13SPF6 system suggests that the 
decomposition of the salt via the excited state is not 
important in the 7-irradiated dichloromethane 
solution. 

The initiation of the polymerization in the PI13SPF6 
system may be due to the monomer radical cation 
produced via charge transfer from the solvent radical 
cation. The promotion of the polymerization by the 
salt is attributed to the non-nucleophilic anion, PF&-, 
which forms ion pairs with the initiating and propa­
gating cations. The ion-pair formation results in 
the stabilization of the cations toward neutralization 
with Cl", a product of reaction 2. In the absence of 
the salt, the cations are rapidly neutralized with CI" 
not to yield detectable amounts of polymer. Such an 
effect of the ion-pair formation has previously been 
reported for the radiation-induced cationic polymeri­
zation of styrene and a-methylstyrene by PI12IPF6 and 
Ph3SPF6 in dichloromethane.2"4) We have also 
reported the effect of quaternary ammonium salts 
having non-nucleophilic anions on the photoinduced 
cationic polymerization of IBVE by butyl iodide.9) 

The ion-pair formation of the propagating cation 
with the anions such as ASFO", CIO4", PFÔ" and BF4" 
results in the acceleration of the polymerization, 
initiated by the photochemically produced I2, depend­
ing on the sizes of the anions. The effect of the ion-
pair formation may also be important for the PI12IPF6 
system, although the initiation of the polymerization 
is due largely to IBVE(—H)+ produced by the chain 
reaction. 

Contribution of a radical, produced from the mono­
mer, other than IBVE(—H) • cannot be ruled out for 
the PI12IPF6 system. An a-alkoxyalkyl radical may be 
produced by the radical-addition reaction. 

R- +IBVE—>IBVE(R)- (6) 

Fig. 2. Dose-conversion curves for the radiation-
induced polymerization by PI13SPF6 in the aerated 
(O) and degassed (•) solutions: [IBVE]=1.9 mol 
dm-3, [Ph3SPF6]=0.01 moldm-3. 

where R • is Ph • or CH2C1 • and IBVE(R) •, (CH3)2-
CHCH2OCHCH2R. The contribution of IBVE-
(—H)+ and IBVE(R)+ depends on the relative magni­
tudes of the rate constants for the hydrogen abstrac­
tion and addition reactions, which give IBVE(—H) • 
and IBVE(R) •, respectively. Unfortunately, we have 
no datum on the accurate rate constants for these 
reactions. 

We are grateful to the members of the Radiation 
Laboratory of this institute for help with 7 ir­
radiations. 
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Synopsis. Extraction behaviors of palladium(II) with 
three cyclic and noncyclic phenylene-incorporated tetrakis-
(thioether)s were examined. Picrate ion as a counter anion 
and 1,2-dichloroethane as an extraction solvent were used. 
The extractability of palladium ion with the acyclic tetrakis-
(thioether) used in this study was higher than that with the 
corresponded cyclic one. 

Poly(thioether)s react selectively wi th soft metals, 
because thioether moieties (R-S-R) act as soft Lewis 
bases. T h e use of them as extractants makes possible 
the separat ion of soft metal ions from other metal 
ions.1) Pal ladium(II) is one of soft metals be long ing 
to class b, classified by Ahrland.2 ) In our previous 
work,3) the extraction of pal ladium(II) in to 1,2-
dichloroethane wi th six kinds of tetrakis(thioether)s 
was examined. T h e results suggest that the extract-
abilities of pa l lad ium ion with tetrakis(thioether)s 
which conta in benzene r ing are higher than those 
wi thou t a benzene r ing, and the extractabilities wi th 
acyclic tetrakis(thioether)s are higher than those wi th 
cyclic tetrakis(thioether)s. In the present study, 
extraction behaviors of pal ladium(II) wi th three 
phenylene-incorporated tetrakis(thioether)s were 
examined. Three l igands used were the cyclic one, 
13,14-benzo-1,4,8,11 - t e t r a th iacyc lopen tadec-13-ene 
(Bz-TTCP) and two acyclic ones, l,2-bis(2,5-
dithiaheptyl)benzene (o-xy-(ETET)2) and l,4-bis(2,5-
dithiaheptyl)benzene (£-xy-(ETET)2) , which are 
shown in Fig. 1. Picrate as a counter an ion and 1,2-
dichloroethane as an extraction solvent were used. 

Experimental 

The cyclic tetrakis(thioether), Bz-TTCP was synthesized 
by a method similar to that described by Rosen and Bush.4> 
Two acyclic tetrakis(thioether)s, o-xy-(ETET)2 and p-xy-
(ETET)2 were synthesized by the method described before.3) 
Palladium sulfate used was dissolved in sulfuric acid solu­
tion to prepare 1X10-2 M(=mol dm -3) solution of palladium 
ion. The extraction solvent, 1,2-dichloroethane was puri­
fied by washing three times with 2M potassium hydroxide 
solution and then three times with water and distilled after 
drying with calcium chloride. Other reagents used were of 
guaranteed-reagent grade. 

Apparatus. A Taiyo M incubator was used for shaking 
the solution. A Hitachi Z-8000 atomic absorption spectro­
photometer was used for the determination of palladium 
ion. UV and visible absorption spectra were measured 
with a Shimadzu UV-240 recording spectrophotometer. 
The pH of the aqueous phase was measured with a Hitachi-
Horiba M-7 pH meter. 

Liquid-Liquid Extraction of Palladium. Ten milliliters 
of the aqueous solution containing 5X10-5 M palladium 
ion, 1X10-3 M picrate ion and 1X10-2 M acetate buffer, were 
kept at an ionic strength of 0.1 with sodium sulfate. This 
solution was kept in a stoppered 50 ml glass cylindrical 
tube. Ten milliliters of 5X10-3 M tetrakis(thioether) solu­
tion of 1,2-dichloroethane was added to the aqueous solu­
tion. The mixture was shaken for 30 min on 200 strokes/ 
min at 25±0.1 °C, and then centrifuged for 5 min at 2000 
rpm. After two phases were separated, the pH of the aque­
ous phase was measured and the concentration of picrate ion 
in the aqueous phase was determined spectrophotometri-
cally at 354 nm. The concentrations of the palladium ion 
in the aqueous and organic phase were determined by the 
atomic absorption spectrophotometry. 

Et—5. 

p-xy-(ETET)2 

Fig. 1. Ligands discussed in this study. 

Fig. 2. Plots of logD vs. pH. Initial concentra­
tions: 5X10-5 mol dm"3 palladium(II), 1X10"3 

mol dm - 3 picrate, 5X10-3 mol dm - 3 ligand, O: p-xy-
(ETET)2, • ; o-xy-(ETET)2. 
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Results and Discussion 

Extract ion behaviors of pa l ladium(II ) wi th two 
acyclic tetrakis(thioether)s were examined in the p H 
range from 1 to 6. Plots of the logar i thmic distribu­
t ion rat io of pa l ladium(II ) against the p H of aqueous 
phase are shown in Fig. 2. Each extractability is kept 
constant at the l o g D value of 1.8 for £-xy-(ETET)2 
and 0.3 for o-xy-(ETET)2 respectively, in the p H range 
from 2.8 to 5.0. T h e decrease in l o g D values below 
p H 2.8 is due to the decrease of picrate ion by changing 
to picric acid. It is interest ing that the extractability 
of pa l ladium(II ) wi th £-xy-(ETET)2 is higher than 
that wi th o-xy-(ETET)2. For o-xy-(ETET)2 was 
designed to be a quadr identa te l igand, whereas p-xy-
(ETET)2 may be not able to act as a quadr identa te 
l igand bu t as a bidentate l igand. T h e n , the composi­
t ion of the extracted species wi th £-xy-(ETET)2 is 
different from that wi th o-xy-(ETET)2, is considered. 
In the case of £-xy-(ETET)2, the o rganophi l i c species 
such as PdL2(pic)2 may be extracted. T h e extraction 
constant Kex and the dis t r ibut ion rat io D are defined as 
follows wi thou t considering the hydrolysis of pal­
l a d i u m ^ ! ) : 

Pd2+ + mL(0) + nPic ^PdLmPicn(o; (o) 

£ex = [PdLmPicn]o/[Pd2+][L]0™[Pic-r 

(1) 

(2) 

where the subscript " o " indicates the organic phase. 
From equa t ion (1), (2) and the suitable approx ima­
tion, the following logar i thmic expression is obtained. 

logD = log#ex + mlog[L]o + rclog[Pic ] (3) 

l o g [p ic ] 

Fig. 3. Plots of logD vs. log[Pic_]w at p H 2.9. 
Initial concentrations: 5X10-5 mol dm - 3 palladium-
(II), 5X10-3 mol dm"3 ligand, O: £-xy-(ETET)2, A: 
o-xy-(ETET)2, D: Bz-TTCP. 

T h e re la t ionship between the logar i thm of distribu­
t ion rat io ( logD) and the logar i thm of picrate ion 
concentrat ion in the aqueous phase at p H 2.9 is 
shown in Fig. 3. T h e straight line with the slope of 
+ 2 for £-xy-(ETET)2 was obtained: therefore, n=2. 
In the case of o-xy-(ETET)2 and Bz-TTCP, those wi th 
the slope of + 2 were obtained in the region of 
log [Pic"] > —4.0. At the concentrat ion of picrate ion 
below 1X10~4 M, the slope of two lines approaches to 
zero. In this region, counter anions other than 
picrate ion may form an ion-pair , and be extracted 
wi th the complex cation. In as m u c h as the concen­
trat ion of picrate ion is low, the formation of hydroxo 
complex of pa l l ad ium can no t be ignored completely 
at p H 2.9. In such a case, the formation of extracted 
species con ta in ing hydroxide ion is expected. T h e 
order of the extractability is as follows: p-xy-
( E T E T ) 2 > o-xy-(ETET) 2 > Bz-TTCP. T h e extracta­
bility of acyclic tetrakis(thioether) o-xy-(ETET)2 is 
h igher than that of the corresponding cyclic tetrakis 
(thioether), Bz-TTCP. In general, the extractability 
of metals such as silver(I) copper(I) and (II) wi th a 
flexible acyclic tetrakis(thioether) is superior to that 
wi th the cyclic counterpart . Rela t ionship between 
the logar i thmic distr ibut ion rat io of pal ladium(II) 
and the logar i thm of l igand concentrat ion in 1,2-
dichloroethane is shown in Fig. 4. T h e dis t r ibut ion 
rat io of pal ladium(II) wi th Bz-TTCP is independent 
of the concentrat ion of Bz-TTCP in the organic phase. 
It is t hough t that the solubility of the ion pair com­
pound , [Pd(bz-ttcp)m]Pic2 in 1,2-dichloroethane limits 
the dis t r ibut ion of pal ladium(II) . In the case of o-xy-
(ETET)2, the l o g D value increases slightly as the 
concentrat ion of the l igand increases. However, the 
slope of the l ine is less than +1.0. When the concen­
trat ion of £-xy-(ETET) 2 is lower than 1X10"3 M, the 
extractability of pal ladium(II) wi th £-xy-(ETET)2 is 
lower than that wi th o-xy-(ETET)2 or Bz-TTCP. 
Along wi th the increase in the concentrat ion of p-xy-
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Fig. 4. Plots of logD vs. log[L]„ at pH 2.9. Initial 
concentrations: 5X10"5 mol dm - 3 palladium(ll), 
IXIO-3 mol dm"3 picrate, O: p-xy-(ETET)2, • : o-
xy-(ETET)2, D: Bz-TTCP. 
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(a) 

1.0 2.0 

[ L ] o / [ P d ] , 

" O 

Fig. 5. Molar ratio methods at pH 2.9. Initial con­
centrations: 5X10"5 mol dm-3 palladium(II), IX 
10-3 mol dm-3 picrate, (a) O: o-xy-(ETET)2, • : Bz-
TTCP. (b) for £-xy-(ETET)2. O: palladium ion 
in aqueous phase, • : palladium ion in organic 
phase. 

(ETET)2, the logD value increases, and becomes to 
be higher than that of two other ligands at 
log[L]0>—3.0. The slope of the line near +2.0 sug­
gests the formation of the complex [PdL2]2+(Pic")2, 
when the ligand concentration is more than 1X10~3 

M. As palladium(II) favors the square planar arrange­
ment, each two sulfurs of two molecules of p-xy-
(ETET)2 is considered to coordinate to the palladium 
ion. Molar ratio method was used in order to exam­
ine the extraction behavior of palladium(II) under the 
condition of relatively low concentration of the ligand 
to palladium ion (5X10-5 M). The results are shown 
in Fig. 5a and 5b, where the subscript " i " denotes the 
initial concentration. As shown in Fig. 5a, the break 
point appears clearly at [L]o/[Pd]i=1.0 that is m—\ in 
equation(3) in the o-xy-(ETET)2. This means the 
formation of 1:1 (Pd(II) : L) complex in 1,2-dichloroethane. 
However in the case of Bz-TTCP, a distinct break 
point is not found. The results of Fig. 4 and 5a 
shows that the logD value was kept constant at —0.3 
when the concentration of Bz-TTCP is more than 
twice of that of palladium(II). From the result of X-
ray crystallographic analysis,5) palladium(II) was just 
fitted into the cavity of the 1,4,8,11-tetrathiacy-
clotetradecane (TTCT) derivative which has 14-
membered ring. As Bz-TTCP, 15-membered ring has 
a slight larger cavity than TTCT, the formation of 
1 :1 (Pd(II) : L) complex has been expected. However 
the solubility of the Pd(II)-Bz-TTCP-picrate complex 
in 1,2-dichloroethane seems to be low. When palla­
d i u m ^ ) was extracted with £-xy-(ETET)2 of low con­
centration relative to the palladium concentration, the 
yellow precipitate formed between the two phases. 
Figure 5b shows the plot of the palladium concentra­
tion in the aqueous or organic phase vs. the ratio of 
[£-xy-(ETET)2]o,i to [Pd2+]i. Although the concentra­
tion of palladium(II) in the organic phase is kept 
constant (1X10-5 M), that in aqueous phase decrease 
in the range of [L]o/[Pd2+]i=0~1.0. The result sug­
gests that the Pd(II)-£-xy-(ETET)2 complex is stable 
but slightly soluble in 1,2-dichloroethane. Neverthe­
less £-xy-(ETET)2 has four sulfur atoms, it can not act 
as a quadridentate ligand but as a bidentate one. The 
complex is supposed to be as [Pd(II)L(OH2)]2+(Pic")2. 
As the concentration of £-xy-(ETET)2 increases, the 
organophilic 1:2 (Pd(II) : L) complex will become to 
be predominant, and extracted into 1,2-dichloroethane. 
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The Determination of a Small Amount of a Biological Constituent by the 
Use of Chemiluminescence. XVII. Experimental Consideration on 

the Chemiluminescence Detection of Protein Using the 1,10-
Phenanthroline-Hydrogen Peroxide-Copper(II) System 
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Synopsis. With an objective to clarify the relationship 
between chemiluminescence intensity and the reaction time 
in the flow injection analysis of a small amount of protein 
using a 1, lO-phenanthroline-hydrogenperoxide-copper(II) 
chemiluminescence system, an apparatus was newly set up 
for continuously measuring the chemiluminescence inten­
sity. With this apparatus a lowering of the catalytic activ­
ity of copper(II) was observed in the presence of a-amino 
acids, polyamines, polypeptides, and proteins. In addi­
tion, the effect of heating on the reaction between copper(II) 
and protein was examined, and the reaction rate was found 
to markedly increase. Heating was therefore indispensable 
for the rapid and sensitive detection of proteins. 

T h e method for protein determinat ion established 
by the authors 1 - 3 ) is based on lowering the catalytic 
activity of a metal ion or metal complex in the pres­
ence of some protein. According to flow injection 
analysis (FIA) us ing a l ,10-phenanthro l ine(phen) -
hydrogen peroxide (H2C>2)-copper(II) (Cu(II)) system, 
various proteins could be detected with a detection 
l imit of about 250 pg; its sensitivity was about 102— 
106 times those of conventional methods, such as 
colorimetry and fluorometry.4 _ 6 ) T h o u g h these satis­
factory results were experimental ly obtained by an 
opt imizat ion of the FIA condit ions, the re la t ionship 
between the chemiluminescence (CL) intensity and 
the reaction time were no t clear. Wi th an objective to 
clarify it, an appara tus was newly set u p in the present 
study for a con t inuous measurement of the CL inten­
sity against the reaction time. 

According to the obtained results, the catalytic 
activity of Cu(II) was inhibi ted more or less in the 
presence of a - amino acids, polyamines , polypeptides, 
and proteins . T h e reaction rate between Cu(II) and 
prote in were also found to markedly increase by heat­
ing a sample solut ion. Moreover, the results 
obta ined in a previous study7) showed that the appar ­
ent coup l ing rat io between Cu(II) and protein 
increased and the apparen t coup l ing constant of a 
Cu(I I ) -pro te in complex increased drastically u p o n 
hea t ing a protein solut ion. O n the basis of these 
results, hea t ing was found to be indispensable for a 
rapid and sensitive detection of protein. 

Experimental 

Reagents. All of the reagents used were of a commer­
cially available special grade. Ion-exchanged water was 
distilled for use. A 5X10-5 mol dm - 3 phen solution contain­
ing ethylhexadecyldimethylammonium bromide (EHDAB) 
in 4X10-3 mol dm - 3 , tetraethylenepentamine (TEPA) in 
5X10-7 moldm - 3 and sodium hydroxide (NaOH) in 1X10-1 

mol dm - 3 were prepared. A 5 wt% H2O2 solution was pre­
pared by diluting a 30 wt% H2O2 solution with distilled 
water. A 1X10-7 mol dm - 3 Cu(II) solution was prepared by 
diluting a 1X10-2 moldm - 3 Cu(II) stock solution with a 
mixed solution containing NaOH in 1X10-1 moldm - 3 and 
sodium chloride in 1X10-1 moldm - 3 . All a-amino acids 
from Kyowa Hakko Co., Ltd., glycylglycine (Gly-Gly), and 
glycylglycylglycine (Gly-Gly-Gly) from Peptide Institute, 
Inc., polyamines (spermine-tetrahydrochloride, spermidine-
trihydrochloride, and putrescine-dihydrochloride), and 
bovine serum albumin (BSA) from Nakarai Tesque, Inc., 
human serum 7-globulin (H7G), and ovalbumin (Ova) from 
Sigma Chemical Co., and human serum albumin (HSA) 
from Miles Labolatories, Inc. were dissolved in water and 
used. 

Apparatus and Procedure. All measurements were car­
ried out in accordance with the following two operations: 

1) Ordinary Operation. A schematic diagram of the 
apparatus used for the present study is shown in Fig. 1. All 
of the tubes and connectors used were made of Teflon. A 
Cu(II) solution (a) was delivered at the flow rate of 1.6 
cm3 min - 1 with the pump Pi (PERISTAMINI PUMP SJ-
1211), and a H2O2 solution(b) and a phen solution(c) were 
delivered at each flow rate of 0.8 cm3 min - 1 with the pump P2 
(Tokyo Rikakikai Co., Ltd., MICRO TUBE PUMP). Both 
solutions fed with Pi and P2 were completely mixed through 
the mixer (h). A polyvinyl chloride) tube (0.8 mm i.d. X15 
cm) was spirally wound and then used as the cell (i). The 
CL intensity of the solution passing through the cell was 
measured by a photon counter (j) (Hamamatsu TV Co. Ltd., 
CI230) and recorded on a recorder (k) (Yokogawa Electric 
Works, Ltd., 3056). For ordinary operation, each definite 
volume of an aqueous sample solution of an a-amino acid, a 
polyamine, a polypeptide, and an intact or preheated protein 

0 waste 

Fig. 1. Schematic diagram of the CL detector system, 
a: copper(II) solution, b: H2O2 solution, c: phen 
solution, d: syringe, e: heating bath, f: stirrer, 
g: cooling bath, h: mixer, i: flow cell, j : photon 
counter, k: recorder, and Pi, P2: pump. 
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was injected into (a) with a syringe (d) immediately after the 
blank CL intensity had stabilized; the resulting solution was 
sufficiently stirred with a stirrer (f) (Tokyo seikakusha, 
Model AS-2) during the feed, followed by a measurement of 
the CL intensity. 

2) The Operation Accompanying with Heating. The 
copper(II) solution (a) was heated at the desired temperature 
in a heating bath (e) (Yamato WATER BATH MODEL BM-
41) and a definite amount of sample solution was added 
immediately after the blank CL intensity had stabilized. 
The resulting solution was sufficiently stirred with a stirrer 
during the feed, followed by a measurement of the CL 
intensity. Here, the Teflon tube (1.0 mm i.d. X39.5 cm) 
leading to Pi was cooled at room temperature in a cooling 
bath (g). 

Results and Discussion 

Generally speaking, the measurement involving the 
CL reaction is not always satisfactory regarding repro­
ducibility. Therefore, the b lank values obtained by 
different measurements in the present experiment were 
corrected to become the same value. 

Various concentrations of Cu(II) could be deter­
mined with certainty us ing the present appara tus , and 
there was a reasonable correlation between the Cu(II) 
concentrat ion and the C L intensity. A 1X10 - 7 

mol d m - 3 of Cu(II) solut ion was chosen as the opti­
m u m concentrat ion and was used in the following 
experiment. 

T h e n , the effect of various l igands, such as a -amino 
acids, polyamines, polypeptides, and proteins, on the 
CL intensity was investigated. First of all, the rela­
t ionship between the logar i thmic stability constant of 
Cu( I I ) -a -amino acid complex compounds and the rel­
ative CL intensity was examined; the relative CL inten­
sity was found to decrease with an increasing value of 
the stability constant. T h i s result is well understood 
by the fact that the catalytic activity of Cu(II) is more or 
less lowered by occupying all of the coordinat ion sites 
of Cu(II) with ligands.8) 

T h e effect of polyamines on the CL intensity was as 
follows: putrescine did not influence the CL intensity, 
since it formed no stable chelate r ing with Cu(II); 
spermidine and spermine, however, showed a lowering 
of the CL intensity, since spermidine formed a six-
membered chelate r ing and spermine formed two six-
membered chelate rings with Cu(II). Th i s lowering 
of the CL intensity could easily be understood by 
taking the chelate effect into consideration. 

T h e effect of Gly-Gly and Gly-Gly-Gly conta in ing a 
peptide l inkage on the CL intensity is shown in Table 
1, together with that of glycine (Gly), on the basis of 
the relative CL intensity (1.00) in the absence of a 
peptide. As can be seen from Table 1, the relative CL 
intensity decreased with an increasing number of pep­
tide linkages. These values of the relative CL inten­
sity were found to be reasonable by considering the 
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Fig. 2. The effect of BSA concentration on the CL 
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Fig. 3. The effect of heating on the reaction rate 
between Cu(II) and BSA. BSA concn=lX10"4 g 
dm - 3 . 

Table 1. The Effect of Peptides on the CL Intensity 

Sample Chemical formula Relative CL intensity 

Peptide free 
Gly 
Gly-Gly 
Gly-Gly-Gly 

H2NCH2COOH 
H2NCH2CONHCH2COOH 
H2NCH2CONHCH2CONHCH2COOH 

1.00 
0.95 
0.83 
0.39 

Conen of peptides and Gry=1.0X10~4 mol dm - 3 . 
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possibility that Gly-Gly gives two five-membered che­
late rings and Gly-Gly-Gly gives three five-membered 
chelate rings. 

The effect of BSA concentration on the CL intensity 
is further shown in Fig. 2. As can be seen from Fig. 2, 
the CL intensity decreased with an increasing concen­
tration of BSA, but the mechanism for the bond for­
mation between Cu(II) and BSA still remained 
undissolved. 

The effect of several proteins (such as BSA, HSA, 
HyG, and Ova) on the CL intensity showed no 
marked difference among the above-mentioned 
proteins. 

The effect of heating on the detection of proteins 
was investigated using intact or preheated BSA. The 
effect of heating on the reaction rate between Cu(II) 
and intact protein(BSA) is shown in Fig. 3. As can be 
seen, both the apparent reaction rate presented by the 
slope at an arbitrary point on each curve and the 
lowering of the relative CL intensity from the blank 
CL intensity increased with an increase in the reaction 
temperature. The final relative CL intensity at 94 °C, 
which is parallel to the abscissa, showed good agree­
ment with that obtained from BSA, which had been 
left standing for 18 hr at pH 13 and at about 16 °C. 
Moreover the authors reported in a previous paper 
that the apparent coupling ratio between Cu(II) and 
protein increased and that the apparent coupling con­
stant of a Cu(II)-protein complex also increased dras­
tically upon heating a protein solution. 

These results show that the denaturation of protein 
proceeds by heating much more rapidly than the rise 
of pH, and that denatured protein rapidly combines 
with Cu(II). The effect of heating on the reaction 
rate between Cu(II) and a-amino acids, such as L-
aspartic acids, glycine, and L-glutamine, was exam­
ined; no phenomenon similar to that mentioned 
above was observed. The relationship between the 
relative CL intensity and the reaction time for pre­

heated BSA, which was obtained by heating a BSA 
solution alone, was further examined at 16 °C. Since 
the reaction rate between Cu(II) and denatured protein 
was larger in the presence of Cu(II) than in the 
absence of Cu(II), the heating of intact BSA at 94 °C in 
the presence of Cu(II) was more preferable to the 
heating of BSA alone in the absence of Cu(II) at 94 °C 
for a rapid and sensitive detection of BSA. Though 
the reaction rate, the apparent coupling constant, and 
the apparent coupling ratio between Cu(II) and pro­
tein should be sufficiently large for a sensitive detec­
tion of protein by FIA, these requirements could be 
satisfied with a heat treatment of protein. However, 
the reaction mechanism between Cu(II) and protein 
still remains unknown. 

The present study was supported by a Grant-in Aid 
for Scientific Research No. 63550567 from the Minis­
try of Education, Science and Culture. 
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The Magnetic Properties of Copper(II) 3- and 5-Substituted 2-Pyridinolates 
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Synopsis. The Af,Af-dimethylformamide adducts of cop-
per(II) 3- and 5-substituted 2-pyridinolates were prepared, 
and then characterized by means of magnetic susceptibility 
and IR-spectroscopy. The variation in their magnetic 
moments is discussed in terms of the basicities of the parent 
2-pyridones. 

Most copper(II) carboxylates have dinuclear struc­
tures similar to that of copper(II) acetate monohy­
drate,1'2) and exhibit strong antiferromagnetic interac­
tions between pairs of copper(II) ions. In conformity 
with a superexchange mechanism, the strength of 
spin-exchange coupling has been correlated with the 
acidity of the parent carboxylic acid (p£a2).3,4) How­
ever, it might be correlated more simply with the 
basicity of the parent carboxylic acid (pKai), since the 
bridging carboxylate acts as a bidentate ligand. A 
magnetic study of a series of copper(II) 3- and 5-
substituted 2-pyridinolates, which have copper(II) 
acetate-type dinuclear structures,5'6) may provide 
answers to such questions, since the ionization con­
stants of pyridones are well characterized7) and in a 
series of 3- and 5-substituted 2-pyridones, the pKai 
values increase in a different order from the pK^ 
values. We thus prepared some copper(II) 3- and 
5-substituted 2-pyridinolate adducts with N,N-
dimethylformamide, Cu(XpyO)2 • DMF and investi­
gated their magnetic properties. 

The 3- and 5-substituted 2-pyridones studied here, 
except for the 3-halo derivatives, were obtained com­
mercially. 3-Chloro- and 3-bromo-2-pyridones were 
prepared by the thermal rearrangement of the corre­
sponding pyridine Af-oxides.8) The DMF adducts of 
their copper(II) salts were prepared according to 
procedures very similar to those previously reported 
for the 2-pyridinolate and 3-methyl-2-pyridinolate 
compounds.5) The IR spectra of the solid com­
pounds show bands of coordinated carbonyl stretch­
ing vibrations, while the C=0 stretching vibrations 
intermix with the adjacent C=C stretching motions.6'11) 

Their effective magnetic moments (Table 1) were eval­
uated from the room-temperature molar magnetic sus­
ceptibilities (XM) using the equation juefr=2.83[(xM— 

Xdia-Na)T]1/2. The appropriate diamagnetic correc­
tions (xdia) w e r e estimated from the Pascal constants,9) 
and the temperature-independent paramagnetic con­
tribution (Na) was taken as 60X10-6 emu mol - 1 (1 
emu=47rX10"6m3). For 3-nitro-2-pyridinolate, the 
temperature dependence of its magnetic susceptibility 
was measured in the temperature range 80—300 K, 
and could be represented by the Bleaney-Bowers equa­
tion10) with parameters g=2.17 and 2J=—314 cm -1. 
The magnetic and spectral data indicate that the pres­
ent compounds have pyridinolate-bridged dinuclear 
structures. The variation in the singlet-triplet sepa­
ration values (e.g., — 2/=405,5) 365,5) and 314 cm - 1 for 
the DMF adducts of copper(II) 3-methyl-2-pyridinolate, 
2-pyridinolate, and 3-nitro-2-pyridinolate, respec­
tively) indicates that the smaller magnetic moment is 
accompanied by a stronger magnetic interaction 
between copper(II) ions. 

Comparisons of the room-temperature magnetic 
moments for the 3- and 5-chloro-2-pyridinolate com­
pounds or 3- and 5-nitro-2-pyridinolate compounds 
(Table 1) with that for the 2-pyridinolate compound 
show that these magnetic moments are affected more 
strongly by the 3-substituents than by the 5-
substituents like the basicities of the parent 2-
pyridones. This implies that the strength of the 
spin-exchange coupling is correlated more closely 
with the p£ai value than with the pKœ value, irrespec­
tive of some steric and resonance effects. In order to 
demonstrate such a correlation, the room-temperature 
magnetic moments (in BM) of the present compounds, 
together with the literature data for the DMF adducts 
of copper(II) 2-pyridinolate, 3-methyl-2-pyridinolate, 
and 3-ethyl-2-pyridinolate,5) are plotted against the 
p£ai values of the ligands in Fig. 1. The plot consists 
of a straight line which has the same slope as that for 
dinuclear copper(II) carboxylates:4) 

Table 1. Analytical Data and Effective Magnetic Moments at 20 °C 

Compound 

Cu(3-ClpyO)2-DMF 

Cu(3-BrpyO)2 • DMF 

Cu(3-N02pyO)2-DMF 

Cu(5-ClpyO)2 • DMF 

Cu(5-N02pyO)2-DMF 

(Î) 

(2) 

(3) 

(4) 

(5) 

Cu 

16.31 
(16.14) 
13.35 

(13.17) 
15.49 

(15.32) 
16.33 

(16.14) 
15.47 

(15.32) 

Found(Calcd)/% 

C 

39.30 
(39.66) 
32.08 

(32.35) 
37.42 

(37.64) 
39.38 

(39.66) 
37.69 

(37.64) 

H 

3.35 
(3.33) 
2.74 

(2.71) 
3.21 

(3.16) 
3.36 

(3.33) 
3.24 

(3.16) 

N 

10.64 
(10.67) 

8.60 
(8.71) 
16.68 

(16.88) 
10.59 

(10.67) 
16.90 

(16.88) 

jLleff/BM 

1.36 

1.33 

1.41 

1.28 

1.34 
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Fig. 1. The magnetic moments at 20 °C and the car­

bonyl stretching frequencies for the DMF adducts of 
copper(II) 3- and 5-substituted 2-pyridinolate plot­
ted against the basicities of the parent 2-pyridones. 

Meff = ~ 0.052 (p£ai-0.77) + 1.193. (1) 

Similarly, the carbonyl frequencies (in cm - 1 ) for the 
present c o m p o u n d s show systematic shifts against the 
basicities of the parent 2-pyridones (^=1634—3.2X 
pKai). These l inear correlations indicate that (1) the 
influence exerted by the 3- and 5-substituents is 
mainly inductive, i.e., their resonance and steric effects 
are practically negligible, and (2) the strength of spin-

exchange coup l ing is governed by the strength of the 
C u - O bond, no t the C u - N bond, i.e., it is determined 
by the strength of the weakest bond in the coup l ing 
pathway. 
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Synopsis. The photoreactivities of 2-benzoylcyclo­
alkanones were shown to be controlled by their ring confor­
mation; 2-benzoylcycloalkanones underwent the Type II 
elimination and/or cyclization, and/or the a-cleavage 
reaction. 

T h e Type II pho toe l imina t ion and cyclization of 
alkyl aryl ketones have been investigated extensively.1) 
These reactions are now well known to involve 1,4-
biradical intermediates formed th rough y-hydrogen 
abstract ion by the excited carbonyl group. 2 ) T h e 
behavior of the biradical intermediate is affected by a-
subst i tut ion; an a-methyl substi tuent increases the 
ratios of cycl izat ion/e l iminat ion and Type I reac t ion/ 
Type II reaction.3^ Aryl cycloalkyl ketones also 
undergo the Type II photoreact ion . 3 M ) Benzoylcy-
clohexane undergoes the Type II e l iminat ion wi th a 
very low q u a n t u m yield,3b) while the Type Hcycl iza-
tion is not observed. In contrast to benzoylcyclohex-
ane, 2-benzoylcyclohexanone (la) shows an efficient 
Type II photoreactivity.5 ) T h e Int roduct ion of a 
methyl g roup to the 2-position of l a produces a remark­
able change in the behavior of the 1,4-biradical inter­
mediate; exclusive T y p e II cyclization occurs in 2-
benzoyl-2-methylcyclohexanone.6 ) We report here on 
the photoreact ion of 2-benzoylcycloalkanones la—c, 
where the photoreactivit ies are controlled by a r ing 
conformation. 

T h e i r radia t ion of 2-benzoylcycloheptanone ( lb) in 
benzene under ni t rogen wi th a 450-W high-pressure 

mercury l a m p th rough a Pyrex filter gave the Type II 
e l imina t ion and cyclization products 2b and 3b, in 41 
and 40% yield, respectively. The i r structures were 
elucidated from their spectral data and elemental ana­
lyses. T h e IR spectrum of 3b showed the characteris­
tic absorpt ions of the carbonyl and hydroxyl groups at 
1705 and 3490 cm- 1 , respectively. T h e 1 3 C N M R 
showed four triplets at 6=28.3, 29.7, 40.2, and 41.0 
at t r ibutable to four methylene groups , doublets at 
6=42.2 and 59.3 at t r ibutable to two methine groups , 
and singlets at 6=80.9 and 207.7 at tr ibutable to quater­
nary carbon and carbonyl carbon, respectively. T h e 
photochemica l behavior of l b was qui te different from 
that of la . T h e diketone l a has been reported to 
undergo the Type II photoel iminat ion.5 '7 ) No cycli­
zation products have been observed.5'7) T h e remark­
able difference in the product dis t r ibut ion between l a 
and l b can be explained in terms of a difference in the 
conformat ion of the 1,4-biradical intermediates, 6a 

Table 

Compound 

la 
lb 
lc 

1. Product Yields in Photoreaction 
of 2-Benzoylcycloalkanones 1 

n 

1 
2 
3 

2 

82 
41 
29 

Yield/% 

3 

0 
40 

trace 

4 

0 
0 
9 

5 

0 
0 

14 

0 0 

0 0 

^ v-^JU-
(1) 

Ph (CH2'n 

(2) (3) 

Fig. 1. a: n = l , b : n=2, c: n=3 

+ PhCOOH + Ph-Ph 

(4) (5) 

Fig. 2. 
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and 6b. Analysis us ing Dreiding molecular models 
indicated that 6b can take a favorable conformation 
for cyclization in which the two p-orbitals on bo th 
radical sites are nearly on the line wi th a C-C distance 
of ca. 2.3 Â. O n the other hand, the two p-orbitals in 
6a are oriented wi th a 120° angle and the C - C distance 
between them is ca. 2.7 Â. Efficient cyclization is a 
consequence of an efficient orbital overlap. Cycliza­
tion requires a l imited C-C distance as well as a 
l imited or ienta t ion of the orbitals. T h e angle and 
the distance in 6a are presumed to still meet the 
distance and or ienta t ion demands for cyclization, 
since 2-benzoyl-2-methylcyclohexanone undergoes the 
Type II cyclization efficiently.6) Cyclization proba­
bility mus t be affected by both the rate of recombina­
tion of the radical centers and that of the conforma­
tional change to more stable conformers unfavorable 
for cyclization. T h e recombinat ion rate should be 
h igher in 6b than that in 6a, since the former can take 
a more favorable conformat ion for cyclization than 
the latter. O n the basis of these considerations, cycli­
zation is expected to compete wi th the e l imina t ion in 
6b; this e l imina t ion occurs predominant ly in 6a. No 
detectable a-cleavage reactions were observed in the 
photoreac t ion of the cyclohexanone la and the cyclo-
hep tanone l b . O n the other hand , a comparable a-
cleavage competed wi th the Type II reaction in the 
case of the cyclooctanone lc. 

I r radiat ion of l c under the same condi t ions gave 2c, 
benzoic acid (4), and b iphenyl (5) in 29, 9, and 14% 
yield,8) respectively. A trace of 3c was also detected. 
T h e formation of 4 can be rationalized in terms of the 
oxidat ion of benzaldehyde formed via the a-cleavage, 
t hough that of 5 can not yet be explained.8) Benz­
aldehyde could be detected by G L C analysis of the 
reaction mixture from lc. T h e low yield of the Type 
II p roduct from l c can be explained in terms of the 
difficulty in tak ing a favorable conformation to y-
hydrogen abstraction, due to a n o n b o n d i n g interac­
tion between the hydrogens on the r ing. T h e low 
cycl izat ion/e l iminat ion rat io presumably indicates 
that the rate of conformational change into a confor­
mat ion unfavorable for cyclization is accelerated by 
the n o n b o n d i n g interaction; the rate is m u c h h igher 
than that for the recombinat ion of radical centers. 

T h e r i ng conformat ion in the 2-benzoylcyclo-
a lkanones 1 is an impor t an t factor in the biradical 
formation and in de termining the behavior of the 
biradical. 

Experimental 

The IR spectra were recorded with a JASCO A-3 spec­
trometer and the 1H and 13CNMR spectra were measured 
with a JEOL FX90Q spectrometer using tetramethylsilane 
as an internal standard. An Ushio 100-W or 450-W high-
pressure mercury lamp was used as the irradiation source. 
The 2-benzoylcycloalkanones, la—c, were prepared accord­
ing to a method described in the literature.9) 

Photoreaction of lb. A solution of lb (500 mg, 2.31 
mmol) in 50 cm3 of benzene was placed in a 30X200 mm 
Pyrex tube and irradiated with a 450-W high-pressure mer­
cury lamp under nitrogen through a Pyrex filter for 58 h. 
After removing the solvent, the residue was chromato-
graphed on a silica-gel column. Elution with a mixture of 

benzene-ethyl acetate (v/v=30/l) gave the unreacted dike-
tone lb (200 mg), l-phenyl-7-octene-l,3-dione (2b) (123 mg, 
41%), and 7-hydroxy-7-phenylbicyclo[4.1.1]octan-2-one (3b) 
(120 mg, 40%) 2b: bp 140°C/3 mmHg (bath temperature, 1 
mmHg=133.322 Pa); IR (neat) 1605 cm"1 ; *H NMR (CDCls) 
<5=1.77 (2H, quintet, 5-CH2), 2.13 (2H, q, 6-CH2), 2.43 (2H, t, 
4-CH2), 4.05 (0.2H, s, 2-CH2 in the keto form), 4.93 (1H, s, 8-
CH2), 5.08 (1H, d, /=5.4 Hz, 8-CH2), 5.4—6.1 (1H, m, 7-CH), 
6.15 (0.9H, s, CH in the enol form), 7.3—7.7 (5H, m, 
aromatic), and 16.27 (0.9H, bs, OH in the enol form); 
13CNMR (CDCI3) 6=25.1 (t), 33.2 (t), 38.6 (t), 96.2 (d), 115.3 
(t), 127.1 (d, 2C), 128.6 (d, 2C), 132.1 (d), 133.6 (s), 137.8 (d), 
183.5 (s), and 196.5 (s). Found: C, 77.65; H, 7.43%. Calcd 
for C14H16O2: C, 77.75; H, 7.46 %. 3b: mp 93—93.5 °C (from 
a mixture of benzene-hexane); IR (KBr) 1705 and 3500 cm -1; 
1H NMR (CDCI3) 0=1.6—2.5 (8H, m, CH2), 2.8—3.0 (2H, m, 
2XCH), 3.22 (1H, s, OH), and 7.2—7.4 (5H, m, aromatic); 
13CNMR (CDCI3) 0=28.3 (t), 29.9 (t), 40.2 (t), 41.0 (t), 42.2 
(d), 59.3 (d), 80.9 (s), 125.0 (d, 2C), 127.5 (d), 128.4 (d, 2C), 
145.1 (s), and 207.7 (s). Found: C, 77.76; H, 7.67%. Calcd 
for C14H16O2: C, 77.75; H, 7.46%. 

Photoreaction of lc. A solution of lc (1.00 g, 4.35 mmol) 
in 100 cm3 of benzene was placed in a flask for immersion 
irradiation and irradiated with a 100-W high-pressure mer­
cury lamp under nitrogen for 72 h. After removing the 
solvent, the residue was chromatographed on a silica-gel 
column. Elution with benzene gave the unreacted diketone 
lc (170 mg), l-phenyl-8-nonene-l,3-dione (2c) (240 mg, 29%), 
biphenyl (16 mg, 14%), and benzoic acid (75 mg, 9%). 
Though a trace amount of 3c was also detected, however, 
complete purification could not be achieved. 2c: bp 
140°C/3 mmHg (bath temperature); IR (neat) 1600 cm"1; 
*HNMR (CDCI3) 0=1.3—1.9 (4H, m, 5- and 6-CH2), 2.14 
(2H, q, /=6.9 Hz, 7-CH2), 2.42 (2H, t, /=6.7 Hz, 4-CH2), 4.08 
(0.1H, s, 2-CH2 in the keto form), 4.90 (1H, s, 9-CH2), 5.05 
(1H, d, /=6.2 Hz, 9-CH2), 5.6—6.1 (1H, m, 8-CH), 6.14 
(0.95H, s, 2-GH in the enol form), 7.3—7.8 (3H, m, aro­
matic), 7.8—8.3 (2H, m, aromatic), and 16.3 (0.95H, bs, OH 
in the enol form); 13CNMR (CDCI3) 6=25.2 (t), 28.6 (t), 33.4 
(t), 39.0 (t), 96.0 (d), 114.7 (t), 127.0 (d, 2C), 128.5 (d, 2C), 
132.1 (d), 135.2 (s), 138.3 (d), 183.4 (s), and 196.6 (s). Found: 
C, 77.89; H, 7.91%. Calcd for C15H18O2: C, 78.23; H, 7.88%. 
3c: IR (neat) 1690 and 3470 cm"1. 
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Synopsis. Electrogenerated base (EG base) formed in a 
DMF-H2O (1.85 M)-Et4NOTs (0.1—0.2 M)-(Pt) system is 
effective for condensation of phenylacetonitrile and its 
related compounds with aldehydes, giving the correspond­
ing cyanoalkylation compounds in good yields, and the 
concomitant dehydration of the adducts is minimized. 

Electroorganic reaction on a cathode can provide a 
reliable tool for generat ing versatile carbanions as 
bases and nucleophiles.1* For example, cyanomethyl 
an ions have been prepared by the following three 
alternative recipes: (1) the use of electrogenerated radi­
cal an ions of aromat ic ketones2) or azobenzene dian-
ions3) as a base for depro tonat ion of acetonitrile, (2) 
the reductive cleavage reaction of a-hetero-substituted 
cyanomethyl derivatives,4) and (3) the supply of h igh 
electrolytic current in MeCN solut ion con ta in ing 
a m m o n i u m salts.5) Especially, the third method is 
essentially catalytic wi th respect to the electron used, 
yielding the cyanomethyl adduct of benzaldehy.de in 
88% by G C analyses. However, this method is notor­
ious for be ing associated wi th competit ive dehydra­
t ion and the subsequent 1,4-addition of cyanomethyl 
an ion to the resul t ing conjugated compounds . As 
the result of our con t inu ing efforts in explor ing elec-
trocatalytic reactions on the cathode,6) we report an 
improved procedure for the generation of a cyanoalkyl 
an ion from phenylacetoni tr i le (2) and its homologues 
by us ing the E G base formed in a D M F / H 2 O -
Et 4 NOTs- (P t ) system.7) 

We examined firstly the effect of solvent-electrolyte 
systems on realizing the electrogenerated base (EG 
base)-catalyzed carbon-carbon bond mak ing reaction 
of phenylacetoni tr i le (2) and furfural ( la) as typical 
substrates. As shown in Entries 1—5, Table 1, the 
desired ^-hydroxy nitri le 3a was obtained in 67—84% 
yields in a D M F / H 2 O (1.85 M) system conta in ing 
appropr ia te electrolytes (0.1 M) by charging 0.047 
F m o l - 1 of electricity (based on l a and it took for about 

30 min) in a divided cell at - 4 0 °C (1M=1 mol dm" 3) . 
Especially, the electrolysis of l a and 2 in a D M F / 
H2O (1.85 M) -E t 4 NOTs (0.1 M) and a D M F / H 2 O (1.85 
M)-Et4NC104 (0.1 M) systems gave favorable results 
(84 and 82% yields, Entries 1 and 2). T h e constant 
current of 5 mA was easily at tained by addi t ion of 
water in a DMF-Et4NOTs (0.1 M) system dur ing the 
electrolysis under an appl ied voltage of 18—40 V at 
—40 °C, which was essential for the smooth accumula­
tion of E G base.8) Fur thermore, the desired ß-
hydroxy nitr i le 3a was isolated wi thou t the concomit­
ant dehydrat ion wi th prolonged st irr ing (0.5 h) in the 
electrolysis med ium after the reaction. T h e presence 
of me thano l (0.82 M) in a D M F - E t 4 N O T s (0.1 M) 
system was also effective for a similar E G base-
catalyzed reaction, giving the desired 3a in 76% yield 
(Entry 6), bu t h igher alcohols such as ethanol and 1-
p ropano l were less useful. As a suppor t ing electro­
lyte, te t rabutylammonium tetrafluoroborate (BU4NBF4) 

RCHO + (QP 

RCHO + Q P 
1 5 

C02Et 
HOJ^C02E, 

* 6. 
HO' RCHO + NC^SPh • 

1 7 

1! R = Ç^ Ç^ (X 
a b c d 

Scheme 1. 

CN 

SPh 

Table 1. Effect of Solvent-Electrolyte System on the EG Base-Catalyzed Reaction of la and 2a) 

Entry Co-solvent 
in DMF (ml, M)b) Electrolyte Isomer Products, Yield/%d) 

3a 4a la 

1 
2 
3 
4 
5 
6 

H2O (0.5, 1.85) 
H2O(0.5, 1.85) 
H2O (0.5, 1.85) 
H2O (0.5, 1.85) 
H2O (0.5, 1.85) 
MeOH (0.5, 0.82) 

Et4NOTs 
Et4NC104 

BU4NBF4 
Et4NBr 
LiC104 

Et4NOTs 

46/54 
40/60 
47/53 
51/49 
53/47 
47/53 

84 
82 
67 
70 
70 
76 

a) Carried out by using la (2.0 mmol) and 2 (2.0 mmol) at 5 mA (0.047 F mol"1) for 30 
min. b) M=mol dm"3, c) 1U NMR (500 MHz) peak areas at 6=4.96 and 5.04. d) Based on 
isolated products. 

benzaldehy.de
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Table 2. EG Base-Catalyzed C-C Bond Making Reaction of Alkanenitriles 2 and 7, and Alkanoate 5a) 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 

RCHO 

lb 
lc 
Id 
le 
la 
lc 
Id 
lc 

Nucleophile 

2 
2 
2 
2 
5 
5 
5 
7 

Time/Fmol~ l b ) 

80/0.124 
30/0.047 
26/0.040 
30/0.047 
30/0.047 
30/0.047 
30/0.047 
30/0.047 

Products (Yield/%c)) 

3b (52) + l b (43) 
3c (75) + lc(8) 
3d (90) 
3e (83) 
6a (73) + la (1) 
6c(72) + lc(22) 
6d (73) + I d (14) 
8c(65) + lc(29) 

a) Unless otherwise noted, 1 (2 mmol) and 2 (2 mmol) were reacted in DMF (14.5 ml)-H20 (0.5 
ml) at —40 °C. b) Passed electricity based on 1. c) Based on isolated products. 

100-

2.0 3.0 

Water content (mol % in DMF) 

Fig. 1. Effect of water content on the formation of 
the hydroxyalkanenitrile 3a and 4a. Symbols: 
Et4NOTs, 0.05 M (DB); 0.1 M ( 0 # ) ; 0.2 M (A A). 

and t e t r ae thy lammonium bromide (Et4NBr) were less 
effective (Entries 3 and 4) in comparison wi th tetra­
e t h y l a m m o n i u m tosylate (Et4NOTs) and tetraethyl­
a m m o n i u m Perchlorate (Et4NC104). Considerable 
a m o u n t of the start ing la was remained when l i th ium 
Perchlorate was used (Entry 5). 

In order to clarify the role of water in the electroly­
sis, we studied the re la t ionship between the a m o u n t of 
water and the concentrat ion of te t rae thylammonium 
tosylate (Et4NOTs) in a DMF solut ion for p roduc ing 
3a and 4a. As shown in Fig. 1 obtained under three 
different concentrat ions of Et4NOTs (0.05, 0.1, and 0.2 
M), the yields of 3a are favored at the po in t of 1.85 M 
of water in all electrolyte concentrations (82, 84, and 
87% yields). It is likely that h igher electrolyte con­
centrat ion in D M F is advantageous for the formation 
of 3a. 

We appl ied the condi t ions of Entry 1 in Tab le 1 to 
the addi t ion reactions of alkanenitri les or a lkanoate to 
other aldehydes. As shown in Tab le 2, the reaction 

of a l iphat ic or aromatic aldehydes 1 wi th 2 and 7 
(Entries 1—4 and 8) or ethyl phenylacetate (5) (Entries 
5—7) proceeded smoothly. However, the addi t ion of 
2 to ketones were unsuccessful. 

In connect ion wi th the a m o u n t of electricities con­
sumed in this reaction, we can assume the chain 
process catalyzed by the E G base. E G base generated 
in this system is capable of in i t ia t ing the C-C bond 
m a k i n g reaction of nitr i le derivatives of pKa 20—25, 
whi le no t be ing capable of p romot ing the reaction of 
a l iphat ic nitriles of pKa 30. As shown in Fig. 1, the 
increase of yield of 3a at a h igher electrolyte concentra­
t ion suggests generation of s trong base such as tetraal-
k y l a m m o n i u m hydroxide from the electrolyte, which 
requires appropr ia te a m o u n t of water as a possible 
precursor of hydroxide ion. These EG base-catalyzed 
cyanoalkylat ion in DMF can be favored at the expense 
of the concomi tan t dehydrat ion by buffering effect of 
water. Easy control l ing of the electrolysis in the 
range of 5—10 mA of the electric current at —40°C 
encourages us to engage in the another appl ica t ion to 
p ro ton donors of pKa less than 25, which is under 
investigations in our laboratory. 

Experimental 

Apparatus and Procedures. Melting and boiling points 
indicated by an air-bath temperature are uncorrected. IR 
spectra were recorded on a Hitachi 215 grating or a JASCO 
FT-8000 spectrometers. ^ N M R spectra were taken in 
CDC13 (Me4Si as a standard) on a JEOL FX-90A (90 MHz), 
Varian VXR-500, or -200 instruments. Column chromatog­
raphies were carried out with a Merck Kieselgel 60, Art. 7734 
(silica gel) with hexane-AcOEt as an eluent. 

EG Base-Catalyzed Reaction of Furfural (la) and Phenyl-
acetonitrile (2), Typical Procedure. Electrolysis was car­
ried out in an H-shaped cell divided by a glass frit, which 
was equipped with two platinum foils (3 cm2) as a cathode 
and an anode. Into both compartments were charged two 
DMF-H2O solutions (14.5 ml—0.5 ml) containing 450 mg of 
Et4NOTs. To the cathodic cell were added furfural (la, 192 
mg, 2 mmol) and phenylacetonitrile (2, 234 mg, 2 mmol). 
The mixture was electrolyzed under a constant current den­
sity of 1.7 mAcm-2 at - 4 0 °C for 30 min (0.047 F mol"1). 
The catholyte was poured into cold water and taken up in 
AcOEt. Extracts were washed with brine, dried (Na2SÜ4), 
and concentrated under vacuum. The crude products were 
purified by a column chromatography on SiÜ2 (hexane-
AcOEt=5 :1) to yield 3a (358 mg, 84%), 4a (12 mg, 3 %), and 
la (2 mg, 1%). 3a (a 46:54 mixture of stereoisomers): bp 
147°C/1 Torr (1 Torr~133.322 Pa); IR (neat) 3425 (OH), 
2230 (CN), 1490, 1450, 880, 750, 700 cm"1; *HNMR (500 
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MHz) 0=2.55 (brs, IH, OH), 4.32, 4.33 (d, IH, /=6.5, 6.0 Hz), 
4.96, 5.04 (d, IH, /=6.5, 6.0 Hz), 6.27, 6.31, 6.34 (m, 2H), 
7.23—7.27, 7.32—7.36 (m, 5H, PhH), 7.41 (d, 1H, /=8.0 Hz). 
Found: C, 73.10; H, 5.15; N, 6.45%. Calcd for C13H11NO2: 
C. 73.23; H, 5.20; N, 6.57%. 4a; mp 39—40 °C; IR (neat) 
3065, 3036, 1595, 1026, 885, 756, 698 cm"1; ^ N M R (500 
MHz) 0=6.75 (dd, IH, /=3.4, 1.6 Hz), 7.20 (d, 1H /=3.4 Hz), 
7.38 (s, IH), 7.83 ( d, IH, /=1.7 Hz), 7.34—7.64 (m, 5H). 

Physical properties along with spectral data of products 
listed in Table 2 are as follows. 

3-Hydroxy-3-(2-thienyl)-2-phenylpropanenitrile (3b). 
(less polar component): mp 89—90 °C; IR (neat) 3503 (OH), 
3090, 2251 (CN), 1493, 1455, 754, 698 cm"1; *HNMR (500 
MHz) 0=4.14 (d, IH, /=6.0 Hz, CHCN), 5.23—5.25 (m, 1H, 
OCH), 6.87—6.94 (m, 2H), 7.25—7.35 (m, 6H). Found: C, 
67.91; H, 4.97; N, 6.25%. Calcd for G3H11NOS: C, 68.10; N, 
4.84; H, 6.11%. 

3b. (polar component): mp 61— 63 °C; IR (neat) 3400 
(OH), 2240 (CN), 1493, 1450, 738, 698 cm"1; *HNMR (500 
MHz) 0=4.20 (d, IH, /=6.5 Hz, CHCN), 5.25 (d, 1H, /=6.5 
Hz, OCH), 6.97—7.03 (m, 2H), 7.26—7.38 (m, 6H). Found: 
C, 68.09; H, 4.70; N, 6.00%. Calcd for G3H11NOS: C, 68.10; 
H, 4.84; N, 6.11%. 

3-Hydroxy-2,3-diphenylpropanenitrile (3c). (less polar 
component): mp 101—102 °C; IR (neat) 3441, 3335, 2245 
(CN), 1455, 762, 700 cm"1; *H NMR (500 MHz) 0=4.06 (d, 
IH, /=6.0 Hz, CHCN), 4.98 (d, IH, /=6.0 Hz, OCH), 7.21 — 
7.34 (m, 10H, PhH). Found: C, 80.59; H, 6.14; N, 5.99%. 
Calcd for G5H13NO: C, 80.69; H, 5.87; N, 6.27%. 

3c. (polar component): mp 78—80 °C; IR (neat) 3380 
(OH), 2230 (CN), 1482, 1450, 753, 698 cm"1; *HNMR (500 
MHz) 0=2.21 (brs, IH, OH), 4.14 (d, IH, /=6.5 Hz, CHCN), 
4.99 (d, IH, /=6.5 Hz, OCH), 7.20—7.35 (m, 10H, PhH). 
Found: C, 80.55; H, 5.99; N, 6.06%. Calcd for G5H13NO: C, 
80.69; H, 5.87; N, 6.27%. 

5,9-Dimethyl-3-hydroxy-2-phenyl-8-decenenitrile (3d), 
(less polar component): IR (neat) 3463 (OH), 2255, 1672, 
1455, 887, 756, 704 cm"1; *H NMR (500 MHz) 0=0.89, 0.96 (d, 
3H, /=7.0, 6.5 Hz), 1.08—1.43 (m, 3H), 1.55—1.60 (m, IH), 
1.59 (s, 3H, CH3), 1.68 (s, 3H, CH3), 1.69—1.74 (m, IH), 1.88 
(brs, IH, OH), 1.91—2.05 (m, 2H), 3.84, 3.86 (d, IH, 7=4.5, 
4.0 Hz), 3.97 (m, IH, OCH), 5.07 (m, IH, HC=C), 7.36—7.38 
(m, 3H, PhH), 7.40—7.43 (m, 2H, PhH). 

3d. (polar component): IR (neat) 3400 (OH), 2225 (CN), 
1440, 1367, 840, 750, 695 cm"1; « N M R (500 MHz) 0=0.86, 
0.94 (d, 3H, 7=7.0 Hz), 0.87—1.49 (m, 3H), 1.53—1.73 (m, 
2H), 1 .58 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.80 (brs, IH, OH), 
1.83—2.04 (m, 2H), 3.83—3.85 (m, IH), 3.94—4.50 (m, IH, 
OCH), 5.20—5.90 (m, IH, HC=C), 7.35—7.38 (m, 3H, PhH), 
7.39—7.43 (m, 2H, PhH). Found: C, 79.45; H, 9.49; N, 
5.06%. Calcd for Ci8H25NO: C, 79.66; H, 9.28; N, 5.16%. 

3-Hydroxy-2-phenyldecanenitrile (3e): bp 138°C/1 
Torr; IR (neat) 3470 (OH), 2250 (CN), 1600, 1459, 760, 705 
cm"1; *HNMR (500 MHz) 0=0.85—0.89 (m, 3H, CH3), 1.27 
(m, 10H, CH2), 1.45—1.66 (m, 2H, CH2), 2.27 (brs, IH, OH), 
3.83—3.90 (m, 2H, CH, OCH), 7.33—7.41 (m, 5H, PhH). 
Found: C, 78.10; H, 9.63; N, 5.55%. Calcd for Ci6H23NO: C, 
78.32; H, 9.45; N, 5.71%. 

Ethyl 3-(2-Furyl)-3-hydroxy-2-phenylpropanoate (6a). (a 
81:19 mixture of stereoisomers): mp 74—76 °C; IR (neat) 
3470 (OH), 3154, 3121, 1713 (CO), 1601, 1227, 1180, 884, 743, 
700 cm-1; *H NMR (500 MHz) 0=1.12, 1.21 (t, 3H, 7=7.0 Hz, 
CH3), 3.38 (brs, IH, OH), 3.99—4.27 (m, 3H, CH 2 0, CH), 
5.18, 5.31 (d, IH, 7=8.9, 8.4 Hz, OCH), 6.03, 6.26 (d, IH, 
7=3.3 Hz), 6.17, 6.31 (dd, 2H, 7=3.3, 1.7 Hz), 7.18—7.39 (m, 
5H, PhH). Found: C, 68.97; H, 6.44%. Calcd for Ci5Hi604: 
C, 69.22; H, 6.20%. 

Ethyl 2,3-jDiphenyl-3-hydroxypropanoate (6c). (less polar 
component): mp 77—78 °C; IR (neat) 3399 (OH), 1721 (CO), 

1267, 1238, 885, 760, 704 cm"1; *H NMR (200 MHz) 0=1.01 (t, 
3H, 7=7.1 Hz, CH3), 2.49 (brs, IH, OH), 3.85 (d, IH, 7=7.8 
Hz, CHCO), 3.89—4.09 (m, 2H, CH2O), 5.25 (d, IH, 7=7.8 
Hz, OCH), 7.23—7.48 (m, 10H, PhH). Found: C, 75.33; H, 
6.82%. Calcd for Ci7Hi803: C, 75.53; H, 6.71%. 

6c. (polar component): mp 76—77 °C; IR (neat) 3517 
(OH), 1713 (CO), 1291, 1200, 1181, 760, 702 cm"1; « N M R 
(200 MHz) 0=1.20 (t, 3H, 7=7.1 Hz, CH3), 3.18 (brs, IH, 
OH), 3.86 (d, IH, 7=9.3 Hz, CH), 4.03—4.30 (m, 2H, CH20), 
5.16 (d, IH, 7=9.3 Hz, OCH), 7.03—7.19 (m, 10H, PhH). 

Ethyl 5,9-Dimethyl-3-hydroxy-2-phenyl-8-decenoate (6d). 
(less polar component, diastereomeric mixtures): bp 120 °C/ 
1.5 Torr; IR (neat) 3530 (OH), 2900, 1730 (CO), 1190, 1170, 
1150, 738, 700 cm-1; « N M R (200 MHz) 0=0.92 (d, 3H, 
7=6.6 Hz, CH3), 1.03—1.51 (m, 5H), 1.21 (t, 3H, 7=7.1 Hz, 
CH3), 1.58 (d, 3H, 7=5.0 Hz, CH3) 1.67 (dd, 3H, 7=4.3, 1.0 
Hz, CH3), 1.85—2.05 (m, 2H), 2.27, 2.42 (brs, IH, OH), 3.52 
(dd, IH, 7=6.1, 2.1 Hz, CH), 4.15—4.22 (m, 2H, CH20), 4.28 
(m, IH, OCH), 5.07 (m, IH, HC=C), 7.27—7.40 (m, 5H, 
PhH). 

6d. (polar component, diastereomeric mixtures): bp 90 
°C/0.5 Torr; IR (neat) 3490 (OH), 2900, 1735 (CO), 1190, 
1170, 1150, 735, 702 cm"1; « N M R (200 MHz) 0=0.78, 0.85 
(d, 3H, 7=6.7 Hz, CH3), 0.88—1.47 (m, 5H), 1.20 (t, 3H, 
7=7.2 Hz, CH3), 1.56 (s, 3H, CH3), 1.66 (s, 3H, CH3), 1.75— 
1.99 (m, 2H), 2.71 (brs, IH, OH), 3.52 (d, IH, 7=8.8 Hz, CH), 
4.00—4.30 (m, 3H, CH 2 0, OCH), 5.04 (m, IH, HC=C), 
7.21—7.38 (m, 5H, PhH). Found: C, 75.27; H, 9.67%. 
Calcd for C20H3o03: C, 75.43; H, 9.50%. 

3-Hydroxy-3-phenyl-2-(phenylthio)propanenitrile (8c). 
(diastereomeric mixtures): bp 134°C/1.5 Torr; IR (neat) 
3450 (OH), 2240 (CN), 740, 702 cm"1; « N M R (200 MHz) 
0=2.61 (brs, IH, OH), 3.87, 3.98 (d, IH, 7=8.3, 5.0 Hz, CH), 
4.71, 4.97 (d, IH, 7=8.3, 5.0 Hz, OCH), 7.35—7.47 (m, 8H), 
7.52—7.67 (m, 2H). Found: C, 70.41; H, 5.41; N, 5.20%. 
Calcd for G5H13NOS: C, 70.56; H, 5.13; N, 5.49%. 
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Synopsis. The title oxidation resulted in a selective for­
mation of the corresponding carbonyl compounds in excel­
lent yields under mild conditions. 

Chromic acid1* and chromium(VI)-based reagents, 
viz Jones,2) Sarett,3) Collins,4) Cornforth,5) Kiliani6* 
reagents, are versatile and potent oxidizing agents 
which have been extensively employed for a long time 
in both mechanistic and synthetic processes by using a 
modest-to-large excess of an oxidant; recently, a cata­
lytic system for the oxidation of alcohols has been 
developed.7,8) However, the inherently hazardous 
toxicity of a chromium(VI) reagent, laborious prepa­
ration of a chromium(VI) complex and, in some cases, 
the potentially dangerous nature on handling (igni­
tion or explosion on the preparation of a complex, 
rapid temperature rise during the initial stage of the 
reaction, etc.) as well as prosaic disposal of a chro­
mium salt reduce the utility of the reagents to a 
considerable extent. 

We have found, however, that many of the difficul­
ties encountered in the conventional processes can be 
overcomed by means of a combination of chromi-
um(VI) trioxide and aluminium oxide (refered as 
Alumina) in aprotic media. This paper describes 
some of the experimentally remarkable aspects in the 
oxidation of various aromatic alcohols including ben­
zyl and 1-phenylethyl alcohols, and diphenylmetha-
nols. The instances cited here offer a distinctly supe­
rior and convenient procedure for the synthesis of 
carbonyl compounds. 

Results and Discussion 

In the absence of Alumina, oxidation was rather 
slow, and a considerable amount of an alcohol was 
recovered. For example, the reaction of diphenyl-
methanol (1) in hexane at ambient temperature for 24 
h afforded only 17% of benzophenone (2); 80% of 1 
remained unreacted. In the presence of commercial 
"dry-Alumina", though a better result was obtained 
(43% yield by GLC), the yield was still inferior to that 
(98%) in the presence of "wet-Alumina" (see Experi­
mental) under the same conditions as mentioned 
above. 

Oxidation was also conducted in various aprotic 
media (benzene, dichloromethane, and carbon tetra­
chloride) in the presence of "wet-Alumina". The reac­
tions in the former two solvents gave a smaller yield of 
2 (70 and 72%, respectively), and in the latter solvent 
afforded a comparable yield (97%) to that obtained in 
hexane. Thus, subsequent reactions were carried out 
in hexane, since the solvent is inexpensive and much 
less hazardous than carbon tetrachloride; moreover, its 

high volatility leads to easier product isolation. 
Chromium(VI) trioxide was added to a suspension 

of Alumina in hexane; the resultant heterogeneous 
mixture was stirred for 10 min, during which a uni­
formly deep-orange coloration of the Alumina was 
observed, indicating that it was covered by chromi-
um(VI). Upon the addition of an alcohol, the Alu­
mina immediately began to turn partially brown; 
finally, it appeared entirely to be brown to blackish-
brown, depending on the substrate used. The pro­
gress of the reaction could readily be followed by GLC 
analysis of the supernatant withdrawn at half-hour 
intervals. GLC showed that 1 was consumed as soon 
as the reaction started, and that 2 accumulated with 
the progress of the reaction. No neutral product 
other than 2 was formed in a detectable amount, 
suggesting that there was no side-reaction and/or 
further oxidation of the product. 

Oxidation of the other alcohols was carried out in a 
manner similar to 1 in hexane. It should be noted 
that the reaction of benzyl alcohols was performed 
under an inert (argon) atmosphere, since the products 
(benzaldehydes) are highly susceptible to autoxida-
tion. As in the case of 1, the oxidation was com­
monly promoted in the presence of "wet-Alumina", 
leading to a selective formation of the corresponding 
carbonyl compound in fairly good yield. The use of 
less or more oxidant than the tabulated concentration 
led to no improvement in the yields. The results are 
summarized in Table 1. It might be emphasized that 
oxidation with the chromium(VI) trioxide-Alumina 
system can be carried out without suffering from the 
formation of an intractably tarry precipitate, which 
makes the isolation of the product considerably trou­
blesome, as typically observed in a Collins oxidation 
of various functional groups.9'10) 

The effects of the nature and the position of the 
substituents on the benzene-ring on the yields of the 
products were investigated (Entries 2—16, 18—29, and 
32—40). Interestingly, though, there was no signifi­
cant difference in the yield of the products. Thus, the 
present procedure is clearly proven to be applicable to 
a wide variety of alcohols. 

The present reaction has some distinct advantages 
in terms of simple manipulation, selective formation 
of carbonyl compounds in excellent yields, and easy 
recovery of a chromium salt. Thus, this procedure 
constitutes an improved alternative of various sup­
ported reagents, consisting of chromium(VI) species 
and inorganic materials such as silica gel,n) celite,12) 

graphite,13) Alumina14) etc. In addition, the reaction 
can be carried out efficiently in hexane, which appears 
to be more preferable from both economical and envi­
ronmental terms than such chlorinated hydrocarbons 
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Table 1. Oxidation of Aromatic Alcohols 
with Cr03-"wet-Alumina"a) 

X-C6H4-CH(OH)-R — • X-C6H4-C(=0)-R 

Entry 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

H 
Me 

OMe 

Br 

CI 

N 0 2 

H 
Me 

OMe 
Br 

CI 

F 
N 0 2 
H 
H 
Me 

OMe 
Br 
CI 

N 0 2 

Alcohols 

X 

o-
m-
P-
o-
m-
P-
o-
m-
P-
o-
m-
P-
o-
m-
P-

o-
m-
P-
P-
o-
m-
P-
o-
m-
P-
P-
P-

o-
m-. 
P-
P-
P-
o-
m-
P-
P-

R 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Et 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

Productsb) 

% 

90 
89 
96 
95 
93 
93 
96 
89 
92 
90 
88 
92 
88 
97 
92 
93 
90 
97 
92 
82 
92 
89 
96 
90 
91 
90 
93 
90 
91 
90 
95 
92 
93 
90 
89 
90 
91 
94 
98 
93 

a) Ambient, 24 h; 0.5 g of alcohol, 10 cm3 of hexane, 
and 2.4 g of "wet-Alumina" were used in every run; 
[CrO3]/[Alcohol]=2.0 (mole ratio), b) Isolated yield. 

as d ich loromethane , chloroform, or carbon tetrachlo­
ride, which are frequently used in conventional-type 
oxidat ion procedures with chromium(VI)-based 
reagents. 

T h e specification of an active species, the apprecia­
tion of a functional role of a l u m i n i u m oxide as a 
reactive site as well as an est imation of the scope and 
l imi ta t ion of the present reaction are now under way 
in our laboratory. 

Experimental 

*HNMR spectra were measured with a JEOL PMX-60 
model spectrometer for solutions in carbon tetrachloride. 
IR spectra were recorded for thin films or KBr disks on a 

JASCO DS-403G spectrophotometer. GLC was performed 
on a Shimadzu GC-6A or GC-4CM instrument with a 2 m 
column packed with 5% PEG-20M or 1.5% OV-17, respec­
tively, on Chromosorb GAW-DMCS, with temperature 
programming. 

Materials. Commercial chromium(VI) trioxide was 
dried in vacuo. The alcohols used in Entries 1—18, 20, 27, 
and 31 were also commercially available. The other aro­
matic 5-alcohols were synthesized by a reduction of the 
corresponding ketones, either with NaBIHLi in 90% aqueous 
ethanol, with L1AIH4 in dry ether, or with aluminium 
isopropoxide in 2-propanol. All of the alcohols were puri­
fied by distillation or by recrystallization just before use. 
"Wet-Alumina" was prepared by rigorous shaking of com­
mercial super-dried aluminium oxide (ICN BIOMEDI­
CALS, Super I; 2 g) with distilled water (0.4 g). 

Oxidation Procedures. The following procedures are 
representative. To a heterogeneous mixture of "wet-
Alumina" (2.4 g) and hexane (10 cm3) chromium(VI) triox­
ide (twice moles of alcohol) was added by portions with 
magnetic stirring; the stirring was continued for 10 min. 
Benzyl alcohol (0.5 g) was then added all at once and the 
resultant mixture was flushed with argon; the reaction was 
carried out at ambient temperature with stirring. After a 
given period, the solution was filtered through a Pyrex 
Buchner funnel with a fritted disk, and the residue was 
repeatedly washed with either a solvent or ether. Evapora­
tion of the combined filtrate in vacuo gave benzaldehyde, the 
identity of which was confirmed by the NMR and IR spec­
tra. A GLC analysis revealed that the compound was of 
adequate purity (nearly 100%). 

When a product was contaminated with a trace of the 
parent alcohol, the product could be readily purified by 
either TLC or flush chromatography. 
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Synopsis. An efficient new synthesis of 5,7-dihydroxy-4-
methylisobenzofuran-l(3H)-one, a metabolite of aspergillus 
flavus and a key intermediate in the synthesis of mycophe­
nolic acid, is reported. The new synthesis involves the 
preparation of l,2-dihydro-4,6-dimethoxy-3-methylbenzo-
cyclobuten-1-ol and a regioselective j8-scission of alkoxyl 
radical generated from it with lead tetraacetate as the key 
steps. 

Mycophenolic acid (1) has recently attracted much 
attention because of its significant antiviral and anti­
tumor activities.2) Several excellent methods for syn­
thesizing this metabolite have been reported,3) some of 
which use 5,7-dihydroxy-4-methylisobenzofuran-
l(3H)-one (2),3b,4) a molecule found in metabolites of 
aspergillus flavus,5) as the key intermediate. 

We report here an efficient method to synthesize the 
phthalide 2 based on a modified procedure of our 
general synthesis of phthalide derivatives involving ß-
scission of alkoxyl radicals generated from 1-
ethylbenzocyclobutenols.6) A synthetic process is 
outlined in Scheme 1: thus, bromination of 2,4-
dimethoxybenzaldehyde (3) followed by a Clemensen 
reduction of the resulting 5-bromo-2,4-dimethoxy-
benzaldehyde (4) gave l-bromo-2,4-dimethoxy-5-
methylbenzene (5). Bromobenzene 5 was then trans­
formed into 4,6-dimethoxy-3-methylbenzocyclobuten-

IIO. 

on o 
2 

l(2H)-one (6) according to a procedure reported by 
Stevens and Bisacchi.8) Benzocyclobutenone 6 was 
further transformed into the corresponding 1,2-
dihydrobenzocyclobutenol 7 by reduction with 
lithium aluminum hydride and into 1,2-dihydro-
benzocyclobutenol 8 by treatment with ethylmagne-
sium bromide, respectively. 

Irradiation of a solution of the hypoiodite of 1,2-
dihydrobenzocyclobutenol 8 (prepared in situ with 
mercury(II) oxide and iodine in benzene) under the 
conditions reported in previous paper6* gave solely 2-
iodomethyl-4,6-dimethoxy-3-methylbenzaldehyde (9) 
(72 %), which arises from a ß-scission of the corres­
ponding alkoxyl radical. The reaction of 1,2-
dihydrobenzocyclobutenol 7 under the same condi­
tions as the case of 1,2-dihydrobenzocyclobutenol 8 
also gave exclusively ethyl 2-iodomethyl-4,6-
dimethoxy-3-methylphenyl ketone (10) in 74 % yield. 

The synthesis of phthalide (11) (58 %), however, was 
achieved by treating 1,2-dihydrobenzocyclobutenol 7 
in benzene with 2 equivalents of lead tetraacetate9'10) at 
room temperature. Phthalide 11 was then demethyl-
ated with boron tribromide according to a published 
procedure35) to give 5,7-dihydroxy-4-methylisobenzo-
furan-l(3H)-one (2). Phthalide 2 can, thus, be syn­
thesized in an overall yield of 15% in 6 steps from com­
mercially available 2,4-dimethyoxybenzaldehyde (3). 

One of the probable pathways leading to phthalide 
9 from cyclobutenol 7 is outlined in Scheme 2: ß-
scission of the cyclobutenyloxyl radical A generates a 
benzyl radical B. An intramolecular combination of 
radical B with the formyl oxygen affords phthalide 
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radical.6) A one-electron oxidat ion of the cyclic radi­
cal C followed by a reaction involving the resul t ing 
cation wi th acetic acid gives intermediate D. Phtha l -
ide 9 is most probably formed th rough ß-scission of 
intermediate E generated by hydrogen abstraction 
wi th lead tetraacetate since hydrogen abstraction from 
l-methoxy-l ,4-dihydrobenzofuran has been reported 
to result in the formation of ph tha l ide th rough ß-
scission.11) 

It is of interest to note that the t r app ing of iodine by 
the benzyl radical B is a faster process than intramolec­
ular combina t ion wi th the formyl oxygen when ß-
scission of the cyclobutenyloxyl radical A is executed 
by mercury(II) oxide-iodine reagent. Fai lure of the 
normal ly preferred in t ramolecular reaction6,12) in this 
par t icular case is a t t r ibutable to the presence of two 
ortho-subst i tuents (Me and OMe), the steric and elec­
tronic effects of which slow down the intramolecular 
reaction. 

Experimental 

Melting points were recorded with a Yanagimoto melting 
point apparatus and are uncorrected. IR spectra were 
recorded for Nujol mulls with a Hitachi 285 infrared spec­
trophotometer. The *H NMR spectra were recorded with a 
Hitachi R-90B spectrometer (90 MHz, solvent CDC13; SiMe4 

as an internal standard). TLC was performed with Merck 
silica gel 60 GF254. The high- and low-resolution mass 
spectra were determined with a JEOL JMS-300 spectrometer 
(70 eV, Faculty of Pharmaceutical Sciences of this Univer­
sity). Elemental analyses were carried out by the staff of the 
analytical laboratory of the Faculty of Pharmaceutical 
Sciences. All of the solvents used were dried over appro­
priate drying agents and distilled under nitrogen before use. 

5-Bromo-2,4-dimethoxybenzaldehyde (4); To a stirred 
solution of 2,4-dimethoxybenzaldehyde (1.0 g, 6 mmol) in 
carbon tetrachloride (15 ml) at 0°C was added dropwise 
bromine (1.0 g, 6.4 mmol) over a period of 40 min. The 
mixture was then stirred for 1 h at room temperature and 
filtered. The precipitate was dissolved in dichlorometh-
ane, washed with 5% aqueous sodium thiosulfate and 
dried over anhydrous calcium chloride. Removal of the 
solvent gave a solid residue which could be recrystallized 
from diethyl ether-hexane to afford 4 (1.2 g, 81%). The 
filtrate was washed with 2 M (1 M=l mol dm -3) sodium 
hydroxide, water and brine and dried over anhydrous cal­
cium chloride. After removing the solvent, the residue was 
purified by preparative TLC on silica gel (1:3 ethyl acetate-
hexane, RF 0.25) to give 4, mp 130—133 °C, (diethyl ether-
hexane) (0.15 g, 10%) (lit,7) mp 134—138 °C); IR (Nujol) 1674 
(CHO), and 1603 cm"1; *HNMR (CDCI3) ô=3.95 (3H, s, 
OMe), 3.98 (3H,s, OMe), 6.45 (1H, s, 3-H), 8.00 (1H, s, 6-H) 
10.70 (1H, s, CHO); MS m/z (rel intensity) 246 (98), 244 (M+, 
100). Found: C, 43.94; H, 3.68%. Calcd for C9H9Br03: C, 
44.11; H, 3.70%. 

l-Bromo-2,4-dimethoxy-5-methylbenzene (5). A mixture 
of zinc (2.35 g, 35.9 mg), mercury(II) chloride (235 mg, 0.87 
mmol), water (3.8 ml) and coned hydrochloric acid (0.11 ml) 
was stirred for 15 min at room temperature. The solvent 
was decanted. To the residual solid was added successively 
water (1.52 ml), coned hydrochloric acid (3.4 ml), toluene 
(3.8 ml) and aldehyde 4 (1.35 g, 5.5 mmol). The mixture 
was heat under reflux for 2 h and was then cooled to room 
temperature. After filtering the resulting mixture the fil­
trate was extracted with diethyl ether. The extract was then 
washed with water and brine and dried over anhydrous 

magnesium sulfate. After removing the solvent, the residue 
was subjected to preparative TLC (1:3 ethyl acetate-hexane, 
Rf 0.63), affording 5, mp 89—91 °C (hexane), (636 mg, 50%). 
IR (Nujol) 1600 cm-1; *H NMR 0=2.12 (3H, s, Me), 3.83 (3H, 
s, OMe), 3.88 (3H, s, OMe), 6.45 (1H, s, 3-H) 7.25 (1H, s, 6-
H); MS m/z (rel intensity) 232 (98), 230 (M+, 100). Found: 
C, 46.78; H, 4.85%. Calcd for Ci9HnBr02; C, 46.78; H, 
4.80%. 

4,6-Dimethoxy-3-mediylbenzocyclobuten-l(2flr)-one (6). A 
mixture of 5 (630 mg, 2.7 mmol), 1,1-dimethoxyethene (0.48 
g, 5.4 mmol) and sodium amide (224 mg, 5.7 mmol) in 
tetrahydrofuran was heated under reflux in a nitrogen 
atmosphere for 18 h. Water was then added to the reaction 
mixture and the organic layer was removed. The aqueous 
layer was extracted with diethyl ether. The combined 
extracts were washed with water and brine and dried over 
anhydrous magnesium sulfate. The solvent was removed 
in vacuo to give a residue which was treated with 20% 
hydrochloric acid (1 ml) in tetrahydrofuran (3 ml) at room 
temperature for 16 h. The solvent was removed and the 
residue extracted with diethyl ether. The extract was 
washed with water and aqueous sodium hydrogencarbonate 
and dried over anhydrous magnesium sulfate. After con­
centration, the resulting residue was purified by preparative 
TLC on silica gel (1:5 ethyl acetate-hexane) to afford cyclo­
butenone 6 (Rf 0.44, 126 mg, 25%; 87% based on the con­
sumed starting material) and the starting material (455 mg, 
72%). 6: mp 139—141 °C (hexane); IR (Nujol) 1745 cm"1 

( C O ) *HNMR 0=1.99 (3H, s, Me), 3.68 (2H, s, 2-CH2-), 
3.76 (3H, s, OMe), 4.02 (3H, s, OMe), 6.20 (1H, s, 5-H); MS 
m/z (rel intensity) 192 (M+, 100). Found: M+, 192.0799. 
Calcd for G1H12O3: M, 192.0787. 

l,2-Dihydro-4,6-dimethoxy-3-methylbenzocyclobuten-l-
ol (7). To a stirred suspension of lithium aluminum 
hydride (50 mg, 1.2 mmol) in diethyl ether (10 ml) at - 7 8 °C 
was added dropwise an diethyl ether solution (20 ml) of 
cyclobutenone 6 (115 mg, 0.60 mmol). After 10 min, the 
reaction was quenched by the addition of several drops of 
saturated sodium sulfate. The mixture was then dried over 
anhydrous magnesium sulfate, and filtered through a Celite 
pad. The solvent was evaporated to give a residue which 
was purified by preparative TLC on silica gel (1:3 ethyl 
acetate-hexane, R{ 0.25) to afford butenol 7, mp 124—126 °C 
(hexane) (110 mg, 95%); IR (Nujol) 3300, 3200 (OH), 1625, 
1584 cm-1; *H NMR (C6D6) ô=1.28 (1H, d, /=10.1 Hz, OH), 
2.10 (3H, s, Me), 2.52 (1H, dd, /=14.3 and 1.8 Hz, 2-H), 3.15 
(1H, dd, /=14.3 and 4.4 Hz, 2-H), 3.33 (3H, s, OMe), 3.79 
(3H, s, OMe), 4.90 (1H, ddd, /=10.1, 4.4, and 1.8 Hz, 1-H), 
6.35 (1H, s, 5-H); MS m/z (rel intensity) 194 (M+, 91), 193 
[(M-l)+, 100]. Found: M+, 194.0942. Calcd for G1H14O3: 
M, 194.0942. 

l-Ethyl-l,2-dihydro-4,6-dimethoxy-3-methylbenzocyclo-
buten-1-ol (8). To a stirred solution of cyclobutenone 6 (62 
mg, 0.32 mmol) in diethyl ether (5 ml) at 0°C was added 
dropwise ethylmagnesium bromide (2 M solution in diethyl 
ether, 0.4 ml). After 10 min, the reaction mixture was 
poured into iced water and extracted with diethyl ether. 
The extract was washed with aqueous ammonium chloride 
and dried over anhydrous magnesium sulfate. The solvent 
was removed in vacuo and the residue was subjected to 
preparative TLC (1:3 ethyl acetate-hexane, R{ 0.48) to give 
butenol 8, mp 79—80 °C (hexane), (64 mg, 89%). IR 
(Nujol) 3150, (OH), 1628, 1580 cm-*; *H NMR (C6D6) 0=0.96 
(3H, t, /=7.25 Hz, CH3CH2), 1.58 (1H, s, OH), 1.6—2.0 (2H, 
m, CH2CH3), 2.14 (3H, s, Me), 2.59 (1H, d, /=13.85 Hz, 2-H), 
3.05 (1H, d, /=13.85 Hz, 2-H), 3.36 (3H, s, OMe), 3.72 (3H, s, 
OMe), 6.33 (1H, s, 5-H); MS m/z (rel intensity) 222 (M+, 11), 
204 [(M-H20)+, 16], 1193 [(M-C2H5)+, 100]. Found: M+, 
222.1267. Calcd for Ci3Hi803: M, 222.1256. 
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2-Iodomethyl-4,6-dimethoxy-3-methylbenzaldehyde (9). A 
benzene solution (15 ml) of butenol 7 (56 mg, 0.29 mmol) 
containing mercury(II) oxide (187 mg, 0.87 mmol) and 
iodine (220 mg, 0.87 mmol) was irradiated with a 100-W 
high-pressure mercury arc through a Pyrex filter under a 
nitrogen atmosphere for 50 min. After filtering the mix­
ture through a Celite pad, the filtrate was washed with 5% 
sodium thiosulfate and brine. The organic layer was dried 
over anhydrous magnesium sulfate and concentrated in 
vacuo to give a residue which was purified by preparative 
TLC on silica gel (1:3 ethyl acetate-hexane, Rt 0.50) to 
afford 9, mp 124—126 °C (diethyl ether-hexane); (69 mg, 
74%). IR (Nujol) 2720, 1715 cm-* (CHO); ^ N M R 0=2.14 
(3H, s, 3-H), 3.85 (3H, s, OMe), 3.89 (3H, s, OMe), 4.12 (2H, 
s, CH2I), 6.44 (1H, s, 5-H), 9.70 (1H, s, CHO); MS m/z (rel 
intensity) 320 (M+, 100). Found: M+, 319.9928. Calcd for 
C11H13IO3: M, 319.9911. 

Ethyl 2-Iodomethyl-4,6-dimethoxy-3-methylphenyl Ketone 
(10). A benzene solution (20 ml) of butenol 8 (64 mg, 0.29 
mmol) containing mercury(II) oxide (187 mg, 0.87 mmol) 
and iodine (221 mg, 0.87 mmol) was irradiated (as men­
tioned above) worked up and purified (as above) to give 
ketone 10, mp 96^98 °C, (diethyl ether-hexane); IR (Nujol) 
1710 cm"1; *HNMR 0=1.07 (3H, t, /=7.25 Hz, CH2CH3), 
2.10 (3H, s, Me), 2.49 (2H, q, /=7.25 Hz, CH2CH3), 3.83 (3H, 
s, OMe), 3.87 (3H, s, OMe), 4.09 (2H, s, CH2I), 6.41 (1H, s, 5-
H): MS m/z (rel intensity) 348 (M+, 21), 221 [(M-I)+, 100]. 
Found: M+, 348.0220. Calcd for G3H17IO3: M, 348.0224. 

5,7-Dimethoxy-4-methylisobenzofuran-l(3/ï)-one (11). A 
mixture of butenol 7 (88 mg, 0.45 mol) and lead tetraacetate 
(400 mg, 0.90 mmol) in benzene (30 ml) was stirred under a 
nitrogen atmosphere for 18 h at room temperature. After 
filtering the mixture, the filtrate was washed with water and 
brine. The organic layer was dried over anhydrous magne­
sium sulfate and concentrated under reduced pressure to 
give a residue which was purified by preparative TLC on 
silica gel (1:2 ethyl acetate-hexane, Rt 0.24) to give phtha-
lide 11 (34 mg, 34%; 58% based on consumed starting mate­
rial) along with the starting material 7, mp 205—207 °C 
(diethyl ether-hexane) (36 mg, 41%). (lit,3b> mp 202—203 °C). 

5,7-Dihydroxy-4-methylisobenzofuran-l(3H)-one (2). 
Conversion of 11 to its demethylated derivative 2 was carried 
out by the reported procedure.315) 2: Mp 252—255 °C (MeOH-
H2O) (lit,3b> mp 252—254 °C). 
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Synopsis. Upon UV-irradiation, the C-P bond of (4-
pyridylmethyl)phosphonic acid cleaved only near the iso-
electronic point to give 4-methylpyridinium phosphate, 
while (l-benzyl-4-pyridiniomethyl)phosphonic acid under­
went C-P bond cleavage above pH 4 to give l-benzyl-4-
methylpyridinium phosphate. On the other hand, the C-P 
bond of (2-pyridylmethyl)phosphonic acid cleaved under 
pH region of about 1 to 2, while (l-benzyl-2-pyri-
diniomethyl)phosphonic acid underwent C-P bond cleav­
age above pH 4. 

Recently, the dephosphorylat ion of alkylphosphonic 
acids attracted m u c h interest.1) Photo-dephosphoryl -
at ion of p-n i t robenzylphosphonic acid was recently 
thoroughly studied.2) T h e similar reaction has been 
observed in photolysis of (l-alkyl-4-pyridinio-
methy l )phosphonic acid.3) In these cases, the C - P 
bond cleavage occurred only at the state of complete 
dissociation of acid g r o u p under alkaline condit ions, 
because of increasing of electron-donating ability of 
the acid group.4 ) We found that the C-P bond cleav­
age of (4-pyridylmethyl)phosphonic acid ( la) did no t 
occur under alkal ine condi t ions bu t occurred near its 
isoelectronic point . T h e photochemical behaviors of 
other posi t ional isomers of (3-pyridylmethyl)- ( lb) 
and (2-pyridylmethyl)phosphonic acid (lc), were 
found to be different from that of la . 

In this report we wish to describe the photolysis of 
pyridylmethyl- (1) and (1-benzylpyridiniomethyl)-
p h o s p h o n i c acids (2). 

0.05 

Fig. 1. Effect of pH on quantum yields for produc­
tion of orthophosphate from la and 2a. pH's of 
the aqueous solutions of la and 2a (l.OXlO-2 

mol dm -3) were adjusted with a NaOH aqueous 
solution (0.1 mol dm"3), la; • , 2a; O. 

V ~ \ • OH- V—V I _ 
H N ^ - C H 2 - P - O H ^ = = r H N ^ - C H 2 - P - 0 

OH M OH 

1a 

OH-

H* 

+ /B=BB 

: H N ) - C H 2 

0 
II 

- P - 0 
I 
0 ~ 

OH-
" • 

H* 

- N 

0 
\ " • 

y-CH 2 -P-0 

0~ 

H N 

hv 

H N ^)VcH2—P-O-^ ^ ^ " 2 -

OH 

CH2 — H N VcH 2 P 

o' \> 

H20 

o 

H N ~ V c H 3 H O - p — O" 

OH 
3a 

Scheme 1. 



August, 1990] N O T E S 2439 

Results and Discussion 

Upon UV-irradiation, (4-pyridylmethyl)phospho-
nic acid (la) underwent the C-P bond cleavage to give 
4-methylpyridinium phosphate (3a) only near the 
isoelectric point (pH 6.0—6.2) with a maximum 
quantum yield of 3.4X10"2 at pH 6.0, while the C-P 
bond cleavage of (l-benzyl-4-pyridiniomethyl)-
phosphonic acid (2a) occurred to give l-benzyl-4-
pyridinium phosphate (4a) above pH 4 and reached at 
a maximum quantum yield of 3.3X10"2 at pH 9, as 
shown in Fig. 1. 

In the case of la, the donor ability of phosphonic 
acid moiety increased with an increase of pH. While 
electron acceptability of the pyridine moiety much 
increased by the protonation of the nitrogen atom. 
Therefore, at the isoelectronic point photo-
intramolecular electron transfer may be facilitated. 
Similar photodecarboxylation of pyridylacetic acids 
has been reported,5'6) in which the rates of decarboxy­
lation of the acids were maxima at or near the isoelect­
ric point (pH 4.0—4.2). 

The C-P bond of (2-pyridylmethyl)phosphonic acid 
(lc) began to cleave to give 2-methylpyridine and 
orthophosphate at pH 11, and the quantum yield of 
the bond cleavage gradually increased with lowering 
pH of the solution and reached at a maximum value 
of 0.16 under pH 3. This is a first example of photo­
chemical C-P bond cleavage of alkylphosphonic acid 
under acidic conditions, to the best of our knowledge. 
On the other hand, (l-benzyl-2-pyridiniomethyl)-
phosphonic acid (2c) underwent C-P bond cleavage 
above pH 3 to give the corresponding l-benzyl-2-
methylpyridinium phosphates (4c) and its quantum 
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Scheme 2. 

Fig. 2. Effect of pH on quantum yields for produc­
tion of orthophosphate from lc and 2c. pH's of 
the aqueous solutions of lc and 2c (1.0X10-2 

mol dm-3) were adjusted with a NaOH aqueous 
solution (0.1 mol dm-3), lc; • , 2c; O. 

yield increased with an increase of pH and reached to 
0.10 (Fig. 2).4> 

A large difference of behavior of dephosphorylation 
between la and lc might point to an importance of 
Scheme 2, in which the unusually high reactivity of 
the 2-isomer can be postulated with photo-migration 
of proton (or photo-electron transfer as shown with 
arrows) in the cyclic intermediate illustrated. 

A similar mechanism to that speculated for the 
photolysis of lc was proposed for enhanced C-C bond 
photocleavage of 2-(2-pyridyl)ethanol.5) 

Upon UV-irradiation under alkaline conditions (3-
pyridylmethyl)phosphonic acid (lb) was also stable, 
although in acidic media, it decomposed to give 
orthophosphoric acid in high quantum yield of 0.23, 
but 3-methylpyridinium phosphate was not detected, 
but a very complex mixture was obtained, which can 
not be confirmed yet. The photolysis of lb may 
proceed by a different route from that in photolysis of 
la or lc. (l-Benzyl-3-pyridiniomethyl)phosphonic 
acid (2b) underwent photochemical C-P bond cleav­
age under alkaline conditions (pH>7) at high quan­
tum yield of 0.26 to give l-benzyl-3-methylpyridinium 
phosphate (4b). The photolysis of 2b may proceed in 
the similar route as that in photolysis of 2a or 2c. 

Experimental 
1H NMR spectra were determined on a solution in D2O 

with sodium 3-trimethylsilyl-l-propanesulfonate (DSS) as 
an internal standard on a Bruker-AM360 spectrometer. 

Preparation of Pyridylmethylphosphonic Acids (la, lb, 
and lc). Typical Precedure: An ice-cooled benzene solu­
tion of 4-(chloromethyl)pyridine [from 4-(chloromethyl)-
pyridinium chloride (32.8 g, 0.20 mol) and 40% aqueous 
sodium hydroxide solution (13.3 ml)] was added dropwise to 
suspension of sodium diethyl phosphonate (0.22 mol) [from 
diethyl phosphonate (30.3 g, 0.22 mol) and sodium (2.5 g, 
0.22 mol)] in benzene. The mixture was refluxed for 2 h. 
The precipitate was removed by filtration, and after evapo­
ration of the solvent, the residue was distilled in vacuo to 
give diethyl (4-pyridylmethyl)phosphonate (5a), bp 120— 
125 °C (0.1 mmHg, 1 mmHg«133.322 Pa), yield 33.0 g (72%). 
A mixture of lithium bromide (5.7 g, 66 mmol) and trime-
thylsilyl chloride(7.2 g, 66 mmol) was added to 5a [6.9 g, 30 
mmol in acetonitrile (50 ml)]. The mixture was refluxed 
for 4 h. After the precipitated.lithium chloride was filtered 
off, the solvent and ethyl bromide were distilled off by means 
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of an aspirator. The residue was hydrolyzed with water. 
The crude product was purified with HPLC using Dowex 
1X4 (200—400 mesh, OH form). Aqueous acetic acid (0.1 
M, M=mol dm -3) was used as an eluent. A pure product of 
la was obtained by recrystallization from water. 

(4-Pyridylmethyl)phosphonic Acid (la). Mp (dp) 195— 
198 °C, UVmax (H20) 230 nm (s 4,800 dm"3 mol"1 cm"1); 
*HNMR (D20, DSS) 0=2.73 (2H, d, / H P = 2 1 . 6 HZ, CH2), 
7.2—8.2 (4H, m), pK\ 4.0, pK\ 6.8, pK\ 8.9. Found: C, 
41.90; H, 4.53; N, 8.24; P, 17.98%. Calcd for C6H8NP03: C, 
41.63; H, 4.66; N, 8.09; P, 17.89%. 

(3-Pyridylmethyl)phosphonic Acid (lb). Mp (dp) 225— 
227°C, UVmax (H20) 264 nm (a 6,200 dm"3mol"1 cm"1); 
*HNMR (D20, DSS) 0=2.66 (2H, d, / H P = 1 8 . 9 HZ, CH2), 
7.1—8.3 (4H, m), pK\ 4.1, pK* 6.8, pK\ 9.3. Found: C, 
41.76; H, 4.73; N, 7.87; P, 17.75%. Calcd for C6H8NP03: C, 
41.63; H, 4.66; N, 8.09; P, 17.89%. 

(2-Pyridylmethyl)phosphonic Acid (lc). Mp (dp) 285— 
287°C, UVmax (H20) 267 nm (s 8,300 dm-Smot^cm-i); 
*HNMR (D20, DSS) 0=3.37 (2H, d, / H P = 2 1 . 6 HZ, CH2), 
7.7—8.6 (4H, m), pK\ 4.2, pK* 6.8, pK\ 9.2. Found: C, 
41.58; H, 5.72; N, 8.23; P, 18.04%. Calcd for C6H8NP03: C, 
41.63; H, 4.66; N, 8.09; P, 17.89%. 

Preparation of (l-Benzylpyridiniomethyl)phosphonic Acids 
(2a. 2b, and 2c). Typical Procedure: A mixture of 5a (6.9 
g, 30 mmol) and benzyl bromide (5.6 g, 33 mmol) in acetoni-
trile (50 ml) was stirred at ambient temperature. The reac­
tion was complete after an overnight stirring (monitored by 
*H NMR spectrometry), and then lithium bromide (5.7 g, 66 
mmol) and trimethylsilyl chloride (7.2 g, 66 mmol) were 
added to the mixture. The mixture was refluxed for 4 h. 
After the precipitated lithium chloride was filtered off, the 
solvent and ethyl bromide were distilled off by means of an 
aspirator. The residue was hydrolyzed with water. The 
crude product was purified as described above. 

(l-Benzyl-4-pyridiniomethyl)phosphonic Acid (2a). 5.6 
g (71%), mp (dp) 166—167 °C, pK\ 4.3, pK\ 8.9, UV 
max(H20) 237 nm (a 12000 dm"3 mol"1 cm"1); *HNMR 
(D20, DSS) 0=3.03 (2H, d, / H P = 1 8 . 9 HZ, CH2P), 5.55 (2H, s, 
CH2Ph), 7.33 (5H, s, Ph), 7.52 [2H, d, /HH=7.0 HZ, Py (3-, 5-)], 
8.40 [2H, d, / H P = 7 . 0 HZ, Py (2-, 6-)]. Found: C, 59.42; H, 
5.31; N, 5.26; P, 11.62%. Calcd for G3H14NPO3: C, 59.32; 
H, 5.36; N, 5.32; P, 11.77%. 

(l-Benzyl-3-pyridiniomethyl)phosphonic Acid (2b). 4.4 g 
(56%), mp (dp) 265—267 °C, pK\ 4.6, pK% 8.7, UV max(H20) 
269 nm (e 4500 dm"3 mol"1 cm"1); *HNMR (D20, DSS) 
0=3.12 (2H, d, / H P = 1 8 . 9 HZ, CH2P), 5.70 (2H, s, CH2Ph), 
7.40 (5H, s, Ph), 7.8—8.7 (4H, m, Py). Found: C, 59.27; H, 
5.51 ; N, 5.29; P, 11.68%. Calcd for G3H14NPO3: C, 59.32; 
H, 5.36; N, 5.32; P, 11.77%. 

(l-Benzyl-2-pyridiniomethyl)phosphonic Acid (2c). 5.4 
g (68%), mp(dp) 142—145°C, pK\ 4.6, pK% 8.2, UVmax 
(H20) 274 nm (e 6200 dm"3 mol"1 cm"1); *HNMR (D20, 
DSS) 0=3.46 (2H, d, / H P = 1 8 . 9 HZ, CH2P), 5.89 (2H, s, 
CH2Ph), 7.1—7.4 (5H, m, Ph), 7.6—8.7 (4H, m, Py). 
Found: C, 59.11; H, 5.41 ; N, 5.18; P, 11.70%. Calcd for 
C13H14NPO3: C, 59.32; H, 5.36; N, 5.32; P, 11.77%. 

General Procedure for Photolysis of 1. A 3-ml of an 
aqueous solution of 1 (1.0X10-2 M) was placed in a quartz 
tube (0=10 mm) (pH of the solution was adjusted with 1 M 
NaOH or 1 M HCl aqueous solution) and purged off 
dissolved air by bubbling with argon gas. It was irradiated 
with a merry-go-round apparatus using a high-pressure 
mercury lamp (300 W) at ambient temperature for 8 h. 

After irradiation the mixture was acidified with HCl aque­
ous solution, and water was evaporated in vacuo. The 
residue was identified by *H and 31P NMR spectrometry by 
comparison with the data of an authentic sample which was 
commercially available. 

The compounds la and lc gave 4-methylpyridinium 
phosphate (3a) and 2-methylpyridinium phosphate (3c) in 
86 and 82% yield, respectively. But lb gave orthophos-
phoric acid [yield 91%, 31PNMR (H 20, PPh3, pH 10) 0=4.9 
(s)] and the complex products, which could not be 
identified. 

General Procedure for Photolysis of 2. Irradiation of an 
aqueous solution of 2 was carried out in the manner similar 
to that described above. The products were identified by 
comparison with data of authentic samples prepared by an 
usual method. The photolysis of compounds 2a, 2b, and 2c 
gave l-benzyl-4-methylpyridinium phosphate (4a, 87%), 1-
benzyl-3-methylpyridinium phosphate (4b, 92%), and 1-
benzyl-2-methylpyridinium phosphate (4c, 68%), respec­
tively. 

Measurement of the Quantum Yield. The quantum 
yields were determined on the basis of generated orthophos­
phate. A 3 ml aqueous solution of 2 (1.0X10-2 M) in a 
quartz cell (10 mmXIO mm) was irradiated. A low-pressure 
mercury lamp (60 W) with a Vycor glass filter was used as a 
254 nm radiation source. The yields of orthophosphate 
were measured by heteropoly blue method.7) A potassium 
trioxalatoferrate solution was used for actinometry.8* The 
photolyses were carried out at the conversions less than 5%. 
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Synopsis. The title compound, an isomeric TSeT, was 
prepared as the first example of unsymmetrical peri-
dichalcogenide derivatives of naphthacene. Like symmet­
rical TSeT, it is a good electron donor and forms electrically 
high-conductive complexes with various electron acceptors. 

Se—Se 

Se—Se 

1a, X=S 2 

1b, X=Se 

1c, X=Te 

Naphthaceno[5,6-«i: l U 2 - ^ b i s [ l , 2 ] ( ü t h i o l e (la), 
often called tetrathiotetracene or TTT, is a representa­
tive electron donor like tetrathiafulvalene (TTF) and 
can form highly conductive complexes.1) Though 
the study has been extended to its derivatives includ­
ing the selenium (lb, TSeT)1) and tellurium (lc, 
TTeT)2) analogs, the compounds prepared were 
limited to only the symmetrical form bridged at 5,6-
and 11,12-peri positions. In the search for new syn­
thetic metals, the development of unsymmetrical elec­
tron donors is of current interest.3) As a part of these 
efforts, we have studied an unsymmetrical isomer 
bridged at 1,12- and 4,5-peri positions of naphthacene. 
We now like to report the synthesis and properties of 
naphthaceno[l,12-cd: 4,5-c/d/]bis[l,2]diselenole (2) as 
the first example of such structural type. 

The synthesis of 2 was carried out as follows. 
Reduction of l,4-dihydroxy-5,12-naphthacenequi-
none (3)4) with sodium dithionite in acetone-water 
(1:1) under reflux for 1 h gave 2,3-dihydro-5,12-di-
hydroxy-l,4-naphthacenequinone (4) in 80% yield. 
The subsequent treatment of 4 with phosphorus pen-
tachloride in o-dichlorobenzene at 140 °C for 24 h led 
to 1,4,5,5,12,12-hexachloro-5,12-dihydronaphthacene 
(5) in 49% yield. It was then dechlorinated with 
tin(II) chloride in refluxed acetic acid for 2 h to give 
1,4,5,12-tetrachloronaphthacene (6) in 39% yield. 
Reaction of 6 with sodium diselenide, in situ prepared 
by preheating an equimolar mixture of sodium and 
selenium, in dry dimethylformamide at 80 °C for 20 h 
gave the desired compound (2) in 30% yield. A sim­
ilar treatment of 5 with a mixed reagent of sodium 
selenide and diselenide (1:2), in situ prepared from a 
mixture of 3 equiv sodium and 2 equiv selenium, 
directly afforded the same product (2) in 20% yield. 

Compound (2) is a deep green material and absorbs 
light at long-wavelengths in carbon disulfide solution 
as shown in Fig. 1; Amax 396 nm (loge 3.82), 460 (3.58), 
653 (3.74), and 707 (3.88). Although the absorption 
peaks reveals a small blue-shift, the electronic spec­
trum of 2 closely resembles that of lb, indicating a 
similarity in electronic structures of both chromo-
phores. The cyclic voltammogram of 2 exhibits two 
reversible redox waves, whose half-wave oxidation 
potentials are +0.27 and +0.60 V vs. an Ag/AgCl 
reference electrode in benzonitrile. These values are 
a little higher than the corresponding ones (£1/2 +0.21 
and +0.56 V) of lb, but still lower than TTF (£V2 

+0.31 and +0.71 V). It, therefore, has a potential as a 
good electron donor. In addition, the better solubil-

O OH OH O 

O OH 

Na2Se + Na2Se2 

Na2S204 

PCU 

SnCIo 

OH O 

CI CI 

CI CI 

Na2Se2 
400 500 600 . 700 

Wavelength/ nm 
800 

Fig. 1. Electronic spectra of lb ( ) and 2 ( ) in 
carbon disulfide. 
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Table 1. Complexation of 2 with Various Electron Acceptorsa) 

Complex 

2 -TCNQ 

2-TCNQF4 

2 • DMTCNQ 

2-TNAP 

2-TCNE 

2-DDQ 

2-I3
d) 

D:A 

1:1 

1:1 

2:1 

1:1 

2:1 

1:1 

2:1 

Appearance 

Black powder 

Deep blue powder 

Black powder 

Blackish green 
crystals 

Black crystals 

Black powder 

Black powder 

Found (Calcd)b)/% 

C H N 

48.40 
(48.41 
44.32 

(44.14 
47.62 

(45.76 
50.43 

(51.41 
40.00 

(41.75 
40.32 

(40.71 
30.34 

(29.59 

1.74; 
1.63; 
1.19; 
0.99; 
2.59; 
1.84; 
2.05; 
1.78; 
1.92; 
1.33; 
1.13; 
1.05; 
1.44 
1.10) 

6.31 
7.53) 
5.68 
6.86) 
5.08 
4.27) 
5.74 
7.05) 
5.29 
4.63) 
3.63 
3.65) 

Dp/°C 

263 

257 

>300 

>300 

256 

>300 

>300 

i^cN/cm-1 

2173 

2188 

2173 

2174 

2191 

2208 

— 

Conductivity0* 
/Sem"1 

4.2 

1.5X10-1 

2.2 

34 

1.4X10-2 

5.4X10-2 

1.2 

a) Obtained from 1,1,2-trichloroethane. b) Calculated as stoichiometry indicated. Some discre­
pancy between the found and calculated values suggests contamination with complexes 
of different stoichiometry. c) Measured on compressed pellets with a four-probe method, 
d) Prepared by treating 2 with tetrabutylammonium triiodide. 

ity of unsymmetr ica l 2 relative to symmetrical l b can 
facilitate its complexat ion. In fact, it formed charge-
transfer complexes wi th various electron acceptors. 
Tab le 1 summarizes the properties of its complexes 
wi th 7,7,8,8-tetracyanoquinodimethane (TCNQ) , 
2,3,5,6-tetrafluoro derivative (TCNQF 4 ) , 2,5-dimethyl 
derivative ( D M T C N Q ) , 11,11,12,12-tetracyano-2,6-
n a p h t h o q u i n o d i m e t h a n e (TNAP), tetracyanoethylene 
(TCNE) , 2,3-dichloro-5,6-dicyano-£>-benzoquinone 
(DDQ), and iodine. All the complexes are electri­
cally high-conductive. T h e conductivities are 
roughly equal to those of the corresponding com­
plexes of l b ; T C N Q 1.1 S cm-*, T C N Q F 4 9.5X10"3 

cm- 1 , D M T C N Q 37 Sern"1 , and T N A P 37 Sern"1 . 
T h u s 2 is qualif ied as a novel componen t for organic 
metals. 

Experimental 

General. Melting points are uncorrected. All solvents 
are of reagent grade. NMR spectra were recorded on a 
JEOL spectrometer using deuteriochloroform as solvent and 
tetramethylsilane as internal standard. IR spectra were 
taken on a Hitachi 260-30 or on a Perkin-Elmer 1600 FTIR 
spectrophotometer with a KBr disk method. MS spectra 
were measured on a Shimadzu QP-1000A mass spectrometer 
at 70 eV using a direct insertion technique. Electronic 
spectra were recorded on a Shimadzu UV-160 spectropho­
tometer. Cyclic voltammetry was carried out on a Hokuto 
Denko HA-301 potentiostat and a Hokuto Denko HB-104 
function generator. 

2,3-Dihydro-5,12-dihydroxy-l,4-naphthacenequinone (4). 
A mixture of l,4-dihydroxy-5,12-naphthacenequinone (3) 
(21 g, 0.072 mol), anhydrous sodium carbonate (17.5 g, 0.165 
mol), acetone (350 cm3), and water (350 cm3) was stirred for 
one hour, and sodium dithionite (35 g, 0.200 mol) was added 
into the solution, which was then stirred at room tempera­
ture for 1 h and further refluxed for 1 h. Water (500 cm3) 
was added, and the resulting precipitate was collected and 
dried. It was dissolved in chloroform (600 cm3) and filtered 
through a short column of silica gel. The filtrate was 
concentrated to ca. 100 cm3 volume and diluted with hexane 

(200 cm3), precipitating yellow needles of 4 (16.99 g, 80%): 
mp 230—232 °C; IR v 1620 cm"1 ( C O ) ; *HNMR 0=3.062 
(4H, s, CH2), 7.60—7.70 (2H, m, ArH), 8.04—8.15 (2H, m, 
ArH), 8.965 (2H, s, ArH), and 14.122 (2H, s, OH). Found: 
C, 73.89; H, 4.00%. Calcd for Ci8Hi204: C, 73.97; H, 4.14%. 

1,4,5,5,12,12-Hexachloro-5,12-dihy dronaphthacene (5). 
A mixture of 4 (10 g, 0.0342 mol), phosphorus pentachloride 
(42.7 g, 0.205 mol), and o-dichlorobenzene (16 cm3) was 
heated at 140 °C for 24 h. The resulting precipitate was 
collected by filtration and washed with pet. ether to give 
white prisms of 5 (7.37 g, 49%): decomp 163 °C; IR v 1560 
and 1590 cm"1; *HNMR 0=6.750 (2H, s, ArH), 7.40—7.70 
(4H, m, ArH), and 7.623 (2H, s, ArH); MS m/z 436 (M+), 401, 
and 366. Found: C, 49.44; H, 1.77%. Calcd for Ci8H8Cl6: 
C, 49.48; H, 1.85%. 

1,4,5,12-Tetrachloronaphthacene (6). A mixture of 5 
(7.37 g, 0.0169 mol), tin(II) chloride hydrate (26.6 g, 0.118 
mol), hydrochloric acid (32.7 cm3), and acetic acid (43.6 cm3) 
was refluxed for 2 h. Water (200 cm3) was added, and the 
resulting precipitate was collected. It was then purified by 
column chromatography on alumina with chloroform and 
recrystallization from chlorobenzene to give red needles of 6 
(4.895 g, 79%): mp 257—259 °C; IR v 1595, 1290, and 880 
cm"1; *HNMR 0=7.408 (2H, s, ArH), 7.50—7.61 (2H, ArH), 
8.07—8.18 (2H, m, ArH), and 9.307 (2H, s, ArH). Found: 
C, 59.06; H, 2.26%. Calcd for Ci8H8Cl4: C, 59.06; H, 2.20%. 

Naphthaceno[l,12-cd: 4,5-c^lbis[l,2]diselenole (2). A) 
From 1,4,5,12-Tetrachloronaphthalene (6). A suspension 
of sodium (0.202 g, 8.8 mmol) and selenium (0.695 g, 8.8 
mmol) in anhydrous DMF (50 cm3) was heated with magnet­
ically stirring at 130 °C for 2 h in an argon atmosphere. 
After the temperature was lowered to 80°C, 6 (0.732 g, 2.0 
mmol) was added, and the reaction was continued at the 
temperature for 20 h. After cooling to room temperature, 
the resulting precipitate was collected, washed successively 
with water and acetone, and dried at 100 °C under 0.1 
mmHg. It was then extracted with carbon disulfide by 
using a Soxhlet extractor, and the extract was collected and 
recrystallized from the same solvent, giving a deep green fine 
crystals of 2 (0.329 g, 30%): mp>300°C; MS m/z 542 (M+) 
involving an isotopic pattern expected for tetraselenium 
species. Found: C, 40.02; H, 1.44%. Calcd for G8H8Se4: C, 
40.03; H, 1.49%. 

B) From 1,4,5,5,12,12-Hexachloronaphthacene (5). In 
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the same way as described for Method A, sodium (0.375 g, 
16.5 mmol) was first treated with selenium (0.896 g, 11 
mmol) at 130 °C in anhydrous DMF (75 cm3), and the 
resulting mixed reagent of sodium selenide and diselenide 
(1:2) was then allowed to react with 5 (1.09 g, 2.5 mmol) at 
80 °C for 20 h. The same work-up gave a green material of 
2 (0.275 g, 20%). 

Preparation of Molecular Complexes. All complexes des­
cribed in Table 1 were each prepared by direct reactions of 
donor and acceptor in hot 1,1,2-trichloroethane solutions. 
They precipitated out immediately or on cooling approp­
riately, and were collected by filtration and dried in vacuo. 

T h i s work was suppor ted by the Grant- in-Aid for 
Scientific Research on Priority Areas from the Minis­
try of Educat ion, Science and Culture . T h e authors 
wish to thank Mr. Hideaki Iwatani , H i rosh ima Uni ­

versity, for elemental analyses. 
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Synopsis. Three bicyclic olefins having an allylic oxy­
gen atom (see title) were prepared. Of those, 2-oxabicy-
clo[2.2.2]oct-5-ene could not be isolated in its pure state due 
to the volatility of the compound. Thé other two, however, 
could be isolated. 

In the course of our research on the effect of allylic 
heteroatoms in cycloaddition reactions, we needed to 
prepare 2-oxabicyclo[2.2.2]oct-5-ene(l), the prepara­
tion of which has not yet been established in spite of 
its simple structure. Although l,3,3-trimethyl-2-
oxabicyclo[2.2.2]oct-5-ene(2) has been found in nature 
as dehydrocineole,1) the basic compound 1 has been 
reported only in a patent;2) the electrolysis of 2-
cyclohexenemethanol was shown to afford 1 in 12% 
yield, though no detail properties were given. We 
wish to report on another approach to 1 and the 
preparation of the related hitherto unknown 1,4-
dimethyl-2-oxabicyclo[2.2.2]oct-5-ene (3) and 6-oxa-
bicyclo[3.2.1]oct-3-ene(4). 

The strategy to produce 1 is not so difficult, since 
several functionalized 2-oxabicyclo[2.2.2]octane deriv­
atives are known. Among them, we selected 6-exo-
acetoxy-2-oxabicyclo[2.2.2]octane(5)3) as the starting 
material. An acetate 5 was converted into dithiocar-
bonate 7 via an alcohol 6. Pyrolysis of 7 at 165 °C 
however, afforded a mixture of the desired olefin 1 and 
the rearranged 6-oxabicyclo[3.2.1]oct-3-ene(4) in the 
ratio of 1:1, as shown by the lH NMR spectrum. The 
facile neighboring oxygen participation during pyrol­
ysis was recognized, as revealed by the presence of two 
dithiocarbonates 8 and 9, in the reaction mixture (see 
Experimental). Even though both isomers 1 and 4 
were separable by a chromatographic technique, the 

1 R-j=n2=R3=H 
2 R1=R2=Me R3=H 
3 R1=R3=Me R2=H 

5 
6 
7 
8 

15 

R=H X=OAc 
R=H X=OH 
R=H X=OCSSMe 
R=H X=SCOSMe 
R=Me X=SePh 

^CH2OH 

12 
13 

R=H 
R=Me 

9 X=SCOSMe 
14 X=SePh 

10 
11 

Y=0 
Y=NNHTos 

Fig. 1. 

desired isomer 1 was unfortunately quite sublimable 
and it was very difficult to separate 1 in its pure state 
from a volatile solvent, such as pentane or ether. The 
ratio of 1 to 4 could be increased to 4:1 when pyrolysis 
was conducted at 160 °C, though conversion was low. 
In order to prevent any rearrangement, we also tried 
the modified Bamford-Stevens reaction4^ on tosylhyd-
razone 11, prepared from the corresponding ketone 10 
which, in turn, was derived from alcohol 6. In this 
case, only 1 was recognized in the product, as revealed 
by TLC and XH NMR spectrum. 

Another strategy for producing oxabicyclic com­
pounds is based on the benzeneselenylation of mono­
cyclic 3-cyclohexenemethanol derivatives followed by 
an oxidative removal of the selenium function.5) 

When 3-cyclohexenemethanol(12) was treated with 
benzeneselenenyl chloride at — 78 °C, only \-exo-
phenylseleno-6-oxabicyclo[3.2.1]octane(14) was iso­
lated in 74% yield. An oxidative removal of the sele­
nium function afforded 6-oxabicyclo[3.2.1]oct-3-
ene(4) in 66% yield after purification by column chro­
matography. On the other hand, the regioselectivity 
may be changed to give 2-oxabicyclo[2.2.2]octane 
derivatives if one methyl substituent is present on the 
double bond.1'6* Thus, l,4-dimethyl-3-cyclohexene-
methanol(13) could be converted into l,4-dimethyl-6-
phenylseleno-2-oxabicyclo[2.2.2]octane(15) in 68% 
yield when 13 was treated with benzeneselenenyl chlo­
ride in the presence of s-collidine. In the absence of 
the base, significant amounts of the by-products 
formed by the action of hydrogen chloride on 13 were 
observed. An aliphatic amine base, such as triethyl-
amine or diisopropylethylamine, lowered the yield of 
15 due to a side-reaction7* between the base and ben­
zeneselenenyl chloride. The base could be excluded 
when the trimethylsilyl ether of 13 was subjected to a 
reaction (see Experimental). 

An oxidative removal of the selenium function in 15 
afforded 1,4-dimethyl-2-oxabicyclo[2.2.2]oct-5-ene(3) 
in 70% yield. 3 was also volatile but could be purified 
by short path distillation under moderate reduced 
pressure. 

Experimental 

The melting points are uncorrected. The IR spectra 
were taken on a Hitachi 215 grating spectrophotometer. 
*H and 13C NMR spectra were measured in CDCI3 either on a 
JEOL FX90Q (90 MHz) or a Bruker AM500 (500 MHz) 
spectrometer and the chemical shifts were recorded relative 
to TMS as an internal standard. Flash-chromatography 
was performed using Wakogel C-300 with the stated solvent. 
Micro analyses were performed at the Analytical Center, 
University of Tsukuba. 

6-exo-Acetoxy-2-oxabicyclo[2.2.2]octane(5). According 
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to a method described in the literature,3) 5 was prepared from 
3-cyclohexenecarboxylic acid. 

5: Bp 80—90°C/0.3 mmHg (1 mmHg=133.3 Pa) (lit, 
bp 80 °C/0.01 mmHg); *H NMR 0=1.3—2.5 (m, 7H), 2.04 (s, 
3H), 3.6—4.0 (m, 3H), and 5.05 (dt, 1H, /=10.0 and 4.5 Hz). 

2-Oxabicyclo[2.2.2]octan-6-exo-ol(6). To a solution of 
14.32 g of 5 in 150 ml of methanol, 17.55 g of potassium 
carbonate was added under an argon atmosphere; the mix­
ture was then stirred at room temperature for 1 h. After 
filtration through a silica-gel layer, the solvent was removed 
by evaporation and the residue was flash-chromatographed 
with ethyl acetate to give 9.08 g (84%) of alcohol 6. 

6: Mp 181 —183 °G in a sealed tube (from benzene-hex -
ane); IR (CHG13) 3550, 3420 br, 1110, and 1045 cm-1; 
m NMR ô= 1.2—2.4 (m, 7H), 3.5—3.9 (m, 3H), and 4.19 (dt, 
1H, /=10.0 and 4.0 Hz). Found: C, 65.41; H, 9.52%. Calcd 
for C7H12O2: C, 65.59; H, 9.43%. 

Methyl 0-2-Oxabicyclo[2.2.2]oct-6-exo-yl Dithiocarbo^ 
nate(7). To a solution of 10.02 g of 6 in 350 ml of dry T H F 
at 0°C under an argon atmosphere, 57 ml of a 1.52 M (1 
M=l mol dm - 3) BuLi/hexane solution was added; the mix­
ture was then stirred at room temperature for 1 h. After 
being completely cooled to 0°C, 5.2 ml of carbon disulfide 
was added. The mixture was stirred at room temperature 
for 1 h. After the addition of 90 ml of iodomethane to the 
cooled solution, the mixture was stirred at room tempera­
ture overnight. The organic layer was separated and the 
aqueous layer was extracted with ether. After drying and 
evaporating, the residue was flash-chromatographed with 
ethyl acetate-hexane (1:10) to give 7 (11.62 g, 68%) as a 
viscous oil. 

7: Kugelrohr dist. 110—125°C/0.2 mmHg; IR(CHC13) 
1130, 1080, and 1045 c m - ^ H N M R 0=1.5—2.4 (m, 7H), 2.55 
(s, 3H), 3.3—4.0 (m, 3H), and 5.75 (m, IH). Found: C, 
49.52; H, 6.60%. Calcd for C9H14O2S2: C, 49.51; H, 6.46%. 

Pyrolysis of the Dithiocarbonate 7. 1) The dithiocarbo-
nate 7 (1.433 g) was heated in a round-bottom flask at 165 °C, 
while the products were condensed in a dry-ice trap by 
evaporation under reduced pressure (ca. 15 mmHg) through 
calcium chloride and potassium hydroxide tubes. After 24 
h, 440 mg (52%) of a mixture of 1 and 4 (1:4=1:1) was 
obtained. Though both were separated by flash-chroma-
tography with pentane-ether (8:1), the solvents could not be 
removed due to the volatility of 1. 

During pyrolysis, there appeared a new spot on TLC 
(CH2CI2) after one hour. Separation of the spot by flash-
chromatography gave a mixture of dithiocarbonates 8 and 9 
[IR (CHCI3) 1640 and 865 cm"1; « N M R (500 MHz) 4.16 
(dddd, 0.57X1H, /=13.3, 5.8, 3.8, and 2.1 Hz) and 3.74 (td, 
0.57X1H, /=3.8 and 1.9 Hz) for 8 and 4.29 (dd, 0.43X1H, 
/=5.3 and 5.0 Hz) and 3.93 (dd, 0.43X1H, 7=5.8 and 5.0 Hz) 
for 9]. 

2) When the dithiocarbonate 7 (1.58 g) was heated at 
160°C under similar conditions for 21 h, 142 mg (18%) of a 
crystalline mixture of 1 and 4(1 :4=4 :1) was obtained. 

1; « NMR (500 MHz) 0=1.27—1.37 (m, 2H), 1.63—1.69 
(m, IH), 2.04—2.11 (m, IH), 2.59 (m, IH), 3.23 (ddd, IH, 
7=7.2, 2.6, and 2.4 Hz), 3.77 (dd, IH, 7=7.2 and 1.7 Hz),4.35 
(m, IH), and 6.44 (m, 2H); 13CNMR (125 MHz) 0=21.2 (t), 
27.0 (t), 30.7 (d), 65.5 (d), 66.8 (t), 133.3 (d), and 133.6 (d). 
Elementary analysis for the mixture of 1:4(=4 :1). Found: 
C, 76.37; H, 9.30%. Calcd for C7H10O: C, 76.32; H, 9.15%. 

2-Oxabicyclo[2.2.2]octan-6-one/?-Toluenesulfonylhydra-
zone(ll). To a mixture of dried dichloromethane (24 ml) 
and pyridine (1.6 ml) was added 981 mg of chromium 
trioxide; this mixture was stirred at room temperature for 30 
min. Alcohol 6 (209 mg) was added, and the mixture 
stirred for 4 h. After filtering the solution through a silica-
gel column, 370 mg of p-toluenesulfonylhydrazine was 

added; then, 1% hydrochloric acid/ethanol solution was 
added until the initially turbided solution became clear. 
The mixture was stirred for 22 h at room temperature. 
After concentrating in vacuo, the residue was treated with 
dichloromethane and the organic layer washed with 1 M 
hydrochloric acid. Evaporating the solvent gave 510 mg 
(100%) of 11. 

11: Mp 203—205 °C (from EtOH). Found: C, 56.90; H, 
6.21; N, 9.45%. Calcd for C14H18N2O3S: C, 57.12; H, 6.16; 
N, 9.52%. 

Decomposition4) of the /?-Toluenesulfonylhydrazone 11. 
To a stirred solution of 11 (100 mg) in dry THF (3 ml) there 
was added 0.9 ml of 0.76 M BuLi/hexane solution; the 
mixture was stirred overnight. After the mixture had been 
poured into hexane (150 ml), adsorption took place on 
silicic acid and the product was eluted with dichlorome­
thane. *H NMR spectrum of the solution revealed the pres­
ence of 1. 

4-exo-Phenylseleno-6-oxabicyclo[3.2.1]octane(14). A 
solution of 10.78 g of benzeneselenenyl chloride in 60 ml of 
dry dichloromethane was drop-by-drop added to a solution 
of 5.79 g of 3-cyclohexenemethanol(12) in 700 ml of dichlo­
romethane at — 78 °C. This mixture was warmed to room 
temperature and stirred for an additional 3 h at that temper­
ature. Evaporating the solvent and column-chroma-
tography of the residue on silica gel gave 10.26 g (74%) of 14 
as an oil. 

14; Kugelrohr dist. 140—150°C/0.3 mmHg; *HNMR 
0=1.4—2.5 (m, 7H), 3.50 (br. t, IH), 3.70—3.95 (m, 2H), 4.40 
(t, IH, 7=5.5 Hz), and 7.20—7.70 (m, 5H). Found: C, 58.21; 
H, 6.10%. Calcd for Ci3Hi6OSe: C, 58.43; H, 6.04%. 

6-Oxabicyclo[3.2.1]oct-3-ene(4). An aqueous solution of 
hydrogen peroxide (22%, 10 ml) was drop-by-drop added to a 
mixture of 2.00 g of 14, 1.25 ml of pyridine, and 25 ml of 
dichloromethane at 0°C. After stirring at room tempera­
ture for 4 h, 15 ml each of dichloromethane and saturated 
sodium hydrogencarbonate were added and an organic layer 
was separated. The organic layer was washed with 3 M 
HCl (18 ml) and saline (18 ml). After evaporating the 
solvent, the residue was purified by column chromato­
graphy to give 542 mg (66%) of 4. 

4: iHNMR (500 MHz) 0=1.82 (m, 2H), 2.07 (dddd, IH, 
7=18.2, 4.2, 2.2, and 2.0 Hz), 2.45 (dddd, IH, 7=18.2, 6.3, 2.6, 
and 2.2 Hz), 2.53 (m, IH), 3.69 (d, IH, 7=8.2 Hz), 3.95 (ddd, 
IH, 7=8.2, 5.6, and 2.6 Hz), 4.30 (dt, IH, 7=5.4 and 2.8 Hz), 
5.66 (m, IH, 7=9.7 and 4.2 Hz), and 5.94 (dddd, IH, 7=9.7, 
5.4, 2.2, and 2.0 Hz); 13C NMR (125 MHz) 0=34.0 (d), 34.3 (t), 
35.6 (t), 71.2 (d), 73.7 (t), 128.6 (d), and 130.6 (d). Found: C, 
76.61; H, 9.27%. Calcd for C7H10O: C, 76.33; H, 9.15%. 

l,4-Dimethyl-6-exo-phenylseleno-2-oxabicyclo[2.2.2]-
octane(15). Method A. To a solution of 2.68 g (19.2 
mmol) l,4-dimethyl-3-cyclohexenemethanol(13)8) and 3.06 g 
(25.3 mmol) of j-collidine in 100 ml of dry dichloromethane 
there was added drop-by-drop a solution of 4.05 g (21.2 
mmol) of benzeneselenenyl chloride in 50 ml of dichloro­
methane for 2 h at — 78 °C. The mixture was warmed to 
room temperature and stirred for 1.5 h. After removing the 
solvent, the residue was flash-chromatographed with hex­
ane : dichloromethane (1:2) to give 3.83 g (68%) of 15. 

Method B. To a solution of 4.02 g (21.0 mmol) of ben­
zeneselenenyl chloride in 100 ml of dry dichloromethane 
there was added at — 78 °C solution of 3.75 g (17.6 mmol) of 
trimethylsilyl ether of 13, prepared by the ordinary method; 
bp 87—89°C/17 mmHg, in 50 ml of dichloromethane. 
The mixture was warmed to room temperature and the 
solvent evaporated. Flash-chromatography(hexane : di-
chloromethane=l :2) of the residue afforded 3.59 g (69%) of 
15. 

15: m NMR (500 MHz) 0=0.75 (s, 3H), 1.15 (s, 3H), 1.4— 
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1.6 (m, 2H), 1.7—1.8 (m, 2H), 2.0—2.2 (m, 2H), 3.55 (dd, 1H, 
/=8.4 and 3.0 Hz), 3.5—3.6 (m, 2H), 7.25 (m, 3H), and 7.53 
(m, 2H). Found: C, 61.17; H, 6.86%. Calcd for Ci5H2oOSe: 
C, 61.01; H, 6.83%. 

l,4-Dimethyl-2-oxabicyclo[2.2.2]oct-5-ene(3). To an ice-
cooled solution of 1.26 g (4.26 mmol) of 15 and 0.69 ml (7.96 
mmol) of pyridine in 15 ml of dichloromethane was added a 
solution of 1.39 g of 30% aqueous H2O2 in 12 ml of H 2 0 
(11.7 mmol); the mixture was stirred for 1.5 h while keeping 
the temperature below 30 °C. Dichloromethane (5 ml) and 
saturated sodium hydrogencarbonate (5 ml) were added and 
the products were taken in dichloromethane. The organic 
layer was washed with saturated aqueous CuS04 and brine, 
and was dried over anhyd Na2SC>4. After removing CH2C12 

under 100 mmHg at room temperature, the product was 
collected in a dry-ice trap under 5 mmHg. Kugelrohr dis­
tillation (70—80°C/90 mmHg) gave 413 mg (70%) of 3. 

3: iHNMR (500 MHz) 0=1.08 (s, 3H), 1.27 (tdd, 1H, 
/=11.7, 4.2, and 3.5 Hz), 1.35 (ddd, 1H, 7=12.4, 11.7, and 3.3 
Hz), 1.51 (ddd, 1H, 7=11.7, 9.5, and 3.3 Hz), 1.84 (ddd, 1H, 
7=12.4, 9.5, and 4.2 Hz), 3.04 (dd, 1H, 7=7.0 and 3.5 Hz), 

3.53 (d, 1H, 7=7.0 Hz), 6.13 (d, 1H, 7=8.2 Hz), and 6.16 (d, 
1H, 7=8.2 Hz); i3CNMR 0=20.9 (q), 24.0 (q), 31.3 (t), 34.0 
(t), 34.4 (s), 70.1 (s), 73.5 (t), 135.9 (d), and 138.3 (d). Found: 
C, 78.35; H, 10.57%. Calcd for C9H14O: C, 78.21; H, 10.21%. 
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Synopsis. The electrical conductances of zinc halides 
and Perchlorate and of magnesium Perchlorate in propylene 
carbonate (PC)-tetrahydrofuran (THF) (1:1 in volume) 
have been measured at 25 °C. The conductance data were 
analysed by a minimization technique using the Lee/Whea-
ton (L/W) and Murphy/Cohen (M/C) equations. The 
results indicate that all of these salts behave as "weak 
electrolytes". Zinc and magnesium Perchlorates were 
found to be anomalous in showing unusually high molar 
conductance, and in exhibiting a pronounced maximum 
conductances at low concentrations. Also, it was found 
that the mode of ionization is specific for the anion 
involved. 

The behavior of an electrolyte solution is deter­
mined by ion-ion, ion-solvent and solvent-solvent 
interaction. Also, it is well-established that the 
extent of association of a series of electrolytes in differ­
ent solvents is specific for any ion-solvent combina­
tion, rather than being dielectric constant dependent. 
The association behavior of alkali metal and quater­
nary ammonium Perchlorates in aprotic solvents such 
as acetonitrile and protic solvents such as methanol1) 
or in their mixture2) is just one example. 

Most studies for electrolyte solutions in nonaqueous 
media, by using different techniques, indicate that the 
cationic solvation is strong while the anionic solva­
tion is weak. Beside that, there is a reasonable degree 
of dissociation for these electrolytes. However, the 
ability of forming ion pairs and complex ions is 
higher than that in aqueous solutions, so, we expect 
that this process is stronger by increasing the charge of 
the cation. 

However, the conductance of 2:1 electrolytes, parti-
cullarly in nonaqueous and mixed solvents, has 
received relatively little attention. This is due in 
large part to the difficulty encountered in analyzing 
such data since the usual methods require an arbitrary 
choice for some of the parameters needed in the analy­
sis. In the present paper, we report conductance 
measurements of zinc halides and Perchlorate and of 
magnesium Perchlorate in a mixture of PC-THF (1:1 
in volume). This mixture was chosen because of two 
reasons. Firstly, it has been reported in attempts to 
use in high energy batteries3'4'5) and secondly is due to 
the maximum value of the molar conductivity 
obtained for some electrolytes at the mixture ratio of 
about 1 to 1.5) Two conductance equations in cur­
rent use, the L/W and M/C equations, have been used 
to analyze conductance data for those electrolytes stu­
died here. 

Experimental 

Propylene carbonate (PC) and tetrahydrofuran (THF) 
were purified by the methods described elsewhere4'6) and the 

final water contents were below 200 ppm in PC and 300 ppm 
in THF. The conductivities of the final products were in 
the range 2—4X10"8, 1—2X10"8, and 3—5X10"8 for PC. 
THF, and their mixture (1:1) respectively in units S cm-1 at 
25 °C. All salts were purified and used as described in Ref. 
7,8. 

Conductance measurements were made at constant 
temperature of 25+0.005 °C with Wayne-Kerr B331 auto 
balance precision bridge. The conductivity cell used was of 
the cylindrical type described by Abbo7) with the cell con­
stant 0.16993+0.00028 cm"1. 

Solutions for the conductivity measurements were pre­
pared by weighing from the stock solutions and the solvents. 
Solvent mixtures were also made by weight. Preparation of 
the solutions and all the other manipulations were per­
formed in a dry box. 

Results and Discussion 

The experimental molar conductances AQxp of zinc 
Perchlorate, chloride, bromide, and iodide and of 
magnesium Perchlorate have been measured in this 
work at different molar concentrations C. Figures 
1—3 show Atxp vs. \JC for those electrolytes. 

In analyzing the conductance data, two equations 
were used. The first one represents M/C equation.9) 

A = Ao + BKAi + (BKf \n{BK)A2' + {BKfA2 (1) 

where B=—eie2/DkT and K is the reciprocal of "Debye 
length." A\, Arf, and A2 are the relaxation, electro-
phoretic and osmetric terms, as defined in the original 
paper. At present, Eq. 1 is formulated to the first 
order in concentration, i.e, to order (BK)2. Also, this 
equation was modified to allow for various forms of 
ion association which produces a pair of ions: 

A = a[A0+BK'Ai+(BK')2 \n{BK')A2'+{BK')2A2] (2) 

where a is the fraction of the electrolyte present as free 
ions. K' is here a function of the ionic concentration 
C. 

The other equation used is L/W equation. 10> 

A=Ao[l+Ci(KR)(eK)+C2(KR)(eK)2+C3(KR)(eK)*]-

(pK) 

(1+KR) 
[\+C4(KR)(eK)+C5(KR)(eK)2+(KR/\2)] (3) 

where all symbols are the same as defined in the 
original paper. 

Several computer programms have been developed 
to compute the three parameters Ao, a, and KA inde­
pendently which all were based on a minimization 
technique.11) This technique will give, through a 
succesive approximation for the number of experi­
mental points N, the standard deviation o: 

S 2 = E [^calc-^expt]2; <J=(S*/N) 1/2 (4) 
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This method is capable of giving the type or mode of 
ionization at certain concentrations. 

According to the nature of the electrolytes studied 
here, four possible modes of ionization were sug­
gested: 

MA2;=±MA+ + A-
MA2;=±M2+ + 2A-

(5) 

(6) 

< 108 4 

V T x 10 (mole dm 3) 

Fig. 1. Variation of ^expt (S cm2 mol-1) with \/c~ 
(mol dm-3) for Mg(QC>4)2 • 6H20 in a mixture of 
PC-THF (1:1 in volume) at 298 K. 
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Fig. 2. Variation of Aexpt (Scm2mol-1) with VcT 
(mol dm-3) for Zn(QC>4)2 • 6H2O in a mixture of 
PC-THF (1:1 in volume) at 298 K. 

\ZTxio 

Fig. 3. Variation of AQxpt (S cm2 mol-1) with \fc~ 
(moldm-3) for both ZnBr2 (O) and ZnCl2 (•) in a 
mixture of PC-THF (1:1 in volume) at 298 K. 

2MA2; 
2MA2; 

:MA+ + MA3 

:M2+ + MAr 

(7) 

(8) 

Because the behavior of some electrolytes in (PC-
THF) mixture is different from that in each single 
solvent by having a higher molar conductivity, spe­
cially in about 1:1 ratio,5* so the conductance mea­
surements of zinc and magnesium Perchlorates and of 
zinc chloride and bromide (but not zinc iodide due to 
the change of its properties during the measurements) 
have been done and the results are given in Fig. 1—3. 
The comparison of the present results with those 
obtained in PC alone8) has shown the same maximum 
êxpt with respect to the two Perchlorate salts at low 

concentrations. The shape of both Figs. 1 and 2 and 
the maxima observed, could be attributed to the fact 
that different ionic species predominate in different 
concentration ranges. However, it is difficult to sug­
gest what the complex ions might be in the present 
case. Alternatively, the effect of changes in the 
nature of the solvent environment with concentration 
of the multivalent cation might provide an explana­
tion. Also, the common characteristic point of ana­
lyzing data for all electrolytes (apart from zinc brom­
ide) is that their molar conductivities are higher than 
that in each single solvent. The same behavior has 
been observed with some electrolytes in a mixture of 
1,2-dimethoxyethane -PC (1:1).12) The very signifi­
cant factors affecting the conductance of ionic solu­
tions would be the dielectric constant and the viscosity 
in connection with the solvation of the ions and the 
solvent-solvent interaction. 

It would be assumed that the increase in molar 
conductivity of the solution with the addition of T H F 
to PC is caused by the effect of the low viscosity of 
T H F on Walden's product5* (AQxpt • r]=constant, where 

file:///ZTxio
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Table 1. The Mode of Ionization and the Best Fit 
Values of Ao, a, and KA 

Mg(C104)2 

KA/TTIO\ dm - 3 

Ao/S cm2 mol - 1 

a/k 
ô 

Zn(C104)2 

KA/TTIOI dm - 3 

ydo/Scm2mol"1 

a/k 
ô 

ZnCl2 

KA/TTIOI dm - 3 

ydo/Scm2mol"1 

a/k 
ô 

ZnBr2 

Ki/mo\ dm - 3 

ÄVmol dm - 3 

A°Zn2+/Scm2 

A°ZnBr+/Scm2 

A°Br-/Scm2 

ydo/Scm2mol"1 

ô 

Mg(C104)2*= 
L/W 

9240 
142.76+0.02 

3.4 
0.062 

^Mg2++2C104 
M/C 

8080 
142.28+0.02 

7.5 
0.123 

Zn(C104)2*= 
L/W 

13680 
136.50+0.02 

3.2 
0.063 

*Zn2++2C104 
M/C 

12640 
136.10+0.02 

6.4 
0.104 

ZnCl2*=*Zn2++2Cl-
L/W M/C 

3.214X107 

109.12+0.02 
6.1 
0.049 

2.852X107 

108.64+0.02 
8.4 
0.089 

Ki ZnBr2^>ZnBr++Br-

ZnBr+-^*Zn2++Br-
L/W M/C 

8.5X103 

6.2X109 

14.48 
22.82 
33.34 
47.82 
0.143 

8.2X103 

5.1X109 

13.06 
13.06 
32.5 
45.76 
0.293 

K] is viscosity). Also, this p h e n o m e n o n migh t be 
caused by some variat ion of solvation of the cation 
and the an ion , and the Stokes' law radii, and these 
would be concerned wi th the specific solvation.13-15) 

T h e result analysis of these experimental measure­
ments for the conductances of zinc Perchlorate and 
chloride and of magnes ium Perchlorate, by us ing bo th 
L / W and M / C equat ions , does not give any indicat ion 
for the presence of different ionic species. T h e exper­
imenta l results, for all these three electrolytes, are best 
fitted by equ i l ib r ium (6), as shown in Table 1. T h e 

best fit values of the three parameters KA, AQ and a are 
listed at the same Table together wi th the correspond­
ing values of o (Eq. 4). 

Analysis of the experimental conductance data of 
zinc b romide did not give any satisfactory fit for all 
four modes of ionization. So, it is suggested that this 
electrolyte undergoes two modes of ionization at the 
same time. Tab le 1 includes the results of such sug­
gestions; the single ion conductances shown were also 
obtained by the minimiza t ion method. 

Concern ing the results of bo th equat ions , it is clear 
that the L / W equa t ion is preferable to M / C equa t ion 
for our present system. T h e reason for this, as has 
been discussed previously,16) may be due to the inclu­
sion of third order terms in the p lasma parameter (eK) 
of their equat ion . 
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Crystal Structure of 4,4/,5,5/-Tetrachloro-2,2/-bi-l,3-dioxolane 
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Synopsis. The main product, A obtained from the inter­
action of concentrated sulfuric acid with £rans-2,3-dichloro-
1,4-dioxane has been shown by a single crystal X-ray struc­
ture analysis to be the trans-trans mesostereoisomer of 4,4', 
5,5'-tetrachloro-2,2,-bi-1,3-dioxolane. 

Cort1) reported that the reaction of trans-2,3-
dichloro- l ,4-dioxane wi th hot concentrated sulfuric 
acid yielded a product , A, m p 143—144 °C and sug­
gested it could be either 4,4',5,5'-tetrachloro-2,2'-bi-
1,3-dioxolane (I) or 2,3,6,7-tetrachloro-l,4,5,8-tetra-
oxadecalin (II). Later Huang 2 ) found that this reac­
tion gave at least two compounds , A, m p 137—138 °C 
(presumed to be Cort 's compound) and B, m p 83— 
86 °C. H e showed by chemical and spectrometric 
studies that these two compounds were diastereoiso-
meric forms of structure (I) bu t was unable to assign 
their absolute stereochemistry. Five stereoisomers of 
I are possible: two trans-trans isomers (meso and (±)-
racemic) and three cis-cis isomers (endo-endo, exo-
exo and endo-exo). In an independent study on the 
structure of c o m p o u n d A, Fuchs and Haup tmann 3 ) 
reached a similar conclusion that it has the general 
structure (I) bu t were unab le to clarify its stereochem­
istry. They also obtained a diastereoisomeric form of 
I m p 124—5 °C (also designated by them as c o m p o u n d 
B) from the addi t ion of chlorine to 2,2'-bi-l ,3-dioxo-
lane which they assigned as the eis, exo-cis, exo 
isomer. 

(0 (la) 

ci^cr^cr^ci 

on 

Exper imenta l 

Preparation of meso-4,^5,5'-Tetrachloro-2,2'-bi-l,3-dioxo-
lane. The compound A was prepared according to the 
method of Cort1) and recrystallized from acetone as prisms, 
mpl37—138 °C 

Crystal Structure Analysis. The intensity data of 2642 
reflections F0>3a(F0), were measured on an automatic 
Rigaku AFC-5 four-circle diffractometer, three standard 
reflections after every 100 reflections, employing graphite 
monochromatized CuKa radiation (A=l .5417 A). The crys­
tals, C6H6O4CI4, were triclinic, space group PI, Z=3, 
a=9.623(14) Â, 6=10.462(25) Â, c=8.664(14) Â; a=96.48(19), 
0=88.22(17), and 7=64.71(17)°; F=780.51 A3, Dx=1.802 g 
cm - 3 . The structure was solved by the direct method, 

MULTAN 80 (UNICS III System),4) and the result was 
refined by the block-diagonal least squares procedure using 
2010 non-zero unique reflections with 3°<20<12O°. The 
non-H atoms were assigned anisotropic temperature factors. 
There were three independent molecules (A, B, and C) of 
essentially the same structure and 17 of the 18 hydrogen 
atoms could be located on a difference Fourier map and their 
coordinates were refined with the equivalent isotropic 
temperature factors of the bonded carbon atoms. The final 
R value was 0.0930. The atomic scattering factors were 
obtained from the International Tables for X-ray Crystallo­
graphy.5) All calculations were carried out at the Compu­
ter Centre of the University of Tokyo.6) 

Discussion 

T h e X-ray crystal structure analysis results show 
that the c o m p o u n d A is the trans-trans meso-
stereoisomer of 4,4 , ,5,5 /-tetrachloro-2,2 /-bi-l ,3-dioxo-
lane (la) and that there are three independent mole-

CLl 

CL4 

CL2 CL3 

Fig. 1. ORTEP drawing of la with atomic number­
ing. 

Table 1. Selected Bond Lengths of la 
with e.s.d. in Parentheses 

Bond 

C11-C2 
Cl 2-C 3 
Cl 3-C 8 
Cl 4-C 9 
0 1-C2 
0 1-C5 
0 4-C3 
0 4-C5 
0 7-C6 
0 7-C8 
O 10-C 6 
O 1 0 - C 9 
C 2 - C 3 
C 5 - C 6 
C 8 - C 9 

A 

1/k 
1.838 
1.791 
1.782 
1.856 
1.387 
1.473 
1.454 
1.467 
1.366 
1.457 
1.467 
1.430 
1.516 
1.546 
1.409 

[e.s.d. 

~m 
(25) 
(22) 
(23) 
(26) 
(42) 
(39) 
(28) 
(34) 
(26) 
(26) 
(35) 
(40) 
(32) 
(39) 

E 

) / /A i 

1.761 
1.819 
1.816 
1.765 
1.345 
1.431 
1.412 
1.407 
1.415 
1.414 
1.478 
1.351 
1.532 
1.530 
1.562 

e.s.d. 

"(25)" 
(26) 
(25) 
(24) 
(37) 
(25) 
(33) 
(36) 
(25) 
(38) 
(36) 
(31) 
(42) 
(31) 
(40) 

C 

) / / A i 

1.769 
1.676 
1.638 
1.844 
1.357 
1.516 
1.460 
1.415 
1.394 
1.418 
1.444 
1.381 
1.619 
1.554 
1.600 

e.s.d. 

~W) 
(24) 
(29) 
(22) 
(32) 
(44) 
(35) 
(28) 
(34) 
(34) 
(26) 
(33) 
(45) 
(34) 
(46) 

Average 

]l/k 
1.789 
1.762 
1.745 
1.822 
1.363 
1.473 
1.442 
1.430 
1.392 
1.430 
1.463 
1.387 
1.556 
1.543 
1.524 

:e-s.d.) 

(24) 
(25) 
(25) 
(23) 
(32) 
(37) 
(36) 
(31) 
(31) 
(33) 
(29) 
(33) 
(42) 
(32) 
(42) 
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Table 2. Selected Bond Angles of la with e.s.d in Parentheses 

Angle 
B Average 

0/° (e.s.d.) <t>/° (e.s.d.) 0 /° (e.s.d.) tf>/° (e.s.d.) 

C 2 - 0 1-C5 
C 3 - 0 4-C 5 
C 6 -0 7-C 8 
C 6 - O 1 0 - C 9 
C 1 1 - C 2 - 0 1 
C11-C2-C3 
0 1-C2-C3 
CI 2-C 3 - 0 4 
CI 2-C 3-C 2 
O 4-C 3-C 2 
0 1 -C5-0 4 
0 1-C5-C6 
O 4-C 5-C 6 
O 7-C 6-C 5 
O 7-C 6 -0 10 
O 1 0 - C 6 - C 5 
Cl 3-C 8 -0 7 
Cl 3-C 8-C 9 
O 7-C 8-C 9 
O 1 0 - C 9 - C 8 
Cl 4-C 9 - 0 10 
Cl 4-C 9-C 8 

105.2 
107.0 
104.5 
102.6 
111.8 
107.5 
109.5 
112.3 
107.3 
99.5 

107.0 
109.0 
104.1 
110.5 
111.7 
107.4 
110.8 
107.7 
106.7 
106.9 
103.4 
111.1 

;i.9) 
[2.2) 
;i.7) 
;i.9) 
'1.5) 
(1.4) 
(2.2) 
(1.8) 
(1.7) 
(2.0) 
(2.1) 
(2.1) 
(1.8) 
(2.1) 
(1.8) 
(1.7) 
(1.5) 
(1.5) 
(2.2) 
(1.9) 
(1.6) 
(1.7) 

108.1 
108.1 
109.9 
110.4 
113.9 
109.2 
103.5 
110.8 
109.7 
101.0 
106.3 
109.2 
110.8 
105.3 
103.7 
107.5 
110.7 
108.5 
100.3 
104.4 
114.3 
107.2 

(1.9) 
(1.9) 
(1.9) 
(1.8) 
(2.0) 
(1.7) 
(2.1) 
(1.7) 
(1.5) 
(2.5) 
(2.0) 
(1.5) 
(2.0) 
(1.5) 
(2.0) 
(2.0) 
(2.0) 
(1.7) 
(1.9) 
(2.4) 
(1.7) 
(1.4) 

111.2 
110.0 
112.0 
105.9 
112.5 
113.7 
102.9 
118.2 
110.0 
94.6 

100.4 
108.8 
100.7 
110.0 
106.8 
108.3 
120.8 
108.1 
95.3 

105.8 
107.9 
114.3 

(2.3) 
(2.1) 
(2.0) 
(1.9) 
(1.8) 
(1.6) 
(2.6) 
(1.8) 
(1.8) 
(2.0) 
(2.1) 
(2.2) 
(1.7) 
(2.1) 
(1.8) 
(1.7) 
(2.0) 
(1.7) 
(2.5) 
(1.9) 
(1.6) 
(1.7) 

108.2 ( 
108.4 ( 
108.8 ( 
106.3 ( 
112.7 ( 
110.1 ( 
105.3 
113.8 ( 
109.0 ( 
98.4 { 

104.6 ( 
109.0 
105.2 
108.6 
107.4 
107.7 
114.1 
108.1 
100.8 
105.7 
108.5 
110.9 

2.0) 
,2.1) 
:i.9) 
1.9) 

[1.8) 
[1.6) 
[2.3) 
,1.8) 
;i.7) 
(2.2) 
;2.i) 
(1.9) 
[1.8) 
[1.9) 
[1.9) 
(1.8) 
(1.8) 
(1.6) 
(2.2) 
(2.1) 
(1.6) 
(1.6) 

cules which have essentially the same structure as 
shown in an ORTEP drawing of the molecule in Fig. 
1. Selected bond lengths and bond angles of these 
three molecules la are shown in Tables 1 and 2, 
respectively. The conformation of the molecule is 
similar to that of 2,2'-bi-l,3-dioxolane.7) The 
lH NMR spectrum of la (recorded at 500 MHz) shows 
three sharp singlets of relative intensities 1:1:1 at 
6=5.69 (C2 proton), 6.30, and 6.37 (C4 and C5 pro­
tons). The non-interaction between the diastereo-
topic protons at C4 and C5 of la, in solution, could 
possibly be accounted for by the dihedral angle, H4-
C4-C5-H5, of nearly 90° estimated from the atomic 
coordinates. This observation suggests strongly that 
the conformation of the molecule is essentially the 
same both in the liquid and the crystalline state. 

The authors wish to thank Professor K. F. Mok for 

helpful discussions. 
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Synopsis. The stereochemistry of thermalized chlorine-
for-bromine substitution was studied in gaseous (3RS,4SR)-
and (3RS,4RS)-3-bromo-4-fluorohexane. While energetic 
chlorine-for-bromine substitution occurs by a two-channel 
substitution mechanism, one leading to retention, the other 
to inversion of configuration, thermal chlorine-for-bromine 
substitution at the sp3-hybridized carbon of the diastereo-
mers proceeds extensively, if not exclusively, via stereochem­
ical inversion. 

T h e stereochemistry of energetic homolyt ic b imo-
lecular subst i tut ion reactions (SHH2) by recoil halogen 
atoms at asymmetric carbon atoms employing sub­
strate molecules possessing two chiral carbon cen­
ters1"5) occur p redominan t ly wi th retention of config­
urat ion. Subsequent studies on the gas phase 
subst i tut ion of energetic chlorine-for-halogen on sub­
strate molecules possessing a single chiral center6-10), 
have yielded significantly h igher levels of inversion. 
T h e degree of stereospecificity of the subst i tut ion reac­
tion depends on the na ture of the chiral molecule. 
From earlier studies, Ingold and Roberts11) concluded 
that available data could not provide unequivocal 
evidence for the existence of thermoneutra l homolyt ic 
b imolecular halogen-for-halogen subst i tut ion reac­
tions (SH2) at thermal energies. They suggested that 
h ighly exothermic subst i tut ion reactions migh t be 
more probable . Kinetic studies by Iyer and 
Rowland12 '13) demonstrated this po in t wi th thermal 
fluorine a tom subst i tu t ion for CI, Br, and I in methyl 
halides (exothermicity of 105 k j m o l " 1 wi th F /C l , 159 
k j m o l - 1 wi th F/Br, and 218 k j m o l - 1 wi th F/ I ) . 
Firouzbakht et al.,14) in their study of the effects of 
neon moderators on the 18F-for-Cl subst i tut ion at the 
chiral center in (S)-(+)-2-chloropropionyl chloride 
demonstra ted that non the rma l (energetic) F-for-Cl 
subst i tut ions yielded a slight preference for stereo­
chemical retent ion and thermal F-for-Cl substi tut ions 
yielded exclusive stereochemical inversion. 

T h e present study investigated the stereochemical 
consequences of exothermic 38Cl-for-Br subst i tut ion at 
asymmetric carbon atoms in moderated and unmoder-
ated systems of (3#S,4S#)- and (3#S,4#S)-3-bromo-4-
f luorohexane (BFH). T h i s allowed the effect of 38C1 
recoil energy modera t ion on the exothermic Cl-for-Br 
subst i tut ion reaction to be observed in an a t tempt to 
provide evidence for a dual approach channel for 
subst i tut ion wi th diastereomers. 

Experimental 

(3RS,4SR)- and (3#S,4RS)-3-bromo-4-fluorohexane were 
prepared through the addition of bromide ions to trans- and 
as-3-hexene respectively in the presence of a fluoride ion 
source.15»16) Samples for irradiation were prepared for neu­

tron irradiation by introducing the desired amount of sub­
strate molecule and neon moderator into quartz ampoules. 
The neutron irradiations were carried out at the Omaha VA 
Medical Center TRIGA Reactor in a thermal neutron flux of 
1.1X1011 n cm - 2 sec-1 for 10 minutes. After irradiation 38C1-
labelled substitution products were separated by radio-gas 
chromatography using a 34 ft. Xl /4 inch o.d. copper 
column packed with 10% tritolyl phosphate on Chromosorb 
F (80—100) mesh size (1 ft=0.3048 m, 1 inch=0.0254 m). 
The labelled products were trapped on charcoal plugs along 
with authentic samples and assayed for their radioactivity 
using a well type Nal(Tl) scintillation detector. 

Results and Dicussion 

Shown in Fig. 1 are the percent retention of config­
ura t ion and total absolute yield for 38Cl-for-Br substi­
tu t ion (AH=-57.0 kjmol"1)1 7) in 3-bromo-4-fluoro-
hexanes as a function of neon moderator. Because of 
decreasing activity of labelled products wi th increas­
ing neon moderator concentrat ion, it was difficult to 
conduct experiments at greater than 0.98 mole fraction 
of moderator . A trend of decreasing retention of con­
figuration wi th decreasing 38C1 recoil energy in bo th 
diastereomers was observed. These findings clearly 
indicate that the stereochemical course of halogen-for-
halogen subst i tut ion for exothermic reactions lead to 
results considerably different from those observed wi th 
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Fig. 1. Percent retention of stereochemical configu­
ration and total absolute yield following 38Cl-for-Br 
substitution in diastereomeric 3-bromo-4-
fluorohexane (BFH) as a function of moderator 
concentration. For (3RS,4SR)-BFH: O, retention; 
A, absolute yield. For (3RS,4RS)-BFH: • , reten­
tion; A, absolute yield. 
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the substrates when the substitution reaction of the 
halogen species is either thermoneutral or endother-
mic. With the exothermic reaction, there is a signifi­
cant drop in substitution yield as excess kinetic energy 
of 38C1 atom is removed with increasing moderator 
concentration. From Fig. 1 it can be seen that the 
extrapolation to 100% mole fraction of moderator 
would result in almost 100% inversion of configura­
tion, which is in close agreement with earlier work of 
Wolf et al. 14> and Iyer and Rowland. 12>13> Wolf et al. 14> 
concluded from their studies that the front-side attack, 
leading to retention of configuration was the higher 
energy process. 

When the mole fraction of moderator is much 
greater than that of the substrate, excess translational 
energy of chlorine atoms is removed predominantly by 
collisions with moderator and not with the substrate. 
The average number of collisions by energetic chlo­
rine atoms in each energy range is thus controlled by 
Cl/moderator interactions; and the number of poten­
tially reactive collisions with the substrate molecule is 
proportional to the substrate mole fraction. As the 
mole fraction of moderator is increased, the fraction of 
chlorine atoms which are thermalized before reaction 
increases. A racemic mixture of enantiomers would 
have been expected if the thermal substitution 
occurred in a stepwise process, due to the enhanced 
lifetime of the intermediates at the lower energy. 
Clearly this is not the case; it is assumed, that the 
substitution reaction takes place via a synchronous 
mechanism. Previously it has been stated that the 
stereochemical consequences of energetic halogen-for-
halogen atom substitution are dependent on the mass 
of the recoil atom, steric hindrance and bond energy 
but not on the free energy of reaction. 10> In the 
present study, thermal chlorine-for-bromine substitu­
tion yields almost 100% stereochemical inversion. 

In an effort to evaluate conformational effects on 
the substitution reactions molecular mechanics calcu­
lations were performed and rotational populations 
and structure determined for the substrate mole­
cules. 18'19) The synclinal conformation of the (3RS, 
4JRS)-3-bromo-4-fluorohexane and the antiperiplanar 
conformation of the (3JRS,4SJR)-3-bromo-4-fluoro-
hexane were found to be dominant (72.9% and 84.9% 
respectively) in the gas phase. Relative steric hin­
drance at each chiral carbon atom was calculated. 
The results indicate that the (3#S,4S#)-BFH has less 
steric hindrance than (3#S,4#S)-BFH (i.e. 6.35% ver­
sus 6.70% total relative steric hindrance), which is 
consistent with the absolute substitution yields. In 
addition, calculations indicate that the inversion 
pathway has approximately 2.5 times more steric hin­
drance than retention pathway in both (3SR,4:SR)-
and (3#S,4#S)-BFH, which is consistent with the 
observed percent retention of configuration yields in 
unmoderated systems. 

The decrease in percent retention of configuration 

with increasing concentration of moderator suggests a 
higher energy barrier for substitution with retention 
than for inversion, as previously discussed. This 
energy barrier can be due to the large partial negative 
charge on the attached bromine or fluorine. The 
partially charged bromine will shield the chiral car­
bon because an incoming halogen would need to pass 
by the attached halogen to cause a substitution with 
retention of configuration. However, the inversion 
channel would not be affected in such a manner and 
will have a lower activation barrier. Finally it can be 
concluded that the principal factor controlling the 
stereochemistry of the reported substitution reactions 
is the kinetic energy of the displacing agent. 

This research was supported by the U.S. Depart­
ment of Energy, Fundamental Interaction Branch, 
Division of Chemical Sciences, under Contract DE-
FG02-84ER13231. 
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On the Volume Flow in Nonequilibrium Membrane Systems 
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Synopsis. The volume flow definitions of the different 
formulations which describe irreversible proccesses in iso­
thermal membrane systems are critically analysed. We 
show that only one of these definitions can be considered as 
the volume change observed in each compartment. The 
study carried out considers the general case of multicompo-
nent systems with arbitrary dissociation degrees. 

Nonequ i l i b r ium thermodynamics studies irrevers­
ible processes from the dissipation function, which 
can be wri t ten as a sum of the products of generalized 
forces and the corresponding generalized flows. 

In the case of a nonequ i l i b r ium isothermal mem­
brane system the dissipat ion function is 

V=llJl*Aßl, (1) 
i=\ 

where /,•* denotes the matter flow of species i from 
subsystem" to subsystem7 , and Afii=fi//—ßi/ is the dif­
ference in the electrochemical potent ia l . T h e subin­
dex i denotes every ionic (i=l,2,...k) or neutral species 
(i=k+l,...m), which can move independently. 

T h e different ways in which the dissipation func­
t ion of a same nonequ i l i b r i um system can be writ ten 
determine each one of the formulat ions which de­
scribe the irreversible processes. Some formulat ions 
of nonequ i l i b r i um isothermal membrane systems 
make use of the volume flow.1_8) Commonly this 
flow is considered as the volume change observed in 
each compar tment . In this paper we would like to 
po in t ou t several quest ions concerning the definitions 
of this flow in the most impor tan t formulations, solv­
ing the difficulties showed by Weinstein9 ) and 
Kedem.10) 

Some formulat ions are developed only for binary 
solut ions wi th a completely dissociated electrolyte. 
O u r a im here is to study these systems in a more 
general way. T h u s , multielectrolyte solutions, wi th 
arbitrary values of dissociation degrees, will be con­
sidered. 

T h e diss ipat ion function expressed in terms of 
directly observed variables i s : n ) 

m-\ 
¥=qAP + '2JJl A ^ + IAIIJ, (2) 

where q is the apparen t volume rate in subsystem7; 
AP=P"—P7 stands for the difference in pressure; Jf are 
the electrolyte flows relative to the solvent (denoted by 
m); Ajû  is the difference in the concentrat ion-
dependent par t of the chemical potent ial of the neu­
tral species (i=k+\,...m— 1); / denotes the charge flow 
and AI/J the difference in electrical potent ial between 
the electrodes, which are reversible to inonic species 1. 

T h e volume flow in this formulat ion has the fol­
lowing characteristics: 

a) In terms of the matter flows th rough the mem­
brane, Ji*, q mus t be expressed as 

_ / 
q = HJi*Vi-JlVi + i/x, (3) 

where J{ is the flow of the ionic species 1 from subsys­
tem7 to the electrode; Vi is the value of the par t ia l 
molar vo lume of species i; vx is the molar volume of 
the chemical species in the electrode. We can easily 
see that J{ is related to / t h rough 

I=ziFJl (4) 

T h e first two terms of the r igh t -hand member in Eq. 
3 are the real volume rate of subsystem7 and the third 
term represents the electrode volume rate. T h i s is 
the reason why q is the apparen t volume rate in 
subsystem7. 

b) T h e volume flow q is meausured by the move­
ment of the solu t ion-a i r meniscus in a capillary att­
ached to subsystem7. T h e n , q is a directly observed 
variable. 

c) q can be writ ten in terms of the electrolyte flows 
which arrive to subsystem7, Ji (i=k+l, ...m). These 
flows have two contr ibut ions: 1) T h e matter flows 
th rough the membrane /,•*. 2) T h e contr ibut ion of 
the flow J{ from the subsystem7 to the electrode. In 
terms of these variables the volume flow has the 

expression: 

q = HJiVi+ vx. 
i=k+\ Z\F 

(5) 

T h i s result is valid regardless of the dissociation 
degree values of the electrolytes.n ) 

T h e variables involved in the dissipation function 
of Eq. 2 determine one of the thermodynamic formu­
lat ions of the irreversible processes which occur in 
isothermal membrane systems. Other formulat ions 
mak ing use of volume flows are possible, as we can see 
in the following. 

T h e expression for the volume flow in the Mazur-
Overbeek's formulation1 2 ) is 

q* = HJi*Vi, 
i=i 

then the dissipation function can be written as 

m-\ 

where 

Y=q* AP + 2 / r A/^ + ZA^* 

Vy—V\ 
Aij/* = Aij; + AP. 

(6) 

(7) 

ziF 
(8) 
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W h e n AP=0, then Ai/f*=Ai/f. Aty* is related to the 
difference in electrical potent ia l between the subsys­
tems, Aifs1, through1 3 ) 

AMI 
Ail,* = Ail;1 + . (9) 

ziF 

At the electrokinetic processes where AJU{=0, then 

T h e Kedem-Katchalsky's formulation14 '15) assumes 
the l iqu id which flows th rough the membrane having 
only two components : a solute s and a solvent w. 
T h e solute is an electrolyte completely dissociated in to 
two ionic species according to the coefficients v\ and 
V2. T h e solvent w is no t dissociated. They define 
the volume flow as 

* - h* -q° = Ju,*Vw + Vs, (10) 

which can also be writ ten, taking in to account the 
flows Jw and Js which reach subsystem7, as 

q° = JsVs + JwVw. (11) 

T h e Kedem-Katchalsky's volume flow can be 
expressed in a more general way. For mul t i compo-
nent systems wi th arbitrary values of dissociation 
degrees, we have 

m 
q0 = "ZJi*Vi-JÎVi9 (12) 

or also 

m 
q° = HLVl. (13) 

i=k+\ 

As we can see, q° is the real volume rate in subsystem7. 
Mak ing use of flow q°, the dissipation function takes 
the form 

m-\ 
V=q* AP + 2 / f A/if + /A0°, (14) 

k+\ 

where 

A^ = Aili+ AP. (15) 
ziF 

T h e relat ionships between the three volume flows 
are: 

/ _ 
q = q*+ (vx-Vi), (16) 

ziF 

I 
q = q°+ vx. (17) 

ziF 

T h e flow q° can be evaluated from direct m e a s u r e ­
ments of q by us ing Eq. 17. However, the flow q* 
cannot be determined, except for the zero electric 
current case (1=0), because it is imposible to know the 
part ial molar volume Vi of the ionic species 1. 

T h i s work has been suppor ted by the CICYT, Min­
istry of Educat ion and Science, Spain (Project No. 
PB87-0016). 
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Synopsis. Ethyl 2-(diphenylmethyleneamino)acrylate 
behaves as an excellent dienophile with cyclopentadiene. 
This reaction constitutes a new and improved procedure for 
the synthesis of 2-aminonorbornane-2-carboxylic acids. 

Alicyclic a m i n o acids wi th a norbornane skeleton 
are k n o w n to possess interest ing biological properties 
that affect the t ransport of ions th rough biological 
membranes.1 _ 3) These a m i n o acids have been pre­
pared from Af-acyl-c^ß-dehydroalaninates by means of 
the Diels-Alder reaction wi th cyclopentadiene.4 ,5 ) It 
has been recently published6 ) that the methyl ester of 
2-isocyanatopropenoic acid is a good dienophi le and 
that the cycloadducts obtained by the reaction wi th 
cyclopentadiene can be converted in to the above men­
tioned a m i n o acids. 

Alkyl 2-(diphenylmethyleneamino)acrylates , wh ich 
are easily prepared from glycine7-11) and whose a m i n o 
groups can be selectively deprotected under mi ld con­
dit ions, were found to be stable derivatives of 2-
aminoacryl ic acid. These compounds were used in 
the synthesis of racemic a -amino acids via the Michael 
type reac t ions . n ) 

We would now like to report the ability of the easily 
available ethyl 2-(diphenylmethyleneamino)acrylate 
to act as a d ienophi le in the reaction wi th cyclopenta­
diene, which opens a new route to 2-amino-
norbornane-2-carboxylic acids. 2-(Diphenylmethyl-
eneamino)acrylate was found to be more stable than 
the previously reported methyl 2-(benzylideneamino)-
acrylate12 '13) which is somewhat unstable and under­
goes extensive dimerization. 

Experimental 

Melting points were taken using a Mettler FP 61 appara­
tus and are uncorrected. Microanalyses were obtained 

using a Perkin-Elmer 240 element analyzer. IR spectra 
were obtained using a Perkin-Elmer 1600 spectrometer and 
1H NMR spectra were obtained using a Varian XL 200 MHz 
spectrometer using TMS as internal standard. Homonu-
clear NOE measurements were carried out in a Bruker 400 
MHz spectrometer. 

The Diels-Alder Reaction. General Procedure for the 
Synthesis of Adducts (2). To a stirred solution of ethyl 2-
(diphenylmethyleneamino)acrylate (134 mg, 0.5 mmol) in 
CH2CI2 (35 ml) in a dried, argon-filled, round-bottomed 
flask at work temperature (Table 1), the corresponding 
amount of Lewis acid catalyst was added. After 10 min the 
corresponding amount of freshly distilled cyclopentadiene 
in CH2CI2 (5 ml) was added at the same temperature and the 
solution was stirred under argon for the corresponding time 
(Table 1). Then solid Na2C03 • 10H2O (2 g) was added, and 
stirring was continued at the work temperature until the 
orange color had disappeared. The suspension was fil­
tered, the solvent evaporated under reduced pressure, and the 
residue analyzed by XH NMR. The crude product (2) was 
chromatographed on a silica-gel column (20X1.5 cm, 230— 
400 mesh) using chloroform as an eluent giving pure sam­
ples of 2a and 2b which were recrystallized from EtOH. 2a: 
mp 126—128 °C. Found: C, 79.71; H, 6.97; N, 3.84%. 
Calcd for C23H23NO2: C, 79.97; H, 6.71; N, 4.05%. *H NMR 
(CDCI3): 6=1.03 (t, 3H, OCH2CH3, 1.60—1.70 (m, 2H), 
2.15—2.22 (m, 2H), 2.86 (brs, 1H), 3.24 (brs, 1H), 3.52 (m, 
2H, OCH2CH3), 5.76 (dd, lHvinyiic), 6.21 (dd, lHVinyiic), 7 . 0 5 -
7.65 (m, lOHarom). 2b: mp 70-72°C. Found: C, 79.69; H, 
6.95; N, 3.88%. Calcd for C23H23NO2: C, 79.97; H, 6.71; N, 
4.05%. iHNMR (CDCI3): 0=1.11 (t, 3H, OCH2CH3), 
1.15—1.47 (m, 3H), 2.61 (dd, 1H), 2.81 (brs, 1H), 3.30 (brs, 
1H), 3.81 (m, 2H, OCH2CH3), 6.40 (m, 2HVinyiic) , 6.92—7.70 

( m , 10 Harom). 

Results and Discussion 

Ethyl 2-(diphenylmethyleneamino)acrylate was eas­
ily prepared according to the previously reported 

Table 1. Diels-Alder Reaction between 1 and Cyclopentadiene 

Lewis acid 
(equiv) 

— 
_ b ) 

A1C13(1.1) 
A1C13(0.5) 
A1C13(1.1) 
A1C13(0.5) 
A1C13(0.75) 
TiCl4(l.l) 
TiCl4(0.5) 
TiCl4(0.75) 
TiCl4(0.75) 
TiCl4(0.5) 

Ratio 
diene/1 

6 
6 
3 
3 
6 
6 
6 
6 
6 
6 
6 
6 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Temp 

°C 

25 
25 
25 
25 

0 
0 

- 2 0 
25 
25 

0 
- 2 0 
- 4 0 

Reaction 
time/h 

72 
96 

9 
9 
1 
6 

22 
0.5 
3 
2 
5 

45 

Yield 

%*> 

< 5 
53 
92 
76 

100 
67 
74 

100 
65 
89 

100 
58 

Ratio 
2b/2aa) 

— 
1.6 
1.2 
1.5 
2.3 
1.3 

10.3 
1.2 
1.4 
2.0 
1.8 
2.5 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Isolated 

2b 

— 
— 

40.3 
_ 

59.3 
— 

57.2 
48.3 
— 

51.2 
53.7 
— 

yields/% 

2a 

— 
— 

38.2 
— 

26.3 
— 
0 

38.1 
— 

25.1 
30.5 
— 

a) Determined by *H NMR. b) Reaction carried out in water. 
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Scheme 1. 

procedure115 from commercialy available ethyl N-
(diphenylmethylene)glycinate and dimethyl(methyl-
ene )ammon ium iodide14) and allowed to react wi th 
cyclopentadiene (Scheme 1) in different condit ions. 
T h e cycloadducts were separated by co lumn chroma­
tography, and the structural assignments were made 
O n t h e b a s i s Of Haromatic ortho{H-7} a n d Hvinylic{Hmethyl} 

homonuc lea r N O E experiments performed for 2a. 
These experiments yielded a 4.28% increase in the 
absorpt ion of H-aromat ic or tho at <5=7.09 on pre-
saturat ion of the H-7 protons at 0=1.63—1.70 and a 
0.39% increase in the absorpt ion of the vinylic p ro ton 
at ô=5.76 on pre-saturat ion of the methyl protons at 
0=1.03. T h e 2b :2a ratios obtained by the Diels-
Alder reaction were determined by integrat ion of the 
vinylic protons and are shown in Tab le 1. 

As can be seen, h igh total conversion could be 
achieved by us ing a moderate excess of cyclopenta­
diene in several runs wi th AICI3 or TiCU as a catalyst. 
In all cases moderate 2b :2a ratios were obtained 
a l though 2b was slightly favored in accordance wi th 
the previously reported reactions of cyclopentadiene 
wi th A^acyl-a, /^dehydroalaninates5 ) and the methyl 
ester of the 2-isocyanatopropenoic acid.6) H i g h 
2b : 2a ratios could be obtained carrying the reaction at 
low temperatures and us ing AICI3 as a catalyst. 

Several authors have reported that the use of water 
greatly increases the rate of the Diels-Alder reac­
tions;15-22) together wi th this effect an increase in 
endo /exo selectivity is sometimes observed. In our 
case the use of water noticeably increased the reaction 
rate, bu t only a small modification in the ratio of 
cycloadducts (2b/2a) was observed. 

In conclusion, ethyl 2-(diphenylmethyleneamino)-
acrylate behaves as an excellent d ienophi le when a 
suitable catalyst is used and allows a new synthetic 
route to cycloaliphatic a -amino acids. T h e h igh 
selectivity obtained improves the results of the pre­
viously reported methods with N-acyl-a,jß-dehydro-
alaninates and 2-isocyanato-2-alkenoates. Under the 
used condit ions a better selectivity than those obtained 
wi th related dienophiles4~6 ) is achieved. 

T h i s research was made possible by the generous 
financial suppor t of the D.G.I.C.Y.T. (project 

number PB88-0038). We are indebted to Prof. Albert 
Virgili of the Universidad A u t ô n o m a de Barcelona for 
the carrying-out of the N O E experiments. 
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The electrochemical reduction of carbon dioxide at various metallic electrodes was carried out 
potentiostatically at 298 K in aqueous potassium hydrogen carbonate solution in order to make clear the 
electrocatalysis of metals in reduction of CO2. It was found that metals used as electrodes are classified into 
four groups according to their main products from CO2, i. e., metallic In, Sn, Hg, and Pb are selective for the 
production of formic acid; metallic Ag and Au are selective for the formation of carbon monoxide; metallic 
copper has the highest electrocatalytic activities in formation of hydrocarbons, aldehydes, and alcohols; and 
metallic Al, Ga, Group a, and Group VIII elements except Pd have scarce electrocatalytic activity in reduction of 
GO2. Effects of the reduction potential on products from CO2 were also examined in detail for Zn, In, and Au 
electrodes which have some interesting properties. 

So far, many studies have been carried ou t on the 
electrochemical reduct ion of carbon dioxide at metal 
electrodes in bo th aqueous and nonaqueous electrolyte 
solutions. They have been reviewed in recent 
papers.1 _ 5 ) 

As was described in our early papers,6 '7 ) we studied 
electroreduction of CO2 at metal l ic Zn, Cd, In, Sn, and 
Pb electrodes in aqueous solutions of various in­
organic salts and found occurrence of only formic acid 
in the solut ion phases. T h e gas phases were not 
analyzed for products . 

Recently, Hor i et al.8) have studied galvanostatically 
electrochemical reduct ion of CO2 in aqueous KHCO3 
solut ion by means of several kinds of metal electrodes; 
the pr inc ipa l products are formic acid on Zn, Cd, Sn, 
and Pb, carbon monox ide on Ag and Au, and methane 
on Cu. They have also reported that considerable 
a m o u n t s of methane , ethylene, and alcohols are 
produced by the galvanostat ic reduct ion of carbon 
monox ide at Cu electrode.9) From these findings they 
have suggested that the C O or CO-related species 
wou ld play an i m p o r t a n t role in the formation of 
hydrocarbons and alcohols on the electroreduction of 
CO2. 

In our previous works1 0 , n ) we carried out potentio-
static reduct ion of CO2 in nonaqueous salt solut ions at 
various metall ic electrodes and reported that oxalic 
acid is p redominant ly produced at Hg , T l , and Pb, and 
carbon monoxide at Cu, Zn, In, Sn, and Au etc. 

In the present work electroreduction of CO2 was 
potentiostatically carried out at many kinds of metal 
electrodes in aqueous KHCO3 solut ion in order to 
obta in ins ight in to the electrocatalysis of metals for 
this reaction. 

Effects of the reduct ion potent ial on products from 
CO2 were also examined in detail at Zn, In, and Au 
metal electrodes. 

Experimental 

The working electrodes were prepared by using almost the 
same materials and procedures as described in the previous 
paper.n) Most of the electrodes had the shape of almost a 
square plate with the surface area of about 2 to 7 cm2. The 
Rh and Re electrodes were of a wire type, and the Hg and Ga 
electrodes of a pool type. The Ru electrode was prepared by 
thermal decomposition of RuCl3 on a graphite substrate at 
873 K for 10 min under H2 atmosphere. The purities of the 
electrode metals were as follows: Al(99.999%), Ti(99.5%), 
V(99.7%), Cr(99.2%), Fe(99.9%), Co(99.9%), Ni(99.9%), Cu-
(99.9998%), Zn(99.99%), Ga(99.9999%), Nb(99.2%), Mo(99.95%), 
Rh(99.9%), Pd(99.95%), Ag(99.98%), Cd(99.9999%), In(99.999%), 
Sn(99.999%), Ta(99.95%), W(99.95%), Re(99.97%), Ir(99.9%), 
Pt(99.99%), Au(99.95%), and Pb(99.99%). Most electrodes 
were ordinarily polished with alumina powder (0.05 jum) 
and ultrasonically cleaned in twice-distilled water before use. 
Cu was electropolished.12) Zn was etched in 2 mol dm - 3 HCl 
for 30 sec, and Au in aqua regia for 30 sec. Hg was purified 
by distillation. Ga was cleaned by cathodic treatment at 
—2.5 V in alkaline solution for 30 min. 

A bright platinum plate of 6 cm2 and an electrode of 
Ag-AgCl saturated with KCl served as an anode and a 
reference electrode, respectively. 

An electrolytic cell made of Pyrex was employed. The 
catholyte was separated from the anolyte with a cation-
exchange membrane, Nafion® 315. The cathode chamber 
was made gastight, and CO2 gas was supplied with the cyclic 
gas flow system as described in the previous paper.12) 

The electrolyte solution of 0.1 mol dm - 3 KHCO3 was 
prepared from the recrystallized KHCO3 and twice-distilled 
water. The pH of the solution saturated with CO2 was about 
6.7 at 298 K. 

The electroreduction of CO2 was potentiostatically carried 
out with a potentiostat, HA-301 (Hokuto Denko) and an 
electronic coulometer, HF-201 (Hokuto Denko). The 
quantities of electricity passed were 30 to 50 coulombs. After 
electrolysis the reduction products were analyzed both by gas 
chromatography and by high performance liquid chromatog­
raphy, as was described previously.12) All the experiments 
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were carried out at 298 K. 

Results and Discussion 

Some typical results obtained in the electrolysis of 
CO2 at various electrodes at —1.6 V are given in Table 
1. The products detected are HCOO", CO, CH4, C2H4, 
C2H6, and H2. The main product at metallic electrodes 
of Group-a elements is H2, which is evolved by 
competitive reaction with the CO2 reduction. There is 
also indication of the formation of small amounts of 
CO at Ti(Group IVa) Nb, Ta(Va), W(VIa), and Al, 
Ga(IIIb). 

At the metals of Group VIII elements the faradaic 
efficiencies for H2 evolution are close on 100% except 
that at Pd, where the efficiency for CO formation is 
12.5% and the sum of efficiencies for all products 
reaches only 46%. This finding in the case of Pd 
suggests that the substantial amount of evolved H2 is 
absorbed by Pd. Small amounts of hydrocarbons are 
formed at all the metals of Group VIII; the faradaic 
efficiencies at Co and Ni are especially higher than 

those at the other metals of Group VIII. The 
formation of the hydrocarbons has also been reported 
by Azuma et al.12) 

The highest catalytic activities for the production of 
hydrocarbons, alcohols, and aldehydes are observed at 
the Cu electrode. The results have been discussed in 
detail in the previous paper.13) 

CO is formed selectively at Au and Ag electrodes. 
Hg, In, Sn, and Pb electrodes are selective for the 
formation of HCOO - . The considerable amounts of 
CO and H C O O - are detected at Zn and Cd electrodes. 

In order for the electrocatalytic activities of the 
metals to be easily understood, the relationships 
between the positions for the electrode metals on the 
Periodic Table and the faradaic efficiencies for the 
products at —1.6 V are visualized in Figs. 1 and 2. 
These figures suggest that the electrode metals are 
roughly classified into four groups on the basis of the 
catalytic activities for the reduction of CO2; the metals 
such as Hg, In, Sn, and Pb make a first group, which is 
selective for the formation of HCOO - . A second 

VIII 

Group 

IVa 

Va 

Via 

Vila 

Table 1. Faradaic Efficiencies for Electrochemical Reduction Products of CO2 
Electrodes at -1 .6 V vs. Ag/AgCl Sat'd KCl in 0.1 mol dm~3 KHCO3 Aqueous 

Electrode metal 

Ti 

V 
Nb 
Ta 

Cr 
Mo 
W 

Re 

h 

mA cm - 2 

1.9 

4.4 
9.6 
3.2 

20.8 
24.6 
21.9 

b) 

HCOO-

n 

n 
n 
n 

n 
n 
n 

n 

CO 

1.6 

1.1 
0.7 
0.9 

n 
n 
1.9 

n 

Faradaic 

CH4 

0.03 

0.03 
0.02 
0.04 

0.07 
0.01 
0.06 

0.04 

at Various Metallic 
Solut ion at 298 Ka> 

: efficiency/% 

C2H4 

t 

t 
t 
t 

t 
t 
t 

t 

C 2 H 6 

t 

t 
t 
t 

0.01 
t 

0.01 

t 

H2 

100 

86 
97 
90 

99 
103 
102 

98 

Total 

102 

87 
98 
91 

99 
103 
104 

98 

Fec) 

Co 
Ni 
Rud> 
Pd 
Ir 
ptc) 

Cu 
Ag 
Au 
Au*> 

15.8 
23.0 
2.8 

10.2e) 

3.6 
b) 
3.2 

4.3 
1.5 

41.3 
3.8 

n 
n 
n 
n 
n 
n 
n 

t 
n 
6 

n 

n 
n 
n 
n 

12.5 
0.6 
n 

3.6 
64.7 
15.8 
81.5 

0.09 
0.26 
2.29 
n 

0.01 
0.13 
0.03 

23.10 
0.03 
n 
n 

t 
0.03 
0.26 
n 
t 
t 
t 

40.00 
t 
n 
n 

0.03 
0.10 
0.48 

n 
t 

0.01 
0.01 

0.06 
t 
n 
n 

104 
102 
93 

111 
29 
99 
99 

16 
28 
86 
23 

104 
102 
96 

111 
42 

100 
99 

83(104f>) 
93 

107 
105 

Ib 

IIb 

Illb 

IVb 

Zn 
Cd 
Hg 

Al 
Ga 
In 

Sn 
Pb 

0.6 
0.8 
0.3 

0.8 
4.5 
2.3 

3.8 
0.4 

20 
39 
94 

n 
n 
69 

63 
50 

39.6 
14.4 

n 

n 
5.9 
7.5 

7.3 
3.4 

t 
0.05 
0.04 

0.58 
t 
0.09 

0.01 
0.05 

t 
0.01 
0.03 

0.04 
n 
0.01 

t 
t 

t 
0.01 
0.03 

0.11 
n 

0.02 

t 
t 

40 
39 
6 

99 
91 
25 

26 
41 

100 
92 

100 

100 
97 

101 

97 
94 

a) n: Under detection limit, t: Trace amount (<0.01%). b) Not measured, c) Cathode potential (—1.4 V vs. Ag/AgCl). 
d) Cathode potential (—1.0 V vs. Ag/AgCl). e) Calculated from the area of the substrate, f) Other reduction products 
included, g) Cathode potential (—1.25 V vs. Ag/AgCl). 
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Fig. 1. Relationship between the positions of elec­
trode metals in the periodic table and the faradaic 
efficiencies for CO and HCOO - formation at —1.6 V 
vs. Ag/AgCl in 0.1moldm~3 KHCO3 aq solution 
at 298 K. 
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Fig. 2. Relationship between the positions of elec­
trode metals in the periodic table and the faradaic 
efficiencies for H2 and hydrocarbon formation at 
-1 .6 V vs. Ag/AgCl in 0.1 mol dm"3 KHCO3 aq 
solution at 298 K. 

g r o u p consists of Ag and Au, whose ma in product is 
CO. A thi rd g r o u p is Cu, which has the highest 
electrocatalytic activities in the formation of hydrocar­
bons, aldehydes, and alcohols. T h e metals of a fourth 
g r o u p such as Al, Ga, G r o u p a, and G r o u p VIII 
elements except Pd have little activities in reduct ion of 
CO2. The re are several exceptions in the present 
classification. For example, the Zn and Cd metals have 
intermediate propert ies between a first g r o u p and a 
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Fig. 3. The faradaic efficiency-potential curves for 
formation of CO (O), HCOO~ (D), and H2 (A) in 
0.1 mol dm - 3 KHCO3 aq solution on In electrode 
at 298 K. 
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Fig. 4. The faradaic efficiency-potential curves for 
formation of CO (O), HCOO" (D), and H2 (A) in 
0.1 mol dm - 3 KHCO3 aq solution on Au electrode 
at 298 K. 

second one. T h e behavior of Pd is u n c o m m o n , as 
described above. 

Figure 3 shows the dependencies of the faradaic 
efficiencies on the reduction potent ials for the forma­
t ion of H C O O - , CO, and H2 at the In electrode of a 
first g roup . It is seen that the efficiency for the 
format ion of H C O O - gradually increases as the 
electrode potent ia l becomes more negative and finally 
reaches more than 80% at m a x i m u m . O n the other 
hand , the efficiency for the C O formation is not so 
m u c h affected by the variation of electrode potentials . 

Figure 4 illustrates also the dependencies of the 
faradaic efficiencies on the reduct ion potent ia ls at the 
Au electrode of a second g roup . T h e electrode 
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Fig. 5. The faradaic efficiency-potential curves for 
formation of CO (O), HCOO~ (D), and H2 (A) in 
0.1 mol dm - 3 KHCO3 aq solution on Zn electrode 
at 298 K. 

produces p redominan t ly CO. It is appa ren t that the 
faradaic efficiency for the C O formation increases from 
—1.20 V, passes t h r o u g h a m a x i m u m of 83% at 
—1.25 V, and then gradual ly decreases as the electrode 
potent ia l becomes more negative. T h i s result agrees 
wi th that reported by H o r i et al.8 '14) 

It is seen from Fig. 5 that the behavior of the Zn 
electrode in reduction of CO2 is complicated. It is clear 
that the more negative the electrode potent ial is, the 
h igher the efficiency for the H C O O - formation. T h e 
reproducibi l i ty of the efficiencies for H2 and C O 
format ion is not good. T h e complicated behavior of 
the Zn electrode wou ld be caused by the oxide 
or hydroxide layer formed on the electrode surface. 
Detailed investigation of the behavior at the Zn 
electrode is now in progress in our laboratory. 

Finally, the reduct ion products at various electrodes 
in aqueous KHCO3 solut ion were compared wi th 
those in nonaqueous propylene carbonate, aceto-
nitri le, and dimethyl sulfoxide solutions of tetraethyl-
a m m o n i u m Perchlorate where it was found that the 
metals are classified in to three groups according to 
their m a i n products from CO2, i.e., a g r o u p selective 
for the p roduc t ion of CO, one for the product ion of 
(COO")2, and one for the p roduc t ion of bo th CO and 
(COO")2 . n ) A m o n g Hg , Pb, In, and Sn of a first g roup 
which produce selectively H C O O - in the aqueous 
solut ion, the former two metals are effective for the 
formation of (COO~)2 in the nonaqueous solutions, 
whi le the latter two are effective for the C O formation. 

T h e Ag and Au electrodes classified in to a second 
g r o u p in the aqueous solut ion produce selectively C O 
in both aqueous and nonaqueous solutions. T h e Cu 
electrode, which has the highest catalytic activities for 
the p roduc t ion of hydrocarbons, aldehydes, and 
alcohols in the aqueous solut ion, produces only C O in 
the nonaqueous solutions. T h e metals of G r o u p a and 
G r o u p VIII, which are classified in to a fourth g r o u p 
and evolve H2 in the aqueous solution, produce 
considerable amoun t s of bo th C O and (COO~)2 in the 
nonaqueous solutions. Exceptions a m o n g G r o u p VIII 
elements are Ni, Pd, and Pt. Ni and Pt, which evolve 
H2, and Pd, the behavior of which is u n c o m m o n in 
reduct ion of CO2 in the aqueous solut ion, are selective 
for CO formation in the nonaqueous media. 
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Transportation of Monosaccharides by Electrodialysis 
with Ion-Exchange Membranes. I 
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The effects of voltage, electrolytes, monosaccharides, and pH on the transportation of monosaccharides by 
electrodialysis were investigated. Transportation was strongly affected by the formation of monosaccharide-
borate esters. It was possible to separate saccharides using an electrodialysis technique. 

Formaldehyde is one the Ci-type compounds which 
are bo th inexpensive and obta inable in large quan t i ­
ties. O n the basis of elemental composi t ion , it was 
assumed that carbohydrates, such as D-glucose and D-
fructose, could be regarded as the condensates of form­
aldehyde, CH2O. From this po in t of view, many 
investigations concerning the self-condensation of 
formaldehyde catalyzed by a base have been under­
taken since Butlerow1* first studied the condensat ion 
reaction in 1861. Th i s type of reaction is called a 
"formose reaction' ' ; " formose" is the generic name for 
a product which is a mix ture of carbohydrates and 
their analogues. The re are two b ig problems concern­
ing the effective util ization of formose. One is its com­
plex nature, since it comprises a large number of prod­
ucts (often over 30); another is the difficulty to sepa­
rate the products . T h o u g h some reaction condi t ions 
yield a selective formation of products ,2 _ 6 ) h ighly ef­
ficient separation methods of formose are still awaited. 
Unt i l now, co lumn and thin-layer chromatography, 
gas chromatography, and high-performance l iqu id 
chromatography have been tried for the separation of 
formose. Al though these methods were suitable for the 
analysis of formose, they couldn ' t be appl ied to the 
preparat ive separation of a large quant i ty of the 
mixture. 

Interest in establishing a new procedure for separat­
ing mixtures of sugars and their analogues motivated 
the present authors to carry ou t the research described 
in this paper. 

Electrodialysis wi th ion-exchange membranes has 
been appl ied to the desalt ing of sugar solutions,7* the 
preferential separation of fructose from a mixture of 
glucose and fructose,8) and so on. In ou r previous 
research,9) Ca2 + was removed from a sugar solut ion by 
electrodialysis us ing ion-exchange membranes under 
various condit ions. In the present study, the same 
technique was appl ied to the t ranspor ta t ion of typical 
monosaccharides such as D-glucose, D-fructose, and so 
on th rough an anion-exchange membrane in the 
presence of borates which form borate complexes10) 

with sugars. 

Experimental 

Materials. The ion-exchange membranes (Selemion 
CMV, 2.0 mequiv g_1 and an experimental material, 
Selemion AMV-N, 2.1 mequiv g_1) were supplied by Asahi 
Glass Co., Ltd. In order to regenerate these ion-exchange 
membranes, used membranes were soaked in 3.0 M** aq 
NaCl for more than one day, and then washed with distilled 
H2O. 

Extra-pure reagents (unless otherwise noted) were pur­
chased from Nakarai Tesque, Inc. or Wako Pure Chemical 
Industries, Ltd., and were used without further purification. 

Apparatus and Procedures. The apparatus for electrodi­
alysis comprised three compartments. An anodic cell (Part 
A) and a cathodic cell (Part C) were separated from the 
sample cell (Part O) by an anion-exchange membrane 
(Selemion AMV-N) and a cation-exchange membrane 
(Selemion CMV), respectively. The effective area of the ion-
exchange membrane was 12.5 cm2. Both the anode and 
cathode were platinum plate electrodes with apparent 
surface areas of 3 cm2. The distance between the two mem­
branes was 5.5 cm and the distance between the membrane 
and the electrode was 3 cm. In the experiment 100 mis of a 
sugar solution, aqueous KOH, and aqueous HCl were added 
to Part O, A, and C, respectively; these solutions were not 
stirred during electrodialysis. The potential between the 
electrodes was regulated by a Metronix Model 411-125 
constant power supply. The rise in the temperatures of the 
solutions with the passage of a current was negligible. 

Typical electrodialysis was carried out under the following 
conditions: 8.0 V, free current, room temperature, [KOH] of 
Part A=0.10 M, [HCl] of part C=0.10 M; the sugar solution 
of Part O containing 0.02 M of D-fructose and 0.04 M of boric 
acid was adjusted to the prescribed pH with aqueous KOH. 
Before electrodialysis, 5 ml solutions were sampled from Part 
O, Part A, and Part C, respectively. The amounts of the 
sugars were determined by a phenol-sulfuric acid method;11* 
except that the optical density was measured at 485 nm, or by 
gas chromatography of the pertrimethylsilylated sugars 
using 0-tetrakis(trimethylsilyl)pentaerythritol as an internal 
standard. The sugars were trimethylsilylated in the usual 
manner12* and extracted with chloroform. A Shimadzu 
GC-4CMPF Chromatograph equipped with a hydrogen-frame 
ionization detector was used under the following conditions: 
coiled glass column of 3 m by 3 mm i.d., 5% silicon gum 
SE-30 on 60—80 mesh chromosorb-W; nitrogen flow rate, 

** 1 M=l mol dm - 3 . 



2464 Yoshihiro SHIGEMASA, Osamu YAMASAKI, Hitoshi SASHIWA, and Hiroyuki SAIMOTO [Vol. 63, No. 9 

60 ml min - 1 ; temperature, 100—250 °C, rising at the rate of 
4°Cmin- 1 . 

Results and Discussion 

Effect of the Applied Voltage on the Movement of 
Monosaccharides. We first examined the effects of 
the app l ied voltage, wh ich was the dr iving force in the 
movement of monosaccharides from Part O to Part A. 

As shown in Fig. 1, the a m o u n t of D-fructose that 
moved from Par t O to Part A increased wi th an 

16 24 

Voltage / V 

32 

Fig. 1. Relationship between the applied voltage and 
the amount of moved monosaccharides by electro-
dialysis. Part A: [KOH]=0.1 M; Part C: [HC1]=0.1 M; 
Part O: [monosaccharide]=0.02 M, [K2B407-4H20]= 
0.01 M; r.t.; time, 180 min. O, D-Fructose; D, 
D-glucose. 
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Fig. 2. Effect of the pH of Part C on the amount of 
moved D-fructose and quantity of electricity. Part A: 
[KOH]=0.1 M; Part C: the pH of Part C was ad­
justed by 1.0 M HCl: Part O: [>fructose]=0.02 M, 
[H3BO3]=0.04 M; r.t.; time, 180 min; applied voltage, 
8 V. O, D: The pH of Part O was adjusted to 7.0 
with 1.0 M KOH. • , • : The pH of Part O was 
not adjusted. 

increase in the appl ied voltage, becoming constant (ca. 
80%) above 16.0 V. T h e amoun t s of D-fructose that 
moved at zero appl ied voltage and at 8.0 V were about 
3 and 55%, respectively. O n the other hand, the effects 
of the appl ied voltage on the movement of D-glucose 
were s imilar to those in the case of D-fructose, t hough 
the a m o u n t of D-glucose that moved from Part O to 
Par t A was less than that of D-fructose. T h e a m o u n t s 
of D-glucose that moved at zero appl ied voltage, 8.0 V, 
and 16.0 V were ca. 1, 45, and 55%, respectively. At 
16.0 V, the a m o u n t of D-glucose that moved in the 
presence of 0.015 M of K2B4O7 was ca. 70%. T h e effects 
of K2B4O7 on the movement of monosaccharides will 
be reported fol lowing this report . It seemed that D-
fructose-borate esters could be formed more easily than 
D-glucose-borate esters,13) and that D-glucose migh t 
require more boric acid to form D-glucose-borate esters 
than D-fructose. 

In this study, electrodialysis was carried out at an 
appl ied voltage of 8.0 V, causing ca. 50% of the 
movement of D-fructose from Part O to Part A. 

Effect of p H and Electrolyte of Part C. Figure 2 
shows the re la t ionship between the p H of Par t C and 
the a m o u n t of D-fructose moved. T h e p H of Par t C 
was adjusted by add ing 1.0 M HCl . 

T h e p H of Par t O, to which 0.02 M of D-fructose and 
0.04 M of boric acid were added, was ca. 4.5; it changed 
to 5.6—6.0 at the comple t ion of electrodialysis. In 
these cases, w i thou t any adjustment of the p H of Par t 
O (Fig. 2), the movement of D-fructose from Part O to 
Par t A was no t affected by the p H of Par t C, due to the 
low p H (4.5—6.0) of Par t O, since the movement of 
D-fructose is governed by the concentrat ion of D-
fructose-borate esters, which are not formed at acidic 
p H values.14) 

W h e n the p H of Par t O was adjusted to 7.0 by 
add ing 1.0 M K O H , the a m o u n t of D-fructose that 
moved from Par t O to Par t A increased wi th a decrease 
in the p H of Par t C. Furthermore, the electric current 
increased with an increase in the a m o u n t of D-fructose 
moved. These results indicate that the concentrat ion 
of the electrolyte of Par t C is one of the d o m i n a n t 
factors in the electrolysis of monosaccharides. T h i s 
a s sumpt ion was suppor ted by the following experi­
ment. 

T h e concent ra t ion of Cl~ in Par t C was adjusted to 
0.1 M with H C l and KCl in order to main ta in the 
concentra t ion of the electrolyte under various p H s of 
Par t C; the other electrodialysis condit ions were the 
same as those shown in Fig. 2. In this case, the a m o u n t 
of D-fructose that moved from Part O to Par t A was 
roughly constant (50—60%), regardless of the p H of 
Part C. 

Effect of the p H and Electrolyte of Part A on the 
Movement of D-Fructose. Figure 3 shows the effect of 
the p H of Par t A on the movement of D-fructose by 
electrodialysis. Below p H 11.0 in Par t A, the a m o u n t 
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pH of Part A 
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Fig. 3. Relationship between the pH of Part A and 
the amount of moved D-fructose. Part A: the pH of 
Part A was adjusted with KOH and KHCO3: A, 
[K+]=0.05 M; D, [K+]=0.1M; O, [K+]=0.15 M; • , 
the pH of Part A was adjusted with KOH only; 
Part C: [HC1]=0.1 M; Part O: [D-fructose]=0.02 M, 
[H3BO3]=0.04 M, the pH of Part O was adjusted to 
8.5 with 1.0 M KOH; r.t.; time, 180 min; applied 
voltage, 8 V. 

0.1 0.2 0.3 0.4 

[Electro lyte](Part A) / M 

Fig. 4. Relationship between the concentration of 
electrolytes of Part A and the amount of moved 
D-fructose. Part A: D, KOH; € , NaOH; O, LiOH; • , 
KCl; A, KHCO3; • , HCOOK; À, HCl; Œ, HCOOH; 
Part C: [HC1]=0.1 M; Part O: [>fructose]=0.02 M, 
[H3BO3]=0.04 M, the pH of Part O was adjusted to 
8.5 with 1.0 M KOH; r.t.; time, 180 min; applied 
voltage, 8 V. 

of D-fructose that moved from Par t O to Par t A was 
constant . It increased wi th an increase in the p H of 
Par t A in the p H range 11.5—13.0. Above p H 13.0 in 
Par t A, the a m o u n t of D-fructose that moved from Par t 
O to Par t A decreased wi th an increase in p H . Below 
p H 11.0 in Par t A, the a m o u n t of D-fructose moved 
from Par t O to Par t A increased wi th an increase in the 
concentrat ion of the electrolytes in Par t A, and reached 
a m a x i m u m when the concentrat ion was 0.1 M. These 
p h e n o m e n a suggest that the concentrat ion of D-
fructose-borate esters should increase wi th an increase 
in p H , as described by S. A. Barker et al.14) However, 
the a m o u n t of electrolytes, such as KOH and KCl, 
moved from Part A to Par t O, which compete wi th 
D-fructose regard ing movement from Part O to Par t A, 
increased wi th an increase in the concentrat ion of the 
electrolytes of Par t A. T h i s is because the electrolytes 
pass t h r o u g h the an ion-exchange membrane , due to 
the h igh electrolyte concentrat ion of Part A. 

Figure 4 shows the effect of various electrolytes and 
their concentra t ions in Par t A on the movement of 
D-fructose. T h e best anolytes in Part A regarding the 
movement of D-fructose a m o n g the investigated 
electrolytes were K O H , N a O H , and L i O H . T h e 
a m o u n t of D-fructose moved was m a x i m u m in an 
electrolyte concentrat ion range 0.05—0.1 M, and gradu­
ally decreased wi th an increase in the concentrat ion of 
the electrolyte in Par t A. In the case of an acid, such as 
H C l or H C O O H , the a m o u n t of D-fructose moved was 
below 5% for more than 0.2 M of the electrolyte 
concentra t ion in Par t A. Regardless of the k ind of 
electrolyte, the quan t i ty of electricity increased with an 

increase in the concentrat ion of electrolyte in Par t A. 
As described above, the diffusion of the electrolyte 

from Part A to Par t O at above 0.1 M of the electrolyte 
concentra t ion caused a descrease in the D-fructose 
movement from Part O to Part A. O n the other hand, 
above 0.2 M of the acid used as the electrolyte in Par t 
A, the depressed D-fructose movement resulted from a 
dissociation of D-fructose-borate esters, owing to the 
low p H in ion-exchange membrane . 

Effect of p H of Part O. Figure 5 shows the 
re la t ionship between the p H of Par t O and the a m o u n t 
of monosacchar ides moved. In this case, the p H of 
Par t O was adjusted to the prescribed value wi th 1.0 M 
K O H or 1.0 M HCl ; the concentrat ion of electrolyte 
was no t kept constant . T h e p H s giving the m a x i m u m 
movement of D-fructose, D-glucose, and D-xylose from 
Par t O to Par t A were 7.0, 8.0, and 9.5, respectively. 
Fur thermore , the quan t i ty of electricity increased wi th 
an increase in the concentrat ion of K O H or H C l added 
to Par t O. T h e difference of p H giving m a x i m u m 
movement a m o n g the monosaccharides resulted from 
the character of the complex of monosaccharide wi th 
boric acid. S. A. Barker et al.14) reported that, wi th 
phenylboronic acid, D-glucose was uncomplexed u p to 
p H 6, and fully complexed beyond p H 9, whereas D-
fructose began to form complexes near p H 5 and was 
30% complexed before D-glucose began to react. 
Fur thermore , it would be expected that monosaccha­
rides could be separated by this technique. 

In this case, it is also suggested that monosacchar ide 
moved more from Par t O to Par t A wi th an increase in 
the concentrat ion of monosaccharide-borate esters by 
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increasing the p H ; on the other hand, the movement of 
monosacchar ide was depressed by a h igh concentra­
tion of electrolyte in Par t O. 

Electrodialyses under various p H s of Par t O were 
carried ou t at the same concentrat ion of total 
electrolytes in Par t O. T h e concentrat ion was adjusted 
to 0.025 M with HCl , KCl, and KOH. These results are 

Fig. 5. Relationship between the pH of Part O 
and the amount of moved monosaccharides. Part 
A: [KOH]=0.1 M; Part C: [HC1]=0.1 M; Part O: 
[monosaccharide]=0.02 M, the pH of Part O was ad­
justed by 1.0 M KOH and 1.0 M HCl, [H3B03]= 
0.04 M; r.t.; time, 180 min; applied voltage, 8 V. 
O, D-Fructose; D, D-glucose; A, D-xylose. 
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Fig. 6. Relationship between the pH of Part O and 
the amount of moved monosaccharides under the 
electrodialysis at the constant electrolyte concen­
tration of Part O ([KOH]+[KCl]+[HC1]=0.025 M). 
Part A: [KOH]=0.1 M; Part C: [HC1]=0.1 M; Part 
O: [monosaccharide]=0.02 M, the pH of Part O was 
adjusted by 1.0 M KOH and 1.0 M HCl, [H3B03]= 
0.04 M; r.t.; time, 180 min; applied voltage, 8 V. O, 
D-Fructose; D, D-glucose; • , D-fructose: H 3 B0 3 was 
not added. 

shown in Fig. 6. 
In the absence of boric acid, the a m o u n t of moved 

D-fructose was about 15%, regardless p H of Part O. In 
the presence of boric acid, there was no p H value 
giving a m a x i m u m movement of D-fructose from Part 
O to Par t A, as described above; below p H 3 of Par t O, 
however, the a m o u n t of D-fructose that moved from 
Part O to Par t A increased wi th decreasing p H in Part 
O. Al though the a m o u n t of D-glucose moved was less 
than that of D-fructose, similar results were obtained in 
the electrodialysis of D-glucose (Fig. 6). In this case, 
the p H range g iv ing a m i n i m u m movement of D-
glucose was 4 to 6. 

These results suggest that the formation of sugar-
bora te complexes,7 »8) not only in an alkaline solution 
bu t also in an acidic solut ion, migh t play an 
impor tan t role in mov ing monosaccharides from Part 
O to Par t A d u r i n g electrodialysis. However it has not 
been clarified in detail how or wha t interactions are 
formed between monosacchar ide and boric acid at 
such p H in H2O. 

Fur thermore , the a m o u n t of D-fructose moved from 
Par t O to Par t A increased when the electrolyte in Par t 
O varied in the order K O H > H C l , H 2 S 0 4 > C F 3 S 0 3 -
H>KC1. Except for CF3SO3H, above 0.01 M of 
electrolytes in Par t O the a m o u n t of D-fructose moved 
was constant. In the case of KCl, the a m o u n t of D-
fructose moved was constant (about 20%), the same as 
that in the absence of an electrolyte in Part O. 

Effect of Concentration of Monosaccharides. As 
shown in Fig. 7, the percentage of D-fructose moved 
was larger than that of D-xylose moved. Despite the 
concentrat ion of the monosaccharides added to Part O, 
the percentage of monosacchar ides that moved from 
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Fig. 7. Relationship between the concentration of 
monosaccharides and the amount of moved mono­
saccharides. Part A: [KOH]=0.1 M; Part C: [HC1]= 
0.1 M; PartO: [H3BO3]/[monosacchande]=2.0; time, 
180 min; applied voltage, 8 V. O, D-Fructose; A, 
D-xylose. 
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Par t O to Par t A was constant. T h e monosaccharide 
concentrat ion of Par t O was not an impor tan t factor in 
inf luencing the movement of monosaccharides from 
Par t O to Part A by 180 min electrodialysis with ion-
exchange membranes . Furthermore, the percentages 
of D-fructose and D-xylose that moved du r ing 360 m i n 
were ca. 65—70 and 55—60%, respectively. These 
differences in the a m o u n t of monosaccharides moved 
can be a t t r ibutable to differences in the formation of 
the monosaccharide-borate esters. 

T h e au thors wish to thank Asahi Glass Co., Ltd. for 
the generous gift of ion-exchange membranes. T h e 
present work was partially supported by a Grant- in 
Aid from the Asahi Glass Founda t ion for Industr ia l 
Technology. 
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Rotational Effect on Radiationless Transition I: Fluorescence 
Depolarization in Pyrimidine26* 
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Fluorescence depolarization after R branch excitation of Oo° *Bi pyrimidine was interpreted by utilizing 
AJ=0 and/or ±1 coupling schemes within a singlet manifold through triplet rovibronic levels where spin-orbit, 
vibration-rotation, and hyperfine interaction terms are involved. These schemes are suggested to be useful 
interpreting the intermediate-case phenomena observed in this kind of molecules. 

Many studies have been devoted to elucidate the 
mechanisms of the radiationless transi t ion in the Si 
state of pyrazine, a typical intermediate-case (i-c) 
molecule, i nc lud ing its rota t ional level dependence.1* 
However, no agreement is reached at, so far, A mo n g 
the theories, four streams have apparent ly survived in 
the papers reported by the present author,2 ) by 
Sekiguchi et al.3) derived from that by McDonald et 
al.,4) by Drave a n d Kommandeur,1* and by Amirav.5) 

One of the reasons for the difficulty of settlement 
seems to be the complexi ty of the case of pyrazine 
itself. So, the au thor has turned at tent ion to another 
system, pyr imid ine which indicates a t ransi t ion from 
small-molecule- l imit (s-m-1) to intermediate cases 
depending on the experiments. 

Chapter I is devoted to describing the exper imental 
data on the title subject i.e. those exposed in the papers 
by two groups.6a»7) In the next chapter, hami l ton ians 
employed for descript ion are presented which give rise 
to various types of (doorway) singlet states and (dark) 
triplet states as well as their coup l ing schemes. A 
major par t of this paper is contained in chapter III 
where the mechanism of the fluorescence depolariza­
t ion is discussed stepwise. Extension to the inter­
mediate case will briefly be described in the final 
chapter , which is actually an In t roduct ion to par t II of 
this series. 

I. Description of the Reported Data 

Here, t ime var ia t ion in the polar izat ion of fluo­
rescence after R b ranch excitat ion of pyr imid ine as 
reported by the two groups is described. 

T h e first repor t on this subject was made by Oh ta et 
al.6a) w h o measured the decay of the polarized 
fluorescence after R(0) b a n d excitat ion wi th in the 0-0 
b a n d of the Sx<—S0 t ransi t ion in pyr imid ine under the 
external magnet ic field of 0—130 G (1 G=10" 4 T) . By 
ex t rapola t ing the field effect, they interpreted the 
polar izat ion change at zero magnet ic field as a beat 
pat tern wi th a frequency of about 0.7 MHz and 
ascribed it to a sort of internal magnetic-field (hy­
perfine, hereafter denoted as hf) effect.6) 

Subsequently, W a n g and Lim7 ) reported similar 
exper iments on R(n) b a n d excitation for n=0—4. T h e 

P(t) curve (time variat ion of the polarization i.e. 
[ / i ( 0 - ^ ( 0 ] / [ / i ( 0 + ^ ( 0 ] for R(0) (in their Fig. 3) is just 
correspondent to the Iu(t)—I±(t) curve given by Oh ta et 
al. (Fig. 2 wi th H=0) , 6 a ) t h o u g h £>0.8 [is por t ion is 
miss ing in the former. T h e y analyzed the P(t) curve 
in to two components : the shorter one which decays in 
a t ime shorter than the fluorescence lifetime and the 
longer one which is a lmost constant du r ing the 
fluorescence lifetime. As to n dependence, two facts 
are noted: (1) T h e t ime for the polarizat ion (short 
componen t ) decay decreases wi th increasing n, (2) 
whi le the P(0) value decreases to the value which is in 
intermediate between the regular and statistical limits.8) 

They ascribed these observation to any rotat ion-
dependent per turbat ion which mixes the singlet states 
of different K q u a n t u m numbers (via triplet levels). 

Now, my own description will be made about 
exper imental data observed by the two groups: 
Imagine the P(t) curve for £=0—1.5 (is after R(0) excita­
t ion by c o m b i n i n g the two kinds of curves ment ioned 
above, its pa t te rn wou ld be jus t like that of a fading 
h u m m i n g (or howling) , namely one of the typical i-c 
pat terns of dephas ing accompanying q u a n t u m beats 
and par t ia l rephas ing, r emind ing us of a s imulated 
fluorescence decay pat tern after excitation of pyrazine 
via P( l ) por t ion of the Sx<—S0 Oo° transition.9) T h u s , 
though the total fluorescence decay curve is described 
as that of an s-m-1 case, the polarizat ion process is 
rather described as an i-c phenomenon . T h i s 
interpreta t ion may be regarded as a sublat ion of those 
by the bo th groups . Another fact to be noted is a sl ight 
discrepancy between two kinds of exper imental data: 
P(t) values calculated from In(t) and I±(t) values by 
Oh ta et al.6) are slightly smaller than those given by 
W a n g and Lim.7 ) T h i s may be ascribed to the 
difference in the quali t ies of their lasers (vide infra). 

II. Theory 

In this chapter, hami l ton ians to describe radiat ion­
less t ransi t ions r ang ing from s-m-1 to intermediate 
cases are presented in reduced forms suitable for 
pyr imidine . T h e whole theoretical architecture which 
starts from identification of the hami l ton ian for each 
system will be developed in Par t II.2) Briefly, wha t 
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distinguishes this theory from the others 1»3-5) is in the 
fact that plural number of doorway (singlet) states {s} 
are considered to be involved. The states {s} and 
corresponding (dark) triplet states {t} are defined as 
eigenfunctions of a hamiltonian: 

H° = H0 + PVP; P=l- 2 | s X s | - 2 |*X*| , (la) 
s t 

where {s} carry almost all the absorption intensity 
from a ground (g) state in the concerned wavelength 
region, induced by the radiation-molecule interaction, 
H™*.1® Therefore, they may be interpreted as rotational 
levels belonging to a vibronic state spectroscopically 
assigned. The perturbation for the s-t coupling to 
induce time-development is then given as 

H' = V-PVP. (lb) 

The choice of V was the major subject in the Ref. 10. 
For azines including pyrimidine, the next definition 
would be adequate at least in the zeroth order: 

Ho = He>PSABO - Hlr + H: + H,6 + Hg + Hf; 

V = H<„ + HnBO + Hso + HlT + H% + Hg . (2) 

Here, the subscripts e, v, r, S, and I represent the 
electronic, vibrational, rotational, electron-spin, and 
nuclear-spin parts respectively. The hamiltonian with 
the superscript e is different for each electronic state 
e.n) While, the superscript (e) indicates that concerned 
hamiltonians are usually described as effective hamil­
tonians.11* The terms with PS ABO, ivr, nBO, SO, and 
vr correspond to the portions on pure-spin adiabatic 
Born-Oppenheimer approximation,12) intramolecular 
vibrational-energy redistribution,12* non-Born-Oppen-
heimer interaction,12) spin-orbit interaction,11»1^ and 
vibration-rotation interaction,11) respectively. The 
He

vr may further be partitioned into centrifugal 
distortion (He

cd) and Coriolis (HCor) terms.2 'n) H ^ a n d 
H^l are for rotation-electron spin and electron spin-
nuclear spin couplings, respectively and introduces a 
hyperfine-structure (hfs) term, with minor contribu­
tion of nuclear spin-nuclear spin interaction Hjf 
contained in H{{\n) Though, the hfs term is one of the 
smallest among perturbations mentioned here, it plays 
the important role in the s-t coupling of pyrimidine 
for fluorescence depolarization (vide infra). The 
reason why Hs

e) and H^ containing spin-spin interac­
tion terms (H^l and H$ ) are allocated to H0 is as 
follows: The eigenfunction of H0 is then represented 
by the product 0l0e

w
v0?0is)0[e) i.e. in a well-partitioned 

form. Actually, choice of V does not matter in view of 
complementarity principle of quantum mechanics as 
long as we introduce higher order terms through the 
PVP operator.10) What to be noted here is existence of 
the superscript e which plays an essential role in the i-c 

molecules. Namely, HT
e and Hf terms are partially 

composed of Ve
VT and Ve

vr terms, respectively,2* due to 
electronic-state dependencies of Eckart equations.11) 

In the s-m-1 case, we are sometimes encountered 
with molecular eigenstates (MES's), whose hamiltonian 
belonging to an exact molecular hamiltonian: 

HM° = H0 + V. (3) 

In general, MES's are represented as complex linear 
combinations of wavefunctions belonging to either H° 
or H0 i.e. those of {s} and {t} or {s0} and {t0}, 
respectively. However, if the effect of V (the major 
term being H s o for azines) is small, MES's may be 
approximately represented as |S>~|.s>~|.So> and 
\t>~\t>~\t0>. This situation belongs to a weak-
coupling case, to say more precisely, a weakly-coupled 
s-m-1 case.13) Pyrimidine's case is, however, not always 
consistent with this description. 

By utilizing the hamiltonians (1)—(3), we can now 
apply the general theory of radiationless transitions12) 

to the present case: s-m-1 to i-c behaviors either 
described by HM° or dominated by H'/V, respectively.2* 

III. The Mechanism of Fluorescence Depolarization 

This chapter is devoted to interpreting the experi­
mental facts described in chapter I, namely dual nature 
(s-m-1 vs. intermediate cases) of the fluorescence decay 
and depolarization processes. To do this, it is essential 
to identify the rovibronic levels involved in these 
experiments i.e. zeroth-order S1 and Tx levels, which 
may be regarded as {s{0)} and {t{0)}, respepctively, 
defined in the last chapter. On the basis of these levels, 
the time development can be described. 

1. The {$}-{£} coupling scheme. The title scheme 
shown in Fig. 1 was made for the above purpose; only 
levels required to describe the decay after R(0), R(l), 
and P(3) excitations being indicated. The sparsely 
distributed levels ({s}) at the left-hand side belong to 
the S10 state with naming and symbols assigned 
according to the prescription written by Bunker: 
Rotational levels are assigned on an oblate- and near-
symmetric-rotor representation by the symbol JKJCQ: 

psgn xD p o r e x a m p i e ? in- Q+ represents a wavefunction 
(wf) very close to 2"1 /2(|/=1, &C=1>+|/=1, Ä C = - 1 > ) 

with Kc=\ kc\=l (odd) to which the unique assignments 
of symmetry species under the molecular symmetry 
group (MSG), C2v(M) are given for rotational (r=A2), 
rovibronic (7~,

rve=B2), nuclear spin (-Tns=A1), and internal 
(rint=B2) wf's, respectively. According to the partity 
requirement of 7"int being either B1 or B2, only this 
combination is allowed by B1(7"ve)XA2(r

,
r)XA1(7~'ns)= 

B2(.Tint). The level locations are reproduced by using 
the rotational constants for the zeroth-order rotational 
levels in the S1>0 manifold. They are estimated from 
molecular-eigenstate (MES) spectra assuming a weakly-
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Molecular Symmetry Group 

Fig. 1. The {$}-{*} coupling scheme for the case of R(0), R(l), and P(3) band 
excitation of pyrimidine within the Si,o manifold. 

coupled s-m-1 case, some strongly-perturbed levels 
being omitted from the fitting.14* Though several 
hyperfine (hf) components may be assumed for each 
rotational level drawn in the figure, only a part of 
them are allowed to be existent by the parity 
restriction.11) Somehow, the hf splittings are much 
smaller than the width of the line drawn in the figure. 
For, their energies are zeroth-order values with 
extremely small splittings derived from the Hu term 
(vide supra, the superscripts e, (e) are abbreviated 
hereafter). 

More densely distributed levels ({t}) at the right-
hand side represent triplet levels which may be directly 
coupled with the singlet levels. The level density is 

/+i 
counted as pf>= 2 pt(N) with pt(N)=(2N+l)py for 

N=J-\ 
/ > 1 , where N and pv represent rovibronic-angular-
momentum quantum number and density of states of 
the triplet vibronic levels, respectively. Here, the 
loosest selectivity (AN=0, ±1 only) was taken into 
account. While, p(

t
0)=pt(l)=3pv by J=N+S with / = 0 

and S=l . Thus, pf )=3(2/+l)pv for all / e.g. p(
t
x)= 

72/cm - 1 using the estimated value of pv=8/cm_1 by 
Spears and El-Manguch.15) Since more severe selec-
tivities are actually imposed on the coupling e.g. both 

7"int and total angular momentums (F, mF) have to be 
conserved,11* the effective level density may be reduced 
as low as one tenth of the above value rationalizing the 
weak-coupling assumption (at least for the MES's {s} 
dominated by s character). 

2. Depolarization Scheme. Now, we'll seek for 
the depolarization scheme i.e. for the s-{s'} coupling 
scheme where s (e.g. 110 in case of R(0) excitation) 
represents an initially prepared (optically selected/ 
doorway/zeroth-order) singlet level while {s'} repre­
sent the other levels which may contribute to the 
depolarized fluorescence after coupling, in view of a 
time-dependent-perturbation theory. For, without 
this scheme, no polarization change can be introduced; 
the mere s-{t] coupling giving rise to intensity 
variation only, due to population change of the s level 
with a constant P value. One candidate for this may be 
considered to be a lio—>ln scheme, in case of R(0) 
excitation, which is apparently in conformity to the 
proposal by Wang and Lim.7) For, if we assume pure c 
parallel transitions for both absorption and emission 
processes, the change of P from —1/2 to ——1/3 is 
derived for full (100%) conversion of the above scheme 
by simple integration over Euler angles, under the 
symmetrical-top assumption.8»11»16»17* However, it is 
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no t the case in actuali ty due to complete forbiddeness 
(Not only 7"/s bu t also rint's are different from each 
other.). T h u s , lio—>202 a n d lio—»OQO schemes wi th A]—\ 
a n d — 1, respectively, are left for the candidate. P 
values of the final levels 2o2 and 00o wi th rrij—0 are 
calculated to be —1/2 and 0, respectively, under the 
fore-mentioned assumptions contributing to the depolari­
zation. In order to make a t ho rough account of this 
problem, it is the most adequate to set a secular 
equa t ion on all the rovibronic levels concerned as 
d rawn in the Fig. 1 tha t wou ld give MES's. If this 
could be performed, the depolarization may be 
described as dephas ing of the doorway state s (e.g. 110 

state) in to MES's w h i c h conta in bo th {s'} and {t} 
componen t s (vide infra). 1-5,9,10,12) p 0 r that purpose, 
all the mat r ix elements on pe r tu rb ing terms like Hso, 
Hv r , and H h f s ~ H S I ~ 2 a / ^ * ^ have to be evaluated. 

i 

However , this is no t easy due to lack of detailed 
informat ions i.e. is a k ind of work which has to go far 
beyond the s imula t ion made by Konings et al..14b) For, 
they apparen t ly failed to precisely reproduce the ul t ra 
high-resolut ion spectrum patterns, on the assumpt ion 
of a single doorway state s. Therefore, we'l l make u p 
the schemes based on per turbat ional treatment. 

In Tab l e 1, all possible schemes are tabulated. T h e 
values of AE& are taken from Fig. 1. O n the other 
hand , little in format ion is available about off-
d iagonal mat r ix elements of per turbat ions H s o , HS I , 
Hvr, and Hasym: Matr ix elements of H s o between Sx and 

T x electronic wf's are set to be smaller than those of 
glyoxal18) i .e .< 10 - 1 c m - 1 by considering the difference 
in n orbitals between carbonyl compounds and azines; 
namely f s t « 1 0 _ 2 ± 1 cm - 1 . For, n-orbital in the O O 
g roup has more p character and more localized than 
azines.19) T h e same is appl ied for H S I and Hvr.

18 '19) 

Matrix elements of Hasym are evaluated on the 
spectroscopical data.14) As discussed above, the AJ=0 
scheme for n = 0 ( /=1) is forbidden and A]—\ schemes 
are required for depolarization after R(0) excitation. 
A m o n g three kinds of schemes, the last fourth-order 
term seems to be the most effective because many {t, t', 
t"} combina t ions are available wi th significant contri­
but ions j u d g i n g from the level dis tr ibut ion in Fig. 1. 
In contrast, the contr ibut ions of the lower order 
schemes are m ino r due to very little chance for either 
the {t} level or the {t, t'} combina t ion to be effectively 
involved. 

Also inc luded in the Tab l e is the other k ind of 
schemes available for / > 2 : For example, a 22o- E + level 
is coupled wi th a 202*E+ level either directly or 
th rough {t} levels, because they belong to c o m m o n 
symmetry species (r=Alf rxwt=B1, rn=A1} a n d / ^ B i ) . 
A m o n g them, the second order scheme with two H s o 

mat r ix elements and the H v r scheme i.e. the first two 
schemes are expected to play p redominan t roles over 
the last two schemes i.e. those con ta in ing the mat r ix 
element of either H S I or Hasym (if we regard it as a 
per turbat ion) . T h i s is not the case for the other levels 

Table 1. Depolarization "Scheme" after R(n) Band Excitation 

for n=0 (ho level) 

AJ=0 scheme; not available (lio -X—In) 

AJ=(±) 1 schemes: AEss
f ^ 0.4 cm - 1 

Hso(AJ=0) ( ^ Hsi(AJ=l) 
it}' s'}: vst ^ 0.1 cm" 1 ; vs>t ^ 10~3 c m " 1 

or 
Hso(AJ=0) ^ Hsi(AJ=l) f i / i Hso(AJ=0) { n 

{t} {t'}: {s'}\ Vst, t ^ ' ^ 0 . 1 cm"1; vtt'^>l0 3 cm.-1 

Hso(AJ=0) f<i Hvr(AJ=0) f „ , Hsi(AJ=l) Hso(AJ=0) 
{t} ——{t '}: { n {s'}: Vst, r v r ^ O . l cm -1; i^ '^O. l cm -1; vt>t»^> l O ^ c m - 1 

or 

for n > 1 (levels with / > 2) 

AJ=0 scheme (major): ^£ .„ '^0 .1 cm - 1 

Hso(AJ=0) f iHso(AJ=0)( 
s {t 

Hvr(AJ=0) 

{s'}:vst, vs>t< 0.1 cm"1 

{s r}: Vss'^10~2 cm" 1 

Hso(AJ=0) f i i Hsi(AJ=0) ( 
s {t} {$'}: vst ^ 0.1 c m - 1 ; vs>t ^ 10 3 cm - 1 

or 

H^ym(AJ=0) ( #i 
s { 5 / } . Vss, ^ 1 Q-3 c m - l 

AJ={±) 1 schemes; as given for n=0 
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i.e. for 22i-' 0
+ , 2n: O", and 2Ï2: E~ levels, higher order 

schemes being required (See Fig. 1). In case of />4 , 
there always exists at least one rotational level with the 
common symmetry species within sublevels of the 
common / . However, care has to be taken of the larger 
AESS values for larger / as well as on the other 
selectivi ties.n » 1 8 » 2 0 ) 

3. Classification of the MES's. Since the assessment 
of the coupling scheme are made in the preceding 
section, we'll discuss the nature of MES's with 
reference to the observed MES spectra. As for the s 
level, content of the s component may be safely 
estimated as more than 50% judging from the 
successful assignments of the stronger bands to {s0} i.e. 
to {s} consistent with the estimated rotational constants 
(with some exceptions). Nevertheless, depolarization 
phenomena6»7) as well as Zeeman effects in both 
frequency domain14) and time domain6) experiments 
indicates non-negligible contribution of {s'} and {t} 
components depending on ms, mh and mF quantum 
numbers. However, hfs was too small to be measured 
in MES spectra14) only indirectly evidenced in quantum 
beat frequencies.6) As to the {î} state,13) scrambling is 
expected to be strong enough to make the distribution 
of {s} contents fairly random. Actually, the pair 
model13) frequently used for the weak-coupling case 
can not be applied for pyrimidine as indicated in the 
observed randomly-distributed {£} levels with more 
{s} characters.14) Therefore, {£} levels with any {s} 
characters are existent as densely as drawn in Fig. 1, 
possibly randomly but widely distributed. 

4. Interpretation of the Polarization Decay. If all 
the concerned MES's are given precisely and all the 
experimental conditions e.g. the laser frequency and 
its qualities including the coherence width (Avc) are 
set, the fluorescence decay process may be described as 
a consequence of incoherent and coherent excitation of 
MES's. Namely, several groups of superimposed 
MES's are considered to decay independently to give 
rise to observed polarization decay patterns as time-
dependent vector sums of contributions from s and 
{s'}.2) However, this procedure can not be applied for 
the present case still due to lack of informations. 
Therefore, we are forced to make up some model 
schemes depending on the experiments e.g. depending 
on the n value of R(n). Somehow, even this kind of 
trial had been made for polyatomic molecules of this 
size neither for pyrimidine6»7) nor for the simpler 
molecule like propynal.21) For the latter molecule, 
group theory (on the angular momentum) was applied 
without referring to singlet levels rendering depolari­
zation.21* 

Firstly, we'll consider the case of n=0 observed by 
the two groups. In both experiments, the optically 
prepared level is uniquely described as the zeroth-order 
110 level. For, no other level is optically accessible in 
those wavelength regions with zfP^O.l6* or 0.037) cm - 1 

for the molecule in the ground level, S0,o (Ooo)- To say 
more precisely, hf components belonging to the active 
(s) level have to be considered. These components are 
almost degenerate due to minor contribution of Hu 

(vide supra). In order for the s state to be prepared, Avc 

of the laser may be required to be as much as (<) 
1 cm - 1 with a corresponding coherence length of 
rc~10ps. For, the distribution region of MES's with 
the s character in pyrimidine is considered to be larger 
than that of pyrazine (—8,000 MHz for the / = 0 level)22> 
due to the difference in pv, if we assume vst coupling 
matrix elements between S1 and Tx are common for 
both molecules at least in the order-of-magnitude. 
This condition is also not satisfied in the present 
experiments, however, Avc's being narrower. Therefore, 
going back to the initial description, the observed 
polarization decays have to be interpreted as incoherent 
superposition of the decays of those states built up as 
coherent superpositions of the hf components of some 
s and {î} levels, whose distribution is different for each 
laser shot. This is commonly encountered situation 
when we use incoherent lasers not under transform-
limited condition.2»5) Separation between these levels 
are estimated as follow: AEs

h{s<\0-3, AE^—IO-3, and 
AESÎ<0.1 cm - 1 by examining the data of "quantum 
beat",6'7) Zeeman effects,6»14) and the energy-level 
distribution in Fig. 1, respectively. Therefore, by 
applying the dephasing theory,1-5'9'10'12* immediate 
(as fast as 1010 s_1) depolarization contributed from {î} 
levels and slow depolarization (<<C108 s_1) with quantum 
beat frequencies of <102MHz corresponding to the 
energy differences between hf components of the s level 
are expected, consistent with the observation. Mixing 
of a few percent of [s, {s'}] states into {?} levels through 
the s-t coupling by the H s o term is enough for 
interpretation of the immediate depolarization. While, 
the slow depolarization is accounted by using the 
fourth order |zf/| = l scheme in Table 1 where mixing 
of {s'} into s as much as 10% is assumed depending on 
hf components. Accordingly, the difference in P(t) 
values between the two groups' mentioned in Chapter 
I is easily ascribed to the difference in the number of 
{?} states involved: the constant component of the P(t) 
decay is smaller in case more {?} levels with more {s'} 
characters are excited by the wider laser (APc<X}.l 
cm_1)6)than those of the other group (<0.03 cm_1).7) 

In the case of R(l) branch excitation, situation is 
fairly different from that of R(0). For, the band is 
actually composed of three kinds of transitions 
restricted by AJ=\, AKc=0, and the parity selectiv­
ity.11»1^ Namely, the prepared doorway states are of 
22o> 22i, and 2n types which are different from one 
another in the MSG representation and the pseudo-
parity. Therefore, the observed decay behavior has to 
be interpreted as a superposition of at least three 
(disregarding hfs) decays; The decay behaviors of 22i 
and 2n levels (averaged over mj=0, ±1) are described 
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just like the 110 level because the same kind of matrix 
elements appear to be working. Thus, final levels 
connected by AJ=+1 schemes i.e. pairs of (313, l n ) and 
(3o3> loi) levels with mj=0, ±1 contribute to the 
depolarized fluorescence in average. While for the 22o 
level, new kinds of matrix elements i.e. AJ=0 schemes 
in Table 1 are now at work, the final level being 202 

(P<0 averaged on |mj|=0, 1). The most important 
scheme among these is of the s-t-s' coupling with the 
H s o matrix elements. Then, even without the help of 
HSI, immediate depolarization is realized, contributed 
from some {?} containing {s'} characters as much as 
10%. Direct mixing of {s'} in s by the Hvx coupling at a 
few percent level may also have some contributions. 
The chances for this kind of schemes to be involved 
would be larger for larger / , because the number of 
possible kinds of symmetry species is restricted even 
accounting the pseudo-parity.1»1^ Actually, for n>3 
i.e. for / > 4 , all the K (Ka Kc) sublevel is coupled with at 
least another sublevel with AJ=0 (vide supra). Further­
more, t level density increases in parallel with / by 
p<7)=3(2/+l)pv as illustrated in Fig. 1 for / = 1 and 2 
(section III-l). This does not, however, completely 
exclude the contribution of the Hhfs term because some 
of the levels (e.g. with KC=J) are energetically 
isolated14) and/or have zero H s o matrix elements,20) 

letting the contribution of zf/=±l schemes non-
negligible as may be evidenced in the observation of 
the slow component even after /=4.7 ) 

Finally, the case of P(3) excitation is briefly 
discussed where no polarization decay is evidenced.7* 
In this case all the \JK3KC, m^> level with / = 2 is 
practically reached at by the selectivities of AJ=—\, 
AK=0, and zfm^O.11* Thus, <P>(>)0 right after 
excitation with little room for depolarization consistent 
with the observation. This is a general consequence 
for the molecule with the c parallel transition (vide 
supra).8) 

IV. Extension to Intermediate Case 

The experimental data so far discussed are all what 
are described as in the s-m-1 case in the sense that the 
doorway state s was not coherently excited (vide 
supra). Now, let's seek for the experimental data to be 
described as "rotationally-resolved" i-c phenomena in 
pyrimidine. Not so many data are available so far in 
spite of the fact that the molecule has been described as 
an i-c molecule for long time.6'7'14»23* As to the 0-0 
transition, a decay cucrve after excitation at a Q branch 
peak measured at room temperature may be adequate. 
It is, however, contributed from various / levels with 
</>~30. 2 3 ) Though polarization data are also 
reported in this case,23) it is left for future study because 
the situation is complicated.24) In short, this case can 
not be interpreted as a simple intermediate-case 
phenomenon, though the argument for the P(3) case 

may partially be applied. For, an ensemble average 
has to be considered. At higher vibrational levels, the 
intermediate case is now reached with excess energies 
of —5,000 cm - 1 even for smaller /.23) In this case, the 
depolarization rate is almost close to the decay rate of 
the fast fluorescence decay component. In other 
words, a common dephasing process is involved in 
both total decay and depolarization of the fluores­
cence. This is to be regarded as a typical phenomenon 
of an i-c molecule. At levels with higher excess 
energies, the average coupling constant between the 
rovibronic levels of S1 and Tx becomes smaller in 
parallel with the increase of pv. Therefore, the energy 
distribution of MES's with the s character becomes 
narrower compared to the s-m-1 case letting coherent 
excitation of the s state by the laser (—0.1 cm -1, 10 ns; 
rc>10ps) more feasible. The short fluorescence 
(polarization) decay process is then described as 
dephasing of the s state into MES's containing both {t} 
and {s'} components which are optically inaccessible 
by the laser chosen for exitation. Accompanied with 
dephasing of the s component, the {s'} components 
now appear as origins of the depolarized fluorescence 
as is consistent with observation. This is a tentative 
interpretation, however. For, if we try to interpret the 
i-c behavior in pyrazine, we have to take note of 
another important aspect: Wider band width (>0.1 
cm -1) has to be used to cover whole area of the band 
assigned by AJ=0, ±1 and AKc=0 selection rules with 
contributions of up to (2/+1) K {KJCC) sublevels.1-5* 
Then, the notion of the unique doorway state s 
becomes no longer adequate. For, the [s'} states with 
the same symmetry as the s state contribute not only to 
the emission but also to the absorption processes 
through the AJ=0 schemes, though this intensity 
borrowing was usually interpreted as due to mixing by 
the perturbing term Hasym.3) Thus, excitation can now 
be distributed over whole MES's retaining the common 
symmetry species and the " / " number after several 
back and forth between {s} and {t} levels during 
fluorescence decay.2) For example, by applying the 
scheme in Fig. 1, it is now well understood that the 
number of triplet levels coupled to the singlet level s is 
in parallel with /.1_5) To say precisely, the effective 
density of states (for dephasing) is calculated to be 
ypt~pfVa=(3/2)(2/+l)pv with a(=2) being the symmetry 
number1»11* (for pyrimidine). 

More detailed arguments including interpretations 
of many other experimental data e.g. a polarization 
decay curve of the / = 2 , zero-point vibrational level of 
xB lu pyrazine,25) as well as proposal of new kinds of 
experiments will be given elsewhere.2»24) 
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T s u n e o Fujn,* Akira ISHII, Hi rosh i SATOZONO, Satoshi SUZUKI, Michel CHE,+ and Masakazu ANPO*'++ 
Department of Chemistry and Material Engineering, Faculty of Engineering, 

Shinshu University, Wakasato, Nagano 380 
^Laboratoire de Réactivité de Surface et Structure, Université P. et M. Curie, 

U. A. —1106, C. N. R. S., 4 Place Jussieu, Tour 54, 75252 Paris Cedex 05, France 
^Department of Applied Chemistry, College of Engineering, 

University of Osaka Prefecture, Sakai, Osaka 591 
(Received February 16, 1990) 

The fluorescence, fluorescence excitation, and time-resolved fluorescence spectra of pyrene molecules 
adsorbed on calcinated (773 K) Vycor glass (average pore diameter, 40 Â) have been investigated as a function of 
the amount of adsorbed pyrene. The results of the analyses of these spectra and multi-component decays of fluo­
rescence suggest that there are three fluorescent species with different decay times on the surface of Vycor glass. 
Their lifetimes are determined to be 303—355, 100—145, and 19—48 ns. These decay components are reasonably 
assigned to the emissions of monomeric, dimeric, and excimer-like species in the order of decreasing the life­
times. A 26600 cm - 1 peak appearing at the first stage of the time-resolved fluorescence spectra is assingned to the 
0—0 hand of dimeric pyrene based on the results reported by Yamazaki et al. in the Langmuir-Blodgett 
monolayer. 

T h e photochemist ry and photophysics on solid 
surfaces and in adsorbed layers have recently been 
given considerable a t ten t ion in connect ion wi th the 
most p romis ing subjects to functionalize solid surfaces 
as well as wi th better unders tanding of the properties 
of solid surface itself.1-4) Many workers have paid 
a t tent ion to the photophysics of pyrene adsorbed on 
solid surfaces such as silica gel, activated a lumina , and 
Vycor glass, because pyrene has a relatively long 
fluorescence lifetime and its photophysical properties 
are sensitive to the na tu re of the env i ronment such as 
polarity.5 _ 2 1 ) 

It has been reported that pyrene molecules adsorbed 
on silica gel10-15»19»20) and zeolite16-21) form a ground-
state d imer in the pore of the adsorbents. T h e weakly 
b o u n d ground-state b imolecular association seems to 
be one of the most specific features in the adsorbed 
layer, its extent depend ing on the concentrat ion of 
adsorbed molecules as well as the chemical and 
physical na tu re of the adsorbents. T h e format ion of 
excimer-like pyrene is m u c h easier on the solid surface 
than in solut ion where the rate of the formation of 
excimer is diffusion-con trolled.22) T h e formation of 
dimeric pyrene is a consequence of surface interaction 
since pyrene does no t associate in solut ion in its 
g round state due to a repulsive potent ia l between two 
unexcited molecules.22) 

Picosecond time-resolved fluorescence spectra of 
pyrene molecules in the Langmui r -Blodge t t m o n o ­
layer film (LB-film) have revealed that fluorescence 
from dimeric pyrene is a d o m i n a n t componen t in the 
ini t ial t ime region (0—100 ps) and its 0-0 band appears 
at 381 n m (26250 cm- 1 ) , be ing red-shifted by 280 c m - 1 

(4 nm) compared wi th that of m o n o m e r at 377 n m 
(26530 c m - 1 ) . 17'18) Recently the dimer conformat ion 
and fluorescence q u a n t u m yields of pyrene molecules 

on silica gel have been studied as a function of the 
a m o u n t of adsorbed pyrene by means of steady-state 
fluorescence measurements.19 '20* All these exper­
imental results indicate that adsorbed pyrene mole­
cules main ly exist in the monomer ic and dimeric(or 
ground-s ta te aggregates) forms on the surfaces of solid 
inc lud ing porous Vycor glass. 

It is wor thwhi le to elucidate photophysica l proc­
esses of adsorbed molecules in terms of a distr ibution of 
various sites since the surface of Vycor glass is 
i nhomogeneous in nature.2 3 '2 4 ) Exper imental find­
ings, however, show that adsorbed dimeric pyrene 
molecules on solid surfaces have a definite geome­
try.1 0 - 1 6 ' 19) We therefore confine our at tent ion to the 
chemical species on solid surfaces. A preceding paper 
reported the results of fluorescence spectra of pyrene 
adsorbed on porous Vycor glass wi th a surface 
coverage of 0.0014 (34 |ig/g-Vycor).25) T h e present 
work reports the detailed results of the analyses of the 
fluorescence and fluorescence-excitation spectra, time-
resolved fluorescence spectra, and the mult i -com­
ponen t fluorescence decay curves of pyrene molecules 
adsorbed on calcinated (773 K) Vycor glass, by compar­
ing the present results wi th those obtained on solid 
surfaces and LB film. 

Exper imental 

Pyrene (Wako Pure Chemical Industries, Inc., reagent 
grade) was purified by repeated recrystallizations from 
ethanol solution and passed 230 times through a zone 
refiner. Cyclohexane (Wako, Luminasol grade) was used 
without further purification. Porous Vycor glass (Vycor) 
(Corning code No. 7930, major composition: SiÜ2>96%; 
B2Û3>3%, BET surface area: 155 m2 g_1, average pore diame­
ter: 40 Â) was used as an adsorbent. Prior to experiments, a 
(1X5X20) mm3 sheet of Vycor glass was placed in a quartz 
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cell and then evacuated in vacuo (less than lX10~5Torr, 
1 Torr=133.322 Pa) at 773 K for 5 h. Adsorption of pyrene 
molecules onto Vycor glass was carried out by pouring 
degassed cyclohexane solution into the quartz cell in which 
pretreated Vycor glass was placed in vacuo at 295 K. The 
used cyclohexane solutions were subjected to 5—6 cycles of 
freeze-pump-thaw to remove oxygen before the adsorption 
procedure. After the impregnation the supernatant solution 
was removed by décantation and then evacuated in vacuo for 
5 h at 373 K.26) The quartz cells were sealed under vacuum, 
and these samples were used for steady-state luminescence 
and lifetime measurements. 

The amount of pyrene adsorbed on Vycor glass was 
determined to be 34 jxg/(g-Vycor) to 5.7 mg/(g-Vycor) by 
measuring the adsorption spectra of the supernatant 
solution. Hereafter the amount of adsorbed pyrene (x mg(or 
|xg)) onto 1 g of porous Vycor glass is represented by x mg(or 
Mg) §-_1 The amount of pyrene required for 100% surface 
coverage is 25 mg assuming that an adsorbed pyrene 
molecule occupies a surface area of 150 A2.11«12«19). Therefore, 
the surface coverage of pyrene is to be 0.001—0.21.27) 

It is known that the species on surface of Vycor glass are 
the physisorbed and chemisorbed H2O and the various types 
of surface hydroxyl groups such as Si-OH and B-OH.28-31) 

After the treatment in vacuo at 773 K, the presence of 
physisorbed H2O might be negligible and the H2O only 
remains as the surface hydroxyl groups. The residual 
numbers of hydroxyl groups under the conditions are 1—3 
groups/nm2.30 '31) Adsorption and emission spectra were 
recorded on a Hitachi 220 recording spectrophotometer and 
a Hitachi F-3000 fluorescence spectrophotometer, respective­
ly. Both excitation and emission spectra were measured by a 
front-face excitation geometry. Measurements of fluores­
cence decay and time-resolved fluorescence spectra were 
carried out by using a single-photon fluorescence lifetime 
instrument.32) A nitrogen lamp firing at ca. 10,000 pulse per 
second served as the excitation source. The wavenumber, 
29660 cm -1 , was used as the excitation light and the full-
width at half-maximum is 2.5 ns. A NAIG(Model E-562) 
process memory and an NEC-9801 personal computer were 
used for data collection, storage, and manipulation. The 
fluorescence lifetimes obtained by the instrument were found 
to agree well with widely accepted literature values.33) 

Results and Discussion 

Fluorescence and Fluorescence-Excitation Spectra. 
Figure 1 shows the fluorescence spectra of pyrene 
adsorbed on Vycor glass wi th the amount s of 34 \xg g - 1 , 
1.2 m g g - 1 and 5.7 m g g - 1 at 295 K. T h e excitation 
wavenumber corresponds to the xLb transi t ion of 
pyrene. It is easily seen that the entire fluorescence are 
composed of the monomer- l ike emission(FM) at 
h igher wavenumber a round 250.00 c m - 1 and the 
excimer-like emission(FE) at lower wavenumber 
a r o u n d 21000 c m - 1 . T h e fluorescence spectra of 
pyrene adsorbed on Vycor glass wi th the lowest 
surface coverage mainly consists of FM emission, show­
ing a sharp and structured vibrat ional fine structure 
at a round 24000—26000 cm - 1 . 

Figure 2 shows the fluorescence spectra of pyrene 

(J) 

c 

> 

Ö/K^cnrr1 

Fig. 1. The dependence of the fluorescence spectra of 
pyrene on the amount of pyrene adsorbed onto Vycor 
glass preheated at 773 K. The amount of adsorbed 
pyrene: 34|xgg -1; 1.1, 5.7 mgg - 1 . 
The excitation wavenumber is 26950 cm - 1 which 
corresponds to the *Lb region. 
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Fig. 2. The dependence of the fluorescence spectra of 
pyrene on the amount of pyrene adsorbed onto Vycor 
glass preheated at 773 K. The amount of adsorbed 
pyrene: 34jxgg-1; 1.1, 5.7 mgg - 1 . 
The excitation wavenumber is 30030 cm - 1 which 
corresponds to the xLa region. 

adsorbed on Vycor glass wi th the amounts of 34 \xg g - 1 , 
1.1 m g g - 1 and 5.7 m g g - 1 at 295 K. T h e excitation 
wavenumber corresponds to the xLa t ransi t ion of 
pyrene. In contrast to the case excited wi th 26950 
c m - 1 , it is clearly seen there is no large difference 
a m o n g the fluorescence spectra u p o n the a m o u n t of 
adsorbed pyrene and that the entire fluorescence 
spectra consist of the monomer- l ike emission, exhibit­
ing a sharp vibrat ional fine structure at a r o u n d 
24000—27000 c m - 1 . T h e 26880 c m - 1 band (the 0-0 
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Fig. 3. The fluorescence-excitation spectra of pyrene 
adsorbed onto Vycor glass preheated at 773 K. 
The observed wavenumber: 25450 cm-1 and 
21280 cm-1 which correspond to the monomer-like 
and excimer-like emission, respectively. The amount 
of adsorbed pyrene is 34 \ig g_1. 

band) has relatively high intensity as compared with 
that in solution. Such behavior was also observed for 
the fluorescence spectra of pyrene adsorbed on silica 
gel. These results indicate that the adsorbed pyrene 
molecules on the surfaces are surrounded by a more 
polar environment than in cyclohexana.5-7 '11-13 '20) 

The monomer-like and excimer-like emissions in Figs. 
1 and 2 are similar in their spectral shapes to those 
commonly observed in solution. This indicates little 
perturbation of these systems by the oxide support (a 
weak support effect).34) In general, the influence of the 
adsorption on the ground and excited states of pyrene 
molecules onto the surface of Vycor glass is small. 

It is noted that the intensity of the FE component 
excited at 29650 cm - 1 is larger than that excited at 
30300 cm - 1 . Similar variation in the FE and FM 
emissions was observed for the fluorescence spectra of 
pyrene in the adsorbed state on silica gel surfaces.20) 

Figure 3 shows the fluorescence-excitation spectra of 
pyrene adsorbed on Vycor glass. The monitored 
wavenumbers of 25450 cm - 1 and 21280 cm - 1 corre­
spond to the peak positions of the FM and FE fluores­
cence components, respectively. Even when pyrene is 
adsorbed on Vycor glass with the lowest surface 
coverage, i. e. 34 jig g_1, the excitation spectra of the 
FM and FE fluorescence are not in accord with each 
other. These findings can be explained by the concept 
that the monomeric and dimeric pyrene species coexist 
on the surface of Vycor glass in the ground state. This 
coexistence of monomeric and dimeric pyrene species 
on the surface may be responsible for the excitation-
wavenumber dependence of the fluorescence spectra of 
pyrene molecules adsorbed on Vycor glass shown in 
Figs. 1 and 2. 

Time-Resolved Fluorescence Spectra. Figure 4 shows 
the time-resolved fluorescence spectra of pyrene 
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Fig. 4. The time-resolved fluorescence spectra of 
pyrene adsorbed onto Vycor glass (a—d), together 
with steady-state fluorescence spectrum(e) of 
cyclohexane solution. The amount of adsorbed 
pyrene is 0.11 mg g-1. The excitation wavelength is 
29660 cm-1. The time zero corresponds to the time in 
which the intensity of excitation pulse reaches 5% 
of its maximum intensity. The time intervals for 
measuring the spectrum: (a) 0—30 ns, (b) 30—70 ns, 
(c) 110—180 ns, and (d) 270—450 ns. (e) 3.10X10"5 

mol dm-3. • and +- represent the position of wave-
numbers of 26600 cm-1 and 26880 cm-1, respectively. 

adsorbed on Vycor glass with the amount of 0.11 mg 
g_ 1 at 295 K when the sample is excited at 29660 cm - 1 

corresponding to the xLa region. Figure 4 also includes 
a steady-state fluorescence spectrum of pyrene in 
cyclohexane solution. All spectra are normalized to 
the maximum intensity. At first stage (spectrum a, 
0—30 ns) the 0-0 band is located at 26600 cm"1 

(376 nm, indicated by D). The intensity at around 
21000 cm - 1 is weak. There is a shoulder at around 
26880 cm -1. At the second stage (spectrum b, 30— 
70 ns), the contribution of 26600 cm - 1 component is 
preferentially observed, although there is a peak at 
26880 cm-1 (372 nm, indicated by M). This peak 
position is coincident with the 0-0 band of the steady-
state fluorescence spectrum of monomeric pyrene in 
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cyclohexane solu t ion (spectrum e). At the third stage 
(spectrum c, 110—180 ns), the componen t indicated by 
D has nearly the same intensity as one indicated by M. 
At the forth stage (spectrum d) the intensity of the 
spectrum a round 21000 c m - 1 becomes very weak as 
compared wi th those of the spectra a and b. T h e 
intensity of the band at a round 26880 c m - 1 becomes 
very s t rong and sharp , and the component , the peak of 
wh ich is at 26600 c m - 1 , becomes very weak. It is seen 
from the spectrum of e, wh ich was observed in 
cyclohexane solut ion, that the spectrum has a peak at 
26880 c m - 1 (the 0-0 band).22> 

As shown in Fig. 4, at the first stage the 0-0 band 
peak is observed at 26600 c m - 1 (376 nm) . T h i s peak is 
shifted by 280 c m - 1 (4 nm) to the red compared wi th 
the 0-0 b a n d M (26880 c m - 1 ) that appears in a longer 
t ime region. T h i s a m o u n t of red shift is in fair 
agreement wi th the results reported in the LB-
film.17 '18) Therefore the b a n d appea r ing at 26600 c m - 1 

(376 nm) can safely be assigned to the 0-0 band of 
dimeric pyrene adsorbed onto Vycor glass. 

T h e changes in the fluorescence spectra wi th time 
indicate that there are at least three different fluores­
cent species on the surfaces and the extent of their 
con t r ibu t ion to the entire fluorescence changes wi th 
t ime. In other words, the concentrat ions of the species 
con t r ibu t ing to the emissions at a round 26600 and 
21000 c m - 1 decrease and s imultaneously the contr ibu­
t ion to the emission at 26880 c m - 1 increases. It should 
be poin ted out that the adsorbed dimeric pyrene 
molecules have the geometries favorable to form an 
excimer conformat ion soon after excitation on the 
surface of Vycor glass. T h e possibility of excitation 
energy trans fer18.35,36) between pyrene molecules ad­
sorbed on the surface ough t to be negligibly small 
because the 26600 c m - 1 peak was observed even under 
condi t ions of very small surface coverage (0.0014).25) 

T h e small overlap between absorpt ion and fluores­
cence spectra of pyrene ough t to be also responsible 
for the negligibly small energy transfer between pyrene 
molecules adsorbed on Vycor glass. 

Decay of Excited Pyrenes Adsorbed on Porous Vycor 
Glass. T h e decay curves of the fluorescence of 
adsorbed pyrene molecules on Vycor glass shown in 
Fig. 5 are found to be nonexponent ia l . T h e 
deconvolut ion was carried out by the usual three 

exponent ia ls . 14 '37_39) T h e obtained values of indi­
vidual lifetimes are given in Tab le 1. It was found that 
they quali tatively correspond to those adsorbed on 
modified silica gel surfaces obtained by Avnir et al. (ca. 
36—45, 186—230, and 389—392).14) From the compar­
ison wi th the l i terature data of lifetimes and in 
referring to the preexponent ia l factors, one can assign 
tl c o m p o n e n t to the m o n o m e r emission and t3 to the 
excimer emission. In this case the excimer is formed in 
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Fig. 5. Decay curves of the fluorescence of pyrene 
adsorbed onto Vycor glass. The amount of adsorb­
ed pyrene is 34|xgg_1. Observed wavenumber: (2) 
21280 cm"1; (3) 25450 cm"1. The wavenumber of the 
excitation pulse (1) is 29660 cm -1 . The decay curves 
were fitted by 7=exp (—t/tl)+c2 exp (—t/t2)+c3 exp 
(-t/t3). 

Table 1. Lifetimes of the Emission of Pyrene Adsorbed on Porous Vycor Glass. C2 and C3 are 
the Preexponential Factors Corresponding to the t2 and t3 Components, Respectively, 

Where the Preexponential Factor of t\ Component is Fixed to 1.0 

Amount of adsorbed pyrene 

n igg - 1 

em. t\ t2 

ever ns 

t$ 
c2 c3 

0.034 

6.0 

25450 
21280 
25450 
21280 

309 
303 
355 
344 

134 
100 
145 
126 

24 
19 
20 
48 

1.5 
4.8 
0.85 
7.0 

2.3 
33 
0.76 

34 
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a process involving no substant ial diffusion on the the 
surface of Vycor glass. 

As shown above, the spectrum of Fig. 4a suggests 
that there is a fluorescence componen t a round 
25000 c m - 1 (compare Fig. 4d wi th Fig. 4a) and the 
peak shift from 26600 c m - 1 to 26880 c m - 1 coincides 
wi th that from dimeric to monomer ic pyrene observed 
in the LB film. T2 componen t can, therefore, be 
assigned to the emission of dimeric spsecies, wh ich 
may be formed from the weakly b o u n d ground-state 
pyrene molecules on the surface of Vycor glass. 

In Tab le 1, the lifetime of 100—145 ns is m u c h 
longer t han that of the corresponding dimer species 
observed in the LB film. Such difference seems to 
reflect the difference in propert ies of the envi ronment 
su r round ing pyrene molecules, the mobil i ty of pyrene 
molecules, the fractal d imens ion(which is estimated to 
be 2.8 for Vycor glass and 2.0 for LB film)40) between 
Vycor glass and LB film, etc. 

It is wel l -known that the So-Si transit ion of pyrene 
molecule is symmetry forbidden. T h e radiative and 
intersystem-crossing rate constants of pyrene in cyclo-
hexane, &FM and &TM, are estimated to be 1.5X107 and 
7.8X10 6s - 1 , respectively.22* These values are m u c h 
smaller than the values of molecules where So-Si 
t ransi t ion is symmetry allowed. T h e rate constants of 
pyrene molecule are, therefore, m u c h more dependent 
on the circumstances. Tab le 1 shows that the lifetimes 
of individual components wi th lower surface coverage 
have shorter values than those wi th h igher surface 
coverage. T h e results indicate that the circumstance of 
adsorbed pyrene on porous Vycor glass wi th lower 
surface coverage somewhat differs from that wi th 
h igher surface coverage. T h i s difference corresponds 
to propert ies of various types of the surface hydroxyl 
groups of porous glasses.28-31) 

T h e au thors t hank to a referee for valuable 
suggest ions. T h i s research was suppor ted in par t by 
the Grand- in-Aid for Special Project Research (Nos. 
61123004 and 61223022) from the Ministry of Educa­
tion, Science and Culture . 
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The Structure of the Cyclodextrin Complex. XXII. Crystal Structures of 
Hexakis(2,6-di-0-methyl)-a-cyclodextrin Complexes with 1-Propanol and Iodine. 

Evidence for the Formation of Iodine-Host Charge-Transfer Complex 

Kazuaki HARATA 
Research Institute for Polymers and Textiles, 

1-1-4 Higashi, Tsukuba, Ibaraki 305 
(Received February 28, 1990) 

Crystal structures of hexakis(2,6-di-0-methyl)-a-cyclodextrin complexes with 1-propanol and iodine were 
determined by X-ray analysis. Crystals of both complexes are isomorphous and the space group is P2i with cell 
dimensions: «=14.136(2), 6=10.680(1), c=21.479(2) Â, and 0=106.00(1)° for the 1-propanol complex and 
«=14.124(2), 6=10.667(2), c=21.443(3) Â, and 0=106.29(1)° for the iodine complex. The structures were solved 
by the K-map method combined with the rigid-body least-squares technique and refined by the block-diagonal 
least-squares method to the R-value of 0.058 for the 1-propanol complex and 0.094 for the iodine complex. The 
host molecules are arranged in a herring-bone fashion to form a typical cage-type packing structure. Both guest 
molecules are included within the "cage" which is created by the block of both ends of the annular host cavity by 
adjacent molecules. The 1-propanol molecule is in van der Waals contact with the inside wall of the host cavity, 
whereas the iodine molecule forms a charge-transfer complex with an 0(3)H hydroxyl group of the adjacent 
host. 

Methylated cyclodextrins have been extensively 
investigated because of their u n i q u e characteristics 
different from native cyclodextrins and wide possibi­
lities in the field of industr ial appl icat ion. x»2) Since 
the reactivity of hydroxyl groups of cyclodextrins 
differs a m o n g 0 ( 2 ) H , 0 ( 3 ) H , and 0 ( 6 ) H , two kinds of 
methylated cyclodextrins, per(2,6-di-0-methyl)cyclo-
dextrins and per(2,3,6-tri-0-methyl)cyclodextrins, have 
been prepared and provided for the investigation of 
their inc lus ion phenomena.3»4* In the former, all 
0 ( 2 ) H and 0 ( 6 ) H hydroxyl groups are methylated, 
whi le 0 ( 3 ) H hydroxyl groups remain as a functional 
g roup . T h e intramolecular 0 (2 ) - - -H-0(3 ) hydrogen 
bonds ma in t a in the round structure of the molecule.5 ) 

In contrast, the latter derivatives have no hydroxyl 
groups and are highly soluble in usual organic 
solvents. T h e X-ray analysis has demonstrated that the 
macrocyclic conformation of cyclodextrins is markedly 
affected by the permethylat ion which blocks the 
format ion of in t ramolecular hydrogen bonds.6 ) T h e 
macrocyclic r ing becomes more flexible and more 
distorted than the unmodif ied cyclodextrin r ing. T h e 
changes in shape and size of the host cavity, thus 
derived by the methyla t ion, affect the mode of host-
guest interact ion and the h igh conformat ional flexi­
bility of the host molecule enables the induced-fit 
conformational change in the complex formation.7) 

Recently, we have reported the crystal structure of 
hexakis(2,6-di-0-methyl)-aj-cyclodextrin (DM-a-CDx) 
complex wi th 3-iodopropionic acid.8) T h e DM-a-CDx 
molecule has a macrocyclic conformation similar to 
the conformat ion of a-cyclodextrin, bu t the guest 3-
iodoprop ion ic acid is included in a manne r different 
from that observed in the a-cyclodextrin complex. T h e 
X-ray analysis of the DM-a-CDx complexes wi th 
iodine and 1-propanol has been under taken for the 
further invest igat ion of the structure of this part ia l ly 

methylated a-cyclodextrin and its host-guest interac­
tion. A short communica t ion on these structures has 
been published.9 ) 

Experimental 

Preparation of Crystals and X-Ray Measurements. DM-
a-CDx was purchased from Toshin Chemical Co. Ltd. and 
crystallized from hot water. The DM-a-CDx complex with 
iodine was prepared at 50 °C by standing an aqueous 
solution of DM-a-CDx saturated with iodine. Crystals were 
thin needles with brown color and metallic luster. The 1-
propanol complex was crystallized in colorless prisms by the 
slow evaporation at 50 °C from a 20% 1-propanol solution. 
Both crystalline complexes were stable in air at room 
temperature. Diffraction experiments were carried out on a 
Nicolet P3/F diffractometer with graphite-monochromated 
Cu KOL radiation (X=1.5418A). Lattice parameters were 
determined by using 25 reflections with 2 0 value between 
35° and 40°. Intensity data were collected by using 0-26 scan 
mode and 4299 (1-propanol complex) and 2823 (iodine 
complex) reflections with |F0 |^3a (F) were obtained up to 
118° in 20 and used for the structure determination and 
refinement. No corrections were made for absorption or 
extinction effects. 

Crystal Data. (1) Iodine Complex. C48H84O30 • h, F.W.= 
1395.0. Monoclinic, space group P2i, Z=2, a=14.124(2), 
6=10.667(2), c=21.443(3) A, 0=106.29(1)°, F=3103.9(9) Â3, 
Dx=1.493gcm-3. 

(2) 1-Propanol complex. C48H8403o • C3H80, F.W.=1201.3. 
Monoclinic, space group P2i, Z=2, a=14.136(2), 6=10.680(1), 
c=21.479(2) A, 0=106.00(1)°, F=3117.1(6) A3, Dx=1.280 
g cm -3. 

Structure Determination and Refinement. The first 
attempt to solve the structure of the iodine complex was 
unsuccessuful because of the poor resolution of the electron-
density map calculated by using phases with the contribu­
tion from iodine only. The orientation of the DM-a-CDx 
molecule of the 1-propanol complex was roughly estimated 
from the Patterson map. Then, the position of the molecule 
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was determined by the R-map method. The position and 
orientation of each 2,6-di-O-methylglucose unit were cor­
rected by the rigid-body least-squares method. Successive 
Fourier and difference Fourier syntheses revealed the full 
structure of the 1-propanol complex. Coordinates of 
hydrogen atoms of methine and methylene groups were 
calculated and those of methyl and hydroxyl groups were 
estimeted from the difference-Fourier map, and these 
hydrogen atoms were included in the least-squares refine­
ment with the isotropic temperature factor of attached heavy 
atoms. The block-diagonal least-squares refinement of the 
structure achieved the R-value of 0.058. The unit weight was 
applied for all the reflections. The structure of the iodine 
complex was determined by using the DM-a-CDx coordi­
nates of the 1-propanol complex and refined by the block-
diagonal least-squares method with the isotropic temper­
ature factors to the R-value of 0.094. Final atomic 
coordinates are given in Tables 1 and 2. Tables of observed 
and calculated structure factors, anisotropic temperature 

factors, and atomic parameters of hydrogen atoms are 
deposited to the Office of the Editor of Bull. Chem. Soc. Jpn. 
(Document No. 8936). The computation was carried out on 
a FACOM M-780 computer at the RIPS computer center of 
AIST (Tsukuba) by using programs developed in the 
author's laboratory. 

Results and Discussion 

of DM-a-CDx. T h e DM-a-CDx 
a r o u n d structure with a pseudo-

Conformation 
molecules has 
hexagonal symmetry. T h e macrocyclic conformation 
is essentially same in both complexes. Bond distances 
and angles are in good agreement with those of a-
cyclodextrin in its complexes with l-propanol1 0 ) and 
iod ine . n ) All 2,6-di-O-methylglucose uni ts have the 
4Ci chair conformation. T h e pyranose conformation 
is no t significantly affected by the methyla t ion of 

Table 1. Atomic Coordinates and Temperature Factors of the 1-Propanol Complex 

Atom 

C(1,G1) 
C(2,G1) 
C(3,G1) 
C(4,G1) 
C(5,G1) 
C(6,G1> 
C(7,G1) 
C(8,G1) 
0(2,G1) 
0(3,G1) 
0(4,G1) 
0(5,G1) 
0(6,G1) 
C(1,G2) 
C(2,G2) 
C(3,G2) 
C(4,G2) 
C(5,G2) 
C(6,G2) 
C(7,G2) 
C(8,G2) 
0(2,G2) 
0(3,G2) 
0(4,G2) 
0(5,G2) 
0(6,G2) 
C(1,G3) 
C(2,G3) 
C(3,G3) 
C(4,G3) 
C(5,G3) 
C(6,G3) 
C(7,G3) 
C(8,G3) 
0(2,G3) 
0(3,G3) 
0(4,G3) 
0(5,G3) 
0(6,G3) 
C(1,G4) 
C(2,G4) 

x/10"4 

4185(5) 
4320(5) 
3464(6) 
3399(5) 
3339(5) 
3381(6) 
4741(6) 
4201(12) 
4331(4) 
3622(5) 
2507(3) 
4175(4) 
4157(5) 
2011(5) 
2649(5) 
2885(5) 
3314(5) 
2670(5) 
3099(6) 
2585(8) 
4562(9) 
2130(4) 
3571(4) 
3314(3) 
2495(4) 
4080(5) 

-1897(5) 
-1434(6) 
-390(6) 

201(5) 
-324(5) 

162(6) 
-2409(9) 

257(15) 
-2019(4) 

62(4) 
1112(3) 

-1288(4) 
-173(7) 

-3698(5) 
-3926(5) 

y/10"4 

176(8) 
-1252(8) 
-1772(8) 
-1081(8) 

331(8) 
1103(9) 

-2935(9) 
1335(19) 

-1717(6) 
-3073(6) 
-1553(5) 

715(6) 
702(8) 

2642(8) 
1577(8) 
644(8) 

1308(7) 
2424(8) 
3220(9) 
1018(11) 
4159(13) 
979(6) 

-248(6) 
399(5) 

3235(5) 
3530(7) 
2551(8) 
2128(9) 
1678(9) 
2678(8) 
3044(8) 
4070(9) 
1361(11) 
4850(20) 
1154(6) 
1431(7) 
2087(5) 
3486(5) 
4011(11) 
-94(8) 

-510(8) 

z/10"4 

2885(4) 
2961(4) 
3183(4) 
3793(4) 
3696(4) 
4296(4) 
2321(5) 
5364(6) 
2336(3) 
3329(3) 
3904(2) 
3478(3) 
4801(3) 

855(4) 
716(4) 

1270(4) 
1910(3) 
1999(4) 
2597(4) 

-366(5) 
3222(6) 

130(2) 
1157(3) 
2399(2) 
1448(3) 
2617(4) 

345(4) 
-173(4) 

136(3) 
587(4) 

1092(3) 
1531(4) 

-1177(5) 
2587(7) 

-528(2) 
-375(3) 

911(2) 
750(2) 

2094(4) 
1746(4) 
1054(4) 

ßeq/A2 

4.2 
4.1 
4.1 
3.7 
3.9 
4.8 
5.2 

12.5 
4.7 
5.8 
3.7 
4.2 
6.7 
3.9 
3.9 
3.8 
3.5 
3.8 
4.8 
6.1 
8.9 
4.5 
4.6 
3.5 
4.0 
7.1 
3.8 
4.3 
4.0 
3.6 
3.6 
4.5 
7.6 

13.9 
4.9 
5.2 
3.6 
3.7 
9.7 
3.6 
3.7 

Atom 

C(3,G4) 
C(4,G4) 
C(5,G4) 
C(6,G4) 
C(7,G4) 
C(8,G4) 
0(2,G4) 
0(3,G4) 
0(4,G4) 
0(5,G4) 
0(6,G4) 
C(1,G5) 
C(2,G5) 
C(3,G5) 
C(4,G5) 
C(5,G5) 
C(6,G5) 
C(7,G5) 
C(8,G5) 
0(2,G5) 
0(3,G5) 
0(4,G5) 
0(5,G5) 
0(6,G5) 
C(1,G6) 
C(2,G6) 
C(3,G6) 
C(4,G6) 
C(5,G6) 
C(6,G6) 
C(7,G6) 
C(8,G6) 
0(2,G6) 
0(3,G6) 
0(4,G6) 
0(5,G6) 
0(6,G6) 
C(1,PR) 
C(2,PR) 
C(3,PR) 
0(1,PR) 

x/10-4 

-3087(5) 
-2926(5) 
-2847(5) 
-2923(6) 
-4842(6) 
-4557(8) 
-4040(4) 
-3323(4) 
-2009(3) 
-3634(3) 
-3751(4) 
-1400(5) 
-2042(5) 
-2275(5) 
-2724(5) 
-2039(5) 
-2445(5) 
-2131(8) 
-3709(7) 
-1547(4) 
-2934(4) 
-2797(3) 
-1860(3) 
-3351(4) 

2488(5) 
2026(6) 
982(5) 
409(5) 
961(5) 
458(6) 

2852(15) 
540(9) 

2613(4) 
527(4) 

-498(3) 
1921(4) 
899(4) 

-22(15) 
-315(13) 

526(13) 
336(15) 

y/10"4 

-103(8) 
1298(8) 
1737(7) 
3155(9) 

-2250(10) 
3911(14) 

-1841(6) 
-409(6) 
1511(5) 
1226(5) 
3663(6) 

-2055(9) 
-2953(8) 
-2434(8) 
-1121(8) 

-287(7) 
1011(8) 

-5200(10) 
2062(11) 

-4111(6) 
-3252(5) 
-657(5) 
-879(5) 

897(6) 
-1844(9) 
-3144(9) 
-3101(8) 
-2054(8) 

-802(8) 
181(9) 

-5117(16) 
2071(11) 

-3998(7) 
-4284(6) 
-1957(5) 
-969(6) 
1394(6) 

-561(22) 
-1567(21) 
-1849(41) 

465(23) 

z/10"4 

773(3) 
872(3) 

1562(3) 
1609(4) 
533(5) 

1362(6) 
1031(2) 
105(2) 
717(2) 

1780(2) 
1135(3) 
3928(3) 
3442(4) 
2760(4) 
2733(3) 
3255(3) 
3317(4) 
3482(6) 
3584(7) 
3496(3) 
2323(3) 
2100(2) 
3885(2) 
3464(3) 
4543(4) 
4528(4) 
4073(4) 
4290(3) 
4350(4) 
4668(4) 
4602(12) 
4075(5) 
4277(3) 
4126(3) 
3764(2) 
4776(2) 
4662(3) 
2092(11) 
1463(13) 
1789(13) 
2460(7) 

ßeq/A2 

3.4 
3.4 
3.4 
4.4 
5.5 
7.9 
4.2 
4.4 
3.5 
3.7 
5.0 
3.8 
3.9 
3.5 
3.3 
3.4 
4.2 
6.9 
7.5 
4.8 
4.3 
3.3 
3.7 
4.9 
4.2 
4.2 
3.7 
3.4 
3.8 
4.8 

15.7 
7.0 
5.6 
4.5 
3.3 
4.0 
5.7 

17.1 
16.6 
26.4 
26.6 

a) Bcq=^/3'SaiajBij, where a, and a, are lattice parameters and By is the anisotropic temperature factor. 
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Table 2. Atomic Coordinates and Temperature Factors of the Iodine Complex 

Atom x/10-3 y/10"3 z/10"3 B/k2 Atom x/10"3 y/lO"3 z/10"3 B/k2 

C(1,G1) 
C(2,G1) 
C(3,G1) 
C(4,G1) 
C(5,G1) 
C(6,G1) 
C(7,G1) 
C(8,G1) 
0(2,G1) 
0(3,G1) 
0(4,G1) 
0(5,G1) 
0(6,G1) 
C(1,G2) 
C(2,G2) 
C(3,G2) 
C(4,G2) 
C(5,G2) 
C(6,G2) 
C(7,G2) 
C(8,G2) 
0(2,G2) 
0(3,G2) 
0(4,G2) 
0(5,G2) 
0(6,G2) 
C(1,G3) 
C(2,G3) 
C(3,G3) 
C(4,G3) 
C(5,G3) 
C(6,G3) 
C(7,G3) 
C(8,G3) 
0(2,G3) 
0(3,G3) 
0(4,G3) 
0(5,G3) 
0(6,G3) 
C(1,G4) 

416(2) 
430(2) 
342(2) 
343(2) 
332(2) 
342(2) 
470(2) 
424(4) 
430(1) 
357(1) 
250(1) 
417(1) 
415(2) 
195(2) 
263(2) 
285(2) 
330(2) 
265(2) 
309(2) 
259(2) 
458(3) 
208(1) 
350(1) 
330(1) 
248(1) 
407(2) 

-196(2) 
-149(2) 
-41(2) 

18(2) 
-38(2) 

11(2) 
-243(2) 

20(3) 
-203(1) 

2(1) 
107(1) 

-134(1) 
-20(2) 

-369(2) 

21(3) 
-127(3) 
-179(3) 
-110(3) 

30(3) 
105(3) 

-300(4) 
145(6) 

-171(2) 
-308(2) 
-158(2) 

69(2) 
68(2) 

271(3) 
163(2) 
73(3) 

135(3) 
242(3) 
316(3) 
106(3) 
414(4) 
110(2) 

-22(2) 
41(2) 

323(2) 
353(3) 
259(3) 
225(3) 
178(2) 
277(2) 
308(3) 
420(3) 
141(3) 
510(6) 
122(2) 
156(2) 
214(2) 
354(2) 
420(3) 

-12(3) 

288(1) 
296(1) 
316(1) 
380(1) 
369(1) 
429(1) 
232(2) 
535(2) 
231(1) 
329(1) 
391(1) 
348(1) 
480(1) 
86(1) 
71(1) 

124(1) 
192(1) 
200(1) 
262(1) 

-36(1) 
326(2) 

14(1) 
114(1) 
239(1) 
147(1) 
265(1) 

33(1) 
-17(1) 

14(1) 
57(1) 

108(1) 
142(1) 

-119(2) 
259(2) 

-52(1) 
-39(1) 

90(1) 
75(1) 

210(1) 
177(1) 

4.2 
5.0 
4.9 
4.6 
4.0 
5.9 
7.3 

13.4 
5.0 
6.2 
4.1 
4.7 
7.5 
4.7 
3.4 
4.9 
4.2 
5.1 
4.7 
6.0 
9.5 
5.2 
5.8 
4.3 
4.9 
8.5 
6.2 
5.0 
3.7 
3.9 
4.6 
4.9 
6.9 

12.3 
5.9 
5.2 
4.4 
4.6 
9.1 
4.2 

C(2,G4) 
C(3,G4) 
C(4,G4) 
C(5,G4) 
C(6,G4) 
C(7,G4) 
C(8,G4) 
0(2,G4) 
0(3,G4) 
0(4,G4) 
0(5,G4) 
0(6,G4) 
C(1,G5) 
C(2,G5) 
C(3,G5) 
C(4,G5) 
C(5,G5) 
C(6,G5) 
C(7,G5) 
C(8,G5) 
0(2,G5) 
0(3,G5) 
0(4,G5) 
0(5,G5) 
0(6,G5) 
C(1,G6) 
C(2,G6) 
C(3,G6) 
C(4,G6) 
C(5,G6) 
C(6,G6) 
C(7,G6) 
C(8,G6) 
0(2,G6) 
0(3,G6) 
0(4,G6) 
0(5,G6) 
0(6,G6) 
1(1) 
1(2) 

-393(2) 
-308(2) 
-292(2) 
-282(2) 
-288(2) 
-485(2) 
-458(3) 
-404(1) 
-328(1) 
-201(1) 
-364(1) 
-376(1) 
-141(2) 
-205(2) 
-225(2) 
-271(2) 
-204(2) 
-242(2) 
-215(3) 
-372(2) 
-155(1) 
-290(1) 
-281(1) 
-187(1) 
-334(2) 

254(2) 
200(2) 
99(2) 
40(2) 
96(2) 
48(2) 

294(3) 
54(2) 

262(1) 
52(1) 

-47(1) 
194(1) 
89(1) 
21.8(0.2) 
3.5(0.2) 

-53(2) 
-14(3) 
132(3) 
170(3) 
315(3) 

-232(3) 
390(4) 

-184(2) 
-39(2) 
153(2) 
121(2) 
365(2) 

-208(2) 
-294(3) 
-249(3) 
-115(2) 
-32(3) 
101(3) 

-528(4) 
210(3) 

-412(2) 
-323(2) 
-69(1) 
-88(2) 

87(2) 
-184(3) 
-312(3) 
-308(2) 
-206(2) 
-78(3) 

22(3) 
-510(6) 

201(4) 
-400(2) 
-427(2) 
-198(2) 
-97(2) 
141(2) 
-3.0(0.3) 

-164.4(0.3) 

107(1) 
80(1) 
89(1) 

160(1) 
165(1) 
51(1) 

140(2) 
103(1) 
11(1) 
74(1) 

180(1) 
116(1) 
395(1) 
347(1) 
278(1) 
277(1) 
328(1) 
334(1) 
349(2) 
357(2) 
352(1) 
233(1) 
212(1) 
390(1) 
348(1) 
456(1) 
455(1) 
408(1) 
431(1) 
433(1) 
465(1) 
470(2) 
403(2) 
430(1) 
416(1) 
378(1) 
479(1) 
459(1) 
271.8(0.1) 
133.8(0.1) 

3.8 
3.7 
4.5 
4.6 
4.7 
6.3 
9.4 
4.9 
5.5 
4.1 
3.9 
7.4 
3.9 
3.9 
4.4 
3.2 
4.3 
6.3 
8.1 
6.9 
5.4 
4.8 
3.1 
4.4 
7.6 
5.2 
5.3 
3.1 
3.4 
4.1 
5.3 

12.8 
7.6 
6.7 
5.9 
3.7 
4.8 
6.8 
8.6a> 
7.3a> 

a) Z?eq value. 

0(2)H and 0(6)H hydroxyl groups. The endo-cyclic 
torsion angles are confined to near ±60° and their 
absolute values vary in the range from 53° to 64° in the 
increasing order of C(2)-C(3)-C(4)-C(5), C(l)-C(2)-
C(3)-C(4), C(3)-C(4)-C(5)-0(5), 0(5)-C(l)-C(2)-C(3), 
C(4)-C(5)-0(5)-C(l), and C(5)-0(5)-C(l)-C(2). The 
torsion angle index is distributed in the range 119— 
139° in the 1-propanol complex and 124—145° in the 
iodine complex (Table 3). As shown in Fig. 1, the 
torsion-angle index is linearly correlated with the 
distance between 0(4) and 0(4') of adjacent 2,6-di-O-
methylglucose unit. The strong correlation is 
indicated by the correlation factor of —0.91. A similar 
correlation is found in a-cyclodextrin12) but permethyl-
ated a-cyclodextrin shows no such correlation. The 
C(6)-0(6) bond shows two types of orientation, 
gauche-gauche (to the C(5)-0(5) bond and C(4)-C(5) 
bond, respectively) and gauche-trans. The former is 
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Fig. 1. Plot of the 0(4)---(4') distance between the 
adjacent units against the torsion-angle index in the 
DM-a-CDx complexes with 1-propanol (O), iodine 
(•), and 3-iodopropionic acid (A). 
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found in the Gl , G2, G4, and G5 units and the C(6)-
0(6) bond in the G3 and G6 units have the latter con­
formation. The methyl groups attached to 0(2) point 
away from the center of macrocycle with the average 
torsion angels, C(l)-C(2)-0(2)-C(7) and C(3)-C(2)-
0(2)-C(7), of 135° and -105°, respectively, in the 1-
propanol complex. The C(8)H30(6) methoxyl group 
in the Gl , G2, G3, and G5 units is trans to the 
C(5)-C(6) bond, whereas the methoxyl group in the G6 
unit is nearly gauche and oriented to the inside of the 
macrocycle. The torsion angles involving the glyco­
side linkage, C(4)-0(4)-C(l ,)-C(2 /), C(4)-0(4)-C(l /)-
0(5'), C(3)-C(4)-0(4)-C(l/), andC(5)-C(4)-0(4)-C(l /), 
having average values of —136°, 106°, 133°, and 
—111°, respectively, are in good agreement with those 
found in a-cyclodextrin. 

The six glycosidic 0(4) atoms are coplanar within 
the deviation of 0.15 Â from their least-squares plane. 
As indicated by the tilt angle, which is distributed 
around 15° (Table 3), the 2,6-di-O-methylglucose 
units are not normal to the 0(4) plane but incline with 
their 0(6) side toward the inside of the macrocycle. 
Therefore, the 0(6) side of the DM-a-CDx molecule is 
narrower than the 0(2), 0(3) side. The average tilt 
angle is larger than that (12°) found in the 3-
iodiopropionic acid complex.8) The 3-iodopropionic 

Table 3. Torsion-Angle Index and Tilt-angle of 
DM-a-CDx Complexes with 1-Propanol (I) 

and Iodine (II) (</>/°) 

Torsion-angle indexa) 

I II 
Tilt-angleb> 

I II 

Gl 
G2 
G3 
G4 
G5 
G6 

132 
126 
119 
139 
124 
136 

131 
134 
125 
145 
124 
135 

8.0 
11.4 
21.3 
11.9 
14.3 
20.4 

9.8 
12.0 
21.4 
11.7 
12.8 
21.5 

a) The torsion-angle index is defined as: <P=|#(C(1)-
C(2)) |+ | </>(C(2)-C(3))|+| </>(C(5)-0(5))|+| </>(0(5)-C( 1 )) | -
|</>(C(3)-C(4))|-|</>(C(4)-C(5))|. b) The tilt angle is 
defined as an angle made by the plane through six 
0(4) atoms and the plane through C(l), C(4), 0(4), and 
0(4') of each 2,6-di-O-methylglucose unit. 

acid molecule is bulkier than 1-propanol and iodine 
molecules and occupies the full space of the host 
cavity. In contrast, in the complexes with 1-propanol 
and iodine, the guest molecules are too small to fill the 
host cavity, therefore, the 2,6-di-O-methylglucose unit 
much more inclines so as to reduce the empty space at 
the 0(6) side. 

The inclination of 2,6-di-O-methylglucose unit is 
restricted by the 0(2) • • -H-0(3') hydrogen bond between 
adjacent units. As shown in Table 4, all 0(3)H 
hydroxyl groups are hydrogen-bonded to adjacent 
0(2) and maintain the 0(2)---0(3 /) distance in the 
range 2.87—3.17 Â. These hydrogen bonds keep the 
tilt-angle within a limited range and maintain the 
round structure of DM-a-CDx. The importance of 
intramolecular hydrogen bonds can be demonstrated 
by the comparison with the structure of permethylated 
a-cyclodextrins (Table 5) in which the macrocyclic 
ring is free from the conformational restriction 
imposed by the 0(2)---0(3 /) hydrogen bonds and 
therefore higly flexible. 

Host-Guest Interaction. In both DM-a-CDx com­
plexes, the guest molecule is fully included within the 
host cavity as shown in Fig. 2. The inclusion feature 
of these complexes resembles to the structure of 
corresponding a-cyclodextrin complexes, but some 
significant differences are observed. The 1-propanol 
molecule is located near the 0(2), 0(3) side of DM-a-
CDx and in van der Waals contact with the inside wall 
of the cavity (Fig. 2A). The methyl group attached to 
0(6,G6) is located at the 0(6) end of the cavity and 
seems to prevent the further penetration of 1-propanol. 

Table 4. Hydrogen Bond Distances (//Â) and 
Angles (</>/°) in the 1-Propanol Complex 

0(2,G1)-
0(2,G2)-
0(2,G3)-
0(2,G4)~ 
0(2,G5)-
0(2,G6)-. 

•H-0(3,G2) 
•H-0(3,G3) 
•H-0(3,G4) 
•H-0(3,G5) 
•H-0(3,G6) 
•H-0(3,G1) 

Distance 
O - O 

2.92(1) 
2.87(1) 
3.07(1) 
3.17(1) 
2.88(1) 
2.96(1) 

Angle 
O - H - O 

145(4) 
168(4) 
161(4) 
137(4) 
155(4) 
151(4) 

Table 5. Comparison of the Geometrical Data of the Macrocycle 
Among a-CDx, DM-a-CDx, and TM-a-CDx 

Radius of the 0(4) hexagon (Z/Â) 
0(4)---0(4') distance (//A) 
0(2)---0(3') distance (//A) 
0(4) angle (</>/°) 
Planarity of the 0(4) hexagon (Z/A)d) 

Torsion-angle index (</>/°) 
Tilt angle (</>/°) 

a-CDxa> 

4.23(5) 
4.24(7) 
2.97(9) 

119(1) 
0.102 

131(4) 
13(10) 

DM-aCDxb> 

4.25(7) 
4.25(8) 
2.98(12) 

119(1) 
0.111 

129(8) 
15(6) 

TM-a-CDxc> 

4.29(23) 
4.30(14) 
3.39(12) 

118(1) 
0.132 

137(12) 
18(12) 

a) a-Cyclodextrin- 1-propanol complex, see Ref. 10. b) Present work, 1-propanol complex, c) Permethylated 
a-cyclodextrin complex with n-mandelic acid, see Ref. 6. d) The root-mean-square deviation of 0(4) atoms 
from the least-squares plane through six 0(4) atoms. 
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C(3,G3) 

cm 

Fig. 2. Intermolecular distances between DM-a-CDx 
and guest in the 1-propanol complex (A) and the 
iodine complex (B). 

Fig. 3. Intermolecular distances between the guest 
and symmetry related host molecules. 1-Propanol 
(left) and iodine (light) molecules are shaded. 

At the 0 (2 ) , 0 (3) side, the 1-propanol molecule is also 
in van der Waals contact wi th the adjacent DM-a-CDx 
molecule (Fig. 3). T h e relatively large temperature 
factor of 1-propanol indicates that the guest molecule 
is loosely b o u n d to the host cavity. 

T h e iodine a tom occupies the same posi t ion as that 

(X, Y, Z) (-X, Y+£, -Z) 

^180 

^ 1 ( 2 ) ^ - •KD 
2.77A 2.67A 

Fig. 4. The geometrical data of the charge-transfer 
interaction between DM-a-CDx and iodine. 

Fig. 5. Crystal structure of the DM-a-CDx complex 
with 1-propanol viewed along the a axis (A) and the 
iodine complex viewed along the b axis (B). 

of 1-propanol and is in van der Waals contact wi th the 
host DM-a-CDx molecule (Fig. 2B). A significant 
short contact is observed between the 1(2) iodine a tom 
and an 0 (3 ) oxygen a tom of the adjacent DM-a-CDx 
(Fig. 3). T h e interatomic distance of 2.77 Â is too 
short for van der Waals contact b u t in good agreement 
wi th the in termolecular I---0 distance (2.81 Â) found 
in the charge-transfer complex of iodine wi th diox-
ane.13) T h e geometry involving the I(2)---0(3) contact 
is shown in Fig. 4. T h e I(2)---0(3) distance and 
I( l)-I(2)---0(3) angle suggest the formation of charge-
transfer complex between the DM-a-CDx and iodine. 
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A short I - --0 contact is also observed between an 
iodine a tom and a hydroxyl g r o u p in the a-cyclo-
dextr in complex wi th iodine, bu t the formation of the 
charge-transfer complex is doubtful because of the 
relatively long I - O distance (3.01 Â ) . n ) 

Crystal Packing. Crystal structures are shown in 
Fig. 5. DM-a-CDx molecules are arranged in a 
her r ing-bone fashion a l o n g the b axis a n d form a 
typical cage-type pack ing structure. Both ends of the 
host cavity are blocked by adjacent DM-a-CDx 
molecules (Fig. 5A) and the guest molecule is accom­
modated in each isolated "cage". Another cage-type 
pack ing structure is observed in the DM-a-CDx 
complexes wi th 3- iodopropionic acid.8) However, the 
space g r o u p (P2i2i2i) and the molecular a r rangement 
differ from the present complexes. In contrast, a-
cyclodextrin complexes wi th l-propanol,1 0 ) i od ine , n ) 

and 3- iodopropionic acid14) crystallize in the space 
g r o u p P2i2i2i hav ing the same packing. T h i s suggests 
that DM-a-CDx dist inguishes 3- iodopropionic acid 
from 1-propanol and iodine in the crystalline state. 
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Di-^-butyl diperoxyoxalate (DBPO) was allowed to decompose at 40 °C in benzene and xylenes, and 
transient radicals were trapped by some nitroso compounds. By means of an ESR simulation technique, the 
trapped radicals were assigned. In benzene, £-butoxyl radicals were trapped. Exceptionally, when l,3,5-tri-£-
butyl-2-nitrosobenzene(l) was used, methoxyl radicals were trapped first, but the ESR signals changed with time 
and methyl radicals were finally trapped. In xylenes, monomethylbenzyl radicals were exclusively trapped by 1 
and 2,4,6-trimethyl-l-nitrosobenzene(2). The hyperfine coupling constant (hfcc) of ß-hydrogens exhibited a 
negative temperature dependence for adducts formed between 1 and benzyl radicals(l-BZ), while for adducts 
formed between 2 and benzyl radicals(2-BZ), a positive one. 

Spin t r app ing is a convenient technique for the 
detection and identification of unstable radicals. As 
traps, ni t rones and ni t roso compounds are most 
widely used. In a previous paper,x) we reported that 
Af-J-butyl-a-phenylnitrone traps radicals which are 
produced in the photochemica l and thermal decom­
positions of azoalkanes. However, it has been shown2»3* 
that ni t roso c o m p o u n d s such as 1 have advantages 
over ni t rones . First, 1 has two t r app ing sites, the 
ni t rogen a n d oxygen a toms of the nitroso group , and 
therefore the t r app ing will occur either on the 
n i t rogen a tom or oxygen a tom to produce an i l ino or 
ni t roxide radicals according to the na ture and bulk-
iness of radicals to be trapped. Secondly, adducts of 
ni t roso c o m p o u n d s afford much more information 
than those of ni t rones in the ESR spectroscopy. 
Further , adducts of ni t roso compounds are usually 
very stable, and this is the third merit for ESR study. 

Terabe and co-workers3) used l,2,4,5-tetramethyl-3-
nitrosobenzene (3) and other nitrosobenzene deriva­
tives and various kinds of radicals produced pho to -
chemically and thermally were successfully identified 
by means of t r app ing method combined wi th ESR 
spectroscopy. 

There is extensive work by Bartlett and co-workers4) 

on the decomposi t ion mechanism of peresters. Of the 
peresters, D B P O attracted our interest, since it 
undergoes a clean decomposi t ion near room temper­
atures in benzene. According to them, a pai r of t-
butoxyl radicals are separated by two carbon dioxide 
molecules. T h i s favors for the paired radicals to 
diffuse apar t to each other, avoiding cage reactions. 
T h e y discussed the react ion scheme on the basis of 
product analysis. 

In the present research, radical species produced by 
the thermal decomposi t ion of DBPO in some aromatic 
hydrocarbons were t rapped by a series of ni t roso 
c o m p o u n d s , and t rapped radicals were identified. 

From the kinds of t rapped radicals and their stabilities, 
a plausible reaction scheme has been proposed. 

T h e temperature dependence of the hfcc's of the spin 
adducts can provide informat ion about the conforma­
tions and barriers to hindered internal rotat ion.5 _ 7 ) 

Studies so far have concerned s imple radicals of 
comparat ively low rota t ional barriers (—10 k j mo l - 1 ) . 
In this work, the temperature dependence of the hfcc of 
ß-hydrogen was examined for crowded spin adducts 
produced in xylenes, and briefly discussed in relation 
to the conformation of the adducts. 

Exper imental 

Materials. Following nitroso compounds were used. 

Compounds 1 and 5 were purchased from Aldrich 
Chemical Company, Inc., and were used without further 
purification. 

Compound 2 was prepared as follows.8* Peroxybenzoic 
acid was prepared by the method of Ogata and Sawaki.9) 

The acid (30 ml) was added with stirring to a 100 ml 
chloroform solution containing 10 g of 2,4,6-trimethylani-
line. After reaction, 2 was isolated and washed with 2% 
sodium thiosulfate solution and then with 5% sodium 
carbonate solution. By recrystallization from absolute 
methanol, white, plate-like crystals were obtained; mp 120— 
121 °C (lit,8> 122 °C). 

Compound 3 was prepared from durene as a starting 
material, according to the method of Smith and Taylor; mp 
160 °C, decomp (lit,10* 160 °C). 

Compound 4 was obtained by oxidizing 2-methylaniline 
with peroxybenzoic acid in dichloromethane and purified by 
chromatography on alumina and by recrystallization.n) 

Yellow crystals; mp 48 °C, decomp. 
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DBPO was prepared from £-butyl hydroperoxide which 
was prepared as follows.12) To a mixture of £-BuOH (1 mole) 
and 70% H2SO4 (1 mole) was added at 0—5 °C with stirring a 
27% H2O2 (1 mol) solution. The mixture separated into 
aqueous and organic layers. The organic layer was 
neutralized with a MgCCh suspension, washed with water, 
and dried over anhydrous MgS04. The £-Butyl hydroper­
oxide was distilled under a reduced pressure (20 mm Hg). 
DBPO was prepared as follows.4) A solution of oxalyl 
dichloride (3.2 g) in 25 ml anhydrous hexane was added 
dropwise to a cold solution of £-butyl hydroperoxide (4.5 g) 
and pyridine (4 g) in 50 ml of hexane, the temperature of the 
solution being kept below 0 °C. After reaction, pyridinium 
chloride crystals were removed. The filtrate was cooled in a 
Dry Ice-acetone mixture and allowed to stand to precipitate 
DBPO. The peroxy ester was recrystallized from a small 
amount of hexane, and stored at — 25 °C in a freezer; mp 
52 °C, decomp (lit,4> 50.5—51.5 °C). Using (CD3)3COH as a 
starting material, DBPO-dis was synthesized in the same 
manner as described above; mp 52 ° C, decomp. 

Solvents were of guaranteed grade and were used after 
purification in the usual manner. 

ESR Measurements. A JEOL JES-FE3XG spectrometer 
equipped with a 100-kHz field modulator and a TE 011 
cavity was used for ESR measurements. A sample solution 
containing ca. 10~3 mol d m - 3 DBPO and ca. 10~2 mol dm - 3 

nitroso compound was deaerated by bubbling nitrogen gas. 
The solution was transferred into a quartz tube and the tube 
was set in the cavity after flushing again with nitrogen. In 
some cases, dissolved oxygen was removed by the freeze-and-
thaw method. DBPO was allowed to decompose at 40 ° C, 
and ESR spectra of spin adducts of transient radicals 
produced were recorded on the spectrometer. The temper­
ature in the cavity was controlled by a JEOL variable 
temperature regulator. Spectral simulations were made with 
an attached computer. The g-values of the spin adducts 
relative to that of Fremy's salt (g=2.0055) or 2,2-diphenyl-l-
picrylhydrazyl (g=2.0036) were estimated in the usual 
manner. 

Results and Discussion 

Thermal Decomposition of DBPO and DBPO-dis in 
Benzene in the Presence of 1. DBPO was allowed to 
decompose at 40 ° C in benzene in the presence of 1. 
Wi th in a few minutes , ESR signals as shown in Fig. l a 
appeared first, bu t the intensity of the signals 
gradual ly decreased a n d new signals appeared at the 
expense of the first signals. Figure 2a is the newly 
appeared signals taken about 30 m i n after the decom­
posi t ion had started. In view of the decomposi t ion 
mechanism of DBPO,4 ) we considered at first that the 
fol lowing spin adduct mus t be responsible for the first 
signals. 

+^•1 o-t-

A-l 

( b ) 

Fig. 1. (a) Experimental and (b) simulated ESR 
spectra of A-2. 

( a ) 

20 G 

( b ) 

-+4 r^~ 

It is notable tha t the hfcc due to the ni t roxide 

Fig. 2. (a) Experimental and (b) simulated ESR 
spectra of A-3. 

n i t rogen is aN=23.80 G, remarkably larger than the 
usual ly observed one (10—15 G ) ( 1 G = 1 0 - 4 T ) . A 
comment for this will be made later. 

T h e hyperfine structure (hfs) is embarrassing and its 
ass ignment has been unsuccessful for a long time. In 
the l ight of literature,3) the meta hydrogens may be 
involved, bu t this alone cannot explain the hfs in Fig. 
la . As a result of tr ial-and-error, we noticed that if 
three "equ iva len t " hydrogen a toms are assumed to 
part icipate in the hfs, the ESR spectrum can be 
reproduced well by means of the s imula t ion tech­
n ique . Fig. l b is the simulated spectrum wi th 
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aN=23.80G, am-H=0.81 G, and a3H=1.86G. Methyl 
protons in the t-BuO group are a possible and 
conceibable source. However, the steric circumstance 
around the nitroso group is extremely severe, and free 
rotation of any methyl groups in the t-BuO group is 
unlikely. Moreover, the 3H hfcc-value is too large to 
be attributed to the methyl hydrogens. Thus the 
assumed adduct A-l cannot be responsible for the first 
signals. 

By chance, we noticed that the reported hfcc-values 
for the adduct A-213) which was formed from y-
irradiated methanol in the presence of 1, agreed well 
with ours. Therefore, it is almost unequivocal that the 
signals in Fig. la correspond to A-2. The spectrum in 
Fig. 2a can be assigned to the following spin adduct 
A-3 with aN=13.03 G, am-H=0.81 G, and a/»-H=12.33 G. 

A-2 

•OCH-, 
4<C^ -CH 3 

A-3 

Fig. 3. (a) ESR signals obtained during the thermal 
decomposition of DBPO-dis in the presence of 1 in 
benzene-^6. (b) Simulation spectrum for A-5. 

The simulated spectrum is shown in Fig. 2b. It is 
noted that the «N-value is normal one. The problem is 
how the adduct A-2 was formed from the £-BuO-
radical. 

Bartlett and co-workers4) studied the thermal de­
composition of DBPO in benzene. In accordance with 
their results, it is unlikely that methoxyl radicals are 
formed from the direct decomposition of £-butoxyl 
radicals. Therefore, we tentatively assume a following 
transient species through which the methoxyl group is 
trapped. Allowing for the time lag for the appearances 
of the spin adduct A-3, a plausible reaction scheme in 
this system would be as follows: 

*-BuO- + 1 

H H LA 

^ < ^ Ç H 3 
CH3 

The fate of the CH3O • radicals freed from A-2 is not 
obvious; they will presumably be trapped by 1 or react 
with methyl radicals to form dimethyl ether. The 
above scheme is partially in harmony with the results 
of Bartlett et al. 

In this respect, we considered that deuterium 
substitution will afford a useful information. Along 
this line, DBPO-dis was prepared and allowed to 
decompose in benzene-^ in the presence of 1. The 
ESR signals obtained are shown in Fig. 3a. We can see 
a well-defined triplet ( 1:1:1 ) of triplet (1:2:1) spectrum 
which can be assigned to A-4. A drastic change in the 
spectral pattern clearly indicates that the three protons 
in question have come from the t-BuO group. 

A-4 A-5 

A-2 

-* CH2=CH-CH3 

CH3 

CH3 

O 
*-BuO- > CH3CCH3 + CH3. 

CH3- + 1 A-3 

CH3- + A-2 > A-3 + CH30-

Although they are not well-characterized, the species 
A-5 will be responsible for the remaining signals in 
Fig. 3a. The simulated spectrum with aN=12.97 G, 
am-H=0.81 G, and a/?-D=1.95 G for A-5 is shown in Fig. 
3b. It is noted that the ratio aß-u/aß-D=6.3 is very close 
to the ratio (=6.5) of the Fermi hfcc's for H and D. 
Similar H-hfcc (13.2 G) and D-hfcc (2.0 G) are reported 
for *-BuN(Ô)CH3 and *-BuN(Ô)CD3, respectively.14) 

Spin Trapping by Use of 2, 3, 4, and 5 in 
Benzene. In place of 1, traps 2, 3, 4, and 5 were used 
and transient radicals were trapped. In contrast to 1 
the following spin adducts were formed. 

Meô 

Me< 
MeMeô 

Me Me 
0- f 

A-6 
Me 

A-7 

Me 

A-8 

0+ < Q ^ 0-1-

A-9 
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ESR spectra for A-6 (aN=24.45 G) and A-8 (aN=16.10 
G) are shown in Figs. 4a and 5a together with their 
simulated ones. Judging from these ESR signal 
patterns, the possibility that methoxyl radicals were 
trapped could be eliminated. When 3 was used, a 
(poorly resolved) doublet of triplet spectrum with 
aN=25.00G (lit,3> 25.18 G) appeared. In spite of 
structural similarity around the N-O group between 2 
and 3, the hfs tentatively assigned to the ortho methyl 
hydrogens for A-6 did not appear for A-7. The signals 
of A-6 and A-8 survived longer than half a day. This is 
a remarkably different point from A-2. In the light of 
such large N hfcc it is almost certain that alkoxyl 
radicals were trapped by 2 and 3. In case of the traps 
2—4, steric circumstances around the nitroso group 
are less severe than those of 1 and therefore, trapped 
radicals must be t-BuO •. 

The hfcc's and g-values for the various kinds of 
adducts are given in Table 1. By inspection of the data 
in Table 1, we notice that the «N-values for the t-BuO-
adducts decrease in the order: 

o,o'-Disubstituted>o-Monosubstituted>Unsubsti-
tuted 
This order agrees with the order of decreasing steric 
hindrance around the =N-0 group. Discussion for 
this will be made later. In nitroxide radicals, the 
electron spin on the nitroxyl oxygen atom flows onto 
the neighboring N atom through resonance hybrid as 
indicated below. 

n)0 "'0 0 

u^\\A rW 

20 G 20 G 

( b ) 

Fig . 4. (a) ESR signals of the adduct of 2 wi th t-BuO, 
and (b) its s imula t ion spectrum. 

Fig. 5. (a) ESR spectrum assigned to A-8, and (b) 
s imula t ion spectrum. 

Table 1. 

Ar-N=0 

ESR Parameters for Some Nitroso Spin Adducts (Reported Values in Parentheses) 

Ar-N-R 
Q hfcc/G 

R Solvent g-Value AN #™-H dß-u Other 

1 

1 
1 
1 
2 
3 

4 

5 

OCH3 

CH3 

OCD3 
CD3 

*-BuO 
*-BuO 

*-BuO 

*-BuO 

Benzene 
CH3OH 
Benzene 
Benzene-d6 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 

Benzene 
CFCI3 

2.0063 
(2.0063 
2.0066 

2.0059 
2.0054 

(2.0054 
2.0052 

2.0068 

23.80 
24.0 
13.03 
24.80 
12.97 
24.45 
25.00 
25.18)3) 
16.10 

14.20 
(14.9 

0.81 
0.9 
0.81 
0.76 
0.81 
0.74 

0.92 

1.09 
1.0)15> 

12.33 

1.95 

1.86a> 
2.0)13) 

0.55b> 
0.20c> 

2.36d> 
0.92e> 
2.90f> 

a) «CH30, b) a„.c.HT~dp-cut-
f) do-u—dp-u-

c) cip-H (poorly resolved doublet) , d) a0,p-u- e) «O-CH3 (tentatively assigned). 
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According to the view of Ingold and co-workers,16_18) 

the r igh t -hand side structure is destabilized if Ri , R2 
are e lect ron-withdrawing groups resul t ing in the 
reduced aw-value. Of hundreds of ni troxide ESR data, 
summarized in Landol t Borns tein, New Series,19) the 
aN-values are between 10 and 15 G for most nitroxides. 
There is an exceptional g roup of nitroxides i.e., a lkoxy 
alkyl ni troxides; their N hfcc-values are between 24 
and 29 G. Chatg i l ia loglu and Ingold1 8 ) considered 
w i t h o u t explici t proof that the enhanced N hfcc's are a 
consequence of increased nonp lanar i ty at N, since a 
n o n p l a n a r structure permits to increase in the s 
character of the semioccupied orbi tal on N. W h e n 
2,6-disubstituted aryls (2, 3) are used, the N hfcc-values 
are comparable to those of alkyls. In these adducts, the 
steric h indrance will be severe and the phenyl r ing wil l 
take a posi t ion perpendicular to the -N(Ö)Ri quas i -
p lane , and flow of spin in to the benzene r ing wil l be 
forbidden. T h e steric h indrance wil l become m u c h 
less severe for A-9, and spin can flow into the phenyl 
g r o u p resul t ing in the reduced aN-value. A very small 
value of ap-u for A-7 compared wi th those for A-8 a n d 
A-9 suppor t s the above view. J u d g i n g from the g-
values in Table 1, all the adducts can safely be regarded 
as ni t roxide radicals instead of an i l ino radicals. 

Thermal Decomposition of DBPO in the Presence 
of 1 or 2 in Xylenes. In place of benzene, o-, m-, a n d 
^-xylenes were used as solvent. T h e ESR spectra 
obta ined du r ing the thermal decomposi t ion of D B P O 
in the presence of 1 are shown in Fig. 6. It is obvious 
that monomethylbenzyl radicals are exclusively t rapp­
ed by 1. T h i s can be justified by the fact that the 
methyl hydrogens are m u c h more easily abstracted by 
t-BuO- radicals than the benzene hydrogens.20) It 
follows that the J-BuO- radical abstracts one of the 
xylene methyl hydrogens. T h e estimated hfcc's for N, 
ß -H and m - H are given in Table 2. When 2 was used, 
a different pat tern of ESR signals appeared. A 
representative one is shown in Fig. 7. Over lappings of 
very small hfcc's due to m - H and o,£>-methyl hydro­
gens of the t rap side may be responsible for the l ine 
broadening. In fact, the hfcc-values for m-H, p-H, a n d 
o-methyl hydrogens in 2,6-dimethyl-substituted ni t ro-
sobenzenes are considerably smaller than those of the 
corresponding unsubsti tuted or monosubst i tuted ni t ro-
sobenzene (Table 1). We notice two dist inct ions in the 

Table 2. ESR Parameters for Spin Adducts 
Formed in Xylenes at 40 °C 

Trap Solvent g-Value « N / G «/J-H/G am.u/0 

jfr-Xylene 
ra-Xylene 
o-Xylene 

jb-Xylene 
ra-Xylene 
o-Xylene 

2-0060 
2.0061 
2-0061 

2-0062 
2.0062 
2.0062 

13.91 
13.67 
13.44 

13.53 
13.55 
13.53 

14.55 
14.20 
10.42 

7.78 
7.70 
7.50 

0.82 
0.82 
0.84 

hfcc: first, the aß-u values for the 1-BZ adducts are 
larger than those for the 2-BZ adducts and secondly, 
the hfcc due to the m - H is no t observed for the latter 
adducts. It is notable that the #N values in Tab le 2 are 
larger than those for N-alkyl phenylni t roxide (ca. 
10 G),21) due to enhanced steric hindrance. 

Temperature Dependence of ß-H HFCC. T h e 
signal pat tern in Fig. 6 as well as in Fig. 7 was found to 

o - x y 1 e n e 

20 G 

Fig. 6. ESR spectrum appeared during the thermal 
decomposition of DBPO in the presence of 1 in (a) 
m-xylene, (b) jb-xylene, and (c) o-xylene. 

Fig. 7. (a) ESR spectrum obtained during the 
thermal decomposition of DBPO in the presence 
of 2 in m-xylene. (b) Simulation spectrum. 
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120 X 

r—V~ 

-H-H 
100-C 

A0°C 

0 *C 

L — ^ — 

20 G 
i 1 

Fig. 8. Temperature dependence of ESR spectrum of 
the adduct formed during the DBPO decomposition 
in the presence of 1 in m-xylene. 

change wi th temperature . A representative one is 
shown in Fig. 8. It was found by inspect ion of these 
signals that the hfcc of the two (equivalent) ß-
hydrogens varies wi th temperature, while no sub­
stantial l ine b roaden ing wi th temperature occurs. It 
follows therefore, that the rotat ion a round the N-CH2 
b o n d is severely restricted. T h e ß -H hfcc values at 
various temperatures are given in Tab le 3. In Fig. 9, 
the ß-H hfcc is p lot ted against tempera ture for the 
1-BZ adducts . It is seen that the temperature 
coefficient is negative for each adduct, but is very small 
for the o-methylbenzyl adduct. In contrast to this, the 
tempera ture coefficients are all positive for the 2-BZ 
adducts (Table 3). 

The re are a vast of theoretical and exper imental 
invest igat ions which relate the hfcc of ß-hydrogens to 
their conformat ional posi t ions . A review by Sull ivan 
a n d Mengen2 2 ) may be instructive. According to Stone 
and Maki,23) h indered internal rotat ions give rise to a 
temperature-dependent ß-H hfcc. For adducts such as 
ours , it is too difficult to take in to account vicinal 
g r o u p effects proper ly in es t imat ing the torsional 
barrier. However, it can quali tat ively be said that the 
steeper the torsional barr ier becomes, the smaller the 
temperature coefficient is, as observed for o-substituted 
adducts. 

O n the basis of theoretical background, our adducts 
wil l have either A or B conformat ion according to the 
steric si tuations. 

Table 3. Variation of the ß-H 
HFCC with Temperature 

Solvent Temperature/0 C Trap 1 
aß.n/G 

Trap 2 
aß-u/G 

jfr-Xylene 

ra-Xylene 

o-Xylene 

100 
80 
60 
40 
20 
0 

- 2 0 
- 4 0 

100 
80 
60 
40 
20 
0 

- 2 0 
- 4 0 
- 6 0 
- 8 0 

100 
80 
60 
40 
20 
0 

- 2 0 
- 4 0 
- 6 0 
- 8 0 

14.05 
14.20 
14.35 
14.55 
14.78 
14.98 
15.28 
15.40 

13.68 
13.87 
14.00 
14.20 
14.45 
14.65 
14.93 
15.23 
15.43 

10.28 

10.36 

10.49 

10.55 

7.90 
7.78 
7.64 
7.53 
7.36 
7.36 

7.92 
7.84 
7.70 
7.56 
7.36 
7.25 
7.06 
6.94 
6.72 

7.78 
7.62 
7.50 
7.36 
7.22 
7.03 
6.89 
6.69 
6.24 

15 

K 

x ^ 
°°\o 
• ° A-\ J 

a °v "I — \ \ 
0. \ A 

\ 0 " 
D \ 

B V \ O Ov 

^ c \ D 

1 1 -

12 

O 

11 

tu 0 100 

Temperature/0 C 

Fig. 9. Plots of ß-H hfcc against temperature for 
1-BZ adducts in (A) p-xylene, (B) ra-xylene, and 
(C) o-xylene. 

It has been accepted that the hfs of the ß-hydrogens is 
caused by the hyperconjugat ion interaction of the p-7i 
orbital on N a tom with a pseudo Tt-molecular orbital 
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of the type </>=Xsi—Xs2 where Xsi a n d Xs2 denote the 
s-orbitals of the two ß-hydrogens. In conformat ion A, 
the two orbitals are in preferable posi t ions to each 
other, resul t ing in a large ß -H hfcc (Table 3). As 
temperature increases, a f luctuation from the o p t i m u m 
pos i t ion wil l take place, and this gives rise to a 
negative tempera ture coefficient of ß -H hfcc. In 
conformat ion B, the temperature coefficient will be 
positive by just the opposi te reason. It follows that the 
conformat ion of the 1-BZ adducts is A and that of 2-BZ 
adducts is B. For the o-methylbenzyl adduct , the steric 
h indrance wil l become the greatest a m o n g the similar 
adducts . A very small temperature coefficient and 
remarkably reduced ß-H hfcc for this adduct is in 
ha rmony wi th the above statement. 
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Parametrized Equations-of-Motion Method at the (lp-lh)+(2p-2h) 
Level. II. Simplified Treatment of CJ-TC Correlations 
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The previously proposed scheme of parametrized equations of motion for the TT—»TT* transitions of linear 
polyenes [Bull. Chem Soc. Jpn., 62, 701(1989)] has been simplified in the treatment of the o-n electron correlations. 
The simplified schemes seem to give results as accurate as the original one for the low-lying excited states. 

T h e convent ional Tt-electron theories inc lud ing the 
P P P me thod are all constructed on the assumpt ion of 
the o-n separability.1} T h i s means that the electronic 
t ransi t ions to low-lying excited states from the g round 
state are explained by the transit ions of Tt-electrons 
alone, leaving the a-electron core unchanged. We have 
shown2»3) that this is well justified for the transi­
t ions to triplet excited states bu t no t for the singlet 
excitations. In Paper I3), we clarified that the o-n 
electron correlations involved in the n—»TT* transit ions 
were two-fold. T h a t is, the correction terms S' and Tf 

which are equal ly involved both in the triplet and 
singlet t ransi t ions, and the dynamical screenings 
which are involved only in the singlet t ransi t ions. 
A m o n g the three parameters a, b, and £ appear ing in 
the proposed scheme, a represents o—*o* t ransi t ion 
energies a r o u n d 1 in a tomic uni ts , b, is a p ropor t ion­
ality constant a round 1 for the resonance integral, and £ 
is an averaged value a round 1.625 as determined by 
Slater's rule for the exponent coefficients of the 2s, 2p a , 
and 2PTT A O ' S . T h e parameter a is involved in the 
evaluat ion of o-n correlation effects. 

In the or iginal scheme, the dynamical screening 
differs for each singlet t ransi t ion as the transi t ion 
energy is required to evaluate it. In actual computa­
tions of the singlet transit ions, we first solve the E O M 
(equat ions of mot ion) wi th the correction terms S' and 
T ' bu t w i thou t the dynamical screening, and then 
substi tute its eigenvalue for œx in the dynamical 
screening term in the final form of the EOM. T h u s , 
the E O M with a different dynamical screening must be 
solved for each singlet t ransi t ion. However, in the 
course of actual computa t ions , we noticed that the 
eigensolut ions were practically unchanged regardless 
of the i n p u t value of œ\ for all the lowest-energy 
transi t ions in which we are interested. In this paper, 
we will first show that the final results are not m u c h 
altered if we i n p u t zero for œ\ in the dynamical 
screening term. T h i s will then lead to a further 
simplified scheme in which no t only the t ransi t ion 
energies œx bu t also the n—»7U* orbital energy differ­
ences £TC*—£JC are set equa l to zero in compar ison wi th 
the parameter a on evaluat ion of the correction terms 
S' and T' as well as the dynamical screening. 

1. Summary of the Parametrized EOM Proposed in 
Paper I3) 

Let m and n refer to the unoccup ied 7C* orbitals, and 
y and ô to the occupied n orbitals . T h e parametr ized 
EOM at the (lp— lh)+(2p—2h) level is writ ten as 

se J* j / ° ( l , 2 ) 0 

•3 -se 0 - ^ ° < 1 . 2 ) 
j /o(2 , i ) Q ,40(2,2) 0 

0 - ^ ° < 2 , D 0 - ^ ° ( 2 , 2 ) 

In this mat r ix equat ion , 

I ? 
y(2) 

[ Z<2> 

= (0 

* 

y(2) 

Z<2> 

Pmn ( l /^ )2 j£„„2- i 5 = o 1 C' mv.pniSjCnp.pfMiS) + ß ' ' n 

gmy — (1 + Pyy— Pmm)1/2, 

where 

(1) 

^my,nô(S) — ÔmnÔyô(Sm ~ £y) 

+ {-[(mn\yd) + ômn(Tyô + T'yà) 

~ ôyô(Tmn + T'mn)] + (ôsQ)2(my\nôY'}/(gmygnô), (2a) 

J W 4 S ) = {-(-l)s[(mô\ny) - (Sm7,nô + S'my,„«)] 

+ (ôso)2(my\ndY'}/(gmygn*), (2b) 

Smy,nô = -^[(môlp^Cp^O) + (ny\p fjL)CPfi,mô(0)l (3a) 

Tmn = ( l / 2 ) E „ S m w ; Tyô = - ( 1 / 2 ) S P W (3b) 

(4a) 

Pyô = - ( l / 2 )S„ M S 5 = 0 ) i
C , ^^ (5 )C^ M (S ) + p'7Ô, (4b) 

(4c) 

C'(0) = [3C(0) + C(l)]/4 ; C'(l) = [C(0) + 3C(l)]/4 (5) 

and 

Cmy,nô(S) = ~[-(~l )s(mô\ tiy) + (ôso)2(my\nô)] 

/(em + £n — ey —sa). (6) 
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In these equations, S=0 and 1 refer to the singlet and 
triplet transitions, respectively. Hereafter, p and q 
refer to unoccupied orbitals and \i and v to occupied 
orbitals. £*'s are the HF orbital energies and (ij\ kl)'s 
are the two-electron molecular integrals: 

(«y|*o=//wi)y(i)](i/ri2)[Ä(2)/(2)]dVid%. 

In Eq. 1, 

^0(2,1) = j / ° ( l , 2 ) 

Parametrized Equations-of-Motion Method: II 2495 

Sm 7{|^m 7aS) |2- | / m 7(AS) |2} 

+ 2 ( m % l J Y < * { m y ^ ( X S ) \ * - \Z®>{rny,nô)(XS)2} = 1, (13) 

we have the transi t ion dipole m o m e n t 

Dx = (&o)NA-1V^Sm7{ *m7(A0) + / m ^A0)}(g m ^ m y ) , (14) 

where 

d°my = -Jm(r)ry(r)dh (15) 

and N\ is a renormalizat ion constant given by 

(7) 

(8) 

and the matrix elements of J°il^2) and A°<2»2) are given 
in paper I. The dynamical screening by a-electrons 
enters in Eqs. 2a and 2b as 

N 1 

= (&>)-
4a<WA 

" 2- ,* n i 2 7 r p * J l P (G n i * n h n 2 * n / [gni*Kign 2 *n 2 ] ) 

(my\nd)" = (my\nd) — • rmy,nô> 

where 

Gmy,nô = 4 2 (my|cr*a)(n<5|a*a). 

(9) 

(10) 

(a2 — cox2)2 ^1**1^*2*^ 

(16) 

For the evaluation of G in Eq. 10, see Paper I. On the 
other hand, the correction terms S' and T' in Eqs. 2b 
and 2a are given by 

The oscillator strength is given by 

/A = (2/3HDA|2. (17) 

2. Simplified Treatment of the a-7t Correlations 

S'my,nô = ( l / 2 ) [ a + Sm — So)'1 

+ (a + sn - £7)-
1]Gmô>„7, (lia) 

T'mn = (l/2)2KS'm«.»K ' ^7« = -(l/2)27l*5/
7I*7)7I*ô. (lib) 

The correction term in Eq. 9 for the dynamical 
screening by a-electrons involves œn which is different 
for each transition X. This makes the whole calcula­
tions quite laborious because the low-lying excited 
states often change places in their energy-level order­
ing as we include the dynamical screening in the 
EOM. In the course of actual calculations, however, 

The correction terms p' in Eqs. 4a and 4b are given by w e n o t i c e d t h a t t h e f i n a l r e s u l t s o f t h e s e l o w e s t s i n S l e t 

transitions were practically unaltered irrespective of 
p'mm — (l/2)2uGm7l,m7l/(a + £m — Sn)2; (12a) the input value for cox. We therefore propose to set 

w\/a=0 in evaluating the dynamical screening. This is 
p'yy = -(l/2)^n*Gn*y,n*y/(a + sn* - £y)

2. (12b) referred to as the Simplified Version I in this paper. 
Table 1 shows the results obtained by the use of the 

Assuming that the eigenvectors are normalized as same set of the parameter values as in Paper I. Note 

T a b l e 1. Computed Trans i t ion Energies (in eV) to the Low-Lying Valence States 
of All-trans Linear Polyenes by the Simplified Version I 

wi th the Parameter Values: a=1.10, 6=1.05, £=1.65 

Butadiene 

Hexatr iene 

Octatetraene 

Decapentaene 

3BU 

3.44 
(3.44) 

2.88 
(2.88) 

2.57 
(2.58) 

2.41 
(2.41) 

(obsd) 

3.2b> 

2.7C> 

2.1d> 

3Ag (obsd) 

4.61 4.95b> 
(4.61) 

4.03 4.2C) 

(4.04) 

3.48 3.6d> 
(3.48) 

3.11 
(3.11) 

!BU (obsd)a> 

5.79 5.91 
(5.72) 

4.98 4.93 
(4.93) 

4.46 4.40 
(4.42) 

4.11 4.02 
(4.08) 

2!Ag (obsd)a> 

5.84 
(5.83) 

4.90 
(4.89) 

4.21 3.97 
(4.21) 

3.86 3.48 
(3.86) 

Values in parentheses are the transition energies obtained by the original scheme with the same set of the 
parameter values (cf. Paper I), a) All taken from the review article of B. S. Hudson, B. E. Köhler, and K. 
Schulten, "Excited States," ed by E. C. Lim, Academic Press, New York (1982), Vol. 6, pp. 1—95. b) J. P. 
Doering, / . Chem. Phys. 70, 3902 (1979). c) R. McDiarmid, A. Sabljic, and J. P. Doering, / . Am. Chem. Soc. 107, 
826 (1985). d) M. Allan, L. Neuhaus, and E. Haselbach, Helv. Chim. Acta, 67, 1776 (1984). 
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that the results show marvelous agreement wi th the 
or iginal ones. 

We then propose to make further approx imat ion 
that the orbi tal energy differences sn*—sn appea r ing in 
Eqs. 11—12, as well as a>x, are ignored in deal ing wi th 
the o-n electron correlations, i.e., 

cox/a = (en* — En)/a = 0. (18) 

T h i s is referred to as the Simplified Version II in this 
paper. In this approx imat ion , we would have 

and 

(my\nô)" = (my\nô) - Gmy>nô/a, 

•J my,nô ^mô.ny /a, 

T'mn = {\/2)(Zfimn,nn)/a ', 

T'yô = -(l/2)C2nfin*ô>n*y)/a. 

P'mm = (l/2)CZnGmn,mn)/a2 ', 

P'yy — — ( l / 2 ) (2 u *^* 7 ) U * 7 ) / a 2
) 

(19) 

(20a) 

(20b) 

(21a) 

(21b) 

(22) 

With this approx imat ion , we now have 

S0my,nô(S) = ÔmnÔ7ô(£m
 — £y) 

+ {—[(mn\yà)" + ômnTyô — ôyôTmn] 

+ (ôso)2(my\nô)"}/(gmygn6), (23a) 

@my,nô(S) = {-(-l) s[(mô| n 7 ) " - Smy>nô] 

+ (ôso)2(my\ nô)"}/(gm7gnô), (23b) 

where (my\ nd)" and (mô\ ny)" are given by Eq. 19 and 

(mn\yô)" — (mn\yô) 

-(\/2)(ômn^Gn*ô>n*y + ôyô^nGmn,nn)/a. (24) 

3. Numerical Examination and Discussions 

Numer ica l computa t ions were made for the n—»TT* 
t ransi t ions of l inear polyenes, u s ing the same mo­
lecular geometries as described in Paper I. 

We have already shown, in Tab le 1, the results of the 
Simplified Version I (u)x/a=0). T h e results were 
remarkably close to those of the original version, 
a l t hough the same parameter values as found in the 
original version were used wi thou t further optimiza­
tion, i.e. (a=1.10, 6=1.05, £=1.65). 

Tab le 2 shows the results of the Simplified Version 
II (ù)x/a=(en*—8n)/a=0) when the same set of the 
parameter values was used. These results are rather 
poor . T h u s we looked for a better set of the parameter 
values. T h e results wi th an opt imized set (a=1.10, 
6=1.05, £=1.65) are shown in the co lumn II of Tab le 3. 
T h e results of the t ransi t ion energies are reasonably 
good compared to those of the or iginal scheme in spite 
of the approx ima t ions int roduced here. Note however 
that the oscillator s trength for the allowed transi t ion 
1 xBu tends to become smaller than that of the or iginal 
scheme as the molecule gets longer. We have noticed 
that the t ransi t ion to the second allowed state (2XBU) 
shows jus t the opposi te behavior. T h i s is in accord 
wi th the behavior of the weight of the ( lp—lh) 
components in these transit ions. T h e 2XBU states are 
essentially doubly-excited states. In the case of 
decapentaene, the first and second XBU t ransi t ions are 
separated by only 0.06 eV in this scheme bu t 0.42 eV in 
the or iginal scheme. The i r oscillator strengths were 
changed to 1.44 and 0.256 from the original 1.80 and 
0.010, whi le the weights of the (2p-2h) components 
were changed to 0.132 and 0.690 from the original 
0.026 and 0.766, respectively. Such changes are m u c h 
smaller in the case of octatetraene. (Here, the two 
lowest XBU states are separated by 0.23 eV in this scheme 
and 0.61 eV in the or ig inal scheme. T h e oscillator 
strengths were changed to 1.35 and 0.04 from 1.47 and 

Table 2. Computed Transition Energies (in eV) to the Low-Lying Valence States of All-trans 
Linear Polyenes by the Simplified Version II with the Same Set of the 

Parameter Values as in Table 1: a=1.10, 0=1.05, £=1.65 

Butadiene 

Hexatriene 

Octatetraene 

Decapentaene 

3BU 

3.69 
(3.44) 

3.19 
(2.88) 

2.90 
(2.58) 

2.57 
(2.41) 

(obsd)a) 

3.2 

2.7 

2.1 

3Ag 

4.81 
(4.61) 

4.25 
(4.04) 

3.74 
(3.48) 

3.39 
(3.11) 

(obsd)a> 

4.95 

4.2 

3.6 

!BU (obsd)a> 

5.93 
(5.72) 

5.18 
(4.93) 

4.71 
(4.42) 

4.38 
(4.08) 

5.91 

4.93 

4.40 

4.02 

2!Ag (obsd)a> 

5.90 
(5.83) 

4.97 
(4.89) 

4.28 3.97 
(4.21) 

3.93 3.48 
(3.86) 

Values in parentheses are the transition energies obtained by the original scheme with the same set of the 
parameter values (cf. Paper I), a) The same as in Table 1. 
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Table 3. Computed Transition Energies (in eV) and Oscillator Strengths to the Low-Lying 
Valence States of A\\-trans Linear Polyenes by the Simplified Versions II 

and Ilr with the Optimized Parameter Values 
3BU 

II Ilr 

3Ag ^ u 

II Ilr II Ilr II 
2*Ag 

Ilr 

Butadiene 

Hexatriene 

Octatetraene 

3.40 3.36 

2.91 2.86 

2.64 2.59 

Decapentaene 2.50 2.44 

4.47 

3.93 

3.44 

3.11 

4.44 

3.90 

3.40 

3.06 

5.70 
[0.79] 

4.97 
[1.06] 

4.50 
[1.35] 

4.18 
[1.44] 

5.68 
[0.80] 

([0.85]) 
4.93 

[1.07] 
([1.16]) 

4.46 
([1.37]) 
([1-47]) 

4.13 
[1.60] 

([1.80]) 

5.48 

4.60 

3.96 

3.63 

5.47 

4.59 

3.95 

3.62 

II stands for the Simplified Version II with the parameter values (a=1.19, 6=0.98, £=1.64), and Ilr for the 
Simplified Version Ilr with (a=1.19, 6=0.98, £=1.64, r=0.07). Values in the square brackets are the oscillator 
strengths, and those in parentheses under Ilr of ^u are by the original scheme of Paper I. 

0.01, whi le the (2p-2h) weights were changed to 0.035 
and 0.776 from 0.022 and 0.758). 

In addi t ion to the two approx imat ions described 
above, we also treated r=cu\/a=(sn*—£n)/a as an 
adjustable parameter. T h i s is referred to as the 
Simplified Version Ilr. T h e best fit parameters turned 
ou t to be the same as the Simplified Version II for a, b, 
and £ except that r=0.07. T h e results are shown in the 
co lumn I lr of Table 3. It is clear that this in t roduct ion 
of the new parameter r does no t m u c h affect the results 
for the transi t ion energies bu t improves the results for 
the oscillator strengths. In the case of decapentaene, 
the first and second 1BU t ransit ions are separated by 
0.09 eV, their oscillator strengths are 1.60 and 0.11, and 
their (2p-2h) weights are 0.068 and 0.750. (In the case 
of octatetraene, these values are 0.26 eV; 1.37, 0.03; 
0.032, 0.776). 

In the fol lowing paper of this series, we shall treat 
the two-center integrals more carefully than just 
setting equal to 1/R. T h i s would hopefully improve 
the whole results of the t ransi t ion energies and 

oscillator strengths. We shall then find newly 
optimized parameter values for bo th linear and non­
linear Tt-electron systems. 

Computa t ions were part ly carried out us ing fa­
cilities of the Compute r Centers both at Sh inshu 
University and the University of Tokyo. We also 
acknowledge the computa t iona l assistance of Mr. 
Hidetoshi Hara . 
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ß-Carboline anhydro-bases generally have a large positive topological resonance energy although they 
apparently disobey the rule of topological charge stabilization (TCS rule). 7r-Electron densities and molecular 
geometries calculated at the STO-3G+ level support the view that the dipolar aromatic structure contributes 
appreciably to the stability of ß-carboline anhydro-bases. However, these molecules are still worse in energy 
than the isomeric ß-carbolines. Protonated anhydro-bases or ß-carbolinium ions conform to the TCS rule. All 
biogenic ß-carboline anhydro-bases must be protonated in living organisms. 

Al though there is a lengthy list of alkaloids wi th an 
indole skeleton, those hav ing a ß-carboline anhydro-
base r i ng system are rather scanty.1* Here, the term 
"ß-carbol ine anhydro-base" represents 2H-pyrido[3,4-
6]indoles 1 and related species 2—6.2) R ing systems 4, 
5, a n d 6 are the d ihydro derivatives of 1, 2, a n d 3, 
respectively. A m o n g this k ind of alkaloids are 
als tonine (7), sempervirine (8), euxylophorine B (9), 
n i t ramid ine (10), 6,7-dihydroflavopereirine (11), and 
dehydroevodiamine (12).1) These compounds con­
stitute a g r o u p of biomolecules wi th a rather odd 
conjugated system. 

All ß-carboline anhydro-bases have an o-quinonoid 
substructure in the conjugated system.2) Therefore, the 
number of possible covalent canonical structures is 
limited. For example, only one covalent structure can 
be wri t ten for 1, 2, 4, and 5. In general, substantial 
stabilization due to cyclic conjugat ion or a h igh degree 
of aromaticity cannot be expected from such molecular 
structures. Unfortunately, little has so far been learned 
about the quan tum-chemica l features of this k ind of 
compounds . It is the purpose of this paper to examine 

the electronic structure and aromaticity of these rather 
unfamil iar conjugated systems in some detail. 

Theory 

Aromatici ty is one of the most impor tan t propert ies 
which are inherent in cyclic 7i-electron systems. 
Topo log ica l resonance energy (TRE) has served as an 
excellent measure of aromat ic stabilization.3»4) T R E s 
of ß-carboline anhydro-bases and related species were 
calculated us ing Huckel molecular orbital ( H M O ) 
theory. T w o sets of Hückel parameters (one compi led 
by Streitwieser5) and one determined by Hess, Schaad, 
and Holyoke6»7)) were adopted. 

Gimarc ' s rule of topological charge stabilization 
(TCS rule) provides another theoretical basis for 
predict ing the stability of heterocyclic systems.8-10* 
W h e n one appl ies this rule to a given heteroconjugat-
ed molecule, one must obta in the Tu-electron distribu-



September, 1990] Electronic Structure of ß-Carboline Anhydro-Bases 2499 

tion in the uniform reference frame (URF, i.e., the 
isostructural, iso-7ü-electronic hydrocarbon).8* 7ü-Elec-
tron densities in all URFs were calculated using 
simple HMO theory. Substituent R, if any, was 
omitted from the URF since it scarcely affects the gross 
7ü-electron distribution in the ring system. 

Ab initio molecular orbital calculations were carried 
out to estimate realistic n-electron densities in two 
fundamental ring systems ß-carboline anhydro-base 1 
and ß-carboline 13. ß-Carboline is a trivial name for 
9H-pyrido[3,4-6]indole and its derivatives. The 
GAUSSIAN-82 program package11* combined with the 
STO-3G+ basis set12»13) was utilized. Since the STO-
3G basis set12) is not suited to atoms with excessive 
electrons, diffuse functions with «SP(N)=0.06391 3 ) were 
added to imine nitrogens. Geometry optimization 
procedures allowed bond angles and lengths to vary. 

Results and Discussion 

ß-Carboline anhydro-bases 1—6 possess TREs listed 
in Table 1. TREs for the isomeric ß-carbolines 13—16 
are also given in this table. These TRE values are 
slightly dependent on the choice of Huckel parame-

Table 1. TREs of ß-Carboline Anhydro-
Bases and Related Compounds 

TRE/1)81 

>ecies 

1 
2 
3 
4 
5 
6 

13 
14 
15 
16 

17 

Hess-Schaad 
parameters20 

0.444 
0.580 
0.680 
0.286 
0.486 
0.564 

0.509 
0.695 
0.331 
0.591 

0.083 

Streitwieser's 
parametersb) 

0.417 
0.554 
0.660 
0.282 
0.474 
0.569 

0.543 
0.675 
0.334 
0.593 

0.083 

a) Refs. 6 and 7. b) Ref. 5. 

ters. The TRE of 1 is much larger than expected from 
its quinonoid conjugated system, i.e., about 0.8 time as 
large as that of its structural isomer 13. This is 
somewhat surprising because aromatic sextets14»15* or 
six-membered conjugated circuits cannot be chosen 
from 1. The only conjugated circuit available in this 
molecule16* is a peripheral fourteen-n-electron circuit. 
However, the heteroannulene having the same con­
jugated circuit (17) possesses a much less TRE than 1. 
Therefore, individual rings or circuits in 1 must 
contribute much to aromaticity. 

17 

ß-Carboline anhydro-bases other than 1 have essen­
tially the same aromatic character as 1. TREs of 2—6 
are very large although they are likewise quinonoid 
with a limited number of covalent canonical struc­
tures. We might say that all these anhydro-bases are 
resonance-stabilized aromatic species. TREs of 3 and 6 
are comparable in magnitude to those of the corres­
ponding ß-carbolines 14 and 16, respectively. There 
are no isomeric ß-carbolines for 2 and 5. 

Large TREs of 1—6 tempt us to write dipolar 
aromatic structures for these molecules.2» 17~19) This 
can be done by converting the constituent amine and 
imine nitrogens into iminium and amide nitrogens, 
respectively. Dipolar aromatic structures thus written 
for 1—6 are shown in la—6a. ß-Carbolines are 
formally iso-7ü-electronic with these dipolar structures, 
in which iminium and amide nitrogens are the sources 
of one and two n electrons, respectively. The 
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coexistence and cooperation of an amine and an imine 
nitrogen is obviously required to write such aromatic 
charge-separated structures. It was Armit and Robinson 
who first proposed this type of aromatized struc­
tures.17* In 1925 they depicted the conjugated system 
of a carboline anhydro-base as a compromise between 
a quinonoid and a dipolar aromatic structure. 

Aromaticity of every ß-carboline anhydro-base can 
further be visualized by writing a Clar structure14»15* in 
harmony with the arrangement of double bonds in the 
dipolar aromatic structure. Clar structures for 1—6 are 
shown in lb—6b, where the circles represent the 
aromatic sextets. It is noteworthy that one or more 
aromatic sextets14»15) are created by replacing the 
quinonoid by the corresponding dipolar structure. 
Considering that every aromatic sextet in Clar 
structures must be as aromatic as substituted benzenes 
(TRE«0.25| ß\ ), Clar structures lb—6b are in quantita­
tive agreement with large TREs for 1—6. 

The pattern of the n-electron distribution in a given 
anhydro-base reflects the weight of the dipolar 
aromatic structure. The molecular geometries of 1 and 
13 optimized at the STO-3G+ level are shown in Fig. 1, 
and the charge distributions obtained for them in Fig. 
2. One may anticipate that an amide-type nitrogen 
attracts more n electrons than an imine-type nitrogen. 
In fact, the 7ü-electron density at the imine nitrogen in 
1 is larger by 0.239 than that at the imine nitrogen in 
13. This indicates decisively that the imine nitrogen in 
1 takes an intermediate position between an imine and 
an amide nitrogen. On the other hand, the n-electron 
density at the amine nitrogen in 1 is smaller by 0.168 
than that at the amine nitrogen in 13. Diffuse 
functions added to imine nitrogens13* were very 
effective for increasing the mobility of n electrons in 

B 

Fig. 1. Molecular geometries optimized at the STO-
3G+ level: (A) ß-carboline anhydro-base and (B) ß-
carboline. Bond angles and lengths are given in units 
of degrees and Â, respectively, Double circles signify 
nitrogen atoms. 

the anhydro-bases. 
It should be emphasized that not only 7ü-electron 

densities but also optimized molecular geometries of 1 
and 13 support the view that the dipolar structure 
contributes appreciably to the resonance hybrid of 1. 
The optimized geometry of 1 in Fig. 1 is fairly 
consistent with the dipolar aromatic structure la. The 
lengths of two CN bonds in the central ring of 1 are 
almost equalized as in the case of 13. This is not 
expectable from the covalent quinonoid structure. 

As has been seen above, it is mobile n electrons that 
create aromatic sextets. Such a propensity of n 
electrons must be balanced by that of o electrons to 
effect charge neutralization, o Electrons displace to 
some extent so as to compensate the imbalance of 
7ü-electron densities at all conjugated atoms. It 
necessarily follows that overall electron density at 
every atom is determined primarily by the electronega­
tivity of the atom. Ab initio overall electron densities 
in 1 and 13 are also given in Fig. 2. 

However, even if a dipolar structure contributes 
appreciably to 13, we can never say that 1 is lower in 
energy than 13. At the STO-3G+ level, unsubstitued 
ß-carboline anhydro-base (1, R=H) is less stable by 
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0.908 0.935 
H H> 6.051 

'6.075 6.025 

6-047 5.877 

H VT \ j> .086. 
0.751 0.931 

0.909 

6.081 \ ^ H 

6.008 5.9657 

,5.911 7.332 W 

5.968.. 

H 
0.907 

Fig. 2. Charge densities calculated at the STO-3G+ level for ß-carboline anhydro-base (1) and 
ß-carboline (13): (A) 7r-electron densities in 1; (B) 7r-electron densities in 13; (C) overall electron 
densities in 1; (D) overall electron densities in 13. 

28 kcal mol - 1 than its structural isomer ß-carboline 
(13). As this energy differences is far from being 
negligible, ß-carboline would never isomerize to the 
anhydro-base.2) If substituent R in such anhydro-bases 
as 1, 3, 4, and 6 were replaced by a hydrogen, the 
molecule would no longer retain the anhydro-base 
conjugated system, and would be converted to the 
corresponding ß-carboline immediately. As shown in 
Fig. 1, the degree of bond-length alternation along the 
periphery is somewhat higher in 1 than in 13. This 
reflects the arrangement of double bonds in the 
covalent canonical structure (1). 

In a previous paper,10) we demonstrated that 
biomolecules conform to the TCS rule.8) Most 
heteroatoms in biomolecules occupy the positions 
which already have large charge density in the URFs. 
Above all, amine nitrogens and ether (or alcohol) 
oxygens were found to obey the TCS rule without 
exceptions.10) As these atoms contribute two n 
electrons to the conjugated system, they behave like 
dications which can attract about two n electrons. 
This is the primary reason why amine nitrogens and 
ether oxygens in biomolecules strictly obey the TCS 
rule. 

The URFs for ß-carboline anhydro-bases 1—6 are 
presented in Fig. 3. URF A in this figure is nothing 
other than the fluorenide ion with fourteen n 

electrons. The location of the imine nitrogen in 1 
corresponds to the site of high charge density in this 
URF. However, the amine nitrogen in 1 occupies the 
wrong position. Charge density is not high at the 
corresponding position in URF A. Thus, 1 does not 
obey the TCS rule as a whole. Other anhydro-bases 2, 
4, and 5 again disobey the TCS rule. The situation 
with many derivatives of these anhydro-bases is very 
similar. An amine nitrogen in these species does not 
occupy the position of high charge density in the 
URFs. 

Ring systems 3 and 6 are different from others, in 
that their covalent canonical structures are fairly 
consistent with the TCS rule. This coincides with the 
fact that 3 and 6 have as large TREs as their structural 
isomers 14 and 16, respectively. There is an o- or p-
pyridone ring in all these ring systems. These 
substructures usually obeys the TCS rule. 

The URF for every ß-carboline anhydro-base is the 
same as that for its structural isomer ß-carboline. Both 
URFs have the same number of n electrons in the same 
hydrocarbon framework. In case that all species 
concerned share the same URF, the most stable 
molecule(s) can be chosen from them on the basis of 
the TCS rule.8) For example, ß-carboline anhydro-
base 1 does not conform to the TCS rule, whereas ß-
carboline 13 does. This again shows that 13 must be 
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1.023 

1.073 

1.039 
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J . 0 9 1 1.246 
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.000 

.054 

Fig. 3. Uniform reference frames (URFs) for ß-carboline anhydro-bases: (A) 1; (B) 2; (C) 3; (D) 4; 
(E) 5; and (F) 6. 

thermodynamically much more stable than 1. 
In this context, it is interesting to see that the 

dipolar aromatic structures for all anhydro-bases are 
consistent with the TCS rule. Electron-rich amide 
nitrogens occupy the positions of high charge density 
in the URFs. However, as can be seen from the relative 
energies of 1 and 13, the contribution of a dipolar 
aromatic structure is not large enough to make a given 
anhydro-base comparable in energy to the correspond­
ing ß-carboline. The one-electron approximation in 
HMO theory may be responsible in part for large 

TREs of the anhydro-bases. 
Another problem arises when aromaticity is attribut­

ed to a dipolar aromatic structure. The contribution 
of the dipolar structure intensifies the basicity of an 
imine or an amide nitrogen in the ß-carboline 
anhydro-bases to a considerable extent. Accordingly, 
the anhydro-bases must be much more basic than the 
corresponding carbolines.2»18»19* In fact, pK* values 
between 10.5 and 10.7 were reported for alstonine (7), 
sempervirine (8), and related alkaloids.2) Protonation 
and alkylation of 1 take place preferentially at the 
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imine nitrogen.2 ) 

It is n o w clear tha t p ro tona t ion is an impor t an t way 
to stabilize the anhydro-base conjugated systems. 
Vincarp ine (18) indicates that if a dissociable p ro ton is 
available in an anhydro-base molecule, it moves 
readily to the imine ni t rogen to form a zwitterion.20) 

Part icular ly in t r igu ing is the fact that the anhydro-
bases are protonated even in neutral water.19) Even if 
an anhydro-base molecule has n o dissociable proton, 
the electronic absorpt ion spectrum of the aqueous 
so lu t ion is identical w i th that given by the ß-
carbo l in ium ion.19) T h e p H value of the solvent mus t 
be h igher than 11.5 if one wants to obta in the 
absorpt ion of the anhydro-base itself. Therefore, there 
is n o doubt whether biomolecules such as 7—12 are 
stabilized in p lants by forming protonated species. 

ß -Carbo l in ium ions or ß-carboline anhydro-bases 
p ro tona ted at the imine ni t rogen 19—24 are iso-7ü-
electronic wi th the corresponding ß-carbolines, so 
natura l ly conform to the T C S rule. T h e stability of 
the anhydro-bases enhanced by the cont r ibu t ion of the 
dipolar aromat ic structure is further enhanced in water 
by pro tona t ion . It seems qui te likely that wi thou t a 
tendency toward p ro tona t ion , this k ind of compounds 
wou ld no t have been synthesized in l iving organisms. 
T h e fact that the anhydro-bases can easily be isolated 
from p lan t extracts never means that they exist as free 
bases in plants.1* T h e ß-carboline anhydro-bases 

themselves are not biomolecules a l though they are 
often given as such in the list of alkaloids. T h e ß-
carbol in ium ions instead are biomolecules. 

Concluding Remarks 

ß-Carbol ine anhydro-bases have been isolated from 
plants a l t h o u g h their q u i n o n o i d structures are no t 
consistent wi th the T C S rule.1* Aromaticity of these 
compounds can be rationalized by assuming that a 
dipolar aromat ic structure contributes more or less to 
the resonance hybrid. T h e dipolar structure conforms 
to the T C S rule. ß-Carboline anhydro-bases are highly 
basic and readily protonated in water to form ß-
carboline-l ike conjugated systems, which obey the 
T C S rule. Therefore, these compounds must be 
pro tonated in the tissues of plants . We can still say 
that biomolecules obey the T C S rule.10) 

We are indebted to the Compute r Center, Inst i tute 
for Molecular Science, Okazaki Nat ional Research 
Inst i tutes for the use of a H I T AC M-680H compute r 
and the GAUSSIAN-82 p rogram package. 
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Electroluminescence (EL) due to band-band transition was observed for n-InP single crystal electrodes in 
solutions containing current doubling reagents like peroxodisulfate and various redox electrolytes. The 
mechanism for the EL emission in relation to surface properties of n-InP crystals in these electrolytes is 
presented. The cathodic decomposition process of n-InP electrodes involved in various electrolytes especially in 
peroxodisulfate medium has been analyzed from the EL emission as a function of electrode potential under 
steady state as well as pulsed conditions. The intensity of the EL signal depends on the electron density at the 
interface which is controlled by the potential and on the chemical composition of the electrode surface. 
Moreover, a hydrogen evolution reaction reduces the EL efficiency at higher cathodic potentials. Though the 
potential has no effect on the shape of the EL spectra, a significant change in EL intesity was observed. In all 
the electrolytes used the InP electrodes seem to decompose during cathodic polarization to form indium metal. 
The change in the surface composition plays an important role in the relation between potential and the EL 
intensity. Moreover, during pulsed polarization the EL behavior is different from the steady state conditions 
and also depends on the concentration of the electrolyte species. 

T h e Electroluminescence (EL) measurement has 
been a useful technique for the unders tand ing of elec­
trochemical reaction mechanism at semiconductor / 
electrolyte junct ion. 1 _ 1 1 ) Presently, we discuss the E L 
study as a probe to unders tand the surface properties of 
semiconductors. E L is usually caused by minori ty 
carrier injection under forward bias condit ion. For 
example in the case of an n-type semiconductor biased 
cathodically, hole injection from the electrolyte species 
to the valence band is possible. 

Basically, EL emission is induced by two types of 
solut ion species at the semiconductor/electrolyte inter­
face caused by current doub l ing or no rma l redox 
species. T h e one u s ing a current d o u b l i n g reagent (2 
electron transfer) involves both conduct ion and va­
lence bands and the other by a normal redox electrolyte 
(1 electron transfer) involves mainly the valence band 
of the semiconductor . In these processes, band gap 
emission should be observed in the absence of lattice 
defects and bulk impur i t ies . Moreover, in the presence 
of surface states the re laxat ion pathways are increased. 
Most of the reported E L spectra show transit ions 
involving surface states, lattice defects, or impur i ty 
States. 2-5,8-10,11-14,25) 

I n d i u m phosph ide (InP) has been one of the few 
technologically advanced materials (III-VI) and its 
luminescent propert ies at p- type/n- type semiconduc­
tor, semiconductor /meta l , or l iqu id junct ions have 
become well known. It has been reported in earlier 
publ icat ions 1 1 »25) that the I n P / a q u e o u s acid interface 
consists of a chemical ly passive th in layer of In203 
which reduces the surface recombinat ion of carriers at 
the above interface in electrochemical solar cells. In 
general, the process of hole injection from the redox 
electrolytes in to small band gap semiconductors is 
usual ly associated wi th that of corrosion.15_17) More­

over, in the case of I n P , the chemistry of the interfacial 
oxide films which act to give the material its decisive 
advantages is no t yet clear. 

In this work, we examined the electrochemical as 
well as electroluminescent properties of single crystal 
n - InP electrodes us ing current doub l ing reagents like 
peroxodisulfate and various redox electrolytes. E L 
ini t iated by hole injection from redox/current doubl­
i ng reagents in solut ion was studied under bo th steady 
state and pulsed potent ia l condit ions. T h i s study 
provides more details about the semiconductor stabil­
ity wh ich basically depends on the surface propert ies 
of the semiconductor crystal. Since I n P is known for 
its cathodic decomposi t ion which leads to an entirely 
different surface morphology , it is interest ing to probe 
the surface propert ies by the EL observation under 
various condi t ions. T h e factors which are impor tan t 
in de te rmin ing whether a redox process can really 
compete wi th the cathodic dissolution and the 
hydrogen evolut ion at n - InP in order to produce 
efficient E L as well as the semiconductor surface 
stability are also described. 

Exper imenta l 

Materials: n-InP (orientation: 100, dopant: Sn, donor 
density: 1.0X1018cm-3, resistivity: 3.1X10_3Qcm, mobility: 
2.0X103 cm2 V - 1 sec-1) crystals obtained from Nippon Minn-
ing Ltd., were used in the present study. All the chemicals 
used were of AR grade and the electrolyte solutions were 
prepared ultrasonically with distilled water. 

Electrochemical Measurements: A simple Pyrex cell with 
a single compartment was used for all the experiments. 
Electrodes were made in the usual way by making ohmic 
contacts to the crystals with Ga-In eutectic. The procedure 
for mounting the crystals on the glass holders is shown 
elsewhere.23 »24) Br-methanol solution was used to etch the 
electrodes. The potential of the electrode was controlled by a 
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PAR 173/PAR 175 potentiostat-galvanostat/programmer 
system with respect to a saturated calomel electrode. A Pt 
wire was used as the counter electrode. 

Electroluminescence Measurements: The EL spectra were 
mainly obtained with a spectrofluorometer (Fluorolog). The 
sample position of the spectrometer was modified to take our 
cell. The detection system had a good response in the range 
from 400—950 nm. The EL spectra were corrected separately 
for the system response especially in the IR region (800— 
950 nm). For pulsing experiments the electrode was pulsed 
between 0.0 V vs. SCE and a given negative potential. The 
whole system was controlled by a computer provided with 
the spectrofluorometer system. Here, the EL signals were 
detected by a photomultiplier which is connected to a high 
voltage power supply and displayed in the computer. The 
spectral data obtained were stored on a floppy disk. 

Results 

Hole Transfer during Redox Process at InP: Figure 
1 shows the band energy scheme of InP wi th the 
occupied and the unoccupied states of peroxodisulfate 
redox species. According to this it is possible for both 
the bands of the semiconductor to involve in the 
charge transfer process and thereby a pho tocur ren t 
d o u b l i n g p h e n o m e n o n is also expected. T h i s is found 
to be possible at a p - I n P electrode under i l lumina t ion . 
Figure 2 shows the i-v characteristics of p - InP 
photoelectrode in acid m e d i u m before and after the 
addi t ion of peroxodisulfate du r ing i r radiat ion. Here, 
we find that the current doub l ing effect takes place 
wi th abou t 50% increase in the photocur ren t when 
peroxodisulfate is added.23»24) O n the other hand , 
reduct ion of peroxodisulfate ions occur at n - InP in 
dark at h igher cathodic potentials than for i l luminated 
p - I n P electrodes. T h e current-vol tage (i-v) curves for 
n - InP electrode in 0.5M H 2 S 0 4 (1 M = m o l dm~3) and 
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Fig. 1. Energy scheme for n-InP/distribution of 
energy states of peroxodisulfate at the interface 
together with the energy levels of other redox species. 

wi th the addi t ion of peroxodisulfate ions are shown in 
Fig. 3. F rom the observation of cathodic currents at 
n - InP (in dark) and p - InP (in l ight) /peroxodisulfate 
in an aqueous medium, it is clear that the holes are 
injected in to the valence band of the semiconductor. 
T h i s indicates the reduct ion of peroxodisulfate ions at 
n - InP (in dark) causes injection of holes in to the 
valence band. Moreover, this reduct ion yields higher 
cathodic currents than that of H V H 2 which occurs at 
more cathodic potent ials . T h i s result implies that 
w i th n - InP electrodes the rate de te rmining step may 
not be determined by the charge carriers wi th in the 
electrode, bu t possibly determined by the charge 
transfer of the redox system. T h e no rma l redox 
electrolytes used were K3Fe(CN)e, Ce(S04)2, and 
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Fig. 2. Current-potential curves for p-InP in (a) 
0.5 M H2SO4 (in dark); (b) 0.5 M H2SO4 (under 
illumination); (c) 0.5 M H2SO4+O.I M Na2S208 

(under illumination). 
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Fig. 3. Current-potential relationship of an n-InP 
single crystal electrode in 0.5 M H2SO4+O.I M 
Na2S208-
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peroxomonosulfa te (OXONE) and all of them were 
found to inject holes in to the valence band at h igher 
cathodic polar izat ion to produce EL. T h e redox 
energy levels for these electrolytes are also indicated in 
Fig. 1. T h e d is t r ibut ion function of the occupied 
states for a redox system is given as,40) 

Dr« = exp [- (E - Ej + Xf 
AkTX (1) 

Where Ei is the Fermi level of the redox system which 
is equivalent to the redox potential , E is the bias 
potent ia l and X is the rear rangement energy. T h e 
energy dis t r ibut ion curves of the peroxodisulfate 
species shown in Fig. 1 has been calculated us ing the 
above equa t ion wi th a X value of 1.4 V as given in Ref. 
28. 

Effects of Potential on the EL Spectral Distribution 
and Intensity: F igure 4 presents the EL spectra of 
n - InP electrode obta ined by pu l s ing between 0.0 V vs. 
SCE and a cathodic l imi t in peroxodisulfate electro­
lyte. T h e E L has a lmost the same spectrum as that of 
photo luminescence (PL) in air. Emission rises a round 
823 n m (1.5 eV) and shows a m a x i m u m at 893 n m 
(1.39 eV) whi le the b a n d gap seems to lie a round 
915 n m (1.36 eV). T h i s is the band edge emission 
which seems to be efficient and n o sub band emission 
is detected wi th the present photomul t ip l ie r used. In 
the same figure significant changes in EL intensity 
have been observed wi th changes in the cathodic 
potent ia l l imit, whereas there is no shift in spectral 
dis tr ibut ion. T h i s could be understood more clearly 
by normal iz ing curve 'a' and 'e' of Fig. 4 to the same 
peak height . 

EL and Current Characteristics during Steady State 
Polarization: E L and current were measured for n-
InP electrodes in various redox electrolytes as men-

875.00 950.00 

Wavelength (nm) 

Fig. 4. Potential dependence of emission spectrum 
vs. EL intensity of n-InP in acid medium containing 
1 M Na2S2Û8. The electrode was pulsed between 0 
and a) -0 .7; b) -0.75; c) -0.8; d) -0.85; e) -0 .9 V vs. 
SCE at 167 Hz. 

t ioned above. In all cases, h i g h cathodic current flows 
w h e n the potent ia l is negative of Vn> (—0.7 V vs. SCE, 
estimated from Mott -Schot tky plot) as well as positive 
of Vn> and it increases wi th potent ial . Since the 
cathodic decomposi t ion of the I n P surface is a typical 
process the EL intensity decreases at potentials 
negative of —1.0 V vs. SCE. Moreover, the reverse 
anodic polarizat ion does not reproduce this peak in 
a lmost all the redox electrolytes used. For the sake of 
simplici ty we discuss the E L characteristics main ly in 
acidic med ium conta in ing peroxodisulfate ions. 

Figure 5 shows the EL and current behavior of n-
I n P wi th potent ia l in 0.5 M H2SO4 conta in ing 1 M 
peroxodisulfate ions. EL rises a round —0.7 V vs. SCE 
and reaches a m a x i m u m at —1.0 V vs. SCE and 
decreases wi th further polarizat ion whereas the current 
increases. T h i s E L peak is irreversible d u r i n g the 
potent ia l sweep in the anodic direction bu t appears 
again d u r i n g repeated cathodic scans i.e., the EL curve 
is reproducible only when the electrode is polarized 
back to 0.0 V vs. SCE. T h i s suggests that under steady 
state polar izat ion the surface composi t ion of I n P 
changes at h igher cathodic polarizat ion even in the 
presence of s t rong current doub l ing redox species. 
T h e h igh current density observed here indicates the 
electrolyte reduct ion proceeds also wi thou t hole 
injection. T h i s is expla ined as low current yield of 
electroluminescence.11) 

Effects of Pulsed Potential on EL Intensity in 
Various Redox Electrolytes: In pulsed experiments 
the electrodes were pulsed main ly between 0.0 V 

m 

m 
CO 

c 

-15 -1-0 -0-5 0.0 
POTEMTlAL,VvsSCE 

Fig. 5. EL intensity (top) and current (bottom) vs. 
potential of an n-InP electrode in 0.5 M H2SO4 and 
1 M Na2S208. Scan rate, 20 mV sec-1. 
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Fig. 6. EL intensity vs. pulsed polarization of n-InP 
electrode in a) 0.5 M H2SO4+0.1 M Na2S208; b) 0.1 M 
HSOs; c) 0.5 M H2SO4+0.1 M K3Fe(CN)6; d) 0.5 M 
H2S04+Ce(S04)2. Pulsing frequency is 167 Hz. 
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Fig. 7. EL intensity vs. pulsed polarization of n-InP 
electrode in 0.5 M H2SÛ4 and different concentra­
tions of Na2S2Os. a) 2X10"3 M; b) 2X10"2 M; c) 1 M. 
Pulsing frequency is 167 Hz. 

(5 ms)-cathodic l imit (1 ms). Pulsed potent ia l depend­
ence of E L intensity of n - InP electrodes in various 
electrolytes are shown in Fig. 6. T h e EL intensity 
increases w i th the increase in the cathodic potent ia l 
l imi t in all the electrolyte media used. T h e current 
behavior also seems to be of similar trend. E L 
intensi ty is found to be h igher for current doub l ing 
reagents like peroxodisulfate than that for no rmal 
redox electrolytes. Unl ike the behavior in steady state 
exper iments , the E L intensity increases wi th increase 
in cathodic potent ia l l imit . Moreover, when the 
concentrat ion is low (2X10 - 2 M) the EL behavior 
d u r i n g pulse potent ia l is s imilar to steady state 
condi t ion . Figure 7 shows the E L intensity vs. 
concentra t ion of peroxodisulfate in acid medium. 
Here, the increase in the peroxodisulfate ionic 
concentra t ion enhances the E L intensity, bu t at low 
concentra t ions the behavior is similar to that of steady 
state condi t ion. 

Discussion 

As discussed before, emission at semiconductor/elec­
trolyte interface is made possible by hole injec-
tion.2»22) We have investigated this at n-InP/electro-
lyte j u n c t i o n by two ways us ing I), current doub l ing 
reagent (2 electron transfer) II). no rma l redox electro­
lytes (1 electron transfer). Effective emission takes 
place in bo th cases a), when the energy level 
cor responding to the radical species produced in I and 
the redox level of II lie positive enough to inject holes 
in to the valence band b.) the cathodic bias should be 
adequate to cause drift ing of electrons towards the 
interface. T h e mechan ism of E L occurr ing in these 
two processes are explained as below: 

It is well k n o w n that n-type semiconductors under 
cathodic polar izat ion in solutions conta in ing a cur­
rent doub l ing reagent like peroxodisulfate produce 
EL,28) here, S20s2~ is reduced by electrons of the 
conduct ion band p roduc ing a h ighly unstable radical 
S O r wh ich is a s t rong oxidant hav ing a very positive 
potent ia l and capable of injecting holes in to the 
valence band. Significant E L intensity is only detected 
at potent ia ls near to or negative of Vn> (weak cathodic 
bias) where double injection occurs (Fig 8a). In the 
case of a n o r m a l redox electrolyte an electron transfer 
from the valence band to the unoccupied states of the 
redox species is possible when the cathodic bias 
potent ia l is h i g h enough (strong cathodic bias) where 
a s trong accumula t ion layer forms at the interface and 
holes can be injected in to the valence band (Fig. 8b). 

Moreover, these recombinat ion processes proceed 
either directly or indirectly via surface states, bu lk 
defect or an impur i ty center. The re are a lot of studies 
on the sub-band gap emission involving surface 
states2 '8 'X8 '25 '27) and due to bu lk impurities.4 '13 '14* Pres­
ently, we have observed the emission band of n - InP 
crystal hav ing m a x i m u m at 893 n m (1.39 eV) which 
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Fig. 8. Band bending and hole injection at the 
interface between n-InP and a) current doubling 
species, b) normal redox species. (Where —V is the 
additional bias needed for hole injection). 

corresponds to the band gap energy (1.36 eV). In 
general, surface states as well as lattice defects cause 
sub band emission. As mentioned before, the energy of 
the peak in the EL spectra of InP used in this study 
agrees well with energy gap, suggesting that the band-
band transition is the dominating process in the 
generation of EL. Previous report by Heller et al., also 
shows similar band gap transition which is observed 
by hole injection mechanism in nitric acid. Observa­
tion of no sub band gap emission in the present study 
can be explained as a), low surface recombination 
velocity at air exposed n-InP surfaces29) b). the presence 
of a thin, hydrated layer of In203- This layer is 
effective in reducing the rate of non-radiative recom­
bination in InP based photoelectrochemical cells.30-33) 

Observation of luminescence at n-InP during 
peroxodisulfate reduction at cathodic polarization 
indicates the two electron transfer process with 
peroxodisulfate involving both bands of the semicon­
ductor and confirms the hole injection process. At 
potentials approaching flatband potential, conduction 
band electrons and injected holes are no longer 
spatially separated and can therefore recombine either 
through states within the band gap, or directly causing 
EL. Though there is significant current flow till 
—0.7 V vs. SCE no EL is observed, showing that 
electrolyte reduction proceeds also without hole 
injection which is also referred as the low current yield 
of electroluminescence. At sufficiently cathodic 
potentials the semiconductor dissolution is expected to 
be prevented in the presence of current doubling 
reagents like peroxodisulfate. But, the decrease in EL 
after a certain potential (Fig. 5) indicates the typical 
surface change of InP even in the presence of 
peroxodisulfate ions. The mechanism of hole 
injection, cathodic dissolution and electrolumines­
cence with peroxodisulfate ions in acid medium can be 
explained as shown in Fig. 9. 

J-* InP (decom.) 

Fig. 9. Mechanism of hole injection, cathodic 
dissolution, and electroluminescence of n-InP in 
peroxodisulfate electrolyte. (pH=l). 

The previous studies describe the cathodic decom­
position of InP in acid medium.n) At potentials where 
hydrogen is evolved, the interfacial hydrated indium 
oxide layer is reduced to metallic indium. Since the 
bands of InP consist of In and P orbitals, a metallic In 
is likely to introduce deep surface states, in which 
electrons and holes recombine non-radiatively.33) The 
formation of In metal has been explained as in Ref. 34. 

InP + 3H+ + 4H20 + Se­ in + H3PO4 + 4H2 

The indium layer will be oxidized to In203 by 
bringing the electrode potential to 0.0 V vs. SCE. This 
oxide layer passivates radiationless electron-hole re­
combination.31'32'3® 

Therefore, the dependence of EL on voltage is not 
only controlled by hole injection, but also by complex 
surface properties which affect radiationless recom­
bination. The observation of EL is in apparent 
contradiction with the expectation that the more 
negative the electrode potential, the higher the 
electron density at the surface and thereby the 
recombination probability. According to this descrip­
tion the EL intensity should monotonically increase 
with potential. The decrease in EL is ascribed to the 
formation of In metal. It is well known that in the 
transition from anodic to cathodic a drastic change of 
the chemical composition occurs for Ge37) and GaAs.38) 

Here, the surface undergoes a transformation between 
a stable oxidized and a reduced state. During this 
transformation, unsaturated surface states (due to 
dangling bonds) are formed within the band gap that 
can act as very efficient recombination centers. This 
cannot exclude the possibility of radiation which 
would be lying beyond the detection system used. 
Similar increase of surface recombination has been 
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reported for Ge39) and GaAs.17) 

According to Fig. 4 the increase in the cathodic 
potential limit does not change the spectral distribu­
tion whereas a change in the EL intensity was 
observed. The reason for the increase of EL intensity 
with potential can be explained as the accumulation of 
the electrons in the conduction band near the surface 
at higher cathodic biases so that the rate of reduction 
of the peroxodisulfate ions increases to produce more 
number of S04T radicals for efficient hole injection 
into the valence band. From the pulsed potential 
experiment and the EL intensity vs. concentration it is 
understood that at higher concentration of peroxodi­
sulfate and the electrode at pulsed potential condi­
tions, it is favorable for the peroxodisulfate ions to get 
reduced at a faster rate than the reduction rate of the 
semiconductor itself. EL intensities obtained for the 
normal redox electrolytes saturate at lower intensities 
in comparison to peroxodisulfate electrolyte (Fig. 6). 
The higher intensities obtained in peroxodisulfate 
electrolyte is explained as follows: According to 
Genscher's model the three energy states for peroxodi­
sulfate are represented as S20s2~, S04T, S042-. Since 
the SÜ4T species are highly unstable an electron 
transfer from the valence band is much easier to reduce 
them. Here, in the case of peroxodisulfate (current 
doubling reagent) the rate of hole transfer from S04T 

species into the valence band is faster compared to the 
rate of hole transfer from the other redox electrolytes. 
In other words, at higher cathodic step potentials i.e., 
near the saturation region, the rate of hole transfer 
from the S04T species to the valence band of InP is 
competitive to the rate of formation of In metal 
whereas in the case of normal redox electrolytes the 
rate of hole injection to the valence band seems to be 
less competitive. 

At lower cathodic pulse potentials the rate of 
formation of In metal is slower than the rate of hole 
transfer from the electrolyte species to the valence band 
of InP. Therefore, we observe a steep rise of EL 
intensity during pulsed condition in most of the 
electrolytes used. The different behavior in Ce(SÛ4)2 
electrolyte may be explained as the potential indepen­
dent hole injection at lower cathodic pulsed poten­
tials. Moreover, during the formation of an accumula­
tion layer at higher cathodic bias potentials, the 
potential drop occurs at the Helmholtz double layer 
so that the position of the band edges is shifted in the 
cathodic direction. This favors the matching of the 
energy levels of those redox systems having their 
energy levels above the valence band edge so that the 
rate of hole injection is increased. This shift will be of 
importance for KsFe(CN)6 and here, the rate of hole 
injection can compete with the direct electron transfer 
from the conduction band. Therefore, it is clear that 
EL measurements can give very instructive information 
about the mechanism of electron transfer reactions at 

semiconductor electrodes as well as their surface 
properties. 

Conclusions 

In conclusion, the hole transfer to the valence band 
of InP is the important step in all the electrolytes 
studied. The main interesting feature of the EL 
spectrum of InP electrodes is the band edge emission. 
The emission is highly controlled by the changes due 
to surface composition. The effect of increasing the 
cathodic step potential increases the EL intensity and 
does not shift the emission edges. This indicates that 
there are no impurity levels, involved in the radiative 
processes. Basically, peak shifts are attributed to a 
kinetic effect involving the rate of charge transfer with 
the impurity levels. EL observation in various redox 
electrolytes under pulsed polarization gives more 
information about the competitive hole transfer 
process. Presently, this technique using current 
doubling redox electrolyte is advantageous to probe 
the surface chemistry as well as the stability of indium 
phosphide electrodes. An extensition of the lumi­
nescence experiments due to minority carrier injec­
tion can give valuable information about surface 
properties and mechanism for electron transfer reac­
tions. 
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Electron Paramagnetic Resonance Study of the Dimer 
Formation of Bis(acetylacetonato)oxovanadium(IV) 
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Dimer formation of the title complex in toluene and benzene mixed solvents has been demonstrated by the 
EPR spectroscopy. The dimer structure and the spin-exchange energy have been examined by spectral 
simulation for AMS=2 transitions and the temperature dependence of their spectral intensities, respectively. It 
has been found that the structure and the magnetism are similar to those of the inversion pair of 
bis(benzoylacetonato)oxovanadium(IV) in a crystal which is known to show dimeric interactions in its EPR 
spectra. The formation constant of the dimer, K, for 2 [monomer] ^ dimer has been determined by analyzing 
the concentration dependence of the dimer and the monomer EPR signals, indicating that K is remarkably 
solvent-dependent. 

Metal complexes conta in ing two unpa i red electron 
centers such as metal-metal dimers, binuclear com­
plexes, and some metalloenzymes are impor tan t and 
interest ing subjects for investigations in chemistry.x) 

Many EPR studies of their triplet states have been 
reported wi th special emphasis on the mechanisms of 
the magnet ic interactions between the two unpai red 
electrons which center on different metals.2) However, 
there have been only a few EPR investigations of the 
triplet state obtained by dimerization of stable m o n o ­
nuclear vanadyl complexes.3) We have observed that 
some vanadyl ß-diketonates dimerize in solut ion. In 
this paper , we report on the observation of the 
dimerizat ion of bis(acetylacetonato)oxovanadium(IV), 
VO(acac)2, in solut ion and discuss the intra-dimer spin 
exchange interact ion and the structure of the dimer. 
We then compare this wi th those of the inversion pair 
of bis(benzoylacetonato) oxovanadium(IV), VO(bza)2, 
in crystal, whose EPR spectra show the presence of 
dimeric interactions. We also compare it wi th the 
molecular a r rangement in the VO(acac)2 crystal. Fur­
ther, we discuss the na ture of dimerization in solut ion. 

Experimental 

Materials. VO(acac)2 used was obtained commercially 
and recrystallized from acetone. VO(bza)2 was prepared and 
purified according to a method given in the literature.4* 
Nakarai's spectrograde solvents, toluene and benene, were 
used without further purification. 

EPR Measurements. EPR spectra were recorded on a 
JEOL FE2XG spectrometer for measurements at temper­
atures from 77 K to room temperature and on a Varian-E112 
spectrometer at temperatures from 8 to 15 K. The intra-
dimer spin exchange energy (isotropic exchange coupling 
constant), / , was obtained from the temperature variation of 
the spectral intensity, /, of the AMS=2 transitions.5) Since the 
line widths did not change over the entire temperature range 
used for the measurements, the relative peak height of some 
specific line in the first derivative spectra was used as a 
substituent for /. A computer simulation of the EPR spectra 

was carried out by the method using a point-dipole 
approximation. la«6) 

Results and Discussion 

Figures 1-a and b are the spectra observed for a 

'ir 
— i \ i 

0.20 0.35 050 
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|Wv-v-^ ^ 
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0.05 0.15 0.25 

fl/T 

Fig. 1. The observed X-band EPR spectra of 
VO(acac)2 in toluene-benzene (2: 8) at 77 K (a, b) and 
the calculated spectrum (c). [VO(acac)2]=2.00X10-2 

mol dm -3 , v=9.1597 GHz. See text for meaning of 
the parameters, HD and HM, and see also the text 
for the parameters used for the simulation calcula­
tion in c. 
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frozen toluene-benzene (2:8 in volume) solution of 
VO(acac)2 at 77 K. They show the presence of two 
species: one is the usual S = l / 2 mono-nuc lear species, 
which shows sharp absorpt ion lines; the other is a 
species showing a spectral pa t te rn similar to that of 
powder of VO(bza)2, which is known to have dimeric 
interactions between the molecules in the inversion 
pai r in crystal.3b) T h e latter E P R spectral pat tern of 
VO(acac)2 accompanies a weak signal at a half 
magnet ic field of about 0.16 T . These spectral features 
indicate the formation of a dimer having a triplet state. 
Since the intensity rat io of the d imer to the monomer 
increases wi th the concentrat ion of the complex, they 
are in equi l ib r ium in solution. 

Intra-Dimer Spin Exchange Interaction. T h e E P R 
signal intensity of the triplet state is propor t ional to 
the paramagnet ic susceptibility under the absence of 
microwave power saturat ion, and is expressed as 

/ = C/T X (3+exp (~2J/kT))-\ (1) 

where C is a propor t ional i ty constant.7 ) Therefore, the 
isotropic spin exchange energy, / , can be determined 
from measurements of the temperature dependence of 
the E P R signal intensity. T h e half-field signal 
corresponding to the AMS=2 transi t ions was used for 
the purpose , since it did no t over lap wi th any signals 
of the monomer species. T h e observed temperature 
dependence of the signal intensi ty is shown in Fig. 2, 
where the solid l ine indicates the relative intensity 
changes calculated by Eq. 1 wi th / of 0 c m - 1 , 
indicat ing that the intra-dimer spin exchange interac­
tion is as small as in the inversion pa i r of VO(bza)2 in 
crystal whose / value is 0.018 cm_1;3b) thus, there may 
be no strong isotropic spin exchange interaction in the 
vanadium pair. 

8 10 12 14 16 
r/K 

Fig. 2. Temperature variations of the relative inten­
sities in AMs=2 spectra. • : experimental data, : 
calculated with / = 0 cm -1. 

In addi t ion to the isotropic singlet- tr iplet spli t t ing, 
the interaction between the vanadium(IV) ions in the 
dimer leads to a zero-field spl i t t ing wi th in the triplet 
state. T h e zero-field spl i t t ing parameter , D, comprises 
two terms: D=Ddd=Dso.

B) Ddd is the th rough space 
magnet ic dipole interaction and Dso is the contr ibut ion 
arising from the spin-orbi t coup l ing interaction. In 
the following, D is treated as mostly arising from the 
through space dipole interaction, ZW 

Dimer Structure and Exchange Mechanism. T h e 
observed triplet state E P R spectra were analyzed by 
computer s imula t ion us ing a point-dipole approxima­
tion: the po in t dipoles are placed on the vanad ium 
ions, which are expressed by the coordinate system 
shown in Fig. 3. Neglect ing the effects of Dso has been 
shown to be valid for many cases of paral lel-planar 
dimer complexes.2) Computer s imulat ions were 
at tempted for the bo th AMS=1 and AMS=2 transitions, 
t hough a better fit was obtained for the AMS=2 
transitions. 

In the above s imula t ion calculat ions, no effect of an 
isotropic spin exchange interaction was taken in to 
account. T h e isotropic spin exchange energy, / , has 
an effect to cause an energy separation between the 
singlet and triplet Ms=0 levels, while the dipolar 
interaction, Ddd, separates between the M s = ± l and the 
Ms=0 levels in the triplet manifold. Unless / is so 
large that only the transit ions wi th in the triplet 
manifold are observed, the spectral pattern for the 
AMS=1 transi t ions wil l depend on the both / and Ddd. 
However, the AMs—2 transit ions depend only on Ddd.9) 

In the present case, / and Ddd are of the same magn i tue 
( / ~ 0 c m - 1 and Ddd~0.02 c m - 1 ) and, hence, a point -

Fig. 3. Coordinate system for the dimer. 
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Fig. 4. Polycrystalline EPR spectra of VO(bza)2 
(a) and VO(acac)2 (b) at room temperature 
(^=9.4500 GHz). 

dipole approximation which disregards singlet-
triplet splitting may not be a really good approxima­
tion for a simulation calculation for the AMs=l 
transitions. In order to precisely calculate the 
resonance magnetic field for the AMs—l transitions, 
mixing of the singlet and triplet states must be taken 
into account.2c) 

The following parameters were obtained from the 
spectral simulation for the AMS=2 transitions: g//= 
1.940, gj_=1.989, ^//=0.0087 cm-1, ^±=0.0024cm-1, 
r=5.3Â, f=35°, ^=9.1597 GHz. The simulated spec­
trum is shown in Fig. 1 -c. The r and f values indicate 
that the dimeric structure is similar to that of VO(bza)2 
in crystal, which has a pair-wise stacked structure with 
r of 5.7 Â and f of 36.3°.3b> The polycrystalline EPR 
spectrum of the VO(bza)2 in the AMs=l transition 
region (Fig. 4) is very similar to the frozen solution 
spectrum of VO(acac)2. Simpson et al. showed that the 
magnetic interactions observed for the VO(bza)2 crystal 
system occur mainly between the molecules in the 
inversion pair, and that interaction with the neighbor­
ing pairs affect only the line widths of the spectra.3b) As 
inter-dimer interactions in frozen solutions are, in 
general, small enough to be neglected;10) the similarity 
of the observed spectra of VO(acac)2 to those of 
VO(bza)2 indicates that the magnetic interactions 
within the dimer and their mechanism are nearly the 
same as those of the pair in the VO(bza)2 crystal. 

The molecular configuration of VO(acac)2 in a 
crystal is schematically shown in Fig. 5.n ) One can see 
that the molecules in the crystal are associated in pairs 
in an inversion manner with r=5.55 Â and f=31.5°, as 
in the VO(bza)2 crystal. The distance between the 

Fig. 5. The shematically represented crystal structure 
of VO(acac)2.n) • : vanadium atom, ©: oxygen atom, 
O: carbon atom. 

nearest molecular pairs is 6.14 Â. It is interesting that 
these r and f values are nearly equal to those of the 
VO(bza)2 pair in a crystal, in spite of the different 
ligands and crystal structures. It is also interesting 
that the r and f evaluated above for the frozen solution 
agree with those for the VO(acac)2 crystal; the dimer 
structure in a frozen solution may be similar to that 
of the inversion pair in a crystal. The structure of the 
inversion pair in the VO(acac)2 crysal, where the 
methine carbon of the partner molecule occupies the 
apical position of the vanadium atom, is also similar 
to those of the dimers formed by Cu(acac)2 and the 
related copper(II) complexes.8»12) This suggests that a 
so-called n-n interaction between the n systems 
constituted from the metal and ß-diketonate ligands 
may be an important driving force for dimerization.13) 

It may be notable that the r for the vanadyl complexes 
are longer than those of copper(II) complex dimers 
because of the doming effect of the vanadyl oxygen, 
which causes an out-of-plane displacement of the 
vanadium atom. 

The exchange interactions between paramagnetic 
centers have been actively investigated over the last few 
years. ld'2a'14»15) As was pointed out by Kahn, / can be 
expressed as the sum of two components: / — / A F + / F . 
The former is a negative antiferromagnetic contribu­
tion and the latter is a positive ferromagnetic one.lb»16) 

In a symmterical di-di system, /AF and / F vary 
proportionally to — s2 and /, respectively, where s is the 
overlap integral between the two magnetic orbitals, 
and j is the two-electron exchange integral between the 
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two metal centers. Since the magnetic orbital in VO-
(acac)2, which is approximately dxy, is non-bonding 
to the ligands, the overlap between the ligand orbitals 
in the dimer pairs would not contribute greatly to ;; the 
exchange interaction through the 7ü-orbitals of the 
ligands would not make a large contribution. On the 
other hand, though the dxy orbitals of the two magnetic 
centers would overlap to some extent with the vicinity 
of the inversion center of the dimer, the radial 
distribution functions for these orbitals are very small 
for large values of r (=5.3 Â). Thus, s2 and / can not 
have large values and, hence, / becomes very small, as 
was shown by the above experiment. The / value in 
vanadyl complexes must be much smaller than those 
in the dimers of similar copper(II) complexes,2c) since 
in copper(II) complexes the unpaired electron orbital 
(magnetic orbital), dX2_y2, has a greater interaction with 
their ligand orbitals, which may contribute to the / 
values. 

The EPR spectral pattern of polycrystalline VO-
(acac)2 is different from that of a frozen solution as well 
as that of the VO(bza)2 powder (Fig. 4). This suggests 
that there is an inter-pair interaction in the VO(acac)2 
crystal because of the shorter pair-pair distance in the 
VO(acac)2 crystal than in the VO(bza)2 crystal. 

Dimer Formation Equilibria. It was mentioned 
above that there is a monomer(M)-dimer(D) equili­
brium, 2M ̂ ^ D, in solution. The equlibrium constant, 
K, is determined by the following relation:2e) 

0.20 

R - HD/HM = [(SKC° + 1)V2 - 1]/P. (2) 

In this equation, R is the ratio of the intensity heights, 
HD/HM, of some specific monomer and dimer EPR 
singnals, which are simultaneously observed; P is a 
proportionality constant; and C° is the total concen­
tration. K and P can be determined from plots of the 
experimentally obtained R against C° by using a least-
square method. An example of the plots is shown in 
Fig. 6. 

Thus, the obtained K was found to be remarkably 
solvent dependent, as is usual in copper(II) com­
plexes;26 »8) K largely increases from a toluene solution 
to a toluene-benzene solution with increasing benzene 
content. The data on K and P obtained in toluene-
benzene mixed solvents with different solvent ratios 
are listed in Table 1. 

The fact that P and the spectral pattern for the 
AMS=2 transitions do not change with solvents 
indicates that only the dimer and the monomer are 
present in solution and that the dimer structure does 
not change with the solvents. The fact mentioned 
above, that the so-called TE—TU interaction between the 
complexes may play some role on the dimerization, 
raises an expectation that the presence of the TC system 
in the solvent molecules will make some contribution 
to dimerization.13) However, the observation that K 

C°/1B' 
Fig. 6. Relationship between R and C° for VO(acac)2 

in a mixed solvent of toluene and benzene (2:8) 
(a) and in toluene (b). • : experimental data, : 
calculated by the Eq. 2 using the parameters given 
in Table 1. 

Table 1. K and P Values for Different 
Ratios of Toluene and Benzene 

Toluene : Benzene (v:v) K/mol dm-3 

1 : 
2 : 
4 : 
5 : 
10 : 

9 
8 
6 
5 
0 

300 
700 
370 
250 
230 

43 
43 
42 
41 
43 

changes drastically with the ratio of toluene and 
benzene in spite of absence of appreciable differences 
between their aromaticities suggests that there may be 
some other factors which affect complex dimerization. 

In the EPR spectra of fluid solution samples, 
monomer EPR signals showing eight well-resolved 
hyperfine lines were observed to decrease upon 
lowering the temperature, though no dimer signals 
were observed because of their extremely large aniso-
tropy. The decrease in the monomer signal intensities 
upon lowering the temperature indicates that the 
dimer stabilizes more at lower temperatures and that 
the monomer-dimer equilibrium shifts to the dimer 
formation. The stability constants, K, obtained in the 
above experiments can be regarded as being those at 
temperatures near the freezing point.17) However, 
when the ratio of toluene to benzene increases, K 
appreciably decreases in spite of the freezing point 
decreasing. These results indicate that dimerization 
may be affected by a subtle balance of various kinds of 
interactions, such as the monomer-monomer, mono­
mer-solvent, and dimer-solvent interactions. Further 
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investigations on the monomer -d imer equil ibria in 
the related complexes are in progress. 

T h e present work was partially supported by a Grant-
in-Aid for Scientific Research No. 61430012 from the 
Ministry of Educat ion, Science and Culture. 
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A Conductance Study of Macrocyclic Schiff Base Metal(II) 
Complexes in Methanol 
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The first ionic association constants between five macrocyclic Schiff base metal(II) complexes (cation and 
Perchlorate or thiocyanate anion) were determined by conductometric measurements in methanol at 25 ° C by 
using a modified Onsager limiting equation, according to Fuoss and Edelson method. The limiting equivalent 
conductivities of the chelate cations of these complexes were calculated. These results were used to evaluate the 
performance of coated-wire Perchlorate ion-selective electrodes (PCWE) based on these complexes. 

Increasing interest has recently developed to obtain 
informat ion concerning the selectivity and ion ex­
change of some macrocyclic Schiff base metal complexes. 
Par t of this interest is due to studies concerning the 
role and appl ica t ion of these complexes to an ion-
selective electrode (ISE).1* T h e ionic t ransport 
behavior contained in a polymeric membrane of ISE 
was found to be largely dependent on the na ture of 
bo th the selectivity and stability of these metal 
complexes on the metal or counter anion. T h e 
selectivity of these macrocyclic complexes is strongly 
affected by the solvent media, the stability of com­
plexes and their interactions wi th a cation or counter 
anion.2 ) T h e ionic selectivity and performance of the 
electrode increases wi th the degree of stability of these 
complexes, namely wha t re la t ionship it has between 
the performance of the electrode and the stability of 
these complexes. T h e r e is m u c h interest to investigate 
ion selective electrodes. 

In previous papers3 ) we reported characterizations of 
Perchlorate ion-selective coated-wire electrodes (PCWE) 
based on metal(II) complexes of macrocyclic Schiff 
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Fig. 1. Ligand constitution of macrocyclic Schiff 
bases metal(II) complexes derived from condensation 
of l,3-diamino-2-propanol and2,6-diacetylpyridine. 

+ Permanent address: Dept. of Chemistry and Chemical 
Engineering. Hunan University, Changsha, P. R. China. 

bases (Fig. 1) as a new ion exchanger meterial derived 
from the condensat ion of 1, 3-diamino-2-propanol and 
2,6-diacetylpyridine involving each metal(II) salt. In 
these complexes, the stable chelate cation formed by 
the divalent metal ion (Ba2+, Pb2+, and Cu2+) and the 
ni t rogen and oxygen atoms of the macrocyclic l igand 
(Fig. 1) is aga in associated wi th two anions , CIO4" or 
SCN". C o n t i n u i n g our work, the ionic association 
constants of these complexes were studied by conducto-
metry. A review concerning electrolytic conductance 
and parameters derived from conductance measure­
ments has been reported by Miyoshi.4»5) Jenkins , a n d 
Monk6) suggested that a conductance measurement of 
mixtures is a useful method for determining the 
formation constants. Katayama and Tamamushi 7» 8 ) 

studied the ion-paired formation constants of tris(ethyl-
enediamine)cobalt(III) complexes wi th maleate and 
fumarate based on a cont inuous variation method for a 
conductometr ic determinat ion. A conductometr ic 
study of the ionic association constants of cobalt(II), 
nickel(II), copper(II), and zinc(II) Perchlorates in 
methanol-e thylene glycol mixtures has been made by 
Doe and Kitagawa.9) Koryta and Dvorak10) have 
introduced a method for the conductometric deter­
mina t ion of dissociation constants. A conductometric 
study concerning ion association in aqueous solut ions 
has been reported by Katayama. n ) In present study, 
conductometr ic measurements in methanol were made 
a n d conductometr ic data were treated by us ing a 
modified Onsager l imi t ing equa t ion according to the 
Fuoss and Edelson method.1 2 ) T h e thermodynamic 
ionic association constants of the macrocyclic Schiff 
base metal(II) complexes have been determined. T h e 
free energies of the first association reaction on these 
metal(II) complexes have also been calculated. T h e 
performance of P C W E could be evaluated us ing these 
results. 

Experimental 

Preparation of the Macrocyclic Schiff Base Barium(II), 
Copper(II), and Lead(II) Complexes. 2,6-Diacetylpyridine 
and 1, 3-diamino-2-propanol were supplied by the Nakarai 
Chemical Co., Ltd. The complexes were prepared by using 
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the following general method:13) 2,6-Diacetylpyridine 
(0.01 mol) and the each metal salt, [Ba(C104)2, Ba(NCS)2, 
Pb(C104)2, or Pb(NCS)2] (0.005 mol), were dissolved in 
refluxing dry methanol (150 cm3). To this was added a 
solution of l,3-diamino-2-propanol (0.01 mol) dissolved in 
methanol(50 cm3) dropwise over 15 min. The resulting 
solution or suspension was then refluxed further for 3 h. 
Macrocyclic complexes were deposited upon cooling and 
collected by filtration. Further, batches of each complex 
were obtained by evaporation of the filtrate under reduced 
pressure. Recrystalizations of these complexes were carried 
out with methanol three times. The samples were then dried 
in vacuo over silica gel; the elemental analysis and yields for 
several preparations are as follows: 

BaLHClCU)* Colorless crystals (Found: C, 35.54; H, 
4.48; N, 10.52%. Calcd for C24H34BaCl2N60i2: C, 35.7; H, 4.3; 
N, 10.4 %). Yields for several preparations 60—65%. 

BaL1(NCS)2: White powder (Found: C, 43.24; H, 4.65; N, 
15.60%. Calcd for C26H34BaN804S2: C, 43.1; H, 4.7; N, 
15.5%). Yield for several preparations 40%. 

PbL2(C104)2: Colourless crystals (Found: C. 33. 65; H. 
3.71; N, 9.76%. Calcd for C24H32Cl2N6OiiPb: C, 33.6; H, 3.8; 
N, 9.8%). Yields for several preparations 72%. 

PbL2(NCS)2: Light yellow crystals (Found: C, 41.60; H, 
4.67; N, 13.9%. Calcd for C27H34N803PbS2: C, 41.1; H, 4.3; N, 
14.2%). Yield 78%. 

CuL^ClO^: Blue crystals (Found: C, 40.04; H, 4.62; N, 
11.51%. Calcd for C24H34CUCI2N6O12: C, 39.33; H, 4.68; N, 
11.47%). Yields for several preparations 38%. 

The L1 or L2 among the molecular formulas of these 
complexes indicate the ligand on the left or right of Fig. 1, 
respectively. 

Conductivity Measurements. Conductivity measurements 
were carried out at a frequency of 1 K Hz, by a 4291A LCR 
meter (Yokogawa-Hewlett Packard Co., Ltd) and a 
Yanagimoto cell in a complex solution using distilled 
methanol as a solvent. The cell content was thermostated at 
25+0.5 °C, and the conductivity measuring cell constant was 
determined by using 0.01 and 0.1 mol dm - 3 of potassium 
chloride as standard solutions in 0.427. The concentration 
range of the complexes studied was in general from 10~3 to 
10~5moldm~3. These solutions were prepared in an air-
conditioned room at about 25 °C. 

Results and Discussion 

Conductometr ic data were treated according to the 
modified Onsager l im i t i ng equa t ion , which for very 
low concentrations14* is 

A=A*-S.Cç>v*. (1) 

Here, A is the equivalent conductance at each 
apropr ia te concentra t ion; Co, and A0 are the l imi t ing 
equivalent conductances, respectively. For a 2-1 
electrolyte, the Onsager slope is as follows:12) 

S = aA° + ß, (2) 

where 

a = 6.86 X 106(£T)-2/^(l + q1*2)-1, 

ß = lSl.ÔTr^eT)-^, 

9 = 2/3(1 +Ào-/A°). 

Here, s is the dielectric constant of the solvent, rj is the 
viscosity of the solvent, and T is the test temperature. A 
plot of A versus Co1/2 yields a s traight l ine wi th an 
intercept of A0 on the ^4-axis. T h e Onsager slope, S is 
obtained by A0. It is considered that the consecutive 
association equi l ibr ia of the prepared complexes are 
according to 

M2+ + X- ; = = MX+ (Ki) (3) 

and 

MX+ + X- v = = MX2 (K2), (4) 

where M indicates one of the metal(II) chelate cations, 
(BaL1)2*, (PbL2)2+, and (CuL1)2*, X " indicates either 
CIO4" or S C N - , respectively. T h e ionic consecutive 
association constants, K\ and K2 are defined by 

Kx = [MX+]/+/[M2+][X-]/2+/- (5) 

and 

K2 = [MX2]//[MX+][X-]/+/-, (6) 

where, /2+, /+, / , and / - are the activity coefficients of 
M2+, MX+, MX2 , and X", respectively. It is generally 
t hough t that KC$>K2. T h e conductometr ic data were 
treated by the Fuoss and Edelson method.1 2 ) T h i s 
me thod works very well to determine the ionic 
association constants or the stability constants.15_17) 

Using their method, only the ionic equ l ib r ium of Eq. 
3 was considered on the a s sumpt ion that Ku$>K2. 
T h e y derived the fol lowing equa t ion based on the 
Onsager l imi t ing law: 

AF = A° - DKi/A°, (7) 

where 

D = Cof2+AF(AF - AV2) 

and 

F = [(1 - SCo1^)-! + (A° - Ào-)/2A]/[l + [A° - A0-)/2A°] 

are defined. Here, F is a function which approx­
imately corrects the conductance rat io, A/A°, for the 
effect of in ter ionic forces on the mobil i ty, Ào- is the 
l imi t ing equivalent conductance of X - , S is Onsager 's 
slope, a n d Co is the molar concentrat ion of X - . T h e 
ion activity coefficient of M2+, /2+ was estimated by the 
Debye-Hiickel equat ion: 

- log/ 2 + = 1.82 X lO^eT)"3 /^/1^, 

where / is the ionic strength (7=1.5 Co). T h e values of 
Xo- are 70.9 S cm2 mo l " 1 for C10 4 " and 61.0 S cm2 mo l " 1 

for S C N - in methanol at 25.0 ° C respectively. For 
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calculat ions in me thano l systems, a dielectric constant 
of £=32.66 and a viscosity of 77=0.005445 P18> (1 P ^ I O " 1 

Pa s) were used, respectively. 
T h e exper imenta l data of the equivalent con­

ductances for each complexes in methanol are sum­
marized in Tab le 1. T h e equivalent conductance, A, 
were calculated us ing 1000 K/2CQ. Figure 2 shows a 
p lot of A vs. Co1/2 according to Eq. 1 for BaL1(C104)2 
methanol solution. T h e l imi t ing equivalent conduct­
ance, A0, value was obta ined from ext rapola t ing the 
plot of A vs. Co1/2; the Onsager theoretical slope for 
each complex solut ion could be calculated acorrding 
to Eq. 2 by us ing the A0 value (for example , 120.9 

o 

C* 

130 

120 

110 

100 

90 

__. . . . , 1 M 

^~ 
^ N^-

> • 

V Xx 
°\,\2 

1 
i , i i .J 

10 
1/2 

20 30 

C0""X1Cf3 /mol-dm-3 

Fig. 2. Ploting of A versus Co1/2 for BaL1(C104)2 

solution using methanol as solvent at 25°C. 

S cm2 m o l - 1 for l/2BaL1(C104)2). Figure 2 also gave 
an Onsager theoretical curve for B a L ^ O O ^ . Tab le 2 
shows several parameters : the specific conductivity (/c), 
the equivalent conductance (A), the activity coefficients 
(/2+) and D for BaL1(C104)2 in me thano l at 25 °C. If 
the plots of AF vs. D, are further wri t ten according to 
Eq. 7, the K\ value can be obta ined from the slope 
(Ki/A°) of the plot . Figure 3 shows a plot of AF vs. D 
for BaL1(C104)2 a n d BaL1(SCN)2 . The i r Ki was 
calculated as 1874 dm 3 m o l - 1 and 2684 dm 3 m o l - 1 , 
respectively. In addi t ion, several results concerning 
the conductivity of all complexes are summarized in 
Tab le 3. 

O n the other hand , the l imi t ing equivalent ionic 
conductivity of Perchlorate (CIO4") and thiocyanate 

Li-
< 

140 

120 

100 

80 

1 

^^\^^°^^ 
°\̂  ^ ^ 0 

1 1 1 

\ 

. ._± 1 1 

0.5 1.0 

D 

1.5 

Fig. 3. The plots of AF vs. D for 1: BaL1(C104)2 and 
2: BaL1(SCN)2 in methanol as solvent at 25 °C. 

Table 1. Equivalent Conductance (A) of Different Concentrations of Metal Complexes in Methanol (25 °C) 

Conen. 

mol dm - 3 

1.0X10"4 

2.0X10-4 

4.0X10"4 

6.0X10-4 
8.0X10"4 

1.0X10-3 

BaLVClO^ 

112.9 
108.2 
102.8 
97.9 
95.0 
92.4 

BaL1(SCN)2 

105.1 
101.2 
96.1 
91.9 
88.9 
86.1 

A/S cm2 mol - 1 

PbL2(C104)2 

106.1 
101.3 
96.5 
92.1 
86.6 
85.4 

PbL2(SCN)2 

103.7 
99.4 
90.6 
86.2 
84.1 
81.1 

CuL1(C104)2 

106.7 
102.1 
89.7 
88.1 
82.4 
80.4 

Table 2. Several Parameter about BaL1(C104)2 in Methanol at 25°C 

Conen. 

mol dm - 3 

I.OXIO-4 

2.0X10-4 
4.0X10-4 
6.0X10-4 
8.0X10-4 
1.0X10-3 

/cXIO4 

S cm - 1 

0.2258 
0.4326 
0.8227 
1.1748 
1.5202 
1.8481 

A 

S cm2 mol - 1 

112.9 
108.2 
102.8 
97.9 
95.0 
92.4 

/2+ 

0.7978 
0.7266 
0.6365 
0.5750 
0.5278 
0.4900 

D 

0.474 
0.749 
1.110 
1.260 
1.385 
1.477 
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(SCN-) is used at 70.9 and 61.0 S cm2 mol"1,19) 
respectively. Therefore, the l imi t ing equivalent ionic 
conductance (Xo+) of the ca t ion( l /2M 2 +) of the macro-
cyclic metal complex can be calculated according to the 
Kohlrausch law:20) 

A° = Ào+ + Ao_. (8) 

All of these results concerning the l imi t ing equivalent 
ionic conductivities of 1/2M2+ in methanol are also 
given in Tab le 3. It has been found that a slight 
difference exists between both of the l imi t ing equiva­
lent ionic condutivities of l/2(BaL1)2+ or l /2(PbL2)2+ 
or l /2 (CuL 1 ) 2 + , respectively, corresponding to the 
exist ing C104~ and S C N - . T h i s m i g h t be the reason 
why the construct ion of these complexes and the 
interact ions of their cations, M2+, is affected by these 
two anions . Further, the free-energy changes due to 
first ionic association reactions were also calculated, 
according to 

AG = -RT In Ki. (9) 

Tab le 4 shows the calculated results for five complexes 
in methanol . N o conductivi ty data concerning the 
cations of macrocyclic Schiff base metal(II) complexes 
have been obta ined so far. T h e ionic association 
constants obta ined from this conductivity data can be 
used to evaluate the performance of coated-wire 
Perchlorate ion-selective electrodes (PCWE) based on 
these macrocyclic Schiff base metal(II) complexes. 
T h e mobil i ty of ions between the m e m b r a n e of ISE 
and the solut ion is concerned. As described in a recent 
paper,3) the P C W E based on BaL1(C104)2 and DBP has 

better response characteristics than electrodes based on 
other complexes. T h e ionic association constants are 
compared wi th the potent ia l response performance of 
PCWE based on five complexes as ion-exchanger 
materials in T a b l e 5. All of the ionic association 
constants of these prepared complexes were large, and 
in order BaL1(C104)2<PbL2(C104)2<CuL1(C104)2 and 
BaL1(C104)2<BaL1(SCN)2 . T h e performance, for 
example , the response slope or the Nernst ian respond­
ing range shown in Tab le 5, gave the order Bal1(C104)2 
>PbL 2(C10 4)2>CuL 1(C10 4)2 for these complexes 
conta in ing the C10 4 " anion; BaL 1(SCN) 2>PbL 2(SCN) 2 

for those con ta in ing the S C N - an ion . Of course, the 
complexes con ta in ing 0 0 4 ~ used as ion-exchanger 
materials were better for Perchlorate selective electrode 
than that con ta in ing SCN". We considered that a 
complex of large solubili ty makes a better ion-
exchanger material of ISE when the ionic association 
constant or stability constant of the complex is 
sufficiently large. T h e size and symmetry of the space 
construct ion of a macrocyclic Schiff base metal 
complex and its dis t r ibut ion in a membrane may affect 
the ion exchange and selectivity of the electrode. 

Table 4. Free Energy of First Ionic Association 
Reactions of Five Complexes in Methanol 

AG 
complex 

BaL1(C104)2 

PbL2(C104)2 

CuL1(C104)2 

BaL1(SCN)2 

PbL2(SCN)2 

kj mol-i 

-8.11 
-8.66 
-9.56 
-8.40 
-8.85 

Table 3. Limiting Equivalent Conductivities (A0) and Ionic Association 
Constants (Ki) of the Five Metal Complexes (25 °C) 

Complex 

BaL1(C104)2 

BaL1(SCN)2 

PbL2(C104)2 

PbL2(SCN)2 

CuL1(C104)2 

A° 

S cm2 mol"i 

120.9 
112.5 
117.3 
108.5 
115.8 

Ki 

dm3 mol"i 

1874 
2684 
3122 
3715 
7216 

Ao-/Anion 

S cm2 mol-i 

70.9 
61.0 
70.9 
61.0 
70.9 

Ao+/l/2M2+ 

S cm2 mol"i 

50.0 
51.5 
46.4 
47.5 
44.9 

Table 5. Potential Response Properties of the PCWEs Based on Five Complexes 
as Ion Exchanger Materials in NaClÛ4 Aqueous Solution (pH=7.0) 

Component 

BaL1(C104)2 

PbL2(C104)2 

CuL1(C104)2 

BaL1(SCN)2 

PbL2(SCN)2 

Complex 

log £1 dm3 mol"i 

3.27 
3.49 
3.86 
3.43 
3.57 

Slope 

mV/pC104-

58 
52 
49 
40 
25 

Electrode properties3) 

Nernstian responding range 

mol dm - 3 

1.0X10-1—4.0X10"6 

1.0X10-1—2.5X10"5 

1.0x10-1—1.0X10-5 

1.0x10-1—2.0X10-5 

1.0x10-1—1.0X10-4 
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T h i s work was presented in par t at the 40th ISE 
Meeting, Kyoto, J apan , September 1989. 
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Structural Phase Transition and Electrical Conductivity of the 
Perovskite CHsNHsSni-^PWBrs and CsSnBr3 
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A series of solid solutions, CH3NH3Sni-xPbxBr3 (x=0—1), having cubic perovskite structures was obtained 
by solid-state reactions. The 119Sn Mössbauer spectra for x<0A, however, indicated that the tin environment was 
considerably distorted from a regular octahedron at 110 K. On the other hand, a single Lorentzian spectrum 
having a large isomer shift was observed for x>0.1, suggesting the presence of a regular SnBr6 octahedra in the 
perovskite CH3NHsPbBr3 matrix. The high electrical conductivity of the perovskite CsSnBr3 drastically 
decreased upon the replacement of the cation by CH3NH3 and the central metal by Pb. This behavior suggests 
that both the infinite linear chain (-Br-Sn(Pb)-Br-) and its bond length have significant importance regarding 
electrical conductivity. 

Structural studies of Sn(II), Pb(II), and Ge(II) 
halides are interest ing because of the existence of an 
s-electron lone pair . According to a VSEPR (Valence-
shell electron pa i r repuls ion) scheme, the structures of 
these molecules or an ions are determined by the 
stereochemical activity of the lone pair.1 '2* However, 
the s t ructural variety of the m a i n g r o u p elements 
hav ing an s-electron lone pair could no t be fully 
unders tood systematically, especially for heavy p-block 
elements such as Sn(II), Sb(III), Pb(II), and Bi(III). In 
our previous papers , the structures of the SnX3~ 
(X=ha logen) an ions were classified in to four models 
by consider ing the geometry of the nearest neighbors 
a r o u n d the tin a tom. 3 _ 5 ) A m o n g these models , a 
regular octahedron, a square pyramid, and a tr igonal 
pyramid were found in a series of MSnX3 compounds . 
T h e s t ructural diversity of SnX3~ an ions is due to the 
presence of two b o n d i n g scheme for the trans X - S n - X 
bond, i.e. symmetric X - S n - X and asymmetric X-Sn- • -X. 
T h e later is also described as a no rma l 2c-2e bond and 
an in te ran ionic interact ion. T h e former symmetric 
b o n d could be described as a typical three-center-four-
electron bond (3c-4e) mainly us ing the p orbital of the 
central atom.6 _ 8 ) T h e S n - X bond in the symmetric 
X - S n - X bond has a h igher ionic character than that of 
the n o r m a l S n - X (2c-2e) bond, as was predicted by a 
s imple M O model.9) Therefore, in several compounds , 
such as KSnBr3-H20 and CsSnl3, the symmetric 
X - S n - X b o n d deforms to X - S n - X wi th decreasing 
temperature , whi le caus ing phase transitions.3»5) Be­
cause of this characteristic deformation of the 3c-4e 
bond , m a n y ferroelectric or piezoelectric p h e n o m e n a 
are expected for compounds in this category. 

In ou r s tructural study for a series of MSnX3 
compounds , the characteristic h igh electrical conduc­
tivity (of the order of 10 2 - 3 S c m - 1 and having a 
metal l ic temperature coefficient) has been observed for 
a crystal hav ing a perovskite lattice, such as CH3NH3-
Snl3 or CsSni3.10) In these perovskite crystals, the trans 
I - S n - I bonds are symmetric and form infinite chains 

a long three o r thogona l directions. In the present 
study, the s tructural deformations of SnBr3~ a n d 
PbBr3~ an ions wi th decreasing temperature were 
investigated by means of the 81Br N Q R and 119Sn 
Mössbauer effect. T h e electric proper ty of the 
perovskite phases was also discussed. 

Experimental 

A series of solid solutions, CH3NH3Sni-xPbxBr3 (x=0—1), 
was obtained by solid-state reactions. Stoichiometric 
amounts of CHsNHsBr, SnBr2, and PbBr2 were ground 
together using an agate mortar under a nitrogen atmosphere 
and heated at about 220—240 °C in an evacuated glass tube 
for several days. If necessary, the grinding and heating 
processes were repeated. SnBr2 and PbBr2 were purified by a 
Bridgman method and CHsNHsBr was recrystallized from 
methanol before use. A single crystal of CsSnBr3 for the 
measurement of the electrical conductivity was obtained by a 
Bridgman method using stoichiometric amounts of CsBr 
and SnBr2. Powder X-ray diffraction patterns were measured 
by a Rigaku Rad-B system using silicon powder as an 
internal standard. The NQR spectra were observed for end 
members with a pulsed spectrometer. The 81Br and 79Br 
resonance lines were assigned on the basis of the quadrupole 
moment ratio, Q(79Br)/Q(81Br)=1.1971. The electrical 
conductivity was measured using a single crystal of CsSnBr3 
and pressed powder pellets of CHsNH3SnBr3 and GH3NH3-
PbBr3 by a DC four-probe technique. The 119Sn Mössbauer 
spectra were recorded at 110 and 293 K by means of a 
constant-acceleration-type spectrometer, using Ca119mSn03 
as a gamma-ray source. The velocity was calibrated with 
ß-Sn and BaSnOs. 

Results and Discussion 

Powder X-Ray Diffraction and DTA for Solid 
Solutions of CH3NH3Sni-xPbxBr3. A series of solid 
solutions showed the characteristic X-ray powder 
pat terns of the cubic perovskite, as can be seen in Fig. 
1(A). T h e fine structures near (234) reflections are 
shown in Fig. 1(B) for three samples (x=0, 0.4, and 1) 
in order to prove the format ion of the solid solut ion at 
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Fig. 1. Typical X-ray powder pattern for the solid 
solution having a perovskite structure. (A) CH3NH3-
Sno.9Pbo.1Br3; (B) Fine structures near (234) refrac­
tions for x=0, 0.4, and 1. The strong doublet at the 
left side corresponds to an internal standard of a 
silicon powder. 
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Fig. 2. Cubic lattice constants are plotted against x 
for a series of solid solutions, CH3NH3Sni-xPbxBr3. 

room temperature. Two pairs of Ka\ and Ka2 doublets 
near 88° and 89° correspond to reflections from a 
silicon (422) and a perovskite (234) plane, respectively. 
A slight broadening of the diffraction lines was 
observed for the solid solutions, compared to the end 
members, suggesting a slight inhomogeneity of the 
substitutional solid solution. Figure 2 shows plots of 
the cubic lattice constants against x. The lattice 
constant contracts slightly from that expected from the 
Vegard's law, this is consistent with the intense color 
in the intermediate solid solution. The DTA heating 
curves between 140 and 250 K for x=0, 0.2, 0.8, and 1 
samples are shown in Fig. 3. The phase-transition 
temperatures, determined by averaging the heating 
and the cooling runs, were 150.9, 156.4, and 236.3 K for 
the Pb analogue and 184.2 and 229.3 K for the Sn 
analogue. These temperatures for the Pb analogue 
agreed well with those reported previously by means of 
DTA,n> NQR,12> and X-ray techniques.13) In our 

X = 0.8 

X -

v 
i 

End. 

160 200 240 
Temp. / K 

Fig. 3. DTA curves in the temperature range from 
140 to 250 K for CH3NH3Sni-xPbxBr3. Heating rate 
2°C/min. 

previous paper on CFhNHsSnBrs, a drastic color 
change, from red to yellow, was observed at 229 K.4) 

According to previous studies on MSnBr3 compounds, 
intense colors such as red or black were observed only 
for crystals having perovskite lattices. Thus, the 
optical property of the perovskite family is supposed 
to arise from its characteristic band structure. The 
drastic color change of CH3NHsSnBr3 suggests that 
the tin environment is considerably distored from a 
regular octahedron below 229 K, while destroying the 
symmetric linear chain. 

With a deviation from the end members, all of the 
endothermic peaks became broader and their temper­
atures decreased. No sharp DTA peak was observed in 
therange0.3<%<0.7. 

Structural Change of Anions by Means of 81Br 
NQR. In our structural studies of SnBr3~ and Snl3~ 
anions, drastic changes of the 81Br, 127I NQR spectra 
were often found upon increasing or decreasing the 
temperature.3_5) In some favorable cases, the structural 
changes in these anions could be deduced from the 
NQR spectra below and above the phase transition. 
Figure 4 shows the temperature dependence of 81Br 
NQR for CH3NH3SnBr3 and CH3NH3PbBr3. From 
the temperature dependence of the NQR spectra and 
also from the DTA curves, at least three and four 
phases were found to exist between 300 and 77 K for 
CH3NH3SnBr3 and CH3NH3PbBr3, respectively. The 
dotted lines indicate the phase-transition temperatures 

Sno.9Pbo.1Br3
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Table 1. 81Br NQR Frequencies for CH3NH3SnBr3
a) and CH3NH3PbBr3 

Compounds 

CH3NH3SnBr3 

CH3NH3PbBr3 

Phase 

7 

ß 
a 

Ô 

ß 
a 

7VK 

11 

200 
300 

77 
200 
300 

74.95 
67.15 
69.25 
65.725 

61.667 
59.128 
58.844 

Frequency/MHz 

72.83 
65.85 
68.40 

58.234 
58.936 

71.93 
61.84 
64.87 

Estimated error/MHz 

0.05 

0.03 
0.01 

0.005 
0.003 
0.002 

a) Ref. 4. 

(B) 

100 
_L 

200 300 
Temp. / K 

Fig. 4. 81Br NQR temperature dependence for (A) 
CH3NH3SnBr3 and (B) CH3NH3PbBr3. 

determined by DTA measurements. As already stated 
in our previous paper,4) the environment around the 
Sn atom is considerably distorted from the regular 
SnBr6 octahedron in y phase, because of an extremely 
wide distribution of 81Br NQR lines. Unfortunately, 
however, the structural model for the SnBr3~ anion in 
7 phase was not unequivocally deduced. In contrast to 
the Sn analogue, the splitting of the 81Br NQR lines 
for the Pb analogue was only slight, suggesting a 
small distortion of the PbBr6 octahedron from the 
regular one. This is consistent with the powder X-ray 
photographs of the low-temperature phases reported 
by Poglitsch and Weber.13) Upon cooling CH3NH3-
PbBr3, a single NQR line split into two lines with an 
intensity ratio of 1:2 at 236.1 K. Upon further 

58.8 58.9 59.0 59.1 59.2 
Frequency / MHz 

Fig. 5. FT-NQR spectra for CH3NH3PbBr3 near 
ß to a phase transition. 100 FID signals were 
accumulated at a sampling rate of 1 jis before FFT 
calculations. 

cooling, these two lines became broader and showed a 
decreased intensity, and then, disappeared below 
170 K, about 15 degrees above the phase-transition 
temperature from 7 to ß phase. The change in the 
NQR spectra within this temperature range is shown 
in Fig. 5. The disappearance of the NQR signals 
below 170 K is probably due to a shortening of the 
relaxation times, T\ and T2*, with decreasing temper­
ature. For example, the relaxation time at 290 K was 
400 JLXS but at 185 K it decreased to 35 jus, about the same 
order of the line-width parameter, T2*. Below 150 K 
two strong NQR signals appeared again. In general, 
with decreasing temperature successive phase transi­
tions are expected for compounds containing CH3-
NH3+ cations, because the effective symmetry of the 
cation changes from spherical to axial symmetry in the 
crystal lattice, depending upon the motional state of 
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the cation.n) According to our preliminary data 
regarding the 81Br NQR relaxation times, a drastic 
decrease in T\ was observed over a wide temperature 
range covering the d-y-ß phase transitions. On the 
contrary, no detectable anomaly was found at the 
phase transition from ß to a. It is presently not clear 
what this type NQR relaxation behavior means. 

Structural Deformation of the SnBr6 Unit from a 
Regular Octahedron by Means of 119Sn Mössbauer 
Spectroscopy. Figure 6 shows the 119Sn Mössbauer 
spectra at 110K for a series of CH3NH3Sni-xPbxBr3. 
The profile of the spectra changes from a quadrupole 
doublet at x=0 to a singlet above x=0.1. Between %=0.2 
and 0.6 the spectra were asymmetrical; the spectra were 
analyzed as a superposition of two components, a 
quadrupole doublet and a singlet having a relatively 
high isomer shift (IS). The former component was 
assigned to an Sn site, similar to that found in a 
CH3NH3SnBr3 crystal at 110 K. The latter component 
increased with increasing x and was assigned to being 
an Sn atom in a regular octahedral site. These 
Mössbauer parameters are summarized in Table 2. As 
stated above, the structural change of the anion is 
induced by an instability of the symmetric Br-Sn-Br 
bond. That is, with decreasing temperature an 
asymmetric Br-Sn -Br bond becomes more stable than 
that of the symmetric bond. As the result, of a 
deformation of the anion from a regular octahedron, 
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Fig. 6. 119Sn Mössbauer spectra for a series of solid 
solutions CHsNHsSni-^PWBrs at 110 K. 

the 5s orbital of the Sn atom contributes to the bond 
forming sp hybridization. Therefore, a quadrupole 
splitting having a relatively small isomer shift could 
be explained semiempirically by the sp hybrid-orbital 
model. 14'15) If the anion forms a regular octahedron, as 
in a perovskite lattice, such a large isomer shift as 
observed in CsSnBr3 (7S=4.0 mm s-1) is expected. 
Indeed, as Table 2 shows, the 119Sn Mössbauer 
parameters of CH3NH3SnBr3 at 293 K are consistent 
with this model. On the other hand, a quadrupole 
doublet (QS—0.5—1.0 mm s-1) having a relatively 
small isomer shift (7S=3.6—3.8 mm s_1) is expected for 
an isolated pyramidal anion.16) A more quantitative 
treatment is restricted since these parameters strongly 
depend on the geometry around the Sn atom, such as 
the bond angle and the bond distance. A series of 119Sn 
Mössbauer spectra at 110 K and the parameters given 
in Table 2 show clearly that the SnBrß unit distorts 
considerably in the tin-rich region, but remains a 
regular octahedron above %=0.7 in the perovskite 
CH3NH3PbBr3 matrix. The superimposed spectra 
between %=0.2 and 0.6 suggest the existence of two 
phases at 110 K, in contrast to the powder X-ray results 
at room temperature. This finding suggests that the 
phase transition, accompanied by a drastic structural 
change, takes place over a wide temperature range for 
these solid solutions. 

Although many AMX3 (A=Alkali metal, M=Ge, Sn, 
Pb, X=halogen) compounds having cubic perovskite 
structures have been reported in their high-temper­
ature phases,5» 13'18) it is still difficult to predict the 
structures in their low-temperature phases, since the 
configuration around the central metal often changes 
dramatically. 

Electrical Conductivity for CsSnBr3 and CH3NH3-
Sni-JPbxBr3. Figure 7 shows plots of the electrical 

Table 2. 119Sn Mössbauer Parameters for a Series of 
Solid Solutions CH3NH3Sni-xPbxBr3 at 110 Ka«b> 

X 

00 

0.2 

0.3 

0.4 

0.7 

0.9 

r 

0.88(1.05) 

0.88 
0.88 

0.88 
0.88 

0.88 
0.88 

0.98 

0.91 

IS 

mm/s 

3.75(3.98) 

3.75 
3.88 

3.74 
3.96 

3.83 
3.97 

3.95 

4.00 

QS 

0.59(0) 

0.61 
0 

0.57 
0 

0.57 
0 

0 

0 

Relative 
intensity 

1 

0.76 
0.24 

0.70 
0.30 

0.59 
0.41 

1 

1 

a) Estimated error ±0.03 mm s_1. b) Line width 
parameter was fixed to 0.88 mm s_1 for x=0—0.4. 
c) Parameters in parenthesis corresponds to 293 K. 
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Table 3. Cubic Lattice Constants, Colors, Electrical Conductivity, and Activation Energy for 
the Electrical Conductivity for CsSnBr3, CH3NH3SnBr3, and CH3NH3PbBr3 

Compound 

CsSnBr3 

CH3NH3SnBr3 

CH3NH3PbBr3 

a/A 

295 K 

5.808±0.001 
5.901±0.001 
5.928±0.002 

295 K 

Black 
Red 
Orange 

Color 

77 K 

Black 
Yellow 
Orange 

o/S cm - 1 

295 K 

4X10a> 
2X10-5b> 
7X10-9b.c> 

£a/eV 

Metallic 
0.31 
0.51 

a) Single crystal, b) Pressed powder, c) Extrapolated to 295 K. 

I 

e 
CO 

o 

Fig. 7. Temperature dependence of the electrical 
conductivity for (A) CsSnBr3, (B) CH3NH3SnBr3, 
(C) CH3NH3Sno.5Pbo.5Br3, and (D) CH3NH3PbBr3. 

conductivity against the inverse temperature for 
CsSnBrs, CH 3 NH 3 SnBr 3 , CH 3 NH 3 PbBr 3 , and CH 3 -
NHsSno.5Pbo.5Br3. All of these compounds are isomor-
phous , wi th a typical perovskite structure at 293 K. 
Table 3 summarizes the electrical properties for these 
compounds , together wi th the crystal properties. In 
the replacement of Cs by C H 3 N H 3 or Sn by Pb, the 
conductivity of the perovskite decreased drastically 
from a metall ic-type behavior to a semiconduct ing 
type. In these subst i tu t ions , the cubic lattice constant , 
which corresponds to the trans Br-Sn(Pb)-Br bond 
length, increases slightly. T h o u g h phase transitions 
were reported for CsSnBr3 at 85 and 292 K,3'13> no 
observable discont inui ty was found regarding the 
conductivity vs. tempera ture curve. T h i s suggests that 
a sl ight deformat ion from a cubic perovskite has no 
singnificant influence on the electronic structure of 
this compound . In the case of the C H 3 N H 3 analogue, 
however, semiconduct ing conductivity was observed 
only for the perovskite phase; no detectable conduc­

tivity was found below 229 K. An extremely h igh 
electrical conductivity, of the order of of 10—103 

S c m - 1 , was also reported for perovskite C H 3 N H 3 S n I 3 

and CsSnI3 (high-temperature phase).10) T h e b o n d i n g 
orbitals for a l inear - B r - S n - B r - chain comprise mainly 
the 4p orbital of the br idging Br a tom and the 5p 
orbital of the Sn atom, and may form both a broadened 
valence and conduct ion band due to the infinite chain. 
T h e electrical and optical propert ies of these per­
ovskite may be due to the small band gap between the 
valence and conduct ion bands. 
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A new apparatus for simultaneous measurements of acoustic emission (AE) and differential thermal 
analysis (DTA) is described. Two fused silica cells are used as the sample and reference holders and a fused silica 
rod, fixed at the bottom of the sample holder, acts as the waveguide for AE signals emitted in the sample. A 
140 KHz resonance frequency sensor is attached at the end of the rod to detect the AE signals which are converted 
by an AE tester to three parameters, the wave form, the event count rate, and the cumulative count. The 
technique has been successfully utilized to study the dehydration, phase transition, and decomposition of NaN3, 
KNO3, KCIO4, CaCrO4-0.1H2O, and MgCh • 6H2O, for which the interesting results are reported. 

It has been known for many years that when a solid 
is subjected to certain levels of stress, discrete acoustic 
wave packets are generated.1) T h e p h e n o m e n o n of 
such sound generat ion in materials is termed acoustic 
emission (AE). When a mechanical event such as 
occurrence and propaga t ion of cracks, accumula t ion 
of stress, or movement of dislocation takes place in a 
solid, AE waves are emitted from the solid. Where the 
mechanica l event is caused by a thermochemical 
process such as decomposi t ion, dehydrat ion, or phase 
t ransi t ion of a solid, AE waves should be generated 
from the solid in the course of the process. T h u s , if the 
acoustic emission technique is used as a thermoana-
lytical method, it provides a u n i q u e information about 
the thermal process which is no t obtained from 
convent ional thermal analysis. T h e pioneer ing 
studies of the thermal process us ing the AE technique 
were carried out by L0nvik,2 ) w h o reported the 
phenomenologica l behavior of thermal decomposi t ion 
and phase transit ion in several minerals . 

T h e present authors have designed a new appara tus 
for acoustic emission thermal analysis which s imul­
taneously permits the measurement of differential 
thermal analysis (DTA), and have reported briefly on 
its appl ica t ion to the thermal decomposi t ion of KCIO4 
and NaC104.3) T h i s paper describes in detail the new 
appara tus for the s imultaneous AE and D T A tech­
n ique and the results obtained by its successful 
appl ica t ion to the dehydrat ion, phase transi t ion, 
decomposi t ion, and mel t ing of the inorganic salts 
such as NaN 3 , KNO3, CaCrO 4 -0 .1H 2 O, M g C l 2 - 6 H 2 0 , 
and KCIO4. T h e AE signals generated from this 
KCIO4 are compared with those from a different 
sample reported in the previous paper.3) 

AE and DTA Apparatus 

A scheme of the experimental apparatus for the simul­
taneous AE and DTA technique is shown in Fig. 1. This 
apparatus is divided into three systems, namely, the reaction 
system and DTA and AE systems. A schematic diagram of 
the sample (reference) holder covered with a cap is illustrated 
in Fig. 2. 

Reaction System. Two fused silica holders of the same 
size (15 mm$X15 mm), covered with the cap, are placed 
symmetrically in a vertical electric tube furnace. As shown 
in Fig. 2, there are four holes on the top of the cap and three 
holes at its side which allow gases formed in the holder to 

Fig. 1. A schematic diagram of experimental 
apparatus for simultaneous AE-DTA measurement. 
1: reference holder, 2: sample holder, 3: waveguide, 
4: protective silica tube, 5: electric furnace, 6: PID 
controller, 7: thermocouple, 8: micro-volt meter, 
9: two-pen recorder, 10: sensor, 11: AE tester, 12: 
universal counter, 13: digital storagescope, 14: 
two-pen recorder, 15: noise filter, 16: electric power 
source. 



September, 1990] Apparatus for Simultaneous AE and DTA Measurement and Its Application 2527 

hole 

thermo­
couple 

cap 

15-H 

•13 

waveguide-
holder 

1*8 

200 300 400 500 

Temperature (°C) 

Fig. 3. The AE-DTA curve for a blank test. (A): DTA 
curve, (B): AE count rate curve. 

Fig. 2. Fused silica sample (reference) holder fitted 
with a cap (left) and a flat-bottom type sample holder 
(right). 

escape. A 10 mm length tube of 5 mm diameter, in which the 
chromel-alumel thermocouple is put, is fixed downward at 
the center of the cap. The distance between the tube tip and 
the holder bottom is 2 mm. The super Kantal wound 
furnace is heated with a PID-program controller to avoid 
switching noise by an on/off controller. A protective silica 
tube is inserted into the furnace. All the experiments were 
performed at a heating rate of 5 ° C m i n - 1 in air. A flat 
bottom sample holder (13mm$X3mm) was also designed 
for a small amount of powder sample or crystals (Fig. 2); 
when this holder is used, the DTA curve cannot be obtained. 

DTA System. The thermocouples are placed in the cap 
tube of the reference and sample holders (Fig. 2) and are 
fixed not to move above the furnace. a-AhOs powder is used 
for the reference material. The temperature difference (AT) 
between the reference and sample holders is measured after 
amplification by a micro-volt meter and the reference 
temperature is simultaneously recorded. 

AE System. A fused silica rod (8 mm$ X150 mm), fixed 
at the bottom of the sample holder, is used as the waveguide 
for AE signals (see Fig. 2). About 5 cm of the rod protrudes 
from the furnace and is tightly clamped. The end of the rod 
is polished smoothly. A 140 KHz resonance frequency piezo­
electric sensor (8 mm diameter) of a single-end type brings 
contact with the smooth end of the rod with silicon grease. 
The elastic waves generated in the sample are transmitted 
through the waveguide rod to the sensor, where they are 
converted to electric signals in the form of voltage 
amplitude-time traces. By use of an AE TESTER (NF 
Electronic Instrument, 9501), the traces are discriminated at 
preselected levels of voltage (designated as the threshold). 
Such discriminated traces are observed as the complex 
waves by a digital storagescope (Iwatsu, model DS-6411 C) 
and are stored on a memory card. The envelope of each 
discriminated wave is electronically squared and counted 
as a single event count pulse. The number of the pulses 
counted at a time interval of 1 sec is recorded as the event count 
rate (cps); in this case, a dead time of 1 ms is preset. The 
cumulative event count is simultaneously monitored by 
a universal counter (Advantest, model TR 5822). 

Table 1. Typical Experimental Condition 
for AE-DTA Measurement 

DTA measurement 

AE measurement 

Sample, 100—800 mg 
Reference material, a-AbOs 
Heating rate, 5°C min - 1 

Threshold, 250 |iV 
Count rate, 500 cps/full scale 
Recorder range, 50 mV 

The elastic waves are finally displayed as three out-put 
parameters, the wave form, the event count rate and the 
cumulative event count. Much attention must be given to 
avoid interfering noises arising from external mechanical, 
electromagnetic, or vibratory sources. The induced noise 
caused by the PID controller is eliminated by a noise filter; 
the electric power passed through the filter is used for the 
recorder. Even so, the unfiltered noise occurs or the electrical 
noise can be directly picked up by the sensor from the 
surroundings. Such electrical noise occurs as high frequency 
pulse signal which is distinguished from the AE signal by 
observation of the digital storagescope. Figure 3 shows the 
result of a blank AE and DTA measurement; for the former 
measurement, the empty sample holder with the cap was 
used. The baseline of the DTA curve is found to be relatively 
smooth during the measurement. The discrete and irregular 
signals seen on the AE curve were judged as noise by the 
storagescope, and this defines the background noise level. A 
satisfactory signal to noise ratio was found to be obtained 
with a threshold of 250 |iV from the preliminary blank tests. 
Typical experimental conditions for the AE and DTA 
measurement are listed in Table 1. No change in the noise 
configuration was found even when the flat bottom sample 
holder was used. 

Samples. Five samples used were NaN3, KNO3, CaCrC>4 • 
0. IH2O, MgCb • 6H2O (these four samples are supplied from 
Kanto Chem. Co., Ltd.) and KCIO4 (Wako Chem. Co.,Ltd.). 
Sample weights of 100 to 800 mg were used. The samples of 
MgCl2-6H20 and CaCrO4-0.1H2O were ground for 10 min 
in a mortar and pestle. 

Results and discussion 

Decomposition of NaN3. Figure 4 shows the AE 
and D T A curve for the decomposi t ion of NaN3; the 
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Fig. 4. The AE-DTA curve for the decomposition of 
NaN3. (A): DTA curve, (B): AE count rate curve, 
Sample weight: 260 mg. 

100 200 300 400 

Temperature ( C) 

Fig. 5. The AE-DTA curve for the phase transition 
and melting of KNO3. The DTA curves A, B, and C 
correspond to the first heating to 160°C, followed by 
cooling to 80 °C, then reheating to 370 °C. The AE 
count rate curves D, E, and F correspond to the DTA 
curves A, B, and C, respectively. Sample weight: 
101 mg. 

samples were slightly g round to break u p the 
aggregated particles. T h e D T A curve shows that the 
reaction proceeds explosively with a sharp exothermic 
peak at 422 °C, which arises from the reaction: 
2NaN3=2Na+3N2. T h e whole exothermic peak was 
too large to be recorded in the range preset. Sharp AE 
signals appear at the corresponding temperature of the 
explosive exothermic D T A peak. It is interesting to 
note that the AE signals begin 40 ° C lower than the 
sharp decomposi t ion D T A signal, suggest ing that 
some mechanical change has already taken place in the 
particles of NaN3, pr ior to the explosion. 

Phase Transition of KNO3. It has been shown by 
the previous D T A results that the endothermic peak 
due to the a to ß phase t ransi t ion appears at 130 ° C 
and the me l t i ng of KNO3 at 335 °C.4) Figure 5 shows 
the A E - D T A curve of the KNO3 sample which was 
obtained by hea t ing according to the cont inueous 
hea t ing-coo l ing- rehea t ing schedule, as indicated by 
the arrows on the D T A curve. An u n g r o u n d 101 m g 
sample was used. T h e D T A curves of A to C 
correspond to an ini t ia l hea t ing to 160 °C, followed by 
cool ing to 80 °C, and reheat ing to 370 °C. T h e 
endothermic peak at 130 ° C on D T A curve A is due to 
the t rans i t ion of KNO3 from the a to ß phase. 
A l t h o u g h it is reported that when the ß phase is 
cooled, the phase t ransi t ion from ß to 7 and 7 to a 
occurs at 124 ° C a n d 110 °C, respectively,5) n o thermal 
changes are seen on curve B, probably because the 
na tura l uncont ro l led cool ing rate from 160 to 80 ° C is 

too slow to give D T A signals ( < l ° C m i n _ 1 ) . O n 
reheat ing the a phase sample thus obtained, as shown 
on curve C, the a—»ß phase t ransi t ion again occurs at 
127 ° C and the KNO3 melts at 330 °C. T h e AE chart 
sequences of D to F correspond to the D T A curves of A 
to C, respectively. It is seen from the AE traces that on 
ini t ia l hea t ing (trace D), the AE signals due to the 
a-^ß t ransi t ion appear , the ini t ia t ion temperature 
(a round 100 °C) be ing lower than that of the endo­
thermic peak (124 °C). O n cool ing this sample (trace 
E), the AE signals emitted by the ß—»7 and 7—>a 
transi t ions are apparent ly detected at temperatures of 
132—125 ° C and 117—105 °C, respectively, a l t hough 
n o thermal changes appear on the D T A curve. O n 
reheat ing (trace F), the observed AE signals are due to 
the a to ß t ransit ion and the mel t ing of KNO3. 

Phase Transition and Decomposition of KCIO4. 
Figure 6 shows the A E - D T A curve (A to C) for the 
phase transi t ion and decomposi t ion of KCIO4. An 
u n g r o u n d sample (600 mg) used here was suppl ied 
from the different source from that reported in our 
previous paper.3) T h e reported D T A results have 
shown the endothermic peak at 303 °C, due to the 
t ransi t ion from the o r thorhombic to cubic form, and 
the endothermic /exo thermic peaks at 580—620 °C, 
due to the mel t ing and decomposi t ion of KC104.6) As 
shown in Fig. 6-C, this sample gives rise to one broad 
AE peak at temperatures of 200—340° C and three 
sha rp AE peaks (a to c) at 560—660 °C , b u t does no t 
emit any AE signals below 200 °C, as was observed in 
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Temperature (°C) 

Fig. 6. The AE-DTA curve for the phase transition 
and decomposition of KCIO4. (A): DTA curve, 
(B): AE cumulative count curve, (C): AE count rate 
curve. The threshold is raised to 500 |iV from the 
temperature corresponding to the dashed line, the 
intensity being reduced to 1/20. Sample weight: 
600 mg. 

the KCIO4 previously studied. Since the initiation 
temperature of the broad AE peak (200 °C) is much 
lower than that of the endothermic DTA peak due to 
the transition (300 °C), this AE peak suggests occur­
rence of some mechanical change in the particles prior 
to the transition. A slight increase in the cumulative 
count curve at around 300 °C indicates the addition of 
the AE signals due to the transition to those by the 
mechanical change occurring before the trasition 
above 300 ° C. The high temperature AE peaks a and b 
correspond to the endothermic peak at 620 ° C and the 
exothermic peak at 632 ° C, respectively, which are due 
to the melting of KCIO4 and its subsequent decom­
position. Peak a begins at 565 ° C, lower than the onset 
temperature of melting (590 °C). Peak b begins at the 
inflexion temperature of the endothermic/exothermic 
peak; the threshold value was raised at temperatures 
above 597 ° C, reducing the intensity to about 1/20. As 
was mentioned in the previous paper,3) two intense 
peaks a and b suggest two step decomposition of the 
molten KCIO4; the early part of peak a contains the AE 
signals due to melting. Peak c results from the 
solidification of the molten decomposition product 
KCl, which is not detected by DTA. 

Dehydration of CaCr04 • O.IH2O. Figure 7 shows the 
AE-DTA curve (A to C) obtained on heating a ground 
sample of CaCrO40.1H2O to 600 °C. The molecular 
weight of water (O.IH2O) in the sample was deter­
mined by TG-DTA apparatus (Rigaku thermoflex 
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Fig. 7. The AE-DTA curve obtained on heating the 
CaCrO4-0.1H2O sample. (A): DTA curve, (B): AE 
cumulative count curve, (C): AE count rate curve, 
Sample weight: 800 mg. 

8100 type), since this sample was labelled CaCr04 0c-
H2O. The T G result showed a small weight decrease 
(about 1 wt%) at 230—320 °C, continuing sluggishly at 
330—560° C (about another 1 wt%). On the DTA 
curve, a small endothermic peak appears at 235— 
280 ° C, above which no thermal change is seen. This 
endothermic peak is probably due to the dehydration 
of 0.1 H2O, since the temperature range of this peak 
corresponds to that of the low temperature weight loss 
monitored by TG. It is seen from the AE count rate 
curve that the signals are generated in two temperature 
regions, 245—260 °C and 410—590 °C. The latter 
region occurs in two stages, at is indicated by two step 
in the cumulative count curve. The low temperature 
signals are probably caused by the dehydration. The 
signals occurring in two stages at high temperatures 
above 390 ° C are associated with the second sluggish 
weight loss, but their origin is not clear at prsent, since 
neither the yellow color nor the X-ray diffraction 
pattern of the sample changes as a result of the 
heating. 

Dehydration of MgCh • 6H2O. Figure 8 shows the 
AE-DTA curve obtained on heating a ground sample 
of MgCl2-6H20 to 500 °C. Since the powders of 
MgCl2-6H20 are hygroscopic, the crystalline samples 
were ground in a dry nitrogen atmosphere. As has 
been reported previously,7) six endothermic peaks a to f 
at 126, 180, 207, 229, 273, and 445 °C, respectively, are 
assigned as follows; a: melting of MgCl2-6H20, b: 
MgCl2-6H20=MgCl2-4H20+2H20 c: MgCl2 • 4 H 2 0 = 
MgCl2-2H20+2H20, d: 2MgCl2 • 2H20=MgCl2 • H 2 0 
+MgOHCl+2H 2 0+HCl, e: 2MgCl2 • H 2 0=MgCl 2 + 
MgOHCl+H 20+HCl, f:MgOHCl= MgO+HCl. Since 
the AE signals appearing at 50—60 °C are not accom­
panied by any thermal effect, they are probably due to 
the liberation of moisture absorbed on the particles on 
heating. The signals are again seen from the peak 
temperature of a, corresponding to melting of MgCh • 
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Fig. 8. The AE-DTA curve for the dehydration of 
MgCl2-6H20. The threshold is raised to 35.0 j*V 
between the dashed lines, the intensity being reduced 
to 1/4. (A): DTA curve, (B): AE count rate curve, 
Sample weight: 160 mg. 

6H2O, and cont inue to 185 ° C at which the 2H2O is 
dehydrated. T h e y intensify over the temperature 
region corresponding to the dehydrat ion of 2H2O from 
MgCl2-4H20 (peak c). T h e y decrease over the tem­

perature range of peak d and appear again as relatively 
intense AE signals of h igh ampl i tude , occurr ing over 
the range of peak e. These signals are associated wi th 
bubb l ing of the mol ten sample, as is indicated by the 
presence of many blowholes and bubbles in the sample 
after the experiment . T h e n , the AE signals intermit­
tently occur u p to about 400 °C, above which they 
cease altogether. 

From the results described above for NaN3, KNO3, 
KCIO4, C a C r O 4 0 . 1 H 2 O , and MgCl 2 • 6H2O, the AE 
technique has proved ' to be very useful and sensitive 
me thod for fol lowing the changes taking place in the 
inorganic salts in the course of heat ing. For example, 
the decomposi t ion of KCIO4 in mol ten phase, wh ich 
has been judged as one step process by D T A or T G , 
was t h o u g h t to occur as two step process from the 
doublet of AE curve. T h u s , the authors expect that the 
AE is used as a new thermoanalyt ical technique 
complement ing DTA, T G , and other technique. 
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The fundamental skeleton of the tropones possessing a unique heptagonal structure is predicted to be 
aromatic with positive resonance energies and conforming to the topological charge stabilization rule (TCS 
rule). Similarly, naturally occurring tropolones also nicely fit the theory that conformity to the TCS rule gives a 
stable molecular system. Thus, many of the troponoids so far synthesized and those occurring in nature are 
energetically very stable molecules as well as being synthetically very accessible. The TCS rule applies very well 
to the formation mechanism of heterocycle-fused tropones. It is very likely that there are various reaction paths 
in nature which are compatible with the TCS rule for the formatin of tropylium compounds having annulated 
heterocycles. 

After structure e lucidat ion of na tura l t ropolones 
such as a-, ß-, and 7- thujapl icins , colchicins, stipitatic 
acid, and its co-metabolic homologues , and pu rpu rog -
al l in , syntheses of many tropolones and tropones were 
achieved in the early 1950's.2) 

Since then, extensive studies regarding various 
aspects eventually led to the establ ishment of a new 
field, the chemistry of nonbenzenoid aromat ic com­
pounds.3* It m i g h t be very impor tan t to seek the 
reason why these molecules are synthesized and occur 
in na ture . W h a t factors stabilize these rather peculiar 
molecules? Of course, it is not easy to answer this 
quest ion. However, even a part ial answer would 
represent impor t an t progress in the study of the 
chemistry of t roponoid compounds . 

In 1983 Gimarc po in ted ou t that the pat tern of 
charge densities in a molecule is determined pr imar i ly 
by its connectivity, or topology.4a) Many examples 
indicate that na ture prefers to place heteroatoms of 
great electronegativity in posi t ions where the isostruc­
tural , iso-rc-electronic hydrocarbon has large charge 
densities.4a_c) Gimarc4 a _ c ) referred to isostructural, iso-
7z;-electronic hydrocarbons as a uni form reference 
frame (URF) and called " the effect the rule of 
topological charge stabil izat ion," or the T C S rule. H e 
showed4a) that the T C S rule cannot differentiate 
between the stabilities of aromatic, nonaromat ic , and 
an t ia romat ic structures. O n the other hand , Aihara5 ) 

developed a general g r aph theoretical formula for the 
resonance energy, circuit resonance energy,5d) and 
b o n d currents.5k) Many examples indicate that the 
g raph theory of aromatici ty has been one of the most 
impor t an t pr inciples in the study of aromaticity. In 
this paper we describe bo th the stability and aromat i ­
city of t roponoids and annula ted t roponoids in terms 
of Gimarc ' s T C S rule and Aihara 's g raph theory of 
aromaticity. 

More recently, Nozoe et al.6) synthesized t ropyl ium 
c o m p o u n d s hav ing t r i -annulated heterocycles and 
related compounds . T o obtain useful imformat ion 

about very complex reactions leading to the formation 
of these heterocyclic t ropyl ium systems, we also 
describe the stability of the s tar t ing materials , inter­
mediates, and products in terms of Gimarc 's T C S rule. 

T h e H M O theory is assumed in its simplest form. 
Streitwieser evaluated the heteroatom parameters for 
the amine ni t rogen, the imine ni t rogen, the ether 
oxygen, a n d the ketone oxygen.7) In this paper , we 
adopt these values wi th some other heteroatom 
parameters.8»9) Ketone oxygen, imine ni trogen, and 
th ione sulfur contr ibute one ^-electron to the con­
jugated system, whereas amine ni trogen, alcohol (or 
ether) oxygen, and thioether sulfur contr ibute two n-
electrons instead of one. 

Results and Discussion 

Monocyclic Troponoids. T h e calculated resonance 
energies and bond cur ren ts 0 for a series of monocyclic 
t roponoids are given in Tab le 1. T r o p o n e ( la) , 

Table 1. Resonance Energies and Bond 
Currents of Monocyclic Troponoids 

Neutral species Cationic species 

la 
lb 
lc 

4a 
4b 
4c 

5a 
5b 
5c 

6a 
6b 
6c 

RE 

0.1776 
0.1254 
0.1518 

0.1781 
0.1748 
0.1703 

0.1305 
0.1292 
0.1258 

0.1540 
0.1517 
0.1479 

Bond current 

0.9404 
0.7077 
0.8235 

0.9357 
0.9187 
0.8967 

0.7248 
0.7152 
0.6972 

0.8277 
0.6830 
0.7952 

RE 

0.2163 
0.2097 
0.2025 

0.2111 
0.2058 
0.1996 

0.2058 
0.2009 
0.1951 

0.1996 
0.1951 
0.1895 

Bond current 

1.1056 
1.0823 
1.0515 

1.0846 
1.0597 
1.0325 

1.0597 
1.0364 
1.0103 

1.0325 
1.0103 
0.9845 

RE: Resonance energy (in ß unit). Bond current (in 
benzene, h, unit). 
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A 

la X=0 2 3 
b X=NH 
c X=S 

troponeimine (lb), and thiotropone (lc) have been 
prepared.3) 

Heptafulvene3) (2) is a URF for these compounds. 
This URF has the largest charge density at position 8. 
Compound 2 is predicted to be essentially polyolefinic 
in nature.10) Though it has been prepared, it is too 
reactive to be isolated.10) The resonance energy of 2 
was calculated to be 0.009.5a) In each compound 
recorded in Table 1 the heteroatom is located at the 
position of the maximum charge density in the URF. 
Compound la is the most stable because oxygen is 
more electronegative than nitrogen and sulfur.n) 

Compounds la—c are predicted to be aromatic, with 
positive resonance energies. Among them, the 
resonance energy for la5a) is largest. Compound lb is 
rather unstable and removal of the solvent from its 
solution causes immediate polymerization. Com­
pound lc is also very unstable in solution. It appears 
to form a mercaptotropylium ion in concentrated 
sulfuric acid.12) 

Though troponeiminium salts are stable in air and 
in a neutral or acidic aqueous solution, they are 
rapidly hydrolyzed by aqueous alkali.13) The lH NMR 
spectrum of the troponeiminium salts with peaks at 
ô=6.3 indicates an upfield shift of the ring-proton 
signals from those of la by 0.6ppm.14) As shown in 
Table 1, compound lb has small calculated bond 
currents in agreement with its chemical shift. 

We next consider the URF of the 1-methylenehepta-
fulvene anion (3). Here, the largest charge densities 
are at the exo-methylene carbons. The iso-rc-electronic 
molecules tropolone (4a), 2-aminotropone (4b), and 2-
mercaptotropone (4c) are all stable compounds.3) 

à \ = / 
4a X=OH 

b X=NH2 

c X=SH 

NH 

\ = / 
5a X=OH 

b X=NH2 

c X=SH 

S 

Ù X=/ 
6a X=OH 

b X=NH2 

c X=SH 

Compound 3 is a URF for these compounds. In each 
case, the oxygen atom is located at one of the exo-
methylene carbons and the substituent is located at the 
other exo-methylene carbons of maximum charge in 
the URF 3. 

Similarly, the iso-rc-electronic molecules, 5a—c and 

6a—c, are all stable compounds.3) Compound 3 is also 
a URF for 5 and 6. In each case the heteroatoms and 
the substituents are located at the sites of the largest 
charge density in the URF 3. Then, starting from the 
stability of la—c, we consider the stability of the 1-
methylenetropone anion (7) and its N- (8) and S-
analogue (9). In all cases, the largest charge density is 

0 966 I I 10 0 972 I 107 0 070 

7 8 9 

at the £xo-methylene carbons. Compounds 4, 5, and 6 
can also be designed by replacing the exo-methylene 
carbon by the iso-rc-electronic substituents. It has 
therefore become evident that tropones and tropolones 
conform to the TCS rule. Most heteroatoms and iso-rc-
electronic substituents are placed at the sites of large 
charge density in the URF. As shown in Table 1, all 
monocyclic troponoids are predicted to be aromatic 
with positive resonance energies. Their cationic 
species have larger resonance energies and bond 
currents than do the neutral species. 

Benzotropones. Unlike tropones, tropone-annulat-
ed benzenoids show different reactivities from those 
shown by tropone itself.3) As a measure of the 
characteristics of tropone, Table 2 compares the 
calculated circuit resonance energies contributed by 
the seven-membered ring (r2) to benzotropones. 

Among them, tribenzotropone (24) has a small 
circuit resonance energy. The relative values of the 
circuit resonance energies for these benzotropones 
decrease with the number of benzene rings. Three 
isomeric benzotropones 10—12 are known, among 
which 10 and 12 have been isolated; 11 has not been 

10 11 12 

Table 2. Resonance Energies, Circuit Resonance 
Energies, and Bond Currents of Benzotropones 

10 
11 
12 
16 
17 
18 
19 
24 

RE 

0.3132 
0.2840 
0.3087 
0.4136 
0.4253 
0.4768 
0.4852 
0.6817 

REPE 

0.0261 
0.0237 
0.0257 
0.0258 
0.0266 
0.0298 
0.0303 
0.0341 

Ï2 

0.0576 
0.0721 
0.0577 
0.0293 
0.0299 
0.0217 
0.0207 
0.0075 

Bond currents 

0.8606 
1.1045 
0.9632 
1.0296 
1.0837 
0.7124 
0.6823 
0.5007 

RE: Resonance energy (in ß unit). REPE: Resonance 
energy per 7r-electron. Bond current (in benzene, /o, 
unit). 
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prepared yet.15) The charge densities of the corre­
sponding URF's (13,14, and 15) reveal that the oxygen 
atom in each isomer occupies the sites of the largest 
charge density in the corresponding URF's. All 
isomeric dibenzotropones 16—19 are also known, 
among which 18 and 19 have been isolated.16) Both 16 
and 17 are rather unstable and neither has been 
isolated, apparently because their structures have an 
o-quinonoid form. 

13 

15 

All exo-methylene carbons in the URF's (20—23) 
show the largest values of the charge densities in 
comparison with their ring carbons. 

In each case the oxygen atom is located at the exo-
methylene carbon of the maximum charge density in 
the URF's 20—23. Tribenzotropone 24 has been 

0 9 9 7 0.974 2 1 

\ 13 

0.990) 
.000 ( l 2 

\ ! ! 
0.996 

8 /o.98<>> 

\0.988 

9 \ l 001 

10 / 

0 996 

1.001 

23 

prepared.17) The charge density of the corresponding 
URF (25) reveals that the oxygen atom occupies the 
site of the largest charge density in the corresponding 
URF. As metioned above, the fundamental skeleton of 
the tropones with a unique heptagonal structure is 
predicted to be aromatic with positive resonance 
energies and conform to the TCS rule. 

Naturally Occurring Troponoids. Various, sub­
stituted tropolones such a-, ß-, and y-thujaplicin (26a, 
26b, and 26c, respectively), ß-dolabrin (27), ß-thujapli-
cinol (28), and 4-acetyltropolone (29) have been found 
in the heartwood or essntial oil of various trees of the 
cupressales family, e.g. western red cedar.18) Naturally 
occurring tropolones have one or more heteroatoms in 
addition to alkyl substituents. All alkyl substituents 
are disregarded for simplicity, since they are scarcely 
conjugated with the parent n electron framework.4d»e) 

The URF's for 26a, 26b, and 26c are all identical with 
that for 4a. The URF's for 27 and 28 are shown in 30 
and 31, respectively. The oxygen atoms are situated at 
the sites of large charge density in the corresponding 
URF's. 

26a 26b 26c 

27 28 

The URF for 29 is the same as that of 30. The URF 
for 29 has a high charge density at positions 8 and 9. 
The two oxygen atoms are placed at the corresponding 
positions. However, the position of acetyl oxygen does 
not conform to the TCS rule. The charge density is 
not high at the corresponding position in the URF. 
Therefore, we consider that the methyl group is 
conjugated with the ^-electron subsystem of the acetyl 
group. The charge densities in the URF is shown in 
32 (14 7i-electrons). 

The corresponding URF (32) has a large charge 
density at positions 8, 9, 11, and 12. The correspond-

file:///0.988
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33 34 35 36 

ing positions in 29 are all occupied by electronegative 
heteroatoms and iso-rc-electronic substituents. A wide 
variety of tropolone derivatives have also been found 
in nature as secondary vegetable metabolites. They 
include stipitatonic (33), stipitatic (34), puberulonic 
(35), and puberulic (36) acid.19"22) The URF's for 33— 
36 are shown in 37—40, respectively. The URF's 37— 
40 have large charge densities at just those positions 
where ketone oxygens and alcohol (or ether) oxygens 
occur in the natural products. 

Alkaloidal tropolone derivatives, notably colchicine 
(41)23) have been found in plants of the liliacae species. 

37 38 

41 42 

The colchicine molecule contains four methoxyl 
groups that are conjugated with the ^-electron system. 
The URF of 41 (42) has a high charge density at 
positions 14—18. Thus, the methoxyl and ketone 
oxygens are situated at the sites of large charge 
density in the corresponding URF. The thiobis 
(tropolone) (43) has been isolated24) from a bacterial 
culture and shows antibiotic properties. The red 
coloring matter, purpurogallin (45), also occurring 
naturally in various galls, is a benzotropolone 
derivative.25»20 The URF's for 43 and 45 are shown in 
44 and 46, respectively. All positions of high charge 
density in the URF's are occupied by heteroatoms in 
the corresponding natural products. 

43 44 

1.618 1-295 

In naturally occurring tropolones nature puts 
oxygens and/or thioether sulfur at the sites of large 
charge density in its URF. We have also shown that 
naturally occurring tropolones nicely fit the theory 
that the conformity to the TCS rule gives a stable 
molecular system. Molecules that do not conform to 
the TCS rule can in principle, be designed using an 
infinite number of molecules; as a natural con­
sequence, many of the troponoids so far synthesized 
were chosen from energetically very stable molecules 
and synthetically very accessible molecules. 

Annulated Troponoids and Formation Mechanism. 
After Nozoe and his co-worker's earier study27) of 
quinoxalotropone (47), Itô and his co-workers28) 

obtained 47 and its isomer 48 by the reaction of £-and 
o-tropoquinone (49 and 50) with o-phenylenediamine 
(51a). Asao29) obtained the tricyclic ditropone 52 from 
2,5-diaminotroponeimine (53) and 5-nitrosotropolone 
(54). More recently, Takeshita et al.30) synthesized the 
pentacyclic ditropone 56 and the tetracyclic tropone 57 
from 49 and benzenetetramine. The URF's for two 
quinones, 49 and 50, are shown in 58 and 59, 
respectively. Three ketone oxygen atoms in these 
quinone are situated at the sites of large charge 
densities in the corresponding URF's. The charge 
densities of the URF's for two quinoxalotropones, 
47and 48, reveal that the heteroatoms in each isomer 
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occupy the sites of high charge density in the 
corresponding URF's (61 and 62, respectively). The 
URF's for two starting materials 53 and 54, inter­
mediate 55, and product 52 are shown in 63—66, 
respectively. The URF's of 63—66 have large charge 
densities at just those positions where heteroatoms 
occur in these URF's. The values of the resonance 
energies for the heterocycle-fused troponoids are given 
in Table 3. In all cases, these compounds can be 
regarded as being aromatics with positive resonance 
energies. 

Nozoe and his co-workers recently synthesized 14H-
dibenzotl^-^rl'^'-^lcycloheptatl^-fci^S-fe'lditl^loxa-

Table 3. 

47 
52 
56 
57 

Resonance Energies 

RE 

0.3919 
0.1075 
0.4213 
0.3557 

of 47, 52, 56, and 57 

REPE 

0.0245 
0.0054 
0.0050 
0.0162 

RE: Resonance energy (in ß unit). REPE: Resonance 
energy per 7r-electron. 

zine (69) and its S-analogues 70.31) The possible path­
ways proposed for the formation of 69 are shown 
in Scheme 1.31) The most favorable first intermediate 

<x@ Oc® <x éc a; 
47 48 49 50 51a X= NH2 

b X= OH 

c X= SH 

H 2 N H CC + < r C C — H O N 0 ^ J C > N O H ^ o = O O O o 

53 54 55 52 

-oxco 
56 

-coco 
57 

59 60 62 

63 64 65 

61 66 

I 009 0 980 

67 68 
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C-9 

C-7 

-HBr 
HO NH 

C#Br H 
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SS©- .a:® 
V NH H> W ~ H 

69 

Scheme 1. 

HO NH 

QC® 
N - H 

70 

1 265 1 302 1 121 

77 

1 202 1 454 

1 084 1 134 

of the reaction of 71 with 51b was considered to be the 
2-substituted intermediate a, which then cyclizes to 
give 72. We assumed that the amino group of 51b then 
first attacks C-5a of 72, followed by the ring opening 
shown in bi and then bromine substitution (b2) to give 
74. This compound would readily be transformed to 69 
by ring closure at C-9 (c) and then dehydrogenation. 

In order to prove the validity of these presumed 
pathways, Gimarc's TCS rule is applied to the reaction 
mechanism. The URF's for two starting materials, 71 
and 51b, and intermediate a are shown in 75 (127T-
electrons), 60, and 76 (207z;-electrons), respectively. The 
corresponding positions in 71 and a are all occupied 
by electronegative heteroatoms. The URF's for 72 and 
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73 are identical with that of 77. The URF's for 
intermediate b2 and 74 are shown in 78 and 79, 
respectively. A URF for oxazine 69 and its S-analogue 
70 is shown in 80. All positions of high charge 
densities in the URF's are occupied by heteroatoms in 
the corresponding molecules. Therefore, the present 
reaction mechanism can be said to be reasonable in 
view of the TCS rule. 

More recently, Nozoe and his coworkers0 reported 
that tropylium compounds having tri-annulated hetero-
cycles 86 are obtained by the reaction of 2,4-dibromo-
7-methoxy- and 3,5,7-tribromo-2-methoxytropone (81) 
with o-aminophenol (51b) and o-aminobenzenethiol 
(51c). They also discussed possible pathways for these 
reactions (Scheme 2);6) theoretical calculations by 
means of a semiempirical molecular orbital method, 
such as MNDO, encountered difficulties in predicting 
the formation mechanism of such large conjugated 
systems. 7-Bromo-14H-cyclohepta[l,2-fc:4,3-fc']bis-
[l,4]benzoxazine (84) was prepared form the 6,8-

dibromo compound 82 and 51b by an intramolecular, 
hetero-ring transposition via d, e, 83, and £, followed 
by dehydrogenation. The URF's for two starting 
materials, 51 and 81, are shown in 60 and 87, 
respectively. Heteroatoms and iso-rc-electronic sub-
stituents in these molecules are situated at the sites of 
large charge density in these respective URF's. The 
URF of e has large charge densities at positions 7, 15, 
22, and 23. The corresponding positions in e are all 
occupied by electronegative heteroatoms. The URF's 
for 83 and intermediate £ are shown in 90 and 91, 
respectively. The URF's 90 and 91 have large densities 
at just those positions where heteroatoms occur in 83 
and intermediate £. The URF of benzoxazine 84 (92, 28 
^-electrons) has high charge densities at positions 6, 8, 
10, 12, 19, 22, and 24. Though positions 8 and 10 in 
the URF of 84 have high charge densities, the 
corresponding positions have no heteroatoms there. 
According to the original TCS rule, it is not necessary 
to place heteroatoms at all of the sites of high charge 

Br 

Br 

:® 

B r H y C H 

51b 

C-5a* 

-2H 

£rP Vßr 

^ = / ^ N OH 

I 

B r H 0 C H 
HO 

83 

51c 

* < ^ N H 2 O ^ V ^ 

-2H 

• &Y4 
85 

Scheme 2. 

86 

Br 

"-C'Y 
Br 

89 1 3 8 5 
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91 
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1.005 

1.395 - - - ^ 
/ 8 

1 . 0 0 1 / 

( 9 

\ 10 
1.599 

1 5 6 8 

1 

1159 < 
1.0391/ 5 

/6 

S. 13j 

12 | 1 164 

l l L l ^ 3 0 

lT 

2 2 > 

1.032 ^ 2 1 

.2.7 W 

2 / 1.069 

94 

density in the URF to stabilize molecules. Five 
heteroatoms are sufficient to stablize the benzoxazine-
conjugated system 84. As shown in Scheme 2, when 84 
and 51c were allowed to stand at room temperature 
S-substituted compound 85 was obtained. Compound 
85 was dehydrocyclized to give 86. The URF's for 85, 
intermediate g, and tri-annulated heterocycle 86 are 
shown in 93, 94, and 95, respectively. 

The heteroatoms in these compounds are situated at 
the sites of large charge density in their respective 
URF's. 

As shown above, the starting materials, intermedi­
ates, and several products in these reactions are fully 
consistent with the TCS rule. The presented reaction 
mechanism appears to be in conformity to the process 

energetically in the direction of the most favorable 
route. 

We wish to thank Prof. Hiroshi Yamamoto (Okayama 
Univ.) and Prof. Hitoshi Takeshita (Kyushu Univ.) for 
their helpful advice. 
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5,6-Dihydro-2-phenyl-3-thiobenzoyl-2H-naphtho[l,2-6]thiin (8a) and the related dienic thioketones were 
synthesized in 3 steps starting from 2-(phenylthio)methylenetetralin-l-thione with chalcone, 4'-chrolochalcone, 
4'-methoxychalcone, 2-cinnamoylthiophen, 2-cinnamoylfuran, l-phenyl-2-buten-l-one, and acrylophenone 
respetively. Similarly, 3-thiobenzoyl-2,6-diphenyl-2H-thiin (8i) was synthesized from l-phenyl-3-phenylthio-2-
propene-1-thione. All of these dienic thioketones were found to exist in stable monomeric form. The 
conjugated dienic thioketone (8a) reacted as a, j8-unsaturated thioketone with 2-norbornene, 2,5-norbornadiene, 
diethyl azodicarboxylate, diphenyl fumarate, Af-phenyl- and Af-(/?-tolyl)maleimides, 2-chloroacrylonitrile, 
methyl methacrylate, acrylonitrile, and styrene to give the corresponding [4+2]cycloadducts. The thioketone 
(8i) also reacted with 2-norbornene to give the corresponding cycloadduct. The reaction provides a useful 
method for the syntheses of various sulfur-containing heterocycles. 

Dur ing the course of an investigation of the pro­
perties of a, ß-unsatura ted thioketones,1* we have been 
interested in the chemistry of more h ighly unsatura ted 
thioketones, viz conjugated dienic thioketones. How­
ever, so far as we know, there has been apparent ly no 
case in which the th ioketone is isolated. Only a few 
literatures wi th reference to their t ransient generat ion 
are known. For example, Brandsma et al.2) reported 
that conjugated dienic thioketones were derived as 
unstable intermediates from allenic thioketones form­
ed by the thio-Claisen rearrangement of 2-alkynyl 
vinyl sulfides. T h i o i o n o n e derivatives and 4,6-
dimethyl-3,5-heptadiene-2-thione were formed from 
the corresponding ketones bu t these thioketones were 
unstable and readily cyclized to 2H- th i in derivatives.3) 

Transformat ion of l ,5-diphenyl-2,4-pentadien-l-one 
to the corresponding thioketone was also unsuccess­

ful.4* Recently, we reported the synthesis of a stable 
conjugated dienic thioketone, viz 5,6-dihydro-2-phenyl-
3-thiobenzoyl-2H-naphto[l,2-fe]thiin 8a in a prel imi­
nary communicat ion. 5 ) T h i s interesting result has led 
us to investigate the scope of the synthesis and the 
reaction of such dienic thioketones. 

Results and Discussion 

Syntheses of Conjugated Dienic Thioketones. 2-
(Phenylthio)methylene-l-tetralone 1 was prepared from 
1-tetralone, ethyl formate and th iophenol . Reaction of 
the ketone 1 wi th Lawesson reagent gave the dimer 2 of 
the corresponding thioketone 3, whose structure was 
confirmed by the XH and 13C N M R spectra. T h e 
thioketone m o n o m e r 3 generated by retro Diels-Alder 
reaction of 2 reacted wi th chalcone 4a to give the 
cycloadduct 5a and its regioisomer 6a. In the XH N M R 

7a-g 8a-g 
L.R.: Lawesson 

reagent 

Scheme 1. 
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EtOH,r.t. P h ^ ^ S ^ ^ R 

71 

cs2, A P h - ^ V 
iL R =Ph 

R' =Ph 

Scheme 2. 

spectrum of 5a, signals at ô=4.13 (1H, d, /=2.8 Hz), 
4.60 (1H, dd, /=2.8, 10.8 Hz), and 5.17 (1H, d, 
7=10.8 Hz) were assigned to the C-4, C-3, and C-2 
protons, respectively. These coupling constants 
indicate that C-2 and C-3 protons are in axial-axial 
(trans) and C-3 and C-4 protons are in axial-equatorial 
(eis) relationships. The cycloadduct 5a showed the 
signal of the C-2 proton at higher magnetic field than 
that of the regioisomer 6a (6=5.67) whereas the signal 
of the C-3 proton at lower field than that of 6a 
(6=4.05). The reaction of 3 with other a,ß- un­
saturated ketones 4b—e gave the cycloadducts 5a—e 
and their regioisomers 6e and 6d. All of these 
cycloadducts had the same steric relationships as those 
of 5a with respect to their C-2, C-3, and C-4 protons. 
No other stereoisomer could not be obtained. Usually, 
the cycloadduct 5 was the major product, but in the 
reaction with benzal pinacolone 4h, only the cycload­
duct 6h was formed. Presumably, the steric repulsion 
between phenylthio (-SPh) or C-5, C-6 ethylene 
groups and £-butyl group would prevent the formation 
of 5h. The elimination of thiophenol easily took place 
by treatment of 5a with sodium ethoxide at room 
temperature to give the dienone 7a in nearly quantita­
tive yield, but no reaction was observed in the case of 
6a under the same reaction conditions. The difference 
between the reactivity of 5a and 6a also indicates that 
electron-withdrawing benzoyl group is attached to the 
C-3 (not the C-2) in 5a and thus promotes the 
elimination reaction. The IR absorption band of the 
carbonyl group of 7a shifted to longer wavelengths 
region (about 50 cm -1) than that of 5a due to 
conjugation. Reaction of 7a with La wesson reagent 
gave the conjugated dienic thioketone 8a as dark red 

crystals. The 1H NMR spectrum of 8a showed the 
signals at 0=2.17—2.83 (4H, m, -CH2CH2-), 6.23 (1H, 
s, Ph-CH<) and 7.00—7.58 (15H, m, aromatic and 
olefinic protons). The 13C NMR spectrum also 
showed the signals corresponding to two methylene 
carbons (6=28.2, t, 28.6, t), one methine carbon 
(6=42.9, d) and a thiocarbonyl carbon (6=230.7, s). 
The characteristic band of the thiocarbonyl group ap­
peared at 1148 cm - 1 in the IR spectrum. On the basis of 
these data, 8a was found to exist in monomeric form. 

Similarly, other dienic thioketones 8b—g were 
synthesized in relatively good yields. Starting from 
l-phenyl-3-phenylthio-2-propene-l-thione 3h,6) mono­
cyclic dienic thioketones 8i was obtained. 

All of these thioketones were red colored stable 
monomers. These results are shown in Tables 1 and 2. 

Cycloaddition of Conjugated Dienic Thioketone 
8a. As it has been found that the dienic thioketones 8 
are unusually stable, we have examined the cycloaddi­
tion reaction of 8 to investigate whether the C=C-C=S 
or the C=C-C=C moiety is a reactive site. 

The reaction of the dienic thioketone 8a with 2-
norbornene proceeded very slowly in benzene at room 
temperature. When the reaction mixture was refluxed 
for 4h, the red color of the solution faded and a 
colorless product was obtained. The mass spectrum of 
the product showed the molecular ion peak of the 1:1 
adduct at m/z 490 and the fragment ion peak 
corresponding to 8a at m/z 396. The 13C NMR 
spectrum of the product showed five signals of the 
methylene carbons, six signals of the methine carbons 
and sixteen signals of the unsaturated carbons but no 
signal of the thiocarbonyl carbon. In the 13C NMR 
spectrum, the resonance for C-15 carbon shifted 
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a 
b 
c 
d 
e 
f 

g 
h 
i 

R 

C 6 H 5 

p-ClC 6 H 4 

p-CH 3 OC 6 H4 
2-Thienyl 
2-Furyl 
C 6 H 5 

CÔHO 

(CH3)3C 
C 6 H 5 
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C 6 H 5 

C 6 H 5 

C 6 H 5 

C 6 H 5 

C H 3 

H 
C 6 H 5 

C 6 H 5 

, Takayuk i 

Yields, Mel t ing Points , 

Yield/% 

63 
83 
47 
60 
87 
55 
96 
— 
29 

KARAKASA, and Shinichi MOTOKI 

and IR Data of 

Cycloadduct 5 

M p / ° C 

178—181 
173—175 
158—161 
175—176 
159—160 
52—55 

142—144 
— 

167—168 

IR/cn i" 1 ; O 

1688 
1689 
1690 
1665 
1675 
1684 
1679 
— 

1695 

: Cycloadducts 5 and 6 

O Yield/% 

24 

— 
26 
27 

— 
— 
— 
71 
32 

Cycloadduct 6 

M p / ° C 

159—160 
— 

208—209 
144—145 

— 
— 
— 

117—119 
119—120 
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IR /cm" 1 ; O O 

1690 
— 

1678 
1670 

— 
— 
— 

1715 
1698 

Table 2. Yields, Melting Points, and Analytical Data of Dienones 7 and Dienic Thioketones 8 

a 
b 
c 
d 
e 
f 

g 
i 

Yield/% 

90 
73 
83 
83 
79 

100 
60 
90 

Dienone 7 

M p / ° C 

123—124 
153—155 
102—103 
126—127 

Oil 
Oil 

106—107 
146—147 

IR /cm" 1 ; O O 

1632 
1630 
1658 
1616 
1613 
1630 
1624 
1628 

Yield/% 

74 
88 
56 
70 
56 
80 
48 
60 

Dienic thioketone 8 

M p / ° C 

72—74 
74—76 
72—74 

139—140 
72—74 
76—78 
72—74 
71—73 

I R / c m " 1 ; O S 

1148 
1148 
1147 
1142 
1145 
1148 
1144 
1156 

13C NMR/Ô, O S 

230.7 
228.2 
237.5 
217.0 
208.8 
229.9 
229.7 
231.9 

upfield by 4.8 ppm from that of C-7 carbon of 
norbornane (<5=38.7). Therefore, 9 would be exo with 
respect to the norbornyl skeleton.7) These data 
supported that the product 9 was formed by the 
[4+2]cycloaddition reaction of norbornene with the 
O C - O S moiety of 8a. 

Similarly, thioketone 8a reacted with 2,5-norborna-
diene, diethyl azodicarboxylate (DAD), dimethyl fuma-
rate, Af-phenyl- and Af-(jfr-tolyl)maleimides to give the 
corresponding cycloadducts 10—14. In all cases, 8a 
reacted as an «^-unsaturated thioketone. The 
reaction with 2,5-norbornadiene also gave the exo 
cycloadduct 10. In the 13C NMR spectrum, the reso­
nance of the C-15 carbon (6=43.1) shifted upfield from 
that of the C-7 carbon of norbornene (6=48.8).7) In the 
cycloadduct 12, the coupling constants of the C-3 
proton (0=4.29, /=2.1 Hz) and C-4a proton (0=3.46, 
/=4.2 Hz) indicated that the C-3 and C-4 protons are in 
equatorial-equatorial (trans) and the C-4 and C-4a 
protons are in equatorial—axial (eis) relationships. 

In the case of the reaction with Af-phenylmaleimide, 
two stereoisomeric adducts, 13a and 13b, were ob­
tained. The XH NMR spectrum of 13a showed the 
signals at 0=3.47 (1H, d, /=10.2 Hz, C-llb proton), 
3.75 (1H, dd, /=8.4 and 10.2 Hz, C-lla) and 4.60 (1H, 
d, /=8.4 Hz, C-8a),while, those of 13b showed signals 
at 0=3.68 (1H, d, 7=7.2 Hz), 3.95 (1H, dd, 7=7.2 and 
9.0 Hz), and 4.45 (1H, d, 7=9.0 Hz), respectively. From 
these data, it seems reasonable to assume that 13a has 
exo configuration and 13b has endo one. The reaction 

COOEt 

COOEt 

11 

Ar : Ph 12a 
p-Tol 14a 

12 

13b 
14b 

with Af-(jfr-tolyl)maleimide also gave two stereoiso­
meric adducts, 14a and 14b. 
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Cycloaddition reactions of 8a with some unsym-
metrical dienophiles such as 2-chloroacrylonitrile, 
methyl methacrylate, acrylonitrile and styrene resulted 
in the products 15—18 regioselectively in which the 
methylene carbons of the dienophiles combined to the 
sulfur atom of 8a. The orientation of the addition of 
the dienophiles is the same as those of the reactions 
with thiochalcone or 2-arylmethylenetetralin-l-
thione.1* For example, the reaction with 2-chloro­
acrylonitrile gave an adduct 15. In the XH NMR 
spectrum, the signal of the doublets at 6=3.56 and 3.72 
(/=13.0 Hz) were assigned to the nonequivalent C-3 
methylene protons, the singlet at 6=3.74 to the C-4a 

Me COOMe 

15 16 

17 19 

18Q 

HQ : axial 

Y^s 

18b 
He : equatorial 

and the singlet at 6=4.90 to the C-12 protons 
respectively. The XH NMR spectrum of 16 showed the 
similar pattern to that of 15, though long-range 
coupling (/=1.2 Hz) between the C-3 (axial) and C-4a 
protons was observed. But the spectrum of 17 was not 
clear to prove its stereochemistry. The reaction with 
styrene gave two products which could be separated by 
preparative TLC. These adducts were epimers to each 
other with respect to the C-4 carbon and the phenyl 
group is axial in 18a and equatorial in 18b.8) 

Thioketone 8a did not react with electron-rich 
olefins, such as butyl vinyl ether, and 1-morpholino-l-
cyclohexene. 

The monocyclic dienic thioketone 8i also reacted 
with 2-norbornene to give the corresponding adduct 
19 which had exo configuration similar to 9. The 
reaction proceeded more rapidly than that of 8a to give 
the adduct in higher yield. In these cycloaddition 
reactions, no regioisomer or stereoisomer was not 
obtained except for the adducts 13, 14, and 18. These 
results are shown in Table 3. 

Previously, we reported that the cycloaddition 
reaction of a,ß-and a,ß,a',/^-unsaturated thioketones 
afforded dihydrothiin1* and tetrahydro-1-benzothiin 
derivatives.9) The present syntheses starting from 8 
provide the third useful synthetic method for the pre­
paration of a different type of sulfur-containing 
heterocycles, viz dihydro-2,7-dithianaphthalene deriv­
atives. Another remarkable result is that all of the 
dienic thioketones 8 were obtained in monomeric form 
as stable crystals. 

Three kinds of stable a, ß-unsaturated thioketones 
have been known in the literatures. The first group 
are ß-amino a,ß-unsaturated thioketones10) which are 
stabilized by electron-donating resonance effect of ß-
amino groups. The second group are 3-arylmethyl-
enebornane-2-thionesn) in which C=C-C=S moiety in 
the molecule are sterically blocked by bulky neighbor­
ing groups. The third category of stable «^-unsatu­
rated thioketones are 2-cyclohexene-l-thione and relat-

Table 3. Cycloaddition Reactions of Dienic Thioketones with Dienophiles 

Entry 

1 
2 
3 
4 
5 

6 

7 
8 
9 

10 

11 

Dienophile 

2-Norbornene 
2,5-Norbornadiene 
DAD 
Dimethyl fumarate 
Af-Phenylmaleimide 

N-(p-Tol)maleimide 

2-Chloroacrylonitrile 
Methyl methacrylate 
Acrylonitrile 
Styrene 

2-Norbornene (8i) 

Reaction time 

h 

4 
4 
4 
5 
2 

2 

7 
3 
3 
3 

1 

Product 

9 
10 
11 
12 
13a 
13b 
14a 
14b 
15 
16 
17 
18a 
18b 
19 

Yield 

% 

50 
45 
59 
73 
42 
47 
43 
44 
46 
84 
56 
56 
21 
70 

Mp 

°C 

226—227 
228—230 
170—171 
158—160 
147—148 
228-229 
189—192 
248—251 
189—191 
202—203 
208—209 
109—111 
101—102 
209—211 

IR 

cm - 1 

— 
— 

1740, 1305 (COO-) 
1731 (C=0) 
1784, 1720 ( C O ) 
1784, 1720 ( C O ) 
1784, 1717 ( C O ) 
1784, 1718 ( C O ) 

— 
1748, 1168 (COO-) 
2244 (C=N) 

— 
— 
— 
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ed exo-cyclic thioketones.1 2 ) In these compounds , C=C 
and O S bonds are constrained in a transoid form, so 
they do no t take par t in dimerizat ion and exist in 
monomer i c form. Previously, we have considered that 
8a is the stable th ioketone belonged to the third 
category5) bu t the stability of 8g and 8i could not be 
explained well by such concept. 

Accordingly, the conformational analysis of 8 was 
performed by the calculat ion of molecular mechanics 
us ing the M M 2PP program.13* Since necessary 
parameters for the calculat ion of 8 could not be 
obtained, dienic ketones 2-benzoyl-3-methyl-3,4,9,10-
te t rahydrophenanthrene 20£ and 2-benzoyl-3,4,9,10-
te t rahydrophenanthrene 20g were selected as model 

molecules. T h e result of the calculat ion for 20g 
revealed that there are three stable conformations I, II, 
and III wi th the rotat ion about the = C - C O - and 
- C O - P h bonds . In the most stable conformation I, the 
te t rahydrophenanthrene r ing is nearly perpendicular 
to the benzoyl g roup . In the transoid conformat ion II 
(less stable) and cisoid conformation III (the least 
stable), phenyl g r o u p is ou t of a p lane of the other par t 
of the molecule. Difference of the energy between the 
conformat ions I and III and the energy barrier for the 
conversion from I to III were estimated as 2.0 and 
5.7 kcal m o l - 1 . In the dienic ketone 20£, there exist two 
stable conformat ions (I a n d I ') hav ing nearly the same 
stability. However, differences of the energy between 
the conformat ion I (I ') and III increased to 4.9 kcal 
m o l - 1 and the energy barriers for the conversion from I 
to III and from I ' to III were 5.5 and 7.7 kcal m o l - 1 , 
respectively.14) These results clearly indicate that the 
conformat ion I becomes more stable in the methyl 
subst i tuted dienic ketone 20f than in non-subst i tuted 
c o m p o u n d 20g. T h e result can be explained by 
consider ing that the te t rahydrophenanthrene r ing, 
carbonyl, and phlenyl g r o u p in 20 can not be coplanar 
due to the steric rep lus ion between the hydrogen a tom 
H a and Hb, H c or methyl g roup , and in three 
conformations I (I ') , II, and III, the conformations I 

and F wou ld gain the largest stabilization from the 
resonance between the carbonyl and phenyl g roup . 

These results would be approximately applicable to 
dienic thioketones 8f and 8g and also 8a—e. N o 
tendency for dimerization and low reactivity towards 
dienophi les of 8 are thus reasonably recognized by 
such n o n p l a n a r O C - O S system and the energy 
barrier between the cisoid (III) and stable (I (I')) 
conformations. 

Experimental 

All melting points were uncorrected. XH NMR spectra 
were determined on a JEOL JNM PMX 60SI, FX-100 or 
Varian PX-400 spectrometer in CDC13 solvent and 13C NMR 
spectra were recorded on a JEOL JNM FX-100 spectrometer 
in CDCI3. TMS was used as an internal standard. IR and 
UV spectra were measured with Hitachi 270-30 and 320. 
Mass spectra were measured on a Hitachi mass spectrometer 
RMU-7M (70 eV) or M-80 with a data processing system M-
003. Elemental analyses were performed using a Yanagimoto 
Model MT-3 CHN corder. 

2-(Phenylthio)methylene-l-tetralone 1 was prepared from 
1-tetralone, ethyl formate, and thiophenol by the methods 
which were virtually identical with those of Kochetkov15) 

and of Engelhard.16) (1) : Yellow needles; mp 59—60 °C; MS 
m/z 266 (M+; 100), 233 (19), 189 (67), 157 (lp); IR (KBr) 
1651 cm"1 (OO) ; 1U NMR 0=2.92 (4H,s), 7.03—7.63 (7H,m), 
7.77—8.20 (2H,m). Found: C, 76.50; H, 5.31%. Calcd for 
C17H14OS: C, 76.66; H, 5.30%. Similarly, l-phenyl-3-
phenylthio-2-propen-l-one (li) was prepared according to 
the method of Engelhard.16) Chalcone, 4'-chlorochalcone, 
4'-methoxy chalcone, 2-cinnamoylthiophene, 2-cinnamoyl-
furan, benzal pinacolone, and l-phenyl-2-buten-l-one were 
prepared by aldol condensation, respectively. Acrylophe-
none17) was prepared by elimination of HCl from 3-
chloropropiophenone. Lawesson reagent was prepared by 
the method given in the literature.10 

Thionation of 1. A suspension of the ketone 1 (15.0 
mmol) and Lawesson reagent (8.66 mmol) in carbon disulfide 
(100 cm3) was refluxed for 5 h under a nitrogen atmosphere. 
The reaction mixture was passed through a short column of 
Florisil gel using benzene-hexane (1:1) as an eluent, and the 
solvent was removed. The colorless needles were recrystal-
lized from benzene/hexane in a freezer. 

2-(Phenylthio)methylenetetralin-l-thione Dimer (2): Col­
orless needles; mp 120—122° C; yield 46%; MS m/z 282 
(M+/2;7), 205 (100), 171 (7); *H NMR 0=2.10-3.05 (8H, m), 
4.77 (1H, s), 6.40 (1H, s), 6.63—7.97 (18H, m); 13CNMR 
0=25.6 (t), 28.2 (t), 29.7 (t), 30.6 (t), 57.3 (s), 64.2 (d). Found: 
C, 72.41; H, 4.81%. Calcd for C34H28S4: C, 72.30; H, 5.00% 

A Typical Procedure for the Cycloaddition of Thione 3 
with Ketones 4. A solution of the thioketone dimer 2 
(3.55 mmol/monomer) and chalcone 4 (3.90 mmol) in benzene 
(10 cm3) was refluxed for 2 h under a nitrogen atmosphere. 
The reaction mixture was chromatographed on Wakogel C-
200 with benzene-hexane (1:1) as an eluent. The desired 
dihydrothiin 5a and its regioisomer 6a were separated by 
recrystallization from ethanol. 

3-Benzoyl-3,4,5,6-tetrahydro-2-phenyl-4-phenylthio-21ï-
naphto[l,2-6]thiin (5a); Colorless needles; MS m/z 380 
(M+-PhSH; 5), 275 (29), 205 (100), 131 (15), 110 (12), 105 (22); 
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« NMR 0=2.22—2.98 (4H,m), 4.13 (1H, d, /=2.8 Hz), 4.60 
(1H, dd /=2.8, 10.8 Hz), 5.17 (1H, d, /=10.8 Hz), 6.88—7.47 
(19H, m); ™C NMR 0=28.5 (t), 30.2 (t), 42.5 (d), 50.7 (d), 54.8 
(d), 192.3 (s; O O ) . Found: C, 78.40; H, 5.36%. Calcd for 
C32H26OS2: C, 78.33; H, 5.34% 

2-Benzoyl-3,4,5,6-tetrahydro-3-phenyl-4-phenylthio-21ï-
naphto[l,2-6]thiin (6a): Colorless cubes; MS m/z 380 (M+-
PhSH; 7), 275 (100), 241 (8), 205 (38), 110 (53), 105 (34); 
« NMR 0=2.30—2.83 (4H, m), 3.87 (1H, d, /=2.8 Hz), 4.05 
(1H, dd, /=2.8, 10.8 Hz), 5.67 (1H, d, /=10.8 Hz), 6.87—7.44 
(17H, m), 7.83-7.93 (2H, m); 13C NMR 0=28.2 (t), 30.2 (t), 
43.5 (d), 45.3 (d), 59.0 (d), 194.5 (s; C O ) . Found: C, 78.32; H, 
5.35%. Calcd for C32H26OS2: C, 78.33; H, 5.34%. 

3-(p-Chlorobenzoyl)-3,4,5,6-tetrahydro-2-phenyl-4-phenyl-
thio-2H-naphto[l,2-6]thiin (5b): MS m/z 415 (M+-PhS; 9), 
275 (29), 241 (28), 205 (100), 139 (30), 110 (10); « N M R 
0=2.45—3.15 (4H, m), 4.18 (1H, d, /=3.2 Hz), 4.61 (1H, dd, 
/=3.2, 11.0 Hz), 5.22 (1H, d, /=11.0 Hz), 6.83—7.60 (18H, m). 
Found: C, 73.20; H, 4.75%. Calcd for C32H25OS2CI: C, 73.19; 
H, 4.80%. 

3-(p-Anisoyl)-3,4,5,6,-tetrahydro-2-phenyl-4-phenylthio-2H-
naphto[l,2-6]thiin (5c): MS m/z 411 (M+-PhS; 17), 282 (61), 
275 (27), 238 (54), 205 (100), 135 (54), 110 (15); « N M R 
0=2.55-2.93 (4H, m), 3.77 (3H, s), 4.20 (1H, d, /=2.4Hz), 
4.60 (1H, dd, /=2.4, 10.0 Hz), 5.20 (1H, d, /=10.0 Hz), 6.62— 
7.57 (18H, m). Found: C, 76.16; H, 5.42%. Calcd for 
C33H28O2S2: C, 76.12; H, 5.42%. 

2-(p-Anisoyl)-3,4,5,6-tetrahydro-3-phenyl-4-phenylthio-2H-
naphto[l,2-6]thiin (6c): MS m/z 411 (M+-PhS; 70), 275 
(100), 241 (7), 238 (6), 205 (15), 135 (44), 110 (26); « N M R 
0=2.22-2.92 (4H, m), 3.77 (3H, s), 3.90 (1H, d, /=3.2 Hz), 
4.13 (1H, dd, /=3.2, 11.2 Hz), 5.67 (1H, d, /=11.2 Hz), 6.38— 
7.65 (16H, m), 8.00 (2H, d, 7=9.0 Hz). Found: C, 76.12; H, 
5.41%. Calcd for C33H28OS2: C, 76.12; H, 5.42%. 

3,4,5,6,-Tetrahydro-2-phenyl-4-phenylthio-3-(2-thenoyl)-2H-
naphto[l,2-6]thiin (5d): MS m/z 387 (M+-PhS; 6), 275 
(100), 241 (6), 213 (6), 205 (15), 111 (48), 110 (29); « N M R 
0=2.63—2.98 (4H, m), 3.95 (1H, d, 7=3.2 Hz), 4.46 (1H, dd, 
7=3.2, 10.0 Hz), 5.18 (1H, d, 7=10.0 Hz), 6.83—7.52 (17H, m). 
Found: C, 72.27; H, 4.85%. Calcd for C30H24OS3: C, 72.54; H, 
4.87%. 

3,4,5,6-Tetrahydro-3-phenyl-4-phenylthio-2-(2-thenoyl)-2H-
naphto[l,2-6]thiin (6d): MS m/z 387 (M+-PhS; 7), 275 (40), 
241 (3), 213 (35), 205 (31), 110 (100); « N M R 0=2.32—2.88 
(4H, m), 3.93 (1H, dd, 7=2.8, 10.8 Hz), 4.13 (1H, d, 
7=2.8 Hz), 5.58 (1H, d, 7=10.8 Hz), 6.82—7.50 (15H, m), 7.65 
(1H, d 7=6.0 Hz), 7.93 (1H, d, 7=4.0 Hz). Found: C, 72.57: 
H, 4.72%. Calcd for C30H24OS3: C, 72.54; H 4.87%. 

3-(2-Furoyl)-3,4,5,6-tetrahydro-2-phenyl-4-phenylthio-2H-
naphto[l,2-&]thiin (5e): MS m/z 371 (M+-PhS; 10), 275 
(100), 249 (23), 242 (7), 205 (33), 197 (16), 110 (41), 95 (31); 
« NMR 0=2.43—3.13 (4H, m), 4.33 (1H, d, 7=2.8 Hz), 4.48 
(1H, dd, 7=2.8, 10.8 Hz), 5.17 (1H, d, 7=10.8 Hz), 6.23 (1H, 
dd, 7=1.6, 3.2 Hz), 6.65 (1H, d, 7=3.2 Hz), 6.97—7.52 (15H, 
m). Found: C, 74.84; H, 4.94%. Calcd for C30H24O2S2: C, 
74.97; H, 5.03%. 

3-Benzoyl-3,4,5,6-tetrahydro-2-methyl-4-phenylthio-2H-
naphto[l,2-&]thiin (51): MS m/z 428 (M+; 1), 318 (4), 303 
(3), 218 (12), 213 (19), 110 (100), 105 (31); « N M R 0=1.55 
(3H, d, 7=7.4 Hz), 2.28—3.15 (4H, m), 3.88—4.99 (3H, m), 
6.97—7.78 (14H, m). Found: C 75.65, H 5.30%. Calcd for 
C27H24OS2: C, 75.66; H, 5.64%. 

3-Benzoyl-3,4,5,6-tetrahydro-4-phenylthio-2H-naphto[l,2-
6]thiin(5g): MS m/z 304 (M+-PhSH; 25), 199(65), 110(33), 
105 (100); « N M R 0=2.20—2.92 (4H, m), 3.12 (1H, ddd, 
7=2.0, 2.0, 13.0 Hz), 3.68 (1H, dd, 7=11.5, 13.0 Hz), 4.00— 
4.28 (2H, m), 6.84—7.62 (14H, m); 13C NMR 0=23.4 (t), 28.4 
(t), 30.6 (t), 47.3 (d), 53.8 (d), 198.6 (s; C O ) . Found: C, 75.16; 
H, 5.36%. Calcd for C26H22OS2: C, 75.32; H, 5.35%. 

3,4,5,6-Tetrahydro-3-phenyl-4-phenylthio-2-pivaloyl-21ï-
naphto[l,2-6]thiin (6h): MS m/z 470 (M+; 2), 361 (55), 275 (8), 
205 (39), 131 (100), 110 (16); « NMR 0=1.17 (9H, s), 2.22— 
2.88 (4H, m), 3.82—4.05 (2H, m), 5.17 (1H, d, 7=12.0 Hz), 
7.05—7.47 (14H, m); *3C NMR 0=26.8 (q), 28.0 (t), 30.1 (t), 
43.6 (d), 44.6 (s), 46.3 (d), 57.9 (d), 210.4 (s; C O ) . Found: C, 
76.63; H, 6.46%. Calcd for C30H30OS2; C, 76.55; H, 6.42%. 

3-Benzoyl-3,4-dihydro-2,6-diphenyl-4-phenylthio-21ï-thiin 
(5i): MS m/z 355 (M+-PhS; 16), 249 (17), 233 (8), 105 (100); 
« NMR 0=4.32 (1H, dd, 7=2.3, 6.2 Hz), 4.51 (1H, dd, 7=2.3, 
11.0 Hz), 4.95 (1H, d, 7=11.0 Hz), 6.18 (1H, d, 7=6.2 Hz), 
6.90—7.75 (20H, m). Found: C, 77.70; H, 5.19%. Calcd for 
C30H24OS2: C, 77.55; H, 5.21%. 

2-Benzoyl-3,4-dihydro-3,6-diphenyl-4-phenylthio-21ï-thiin 
(6i): MS m/z 355 (M+-PhS; 42), 339 (7), 249 (42), 208 (26), 
179 (71), 109 (20), 105 (100); « NMR 0=4.00 (1H, dd, 7=4.8, 
8.0 Hz), 4.51 (1H, dd, 7=4.8, 5.0 Hz), 5.17 (1H, d, 7=8.0 Hz), 
6.20 (1H, d, 7=5.0 Hz), 7.60—7.10 (18H, m), 7.80—8.00 (2H, 
m). Found: C, 77.36; H, 5.70%. Calcd for C30H24OS2: C, 
77.55; H, 5.21%. 

A Typical Procedure for the Elimination of Benzenethiol 
from the Cycloadducts 5. To a solution of the cycloadduct 
5 (2.04 mmol) in benzene (20 cm3) was added sodium ethoxide 
(sodium metal 10.9 mmol in ethanol 30 cm3). After stirring 
overnight, water was added to the mixture, and the product 
was extracted with diethyl ether. The solvent was removed 
and the residue was chromatographed on Wakogel C-200 
with ethyl acetate-hexane (1:4). The dienone 7a of yellow 
cubes was recrystallized from diethyl ether-hexane. 

3-Benzoyl-5,6-dihydro-2-phenyl-2H-naphto[l,2-6]thiin 
(7a): MS m/z 380 (M+; 3), 303 (1), 275 (100), 241 (5), 218 (10), 
109 (10), 105 (10); « NMR 0=2.23—2.80 (4H, m), 5.57 (IH, 
s), 6.98—7.68 (15H, m). 13C NMR 0=28.1 (t), 28.6 (t), 39.3 (d), 
195.6 (s). UV (cyclohexane) 259 nm (log s, 4.05), 306 (4.07), 
427(4.12). Found: C, 81.93; H, 5.22%. Calcd for C26H20OS: 
C, 82.07; H, 5.30%. 

3-(p-Chlorobenzoyl)-5,6-dihydro-2-phenyl-2iï-naphto[l,2-
6]thiin (7b): MS m/z 414 (M+; 3), 337 (6), 275 (100), 241 (4), 
139 (9); « NM*R 0=2.22-3.05 (4H, m), 5.55 (1H, s), 6.99— 
7.64 (14H, m); 13C NMR 0=28.0 (t), 28.5 (t), 39.3 (d), 194.1 (s). 
Found: C, 75.12; H, 4.78%. Calcd for C26H19OSCI: C, 75.26; 
H, 4.62%. 

3-(p-Anisoyl)-5,6-dihydro-2-phenyl-2iï-naphto[l,2-6]thiin 
(7c): MS m/z 410 (M+; 6), 333 (1), 275 (100), 241 (5), 135 (87); 
« N M R 0=2.18—3.17 (4H, m), 3.80 (3H, s), 5.48 (1H, s), 
6.87 (2H, d, 7=9.6 Hz), 6.98 (1H, s), 7.03—7.48 (9H, m), 7.65 
(2H, d, 7=9.6 Hz); 13C NMR 0=28.1 (t), 28.7 (t), 39.7 (d), 55.4 
(q), 194.4 (s). Found: C, 79.05; H, 5.25%. Calcd for 
C27H22O2S: C, 78.99; H, 5.40%. 

5,6-Dihydro-2-phenyl-3-(2-thenoyl)-2iï-naphto[l,2-6]thiin 
(7d): MS m/z 386 (M+; 6), 275 (100), 241 (4), 111 (8); 
« N M R 0=2.40—3.07 (4H, m), 5.50 (1H, s), 7.00—7.70 
(13H, m). 13CNMR 0=28.1 (t), 28.7 (t), 40.0 (d), 186.2 (s). 
Found: C, 74.57; H, 4.69%. Calcd for C24H18OS2: C, 74.58; H, 
4.69%. 
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3-(2-Furoyl)-5,6-dihydro-2-phenyl-2H-naphto[l,2-6]thiin 
(7e): MS m/z 370 (M+; 6), 341 (1), 275 (100), 241 (37); 
« N M R 0=2.40—3.10 (4H, m), 5.58 (1H, s), 6.52 (1H, dd, 
7=1.6, 3.2 Hz), 7.06—7.75 (12H, m); 13C NMR 0=28.1 (t), 28.8 
(t), 39.1 (d), 180.3 (s). Found: C, 77.84; H, 5.18%. Calcd for 
C24H18O2S: C, 77.81; H, 4.90%. 

3-Benzoyl-5,6-dihydro-2-methyl-2H-naphto[l,2-6]thiin(7f): 
MS m/z 318 (M+; 14), 303 (13), 213 (100), 178 (9), 165 (12), 115 
(9), 105 (27); « NMR 0=1.34 (3H, d, 7=7.0 Hz), 2.20—2.96 
(4H, m), 4.38 (1H, q, 7=7.0 Hz), 6.76 (1H, s), 6.07—6.72 (9H, 
m); 13C NMR 0=20.6 (q), 28.1 (t), 28.6 (t), 32.1 (d), 195.4 (s). 
Found: m/z 318.1083. Calcd for C2iHi8OS: M, 318.1074. 

3-Benzoyl-5,6-dihydro-2H-naphto[l,2-6]thiin (7g): MS 
m/z 304 (M+; 23), 199 (100), 165 (12), 105 (39); « N M R 
0=2.39—2.60 (2H, m), 2.73—2.95 (2H, m), 3.82 (2H, s), 6.78 
(1H, s), 7.08—7.74 (9H, m); 13C NMR 0=24.6 (t), 28.0 (t), 28.4 
(t), 195.1 (s). Found: C, 78.72; H, 5.44%. Calcd for C2oHi6OS: 
C, 78.91; H, 5.30%. 

3-Benzoyl-2,6-diphenyl-21ï-thiin (7i): MS m/z 354 (M+; 
4), 249 (100), 121 (9), 105 (29), 77 (26); « NMR 0=5.68 (1H, 
s), 6.68 (1H, d, 7=8.0 Hz), 7.19 (1H, d, 7=8.0 Hz), 7.20—7.83 
(15H, m); 13C NMR 0=39.8 (d), 116.5 (d), 126.3 (d), 126.7 (d, 
2C), 127.7 (d, 2C), 128.1 (d, 2C), 128.4 (d, 2C), 128.5 (d, 2C), 
128.8 (d, 2C), 129.9 (d), 131.2 (d), 136.8 (s), 138.5 (s), 138.8 (d), 
141.3 (s), 144.0 (s), 195.5 (s). UV (cyclohexane) 401 nm (loge, 
4.09). Found: C, 81.27; H, 5.30%. Calcd for C24Hi8OS: C, 
81.32; H, 5.12%. 

A Typical Procedure for the Thionation of Dienones 
7. A suspension of the dienone 7a (1.84 mmol) and 
Lawesson reagent (1.24 mmol) in carbon disulfide (50 cm3) 
was refluxed for 5 h under a nitrogen atmosphere. The 
solvent was removed and the residue was passed through a 
short column of Florisil gel using benzene-hexane (1:1) as an 
eluent. After the evaporation of the first red fraction, dienic 
thioketone 8a was recrystallized from hexane. 

5,6-Dihydro-2-phenyl-3-thiobenzoyl-2H-naphto[l,2-6]thiin 
(8a): Red rhombics; MS m/z 396 (M+; 100), 393 (69), 287 
(28), 275 (69), 241 (23), 198 (9), 121 (39); « N M R 0=2.17— 
2.83 (4H, m), 6.23 (1H, s), 7.00—7.58 (15H, m); 13C NMR 
0=28.2 (t), 28.6 (t), 42.9 (d), 230.7 (s). UV (cyclohexane) 
271 nm (log £, 3.96), 338 (3.96), 498 (4.08). Found: 78.59; H, 
5.16%. Calcd for C26H20S2: C, 78.74; H, 5.08%. 

3-(£-Chrolothiobenzoyl)-5,6-dihydro-2-phenyl-naphto-
[l,2-6]thiin (8b): Red rhombics; MS m/z 430 (M+; 69), 428 
(69), 397 (25), 351 (17), 307 (25), 275 (100), 154 (22); « NMR 
0=2.33—2.90 (4H, m), 6.23 (1H, s), 7.10—7.60 (14H, m); 
1 3CNMR 0=28.1 (t), 28.5 (t), 42.9 (d), 228.2 (s). Found: C, 
72.47; H, 4.44%. Calcd for C26H19S2CI: C, 72.45; H, 4.44%. 

5,6-Dihydro-2-phenyl-3-(p-thioanisoyl)-2iï-naphto[l,2-6]-
thiin (8c): Red crystals; MS m/z 426 (M+; 100), 394 (48), 349 
(8), 318 (9), 305 (20), 286 (22), 275 (16), 151 (59), 121 (13); 
« N M R 0=1.99—2.99 (4H, m), 3.89 (3H, s), 6.15 (1H, s), 
6.81 (2H, d, 7=9.6 Hz), 7.00—7.37 (10H, m), 7.55 (2H, d, 
7=9.6 Hz); 13CNMR 0=36.0 (t), 36.4 (t), 51.7 (d), 63.3 (q), 
237.5 (s). Found: m/z 426.1119. Calcd for C27H22OS2: M, 
426.1107. 

5,6-Dihydro-2-phenyl-3-(2-thiothenoyl)-2iï-naphto[l,2-6]-
thiin (8d): Red plates; MS m/z 402 (M+; 20), 368 (68), 275 
(100); « N M R 0=2.37—2.88 (4H, m), 5.93 (1H, s), 6.95— 
7.37 (11H, m), 7.43 (1H, dd, 7=1.2, 4.0 Hz), 7.58 (1H, dd, 
7=1.2, 5.6 Hz); 13C NMR 0=28.2 (t), 28.6 (t), 44.8 (d), 217.0 
(s). Found: C, 71.63; H, 4.64%. Calcd for C24H18S3: C, 71.60; 

H, 4.51%. 
5,6-Dihydro-2-phenyl-3-(2-thiofuroyl)-2iï-naphto[l,2-6]-

thiin (8e): Red crystals; MS m/z 386 (M+; 25), 384 (23), 355 
(25), 352 (11), 275 (71), 33 (100); « NMR 0=2.28—2.98 (4H, 
m), 5.99 (1H, s), 6.50 (1H, dd, 7=1.8, 3.5 Hz), 6.84—7.60 
(10H, m), 7.45 (1H, s), 7.68 (1H, dd, 7=0.8,1.8 Hz); 13C NMR 
0=28.2 (t), 28.7 (t), 44.0 (d), 208.8 (s). Found: m/z 386.0811. 
Calcd for C24H18OS2: M 386.0795. 

5,6-Dihydro-2-methyl-3-thiobenzoyl-2iï-naphto[l,2-6]thiin 
(8f): Red crystals; MS m/z 334 (M+; 46), 318 (17), 301 (40), 
213 (100); « NMR 0=1.36 (3H, d, 7=6.5 Hz), 2.20—2.97 (4H, 
m), 5.06 (1H, q, 7=6.5 Hz), 6.87 (1H, s), 7.02-7.73 (9H, m); 
13CNMR 0=19.9 (q), 28.1 (t), 28.5 (t), 35.6 (d), 229.9 (s). 
Found: C, 75.05; H, 5.02%. Calcd for C21H18S2: C, 75.40; H, 
5.42%. 

5,6-Dihydro-3-thiobenzoyl-2iï-naphto[l,2-è]thiin(8g): 
Red crystals; MS m/z 320 (M+; 100), 287 (39), 199 (88), 165 
(27), 121 (83); « N M R 0=2.37—2.60 (2H, m), 2.66—2.95 
(2H, m), 4.22 (2H, s), 6.84 (1H, s), 7.00-7.74 (9H, m); 
13C NMR 0=28.1 (t), 28.5 (t), 28.8 (t), 229.7 (s). Found: m/z 
320.0672. Calcd for C20H16S2: M, 320.0690. 

3-Thiobenzoyl-2,6-diphenyl-21ï-thiin (8i): Red crystals; 
MS m/z 370 (M+; 100), 338 (86), 294 (89), 261 (23), 121 (48), 77 
(18); « N M R 0=6.27 (1H, s) 6.64 (1H, d, 7=10.0Hz), 7.18 
(1H, d, 7=10.0 Hz), 6.83-7.60 (15H, m); *3C NMR 0=43.5 
(d), 118.0 (d), 126.9 (d), 127.5 (d, 2C), 127.7 (d, 2C), 127.8 (d, 
2C),128.2 (d, 2C), 128.4 (d, 2C), 128.7 (d, 2C), 129.8 (d), 130.2 
(d), 134.8 (s), 136.0 (s), 136.9 (d), 140.7 (s), 146.5 (s), 148.8 (s), 
231.9 (s). UV (cyclohexane) 328nm (loge, 4.15), 473 (4.24). 
Found: C, 77.80; H, 4.97%. Calcd for C24H18S2; C, 77.80; H, 
4.90%. 

A Typical Procedure for the Cycloaddition of Dienic 
Thioketone 8a with Dienophiles. A solution of the 
thioketone 8a (0.505 mmol) and norbornene (2.53 mmol) in 
benzene (10 cm3) was refluxed for 4 h under a nitrogen 
atmosphere. The solvent was removed and the residue was 
chromatographed on Wakagel C-200 to give the cycloadduct 
9 which was recrystallized from hexane. 

9,10,11,12,12a,12b,13,14-Octahydro-6,7-diphenyl-9,12-
methano-6iï,8aiï-5,8-dithiabenzo[c]chrysene (9): MS m/z 
490 (M+; 45), 457 (63), 397 (100), 363 (57), 287 (20), 275 (35), 
241 (12); « NMR 0=1.13—1.17 (6H, m), 2.13—3.68 (7H, m), 
3.08—3.30 (2H, m), 4.82 (1H, s), 6.86—7.39 (14H, m); 
13C NMR 0=28.0 (t), 29.4 (t), 29.9 (t), 32.2 (t), 33.9 (t), 41.9 (d), 
43.5 (d), 49.1 (d), 50.9 (d), 52.9 (d), 57.8 (d). Found: C, 81.07; 
H, 6.30% Calcd for C33H30S2: C, 80.77; H, 6.16%. 

9,12,12a,12b,13,14-Hexahydro-6,7-diphenyl-9,12-methano-
6iï,8aiï-5,8-dithiabenzo[c]chrysene (10): Colorless cubes; 
MS m/z 488 (M+; 29), 422 (56), 396 (20), 390 (100), 363 (23), 
331 (22), 275 (15); « NMR 0=1.62—1.79 (1H, m), 2.34—3.10 
(8H, m), 3.36—3.52 (2H, m), 4.86 (1H, s), 6.10—6,20 (2H, m), 
6.92—7.38 (14H, m). 13C NMR 0=27.9 (t), 31.9 (t), 43.1 (t), 
47.0 (d), 48.0 (d), 49.2 (d), 51.2 (d), 52.0 (d), 55.2 (d). Found: 
C, 81.01; H, 5.78%. Calcd for C33H28S2: C, 81.10; H, 5.77%. 

Diethyl 3,4,5,6-Tetrahydro-l,12-diphenyl-4aiï,12iï-2,ll-
dithia-3,4-diazochrysene-3,4-dicarboxylate (11): Colorless 
rhombics; MS m/z 482 (M+-NCOOEt-H; 2), 396 (16), 363 
(14), 287 (4), 275 (13), 121 (15), 29 (100); « NMR 0=1.20 (6H, 
t, 7=6.5 Hz), 2.07—2.95 (4H, m), 4.15 (2H, q, 7=6.5 Hz), 4.18 
(2H, q, 7=6.5 Hz), 5.14 (1H, s), 5.30 (1H, s), 7.32—7.98 (14H, 
m); 13CNMR 0=14.4 (q), 25.4 (t), 28.1 (t), 46.2 (d), 55.5 (d), 
153.8 (s; C O ) , 155.9 (s; C O ) . Found: C, 67.16; H, 5.55; N, 
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4.88%. Calcd for C32H30O4N2S2: C, 67.34; H, 5.30; N, 4.91%. 
Dimethyl 4,4a,5,6-Tetrahydro-l,12-diphenyl-3H, 12/ï-2,ll-

dithiachrysene-3,4-dicarboxylate (12): Colorless needles; 
MS m/z 540 (M+; 4), 507 (2), 418 (4), 396 (92), 363 (76), 287 
(28), 275 (63), 241 (22), 121 (38), 113 (100); *H NMR 0=1.98— 
3.06 (4H, m), 3.46 (1H, d, /=4.2 Hz), 3.56 (3H, s), 3.71—3.89 
(1H, m), 3.79 (6H, s), 4.29 (1H, d, /=2.1 Hz), 4.94 (1H, s), 
6.80—7.45 (14H, m); *3C NMR 0=28.2 (t), 28.4 (t), 41.5 (d), 
43.1 (d), 43.6 (d), 50.0 (d), 52.5 (q), 53.0(q), 170.2 (s; O O ) , 
171.5 (s; C O ) . Found: C, 71.36; H, 5.10%. Calcd for 
C32H2804S2: C, 71.08; H, 5.22%. 

«5-iranÄoirf-lla,llb-8a,9,10,ll,lla,Hb,12,13-Octahydro-6, 
7,10-traiphenyl-6H-5,8-dithia-10-azoacyclopenta[c]chrysene-
9,11-dione (13a): Colorless needles; less polar than (13b); 
MS m/z 569 (M+; 1), 535 (7), 396 (70), 363 (49), 287 (21), 275 
(51), 241 (17), 173 (100), 129 (26); *H NMR 0=2.28—2.64 (3H, 
m), 2.96—3.32 (1H, m), 3.47 (1H, d, /=10.2 Hz), 3.75 (1H, dd, 
/=8.4, 10.2 Hz), 4.60 (1H, d, /=8.4Hz), 4.92 (1H, s), 6.82— 
7.56 (19H, m); 13C NMR 0=27.5 (t), 31.4 (t), 47.0 (d), 49.4 (d), 
49.7 (d), 51.3 (d), 172.9 (s; C O ) , 173.9 (s; C O ) . Found: C, 
76.13; H, 4.94; N, 2.46%. Calcd for C36H27O2NS2: C, 75.89; H, 
4.78; N, 2.46% 

m-mow?-lla,llb-8a,9,10,ll,lla,Hb,12,13-Octahydro-6,7, 
10-triphenyl-6H-5,8-dithia-10-azoacyclopenta[c]chrysene-9, 
11-dione (13b): Colorless cubes; MS m/z 569 (M+; 6), 535 
(3), 396 (100), 363 (81), 287 (29), 275 (66), 241 (24), 173 (96), 
129 (27), 121 (46),; *H NMR 0=2.45—2.80 (3H, m), 2.91—3.19 
(1H, m), 3.68 (1H, d, /=7.2 Hz), 3.95 (1H, dd, /=7.2, 9.0 Hz), 
4.45 (1H, d, /=9.0 Hz), 4.91 (1H, s), 6.93—7.38 (19H, m); 
13C NMR 0=27.9 (t), 28.9 (t), 46.5 (d), 47.0 (d), 48.3 (d), 50.6 
(d), 172.0 (s; C O ) , 174.2 (s; C O ) . Found: C, 75.64; H, 4.72; 
N, 2.26%. Calcd for C36H27O2NS2: C, 75.89; H, 4.78; N, 
2.46%. 

d5-tramoid-lla,llb-8a,9,10,ll,Ha,llb,12,13-Octahydro-6,7-
diphenyl-10-(p-tolyl)-6iï-5,8-dithia-10-azoacyclopenta[c]chry-
sene-9,H-dione (14a): MS m/z 583 (M+; 1), 550 (5), 396 (30), 
362 (25), 287 (10), 275 (26), 241 (19), 187 (100); « N M R 
0=2.38 (3H, s), 2.17—2.64 (3H, m), 2.93—3.32 (1H, m), 3.46 
(1H, d, /=10.6 Hz), 3.70 (1H, d, 7=8.3, 10.6 Hz), 4.61 (1H, d, 
7=8.3 Hz), 4.93 (1H, s), 6.75—7.42 (18H, m); 13CNMR 
0=21.3 (t), 27.5 (t), 31.4 (t), 47.0 (d), 49.5 (d), 49.7 (d), 51.3 (d), 
173.1 (s; C O ) , 174.1 (s; O O ) . Found: C, 75.85; H, 4.99; N, 
2.22%. Calcd for C37H29O2NS2: C, 76.12; H, 5.01; N, 2.40%. 

d5-d5oirf-lla,llb-8a,9,10,ll,lla,Hb,12,13-Octahydro-6,7-
diphenyl-10-(p-tolyl)-6iï-5,8-dithia-10-azoacyclopenta[c]chry-
sene-9,H-dione (14b): MS m/z 583 (M+; 4), 549 (1), 429 (3), 
396 (92), 362 (76), 287 (28), 275 (59), 241 (33), 187 (100); 
*H NMR 0=2.31 (3H, s), 2.34—2.80 (3H, m), 2.85—3.20 (1H, 
m), 3.61 (1H, d, 7=7.3 Hz), 3.92 (1H, dd, 7=7.3, 9.0 Hz), 4.39 
(1H, d, 7=9.0 Hz), 4.89 (1H, s), 6.88—7.22 (18H, m); 
13C NMR 0=21.3 (q), 28.0 (t), 28.9 (t), 46.6 (d), 47.1 (d), 48.4 
(d), 50.6 (d), 172.2 (s; C O ) , 174.4 (s; C O ) . Found: C, 76.24; 
H, 4.87; N, 2.22%. Calcd for C37H29O2NS2: C, 76.12; H, 5.01; 
N, 2.40%. 

4-Chloro-4-cyano-4,4a,5,6-tetrahydro-l,12-diphenyl-3iï,12iï-
2,11-dithiachrysene (15): Colorless crystals; MS m/z 483 
(M+; 10), 447 (29), 414 (57), 396 (100), 363 (22), 287 (40), 121 
(93); *H NMR 0=2.05—3.06 (4H, m), 3.56 (1H, d, 7=13.0 Hz), 
3.72 (1H, d, 7=13.0 Hz), 3.74 (1H, s), 4.90 (1H, s), 6.91—7.46 
(14H, m); 13C NMR 0=27.7 (t), 31.4 (t), 44.8 (t), 48.3 (d), 55.2 
(d), 63.0 (s), 117.1 (s; C=N). Found: C, 71.89; H, 4.55; N, 
2.86%. Calcd for C29H22NS2CI: C, 71.95; H, 4.58; N, 2.89%. 

Methyl 4,4a,5,6-Tetrahydro-4-methyl-l,12-diphenyl-3iï,12iï 
-2,H-dithiachrysene-4-carboxylate (16): Pale orange rhom-
bics; MS m/z 496 (M+; 2), 396 (100), 363 (70), 287 (24), 275 
(56), 241 (20), 121 (34), 100 (22); XH NMR 0=1.51 (3H, s), 
2.01—2.80 (4H, m), 3.01 (1H, dd, 7=1.4, 13.2 Hz), 3.24 (1H, d, 
7=13.2 Hz), 3.68 (3H, s), 3.73 (1H, d, 7=1.4 Hz), 4.92 (1H, s), 
6.88—7.60 (14H, m); 13C NMR 0=24.6 (q), 25.9 (t), 28.4 (t), 
33.1 (t), 43.9 (s), 47.2 (d), 49.8 (d), 52.4 (q), 176.6 (s; C O ) . 
Found: C, 74.75; H, 5.67%. Calcd for C31H28O2S2; C, 74.96; 
H, 5.68%. 

4-Cyano-4,4a,5,6-tetrahydro-l,12-diphenyl-3H,12H-2,lldi-
thiachrysene (17): Pale yellow needles; MS m/z 449 (M+; 
19), 416 (14), 396 (100), 363 (59), 286 (28), 275 (50), 121 (55); 
*HNMR 0=2.10—2.90 (4H, m), 3.04—3.18 (2H, m), 3.35 
(1H, d, 7=6.0 Hz), 3.44—3.64 (1H, m), 5.00 (1H, s), 6.02— 
6.48 (14H, m); 13C NMR 0=28.0 (t), 28.3 (t), 29.4 (t), 31.1 (d), 
43.4 (d), 47.9 (d), 119.9 (s; C=N). Found: C, 77.17; H, 5.10; N, 
2.92%. Calcd for C29H23NS2; C, 77.46; H, 5.16; N, 3.12%. 

r^/-(4Ä,4aÄ)-4,4a,5,6-Tetrahydro-l,4,12-triphenyl-3H,12H-
2,11-dithiachrysene (18a): Colorless cubes; MS m/z 500 
(M+; 1), 396 (41), 363 (23), 287 (9), 275 (14), 241 (6), 121 (11), 
104 (100); *H NMR (400 MHz) 0=1.63—1.69, (1H, m), 1.86— 
1.99 (2H, m), 2.12—2.18 (1H, m), 3.25 (1H, dd, 7=7.0, 
12.5 Hz, (-S-CH2-)), 3.34 (1H, dd, 7=6.0,12.5 Hz, (-S-CH2-)), 
3.58 (1H, m, (-CH2-CH(Ph)-)), 3.47 (1H, d, 7=8.0 Hz, 
(-CH(Ph)-CH<)), 5.04 (1H, s, (-S-CH(Ph)-), 6.85-7.43 
(19H, m); 13C NMR 0=27.2 (t), 30.3 (t), 35.7 (t), 46.7 (d), 48.8 
(d), 49.9(d). Found: C, 81.23, H, 5.52%. Calcd for C34H28S2: 
C, 81.56; H, 5.64%. 

r^/-(4S,4aÄ)-4,4a,5,6-Tetrahydro-l,4,12-triphenyl-3H,12H-
2,11-dithiachrysene (18b): Colorless crystals; MS m/z 500 
(M+; 2), 465 (9), 396 (100), 363 (49), 335 (13), 287 (18), 275 (46), 
241 (111), 205 (21), 121 (20), 104 (26); *H NMR (400 MHz) 
0=1.94—2.12 (2H, m), 2.23—2.31 (1H, m), 2.41—2.51 (1H, 
m), 2.90 (1H, dd, 7=4.0, 13.0 Hz, (-S-CH2-)), 3.40 (1H, d, 
7=6.0 Hz, (-CH(Ph)-CH<)), 3.68 (1H, dd, 7=4.0, 13.0 Hz, 
(-S-CH2-)), 3.92 (1H, m, (-CH2-CH(Ph)-)), 5.23 (1H, s 
(-S-CH(Ph)-), 6.96—7.75 (19H, m); 13C NMR 0=28.0 (t), 
28.3 (t), 35.6 (t), 39.6 (d), 41.5 (d), 45.9 (d). Found: C, 81.87; 
H, 5.76%. Calcd for C34H28S2: C, 81.56; H, 5.64%. 

5,8-Methano-l,3,10-triphenyl-4a,4b,6,7,8,8a-hexahydro-
liï,51ï-2,9-dithiaphenanthrene (19): Colorless cubes; MS 
m/z 464 (M+; 83), 431 (81), 370 (64), 338 (65), 261 (23), 249 
(38), 121 (100); *H NMR 0=1.18—1.78 (5H, m), 1.94—2.66 (4H, 
m), 3.13—3.34 (2H, m), 4.96 (1H, s), 6.61 (1H, d, 7=6.5 Hz), 
7.01—7.39 (15H, m); 13C NMR 0=29.1 (t), 29.8 (t), 34.1 (t), 
42.7 (d), 43.0 (d), 43.5 (d), 47.9 (d), 51.8 (d), 58.0 (d). Found: 
C, 80.16; H, 5.97%. Calcd for C31H28S2: C, 80.13; H, 6.07%. 

T h e au thors wish to thank Messers. Nor ih i to O h i 
and Teruk i Matsushita for their technical assistance. 
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Reaction of Organocobaloxime with Thiol under Irradiation 
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The reactivity of photoactivated organocobaloxime was investigated by the reaction of thiol. 
Alkyl(pyridine)cobaloxime and ethyl mercaptoacetate were irradiated with a tungsten lamp under anaerobic 
conditions in an organic solvent to give ethyl alkylthioacetate, diethyl 2,2'-dithioacetate, and ethoxycarbonyl-
methylthiocobaloxime. Mechanistic investigations were carried out to determine the reaction course. Sulfide 
was assumed to be produced via a homolytic substitution between alkylcobaloxime and disulfide formed during 
the reaction. Disulfide was formed from thiol catalytically in the presence of cobaloxime under anaerobic 
conditions. Homolytic methyl-transfer scarcely occurred from methylcobaloxime into thiol. 

Bis(dimethylglyoximato)cobalt complexes, cobalox-
imes, have been pa id m u c h a t tent ion as a v i tamin B12 
model. V Under i r radiat ion, the C o - C bond of 
alkylcobalamin and related model complexes have 
been reported2) to cleave homolyt ical ly wi th regards to 
an active state of the cobalamin by apoenzyme. 
Methylcobalamin has been k n o w n to part ic ipate in 
meth ion ine synthesis.3) Whether the methyl-transfer 
from methylcobalamin to homocysteine occurs via a 
homolyt ic or ionic reaction has been discussed.3) 

Schrauzer et al. have reported4 ) that the methyl g roup 
does not transfer in to homocysteine via a homolyt ic 
reaction bu t via an ionic reaction in an aqueous media 
by us ing methylcobaloxime as a methylcobalamin 
model. Recently, we have suggested5) the possibility of 
an alkyl-transfer reaction of alkylcobaloxime into 
thiol via a homolyt ic reaction in a n o n a q u e o u s media. 
T h e reactivities under hydrophobic condit ions fre­
quent ly offer some impor t an t information concerning 
the enzymic active-center in the hydrophobic core. In 
addi t ion, little is k n o w n about the reactions of 
cobalamins and their model c o m p o u n d s wi th sulfur 
compounds under hydrophobic condit ions, a l though 
they seem to play an i m p o r t a n t par t in biological 
systems. Th i s paper deals wi th the reactions of 
organocobaloximes wi th thiol in organic solvents 
under visible-light i rradiat ion. 

Results and Discussion 

Homolytic Alkyl Group Transfer Reaction of 
Photoactivated Organocobaloxime into Thiol . Ben-

zylbis(dimethylglyoximato)pyridinecobalt(III), benzyl-
cobaloxime, la (1.5 mmol) and ethyl mercaptoacetate 2 
(1 mmol ) were dissolved in 15 m L of CH2CI2, which 
were irradiated wi th tungsten l a m p (400 W) for 24 h at 
35 ° C under an a rgon atmosphere. Three products , 
ethyl(benzylthio)acetate 3a, and diethyl 2,2'-dithioace-
tate 4a, and ethoxycarbonylmethyl thiocobaloxime 5a, 
were isolated as indicated in Eq. 1. 

PhCH2Co(DH)2py la 

HSCH2C02Et 

2 
hv 

PhCH2SCH2C02Et + (SCH2C02Et)2 

3a (52%) 4a (15%) 
+ 

EtOCOCH2SCo(DH)2py 

5a (30%) 

(1) 

T h e solvent effect of this reaction is examined 
(Table 1 ). Sulfide 3a was obta ined in good yield in all 
solvents. T h e highest yield of 3a was obtained when 
the reaction was carried ou t in dichloromethane (Entry 
2). Dichloromethane has been found to be superior to 
other solvents regarding its efficiency in the benzyl-
transfer react ion and in the recovery of cobaloxime as 
alkyl thiocobaloxime 5a. 

Similarly, a benzyl-transfer reaction occurs when la 
is treated wi th other thiols, such as benzenethiol, a-
toluenethiol , a n d 2-mercaptoethanol . T h e yields of 

Table 1. Solvent Effect of the Benzyl-Transfer Reaction3* 

Entry 

1 
2 
3 
4 

Solvent 

Benzene 
Dichloromethane 
Tetrahydrofuran 
Methanol 

3a 

54 
61 
56 
52 

Yieldb>/% 

4a 

36 
47 
34 
30 

5a 

34 
58 
47 
26 

Conversion of la/% 

58 
66 
73 
58 

Selectivity 

Ac> Bd> 

0.93 0.59 
0.92 0.88 
0.76 0.64 
0.89 0.45 

a) Conditions: la=0.5 mmol, 2=1 mmol in solvent (15 mL), at 35 °C for 24 h, irradiation with tungsten lamp 
(400 W), under Ar. b) Yields were calculated on the basis of la. c) Selectivity for 3a (yield of 3a/conversion of la). 
d) Selectivity for 5a (yield of 5a/conversion of la). 
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the corresponding benzyl sulfides and disulfides were: 
benzyl phenyl sulfide (51%), diphenyl disulfide (43%), 
dibenzyl sulfide (38%), dibenzyl disulfide (49%), 2-
(benzylthio)ethanol (34%), and 2,2/-dithiodiethanol 
(18%). These results suggest that the benzyl group 
tends to transfer into a more acidic thiol. 

Several organocobaloximes (la—i) reacted with two 
equivalents of 2 under irradiation. The results are 
summarized in Table 2. The yields were calculated on 
the basis of 1. 

Cobaloximes bonded to the primary alkyl group 
(Entries 5—8) or the vinyl group (Entry 9) scarcely 
afforded sulfides 3. However, a benzyl group (Entry 
10), an allyl group (Entry 11), or a secondary carbon 
(Entries 12,13) attached to cobaloximes can be effi­
ciently transferred into thiol. Considerable amounts of 
disulfides 4 were obtained in these cases. Organo 
ligands were converted into 3, alkanes by hydrogen 
abstraction, olefins by ß-hydrogen elimination, and 
some undetermined products. The Co-C bond 
dissociation energy of a cobalt complex bonded to a 
primary carbon ligand has been reported^ to be higher 

Table 2. Reaction of Photoactivated Organocobal­
oximes 1 and Ethyl Mercaptoacetate 2a) 

Entry 

5 
6 
7 
8 
9 

10 
11 
12 
13 

Cobaloxime 
1 

lb 
lc 
Id 
le 
If 
la 
lg 
lh 
li 

3 

Trace 
0 
0 
0 
0 

56 
27 

5 
22 

Yieldb>/% 

4 

: 189 
185 
92 

122 
170 
78 

162 
107 
69 

5 

1 
15 
25 
28 
28 
39 
9 

60 
17 

Conversion 
of 1/% 

75 
54 
26 
53 
76 
56 
99 
81 
80 

a) Conditions: 1=1 mmol, 2=2 mmol, in CH2CI2 
(15 mL), at 35 °C, for 24 h, irradiation with tungsten 
lamp (400 W), under Ar. b) Yields were calculated on 
the basis of 1. 

than that of a cobalt complex bonded to a secondary 
carbon ligand (about 5—10 kcal mol -1). It is well 
known that secondary carbon radicals are more stable 
than primary carbon radicals due to an I-effect, and 
that benzyl radicals and allyl radicals are relatively 
stable due to an M-effect. The different reactivities in 
the reactions of these cobaloximes 1 with thiol 2 are 
presumed to be due to the Co-C bond dissociation 
energy or the different reactivities of the carbon 
radicals. 

Benzylcobaloxime-coordinated N-methyl imidazole 
lj was treated with ethyl mercaptoacetate 2 under the 
same conditions as given in Table 2 to give sulfide 3a 
in 38% yield and disulfide 4a in 51% yield. Benzyl-
cobaloxime coordinated with triphenylphosphine Ik 
gave 3a in 24% and 4a in 45%, respectively. After all, 
the pyridine coordinated cobaloxime la showed the 
highest reactivity regarding the benzyl-transfer reac­
tion. The basicities of the axial-ligand has been 
reported7) to affect the Co-C bond dissociation energy; 
that is, the pKa value of the base ligand is correlated 
with the Co-C bond dissociation energy. However, 
benzylcobaloxime Ik of which Co-C bond dissociation 
energy8) is expected to be the lowest among three 
cobaloximes, showed a lower reactivity than la. In the 
case of the reaction of Ik with 2, a large amount of 
triphenylphosphine was recovered after the reaction. 
During the reaction, a week base ligand might be 
exchanged with thiol 2,9) which is responsible for the 
low reactivity of Ik. 

Catalytic Disulfide Formation. In the reaction of 
organocobaloxime 1 with thiols, significant amounts 
of disulfides were obtained in every case, in addition to 
the sulfides due to the organo-ligand transfer reaction 
(Table 2). The disulfide formation might proceed 
catalytically, since the phenylthiocobaloxime has been 
reported10) to catalyze the photochemical hydrogen 
evolution and diphenyl disulfide formation from 
benzenethiol. To make sure of the catalytic reactivity 
of cobaloxime, thiols were irradiated in the presence of 
cobaloxime under anaerobic condition. The results 
are summarized in Table 3. 

Thiols were converted into disulfides in all cases, 
and cobaloxime worked as an effective catalyst. By 
prolonging the reaction time the reaction came to 
completion (Entry 15). Phenylthiocobaloxime 5b 
showed the highest reactivity. The different reactiv­
ities among the cobaloximes (la, 5b, 6) are due to a 
facility to form a Co(II) complex through a homolytic 
cleavage of the Co-ligand bond or through the 
formation of alkylthiocobaloxime 5a by a nucleophilic 
substitution of thiol 2. 

The effect of irradiation was investigated by some 
control experiments (Table 4). Since both cobaloximes 
and related complexes have been reported1 ̂  as being 
good catalysts for the oxidation of thiol to disulfide by 
oxygen, the effect of oxygen was also investigated. 
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Entry 

Table 3. Cobaloxime-Catalyzed Disulfide Formation from Thiols under Irradiationa) 

Thiol Cobaloxime 
Time Disulfide1» 

h 

15 
48 
15 
15 
15 
15 
15 

% 

48 
100 
47 
33 
52 
60 
30 

Turnover number of catalyst 

14 
15 
16 
17 
18 
19 
20 

2 
2 

HOCH2CH2SH 
PhCH2SH 
PhSH 

2 
2 

la 
la 
la 
la 
la 
5b 
6 

24 
50 
23.5 
16.5 
26 
30 
15 

a) Conditions: thiol=l mmol, cobaloxime=0.02 mmol, in CH2CI2 (2 mL), at 35 °C, under Ar, irradiation with tungsten 
lamp (400 W). b) Yields were calculated on the basis of 1. 

Table 4. Control Experiments on Disulfide 
Formation from Thiol Catalyzed 

by Cobaloximea) 

Entry la 

21 Presence 
22 Presence 
23 Presence 
24 Presence 
25 Absence 
26 Absence 

Light 

On 
On 
Dark 
Dark 
On 
On 

Atmosphere 

O2 
Ar 
O2 
Ar 
0 2 

Ar 

Disulfideb>/% 

56 
48 
11 
33 
0 
0 

a) Conditions: la=0.02 mmol, 2=1 mmol, in CH2CI2 
(2 mL), at 35 °C, for 15 h, irradiation with tungsten 
lamp (400 W). b) Yields were calculated on the basis of 
2. 

T h e presence of cobaloxime la was necessary in 
order to make the reaction proceed (Entries 21—24). 
Visible-light i r radiat ion promoted disulfide formation 
(Entries 21,22). Contrary to the p romot ion of disufide 
format ion by oxygen under i r radiat ion condi t ions 
(Entries 21,22), oxygen inhibi ted the reaction under 
dark condit ions (Entries 23,24). Under an oxygen 
a tmosphere , benzylcobaloxime has been reported12) to 
insert oxygen in to the C o - C bond to give benzyldioxy-
cobaloxime, which degradated smoothly at 35 ° C only 
under irradiation.1 3 ) T h e different reactivity between 
la and benzyldioxycobaloxime regarding the l igand-
exchange reaction by thiol is presumed to reflect the 
result. 

Mechanistic Investigation of the Reaction of Benzyl­
cobaloxime with Thiol . T h e effects of the reaction 
t ime a n d the temperature on the homolyt ic benzyl-

transfer reaction in to thiol were investigated (Table 5). 
I r radia t ion was neccesary to transfer the benzyl g roup 
of l a in to thiol 2 (Enteries 27, 29, 30). O n the other 
hand , a considerable a m o u n t of disulfide 4a was 
formed under dark condit ions at 35 °C (Entry 28), and 
even at a lower temperature (Entry 31). T h e yield of 
sulfide 3a could be increased by p ro long ing the 
reaction time, bu t the yield of disulfide 4a decreased 
reversely (Entries 27, 29). Under dark reactions 
(Entries 28, 31), only a trace a m o u n t of alkylthiocob-
aloxime 5a was detected, in spite of the formation of a 
large a m o u n t of disulfide 4a. 

In order to establish the reaction course, the 
reactivity of three products (3a, 4a, and 5a) were 
investigated. Sulfide 3a did not react wi th an 
equ imola r a m o u n t of thiol 2, disulfide 4a, or 
benzylcobaloxime la under the condtions described in 
Tab le 5. Disulfide 4a reacted wi th 1.5 equivalent of 
benzylcobaloxime la for 24 hours to give sulfide 3a 
(110%) and alkylthiocobaloxime 5a (90%) (Eq. 2); such 
homolyt ic displacement has been reported previous­
ly.14) T h e higher yield of 3a than 100% is presumed to 
be due to the reaction of excess la wi th 5a produced 
du r ing the reaction. Alkylthiocobaloxime 5a was 
found to be spontaneously decomposed in to disulfide 
4a by i r radiat ion or by heat; the t ime-dependent 
decomposi t ion of 5a is shown in Fig. 1. N o superior 
activation effect of 5a u p o n i r radiat ion was observed. 
Alkylthiocobaloxime 5a and equimolar benzylcobalox­
ime l a were irradiated for 24 hours to give sulfide 3a in 
14% yield, which was ascribed to a homolyt ic 

Table 5. Reaction of Photoactivated Benzylcobaloxime la and Ethyl Mercaptoacetate 2a) 

Entry 

27 
28c> 
29 
30 
31c> 

Temp/°C 

35d> 
35d> 
35d> 

- 2 0 e > 
- 2 0 e > 

Time/h 

24 
24 
48 
24 
24 

3a 

52 
6 

61 
55 
0 

Yieldb>/% 

4a 

15 
81 
6 

18 
76 

5a 

30 
Trace 

33 
25 

Trace 

Conversion of 2/% 

100 
87 

100 
100 
76 

a) Conditions: benzylcobaloxime la, 1.5 mmol; ethyl mercaptoacetate 2, 1.0 mmol; CH2CI2,15 mL; irradiation 
with tungsten lamp (400 W), under Ar. b) Yields were calculated on the basis of 2. c) Dark reaction, d) Set in a 
incubator, e) Set in a cooled-EtOH bath. 
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R S S R 

10 15 
Ti me / h 

Fig. 1. Time-dependent decomposition of alkylthio-
cobaloxime 5a under an argon atmosphere at 35°C. 
O: Under irradiation with tungsten lamp (400 W), 
• : under dark. 

d isp lacement between l a and 4a produced by a self-
decomposi t ion of 5a, ra ther than a homolyt ic displace­
ment between cobaloximes l a and 5a. 

hv 
PhCH2Co(DH)2py + (SCH2C02Et)2 

la 4a 

PhCH2SCH2C02Et + EtOCOCH2SCo(DH)2py (2) 

3a 5a 

A mechanis t ic invest igat ion of the catalytic forma­
t ion of disulfide 4a was carried out . A l thgough 
disulfide can be formed by the self-decomposition of 
a lkyl thiocobaloxime 5a, the slow conversion rate and 
slight effectiveness of irradiat ion (Fig. 1) are opposed to 
the facts of efficient catalytic formation of disulfide 
(Table 3) and s t imula t ion of the catalytic cycle by 
i r radia t ion (Table 4). T h u s , thiol migh t react wi th 5a 
nucleophi l ical ly to give disulfide and hydridocobalox-
ime in analogy wi th an exchange reaction between 
thiol and disulfide.15) Hydridocobaloxime is in 
equ i l i b r ium wi th hydrogen and a divalent cobalox­
ime, wh ich is reported16) to react wi th thiol to give 
alkyl thiocobaloxime. T h i s reaction cycle is presumed 
to be st imulated by irradiat ion. 

Whether sulfide 3 was produced by a direct 
d isplacement of l a wi th thiol 2 or a displacement of l a 
wi th disulfide 4 formed du r ing the reaction was 
investigated. A sufficient a m o u n t of disulfide 4a was 
present at least du r ing the reaction, due to catalytic 
disulfide formation (Tables 2, 3, and 5 (Entries 28, 31)). 
A b imolecula r homoly t ic displacement of l a wi th 4a 
occurs quant i ta t ive ly (Eq. 2). T h e results given in 
Tab le 5 (Entries 27, 29), i. e., the consumpt ion of 
disulfide 4a and the supply of alkyl thiocobaloxime 5a, 
according to an increase in the sulfide yield, can be 
well expla ined by a s suming a homolyt ic subst i tut ion 
between l a and 4a. In addi t ion, a b imolecular 
homolyt ic displacement of organocobaloximes usual­
ly occurs wi th a substrate hav ing a weak bond such as 

1/2 H2 

(Co)^-(CoH) 
I I 

(Co): cobaloxime 

base ligand 

X : organo group 

Scheme 1. 

BrCCl3 , PhSSPh , R S 0 2 C 1 etc.17> It is concluded that 
sulfide 3a is produced by a homolyt ic subst i tut ion of 
l a and 4a. 

Further , the in i t ia t ion step of this reaction was 
investigated. A slight a m o u n t of toluene was detected 
from the reaction mixture by GC-MS. Similarly, 
sl ight amoun t s of alkanes were also detected in the case 
of a reaction of l e or l g wi th 2 (Table 2, Entries 8 and 
11). T h e formation of toluene suggests that hydrogen 
abstract ion from thiol by a benzyl radical generated by 
the i r radia t ion of l a or nuc leophi l ic subst i tut ion of l a 
by thiol . Disulfide 4a and a trace a m o u n t of 
a lkyl th iocobaloxime 5a were formed under dark 
condi t ion at — 20° C (Table 5, Entry 31). It appears 
more likely that 5a is produced by the nucleophi l ic 
subs t i tu t ion of thiol . In addi t ion, it is hard to abstract 
the hydrogen from thiol by a benzyl radical, since the 
S -H b o n d dissociation energy is relatively h i g h (about 
90 kcal mol"1).18) 

F rom these results, the reaction course is assumed to 
be as represented in Scheme 1. Initially, alkylcob-
aloxime 1 reacts wi th thiol 2 to give a slight a m o u n t of 
a lkyl thiocobaloxime 5 by nucleophi l ic subst i tut ion by 
thiol (path A). Cobaloxime 5 works as an efficient 
catalyst for the format ion of disulfide 4 (path B), 
successively. Disulfide 4, formed by the pa th B, reacts 
wi th cobaloxime 1 to give the final product , sulfide 3, 
and a a lkyl thiocobaloxime 5 (path C). T h e reforma­
tion of a lkyl thiocobaloxime 5 accerelates the reaction 
(pa th B a n d C) as a result of an increase in the 
concentrat ion of catalyst 5. 

In conclusion, a l igand-transfer reaction of organo-
cobaloxime 1 in to alkanethiol occurs in case of 
cobaloximes coordinated a benzyl g roup , an allyl 
g roup , and a secondary carbon as an organo-l igand. 
Whi le the pr imary alkyl l igands of cobaloximes ( l b— 
e) scarcely transfer in to ethyl 2-mercaptoacetate under 
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the condi t ions used in this study, cobaloximes 
coordinated wi th a p r imary alkyl l igand are expected 
to transfer the alkyl l igand in to more acidic thiols, 
such as benzenethiol . Actually, the alkyl g roup of 5-
hexenyl(pyridine)cobaloxime has been reported19) to 
be t rapped by d iphenyl disulfide under irradiation. 

From a biological perspective, the methyl-transfer 
reaction from methylcobalamin to homocysteine in a 
homolyt ic m a n n e r is concluded to occur hardly from 
the results of ou r cobaloxime model reactions. An 
indirect methyl-transfer reaction, i.e., homolyt ic 
subst i tut ion between methylcobalamin and homocys-
tine, has only a s l ight possibil i ty to occur, except an 
act ivat ion of coba lamin or thiol by a specific enzymic 
envi ronment . Again , the radical mechanism would be 
e l imina ted according to the results of our cobalamin 
model study under hydrophobic condit ions, together 
wi th Schrauzer's results4) for an aqueous media. 

Exper imenta l 

General. 1H NMR spectra were measured with a JEOL 
PMX 60-si and a Varian XL-300 NMR spectrometer in 
CDCI3 with Me4Si as an internal standard. GC-MS were 
measured with Perkin Elmer ITD system. 

Materials. Cobaloxime (1 and 6) were prepared by the 
procedure of Schrauzer.20) Alkylthiocobaloxime 5 was also 
prepared according to the reported method.4) The solvents 
used in this study were purified as usual. The other 
chemicals used in this study were of reagent grade. 

The *H NMR (CDCI3) data of main compounds used in 
this study; la: 0=2.0 (s, 12H, CHs), 2.9 (s, 2H, PhCH2), 7.0 
(m, 5H, Ph), 7.4 (m, 2H, Py), 7.7 (m, 1H, Py), 8.6 (m, 2H, Py); 
2: 0=1.4 (t, 3H, CH3CH2), 2.1 (t, 1H, SH), 3.3 (d, 2H, 
HSCH2), 4.3 (q, 2H, CH3CH2); 3a: 0=1.3 (t, 3H, CH3CH2), 
3.1 (s, 2H, PhCH2), 3.9 (s, SCH2), 4.3 (q, 2H, CH3CH2), 7.4 (s, 
5H, Ph); 4a: 0=1.3 (t, 6H, CH3CH2), 3.6 (s, 4H, SCH2), 4.3 (q, 
4H, CH3CH2); 5a: 0=1.2 (t, 3H, CH3CH2), 2.3 (s, 12H, CH3), 
2.4 (s, 2H, SCH2), 4.0 (q, 2 H, CH3CH2), 7.3 (m, 2H, py), 7.7 
(m, 1H, py), 8.3 (m, 2H, py). 

The Reaction of Benzyl(pyridine)cobaloxime (la) with 
Ethyl Mercaptoacetate (2) under Irradiation. Benzylcobal-
oxime la (0.689 g, 1.5 mmol), ethyl mercaptoacetate (109 |^L, 
1 mmol), and 15 mL of CH2CI2 were put into a Schlenk tube, 
which was deoxygenated and replaced with argon gas by a 
freeze-pump-thaw technique. The reaction vessel was 
irradiated by two tungsten lamps (200 WX2) at a distance of 
20 cm from reaction vessel with stirring for 24 hours at 35 °C. 
After the reaction, the solvent was evaporated to give a 
reaction mixture which was analyzed by *H NMR to 
determine the product yields and conversion. The yields 
were determined from the peak ratio of la: ô=2.0 (s, 12H, 
CH3), ô=2.9 (s, 2H, CH2), 5a: 0=2.3 (s, 14H, CH3 and CH2S), 
3a: 0=3.1 (s, 2H ,PhCH2), 0=3.9 (s, 2H, CH2S), 2: 6=3.3 (t, 
3H, CH3), and 4a: 0=3.6 (s, 2H, CH2). Organic products and 
cobaloximes were isolated by silica-gel column chromatog­
raphy with an eluent of CH2CI2 and acetone. The isolated 
yields coincided with the NMR yields. The yields and 
conversions in other experiments were obtained by a similar 
manner described here. 

Disulfide Formation from Thiol in the Presence of 

Cobaloxime under Anaerobic Conditions. Benzylcobalox-
ime la (9 mg, 0.02 mmol), ethyl 2-mercaptoacetate 2 (109 |iL, 
1 mmol), and CH2CI2 (2 mL) were put into a Schlenk tube; 
the mixture was then degassed and replaced with argon by a 
freeze-pump-thaw method. The reaction was carried out 
under irradiation by two tungsten lamps (200 WX2) at a 
distance of 20 cm from the reaction vessel for 15 hours at 
35 °C. 
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and Its Implications for the Presence of 
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Changing the substituent at the 4-position of 9-chloromethyl-l-methoxytriptycene shows that the nitro 
group increases the sc conformation whereas the methoxyl group favors the ap conformation in a relative sense, 
as judged from the *H NMR spectra at low temperatures. Examination of rotational barriers, solvent effects, and 
thermodynamic parameters has not been able to distinguish three possibilities, O - C F b C l interactions, head-to-
tail arrangement of two dipoles, and van der Waals repulsions as a main cause for the observed population change. 
X-Ray crystallographic analyses of the title compound and related ones suggest that in the crystalline state the 
1-methoxyl group in the title compound takes an anomalous conformation in which the group is nonplanar 
with the benzeno bridge. This feature was not observed in l,4-dimethoxy-9-methyltriptycene. This structural 
feature is attibuted to the presence of O-CTbCl interactions in the title compound and eliminates the van der 
Waals repulsion and the head-to-tail arrangement of two dipoles from being the main cause that favors the ap 
form. 

T h e ap conformation of 9-chloromethyl-l , 4-dimeth-
oxytriptycene (1) is k n o w n to be lop-sidedly favored 
over the sc conformat ion: the 1H N M R signal due to 
the methylene pro tons of the chloromethyl g roup , 
which is a sharp singlet at room temperature, becomes 
broad at about 0 ° C , and is again sharp at low 
temperature, the explanat ions be ing that the sc 
conformer is too unstable to be observed at low 
temperature relative to the ap form.1* T h i s popu la t ion 
rat io was used as s tandard in detecting molecular 
interactions between the methoxyl g roup and 71*-
systems: the p o p u l a t i o n of the sc form of 9-benzyl-
1,4-dimethoxytriptycene (2) was more than the statistical 
value. 

/A l '• R"C1 

/ 2 1 R=C(1H.r, 
\J OCH, 3IR = CH = CHv 

^^sJX^-4 4 : R = CH^ 
r j l X ^ J 5IR = CHvOCOR' 

RCH-' OCH3 

However, as the popu la t i on study on rotamers of 
triptycene derivatives develops, examples that show 
substantial a m o u n t of sc conformers are increasing. 
Both 9-allyl-(3) and 9-ethyl-l ,4-dimethoxytriptycene 
(4) show the p o p u l a t i o n ratios sc/ap of ca. 0.7.2>3) 

Since the methyl g r o u p is bulkier than the chloro 
subst i tuent , if the steric repuls ion is the ma in factor in 
cont ro l l ing the popu la t i ons of the rotamers, com­
p o u n d 4 shou ld show smaller popu la t i ons of the sc 
form than c o m p o u n d 1 to the first approximat ion , 
a l t hough in the former there mus t be a contr ibut ion of 

"ff Present address: Department of Chemistry, Faculty of 
Science, Okayama University of Science, Ridaicho, Okayama 
700. 

the CH3 -O hydrogen bond.4) 

In the mean time, we have been able to show that 
there is an attractive interaction between the acyloxy-
methyl g r o u p and the methoxy-oxygen in 9-(2-
acyloxyethyl)-l , 4-dimethoxytriptycenes (5).5) Since 
bo th distances between the 1-substituent and a g roup 
at the a l p h a posi t ion and that at the beta posi t ion of 
9-substituent in triptycene derivatives are close to 3 Â,6) 

the results natural ly suggest that there can be attractive 
interactions between the chloromethyl g roup and the 
methoxy-oxygen in c o m p o u n d 1. T h i s idea p rompted 
us to reexamine the case of c o m p o u n d 1 and this paper 
is to report the results. 

Substituent Effect 

T h e first step we took was to change the electron 
density of the 1-methoxyl g roup by chang ing the 4-
substituent in 4-substituted 9-chloromethyl-l-methoxy-
triptycenes in a hope that the low electron density 
wou ld disfavor the O- --CFbCl interactions. 9-
Chloromethyl-1-methoxytr iptycene (7) was prepared 
by addi t ion of 3-methoxybenzyne to 9-chloromethyl-
anthracene (6) to form a mixture of the desired product 
and 9-chloromethyl-4-methoxytriptycene (8). T h e 
mix ture was separated by chromatography. T h e 
ass ignment of structures was performed by taking 
advantage of the chemical shift of the 10-H of the 
triptycenes in 1¥L N M R spectra. As our experiences 
reveal, if there is a subst i tuent present in the 4-
posi t ion, the chemical shift of the 10-H is lower than 
that which has no substi tuent in the 4-position. 
C o m p o u n d 7 was ni trated by n i t r on ium tetrafluoro-
borate and the obtained mixture of 4-nitro and 2-nitro 
c o m p o u n d s (9 a n d 10) were separated by chromatog-
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CH2C1 

'CH3 

raphy. Assignment of the structures of the nitrated 
products was easy by comparing the chemical shifts of 
the 10-H signal in 1H NMR spectra. 

The populations of the rotational isomers were 
determined by 1H NMR spectroscopy at 400 MHz at 
low temperatures. The methylene protons in the ap 
conformation give a singlet signal because they are 
enantiotopic and those in the sc give an AB quartet 
signal due to their diastereotopic nature when the 
internal rotation is frozen. Actually however, the 
separation of the AB and C2 signals due to the 
methylene protons are not necessarily good, thus 
preventing quantitative treatment. Thus the best-
separated signals for the pair were used for the 
determination of populations. The results are shown 
in Table 1. 

The results in Table 1 indicate that, although 
compounds 1 and 7 give slmost the same population 
ratios, compound 9 gives a large sc/ap ratio. This may 
be taken as indicative of the presence of charge-transfer 
interactions between the CH2CI group and the 
methoxy-oxygen, but there are other factors to be taken 
into account. One is a case in which one conformation 
is destabilized by structural deformation, while another 
is not. Another is a case in which various molecular 

interactions favor or disfavor a patricular conforma­
tion. The main contributers for this effect are 
Coulombic interactions, both stabilization and de-
stabilization, and van der Waals interactions, both 
attractive and repulsive. 

Diagnosis whether a given conformation is destabi­
lized by structural deformation is possible if one 
compares the rotational barrier, because the transition 
state energy of the unsubstituted compound can be 
assumed to be practically the same with that of the 
substituted. The rotational barriers were determined 
by the dynamic NMR technique. For compound 1, the 
aromatic 2, 3-proton signals of the benzeno bridge 
which carries the two methoxyl groups were used. 
The barriers to rotation in compounds 7 and 9 were 
determined with the use of methoxy-methyl signals. 
The results are shown in Table 2 and the kinetic 
parameters are shown in Table 3. Due to the fact that 
the sc rotamer populations are sparse, the barriers may 
contain large errors. Therefore, we should like to refer 
only to the free energy of activation here. As is seen in 
Table 3, the free energies of activation, both for ap^>sc 
and sc^>ap processes, especially the former, do not 
change significantly when the substituent in the 4-posi-
tion is changed. The results confirm that no abrupt 
destabilization of any conformer is actually taking place. 

The thermodynamic parameters were calculated by 
the van't Hoff plots with the use of the equilibrium 
constants thus obtained. The results are shown in 
Table 4. The large errors derived by the fact that one 
isomer sparsely populates preclude again detailed 
discussions. However, it is evident that the ap form of 
the 4-methoxy compound (1) is most stabilized among 
the compounds examined in the relative sense. 

Coulombic interactions in the ap conformation are 
considered to be bigger than in the sc conformation 
because the C-O-C group dipole of the 1-methoxyl 

Table 1. 

Substituent 

CH3O 
H 
NO2 

Populations and Population Ratios of Rotamers in 4-Substituted 
9-Chloromethyl-l-methoxytriptycenes in CDCI3 

sc/% 

4.6±0.2 
4.2±0.3 
8.8±0.4 

sc/apa) 

0.024 
0.022 
0.048 

Temperature/0 C 

-10.0 
-9 .6 
-9 .6 

a valueb) 

-2.7 
0.0 
0.78 

a) The population of the sc form was divided by 2 to accommodate the fact that the sc form has two degenerate 
positions, b) From Ref. 7. 

Substituent 

Table 2. Rate Constants for the Isomerization (sc^ap) in 4-Substituted 
9-Chloromethyl-l-methoxytriptycenes in CDCI3 

A/s-1 (Temperature/0 C) 

CH3O 0.0 (-39.6), 2.0 (-20.3), 6.0 (-10.0), 10.0 (-5.0), 17.0 (-0.1), 28.0 (5.3), 45.0 (10.4), 66.0 

(15.1), 100.0(20.1), 155.0(25.0) 

H 2.0 (-14.6), 4.0 (-9.6), 7.5 (-4.7), 13.0 (0.3), 54.0 (15.3), 94.0 (20.3) 

NO2 0.0 (-19.7), 0.9 (-9.8), 4.0 (0.1), 7.0 (5.1), 13.0 (10.2), 20.0 (15.0), 38.0 (20.0) 
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Table 3. Activation Parameters for the Isomerization in 4-Substituted 
9-Chloromethyl-l-methoxytriptycenes in CDCl3a) 

Subst 

CH3O 

H 

NO2 

Process 

sc -+ap 
ap^>sc 

sc -^ap 
ap^>sc 

sc^ap 
ap^>sc 

AH* 

kcal mol - 1 

13.8±0.1 
15.8±0.2 

15.7±0.8 
17.5±0.6 

18.3Ü.1 
21.7±0.8 

AS* 

cal mol"1 K-1 

-2.2±0.5 
-2.3±0.6 

4.0±2.8 
3.3±2.4 

11.3±4.1 
17.7±4.1 

AG298 

kcal mol - 1 

14.4 
16.5 

14.5 
16.5 

15.0 
16.4 

r b ) 

0.999 
0.999 

0.998 
0.999 

0.998 
0.999 

a) 1 cal=4.184 J. b) r factor in the statistical treatment. 

Table 4. Thermodynamic Parameters for the 
4-Substituted 9-Chloromethyl-l-

Substituent 

CH3O 
H 
NO2 

AH°/kcal mol"1 

2.0±0.7 
1.0±0.3 
0.9±0.1 

Equilibrium between Rotational Isomers of 
•methoxytriptycenes in CDCI3 

AS°/cal mol"1 Kr1 ra> 

1.4±0.3 0.986 
-2.5±1.1 0.988 
-1.2±0.2 0.999 

a) r factor in statistical treatment. 

g r o u p directs toward the bisecting l ine of the angle 
and the negative end directs toward the C-Cl bond, 
which has a large dipole moment , in the ap 
conformation. By contrast, in the sc conformation, the 
C-Cl bond and the methoxyl dipoles make an angle of 
ca. 60 °. T h u s the ap conformat ion is m u c h more 
polar than the sc. In the normal cases, this k ind of 
a r rangement of two dipoles render a molecule rather 
unstable in nonpo la r solvents, bu t there is one po in t 
which should not be overlooked in this par t icular case. 
T h a t is, the two dipoles, in this ap case, are close to the 
head-to-tail a r rangement rather than the pararell 
a r rangement . T h i s should stabilize the system and the 
ap conformation should be favored over the sc. 

W h e n we introduce a ni t ro g roup in the 4-position, 
due to the s t rong dipolar nature of the ni t ro g roup , the 
g r o u p dipole of the 1-methoxyl g r o u p will be reduced 
and the effects should result in relatively favoring the 
sc conformat ion on the stand po in t of the head-to-tail 
a r rangement of dipoles. T h i s agrees wi th the 
experimental results. When a methoxyl g r o u p is intro­
duced in to the 4-position, the dipolar na ture of the 
1-methoxyl g roup will be enhanced. In addi t ion, the 
4-methoxyl g roup is add ing another d ipolar fragment 
in to the molecule to make the molecule more polar 
than that w i thou t the 4-substituent. It is no t s imple to 
say how these factors affect the popu la t ions of the 
rotamers, bu t the experimental results suggest that 
these, if operative as ma in factors, cancel out. T h e 
result of the 4-nitro c o m p o u n d suggests that the head-
to-tail a r rangement of the two dipoles may be 
impor tan t in favoring the ap conformation. 

It is evident that the steric effects favor the ap 
conformat ion in all the molecules because the sc 

conformat ion is disfavored due to the repulsive 
interaction between the chloro substi tuent and the 
methoxyl g roup . However, when we compare the 
popu la t i on in the series of compounds , we may have 
to take the followings in to considerat ion. Firstly, as 
the electron density on the 1-methoxyl g roup de­
creases, the effective bulkiness of the oxygen a tom 
will decrease. Secondly, when the n i t ro g roup is intro­
duced to the 4-position, the C i - O bond which connects 
the 1-methoxyl g roup and the Ci of the triptycene 
skeleton will become short due to the resonance effect. 
These two factors all contr ibute to relatively favor the 
sc conformation by easing the steric repulsions. 

Dispersion forces are expected to be stronger in the 
sc conformation than in the ap because of the distances 
between the g roups concerned. T h e n it is difficult to 
expla in why low electron density on the methoxy-
oxygen should favor the sc form: the low electron 
density enlarges the distance. Dispersion forces may 
no t be the m a i n factor which controls the popu la t ions 
of the rotamers here, probably because electron density 
affects polarizability and ionizat ion potent ial in 
opposi te directions. 

Charge-trans fer interactions may be another likely 
factor that stabilizes the ap form. T h e n-electrons of 
the ether-oxygen a tom is k n o w n to be easily used for 
forming change-transfer complexes,8* and the a*-
orbital of the C-Cl bond should be electron-accept­
ing.9) It is especially t empt ing to consider this 
possibility because of the successful f inding of 
attractive interact ions in c o m p o u n d 5:6) the geometric 
a r rangement of the two groups is ideal for the 
interactions. 

Chloroform is known to be a special solvent in that 
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Table 5. Solvent Effects on the Populations (%) of sc Forms in 4-Substituted 
9-Chloromethyl-l-methoxytriptycene at — 9.6 °C 

Solv 

CDC13 

THF-ds 
Toluene-^8 

CH3O 

4.6±0.2b) 

3.2±0.3 
5.4±0.3 

Substituent 

H 

4.2±0.3 
7.7±0.7C> 
5.5±1.3 

NO2 

8.8±0.4 
8.2±0.2 

12.9Ü.5 

Dielectric constant3* 

4.81 
7.58 
2.38 

a) From Ref. 11. b) At -10.0°C. c) At -9.7°C. 

12 

Fig. 1. ORTEP diagrams of compounds 1,11, and 12 with numberings of atoms and designation 
of benzene rings. 

it can form hydrogen bond wi th electron donors.10) 

T h i s ability of chloroform may enhance the charge-
tansfer interactions or the head-to-tail a r rangement of 
dipoles in the solute. Therefore, it will be of interest to 
see the solvent effects on the popu la t ion ratios of the 
compounds examined here. As typical solvents, we 
have selected tetrahydrofuran-ds and toluene-ds- T h e 
former acts as a solvent that is a little more polar than 
chloroform bu t incapable of forming hydrogen bond 
wi th electron donors and the latter is nonpolar . T h e 
results are shown in Tab le 5. Those data with the 
TH¥-ds solut ions may contain some errors because the 
spectral lines which are used for the analyses of the 
rotamers overlap to some extent. 

In toluene-ds, the popu la t ions of the sc forms 
increase, as expected from the polari t ies of the ap and 
sc conformers. In THF-ds, the general tendency is that 
the popu la t i ons of the sc forms are lower than those in 
chloroform-d and will mean that the effect of 
hydrogen bond ing , CI3CD -C1CH2, which stabilizes 
the charge-transferred form or the head-to-tail arrange­
ment of the two dipoles, is significant. However, the 
effect is small and there is an exception ( compound 7). 
T h u s we defer to draw a concrete conclusion unt i l 
some more convincing data become available. 

X-Ray Structures 

Summar iz ing the above discussions, we po in t out 
that the charge-transfer interactions a n d / o r the inter­
actions due to the head-to-tail a r rangement of two 
dipoles are most likely the stabilizing factors for the ap 

forms in compounds 1, 7, and 9, bu t the steric effect 
cannot be completely ruled out from being the m a i n 
factor for the stability control. T h u s the X-ray study of 
1 and related compounds were carried out. They are 
9-chloromethyl-l ,4-dimethyltriptycene (11) and 1,4-
dimethoxy-9-methyltr iptycene (12). Atomic coordi­
nates, selected b o n d lengths, selected bond angles, 
selected torsion angles, and selected n o n b o n d i n g 
distances in these compounds are given in Tables 6— 
10, respectively. O R T E P diagrams of compounds 1, 
11, and 12 are given in Fig. 1 wi th number ings of 
a toms and designations of the benzeno bridges. 

Al though there are distinctly anomalous points in 
the structure of c o m p o u n d 1 from others, they conta in 
various c o m m o n features as well. T h e bond lengths of 
those which connect C9 with benzeno bridges are all 
l ong relative to a normal CSp2-CSp3 bond. It is also true 
tha t the b o n d angles involving the C9 are small , if the 
two bonds direct toward the benzene rings. These are 
commonly observed for substi tuted triptycenes and are 
interpreted to mean that the steric strain is relieved by 
the deformation. T h e effect of this strain seems to be 
divided to other par ts of the molecule and can be seen 
in the bond angles in Table 8. 

T h e C-Cl bonds in c o m p o u n d s 1 and 11 take 
conformat ions which are very close to 180° to the 
benzene r i ng which bears the 1, 4-substituents, a n d 
almost bisects the torsion angle made by rings B and C. 
Tors ion angles made by benzene r ings are widened to 

a considerable extent when a nonhydrogen a tom is 
placed between the planes. 
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Table 6-1. Atomic Coordinates (XIO4) of Non-
hydrogen Atoms in 9-Chloromethyl-l,4-

dimethoxytriptycene with Standard 
Deviations in Parentheses 

and Thermal Factors 

Table 6-3. Atomic Coordinates of Non-hydrogen 
Atoms in l,4-Dimethoxy-9-methyltriptycene 

with Standard Deviations in Parentheses 
with Thermal Factors 

Atom 

C(l) 
C(2) 
C(3) 
C(4) 
C(4a) 
C(5) 
C(6) 
C(7) 
C(8) 
C(8a) 
C(9) 
C(9a) 
C(10) 
C(10a) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
O(l) 
0(2) 
CI 

3240(1) 
3516(1) 
2962(1) 
2110(1) 
1832(1) 
746(1) 
975(1) 

1519(1) 
1838(1) 
1603(1) 
1921(1) 
2381(1) 

923(1) 
1063(1) 
578(1) 

1115(1) 
921(1) 
162(1) 

-383(1) 
-171(1) 
2484(1) 
4647(1) 
1761(2) 
3771(1) 
1506(1) 
1897(0) 

-4831(2 
-5645(2 
-5975(2 
-5450(2 
-4600(2 
-899(2 

653(2 
940(2 

-314(2 
-1869(2 
-3393(2 
-4310(2 
-3908(2 
-2153(2 
-4654(2 
-4417(2 
-5156(2 
-6064(2 
-6235(3 
-5561(2 
-3077(2 
-4228(4; 
-6650(3 
-4566(2 
-5700(2 
-2085(1 

-2444(1) 
-3208(1) 
-4064(1) 
-4194(1) 
-3443(1) 
-3877(1) 
-3591(2) 
-2720(2) 
-2109(1) 
-2380(1) 
-1821(1) 
-2562(1) 
-3505(1) 
-3274(1) 
-2654(1) 
-1759(1) 
-931(1) 

-1006(1) 
-1882(2) 
-2720(1) 
-838(1) 

-1553(2) 
-5772(2) 
-1564(1) 
-5021(1) 

4(0) 

3.37 
4.21 
4.15 
3.43 
2.92 
3.78 
4.55 
4.53 
3.47 
2.75 
2.59 
2.82 
2.98 
2.88 
3.04 
2.76 
3.53 
4.62 
4.91 
4.05 
3.24 
6.66 
6.99 
4.85 
4.54 
4.06 

a) Equivalent isotropic temperature factor defined by 
Hamilton.12) 

Table 6-2. Atomic Coordinates (X104) of Non-
hydrogen Atoms in 9-Chloromethyl-l,4-

dimethyltriptycene with Standard 
Deviations in Parentheses 

and Thermal Factors 

Atom 

C(l) 
C(2) 
C(3) 
C(4) 
C(4a) 
C(5) 
C(6) 
C(7) 
C(8) 
C(8a) 
C(9) 
C(9a) 
C(10) 
C(10a) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
CI 

X 

-485(3) 
-1151(3) 
-1876(3) 
-2000(3) 
-1362(2) 
-545(3) 

279(3) 
1038(3; 
995(3; 
192(3; 
io(2; 

-606(2) 
-1418(2) 
-578(2) 
-1350(2) 
-593(2) 
-467(3) 
-1080(3) 
-1812(3) 
-1954(3) 

855(3; 
276(4; 

-2797(3) 
1545(1, 

y 
7535(2) 
7915(2) 
7730(2) 
7144(2) 
6756(2) 
5630(2) 
5527(2) 
5733(2) 
6024(2) 
6116(2) 
6415(2) 
6943(2) 
6101(2) 
5929(2) 
5831(2) 
6004(2) 
5802(2) 
5422(2) 
5245(2) 
5450(2) 
6585(2) 
7804(2) 
6944(2) 
5959(1) 

Be« 

7087(4) 
6614(5) 
5896(5) 
5613(4) 
6085(4) 
3922(5) 
3322(4) 
3932(5) 
5171(5) 
5792(4) 
7169(4) 
6802(4) 
5871(4) 
5143(4) 
7278(4) 
7989(4) 
9315(5) 
9874(5) 
9149(5) 
7840(4) 
7916(5) 
7869(6) 
4802(5) 
8317(2) 

3.10 
3.65 
3.66 
2.71 
2.10 
2.59 
3.20 
3.26 
2.91 
2.45 
2.41 
2.46 
2.29 
2.21 
2.37 
2.48 
3.26 
3.69 
3.44 
2.78 
3.29 
5.28 
4.82 
4.80 

Atom Bei 

C(l) 
C(2) 
C(3) 
C(4) 
C(4a) 
C(5) 
C(6) 
C(7) 
C(8) 
C(8a) 
C(9) 
C(9a) 
C(10) 
C(10a) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
O(l) 
0(2) 

4334(2 
4597(2 
3944(2 
3006(2 
2719(2 
2504(2 
3255(3 
3942(2 
3894(2 
3132(2 
2960(2 
3384(2 
1694(2 
2453(2 

803(2 
1469(2 
780(2 

-577(3 
-1219(2 
-540(2; 
3636(3 
5964(3 
2583(3 
4980(2 
2313(2 

3144(1 
2650(1 
2608(1 
3061(1 
3549(1 
5172(1 
5720(1 
5792(1 
5323(1 
4775(1 
4208(1 
3606(1 
4075(1 
4702(1 
4058(1 
4132(1 
4128(1 
4052(1 
3980(1 
3980(1 
4329(1 
2757(1 
2592(2 
3215(1 
3072(1 

2628(3) 
3803(3) 
5093(3) 
5214(3) 
4022(3) 
5361(3) 
5325(3) 
4090(3) 
2859(3) 
2878(3) 
1617(3) 
2738(2) 
4018(3) 
4134(3) 
2260(3) 
986(3) 

-679(3) 
1039(4) 
223(4) 

1891(3) 
212(3) 

1258(4) 
7710(4) 
1361(2) 
6450(2) 

2.87 
3.55 
3.73 
3.09 
2.58 
4.04 
4.64 
4.24 
3.61 
2.92 
2.80 
2.54 
2.95 
3.06 
3.15 
3.10 
4.23 
5.42 
5.26 
4.22 
4.44 
5.67 
6.59 
4.18 
4.45 

Table 7. Selected Bond Lengths (Â) in Compounds 1, 11, 
and 12 with Standard Deviations in Parentheses 

Compound 
.Dona 

C(9)-C(8a) 
C(9)-C(9a) 
C(9)-C(12) 
C(9)-C(17) 
C(10)-C(4a) 
C(10)-C(10a) 
C(10)-C(ll) 
0(1)-C(1) 
0(2)-C(4) 
C(17)-C1 

1 

1.539(2) 
1.560(2) 
1.543(2) 
1.520(2) 
1.528(2) 
1.520(2) 
1.519(2) 
1.378(2) 
1.376(2) 
1.813(2) 

11 

1.546(6) 
1.570(5) 
1.540(6) 
1.524(6) 
1.521(5) 
1.510(5) 
1.521(6) 

— 
— 

1.819(4) 

12 

1.546(3) 
1.553(3) 
1.542(3) 
1.504(4) 
1.531(3) 
1.516(3) 
1.526(3) 
1.372(3) 
1.377(3) 

— 

T h e dist inct features in the structure of c o m p o u n d 1 
are that it has a l ong C-Cl distance and that the 1-
methoxyl g r o u p is ou t of p lane of the benzene r ing to 
which it is attached. 

A l though it seemd that the C-Cl bond in c o m p o u n d 
1 was abnormal ly long,1 3 ) it became clear that the 
C-Cl b o n d length is rather normal in this series of 
c o m p o u n d s when one examines the structure of 
c o m p o u n d 11. C o m p o u n d 11, which possesses a 
methyl g r o u p instead of a methoxyl and in which no 
O- -CT^Cl interact ion is possible, has about the same 
C-Cl b o n d length wi th c o m p o u n d 1. It seems that, 
due to the steric effect of the triptycene skeleton, the 
C-Cl bond is stretched. 
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Table 8. Selected Bond Angles (Â) in Compounds 1, 11, 
and 12 with Standard Deviations in Parentheses 

Atoms A-B-C 

C(8a)-C(9)-C(9a) 
C(8a)-C(9)-C(12) 
C(8a)-C(9)-C(17) 
C(9a)-C(9)-C(12) 
C(9a)-C(9)-C(17) 
C(12)-C(9)-C(17) 
C(4a)-C(10)-C(10a) 
C(4a)-C(10)-C(ll) 
C(10a)-C(10)-C(ll) 
C(9)-C(8a)-C(10a) 
C(4a)-C(9a)-C(9) 
C(9)-C(12)-C(ll) 
C(9a)-C(4a)-C(10) 
C(8a)-C(10a)-C(10) 
C(10)-C(ll)-C(12) 
X(l)-C(l)-C(9a)a> 
X(2)-C(4)-C(4a)b> 
C(l)-0(1)-C(18) 
C(4)-0(2)-C(19) 
C(9)-C(17)-C1 

1 

102.9(1 
107.3(1 
113.5(1 
103.6(1 
114.8(1 
113.7(1 
105.0(1 
104.5(1 
107.2(1, 
113.7(1, 
112.5(1, 
113.9(1, 
114.4(1, 
113.4(1, 
113.4(1, 
118.5(2, 
116.6(2, 
119.1(2; 
117.4(2; 
112.5(1) 

Compound 

11 

) 104.3(3) 
) 107.0(3) 
) 112.8(3) 
) 104.1(3) 
) 114.3(3) 
) 113.6(3) 
) 106.1(3) 
) 105.8(3) 

105.6(3) 
112.9(3) 
111.1(3) 
113.4(3) 
114.6(3) 
113.8(3) 
113.3(3) 
126.6(4) 
122.1(4) 

— 
— 

112.5(3) 

12 

104.0(2) 
104.7(2) 
112.4(2) 
104.3(2) 
117.6(2) 
112.6(2) 
104.4(2) 
105.4(2) 
106.2(2) 
114.3(2) 
112.8(2) 
114.1(2) 
114.4(2) 
113.6(2) 
113.5(2) 
117.4(2) 
115.9(2) 
117.9(2) 
118.2(2) 

— 
a) X(l) and X(2) are O(l) and 0(2) atoms, respectively, 
for compounds 1 and 12, and are carbon atoms 18 and 
19, respectively, for compounds 11. 

Table 9. Selected Torsion Angles (°) in Compounds 1, 11, 
and 12 with Standard Deviations in Parentheses 

Atoms 1-2-3-4 

C(18)-0(1)-C(l)-C(9a) 
C(19)-0(2)-C(4)-C(4a) 
X-C(l)-C(9a)-C(9)a> 
C(l)-C(9a)-C(9)-C(17) 
C(9a)-C(9)-C(17)-Cl 
A-Bb> 
B-Cb> 
A-Cb> 

1 

144.9(2) 
176.2(2) 

1.8(2) 
1.8(2) 

177.5(1) 
114.7(1) 
128.6(1) 
116.6(1) 

Compound 

11 

— 
— 

1.9(7) 
1.1(6) 

180.0(3) 
118.3(2) 
122.5(1) 
119.1(2) 

12 

178.7(2) 
179.0(2) 

1.0(3) 
0.0(3) 
— 

117.6(1) 
121.4(1) 
120.9(1) 

a) X's are O(l), C(18), and O(l) for compounds 1, 11, 
and 12, respectively, b) Dihedral angles formed by 
benzeno bridges. For designation of benzeno bridges, 
see Fig. 1. 

Table 10. Selected Nonbonding Distances within 
the Molecules of 1, 11, and 12 with Standard 

Deviations in Parentheses 

Atoms 1-2 

X-C(17)a> 
Cl-C(8) 
Cl-C(13) 
C(l)-C(17) 
C(8)-C(17) 
C(13)-C(17) 

1 

2.711(2) 
3.284(2) 
3.168(2) 
3.079(3) 
2.992(2) 
2.995(2) 

Compound 

11 

2.935(6) 
3.211(5) 
3.214(5) 
3.088(6) 
3.002(6) 
3.019(6) 

12 

2.756(3) 
— 
— 

3.131(3) 
2.955(4) 
2.952(4) 

a) X's are O(l), C(18), and O(l) for compounds 1, 
and 12, respectively. 

11, 

The nonplanarity of the methoxyl group in the 
anisole moiety is interesting because the methoxyl 
group is usually planar with the benzene ring,u ) and 
indeed the 4-methoxyl group is planar with the 
benzene ring. This anomalous structure may be 
caused by two possibilities, one being intramolecular 
and the other intermolecular. 

The intermolecular factor is attributed to the effect 
of packing the molecules in the crystal lattice. By a 
special intermolecular interaction that has to be 
unavoidable because of the crystal packing which is of 
higher priority than the deformation of the molecule, 
the molecule could take otherwise unfavorable struc­
ture. To exclude this possibility, intermolecular 
distances may be examined. We have examined the 
distances between the 1-methoxyl group and atoms of 
the closest neighbor. 

It was found that the oxygen atom of the 1-methoxyl 
group was close to the hydrogen attached to C15 and to 
the chlorine atom of another molecule, the distance 
being 3.102 and 3.328 Â, respectively. The methyl 
group of the methoxyl had the following close 
contacts with another molecule: Cioa 3.718, Cs 3.665, 
C8a 3.574, HC15 3.432, HCis 3.731, H C U 3.535, HC19 
3.660 Â. The distances do not exceed the sum of the 
van der Waals radii of the atoms (or the groups) 
concerned, to a significant extent. The situation is by 
and large the same for the 4-methoxyl group. Thus we 
conclude that the crystal packing cannot be the cause 
for the distortion of the 1-methoxyl group. 

We have reported one example of twisting a 
methoxyl group from the coplanar position in an 
anisole derivative. In that case, the methoxyl group 
takes such a conformation to make C H 3 - 0 hydrogen 
bond facile.4b) The same explanation may be applied 
here. By rotating from the benzene plane, the 
ionization potential of the 1-methoxy-oxygen lowers, 
rendering the charge-transfer interaction easier. This 
conformation is neither favorable for the head-to-tail 
arrangement of dipoles nor explainable on the steric 
ground. Thus, CICH2 •() charge-transfer interac­
tions are the most probable cause for the present case, 
both for populations of rotamers and the unusual 
conformation of the 1-methoxyl group. 

We have reported that the coupling constant 
between a hydrogen in the methyl group and the 1-
fluorine atom in 8,13-dichloro-1,2,3,4-tetrafluoro-9-
methyltriptycene in XH NMR spectra is the largest 
when the C-H bond is ap to the 1-fluorine atom.15) 

The cause for this phenomenon was attributed to the 
overlap between the back lobe of the C-H bond and 
the lone-pair orbitals of the fluorine atom. This 
interaction is on the same line with the interactions 
discussed in this paper. We also believe that the 
formation of a 5-membered cyclic ether on diazotiza-
tion of 9-aminomethyl-l,4-dimethoxytriptycene16) is 
an extreme case of the interaction in a similar 
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geometry. 
T h e n o n b o n d i n g distances listed in Tab le 10 give 

also interest ing informat ion . T h a t is, t h o u g h the C17 
is located a lmost equal ly dis tant from the peri-carbons 
in c o m p o u n d 1 and c o m p o u n d 11, the chlorine a tom is 
significantly dislocated toward C13 in c o m p o u n d 1. 
T h i s feature is probably caused by the requi rement of 
the best overlap of the orbitals for the charge-transfer 
interact ions. T h e short distance between 1-methoxy -
oxygen and the C17 makes this interaction possible. 

Experimental 

1H NMR Spectra. These were recorded with a Varian 
EM390 instrument which operated at 90 MHz or with a 
JEOL GX400 which operated at 400 MHz. The data 
described in this experimental section are those obtained at 
90 MHz at room temperature unless otherwise mentioned. 

Determination of Population Ratios of Rotamers. The 
*H NMR spectra at low temperatures were determined with 
the use of the 400 MHz machine. The temperatures were 
read by a thermocouple. The NMR data at low temperatures 
are summarized in Table 11. The assignment of the 1- and 
4-methoxy-protons in 1 was not possible because the 
temperature change did not appreciably change the line 
shape of the methoxy-protons in coalescing. For the 
determination of populations, the integrated intensities of 
the signals due to 2,3-protons of the aromatic nucleus were 
used for 1, whereas those due to methoxy-protons were used 
for compounds 7 and 9. The scanned chart papers were cut 
and weighed. The populations were obtained by measuring 
the weight of the papers for several times. The measure-

Table 11. *H NMR Data of 4-Substituted 
9-Chloromethyl-1 -methoxy triptycenes 

in CDCl3at-39.5°C(<5) 

Substituent 

CH3O 

Ha> 

NO2 

Form 

ap 
sc 

ap 
sc 

ap 
sc 

CH2 

5.52 
4.97, 5.62 
(/=14.2) 

5.52 
4.96, 5.60 
(7=14.3) 

5.51 
4.98, 5.62 
(7=12.1) 

CH3O 

3.72, 3.78 
3.82, 3.83 

3.76 
3.85 

3.88 
3.95 

a) At-14 .6°C. 

Table 12. Population Ratios of Rotamers in 
4-Substituted 9-Chloromethyl-l -

methoxytriptycenes in CDCI3 
at Various Temperatures 

Subst sc/ap (temp/°C) 

0.029 (-39.6), 0.042 (-20.3), 0.048 (-10.0), 
0.048 (-5.0) CH3O 

H 

NO2 

0.043 (-14.6), 0.044 (-9.6), 0.047 (-4.7), 
0.048 (0.3) 

0.075 (-39.4), 0.081 (-29.7), 0.088 (-19.7), 
0.094 (-9.8) 

ments were carried out at several temperatures and the 
equilibrium constants thus obtained are compiled in Table 
12. The observed equilibrium constants did not give a good 
straight line when treated by the van't Hoff equation in the 
case of compound 9. Thus the calculated populations ob­
tained by the simulations of the line shapes (see below) were 
used to calculate the thermodynamic parameters for 9 in 
Table 4. 

Dynamic NMR Study. The berriers to rotation were 
obtained by the NMR spectral change at various temper­
atures and similation of the spectra with the use of DNMR3 
program.17) The spectrometer used for the measurement was 
the JEOL GX400. The peaks used for the analyses were 
those due to 2, 3-protons for compound 1 and the methoxy-
protons for 7 and 9. Chemical shift differences, coupling 
constants, populations, and Ti were determined at several 
temperatures at the slow exchange limit and were extrapol­
ated to the temperatures where line shapes changed. Small 
modifications of these parameters were necessary to obtain 
the best fit of the calculated spectra with those observed. 

9-Chloromethyl-l-methoxytriptycene (7). To a refluxing 
solution of 0.70 g (3.1 mmol) of 9-chloromethylanthracene 
(6)18) in 15 mL of 1,2-dimethoxyethane (DME), were added 
2.07 g (12.4 mmol) of 6-methoxyanthranilic acid19) in 30 mL 
of DME and 4.09 g (41.8 mmol) of isopentyl nitrite in 40 mL 
of DME, the two solutions being added from respective 
funnels, in 7 h and the whole mixture was refluxed for 
further 30 min. The solvent was evaporated off and the 
residue was submitted to chromatography on silica gel (4:1 
hexane-dichloromethane eluent). The desired compound 
was eluted more easily than the 4-methoxy isomer (8). Com­
pound 7 was recrystallized from THF-hexane to give 0.14 g 
(14%) of the pure compound, mp 221—222° C. Found: C, 
79.23; H, 4.98; CI, 10.42%. Calcd for C22H17CIO: C, 79.39; H, 
5.15; CI, 10.65%. *H NMR (CDCI3) <5=3.73 (3H, s), 5.26 (1H, 
s), 5.44 (2H, br s), 6.47 (1H, dd, 7=7.3 and 2.3 Hz), 6.7—8.0 
(10H, m). 

The 4-methoxy compound (8), mp 224—225° C, was 
obtained in 0.07 g yield, after recrystallization from T H F -
hexane. Found: C, 79.11; H, 5.14; CI, 10.65%. Calcd for 
C22H17CIO: C, 79.39; H, 5.15; CI, 10.65%. *H NMR (CDCI3) 
0=3.84 (3H, s), 5.09 (2H, s), 5.87 (1H, s), 6.5—7.9 (11H, m). 

Nitration of 9-Chloromethyl-l -methoxy triptycene (7). To 
a solution of 118 mg (0.35 mmol) of 9-chloromethyl-l-
methoxytriptycene in 20 mL of acetonitrile, was added a 
saturated solution (ca. 10%) of 440 mg (ca. 0.33 mmol) of 
nitronium tetrafluoroborate, which was available from 
Aldrich, in acetonitrile at —10 °C. The nitration was 
completed by adding further few drops of the saturated 
solution of nitronium tetrafluoroborate, the completion 
being checked by TLC. The mixture was poured into water 
and the precipitate was collected. The product was separated 
by chromatography on alumina (4:1 hexane-dichlorometh­
ane eluent), when the 4-nitro compound (9) was eluted 
earlier than the 2-nitro compound (10). The para and the 
ortho nitro compounds were purified by recrystallization 
from THF-hexane and dichloromethane-hexane, respective-
ly-

4-Nitro compound (9): Yield 0.07 g (53%), mp 283— 
285 °C. Found: C, 69.94; H, 4.16; N, 3.60%. Calcd for 
C22H16CINO3: C, 69.94; H, 4.27; N, 3.71%. *H NMR (CDCI3) 
0=3.86 (3H, s), 5.45 (2H, br s), 6.55 (1H, s), 6.57 and 7.65 (2H, 
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C o m p o u n d 

Observed reflections 
Measured reflections 
Formula 
Formula weight 
Crystal system 
Space g r o u p 

a/k 
b/k 
c/k 
ß/° 
V/k* 
z 
Dc/g c m - 3 

fiw/% 
R/% 
ju /cm - 1 

H . TAKIZAWA, G. YAMAMOTO, M. OKI, and S. MURATA 

Table 13. Crystal lographic Data 

1 

3836 
5784 
C23H19CIO2 

362.83 
Monocl in ic 
P2 i / a 

15.668(2) 
8.416(1) 

13.920(2) 
99.80(1) 

1808.6(4) 
4 
1.33 
6.21 
4.57 
2.30 

11 

1072 
3621 
C23H19CI 

330.83 
Or tho rhombic 
Pcab 

15.108(3) 
22.962(4) 

9.845(2) 
90.00 

3415.3(11) 
8 
1.29 
4.48 
3.65 
2.27 
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12 

2930 
5535 
C23H20O2 

328.39 
Monocl in ic 
P2 i / a 

10.516(1) 
20.717(2) 

8.184(1) 
103.30(1) 

1735.1(4) 
4 
1.26 
7.13 
5.61 
0.853 

ABq, /=8.3 Hz), 6.8—8.1 (8H, m). 
2-Nitro compound (10): Yield 0.05 g (38%), mp 239— 

239.5 °C. Found: C, 69.69; H, 4.32; N, 3.76; CI, 9.38%. Calcd 
for C22H16CINO3: C, 69.94; H, 4.27; N, 3.71; CI, 9.38%. 
« N M R (CDCI3) 0=3.77 (3H, s), 5.41 (1H, s), 5.41 (2H, s), 
6.9—8.0 (10H, m). 

9-Chloromethyl-l,4-dimethyltriptycene (11). To a boil­
ing solution of 0.33 g (1.5 mmol) of 9-chloromethylan-
thracene (6) in 10 mL of dichloromethane, were added 
simultaneously a solution of 1.54 g (9.3 mmol) of 3,6-
dimethylanthranilic acid20) in 40 mL of acetone and that of 
1.41 g (12.0 mmol) of isopentyl nitrite in 40 mL of dichloro­
methane in 2 h. The mixture was refluxed for further 30 min 
and then the solvent was evaporated. The residue was 
submitted to chromatography on silica gel with a hexane-
dichloromethane eluent. The product was recrystallized 
from dichloromethane-hexane to afford 0.21 g (44%) of the 
desired product, mp 257—258 °C. Found: C, 83.32; H, 5.54; 
CI, 11.17%. Calcd for C23H19CI: C, 83.49; H, 5.79; CI, 
10.72%. *H NMR (CDCI3) 0=2.40 (3H, s), 2.50 (3H, s), 5.39 
(2H, s), 5.58 (1H, s), 6.54 and 6.63 (2H, ABq, /=7.8 Hz), 
6.8—8.0 (8H, m). 

9-Chloromethyl-l,4-dimethoxytriptycene (l)1* and 1,4-
dimethoxy-9-methy 1 triptycène (12)21) were prepared by the 
procedure already published. Their physical constants 
agreed with those reported. 

X-Ray Crystallography. Crystals of compound 1 and 11 
were grown from dichloromethane-hexane and those of 
compound 12 from tetrahydrofuran-pentane. 

A colorless crystal of 1 (0.4X0.3X0.3 mm) was mounted 
on a Rigaku AFC-5R automated four-circle diffractometer 
and the intensity data were collected using Mo Ka radia­
tion (A=0.71073 Â). The collection of the intensity data of 11 
and 12 was carried out with colorless crystals of dimensions 
0.6X0.3X0.3 mm and 0.5X0.3X0.3 mm, respectively, using a 
Rigaku AFC-5 diffractometer. The co-20 scan technique was 
employed at a scan rate of 4° min - 1 in co for 1, and 3° min - 1 

for 11 and 12. The scan range was calculated by 1.2° +0.5° 
tan 0. The measurement ranges were 20<6O° for all the 
compounds. The numbers of measured reflections and those 
judged as observed with |F0|>3o|Fo| are given in Table 13 
with the crystal data. 

The structure was solved by direct methods (MULTAN 78) 
and refined by the block-diagonal least-squares technique 
with anisotropic thermal parameters for non-hydrogen 
atoms and isotropic for hydrogens. All the hydrogen atoms 
were located on a difference map and their positional 
parameters were refined. The atomic scattering factors were 
taken from International Tables for X-Ray Crystallogra­
phy 22) xhe weighting scheme u^cjcH^O.O^Fol2)]-1 was 
employed for compounds 1 and 11 and it was w=[oc

2+ 
(O.O3IF0I2)]-1 for compound 12. The final R and # w values 
together with relevant data are listed also in Table 13. 

All the caluclations were carried out on a HITAC M-200H 
computer with crystallographic computation program system, 
MULTAN and UNICS III, filed at the Computer Center of 
the Institute for Molecular Science. The complete F0-Fc 

data are deposited as Document No. 8937 at the Office of the 
Editor of Bull. Chem. Soc. Jpn. 

T h i s work was part ial ly suppor ted by a Grant- in-
Aid for Fundamenta l Scientific Research No. 62303004 
from the Ministry of Educat ion, Science and Culture. 
T h e X-ray crystal lography and calculat ions were 
carried ou t wi th the use of machines installed at the 
Institute for Molecular Science. We gratefully acknowl­
edge the permission of the use of the instruments . 
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The Fe-catalyzed hydrogenolysis of trans-stilbene was carried out in aromatic hydrocarbon solvents at 
380 °C. a-Fe and pyrrhotite catalyze bimolecular hydrogen transfer from hydroaromatic hydrocarbons to 
frvms-stilbene and hydroaromatic hydrocarbon-mediated hydrogenolysis of frvms-stilbene by molecular hydrogen 
at 380 °C. This catalyzed hydrogen transfer proceeds by radical mechanism. The product distribution is affected 
by the catalyst species. Pyrrhotite catalyzes the hydrogénation of Jraw-stilbene more effectively than a-Fe. Both 
the iron catalysts are inactive toward the cleavage of carbon to carbon single bond in bibenzyl. 

Molecular hydrogen, hydrogen donor solvents, and 
catalysts are the indispensable entities in coal liquefac­
tion, and it is very impor tan t to understand the 
interact ion a m o n g the above three and to carry ou t 
coal l iquefaction under mi ld reaction condi t ions since 
lower ing hydrogen pressure leads to reduction in the 
cost of coal l iquids. 

Hydrogen transfer reactions can be classified in to 
three types as shown in Scheme 1:1) direct incorpora­
t ion of molecular hydrogen in to coal (Step III), 2) 
hydrogen transfer from solvents to coal (Step II), and 
3) solvent-mediated hydrogen transfer from molecular 
hydrogen to coal, where dehydrogenated solvents act 
as a hydrogen shutt ler (Steps I and II). Catalysis of the 
Fe-compound can be expected in each step, and 
p redominan t hydrogen transfer pathways are greatly 
affected by the natures of solvents and catalysts, 
temperature, and hydrogen pressure. 

T h e first example of catalyzed hydrogen transfer 
process has been reported by G u i n and coworkers for 
the reductive deoxygenation of benzophenone by 
1,2,3,4-tetrahydroquinoline, bu t its efficiency is low.1* 

It is significant to clarify the interaction between 
solvents and catalysts in the hydrogenolysis of 
unsa tura ted b o n d i n g since aromat ic uni ts in coal are 
considered to decompose via part ial hydrogénat ion of 
aromat ic rings under coal liquefaction conditions.2»3) 

T h i s paper wil l focus on unravel l ing the catalysis of 
a-Fe and pyrrhoti te (Fei-*S) toward the bimolecular 

A= Hydrogen acceptor 
(Coal, Model compound) 

DH= Hydrogen donor 
solvent 

Scheme 1. Hydrogen transfer processes under coal 
liquefaction conditions. 

hydrogen transfer from solvents to aromatic com­
pounds , tak ing the hydrogenolysis of trans-stilbene in 
hydroaromat ic hydrocarbon solvents as an example. 
T h i s reaction is appropr ia te in model ing coal l ique­
faction because nearly the same propensity is observed 
for the hydrogen dona t ing abilities of the solvents,2 »4) 

and trans-stilbene can be irreversibly hydrogenolyzed 
under relatively mi ld condit ions (380 °C) where almost 
no self-decomposition of solvents occur. 

Experimental 

Materials. frvms-Stilbene, bibenzyl, 1-methylnaphthalene, 
tetralin, and 9,10-dihydrophenanthrene were commercially 
purchased and purified by the conventional methods. a-Fe 
was prepared by reducing Fe2Ü3 in hydrogen streams at 
450 °C for 20 h. Its BET surface area was 14.2 n ^ g " 1 

(Shimadzu 2200). Fei-^S was prepared by reacting a-Fe with 
a small excess of elemental sulfur in tetralin under nitrogen 
at 380 °C for 30 min. Its BET surface area was 10.4 m2 g"1. 
The above catalysts were identified by X-ray diffraction 
analysis (Rigaku Denki RU-200A). After preparation, they 
were immediately immersed in 1-methylnaphthalene or in 
tetralin in a dry box under nitrogen and kept until use. 

Batch Experiments. A reaction solution consisting of 
frvms-stilbene and a hydrocarbon solvent with or without an 
iron catalyst was put into a 90 ml SUS 316, magnetically 
stirred autoclave, pressurized by hydrogen or nitrogen. It 
was heated up to 380 °C within 17 min and was kept at the 
temperature for 30 min. After the reaction, the autoclave 
was cooled by an electric fan to room temperature. 

Product Analysis. 6-Benzyl-1,2,3,4-tetrahydronaphthalene 
(BTHN) and 6-(l,2-diphenylethyl)-l,2,3,4-tetrahydronaph-
thalene (DETN) were isolated by combining column chroma­
tography and vacuum distillation, and were identified by 
MS (JEOL JMS-DX300) and *H NMR (Varian EM 360A 
(60 MHz)) and 13C NMR (JEOL JMN-GX-400 (400 MHz)). 

BTHN. m/z: 222 (62, M+), 131 (100), 91 (36). *H NMR 
(CC14) ô=1.69 (4H, m), 2.62 (4H, m), 3.77 (2H, s), 6.80 (3H, 
bs), 7.09 (5H, bs). 13CNMR (CDCI3) 5=23.24, 23.30, 29.01, 
29.39, 41.59, 125.89, 126.06, 128.36, 128.85, 129.17, 129.48, 
134.74, 137.06, 138.10, 141.44. 

DETN. m/z: 312 (2.3, M+), 221 (100), 91 (17). iH NMR 
(CCU) 6=1.39—2.12 (4H, m), 2.32—3.04 (4H, m), 3.21 (2H, 
d, /=7.6 Hz), 4.05 (1H, dd, /=7.6Hz), 6.56—7.48 (13H, m). 
13CNMR (CDCI3) ô=23.22, 23.24, 28.96, 29.44, 42.18, 52.75, 
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127.91, 128.06, 128.12, 128.30, 128.34, 128.49, 128.64, 128.92, 
129.12, 134.82, 136.85, 140.46, 141.62, 144.63. 

l j ' ^^ ' ^^ ' ^^ ' -oc tahydrob inaph tha lenes (m/z: 262 (22, 
M+), 131 (100), 130 (68), 91 (32)) and 1,2,3,4,5',6',7',8'-
octahydrobinaphthalenes (m/z: 262 (50, M+), 130 (100), 104 
(84)) were detected by GS-MS (JEOL JMS-DX300, equipped 
with a glass column (4 mm diameter, 1 m length ) of 5% 
OV-1 on Chromosorb W). The products collected with 
tetrahydrofuran were analyzed quantitatively by GC (Shimadzu 
GC-4C, equipped with a stainless column (4 mm diameter, 
4 m length) of 10% OV-17 on Chromosorb W (DMCS)). 

Results and Discussion 

Physical and Chemical States of Recovered Iron 
Catalysts. T h e elemental analysis showed that the 
a tomic rat io S/Fe of Fei-xS decreased from 1.055 to 
1.038 after the reaction in tetralin. T h i s fact indicates 
that only 1.6% of s u l p h u r is removed from the surface 
of Fei-xS d u r i n g the course of the reaction. According 
to the X-ray diffraction analysis, bo th a-Fe and Fei-xS 
were recovered unchanged . Therefore, no almost 
change is suggested in the chemical properties of a-Fe 
and Fei-xS. 

T h e deposi t ion of carbonaceous materials on the 
catalysts was negl igible since the C /Fe values of the 
fresh and recovered i ron catalysts were 0.121—0.137, 
irrespective of the reaction. 

T h e surface areas of a-Fe and Fei-xS recovered from 
the reaction mixtures in tetralin were 12.7 and 
1 3 . 0 m 2 g _ 1 , respectively. Therefore, rate acceleration 
or re tardat ion due to surface area change could be 
negl igible in discussing the catalysis of a-Fe and 
Fei-xS. 

Structural Determination of Products. Figure 1 
shows the products obta ined in the Fe-catalyzed 
hydrogenolysis of trans-stilbene in tetralin. 

T h e structure of B T H N was differentiated from that 
of its isomer, 5-benzyl-1,2,3,4-tetrahydronaphthalene 
by MS. T h e mass spect rum of B T H N showed only the 
fragment peaks assigned to tetralyl and benzyl cations, 
whi le that of the independent ly synthesized 5-benzyl-
1,2,3,4-tetrahydronaphthalene showed another intense 
fragment peak at m / z = 1 4 4 (Fig. 2). T h i s is assigned to 
the fragment radical cation A formed in the migratory 
e l imina t ion of benzene from the radical cation of the 
5-benzyl-1,2,3,4-tetrahydronaphthalene by analogy of 
2-methyldiphenylmethane.5 ) Under the reaction condi­
tions, B T H N was obtained as one of the major prod­
ucts a long wi th only a small a m o u n t of 5-benzyl-
1,2,3,4-tetrahydronaphthalene. 

T h e 6-substituted structure of D E T N is suppor ted 
since B T H N is considered to be one of the decomposi­
t ion products from D E T N (see below). 

T h e structures of octahydrobinaphthalenes were also 
determined by MS. Both the low peak intensity of the 
paren t ion and the base peak at m/z=\3l strongly 
suggest the presence of the two benzylic and tertiary 
carbons in the structure of l , r ,2 ,2 ' ,3 ,3 ' ,4 ,4 ' -octahy-

Ph Ph 

ri^Jn PhCH2CH2Ph PhCH3 

P h C ^ N ^ Y ^ phCHCH2Ph 

(BTHN) 
(DETN) 

Fig. 1. Products obtained in the catalyzed hydrogen­
olysis of /rvms-stilbene. 

Wftù .+ 
H t > f ^ -PhH 

H' *H 

CH~2f 

ft 
«ÉOĤ  

(5-Benzyl isomer 
of BTHN) 

(A) 
m/z=144 

CH2Ph~T 

PhCH2,
+0Q 

(BTHN) 

Fig. 2. Mass fragmentation patterns of 2-methyldi-
phenylmethane and benzyltetralins. 

d rob inaphtha lene , whi le the base peak at m/z=\30 
suggests the migratory tetralin e l iminat ion from the 
parent cation radical, suppor t ing the 2-alkylated 
diphenylmethane- type structure of 1,2,3,4,5',6',7',8'-
oc tahydrobinaphthalene . 

In 1-methylnaphthalene and a binary solvent system 
of 9,10-dihydrophenanthrene and 1-methylnaphtha­
lene, no solvent adducts were detected by GC-MS. 

Tables 1—3 show the product dis tr ibut ions in the 
Fe-catalyzed hydrogenolysis of trans-stilbene in the 
three aromat ic hydrocarbon solvents. 

Catalysis of the Iron Compounds. Table 1 shows the 
effects of i ron catalysts and hydrogen pressure on the 
hydrogénat ion of trans-stilbene in 1-methylnaphtha­
lene. Compar i son of R u n s 1 and 3 shows that catalytic 
hydrogen transfer from 1-methylnaphthalene to trans-
stilbene (Steps I and II) is negligible, and only about 
2% of 1-methylnaphthalene is consumed in these cases. 
Direct hydrogénat ion of trans-stilbene by molecular 
hydrogen (Step III) is rather slow in the absence of 
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Table 1. Fe-Catalyzed Hydrogenolysis of tams-Stilbene in 1-Methylnaphthalenea) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

Gas phase 

(MPa) 

N2 (1.0) 
H2 (1.0) 
N2 (1.0) 
H2 (1.0) 
H2 (6.0) 
N2 (1.0) 
H2 (1.0) 
H2 (6.0) 

Cat. 

None 
None 
a-Fe 
a-Fe 
a-Fe 
Fei-^S 
Fei-,S 
Fei-,S 

t-ST conv. 

mol% 

6.9 
10 
7.4 

26 
44 

7.9 
21 
40 

c-ST 

43 
38 
53 
13 
6.6 

48 
18 
7.7 

Products (Selectivity/mol%) 

Bibenzyl 

44 
50 
36 
62 
68 
37 
71 
78 

Toluene 

Tr. 
— 
3.6 
3.8 
3.0 
3.8 
3.3 
2.9 

a) trans -Stil bene 3 g (16.7 mmol), 1-methylnaphthalene 15 g (106 mmol), reaction temperature 380°C, reaction 
time 30 min. c- and t-ST^cis- and tams-stilbenes. Tr.=trace. 

Table 2. Fe-Catalyzed Hydrogenolysis of /rvms-Stilbene in Tetralina) 

Run 

9 
10 
11 
12 
13 
14 
15 
16 

Gas phase 

(MPa) 

N2 (1.0) 
H2(1.0) 
N2 (1.0) 
H2(1.0) 
H2 (6.0) 
N2 (1.0) 
H2(1.0) 
H2 (6.0) 

Cat. 

None 
None 
a-Fe 
a-Fe 
a-Fe 
Fei-,S 
Fei-*S 
Fei-,S 

t-ST conv. 

mol% 

24 
27 
41 
64 
95 
51 
61 
91 

c-ST 

18 
15 
8.3 
4.2 
— 
6.7 
4.6 
— 

Products (Selectivity/) 

Bibenzyl 

39 
41 
51 
59 
71 
69 
70 
81 

Toluene 

— 
— 
5.6 
6.1 
9.5 
— 
2.1 
1.6 

mol%) 

BTHN 

— 
— 
4.1 
3.9 
7.8 
— 
— 
— 

DETN 

— 
— 
5.6 
5.5 
6.4 
— 
— 
— 

Naphthalene 

Yield/mol% 

0.8 
1.3 
2.2 
2.7 
3.7 
2.9 
3.4 
3.5 

a) /rvms-Stilbene 3 g (16.7 mmol), tetralin 15 ml (110 mmol), Fe catalysts 3.75 mmol of Fe, reaction temperature 
380°C, reaction time 30 min. c- and t-ST=cis- and tams-stilbenes, BTHN=6-benzyl-1,2,3,4-tetrahydronaphthalene, 
DETN=6-( 1,2-diphenylethyl)-1,2,3,4-tetrahydronaphthalene. 

Table 3. Fe-Catalyzed Hydrogenolysis of trans-Stilbene in 
9,10-Dihydrophenanthrene-1-Methylnaphthalenea) 

Run 
Gas phase 

(MPa) 
Cat. 

t-ST conv. 

mol% 

Products (Selectivity/mol%) 

c-ST Bibenzyl Toluene 

17 
18 
19 
20 
21 
22 
23 

N2 (1.0) 
H2 (1.0) 
N2 (1.0) 
H2 (1.0) 
H2 (6.0) 
N2 (1.0) 
H2 (1.0) 

None 
None 
a-Fe 
a-Fe 
a-Fe 
Fei-,S 
Fei_,S 

21 
25 
24 
34 
71 
23 
44 

21 
16 
18 
12 
3.2 

17 
8.0 

56 
62 
58 
68 
85 
65 
84 

a) tams-Stilbene 3 g (16.7 mmol), 9,10-dihydrophenanthrene 5 g (27.8 mmol), 1-methylnaphthalene 10 ml, 
Fe catalysts 3.75 mmol of Fe, reaction temperature 380°C, reaction time 30 min. c- and t-ST=cis- and trans -
stilbenes. 

a-Fe in 1-methylnaphthalene (see R u n s 2 and 4). 
Fei-xS showed a comparable catalytic activity, bu t it 
was more effective as hydrogénat ion catalyst than a-
Fe. T h e differences in the frans-stilbene conversions 
and in the bibenzyl yields between R u n s 1, 4, and 5 
give the baseline increments caused by the a-Fe-
catalyzed hydrogénat ion of frans-stilbene, and compar­
ison of R u n s 1, 7, and 8 gives the corresponding 
increments for the Fei-^S-catalyzed reactions. 

O n the other hand, qui te a different p roduc t 
d is t r ibut ion was obtained when us ing tetralin as 
solvent. To luene and B T H N were obta ined in 

comparable yields in the presence of a-Fe. No 
formation of ethylbenzene or benzene from bibenzyl in 
the presence of a-Fe at 380° C suggests that a-Fe cannot 
act as acid catalyst under the reaction conditions.6* 
86% of the D E T N decomposed in tetralin in the 
absence of catalyst under n i t rogen at 380 ° C to give 
B T H N and toluene in 87 a n d 84% selectivities, 
respectively. Therefore, these two products could be 
formed in the non-catalytic cleavage of the thermally 
labile C-C bond in D E T N . T h e pa thway of benzyl 
radical addi t ion to tetralin is most unlikely because 
B T H N was no t formed in the thermal decomposi t ion 
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of bibenzyl in tetralin under ni t rogen at 380 °C. 
Compar i son of R u n s 9, 11, and 14 clearly shows that 

intermolecular hydrogen transfer from tetralin to 
trans-stilbene (Step II) is greatly p romoted by a-Fe 
and Fei-xS. 

Bibenzyl yield increments at 6.0 MPa of hydrogen in 
the presence of a-Fe and Fei-xS were 45 and 63%, 
respectively. T h e expected increment caused by 
catalytic incorpora t ion of molecular hydrogen (Step 
III) is no t more than 25% for a-Fe (compare R u n s 2 
and 5) and 26% for Fei-xS (compare R u n s 2 and 8). 
T h u s , in the system of Hb-tetralin-Fe catalyst, trans-
stilbene could be hydrogenated p redominan t ly on the 
catalytic cycle (Steps I and II). 

At 6.0 MPa of hydrogen in the presence of a-Fe, 
bitetralyls such as 1,1',2,2',3,3',4,4'- and 1,2,3,4,5',6',7',8'-
oc tahydrobinaphthalenes were obtained only in 0.1% 
yield ( R u n 13). T h i s fact suggests that coup l ing is the 
m i n o r pa thway for tetralyl radicals formed in the 
monohydrogen transfer from tetralin to stilbenes. No 
1,2- or 1,4-dihydronaphthalene was detected by G C at 
this hydrogen pressure. Under the same condit ions, 
only 3.1% of naph tha l ene was converted and tetralin 
was produced in 2.2% yield. Therefore, d ihydronaph-
thalenes once formed, could be further dehydrogenated 
to inert naph tha l ene or hydrogenated to regenerate 
tetralyl radical. Te t ra l in could also be regenerated 
from 1-tetralyl radical on a-Fe.7) 

When 9,10-dihydrophenanthrene was used as hydro­
gen donor solvent, it was di luted wi th 1-methylnaph-
thalene due to the m u c h higher hydrogen dona t ing 
ability of 9 ,10-dihydrophenanthrene. In this solvent 
system, the i ron catalysts showed similar catalytic 
activities as in 1-methylnaphthalene and tetralin. 

In this solvent system, no solvent adduct of 1,2-
diphenylethyl radical was obtained. T h i s fact can be 
ascribed to the rap id capp ing of 1,2-diphenylethyl 
radical by 9,10-dihydrophenanthrene, which is a 
superior hydrogen donor . 

Reaction Mechanism. Figure 3 shows the p lot of 
czs-stilbene content against the stilbene conversion, 
us ing the data in Tables 1—3. A fairly good l inear 
correlat ion suggests that the stilbene isomerization 
cannot be ascribed to thermochemical equi l ibra t ion of 
trans- and czs-stilbenes. A possible intermediate could 
be 1,2-diphenylethyl radical, most of which is further 
hydrogenated to bibenzyl. The re are two other mino r 
pa ths for this radical: ß-hydrogen release to stilbenes 
and addi t ion to solvents. 

In the presence of a-Fe, toluene was formed in 
h igher yields wi th format ion of B T H N and D E T N . 
Since the acidity of a-Fe is negligible (see above), these 
findings may suggest that 1,2-diphenylethyl radical 
somehow stabilized on the surface of a-Fe can be 
t rapped by tetralin solvent, and is depressed formation 
of radical-radical coup l ing products of higher mo­
lecular weights . It is interest ing that the relative 

0.07 

Q 0 .06 

C/3 
0 .05 

0 .0 4h^ 
0^— 

10 2 0 3 0 4 0 5 0 60 

Stilbene Conversion/mol% 

70 

Fig. 3. Correlation of the /rans-stilbene conversion 
and the as-stilbene content in the hydrogenolysis 
of trans-stilbene at 380 °C. • 9,10-Dihydrophenan-
threne-1-methylnaphthalene, Fe cat. O 9,10-Dihy-
drophenanthrene-1-methylnaphthalene, no cat. • 
Tetralin, Fe cat. D Tetralin, no cat. A 1-Methyl-
naphthalene, Fe cat. A 1-Methylnaphthalene, no cat. 

,C=C/ 

H 

NPh 

u „ Ph-C-C-Ph 

H/ NH l-H 

Ph-C-CH2Ph 

to 

•PhCH2CH2Ph 

PhCH3 • 

Ph-C-H 

^ to 
(BTHN) 

(DETN) 
Scheme 2. Reaction mechanism for the hydrogen­

olysis of /rvms-stilbene. 

reactivity of 1,2-diphenylethyl radical toward addi t ion 
to aromat ic nuclei increases in the presence of a-Fe. 

O n the other hand , hydrogénat ion of 1,2-diphenyl­
ethyl radical predominates over formation of its 
solvent adduct on the surface of Fei-xS. 

A plausible reaction mechanism is depicted in 
Scheme 2. 

T h e chemical behavior of 1,2-diphenylethyl radical 
varied in the aromat ic hydrocarbon solvents. T h e 
reason for this is uncertain, bu t adduct formation 
could be affected by hydrogen dona t ing ability of 
solvent and stability of solvent adduct itself. 
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T h e pa thway for toluene formation in 1-methyl-
naph tha l ene cannot be specified, bu t it is possible that 
a par t of trans-stilbene adsorbed on the Fe-catalysts 
decomposes in the course of its hydrogénat ion to give 
benzyl radicals. 

Ogawa and coworkers have shown that the catalytic 
activity of Fei-xS highly depends on H2S pressure in the 
hydrocracking of d iphenylmethane wi thout solvent at 
450 °C.8) At low pressures of H2S, Fei-^S is converted to 
FeS which is less active than Fei-^S. However, our 
results clearly show that bo th of a-Fe and Fei-xS 
promote tetralin-mediated hydrogen transfer from 
gaseous hydrogen. Since dry coal l iquefaction is not 
so feasible, the catalyzed solvent-mediated hydrogen 
transfer could be a key reaction in coal liquefaction. 

Conclusions 

1) T h e Fe-catalyzed hydrogenolysis of trans-stil-
bene in aromat ic hydrocarbon solvents under hydro­
gen or ni t rogen at 380 ° C proceeds according to radical 
mechanism. 

2) a-Fe and Fei-^S promote bimolecular mono-
hydrogen transfer from tetralin to frans-stilbene and 
aromatic hydrocarbon-mediated monohydrogen trans­
fer by molecular hydrogen. 

3) Fei-xS is a more effective hydrogénat ion catalyst 
than a-Fe. 

4) In the presence of a-Fe, addi t ion of 1,2-
diphenylethyl radical to tetralin occurs, indicat ing 
some interact ion between the above radical and the 
surface of a-Fe. 
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The addition of sodium hydroxide to an ethanolic dehydro-L-ascorbic acid solution produced a yellowish 
precipitate which was enriched by a reductant possessing absorption maxima at 345 and 225 nm. This reductant 
was purified by DEAE-Sepharose column chromatography and Cellulofine-gel chromatography; on the basis of 
physicochemical analyses it was deduced to be the 2,3-enediol form of 2,3-diketo-L-gulono-ô-lactone (2,3,6-
trihydroxy-4-oxo-2-hexen-5-olide). The process, derived from dehydro-L-ascorbic acid, involved a hydrolytic 
cleavage of a 5-membered y-lactone ring, conversion to the 2,3-enediol form and rearrangement to 6-membered 
ô-lactone. The marked bathochromic shift of the absorption maximum of this reductant from that of ascorbic 
acid (265 nm) could be due to an extended conjugation among the enediol group and two carbonyl groups on 
both sides. 

Dehydro-L-ascorbic acid (DHA), the oxidized form 
of L-ascorbic acid (AsA), is very unstable in a neutral 
aqueous solut ion and is easily delactonized to 2,3-
diketo-L-gulonic acid (DKG) and further receives 
degradation, oxidation, and decarboxylation leading 
to uncontrol led variables.1 '2* 

Polarographic studies of neutral aqueous solutions 
of DHA 3 _ 5 ) have revealed complicated oxidat ion 
waves, suggesting the occurrence of several reductants 
wh ich have an enediol g r o u p or some other functional 
groups that are readily oxidizable as an enediol. It 
seems that the autoxidat ion of AsA constitutes a 
coordinated chain of redox reactions in which it is 
oxidized, and subsequently converts, at least in part , to 
reducing compounds . 

A reductant possessing an absorpt ion m a x i m u m at 
265 nm, the 3,4-enediol form of 2,3-diketogulono-ô-
lactone, was isolated by Otsuka et al.6 '7) from an 
aqueous solut ion of DKG potass ium salt. T h i s com­
p o u n d was reported to be very uns table and to easily 
develop an intense b rown color, even in the cold; it 
was therefore proposed to be an i m p o r t a n t intermedi­
ate of the b rowning reaction of AsA under oxidative 
condit ions. 

T h e present study deals wi th the prepara t ion and 
characterization of a reductant possessing an absorp­
t ion m a x i m u m at 345 n m (R-345) derived from 
ethanolic D H A solution. 

Experimental 

Preparation of Oxidation Products of AsA. An ethanol 
solution of DHA was prepared by the method of Doner and 
Hicks.8) AsA (10 g) was suspended in 500 ml ethanol 
containing 12 g of activated charcoal, Norit "SX Plus" 
(WAKO). Oxygen gas was continuously bubbled through 
the solution at room temperature for 15—20 hours until the 
disappearance of the 245 nm absorption peak of AsA and the 
appearance of the 230 nm peak of DHA. Upon removal of 
charcoal by filtration, an ice-cold ethanol solution was 
mixed with 150—180 ml of an ethanolic NaOH (2%) 

solution until no more precipitation occurred. The 
precipitate, collected by centrifugation, was washed twice 
with cold ethanol and dried under vacuum. The yield of a 
yellowish powder (NaOxA, Na salts of oxidation products of 
AsA) was about 9 g. NaOxA was highly soluble in distilled 
water. 

For the preparation of a neutral aqueous solution of DHA, 
the ethanolic DHA solution was evaporated thoroughly 
under vacuum, and then dissolved in a dilute NaOH 
solution and adjusted to pH 7.0. 

HPLC in the Reversed-Phase, Ion-Pairing Mode. Analy­
ses were performed, according to the method of Finley and 
Duang,9) with a JASCO 880-PU liquid Chromatograph. 
Separation was achieved on a Radial-PAK cartridge Resolve 
Ci8 column (0.8X10 cm), Waters Assoc. The mobile phase 
was 50 mM potassium phosphate buffer, pH 6.0, containing 
1 mM EDTA, 2.5 mM tetrabutylammonium hydrogensulfate 
and 3% methanol. The eluent was pumped at a flow rate of 
1 ml min - 1 . Three-dimensional (retention time: wavelength: 
absorbance) chromatographic data were obtained with a 
JASCO MULTI 330 multi channel detector. The reducing 
compounds in the eluate were monitored according to a 
method of Lankelma and Poppe10) with the aid of 
electrochemical detector (Model ICA-3060, Toa Electronics 
LTD) set at 600 mV vs. Ag/AgCl. 

Purification of R-345. DEAE-Sepharose Fast Flow (Phar­
macia) was first washed with 0.2 M HCl (1 M=l moldm - 3) 
and then 0.2 M NaOH and finally thoroughly with distilled 
water. It was then equilibrated with a 10 mM sodium 
phosphate buffer, pH 7.0, and packed into a column 
(2.5X33 cm). NaOxA (0.5 g) in 5 ml phosphate buffer was 
applied to a column and eluted with phosphate buffer. The 
eluates were examined for absorbance at 345 and 265 nm. 
The fraction possessing an absorption maximum at 345 nm 
was passed through a Cellulofine GCL-25-m column 
(Seikagaku Kogyo Co) (2.0X33 cm) for desalting as well as 
for removing impurities. 

Physicochemical Measurements. To obtain information 
regarding the molecular weight, FAB-MS was carried out 
with a JEOL JMS-AX505W spectrometer. The sample was 
dissolved in dimethyl sulfoxide-glycerol and then deposited 
on the tip of a probe. A negative ion [M]~ spectrum was 
obtained. The Na content was determined with a Nippon 
Jarrell Ash FLA-100 Flameless Atomizer. Polarographic 
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analyses were carried out in a 10 mM sodium phosphate 
buffer, pH 7.0, with a YANACO P-1100 voltammeter 
(Yanagimoto), using a dropping mercury electrode and SCE 
as a reference electrode. The half-wave potential, £1/2, was 
obtained as the peak potential on the derivative polarogram. 
ESR spectra of free radicals were measured with a JEOL JES 
FE-IX spectrometer at 9.43 GHz with 100 kHz modulation 
and at 25 mW microwave power in a glass capillary tube at 
room temperature. The 13C and 1H NMR spectra were taken 
with a JEOL JNM-GSX400 spectrometer. The IR spectra in 
a KBr disk were recorded on a Hitachi 345 IR spectro­
photometer. 

Results and Discussion 

Profiles of NaOxA. In a neutra l aqueous solut ion 
N a O x A possessed h igh absorpt ion bands at 345 and 
225 n m a n d lower b a n d at 265 n m whi le D H A had 
only a low b a n d at 265 n m (Fig. 1). T h e absorbance of 
N a O x A was about ten t imes h igher than that of DHA. 

Three-d imens iona l H P L C of N a O x A (Fig. 2a) 
revealed an abundance of a componen t possessing 
absorpt ion max ima at 345 and 225 n m at 8 m i n 
retent ion t ime and smaller amoun t s of two 265 n m 
absorbing components at a retention t ime between 5.6 
and 6.0 min . T h e ECD response of N a O x A on the 
E C D - H P L C (Fig. 2b) was the highest at 8 m i n 
retent ion t ime, cor responding to the 345, 225 n m 
absorbing component . 

Purification of R-345. T h e elut ion curve of NaOxA 
on the DEAE-Sepharose co lumn chromatography 
(Fig. 3) represents three major fractions: two 265-nm 
absorbing components in 400—550 ml and 345-nm 

absorbing componen t in 550—700 ml. T h e latter 
fraction was passed t h rough a Cellulofine co lumn for 
desal t ing a n d for removing 265-nm absorbing impur ­
ities. T h e pur i ty of R-345 was ascertained by means of 
H P L C a n d then lyophilized. T h e yield of a faintly 
yellowish powder was about 3 g from 10 g of NaOxA. 
T h e absorp t ion spectrum of purified R-345 in a 
neutra l aqueous solut ion (Fig. 4) represented two 
absorpt ion m a x i m a at 345 and 225 n m , bu t no t a r o u n d 
265 nm. T h e £max at 345 n m was ca. 14,000. O n 

Retention time/min 

Fig. 2. HPLC profiles of NaOxA. (a) Three dimen­
sional (retention time, wavelength and absorbance) 
chromatogram. (b) ECD chromatogram of reducing 
compounds. 
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Fig. 1. Absorption spectra of NaOxA and DHA 
in neutral aqueous solution. From 1 ml each of 
ethanolic DHA solution (oxidation product of 1 g 
AsA in 50 ml ethanol), 300 ml NaOxA and 30 ml 
DHA aqueous solutions of pH 7.0 were prepared 
and their absorption spectra were measured. 
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Fig. 3. DEAE-Sepharose column chromatography 
of NaOxA. (—) 345 nm; (-—) 265 nm. 
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Fig. 4. Absorption spectra of R-345 in aqueous solu­
tion at pH 7.0 and 2.0. 1, pH 7.0; 2, pH 2.0. 
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Fig. 5. Off-resonance spin-decoupled 13C NMR spec­
trum of R-345. 
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acidification below p H 3.0, the absorpt ion m a x i m u m 
at 345 n m underwen t a marked hypsochromic shift to 
300 nm. 

L o n g ago, Herbert et a l . n ) reported that a slightly 
alkal ine solut ion of oxidative product of AsA display­
ed relatively intense absorpt ion bands at 265 and 
340 n m which , on acidification, shifted to 245 and 
300 n m , respectively. F rom our results, these absorp­
t ion bands could be ascribed to those of a mix ture of 
AsA and R-345. 

Physicochemical Characterization. T h e FAB-MS 
of the [R-345] - ion exhibi ted an m/z of 173, which was 
smaller by two hydrogen uni ts than [AsA]~. T h e Na 
content of R-345, dried at 105 °C overnight, was 12.0%. 
T h u s , R-345 may exist as a m o n o s o d i u m salt. T h e 
half-wave potent ia l , £1/2, of R-345 in a phospha te 
buffer of p H 7.0 was - 0 . 0 6 0 V vs. SCE which was a 
slightly lower negative value than that of AsA (—0.075 V 
vs. SCE). T h o u g h AsA produced a stable ascorbyl 
free radical , as shown by Lagercrantz,12) R-345 did 
not exhibi t any ESR signal in the free-radical region. 

Six signal of the 13C N M R spectrum of R-345 (Fig. 5) 
were assigned reference to the data Berger13) and Kang 
et al.2); one tr iplet at 63.0 p p m for C-6, one doublet at 
82.7 p p m for C-5 and four singlets at 138.7, 155.8,166.3 
and 182.5 p p m for other four carbons. Al though bo th 
AsA a n d DKG possessed two doublets for C-4 and C-5, 
R-345 showed only one doublet for C-5. T h e *H N M R 
spectrum of R-345 in D2O (Fig. 6) represented two 
signals: one signal of the characteristic ABX type 
sp l i t t ing pa t te rn a r o u n d 4.040 p p m for H2-6 and one 
triplet at 5.004 p p m for H-5, t h o u g h AsA had three 

Fig. 6. *H NMR spectrum of R-345 in D20. 

4000 3000 2000 1600 1200 600 

-1 Wavenumber/cm 
Fig. 7. IR spectrum of R-345 in KBr disk. 

signals for H2-6, H-5 and H-4, as reported by Sapper 
et al.14) and L o h m a n n et al.15) These N M R spectra 
indicated that no hydrogen a tom was b o u n d directly to 
the C-4 carbon a tom of R-345. Both the C-5 a n d H-5 
signals of R-345 were located downfield as low as 
those of C-4 and H-4 of 5-membered (y-lactone) AsA. 
These N M R data as well as molecular weight 
informat ion suggest that R-345 has a 6-membered (8-
lactone) r i ng in wh ich C-1 and C-5 are l inked t h rough 
the oxygen a tom, and that C-2 and C-3 (138.7, 
155.8 p p m ) const i tute the enediol g roup and C-1 and 
C-4 (182.5, 166.3 p p m ) are carbonyl carbon. U p o n 
acidification, a singlet signal at 155.8 p p m received a 
p ronounced upfield shift to 140.0 p p m , as did the C-3 
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Fig. 8. Proposed structure of R-345 and reaction pathway from AsA to R-345. 
(1) removal of two hydrogen atoms by oxidation, (2) hydrolytic cleavage of 
5-membered 7-lactone, (3) conversion to the enediol form and rearrangement 
to 6-membered ô-lactone. Encircled Arabic numerals indicate the carbon posi­
tion in the molecule. 

of AsA. T h e C-3 carbon a tom of R-345 may receive the 
first depro tonat ion in a neutra l aqueous solution. 

T h e absorpt ion m a x i m u m at 265 n m and £max— 
14,700 of ionized AsA was assigned, by Ogata and 
Kosugi,16) to be the n-n* excitat ion of an enediol C=C 
b o n d conjugated wi th lactone carbonyl C = 0 . T h e 
marked ba thochromic shift of the absorpt ion max­
i m u m of R-345 from tha t of AsA may be due to an 
extended conjugat ion a m o n g the enediol g r o u p and 
two O O groups on bo th sides. IR spectrum of R-345 
(Fig. 7) represented the presence of O H (3400 c m - 1 ) , 
O O (1720 cm- 1 , 1630 cm- 1 ) and O C (1560 cm- 1) 
bands , similarly to those of AsA.15) T h e band at 
1720 c m - 1 was identical wi th that (1721 c m - 1 ) of the 
lactone carbonyl of dehydroacetic acid.17) T h e b a n d at 
1630 c m - 1 , wh ich was no t demonstrable in the Na salt 
of AsA, could be assigned to the C-4 carbonyl g roup . 
T h e absorp t ion frequency of the C=C band was 
lowered by 40 c m - 1 due to an extended conjugat ion 
wi th two adjacent carbonyl groups than that (1600 
cm- 1 ) of the Na salt of AsA. T h e b a n d at 1390 c m - 1 

could be assigned to the r ing vibrat ion of ô-lactone. 
F rom the above-described analyses, R-345 could be 

deduced to be the 2,3-enediol form of DKG (2,3,6-
trihydroxy-4-oxo-2-hexen-5-olide); the possible reac­
t ion pa thway from AsA to R-345 is shown in Fig. 8. 

An addi t ion of N a O H to an ethanolic D H A solut ion 
facilitated the cleavage of a 5-membered 7-lactone r ing 
of D H A and the h igh rate of enolic isomerization and 
rearrangement to a 6-membered ô-lactone, thus produc­
ing a large a m o u n t of R-345. O n the other hand, when 
D H A was dissolved in a neut ra l aqueous solut ion, it 
p redominan t ly underwent hydrolytic degradation, as 
well as further oxidat ion and decarboxylation, revert­
i ng only inconsiderably to the lactonized reductants of 
the enediol type. 

D u r i n g 1 h o u r incuba t ion at 37 °C , the loss of 
345 n m absorbance of R-345 (0.1 mM) and 265 n m 
absorbance of AsA (0.1 mM) was about 20 and 30 per 
cent, respectively. T h e stabilities of bo th reductants 
were nearly equal . 

T h e neut ra l aqueous solut ion of R-345 did no t 
develop a b r o w n color on s tand ing for several days at 
room temperature, differently from the 265 n m absorb­
ing reductant isolated by Otsuka et a/.6»7) from an 
aqueous D K G solut ion. R-345 may be stabilized in 
favor of extended conjugat ion a m o n g the enediol 
g roup and two adjacent carbonyl groups. 

T h i s study was suppor ted by the Central Inst i tute of 
Fukuoka University, Fukuoka. 
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Homoconjugated Diene as a Dienophile to Troponoid Compounds: 
The Stereoselective Addition Reactions of Tropone and 
8,8-Dicyanoheptafulvene with Tricyclo[3.2.2.02'4]nona-
6,8-diene Derivative and Thermal and Photochemical 

Isomerizations of the Adducts 
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Thermal addition reactions of tropone and 8,8-dicyanoheptafulvene with a homoconjugated diene, 
dimethyl 3-cyanotricyclo[3.2.2.02'4]nona-6,8-diene-6,7-dicarboxylate derivative, proceeded stereoselectively to 
give endo-[4+2]-type cycloadducts, where the troponoids acted as 4 % components. Upon photo-irradiation the 
adducts afforded intramolecular [2+2]-type addition products to verify the endo-form of the adducts. Molecular 
orbital calculat ions suggested that the stereoselectivity could be explained by secondary orbital interactions 
between the HOMO of the troponoid compounds and the LUMO of the tricyclic compound. A thermal reaction 
of the adducts gave three-membered ring opened products, which further proceeded through an intramolecular 
[2+2]-type reaction upon photo-irradiation. 

Much a t tent ion has been focussed on the cycloaddi­
t ion reactions of t ropone and fulvene derivatives from 
the viewpoints of synthetic util i ty, e lucidat ion of the 
electronic behavior of the t roponoid compounds , and 
mechanis t ic studies of the reactions. Many studies 
have been proposed to clarify whether [4+2]-type 
a n d / o r [8+2]-type addi t ions proceed wi th olefins or 
acetylene derivatives.^ Recent reports have document­
ed that some t roponoid c o m p o u n d s react wi th several 
kinds of aliènes to give [4+2]- a n d / o r [8+2]-types 
cycloadducts.2) 

It seems that the cycloadditions of t roponoid 
c o m p o u n d s have already been studied completely and 
that no ou t s t and ing ques t ions remain. However, only 
a little has been studied concern ing the reactions of 
t roponoid compounds wi th homoconjugated dienes, 
except for recent work by Takeshi ta et al.,3) which 
showed that the reactions of some t roponoid com­
pounds wi th a bicyclo[2.2.1]hepta-2,3-diene derivative 
proceeded wi th a considerable a m o u n t of stereoselec­
tivity, which was reasonably explained by molecular 
orbital calculations. 

As a pa r t of series of studies concerning the addi t ion 
reactions of t ropone and fulvene dérivatives,2a '4) we 
studied reactions of t ropone (la) and 8,8-dicyano­
heptafulvene ( lb) wi th a homoconjugated diene, di­
methyl 3-cyano-tricyclo[3.2.2.02'4]nona-6,8-diene-6,7-dicar-

boxylate (2),5) and conducted a molecular orbital 
calculat ions on la, l b , and 2, the interesting results of 
which are reported here. 

Results and Discussion 

A mix tu re of 2 and five equ imola r amoun t s of l a 
was heated at 200 ° C for 2 h under a ni t rogen stream. 
Chroma tog raph ic separat ion and purif ication of the 
reaction mix tu re afforded an endo-[4+2]-type addi t ion 
product 3a in 77% yield. An ana logous reaction of l b 
wi th three molar equivalents of 2 at 200 °C for 2.7 h 
also afforded an endo-[4+2]-type adduct 3b in 45% 
yield. 

T h e structures of 3a and 3b were deduced us ing their 
spectral propert ies and were confirmed by their 
coincedences to those of ana logous compounds. 6 ) T h e 
stereochemistries of the adducts were found to be endo-
forms on the basis of the coupl ing-constant values 
between the br idgehead pro tons , H c a n d Hf (0.0 Hz for 
bo th 3a and 3b), as well as H e and H g (0.0 Hz for bo th 
3a and 3b), bo th of which should be expected to be ca. 
6 Hz regarding their exo-forms.3) 

T h e stereochemistry of 3a was further confirmed to 
be an endo-form by a photochemical reaction. 
I r radia t ion of a 2.5X-10"3M (1M=1 mol dm" 3) solu­
t ion of 3a in dry ether wi th a high-pressure mercury 

CN 

la: X = 0 
lb: X=C(CN)2 

hv 

3a,b 

Fig. 1. 

CN 
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la 

- 0 . 3 2 

2 lb 
Fig. 2. HOMO-LUMO interaction of troponoid compounds (1) with tricyclo compound 

(2). Values are frontier molecular orbital energy levels [eV] and coefficients calculated 
by MNDO method. 

lamp afforded an intramolecular [2+2]-type addition 
product 4a in 19% yield. 

The structure of 4a was deduced on the basis of its 
spectral properties, mainly on NMR. The signals of 
protons Ha (1.36 ppm), Hb, and Hc (2.15 ppm) appear 
at very high field in the NMR spectra, indicating the 
existence of a cyclopropane moiety. The dissappear-
ance of the signals of two olefin protons and four 
olefin carbons in the 1H NMR and 13C NMR spectra, 
respectively, in comparison to those of the starting 
materials showed the appearance of [2+2]-type cyclo­
addition reactions. The relation of the protons, 
determined by using a double-resonance technique in 
the NMR spectra, confirmed the structure. 

As shown above, the addition reactions were 
clarified to proceed stereoselectively to give endo-type 
products. The Dreiding models, however, showed that 
steric repulsions should make the exo-type products be 
more stable than the endo-types. In order to clarify the 
reaction mechanism in more detail, molecular orbital 
calculations by an MNDO method7) were carried out 
on la, lb, and 2 in their ground-state geometries. 
Regarding both pairs la and 2 and lb and 2, the energy 
gaps between the HOMO of 1 and the LUMO of 2 
were smaller than the opposite combinations (see Fig. 
2), suggesting that the reactions were determined by 
interactions between the HOMO of 1 and the LUMO 
of 2. The frontier orbital interactions between the 
HOMO of 1 and the LUMO of 2 showed that the 
bonding-type secondary orbital interaction8»9) existed 
in the endo-type transition state. On the other hand, 

*t endo adduct 

(3a,b) 

Secondary Orbital Interaction (bonding) 

—* exo adduct 

Secondary Orbital Interaction (no bonding) 

Fig. 3. 

no such stabilization effect could be found in the exo-
type transition state.10) Analogous effects concerning 
secondary orbital interactions in the reactions of 
homoconjugated dienes have been reported by 
Takeshi ta et al.8) 

When 3a was heated at 250 °C for 2 h under a 



September, 1990] Addition Reactions of Troponoid Compounds to Homoconjugated Diene 2575 

^ 

M e 0 2 c ny 

M e 0 2 C ^ 

x̂ 

CN 

J 

|,CN 

-o 

c ^ 
h\) ]C, 

* ^"\\ 
MeO C"V 

M e 0 2 C ^ 

D / L— 

-~i( d 
a Y^ 

g 

6ab 
Fig. 4. 

ni trogen stream, three-membered r ing-opened prod­
ucts, 7a and 8a, were obtained in 18 and 23% yields, 
respectively. T h e same reaction proceeded with 3b to 
form 7b and 8b in yields of 12 and 23%, respectively. 
O n the other hand , in the reaction of 3b du r ing a short 
period (250 °C, 30 min) , another product , 6b, was 
afforded in 12% yield, as well as a 10% yield of 8b. T h e 
intermediacy of 6b d u r i n g the format ion of 8b from 3b 
was demonstrated by a quant i ta t ive isomerization of 
6b to 8b u p o n hea t ing at 250 °C for 5 min. 

T h e structures of the products (6, 7, 8) were 
determined on the basis of their spectral, especially 
NMR, propert ies and were confirmed by comparisons 
of these data wi th those of ana logous compounds , 
such as 3a and 3b. T h e increment of an olefin p ro ton 
and decreasing a m o u n t of cyclopropane protons in the 
products (6, 7, 8), compared to the s tar t ing material (3) 
suggest the structures shown in the Figure. Conserva­
tion of the endo-configurations in the products was 
demonstrated by in t ramolecular [2+2]-type cycloaddi­
tion u p o n irradiat ion. Photoreact ions of 7a and 8a 
wi th a low-pressure mercury l a m p afforded the 
corresponding cage compounds , 9a and 10a, in 23 and 
38%) yields, respectively. T h e structures of the products 
were deduced on the basis of the spectral, especially 
NMR, propert ies, and were confirmed by comparisons 
of these data wi th those of ana logous compounds , 
such as 4a. 

T h e thermal reactions of 3 are considered to proceed 
th rough a reaction p a t h ana logous to that of reactions 
reported by Pr inzbach , n ) as follows. A three-
membered r ing o p e n i n g with a shift of the cyano 
g r o u p of 3 gave 5 a n d 6. A mig ra t ion of the double 
bond to conjugate wi th the nitr i le g roup in 5 and 6 can 
form 7 and 8, respectively.1^ 

Experimental 

Melting points were recorded on a Yanagimoto Micro 
Melting Point Apparatus and are uncorrected. The NMR 
spectra were measured with Hitachi R 20B or Varian XL-200 
spectrometers. IR, UV, and mass spectra were measured 
with JASCO IRA-1, Hitachi 220A, and Hitachi M-2000S 
spectrometers, respectively. Photoreactions were carried out 
with Riko UVL-30LQ and Riko UVL 400P photoreaction 
apparatus. Wakogel C-200 and Wakogel B-5 F were used for 
column and thin-layer chromatography, respectively. 

Addition Reaction of la with 2. A mixture of la (4.86 g, 
46 mmol) and 2 (2.60 g, 10 mmol) was heated at 200 °C for 
2 h. The reaction mixture was chromatographed on silica 
gel to give the recovered la (2.22 g, hexane-ethyl acetate 7:3), 
the recovered 2 (0.52 g, hexane-ethyl acetate 7:3) and an oil 
3a (2.82 g, 77%, hexane-ethyl acetate 65:35). 

3a: HRMS: 365.1296. Calcd for C21H19NO5: 365.1330. 
MS m/z (rel intensity): 365 (M+, 57), 334 (92), 333 (100). IR 
(oil): 2250, 1730, 1710, 1665 cm-1. *H NMR (CDCI3) ô=1.94 
(m, 2H, Ha and Hb), 2.24 (d, Hc), 2.27 (t, Hd), 2.40 (d, He), 3.13 
(dd, Hf), 3.31 (d, Hg), 3.38 (bs, Hh), 3.48 (bs, Hi), 3.81 (s, 3H, 
Me), 3.83 (s, 3H, Me), 5.56 (d, Hj), 5.81 (dd, Hk), 6.12 (dd, Hi), 
7.16 (dd, Hm). Coupling constants in Hz: /ad—3.5, /bd=3.5, 
/ce=9.0, / f l=7.9, /fm=8.6, /gk=7.6, /jm=10.9, /ki=7.9. 13C NMR 
(C6D6) 0=11.8, 29.7, 30.1, 34.6, 38.7, 39.0, 39.7, 40.8, 51.9, 
58.0, 119.3, 125.7, 129.1, 134.9, 141.5, 141.9, 153.6, 165.7, 
165.8, 194.5. 

Addition Reaction of lb with 2. A mixture of lb (1.66 g, 
9 mmol) and 2 (0.79 g, 3 mmol) was heated at 200 °C for 
2.7 h. The reaction mixture was chromatographed on silica 
gel to give the recovered lb (350 mg, benzene-ether 8:2) and 
a mixture of the recovered 2 and 3b (875 mg, benzene-ether 
7:3), which was further separated with thin-layer chromatog­
raphy on silica gel using ether-chloroform 1:1 as a 
developing solvent to give the recovered 2 (52 mg, #f=0.75) 
and crystals 3b (420 mg, 45%, #f=0.52). RecrystaUization 
from ethyl acetate gave pure 3b. 



2576 Kazuaki ITO, Yukie NORO, Katsuhiro SAITO, and Kensuke TAKAHASHI [Vol. 63, No. 9 

3b: mp 206—207 °C. HRMS: 413.1351. Calcd for 
C24H19N3O4: 413.1328. MS m/z (rel intensity): 413 (M+, 33), 
381 (90), 353 (67), 321 (100). IR (KBr): 2225, 1720, 1710 cm"*. 
1H NMR (CDCI3) 6=1.96 (m, 2H, Ha and Hb), 2.12 (d, Hc), 
2.14 (t, Hd), 2.34 (d, He), 3.16 (dd, Hf), 3.38 (bs, Hh), 3.53 (bs, 
Hi), 3.78 (d, Hg), 3.82 (s, 3H, Me), 3.85 (s, 3H, Me), 5.99 (dd, 
Hk), 6.17 (dd, Hi), 6.45 (d, Hj), 7.00 (dd, Hm). Coupling 
constants in Hz: /ad=3.0, /bd=3.0, /ce=8.6, 7n=7.6, /fm=8.0, 
/gk=7.6, Ai=7.6, / jm=9.6. ^ C N M R (CDCI3) 6=11.9, 29.9, 
30.0, 37.8, 38.6, 39.1, 40.7, 41.1, 46.8, 52.5, 52.6, 111.7, 112.6, 
112.7, 118.8, 124.9, 125.2, 135.8, 141.1, 141.4, 152.8, 165.5, 
165.7, 169.5. 

Photoreaction of 3a. A solution of 3a (183 mg, 0.5 mmol) 
in dry ether (200 ml) was irradiated using a high-pressure 
mercury lamp (Riko UVL 400P) for 1.5 h at room-
temperature. After evaporation of the solvent on a rotary 
evaporator the residual oil was subjected to thin-layer 
chromatography on silica gel using ether as a developing 
solvent to give crystals 4a (36 mg, 19%, 7?f=0.34). Recrystal-
lization from benzene gave pure 4a. 

4a: mp 182—183 °C. HRMS: 365.1259. Calcd for 
C21H19NO5: 365.1262. MS m/z (rel intensity): 365 (M+, 31), 
333 (100), 350 (28), 246 (19). IR (KBr): 2950, 2230,1730,1720, 
1655 cm"1. iH NMR (CDCI3) ô=1.36 (m, Ha), 2.15 (m, 2H, 
Hb and Hc), 2.27 (dd, Hd), 2.38 (dd, He), 2.55 (bs, 2H, Hf and 
Hg), 2.70 (ddd, Hh), 2.80 (ddd, Hi), 3.19 (ddd, Hj), 3.31 (ddd, 
Hk), 3.74 (s, 6H, 2Me), 6.33 (dd, H,), 7.01 (dd, Hm). Coupling 
constants in Hz: 7ab=3.6, 7a<=3.6, /de=8.3, /di=2.0, /eh=2.0, 
/fk=1.3, /gj=1.3, /hk=3.5, /h„=9.0, /ij=3.5, /n=2.0, Jjk=9.0, 
/im=11.0. 13C NMR (CDCI3) 6=3.9,17.3,17.4,38.6,39.1,39.8, 
40.9, 41.8, 42.8, 45.2, 52.4, 54.3, 54.6, 57.9,120.3, 135.8, 149.8, 
171.8, 172.0. 

Thermal Reaction of 3a. Crystals of 3a ( 1.34 g) was heated 
at 250 ° C for 2 h under a nitrogen stream. The resulting oily 
material was subjected to thin-layer chromatography on 
silica gel using ether as a developing solvent to give crystals 
7a (240 mg, 18%, #f=0.44) and 8a (310 mg, 23%, #f=0.26). 
Recrystallization from ethyl acetate gave pure 7a and 8a. 

7a: mp 226—228 °C. HRMS: 365.1261. Calcd for 
C21H19NO5: 365.1262. MS m/z (rel intensity): 365 (M+, 50), 
334 (33), 298 (73), 202 (100). IR (KBr): 3010, 2950, 2200,1720, 
1660 cm-i. *HNMR (CDCI3) 0=1.81 (ddd, Ha), 2.02 (ddd, 
Hb), 2.17 (d, He), 2.25 (dd, Hd), 2.58 (dd, He), 2.89 (d, Hf), 3.35 
(m, 2H, Hg, Hh), 3.43 (s, 3H, Me), 3.50 (s, 3H, Me), 5.72 (dd, 
Hi), 5.76 (dd, Hj), 5.91 (dd, Hk), 6.06 (dd, H,), 6.56 (dd, Hm). 
Coupling constants in Hz: /ab=20.0, 7ad=4.0, /aj=4.4, /bd=3.0, 
/bj=3.3, /cf=8.5, /ei=6.8, /em=8.6, /gi=2.0, /gk=7.9, / im=11.4, 
Ai=8.1. we NMR (CDCI3) 0=35.3, 39.3, 42.0,42.6,43.0, 43.8, 
52.5, 52.6, 59.2, 117.6, 118.8, 127.2, 129.3, 134.3, 136.5, 140.4, 
145.8, 152.4, 165.7, 166.5, 195.3 

8a: mp 222—223 °C. HRMS: 365.1254. Calcd for 
C21H19NO5: 365.1262. MS m/z (rel intensity): 365 (M+, 23), 
334 (29), 233 (35), 201 (100). IR (KBr): 2950, 2220, 1710, 
1660 cm"1. *HNMR (CDCI3) ô=2.61 (m, 2H, Ha, Hb), 2.86 
(d, Hc), 2.89 (bs, Hd), 3.25 (dd, He), 3.25 (s, Hf), 3.34 (d, Hg), 
3.46 (dd, Hh), 3.82 (s, 6H, 2Me), 5.78 (dd, Hi), 6.06 (dd, Hj), 
6.29 (dd, Hk), 6.38 (dd, Hi), 7.25 (dd, Hm). Coupling 
constants in Hz: /ad=2.5, /ai=3.1, 7bd=2.5, /bi=3.1, Jcg=9.7, 
/ek=6.2, /em=7.5, /hi=2.0, /hj=7.0, /im=l 1.4, / j k=8.1. 13C NMR 
(CDCI3) 6=34.2, 39.1, 40.8, 42.6, 43.7, 47.5, 52.6, 52.7, 61.0, 
117.5, 118.7, 126.5, 129.2, 134.7, 138.2, 138.6, 145.0, 153.8, 
165.2, 167.0, 195.7. 

Thermal Reaction of 3b. Crystals of 3b (210 mg) was heated 
at 250 °C for 2 h under a nitrogen stream. The resulting oily 
material was subjected to thin-layer chromatography on 
silica gel using chloroform-ethyl acetate 4:1 as a developing 
solvent to give crystals 7b (25 mg, 12%, ßf=0.75), recovered 
3b (55 mg, 26%, #f=0.68), and 8b (48 mg, 23%, #f=0.55). The 
crystals 7b and 8b were purified by recrystallization from 
ethyl acetate. 

7b: mp 173—175 °C. HRMS: 413.1373. Calcd for 
C24H19N3O4: 413.1375. MS m/z (rel intensity): 413 (M+, 20), 
382 (46), 381 (100), 294 (29). IR (KBr): 2950, 2225, 1720 cm"1. 
1U NMR (CDCI3) 6=2.57 (m, 2H, Ha, Hb), 2.72 (dd, Hd), 2.92 
(d, Hc), 3.14 (d, Hf), 3.32 (dd, He), 3.40 (bs, Hh), 3.77 (dd, Hg), 
3.81 (s, 3H, Me), 3.86 (s, 3H, Me), 6.04 (dd, Hk), 6.34 (dd, Hi), 
6.41 (dd, Hj), 6.55 (dd, Hi), 6.98 (dd, Hm). Coupling constants 
in Hz: /ad=3.0, /aj=3.6, /bd=3.0, /bj=3.6, /Cf=8.0, / d=6.8, 
/cm=8.0, /gi=1.4, /gk=8.0, Ai=7.6, /im=10.0. 13C NMR 0=35.1, 
39.2, 43.1, 43.5, 44.1, 45.0, 48.3, 52.7, 52.9, 111.6, 112.6, 115.6, 
118.5, 125.3, 127.2, 135.1, 136.6, 139.7, 145.7, 150.6, 165.4, 
166.4, 169.6. 

8b: mp 165—166 °C. HRMS: 413.1374. Calcd for 
C24H19N3O4: 413.1375. MS m/z (rel intensity): 413 (M+, 42), 
381 (100), 353 (47), 294 (49). IR (KBr): 2225,1720, 1710 a i r t 
*H NMR (CDCI3) 0=2.63 (m, 2H, Ha, Hb), 2.74 (d, Hc), 2.94 
(dd, Hd), 3.15—3.36 (m, 4H, He, Hf, Hg, Hh), 3.83 (s, 3H, Me), 
3.84 (s, 3H, Me), 6.02 (dd, Hj), 6.35 (dd, Hk), 6.37 (dd, Hi), 6.56 
(dd, Hi), 7.09 (dd, Hm). Coupling constants in Hz: /ad=3.2, 
/.i=3.6, 7bd=3.2, 7bi=3.6, 7ek=6.8, 7em=8.8, 7^=1.4, 7hj=7.8, 
7m=9.8, 7jk=8.4. we NMR (CDCI3) 0=34.4, 40.8, 41.9, 42.5, 
43.8, 48.2, 50.0, 52.7, 52.8, 111.7, 112.8, 116.8, 118.5, 125.0, 
125.9, 136.3, 137.6, 138.5, 145.0, 152.8, 165.3, 166.6, 169.6. 

Short Period Thermal Reaction of 3b. Crystals of 3b 
(370 mg) were heated at 250 °C for 30 min under a nitrogen 
stream. The same treatment as mentioned gave an oil 6b 
(47 mg, 12%, #f=0.66) and crystals 8b (37 mg, 10%, #f=0.81). 

6b: IR (oil): 2950, 2210, 1720, 1710 cm"1. ^ N M R 
(CDCI3) 0=2.88 (dd, Ha), 2.98 (d, Hb), 3.14 (dd, Hc), 3.32 (dd, 
Hd), 3.40 (dd, He), 3.49 (d, Hf), 3.75 (dd, Hg), 3.83 (s, 3H, Me), 
3.86 (s, 3H, Me), 5.44 (dd, Hh), 6.08 (dd, Hi), 6.24 (dd, Hj), 6.32 
(dd, Hk), 6.54 (dd, Hi), 7.00 (dd, Hm). Coupling constants in 
Hz: 7ab=8.8, 7ad=3.4, 7cd=1.4, 7cj=9.0, 7ek=6.2, 7em=8.2, 
7fh=3.6,7gi=6.6,7gi=l-8,7hj=H.8,7k=8.2,7im=11.0. 13C NMR 
(CDCI3) 0=34.4, 41.5, 41.8, 43.2, 44.0, 44.9, 48.6, 52.7, 52.8, 
111.6, 112.7, 116.7, 122.6, 125.4, 127.4, 131.7, 133.7, 134.5, 
144.7, 150.9, 165.1, 167.1, 169.9. 

Thermal Reaction of 6b. Crystals of 6b (40 mg) were 
heated at 250 °C for 5 min under a nitrogen stream. The 
1H NMR spectrum showed that 6b changed to 8b quantita­
tively. 

Photoreaction of 7a. A solution of 7a (200 mg, 0.5 mmol) 
in dry ether (200 ml) was irradiated using a low-pressure 
mercury lamp (Riko UVL 30 LQ) for 5 h at room 
temperature under a nitrogen stream. The same treatment as 
above using ether-ethyl acetate 5:1 as a developing solvent 
gave crystals 9a (44 mg, 23%, 7?f=0.36), which were purified 
by recrystallization from benzene. 

9a: mp 253—254°C. HRMS: 365.1267. Calcd for 
C21H19NO5: 365.1262. MS m/z (rel intensity): 365 (M+, 47), 
333 (100), 245 (27). IR (KBr): 2950, 2220, 1720, 1660 cm"1. 
1H NMR (CDCI3) 6=2.33 (m, Ha), 2.75 (ddd, Hb), 2.88 (dd, 
He), 2.89 (ddd, Hd), 3.23 (d, He), 3.32 (dd, Hf), 3.35 (ddd, Hg), 
3.61 (ddd, Hh), 3.73 (ddd, Hi), 3.76 (s, 3H, Me), 3.79 (s, 3H, 
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Me), 4.00 (ddd, Hj), 6.77 (dd, Hk), 7.12 (dd, H,), 7.26 (dd, Hm). 
Coupling constants in Hz: /ad=3.9, /ag=3.9, /aj=2.0, /bf=2.2, 
/bj=3.9, /bm=8.4, /cf=9.0, /ch=2.2, /dg=20.7, /dk=3.9, /ei=2.0, 
/gk=3.9, /hi=4.0, /hi=1.4, /ij=8.4, /im=9.8. 13C NMR (CDC13) 
0=31.7, 40.7, 43.9, 44.9, 45.4, 45.6, 45.8, 45.9, 51.6, 51.9, 55.6, 
59.5, 60.8, 112.9, 135.3, 145.4, 149.3, 171.4, 171.8, 199.2. 

Photoreaction of 8a. A solution of 8a (200 mg, 0.5 mmol) 
in dry ether (200 ml) was irradiated using a low-pressure 
mercury lamp (Riko UVL30 LQ) for 1 h at room temper­
ature. After evaporation of the solvent the residual oil was 
subjected to thin-layer chromatography on silica gel using 
ether-ethyl acetate 5:1 as a developing solvent to give 
crystals 10a (74 mg, 38%, R{=0A9), which were purified by 
recrystallization from benzene. 

10a: mp 259—260 °C. HRMS: 365.1247. Calcd for 
C21H19NO5: 365.1262. MS ra/z (rel intensity): 365 (M+, 54), 
333 (100), 245 (25). IR (KBr): 2950, 2220, 1720, 1650 cm"1. 
*H NMR (CDCI3) 0=2.05 (dd, Ha), 2.47 (d, Hb), 2.69 (dd, Hc), 
2.87 (m, 4H, Hd, He, Hf, Hg), 3.19 (ddd, Hh), 3.27 (bs, 2H, Hi, 
Hj), 3.76 (s, 3H, Me), 3.79 (s, 3H, Me), 6.37 (dd, Hk), 6.47 (dd, 
Hi), 7.05 (dd, Hm). Coupling constants in Hz: /ad=4.3, 
/ae=2.9, /bh=2.1, /ch=L2, /cm=9.0, /dl=3.1, /el=3.1, /fh=8.4, 
/gk=1.2, /km=10.0. 13C NMR (CDCI3) 0=31.9, 41.3, 42.0, 44.2, 
44.6, 44.7, 46.4, 48.8, 52.1, 52.4, 55.1, 59.6, 60.7, 112.2, 119.8, 
135.5, 146.0, 150.1, 171.6, 171.7, 201.1. 
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Facile Reduction of Dithiocarbonates Derived from Secondary Alcohols 
with n-Bu3SnH-Et3B and Synthesis of 2-Furanthiones and 2-Furanones 

by Intramolecular Addition of Alkoxythiocarbonyl Free 
Radicals to Acetylenic Linkages 
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Kyoto University, Sakyo-ku, Kyoto 606 
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The reduction of dithiocarbonates or thiocarbonates by n-Bii3SnH-Et3B easily gives the corresponding 
hydrocarbons. The intermediate alkoxythiocarbonyl radical equivalents are trapped by properly located car­
bon-carbon multiple bonds. The dithiocarbonates derived from either homopropargylic or homoallylic 
alcohols produce tetrahydrofuranones upon treatment with n-Bii3SnH-Et3B. Application of this new method to 
the conversion of carbonyl compounds into olefins is also described. 

Deoxygenat ion of alcohols has been one of the most 
impor t an t steps in organic synthesis.^ In general, 
p r imary alcohols are easily converted in to leaving 
groups (e.g., p- toluenesulfonate or methanesulfonate) 
and reduced either directly or via appropr ia te halide or 
sulfide. Deoxygenat ion of tertiary alcohols can also be 
readily performed by dehydrat ion followed by hydro­
génat ion of the resul t ing olefins. T h e major difficulty 
in the deoxygenation of secondary alcohols is ascribed 
to the fact that the carbon atoms bear ing the hydroxyl 
groups are sterically hindered against SN2 processes. 
Bar ton and McCombie reported the reduct ion of 
di thiocarbonates wi th rc-Bu3SnH as an effective way 
for deoxygenation of secondary alcohols.2) We recently 
reported that Et3B facilitated the radical addi t ion of 
RsSnH to acetylenic compounds giving vinylstan-
nanes.3 ) In the present paper, we would like to 
in t roduce the reduct ion of di thiocarbonates wi th n-
Bu3SnH-Et3B as a mi ld and effective method for the 
deoxygenat ion of secondary alcohols. T w o applicat­
ions of new method are also described: (a) Conversion 
of carbonyl c o m p o u n d s in to olefins via dithiocar­
bonates of ß-phenyl th io alcohols, and (b) Synthesis of 
te trahydrofuranthiones by treatment of di thiocarbon­
ates hav ing properly located triple or double bonds 
wi th n-Bu3SnH-Et3B by intramolecular addi t ion of 
the intermediate free radicals.4) 

(1) Reduct ion of Dithiocarbonate wi th W-BU3S11H-
Et3B. Trea tmen t of di thiocarbonate l a (1.0 mmol ) 
wi th rc-Bu3SnH5> (1.1 mmol ) and Et3B

6> (1.1 mmol) in 
benzene at 20 ° C gave the deoxygenated product 2a in 
93% yield. T h e reduct ion of di thiocarbonates ( la , l b , 
and lc) or thiocarbonates7 ) ( le and If) derived from 
secondary alcohols proceeded smoothly to give the 
corresponding hydrocarbons under milder condit ions 
(20 °C, 20 min) than those normal ly employed (with 
AIBN in ref luxing toluene).2 ) Meanwhi le , di thiocar­
bonates generated from pr imary alcohols did not give 
good results. For instance, the reaction of dithiocar­
bonate Id afforded tetradecane in 18% yield a long wi th 
1-tetradecanol (30%).8) 

II n-Bu3SnH 
R - O C X - ^ R H 

1 B3B 2 

1a: R = cyclododecyl; X = SMe (93%) 

1b: R = diphenylmethyl; X = SMe (88%) 

1c: R = 1-hexylheptyl; X = SMe (83%) 

1d: R = tetradecyl; X = SMe (18%) 

1e: R = cyclododecyl; X = OPh (82%) 

1f: R = PhCH(COOEt); X = OPh (78 %) 

Scheme 1. 

(2) Synthesis of Olefins from Carbonyl C o m p o u n d s . 
T h e appl icabi l i ty of this reaction to the synthesis of 
olefins from carbonyl compounds has been examin­
ed. 9,10) Dithiocarbonates of ß-phenyl th io alcohols 
were prepared by the reaction of a-l i thiothioacetals or 
a-lithiosulfides wi th aldehydes followed by treatment 
wi th carbon disulfide and methyl iodide. For 
example , the prepara t ion of 0-[2,2-bis(phenylthio)-l-
phenylethyl] S-methyl di thiocarbonate (3a) is describ­
ed in Scheme 2. 

Trea tment of these 0-(2-phenylthioalkyl) dithiocar­
bonates wi th 72-Bu3SnH-Et3B afforded the correspond­
ing olefins wi th the e l iminat ion of phenyl th io radical 
from intermediary occurr ing 2-phenylthioalkyl radi­
cals (Scheme 2). 

Tr ibu ty l s t annane (1.1 mmol ) was added dropwise to 
a solut ion of Et3B (1.1 mmol) and di thiocarbonate 3a 
(1.0 mmol ) in benzene (3.0 ml) at 20 °C under an argon 
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Table 

Entry 

1 
2 
3 
4 
5 
6 

1. 

3a 
3b 
3c 
3d 
3e 
3f 

Reaction of Dithiocarbonates with n-Bu3SnH-Et3B System 

Synthesis of Olefins 

R1 

Ph 
n-C6Hi3 

Ph 
Ph 

n-CsHn 
Ph 

from Dithiocarbonates by Reduction 

Dithiocarbonate 3 

R2 

H 
H 
H 
H 
H 
H 

R3 R4 

PhS H 
PhS H 
PhS Me 
Ph H 
Ph H 

n-CsHiv H 

with n-Bu3SnH-

Yield (%) -

70 
75 

100 
80 
71 
41 

-Et3B 

Product 4 

E/Z 

92/8 
50/50 
63/37a> 

100/0 
100/0 
100/0 

2579 

a) The major product was tentatively assigned as £-isomer. 

a tmosphere . T h e resul t ing mixture was stirred for 
15 m i n at 20 °C to give ß-phenyl thiostyrene 4a in 70% 
yield. T h e results are summarized in Tab le 1. 

(3) Synthesis of 2-Furanthiones and 2-Furanones by 
Intramolecular Addition of Intermediary Radicals in 
the Barton Reduction. T w o mechanist ic pa thway 
have been proposed for the deoxygenat ion process by 
Barton l a»2) and Beckwi th . n ) T h e first explana t ion by 
Barton is out l ined in Scheme 3, pa th A.2) Tr ibuty l -
stannyl radical attacks the thiocarbonyl sulfur of the 
di th iocarbonate a to produce a radical intermediate b 
which undergoes ß-scission to thiocarbonate and an 
alkyl radical (R1-)- Hydrogen abstraction from the 
s tannane gives the alkane (RXH) and regenerates 
t r ibutyls tannyl radical thus comple t ing the cycle of 
this cha in reaction. Beckwith proposed the second 
mechan i sm involving a direct SH2 attack of the stannyl 
radical on the sulfur (SMe, Scheme 3, pa th B) . n ) T h i s 
leads to an alkoxythiocarbonyl radical c which looses a 
molecule of carbonyl sulfide to give an alkyl radical. 
T h e existence of a lkoxythiocarbonyl radical c was 
confirmed by the observation of its e.p.r. signal. 
Recently, Barton and Beckwith have agreed with the 
mechan i sm described in p a t h C, in which the addi t ion 
of t r ibutyls tannyl radical is considered reversible and 
the f ragmentat ion of radical b is the rate de te rmin ing 
step. Pa th D shows a reduct ion of radical b by n-
BusSnH before the desired fragmentation. T h i s pa th 

SSna 
I 

R1_0-C—SMe 
b 

k 
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MeS-CSSnFU 
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Scheme 3. 

Cn3o 

R3SnSMe 
y 3 

R1-0-CH2-SSnR3 

path D 

D explains our result in the reduct ion of dithiocar­
bonate derived from pr imary alcohol (Scheme 1, Id) . 
In this case, the fragmentat ion was so slow that the 
reduced c o m p o u n d e was the major product to give the 
original alcohol after aqueous work-up. 

Irrespective of the precise mechanism of the reac­
tion, t r app ing the intermediate b or c by an intra­
molecular mul t ip le bond would offer p romis ing pos­
sibilities for tetrahydrofuranthione synthesis. T h u s , 
we prepared two dithiocarbonates having properly 
located ca rbon-carbon tr iple bonds and examined 
their behavior toward rc-Bu3SnH-Et3B system (Scheme 
4 ) . 12,13) 

R=n-Bu a: R1=Ph b: R1=SiMe3 

Scheme 4. 

Trea tment of di thiocarbonate 5a (1.0 mmol) wi th n-
Bu 3 SnH (1.1 mmol ) and Et3B (1.1 mmol) at - 7 8 °C 
afforded 3-benzylidene-4,5-dihydro-2(3H)-furanthione 
9a in 53% yield. T h e product was no t contaminated by 
benzyldihydro-2(3H)-furanthione (<1%), which is gen­
erated by reduct ion of init ially formed 9a wi th n-
Bu3SnH under ordinary reaction condit ions (with 
AIBN in refluxing benzene).14) Reduct ion of 5b 
provided the corresponding tetrahydrofuranthione 9b 
in 66% yield in a similar fashion. T h e reaction could 
proceed by the in t ramolecular cyclization of the 
intermediary radical 6 or 7. Generality and mildness 
of the reaction which employs readily available 
s tar t ing materials are shown by the fol lowing ex­
amples. 

Di thiocarbonate 11 derived from secondary alcohol 
also provided the desired tetrahydrofuranthione 12 in 
good yield in preference to deoxygenat ion to hydro-
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carbon. T h e extension of this me thod to the prepara­
t ion of lactone 10b from thiocarbonate 14 resulted in 
low yield. Tet rahydrofuranth iones were also produc­
ed from dithiocarbonates derived from homoallyl ic 
alcohols (16 to 17, 19 to 20). T h e resul t ing tetra­
hydrofuranthiones were easily converted in to the cor­
respond ing lactones under acidic condit ions. . Com­
p o u n d 20 and 21 were single diastereomers by 
examina t ion of 1H N M R and 13C NMR. T h e stereo­
chemistry was determined by the following reasons. 1 ) 
N o epimerizat ion was observed when the lactone 21 
was treated with DABCO (l,4-diazabicyclo[2.2.2]octane). 
T h i s result may suggest that the isopropyl g r o u p 
occupies thermodynamical ly more stable posi t ion. 2) 
Beckwith15) and Houk1 6 ) have reported theoretical 
studies on stereoselectivity of radical r ing closure. 
These studies ani t ic ipate that isopropyl g roup would 
be trans to the substrate on 3a-carbon. 

Experimental 

Distillation of the products was performed by the use of 
Kugelrohr (Büchi), and boiling points are indicated by an 
air bath temperature without correction. All melting points 
were obtained on Yanaco MP-50929 melting points appa­
ratus and are uncorrected. The IR spectra were determined 
on a JASCO IR-810 spectrometer, the mass spectra on a 
Hitachi M-80 machine, the *H and 13C NMR spectra on 
Varian XL-200 spectrometers. The chemical shifts of the 
1H NMR are given in 8 with Me4Si as an internal standard, 
and those of the 13C NMR are given in 8 with CDCI3. The 
analyses were carried out by the staff at the Elemental 
Analyses Center of Kyoto University. Tetrahydrofuran was 
freshly distilled from sodium benzophenone ketyls. Purifi­
cation of products was performed by column chromatog­
raphy or preparative thin-layer chromatography (TLC) on 
silica gel. 

Preparation of Dithiocarbonates from Alcohols. Dithio­
carbonates were prepared according to the procedure describ­

ed in Ref. la. To a dispersion of sodium hydride (80 mg, 
60 wt% in oil, 2.0 mmol) in 3 ml of THF, was slowly added a 
T H F solution of cyclododecanol (1.0 M, 1 M=l mol dm - 3 , 
2.0 ml, 2.0 mmol) at 0 °C under an argon atmosphere. After 
15 min at 20 °C, carbon disulfide (0.13 ml, 2.2 mmol) was 
added. The resulting brown solution was stirred for 1 h at 
20 °C. To this mixture was added methyl iodide (0.15 ml, 
2.4 mmol) and the color of the solution turned yellow. After 
1 h at 20 ° C, the reaction mixture was poured into water. 
The organic layer was washed with brine and the aqueous 
layers were extracted by ethyl acetate three times. The 
combined organic layers were evaporated and purified by 
column chromatography on silica gel affording 0.24 g of O-
cyclododecyl S-methyl dithiocarbonate (la) in 88% yield: mp 
46 °C (methanol); IR (KBr) 2924, 2848, 1470, 1447, 1248, 
1214, 1194, 1172, 1148, 1064, 1021, 967 cm"1; iH NMR 
(CDCI3) 0=1.26—1.65 (m, 18H), 1.65—2.00 (m, 4H), 2.57 (s, 
3H), 5.83—5.98 (m, IH). Found: C, 61.50; H, 9.78%. Calcd 
for C14H26OS2: C, 61.26; H, 9.55%. 

O-Diphenylmethyl S-Methyl Dithiocarbonate (lb): 77% 
yield; mp 66.5 °C (methanol); IR (KBr) 3062, 3026, 1635, 
1490, 1450, 872, 827, 740, 695, 627 cm"1; *H NMR (CDCI3) 
0=2.40 (s, 3H), 6.09 (s, 1H), 7.20—7.45 (m, 10H). Found: C, 
65.41; H, 5.01%. Calcd for C15H14OS2: C, 65.66; H, 5.14%. 

O-(l-Hexylheptyl) S-Methyl Dithiocarbonate (le): 71% 
yield; bp 128 °C (bath temp, 1.0 Torr, 1 Torr=133.322 Pa); 
IR (neat) 2922, 2854, 1461, 1427, 1378, 1318, 1214, 1120, 
1045 cm"1; ^ N M R (CDCI3) ô=0.89 (t, /=7.0 Hz, 6H), 1.28 
(bs, 16H), 1.55—1.85 (m, 4H), 2.55 (s, 3H), 5.65—5.80 (m, 
IH). Found: C, 62.15; H, 10.67%. Calcd for G5H30OS2: C, 
62.01; H, 10.41%. 

5-Methyl O-Tetradecyl Dithiocarbonate (Id): 91% yield; 
bp 132 °C (bath temp, 1.0 Torr); IR (neat) 2920, 2850, 1466, 
1222, 1063 cm-i; iH NMR 0=0.90 (t, /=7.0 Hz, 3H), 1.26 (bs, 
24H), 2.56 (s, 3H), 4.62 (t, /=7.0 Hz, 2H). Found: C, 63.18; 
H, 10.77%. Calcd for C16H32OS2: C, 63.10; H, 10.59%. 

Preparation of Thiocarbonates. O-Phenyl chlorothio-
formate (0.35 g, 2.0 mmol) was added slowly to a mixture of 
cyclododecanol (0.37 g, 2.0 mmol) and pyridine (0.17 g, 
2.2 mmol) in T H F (8 ml) at 0°C under an argon atmo­
sphere. After 15 min at 0 °C, the ice bath was removed. After 
stirring for further 1 h at 20 °C, the reaction mixture was 
poured into water. The organic layer was washed with brine 
and the aqueous layers were extracted by ethyl acetate three 
times. Purification by silica-gel column chromatography 
gave 0.27 g of O-cyclododecyl O-phenyl thiocarbonate (le) in 
84% yield: mp 59.7 °C (methanol); IR (KBr) 2848, 1590,1489, 
1467, 1147, 991, 767 cm"1; *H NMR (CDCI3) 6=1.25—1.65 
(m, 18H), 1.65—2.00 (m, 4H), 5.47—5.63 (m, 1H), 7.10—7.57 
(m, 5H). Found: C, 71.14; H, 8.80%. Calcd for C19H28O2S: C, 
71.21; H, 8.81%. 

O-(a-Ethoxycarbonylbenzyl) O-Phenyl Thiocarbonate 
(lf): 82% yield; mp 57.5 °C (hexane); IR (KBr) 2976, 1751, 
1591, 1490, 1457, 1269, 1225, 1198, 1052, 1016, 754, 686 cm"1; 
iHNMR (CDCls) 6=1.25 (t, /=7.2 Hz, 3H), 4.13—4.40 (m, 
2H), 6.37 (s, 1H), 7.13—7.65 (m, 10H). Found: C, 64.70; H, 
5.08%. Calcd for CivHi604S: C, 64.54; H, 5.10%. 

Deoxygenation of Dithiocarbonates or Thiocarbonates. 
Typical procedure is as follows. To a mixture of 
dithiocarbonate la (0.27 g, 1.0 mmol) and n-BusSnH (0.32 g, 
1.1 mmol) in benzene (3.0 ml) was added a hexane solution 
of Et3B (1.0 M, 1.1 ml, 1.1 mmol) at 20 °C under an argon 
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atmosphere. After stirring for 20 min, potassium fluoride17) 

(200 mg) and water (2 ml) were added. The heterogeneous 
mixture was stirred vigorously and the precipitated solids 
were removed by filtration. The organic layer was separated 
and the aqueous layer was extracted by ethyl acetate twice. 
The combined organic layers were concentrated and purified 
by column chromatography on silica gel to give 0.16 g of 
cyclododecane in 93% yield. Other results are summarized in 
Scheme 1. 

Preparation of 5-Methyl 0-(2-Phenylthioalkyl) Dithiocar­
bonates from Thioacetals or Sulfides and Aldehydes. The 
representative procedure is as follows. A hexane solution of 
butyllithium (1.56 M, 1.3 ml, 2.0 mmol) was added to a T H F 
solution of bis(phenylthio)methane (0.50 M, 4.0 ml, 2.0 
mmol) at —40 °C under an argon atmosphere. After 20 min 
at — 40 °C, benzaldehyde (0.21 g, 2.0 mmol) was added to this 
yellow mixture, then the resulting solution was warmed up 
to 0 °C and stirred for another 20 min. HMPA (0.5 ml) and 
carbon disulfide (0.13 ml, 2.2 mmol) were added. After 
stirring for 1 h at 20° C, methyl iodide (0.15 ml, 2.4 mmol) 
was added to this brown solution and the solution turned 
yellow. This mixture was allowed to stand at 20 °C for 1 h 
and poured into water. The organic layer was washed with 
brine and the aqueous layers were extracted by ethyl acetate 
three times. The organic layer were evaporated and purified 
by silica-gel column chromatography to give 0.34 g of O-
[2,2-bis(phenylthio)-l-phenylethyl] S-methyl dithiocarbon-
ate (3a) in 80% yield: decomposes above 100 °C; IR (neat) 
3054, 2930, 1644, 1582, 1451, 1439, 1024, 867 cm"1; ^ N M R 
(CDC13) 6=2.31 (s, 3H), 4.74 (d, 7=4.7 Hz, IH), 5.21 (d, 
7=4.7 Hz, IH), 7.25—7.65 (m, 15H). Found: C, 61.36; H, 
4.81%. Calcd for C22H20OS4: C, 61.64; H, 4.70% 

0-[l,l-Bis(phenylthio)methylheptyl] 5-Methyl Dithiocar-
bonate (3b): 71% yield; pale yellow oil which decomposes 
above 120 °C; IR (neat) 2922, 2852, 1479, 1439, 1208, 1056, 
733, 688 cm"1; ^ N M R (CDCI3) 6=0.88 (t, 7=7.5 Hz, 3H), 
1.26 (bs, 12H), 1.97—2.15 (m, 2H), 2.50 (s, 3H), 4.81 (d, 
7=3.5 Hz, IH), 5.88—6.00 (m, IH), 7.10—7.50 (m, 10H). 
Found: C, 62.26; H, 7.03%. Calcd for C24H32OS4: C, 62.02; H, 
6.94% 

0-[2,2-Bis(phenylthio)-l-phenylpropyl] 5-Methyl Dithio-
carbonate (3c): 46% yield; mp 94.2 °C (methanol); IR (KBr) 
1590, 1440, 1226, 1194, 1060, 751, 699 cm"1; ^H NMR (CDCI3) 
0=1.11 (s, 3H), 2.62 (s, 3H), 6.62 (s, IH), 7.10—7.70 (m, 15H). 
Found: C, 62.57; H, 4.96%. Calcd for C23H22OS4: C, 62.41; H, 
5.01%. 

5-Methyl 0-(l,2-Diphenyl-2-phenylthioethyl) Dithiocar-
bonate (3d, 77/23 diastereomeric mixture): 61% yield; mp 
133 °C (methanol); IR (KBr) 3070, 3024, 1635, 1454, 1198, 
1057, 877, 864, 694 cm"1; *H NMR (CDCI3) for major, 0=2.33 
(s, 3H), 4.60 (d, 7=7.9 Hz, 1H), 5.26 (d, 7=7.9 Hz, 1H), 7.00— 
7.40 (m, 15H); for minor, 0=2.33 (s, 3H), 4.76 (d, 7=8.1 Hz, 
1H), 6.92 (d, 7=8.1 Hz, 1H), 7.00—7.40 (m, 15H). Found C, 
66.36; H, 4.98%. Calcd for C22H20OS3: C, 66.63; H, 5.08%. 

5-Methyl 0-[l-(a-Phenylthiobenzyl)nonyl] Dithiocarbon-
ate (3e, 78/22 diastereomeric mixture): Decomposes above 
150°C, IR (neat) 3056, 3022, 2922, 2848, 1710, 1654, 1439, 
963, 880, 829, 740, 687 cm"1; 1H NMR (CDCI3) for major, 
0=0.86 (t, 7=6.5 Hz, 3H), 1.20 (bs, 12H), 1.50—2.00 (m, 2H), 
2.51 (s, 3H), 4.62 (d, 7=6.3 Hz, 1H), 6.05—6.20 (m, 1H), 
7.15—7.52 (m, 10H); for minor, 0=0.86 (t, 7=6.5 Hz, 3H), 
1.20 (bs, 12H), 1.50—2.00 (m, 2H), 2.50 (s, 3H), 4.67 (d, 

7=5.0 Hz, 1H), 6.05—6.20 (m, 1H), 7.15—7.52 (m, 10H). 
Found: C, 66.37; H, 7.27%. Calcd for C24H32OS3: C, 66.62; H, 
7.45%. 

5-Methyl 0-(l-Phenyl-2-phenylthiodecyl) Dithiocarbon-
ate (3f): Decomposes above 150 °C; IR (neat) 3056, 3026, 
2922, 2850, 1646, 1452, 867, 742, 697 cm"1; m NMR (CDCI3) 
for major, 0=0.87 (t, 7=6.6 Hz, 3H), 1.22 (bs, 12H), 1.35— 
1.85 (m, 2H), 2.38 (s, 3H), 3.40—3.55 (m, 1H), 5.06 (d, 
7=5.4 Hz, 1H), 7.15—7.42 (m, 10H); for minor, 0=0.87 (t, 
7=6.6 Hz, 3H), 1.22 (bs, 12H), 1.35—1.85 (m, 2H), 2.37 (s, 
3H), 3.40—3.55 (m, 1H), 5.07 (d, 7=6.0 Hz, 1H), 7.15—7.42 
(m, 10H). Found: C, 66.87; H, 7.51%. Calcd for 
C24H32OS3: C, 66.62; H, 7.45%. 

Reaction of 5-Methylthio 0-(2-Phenylthioalkyl) Dithio­
carbonates with n-Bu3SnH-Et3B System. The representa­
tive procedure is as follows. A benzene solution of n-
BusSnH (0.5 M, 2.2 ml, 1.1 mmol) was added dropwise to a 
mixture of dithiocarbonate 3a (0.43 g, 0.5 mmol) and Et3B 
(1.0 M in hexane, 1.1 ml, 1.1 mmol) in benzene (3.0 ml) at 
20 °C under an argon atmosphere. The resulting mixture 
was stirred for 15 min at 20 °C. Treatment with potassium 
fluoride and extractive workup followed by purification by 
preparative tic on silica gel gave ß-phenylthiostyrene 4a 
(0.15 g) in 70% yield. 

Preparation of Dithiocarbonates Derived from ß,y-
Unsaturated Alcohols. The preparation of S-methyl 0-(4-
phenyl-3-butynyl) dithiocarbonate (5a) is representative. 4-
Phenyl-3-butyn-l-ol (0.29 g, 2.0 mmol) was treated with 
sodium hydride (2.0 mmol), carbon disulfide (2.2 mmol), 
and methyl iodide (2.4 mmol) according to the procedure for 
the preparation of la producing 0.23 g of 5a in 49% yield: bp 
97.0 °C (bath temp, 1.0 Torr); IR (neat) 2910, 1489, 1221, 
1079, 970, 755, 690 cm"1; ^ N M R (CDCI3) ô=2.59 (s, 3H), 
2.93 (t, 7=7.0 Hz, 2H), 4.78 (t, 7=7.0 Hz, 2H), 7.25—7.50 (m, 
5H). Found: C, 60.97; H, 5.05%. Calcd for G2H12OS2: C, 
60.98; H, 5.12%. 

5-Methyl 0-(4-Trimethylsilyl-3-butynyl) Dithiocarbonate 
(5b): 4-Trimethylsilyl-3-butyn-l-ol gave 5b in 78% yield: bp 
85.0 °C (bath temp, 1.0 Torr); IR (neat) 2954, 2180, 1249, 
1219, 1177, 1079, 843, 756 cm"1; *H NMR (CDCI3) 0=0.54 (s, 
9H), 2.58 (s, 3H), 2.78 (t, 7=7.0 Hz, 2H), 4.71 (t, 7=7.0 Hz, 
2H). Found: C, 46.36; H, 7.02%. Calcd for C9Hi60S2Si: C, 
46.51; H, 6.94%. 

5-Methyl O-frans-2-Phenylethynylcyclohexyl Dithiocar­
bonate (11): 2-(Phenylethynyl)cyclohexanol18) gave 11 in 
68% yield; mp 61.2 °C (methanol); IR (neat, before crystal­
lization) 2926, 2858, 1487, 1440, 1253, 1225, 1055, 1037, 969, 
760, 692 cm"1; *H NMR (CDCI3) 0=1.25—2.40 (m, 8H), 2.58 
(s, 3H), 2.93—3.08 (m, 2H), 5.65—5.80 (m, 2H), 7.25—7.50 
(m,5H). Found: C, 66.47; H, 6.23%. Calcd for C16H20OS2: C, 
66.17; H, 6.25%. 

O-Phenyl 0-(4-Trimethylsilyl-3-butynyl) Thiocarbonate 
(14): 4-Trimethylsilyl-3-butyn-l-ol was treated with O-
phenyl chlorothioformate and pyridine according to the 
preparation of le. The desired thiocarbonate 14 was 
obtained in 67% yield, bp 83 °C (bath temp, 1.0 Torr); IR 
(neat) 2956, 2180, 1591, 1490, 1386, 1277, 1250, 1203, 1022, 
908, 844, 769, 732, 687 cm"1; ^HNMR (CDCI3) ô=0.18 (s, 
9H), 2.80 (t, 7=7.5 Hz, 2H), 4.64 (t, 7=7.5 Hz, 2H), 7.10—7.53 
(m,5H). Found: C, 59.82; H, 6.78%. Calcd for CuHisC^SSi: 
C, 60.39; H, 6.52%. 

0-[(Z)-3-Hexenyl] 5-Methyl Dithiocarbonate (16): 80% 



2582 Kyoko NozAKi, Koichiro OSHIMA, and Kiitiro UTIMOTO [Vol. 63, No. 9 

yield; bp 67 °C (bath temp, 1.0 Torr) IR (neat) 3006, 2960, 
2920, 2870, 1459, 1424, 1218, 1183, 1133, 1070, 965, 726 cm"1; 
!HNMR (CDC13) 6=1.00 (t, /=7.0 Hz, 3H), 2.00—2.20 (m, 
2H), 2.50—2.65 (m, 2H), 2.56 (s, 3H), 4.61 (t, 7=7.0 Hz, 2H), 
5.30—5.66 (m, 2H). Found: C, 50.52; H, 7.69 %. Calcd for 
C8H14OS2: C, 50.49; H, 7.41%. 

Cyclization of Dithiocarbonates Derived from Homopro-
pargyl Alcohols. A toluene solution of tributylstannane 
(0.50 M, 1.1 ml, 0.55 mmol) was added slowly to a mixture of 
S-methyl 0-(4-phenyl-3-butynyl) dithiocarbonate (5a) (0.12 
g, 0.50 mmol) and triethylborane (1.0 M in hexane, 0.50 ml, 
0.50 mmol) in toluene (2.0 ml) at — 78 °C under an argon 
atmosphere. After stirring for 30 min at —78 °C, treatment 
with potassium fluoride and extractive work-up followed by 
purification by silica-gel column chromatography gave 
50 mg of 4,5-dihydro-3-(£)-benzylidene-2(3H)-furanthione 
(9a) as a single product in 53% yield: mp 132.8 °C (hexane), 
R{=0.31 (hexane/ethyl acetate=3/l); IR (neat, before crystal­
lization) 2960, 2916, 2856, 1735, 1637, 1467, 1444, 1389, 1276, 
1256, 1220, 1172, 1151, 1078, 931, 764, 689 cm"1; !H NMR 
(CDCI3) 6=3.33 (dt, /=2.8, 7.6 Hz, 2H), 4.73 (t, /=7.6Hz, 
2H), 7.45—7.55 (m, 3H), 7.55—7.67 (m, 2H), 7.94 (t, 
7=2.8 Hz, IH); ^CNMR (CDCI3) 6=28.55, 73.01, 128.96, 
130.07, 130.28, 134.98, 135.46, 139.62 (Thiocarbonyl carbon 
was not observed.). Found: C, 69.15; H, 5.24%. Calcd for 
C11H10OS: C, 69.44; H, 5.30%. 

4,5-Dihydro-3-(trimethylsilylmethylene)-2(3if)-furan-
thione (9b). Instead of potassium fluoride, aqueous hydro­
chloric acid (1.0 M) was used for work-up (Treatment with 
potassium fluoride caused desilylation and decomposition of 
the desired product.). 9b: 66% yield; bp 150 °C (bath temp, 
20Torr); #f=0.27 (hexane/ethyl acetate=5/l); IR (neat, the 
mixture of £/Z=83/17) 2955, 2920, 2870, 2847, 1726, 1373, 
1312, 1240, 1160, 860, 840 cm"1; *H NMR (£-isomer, CDCI3) 
0=0.18 (s, 9H), 3.02 (dt, 7=2.7, 7.5 Hz, 2H), 4.61 (t, 7=7.5 Hz, 
2H), 7.24 (t, 7=2.7 Hz, IH); (Z-isomer, CDCI3) ô=0.27 (s, 9H), 
3.08 (dt, 7=2.4, 7.7 Hz, 2H), 4.57 (t, 7=7.7 Hz, 2H), 6.35 (t, 
7=2.4 Hz, IH); 13CNMR (£-isomer, CDCI3) 6=-1.42, 28.15, 
72.49, 141.64 (Two of the sp2 carbons were not observed.). 
Found: m/z 186.0570. Calcd for C8Hi4OSSi: M, 186.0534. 

£ram-Hexahydro-3-benzylidene-2(3iï)-benzofuranthione 
(12): 61% yield (£/Z=83/17); orange oil; #f=0.44 (hexane/ 
ethyl acetate=5/l); IR (neat, the mixture of £/Z=83/17) 
2930, 2855, 1725, 1640, 1444, 1260, 1173, 1120, 1095, 1030, 
982 cm-i: iH NMR (£-isomer, CDCI3) 0=0.85—2.10 (m, 6H), 
2.15—2.50 (m, 2H), 2.76 (dddd, 7=3.0, 3.0, 11.0, 11.0 Hz, IH), 
3.95 (ddd, 7=3.6, 11.0, 11.0 Hz, IH), 7.40 (bs, 5H), 7.95 (d, 
7=3.0 Hz, IH); (Z-isomer, CDCI3) 6=0.85—2.50 (m, 8H), 2.65 
(dddd, 7=3.0, 3.0, 11.0, 11.0 Hz, IH), 4.11 (ddd, 7=3.6, 11.0, 
11.0 Hz, IH), 6.78 (d, 7=3.0 Hz, IH), 7.35—7.50 (m, 3H), 
7.65—7.73 (m, 2H); 13CNMR (£-isomer, CDCI3) 6=24.13, 
25.35, 26.56, 30.44,48.21, 90.16,128.04,129.03,129.64,138.67, 
141.21 (Two of the sp2 carbons were not observed.). 

Cyclization of Dithiocarbonates Derived from Homoallyl 
Alcohols. A toluene solution of tributylstannane (0.50 M, 
1.1 ml, 0.55 mmol) was added slowly to a mixture of 0-[(Z)-
3-hexenyl] S-methyldithiocarbonate (16) (95 mg, 0.50 mmol) 
and triethylborane (1.0 M in hexane, 0.50 ml, 0.50 mmol) in 
toluene (2.0 ml) at 0 °C under an argon atmosphere. After 
stirring for 15 min at 0°C, treatment with potassium 
fluoride and extractive work-up followed by purification by 
silica-gel column chromatography gave 43 mg of 4,5-

dihydro-3-propyl-2(3H)-furanthione (17) as a single product 
in 62% yield: bp 132 °C (bath temp, 760 Torr); #f=0.30 
(hexane/ethyl acetate=5/l); IR (neat) 2958, 2932, 2870, 1466, 
1455, 1373, 1304, 1264, 1240, 1206, 1167, 1121, 997, 921, 
888 cm"1; *H NMR (CDCI3) 6=0.98 (t, 7=6.9 Hz, 3H), 1.30— 
1.60 (m, 3H), 1.93 (dddd, 7=8.5, 9.5, 12.0, 22.0 Hz, IH), 
2.13—2.28 (m, IH), 4.46 (dddd, 7=3.5, 6.8, 8.4, 12.0 Hz, IH), 
2.78 (m, IH), 4.51 (ddd, 7=6.8, 9.3, 9.5 Hz, IH), 4.67 (ddd, 
7=3.5, 8.5, 9.3 Hz, IH); 13C NMR (CDCI3) 6=13.79, 20.63, 
29.49, 35.74, 53.53, 74.61 (Thiocarbonyl carbon was not 
observed.). Found: C, 58.02; H, 8.33%. Calcd for C7H12OS: 
C, 58.29; H, 8.39%. 

re/-(3A,3a5,7aA)-3a,4,5,6,7,7a-Hexahydro-3-isopropyl-2(3iî)-
benzofuranthione (20): 71% yield; bp 150 °C (bath temp, 
1.0Torr); R{=0.60 (hexane/ethyl acetate=5/l); IR (neat) 
2934, 2866, 1727, 1466, 1448, 1314, 1298, 1263, 1240, 1171, 
1081, 967, 730 cm"1; ^ N M R (CDCI3) 6=0.92 (d, 7=6.8 Hz, 
3H), 1.11 (d, 7=7.2 Hz, 3H), 1.25—1.90 (m, 6H), 1.90—2.05 
(m, IH), 2.06—2.25 (m, IH), 2.30—2.47 (m, IH), 2.30—2.47 
(m, IH), 2.40 (dd, 7=12.5, 2.6 Hz, IH), 2.72 (dqq, 7=2.6, 6.8, 
7.2 Hz, IH), 3.95 (ddd, 7=3.8, 10.8, 11.3 Hz, IH); 13CNMR 
(CDCI3) 6=17.10, 21.71, 23.89, 25.18, 28.94, 30.03, 45.29, 
64.20, 88.98 (Thiocarbonyl carbon was not observed.). 
Found: m/z 198.1059. Calcd for CnHisOS: M, 198.1077. 

Hydrolysis of Tetrahydrofuranthiones into Lactones. 
Tetrahydrofuranthione 9a (30 mg, 0.16 mmol) was treated 
with concentrated aqueous hydrochloric acid (1.0 ml)-
ethanol (1.0 ml) overnight at room temperature to give (£)-
4,5-dihydro-3-benzylidene-2(3H)-furanone (10a, 26mg)19) in 
92% yield: *H NMR (CDCI3) 6=3.27 (dt, 7=2.9, 7.3 Hz, 2H), 
4.49 (t, 7=7.3 Hz, 2H), 7.40— 7.62 (m, 5H), 7.60 (t, 7=2.9 Hz, 
IH). 

4,5-Dihydro-3-trimethylsilylmethylene-2(3fl)-furanone(10b): 
41% yield; bp 130 °C (bath temp, 20 Torr); IR (neat) 2956, 
2926, 1758, 1252, 1175, 1037, 1021, 865, 841cm"1; ^ N M R 
6=0.17 (s, 9H), 2.94 (dt, 7=2.9, 7.4 Hz, 2H), 4.36 (t, 7=7.4 Hz, 
2H), 6.93 (t, 7=2.9 Hz, 2H); 13C NMR (CDCI3) Ô=-1.42, 27.28, 
64.98, 138.76, 139.61 (Carbonyl carbon was not observed.). 
Found: m/z 169.0700. Calcd for C8Hi302Si: M - 1 , 169.0684. 

tfraro-Hexahydro-3-benzylidene-2(3iï)-benzof uranone ( 13)20) : 
44% yield (£/Z=83/17); yellow oil; # f=0.34 (hexane/ethyl 
acetate=5/l); IR (neat) 2932, 2860, 1757, 1656, 1448, 1227, 
1188, 1130, 1015, 765, 703 cm"1; *H NMR (£-isomer, CDCI3) 
6=0.90—2.10 (m, 6H), 2.17—2.42 (m, 2H), 2.73 (dddd, 7=3.0, 
3.1, 11.0, 11.5 Hz, IH), 3.76 (ddd, 7=3.5, 10.6, 11.5 Hz, IH), 
7.30—7.52 (m, 5H), 7.63 (d, 7=3.1 Hz, IH); (Z-isomer, CDCI3) 
0=0.90—2.42 (m, 8H), 2.62 (dddd, 7=3.0, 3.0, 11.0, 11.0 Hz, 
IH), 3.80 (ddd, 7=3.0, 3.0, 11.0 Hz, IH), 6.66 (d, 7=3.0 Hz, 
IH), 7.30—7.52 (m, 3H), 7.85—7.95 (m, 2H); 13CNMR (£-
isomer, CDCI3) 6=24.06, 25.50, 26.43, 30.52, 48.20, 83.54, 
128.10,128.88, 129.38, 134.01, 135.98 (Two of the sp2 carbons 
were not observed.). 

4,5-Dihydro-3-propyl-2(3£T)-furanone (18): 98% yield; IR 
(neat) 2956, 2928, 2870, 1764, 1466, 1459, 1376, 1215, 1169, 
1130, 1024 cm"1; !H NMR (CDCI3) 6=0.96 (t, 7=6.7 Hz, 3H), 
1.33—1.60 (m, 3H), 1.75—2.10 (m, 2H), 2.33—2.70 (m, 2H), 
4.20 (ddd, 7=6.6, 9.0, 9.0 Hz, IH), 4.35 (ddd, 7=3.1, 9.0, 
9.0 Hz, IH); Found: m/z 128.0776, 127.0796. Calcd for 
C7H12O2: M, 128.0836. C7H11O2: M - 1 , 127.0758. 

rel- (3Ä,3aS,7aÄ) - 3a,4,5,6,7,7a - Hexahydro - 3 - isopropyl - 2-
(3£T)-benzofuranone (21)21): 87% yield; bp 110 °C (bath 
temp, 1.0 Torr); IR (neat) 2934, 2870, 1774, 1729, 1174, 1122, 
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1082, 629 cm-i; *H NMR (CDC13) 0=0.99 (d, /=6.7 Hz, 3H), 
1.04 (d, /=6.8 Hz, 3H), 1.20—2.13 (m, 9H), 2.15—2.35 (m, 
2H), 3.65 (ddd, /=3.8, 10.4, 11.0 Hz, IH); ^C NMR (CDCI3) 
0=18.97, 20.46, 23.85, 25.28, 26.60, 28.60, 30.06, 45.90, 52.17, 
82.15, 177.60. Found: m/z 182.1206. Calcd for CiiHi802: M 
182.1305. 
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Rearrangement of 3-(Trimethylsilylmethylthio)allyllithium 
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Proton abstraction from 3-trimethylsilylmethylthio-l-propene by butyllithium followed by treatment with 
iodomethane provided 1-methylthio-4-trimethylsilyl-l-butène. Meanwhile, l-trimethylsilylmethylthio-2-bu-
tene afforded 3-methyl-4-methylthio-l-trimethylsilyl-l-butène upon successive treatment with butyllithium and 
iodomethane. 

Metallation of trimethyl(methylthiomethyl)silane 
or trimethyl(phenylthiomethyl)silane yields a carban-
ion which reacts with aldehydes and ketones to 
provide 1-methylthio-l-alkenes or 1-phenylthio-l-al-
kenes.1* We attempted to apply this Peterson type 
reaction to the synthesis of allyl alkenyl sulfide from 
3-trimethylsilylmethylthio-l-propene (1) and carbonyl 
compounds, and found an unexpected rearrange­
ment reaction via 3-(trimethylsilylmethylthio)allyl-
lithium (2). 

c S > n-BuLi 
SiMe3 • 
1 2 3 b l 

€ SiMe3 

a: R=Me 
t>: R=CH2Ph 

Butyllithium (1.0 mmol) was added to a solution of 
3-trimethylsilylmethylthio-l-propene (1,1.0 mmol) and 
hexamethylphosphoric triamide (HMPA, 2.0 mmol) 
in tetrahydrofuran (THF, 2 ml) at - 6 0 °C (dry ice-
CHCI3) under argon atmosphere. After stirring for 2 h 
at —50°C,2) iodomethane (2.0 mmol)3) was added to 
the resulting brown solution. Work-up followed by 
purification provided 1-methylthio-4-trimethylsilyl-l-
butene (4a, £/Z=45/55, 91 mg) in 52% yield. 

The use of benzyl bromide instead of iodomethane 
gave the corresponding 1-benzylthio-l-alkene 4b (45%, 
£/Z=41/59). Without HMPA, the reaction provided a 
mixture of methylated products, CH2=CH-CH(Me)-
SCH2SiMe3 and MeCH2CH=CHSCH2SiMe3, which 
were derived from methylation of a or 7 position of 
ambident allylic anion stabilized by sulfur.4) The 
coexistence of HMPA could enhance the nucleophi-
licity of allylic anion and facilitate the rearrangement. 
The presence of trimethylsilyl group was also essential 
for the rearrangement. This was confirmed by the 
fact that the treatment of 1-allylthiooctane with 
butyllithium and iodomethane in similar fashion pro­
vided methylated products 5 (54%) and 6 (10%o) along 
with a trace amount of the rearranged product 7 (<3%). 

f S 1)n-BuLiM>Ax, . 5 vSMe 

k ^ 2 ) Mel T k C7H15+ [^ C7H15 + C - C 7 H 1 5 

5 54% M e 6 10% 7 < 3 % 

Treatment of 8 with butyllithium and iodomethane 

afforded the sulfides 9a (£/Z=66/34) or 9b (E/Z= 
67/33) in 70% or 65% yield, respectively. In the 
meantime, successive treatment of 1-trimethylsilyl-
methylthio-2-butene or 3-methyl-l-trimethylsilyl-
methylthio-2-butene (10a or 10b) with butyllithium and 
iodomethane gave (£)-3-methyl-4-methylthio-l-tri­
methylsilyl-1-butène (lia) or (£)-3,3-dimethyl-4-methyl-
thio-1-trimethylsilyl-1-butène (lie) in 51%) or 41%o 
yield, respectively. The addition of benzyl bromide 
instead of iodomethane provided the corresponding 
sulfide l i b or l id in 62% or 61% yield. 

C y leg n-BuLi 

5 jM e3 2eq HMPA ' 

RX 

8 

^SR 

( A" •5iMe3 

a: R=Me 
b: R = CH2Ph 

C ^.. , 1eq n-BuLi R'X SR1 |f5 iMe3 a : R = H R1=Me 
V 3 2eq HMPA "" <J b : R = H Rl=CH2Ph 

tie in M e ^ R __ c R=Me R^Me 
1 U u d- R=Me R^CHzPh 

The structure of l ib was ascertained by the 
comparison with a sample prepared by the following 
procedure. 

CH2=Cv 
yCH0 phCH25 0 PhCH25 ,fSiMe3 

'Me — M ^ " T - M e ^ H Hb 
a: PhCH2SH b: Me35iCHBr2/Cra2 (Ref.5) 

We are tempted to assume following reaction 
mechanism for the rearrangement of 1 to 4 (or 8 to 9): 
(1) Treatment of 1 (or 8) with butyllithium gave allylic 
anion 2 by proton abstraction, (2) attack of allylic anion 
at 7 position on Si intramolecularly induced the re­
arrangement of 2 to 3 via 5-coordinated silicate 
intermediate (12),6) and (3) trapping of lithium alkenyl 
sulfide with iodomethane or benzyl bromide provided 
methylthioalkene or benzylthioalkene 4 (or 9). On the 
other hand, the rearrangement of 10 to 11 could 

, 5 ^ R 
(^ 5iMe3-

1 or 8 

n-BuLi r ^ V " __^f f 0 V n _ _ ( ^ R R1X r"5vR .SR1 

5iMe3 

12 4 or 9 

^Sv, . S . 5-n© Me3SL 

"* 10 n"BUÜ ^ 13 V e i 4 M^R. 

Me3Siv 

^5 R1X 
15 

Me R 
-SR1 

11 
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proceed as follows: (1) Metal lat ion wi th bu ty l l i th ium 
gave allylic an ion 13, (2) attack of allylic an ion at a 
posi t ion on Si mediated the rearrangement of 13 to 15 
via 4-membered 5-coordinated silicate intermediate 
14,7) and (3) a lkylat ion of the resul t ing sulfide an ion 
wi th iodomethane or benzyl bromide gave the alkenyl-
silane 11.8> 

Experimental 

Distillations of the products were performed by use of 
Kugelrohr (Büchi), and boiling points are indicated by air-
bath temperature without correction. Analytical GLPC was 
performed with a Shimadzu gas Chromatograph, Model GC-
8A using thermal conductivity detector and helium as carrier 
gas. *H NMR and 13C NMR spectra were taken on a Varian 
XL-200 spectrometer, CDCI3 was used as solvent, chemical 
shifts being give in ô with tetramethylsilane as an internal 
standard. IR spectra were determined on a JASCO IR-810 
spectrometer. The elemental analyses were carried out at the 
Elemental Analyses Center of Kyoto University. THF was 
freshly distilled from sodium benzophenone ketyls just 
before use. 

General Procedure for the Preparation of Allyl Trimethyl-
silylmethyl Sulfide Derivatives. The preparation of 3-
trimethylsilylmethylthio-1-propene (1) is representative. 
Butyllithium (1.6 M, 1 M=l mol dm~3, 20 ml, 32 mmol) was 
added dropwise to a solution of 2-propene-l-thiol (2.8 g, 
38 mmol) and HMPA (5.6 ml, 32 mmol) in Et20 (50 ml) at 
0 °C. After stirring for 10 min, chloromethyltrimethylsilane 
(4.5 ml, 32 mmol) was added to the reaction mixture and the 
resulting mixture was stirred for additional 4 h. The mixture 
was poured into sat. NH4CI (100 ml) and extracted with 
ether (100 ml). The organic layers were washed with brine 
(100 ml) and dried over Na2SÜ4 and concentrated in vacuo. 
Distillation (81—86 °C, 37 Torr, 1 Torr=133.322 Pa) of the 
crude product gave 1 (3.7 g) in 72% yield: IR(neat) 3078, 2954, 
2904, 2878, 1636, 1426, 1250, 989, 913, 845, 736, 695, 653 cm-*; 
*H NMR (CDCI3) 0=0.09 (s, 9H), 1.68 (s, 2H), 3.10 (dt, /=7.2, 
1.2 Hz, 2H), 5.00—5.15 (m, 2H), 5.78 (ddt, /=16.5, 10.2, 
7.3 Hz, 1H); !3CNMR (CDCI3) <5=-1.66, 16.96, 38.76, 116.8, 
134.1; MS (70 eV), m/z (rel intensity), 160 (33), 145 (17), 120 
(9), 119 (85), 103 (9), 91 (9), 74 (9), 73 (100), 41 (10). Found: C, 
52.36; H, 10.23%. Calcd for C7Hi6SSi: C, 52.43; H, 10.06%. 

3-[l-(Trimethylsilyl)ethylthio]-l-propene (8). The title 
compound 8 was prepared in similar fashion to the synthesis 
of 1 in 69% yield, except that ether was used as a solvent 
instead of THF: bp 75—80 °C (20 Torr); IR (neat) 3078, 2952, 
2862, 1636, 1459, 1449, 1426, 1405, 1249, 1221, 1009, 989, 913, 
837, 751, 719, 689 cm-1; *H NMR (CDCI3) ô=-0.07 (s, 9H), 
1.25 (d, /=7.2 Hz, 3H), 1.91 (q, /=7.2 Hz, 1H), 3.05—3.30 (m, 
2H), 5.00—5.15 (m, 2H), 5.76 (dddd, /=17.6, 9.5, 8.3, 6.1 Hz, 
1H); !3CNMR (CDCI3) <5=-3.09, 16.05, 23.01, 33.74, 116.7, 
134.5; MS, m/z (rel intensity), 174 (15), 133 (9), 131 (9), 91 (9), 
73 (100), 69 (39), 68 (15), 59 (11), 45 (11), 41 (9). Found: C, 
55.21; H, 10.67%. Calcd for C8Hi8SSi: C, 55.10; H, 10.40%. 

l-Trimethylsilylmethylthio-2-butene (10a, E/Z=82/18): 
93% yield; bp 110 °C (bath temp, 40Torr); IR (neat) 3018, 
2954, 1733, 1452, 1414, 1393, 1249, 1220, 1126, 1070, 963, 846, 
749, 694cm-1; « N M R (CDCI3) «5=0.07 (s, 9H), 1.65—1.72 
(m, 5H), 3.07 (d, /=6.5 Hz, 1.64H), 3.19 (d, /=7.5 Hz, 0.36H), 
5.35—5.60 (m, 2H); 13C NMR for Ê-isomer (CDCI3) =-1 .63, 

17.18, 17.64, 37.99, 127.0, 128.1. Found: C, 55.01; H, 10.68%. 
Calcd for C8Hi8SSi: C, 55.10; H, 10.40%. 

3-Methyl-l-trimethylsilylmethylthio-2-butene(10b): 93% 
yield; bp 110 °C (bath temp. 30Torr); IR (neat) 2954, 2914, 
1730, 1449, 1391, 1376, 1249, 1120, 1103, 897, 842, 772, 
694 cm-i; *H NMR (CDCI3) 0=0.09 (s, 9H), 1.66 (d, /=0.6 Hz, 
3H), 1.73 (s, 2H), 1.75 (d, 7=0.8 Hz, 3H), 3.14 (d, /=8.0Hz, 
2H), 5.24 (t, /=8.0 Hz, 1H); ^C NMR (CDCI3) <5=-1.65, 
17.54, 17.82, 25.68, 33.46, 120.5, 135.1; MS, m/z (rel 
intensity), 188 (3), 119 (21), 105 (13), 82 (12), 73 (100), 69 (41), 
45 (13), 43 (11), 41 (47). Found: C, 57.27; H. 10.99%. Calcd 
for C9H20SSi: C, 57.37; H, 10.70%. 

3-Octylthio-l-propene: 1H NMR (CDCI3) 6=0.80—0.95 
(m, 3H), 1.20—1.50 (m, 10H), 1.50—1.65 (m, 2H), 2.45 (t, 
7=7.3 Hz, 2H), 3.13 (d, 7=7.1 Hz, 2H), 5.00—5.15 (m, 2H), 
5.78 (ddt, 7=17.2, 9.5, 7.1 Hz, 1H). 

General Procedure for the Rearrangement of Allyl 
Trimethylsilylmethyl Sulfide Derivatives. The rearrage-
ment of 3-trimethylsilylmethylthio-l-propene as a typical 
example is as follows. Butyllithium (1.5 M hexane solution, 
0.67 ml, 1.0 mmol) was added to a solution of 3-trimethylsilyl-
methylthio-1-propene (1, 0.16 g, 1.0 mmol) and HMPA 
(0.35 ml, 2.0 mmol) in THF (2 ml) at - 6 0 °C (dry ice-CHCl3) 
under argon atmosphere. The resulting mixture was stirred 
at —50 °C for 2 h and then iodomethane (0.12 ml, 2.0 mmol) 
was added. The mixture was stirred at — 60 °C for 30 min 
and at room temperature for another 30 min. The reaction 
mixture was poured into sat. NaCl solution and extracted 
with hexane (20 mlX3). The combined organic layer were 
dried over anhydrous Na2SÜ4 and concentrated in vacuo. 
The residual oil was submitted to preparative thin layer 
chromatography on silica gel to afford l-methylthio-4-
trimethylsilyl-1 -butène (4a, £/Z=45/55, 91 mg) in 52% yield. 
Analytical samples were prepared by preparative GLPC 
(OV-1 2%, 2 m, Chromosorb W AW DMCS, 60—80 mesh, 
100 °C, £r=4.98 min for £-4a and 4.08 min for Z-4a). £-4a: bp 
75 °C (bath temp, 39 Torr); IR (neat) 2950, 2916, 1729, 1248, 
934, 861, 835, 690cm-1; « N M R (CDCI3) 6=0.00 (s, 9H), 
0.57—0.65 (m, 2H), 2.06—2.18 (m, 2H), 2.24 (s, 3H), 5.52 (dt, 
7=14.9, 6.6 Hz, 1H), 5.97 (dt, 7=14.9, 1.4 Hz, 1H); " C NMR 
(CDCI3) <5=-1.62, 15.15, 16.47, 27.50, 122.2, 130.6; MS, m/z 
(rel intensity), 174 (11), 159 (11), 105 (30), 87 (11), 74 (10), 73 
(100), 59 (13), 45 (18), 43 (13). Found: C, 55.05; H, 10.66%. 
Calcd for C8Hi8SSi: C, 55.10; H, 10.40%. Z-4a: bp 73 °C (bath 
temp, 39 Torr); IR (neat) 2950, 2918, 1727, 1248, 860, 835, 
748, 690 cm-1; 1H NMR (CDCI3) =0.01 (s, 9H), 0.58—0.67 
(m, 2H), 2.06—2.19 (m, 2H), 2.27 (s, 3H), 5.56 (dt, 7=9.3, 
7.0 Hz, 1H), 5.81 (dt, 7=9.3, 1.3 Hz, 1H); 13C NMR (CDCI3) 
ô=—1.65, 16.23, 17.09, 23.53, 125.1, 131.9; MS, m/z (rel 
intensity), 174 (11), 159 (13), 105 (31), 86 (13), 84 (22), 74 (11), 
73 (100), 59 (14), 45 (17), 43 (14), 36 (18). Found: C, 54.91; H, 
10.49%. Calcd for C8Hi8SSi: C, 55.10; H, 10.40%. 

(Z)-l-Benzylthio-4-trimethylsilyl-l-butene(Z-4b): GLPC 
*r=8.23 min (OV-1 2%, 2 m, Chromosorb W AW DMCS, 60— 
80mesh, 160°C); bp 110°C (bath temp, 1 Torr); IR (neat) 
3026, 2950, 2920, 1728, 1495, 1454, 1303, 1247, 1072, 860, 835, 
744, 693, 658 cm"1; *H NMR (CDCI3) ô=-0.04 (s, 9H), 0.52— 
0.62 (m, 2H), 2.00—2.20 (m, 2H), 3.84 (s, 2H), 5.56 (dt, 7=9.2, 
7.2 Hz, 1H); 5.82 (dt, 7=9.2, 1.4 Hz, 1H), 7.15—7.35 (m, 5H); 
isCNMR (CDCI3) <5=-1.66, 16.16, 23.59. 37.97, 122.1, 127.1, 
128.5, 128.8, 133.5, 138.2; MS, m/z (rel intensity), 250 (7), 
159 (22), 92 (8), 91 (100), 74 (7), 73 (95), 65 (9), 45 (10). Found: 
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C, 67.40; H, 8.89%. Calcd for Ci4H22SSi: C, 67.13; H, 8.85%. 
(£)-l-Benzylthio-4-trimethylsilyl-l-butene(£-4b): GLPC 

£r=8.99min (OV-1 2%, 2 m, Chromosorb W AW DMCS, 
60—80 mesh, 160 °C); bp 110 °C (bath temp, 1 Torr); IR 
(neat) 3026, 2950, 2914, 1495, 1454, 1248, 1071, 946, 861, 835, 
744, 695 cm-1; ^ N M R (CDC13) <5=-0.05, 0.52—0.62 (m, 
2H), 2.00—2.20 (m, 2H), 3.83 (s, 2H), 5.72 (dt, /=15.0, 6.5 Hz, 
IH), 5.90 (d, /=15.0 Hz, IH), 7.20—7.40 (m, 5H), 13C NMR 
(CDCI3) <5=-1.66, 16.16, 27.54, 37.62, 120.6, 127.0, 128.5, 
128.8, 135.1, 137.9; MS, m/z (rel intensity), 250 (10), 159 (20), 
92 (9), 91 (100), 74 (7), 73 (84), 65 (9), 45 (10). Found: C, 67.42; 
H, 8.89%. Calcd for Ci4H22SSi: C, 67.13; H, 8.85%. 

(Z)-l-Methylthio-4-trimethylsilyl-l-pentene(Z-9a): GLPC 
*r=6.85 min (OV-1 2%, 2 m, Chromosorb W AW DMCS 60— 
80mesh, 100 °C); bp 73—78 °C (bath temp, 40 Torr); IR 
(neat) 2952, 2920, 2862, 1730, 1453, 1437, 1248, 853, 833, 745, 
687 cm-1; ^ N M R (CDCI3) <5=-0.01 (s, 9H), 0.73 (dqd, 
7=9.5, 7.0, 4.3 Hz, 1H), 0.94 (d, 7=7.0 Hz, 3H), 1.96 (dddd, 
7=14.7, 9.5, 7.6, 1.1 Hz, 1H), 2.24 (dddd, 7=14.7, 6.6, 4.3, 
1.5 Hz, 1H), 2.27 (s, 3H), 5.58 (ddd, 7=9.3, 7.6, 6.6 Hz, 1H), 
5.90 (ddd, 7=9.3, 1.5, 1.1 Hz, 1H); ^C NMR (CDCI3) 
<5=-3.21, 14.13, 17.10, 20.25, 31.44, 126.6, 129.6; MS, m/z (rel 
intensity), 188 (10), 105 (24), 99 (10), 87 (35), 74 (50), 73 (100), 
59 (9), 36 (8). Found: C, 57.28; H, 10.96%. Calcd for 
C9H20SSi: C, 57.37; H, 10.70%. 

(£)-l-Methylthio-4-trimethylsilyl-l-pentene(£-9a): GLPC 
*r=8.10 min (OV-1 2%, 2 m, Chromosorb W AW DMCS 60— 
80mesh, 100 °C); bp 75—80 °C (bath temp, 35 Torr); IR 
(neat) 2952, 2918, 2862, 1728, 1453, 1437, 1248, 936, 853, 834, 
747, 687 cm-1; ^U NMR (CDCI3) <5=-0.03 (s, 9H), 0.69 (dqd, 
7=9.0, 7.2, 4.4 Hz, 1H), 0.92 (d, 7=7.2 Hz, 3H), 1.90 (dddd, 
7=14.2,9.0, 7.8,1.1 Hz, 1H), 2.24 (s, 3H), 2.27 (dddd, 7=14.2, 6.2, 
4.4, 1.2 Hz, 1H), 5.45 (ddd, 7=14.6, 7.8, 6.2 Hz, 1H), 5.95 
(ddd, 7=14.6, 1.2, 1.1 Hz, 1H); ™C NMR (CDCI3) <5=-3.17, 
13.95, 15.18, 20.36, 35.71, 123.6, 128.0; MS, m/z (rel 
intensity), 188 (9), 173 (9), 105 (18), 99 (10), 87 (13), 74 (41), 73 
(100), 57 (13), 43 (10), 41 (10), 38 (10), 36 (35). Found: C, 
57.34; H, 10.97%. Calcd for C9H20SSi: C, 57.37; H, 10.70%. 

(Z)-l-Benzylthio-4-trimethylsilyl-l-pentene(Z-9b): GLPC 
*r=4.5 min (OV-1 2%, 2 m, Chromosorb W AW DMCS 60— 
80 mesh, 180 °C); bp 140 °C (bath temp, 1 Torr); IR (neat) 
2950, 2862, 1728, 1494, 1453, 1248, 1121, 1071, 852, 833, 743, 
695 cm-1; W NMR (CDCI3) ô=-0.05 (s, 9H), 0.55—0.80 (m, 
IH), 0.88 (d, 7=7.0 Hz, 3H), 1.82—2.12 (m, IH), 2.18—2.32 
(m, IH), 3.85 (s, 2H), 5.62 (ddd, 7=9.5, 7.5, 6.5 Hz, IH), 5.97 
(dt, 7=9.5, 1.2 Hz, IH), 7.20—7.40 (m, 5H); ^C NMR 
(CDCI3) <5=-3.21, 14.07, 20.21, 31.48, 38.02, 123.7, 127.0, 
128.5, 128.8, 131.1, 138.2; MS, m/z (rel intensity), 264 (7), 173 
(17), 99 (9), 92 (8), 91 (100), 74 (7), 73 (75), 65 (8), 45 (10). 
Found: C, 68.10; H, 9.16%. Calcd for Ci5H24SSi: C, 68.11; H, 
9.15%. 

(£)-l-Benzylthio-4-trimethylsilyl-l-pentene(£-9b): GLPC 
tr=6.1 min (OV-1 2%, 2 m, Chromosorb W AW DMCS 60— 
80 mesh, 180 °C), IR (neat) 3026, 2950, 2898, 2862, 1495, 1454, 
1247, 852, 834, 746, 696cm-1; « N M R (CDCI3) ô=-0.07 (s, 
9H), 0.55—0.80 (m, IH), 0.83 (d, 7=7.0 Hz, 3H), 0.75—1.95 
(m, IH), 2.17—2.32 (m, IH), 3.84 (s, 2H), 5.70 (ddd, 7=15.0, 
7.8, 6.5 Hz, IH), 5.95 (d, 7=15.0, Hz, IH), 7.20—7.38 (m, 5H); 
«C NMR (CDCI3) <5=-3.22, 13.83, 20.07, 35.69, 37.68, 122.1, 
127.0, 128.8, 132.9, 137.9; MS, m/z (rel intensity), 264 (8), 173 
(17), 99 (9), 92 (8), 91 (100), 73 (72), 65 (8), 45 (9). Found: C, 
68.40; H, 9.34%. Calcd for Ci5H24SSi: C, 68.11; H, 9.15%. 

(£)-3-Methyl-4-methylthio-l-trimethylsilyl-l-butene(lla): 
Bp 80°C (bath temp, 16Torr); IR (neat) 2954, 2914, 2868, 
1728, 1655, 1616, 1453, 1438, 1431, 1371, 1248, 1128, 989, 865, 
838, 756, 721, 698cm-1; « N M R (CDCI3) 0=0.03 (s, 9H), 
1.07 (d, 7=6.4 Hz, 3H), 2.07 (s, 3H), 2.35—2.65 (m, 3H), 5.68 
(dd, 7=19.0, 1.0 Hz, IH), 6.02 (dd, 7=19.0, 6.0 Hz, IH); 
13CNMR (CDCI3) <5=-1.21, 16.27, 18.99, 39.68, 41.25, 128.6, 
150.4; MS, m/z (rel intensity), 188 (12), 173 (44), 120 (12), 115 
(50), 105 (64), 99 (28), 85 (12), 73 (100), 61 (79), 59 (54), 45 (19), 
43 (20). Found: C, 57.50; H, 10.84%. Calcd for C9H20SSi: C, 
57.37; H, 10.70%. 

(E)-4-Benzylthio-3-methyl-l-trimethylsilyl-l-butène (11b): 
Bp 85—90 °C (1 Torr, bath temp); IR (neat) 2954, 2924, 2868, 
1732, 1613, 1494, 1454, 1248, 989, 864, 837, 697 cm-1; 
i H N M R (CDCI3) 6=0.05 (s, 9H), 1.05 (d, 7=6.5 Hz, 3H), 
2.28—2.54 (m, 3H), 3.70 (s, 2H), 5.63 (dd, 7=18.6, 0.8 Hz, 
1H), 5.93 (dd, 7=18.6, 5.9 Hz, 1H), 7.23—7.33 (m, 5H); 
13CNMR (CDCI3) <5=-1.19, 19.12, 36.85, 38.08, 39.82, 126.9, 
128.4, 128.8, 128.9, 138.6, 150.3; MS, m/z (rel intensity), 264 
(3), 191 (5), 181 (5), 173 (28), 137 (8), 99 (9), 92 (7), 91 (100), 74 
(7), 73 (78), 59 (8). Found: C, 67.95; H, 9.33%. Calcd for 
Ci5H24SSi: C, 68.11; H, 9.15%. 

(E)-3,3-Dimethyl-4-methylthio-1 - trimethylsilyl-1 -butène 
(lie): Bp 85 °C (bath temp, 18 Torr); IR (neat) 2956, 2916, 
2868, 1730, 1610, 1465, 1247, 993, 867, 837, 727, 690 cm-1; 
i H N M R (CDCI3) 0=0.03 (s, 9H), 1.05 (s, 6H), 2.08 (s, 3H), 
2.47 (s, 2H), 5.59 (d, 7=19.0 Hz, 1H), 5.99 (d, 7=19.0 Hz, 1H); 
13C NMR (CDCI3) <5=-1.15, 18.17, 26.18, 39.53, 48.31, 125.3, 
154.5; MS, m/z (rel intensity), 202 (5), 141 (11), 105 (8), 99 
(21), 82 (24), 74 (9), 73 (100), 61 (17), 59 (24), 57 (6), 45 (13), 43 
(13), 41 (8). Found: C, 59.47; H, 11.05%. Calcd for Ci0H22SSi: 
C, 59.33; H, 10.95%. 

(E) - 4 - Benzylthio - 3,3 - dimethyl -1 - trimethylsilyl -1 - butène 
(lid): Bp 130 °C (bath temp, 1 Torr); IR (neat) 3026, 2954, 
2924, 1605, 1493, 1454, 1247, 993, 867, 837, 725, 697 cm-1; 
1H NMR (CDCI3) 6=0.05 (s, 9H), 1.03 (s, 6H), 2.42 (s, 2H), 
3.69 (s, 2H), 5.58 (d, 7=19.0 Hz, IH), 5.98 (d, 7=19.0 Hz, IH), 
7.20—7.35 (m, 5H); 13C NMR (CDCI3) <5=-1.12, 26.28, 38.16, 
39.18, 44.61, 125.5, 126.8, 128.4, 128.9, 138.7, 154.3; MS, m/z 
(rel intensity), 278 (2), 187 (28), 181 (11), 141 (11), 137 (8), 99 
(15), 91 (97), 82 (10), 74 (8), 73 (100), 65 (7), 59 (17), 45 (8). 
Found: C, 68.84; H, 9.69%. Calcd for Ci6H26SSi: C, 69.00; H, 
9.41%. 

Preparation of an Authentic Sample of l ib: A hexane 
solution of trie thy lborane (1 M, 5.0 ml, 5.0 mmol) was added 
to a solution of phenylmethanethiol (0.94 g, 7.6 mmol) and 
methacrylaldehyde (0.6 ml, 0.51 g, 7.3 mmol) in benzene 
(20 ml) at 0 °C under argon atmosphere.9) After stirring for 
1 h, the reaction mixture was concentrated in vacuo. The 
residual oil was submitted to silica-gel column chromatog­
raphy to give 3-benzylthio-2-methylpropanal (0.27 g) in 20% 
yield: « NMR (CDCI3) 0=1.15 (d, 7=7.0 Hz, 3H), 2.40—2.60 
(m, 2H), 2.65—2.85 (m, 1H), 3.72 (s, 2H), 7.20—7.45 (m, 5H), 
9.60 (d, 7=1.4 Hz, 1H). The aldehyde (72 mg, 0.37 mmol) 
and Me3SiCHBr2 (0.20 g, 0.8 mmol) were added to a 
suspension of CrCl2 (0.39 g, 3.2 mmol) in T H F (5 ml) at 
25 °C under argon atmosphere and the resulting mixture 
was stirred at 25 °C overnight. Work-up (ethyl acetate, 
brine) followed by preparative tic on silica gel gave 
alkenylsilane (41 mg, 42% yield) whose spectral data were 
identical with the sample generated from the rearrangement 
of 10 (R=H). 
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Reaction of 3-(Octylthio)allyllithium with Iodomethane. 
Treatment of a THF-HMPA (4ml)-(0.71 ml, 4.1 mmol) 
solution of 3-octylthio- 1-propene (0.38 g, 2.0 mmol) with 
butyllithium (1.56 M, 1.3 ml, 2.0 mmol) at - 6 0 °C gave 
an orange solution. After stirring for 2 h at — 50 °C, 
iodomethane (0.42 g, 3.0 mmol) was added to the reaction 
mixture. Work-up followed by purification by silica-gel 
column chromatography provided a mixture of 3-octylthio-
1-butene ^ H N M R (CDC13) 0=0.80—0.95 (m, 3H), 1.20— 
1.50 (m, 13H including doublet at 1.33 (3H)), 1.50—1.70 (m, 
2H), 2.30—2.55 (m, 2H), 3.30 (dq, /=8.7, 7.0 Hz, 1H), 4.90— 
5.10 (m, 2H), 5.68 (ddd, /=15.5, 10.5, 8.5 Hz, 1H) and 1-
octylthio-1 -butène in 64% combined yield. Only a trace 
amount of the rearranged product 7 (<3%) was detected in 
the reaction mixture by the examination of GLPC. The 
authentic sample of 7 was prepared according to the reported 
procedure.1* Butyllithium (1.56 M, 9 ml, 17 mmol) was 
added to a solution of trimethyl(methylthiomethyl)silane 
(2.0 g, 15 mmol) in THF (15 ml) at - 7 8 °C. The reaction 
mixture was stirred at —78 °C for 30 min and then at 25 °C 
for another 1 h. Decanal (2.37 g, 15 mmol) was added to the 
resulting solution at — 78 °C. The mixture was allowed to 
warm up to 25 °C and poured into sat. NH4CI. Extraction 
followed by purification gave 1-methylthio-l-undecene 
(1.1 g, E/Z=20/l) in 36% yield: 1U NMR (CDCI3) 0=0.80— 
0.98 (m, 3H), 1.20—1.55 (m, 14H), 2.00—2.20 (m, 2H), 2.25 
(s, 3H), 5.50 (dt, /=15, 7.0 Hz, 1H), 6.00 (d, /=15 Hz, 1H). 

Financial suppor t by the Ministry of Education, 
Science and Cul ture (Grant- in-Aid for Scientific 
Research No. 02650624) is acknowledged. 
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Several a-keto esters and methyl N-£>-tolylsulfonyl-2-aryl-2-iminoacetates were reduced to the correspond­
ing a-hydroxy esters and methyl N-p-tolylsulfonyl-2-arylglycinates in high yields by a combination of 
aluminum(III) chloride and diphenylsilane under operating conditions in which diphenylsilane was added to 
the pre-formed substrate-aluminum(III) chloride complex in dichloromethane and the mixture stirred. The 
case of an exactly equivalent amount of aluminum(III) chloride as the substrate resulted in good results. 

The usefulness of silicon hydrides as a hydrogen 
source in reduction, including asymmetric reduction, 
of an unsaturated functional group, such as C=0, is 
well-known.1) For example, the reduction of the C=0 
group of aldehydes and ketones by silicon hydride in 
the presence of KF or CsF has been reported in the 
literature.2) It is likely that the silicon hydrides reacted 
with fluoride ions generated from KF or CsF to form 
complex ions from which a hydride migrated to 
aldehyde or ketone, leading to the formation of the 
corresponding alcohols. On the other hand, the 
reduction of the C=0 group of aromatic aldehydes and 
ketones to the methylene group by triethylsilane in 
trifluoroacetic acid has been proposed.3) The coordina­
tion of a proton from trifluoroacetic acid to the oxygen 
of the C=0 group facilitates a subsequent hydride 
transfer from triethylsilane to the carbon of the C=0 
group. Reactions of the aldehydes or ketones with a 
combination of triethylsilane and concentrated hydro­
chloric acid (or aqueous sulfuric acid) providing the 
corresponding alcohols can also be accounted for by 
the almost same mechanism.4) Regarding a combina­
tion of silicon hydride and Lewis acid, only that of 
triethylsilane and gaseous boron trifluoride has been 
used for the reduction of aldehydes or ketones, where 
the corresponding alcohols or hydrocarbon products 
have been obtained.5) These studies concerning the 
silicon hydride reduction of aldehydes or ketones 
suggest that, for the occurrence of such a reduction, an 
effective activation of either silicon hydride or alde­
hyde (or ketone) is necessary before a hydride transfer. 
Reduction using silicon hydride and KF (or CsF) 
illustrates the activation of silicon hydride and that 
using triethylsilane and trifluoroacetic acid, concen­
trated hydrochloric acid, aqueous sulfuric acid, or 
gaseous boron trifluoride illustrates the activation of 
aldehyde or ketone. The catalytic hydrogénation1) of 
aldehydes or ketones by silicon hydride over a noble 
metal catalyst, such as nickel(II) chloride or ruthe-
nium(II) chloride, providing the corresponding al­
cohols or alkyl silyl ethers, seems to be another 
example which illustrates the activation of silicon 
hydride. It is clear from the above-mentioned survey 

that only the combination of triethylsilane and 
gaseous boron trifluoride has been utilized to accom­
plish silicon hydride reduction, and that the capability 
of many such combinations of silicon hydrides and 
Lewis acids which effect silicon hydride reduction, 
have not been examined. 

Thus, an acetophenone-alminum(III) chloride com­
plex in dichloromethane was allowed to react with a 
slight excess of triethylsilane or diphenylsilane at 
room temperature over a period of 24 h. Aceto-
phenone, however, failed to undergo reduction and 
was recovered unaltered. A complex of nonenolizable 
benzophenone with aluminum(III) chloride in dichloro­
methane was similarly treated with a slight excess of 
triethylsilane or diphenylsilane. In this case, the 
starting benzophenone was also recovered unaltered. 
However, we have found that such a combination of 
silicon hydrides and Lewis acids is well fitted to a 
silicon hydride reduction of the C=0 group bearing an 
electron-withdrawing group. Among the easily avail­
able silicon hydrides and Lewis acids, diphenylsilane 
and aluminum(III) chloride promoted the reduction 
most easily and efficiently. 

Results and Discussion 

When a complex of a-keto ester (la, lb, lc, or Id) 
with aluminum(III) chloride [prepared by allowing 
both components (1:1 molar ratio) to react in 
dichloromethane] in dichloromethane was treated 
with a slight excess of diphenylsilane, reduction 
occurred smoothly, while providing the corresponding 
a-hydroxy ester in excellent yield. By almost the same 
procedure, benzil(le) and 2,2,2-trifluoroacetophenone 
(If) were reduced to benzoin(4e) and «-(trifluoro-
methyl)benzyl alcohol(4f), respectively, in moderate 
yields (Table 1). If aluminum(III) chloride and 
diphenylsilane were used in excess in the above re­
actions, hydrogénation proceeded further, providing 
compound RCFbR' by which the desired 4 was 
appreciably contaminated. If exactly equivalent 
amounts of aluminum(III) chloride and the substrate 
(1) were used, however, the obtained product was the 
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MCI , 
RCR' 

11 

0 
RCR1 

n (C6H5)2SIH2 

-A1C1-
RÇHR' 

Ô-AlCln 

+ (C 6 H 5 ) 2 SiHCl 
6) 

RÇHR1 

ÔH 

a : R = 0 - H c , R' = C0oCHo 6 5 ' 2 3 

b : R = p-CH3OC6H4 , R"= C O ^ H 

c : R = ( Ç L , R'=C02C2H5 

Scheme 1. 

d : R = (CHACON, R ^ C C ^ C ^ 

e : R =0-H K , R '= COO-IL 
6 5 6 5 

f: R = 0 - H c , R' = CF0 6 5 ' 3 

Table 1. Diphenylsilane Reduction of O O Group Bearing Electron-Withdrawing 
Group in the Presence of Aluminum(III) Chloride 

Substrate 
(D 
la 
lb 
le 
Id 
le 
If 

Reaction conditions 

CH2CI2, 20 °C, 20 h 
CH2CI2, 20 ° C, 18 h; 40 ° C, 4 h 
CH2CI2, 20°C, 18 h; 40°C, 11 h 
CH2CI2, 20 °C, 19 h 
CH2CI2, 20°C, 24 h 
CH2CI2, 20 °C, 22 h 

Product 
(4) 
4 a b> 

4b 
4c 
4d 
4e 
4fc) 

Yielda>/% 

90 
78 
64 
90 
77 
30 

a) Isolated yield by column chromatography on silica gel. b) Identified by direct comparison with com­
mercially available methyl mandelate. c) Identified by direct comparison with commercially available 
of-(trifluoromethyl)benzyl alcohol. 

desired 4 alone. T h i s is the p r inc ipa l advantage of the 
present reaction, a l though it is appl icable only for the 
nonenolizable a-keto esters and related compounds . 
When the reduct ion of l b was carried out by add ing 1 
equivalent of a lminum(I I I ) chloride to the l b -
diphenylsi lane mixture in d ichloromethane followed 
by s t i r r ing under the condi t ions described in Tab le 1, 
the yield of 4b was greatly decreased. T h e electron-
dona t ing effect of CH3O g r o u p of intermediate 2b 
probably served to slow down the rate of hydride 
transfer from diphenylsi lane, so that a side-reaction 
between a luminum(II I ) chloride and diphenyls i lane 
forming an ate-like complex7 ) occurred competitively. 
Wi th other s tart ing substrates than l b , however, the 
yields of 4 were not decreased, even if the above 
procedure was adopted, m e a n i n g that, in these cases, 
the conversion of 1 to 2 occurred more rapidly than 
that of d iphenyls i lane to the ate-like complex wi th 
a luminum(I I I ) chloride. T h e employment of triethyl-
silane instead of diphenylsi lane under the same 
condi t ions decreased the yields of 4 to one half or less. 

In the course of searching for substrates which are 
capable of undergoing such a diphenyls i lane reduc­
t ion in the presence of a luminum(I I I ) chloride, we 
found that methyl Af-p-tolylsulfonyl-2-aryl-2-imino-
acetates (5) are suitable for p roduc ing the required 
result.8) T o again make sure that a luminum(I I I ) 

chloride promotes the reduct ion of 5 most efficiently, a 
complex of methyl N-p-tolylsulfonyl-2-imino-2-phen-
ylacetate(5a) wi th a Lewis acid [prepared by a l lowing 
bo th components (1:1 molar ratio) to react in 
d ichloromethane] was al lowed to react wi th a sl ight 
excess of diphenyls i lane under the condit ions describ­
ed in Table 2. A m o n g the a luminum(I I I ) chloride, 
t i tanium(IV) chloride, boron trif luoride-diethyl ether-
(1/1) and zinc(II) chloride which were examined, the 
former two were most efficient. In the case of zinc(II) 
chloride, only a 48% yield of methyl Af-p-tolylsulfonyl-
2-phenylglycinate(8a) was obtained; the start ing 5a 
was recovered, suggest ing the poor coordinat ing 
ability of zinc(II) chloride to 5a. T h u s , the complex of 
methyl N-p-tolylsulfonyl-2-imino-2-(p-methoxyphenyl)-
acetate(5b) wi th a luminum(I I I ) chloride as well as that 
of methyl N-p-tolylsulfonyl-2-imino-2-(2-thienyl)acet-
ate(5c) wi th a luminum(I I I ) chloride, bo th of which 
were similarly prepared, as ment ioned above, were 
al lowed to react wi th a slight excess of diphenyls i lane 
in d ich loromethane under the condi t ions described in 
Table 2. T h e corresponding hydrogenated compounds , 
8b and 8c, were obtained as the sole products. Also in 
these cases, exactly 1 equivalent of a luminum(I I I ) 
chlor ide mus t be used to the substrate. If a l u m i n u m -
(III) chloride was used in excess, the yields of 8a—c 
decreased as the final result, due to a further reduct ion 
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MX 
ArCC0oCHo " 2 3 

N^02C6H4CH3-(p) 

Ar&0oCHo a 2 3 
XnM^^S02C6H4GH3-(p) 

(C6H5)2SiH2 

ArCHC02CH3 + (CLH-)SiHX 
6 5 

ArCHCO CH 
]kso2c6Ë4CH3-(p) 

8 

Scheme 2. 

MXn = A1C13, T iCl 4 , 

BF3 .(C2H5)2O f ZnCl2 

a: Ar = CLH.-6 5 

b : Ar = p-CHo0CrH, 5 3 6 4 

c: Ar = O L 
0 

Table 2. Silicon Hydride Reduction of C=N Group of Methyl N-^-Tolylsulfonyl-
2-aryl-2-iminoacetates (5) in the Presence of Lewis Acid 

Substrate 
(5) 

Lewis acid Silicon hydride Reaction conditions 
Product 

(8) 
Yield"> 

5a 
5a 
5a 
5a 
5b 

5c 
5c 

AICI3 
T iCU 
BF3-(C2H5)20 
ZnCl2 

AICI3 

AICI3 
AICI3 

(C6H5)2SiH2 

(C6H5)2SiH2 
(C6H5)2SiH2 
(C6H5)2SiH2 
(C6H5)2SiH2 

(C6H5)2SiH2 

(C2H5)3SiH 

CH2CI2, 
CH2CI2, 
CH2CI2, 
CH2CI2, 
CH2CI2, 

CH2CI2, 
CH2CI2, 

20 °C, 
20 °C, 
20 °C, 
40 °C, 
20 °C, 
40 °C, 
20 °C, 
20 °C, 

l l h 
19 h 
21 h 
36 h 
20 h; 

6 h 
1 5 h 
15 h 

8a 
8a 
8a 
8a 
8b 

8c 
8c 

90 
90 
63 
48 
78 

86 
85 

a) Isolated yield by column chromatography on silica gel. 

of an intermediate 7a—c leading to an unfavorable 
elimination of the p-toluenesulfonamide moiety from 
the substrates. When the reduction of 5b was started by 
adding 5b to a homogeneous solution of aluminum-
(III) chloride and diphenylsilane (1:1.2 molar ratio) in 
dichloromethane, 8b was not obtained but the starting 
5b was recovered unaltered. This is probably due to an 
ate-like complex formation between aluminum(III) 
chloride and diphenylsilane, as pointed out before.7) 

When the reduction of 5b was carried out by adding 1 
equivalent of aluminum(III) chloride to the 5b-
diphenylsilane mixture in dichloromethane, followed 
by stirring under the conditions described in Table 2, 
8b (31%) and methyl (£-methoxyphenyl)acetate (20%) 
were obtained. The latter product seemed to be formed 
by a further reduction of intermediate 7b by diphenyl­
silane and aluminum(III) chloride remaining in the 
reaction system. With 5a and 5c as the starting 
substrate, however, the yields of 8a and 8c were not 
altered by changing the operating conditions, as 
mentioned above. Also, the formation of methyl 
phenylacetate from 5a and that of methyl (2-thienyl)-

acetate from 5c were not recognized. This means that, 
in these cases where 5a and 5c were used, the 
conversion of 5 to 6 prevails to that of diphenylsilane, 
forming an ate-like complex with aluminum(III) 
chloride. When the above-mentioned reactions were 
carried out by using triethylsilane instead of diphenyl­
silane as the hydride source, such a restriction of the 
operating conditions described above was unnecessary, 
since there was no interaction between aluminum(III) 
chloride and triethylsilane.7) The result of a reduction 
of 5c with a combination of aluminum(III) chloride 
and triethylsilane in dichloromethane is recorded in 
Table 2. However, when 5a or 5b was reduced by this 
combination in dichloromethane at room temperature 
over a period of 48 h, the yield of 8a or 8b never exceed 
30%. This was the same with a combination of 
titanium(IV) chloride and triethylsilane. On the 
contraty, a combination of aluminum(III) chloride 
and diphenylsilane worked best for a reduction of all 
of 5, while providing 8. 

We failed in the reduction of 1 or 5 by diphenyl­
silane in trifluoroacetic acid under the conditions 
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Table 3. 1H NMR Spectral Data of the Main Compounds 

Compound 1H NMR (<5, in CDCI3) 

Ibio) 
l c 9 > 

ld 
4biD 

1.41 (t, 3H, /=7.4 Hz); 

1.42 (t, 3H, 7=7.4 Hz): 

7=4.8 Hz) 
1.40 (t, 3H, 7=7.2 Hz): 

1.22 (t, 3H, 7=7.0 Hz): 

4C12) 

4d 

5a13> 
5b 
5c 

8a14> 
8b!5) 
8c 

3.89 (s, 3H), 4.42 (q, 2H, J= 
4.43 (q, 2H, 7=7.2 Hz), 7.2-

=7.4 Hz), 7.0—8.0 (m, 4H) 
-7.3 (m, 1H), 7.81 (d, 1H, 7=4.8 Hz), 8.13 (d, 1H, 

1.67 (s, 6H), 4.42 (q, 2H, 7=7.2 Hz) 
3.41 (d, 1H, 7=5.8 Hz), 3.80 (s, 3H), 4.16 (dq, 1H, 7=26.5, 7.0 Hz), 4.25 (dq, 

1H, 7=26.5, 7.0 Hz), 5.09 (d, 1H, 7=5.8 Hz), 6.9—7.3 (m, 4H) 
1.28 (t, 3H, 7=7.4 Hz), 3.30 (bs, 1H), 4.24 (dq, 1H, 7=19.0, 7.2 Hz), 4.33 (dq, 1H, 7=19.0, 7.2 Hz), 
5.39 (s, 1H), 6.98 (dd, 1H, 7=5.2, 5.0 Hz), 7.1 (m, 1H), 7.27 (d, 1H, 7=5.0 Hz) 
1.36 (t, 3H, 7=7.2 Hz), 1.37 (s, 3H), 1.45 (s, 3H), 3.23 (d, 1H, 7=6.6 Hz), 4.07 (d, 1H, 7=6.6 Hz), 4.32 
(dq, 1H, 7=10.8, 7.2 Hz), 4.39 (dq, 1H, 7=10.8, 7.2 Hz) 
2.42 (s, 3H), 4.08 (s, 3H), 7.3—7.9 (m, 9H) 

3.85 (s, 3H), 4.07 (s, 3H), 6.9—7.0 (m, 8H) 
4.07 (s, 3H), 7.14 (dd,lH, 7=5.0, 3.9 Hz), 7.33 (d, 2H, 7=8.4 Hz), 7.58 (d, 1H, 7=3.9 Hz), 

7.74 (d, 1H, 7=5.0 Hz), 7.89 (d, 2H, 7=8.4 Hz), 
2.38 (s, 3H), 3.56 (s, 3H), 5.05 (d, 1H, 7=8.0 Hz), 5.65 (d, 1H, 7=8.0 Hz), 7.2—7.6 (m, 9H) 

3.56 (s, 3H), 3.76 (s, 3H), 4.99 (d, 1H, 7=7.8 Hz), 5.56 (d, 1H, 7=7.8 Hz), 6.8—7.6 (m, 8H) 
3.62 (s, 3H), 5.31 (d, 1H, 7=8.4 Hz), 5.60 (d, 1H, 7=8.4 Hz), 6.8—7.0 (m, 3H), 7.2—7.3 

2.42 (s, 3H), 
2.42 (s, 3H), 

2.38 (s, 3H), 
2.40 (s, 3H), 
(m, 2H), 7.67 (d, 2H, 7=8.4 Hz) 

m 0CH3 1 6 ) 

^2°^ 3.26 (s, 6H), 3.72 (s, 3H), 7.3—7.6 (m, 5H) l 
OCH. 

OCH. 
1 7 ) 

Œ 3 ° C ^ " C 0 2 C H 3 3 - 2 5 (s> 6 H )> 3 - 7 2 (s> 3 H )> 3 - 8 0 (s> 3 H )> 6.9—7.5 (m, 4H) 
OCH-, 

, OCH,, • 71 V~A~£1_ 

1̂  jU-co2CH3 3.30 (s, 6H), 3.77 (s, 3H), 7.00 (dd, 1H, 7=5.0, 3.6 Hz), 7.16 (d, 1H, 7=3.6 Hz), 7.33 (d, 1H, 7=5.0 Hz) 
S 0 C H 3 

reported earlier.3) Wi th a combina t ion of d iphenyl­
silane and concentrated hydrochloric acid (or aqueous 
sulfuric acid), only some of the compounds a m o n g 1 
and 5, which were used in this research, provided the 
desired hydrogenated c o m p o u n d s in moderate yields 
under the condi t ions reported earlier,4* suggesting that 
this combina t ion lacks general applicabil i ty for the 
reduct ion of 1 and 5. 

Experimental 

General. The XH NMR spectra were obtained on a 
Varian VXR-200 spectrometer in CDCI3 with Si(CH3)4 as an 
internal standard. Microanalyses were performed with a 
Yanaco MT-3 elemental analyzer. The dichloromethane 
used for reduction was distilled before use. Aluminum(III) 
chloride and titanium(IV) chloride were purified by sub­
limation and distillation, respectively. Other chemicals, 
except for the starting substrates, were purchased and used 
without further purification. 

Preparation of Starting Substrates. Compounds la, le 
and If were purchased and purified before use. The a-keto 
esters, lb and lc, were prepared according to an established 
method.9) The a-keto ester ld was synthesized by allowing 
lithium diisobutyramide, prepared in situ from diisobutyl-
amine and butyllithium in tetrahydrofuran, to react with 
isobutyronitrile at low temperature, followed by a treatment 
with diethyl oxalate in ether, also at low temperature. 
Compounds 5a, 5b and 5c could be derived easily from 
methyl benzoylformate(la), methyl (£-methoxybenzoyl)for-

mate (9b) and methyl 2-(2-thienyl)-2-oxoacetate (9c), respec­
tively. The latter two compounds, 9b and 9c, were prepared 
according to an established method9) with a slight modifica­
tion, and identified by comparing their *H NMR spectra 
with those of lb and lc, respectively. Thus, la was allowed 
to react with trimethyl orthoformate in methanol under the 
catalytic action of concentrated sulfuric acid. The obtained 
methyl 2,2-dimethoxy-2-phenylacetate was allowed to react 
with £>-toluenesulfonamide at high temperature, affording 
5a. The compound 9b and 9c also underwent the same type 
of alteration consisting of such the acetalization with 
trimethyl orthoformate and condensation with £>-toluenesul-
fonamide affording 5b and 5c, respectively. 

Reduction of 1 with the Combination of Aluminum(IH) 
Chloride and Diphenylsilane Providing 4 (General Pro­
cedure). In this case 1 (0.50 mmol) was mixed with 
aluminum(III) chloride (66.7 mg, 0.50 mmol) in dichloro­
methane (2 ml) under argon. After completely dissolving the 
aluminum(III) chloride, diphenylsilane (111 mg, 0.60 mmol) 
was added by syringe to the above-mentioned homogeneous 
solution. This was followed by stirring at 20 or 40 °C, as 
shown in Table 1, whereupon the reaction mixture was 
quenched with methanol (2 ml) and water (4 ml). It was 
extracted with dichloromethane (3X4 ml). The combined 
extracts were washed with water, dried over MgS04, filtered, 
and concentrated in vacuo to give a residue, which was 
subjected to column chromatography on silica gel using 20% 
ethyl acetate-80% hexane as eluent. 

Reduction of 5 with Some Combinations of Lewis Acids 
and Silicon Hydrides Providing 8 (General Procedure). 
One of 5 (0.50 mmol) was mixed with a Lewis acid 
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(0.50 mmol) in dichloromethane (4 ml) under argon. The 
mixture was stirred for 30 min or more for the purpose of 
allowing the Lewis acid to coordinate to the substrate. 
Then, diphenylsilane (111 mg, 0.60 mmol) or triethylsilane 
(70 mg, 0.60 mmol) was added by syringe to the mixture. 
This was followed by stirring at 20 or 40 °C, as shown in 
Table 2, whereupon the reaction mixture was quenched with 
methanol (2 ml) and water (5 ml). It was extracted with ethyl 
acetae (3X10 ml). The combined extracts were washed with 
water, dried over MgS04, filtered, and concentrated in vacuo 
to give a residue, which was subjected to column chromatog­
raphy on silica gel using 40% ethyl acetate-60% hexane as 
eluent. If necessary, the product obtained was recrystallized 
from ethanol. 
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The reactions of dialkylphenylsulfonium salts (1) with several nucleophiles such as phenols, amine, enolate 
ion, and thiolate ions, have been investigated. The relative reactivities of the alkyl groups of sulfonium salts for 
the phenolate ion (hard nucleophile) were as follows; Me:Et:z-Pr= 1.0:1.34:3.44. In the alkylation of the 
p-toluenethiolate ion (soft nucleophile) with 1, the opposite reactivity (Me : Et : z-Pr=1.0:0.22:0.03) was found. 
When a sulfonium salt (le) having an optically active (S)-5-butyl group was reacted with a phenolate ion, an 
optically active (i^-s-butyl phenyl ether was obtained with an inversion of the configuration at the chiral carbon 
atom. A reaction mechanism via a sulfurane intermediate is proposed for the alkylation of the phenolate ion 
with alkylsulfonium salts. The relative reactivities for the alkylation of several nucleophiles with dialkyl-
phenylselenonium salts (12) were also investigated. 

S-Adenosylmethionine, a kind of methylsulfonium 
salt, is an important biological methylating agent and 
is known as a source of the methyl groups of such 
compounds as DNA, RNA, proteins, and biogenic 
amines.x) The stereochemistry in the methylation of 
phenolate with S-adenosylmethionine was studied, 
and the Sn2-type process was proposed for enzymic 
systems.2) In recent years a few studies have been 
published on the alkylation of oxygen, nitrogen, and 
carbon nucleophiles with alkylsulfonium salts as the 
alkylating reagents; a reaction mechanism via the SN2 
process was reported.3) However, alkylsulfonium salts 
can also react with nucleophiles at a cationic sulfur 
atom as well as an a-carbon atom. 

More recently, we have reported the first examples of 
asymmetric alkylation of ß-keto esters with optically 
active alkylsulfonium salts.4) The absolute configura­
tions of (S)-(—)-2-methyl-2-methoxycarbonyl-l-inda-
none (3a) and (#)-(+)-2-ethyl-2-methoxycarbonyl-l-
indanone (3b) were opposite when the enolate ion of 
2-methoxycarbonyl-l-indanone (2c) was alkylated with 
an optically active (S)-ethylmethylphenylsulfonium 
salt (la). However, the alkylation of 2c with (/?)-la 
afforded (Ä)-(+)-3a and (S)-(-)-3b, as shown in the 
following Scheme: 

C H 3 C104 

2C 
(S)-1a (S)-(-)-3a (R)-(+)-3b 

(R)-1a (R)-(+)-3a (S)-(-)-3b 

We propose a stereochemical course via the S-O 
sulfurane intermediate for this asymmetric alkylation. 
These findings suggest that the alkylation of nucleo­
philes with sulfonium salts could not be explained by 
only the SN2 mechanism, although a sole SN2 process 
was proposed for the alkylation, as mentioned 
above.2»3) There has been no report concerning 

systematic studies of the alkylation of nucleophiles 
with alkylsulfonium salts focused on the S- and C-
attacks by a nucleophile. We have investigated the 
relative reactivities of the alkyl groups of alkylsul­
fonium salts with several nucleophiles such as 
phenols, amine, enolate ion, and thiols. The 
stereochemistry was also studied regarding this alkyla­
tion; the reaction mechanism are discussed herein. 

Results and Discussion 

The Relative Reactivities of the Alkyl Groups of 
Sulfonium Salts. When phenol (2a) was alkylated 
with ethylmethylphenylsulfonium salt (la) in dichl-
oromethane in the presence of anhydrous potassium 
carbonate at room temperature, anisole (4a) and 
phenetole (4b) were obtained in 42 and 56% yields, 
respectively. Similarly, the alkylation of 2a with 
isopropylmethylphenylsulfonium salt (lb) gave 4a 
and isopropyl phenyl ether (4c) in 14 and 50% yields, 
respectively. The results are summarized in Table 1. 

The relative reactivities of the alkyl groups of 
sulfonium salts (la and lb) toward the phenolate ion 
were calculated based on the yields of 4a, 4b, and 4c as 
Me:Et:z-Pr=l.00:1.34:3.44, since the product ratio can 
be regarded as being the relative reactivity of alkyl 
groups in these reactions. These results are quite 
different from the relative reactivities expected for SN2 
alkylation reactions on oxygen nucleophiles. For 
instance, the relative reactivity of sodium phenolate 
with methyl iodide and ethyl iodide in methanol at 
42 °C has been reported as being Me:Et=1.00:0.21.5) 

When N-methylaniline (2b) was alkylated with sul­
fonium salts la and lb, the relative ratio of the 
products, (Af,Af-dimethylaniline (5a), Af-ethyl-Af-me-
thylaniline (5b) and Af-isopropyl-Af-methylaniline 
(5c)) was calculated as being Me:Et:i-Pr=l.00:0.98: 
1.38 (Entries 3 and 4 in Table 1).6> In the alkylation of 
2-methoxycarbonyl-l-indanone (2c) with la and lb, 
the relative reactivity of the alkyl groups was 
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Table 1. Alkylation of Nucleophiles with Sulfonium Salts la and lb 

P h - S - R 2 + Nu-H K 2 C ° 3 » Nu-R1 + Nu-R2 

[Vol. 63, No. 9 

R1 CIO4 

1a:R1=CH3 (R
2=e2H5 

1b:R1=CH3 (R
2=i-C3H7 

23 O - 0 H ii ( 

2b 0-NHCH3
 2c O-J 

2d C H 3 - @ - S H 

,COOCH3 

Entry Nu-H Sulfonium salts Alkylated products/%a) 

Nu-CH3 NU-C2H5 Nu-C3H7-z* 
Relative reactivity 

CH3:C2H5:z-C3H7 

1 
2 

3 
4 

5 
6 

7 
8 

2a 
2a 

2b 
2b 

2c 
2c 

2d 
2d 

la 
lb 

la 
lb 

la 
lb 

la 
lb 

4a 41.8 
4a 14.4 

5a 35.6 
5a 22.2 

3a 25.7 
3a 34.4 

6a 71.8 
6a 94.9 

4b 56.2 

5b 34.9 

3b 31.6 

6b 17.3 

4c 49.6 

5c 30.7 

3c 26.8 

6c 3.1 

1:1.34:3.44 

1:0.98:1.38 

l:1.23:0.78b> 

1:0.24:0.03 

a) Determined by GC. b) Ref. 4. 

Table 2. Alkylation of Nucleophiles with Sulfonium Salts lc and Id 

+ 
Ph2S-CH3 + Ph2S-C2H5 + Nu-H K2C Q3, Nu-CH3 

CIO; cio4-
1c 1d 

Nu-C2H5 

Entry Nu-H Solvent 
Alkylated products/%a) 

Nu-CH 3 NU-C2H5 
Relative reactivity 

CH3.C2H5 

1 
2 
3 
4 
5 
6 

2a 
2a 
2a 
2d 
2d 
2d 

CH2CI2 
Acetone 
CH3CN 
CH2CI2 
Acetone 
CH3CN 

55.3 
47.7 
40.8 
72.0 
82.1 
73.8 

40.7 
47.4 
50.1 
14.5 
15.6 
15.4 

1 
1 
1 
1 
1 
1 

0.74 
0.99 
1.23 
0.20 
0.19 
0.21 

a) Determined by GC. 

calculated from the products rat io of 3a, 3b, and 3c as 
Me:Et:z-Pr=1.0:1.23:0.78. (Entries 5 and 6).4> General­
ly, the relative reactivity of the alkyl groups of alkyl 
halides toward several nucleophi les regarding SN2 
reactions is Me:Et:z-Pr=1.0:0.05:0.001.7> 

When p- to luene th io l (2d) was alkylated wi th l a and 
l b under similar condit ions, the relative rat io of the 
products (methyl phenyl sulfide (6a), ethyl phenyl 
sulfide (6b), and isopropyl phenyl sulfide (6c)) were 
Me:Et:i-Pr=l.00:0.24:0.03 (Entries 7 and 8 in Table 1). 
In contrast to the alkylat ions of the phenola te ion, 
Af-methylaniline, and the enolate ion, this result is 
similar to the relative reactivities of the alkyl g roups 
for the SN2 reactions.7) 

These results can be explained in terms of the 
hardness and softness of nucleophiles; the hardness of 
the nucleophi les increases in the following order: 
thiolate ion<eno la te i o n < a m i n e < p h e n o l a t e ion.8) 

T h e relative reactivity of the alkyl groups of sulfonium 

salts toward a ha rd nucleophi le , such as the phenola te 
ion, differs from the reactivities expected for ordinary 
SN2 alkylat ion of a soft nucleophi le , such as the 
thiolate ion. 

T h e relative ratios shown in Tab le 1 were obta ined 
by competit ive alkylation of the two alkyl groups in 
the same molecule ( la and lb); in this case the leaving 
ability of alkyl phenyl sulfide was regarded as be ing 
nearly equal . T h e competit ive alkylat ion of pheno l 
(0.2 mmol ) wi th d iphenylmethylsul fonium salt (lc) 
(1.0 mmol ) and diphenylethylsulfonium salt (Id) 
(1.0 mmol ) was investigated in the presence of anhy­
drous potass ium carbonate at room temperature; the 
results are summarized in Tab le 2. T h e ratios of O-
ethylat ion vs. O-methylat ion were 0.74 to 1.23. In 
contrast, the relative ratios were almost 0.2 in the 
alkylat ions of p- toluenethiol wi th l c and Id under 
similar condit ions (Entries 4, 5, and 6 in Table 2). T h e 
fact that a s imilar relative rat io was obta ined in the 
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alkylat ion of the phenola te ion shown in Tables 1 and 
2, indicates that the leaving ability of the sulfides in 
these alkylat ions can be regarded as being almost 
equal . 

Substituent Effects of Nucleophiles. T h e alkyl­
ations of p-subst i tuted phenols and p-substi tuted 
benzenethiols wi th dia lkylphenylsulfonium salts ( la 
and lb) were investigated in the presence of potass ium 
carbonate in dichloromethane. T h e relative ratio of 
the products , alkyl aryl ethers and alkyl aryl sulfides, 
are summarized in Tab le 3. A slight substituent effect 
was observed in the alkylat ions of the phenols; on the 
other h a n d the relative reactivity was almost the same 
in the alkylation of thiophenols . 

Solvent Effect in the Alkylation. T h e solvent 
effects on the relative reactivities of the methylat ion 
and ethylation of the phenola te ion and thiolate ion 
wi th su l fonium salt la were investigated. T h e ratio of 

Table 3. Substituent Effect in the Alkylation 
of Nucleophiles with la and lb 

Entry Nucleophile Relative reactivity 
CHsiCaHsii-CsH? 

1 
2 
3 
4 
5 
6 

J&-CH3OC6H4OH 
C 6 H 5 O H 
J&-NO2C6H4OH 
£ - C H 3 O C 6 H 4 S H 
£ - C H 3 C 6 H 4 S H 
J&-NO2C6H4SH 

1:1.48:2.18 
1:1.34:3.44 
1:1.60:3.88 
1:0.23:0.03 
1:0.24:0.03 
1:0.26:0.03 

O-ethylat ion vs. O-methylat ion in the alkylat ion of 
the phenola te ion (hard nucleophile) with la increased 
in more polar solvents (Et /Me=1.34 in dichlorome­
thane; 2.21 in acetonitrile; 2.39 in DMF). O n the other 
hand , the solvent effect on the rat io of e thyla t ion vs. 
methyla t ion of the p- toluenethiola te ion (soft nucleo­
phi le) wi th su l fonium salt la was not observed. As 
summarized in Table 4, the apparent solvent effect on 
the alkylat ion of phenola te ion (hard nucleophile) 
suggests the formation of ionic intermediate, such as 
an ion pair, as shown in the mechanism described later. 

Stereochemistry in the Alkylation of Phenolate Ion 
and Thiolate Ion with Sulfonium Salts. It is of 
interest to study stereochemistry regarding whether the 
configurat ion of the enter ing alkyl g r o u p toward 
nucleophi les is retained or inverted. T h e reaction 
between pheno l or p-ni trobenzenethiol (2e) and the 
sulfonium salts conta in ing optically active s-butyl 
g roups was examined. T h e phenola te ion of 2a was 
alkylated wi th a diastereomeric mixture of [(S)-(+)-s-
butyl]methylphenylsulfonium Perchlorate (le) ([Q;]D 

+3.29°) in the presence of anhydrous potass ium 
carbonate in dichloromethane to give s-butyl phenyl 
ether (4d) fl>]D -27 .7° ) in 51% yield and 4a in 17% 
yield. T h e authent ic (#)-s-butyl phenyl ether (4e) ([O;]D 
—33.6°) was obta ined by a reaction of p h e n o l wi th 
(S)-s-butyl tosylate (8) ([a]D +9.6°) in the presence of 
anhydrous potass ium carbonate in methanol , as 
shown in Scheme 1. 

Table 4. Solvent Effect in the Alkylation of Nucleophiles with Sulfonium Salt la 

Entry Nucleophile Solvent Alkylated products/%a) Relative reactivity 
N u - C H 3 NU-C2H5 C H 3 : C2H5 

1 
2 
3 
4 
5 
6 

2a 
2a 
2a 
2d 
2d 
2d 

CH2CI2 
CH3CN 
DMF 
CH2CI2 
CH3CN 
DMF 

41.8 
30.7 
25.5 
78.1 
75.1 
74.4 

56.2 
67.7 
60.8 
17.3 
18.7 
17.7 

1:1.34 
1:2.21 
1:2.39 
1:0.22 
1:0.25 
1:0.24 

a) Determined by GC. 

.CH, 

O " ? " 0 ^ + PhOH 
CH 3

 C 2 H 5 2a 

CIO4" 

(Sc)-(+)-1e 

KoCO, 

OH2OI2 

CH3 

H ? C X 

C2Hs OPh 

51% 
R-(-)-4d 
[ce]D-27.7° 

PhOCH3 

17% 

Ç2H5 

^°^ H 
CH3 \ H 

(S)-(+)-7 

TsCI 

Py 

Ç2H5 

Z0^« H 
C H 3 OTs 

(S)-(+)-8 

Scheme 1. 

PhOH 
m 

K2C03-MeOH 

CH3 

I 
H ? C X 

C2Hs OPh 

R-(-)-4d 
[ce]D-33.6° 
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Since the configurat ion at the chiral carbon a tom of 
(S)-s-butyl tosylate (8) inverts du r ing this SN2 reaction 
process, the configurat ion at the chiral carbon a tom of 
au then t i c s-butyl phenyl ether (4d) was determined as 
be ing the ( /^-configurat ion. Based on the optical 
ro ta t ion of the authent ic (/?)-(—)-4d, the configurat ion 
at the chiral carbon a tom of (—)-4d derived from the 
sulfonium salt (le) was determined as be ing the (/?)-
configuration; the optical puri ty of (—)-4d was 
estimated to be 82%, in comparison wi th authent ic (—)-
4d. T h i s result shows that the net inversion of the 
configuration at the chiral carbon a tom of le took 
place in the alkylation of the phenola te ion. 

W h e n p-ni t robenzenethiol was also alkylated wi th a 
diastereomeric mixture of [(R)-(—)-s-butyl]isopropyl-
phenylsulfonium Perchlorate (If) ([a]D —2.44°) s-
butyl ^ -n i t rophenyl sulfide (9) (40% yield) ([Œ]D 
+18.7°) and isopropyl p -n i t rophenyl sulfide (36% 
yield) were obtained. T h e chiral carbon a tom of (+)-9 
was assinged as be ing the (S)-configuration in 
compar ison with the authent ic (#)-s-butyl jfr-nitro-
phenyl sulfide (9) ([CX]D —18.5°), which was prepared 

by the alkylat ion of 2e with (S)-s-butyl tosylate (8) ([O;]D 
+9.6°) in the presence of sodium methoxide in 
methanol . T h u s , the optically active s-butyl g roup 
was transferred stereoselective^ to the thiolate ion 
wi th 100%-inversion of the configurat ion, as shown in 
Scheme 2. 

Reaction Mechanism. T h e relative reactivities and 
solvent effects observed exclude the SN2 mechanism in 
the alkylat ion of hard nucleophi les such as the 
phenola te ion wi th alkylsulfonium salts. Alternative­
ly, the fol lowing three processes are considered, as 
shown in Scheme 3. T h e first mechanism is an S N I -
like process by direct cleavage of the S-C bond of le , 
giving 5-butyl cat ion and methyl phenyl sulfide. T h e 
5-butyl cation readily reacts wi th the phenola te ion 
(path a). In the second mechanism, the phenolate ion 
attacks the cat ionic sulfur a tom of l e to give S-O 
sulfurane intermediate 10. T h e subsequent l igand 
coup l ing from 10 affords s-butyl phenyl ether 4d (path 
b). T h e third mechan ism is that the heterolytic bond 
cleavage of 10 once formed gives methyl phenyl 
sulfide, the s-butyl cation, and the phenola te ion (path 

CoHi 
/ 

2 n 5 

0 " ^ ~ C v " H + N 02~O"S H 

i-Pr 
CH3 

Cl04" 

(Rc)-(-)-1f 

2e 

K2C03 

.CH, 

OH2OI2 ^-(ly8-0^" H + N02-O"SH"Pr 

CoHj 2 n 5 

40% 

(S)-(+)-9 
[ce]D+18.7° 

36% 

C 2 H 5 

CH3 ^ O H 

(S)-(+)-7 

TsCI 
Py 

C2H5 

/ 0 ^ " H 

CH3 Vrs 
(S)-(+)-8 

Scheme 2. 

N O 2 - @ - S H 
m 

NaOMe-MeOH 

C2H '2M5 

V C H 3 

(R)-(-)-9 
[a]D-18.5° 

Me ^* * 

CT|3 OPh 

CH3 

cfH5 OPh 

R-(-)-4d 

path a 

path b 

path c 

Scheme 3. 
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c). Pa th a is excluded since it is k n o w n that even the 
£-butyl cation is not formed from the £-butylethyl-
methylsul fonium salt.9) Pa th b is also excluded since 
the l igand coup l ing produc t from sulfurane 10 is 
k n o w n to retain the s tar t ing configuration.1 0 ) It is 
therefore considered that pa th c is the most plausible 
for this alkylation. T h e reason for an inversion of the 
asymmetr ic carbon a tom of the s-butyl g r o u p of the 
p roduc t 4d may be expla ined as follows. Since s-butyl 
cat ion interacts strongly wi th lone-pair electrons of 
methyl pheny l sulfide, the phenola te ion attacks 
selectively from the rear side of the cationic carbon 
a tom of the s-butyl ca t ion . n ) T h e solvent effects in the 
alkylat ion of phenols is explained as follows: the ionic 
intermediate 11 in pa th c is influenced by the polariry 
of the solvent. 

Many interest ing and synthetically impor tan t reac­
tions of sul fonium compounds involving sulfurane 
intermediates, which undergo a wide variety of 
subsequent reactions, have been reported. T h e 
reaction of t r iphenylsul fonium salt wi th phenyl-
l i thium,1 2 ) 2 ,5-dihydrothiophenium salt wi th rz-butyl-
l i thium,1 3 ) and 1,2,4-trimethylthietanonium fluoro-
borate wi th rz-butyllithium14) are typical examples. 
T h o u g h we a t tempted to observe the sulfurane inter­
mediate in the reaction of sulfonium salts wi th pheno l 
by lH and 1 3 C N M R , however, no N M R signals 
corresponding to the intermedidate were detected.15) 

Alkylation of Nucleophiles with Alkylselenonium 
Salts. It is of interest to study the relative reactivity in 
the alkylation of nucleophiles with dialkylphenylsele-
n o n i u m salts in compar ison with that of the dialkyl-
phenylsul fonium salts. T h e reactions of the ethyl-
methylphenylse lenonium salt (12a) and the isopro-
pylmethylphenylse lenonium salt (12b) wi th several 
nucleophi les were investigated; the results are sum­

marized in Tab le 5. T h e relative reactivity of the alkyl 
groups toward pheno l was calculated to be Me:Et: 
i - P r = l : 1.33:2.38; this rat io was similar to that of the 
alkylat ion of pheno l wi th d ia lkylphenylsul fonium 
salts ( la and lb) (see Tab le 1). Similar relative 
reactivities of the alkyl groups in the alkylat ion of 
other nucleophi les such as Af-methylaniline, 2-meth-
oxycarbonyl-1-indanone, and p- toluenethiol wi th 
se lenonium salts (12a and 12b) were observed. These 
results thus suggest that the softness of the sulfur a tom 
in 1 and the selenium atom in 12 is comparable. 

Conclusion. In the alkylation of nucleophiles with 
sul fonium salts, the ratio of the relative reactivity of 
the alkyl groups on the sulfur a tom showed an 
opposi te order a m o n g the soft and ha rd nucleophiles . 
T h e reaction of the thiolate an ion with sulfonium 
salts could be explained by the SN2 mechanism, as 
reported previously; on the other hand , a new reaction 
mechan ism via a sulfurane intermediate was proposed 
in the reaction of the phenola te an ion wi th sul fonium 
salts. 

Experimental 

The melting points were determined on a Yamato MP-21 
melting-point apparatus and were uncorrected. The 
XHNMR spectra were recorded on a JEOL PMX 60 SI 
spectrometer (60 MHz) in CDCb, unless otherwise indicated, 
with Me4Si as an internal standard. The chemical shifts and 
coupling constants were recorded in 8 (ppm) and Hz units. 
The infrared spectra were recorded on a Hitachi Model 260-
10 spectrometer. The optical rotations were measured in a 
1.0 dm or 0.5 dm cell on a JASCO DIP-140 Polarimeter. The 
mass and high-resolution mass spectra were obtained on a 
JEOL JMS-DX 300 Mass spectrometer with a JEOL JMA 
5000 mass data system at an ionizing voltage of 70 eV, with 
sample introduction via a direct probe or through a i m GC 

Table 5. Alkylation of Nucleophiles with Selenonium Salts 

Ph-âe-R + Nu-H K2C Q3. Nu-CH3 + Nu-R 
I CH2CI2 

CH3 CIO4-

12a:R = C2H5 

12b:R = i-C3H7 

Entry Nu-H Selenonium salt 
Alkylated products/%a) 

Nu-CH3 NU-C2H5 NU-C3H7-; 
Relative reactivity 
CH3:C2H5:z-C3H7 

1 
2 

3 
4 

5 
6 

7 
8 

2a 
2a 

2b 
2b 

2c 
2c 

2d 
2d 

12a 
12b 

12a 
12b 

12a 
12b 

12a 
12b 

40.1 
27.8 

58.3 
48.0 

37.3 
38.1 

83.9 
95.4 

53.4 

37.7 

36.4 

14.8 

66.1 

48.5 

23.6 

3.9 

1:1.33:2.38 

1:0.65 : 1.01 

1:0.98:0.62 

1:0.18:0.04 

a) Determined by GC. 
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column containing 10% SE-30. 
General Procedure for Alkylation of Several Nucleophiles 

with Dialkylphenylsulfonium Salts (la and lb). A mixture 
of dialkylphenylsulfonium salt 1 (0.5 mmol), nucleophile 
(0.5 mmol), and anhydrous potassium carbonate (0.7 mmol) 
was stirred in dry dichloromethane (5 cm3) at room tem­
perature for 3 days. After filtration of insoluble materials, 
the chemical yields of resulting alkylated products were 
determined by GC. The physical properties of the typical 
products are as follows: 

2-Methyl-2-methoxycarbonyl-l-indanone (5a): Mp 57.5— 
58.0 °C (from hexane-ether); *H NMR (CDC13) ô=1.45 (3H, 
s), 2.95 (1H, d, /=17.0 Hz), 3.59 (1H, d, /=17.0 Hz), 3.62 (3H, 
s), and 7.16—7.80 (4H, m); MS m/z 204 (M+), 190, 176, 161, 
and 145; Found: m/z 204.0779, Calcd for C12H12O3: M, 
204.0786. 

2-Ethyl-2-methoxycarbonyl-l-indanone (5b): *H NMR 
(CDCb) 0=0.87 (3H, t, /=7.6 Hz), 1.98 (2H, q, 7=7.6 Hz), 
2.95 (1H, d, 7=17.0 Hz), 3.69 (3H, s), 4.38 (1H, d, 7=17.0 Hz), 
and 7.16—7.80 (4H, m); MS m/z 218 (M+), 203, 190, 175, and 
158; Found: m/z 218.0937, Calcd for C13H14O3: M, 218.0942. 

2-Isopropyl-2-methoxycarbonyl-l-indanone (5c): XH NMR 
(CDCI3) 6=0.76 (3H, d, 7=6.8 Hz), 0.96 (3H, d, 7=6.8 Hz), 
2.86 (1H, q, 7=6.8 Hz), 2.98 (1H, d, 18.0 Hz), 3.73 (1H, d, 
7=18.0 Hz), 3.97 (3H, s), and 7.30—7.89 (4H, m); MS m/z 232 
(M+), 201, 190, 172, and 157; Found: m/z 232.1079, Calcd for 
Ci4Hi603 :M, 232.1099. 

General Synthetic Procedure of Dialkylphenylsulfonium 
Salts and Alkyldiphenylsulfonium Salts (la, lb, lc, and 
Id). To a mixture of silver Perchlorate (25.0 g, 0.21 mmol) 
and alkyl phenyl sulfide (or diphenyl sulfide) (0.21 mol) in 
acetonitrile (110 cm3) was added slowly an acetonitrile 
solution (10 cm3) of alkyl iodide (0.60 mol) at 0°C; the 
mixture was stirred for 2 days at room temperature. After the 
insoluble materials (Agi) were filtered off the solvent was 
evaporated and the residue washed with ether. The resulting 
crude product was purified by recrystallization from 
acetone-ether to give dialkylphenylsulfonium Perchlorate la 
and lb (or alkyldiphenylsulfonium Perchlorate le and Id) in 
74_100% yield. 

Ethylmethylphenylsulfonium Perchlorate (la):4a) Mp 
84.5 °C (acetone-ether) (lit, mp 84.5 °C); 1H NMR (acetone-
de) 0=1.40 (3H, t, 7=7.2 Hz), 3.52 (3H, s), 3.92 (2H, q, J= 
7.2 Hz), and 7.76—8.33 (5H, m). 

Isopropylmethylphenylsulfonium Perchlorate (lb):4a) Syrup; 
1H NMR (acetone-de) 6=1.31 (3H, d, 7=7.0 Hz), 1.58 (3H, d, 
7=7.0 Hz), 3.28 (3H, s), 4.20 (0.5H, q, 7=7.0 Hz), 4.30 (0.5H, 
q, 7=7.0 Hz), and 7.53—8.00 (4H, m). 

Diphenylmethylsulfonium Perchlorate (lc):16) Mp 78— 
79 °C (acetone-ether) (lit, mp 73—74 °C); 1U NMR (acetone-
de) 0=3.92 (3H, s), and 7.57—8.23 (10H, m). 

Diphenylethylsulfonium Perchlorate (ld):4a) Mp 81 — 
81.5 °C (acetone-ether) (lit, mp 81—81.5 °C); 1H NMR 
(acetone-de) 0=1.51 (3H, t, 7=7.8 Hz), 4.41 (2H, q, 7=7.8 Hz), 
and 7.60—8.23 (10H, m). 

[(S)-(+)-s-Butyl]methylphenylsulfonium Perchlorate (le).4a) 

To a mixture of silver Perchlorate (1.93 g, 9.31 mmol) and 
(S)-(+)-s-butyl phenyl sulfide ([a]D +16.2° (c 1.50, MeOH)) 
(1.54 g, 9.27 mmol) in 5 cm3 of acetonitrile, which was 
prepared from (R)-(-)-s-butyl bromide4* ([a]D -22.9° (c 4.91, 
EtOH)) and thiophenol, was added slowly a solution of 
methyl iodide (12.1 g, 85.2 mmol) in acetonitrile (5 cm3) at 

0 °C; the mixture was stirred for 2 days at room temperature. 
After the insoluble materials (Agi) were filtered, the solvent 
was evaporated and the residue washed with ether to give 
[(S)-(+)-s-butyl]methylphenylsulfonium Perchlorate (le) 
(1.70 g, 95% yield): Syrup; [a]D +3.29° (c 4.18, MeOH); 
*H NMR (acetone-de) «5=1.31 (3H, t, 7=7.2 Hz), 1.31 (1.5H, d, 
7=7.2 Hz), 1.58 (1.5H, d, 7=7.2 Hz), 1.62 (2H, q, 7=7.2 Hz), 
3.43 (1.5H, s), 3.47 (1.5H, s), 4.11 (1H, q, 7=7.2 Hz), and 
7.67-8.25 (5H, m). 

Preparation of Authentic (R)-(—)-s-Butyl Phenyl Ether 
(4d). A mixture of phenol (141 mg, 1.49 mmol) and 
anhydrous potassium carbonate (300 mg, 2.17 mmol) in 8 cm3 

of dry methanol was stirred at room temperature. After 
addition of a methanol solution (7 cm3) of (S)-(+)-s-butyl 
tosylate (8) ([a]D +9.54° (c 4.01, CHCI3)), the reaction 
mixture was refluxed for 6h. The product was extracted 
with ether and the extracts dried over MgS04. After the ether 
was removed, the resulting crude product was purified by 
silica-gel column chromatography (pentane/ether= 10/1) to 
give (R)-(—)-5-butyl phenyl ether (4d) in 63% yield: [a]u 
-33.6° (c 1.25, CHCI3); *HNMR (CDCI3) 0=0.96 (3H, t, 
7=6.6 Hz), 1.26 (3H, d, 7=6.0 Hz), 1.63 (2H, q, 7=6.6 Hz), 
4.27 (1H, m), and 6.67—7.45 (5H, m); MS m/z 150 (M+), 135, 
121, 93, and 57; Found: m/z 150.1068, Calcd for C10H14O: M, 
150.1044. 

Alkylation of Phenol with Sulfonium Salt (le). A mixture 
of [(S)-(+)-s-butyl]methylphenylsulfonium Perchlorate (le) 
(375 mg, 1.33 mmol) ([a]D +3.29° (c 4.18, MeOH)), phenol 
(125 mg, 1.33 mmol) and anhydrous potassium carbonate 
(238 mg, 1.72 mmol) in dry dichloromethane (15 cm3) was 
stirred at room temperature for 3 days. After filtration of 
insoluble materials, the resulting reaction mixture was 
purified by silica gel column chromatography (pentane/ 
ether=10/l) to give a mixture of two alkylated products of 
phenol, which were separated by GPC to give anisole (4a) 
(17%) and (Ä)-(-)-s-butyl phenyl ether (4d) (51%): [a]D 

-27.,7° (c 1.20, CHCI3); *HNMR (CDCI3) ô=0.96 (3H, t, 
7=6.6 Hz), 1.26 (3H, d, 7=6.0 Hz), 1.63 (2H, q, 7=6.6 Hz), 
4.27 (1H, m), and 6.67—7.45 (5H, m); MS m/z 150 (M+), 135, 
121, 93, and 57; Found: m/z 150.1068, Calcd for C10H14O: M, 
150.1044. 

Preparation of (5)-(+)-5-Butyl Tosylate (8). A solution of 
(S)-(+)-s-butanol (7) (3.04 g, 41 mmol; from Aldrich Chem­
ical Company, Inc. [a]™ +11° (neat)) in 30 cm3 of pyridine 
was cooled to 0°C. After the addition of tosyl chloride 
(10.0 g, 52 mmol) in 40 cm3 of pyridine, the solution was 
stirred at room temperature for 2 days. The product was 
extracted three times with ether and the combined organic 
extracts washed with water, dried over MgS04, and the solvent 
removed in vacuo. The resulting crude product was purified 
by silica-gel column chromatography (hexane/AcOEt=5/l) 
to give (S)-(+)-5-butyl tosylate (8) in 80% yield: [a]D +9.6° (c 
4.01, CHCI3); IR (neat) 1350, 1165 cm-1; ^H NMR (CDCI3) 
0=0.83 (3H, t, 7=6.6 Hz), 1.22 (3H, d, 7=6.2 Hz), 1.52 (2H, q, 
7=6.6 Hz), 2.41 (3H, s), 4.55 (1H, m), and 7.30 and 7.76 (4H, 
A2B2, 7=8.6 Hz); MS m/z 228 (M+), 171, 113, 99, and 57; 
Found: m/z 228.0839, Calcd for CnHi603S: M, 228.0820. 

Preparation of (R)-(—)-s-Butyl Phenyl Sulfide. Thio­
phenol (1.54 g, 14.0 mmol) was added to 25 cm3 of methanol 
solution of sodium methoxide with stirring and the mixture 
was cooled to 0°C. After the addition of s-butyl tosylate 
(2.13 g, 9.35 mmol) ([a]D +9.6° (c 4.01, CHCI3)) in 20 cm3 of 
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methanol, the solution was stirred at room temperature for 
2 days. The product was extracted three times with ether; 
and the combined organic extracts were then washed with 
water and dried over MgSC>4. After the solvent was removed 
in vacuo the resulting crude product was purified by 
distillation to give (R)-(—)-s-butyl phenyl sulfide in 85% 
yield: bp 120—123 °C (1.5 mmHg); [a]D -23.5° (c 1.29, 
MeOH); ^ N M R (CDC13) ô=1.00 (3H, t, /=7.0 Hz), 1.26 
(3H, d, /=7.0 Hz), 1.57 (2H, q, /=7.0 Hz), 3.16 (1H, m), and 
7.14—7.50 (5H,m). 

Preparation of [(/?)-(—)-s-Butyl]isopropylphenylsulfonium 
Perchlorate (If). A mixture of silver Perchlorate (1.49 g, 
7.20 mmol) and (Ä)-(-)-5-butyl phenyl sulfide (1.20 g, 
7.21 mmol) ([a]D ~23.5° (c 1.29, MeOH)) in 10 cm3 of 
nitromethane was cooled to 0°C. After the addition of 
isopropyl iodide (6.58 g, 38.7 mmol) in 10 cm3 of nitrome­
thane at 0°C, the mixture was stirred for 2 days at room 
temperature. After the insoluble materials were filtered, the 
solvent was evaporated and the residue washed with ether to 
give [(R)-(—)-s-butyl]isopropylphenylsulfonium Perchlorate 
(If) in 91% yield: Pale yellow syrup; | > ] D -2.44° (c 2.37, 
MeOH); 1U NMR (acetone-de) ô=1.16 (3H, t, /=7.6 Hz), 1.44 
(3H, d, /=6.6 Hz), 1.54 (3H, d, /=6.6Hz), 1.64 (2H, q, 
7=7.6 Hz), 1.66 (3H, d, /=6.6 Hz), 4.20—4.80 (2H, m), and 
7.12—8.18 (5H, m); IR (neat) 1090 cm-1. 

Preparation of (/?)-(—)-5-Butyl p-Nitrophenyl Sulfide 
(9). p-Nitrobenzenethiol (345 mg, 2.22 mmol) was added to 
10 cm3 of methanol solution of sodium methoxide with 
stirring; the mixture was then cooled to 0°C. After the 
addition of (S)-(+)-s-butyl tosylate (8) ([a]D +9.6° \c 1.83, 
CHCI3)) in 10 cm3 of methanol, the solution was refluxed for 
1 day. The product was extracted with ether, and the 
combined organic extracts washed with water, dried over 
MgS04. After the solvent was removed in vacuo, the 
resulting crude product was purified by preparative TLC 
(Merck Kieselgel 6OF254) (hexane/ether=l/l) to give (R)-(—)-
s-butyl p-nitrophenyl sulfide (9c): [OL\D —18.5° (c 3.15, 
CHCI3); *HNMR (CDCI3) 6=1.03 (3H, t, /=7.6Hz), 1.36 
(3H, d, /=6.8 Hz), 1.63 (2H, q, /=7.6 Hz), 3.10—3.63 (1H, 
m), and 7.30 and 8.06 (4H, A2B2, /=9.0 Hz); MS m/z 211 
(M+), 195, 182, 155, and 139; Found: m/z 211.0705, Calcd for 
C10H13O2NS: M, 211.0667. 

Alkylation of p-Nitrobenzenethiol with Sulfonium Salt 
(If). A mixture of [(R)-(—)-s-butyl]isopropylphenylsulfonium 
Perchlorate (If) (992 mg, 3.21 mmol; [a]D ~2.44° (c 2.37, 
MeOH)), p-nitrobenzenethiol (2e) (546 mg, 5.32 mmol) and 
anhydrous potassium carbonate (736 mg, 5.32 mmol) in dry 
dichloromethane (20 cm3) was stirred at room temperature 
for 4 days. After filtration of insoluble materials, the 
resulting reaction mixture was purified by silica-gel column 
chromatography (hexane/ether=20/l) and then GPC to give 
isopropyl p-nitrophenyl sulfide (36%) and pale yellow syrup 
of (S)-(+)-5-butyl p-nitrophenyl sulfide (9) (40%); [a]D +18.7° 
(c 2.09, CHCI3); 1U NMR (CDCI3) 6=1.03 (3H, t, /=7.6 Hz), 
1.36 (3H, d, /=6.8 Hz), 1.63 (2H, q, /=7.6Hz), 3.01—3.63 
(1H, m), 7.30 and 8.06 (4H, A2B2, /=9.0 Hz); MS m/z 211 
(M+), 195, 182, 155, 139; Found: m/z 211.0706, Calcd for 
C10H13O2NS: M, 211.0667. Isopropyl p-nitrophenyl sulfide 
(9b); 1U NMR (CDCI3) ô=1.36 (6H, d, /=6.6Hz), 3.34 (1H, 
m), and 7.30 and 8.06 (4H, A2B2, /=9.0Hz); MS m/z 197 
(M+), 182, 167, 155, and 139; Found: m/z 197.0553, Calcd for 
C9Hn02NS: M, 197.0510. 

Synthesis of Isopropylmethylphenylselenonium Salt (12b). 
Isopropyl phenyl selenide was prepared by the reaction of 
sodium benzenethiolate and isopropyl iodide in ethanol 
under a nitrogen atmosphere in 83% yield; isopropyl phenyl 
selenide: bp 60 °C (1 mmHg, 1 mmHg=133.322 Pa); *H NMR 
(CDCI3) 6=1.39 (6H, d, /=7.0 Hz), 3.42 (1H, m), and 7.15— 
7.67 (5H, m); MS m/z 200 (M+), 158, 117, 105, 93, and 78. To 
a mixture of silver Perchlorate (3.44 g, 16.6 mmol) and 
isopropyl phenyl selenide (3.49 g, 17.5 mmol) in nitrometh­
ane (25 cm3) was added slowly a nitromethane solution of 
methyl iodide (5.50 g, 38.7 mmol) at 0°C, and the mixture 
was stirred for 1 day at room temperature. After the 
insoluble materials were filtered off, the solvent was 
evaporated and the residue was washed with ether to give 
pure selenonium salt 12b in 93% yield: oil, 1H NMR (CDCI3) 
0=1.41 (3H, d, /=7.0 Hz), 1.59 (3H, d, 7=7.0 Hz), 3.13 (3H, s), 
4.20 (1H, m), and 7.57—7.93 (5H, m). 

Similarly, ethylmethylphenylselenonium Perchlorate (12a) 
was prepared by ethylation of methyl phenyl selenide with 
ethyl iodide in acetonitrile in 82% yield: Mp 69—70.5°C 
(acetone-ether); 1H NMR (acetone-d6) ô=1.46 (3H, t, 7=7.8 
Hz), 3.26 (3H, s), 3.81 (2H, q, 7=7.8 Hz), and 7.60—8.20 (5H, 
m). 
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The affiinity for various cations and the thermal stability were studied on hydrous silicon-titanium(IV) 
oxide ion exchangers with various titanium contents. An exchanger with 52 mol% Ti shows a higher affinity for 
an alkali metal ion having a smaller hydrated radius but similar affinity, which depends little on the pH's of 
solutions, for alkaline earth metal ions, except for Ba2+. In the sorption of transition metal ions, the formation 
of a covalent bond is a factor in determining the selectivity of the exchanger, along with the remote coulombic 
interaction. The composition dependence of the affinities for Cs+, Ba2+, Co2+, Eu3+, and U022+ was explained 
in terms of the acid-base properties of the exchangers. The exchangers with 37 to 67 mol% Ti do not suffer from 
any drastic change in the surface area and in the crystallinity upon heating up to 540 °C, and are much more 
heat-resistant than the component simple hydrous metal oxides. The degree of the decrease in the exchange 
capacity upon heat treatment is larger in exchangers with a higher titanium content. The effect of a heat 
treatment on the acid-base property and the affinity for cations was also studied. 

T h e development of thermally stable hydrous metal 
oxides possessing diversity in ion-exchange character­
istics is very i m p o r t a n t in order to broaden the 
appl ica t ion areas of such materials. Hydrous s i l icon-
t i tanium(IV) oxide ion exchangers wi th different 
t i t an ium contents were previously prepared by mix ing 
a t i tanium(IV) chloride solut ion and a sodium 
metasil icate solut ion at p H 7.6.l) T h e acid-base 
property of the exchangers varied markedly wi th their 
t i t an ium contents (hereafter, the t i t an ium content is 
designated as mol% of T i to metall ic element of T i 
p lus Si). Hence, bo th the affinity for cations and the 
thermal stability of the materials may depend on the 
t i t an ium content. Kaneko et al. showed that a silica-
t i tania gel prepared by coprecipi tat ion retained about 
60% of the or iginal ion-exchange capacity for Na + , 
when it was heated at 700 ° C for 2 h.2»3) However, the 
dependency of the effect of a heat t reatment on the 
composi t ion of the materials has not yet been 
investigated. 

T h e first purpose of the present invest igat ion was to 
study the ion-exchange equi l ib r ium of an exchanger 
wi th 52 mol% T i as be ing representative of materials 
hav ing a large ion-exchange capacity: T h e stoichiom-
etry of the ion-exchange reaction, the up take curves 
for a lkal i metal ions, a n d the dis t r ibut ion coefficients 
for various cations were studied. Fur thermore, the 
dependence of ion-exchange selectivity for some 
cations on t i t an ium content in the exchangers is 
discussed in terms of the acid-base properties of the 
materials , which had been clarified in a preceding 
paper. l ) T h e second purpose was to examine the effect 
of a heat t reatment on the composi t ion, the acid-base 
proper ty and the selectivity for some cations of the 
hydrous si l icon-ti tanium(IV) oxides wi th various 
t i t an ium contents. 

Experimental 

Reagents and Apparatus. Strontium chloride, of the 
highest purity grade, was obtained from Mitsuwa Kagaku 
Ltd. The other chemicals were of the highest purity grade 
supplied by Wako Pure Chemical Industries Ltd. A well-
type Nal(Tl) scintillation counter (Fuji Denki, Model NDE-
14001) was employed for the measurement of y-radioactivity. 
The specific surface area of the samples, after being heated at 
100 °C to constant weight, was determined by the BET 
method (N2 adsorption at —196 °C) using a Yanagimoto 
Surface Area Measuring Apparatus, Model GSA-10. All the 
other apparatuses were the same as those described previ­
ously. ̂  

Ion Exchangers. The hydrous silicon-titanium(IV) ox­
ides were prepared by a previously described method.1* The 
exchangers used in the present study were selected to cover a 
wide range of their acid-base properties. Their compositions 
and the drying temperature are shown in Table 1. As has 
been shown, drying temperatures up to 70 °C had little effect 
on the ion-exchange properties of the products.l) 

Distribution Coefficients. The distribution coefficients, 
Kd, were determined in the following way. One tenth gram 

Table 1. Composition of the Exchangers 

Ti-mol% Water content 
Sample m o i T i 0 2 mol H 2 0 

No. 
mol (S1O2+Ti02) mol (Si02+Ti02) 

la> lOzbl 1.84+0.02 
2a> 34±1 2.04±0.02 
3b> 37±1 1.77±0.02 
4b> 52±1 1.89+0.02 
5b> 67±1 1.75±0.02 
6a> 76±1 2.51±0.02 
7a> 90±1 2.01+0.02 
8C> 100 2.31+0.02 

a) Dried at room temperature, b) Dried at 70 °C. c) Hy­
drous titanium(IV) oxide, prepared by the method de­
scribed previously. ̂  
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of each exchanger in the H + form was immersed for 4 d at 
40 °C in 7 cm3 of the solution with the desired pH value, 
which was adjusted by using a combination of 0.133 mol 
dm"3 NaNOa, and 0.133 mol dm"3 HNO3 or NaOH. One 
cubic centimeter of the solution containing metal ions to be 
examined was then added to the slurry to make their 
concentration 1X10-4 mol dm - 3 (except carrier free 239Np 
and 24iAm) and the ionic strength 0.1 mol dm - 3 . The metal 
ions were added as nitrates or chlorides. The mixture was 
then allowed to stand at 40 °C until the concentration of the 
cation in the supernatant became constant (8 to 18 d). The 
pH and the concentration of the cation in the supernatant 
were then measured. The Kd values, expressed in cm3 g -1, 
were obtained from the usual type calculation. Analyses of 
Cs, Ba, Mn, Co, Zn, Ce, Eu, Np, and Am, respectively, were 
carried out radiometrically using 137Cs, 133Ba, 54Mn, 60Co, 
65Zn, 144Ce, 152Eu, 239Np, and 241Am as tracers. The 239Np was 
prepared by milking from 243Am by the method of Sill.4) The 
oxidation state of neptunium at a tracer concentration was 
adjusted by the method of Inoue and Tochiyama.5) The 
U022+ was analyzed spectrophotometrically by using 2-(5-
bromo-2-pyridylazo)-5-(diethylamino)phenol as a coloring 
reagent.6* The concentrations of the other cations were 
determined by means of atomic absorption spectropho­
tometry. 

Stoichiometry of Ion-Exchange Reaction. One and two 
grams of the exchanger, respectively, in the H + form(Sample 
No.4) were immersed in 100 and 200 cm3 of 0.1 mol dm - 3 

NaOH, 0.05 mol dm~3 SrCl2 or BaCl2 solution for 8d at 
20 °C in a nitrogen atomosphere, with intermittent shaking. 
The pH of the solutions of the alkaline earth metal ions was 
adjusted to 7.2 by adding each hydroxide and 2-morpho-
linoethanesulfonic acid. This was followed by chemical 
analysis; the stoichiometry of cation exchange was evaluated 
from the difference between the initial and final concentra­
tions of the respective ions present in the solutions. Sodium 
ions were converted to the equivalent amount of sodium 
chloride by evaporating the solution with HCl and 
indirectly determined by titrating the CI - . The CI - were 
determined by Fajans' method after the solution had been 
neutralized. The Sr2+ and Ba2+ were assayed by complexi-
metric titration: The Zn-EDTA displacement method, using 
eriochrome black T as an indicator. In the experiments for 
Na+, the O H - and C03 2 - were determined by differential 
titration. In the case of alkaline earth metal ions, the 
amount of hydrogen ions released was estimated from the 
volume of a standard NaOH solution needed to bring the pH 
of the equilibrium solution back to the initial value of 7.2. 

Heat Treatment. About 5 g of the exchanger in the H + 

form was heated in air to a constant weight at a constant 
temperature, which was controlled within an accuracy of 1% 
by using an automatic temperature controller (Chino 

Workers Ltd., Model 175). After being cooled over P2O5, the 
sample was weighed and then immersed in water overnight. 
The sample separated from water was allowed to stand to a 
constant weight in a desiccator containing a saturated 
NH4CI solution (humidification). The water-recovery of the 
heat-treated samples was calculated from the difference in 
water contents between samples cooled over P2O5 immedi­
ately after the heat treatment and subjected to the humidi­
fication. 

The other experimental procedures were the same as those 
described previously.1* 

Results and Discussion 

(I) Ion-Exchange Properties of the Exchanger with 
52 mol% Ti. (a) Stoichiometry of Ion-Exchange Reac­
tion. Tab le 2 shows the results concerning the stoi­
chiometry of the exchange reaction between the hy­
drogen ions on the exchanger (Sample No. 4 in Tab le 
1) and the a lkal i metal or the a lkal ine earth metal ions 
in the solut ions . T h e ratios of the equivalent of the 
hydrogen ions released to that of the metal ions sorbed 
were uni ty wi th in the limits of experimental error, 
t hough slightly smaller than uni ty for Sr2+. These 
results indicate that the sorpt ion of ions is caused 
pr imari ly by a stoichiometric ion-exchange reaction, 
wi th certain reservation in the possible par t ic ipat ion 
of a reaction other than the ion exchange. 

(b)Acid-Base Properties. In order to study the 
acid-base property of the exchanger, the uptake curves 
for Na+ and Cl~ were measured as a function of p H , as 
shown in Fig. 1. T h i s figure reveals that this material 
is a cat ion exchanger, since no Cl~ was taken u p at all. 
T h e exchange capacities for Na+ increased wi th p H 
over wide range (pH>3.5) , so that the exchanger is 
considered to have many kinds of weakly dissociable 
ion-exchange sites. T h e up take curves for Li+ and K+ 
showed a p H dependency s imilar to that for Na+, 
though the ion-exchange capacities for those ions 
differed wi th each other: K+>Na+>Li+ at p H < 1 0 , and 
the reverse order at p H > 1 0 . T h i s result suggests the 
dependence of the relative affinity for alkali metal ions 
on the p H of the solutions. 

(c) Selectivity for Cations. T h e Kd values for Eu 3 + 

in various concentrat ions are plot ted against p H in 
Fig. 2. T h e l inear relation held between log Kd and 
p H ; the slopes of the straight lines increased wi th a 
decrease in the concentrat ion, app roach ing 3 when it 
became extremely di lute (1X10 - 7). T h i s may be 

Table 2. Verification of the Stoichiometry of Cation Exchange 

System 

Na+/H+ 
Sr2VH+ 
Ba2VH+ 

(I) 
H + released 

meq g - 1 

3.37+0.09 
0.96±0.01 
0.82±0.01 

(II) 
Metal ions taken 

meq g_1 

3.39+0.04 
1.00+0.02 
0.80+0.02 

up Stoichiometry 

(I)/(H) 

0.99+0.03 
0.96+0.02 
0.98+0.03 
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Fig. 1. Uptake curves for alkali metals and chloride 
ions. Conditions; exchanger: 0.15 g of sample 
No. 4, solution: 15 cm3, ionic strength: 0.1 mol dm -3 , 
contact time: 7 d at room temperature. Ions; Q Li+, 
O: Na+, A: K+, • : CI". 

Fig. 3. LogÄ^d for alkali metal ions as a function of 
pH. Ionic strength: 0.1 mol dm~3 (HN0 3 -NaN0 3 -
NaOH). Exchanger: No. 4. Cations; O: Li+, Q K+, 
A: Rb+, V: Cs+. 

Fig. 2. Effect of the concentration of Eu3+ on Kd. Ex­
changer: No. 4. Initial concentration of Eu3+/mol 
dm-3; O: 1X10~4, Q 1X10~5, A: 1X10~6, V: 1X10~7, 
• : 6X10~10. 

ascribed to the l imited a m o u n t of cation-exchange 
sites in the p H range studied (Fig. 1). Hence, it is 
preferable to use a concentrat ion lower than 10~7 mol 
d m - 3 for strictly c o m p a r i n g the selectivity of the 
exchanger between various cations. T h e lack of 
sensitivity of the analytical methods, for some cations, 
however, makes this very difficult. T h u s , the Âd values 
for the cations were compared at the lowest possible 
and constant ini t ia l concentrat ion of the cations in 

solut ion, that is, 1X10 - 4 mol d m - 3 . 
Figure 3 shows the p H dependency of the Kd values 

for alkal i metal ions. A nonl inear relat ion between 
logKd for Li+ and p H is due to the much smaller 
affinity of the exchanger for Li+ than for Na+ used as a 
back-ground salt. T h e slope of the straight lines (0.5) 
for other alkali metal ions was half the charge of the 
cations. T h i s observation can be understood by 
app ly ing the model proposed by the present authors 
for t reatment of the stoichiometry of the metal- ion 
sorpt ion on hydrous metal oxides;# the metal ions in 
quest ion (counter cations) in the exchanger phase exist 
mostly as free ions and the charge balance in this phase 
is achieved by the sodium ions of the suppor t ing 
electrolyte (back-ground cations). Figure 3 also shows 
that the selectivity for alkali metal ions decreases in the 
order C s + > R b + > K + > N a + > L i + , as expected from Fig. 
1; that is, the selectivity increases wi th decreasing 
hydrated ionic radius. 

Figure 4 indicates that the Kd values depend little on 
the p H of the solutions for alkal ine earth metal ions, 
except for Ba2+. T h i s observation suggests that such a 
small a m o u n t of a lkal ine earth metal ions l ighter than 
Ba2 + may be sorbed by a reaction other than the ion 
exchange, a possibility poin ted ou t in the stoichio­
metry of the up take of Sr2+ (Table 2). For Ba2 + , a l in-

# The model assumes that hydrous metal oxides are 
weakly acidic cation exchangers having a discrete exchanger 
phase between the matrix and the surrounding solution, 
where the charge balance and the mass action law hold. The 
counter cations distribute between this phase and bulk 
aqueous phase.7) 
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Fig. 4. Log Kd for alkaline earth metal ions as a func­
tion of pH. Ionic strength: 0.1 mol dm - 3 (HNO3-
NaN03-NaOH). Exchanger: No. 4. Cations; O: 
Mg2+, D: Ca2+, A: Sr2+, V: Ba2+. 

Fig. 5. Log Kd for transition metal ions as a function 
of pH. Ionic strength: 0.1 mol dm~3 (HN0 3 -NaN0 3 -
NaOH). Exchanger: No. 4. Cations; • : U02

2 + , O: 
Mn2+, D: Ni2+, A: Co2+, V: Zn2+, • : Eu3+, A: Ce3+. 

ear relat ion wi th a slope of about uni ty held between 

log Kd and p H . 
Figure 5 shows the p H dependency of the Kd values 

for bi- and tervalent t ransi t ion metal ions. T h e l inear 
relat ions between log Kd and p H were observed for all 
ions; the slopes of the straight lines increased wi th the 

Fig. 6. LogÄ^d for actinoid ions as a function of 
pH. Ionic strength: 0.1 mol dm - 3 (HNC>3-NaNC>3-
NaOH). Exchanger: No. 4. Concentration of cations; 
• : U0 2

2 + lX10-4moldm-3, A: Np0 2
2 + trace in 

4X10-4 mol dm~3 KMn04 , A: N p 0 2
+ trace, O: Arn3+ 

trace, : Eu3+ trace. 

charges of the ions. T h e order of selectivity for 
transi t ion metal ions was U 0 2 2 + » E u 3 + = C e 3 + » Z n 2 + 

>Ni 2 +=Mn 2 +=Co 2 +. T h e results in Figs. 4 and 5 
indicate that the affinity appears to increase wi th ionic 
potent ia l of hydrated cations, since their ionic radii 
are, on the whole , larger for bivalent t ransi t ion metal 
ions than for alkal ine earth metal ions. T h i s order and 
the selectivity series for alkali metal ions conform to 
the ion-hydra t ion theory, which claims that the 
strength of the electrostatic interaction between hy­
drated cations and fixed an ion ic sites determines the 
selectivity of the strongly acidic resin.8) 

Figure 6 shows the results for some act inoid ions. 
For n e p t u n i u m a n d amer ic ium, a tracer concentra t ion 
was used, whereas the concentra t ion of u r a n i u m was 
1X10 - 4 mo l d m - 3 . If we are to compare the affinity for 
these ions on the same concentrat ion basis, UC>22+ may 
have an affinity higher than that of NpÜ2 2 + and Am 3 + 

since the Kd s trongly depends on the concentrat ion of 
the ions to be sorbed (Fig. 2). T h e deviation from 
linearity above p H 2.5 for NpÜ2 2 + is a t t r ibutable to 
its hydrolysis. Am3+ had appreciably higher affinity 
than Eu 3 + , in spite of their similar ionic radii; ionic 
radii wi th coordinat ion n u m b e r 6 are 0.112 n m for 
Am3+ and 0.109 n m for Eu3+.9> In addi t ion, U 0 2

2 + and 
NpÜ2 2 + had Kd values higher than those expected from 
their charges; the affinity for these ions was greater 
than , or s imilar to that for tervalent cations. These 
f indings cannot be expla ined only in terms of the 
electrostatic interaction between the hydrated cations 
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and the anionic sites in the exchanger. It may 
therefore be considered that, in the ion-exchange 
reactions for transition metal ions, the formation of 
covalent bonds between the anionic sites and metal 
ions plays an important role for determining the 
selectivity of the exchanger together with the remote 
coulombic interaction. A similar consideration was 
applied for simple hydrous metal oxide ion exchangers, 
as had been described in previous papers.10-12) 

(II) Relation between the Selectivity for Cations and 
the Composition of the Exchangers. As described 
previously, the acid-base property of the exchangers 
depends strongly on their titanium content.1) Hence, 
the selectivity for cations is expected to vary with the 
composition of the exchangers. The Kd values for Cs+, 
Ba2+, Co2+, Eu3+, and UC>22+ were measured on 
exchangers with 10, 34, 76, and 90 mol% Ti and 
hydrous titanium(IV) oxide. 

Since the slopes of the straight lines between log Kd 
and pH unchanged with varing titanium content, the 
stoichiometric relation in the sorption is independent 
of the composition of the materials. In order to clarify 
the relation between the affinity for cations and the 
composition of the exchangers, the Kd values at pH 4 
were plotted against titanium content (Fig. 7). The Kd 
values for Cs+ and Ba2+ increased with titanium 
content up to 52 mol%, and decreased with its further 
increase. On the other hand, the Kd values for 
transition metal ions increased with titanium content, 
with a small trough at Ti-90 mol%. 

The ion-exchange capacity can be used as a measure 

o 20 40 60 
Ti /mol 

80 100 

Si+Ti /mol x100 

Fig. 7. Dependence of Kd for some cations on the 
composition of the exchangers. Ionic strength: 0.1 
mol dm-3 (HN03-NaN03-NaOH). pH: 4. Cations; 
O: Cs+, D: Ba2+, A: Co2+, V: Eu3+, • : U02

2+. 

of the degree of dissociation of the OH groups in the 
exchangers. As was made clear from a preceding 
paper,l) the degree of dissociation shows a plateau 
between exchangers with 10 to 76mol% Ti, with a 
maximum at 52 mol% Ti, and is smaller for 90 mol% 
Ti than for the simple hydrous titanium(IV) oxide. 
These findings are consistent with the view that the 
dependence of the Kd values for Cs+ and Ba2+ on the 
composition of the exchangers is determined by the 
electrostatic interaction between the ions and the 
dissociated sites in the exchanger. The dependence of 
the Kd values for transition metal ions cannot be 
understood by a purely coulombic interaction with the 
anionic sites, but may be due to the formation of a 
covalent bond. The hydrous titanium(IV) oxide 
possessing exchange sites of low acidity showed the 
highest affinity for transition metal ions among the 
exchangers of various composition. The fact that the 
Kd values for all kinds of cations were smaller for the 
exchanger with 90 mol% Ti than for the simple 
hydrous titanium(IV) oxide is attributable to the lower 
exchange capacity of the former than the latter. 

(III)Effect of Heat Treatment. (l)Water Content 
and Physical Property. Figure 8 shows the relation 
between the heat-treatment temperatures and the water 
content of the exchangers immediately after the heat 
treatment, or subjected to humidification. Irrespective 
of the titanium content, the amount of water 
contained in the exchangers immediately after a heat 
treatment at 240 °C was reduced to less than 10% of the 
original value; it then gradually decreased with 
temperature. On the other hand, the water content of 

0 200 400 
Temperature/°C 

600 

Fig. 8. Effect of heat treatment on the water content 
of the exchangers. Exchangers; Q No. 1, V: No. 3, O: 
No. 4, 0: No. 5, A: No. 7, Open marks: Immediately 
after heat treatment. Filled marks: Immersed in 
water, dried over saturated NH4CI solution, (a): 
Water recovered by humidification, (ß): Water releas­
ed irreversibly. 
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exchangers subjected to humidification varied with 
the titanium content. For an exchanger with 10 mol% 
Ti heated up to 420 °C, about 1.6 moles of water per 
1 mole of the metallic elements were recovered, 
indicating that over 90% of the water lost by the heat 
treatment was recovered by humidification. When 
exchangers with 37 mol% or more Ti were heated at 
240 °C, 0.7 to 0.8 mole of water per 1 mole of metallic 
elements was released irreversibly; the irreversible loss 
of water then gradually increased with temperature; 
even at such high temperature as 540 ° C, the exchangers 
preserved matrices which could accomodate 0.7 to 
1.3 mole of water per 1 mole of the metallic elements. 

Figure 9 shows the effect of a heat treatment on the 
specific surface area. For an exchanger with 10 mol% 
Ti, only a little decrease was observed in the surface 
area, indicating that the distribution of pore diameter 
in the sample did not change upon heat treatment up 
to 540 °C. The surface areas of exchangers with 52 and 
90 mol% Ti gradually decreased with the temperature; 
the decrease was larger in the exchanger with 
52 mol% Ti. This means that the micropores were 
destroyed by a heat treatment more markedly in the 
former. The exchangers with some titanium content 
maintained large surface areas of 130 to 340 m 2 g - 1 , 
even when they were heated at 540 ° C. 

In an exchanger with 52 mol% Ti, the X-ray 
diffraction pattern showed an amorphous structure 
which did not change, even when it was heated at 
540 °C. A broad peak observed in an exchanger with 
10 mol% Ti shifted to the position of hydrous silicon 
oxide when the exchanger was heated at 540 °C. An 
exchanger with 90mol% Ti showed the peaks char­
acteristic of anatase, which were intensified with the 
heat treatment. 

These results suggest that a heat treatment does not 
largely change the structure of the exchangers, nor 

AOOi 

CM 

E 
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200 400 
Temperature/°C 

Fig. 9. Effect of heat treatment on the surface area of 
the exchangers. Exchangers; D: No. 1, O: No. 4, A: 
No. 7. 

destroy the space which can accomodate water 
molecules. 

The DTA and the TGA curves were measured on the 
heat-treated and humidified exchangers. In the DTA 
curves, one large endothermic peak with shoulders 
appeared in the range below 250 ° C due to a loss of water. 
The large endothermic peak at 80 ° C is considered to 
correspond mainly to the release of water recoverable 
by humidifying, that is, a certain kind of zeolitic water. 
The shoulders observed at the high- and the low-
temperature sides, respectively, of the peak are 
attributable to the bound water liberated by the 
condensation of the hydroxyl groups and to the 
adherent water in the exchanger matrices.7'9) 

In order to further examine the decrease in the water 
content of the heat-treated and humidified exchangers, 
the difference in the amount of water molecules 
released at various temperatures between the materials 
with and without heat treatment was estimated from 
the TGA curves (Fig 10). When the exchangers with 
52 and 67 mol% Ti were thermally treated, the amount 
of water released did not change up to 100 °C; it then 
significantly decreased with temperature up to 250 °C, 
showing a decrease in water content upon heat 
treatment. The water bound strongly to the exchanger 
matrix is, therefore, released irreversibly when the 
exchangers are heat-treated at temperatures higher 
than 240 °C. When exchangers with 10 and 90 mol% 
Ti were heat-treated, the amount of water released 
increased up to 100 °C and decreased with temperature 
from 100 to 250 °C. In an exchanger with 10 mol% Ti, 

LU 

200 400 
Temperature/0 C 

Fig. 10. Difference (E) in the amount of water 
released at various temperatures between the samples 
with and without heat treatment. Exchangers; D: 
No. 1, O: No. 4, 0: No. 5, A: No. 7. Open marks: 
Samples heat-treated at 240 °C. Filled marks: 
Samples heat-treated at 420 °C. 
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the increase of the water of low b ind ing energy is 
similar to, or cancels out , the decrease of the water of 
h igh b i n d i n g energy. T h i s is why the exchanger wi th 
10 mol% T i lost only a small a m o u n t of water by heat 
treatment, when it was subjected to the humidifica­
tion. 

F rom the above observations, the effect of a heat 
t reatment on the composi t ion of composite exchangers 
can be summarized as follows. When the exchangers 
are heat-treated at temperatures u p to 420 °C, a 
disordered network structure, original ly formed dur­
i ng precipi ta t ion, is stabilized by an irreversible release 
of some par t of the b o u n d water. T h e matrices of the 
exchangers wi th 37 to 67 mol% T i , thus formed, can 
accomodate an approximate ly constant a m o u n t of 
water which can be recovered by humidif icat ion. 
However, regarding exchangers wi th 10 and 90 mol% 
T i , the recovery of such zeolitic water increases wi th 
the heat treatment. Wi th the stabilization of the 
network structures, the water molecules formed by the 
condensat ion of the O H groups together wi th the 
water molecules b o u n d to them are released irrevers­
ibly. 

(2)Acid-Base Property. In order to examine the 
effect of a heat t reatment on the acid-base property of 
the exchangers, the up take curves for N a + were 
measured for the exchangers wi th 52 mol% T i (Fig. 
11). It shou ld be noted that the ion-exchange 
capacities of the samples are normalized to the number 
of moles of N a + taken u p per 1 mol of the metall ic 
elements cons t i tu t ing the samples. T h e p H ' s , at 
which the inflection po in t was observed (pH 7) and the 
sorpt ion of Na+ commenced, did not shift by heat 
treatment. T h i s indicates that the acidity of the 
exchange sites is not significantly affected by a heat 

0 L E ^ 1 1 1 1 
3 5 7 9 11 13 

pH 
Fig. 11. Effect of heat treatment on the uptake curves 

for Na+. Solution: 15 cm3 of 0.1 mol dm"3 NaCl-
NaOH. Exchanger: 0.15 g of the exchanger with 52 
mol% Ti, heat-treated at various temperatures. 
Temperature of treatment: O: R.T., Q 135°C, A: 
240 °C, V: 420 °C, • : 540 °C. 

treatment. T h e ion-exchange capacity in the p H range 
lower than the inflection po in t decreased wi th the 
tempera ture for the heat t reatment , while , in a p H 
range h igher than that poin t , the curves were parallel 
wi th each other. T h i s observation indicates the 
destruction of the exchange sites by heat treatment 
mainly occurs in more acidic sites. For example, when 
the exchanger was heated at 540 °C, it retained about 
35 and 70% of the original ion-exchange capacities at 
p H 7 and 12, respectively. 

T o examine the dependence of the t i tan ium content 
on this effect, the ratios of the ion-exchange capacities 
of the samples, wi th and wi thou t a heat treatment 

Temperature/°C 

Fig. 12. The fraction of ion-exchange capacity 
remained after heat treatment (P) vs. the heating 
temperature. Exchangers; D: No. 1 (at pH 8 or 11), 
V: No. 3, O: No. 4, 0: No. 5, A: No. 7, < : No. 8. 
(filled marks: pH 7, open marks: pH 12). 

)20 0.05 0.10 0.15 

Decrease in ion-exchange capacity at pH 12 

mol Na*/mol(Si02+ ÜO2) 

Fig. 13. Correlation between the decreases in the ion-
exchange capacity at pH 12 and the structural water 
content. Exchangers; D: No. 1 (pH 11), V: No. 3, O: 
No. 4, 0: No. 5, A: No. 7. 
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(hereafter called the residual capacity fraction(P)) were 
calculated at pH 7 and 12 from the uptake curves. An 
exception, however, had been made in the case of the 
exchanger with 10mol% Ti. In this case, P was 
obtained at pH 8 and 11, since the inflection point in 
the curve was at pH 8, and the dissolution of a part of 
the exchanger limited the maximum applicable pH at 
11. As is shown in Fig. 12, the P values decreased with 
increasing titanium content. In the exchanger with 

10 mol% Ti, when heated at 420 °C, the capacity at pH 
8 was reduced to about 83% of the original value, while 
the P at pH 11 was as high as 0.94. This is due to the 
destruction of the more acidic exchange sites, because 
the original sample possesses a 2.6-times larger ion-
exchange capacity at pH 11 than at pH 8. The P's 
were smaller for the exchangers with 37 and 52 mol% 
Ti than for those with 10 mol% Ti. In spite of this fact, 
the exchange capacities of the exchangers with 37 and 

300 ,600 

0.3 0.9 
Ion-exchange capacity/ mmol Nef g"1 Ion-exchange capacity/mmol Na+ g" 

E 
o 
\ 

« 

0.3 0.9 
Ion-exchange capacity/mmol No* g"1 

0.3 0.9 
Ion-exchange capacity/mmolNa* g"1 

Fig. 14. Relation between the Kd values for some cations and ion-exchange capacity for Na+ at the 
inflection points of the exchangers with or without heat treatment, a: Cs+, b: Co2+, c: Eu3+, d: UC>22+. 
Exchangers; D: No. 1, V: No. 3, O: No. 4, 0: No. 5, A: No. 7. Temperature of treatment; DVOOA: 
R.T.; 6: 135°C; ŒNfdOA: 240°C; EVC^A: 420°C; • : 540°C. 
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52 mol% T i heated at 420 ° C are larger, by 0.025 at p H 
7 and by 0.10 at p H 12, than those of the exchanger 
wi th 10 mol% T i heated at the same temperature. T h i s 
is due to the very large or ig inal exchange capacity of 
the former. T h e exchanger wi th 67 mol% T i , having 
an acid-base property similar to those wi th 37 and 
52 mol% T i , showed a P that was somewhat smaller 
than the latter. T h e exchanger wi th 90 mol% T i , 
hav ing the smallest ion-exchange capacity at room 
temperature , showed the smallest P a m o n g all the 
exchangers examined. 

From these observations, the exchangers wi th 37 to 
52 mol% T i are considered most suitable for use at 
elevated temperatures. As the P of the hydrous 
t i tanium(IV) oxide were smaller than 0.11 at 220 °C, it 
is appa ren t to give an excellent thermall stability to 
the hydrous t i tanium(IV) oxide by complex ing wi th 
hydrous silicon oxide. 

When the a m o u n t of the structural water loss u p o n 
hea t ing and the decrease in the ion-exchange capaci­
ties at p H 12 are compared (Fig. 13), there exists a 
s t rong correlat ion between them (the correlation 
coefficient 0.95). We can, therefore, conclude that the 
irreversible loss of s t ructural water causes a decrease in 
the ion-exchange capacity. 

(3)Distribution Coefficient. T h e distr ibution coef­
ficients, Kd, for Cs+, Co2+, Eu3+, and U 0 2

2 + for the 
heat-treated exchangers wi th various t i t an ium con­
tents were determined at various p H ' s and their 
concentrat ions. A heat t reatment did no t alter the 
dependence of the Kd values on the p H , nor on the 
concentrat ions a l t hough the absolute values of Kd for 
these ions decreased wi th increasing heat ing temper­
ature. These observations suggest that the stoichio­
metric relat ion governing the exchange reaction does 
not change wi th heat treatment. 

Figures 14a to 14d show a correlation between the 
ion-exchange capacities of the more acidic sites, and 
the Kd values for Cs+ and Co2+ at p H 5, for Eu3+ at p H 
4, and for UC>22+ at p H 3. There is a s trong correlation 
between them in a given exchanger (correlation 
coefficients >0.92), except Cs+ and UC>22+ in the 
exchanger wi th 52 mol% T i ; ion-exchange capacities 
at the p H adopted for measur ing the Kd values governs 
the affinity for the cations. In addi t ion, the Kd values 
depend on the ion-exchange capacity more strongly 
(larger slope) in exchangers wi th a higher affinity for a 
cat ion than in those wi th lower affinity. T h e Kd values 
for Cs+ and UC>22+ on the exchanger wi th 52 mol% T i 

did no t change linearly wi th the exchange capacities. 
T h o u g h the reason for this rather anomalous phenom­
enon is no t clear, it may be that changes in some 
propert ies other than the ion-exchange capacity 
b rough t abou t by a heat treatment, affect the affinity 
for Cs+ and U 0 2

2 + . 
T h e effect of a heat t reatment on the ion-exchange 

properties of the hydrous s i l icon-t i tanium(IV) oxides 
can be summarized as follows. When the exchangers 
were heated, structural water ( O H groups and the 
water molecules b o u n d to them) is released irrevers-
ively, caus ing a decrease in the ion-exchange capacity 
of the stronger acidic sites. T h e a m o u n t of decrease in 
the ion-exchange capacity u p o n heat ing increases wi th 
the t i t an ium content in the exchangers, resul t ing in a 
lowering of the affinity for various cations. In an 
exchanger wi th a given T i content , the effect of a 
decrease in the ion-exchange capacity u p o n heat ing on 
the affinity for cations is more p rominen t for cations 
wi th higher- than wi th l o w e r e d values. 

T h i s research was suppor ted in par t by a grant from 
T o h o k u Radiological Science Center. 
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Electrochemical and electronic spectral bahaviors of complexes [Cu(acac)(tmen)]C104 and [Qi2(taet)-
(tmen)2](C104)2, where acac=acetylacetonate ion, tmen=N,N,^N'-tetramethylethylenediamine, taet=l, 1,2,2-
tetraacetylethanediide ion, were investigated in six solvents by cyclic voltammetry, constant potential coulo-
metry, and visible absorption spectroscopy. Copper(II) undergoes electrolytic reduction to copper(I) coupled 
with the complex decomposition. The values of reduction potential vs. iTmax of the d-d absorption band show 
linear correlation in accordance with coordination ability of the solvent. 

Many kinds of copper(II) mixed l igand complexes 
wi th A/^Af'-polyalkylated ethylenediamine (diam) and 
a ß-diketonate ion (dike) have been synthesized; the 
general formula [Cu(dike)(diam)]C104 which are very 
soluble in many organic solvents and are solvato-
chromic. 1 _ 4 ) Systematic spectroscopic examina t ion of 
these chelates in many nonaqueous solvents showed a 
good correlation between their d-d absorpt ion max ima 
in solut ions and the donor strengthes of the solvents 
used; i.e., the absorpt ion peak of the chelate in an inert 
solvent like 1,2-dichloroethane shifts m u c h more 
h igher frequencies than that in the s trong solvent like 
DMSO. T h i s solvatochromic behavior has been also 
examined by ESR measurements , and it was reported 
that there is a good correlat ion between ESR param­
eters (g// values) of the chelate in solut ions and the 
donor abilities of the solvents used.5) 

Besides the spectroscopic properties,3 ) it is also very 
interested to know whether electrochemical param­
eters, in par t icular redox potent ial , of the chelate in 
various organic solvents correlate wi th the solvent 
polari ty.6 _ 9 ) T h e n the a im of the present paper is to 
find the correlat ion between the electrochemical 

+ 

CIO, 

Formula 1. 

C X IrC^ j \ , 
\ / 

2 + 

2 CIO, 

Formula 2. 

propert ies and the spectral ones of the chelates. T h e 
complex (1) [Cu(acac)(tmen)]C104 (acac=acetylaceton-
ate, t m e n = A^A^A/^A/^-tetramethylethylenediamine) as 
well as the dinuclear complex (2) [Cu2(taet)(tmen)2]-
(C104)2 ( taet=l , l ,2,2-tetraacetylethanediide ion) have 
been chosen for the study, a m o n g which the latter 
complex is newly obtained in this study. 

Experimental 

The complex 1, [Cu(acac)(tmen)]C102, was prepared as 
described previously,1* and the dinuclear one 2, [Cu2(taet)-
(tmen)2](C104)2, is prepared as follows: Ligand H2(taet)10) 

1.00 g (5 mmol) and KOH 0.56 g (10 mmol) in 30 ml of 
EtOH(ethanol) were added to the solution of Cu(C104)2-
6H2O 3.70 g (10 mmol) in 40 ml of EtOH. To the solution 
tmen 1.28 g (11 mmol) was added. The color of the solution 
was changed from blue to bluish violet. Crude dark violet 
crystals were recrystallized from 1,2-dichloroethane (Yield 
80%). Analytical data: C, 33.73, H, 6.06, N, 7.10%. Calcd for 
[Cu2(taet)(tmen)2](C104)2-1.5H20: C, 33.81, H, 6.06, N, 
7.17%. All other chemicals used were extra pure or analytical 
grade. Solvents were dehydrated by usual methods. 

Voltammetric measurements were performed with a 
Polarographic Analyzer PA 4 (Laboratôrnî pristroje, Prague). 
A conventional three-electrode electrochemical cell was 
used; a platinum microelectrode and a hanging mercury 
drop electrode, a platinum flag, and a saturated calomel 
electrode(aqueous 4 mol dm - 3 LiCl) connected via a salt 
bridge containing the supporting electrolyte in the cor­
responding nonaqueous solvent served as the working, 
counter, and reference electrodes, respectively. Supporting 
electrolyte was tetrabutylammonium tetrafluoroborate or 
sodium Perchlorate in the concentration of 0.1 mol dm - 3 . 
Cyclic voltammograms were recorded at a potential scan rate 
of 100 mV s_1. Argon was used as an inert gas. 

Coulometric measurements were made with a universal 
OH-404 Coulometric Analyzer (Radelkis, Budapest). The 
working electrode consisted of a double circular platinum 
gauze, placed parallel to a frit separating the cathode from 
the anode compartment in the electrolytic cell. The auxi­
liary electrode was a platinum coil. The reference electrode 
was constituted as for voltammetric measurements. 

Visible absorption spectra were obtained by a Specord UV-
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VIS spectrophotometer Model M 40 (Zeiss, Jena) and a 
Hitachi 340 spectrophotometer. All measurements were 
performed at 25 ° C. 

Results and Discussion 

Dinuclear complex con ta in ing bridged tetraketon-
ate i o n ( l , l , 2 , 2 , - t e t r a a c e t y l e t h a n e d i i d e = t a e t ) a n d 
A^,N,A^/,A^/-tetramethylethylenediamine(tmen) was new­
ly synthesized in this study. T h e analytical data show 
that the complex is sesquihydrate, dark violet crystal 
which has 2.69 BM (per mole; 1.90 BM per Cu2+) at 
r oom temperature . T h e complex is very soluble in 
various solvents and shows characteristic solvato-
chromism, which are very similar to those of the 
mononuc lea r complexes [Cu(acac)(tmen)]+. 

Electrochemical properties of the complexes were 
studied by cyclic vol tammetry in six solvents, i.e., 
pyridine, DMSO, DMF, water, CH 3 CN, and acetone, 
wi th the stationary p l a t i n u m microelectrode and the 
h a n g i n g mercury d rop electrode. T h e complexes 
undergo a reduct ion which is localized, evidently, on 
the metal a tom. T h e reduction process is diffusion 
control led as it follows from the l inearity of the 
peak current dependence on the square root of the scan 
rate (the range of V=0.05 to 0.50 V s_1). Ferrocene was 
used as an internal s tandard for ass ignment of 
potent ia l values as well as evaluat ion of transfered 
electron number . O n the p l a t i n u m electrode the 

ferrocenium/ferrocene redox couple was situated at 
£ i / 2 =0.38V vs. SCE(CH 3 CN) and exhibited the 
potent ia l separat ion of £ p =80 mV and the ZpC/zPa peak 
current rat io equal to one. 

For bo th copper(II) complexes, 1 and 2, the 
potent ia l of the reduct ion peak (£pc) depends u p o n the 
solvent as well as the work ing electrode used and its 
values are listed in Tables 1 and 2. T h e character of 
the reduct ion pa thway is the same on both work ing 
electrodes and the change of the suppor t ing electrolyte 
(BU4NBF4 to NaC104) has no influence on the redox 
characteristics of the complexes. T h e peak currents at 
EpC are a lmost the same for bo th complexes and near to 
that of ferrocene oxidat ion at the same concentrat ion 
of all complexes. It indicates, at least for the complex 
1, that the reduct ion involves 1 mol of electron per mol 
of Cu(II) complex . In the case of the complex 2 such 
compar ison may be non-adequate as the dinuclear 
complex has probably smaller value of diffusion 
coefficient than the complex 1. (Considering the 
double a m o u n t of Cu(II) centers in the complex 2 
solution, the peak currents of bo th complexes will be 
almost the same if the diffusion coefficient of the 
complex 2 is four-times smaller than that of the 
mononuclear complex.) Therefore, the number of 
electrons transfered in the electrode process was also 
determined coulometrically. T h e coulometric reduc­
t ion was carried out at a fixed potent ia l of —0.75 V. 

Table 1. Electrochemical Data for [Cu(acac)(tmen)]C104 Reduction and 
Re-Oxidation Processes in Various Solventsa) 

Solvente 

Pyridine (33.1) 
DMSO (29.8) 
DMF (26.6) 
Water (18.0) 
Acetone (17.0) 
CH3CN (14.1) 

Peak 

Platinum electrode 
•^pc 

-0.78, -0.94 
-0.70, -0.90 
-0.70 
-0.45 
-0.60 
-0.63 

£pa l 

-0.10 
-0.05 

— 
— 

-0.30 

Epa2 

-0.53 
+0.10, +0.30 
+0.22 

— 
— 

-0.17 

potential/V 

Mercury electrode 
•^pc 

-0.78 
-0.57, -0.72 
-0.57 
-0.30 
-0.35 
-0.46 

£ p a l 

-0.60 
-0.30 
-0.22 
-0.17 
-0.18 
-0.40 

£pa2 

-0.50 
+0.05, +0.23 
+0.05, +0.20 
+0.02 

— 
+0.08 

a) 0.1 mol dm - 3 tetrabutylammonium tetrafluoroborate supporting electrolyte, potential in V vs. 4 mol dm - 3 

LiCl SCE, potential scan rate O.IVs -1 . b) Solvent donor numbers are shown in parentheses (unit in 
kcal mol -1). 

Table 2. Electrochemical Data for [Cu2(taet)(tmen)2](C104)2 Reduction 
and Re-Oxidation Processes in Various Solventsa) 

Solventb) 

Pyridine (33.1) 
DMSO (29.8) 
DMF (26.6) 
Water (18.0) 
Acetone (17.0) 
CH3CN (14.1) 

•^pc 

-0.75, -
-0.69 
-0.68 
-0.59 
-0.60 
-0.64 

Peak 

Platinum electrode 

-0.98 

£pa l 

-0.05 
-0.15 

— 
— 

-0.25 

Epa2 

-0.55 
+0.12,+0.30 
+0.22 

— 
— 

-0.18 

potential/V 

Mercury electrode 
Epc 

-0.80, -0.95 
-0.55, -0.68 
-0 .51 , -0.70 
-0.34 
-0 .31 , -0.46 
-0.38, -0.47 

r!/pa 1 

-0.55 
-0.23 
-0.30 
-0.07 

0.00 
-0.31 

£pa2 

-0.40 
+0.06, +0.25 
+0.10 
+0.11 

— 
+0.12 

a, b) Notes as under the Table 1. 
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The results showed the consumption of one electron 
for the complex 1 species and two electrons for the 
species of the complex 2. The voltammetric cathodic 
peak currents as well as the results of coulometry may 
be also influenced by partial reduction of Cu+ (see 
below). 

Cyclic voltammograms of the complexes are rather 
complicated showing quasi-reversible or irreversible 
Cu(II) reduction (See Fig. 1). On the anodic part of the 
voltammograms there are at least two peaks (in Tables 
1 and 2 denoted as £pai and £pa2) which indicate the 
Cu(I) species being less stable. Change of the potential 
scan rate in the above mentioned range had no 
significant influence on the shape of the anodic 
branch. The first peak, £pai, represents oxidation of 
the electrogenerated Cu(I) complex and the second 
one, £Pa2, belongs to re-dissolution of the deposited 
copper metal. This assignment is based on the fact 
that the second anodic peak has a shape of the 
stripping type and markedly grows when the working 
electrode is polarized at the Epc potential for several 
seconds. The potential situation of Cu° stripping peak 
was confirmed by the cyclic voltammograms of the 
Cu(II) Perchlorate. In DMSO and DMF the third 
anodic peak in the region +0.2 to +0.3 V takes place 
due to the oxidation of Cu+(solvated) resulted from the 
decomposition of unstable Cu(I) complex. 

E, V vs. SCE 

Fig. 1. Cyclic voltammograms recorded with a 
platinum microelectrode (a) and a hanging mercury 
drop electrode (b) in a DMF solution containing 
complex 2(1.2X10-3 mol dm"3) and NaC104 (0.1 mol 
dm-3). Scan rate: 0.1 V s_1. 

Such behavior is quite common to many mononuc­
lear and dinuclear Cu(II) complexes,11»12) and it has 
been explained according to the ECE mechanism. In 
our case the electrochemical reduction of Cu(II) 
complex at Epc (step Ei) is followed by the chemical 
step C—a decomposition of the electrogenerated Cu(I) 
complex under the formation of Cu+(solvated) which 
is electroactive at the potential positive of £pc. Thus, 
for the thermodynamic reasons the liberation of Cu+ is 
followed by the reduction to Cu metal (step E2): 

+e~, EPc +e~ 

Cu(II) ^ N Cu(I) > Cu+ > Cu° 

e , -C/pal 

This process is accompanied with a partial loss of 
solution color and the deposition of copper metal on 
the working electrode during the bulk-phase constant 
potential electrolysis of the complexes. 

In some cases the reduction of complex 1 and 2 in 
the Epc region consists of two peaks with a small 
potential separation (see Tables 1 and 2). The second 
peak represents a shoulder on the decreasing part of 
the voltammetric curve (Fig. 1) which seems to be a 
typical complication due to the adsorption of the 
electroactive particle. At more negative potentials 
there are also some other small cathodic current 
maxima (Fig. 1). The investigation of some similar 
mono- and di-nuclear Cu(II) compounds which is in 
progress now, shows that this picture is influenced by 
the type of ß-diketonate ligand and the rate of the 
decomposition of Cu(I) complexes. These factors, 
however, do not play any important role in the 
examination of effect of solvent on the redox 
parameters of the complexes studied in this paper. 

The solvent influences both the thermodynamics 
and the kinetics of the redox processes of the com­
plexes under study. It is clear that there is a relation­
ship between the Cu(II) reduction potential and the 
coordination ability of the solvent, which is conven­
iently expressed by the Gutmann 's donor number 
(DN).13) The differences between the Epc values going 
from pyridine to CH3CN are greater when compared 
to those observed for planar Cu(II) complex with 
tetraaza macrocyclic ligand (TAAB).8) 

The voltammetric behavior of the complexes 1 and 2 
can be explained on the basis of the assumption that 
the complex ions are solvated. The solvent molecules 
attack the axial sites of the Cu(II) complexes. The 
voltammetric properties of the complexes correspond 
very good to the date about the effect of solvents on 
their visible absorption spectra. An exception 
represents water medium. A relationships between the 
redox potential and V max value of d-d absorption band 
for mono- and dinuclear complexes are depicted on the 
Figs. 2 and 3. The dependences are linear, characteriz­
ed by a correlation coefficient r=0.96—0.97. 
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From the ESR data of the mononuc lea r complex, 
[Cu(dike)(tmen)]+ , reported previously,5* the highest, 
positive hole o rb i t a l (LUMO) is the d orbital of Cu(II) 
ion directed to the equator ia l chelate l igands (dxz 

orbital in C2v symmetry proposed in Ref. 5), and the g// 
values of the complex in an inert solvent shifts to the 
h igher values in the solvent wi th more s t rong 
coord ina t ing ability, i.e., the g// value increases wi th 
the increase of the D N of the solvent used. T h e 
absorpt ion m a x i m a of the complex in solut ions shift 
to the lower frequencies wi th the increase of the 
coord ina t ing abilities of the solvents(DN). In this 
study, we could get a fairly good correlation between 
Epc of the complexes and their zTmax values. Therefore, 
especially for the mononuc lea r complex, the ESR 
parameter (g//) of the complex in various solvents 
should correlate wi th the reduct ion potent ia l of the 
complex studied here. 

T h i s result was confirmed also by an examinat ion of 
the effect of S C N - ions on the electrochemical and 
spectroscopic behavior of the complexes. T h e 
addi t ion of small excess of NH4SCN to the complex 
solut ion changes bo th the reduct ion potential as well 
as the zTmax value (see Tab le 3). Al though the 
interact ion of NCS~ wi th the Cu(II) complex is 
different in various solvents,3* the nature of axial 
attack on the Cu(II) center remains the same. T h e 
examina t ion of electrochemical propert ies of 5-coor-
dinated mixed l igand complexes are now in the 
progress. 

T h e combina t ion of electrochemical and spectro­
scopic study al lowed us to investigate the axial 
l igat ion of the chromotropic chelates in more details. 
Both electrochemical as well as spectroscopic proper­
ties of the Cu(II) complexes 1 and 2 can be utilized to 
characterize the solvent coordinat ion ability. 
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Fig. 2. Relationship between the reduction potential 
and Pmax value for [Cu(acac)(tmen)]C104 in various 
solvents. 

Fig. 3. Relationship between the reduction potential 
and z w value for [Cu2(taet)(tmen)2](C104)2 in vari­
ous solvents. 

Table 3. Effect of NH4SCN Addition on the Reduction Potential 
and d-d Absorption Band of Cu(II) Complexesa) 

Solvent 

DMSO 

DMF 

CH3CN 

NH4SCN 

No 
Yes 
No 
Yes 
No 
Yes 

[Cu(acac)(t 

•&PC 

V vs. SCE 

-0.57 
-0.65 
-0.57 
-0.65 
-0.46 
-0.61 

men)]C104 

îwXlO"3 

cm - 1 

16.4 
16.2 
16.6 
16.3 
17.3 
15.5b> 

[Cu2(taet)(tmen)2](C104)2 

Epc 

V vs. SCE 

-0.55 
-0.65 
-0.51 
-0.58 
-0.38 
-0.52 

îwXlO- 3 

cm - 1 

16.5 
16.1 
16.8 
16.7 
17.5 
15.4b> 

a) Reduction on the mercury electrode, NH4SCN in excess, b) CH3CN is the weakest donor solvent among the 
three used and the acceptor properties of the solvent is comparable in these three. So, the axial interaction of 
NCS - with the Cu(II) center in this solvent is stronger than those in the other two solvents (see in the text). 
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The voltammetric behavior of barium and lithium ions in acetonitrile (AN) was studied at polymer 
membrane ion-selective electrodes which showed Nernstian responses to those metal ions in AN, in order to 
elucidate the mechanism of their Potentiometrie responses. The membrane electrodes consisted of Polyacryl­
amide coupled to such poly(oxyethylene) derivatives as tetraethylene glycol monododecyl ether, dibenzo-18-
crown-6, and cryptand222B and coated on platinum or gold disk. The cyclic voltammograms for barium and 
lithium ions, recorded repeatedly after setting the electrodes at the rest potentials, showed a cathodic peak at 
—1.5+0.2 V vs. Ag/0.01 M Ag+ (AN). The cathodic peak current (icp) decreased markedly between the first and 
second scans, but reached a steady value after the third scan. The icp values after the third scan were diffusion 
controlled and considered to be due to a transfer of the metal ions from the solution into the membrane. The 
differences in icp between the first and the third scans were proportional to the potential scan rate and attributed 
to a transfer of the metal ions which had been accumulated at or near the surface of the membrane by combining 
with the functional groups of the polymer. The accumulation occurred rather slowly and saturated with time. 
Based on the fact that the response processes of the ion-selective electrodes were very much similar to the ac­
cumulation processes, the response mechanism of the ion-selective electrodes is discussed. 

Because ion-selective electrodes are useful for bo th 
analytical and physicochemical studies in organic 
solvents, many investigations have been carried out.1* 
We recently developed ion-selective electrodes prepar­
ed by coat ing a p l a t i n u m disk wi th Polyacrylamide 
(PAA) coupled to such cornplexing reagents as 
dibenzo-18-crown-6 (DB18C6),2) tetraethylene glycol 
monododecyl ether (POE4),3) and cryptand222B (Cryp-
222B).4) T h e y showed Nerns t ian responses to several 
cat ions in some organic solvents. One of them, the 
PAA-POE4 electrode, was also confirmed to respond 
in a Nerns t ian way to changes in the l i t h ium and 
b a r i u m ion activities due to a solvent effect.5»0 T h e 
P A A - P O E 4 electrode was appl ied in order to deter­
mine the successive formation constants of the 
cornplexing of the magnes ium and b a r i u m ions in AN 
wi th such donor solvent molecules as DMF, DMSO, 
and HMPA. 5 ) T h e present paper reports on the cyclic 
vol tammetr ic behavior of the l i th ium, sodium, potas­
s ium, magnes ium, and b a r i u m ions in AN at such 
polymer membrane ion-selective electrodes as P A A -
POE4, PAA-DB18C6, and PAA-Cryp222B, investigated 
to elucidate the mechan i sm of their potent iomeric 
responses. 

Experimental 

Apparatus. Cyclic voltammograms were measured with 
a potentio-galvanostat (Model HA501) and a function 
generator (Model 104) of Hokuto Denko Co. Ltd. and an X-Y 
recorder (Model RW-11 ) of Rika Denki Kogyo Co., Ltd. Cell 
I was used to study the voltammetric behavior of the polymer 
membrane-coated platinum or gold disk electrode and the 
auxiliary electrode was a platinum wire (1 M=l mol dm - 3). 

Ag/10 mM AgNOs+10 mM Et4NC104(AN)// 
50 mM Et4NC104(AN)//C M(ClO4)*+10 mM Et4NC104-
(AN)/Polymer membrane/Pt or Au disk Cell I 

where M(C104)X is the Perchlorate of the cation to be tested 
(lithium, sodium, potassium, magnesium, or barium) and C 
is its concentration in mmol dm - 3 . Measurements were 
carried out at 25 °C. The methods for constructing and 
conditioning of the polymer membrane electrodes were the 
same as those described in previous reports.3«0 The 
thickness of the polymer membrane was ca. 50 ^im. 

Reagents. Polymer-neutral carrier conjugate, PAA-Cryp-
222B, was obtained by the same method as described in a 
previous report.2) Cryptand222B was a Merck product. All 
other chemicals were the same as those used previously.3«0 

Results 

T h e vol tammetr ic behavior of the l i th ium, sodium, 
potass ium, magnes ium, and ba r ium ions in AN at the 
PAA-POE4 , PAA-DB18C6, and PAA-Cryp222B elec­
trodes were studied cyclic voltammetrically. Typica l 
cyclic vo l t ammograms for the ba r ium ion in AN 
recorded repeatedly at the PAA-DB18C6 electrode are 
shown in Fig. 1. Before the recording of the 
vol tammograms, the electrode was kept at the rest 
potent ia l for ten minutes wi th the solut ion be ing 
stirred a n d deaerated wi th ni t rogen gas. T h e n , after 
s topp ing the stirring, the vo l t ammogram was recorded 
cyclically from - 0 . 8 V to - 1 . 8 V at 100 m V s " 1 . A 
cathodic peak was obtained at about —1.7V vs. 
A g / A g + reference electrode. T h e peak current for the 
first scan, corrected for the background current, is 
designated as h and that for the third scan, h. Between 
the first and third scans, the peak current decreased 
markedly. T h e vol tammograms obtained after the 
thi rd scan, however, a lmost overlapped the third one, 
showing that they were in the steady state. A small 
decrease in the peak current was also observed between 
the second and third scans, bu t did not significantly 
influence the discussions hereafter. Similar cyclic 
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-1.0 -1.4 -1.8 
E vs. A g / A g + / V 

Fig. 1. Typical cyclic voltammograms in AN 
recorded continuously at PAA-DB18C6 electrode 
after standing for ten minutes at the rest potential: 
(—) 1 mM Ba2+; ( ) OmM Ba2+; h, the cathodic 
peak height (icp) for the first scan; 2*3, icp for and after 
the third scan; iis, the difference between i\ and is. 
Scan rate 100 mV s_1. 

vo l tammograms were obtained for the ba r ium and 
l i t h i u m ions at the P A A - P O E 4 electrode and for the 
b a r i u m ions at the PAA-Cryp222B electrode. In all 
cases the cathodic peak appeared at approximate ly the 
same potent ia ls (—1.5±0.2 V). When the gold disk was 
used instead of the p l a t i n u m one, similar vo l tammo­
grams were also obtained. T h e vol tammetr ic behavior 
of the sodium, potass ium, and magnes ium ions at the 
P A A - P O E 4 electrode and that of the l i t h ium and 
b a r i u m ions at a p l a t i n u m disk electrode wi thou t any 
polymer coat was also investigated. However, no clear 
peak was obta ined in the potent ial range between —0.5 
and —1.9 V. Curves (a), (b), and (c) in Fig. 2 show the 
relat ions between h and the ba r ium ion concentrations 
at the P A A - P O E 4 , PAA-DB18C6, and PAA-Cryp222B 
electrodes, respectively. Corrections have been made 
for the background currents. T h e relations between 
the l i t h ium ion concentrat ion and h at the P A A - P O E 4 
electrode (curve (d)) and the ba r ium ion concentrat ion 
and z'i at the PAA electrode (free of functional 
c o m p o u n d ) are also shown in Fig. 2. T h e repetitive 
fourteen measurements carried ou t for 2 m M bar ium 
ion at the PAA-DB18C6 electrode showed the coef­
ficient of var ia t ion of h of 2.4%. T h e cyclic 

CMx+/mM 

Fig. 2. The relation between the Mx+ concentration 
in AN and the cathodic peak height (ii): (a) Ba2+ at 
PAA-POE4 electrode; (b) Ba2+ at PAA-DB18C6 
electrode; (c) Ba2+ at PAA-Cryp222B electrode; 
(d) Li+ at PAA-POE4 electrode; (3) Ba2+ at PAA 
electrode (scan rate: 100 mVs - 1 , standing time: 10 
min). 

0 5 10 
T ime /m in 

Fig. 3. The relation between the cathodic peak 
height (ii) and the standing time: (a) Ba2+ (4 mM) 
at PAA-POE4 electrode; (b) Ba2+ (2 mM) at 
PAA-DB18C6 electrode; (c) Ba2+ (2 mM) at PAA-
Cryp222B electrode; (d) Li+ (2 mM) at PAA-POE4 
electrode (scan rate: 100mVs -1). 
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v1 / 2/mV1 / 2s-1 / 2 v 1 / 2 /mV 1 / 2s- 1 / 2 

v / mV 
Fig. 4. The effect of the scan rate (v) to i\, z'i-3, and 

23 for Ba2+ (2 mM) in AN at PAA-POE4 electrode 
(standing time: 10 min): (O) and curve (a), measured 
and calculated i\-v relations; (b) iis-v relation; (c) 
h-v112 relation. 

valtammograms were quite reproducible. The h was 
proportional to the lithium and barium ion concen­
trations at the PAA-POE4 electrode and to those of 
barium ion at the PAA-DB18C6 and PAA-Cryp222B 
electrodes, respectively. 

Figure 3 shows the relation between i\ and the time of 
standing the electrode at the rest potential. Curves (a), 
(b), and (c) are for barium ions at the PAA-POE4, 
PAA-DB18C6, and PAA-Cryp222B electrodes, respec­
tively, and curve (d) is for lithium ions at the PAA-
POE4 electrode. The i\ for barium ions became 
saturated after three to seven minutes and that for 
lithium ions after about three minutes. The is, on the 
contrary, was constant independent of the standing 
time. 

Curves (a) in Figs. 4—6 show the relation between i\ 
and the scan rate (v in mV s_1) for barium ions at the 
PAA-POE4, PAA-DB18C6, and PAA-Cryp222B elec­
trodes, respectively. Curve (a) in Fig. 7 is the i-v rela­
tion for lithium ions at the PAA-POE4 electrode. All 
these i-v relations were somewhat curved. In Figs. 
4—7, Curves (b) show the h-z(=i\—h)-v relation and 
curves (c) the h-vl}2 relation. It is interesting that both 
the h-s-v and the is-v1^ relations are approximately 
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Fig. 5. The effect of the scan rate (v) to h, z'i-3, and 
is for Ba2+ (3 mM) in AN at PAA-DB18C6 electrode 
(standing time: 10 min): (O) and curve (a), measured 
and calculated i\-v relations; (b) ii-s-v relation; (c) 
h-v112 relation. 

linear. This fact is discussed in the next section. 
A similar voltammetric investigation as described 

here was also carried out for barium ions in propylene 
carbonate using the PAA-POE4 electrode; no clear 
cathodic peak, however, could be obtained. 

Discussion 

In Figs. 2 and 3, the i\ for the barium ions at the 
PAA-POE4, PAA-DB18C6, and PAA-Cryp222B elec­
trodes and that for lithium ions at the PAA-POE4 
electrode were proportional to the metal ion concent­
rations, irrespective of the standing time of the 
electrode at the rest potential. 

From the results in Figs. 4—7, current i\ seems to 
consist of two different terms, as can be expressed by 

h — pv + qvl/2, (1) 

where p and q are the proportional constants. The 
first term is proportional to the scan rate, while the 
second is proportional to the square root of the scan 
rate. Curve (a) in Fig. 4 (PAA-POE4-Ba2+) was 
obtained using the values £=0.046 and q=0A7 in Eq. 
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Fig. 6. The effect of the scan rate (v) to i\, 21-3, and 
13 for Ba2+ (1 mM) in AN at PAA-Cryp222B electrode 
(standing time: 10 min): (O) and curve (a), measured 
and calculated i\-v relations; (b) h-3-v relation; (c) 
h-v112 relation. 

1. Curves (a) in Fig. 5 (PAA-DB18C6-Ba2+), Fig. 6 
(PAA-Cryp222B-Ba2+), and Fig. 7 (PAA-POE4-Li+), 
were obtained using £=0.069 and g=0.63, p=0.010 and 
g=0.22, and £=0.006 and <?=0.19, respectively. The 
calculated h values agreed fairly well with the 
experimental values. It is apparent that the h consists 
of both a diffusion current (23) and a non-diffusion 
current (2*1-3). We consider that the diffusion current is 
was produced by a transfer of barium or lithium ions 
from the bulk of the solution into the polymer 
membrane. The current z'i-3, on the other hand, seems 
to be related to the metal ions which were accumulated 
near the surface of the membrane by complexing with 
the functional groups on the polymer. Probably z'i-3 is 
the current due to a transfer of accumulated metal ions 
into the membrane. As shown in Fig. 3, the 
accumulation process was rather slow, showing that a 
considerable part of the accumulation occurred by 
complexing with the functional groups near the 
surface, but not directly exposed to the bulk of the 

V / m V S 

Fig. 7. The effect of the scan rate (v) to i\, ii-s, and 
23 for Li+ (1 mM) in AN at PAA-POE4 electrode 
(standing time: 10 min): (O) and curve (a), measured 
and calculated i\-v relations; (b) iis-v relation; (c) 
is-v1/2 relation. 

solution. 
This voltammetric behavior of polymer membrane 

ion-selective electrodes had similarities with the 
characteristics of their Potentiometrie responses. In 
potentiometry, the electrodes responded to variations 
in metal ion activities very quickly halfway to the 
equilibrium potentials, but then slowly. The time to 
reach the equilibrium potentials was six to eight 
minutes for barium ions at the PAA-POE43) and 
PAA-DB18C62) electrodes, three to four minutes for 
barium ions at the PAA-Cryp222B electrode4) and 
three to four minutes for lithium ions at the 
PAA-POE4 electrode.3) We consider from these 
voltammetric and Potentiometrie results that the 
steady state potential of the ion-selective electrodes are 
established in two steps. The first step is fast and 
related to a fast complexation of the metal ions with 
the functional groups directly exposed to the bulk of 
the solution. The second step is slow and related to the 
accumulated metal ions which showed the current z'i-3 
in voltammetry. 

Similar voltammetric measurements were carried 
out for sodium, potassium, and magnesium ions in 
AN at the PAA-POE4 electrode. However, no clear 
cathodic peaks were obtained for them. The Poten­
tiometrie response of the electrode was also sluggish to 
those metal ions. Probably, complexing with the 
functional groups at or near the surface of the polymer 
membrane plays important roles both in voltammetry 
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and in potentiometry. 
In order to further investigate the response mech­

anism of the ion-selective electrodes, we prepared glass 
filter membranes impregnated wi th PAA-POE4, 
PAA-DB18C6, and PAA-Cryp222B and now are 
s tudying the ion- t ranspor t across the membranes. T h e 
results, which suppor t the above discussion, will be 
reported in the near future. 

T h i s work was part ial ly suppor ted by a Grant- in-
Aid for Scientific Research from the Ministry of Educa­
tion, Science, and Culture . 
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Preparation and Characterization of Optically Active Schiff Base-Oxovanadium(IV) 
and -Oxovanadium(V) Complexes and Catalytic Properties of 

These Complexes on Asymmetric Oxidation of Sulfides 
into Sulfoxides with Organic Hydroperoxides 

Kiyohiko NAKAJIMA,* Katsuhide KOJIMA,+ Masaaki KOJIMA,+ and Junnosuke FUJITA+ 
Coordination Chemistry Laboratories, Institute for Molecular Science, 

Myodaiji, Okazaki 444 
^Department of Chemistry, Faculty of Science, Nagoya University, 

Chikusa-ku, Nagoya 464-01 
(Received March 12, 1990) 

Oxovanadium(V) complexes, VvO (Schiff base)Y (Y=004 , CI, NO3), with quadridentate Schiff base ligands 
derived from optically active 1,2-diamines and salicylaldehyde or its derivatives were prepared by oxidizing the 
corresponding V I V O (Schiff base) with CeIV in acetonitrile followed by the addition of HY. The complexes were 
characterized by their *H NMR, IR, UV-Vis, and circular dichroism spectra, and electrochemistry. Reversible 
reduction potentials (V5+/V4+) obtained by cyclic voltammetry for a series of oxovanadium(V) complexes with 
Schiff base ligands derived from 5-substituted salicylaldehydes showed a linear dependence on the Hammett 
parameter. Both the vanadium(IV) and the vanadium(V) complexes catalyze asymmetric oxidation of sulfides 
into the corresponding sulfoxides with organic hydroperoxides. The oxovanadium(IV) complex catalysts gave 
much better asymmetric induction than the oxovanadium(V) complex catalysts and in most cases the 
enantiomeric excess (ee) ranged between 20 and 40%. In the reaction of V I V O (Schiff base) with an organic 
hydroperoxide the complex is finally converted into the oxovanadium(V) species, and a dark brown 
intermediate is suggested to be the catalytically active species. 

In recent years, m u c h at tent ion is be ing attracted to 
the usefulness of optically active sulfoxides in the 
asymmetric synthesis of organic compounds.1* An 
efficient asymmetric oxidat ion of prochira l organic 
sulfides into optically active sulfoxides has been 
reported, us ing a modified Sharpless reagent (Ti-
( O P r ^ / d i e t h y l (i?,i?)-tartrate/Bu*OOH) for asymmet­
ric epoxidation.2 '3 ) 

In a previous paper,4) we reported that optically 
active Schiff base-oxovanadium(IV) complexes cat­
alyze the asymmetric oxidat ion of sulfides in to the 
corresponding sulfoxides wi th organic hydroperox­
ides. Recently, we found that in the reaction of Schiff 
base-oxovanadium(IV) complexes wi th an organic 
hydroperoxide the complex is finally converted in to 
the oxovanadium(V) species. Curci et al.5) studied the 
kinetics of the oxidat ion of dibutyl sulfide wi th £-butyl 
hydroperoxide catalyzed by VO(acac)2 (acac=2,4-pent-
anedionate ion), and found that the catalytically active 
species is a vanadium(V) and no t a vanadium(IV) 
species. These results led us to study the catalytic 
properties of the Schiff base-oxovanadium(V) com­
plexes. 

T h i s paper reports the prepara t ion and propert ies of 
a series of oxovanadium(IV) and oxovanadium(V) 
complexes wi th quadr identa te Schiff base l igands 
derived from optically active 1,2-diamines and salicyl­
aldehyde or its derivatives, and the asymmetr ic oxida­
t ion of sulfides in to sulfoxides wi th organic hydro­
peroxides catalyzed by these complexes. 

Experimental 

(R)-l,2-Propanediamine ((R)-pn) and (R,R)-l,2-cyclohex-
anediamine ((RR)-chxn) were obtained by the published 
methods. 6'7) 

(R)-pn: [a]D -11.0° (c 1.6, H2O); lit, [a]D -11.0° (c 2.5, 
H20).6> 

(RR)-chxn: [a]D -44.1° (c 2.4, MeOH); lit, [a]D -44.1° (c 
3.0, MeOH).7) 

X=H : sal-(/?/?)-chxn 
3-MeO : 3-MeOsal-(##)-chxn 
3-EtO : 3-EtOsal-(/?/?)-chxn 
3-Bu' : 3-Bu'sal-(/?/?)-chxn 
4-MeO : 4-MeOsal-(##)-chxn 
5-NO2 : 5-N02sal-(/?/?)-chxn 
5-Br : 5-Brsal-(##)-chxn 
5-C1 : 5-Clsal-(/?/?)-chxn 
5-MeO : 5-MeOsal-(##)-chxn 

Z 
Y=Z=H : salen 
Y=H, Z=CH3 : sal-(/?)-pn 
Y=Z=CH3 : 7-Mesal-(/?)-pn 

Scheme 1. 



Tab le 1. Analytical Data and 

Complex Formula 

Vanadium(IV) complexes 
VO(3-MeOsal-(/?/?)-chxn) 
VO(3-EtOsal - (##) -chxn) 
VO(3-Bu'sal-(/?/?)-chxn) 
VO(4-MeOsal-(/?/?)-chxn) 
VO(5-NO2sal-( /?/?)-chxn)-0.5H2O 
VO(5-Brsal-(/?/?)-chxn) 
VO(5-Clsal-(/?/?)-chxn) 
VO(5-MeOsal - (##) -chxn) 

Vanadium(V) complexes 
VO(salen)C10 4 

VO(sal-(/?/?)-chxn)C104 

VO(sa l - (##) -chxn)Cl • 3 H 2 0 
VO(sal-( /? /?)-chxn)NO 3-0.5H 2O 
VO(3-MeOsa l - (##) -chxn)ClO 4 -0 .5H 2 O 
VO(3-MeOsal-(/?/?)-chxn)Cl • 3 H 2 0 
VO(5-N0 2 sa l - ( /?#) -chxn)C10 4 

VO(5-Brsal- ( /? /?)-chxn)C10 4 -H 20 
VO(5-Clsal-(/?/? )-chxn)C104 • H 2 0 • 0 .5CH 3CN 
VO(5-MeOsal - ( /? /? ) -chxn)C10 4 -H 2 0 
VO(5-MeOsal-(/?/?)-chxn)Cl - 2 H 2 0 
VO(sal-( /?)-pn)ClO 4 -0 .5H 2O 
VO(7-Mesal- ( /?) -pn)C10 4 -2 .5H 2 0 

C 2 2 H 2 4 N 2 0 5 V 
C 2 4 H 2 8 N 2 0 5 V 
C 2 8H 36N 20 3V 
C 2 2 H 2 4 N 2 0 5 V 
C20Hi9N4O7.5V 
C2 0Hi8N2Br2O3V 
C2 0Hi8N2Cl2O3V 
C 2 2 H 2 4 N 2 0 5 V 

Ci 6 Hi 4 N 2 C10 7 V 
C2 0H2 2N2ClO8V 
C2oH2 6N2C106V 
C20H2iN3O6 .5V 
C22H25N2C109 .5V 
C2 2H3 0N2ClO8V 
C 2 0 Hi 8 N 4 ClOnV 
C2 0H2 0N2Br2ClO8V 
C21H21.5N2.5CI3O8V 

C2 2H2 6N2C10ioV 
C2 2H2 8N2C107V 
Ci7Hi7N2C107 .5V 
Ci9H25N2C109.5V 

of the Complexes 

F o u n d (Calcd) 

c 7 % H 7 % N 7 % Color 

58.44(59.06) 
60.34(60.63) 
66.71(67.32) 
59.00(59.06) 
49.56(49.39) 
44.29(44.07) 
52.61(52.65) 
58.98(59.06) 

5.50(5.41) 
5.91(5.94) 
7.01(7.26) 
5.48(5.41) 
3.83(3.94) 
3.32(3.33) 
3.84(3.98) 
5.39(5.41) 

6.14( 6.26) 
6.01( 5.89) 
5.69( 5.61) 
6.22( 6.26) 

11.48(11.52) 
5.01( 5.14) 
6.08( 6.14) 
6.17( 6.26) 

Green 
Green 
Green 
Green 
Orange 
Green 
Green 
Green 

44.07(44.42) 
47.48(47.59) 
50.69(50.38) 
52.49(52.41) 
47.43(47.54) 
48.89(49.21) 
42.29(42.04) 
36.09(36.26) 
42.63(42.45) 
47.08(46.78) 
50.79(50.93) 
44.58(44.81) 
43.41(43.90) 

3.25(3.26) 
4.28(4.39) 
5.31(5.50) 
4.63(4.62) 
4.32(4.53) 
5.47(5.63) 
3.30(3.35) 
2.92(3.04) 
3.55(3.65) 
4.47(4.64) 
5.22(5.44) 
3.59(3.76) 
5.02(4.85) 

6.29( 6.47) 
5.76( 5.55) 
5.90( 5.87) 
8.98( 9.17) 
5.10( 5.04) 
5.40( 5.22) 

10.57(10.64) 
4.28( 4.23) 
6.22( 5.89) 
5.24( 4.96) 
5.34( 5.40) 
5.96( 6.15) 
5.46( 5.39) 

Dark green 
Dark violet 
Dark green 
Dark green 
Dark brown 
Dark brown 
Dark violet 
Dark green 
Dark green 
Dark green 
Dark green 
Dark green 
Dark green 
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Schiff bases were prepared in situ (EtOH) or using the 
methods of Gullotti et al.8> VO(sal-(RR)-chxn), VO(sal-(R)-
pn), and VO(7-Mesal-(R)-pn) were prepared by the method 
of Farmer and Urbach.9) 

VIV0(Schi££ base) (Schiff base=3-MeOsal-(ÄÄ)-chxn, 3-
EtOsal-(ÄÄ)-chxn, 3-Bu'sal-(ÄÄ)-chxn, 4-MeOsal-(ÄÄ)-chxn, 
5-N02sal-(ÄÄ)-chxn, 5-Brsal-(ÄÄ)-chxn, 5-Clsal-(ÄÄ)-chxn, 
5-MeOsal-(ÄÄ)-chxn). The procedure is described for 
VO(3-MeOsal-(Ri?)-chxn). The other complexes were pre­
pared by similar procedures. To an ethanol solution 
(60 cm3) containing (RR)-chxn (2.28 g, 2.0X10"2 mol) and 3-
methoxysalicylaldehyde (6.08 g, 4.0X10-2 mol) was added an 
aqueous solution (60 cm3) of VOS04-4H20 (4.5 g, 2.1X10"2 

mol) with stirring. The mixture was refluxed for 10 min and 
cooled to room temperature to give green crystals, which 
were filtered, and washed with water and acetone. Re-
crystallization was carried out from dichloromethane by the 
addition of acetone. Yield: 4.0 g (43%). 

The analytical data and colors of the complexes are given 
in Table 1. 

VvO(Schiff base)Y (Schiff base=salen, sal-(ÄÄ)-chxn, 3-
MeOsal-(ÄÄ)-chxn, 5-N02sal-(ÄÄ)-chxn, 5-Brsal-(ÄÄ)-chxn, 
5-Clsal-(ÄÄ)-chxn, 5-MeOsal-(ÄÄ)-chxn, sal-(Ä)-pn, 7-Me-
sal-(Ä)-pn; Y=C1C>4, Cl, NOs). These complexes were 
prepared by a similar method, and a representative 
procedure is given for VO(sal-(Ri?)-chxn)C104. To a 
suspension of VIV0(sal-(RR)-chxn) (0.387 g, 1.0X10-3mol) 
in acetonitrile (50 cm3) was added an acetonitrile solution 
(60 cm3) of (NH4)2Ce(N03)6 (0.658 g, 1.2X10-3mol) with 
stirring. The resulting deep violet solution was evaporated 
to ca. 30 cm3 under reduced pressure. The mixture was 
filtered, and to the filtrate 1.5 M HCIO4 (30 cm3, 1 M=l mol 
dm - 3) was added to give dark violet crystals. They were 
collected by filtration, and recrystallized from acetonitrile by 
the addition of 1.5 M HCIO4. Yield: 0.45 g (89%). 

The corresponding chloro and nitrato complexes were 
prepared by a method similar to that for the perchlorato 
complex, 1.5 M HCl and 1.5 M HNO3, respectively, being 
used instead of 1.5 M HCIO4. 

The VvO(Schiff base)Y complexes can be prepared by 
oxidizing VIV0(Schiff base) with 1-methyl-l-phenylethyl 
hydroperoxide. To a dichloromethane solution (100 cm3) of 
VO(salen) (1.5X10-3 mol) was added 1-methyl-l-phenylethyl 
hydroperoxide (1.5X10-2 mol), and the solution was left at 
room temperature overnight. The solvent was removed 
under reduced pressure, and the residue was dissolved in 
acetonitrile (20 cm3). The solution was mixed with 2 M HCl 
(40 cm3) to yield green crystals. Yield: 68%. The *H NMR 
spectrum in DMSO-dô (dimethyl-^ sulfoxide) was identical 
with that of VO(salen)Cl prepared by the above method. 

The analytical data and colors of the complexes prepared 
by the former method are given in Table 1. 

Oxidation of Sulfides by Organic Hydroperoxides with a 
Catalytic Amount of Schiff Base-Oxovanadium(IV) or 
-Oxovanadium(V) Complexes. A typical run is given for 
the oxidation of methyl phenyl sulfide with 1-methyl-1-
phenylethyl hydroperoxide catalyzed by VIV0(3-MeOsal-
(ßß)-chxn). VO(3-MeOsal-(RR)-chxn) (4.0X10~5mol) was 
reacted with a dichloromethane solution (8 cm3) of 1-methyl-
1-phenylethyl hydroperoxide (5.0X10~4mol) in a 10 cm3 

volumetric flask for 4—5 h at 25 °C. The resulting dark 
brown solution was cooled to 0 °C. Methyl phenyl sulfide 

(4.0X10-4 mol) was added, and the solution was diluted to 
the mark (10 cm3) with dichloromethane. The mixture was 
kept at 0°C for 14h. The solvent was removed under 
reduced pressure, and the residue was extracted with diethyl 
ether, which was evaporated under reduced pressure. 
From the resulting oil, methyl phenyl sulfoxide was isolated 
and purified by column chromatography on silica gel 
(eluent: cyclohexane-ethyl acetate (1:1 v/v)). Yield: 81%. 
The enantiomeric excess (ee) was determined on the basis 
of the reported optical rotation of the pure enantiomer;10) 

[a]D -60.8° (c 0.80, acetone); ee 41% (S). The ee could also 
be determined from the circular dichroism (CD) spectrum 
on the basis of A£237——13.9 for the pure (S)-isomer in 
acetonitrile-water (6:4 v/v). 

The kinetics of these oxidation reactions was studied by 
high-performance liquid chromatography. Portions of the 
reaction mixture were withdrawn at intervals and then 
chromatographed (sample volume, 4X10~3cm3) with a 
column (4> 0.46cmX25cm) of Develosil ODS-5 (Nomura 
Chemical Co., Ltd.) and acetonitrile-water (6:4 v/v) as an 
eluent. Chromatography was carried out with a JASCO Tri 
Rotar V system at a flow rate of 1.5 cm3 min - 1 and the 
components were detected with a JASCO UVIDEC 100 IV 
spectrophotometric detector at 260 nm. The amounts of 
sulfide, sulfoxide, and sulfone were determined from the 
absorption spectra of the collected fractions or by paper cut­
outs matching the bands in the elution curve, taking the 
molar absorption coefficients into consideration. 

Measurements. IR, UV-Vis, and CD spectra were re­
corded on a JASCO A-3 spectrophotometer, a Hitachi U-
3400 spectrophotometer, and a JASCO J-40CS spectropolar-
imeter, respectively. 2H NMR spectra were recorded on a 
JEOL GX-400 spectrometer using TMS as an internal 
reference. Optical rotations were measured with a JASCO 
DIP 4 Polarimeter. X-band ESR spectra were recorded on a 
JEOL ES-SCXA spectrometer using frozen-solution sam­
ples. Cyclic voltammetric measurements were carried out on 
dimethyl sulfoxide solutions (1X10~3M complex, 0.1 M 
BU4NBF4) by using a FUSO HECS 321B potential sweep 
unit at 24 °C. A glassy carbon, a platinum wire, and an 
Ag/Ag+ (Ag/0.01 M AgNOß) electrode were used as the 
working, auxiliary, and reference electrodes, respectively. 
The ferrocene/ferrocenium couple was observed at +0.17V 
vs. Ag/Ag+. Conductivity measurements of dimethyl 
sulfoxide, methanol, and dichloromethane solutions were 
carried out with a Toa CM-6A conductivity meter. The 
concentrations of the solutions were approximately 10~3 M. 

Results and Discussion 

Preparation and Characterization of the Complexes. 
Oxovanadium(IV) complexes of quadridentate Schiff 
base l igands derived from 1,2-diamines and salicylal-
dehyde or its derivatives have been extensively stud­
ied.11* These complexes exhibit a tendency to retain 
five-coordinate square-pyramidal geometry even in 
donor solvents. However, in t roduct ion of electronega­
tive g roups in the aromat ic r ing often leads to a six-
coordinate polymer, in which an infinite chain of 
molecules connected by . . . V = 0 - V = 0 - - bonds exists.12) 

It is k n o w n that five-coordinate species are b lue or 
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green in color, while six-coordinate complexes are 
orange or red. We prepared a series of VO(5-Xsal-
(RR)-chxn) (Xsal=N02sal, Brsal, Clsal, sal, MeOsal) 
complexes simply by mixing solutions of vanadyl 
sulfate and the Schiff base ligands. We assign the 
green complexes (Xsal=Brsal, Clsal, sal, MeOsal) to a 
five-coordinate square pyramidal geometry and the 
orange VO(5-N02sal-(ÄÄ)-chxn) complex to a chain 
structure. The IR spectra support the assignments; the 
orange complex (Xsal=N02sal) shows the V=0 stretch­
ing at a lower frequency (947 cm -1) than those of the 
other complexes (985—992 cm -1). The reduction in 
the V=0 stretching frequency in VO(5-N02sal-(i?i?)-
chxn) is attributable to the weakening of the V=0 
bond by linking ...V=0---V=0--- bonds. A low V=0 
stretching frequency has been reported for several 
complexes such as VO(5-N02salen)12) (5-N02salen= 
N>N/-di(5-nitrosalicylidene)ethylenediamine) and VO-
(salpn)13) (salpn=/V,Af'-disalicylidene-l,3-propanedi-
amine), and a polymeric, chain structure has been 
shown by the X-ray method for the latter complex. 
Other Schiff base-oxovanadium(IV) complexes were 
prepared and characterized in the same way. 

VvO(salen)Y (Y=C1, C104) has been previously 
prepared either by reaction of VOCI3 with the Schiff 
base ligand in carbon tetrachloride14* or by the 
addition of perchloric acid to an acetonitrile solution 
of VIV0(salen) under aerobic conditions.15* Neither 
method gives a pure product in a satisfactory yield. 
We prepared VvO(Schiff base)Y (Y=C1, CIO4, NO3) in 
a reasonable yield (50—90%) by oxidizing VIV0(Schiff 
base) with (NH4)2Ce(NOs)6 in acetonitrile followed by 
the addition of HY. The complexes are stable in most 
organic solvents, but decompose rapidly in neutral or 
basic aqueous solutions. They are fairly stable in 
acidic aqueous solutions; for example, the absorption 
spectrum of VvO(sal-(#)-pn)Cl in 0.05 M HCl changes 
gradually over a period of hours. 

The molecular structure of VvO(salen)C104 has been 
determined by the X-ray method to have a distorted 
octahedral coordination with a relatively long (2.456 
(3) Â) V-O(perchlorate) distance.15) All VvO(Schiff 
base)C104 complexes prepared in this study can be 
assigned to the same distorted octahedral structure in 
the solid state. The analytical data indicate that some 
of the complexes contain a water molecule. Since 
water is a stronger ligand than a Perchlorate ion, the 
position trans to the vanadyl O atom might be 
occupied by a water molecule. However, the infrared 
spectra of the Perchlorate complexes in Nujol mulls 
suggest that the Perchlorate ion is coordinated; 
splitting of the CIO4 band around 1100 cm - 1 is 
observed, and the patterns are similar to that of 
VvO(salen)C104. 

The VvO(Schiff base)Y complexes exhibit a strong 
tendency to retain six-coordination in both donor and 
nondonor solvents as indicated by the absorption 
spectra and the conductivity measurements. In a 
donor solvent Y is replaced by the solvent molecule. 
The molar conductivities in DMSO and MeOH are in 
the range expected for a 1:1 electrolyte (Table 2).16) 

The absorption spectra of VvO(sal-(#Ä)-chxn)Y in 
DMSO are identical irrespective of Y in line with 
conductivity measurements. On the other hand, the 
complexes are essentially nonelectrolytes in nondonor 
solvents such as dichloromethane. Although extensive 
ion association will occur even at low concentration in 
CH2CI2 due to the low dielectric constant and poor 
solvating properties, the date can be used to differen­
tiate between nonionic and ionic species.17) The 
absorption spectra of VvO(sal-(i?i?)-chxn)Y in CH2CI2 
are dependent on Y (Y=C1, Fmax= 16900 cm"1; Y=C104 

and NO3, ï̂ max—17400 cm -1). Thus it is concluded that 
all of the VvO(Schiff base)Y (Y=C104, Cl, NO3) 
complexes prepared in this study have a six-coordinate 
structure and that Y coordinates to the vanadium(V) 

Table 2. Molar Conductivity in Dimethyl Sulfoxide, Methanol, and Dichloromethane Solutions 
of Schiff Base-Oxovanadium(V) Complexes at 24 °C (Concentration 10_3M) 

Complex Solvent yd M/S cm2 mol-1 

VO(sal-(/?/?)-chxn)C104-H20 

VO(sa\-(RR )-chxn)Cl • 3H20 

VO(sal-(/?/?)-chxn)NO3-0.5H2O 

VO(5-MeOsal-(/?/?)-chxn)C104-H20 

VO(5-N02sal-(/?/?)-chxn)C104 
VO(sal-(/? )-pn)C104 • 0.5H2O 

DMSO 
MeOH 
CH2C12 
DMSO 
MeOH 
CH2C12 
DMSO 
MeOH 
CH2C12 
DMSO 
MeOH 
CH2C12 
DMSO 
DMSO 
MeOH 
CH2C12 

31 
93 
5.2 
31 
76 
0.18 
33 
87 
0.11 
31 
65 
5.3 
30 
31 
89 
3.2 
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P/103crrf1 

Fig. 1. Absorption spectra of VvO(5-Xsal-(#/?)-
chxn)C104 in DMSO, Xsal=N02sal ( ), Brsal 
( ), sal ( ), and MeOsal ( ). 
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Fig. 2. CD spectra of VvO(sal-(/?/?)-chxn)C104 

( ), VvO(sal-(/?)-pn)C104 ( ), and VvO(7-
Mesal-(/?)-pn)C104 ( ) in DMSO. 

ion in the solid state a n d in a n o n d o n o r solvent. In 
contrast to VvO(Schiff base)Y, the Vi v O(5-Xsal- (##)-
chxn) complexes have a five-coordinate square-
pyramida l structure except for the complex wi th 
Xsal=NC>2sal. T h e s t rong absorpt ion of VvO(Schiff 
base)Y in the 16600—19800 c m - 1 region may be 
assigned to a l igand to metal charge-transfer (LMCT) 
transi t ion, and such a transi t ion has been observed for 
other monooxovanadium(V) complexes. 15»18»19) T h e 
effect of the X subst i tuent in V v O(5-Xsal - (##) -
chxn)C104 is reflected in the posi t ion of the L M C T 
band; the energy of the band decreases in the order 
N 0 2 s a l > s a l > B r s a l « C l s a l > M e O s a l ( F i g . 1). T h e effect 
shou ld be of electronic or igin, since no steric 
in teract ion seems to occur. However, the order is 
different from that observed in electrochemical mea­
surements (vide infra). T h e VvO(Schiff base)Y 
complexes prepared in this study show the V = 0 
stretching frequency in a relatively small range of 
960—990 cm-1 . 

F igure 2 shows the CD spectra of VO(sal-(JRJR)-
chxn)C10 4 , VO(sal-(#)-pn)C10 4 , and VO(7-Mesal-(#)-
pn )C10 4 in DMSO. VO(sa l - (##) -chxn)C10 4 and 
VO(7-Mesal- (#)-pn)C10 4 give CD spectra which are 
almost mirror images of each other despite the fact that 
bo th pa ren t d iamines have the same absolute con­
figuration. In VO(sal-(i?i?)-chxn)C104 , the central 
chelate r ing is locked in a X gauche conformation, 
whi le the r ing in VO(7-Mesal-(i?)-pn)C104 will take a 

S I 
CH3 

exo endo 

Fig. 3. Two possible geometrical isomers of 
[VvO(sal-(/?)-pn)S]+. S denotes a DMSO molecule. 

ô gauche conformat ion to reduce the steric interaction 
between the methyl subst i tuent on the azomethine 
carbon a n d the p n methyl group. 9 ) T h e CD spectral 
pat tern of VO(sal-( JR)-pn)C104 is similar to that of 
VO(7-Mesal-(JR)-pn)C104, however, the intensity is very 
small compared wi th the latter; probably the former 
complex in solut ion is in an equ i l ib r ium mix ture of 
the conformational isomers (d and X) wi th a small 
preference of the ô form. Similar re la t ionships a m o n g 
the CD spectra have been reported for the correspond­
ing oxovanadium(IV) complexes, VO(sal-(SS)-chxn), 
VO(sal-(S)-pn), and VO(7-Mesal-(S)-pn).9> 

For VvO(7-Mesal-(#)-pn)Y and VvO(sal-(#)-pn)Y, 
two geometrical isomers are possible wi th respect to 
the m u t u a l disposi t ion of the p n methyl g roup and the 
V = 0 g r o u p (Fig. 3). T h e 1H N M R spectra indicate the 
existence of two isomers; VO(sal-( JR)-pn)C104 in 
DMSO-^6 shows two doublet methyl signals due to the 
p n moiety at 1.39 and 1.50 p p m in a relative ra t io of 
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1:4, while VO(7-Mesal-(#)-pn)C104 in DMSO-d6 at 1.15 
and 1.34 p p m in a ra t io of 1:17. An isomer which 
shows the methyl double t signal at a h igher magnet ic 
field can be assigned as the endo isomer on the basis of 
the magnet ic anisotropy of the V = 0 g roup . Distri­
bu t ions of the isomers seem to be related wi th the steric 
c rowding involved in the isomers. T h e endo isomer, 
in which the methyl g r o u p is situated near the oxo 
l igand and the steric c rowding is larger than in the exo 
isomer, is formed less abundant ly . Attempts to 
separate the isomers by fractional crystallization and 
by c o l u m n ch romatography were unsuccessful. A 
similar isomerism has been observed for [VvO(sal-L-
ala)(OCH3)(CH3OH)](sal-L-ala=N-salicylidene-L-ala-
ninate).20) 

Electrochemistry. Electrochemistry is very useful 
for e x a m i n i n g electronic effects of substi tuents on the 
l igand in metal complexes. T h e electrochemical 
measurements of a series of V IV0(5-Xsal-(i?i?)-chxn) 
complexes are precluded by their low solubility in 
most solvents especially in the case of Xsal=NC>2sal. 
We could obta in cyclic vo l t ammograms of the 
cor responding vanadium(V) complexes. T h e data for 
V v O(5-Xsa l - (##) -chxn)C10 4 in DMSO wi th 0.1 M 
te t r abu ty lammonium tetrafluoroborate vs. Ag/Ag+ 
(0.01 M) are summarized in Tab le 3. T h e complexes 
show a reversible reduct ion wave (based on. peak 
he ight ra t io and peak potent ia l separation) in the 
range of +0.35 V to - 0 . 0 1 V (Fig. 4). T h e wave is 
assignable to the V 5 + / V 4 + couple by compar ison wi th 
the electrochemical data for VO(salen) in the same 
solvent.21) In Fig. 5, the £1/2 values were plot ted as a 
function of the H a m m e t t ap parameter for the X 
subst i tuent in V v O(5-Xsal- (##)-chxn)C10 4 . T h e 
H a m m e t t para parameter was chosen because the X 
subst i tuent on the l igand is para to the salicylaldehyde 
oxygen donor a tom. A linear re la t ionship indicates 
that the electronic effect of a subst i tuent is t ransmit ted 
th rough the l igand to the metal in these complexes. As 
the X subst i tuent becomes more electron-withdrawing 
(Xsa l=MeOsa l<sa l<Brsa l<N0 2 sa l ) the £i/2 's are shift­
ed in the anodic direction; the oxovanadium(V) 
complexes become easier to reduce. An extended 
l igand n system facilitates this process. 

It has been shown that reduct ion potent ia ls of cis-
dioxomolybdenum(VI) complexes with tridentate Schiff 
base l igands correlate well wi th the electronic effects of 

the substi tuents as measured by Hammet t substi tuent 
effects.22) 

c 

U 

0A 0 -0.4 

E/V vs. Ag/Ag+ 

Fig. 4. Cyclic voltammogram of VvO(sal-(/?/?)-
chxn)C104 in DMSO at 24°C (1.0X10"3 M complex; 
0.1 M B114NBF4; scan speed 200 mV s-1; working 
electrode, glassy carbon; auxiliary electrode, 
platinum wire; reference electrode, Ag/Ag+). 
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Fig. 5. Plot of the £1/2 values vs. the Hammett ap for 
VvO(5-Xsal-(/?/?)-chxn)C104 (Xsal=N02sal, Brsal, 
sal, MeOsal). 

Table 3. Electrochemical Data of VvO(5-Xsal-(/?/?)-chxn)C104 (vs. 

Xsal Substituent parameter/ap £pa/V 

N02sal +0.78 +0.38 
Brsal +0.23 +0.17 
Sal 0 +0.085 
MeOsal -0.27 +0.03 

£Pc/V 

+0.32 
+0.10 
+0.015 
-0.04 

Ag/Ag+) at 

AEp/mV 

60 
70 
70 
70 

24 c DQO 

£i/2/V
b> 

+0.35 
+0.14 
+0.05 
-0.01 

a) By cyclic voltammetry in dimethyl sulfoxide containing 0.1 M BU4NBF4 at a glassy carbon electrode with a 
scan rate of 200 mV s-1. b) For a reversible system, the average of the peak potentials corresponds to the 
Polarographie half-wave potential, (£pa+£pc)/2=Ei/2. 
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1.0* 

t / h 

Fig. 6. Oxidation of methyl phenyl sulfide (4.0X10-2 

M) by 1-methyl-1-phenylethyl hydroperoxide (0.4 M) 
with the VvO(3-MeOsal-(/?/?)-chxn)Cl-3H20 (4.OX 
10~3 M) catalyst in CH3CN at 25 °C. (a) Reaction 
profile: • , sulfide; O, sulfoxide, and (b) the plot of 
log ([S]/[S]o) vs. reaction time. [S]=sulfide concen­
tration. 

Catalytic Oxidation of Sulfides. Figure 6(a) shows 
the reaction profile for the oxidation of methyl phenyl 
sulfide (4.0X10-2 M) with 1-methyl-1-phenylethyl hy­
droperoxide (CHP, 0.4 M) in acetonitrile catalyzed by 
VvO(3-MeOsal-(ßi?)-chxn)C1.3H20 (4.0X10"3 M) at 25 
°C. With the peroxide in large excess over the sulfide, 
the oxidation of the sulfide is first order in the sulfide 
concentration; the plot of log ([S]*/[S]o) vs. time gave a 
straight line for at least two half-lives (Fig. 6(b)), where 
[S] represents the concentration of the sulfide at the 
subscripted time. The complex does not decompose 
appreciably during the reaction as indicated by the 
absorption spectrum. The spectrum of the complex 
does not change by the addition of the sulfide and the 
hydroperoxide. A catalytically active species will be a 
vanadium(V)-CHP complex. In the absence of 
complex catalyst, the oxidation of the sulfide proceeds 

0.5 1.0 1.5 
t / h 

Fig. 7. Oxidation of methyl phenyl sulfide (4.0X10-2 

M) by 1-methyl-l-phenylethyl hydroperoxide (0.4 
M) with the VIV0(3-MeOsal-(/?fl)-chxn) (4.0X10"3 M) 
catalyst in CH2CI2 at 25 °C. (a) Reaction profile: 
• , sulfide; O, sulfoxide, and (b) the plot of log ([S]t/ 
[S]o) vs. reaction time. [S]=sulfide concentration. 

very slowly. Dissolved oxygen does not promote the 
oxidation of sulfides, and the oxidation does not take 
place in the absence of peroxides. 

The reaction profile for the same oxidation cat­
alyzed by VIV0(3-MeOsal-(##)-chxn) (4.0X10"3 M) is 
given in Fig. 7(a). The reaction proceeds very slowly 
in the beginning, and is accelerated in the course of 
time. The reaction is not first order in the sulfide 
concentration (Fig. 7(b)). The reaction is much faster 
than that with the corresponding oxovanadium(V) 
complex, and the sulfide is oxidized to the sulfoxide 
almost completely in 100 min. 

Figure 8 shows the change in the absorption 
spectrum obtained at intervals after mixing V I V O ( 3 -

MeOsal-(i?i?)-chxn) (4.0X10-3M) with a large excess 
of CHP (0.4 M) in dichloromethane at 25 °C. The 
spectral change clearly shows that two step reaction 
occurs. The first step (a) which produces a dark brown 
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400 600 800 
Ä/nm 

Fig. 8. Change in absorption spectrum of V IVO(3-
MeOsal-(#/?)-chxn) (4.0X10"3 M) in CH2C12 in the 
presence of a large excess of 1-methyl-1-phenylethyl 
hydroperoxide (4.0X10"1 M) at 25°C (recorded 
intervals: 10 min). Trends of spectral changes with 
time are shown by arrows, (a) The spectra recorded 
from t=0 to t—180 min. (b) The spectra recorded 
from £=210 to 480 min. 

intermediate (Amax=562 nm) proceeds very slowly in the 
beginning and is not a simple first order reaction. The 
intermediate reaches its maximum concentration after 
ca. 3 h from mixing and then decomposes gradually. 
The final spectrum is similar to that of VvO(3-
MeOsal-(i?i?)-chxn)C104. In the second step (b), an 
isosbestic point is found at 700 nm. The reaction was 
followed by ESR spectroscopy. VIV0(3-MeOsal-(#i?)-
chxn) in frozen dichloromethane gives the ESR 
spectrum similar to that of VIV0(salen).18»23) Upon 
mixing with a 15-fold excess of CHP, the intensity of 
the signal reduces gradually and a new signal appears 
concomitantly. The pattern of the new signal is 
similar to that of the original one (Fig. 9). After 24 h, 
the reaction mixture becomes essentially ESR inactive 
indicating that all vanadium(IV) species have been 
oxidized to vanadium(V). The absorption and ESR 
spectra of VIV0(3-MeOsal-(iU?)-chxn) do not change 

(a) 9// = 2.02 A//=178G 
i 1 1 1—'—i - i 1 1 

|9x = 2.00 Ax=61G 
i i i i n i i—i 

9/7 = 2.02 A// = 161G 
i 1 1 1—"n 1 1 i 

i I i I i L _ 

3000 3500 4000 
G 

Fig. 9. Change in ESR spectrum of VIV0(3-MeOsal-
(RR)-chxn) by reacting with 15 molar excess of 1-
methyl-1-phenylethyl hydroperoxide in CH2CI2 at 
20 °C (measured in a frozen glass), (a) Before adding 
the hydroperoxide, (b) After 3.5 h from adding the 
hydroperoxide. The peaks with asterisk are due to a 
newly generated vanadium(IV) species. The values 
of g± and A± for the generated species could not be 
determined because of the complicated spectra. 

by the addition of methyl phenyl sulfide. From these 
observations, we conclude that the brown intermediate 
vanadium(IV) species is the catalytically active one in 
the present oxidation of sulfide. This species exists 
only when the CHP concentration is high. All our 
efforts to isolate the intermediate were unsuccessful. 
The structure of the active species remains unknown, 
but it may be a vanadium(IV)-CHP complex, analo­
gous to the intermediate peroxovanadium(IV) complex 
formed in the reaction of hydrogen peroxide with 
aqua(nitrilotriacetato)oxovanadate(IV) and diaquaoxo-
(2,6-pyridinedicarboxylato)vanadium(IV) in acidic 
aqueous solution.24) The activated organic peroxide in 
the intermediate will oxidize sulfides. 

Several optically active Schiff base-oxovanadium-
(IV) and -oxovanadium(V) complex catalysts and per­
oxides were used for the asymmetric oxidation of sul­
fides and the results are given in Table 4. The oxo-
vanadium(IV) complex catalysts gave much better 



Table 4. Asymmetrie Oxidation of Sulfides to the Sulfoxidesa) 

ROOH/Complex catalyst 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Complex catalyst 

VO(3-MeOsal-(/?/?)-chxn) 
VO(3-MeOsal-(/?/?)-chxn) 
VO(3-MeOsal-(/?/?)-chxn)f> 
VO(3-MeOsal-(##)-chxn)g> 
VO(3-MeOsal-(/?K)-chxn)f> 
VO(3-MeOsal-(/?K)-chxn)h> 
VO(3-MeOsal-(##)-chxn) 
VO(3-MeOsal-(/?#)-chxn) 
VO(3-MeOsal-(##)-chxn) 
VO(3-MeOsal-(/?#)-chxn) 
VO(3-EtOsal-(K/?)-chxn) 
VO(sal-(/?#)-chxn) 
VO(3-Bu'sal-(K/?)-chxn) 
VO(sal-(/?)-pn) 
VO(7-Mesal-(#)-pn) 
VO(4-MeOsal-(#K)-chxn) 
VO(3-MeOsal-(/?K)-chxn) 
VO(3-MeOsal-(/?K)-chxn) 
VO(3-MeOsal-(/?K)-chxn) 
VO(3-MeOsal-(#K)-chxn) 
VO(5-MeOsal-(/?K)-chxn) 
VO(3-MeOsal-(/?K)-chxn)C104 

VO(3-MeOsal-(/?K)-chxn)Cl 

JS^-S-

R1 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
p-Tol 
2-Naphthyl 
p-Tol 
2-Pyridyl 
Ph 
Ph 
Ph 

-.K* 

R2 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Bu" 
Me 
Me 
Me 
Me 

Peroxideb) 

CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
TBHP 
TMHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 
CHP 

* i n ­

solvent 

CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH3CN 

*\S>)-- J K ' 

Ratio 

[V]:[Q] 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1-

10 
10 
12.5 
12 
9.5 
9.2 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
12.5 
12.5 

1:12.5 

:[S]e> 

:10 
:10 
:10 
:10 
:10 
:10 
.10 
:10 
:10 
:10 
:10 
:10 
:10 
:10 
:10 
:10 
•10 
:10 
:10 
10 
10 
10 
10 

Temp 

°C 

- 2 0 
0 
0 
0 
0 
0 

20 
40 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Time 

h 

720 
120 
14 
19 
16 
89 
37 
15 

120 
120 
120 
120 
156 
124 
120 
120 
144 
120 
120 
120 

15 
89 

258 

Yieldc> 

% 
79 
96 
81 
64l> 
740 
710 
94 
75 
90 
92 
81 
77 
70 
74 
89 
96 
71 
76 
70 
82 
87*> 
93'> 
56» 

eed> 

%(config.) 

4Ö(S) 
40(S) 
41(S) 

ca. 0 
42(S) 
38(S) 
31(S) 
26(S) 
16(S) 
7(S) 

40(S) 
21(S) 
10(S) 

ca. 0 
17(A) 
15(S) 
35(S) 
30 
10(S) 
32 
13(S) 

ca. 0 
11(S) 

a) Unless otherwise specified, for a reaction with an oxovanadium(IV)-Schiff base complex catalyst, the complex was stirred with an organic hydroperoxide 
at room temperature for ca. 30 min, and the resulting dark green solution was cooled to reaction temperature, and then a sulfide was added, b) Peroxide: CHP, 
1-methyl-1-phenylethyl hydroperoxide; TBHP, i-butyl hydroperoxide; TMHP, 1,1,3,3-tetramethylbutyl hydroperoxide, c) Isolated yield, based on the sulfide 
unless otherwise stated, d) Based on the optical rotation of the pure enantiomer reported in Refs. 2, 10, and 25, or based on the CD spectral data (see Experimental). 
e) [V]:[0]:[S] denotes molar ratio of complex catalyst: organic hydroperoxide: sulfide, f) Prior to the addition of the sulfide, the complex catalyst was allowed to 
react with the hydroperoxide for 4.5 h at room temperature, g) Prior to the addition of the sulfide, the complex catalyst was allowed to react with the hydroperoxide 
for 20 h at room temperature, h) The entire reaction was carried out at 0°C. i) Analyzed by high-performance liquid chromatography. 
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asymmetric induct ion than the oxovanadium(V) com­
plex catalysts, and we studied the reactions wi th the 
oxovanadium(IV) complex catalysts in more detail. 

T h e oxidat ion reactions proceeded faster if the 
in termediate had been generated pr ior to the addi t ion 
of a sulfide (Entries 3 and 5). T h i s result suppor ts the 
above a s sumpt ion that the intermediate is the catalyti-
cally active species. 

A m o n g three organic hydroperoxides we used, C H P 
gave h igher ee's than the others, and the results may be 
associated wi th the steric effect of the phenyl g roup in 
C H P . In asymmetric catalytic reactions the impor­
tance of the or ientat ion of the phenyl groups has been 
poin ted out.26»27) T h e influence of the k ind of 
hydroperoxides on asymmetr ic oxidat ion of sulfides 
wi th a modified Sharpless reagent has been studied; 
the enantioselectivity was enhanced by us ing C H P 
instead of £-butyl hydroperoxide.2* Al though we tried 
the oxida t ion of sulfides wi th t r iphenylmethyl hydro­
peroxide as the ox idant in the presence of VO(sal-
(RR)-chxn), bo th the complex and the hydroperoxide 
decomposed rapidly, and only a little a m o u n t of the 
sulfoxide was obtained wi th no asymmetric induct ion. 

T h e complex catalysts con ta in ing an (RR)-chxn 
moiety gave an (S)-sulfoxide, whi le those conta in ing 
an (.R)-pn moiety gave an (JR)-sulfoxide (Entry 15) or a 
racemic one (Entry 14). T h e results can be unders tood 
if we assume that the catalytically active species has a 
conformational chirality similar to that of the added 
complex. As described before, the central chelate r ing 
of VO(sal-(JRJR)-chxn) is locked in a 1 gauche 
conformat ion, whi le that of VO(7-Mesal-(JR)-pn) will 
take a ô gauche conformat ion for steric reasons. VO-
(sal-(JR)-pn) in so lu t ion is suggested to be an equi­
l ib r ium mix ture of the conformat ional isomers (d and 
X). T h e axial d isposi t ion of the p n methyl g r o u p in 
VO(7-Mesal-(JR)-pn) has been confirmed by X-ray 
analysis.28) Such a difference in conformat ional 
chirali ty a m o n g the complexes should be responsible 
for the enantioselectivity. 

Subst i tu t ion at the 3-position of the sal-(JRi?)-chxn 
l igand has a distinct effect on the enantioselectivity of 
the ox ida t ion of methyl phenyl sulfide. Tab le 4 shows 
that the enantioselectivity decreases in the order 3-
MeOsa l«3-EtOsa l>sa l>3-Bu ' sa l . T h e results will 
come from bo th electronic and steric effects. We tried 
to study the influence of a subst i tuent at the 5-position 
in VO(5-Xsal-(JRJR)-chxn) on the oxidat ion, where the 
effect wil l be related only to the electronic one of the 
X-substi tuent . A l though the experiments were pre­
cluded by the low solubilities of the complexes wi th 
electronegative groups (Xsal=NC>2sal, Brsal, and Clsal), 
the VO(5-MeOsal-(JRJR)-chxn) complex catalyst gave a 
lower ee than VO(3-MeOsal - (##) -chxn) or VO(sal-
(RR)-chxn). T h e VO(4-MeOsal-(i?i?)-chxn) complex 
catalyst also gave a lower ee (Entry 16) than VO(3-
MeOsa l - (## ) -chxn) or VO(sal-(#ft)-chxn). From 

these results the effect of subst i tut ion at the 3-position 
of the sal-(JRJR)-chxn l igand is suggested to come 
main ly from the steric effect, and in t roduct ion of a 
suitable g r o u p at the 3-position will improve the 
stereoselectivity. 
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Selenium Content and Its Oxidation State in Igneous Rocks, 
Rock-Forming Minerals, and a Reservoir Sediment 

Yuzo TAMARI,* Hideaki OGAWA, Yuji FUKUMOTO, H a r u o Tsuji , and Yuzuru KUSAKA 
Department of Chemistry, Faculty of Science, Konan University, 

Higashinada-ku, Kobe 658 
(Received April 3, 1990) 

The selenium content of 188 samples (115 igneous rocks, 46 sedimentary rocks, and 27 sediments, including 
38 rock-forming minerals and 25 rock reference materials) issued from the Geological Survey of Japan were 
determined. In these samples selenium was distributed over a wide range of concentrations, 0.1—19500 ng g_1. 
Especially, selenium was rich in alkali-feldspar (7.5—149 ngg - 1 ) as well as in plagioclase (3.6—147 ngg - 1 ) , 
though not in mica (2.4—14.8 ng g_1) and quartz (0.6—6.4 ng g_1). Selenium, rich in feldspar, was easily dissolved 
as selenite with CC>2-bubbling water. In a reservoir sediment-core (from the surface to 15-cm depth), selenite and 
much organically-complexed selenium were dissolved with 0.1 Ma) hydrochloric acid and the subsequent 1 M 
sodium hydroxide solutions, respectively. 

T h o u g h selenium is widely distr ibuted in nature , it 
does not occur evenly th roughou t the lithosphère.1* 
Both basic and acidic rocks conta in 0.1 p p m of 
selenium; sedimentary rocks also contain slightly h igh 
(0.4 p p m ) selenium.2 ) An est imation of the selenium 
content of igneous rocks has been reported to be in the 
range of 0.03 to 0.8 p p m , wi th an average of 0.09 p p m 
by Goldschmidt and Strock (1935),3> and Wedepohl 
(1967).4) T h e value was recently modified to 0.05 p p m 
by Taylor (1964)5> and Lak in (1973).6> These probable 
data seem to depend on the lack of developing highly-
sensitive analyses.7) For the determinat ion of nanog­
ram levels of selenium in rocks and sediments, neut ron 
activation analysis wi th a post extraction of selenium8 ) 

and a further sensitive f luorometric analysis wi th 2,3-
diaminonaphthalene9»1 0 ) have been established. Fluoro 
metry was appl ied to Japanese rocks (121 samples), 
showing a mean selenium content of 0.0091 p p m ; the 
enr ichment of this element in sedimentary rocks, 
rather than in igneous types, was reported.11* As a 
source of r ich selenium in sedimentary rocks, chemical 
wea ther ing of igneous rocks and leaching by ra in 
water,1* or the transfer of volcanic gases con ta in ing 
selenium to soils by ra in water,12) have been suggested. 

In this work, the dis t r ibut ion of selenium content in 
all 188 samples (such as feldspar, mica, quartz, granite, 
granodior i te , quartz diorite, rhyolite, andésite, basalt, 
peridoti te , gabbro, shale, sandstone, tuff, carbonate 
rocks, and sediments) was investigated by us ing 
sensitive fluorometric analysis.10) T h e solubility of 
se lenium in feldspar, andésite, and basalt wi th CO2-
b u b b i n g water, whi le considering chemical weather­
ing, was studied t h rough a leaching experiment.1 3 ) 

From the same rocks and feldspar sodium, potassium, 
calcium, and magnes ium dissolved wi th this CO2-
water were analyzed, and a relation between land-
water qual i ty and its su r round ing rock-geology was 
studied.14) 

As a model of chemical weathering-sedimentat ion of 

a) This unit is defined to 1 M=l mol dm -3 . 

selenium, a reservoir, which had been investigated for 
arsenic(III) and arsenic(V) in water and sediment,15) 

was selected in this study. In the sediment collected 
the oxida t ion states of selenium, selenite, selenate, and 
organical ly-complexed selenium, were investigated 
th rough a leaching exper iment us ing 0.1 M hydro­
chloric acid and subsequent 1 M sodium hydroxide 
solutions.15»10 

Exper imenta l 

Samples of Rocks, Reservoir-Sediment, and -Water. Most 
of the Japanese rock samples were available from Nihon-
Chikagaku-Sha Ltd., Kyoto. These rocks were crushed, 
powdered to pass through a 100-mesh size sieve made by 
plastics, and homogenized by a reported method.8«10) The 
rock reference materials ("Igneous Rock Series"17) and 
"Sedimentary Rock Series"10) issued from the Geological 
Survery of Japan (GSJ) were used without additional sample 
preparation described above. Details of the sampling 
locations of these rocks have been described elsewhere.11'17«10 

A sediment core (15-cm length) sample was collected from 
the bottom of a reservoir (water-depth of 30.5 m), located in 
Hyogo Prefecture and used as a drinking-water supply. The 
wet core was cut into sections (1.5-cm depth); each divided 
core was subjected to a leaching experiment without drying. 
Water samples collected from the surface to a depth of 30.5-m 
in the reservoir (200 cm3) were freeze-dried; the resultant 
residues were packed with polyethylene films as samples for 
neutron activation analysis. The sampling methods of both 
the water and the sediment-core were described elsewhere.15) 

Analytical Method. The selenium content of the rocks 
and sediments were determined by fluorometry with 2,3-
diaminonaphthalene.10* A leaching experiment of the rocks 
and sediments were carried out by the reported methods with 
CCVbubbling water,14) as well as with 0.1 M hydrochloric 
acid and the subsequent 1 M sodium hydroxide solutions,15* 
respectively. The selenium dissolved with 25 cm3 of the 
leaching solution (prepared by repeating the treatment five 
times) from one gram of a powdered sample was also 
determined by fluorometry. The selenium concentrations of 
the reservoir water were determined by neutron activation 
analysis19* for the freeze-dried samples of the water. 
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Table 1. Selenium Content of GSJ Rock Reference Materials** 

Se content/ppb 
GSJ samples ; 

This work Reference value 
"Igneous rock series" 

Granite, JG-1 
Granite, JG-la 
Granite, JG-2 
Basalt, JB-1 
Basalt, JB-la 
Basalt, JB-2 
Basalt, JB-3 
Andésite, JA-1 
Andésite, JA-2 
Andésite, JA-3 
Rhyolite, JR-1 
Rhyolite, JR-2 
Gabbro, JGb-1 
Peridotite, JP-1 
Feldspar, JF-1 
Feldspar, JF-2 

"Sedimentary rock series" 
Dolomite, JDo-
Limestone, JLs 
Lake sediment, 
River sediment, 
River sediment, 
River sediment, 
Slate, JS1-1 
Slate, JS1-2 
Chart, JCh-1 

1 
-1 
JLk-1 
JSd-1 
JSd-2 
JSd-3 

2.6 ±1.6 
2.7 ±0.6 

10.5 ±0.5 
21.4 ±3.9 
26.1 ±5.1 

167 ±5 
82.9 ±1.8 

8.6 ±1.8 
6.2 ±0.6 

29.9 ±2.2 
5.9 ±1.2 
2.6 ±0.6 

168 ±1 
6.3 ±0.9 

10.8 ±2.3 
7.5 ±1.2 

44.3 ±1.4 
3.9 ±0.6 

618 ±1 
97.7 ±0.3 
19.5 ±1.2 
1.54±0.01 

664 ±1 
338 ±9 

6.8 ±0.5 

(n=3) 
(n=4) 
(n=4) 
(n=5) 
(n=5) 
(n=3) 
(n=3) 
(n=5) 
(n=5) 
(n=5) 
(n=4) 
(n=4) 
(n=3) 
(n=4) 
(n=5) 
(n=5) 

(n=3) 
(n=5) 
(n=6) 
(n=4) 
(rc=8)X103 

(rc=4)X103 

(n=4) 
(n=4) 
(n=5) 

2.8b> 

26b> 

180b> 
80b> 

8.6b> 

5.9b> 
2.6b> 

170b> 
Less t h a n 78c> 

50c> 
Less t h a n 18c> 

880c> 

a) Value: Average±standard deviation, n: Number of determinations, b) Ando et al.17) c) Suzuki et al.20) 

For some of the samples the content determined in this 
work almost agreed wi th the reference values by 
various methods1 7 ) of neu t ron activation analysis, 
a tomic absorpt ion spectrometry, and fluorometry, as 
well as by neut ron activation analysis.20) 

Distributions of Selenium Content of Igneous Rocks 
and Sedimentary Rocks. Figure 1 shows two histo­
grams of the selenium content of 115 igneous rocks and 
46 sedimentary rocks; the selenium content of each 
rock is summarized in the Appendix . As can be seen in 
this figure, the his tograms give a l og -no rma l distribu­
tion, the highest frequency of which is in the range 
3—6 n g g _ 1 se lenium for igneous rocks and 0— 
50 n g g _ 1 for sedimentary rocks. As an est imat ion of 
the average selenium content of those rocks, accord­
ingly, a geometr ic mean is recommended, rather than 
an ar i thmet ic one. T h e results of calculat ing the 
geometric mean gave 8.6 n g g _ 1 for igneous rocks and 
88.1 n g g _ 1 for sedimentary rocks. 

Tab le 2 summarizes the selenium content of rock 
groups wi th their concentrat ion range, geometric 
mean, and ar i thmetic mean. Regard ing igneous rocks, 
selenium seems to be more enriched in basalt than in 
granite, granodiori te , rhyolite, and andésite. Especial­
ly, h i g h - a l u m i n a basalt and tholeiite basalt tend to 
contain greater amoun t s of selenium than in olivine 
basalt . In feldspar g roups the mean selenium 

30 

20 

io|:f;$i$ 

IGNEOUS ROCK 
(n =115) 

20 

10 

m 

SEDIMENTARY 
ROCK 
(n = 46) 

i k ^ n n n J 
15 30 45 0 400 

Selenium content / ppb 

800 

Fig. 1. Histograms of selenium content of igneous 
rocks (7 samples:>50 ppb) and sedimentary rocks 
(3 samples:>800 ppb). 

Results and Discussion 

Selenium Content of the GSJ Rock Reference 
Materials. Tab le 1 lists the analytical results of the 
selenium content of the GSJ rocks and sediment deter­
mined by this fluorometric method, in which the detec­
t ion l imit is 0.05 n g of selenium. In this table, the 
ar i thmet ic mean of the repeated determinat ions for a 
sample is indicated a long wi th the s tandard deviation. 
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Table 2. Selenium Content of Igneous Rocks and Sedimentary Rocks/ppb 

Sample 

Igneous rocks 
Granitic rocks 

Biotite granite 
Granodiorite 

Quartz diorite 
Rhyolite 
Andésite 
Basalt 

Olivine basalt 
Peridotite 
Gabbro 
Rock-forming minerals 

Feldspar 
Alkali-feldspar 
Plagioclase 

Mica 
Quartz 

Sedimentary rocks 
Shale 
Mudstone 
Slate 
Sandstone 
Tuff 
Carbonate rocks 

Sediments 
River and lake sediment 
Deep sea sediment 

Geometric mean 

5.9 
5.3 
8.1 

19.4 
5.5 
6.4 

19.1 
9.5 
5.4 

27.6 

13.1 
12.2 
13.8 
8.3 
3.1 

194 
456 
188 
27.3 
17.5 
7.1 

273 
135 

Arithmetic mean 

9.1 
7.3 

14.3 
26.8 

7.4 
13.0 
27.4 
10.7 
5.5 

70.8 

26.7 
27.9 
25.9 

9.5 
4.0 

264 
598 
299 
117 
43.1 
12.4 

1570 
158 

Range 

0.1 — 
0.1 — 
2.7— 
8.3— 
0.7— 
0.8— 
4.8— 
4.8— 
4.4— 
5.6— 

3.6— 
7.5— 
3.6— 
2 . 4 -
0.6— 

41.7— 
172 — 
34.7— 
2.8— 
4.4— 
2 . 2 -

43.4 
25.5 
43.4 
45.2 
14.8 
72.2 

123 
20.6 

6.3 
136 

149 
149 
147 
14.8 
6.4 

811 
1280 
160 
593 
143 
44.3 

85.9—19500 
53 — 430 

Number of samples 

27 
20 

7 
2 
9 

16 
18 
7 
3 
2 

22 
9 

13 
9 
7 

20 
6 
4 
6 
4 
6 

15 
12 

Fig. 2. Or-Ab-An diagram for selenium content of 
feldspar. Range of selenium content/ppb, • : 0—9, 
O: 10—19, A:̂  20—29, A: 30—39, D: 40—49, ©: 
100—150. 

concentra t ion of the plagioclase is nearly equal to that 
of alkali-feldspar, and that of these feldspar groups is 
h igher than that of mica and quartz groups . T h e 
dis t r ibut ion of the selenium content of all the feldspars 
is represented wi th a d iagram of Or(Orthoclase, 
KAlSi 3 0 8 ) -Ab (Albite, NaAlSi 3 0 8 ) -An (Anorthite, 
CaAl2Si208) in Fig. 2. A h igh concentrat ion of 
se lenium [such as 147 n g g- 1 (MX-408) and 149 n g g - 1 

(MX-402)] was found in plagioclase as well as in alkali 
feldspar. 

Regard ing sedimentary rocks, considerably h igh 
amount s of selenium were detected in mudstone, shale, 
and slate, compared wi th that in sandstone, tuff, and 
carbonate rocks. T h e or igin of such rich selenium 
seems to have a biological origin; e.g., black muds tone 
(S-22, 963 n g g - 1 ) , flintic muds tone (RX-503, 1280 n g 
g_ 1) , te tragraptus shale (S-l, 811 n g g_ 1) , carboniferous 
shale (S-4, 7 8 6 n g g " 1 ) , flintic shale (S-21, 581 n g g " 1 ) , 
and black slate (JS1-1, 6 6 4 n g g - 1 ) , as listed in 
Append ix of this paper. In leaching experiments of 
these sedimentary rocks wi th 0.1 M hydrochloric acid 
solut ion and, subsequently, a 1 M sodium hydroxide 
solution, considerable amounts (30—50% of the total 
selenium amounts) were dissolved in a sodium hydrox­
ide solution; e.g., 14% of the total selenium was leached 
wi th the acid solut ion from the RX-503 sample, 
whereas 38% of that was leached wi th the a lkal ine 
solut ion. In addi t ion to these experimental results, 
there was a positive correlation (7=0.99) between the 
selenium content and the total sulfur content 1 0 of n ine 
GSJ sedimentary rock series samples. Therefore, 
appreciable amoun t s of biological-origin selenium 
seem to exist in sedimentary rocks. O n the other hand , 
r ich selenium is also recognized in cryustal tuff (RX-
404, 143 n g g - 1 ) and glauconite sandstone (RX-509, 
593 n g g " 1 ) ra ther than lapi l l i tuff (RX-401 and 402, 
10.1 and 14.8 n g g - 1 ) and arkose sandstone (RX-506, 
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bubbling water from feldspars and igneous rocks. 
Though no selenium(VI) was detected in any of 
the rocks, considerable amounts of selenium(IV) were 
easily dissolved, especially from alkali feldspar (sani-
dine, MX-401) and plagioclase (albite, MX-408). An 
extremely low amount of selenium(IV) was leached 
only from andésite (JA-3) and basalt (JB-2, JB-3), 
except for the JGb-1 and JB-la samples. In addition to 
the leaching experiment with carbonic acid, a residual 
sample was dissolved with 6 M hydrochloric acid by 
the same leaching method; after using hydrochloric 
acid, 56 ng of selenium(IV) was dissolved from the 
sanidine and 42 ng from the albite. Accordingly, 
selenium seems to partially occur as selenium dioxide 
in feldspars, and may exist in andésite, gabbro, and 
basalt, probably as some occluded state that is 
insoluble in carbonic acid. In conclusion, the results 
of these leaching experiments suggest that though 
selenium in igneous rocks is difficult to dissolve by 
chemical weathering, vanishingly small amounts of 
selenite are leachable from feldspars. 

Selenium in a Reservoir Water and Its Sediment. 
Figure 3 shows the vertical distribution of the concen­
tration of the total selenium in reservoir water. In the 
near-bottom water, the increasing change of the 
selenium is abrupt. This tendency in the same 
reservoir has been observed for other elements (arsenic, 
iron, manganese, ammonium, and so on), as has been 
reported elsewhere.15) In the reservoir sediment the 
vertical distributions of selenium in each soluble 
fraction of the sediment are also shown in Fig. 3 and 
Table 4: 0.1 M hydrochloric acid (acid-soluble frac­
tion), 1 M sodium hydroxide solution (alkali-soluble 
fraction) and hydrofluoric acid (silicate fraction). In 
the acid-soluble fraction which seems to be associated 
with the sedimentation of selenite and selenate with 
iron hydroxide, though selenate was not detected small 
amounts of selenite were found. The same tendency 
was obtained for arsenite rich in the same sediment 
core.15) In the alkali-soluble fraction to leach out 
organically-complexes selenium, however, about 79% 
(as an average) of all the selenium was dissolved for the 

Table 4. Vertical Distribution of Selenium Amounts in a Reservoir Sediment 
(ng in 1 g of the dry sediment) 

iment depth/cm 

0 — 1.5 
1.5— 3.0 
3.0— 4.5 
4.5— 6.0 
6.0— 7.5 
7.5— 9.0 
9.0—10.5 

10.5—12.0 
12.0—13.5 
13.5—15.0 

0.1 M HCl soluble 

Se(IV) 

7 
8 

12 
9 
5 
8 
0 
0 
0 
0 

Se(VI) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 M NaOH 
soluble Se 

156 
151 
86 

160 
159 
117 
140 
148 
108 
160 

Residue 
Se 

28 
27 
36 
35 
29 
34 
23 
23 
33 
25 

Total 
Se 

198 
186 
134 
204 
193 
159 
163 
171 
141 
185 

13.1 ngg - 1 ) , probably derived from granite. 
Dissolution of Selenium by Chemical Weathering of 

Rocks. Table 3 shows the experimental results for 
selenium(IV) and selenium(VI) dissolved with CO2-

Table 3. Nanogram Amounts of Selenium 
Dissolved from One Gram of a Powder 

Sample with CCh-Bubbling Water 

Sample 

Sanidine (MX-401) 
Albite-hornblende (MX-408) 
Olivine andésite (JA-3) 
Hornblende gabbro (JGb-1) 
Olivine basalt (JB-la) 
Tholeiite basalt (JB-2) 
High-alumina basalt (JB-3) 

Se content 

ppb 

149 
147 
29.9 

168 
26.1 

167 
82.9 

Dissolved 

Se(IV) Se(VI) 

83 0 
38 0 

7 0 
0 0 
0 0 

13 0 
6 0 

SELENIUM / PPb 

Fig. 3. Vertical distributions of concentrations of 
selenium in a reservoir water and its sediment. BH: 
Acid-soluble fraction detecting only selenite, I I: 
Alkali-soluble fraction, Ë S Silicate fraction. 
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entire core depth. This high amount of selenium 
seems to depend on a biological origin, as was pointed 
out in a study on arsenic.15* The concentration of 
selenium in the silicate fraction was almost constant, 
regardless of the core depth, in the range 23— 
36 ng g_1. Since the reservoir is surrounded mainly by 
rhyolitic tuff and rhyolite rocks, the selenium content 
of the rhyolite (much weathered R-l 1 and solid core of 

R-12 samples) collected from the surrounding area of 
the reservoir was determined to be 11.2 and 14.8 ng g_1 

of selenium, as is listed in Appendix. Thus, the 
dissolution of selenium by natural weathering seems 
to be poor; this result seems to support the possibility 
of a biological origin of selenium in the reservoir 
sediment. 

Run no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

23 
24 
25 
26 
27 
28 
29 
30 
31 

32 
33 
34 
35 
36 
37 
38 

39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 

Appendix. Selenium Content of Rocks and Rock-Forming Minerals 

Sample no. 

Feldspar 
JF-1 
JF-2 
MX-401 
MX-402 
MX-403 
MX-404 
MX-405 
MX-406 
MX-411 
MX-407 
MX-408 
MX-409 
MX-410 
MX-412 
MX-413 
MX-414 
MX-415 
MX-416 
MX-417 
MX-418 
MX-419 
MX-420 

Mica 
MX-301 
MX-305 
MX-310 
M-2 
M-3 
M-4 
M-5 
M-6 
M-7 

Quartz 
MX-421 
MX-422 
MX-426 
Q-i 
Q-2 
Q-3 
Q-4 

Granite 
G-2 
G-3 
G-4 
G-5 
G-6 
G-7 
G-9 
G-10 
G-ll 
G-12 
G-13 

Sample 

Orthoclase-albite (Nagano) 
Orthoclase (Ibaraki) 
Sanidine (Mie) 
Orthoclase (Okayama) 
Microline (India) 
Microline (Toyama) 
Anorthoclase (Norway) 
Orthoclase, moonstone (Toyama) 
Oligoclase-anorthoclase (Akita) 
Albite (Niigata) 
Albite-hornblende (Ehime) 
Albite-magnesia-riebeckite (Niigata) 
Oligoclase (Hokkaido) 
Andesine (Fukui) 
Andesine (Fukui) 
Plagioclase, Labradorite (Canada) 
Labradorite-augite (Kochi) 
Bytownite (U.S.A.) 
Bytownite (Kanagawa) 
Anorthite (Miyagi) 
Anorthite (Hokkaido) 
Anorthite-grossular (Shiga) 

Muscovite (India) 
Phlogopite (Canada) 
Lepidolite (Rhodesia) 
Biotite (Fukui) 
Biotite (Nara) 
Biotite (U.S.A.) 
Biotite (India) 
Muscovite (Fukushima) 
Sericite (Shimane) 

Rock crystal (Brazil) 
Quartz (Kyoto) 
Quartz (Kyoto) 
Quartz, crystal (Fukushima) 
Quartz, crystal (Shiga) 
Quartz (Kyoto) 
Quartz (Shiga) 

Biotite granite (Shiga) 
Biotite granite (Gifu) 
Corse-grained biotite granite (Kyoto) 
Porphyritic biotite granite (Yamaguchi) 
Biotite granite (Ibaraki) 
Biotite granite (Kyoto) 
Biotite granite (Hiroshima) 
Biotite granite (Okayama) 
Biotite granite (Shiga) 
Biotite granite (Kyoto) 
Biotite granite (Kyoto) 

Se/ppb 

10.8 
7.5 

149 
7.8 
1.3 
5.2 

13.4 
37.9 
18.1 
3.6 

147 
30.4 
4.1 

13.6 
26.3 
11.7 
43.8 

8.3 
29.1 

8.9 
5.9 
4.2 

9.1 
6.1 
5.0 

14.8 
10.7 
13.3 
13.9 
2.4 

10.4 

3.2 
6.4 
5.4 
5.1 
5.6 
0.6 
1.5 

2.0 
5.4 
3.1 
4.3 
4.6 
9.3 
7.9 
7.8 
4.6 
9.7 
9.0 
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Appendix. (Continued) 

Run no. Sample no. Sample Se/ppb 

50 
51 
52 
53 
54 
55 
56 
57 
58 

59 
60 
61 
62 
63 
64 
65 

66 
67 

68 
69 
70 
71 
72 
73 
74 
75 
76 

77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 

93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 

G-14 
G-15 
G-16 
G-17 
G-18 
G-19 
G-25 
G-101 
JG-2 

Granodiorite 
G-20 
G-21 
G-22 
G-23 
G-24 
JG-1 
JG-la 

Quartz diorite 
D-2 
RX-116 

Rhyolite 
R-ll 
R-12 
RX-301 
RX-302 
RX-303 
RX-304 
RX-305 
JR-l 
JR-2 

Andésite 
RX-310 
RX-311 
RX-313 
RX-314 
RX-316 
RX-317 
RX-318 
RX-319 
RX-320 
RX-321 
RX-322 
RX-323 
RX-324 
JA-1 
JA-2 
JA-3 

Basalt 
B-l 
B-2 
B-3 
B-4 
B-6 
B-7 
B-8 
B-9 
B-10 
B-ll 
B-12 
B-13 
B-14 
B-15 
JB-1 

Biotite granite (Gifu) 11.3 
Gneissose biotite granite (Kyoto) 25.5 
Micrographie biotite granite (Tottori) 7.7 
Fine grained biotite granite (Kagawa) 7.4 
Two mica granite (Ehime) 7.4 
Hornblende granite (Kyoto) 0.1 
Biotite granite (Hyogo) 4.5 
Biotite granite (Hyogo) 4.0 
Biotite granite (Gifu) 10.5 

Granodiorite (Iwate) 5.3 
Granodiorite (Toyama) 20.9 
Graodiorite (Yamanashi) 2.8 
Gneissose granodiorite (Ehime) 43.4 
Biotite granodiorite (Kyoto) 21.9 
Granodirite (Gunma) 2.8 
Granodiorite (Gunma) 2.7 

Quartz diorite (Kanagawa) 8.3 
Hornblende quartz diorite 45.2 

Rhyolite (Hyogo) 11.2 
Rhyolite (Hyogo) 14.8 
Potash rhyolite (Shizuoka) 0.7 
Moonstone rhyolite (Toyama) 3.4 
Plagiorhyolite (Hyogo) 7.4 
Vesicular biotite rhyolite (Tokyo) 9.0 
Anorthoclase rhyolite (Akita) 12.0 
Rhyolite, obsidian (Nagano) 5.9 
Rhyolite, obsidian (Nagano) 2.6 

Hornblende two-pyroxene dacite (Shizuoka) 5.7 
Garnet biotite andésite (Nara) 72.1 
Hornblende andésite (Kagawa) 11.5 
Hypersthene hornblende andésite (Kagawa) 0.8 
Two-pyroxene andésite (Akita) 12.3 
Two-pyroxene andésite (Nagano) 3.8 
Two-pyroxene andésite (Kagoshima) 15.5 
Two-pyroxene andésite (Kanagawa) 0.1 
Two-pyroxene andésite (Kanagawa) 9.7 
Basaltic andésite (Osaka) 6.4 
Trachytic andésite (Akita) 13.3 
Hornblende trachytic andésite (Akita) 2.4 
Altered porphyritic pyroxene (Akita) 9.5 
Augite-hypersthene andésite (Kanagawa) 8.6 
Olivine andésite (Kagawa) 6.2 
Olivine-bearing augite andésite (Gunma) 29.9 

Alkali olivine basalt (Ishikawa) 26.5 
Olivine trachy basalt (Hyogo) 5.2 
Olivine trachy basalt (Nagasaki) 4.8 
Olivine trachy basalt (Kyoto) 11.0 
Olivine augite diopside basalt (Yamanashi) 9.0 
Olivine augite basalt (Shizuoka) 20.6 
Olivine augite basalt (Yamanashi) 15.1 
Quartz basalt (Ymaguchi) 17.9 
Olivine trachy basalt (Shimane) 9.3 
Alkali dolerite (Yamagata) 16.5 
Picrite basalt (Niigata) 25.9 
High-alumina quartz basalt (Niigata) 55.3 
Nepheline basalt (Shimane) 50.8 
Bronzite basalt (Miyagi) 11.6 
Titanaugite-olivine basalt (Nagasaki) 21.4 
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Appendix. (Continued) 

Run no. 

108 
109 
110 

111 
112 
113 

114 
115 

116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 

136 
137 
138 
139 
140 
141 

142 
143 
144 
145 

146 
147 
148 
149 
150 
151 

152 
153 
154 
155 

156 
157 
158 
159 
160 
161 

Sample no. 

JB-la 
JB-2 
JB-3 

Peridotite 
RX-125 
RX-216 
JP-1 

Gabbro 
RX-121 
JGb-1 

Shale 
RX-502 
S-l 
S-2 
S-3 
S-4 
S-6 
S-7 
S-8 
S-9 
S-10 
S-ll 
S-12 
S-13 
S-14 
S-15 
S-18 
S-19 
S-20 
S-21 
S-23 

Mudstone 
S-16 
S-17 
S-22 
S-24 
S-25 
RX-503 

Slate 
S-5 
RX-501 
JS1-1 
JS1-2 

Sandstone 
RX-504 
RX-505 
RX-506 
RX-507 
RX-508 
RX-509 

Tuff 
RX-401 
RX-402 
RX-403 
RX-404 

Carbonate rocks 
C-l 
C-2 
C-3 
JLs-1 
JDo-1 
JCh-1 

Sample 

Titanaugite-olivine basalt (Nagasaki) 
Tholeiite basalt (Tokyo) 
High-alumina basalt (Yamanashi) 

Cortlandite (Ibaraki) 
Albite (Niigata) 
Peridotite (Hokkaido) 

Labradorite, anorthite (Canada) 
Hornblende gabbro (Fukushima) 

Shale, Triassic (Kyoto) 
Tetragraptus, Ordovician (U.S.A.) 
Monograptus, Silurian (New York) 
Leclercqia, Devonian (New York) 
Floral fossil, Carboniferous (U.S.A) 
Coaly shale, Permian (Nagano) 
Shell fossil, Triassic (Miyagi) 
Floral fossil, Triassic (Okayama) 
Triassic (Kyoto) 
Floral fossil, Triassic (Yamaguchi) 
Floral fossil, Jurassic (Niigata) 
Oil shale, Jurassic (Ishikawa) 
Ammonite, Jurassic (Yamaguchi) 
Floral fossil, Cretaceous (Ishikawa) 
Floral fossil, Cretaceous (Wakayama) 
Floral fossil, Palaeogene (Hokkaido) 
Floral fossil, Palaeogene (Fukushima) 
Oil shale, Palaeogene (Colorado) 
Flintic shale, Miocene (Akita) 
Coaly shale, Miocene (Mie) 

Marlstone, Cretaceous (Hokkaido) 
Black mudstone, Cretaceous (Ehime) 
Black mudstone, Miocene (Nagano) 
Gray mudstone, Pliocene (Akita) 
Foraminiferal, Pliocene (Shizuoka) 
Flintic siliceous, Neogene (Akita) 

Toyama slate, Permian (Miyagi) 
Clay slate, Permian (Miyagi) 
Black slate (Miyagi) 
Slate (Miyagi) 

Fine-grained, Neogene (Wakayama) 
Medium-grained, Cretaceous (Osaka) 
Arkose sandstone, Jurassic (Fukui) 
Red sandstone, Archaeozoic (India) 
Tuffaceous, Neogene (Shimane) 
Glauconite, Neogene (Ishikawa) 

Lapilli tuff (Fukui) 
Lapilli tuff (Hyogo) 
Vi trie massive tuff, (Hyogo) 
Crystal tuff (Wakayama) 

Iceland spar (Mexico) 
Aragonite (Spain) 
Crystalline, marble (Yamaguchi) 
Limestone, calci te (Hokkaido) 
Dolomite (Tochigi) 
Chert (Tochigi) 

Se/ppb 

16.5 
123 
53.5 

5.8 
4.4 
6.3 

5.6 
136 

59.0 
811 
143 
134 
786 
228 
461 
164 
197 
149 
208 
105 
349 
41.7 

140 
110 
88.0 

165 
581 
369 

273 
233 
963 
668 
172 

1280 

160 
34.7 

664 
338 

14.3 
54.9 
13.1 
2.8 

24.1 
593 

10.1 
14.8 
4.4 

143 

2.2 
13.3 
3.6 
3.9 

44.3 
6.8 



2638 Y. TAMARI, H. OGAWA, Y. FUKUMOTO, H. Tsuji, and Y. KUSAKA [Vol. 63, No. 9 

References 

1) S. D. Faust and O. M. Aly, "Chemistry of Natural 
Waters," Ann Arbor Science Publishers Inc., Ann Arbor, MI 
(1981), p. 359. 

2) J. E. Fergusson, "Inorganic Chemistry and the Earth," 
Pergamon Press Ltd., Oxford (1982), p. 318. 

3) V. M. Goldschmidt and L. W. Strock, Ges. Wiss. 
Göttingen Math. Phys. KL, 1, 123 (1935); cited by S. D. Faust 
and O. M. Aly, "Chemistry of Natural Waters," (1981), p. 
360. 

4) K. H. Wedepohl, "Geochemistry," Holt, Rinehartand 
Winston, (1971), p. 65; cited by M. Ichikuni, "Muki-Chikyu-
Kagaku," Baifukan, Tokyo (1972), p. 39. 

5) S. R. Taylor, Geochim. Cosmochim. Acta, 28, 1273 
(1964). 

6) H. W. Lakin, "Trace Elements in the Environment," in 
"Advances in Chemistry Series 123," American Chemical 
Society (1973), p. 96; cited by S. D. Faust and O. M. Aly, 
"Chemistry of Natural Waters," (1981), p. 360. 

7) P. G. Jefery and D. Hutchison, "Chemical Methods of 
Rock Analysis," Pergamon Press Ltd., Oxford (1981), p. 284. 

8) Y. Tamari, Radioisotopes, 28, 3 (1979). 
9) Y. Tamari, K. Hiraki, and Y. Nishikawa, Bunseki 

Kagaku, 28, 164 (1979). 
10) Y. Tamari, Bunseki Kagaku, 33, El 15 (1984). 

11) Y. Tamari, H. Tsuji, and Y. Kusaka, Mem. Konan 
Univ., Sei. Ser., 35, 77 (1988). 
12) National Research Council, "Selenium, Medical and 

Biological Effects of Environmental Pollutants," National 
Academy of Sciences; translated in Japanese by H. Sakurai 
and K. Tsuchiya, "Selen," Tokyo-Kagaku-Dojin Co. Ltd., 
Tokyo (1978), p. 11. 

13) Y. Tamari, Y. Inoue, H. Tsuji, and Y. Kusaka, Bull. 
Chem. Soc. Jpn., 55, 3760 (1982). 

14) Y. Tamari, H. Tsuji, and Y. Kusaka, Chikyukagaku, 
22, 139(1988). 

15) Y. Tamari, K. Nishimura, H. Tsuji, and Y. Kusaka, 
Bull. Chem. Soc. Jpn., 59, 2273 (1986). 

16) Y. Tamari, K. Hiraki, and Y. Nishikawa, Chikyukagaku, 
12, 37 (1987). 
17) A. Ando, N. Mita, and S. Terashima, Geostand. Newsl, 

11, 159(1987). 
18) S. Terashima, A. Ando, and S. Itoh, The 1989 

Symposium by the Geological Society of Japan, Tokyo, 
1989, Abstr., p. 219. 
19) H. Tsuji, Y. Tamari, K. Kusaka, and A. Mizohata, 

The 30th Symposium on Radiochemistry, Sendai, 1986, 
Abstr., p. 148. 
20) S. Suzuki, N. Katsuragi, and S. Hirai, Bunseki Kagaku, 

39, 55 (1990). 



September, 1990] © 1990 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 63, 2639—2645 (1990) 2639 

Polarographic Study of the Rates of the Dissociation Reactions 
of the Eu(III)-HAHA Complex and of the Eu(III)-, Gd(III)-, 

and Ho(III)-PAPA Complexes 

Mutsuo KODAMA,* A n u n g Budhi MAHATMA,^ T o r u KOIKE,+ and Eiichi KIMURAÏ 
Department of Chemistry, College of General Education, Hirosaki University, Bunkyo, Hirosaki 036 

^Department of Medical Chemistry, Hiroshima Uviversity School of Medicine, Kasumi, Hiroshima 734 
(Received April 20, 1990) 

Polyaza macrocycles carrying acetate groups, HAHA and PAPA, were found to form solely 1:1 ratio com­
plexes with Eu(III), Gd(III), or Ho(III) ions. The PAPA complexes of the Eu(III), Gd(III), and Ho(III) ions and 
the HAHA complex of the Eu(III) ion in acetate buffer solutions containing an excess of the Eu(III), Gd(III), or 
Ho(III) ion produce anodic waves, which are kinetic in nature. They can be ascribed to the free macrocycles 
formed upon the dissociations of the complexes preceding electron-transfer steps at the electrode surface. From 
an experimental examination of the nature of these kinetic waves, the reaction mechanisms and rates for the 
dissociation reactions were determined. The dissociation reactions for the HAHA and PAPA complexes were 
found to proceed through (A) and (B), respectively. The (kà)o values for the Eu(III)-HAHA and -PAPA 
complexes were 5.1X10-1 and 3.9X10-2 (sec-1), respectively, and those for the Gd(III)- and Ho(III)-PAPA complexes, 
4.O4XIO-2 and 1.2X10-2 (sec"1). 

EuH2L- ^ = ^ Eu3+ + H2L4- slow 
(*d)H (A) 

EuH2L- + H+ ^ = ^ Eu3+ + H3L3- slow 

where H,-L'-6 is the protonated HAHA anion. 

MX2" ^ ^ M3+ + X5" slow 
(*d)H (B) 

MX2" + H+ ^ = = ^ M3+ + HX4" slow 

where H/X'-5 is the protonated PAPA anion. 

The (Äd)H values for the Eu(III)-HAHA and -PAPA complexes were 3.70X102 and 4.24X105 (mol"1 dm3 s"1) and 
those for the Gd(III)- and Ho(III)-PAPA complexes, 2.45X105 and 2.05X104 (mol"1 dm3 s"1). 

Polarography is an efficient tool for s tudying the 
reaction rates as well as equi l ibr ia of metal complexes. 
If the Pola rographie processes for the reduct ion of 
metal complexes are part ial ly controlled by their 
dissociation occurr ing in the immediate vicinity of the 
d r o p p i n g mercury electrode (DME) surface, they 
produce kinetic waves due to their dissociation.1* In 
such cases, one can determine both the mechanism and 
the rates of the dissociation reactions by analyzing the 
nature of the kinetic waves. 

T h e Eu(III) complex of 18-membered macrocyclic 
hexamine carrying an acetate g roup on each ni t rogen-
(HAHA) 2 ) gives a well-defined two-step Polarographie 
(cathodic) wave in acetate buffer solutions. T h e first 
step is of a kinetic-controlled na ture and can be 
ascribed to a reduct ion of the free Eu(III) ion formed 
u p o n the dissociation of its H A H A complex. Al­
t h o u g h the Pola rographie wave is ill-defined, the 
Eu(III) complex of a newly synthesized 15-membered 
macrocyclic pen tamine carrying five acetate g roups 
(PAPA) also gives a similar kinetic wave. In acetate 
buffer solut ions where excess metal(III) ions are 
present a n d hence, all PAPA anions are considered to 
exist as Eu(III), Gd(III), or Ho(III) complex, a well-
developed anodic step hav ing a kinetic character can 
be observed. T h i s anodic step m i g h t be ascribable to 

uncomplexed PAPA anions formed u p o n the dissocia­
tion of the Eu(III), Gd(III), or Ho(III) complex. 

T h e present findings migh t lead to a better under­
s tanding of the reactions of the lan than ide metal(III) 
ions, and also to an explora t ion of useful appl ica t ions 
of the po la rography to the dissociation kinetics of the 
complexes involving polarographical ly inactive metal 
ions. 

Experimental 

Reagents. Preparation of 1,4,7,10,13,16-hexakis(carboxy-
methyl)-l,4,7,10,13,16-hexaazacyclooctadecane([18]aneN6-
(OAcH)6-6HCl, HAHA) was described previously.2) 1,4,10, 
13-pentakis(carboxymethyl)-1,4,7,10,13-pentaazacyclopenta-
decane([15]aneN5(OAcH)5-5HCl, PAPA)(Fig. 1) was also 
synthesized according to the method employed in the 
preparation of HAHA.2) Europium(III), Gadolinium(III), 
and Holomium(III) nitrate pentahydrates of 99.9% purity 
were purchased from Aldrich Chemical Company, Inc. 
Their aqueous solutions were standardized by titrations with 
EDTA by the method of Schwarzenbach.3) All of the other 
chemicals used in this study were of analytical reagent grades 
and were used without further purification. 

Apparatus and Experimental Procedures. The apparatus 
and experimental procedures for the Polarographie measure­
ments and the Potentiometrie study were as previously 
used.4'5) The pH values of the solutions were determined 
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R 
2. 

R = CH2CO2H 

Fig. 1. Ligands. 1. [15]aneN5-(OAcH)5, 2. [18]aneN6-
(OAcH)6. 

with a glass electrode pH-meter (a Horiba F8-AT). The 
values of —log [H+] used for the calculation of the formation 
constants were estimated from pH readings: —log[H+]= 
pH-O.13.5) 

The log protonation constants for the pentavalent PAPA 
anion were determined potentiometrically to be 10.15, 9.41, 
6.14, 4.11, and 3.19 (25 °C). Those for the hexavalent HAHA 
anion were 10.10, 10.01, 8.92, 8.20, 4.64, and 3.53. All of the 
solutions were adjusted to an ionic strength(7) of 0.20 mol 
dm - 3 by adding an appropriate amount of NaC104 and 
maintained at 25.0+0.1 °C. 

Results and Discussion 

Complex Formation Equilibria. Complex forma­
t ion between the Eu(III) ion and H A H A or PAPA and 
that between Gd(III) or the Ho(III) ion and PAPA 
were analysed in an identical m a n n e r as that previo­
usly app l ied to the macrocyclic po lyamine complexes 
of t ransi t ion metal(II) ions6) and of h is tamine and its 
H2agonists,7) where in the theory was described in 
detail. T h e t i t ra t ion curve for the equ imola r mix ture 
solut ion of the Eu(III) ion and H A H A in its fully 
p ro tona ted form (Hi2L6+) gave two buffer regions at 
t i t ra t ion poin ts 1 0 > a > 0 and 12>a>10 (Fig. 2). Here, a 
indicates the n u m b e r of moles of base added per mole 
of l igand present. T w o breaks, occurr ing at a=10 and 
at a=\2, suggest the format ion of a doubly-protonated 
complex, EUH2L-, and the subsequent pro ton dis­
sociation from it. As ment ioned previosly,6»7) the 
equa t ion (a(aH)L-j8fa. CL)(10(u!H)L-jßh)=£EuH2L ( 1 0 C L -
a)2-(an)h'[li+]2XKi'K2 gives the best fit wi th the p H 
ti t ra t ion data for the formation of EUH2L-, and 
the relat ion l o g ( a V 2 / ( C L - a ! V 2 ) ) = l o g £ - 2 H + 2 p H for 
the dissociation of EuH2L",8> E u H 2 L - = E u L 3 " + 2 H + . 
Here, a = a C L + [ H + ] - [ O H - ] , ( Û : H ) L = 1 + [ H + ] X £ I + [ H + ] 2 X 
Ki.K2+.»+[H+]*XKiK2>~Ke, ß^=l2+ll[U+]XKi+ 
10[H+]2X^i./i:2+-..+6[H+]6XJfi:i^2---^6, a'=(a-10)'CL 

and Kt denotes the pro tona t ion constant of H A H A 
anion . T h e £ E U H 2 L ( = [ E U H 2 L - ] / [ E U 3 + ] • [H2L4-]) value 

•ß 

10 

6 

2 

-̂ •"r5*̂  
A ^ " 1 

/ / e 

1 /' 

/ ' / 
^ ^ y 

1 1 
0 5 10 

a, Titration point 

Fig. 2. Titration curves. Eu(III)—[18]aneN6-(OAcH)6-
6HC1 mixture. 7=0.20 M, 25 °C. A. Ligand (0.50 
mM) only, B. Ligand (0.50 mM)+Eu(III) (0.50 mM). 

2.5 5.0 

(10CL-O!)2-(Q!H)L-[H+]2X10-1 3 

Fig. 3. Plots of (a(aH)L-i8JiCL)-(10(aH)L-i8h) against 
(10CL-O!)2-(Q!H)L-[H+]2. Eu(III)—[18]aneN6-(OAcH)6-
6HC1 system. 7=0.20 M, 25°C. 

could be determined graphically from the plots of 
(a(au)L-ßl-CL)(lO(au)L-ßh) against (10CL-e*)2X(e*H)L-
[H+]2 to be 1.49X1017 (Fig. 3) and the K~™ ( = [ E u L 3 " ] . 
[H+]V[EuH 2 L-] ) value from the plots of l o g ( o / / 2 / 
( C L - O : / / 2 ) ) against p H to be 2.5X10"15 (Fig. 4). 

In the PAPA system an equ imola r mix ture of the 
metal(III) ion and the l igand in its fully-protonated 
form (HioX5+) gave only one buffer region at t i t rat ion 
po in t 10>a>0; a break occurred at a=10. T h i s f inding 
evidently suggests the formation of a normal complex, 
M X 2 - . W h e n the PAPA forms only 1:1 ra t io complex , 
MX2", the relat ion (o:(a!H)x-iß^-Cx)(10(a!H)x-ißi)=^Mx 
• (10CX—Û:)2-(Q!H)X is expected to fit best wi th the p H 
titration data.6»7) Here, («H)X and ß£ are the (au) and 
ßn values of the PAPA, respectively. T h e KMX(= 
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0.25h 

Ö CM 

Ö CM 

^ 0 

o 

-0.25 

pH 

Fig. 4. Plots of log(a ' /2/(CL-a ' /2)) against pH. 
Eu(III)—[18]aneN6-(OAcH)6-6HCl system. / = 
0.20 M, 25°C. 

X 
XX 

I 

o 

I 

(10Cx-a)2-(aH)xX10-6 

Fig. 5. Plots of (Q;(Q!H)X-)SHCX)-(10(Q!H)X-)SH) against 
(10CX-O!)2-(Q!H)X. [Eu(III)]=0.50 mM, [[15]aneN5-
(OAcH)5-5HCl]=0.50 mM,7=0.20 M, 25 °C. 

[MX2-]/[M3+].[X5-]) values for the Eu(III), Gd(III), 
and Ho(III) complexes could be determined from the 
gradients of the straight lines between (Û:(Û:H)X—J8H- CX)-
(lO(au)x-ßl) and (10C x -a0 2 - (aH)x to be 3.92X1015, 
7.51X1015, and 3.00X1016, respectively (Fig. 5). 

Polarographic Behavior of Eu(III)-HAHA Com­
plex. T h e Eu( I I I ) -HAHA complex in an acetate 
buffer solut ion con ta in ing an excess of H A H A gave 
two reduct ion steps (Fig. 6). J u d g i n g from the 
reduct ion potent ial , the first step can be ascribed as 
be ing a direct one-electron reduct ion of uncomplexed 
Eu(III) to Eu(II). It showed the characteristic kinetic-
controlled na ture (its l imi t ing current is almost inde­
pendent of the effective mercury pressure on the DME). 

1.5 

1.0 

< 
a. 

0.5 

-0.50 -1.00 -1.50 

E/V vs. SCE 

Fig. 6. Dc polarogram of Eu(III)—[18]aneN6* 
(OAcH)6 complex. [complex]=0.40 mM, [L]f=4.00 
mM, [OAc-]=0.10M, pH=3.89, 7=0.20M, 25°C. 

3.0 

X 2.0 

1.0 

0 1.0 2.0 3.0 

[H+]X104 (mol dm-3) 

Fig. 7. Plots of (zk/(z'i-?k))
2
c[H+]2/(Q!H)L or (k/(h~ 

ik)£[H+]V(aH)L against [H+]. Eu(III)-[18]aneN6-
(OAcH)6 complex=0.40 mM, [OAc+]=0.10M, 1= 
0.20 M, 25 °C. O [L]f=4.00mM, • [Eu(III)]f=4.00 
mM. 

T h e l imi t ing current of the first step decreased wi th 
increases in the solut ion p H (Fig. 7) and in the 
concentra t ion of uncomplexed H A H A (Table 1), b u t 
increased wi th an increase in the concentrat ion of the 
acetate an ion (Table 2), obeying the following rela­
tions: 
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Table 1. The Effect of HAHA Concentration, 
[L]f, on the Height of Kinetic Wave. 

[Eu(III)]=0.40 mM, pH=3.73, 25°C, [OAc"]= 
0.10 M, 7=0.20 M, z,= 1.140nA 

Table 2. The Effect of Acetate Anion Concentration, 
[OAc-], on the Height of Kinetic Wave. 

[Eu(III)]=0.40 mM, pH=3.73, 25 °C, HAHA concentra­
tion, [L]f=4.00mM, 7=0.20 M, ^=1.140 ^A 

[L]f 

mM 

4.00 
8.00 

12.00 

k 

»A 

0.137 
0.100 
0.083 

(-rr)1'11* 
i\—ik 
7.46X10-5 
7.40X10-5 
7.40X10-5 

[OAc-] 

M 

0.050 
0.100 
0.200 

k 

HA 

0.081 
0.137 
0.231 

ßoAc 

2.50X101 
7.85X101 
2.74X102 

( Zk \9'n 
\ . . ) /pOAc 

i\— ik 

2.33X10-4 
2.37X10-4 
2.37X10-4 

\ ll — Ik '< 

2 [H+]2 
X L

 t
J = f l + 6-[H+], (1) 

(Û!H)L 

where a and b are constants 
(at given HAHA and acetate concentrations) 

( . lk . ) X [L]f = constant (2) 
^ n — ik ;c 

(at given pH and acetate concentration), 

\ u — 

2 1 
X — = constant (3) 

ll — lk 'c POAc 

(at given pH and HAHA concentration). 

Here, [L]f indicates the concentrat ion of uncomplexed 
HAHA,Zk the l imi t ing current of the first step, i\ the 
hypothet ical diffusion current which can be approx­
imated to the sum of the first and second wave heights , 
(«H)L, \+[U]XKi+[U+fXK1-K2+---,Ki, the protona-

a) /3OAC=1+/3I-[OAC-]+/32-[OAC-]2 . 

t ion constant of the hexavalent H A H A anion, / ?OAC=1+ 
ß i - [OAc- ]+ß 2 - [OAc- ] 2 , and ßj the overall formation 
constant of the Eu(III)-acetato complex, ßi and /fe used 
were 102-27 and 103-77, respectively. 

As was discussed in connect ion wi th the polarogra-
phy of aminopolycarboxyla to complexes of Zn(II), 
Pb(II), and Cd(II) ions,9) the reaction mechanism and 
the dissociation rates were determined from the z'k and 
ii values us ing the treatment by Koryta.10) In view of 
the above findings, the Koryta equa t ion for the kinetic 
wave of the Eu(III ) -HAHA complex under the present 
experimental condit ions can be formulated as 

^ ll — lk ' c 

(Äd)o 

EuH2L- V 
-X 

EuH2L- + H+ 

Eu3+ + zOAc-

Eu3+ 

(Äd)H, 

+ 
^T" 

2s 

°M6XI ( K E U L / K - 2 H ) . [ L ] , [ H + ] 2 ' ( 4 ) 

corresponding to the following reaction mechanism: 

(A) 

H2L4" 

Eu3+ + H3L3" 

Eu(OAc)?-' 

(5). 

(5)b 

(5)c 

slow \ 

slow 

rapid ' 

Eu2+ + iOAc~ 

T h e rate constants, (Ad)o and (kd)n, were determind to be 
5.1X10-1 (s-1) and 3.7X102 (mol" 1 dm 3 s"1), respective­
ly, from the intercept and the gradient of the straight 
l ine in Fig. 7. T h e drop time, td, used in an est imat ion 
of the rate constants were 5.10 sec/drop. T h e KEUL/ 
FC-2* in Eq. 4 is equal to £ E U H 2 L X £ I £ 2 . 

T h o u g h the Eu(III)-PAPA complex in an acetate 
buffer solut ion conta in ing an excess of uncomplexed 
PAPA seemingly gave an ill-defined one-step dc 
po la rogram, its ac polarogram showed two peaks, the 
first of which evidently corresponds to the uncomplex­
ed Eu(III) ions. These findings can be explained in 
terms of the poor potent ia l separat ion between the dc 

reduct ion steps of free and complexed Eu(III) ions. It 
is therefore practically impossible to investigate the 
cathodic polarography of the Eu(III)-PAPA complex. 
O n the other hand, in an acetate buffer solut ion 
conta in ing excess uncomplexed Eu(III) ions, where all 
the PAPA or H A H A anions are considered to exist as 
Eu(III)-PAPA or -HAHA complex, the Eu(III) com­
plex gave a well-defined anodic step due to the 
oxidat ion of mercury (Fig. 8). T h i s anodic step shows 
a kinetic character and m i g h t be ascribed to the 
uncomplexed PAPA or H A H A an ions suppl ied by the 
slow dissociation of the Eu(III) complex at the 
electrode surface. A rigorous theoretical equat ion for 
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10.5 

< 
a. 
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7.5 

3.5h 

H 24 
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/ 
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II 

1 *l 

< 
a 

HI 2 

-0.50 
E/V vs. SCE 

.00 

Fig. 8. Dc and ac polarogram of Eu(III)—[15]aneN5* 
(OAcH)5 complex. [complex]=0.384 mM, [Eu(III)]f= 
4.38 mM, [OAc-]=0.10M, 7=0.20 M, 25°C. A. dc 
polarogram, B. ac polarogram. 

the kinet ic waves was original ly derived for an 
electrode process in wh ich the electron-transfer step is 
preceded by a first-order chemical reaction. 1 0 ' n ) In this 
connect ion the theoretical equat ion for the kinetic 
current usual ly app l ied to a cathodic wave can be 
safely appl ied to the anodic waves observed in 
buffered Eu(III)-PAPA or -HAHA complex solutions 
con ta in ing excess Eu(III) ions. 

T h e above-ment ioned anodic waves were character­
ized by s tudying the effects of the solut ion p H and the 
concentrat ions of uncomplexed Eu(III) and acetate 
ions on their l imi t ing currents. Provided that the 
other experimental condit ions are kept constant, 
{k/{i\—k))l/ßohc and (ik(i\— ik))lX[Eu(III)]f values were 
constant , bu t the (zk/(ii—ik))?/(«H)x for the PAPA 

system and the (ik/(i\~ik))l- [H+] 2 / (Q :H)L values for the 
H A H A system were found to increase on increasing 
the hydrogen ion concentrat ion obeying the following 
equat ion: 

(-A-)2 

\ Zi — Iv /a 
X 

(«H)X 
• = a' + &'[H+] 

/ * \2
 x [H+]2 

\ ii — k ' a (ÖH)L 

(6) 

(PAPA system) 

a + 6[H+] (1') 

(HAHA system) 

Here, the (k/{i\~4))a rat io means the (ik/{i\—ik)) 
value for the anodic polarogram, («H)X the (au) value 
for the PAPA system, and [Eu(III)]f the concentrat ion 
of uncomplexed Eu(III) ion. T h e other symbols used 
have the same mean ings as in the H A H A system. T h e 
h value can be equated wi th the anodic wave he ight in 
the absence of Eu(III) ions. 

T h e above-mentioned evidence collected in the 
anodic po la rogram of Eu(III)-PAPA and -HAHA 
complexes made it possible to safely conclude that the 
Koryta equa t ion for the anodic waves of the Eu(III)-
PAPA and -HAHA complexes can be formulated by (7) 
and (4'), respectively, corresponding to reaction 
mechanisms (B) and (C). 

MH 
^ l\ — Ik 'a 

0.886 
((fed)o + (fed)H-[H+])jSoAc-(aH)x-fd 

£EuX-[Eu(III)]f (7) 

\ Zi — Iv U 

0.886 
((fed)o + (fa)H-[H+])j8oAc-(ttH)L-fd 

(^EuL//i:-2H)-[Eu(III)]f.[H+]2 
(4') 

( Ä d ) o v 

EuX2" 

EuX2" 

Eu3+ 

Hg 

+ 

+ 

+ 

^ 

H+ 

zOAc-

H/Xr5 

Eu3+ 

(Äd)H 

+ 

^ T 

^ T HgHX2" 

X 5 -

Eu3+ 

+ 

+ 

Eu(OAc)?-' 

0 - 1 )H+ 

H X 4 ' 

+ 2e-

(8)a 

(8)b 

(8)c 

slow 

slow 

rapid 
(B) 

where H/X'-6 means the protonated PAPA anion. 
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(*d)o 

EuH2L-

EuH2L-

Eu3+ 

Hg 

+ 

+ 

+ 

X 

H + 

lOAc-

H*L*"< 

Eu3+ 
(Äd)H 

+ H2L4-

Eu3+ 

HgH3L-

+ 

Eu(OAc)?-' 

+ 

H3L3-

(Ä-3)H+ 

(5)a 

(5)b 

slow 

slow 

rapid 
(C) 

+ 2e- (5)d 

The (Ad)o and (kd)n values were estimated from the 
intercepts and gradients of the straight lines in Figs. 9 
and 7, and are listed together in Table 3. The té value 
used in the calculation was 4.70 sec/drop. The 
straight line obtained by plotting the (z'k(*Wk)V[H+]2/ 
(«H)L against [H+] gave the same intercept and 
gradient as those obtained in its cathodic polarog-
raphy (Fig. 7). This agreement suggests that the 
above-mentioned theoretical treatment in the anodic 
polarography is absolutely reasonable. 

o 

X 

2.5 5.0 
[H+]X106(moldm-3) 

Fig. 9. Plots of (ik/(i'i-ik)X/(aH)x against [H+]. 
Eu(III)—[15]aneN5-(OAcH)5 complex]=0.384mM, 
[Eu(III)]f=4.38 inM, [OAc"]=0.050 M, 7=0.20 M, 
25°C. 

The Gd(III)- and Ho(III)-PAPA complexes in 
acetate buffer solutions containing excess metal(III) 
ions showed similar Polarographie behaviors. As in 
the case of the Eu(III) complex, the (Ad)o and (kd)u 
values for the Gd(III)- and Ho(III)-PAPA complexes 
were also graphically determined from plots of 
(îk/(îi-ik))V(aH)x with [H+] (Table 3). The log ft 
values used in the calculation of ßoAc for the Gd(III) 
and Ho(III) systems are 2.12 and 2.01, and log ft used 
are 3.62 and 3.55. 

The rate constants, (Äf)Hx and (kt)x, for the forma­
tion of PAPA complexes from the singly-protonated 
PAPA anion, HX4_, and completely-deprotonated 
PAPA anion, X5 - , were calculated from the relations 
of (k{)ux=(kd)n-KMxXKi and (kf)x=(kd)oXKMx. In a 
similar way the (Af)H2L and (Af)H3L values of the Eu(III)-
HAHA complex were estimated from the (£d)o and 
(kd)u values. They are listed in Table 2. All the 
formation rate constants calculated are larger than the 
characteristic water exchange rate constants of the 
aquo lanthanide metal(III) ions, &M"H2°12) (Table 4). 

In general, the complexation reactions of multiden-
tate ligands can be broken down into many reaction 
steps including a diffusion-controlled outer-sphere 
association of the metal ion with a ligand anion. If the 
reaction mechanism involves several rapid equilibria 
followed by a rate-determining step, the experiment­
ally observed rate constant should be given by the 
relation (k{)=kTds \Ki-\K2-\Ks---. Here, kTd$ indicates 
the rate constant for the rate-determining step and | K\, 
\K2, \KS,-•• are the equilibrium constants of the 
precedent rapid reaction steps. When the complexa­
tion reaction involves the formation of an equilibrated 
outer-sphere complex, preceding the loss of a coordi­
nated water molecule as the rate-determining step, the 

Table 3. The (kd) Values Observed. 7=0.20 M, 25 °C 

Sys 

PAPA 

HAHA 

tern 

Eu(III) 
Gd(III) 
Ho(III) 

Eu(III) 

(Äd)o 

sec-1 

3.9iX10"2 
4.O4XIO-2 
1.2 XlO-2 

5.1 XIO"1 

(Äd)H 

M - 1 sec-1 

4.24X105 

2.45X105 

2.05X104 

3.7oX102 

± auie t . js.epoiLcu 

Metal(III) 

Eu(III) 
Gd(III) 
Ho(III) 

a) Ref. 12a). b) Ref. 12b). 

KM V a i U C S \£'J l^.)*"' 

L-H2o 

, 
sec 

4.9X108a)—1.0X109b) 

6.3X107C)—1.3X109b) 

9 X106C)—2.5X108a) 

c) Ref. 12c). 

file:///Ki-/K2-/Ks---
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Table 5. Estimated (kt) and Kos'k^20 Values. 7=0.20 M, 25°C 
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System 
(k{)HX 

M_1 sec-1 

(*f)x 

M"1 sec-1 Kos' k -H20 
M 

PAPA 
Eu(III) 
Gd(III) 
Ho(III) 

HAHA Eu(III) 

1.2X1011 

1.3X1012 

4.4X1010 

6.6X10loa) 

2.5X1012—5 X1012 

3.2X1011—6.5X1012 

5 X1010—1.3X1012 

2.5X1011—5.0X1011 

1.5X1014 

3.0X1014 

3.7X1014 

7.6X1016b) 

3.3X1013—6.5X1013 

4.0X1012—8.2X1013 

5.7X1011—1.7X1013 

2.5X1012—5.0X1012 

a) (Af)H3L value, b) (&f)H2L value. 

rate constant can be wri t ten as the product of the outer-
sphere association constant , Kos, and &M~ H 2 ° . AS 
predicted by the Fuoss equation13) the Kos values for the 
outer-sphere association of M3+ wi th h ighly charged 
l igand anions are expected to be m u c h larger than 
uni ty . T h e calculated log Kos values for the +3——3, 
+3——4, a n d +3——5 systems at 7=0.20, us ing the 
center to center distance, a, of 5.0 Â are 2.7, 3.7, and 4.8, 
respectively. T h e rate constant reported for the water-
exchange of aqua ted Gd3+ ion falls between 6.3X107 

and 1.3X109 sec"112) (Table 4). Therefore, the 
#OS-ÄM~ H 2 ° value for the reactions of Gd3+ ion wi th 
tetravalent and pentavalent PAPA anions wou ld lie in 
the ranges from 3.2X1011 to 6.5X1012 and from 4.2X1012 

to 8.5X1013 m o l - 1 d m 3 s_1, respectively (Table 5). Con­
sidering the l imi ta t ion of the Fuoss's theoretical 
t reatment, an agreement between the observed and 
calculated rate constants for the reaction of Gd3+ ion 
wi th s ingly-protonated PAPA an ion can be regarded 
as good, suggest ing a water-exchange mechanism. 
T h e same compar i sons were made for the other 
reactions studied. T h e rate constants observed in the 
reactions of H X 4 _ and H3L 3 - showed satisfactory 
agreement wi th the product , £ 0 S - £ M ~ H 2 ° . T h u s , these 
reactions are accounted for by the same water-
exchange mechanism. However, the reactions of X 5 -

and H2L 4 - studied gave rate constants m u c h larger 
than the £ 0 S - Ä M ~ H 2 ° values (Table 5). At present, 
t h o u g h we have no immedia te explana t ion for these 
large rate constants , they may be expla ined in terms of 
a reaction mechan ism which involves several (inter­
mediate formation) equi l ibr ia preceding the rate-
de te rmin ing step. 

Appl ica t ions of anodic po la rography to a kinetic 
study of the PAPA complexes of the rare earth 

metal(III) ions other than Eu(III) , Gd(III), and Ho(III) 
ions are now underway in our laboratory. 

We thank Miss Fusako O n o for her technical 
assistance. T h e present research was partly supported 
by the Gran t - in Aid for Special Educat ional Research 
Project of Hirosaki University. 
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A new amperometric glucose sensor based on bilayer film coating has been fabricated and its sensor 
characteristics under a steady-state condition have been examined. The electrode substrate was coated with two 
kinds of polymer films in a bilayer state, i.e., first with the redox-active montmorillonite clay film into which 
[Ru(NH3)6]3+ complexes are incorporated electrostatically and they function as an electron shuttle which 
delivers electrons to redox-active sites in the clay film, and then with the enzyme film consisting of bovine serum 
albumin and glucose oxidase (GOx). The glucose concentration could be monitored by measuring the current 
for H2O2 reduction electrocatalyzed by the inner clay film where H2O2 was produced by the glucose-GOx 
enzyme reaction in the outer enzyme film. The mechanism of the overall electrode/enzyme reaction for this 
amperometric glucose sensor is represented as follows: 

glucose oxidase 
ß-D-glucose + O2 

D-glucono-ô-lactone + H2O 

-> D-glucono-ô-lactone + H2O2 

D-gluconic acid 

(i) 

(2) 

[Ru(NH3)6]- + H 2 0 2 montmorillonite, H + > [ R u ( N H 3 ) e ] 3 + + ^ ( 3 ) 

f 
[Ru(NH3)6]3+ + e [Ru(NH3)6]2+ (4) 

where reactions 1,2,3, and 4 correspond to the glucose-glucose oxidase enzyme reaction, the hydrolysis reaction 
of D-glucono-ô-lactone, the electrocatalytic reduction of H2O2 by the montmorillonite clay containing 
[Ru(NH3)6]2+ and the electrode reaction of the [Ru(NH3)6]2+/3+ couple, respectively. The reproducible 
relationship between glucose concentration and sensor output was obtained. The sensitivity and the dynamic 
range were found to depend on the amount of GOx confined in the enzyme film and its thickness. 

Recently, we have demonstra ted the usefulness of 
the immobil ized enzyme chemically modified electro­
des (IECMEs) based on bilayer film coat ing for 
amperomet r ic de te rmina t ion of glucose.1* T h e idea 
presented therein is as follows. T h e electrode is coated 
wi th two kinds of polymeric films in a bilayer state, 
i.e., the construct ion of the entire electrode system is 
expressed by 

electrode substrae/fi lm(I)/fi lm(II). 
T h e inner film(I) functions as a "catalyst" which 
electrocatalyzes the redox reaction of the species (e.g., 
O2 or H2O2) of interest which are associated wi th the 
enzyme reaction, whi le the outer film(II) is the enzyme 
film where the enzyme reaction of interest occurs. In a 
previous work,1* we have employed the cobalt tetrakis-
(o-aminophenyl )porphyr in polymer film and the 
glucose oxidase (GOx) enzyme film as film(I) and 
film(II), respectively. In this glucose sensor system, 
the O2 deplet ion resul t ing from the g lucose -GOx 
enzyme reaction is moni tored by measur ing the 
current for O2 reduct ion electrocatalyzed by the cobalt 

t Present address: Department of Electronic Chemistry, 
Graduate School at Nagatsuta, Tokyo Institute of Technol­
ogy, 4259 Nagatsuta, Midori-ku, Yokohama 227. 

porphyr in polymer film. 
In the present paper , a new amperometr ic glucose 

sensor based on such a bilayer film coat ing will be 
described: film(I) is the redox-active montmor i l lon i t e 
clay film in to which [Ru(NHs)6]3 + complexes are 
incorporated electrostatically and they function as an 
"electron shut t le" which delivers electrons to the 
redox-active sites, whi le film(II) is the G O x enzyme 
film. Recently, Oyama and Anson2) have reported that 
the [Ru(NH3)6]3 +-containing montmor i l lon i te clay 
coat ing on electrodes effectively electrocatalyzes the 
reduct ion of H2O2 to H2O. They have suspected that 
the i ron cat ions, wh ich commonly replace some of the 
a l u m i n u m ions in octahedral sites wi th in the structure 
of mon tmor i l l on i t e clay, m i g h t be responsible for the 
catalytic activity exhibited by coated electrodes.2»3) 

According to these facts and the pr inciple of the 
g lucose -GOx enzyme reaction,4) the mechanism of the 
overall eletrode/enzyme reaction for our new ampero­
metric glucose sensor may be depicted as in Fig. 1. 
T h e feature of the present sensor is that the overall 
process of the reaction shown in Fig. 1 can be 
moni to red by measur ing the current produced by the 
electrocatalytic reduct ion (to H2O) of the hydrogen 
peroxide formed by the glucose-glucose oxidase 
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Fig. 1. A schematic depiction of the overall electrode/enzyme reaction at the IECME based on 
bilayer film coating of the [Ru(NH3)6]3+-containing montmorillonite clay film and the glucose 
oxidase enzyme film. GOx(Ox) and GOx(Red) represent the oxidized and reduced forms of 
glucose oxidase, respectively. 

reaction. In the c o m m o n so-called glucose sensors, the 
hydrogen peroxide generated is detected amperometr i -
cally at a p l a t i n u m electrode.4»5) T h e oxidat ion of 
hydrogen peroxide is irreversible and requires a h igh 
potent ia l (typically 0.6—0.8 V vs. Ag/AgCl) . At such a 
h i g h potent ia l , many organic compounds (e.g., ascor­
bic acid, ur ic acid, a n d a m i n o acids), which are 
c o m m o n componen ts of biological fluids, are readily 
oxidizable.6 - 9 ) T h i s is a severe prob lem in developing 
glucose sensors based on electrochemical oxidat ion of 
hydrogen peroxide. Several attempts have been made to 
overcome this p rob lem, e.g., the coat ing of the enzyme 
electrode surface by a membrane wi th a decreased 
permeabil i ty to organic compounds and the decreas­
ing the electrode potent ia l for the current measure­
men t u s ing an electron-transfer mediator . 4»5) O n the 
other hand , for our new glucose sensor based on 
electrochemical reduct ion of hydrogen peroxide, such 
a p rob lem does no t need to be considered. T h e concept 
of the bilayer film coa t ing ment ioned above would be 
straightforwardly appl icable to the enzyme sensors 
other than glucose sensor. 

Experimental 

Reagents. The sodium montmorillonite clay is the same 
as that employed previously.2»10) [Ru(NH3)6]Cl3 was 
obtained from Strem Chem. Co. and was recrystallized from 
water. Glucose oxidase (type II, from Aspergillus niger, 
abbreviated as GOx) was used as supplied by Sigma 
Chemical Co. ß-D-Glucose (anhydrous, for biochemistry) 
was obtained from Merck Co.. Bovine serum albumin 
(fraction V, abbreviated as BS A) powder was obtained from 
Kodak Co. Glutaraldehyde was aqueous 50% solution 
(Kanto Chemical Co.). Hydrogen peroxide (30wt%) of 
reagent grade was obtained from Kanto. Basal-plane 
pyrolytic graphite (BPG) disks used as an electrode substrate 
was obtained from Union Carbide Corp. The side of the disk 
electrode (diameter: ca. 0.1 cm) was sealed with heat-
shrinkable polyolefin tubing. Solutions were made up with 
distilled deionized water. All other chemicals were of 
reagent grade and were used as received. 

Fig. 2. A schematic construction of the IECME based 
on bilayer film coating. 1, lead wire; 2, insulater 
tube; 3, heat shrinkable tube; 4, epoxy resin; 5, silver 
paste; 6, BPG electrode substrate (diameter: ca. 1 
mm); 7, clay film (thickness ca. 1 urn); 8, enzyme film 
(thickness ca. 0.1—0.6 mm). 

Preparation of IECMEs Based on Bilayer Film Coating. 
Figure 2 shows the schematic construction of the IECMEs 
employed in this study. The BPG rod electrode substrates 
were directly coated with two kinds of polymeric films in a 
bilayer fashion. The inner layer was the montmorillonite 
clay film (thickness: ca. 1 jim). The clay coating was carried 
out by pipetting aliquots of the colloidal suspension 
solution of clay (0.5 wt%), which was well suspended by 
magnetic stirrer for more than 2 days before use, on the 
freshly cleaved electrode surface and then by evaporating the 
solvent in air. The coating of the clay suspension of 2.3 JJ.1 
resulted in the film of ca. 1 \im thick. After that, the clay 
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film-coated BPG electrode thus prepared was soaked in 
0.1 M (1 M=lmol dm"3) phosphate buffer solution (pH 7.0) 
containing 0.2 mM [Ru(NH3)6]3+ and the electrode potential 
was cycled between —0.6 and 0.2 V vs. a sodium chloride 
saturated calomel electrode (SSCE) at 50 mV s_1. The peak 
current corresponding to the redox reaction of [Ru(NH3)6]3+ 

complex incorporated into the clay coating on the electrode 
increased gradually and the almost steady-state peak current 
was obtained after the scanning time of about 1 h. In this 
case, the concentration of the [Ru(NH3)6]3+ complex 
confined in the clay coating was about 0.1 M and the formal 
redox potential of the [Ru(NH3)e]3+/2+ redox couple was 
-0.22 V vs. SSCE. 

The [Ru(NH3)6]3+ -containing montmorillonite clay film-
coated BPG electrode so prepared was further coated with 
the GOx enzyme film consisting of a matrix of BSA and 
GOx that were held together by cross-linking with glutar-
aldehyde according to a published procedure.11_14) 1 jul of 
enzyme matrix solution consisting of 4.0 mg m l - 1 GOx and 
15 wt% BSA in 50 mM phosphate buffer (pH 7.0) and 0.6 \i\ 
of 25 wt% glutaraldehyde solution were mixed on the 
previously prepared [Ru(NH3)6]3+ -containing montmoril­
lonite film-coated BPG electrode with a microsyringe and 
were allowed to cross-link in air for 10 min and then 0.1 M 
phosphate buffer solution containing 0.05 mM [Ru(NH3>6]3+ 

for about 20 min. After the cross-linking reaction was 
completed, the electrode was washed by immersion in 10 wt% 
glycine solution to remove any glutaraldehyde excess from 
the elecrode surface. The thickness of the outer GOx enzyme 
film was typically 0.3 mm. When not in use, the electrode 
was stored in 0.1 M phosphate buffer solution (pH 7.0) 
containing 0.05 mM [Ru(NH3)e]3+ in a refrigerator. 

Apparatus. A standard three-electrode electrochemical 
cell was used for all the electrochemical experiments. The 
electrode assembly consisted of an immobilized enzyme 
chemically modified BPG electrode (area: 7.8X10~3cm2) as 
the working electrode, an SSCE as the reference electrode, 
and a spiral platinum electrode as the counter electrode. For 
cyclic voltammetry, a polarization unit (Toho-giken Co., 
PS-02) was employed, together with an XY-recorder 
(Graphtec Co., WX 4421). The current-time curves were 
measured with a potentiostat (Toho-giken Co., PS-12) and a 
servocorder (Graphtec Co., SR 6342). The flow rates of air 
and O2 gas were controlled using a mass flow controller 
(Kojima Flow Instrument Corp., PSK-6MF). All the 
measurements were performed at room temperature (25+1 °C) 
in an earthed Faraday cage. 

Results and Discussion 

Sensor Characteristics under N2 Atmosphere. Pr ior 
to the examina t ion of the sensor characteristics of the 
IECMEs in the presence of glucose under an O2 (or air) 
a tmosphere , we examined their electrochemical be­
haviors under an N2 a tmosphere . T h e catalytic H2O2 
reduction by [Ru(NHs)6]3 +-containing montmori l loni te 
clay film-coated electrode in 0.2 M CF 3 COONa solu­
t ion ( p H 2.9) has been recently reported by Oyama and 
Anson.2 ) Figure 3 shows the typical cyclic vo l tammo-
grams for the IECME based on bilayer film coat ing in 
a deaerated phospha t e buffer solut ion (0.1 M, p H 7.0) 
in the absence and the presence of H2O2. T h e 

1 1 1 I 1 

-0.6 -0.4 -0.2 0 0.2 

E /V vs . SSCE 

Fig. 3. Cyclic voltammograms for the IECME in 
phosphate buffer solutions (0.1 M, pH 7.0) con­
taining 0.016 mM [Ru(NH3)e]3+ and H2O2 under 
N2 atmosphere. Concentration of H2O2: (1)0, (2) 
0.1, and (3) 5.0 mM. Amount of GOx in the enzyme 
film: 0.085 mg cm - 2 (thickness ca. 0.3 mm). Con­
centration of [Ru(NH3)6]3+ in the clay film: 0.1 M 
(thickness ca. 1 \im). Electrode area: 7.8X10_3cm2. 
Flow rate of N2 gas: 0.1 1 min -1 . Potential scan rate: 
200 mV s~\ 

reversible redox response observed a round —0.22 V in 
the absence of H2O2 can be assigned to the redox 
reaction of the [Ru(NHs)6]3 + / 2 + couple confined in the 
clay film, since no redox response was observed at the 
IECME wi thou t [Ru(NH 3 ) 6 ] 3 + in the clay film in 0.1 M 
phosphate buffer solution conta in ing no [Ru(NHs)6]3+ . 
In the presence of 0.1 m M H2O2, the reduction current 
at ca. —0.27 V is large compared wi th that in the 
absence of H2O2, and at higher concentrat ion (5.0 mM) 
of H2O2 the reduct ion current becomes larger. O n the 
other hand , the corresponding oxidat ion current at ca. 
—0.21 V decreases wi th increasing the H2O2 concentra­
tion. T h i s fact demonstrates the electrocatalytic 
reduct ion of H2O2 by the IECME based on bilayer film 
coating. Note that [Ru(NHs)6]2 + is not an efficient 
catalyst for the reduct ion of H2O2 at uncoated B P G 
electrode.2) T h u s , the observed catalytic activity may be 
responsible for i ron cations which commonly replace 
some of the a l u m i n u m ions in octahedral sites wi th in 
the structure of montmor i l lon i t e clays, as suggested by 
Oyama and Anson,2) and [Ru(NH3)e]3 + / 2 + complexes 
are though t to function as an electron shuttle which 
delivers electrons in to the redox-active sites of the i ron 
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cations.3 ) T h e same results as those shown in Fig. 3 
were also obta ined in the presence of glucose, be ing in 
agreement wi th the expectations based on the princi­
ple of the sensor system under consideration. 

Figure 4A shows the correlation between the 
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Fig. 4. Correlations between the current and the 
H2O2 concentration. The current represents the dif­
ference in the currents obtained in the presence and 
the absence of H2O2; (A) in the cathodic peak cur­
rents of the same cyclic voltammograms as those 
shown in Fig. 3; (B) in the steady-state reduction 
currents (estimated from the steady-state current re­
sponse shown in Fig. 5.). 

Fig. 5. Typical steady-state current response of the 
IECME based on bilayer film coating to change in 
H2O2 concentration. The current was measured by 
holding the electrode potential at —0.27 V vs. SSCE 
under the condition of N2 bubbling (0.1 1 min - 1). 
Steady-state currents 1, 2, 3, 4, 5, 6, and 7 correspond 
to H2O2 solutions of 0.005, 0.02, 0.1, 0.5, 2, 5, and 
10 mM, respectively. The arrows indicate the injec­
tion points of H2O2 solution. Sensitivity (S): (1,2,3) 
20 and (4,5,6,7) 200 nA. Other experimental condi­
tions are the same as those in Fig. 3. 

3 "catalytic cur ren t" and the concentrat ion of H2O2 
n under an N2 atmosphere . Here, the term "catalytic 
i- current" represents the difference in the cathodic peak 

currents observed at ca. —0.27 V in the absence and the 
Le presence of H2O2, which are estimated from the same 

cyclic vo l tammograms as those shown in Fig. 3. A 
similar correlation was also obtained between the 
steady-state reduct ion current and H2O2 concentrat ion 
(Fig. 4B) where the steady-state current was obtained 
by ho ld ing the electrode potent ia l at —0.27 V under the 
condi t ion of cons tant flow (0.1 1 m i n - 1 ) of N2 gas (Fig. 
5). From Figs. 4 and 5, it is apparen t that the IECME 
responds to H2O2 in the examined range of H2O2 
concentrat ion 5X10~6—10~2 M. 

Sensor Characteristics under O2 (or air) Atmo­
sphere. Figure 6 shows the cyclic voltammetric 
responses of the IECME in the absence and the 
presence of glucose under the condi t ion of air 
bubb l ing (0.1 1 m i n - 1 ) . T h e solut ion is composed of 
0.1 M phospha t e buffer ( pH 7.0), 0.016 m M [Ru-
(NH3)6]3+, and 5.5 m M glucose. T h e cathodic peak 
current at ca. —0.27 V in the presence of glucose is 

1 1 1 L 

-0 .6 -0.4 -0.2 0 0.2 
E / V vs. SSCE 

Fig. 6. Cyclic voltammetric responses of the IECME 
in phosphate buffer solutions (0.1 M, pH 7.0) con­
taining 0.016 mM [Ru(NH3)6]3+ and glucose under 
the condition of air bubbling. Concentration of 
glucose: ( ) 0; (—) 5.5 mM. Amount of GOx 
in the enzyme film: 0.087 mg cm - 2 (thickness ca. 
0.3 mm). Concentration of [Ru(NH3)e]3+ in the clay 
film: 0.1 M (thickness ca. 1 fim). Electrode area: 
7.8X10"3 cm2. Flow rate of air: 0.1 1 min"1. Potential 
scan rate: 200 mV s_1. 
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larger than that in the absence of it, while the 
corresponding anodic peak current at ca. —0.21 V is, 
though slightly, smaller in the former than in the 
latter. This increased reduction current reflects the 
electrocatalytic reduction of H2O2, produced by the 
glucose-GOx enzyme reaction in the outer enzyme 
film, by the inner clay film. Thus, the IECME used in 
this study responds amperometrically to changes in 
glucose concentration and allows us to detect glucose. 

It is of particular interest to note that the reduction 
current in the potential region of —0.6 to ca. —0.4 V in 
the presence of 5.5 mM glucose is smaller than that in 
the absence of glucose. This fact may be reasonably 
explained as follows. In the presence of glucose, O2 
molecules, which penetrate into the bilayer film, are in 
part consumed in the GOx-glucose enzyme reaction 
within the outer enzyme film and thus the flux of O2 
molecules reaching the electrode surface is small 
compared with that in the absence of glucose. In other 
words, in the absence of glucose, O2 molecules, which 
diffuse through the clay film and reach the electrode 
surface via path I (shown in Fig. 1), are directly 
reduced at the electrode surface. On the other hand, in 
the presence of glucose, O2 molecules diffusing from 
the solution into the bilayer film partly take part in the 
enzyme reaction and are reduced to H2O2 and 
subsequently the further reduction of H2O2 to H2O is 
electrocatalyzed by the inner clay film (path II). In this 
case, O2 molecules, which are not required for the 
GOx-glucose enzyme reaction, diffuse to the electrode 
surface via path I and are reduced there. 

10 min 

Fig. 7. Typical steady-state current response of the 
IECME based on bilayer film coating as a function 
of glucose concentration. The current was measured 
by holding the electrode potential at —0.18 V vs. 
SSCE under the condition of O2 bubbling (flow 
rate: 0.1 1 min-1). The amount of GOx in the enzyme 
films: (A) 0.085 mgcm-2 (thickness ca. 0.3 mm); (B) 
0.17 mg cm-2 (ca. 0.6 mm). Steady-state currents 
1, 2, 3, 4, and 5 correspond to glucose solutions of 0, 
0.44, 0.89, 1.3, and 1.8 mM, respectively. The arrows 
indicate the injection points of glucose solution. 
Other experimental conditions are the same as those 
in Fig. 6. 

Figure 7 shows typical steady-state current response 
of the IECMEs based on bilayer film coating to change 
in glucose concentration. In this case, the current was 
measured by holding the electrode potential at 
—0.18 V vs. SSCE under the condition of O2 bubbling. 
The current for the direct reduction of O2 at uncoated 
BPG electrode was found to be negligible at —0.18 V; 
The reduction of O2 at a bare BPG electrode in a 
phosphate buffer solution (pH 7.0) commences at 
about —0.4 V vs. SSCE at a scan rate of 200 mV s"1 and 
the reduction peak is observed at ca. — 0.8 V.1* Thus, 
the steady-state reduction current observed in the 
absence of glucose is ascribable to the reduction of O2 
and/or [Ru(NH3)6]3+ in solution which is mediated by 
the [Ru(NH3)6]2+ confined in the clay film.15'18* The 
reduction current started to increase at ca. 30—60 s 
after injection of glucose solution, and a 95% increase 
in current response occurred over the course of ca. 6—9 
and 20—25 min at the IECMEs of rGOx=0.085 and 
0.17 mg cm -2 , respectively (7"GOX: the amount of GOx 
confined in the enzyme film). This suggests that 
enzymatic production of H2O2 determines the extent 
of the amperometric signal. The different response 
times are considered to be due to the different film 
thickness (ca. 0.3 and 0.6 mm). That is to say, the 
response time at a steady-state current has been 
predicted to be less than 1.5 l2/D for typical ampero­
metric enzyme electrodes, 16'17) where / is the average 
film thickness and D is the substrate diffusion 
coefficient. Thus, if this idea is applicable to the 
present sensors, one can roughly estimate the diffusion 
coefficient of glucose within the enzyme film, i.e., the 
D value was estimated to be (2—5)X10~6cm2s-1, and 
was almost comparable to the reported diffusion 
coefficient for glucose within a Polyacrylamide gel 
where GOx was immobilized.16) The D value obtained 
is only slightly smaller than that in aqueous solu­
tion;19* this suggests that the diffusion of glucose to the 
enzymatic active sites in the enzyme film is not 
seriously impaired by the enzyme matrix. As can be 
expected from the principle of this sensor, the 
reduction current was found to increase with increas­
ing the glucose when other experimental conditions 
were held constant. In addition, it was found that 
ascorbic acid, uric acid, urea, and glycine do not 
influence the determination of glucose concentration 
at the same concentrations as those in serum solution. 

The steady-state current responses for various 
concentrations of glucose were employed to construct 
response curves for glucose. The typical results are 
shown in Fig. 8, where the current was measured by 
holding the electrode potential at —0.18 V vs. SSCE in 
phosphate buffer solutions (0.1 M, pH 7.0) containing 
various concentrations of glucose under the condition 
of O2 (or air) bubbling. The ordinate represents the 
difference in the currents obtained in the presence and 
the absence of glucose. Figure 8 also involves the 
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Fig. 8. Calibration curves of experimental steady-
state current vs. glucose concentration for the 
IECMEs based on bilayer film coating. The amount 
of GOx confined in enzyme films: (3) 0.021, (©,€) 
0.085, and (O) 0.17 mg cm"2. The thickness of the 
outer enzyme films: (0,Q,©) ca. 0.3 and (O) ca. 
0.6 mm. The points indicated by solid circle ( • ) 
represent the blank current responses obtained at 
(i) the IECME without GOx in the enzyme film, 
(ii) the IECME without [Ru(NH3)6]3+in the clay film 
(In this case, the sample solutions also contain no 
[Ru(NH3)6]3+), and (iii) the electrode coated with the 
GOx enzyme film alone (rGox'. 0.085 mg cm"2). The 
data were obtained under the condition of O2 
bubbling (0.1 1 min - 1), except for those represented 
by symbol Q which were obtained under the con­
dition of air bubbling (0.11 min -1). The current 
was measured by holding the electrode potentials 
at —0.18 V vs. SSCE. Other experimental conditions 
are the same as those in Fig. 6. 

b l ank current responses obtained at (i) the IECME 
wi thou t G O x in the enzyme film, (ii) the IECME 
w i t h o u t [Ru(NH3)6]3 + in the clay film and (iii) the 
electrode coated wi th the G O x enzyme film alone (i.e., 
w i thou t the inner clay film). For these b lank 
experiments , the current was, as expected from the 
reaction scheme in Fig. 1, zero irrespective of the 
glucose concentra t ion. O n the other hand , the current 
obta ined at the IECMEs increased gradual ly wi th 
increasing the glucose concentrat ion, depending on 
the a m o u n t of G O x confined in the enzyme film and 
its thickness, and at h i g h concentrat ions the steady-
state current approached a l imi t ing value. At a given 
concent ra t ion of glucose, the h igher is the G O x 
loading, the larger is the current. In other words, the 
sensitivity, which can be estimated as the ini t ial slopes 
of the current vs. glucose concentrat ion curves shown 
in Fig. 8, is h igher for the electrode wi th h igher 
l oad ing of G O x . For example , the slope of the a lmost 
l inear po r t ion of the cal ibrat ion curve for the electrode 
of roox=0.17 m g c m - 2 is about four times that for the 
electrode of rbo x =0.021 m g cm - 2 . O n the contrary, the 
dynamic range where the observed current significant­
ly changes wi th glucose concentrat ion became nar row 
wi th increasing rbox, e.g., the dynamic range is ca. 
1—5 and 1 — 15 m M for the IECMEs wi th G O x of 0.17 
and 0.021 m g c m - 2 , respectively. More detailed re-

CL O 
3 O 

lG0x / i r2 
mgcm 

Fig. 9. Correlation between the upper limit of the 
dynamic range (CGox

upper) and the amount of GOx 
confined in the enzyme films (/GOX). Thickness of 
the enzyme films: (•) 0.3; (O) 0.6 mm. The current 
was measured by holding the electrode potential 
at —0.18 V vs. SSCE. Other experimental conditions 
are the same as those in Fig. 6. 

sponse characteristics are shown in Fig. 9. T h e 
observed TGOX dependence of the dynamic range 
remains to be elucidated. 

Under the condi t ion of air b u b b l i n g the current 
reaches its saturated value in lower concentrat ions of 
glucose, compared wi th the case of O2 bubbl ing . T h e 
saturated currents obta ined at a given concentrat ion of 
glucose and under the condi t ion of a constant O2 
b u b b l i n g increase wi th the G O x loading. These facts 
may suggest that under the exper imental condi t ions 
employed the enzymatic reaction wi th in the outer 
enzyme film is current l imit ing. 

Further , we should demonstrate that the present 
IECMEs based on bilayer film coat ing do possess a 
dynamic range wide enough to apply them to assay of 
whole blood or serum samples. A dynamic range of ca. 
0.5—15 m M is usual ly required for a glucose sensor for 
a usual clinical use.11»20-27* A m o n g our sensors, the 
sensor wi th rbox=0.021 m g c m - 2 appears to be suitable 
for this purpose . In addi t ion, the stable response was 
obtained for a period of more than 2 months . 

T h e present work was partially supported by a 
Grant- in-Aid for Scientific Research No. 01470064 
from the Ministry of Educat ion, Science and Culture , 
and Shimadzu Science Foundat ion . 
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An iterative numerical determination of the rate constants for both quenching of, kq, and reaction with, kr, 
singlet oxygen by dithiolato nickel complexes is developed. This numerical method gives accurate rate 
constants for a small number of kinetic runs. The substituent effects of these complexes on rate constants lead us 
to conclude that the complexes quench singlet oxygen by an energy-transfer mechanism. This numerical 
method developed for solution systems was applied to the estimation of the photofading rate of a cyanine dye on 
an epoxy resin plate. 

T h e optical disc memory will be an increasingly 
impor t an t system for data storage, replacing the 
magnet ic disc memory. In such systems, commercially 
available laser diodes, such as the Ga-As laser, emit in 
the wavelength range 780—840 nm.1* Therefore, the 
dyes used in the optical disc memory need to have an 
absorpt ion b a n d in the near-infrared region. Cyanine 
dyes are typical for such use, however, the conven­
t ional cyanine dyes have poor l ight fastness. Several 
photostabil izers have been appl ied to improve the 
l ight fastness of the opt ical disc memory.2»3) 

It is wel l -known that some dyes undergo self-
sensitized or dye-sensitized pho tooxida t ion via a 
singlet oxygen ^Cfe) mechanism. 1 02 quenchers have 
been used to inhib i t photooxida t ion of these dyes.4) 

T h e term " q u e n c h i n g of 1Ü2" can be used to 
encompass bo th "phys ica l " quench ing , in which the 
interact ion leads only to deactivation of 1C>2 to the 
g round state (reaction 5, rate constant kq), and 
"chemica l ' ' quench ing , in which 1C>2 reacts wi th a 
quencher to give an oxidat ion product of the quencher 
(reaction 6, rate cons tant kT). In this paper , the former 
process wil l be called " q u e n c h i n g " , the latter "reac­
t ion" , a n d their sum (kq+kT) will be called " total 
q u e n c h i n g " . 

Rate constants for total q u e n c h i n g of lÖ2 by 
carotenes, amines , phenols , nickel complexes, sulfides, 
and others have been reported.5* A few method for the 
separat ion of kq from kT have been reported,5»6) 

however, the separat ion for ß-carotene and di thiolato 
nickel complexes has no t yet been carried out. 

We repor t a numer ica l method used for separat ion 
of kq a n d kr. T h e subst i tuent effect on these rate 
constants for d i th io la to nickel complexes, which are 
k n o w n to be efficient 1C>2 quenchers,7 ) is discussed. We 
also report an est imation for the photofading rate of a 
cyanine dye, wi th or w i thou t quencher , by the use of 
the numer ica l method. 

Results and Discussion 

Determination of Rate Constants. T h e kinetics of 

photooxida t ion reactions by 1C>2 have been studied in 
great detail. Rubrene , 2-methyl-2-pentene, or 1,3-
diphenylisobenzofuran are often used as chemical 
traps for 1C>2, since these compounds react rapidly and 
cleanly wi th 1 02. 5 ' 8 ) W h e n an aerated solut ion of 
rubrene and a 1C>2 quencher is irradiated, the following 
reactions occur:8* 

Ru + hv > !Ru > 3Ru (1) 

3Ru + 0 2 — + Ru + *02 (2) 

i 0 2 ^—+ 3o2 (3) 

*02 + Ru — + R u 0 2 (4) 

i 0 2 + Q ^—+ 3o2 + Q (5) 

i 0 2 + Q ^—+ Q 0 2 (6) 

Scheme 1. 

where R u is rubrene, 1 R u and 3 R u are the singlet 
rubrene and the triplet rubrene, respectively. RuÛ2 is 
the rubrene photoperoxide . Q and QO2 are the 
quencher and the oxidat ion product of the quencher , 
respectively. 

T h e steady-state kinetic equa t ion for the photofad­
ing rate of R u and Q are given by;5»6) 

d[Ru] habe URu] 
1 i. — b d /y\ 
d* U + &o[Ru] + (kq + kT)[Q] V } 

d[Q] = IoabckT[Q] 

dt kd + fco[Ru] + (kq + kT)[Q] { } 

where Io is the incident l ight intensity, " a " is the 
fraction of l ight absorbed by rubrene, " 6 " is the 
fraction of singlet rubrenes which undergo intersystem 
crossing, and " c " is the fraction of triplet rubrenes 
wh ich transfer energy to oxygen to give 1C>2. [Ru] and 
[Q] are the concentrat ions of rubrene and quencher , 
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respectively. When the incident l ight is monochro­
matic, " a " is given by Eq. 9;9) 

a = \/d{\ - exp(-2.303(/cRu[Ru] + KQ[Q])d)} 

KRU [RU] 

(/cRu[Ru] + /cQ[Q]) 
(9) 

where " d " (=0.1 dm) is the l ight pa th in the reaction 
cell, KRU and KQ are the mola r absorptivity of rubrene 
and quencher at the incident l ight wavelength, 
respectively. Under the condi t ion that [Q] is of the 
order of 10 - 5 mol d m - 3 , q u e n c h i n g of 3 R u or *Ru by Q 
is no t significant, and thus lobe can be regarded as a 
constant.10) 

We determined kq a n d kT from the s imul taneous 
differential equa t ions , Eqs. 7—9, by us ing the R u n g e -
Kutta technique and iterative calculations. T h e 
R u n g e - K u t t a technique is a conventional numerical 
me thod for solving differential equat ions on a 
computer.11* O u r me thod is very convenient and gives 
accurate rate constants for a small number of kinetic 
runs . T h e validity of this me thod was confirmed by 
the fol lowing results: as shown in Fig. 1, the calculated 
concentrat ions of rubrene and quencher were in good 
agreements wi th those observed; n o dependence of kq 

and kT for the concentrat ion of quencher (<2X10~5 mol 
d m - 3 ) was detected. 

Eq. 7 has been solved analytically, us ing the 
a s sumpt ion that [Q] and habe are constant, as 
follows;8* 

(K + fc) 
Ao([Ru]FQ - [RU]F°) + kd In ( [RU]FQ/[RU]F°) 

[Q]ln([Ru]i/[Ru]FQ) 

(10) 

c 
o 

fc 50 
> 
c 
o 
u 

100, 

— N 

\ ( a ) 

1 ...._ _i ... ___. _i 
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^ • o 

(c) 
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60 

Fig. 1. Relative conversions in photo fading of 
rubrene (1X10-4 mol dm -3) with (b) and without 
(a) the complex lc (lX10_5mol dm -3) in aerated 
CH3CN-C6H6 (4:1) (Airr=525 nm). (C): Relative con­
versions in photofading of the complex lc under 
the same condition as for (b). Circles and solid 
lines are the experimental and calculated results, 
respectively. 

where [Ru]i is the ini t ial concentrat ion of rubrene, 
[ R U ] F Q is the final concentrat ion of rubrene in the 
quenched solut ion, and [ R U ] F ° is the final concentra­
t ion of rubrene in the unquenched solution. T h e rate 
constants determined by the two methods are shown in 
Tab le 1. T h e values of bo th (kq+kT) for the compounds 
la, 8—10, a n d 12—15 and of kr for the c o m p o u n d s 12 
and 13 agree well wi th those reported in the 
literature. 5»8) 

la: M=Ni, X=Y=H 
lb: M=Ni, X=Y=4-OMe 
lc: M=Ni, X=Y=4-CF3 

Id: M=Ni, X=Y=4-C1 
le: M=Ni, X=Y=4-Et 
If : M=Ni, X=Y=3,4,5-(OMe)3 

lg: M=Ni, X=Y=3,4-C12 

Ih: M=Ni, X=Y=2,4-C12 

li : M=Ni, X=Y=2-C1 
lj : M=Ni, X=Y=2-Br 
Ik: M=Ni, X=H, Y=N(Me)2 

2a: M=Co, X=Y=4-Et 
2b: M=Pt, X=Y=4-Et 

Mev^S N ^S^^Me 

Me 

3 

Me 

r*< 
!*-€ 

^ > ^J-

4a: X=H 
4b: X=4-OMe 
4c: X=4-CF3 

5" 
l> 

4d: X=3,4,5-(OMe); 

•X 

X 

J 

+ 
NBu 

k ^ X H H H < k ^ 
C=C-C=C-C. 

(Et) 2 N0 O N(Et)2 

5a: X = C 1 0 4 -
5b: X=[(3,4,5-(OMe)3-C6H2)4S4Ni]-

Me j ^ e Me 

C^ ( C H = C H )3-C H=^0 j j ^ X C H = CH)3-
I 

Me 
C104 

l 
Me 
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Table 1. Rate Constants2* for J02 Quenching by Various Compounds in CH3CN-C6H6 (4:1) 

Compound 

la 
lb 
lc 
Id 
lec> 
If 
lg 
lh 
l i 
lj 
Ik 
2ac> 
2bc> 
3 
4a 
4b 
4c 
4d 
5a 
5b 
6 
7 
8 
gc) 

10e> 
I I e ) 
12c> 
13c> 
14c) 

15c> 

(kq+kr)/\0™b) 

moi - 1 dm3 s_1 

1.28+0.08 
1.03+0.13 
1.39+0.13 
1.17+0.12 
0.78+0.11 
0.97+0.03 
1.17+0.06 
1.25+0.19 
1.13+0.09 
1.11+0.05 
0.98+0.02 
0.55+0.05 
0.85+0.05 
1.30+0.11 
0.92+0.06 
0.86+0.08 
1.10+0.07 
0.70+0.10 

(1.17+0.49)/102 

0.56+0.04 
(8.43+2.03)/103 

0.65+0.05 
0.68+0.01 
0.57+0.13 

(9.18+0.89)/103 

(1.35+0.40)/103 

(1.31+0.10)/104 

(1.18+0.28)/102 

1.27+0.08 
(2.64+0.11)/102 

Vio10 

mol - 1 dm3 s_1 

1.20+0.05 
1.01+0.01 
1.35+0.02 
1.17+0.01 
0.71+0.05 
0.96+0.03 
1.23+0.03 
1.29+0.05 
1.20+0.05 
1.11+0.06 
0.98+0.01 
0.54+0.01 
0.80+0.02 
1.39+0.03 
0.97+0.02 
0.89+0.02 
1.01+0.01 
0.76+0.06 

(6.57±1.31)/103 

0.51+0.08 
(3.81±1.42)/103 

0.67+0.01 
0.82+0.01 
0.52+0.05 

(8.90±0.19)/103 

(3.29±0.76)/103 

(0.77±0.02)/104 

(1.37+0.19)/102 

1.22±0.03f> 
(2.65+0.16)/102 

kr/W 

mol - 1 dm3 s_1 

0.9+0.1 
0.4+0.1 
2.7+0.4 
1.1+0.2 
0.1+0.01 
0.4+0.1 
2.4+0.3 
3.1+0.6 
1.0+0.2 
0.9+0.1 
0.3+0.1 
1.6+0.1 
0.2+0.1 
0.9+0.1 
4.3+0.1 
8.4+0.2 
2.1+0.1 
4.9+0.3 
0.1+0.1 
0.5+0. ld> 
1.6+0.2 
1.2+0.3 
3.6+0.2 

_ g ) 

_ g ) 

_ g ) 

0.4+0.04 
2.1+0.4 
2.0±0.2f> 

_ g ) 

a) These values were determined by using &o=4.2X107 mol - 1 dm3 s_1 and &d=3.44X104 s_1 in CH3CN-C6H6 
(4:1) mixture.16-20) b) These values were calculated by using Eq. 10.8) c) Rate constants for these compounds 
were determined by using k0=4.2X107 mol - 1 dm3 s_1 and kd=4.17X104 s_1 in benzene. 16'20) d) This value was 
calculated by using the absorption of cyanine moiety, e) Rate constants for these compounds were determined 
by using &o=3.25X107 mol"1 dm3 s"1 and &d=5.56X104 s"1 in benzene-ethanol (1:1) mixture. 16-20) f) These 
values were calculated by considering the dark reaction of ß-carotene (first order rate constant=3.2X10-6 s_1). 
g) Not detected, h) Compounds 8—15 are as follows: 8; bis(0,0'-diethylphosphorodithiolato)nickel, 9; 
bis(dibutyldithiocarbamato)nickel, 10; NiCl2'6H20, 11; nickel bis(mesitylenesulfonate), 12; 2,6-di-£-butyl-p-
cresol, 13; a-tocopherol, 14; ^-carotene, 15; l,4-diazabicyclo[2,2,2]octane. 

CI 

lh"; Ni OTl "M* 
CI 

CI 

N(Bu), 

ß-carotene faded slowly owing to a dark reaction in 
an aerated solut ion, and this reaction was observed to 
obey first-order kinetics. T h e rate constant for the dark 
reaction was first determined, and then kq and kT were 
determined from the solut ion of the differential 
equat ions , which included the term for the dark 
reaction. 

Quenching of 1C>2 by Nickel Complexes. A l though 
the mechan i sm of 1C>2 quench ing by the di thiolato 
nickel complexes is not clear, two major mechanisms of 
q u e n c h i n g by other types of quenchers have been 

proposed.5 ) T h e first is the energy-transfer quench ing 
mechanism which is well-documented for ß-carotene. 
T h e second is the charge-transfer quench ing mech­
anism which involves interaction between the elec­
t ron-poor 1C>2 molecule and an electron donor to give a 
charge-transfer complex. T h e energy-transfer mech­
an i sm appears to be more efficient in many cases, 
having a m a x i m u m rate of about 2X10 1 0 mol _ 1 dm 3 

s_1, whereas the rates for charge-transfer quench ing are 
usually below 109 m o l - 1 dm 3 s_1, and often far lower. 

Substi tuted Af,./V-dimetriylanilines give a H a m m e t t p 
of —1.71 for 1C>2 quenching,1 2 ) since 1C>2 acts as an 
electron acceptor in the charge transfer mechanism. 
However, the neut ra l complexes l a — I d give a p or of 
0.14 for kq wi th a correlation coefficient of 0.929, and 
the reduced complexes 4a—4c give a p of 0.06 for kq 

with a correlation coefficient of 0.923. These small 
values of p show that subst i tuent effect on kq for these 
complexes is not significant. T h i s insignificant 
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substituent effect and the large value of kq show that 
the charge-transfer mechanism does not play an 
important role in the 1C>2 quenching by the dithiolato 
nickel complexes. 

The energy-trans fer mechanism, which involves the 
formation of triplet quencher and ground state oxygen 
(Eq. 11), requires that the triplet state of the quencher 
lies very near or below the energy of xAg oxygen, 
1270 nm.5> 

102 + Q > 302 +
 3Q (11) 

Although the triplet energies of the complexes are not 
known, the quenching by the complexes is attributed 
to the energy-transfer mechanism because the substit­
uent effect on kq is not significant, the conjugated 
system is extensive, which would permit the triplet 
energy of the quencher to be below 1270 nm, and the 
values of kq are very large. 

The kq of the cobalt complex 2a was slightly smaller 
than that of the related nickel complex le. This result 
is consistent with those of the metal complexes having 
other ligands.7) The platinum derivative 2b showed 
similar rate constants to that of the complex le. 

Although the nickel complexes 8 and 9 also 
quenched 1C>2 near the diffusion-controlled rate limit, 
the rates for the nickel salts 10 and 11 were below 
108mol-1dm3s_ 1 . These results suggest that the 
mechanism for the quenching of 1C>2 by these salts is 
different from that for the dithiolato nickel complex. 

Reaction of x02 with Nickel Complexes. The 
Hammett p calculated for the kT of the neutral 
complexes la—Id is 0.98 with a correlation coefficient 
of 0.985. This positive value of p shows that the 
formation of a charge-transfer complex is not the rate-
determining step of the reaction of 1C>2 with the 
complex 1, and that the complex having electron-
attracting substituents is rapidly decomposed by 1C>2. 

It has been reported that the complex 1 is reducible 
to mono and dianion species, and that the reductions 
are reversible. 13»14) As shown in Fig. 2, complexes 
which show large values of kT are easily reducible. 
This result suggests that the reduction reaction may be 
responsible for the decomposition of the neutral 
complexes. However, no participation of the reduc­
tion reaction in the decomposition was detected, since 
a large portion of rubrene in the photofading solution 
was consumed before any appreciable shift in the 
absorption maximum of the complex occurs. 

In contrast to the neutral complex, the kT of the 
reduced complexes 4a—4c gave a Hammett p value of 
—0.72 with a correlation coefficient of 0.986. The 
negative value of p indicates that a charge-transfer 
complex may be involved in the reaction of 1(>2 with 
the complex 4. It has been confirmed by XPS 
investigation that the electron densities in the Ni and S 
atoms of the complexes 4a—4c are higher than those of 

L / °19 

•-N I / I 

^ r / 
i_ I y i 

^ nL A"' 
-^ Oh" 1aO / Oij 
o I / 
Ö* I / 
o L / 

[ V o l f 

-Q-5h r°1k i i i i J 
-0.2 0 0.2 

1 st reduction potential / V 

Fig. 2. Relationship between log (kr) and first reduc­
tion potential of the complexes la—Ik (correlation 
coefficient=0.960). kTn is the value of kr for the com­
plex la. 

the corresponding neutral complexes.15) The reduced 
complex seems to give a negative value of p as a result 
of the higher electron density, which contributes to the 
formation of a charge-transfer complex. 

Photofading of Cyanine Dye. The rate constants 
for the cyanine dyes 5a, 5b, and 6 were also measured. 
The ratio, kq/kT, may be considered as an indication of 
the stability of the compounds to photofading. The 
ratio for the complex 5b is 15 times greater than that 
for the corresponding Perchlorate 5a. This implies 
that the counter anion moiety contributes remarkably 
to the stability of the complex 5b against degradation 
by reaction with 1Ü2. The fading curves, which were 
calculated from Eqs. 7 and 8 for the mixture of rubrene 
and cyanine dye 5b or 6, were in good agreement with 
the experimental observations. This fact suggests that 
these dyes were faded by 1C>2. The cyanine dye 5a 
obeyed Eqs. 7 and 8 only for the initial period of the 
kinetic run. 

In a previous paper,2) we reported the light fastness 
of thin layers of the dye 6 with or without quenchers 
on an epoxy resin plate. The relative conversion in 
photofading of the dye 6 without quencher by visible 
light was observed to be 19.5%. In the present work we 
carried out a simulation of the photofading of dye 6 on 
an epoxy resin plate by the numerical method, using 
the assumptions that the dye 6 undergoes self-
sensitized photooxidation via a 1C>2 mechanism and 
that the dye on an epoxy resin plate fades in a similar 
manner as in solution. Firstly, lobe was determined by 
the use of the numerical method from the experimen­
tal data, which was obtained from the photofading of 
the dye 6 in a solution of CHsCN-CeHe (4:1) without 
quencher by irradiation with light of 745 nm for 
30 min. The calculation was carried out by using Eq. 
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12 wi th [Q]=0, 

d[C] _ habe fc[C] 

d* kà + (kq + kT)[C] + (k'q + k\)[Q] 
(12) 

where [C] is the concentrat ion of the dye, kq and kT are 
the rate constants associated wi th the dye 6, and k\ and 
k\ are the rate constants associated wi th the quencher . 
Secondly, the t ime when 19.5% of the dye 6 wi thou t 
quencher will fade was calculated to be 35250 s by 
us ing the value calculated for lobe (=1 .46X10 _ 8 mol 
d m - 2 s -1) and Eq. 12. T h e relative conversions of the 
dye wi th quenchers after 35250 s i r radiat ion were then 
calculated from Eqs. 12 and 13 by the numerical 
method. T h e observed and calculated relative conver­
sion in photofading of the dye 6 are shown in Fig. 3. 

d[Q] 
d* 

habe k'T[Q] 

kà + (kq + Är)[C] + (k\ + k'x)[Q\ 
(13) 

A good l inear re la t ionship is obtained between the 
calculated relative conversion of dye 6 and that 
observed from an epoxy resin plate, except for the dye 
wi th quencher lh . T h i s l inear re la t ionship shows that 
our numer ica l me thod developed for a solut ion system 
can be appl ied to the es t imat ion of the photofad ing 
rate of a dye in the solid state. However, this 
s imula t ion has three deficiencies; namely, that the 
regression l ine in Fig. 3 does not intercept the origin, 
that the rate constants in solut ion were adopted for the 
calculat ion for the solid state, and that the l ight used 
for the pho tofad ing of the th in layer on an epoxy resin 

\ 
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i . 
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u 
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> 
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.Q 
O 

u 10 20 
Calcd. conversion / %> 

Fig. 3. Relationship between the observed and 
calculated relative conversion in photofading of 
cyanine dye 6 without (d), with 5 wt% (•) or 15 wt% 
(O) quenchers. The observed conversion was deter­
mined from the absorbance of dye 6 on an epoxy 
resin plate. The calculated conversion was deter­
mined from the following values; &d=3.44X104 

s_1; Ajrr=745 nm; irradiation time=35250 s; concen­
tration of the dye is 1X10-4 mol dm - 3 . 
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plate was not monochromat ic . T h e photofading rate 
of the dye wi th a 1C>2 quencher is dependent on the 
balance between the numera to r and the denomina tor 
of Eq. 12. T h e first deficiency can be attr ibuted to the 
balance, which in the solid state is probably different 
from that in solit ion. In part icular , value of kd in solid 
state may significantly differ from that in solut ion 
because the solvent effect on kd is very large.16) 

Therefore, kd may contr ibute m u c h to the first 
deficiency. For example , the regression line, obtained 
from the calculat ion assuming &d=2X104 s_1, inter­
cepts the origin. 

We reported previously the value of kT for the 
cyanine dye 6 in CH3CN-C6H6 (4:1 ) estimated from the 
photofad ing data of the dye wi th quencher la by 
visible light.17) T h e value of kx is in qui te agreement 
wi th the value shown in Tab le 1. T h i s agreement 
provides an evidence for the validity of this s imula t ion 
calculation. 

Experimental 

Materials. Rubrene (Aldrich) was used as received. Ace-
tonitrile and benzene were of ultra guaranteed reagent grade 
(Kantokagaku Co.). The nickel complexes la—lj, 3, and 
4a—4d were prepared in our laboratory as described pre­
viously. $ Compounds Ik was supplied by Nihonkankoshikiso 
Co. Cyanine dye 5a was prepared according to the 
literature.18) Cyanine dye 6 was supplied by Kodak Co. 
Complex 7 (Mitsuitoatsu Co.) was purified by recrystalliza­
tion from benzene. Complex 8 was supplied by Daihachikagaku 
Co. Complex 9 (Ouchi Shinko Co.) was purified by 
recrystallization from methanol. Compounds 10 and 12—15 
were supplied by Tokyo Kasei Co. Nickel salt 11 was 
prepared according to the literature.19) 

Bis[l,2-(4-ethylphenyl)-l,2-ethenedithiolato]cobalt(2a). 
To a solution of 4,4'-diethylbenzoin (1 g, 3.3 mmol) in 
dioxane (10 cm3) was added P2S5 (1.6 g, 7.2 mmol) and 
ammonium sulfate (0.238 g, 1.8 mmol), and the mixture was 
refluxed for 2 h. To the cooled and filtered reaction solution 
was added C0CI26H2O (0.428 g, 1.8 mmol), and the mixture 
was refluxed for 3 h. Black crystals were collected by filter­
ing the cooled solution. This product was recrystallized 
from benzene to give 2a (464 mg, 38%); mp 297 °C (decomp); 
UV (CH2CI2) 718 nm (£=13000 mol"1 dm3 cm"1). Found: C, 
65.16; H, 5.39%. Calcd for CaeHaeSXo: C, 65.92; H, 5.53%. 

Bis[l,2-(4-ethylphenyl)-l,2-ethenedithiolato]platinum(2b). 
The product was obtained in a similar manner to that 
described above and recrystallized from CHCh-EtOH to give 
2b (145 mg, 7.8%); mp 305 °C (decomp); UV (CH2CI2) 
825 nm (£=54800 mol"1 dm3 cm"1). Found: C, 54.69; H, 
4.76%. Calcd for C36H36S4Pt: C, 54.59; H, 4.58%. 

Cyanine Dye (5b). Cyanine dye 5a (100 mg, 0.13 mmol) 
and nickel complex 4d (150 mg, 0.13 mmol) were dissolved 
in 15 cm3 of N,Af-dimethylformamide, and the mixture was 
stirred at 50 °C for 3 h. The reaction mixture was poured 
into 300 cm3 of water. The precipitate was filtered, washed 
with water, and then dried in vacuo to give 5b (148 mg, 72%); 
mp 187 °C (decomp); UV (CH2C12) 822 (£=181000 mol"1 dm3 

cm"1) and 944 nm (£=14800 mol"1 dm3 cm"1). Found: C, 
65.04; H, 6.79; N, 4.07%. Calcd for C s s H i o s ^ O ^ N i : C, 
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65.46; H, 6.66; N, 3.59%. 
Kinetic Measurement. Mother solutions of rubrene (IX 

10~4 mol dm -3) were prepared by dissolving weighed amounts 
of rubrene in measured volumes of acetonitrile-benzene 
(4:1). To assure the solutions with and without quencher 
had the same initial rubrene concentration, a weighed 
amount of quencher (1—2X10-5 mol dm -3) was dissolved in 
a measured volume of the mother solution. The volumetric 
flasks were wrapped in aluminum foil and much of the work 
was done in a dark room with orange light (A>580 nm). 
Solution of rubrene (3 cm3), with and without quencher, 
were pipetted into UV cells. Six samples were irradiated as 
follows; two with no quencher, two with quencher (1X10-5 

mol dm - 3), and two with quencher (2X10-5 mol dm -3). The 
samples were placed in a Hitachi 650-1OM fluorescence 
spectrophotometer, which was equipped with a 150 W 
Xenon lamp, UV cut-off filter, and were irradiated using 
525+10 nm light. The cell holder was the thermostated at 
25+0.5 °C during irradiation. 

Without quencher, the half-life of rubrene was about 
4 min. The concentrations of rubrene and quencher at given 
irradiation times were determined from the absorbance 
measured at 525 nm (rubrene) and at Àmax of the quencher, 
using a Shimadzu UV-260 or UV-3100 spectrophotometer. If 
the absorption bands of rubrene and the quencher were 
partially overlapped, the concentrations were determined 
from the difference spectra. The concentrations of the 
quenchers 12 and 13 were determined by a Shimadzu GC-
15A gas Chromatograph with a capillary column (25 mX0.33 
mm) of Methyl Silicone OV-1. For quencher 12, the column 
temperature was 210 °C, and o-dichlororbenzene was used as 
the internal standard. For quencher 13, the column 
temperature was 270 ° C, and squalane was used as the 
internal standard. 

Numerical Calculation. In Eqs. 7 and 8, "a" was 
calculated by Eq. 9 with absorbances of rubrene and 
quencher, respectively, at 525 nm at each irradiation time. 

In the absence of quencher, the value of lobe from Eq. 7 
was determined by iterative calculations to give the best fit 
between the calculated concentrations of rubrene and those 
observed. The concentrations of rubrene at each irradiation 
time were calculated by using the Runge-Kutta method. 
The iterative calculations were repeated until deviations of 
the calculated concentrations of rubrene at each irradiation 
time from those observed converge below 0.2%. 

The kq and kT were then converged into optimum values in 
a similar method uisng the value calculated for lobe and Eqs. 
7 and 8 in the presence of rubrene and quencher. Final 
converged curves are shown in Fig. 1. 
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The electrochemical calorimetry of the electrolysis of D2O has been carried out using a Pd cathode in an 
undivided, open cell fashion, together with measuring the total volume of the evolved gases. The excess heat 
production, observed using a Pd cathode pretreated by a special procedure, can not be explained as a result of the 
D2-O2 recombination alone. However, the present data certainly do not confirm "cold fusion", because no 
evidence has yet been obtained for neutron, gamma-ray, tritium or helium production during our electrolysis of 
D2O with Pd cathodes. 

T h e recent reports on ' 'electrochemically induced 
nuclear fusion" by Fleischmann, Pons , and Hawkins,1* 
and Jones et al.2) have caused great interest and activity 
as well as intense controversy wi th in the scientific 
communi ty . For example , based on "excess hea t " 
or ig inal ly observed by Fle i schmann et al.,1* and later 
by other groups,3*4) electrochemically charged pal ladium 
cells m i g h t be expected to be prospective energy 
sources; however, a number of other groups5 - 9* that 
have conducted calorimetric experiments in similar 
cells under a wide variety of experimental condi t ions 
have found no excess heat. As stated by the above-
men t ioned two groups in the first reports, 1 '2) and 
recently realized in general,3-12* such inconsistent 
results so far reported can be considered to originate 
from irreproducibil i ty. T h e clear lack of reproducibi­
lity, suggest ing that cold fusion in electrolytic cells 
depends on many factors, e.g., (i) electrode materials 
(size, pretreatment , ability of absorbing deuter ium), 
(ii) electrolysis condi t ions ( suppor t ing electrolyte, 
current density, electrolysis time), and (iii) detection 
methods, should necessitate significant replication. 

In the present study an electrochemical calorimetry 
of the electrolysis of D2O us ing a pa l l ad ium cathode 
was carried out in an undivided, open cell fashion, 
together wi th measur ing the total volume of the 
evolved gases. T h e cont r ibu t ion of D2-O2 recombina­
t ion to the observed excess heat is be ing reported here. 
T h o u g h D2-O2 recombinat ion has often been suggested 
as be ing the or ig in of excess heat product ion , this 
needs further clarification.3 '7 - 9 '1 3 ) 

Experimental 

Materials. The Pd samples investigated here included 

"*"rï Present address: Department of Electronic Chemistry, 
Graduate School at Nagatsuta, Tokyo Institute of Technol­
ogy, 4259 Nagatsuta, Midori-ku, Yokohama 227. 

rods (6 mm in diameterX5 mm in length and 2 mmX(20— 
30) mm) of >99.9% purity (Tanaka Kikinzoku Co., Ltd). 
Deuterium oxide (Isotec Inc., 99.9%) was used as received. 
LiOD (or LiOH) solutions (0.1 M, 1 M=l mol dm - 3) were 
prepared by adding a weighed amount of 99.9% pure Li 
metal (Alfa) to D 2 0 (or H 20) . The LiOD/D 2 0 (or 
L iOH/H 2 0) solutions were electrolyzed in a two-electrode 
fasion in glass cells using a Pd cathode and a Pt anode of 
99.99% purity (Tanaka Kikinzoku Co., Ltd.). 

Pretreatment of Pd Rods. The Pd rods as cathodes were 
pretreated in this study mainly by the following two 
procedures. Treatment I: The rods were heated at 1540 °C in 
air for 1 h, and were then cooled to ambient temperature by 
quickly soaking them in D20 (or H 20) and storing in D 2 0 
(or H 20). Treatment II: The rods were annealed at 600 °C in 
vacuum (<10mmHg, 1 mmHg«133.322 Pa) for 6h, and 
then cooled to room temperature under an atmosphere of 
deuterium gas. 

Apparatus and Procedures. The calorimetric experiments 
were performed in a constant-temperature calorimetry mode. 
The calorimeter used is schematically shown in Fig. 1. The 
main body consisted of a water-jacketed glass vessel 
thermostated at constant temperature. The temperature 
inside the cell was measured with two thermistors which 
were positioned at different depths from the top of the cell 
(one upper-positioned relative to the heater and the other 
lower-positioned). During each experiment, the temper­
ature of the vessel was constant within 0.01 °C, although the 
long-term stability was of the order of +0.03 °C. The room 
temperature was kept at 25+2 ° C. The temperature change 
in the cell (typically containing 0.1 M LiOD/D 20 (60 cm3)) 
caused by changes in the ambient temperature was found 
experimentally to be less than 0.016 °C/1 °C. The electrolyte 
solution was stirred with a stirrer: The stirring rate was 
maintained as constant as possible. The electrodes, heater, 
thermistors, and gas outlet (which was attached to a gas-
collecting burette) were inserted through the top of the cell 
through a silicone elastomer lid. 

The heater used for calibrating the calorimeter was made 
of Nichrome wire placed within a thin-walled glass tube 
with a small amount of silicone oil to provide good thermal 
contact. The heater resistance was 100 Û and the resistance 
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of the copper connecting wire from the entrance glass sleeve 
to the heater was less than 0.1 Q, thus ensuring very little 
ohmic losses outside the calorimeter vessel. 

The resistance of the thermistor during constant-current 
electrolysis and/or a calibration experiment was measured 
with a digital electrometer (Advantest TR8652) and the data 
were recorded with a survocorder (Graphtech, SR6342). In 
this case, the cell voltage was also recorded at the same time. 
The cell voltage changed, depending on the solution 
concentration at the time of measurement, since electrolysis 
increases the concentration of supporting electrolyte 
during the experiment and, thus, alters the cell resistance. 
To compensate for the consumption of D2O by the 
electrolysis, calculated amounts of D2O were added to the 
cell periodically. Unless otherwise noted, the electrodes were 
at all times covered by the electrolyte solution. 

The resistance load calibration of the calorimeter was 
performed before and/or during the electrolysis. In the case 
of calibration before electrolysis, a series of fixed powers 
were applied to a resistance load (heater) that was included 
in the cell and the resistance of two thermistors placed at 
different positions was measured; consequently, resistance-
change (AR)-electrical energy input (Wm) calibration curves 
were obtained. On the other hand, in the case of the 
calibration during the electrolysis, a known power (at 
constant current density) was applied to the Pd/Pt circuit 
and a series of fixed powers were simultaneously applied to 
the heater. 

Constant-current electrolysis (current densities: typically 

electrometer I power supply power supply I electrometer I recorder 

Fig. 1. Schematic diagram of the electrochemical cell 
used for calorimetric measurements. (1) Cathode, 
(2) Anode, (3,4,9,10) Thermistor, (5) Heater, (6) Gas 
outlet, (7) Electrolyte solution, (8) Stirrer bar, (11) 
Electrolysis cell with water jacket, (12) Membrane 
separator (13) Heat insulating box, (14) Thermo­
statted water outlet, (15) Thermostatted water inlet, 
(16) Cell lid of silicone elastomer. 

60—300 mA cm -2) was carried out in a two-electrode fashion 
with a constant current/voltage supply (PAB 70-1 A, Kikusui 
Electronics Corp.) for periods ranging from typically 1 to 
7 days. The Pd cathodes were generally placed in the center 
of the glass vessel and surrounded by a Pt wire counter 
electrode (0.2 mm in diameter and ca. 500 mm in length). 
The distance between the Pd and Pt electrodes was about 
5 mm and, thus, the insulating membrane separator of 
polyolefin (thickness: 0.1 mm) with a number of holes 
hollowed out was placed between the two electrodes to avoid 
any short-circuiting. 

Results and Discussion 

Absorption of Deuterium into Pd Cathode during 
D2O Electrolysis. T h e time-course of deuter ium 
absorpt ion in to the Pd cathode du r ing D2O electrolysis 
is shown in Fig. 2, where the D / P d ratios were 
calculated as [(rapd.D-rapd)/MD]/(m°Pd/Mpd); m°pd and 
mpd.D represent the masses of the pure Pd cathode 
(before electrolysis) and the D-absorbed Pd cathode 
(after electrolysis for some period), respectively, measur­
ed directly us ing a chemical balance (with a precision 
of 0.1 mg); and Mpd and M D are the a tomic weights of 
Pd and D, respectively. T h e D / P d ratio increased wi th 
increasing electrolysis t ime in the beg inn ing of the 
electrolysis and finally reached saturation. As expect­
ed, the t ime to reach saturat ion for electrolysis at 
200 mA c m - 2 was m u c h shorter than that for electroly­
sis at 50 m A c m - 2 , i.e., about 6—10 and 20—25 h for 
electrolysis wi th 200 and 50 mA c m - 2 , respectively,14* 
though the saturat ion values were almost the same 
(0.60—0.65). These results are essentially similar to 
those obtained in electrochemical/quartz crystal micro-
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Fig. 2. The time-course of the deuterium absorption 
into the Pd cathode during the D2O electrolysis. 
Electrolyte solution: 0.1 M LiOD/D 20. Cathode: Pd 
rod (2 mm in diameter, 20 mm in length). Anode: 
Pt wire (0.2 mm in diameter, 500 mm in length). 
Current density: ( • ) 50 mA cm-2 (O) 200 mA cm"2. 
Before its use, the Pd cathode was heated at 1540°C 
in air for 1 h, cooled to ambient temperature by 
soaking quickly it into D2O, and then annealed 
under reduced pressure at 600 °C for 6 h. 
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balance experiments16* in which the absorpt ion of 
deu te r ium into the Pd cathode was in situ observed as 
the decreasing resonant frequency of the Pd film-
coated quar tz crystal electrode used as the cathode wi th 
the electrolysis time. 

D2-O2 Recombination. Figure 3 shows the relation 
between the N0bsd/Nca.\cd value and the electrolysis time, 
where Afobsd is the molar quant i ty per second of the 
gases (mainly expected as D2 and O2) actually evolved 
by electrolysis, est imated on the basis of measurements 
of their total vo lume; iVcaicd is the mola r quan t i ty per 
second of D2 and O2 gases to be produced by the 
electrolysis of D2O ( D 2 0 - * D 2 + l / 2 O2), calculated in 
terms of the appl ied current and the electrolysis t ime. 
Data from the b e g i n n i n g of the electrolysis to 3 days of 
electrolysis were obta ined under the condi t ion that the 
lower half of the Pd ca thode was soaked in a 0.1 M 
L i O D / D 2 0 electrolyte solution, i.e., the upper half 
was above the surface of the electrolyte solut ion 
(effective electrode area: 0.94 cm2, Exper iment A) and 
those d u r i n g 3—7 day electrolysis were obtained at a 
Pd cathode fully soaked in the electrolyte solut ion 
(effective electrode area: 1.88 cm2 , Exper iment B). In 
bo th exper iments the current density was kept at 
60 mA c m - 2 . F rom this figure we can see that du r ing 
the per iod from the beg inn ing of the electrolysis to 
about 10 h ATobsd/Ncaicd increases wi th increasing the 
electrolysis time, suggest ing the significant absorpt ion 
of deu te r ium in to the Pd cathode for such a period. 
T h u s , this should be compared wi th the fact that the 
D / P d value gradual ly increases wi th increasing 
electrolysis t ime (Fig 2). In addi t ion, the th ing to be 
noted here is the fact tha t after 1 day electrolysis the 
Afobsd/Ncaicd value seems to be a lmost constant (about 

0.95—0.98), t h o u g h a slight scattering is seen, irrespec­
tive of the half and full soaking of the Pd cathode in the 
electrolyte solution. It is well k n o w n that pa l l ad ium is 
an effective catalyst for the recombinat ion of O2 and D2 
(of course H2) in a gas phase.4) If the unsoaked por t ion 
of the half-soaked Pd cathode could catalyze a D2-O2 
recombinat ion reaction, the Af0bsd/AfCaicd value for 
Exper iment A wou ld be expected to be smaller than 
that for Exper iment B. Some researchers have claimed 
that the "excess hea t " recently reported for D2O 
electrolysis may be due to the D2-O2 recombinat ion 
catalyzed by the Pd cathode.7 - 9) Strictly speaking, the 
steady state value of N0bsd/NCâ\cd is not 100% in 
Exper iments A a n d B. T h e small difference probably 
indicates a small a m o u n t of D2-O2 recombinat ion (2— 
5% at most) a n d / o r an experimental error. T h e data in 
Fig. 3, as a whole , however, demonstrate that the 
D2-O2 recombina t ion does not substantially occur 
under the electrolysis condi t ions employed in this 
study. 

Electrochemical Calorimetry. T h e calorimeter was 
calibrated by pass ing different amoun t s of direct 
current t h ro u g h the electric heater (resistance: 100 Q) 
in the electrolyte solut ion before a n d / o r du r ing the 
electrolysis and measur ing the potent ia l d rop across it. 
For each value of the electrical i n p u t power (Win), the 
steady-state resistance change (AR) (which can be 
easily converted to temperature change (AT)) was 
measured and plot ted in order to yield a cal ibrat ion 
curve, as typically shown in Fig. 4. T h e AR vs. Wm 

o 
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0.5 h-
- Experiment A — > < - -Experiment B-
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Electrolysis Time / day 

Fig. 3. Plots of Nobsd/Wcaicd as a function of electro­
lysis time. Electrolyte solution: 0.1 M LiOD/D 20. 
Cathode: Pd (2 mm in diameter, 30 mm in length). 
Anode: Pt wire (0.2 mm in diameter, 500 mm in 
length). Current density: 60 mA cm -2 . The Pd cath­
ode was pretreated by Treatment II (see Experimental 
section). See the text for Experiment A, Experiment 
B, Afcaicd, and iVobsd. 

Fig. 4. Typical calibration plots of resistance change 
(AR) (or temperature change (AT)) vs. electrical input 
power (Win) obtained before the electrolysis (A,0) 
and during the electrolysis (A,A,3,#). Electrolyte 
solution: 0.1 M LiOD/D 20. Cathode: Pd (6 mm in 
diameter, 5 mm in length). Anode: Pt wire (0.2 mm 
in diameter, 500 mm in length). Current density: 
(A,#) 60mAcm-2, (A,3) 122 mA cm-2. The Pd 
cathode was pretreated by Treatment I. The 
thermistors were placed at the lower position 
( 0 , 0 , # ) and the upper position (A,A,A) relative 
to the heater (or the Pd cathode). 
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cal ibra t ion plots are a lmost l inear in the examined 
range of Win. However, it is also obvious that their 
slopes largely depend on the posi t ion of the thermistor 
relative to the heater in the cell and on whether the 
electrolysis is carried ou t or not du r ing the calibrat ion 
exper iment (and also on the current density appl ied 
to the P d cathode). T h i s fact may suggest tha t 
temperature gradients exist in the cell and that bo th 
the thermal conductivity and the heat capacity are 
complicated by gas evolution. T h u s , in the following 
experiments the cal ibrat ion of the calorimeter was 
carried ou t occasionally us ing two thermistors placed 
at different posi t ions relative to the heater du r ing 
electrolysis. 

Figure 5 shows typical results of a calorimetric 
exper iment that was performed together wi th measur­
i ng the total vo lume of the evolved gases (shown in 
Fig. 3) where the Pd cathode was pre treated by 
Trea tmen t II. In this figure the ordinate indicates the 
rat io of "excess heat (WeX)" to i n p u t power (Wm) and 
the abscissa the electrolysis t ime (in day). Win and WQX 

were calculated according to the following equat ions: 

Win IE 

and 

W e x = W o u t - ( £ - L 5 4 ) . / , 

( 1 ) 

(2) 

where / is the cell current , E the cell voltage, Wont the 
observed o u t p u t power. T h e second term on the right-
h a n d side of Eq. 2 corresponds to Jou le hea t ing (Wj); 
1.54(V) is the thermoneut ra l potent ia l for heavy 
water17 '18) and £—1.54 is, therefore, the a m o u n t of 
voltage effective in hea t ing the contents of the D2O 
electrolysis cell. A l though Fig. 5 shows some scatter, it 
seems likely that a small a m o u n t of excess heat is 
produced irrespective of the half and full soaking of 
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Fig. 5. Typical data of the calorimetric experiment 
conducted, together with that shown in Fig. 3. 
Wtx/W^ indicates the ratio of excess that (Wtx) to 
input power (Win). Experimental conditions are 
the same as in Fig.3. Thermistors were placed 
at the upper position (O) and the lower position 
( • ) relative to the heater (or the Pd cathode). 

the Pd cathode in an electrolyte solution. For 
example , the excess specific rate of hea t ing observed 
d u r i n g the 2nd and 6th days after electrolysis are 
calculated to be approximate ly 1.8 and 1.2 W e m - 3 of 
the Pd cathode (in this case W i n=4.3 W cm-3) . 

T h e calorimetric experiments prel iminari ly cond­
ucted us ing Pd cathodes which were pretreated by 
various physical and chemical procedures ( including 
Trea tmen t I and Trea tmen t II), though the repro­
ducibil i ty was no t so good (a pr inc ipa l feature in all 
studies concern ing "cold fusion" is the ^ reproduc ib i ­
lity of the results reported to date1_13)), suggested that 
the pre t reatment of Pd cathodes may be one of the key 
factors to produce "excess heat" , as is relatively well 
recognized in cold fusion exper iments . 4 ' 5 ' 9 ' n ' 1 9~ 2 1 ) 

A m o n g the pretreatment procedures examined so far, 
an effective procedure is T rea tmen t I (shown in 
Exper imenta l section). T h e typical calorimetric 
results ob ta ined us ing a Pd cathode pretreated by 
Trea tmen t I are represented in Tab le 1. From this 
table we can draw some interesting conclusions 
concerning excess heat production.2 2 ) First, excess heat 
p roduc t ion is observed irrespective of the pos i t ion of 
the thermistor relative to the heater (or Pd cathode), 
i.e., W e x > 0 and W^/Win (the rat io of excess heat to 
i n p u t power)=13—42%. Second, it is observed that 
Wout is, t h o u g h slightly, larger than W-m at several 
measur ing poin ts . T h i r d , Wr/WQX (the rat io of D2-O2 
recombinat ion heat to excess heat) is about 80% after 1 h 
electrolysis, abou t 20% after 42 h and after that less 
than 10%) (except for the value estimated on the upper -
posi t ioned thermistor after 125 h). T h i s decrease in 
Wr/WzX w i th increasing the electrolysis t ime is t hough t 
to part ly reflect the absorpt ion of deuter ium in to the 
Pd cathode, because the deuter ium absorpt ion and the 
D2-O2 recombina t ion result in the same cont r ibut ion 

50 h 

25 

-50 

L 

• Experiment A >< Experiment 

_ l I I I l _ 

1.0 

0.5 >3 

0 1 2 3 4 5 6 

Electrolysis Time / day 

Fig. 6. Plots of Nobsd/iVcaicd and Wtx/W-m as a func­
tion of electrolysis time for the H2O electrolysis. 
Electrolysis solution: 0.1 M LiOH/H 2 0 . Other ex­
perimental conditions are the same as those in 
Fig. 3. Thermistors were placed at the upper posi­
tion (O) and the lower position (•) relative to the 
heater (or the Pd cathode). 
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Table 1. 

Electrolysis time 

h 

1 

42 

710 

125 

143 

150 

172 

Electrolysis time 

h 

1 

42 

710 

125 

143 

150 

172 

Electrochemical Calorimetry of D2O Electroly sis 

Calorimetric Data of the Electrolysis of D2O in an Undivided, Op 

I 

A 

0.074 

0.074 

0.150 

0.074 

0.074 

0.074 

0.222 

NcalcdC) 

mol s - 1 

5.75X10-

5.75X10-

1.17X10-

5.75X10-

5.75X10-

5.75X10-

1.73X10-

E 

V 

5.40 

6.44 

8.97 

5.79 

5.73 

5.74 

10.95 

•7 

•7 

• 6 

-7 

- 7 

- 7 

- 6 

Win 

w 
0.40 

0.48 

1.35 

0.43 

0.42 

0.42 

2.43 

Nobsdd ) 

mol s - 1 

3.33X10"7 

4.69X10"7 

1.13X10"6 

5.3OXIO-7 

5.26X10-7 

5.63X10-7 

1.80X10-6 

Wj 

w 
0.29 

0.36 

1.11 

0.32 

0.31 

0.31 

2.09 

^ o u t b ) 

w 
0.39 
0.37 
0.56 
0.48 
1.54 
1.22 
0.39 
0.44 
0.48 
0.47 
0.44 
0.44 
2.61 
2.40 

A^calcd Nobsd 

mol s - 1 

2.42X10-

1.06X10-

4.0 X10-

4.5 X10-

4.9 X10-

1.2 X10-

g) 

•7 

•7 

• 8 

• 8 

- 8 

- 8 

Wr
e> 

w 
0.071 

0.031 

0.012 

0.013 

0.014 

0.004 

g) 

Wex b ) 

w 
0.10 
0.08 
0.20 
0.12 
0.43 
0.11 
0.07 
0.12 
0.17 
0.16 
0.13 
0.13 
0.52 
0.31 

en Cella> 

Wr/W^ 

% 

71 
89 
15 
26 

2.8 
11 
18 
11 
8.2 
8.8 
3.1 
3.1 

g) 

W e x / W i n b ) 

% 

25 
20 
42 
25 
31 
8 

16 
37 
40 
38 
31 
31 
21 
13 

Wr/Win 

% 

18 

6.4 

0.89 

3.0 

3.2 

0.95 

g) 
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a) Electrolysis conditions; Cathode: Pd (6 mm in diameter, 5 mm in length, electrode area: 1.22 cm2), 
Anode: Pt wire (0.2 mm in diameter, 500 mm in length), Electrolyte: 0.1 M LiOD/D20 (60 ml), Current 
density: 60 or 122 mA cm -2. Before its use, the Pd cathode was pretreated by Treatment I (See Experimental 
section), b) Upper and lower values were measured (or calculated) on the basis of the upper- and lower-
positioned thermistors relative to the heater, respectively, c) Rate of gas evolution by D2O electrolysis 
(D20—»D2+1/2 O2) (Calculated), d) Rate of gas evolution by D 20 electrolysis (Measured), e) Rate of heating 
due to D2-O2 recombination calculated assuming that O2 and D2 corresponding to Ncaicd—Nobsd are all 
used in their recombination. WT

=(Nc&iCà—Nobsà)'AHr>2o, AHn2o is the standard enthalpy change for the 
reaction D2O—>D2+l/2 O2. f) After the calorimetric experiment, the neutron measurement with respect 
to the same electrolysis system was continued for 50 h27) and then the calorimetry was performed again. 
g) Negative values were obtained because Afcaicd<M)bsd. 

to the es t imat ion of the total volume of evolution gas. 
T h e D2-O2 recombinat ion has been often regarded as 
be ing the or igin of excess heat product ion. 7 - 9) How­
ever, even if we assume that no deuter ium absorpt ion 
occurs at all, it can no t be concluded that Wcx 

originates from D2-O2 recombinat ion alone. WT/Wtx is 
89%, at most, and is less than 10% after 71 h of 
electrolysis. In other words, even if D2-O2 recombina­
t ion contr ibutes to excess heat product ion, the degree 
of its con t r ibu t ion is of the order of several percent. 
Four th , Afcaicd was less than Afobsd after 172 h of 
electrolysis. At present we have no reasonable 
explana t ion for this, other than experimental error.28* 

For a compar i son wi th the above-mentioned exper­
iments (Figs. 3 and 5), a control experiment was 
carried ou t us ing a Pd cathode (2 m m in diameter, 
30 m m in length) in 0.1 M L i O H / H 2 0 solut ion (Fig. 

6). In this case, Wtx/W-m was less than about 8% 
irrespective of the half and full soaking of the Pd 
cathode. In addi t ion, the p lot of N0bsd/NCa.\cd vs. 
electrolysis t ime is essentially the same as that obtained 
for D2O electrolysis, suggest ing that also H2-O2 
recombina t ion does no t occur substantial ly in the case 
of the H2O electrolysis studied here. 

Conclusions 

T h e excess heat p roduc t ion that has been observed 
for the electrolysis of D2O us ing Pd cathode pretreated 
by a special procedure (Trea tment I and Trea tmen t II) 
in an undivided, open cell, can no t be a t t r ibuted to 
D2-O2 recombinat ion alone. Even if the recombinat ion 
contributes to excess heat product ion, the degree of its 
cont r ibut ion (i.e., Wr/WQX) is of the order of several 
percent after long-term electrolysis. It should be 
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emphasized, however, tha t the present data certainly 
do no t confirm "cold fus ion", because we have no t yet 
obta ined any consistent correlations wi th other exper­
imenta l data (such as neu t ron , 7-ray, t r i t ium or 
h e l i u m measurements) . In order to confirm the 
obtained results in this study from a different po in t of 
view, differential calorimetric studies (based on the 
calorimetry of the twin heat-flow type) of both P d / H 
and P d / D systems in a closed-cell fashion are now in 
progress. A closed system wi th complete D2-O2 
recombina t ion al lows a m u c h simpler energy balance 
compared wi th an open system.4 '10) 

T h e present work was part ial ly suppor ted th rough 
the special Cooperative Research Founda t ion at 
T o k y o University of Agri. and Tech. and a Grant- in-
Aid for Scientific Research on Cold Fusion from the 
Ministry of Educat ion, Science and Culture . T h e 
authors express their appreciations to Tanaka Kikinzoku 
Co., Ltd., Fuj ikura Ltd. , and Permelec Electrode Ltd. 
for provid ing electrode materials. 
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Phosphorescent State of p-Fluorobenzaldehyde 

Kazuya U E J O H , Makoto SHIMOKOZONO, and Motohiko KOYANAGI* 
Department of Chemistry, Faculty of Science, Kyushu University, 

Hakozaki, Higashi-ku, Fukuoka 812 
(Received April 21, 1990) 

Phosphorescence spectra of ^-fluorobenzaldehyde have been observed in (i) the vapor phase at room 
temperature and in (ii) methylcyclohexane and (iii) methyl benzoate matrices at 4.2 K. From the vibrational 
analysis and deuteration effect it is established that the phosphorescent state is njc* in cases i and ii while it is TCTC* 
in case iii. A close similarity between the vapor phase emission spectra of p-fluorobenzaldehyde and 
benzaldehyde leads us to the conclusion that the substitution of the fluorine atom for the para hydrogen atom of 
benzaldehyde has little effect to the both triplet states. Several experimental data for low frequency vibrations in 
the excited 3njc* state will be given by analyzing hot sequence bands of the vapor phosphorescence spectrum. 

Benzaldehyde may be considered as the prototype 
a romat ic aldehyde. Its electronic spectra, especially 
the phosphoresence spectra from the low lying 3n7u* 
and 37Ü7Ü* levels, have so far been investigated to a great 
extent.1 _ 3 ) T h e results show that an inversion of the 
triplet levels can occur such that the 3n7u* and 37Ü7Ü* 
states in terchange s imply by a change of environments 
employed. A variety of substi tuted benzaldehydes were 
also investigated spectroscopically by several groups, 
and the fol lowing issues came in to ques t ions : 4 - 1 0 (1) 
Which is the lowest tr iplet state, 3n7u* or 37ÜTÜ*?; (2) how 
m u c h is the energy separat ion between them ?; (3) wha t 
are m a i n c o u p l i n g per turba t ions thereof ?; and so on. 
U p to the present it seems that a lmost all the groups 
have a t ta ined to a general unders tand ing even if there 
remain several poin ts to be settled more quanti tat ively. 

Recent spectroscopic works on benzaldehyde it­
self give impe tus to explore the breakdown of B o r n -
Oppenhe imer app rox ima t ion in more detail than 
previously. Detailed studies on u n t a n g l i n g the tangled 
Ti,2<— So spectra of benzaldehyde have made clear the 
physical m e a n i n g of the energy separation between the 
3n7u* and 3TÜTÜ* levels and the detailed coup l ing scheme 
between their vibronic levels. 16'17) T h e extention of 
these quant i ta t ive analyses to other s imple derivatives 
will be useful for the generalization of the method. 

Fluorobenzaldehydes, simple mono-substi tuted benz­
aldehyde derivatives, are thus interesting. In addi­
t ion, ano ther spectroscopical interest arises from the 
fact that wha t are at tached to the benzene r ing are a 
strongly electron wi thdrawing and mesomeric alde­
hyde g r o u p and a strongly electron wi thdrawing and 
inductive fluorine a tom. Despite its importance, only 
a few papers describe nrc* emission18-20* and absorp-
tion21) spectra of fluorobenzaldehydes. No TUTU* 
phosphorescence has been reported as yet. 

Several reasons such as ment ioned above motivate us 
to review the phosphorescence spectra of fluorobenz­
aldehydes. T h e pu rpose of this paper is thus to 
observe the phosphorescence spectra of p-fluorobenz-
aldehyde (hereafter abbreviated as FB; the simplest of 
such fluorobenzaldehydes in the vibrat ional nomen­
clature), a n d its aldehyde deuterated derivative (FB-

ldi) and to compare them wi th the phosphorescence 
spectra of benzaldehyde (B) and its aldehyde deuterated 
derivative (B-ldi). 

Experimental 

The guest molecule, FB (a GR grade reagent from Tokyo 
Kasei Co.), was purified by trap-to-trap distillation under 
vacuum. The aldehyde deuterated derivative (FB-ldi) was 
obtained after reduction of £>-fluorobenzoyl chloride (Tokyo 
Kasei GR reagent) with brandnew lithium tri-^-butoxodeu-
teridoaluminate(III) (i.e., Li[Al(£-BuO)3D])22> in diethylene 
glycol dimethyl ether. The isotopic purity was found to 
exceed 95%, at least, from 1H NMR measurements. For the 
emission measurements, two host reagents were employed: 
one was methylcyclohexane (MCH, Dotite nonfluorescent 
grade reagent) and the other methyl benzoate (MB, Tokyo 
Kasei GR grade). The former was used as received while the 
latter was purified by repeated distillation under vacuum. 
Sample concentrations were about 10 -3 M# unless mentioned 
otherwise. The samples were degassed by freeze-pump-thaw 
cycles and sealed off in homemade pyrex cells with 200— 
300 |im thickness. Except for the employed spectrometer (we 
used a Nalumi 3/4 m spectrometer), the detailed methods 
and procedure were similar to those described elsewhere.1) 

The vapor emission were obtained photographically on 
Kodak T-Max P-3200 films or photoelectrically on an HTV 
R375 photomultiplier tube using a Nalumi 3/4 m Czerny-
Turner grating spectrometer. Other experimental condi­
tions for the vapor experiments were almost the same as 
described previously.23) 

Results and Discussion 

Phosphorescence Spectra in MCH Matrices. T h e 
phosphorescence is very br ight and its lifetime is 
« 2 ms at 4.2 K. T h e s t rong b a n d at 25390+3 cm" 1 is 
taken as the 0-0 band of the phosphorescence transi­
t ion (see the band designated as o in Fig. la) . T h e 
emission spectrum is typical. It agrees well wi th the 
spectra obta ined in other hydrocarbons such as 
pen tane a n d hexane. T h e vibrat ional analysis is 
given, u s ing available R a m a n and infrared data, in 
terms of Mul l iken mode numbering.1 8 '2 4) A progres-

# 1 M=l mol dm~3. 
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Im 
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zq 
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Fig. 1. Phosphorescence spectra of (a) FB and (b) FB-
ldi in MCH at 4.2 K. See the text and Table 1 for 
band designations. 

sion in v& [i.e., v ( O O ) ] vibration dominates the 
spectrum (see bands q and 2q). Band q is located at 
1715 c m - 1 from the or ig in band . Except for these 
s trong bands, seven weak bands [i.e., V2b{k), vis(m), 
Pie(n), 1/15(5), vn(u), vs(w), and vi{p)] come ou t 
distinctly between bands o and q. The band spacings 
from the origin band are 201, 1014, 1146, 1203, 1385, 
1567, and 1608 cm -1 , respectively. All these vibrations 
belong to totally symmetric in-plane (a') species. On 
going from the energy position of band q to longer 
wavelengths, almost all of the prominent bands are 
ascribed to combinational bands between each fund­
amental and v ( O O ) vibration. The exception is a 
sharp band which is located at 2008 cm - 1 (see band 2f 
in Fig. la). The band is assigned as the overtone band 
of aldehyde H-wagging out-of-plane (a") vibration. Its 
intensity amounts to 7% of the origin band intensity, 
being a manifestation that the phosphorescence 
transition is due to M"(n7c*)—»Ml'.25) Another support 
for the transition assignment is also obtained from the 
determination of an origin band shift upon substitu­
tion of the D atom for the aldehyde H atom of B: The 
phosphorescence origin band of FB shifts by 51 cm - 1 

toward shorter wavelengths on its deuterium substitu­
tion (see Figs, la and b). The shift is of the same 
magnitude and direction as observed in B and B-
1 ^ 1,3,23) The large blue shift guarantees a massive 

Table 1. Wavenumbers and Assignments of the Main Bands in the 
Phosphorescence Spectra of FB and FB-ldi in MCH 

v/cm~l 

25390 
25330 
25310 

25189 
24997 
24991 
24969 
24778 
24617 
24376 
24244 
24187 
24098 
24078 
24005 
23989 
23876 
23823 

23782 

23675 
23476 

23382 
21976 

FB 

A*>/cm-1 

0 
«60brb> 
«80 br 

201 
393 
399 
421 
612 
773 
1014 
1146 
1203 

1292 
1312 
1385 
1401 
1514 
1567 
1608 

1715 
1914 
2008 
3414 

Rel. int. 

100 
12 
10 

7 
0.5 
0.5 
1 
1 
2 
3 
8 
4 
1.5 
0.5 
2.5 
0.5 
1 
4 
14 

115 
8 
7 

102 

v/cm~l 

25441 
25386 
25361 
25254 

25242 
25050 

25022 
24832 
24677 
24430 
24296 
24223 
24151 

24381 
24027 

23891 
23839 
23551 
23733 
23536 
23715 

22062 
22040 

FB-ldi 

A*>/cm-1 

0 
«55 br 
«80 br 
187 
199 
393 

419 
609 
764 
1011 
1145 
1218 
1290 

1060 
1414 

1550 

1602 
1890 
1708d> 
1905 
1726d> 
3379d> 
3401d> 

Rel. int. 

100 
13 
7 
3 
7 
0.5 

1 
1 
2 
3 
6 
8 
1 

2 
0.5 

3 
14 
6 

138 
11 
25 
55 
45 

Assign.a) 

0-0; 0 
l.m. 
l.m. 
0-0';c) 

0-*>25; k 
0-V2A 

0-2X^25 
0-J>23 

0-J>22 

0-^20; /' 

0-*>i8; m 

0-*>i6; n 

O-P15; s 

O-1/13; t 

0-*>12 

0-*>n; u 

0-*>15—*>25 

0-*>io 
O-i^; w 
0-vr, p 
0'-I>6 

0-ve; q 
0-J>6—V2b 

0-2X^26; 2/ 
0-2X*>6; 2q 
0-*>6—2X 

2̂6; q+2f 

a) Italicized alphabets indicate band designations for Fig. 1. b) The symbol br means broad, c) Different site's 
emission. Their intensities are dependent upon the cooling rate and procedure in samplings, d) Bands in 
Fermi-resonance. 
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involvement of the carbonyl group in the transition as 
in the case of B.8'16'17) Frequencies and assignments of 
main phosphorescence bands thereof are summarized 
in Table 1. Several characteristic local modes are 
picked up and compared in Table 2 with the corre­
sponding vibrational frequencies of B which have 
been observed in same matrix.1»2® 

Phosphorescence Spectra in MB Matrices. The 
phosphoresence of FB in MB is as strong as that in 
MCH, but its lifetime is about 20 times longer. The 
phosphorescence spectrum in MB is shown in Fig. 2a. 

a+q 

f+k 

390 400 410 
X /nm 

420 

Fig. 2. Phosphorescence spectra of (a) FB in MB and 
(b) B in acetophenone at 4.2 K. See Table 2 for band 
designations. 

The first strong band at 25617+5 cm - 1 is taken as the 
origin band. The spectral band pattern extremely 
contrasts well with that in MCH (see Fig. la). For the 
latter the substantial intensity comes from the origin 
band and long v ( O O ) progression bands while for the 
former it does from several out-of-plane bands and 
their combination bands with one quantum of v ( O O ) 
vibration. Vibrational assignments for such false 
origin bands in the MB host case are possible on the 
basis of band spacing, deuteration shift, and Franck-
Condon analysis. Most all the prominent bands are 
thus attributed to out-of-plane vibrational modes (see 
bands a—/ given in Fig. 2a). For comparison, the 
spectrum of B in acetophenone is shown in Fig. 2b. A 
surprisingly nice correspondence in the frequency 
location and intensity distribution for such main 
bands (e.g., bands a, b, /, and g) is found between the 
two aldehydes. Band designations given in Fig. 2 are 
the same as described previously (cf. Réf. 23 for a 
change to the Mulliken numbering from the Wilson 
one which was employed in earlier papers for 
banzaldehyde1'^). Vibrational frequencies of several 
representative bands are summarized in Table 2 
together with band designations given in Fig. 2. Two 
most intense bands are due to r (CHO) and aldehyde 
H-wag modes just as in the case of B in acetophenone. 
The validity of such vibrational assignments is also 
confirmed most clearly by analyzing the phosphores­
cence spectrum of FB-ldi. Within the experimental 
errors, the origin band of FB-ldi appears at almost the 
same wavenumber position as that of FB. Almost no 
deuteration shift and poor p(C=0) progression assure 
the assignment that the phosphorescent state is 3TÜTÜ*. 

A long lifetime of ^40 ms also supports that this is 
the case. Although its TUTU* type phosphorescence is 
obtained in other matrices such as acetophenone and 
p-dihalobenzenes, MB is the best host for the TUTU* 

phosphorescence spectra of FB to our knowledge. 
Vapor Phosphorescence Spectra. Vapor phase FB 

Table 2. Frequencies of Several Main Vibrations of FB and B in the Ground State 

Vib. mode b ) 

In-plane 
<5 ( C H O ) : k 

v ((/>-CHO); s 
ô (H); u 
V&; p 
v (OO); q 

Out-of-plane 
T (CHO); a 
co (CHO); b 
Vite', g 
H-wag; / 

Vapor 

199 
1203 
1384 
1608 
1728 

(93)d> 
(208)d> 

1003 

FB 

MCH 

201 
1203 
1385 
1608 
1715 

1004 

MB 

227 

1600 
1695 

137 
235 
408 
1008 

Vapor 

217 
1204 
1389 
1611 
1728 

111 
224 
417c) 

1004 

Ba> 

MCH 

217 
1204 
1385 
1603 
1714 

128 

1004 

MB 

222 
1207 
1393 
1598 
1700 

138 
240 
409c) 

1007 

AC 

233 

1412 
1600 
1698 

141 
245 
405 
1008 

a) Taken from Refs. 3 and 23. Because comparing modes of the two different molecules, we employed 
Wilson numbering in this table, b) Italicized alphabets denote the band designations for Figs. 1—3. 
c) Taken from Ref. 23. d) Taken from Ref. 18. 
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phosphorescence spectrum in the 390—430 nm region 
is shown in Fig. 3. With a moderate resolution such as 
employed in the present experiment, most all bands 
look somewhat diffuser than bands in the vapor phase 
phosphorescence spectrum of B.23) This may be 
attributed to the difference between the two band 
contours. The band at 25486 cm - 1 is tentatively taken 
as the origin band and designated as o. This is in 
agreement with the Haque-Thakur (H-T) assign­

ment. 18) Eleven prominent bands are 0o°(o), 25i°(A), 
18i°(m), 16i°(n), 15i°(*), lli°(w), 8i0(u;), 7i°(p), 6iQ(q), 
6i°25i°(q+k), and 262°(2/); and are located at 0, -199, 
-1013, -1148, -1203, -1386, -1570, -1608, -1728, 
—1927 and —2005 cm - 1 from the origin band, respec­
tively. Here and hereafter a minus sign means that the 
relevant band is located at longer wavelength side from 
the origin band and a plus at a shorter wavelength 
side. Most intense bands are the origin band itself and 

A/nm 

Fig. 3. Phosphorescene spectrum of FB in the vapor phase. See 
the text for Greek-lettered bands. 

A*>a> 

211 
186 
174 
157 
150 

9 
5 
0d> 

« 3 
14 
25.6 
30.8 

« 4 0 
50 

199 
214 
230 
401 
420 
588 
620 

Int.b> 

W W 

vw 
w 
m w 
m w 
m w 
m 
W S 

vs 
vs 
s 
s 
m w 
m 
ms 
m 
m 
W W 

VW 

w 
m w 

Tab le 3. Vibrat ional Assignment 

Assignment 

2501 

25o136i1 

Envelop 

Oo° 
Envelop 
3Ô11 

2511 

362
2? 

363
3? 

252
2 

25i° 
25103611 

2521 

252° 
2310 
26ii 
34o126i° 

Remarksc ) 

25o1= 

ß 

o 

25i°= 

= 174; a 

= 199; k 

(Calcd=227) 
(Calcd=398) 

26o1= 

34o1= 

=415; y 
=383; ô 

of Bands in the FB Vapor Phosphorescence 

Ai>a> 

776(1') 
840 
857 

1013 
1148 
1161 
1177 
1203 
1217 
1295 
1384 
1401 
1514 
1555 
1570 
1577 
1608 
1728 
1744 
1927 
2005 

Int.b) Assignment 

vw 20i° 
vw ? 
w w 19i° 
w 18i° 
m 16i° 
m w l ô i ^ ô i 1 

w l ô i ^ i 1 

m 15i° 
m w l S i ^ ô i 1 

w w 14i° 
m w 111° 
m w l l i ^ ô i 1 

w 9i° 
m w 61Û2501 

m w ô i^So^ô i 1 

m 8i° 
ms 7i° 
vvs 6i° 
VS Ôi^Ôi1 

ms 6i°25i° 
ms 262° 

Remarksc ) 

m 
n 

s 

t 
u 

(Calcd=1554); a+q 
(Calcd=1571) 
w 

P 
Q 
(Calcd=1743) 
(Calcd=1927); q+k 
26i°=1003; 2/ 

a) Values in this column denote band separation (in cm - 1 units) from the origin band. Italicized 
wavenumbers than the origin band, b) Relative intensity. Its ordering is: vvs>vs>s>ms>m> 
c) Calculated from the first fundamental combination frequencies. Band designations are for Fig 
to be 25486 cm-1. 

bands lie at higher 
mw>w>vw>vvw. 

3. d) Determined 
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ve progression bands. Except an about +100 cm - 1 

origin band shift, the phosphorescence spectral fea­
tures are in good agreement with those in MCH at 
4.2 K. Main vibrational modes appearing in the 
spectra are common and their frequencies are close to 
each other (see Figs, la and 3 and Tables 1 and 3). In 
this sense, the H - T assignment for the vapor 
phosphorescence spectrum is rationalized to a great 
extent as long as it concerns in-plane ground state 
modes. However, there are several discrepancies 
between H-T's assignment and ours, especially for 
several sequence bands and several fundamentals in 
the excited state. 

From comparison between the vapor spectrum at 
room temperature and the rigid spectrum at 4.2 K, we 
find that several additional bands appear in each 
other. For the rigid spectrum they are clearly phonon 
side bands. For the vapor spectrum, on the other hand, 
they are (i) several prominent peaks (especially peaks 
designated as a and ß in Fig. 3) lying at +100— 
+200 cm - 1 from the origin band; (ii) intense Oo° band 
group in the 0——100 cm - 1 region; (iii) the band at 
-588 cm"1 (7); and (iv) the band at -620 cm-1 (<5). 

Bands y and ô are the two strongest in the 250— 
900 cm-1 region. H - T have proposed 24i°25i° and 
23i°25i° assignments for these, respectively.18) The fact 
that no corresponding bands were observed for the 
phosphorescence spectrum in MCH at 4.2 K (see Fig. 
la), however, inclines us to other assignments. From 
viewpoints of the band spacing and intensity distri­
bution, the bands at —587 and —620 cm-1 in the B 
vapor phosphorescence seem to correpond to the —588 
and —620 cm - 1 bands in the FB spectrum, respectively. 
The —587 cm - 1 phosphorescence band of B has been 
established to be 26ix (where V26 of B means aldehyde 
H-wag)17'23'26> while the -620 cm"1 band of B has been 
suggested to be a cross sequence band 34o126i°. By 
analogy we assign band y in the FB spectrum as 26ix 

and band <5 as MtâW™ Two prominent bands at 
—541 and —470 cm-1 observed for the vapor phase 
phosphorescence spectrum of FB-ldi suggest that the 
relevant modes may involve aldehyde motion because 
of their large red shifts in the spectrum of FB-ldi. Our 
assignments for bands y and ô do not contradict this 
deuteration effect. 

All bands belonging to group (i) are, without doubt, 
attributed to so-called hot bands. In the B phospho­
rescence case, the most intense band in this region 
was 2501 which was observed at +190cm-1.23) This 
assignment has been supported by the observation of 
only one prominent band at 0+190 cm - 1 in the 0— 
400 cm - 1 region of the T<—S phsophorescence excita­
tion spectrum of B in MCH at 4.2 K.17) In the present 
FB phosporescence case, however, three prominent 
bands were observed at +174(a), +157 and +150 cm"1 

(ß). H - T assigned band ß as 25ox from its intensity, 
deducing 25i1=—50 cm"1 (obsd -49.6cm"1).18> We 
found that there is some pro and con evidence for the 
assignment +150 cm"1 ()ß)=25o1. The intensity of band 
ß inclines us to support it, but a weak intensity of the 
resultant 25ix band around —50 cm"1 to disapprove it. 
Almost no discriminative evidence between them was 
obtained by observing the vapor phase phosphores­
cence spectrum of FB-ldi. An alternative assignment 
is 25o1«+174cm-1 and 25ix—-25 cm"1. An about 
12.5% decrease in frequency of the vibration upon 
excitation from the ground state to the 3n7u* state in FB 
is very close to an about 12.4% decrease in B.3) In order 
to descriminate between the alternative assignments, 
we observed the T<—S phosphorescence excitation 
spectrum of FB in MCH at 4.2 K (Fig. 4). Only a 
prominent band was observed at 0+177 cm - 1 in the 
0—400 cm -1 . This band may safely be assigned to 25ox. 
This ô (</>-CHO) vibrational frequency has been 
known to be stable, almost independent of environ­
ments employed.3) We therefore take the 2501—+174 

A/nm 

Fig. 4. Ti,2<—So phosphorescence excitation spectrum of FB 
in MCH at 4.2 K. Conen: 3X10~3 M. 
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cm - 1 (a) for the vapor spectrum. 
The phosphorescence origin band regions for FB 

and FB-ldi are shown in Fig. 5. In FB there are several 
sequence systems such as bands at —14, —25, —31, —40, 
and —50 cm - 1 from the origin band. The first two and 
the last two were assigned by H - T to 3611, 3622, 35ix, 
and 25ix, respectively. The Boltzmann factors were 
calculated at 300 K by taking 36^75 , 251«175, 
351»200, 34^300, 33^380, and 261«415 cm"1: 0: 361: 
362: 251: 351: 363: 341: 252: 331: 261=100: 70: 50: 50: 40: 
35: 25: 20: 17: 14. The intensity ordering observed for 
the origin band region is I(0)>I(—3 cm-1)>I(—14)>7-
(-25)^/f-31)>/f-50)>/f-40). Possible assignments 
for two very intense bands at —3 cm - 1 and —14 cm - 1 

are the origin band head and 36ix, respectively, in 
agreement with the H - T assignment.18) Although the 
intensity of the first sequence bands Xi1 do not always 
reflect population differences, the four strongest 
sequence bands in the vapor phosphorescence spectrum 

a 

b 

02 1 

/ \ '—' 

/ Vjf1??* 
/ 10 cm"1 x. 

0236Î 
I—1 1—1 

r \ # 
/ \ '—' 

Fig. 5. Spectral profiles of the Oo° band group in the 
vapor phosphorescence spectra of (a) FB and (b) FB-
ldi. 

of B are 36ix, 25ix, 3622, and 35ix in its intensity order. 
The calculated population order seems to be in 
qualitative agreement with that of first several strong 
sequence bands observed. By analogy two bands at 
—25 and —31 cm - 1 were thus tentatively assigned to 
25ix and 3622, respectively. 

The band structures for the origin band region of 
the vapor phosphorescence spectra of FB and FB-ldi 
(Figs. 5a and b, respectively) are different from each 
other. Apart from several minor bands, however, the 
main band structure in the latter is understandable 
only if the —14 cm - 1 band of FB is taken to shift 
toward the higher wavenumber side by 10—12 cm - 1 

upon the deuterium substitution. This band over­
lapping between Oo° and 36i* brings forth apparent 
band broadening for the vapor phosphorescence 
spectrum of FB-ldi. 

Conclusions and Remarks 

Both TUTU* and nrc* phosphorescence spectra of FB 
have many resemblances to those of B, respectively. 
They are, for example, 0-0 band proximity, close 
deuteration effect [cf. Table 4 for these points], 
vibronic pattern's similarity, and so on. By summing 
these up, we can conclude that the substitution of the 
fluorine atom for the para hydrogen atom of B has 
little effect to the related electronic states. There 
remain, however, several important points to be made 
clear. Two of them may be interesting. One concerns 
the difference between the CHO-torsional potential 
surfaces of each molecule in the Ti (rnz*) and So states 
and the difference between such potentials of the two 
molecules in each electronic state. The 36/ fz—1,2, • • ) 
sequence bands for vapor phase B extend to the shorter 
wavelengths from the Oo° band while those for vapor 
phase FB do to the opposite direction. A detailed 
analysis of these sequence bands with much higher 
resolution at moderate temperatures will be fruitful 
and be preferable to jet-cooled experiments for the 
studies of those aromatic aldehydes because the main 
part of the CHO-torsional potentials is dominated as a 
term V2 and the activity of 36/+1 or 36;+iz is expected to 

Table 4. Comparison of Frequency Shifts in the Phosphorescence 
Origin Bands of FB, B, and Their Deuterated Derivatives3* 

Vapor 
AD

d> 
MCH 
AD

d> 
MB 
A D

d ) 

AC 
A D

d ) 

FB 

25486 

25390 

25617 

25733 

B 

25179 

25068 

25532 

25613 

AF_Hb> 

307 

322 

85 

120 

FB-ldi 

25529 
43 

25441 
51 

25615 
- 2 

— 
— 

B-ldi 

25222 
43 

25119 
51 

25524 
- 8 

25613 
0 

AF-DC) 

307 

322 

91 

— 

a) In cm-1 units, b) AF-H=E0 .0(FB)-E0 .°(B) and AF-D=E0.0(FB-ldi)-E0.°(B-ldi). c) The data for B and B-ldi are 
taken from Ref. 3. d) The origin band shift upon substitution of the aldehyde H-atom for the D-atom: 
AD=E°'0(FB-ldi or B-ldi)-E°.°(FB or B). 
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be very small . T h e other concerns vibronic analysis of 
the T<—S phosphorescence excitation spectrum of FB 
in M C H at 4.2 K (see Fig. 4). T h e vibronic band 
pa t te rn in the v ( O O ) b a n d region is extremely 
different from that of the 1n7ü*<—So spectrum, suggest­
i ng that the T<— S spect rum should considerably be 
tangled in this region. T h e precise data on out-of-
p lane vibrat ional frequencies in the excited state will 
be required for per forming similar u n t a n g l i n g calcu­
la t ion as demonstra ted previously for the B / M C H 
system.17) 

T h e au thors acknowledge the close cooperat ion and 
invaluable comments of Professor T e r u o Shinmyozu 
in synthesizing the isotopic derivative and thank 
Professor S. N. T h a k u r for communica t ions . 
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Salen-Capped Porphyrins as an Active Site Model of Metalloenzymes: 
Synthesis and Their Intramolecular Interactions 

between the Metal Complexes 
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Reversible Schiff base condensation of bis(salicylaldehyde)-linked porphyrins and ethylenediamine under 
high dilution gave salen-capped porphyrins in high yields. Site selective insertion of nickel(II) into the salen 
and zinc(II) into the porphyrin gave the corresponding Ni-Zn heterobinuclear complexes. The geometrical 
relationship between the two metal centers was estimated by 1H NMR spectroscopy. The porphyrin n 
electronic state of these Ni-salen-capped Zn-porphyrins was perturbed by their Ni-salen cap, which was studied 
by 400 MHz 1H NMR, UV-Vis spectra, fluorescence, and cyclic voltammetry measurements. 

In the last decade, extensive studies of binuclear 
metal complexes have been made as simple chemical 
models for biological metalloproteins containing 
bimetallic centers.1* One of the important require­
ments for the model complexes is the close proximity 
of two metal centers in a well-defined three dimen­
sional geometry, as is found in biological systems. Key 
roles of the hemoproteins and porphyrin pigments in 
biological systems provide impetus for the construc­
tion of porphyrin dimers2) and other binucleating 
porphyrins.3 '4) Porphyrin dimers have been extensive­
ly studied as models for the 'special pair' in the 
photosynthetic reaction center and as donor-acceptor 
type substrates for intramolecular electron-transfer 
reactions and excitation energy transfer reactions, 
while heterobinucleating porphyrin ligands have 

h***^^'0?-

9*x 

a, X=Y = H2 

b, X = H2,Y=Ni 

c, X = Zn,Y = H2 

d, X = Zn,Y=Ni 

attracted considerable attention in view of the con­
struction of synthetic receptor molecules3) and synthe­
tic enzyme models for bimetallic hemoproteins such as 
cytochrome oxidase.4) In this paper, we describe the 
synthesis and physical properties of salen (N,N'~ 
disalicylideneethylenediamine)-capped porphyrins.5) 

Since the salen ligands are widely known to form 
stable complexes with a variety of transition metals, 
the salen-porphyrin binucleating ligand system are 
useful as a model for studying the interactions of the 
metalloporphyrins with other transition metal com­
plexes. We synthesized three salen-capped porphyrins 
(1—3) with different orientations: A parallel orienta­
tion for 1 and 2 and a perpendicular one for 3, so as to 
estimate the geometric effects on their interactions 
between the two metal sites. 

Results and Discussion 

Synthesis of Salen-Capped Porphyrins. Our syn­
thetic route to salen-capped porphyrins utilized the 
Schiff base condensation of bis(salicylaldehyde)-linked 
porphyrins (4—6) with ethylenediamine in the final 
step. 

Salen-capped porphyrins la and 2a were prepared 
from mesoporphyrin II dimethyl ester (7)6) as follows: 
— The dimethyl ester 7 was hydrolyzed under acidic 
conditions to mesoporphyrin II (8),6) which was 
transformed into the bis(acid chloride) 97) and then 
reacted with 2-hydroxy-5-(2-hydroxyethyl)benzaldehyde 
(10) and 2-hydroxy-5-(3-hydroxypropyl)benzaldehyde 
(11) to give bis(salicylaldehyde) linked porphyrins 4 
and 5 in 76% and 72% yields, respectively. (Scheme 1) 

The aldehydes 10 and 11 were obtained as follows: 
— Commercially available 4-hydroxyphenethyl al­
cohol (12) was treated with acetyl chloride in CH2CI2 
to protect the alcoholic hydroxyl group, and then the 
formyl group was introduced at the 3-position by 
HCHO/SnCU method.8) Hydrolysis under acidic 
conditions gave the aldehyde 10 in overall 45% yield. 
(Scheme 2) Similarly, the aldehyde 11 was prepared 
from 3-(4-hydroxyphenyl)-l-propanol (13) in overall 
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( C H 2 ) n - ^ - O H (cH2)n 

OH 

CHO 

,CHO 
HO(CH 2 ) n -0 . O H / C H 2 C , 2 

10 n = 2 
11 n=3 

CHO V / 
( C H a ) n - 0 - O H (CH2)n 

Scheme 1. 

HO ̂ Q K C H 2 ) n OH 12 n=2 

13 n=3 

H0^V(CH 2 ) n 0Ac 14 n=2 
^^ 15 n= 3 

HCHQHCH2)n0Ac 16 n=2 

CHO 
iii 

H O ^ Q ^ C H ^ O H 10 n = 

CTO 11 n= 

Scheme 2. Reagents: i, ACCI/CH2CI2; ii, SnCl4, 
triethylamine/toluene then paraformaldehyde; 
iii, 4M HC1-THF. 

33% yield. 
The bis(salicylaldehyde)-linked porphyrin 4 reacted 

with an equimolar amount of ethylenediamine under 
high dilution (<3X10-4M, 1 M=l mol dmr3) for a 
prolonged period of time (1—2 weeks). Schiff base 
formation was monitored by TLC (silica gel, CH2CI2-
10% ether). At an early stage of the reaction, 
intermediate condensation products (presumably 18a, 

TLC 

10 min 

1 week 

1 (Rf) 

( C H 2 ) S ^ ^ 0 ^ > - ( C H 2 ) n 

Scheme 3. 

NH2 

CHO 

NH2 

18a 18b 

18b), which eluted very slowly on TLC (R{ <0.1), 
rapidly appeared. But on prolonged reaction, these 
polar products disappeared slowly and instead the 
salen-capped porphyrin la (ßf=0.4—0.5) steadily 
accumulated. After 1 week, almost all of the original 
porphyrin 4 was converted to la. Evaporation of the 
solvent followed by addition of methanol induced 
nearly complete precipitation of the salen-capped 
porphyrin la in 70% yield. Similarly, the bis(salicyl-
aldehyde)-linked porphyrin 5 was converted to the 
salen-capped porphyrin 2a in 81% yield. Many 
macrocyclizations use irreversible reactions, and the 
product yield is often unsatisfactory. On the other 
hand, the Schiff base condensation is reversible 
attaining an equilibrium on prolonged reaction time, 
where the capped porphyrin is entropically favored 
over the linear condensation products under the high 
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dilution conditions (<3X10"4 M).9> 
A salen-capped porphyrin (3a) with perpendicular 

orientation was synthesized from the bis(salicylalde-
hyde)-linked porphyrin 6a, which was prepared from 
5,15-bis(2-methoxycarbonylphenyl)etioporphyrin II (19) 
as shown in Scheme 4. 5,15-Bis(2-methoxycarbonyl-
phenylÄtioporphyrin 11(19) was prepared by the 
modified Gunter's method.4a'10) The dimethyl ester 19 
was hydrolyzed under basic conditions to give the 
porphyrin diacid 20, which consisted of a,a- and a,ß-
isomers in a ratio of ca. 1:1. This mixture was 
converted into acid chloride without separation and 
the acid chloride thus prepared was treated with 2,4-
dihydroxybenzaldehyde. Although 2,4-dihydroxybenz-
aldehyde is itself insoluble in dichloromethane, 
addition of an equimolar amount of pyridine solubi-
lized it in dichloromethane, so that reaction with the 
acid chloride 20 (selectively at the 4-hydroxy 1 group) 
gave the bis(salicylaldehyde)-linked porphyrin 6a in 
83% yield (a,a/a,ß=l/3 from *H NMR). At this stage, 
two stereoisomers were separated by flash column 
chromatography. We assigned the more polar 
compound (which moved more slowly on silica gel 
TLC) as the isomer of a,«-configuration (6a: a,a). 
This isomer was treated with ethylenediamine to give 
the salen-capped porphyrin (3a) in 75% yield, and our 
assignment was unambiguously confirmed. 

The a,j3-isomer (6a: a,ß) was converted to the zinc 
complex and refluxed in o-dichlorobenzene to give the 
atropisomeric mixture, which was again separated by 
flash column chromatography.4a) The zinc complex of 
the a, a-isomer (6c: a,a) reacted with ethylenediamine 

19 CO2R 

KOH 

20 
(mixture of atropisomers) 

i . <C0C1>2 19 R=Me 
1 1 CHO 

¥ ^c^ « pyr id ine 
20 R =H 

6a OH R = - ^ - CHO 

OH 

chromatog. 

1 
CHO ÇHO 

^ O H H O - Q 

CHO 

ethylenediamine 

V \ a'ß 

CHO 

to give the salen-capped porphyrin 3c in 80% yield. 
Synthesis of Hetero-Binuclear Metal Complexes. 

For the preparation of hetero-metal complexes, the 
difference in affinity between the salen and the 
porphyrin ligands was utilized. Thus, treatment of the 
salen-porphyrin ligands with nickel(II) acetate in 
dichlormethane at room temperature resulted in the 
insertion of nickel(II) into the salen site only even with 
excess nickel acetate, but in refluxing chloroform, 
both sites were metallated to give the corresponding 
bis-nickel complexes. In contrast, zinc(II) was 
selectively inserted to the porphyrin site on treatment 
with zinc(II) acetate in dichloromethane at room 
temperature. These phenomena may be ascribed to the 
intrinsically strong affinity of the salen ligand for the 
nickel(II) ion and that of the porphyrin ligand for the 
zinc(II) ion. Usually, after the insertion of nickel(II) 
into the salen site, the porphyrin site was metallated 
with zinc(II) acetate to give nickel-salen-zinc-porphy-
rin complexes in nearly quantitative yields. 

1HNMR and the Geometries of Salen-Capped 
Porphyrins. The lH NMR spectra of salen-capped 
porphyrins (la, Id, and 2d) illustrate many of the 
features characteristic of the capped structure.n) (Fig. 
1 ) The propionate side-chain protons appeared in the 
normal region but as four complex multiplets (each of 
2H, a,a',b,b' in Fig. 1) due to restricted conformations. 
The salen-cap protons were upfield shifted up to about 
2 ppm from their usual chemical shift (e,e' in Figure 1) 
by the strong diamagnetic shielding effect of porphy­
rin ring current, indicating that the salen units were 
forced to be held above the porphyrin plane. 

Other salen-capped porphyrins also showed upfield 
shift for the salen protons (Table 1), but the 
propionate side-chain protons of 2a showed simple 

Et Me 

Me 

WAA^_J\M 
ppn 

Scheme 4. 

~~1—1—1—1—1—1—1—1—1—1—1—1—1—i—1—1—1—1—1—1—1—[—1—1—r 

H.5 M.D 3.5 3.D 5.5 ^ Q 

Fig. 1. Partial 400 MHz 1H NMR spectrum of salen-
capped porphyrin la in CDCI3. 
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Table 1. 1H NMR Chemical Shift of Selected Protons in Salen-Capped Porphyrins in CDCI3 

Compd 

la 
2a 
3a 
3c 

H2-Salen 

lb 
2b 
3b 
Id 
2d 
3d 

Ni-Salen 

Ha 

6.31 
5.95 
5.67 
5.03 
6.94 

(7.09 
a) 

(5.76 
(6.71 
5.78 
4.84 
7.04 

Hb 

6.35 
5.65 
— 
— 

7.29 

6.87 
a) 
— 

6.20 
5.88 
— 

7.20 

Chemical shift ô/ppm 

Hb' 

— 
— 

4.16 
4.77 
6.85 

— 
— 
5.76 
— 
— 

(5.99 
6.53 

He 

5.39 
5.84 
5.71 
5.94 
7.22 

6.39) 
a) 

4.56 
5.80) 
4.67 
5.76) 
7.06 

Hd 

6.25 
7.21 
7.26 
7.32 
8.36 

a) 
a) 

3.87) 
a) 

5.52 
7.26 
7.49 

He 

2.84, 2.06 
3.27 
3.42 
3.37 
3.94 

-1.42, -1.72 
a) 

-1.38 
a) 

2.54 
3.8 
3.43 

a) Not characterized. 

meso-H 

JL. 

ß<H3 

3a 

3b 

V^f^V^f^tV^ u 3d 

10.5 
1 1 • ' • ' l 
10.0 9.5 3.0 

• i ' 
2.5 

ppw 

2.0 

Fig. 2. Resonances of the meso protons and /3-CH3 
protons of salen-capped porphyrins 3a, 3b, and 3d. 

patterns, indicating the more flexible conformations 
of longer alkyl chains. In the metal free form, the 
salen ligand acts like a flexible methylene chain, while 
rigid square planar structure of the nickel-salen12) 

reduces this flexibility, leading to the complicated 
patterns of the 1H NMR signals. In the case of the 
mono-nickel complexes lb and 2b, we observed 
broadened XH NMR spectra presumably because of the 
intimate association of the free base porphyrin with 
the nickel-salen moiety. Strong interactions between 
the nickel-salen and the free-base porphyrin were also 
observed in 3b. The 1H NMR spectrum of 3b showed 
two sets of signals in equal intensity (Fig. 2) for meso-
H and ß-CHz of the porphyrin (indicated by arrows in 
Fig. 3), and the methylene protons of the salen (He in 

Fig. 3. Proposed conformations for 3b (a), and 3d (b). 

Table 1) were upfield shifted in a similar magnitude 
with lb, indicating that 3b was forced to be in a 
distorted conformation and thus two meso protons 
and peripheral methyl protons were not equivalent13* 
(Fig. 3a). In contrast, it is noteworthy that the 
corresponding nickel-salen zinc-porphyrin complex 
3d exhibited single resonances at 9.94 ppm for meso-H 
and at 2.41 ppm for /3-CH3 and the upfield shift of He 

was not observed, indicating either that the Ni-salen-
cap was in a perpendicular arrangement relative to the 
porphyrin or that it was undergoing of flapping 
motion which was faster than the time scale of the 
1H NMR measurement (Fig. 3b). 
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Time-averaged conformations of the nickel-salen-
capped zinc-porphyrins Id, 2d, and 3d can be deduced 
from their 400 MHz 1H NMR spectra by analyzing 
porphyrin-ring-current induced chemical shift chan­
ges.14) Protons of the nickel-salen-cap were up-field 
shifted relative to the unsubstituted nickel-salen due to 
the porphyrin ring current, indicating that the salen 
moieties were above the porphyrin plane in each cases 
(Table 1). 

The nickel-salen protons of Id were upfield shifted 
by 0.3—1.2 ppm, while much larger upfield shifts were 
observed for 2d. Since the size of the nickel-salen is 
comparable to the porphyrin, the peripheral protons 
of the nickel-salen in Id protrude out of the porphyrin 
ring current due to insufficient length of the methyl­
ene linkage. This could give rise to a decrease of the 
ring current shifts. On the other hand, there exist 
some conformational flexibilities in 2d, which allow 
the nickel-salen-cap to take a folded conformation just 
above the porphyrin ring. Thus the nickel-salen 
protons in 2d were all upfield shifted by 1—2 ppm, 
which seemed to be consistent with a time-averaged 
face-to-face geometry with 5—6 Â separation, as 
shown in Fig. 4a. In sharp contrast, the Hd and He 

protons in 3d did not exhibit up-field shifts and the Ha 

- 0 . 2 »*Xh 

Fig. 4. Observed upfield ring-current shifts (negative 
values in ppm) with resprct to nickel-salen in the 
1H NMR spectra (CDCb) and proposed conforma­
tions of 2d and 3d. 

protons were markedly upfield shifted, suggesting a 
nearly perpendicular arrangement of the nickel-salen-
cap to the porphyrin ring. (Fig. 4b) Metal-metal 
distance and edge-to-edge distance between the nickel-
salen and the zinc-porphyrin of 3d were estimated to be 
7.0—7.5 Â and 5 Â, respectively, on the basis of the 
porphyrin ring current model.14) These geometric 
arrangements were supported by Corey-Pauling-
Koltun (CPK) molecular models, which gave estimat­
ed metal-metal distances to be 4.8 Â in Id, 5.6 Â in 2d, 
and 7.2 Â in 3d, respectively; in good agreement with 
those estimated from ring-current shifts. 

Absorption Spectra snd Electrochemistry. The ab­
sorption spectra of the nickel-salen-capped porphyrins 
contained Soret and Q-bands due to the porphyrin as 
well as the nickel-salen absorption in UV region (Amax 

250 nm). Though the shapes of Soret and Q-bands of 
lb and 2b were almost unchanged relative to 7a, both 
Soret and Q-bands were ca. 3—4 nm red-shifted by the 
nickel-salen-cap (Table 2). In the nickel-salen-capped 

MeO. 
OMe 

7a M=H2 

7c M=Zn 

•(CH2)icu 

21a M=H2 

21c M=Zn 

Table 2. UV-Vis Spectral Dataa> 

Compd 

la 
2a 
lb 
2b 
7a 

3a 
3b 
21a 

Id 
2d 
7c 

3c 
3d 
21c 

Soret 

400 
400 
403 
402 
398 

412 
406 
410 

410 
404 
401 

417 
418 
412 

Amax/ 

498, 
499, 
504, 
502, 
498, 

508, 
506, 
507, 

538, 
535, 
531, 

543, 
548, 
540, 

/nm 

Q-bands 

534, 
533, 
538, 
536, 
533, 

541, 
539, 
540, 

574 
571 
568 

583 
583 
575 

568, 
567, 
568, 
569, 
566, 

577, 
572, 
576, 

621 
621 
621 
624 
620 

625, 
624, 
629, 

656 
654 
654 

a) Measured in CH2CI2 solution. 
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zinc-porphyrins Id, 2d, and 3d, Soret and Q-bands of 
the porphyr in were substantial ly red-shifted (Table 2). 
C o m p o u n d Id, especially showed 9 n m red shift of the 
Soret band together wi th some broadening, compared 
wi th 7c, suggesting strong g round state interactions 
between the macrocycle and the Ni-salen-cap. As a 
u n i q u e case, 3b showed a 4 n m blue shift compared 
wi th 21a, which should be ascribed to the distorted 
conformations of 3b (Fig. 3a). Reversible one-electron 
oxidat ion potentials of Id, 2d, and 3d were much lower 
than those of the reference porphyr ins 7c and 21c 
(Table 3). As proved by ESR measurements,1 5 ) the first 
oxidat ion of these nickel-salen-zinc-porphyrin com­
plexes leads to the formation of the corresponding 
porphyr in n cation radical wi th the g-value of 2.002 
which is the same as the n cation radical of zinc-meso-
porphyr in II dimethyl ester (7c). A l though their 
hyperfine structures are no t clear, slightly broadened 
signals of Id and 2d indicates the per turba t ion by 
nickel-salen moieties. (Fig. 5, Tab le 3) Such broaden­
ing of ESR signal was no t observed in 3d. 

Since it has been well-established that porphyr ins 
generally show red-shifted Soret bands and lower 

Table 3. 

Compd 

Id 
2d 
7c 
3d 

21c 

170 x a) 
£•1/2 

0.03 
0.05 
0.19 
0.07 
0.15 

AE% 

-0.16b> 
-0.14b> 

— 
-0.08c> 

— 

g-valued) 

2.002 
2.002 
2.002 
2.002 
2.002 

AHPp/Ge> 

4.8 
4.9 
4.2 
3.9 
3.9 

a) Oxidation potentials (V vs. ferrocene/ferrocenium, 
+0.45 V vs. SCE) were measured by cyclic voltammetry 
at a Pt electrode, in dichloromethane containing 0.1 
M (1 M=l mol dm -3) tetrabutylammonium Perchlo­
rate at 20 °C; accuracy±0.01 V. b) Oxidation potential 
changes with respect to 7c. c) Oxidation potential 
change with respect to 21c. d) ESR g-values of one-
electron oxidation products, e) Peak to peak line width 
(±0.2 G). 

Fig. 5. ESR spectrum of the cation radical derived 
from Id, generated by electrooxidation in CH2CI2. 

oxidat ion potent ia ls in electron-donating solvents or 
wi th e lect ron-donat ing axial ligands,16) these spectral 
red shifts and low oxidat ion potentials of Id, 2d, and 
3d can be ascribed to electron donat ion from the 
nickel(II)-salen to the zinc-porphyrin in the g round 
state. 

Fluorescence Quenching. Porphyr in fluorescence 
was effectively quenched by nickel-salen moiety in Id, 
2d, and 3d. T h e fluorescence intensities of Id and 2d 
were 0.02 and 0.04 compared wi th that of parent 
porphyr in 7c, and the fluorescence intensity of 3d was 
reduced to 0.10 wi th respect to reference porphyr in 21c 
(Table 4). Picosecond time-resolved fluorescence 
spectroscopy revealed that the major fraction of the 
fluorescence of Id, 2d, and 3d decayed rapidly wi th 
fluorescence lifetime of 0 .1ns , 0.15 ns, and 0.3 ns, 
respectively (Table 4).17) Fluorescence lifetime of 3d is 
2—3 times longer than those of Id and 2d. We also 
examined picosecond time-resolved spectra of ld.18) 

T h e spectrum at the delay t ime of 33 ps was almost due 
to the Sn<—Si t rans i t ion of the Zn-porphyr in . A rap id 
decay of the Sn<—Si absorpt ion at 460 n m was observed 
and the t ime constant of the decay (0.14 ns) agreed 
satisfactorily wi th the fluorescence lifetime of Id. 
U p o n further increase of the delay t ime to 1 and 5 ns, 
the Tn<—Ti absorpt ion at 450 n m was observed, bu t its 

/ \ ! \ ground state 
/ V \ 

400 500 600 700 , 
/ nm 

Fig. 6. Picosecond time-resolved transient absorp­
tion spectra of Id in DMF, excited at 532 nm pulse. 
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Table 4. Fluorescence Spectral Dataa) 

Compd 

Id 

2d 

7c 
3d 

21c 

Aem/nm 

569, 622 

571, 622 

570, 620 
584, 640 

580, 635 

^f,relb ) 

0.02c) 

0.04c> 

1.0 
0.10d> 

1.0 

r/nse) 

0.108 (88%) 
0.710 (12%) 
0.153 (85%) 
0.854 (15%) 
1.45 (100%) 
0.312 (87%) 
1.63 (13%) 
1.61 (100%) 

a) Measured in CH2CI2 solution, b) Relative fluores­
cence intensities of Q (00) bands; excitation at Soret 
wavelength, c) With respect to 7c. d) With respect 
to 21c. e) Fluorescence lifetime measured by time-
correlated single photon counting;17) excited at 514.5 
nm by Ar laser pulse. Numbers in parentheses indicate 
the normalized pre-expotential factor. 

intensity was not enhanced, indicat ing that the 
intersystem crossing of the singlet excited state of zinc-
porphyr in was not accelerated by the Ni-salen. Al­
t h o u g h it was difficult to detect clearly the ion pai r 
state presumably due to its rap id charge recombina­
tion, the electron transfer mechanism was expected to 
play a p redominan t role for the fluorescence quench­
ing. 

As discussed above, 3d seems to have a nearly 
perpendicular a r rangement of two chromophores , 
whi le Id and 2d have a time-averaged face-to-face 
arrangement . A l though the meta l -meta l distances of 
Id (4.8 Â) and 2d (5.6 Â) were shorter than those of 3d 
(7.2 Â), the edge-to-edge distance between the nickel-
salen and the z inc-porphyr in was almost the same for 
Id, 2d, and 3d (ca. 5 Â). It is reasonable to consider 
that an electron-donat ing interacit ion from nickel(II)-
salen to the porphyr in ^-electronic system is mainly 
or ientat ion-dependent , since electron-filled dz2 orbital 
of nickel(II) has an axial direction wi th respect to the 
salen-l igand plane. T h u s face-to-face geometry 
between the nickel-salen and the zinc-porphyrin seems 
more favorable for this e lectron-donat ing and other 
orbital interactions. 

In summary, in t ramolecular macrocyclization reac­
tions produced several novel b inuclea t ing salen-
capped porphyr ins , from which the nickel(II)-zinc(II) 
hybrid complexes were obtained by selective metalla-
t ion procedure. In these molecules, the interact ions 
between two metal centers were found to be orient­
at ion-dependent: Fluorescence lifetime of Id wi th 
paral lel or ienta t ion was 0.1 ns, whi le 3 times longer 
lifetime (0.3 ns) was observed in 3d wi th perpendicular 
or ientat ion. Such or ienta t ion effects, which can be 
ant ic ipated in the interactions between geometry-
restricted anisot ropic molecules, should play impor t ­
ant roles in biological systems. O u r model systems 
appear to show propert ies wi th a direct bear ing on this 
issue. 

Experimental 

The 1H NMR spectra were recorded at 400 MHz on a 
JEOL JNM-GX-400 spectrometer, with tetrametylsilane or 
CHCI3 as internal reference. All spectra were measured in 
CDCI3 solution. High-resolution mass spectra were 
obtained on a JEOL JMS-DX-300 instrument (3 eV). Fast 
atom bombardment mass spectra of porphyrins were 
recorded on a JEOL JMS-HX-110 (10 eV) or a JEOL JMS-
DX-300 (1.5 eV) with m-nitrobenzyl alcohol as the matrix. 
UV-Vis spectra were recorded in dichloromethane on a 
Shimadzu UV-200 and a Shimadzu UV-3000. Steady-state 
fluorescence spectra were recorded by using a Shimadzu RF-
502a. Fluorescence lifetimes were measured by picosecond 
time-correlated single photon counting technique.17) ESR 
measurements were done on a JEOL-JES-FEIXG. Cyclic 
Voltammetry was performed with a PAR Model 174. The 
picosecond transient absorption measurements were done 
by means of a microcomputer-controlled double-beam 
ps spectrometer with a repetitive mode-locked Nd3+/YAG 
laser as the excitation source.18* Flash column chromatog­
raphy was carried out using Merck Kieselgel 60H Art. 7736 or 
Merck Kieselgel 60HF254 Art. 7739. 

Anhydrous dichloromethane (CH2CI2) was distilled from 
phosphorus pentaoxide prior to use. Anhydrous toluene 
was distilled from sodium metal and stored over sodium 
wire. Anhydrous pyridine was distilled and stored with 
Molecular Sieves 4A. Triethylamine was distilled and stored 
over potassium hydroxide. 

Unless otherewise stated all reactions were performed 
under an atmosphere of dry nitrogen. All organic extracts 
were dried over anhydrous sodium sulfate. 

4-Hydroxyphenethyl Acetate (14). 4-Hydroxyphenethyl 
alcohol (12) (5.56 g, 40.2 mmol) was suspended in CH2CI2 
(130 ml). Acetyl chloride (4.0 ml) was added and the mixture 
was stirred at room temperature overnight to give clear 
solution. After the solvent and excess acetyl chloride were 
evaporated, the residue was taken up in a little CH2CI2 and 
filtered through silica gel. Evaporation of the solvent left 
colorless oil (6.36 g, 35.3 mmol, 88%). 1H NMR (CDCI3) 
0=7.0+6.7 (each 2H, d+d, Ar-H), 6.0 (1H, br, OH), 4.2 (2H, 
t, CH2OAc), 2.8 (2H, t, ArCH2), 2.0 (3H, s, CH3CO). 

3-(4-Hydroxyphenyl)propyl Acetate (15). 3-(4-Hydroxy-
phenyl)-l-propanol (13) (2.66 g, 17.5 mmol) was treated with 
acetyl chloride (1.5 ml) as described above to give colorless 
oil (2.58 g, 13.3 mmol, 76%). *H NMR (CDCI3) 0=7.18+6.90 
(2H+2H, d+d, ArH), 4.16 (2H, t, CH2OAc), 2.70 (2H, t, 
ArCH2), 2.09 (3H, s, CH3CO), 1.9 (2H, m, CH2CH2CH2O). 

2-(3-Formyl-4-hydroxyphenyl)ethyl Acetate (16).8) 4-Hy­
droxyphenethyl acetate (14) (6.36 g, 35.3 mmol) was dis­
solved in dry toluene (80 ml). SnCU (2 M solution in 
CH2CI2, 2.6 ml) and triethylamine (2.6 ml) were added. The 
mixture was stirred for 20 min at room temperature, then 
paraformaldehyde (2.5 g) was added. The resulting yel­
lowish solution was heated at 100 °C for 8 h. After cooling, 
the reaction mixture was poured into water (200 ml), 
acidified with 1 M hydrochloric acid, and extracted with 
ether. The ether extracts were washed with water and 
concentrated, and the residue was chromatographed on silica 
gel eluted with CH2CI2 to give pale yellow oil (4.16 g, 
20.0 mmol, 57%). *HNMR (CDCI3) ô=10.88 (1H, s, ArOH), 
9.86 (1H, s, CHO), 7.38+7.36+6.93 (each 1H, s+d+d, ArH), 
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4.25 (2H, t, CH2OAc), 2.91 (2H, t, ArCH2), 2.02 (3H, s, 
CH3CO). 

3-(3-Formyl-4-hydroxyphenyl)propyl Acetate (17). From 
3-(4-hydroxyphenyl)propyl acetate (15) (2.58 g, 13.3 mmol), 
the title compound was synthesized by the same procedure as 
described above. Pale yellow oil (1.50 g, 6.75 mmol, 51%). 
i H N M R (CDCI3) 0=10.98 (1H, s, ArOH), 10.04 (1H, s, 
CHO), 7.44+7.00 (2H+1H, m+d, ArH), 4.13 (2H, t, 
CH2OAc), 2.68 (2H, t, ArCH2), 2.08 (3H, s, CH3CO), 1.96 
(2H, m, CH2CH2CH2O). 

2-Hydroxy-5-(2-hydroxyethyl)benzaldehyde (10). 2 (3-
Formyl-4-hydroxyphenyl)ethyl acetate (16) (0.379 g, 1.82 
mmol) was dissolved in tetrahydrofuran (THF, 10 ml) and 
stirred with 4 M hydrochloric acid (10 ml) at room tempera­
ture for 2 days. T H F was removed and aldehyde was 
extracted with CH2CI2. Title compound was chromatogra-
phically purified on silica gel eluted with CH2CI2. Colorless 
oil (0.273 g, 1.64 mmol, 90%). XH NMR (CDCI3) 6=10.89 
(1H, s, ArOH), 9.87 (1H, s, CHO), 7.43+7.39+6.95 (each 1H, 
s+d+d, Ar-H), 3.87 (2H, t, CH2OH), 2.86 (2H, t, ArCH2). 
Found: m/z 166.0630. Calcd for C9H10O3: M, 166.0630. 

2-Hydroxy-5-(3-hydroxypropyl)benzaldehyde (11). 2-(3-
Formyl-4-hydroxyphenyl)propyl acetate (17) (1.50 g, 6.75 
mmol) was hydrolyzed as described above to give pale yellow 
oil (1.02 g, 5.66 mmol, 84%). 1H NMR (CDCI3) ô=11.02 (1H, 
s, ArOH), 10.04 (1H, s, CHO), 7.4+7.0 (2H+1H, m+d, ArH), 
3.72 (2H, t, CH2OH), 2.76 (2H, t, ArCH2), 1.9 (2H, m, 
CH2CH2CH2O). Found: m/z 180.0794. Calcd for C10H12O: 
M, 180.0786. 

Mesoporphyrin II Bis[2-(3-formyl-4-hydroxyphenyl)ethyl]-
Ester (4). Mesoporphyrin II (8)6> (0.422 g, 0.744 mmol) was 
dispersed in dry CH2CI2 (90 ml). Oxalyl dichloride (3.0 ml) 
was added and the mixture was stirred in the dark for 2 h. 
The solvent and excess oxalyl dichloride were removed 
under reduced pressure to yield mesoporphyrin II bis(acid 
chloride) (9) as a purple gum.7) This was dissolved in dry 
CH2CI2 (100 ml), and a solution of the 10 (0.65 g, 3.9 mmol) 
in dry CH2CI2 (30 ml) was added with stirring. Stirring was 
continued for 3 days at room temperature. The mixture was 
poured into water, and organic layer was washed twice with 
water, dried over Na2S04, and then evaporated. The residue 
was flash chromatographed on silica gel eluted with 
CH2Cl2-10% ether. The first band eluted was the desired 
porphyrin 4. Recrystallization from CH2Cl2-methanol gave 
purple microcrystals (485 mg, 0.56 mmol, 76%). XH NMR 
(CDCI3) 0=10.6 (2H, br, OH), 10.09+10.07 (each 2H, s+s, 
meso-H), 9.17 (2H, s, CHO), 6.86+6.62+6.52 (each 2H, 
dd+d+d, ArH), 4.38 (4H, t, /3-CH2CH2CO), 4.14 (8H, m, 
/3-CH2CH3, OCH2CH2), 3.66+3.62 (6H+6H, s+s, 0-CH3), 
3.24 (4H, t, /3-CH2CH2CO), 2.37 (4H, t, OCH2CH2Ar), 1.87 
(6H, t, /3-CH2CH3), -3.78 (2H, br, NH). IR(KBr) 1730 and 
1655 cm"1 (OO) . MS(FAB) m/z 863(M+H+). Found: C, 
71.81; H, 6.30; N, 6.09%. Calcd for C52H54N4O: C, 72.37; 
H,6.31; N, 6.49%. 

Mesoporphyrin II Bis[3-(3-£ormyl-4-hydroxyphenyl)-pro-
pyl] Ester (5). By the same procedure, mesoporphyrin II (8) 
(46.1 mg, 0.081 mmol) was allowed to react with oxalyl 
dichloride (0.3 ml) and then with the aldehyde 11 (110 mg, 
0.61 mmol) to give the title porphyrin 5 as purple crystals 
(53.1 mg, 0.059 mmol, 72%). *H NMR (CDCI3) 0=10.48 (2H, 
s, OH), 10.06+10.03 (2H+2H, s+s, meso-H), 8.64 (2H, s, 
CHO), 6.27+6.17+5.70 (each 2H, dd+d+d, ArH), 4.43 (4H, t, 

jß-CH2CH2CO), 4.07 (4H, m, jß-CH2CH3), 3.92 (4H, t, 
OCH2CH2CH2), 3.65+3.63 (6H+6H, s+s, ß-CH3), 3.31 (4H, 
t, jß-CH2CH2CO), 1.83 (6H, t, /3-CH2CH3), 1.38 (4H, t, 
OCH2CH2CH2), 1.24 (4H, m, OCH2CH2CH2), -3.91 (2H, br, 
NH). IR(KBr) 1730 and 1655 cm"1 (C=0). MS(FAB) m/z 
891(M+H+). 

2,2/-[Ethylenebis[(nitrilomethylidyne)(4-hydroxy-3,l-phenyl-
ene)]bis[ethanol]Diester of Mesoporphyrin II (Salen-Capped 
Porphyrin la, SCP-2-H4). The bis(salicylaldehyde)-liked 
porphyrin 14 (13.8 mg, 0.016 mmol) was dissolved in CH2CI2 
(50 ml, 3.2X10~4M). To this solution, ethylenediamine 
(0.15 M solution in methanol, 0.10 ml) was added. The 
solution was stirred at room temperature over 1 week. The 
conversion was monitored with TLC (silica gel, CH2Cl2-10% 
ether). Evaporation of the solvent and subsequent recrystal­
lization (CH2Cl2-methanol) gave the porphyrin la as purple 
crystals (10.0 mg, 0.011 mmol, 70%). ^ N M R (CDCI3) 
0=12.47 (2H, br, OH), 10.08+10.06 (2H+2H, s+s, meso-H), 
6.25 (2H, s, CH=N), 6.35+6.31+5.39 (each 2H, dd+d+d, Ar-
H), 4.5+4.2 (2H+2H, m+m, jß-CH2CH2CO), 4.14—3.97(8H, 
m, /3-CH2CH3, OCH2), 3.59+3.58 (6H+6H, s+s, jß-CH3), 
3.3+3.1 (2H+2H, m+m, ß-CH2CH2CO), 2.84+2.16+2.06 
(2H+2H+4H, m, CH2-N=C, OCH2CH2), 1.86 (6H, t, 
/3-CH2CH3), -3.74 (2H, br, NH). UV-Vis (CH2CI2) 400, 498, 
534, 568, and 621 nm. IR(KBr) 1730(00) and 1630 cm"1 

(ON) . MS(FAB) m/z 887(M+H+). Found: C, 72.36; H, 6.69; 
N, 9.04%. Calcd for CsÄssNeO: C, 73.11; H, 6.59; N, 9.48%. 

3,3/-[Ethylenebis[(nitrilomethylidyne)(4-hydroxy-3,l-phen-
ylene)]bis[l-propanol]Diester of Mesoporphyrin II (Salen-
Capped Porphyrin 2a, SCP-3-H4). From the bis(salicylalde-
hyde)-linked porphyrin 15 (20.4 mg, 0.023 mmol, in CH2CI2 
180 ml, 1.3X10~4M), the salen-capped porphyrin 2a was 
synthesized by the same procedure as described above to give 
purple crystals (17.0 mg, 0.019 mmol, 81%). 1H NMR 
(CDCI3) 6=12.5 (2H, br, OH), 10.04+10.02 (2H+2H, s+s, 
meso-H), 7.21 (2H, s, CH=N), 5.95+5.84+5.65 (each 2H, 
d+d+dd, Ar-H), 4.33 (4H, t, /3-CH2CH2CO), 4.05 (4H, m, 
jß-CH2CH3), 3.91 (4H, m, OCH2), 3.63+3.59 (6H+6H, s+s, 
/3-CH3), 3.27 (4H, s, CH2-N=C), 3.23 (4H, t, /3-CH2CH2CO), 
1.81 (6H, t, /3-CH2CH3), 1.58+1.27 (4H+4H, t+m, OCH2-
CaCH^Ar) , -3.80 (2H, br, NH). UV-Vis (CH2CI2) 400, 499, 
533, 537, and 621 nm. IR(KBr) 1730(00) and 1630 cm"1 

(ON) . MS(FAB)m/z915(M+H+). 
5,15-Bis(2-methoxycarbonylphenyl)-2,8,12,18-tetranethyl-

3,7,13,17-tetramethylporphyrin (19).4a« 10> Bis(3-ethyl-4-meth-
yl-2-pyrryl)methane19) (2.2 g, 9.6 mmol) and methyl 2-
formylbenzoate (1.6 g, 9.7 mmol) were dissolved in dry 
acetonitrile (120 ml) and trichloroacetic acid (0.3 g, 1.8 
mmol) was added. The mixture was stirred at room 
temperature for 5 h and chloranil (4.5 g, 18 mmol) in dry 
T H F (100 ml) was added. Stirring was continued overnight 
and solvent was evaporated. The residue was washed with 
water and with methanol. Recrystallization from CH2O2-
methanol gave purple crystals (2.0 g, 56%). Second crops 
were obtained as zinc complexes from methanol filtrate after 
treating with zinc acetate (0.80 g, 21%). XH NMR (CDCI3) 
0=10.18 (2H, s, meso-H), 8.35+8.01+7.89+7.84 (each 2H, 
dd+dd+m+m, Ar-H), 4.00 (8H, m, /3-CH2CH3), 2.75 (6H, s, 
OCH3), 2.43 (12H, s, j8-CH8), 1.76 (12H, t, /3-CH2CH3), 
-2.24 (2H, br, NH). MS(FAB) m/z 747 (M+H+). Found: C, 
76.55; H, 6.70; N, 7.28%. Calcd for C48H50N4O4: C, 77.18; H, 
6.75; N, 7.50%. 
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5,15-Bis(2-carboxyphenyl)etioporphyrin II (20). 5,15-Bis-
(2-methoxycarbonylphenyl)etioporphyrin II (19) (0.70 g, 
0.94 mmol) was dissolved in pyridine (75 ml), water (20 ml), 
and methanol (20 ml) containing potassium hydroxide 
(5.4 g). This mixture was refluxed for 3 days in the dark and 
then poured into water and acidified with hydrochloric acid. 
The porphyrin was extracted with CHCI3 and the organic 
layer was washed with water and evaporated. Recrystalliza-
tion from pyridine-methanol gave purple crystals (0.48 g, 
71%). MS(FAB) m/z 719 (M+H+). 

cis-5,15-Bis[2-(4-formyl-3-hydroxyphenoxycarbonyl)-phen-
yl]etioporphyrin II (6a:a,a). 5,15-Bis(2-carboxyphenyl)etio-
porphyrin II (20) (97 mg, 0.135 mmol, the mixture of 
atropisomers was used without separation) was treated with 
oxalyl dichloride (1.0 ml) in CH2CI2 by the same procedure 
as 4 to give porphyrin bis(acid chloride). 2,4-Dihydroxy-
benzaldehyde (0.50 g, 3.6 mmol) was suspended in dry 
CH2CI2 (10 ml) and addition of pyridine (0.5 ml) gave clear 
solution. This solution was added to the solution of 
porphyrin bis(acid chloride) in CH2CI2. The same work up 
procedure as 4 was carried out to give purple crystals of 6a as 
isomers mixture (107.5 mg, 0.112 mmol 83%, a,a/a,ß=\/2>). 

This mixture was separated by flash column chromatog­
raphy on silica gel eluted with CH2Cl2-l% ether. The more 
polar compound was assigned as the as-isomer 6a: a,a 
(25 mg, 0.026 mmol, 19%). 

*HNMR (CDCI3) 6=10.52 (2H, br, OH), 10.15 (2H, s, 
meso-H), 9.09 (2H, s, CHO), 8.49+8.09+7.9 (2H+2H+4H, 
m, meso-ArH), 6.33+5.82+4.97 (each 2H, d+d+dd, C02-
ArH), 3.98 (8H, m, /3-CH2CH3), 2.47 (12H, s, jß-CH3), 1.74 
(12H, t, /3-CH2CH3), -2.30 (2H, br, NH). UV-Vis (CH2CI2) 
412, 508, 541, 577, 653 nm. IR(KBr) 1730 and 1655 cm"1 

(C=0). MS(FAB) m/z 959 (M+H+). 
Zinc 5,15-Bis[2-(4-f ormyl-3-hydroxyphenoxycarbonyl)-

phenyljetioporphyrin II (6c: a,a and 6c: a,ß). trans-5,15-
Bis[2-(4-formyl-3-hydroxyphenoxycarbonyl)phenyl]etiopor-
phyrin II (6a: a,ß) (150 mg) was converted to the zinc 
complexes and dissolved in o-dichlorobenzene (30 ml). The 
solution was refluxed for 24 h and then solvent was removed 
under reduced pressure. The eis and the trans isomer were 
easily separated by flash column chromatography eluted 
with CH2CI2. The trans isomer 6c: a,ß (84.3 mg, 53%) was 
eluted first, followed by the eis isomer 6c: a,a (50.5 mg, 32%). 
*H NMR (CDCI3) 6=10.30 (2H, br, OH), 10.09 (2H, s, meso-
H), 8.89 (2H, s, CHO), 8.46+8.13+7.94 (2H+2H+4H, m, 
meso-Ar-H), 6.32+5.55+5.13 (each 2H, d+d+dd, C02-Ar-H), 
3.96 (8H, s, jß-CH2CH3), 2.43 (12H, s, jß-CH3), 1.73 (12H, t, 
jß-CH2CH3). Found: C, 69.76; H, 4.96; N, 5.42%. Calcd for 
C6oH52N408Zn: C, 70.48; H, 5.13; N, 5.48%. 

6c: a,ß: 1H NMR (CDCI3) ô=10.39 (2H, br, OH), 10.12 
(2H, s, meso-H), 9.07 (2H, s, CHO), 8.46+8.15+8.0 (2H+ 
2H+4H, m, meso-Ai-H), 6.34+5.52+4.97 (each 2H, d+d+dd, 
C02-Ar-H), 3.97 (8H, s, /3-CH2CH3), 2.44 (12H, s, j8-CH2), 
1.74 (12H, t, /3-CH2CH3). 

Salen-Capped Porphyrin 3a, (SCP-0-H4). The bis(salicyl-
aldehyde)-linked porphyrin 6a: a,a (8.3 mg, 0.0087 mmol, in 
CH2CI2 50 ml, 1.7X10"4 M) was treated with ethylenedi-
amine (0.15 M solution in methanl, 0.065 ml) by the same 
procedure as la to give purple crystals (6.4 mg, 75%). 

1H NMR (CDCI3) 0=10.17 (2H, s, meso-H), 8.43+8.17+7.9 
(2H+2H+4H, m, meso-Ai-H), 7.26 (2H, s, CH=N), 5.71+ 
5.67+4.16 (each 2H, d+d+dd, C02-Ar-H), 4.01 (8H, m, 

J8-CH2CH3), 3.42 (4H, s, CH2-N=C), 2.49 (12H, s, j8-CH8), 
1.77 (12H, t, /3-CH2CH3), -2.41 (2H, br, NH). UV-Vis 
(CH2CI2) 412, 508, 541, 577, 625, 656 nm. IR(KBr) 1725(C=0) 
and 1625 cm"1 (C=N). MS(FAB) m/z 983 (M+H+). 

Salen-Capped Porphyrin 3c, (SCP-o-H2Zn). The zinc 
bis(salicylaldehyde)-linked porphyrin 6c: a,a (49 mg, 0.048 
mmol, in CH2CI2 300 ml, 1.6X10"3M) was treated with 
ethylenediamine (0.15 M solution in methanol, 0.35 ml) by 
the same procedure as la to give purple crystals (40 mg, 80%). 

1H NMR (CDCI3) 6=10.08 (2H, s, meso-H), 8.40+8.03+ 
7.93+7.85 (each 2H, d+d+m+m, meso-Ax-H), 7.32 (2H, s, 
CH=N), 5.94+5.03+4.77 (each 2H, d+s+d, C02-Ar-H), 3.97 
(8H, m, /3-CH2CH3), 3.37 (4H, s, CH2-N=C), 2.45 (12H, s, 
j8-CH8), 1.76 (12H, t, /3-CH2CH3). UV-Vis (CH2CI2) 417, 
543, 583 nm. 

General Metallation Procedure: Nickel. Solution of 
nickel(II) acetate in methanol was added to the salen-capped 
porphyrin dissolved in CH2CI2. The mixture was stirred for 
about 5 h at room temperature and then the solvent was 
evaporated. Recrystallization from CH2Cl2-methanol or 
from CH2Cl2-hexane gave the corresponding nickel-salen 
complexes. 

Zinc. A saturated solution of zinc acetate in methanol 
was added to the porphyrin dissolved in CH2CI2. The 
mixture was stirred at room temperature for 1 h. The solvent 
was removed and the residue was washed with water and 
then recrystallized from CH2Cl2-methanol or from CH2-
Ch-hexane to give zinc-porphyrin complexes. 

lb: *H NMR (CDCI3) All signals were broad and poorly 
resolved, 0=9.90+9.84 (2H+2H, meso-H), 7.09+6.87+6.39 
(each 2H, Ar-H or CH=N), -1 .42+-1.72 (4H, CH2-N=C), 
-3.73 (2H, NH). UV-Vis (CH2C12) 403, 504, 538, 568, 
621 nm. MS(FAB) m/z 943—946 (M+H+). 

lc: *HNMR (CDCI3) 0=11.11 (2H, br, NH), 9.94+9.88 
(each 2H, s, meso-H), 6.46 (2H, s, CH=N), 6.24+5.65+4.90 
(each 2H, dd+d+d,Ar-H), 4.48+4.1 (12H, m, ß-CH2, 
OCH2), 3.57+3.54 (6H+6H, s+s, j8-CH8), 3.34+3.15 (2H+ 
2H, m, /3-CH2CH2CO), 2.78+2.67 (4H, m, CH2-N=C), 
2.22+2.16 (2H+2H, m, OCHaCI^Ar), 1.86 (6H, t, 0-CH2-
CHs), UV-Vis (CH2CI2) 404, 536, 572 nm. MS(FAB) m/z 
949—952 (M+H+). 

Id: !H NMR (CDCI3) 0=9.95+9.88 (each 2H, s, meso-H), 
6.71+6.20+5.80 (each 2H, br, Ar-H or CH=N), the other 
signals were not assigned. UV-Vis (CH2CI2) 410, 538, 
574 nm. MS(FAB) m/z 1004—1012 (M+). 

2b: UV-Vis (CH2CI2) 402, 502, 536, 569, 624 nm. 
2d: *H NMR (CDCI3) 0=10.20+9.96 (2H+2H, s+s, meso-

H), 5.88+5.78+4.67 (each 2H, dd+d+d, Ar-H), 5.52 (2H, s, 
CH=N), 4.22+4.05 (12H, m, 0-CH2, OCH2), 3.66+3.64 (6H+ 
6H, s+s, j8-CH8), 3.23+3.12 (4H, m, jß-CH2CH2CO), 2.54 
(4H, m, CH2-N=C), 1.89 (6H, t, jß-CH2CH3). UV-Vis 
(CH2CI2) 404, 535, 571 nm. MS(FAB) m/z 1032—1038 (M+). 

3b: 1H NMR (CDCI3) All signals were broad, 0=10.17+ 
10.01 (1H+1H, meso-H), 8.02+7.87+7.71 (8H, meso-Ai-H), 
5.76+4.56+3.87 (16H, C02-Ar-H, /3-CH2CH3), 2.49+2.43 
(6H+6H, j8-CH8), 1.57 (12H, jß-CH2CHs), -1.38 (4H, 
CH2-N=C), -2.40 (2H, NH). UV-Vis (CH2CI2) 406, 505, 539, 
572, 624, 654 nm. IR (KBr) 1730 ( O O ) and 1610 cm"1 (C=N). 

3d: *HNMR (CDCI3) ô=9.94 (2H, s, meso-H), 8.05+ 
7.84+7.64+7.50 (each 2H, m+t+t+d, meso-Ai-H), 5.99+ 
5.76+4.84 (each 2H, br, C02-Ar-H), 3.9—3.7 (12H, m, 
/3-CH2CH3, CH2-N=C), 2.41 (12H, s, j8-CH8), 1.59 (12H, t, 
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/3-CH2CH3). UV-Vis (CH2CI2) 418, 548, 583 nm. MS(FAB) 
m/zll00—1106(M+). 

Strapped Porphyrin 21.20> 21a: *H NMR (CDCI3) 8=10.16 
(2H, s, meso-H), 8.37+7.8 (8H, m, Ar-H), 3.99 (8H, m, 
/3-CH2CH3), 3.31 (4H, t, OCH2), 2.45 (12H, s, jß-CH3), 1.77 
(12H, t, /3-CH2CH3), -0 .28+-0 .83+-1 .05+-1 .18 (each 4H, 
m+m+br+br, OCH2(CH2)8CH20), -2.19 (2H, br, NH). UV-
Vis (CH2CI2) 411, 509, 541, 580, 629 nm. MS(FAB) m/z 857 
(M+H+). 

21c: *HNMR (CDCI3) 0=10.13 (2H, s, meso-H), 8.33+ 
7.83 (8H, m, Ar-H), 3.98 (8H, m, /3-CH2CH3), 3.26 (4H, t, 
OCH2), 2.42 (12H, s, jß-CH3), 1.76 (12H, t, /3-CH2CH3), 
-0 .29+-0.73+-0.93+-1.01 (each 4H, m+m+br+br, OCH2 

(CH2)8CH20). UV-Vis (CH2CI2) 413, 540 and 575 nm. 
MS(FAB) m/z 918—923 (M+). 
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NAD(P)+-NAD(P)H Models. 72. Isotope Effects to Prove the 
Multi-Step Mechanism in the Reduction with an NAD(P)H Analog 
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Reduction of 1,4-benzoquinone and its various derivatives with 1 -benzyl-1,4-dihydronicotinamide (BNAH) 
and its 4-deuteriated derivative was studied. The kinetic deuterium primary isotope effect (kH/kD) for this 
reaction appears always larger than the isotopic ratio in the product, BNA+( YH/YD; product isotope effect). In 
the absence of magnesium ion, YH/YD increases as the substrate becomes less electron-demanding. In the 
presence of magnesium ion which accelerates the reaction, YH/YD stays small whereas kH/kD is not affected. The 
results reveal that the reaction proceeds with a multi-step mechanism in which the product-determining and 
rate-determining steps differ each other. 

About a decade ago, we reported that the kinetic 
pr imary deuter ium isotope effect (kH/kD) in the 
reduct ion of a ,a ,a , - t r i f luoroacetophenone wi th an 
NAD(P)H ana log is smaller than the ratio in the yield 
of prot iated and deuteriated products (YH/YD; product 
isotope effect).x) T h e result was interpreted in terms of 
a multi-step mechanism; since the initial electron-trans­
fer process has the largest activation energy a m o n g 
those of the processes involved, this is the rate-
de te rmin ing step and kH/kD stays small reflecting 
small movement of hydrogen nucleus du r ing this 
process, whereas the deuter ium-content in the product 
is determinied by the fol lowing p ro ton (or hydrogen 
atom) transter process which is associated by a large 
kinetic isotope effect. As the substrate becomes more 
e lectron-demanding, the kinetic impor tance of the 
init ial electron-transfer process becomes less and kn/kD 

increases asymptotically to the upper l imit of YU/YD. 

T h e interpretat ion on the discrepancy between the 
kinetic and product isotope effects was claimed by 
Powell and Bruice based on their f inding of a by­
produc t as well as the isotopic scrambl ing d u r i n g the 
reaction.2) It was, however, confirmed that the claim 
cannot be appl ied to our system.3) Later on, Kreevoy et 
al. reported that the rates of a wide range of redox 
reactions between a dihydropyr idine derivatives and 
their corresponding o n i u m salts can excellently be 
reproduced by the Marcus equat ion , and the observa­
t ion was considered to be a good suppr t for a one-step 
reaction meachanism. 4 ' 5 ) However, it has been k n o w n 
that a charge-transfer complex is formed between these 
reduced and oxidized species.6 '7) T h e reaction s tar t ing 
from the charge-transfer complex may follow the 
Marcus equa t ion wi thou t contradict ing the observa­
t ion and theory by Kreevoy et al. 

We now wish to repor t that the reduct ion of 1,4-
benzoqu inone and its derivatives wi th 1-benzyl-1,4-
dihydronicot inamide (BNAH) exerts larger kH/kD than 
YH/YD because the activation energy for the init ial 
electron transfer process in the present reaction is 
reasonablly small and the pro ton (or hydrogen atom) 
transfer process remains to be rate-determining. 

Whereas the deuter ium content in the product is 
defined by the structure of the intermediate complex 
(relative pos i t ion of the transferring hydrogen (deuter­
ium) nucleus against the substrate), or the init ial 
electron transfer process is the product-determining 
step. 

It should be emphasized that the kinetic isotope 
effect for the present reaction has been demonstrated to 
follow the Marcus re la t ionsh ip^ and the kH/kD should 
not exceed the YH/YD if Powell and Bruice's predict ion 
is valid. It is also noteworthy that the stereochemistry 
of the reduct ion of a series of substituted and 
unsubs t i tu ted 1,4-benzoquinones wi th a chiral NAD-
(P)H ana log is l inearly correlated wi th the oxidat ion 
potent ial of the substrate.9»10) 

CT 
CHoPh 

BNAH 

.CONH2 .^.CONHg NC^JI^XI NC. 

CH2Ph 

BNA+ 

NC^Y^CI NC ff 
O 

1 

o 
2 

Î I ^ J L ^ C I Br. 

* \ \ CI Br 

CI CI 

Scheme 1. 



September, 1990] NAD(P)+-NAD(P)H Models 2683 

t ion of isotopes a m o u g the (by)-products, abortive 
adducts, or different intermediates, if any, as poin ted 
out previously.2) Since we confirmed that no by­
product could be detected in the reaction mixture 
w i th in the l imi t of *H N M R spectroscopy, YH/YD can 
safely be regarded as the rat io of isotopes employed for 
the reaction we are now interested in. 

As described above, the quadrat ic relat ionships 
between the kinetic isotope effect and the redox 
potent ial in the presence and absence of magnes ium 
ion are nicely reproduced by the Marcus equation,8 ) 

which, according to Kreevoy's proposal , should be a 
proof for a one-step mechanism for the present 
reaction. However, it is clearly seen that the value of 
YH/yD deviates largely from the value of the corres­
p o n d i n g kH/kD, and the discrepancy in the value of 
YH/YD observed in the reactions in the presence and 
absence of magnes ium ion becomes impor t an t as the 
substrate becomes less electron-demanding. 

T h e observation cannot be rationalized by assuming 
a one-step mechanism. Instead, we believe that the 
reaction involves separated product- and rate-deter­
m i n i n g steps, and, at least for a majority of the 
substrates of redox potent ial between —0.5—+0.2, the 
produc t -de te rmin ing step is associated by a small 
kinetic isotope effect whereas the rate-determining step 
is accompanied by a large effect. n ' 1 2 ) In addit ion, in 
order to keep the YH/YD smaller than the kP/hP, the 
rate-determining step has to come later than the 
product-determining step. 

T o fulfill this requirement , it will be the most 
reasonable idea to assume a process in which the 
bend ing mode of the H-C4-H(D) moiety contributes 
largely wi th little contr ibut ion from the C4-H(D) 
stretching mode for the product -determining step, 
whereas the succeeding rate-determining step is mostly 
composed of the C4-H(D) stretching vibration. T h u s , 

Table 1. Kinetic and Product Deuterium Isotope Effects in the Presence and Absence 
of Magnesium Ion in the Reduction of Quinones with BNAHa) 

Quinone 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

£°(Q/Q")b) 

+0.50 
+0.28 
+0.01 

0.00 
-0.09c> 
-0.18 
-0.18 
-0.34 
-0.50 
-0.58 
-0.66d> 
-0.67e> 

Yield/% 

10 

100 
100 

30 
65 
37 
15 

Absence of Mg2+ 

YH/YD 

1.84 
1.97 
2.30 
2.36 
2.55 
2.47 
2.53 
2.62 
3.13 
3.65 
4.5 
5.1 

k*/hP 

1.5 
2.6 
5.3 
5.2 

5.6 
5.5 
6.1 
6.2 
5.9 

5.6e> 

Yield/% 

20 
4 

43 
48 
40 
11 
11 

100 
100 
100 
100 
100 

Presence of Mg 2 + 

YH/YD 

1.90 
2.11 
2.27 
2.29 
2.22 
2.41 
2.43 
2.31 
2.29 
2.30 
2.62 
2.42 

k*'kP 

2.0 
4.3 
5.9 
5.8 

5.8 
6.3 
5.4 
5.4 
5.2 

4.6e> 

a) T h e values for kinetic isotope effects and redox potent ia ls are taken from Ref. 8. b) In V vs. SCE. c) Average 
of tetrachloro- and dichloro- l ,4-benzoquinones. d) Corrected from the values obtained under different experi­
menta l condi t ions: cf. K. B. Patel and R. L. Willson, / . Chem. Soc. Faraday Trans. 7, 1973, 814. e) Values for 
2,6-dimethyl-1,4-benzoquinone. 

Results and Discussion 

Kinetic and product isotope effects were observed at 
298 K in acetonitrile in the presence and absence of 
magne s ium ion. T h e results are listed in Tab le 1 and 
logar i thms of the isotope effects are plot ted in Fig. 1 
against the redox potent ia l of the substrate.8) 

T h e product isotope effect was measured by observ­
ing the relative intensity of the *H N M R signal from 
the p ro ton at the e x p o s i t i o n in the produced 1-benzyl-
3-carbamoylpyr id inium ion (BNA+). T h e present 
technique is different from the previous ones1»2) in that 
YH/YD is the direct measure for the ratio of hydrogen 
and deuter ium dissociated from BNAH-4-d. In other 
words, the value of YU/YD is free from the discrimina-

0.0 0.2 

V vs. SCE 

0.6 

Fig. 1. Isotope effects in the reduction of quinones 
with BNAH-4-d; kK/kD in the presence (•) and 
absence (O) of magnesium ion, and YK/YD in the 
presence (A) and absence (A) of magnesium ion. 
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Fig. 2. Schematic energy diagram for the reduction 
of quinones with BNAH. 

the interpretation of the results inevitably leads us to 
the proposal of the formation of an intermediate, 
probably of an electron transfer type, which is the 
product-determining step. The product-determining 
step is then followed by the rate-determining transfer 
of a hydrogen (deuterium) nucleus (See Scheme 2). 

The energy diagram shown in Fig. 2 explains every 
observation so far we have. 

1. For a long time we have proposed that a bivalent 
ion in the present reaction system catalyzes initial 
electron tranfer process. 13'14) In the presence of 
magnesium ion, therefore, the activation energy for 
the initial step becomes smaller or the transition state 
comes earlier, regardless of the reactivity of the 
substrate. Since the movement of nuclei in the H-C4-
H(D) group is small in an early transition state, the 
isotope effect exerted by the process of this kind is 
small. Since there is no chance to select hydrogen and 
deuterium after the hydrogen (deuterium) face of 
BNAH-4-d was chosen by the substrate, this initial 
electron transfer process to form the intermediate is the 
product-determining step in the total reaction. 

Since the succeeding proton (or hydrogen atom) 
transfer process is rate-determining, the kinetic 
discrimination between the isotopes is large and the 
kH/kD appears large. However, since this process is 

little affected by the magnesium ion, its presence or 
absence does not change the value of kn/kD significant-
iy-

2. In the absence of magnesium ion, the electron 
transfer becomes more difficult than its presence. This 
is particularly true for the substrates of very little 
electron-demanding. In order to undergo the reaction 
with the substrate of this kind, the electron transfer has 
to be assisted by a large movement of the nuclei in the 
H-C4-H(D) moiety, which, in turn, means that the 
electron transfer process is largely associated not only 
by bending but also by the stretching elongation of the 
C4-H(D) bond and the YH/YD becomes large as the 
result of large movement of the hydrogen (deuterium) 
in the process of the electron transfer. When the 
transition state for the electron transfer process 
becomes higher in energy than that for the proton (or 
hydrogen atom) transfer process, the product-deter­
mining step coincides with the rate-determining step. 
In this case, a large discrimination of the isotopes can 
be seen in both electron and proton (or hydrogen 
atom) transfer processes. Therefore, the isotopic 
distribution in the product (YH/YD) becomes larger 
than the kinetic isotope effect (kH/kD).15) This is the 
case for the reductions of a,a,a-trifluoroacetophenone 
and its derivatives or ethyl benzoylformate.^ In the 
present reaction, 2,5-dimethyl-l,4-benzoquinone, which 
is the least electron-demanding substrate among those 
studied, exerts similar values for kH/kD and YK/YD. 
Thus, YH/YD depends largely on the reactivity (redox 
potential) of the substrate in the reaction without 
magnesium catalysis. 

3. 2,3-Dichloro-5,6-dicyano-l,4-benzoquinone (DDQ) 
is a special substrate as was already pointed out.10'16) 

Since this substrate is sufficiently electron-defficient, 
electron-transfer to this substrate takes place very 
quickly with little association of the nuclei movement, 
which means that the electron transfer intermediate is 
very much reactant-like. Following the discussion 
described above, the values of 1.5—2.0 exerted by this 
substrate for the kH/kD seems reasonable as the kinetic 
isotope effect origined from the difference in the zero-
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p o i n t s tretching energy of C - H and C-D bonds wi th 
somewhat non-l inear transition-state (vide infra).2 '17 '18) 

4. T h e large discrepancy observed for kH/kD and 
y H / Y D wi th the substrates of redox potential between 
—0.5—+0.2 is ascribed to the q u a n t u m mechanical 
tunne l ing effect.4'19_21) 

As ment ioned above, the electron transfer process we 
propose is not the Frank-Condon-type. 2 2 ) Instead, 
it has to be assisted by the nuclei movement. For 
a majority of the substrates studied, the assistance 
is so large that the electron transfer intermediates 
resemble the corresponding products in structure, 
where the q u a n t u m mechanical tunne l ing can occur 
qu i t e easily. O n the other hand , D D Q forms a 
reactant-like intermediate and the p ro ton (or hydrogen 
a tom) transfer from the intermediate requires a large 
movement of the hydrogen nucleus, or tunne l ing effect 
is hardly expected here. J u d g i n g from the value of 
kH/kD the q u a n t u m mechanical border for the tunnel­
i ng seems to exist between D D Q and chlorani l 
( tetrachloro-1,4-benzoquinone). 

We have emphasized that our mult i -s tep mechanism 
for the (net) hydride-transfer reaction does no t neces­
sarily mean that the process for the transfer of hydro­
gen nucleus is completely separated from that for 
the transfer of electron, which is the F rank -Condon-
type process. 14'23) Instead, the energy barrier for the 
ini t ial electron transfer process may be overlapped 
by that for the p ro ton (or hydrogen atom) transfer 
process. T h e extent of the over lapping depends on the 
reactivity (redox potent ial) of the substrate. By 
in t roduc ing the concept of the q u a n t u m mechanical 
t unne l i ng effect, the idea has become m u c h clearer; 
that is, a substrate wh ich is less e lectron-demanding 
forms a product- l ike electron transfer complex as the 
intermediate and the possibility of the tunne l ing 
becomes larger for the succeeding p ro ton (or hydrogen 
atom) transfer process. O n the other hand, the 
probabi l i ty of q u a n t u m mechanical tunne l ing is 
m u c h lower from the reactant-like intermediate 
because the separat ion of potent ial wells for the 
reactant24) and product systems are large.25) 

W h e n the overlap of barriers for the electron and 
p ro ton (or hydrogen atom) transfers is sufficiently 
large, one may say that the reaction proceeds wi th the 
one-step mechan ism. However, we prefer to keep the 
idea of the mult i -s tep mechanism in order to explain 
all the reactions wi th a variety of substrates; say, from 
DDQ1 0 ) or metal ions26) to various n o n - D D Q qu inones 
or ethyl benzoylformate, wi th a uni ted concept. 

Experimental 

Instruments. 1H NMR spectra were recorded at 200 and 
400 MHz on a Varian VXR200 and a JEOL GX400 FT-NMR 
spectrometers, respectively, in D2O or CDCI3 with TSP-cLi or 
TMS as an internal standard, respectively. 

Materials. BNAH and BNAH-4-d were prepared accord­

ing to the literature method.27) Quinones were purchased 
from commercial sources and purified by a standard 
method28»29* except for chloro-,30) trichloro-,31) and 2,3-
dicyano-l,4-benzoquinones,32) which were synthesized after 
the respective literature procedures. Magnesium Perchlorate 
was dried at 160 ° C in vacuo for 6 h and used immediately. 
Acetonitrile was distilled over calcium hydride before use. 

Observation of Product Isotope Effect. A 1,4-benzoqui-
none (0.2—2 mmol depending on the reactivity of the 
quinone) was added to a solution of BNAH-4-d (4.0 mg, 
0.019 mmol) in acetonitrile (4 ml) at 25 °C. Magnesium 
Perchlorate (8.3 mg, 0.038 mmol) was also added to this 
solution, if necessary. After the stirring for a period 
equivalent to 10 half-lives, 4 ml of 1 M HCl (1 M=l mol 
dm -3) was added to the reaction mixture and the aqueous 
phase was washed three times with ethyl acetate.33) The 
solvent was evaporated to dryness. The residue was dissolved 
into D2O (0.5 ml) and 1.0 JLXI of methanol was added to this 
aqueous solution, and the solution was subjected to 
1H NMR spectroscopy to elucidate the isotopic ratio and the 
chemical yield of the product, BNA+. The product isotope 
effect, Y*/Y», is equal to [BNA+-4-d]/[BNA+]. 1H NMR 
(D2O; Ô from TSP-d4): 5.92 (CH2, s, 2H). 7.52 (Ph, s, 5H). 8.20 
(5-H, dd and d, 1H), 8.92 (4-H, d, xH), 9.08 (6-H, d, 1H), and 
9.37 (2-H, s, 1H), where x=[BNA+]/([BNA+-4-d]+[BNA+]). 

It was confirmed by XH NMR spectroscopy that neither 
BNAH nor BNAH-4,4-d2 was formed from BNAH-4-d (and 
BNA+) under the reaction condition. 

T h e au thors wish to thank Prof. Schowen of the 
University of Kansas for his valuable advice. T h i s 
work was financially suppor ted by the Japanese 
Minister of Educat ion, Science and Cul ture under the 
Grant- in Aid, No. 1470022. 
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In the presence of a catalytic amount of trityl Perchlorate, ethynyl vinyl ketone derivatives regioselectively 
react with silyl enol ethers to afford the corresponding Michael adducts in high yields. 2-Propynyl ether 
derivatives also react with silyl enol ethers in the presence of a catalytic amount of trityl Perchlorate, to give the 
corresponding adducts in high yields. In the case of the reaction with 2-propynyl ether derivatives, 
regioselectivities were apparently different between two silylated nucleophiles, silyl enol ethers of ketones and 
ketene silyl acetals. 

In the previous paper , we have reported that, in the 
presence of a catalytic a m o u n t of trityl Perchlorate, 
a,ß-acetylenic ketones (ethynyl ketones) regio- and 
stereoselectively react wi th various kinds of silyl enol 
ethers to afford the corresponding aldol adducts (1,2-
addi t ion products) in h igh yields.1) T h i s regio-
selectivity is contrastive wi th that of the reaction 
between a ,^-unsa tura ted ketones (a,ß-olefinic ketones) 
and silyl enol ethers, wh ich is also catalyzed by a 

R1 + OSifeuMeg TrCI04 (5mol%) 

R 3 - ^ ^ R CH2CI2> -78°C 

0 R1 OSikuMeg 

FT ^ R < 

3 

la: R ^ P h , R2=Me 
lb: R ^ M e , R2=Ph 
2a: R3=Ph, R 4=H 
2b: R3=Me, R 4=H 
2c: R3=Ph, R4=Me 
2d: R3=MeO, R4=Me2 

3a: R!=Ph, R2=Me, R3=Ph, R4=H 
3b: R!=Ph, R2=Me, R3=Me, R4=H 
3c: R!=Ph, R2=Me, R3=Ph, R4=Me 
3d: R!=Ph, R2=Me, R3=MeO, R4=Me 
3e: R ^ M e , R2=Ph, R3=Ph, R4=H 
3f : R ^ M e , R2=Ph, R3=Ph, R4=Me 

(1) 

catalytic a m o u n t of trityl salt to afford the corre­
spond ing Michael adducts (1,4-addition products) 
exclusively.2) In this paper , we wou ld like to describe 
the reaction of other acetylenic compounds , such as 
ethynyl vinyl ketone or 2-propynyl ether derivatives, 
wi th silyl enol ethers, in which interesting regio­
selectivities are observed. 

In the first place, ethynyl vinyl ketone l a was chosen 
as a model , and the reaction of l a wi th silyl enol ether 
of ace tophenone 2a was carried ou t in the presence of a 
catalytic a m o u n t of trityl Perchlorate (5 mol%). T h e 
reaction was found to proceed smoothly at —78 ° C to 
afford the corresponding Michael-type addition product 
3a in 94% yield. 

Several examples of this reaction are shown in Table 
1. In every case, the Michael adducts are obtained in 
h igh yields wi thou t accompanying any other regio-
isomers. As far as we know, this is a first example of 
regioselective addi t ion of enolate components to 
ethynyl vinyl ketones. 

Next, the reaction of 2-propynyl ethers was inves­
tigated.3) Concern ing similar type of reaction, it was 
reported from this laboratory that, in the presence of a 
catalytic a m o u n t of trityl Perchlorate, allyl ethers 
smoothly react wi th silyl enol ethers,4) allylsilane or 
silyl cyanide5) to give the corresponding y,<5-un-
saturated carbonyl compounds , 1,5-dienes or y,ô-
unsaturated nitriles (with the el iminat ion of alkoxides), 
respectively, a l though the regioselectivities were general­
ly moderate . When 2-propynyl ether 4a was treated 
wi th silyl enol ether of ace tophenone 5a in the 
presence of a catalytic a m o u n t of trityl Perchlorate 

Table 1. The Reaction of Ethynyl Vinyl Ketones 

Entry Ethynyl vinyl ketone Silyl enol ether 

2a 
2b 
2c 
2d 
2a 
2c 

Product 

3a 
3b 
3c 
3d 
3e 
3f 

Yield/9* 

94 
96 

quant. 
84 

quant. 
88 

1 
2 
3 
4 
5 
6 

la 
la 
la 
la 
lb 
lb 
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Table 2. The Reaction of 2-Propynyl Ethers 

2-Propynyl ether 

4a 
4a 
4a 
4a 
4b 
4b 
4c 
4c 

Silyl enol ether 

5a 
5b 
5c 
5d 
5a 
5d 
5a 
5d 

Product 

6a 
6b 

6c+7c 
6d+7d 
6e+7e 
6f+7f 
6g+7g 
6h+7h 

Yield/% 

90 
62 
97 
90 
88 

quant. 
96 

quant. 

6/7 

100/ 0 
100/ 0 
56/44 
44/56 
93/ 7 
19/81 
90/10 
28/72 

OR' 
I osiMe3 

R 1 ^ " V R 3 + R 4 ^ - R Î 

OSiMe3 TrCI04 (5mol%) 

CH2CI2> -78°C 

l OSif OSiMes TrCI04 (5mol%) 

CH2CI2> - 78 °C 

90% 

5a 

9 R1\ R2 0 R3 

+ D4 
R1 (2) 

R k 
7 

(3) 

4a: R ^ P h , R2=H, R3=Me, R'=Me 
4b: Ri=R2=(CH2)5, R3=Ph, R'=Ac 
4c: R1=Ph(CH2)2, R2=Me, R3=Ph 
5a: R4=Ph, R5=H 
5b: R4=Me, R5=H 
5c: R4=MeO, R5=Me2 

5d: R4=z-PrO, R5=Me2 

6a: R ^ P h , R2=H, R3=Me, R4 

6b: R ^ P h , R2=H, R3=Me, R4 

6c: R ^ P h , R2=H, R3=Me, R4 

6d: R ^ P h , R2=H, R3=Me, R4 

6e: R1=R2=(CH2)5, R3=Ph, R4 

6f : Ri=R2=(CH2)5, R3=Ph, R4 

6g: R1=Ph(CH2)2, R2=Me, R* 
6h: R1=Ph(CH2)2, R2=Me, R* 
7c: R ^ P h , R2=H, R3=Me, R4 

7d: Ri='Ph, R2=H, R3=Me, R4 

7e: R1=R2=(CH2)5, R3=Ph, R4 

7f : R1=Ph(CH2)2, R2=Me, R3= 
7g: R1=Ph(CH2)2, R2=Me, R3= 
7h: Ri=Ph(CH2)2, R2=Me, R3= 

OMe 

=Ph, R5=H 
Me, R5=H 

=MeO, R5=Me2 

=z-PrO, R5=Me2 

Ph, R 5=H 
=z-PrO, R5=Me2 

Ph, R4=Ph, R5=H 
Ph, R4=z-PrO, R5=Me2 

=MeO, R5=Me2 

=z-PrO, R5=Me2 

=Ph, R 5=H 
Ph, R4=z-PrO, R5=Me2 

Ph, R4=Ph, R5=H 
Ph, R4=z-PrO, R5=Me2 

(5 mol%), the reaction regioselectively proceeded at 
—78 ° C to produce the corresponding acetylenic 
ketone 6a in 90% yield. No other regioisomers were 
obtained in this reaction. In contrast, the reaction of 
4a wi th ketene silyl acetal derived from methyl 
isobutyrate 5c proceeded smoothly at —78 ° C to give a 
mix ture of regioisomers 6c and 7c (97% yield, 
6c/7c=56/44) . 

Several examples of the reaction between 2-propynyl 
ethers and silyl enol ethers of ketones or ketene silyl 
acetals are demonstrated in Table 2. In the case of silyl 
enol ethers derived from ketones, the corresponding 
acetylenic ketones 6 were obtained wi th h igh regio-
selectivities. O n the other hand , al lenic ester 7 was 

OSiMes 

5d 

TrCI04 (5mol%) 

CH2CI2> - 78 °C 

90% 

0 Ph 

•PlO • 
Ph 

11 < 9 1 = 9> 12(Z:£=4:1) 

(30 

predominant ly produced by us ing ketene silyl acetals 
as nucleophiles . It is noted that the regioselectivities 
depend on the kinds of silyl nucleophiles , silyl enol 
ethers derived from ketones and ketene silyl acetals, 
probably due to the hard and soft character of them. 

Th i rd ly , the reaction of allyl 2-propynyl ether 8 was 
investigated. In this case, silyl enol ether of 
ace tophenone 5a reacted wi th 8 to give a mix ture of 
acetylenic ketone 9 and conjugated enyne 10, whereas 
ketene silyl acetal derived from isopropyl isobutyrate 
5d regioselectively reacted wi th 8 to produce acetylenic 
ester 11 in h igh yield. It is noted again that 
regioselectivities of the reaction of a silyl enol ether 
derived from a ketone and a ketene silyl acetal wi th the 
same ether 8 are markedly different. 

T h u s , trityl Perchlorate effectively catalyzed the 
reaction of some acetylenic compounds such as 
ethynyl vinyl ketone or 2-propynyl ether derivatives 
wi th silyl enol ethers to afford the corresponding 
adducts regioselectively in h igh yields. Marked 
difference in the regioselectivities between two silyl 
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nucleophi les , silyl enol ethers of ketones and ketene 
silyl acetals, is a qui te interest ing problem in terms of 
the ha rd a n d soft character of the silyl enolates in the 
trityl salt-mediated reaction, and we are currently 
invest igating further development of this reaction 
inc lud ing synthetic uti l i t ies as well as theoretical 
approach. 

Experimental 

IR spectra were recorded on JASCO IRA-2 infrared 
spectrophotometer. XH NMR spectra were recorded on a 
Hitachi R-24B, R-1100, JEOL JNM-GSX-400 spectrometer 
and 13CNMR on Bruker AM 500, JEOL JNM-GSX-400 
spectrometer. Gas chromatographic analyses were conducted 
on a Shimizu GC-9A instrument (OV-101). Law and High 
resolution mass spectra were recorded on HITACHI M80, 
80 A mass spectrometer. Column chromatography was 
performed on silica gel 60 (Merck) or Wakogel B5F. 

Trityl Perchlorate was prepared by the method of Dauben 
et al.6) and purified by that of Kochetkov et al.7) Ethynyl 
vinyl ketone and 2-propynyl ether derivatives were synthesized 
according to standard procedures. 

l-Phenyl-l-hexen-4-yne-3-one (la). IR(neat) 2200, 1630 
cm"1; XHNMR (CDC13) 6=2.05 (s, 3H), 6.55 (d, 1H, / = 
16.0 Hz), 7.20—7.55 (m, 5H), 7.60 (d, 1H, /=16.0 Hz). Found: 
m/z 170.0730. Calcd for C12H10O: M, 170.0730. 

6-Phenyl-2-hexen-5-yne-4-one (lb). IR(neat) 2200, 1645, 
1620 cm"1; XH NMR (CC14) ô=1.97 (d, 3H, 7=6.0 Hz), 6.20 (d, 
1H, /=15.0 Hz), 6.85—7.70 (m, 6H). Found: m/z 170.0726. 
Calcd for C12H10O: M, 170.0731. 

l-Methoxy-l-phenyl-2-butyne (4a). IR(neat) 2200 cm"1; 
1H NMR (CCU) ô=1.90 (d, 3H, /=1.8 Hz), 3.30 (s, 3H), 4.95 
(d, 1H, /=1.8 Hz), 7.15—7.45 (m, 5H). Found: m/z 160.0888. 
Calcd for C11H12O: M, 160.0888. 

l-Acetoxy-l-(phenylethynyl)cyclohexane (4b). IR(neat) 2269 
cm"1; !HNMR (CC14) 0=1.40—2.40 (m, 10H), 2.05 (s, 3H), 
7.15—7.50 (m, 5H). Found: m/z 242.1293. Calcd for 
Ci6Hi802 :M, 242.1305. 

l-Phenyl-3-acetoxy-3-methyl-5-phenyl-l-pentyne (4c). IR 
(neat) 2240, 1750 cm"1; 1H NMR (CC14) <5=1.80 (s, 3H), 2.00 
(s, 3H), 2.10—2.35 (m, 2H), 2.60—3.00 (m, 2H), 7.10—7.50 
(m, 10H). Found: m/z 292.1488. Calcd for C20H20O2: M, 
292.1462. 

l-Phenyl-3-methoxy-l-hexene-4-yne (8). IR(neat) 2250, 
1605 cm"1; *H NMR (CC14) 0=1.95 (d, 3H, 7=2.0 Hz), 3.30 (s, 
3H), 4.55 (m, 1H), 6.10 (dd, 1H, 7=14.0, 6.0 Hz), 6.65 (d, 1H, 
7=14.0 Hz), 7.20 (m, 5H). Found: m/z 186.1046. Calcd for 
Ci3Hi40:M, 186.1049. 

The Reaction of Ethynyl Vinyl Ketone Derivatives with 
Silyl Enol Ethers. A typical experimental procedure is 
described for the reaction of 1-phenyl-l-hexene-4-yne-3-one 
(la) with ^-butyldimethylsilyl enol ether of acetophenone 
(2a); to a dichloromethane solution of trityl Perchlorate 
(5 mol%, 1 ml) was added a mixture of la (0.4 mmol) and 2a 
(0.44 mmol) in dichloromethane (2 ml) at — 78 °C. After 
stirring at this temperature for an appropriate time (1—2 h), 
the reaction was quenched with aqueous sodium hydrogen 
carbonate. The aqueous layer was extracted with dichloro­
methane and the combined organic layer was dried. Then 
the solvent was removed under reduced pressure and the 
residue was purified by silica gel chromatography to afford 

the corresponding adduct, 5-^-butyldimethylsiloxy-l,3-di-
phenyl-4-octen-6-yn-l-one (3a, 94%); IR(neat) 2220, 1670 cm"1; 
XH NMR (CCU) 6=0.00 (s, 6H), 0.83 (s, 9H), 1.83 (s, 3H), 2.97 
(dd, 1H, 7=15.5, 7.5 Hz), 3.27 (dd, 1H, 7=15.5, 6.5 Hz), 4.00— 
4.40 (m, 1H), 5.20 (d, 1H, 7=11.0 Hz), 6.97-7.28 (m, 3H), 
7.00 (m, 5H), 7.60—7.95 (m, 2H). Found: m/z 404.2159. 
Calcd for C26H3202Si: M, 404.2169. 

6-f-Butyldimethylsiloxy-4-phenyl-5-nonen-7-yne-2-one(3b). 
IR(neat) 2220, 1680 cm"1; 1H NMR (CC14) 0=0.03 (s, 6H), 
0.85 (s, 9H), 1.88 (s, 3H), 1.96 (s, 3H), 2.5-2.7 (m, 2H), 
3.75—4.20 (m, 1H), 5.03 (d, 1H, 7=12.0 Hz), 7.00 (m, 5H). 

4-f-Butyldimethylsiloxy-6,8-diphenyl-7-methyl-4-octanen-2-
yne-8-one (3c). IR(neat) 2220, 1680 cm"1; XH NMR (CDCI3) 
(major isomer) 0=0.14 (s, 3H), 0.16 (s, 3H), 0.91 (s, 9H), 1.26 
(d, 3H, 7=6.9 Hz), 1.91 (s, 3H), 3.90 (dq, 1H, 7=9.3, 6.9 Hz), 
4.21 (dd, 1H, 7=10.8, 9.3 Hz), 5.34 (d, 1H, 7=10.8 Hz), 7.02— 
7.07 (m, 1H), 7.14—7.22 (m, 4H), 7.36—7.40 (m, 2H), 7.45— 
7.50 (m, 1H), 7.82—7.85 (m, 2H); (minor isomer) ô=-0.14 (s, 
3H), 0.01 (s, 3H), 0.79 (s, 9H), 1.04 (d, 3H, 7=6.9 Hz), 2.01 (s, 
3H), 3.82—3.92 (m, 1H), 4.03 (dd, 1H, 7=10.3, 9.0 Hz), 5.39 
(d, 1H, 7=10.3 Hz), 7.50—7.56 (m, 1H), 7.95-7.98 (m, 2H); 
13C NMR (CDCI3) (major isomer) 0=75.7, 89.8, 203.2. Found: 
m/z 418.2324. Calcd for C27H3402Si: M, 418.2326. 
Diastereomer ratio =88/12, determined by 1H NMR. Relative 
configuration assignment was not made. 

Methyl 5-^-Butyldimethylsiloxy-2,2-dimethyl-3-phenyl-4-
octen-6-ynoate (3d). IR(neat) 2220, 1740 cm"1; 1H NMR 
(CCU) ô=0.07 (s, 6H), 0.84 (s, 9H), 0.97 (s, 6H), 1.81 (s, 3H), 
3.31 (s, 3H), 3.60 (d, 1H, 7=12.0 Hz), 5.30 (d, 1H, 7=12.0 Hz), 
6.84 (m, 5H). Found: m/z 386.2271. Calcd for C23H3403Si: 
M, 386.2275. 

5-£-ButyldimethylsiloxyT,7-diphenyl-3-methyl-4-nepten-7-
yne-1-one (3e). IR(neat) 2220, 1730 cm"1; XH NMR (CC14) 
0=0.06 (s, 6H), 0.87 (s, 9H), LOI (d, 3H, 7=7.0 Hz), 2.7—2.9 
(m, 2H), 2.95—3.40 (m, 1H), 5.06 (d, 1H, 7=12.0 Hz), 7.11 (m, 
5H), 7.0—7.25 (m, 3H), 7.69—7.95 (m, 2H). Found: m/z 
404.2165. Calcd for C26H3202Si: M, 404.2169. 

5-f-Butyldimethylsiloxy-2,3-dimethyl-1,7-diphenyl-4-hepten-
6-yne-l-one (3f). IR(neat) 2190, 1670 cm"1; 1H NMR (CDCI3) 
0=0.24 (s, 6H), 0.97 (s, 9H), 1.05 (d, 3H, 7=6.8 Hz), 1.21 (d, 
3H, 7=6.8 Hz), 3.12—3.22 (m, 1H), 3.41 (quint, 1H, 
7=6.8 Hz), 5.18 (d, 1H, 7=10.8 Hz), 7.28-7.63 (m, 8H), 
7.95—8.00 (m, 2H); 13C NMR (CDCI3) 0=85.1, 92.4, 204.0. 
Found: m/z 418.2319. Calcd for C27H3402Si: M, 418.2325. 
Only one diastereomer was observed. Relative configuration 
assignment was not made. 

The Reaction of 2-Propynyl Ether Derivatives with Silyl 
Enol Ethers. A typical experimental procedure is described 
for the reaction of a l-methoxy-l-phenyl-2-butyne (4a) with 
1-phenyl-1-trimethylsiloxyethene (5a); to a dichloromethane 
solution of trityl Perchlorate (5 mol%, 1 ml) was added a 
mixture of 4 (0.4 mmol) and 5 (0.44 mmol) in dichloromethane 
(2 ml) at — 78 °C. After stirring at this temperature for an 
appropriate time (2—3 h), the reaction was quenched with 
aqueous sodium hydrogen carbonate. After the same work 
up procedure, the desired acetylenic ketone, l,3-diphenyl-4-
hexyn-1-one (6a) was obtained (90%); IR (neat) 1685 cm"1; 
iHNMR (CDCI3) 0=1.79 (d, 3H, 7=2.4 Hz), 3.27 (dd, 1H, 
7=16.8, 6.1 Hz), 3.52 (dd, 1H, 7=16.8, 8.1 Hz), 4.30—4.42 (m, 
1H), 7.15—7.60 (m, 8H), 7.90—8.00 (m, 2H); ^C NMR 
(CDCI3) 0=78.7, 80.2, 197.3. Found: m/z248.1196. Calcdfor 
Ci8Hi60:M, 248.1200. 
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In the reactions of 4a with 5c, 4b with 5a, 5d, 4c with 5a, 
5d, and 8 with 5a, 5d, the products were a mixture of 
regioisomers. The regioisomer ratios were determined by 
GC, 1H NMR and/or 13C NMR. In the reaction of 4a with 
5d, the regioisomers were separated by TLC (silica gel). 

4-Phenyl-5-heptyne-2-one (6b). IR(neat) 1715 cm"1; 1H NMR 
(CDCls) 0=1.82 (d, 3H, /=2.4 Hz), 2.13 (s, 3H), 2.75 (dd, 1H, 
7=16.2, 6.1 Hz), 2.91 (dd, 1H, 7=16.2, 8.3 Hz), 4.05—4.20 (m, 
1H), 7.15—7.43 (m, 5H). 13C NMR (CDCI3) 0=78.7, 79.8, 
206.3. Found: m/z 186.1028. Calcd for C13H14O: M, 
186.1043. 

Methyl 2,2-Dimethyl-3-phenyl-4-hexynoate (6c) and Methyl 
5-Phenyl-2,2,3-trimethyl-3,4-pentadienoate(7c). IR(CHC13) 
1720 cm"1. Found: m/z 230.1303. Calcd for C15H18O2: M, 
230.1305. 6c iH NMR (CDCI3) ô=1.09 (s, 3H), 1.30 (s, 3H), 
1.86 (d, 3H, 7=2.4 Hz), 3.64 (s, 3H), 4.07 (q, 1H, 7=2.4 Hz), 
7.15—7.40 (m, 5H); 13C NMR (CDCI3) 0=78.1, 79.7, 177.0. 7c 
1H NMR (CDCI3) 0=1.36 (s, 3H), 1.39 (s, 3H), 1.79 (d, 3H, 
7=2.8 Hz) 3.71 (s, 3H), 6.19 (q, 1H, 7=2.8 Hz); 13C NMR 
(CDCI3) 0=176.7, 202.8. 

Isopropyl 2,2-Dimethyl-3-phenyl-4-hexynoate (6d). IR(neat) 
1720 cm1; ^ N M R (CDCI3) 0=1.07 (s, 3H), 1.16 (d, 3H, 
7=6.2 Hz), 1.24 (d, 3H, 7=6.2 Hz), 1.25 (s, 3H), 1.84 (d, 3H, 
7=2.5 Hz), 4.07 (q, 1H, 7=2.5 Hz), 4.97 (hept., 1H, 7=6.2 Hz), 
7.10—7.35 (m, 5H). Found: m/z 258.1621. Calcd for 
C17H22O2: M, 258.1618. 

Isopropyl 5-Phenyl-3,4-pentadienoate (7b). IR(CHC13) 
1715 cm"1; *H NMR (CDCI3) 0=1.26 (d, 3H, 7=6.2 Hz), 1.28 
(d, 3H, 7=6.2 Hz), 1.34 (s, 3H), 1.35 (s, 3H), 1.79 (d, 3H, 
7=2.8 Hz), 5.04 (hept., 1H, 7=6.2 Hz), 6.17 (q, 1H, 7=2.8 Hz), 
7.25—7.35 (m, 5H); 13C NMR (CDCI3) 0=175.6, 203.0. 
Found: m/z 258.1634. Calcd for C17H22O2: M, 258.1618. 

1 -Phenyl-2-[ 1 -(2-phenylethynyl)]cyclohexy 1-1 -ethanone(6e) 
and 4-Cyclohexylidene-l,4-diphenyl-3-butene-l-one (7e). 
IR(neat) 2210, 1685, 1665 cm"1; Found: m/z 302.1661. Calcd 
for C22H22O: M, 302.1653. 6e 1H NMR (CDCI3) <5=1.21 (tq, 
1H, 7=12.6, 3.3 Hz), 1.48 (dt, 2H, 7=12.6, 3.3 Hz), 1.60—1.83 
(m, 5H), 2.02 (bd, 2H, 7=12.6 Hz), 3.13 (s, 2H), 7.10—7.15 
(m, 2H), 7.16—7.22 (m, 3H), 7.40—7.44 (m, 2H), 7.50—7.53 
(m, 1H), 8.00—8.04 (m, 2H); 13C NMR (CDCI3) <5=84.5, 94.0, 
198.4. 7e iH NMR (CDCI3) <5=4.00 (s, 2H), 7.97—8.00 (m, 
2H); 13C NMR (CDCI3) ô=198.1, 199.8. 

Isopropyl 2-methyl-2-[ 1 -(2-phenylethynyl)]cyclohexylpro-
panoate(6£) and Isopropyl 4-cyclohexylidene-2,2-dimethyl-3-
phenyl-3-butenoate (7£). IR(neat) 1720 cm"1; Found: m/z 
312.2090. Calcd for C21H28O2: M, 312.2087. 6£ 1H NMR 
(CDCI3) ô=1.24 (d, 6H, 7=6.3 Hz), 1.34 (s, 6H), 5.01 (hept, 
1H, 7=6.3 Hz); 13C NMR (CDCI3) <5=85.4, 93.0, 175.5. 7£ 
iHNMR (CDCI3) 0=1.11 (d, 6H, 7=6.3 Hz), 1.39 (s, 6H), 
1.50—1.75 (m, 6H), 2.15—2.30 (m, 4H), 4.96 (hept., 1H, 
7=6.3 Hz), 7.12—7.43 (m, 5H); 13CNMR (CDCI3) <5=177.0, 
198.8. 

l,4-Diphenyl-2-methyl-2-(2-phenethyl)-3-butyn-l-one(6g) 
and 5-Methyl-l,3>7-triphenyl-3,4-heptadien-l-one (7g). IR 
(neat) 2230, 2180, 1690, 1675 cm"1; Found: m/z 352.1820. 
Calcd for C26H24O: M, 352.1825. 6g m NMR (CDCI3) <5=1.52 
(s, 3H), 1.80—2.30 (m, 2H), 2.90 (m, 2H), 3.09 (d, 1H, 
7=14.7 Hz), 3.37 (d, 1H, 7=14.7 Hz), 7.05—7.30 (m, 10H), 
7.35—7.59 (m, 3H), 7.99—8.04 (m, 2H); 13C NMR (CDCI3) 
0=83.1, 94.7, 198.3. 7g 1H NMR (CDCI3) 0=1.57 (s, 3H), 
1.80—2.30 (m, 2H), 2.61 (t, 2H, 7=8.0 Hz), 3.88 (d, 1H, 

7=15.1 Hz), 3.96 (d, 1H, 7=15.1 Hz), 7.92—7.96 (m, 2H); 
13C NMR (CDCI3) 0=197.9, 203.2. 

Isopropyl 3-(2-Phenetyl)-2,2,3-trimethyl-4-hexynoate(6h) 
and Isopropyl 3,7-Diphenyl-2,2,5-trimethyl-3,4-heptadienoate 
(7h). IR(neat) 1720 cm"1; Found: m/z 362.2227. Calcd for 
C25H30O2: M, 362.2227. 6h « NMR (CDCI3) ô=1.21 (d, 3H, 
7=6.3 Hz), 1.22 (d, 3H, 7=6.3 Hz), 1.36 (s, 6H), 1.41 (s, 3H), 
1.75 (dt, 1H, 7=12.8, 4.5 Hz), 2.04 (dt, 1H, J= 12.8, 4.5 Hz), 
2.98 (dt, 1H, 7=12.8, 4.5 Hz); 13C NMR (CDCI3) <5=83.7, 93.7, 
175.3. 7h « NMR (CDCI3) ô=1.10 (d, 3H, 7=6.3 Hz), 1.11 
(d, 3H, 7=6.3 Hz), 1.37 (s, 6H), 1.84 (s, 3H), 2.32—2.44 (m, 
2H), 2.72—2.89 (m, 2H), 4.92—5.06 (m, 1H), 7.12—7.45 (m, 
10H); 13C NMR (CDCI3) 0=176.8, 201.6. 

l-Phenyl-3-[(E)-styryl]-4-hexyn-l-one (9). IR(neat) 2220, 
1680 cm"1; XH NMR (CDCI3) ô=1.83 (d, 3H, 7=2.4 Hz), 3.20 
(dd, 1H, 7=16.8, 7.1 Hz), 3.37 (dd, 1H, 7=16.8, 6.9 Hz), 3.92— 
3.98 (m, 1H), 6.23 (dd, 1H, 7=15.7, 6.2 Hz), 6.73 (dd, 1H, 
7=15.7, 0.5 Hz), 7.17—7.24 (m, 1H), 7.26—7.30 (m, 2H); 
7.33—7.37 (m, 2H), 7.43—7.49 (m, 2H), 7.53-7.58 (m, 1H), 
7.90—8.00 (m, 2H); 13C NMR (CDCI3) <5=76.2, 91.3, 198.0. 
Found: m/z 274.1360. Calcd for C2oHi80: M, 274.1356. 

(Z)-l,3-Diphenyl-4-octen-6-yne-l-one (10). IR(neat) 2210, 
1680 cm"1; 1H NMR (CDCI3) ô=1.90 (d, 3H, 7=2.4 Hz), 3.37 
(dd, 1H, 7=16.1, 7.2 Hz), 3.50 (dd, 1H, 7=16.1, 7.2 Hz), 4.66 
(dt, 1H, 7=10.0, 7.2 Hz), 5.47 (dq, 1H, 7=10.0, 2.4 Hz), 5.97 (t, 
1H, 7=10.0 Hz), 7.16—7.25 (m, 1H), 7.27-7.32 (m, 4H), 
7.42—7.46 (m, 2H,), 7.51-7.56 (m, 1H), 7.93-7.97 (m, 2H); 
13C NMR (CDCI3) 0=79.0, 79.4, 197.4. Found: m/z 274.1365. 
Calcd for C2oHi80: M, 274.1357. 

Isopropyl 2,2-dimethyl-3-[(£)-styryl]-4-hexynoate (11) and 
(Z)-and (E)-Isopropyl 2,2-dimethyl-3-phenyl-4-octen-6-ynoate 
(12Z,E). IR(neat) 1720 cm"1; Found: m/z 284.1766. Calcd 
for C19H24O2: M, 284.1775. 11 XH NMR (CDCI3) ô=1.19 (s, 
3H), 1.22 (d, 3H, 7=6.3 Hz), 1.24 (d, 3H, 7=6.3 Hz), 1.29 (s, 
3H), 1.86 (d, 3H, 7=2.4 Hz), 3.56—3.62 (m, 1H), 5.02 (hept, 
1H, 7=6.3 Hz), 6.07 (dd, 1H, 7=15.6, 7.30 Hz), 6.62 (d,l H, 
7=15.6 Hz), 7.15—7.40 (m, 5H); 13C NMR (CDCI3) 0=80.5, 
176.0. 12Z XH NMR (CDCI3) ô=1.97 (d, 3H, 7=2.4 Hz), 4.19 
(d, 1H, 7=10.6 Hz), 5.55 (dq, 1H, 7=10.6, 2.4 Hz), 6.29 (t, 1H, 
7=10.6 Hz); 13CNMR (CDCI3) 0=76.3, 96.1, 176.3. 12E 
iH NMR (CDCI3) 0=1.91 (d, 3H, 7=2.3 Hz), 5.48 (ddq, 1H, 
7=15.7, 2.3, 0.8 Hz), 6.41 (dd, 1H, 7=15.7, 9.6 Hz); 13C NMR 
(CDCI3) 0=85.5, 91.0, 176.2. 
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Analysis of Two-Year Results of Acid Precipitation 
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Precipitation chemistry within Japan has been assessed in order to judge both the magnitudes of the 
concentrations and the deposition of major ions: H+ , NH4

+ , Ca2+, K+, Mg2+, Na+, S042~, NC>3~, and Cl - . A data 
set was obtained through an acid precipitation survey by Japan Environemet Agency at 14 stations from April 
1984 to March 1986. The annual average pH at each site ranged from 4.5 to 5.1 with a mean value of 4.7. The 
free acidity was derived both from sulfuric and nitric acids; sulfuric acid was found to contribute to 67—83% of the 
free acidity. The acidity was apparently lower than that expected from S042~ and NÛ3 - levels, mainly because 
alkaline species, such as NH3, and Ca2+ species neutralized a certain fraction of the original acidity. This 
neutralization would certify the fact that SÛ42- and NÛ3 - deposition were comparable to, or smaller than those 
in eastern North America, but the Ca2+ and NH4+ deposition within Japan exceeded that within the U. S. 

major ions are presented, and the results briefly 
compared wi th those in the Uni ted States and some 
other countries. 

Procedures 

Monitoring Sites. Monitoring was carried out in coopera­
tion with seven prefectural research institutes involved in 

Acid deposi t ion has recently become a subject of 
widespread concern.1 _ 5 ) T h i s concern is derived 
largely from its effects on na tura l terrestrial and 
aqua t ic ecosystems.2»4) In J apan , this p h e n o m e n o n 
was recognized to be significant when it was found 
that drizzling injured people 's eyes and caused skin 
i r r i ta t ion du r ing the rainy seasons from 1973 to 1975 
in the Kanto District (Metropol i tan T o k y o and its 
sur rounding prefectures) and in Shizuoka prefecture.6»7) 

O n one occasion, as many as 33,000 people complain­
ed of i rr i ta t ion. In 1975 J a p a n Env i ronment Agency 
(JEA) started a five-year precipi tat ion chemistry 
m o n i t o r i n g p rog ram which collected data for two 
weeks du r ing the mid-rainy season in Kanto District.7* 

T h e acid-rain problem has become a global environ­
menta l issue. T h u s , JEA organized in 1983 the 
Commit tee on Acid Precipi ta t ion to l aunch a five-year 
acid precipi ta t ion chemistry moni to r ing th roughou t 
the year (JEA Phase-I Study).8) T h i s mon i to r ing 
system involved fourteen stations th roughou t Japan ; 
fifteen stat ions were added in 1985. T h e JEA Phase-I 
Study is the first survey of acid precipi ta t ion wi th in 
J a p a n to employ identical s ampl ing procedures and 
subsequent chemical analysis. Meanwhile , several 
studies have been reported concerning the chemical 
compos i t ion of prec ip i ta t ion in a number of sites 
wi th in Japan.9~16> Most studies had l imited objectives 
and involved different sampl ing periods and various 
types of samplers. 

In this paper , in order to describe the present state of 
acid deposi t ion wi th in J apan , precipi tat ion chemistry 
is addressed on the basis of results for the first two 
years (April 1984 to March 1986) which are opened to 
the publ ic . T h e 1983 results, however, were precluded 
to appear in the present analysis because they were 
pre l iminary and covered only a half-year period.8) T h e 
a n n u a l mean concentrat ion and deposit ion of the 

* The Institute of Public Health, Shirokanedai 4-chome, 
Minato-ku, Tokyo 108. 

Fig. 1. Sampling stations in this survey. Closed 
and open circles designate sites 1 and 2 of each prefec­
ture, respectively. 
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Station code Station 
Distance 

km 

0 
70 

0 
25 

0 
25 

0 
10 

0 
21 

0 
72 

0 
20 

Population 
XI O"3 

1614 
7 

870 
20 

8296 
139 

2143 

2649 
103 

1073 
23 

449 
71 

Longitude 
E 

141°20/ 

141°54/ 

140°54' 
140°44' 

139°49/ 

139°34/ 

136°55/ 

137°00' 

135°32/ 

135°27/ 

132°27/ 

133°01/ 

129°48/ 

129°57/ 

Latitude 
N 

43°04' 
42°36/ 

38°16' 
38°02/ 

35°40/ 

35°43/ 

35°05' 
35°08/ 

34°40' 
34°49/ 

34°23 
34°5r 

32047/ 
32°54/ 

Altitude 

m 

12 
6 

34 
21 

21 
70 

1 
52 

18 
79 

27 
273 

80 
30 

SPRl 
SPR2 

SDH 
SDI2 

TKY1 
TKY2 

NGY1 
NGY2 

OSKl 
OSK2 

HRS1 
HRS2 

NGSl 
NGS2 

Sapporo 
Mukawa 

Sendai 
Ohgawara 

Koto-ku, Tokyo 
Musashino, Tokyo 

Minami-ku, Nagoya 
Meito-ku, Nagoya 

Osaka 
Ikeda 

Hiroshima 
Shobara 

Nagasaki 
Ohmura 

environmental science. Each prefecture set up two stations: 
an urban station (site 1) within the prefecture and a reference 
station (site 2), as shown in Table 1 and Fig. 1. The distance 
between two stations ranged from 10 to 70 km. 

Samplers. Two types of samplers were employed in the 
monitoring:17) bulk samplers and wet/dry samplers. This 
paper, however, deals with the results from bulk sampler 
data since bulk samplers were distributed to all of the 
stations, whereas the wet/dry samplers were only provided 
to one of the two stations in each prefecture. 

Two types of bulk samplers were employed in this 
monitoring: a rain collector and a snow collector, both of 
which were developed in Japan. The rain collector, (Fig. 
2(a)) comprised essentially three parts: a collection funnel, a 
storage bottle, and a membrane filter (Millipore MFAA, of 
47 mm diameter) at the interface between the other two 
parts.17) The membrane filter had three roles: to separate the 
soluble fraction of collected precipitation from insoluble 
substances; to prevent bacteria-induced chemical transform­
ations of the filtrates; and to minimize the vaporization of 
rainwater in the storage bottle. During the snow season, the 
snow sampler was employed at the SPRl, SPR2, SDIl, and 
SDI2 stations. As depicted in Fig. 2(b),17) this sampler was 
comprised a cylindrical funnel and a storage bag. 

Samples were sent back weekly to each prefectural 
laboratory for chemical analyses. 

Sample Analysis. A number of chemical parameters and 
rainfall amounts were measured for the precipitation 
samples including pH, specific conductance, and the 
concentration of the major ions17) (S042~, N03~, Cl~, NH4+, 
Ca2+, K+, Mg2+, and Na+), which are considered to determine 
the characteristics of precipitation.18) 

All of the measurements were made in laboratories: the pH 
and specific conductance were determined by a pH electrode 
and a specific conductance meter, respectively. The anions 
were analyzed by ion chromatography, and Ca2+, K+, Mg2+, 
and Na+ by atomic absorption spectrometry. Ammonium 
ions were measured by a phenol-hypochlorite method. 

Vinylcfaloride pipe 

-polyethylene bot t le 

polyethylene 
tube 

Ball joint 
54D N12/5 

Light shade 
(Aluminum foil 
or Black polyethylene bag:) 

"10 or 20 L polyethylene bottle 

•Vinyl chloride pipe 

(a) Rain collector. 

Vinyl chloride pipe 
i.d. 400m 
o.d. 420« 

•x 11 Double layer polyethylene 
yL/ o r polystyrene bag 

• Polywood plate 

Door handle v 

(b) Snow co l l ec to r . 

Fig. 2. Bulk samplers:17) a) rain collector, b) snow 
collector. 
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Details of the analytical procedures have been described 
elsewhere.17) 

Correction of Contribution of Seasalt. Sulfate and Ca2+ 

in precipitation are derived either from seasalt or from a 
non-seasalt origin, such as anthropogenic and natural 
emissions. We, thus, must discriminate seasalt SÛ42- and 
Ca2+ from non-seasalt (nss-) SC>42~ and nss-Ca2+ for further 
discussion. The nss-S042~ and Ca2+ were evaluated from the 
Na+ concentration under the assumption that all of the Na+ 
ions originated from seasalt with the conserved weight 
ratios of S0 4

2"/Na+ (0.251) and Ca2VNa+ (0.038) in the 
seawater.8) 

Results and Discussion 

Mean Ionic Composit ion of Rainwater in This 
Monitoring. In order to unders tand the gross features 
of the ionic composi t ion of the rainwater collected 
wi th in this network, the mean ionic composi t ion was 
calculated, as i l lustrated in Fig. 3. T h i s corresponds to 
the compos i t ion of all the rainwater samples wi th in 
J a p a n collected in a h u g e hypothetical bucket. 

T h e mean p H at 14 stations was 4.7, well below 5.6 
which is the ' ' na tu ra l ' ' acidity of rainwater in the form 
of pH. 1 9 ) Approximate ly one third of the ionic 
components originated from seasalt, since all of the 
stations except Shobara were situated in coastal areas 
(Fig. 1, and Tab le 1). Sulfuric acid exceeded nitric acid 
in the present results, provided that the acidity is 
assumed to be derived from either sulfuric or ni tr ic 
acid, a reasonable a s sumpt ion in the l ight of our 
current knowledge concerning a tmospher ic chemi­
stry 20,21) -phe precipi ta t ion p H , as well as that of other 
aqueous solut ions, is determined by the na ture and 
relative propor t ion of acids and bases in solution.20»22»23) 

As T s u r u t a has already pointed out,5) these acids in 
J a p a n are ascertained to have been titrated wi th bases 
such as NH3 and Ca 2 + species in the a tmosphere , 
which resulted in the h igher p H for the SO42" and 
N O 3 " levels. If it were no t for these a lkal ine species in 
the precipi ta t ions, the resul t ing p H would have been 
4.3, a decrease of 0.4 p H uni t . 

Mean 

Ra in fa l l 1 278 mm y"1 

pHA-73 

K+ 

H+ 

N°3~ 

NHi+ 

11 

1 

Ca2 ! 
1 

1 

1 

i 
s o 4

2 - j 

! 

u Na+ 

cr 

I—I I I I I I I I I I I I I I I I I I I I 

0 50 100 150 200^ieqL"1 

Fig. 3. Mean ionic composition of precipitations 
at 14 stations over Japan. 

p H and Concentrations of the Major Ions. Tab le 2 
gives the precipi ta t ion-weighted mean of value each 
chemical parameter for each site provided with a bu lk 
sampler. T h e p H values range from 4.5 to 5.1. N o 
dis t inguished spatial patterns have been noted over the 
country, a l t h o u g h some sites in western J a p a n seem to 
have lower p H values than those in nor the rn J a p a n : 
SPR1 , SPR2, SDH, and SDI2. 

T h e NO3" level at TKY2 was found to be remarkably 
h igh (2.52 m g L - 1 ) compared wi th those at the other 
stations (0.56—1.58 m g L - 1 ) ; this matter will be discuss­
ed later. 

Non-seasalt C a 2 - concentrat ion were considerably 
more elevated at SPR1 (2.15 m g L - 1 ) than those at the 
other stations. We interpret the results as an 
indica t ion that this site is h ighly affected by local 
emissions, such as the road dust produced by studded 
tires du r ing the winter months . 

An analysis of the entire data of the present five-year 
survey wou ld he lp in ascertaining this interpretat ion 
of the probable spatial distr ibution. 

T h e present bu lk sampler data was pre l iminar i ly 
compared wi th those from other regions of the world. 
It should be noted, however, that data based on 
different type of samplers (wet-only or bulk) cannot be 
directly compared, since the collected materials m igh t 
no t be regarded as always be ing identical wi th each 
other. 

However, a pre l iminary compar ison of the ra in 
collector wi th the wet /dry sampler showed that the 
ra in collector gave a 0.1 p H - u n i t h igher p H value un i t 
on the average than that did wi th the other type of 
sampler; also, the bu lk sampler collected 60—80%, 
dependent u p o n the ionic species of the deposit ion, 
compared wi th the wet /dry sampler.24) As long as we 
note these discrepancies, it is still meaningful at 
present to make a brief compar ison with correspond­
ing data sets. 

A data set for the U. S. (regional annua l average of 
198025>), Europe (EMEP network),26) and China (sever­
al site data du r ing 1981 —1984)27> are shown in Tab le 2. 
Regard ing the European network, EMEP determined 
mean a n n u a l p H values of 4.1 to 5.4. T h e regions wi th 
the lowest prec ip i ta t ion p H were found in the central 
par ts of Europe and in Southern Scandinavia. In 
China , the p H ranged form 4.1—4.9 (acid-rain areas) 
to 6.3—6.7 (non-acid-rain areas); a low p H occurs in 
the southern par t of the country. 

T h e p H of the present survey corresponds to those 
between Northeastern U. S. (4.1—4.2) and Northwestern 
U. S. (5.1—5.2), and is somewhat lower than in 
Western-Midwestern U. S. (5.0—5.5). 

T h e nss-S04 2" level wi th in J a p a n is nearly compar­
able to the S 0 4

2 " level of Northeas tern U. S. (Table 2), 
bu t is somewhat lower than nss-S042~ wi th in Europe. 

Regard ing the NO3", the concentrat ion at TKY2, 
the highest concentrat ion in this survey, corresponded 



ID 

Site code pH 
NH4+ Ca2+ 

Table 2. pH and Concentrations of Major Ions 

K+ Mg2+ Na+ NO3-

mgL" 1 

SO42- ci- nss-S0 4
2 - a ) nss-Ca2+a) 

SPR1 
SPR2 
SDI1 
SDI2 
TKY1 
TKY2 
NGY1 
NGY2 
OSK1 
OSK2 
HRS1 
HRS2 
NGS1 
NGS2 
Mean 
M a x / M i n 

4.9 
5.0 
4.6 
4.8 
4.9 
4.5 
4.8 
4.6 
4.5 
4.7 
4.8 
5.1 
4.8 
4.6 
4.7 
5.5b> 

0.36 
0.26 
0.65 
1.27 
0.53 
0.57 
0.49 
0.39 
0.64 
0.33 
0.28 
0.65 
0.31 
0.23 
0.48 
5.5 

2.30 
0.46 
1.02 
1.51 
1.23 
0.65 
0.70 
0.31 
0.92 
0.40 
0.77 
0.40 
0.33 
0.34 
0.74 
7.4 

Regional a n n u a l average of the U. S., 198025) 

NWC> 5.1—5.2 0.02—0.04 0.04—0.06 
W-MidWc> 5.0—5.5 0.2 —0.7 0.2 —0.7 
NEC> 4.1—4.2 0.3 —0.4 0.2 —0.3 

0.34 
0.13 
0.15 
0.33 
0.09 
0.07 
0.06 
0.07 
0.18 
0.08 
0.06 
0.08 
0.21 
0.11 
0.13 
5.7 

0.45 
0.19 
0.13 
0.16 
0.19 
0.09 
0.09 
0.06 
0.08 
0.07 
0.08 
0.09 
0.27 
0.16 
0.15 
7.5 

3.84 
1.35 
0.81 
0.80 
0.80 
0.45 
0.51 
0.45 
0.53 
0.52 
0.48 
0.65 
2.05 
1.07 
0.99 
8.5 

0.89 
0.87 
1.33 
1.34 
1.58 
2.52 
1.36 
1.29 
1.32 
1.02 
1.06 
0.95 
0.56 
0.64 
1.16 
4.5 

0.1—0.2 
0.9—1.9 
1.9—2.2 

4.29 
2.07 
2.38 
2.81 
2.83 
2.22 
2.89 
2.16 
2.88 
1.83 
2.72 
2.35 
2.51 
2.21 
2.54 
2.3 

0.2— 0.5 
1.0— 1.5 
3.0— 4.0 

7.00 
2.38 
2.29 
2.49 
2.06 
1.59 
1.11 
0.87 
1.90 
1.04 
1.10 
1.62 
3.61 
2.04 
2.15 
8.0 

3.31 
1.73 
2.17 
2.60 
2.64 
2.11 
2.70 
2.01 
2.75 
1.70 
2.57 
2.16 
1.99 
1.89 
2.28 
2.0 

Europe, 198526> 

China27) 
ARd> 
NARd> 

4.1—5.4 

4.1—4.9 
6.3—6.7 

0.1 —2.7 

0.9 —1.9 
2.3 —4.0 

0.1 — 4.6 
5.7 —15.2 

0.9—4.4 

1.0—2.0 
1.8—5.0 

0.6—8.4 

5.4—19 
7.8—16 

2.15 
0.41 
0.99 
1.48 
1.20 
0.64 
0.67 
0.29 
0.90 
0.38 
0.75 
0.37 
0.26 
0.29 
0.70 
8.3 
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to that in Northeas tern U. S., whi le the other Japanese 
stations found the same concentra t ion levels as those 
in Western-Midwestern U. S. T h e N O 3 " levels in 
Europe are likely to be h igher than those in J a p a n and 
the U. S., and to be as h igh as that in China , where 
SO42" concentrat ions are exceptionally h igh a m o n g all 
countries and regions. 

As for a lkal ine species, such as NHU"1" and Ca2+, 
J a p a n has m e d i u m levels a m o n g the U. S., Europe , 
and Ch ina (Table 2). Concentra t ions h igher than 
those in the U. S. were observed for NH4+ and Ca2+. 

T h e term, "acid prec ip i ta t ion ," sometimes implies 
too m u c h the significance of the p H level, that p H 
migh t be misunders tood to be the single measure of 
acid precipi ta t ion. However, in l ight of the discussion 
so far, the entire ionic composi t ion should be carefully 
examined, for example , by us ing the ionic composi­
t ion d iagram shown in Fig. 3. 

Futher analysis of the present survey data, together 
wi th the r ema in ing two-year data of this survey 
covering fifteen addi t ional stations in other areas of 
J a p a n is needed, whereby it may be ascertained 
whether or not this view applies to most areas of 
J a p a n . If they do occur, the sources of these major 
components need to be determined. 

Maximum/Miminum Ratios of Ionic Concentra­
tions. T h e n u m b e r of stations was so l imited that 
detailed spatial dis tr ibut ions could no t be determined. 
However , the ra t io of the m a x i m u m to the m i n i m u m 
concentra t ion for each ion wou ld display a degree of 
spatial variabili ty: W h e n the concentrat ion of an ionic 
species is rather un i form wi th in J apan , this rat io does 
no t exceed uni ty to a great extent. These ratios are also 
summarized in Tab l e 2. O n a basis of this rat io, the 
ionic componen ts could be divided in to three classes: 
h igh (larger than seven), low (smaller than approx­
imately two), and med ium. T h e high-ra t io class 
covers five components : Ca2 + , nss-Ca2+ , Mg2+, Na+, and 

CI", whi le the low rat io class comprises SO42" and 
nss-S042". Since the non-seasalt contr ibut ion account­
ed for more than 80% of SO42" and Ca2+, as is shown in 
Fig. 3, it is only reasonable that the total (seasalt p lus 
non-seasalt) and non-seasalt componen t should be­
long to the same class. 

In contrast to ions of h igh and med ium ratios, the 
lower-ratio components , SO42" and nss-S042", are 
strongly suggested to be rather uniformly distr ibuted 
wi th in J apan . 

Relative Importance of NO3" and nss-S042~ to 
Acidity. Assuming that precipi ta t ion acidity origina­
tes p r imar i ly from sulfuric a n d ni t r ic acids, the ratios 
of N03"/nss-SC>42" (the N / S ratio), expressed as 
equivalents , wou ld display the relative importance of 
their cont r ibut ions to precipi ta t ion acidity.28»29) These 
acids in precipi ta t ion are originally formed in the 
a tmosphere t h ro u g h per t inent gas- or aqueous-phase 
chemistry.21) Atmospher ic alkal ine species, mainly 
NH3, neutralize a certain por t ion of these acids, 
yielding a m m o n i u m salts such as (NH4)2SÜ4 and 
NH4NO3. F rom the v iewpoint of a tmospher ic 
acidity,30»31) the or iginal acidity is conserved as the 
a m o u n t of SO42" a n d N O 3 - an ions . As Tab le 3 shows, 
the N / S rat io ranges from 0.21 to 0.50, except at the 
TKY2 station. T h u s , sulfuric acid would contr ibute 
67—83% to the free precipi ta t ion acidity wi th in J apan . 

T h e highest rat io, 0.93, was obtained at the TKY2 
station, situated about 20 km in land from the coast. 
Both ni tr ic and sulfuric acids equal ly contr ibuted to 
the prec ip i ta t ion acidity at this poin t . As we discussed 
before, the N O 3 " concentra t ion peaked at this station. 
Because the nss-S04 2" level was rather uni form wi th in 
J apan , the h igh N / S rat io resulted from the NO3" 
peak, which may be ascribed to the h igh N O x levels 
and h igh ratios of N O x to SO2 wi th in the T o k y o area. 
Further , possibly, the difference in the oxidat ion rates 
of SO2 and NOx intensified the NCVSO2 ratio, 

Table 3. Equivalent Ratios of Major Ions 

Site code 

SPR1 
SPR2 
SDH 
SDI2 
TKY1 
TKY2 
NGY1 
NGY2 
OSK1 
OSK2 
HRS1 
HRS2 
NGS1 
NGS2 

(Cl/Na) 

(Cl/Na)ss 

1.02 
0.98 
1.57 
1.73 
1.43 
1.97 
1.21 
1.08 
2.00 
1.11 
1.28 
1.39 
0.98 
1.06 

nss-S04
2" 

SO42-

0.77 
0.84 
0.91 
0.93 
0.93 
0.95 
0.93 
0.93 
0.96 
0.93 
0.95 
0.92 
0.79 
0.86 

nss-Ca2+ 

Ca2+ 

0.94 
0.89 
0.97 
0.98 
0.98 
0.99 
0.96 
0.94 
0.98 
0.95 
0.97 
0.93 
0.79 
0.85 

NO3-

nss-S04
2~ 

0.21 
0.39 
0.48 
0.40 
0.46 
0.93 
0.39 
0.50 
0.37 
0.47 
0.32 
0.34 
0.22 
0.26 

(NH4++nss-Ca2+) 

(N03-+nss-S04
2-) 

1.53 
0.70 
1.28 
1.90 
1.11 
0.75 
0.78 
0.58 
1.02 
0.72 
0.75 
0.90 
0.70 
0.55 

NH4+ 

nss-Ca2+ 

0.19 
0.70 
0.73 
0.95 
0.49 
0.99 
0.81 
1.49 
0.79 
0.97 
0.42 
1.95 
1.32 
0.88 

Mean 1.21 0.90 0.95 0.39 0.93 0.76 
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Site 
code 

SPR1 
SPR2 
SDH 
SDI2 
TKY1 
TKY2 
NGY1 
NGY2 
OSK1 
OSK2 
H R S 1 
H R S 2 
NGS1 
NGS2 
Mean 
M a x / M i n 

Rainfall 

m m y - 1 

981 
788 

1042 
995 

1234 
1270 
1189 
1256 
1191 
1404 
1387 
1498 
1693 
1962 
1278 

2.5 

H+ 

0.012 
0.008 
0.024 
0.014 
0.016 
0.036 
0.020 
0.028 
0.034 
0.031 
0.023 
0.013 
0.025 
0.052 
0.024 
4.3 

N H 4
+ 

0.35 
0.20 
0.68 
1.26 
0.66 
0.72 
0.58 
0.49 
0.77 
0.46 
0.39 
0.97 
0.52 
0.45 
0.61 
6.3 

Ca 2 + 

2.25 
0.37 
1.06 
1.50 
1.52 
0.83 
0.83 
0.39 
1.09 
0.56 
1.07 
0.60 
0.56 
0.66 
0.95 
6.1 

K+ 

0.33 
0.10 
0.16 
0.33 
0.12 
0.09 
0.08 
0.09 
0.21 
0.11 
0.08 
0.11 
0.35 
0.21 
0.17 
4.4 

Mg2+ 

0.44 
0.15 
0.14 
0.16 
0.24 
0.12 
0.10 
0.07 
0.10 
0.10 
0.11 
0.14 
0.46 
0.31 
0.19 
4.6 

Na+ N O 3 -

g m~2 y - 1 

3.77 
1.06 
0.84 
0.79 
0.99 
0.58 
0.61 
0.57 
0.63 
0.73 
0.66 
0.97 
3.47 
2.10 
1.27 
6.6 

0.88 
0.69 
1.38 
1.33 
1.92 
3.20 
1.61 
1.62 
1.56 
1.41 
1.48 
1.43 
0.95 
1.25 
1.48 
4.6 

SO42-

4.21 
1.63 
2.47 
2.79 
3.49 
2.82 
3.43 
2.71 
3.38 
2.52 
3.77 
3.51 
4.25 
4.11 
3.22 
2.6 

ci-

6.87 
1.88 
2.39 
2.50 
2.55 
2.02 
1.32 
1.09 
2.24 
1.44 
1.52 
2.43 
6.10 
4.00 
2.74 
6.3 

nss-S04 2 _ 

3.25 
1.36 
2.26 
2.59 
3.24 
2.68 
3.20 
2.52 
3.23 
2.56 
3.56 
3.23 
3.36 
3.52 
2.88 
2.6 

nss-Ca2 + 

2.11 
0.33 
1.03 
1.47 
1.48 
0.81 
0.80 
0.37 
1.05 
0.53 
1.04 
0.56 
0.43 
0.57 
0.90 
6.4 

resul t ing in the h igher N / S ratios: NO2 generally 
undergoes oxidat ion one order of magn i tude more 
rapidly than does S02.32) Since the TKY1 station is 
located in an industr ial ized area, the distance between 
emission sources and the station seems so short that it 
does no t pe rmi t a conversion of the emit ted NO2 to 
NO3" du r ing the t ransport processes. 

Depositons of the Major Ions. Deposi ton, defined 
as the product of the concentrat ion and the rainfall 
a m o u n t , is ano ther major quan t i ty in evaluat ing the 
acid deposi ton p h e n o m e n o n . T h e a n n u a l mean 
deposi ton of major ions is summarized in Tab le 4, 
together wi th the rainfall amounts . 

Similar variat ions in the deposi t ion were noted for 

major ions to the concentra t ion. T h e deposi t ions of 

N O 3 - and Ca2+ peaked at TKY2 and S P R 1 , respective­

ly-
T h e magni tudes of the depositons were tentatively 

compared wi th an available data set of the Uni ted 
States.33* T h e nss-S04 2" deposi t ion levels wi th in 
J a p a n (1.36—3.56 g m - 2 y - 1 ) were comparable to those 
of eastern Nor th America, the highest level of which 
was 3 . 0 — 4 . 8 g m - 2 y _ 1 . Nitrate deposi t ion at the 
Tokyo stations (1.92 and 3.2 gm'2y-1 for TKY1 and 
TKY2, respectively) corresponded to the heavy deposi­
t ion area of eastern Nor th America (2.0—3.1 g m - 2 

y - 1 ) . T h e deposi t ion of alkal ine species wi th in J a p a n 
0 . 2 0 — 1 . 2 6 g m - 2 y 1 , and Ca2+; 0.37—2.25 g 
, however, exceeded those of eastern Nor th 

(NH4+ 

m - 2 y - i } 

deposi t ion magn i tude will surely be larger than those 
of the others , wh ich should be kept in m i n d when 
evaluat ing acid deposit ion wi th in Japan . 

Conclusion 

A general pic ture of precipi ta t ion chemistry wi th in 
J a p a n was obta ined based on two years of moni to r ing : 
p H ; 4.5—5.1 wi th a mean of 4.7, nss-S0 4

2"; 1.70— 
3.31 m g L " 1 , NO3- ; 0.56—2.52 m g L - 1 , NH4+; 0.26— 
1.27 m g L " 1 ; Ca2+; 0.33—2.30 m g L " 1 . T h o u g h the 
deposi ton levels of nss-S04 2" and NO3" are somewhat 
high, more NH4+ and Ca2 + are deposited per un i t area 
wi th in J a p a n , resul t ing in a par t ia l neutral izat ion of 
sulfuric and nitr ic acids. 

It is impor t an t to emphasize the prel iminary na ture 
of these results. Fur ther analysis of the data, inc lud ing 
results from an addt ional fifteen stations, would he lp 
us to ascertain the present interpretat ion. 

We are grateful to J a p a n Envi ronment Agency 
(JEA) for pe rmi t t ing us to publ i sh this paper . T h i s 
publ ica t ion has no t been reviewed by the JEA; it does 
no t reflect the views of the agency and n o official 
endorsement should be inferred. 

T h e authors also wish to express their thanks for 
many valuable suggestions to Dr. H a r u o T s u r u t a of 
Yokohama Research Inst i tute for Envi ronmenta l Sci­
ence. 

America (NH4+; 0 . 4 — O ^ g m ^ y - 1 , Ca2+; 0.30—0.54 g 
m - 2 y - 1 ) in the area wi th heavy SO42" and NO3" References 
deposit ions. 

It shou ld be noted that J a p a n has a greater a m o u n t 
of rainfall than most European countries and Nor th 
America: the U. S. rainfall is, on an average, less than 
half that of Japan.34* W h e n the concentrat ion level of 
J a p a n is comparable to that of these countries, our 
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Synopsis. The base dissociation of ammonia has been 
studied by an ultrasonic absorption method in both the 
absence and presence of SDS micelle in aqueous solution, 
and kinetic parameters were obtained. The micellar 
catalyzed reaction mechanism, including the interactions of 
ammonium ion with SDS micelles, are discussed. 

In order to examine the role of the hydrophobic 
g r o u p of the reactant in micellar catalysis we studied 
the base dissociation of amines by chang ing their 
hydrocarbon cha in l eng th in the presence of SDS 
micelles,1 _ 5 ) and proposed a micellar catalyzed mech­
an i sm for the base dissociation of lower alkyl-
amines. 4 ' 5 ) In the present work, a study was developed 
which involved a similar reaction of ammon ia . 

Experimental 

Ammonia was purchased from Wako Chemicals in the 
form of a 28% aqueous solution; the concentration was 
determined by acid titration. Sodium dodecyl sulfate (SDS), 
purchased from Pierce, was recrystallized in methanol; the 
critical micelle concentration was determined to be 8.0X10~3 

M (1 M=l mol dm -3) by a conductivity measurement. There­
fore, in the present work, most of the SDS was in the form of 
micelles. pH measurements were carried out with a pH 
meter (HM-20) using an electrode (GS-135) of TOA 
Electronics Ltd. Ultrasonic absorption measurements were 
carried out by a pulse method over the frequency range 11.5 
to 95 MHz.6) All of the relaxation spectra could be 
characterized by a single relaxation equation. The velocity 
of sound was measured by a sing-around method at 
1.92 MHz.7* The measurements were performed under a 
nitrogen gas atmosphere; further, the surface of the solution 
was sealed with a plastic plate, and the system was 
thermostated at 30.0 °C. 

Results and Discussion 

In an aqueous solut ion of ammonia , ul t rasonic 
re laxat ion absorpt ion has been observed over a MHz 
frequency; the relaxat ion p h e n o m e n o n has long been 
studied a n d has been ascribed to a base dissociation of 
ammonia: 8 - 1 0 ) 

are related to the kinetic parameters by the following 
equat ions: 

NH4
+ + O H - NH3 + H 2 0 . (1) 

In order to obta in referential data for the micellar 
catalyzed reaction, the reaction was first studied in the 
presence of 0.30 M N a C l ; n ) the p H and ul t rasonic 
absorpt ion parameters obtained are listed in Table 1. 
T h e relaxation frequency, / r, and the m a x i m u m relaxa­
t ion absorpt ion per wavelength, /xmax, for React ion 1 

and 

wi th 

(2TC/r)2 = WkthCo + £b2 (2) 

pu2n 
Mnu = ̂ Fwr"1' (3) 

r = [NH4+]"1 + [OH-]"1 + [NHs]"1, (4) 

where r is the mean activity coefficient, Co the ini t ial 
concentrat ion of ammon ia , p the density, u the 
velocity of sound, and AV the volume change of the 
reaction. 

Wi th the use of exper imenta l values of / r and /xmax, 
the values of (2TT / r )

2 and /xmax are plot ted against the 
concentrat ion terms in Eqs. 2 and 3, respectively. 
Satisfactory l inear relat ionships were observed for each 
plot; these facts proved that the relaxat ion absorpt ion 
is due to React ion 1. T h e kinetic parameters, thus 

Table 1. pH and Ultrasonic Relaxation Absorption 
Parameters for Aqueous Solution of Ammonia 

in the Presence of 0.30 M NaCl at 30.0°C 

Co 

M 

0.10 
0.20 
0.30 
0.40 
0.50 

pH 

10.84 
11.00 
11.08 
11.18 
11.24 

/r 

MHz 

17.1 
25.0 
30.5 
35.1 
39.1 

A B 

10-17s2cm-i 

74 18 
75 18 
74 18 
74 18 
79 18 

Table 2. Kinetic Parameters for the Base 
Dissociation of Ammonia and Amines 

in 0.30 M NaCl Solution at 30.0°C 

Bases 

Ammonia 

MA 
DMA 
EA 
EN 
EOHA 

pKh 

4.59 

3.21 
3.06 
3.19 
3.87 
4.33 

r2k{ 

lO^M-is" 1 

3.4 

3.1 
2.5 
2.5 
2.8 
2.8 

kb 

106 s-1 

0.88 

19 
22 
16 
3.8 
1.3 

AV 

cm3 mol - 1 

29.3 

28.1 
26.1 
24.1 
28.6 
27.6 

MA: methylamine; DMA: dimethylamine; EA: ethyl-
amine; EN: ethylenediamine; EOHA: 2-aminoethanol. 



September, 1990] NOTES 2699 

obtained, and the apparen t base dissociation constant, 
Kh (=kb/r2kf), obta ined from the p H measurements , 
are listed in Tab le 2, where the corresponding values 
for lower alkylamines4 '5 ) are given for a comparison. 

T h e addi t ion of SDS to the a m m o n i a solut ion 
induces an increase in the p H , a shift of the u l t rasonic 
re laxat ion absorpt ion to a lower frequency region, and 
an increase in the absorpt ion ampl i tude . These results 
indicate that the base dissociation of a m m o n i a is 
catalyzed by SDS micelles. T h e p H a n d ul t rasonic 
absorp t ion data (summarized in Tab le 3) were 
analyzed us ing Eqs. 2—4; the obtained kinetic values 
are listed in Tab le 4, together wi th those for the lower 
a lkylamines . 4 »5) By c o m p a r i n g the values in Tables 2 
and 4, we can say that in the SDS micel lar solut ion: (i) 
base dissociation is p romoted and that the value of pKb 
is abou t 0.8 un i t smaller, due to a decrease in hi and an 
increase in kb\ (ii) the value of AV is about 
5 cm 3 mole _ 1 smaller. These features were similarly 
observed for the lower alkylamines.4 '5 ) 

Since a m m o n i a has n o hydrophobic g roup , it is very 
soluble in water and its incorpora t ion in to a micellar 
hydrophob ic core is improbable . Therefore, interac­
t ions of a m m o n i a wi th SDS micelles involve the 
b i n d i n g of a m m o n i u m ions as counter ions of SDS 
micelles. We can thus propose the following 
mechan i sm regarding the base dissociation of am­
mon ia catalyzed by SDS micelles;12) 

( M i c e l l e ) 

( I I I ) K i i - i i i 

Reaction (5) 

.(B) 

NH4
 + 

( B u l k ) 

( I I ) 

where (Bulk) and (Micelle) mean that the species is in 
the bu lk ou t of the micel lar a tmosphere a n d on the 
surface of the micelle, respectively, and that Kii-m= 
[NH4+(Micelle)]/[NH4^(Bulk)] . T h e apparen t base 
dissociation constant , Kh, in Tab le 4 is related to those 
in bulk , Kh(B), and on the surface of the micelle, 
Kh(M), as follows: 

Kh = Kh(B) + £„(M). (6) 

Consider ing that Kh(B) is equal to Kh in Tab le 2, Kb(M) 
is evaluated, and Ku-m is given by 

Kn-m = £b(M)/£ b (B) . (7) 

Since the obta ined Kn-m values are m u c h larger than 
uni ty , we can say that most of the a m m o n i u m ions are 

Table 3. pH and Ultrasonic Relaxation Absorption 
Parameters for Aqueous Solution of Ammonia 

in the Presence of 0.30 M SDS at 30.0°C 

Co 

M 

0.10 
0.20 
0.30 
0.40 
0.50 

pH 

11.27 
11.42 
11.51 
11.57 
11.62 

fr 

MHz 

11.7 
16.8 
20.2 
23.2 
25.6 

A B 

10-« s2 cm"1 

182 28 
190 27 
193 27 
188 27 
189 27 

Table 4. Apparent Kinetic Parameters for the 
Base Dissociation of Ammonia and Amines 

in the Presence of 0.30 M SDS at 30.0°C 

Bases 

Ammonia 

MA 
DMA 
EA 
EN 
EOHA 

pKh 

3.77 

2.19 
2.08 
2.15 
2.95 
3.38 

r2£f 

109 M"1 s"1 

8.8 

3.5 
3.5 
2.9 
6.4 
8.4 

kh 

106 s-1 

1.5 

23 
29 
20 

7.2 
3.5 

AV 

cm3 mol - 1 

24.0 

21.5 
22.4 
22.7 
21.9 
19.8 

on the surface of the SDS micelle, while some par t 
remains in the bulk . Since the association and 
dissociat ion of counter ions to and from the micelles, 
(II) x N (HI), are very rapid, 13'14) the relaxat ion fre­
quency for the slow process is represented by5»15) 

2nfT = 2r2 k\k-2(k-\ + k,2) 

k\Jl2 + k-\k-2 
[OH"] + k2 + k-i. (8) 

Assuming that the rate constants in bu lk (r2ki, k-i) are 
equa l to those given in Tab le 2, the rate constants for a 
micellar catalyzed reaction, r2k-2 and fe, were 
calculated us ing the above equa t ion wi th the base 
dissociation constants in bo th the absence and 
presence of SDS. T h e results are summarized in Tab le 
5 a n d Fig. 1, together wi th data for the lower 
a lkylamines . As can be seen in Fig. 1, the react ion of 
a m m o n i a may be in the same homologues wi th those 
of the lower a lkylamines , i.e., an in t roduct ion of a 
lower alkyl g r o u p (lower than C4) to a m m o n i a induces 
n o appreciable effect regarding micellar catalysis. We 
show in Fig. 1, furthermore, that r2k{ is a lmost 
constant and that the Kb dependency of kb is steep in a 
so lu t ion in the absence of SDS micelles, whereas r2 k-2 
decreases a n d hi increases gently wi th an increase of Kb 
for a micellar catalyzed reaction. T h i s Kb dependency 
type behavior of the rate constants in the two solut ions 
can well be interpreted by the idea that the rate-
de te rmin ing step of the former is a diffusion process, 
(I) x ^ (II), whi le that of the latter is an int ramolec­
ular-proton-transfer process, (II) v ^ (III), according 
to the following stepwise mechanism: 

NH4+ + O H - ^ = * [NH4 

(I) (II) 

•OH- NH3 + H2O, (9) 

(HI) 
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Table 5. Kinetic Parameters for the Base Dis­
sociation of Ammonia and Amines on the 

Surface of SDS Micelles at 30.0 °C 

r2k-2 k,2 
Bases pKb 

lOSM-is" 1 106 s-1 

Ammonia 3.84 44 0.64 

MA 2.23 6.0 3.4 
DMA 2.13 10 7.4 
EA 2.19 6.0 3.9 
EN 3.01 34 3.8 
EOHA 3.43 58 2.2 

i?.g.ir.kf.^--o--oA 

PKh 

Fig. 1. Kb dependencies of the rate constants for the 
base dissociation of ammonia and amines in the 
absence (small signs) and in the presence of 0.30 M 
SDS (large signs); triangle indicates ammonia. Solid 
lines are the corresponding data for the amines of 
higher alkyl chain.1_3) 

where species (II) is an ion-paired intermediate. In a 
micellar-catalyzed reaction, the Kb(M) dependencies of 
the rate constants of a m m o n i a and the lower alkyl-
amines are similar to those of the h igher alkyl-
amines , 1 _ 3 ) wh ich is shown by the solid lines in Fig. 1. 
From these trends regarding the rate constants, it 
appears tha t the pr imary factor concerning micellar 
catalysis consists of an interact ion of a m m o n i u m ion 
wi th the an ion ic surface of the micelle as their counter 
ions; the hydrophobic interact ion plays a secondary 
role. 

We have consequently clarified that: (i) the am­
m o n i u m ions b i n d p redominan t ly to the SDS micelles 
as counter ions exchanged wi th Na+ ions; (ii) the rate-
de te rmin ing step of the base dissociation of a m m o n i a 
is different for reactions in bo th the absence and 
presence of SDS micelles; and (iii) AV is smaller in a 
micellar solut ion. All of these features can be well 
interpreted by the idea that a m m o n i u m and the lower 
a l k y l a m m o n i u m ions b ind relatively tightly to SDS 
micelles, ma in ly by an electrostatic force and part ly by 
some addi t ional force, e.g., hydrogen-bonding. Detail­
ed discussions concern ing this problem will be 
developed elsewhere.5) 
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Reactions of Ozone with 1-Methylcyclohexene and 
Methylenecyclohexane in Air 
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Synopsis. Reactions of ozone with 1-methylcyclohexene 
and methylenecyclohexane were studied for the purpose of 
obtaining the reaction mechanism as a prototype of the 
reaction of ozone with pinenes. The similarity of the yields 
of corresponding gaseous products between 1-methylcyclo­
hexene and a-pinene and between methylenecyclohexane 
and ß-pinene indicates the similarity of the reaction 
mechanisms. 

Cycloolefins are recognized as precursors of organic 
aerosols in photochemica l smog. l i 2 ) Previously we 
reported the study on the mechanism for the ozone-
cycloolefin reactions. 3»4) In addi t ion to simple 
cycloolefins, methylcyclohexenes (1-methyl-, 3-methyl-, 
and 4-methylcyclohexene) have been reported to exist 
in gasolines and in ambient air.5) T h u s , the 
mechan i sm for the oxidat ion of such branched cyclic 
olefins is i m p o r t a n t from a view po in t of photochemi­
cal aerosol formation. 

T h e oxidat ion of cycloolefins is also impor tan t as a 
prototype of the a tmospher ic oxidat ion of monoter-
pens. T h a t reaction is pa id m u c h at tent ion to since it 
is assessed to be the most impor t an t source of organic 
aerosols in the troposphere6 '7 ) as well as one of 
the largest sources of C O into the atmosphere.8 _ 1 0 ) 

Recently, we reported the ozone reactions of a- and 
ß - p i n e n e n ) and est imated the gross a n n u a l product ion 
of CO from natura l hydrocarbons by ozone reactions. 
In order to get an ins ight in to the mechanism for 
ozone-p inene reactions, 1-methylcyclohexene (A) and 
methylenecyclohexane (B), which may be recognized 
as a pro to type of a- (C) a n d ß-pinene (D), respectively, 
were studied in this work. T o our knowledge no study 
on the mechanism for those reactions was reported 
previously. 

Experimental 

Experimental procedures and analytical techniques are 
similar to those used in the previous works.3'4) 

Analyses of gaseous products were mainly carried out in 
the evacuable and bakable photochemical reaction chamber 
(~6 m3) by means of FT-IR spectroscopy (~1 ppm of A or B 
and ~1 ppm and ~2 .6ppm of ozone for A and B, 
respectively). All the experiments were done at 30° C in 1 
atm of air. 

For ozone-B reaction one run employing 18Ü2 was carried 
out in a quartz vessel (11 L) equipped with multi-reflection 
mirrors for FT-IR analysis. The initial conditions were 
10 ppm of B and 20 ppm of ozone in the presence of 10 Torr 
(1 Torr=133.322 Pa) of 1 8 0 2 in pure N2 at 1 atm. 

Gas chromatographic (GC) analysis of gaseous products 
was also performed by use of 4-L bulbs as reactors at room 
temperature in 1 atm of air. Initial concentrations of 
reactions were 70 ppm of cycloolefins and 100 ppm of ozone. 

Particulate products were analyzed by means of GC/FID 
after dissolving the deposited aerosol mist in ether and 

treating the solution with diazomethane for esterification of 
acids. Initial concentrations of cycloolefins were 70 ppm 
and the concentration of ozone was 100 ppm in 4-L bulbs. 

1-Methylcyclohexene and methylenecyclohexane were com­
mercially available from Wako. 5-Oxohexanoic acid, 6-
oxoheptanoic acid, 2-hexanone, and glutaric acid were 
obtained from Tokyo Kasei. 1802 of 99% atomic purity was 
purchased from Nippon Sanso. Ozone was prepared by use 
of a silent-discharge ozone generator with research grade O2. 

Results and Discussion 

Gaseous Products. Gaseous products from the 
ozone reaction of A a n d B analyzed by means of F T - I R 
were listed in Table 1. T h e yields of gaseous products 
from the reactions of ozone wi th C and D n ) are also 
listed for comparison. T h e ma in products from A 
were CO, CO2, formaldehyde, and other aldehydes 
notified as "Formyls" , which would consists of 
aldehydes, dialdehydes, and keto aldehydes such as 
glutaraldehyde, 6-oxoheptanal , etc.. Here the yield of 
"Formyls" was calculated by use of an averaged IR 
absorpt ion coefficient for the b a n d at 2715 c m - 1 

(0.28 T o r r ^ m - 1 ) . 3 * In addi t ion to above products 2-
hexanone was identified by G C and G C / M S analysis 
wi th a mola r yield of 3.3+0.3%. CO2, formaldehyde, 
and cyclohexanone are the m a i n products from B. 
Formic acid from both reactants and CO from B 
seemed secondary products since their yield increases 
wi th reaction time. 

Figures 1 and 2 show typical t ime profiles of the 
reactants a n d products in ozone-A and ozone-B 
reactions, respectively. In contrast to the constancy of 
other gaseous products , the decay of "Formyls" in Fig. 
1 after reaching a m a x i m u m was observed. It should 
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Fig. 1. Typical time profiles of the concentrations 
of reactants and products in 1-methylcyclohexene 
(1 ppm)-ozone (1 ppm) reaction. 
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Table 1. Initial Conditions, Stoichiometry, and Product Yields for Ozone Reactions with 
1-Methylcyclohexene, a-Pinene, Methylenecyclohexane, and ß-Pinene 

Reactant olefin 

1-Methylcyclohexene (A) 
a-Pinene (B) 
Methylenecyclohexane (C) 
0-Pinene (D) 

Reactant olefin 

1-Methylcyclohexene (A) 
a-Pinene (B) 
Methylenecyclohexane (C) 
0-Pinene (D) 

[Olefin ]o 

CO 

6.9 
8.7 

0—10b> 
0— 8b> 

ppm 

-1 .0 
-0 .8 
-1 .0 
-0 .8 

co2 

26.4 
29.8 
31.4 
26.6 

Molar 

HCHO 

18.5 
21.9 
82.9 
76.1 

[Ozone]o 

ppm 

-1 .2 
0.6—1.4 

-2 .5 
1.3—2.5 

yield of products/%a) 

HCOOH 

0— 3b> 
0—10b> 
0 - 5b> 

<1 

Formyls or 

60 
51 
55.3C> 
40.0d> 

AfOlefin] 

A[Ozone] 

1.62 
1.48 
1.55 
1.18 

ketone Reference 

This work 
Ref. 11 
This work 
Ref. 11 

a) The yield averaged for five runs, b) 0—x means that the yield increased from 0 to x% in the course of the 
reaction, c) Cyclohexanone. d) 6,6-Dimethylbicyclo[3.1.1]heptan-2-one. 

40 50 60 

Time/min 

Fig. 2. Typical time profiles of the concentrations 
of reactants and products in methylenecyclohexane 
(1 ppm)-ozone (2 ppm) reaction. 

be due to the gas-to-particle conversion and deposition 
on the wall. 

The similarity of the yields of gaseous products 
between A and C and between B and D is clear from 
Table 1. It strongly suggests that the reactions of 
ozone with C and D proceed similarly to those with A 
and B, respectively. 

Particulate Products. Particulate products identi­
fied were 5-oxohexanoic acid [CH3CO(CH2)3COOH], 
6-oxoheptanoic acid [CH3CO(CH2)4COOH], glutaric 
acid [HOOC(CH2)3COOH], and 6-oxoheptanal [CH3-
CO(CH2)4CHO] from ozone-A reactions. No product 
other than cyclohexanone was identified from ozone-B 
reactions in the extracted ether solution except for an 
unidentified chromatographic peak. Figure 3 shows 
the time profile of the yield of each particulate product 
from ozone-A reactions. As in the case of the 
ozone-unsubstituted cycloolefin reactions,3»4) aldehyde 
(only 6-oxoheptanal was identified) decreased, and 
acids increased monotonously with time. It is in 
accord with the contention that the sequential 

1 
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r X 
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Fig. 3. Time profiles of the yields of particulate 
products form 1-methylcyclohexene (70 ppm)-ozone 
(90 ppm) reactions. O: 6-oxoheptanal, A: 6-oxohep­
tanoic acid, Q glutaric acid, • : 5-oxohexanoic 
acid. 

oxidation of aldehyde to acid occurs probably on the 
reactor wall or on the surface of aerosols. 

Reaction Mechanism. Figure 4 shows the reaction 
scheme for the ozone-A reaction. Path I gives a singly 
substituted Criegee intermediate. It is similar to those 
produced in ozone-unsubstituted cycloolefin reactions, 
so that similar products can be anticipated. In fact 
2-hexanone, 5-oxohexanoic acid, and 6-oxoheptanoic 
acid were observed. These compounds correspond to 
pentanal, glutaric acid, and adipic acid, respectively, 
from the ozone-cyclohexene reaction.3) Path II gives a 
doubly substituted Criegee intermediate. Recently, 
Niki et al.12) and Martinez and Herron13) reported that 
the doubly substituted Criegee intermediate such as 
(CH3)2COO- reacted differently compared with the 
unsubstituted or the singly substituted ones. Intra­
molecular hydrogen migration to form a hydroperoxy-
alkene and its subsequent decomposition were postu-
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Fig. 4. Reaction mechanism for 1-methylcyclohexene-
ozone reaction. 
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Fig. 5. Reaction mechanism for methylenecyclohex-
ane-ozone reaction. 

lated to expla in the formation of hydroxyacetone 
(CH3COCH2OH) and methylglyoxal (CH3COCHO). 
N o products corresponding to those compounds were 
positively identified in this work. However, similar 
compounds were reported as products of the ozone-C 
reaction by Hull .1 4 ) P roduc t ion of glutaric acid 
observed in this study suggests a similar decomposi­
t ion th rough Pa th II. 

As depicted in Tab le 1, the ratio of the decreased 
a m o u n t of A to that of ozone was always larger than 
unity. By analogy wi th our previous conclusion 3 A ) 

this should also be due to the reaction of O H radicals. 
In fact the formation of 6-oxoheptanal is difficult to 
expla in w i thou t the reaction of O H wi th A (as for the 
detailed mechanism, see Refs. 3 and 11). In the 

ozone-B reaction in N2 (1 atm) in the presence of 1 802 
(10 Torr ) , l sO-label led cyclohexanone was observed. It 
clearly shows the par t ic ipa t ion of hydroxyl (1 8OH) 
radicals. 

Figure 5 shows the conceivable reaction paths for 
ozone-B reactions. Pa th I is to give cyclohexanone 
and an unsubs t i tu ted Criegee intermediate. Subse­
q u e n t reactions of the intermediate are n o w well-
established. 15'16) Pa th II is the formation of formal­
dehyde and a doubly substituted Criegee intermediate. 
Subsequent reactions of this intermediate should be as 
described above. Neither hydroxy ketone-type com­
pounds nor cyclic dike tone-type compounds were 
identified, whereas such kinds of products were 
observed by Hull1 4 ) from ozone-D reactions. 

We are grateful to M. Nagata and S. Kato of 
Envi ronmenta l Pol lu t ion Control Center Co., Ltd., for 
their assistance in G C analyses. 
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Synopsis. Spiral growth patterns were found on the 
crystals of (+)D- and (-)D-[Co(ox)(en)2]Cl. 4H 2 0. The hand­
edness of the spirals was statistically counted on each 
enantiomeric complex crystal. No stereoselectivity of the 
handedness suggests that the visible spirals do not arise from 
the molecular or crystal structural origin, but more 
macroscopic one. 

Crystal growth from solutions has been extensively 
carried ou t for both inorganic salts1* and organic 
compounds . 2 ) However there are very few studies on 
crystal g rowth of metal coordinat ion compounds . In 
the preceding paper,3) we reported the spectrophoto-
metric study on crystal g rowth of some cobalt (III) 
complexes, where the supersaturated aqueous solu­
t ions were seeded wi th the complex crystals. It was 
suggested that the crystal growth of a few cobalt(III) 
complexes proceeds by a spiral growth mechanism. 

In the present study we found the spiral growth by 
in situ observation on the crystal surface, (001) face of 
the optically-active oxalatobis(ethylenediamine)cobalt-
(III) chloride tetrahydrate, [Co(ox)(en)2]C1.4H20, which 
is spontaneously resolved in aqueous solutions,4* and 
statistically counted the frequencies of occurrence of 
right- or left-handed spiral on each enant iomeric 
complex crystal in order to search the cause of 
occurrence of spirals. 

Experimental 

All the complexes used were prepared following the 
literature methods. A transmission type differential-
interference microscope (Nikon DIAPHOT-TMD) was used 
for in situ observation of the crystal surfaces. SEM 
observations were carried out with an Akashi ALPHA-30 
scanning electron microscope. 

Results and Discussion 

Figure 1 shows typical spirals observed on the (001) 
faces of the crystal of ( + ) D - or (—)D-[Co(ox)(en)2]Cl-
4H2O in supersaturated aqueous solut ion (about 
0.13 mol d m - 3 ; supersaturat ion ratio, 0.15) at 25 °C. 
T h e results for the counted occurrence-frequencies of 
the handedness of spirals (under the aforementioned 
condi t ion) are shown in Tab le 1. T h e r e is n o 
correlat ion between the chirality of complex crystals 
and the handedness of spirals. It can be considered 
that the handedness of the large spiral as observed does 
no t reflect the chirali ty of the molecular a n d / o r crystal 
structures of the optically-active complexes, bu t it may 
be caused by someth ing macroscopic which can be 
often observed in the center of the spirals (Fig. 1). 
Possibly, these are foreign crystallites of the same 

t Present address: Tokai Junior High School, Tsutsui, 
Higashi-ku, Nagoya 464. 

I 1 

100jjm 

i / 

I 

^ v > 100pm 

Fig. 1. Typical spirals observed on the (001) faces 
of [Co(ox)(en)2]Cl-4H20 crystals. 
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Table 1. The Counted Occurrence-Frequencies of 
the Handedness of Spirals on the (001) Faces 

of the [Co(ox)(en)2]Cl-4H20 Crystal 
(a) 

Handedness (—)D-Complex (H-)D-Complex 

Right 
Left 

Right 
Left 

35a> 
34a> 

72b) 

69b> 

34a> 
34a> 

a) On the individual complex crystals spontaneously 
resolved from the racemic aqueous solution, b) On the 
resolved complex crystals. 

200jjm 

Fig. 2. Double spirals on the (001) faces of [Co-
(ox)(en)2]Cl*4H20 crystals, (a) Focussed on the top 
surface and (b) focussed on the bottom surface. 

complex c o m p o u n d or insoluble impuri t ies . Further­
more we also found a few double spirals which can be 
regarded as being s imul taneously generated on both 
the top and bot tom surfaces of the th in plate from the 
same macroscopic or igin as shown in Fig. 2. 

For the same complex bromide, the crossed ridgeline 
was found (Fig. 3), bu t the spirals could no t be 
observed even wi th the aid of the scanning electron 
microscope. 

Al though we also tried to find spirals for the other 
cobalt(III) complexes, i.e., £ram-[Co(N02)2(en)2lN03 , 

100pm 

(b); 

Fig. 3. The examples of the crossed ridgelines on (a) 
[Co(ox)(en)2]Br-H20 and (b) [Co(ox)(en)2]Cl-4H20 
crystals. 

ds-[Co(N02)2(en)2]X (X=C1, N 0 2 ) , [Co(ox)(en)2]I, [Co-
(en)3]X3 (X=C1, I), [Co(NH3)6]X3 (X=C1, I), trans-
[Co(NCS)2(en)2]SCN, m-[Co(NCS)2(en)2]Cl, [Co(C0 3 ) -
(en)2]X (X=C1, NO3), os-[Co(N3)2(en)2]X (X=Br, I, 
NO3), cw-Na[Co(S03)2(en)2], K[Co(edta)], trans-NU4-
[Co(N02)4(NH3)2], no spirals were found on the crystals 
of all the used complexes. 

T h e l inear crystal growth rate, R can be expressed by 

R = ko», 

where k is the rate constant for crystal growth , o the 
superaturat ion ratio, and n the effective order of 
reaction which can be empirical ly determined. In the 
present in situ observation, the crystal growth rate of 
the (111) face was measured at 25 ° C, which gave about 
1.6 for the effective order, n. In can be considered that 
the crystal g rowth on the (111) face also proceeds by a 
spiral growth. 

T h e present work was suppor ted by a Grant- in-Aid 
for Scientific Research No. 63470039 (to Y. Y.) from 
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the Ministry of Educat ion, Science and Culture. 
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Excited Triplet States of Dimethyl Ether Studied by 
Electron Energy-Loss Spectroscopy 

Tei ichi ro OGAWA,* Toshi fumi YOSHIDOME, and Hirofumi KAWAZUMI 

Department of Molecular Science and Technology, Kyushu University, Kasuga-shi, Fukuoka 816 
(Received April 7, 1990) 

Synopsis. The elecron energy-loss spectrum of dimethyl 
ether was measured at electron energies of 50, 20 and 
+2(residual energy) eV and at scattering angles of 0—90°. 
Six new bands were observed at about 6.4, 7.0, 7.5, 7.8, 8.2, 
8.9 eV and assigned as the singlet-triplet and/or symmetry-
forbidden transition. 

Tr ip le t states of organic molecules are impor tan t for 
unders tand ing no t only their electronic levels bu t also 
their chemical reactions, because such states may show 
a different reactivity due to spin mult ipl ici ty and 
longer lifetime. T h e electron energy-loss spectroscopy 
us ing a low energy electron beam and a large scattering 
angle is a u n i q u e and useful technique to determine 
triplet states.1»2* However, such spectra of complicated 
organic molecules have scarcely been measured. 2»3) 

Those of methanol have recently been investigated.4) 

T h e vacuum UV5) and photoelectron6»7) spectra of 
dimethyl ether showed its excited and ionized states. 
T h e electron energy-loss spectrum us ing h igh energy 
electrons7»0 exhibited its optically-allowed excited 
states in the 5—570 eV region. However, n o informa­
tion on triplet states has been obtained. 

In the present paper , the electron energy-loss 
spectra of dimethyl ether in the electron energy region 
of 50—+2(residual energy) eV and at the scattering 
angle of 0—90° are described together with assignments 
of the observed bands. 

Experimental 

The experimental apparatus has been described in detail 
elsewhere.3) The collision chamber is 45 cm in diameter and 
is evacuated with two turbomolecular pumps. The base 
pressure was about 5X10~7Torr at the wall of the collision 
chamber (1 Torr=133.322 Pa). 

The electron energy-loss spectrometer consists of two 
hemispherical energy analyzers (Copper: 90 mm in mean 
diameter), four sets of electrostatic electron lenses, a sample 
compartment, an electron gun, and a Ceratron detector 
(Murata, EMS-6081B). The electron energy resolution of the 
spectrometer was 0.06 eV. 

The spectrum was measured at a constant incident 
electron energy for an incident electron energy above 20 eV. 
However, the incident electron energy was scanned syn­
chronously with the energy loss for a near-threshold 
measurement so that the residual energy of scattering 
electrons was constant (2 eV) throughout a spectrum. A 
singlet-triplet transition would appear clearly with this 
technique due to its relatively large cross section near 
threshold. The dimethyl ether was guaranteed grade (Tokyo 
Kasei) and was used without any further purification. 

Results 

T h e electron energy-loss spectra of dimethyl ether at 
incident electron energies of 50 and 20 eV are shown in 
Figs. 1 and 2. T h e spectra near threshold was 

measured at the constant residual energy mode (+2 eV) 
and at scattering angles of 23, 45, 68 and 90°, and are 

w 

*E 
ZD 

j Q 

< 

Zbi-^poi ^bi -^pbi 

2 b i - 3 s 

3b2—3p 

CH,-3p LE.-50 eV 
S.A.=0 • 

CH„-3s 

2bi—3d or 6ai—3s 

i . i , i . i . i , i . i i , i . i • i . i , i . i . i . i . i , i 

5.0 6.0 7.0 8.0 9.0 10 11 12 13 14 15 

Energy Loss (eV) 

Fig. 1. Electron energy-loss spectrum of dimethyl 
ether measured at 50 eV and at 0°. 
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ZD 
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.<, 
U3 

2 b 1 - 3 p a 1 { 2 b i _ : 5 P b i 
iO 6a i -3pai 2b 1 -3s 

3D2—3S 

3D2—3p 
CH|-3p 

I.E.=20 ev 
S.A.=0 • 

CH„-3S 

6 a r 

2b>i— 3d or 6ai— 3s 

2bi -3pbi p 9 

2bi— 3pai 

2 b i - 3 s 

3D2—3p I.E. =20 eV 
S.A. =23 • 

6ai—3pa1 

2bi—3d or 6ai—3s 

J_ 
5.0 6.0 7.0 8.0 9.0 10 11 12 13 14 15 

Energy Loss (eV) 

Fig. 2. Electron energy-loss spectra of dimethyl ether 
measured at 20 eV and at (a) 0° and (b) 23°. The new 
bands observed in the present study are indicated 
with O at the top of an arrow on (a). 
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RE.=2 eV 
5 A - 2 3 ' 

R.E.=2 eV 
5.A.-45 f 

R.EL=2 eV 
5.A.-63 r 

R.E.=2 eV 
S.A.-90 • 

X JL 
5.0 6.0 7.0 8.0 9.0 10 

Energy Loss (eV) 
11 12 13 

Fig. 3. Electron energy-loss spectra of dimethyl ether 
measured at a residual energy of 2 eV and at (a) 23°, 
(b) 45°, (c) 68° and (d) 90°. The new bands observed 
in the present study are indicated with O at the top of 
an arrow at 23°. 

shown in Fig. 3. T h e signal-to-noise ratio was rather 
poor in Fig. 3, because the signals were weak at a low 
incident electron energy and at a large scattering 
angle. T h e spectra change successively from high-
energy to low-energy and from small-angle to large-
angle measurements. 

T h e spectrum at 50 eV agrees quali tat ively wi th that 
at 100 eV obtained previously.7) They observed ten 
bands in the region of 6—13 eV and found changes in 
the relative intensity when the electron energy was 
decreased from 100 to 50 eV. They assigned these 
bands on the basis of term values and photoelectron 
spectroscopy; their assignments are also shown in Fig. 
1. 

When we compare spectra shown in Figs. 1, 2 and 3, 
we can find six new bands, as indicated by a circle (O) 
at the top of an arrow. Most of them are relatively 
more intense at lower electron energies and at large 
scattering angles. The i r approximate locations are 
6.4, 7.0, 7.5, 7.8, 8.2, and 8.9 eV. T h e observed results 
are summarized in Table 1, together wi th those by 
previous authors . 

Discussion 

Dimethyl ether has C2v symmetry. Its electronic 
states is:7) 

(lai)2(2ai)4(lb2)2 (CH bonding)*2 (3b2)2(6ai)2(2bi)2, 
where (3b2) a n d (6ai) are orbitals for the skeletal bonds 
and (2bi) is the n7i orbital of the oxygen atom. 

T h e first b a n d at 6.75 eV in Fig. 1 was assigned to 
the 2bi-3sai transition.7* T h i s feature shifts to lower 
energy and becomes broader by decreasing the incident 
energy and by increasing the scattering angle. By 
subtract ing the feature in Fig. 1 from that in Fig. 3, we 
can conclude that a new band appears at about 6.4 eV. 
Its intensity behavior indicates that this band is a 
s inglet- t r iple t t ransi t ion. T h e energy of the 2bi-3sai-
(3Ai) t ransi t ion was calculated to be 6.31 eV.9) T h u s , 

Table 4. Electronic Excited States of Dimethyl Ether (6—13eV)a) 

Transition Symmetry 
Vertical excitation energy 

Present work Previous work8) Theoretical calculation10* 

2bi -+3sai 

2bi -+3pa i 

2bi -+3pb i 

2bi - + 3 p b 2 

2bi —»3d or 6ai—»3sai 

2bi -+3d 
6ai —»3pai 

3b2 -+3sai 
6a i -+3d 
3b2 - + 3 p 
C H i - + 3 p 
C H 2 - + 3 s 

^ i 
3Bi 
^ i 
3Bi 
!Al 
3Ai 
1A2 
3A2 

(S) 
(T) 

Sym-forbid. 
!Al 
3Ai 
!Bl 
(S) 
(S) 
(S) 
(S) 

6.75 
6.4 
7.37 
7.0 
7.65 
7.5 

1A 

8.50 
8.2 

M 
9.17 
8.9? 
9.9 

10.5 
10.8 
11.5 
12.9 

6.67 

7.34 

7.63 

8.46 

9.20 

9.95 
10.48 
10.84 
11.58 
12.92 

6.76 
6.31 
7.38 
7.01 
7.79 
7.72 
7.89 
7.84 
8.71 
8.39 

9.43 
9.03 

a) The new bands observed and assigned in the present study are underlined. 
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we can assign this b a n d to the 2bi-3sai(3Ai) t ransi t ion. 
T h e two bands at 7.37 and 7.65 eV in Fig. 1 were 

assigned to the 2bi -3pai (in-plane) and 2bi -3pbi (out-
of-plane) transitions,7»9) respectively. T h e spectrum 
changes substantial ly at an incident energy of + 2 eV. 
T h e relative increase of the signal at about 7.0 eV 
indicates an appearance of a new band, which can be 
assigned to the 2bi-3pai(3Bi) t ransi t ion, because the 
observed singlet- t r iplet separation of about 0.37 eV 
agrees wi th the calculated value9) of 0.37 eV. A weak 
band at 7.5 eV can similarly be assigned to the 
2bi-3pbi(3Ai) transi t ion. T h e transi t ion to 3pb2 would 
be weak due to symmetry forbidden character. There is 
a shoulder at 7.8 eV in Fig. 1, which was assigned to a 
vibrat ional structure of the 2bi -3pbi transition;5* 
however, its energy and scattering angle dependence is 
different from that t ransi t ion, and this shoulder could 
be assigned to the weak 2bi-3pb2(1A2) transi t ion, 
which was calculated to lie at 7.89 eV.9) 

T h e b a n d at 8.50 eV in Fig. 1 was assigned either to 
the 2bi -3d t ransi t ion or to the 6ai-3s transition.7 '9* A 
weak feature at 8.2 eV in Fig. 3 can be assigned to the 
s inglet- t r iplet t ransi t ion of either of term; the calcu­
lated s inglet- t r iplet separat ion for the latter t ransi t ion 
is 0.32 eV, which corresponds well wi th the observed 
one. 

A sharp feature appears at 8.9 eV at + 2 e V . T h i s 
feature appears faintly in the spectrum even at 50 eV. 
T h u s this b a n d can be assigned as an overlap of a 
symmetry-forbidden and a spin-forbidden transit ions. 
T h e former would be of 2bi-3d character. T h e latter 
wou ld be the s inglet- t r iple t t ransi t ion corresponding 

to the 6ai-3pai(1Ai) t ransi t ion at 9.17 eV, because the 
calculated séparation9 ) is 0.40 eV. 

T h e b a n d a r o u n d 9 eV has four features, which can 
be assigned as its vibrat ional structure, because the 
electron energy dependence of their intensity is 
identical. 

T h e results are summarized in Tab le 1. 

T h e present work was part ial ly supported by a 
Gran t - in Aid for Developmental Scientific Research 
No. 61840015 from the Ministry of Educat ion, Science 
and Culture . 
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Synthesis of 2,9-Dichloro-l,10-phenanthroline from N,N'-
Annelated Phenanthrolinediones 

Masaki YAMADA,* Yoshio NAKAMURA, Shigeyasu KURODA, and Ichiro SHIMAO 
Department of Industrial Chemistry, Faculty of Engineering, Toyama University, 

3190 Gofuku, Toyama 930 
(Received April 12, 1990) 

Synopsis. Though the chlorination of an Af,iV'-annelat-
edphenanthrolinedione, 3,6,7,9-tetrahydro-5H-[l,4]diazepino-
[l,2,3,4-^n][l,10]phenanthroline-3,9-dione, gave 2,9-dich-
loro-1,10-phenanthroline, another dione, 3,5,6,8-tetrahydro-
pyrazino[l,2,3,4-/mn][l,10]phenanthroline-3,8-dione, did not. 
It demonstrated a simultanous introduction of two chlorine 
substituents to non-substituted 1,10-phenanthroline via only 
the former intermediate. 

A dichloro derivative of 1,10-phenanthroline (phen), 
2,9-dichloro-1,10-phenanthroline (dcpt), is an attrac­
tive s tar t ing material to construct h ighly functionaliz-
ed molecules carrying the phen unit.1 '2* However, 
u s ing a convent ional method dcpt was prepared 
stepwise by tedious repeat ing of the chlor inat ion 

cft>-

CD 

X> •<Sb (2) 

Scheme 1. 

procedure to non-subst i tuted phen (Eq. 1 in Scheme 
i)2,3) Af?Af'-Anneiated diones which are prepared by a 
two-step reaction from non-subst i tuted phen are 
potent ia l precursors of dcpt. T w o chlorine substi­
tuents were s imul taneously int roduced in to the diones 
to give dcpt, as shown in Eq. 2 in Scheme 1.4) 

In this work concerning the preparat ion of dcpt, two 
phenanthro l inediones , 3,5,6,8-tetrahydropyrazino[ 1,2, 
3,4-/mn][l ,10]phenanthroline-3,8-dione (ptdo-2)4) and 
3,6,7,9- tetrahydro-5H-[ 1,4]diazepino[ 1,2,3,4-/mn][ 1,10]-
phenanthrol ine-3,9-dione (ptdo-3), were subjected to 
the chlor inat ion procedure. Al though dcpt was suc­
cessfully obta ined from propano-br idged dione, p tdo-
3, no desired product was prepared from e thano-
bridged dione, ptdo-2, under the same condit ions. A 
similar influence of the anne la t ing chain length was 
observed in ana logous diones derived from 2,2'-
bipyridine (bpy), 4,6,7,9-tetrahydrodipyrido[l,2-#:2,l-
c]pyrazine-4,9-dione (bpdo-2)5) and 4,7,8,10-tetrahy-
drodipyrido-[ 1,2-a : 2,1 -c][ 1,4]diazepine-4,10-dione (bp-
do-3), suggesting the indispensabli ty of some strain in 
a r ing constructed wi th an anne la t ing chain in this 
type of chlor ina t ion procedure. 

Results and Discussion 

Phenanthrolinediones, ptdo-2,4) ptdo-3, and bipyridine-
diones, bpdo-2,5 ) and bpdo-3 were prepared by the 
oxidat ion of the corresponding Af,Af'-annelated bis-
(quaternary salt) 's6_8) wi th potass ium hexacyanofer-

Table 1. Spectral Properties of Diones 

Material IR/cm"1 

(KBr) 
*H NMR/Ô 

(CDCla) 
2max/nm 

(methanol) 

ptdo-2 

ptdo-3 

bpdo-2 

bpdo-3 

3045w 7.78 (d, /=9.4 Hz, 2H, HUo) 
2919w 6.84 (d, /=9.4 Hz, 2H, H2>9) 
1658vs 7.38 (s, 2H, HiU 2) 
1609s 4.48 (s, 4H, H5>6) 
3049w 7.72 (d, /=9.5 Hz, 2H, Hi,n) 
2919w 6.79 (d, /=9.5 Hz, 2H, H2>io) 
1649vs 7.36 (s, 2H, Hi2>i3) 
1610s 4.32 (t, /=6.5 Hz, 4H, H5/7) 

2.45 (q,a> /=6.5 Hz, 2H, H6) 
3010w 7.43 (dd, 7=9.0 and 7.3 Hz, 2H, H2,n) 
1645vs 6.69 (dd, 7=9.0 and 1.1 Hz, 2H, H3>io) 
1575s 6.72(dd, 7=7.3 and 1.1 Hz, 2H, H U 2 ) 
1531s 4.32 (s, 4H, He/z) 
3050w 7.38 (dd, 7=9.4 and 6.8 Hz, 2H, H2>i2) 
2957w 6.71 (dd, 7=9.4 and 1.3 Hz, 2H, H3,n) 
1657s 6.37 (dd, 7=6.8 and 1.3 Hz, 2H, H U 3 ) 
1580s 5.18 (m, 2H, H6>8) 
1540s 3.06 (m, 2H, H6>8), 2.22 (m, 2H, H7) 

291 
307 
322 
337 
290 
312 
327 
342 

373 

343 

a) Quintet. 
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rate(III) in an aqueous alkaline solution.2 '3 '9 ) T h e 
spectral propert ies of the diones are summarized in 
Tab le 1. 

A reaction of propano-br idged dione, ptdo-3, wi th 
phospho rus pentachlor ide dissolved in phosphoryl 
chloride under reflux for 8 h successfully gave dcpt 
in 66% yield (Eq. 1 in Scheme 2). A l t h o u g h the yield 
of the intermediate ptdo-3 was lower than that of the 
corresponding step in a convent ional method (Eq. 1 in 
Scheme 1), this me thod is attractive because dcpt can 
be obta ined us ing only three steps from non-
substi tuted phen , w i thou t the six tedious steps 
requi red in the convent ional method.2 '3 ) A similar 
t reatment of e thano-bridged dione, ptdo-2, on the 
contrary, gave a tarry intractable mixture as the major 
product . Fur thermore , a noticeable a m o u n t (14%) of 
unchanged ptdo-2 was recovered (see Exper imental 
section). 

T h e chlor ina t ion of Af,Af'-annelated diones migh t 
proceed t h rough the same mechanism as in the well-
k n o w n chlor ina t ion reaction of a monoone of phen, 
l -methyl-2-hydro-l ,10-phenanthroline-2-one (pto, Eq. 
2 in Scheme 2),2»3) and a non-bridged dione of bpy, 
1,1 ' -d imethyl-6 ,6 ' -d ihydro-2,2 ' -b ipyr idine-6 ,6 ' -d ione 
(bpdo-1,1, Eq. 3 in Scheme 2).9) However, the r ings 
constructed wi th an anne l a t i ng cha in mus t be open in 
the present case. A compar ison of the two cases, ptdo-2 
and p tdo-3 , suggests tha t a strain in the r i ng was 

( i ) 

ptdo-3 

ptdo-2 

P C I 5 , POCI 3 

P C I 5 , POCI 3 

( 2 ) 

p t o 

P C I 5 , POCI 3 

( 3 ) 

b p d o - 1 , 1 

P C I , , P0C1 , 

bpdo-3 

bpdo-2 

P C I 5 , POCI 3 

Scheme 2. 

( 4 ) 

necessary to produce dichloro derivatives, i.e., more 
strained dihydrodiazepine r ings in ptdo-31 0 ) were 
opened and finally gave dichloro derivatives, while the 
complex reaction proceeded in ptdo-2 earr ing less 
strained dihydropyrazine r ings wi thou t r ing-opening. 

T h i s hypothesis was suppor ted by an investigation 
of ana logous bpy derivatives. T h o u g h p ropano-
bridged dione derived from bpy, bpdo-3, gave 6,6'-
dichloro-2,2 '-bipyridine (debp) in 11% yield after the 
reaction of bpdo-3 wi th phospho rus pentachloride 
dessolved in phosphory l chloride under reflux for 20 h, 
e thano-br idged dione, bpdo-2, gave only a tarry 
intractable mix ture (Eq. 4 in Scheme 2). In addi t ion , 
the yield of debp from bpdo-3 (11%) was m u c h lower 
than that of dcpt from ptdo-3 (66%). T h e lower yield 
of debp was rat ionalized by consider ing that the strain 
in the dihydrodiazepine r i ng in bpdo-3 was released 
by twisting two pyridone rings a round each other.6 ' 1 0 ' n ) 

A twisted conformat ion of bpdo-3 was confirmed by a 
largely blue-shifted absorpt ion band, compared wi th 
that of bpdo-2, and a magnet ic non-equivalence of two 
of the methylene protons at the 6- or 8-positions 
indicated by 1U N M R (Table l).6 'n> T h e rigid, p l ana r 
structure of the phenan th ro l ined ione moiety in ptdo-3 
was suppor ted by a small difference in the electronic 
spectra between that of ptdo-2 and ptdo-3. An 
XH N M R measurement of ptdo-3 showed that two of 
the methylene protons at the 5- or 7-positions were 
magnetical ly equivalent , which suggested that the 
conformat ion could not be fixed in twisted stable form 
at room temperature.7 '8 ) 

A wel l -known chlor inat ion procedure of p to and 
bpdo-1,1 m i g h t also be assisted by some strains 
exist ing in the start ing pyridones. A repuls ion 
between the methyl g roup and the lone pai r of 10-
ni t rogen seems to be exist in p to , and two pyr idone 
r ings in bpdo-1,1 (ÀmSLX in electronic spectra; 316 n m in 
methanol ) seem to twist a round each other by a larger 
angle than that in bpdo-3 (Table 1). 

In conclusion, a s imul tanous dichlor inat ion of 2-
and 9-positions of phen was successfully achieved in 
shorter steps by us ing ptdo-3 as the phenanthro l ine­
dione intermediate. T h e reaction depends u p o n the 
length of the chain and a certain strain in the r ings 
constructed wi th the annela t ing chain was indispen­
sable to open the r ing forming dichloro-derivatives. 

Experimental 

Spectral Measurements. IR spectra were recorded on a 
JASCO IR-810 Spectrophotometer. XH NMR spectra were 
measured with a JEOL JNM-FX90Q Spectrometer at room 
temperature. Electronic spectra was recorded on a Shimadzu 
UV-265FS Spectrophotometer at 20 °C. 

Bis(quanternary salt)'s. 5,6-Dihydropyrazino[ 1,2,3,4- Imn]-
[l,10]phenanthroline-4,7-diium dibromide (phenq-2• Br2),7) 

6,7-dihydropyrido[l,2-a:2,l-c]pyrazine-5,8-diium dibromide 
(bpyq-2-Br2),

6> and 6H-7,8-dihydrodipyrido[l,2-a:2,l-c][l,41-
diazepine-5,9-diium dibromide (bpyq-3 -Br2),6) were obtained 
according to a method described in the literature. The 
synthesis of 6,7-dihydro-5H-[l,4]diazepino[l,2,3,4-/mn][l,10]-
phenanthroline-4,8-diium dibromide (phenq-3 • Br2)8) was 
modified as follows: 5 g of 1,10-phenanthroline monohy­
drate and 25 g of 1,3-dibromopropane dissolved in 30 cm3 of 
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Table 2. Modification for Preparation of Dionesa) 

Material 

ptdo-2 
ptdo-3 

bpdo-2 
bpdo-3 

Reaction 
temperature 

°C 

40 (3 h) 
< 5 

Room temperature 
< 5 

] 

System 

Solid-liquid 
Solid-liquid 

Solid-liquid 
Liquid-liquid 

Extraction 

Solvent 

Chloroform 
Chloroform 

Hot benzene 
Dichloromethane 

Column eluentb) 

Chloroform 
20:1 (v/v)-dichloro-
methane-methanol 

Dichloromethane 

Yield 

% 

17 
30 

8.9 
37 

a) General procedure: see text, b) Stationary phase: Merck Kieselgel 60. 

nitrobenzene was stirred at 120 °C for 3 h. A yellow 
precipitate was collected by filtration and washed with 
benzene. Recrystallization from 5:1 (v/v) ethanol-water 
gave 8.1 g (84%) of phenq-3 Br2 as yellow needles. 

Diones. All diones, ptdo-2,4) ptdo-3, bpdo-2,5) and bpdo-
3, were prepared by oxidation of the corresponding N,N'-
annelated bis(quaternary salt)'s6_8) with potassium hexacya-
noferrate(III) in an aqueous solution. The general procedure 
was carried out as follows: To an ice-cooled solution of potas­
sium hexacyanoferrate(III) (58.6 g) and sodium hydroxide 
(26.8 g) in water (100 cm3) were added in small portions a 
solution of phenq-3-Br2 (7.6 g) in water (50 cm3), whilst 
maintaining the temperature under 5°C. The resulting 
mixture was neutralized by a dropwise addition of concent­
rated hydrochloric acid with cooling, and then evaporated to 
dryness. A residual brown solid was extracted with 
chloroform. The extracted brown solid after removing the 
chloroform was subjected to column chromatography 
(Merck Kieselgel 60-20: l(v/v)-dichloromethane-metahnol). 
Evaporation of eluent and recrystallization from methanol 
gave 1.5 g (30%) of 3,6,7,9-tetrahydro-5H-[l,4]diazepino-
[l,2,3,4-Zran][l,10]phenanthroline-3,9-dione (ptdo-3) as pale 
yellow needles. Mp>320°C. Found: C, 71.41; H, 4.73; N, 
10.94%. Calcd for C15H12N2O2: C, 71.42; H, 4.79; N, 11.10%. 

Three other diones (ptdo-2, bpdo-2, and bpdo-3) were 
prepared by a similar procedure, i.e., a reaction in an 
aqueous solution, extraction, column chromatography (if 
necessary), and recrystallization from methanol. Modifica­
tions for individual cases are summarized in Table 2. From 
phenq-2 • Br2 (4.4 g) 0.5 g (17%o) of 3,5,6,8-tetrahydropyrazino-
[l,2,3,4-Zran][l,10]phenanthroline-3,8-dione (ptdo-2) was ob­
tained as yellow needles. Mp 295—297 °C. Found: 70.26; H, 
4.24; N, 11.55%. Calcd for C14H10N2O2: C, 70.58; H, 4.23; N, 
11.76%. From bpyq-2Br2 (20.0g) 1.1 g (8.9%) of 4,6,7,9-
tetrahydrodipyrido[ 1,2-a : 2,1 -c]pyrazine-4,9-dione (bpdo-2)5) 

was obtained as yellowish brown cubes. Mp 313—314 °C 
(lit,® 313—315 °C). From bpyq-3Br2 (4.7 g) 1.1 g (37%) of 
4,7,8,10-tetrahydrodipyrido-[ 1,2-a : 2,1 -c][ 1,4]diazapine-4,10-
dione (bpdo-3) was obtained as pale yellow needles. 
Mp>320 °C. Found: C, 68.52; H, 5.39; N, 12.16%. Calcd for 
Ci3Hi2N202:C, 68.41; H, 5.30; N, 12.27%. 

Chlorination. Chlorination of ptdo-3: A mixture of 
ptdo-3 (1.7 g), phosphorus pentachloride (3.0 g), and phos-
phoryl chloride (20 cm3) was refluxed for 8h. After 
removing the phosphoryl chloride by evaporation, ice water 
was added: the solution was then basified with aqueous 

ammonia. A pale-brown precipitate was dried, extracted 
with hot benzene, and subjected to column chromatogra­
phy (Merck Kieselgel 60-dichloromethane). Evaporation 
of the eluent and recrystallization from dichloromethane 
gave 1.1 g (66%) of dcpt as colorless needles. Mp 249—250 °C 
(lit,2> 249—250 °C). 

Chlorination of ptdo-2: It was performed similarly, and 
tarry materials were obtained as precipitates from an 
aqueous solution basified with aqueous ammonia. The 
filtrate was evaporated to dryness, and unreacted ptdo-2 was 
recovered from the residual solid as a chloroform extract. 

Chlorination of bpdo-3 and -2: These were performed 
similarly by refluxing for 20 h. Bpdo-3 (0.8 g) gave 0.09 g (11 
%) of dcbp,9) and bpdo-2 gave only tarry, unidentified black 
material. 
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Synopsis. A scanning tunneling microscope (STM) 
under photoelectrochemical control was used to investigate 
an in situ dynamically light-induced morphological transforma­
tion at an n-MoS2 electrode surface in CH3CN by the addition 
of I - ions. The anistropic photocorrosion rate around the 
"disk-like" cavities was extremely slow due to the effects of 
the added I - ions when compared to the results achieved by 
adding only H2O. 

In situ observation us ing a scanning tunne l ing 
microscope (STM) under potent iostat ic control has 
been shown to be an impor tan t method for understand­
ing electrochemical processes at various electrode/ 
l i qu id interfaces.1_8) Recently m u c h at tent ion has 
been focused on observing semiconductor electrode/ 
l i qu id interfaces u s ing the S T M under potent iostat ic 
control . Itaya et al. reported us ing the S T M to 
research bo th oxide semiconductors such as Ti02 9 ) and 
ZnO,1 0 ) and also the topography and surface electronic 
s t ructure of p - a n d n - S i . n ) Bard et al. s tudied h i g h 
resolut ion photoelectrochemical e tching for a sp-
semiconductor n-GaAs,12) Uosaki et al. produced result 
concerning the surface structure of n-GaAs dur ing 
pho toanod ic dissolution,1 3 ) and photoelectrochemical 
deposi t ion of Au on n-GaAs was studied by T h u n d a t 
et al.14) However, reports of in situ photoelectro­
chemical studies on the layer-type semiconductor 
electrode us ing the S T M under potentiostat ic control 
have no t yet been publ ished, and led to the presented 
report 's study of the photoelectrochemical behavior of 
n-MoS2, a representative layer-type semiconductor 
electrode. T h e invest igat ion was conducted to 
determine the effect of adding I - ions in order to 
suppress the photoelectrochemical corrosion of n-
M0S2. M0S2 is a technologically impor tan t material 
which is used as bo th a catalyst and lubricant. S tupian 
and Leung,1 5 ) Sarid et al.,16) and Ich inokawa et al.17) 

have investigated the M0S2 surface by S T M in an air or 
vacuum environment . Tr ibutsch et al.18_20) were the 
first to investigate photoelectrochemical reactions of 
n-MoS2 for use in solar energy conversion applica­
tions. However pho toanod ic corrosion was the 
d o m i n a n t process in the absence of an effective redox 
system. Research performed from a surface chemistry 
perspective is very impor t an t to expand the under­
s tand ing of photocor ros ion processes. Investigations 
were conducted of in situ photoelectrochemical process­
es at the n-MoS2 electrode surface in various solutions 
us ing the STM under photoelectrochemical control, 
and also interfacial photoelectrochemical processes 
were characterized in: (1) KCl, (2) KI, (3) CH3CN, (4) 
C H 3 C N + H 2 O (4 vol%).21"27> In this study I" ions were 

added to a CH3CN n o n a q u e o u s organic solvent, and a 
dynamical ly l ight- induced morphologica l transforma­
t ion of n-MoS2 was observed us ing the S T M under 
anodic polar izat ion. T h e effect that these I - ions have 
on suppress ing photoelectrochemical corrosion of n-
M0S2 when added to an organic solvent is discussed. 

Experimental 

A new type of electrochemical STM unit was used, 
consisting of a "Standalone" type microscope (Digital 
Instruments, USA) and a locally manufactured electro­
chemical cell.21«22) The main advantage of the unit was that 
in situ photoelectochemical measurements could be per­
formed both in aqueous and organic solutions by controll­
ing the potential of the working electrode (£w) and the 
tunnel tip (Ej) against a common saturated calomel 
reference electrode (SCE). The potential of the tip (ET) with 
respect to the SCE in this four electrode system is given by 
ET=EV/—TB (V vs. SCE), where TB is the tunnel bias voltage 
(working electrode (WE) / tip(ground)). The background 
current in CH3CN/10mM TBAP (M=mol dmr3) was less 
than 0.05 nA, and slightly increased by the addition of 1 mM 
KI (4 vol%). All images were observed in a constant current 
mode (6.0 nA). Glass coated Pto.slro.2 tips (Longreach 
Scientific Resources, USA) were used for measurements in 
solutions. The electrochemical characterization of these 
insulated tips is discussed in Sakamaki et al.8) The cell was 
illuminated by an optical fiber guided 30 W Halogen-lamp, 
and a series of time-dependent STM images under photoelec­
trochemical control were observed by a Nanoscope (II) 
microscope (Digital Instruments, INC., USA) which had a 
six image buffer system. 

The 2H-M0S2 single crystals (n-type) used in the 
presented study were produced naturally in Japan. The 
donor concentration of M0S2 (1.3X1018cm-3) was calculated 
by the Mott-Schottky relationship.28* Fresh MoS2(0001) 
crystal surfaces were prepared by cleaving with Scotch tape 
just before STM measurements. A Ga-In alloy was attached 
to the back of the freshly cleaved surface to ensure ohmic 
contact. The exposed surface area of n-MoS2 in the 
electrochemical cell was 0.126 cm2. A spectrograde CH3CN 
nonaqueous solvent (Dojin) containing H2O of less than 
0.1vol% was used. Tetra-rz-butylammonium Perchlorate 
(TBAP), (Tokyo Kasei's guaranteed reagent) was used as a 
supporting electrolyte. Solutions were prepared using super 
grade KI and ultra-pure water (Millipore-Q). The CH3CN/ 
10 mM TBAP (1 cm3) was poured into a Teflon cell using a 
micropipette. 

Results and Discussion 

Figure 1(a) shows a STM top view image of n-MoS2 
in C H 3 C N / 1 0 m M T B A P under anodic polarizat ion 
( £ w = + 0 . 9 V vs. SCE), over an area of 2000X2000 n m 
shown in depths u p to 5 n m . In situ observations were 
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At 102 s e c . 

At 256 s e c . 

Fig. 1. A series of STM images of 11-M0S2 under photoelectrochemical control over an area 
of 2000X2000 nm. All images were observed at £w=+0.9 V vs. SCE, TB=+800 mV (WE/ 
tip(ground)), £T=+0.1 V vs. SCE, in a constant current mode (6.0 nA). (a) was observed in 
CHsCN/lömM TBAP. (b), (c), (d), (e), and (f) were respectively observed at 31, 102, 133, 
225, and 256 seconds after the addition of 1 mM KI (4vol%) into the solution used in (a). 
The observed times after the adding I - ions were indicated on the top of each figures. 

performed under the following STM conditions. The 
tunnel bias voltage and the potential of the tip were 
respectively set at TB=+800 mV, £T=+0.1 V vs. SCE. 
Care was taken to ensure that the potential of tip was 
set in a voltage potential window of electrolyte in 
order to gain reliable STM images. The flat-band 
potential and conduction band edge of n-MoS2 in 
CH3CN were respectively +0.30 V and +0.20 V vs. 
SCE.29> STM observation was performed at £T=+0.1 V 
vs. SCE, and therefore electron tunneling occurred 
from the tip to the conduction band of n-MoS2. 
During 15 minutes of observation, photoelectrochemi­
cal corrosion in CEbCN/lOmM TBAP proceeded 
extremely slowly due to the slight amount of H2O 
(0.1vol%) contained in CH3CN (see Fig. 1(a)). The 
light-induced photoanodic reactions at n-MoS2 in an 
inert electrolyte are classified into two processes: 

M0S2 + 8H2O + \Sh+ • Mo6+ + 2SO42- + 16H+ (1) 

M0S2 + 2H20 + 4/*+ M0S2 + O2 + 4H+ (2) 

with reaction (1) being most predominant.19'20'28* It 
sould be noted that light-induced disintegration of n-
M0S2 occurs in the presence of H2O. Evidence 
supporting the existence of anisotropically enhanced 
photoelectrochemical reactions around surface depres­
sions and vacancies by adding H2O (4vol%) to 
CH3CN/IO mM TBAP has been reported, however the 
well-ordered n-MoS2(0001) surface was found to be 
resistant to photocorrosion.21 >23) In a KCl solution, 
light-induced corrosion originated from "layer-island" 
structures, step edges, and defects, all of which served 
as active reaction sites, and then the electrode surface 
was morphologically transformed by photoelectro­
chemical processes into a stable van der Waals' 
surface.24'25) The effect of I - ions on the suppression of 
photocorrosion of n-MoS2 in an "aqueous" solution 
(KI) was additionally investigated.24'25* Discussed here 
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is the effect that the addi t ion of I - ions in to a 
"nonaqueous" organic solution (CH3CN/IO m M TBAP) 
had on the suppression of photocorrosion of n-MoS2. 
A microsyringe was used to carefully add a 1 m M KI 
(4 vol%) solut ion to the solut ion which gave the results 
shown in Fig. 1(a). Figures 1(b), (c), (d), (e), and (f) 
were respectively observed at 31, 102, 133, 225, and 256 
seconds after this addi t ion . In Fig. 1(a), two "disk­
l ike" cavities (A and B), two depressions (C and D), 
and the top layer of the MoS2(0001) face can be seen. 
These two "disk-l ike" cavities gradual ly grew as the 
anisotropic photocorros ion processed (see Fig. 1(b), 
(c), and (d)). T h e anisot ropic growth of these "disk­
l ike" cavities was expected because of the anisotropi-
cally structural proper ty of M0S2. However this 
anisotropic photocorros ion rate was extremely slow 
when compared to the results achieved by add ing H2O 
(4 vol%) to CH3CN/IO m M TBAP,21'23> because the I -
ions effectively suppressed the photocorros ion of n-
M0S2. Figure 1(e) clearly shows that the two "disk­
l ike" cavities have disappeared, as a result of the 
photoelectrochemical reactions. These cavities were 
morphologica l ly transformed into the large single 
"disk- l ike" cavity that is shown in Fig. 1(e). A new, 
stable van der Waals ' surface appeared from under­
nea th the top layer (see lower (0001) in Fig. 1(e) and 
(f)). Figure 1(f) shows that photoelectrochemical 
corrosion cont inued at the defects (see po in t E) located 
in the newly visible van der Waals ' surface. 

In conclusion, us ing these series S T M observations, 
the dynamically l ight- induced morphologica l trans­
formation at the n-MoS2 surface was clearly visualized 
in situ. T h e well-ordered (0001) face was found to be 
stable against photo-corrösion in CH3CN. T h e photo-
corrosion was significantly suppressed a round the 
"disk- l ike" cavities due to the effects of the added I -

ions when compared to the results achieved by adding 
only H2O (4 vol%). However the concentration of I - ions 
was no t s t rong e n o u g h to achieve long term stability 
of n-MoS2. T h e photocorros ion that did occurred 
in Fig. 1(e) and (f) was at tr ibuted to the H2O in the 
added KI solution. 
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Synopsis. 13C and 15N NMR spectra are measured for 1,8-
bis(dimethylamino)naphthalene and its complex with tetra­
zole in both solution and the solid state. On the basis of the 
solution and solid state 15N results, an equilibrium 
involving the half protonated form of the base in the 
solution of the complex salt was identified. On the other 
hand, it is found that the 13C results for the solutions are 
closely similar to those found for the solid state, and are 
rather insensitive to salt formation. 

Previously vibrat ional spectra,1»^ X-ray3) diffraction 
data and XH N M R results4 '5* have been reported for 
l ,8-bis(dimethylamino)naphthalene and some of its 
salts formed by pro tona t ion . These earlier results 
show that p ro ton migra t ion results in a symmetrical 
structure for the cation. Most recently, one of us has 
been involved in an X-ray diffraction study of 1, 8-
b is (d imethylamino)naphtha lene and its monohydra t -
ed salt w i th terazole w h i c h reveal that the base cat ion 
has a symmetrical hydrogen bond in the salt. 

T h e present repor t is concerned wi th the results of 
13C and 15N N M R studies on l ,8-bis(dimethylamino)-
naph tha l ene and its monohydra ted salt wi th terazole, 
in order to know further information about their 
structures in bo th solut ion and the solid state. 

Results and Discussion 

T h e results obta ined from the 13C and 15N N M R 
studies of l ,8-bis(dimethylamino)naphthalene and its 
monohydra ted salt wi th terazole are presented in Tab le 
1. T h e 13C signal ass ignments are made wi th the 
assistance of a compar ison between the p ro ton coupled 
and uncoup led 13C spectra and by compar ison wi th the 
k n o w n 13C data for ani l ine . T h e 15N assignments 
given are based u p o n our earlier results.7) 

T h e 13C signal of CO' for the tetrazole an ion is 
similar to that of tetrazole (0=143.7 p p m and XJ-
( 1 3C- 1H)=217.8 Hz) in the same solvent. Compar i son 
of the 13C data, for any chosen carbon, in either of the 

Table 1. 13C and 15N Solution and Solid State NMR Data for l,8-Bis(dimethylamino) 
Naphthalene and Its Monohydrated Salt with Tetrazole 

Chemical shiftsa) for a solution in CD3CN CP MAS Chemical shiftsa> 

H2O 

N - C H 3 

C2 

Cla 
c4 
c3 
C4a 
Ci 
N 

N - C H 3 
C2 

Cla 
c4 
c3 
C4a 
Ci 
N 

a 
Ni 
N2 

44.7 (134.4)b> 

113.8 (156.9)b> 
121.3 
122.5 
126.5 (159.1)b> 
138.8 (160.8)b> 
151.7 
338.1 

46.0 (138.4)b> 
119.3 (161.7)b> 
120.5 
127.3 (162.5)b> 
127.5 (162.7)b> 
137.2 
147.6 

•343.7 
147.7 (204.0)b> 

-78.8 
-1 .6 

42.0 
45.4 

113.4 
122.1 
122.1 
125.3 
138.2 
150.6 

-329.7 

44.7 
117.8 
124.3 
128.7 
131.2 
136.2 
151.0 

-340.0 
145.2 

-56.4 
+11.4 

a) 13C chemical shifts are given with respect to TMS and 15N chemical shifts with respect to external neat nitromethane. 
b) 1J coupling data are given in parenthesis. 
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3 H \ , H \ .CH3 

" - ,N • H2O 
N 

3 H C ^ I ^ C H 3 

N - H - - / _ " + H2O 

\J^ 
Scheme 1. 

c o m p o u n d s studied whether in solut ion or the solid 
state shows that 13C chemical shifts are rather 
insensitive to salt formulat ion and to a change from 
solid to solut ion in CD3CN. 

T h e 15N signal for the N(CHs)2 g roup , in the solid 
state spectra shows shows an increase in shielding, in 
pass ing from the free base to the salt, of about 10 p p m . 
T h e cor responding signals for the solut ion spectra 
show a shielding increase of about 6 p p m . T h i s 
suggests that in solut ion the extent of p ro tona t ion of 
N(CH3)2 g r o u p is reduced. However, possible solvent 
effects on the ni t rogen chemical shifts should also be 
considered. 

T h e N i ' chemical shifts of tetrazole are —98.3, —78.8, 
—67.0, a n d —56.4 p p m for the tetrazole,7) our solut ion 
of the salt in salt in CD3CN, a basic solut ion wi th 
N a O H 7 ) a n d our solid state measurement . T h e 
cor responding 15N chemical shift shifts for N27 be ing 
—5.8, —1.6, 3.0, and 11.4 p p m respectively, which 
shows that in solut ion the salt exists essentially in the 
half p ro tona ted form as impl ied in the above 
equ i l ib r ium. F rom the above results we are able to 
deduce that in solut ion an equi l ib r ium of the 
following type exists. T h i s supports the results of 
vibrat ional spectra.1,2) 

We have extended our study to include XH N M R 
data. However, the results obtained were no t 
par t icular ly informative in the context of the present 
investigation. 

Finally we conclude that the 15N N M R data provide 
the most suitable mean of invest igat ing the structure 
of the c o m p o u n d s studied both in solut ion and the 
solid state. 

Experimental 

The compounds studied were prepared according to 
published procedures.8* The solution NMR spectra were on 
a Bruker AM500 instrument operating at 125 and 50.5 MHz 
for 13C and 15N nuclei, respectively solid state measurements 
were made on a JEOL GSX-270 spectrometer operating at 
67.5 and 27.3 MHz for 13C and 15N nuclei, respectively. 
15N INEPT and inverse gated decouple measurements were 
taken on the solutions of the samples. 

We gratefully acknowledge suppor t form the Pol ish 
Academy of Sciences under Project number CPBP 0.1. 
13. 1.26. 
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Preparation of Tin(II) Oxide by a Homogeneous 
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Synopsis. The production of tin(II) oxide from tin(II) 
chloride and urea was found to depend on the concentration 
of urea. An amorphous compound was produced for a lower 
concentration of urea, 5SnO-2H20 was produced for a 
higher concentration of urea, and tin(II) oxide was produced 
for a middle-range concentration of urea. 

In order to prepare tin(II) oxide from solut ion, the 
fol lowing process is generally undertaken. Tin(II ) 
hydroxide, which is prepared by add ing an alkal ine 
solut ion to a tin(II) salt solut ion, is mixed wi th a 
mother l iqu id solut ion and boiled for several hours.1 _ 5 ) 

T h r o u g h this process, however, it is difficult to obta in 
tin(II) oxide in good reproducibil i ty regarding particle 
shape or size. A homogeneous precipi ta t ion method 
makes it possible to prepare a homogeneous precipi­
tate which has a constantly identical composi t ion as 
well as properties with good reproducibility.6 '7* T h e pre­
c ipi ta t ion of tin(II) oxide by the homogeneous pre­
cipi ta t ion method has not been reported yet. Since 
tin(II) oxide is thermally unstable, it has not been 
utilized as a ceramic material . O n the other hand , 
tin(IV) oxide is a chemically stable semiconductor, and 
has been utilized as a gas sensor. One of the 
preparat ive methods of tin(IV) oxide is to oxidize 
tin(II) oxide. Since the particle shape and size of the 
power depend on the preparative method, those of 
tin(IV) oxide prepared by this method depend on the 
qual i ty of the or ig ina l tin(II) oxide. Therefore, in this 
study the prepara t ion of tin(II) oxide by the homo­
geneous precipi ta t ion method was made at various 
concentrat ions of tin(II) chloride and at various 
(NH 2 )2CO/SnCl 2 molar ratios. 

Experimental 

0.1 mol dm - 3 hydrochloric acid was used as a solvent in 
order to keep aqueous solution of tin(II) chloride strongly 
acidic; otherwise, an aqueous solution of tin(II) chloride 
hydrolyzes to form a precipitation of the basic salt.8) A 
mixed solution of 1 dm3 of an aqueous solution containing 
tin(II) chloride dihydrate (0.01 to 0.05 mol dm~3) and that 
containing urea (0.01 to 10.0 mol dm -3) was heated at 95— 
97 °C in a steam bath for one hour. The precipitate was 
filtered, washed by distilled water, and dried under vacuum 
at room temperature. All of the chemicals used in this 
experiment were first-grade reagents of Wako Junyaku 
Kogyo Co., Ltd. An X-Ray diffraction analysis was carried 
out with an X-ray diffractometer (Rigaku Denki Co., Ltd., 
model D-6C). A thermal analysis (DTA-TG) were carried 
out in air at a heating rate of 10 °C min - 1 using a Rigaku 
Denki Co., Ltd., model PTC-10A. The amount of tin in the 
precipitates was determined by a chelatometric titration 
method using sample solutions which were prepared by 
alkali fusion. 

Results and Discussion 

Tin(I I ) chloride is soluble in bo th cold and hot 
water,9* and its dilute solut ion becomes thick wi th a 
basic salt to produce precipitates.10) It was therefore 
examined whether tin(II) chloride produces a precip­
itate or no t under various concentrat ion condit ions 
of tin(II) chloride in 0.1 mol d m - 3 hydrochloric acid 
(excluding urea) and on heat ing at 95—97 ° C for one 
hour . A solut ion of tin(II) chloride wi th a concentra­
t ion higher than 0.06 mol d m - 3 produced a precipitate. 
T h u s , the concentra t ion of tin(II) chloride was kept 
lower than 0.05 mol d m - 3 . Figure 1 shows the X-ray 
diffraction patterns of the obtained samples. Figure 2 
shows D T A and T G curves of the corresponding 
samples. In Fig. 1 the diffraction pat tern of sample(A) 
a lmost coincides wi th that of No. 6-395 (SnO) on an 

20 30 40 
20/degree 

50 60 

Fig. 1. X-Ray diffraction patterns of a sample pre­
pared from the aqueous solution (1 dm3) contain­
ing both SnCl2 (0.02 mol dm"3) and (NH2)2CO 
of various concentrations: (A) 0.6 mol dm -3 , (B) 
2.0 mol dm-3, (C) 0.4 mol dm"3. 
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Fig. 2. DT A and TG curves of a sample prepared 
from the aqueous solution (1 dm3) containing both 
SnCl2 (0.02 mol dm"3) and (NH2)2CO of various 
concentrations: (A) 0.6 mol dm -3 , (B) 2.0 mol dm -3 , 
(C) 0.4 mol dm"3. — : DTA, : TGA. 

A S T M card; that of sample(B) a lmost coincides wi th 
that of No. 14-140 ( 5 S n 0 . 2 H 2 0 ) on an ASTM card; 
and that of sample(C) resembles No. 21-1250 (SnCb) on 
an A S T M card. T h e D T A and T G curves show that 
sample(A) gains abou t 12% in weight wi th an 
exothermic reaction a round 300 °C; sample(B) loses 
about 4% in weight wi th an endothermic reaction 
a r o u n d 200 ° C and gains 10% in weight wi th an 
exothermic reaction a r o u n d 400 °C. Sample(C) 
showed a gradual loss in weight. T h e results of a 
chemical analysis showed a tin content in sample(A) of 
87.5%, 82.7% in sample(B), and 75.3% in sample(C). 

It has been theoretically deduced that SnO chang ing 
in to SnÜ2 gains 11.9% in weight, and that 5SnO • 2H2O 
c h a n g i n g in to SnO by dehydrat ion loses 5.1% in 
weight . T h e t in content in SnO is 88.1%, that in 
5 S n O - 2 H 2 0 83.7%, and that in S n 0 2 78.8%. From the 
results of X-ray diffraction, D T A and T G analyses, as 
well as chemical analyses, it is presumed that 
sample(A) is SnO; sample(B) is 5 S n O - 2 H 2 0 ; and 
sample(C) is an a m o r p h o u s compound . T h i s amor­
p h o u s c o m p o u n d before drying changed in to tin(II) 
oxide u p o n ag ing in a so lu t ion wi th a p H above 3; it 
did no t change u p o n drying at room temperature. It is 
thus presumed that the substance after drying (sample 
C) is S n 0 2 ; the property of the amorphous c o m p o u n d 
changes according to the drying. T h e a m o r p h o u s 
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Fig. 3. Relationship between preparative conditions 
and the kind of products. The volume of the aqueous 
solution containing both SnCl2 and (NH2)2CO is 
1 dm3. O: Amorphous compound, • : tin(II) oxide, 
© mixtures of tin(II) oxide and 5Sn02H 2 0 , A: 
5 S n 0 2 H 2 0 . 
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Fig. 4. Relationship between pH and the heating 
time of the aqueous solution (1 dm3) containing 
both SnCl2 (0.05 mol dm"3) and (NH2)2CO: (a) 
9.0 mol dm"3, (b) 1.0 mol dm"3, (c) 0.4 mol dm"3. 

c o m p o u n d is very easily oxidized. Figure 3 shows the 
re la t ionship between the preparative condit ions and 
the k ind of product . When a solution of tin(II) 
chloride at a concentra t ion of 0.01 mol d m - 3 was used, 

file:///0.04
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tin(II) oxide was not produced. A tin(II) chloride 
solut ion wi th urea at a concentrat ion lower than 
0.4 mol d m - 3 produced an amorphous compound ; and 
tin(II) chloride solut ion wi th urea at a concentrat ion 
higher than 0.6 mol d m - 3 produced 5SnO • 2H2O. T h e 
range of the concentrat ion of urea which produced 
tin(II) oxide depended on the concentrat ion of tin(II) 
chloride. T h e higher the concentrat ion of tin(II) 
chloride, the wider was the range where tin(II) oxide 
was exclusively produced. Besides, a mixture of tin(II) 
oxide and 5 S n O - 2 H 2 0 was produced from a tin(II) 
chloride solution with urea at a concentrat ion higher 
than 0.6 mol d m - 3 . 5SnO • 2H2O was produced exclu­
sively from a solut ion of tin(II) chloride wi th urea at a 
higher concentrat ion than the former one. When the 
solut ion of tin(II) chloride which produced tin(II) 
oxide was heated, a white precipitate was produced 
first. As the heat ing time was prolonged, the surface of 
the precipitate which had been kept in contact wi th 
the mother l iquid changed, and a black precipitate was 
also directly produced from the mother l iquid. 

Figure 4 shows the re la t ionship between the p H and 
the hea t ing time of a solut ion of tin(II) chloride of 
0.05 mol dm~3 wi th urea of 0.4, 1.0, 9.0 mol dm" 3 

concentrat ion. When urea (0.4 mol d m - 3 ) was added 
to a tin(II) chloride solut ion, the p H gradual ly rose 
wi th the hea t ing time. After 60 minutes , an 
amorphous c o m p o u n d was formed in the solution. 
When 1.0 mol d m - 3 of urea was added, the p H 
gradual ly rose wi th the hea t ing time, nearly settled for 
a while, and then rose again abruptly. After 60 
minutes , tin(II) oxide was formed in the solut ion. 
When 9.0 mol d m - 3 of urea was added, the p H 
abrupt ly rose wi th the hea t ing time, and then nearly 

settled for a while . After 60 minutes 5 S n O - 2 H 2 0 was 
produced in the solut ion. Both the amorphous 
c o m p o u n d before drying and 5 S n O - 2 H 2 0 changed 
in to tin(II) oxide u p o n ag ing in a solut ion of p H 
above 3. 

These results have shown that the products which 
were formed in the solut ion wi th urea under heat ing 
were an amorphous compound , tin(II) oxide, and 
5SnO • 2H2O, and that the range p roduc ing these three 
compounds depended on the concentrat ion of urea. 
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Synopsis. Calcium tungstate crystals were grown from 
M2WO4 (M=Li, Na, and K) fluxes. Observations of the 
obtained CaWCU crystals showed that a high-temperature 
solution of Na2WÛ4 was superior to both L12WO4 and 
K2WO4 solutions. It was experimentally confirmed that the 
Na2WÜ4 flux chosen on the basis of the guiding principle 
was the most suitable. 

Ca lc ium tungstate crystals were grown from the fol­
lowing fluxes: Lid,1-7) Nad, 1»* KCl,1'8-11) Na2W04,1 '6 '12-1^ 
and Na2W207.16) T h e y were selected main ly on the 
basis of past experience. L i t h i u m tungstate was no t a 
sui table flux for the g rowth of CaWÛ4 crystals us ing a 
traveling solvent method.1 2 ) In the case of the usual 
flux method, there has been no a t tempt to grow 
CaWÜ4 crystals from Li2WÜ4 and K2WO4 fluxes. 

We have proposed a g u i d i n g pr inc ip le to choose a 
suitable flux for the g rowth of oxide crystals.17) O n the 
basis of this pr inc ip le , Na2WÜ4 was chosen as the flux 
for the growth of C a W 0 4 crystals.17) Octahedral 
crystals of CaW04, u p to 4.5 m m in size, were grown 
from the flux.17 '18) However, there has been no 
exper imenta l evidence that Na2W04 is the most 
suitable of M2WO4 (M=Li, Na, and K) fluxes. 

T h e present paper describes the growth of CaW04 
crystals from M2WO4 fluxes. Calc ium tungstate 
crystals were grown from M2WO4 fluxes by a slow-
cool ing method. T h e crystals obta ined from the 
Na2WÖ4 flux differed clearly from those grown from 
the Li2W04 and K2WO4 fluxes regarding their form, 
t ransparency, and surface features. O n the basis of the 
results of the flux g rowth and the observation of 
C a W 0 4 crystals, the suitability of M2WO4 fluxes is 
discussed. 

Experimental 

Reagent-grade CaCOs, WO3, Li2C03 , Na2C03 , and K2CO3 
were used for the flux growth of CaWÜ4 crystals. The 
starting compositions for typical mixtures prepared are 
shown in Table 1. The mixtures (40—50 g in weight) were 
put into platium crucibles of 30 cm3 capacity. After the lids 
were closely fitted, the crucibles were placed in an electric 
furnace with silicon carbide heating elements. The furnace 
was heated at a rate of about 50 ° C h _ 1 to 1100 ° C, held at this 
temperature for 5 h and then cooled at a rate of 5 °C h _ 1 to 
500 ° C. When the cooling program was completed, the 
furnace was allowed to cool down to room temperature. 
Crystal products were separated by dissolving the flux in 
warm water. The obtained crystals were identified by an 

X-ray powder diffraction method. The crystals were 
observed by the use of an optical microscope. 

Results and Discussion 

Calcium tungstate crystals were found to be grown 
not only from Na2W04, bu t also from Li2W04 and 
K2WO4 fluxes. About 25 g rowth runs were carried ou t 
in order to find suitable solute-flux ratios. These 
experiments showed that mixtures conta in ing 10, 15, 
and 30 mol% solute produced the largest crystals from 
Ü2WO4, Na2W04, and K2WO4 fluxes, respectively, as 
shown in T a b l e 1. T h e m a x i m u m sizes of the g rown 
crystals were 4.5—6 mm. T h e obtained crystals were 
identified by their X-ray powder patterns, us ing data 
given in the J C P D S card.19* Typica l C a W 0 4 crystals 
g rown from the respective fluxes are shown in Fig. 1. 
Dur ing these growth runs, evaporation of the respective 
fluxes was less than 1 wt%. T h e influence of evapora­
t ion on crystal g rowth was negligible. T h e p l a t i n u m 
crucibles were found to be undamaged after use. T h e 
M2WO4 fluxes did not attack the p l a t i num crucibles. 

As shown in Fig. 1, the Na2W04 flux yielded 
octahedral crystals, u p to 4.5 m m in size, wi th smooth 
{112} facets. These crystals were bo th colorless and 
transparent. O n the other hand, the Ü2WO4 and 
K2WO4 fluxes produced bulky crystals u p to 6 m m in 
size. These crystals were white, translucent, and not 
well formed. T h e m a x i m u m size of crystals grown 
from the Na2W04 flux was somewhat smaller than 
that of crystals g rown from L12WO4 or K2WO4 flux. 
From the p o i n t of view of crystal form and transpar­
ency, however, the Na2W04 flux was found to be the 
most suitable of the three fluxes. 

T h e surface features observed on the faces of the 
grown C a W 0 4 crystals are shown in Fig. 2. T h e 
crystals g rown from the respective fluxes have the 
characteristic surface features. T h e surfaces of the 
crystals g rown from Na2W04 flux are very flat. F lux 
inclusions are rarely found in the crystals. It therefore 
seems that the growth of CaW04 crystals from the 
Na2W04 flux proceeded under stable condit ions. O n 
the other hand , the surfaces of the crystals g rown from 
the Li2W04 flux are greatly striated. It is a peculiari ty 
of the surface features of the crystals grown from the 
K2WO4 flux that large numbers of minu te crystals are 

Table 1. Starting Compositions and Crystal Products 

Flux used 
Composition/mc 

Solute Flux 
Crystal product 

L12WO4 

Na2W04 

K 2 W O 4 

10 
15 
30 

90 
85 
70 

Bulky crystals up to 6 mm in size 
Octahedral crystals up to 4.5 mm in size 
Bulky crystals up to 6 mm in size 
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Fig. 1. CaW04 crystals grown from (a) Li2WC>4, 
(b) Na2W04, and (c) K2W04 fluxes (1 div.=l mm). 

observed on the faces. Flux inclusions are also found 
in the crystals grown from Li2WÜ4 and K2WO4 fluxes. 
The defects in these crystals are related to rapid crystal 
growth. It is, therefore, considered that the growth of 
CaWÜ4 crystals from Li2WÜ4 or K2WO4 flux proceed-

2 0 0 / im 

Fig. 2. Surface features observed on the faces of 
CaWÛ4 crystals grown from (a) Li2W04, (b) 
Na2W04, and (c) K2WO4 fluxes. 
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ed under unstable condi t ions. Evidently, the homo­
geneity of the crystals g rown from the Na2WÜ4 flux is 
superior to that of the crystals grown from the Li2WÜ4 
or K2WO4 flux. F rom the viewpoint of surface 
features, Na2WÜ4 was found to be the most suitable 
flux. 

T h e three kinds of fluxes used for the growth of 
CaWC>4 crystals contain anions in c o m m o n with the 
solute. Obvious crystal-chemical differences between 
the fluxes and the solute are established by differences 
in the valency states of the cations. Regard ing M+ 
ions, the ionic radius of Na+ is the closest to that of 
Ca2+. T h i s similari ty may contr ibute to the suitability 
of the Na2W04 flux for the growth of CaW04 crystals. 

We a t tempted to grow C a W 0 4 crystals from M2WO4 
fluxes. Objective crystals were grown from the 
respective fluxes. Regard ing these fluxes, it was 
confirmed in observations of the obtained CaW04 
crystals that Na2W04 was the most suitable flux. 
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Synopsis. Stoichiometric Al-bearing ferrites[ALFe3-jc04 
(x=0.05—0.46)] are formed by a transformation reaction 
from y-FeOOH in an aqueous suspension. The transforma­
tion reaction proceeds in a suspension containing y-
FeOOH, Fe(II) and Al ions without oxidation at 25 °C and a 
pH of 9.5—11.0. 

We recently found that y - F e O O H is transformed to 
Fe3Ü4 in the presence of Fe(II) ion in an aqueous 
suspension at 25 ° C and p H 7.0—11.0.1* In the 
presence of Fe(II) and Zn(II) ions, y - F e O O H is 
transformed to stoichiometric Zn(II)-bearing ferrites at 
25 ° C and p H 7.5—11.4.2> In the case of the Mg(II) ion, 
s toichiometric Mg(II)-bearing ferrites were formed 
under the same condit ions.3 ) In the case of Cd(II), 
nons to ichiometr ic Cd(II)-bearing ferrites were formed 
at 25 ° C a n d a p H of 7.5—10.5.3> Since all of these 
cases involved divalent metal ions, in this study we 
considered the Al ion as being a trivalent metal ion. 
We investigated the formation of the Al-bearing 
ferrites from y - F e O O H in the presence of the Al and 
Fe(II) ions at 25 °C. Here, we briefly discuss the 
mechan i sm for the format ion of metal ion-bear ing 
ferrites in terms of an air oxidat ion reaction. 

Experimental 

Chemicals. All of the chemicals used in the present work 
were of analytical grade, and the chemical solutions were 
prepared with distilled water. A NaOH solution was 
prepared with distilled water through which nitrogen gas 
had been passed in order to remove any dissolved oxygen. 
The y-FeOOH was prepared according to a method 
described previously.1* 

Apparatus. The reaction vessel, which was reported in 
a previous paper, was adopted.1* 

Procedure. After adding an AICI3 solution (0.02 dm3, 0— 
0.27 mol dm - 3 , pH 3.0) into a y-FeOOH suspension 
(0.75 dm3, pH 4.0), nitrogen gas was passed through the 
solution for 2 hours in order to remove any dissolved oxygen 
and carbon dioxide. A FeCb solution (0.02 dm3, 0.54 mol 
dm~3, pH 3.0) was added into the suspension, and the pH 
was increased to the desired level by adding an alkaline 
solution. When the pH reached 8.0—11.0, the reaction was 
initiated and the reaction pH became lower. The reaction 
pH was kept constant by adding an alkaline solution. 
During the reaction nitrogen gas was passed through the 
suspension in order to prevent an oxidation reaction. After 
the reaction was continued for 60 hours (25 °C) the reaction 
suspension was centrifuged at 4000 rpm under a nitrogen 
atmosphere. The precipitate was washed with an acetate 
buffer solution (pH 4.1, 0.05 mol dm~3) to isolate the 
products, by dissolving the unreacted Fe(II), and washed 
with a NaOH solution (pH 11.2) to remove the unreacted Al 
ions. The precipitate was then washed with distilled water, 

followed successively with acetone to remove water as 
completely as possible. The washing water and acetone had 
been previously deaerated by passing nitrogen gas through it 
to prevent oxidation. Finally, the precipitate was dried 
under a nitrogen atmosphere (room temperature). The 
products, thus obtained, were examined by powder X-ray 
diffractometry and IR spsectroscopy. 

Chemical Analysis. The Fe(II) and Fetotai concentrations 
were determined by the 2,2/-bipyridyl method.4) When the 
Fetotai was determined, Fe(III) ions were reduced to Fe(II) 
ions with hydroxylamine. The Al concentration was deter­
mined by spectrophotometry with 8-quinolinol. 

Results and Discussion 

Figure 1 gives a ternary d iagram (Fe2+, Fe3+, Al3+) 
showing the chemical composi t ion of the products 
obtained by increasing the p H for the reaction 
suspension [the mix ture of y - F e O O H , Al(OH)3 and 
Fe(OH)2] to p H 10.5 and a l lowing it to stand for 60 
hours . In this study, the mole rat io of Fe(II) ion to 
Fe(III) of y - F e O O H in the reaction suspension 
(Fe(II) : y - F e O O H ) was fixed to 2 : 1 , and the mole rat io 
of Al ion to Fe(II) of y - F e O O H (Al :y -FeOOH) varied 
from 0—4:1 . T h e straight l ine in Fig. 1 connect ing 
the chemical composi t ions corresponds to the Fe3Ü4 
transformation to AkFe04 (Al-bearing ferrite) and 
shows the chemical composi t ions of the intermediate 

Fig. 1. Ternary diagram showing chemical com­
positions of the products. Broken line shows stoi­
chiometric compositions of Al-bearing ferrites. 
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Fig. 2. Relationship between lattice constants of 
products and Al contents. The x values represent 
the mole ratio of A^FeCU to (AhFeC^+FesO^. 

s toichiometr ic solid solut ions . As can be seen from 
Fig. 1, the chemical composi t ions of all the products 
are nearly equal of those of the stoichiometric Al-
bear ing ferrite. T h e a l u m i n i u m contents of the 
products were 0—0.75:1 at a mole rat io of Al:Fetotai. 
About 25 per cent of the Al ions in each product . In 
the X-ray diffraction pat terns for the products , only 
the peaks of the spinel- type c o m p o u n d appeared. In 
the IR spectra, n o bands of y - F e O O H or other 
iron(III) oxides were observed. These results suggest 
that the products are virtually stoichiometric Al-
bear ing ferrites. T h e sl ight deviation from stoichiom-
etry seems to be due to an incomplete reaction, 
whereby a very small a m o u n t of Fe(III) remained 
unreacted. 

Figure 2 shows the re la t ionship between the Al 
content of the products and the lattice constants. T h e 

Al content of the products is represented by the 
Al2FeÛ4 mole percent of a solid solut ion between 
Fe3Û4 and Al2FeÛ4 assuming that the products are 
Al-bearing ferrites, whose Al, Fe(II) and Fe(III) ion 
composi t ions are given in Fig. 1. T h e lattice constants 
of the products decreased wi th increasing Al content in 
the products , ind ica t ing that Al ions in the products 
were incorporated in to an Al-bearing ferrite spinel 
structure.5* In the IR spectra of products con ta in ing 
a h igher Al content , the band characteristics of the 
spinel ferrites appeared near 510 c m - 1 , and all of the 
bands were shifted toward h i g h frequencies, compared 
wi th those of Fe304. These shifts were due to the 
incorpora t ion of Al ions in to the spinel structure of 
Fe304-6 ) 

We next examined the effect of the p H on the y-
F e O O H transformation reaction to the Al-bearing 
ferrite at A l : y - F e O O H = l : 1 . When the reaction p H 
was 8.0, n o ferrites were formed from y - F e O O H in 
60 h (25 °C). However, at p H 9.5—11.0, all of the y-
F e O O H transformed to Al-bearing ferrites. T h e same 
results were obta ined for the Al-bearing ferrite 
format ion react ion by an air oxida t ion of an Fe(OH)2 
suspension con ta in ing Al ions.5) In a previous 
paper3 ) we proposed that under air oxidat ion metal 
ion-bear ing ferrites are formed from the y - F e O O H 
which is formed as an intermediate by the air 
oxida t ion of Fe(II) ions in the reaction suspension. 
T h e results of the present experiments are consistent 
wi th the reaction mechanism which we have proposed. 
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Synopsis. The molecular structures of the title complexes 
have been determined by a single-crystal X-ray diffraction 
method. The crystals of MoO(tpp)NCS.CH2Cl2 (tpp= 
5,10,15,20-tetraphenylporphyrinato) and MoO(tpp)F are 
triclinic and tetragonal respectively. An isothiocyanate ion 
is coordinated to the central molybdenum atom at an angle 
of 145° with the Mo-N(NCS) bond through the nitrogen 
atom. In both complexes, the molybdenum atoms are 
displaced toward oxo ligands from the 4N plane composed 
of pyrrole nitrogens. 

In the subst i tu t ion reactions of the axial l igand X of 
Mo v O( tpp )X (X=F , NCS, CI, Br) wi th dimethyl 
sulfoxide (DMSO) in DMSO-CH 2 Cl 2 , the values of the 
formation constants of DMSO complexes are in the 
order of X = B r > C l > N C S > F , i.e., the M o - F bond is 
stronger than the M o - N C S bond for the subst i tu t ion 
reaction.1* T h e same order was observed for the 
ba thochromic shift of the Soret band in electronic 
absorpt ion spectrum of a series of these complexes2) 

and also for the shift of the electrochemical half-wave 
potent ials of the central molybdenum atoms.3) In 
addi t ion, the electronic spectral bands of the con­
strained complexes [Mo I V Ö(tpp)] _ , which are formed 
by 7-ray i r radia t ion of Mo v O( tpp )X in the glassy 
mat r ix of 2-methyltetrahydrofuran at 77 K, shift in the 
same order as those of Mo vO(tpp)X. 4 ) T h e structure of 
Mo v O( tpp )X is assumed to be reflected on that of 
[ M o I V 0 ( t p p ) X ] _ . These facts suggest that the axial 
l igand X in Mo v O( tpp )X largely affects the reactivity 
of the molybdenum porphyr ins . 

In the present paper , we report the structures of 
MoO( tpp )NCS.CH 2 Cl2 (1) and MoO( tpp)F (2) in 
compar i son wi th other molybdenum porphyr ins , 
focusing on the coordinat ion sphere a round the 
central molybdenum atoms. 

Experimental 

The complexes 1 and 2 were prepared by the methods 
reported previously.2) The crystals for X-ray data collection 
were obtained from dichloromethane-hexane solutions in 
the dark. The electronic spectra of these complexes agreed 
with those reported previously.1} 

A Rigaku AFC-6 automated four-circle diffractometer 
using graphite-monochromatized MoKa radiation (A= 
0.71073 Â) was used for X-ray measurements. Diffraction 
data were collected at 298 K using the CÛ-20 scan technique 
for the 20<55° range. The crystal of 1 was coated with 
epoxy-resin avoiding efforescence of the complex during X-
ray expepriment, and mounted on the end of a glass 
capillary. The structures of both complexes were solved by 
the heavy-atom method. Refinements for 1 and 2 were 
carried out by the block-diagonal least-squares technique 
using 7257 reflections and by the full-matrix least-squares 
technique using 1036 reflections respectively. The final R 

values (2| |Fo|-|Fc||/ |Fo|) were 0.051 and 0.039 for 1 and 2 
respectively. The complete F0—Fc data are deposited as 
Document No. 8935 at the Office of the Editor of Bull. 
Chem. Soc. Jpn. 

Crystal data of 1: MoOfC^HfesN^NCS. CH2C12, triclinic, 
space group PI , a=13.680(3), 6=14.172(2), c=11.213(2)Â, 
a=106.10(l), 0=106.27(2), 7=94.53(2)°, D«icd=1.458gcm-3, 
and Z=2. Crystal data of 2: MoO(C44H28N4)F, tetragonal, 
space group 14, a=13.402(3), c=9.730(2) Â, DC!ilcd=lA\3 g cm"3, 
and Z=2. 

Results and Discussion 

Perspective views of the complexes 1 and 2 are 
shown in Figs. 1 and 2. T h e selected bond lengths, 

Fig. 1. Perspective drawing of the MoO(tpp)NCS 
molecule. The phenyl rings of the tetraphenylpor-
phyrinato ligand have been omitted for clarity. 

Fig. 2. Perspective drawing of the MoO(tpp)F 
molecule. The phenyl rings of the tetraphenylpor-
phyrinato ligand have been omitted for clarity. 
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Table 1. Selective Bond Lengths and Bond 
Angles with Estimated Standard 

Deviations in Parentheses 

Bond 

Mo-O 
Mo-Nl 
Mo-N2 
Mo-N3 
Mo-N4 
Mo-N5 
N5-C45 
C45-S 
Aa> 

length/Â Bond/torsion 

MoO(tpp)NCS-CH2Cl2 

1.673(3) 
2.079(2) 
2.094(3) 
2.086(3) 
2.085(3) 
2.257(4) 
1.160(6) 
1.612(5) 
0.282(4) 

O-Mo-Nl 
0-Mo-N2 
0-Mo-N3 
0-Mo-N4 
Nl-Mo-N5 
N2-Mo-N5 
N3-Mo-N5 
N4-Mo-N5 
Mo-N5-C45 
N5-C45-S 
N2-Mo-N5-C45 
N3-Mo-N5-C45 

angle/0 

99.1(1) 
96.1(2) 
97.6(1) 
98.2(2) 
84.5(1) 
78.9(1) 
78.8(1) 
86.8(1) 

144.7(4) 
179.0(4) 

-36.1(5) 
55.8(5) 

MoO(tpp)F 
Mo-O 1.677(12) O-Mo-N 94.3(2) 
Mo-N 2.089(3) 
Mo-F 1.967(9) 
Aa> 0.155(9) 

a) Displacement distance of molybdenum atom from 
the 4N plane formed by pyrrole nitrogens. 

bond angles, and torsion angles are shown in Table 1. 
In the complex 1, the isothiocyanate ion is in a 
staggered conformat ion wi th respect to the pyrrole 
nitrogens and is coordinated on the central molybdenum 
a tom th rough the n i t rogen atom, which justifies the 
assumpt ion obtained by visible absorpt ion spectral 
measurements.2* T h e bond length of Mo-N5(NCS) 
(2.257 Â) belongs to the category of relatively long 
length a m o n g the bond lengths (2,05—2,27 Â) observed 
for non-porphyr in molybdenum isothiocyanate com­
plexes, and the angle Mo-N5-C45(NCS) (144.7°) is a 
little smaller than the related complexes (160—180°).5) 

T h e mo lybdenum a tom lies at 0.282 Â from the 4N 
p lane formed by the pyrrole ni t rogens toward the O 
a tom, which is reflected on the large angles of 
0 - M o - N ( l — 4 ) (96.1—99.1°) compared to those of 
N ( l — 4)-Mo-N5(NCS) (78.8—86.8°). T h e M o - O bond 
length (1.673 Â) is longer by 0.017 Â than the M o - O 
bond length (1.656 Â) of MoO(ttp)6> (ttp=5,10,15,20-
tetra-p- tolylporphyrinato) hav ing n o axial l igat ion of 
X and is shorter than the terminal M o - O bond length 
(1.707 Â) in [MoO(tpp)] 2 0. 7 ) In contrast wi th the 
structure of 1, 2 has a s imple C4 symmetry. T h e M o - O 
b o n d leng th is 1.677 Â. T h e mo lybdenum a tom lies at 
0.155 Â from the 4N p lane and the O - M o - N bond 
angle is 94.3°. T h e M o - F bond length (1.967 Â) is no t 
so different from the sum of covalent radii (1.94 Â) of 

Mo and F a toms and is compared well wi th the bond 
length (1.96—1.77 Â) of non-porphyr in fluoromolybde-
n u m complexes.8* In MoO(tpp)Cl, 9 ) the bond lengths, 
M o - O (1.714 Â) and M o - N (2.118 Â), and the displace­
ment distance of molybdenum a tom from the 4N plane 
(0.390 Â) are all larger than those in 1 and 2. T h e bond 
length of M o - C l (2.494 Â), wh ich is longer than the 
sum of the covalent radi i (2.29 Â) of Mo and CI a toms, 
suggests a large a m o u n t of ionic character for the 
bond.9 ) A l though we can no t refer directly to reactivity 
of these three complexes, 1, 2, and MoO(tpp)Cl in 
solut ions on the basis of these crystal data, the Mo-Cl 
b o n d is expected to be weak for substi tut ion. In 
practice, the axial l igand Cl~ of MoO(tpp)Cl is more 
easily substi tuted by DMSO cmpared wi th 1 and 2.1} 

T h e displacement of the central molybdenum atoms is 
in the order of M o O ( t p p ) C l > l > 2 that is parallel to the 
order of easiness of the subst i tut ion reactions: the 
stronger the M o - X b o n d is, the smaller the displace­
ment. T h e absence of axial l igand at the trans posi t ion 
of the oxo l igand causes large displacement of the 
mo lybdenum a tom toward the oxo l igand from the 4N 
p lane as observed in the complexes of MoO(ttp) 
(0.6389 Â)6> and Mo(0) 2 ( t tp) (0.972 Â).10> 
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Synopsis. Optically active (S)-2-aminopropylphosphonic 
and (S)-2-amino-4-methylpentylphosphonic acids were syn­
thesized from commercially available chiral a-amino acids 
[(S)-(+)-alanine and (S)-(+)-leucine] without racemization. 

Recently, the number of reports concerning the asym­
metric synthesis of various a m i n o phosphorus acid 
derivatives has sharply increased.1_3) T h o u g h several 
preparative methods of 2-aminoalkylphosphonic acids, 
which are substances of biochemical interest, analogous 
to 3 -aminoa lky lphosphonic acids, were described in 
previously reported papers,4 ) only racemic products 
were given by the methods . Therefore, optically active 
2 -aminoa lky lphosphonic acids so far been obtained by 
the optical resolut ion of prepared racemic 2-amino­
a lky lphosphon ic acids.5) We have a t tempted a direct 
synthesis of chiral 2 -aminoa lky lphosphonic acid deri­
vatives from commercial ly available (S)-(+)-alanine 
and (S)-(+)-leucine w i t h o u t racemization of the 
start ing optically active a m i n o acids. 

2 -Phtha l imidoalkanoyl chlorides la (R=CH3) and 
l b (R=z-Bu) were synthesized from (S)-(+)-alanine and 
(S)-(+)-leucine, respsctively, according to previous 
papers.6 '7 ) An Arbuzov reaction of triethyl phosphi te 
wi th acid chlorides l a and l b afforded compounds 2a 
and 2b, which were converted in to 1-hydroxyalky 1-
phosphona tes 3a and 3b by treatment wi th sodium 
cyanoborohydride. Lit t le stereoselectivity for the 
reduct ion of the carbonyl g roup of phosphona t e 2 was 
observed by H P L C analysis. T h e following deoxygena­
t ion react ion of the hydroxyl g r o u p of c o m p o u n d 3 
was carried ou t w i thou t isolat ion of the diastereomers 
of 3a and 3b. Several methods for the deoxygenation of 

0 ^ N > 0 PhtN 0 

R^COCl P ( 0 E t ) 3 > R - V P ( Q E t ) * N Q B H 3 C N > 

1a,b 
0 

2a,b 

PhtN 0 PhtN 0 T__. .-.--_- „ _ c u 

RXr:kOEX)2 TCDI ^ R ^ v ' ^ ( Q E t ) 2 n-Bu3SnH 

0C-N^K , OH 

3a,b 

PhtN 0 
R A ^ P ( 0 E t ) N2H4 , R 

5a,b 

4a,b 

NH2O NH2 
Ä^F>(0Et) H* 3 ^ P 0 3 H 2 

6a,b 7a,b 

a 

b 

R 
Me 

i-Bu 

Scheme 1. 

the 1-hydroxyl g r o u p of a lky lphosphonate i.e., direct 
deoxygenat ion by d iphosphorus tetraiodide8) and by 
phosphorus t r ichlor ide/metal iodide,9 '10) as well as 
radical deoxygenation,3»11) are known. In the present 
study we a t tempted either a radical deoxygenation or a 
direct deoxygenation (phosphorus trichloride/potassium 
iodide system). 

4-Imidazolylthiocarbonyloxy derivatives 4a and 4b 
were synthesized from 1-hydroxyalkylphosphonates 3a 
and 3b, respectively, by treatments wi th thiocarbonyl-
diimidazole in h igh yields; thereafter, 4a and 4b were 
treated wi th tr ibutylt in hydride, affording compounds 
5a and 5b, respectively, in good yields. O n the other 
hand, direct deoxygenation of 1-hydroxyalkylphospho-
nate 3a by us ing a phosphorus t r ichlor ide/potass ium 
iodide system gave c o m p o u n d 7a in 12% yield. In the 
latter case, the ph tha l imido and ester g roup of 
phosphona t e 3a were hydrolysed in an acidic med ium 
at the same t ime as deoxygenation.9 '1 0 ) C o m p o u n d s 5a 
and 5b u p o n treatment wi th hydrazine monohydra te 
lead to 2-aminoalkylphosphonates 6a and 6b, respec­
tively. C o m p o u n d s 6a and 6b were hydrolyzed in to 
p h o s p h o n i c acids 7a and 7b, respectively, by treatment 
wi th acid. 

C o m p o u n d 6a, 6b, 7a, and 7b, thus obtained, were 
confirmed to be in enant iomerical ly pure forms (>99% 
e.e.), be ing analyzed by 1 H N M R wi th a chiral shift 
reagent, Eu(tfc)2 and further derived them in to a m i n o 
derivative by the action of (#)-(+)-2-methoxy-2-
(tr if luoromethyl)phenylacetic acid (MTPA). These 
results prove that compounds 6a and 6b are optically 
pu re forms re ta in ing the configurat ion of the star t ing 
a m i n o acids and, hence, w i thou t racemization in the 
present process. C o m p o u n d 3 migh t show a certain 
bioactivity because of a s t rong resemblance of a par t ia l 
structure to that of KRI-1314,12) be ing a medicinal ly 
important antihypertensive agent. However, it presently 
exhibited little activity as a cholinestererase inhibi tor . 

Experimental 

Synthesis of Diethyl (S)-2-(phthalimido)propionylphos-
phonate (2a) and (2b); General Procedure: A mixture of 
(S)-(+)-alanine 10.0 g (112 mmol) and phthalic anhydride 
16.7 g (113 mmol) in toluene (60 ml) was refluxed for 12 h; 
the formed water was collected in a Dean-Stark water trap. 
Thionyl chloride 14.2 g (120 mmol) was added to the hot 
toluene solution and the mixture was refluxed for an 
additional 1.5 h; it was then cooled to room temperature. 
Removal of excess thionyl chloride and the solvent by an 
evaporator gave a syrupy product la. Freshly distilled 
triethyl phosphite 23.2 g (140 mmol) was added dropwise to 
la with stirring for 1 h at 0 °C; the mixture was then warmed 
to room temperature. Excess triethyl phosphite was removed 
from the reaction mixture under reduced pressure, and the 
obtained residue was separated by column chromatography 
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on silica gel (eluent:benzene/ethyl acetate=l/l ; v/v) to give 
2a (syrup) in 95% yield. *H NMR (CDCls) 6=1.34 [t, 
/=8.0 Hz, 6H, P(OCH2CH3)2l 1.75 (d, /=7.0 Hz, 3H, CH3), 
4.17 [dq, /POCH=8.0HZ, /H H=8.0Hz, 4H, P(OCH2CH3)2l, 
4.89—5.38 (m, 1H, CH), 7.50—7.84 (m, 4H, aroma). IR 
(cm-1), 1780 and 1710 (OO) , 1250 (P=0). 

By the similar manner, diethyl (S)-4-methyl-2-(phth-
alimido)pentanoylphosphonate (2b) was synthesized as a 
syrup in 95% yield. 1H NMR (CDCI3) ô=0.91 [d, 6H, 
/=6.6 Hz, CH(CH3)21, 1.32 [t, /=8.0 Hz, 6H, P(QCH2CH3)21, 
1.81—2.56 (m, 3H, CH-CH2), 4.16 [dq, / P O C H = 8 . 0 H Z , 
7 H H = 8 . 0 H Z , 4H, P(OCH2CH3)2l 4.78—5.35 (m, 1H, CH), 
7.51—7.85 (m, 4H, aroma). IR ( cm"1), 1780 and 1710 (OO) , 
1250 (P=0). 

Synthesis of (1RS, 2S)-l-Hydroxy-2-(phthalimido)propyl-
phosphonate (3a); General Procedure: To a solution of 2a 
0.50 g (1.3 mmol) in anhydrous tetrahydrofuran (20 ml) was 
added sodium cyanoborohydride 0.40 g (6.5 mmol) by 
portions; the mixture was then stirred for 24 h at room 
temperature. Excess hydride was quenched with water 
(30 ml), and the reaction mixture was neutralized with acetic 
acid. The aqueous solution was extracted with chloroform 
(20 mlX3), and the organic layer was washed with brine. The 
chloroform extract was dried with anhydrous sodium sulfate 
and concentrated under reduced pressure. Isolation of the 
product by column chromatography on silica gel (eluent: 
benzene/ethyl acetate=l/l ; v/v) afforded 3a in quantitative 
yield. *H NMR (CDCI3) 8=1.26 [t, 8.0 Hz, 6H, P(OCH2CH3)2], 
1.53 (d, /=7.0 Hz, 3H, CH3), 4.00—5.15 (m, 6H, 2CH, 
P(OCH2CH3)2], 7.50—7.84 (m, 4H, aroma). IR (cm"1), 3300 
(OH), 1700 (OO) , 1250 (P=0). HPLC; ratio of the stereo-
isomer=2/l. [a]??-0.8° (c 1.45, AcOEt). 

Diethyl (1RS, 2S)-l-hydroxy-4-methyl-2-(phthalimido)-
pentylphosphonate (3b) (syrup) was synthesized by the same 
method in 98% yielld. iH NMR (CDC13) 0=0.98 (d, 
/=4.5 Hz, 6H, 2CH3), 1.25 [t, 7=8.0 Hz, 6H, P(OCH2CH3)2], 
1.46—2.19 (m, 3H, CH-CH2), 4.33—4.81 [m, 6H, 2CH, 
P(OCH2CH3)2], 7.54—7.80 (m, 4H, aroma). IR ( cm"1), 3300 
(OH), 1730 (OO) , 1250 (P=0). HPLC; ratio of the stereo-
isomer=3/l. [af£ -5.2° (c 0.71, AcOEt). 

Synthesis of Diethyl (1RS, 25)-l-(l-Imidazolylthiocarbonyl-
oxy)-2-(phthalimido)pentylphosphonate (4a); General Pro­
cedure: 1,1-Thiocarbonyldiimidazole 0.30 g (1.8 mmol) was 
added to a solution of 3a 0.30 g (0.9 mmol) in dry 1,2-
dichloroethane (20 ml). The mixture was heated for 3 h at 
70 ° C, and cooled to room temperature. The reaction 
mixture was successively washed with a cold solution of 1 M 
hydrochloric acid (20 mlX2), 50% sodium hydrogencarbonate 
(20 ml), and water (20 ml), and the organic layer was dried 
with anhydrous sodium sulfate. The solvent was removed 
off under reduced pressure to give 4a as a syrup in 99 % yield. 
*HNMR (CDC13) 0=1.35 [t, 7=8.0 Hz, 6H, P(OCH2ÇH3)2], 
1.76 (d, 7=7.0 Hz, 3H, CH3), 3.91—4.42 [m, 5H, N-CH, 
P(OCH2CH3)2l, 4.79—5.28 (m, 1H, P-CH-O), 6.96 (s, 1H, 
imida), 7.62—7.87 (m, 4H, aroma), 7.55, 8.25 (2s, 2X1H, 
imida). [a]f>2 -1.2° (c 1.55, AcOEt). 

Diethyl (1RS, 2S)-l-(l-imidazolythiocarbonyloxy)-4-methyl-
2-(phthalimido)pentylphosphonate (4b) was synthesized by 
the same method in 95 % yield. 1U NMR (CDC13) 6=0.94 (d, 
7=5.0 Hz, 6H, 2CH3), 1.32 [t, 7=8.0 Hz, 6H, P(OCH2CH3)2], 
1.50—2.61 (m, 3H, CH-CH2), 3.79—4.28 [m, 5H, N-CH, 
P(OCH2CH3)2], 4.53—5.28 (m, IH, P-CH-O), 6.92 (s, IH, 
imida), 7.62—7.86 (m, 4H, aroma), 7.56, 8.25 (2s, 2X1H, 
imida). [a]!2-8.5° (c 1.22, AcOEt). 

Synthesis of Diethyl (S)-2-(Phthalimido)propylphospho-
nate (5a); General Procedure: To a solution of 4a 0.20 g 
(0.40 mmol) in anhydrous toluene (20 ml) was added 
tributyltin hydride 0.20 g (0.70 mmol) through a syringe 

under a nitrogen atomosphere; the mixture was then 
refluxed for 2.5 h. The reaction mixture was concentrated, 
and the residue was apportioned between acetonitrile (20 ml) 
and hexane (20 ml). The hexane layer was discarded and the 
acetonitrile layer was washed with hexane (10 mlX3). After 
removing the acetonitrile under reduced pressure, the residue 
was separated by preparative thin-layer chromatography on 
silica gel (eluent:benzene/ethyl acetate=l/l ; v/v) to give 5a 
as a syrup in 92% yield. *H NMR (CDC13) 0=1.30 [t, 
7=8.0 Hz, 6H, P(OCH2CH3)2], 1.59 (d, 7=7.0 Hz, 3H, CH3), 
2.09—2.88 (m, 2H, P-CH2), 4.09 [dq, 7POCH=8.0 HZ, 7HH=8.0 HZ, 
4H, P(OCH2CH3)2], 4.47—5.01 (m, IH, N-CH), 7.63—7.85 
(m, 4H, aroma), [a]% -2.6° (c 0.23, AcOEt). 

Diethyl (S)-4-methyl-2-(phthalimido)pentylphosphonate 
(5b) was synthesized by the same method in 91% yield. 
*HNMR (CDC13) 0=0.91 (d, 7=7.2 Hz, 6H, 2CH3), 1.10— 
1.58 (m, 3H, CH-CH2), 1.32 [t, 7=8.0 Hz, 6H, P(OCH2CH3)2], 
1.69—2.05 (m, 2H, P-CH2), 3.99 [dq, 7POCH=8.0 HZ, 7HH=8.0 HZ, 
4H, P(OCH2CH3)2], 4.51—4.81 (m, IH, N-CH), 7.63—7.85 
(m, 4H, aroma). [af£ -0.6° (c 0.89, AcOEt). 

Synthesis of Diethyl (5)-2-Aminopropylphosphonate (6a); 
General Procedure: To a solution of 5a 0.20 g (0.60 mmol) 
in methanol (5 ml) was added hydrazine monohydrate (2 ml); 
the mixture was then stirred for 8 h at room temperature. 
The reaction mixture was filtered off, and the filtrate was 
concentrated to yield a residue which was dissolved in 
chloroform (10 ml); the solution was then washed with 
water. The organic layer was dried over anhydrous sodium 
sulfate, and the solvent removed under reduced pressure. The 
residue gave almost pure compound 6a as oil in quantitative 
yield. « NMR (CDC13) 0=1.30 [t, 7=8.0 Hz, 6H, P(OCH2-
CHs_)2], 1.50 (d, 7=7.0 Hz, 3H, CH3), 1.95 (br s, 2H,NH2), 
1.23—2.20 (m, 2H, P-CH2), 3.43 (m, IH, N-CH), 4.09 [dq, 
7POCH=8.0 HZ, 7HH=8.0 HZ, 4H, P(OCH2CH3)2]. 

Diethyl (S)-2-amino-4-methylpentylphosphonate (6b) was 
synthesized quantitatively by the same procedure. *H NMR 
(CDC13) 0=0.90 (d, 7=7.2 Hz, 6H, 2CH3), 1.11—1.58 (m, 3H, 
CH-CH2), 1.31 [t, 7=8.0 Hz, 6H, P(OCH2CH3)2], 1.69—2.05 
(m, 2H, P-CH2), 1.82 (br s, 2H, NH2), 3.17 (m, IH, N-CH), 
3.99 [dq, 7POCH=8.0 HZ, 7HH=8.0 HZ, 4H, P(OCH2CH3)2]. 

Synthesis of (S)-2-Aminopropylphosphonic Acid (7a). Com­
pound 6a 0.20 g (1.0 mmol) in acetic acid (1 ml) was added 
coned hydrochloric acid (5 ml) and the mixture was refluxed 
for 8 h. The resulting solution was concentrated in vacuo; 
the residue was then dissolved in small amount of methanol. 
The solution was treated with propylen oxide until pH 6 
was reached. The precipitate was recrystallized from 
ethanol-water to afford compound 7a in 65% yield; mp 276— 
285 °C [lit,5> mp 278—284 °C, [a]!2 +4.8° (c 0.78, 1 mol dm"* 
NaOH)]. 

(S)-2-Amino-4-methylpentylphosphonic acid (7b) was pre­
pared in 58% yield, mp 229—231 °C, [a]2,6 +1.8° (c 0.78, 
1 mol dm"3 NaOH). 

Direct Deoxygenation of 3a. To a solution of 3a 0.80 g 
(2.5 mmol) in chloroform (10 ml) and acetone (5 ml) was 
added phosphorus trichloride 2.6 g (18.8 mmol) and potassium 
iodide 4.7 g (28.1 mmol); the reaction mixture was then 
stirred for 12 h at room temperature. After the solvent was 
evaporated from the reaction mixture, the product was 
taken up into water (10 ml). The aqueous solution was then 
extracted with chloroform (15 mlX3), and the aqueous layer 
concentrated under reduced pressure. The residue was 
dissolved into a mixture of cone, hydrochloric acid (15 ml) 
and acetic acid (10 ml). The solution was then refluxed for 
6h, and the solution extracted with chloroform (10 ml). 
After concentrating the aqueous solution, the resulting 
residue was dissolved in methanol (5 ml). The solution was 
then treated with propylene oxide until pH 6 was reached. 
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Recrystallization of the product from 90% ethanol afforded 
7a in 12% yield; mp 276—284° C (lit,® mp 278—284° C), 
[aß2+4.9° (c 0.78, 1 mol d m ^ NaOH) [lit,5> [a]2

D
5+4.9° 

(1 mol dm-3 NaOH)]. 
All products gave satisfactory microanalyses (C±0.23%, 

H+0.24%, N+0.21%). 
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Photolysis of Tetraarylmethanes and 3-(Triarylmethyl)pyridines 

Min SHI , Yoshiki OKAMOTO,* and Setsuo TAKAMUKU 
The Institute of Scientific and Industrial Research, Osaka University, 

Ibaraki, Osaka 567 
(Received March 12, 1990) 

Synopsis. Upon UV irradiation in benzene-methanol 
(1:2) tetraarylmethanes or 3-(triarylmethyl)pyridines under­
went an a,«-elimination of two aryl groups to give biaryls or 
3-arylpyridine, and two corresponding carbene intermediates. 
The latters afforded methyl ethers by the O-H insertion to 
methanol. 

It has been reported that u p o n UV irradiat ion in 
cyclohexane te t raphenylmethane ( la) undergoes an 
a ,«-e l iminat ion of two phenyl groups to give b iphenyl 
(2a) a n d diphenylcarbene (3a), wh ich reacts wi th 
cyclohexane to afford d iphenylmethane and diphenyl 
(cyclohexy^methane.1* However, its q u a n t u m yield is 
very small (</>=7.1X10-4).2) T h e mechanism of this 
reaction can be expla ined as follows3>4): in an excited 
state, an in t ramolecular interact ion a m o n g the four 
benzene r ings occurs, and two phenyl groups are 
e l iminated via an ini t ia l bond ing between their C-1 
posi t ions (ipso coupl ing) , yielding the carbene 3a 
(Scheme 1). An ana logous photochemica l generat ion 
of carbene has also been proposed in triptycene 
derivatives.5) 

^A-Q— <$A-o 

çto • \ç>*-o} 

Scheme 1. 

Since the interact ion a m o n g the aryl r ings migh t be 
more enhanced by the increase of their polarizabil i ty 
by in t roducing substituents, we prepared and examined 
some substi tuted tetraarylmethanes ( lb—i). 

In order to clarify the scope and l imi ta t ion of this 
carbene generation, we also prepared 3-(triarylmethyl) 
pyridines (4a—e) and 2-( tr iphenylmethyl) thiophene 
(5) and studied their photochemical behaviors.6) 

Results and Discussion 

U p o n UV irradiat ion of a benzene-methanol (1:2) 
solut ion of (4-methoxyphenyl) t r iphenylmethane (Id) 
(5 m m o l d m - 3 ) for 1 h in a quartz tube us ing a h igh-
pressure mercury l amp (300 W) under argon atmosphere, 
2a and 4-methoxybiphenyl (2d) were obtained in the 
yields of 6 and 18% (total q u a n t u m yield=0.018), 
respectively. A mix tu re of benzene and methano l was 
used to solubilize 1 a n d to t rap the carbenes 3a and 3d. 

T h e e l imina t ion of 2a and 2d from Id resulted in the 
genera t ion of two kinds of carbenes 3a and 3d, 
affording cor responding methyl ethers 6a and 6d7) in 
the yields comparable to those of 2a and 2d, 
respectively (Scheme 2). After 4 h irradiat ion, the 
c o m p o u n d (Id) was consumed completely and the 
combined yield of 2a and 2d was 50%. 

T h e photolyses of other tetraarylmethanes ( lb , c, f— 
i) were carried ou t under the same condit ions. T h e 
results are summarized in Tab le 1 and Scheme 3. These 
results indicate that the in t roduct ion of substituents 
in to the benzene r ing causes the preferential formation 
of the unsymmetr ic biaryl and the significant increase 
in total q u a n t u m yields of 2, regardless of the na ture of 
substi tuent , electron releasing or wi thdrawing . T h i s 
suggests that the interact ion between the benzene r ings 
in electronically excited state is m u c h enhanced by the 
in t roduct ion of substituents. 

However, the in t roduc t ion of a hydroxyl, an amino , 
or a phenyl g r o u p in to the benzene r ing depressed the 
yield of 2a. For example , even u p o n a pro longed 
irradiat ion of tr iphenyl(4-hydroxyphenyl)methane (lg) 

O ? - O 0 C H 3 WCH30H' 

6 
+ ch%y~oi 

€ H 3 

CH3 + 3a 

CH3OH CH3OH 

6d 6a 

Scheme 2. 

6 
1b-i 

b: R=H, R'=CH3 
c: R=CH3, R'=H 
d: R=OCH3, R'=H 
e: R=H, R'=CI 
f : R=CI, R'=H 
g: R=OH, R'=H 
h: R=NH2, R'=CI 
i: R=C6H5, R'=H 

hv 
C6H6/CH3OH 

2a 

2b-i 

OCH3 

+ 0~CH-v/-R 

6b-i 

Scheme 3. 
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1 

lb 
le 
Id 
le 
If 
lg 
lh 
l i 

Table 

Compd 

R 

H 
CH3 

OCH3 

H 
Cl 
OH 
NH2 

C6H5 

NOTES 

1. Photolysis of Tetraarylmethane (lb—i) in 

R' 

CH3 

H 
H 
Cl 
H 
H 
Cl 
H 

Conv./%a> 

40 
44 
46 
42 
43 
20 
25 
10 

&v> 

0.014 
0.015 
0.018 
0.014 
0.014 

— 
— 
— 

2a 

(6) 
(7) 
(6) 
(6) 
(6) 
(3) 
(2) 
(2) 

Benzene-Methanol (1:2) 

Product (yield/%) 

6b—i 

6b (6) 
6c (6) 
6d(6) 
6e (3) 
6£(3) 
6g(0) 
6h(2) 
6i(0) 

2b—i 

2b(17) 
2c(18) 
2d(18) 
2e(16) 
2f (17) 
2g( 0) 
2h( 0) 
2i( 0) 

[Vol. 63, No. 9 

6a 

(18) 
(18) 
(18) 
(17) 
(17) 
( 0) 
( 0) 
( 0) 

a) Irradiated in a quartz tube for 1 h. b) The total quantum yields of 2. 

Table 2. Photolysis of 3-(Triarylmethyl)pyridine (4a—d) in Benzene-Methanol (1:2) 

4 

4a 
4b 
4c 
4d 

Compd 

R 

H 
H 
H 
CH3 

R' 

H 
OH 
Cl 
H 

Conv./%a) 

30 
5 

40 
40 

# b ) 

0.01 
0 
0.014 
0.012 

Product 

2 

2a (6), $ (11) 
2a (0), 2k( 0) 
2a (6), 21 (17) 
2m(8), 2n(10) 

(yî eld/%) 

6 

6a(12),6j(5) 
6a ( 0), 6k (0) 
6a (17), 61(5) 
6m(10), 6n(7) 

a) Irradiated in a quartz tube for 1 h. b) The total quantum yields of 2. 

hv 

C6H6/CH3OH 
2a 

4a [O-KJl 

CH,OH 

2j 

3a 

CH3OH 

6a 

\\ // 

6j 

Scheme 4. 

or triphenyl(3-methyl-4-aminophenyl)methane (lh) in 
benzene-methanol (1:2), 2a was obtained only in 2— 
3% yields, respectively (Table 1). These facts can be 
interpreted as follows: in an electronically excited 
singlet state, the hydroxyl group of the phenol 
derivatives lg is apt to dissociate due to the increase of 
positive charge on oxygen atom.8) Therefore, the a:,«-
elimination of aryl groups of lg hardly occurs. In the 
case of lh, the similar interpretation can be also 
applied. p-Biphenylyl(triphenyl)methane (li) was 
also stable upon irradiation. The biphenylyl group 
possesses a lowest T\ (%,%*) state, so that an intra­
molecular energy transfer takes place from the highest 
(TC,TC*) state localized on phenyl group to the lowest 
state localized on the biphenylyl group. As the results, 
the a,«-elimination of aryl groups of l i may be also 
depressed. 

In order to examine the competitive elimination of a 
heteroaromatic ring, the photolysis of 3-(triphenyl-

hv 

C6H6/CH3OH "-OO • -O-O 
2a, 2m 

2a: R=H 
2m: R=CH3 

2j, 2k, 21,2n 

2j: R=H, R'=H 
2k: R=H, R'=OH 
21: R=H, R'=CI 
2n: R=CH3, R'=H 

4a: R=H, R'=H 
4b: R=H, R'=OH 
4c: R=H, R'=CI 
4d: R=CH3, R'=H 

< P C H 3 ^ , _ ? C H 3 _ 
R ^ > - C H - H Q ^ R - • R H Q ^ - C H - Q - R 

6j, 6k, 61, 6n 

6j: R=H, R'=H 
6k: R=H, R'=OH 
61: R=H, R'=CI 
6n: R=CH3, R'=H 

Scheme 5. 

6a, 6m 

6a: R=H 
6m: R=CH3 

methyl)pyridine (4a) was carried out under the same 
conditions. The two products, 2a and 3-phenyl-
pyridine (2j), were obtained. The yield of 2j (11.0%) 
was higher than that of 2a (6.0%) (total quantum 
yield=0.01 ). The methyl ethers 6a and 6j derived from 
the corresponding carbenes 3a and 3j were likewise 
obtained (Scheme 4). The substituent effect on the 
photolysis of 4 was also studied. Upon UV-irradiation 
of 2-chloro-5-(triphenyl)pyridine (4c) or 3-(tri-p-tolyl-
methyl)pyridine (4d), the yield of 2-chloro-3-phenyl-
pyridine (21) or 3-p-tolylpyridine (2n) was larger than 
that of 2a or 4,4/-dimethylbiphenyl (2m), respectively 
(Scheme 5, Table 2). These results indicate that the 
interaction between a phenyl and pyridyl groups is 
larger than that between phenyl ones. 

2-Hydroxy-5-(triphenylmethyl)pyridine (4b) and 3-
[(4-biphenylyl)diphenylmethyl]pyridine (4e) were found 
to be stable upon irradiation. These photo-stability 
were explained by the same reason described above. 
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2-Tr iphenylmethy l th iophene (5) was also stable u p o n 
UV-ir radia t ion in me thano l . T h i s may be due to its 
lower photo-excited energy level of 5 (UVmax—300 nm) 
compared to that of 1 or 4 (UVmax=260—270 nm) . 

Experimental 

The compounds lb—i and 4a—e were prepared according 
to the literature.9-13* 

Triphenyl(m-tolyl)methane (lb).9> Mp 162—164 °C; UV 
(CH3OH)max=265 nm (a 980 d r ^ m o ^ c m - 1 ) . 

Triphenyl(p-tolyl)methane (lc).9> Mp 206—208° C; UV 
(CH3OH)max=265 nm (a 1100 dmSmol"1 cm"1). 

Triphenyl(4-methoxyphenyl)methane (Id). Mp 200—202 ° C; 
UV(CH3OH)max=272 nm (a 2000 dm3 mol"1 cm"1); Found: C, 
89.08; H, 6.40%. Calcd for C26H220: C, 89.11; H, 6.33%. 

Triphenyl(3-chlorophenyl)methane (le).9> Mp 190—192 °C; 
UV(CH3OH)max=266 nm (a 1000 dm3 mol"1 cm"1). 

Triphenyl(4-chlorophenyl)methane (If).1» Mp 216—218 °C; 
UV(CH3OH)max=270 nm (a 1300 dm3 mol"1 cm"1). 

Triphenyl(4-hydroxyphenyl)methane (lg).10) Mp 281 — 
282 °C; UV(CH3OH)max=274 nm (e 2000 dm3 mol"1 cm"1). 

Triphenyl(3-chloro-4-aminophenyl)methane (lh).9) Mp 
246—248 °C; UV(CH3OH)max=300 nm (a 1500 dm3 mol"1 

cm -1). 
p-Biphenylyl(triphenyl)methane (li).12) Mp 197—199 °C; 

UV(CH3OH)max=263 nm (a 20000 dm3 mol - 1 cm -1). 
3-(Triphenylmethyl)pyridine (4a).13> Mp 269—270 ° C; UV 

(CH3OH)max=263 nm (a 1000 dm3 mol - 1 cm -1). 
2-Hydroxy-5-(triphenylmethyl)pyridine (4b).13> Mp >300 ° C; 

UVmax=262 nm (a 980 dm3 mol - 1 cm -1). 
2-Chloro-5-(triphenylmethyl)pyridine (4c).13) Mp 256— 

260 °C; UV(CH3OH)max=263 nm (e 1100 dm3 mol - 1 cm"1). 
3-(Tri-p-tolylmethyl)pyridine (4d).13> Mp 256—260 ° C; UV 

(CH3OH)max=270nm (a 1600 dm3 mol - 1 cm -1); Found: C, 
89.10; H, 7.01; N, 3.76%. Calcd for C27H25N: C, 89.22; H, 
6.93; N, 3.85%. 

3-[(4-Bibphenylyl)diphenylmethyl]pyridine (4e).13) Mp 190— 
192 °C; UV(CH3OH)max=260 nm (e 20000 dm3 mol - 1 cm -1). 

2-(Triphenylmethyl)thiophene (5). The compound 5 
was prepared by the reaction of triphenylmethyl chloride 
with 2-thienylmagnesium bromide. Mp 194—196 °C (decomp); 
UV(CH3OH)max=300 nm (a 400 dm3 mol - 1 cm -1); ^ N M R 
(CDC13) 0=6.76 (IH, dd, /=3.6, 1.2 Hz), 6.95 (IH, dd, /=5.2, 
3.6 Hz), 7.0—7.50 (16H, m, Ar and -CH=C-); MS (70 eV) m/z 
(rel intensity) 326 (M+; 80), 249 (100), and 78 (70); Found; C, 
84.58; H, 5.60%. Calcd for C23H18S: C, 84.62, H, 5.56%. 

Preparation of Some Authentic Samples. Diphenylmethyl 
Methyl Ether (6a): Diphenylmethyl methyl ether was pre­
pared by the methylation of diphenylmethanol with 
dimethyl sulfate.14) 1H NMR (CDC13) 0=3.24 (3H, s, OCH3), 
5.10 (IH, s, -CH-), 7.0—7.40 (10H, m, Ar); Found: m/z 198.1040. 
Calcd for C14H14O: M, 198.1044. 

(3-Methylphenyl)phenylmethyl Methyl Ether (6b): Color­
less oil. TÏ NMR (CDC13) 0=2.20 (3H, s, CH3), 3.20 (3H, s, 
OCH3), 5.12 (IH, s, -CH-) , 7.0—7.40 (9H, m, Ar); Found: 
m/z 212.1202. Calcd for CisHieO: M, 212.1200. 

(4-Methylphenyl)phenylmethyl Methyl Ether (6c): Color­
less oil. *H NMR (CDC13) 0=2.21 (3H, s, CH3), 3.22 (3H, s, 
OCH3), 5.12 (IH, s, -CH-) , 7.0—7.40 (9H, m, Ar); Found: 
m/z 212.1200. Calcd for CisHieO: M, 212.1200. 

(4-Methoxyphenyl)phenylmethyl Methyl Ether (6d): Mp 
64—66 °C. *HNMR (CDC13) 0=3.24 (3H, s, OCH3), 3.64 

(6H, s, OCH3), 5.10 (IH, s, -CH-) , 7.0—7.40 (9H, m, Ar); 
Found: m/z 228.1148. Calcd for C15H16O2: M, 228.1150. 

(3-Chlorophenyl)phenylmethyl Methyl Ether (6e): Color­
less oil. 1U NMR (CDC13) 0=3.22 (3H, s, OCH3), 5.12 (IH, s, 
-CH-) , 7.0—7.50 (9H, m, Ar); Found: m/z 232.0650, 
234.0622. Calcd for G4Hi3OCl: M, 232.0655, 234.0625. 

(4-Chlorophenyl)phenylmethyl Methyl Ether (6f): Color­
less oil. 1H NMR (CDC13) 0=3.24 (3H, s, OCH3), 5.10 (IH, s, 
-CH-) , 7.0—7.50 (9H, m, Ar); Found: m/z 232.0648, 
234.0620. Calcd for Ci4Hi3OCl: M, 232.0655, 234.0652. 

The compounds (6j, 61, and 6n) were identified by use of 
high GC-MS measurement, because these compounds were 
too difficult to prepare by usual methods. 

3-(a-Methoxybenzyl)pyridine (6j) Found: m/z 199.0994. 
Calcd for G3Hi3NO: M, 199.0996. 

2-Chloro-5-(a-methoxybenzyl)pyridine (61) Found: m/z 
233.0606, 235.0577. Calcd for G3Hi2NOCl: M, 233.0607, 
235.0577. 

Di-p-tolylmethyl Methyl Ether (6m): Colorless oil. 
*HNMR (CDC13) 0=2.20 (6H, s, CH3), 5.10 (IH, s, -CH-) , 
7.0—7.50 (8H, m, Ar); Found; m/z 210.1406. Calcd for 
Ci6Hi80:M, 210.1408. 

3-(a-Methoxy-4-methylbenzyl)pyridine (6n): Found: m/z 
213.1150. Calcd for Ci4Hi5NO:M, 213.1153. 

A General Procedure of Photolysis. Irradiation and 
analysis of 1 or 4 were carried out in the same manner as 
reported previously.4* 

Measurement of the Quantum Yields. The quantum 
yields were measured on the base of 2 in the same manner as 
reported previously.4) 
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Synopsis. Two novel naphthalocyanines, naphthalo-
cyaninatobis(triethylsiloxy)germanium GeNc[OSi(C2Hö)3]2 
and naphthalocyaninatobis(tributylsiloxy)germanium GeNc 
[OSi(77-C4Hg)3]2 were synthesized. These compounds had a 
strong absorption peak in the near-infrared; the absorption 
maximum of their evaporated films shifted to the long-
wavelength side from the position in solution. 

Naph tha locyan ine compounds are receiving m u c h 
interest because of their s t rong absorpt ion bands in the 
near-infrared.1* However, the naphtha locyanines that 
do not have a suitable substi tuent attached to the metal 
or to the naph tha locyan ine r ing are hardly soluble in 
any k ind of organic solvent and can no t be purified by 
recrystallization. Tetravalent metal naphthalocyanines 
are soluble in organic solvents if the trans groups 
attached to the metal are of a suitable kind. For 
example , the silicon naph th locyan ine , where the trans 
groups are trialkylsiloxy groups, is soluble in dichloro­
methane.2 '3* In this study we synthesized two novel 
naphthalocyanines , GeNc[OSi(C2Hs)]2 (1) and GeNc 
[OSi(n-C4Hg)3]2 (2) (Fig. 1), and measured some of 
their spectroscopic properties. 

Experimental 

Compound 1 was prepared from lH-benz(/)isoindole-
l,3(2H)-diimine (3) by a modification of the published 
method2) (Scheme 1). A mixture of 3 (10 g), germanium 

tetrachloride (10 ml), tri-rc-butylamine (34 ml) and tetrahydro-
naphthalene (67 ml) was refluxed for 3 h. The product was 
washed repeatedly with methanol to give crude dichloro 
(naphtalocyaninato)germanium, GeNcCl2 (4) (5.0 g). Com­
pound 4 (5.0 g) was stirred with concentrated sulfuric acid 
for 3 h. The mixture was poured over crushed ice (500 g), 
and a green solid was filtered off and washed with water. 
This solid was heated with concentrated ammonia (180 ml) 
for 1.5 h at 100 °C to obtain dihydroxo(naphthalocyaninato) 
germanium GeNc(OH)2 (5) (4.0 g). A mixture of 5 (0.4 g), 
triethylsilanol (0.2 ml) and chlorobenzene (20 ml) was refluxed 
for 1.5 h. The solid was filtered off and washed over 
methanol. Recrystallization of the product from chloroform 
gave 1 (0.17 g).4) Compound 2 was synthesized in the same 

way.* 

Results and Discussion 

T h e color of 1, 2, 4, and 5 is dark green. While 4 and 
5 have very low solubilities in organic solvents, 1 and 2 
have moderate solubili t ies. These propert ies can be 
unders tood in terms of the influence of trialkylsiloxy 
groups . C o m p o u n d s 1 and 2 can be purified by means 
of recrystallization, allowing a clear absorption spectrum. 
T h e absorbt ion spectrum of 1 in dichloromethane is 

shown in Fig. 2(a). C o m p o u n d 1 has an absorbtion 
m a x i m u m at 779 n m (£=317000). T h u s , c o m p o u n d 1 
has s t rong absorpt ion bands in the near-infrared due 
to the widely spread Tt-electrons. T h e absorpt ion 

C13 R=C2H5 

C23 R=n-C 4 H 9 

Fig. 1. Structure of germanium naphthalocyanine. 
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Fig. 2. Absorption spectrum of (a) GeNc[OSi(C2Hs)3]2 
in dichloromethane and (b) its evaporated film. 
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Fig. 3. The change of shift from the near-infrared 
absorption maximum of naphthalocyanine in solu­
tion to that of its evaporation film according to the 
number of carbon atoms of trialkylsiloxy groups. 

m a x i m u m of 2 in d ich loromethane is similar to that of 
1 in d ich loromethane . T h i s absorpt ion in the Q-band 
region appears to be composed of transit ions from the 
g round state to two excited states.2) Since the 
absorp t ion m a x i m u m of 1 and 2 are equal , the 
t ransi t ion does no t depend on the size of the alkyl parts 
of the trialkylsiloxyl groups . O n the other hand, the 
absorpt ion spectrum depends on the species of the 
central metal . T h e absorp t ion m a x i m u m of 1 and 2 
shifts to the long-wavelength side (7 nm) relative to that 
of the corresponding silicon naphthalocyanine. 3 ) It is 
considered that decreasing the electronegativity of the 
central metal causes a shift of the charge on to the r ing 
and increases the energy of the a2u{7t)HOM0.6) 

A film of 1, abou t 100 n m thick on a glass slide, was 
prepared by vacuum evaporat ion at a pressure of 10~3 

Pa. T h e absorpt ion spectrum of a th in evaporated 
film of 1 is shown in Fig. 2.(b). T h i s film exhibits a 
abroad near-infrared absorpt ion peak at 834 n m and 
the absorpt ion m a x i m u m is shifted to the long-
wavelength side (55 nm) from that of 1 in solution. 
Similarly, the absorpt ion m a x i m u m of 2 shifts to the 
long-wavelength side (41 n m ) compared to that of 2 in 
solut ion. T h e same tendency was reported for silicon 
naphthalocyanine having trialkylsiloxy groups attached 
to the silicon atom.3) T h i s is shown in Fig. 3. T h e 
smaller the size of the alkyl parts of trialkylsioxy 
groups , the larger is the red-shift of the absorpt ion 

m a x i m u m . 
In the case of ph tha locyanine , the absorpt ion 

m a x i m u m shifts to the long-wavelength side wi th 
increasing pressure, and it is interpreted as be ing a van 
der Waal 's (dispersion) interaction between neigh­
bor ing molecules.7 ) Similarly, in the case of n a p h ­
thalocyanine, it is considered that smaller the size of 
the alkyl parts of the trialkylsiloxy groups, the larger is 
the intermolecular interaction between naph tha lo ­
cyanine r ings and the larger is the red-shift of the 
absorpt ion m a x i m u m . T h e absorpt ion m a x i m u m of a 
ge rman ium naphtha locyan ine film shifts even more to 
the long-wavelength side than does that of a silicon 
naphtha locyanine film when the trans groups attached 
to the metal are the same. 

In conclusion, we have confirmed that g e r m a n i u m 
naphtha locyanines wi th trialkysiloxy groups have a 
s t rong absorpt ion peak in the near-infrared and that 
the absorpt ion m a x i m u m of their evaporated film 
shifts to the long-wavelength side from the posi t ion in 
solut ion. T h i s shift depends on the size of the alkyl 
parts of the trialkylsiloxy groups and the central metal 
species. 

We are greateful to Dr. Seiji T a i and Dr. Sigeru 
Hayash ida of Hi tach i Chemical Co., Ltd. for useful 
suggestions. 
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Synopsis. Some sterically protected l-aza-3-phospha-
allenes carrying 2,4,6-tri-^-butylphenyl group were prepared 
and the hydrolysis reactions of these azaphosphaallenes were 
studied. 

Sterically protected phosphorus conta in ing mul t ip le 
bonded compounds are currently of interest. There 
have been several reports on phosphacumulenes 
inc ludingphosphaal lenes , 1 _ 4 ) l ,3-diphosphaallenes,5 '6 ) 

as well as l-aza-3-phosphaallenes1»^ carrying the 2,4,6-
tri-£-butylphenyl g r o u p (abbreviated to Ar) as a 
kinetically protect ing g roup . These p h o s p h a c u m u ­
lenes conta in lowly coordinated phosphorus atom(s) 
(coordinat ion n u m b e r 2) and they are interesting 
molecules because of hav ing a moiety of ambident 
reactivities. 

Carbodiimides are wel l -known class of compounds 
and have often been used as dehydra t ing agents. We 
have already reported the prepara t ion of l -phenyl-3-
(2,4,6-tri-^-butylphenyl)-l-aza-3-phosphaallene (1) and 
the l-£-butyl derivative (2) as examples for l-aza-3-
phosphaal lene , which is a phosphorus analogue of 
carbodi imide. We were also able to obta in 1-(2,4,6-tri-
£-butylphenyl) derivative (3) as a stable c o m p o u n d in a 
similar me thod by the phospha-Peterson reaction 
s tar t ing from 2,4,6-tri-^-butylphenylphosphine (4) as 
shown in Scheme 1. 

T h e reaction of the £-butyl derivative (2) wi th water 
in T H F (tetrahydrofuran) gave 84% yield of 2,4,6-tri-£-
bu ty lpheny lphosph ine oxide (6).8) T h e formation of 

ArPH2-
4 

-ArP(H)Li ~ArP(H)SiMe2R'-

ArP(Li)SiMe2R' — R N " C = 0 > ArP=C=NR 

1 - 3 

Ar = 2,4,6-61/3(^2. R ' = M e o r BL|t- 1 : R = Ph; 2 : R = Bul; 3: R = Ar 

Scheme 1. 

Af-J-butylformamide (7) was also observed. 
T h e process of the hydrolysis was moni tored by 

31P N M R , as follows. As the intensity of the peak of 
the start ing material 2 decreased, the intensity of the 
p h o s p h i n e oxide 6 increased, whi le other peaks were 
no t observed. O n the other hand , du r ing the 
hydrolysis of azaphosphaal lene 1, the peak of 1 
decreased whi le the peak of the phosph inofo rmamide 
5, a p h o s p h o r u s ana logue of urea, appeared after 24 h. 
T h e peak due to 6 also appeared after two days. 
Futhermore , in the case of the Ar derivative 3, the 
hydrolysis reaction gave 6 and 2,4,6-tri-^-butylphenyl 
isocyanide 89'10> almost quanti tat ively, bu t n o peak 
due to the corresponding phosph inoformamide 9 was 
observed (Scheme 2). 

These results are explicable by the mechanism as 
shown in Scheme 3. T h e p h o s p h i n e oxide 6 was the 
major p roduc t as a p h o s p h o r u s par t in each reaction. 
An attack of a nucleophi le migh t mainly occur on the 
p h o s p h o r u s a tom after the pro tona t ion there. Pro­
bably an attack on the carbon a tom migh t also occur 
in the case of the phenyl derivative 1, where the 
subst i tuent on ni t rogen is no t so bulky enough to 
prevent nuc leophi l ic attack on carbon. A sterically 
bulky isocyanide 8, which is stable toward water, was 
obtained in the hydrolysis reaction of 3 also indica t ing 
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that an ini t ial p ro tona t ion occurs on the phosphorus 
a tom resul t ing in the format ion of phosph ine oxide 
and isocyanide. A canonical form of ammonio -
phosph ide type migh t be impor tan t in azaphospha-
allene from its spectroscopic po in t of view1* and its im­
por tant contr ibut ion has also been confirmed by the re­
activity in hydrolysis reactions. T h e results were qui te 
different from those of 1,3-dipriosphaallene reported 
by Karsch. n ) 

Experimental 

Preparation of l-Phenyl-3-(2,4,6-tri-£-butylphenyl)-l-aza-
3-phosphaallene (1): 2,4,6-Tri-^-butylphenylphosphine (4, 
516.0 mg, 1.85 mmol) was lithiated with 2.04 mmol of 
butyllithium (1.44 M, in hexane, M=moldm - 3 ) at room 
temperature in T H F (45ml).1) The solution was silylated 
with ^-butylchlorodimethylsilane (363.1 mg, 2.41 mmol) and 
then lithiated again with butyllithium (2.41 mmol) at room 
temperature. The reaction mixture was allowed to react 
with phenyl isocyanate (2.59 mmol) at — 78 °C to give an 
orange-red homogeneous solution. The solution was 
concentrated and chromatographed over silica gel using 
hexane as eluent to give 289.2 mg of yellow crystals and iV-
phenyl-P-(2,4,6-tri-^-butylphenyl)phosphinoformamide 5 (6%). 
Recrystallization of the yellow crystals from pentane gave 
177.4 mg of azaphosphaallene 1 in 55% yield. 1: yellow 
crystals; mp 90—92 °C; *H NMR (CDC13) 0=7.43 (2H, d, 
4 / P H = 2 . 2 H Z , arom-Ar), 7.3—7.1 (5H, m, Ph), 1.67 (18H, s, 
o-Bu<), 1.30 (9H, s, p-Bu<); 31P NMR (CDCI3) <5=-106.2 (s); 
13CNMR (CDCI3) 6=209.4 (d, 7PC=27.4Hz, P=C), 156.6 (d, 
2 / P C = 4 . 6 Hz, o-Ar), 129.2 (s, m-Ar), 127.4 (s, p-Ph), 124.4 (s, 
m-Ph), 122.3 (s, o-Ph), 38.3 (s, o-£Me3), 35.0 (s, p-QMes), 
33.1 (d, V P C = 6 . 4 H Z , o-CMe3), 31.3 (s, p-CMe3); IR (KBr) 
1845 cm-1 (vs); UV (hexane) /Lax 202 (e 73500), 257 (45100), 
286 (sh 14500), and 412 nm (1410); MS (70 eV) m/z 379 (M+); 
Found: m/z 379.2430. Calcd for C25H34NP: M, 379.2431. 5: 
mp 199—200 °C; *H NMR (CDCI3) ô=7.61 (2H, d, 7 P H = 1 . 5 
HZ, m-Ar), 7.4—6.9 (5H, m, Ph), 5.99 (1H, brs, NH), 5.89 
(1H, d, i/pH=244.9 Hz, PH), 1.58 (18H, brs, o-Bu1), 1.39 (9H, 
s, p-Bul); 3 1PNMR (CDCI3) <5=-62.1 (d, 1/PH=238.0 Hz); 
Found: m/z 397.2543. Calcd for C25H36NOP: M, 397.2533. 

Preparation of l-f-Butyl-3-(2,4,6-tri-f-butylphenyl)-l-aza-
3-phosphaallene (2): Lithium phosphide, obtained from 
the phosphine 4 (505.5 mg, 1.82 mmol) in THF (40 ml) and 
2.00 mmol of butyllithium (2.53 M, in hexane) at room 
temperature, was treated with ^-butylchlorodimethylsilane 
(359.2 mg, 2.38 mmol) and stirred for 3 h and then lithiated 
with 2.55 mmol of butyllithium at room temperature. The 
solution was stirred for 100 min and then to this was added 
2.73 mmol of i-butyl isocyanate at — 78 °C. The resulting 
mixture was warmed up to room temperature. The solvent 
was removed under reduced pressure and the residue was 
chromatographed over silica gel using pentane as eluent at 
0°C to give 508.6mg (78%) of 2. 2: yellow crystals; mp 
166—168 °C (decomp); ^ N M R (CDCI3) ô=7.37 (2H, d, 
4 / P H = 2 . 0 Hz, arom.), 1.64 (18H, s, o-Bul), 1.30 (9H, s, p-Bul), 
1.16 (9H, s, N-Bu*); 31P NMR (CDCI3) ô=—101.9 (s); 
13CNMR (CDCI3) 6=192.2 (d, 1/PC=76.2 Hz, P=C=N), 156.7 
(d, 2 / P C = 3 . 7 H Z , o-arom.), 149.3 (s, p-arom.), 123.2 (d, 
7 P C = 5 2 . 0 HZ, i-arom.), 121.6 (d, 3 /P C=L5 HZ, m-arom.), 61.0 
(d, 3/PC=12.5Hz, iV-CMe3), 38.3 (s, o-£Me3), 34.9 (s, 
p-QMes), 33.1 (d, 4 /PC=7 .3 HZ, o-CMe3), 31.3 (s, p-CMes), 
30.6 (s, N-CMe 3); IR (KBr) 1885 cm"1 (vs); UV (hexane) /Lax 
203 (£ 49600), 250 (sh 7200), 291 (9600), and 376 nm (490); 
Found: m/z 359.2756. Calcd for C23H38NP: M, 359.2741. 

Preparation of l,3-Bis(2,4,6-tri-£-butylphenyl)-l-aza-3-
phosphaallene (3): Lithium phosphide, obtained from the 

phosphine 4 (147.0 mg, 0.528 mmol) in THF (10 ml) and 
0.594 mmol of butyllithium (1.40 M, in hexane) at room 
temperature was treated with chlorotrimethylsilane (0.632 
mmol) and stirred for 15 min and lithiated again with 
0.632 mmol of butyllithium at room tempurature. The 
solution was stirred for 16 min at — 78 °C and then to this 
was added 0.686 mmol (197.1 mg) of 2,4,6-tri-^-butylphenyl 
isocyanate at —78 °C.10) The resulting mixture was warmed 
up to room temperature and the solvent was removed 
by rotary evaporation. The residue was chromatographed 
over silica gel (using pentane as eluent) at 0°C to give 
180.8 mg (63% yield) of l,3-bis(2,4,6-tri-*-butylphenyl)-l-aza-3-
phosphaallene (3) and 18.2 mg (6%) of N,P-bis(2,4,6-tri-£-
butylphenyl)phosphinoformamide (9). 3: red crystals; mp 
82—84 °C (decomp); *H NMR (CDCI3) <5=7.37 (2H, d, 
4 / P H = 2 . 2 H Z , P-m-Ar), 7.20 (2H, s, N-m-Ar), 1.63 (18H, s, 
o-BuS P-Ar), 1.33 (9H, s, p-Bu\ P-Ar), 1.26 (9H, s, p-Bu\ 
N-Ar), 1.14 (18H, s, o-BuS N-Ar); 31P NMR (CDCI3) 
ô=—135.3 (s); 13CNMR (CDCI3) ô=171.8 (d, 1/PC=91.4Hz, 
P O N ) , 158.5 (d, 2 / P C = 3 . 9 H Z , o-arom., P-Ar), 149.3 (s, p-
arom., N-Ar), 146.0 (d, 4/PC=2.6 HZ, p-arom., P-Ar), 139.7 (d, 
4 / P C = 2 . 6 H Z , o-arom., N-Ar), 128.1 (s, z'-arom., N-Ar), 121.5 
(s, m-arom.), 121.4 (s, m'-arom.), 119.3 (d, 7 P C = 4 7 . 4 H Z , i-
arom., P-Ar), 38.4 (s, o-£Me3, P-Ar), 35.2 (s, o-£Me3, N-Ar), 
34.9 (s, p,p'-£Me3), 33.2 (d, 4/PC=7.2 HZ, o-CMe3, P-Ar), 31.5 
(s, £-CMe3), 31.4 (s, p'-CMfia), 30.5 (s, o-CMe3, N-Ar); IR 
(KBr) 2060, 2040, 2020 cm"1; Found: m/z 547.4287. Calcd for 
C37H58NP: M, 547.4305. 9: 31P NMR (CDCI3) <5=-43.2 (d, 
7PH=256 .5 HZ); *H NMR (CDCI3) <5=7.46 (2H, d, 4 /PH=2.6 HZ, 
P-m-Ar), 7.34 (2H, s, N-m-Ar), 6.85 (1H, brs, NH), 5.94 (1H, 
d, 7 P H = 2 5 8 . 5 H Z , PH), 1.6—0.9 (54H, Bul); 13CNMR 
(CDCI3) 0=176.7 (d, 7 P C = 2 3 . 2 H Z , PC ON); MS m/z 567 
(M+2), 566 (M+l), 565 (M+), 550 (M-Me), 509 (M-C4H8), 
453 (M+-2C4H8); Found: m/z 565.4415. Calcd for CsvHeoNOP: 
M, 565.4413. 

Hydrolysis of l-«-Butyl-3-(2,4,6-tri-«-butylphenyl)-l-aza-3-
phosphaallene (2): l-^Butyl-3-(2,4,6-tri-*-butylphenyl)-l-
aza-3-phosphaallene (2) (8.0 mg, 0.022 mmol) was dissolved 
in 1.5 ml of THF. To the solution was added 0.01ml 
(0.555 mmol) of water at room temperature. The process of 
hydrolysis was monitored by 31P NMR spectra. When 2 
disappeared completely, the solvent was removed under 
reduced pressure and the residue was chromatographed over 
silica gel using CH2CI2 to give 5.4 mg (84%) of 2,4,6-tri-^-
butylphenylphosphine oxide (6). The oxide was identified 
by comparison of the following data with those of an 
authentic sample. 31P NMR (CDCI3) <5=-10.6 (t, 7PH=482.2 
Hz); *H NMR (CDCI3) <5=7.85 (2H, d, 7 P H = 4 8 1 . 5 HZ, PH2), 
7.49 (2H, d, 7 P H = 4 . 4 H Z , arom.), 1.61 (18H, s, o-Bul), 1.32 
(9H, s, p-Bul). The formation of N-^-butylformamide (7) was 
confirmed by VPC analysis using an OV-1 column at 80 °C. 

31PNMR Study of Hydrolysis of l-Phenyl-3-(2,4,6-tri-f-
butylphenyl)-l-aza-3-phosphaallene (1): l-Aza-3-phospha-
allene 1 (4.9 mg, 0.013 mmol) was dissolved in 1.5 ml of ether 
in an NMR tube under argon and 0.555 mmol of water was 
added. The reaction was followed by 31P NMR. After one 
day a new doublet peak appeared at —62.3 ppm ( 7 P H = 2 3 8 . 0 
Hz) due to 5 with intensity of two thirds of that of 1. After 
2 days a new triplet signal was observed at —13.6 ( 7 P H = 4 7 8 . 5 
Hz) due to 6 with an equal intensity of the azaphosphaallene 
1. 

Hydrolysis of l,3-Bis(2,4,6-tri-«-butylphenyl)-l-aza-3-
phosphaallene (3): The reaction products of hydrolysis of 3 
under similar conditions in THF were phosphine oxide 6 
and 2,4,6-tri-^-butylphenyl isocyanide 89'10) almost quantita­
tively. 8, !H NMR (CDCI3) 6=7.33 (2H, s, arom.), 1.54 (18H, 
s, o-Bu»), 1.31 (9H, s, p-Bul). IR (KBr) 2120, 1595, 1428, and 
1368 cm"1; MS m/z 271 (M+), 256 (M-Me). 
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Synopsis. trans-5-Ary\ and 5-cyclopropyl derivatives of 2-
isoxazolin-4-ol were conveniently prepared from trans-2-
aryl- and 2-cyclopropyl-3-benzoyloxiranes and hydroxyl-
amine hydrochloride in the presence of pyridine via an 
intramolecular opening of oxirane by the oxygen nucleo-
phile of the oxyimino group. 

2-Isoxazolin-4-ols are no t available by nitri le oxide 
cycloaddit ion to enol ethers or esters since 2-isoxazo-
lin-5-ols are formed.1* Al though a useful synthetic 
me thod for 2-isoxazolin-4-ol has been reported,2* the 
method is unab le to be employed for a c o m p o u n d 
which is susceptible to a s t rong base.3) Reported 
herein is a convenient method for p roduc ing trans-b-
aryl and 5-cyclopropyl derivatives of 2-isoxazolin-4-ol 
via an in t ramolecular r ing open ing oxirane by the 
oxygen nucleophi le of the oxyimino group. 

An e thanol solut ion of £rara-2-benzoyl-3-phenyloxi-
rane ( la) was refluxed wi th 1.5 equivalent of hydroxy 1-
amine hydrochlor ide in the presence of pyridine for 
5 h. After the usual treatment a crystalline c o m p o u n d 

(2a) was given in 72% yield together wi th a small 
a m o u n t of oxime (3a, 7%). T h e XH N M R spectrum of 
2a did no t show a hydroxyl signal of oxime, but , 
rather, showed a doublet of the hydroxyl s ignal 
(6=2.63, / = 8 . 9 Hz) and a C4-hydrogen signal be ing 
coupled to two hydrogens (6=5.37, dd, / = 8 . 9 , 3.0 Hz) 
and a doublet of Cs-hydrogen signal (6=5.56, 7=3.0 
Hz). In addit ion, a treatment of the p-toluenesulfonate 
of 2a wi th sodium methoxide in methanol gave 3,5-
diphenylisoxazole quantitatively; hence, 2a was iden­
tified to be £rans-3,5-diphenyl-2-isoxazolin-4-ol. T h e 
results of the formation of £ram-5-aryl a n d 5-
cyclopropyl derivatives of 2-isoxazolin-4-ol are sum­
marized in Table 1. 

When an e thanol solut ion of l a was stirred wi th 1.2 
equivalent of hydroxylamine hydrochloride and 2 
equivalents of sodium acetate in water, oxime 3a was 
obta ined in 70% yield. When l a was stirred wi th O-
benzylhydroxylamine hydrochloride, anhydrous meth­
anol and pyridine, an O-benzylhydroxime (4a) as the 

Table 

2-Isoxazolin 

2a 
2b 

2c 

2da> 

2ea> 

2fa) 

2 g a ) 

» CX 2 

0 

l a — l h 

RCTN 

3: R=H 
4: R=CH2Ph 

OH 

O-N 

2a—2h 

1. One-Pot Synthesis of 5-Aryl and 5-Cyclopropyl Derivatives of 2-Isoxazolin-4-ol 

-4-ol Ri 

C 6 H 5 

Reaction 
1<2 

Temp/°C 
C6H5 Reflux 

C 6 H 5 C6H4-/?-OMe 25 

zv 
(Me)f-^ 

(Me)Z-V 

A 
ptv 

A 

C6H5 Reflux 

C6H5 Reflux 

C6H5 Reflux 

C6H5 Reflux 

C6H5 Reflux 

Time/h 

5 
10b> 

5 

5 

5 

5 

5 

Yieldc> 

% 

72 
60 

62 

84 

72 

65 

55 

Mp 

°C 

167—168 
132—133 

9 9 — 1 0 0 

137—138 

9 2 — 93 

114—115 

106—107 

a) T h e stereochemistry of 2d and 2e, and 2f and 2g (diastereomers each other) are undecided yet. b) Stirred 
magnetical ly, c) Yield of isolated product . 
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major product , which showed a pa i r of doublets at 
0=3.80 (C3-H, / = 2 . 0 Hz) and 4.20 (C2-H, / = 2 . 0 Hz) 
and a m i n o r isomer (5a) which showed a pair of 
doublets at 0=3.70 ( /=2.0 Hz) and 3.80 ( /=2.0 Hz) were 
obtained. In 4a, N O E between O-benzyl methylene 
and C2-H was observed. Hence, the configurat ion of 
the benzyloxy g r o u p of 4a is syn and 5a is anti to the 
oxirane r ing , respectively. O n the other hand, the con­
f igurat ion of oxime 3a can be confirmed to be iden­
tical to tha t of 4a by a compar i son of its N M R spectra. 
(3a: 0=3.83 ( /=2.0 Hz), 4.27 ( /=2.0 Hz), and 8.70 (s)) 

When 3a and 4a were allowed to react wi th 
hydroxylamine hydrochloride in methanol at 40 ° C for 
4 h, 2a was obtained in quant i ta t ive yield; 5a, however, 
was recovered unchanged under similar reaction 

condi t ions , and under a ref luxing condi t ion gave only 
a resinous substance. 

T h e reaction of £ram-2-aryl- and 2-cyclopropyl-3-
benzoyloxiranes wi th hydroxylamine hydrochloride 
may be expla ined by saying that the initially-formed 
oxiranyl yyn-oxime suffers an in t ramolecular attack 
on the 2-posi t ion of the oxirane r ing by oxygen 
nucleophi le of the oxime to afford the corresponding 
2-isoxazolin-4-ols. 

In order to extend this reaction for the synthesis of 
2-isoxazolin-4-ol bear ing other than aryl and cyclo-
propyl , £ram-2-benzoyl-3-methyloxirane ( lh) was al­
lowed to react wi th hydroxylamine similarly to l a to 
give £rans-5-methyl-3-phenyl-2-isoxazolin-4-ol (2h) in 
only 10% yield; the corresponding yyn-O-benzyloxime 

Table 2. NMR Data and Elemental Analyses of 2 

Compound !H NMR (in CDCI3, <5, / /Hz) 13C NMR (in CDCb, ô) Anal. C, H, N 

2a 2.63 (d, 1H, 8.9, 4-OH) 
5.37 (dd, 1H, 8.9, 9.3, 4-H) 
5.56 (d, 1H, 3.0, 5-H) 

84.7 (C4), 90.3 (Cs) 
157.2 (C3, O N ) 

(C15H13NO2) 

2b 2.53 (d, 1H, 8.9, 4-OH) 
5.35 (dd, 1H, 8.9, 3.3, 4-H) 
5.49 (d, 1H, 3.3, 3,5-H) 

84.5 (C4), 90.1 (C5) 
159.7 (Cs, O N ) 

(C16H15NO3) 

2c 

2d 

2e 

2f 

2g 

1.70—1.80 (m, 1H, 

2.40 (d, 1H, 8.7, 4-OH) 
4.78 (dd, 1H, 8.7, 4.0, 4-H) 
5.30 (d, 1H, 4.0, 5-H) 

1.35 (dd, 1H, 5.8, 8.3, (Me) 

2.40 (d, 1H, 9.0, 4-OH) 
4.85 (dd, 1H, 9.0, 4.2, 4-H) 
5.29 (d, 1H, 4.2, 5-H) 

1.55 (dd, 1H, 5.8, 8.2, (Me), 

2.45 (d, 1H, 9.0, 4-OH) 
4.77 (dd, 1H, 9.0, 4.3, 4-H) 
5.33 (d, 1H, 4.3, 5-H) 

2.70—2.80 (m, 1H, 
PIT 

2.45 (d, 1H, 9.0, 4-OH) 
4.90 (dd, 1H, 9.0, 4.0, 4-H) 
5.40 (d, 1H, 4.0, 5-H) 

'PIT 

2.45 (d, 1H, 9.0, 4-OH) 
4.85 (dd, 1H, 9.0, 4.0, 4-H) 
5.42 (d, 1H, 4.0, 5-H) 

6.9, 7.2, 7.3 ( / ) (C12H13NO2) 

85.6 (C4), 88.8 (Cs) 
161.8 (C3, O N ) 

20.1, 20.15, 20.7 ((Me), 

22.5, 26.7 (CH3) 
87.3 (C4), 88.6 (C5) 
160.0 (C3, O N ) 

19.1, 19.7, 21.9 ((Me), 

21.9, 26.5 (CHs) 
87.7 (C4), 88.7 (Cs) 
160.2 (Cs, O N ) 

20.2, 21.0, 33.1 ( / 
PhX 

87.5 (C4), 88.8 (Cs) 
160.2 (Cs, O N ) 

20.0, 20.5, 32.1 ( 
Ph 

87.3 (C4), 88.6 (Cs) 
160.0 (Cs, O N ) 

A ) (Ci4Hi7N02) 

(Ci4Hi7N02) 

(C18H17NO2) 

(C18H17NO2) 

2h 1.53 (d, 3H, 6.6 Hz) 
2.13 (d, 1H, 9.6, 4-OH) 
4.47 (dq, 1H, 6.6, 6.6, 5-H) 
5.15 (dd, 1H, 6.6, 9.6, 4-H) 

11.2 (CHs), 76.8 (Cs) 
81.3 (C4), 159.3 (Cs, O N ) 

(C10H11NO2) 
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(4h), however, was converted to 2h in 75% yield by a 
t reatment wi th t i t an ium tetrachloride in d i c h l o r o 
methane . 

Exper imenta l 

General. All melting points are uncorrected. The NMR 
spectra were obtained on a JNM-GX270 spectrometer using 
TMS as the internal standard. 

Preparation of 1. Cyclopropyl methyl ketone,4) 2,2-
dimethylcyclopropyl methyl ketone,5* and 2-phenylcyclopro-
pyl methyl ketone6) were prepared according to methods 
described in the literature. Condensations of cyclopropyl 
methyl ketones with benzaldehyde were carried out accord­
ing to methods described in the literature.7) The a,ß-epoxy 
ketones la—g were prepared from the corresponding a,ß-
unsaturated ketones.8) la: mp 89—90 °C (hexane-ethyl 
acetate)(lit,8> mp 90 °C) lb: mp 89 °C (methanol), 90%. lc: 
mp 167—168 °C (hexane-ether), 70%. The mixture of 
diastereomers (98%, ld i le^ l r l ) , was chromatographed on 
silica gel, using hexane-ether. Id: oil, Rf 0.35 (hexane: ether 
94:6) le: oil,i?f 0.28 (hexane: ether 94:6). The mixture of 
diastereomers (100%, lfrlg^l.-l) was chromatographed on 
silica gel, using hexane-ether. If: mp 69—70 °C, Rf 0.57 
(hexane: ether 5:1) lg: mp 62—63 °C, Rf 0.48 (hexane: ether 
5:1). 

One-Pot Synthesis of 2-Isoxazolin-4-ols. General Meth­
od: An ethanol (30 ml) solution of trans-2-benzoy\-3-
phenyloxirane (la, 2.2 g, 10 mmol) was refluxed with 
hydroxylamine hydrochloride (1.04 g, 15 mmol) in the 
presence of pyridine (7 ml) for 5 h. After cooling, the 
reaction mixture was evaported under reduced pressure and 
the residue extracted with ether after the addition of 
1 mol d m - 3 HCl; the solusion was then washed with water 
and dried over sodium solfate. After evaporation of the 
ether, the residue was purified by recrystallization to afford 
2a in 72% yield. From the filtrate, oxime 3a, mp 155— 
156 °C, was isolated in 7% yield. 

Oxime of la. An ethanol (30 ml) solution of la (2.2 g, 
10 mmol) was stirred with hydroxylamine hydrochloride 
(0.83 g, 12 mmol), sodium acetate (1.64 g, 20 mmol) and 
water (3 ml), at 40 °C for 2 h. After cooling, the reaction 
mixture was poured into water. The precipitate was 
recrystallized from methanol to afford an oxime in 70% yield. 
The melting point of the oxime was not depressed upon 
admixture with 3a. 

O-Benzyloxime of la. After a methanol (40 ml) solution 
of la (2.2 g, 10 mmol) was stirred with O-benzylhydroxyl-
amine hydrochloride (1.92 g, 12 mmol), and pyridine (10 ml) 
at room temperature for 24 h, the reaction mixture was 
poured into water. The precipitate was recrystallized from 
methanol to afford syrc-O-benzyloxime (4a), mp 71 °C, in 
70% yield. From the filtrate, the anti-isomer (5a), mp 63 °C, 
was isolated in 15% yield. 

3,5-Diphenylisoxazole from /?-Toluenesulfonate of 2a. 
p-Toluenesulfonate of 2a was prepared from 2a in the usual 
manner, mp 127 °C (EtOH). After a methanol (10 ml) 
solution of the ß-toluenesulfonate (200 mg) was stirred with 
sodium methoxide (50 mg) at room temperature for 1 h, the 
reaction mixture was poured into water to give 3,5-
diphenylisoxazole, quantitatively, mp 141 —142 °C (EtOH)-
(lit,9> mp 141 —143 °C). 

5-Methyl-3-phenyl-2-isoxazolin-4-ol (2h). Similarly to 
la,2-benzoyl-3-methyloxirane(lh) gave 2h in 10% yield, mp 
140 °C (hexane-ethyl acetate)(lit,2> mp 102—105 °C). Simi­
larly to 4a,lh gave 4h. syn-4h: Rf 0.58 (benzene), 70% anti-5h: 
Rf 0.18 (benzene), 16%. A dichloromethane (10 ml) solution 
of syn-4h (200 mg) was stirred with titanium tetrachloride 
(100 mg) under a nitrogen atmosphere at room temperature 
for 24 h. The dichloromethane solution was washed with 
water and dried over sodium sulfate. After evaporation of the 
solvent, the residue was purified by recrystallization from 
hexane-ethyl acetate to afford 2h in 75% yield. 
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Synopsis. Two types of sulfur- and nitrogen-containing 
heterocycles have been synthesized from a tetrahydro-4-
oxothiophene derivative. 

In the course of study towards the synthesis of 
various types of new 1,2,3-thiadiazole derivatives, we 
discovered the utility of a new reagent for the 
preparation of medium-sized nitrogen heterocycles. 
Thus, we wish to report on the synthesis of 8, 9, and 
10-membered nitrogen heterocycles (6) from the 
substituted hydrazide (2) as well as a novel heterocyclic 
ring system, thieno[3,2-d][l,2,3]thiadiazole derivative 
(7). The procedure described herein is concerned with 
the formation of substituted 1,2-diazacycloalkanes via 
the reaction of 2 with a,co-dibromoalkanes [(CH2)wBr2; 
n=4,5,6]. Further rearrangement followed by ring 
enlargement leads to the medium-sized nitrogen 
heterocycles. The new procedure has generality and is 
completely different from previously reported meth­
ods. !-») 

Results and Discussion 

Methyl tetrahydro-4-oxothiophene-3-carboxylate 
(l),9-n) was condensed with ^-toluenesulfonohydra-
zide in the presence of coned HCl in ethanol, which 

afforded 2 instead of its tautomer, a hydrazone 
derivative (3). Condensation of 2 with a,co-dibromo-
alkanes in the presence of potassium carbonate in 
refluxing dichloromethane afforded the medium-sized 
nitrogen heterocyclic ring systems (6a—c). In the 
probable reaction sequence depicted in Scheme 1, the 
crucial step is the formation of a 1,2-diazacycloalkanes 
derivative (4). The step is then followed by detosyla-
tion to form a new C-N bond, which leads to an 
intermediate 5. The ring enlargement of 5, followed 
by the addition of HBr on the ring junction, results in 
the formation of medium-sized nitrogen heterocycles 
6. 

1H and 13C NMR spectroscopies showed that 6a—c 
are 70:30 mixtures of the trans- and cis-isomers with 
respect to the HC=N moiety. We attempted to separate 
the diastereomers by various methods, all of which 
were unsuccessful. 

The eis- and trans-configurational assignment in 6 
was based mainly on lH NMR studies: the difference 
NOE spectrum of 6b exerts a strong (16.2%) signal 
from the olefinic proton in the higher-ratio isomer 
when the signal from the NH proton in the higher-
ratio isomer was irradiated and vice versa (14.2%). On 
the other hand, the irradiation at the signal from either 

H H 

Me02C 

6a, n=4 
S 6b, n=5 

6 c, n=6 
C02Me 

HBr 

Me02C 

(CH2)nN:. 
\ - " \ TsNHNH2 / EtOH / H+ \ y \ ^ \ (CH2)nBr2 /K2C03/CH2C12 ^ Y^V^Y 

« r \ ——^ (\ yj -HBr 

H H 

Ts N 

Me02C 

C02Me 

-Ts 

C02Me 

Scheme 1. 
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Il C02Me 
C l \ J> C02Me 

^-ySA-0 "yJ 
er 

,C02Me 

-<fi 
.C02Me 

Scheme 2. 

the olefinic or N H p ro ton in the lower-ratio isomer 
did not affect the intensity of the signal from the 
corresponding pro ton , respectively. T h e observation 
suggests that the higher-rat io isomer has the trans­
conf igurat ion in good agreement wi th the structure 
assigned by normal XH N M R spectroscopy.12) T h e 
lower-rat io isomer is then assigned as the cis-isomer. 
A homonuc lea r 2D NOESY experiment confirmed this 
conclusion demons t ra t ing a s trong N O E cross peaks 
for H-6 to N H . T h e homonuc lea r 2D COSY spectrum 
of 6b exerts s t rong coupl ings of signals from H-5 to 
that from H-6, H-8 to H-9, and H-12 to N H . T h e other 
c o m p u n d s 6a a n d 6c gave similar results from the 
N M R spectroscopy. 

When the substi tuted hydrazide derivative 2 was 
treated wi th excess thionyl chloride in dichloro-
methane at room temperature for 8 h, methyl thieno 
[3,2-d][l,2,3]thiadiazole-6-carboxylate (7) was afforded 
in 65% yield. A l t h o u g h the synthesis of the same 
heterocyclic system was reported by Paulmier,1 3 ) our 
synthesis described herein is completely different in 
approach from the previous one and gives a better 
yield.14) T h e formation of 7 is described in Scheme 2 
wi th a plausible mechanism. 

In summary , the me thod may be appl icable to 
vinylic hydrazides of the type 2 and one can achieve the 
system of medium-sized heterocycles s tar t ing from 
various kinds of cyclic 1,3-ketoester derivatives. 

Experimental 

Instruments. Melting points were determined on a 
Yanagimoto micro melting point apparatus and are 
uncorrected. The IR spectra were taken on a Perkin-Elmer, 

model 1720, FT-IR spectrometer. The *H, 13C NMR, 2D 
COSY, NOEDS, and NOESY spectra were obtained on 
Varian VXR 200 and JEOL 400 MHz instruments. Mass 
spectra were recorded on JEOL JMS-DX 300. Elemental 
analyses were obtained on Yanaco MT-3 elemental analyzer. 

Methyl 2,5-Dihydro-4-(Af/-tosylhydrazino)thiophene-3-car-
boxylate (2). Methyl tetrahydro-4-oxothiophene-3-carboxy-
late (1) (1.60 g, 0.01 mol) and £-toluenesulfonohydrazide 
(1.862 g, 0.01 mol) were dissolved in absolute ethanol 
(50 cm3) with a few drops of coned HCl. The reaction 
mixture was stirred at room temperature for 30 min and the 
solid precipitated out. The solid was filtered and dried. The 
crude product was recrystallized from ethanol to give 
analytically pure title compound 2 as colorless crystalline 
solid (3.45 g, 95%), mp 169—171 °C. This compound 
showed a couple of AB-quartets for the CH2SCH2 protons at 
0=3.96 and 3.83 in CDCI3 indicating that these methylene 
protons have no vicinal protons to couple with. These 
signals are largely affected by the solvent polarity supporting 
that they are indeed AB-quartets. 

IR (KBr) *>max 3209 and 1656cm"1; « N M R (CDCI3) 
<5=2.46 (s, 3H), 3.68 (s, 3H), 3.81 (ABq, 2H, /=3.2 Hz), 3.97 
(ABq, 2H, /=3.2 Hz), 6.37 (brs, 1H), 7.36 (d, 2H, / = 8 Hz), 
7.73 (d, 2H, /=8.6 Hz), and 8.64 (brs, 1H); ™C NMR (CDCI3) 
0=21.73, 34.77, 36.33, 51.24, 97.42, 128.16, 130.13, 132.86, 
145.35, 160.65, and 167.20; MS (70 eV, El) m/z (rel intensity) 
328 (M+, 29.6). Anal. Found: C, 47.53; H, 4.83; N, 8.61%. 
Calcd for G3H16O4N2S2: C, 47.56; H, 4.88; N, 8.54%. 

General Procedure for the Reaction of 2 with a,o>-
Dibromoalkanes. A suspension of 2 (0.656 g, 2 mmol) and 
anhydrous potassium carbonate (1 g) in dichloromethane 
was stirred under nitrogen at room temperature. To the 
suspension, an a,ci>-dibromoalkane (3 mmol) was added 
dropwise and the mixture was initially stirred at room 
temperature then refluxed for 18 h. The reaction mixture 
was filtered and the filtrate was washed several times with 
water. The solvent was removed in vacuo and the reidue was 
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purified by column chromatography on silica gel and eluted 
with hexane-ethyl acetate (95:5) mixture affording the 
medium-sized nitrogen heterocycle 6. 

Methyl 8-Bromo- 10-thia-2,7-diazabicyclo[6.3.0]undec-2-ene-
1-carboxylate (6a): Mp 58—60 °C; 48% yield. IR (KBr) * w 
1618, 1666, and 3350cm"1; « N M R (CDC13) <5=2.08 (m, 
2H), 2.42 (q, 2H, /=7.4 Hz), 3.44 (trans) and 3.46 (eis) (t, 2H, 
/=6.4 Hz), 3.70 (trans) and 3.74 (eis) (s, 3H), 3.84 (ABq 2H, 
7=3.1 Hz), 4.14 (ABq, 2H, 7=3.1 Hz), 6.49 (eis) and 7.14 
(trans) (t, 1H, 7=5.0 Hz), and 10.52 (trans) and 10.72 (eis) (bs, 
1H); MS (70 eV, El) m/z (rel intensity) 306 (M+, 12.9). Anal. 
Found: C, 39.70; H, 4.90; N, 8.51%. Calcd for CioHisBrNaC^S: 
C, 39.08; H, 4.88; N, 9.12%. 

Methyl 9-Bromo-l l-thia-2,8-diazabicyclo[7.3.0]dodec-2-ene-
1-carboxylate (6b): Mp 55—57 °C; 54% yield. IR (KBr) * w 
1624, 1679, and 3435cm"1; « N M R (CDCI3) ô=1.67 (m, 
2H), 1.91 (m, 2H), 2.29 (m, 2H), 3.42 (trans) and 3.44 (eis) (t, 
2H, 7=6.4 Hz), 3.72 (eis) and 3.74 (trans) (s, 3H), 3.86 (ABq, 
2H, 7=3.0 Hz), 4.15 (ABq, 2H, 7=3.0 Hz), 6.51 (eis) and 7.13 
(trans) (t, 1H, 7=5.2 Hz), and 10.51 (trans) and 10.72 (eis) (bs, 
1H); MS (70 eV, El) m/z (rel intensity) 320 (M+, 14.6). Anal. 
Found: C, 41.45; H, 5.30; N, 8.25%. Calcd for CiiHi7BrN202S: 
C, 41.12; H, 5.29; N, 8.72%. 

Methyl 10-Bromo-12-thia-2,9-diazabicyclo[8.3.0]tridec-2-ene-
1-carboxylate (6c): Mp 38—39 °C: 45% yield. IR (KBr) * w 
1612, 1667, and 3360 cm"1; *H NMR (CDCI3) ô=1.49 (m, 2H), 
1.58 (m, 2H), 1.86 (m, 2H), 2.25 (m, 2H), 3.39 (trans) and 3.40 
(eis) (t, 2H, 7=3.3 Hz), 3.70 (trans) and 3.73 (eis) (s, 3H), 3.85 
(ABq, 2H, 7=3.3 Hz), 4.15 (ABq, 2H, 7=3.3 Hz), 6.50 (eis) 
and 7.11 (trans) (t, 1H, 7=5.2 Hz), and 10.48 (trans) and 10.68 
(eis) (bs, 1H); MS (70 eV, El) m/z (rel intensity) 334 (M+, 
59.6). Anal. Found: C, 43.22; H, 5.78; N, 8.41%. Calcd for 
Ci2Hi9BrN202S: C, 42.99; H, 5.67; N, 8.35%. 

Methyl Thieno[3,2-d][l,2,3]thiadiazole-6-carboxylate (7). 
To a solution of 2 (3.28 g, 0.01 mol) in dry dichloromethane 
(100 cm3) was added thionyl chloride (21.9 cm3, 0.3 mol) 
dropwise, and the resulted mixture was stirred at room 
temperature for 8 h. Excess SOCI2 was evaporated in vacuo 
and residual traces were removed by azeotropic vacuum 
distillation with benzene. The resulted residue was purified 
by column chromatography on silica gel by using 10% ethyl 
acetate-hexane mixture as an eluent. Recrystallization of the 
material from ethanol afforded pure sample of 7 (1.326 g, 
65% yield) as orange red crystals, mp 104—106 °C; IR (KBr) 

* w 1694 cm"1; *H NMR (CDC13) 0=4.05 (s, 3H) and 8.53 (s, 
1H); 13CNMR (CDCI3) 6=52.68, 122.74, 142.35, 146.62, 
161.15, and 166.42; MS (70 eV, El) m/z 200 (M+, 100). Anal. 
Found: C, 36.11; H, 2.02; N, 14.16%. Calcd for C6H4O2N2S2: 
C, 36.00; H, 2.00; N, 14.00%. 

One of us (BRB) wish to thank Monbusho (Ministry 
of Educat ion, J apan) for postdoctral fellowship. 
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Synopsis. An Fe(II)HY zeolite catalyst pretreated at 500 
and 600 °C was highly active for the hydrodesulfurization of 
dibenzothiophene when the Fe(II)HY zeolite was exchanged 
in a solution of FeCk and aqueous NH3 with NaY in N2 gas, 
whereas the Fe(III)NaY catalyst in a solution of FeCl3 
displayed a low activity. 

Hydrodesulfurizat ion (HDS) is widely performed in 
the hydroprocessing of heavy oils and coal-derived 
l iquids wh ich conta in h i g h concentrat ions of poly-
nuclear aromat ic sulfur compounds , such as dibenzo­
th iophene and benzonaphthoth iophenes . Commercial 
N iMo and C0M0 catalysts are available for the H D S 
process due to their h i g h dispersion and h i g h activity 
per un i t vo lume and relatively low cost. Studies on the 
structure and characterization of these catalysts have 
been made us ing X R D , XPS, and IR techniques. 
Pecoraro and Chianelli1* reported that unp romoted 
r u t h e n i u m and o s m i u m sulfides possessed a signifi­
cantly h igher specific activity than molybdenum and 
tungsten sulfides toward the HDS of dibenzothiophene. 
However, the i ron catalyst was poorly understood for 
H D S , a l t h o u g h i ron catalysts have been employed in 
coal hydroliquefaction and the Fischer-Tropsch reaction. 
Only recently H idaka et al.2) reported that FeY zeolite 
catalysts were very active in the hydroprocessing of 
heavy oils for ion exchange of an H Y zeolite with an 
Fe(NC>3)3 solut ion at low p H . There is considerable 
l i terature concerning the prepara t ion and characteriza­
t ion of i ron-exchanged Y zeolites.3'4* Chao and Erf5) 

suggested that the Fe(III)NaY zeolite is a potential ly 
good candidate to effectively remove pyrrole-type 
impur i t ies in shale-derived fuel by pyrrole chemisorp-
t ion on the zeolite. 

In this present paper , we report a h igh activity of 
Fe(II)HY zeolite catalyst for the H D S of dibenzo­
th iophene when the Fe(II)HY was exchanged in a 
solut ion of FeCh wi th aqueous NH3, while the 
Fe(III)NaY catalyst in a solut ion of FeCl3 displayed 
low activity. T h e i ron exchange method, the 
pre t reatment temperature in N2, and the presulfida-
t ion for i ron-exchanged zeolites have been examined; 
the mechan ism of dibenzothiophene H D S is also 
discussed. 

Experimental 

The starting material for the iron-exchanged zeolite was 

+ Present address: Showa Kosan Co., Akasaka, Minato-ku, 
Tokyo 107. 

++ Department of Industrial Chemistry, Nihon University 
Kanda-Surugadai, Chiyoda-ku, Tokyo 101. 

Linde sodium Y-zeolite powder (SK-40). An Fe(II)HY sample 
was obtained in an exchange of the parent NaY with an 
NH4OH solution containing FeCk at 60 °C under a nitrogen 
atmosphere to prevent Fe(II) ion oxidation to Fe(III) ion. An 
Fe(III)NaY sample was prepared in the exchange of an FeCl3 
solution at room temperature with NaY for 10 min with 
stirring. After the ion exchange of iron ions, these samples 
were washed in deionized water, and then dried in air at 
100 °C overnight. The Fe and NH4"1" contents of the samples 
were calculated from analytical data regarding the amount 
of Na+ (EDTA titration using nickel-uranyl acetate, MX 
indicator)0 and Fe (KM11O4 titration using SnCl2, HgCl2 and 
Zimmermann-Reinhardt solution).7) The Fe(II) and NH4"1" 
ion percentages in Fe(II)HY were 80 and 14% exchanged, 
respectively. The Fe(III)NaY was 31% exchanged. Zeolite 
(0.65 g) packed into a 1 ml glass ampoule was dried in N2 gas 
at 100 °C for 2 h. The temperature was raised from 100 °C to 
the desired temperature at a rate of 1 °C min - 1 in N2 gas; the 
sample was then heated for 5 h. After the treatment, every 
ampoule was immediately sealed. In order to compare the 
activity of the N2-treated Fe(III)NaY with that of the sulfided 
Fe(III)NaY, Fe(III)NaY was presulfided before a run with 
either sulfur powder or CS2 at 350 °C and 5.0 MPa initial 
hydrogen pressure in an autoclave for 3 h. Both the 
ampoule-sealed catalyst and 3.1 g of dibenzothiophene were 
placed without a solvent in a 300 ml autoclave equipped 
with a magnetic-stirring system. The glass ampoule was 
broken before the reaction. The reaction was carried out in 
5.0 MPa initial hydrogen pressure at 350 °C for 2 h. All 
dibenzothiophene was made sure of vaporization at 350 ° C 
in this study, on the basis of a calculation of the vaporized 
pressure of dibenzothiophene by a method of Poynting and 
Satoh.8) After the reaction, gaseous products were exhausted 
through a 10% aqueous solution of lead acetate to collect H2S 
as lead sulfide. The extent of HDS was determined as a 
measure of the amount of lead sulfide and the sulfur content 
in the catalyst after the reaction. Liquid products were 
analyzed by G.C. packed with 1% Silicone OV-17. Powder 
X-ray diffraction patterns were obtained using a Rigaku 
Denki diffractometer with CuK radiation. 

Results and Discussion 

T h e activities of the Fe(II)HY and Fe(III)NaY 
catalysts pretreated at various temperatures in N2 gas 
for d ibenzothiophene H D S are shown in Fig. 1. T h e 
Fe(II)HY catalyst treated at 500 and 600 ° C was 
extremely active for dibenzothiophene HDS. Al though 
the desulfurization on the Fe(II)HY catalyst was low 
(350 °C), it increased with increasing pretreatment 
temperature u p to 500 °C, and then decreased slightly 
at 600 °C. T h e Fe(III)NaY catalyst showed low 
activity over all ranges of the pretreatment temperature. 
T h u s , Fe(II)HY zeolite was activated by hea t ing in 
ni t rogen gas, whereas the Fe(III)NaY zeolite was no t 
promoted. A suitable pret reatment of the Fe(II)HY 
zeolite leads to h igh activity for HDS. Nagai et al.9) 
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studied the H D S of d ibenzoth iophene on an H Y 
catalyst and found that the activity of the H Y catalyst 
for H D S was greatly p romoted by a pretreatment of the 
H Y catalyst at 500 ° C in air. Consequently, Fe(II)HY 
is enhanced by cooperat ion of the Fe(II) ion wi th the 
H+ ion which is produced from the N H i + ion by heat ing 
at 500 and 600 ° C. T h e i ron-exchanged zeolite cata­
lysts, however, were less active for d ibenzothiophene 
H D S than for commercia l H D S catalysts, e.g., a 
sulfided C0M0/AI2O3 catalyst (Ketjenfine 124) wi thou t 
a solvent in a batch method . T h e percent of sulfur 
removal was 83.5 mol% at 350 ° C and 5 M p a ini t ia l H2 
pressure, a l t hough it was 36.6 mol% for the Fe(II)HY 
catalyst treated at 500 ° C in N2. 

T h e i ron ions in the Fe(II)HY sample were mostly 
in the divalent state after the dehydrat ion treatment; 
some Fe(III) ions on the surface can be reduced to 
Fe(II) ions u p o n a hea t ing dehydrat ion treatment,4) 

since the color of the zeolite sample turned from 
yellow to ivory. Fu et al.3) also reported a redox 
mechan i sm between the valence states of Fe(II) and 
Fe(III) ion in the FeY zeolite. T h e Fe cat ions are in 

300 400 500 600 

Pretreatmeni Temperature (°C ) 

Fig. 1. The hydrodesulfurization activity of the 
Fe(II)HY (O) and Fe(III)NaY (•) zeolites at 350°C 
and 5.0 MPa initial hydrogen pressure. Catalysts 
were pretreated in N2 for 4 h. 

dynamic m o t i o n in the zeolite lattice at the tempera­
tures of the catalytic reactions. 

T h e X-ray diffraction patterns for the iron-exchanged 
zeolites are given in Fig. 2. A l though some loss of 
crystallinity was detected in the X-ray diffraction 
pattern for the pretreated Fe(II)HY catalysts at 350, 500, 
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Fig. 2. X-Ray diffraction patterns of iron-exchanged 
zeolites, (a) Fresh Fe(II)HY; (b) Fe(II)HY pretreated 
in N2 at 500°C; (c) Fe(II)HY pretreated in N2 at 
350 ° C; (d) after reaction sample (c) at 350 ° C; (e) fresh 
Fe(III)NaY; (f) Fe(III)NaY pretreated in N2 at 600 °C. 

Table 1. Hydrodesulfurization of Dibenzothiophene on Fe(II)HY and Fe(III)NaY Zeolitesa) 

Catalyst 

Pretreatment temperature/0C 
H2S evolved/mol% 
Reaction product/wt% 

Methyl, Ethyldibenzothiophene 
Dibenzothiophene 
Hydrogenated compounds 
Biphenyl 
Cyclohexylbenzene 
Bicyclohexyl 
Benzene, Toluene 
Others 

FeNaY 

350 500 
2.6 3.0 

0 0 
96.0 97.0 

0 0 
2.4 3.0 
0.1 0 
0 0 
0 0 
1.5 0 

350 
6.8 

0 
93.3 

0 
3.4 

+ 
0.2 
0 
1.1 

FeHY 

500 
32.7 

4.9 
61.8 
+ 

10.7 
1.8 
2.2 
2.0 
6.2 

600 
20.7 

9.4 
74.1 
+ 
3.7 
0.6 
0 
0.3 
3.5 

a) The HDS study was carried out at 350°C and 5.0 MPa initial hydrogen pressure for 2 h. 
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Table 2. Effect of Presulfiding on HDS Activity 
of Fe(III)NaY Zeolite at 350°C and 5.0 MPa 

Initial H2 Pressure for 2 ha) 

Sulfiding agent 

Sulfurd> 
CS2

e) 

Desulfurizationb) 

mol% 

3.9 
10.7 
5.0 

a) Presulfiding was carried out at 350°C and 5.0 MPa 
initial H2 pressure for 3 h. b) Calculated by H2S 
(mol%) evolved plus sulfur content (mol%) in catalyst. 
c) Pretreated in N2 at 350 °C and for 5 h. d) 0.1 mol. 
e) 0.05 mol. 

and 600 °C, these catalysts showed good crystallinity 
similar to a fresh Fe(II)HY catalyst. T h e 600 °C-
treated Fe(III)NaY zeolite displayed the same peaks as 
those of the fresh zeolite. Moreover, the 350 ° C-treated 
Fe(II)HY catalyst possessed good crystallinity, even 
after the reaction. 

T h e dis t r ibut ion of the reaction products in the 
d ibenzothiophene H D S is shown in Tab le 1. T h e 
m a i n product was b iphenyl in the reaction overall the 
catalysts. Many other products , methyl- and ethyl-
dibenzothiophenes, were found in large quant i ty wi th 
the Fe(II)HY catalysts pretreated at 500 and 600 °C, 
whi le they were no t observed wi th the 350 ° C-treated 
Fe(II)HY and all the Fe(III)NaY catalysts. A greater 
a m o u n t of a lkyldibenzothiophene was formed wi th 
the 600 ° C-treated Fe(II)HY catalyst than wi th the 500-
and 350° C-treated Fe(II)HY catalysts. T h e 600 °C-
treated Fe(II)HY catalyst showed a lower activity than 
the 500° C-treated catalyst due to the p roduc t ion of 
h igh molecular weight compounds , not to a loss of 
crystallinity. 

I ron ions of the catalyst are converted to i ron 
sulfides d u r i n g the reaction. In order to determine 
whether the i ron ions or sulfides are active for 
d ibenzoth iophene H D S , the effect of presulfidation on 
the activity of Fe(III)NaY catalyst is shown in Tab le 2. 
T h e d e s u l f u r i z a t i o n ac t iv i t y of t he p r e s u l f i d e d 
Fe(III)NaY catalyst wi th CS2 or sulfur powder was 
greater than that of the N2-treated Fe(III)NaY catalyst. 
T h e addi t ion of sulfur powder produced twice as 
m u c h activity as that wi th CS2. Sugioka et al.10) also 

reported that the presence of H2S produced Br0nsted 
acid sites on the cat ion-exchanged zeolites and 
enhanced the activity of the zeolites for cumene 
cracking and toluene dispropor t ionat ion. Therefore, 
presulf idat ion promotes the activity for H D S due to 
the formation of Br0nsted acid sites on i ron sulfide 
when hydrogen molecules are adsorbed on the zeolite 
at h igh hydrogen pressure. Since dibenzothiophene is 
a Lewis base, the d ibenzoth iophene is easily adsorbed 
on the Br0nsted acid sites of the sulfide catalyst as well 
as iron ions (Lewis acid). T h e HDS of dibenzothiophene 
proceeds wi th Fe(II)HY zeolite as follows: First 
d ibenzoth iophene is adsorbed on a Fe(II) ion th rough 
the sulfur a tom of dibenzothiophene, which leads to a 
weakening of the C-S bonds in dibenzothiophene. T h e 
C-S bond is attacked by a p ro ton on Fe(II)HY zeolite 
and cleavaged to form biphenyl . I ron atoms are finally 
sulfided a n d are improved m u c h more than an 
unsulfided iron-exchanged catalyst. Sulfidation in­
creases the n u m b e r of Br0nsted acid sites by act ivat ing 
hydrogen molecules on the sulfur a toms of the sulfided 
zeolite catalyst. 
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Synopsis. The polymerization of the liposomal lipid 
bilayers of phoshpolipids having one or two diene groups 
was studied by the use of a redox initiator (NaHS03/K2S20s) 
at low temperature (8 °C). The soluble and insoluble poly­
mers were obtained, respectively. The membrane polymeriza­
tion itself had small effect on the dye in the inner water phase. 

Polymerizat ion of l ipids hav ing polymerizable 
g roups in l iposomal bilayer was interest ing to prepare 
physically stable model membranes.x ) For example, 
the polymerized l iposomes hav ing a porphinatoiron(II ) 
complex was stable physically and could t ranspor t 
d ioxygen in vitro and in vivo.2) Polymerizat ion of ene 
or yne residues was initiated mostly by UV irradiation,3) 

by organic radical ini t iators (azobisisobutyronitrile, 
azobis(2-propanamine))4) and by gamma ray radiation.5) 

However, the degradat ion of incorporated materials 
such as drugs, biological compounds etc. was exten­
sively induced d u r i n g membrane polymerization, for 
example , by UV-ir radia t ion. But, less a t tent ion has 
been pa id to establish the mi ld condit ions, for 
example , low temperature etc., i nduc ing less degrada­
t ion of solutes, a l t h o u g h it has appeared another 
me thod to reduce the degradat ion of encapsulated 
c o m p o u n d s by incorpora t ing them in to the pre-
polymerized liposomes.6 '7 ) In this paper, the polymeri­
zation of l iposomal bilayers of l,2-bis[(2£,4£)-2,4-
octadecadienoyl]-sn-glycero-3-phosphocholine8 ) (1, Tc: 
18 °C) or l-palmitoyl-2-[(2£,4£)-2,4-octadecadienoyl]-
sn-glycero-3-phosphocholine9 ) (2, Tc: 28 °C) at low 
temperature was studied by us ing a redox ini t iator 
(NaHSO3/K2S2O8)10) wh ich was added in to the outer 
water phase a n d the decolorization reaction of 
Methylene Blue in the inner water phase was studied 
to clarify the effect of polymerizat ion on the solute. 

CH2OCOR 
I 
CHOCOCH=CHCH=CH(CH 2 ) 1 2 CH 3 

I 
CH2OP(0)(0~)OCH2CH2N(CH3)3 

1 : R = - C H = CHCH=CH(CH2> I2CH3 

2 ; R = -(CH2),4CH3 

Experimental 

l,2-Bis[(2£,4£)-2,4-octadecadienoyl]-src-glycero-3-phospho-
choline (1) was purchased from Nippon Oil & Fats Co. 
(Tsukuba). 1 -Palmitoyl-2-[(2£,4£)-2,4-octadecadienoyl]-.m-
glycero-3-phosphocholine (2) was prepared.9) Cholesterol 
(Wako Pure Chemicals Ind., Ltd., Tokyo) was recrystallized 

from methanol. Methylene Blue (Kanto Chem. Co., Inc., 
Tokyo) was recrystallized twice from ethanol. Benzene was 
distilled from calcium hydride. Tetrahydrofuran was 
distilled from sodium benzophenone under argon atmo­
sphere. Lipid mixtures were freeze-dried from benzene prior 
to liposome preparation. Sepharose CL-20 was purchased 
from Pharmacia Fine Chem. Triton X-100 (polyoxyethylene 
octylphenyl ether) was purchased from Wako Chemicals 
Ind., Ltd. 

The large unilamellar vesicles (LUVs) of 1 or 2 were 
prepared by extrusion method.n) Freeze-dried powder (0.5 g) 
of 1 or 2 was suspended in 10 ml of distilled water and the 
mixture was vortexed with 2 ml of glass beads (diameter : 2— 
3 mm) under argon atmosphere at room temperature for 
15 min. The suspention was extruded through the 
polycarbonate membrane (pore size:2.0, 1.0, 0.6, 0.4, 0.2, and 
then 0.1 urn) to give the large unilamellar vesicles. An 
aqueous solution of Methylene Blue (0.3 mmol dm -3) was 
encapsulated with the mixed lipid of 1 and cholesterol 
(molar ratio: 1/1) to prevent the leakage of the dye. Free 
Methylene Blue was removed by gel permeation chroma­
tography on Sepharose CL-20 at 5°C. The average 
diameters of these LUVs were determined by a quasi-elastic 
light scattering measurement (Coulter N4, Coulter Electron­
ics Co.(U.S.A.)). 

The polymerization of LUVs was initiated by the addition 
of NaHS03/K2S208 (the molar ratio of K2S208 to 1 or 2:0.05) 
under argon atmosphere at the low temperature (8 °C). The 
polymerization was followed by measuring the decrease of 
the UV absorption at 255 nm due to the diene chromophores 
of 1 or 2. 

The degree of polymerization was estimated by analyzing 
the membrane polymers of the LUV of 2 having only one 
polymerizable group in molecule. The lyophilized LUVs of 
2 were methanolized in 20% HCl/abs methanol in an oil 
bath (100 °C) for 2 days.12) After removing the solvent under 
reduced pressure, the residue was dissolved in chloroform, 
washed with water and then dried. The average molecular 
weights of the methanolized polymers were determined by 
high performance liquid chromatography with AD-803/AD-
804/AD-80M/AD-802 GPC columns (Shouwa Denkou Co.), 
using tetrahydrofuran as solvent. The column was cali­
brated with polystyrene. 

Results and Discussion 

T h e sizes a n d shapes of l iposomes prepared by the 
extrusion me thod were studied by a quasi-elastic l ight 
scattering and T E M measurements. These indicate the 
formation of LUVs wi th the average diameter 120 n m . 

T h e polymerizat ion yield of L U V of 1 ini t ia ted by 
the redox ini t ia tor mixture (NaHS03/K2S20s, the 
ini t ia l mo la r ra t io of K2S2O8 to 1:0.05) wi th times is 
shown in Fig. 1. T h e polymerizat ion occurred and the 
rate increased wi th increasing the N a H S 0 3 concentra­
t ion where the ini t ial concentrat ion of K2S2O8 was 
kept constant , whi le no disappearance of the UV 
absorpt ion was induced by each components of the 



September, 1990] NOTES 2749 

redox in i t ia tor at the low temperature (8°C) . T h e 
polymerizat ion yield reached at 32% after 20 h at 8 °C, 
b u t the further addi t ion of the ini t ia tor caused further 
polymerization. T h e polymerizat ion yield increased 
and saturated at 53% after mul t ip l e addi t ion of the 
redox init iator. T h i s sa turat ion at 8 ° C indicated that 
the ou tward l ipids related to present polymerizat ion as 
in the case of the water soluble and organic initiator.9) 

T h e lyophil ized l iposomes (100 mg) were extracted by 
25 m l of chloroform three times a n d the yield of 
insoluble powder was in agreement of the polymeriza­
t ion yield determined by UV measurements . T h i s 
result shows that the polymerizat ion was induced by 
the redox ini t ia tor mix ture and the polymer was 
crosslinked. T h e polymerized LUV (the yield: 53%)) 
obtained by the polymerizat ion init iated by the redox 
ini t ia tor at 8 ° C was stable against freeze-thawing (no 
change observed in part icle size after freeze(—80 °C)-
thawing(25°C) . 

T h e methanolized polymers13) of 2 were soluble in 
tetrahydrofuran. T h e weight- and number-averaged 
degrees of polymerizat ion of the polymers were 
summarized in Tab le 1.14) T h e polymerization at the 
h igh temperature gave the polymers of higher molecular 
weight wi th broader distr ibution. 

T h e effect of membrane polymerizat ion on soluted 
dissolved in the inner water phase of LUVs of 1 were 
then elucidated. Methylene Blue was used as a probe 
because the dye is found to be decolorized by various 
radicals i nc lud ing polymer g rowing ends.15) Since the 
dye leaked slowly t h r o u g h the l iposomal bilayer of 1 
under the exper imental condi t ions (5% after 24 h at 

8 °C), the mixed l ip id of 1 and cholesterol was used, 
where no leakage was found. T h e decolorization of 
the dye d u r i n g the polymerizat ion of LUVs was 
followed by measur ing the absorbance at 664 n m . 
Because the dye forms aggregates (dimers and trimers) 
in water and their extinct ion coefficients are almost 
the same,16) it could be calculated from the formation 
constants of the aggregates17) the precise value of 
decolorization yield spectrophotometrically. T h e 
polymerizat ion behavior and the decolorization of 
Methylene Blue were determined s imultaneously on 
the LUV of 1 and cholesterol hav ing Methylene Blue 
in its inner water phase. Figure 2 shows that the 
polymerizat ion proceeded wi th a lmost the same rate as 
in the absence of Methylene Blue indicat ing n o 
retardat ion of membrane polymerization by the inner 
phase dye. T h e a m o u n t of the dye b o u n d to the outer 
surface of L U V was 0.13 m m o l (g l ipids) - 1 , which is 
m u c h smaller than that en t rapped in the inner water 
phase (2.10 m m o l (g l ipids) - 1) . T h e decolorization was 
caused wi th the same rate by NaHSC>3 alone. K2S2O8 
alone caused m u c h less decolorization, and the 
decolorization a m o u n t (6 mol%) was the same of that 
of the dye b o u n d to the outer surface of LUV. 

T h e polymerized l iposomes of 1 prepared at 8 ° C by 
the 5 mol% redox ini t iator (polymerization yield: 30%) 
were stable against a h igh concentrat ion (12 mM) of a 
surfactant (Tr i ton X-100), whi le four m M surfactant 
completely decomposed non-polymerized l iposomes of 
1. T h e stability was a lmost the same as that of the 
polymerized l iposomes prepared by the polymeriza-

Fi g. 1. Polymerization of LUVs composed of 1 at 8 ° C. 
[l]=64mM; [K2S2O8]/[l]=0.05 (constant); [NaHSOa]/ 
[K2S2O8]=20 (O) 15 (O), 10 (©), 5 (•) , 2 (A), 1 (À). 

18.4 

9.2 

50 ' E 

E 

25 

0 L 

Fig. 2. Polymerization of LUVs composed of 1-
cholesterol (molar ratio: 1/1) having Methylene Blue 
at 8°C. [NaHSO3]/[K2S2O8]=5.0 (O, 3); NaHSOa 
alone (€>); K2S208 alone (•) ; Polymerization of the 
LUVs having no Methylene Blue (A). 

Table 1. Molecular Weight Analysis of Methanolized Polymer of 2 Polymerized 
with the Redox Initiator (NaHS03/K2S208)a) 

Polymerization temperature 

°C 

8 
35 

Polymerization yieldb) 

% 

53 
91 

Mn (DPn)
C> 

l u " 4 

0.78 (27) 
1.33 (45) 

Mw (DPW)C> 
IO-4 

1.16(39) 
7.22 (246) 

Mw/Mn 

1.49 
5.43 

a) The molar ratio of K2S2Os to 2|_0.05; [NaHS03]/[K2S208]=5. b) By UV. c) Mn and Mw : number and 
weight average molecular weight; DPn and DPW: number and weight average degree of polymerization. 
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t ion init iated by 5 mol% azobis(2-propanamine) at 
60 ° C (polymerization yield: 50%). 
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Parity-Violating Energy Shift of Glycine, Alanine, and Serine in the 
Zwitterionic Forms: Calculation Using HFO-NG Basis Sets 

Osamu KIKUCHI* and Hui WANG 
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The parity-violating energy shift, Epy, was calculated for glycine, alanine, and serine using the HFO-5G 
and -6G minimal basis sets, which were determined so as to well reproduce the behavior of an atomic orbital 
near the nucleus. A clear basis set dependence was observed in both the sign and magnitude of Epv. For the 
zwitterionic form of glycine, the HFO-5G and -6G calculations gave an Epy similar to that obtained by the 
(14,14/10) minimal basis set. For the most stable conformation of L-alanine, these basis set gave a negative Epv, 
indicating that L-alanine is more stable than D-alanine, while the split-valence basis sets gave positive values. 
It was shown that L-serine is lower in energy than D-serine due to the parity-violating interaction for almost the 
entire range of the C-C rotation angle. 

The parity-violating weak neutral current interac­
tion between an electron and a nucleus causes an 
energy difference between mirror-image molecules.1) 
This parity-violating energy difference can be the 
origin of the ubiquity of the L-amino acids and D-
sugers in the biochemistry of living organisms.2) 
Although this energy difference is very small, ca. 10-20 

au, non-equilibrium thermodynamics considerations 
have shown that such a small energy difference is 
sufficient to reproduce the observable effect of chiral 
selection.3) It is, thus, very interesting and important 
to evaluate this energy difference for biologically 
important molecules. In this respect, Hegstrom et 
al.4) developed a method of evaluation for the parity-
violating energy shift, £pv, and gave formula which 
can be used along the molecular orbital theory: 

- _ 9 ^ <^O1H P V1^T><IAT1H S Q1IAO> 
£pv — ^ 2 J IT IT > \ ' 

T £o — £ T 

HPv = - r S 2 Qh\Pr*» <53(r,-rA)}+ (2) 
and 

H M = 2 2 W A I - Ä I , (3) 
A ï 

where T indicates the excited triplet state which mixes 
with the singlet ground state, i/fo, through the spin-
orbit coupling, Hso. r is a constant and Q,A is the 
Salam-Weinberg parameter5) of atom A. This theory 
has been applied to biological molecules by Mason 
and Tranter.6-8) They used ab initio MO methods 
with the 4-31G and 6-31G basis sets, and calculated £pv 

for several amino acids6) and the transition states for 
chirality producing step in chemical reactions.7) 

Epv has a small magnitude and is expressed by the 
sum of terms which have similar magnitudes with 
different signs; a profound examination is necessary 
for any practical calculation of £pv. Among the 
points to be considered, the basis set employed may be 
the most important, since each term appearing in the 
Epv calculation is proportional to the function value of 
the s-type atomic orbital at each nucleus in the mole­
cule,4'6) Xns(0), which varies largely from one basis set 

Table 1. Function Values of Radial Part of Oxygen 
Core(ls) and Valence(2s) Atomic Functions 

at the Nucleus10) 

Basis set 

HFAOa) 

(14,14/10)b) 

HFO-5G 
HFO-6G 
STO-6G 
6-31Gc) 

4-31Gc) 

Ai.(r=0) 

43.17 
42.94 
39.01 
40.17 
39.84 
41.99 
40.11 

K2s(r=0) 

-9.80 
-9.74 
-8.23 
-8.04 

0.36 
0.37 
0.29 

a) Hartree-Fock orbitals given in Ref. 15. 
b) Gaussian functions given in Ref. 14. The Is and 
2s orbitals of an oxygen atom are expressed by 14 s-
type primitive GTOs, while the 2p orbital is expressed 
by 10 p-type primitive GTOs. c) In the split-valence 
basis sets, the atomic orbital cannot be defined for the 
valence shell; the core function was assigned to the Is 
orbital and the valence (2s) orbital was obtained by 
equivalent mixing of two valence functions. 

to another. It has been pointed out9) that a popular 
small basis set, such as STO-6G and 6-3IG, may not 
properly be used for the Epv calculation, since the 
function values of these basis sets at the nucleus are 
significantly different from those of Hartree-Fock 
atomic orbitals (Table 1). We have developed new 
minimal basis sets, HFO-NG (JV=3—6), which give 
better bahavior near the nucleus than do other basis 
sets of comparable size.10) This study reports the £pv 

values of the zwitterionic forms of amino acids calcu­
lated by using new basis sets. The calculation was 
carried out according to the procedure given by Mason 
and Tranter.6'9) The only exception is a calculation 
of the denominator in Eq. 1; Mason and Tranter used 
an approximate formula, while the correct formula 
was used in this study. 

Results and Discussion 

The Epv value was evaluated for glycine, alanine, 
and serine in the zwitterionic form. The Epv values 
for these molecules have been reported by Mason and 
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Tranter.6 ) T h e molecular structures employed here 
are the same as those used by them. T h e conforma­
tional change was considered only for rotat ion about 
the C - C bond, other molecular parameters being fixed 
at the assumed values. Figure 1 shows the £pv values 
of glycine obtained wi th the STO-6G, 4-3IG, 6-3IG, 
HFO-5G, HFO-6G, and (14,14/10) basis set; the basis 
set dependence of Epv was clearly observed. T h e 
(14,14/10) basis set comprises well-tempered Gaussian-
type functions given by Huzinaga and Klobukowski.14* 
We used this as a min ima l basis set. For the sign of 
£Pv and the conformational dependence of £pv, H F O -
5G and HFO-6G gave results parallel to those of the 
(14,14/10) min ima l basis set. T h e 4-31G and 6-31G 
basis set gave £pv hav ing a sign opposi te to the (14,14/ 
10) value for — 4 O < 0 < 4 O , where the moststable con­
formation of glycine is involved.16) 

In the L C A O - M O expansion of Eq. 1, the non-
vanishing terms involve one s-type a tomic orbital;6* in 
the present case, £pv can be divided in to two compo­
nents (core (Is) and valence (2s) components) accord­
ing to the s-orbital involved in the matr ix element. 

Fig. 1. The parity-violating energy shift, £pv/10-20 

au, of glycine as a function of rotation angle 0. 
The angle 0 indicates the rotation of the CO2 group 
and the cited conformation corresponds to 0=0. 
The molecular parameters used are same as those 
reported in Ref. 6. The 6-31G result is slightly 
different from that reported previously,6) since the 
energy difference EQ—ET in Eq. 1 was correctly eval­
uated in this study. If the approximate formula is 
used, the 6-31G values reported in Ref. 6 are 
obtained. 

Figure 2 shows the two components for glycine. T h e 
two components have opposite signs and the magni ­
tude of the valence component is larger than the core 
component . As may be expected from Tab le 1, the 
N-31G calculat ion gives a very small 2s cont r ibut ion; 
for the case of 6-3IG, the contr ibut ion of the valence 

E/10"20 

Fig. 2. The core (Is) and valence (2s) components of 
£Pv of glycine as a function of rotation angle 0. 
The HFO-6G results are presented. 

Epv/KT20 

-341 

Fig. 3. The parity-violating energy shift, £pv/10~20 

au, of L-alanine as a function of rotation angle 0. 
See the caption of Fig. 1 for the definition of 0 and 
for the 6-31G results. 
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(2s) functions was 1/4 of the core (Is) contribution. 
This is the reason why the drastic basis set dependence 
is observed in Fig. 2. Both HFO-5G and HFO-6G are 
better than the other basis sets of comparable size, 
provided that the (14,14/10) minimal basis set gives a 
correct £pv. 

The Epw value of L-alanine is shown as a function of 
0 in Fig. 3. Both HFO-5G and HFO-6G gave similar 
£Pv values, while 6-31G gave a 0-dependence different 
from the HFO-NG one. The negative £pv value indi­
cates that L-alanine has a lower energy than does D-
alanine by 2 |£pv | . Since the sign of the calculated £pv 

value depends on the 0 angle, the preference of one 
enantiomer to the other can not be determined. 
However, if the conformational preference is taken 
into account, the L-alanine can be said to be more 
stable by a parity-violating neutral-current interac­
tion, since £pv is negative for 0=0, where alanine is the 
most stable (Fig. 4). The conformation of amino 

E r f f | / kalmol*' 

I Alanine I 

0/deg 

Fig. 4. Energy variation of L-alanine as a function of 
0. a: 6-3IG, b: HFO-6G. 

Fig. 5. The parity-violating energy shift, £pv/10~20 

au, of L-serine as a function of rotation angle 0. 
See the caption of Fig. 1 for the definition of 0. 

acids in water is important for estimating the sign of 
Epw for amino acids. There have been a few theoreti­
cal studies which address the conformation of zwitter-
ionic amino acids in vacuo17-19) and in water.18»19) 
All of these have shown that the conformation with 
0=0 is the most stable in water as well as in vacuo for 
glycine, alanine, and serine. Thus, the present 
results indicate that the zwitterionic form of L-alanine 
has a lower energy than does the D-alanine in its most 
stable conformation. 

Mason and Tranter reported the same conclusion: 
"L-alanine is more stable than D-form in water by 
parity-violating interaction".6) However, two points 
are different from the present results. They used the 
6-31G basis set and obtained positive £pv for 0=O,6> 
while the present calculation gave negative Epv for 0=0 
(Fig. 3). Another point is the conformation of ala­
nine adopted for the stable form. Mason and Tranter 
adopted a conformation with 0=120° (<f>=0 for their 
definition) as the conformation of alanine in water, 
which gives a negative Epw value, but has no experi­
mental or theoretical support. Thus, the present 
HFO-NG calculation is the first to show that L-
alanine has a lower energy than D-alanine in its 
lowest-energy conformation. 

Figure 5 shows £pv of L-serine which was obtained 
by an HFO-5G calculation. The 0 dependence of £pv 

is similar to that observed in glycine and L-alanine. 
L-serine has the lowest energy in water when 0=0, and 
is expected to have a slightly lower energy than the 
D-form due to the parity-violating interaction. Inter­
estingly, Epv of L-serine is negative for most 0. This 
may indicate that L-enantiomer has a lower energy 
than D-enantiomer in most parts of the conforma­
tional hypersurface. This conclusion, however, can 
be obtained after a more detailed examination of Epw of 
L-serine, since the CH2OH conformation must also be 
examined. 

Although this study has shown the effect of the basis 
set on the parity-violating energy shift, it is not the 
main purpose of this study to generally discuss the 
efficiency of the basis sets for calculations of the 
molecular properties. The HFO-5G and -6G basis 
sets are small minimal basis sets and may be worse 
than the split-valence ones listed in Table 1 for the 
evaluation of the energy and molecular structures.10) 
However, the HFO-5G and -6G basis sets represent the 
wavefunction well at the nuclei, which is essential for 
the Epv calculation. The excitation energy and the 
spin-orbit coupling matrix in Eq. 1 are also important 
in the Epw calculation, and a careful examination 
should be made for the evaluation of these quantities 
before any final quantitative £pv values are 
determined. 

It may be difficult to conclude which enantiomer of 
an amino acid is more stable by the parity-violating 
interaction, since the sign of Epw depends on the con­
formation of the amino acid. Thus, a meaningful 
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energy difference between enant iomers caused by the 
pari ty-violat ing interaction is obtained if Epw has a 
definite sign over all of the conformational hypersur-
face of the molecule. T h e present results suggest that 
such a si tuation can not be encountered for small 
molecules in which the conformational change causes 
a change in the molecular skeleton and, then, a 
change in the £pv sign. A meaningful energy differ­
ence can be obtained in the case of a large molecule 
with a rigid molecular skeleton. 

As a more relaxed restriction, the £pv value for the 
min imum-energy conformation can be used to deter­
mine a more stable enantiomer. In this case, the 
HFO-5G and HFO-6G calculations suggest that L-
alanine and L-serine have a lower energy than do the 
corresponding D-forms by the varity-violating interac­
tion, since the zwitterionic forms has negative £pv 

values for the lowest-energy conformation at 0=0. 

T h i s work was supported by Special Research Pro­
ject on Evolut ion of Matter, University of T s u k u b a 
and by a Grant-in-Aid for Scientific Research No. 
02640364 from the Ministry of Educat ion, Science and 
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Preparation and Characterization of Activated Carbon Tablets 
for Electric Double Layer Capacitors 
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Two types of activated carbon tablets (AC tablets) were prepared and characterized by adsorption methods 
for electric double-layer capacitors. The tablets were prepared from either the activation or carbonization of 
molded mixtures comprising phenolic resin-based activated carbon powders and phenolic resins. The specific 
surface area of the tablets (a) prepared from activation was 2010 m2g~1 and the bulk density was 0.45 gcm~3. 
The area of tablets (b) from carbonization was 1400 m2g~1 with a yield of 83% (weight of obtained tablets/weight 
of molded mixtures). The capacitance of the capacitors with tablets (a) showed 7.3—12.5 F/(cm3 of AC tablets). 
The reliability of the capacitors with AC tablets (a) and (b) was improved in comparison with that of capacitors 
with polarizable electrodes comprising activated carbon powders and binders. 

Electric double-layer capacitors have been used as 
memory back-up devices. Various types of polariz­
able electrodes for the capacitors have been developed, 
such as a paste type,1* a clay-carbon composite type,2) 

an activated-carbon fiber cloths (ACFC) type,3_7) and 
an activated-carbon fiber sheet (ACF sheets) type.8) 

We have previously reported that phenol ic resin-
based activated carbon fibers (ACF) are suitable mate­
rials for polarizable electrodes.3"8) T h e ACF showed 
a large specific surface area, a large electric conductiv­
ity, and h igh strength wi thout binders. T h e bulk 
density, however, is small (at most 0.2 g e m - 3 ) . 
T h o u g h polarizable electrodes wi th a large bulk den­
sity are easily prepared us ing binders, the binders, 
themselves, deteriorate du r ing the charge-discharge 
process of capacitors. It is thus necessary to develop 
polarizable electrodes wi th a large specific surface area 
and a large bulk density wi thout us ing binders. 

In the present paper we report: (1) the specific 
surface area and pore size distr ibut ion of activated 
carbon tablets (AC tablets) prepared by either the 
activation or carbonization of molded mixtures com­
pr is ing activated carbon powders and phenol ic resins, 
and (2) the capacitance and reliability of capacitors 
wi th AC tablets and an organic electrolyte. 

Experimental 

Sample Preparation. Two types of activated carbon 
tablets, AC tablets (a) and (b), were prepared by changing 
the fabrication processes: AC tablets (a) and (b) were, respec­
tively, prepared by the activation and carbonization of 
molded mixtures (the density of 0.75 gem - 3 consisted of 70% 
phenolic resin-based activated-carbon powders and 30% 
phenolic resins). 

Figure 1 shows the fabrication process of tablets (a) 
and (b) as polarizable electrodes. Phenolic resin-based 
activated-carbon powders (diameter of less than 20 jam) and 
the phenolic resin powders (diameter of less than 20 jam, the 
specific gravity of 1.24, Kanebo Ltd., Bell-pearl-S) were 
mixed. The mixed powders were molded under a pressure 
of 220 kg cm - 2 at 160 °C for 10 min. The molded mixtures 
comprising activated carbon powders and phenolic resins as 

Act ivated carbon 
powder 

Phenolic resin 
powder 

Mixing 

Molding 

( a ) 

Activation 

(b) 

Carbonization 

Conductive layer forming 

AC tablet polarizable electrode 
for capacitor assembly 

Fig. 1. Fabrication process of two types of activated 
carbon tablets (AC tablets) polarizable electrodes. 
a); AC tablets (a), b); AC tablets (b). 

binders were, thus, formed. The phenolic resin-based acti­
vated carbon powders used in the molded mixtures were 
prepared by the activation of phenolic resin powders 
(Kanebo Ltd., Bell-pearl-R) in a nitrogen atmosphere at 
1000 °C while supplying water vapor as an activation gas. 
AC tablets (a) and (b) were prepared by changing the fabrica­
tion processes, as shown by (a) and (b) in Fig. 1. AC tablets 
(a) were prepared by the activation of molded mixtures at 
1000 °C while supplying water vapor. AC tablets (b) were 
prepared by the carbonization of mixtures while heating 
(from room temperature up to 1000 °C at a rate of 80 °C h"1). 
After the activation or carbonization of molded mixtures, an 
aluminum layer (100—150 jam) was formed by a plasma-
spraying method on one side of the AC tablets. 

A propylene carbonate (PC) solution containing 0.51 
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mol dm - 3 of tetraethyl ammonium fluoroborate (Et4NBF4) 
was used as the electrolyte. 

Analysis of AC Tablets. It is well known that the pore size 
distributions is determined from the adsorption isotherm 
and the statistical thickness of the adsorbed layer.9) The 
specific surface area is calculated from the pore-size distribu­
tion based on the assumption of cylindrical micropores. In 
this experiment the pore size distributions of the molded 
mixtures and AC tablets were obtained by a methanol vapor 
adsorption isotherm.10) Details of the measurements were 
described previously.8) 

Characteristics Measurements. The capacitance of coin-
type electric double-layer capacitors with AC tablets (6 mm 
in diameter and 0.65 mm in thickness) was measured at 
25 °C. Details of the construction and the measurement of 
the capacitance of the capacitors were described previously.8) 
The capacitors were charged at 2.8 V dc, and the capaci­
tance, C, in F was calculated according to, 

C = (iXt)/V, 

where i is the constant discharge current of 1.0 m A, t the 
time for a discharge in s, and V the potential change of the 
capacitors (from 1.5 to 0.5 V) caused by the discharge (in 
volts). 

The stability of the capacitors during dc voltage loading 
tested during charging at a constant dc voltage of 2.8 V at a 
constant temperature of 70 °C for 1000 h. 

Results and Discussion 

Characterization of AC Tablets. Figure 2 shows 
the relation of the yield (weight of obtained activated 
carbon powders /weight of phenol ic resin powders) or 
the specific surface area of AC powders with the 
activation time. U p o n increasing the activation 
time, the yield decreases and the specific surface area 
increases. T h e AC powders show a specific surface 
area of 1700 m 2 g~ 1 wi th a 25% yield for an activation 
t ime of 15 min. AC powders wi th an area of 1700 
m 2 g - 1 were used in this experiment. Under the same 
activation condit ion, the area was twice as large as 
that of convent ional activated carbons; the yield was 

100 2000 

3? 

>-

0 5 10 15 
Activation time / min 

Fig. 2. Yield and specific surface area of AC powders 
vs. the activation time. 

also large. T h i s is because the phenol ic resins con­
tained 75.8% carbon. 

Figure 3 shows the adsorpt ion isotherms of the 
molded mixtures and AC tablets (a). T h e adsorpt ion 
a m o u n t of AC tablets (a) increased 1.7-times as much 
as that of molded mixtures. Al though the mechani­
cal strength of tablets (a) was smaller than that of the 
molded mixtures , they did not deteriorate d u r i n g 
p lasma spraying. 

Figure 4 shows the relation between the accumu­
lated pore volume and the pore diameter for the 
molded mixtures and AC tablets (a). From this fig­
ure the specific surface area of the molded mixtures 
and tablets (a) is seen to be 1360 and 2010 m 2 g - 1 , 
respectively. T h e specific surface area of tablet (a) 
was more than 2-times larger than that of conven­
t ional activated carbon powders. T h e pore-size dis-

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Relative pressure / PRf1 

Fig. 3. Adsorption isotherm of molded mixtures and 
AC tablets (a). 1); molded mixtures composed of 
70% AC powders and 30% phenolic resins, 2); AC 
tablets (a). 

i2 
3 
E 
Ü 
Ü 
< 

2 3 4 5 6 7 8 910 

Pore diameter / nm 

20 

Fig. 4. Accumulated pore volume of molded mix­
tures and AC tablets (a). 1 ); molded mixtures com­
posed of 70% AC powders and 30% phenolic resins, 
2); AC tablets (a). 
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tribution was estimated from the ratio of the pore 
volume of large pores with diameters larger than 2 nm 
to the total pore volume. The above-defined ratios of 
the molded mixtures and tablets (a) were 20.5 and 
43.5%, respectively. 

Figures 5a) and b) show SEM photographs of the 
molded mixtures and tablets (a), respectively. The 
pore-size distribution of these are shown in Fig. 4. In 
Fig. 5, the surface of the molded mixtures is more 
smooth than that of tablets (a). Their surface was 
etched by activation. From the SEM observations, 
the AC powders seem to be mixed uniformly in 
molded mixtures. 

Figure 6 shows an SEM photograph of AC tablets 
(a). Although tablets (a) are porous with a density 
of 0.45 g cm-3, this value is 2-times larger than that 
of activated-carbon fiber cloth. From the SEM obser­
vations, the activated-carbon particles seem to remain 
in tablets (a). Tablets (a) were uniformly activated 
according to an observation of the cross section. 

( a ) 
10 nm 

10 nm 
i 1 

Fig. 6. SEM photograph of AC tablets (a). 

Since activation gas entered the mixtures easily, they 
were activated uniformly. 

For molded mixtures containing more than 50% 
phenolic resins, it was difficult to activate them uni­
formly since most of the AC powders were covered by 
resins. On the other hand, molded mixtures with 
more than 90% AC powders are very fragile after 
activation. Molded mixtures with 30% phenolic res­
ins are of suitable composition to obtain AC tablets (a) 
with a large specific surface area and a high mechani­
cal strength. 

AC tablets (b) were prepared by the carbonization of 
molded mixtures which comprising 70% AC powders 
and 30% resins. The specific surface area and the 
density of tablets (b) were 1400 m2g~1 and 0.61 
g cm*3, respectively. The phenolic resin in the mix­
tures was carbonized and the yield (weight of obtained 
AC tablets/weight of molded mixtures) was 83%. 
The yield was 1.3—2.1 times larger than that of 

( b ) 
10 nm 

Fig. 5. SEM photographs of molded mixtures and 
AC tablets (a), a); molded mixtures composed of 
70% AC powders and 30% phenolic resins, b); AC 
tablets (a). 

Activation time /min 
Fig. 7. Capacitance of the capacitors with AC tablets 

(a) vs. activation time. 



2758 Ichiro TANAHASHI, Akihiko YOSHIDA, and Atsushi NISHINO [Vol. 63, No. 10 

750 

Time / sec 

Fig. 8. Discharge curves of the coin type electric 
double layer capacitors with AC tablets (b) under a 
100 juA discharge current at 25 and —25 °C. 

tablets (a). Tablets (b) showed a smaller specific 
surface area and a higher density compared with those 
of tablets (a). 

Characteristics of Capacitors. Figure 7 shows the 
relation between the capacitance of capacitors with 
AC tablets (a) and the activation time of the molded 
mixtures used in capacitors. The capacitance was 
7.3—12.5 F/(cm3 of AC tablets). These values were 
1.4—2.3 times larger than those of activated-carbon 
fiber cloth previously reported.6) Although the spe­
cific surface area of AC tablets (a) increased with 
increasing activation time, the yield decreased. 
Therefore, the capacitance of capacitors decreased 
with increasing activation time. 

After a load life test of capacitors with AC tablets (a) 
and (b), the capacitance decreased by 5 and 7%, respec­
tively. In the case of a capacitor with polarizable 
electrodes comprising 80% AC powders and 20% fluo-
rocarbon polymers as a binder, however, the capaci­
tance decreased by 36.5%. The reliability of the 
capacitors was, thus, improved by using polarizable 
electrodes without using binders. 

The discharge curves of the capacitors with AC 
tablets (b) at different temperatures under a current of 
100 uA are shown in Fig. 8. The capacitance of the 
capacitors was 9.5 F/(cm3 of AC tablets) at 25 °C. 

Capacitors with AC tablets are suitable for memory 
back-up devices under a small discharge current. 

Conclusion 

1 ) AC tablets without using binders were prepared 
from the activation or carbonization of molded mix­
tures comprising AC powders and phenolic resin. 
The specific surface area of tablets (a) prepared from 
activation was 2010 m 2g _ 1 with a density of 0.45 
gem - 3 . The area of tablets (a) was more than 2-times 
larger than that of conventional activated carbons. 
The area of tablets (b) prepared from carbonization 
was 1400 m2 g~l with a yield of 83%. Both types of AC 
tablets were suitable materials for the polarizable elec­
trodes of capacitors. 

2) In accordance with the results regarding the 
bulk density and the specific surface area of the tablets, 
the capacitance of capacitors with AC tablets was 
1.4—2.3 times larger than that of capacitors with the 
previously reported activated-carbon fiber cloth. 
The reliability of capacitors with AC tablets was 
improved in comparison with that of capacitors with 
polarizable electrodes containing binders. 

The authors would like to acknowledge Professor 
T. Minami of the University of Osaka Prefecture for 
his helpful discussion. 
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Unit Subduced Cycle Indices with and without Chirality Fittingness for Ih Group. 
An Application to Systematic Enumeration of Dodecahedrane Derivatives 
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Subduction of the coset representations of Ih point group produces tables of unit subduced cycle indices 
(USCIs) with and without chirality fittingness (CF). These indices are applied to the enumeration of 
dodecahedrane derivatives with respect to their molecular formulas as well as to their symmetries. The USCIs 
are effective to the enumeration of such derivatives as having only achiral substituents on the vertices of a 
dodecahedrane skeleton. On the other hand, the USCI-CFs are used for enumerating dodecahedrane deriva­
tives with achiral and chiral substituents. Substitutions on the edges of the dodecahedrane skeleton are also 
discussed in terms of the present USCI approach. 

Compounds of Ih symmetry have attracted attention 
of organic and inorganic chemists because of experi­
mental and theoretical interest. Among them, dodeca­
hedrane (C20H20), which was pointed out as a synthetic 
target by Kawai1) and later by Woodward,2), has been 
thoroughly investigated and recently successfully 
resolved by Paquette.3) Before and after this success­
ful synthetic elaboration, there emerged a vast number 
of experimental4'5'6) and theoretical works7) on 
dodecahedrane and its derivatives. Symmetrical 
properties of dodecahedrane have been studied by 
X-ray crystallographic determination.8) 

Total numbers of derivatives for mono to tetra-
substituted dodecahedranes have been obtained by using 
the Pôlya-Redfield theorem.9'10) Brocasn) has pre­
sented a systematic enumeration of dodecahedrane 
derivatives, which is based on double cosets and 
framework groups. Hässelbarth12) has reported an 
alternative method that is based on tables of marks. 
This method is capable of enumerating derivatives 
with respect to molecular formulas as well as to their 
symmetries and can be applied to the enumeration of 
dodecahedrane isomers. Mead13) has presented an 
alternative method and compared these methods by 
using common problems. 

We have reported a systematic enumeration of 
chemical structures in terms of unit subduced cycle 
indices (USCIs).14) This method is based on an inte­
gration of point-group and permutation-group theor­
ies. The key concepts of this approach are an orbit 
governed by a coset representation (CR) and the sub­
duction of such CRs. Advantages of this method, 
however, have not yet been proved, since tables of 
USCIs have been constructed only for D2, D3, D2h, D3h, 
T, and Td. The present paper deals with a general, 
method of enumerating chemical structures derived 
from a dodecahedrane skeleton (Ih) for the purpose of 
emphasizing the advantages of the USCI approach. 

Results and Discussion 

Table of Marks for Ih Point Group. We introduce 
the symbol (G(/Gi)) for denoting a coset representa­

tion determined by a group G and its subgroup Gi.14) 

Any permutation group is reduced into a sum of 
several coset representations. This reduction can be 
accomplished by using a table of marks that can go 
back to Burnside.15) However, such tables have been 
reported only for a restricted number of point 
groups.12'13'16) 

The Ih group of order 120 posesses a set of sub­
groups, SSG={Ci, C2, Cs, G, C3, D2, C2v, C2h, C5, D3, 
C3v, C&, Ö2h, D5, CÖV, Cöi, T, D3d, Död, Th, I, Ih}. We 
constructed the table of marks for Ih point group 
(Table 1) by (a) obtaining a multiplication table of I 
group that is isomorphic to the alternating group of 
degree 5, (b) extending this table to that of the Ih group 
in terms of Ih=I®Cs, (c) providing a coset decomposi­
tion of each subgroup, (d) obtaining the correspond­
ing coset representation (CR), and (e) counting fixed 
points in the CR with respect to every subgroup. 
This algorithm was programed with FORTRAN 77 
and executed on a VAX-11 /750 computer. 17> We then 
obtained the inverse of the mark table (Table 2). 

Orbits of Vertices, Bonds and Faces in Dodecahe­
drane. Dodecahedrane has 20 vertices (CH groups), 30 
C-C bonds, and 12 pentagonal faces. They respec­
tively construct equivalence classes. These classes are 
called orbits in accord with the terminology of permu­
tation group. Symmetry properties of each orbit is 
characterized by the corresponding coset representa­
tion (CR), which is determined by using a table of 
marks. An algorithm of the determination consists 
of (a) selection of a set of equivalent positions (ver­
tices, bonds, or faces), (b) counting points (positions) 
fixed on symmetry operations of every subgroup in the 
order of the SSG, and (c) compare the resulting fixed-
point vector (FPV) with every row of the table of 
marks. Then the row identical with the FPV indi­
cates the CR. 

For illustrating this procedure, let us examine do­
decahedrane (1). When we count fixed objects (vertices, 
etc) on all the symmetry operations of a subgroup, we 
obtain a fixed-point vector (FPV). For example, the 
examination of the 20 vertices affords an FPV=(20 0 4 
0 2 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0), which is collected in 
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Table 1. The Mark Table of Ih Group 

Cl C2 Cs Ci C3 D2 C2v C2h C5 D3 C3v C3i D2h D5 Cöv Cöi T D3d Död Th I Ih 

Ih(/Ci) 
Ih(/C2) 
Ih(/Cs) 
Ih(/Ci) 
Ih(/C3) 
Ih(/D2) 
Ih(/C2v) 
Ih(/C2h) 
Ih(/C5) 
Ih(/D3) 
Ih(/C3v) 
Ih(/C3i) 
Ih(/D2h) 
Ih(/D5) 
Ih(/C5v) 
Ih(/C5i) 
Ih(/T) 
Ih(/D3d) 
Ih(/D5d) 
Ih(/Th) 
Ih(/I) 
Ih(/Ih) 

120 
60 
60 
60 
40 
30 
30 
30 
24 
20 
20 
20 
15 
12 
12 
12 
10 
10 
6 
5 
2 
1 

0 
4 
0 
0 
0 
6 
2 
2 
0 
4 
0 
0 
3 
4 
0 
0 
2 
2 
2 
1 
2 
1 

0 
0 
4 
0 
0 
0 
4 
2 
0 
0 
4 
0 
3 
0 
4 
0 
0 
2 
2 
1 
0 
1 

0 
0 
0 

60 
0 
0 
0 

30 
0 
0 
0 

20 
15 
0 
0 

12 
0 

10 
6 
5 
0 
1 

0 
0 
0 
0 
4 
0 
0 
0 
0 
2 
2 
2 
0 
0 
0 
0 
4 
1 
0 
2 
2 
1 

0 
0 
0 
0 
0 
6 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
2 
0 
0 
1 
2 
1 

0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 
1 
0 
1 

0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
3 
0 
0 
0 
0 
2 
2 
1 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
2 
2 
2 
0 
0 
1 
0 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
1 
0 
2 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 
1 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
1 
0 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
1 
0 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
1 
0 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
1 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

Table 2. The Inverse of the Mark Table of Ih Group 

Ci C2 Cs Ci C3 D2 C2V 
Coset representation"1' 

C2h Co D3 C3v C3i D2h D5 CÖV Cöi T D3d Död Th I Ih Sum 

C i 

C2 

Cs 

Ci 

C3 

D2 

C2v 

C2h 

c5 
D3 

C3v 

C3i 

D2h 

D5 

Cöv 

Cöi 

T 

D3d 

D5d 

Th 

I 

Ih 

1 
120 

_ i 
8 

_ 1 
8 

_ 1 
120 

_ 1 
12 
1 

Ï2 
1 
4 
1 
4 

_ 1 
20 
1 
4 
1 
4 
1 

12 
_ 1 

T 
1 
4 
1 
4 
1 

20 
1 
6 

_ 1 
2 

_ 1 
2 

_ 1 
6 

_ 1 
2 
1 
2 

0 
1 
4 

0 
0 
0 

—-i-
—-i-

—-J-
0 

_ 1 
2 

0 
0 
1 
2 

_ 1 
2 

0 
0 
0 
1 
2 
1 
2 

0 
1 

- 1 

0 
0 
1 
4 

0 
0 
0 

_ 1 
2 

_ 1 
4 

0 
0 

_ 1 
2 

0 
1 
2 

0 
_ 1 

2 

0 
0 
1 
2 
1 
2 

0 
0 
0 

0 
0 
0 
1 

60 

0 
0 
0 

_ 1 
4 

0 
0 
0 

_ 1 
6 

1 
6 

0 
0 

_ 1 
10 

0 
1 
2 
1 
2 
1 
3 

0 
- 1 

a) The symbol Gi is an 

0 
0 
0 
0 
1 
4 

0 
0 
0 
0 

— T 
— T 
— T 
0 
0 
0 
0 

_ 1 
2 

1 
2 

0 
1 
2 
1 
2 

_ 1 
2 

0 
0 
0 
0 
0 
1 
6 

0 
0 
0 
0 
0 
0 

_ 1 
6 

0 
0 
0 

_ 1 
6 

0 
0 
1 
6 

0 
0 

0 
0 
0 
0 
0 
0 
1 
2 

0 
0 
0 
0 
0 

_ 1 
2 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 
0 
0 

_ 1 
2 

0 
0 
0 
0 

- 1 
- 1 
0 
0 
2 

0 
0 
0 
0 
0 
0 
0 
0 
1 
4 

0 
0 
0 
0 

_ 1 
4 

_ 1 
4 

_ 1 
4 

0 
0 
1 
2 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 
0 
0 
0 
0 
0 

_ 1 
2 

0 
0 

_ 1 
2 

1 
2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 
0 
0 
0 
0 

_ 1 
2 

0 
0 
0 
0 

abbreviation of Ih(/Gi), where G 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 
0 
0 
0 

_ 1 
2 

0 
- 1 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
3 

0 
0 
0 
0 
0 
0 

_ 1 
3 

0 
0 

i=Ci , G2 : 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 
0 
0 

_ 1 
2 

0 
_ 1 

2 
1 
2 

=C2, 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 
0 

_ 1 
2 

0 
0 
0 

^ 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 

_ 1 
2 

0 
0 
0 

=h. 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

0 
0 

_ 1 
2 

_ 1 
2 

1 
2 

For 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 

- 1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 

- 1 

example, 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 

- 1 

we 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 

_ 1 
2 

lere i 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

1 
120 
1 
8 
1 
8 
1 

120 
1 
6 

0 
0 
0 
1 
5 

0 
0 
1 
6 

0 
0 
0 
1 
5 

0 
0 
0 
0 
0 
0 

nseC2 

for Ih(/C2). b) Sum=2^;ï-
1=1 

the order of the above SSG. This vector is identical 
with the Ih(/C3v) row of Table 1. Hence, we conclude 
that the 20 methines are subject to the coset representa­
tion (Ih(/C3v)). In a similar way, the set of 30 bonds is i=\ 
concluded to be subject to the CR (Ih(/C2v)), while the which is subject to a CR (G(/G*)). Here, the non-

set of 12 faces is shown to belong to Ih(/Csv). 
In general, the substitution positions (A) of a parent 

s 

skeleton are classified into 2 ai orbits {Aia) each of 
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negative integer (ai) is the multiplicity of the CR. 
Construction of a Table of Unit Subduced Cycle 

Indices for Ih Group. Let G be a finite group. Sup­
pose that the group G has an SSG={Gi, G2, ..., G5}. 
Since a subduced representation (G(/G*)JGy) is intran­
sitive in general, this can be reduced into a sum of 
coset representations of Gy in terms of 

G(/GOlGy=Sißf)Gy(/G^), (1) 

for z=l, 2, ..., s and ;=1,2, ..., s, wherein a set of 
subgroups of Gy is represented by SSGy={G1

(;'), G^, ..., 
G®}. The multiplicities (ß{

k
i])) are obtained by solv­

ing the following equations: 

vi^ß^mfl (2) 

for 1=1, 2, ..., VJ, where v\ is the mark of Gf in 
G(/G,-)1G/.14> 

Equation 1 indicates a division of an orbit (Aia) into 
several suborbits (Affi for k=l, 2, ..., VJ and j3=l, 2,... , 
ßjffi), each of which is subject to Gy(/G^). Since the 
length of the suborbit (AW) is represented by 
dyÄ=|Gy|/|G^')|, we define a unit subduced cycle indes 
with chirality fittingness (USCI-CF) by 

Z(G(/G;)lGy; $($) =^($§¥1®, (3) 

for each action of G(/G*)JGy on Aia. The superscript 
(ia) corresponds to the orbit (Aia) that is subject to 
G(/Gi)JGy. The symbol ($) represents a for an achi-
ral part in which Gy is an achiral point group and G ^ 
is also an achiral point group; b for a neutral part in 
which Gy is a chiral point group and G ^ is also a 
chiral point group; or c in a chiral part in which Gy is 
an a chiral point group and G ^ is a chiral point 
group.18) for example, the subduction represented by 

Ih(/C3v) I Cs = 4Cs(/Cs) + 8CS(/Ci) (4) 

affords a USCI (a\c\) in which a\ corresponds to the 
achiral part (4CS(/CS)) and c\ stems from the chiral 
part (8Cs(/Ci)). Note that the degree of Cs(/Cs) is 
equal to 1, since this is an identity representation and 
that the CR (G(/Ci)) has a degree of 2 (= |C, | / |Ci | ) . 

When we substitute s for $ for all the cases, we can 
obtain a unit subduced cycle index (USCI), i.e., 

Z(G(/GOIGy;rf;)) = & r f ; ) ^ (5) 
' k—l 

for each action of G(/G*)JGy on Aia. 
We calculated USCIs for the Ih point group (Table 

3). The algorithm of this calculation consists of (a) 
subducing each CR (see above) to every subgroup, (b) 
calculating an FPV for the subgroup, (c) multiplying 
the FPV by the inverse of the table of marks for the 
subgroup to give multiplicities in the form of a row 
vector, (ß[«\ ßß\ ..., ß<Jp), and (d) introducing them 

into Eqs. 3 and 5. This algorithm was programed 
with FORTRAN 77 and executed on a VAX-11/750 
computer. Table 3 contains only USCI-CFs. The 
corresponding USCIs are easily obtained by substitut­
ing a variable (s) for every a, b, and c. 

Dodecahedrane Derivatives with Achiral Substitu-
ents. A subduced cycle index (SCI) for every sub­
group is defined as a product of USCIs over all partici­
pating orbits (Aia).u) This is expressed by 

ZI(G;; s#>) = Ô n Z(G(/G01 Gy; s#>) (6) 

for;—1,2, ...,s. Suppose that we select\A\ of substitu-
ents from a set represented by X={Xi, X2,..., X|x|}. In 
order to obtain a generating function for an FPV, the 
sffl term is replaced by a figure-inventory which is 
defined as 

S^^W^Xr)^, (7) 
; r = l 

where wia(Xr)
dJk denotes the weight of the Xr sub­

stituent. 
In order to enumerate isomers of fixed symmetry for 

substituted dodecahedranes with C20H20-/?-qXpYq, we 
first constructed such SCIs for yielding generating 
functions. Since the vertices of the dodecahedrane 
skeleton belong to a single orbit governed by In(/G3v), 
we adopted the In(/C3v) row of Table 3 to generate the 
SCIs for this case. A figure inventory was selected as 
being 

sd=l + x* + yd, (8) 

where x and y are weights for counting X- and Y-
substitutions. This was introduced into the SCIs to 
provide the following generating functions, 

s f = (l+x+y)20 for Ci, 

s£° = (l+x2+y2)10forC2, 

•sls! = (l+x+y)4(l+x2+y2)8 for Cs, 

si° = (l+x2+y2)10forCi, 

44 = (l+x+y)2(l+x3+y3)6 for Cs, 

5? = (l+x4+y4)5forD2 , 

5 ^ = (l+x2+y2)4(l+x4+y4)3 for C2v, 

4s\ = (l+x2+y2)2(l+x4+y4)4 for C2h, 

s! = (l+x5+y5)4forC5, 

s2s
3
6 = (l+x2+y2)(l+x6+y6)3 for D3, 

5?i|5| = (l+x+y)2(l+x3+y3)2(l+x6+y6)2 for C3v, 

s2sjj = (l+x2+y2)(l+x6+y6)3 for Ca, 

s\ss = (l+x*+yi)3(l+xli+yg) for D2h, 

52
0 = (l+x10+y10)2forD5 , 

5̂  = (l+x5+y5)4forC5v, 

52
0 = (l+x1"+y1<')2forC5i, 

4si2=(i+*4+y4)2(i+*12+:y12) for T , 

•s2.vi2=(i+^+y2)(i+x6+y6)(i+x12+y12) for D3d, 
52

0 = (l+x10+y10)2forD5d, 

(9) 

(10) 

(11) 
(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 



Tab le 3. U n i t Subduced Cycle Indices for Ih G r o u p ' 

Ih(/Ci) 

Ih(/C2) 

Ih(/Cs) 

Ih(/Q) 

Ih(/C3) 

Ih(/D2) 

Ih(/C2v) 

Ih(/C2h) 

Ih(/C5) 

Ih(/D3) 

Ih(/C3v) 

Ih(/C3i) 

Ih(/D2h) 

Ih(/D5) 

Ih(/C5v) 

Ih(/C5i) 

Ih(/T) 

Ih(/D3d) 

Ih(/D5d) 

Ih(/Th) 

Ih(/I) 

Ih(/Ih) 

s 

t '= l 

Ci 

bf° 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

bf 

b\ 

b\ 

b\ 

bi 

ï 
120 

c2 
bf 

b\bf 

bf 

bf 

bf 

b\bf 

b\bf 

bib? 

bf 

b\b% 

bf 

bf 

b\b% 

b\b\ 

bî 

bî 

b\b\ 

b\b\ 

b\b\ 

bxbl 

bî 

bi 

ï 
8 

G 

cf 

cf 

a\cf 
~30 
c2 

r20 
c2 

cl5 

a\cf 

n2rU 
alc2 

A2 
c2 

c2 

44 
r10 
c2 

44 
r6 
C2 

44 
C2 

y5 

<^2 

44 
44 
a\4 

C2 

ai 

1 
8 

Ci 

~60 
C2 
~30 C2 
~30 c2 

al 

cf 

cf 

cf 
n30 
al 

cf 

cf 
c2 

n20 
al 

n15 
al 

c2 

c2 

af 

cl 

af 

a\ 

a\ 

Cï 

ai 

ï 
120 

Cs 

bf 

bf 

bf 

bf 

b\bf 

bf 

bf 

bf 

bî 

b\b% 

b\b% 

b\b% 

bl 

H 
H 
bî 

b\b\ 

bxb% 

bl 

b\bi 

bl 

bi 

ï 
6 

D2 

bf 

b\bf 

bf 

bf 

bf 

b\b\ 

b\b\ 

m 
bl 

blb\ 

bl 

bî 

b\b\ 

b% 

b\ 

b\ 

b\b\ 

bib* 

bl 

b\b\ 

4 
bi 

0 

C2v 

^30 
C4 

J2rU 6264 

a\cf 

cf 

C4 

r3r6 

c2c4 

44c\ 
4C2C\ 

4 
r2rA 

c2c4 
a\c\ 

c\ 
n3r3 

axc4 r2r2 

c2c4 
«2^4 

r3 

C4 

C2C\ 

4C2CA 

4C2 

a\c± 

C2 

ai 

0 

C2h 

~30 64 

r2rU 

c2c4 alcf 

af 

cf 
r3re c2c4 

a2c2c4 

a\cf 

cl 
c2ci 

a\c\ 

af 

a\a% 

C2Ci 

alc\ 

a\ 

C2C4 

a\a\ 

a\c\ 

a\a\ 

Cl 

a\ 

0 

Cs 

bf 

bf 

bf 

bf 

bî 

bî 

bî 

bî 

b\b\ 

H 
H 
bî 

bî 

b\b\ 

bîH 
b\b\ 

b\ 

bl 

bifo 

h 

bî 

bi 

1 
5 

D3 

bf 

Übt 

bf 

bf 

b\b% 

b%c% 

bîbi 

blbt 

bî 

b\blb\ 

b*b% 

b*b% 

b\U 

b\ 

bl 

bl 

b\bl 

bibzbz 

bl 

fo&3 
b\ 

bi 

0 

C3v 

cf 

cf 
n4r8 

« 3 ^ 6 
r10 

r2Jà 
C2CS 

4 
aî4 

a\4 
r4 
c6 

G24 
a\a\4 

C24 

4^ 
r2 

r4 

r2 

4c% 

« i « 3 « 6 

al 

C2az 

C2 

ai 

0 

c3i 
r20 

rlQ 

r10 

n20 

« 3 
C2CS 

r5 

r5 

n10 

r4 
c6 

C24 

C24 

44 
al 

r2 

r2 

ai 

4c* 

ai4 

al 

a\a$ 

C2 

ai 

1 
6 

D2h 

rib 
c8 

C4C8 

a4c6 

n15 

a4 
c8 

r3r3 
C2C8 

a2c8 

a\a\ 

r3 

c8 
C4C8 

«46-8 

al 

a\a\ 

cl 

al 

4 
C2C8 

a%a,i 

a% 

aia4 

C2 

ai 

0 

D5 

bfo 

bîb\0 

b\o 

b% 

b\0 

bî 

blbîo 

blbîo 

blb\o 

bî 

blo 

b\o 

bî 

b\bl 

b2bio 

b2bw 

bî 

bl 

bibö 

b5 

4 
bi 

0 

Cöv 

C10 

C10 

a 5 c 1 0 

c 10 

C10 

^10 

a%cm 

ab^lQ 

c2c\0 

4o 

4 
«10 

aï 
C2C10 

a\a\ 

C2C10 

ClO 

al 

ai«5 

«5 

C2 

ai 

0 

Coi 

cio 
cio 
c 10 

n12 

c 10 

^10 

^10 

aî 

c2àio 

4o 

c{o 

aî 

aî 

C2C10 

C2C10 

a\a\ 

ClO 

al 

aiC5 

«5 

C2 

ai 

1 
5 

T 

b\l 

blb\2 

b5i2 

42 

b\b\2 

blb\2 

be42 

be42 

bÎ2 

b\b\ 

b\bn 

b\bi2 

b^bi2 

h2 

bi2 

bi2 

b\b\ 

bïbe 

be 

bib\ 

4 
bi 

0 

D3d 

r10 
C12 

C6C12 

«6<:12 

a6 

C\C\2 

4CV2 
a\c%ci2 

ala\ 

C12 

C2C6C12 

a2a&ci2 

a2a\ 

a\a% 

r2 

4 
4 

C4C6 

aia%a% 

al 

a2« 3 

C2 

ai 

0 

D5d 

c 20 

Cio4o 

aio4o 

4o 

4o 

^10 

afo^io 

a2
5a

2io 

C4C20 

^10 

«10 

«10 

4 
C2C10 

a2Cio 

a2Cio 

ClO 

al 

aiCb 

«5 

C2 

ai 

0 

Th 

4A 

CVL4\ 

au4é 

«12 

4c^ 
CQC2A 

a%C2\ 

a$a\2 

C24 

C8C12 

C8ttl2 

a\ai2 

a 3 « i2 

Cl2 

«12 

«12 

C2C8 

Ü4Ü6 

a& 

aia\ 

C2 

ai 

0 

I 

~~&Ï7 
^io 

^60 

^60 

blo 

b% 

bzo 

bzo 

42 

b\o 

b20 

b20 

bi5 

bl 

bu 

bi2 

bl 

bio 

be 

b5 

4 
bi 

0 

Ih 

C120 

cm 

«60 

«60 

C40 

C30 

« 3 0 

« 3 0 

C24 

C20 

«20 

«20 

«15 

Cl2 

«12 

«12 

ClO 

«10 

«6 

«5 

C2 

ai 

0 

a) This table lists USCIs with chirality fittingness. They can be converted into the corresponding USCIs without chirality fittingness by substituting s for a, b, and c. 

< 
o 

o 
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Table 4. Coefficients Calculated from Generating Functions 

[20,0,0] 
[19,1,0] 
[18,2,0] 
[18,1,1] 
[17,3,0] 
[17,2,1] 
[16,4,0] 
[16,3,1] 
[16,2,2] 
[15,5,0] 
[15,4,1] 
[15,3,2] 
[14,6,0] 
[14,5,1] 
[14,4,2] 
[14,3,3] 
[13,7,0] 
[13,6,1] 
[13,5,2] 
[13,4,3] 
[12,8,0] 
[12,7,1] 
[12,6,2] 
[12,5,3] 
[12,4,4] 

Ci 

1 
20 
190 
380 
1140 
3420 
4845 
19380 
29070 
15504 
77520 
155040 
38760 

232560 
581400 
775200 
77520 

542640 
1627920 
2713200 
125970 

1007760 
3527160 
7054320 
8817900 

c2 
1 
0 
10 
0 
0 
0 
45 
0 
90 
0 
0 
0 

120 
0 

360 
0 
0 
0 
0 
0 

210 
0 

840 
0 

1260 

Cs 

1 
4 
14 
12 
36 
44 
77 
100 
158 
144 
208 
352 
232 
368 
728 
736 
336 
560 
1232 
1456 
434 
784 
1848 
2352 
2828 

Q 

1 
0 
10 
0 
0 
0 
45 
0 
90 
0 
0 
0 

120 
0 

360 
0 
0 
0 
0 
0 

210 
0 

840 
0 

1260 

c3 
1 
0 
1 
2 
6 
0 
12 
12 
0 
6 
12 
6 
15 
0 
0 
30 
30 
30 
0 
60 
15 
30 
15 
30 
60 

D2 
1 
0 
0 
0 
0 
0 
5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
10 
0 
0 
0 
20 

C2v 

1 
0 
4 
0 
0 
0 
9 
0 
12 
0 
0 
0 
16 
0 
24 
0 
0 
0 
0 
0 
22 
0 
40 
0 
48 

C2h 

1 
0 
2 
0 
0 
0 
5 
0 
2 
0 
0 
0 
8 
0 
8 
0 
0 
0 
0 
0 
10 
0 
8 
0 
20 

c5 
1 
0 
0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 
0 
3 
0 
3 
0 
0 

C3v 

1 
2 
1 
2 
2 
0 
4 
0 
0 
2 
4 
2 
3 
0 
0 
2 
6 
6 
0 
4 
3 
6 
3 
2 
4 

c& 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 
0 
3 
0 
3 
0 
0 

D2h 
1 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 
6 

D5 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Cöv 

1 
0 
0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Cöi 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

T 

1 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
2 

D3d 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 

D5d 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Th 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 

I 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Ih 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

s8s12 = (l+x8+y8)(l+x12+y12) for Th, (28) 

s20=l+x20+y20forl, (29) 

and 

52o = l+x20+y20forlh. (30) 

Expansion of the right-hand side of each equation 
afforded a generating function, in which the coeffi­
cient of term xPyq indicates the number of fixed points 
with xPyq and the respective subsymmetry. Table 4 
collects selected results of these expansions. We use 
an index [20—p—q, p, q] for xPyq, xQyP, x^-p-QyP, 
xW-p-qyq, xPy20~P~(i) and x ^ o - p - ^ since these 
terms have equal coefficients. This index corre­
sponds to the molecular formulas, C2oH.20-p-qXpYq, 
C2oH2o-/?-gX^Yp, C2oHgX2o-/?-^Yp, C2oH-pX2o-p-qYq, 
C2oHgXpY2o-p-<7, and C2oH-pXqY2o-p-q. 

With respect to every xPyv term, we can obtain a row 
vector (FPV), the elements of which are the coeffi­
cients of the xPyq term appearing in the respective 
equations for the subsymmetries of Ih. For the 
[12,4,4] case, we obtain an FPV=(8817900 1260 2828 
1260 60 20 48 20 0 0 4 0 6 0 0 0 2 0 0 0 0 0) by collecting 
the coefficients of the corresponding terms (e.g. xAyA) 
appearing in the right-hand side of each generating 
function. Note that the elements of the FPV are 
aligned in the order of the SSG described above. The 
multiplication of the FPV by the inverse (Table 2) 
affords a row vector, (72974 296 679 17 13 2 21 7 0 0 2 0 
2 0 0 0 1 0 0 0 0 0). This vector indicates that there 
emerge 72974 Ci-isomers, 296 C2-isomers, 679 Cs-
isomers, 17 G-isomers, 13 C3-isomers, 2 D2-isomers, 21 
C2v-isomers, 7 C2h-isomers, 2 C3v-isomers, 2 D2h-

isomers, and one T-isomers. Since we count every 
enantiomeric pair in this enumeration, each chiral 
derivative and its antipode are pairwise counted in, 
while each achiral derivative is counted once in itself. 
Similarly, we enumerate isomers with every index 
[20—p—q,p,q], as is shown in Table 5. Among the 
values listed in this table, the values of the [20—p,pfi] 
cases are identical with those of Brocas' alternative 
enumeration.11) 

In order to verify the results collected in Table 5, 
we depict several chiral derivatives. Fig. 1 illus­
trates seven D2-derivatives, where the [20—p—q,p,q]-

[12,8,0] [12.4,4] [12,4,4] 

Fig. 1. D2-Molecules drived from 1. 
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Table 5. Number of Dodecahedrane Derivatives with Achiral Substituents 

[20,0,0] 
[19,1,0] 
[18,2,0] 
[18,1,1] 
[17,3,0] 
[17,2,1] 
[16,4,0] 
[16,3,1] 
[16,2,2] 
[15,5,0] 
[15,4,1] 
[15,3,2] 
[14,6,0] 
[14,5,1] 
[14,4,2] 
[14,3,3] 
[13,7,0] 
[13,6,1] 
[13,5,2] 
[13,4,3] 
[12,8,0] 
[12,7,1] 
[12,6,2] 
[12,5,3] 
[12,4,4] 
[11,9,0] 
[11,8,1] 
[11,7,2] 
[11,6,3] 
[11,5,4] 
[10,10,0] 
[10,9,1] 
[10,8,2] 
[10,7,3] 
[10,6,4] 
[10,5,5] 
[9,9,2] 
[9,8,3] 
[9,7,4] 
[9,6,5] 
[8,8,4] 
[8,7,5] 
[8,6,6] 

Ci 

0 
0 
0 
2 
5 
23 
28 
148 
214 
112 
620 
1248 
284 
1892 
4714 
6366 
603 

4451 
13412 
22424 
975 

8299 
29062 
58490 
72974 
1336 

12478 
50080 
117148 
175812 

1448 
15262 
68770 
184216 
322254 
387192 
76596 

230345 
460972 
645592 
518280 
830212 
968140 

[7,7,6] 1107124 

c2 
0 
0 
1 
0 
0 
0 
8 
0 
19 
0 
0 
0 
23 
0 
82 
0 
0 
0 
0 
0 
43 
0 

197 
0 

296 
0 
0 
0 
0 
0 
54 
0 

300 
0 

606 
0 
0 
0 
0 
0 

756 
0 

1017 
0 

Cs 

0 
0 
1 
2 
8 
11 
13 
25 
33 
33 
50 
87 
47 
92 
168 
183 
81 
137 
308 
362 
96 
193 
439 
587 
679 
124 
238 
616 
838 
1092 
112 
262 
694 
1060 
1452 
1590 
768 
1188 
1816 
2098 
1864 
2380 
2533 
2794 

G 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
0 
2 
0 
12 
0 
17 
0 
0 
0 
0 
0 
2 
0 
18 
0 
36 
0 
0 
0 
0 
0 
46 
0 
63 
0 

C3 
0 
0 
0 
0 
1 
0 
1 
3 
0 
1 
2 
1 
2 
0 
0 
7 
6 
6 
0 
14 
2 
6 
2 
7 
13 
4 
0 
0 
14 
0 
8 
8 
0 
28 
28 
0 
4 
14 
28 
14 
0 
6 
18 
42 

D2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 

C2v 

0 
0 
2 
0 
0 
0 
3 
0 
6 
0 
0 
0 
8 
0 
12 
0 
0 
0 
0 
0 
9 
0 
20 
0 
21 
0 
0 
0 
0 
0 
12 
0 
24 
0 
36 
0 
0 
0 
0 
0 
36 
0 
48 
0 

C2h 

0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
3 
0 
4 
0 
0 
0 
0 
0 
2 
0 
3 
0 
7 
0 
0 
0 
0 
0 
4 
0 
6 
0 
12 
0 
0 
0 
0 
0 
12 
0 
12 
0 

c5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 

C3v 

0 
1 
0 
1 
1 
0 
2 
0 
0 
1 
2 
1 
1 
0 
0 
1 
3 
3 
0 
2 
1 
3 
1 
1 
2 
2 
0 
0 
2 
0 
4 
4 
0 
4 
4 
0 
2 
0 
4 
2 
0 
0 
3 
6 

C3i 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 

D2h 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 

D5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Cöv 

0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
6 
0 
0 
0 
0 
0 
0 
0 
0 

Cöi 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

T 

0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3d 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D5d 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Th 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

I 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Ih 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Total 

1 
1 
5 
5 
15 
34 
58 
176 
274 
149 
674 
1337 
371 
1984 
4984 
6557 
693 

4597 
13720 
22802 
1135 
8501 

29739 
59085 
74014 
1466 

12716 
50696 
118002 
176904 

1648 
15536 
69812 
185308 
324428 
388788 
77370 

231550 
462820 
647706 
521000 
832592 
971840 
1109966 

molecule is represented with p open circles and q 
solid circles. There appear one [12,8,0]-isomer, two 
[12,4,4]-isomers and four [8,8,4]-isomers, as found in 
the D2-column of Table 5. Note that such an index 
corresponds to several combinatorial possibilities. 
For example, the [12,8,0] index corresponds to 
C20H12X8, C20H12Y8, C20H8Y12, C20H8Y12, C20X12Y8, 

and C20X8Y12, if we select such substituents from H, X, 
andY. 

There are six D3-derivatives, as illustrated in Fig. 2. 
Each of these molecules holds a C3 axis lying through 
a pair of vertices which, for example, are denoted by 
solid circles in the [12,6,2]-moleucle of Fig. 2. Figure 
2 also depicts two T-molecules. The comparison of 
the T-[12,4,4]-molecule of Fig. 2 with the D2-[12,4,4]-
molecules of Fig. 1 clarifies the geometrical relation­

ship between them. 
Figure 3 collects all isomers with an index [18,1,1]. 

This contains two asymmetric (Ci) isomers, two Cs-
isomers and one C3v-isomer. 

Figure 4 depicts achiral dodecahedrane derivatives 
of high symmetry. A comparison between the Th-
[12,8,0]-molecule of Fig. 4 and the T-[12,4,4]-molecule 
of Fig. 2 clarifies the strerochemical equivalency of the 
respective vertices. Thus, the 8 vertices of the former 
molecule are subject to Th(/C3), and both the sets of 
four equivalent vertices in the latter compound are 
governed by T(/C3). This type of correspondence 
will be discussed elsewhere.19) 

Table 5 indicates absence of C5-, D5-, Csi-, and I-
derivatives in this series. These have been referred to 
as phantom subgroups, the absence of which was 
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proved by a rather laborious method.n) The present 
approach provides us with a simpler proof to clarify 
non-existence of these subgroups. Compare the 
USCI of the C5 group (si) with that of Csv (4) for an 
orbit governed by Ih(/C3v). The USCI (55) indicates 
an orbit occupied by atoms, A5B5C5D5. Even if this 
occupation is effected to realize C5, the resulting mole­
cule has Csv symmetry, because the two cases have 
the same USCI. This means non-existence of C5-
derivatives. Similarly, the examination of USCI of 
the Ih(/Cav) row, i.e., D5 (s?0) VS. D5d (Ä?0),

 c5i («s?0), vs. 
Död (̂ io)> a n d I (520) vs. Ih (S20), indicates non-existence of 

D5-, Ca- and I-derivatives. 
The total number of isomers with each xPyq term is 

obtained by summing up the corresponding row of 
Table 5. This value is listed in the rightmost column 
of Table 5. This is calculated alternatively by using a 
cycle index (CI). The cycle index is obtained by 
means of the data collected in Table 3. 

CI(Td;sd) = (1/120)5?° + (1/8)4° + (1/8)44 + (1/120)4° 

+ (1/6)44 + (1/5)4 + (1/6)5,4 + (l/5)4o 

; (l/120)(4°+164°+1544+2044+244 

+20524+244o), (31) 

D3 

[14,6,0] [l2,8,0] 

[8, 6, 6] [8,6,6] 

[12,6,2] 

[8,6,6] 

Ci 

c3v 

Fig. 3. [18,l,l]-Isomers drived from 1 with H, X, and 
Fig. 2. D3- and T-Molecules drived from 1. Y. 

~3i 

J2h 

[14,6,0] [12,6,2] 

[12,8,0] 

6,6] [8,6,6] [8,6,6] 

[l2,4,4] [8,8,4] 

J3d 

-5v 

[18,2,0] [l4-,6,0] [12,80] [12.6,2] 

IHM Ffh^H TQd£ 

[15,5.0] [15,5,0]' [10,10,0] [lOJO.O] 

[10,5,5] [l0,5,5] [10,5,5] [10,5,5] 

Fig. 4. Achiral dodecahedrane derivtives of high symmetries. 
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where each term is selected from the Ih(/C3v) row; and 
its coefficient is the factor found in the bottom of the 
table. This equation can be proved to be identical 
with what is obtained alternatively by Pôlya's theo­
rem.20) After introduction of the figure inventory 
(Eq. 8) into this CI, we expand the resulting equation 
to give a generating function, whose coefficients are 
proved to be equal to the value collected in the right­
most column of Table 5. 

Dodecahedrane Derivatives with Achiral and Chiral 
Substituents. Substitution of chiral substituents on 
an achiral skeleton is one of the strategies that gener­
ate chiral compounds of high symmetry.21'22) For 
example, a chiral molecule of T symmetry has been 
synthesized from an adamantane (Td) skeleton in light 
of this strategy.23) The next question is what symme­
tries are realized on the basis of a dodecahedrane 
skeleton if chiral substituents are permitted. We are 
able to solve this problem by introducing a subduced 
cycle index with chirality fittingness (SCI-CF), which 
is defined as 

ZI(Gy; $ffl) = Ô n Z(G(/Gi) I G;; $ffl) (32) 

for;=l ,2, ...,s.18> 
In order to obtain a generating function for the FPV 

of each subsymmetry, we replace the $ffî term in Eq. 
32 by one of the following figure inventories, 

a(j«) = >g wi^xto)** for $ = a, (33) 

*>$ = ë iMXr)4* for $ = b, (34) 

and 

b^ = ̂ wia(X^)^ + 2 ê [wia(X^Wia(XfY,k] for $=c, 
]< r=\ r=\ 

(35) 

where the symbol (X{
r
a)) denotes an achiral substituent; 

the symbol (Xr) denotes any sub-stituent; and X{
r
c) and 

X{
r
c#) are a pair of antipodes. 
For simplicity of discusssion, we consider a hydro­

gen atom, a chiral substituent (R) and its antipode (S) 
as substituents. In this case, we adopted USCI-CFs 
appearing in the Ih(/C3v) row of Table 3. Each of the 
monomials in this row, by itself, is the SCI-CF of the 
corresponding subsymmetry, since there is only one 
orbit. If Eqs. 33—35 are applied to this case, figure 
inventories are selected to be 

ad=\, (36) 

bd=l+rd + s*, (37) 

and 

cd=l+2(rs)**, (38) 

where r and s are concerned with the substitution of R 
and S. They are then introduced into the SCI-CFs to 

provide the following generating functions, 

è f = (l+r+s)2 0forCi, 

è2° = (l+r2+s2)ioforC2, 

aM = (l+2rs)8forC s , 

cf = (l+2rs)i°forCi, 

è?èjj = (l+r+5)2(l+rH-s3)6 for Cs, 

^ = (l+rH-s4)5forD2, 

a^! = (l+2r2s2)3forC2v, 

a|cH(l+2r252)4£orC2h, 

&t = (l+rH-55)4forc5, 
è2è| = (l+r2+52)(H-r«+56)3 for D3, 

afalci = (l+2r%2)2forC3v, 

c2&| = (l+2r5)(l+2r353)3 for Cs,, 

atc8=l+2r454forD2h, 

&2o = (l+r10+510)2forD5, 

a\ — 1 for CÖV, 

c2
0 = (H-2r555)2forc5i, 

6^i2 = (l+r4+Ä4)2(H-f12+5li!) for T, 

W i 2 ~ l+2r656 for D3d, 

a 2
0 = l for D5d, 

c8a12= \+2r*s* for Th, 
&2 0=l+r2 0+s2 0forl , 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 

(58) 
(59) 

a20
 = 1 for Ih. (60) 

The right-hand side of each equation is expanded to 
afford a generating function. Since terms rPs^ and 
rQsP express a pair of antipodes, coefficients of the 
paired terms are summed up to give the number of 
fixed points. In the case of p=q, the coefficient of 
rPsQ by itself represents the number. 

In order to illustrate a procedure, we examine the 
coefficients of the term r4 (and s4) appearing in the 
respective expansions. Thus, we obtain the corres­
ponding FPV as being (4845X2 45X2 0 0 12X2 5X2 0 0 
0 0 0 0 0 0 0 0 2X2 0 0 0 0 0). The multiplication by 2 
takes account of a pairwise appearance of antipodes. 
The FPV is multiplied by the inverse (Table 2) to 
afford a row vector, (69 20 0 0 4 1 0 0 0 0 0 0 0 0 0 0 2 0 0 
0 0 0). This vector indicates that there are 69 Ci 
enantiomeric pairs, 20 C2 pairs, 4 C3 pairs, one D2 
pair, and two T pairs in the case of R4 (and S4) 
subsitution. Figure 5 depicts C3, D2, and T isomers. 
The substituents (R) for D2 group can have any chiral 
symmetry; however, the respective R substituents on 
the C3 axis of the C3 and T-molecules should belong to 
C3-symmetry. It should be noted that the two deriva­
tives of T-symmetry in Fig. 5 are diastereomeric to 
each other. 

Results for other terms can be obtained in a similar 
way. Table 6 lists the results for terms having a 
power of less than 5. 

Bond-Modification of a Dodecahedrane Skeleton. 
The 30 bonds of dodecahedrane (1) can be regarded as 
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Table 6. Number of Dodecahedrane Derivatives with Achiral and Chiral Substituents 

Term 

r5s5 

r5sA-\-y4s5 

r5s3+r3s5 

r5s2+r2s5 

r5s+rs5 

r5+s5 

r4*4 

i^s^r3^ 
r*s2+r2s* 
rts+rs* 
r^+s4 

r 3 5 3 

r3s2-\~r2s3 

r3s+rs3 

r3+s3 

r2s2 

r2s+rs2 

r2+s2 

rs 
r+s 
1 

C i 

387696 
352716 
117567 
27132 
3876 
257 

73163 
45120 
9600 
1290 

69 
6395 
2583 
321 

18 
219 

57 
1 
1 
0 
0 

c2 
0 
0 
0 
0 
0 
0 

302 
0 

180 
0 

20 
0 
0 
0 
0 

19 
0 
4 
0 
0 
0 

Cs 

448 
0 
0 
0 
8 
0 

269 
0 
0 
0 
0 

110 
0 
0 
0 

23 
0 
0 
4 
0 
0 

G 

134 
0 
0 
0 
0 
0 

49 
0 
0 
0 
0 

15 
0 
0 
3 
1 
0 
0 
0 
0 
0 

c3 
0 
0 

15 
0 
0 
3 

12 
300 

0 
6 
4 
5 
3 
6 
0 
0 
0 
6 
0 
1 
0 

D2 

0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

C2v 

0 
0 
0 
0 
0 
0 
5 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 

C2h 

0 
0 
0 
0 
0 
0 

11 
0 
0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
0 

c5 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 

C3v 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 

c& 
0 
0 
0 
0 
0 
0 
4 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
0 
1 
0 
0 

D2h 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D5 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Cöv 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Csi 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

T 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D3d 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

D5d 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Th 

0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

I 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Ih 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

membered ring. This figure inventory was intro­
duced into the SCIs to provide the following generat­
ing functions, 

sf = ( l+x) 3 0 fo rG, 

4 4 4 = (l+x)2(l+x2)14 for C2, 

4s23 = (l+*)4(l+*2)13 for C„ 

sf = (l+x2)15forCi, 

5à° = (l+x3)10forC3, 
5|4 = (l+x2)3(l+x4)6 for D2, 

^ ! s ! = (l+x)2(l+x2)2(l+x4)6 for C2v, 

s!sS = (l+x2)3(l+x4)6 for C2h; 

s! = (l+x5)6forC5 , 

sfsi = ( 1 +x3)2( 1 +x6)4 for D3, 

5|5| = (l+X3)4(l+X6)3forC3v, 

s| = (l+x6)5forC3 i , 

s3
2s

3
8 = ( 1 +x2)3( 1 +x8)3 for D2h; 

s§s2
0 = (l+x5)2(l+x10)2 for D6, 

4sio = (l+*5)4(l+x10) for C5v, 

5f0 = (l+x1<')3forC5i, 

•V?2 = (l+x6)(l+x12)2 for T, 

4si2 = (l+*6)3(l+*12) for D3d, 

s?0 = (l+x10)3forD5d, 

V24 = (l+x6)(l+x24) for Th, 

s30=l+x3<>forl, 

(62) 

(63) 

(64) 

(65) 

(66) 

(67) 

(68) 

(69) 

(70) 

(71) 

(72) 

(73) 

(74) 

(75) 

(76) 

(77) 

(78) 

(79) 

(80) 

(81) 

(82) 

and 

530=l+x30forlh. (83) 

After expansion of these equations, the coefficients 
of terms xP(p=l to 30) are collected to give a 30X22 
matrix. This is multiplied by the inverse (Table 2) to 
give numbers of derivatives. The results are found in 

_ y — 

C3 

c chiral 

Fig. 5. Isomers drived from 1 having Hi6 and 4 
chiral ligands. 

substitution positions. One of such derivations is 
fusion of five-membered rings to an appropriate 
number of the bonds. If two or three of the rings 
meet at a vertex, they are allowed to hold a bond at the 
vertex in common. Thereby, we can obtain dodeca­
hedrane derivatives that consists of five-membered 
rings only. Another application of the bond-
modification is the retrosynthetic analysis of dodeca­
hedrane construction.3) If we place an appropiate 
number of out-bonds,24) we can obtain possible pre­
cursors to be considered in a synthetic design. 

Since the 30 bonds construct a single orbit governed 
by Ih(/C2v), the Ih(/C2v) row of Table 3 was selected for 
generating the SCIs of this case. A figure inventory 
was selected to be 

sd=l + xd, (61) 
where x is concerned with the substitution of a five-
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Table 7. Number of Derivatives due to Bond Modification 

Term 

x30, 1 
X29, X 

X28, X2 

X21, Xs 

v»26 y4 

X25, X5 

X2*, X6 

Y 23 y V 

X22, X 8 

v21 Y»9 

X 2 0 X 1 0 

Y 19 yll 

X18, X 1 2 

Y17 y 13 

yl6 Y 14 

X 1 5 

Ci 

0 
0 
0 
25 
199 
1124 
4801 
16698 
48297 
118482 
249269 
453741 
718865 
995764 
1209378 
1290082 

c2 
0 
0 
3 
5 
21 
41 
99 
176 
318 
486 
717 
986 
1204 
1484 
1554 
1688 

Cs 

0 
0 
4 
10 
34 
82 
175 
352 
604 
972 
1430 
1972 
2485 
2968 
3270 
3376 

Q 

0 
0 
0 
0 
0 
0 
4 
0 
15 
0 
40 
0 
69 
0 
89 
0 

c3 
0 
0 
0 
1 
0 
0 
8 
0 
0 
24 
0 
0 
43 
0 
0 
54 

D2 
0 
0 
0 
0 
1 
0 
3 
0 
5 
0 
7 
0 
9 
0 
12 
0 

C2v 

0 
1 
0 
2 
3 
7 
9 
12 
15 
21 
21 
30 
28 
35 
36 
40 

C2h 

0 
0 
0 
0 
3 
0 
6 
0 
15 
0 
18 
0 
24 
0 
36 
0 

c5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
2 

D3 
0 
0 
0 
1 
0 
0 
1 
0 
0 
4 
0 
0 
3 
0 
0 
6 

C3v 

0 
0 
0 
2 
0 
0 
3 
0 
0 
8 
0 
0 
9 
0 
0 
12 

c& 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 

D2h D 5 

0 
0 
1 
0 
1 
0 
0 
0 
0 
0 
3 
0 
3 
0 
1 
0 

0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
0 
0 
2 

Cöv 

0 
0 
0 
0 
0 
2 
0 
0 
0 
0 
2 
0 
0 
0 
0 
4 

Cöi 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

T 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 

D3d 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 
4 
0 
0 
0 

D5d 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 
0 
0 
0 

Th 

0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 

I 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Ih 

1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Total 

1 
1 
8 
46 
262 
1257 
5113 
17238 
49270 
119997 
251512 
456729 
422750 
1000251 
1214376 
1295266 

Fig. 6. A T-hydrocarbon by the edge substitution of 

Table 7. 
Figure 6 illustrates a T-molecule with the term (%12), 

which is a hydrocarbon (C48H52) posessing only five-
membered rings. We tentatively call this compound 
dodecapentagonododecahedrane. This is an interest­
ing synthetic target, since it is a chiral hydrocarbon of 
T-symmetry that has a completely fixed conforma­
tion. Compare this compound with a mobile T-
molecule reported.23) 

Table 7 indicates that a Ih(/C2v) orbit produces 
derivatives of C5 and of D5 symmetry, whereas these 
symmetries are not realized in a derivation based on an 
Ih(/C3v) orbit, as discussed in the case of permitting 
achiral substituents only (Table 5). On the other 
hand, derivatives of Csi and of I symmetry are forbid­
den in this Ih(/C2v) orbit as well as in the previous 
Ih(/C3v) orbit. Existence and non-exsistence of these 
symmetries in the present Ih(/C2v) case are rationalized 
by examining the Ih(/C2v) row of the table of USCIs 
(Table 3). 

Figure 7 illustrates the labeling of edges with out-
bonds (—1|—),24) which produces D2h-precursors. 
Among them, an x2-D2h-compound can be correlated 
with pagodane that was reported as a precursor of 
dodecahedrane.6) The number of these precursors 

Fig. 7. D2h-Precursors by the edge labeling of 1. 

c2 
D2h 

Fig. 8. Eight modes of bond scission corresponding 
to the x2 term. 

appears at the D2h column of Table 7. 
The x2 row of Table 7 indicates the number of 

precursors produced by cleaving two bonds of do-
decahedrane. Figure 8 depicts 8 modes of such bond 



October, 1990] Unit Subduced Cycle Indices 2769 

scission. 

Conclusion 

A method based on un i t subduced cycle indices 
(USCIs) is a versatile tool for enumera t ing h igh-
symmetry molecules. T h i s is verified by solving the 
enumera t ion problems of dodecahedrane derivatives, 
in which chiral as well as achiral subst i tut ion 
are taken in to consideration, and in which bond-
modification of the dodecahedrane skeleton is consi­
dered. Since the table of marks (and the inverse) and 
the table of USCIs for In g r o u p are given, it is possible 
to apply the present me thod to all of molecules of In 

symmetry. 
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on a D2d-Skeleton 

Shinsaku FUJITA 
Research Laboratories, Ashigara, Fuji Photo Film Co., Ltd., Minami-Ashigara, Kanagawa 250-01 

(Received May 10, 1990) 

A combination of the concept of unit subduced cycle indices (USCIs) and the Redfield-Read superposition 
theorem affords a new methodology of enumerating geometrical objects such as molecules and polyhedra. 
This method allows us to enumerate such objects with respect not only to their constitutions but also to their 
symmetries, in which subduced cycle indices (SCIs) derived from USCIs play an important role. Further 
derivation of a cycle index from the SCIs and its incorpotation with the superposition theorem are also 
discussed. The inverse of the mark table and the table of USCIs for D2d point group are presented for further 
applications of the USCI approach. 

Graph-theoretical approaches have contributed to 
physical and theoretical chemisty, since chemical 
structures are represented by a kind of graphs.1} 

Thus, various applications of graph theory have been 
reported in chemical field.2"5) One of the most im­
portant contributions is the systematic enumeration of 
chemical structures, in which group theory and com­
binatorics are incorporated.6'7) Thus, the Polya-Red-
field theorem has been widely utilized to solve most 
enumeration problems.8"11) An alternative formula­
tion of the Pôlya-Redfield theorem has been reported 
by Kerber et al.12) We have recently applied the 
Pôlya-Redfield theorem to the enumeration of 
organic reactions after slight modification.13"16) 

Ruch et al.17'18) applied double coset decompositions 
to counting chemical structures and rearrangement 
reactions. Davidson19) pointed out that such prob­
lems can be solved by using the Redfield-Read super­
position theorem, which was originally established by 
Redfield,11) rediscovered independently by Read20) 

and later refocussed by several mathematicians.21'22) 
Lloyd23) actually applied this theorem to chemical 
enumerations. All of these methods are capable of 
enumerating chemical objects with respect only to 
their weights (molecular formulas). 

On the other hand, more detailed enumerations 
concerning such weights as well as symmetries have 
been developed by several authors. For example, 
Sheehan,24) and later Hässelbarth25) presented a 
method using a table of marks which came from 
Burnside.26) Brocas27) proposed a method combining 
double cosets and framework groups. Mead28) 

reported an alternative formulation by connecting 
tables of marks and double cosets. 

We ourselves29) reported a new enumeration method 
based on unit subduced cycle indices (USCIs). The 
USCIs can be transformed into a cycle index which 
has an explicitly different form but is essentially 
equivant to Polya's cycle index.30) The USCI 
approach has been applied to various enumeration 

problems.31"33) Although this method is effective to 
chemical enumerations as well as to the related geo­
metrical or graph-theoretical enumerations, there still 
remain some apparent disadvantages. The USCI 
approach requires a table of USCIs for every point 
group; however, such tables are available at the 
moment only for a limited number of point groups. 
The evaluation process of fixed points in this 
approach is based on the expansion of generating 
functions; this process should be simplified for some 
purposes. In a continuation of our work, we will 
give the table of USCIs for D2d groups and indicate 
that a combination of the USCI approach and the 
Redfield-Read theorem provides a new methodology 
of solving the latter problem. 

The USCI Approach 

This section is devoted to giving a minimum set of 
equations for the present formulation. Let G be a 
finite group. Suppose that Gz is a representative of 
conjugate subgroups of G. We consider a set of such 
representatives, 

SSR = {Gi,G2, ...,G5}, (1) 

where each element is not conjugate to any other 
element and where Gi is an identity group and GS=G. 
Each element of the SSR is associated with a coset 
representation, G(/G,-), which comes from the corre­
sponding coset decomposition of G by G*. The coset 
representation (CR) is transitive permutation repre­
sentations. A set of CRs, 

SSR = {G(/Gi), G(/G2), ..., G(/G,)}, (2) 

is a complete list of such transitive permutation 
representations. Any permutation representation 
(PG) acting on a domain (A) can be reduced into a sum 
of CRs in the light of 

PG = 2 « , € ( / G I - ) I (3) 
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where a ; (^0 ) is the mult ipl ic i ty of G( /Gi ) . If we 
restrict the elements wi th in the subgroup Gy, the 
resul t ing subduced representat ion (SR), G(/Gi) 1 Gy, 
becomes an intransit ive representaion of the subgroup 
Gy. T h i s means that the SR can further be reduced in 
the sum of CRs of Gy in terms of 

G(/GOJGy = 2 0f>G,</GyiO, (4) 
k=\ 

for 2=1, 2, ..., s and ; = 1 , 2, ..., s, wherein Gy* is a 
subgroup Gy and the mul t ipl ic i ty (ß{

k
i])) is determined 

to be constant. 
In the l ight of Eqs. 3 and 4, we define a unit 

subduced cycle index (USCI), a subduced cycle index 
(SCI), and a cycle index (CI). 

Definition 1 (USCI, SCI, and CI). 
1) A un i t subduced cycle index (USCI) corre­

spond ing to Eq. 4 is defined as 

Z(G(/G0iGj;ddjk) = U(sdjk)^\ 
k=\ 

for i = l , 2, ..., s and ; = 1 , 2, ..., s, wherein 

d/* = |G;|/ |G/*|. 

for 2=1, 2, ..., s and ; = 1 , 2, ..., s, 
2) A subduced cycle index (SCI) is defined as 

ZI(Gjk; sdjk) = n Z(G(/G;) i Gy; sd]k) 

2 «,-rf-= n ( 5 , j 

(M) 

(5) 

(6) 

(7) 

(8) 

(9) 

for ; = 1 , 2, ..., s, where the cycle structure (fx) is repres­
ented by 

l/ii + 2/i2 + .. .+9M9 = l^|. (10) 

T h i s cycle structure is dependent u p o n /; however, this 
dependence is no t denoted for simplicity. 

3) A cycle index (CI) is defined as 

CI(G; sd]k) = ± ( 2 m;ï)ZI(Gy; sdjk), (11) 
y=i i=i 

where fnji is the ji e lement of the inverse of the mark 
table of G. 

In this paper , we work out D2d po in t g roup as an 
example . T h i s g r o u p has an SSG: 

SSRD2d = {Gi, C2, C£, Cs, S4, C2v, D2, D2d}, (12) 

Tab le 1 shows the inverse of the mark table of D2d 
p o i n t g roup . T h e r igh tmos t co lumn collects the 
s u m m of each row, wh ich has been used in the inner­
most parentheses of Eq. 11. 

In accord with the first of Def. 1-(1), Tab le 2 indi­
cates USCIs for D2d. 

Suppose that 0i of Xi , 02, of X2, ..., and 0|x| of X|x| 
are selected from a codomain , X={Xi, X2, ..., X|x |} , 

Table 1. The Inverse of the Mark Table 
for D2d Point Group 

Ci 
C2 

G 
Cs 

s4 
C2v 
D2 

D2d 

a; 

D2d Ö2d D2d D2d D2d D2d D2d D2d 

(/Ci) (/C2) (/Ci) (/Cs) (/S4) (/C2v) (/D2) (/D2d) 

1/8 0 0 0 
- 1 / 8 1/4 0 0 
- 1 / 4 0 1/2 0 
- 1 / 4 0 0 1/2 

0 - 1 / 4 0 0 
1/4 - 1 / 4 0 - 1 / 2 
1/4 - 1 / 4 - 1 / 2 0 
0 1/2 0 0 

s 

) Sum=^mji 

0 
0 
0 
0 

1/2 
0 
0 

- 1 / 2 

0 0 
0 0 
0 0 
0 0 
0 0 

1/2 0 
0 1/2 

- 1 / 2 - 1 / 2 

0 
0 
0 
0 
0 
0 
0 
1 

Suma) 

1/8 
1/8 
1/4 
1/4 
1/4 
0 
0 
0 

i=l 

Table 2. Unit Subduced Cycle Indices 
for D24 Point Group 

iCi iC2 iC2 iCs iS4 iC2v iD2 JD2( 

D2d(/Ci) 
D2d(/C2) 
D2d(/C£) 
D2d(/Cs) 
D2d(/S4) 
D2d(/C2v) 
D2d(/D2) 
D 2 d( /D 2 d) 

ç 8 

Ç 4 

c4 

4 
4 
4 
5 l 

c4 
s2 
c4 

4 
4 
4 
4 
Ç 2 

5 1 
5 l 

c4 
s2 
c2 
s2 

5 i 5 2 

si 
52 

52 
Ç 2 

5 1 
51 

4 
4 
4 

5?52 

52 
Ç 2 

5 1 
52 

51 

sl 
4 
5 4 

5 4 

c2 

52 

52 

51 

4 
4 
5 4 

4 
52 

4 
52 

51 

sl 
4 
c2 
s2 

5 4 

52 

52 

4 
51 

58 

5 4 

5 4 

5 4 

52 

52 

52 

51 

2my; 1/8 1/8 1/4 1/4 1/4 0 0 0 

wherein 

[0]:0i+02 + ... + 0|x| = MI-

•X , 

(13) 

has a T h e corresponding configurat ion, f:A-
weight (molecular formula) of 

We = X*X*...X$K (14) 

T h e number (Pey) of fixed configurations hav ing We 
and Gy is evaluated by the following lemma. 

Lemma 1 (Evaluation of Pey). 
A set of such numbers (Pay's) for the Gy sub symmetry 

is given as the coefficients of a generat ing function, 

*2Pe]We = Zl(G];sdjk), 
[0] 

(15) 

where the SCI of the r igh t -hand side is replaced by a 
figure-inventory, 

H-̂ 'Sx .̂ (16) 

Let the symmbol Aei be the number of configura­
tions wi th We and G;. If we consider a set con ta in ing 
all of configurat ions wi th We, the Aei is the n u m b e r of 
orbits wi th in this set of configurations. Hence, this 
is obtained in terms of 

Theorem 1. 

^01 = S Pojmji (17) 

for 2=1, 2, ..., s. T h e fol lowing example illustrates 
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subgroup of the SSG: 
o D^/q) 

enumeration procedures based on the USCI approach. 
This approach can be applied to any combinatorial 
enumerations, although we select this example from a 
chemical field. 

Example 1 (Derivatives of an adamantanedione 1). 
Let us enumerate molecules derived from an ada­

mantanedione (1). This parent molecule has D2d 
symmetry. The twelve hydrogens of this molecule 
are considered to be substitution positions which are 
replaced by X, Y, or Z. These twelve positions are 
divided into two orbits which are denoted by solid 
circles (4 bridgehead positions) and open circles (8 
bridge positions). The assignment of CRs to these 
orbits can be accomplished by examining a fixed-
point vector (FPV). In this case, we can obtain 
FPV=(12 0 0 2 0 0 0 0) by inspection of 1. This FPV 
is multiplied by the inverse of the mark table (1) to 
give (10 0 10 0 0 0), which indicates 

Pi = D2d(/Ci)+D2d(/Cs). (18) 

Obviously, a set of the 8 bridge positions is subject to 
D2d(/Ci) and that of the 4 bridgehead positions is 
governed by D2d(/Cs). Hence we adopt USCIs 
appearing at the D2d(/Ci) and D2d(/Cs) rows of Table 
2. In accord with Eq. 7, we construct an SCI for every 

forCi 
forC2 

for C2' 
forCs 
forS4 

for C2v 

forD2 

(s?)(s t ) = ( x + ) , + z ) 1 2 

(4)(5|) = (x2+y2+z2)6 

(4)(4*2) = (x+y+z)2(x2+),2+z2)5 

(52)(54) = (x4+y4+z4)3 

(S2
4)(S

2
4) = (x*+y*+Z*)*(x*+y*+Z*)* 

(5i)(54) = (^+),4+z4)3 

and 

for D2d : (s8)(s4) = (x4+y4+z4)(x8+);«+z8). 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

The left-hand side of each equation denotes an SCI for 
each subgroup, in which the first set of parentheses 
contains the USCI of the D2d(/Ci) row and the second 
contains the USCI of D2d(/Cs). The righ-hand side of 
each equation is obtained by introducing a figure 
inventory for this case, Sd=xd+yd+zd in the light of 
Lemma 1. 

The expansion of the right-hand sides of the equa­
tions affords generating functions, in which the POJ 
value with a partition [0]=[0i,02,03] (0i+02+03=12) 
and with the Gy symmetry is given as the coefficient of 
the xhyhzfo term. Obviously, the coefficients for 
[01,02,03], [02,03,01], [03,01,02], [01,03,02], [02,01,03], and 
[03,02,0i] are equal to each other. 

For illustrating a procedure for obtaining the 
numbers of isomers, we work out the case of xsy4, 
which is alternatively represented by a ligand parti­
tion, [8,4,0]. We collect the coefficients of the x8y4 

term after the expansion of the above generating func­
tions. We thereby obtain the FPV for the x*y4 term, 
i.e., FPV=(495 15 15 15 3 3 3 1). This FPV is multi-

Fig. 1. [8,4,0]-Molecules derived from âdamantane-2,6-dione. 
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Table 3. Number of Compounds Derived 
from the Skeleton (1) 

Ligand 

partition 

[12,0,0] 
[11,1,0] 
[10,2,0] 
[10,1,1] 
[9,3,0] 
[9,2,1] 
[8,4,0] 
[8,3,1] 
[8,2,2] 
[7,5,0] 
[7,4,1] 
[7,3,2] 
[6,6,0] 
[6,5,1] 
[6,4,2] 
[6,3,3] 
[5,5,2] 
[5,4,3] 
[4,4,4] 

Ci 

0 
1 
5 
16 
25 
80 
54 
245 
353 
94 
490 
980 
104 
688 
1696 
2300 
2064 
3450 
4278 

Number of isomers with 

C2 
0 
0 
1 
0 
0 
0 
2 
0 
7 
0 
0 
0 
4 
0 
14 
0 
0 
0 
18 

a 
0 
0 
3 
0 
0 
0 
6 
0 
15 
0 
0 
0 
10 
0 
30 
0 
0 
0 
42 

Cs 

0 
1 
2 
1 
5 
5 
6 
5 
14 
10 
10 
20 
8 
10 
28 
20 
30 
30 
42 

s4 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 

C2v 

0 
0 
1 
0 
0 
0 
1 
0 
1 
0 
0 
0 
2 
0 
2 
0 
0 
0 
3 

D2 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 

D2d 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Total 

1 
2 
12 
17 
30 
85 
72 
250 
330 
104 
500 
1000 
128 
698 
1770 
2320 
2094 
3480 
4389 

plied by the inverse (Table 1) to give a row vector, (54 2 
6 6 1 1 1 1 ) , which indicates the numbers in the order 
of the SSG. This means that, as XsY^isomres, there 
emerge 54 Ci (asymmetric) isomers, 2 C2, 6 C2', 6 Cs 
isomers, one S4, one C2v, one D2, and one D2d isomer. 

This type of calculation is repeated over all parti­
tions [0] to give Table 3, in which the intersection 
between [01,02,03] and a subsymmetry indicates the 
number of isomers. 

For the verification of the values in Table 3, Fig. 1 
lists isomers with [8,4,0] and symmetries other than 
Ci. The present enumeration clarifies both the 
molecular formula (or the ligand partition) and the 
symmtery of an isomer. Hence, we can easily draw a 
concrete structure of the isomer. 

Alternative Evaluation of pej 

In the enumeration described in the previous sec­
tion, the evaluation of the Pej value is accomplished by 
expanding a generating function (Eq. 15). This 
method affords a full list of Pej over all of the [0] 
partitions. However, there are many cases in which a 
specific case of [0] is to be examined. 

Suppose the domain A of G symmetry, which is 
originally divided in several orbits (3), is restricted 
within its subsymmetry Gy. This process results in 
the subduction of the domain, 

PG,- = S«.-G(/G,-)lGy (27) 
1=1 

which provides the subdivision of the domain repres­
ented by the SCI (Eq. 7 or 8). This SCI indicates a 
pattern of occupation of ligands. Although we con­
sider a direct occupation of ligands on this divided 
domain in the previous treatment, we here introduce a 

slightly different formulation. 
We consider a ligand partition [0] represented by 

Eq. 13. Let S(6r) be the symmetric group of each ligand 
set associated with 0r. We define a cycle index for this 
symmetric group of degree 0r as being 

1 
CI($«>r); 5 ) = 2 n{v{Br))S

Vfr)sVfr) . . . S ^ r ) t ßß) 

0r ! {v{Br)) 

where the cycle structure (p(6r)) is represented by 

(v(0r)) : 1 vi(6r) + 2v2(0r) +... + erVQr{Br) = Br, (29) 

and where 

*Wr)) = ; • (30) 
\Mer)Vl(dr)\2^dr)v2(dr)\ ... &toMv6r(0r)\ 

We can construct a direct product of such symmetric 
groups, i.e., 

H = $<*>X$(*>X...XJ(»|x|>, (31) 

where $&) is effective only if 0r is positive. 
The cycle index of the direct product (Eq. 31) is the 

product of the cycle indices of the factors. Hence, Eq. 
28 affords 

CI(H;s)=nCI(£(Hs) (32) 
r=\ 

E S m 2 - ^ (33) 
(M) 

where the cycle structure (/*) is given by Eq. 10. 
Now, we consider a superposition of PGJ (Eq. 27) 

and H (Eq. 31), both of which act on A. When we 
apply an operation (*) introduced by Read,20) we 
obtain 

CI(H;s)*ZI(G;;sd,,) = 
2 aMMl'XlMii2M»M2l - q»wq\Ks% ... s£«, (34) 

for ;=1 , 2, ..., s. Note that the SCI (Eq. 8) is a mo­
nomial. Hence, the corresponding equivalent 
expression (Eq. 9) indicates that bß(0)=l for only one 
specific cycle structure (jii(0)) given by the SCI; other­
wise bfx(e)=0. This superposition affords. 

Theorem 2. the Pej value is evaluated by means of 

Pöy = aM(ö)&M(ö)(lMi(ö)Ml(ö)!2M2(ö)M2(ö)! ... ^ ( 0 ) ^ ( 0 ) 1 ) , (35) 

for ;—l, 2, ..., s. The cycle structure (M(0)) is equival­
ent to the [0] partition represented by Eq. 13. 

Now that we have arrived at such an alternative 
evaluation of Pej, we introduce this equation to Theo­
rem 1 in order to obtain the numbers (Aoi). 

In order to illustrate the present approach, we reex­
amine Example 1. 

Example 2 (Enumeration based on a combinaion of 
the USCI approach and the superposition theorem). 

Let us obtain the number of XsY^isomers with each 
subsymmetry which is derived from the parent ske­
leton (1). In this case, we consider 

PG, = D2d(/Gi) I G; + D2d(/Cs) I Gj (36) 
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according to Eq. 18, where Gy is selected from the 
SSRD2<J- This expression corresponds to each of the 
SCIs represented by Eqs. 19—26. 

In accord with the ligand partition [8,4,0] for this 
case, we adopt 

H = $<8>XJW, (37) 

where #(8) and #(4) denote symmetric groups of degree 8 
and 4. Their cycle indices are calculated by means of 
Eq. 28 to be 

CI(£(8);s) = 

1 1 1 1 1 1 
58 H 5157 H 5256 H 5?56 H 5355 H 5i5255 + 

8 7 12 12 15 10 

1 1 1 1 1 1 
5?55 H 54 H 515354 H 5?54 H 5?5254 H 5i54 + 

30 32 12 32 16 96 
1 1 1 1 1 

525§ H 515253 H 5?5Q H 5?5253 H 5?53 + 
36 24 36 36 360 
1 1 1 1 1 

So H 5?5o H 5i5o H 5?52 H 
384 96 192 1440 40320 

(38) 

and 

1 1 1 1 1 
CI(*<4>; 5) = 54 + 5153 + 4 + 4*2 + s\. (39) 

4 3 8 4 24 
The multiplication of these cycle indices affords CI(H; 
s) according to Eq. 34. Thus, we obtain 

CI(H; 5) = CI(#8); s) X CI(J<*>; s) 

1 1 / 1 1 1 1 \ 
= ...+ X 5854 + ...+ X + X 5?5f + ...+ 

8 4 U 32 32 96/ 

1 1 1 _ X _ 5 3 + + — X — + — X — ]5?5|+...+ 
32 4 5 4 ^ - M384 4 96 8 / 

1 1 1 1 
X — 5f + ... + X — 5}2 + ..., 

384 8 40320 24 
(40) 

where other non-effective terms are omitted. 
We now consider the superposition of PG;(Eq. 36) 

and H (Eq. 37). For Ci, the SCI is denoted as 
(«si)(«si)~ î2» a s shown in Eq. 19. The corresponding 
term of CI(H; s) is obtained by (1/40320) s?X( 1/24)4 
in which the former comes from Eq. 13 and the latter 
from Eq. 14. Equation 35 is applied to this case to 
afford 

1 
PÖCl = l1212!X — X -

1 
- = 495. 

24 40320 

Similarly, other Pej values are obtained as follows: 

(41) 

1 1 
Pee* = 266! X X — = 15 for C2 of the SCI (4), (42) 

384 8 
1 1 

Pec/ = 266! X X — = 15 for C2 ' of the SCI (s6
2), (43) 

384 8 

1 1 1 1 
P Ö C i =l 2 2!2 5 5!X|—X + — X — 

4 384 8 96 
= 15forC2of the SCI (5?5l), 

1 1 
Pes, = 433! X — X — = 3 for S4 of the SCI ($), (45) 

4 32 

1 1 1 1 
PÖC2V = 222!422! XI — X — + — X — 

4 32 32 96 
-- 3 for C2v of the SCI (5^), (46) 

1 1 
PöD2 = 433! X — X — = 3 for D2 of the SCI (si), (47) 

4 32 

and 

1 1 
PÖD2. = Sn I4U ! X — X — = 1 for D2d of the SCI (S4S4). 

8 4 
(48) 

These are summarized to afford an FPV=(495 15 15 15 
3 3 3 1), which is multiplied by the inverse (Table 1). 
The resulting row vector (54 2 6 6 1 1 1 1) is identical 
with the [8,4,0] row of Table 3. 

Alternative Formulation of Cycle Indices 

The Cycle index (CI) formulated in Eq. 11 can be 
proven to be identical with Polya's cycle index, 
although their explicit forms are quite different.30) 
In this section, we illustrate the application of the 
present type of CI and its combination with the 
Redfield-Read superposition theorem. 

Example 3 (Enumeration based on the novel formu­
lation of cycle indices and the superpoition theorem). 

Let us reexamine Example 1. The cycle index (Eq. 
11) for this case is obtained to be 

CI(D2d; sd) 
1 1 1 1 1 

= - (*î)tà)+~ (4)(4) + - (4M) + - (4)(4?)+-(4)(SA) 
8 8 4 4 4 

_ 1 3 1 1 
— S\ 1 52 1 5^52 1 54, 

8 8 4 4 
(49) 

(44) 

where the USCIs of each monomial comes from the 
D2d(/Ci) and D2d(/Cs) rows of Table 2 and the coeffi­
cient of each monomial is taken up from the bottom of 
the same Table. When we introduce the figure 
inventory shown in Example 1, i.e. Sd=xd+yd+zd, into 
the CI (Eq. 50), we obtain 

Cl(Du;x<i + yd + zd) 

= x12 + 2xny + 2xnz+\2x10y2+17x10yz+12x10z2 + 30x9y* 

+ 85x*yz2 + 30x9z3 + 72x8y4 + 250x8y3z + 390x8y2z2 +250x8yz3 

+ 72 A 4 + 104x7y5 + 500x7y4z + 1000x7y3z2 + 1000x7y2z3 

+ 500x7yz4 + 104x7z5 + 128x6y6 + 698x6y5z +..., (50) 

after expansion. These coefficients are identical with 
the values collected at the rightmost column of Table 
3 which are obtained by the direct summantion of the 
respective rows. 

The following calculation is a direct application of 
the superposition theorem;23) however, the present 
new formulation of cycle index allows us to apply this 
theorem more conveniently than before. We now 
consider the superposition of Eqs. 50 and 40. This 
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operat ion affords the total number of isomers with the 
par t i t ion [8,4,0]. T h e * operat ion leaves the terms s\2, 
si> s?.*!, and s\. The i r coefficients are added to be 

1 1 1 1 1 3 
Ii2i2! X — X - + 266! X - X - + 

40320 24 8 384 8 8 

/ 1 1 1 1\ 1 1 1 1 
122!255! X - + — X - X - + 433! — X - X - = 72. 

\384 4 96 8/ 4 32 4 4 

(51) 

T h i s value is identical to the total of the [8,4,0] row 
listed in Table 3 and to the coefficient of the x8y4 term 
of Eq. 51. 

Concluding Remarks 

An combinat ion between our method based on un i t 
subduced cycle indices (USCIs) and the Redfield-Read 
superposi t ion theorem affords a new versatile metho­
dology for enumerat ions . Subduced cycle indices 
(SCIs) derived from the USCIs are superimposed u p o n 
a cycle index for a given l igand par t i t ion [0] in order 
to evaluate Pej values, which are in turn used to 
calculate the number of isomers wi th the [0] par t i t ion 
and the Gy-symmetry. T h e superposi t ion between a 
cycle index derived from the SCIs and the cycle index 
for the l igand par t i t ion give the number of isomers 
with the [0] part i t ion. T h e present enumera t ion 
method is exemplified by us ing a parent D2d skeleton. 
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Analysis of a reaction mechanism by assembling the scheme with elementary reactions requires numerical 
solution of the reaction rate equations. The numerical procedure is time-consuming because of the stiffness of 
rate equations particularly when temperature varies with the reaction progress. This investigation proposed 
an approximation method which can save computational time for solving reaction rate equations in a 
homogeneous reaction field. The approximation method reduces the rate equations, which are a set of 
simultaneous differential equations, to independent differential equations for each species by simplifying the 
original equations according to the reaction characteristics; the resultant differential equations can be solved 
analytically within small time intervals. The validity of these differential equations was verified by comparing 
the obtained changes in temperature and the species concentrations in hydrogen combustion with those 
calculated from the original equations with the Runge-Kutta-Gill method. 

The mechanism of a chemical reaction is usually 
investigated by either of the two ways: (1) an analytical 
approach where the reaction is decomposed into ele­
mentary reactions, and (2) a synthetic approach where 
it is assembled by using elementary reactions. The 
former is an experimental way where the reaction 
paths and their rates are determined in an actual 
system by measuring the concentration changes in 
chemical species, particularly active species by spec­
troscopic methods, for instance. When the rate con­
stants of the elementary reactions possibly occurring 
in a system are known, on the other hand, the reaction 
rate equations of the species are expressed as the sums 
of the elementary reaction rates and both species con­
centration changes and the individual elementary 
reaction rates are calculated by integrating the rate 
equations; the reaction paths are thus determined also 
by the latter method. The rate equations are gener­
ally nonlinear, and in addition, they are a set of 
simultaneous differential equations. When the exo-
thermicity and endothermicity of the reactions are not 
negligibly small and consequently temperature of the 
system is not kept constant like that in combustion 
reactions, one must calculate simultaneously not only 
the concentrations but also temperature. The rate 
equations unavoidably become too complicated to be 
solved directly by means of analytical methods and, 
therefore, must be solved numerically by using the 
Runge-Kutta-Gill or the Gear methods1'2) for example. 

The numerical solution of rate equations is time-
consuming because these equations, particularly those 
of reactions occurring at high temperatures, are stiff. 
The purpose of this investigation is to propose a semi-
analytical solution of rate equations in a homogene­
ous reaction field; the rate equation set of simultane­
ous differential equations are transformed into inde­
pendent differential equations which are then solved 

analytically for the sequence of small time intervals. 

Simulation Model 

The following assumptions were taken in making 
the simulation model: 
1. The system is isolated from its surroundings. 
2. Temperature and the concentrations of chemical 
species are homogeneous throughout the system, just 
like those observed in well-stirred reactors. Since the 
gradients of temperature and the species concentra­
tions are zero, the transport processes such as convec­
tion, diffusion, and conduction are not present. 
According to the above assumptions, the basic equa­
tions derived under an isobaric condition, for 
instance, are 

change in species concentrations: 

•^T = Jlvni4>i n = l,~,AT, (1) 
at i 

change in temperature: 

CpC — =-2<t>,hi, (2) 

equation of state: 

restriction condition: 
c='Zc„, (4) 

n 

where c is the total molar concentration; Cp the molar 
heat; T the temperature; & the rate of the i th reaction; 
hi the thermal energy released by the i th reaction; cn 

the concentration of the n th species; vni the stoichio­
metric coefficient of the n th species in the i th reac­
tion; N the number of the chemical species participat­
ing in the reactions. The last equation gives the total 
concentration as the sum of the species concen­
trations. 
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Approximation Method 

Tempera tu re and species concentrations in a system 
can be predicted at a n arbitrary t ime by solving Eqs. 
1—4 when their ini t ial values are given. Numer ica l 
procedures are capable of giving smooth solut ions for 
the above equat ions . However, one strict condi t ion 
mus t be satisfied to solve stably the rate equat ions . 
In solving Eq. 1 for a certain species by the R u n g e -
Kut ta -Gi l l method, for example , the t ime interval for 
the numer ica l in tegrat ion is restricted such that the 
product of the t ime interval and the sum of the rates of 
the reactions in which the species participates does not 
exceed a critical value determined as a certain fraction 
of the concentrat ion of the species concerned. T h e 
m i n i m u m value a m o n g the time intervals for each 
chemical species in the system, practically, is equal to 
the one determined for an active species; such species 
are present in small a m o u n t s bu t yield large reaction 
rates. In h igh- tempera ture reactions like combust ion 
reactions, the t ime interval may be as small as 1—100 
ns. 

In this investigation, an approx imat ion method is 
proposed for solving reaction rate equat ions . A set of 
s imul taneous differential equat ions describing the 
concentrat ion changes, Eq. 1, can be reduced to inde­
pendent differential equat ions of each species con­
tained in the time-derivative term if temperature and 
the concentrat ions of the species other than that in 
quest ion can be expressed as functions of time; the 
t ime-dependent changes in temperature and the other 
species concentrat ions are here predicted in due con­
sideration of the characteristics of chemical reactions. 
T h i s me thod is, hence, composed of the three pro­
cesses: (1) app rox ima t ion of the t ime-dependent 
changes in temperature and species concentrat ions to 
functions of time, (2) transformation of the set of 
s imul taneous differential equat ions in to independent 
differential equat ions by use of the above approx imate 
functions, and (3) solut ion of the resultant differential 
equat ions , which can be solved analytically wi th in a 
short t ime interval. We will describe the processes 
(2), (3), and then (1). 

Species Concentrations. Since elementary reactions 
are un imolecula r or bimolecular except recombina­
tion reactions wi th third bodies, the reaction rate 
equa t ion of the n th species is actually expressed wi th 
either of the following equat ions: 

dcn 

dt 

dcn 

dt 

+f(T,c')cn = g(T,c') 

+ fi(T,c')cn + f2(T,c')c2 = g(T,c'), 

(5) 

(6) 

where the concentrat ions of the other species are col­
lectively expressed by c'. Equa t ion 5 is a rate equa­
tion when the n th species is consumed only by un i ­
molecular reactions, and Eq. 6 is one when it is 
consumed by bo th un imolecu la r and b imolecular 

reactions. 
T h e rate constant, k, of an elementary reaction is 

generally expressed as 

k = A-T»-exp(-jr\ (7) 

T h e term of Tn causes difficulties in mathemat ical 
treatments b u t less than 20% of reactions include this 
term in their rate expressions.3) T h e n we el iminated 
the exponent ia l term by the approx ima t ion of Eq. 7 to 
a s imple Arrhenius expression by us ing a least-square 
method, which was appl ied to the logar i thmic form of 
Eq. 7, for a certain temperature range. T h i s approxi ­
mat ion b rough t about errors of only a round 2% for the 
most elementary reactions in the hydrogen and simple 
hydrocarbon combust ion schemes and about 10% at 
m a x i m u m . These errors are small enough , since 
reaction constants themselves involve errors of about 
10%.3) 

T h e t ime-dependent change in temperature of the 
system is assumed to be simply expressed as 

T=To(l + ßt), (8) 

wi th in a small t ime interval, t. In this equat ion , To 
is the temperature at £=0 and ß is the increment factor 
for the temperature change du r ing the time interval. 
When the t ime interval is chosen so that ß£<Cl, 

J_ 
T 

1 
T0(l+ßt) 

- j .„. -ßty-
To" 

IL 
To' 

(9) 

T h e subst i tut ion of Eq. 9 in to Eq. 7 reduces the rate 

50 100 

T ime / /is 

150 

Fig. 1. Tim-dependent changes in temperature and 
chemical species in a stoichiometric hydrogen-air 
premixed gas. The initial temperature is 1000 K. 
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constants of all the reactions to functions of time as 

k = A-exp(~ — ) 

E \ 
*A •expl- (Eßt\ 

(10) 

during the time interval; in this equation A and E are 
not the same as those in Eq. 7 except the case of n=0. 

Species concentrations approximately change along 
exponential curves through a chemical reaction as 
shown in Fig .1 as a typical example, if temperature 
does not largely vary during the reaction. The 
changes in the species concentrations and temperature 
shown in Fig. 1 were obtained by solving the govern­
ing equations, Eqs. 1—4, by means of the Runge-
Kutta-Gill method. We accordingly assumed the 
changes in species concentrations during each time 
interval as 

cn = CnO'exp(ant), (11) 

where cno is the concentration of the n th species at 2=0 
and an is the increment factor for its concentration 
change during the time interval, t. 

Equations 8 and 11 transform / ( 7 V ) and g(T,c') of 
Eq. 5 into 

/(7\O = 2*i-exp(7i0> (12) 

g (7 \0 = 2*rexp(ty) . (13) 

In these equations, k) and kj are the rate constants of 
the ith and / th reactions, and are given as Eq. 14 by 
using the initial values of temperature and the species 
concentrations at 2=0; the superscript 1 in k) indicates 
that the zth reaction is unimolecular as for the n th 
species (see also Eqs. 5 and 6). 

ty^Ai-expl— 

kj = Aj-expl— 

Ej 

To 

To 

c 10 c 20 

• * • • ' » • 

(14) 

In Eq. 14, vu,V2ï", and vij,V2ju" are the stoichiometric 
coefficients of the first and the second species and so 
on, and equal 0, 1, or 2 depending on the number of 
the molecules participating in the i th and / th reac­
tions, respectively. The constants in the exponen­
tials of Eqs. 12 and 13 are given as 

7i = -

àr-

Ejß 
To 

Ejß 

To 

+ (viiOLl + V2i<X2 + m") 

• + (VljOLl + V2jOL2 + "'). 

(15) 

According to Eqs. 12 and 13, both /(TjC'/s and 
g(T,c/)'s of Eq. 5 are transformed into functions of 
only time interval, t, and thus Eq 5, which were 
originally a set of simultaneous differential equations 
of temperature and concentration of each species, are 
reduced to differential equations, each of which 
includes only one dependent variable, cn: 

dCn 

dt 
+ p(t)-Cn = q(t) n = l,—,N (16) 

where p(t) and q(t), emphasizing to be functions of t, 
correspond to the /(T,c') and g(T,c') of Eqs. 12 and 13, 
respectively. The ordinary differential equation 16 
has a general solution of 

cn = e-Jp(W {fefp(Wq(t)dt + c}, (17) 

where C is an integral constant. 
Substitution of Eqs. 12 and 13 into Eq. 17 yields the 

analytical solution for each species concentration as 
follows. The integral contained in the exponential 
terms of Eq. 17 is 

fp(t)dt=f'Ek1
ieytdt = 'Ek1

i 
ey;t 

Since t is assumed to be small enough, 

eT.*«l + 7,-f, 

and the integral is then simplified as 

JpWt = /ç ^ - dt « sA}(^7+o. 

Therefore 
çfp(t)dtq(t) = e2*}-(i/7,-+0 • 2Äye*' 

i 
= 2Äye2*J/'y1--e(2*}+*-)« 

i 
and then 

JéWW q(t)dt = 2*/e2*}/7,. Je<2A}+*/)«d* 
i 

Äye2A!/7, 
= 2 — — e<2A+*)«. 

t 2A} + * 
Equation 17 thus becomes 

Ay 

(18) 

Cn = H-, 
! + C-e-2*;-(i/7:+0. (19) 

The integral constant C of Eq. 19 is evaluated from the 
initial condition, that is, cn—cno when t—0, and finally the 
solution is given as 

kj 
Cn ?2*Kft-

(e*«-e-2A}«) + c„o-e-2A}«. (20) 

As for the species which are consumed by both 
unimolecular and bimolecular reactions, the rate 
equation becomes 

dcn 

dt 
+ p2(t)'Ci + pl(t)-Cn = q(t) (21) 

under the assumptions of Eqs. 8 and 11. This 
Riccati-type differential equation generally cannot be 
solved with any integration methods. Therefore, we 
linearized the c% term as follows based on the assump­
tion of small time intervals: 

Cl = (Cn0 + Acn)
2=ch + 2Cn0Acn + ( Acn)

2 

« Cfo + 2Cn0àcn = 2cn0Cn ~ ch 
(22) 
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where Acn is the concentration increment of the n th 
species during the time interval. The substitution of 
Eq. 22 into Eq. 21 gives the differential equation of the 
same type as Eq. 16, 

-~- + {2cn0p2(t) + pi(t)} • cn = q(t) + cfop2(t), (23) 
at 

though the terms corresponding to p(t) and q(t) in Eq. 
16 are much complicated here. The analytical solu­
tion of this equation is obtained by the same proce­
dure as the derivation of Eq. 20 for Eq. 16 

kj 

cn = 2 (e^ - e"2*'' • e-2c»o2*?<) 

; 2A} + 2cno2*? + ô/ 

+ <*>2 ^ f c l , / ' 2 , (e*" - e-2* • e-^ollklt) (24) 
+ c„o • e~2tf< • e-2 ,̂o2 .̂ 

where the subscript / and the superscript 2 in £? 
indicate that the / th reaction is bimolecular regarding 
the n th species. 

Eventually, the rate equations 5 and 6 are both 
transformed to independent differential equations, 
and their analytical solutions are given as Eqs. 20 and 
24, respectively, if the parameters, ai,«2,— and ß are 
correctly preestimated for the variations in the species 
concentrations and temperature during the time inter­
val in which the dependent variables are calculated. 

Temperature. The time-dependent temperature 
change is basically given by Eq. 2, which can also be 
transformed into a differential equation having only 
one dependent variable, T, by using the assumptions 
of Eq. 8 and 11 in a similar manner described above. 
However, we can alternatively use the relation of the 
conservation of enthalpy per unit mass of gas mixture: 

2(AHW+ /*/„)• -^-= const. (25) 
n H 

In this equation, AHn and hfn are the amount of 
enthalpy depending on the temperature difference 
from the standard temperature and the heat of forma­
tion of the n th species, respectively, and p is the 
density of the gas mixture. Since only àHn is a 
function of temperature and the others are constants 
or given as known values at the time in question, Eq. 
25 is considered to be an algebraic equation for 
temperature, and hence the temperature at that time is 
obtained by solving this equation. Some thermo-
chemical data such as the JANAF data4) are available 
for the expansion of enthalpies as functions of 
temperature. 

Prediction of the Increment Factors. The incre­
ment factors for species concentrations and tempera­
ture, an and ß, respectively, for the coming time 
interval must be determined before the calculations for 
that time interval, though they are expected to be 
almost constant at least for some successive time inter­
vals. There could be two ways in the prediction of 

the increment factors: (1) one calculates provisionally 
temperature and species concentrations by use of the 
increment factors for the previous time interval, reesti-
mates the factors based on these values and calculates 
again temperature and the concentrations using the 
recalculated factors; (2) one predicts directly the incre­
ment factors for the coming time interval by extrapo­
lating the values which have been calculated for the 
past time intervals. The method (1) can be described 
with a simple algorithm and saves computer memory 
though it may take a long computational time. We 
will explain the second method. 

Equations 11 and 8 can also be written in the form 

'•'T"-t ( 2 6 > 

' - ^ ,27> 

Under the assumption that an 's and ß are expressed 
with quadratic functions of time, the coefficients of 
the equations for the increment factors were deter­
mined by the least square method for the latest 
sequence of ten time intervals, for example (too few 
time intervals would cause lack of smoothness and too 
many would cause lack of time resolution for the 
changes in temperature and species concentrations), 
and their new values were evaluated by extrapolation 
of the equations for the next time interval. 

The increment factors cannot be obtained at the 
beginning of the calculation because no data are avail­
able for the extrapolation. A usual numerical inte­
gration such as the Runge-Kutta-Gill method may be 
applied or all the increment factors, for convenience, 
may be set to unity during the first several time 
intervals until the extrapolations become possible by 
the least square method. 

Verification of the Approximation Method 

We applied this approximation method to the cal­
culations of time-dependent changes in the species 
concentrations and temperature in a stoichiometric 
hydrogen-air premixed gas under the constant pres­
sure of 1.01325X105 Pa and with the initial tempera­
ture of 1000 K; the elementary reactions assumed to 
occur are tabulated in Table 1 together with their rate 
data; the species present in the system are OH, H, O, 
HO2, H2O2, H2O, H2, O2, and N2; nitrogen is inert and 
works only as a diluent. 

The simulation results were compared with those 
obtained by the Runge-Kutta-Gill method and the 
Gear method. Figure 2 shows the changes in the 
stable and active species and that in temperature, and, 
for instance, those changes calculated by the Runge-
Kutta-Gill method. In the approximation method 
the prediction of the increment factors was done 
according to the method (2) described above, though 
the method (1) gave almost the same results. 



2780 Seishiro FUKUTANI, Keizo SAKAGUCHI, and Hiroshi JINNO [Vol. 63, No. 10 

Table 1. Hydrogen-Oxygen Reaction Scheme 

k=ATnexp(-E/Tf 

No. Reaction Ref. 

Rl H 2 +0 2 ->OH+OH 
R2 H + 0 2 — O H + O 
R3 0 + H 2 - > O H + H 
R4 O H + O H - > 0 + H 2 0 
R5 OH+H 2 ->H+H 2 0 
R6 H+H+M->H 2 +M 
R7 0 + 0 + M - > 0 2 + M 
R8 H + 0 + M - > O H + M 
R9 OH+H+M->H 2 0+M 
RIO H + 0 2 + M - > H 0 2 + M 
R l l H + H 0 2 - > H 2 + 0 2 

R12 H + H 0 2 - > O H + O H 
R13 H + H 0 2 - > 0 + H 2 0 
R14 O H + H 0 2 - > H 2 0 + 0 2 

R15 0 + H 0 2 - > O H + 0 2 

R16 H 0 2 + H 2 - > H + H 2 0 2 

Rl 7 H 0 2 + H 0 2 - > H 2 0 2 + 0 2 

Rl 8 O H + H 2 0 2 - > H 0 2 + H 2 0 
R19 H + H 2 0 2 - > O H + H 2 0 
R20 0 + H 2 0 2 - > O H + H 0 2 

R21 H 2 0 2 +M->OH+OH+M 

2.50E06 
2.20E08 
1.80E04 
6.30E06 
2.20E07 
2.60E06 
1.90E01 
3.60E06 
4.06E10 
5.00E03 
2.50E07 
2.50E08 
9.00E05 
5.00E07 
6.30E07 
7.30E05 
8.50E06 
1.00E07 
2.20E09 
2.80E07 
1.20E11 

0.0 
0.0 
1.0 
0.0 
0.0 

-1 .0 
0.0 

-1 .0 
-2 .0 

0.0 
0.0 
0.0 
0.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

19600.0 
8450.0 
4480.0 

550.0 
2590.0 

0.0 
-900.0 

0.0 
0.0 

-500.0 
350.0 
950.0 

2000.0 
500.0 
350.0 

9400.0 
500.0 
910.0 

5900.0 
3200.0 

22900.0 

3 
3 
3 
3 
3 
3 
3 
5 
3 
3 
3 
3 
3 
6 
7 
3 
3 
3 
3 
3 
3 

a) The rate constants are expressed in m • mol • s units. 
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Fig. 2. Comparison of the time-dependent changes 
in temperature and the concentrations of stable (a) 
and active (b) species in a stoichiometric hydrogen-
air premixed gas. The simulation started from 
1000 K by using the approximation method (solid 
lines) and the Runge-Kutta-Gill method (broken 
lines). 

T h e changes in the species concentrat ions and 
temperature obtained by the two different me thod are 
in good agreement. T h e validity of the proposed 
method was consequently confirmed. T h e time 
interval, t, is prescribed by Eqs. 7, 11, 18, and also 22. 
These equat ions are valid when t is reduced so that the 
m a x i m u m value of ant and ßt does not exceed 1—2%; 
the time interval was varied from 10 ns to 1 jis in the 
approx ima t ion method, whi le in the R u n g e - K u t t a -
Gil l method it was 10 ns. T h e computa t iona l speed 
of the approx imat ion method is 18—120 times as large 
as that of the Runge -Ku t t a -Gi l l method, and 0.52— 
2.7 times as large as that of the Gear method. 

References 

1) E. W. Gear, Commun. ACM, 14, 176 (1971). 
2) E. W. Gear, Commun. ACM, 14, 185 (1971). 
3) D. L. Baulch, D. D. Drysdale, D. G. Home, and A. C. 

Lloyd, "Evaluated Kinetic Data for High Temperature 
Reactions," Butterworths, London (1972), Vol. 1. 

4) M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. 
Frurip, R. A. McDonald, and A. N. Syverud, "JANAF 
Thermochemical Tables," 3rd ed, National Bureau of 
Standards, (1989). 

5) D. E. Jensen and G. A. Jones, Combust. Flame, 32, 1 
(1978). 

6) M. P. Heap, T J. Tyson, J. E. Cichanowicz, R. 
Gershman, C. J. Kau, G. B. Martin, and W. S. Lanier, 
"Sixteenth Symposium (International) on Combustion," 
The Combustion Institute, Pittsburgh (1977), p. 535. 

7) D. L. Baulch, D. D. Drysdale, J. Duxbury, and S. 
Grant, "Evaluated Kinetic Data for High Temperature 
Reactions," Butterworths, London (1976), Vol. 3. 



October, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 2781—2784 (1990) 2781 
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Duley and Jones recently proposed that small linear polyacenes (e.g., anthracene) were responsible for the 
IR emission observed in localized regions of some UV-excited nebulae. Linear polyacenes are relatively stable 
in the first excited state although they are not very stable in the ground state. This probably is the primary 
reason why this type of benzenoid hydrocarbons are observed in the interstellar medium. 

The presence of polycyclic aromatic hydrocarbons 
(PAHs) in many celestrial objects such as planetary 
nebulae, reflection nebulae, and active galaxies is now 
generally accepted.1-3) Evidence for the occurrence of 
PAHs derives primarily from the analysis of IR emis­
sion spectra. Major features occurring in the IR 
region were attributed reasonably to vibrational 
modes in large compact PAHs containing 20—50 car­
bon atoms per molecule. Many carbon atoms seemed 
to be required to stabilize the PAH molecule against 
destruction by the interstellar radiation field under 
diffuse cloud conditions. 

Such an image of interstellar PAHs has changed a 
little during the past few years.4-7) Geballe et al. 
noticed that the smallest PAHs in such objects as the 
Orion Bar (a ridge of emission in the Orion Nebula) 
and the Red Rectangle (a symmetric biconical nebula 
surrounding the star HD 44179) appeared to contain 
only 15—20 carbon atoms.4) Woodward et al. in a 
study of the planetary nebula NGC 7027 concluded 
that the PAHs contained 13—27 carbon atoms and 
that small PAHs with about 10 carbon atoms per 
molecule might account for some of the IR emission 
features.5) Thus, for the first time there appears to be 
clear observational evidence for the presence of small 
PAHs in UV-excited nebulae. 

Quite recently Duley and Jones proposed that small 
linear polyacenes (1—3, 5, and 10) were responsible for 
the IR emission in the above nebulae and that these 
PAHs have only a transient existence in localized 
regions of the interstellar medium.7) Small linear 
polyacenes were found to provide a close spectroscopic 
match to the major observed IR emission bands. 
Specifically, the spectrum of anthracene (3) gave an 
almost perfect representation of the observed emission 
spectra with lines at 3048, 1621, 1450, 1317, 1147, and 
884 cm -1 . Duley and Jones also noted that the 2940 
and 2850 cm - 1 emission features were consistent with 
the anharmonicity of the CH stretching vibration in 
some small linear polyacenes. They suggested that 
two- to five-ring linear polyacenes could be important 
constituents in such objects as the Orion Bar.7) 

Of particular interest is the fact that there is no 
indication of nonlinear or angular polyacenes in 
objects where linear polyacenes are observable. Here, 

angular polyacenes refer to all possible benzenoid 
isomers of linear polyacenes (4, 6—9, 11—21). Duley 
and Jones analyzed the detailed spectrum of the Orion 
Bar reported by Roche et al.,6) and interpreted the 
features in the 860—940 cm - 1 region as arising from 
the superposition of emission from CH bending 
modes in naphthalene (2), anthracene (3), and naphtha-
cene (tetracene, 5), the three simpler linear polyacene 
molecules.7) However, the CH bending modes in 
angular polyacenes such as phenanthrene (4) and 
chrysene (7) were not detectable in interstellar IR 
spectra. 

Laboratory work so far done confirmed firmly that 
linear polyacenes were thermodynamically much less 
stable than the angular isomers.8) Both linear and 
angular polyacenes occur in carbonaceous meteorites, 
but the abundances of linear polyacenes are much 
smaller than those of the angular analogues.9~12) 

Therefore, it is a very queer thing that linear poly­
acenes, rather than angular ones, are present in some 
nebulae. It is the purpose of this paper to rationalize 
the predominance of small linear polyacenes in inter­
stellar space in terms of photochemical stability. 

Theory 

The topological resonance energies (TREs) of the 
ground- and excited-state species were calculated as 
previously described.13'14) The percent resonance 
energy (%RE) is defined as 100 times the TRE, divided 
by the total 7E-electron energy of the graph-
theoretically defined polyene reference.15) The %RE 
is known to be an excellent measure of stability of a 
cyclic conjugated system in the electronic state con­
cerned. The simple Hückel molecular orbital model 
was used. 

Results and Discussion 

We previously presented theoretical evidence for the 
presence of large compact PAHs in many celestrial 
objects.16-18) We examined the TREs of a wide vari­
ety of PAHs in detail, and found that the PAHs 
observed in the interstellar radiation field had to be 
photochemically stable with a sufficiently large %RE 
in the first electronic excited state. PAHs which 
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Table 1. Percent Resonance Enegies (%RE) of 
Linear Polyacenes and Related PAHs 

Species 

C6H6 

C10H8 

C14H10 

C18H12 

C22H14 

C i ô H i o 

1 

2 

3 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 

Ground state 

3.528 

2.924 

2.519 
2.888 

2.269 
2.630 
2.809 
2.802 
3.012 

2.105 
2.416 
2.599 
2.593 
2.808 
2.682 
2.484 
2.773 
2.884 
2.765 
2.768 
2.598 

2.729 
2.636 

Excited state 

-10.342 

-1.113 

0.947 
-0.453 

1.573 
0.904 
0.599 
0.205 

-0.453 

1.780 
1.574 
1.332 
1.238 
1.008 
1.000 
0.992 
0.929 
0.865 
0.699 
0.607 
0.244 

0.930 
0.323 

oooocoofpccco 

satisfy this condition were restricted mostly to large 
compact ones.16) Since the present study is concerned 
with small polyacenes, we examine relative stabilities 
of small linear and angular polyacenes (1—23). The 
%REs calculated for these PAHs both in the ground 
and in the first excited state are listed in Table 1. 

In general, linear polyacenes show decreasing sta­
bility as the number of rings is increased.8'19) 
Naphthalene (2) is a stable molecule, whereas penta-
cene (10) is very reactive. On the other hand, angular 
polyacenes are much more stable than their linear 
analogues. For example, picene (18) is considerably less 
reactive than pentacene.8'19) The %REs of the ground-
state species are in good agreement with their chemi­
cal behaviors. The %RE of the linear polyacenes 
decreases sharply, whereas the %RE of the angular 
ones decreases to a much lesser extent with increase in 
the number of rings.16'18'20* Thus, linear polyacenes 
larger than naphthalene are never very stable in the 
ground state. It is obvious that the stability of a 
molecule in the ground state cannot rationalize its 
occurrence in the interstellar medium. 

As suggested in previous papers, 16"18) the stability of 
the excited-state species is expected to give an impor­
tant clue to the present problem since the interstellar 
polyacenes are exposed to intense UV light. Inspec­
tion of Table 1 shows that in marked contrast to the 
ground-state species, linear polyacenes in the first 
excited state have a larger %RE than the isomeric 
angular polyacenes in the same excited state. This 
implies that when light is absorbed, linear polyacenes 
become more stable than their angular isomers. This 
must be the primary reason why anthracene and other 
small linear polyacenes are observed in localized 
regions of some UV-excited nebulae. Such a way of 
reasoning is identical with that adopted previously 
to rationalize the occurrence of large compact PAHs 
in many objects.16"18) 

Clar has noted that the more highly colored a benze-
noid hydrocarbon, the less stable it generally is.14'19'20) 
He ascribed this relationship to a bathochromic shift 
of the p band as the stability decreases. The p band is 
due to an allowed electronic transition from the high­
est occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO).19) We reported 
that for PAHs the HOMO-LUMO energy separation 
was highly correlative with the %RE.14'20> It then 
follows that relatively unstable PAHs with a small 
HOMO-LUMO gap are destabilized to a lesser extent 
by light absorption and that the resulting excited-state 
species are fairly stable. 

According to Duley and Jones,7) anthracene (3) 
appears to be most abundant in interstellar space, 
followed by naphthalene (2) and then by naphthacene 
(5) and perhaps pentacene (10). They made no deci­
sion as to whether this represents a decomposition 
sequence with naphthalene derived from anthracene 
via photodissociation, or whether the observed relative 
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abundances represent the initial abundance in the 
dust. We will show below that such a pattern of the 
PAH distribution can in principle be interpreted in 
terms of thermodynamic and photochemical stabili­
ties of the individual PAHs. 

Carbonaceous chondrites contain various extrater­
restrial organic molecules.21) PAHs extracted from 
the chondrites are naphthalene (2), acenaphthene, 
phenanthrene (4), fluoranthene (23), and pyrene (22), 
which are arranged in order of decreasing abun­
dance.9'10) It is worth noting that anthracene is not 
abundant in meteorites. In the antarctic meteorite 
Yamato-791198, phenanthrene is about 13 times more 
abundant than anthracene.10) A similar PAH distri­
bution was observed in the Murchison chondrite.9) A 
polymeric organic material in carbonaceous chon­
drites also contain much more phenathrene nuclei 
than anthracene nuclei.12) The predominance of 
phenanthrene over anthracene can be attributed pri­
marily to the fact that phenanthrene is thermodynami-
cally more stable than anthracene. The heat of atom-
ization of phenanthrene is 6.2 kcal mol"1 larger than 
that of anthracene.8) Thus, phenanthrene is more 
easily formed in nature than anthracene. The rela­
tive abundances of these two PAHs in meteorites9'10) 
are consistent with their relative %RE values in the 
ground state. 

Duley and Jones thought of hydrogenated amor­
phous carbon (HAC) as a source of interstellar poly­
acenes.7'22) HAC consists of randomly oriented PAH 
molecules bound to each other by aliphatic hydrocar­
bon bridges. If they are correct, HAC dust is expected 
to erode under the energetic conditions that exist in 
objects such as the Orion Bar, where small PAHs are 
the most highly excited and the first to be removed due 
to their low heat capacity.7'23) However, it seems very 
likely that linear polyacenes are minor components in 
HAC dust as in the case of carbonaceous chondrites. 
In particular, naphthacene (5) and pentacene (10) are 
thermodynamically much less stable than their angu­
lar analogues.8) Blumer pointed out that these linear 
polyacenes did not survive in nature on the Earth.24) 

Relative abundances of polyacenes observed in the 
interstellar medium must then be a function of the 
initial abundance and the photochemical stability. 
Angular polyacenes must decompose rapidly before or 
after ejection from HAC dust since they have a much 
smaller %RE in the excited state than the isomeric 
linear polyacenes. Smaller linear polyacenes are pos­
sibly present much more abundantly in HAC dust 
than larger linear polyacenes, but larger linear poly­
acenes are expected to be more stable in the radiation 
field. These conflicting tendencies of polyacenes can 
in principle account for the relative abundance of 
anthracene maximized in some localized regions of 
UV-exclted nebulae. Note that anthracene in the 
excited state is aromatic with a positive %RE, whereas 
phenanthrene in the excited state is antiaromatic with 

a negative %RE. 
Duley and Jones examined the spatial distribution 

of anthracene and naphthalene in some nebulae, and 
suggested that the destruction rate for naphthalene 
was larger than that for anthracene.7) This presum­
ably is due to the antiaromaticity of naphthalene in 
the excited state. Therefore, whether or not this mole­
cule is really observable in the interstellar medium 
depends on its initial abundance, i.e, the amount of 
naphthalene which is continuously liberated from the 
HAC dust there. HAC dust then must be very rich in 
this PAH. Since small PAHs are not so stable in the 
excited state as large compact ones,16'18) they must 
anyway be very transient species under harsh 
conditions. 

Duley and Jones suggest that the possible presence 
of a PAH molecule as small as naphthalene might be 
an indication of the presence of benzene in some 
objects.7) However, organic photochemstry tells us 
that benzene is highly reactive in the excited state.25) 
In fact, benzene has a large negative %RE in the 
excited state. Therefore, there must be little possibil­
ity of detecting benzene in the intense radiation field. 
Pyrene (22) and fluoranthene (23) are found abun­
dantly in carbonaceous meteorites.9-11) Pyrene is 
fairly aromatic in the excited state. This PAH is 
likely to be present in nebulae where linear polyacenes 
are detectable. 

Concluding Remarks 

In the interstellar medium PAH molecules suscepti­
ble to photodecomposition processes will be weeded 
out, leaving a mixture dominated by the photochemi-
cally stable structures. The %REs of the excited-state 
species provide theoretical support to the presence of 
small linear polyacenes in some UV-exclted nebulae. 
The present way of reasoning is consistent with that 
devised previously to rationalize the presence of large 
compact PAHs in many celestrial objects.16-18) In 
both cases high photochemical stability seems to be 
essential to the survival in the strong radiation field. 
The rate of photodecomposition, rather than the 
initial abundance, determines the relative abundances 
of PAHs in the radiation field. 

For alternant hydrocarbons such as PAHs, the %RE 
of the excited-state species is equal to that of the 
dication.16) Therefore, PAHs with a large %RE in the 
excited state must be resistant to photodecomposition 
even if they are deprived of one or two n electrons in 
the intense radiation field. Fluoranthene (23) alone 
is not an alternant hydrocarbon. Its dication is anti­
aromatic with a %RE of —0.830, which is not favorable 
to the survival in the radiation field. 
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Conductometric Study of Calcium(II), Strontium(II), and Barium(II) 
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The ion-association constants, KIA, of an ion pair, M2+C104~ (M=Ca, Sr, Ba), have been determined by 
conductometric measurements in methanol-ethylene glycol mixtures of 0, 20, 40, 60, 80, and 100 wt% of ethylene 
glycol at 5, 15, 25, 35, and 45 °C. The conductometric data were treated by an improved Fuoss and Edelson 
method. The thermodynamic functions of AHIA9" and ASIA0" have also been determined at 25 °C from the 
temperature dependence of KIA. In 60—80 wt% of ethylene glycol the KIA values of these metal Perchlorates are 
similar to each other, since the characteristics of individual metal ions are probably depressed by the strong 
solvations of those cations. The results are discussed while considering the cation solvation and structure of a 
bulk solvent. 

We studied the ion association of some divalent 
transit ion, post- transi t ion and alkal ine earth metal 
Perchlorates in methanol and in methanol-e thylene 
glycol (EG) mixtures in order to determine the effect 
of solvation on ion associations.1 _ 3 ) Generally, an 
ion pair may exist not only as one type of contact 
structure (contact ion pair) , bu t also as various types 
of solvent-separated structures in which the cation 
a n d / o r an ion remain solvated (solvent-separated ion 
pair).4) Previous studies of Co(II), Ni(II), Cu(II), and 
Zn(II) in mixtures of methanol and EG have revealed a 
relation between the first ion-association constant, KIA, 
and solvation. T h u s , the KIA values decrease with 
the addi t ion of EG, which has a stronger ability for 
cation solvation than does methanol ,5 ) since the pro­
por t ion of the contact ion pai r is decreased by the h igh 
solvation ability of EG.2 ) Another study of Ca(II), 
Sr(II), and Ba(II) in methanol showed that the alka­
line earth metal ions are solvated more weakly than 
are the above-mentioned transi t ion and post-
transit ion metal ions, since their KIA values are larger 
than those of the transi t ion and post-transit ion 
metals.3) T h i s means that the solvation mode should 
widely change u p o n the addi t ion of EG in systems of 
alkal ine earth metals. It has thus been expected that 
studies of the alkal ine earth metals in mixtures of 
methanol and E G will provide further information 
concerning the mode of solvation which affects ion 
association. 

Experimental 

The preparation and purification of Ca(C104)2- H2O, 
Sr(C104)2, and Ba(C104)2 were described previously,3) and 
the purification of methanol and EG was carried out in the 
same way as previously reported.2) Purified methanol and 
EG have 1.5X10"7 and 1.6X10"8 Sern"1 the conductivities at 
25 °C, and 0.023 and 0.024 wt% the water content, respec­
tively. The physical properties of solvents as well as out­
lines of the instrumentation and measurement techniques 
were also described previously.23) At 25°C the dielectric 
constants of 0, 20, 40, 60, 80, and 100 wt% of EG were 32.66, 
34.05, 35.49, 36.88, 38.55, and 40.57; their viscosities were 

0.5422, 0.8746, 1.499, 2.853, 6.213, and 16.74X10-3kgm-iS-1, 
respectively. About ten solutions in the concentration 
range 8X10"4—1.2X10"3 mol dm"3 of [M(C104)2] were exam­
ined at 5.00, 15.00, 25.00, 35.00, and 45.00±0.01 °C.6> 

Data Treatment 

Consider ing only one equi l ib r ium (Eq. 1) in a solu­
tion, where the formation of M(C104)2 is assumed to 
be negligible, 

M2+ + CIO4- ^ MC104
+ (KIA) (1) 

conductance data were analyzed on the basis of Fuoss 
and Edelson theory.7) Previously, the Fuoss and 
Edelson equa t ion was modified by considering a 
finite-size ion.2) In this study the previous equa t ion 
was further improved, while considering a decrease in 
the ionic strength caused by the formation of MC104+ . 
T h e new equat ion can be expressed as 

AF = Ao-XKiA/Ao, (2) 

where 

X = cy2+AF(AF-Ao/2), 

F = [{l-ÔIV2/(l+BaIV2)}-1+(A-ùo)/2A] 

/{l+(Ao-lo)/2Ao}. 

Here, A and Ao are the molar and the l imi t ing molar 
conductances of 1/2 M (CI 04)2, respectively; Ào and c are 
the l imi t ing molar conductance and the total concen­
trat ion of CIO4", respectively; / is the ionic strength, 
7=2[M 2 + ]+c /2 ; ô is the Onsager 's slope for a 2 : 1 
electrolyte divided by Ao; and )>2+ is the ion activity 
coefficient of M 2 + , which is calculated by the Debye-
Hückel second approx imat ion : 

log y = -Azl
2I1/2/(l + Ban'2). (3) 

Here, a is an ion-size parameter which is assumed to 
be 5 Â for Sr2+ and Ba2 + or 6Â for Ca2+.8'9> T h e 
dependence of the K\A value on a was somewhat 
described elsewhere; as shown in Tab le 4 of Ref. 3, the 
K\A values at 5 Â are smaller by about 3% than those at 
6 Â (this percentage increases a little with a decrease in 
KIA). 
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A calculation was carried out using an iterative 
procedure until the Ao value became constant.1) In 
every iteration, the / value was calculated by another 
iterative procedure so that the values of F and y2+ 
could be evaluated. The K\A values from this new 
calculation are larger by 5—8% than those from the 
previous one. 

The limiting molar conductance of MC104
+, 

/U(MC104
+), is assumed to be half of that of 1/2M2+, 

Ao(l/2M2+), in Eq. 2: that is, Ao(MC104
+)=0.5Ao(l/2 

M2+). In order to check this assumption, the KIA 
values were calculated at /l0(MC104

+)=0.6/lo(l/2M2+). 
The KIA values at /l0(MC104

+)=0.6/U(l/2M2+) were 
larger by 4—8% than those at Ao(MC104

+)=0.5J.o 
(1/2M2+). These differences are comparable to the 
standard deviations of KIA and increase with an 
increase in KIA. 

Results and Discussion 

The values of Ao and KIA are summarized in Tables 1 
and 2, respectively. It is natural that the Ao values 
decrease with the addition of EG because of the 
extremely high viscosity of EG. The Waiden prod­
ucts for the salts, Aorj, show the same three character­
istics as do those of the transition and post-transition 
metal Perchlorates (as an example, see Fig. 1 in Ref. 2): 
1) the values in EG are about 1.6-times larger than 
those in methanol; 2) the values have a negative 
temperature dependence, except in methanol (the 
dependence is very small in methanol); and 3) the 
maximum temperature dependence appears around 60 

to 80 wt% of EG. Qualitative discussions concerning 
them were previously carried out.2) According to 
recent theories concerning dielectric friction,10-12) 
these characteristics should at least be partly caused by 

Table 2. Ion-Association Constants, KIA/M-1, of MC1C>4+ 

in Methanol-Ethylene Glycol Mixtures 
at 278.15—318.15 K 

EG 

wt% 

0 
20 
40 
60 
80 

100 

0 
20 
40 
60 
80 

100 

0 
20 
40 
60 
80 

100 

278.15K 

187±11 
112±9 
109+10 
93±5 
86±7 
96±14 

247+10 
144±9 
80+8 
67±4 
88±6 
54+4 

313±13 
147±8 
121±8 
68+13 
73±9 
81±11 

288.15K 298.15K 

CaC104
+ 

226±11 
123+9 
115±10 
93±6 
90±7 

114±14 

274±12 
137±9 
124+10 
100+6 
95±6 

124+16 

SrC104
+ 

301±11 
160±9 
89+8 
72±4 
92±6 
64±5 

374+13 
177±10 
101±9 
79±5 
90±6 
70±5 

BaC104
+ 

387±15 
162+11 
134+9 
70+16 
66±10 
89+10 

478±17 
191±8 
153+10 
72+17 
68+10 
94±10 

308.15K 

333±12 
157±9 
136±11 
108±6 
98±7 

130±16 

463±15 
201±10 
116+9 
87±6 
97±6 
73±6 

592±20 
216+7 
180±10 
79±19 
77±10 
93+10 

318.15K 

414±13 
177±10 
153±11 
117±7 
101±5 
131±15 

590±22 
249±15 
137+9 
100±6 
98±6 
76±6 

751 ±24 
241 ±6 
205±10 
80±21 
74±12 
98±10 

Table 1. Limiting Molar Conductances, A0/(S cm2 mol"1), of 1/2M(C104)2 
in Methanol-Ethylene Glycol Mixtures at 278.15—318.15 K 

EG 

wt% 

0 
20 
40 
60 
80 

100 

0 
20 
40 
60 
80 

100 

0 
20 
40 
60 
80 

100 

278.15K 

99.1+0.3 
62.2+0.1 
37.2+0.1 
19.33+0.02 
8.24+0.02 
2.66+0.01 

95.9+0.2 
63.7+0.1 
37.10+0.07 
19.32+0.03 
8.46+0.01 
2.650+0.003 

101.8+0.3 
63.3+0.1 
37.88+0.08 
19.59+0.07 
8.48+0.02 
2.799+0.009 

288.15K 298.15K 

Ca(C104)2 

115.2+0.3 
74.5+0.2 
46.6+0.1 
25.77+0.04 
12.06+0.02 
4.43+0.02 

132.3+0.3 
88.1+0.2 
57.2+0.1 
33.38+0.05 
16.87+0.03 
6.88+0.03 

Sr(C104)2 

111.5+0.3 
76.5+0.2 
46.53+0.09 
25.85+0.04 
12.38+0.02 
4.400+0.006 

128.2+0.4 
90.4+0.2 
57.2+0.1 
33.52+0.06 
17.27+0.03 
6.83+0.01 

Ba(C104)2 

118.3+0.3 
75.9+0.2 
47.59+0.09 
26.2+0.1 
12.38+0.03 
4.65+0.01 

135.9+0.4 
90.0+0.1 
58.6+0.1 
33.9+0.2 
17.29+0.04 
7.20+0.02 

308.15K 

150.9+0.4 
103.1+0.2 
69.1+0.2 
42.19+0.06 
22.68+0.04 
10.12+0.04 

146.8+0.4 
105.8+0.2 
69.2+0.1 
42.33+0.08 
23.25+0.03 
10.04+0.02 

155.0+0.5 
105.1+0.1 
71.1+0.1 
42.8+0.2 
23.32+0.06 
10.55+0.03 

318.15K 

171.8+0.4 
119.3+0.2 
82.3+0.2 
52.12+0.08 
29.53+0.04 
14.21+0.06 

167.2+0.6 
123.1+0.4 
82.4+0.2 
52.4+0.1 
30.32+0.04 
14.10+0.02 

176.3+0.6 
121.1+0.1 
84.9+0.2 
52.9+0.3 
30.40+0.09 
14.88+0.04 
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dielectric friction, even if there is not a big difference 
in the static dielectric constants of methanol and EG. 
However, we can not estimate such a contribution 
here, since we do not know all of the solvent proper­
ties necessary for an estimation. 

The Waiden product for each ion gives more useful 
information. However, since all of the values of 
Ao(C104") were not available, they were calculated 
under some assumption2) since they were needed in 
calculations of Ao and KIA- Our limiting molar con­
ductance data of each ion, therefore, are not suitable 
for any detailed discussion of the Waiden product. 

Figure 1 shows a plot of the KIA value against the 
wt% of EG in comparison with that of the Zn(C104)2 
system, as a representative of the transition and post-
transition metals. As shown in this figure, the ten­
dency of the KIA values is substantially similar to that 
of the transition and post-transition metals. The K\A 
values of the alkaline earth metal Perchlorates, how­
ever, significantly decrease with an increase in the EG 
content of the solvent from 0 to 20 wt%; those values at 
20 wt% are already close to the KIA value of Zn(C104)2. 
Furthermore, there is almost no difference regarding 
the KIA values at 60—80 wt%. These results mean 
that the specific properties of each metal ion hardly 
appear in the KIA values in the EG-rich solvents, since 
strong cation solvation considerably masks such prop­
erties.13) That is, these facts support the idea that 
solvent-separated ion-pairs are dominant in EG rich 
solvents.2) 

The thermodynamic functions at 25 °C are summar­
ized in Table 3 and are compared with those of 
Zn(C104)2 in Fig. 2. The values of the alkaline earth 

Table 3. 

EG 

Thermodynamic Functions of Ion Association 
of M2+CIO4-at 298.15 K 

L 
Wt% 

0 
20 
40 
60 
80 

100 

0 
20 
40 
60 
80 

100 

0 
20 
40 
60 
80 

100 

MiiA-^/kJ mol" 

14.6±1.1 
8.6±1.6 
6.3±1.9 
4.5±1.4 
2.9±1.6 
5.3±3.1 

16.1±0.9 
9.9±1.4 
9.9±2.0 
7.4±1.4 
2.1±1.4 
5.8±1.8 

16.1±0.9 
9.3±1.0 

10.0±1.4 
3.3±5.3 
1.6±3.3 
2.8±2.7 

-1 ASiA-^/JK^mol-

CaC104
+ 

96±4 
70±6 
61±6 
53±4 
48±5 
58±10 

SrC104
+ 

103±3 
76±5 
72±7 
61±5 
45±5 
55±6 

BaC104
+ 

105±3 
75±3 
75±5 
47±18 
41±11 
47±9 

-1 AGiA-^/kJmol 

-13.9±0.11 
-12.2±0.16 
-12.0±0.20 
-11.4±0.15 
-11.3±0.17 
-12.0±0.31 

-14.7±0.09 
-12.8±0.14 
-11.5±0.21 
-10.8±0.16 
-11.2±0.16 
-10.5±0.19 

-15.3±0.09 
-13.0±0.10 
-12.5±0.16 
-10.6±0.58 
-10.5±0.36 
—11.3zL0.27 

Fig. 1. Ion association constants of the metal(II) 
Perchlorates at 298.15 K: (O) Ca, (A) Sr, (D) Ba, (•) 
Zn. 

A0 60 
wt% of EG 

Fig. 2. Thermodynamic functions of ion associa­
tions of the metal(II) Perchlorates at 298.15 K: (O) 
Ca, (A) Sr, (D) Ba, (•) Zn; ( ) AGIA^, (—-) 
AHIA^, ( ), -TASiÄ^. 

metal Perchlorates also exhibit similar tendencies to 
those of Zn(C104)2. In detail, however, the A H I À ^ 
values of Zn(C104)2 are smaller than those of the 
alkaline earth metal Perchlorates, and are even nega­
tive at 60—80 wt%. It is expected that the AH°- value 
of ion association is negative if the ions are rigid and 
associate in a Coulombic interaction in a dielectric 
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continuum media. There are several theories regard­
ing ion association which stand on the above assump­
tion.14'15) The theories, however, give positive AH9^ 
values in many solvents, since the theoretical equation 
for AH9^ contains the 1 +dln e/d\n T term (s is the 
solvent dielectric constant); thus, the experimental 
value of (91n s/dln T makes the theoretical AH9^ value 
positive, contrary to the expectation. 

The theoretical AH9^ values of any ion pair are 
positive in methanol, EG, and their mixtures, since 
their dlns/dlnT values are smaller than —1 around 
room temperature. On the other hand, many experi­
mental A//0" values for water16-18) and methanol2'3) are 
also positive. This agreement between the experi­
mental and theoretical AH0' values may mean that the 
temperature dependence of s, dlns/dlnT, represents 
how much the ion solvation is weakened by ion asso­
ciation. Regarding the negative value of AH9^, there 
are two explanations which consider the participation 
of a specific covalent interaction in the ion-association 
reaction. The first is that the covalent interaction 
somewhat works between ions; if so, the binding 
enthalpy between the ions is sufficiently negative to 
compensate for the positive contribution from the 
weakening of ion solvation. In this case, AG9" of the 
ion association should have a large negative value (a 
large K value) and should depend on the kind of ion. 

When an ion pair has a small negative AG9" value, 
in spite of a negative AH9" value, such as Zn2+C104~ at 
60—80 wt% (see Fig. 2), it is inferred that a specific 
covalent interaction acts on the primary solvation of 
the ion (the second explanation). In the case of 
Zn2+C104_, the primary solvation of Zn2+ is probably 
very rigid due to the specific interaction between Zn2+ 

and solvent molecules, perhaps representing EG che­
lation of Zn2+. If so, such tight Zn2+ solvation can 
not be loosened by ion association as much as 
expected from the din s/dln T value of the solvent. 
Consequently, it makes the AHIÂ9' value small and 
even sometimes negative. On the other hand, the 
—AGIA"^ value should be small because the ion pair 
Zn2+ (solvent)C104_ separated by the primary solva­
tion shell of Zn2+ is bound by the Coulomb force. 
According to the Fuoss' theory,14) its AGIA"®" values are 
very close to the theoretical values at a=6 Â; the theo­
retical A G I A ^ values at 25.0°C were -12.7, -12 .1 , 
-11.5, -11 .1 , -10.5, and -9 .9 kjmol"1 at 0, 20, 40, 60, 
80, and 100 wt% of EG.2) If Zn2+(MeOH)C104- is 
completely separated by the van der Waals radius of a 
MeOH molecule, the a value is estimated at about 
7.4 Â.1) It is the distance most separated by one 
methanol molecule. Therefore, if a part of a CIO4" 
ion falls into a hollow among solvent molecules in the 
primary solvation shell, it is not unreasonable that 
a=6A, although a may depend on the solvent 
composition. 

In the case of alkaline earth metal Perchlorates, it is 
thought that a solvent-separated ion pair is still domi­

nant in EG-rich solvents, since their AGIA"®" values are 
near to the theoretical values at a=b or 6 Â. However, 
it is expected that their primary solvation shells are 
not so rigid as Zn2+ 's. This means that solvations of 
alkaline earth metal ions are more weakened by ion 
association than that of Zn2+. This directly affects 
the A H I A ^ values of the alkaline earth metal Perchlo­
rates, and makes it larger than those of ZnC104+. It 
also causes larger ASIA0" values for them than those of 
ZnC104+ (see Fig. 2). 

Some particular results have been obtained at 60— 
80 wt% of EG: for example, the maximum temperature 
dependence of the Waiden products for the salts, the 
minimum KIA values which least depend on the kind 
of the metal ion, and the minimum AHIÂ9' and ASIA"®* 

values. In order to understand these results, we must 
consider not only the mode of solvation but also the 
condition of a bulk solvent, especially in the case of a 
partly structured hydrogen-bonding solvent. Jimenez 
et al.19) reported that the maximum negative excess 
volume of mixing of methanol and EG appears in 
60—70 wt% of EG and that it is bigger than those of 
the other normal alcohols with longer chains and EG. 
There may be two contradicting explanations for this 
fact: 1) the hydrogen-bonding structures of methanol 
and of EG (especially EG may be highly structured 
because the typical structure-breaking CIO4" has a 
very large Waiden product in EG)20'21) are partially 
destroyed by mixing, and 2) a mixture of methanol 
and EG which has an interpenetrating structure 
through hydrogen bonds is closely packed. 

The Waiden products of the salts at 60—80 wt% 
exhibit the highest negative temperature dependence, 
as already mentioned. This probably means that a 
solvent of 60—80 wt% is highly structured, since the 
Waiden product of the typical structure-breaking 
CIO4" usually shows a negative temperature depend­
ence in a structured solvent.22) That is, this supports 
explanation 2; it is also consistent with the results of 
AHIÂ9', as follows. In a highly structured solvent 
related to explanation 2, the structure which is partly 
destroyed by CIO4" is probably recovered by ion asso­
ciation with CIO4", so that the AHIÂ9' values are 
smaller at 60—80 wt% of EG than are other mixtures 
which include pure methanol and EG. 
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KX-Ray-gated emission Mössbauer spectra and time-resolved emission Mössbauer spectra of 57Co-labelled 
CoSe04 and CoSe04 • H2O were measured at room temperature using a coincidence technique. No difference 
in the area intensity ratio of 57Fe(II) to the sum area intensity of 57Fe(II) and 57Fe(III) was observed for anhydrous 
CoSe04 between the KX-ray-gated and non-gated emission spectra; a larger area intensity of 57Fe(II), however, 
was observed for the KX-ray-gated sectrum of CoSe04 • H2O than for the non-gated one. This difference is 
attributed to different local radiolytic effect of the deexcitation processes between KX-ray and Auger electron 
emission. The time-dependence in the area intensity ratio of 57Fe(II) to the sum area intensity of 57Fe(II) and 
57Fe(III) was observed for CoSe04 • H2O. The relaxation process observed for CoSe04 • H2O by its time-resolved 
spectrum indicates that the radicals formed in the EC-decay oxidize 57Fe(II) on the time scale of the nuclear 
lifetime of the first excited state of 57Fe, and that a radical reaction plays an important role in determining the 
relaxation time. 

Emission Mössbauer spectroscopy provides infor­
mat ion concerning the chemical species of 57Fe pro­
duced from 57Co-labelled compounds if they have 
lifetimes of comparable order of magni tude to that of 
the Mössbauer resonance state. Spectroscopy com­
bined wi th a coincidence technique provides more 
detailed informat ion on the behavior of 57Fe a toms 
decayed from 57Co in chemical compounds . An early 
study of the time-resolved (delayed coincidence) 
Mössbauer spectroscopy suggested that this technique 
can be effectively appl ied to s tudying of the relaxation 
processes for unstable 57Fe species formed th rough EC-
decay in insu la t ing materials.1""4) Since the pioneer­
ing work, little progress has been made for chemical 
compounds . G r i m m et al. showed the lifetimes of 
unstable h igh-sp in Fe(II)-species formed in ^ C o -
labelled [Co(phen)3](C103)2 • 2H2O at various temperatures.5) 

A KX-ray-gated emission Mössbauer spectrum (X,y-
ray coincidence spectrum) gives information concern­
ing the various chemical effects associated wi th KX-
ray emission du r ing the deexcitation process in EC-
decay. Kobayashi and co-workers found different 
dis tr ibut ions of Fe(II) and Fe(III) between KX-ray-
gated and non-gated emission Mössbauer spectra of 
5 7Co-labelled CoCl 2 - n H 2 0 (n=2,4, and 6); they inter­
preted it as be ing based on the different local radio­
lytic effects du r ing deexcitation (i.e., different chemi­
cal effects of KX-ray and Auger electron emission).6"9) 

In the present work, the KX-ray-gated emission 
Mössbauer spectra and the time-resolved spectra of 
57Co-labelled CoSeCh and CoSeCh-H^O were mea­
sured at room temperature us ing a coincidence tech­
n ique . Both selenate and the hydrate were selected 
for the fol lowing reason. Ladoriére et al. reported 
regarding their Mössbauer spectroscopic study that 
the Fe(II) salt is sensitive to 60Co 7-ray irradiat ion, and 

t Present address: Energy Sector, The Fuji Electric Com­
pany, Hino-city, Tokyo 191. 

that the conventional emission Mössbauer spectrum 
of 57Co-labelled cobalt(II) salt is sensitive to water of 
crystallization.10) Such salts are suitable for examin­
ing in detail the various chemical effects associated 
wi th deexcitation in both EC-decay and relaxat ion of 
the nucleogenic 57Fe-species formed in solids. 

Experimental 

Preparatiom of 57Co-Labelled CoSe04 and CoSe04 • H 2 0: 
Cobalt(II) selenate and the hydrate were prepared by a 
procedure described in the literature11) with a modification 
for small-scale synthesis. Cobalt(II) carbonate containing 
57Co was prepared from aqueous solutions of cobalt(II) 
chloride and sodium carbonate. To the aqueous suspen­
sion of freshly prepared 57Co-labelled C0CO3 • 6H2O, a stoi­
chiometric amount of selenic acid was poured under stir­
ring. Ethanol was added to precipitate the cobalt(II) 
selenate. A thermogravimetric analysis and a powdered X-
ray diffraction analysis proved that the salt prepared by the 
same procedure, but without 57Co, was CoSe04*5H20. 
57Co-labelled CoSe04 • H2O was obtained by heating penta-
hydrate at 130 °C for 15 min under a nitrogen atmosphere. 
Anhydrous 57Co-labelled CoSeCX was obtained upon heat­
ing monohydrate at 300 °C for 15 min. The radioactivity 
was estimated to be about 200 kBq for each compound. 
Iron(II) selenate monohydrate and the pentahydrate were 
prepared by a method described in the literature.11) 

Gamma-Ray Irradiation: FeSe04*H20, FeSe04*5H20, 
CoSe04, CoSe04 • H2O were irradiated with gamma-rays in 
air at room temperature under a dose rate of 1.0X106 Rh" 1 

with a 60Co source of 3.7X106 GBq at the Inter-University 
Laboratory for Common Use of Japan Atomic Energy 
Research Institute (Tokai). The irradiated samples were 
stored at — 20 °C until Mössbauer and IR measurements 
could be carried out. 

Measurement (1) Conventional Mössbauer Spectra: The 
absorption Mössbauer spectra of iron(II) selenate were mea­
sured at room temperature against a 57Co(Rh) source. The 
conventional emission Mössbauer spectra (non-gated spec­
tra) were observed at room temperature against an 57Fe-
enriched stainless-steel (SUS310) foil moving in a constant 
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acceleration mode. A Wissel Mössbauer spectrometer; an 
MA260 transducer, a DFG 1200 digital function generator 
and a MDU1200 Mössbauer driving unit were used for 
measuring all of the absorption and emission Mössbauer 
spectra. 

(2) X,7-Ray Coincidence Mössbauer Spectra: The X,7-
ray coincidence system used in the present experiment was 
essentially the same as that reported previously.12"14) A 
Nal(Tl) crystal (0.7 mm in thick and 1 inch (1 inch=2.45 
cm) in diameter) was used to detect 6.3 keV KX-rays and a 
Nal(Tl) crystal (1 mm in 1 thick and 1 inch in diameter was 
used for 14.4 keV 7-rays. They were coupled to a hybrid-
type photomultiplier(HAMAMATSU-H1949) and to a pho-
tomultiplier (HAMAMATSU-R329), respectively. The 
range of the time-to-pulse height converter (ORTEC-467) 
was set to 0.4 JUS. The time window was sufficiently wide to 
eliminate any time-filtering effect. The fraction of random 
coincidences was estimated to be 30—35% from the time 
distribution of the KX-ray and 14.4 keV 7-ray. 

(3) Time-Resolved Mössbauer Spectra: The time-
resolved Mössbauer spectra were observed using a delayed-
coincidence technique. A block diagram of the measuring 
system is shown in Fig. 1. A Nal(Tl) crystal (1 inch thick 
and 1 inch in diameter) was used to detect 122 keV 7-rays, 
and another crystal (0.8 mm thick and 1 inch in diameter) 
for 14.4 keV 7-rays. Anode signals of the latter photomul-
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Fig. 1. Block diagram of the equipment for measur­
ing the time-resolved Mössbauer spectra. 57Fe-
enriched stainless steel (SUS310) was used as an 
absorber. The Mössbauer spectrometer was com­
posed of the Wissel Mössbauer system (MA260 
transducer, DFG 1200 digital function generator, 
and MDU1200 driving unit) and the ORTEC-
NORLAND 5500 multichannel analyzer. The 
ORTEC NIM modules were used for the coinci­
dence system. An Ex-OR circuit was built by us 
using ECL-gates. 
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Fig. 2. Time distribution of the first excited state of 
57Fe. Time distribution of the system was mea­
sured with the Compton scattered radiation of 22Na 
under the same conditions as the Mössbauer 
measurement. 

tiplier were fed into a fast amplifier (ORTEC-574); the 
outputs were then fed into two constant-fraction discrimina­
tors (ORTEC-473A). The discrimination levels were set to 
select signals just above 14.4 keV and just below the energy, 
respectively. The outputs from the discriminators were fed 
into an Exclusive-OR circuit developed by us using ultrafast 
ECL-gates. These two ORTEC-473A's and the Exclusive-
OR circuit constitutes a fast single-channel discriminator. 
The time distribution of the first excited state of 57Fe is 
shown in Fig. 2, where the randomly coincided fraction was 
already subtracted. The contribution of the random coin­
cidence on the time distribution was nearly 10% at the peak 
position, and 50% (a true-to-random coincidence ratio 1:1) 
at a delay time of 250 ns. The time resolution (FWHM) of 
the equipment was 10.5+0.4 ns when it was measured with 
the Compton scattered radiation of 22Na. The time-
resolved Mössbauer spectrum was obtained by subtracting 
randomly coincided fractions from the observed coincided 
Mössbauer spectrum. 

Aanalysis: The conventional and time-resolved spectra 
of 57Co-labelled CoSe04 were analyzed with three sets of 
quadrupole doublets: two sets were for Fe(II) and the other 
set for Fe(III); those of 57Co-labelled CoSe0 4 -H 2 0 were 
analyzed with two sets of quadrupole doublets using a least-
square fitting program. Lorentzian functions were used 
for the conventional emission and absorption spectra, while 
Gaussian functions were used for the time-resolved spectra, 
based on the favorable x2 values. The time-filtering effects 
were ignored in an analysis of the time-resolved Mössbaure 
spectra,15«16) since the time-windows selected were rather 
wide; also, the oscillations in the actual emission spectra 
were averaged due to the various kinds of relaxation caused 
by aftereffects in such insulator-type chemical compounds. 

Results 

Conventional Emission Mössbauer Spectra. T h e 
conventional emission spectra of ̂ Co-labelled CoSeCX • H2O 
and CoSe04 • 5H2O were measured at room tempera­
ture; the parameters are listed in Table 1. T h e spec-
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Table 1. Parameters for Non-Gated and KX-Ray-Gated Emission Mosbauer Spectra 
of 57Co-Labelled CoSe04, CoSe04 • H2O, and CoSe04 • 5H2O at Room Temperature 

Non-Gated 

IS QS 

mms" 1 mms" 1 

Rel.int.a) 

FWHM 
% 

mms" 1 

Gated 
Rel.area.b) 

— IS QS 
/o 

mms" 1 mms" 1 
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% 

mms" 1 

Rel.area.b) 

% 

CoSe04 
Fe(II)-l 
Fe(II)-2 
Fe(III) 

CoSe04-H20 
Fe(II) 
Fe(III) 

CoSe04-5H20 
Fe(II) 
Fe(III) 

1.38(l)c) 

1.11(1) 
0.37(1) 

1.24(1) 
0.30(1) 

3.36(2) 
3.06(2) 
1.29(2) 

2.71(2) 
1.11(2) 

0.98(2) 
0.84(2) 
0.89(3) 

0.73(1) 
0.83(1) 

3.56(10) 
2.64(8) 
7.03(22) 

2.47(4) 
9.24(10) 

27.6(14) 
17.9(19) 
54.5(20) 

19.1(9) 
80.9(17) 

1.38(3) 
1.10(2) 
0.36(3) 

1.26(3) 
0.33(3) 

3.38(4) 
3.06(5) 
1.26(4) 

2.70(6) 
0.95(5) 

0.99(4) 
0.91(3) 
1.11(4) 

0.86(4) 
1.21(3) 

3.90(23) 
3.39(25) 
6.29(32) 

2.85(40) 
9.40(40) 

24.0(27) 
19.2(25) 
56.8(29) 

24.1(22) 
75.9(28) 

1.22(2) 3.10(2) 0.89(3) 1.52(6) 9.3(10) 
0.23(3) 0.88(5) 1.20(5) 11.22(11) 90.7(20) 

a) Relative intensity of absorption, b) Relative area, c) Values in parenthesis indicate errors on 
lowest one or two figures. 

trum shows nearly a 90% yield of 57Fe(III) species for 
CoSe04- 5H 20, while 80.9% of the 57Fe(III) species for 
CoSe04 • H2O and 54.5% for anhydrous CoSe04. It is 
reported that CoSe04-5H20 shows the same crystal 
structure as CuS04-5H20. Four water molecules 
coordinate to the cobalt(II) ion, and one water mole­
cule links through a hydrogen bond to the two selen-
ate ions. The water molecules coordinated to 57Co(II) 
decompose through EC-decay, resulting in the forma­
tion of OH radicals. These oxidize the nucleogenic 
57Fe(II). In a chemical synthesis, FeSe04-5H20 is 
formed from an aqueous solution and the monohy­
drate is obtained by heating the pentahydrate at 105 °C 
under a nitrogen atmosphere. Further heating of 
monohydrate at 110 °C results in the decomposition of 
selenate ions without forming anhydrous FeSe04- It 
is, therefore, hardly possible to prepare FeSe04 
through normal chemical synthesis. Even if it is 
impossible to do by chemical synthesis, the emission 
Mössbauer spectrum of 57Co enables us to show the 
chemical states of 57Fe-species decayed from a ^Co-
labelled compound on the time scale (10~7 s) as the 
first excited state of 57Fe nucleus. 

KX-Ray-Gated Mössbauer Spectra. The KX-ray-
gated Mössbauer spectra of 57Co-labelled CoSeC>4 and 
CoSe04 • H2O are shown in Fig. 3 together with the 
conventional emission spectra at room temperature 
for a comparison. No difference in the area intensity 
ratio of 57Fe(II) to the sum area of 57Fe(II) and 57Fe(III) 
was observed for anhydrous CoSe04 between the KX-
ray-gated and non-gated emission spectra, while a 
larger relative intensity of 57Fe(II) was observed for the 
KX-ray-gated spectrum of CoSeC>4 • H2O than for non-
gated one. In the KX-ray emission, multiple ioniza­
tion is less pronounced than Auger electron emission. 
The redistribution of electronic states after KX-ray 
emission does not cause a very large perturbation in 
the electronic shells of 57Fe and the neighbouring 
atoms as does the competitive Auger process in the 
vicinity of the decayed 57Fe atoms. This leads to the 
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Fig. 3. Conventional emission Mössbauer spectra of 
57Co-labelled (a) CoSe04- H2O and (c) CoSe04, and 
the KX-ray-gated emission spectra of (b) CoSe04* 
H2O and CoSe04 at room temperature. 

formation of oxidizing radicals in smaller amounts 
during KX-ray emission and the subsequent deexci-
taton processes. This must be the reason for the 
larger fraction of 57Fe(II)-species during the KX-ray 
emission process than during Auger electron emis­
sion. In the case of anhydrous CoSeC>4, however, the 
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chemical distribution of 57Fe(II) was found to be the 
same for both non-gated and gated spectra. These 
results indicate the same trends regarding C0F2 and 
C0F2 • 2H20.17) The Auger electron emission process 
in the labelled compound with the water of crystaliza-
tion produces the 57Fe(III)-species in large amount. 
These results strongly indicate that the oxidixing radi­
cals are formed as radiolytic process of the water 
molecule in EC-decay. In a previous study, we con­
firmed that radical formation occurs in the vicinity of 
decayed 57Fe in many labelled compounds.18""23) 
Local radiolysis takes place in both the selenate anion 
and in the water of crystallization through EC-decay. 
It is, however, noted that the OH radicals formed 
during the radiolytic process of the water molecule is 
much more effective for oxidizing the decayed 57Fe(lI)-
species than selenate ions in the present experiment. 

Time-Resolved Spectra of 57Co-Labelled Anhydrous 
CoSe04. The time-resolved emission Mössbauer 
spectra of 57Co-labelled CoSeC>4 are shown in Fig. 4. 
The area ratio of 57Fe(II)-l, 57Fe(II)-2 and the sum area 
ratio of 57Fe(II)-l and 57Fe(II)-2 to the total area of the 
spectrum are depicted in Fig. 5. The relative area of 
the 57Fe(II)-l species with a large QS value did not 
change upon the delay time, while that of the 57Fe(II)-
2 species with a small QS value increased. It has been 

100 

92 

Fe(IH) 
Fe(ll)-1 

Fe(ll)-2 

CV 
/V 

I/-71 

2: 100 

z 
o 

5 84 

< 100 \&fi**»**#%x 

< 
_i 
LU 

Œ 8 4 > -

100 

84 

V 

y >v ^H 

&(***&&* 

V xl 
J I L 

-2 
VELOCITY 

0 2 

V/mm s~1 

Fig. 4. Time-resolved Mössbauer spectra of "Co-
labelled CoSe04 at room temperature. The time 
windows of the spectra are (a) random coincidence, 
(b) 75—140 ns, (c) 20—75 ns, (d) 0—20 ns, 
respectively. 

reported in an ESR study of gamma-ray irradiated 
K.2Se04 that gamma-ray induced radiolysis gave rise to 
such radicals as SeÛ42", SeOß2", and SeÛ22" and that 
the selenite radicals have a lifetime of 4.5 h at room 
temperature.24'25) In fact, the IR spectra indicated 
that selenite ions (a characteristic streching vibration; 
720 cm""1) are formed by the irradiation of 60Co 
gamma-rays for CoSe04, CoSeC>4 • H2O and CoSeC>4 • 
5H2O at room temperature and that a relatively 
stronger intensity of the absorption peak was observed 
for selenate with a greater number of water molecules. 
This may suggest that the strongly oxidizing OH 
radicals formed by y-ray irradiation help in the forma­
tion of selenite ions. The time-resolved emission 
Mössbauer spectra of anhydrous CoSe04 showed an 
increase in the relative area intensity of 57Fe(II)-2 with 
the delay time. The chemical states of 57Fe-atoms 
responsible for Fe(II)-l and Fe(II)-2 are not known at 
present, since the corresponging Fe(II) salt has not 
been synthesized. However, the present results may 
suggest that the decayed 57Fe(II)-2 species may be 
stable in a solid, at least within the Mössbauer time 
scale, if the environmental lattice of the decayed 57Fe-
atoms remains as the same type structure as the 
CoSeÛ4 matrix. In the case of CoSe04 the radicals 
formed through EC-decay in the vicinity are not suffi­
ciently strong to oxidize the 57Fe(II); therefore, two-
valence states formed through EC-decay exist. 

Time-Resolved Spectra of 57Co-Labelled CoSeC>4-
H2O. The time-resolved emission Mössbauer spectra 
of 57Co-labelled CoSe04 • H2O are shown in Fig. 6 and 
the results are listed in Table 2. The time depend­
ence on the ratio of the area of the 57Fe(II) to the sum 
area of 57Fe(II) and 57Fe(III) was observed for CoSeC>4-

50 100 
MEAN TIME t /ns 

Fig. 5. The area ratios of 57Fe(II)-l, 57Fe(II)-2, and 
the sum area of 57Fe(II)-l, 57Fe(II)-2, to the total 
absorption area observed for 57Co-labelled CoSeCX 
at room temperature plotted against the mean time 
of the preset time window: O, the ratio of the sum 
area of 57Fe(II)-l and 57Fe(II)-2 to the total area; A, 
the relative area of 57Fe(II)-l; V, the relative area of 
57Fe(II)-2. 
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Table 2. Parameters for Time-Resolved Spectra of 57Co-Labelled CoSe04 • H2O 
at Room Temperature 

Time window «Fe(II) 57Fe(III) 

(Mean time/ns) 

0 - 2 0 
(10) 

35—60 
(47) 

77—123 
(100) 

125—180 
(151) 

180—302 
(223) 

Conventional 
(144) 

FWHM/mms" 1 

3.80 (6)b) 

2.72 (3) 

0.90 (2) 

0.72 (2) 

0.48(1) 

0.73(1) 

Rel.area/%a) 

49.4 (39) 

35.4 (30) 

19.6(18) 

20.4(21) 

18.8(21) 

19.1 (9) 

FWHM/mms" 1 

2.31 (4) 

2.21 (2) 

1.05 (2) 

0.76 (2) 

0.61 (2) 

0.83 (1) 

Rel.area/%a) 

50.6 (40) 

64.6 (25) 

80.4 (32) 

79.6 (32) 

81.2 (23) 

80.9(17) 

a) Relative area, b) Values in parenthesis indicate errors on lowest one or two figures. 
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Fig. 6. Time-resolved Mössbauer spectra of ^Co-
labelled CoSe04 • H2O at room temperature; (a) 0— 
20 ns, (b) 35—60 ns, (c) 77—123 ns, (d) 125—180 ns, 
(e) 180—302 ns, (f) (random coin.). 

H2O, as shown in Fig. 7. T h e relaxation of 57Fe(II) 
observed for CoSeC>4 • H2O is analyzed in the follow­
ing way. T h e mean t ime, t, for the t ime window 
between TA and T B was evaluated us ing the equa t ion 

t/rv=r* Te-TdT/(In e'TdT, 
J 1 A *' 1 A 

< 
ÜJ 

UJ 

> 

MEAN TIME t /ns 

Fig. 7. Distribution of 57Fe(II)/[57Fe(II)+57Fe(III)] of 
57Co-labelled CoSe04*H20 against the mean time 
of the preset time window; (a) 0—20 ns, (b) 35—60 
ns, (c) 77—123 ns, (d) 125—180 ns, (e) 180—302 ns, 
(f) (random coincidence). 

where TN is the mean lifetime of 57Fe nucleus; T, TA 
and T B are expressed in TN units . Some assumpt ions 
have to be made in order to simplify the analysis, as 
previously reported,14) and were somewhat changed in 
the present work. Debye-Waller factors of the 
57Fe(II)- to 57Fe(III)-species were assumed to be the 
same in each time window; the ratio of the area of 
57Fe(II) to the sum area of the 57Fe(II) and 57Fe(III) was 
assumed to be the same as the distr ibution ratio of 
57Fe-atoms. T h e following reaction scheme is 
assumed to be the rate-determining step: 
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57Fe(II) + A* - • 57Fe(III) + A, ( 1 ) 

where A* represents oxidizable radicals formed in the 
vicinity of the decayed 57Fe th rough EC-decay. If A* 
is of sufficient amounts , at least in the time scale of 
57Fe(II) or the 57Fe nuclear lifetime, reaction (1) can be 
treated as the pseudo-first-order kinetics of a chemical 
decay constant, Ac and the 57Fe(III)-species, once 
formed, are assumed to be stable. Let the quant i t ies 
of 57Fe(II) and 57Fe(III) at t after the emission of 122 
keV gamma-rays be P2(t) and Pa(t), respectively. 
T h e n , the quanti t ies of 57Fe(II) and 57Fe(III) at time t 
can be described as 

P2(0 + ft(0 = l, (2) 
and 

P2(t) = [P2(0) - P2(oo)] exp (-Ac 0 + P2(oo). (3) 

The fraction of 57Fe(III), Ps(t), is assumed to increase 
during measurements. Since emission Mössbauer 
spectroscopy gives information regarding the chemi­
cal states of nucleogenic atoms, the observable spec­
trum indicates the chemical quantities multiplied by 
exp(—AN0> where AN is the nuclear decay constant. 
The intensity of a time-resolved Mössbauer spectrum 
indicates the partially integrated quantities of Eqs. 2 
or 3 with respect to the preset time window. Then, the 
actual intensity, /,-, ({=2 and 3) of P2(t) and Ps(t) at the 
time window between TA and TB can be described as 

*i = (TB[ P°ANPi(t)e~^G(2T0; t-f)df]dL (4) 
J TA J0 

A Gaussian function, 

1 f - (*-0 2 1 
G(2T0 , t-t') = - - e x p ; J , 

V2TT(2T0)2 l (2TO)2 ) 

was assumed for the time resolution of the equipment. 
As a numerical value, 10.5+0.4 ns was used for the 
present analysis. Then, the ratio of the 57Fe(II) area 
to the sum area of 57Fe(II) and 57Fe(III) is shown as h/ 
(h+h) at a given time window. A numerical compu­
ter calculation of h/(h+h) yielded the best value for 
P2(0) to be (56.5+2.5)% and the chemical decay con­
stant, Ac—(1.94+ 0.12)X10-2ns-1 (or the mean lifetime 
to be 51.6+3.3 ns) for the rapidly decaying 57Fe(II) 
species; P2(oo) was shown to be (19.1+1.9)%. The 
rapidly decaying fraction is ascribed to oxidation by 
radicals (mainly OH radicals as shown in Eq. 1); P2(oo) 
is the fraction that does not suffer from local radiolytic 
oxidation for the monohydrate. 

Discussion 

Electron capture is accompanied by the ejection of 
an electron from the K- (or L-, M-,....) shell giving 
rise to the formation of an excited atom. This excita­
tion can be removed either via radiative transitions in 
which the vacancy transfers from the K- to L-shell, 
then to the M-shell, or through radiationless transi­
tions (Auger processes) involving transfer of the 

vacancy to a higher shell, together with a simultan-
lous emission of electrons. Radiationless transitions 
produce a cascade of more vacancies in the electron 
shells than does the radiative transition. 

Although multiply charged states as a result of EC-
decay have been observed for 37Ar or 133Xe in the 
gaseous phase the lifetime depends strongly on the 
gaseous pressure.26) However, in a solid neutraliza­
tion of a highly-charged atom occurs within such a 
short time (ca. 10"12 s) that it is hardly possible to 
follow the process using the present measurements. 
Triftshäuser and Craig1* measured the time-resolved 
spectra of 57Co-labelled CoCl2-4H20, CoO, CoS04-
7H 20, (NH4)2Fe(S04)2-6H20 and concluded that the 
intensity ratio of Fe2+/Fe3+ did not change for the 
preset time window (i.e., 4—43, 43—86, 86—146, and 
146—200 ns). They inferred that the lifetimes of the 
metastable states are much longer than the lifetime of 
a 57Fe nucleus, if they are formed during EC-decay. 

In the present experiment, in the case of anhydrous 
57Co-labelled CoSeCh, many kinds of radicals or meta­
stable species may have been formed in an analogous 
way as in the case of gamma-ray irradiated K2Se04. 
The 57Fe-species formed through EC-decay may have 
different hyperfine parameters, and probably have 
long lifetimes in the absence of water of crystalliza­
tion. It must be added that some short trasient spe­
cies decay (including electronically excited states) into 
other species within the Mössbauer lifetime. This 
would be one of the possible reasons for the appar­
ently complicated dependence of the total Fe(II) area 
to the total Fe(II) and Fe(III) upon the delay time. 
However, as mentioned previously, the IR data con­
cerning gamma-ray irradiated K2Se04, FeSe04 • 5H 20, 
CoSe04, and CoSe04 • H 2 0 indicated the formation of 
selenite ions. The Mössbauer parameters suggest 
that Fe(III)-species are formed in FeSe04-nH20 
(n—1 or 5) by gamma-ray irradiation. If local radiol-
ysis of EC-decay is similar to the chemical effects of y-
ray irradiation, the transient species of 57Fe-atoms 
formed in 57Co-labelled anhydrous CoSeC>4 would be 
stabilized either to 57Fe(III) or 57Fe(II). In the case of 
monohydrate, one fraction of the 57Fe(II) formed 
through EC-decay is oxidized by OH radicals, which 
is responsible for the rapid decrease in the intensity of 
57Fe(II) (see Fig. 7); another remains unchanged 
within the present experiment. This may be the frac­
tion that escaped from a reaction with OH radicals. 

Conclusion 

The role of the water of crystalization for determin­
ing the chemical distribution of the 57Fe(II) species 
formed through EC-decay in labelled CoSe04 and 
CoSe04 • H 2 0 was demonstrated using a coincidence 
technique. No difference in the area intensity ratio 
of 57Fe(II) to the sum area intensity of 57Fe(II) and 
57Fe(III) was observed for anhydrous CoSe04 between 
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the X-ray-gated and the non-gated spectra. A rela­
tively large intensity of 57Fe(II) was found for the KX-
ray-gated emission spectrum of CoSe04 • H2O com­
pared to the non-gated one. T h i s difference is 
expla ined in terms of different local radiolytic effects 
of the deexcitation processes between X-ray and Auger 
electron emission. It is inferred in the present work 
that EC-decay and the following deexcitation processes 
give rise to such radicals as O H and SeCh2"", SeC>32"" 
and Se022"" as radiolysis. A m o n g the radicals, the 
O H radicals formed as radiolytic products of water 
molecules oxidize the decayed 57Fe(II)-species more 
effectively. Regard ing CoSe04 • H2O, the relaxation 
t ime of 57Fe(II) to 57Fe(III) was estimated to be 
(51.6+3.3) ns, while for C o S e 0 4

 57Fe(II)-2 species wi th 
a small QS value increased regarding relative 
intensity. 
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Interfacial Phenomena in Ion-Association Extraction Kinetics 
of Iron(II) with 1,10-Phenanthrolines 
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The role of the interface in ion-association extraction kinetics of iron(II) with l,10-phenanthroline(phen), 
4,7-dimethyl-l,10-phenanthroline(DMP) or 4,7-diphenyl-l,10-phenanthroline(DPP) from sodium salt solu­
tions was investigated by means of a high-speed stirring technique and a stopped-flow method. The initial 
extraction rates of the ion pairs were proportional to the first order of both iron(II) and the ligand 
concentrations in all cases studied; it was therefore suggested that the rate-controlling step is the formation of 
mono-complexes. From analyses using the adsorption constants and the distribution constants of the ligands 
and the formation-rate constants of the mono-complexes in the aqueous phase it was concluded that the 
location where the rate-controlling reaction takes place depends on the ligands: a bulk aqueous phase in phen, 
an interface in DPP, and both of a bulk aqueous phase and an interface in the case of DMP. The extraction 
rates were apparently reduced by an interfacial adsorption of the ion pairs, which was governed by the 
hydrophobicity of the ligands and the hydrophilicity of the counter anions. 

Interfacial phenomena in the solvent extraction 
processes of metal ions have become of interest in 
recent years regarding fundamental solvent extraction 
chemistry1) as well as solvent extraction technology.2,3) 
Especially, the role of the interface in extraction kinet­
ics is a most attractive subject for the purposes of 
evaluating the participation of an interfacial reaction 
to the rate-controlling process and for elucidating a 
real extraction mechanism.4'5* 

In our previous studies concerning the role of the 
interface in chelate extraction kinetics, some attractive 
results were found by means of a high-speed stirring 
method which allowed simultaneous measurements of 
both the extraction rate and the interfacial amount of 
extractant under the same conditions. For example, 
the extraction rates of Zn(II) and Ni(II) with n-alkyl-
substituted dithizones6) and those of Ni(II) with 2'-
hydroxy-5'-nonylacetophenone oxime7) in vigorously 
stirred systems were governed by the formation rate of 
a 1:1 complex at the liquid-liquid interface. In 
these systems, the low solubility of the extractants into 
the aqueous phase, the high interfacial adsorptivity of 
their dissociated form, and the low interfacial adsorp­
tivity of the complexes favored an interfacial rate-
controlling mechanism, under the conditions of 
vigorous stirring, which produced a large interfacial 
area. 

As for ion-association extraction systems, on the 
other hand, kinetic studies concerning the extraction 
mechanisms have been very limited, since the extrac­
tion of an ion pair is generally a fast process.8) It 
has been reported, however, that the rate of ion-
association extraction of some divalent metal ions 
with 1,10-phenanthrolines is quite slow, reflecting 
the slow formation rate of metal ions with 1,10-
phenanthrolines.9) 

We have recently found a strong adsorptivity of 
[Fe(phen)3]2+ (where phen denotes 1,10-phenanthro-
line) at the interface of chloroform/0.1 M (1 M=l 

mol dm -3) NaCl by means of interfacial tension mea­
surements,10) in contrast to the fact that no adsorption 
of the complex ion was observed at the air/water 
interface.11) Interfacial adsorption of the protonated 
species of 1,10-phenanthrolines in highly stirred chlo­
roform/dilute hydrochloric acid was found by means 
of a high-speed stirring apparatus.12) Tris(4,7-
diphenyl-1,10-phenanthroline)iron(II) also showed 
the characteristic adsorptivity at the interface of agi­
tated liquid-liquid systems, depending on the nature 
of the counter anions, as reported in a preceding 
paper.13) These findings strongly suggested a signifi­
cant role of the interface in the extraction kinetics of 
iron(II) with 1,10-phenanthrolines. 

In the present study we intended to clarify the role 
of the interface in the ion-association extraction of 
iron(II) with l,10-phenanthrolines(abbreviated by L) 
from the kinetic approach employing the high-speed 
stirring apparatus and a stopped-flow method. 

Experimental 

Chemicals. Phen, DMP, and DPP, which were of all 
Wako reagent grade, were used without further purification. 
The stock solution of Fe(II) was prepared by dissolving 
purified FeCl2-2H20 or FeS04-7H20, both Wako G.R., 
into dilute acid containing hydroxylamine or ascorbic acid 
in order to depress the oxidation of Fe(II). Chloroform, 
Wako G.R., was washed three times with water to remove 
ethanol dissolved as a stabilizer just prior to use. Water 
was purified by means of a Yamato Auto Still WAG 28, and 
then by a Millipore MilliQ-II system. Sodium Perchlorate 
was synthesized by the neutralization of concentrated HCIO4 
by Na2C03, and purified by recrystallization from concen­
trated aqueous solution as its dehydrated form. Other 
sodium salts were all of reagent grade and were used as 
purchased. Acetate buffer (0.002M) and hydrochloric acid, 
perchloric acid or sodium hydroxide were used to control 
the pH of the aqueous phase. 

Extraction Experiments. The extraction rates of iron(II) 
with 1,10-phenanthrolines were measured by means of a 
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high-speed stirring apparatus which was essentially the 
same as the one reported previously.7) Fifty ml of phen, 
DMP, or DPP in chloroform and 45 ml of aqueous salt 
solution were stirred at a speed of 4700 rpm in an extraction 
vessel thermostated at 25+0.1 °C. Injection of 5 ml of the 
iron(II) solution initiated the extraction. The organic 
phase was continuously separated by a Teflon phase separa­
tor and circulated by Lab Pump Jr. RHSY (Fluid Metering, 
Inc. U.S.A.) at a flow rate of 13 ml min - 1 through a flow cell 
(2.5 mm in optical length and 8 ul in volume) attached to the 
Jasco UVIDEC 430 A Spectrophotometer. The absorbance 
values of the organic phase, A', dit the absorption-maximum 
wavelength of the ion pair [FeLs]X2 (X denotes an extract-
able anion) was stored in an NEC microcomputer system at 
an acquisition rate of 1 Hz. 

The initial extraction rates, defined as r?bs=(cL4'Vdt)t=o, 
were calculated as follows: the observed absorbance values in 
the initial stage of extraction were represented as a second-
order equation with respect to time, A'=pt2+qt+r, where p, 
q and r are constants determined by a least-square regression 
method. It was then differenciated by time at the starting 
time of extraction. The reproducibility of r?bs for repeated 
runs was within 5%. 

The inter facial adsorption of ion pairs in the agitated 
system was measured from the stirring effect after equilibra­
tion in the kinetic runs; the organic phase absorbance was 
raised to some constant value when the vigorous stirring was 
stopped; it decreased when the stirring was started again. 
From the absorbance change caused by stopping the stir­
ring, the interfacial amount of the ion pair was estimated. 

Stopped-Flow Measurements. The formation rates of 
tris-complexes of iron(II) with phen, DMP, or DPP were 
measured by means of a stopped-flow spectrophotometer 
(Photal RA414) at 25+0.1 °C. In phen and DMP systems 
kinetic measurements were carried out in aqueous solutions 
of 0.1 M sodium Perchlorate; in the DPP system, however, 
mixed solvents of water and ethanol were used in order to 
completely dissolve the Fe(II)-DPP complex which was 
produced. Quasi-first-order conditions were provided in 
all cases by using an excess amount of the ligand, so that the 
rate constants corresponding to the formation of a 1:1 
complex, k\, were calculated from the linear correlation 
between the observed first-order rate constants and the 
ligand concentrations. 

Distribution of Ligands. The distribution constants, KD, 
of phen and DMP in chloroform/0.1 M NaClÜ4 were deter­
mined by an ordinary batch method and spectrophotometry. 
The distribution constants of DPP in CI" and SO42" systems 
were determined from the distribution ratio in chloroform/ 
hydrochloric acid and chloroform/sulfuric acid systems, 
employing p£a=4.84 for DPP.14> In the chloroform/per­
chloric acid system, the ion pair extraction of HDPP + -
C104~ prevented any direct determination of KD. Conse­
quently, KD in the Perchlorate system was calculated from 
the solubilities of DPP in 0.1 M NaC104 and 0.0333M 
Na2SÜ4, while assuming a proportionality between the solu­
bility and the distribution constant; £D(C104~)=£D(SC>42~)-
S(S04

2-)/S(C104-) where £D(C104-) and £D(S04
2-) refer to 

the distribution constants in C1Û4- and SO42" systems, and 
S(C104-) and S(SC>42") to the solubilities in the correspond­
ing systems, respectively. The values of KD obtained in the 
present study at 25+1 °C are listed in Table 1. 

Results 

Extraction Rate. Typical examples of the extrac­
t ion profiles of tris-phen, DMP, and DPP complexes 
of iron(II) as ion pairs wi th Perchlorate ion are shown 
in Fig. 1. T h e init ial extraction rate, robs, was 
obtained from the init ial stage of extraction wi th 
various concentrat ions of iron(II) and ligands. As 
shown in Fig. 2, robs is p ropor t iona l to the product of 
the ini t ial concentrat ions, [Fe2+]init[L]0,init, in three 
l igand systems. T h e effect of anions on the extrac­
t ion rate was examined in the Fe(II ) -DPP system 
employ ing CIO4", CCI3COO-, Br~, CI", and S 0 4
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Fig. 1. Extraction rate profiles of iron(II) with phen, 
DMP and DPP in 0.1 M NaC104. The changes in 
absorbance caused by the stop and the start of 
stirring at 4700 rpm are also indicated. 
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CFe2*3inuU3o,initXl08(M2) 

1 2 3 

Z 2.0h 

1 2 3 
CFe2^ in î tCL3o>înî tx107(M2) 

Fig. 2. Linear correlations between the observed 
initial extraction rates and the products of the 
initial concentrations of iron(II) and the ligands in 
0.1MNaClO4. 

counter anions. Figure 3 shows obviously different 
effects of CI" and CIO4" on the extraction rates: slower 
in 0.1 M NaCl and faster in 0.1 M NaC104. In Fig. 4, 
the linear correlations between robs and the iron(II) 
concentration and those between robs and the DPP 
concentration are shown for four anion systems. In 
the S042" system, although there was no significant 
extraction of an ion pair into the organic phase, the 
formation rate of [Fe(DPP)3]2+ at the interface could 
be measured from the decreasing rate of the DPP 
concentration in the organic phase, and a linear corre­
lation between the formation rate and the DPP con­
centration was observed. The influence of the pH on 
the initial extraction rate of [Fe(DPP)3]X2 was also 
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Fig. 4. Dependences of the observed initial extraction rates on the initial concen­
tration of iron(II) with [DPP]init=3.0X10-4 M and on the initial concentration of 
DPP with [Fe2+]init=1.0X10-3 M in the four 0.1 M anion systems. 
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examined employ ing CIO4", CCI3COO" and Br" as 
counter anions . As a result, there was no appreciable 
change in r°bs in the region p H = 4 — 6 . Under acidic 
condi t ions, where p H < 4 , r?bs decreased wi th a decrease 
in the p H because of a p ro tona t ion of DPP. 

From the results of the extraction rate measure­
ments , the rate law regarding the present extraction 
systems was determined: 

fobs d[FeL3X2]0 

el \ dt lt=o 

= &obs[Fe 2 + ] ini t [L] 0 , in i t , (1) 

where e and I refer to the molar absorptivity of the ion 
pair , [FeL3]X2, and the length of the flow cell, k0b$ to 
the observed extraction rate constant. T h e values of 
Aobs are listed in Tab le 1. 

Interfacial Adsorption. As noticed in kinetic runs 
(Fig. 1), the absorbance of ion pairs in the organic 
phase was strongly affected by s topp ing or start ing 
of the st irr ing. Similar s t i rr ing effects were also 
observed in the dis t r ibut ion of 1,10-phenanthrolines 
in ch loroform/hydrochlor ic acid12) and in other sys­
tems;1516) they are at t r ibuted to interfacial adsorpt ion 

of the organic phase species. These st irr ing effects 
are essentially responsible for the interfacial area 
under stirring, Ai, which became as larger as 2.3X104 

cm213> under the present condit ions. T h e absorbance 
change, AA, caused by s topp ing or start ing of st irr ing 
(after extraction equ i l ib r ium is established) was 
increased wi th an increase in the organic phase absor­
bance under s t i rr ing at equi l ib r ium, A' (Fig. 5), for 
systems of phen , DMP, and DPP. These results were 
analysed by assuming a L a n g m u i r isotherm, 

[FeL3X2]i = 
a£'[FeL3X2]0 

a+£'[FeL3X2]o' 
(2) 

where subscripts i and o refer to an interface and an 
organic phase; a and K' refer to the saturated interfa-
cial concentrat ion (mol c m - 2 ) and the adsorpt ion con­
stant (dm3) defined by ü: /=[FeL3X2] i/[FeL3X2]o at infi­
nite di lut ion. From Eq. 2, the relat ion between AA 
and A/ was derived as 

1 _ 1 £ 

AA \ a K'A' 

Vo 

8 Ai 
(3) 

where V0 refers to the vo lume of the organic phase. 

0.16 

< 
0.08 

Fig. 5. Interfacial adsorption isotherm of the ion 
pairs shown as the plots of AA against A' in vigor­
ously agitated chloroform/0.1 M NaC104 at 4700 
rpm: (A) phen; (B) DMP; (C) DPP. 

0 0.1 0.2 
mole f r a c t i o n of ethanol 

Fig. 6. Variation of the formation rate constants 
(M-isec"1) of [Fe(DPP)3]2+ in aqueous ethanol, 
[Fe2+]init=4.0X10-7 M, [DPP]init=1.2X10-ß M, 
[SO4

2-]=0.0333 M. The extrapolation afforded 
log &i=5.32 as the value in aqueous phase. 

Table 1. Summary of the Distribution, Adsorption, and Kinetic Parameters in the Ion-Association 
Extraction of Iron(II) with 1,10-Phenanthrolines at 25 °C 

Ligands 

Phen 
DMP 
DPP 

Anion 
(0.1 M) 

CIO4-
CIO4-
CIO4-
CCbCOO-
Br-
ci-
SO42-0 

log£ D 

2.85 
3.62 
7.45 
— 
— 

7.13e) 

7.14 

a Ai 

mol 

1.2X10-6 

3.OXIO-7 

4.3X10"7d) 

4.1X10-7d) 

3.9X10"7d) 

8.8X10"7d) 

— 

K'Ai 

dm3 

0.368 
0.278 
0.00452 
0.203 
0.207 
0.473 

>1 

rtobs 

M-is"1 

49.8 
68.7 
19.3 
59.4 
2.06 
0.38 

31.3g) 

log&ia) 

(obsd) 

5.65 
5.70 
5.52 
— 
— 
— 

5.32 

logfcib) 

(calcd) 

5.46 
6.26 
8.77 
9.61 
8.15 
7.73 
8.64 

logfci'c) 

not detd. 
6.36 
5.00 
6.18h) 

4.72h) 

4.30h) 

5.19 

a) Stopped-flow method, b) Calculated by Eq 9. c) Calculated by Eq 12. d) Ref 13. e) Ref 
12. f) 0.0333 M. g) Decreasing rate constant of [DPP]0. h) Calculated by using log&i 
=5.52. 
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As suggested from Eq. 3, the linearity between l/AA 
and \/A' was confirmed for each ligand system and 
the values for aA\ and K?A\ were obtained from the 
intercept and the slope of l/AA vs. l/A' plots. The 
results of the values are listed in Table 1. 

Formation Rate Constants. The second-order rate 
constants, ki, for the reaction of iron(II) and phen, 
DMP, and DPP in aqueous solution were determined 
and are listed in Table 1. In DPP systems, ki was 
estimated from an extrapolation of the results 
obtained in an aqueous ethanol media, as shown in 
Fig. 6. 

Discussion 

Extraction Mechanism. The rate law given in Eq. 
1, which was determined experimentally, suggests that 
the rate-controlling step of the ion-association extrac­
tion is the formation of the mono-complex, [FeL]2+. 
It is also concluded from the high-speed stirring 
experiments that the interfacial adsorption of the ion 
pair occurs during extraction in every system studied. 
The organic phase concentration of the ion pair is 
thought to be in equilibrium with the interfacial 
concentration following the Langmuir isotherm at 
any event throughout extraction. Therefore, the 
total complex concentration at a certain time, 
[FeLsX2]T, which is equal to the organic phase concen­
tration when Ai is zero, can be represented by 

A 
[FeL3X2]T = [FeL3X2]0 + [FeL3X2]i . (4) 

V O 

The aqueous phase concentration [FeL32+] was neg­
ligibly low in the present systems. Since [FeL3X2]0 is 
rather dilute during the initial stage of extraction, 
[FeL3X2]i is assumed to be proportional to [FeL3X2]o 
from Eq. 2, 

[FeL3X2]i = £'[FeL3X2]0. (5) 

From Eqs. 1, 4, and 5, 

/ d[FeL3X2]T \ / K'Ai \ 
= &obs 1 + [Fe2+]init[L]0,init (6) 

\ dt lt=o \ Vo I 

was derived. If the rate-controlling reaction takes 
place in the bulk aqueous phase, as postulated for the 
Co(II)-DPP system,9) the following reaction should be 
considered: 

Fe2+ + L—>FeL2+ (7) 

/ d[FeL3X2]T\ 
= &i[Fe2+]init[L]init, (8) 

\ dt I t=o 

where k\ stands for the rate constant for the formation 
of [FeL]2+. In this case, the observed rate constant 
&obs is represented by 

1 ki 
fcobs = • (9) 

K'Ai KD 
1+ 

Vo 

The calculated values of k\ from Eq. 9 for phen, DMP, 
and DPP system are listed in Table 1. In the phen 
and DMP systems the calculated values of log Äi(calc) 
are not very far from log£i(obs) determined by the 
stopped-flow method; in DPP systems, however, 
Äi(calc) is over 103-times larger than &i(obs). The 
insufficiency of Eq. 9 could also be shown by the 
discrepancy between the observed extraction rate con­
stants, ftobs> and the calculated extraction rate con­
stants, Kcalc» from Eq. 9 by introducing the observed 
values for ki, KB, and K'A\ into it: ACaic/A0bs=1.5 for 
phen, 0.26 for DMP and 5.5X10"4 for DPP, all in 
C104" systems. The value of 5.5X10"4 in DPP is 
much smaller than unity. For this reason, it is diffi­
cult to explain the extraction rate only in terms of the 
aqueous , phase reaction. Hence, we took into 
account the interfacial reaction 

Fe2+ + Li-^FeLi2+, (10) 

as well as the aqueous reaction of Eq. 7. Equations 7 
and 10 afford the following rate equation: 

/d[FeL3X2]T\ ^ Ai 
= fci[Fe2+]init[L]init + fci'[Fe2+]i„it[L]i , (11) 

\ dt lt=o Vo 
where k\ stands for the rate constant for the formation 
of [FeL]2+ at the interface. The factor A\/V0 in Eq. 11 
was introduced in order to convert the interfacial 
extraction rate (molcm-2s_1) to the initial extraction 
rate (mol dm - 3 s_1). In this case, £0bs is represented by 
the following equation, instead of Eq. 9: 

1 / ki Ai \ 
kobs = + ki'KL' , (12) 

K'Ai \ KD Vo I 
1+ 

Vo 

where K\! refers to the adsorption constant of L 
defined by £i/=[L]i/[L]0 for infinite dilution of L. 
The values of K\!A\ were estimated as 7.1X10-6 dm3 for 
DMP and 1.0X10"5 dm3 for DPP, assuming that 
KL'Ai=KLn'Ai/KD, where KLn'=[LH+y[LH+l the 
adsorption constant of protonated DMP or DPP.12) 

The values of log k\ were calculated according to Eq. 
12 while employing the values of &0bs, &i(obs), K''A\, KD 
and KL'A{. The results are listed in Table 1. The 
values of log k\ in DPP systems are much closer to 
those of log ^i(obs) than those of log Äi(calc); the mag­
nitude of log k\ is thus considered to be reasonable as 
the formation rate constant of [FeL]i2+, which may be 
produced at the aqueous phase side of the interface. 

Effect of Ligands. From the parameters obtained 
from the experiments involving 0.1 M CIO4" for phen, 
DMP, and DPP systems (Table 1), the effect of the 
ligands on the extraction kinetics of iron(II) can be 
compared. The adsorptivity of the tris-complex 
shown by K''Ai in Table 1 decreases in the order 
[Fe(phen)3]2+>[Fe(DMP)3]2+>[Fe(DPP)3]2+, corre­
sponding to the order of increasing hydrophob ici ty of 
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the ligands; this is indicated by the value of KD. 
Although the value of K'AX of [Fe(phen)3]2+ is the 
largest among the three systems, the least adsorptivity 
of phen, which was actually undetectable, makes the 
contribution of the interfacial reaction, Eq. 10, negli­
gibly small. The extraction rate with phen can thus 
be understood to be governed by an adsorption of the 
tris-complex and a bulk aqueous reaction, Eq. 7; the 
extraction rate constant can be represented by Eq. 9. 
The value of Acaic/̂ obs—1.5, which means &0bs, is 33% 
less than ACaic, may suggest that the mass-transfer rate 
of phen is somewhat inhibited by the interfacial film 
of [Fe(phen)3]2+. As for the DMP system, the contri­
bution of the interfacial reaction was not ignored, 
since the value of KD of DMP is larger than that of 
phen and HDMP+ showed moderate adsorptivity.12) 

The percentage of the interfacial reaction was esti­
mated as being about 70% from a calculation of 
100X(&obs—&caic)/&obs. I n t n e ^PP system, the value of 
KD is very large and the aqueous phase concentration 
is negligibly small; the interfacial concentration of 
DPP, however, is not ignored and, hence, extraction 
with DPP proceeds completely via an interfacial 
reaction. 

Effect of Anions. The effect of the five anions on 
the extraction behavior of [Fe(DPP)3]2+ was examined. 
As noted in Table 1, though the values of KD are 
independent of the anions, those of K'A\ depend sig­
nificantly on anions in the order C104~<CCi3COO~ 
^Br"<Cl"<S042", corresponding to the order of 
increasing hydration energy.17) 

The values of logki' determined in the various 
anion systems are close to the observed logki and 
show little dependence on the anions, except for the 
CCI3COO" system. Recalling the interfacial adsorp­
tivity of CCI3COO", itself, which was pointed out in 
the interfacial tension measurements,13) the higher 
value of 6.18 as logki' may be attributable to an 
analogous effect to a miceller catalysis of anionic 
surfactants on the chelate formation rate.18) 

In conclusions, the role of the interface on the ion-
association extraction rate of [FeL3]X2 under high­
speed stirring could be clarified as: (1) interfacial 
catalysis in the formation of [FeL]2+ promoted by an 
interfacial adsorption of the ligands, which is favora­
ble for the ligand of larger KD and (2) interfacial 
trapping of an ion pair during extraction, which 
is more remarkable for an ion pair with a less-
hydrophobic ligand e.g. [Fe(phen)3](C104)2, or in 
the ion pair with more hydrophilic anion, e.g. 
[Fe(DPP)3]S04. Usually, the extraction constant of 
ion-association extraction is represented by the pro­

duct of the formation constant of an ion pair in the 
aqueous phase and the distribution constant of the ion 
pair by a tacit assumption of an "aqueous phase 
mechanism". However, as concluded in the present 
kinetic study, there are alternative cases in which 
extraction proceeds completely via an interfacial reac­
tion, as shown in DPP systems. In such cases, it is 
not reasonable to assume the "aqueous phase mecha­
nism". Much more attention concerning interfacial 
phenomena should be paid in any analysis of the 
extraction mechanism of ion-association extraction 
systems. 
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Although an attempt to isolate pure crystallines of Ag(II) complexes failed, we could prepare stable 
aqueous solutions of the Ag(II) complexes of [15]aneNs, [16]aneNs, and their acetic acid derivatives by 
disproportionation reactions of Ag(I) induced by these polyaza macrocycles, and have investigated their 
electrochemical redox behaviors using conventional voltammetric methods. All Ag(II) complexes including 
the [14]aneN4 (cyclam) complex undergo a reversible two-electron reduction at DME (dropping mercury 
electrode). From the potential where the i2/(i\—i) ratio is unity, the log formation constants were determined to 
be 43.4, 43.6, 43.3, 39.3, and 42.5 for the cyclam, [15]aneNs, [16]aneNs, cyclam-tetraacetic acid, and [15]aneNs-
pentaacetic acid complexes, respectively. Cyclic voltammetric (CV) oxidation scans at the glassy carbon 
electrode showed a reversible one-electron response (separation of anodic and cathodic peak potentials, A£p'=70 
mV; the ratio of anodic and cathodic peaks, (ip)c/(ip)a/=l)t which can be ascribed to a reversible Ag(III)/Ag(II) 
redox change. Though the acetate groups attached to the nitrogen atoms contribute to the net destabilization 
of the Ag(II) complexes, they exert a large positive effect on the thermodynamic stability of the Ag(III) state. 

The equilibrium constant for the disproportiona­
tion reaction of the copper(I) in an aqueous solution 
is 1.2X106.1) The univalent state copper therefore 
shows a pronounced tendency to disproportionate 
according to reaction (A). In sharp contrast to the 

2Cu+^±Cu° + Cu2+, £a=1.2X106 (A) 

soluble copper(I) compounds, the equilibrium con­
stant for the formation of silver metal and Ag2+ from 
Ag+ in water, £d(=[Ag2+] • [Ag°]/[Ag+]2), is only 
1X10"20.1) Accordingly, silver(I) in water is stable 
and shows no tendency to disproportionate. How­
ever, in the presence of a variety of tetraaza macrocy-
clic ligands which can effectively stabilize the divalent 
oxidation state of silver ion, the Ag(I) compounds 
disproportionate according to reaction (B). In 1972, 

2Ag+ + L ̂  AgL2+ + Ago (B) 

Kestner and Allred reported that when AgClÜ4 or 
AgNÛ3 was added to an aqueous suspension or 50% 
methanolic solution of 5,5,7,12,12,14-hexamethyl-
1,4,8,11 -tetraazacyclotetradecane, disproportionation 
of the silver(I) to elemental silver and a silver(II) 
complex with the ligand occurred.2) The following 
year Barfield and Mocella also found that a variety of 
Ag(II)-tetraaza macrocycle complexes could be made 
in a similar way.3) Thus, the reactions of silver(I) 
ions with tetraaza macrocycles provide a facile process 
for obtaining silver(II) complexes. Interestingly, the 
silver(II) complexes of some tetraaza macrocycles, thus 
prepared, easily undergo one-electron oxidation to 
form silver(III) species of substantial stability. In this 
sense, the redox behavior of the Ag(II)-tetraaza 
macrocycle complex is quite similar to those of 
nickel(II) analogues,4'5) or of the copper(II) complexes 
of dioxo derivatives of tetraaza macrocycles.6) The 
silver ions in the presence of some saturated pentaaza 
macrocycles also disproportionate to the elemental 

silver and their silver(II) complexes. 
Like other heavy metals such as mercury, lead, and 

cadmium, silver has long been recognized as one of the 
most toxic metals.7) Generally, metal ions exert toxic 
effects by interacting with the functional groups of 
biologically important molecules. Soft Lewis acids, 
silver(I, II) ions, can bind firmly to sulfhydryl groups 
as well as the nitrogen donors,8) forming stable com­
plexes, and may exhibit toxic effects. However, not 
much is known about the precise and specific molecu­
lar mechanism underlying these toxic effects. 

In this study we tried to prepare Ag(II) complexes of 
saturated pentaaza macrocycles, cyclam and their 
derivatives carrying an acetic acid group on each 
nitrogen atom by employing a disproportionation 
reaction of Ag(I) ions; we studied the complexation 
reactions of Ag(II) ions with these ligands and the 
redox properties of the Ag(II) complexes through con­
ventional electrochemical methods. The present 
results concerning the compexation reactions of 
Ag(II) ions with the polyaza macrocycles and the 
redox behaviors of their Ag(II) complexes provide 
useful information concerning the molecular bases of 
Ag ion toxicity. 

Experimental 

Ligands. All of the polyaza macrocycles and their deriv­
atives carrying acetic acid groups were prepared according 
to methods described in the literature9) (Fig. 1). 

Ag(II) Complex Solutions. AgNC>3(170 mg, 1.00 mmol) 
was added to a stirred 15 ml aqueous solution containing 
0.40 mmol of 1,4,7,10,13-pentaazacyclopentadecane ([15]aneNs, 
86 mg) or 1,4,7,10,13-pentaazacyclohexadecane ([16]aneNs 
92 mg). A dark amber color gradually developed in the 
solution with a simultaneous formation of a silver mirror on 
the wall of the reaction vessel. The reaction mixture was 
then warmed on a steam bath at 55 °C for half an hour, 
during which time the solution pH was kept constant 
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R = H 
R = CH2CO2H 

tkjfÀ 
R 

3. R= H 
4. R = CH2CO2H 

Ligands 

Fig. 1. Ligands: 1. [14]aneN4 (Cyclam); 2. [14]-
aneN4-tetraacetic acid; 3. [15]aneNs; 4. [15]aneNs-
pentaacetic acid; 5. [16]aneNs. 

(pH=9.5) by adding a dilute NaOH solution. An attempt 
to isolate pure Ag(II) complex crystals as Perchlorate was 
made by adding a concentrated NaC104 solution, but failed. 
The resulting amber solution was diluted to 50.0 ml with 
redistilled water and stored in a refrigerater. The Ag(II)-
polyaza macrocycle complexes in the aqueous solution were 
stable for a considerable time, judging from the change in 
the absorbances and the positions of the absorption maxima 
in both the visible and UV spectra. Polarographic investi­
gation disclosed that no uncomplexed ligand ([15]aneNs or 
[16]aneNö remained in the Ag(II) complex solutions, thus 
prepared. The concentration of the Ag(II) complex solu­
tion was determined as follows: After acidifying with a few 
drops of concentrated CH3COOH, 0.50 ml of a 30% H2O2 
aqueous solution was added dropwise to the 20.0 ml amber 
solution. To the resulting colorless solution a sufficient 
amount of sodium thiocyanate crystals were added. The 
white AgSCN precipitate formed was collected by filteration 
and weighed to be 26.6 mg. The result suggests the forma­
tion of a 1:1 ratio Ag(II)-polyaza macrocycle complex. A 
yellow block form of the Ag(II)-cyclam complex was pre­
pared, as described by Ito et al.,10> and its aqueous solution 
was made from redistilled water. The reactions of AgC104 
(or AgNC>3) with cyclam-tetraacetic acid and [15]aneNs-
pentaacetic acid also gave a silver mirror and yellowish 
amber solutions. Since the Ag(II) complexes of these 
complexone-like ligands are comparatively unstable (the 
developed yellowish amber color faded to a colorless solu­
tion within three or four hours), no attempt was made to 
isolate the complex crystals. 

Reactions of Ag(I) ions with tetraaza and pentaaza 
macrocycles containing two amide groups such as dioxocy-
clam,11) dioxo[15]aneNö,12) and dioxo[16]aneNs13) also gave 
silver mirrors and yellow solutions. However the resulting 
yellow solutions faded immediately to colorless solutions 
while some turbidity occurred, probably due to a decompo­
sition of the Ag(II) complex. 

All of the other chemicals were of reagent-grade and were 
used without further purification. 

Apparatus and Measurements. Cyclic voltammetry (CV) 
was performed with a three-electrode system comprising a 
glassy carbon working electrode (a 3 mm glassy carbon rod, 
Grade GC-20, Tokai Electrode Company), a Pt-wire auxil­
iary electrode, and a saturated calomel reference electrode 
(SCE). Voltammograms were generated using a solid-state 
potentiostat and a potential scanner constructed in this 
laboratory (following the design of Itabashi and Oikawa14*) 
and recorded on a Rika Denki RW-11 X-Y recorder. The 

visible and UV spectra were recorded on a Hitachi U-3210 
spectrophotometer with 1 cm matched quarz cells. The 
Polarographie apparatus and experimental procedures were 
identical to those described previously.9'10) The pH values 
were read with a Horiba F8-AT digital pH meter with a 
glass electrode. All the measurements were performed at 
25.00+0.05 °C and an ionic strength(I) of 0.20 mol dm"3. 
Under these experimental conditions the values of 
—log[H+] could be estimated by applying a correction of 
—0.13 pH unit to the pH meter readings.15) Humidified N2 
gas free from CO2 and O2 was passed over the solution 
during the voltammetric and pH measurements. 

Results and Discussion 

Spectroscopy. Typical absorpt ion spectra of the 
Ag(II) complexes are shown in Fig. 2; their character­
istics are summarized in Tab le 1. Al though all of the 
complex solut ions can be described as yellowish 
amber, there are obviously considerable differences in 
the posi t ion and intensity of the m a x i m u m . It is 
plausible to assign these absorpt ion bands to the 
l igand to a metal-charge transfer in the Ag(II) com-
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Fig. 2. Absorption spectra: A. Ag(II)-[15]aneNs com­
plex; 0.202 mM. B. Ag(II)-[16]aneN5 complex; 
0.200 mM. 7=0.20 M (NaNOs). (M=mol dm"3). 

Table 1. Spectral Data for the Ag(II) Complexes 

Ligand Amax/nm(log£) 

[14]aneN4 (I)
a) 348 (3.67) 280 (3.43) 

[14]aneN4-tetraacetic acid (2) 380 (3.48) 290 (3.28) 
[15]aneN5 (3) 445 (3.62) 300 (3.44) 
[15]aneN5-pentaacetic acid (4) 417 (-3.3) 300 (-3.2) 
[16]aneN5 (5) 380 (3.56) 305 (3.38) 

a) Ref. 16. 
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plex. T h i s is also consistent wi th the moderately 
h igh band intensities (molar extinction coefficients). 
All two peak max ima found in the electronic spectra 
of the Ag(II) complexes in water were in the range of 
silver(II) complexes conta in ing polyaza macrocy­
cles.16) T h e absorpt ion spectra of the cyclam-
tetraacetic acid and [15]aneNs-pentaacetic acid com­
plexes were measured immediately after sample fixa­
tion at p H = 9 . 5 . T h e spectra changed rapidly wi th a 
decrease in the intensity and faded to a colorless solu­
tion after one hour. 

Polarography. Since the anodic dissolut ion of 
mercury, due to the free polyaza macrocycle, takes 
place at potentials where its Ag(II) complex undergoes 
a reduction at DME, and, hence, interferes with the 
accurate determinat ion of cathodic current ascribable 
to the reduction of the Ag(II) complex, all of the 
Polarographie measurements were made in buffer 
solutions conta in ing n o free macrocycles. 

In acetate (0.050 mol dm- 3 ) , Tr is . (0.050 mol dm- 3 ) , 
and borate (0.030 mol dm- 3 ) buffer solutions, Ag(II)-
cyclam, -[15]aneNs and -[16]aneNs complexes gave 
well defined cathodic waves at DME. Typica l polaro-
grams obtained for the cyclam and [15]aneNs com­
plexes are reproduced in Fig. 3. T h e diffusion cur­
rent constant ÄAEL'S (defined by the Ilkovic equa t ion as 
607-n-D1 /2-m*/8-*d

1 / 6 at 25°C), for the reduct ion of 
the Ag(II)-polyaza macrocycle complexes were almost 
the same as those for the anodic dissolut ion wave due 
to the free polyaza macrocycles (Hg+L^±HgL 2 + +2e~) ; 
plots of \og(i2/(i\—i)) against dc potent ia l , E, invaria­
bly gave straight lines hav ing reciprocal gradients of 
ca. —30 mV over the entire p H range covered, suggest­
ing a two-electron reversible reduct ion (Fig. 4). 
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Fig. 3. Dc polarograms: A. Ag(II)-[14]aneN4 com­
plex; 0.40 mM. B. Ag(II)-[15]aneN5 complex; 0.40 
mM. pH=9.19, [borate]=0.030 M, 7=0.20 M, 
25 °C. 

Here, i\ and i denote the l imi t ing current and the 
current at potent ia l E, respectively. T h e reversible 
nature of the electrode processes was also confirmed by 
the ac Polarographie method.17* T h e potent ial , E° 
(defined as the value of DME potent ia l where the [i2/ 
(i\—i)] is unity), shifted to more negative potentials 
u p o n increasing the solut ion p H and the log concen­
tration of the Ag(II) complex, C^gu obeying the fol­
lowing the relations; however, it was independent of 
the concentrat ion of the buffer reagent. Typica l 
results obtained in the po la rography of the Ag(II)-

A£° 
Alog(aH)L 

A£° 

= 30mV 

-30 mV 

(1) 

A log CAgL 

[15]aneNö complex are shown in Tab le 2. T h e SOf 

(2) 

bo 
O 

Fig. 4. Log(iV(ii-i)) against E plot: Ag(II)-[14]-
aneN4 complex; 0.40 mM, pH=4.90, [OAc"]=0.050 
M, [SOl-]=0.20M,25°C. 

Table 2. Typical Data of the Effects of CA8L and pH 
on the E° Values of the Ag(II)-[15]aneNs 

Complex, 7=0.20 M, 25 °C 

pH 

7.11 
8.63 
9.19 
9.45 
9.80 

10.21 
9.19 
9.19 

CASL 

mM 

0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
.0.20 
1.20 

(OJH)L 

2.06X106 

1.90X103 

1.79X102 

6.59X101 

2.02X101 

6.44 
1.79X102 

1.79X102 

a)29.6XAlog(<*H)L. b) 

E° 

V vs. SCE 

-0.0906 
-0.1762 
-0.2057 
-0.2192 
-0.2328 
-0.2460 
-0.1970 
-0.2200 

A£VmV 

Obsd 

+115.1 
+29.5 

0 
-13.5 
-27.1 
-40.3 
+8.9 

-14.1 

-29.6XAlogCAgL. 

Calcda) 

+120.0 
+30.3 

0 
-12.8 
-28.0 
-42.6 
+8.7b) 

-14.3b ) 
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anions in the solution had little effect on the E° value. 
This indicates that SOfr anions do not react with 
Ag(II) complexes under the present experimental con­
ditions. Therefore, all of the above findings are evi­
dently consistent with the following theoretical equa­
tion derived for the reversible two-electron reduction 
of the Ag(II) complex at DME (AgL2++Hg+2e^± 
Ag(Hg)+L). 

£° = (£i/2)Ag2+ - 0.0296 log ( ^ ) + 0.0296 log kAgL (3) 

Here, (£i/2)Ag*+ is the half-wave potential of the reversi­
ble reduction of Ag2+ ions at DME (Ag2++Hg+2e~ 
^±Ag(Hg)), ^Ag"L the formation constant of the Ag(II) 
complex (=[ÀgnL]/[Ag*+]-L]), (aH)L, l+[H+]Xfi+ 
[H+]2X^i^2+..., K\, the protonation constant of L, and 
&AgL—i\/CAgL-

Theoretically, (£i/2)Ag*+ can be related to the stand­
ard potential, e°, for the Ag2+/Ag° redox couple by the 
following relation.18) 

(£i/2)Ag2+ = £° + Es + 0.0296 log Csat • /sat (4) 

Es in Eq. 4 is the emf of the cell, Ag (s)/Ag2+/Ag(Hg), 
Csat, the saturated concentration of Ag in its amalgam, 
and /sat, the activity coefficient of Ag in the amalgam. 
From the e°, Es, and Csat values reported the (£i/2)Ag2+ 
value could be estimated to be 1.09 V vs. SCE (1.34 V 
vs. NHE) at 25 °C, using the /sat value of 1. Es value 
was estimated from the half-wave potential of the 
reduction of 1X10~4 mol dm-3 [Ag(CN)2]- at DME») 
using the £Ag(CN)2 value (=[Ag(CN) 2]/[Ag+] • [CN~]2) 
of 1Q21.120) to be -0.01 V vs. SCE. e° is the algebraic 
average of standard potentials for the AgVAg0 and 
Ag2+/Ag+ redox couples (1.140 V vs. SCE).21) Csat 
value of 6.07X10"2 mol dm~3 22) was used in the estima­
tion of the (£i/2)Ag

2+ value. 
With the aid of Eq. 3 the formation constants, ÄAgVs 

were determined from the measured E° values using a 
kAgL value of 3.87X10-3 (uAmol^dm3) and listed in 
Table 3. Using the /ÊAg"L values in Table 3, the 
apparent formation constants, KSLp(=Kd • KAS

UIL/((XH)L), 

at pH=9.5 for reaction (B) were calculated to be 
3.4X1020, 7.2X10*, 7.0X10", 2.3X1017, and 3.9X1020 for 
the cyclam, [15]aneNs, [16]aneNs, cyclam-tetraacetic 
acid, and [15]aneNs-pentaacetic acid systems, respec­
tively. These large apparent formation constants 
made the attainment of the Ag(II) state more easy, 
offering a useful method for the preparation of Ag(II) 

Table 3. Log^AgPL 

Ligand 

and E\/2 Values, /= 

Log£A g" 

=0.20 M 

L 

V 

,25°C 

Ei/2 

vs. SCE 

[14]aneN4(l) 43.4±0.2 
[14]aneN4-tetraacetic acid (2) 39.3±0.2 
[15]aneN5 (3) 43.6+0.2 
[15]aneN5-pentaacetic acid (4) 42.5+0.2 
[16]aneN5 (5) 43.3+0.2 

+0.600 
+0.230 
+0.265 
+0.200 
+0.150 

complex solutions in all cases studied. As shown by 
the /ÊAg"L values in Table 3, the fifth nitrogen donors 
of [15]aneNö and [16]aneNs contribute little to the 
thermodynamic stability of Ag(II) complexes. Tak­
ing account of the fact that sulfate anions do not react 
with the Ag(II)-polyaza macrocycle complexes, this 
finding may suggest that these pentaaza macrocycles 
coordinate to Ag(II) ions most likely with four nitro­
gen atoms. 

Cyclic Voltammetry. Figure 5 shows typical cyclic 
voltammograms at a scan rate of 100 mVsec"1 for the 
Ag(II)-[15]aneN5, -[16]aneNs and -cyclam complexes 
(1.5X10"3 mol dm~3, pH=9.5). The separation of 
anodic and cathodic peak potentials, A£p, was 70—80 
mV in all cases and the peak-height ratio nearly unity. 
Both peak-heights were proportional to the square 
root of the scan rate, V1/2. Slight variations (±3 mV) 
of peak potential separation with different scan rates 
(from 25 mVsec^1 to 400 mVsec^1) were also observed. 
These features are indicative of quasi-reversible (one-
electron) electrochemical behavior; hence, the mid­
point between two peak potentials should be a reason­
able estimate of the electrode potential correspond­
ing to the Polarographie half-wave potential.23) In 
all cases at pH's higher than 8.0 the half-wave poten­
tials obtained from the midpoint between two CV 
peak potentials were found to be independent of the 
solution pH and of the concentration of uncomplexed 
ligand. Meyerstein et al.24) reported that SO*" 
anions bind strongly to a Ni(III)-cyclam complex in 
an aqueous solution, making considerably easier the 
attainment of the trivalent state of nickel in a sulfate 
solution. The silver(II)-cyclam complex investigated 
here also displayed a similar behavior. Figure 6 
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Fig. 5. Cyclic voltammograms: A. [Ag(II)-[14]-
aneN4]=1.0 rriM, B. [Ag(II)-[15]aneN5]=1.0 mM, C. 
[Ag(II)-[16]aneN5]=1.0 mM, [borate]=0.030 M, 
pH=9.10, scan rate, F=200 mVsec"1. 
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Fig. 6. Dependence of E° on the concentration of 
SOI", [Ag(II)-[14]aneN4]=1.50 mM, [OAc"]=0.050 
M, pH=3.84, 25 °C. 

shows plots of an t i log (£i/2/0.0591)—1 against the 
sulfate concentrat ion, Cso4

2-. Here, AE1/2 means the 
£1/2 shift due to SOf" ions. A straight l ine pass ing 
th rough the or igin could be obtained. T h i s behavior 
is consistent wi th the fol lowing electrode process; the 
half-wave potent ial , £1/2, can be expressed in the form 
of relat ion (6). T h e formation constant , where 
£Ag3+/Ag2+ denotes the s tandard potent ia l for the A g 3 V 
Ag 2 + redox couple. 

AgL2+ + SOl" tAgL(S04)+ + e-

11 +SOl" 
AgL3+ 

E1/2'- * ^ A g ^ / A g 5 * 0.0591 log 
K/igniL(l+Km * Cs04

2" 

^ A g " L 

(5) 

(6) 

^ m (= [AgL(S0 4 ) + ] / [AgL3+] . [SOM) , of mixed l igand 
complex, [AgL(S04)]+ , can be estimated from the 
slope of the above straight line to be 83, which is 
slightly less than that reported by Maria Pravento et 
al.25) T h e half-wave potentials , Eiß's, for the other 
systems investigated in this report underwent little 
S 0 4 ~ effect wi th in the concentrat ion range of 0.050 
to 0.400 m o l d m - 3 , suggest ing that S0 4 ~ anions do 
not react wi th the Ag(III) complexes of [15]aneNs, 
[16]aneNö, and polyaza macrocycles carrying acetic 
acid groups on ni t rogen atoms. Therefore, in all of 
the systems except for the cyclam complex in a sulfate 
solut ion, the electrode reaction (5) and the theoretical 
relat ion (6) for the half-wave potent ial can be simpli­
fied to (7) and (8), respectively. A rearrangement of 
Eq. 8 gives the relative ease of oxidat ion of Ag(II) 

AgL2_n = AgL3_n + e-

&Ag i n L 

Ei/2 = E°Agz+/Ag2+- 0.0591 log £ A ni 

(7) 

(8) 

R- (9) 

to Ag(lll),R, expressed by Eq. 9. It is, however, 
impossible to estimate the R value us ing Eq. 9, since 
the £Ag3+/Ag2+ value is lacking. 

-K^T = A n t l l ° S ( ÔÔ59Î ) 

In spite of this obstacle, it is safely concluded that the 
more thermodynamical ly stable is the Ag(III) com­
plex, the more negative the half-wave potent ial for the 
oxidat ion of the Ag(II) complex becomes. T h e half-
wave potent ials in solutions conta in ing no sulfate 
an ion determined from the CV measurements are 
listed in Tab le 3. 

As judged from the ^Ag"L values in Tab le 3, an 
acetic acid g r o u p attached to the secondary amine , 
rather, contributes to the net destabilization of the 
Ag(II) complexes, whose magn i tude tends to vary wi th 
the macrocyclic r ing size. These acetic acid groups 
may pose a severe steric h indrance to the reaction of 
the l igand wi th Ag(II) ions by blocking access of the 
ni t rogen donors . O n the other hand, they exert a great 
positive effect on the thermodynamic stability of the 
Ag(III) state. T h i s would be explained as the incor­
pora t ion of negatively charged acetate carbonyl in the 
complexat ion wi th Ag(III) ions. T h u s , it is not 
totally correct to consider that the Ag(III) ions do form 
square p lanar complexes wi th polyaza macrocycles, 
s imply because the Ag(III) is d8 ion, even t h o u g h the 
c o m m o n geometry of the d8 Cu(III) is square 
planar.2 5 ) T h e f inding that the £1/2 values for the 
pentaaza macrocycle complexes are considerably 
smaller than that for the cyclam complex suggests the 
additive coordinat ion of the 5-th ni t rogen donor of 
pentaaza macrocycles, and also lends strong suppor t 
to the above conclusion that the Ag(III) ion forms 
polyaza macrocycle complexes with coordinat ion 
numbers greater than four. 

Rotating Disk Electrode Study. A rotating-disk 
electrode (glassy carbon) study also disclosed a well-
shaped cathodic step at about —0.15 V vs. SCE in the 

100 

i 
-100 

/ 0 +1.00 

£/V vs. SCE 

Fig. 7. Voltammogram of the Ag(II)-[14]aneN4 com­
plex at RDE: [Ag(II)-[14]aneN4]=1.5 mM, [OAc~]= 
0.050 M, 25 °C, pH=4.91, rotation velocity=1000 
rpm. 
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reduct ion scan (followed by an anodic s t r ipp ing peak 
in the reverse scan). O n the other hand, in the oxida­
t ion scan a reversible step could be observed at a 
potent ia l which nearly equals the midpo in t between 
the anodic and cathodic peak potentials of the cyclic 
vo l t ammogram (Fig. 7). T h e height rat io between 
the cathodic and anodic steps was almost two, lending 
s trong suppor t to the conclusions reached by dc po-
larography and cyclic voltammetry, that Ag(II) com­
plexes easily undergo two-electron reduction at the 
DME (dc polarography) and one-electron oxidat ion at 
the glassy carbon electrode (cyclic voltammetry). 
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New Column Packing Materials for Separation of Water-Soluble 
Vitamins by High-Performance Liquid Chromatography 

Shuzo AKIYAMA,* Kenichiro NAKASHIMA, N a n a k o SHIRAKAWA, and Kyoko YAMADA 

School of Pharmaceutical Sciences, Nagasaki University, 1-14 Bunkyo-machi, Nagasaki 852 
(Received April 26, 1990) 

Three types of high-performance liquid chromatographic column packing materials ((3-morpho-
linopropyl)-, [3-(l-piperazinyl)propyl]-, and (3-piperidinopropyl)silyl silica gels) were newly prepared and 
examined for their ability to separate water-soluble vitamins. Six vitamins (ascorbic acid, nicotinic acid, 
thiamine hydrochloride, pyridoxine hydrochloride, hydroxocobalamin acetate, and flavin adenine dinucleo-
tide) in sample solutions could be completely separated within less than 12 min by UV detection on a 
column packed with morpholinopropylsilyl silica gel by using a phosphate buffer [0.1 M (1 M=l mol dm -3) 
H3PO4-O.I M Na2HPC>4 (pH 6.0) containing 10 mM tetrabutylammonium bromide] as an eluent. This 
efficient gel was successfully applied to vitamin analyses of commercially available healthful beverages. The 
other column packing materials also showed characteristic for specific water-soluble vitamin analysis. Typi­
cal separations are presented. 

Reversed-phase chromatography using, typically, 
an octadecylsilylated silica gel (ODS) co lumn is now 
widely appl ied to various fields and cont inues to 
domina te all other high-performance l iqu id chroma­
tographic (HPLC) modes;1) in parallel , over the past 
several years m u c h effort has aimed toward increasing 
the efficiency of HPLC. Recent trends have been 
directed toward the development of specialty phases 
for the realization of selectivity e.g., the direct optical 
resolut ion of enant iomer ic carboxylic acids2) or ali­
pha t ic alcohols.3) 

In this paper we report on the development of 
new H P L C co lumn pack ing materials for separat ion 
of water-soluble vi tamins. Qui te recent H P L C 
methods for the determinat ion of water-soluble vita­
mins are main ly reported regarding analyses of var­
ious pharmaceut ica l preparat ions,4 - 9) foods, 10^12) and 
biomedical samples.13 '14) 

We have found that newly developed silica gels 
(MPS, PZS, and PDS) for H P L C hav ing a (3-
morphol inopropyl ) - , [3-(l-piperazinyl)propyl]-, or (3-
piperidinopropyl)-s i lyl g r o u p (as shown in Formulas) 
are suitable for the s imul taneous separation of several 

o 
1 

-O-S i -O OCH3 

O Si-(CH2)3-R 

- O - S i - 0 

O 
I 

R - N O - N N H - N 

Packing M p S p Z S PDS 
material 

Formulas 

vi tamin components in a single analysis by a single 
buffer e lu t ion wi th UV detection, in addi t ion to short­
en ing the analysis time. T h e prepara t ion of these 
stationary phases is easy and the mobile phase used in 
the analyses is consistently water [a phospha te buffer 
con ta in ing an ion-pair reagent ( p H 5—6)]. These 
co lumns have a reversed-phase type character accom­
p a n y i n g on ion-exchange behavior like a zwitterionic 
stationary phase. T h e a im of this study was to dem­
onstrate the usefulness of the columns and their 
applicabil i ty to water-soluble v i tamin analysis. 

Experimental 

Materials. Silica gel for HPLC, Daiso gel SP 120 (parti­
cle size 5 jam, spherical; nominal pore diameter, 146.7 Â; 
specific surface, 284 m2 g -1; pore volume, 1.0426 mL g-1) was 
supplied from Daiso Co., Ltd. (3-Morpholinopropyl)-, [3-(l-
piperazinyl)propyl]-, and (3-piperidinopropyl)trimethoxy-
silane were purchased from Shin-Etsu Chemical Industry 
Co., Ltd. All other reagents (Wako Pure Chemicals Co., 
Ltd.) used were of analytical grade. 

Apparatus. The chromatography system comprised a 
TOSOH CCPD pump with a Rheodyne-type injector with a 
100 u.L loop, a Hitachi 638 variable-wavelength UV monitor 
and a Hitachi Model 561 recorder. The eluates were moni­
tored at 270 nm. 

General Synthesis of Bonded Phases. Chemically 
bonded stationary phases were prepared in the following 
manner: silica gel (10.0 g) was suspended in toluene (300 
mL) and the mixture was refluxed for 24 h to remove water. 
In the case of MPS as a representative, trimethoxy-(3-
morpholinopropyl)silane (12 g) was added to the reaction 
vessel and the mixture was refluxed for 24 h. After the 
treatment, the chemically bonded gel was collected and then 
rinsed with toluene, acetone, and ether, successively; it was 
then dried under reduced pressure at 100 °C for 4 h. On the 
other hand, trimethylsilylation to MPS by treatment with 
chlorotrimethylsilane (3.76 g) and hexamethyldisilazane 
(5.43 g) was carried out in situ to remove as many of the 
residual free silanol functions as possible (so-called end-
capping). The end-capped MPS was washed with toluene, 
acetone, water, acetone, and ether, successively, and then 
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dried in vacuo at 80 °C. 
Elemental analyses data of MPS, PZS, PDS, and end-

capped MPS and grafted values (G) estimated from the value 
of nitrogen analysis were as follows: MPS, Found: C, 7.89; 
H, 1.54; N, 1.20%; G, 0.86 mmolg"1; PZS, C, 7.92; H, 1.64; N, 
2.42%; G, 0.86 mmolg"1; PDS, C, 8.47; H, 1.68, N, 1.19%; G, 
0.86 mmolg-1; end-capped MPD, C, 8.50; H, 1.65; N, 1.36%. 

Preparation of Column for HPLC. The gels (MPS, PZS, 
PDS, and end-capped MPS) were packed into (6.0 mm 
i.d.X150 mm) stainless-steel tubes by a slurry-packing tech­
nique [glycerole: methanol, 4:6 (v/v)] and applied to the 
separation of water-soluble vitamins at a flow rate of 1 
mLmin-1. 

Preparation of Solution of Water-Soluble Vitamins. 
Aqueous solutions of the vitamins were prepared daily 
under light shielding; aliquots (100 uL) were injected onto 
the HPLC. 

Results and Discussion 

Evaluation of MPS. As a preliminary experiment, 
a phosphate buffer [0.1 M (1 M=l mol dm"3) H3PO4-
0.1 M Na2HP04 (pH 6.0)] was used to separate six 
water-soluble vitamins (ascorbic acid (AA), thiamine 
hydrochloride (TA), nicotinic acid (NA), hydroxoco-
balamin acetate (HC), pyridoxine hydrochloride (P), 
flavin adenine dinucleotide (FAD)), by MPS. Conse­
quently, the phosphate buffer was found to be suitable 
since some of the vitamins showed good separations 
from each other. For the separation of ionic com­
pounds, ion-pair reagents have often been used. 
Thus, tetrabutylammonium bromide (Bu4NBr) and 
sodium 1 -octanesulfonate were tried for the separation 
of vitamins. Here, two eluent systems ((1), 0.1 M 
H3PO4-O.I M Na 2 HP0 4 containing 10 mM Bu4NBr 
and (2), 0.1 M H3PO4-O.I M Na 2 HP0 4 containing 10 
mM sodium 1-octanesulfonate) were selected and 
examined in order to determine the degree of separa­
tion of the vitamin components on the column. First 
of all, the effect of the eluent pH was examined (Fig. 
1). From Fig. 1 is apparent that the pH greatly 
influences the retention times of TA, HC, and FAD, 
but not AA, NA, and P. pH values of about 6 and 4 
were found to be optimum in the separation of these 
vitamins on the column. The effects of the concen­
tration of Bu4NBr and sodium 1-octanesulfonate at 
pH 6 and pH 4, respectively, were examined within 
the range 2—30 mM. The best separation was 
obtained at 10 mM in the both cases. Under the 
above HPLC conditions, it was demonstrated that the 
six water-soluble vitamins (AA, P, NA, FAD, HC, and 
TA) can be separated within 12 min in a single analy­
sis [Fig. 2(a) and (b)]. 

Evaluation of PZS and PDS. The conditions estab­
lished above-mentioned were applied to PZS and PDS 
in order to separate the same vitamin mixture. As 
shown in Fig. 3, a good peak separation was realized. 
In Fig. 3(a) the peak shapes of NA, TA, and FAD were 
improved compared to the case of MPS. NA and 
FAD were completely separated from the other vita-
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Fig. 1. Effect of pH on separation of vitamins by 

MPS. (a) Mobile phase: 0.1 M H3PO4-O.I M 
Na2HP04 buffer (pH 2.1—7.5) containing 10 mM 
tetrabutylammonium bromide. Sample: Ascorbic 
acid (AA, O), Nicotinic acid (NA, • ) , Thyamine 
hydrochloride (TA, À), Pyridoxine hydrochloride 
(P, D), Hydroxocobalamin acetate (HC, A), and 
Flavin adenine dinucleotide (FAD, • ) . (b) Mobile 
phase: 0.1 M H3PO4-O.I M Na2HP04 buffer (pH 
2.1—7.5) containing 10 mM sodium 1-octane­
sulfonate. 

mins on PDS [Fig. 3(b)]. In eluent system (1), the 
effect of the pH (5.0—7.5) was tested regarding the 
retention times of the vitamins by PZS and PDS. In 
both cases, the change in their retention times was 
larger than that of MPS. 

Evaluation of End-Capped MPS. Figure 4(a) illus­
trates a separation profile of six vitamins on a column 
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Fig. 2. Chromatograms of water-soluble vitamins 
obtained by MPS. (a) Mobile phase: 0.1 M H3PO4 
buffer (pH 6) containing 10 mM tetrabutylammo-
nium bromide, (b) Mobile phase: 0.1 M H3PO4-
0.1 M Na 2 HP0 4 buffer (pH 4.0) containing 10 mM 
sodium 1-octanesulfonate. Sample concentration 
(nmol/injection): AA (8.3), NA (5.5), TA (1.3), HC 
(3.3), P (1.0), FAD (8.3); flow rate, 1.0 mLmin- 1 ; 
detection, 270 nm with 0.16 AUFS. Abbreviations 
are the same as those given in Fig. 1. 

of end-capped MPS with the same condit ions as in 
Fig. 1(a). A l though the separat ion was achieved 
wi th in 8 min , peak separations were not realized for 
T A and H C . T h e end-capping treatment remarkably 
influenced bo th the elut ion order of the analytes and 
the retent ion t imes-pH profiles [Fig. 4 (b)]. T h e re­
tention times of P, TA, and H C are shorter, conversely, 
those of NA and FAD are longer than the case of MPS. 
T h o u g h such behavior cannot be clearly elucidated, it 
seems to be related to bo th an increase in the hydro-
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Fig. 3. Chromatograms of water-soluble vitamins 
obtained by PZS and PDS. (a) Chromatogram by 
PZS and (b) by PDS: mobile phase; 0.1 M H3PO4-
0.1 M Na 2 HP0 4 buffer (pH 6.0) containing 10 mM 
tetrabutylammonium bromide. Other conditions 
are the same as those given in Fig. 2. 
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Fig. 4. (a) Chromatogram and (b) effect of pH 
on separation of vitamins by end-capped MPS. (a) 
Mobile phase: 0.1 M H3PO4-O.I M Na 2 HP0 4 buffer 
(pH 6.0) containing 10 mM tetrabutylammonium 
bromide, (b) Mobile phase: 0.1 M H3PO4-O.I M 
Na 2 HP0 4 buffer (pH 2.1—7.5) containing 10 mM 
tetrabutylammonium bromide. Other conditions 
are the same as those given in Fig. 2. 
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Fig. 5. Chromatograms of water-soluble vitamins in 
healthful beverages. Beverage samples obtained 
from A, B, and C companies were diluted 10 folds 
with water. 100 (iL aliquot of each diluted sample 
was injected HPLC column. Mobile phase: 0.1 M 
H3PO4-O.I M Na2HP04 buffer (pH 5.0) containing 
10 mM tetrabutylammonium bromide; nicotin­
amide (NAM), flavin mononucleotide (FMN); other 
abbreviations: see Fig. 1. AUFS: (a) and (b), 0.64; 
(c), 1.28. 

phobic area by end-capping and a polarity change of 
the eluent by pH. 

Application of MPS to Water-Soluble Vitamin 
Analysis in Beverages. As shown in Fig. 5, MPS can 
quite easily separate water-soluble vitamins contained 
in commercially available healthful beverages. This 
showed that the three representative beverages ((a)— 
(c)) contain four or five water-soluble vitamins [pyri-
doxine, thyamine, nicotinamide (NAM), flavin mono­
nucleotide (FMN), or/and cyanocobalamin], caffeine 
or/and extract components, as listed on the labels. 
By pH change experiments, separation of the com­
bined peak of nicotinamide with caffeine can be 
realized at pH 3.0, though at the sacrifice of the 
analysis of the other vitamins (Fig. 6). This result 
brings about the possibility of caffeine analysis. 

In conclusion, special-purpose column packing 
materials (MPS, PZS, PDS, and end-capped MPS) for 
water-soluble vitamin analysis were developed, exam­
ined and applied to the analysis of three kinds of 
beverages. In particular, MPS is suitable for the 
analysis of a water-soluble vitamin solution. On the 
other hand, PZS and PDS have characteristics capable 
of analyzing specific vitamins. Since linear calibra­
tion curves corresponding to the six vitamins were 

CA 

NAM 

L 
12 8 0 

Time/min 

Fig. 6. Separation of NA and caffeine. Mobile 
phase: 0.1 M H3PO4-O.I M Na2HP04 buffer (pH 
3.0) containing 10 mM tetrabutylammonium bro­
mide, caffeine (CA, 1.25X10-8 mol/injection), and 
NAM (2.5X10-8 mol/injection); flow rate 1.0 
mLmin-1; detection with 270 nm with 1.28 AUFS. 

obtained, the determination of these vitamins in phar­
maceutical preparations, beverages, food is now in 
progress. 

One of the major advantages over the traditional 
reversed-column packing material, such as ODS,1* is 
that a favorable separation within a short retention 
time can be achieved with a buffer solution as an 
eluent throughout the analysis. These column pack­
ing materials can be used more than ca. 1000 times in 
analyses. As a plausible explanation for the separa­
tion of vitamins by these packing materials, we specu­
late that the columns might have both a partition 
action and a weak ion-exchange ability due to a ter­
tiary or/and a secondary amino group and, further, a 
free silanol group in the eluent systems used. Conse­
quently, the separation of a complex mixture like 
vitamins would be realized by these column packing 
materials having composite functions depending on 
the pH, which should be elucidated in the near future. 

We thank Emeritus Professor Masazumi Nakagawa 
of Osaka University for valuable advice and discus­
sions and Daiso Co., Ltd., for providing Daiso gel. 
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The complex formation of cyclodextrin (CyD, host) with Cs to C9 normal alkanes (guests) has been studied 
in aqueous medium at 25 °C by making use of the volatilization rate of alkane molecules from aqueous into 
gaseous phase. In the excess of the host, ß- and y-CyDs form 1:1 complexes, while a-CyD forms 1:1 and 2:1 
(host : guest) complexes. With an increase in the chain length of alkane, association constants for three CyDs 
increased; in the case of a-CyD, the 1:1 association constant for C9 was identical to that for Cs, while the 2:1 
association constant continued to increase. The cavity size of CyD, the alkane chain length, and hydrophobic-
ity and surface area of alkane molecules were taken into account to discuss the host-guest inclusion mechanism. 

a-, ß-, and y-cyclodextrins(CyDs) are cyclic oligo­
saccharides consisting of six, seven, and eight gluco-
pyranose units, respectively, with a central cavity of 
7Â deep, almost irrespectively of the type of CyD. 
While the outside of CyD molecule is hydrophilic, the 
cavity inside forms a hydrophobic environment, and a 
variety of molecular species are held as guests in 
aqueous medium if they suitably fit in the space, 
making CyD act as a host. Another factor which 
governs the host-guest association is the guest hydro-
phobicity: more hydrophobic guest molecules form 
more stable inclusion complexes with CyDs. 

Owing to their amphiphilic character, anionic sur­
factants with long alkyl chains are suitable guests to 
study how the polar head and the alkyl tail behave in 
complexation with CyD. Association constants have 
been measured mainly by a conductivity technique for 
surfactants such as alkyl sulfates,1-4* alkanesulfo-
nates,3_6) and alkyl carboxylates7'8) with different alkyl 
chain lengths. Systematic studies have been also 
made on aliphatic alcohols to examine the relation­
ship between the chain length and the CyD cavity 
depth or to elucidate the order of association constants 
based on thermodynamic parameters.9-12) 

The presence of hydrophilic functional groups in 
such guests, i.e., polar heads of surfactants and 
hydroxyl group of alcohols, however, makes it diffi­
cult to appreciate unambiguously the contribution of 
alkyl chain to the host-guest association. These 
functional groups have a potential ability to bind 
through hydrogen bonding with primary or secondary 
OH groups on the rims of CyD molecule or with 
glycosidic oxygens that constitute the cavity at its 
outside. The hydration cosphere of the hydrophilic 
functional group of guest molecule may also play a 
fundamental role in the association with CyDs. 

From this point of view, the use of normal alkanes 
themselves as guests is desirable. Such substances are 
only sparingly soluble in water and, moreover, vola­
tile. Additionaly, they have neither absorption peaks 
in the ordinarily accessible ultraviolet region, nor 
fluorescence. This characteristic of alkanes limits 
their uses as guests. To our knowledge, there is only 

one paper dealing with heptane-a- and /3-CyD sys­
tems.13) To have better knowledge of the basic rela­
tionship between the alkyl chain length and the CyD 
cavity, systematic studies using a homologous series of 
alkane are needed. 

We have recently proposed a method which can 
determine the association constants of volatile-non­
volatile solutes in aqueous medium. The method is 
based on the fact that the rate of transfer of the volatile 
solute from aqueous into gaseous phase decreases with 
its increasing association with nonvolatile solutes 
present in the aqueous medium. This technique has 
been applied to study associations of CyDs with var­
ious volatile guests of low aqueous solubility, such as 
benzene and alkylbenzene,14) naphthalene and its 
methyl derivatives,15) some poly nuclear aromatic 
hydrocarbons,16) CC14, CHCI3, and CH2CI2,17) and 
monohalobenzenes.18) 

In this work, we will apply this technique to the 
study of associations between alkanes of C5 to C9 
and a-, ß-, and 7-CyDs. We are not concerned here 
with the guests of the C number(n) smaller than 4 and 
those larger than 10, because the former groups 
present as gaseous state are difficult to deal with and 
the latter groups exhibit low solubility in water so 
that the amount volatilized during a definite aeration 
time cannot be determined accurately by a GC detector 
(FID). 

Experimental 

Deionized distilled water was used throughout the experi­
ments, a-, ß-, and y-CyDs of guaranteed grade and C5—C9 
alkanes of analytical reagent grade were used as received; 
CyDs, heptane, and octane were purchased from Nakarai 
Chemicals Co., pentane and hexane from Wako Pure Chem­
icals Co., and nonane from Tokyo Kasei Co. A suitable 
amount of CyD, dried over phosphorus pentaoxide under 
vacuum, was weighed and dissolved in water to prepare CyD 
solutions of desired concentrations. 

An aqueous solution saturated with each alkane was 
prepared at 25 °C by a vapor-circulation technique pre­
viously described.19) Since the alkane dissolved in water is 
highly volatile, we used a device shown in Fig. 1 to prevent 
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Fig. 1. The device used to prepare aqueous solu­
tions saturated with guest and to volatilize the 
dissolved guest from aqueous to gaseous phase by 
nitrogen gas stream. 

Table 1. Concentrations of Host and Guest and the 
Association Constants, Ki(l:l) and K2 (2:1) of 

(Host : Guest) Complexes at 25 °C 

Formation constant 

CcyD Ki & b) 

Pentane 
a-CyD 
0-CyD 
7-CyD 
Hexane: 
a-CyD 
0-CyD 
7-CyD 
Heptane 
a-CyD 
0-CyD 
7-CyD 
Octane: 
a-CyD 
0-CyD 
7-CyD 
Nonane 
a-CyD 
0-CyD 
7-CyD 

10-2 M 

QC)=3.36X10-E 

3.01—12.0 
0.600—1.39 
7.92—15.8 

C0
c)=2.2OXlO-5 
1.93—9.46 
0.319—1.19 
3.92—9.46 

: 0^=1.48X10" 
2.21—6.21 
0.211—0.783 
1.01—6.93 

QC)=0.958X10-« 
0.507—3.93 
0.311—0.996 
0.986—4.89 

0^=0.855X10-
0.500—1.99 
0.158—0.760 
0.990—2.98 

M"1 

M 
8±1 

50±10 
6.0±0.3 

M 
18±3 
60+20 
11+3 

5 M 
37±2 
69+4 
30±9 

5M 
80±10 
76±7 
62±5 

"6M 
80+20 
90+20 

(1.0+0.2)X102 

M"1 

6±3 

30+10 

(1.8+0.1)X102 

(2.2+0.5)X102 

(5.0+1.0)X102 

a) The total concentration of cyclodextrin. b) The 
dash sign indicates that K2 was not evaluated, because 
\/k' vs. CcyD plots gave a nearly straight line, c) The 
initial concentration of guest after mixed with CyD 
aqueous solution; the guest concentration before mix­
ing was estimated from the aqueous solubility of each 
guest (Refs. 20, 21). 

the loss of alkane during the transfer of the saturated aque­
ous solution. The alkane vapor in equilibrium with the 
liquid alkane (placed in A) was introduced into water (in B) 
and circulated in a closed system using a Viton diaphragm 
airpump (P). The aqueous phase can thus be saturated 
with alkane within 1 h without any need to separate the 
excess solute in the liquid state. A suitable portion of the 
saturated aqueous solution was transferred into a graduated 
cylinder (C) through a connecting tube by opening stop­
cocks. A suitable volume of water or CyD solution was 
then poured in the cylinder; the total volume was set at 80 
cm3 in most cases. 

Nitrogen gas was immediately blown into aqueous guest 
solution with or without CyD placed in the graduated 
cylinder thermostated at 25.0+0.1 °C at the following con­
stant flow rate (in parentheses, cm3 min - 1) suitable for each 
guest volatility: pentane (10), hexane, heptane, and octane 
(20), and nonane (30). The N2 gas leaving the sample 
solution was passed through a collector (D) packed with 
Tenax GC resin beads for a fixed time and the collector was 
connected with a furnace to analyse by the same way as 
previously described;17) the column temperature was set at 
100 °C in this work. The amount of guest collected at 
definite time intervals, àQ,<j>, and that collected during a 
sufficiently long time to expel almost all guest molecules 
from sample solutions, Q^, were determined with reference 
to the chromatogram peak areas. 

The concentration of each alkane in the saturated aque­
ous solution was not determined in this work; the data were 
taken from the literatures.20'21) The concentrations of host 
and guest employed in the present runs are given in Table 1. 

Results and Discussion 

Host(a-, j8-, and 7-CyDs)-Guest(Alkanes) Associa­
tion Constants. T h e equa t ion derived in the pre­
vious papers14'15* was used to estimate the 1:1 and 2 : 1 
(host : guest) association constants, K\ and K2: 

In (Qr-Q^J/-1) = -^/(l+£iCcyD+£i£2C2cyD) + In C* 

= - * / * + lnC*, (1) 

where CcyD and C<f, refer to the total concentrat ion of 
host and that of guest, respectively, V is the volume of 
the aqueous solut ion, k is the rate constant for transfer 
of guest molecules from aqueous to gaseous phase, 
and 

(2) W = &/(l+£lCCyD+£l£2C2CyD). 

Rearrangement of Eq. 2 yields: 

\/W = K1K2C^CyD/k + KlCcyD/k + \/k. (3) 

T h e plots according to Eq. 1 for all the host -guest 
systems studied in this work gave straight lines over 
the whole aerat ion time, d u r i n g which ca. 70% of the 
guest molecules present init ially in the sample solu­
tions were expelled. Slopes of the result ing straight 
lines, &'(and k), were evaluated by us ing the least-
squares method. Typical \/k' vs. CcyD plots are 
shown in Figs. 2 and 3. T h e plots appeared to be 
l inear for ß- and 7-CyDs, suppor t ing the formation of 
1:1 complexes, whereas those for a-CyD curved 
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Fig. 2. The plots of \/k' vs. CcyD. a-pentane(a), 
-hexane(b), -nonane(c). 
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Fig. 3. The plots of \/W vs. CCyD. Octane-ß(a), 
-7(b). 

upward. This indicates that, two a-CyD molecules 
associate with one guest molecule under the present 
experimental conditions that host molecules are 
always excess over guest molecules. 

The K\ and Ki values were determined by the curve-
fitting method using Eq. 3 and are summarized in 
Table 1. 

The association constants determined in this work 
are considerably lower than those reported by Wishin 
and Lappi,13> who gave Ki of 5.6X103 M"1 (1 M=l 
mol dm-3) and K of 2.6X103 M"1 at 25 °C for 
heptane-a- and /3-CyDs, respectively, based on solu­
bility measurements. We have no criterion at the 
present stage to claim that their values are too large. 

The Association Model. In evaluating association 
constants of surfactants and alcohols with CyDs, some 
workers have delt with their data on the basis of 1:1 
stoichiometry irrespective of the type of CyD. On the 
other hand, there have been reported some experimen­
tal evidence indicating that surfactants with varying 
length of alkyl chain form 1:1 complexes with ß-
and 7-CyDs and that with a-CyD they form 2:1 
(host : guest) complexes.2'3'8) The 2:1 complex for­
mation for a-CyD is explained by assuming that the 
polar group of surfactants (sulfate or sulfonate) is 
accommodated most efficiently by a-CyD to encapsu­
late the surfactant monomer at both ends with two 
CyD molecules.8) This hypothesis seems unreason­
able after the present results, because a-CyD forms 2:1 
complexes with alkanes themselves. Wishnia and 
Lappi also reported formation of 2:1 complex for a-
CyD-hexane;13) their opinion is that the 2:1 complex-
ation occurs by the overall process rather than the 
successive one. 

Our present work indicates that K2 value for the a-
CyD complexes increases steeply with increasing 
alkane chain length. Though we did not examine 
the guests of n smaller than 4, judging from the 
decreasing tendency of K2, we assume that for such 
short chain guests there is hardly any 2:1 complexes 
with a-CyD. Incidentally, ratios of the ternary to the 
binary species in an equilibrium at the a-CyD total 
concentration of 4X10"2 mol dm"3 are 20, 1.2, and 0.25 
for nonane, hexane, and pentane, respectively. 

It seems to be reasonable from this study to conclude 
that the formation of 1:1 or 2:1 complexes of CyDs 
with long alkyl-chain guests depends solely on the 
chain length of alkyl group compared with the CyD 
cavity depth. In order to show molecular sizes in the 
relative scale, an alkane molecule with a fully 
extended chain is depicted in Fig. 4 together with the 
dimension of each CyD. 

The cross section diameter of an alkane molecule 
(4.5 Â) being close to that of a-CyD cavity (5Â), we 
assume that the guest molecule is included in the CyD 
cavity along the fully extended alkyl chain. The van 
der Waals radius of C atom, 1.7 Â, being considered, 
the cavity depth of a-CyD is slightly insufficient to 
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I 1 3 5 7 9 ) 

V_>v 2 4 6 8 ^_J 

I * < 7Â = = > 

Fig. 4. The relative size of host and guest (octane). 
Cavity depth: 7Â (a, ß, y); cavity diameter: 5(a), 
6.9Q8),8.5Â(y). 

include a C5 molecule as a whole. With increasing n 
over 6, the part of the guest molecule extruding out­
side the host cavity becomes larger. From this point 
of view, the K\ value for a-CyD will be expected to be 
saturated at C5. In reality, the saturation pheno­
menon for alkanes occurs at Cs. This inconsistency 
cannot be fully explained. A plausible interpretation 
is that a margin to some extent may be necessary for 
the saturation phenomenon to occur. If the depth of 
a-CyD cavity is considered, nearly midpoints of Ci— 
C2 and C7—Cs bonds are situated at the both ends of 
the cavity. 

Saturation phenomena of a-CyD complexations 
were also observed for l-alkanesulfonates5) and for 
fatty acid salts;7) the former occurs at C10 and the latter, 
consistent with our present work, at Cs. By taking 
into account of hydration shell of a CyD molecule, 
Satake et al. explained why the saturation phenomena 
occur for surfactants at which the guest molecule is 
sufficiently long compared to the depth of the host 
cavity.6) 

It is interesting to note that K\ value is saturated at 
Cs, but Ki is not. This may indicate that an alkane 
molecule is included centering around the midpoint 
of its chain in the CyD cavity to form the binary 
complex, while the coexisting ternary complex is 
formed through sharing equal chain of one guest 
molecule with two host molecules. It has been sug­
gested that, if K2 is larger or nearly equal to Ki, the 
cross-section of secondary hydroxyl group sides of two 
CyDs are situated in parallel to each other in a suitable 
distance to form hydrogen bond.22) This model may 
be the case for the present 2:1 complexes with a-CyD. 

It can be seen from Fig. 4 that the cavity diameter of 
/3-CyD (6.9 Â) is sufficiently large to allow a conforma­
tional change of the guest alkyl chain so that the guest 
molecule contacts favorably with the cavity wall. 
This idea was presented by Ono et al.,7) who studied a-
and /3-CyD complexations for alkyl carboxylates and 
found that the association constant of a-CyD is satu­
rated at Cs, while that of j3-CyD at C12. They 
explained this difference, based on the host-guest 

association model and also on thermodynamic data, 
by assumption of a trans to gauche conformational 
change of alkyl chain in the j3-CyD cavity. This 
assumption can be plausibly applied to our present 
host-guest systems. 

We expected that 7-CyD forms much weaker com­
plexes with alkanes, because its cavity diameter 
(8.5 Â) is too large to accept an alkane molecule 
suitably. Contrary to the expectation, the association 
constant of 7-CyD was found to be almost comparable 
to that of a-CyD for the corresponding alkane. We 
will propose two hypothetical explanations. One is 
to postulate a flexible conformation of alkyl chain to 
get contact as widely as possible with the cavity wall; 
guests of short chain length (e.g., pentane) orient 
themselves in the cavity almost perpendicular to the 
cavity wall. Another postulation is that 7-CyD 
accepts a guest molecule without releasing water 
molecules which are present originally in the cavity. 
The water molecules are released in the inclusion 
process of the guest molecule of a suitable size. 

Inclusion Mechanism. The hydrogen bonding, 
van der Waals forces, and hydrophobic interaction are 
generally accepted to be responsible for bonding of 
guest molecules to CyD cavity. Of these, hydrogen 
bonding is ignored in the present case. 

Okubo et al. evaluated thermodynamic parameters 
of the a-CyD-sodium dodecyl sulfate system. They 
have concluded from negative AH and positive AS 
that the driving forces of the inclusion process are van 
der Waals and hydrophobic interaction between the 
alkyl chain of the surfactant and the inner wall of the 
CyD cavity.4) On the other hand, Satake et al. have 
drawn a conclusion that hydrophobic interaction gov­
erns associations of CnH2n+iS03" with a-CyD, by tak­
ing into account of increments of AH and AS as a 
function of n.6) As for the aliphatic alcohol-a-CyD 
system, Barone et al. observed negative AH and posi­
tive AS, from which they concluded that hydrophobic 
interaction does not always play the major role in 
these associations.11) Negative AH and positive AS 
were also observed in the heptane-a-CyD system, 
though this is not the case for the corresponding ß-
CyD system.13) 

It should be noted here that positive AS does not 
necessarily mean hydrophobic interaction. A defi­
nite number of water molecules replaced by a guest 
molecule are to be released from the CyD cavity to 
bulk water, which gives rise to positive AS.12) 

Undoubtedly the hydrophobicity of a guest is the 
most important factor in estimating the contribution 
of hydrophobic interaction. We have proposed in 
the preceding papers,16'18) that the most suitable 
parameter of hydrophobicity for volatile solutes is the 
Henry's law constant, Kn, which is defined as Ku=p/ 
X, where p is the partial vapor pressure of the solute 
and X is the mole fraction solubility of the solute in 
water. The free energy change of the dehydration 
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—AGdehyd/kJ m o i - 1 

Fig. 5. The plots of the free energy change of CyD-
guest complexation, AGComPiex (=~RT InK), vs. that 
of dehydration, AGdehyd (=—RT ln£H), of guest. 
Host: a (O), ß (•), y (A). 

Surface area of guest molecule/A2 

Fig. 6. The dependence of association constant on 
the surface area of guest molecule. Benzene, 
naphthalene, and anthracene are indicated by the 
structural formulae. The symbols of CyDs for 
alkanes are the same as those shown in Fig. 5. 

process is expressed as AGdehyd (=~RT In Ku); the 
larger the —AGdehyd value, the more hydrophobic the 
solute. The AGdehyd data of alkanes are available 
from the literature;23'24) hydrophobicity increases with 
the chain length. 

The free energy change in the 1:1 complex forma­
tion, —AGcompiex (=RT InKi), is plotted against 
—AGdehyd in Fig. 5. Since there is a positive correla­
tion between these two energy changes, hydrophobic 
interaction may be a driving force of CyD complex 
formation with alkanes. However, we cannot rule 
out the possibility of van der Waals force. This force 
is closely related to the associating host-guest contact 
area, that is, the alkyl chain length of a guest mole­
cule. The plots of logK vs. the total surface area of 
alkane25) are shown in Fig. 6. 

In the cases of polynuclear aromatic hydrocarbons16) 

and halobenzenes,18) there is a negative correlation 
between their hydrophobicity and surface area, and 
the K values increse with surface area. For such 
guests, van der Waals force may be taken as the pre-

Fig. 7. The plots of logK vs. n for some 1-alkyl 
(CnH2n+i:=R) surfactants and alcohols. Solid and 
dotted lines refer to a and ß-complexations, respec­
tively. The symbols of CyD for alkanes are the 
same as those shown in Fig. 5. R-SC>3~: a,5> e,6> b4); 
R-OSO3-: g3>; R-COCT: c,7> P>; R-OH: d,12> W». 
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dominan t factor to govern the inclusion complexa-
tion. For alkanes, it needs addit ional data such as 
temperature dependence of K to get AH and AS to 
determine which factor is p redominant , van der Waals 
force or hydrophobic interaction. Even so we wish to 
say that the former is more responsible for the 
a lkane-CyD complexat ions. We cannot find any 
basis on which an essential difference is rationalized 
in the b ind ing with CyD wall between an aromatic 
r ing and an alkyl chain. It is, therefore, unreason­
able to explain one side by van der Waals force and the 
other by hydrophobic interaction. 

In Fig. 7 are shown logK vs. n for alkyl-
homologous series of surfactants and alcohols 
together with the present results. There are three 
points to be noted. At first, a-CyD forms more stable 
complexes than /3-CyD. Secondly, the K values of 
these two CyDs increase monotonous ly with n and 
tend to form saturat ion plateaus. Thirdly , the K 
values of alkanes are considerably lower than those 
of surfactants and alcohols. T h e third po in t is note­
worthy: hydrophi l ic polar groups work as a stabilizer 
of the complexes rather than an inhibi tor . We specu­
late that polar groups such as SO3", C O O " , and 
O H " interact in a peculiar manne r such as hydrogen 
bond ing with a CyD molecule. T h e micro environ­
ment su r round ing a CyD molecule may be changed in 
the presence of such polar guests. 
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Nucleophilic Reaction upon Electron-Deficient Pyridone Derivatives. X.1} 

One-Pot Synthesis of 3-Nitropyridines by Ring Transformation 
of l-Methyl-3,5-dinitro-2-pyridone with Ketones or 

Aldehydes in the Presence of Ammonia 

Yasuo T O H D A , * Miyuki EIRAKU, T a k a o NAKAGAWA, Y u m i USAMI, Masahiro ARIGA, 
Tosh ih ide KAWASHIMA, Keita T A N I , H i roko WATANABE, and Yutaka MoRit 

Department of Chemistry, Osaka Kyoiku University, Minamikawahori-cho 4-88, Tennoji-ku, Osaka 543 
(Received March 22, 1990) 

The reaction of l-methyl-3,5-dinitro-2-pyridone (la) with ketones or aldehydes in the presence of ammonia 
gave alkyl- and/or aryl-substituted 3-nitropyridines (6) in moderate to high yields. Enamines derived from the 
ketones gave better results than did the ketones themselves; on the other hand, those derived from the aldehydes 
gave no 6 at all. On the basis of deuterium-labeled experiments, a mechanism comprising competitive ring 
transformations of la is proposed. 

Alkyl- or aryl-substituted 3-nitropyridines (6) have 
been scarcely known. T h e ni t ra t ion of mono- and 
dialkylpyridines give only traces of the expected prod­
ucts,23) while that of aryl-substituted pyridines usu­
ally occurs at the aryl ring.4) Recently, 2-(3,5-di-£-
butyl-4-hydroxyphenyl)-5-nitropyridine was prepared 
as an interest ing candidate for nonl inear optical mate­
rials5) by coup l ing 2,6-di-^-butylphenol wi th 2-halo-5-
nitropyridine;6 ) the method7) used, however, is not 
appl icable to the prepara t ion of other aryl-substituted 
3-nitropyridines. An alternative approach to the syn­
theses of these c o m p o u n d s involves the construct ion 
of a pyridine r ing. Some of the known methods are 
based on the condensat ion of sodium salt (2) of ni t ro-
malonaldehyde wi th a-acyl j8-amino olefins and tosyl 
chloride8) or wi th ß-keto esters and ammonia.8 '9) 
These methods, however, are l imited to the uti l ization 
of ß-dicarbonyl c o m p o u n d s or their enamine deriva­
tives, as the componen t of the C2 un i t of the pyridine 
r ing. 

In the course of our study on nucleophi l ic reactions 
u p o n 3,5-dinitro-2-pyridones (l),1) we found that 1 
often behaved as an activated and masked equivalent 
of sodium salt (2) of n i t romalonaldehyde (Scheme 1), 
a l t hough 1 and 2 are qui te different from one another 
regarding reactivity. T h u s , the reaction of 1 wi th 
pr imary amines was followed by the e l iminat ion of 
a-ni troacetamides (4) to give di imines (3) of ni t roma­
lonaldehyde in good yields;11) 2, however, gave 
mono imines under the similar conditions.12) T h e 
reaction of 1 with sodium salts of ß-keto esters 
afforded p -n i t ropheno l derivatives more efficiently13) 
than that of 2.14) Moreover, p-n i t roani l ine deriva­
tives (5) were formed by the reaction of 1 wi th s imple 
ketones in the presence of pr imary or secondary 
amines.15) 

These facts p rompted us to develop a new synthesis 
us ing 1 as a novel equivalent of ni t romalonaldehyde. 

1* Present address: Mukogawa Women's University, 
Ikebiraki-cho, Nishinomiya 663. 

We report here an elegant "one-po t" synthesis of 3-
ni t ropyridines (6) by a r ing transformation of 1-
methyl-3,5-dinitro-2-pyridone ( la) with a m m o n i a and 
such carbonyl compounds as aldehydes or ketones. 

RZ 

5 6 

Scheme 1. Analogy of the reactions of 1 with those 
of 2 (E=C02Me; R, R1, or R2=H, alkyl, or aryl). 
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Results and Discussion 

A methanol ic solution of la, cyclohexanone, and 
excess a m m o n i a (1 M = l mol d m - 3 ) was heated at 
70 °C under atmospheric pressure for 3 h (condit ion 
A). After removing the solvent in vacuo, 5,6,7,8-
tetrahydro-3-nitroquinoline (6a) was afforded in 83% 
yield as a benzene-soluble product . A m m o n i u m salt 
of N-methyl-a-ni t roacetamide (4a) was isolated in 67% 
yield as a benzene-insoluble counterpart . Methanol 

Table 1. Synthesis of 3-Nitropyridines (6) from la, Ammonia, and Carbonyl Compounds 

Entry Carbonyl compound 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
38 
39 

Reaction 
conditions'0 

(Ketone with both a-and a'-hydrogens) 
Cyclohexanone 
1 -Morpholinocyclohexene 
Cyclohexanone 
Cyclohexanone 
Menthone 

Menthone 
Cyclopentanone 
1 -Morpholinocyclopentene 
Cyclopentanone 
3-Methyl-2-butanone 
3-Methyl-2-butanone 

(Ketone without a'-hydrogen) 
Pinacolone 
Pinacolone 
Acetophenone 
a-Morpholinostyrene 
Acetophenone 
Propiophenone 
1 -Morpholino-1 -phenylpropene 
Propiophenone 
Tetralone 
Desoxybenzoin 
Desoxybenzoin 
a-Morpholinostilbene 
^-Aminoacetophenone 
^-Methoxyacetophenone 
^-Methylacetophenone 
^-Cyanoacetophenone 
^-Nitroacetophenone 
2-Acetylpyridine 
2,6- Diacety lpyridine 
2-Acetylfuran 
2-Acetylthiophene 

(Aldehyde) 
Acetaldehyde 
Acetaldehyde 
Propionaldehyde 
1 -Morpholinopropene 
Propionaldehyde 
Butyraldehyde 
Isovaleraldehyde 

A 
A 
B 
C 
A 

B 
A 
A 
B 
A 
B 

A 
B 
A 
A 
B 
A 
A 
B 
B 
A 
B 
B 
B 
B 
B 
B 
B 
B 
B b ) 

B 
B 

A o r B 
C 
A 
A 
C 
C 

c 

Product 

6a 
6a 
6a 
6a 
6b 

6b 
6c 
6c 
6c 
6d 
6d 

6e 
6e 
6f 
6f 
6f 
6g 
6g 
6g 
6h 
6i 
6i 
6i 
6j 
6k 
61 
6m 
6n 
60 
6p 
6q 
6r 

— 
6s 
6t 
— 
6t 
611 
6v 

R1 

-(CH2)4-

R2 

-CH(CH2)2CH-

èsHi-i 6 

-(CH2)3-

;-C3H7 

*-C4H9 

C6H5 

C6H5 

H3 

H 

H 

H 

CH3 

-o-C6H4(CH2)2-
C6H5 

£-C6H4NH2 

£-C6H4OCH3 

£-C6H4CH3 

£-C6H4CN 
£-C6H4N02 

2-Pyridyl 
c) 

2-Fury 1 
2-Thienyl 

H 
H 

H 
H 

C6H5 

H 
H 
H 
H 
H 
H 
H 
H 
H 

H 
CH3 

C2H5 

Z-C3H7 

Yield 
/% 

83 
90 
28 
50 
44 

32 
27 
37 
14 
36 
21 

Trace 
69 
44 
90 
81 
10 
55 
37 
76 

Trace 
33 
66 
44 
64 
73 
30 
27 
72 
7 4 b ) 

62 
56 

0 
18 

Trace 
0 

32 
41 
52 

a) Conditions A: A solution of la (2 mmol), a carbonyl compound (4 mmol) or an enamine (2.4 mmol), 
and ammonia (40 mmol) in methanol (40 ml) was heated at 70 °C for 3 h under atmospheric pressure. 
Conditions B: A solution of la (2 mmol), a carbonyl compound (4 mmol) or an enamine (2.4 mmol), 
and ammonia (280 mmol) in methanol (40 ml) was heated at 120 °C for 3 h in a 200 ml autoclave. 
Conditions C: A solution of la (2 mmol) , an aldehyde (4 mmol), ammonia (20 mmol), and ammonium 
acetate (20 mmol) in methanol (40 ml) was heated at 100 °C for 3 h in a 200 ml autoclave, b) Yield of 
6p is based on the ketone (see Experimental), c) Structure of 6p is shown in this text. 
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Table 2. Competitive Formation of 3-Nitropyridine (6) and 4-Nitroaniline (5) 

[Vol. 63, No. 10 

Entry Reagent Reaction 
conditionsa) Products 

Yields 
/% 

40 

41 

42 

43 

44 

45 

Acetone 

Acetone 

2-Butanone 

2-Butanone 

3-Pentanone 

3-Pentanone 

A 

B 

A 

B 

A 

B 

2-Methyl-5-nitropyridine (6w) 
4-Nitroaniline (5a) 
6w 
5a 
2,3-Dimethyl-5-nitropyridine (6x) 
2-Ethyl-5-nitropyridine (6y) 
2-Methyl-4-nitroaniline (5b) 
6x 
6y 
5b 
2-Ethyl-3-methyl-5-nitropyridine (6z) 
2,6-Dimethyl-4-nitroaniline (5c) 
6z 
5c 

17 
34 
9 

29 
23b) 

7b) 

4 3 b ) 

2 0 b ) 

53b) 

34 
47 
26 
45 

a) Notations of the conditions are same as shown in Table 1. b) The yields were determined 
by 1H NMR spectra. 

was the most suitable a m o n g the examined solvents. 
When pyridine or DMF was used as a solvent, dry 
ammonia gas had to be bubbled into the solvent 
during the reaction because of the low solubility of 
ammonia in these solvents. 

Various ketones and aldehydes having a-methyl or 
a-methylene hydrogens reacted with la in the presence 
of ammonia either under condition A or under other 
modified conditions, B or C (vide infra), to give alkyl-
and/or aryl-substituted 3-nitropyridine derivatives (6). 
The results are summarized in Tables 1 and 2. These 
results show that the most suitable reaction conditions 
depend on the structure of the carbonyl compounds. 
In the case of aliphatic ketones having both a- and a'-
hydrogens (Entry 1 —11, 40—45), the mildest condi­
tion, A, gave the best results yielding 3-nitropyridines 
which had a 6-alkyl substituent with active a-
hydrogens. The lower yields of the pyridines 6 under 
the other harder conditions, B and C, may be attri­
buted to a further condensation of 6 with either the 
ketones or la. On the other hand, when a ketone 
having no a'-hydrogen, such as aromatic ketones or 
pinacolone, were used as the C2 component (Entry 
12—32), the best results were obtained under the hard­
est condition, B: treatment of la with the ketone in 7 
M methanolic ammonia at 120 °C in an autoclave. 

In reactions with 1, enamines derived from the 
ketones and morpholine gave 6 in better yields than 
did the original ketones (Entry 2, 8, 15, 18, and 23). 
The yields of 6 were much improved in the cases of the 
less reactive aromatic ketones. Generally speaking, 
the enamines are more favorable reagents, although 
they are less available, especially those from methyl16) 

or aromatic ketones.17) Surprisingly, enamines derived 
from aldehydes and morpholine gave no 6 but, rather, 
unidentifiable resinous products (Entry 36). 

Aliphatic aldehydes having a-methyl or «-methyl­
ene hydrogens did not yield any 6 under either condi­
tion A or B. Treatment of these aldehydes with la 

and ammonia in the presence of ammonium acetate 
(condition C) afforded unsubstituted (6s) and 5-alkyl-
substituted (6t—6v) 3-nitropyridines, respectively. 
Higher classes of the aldehydes gave 6 in better yields. 
These results suggest that self-condensation of the 
aldehyde reduces the yield of 6. 

As expected from Scheme 1,15) the competitive for­
mation of 3-nitropyridines (6) and p-nitroanilines (5) 
was observed in the reaction of la with ketones bear­
ing either methyl or methylene hydrogens on both a-
and a'-carbons (Table 2). Unfortunately, 6 was a 
minor product in every case, and it could be easily 
separated from the major product, 5, by dissolving 6 in 
hexane. The reaction of la with 2-butanone (Entry 
42 and 43) gave two isomeric 3-nitropyridines 
(6x:6y=3:1) as well as 5b. 3-Pentanone (Entry 44) 
gave better results than did acetone (Entry 40). These 
facts indicate that the ketones having a-methylene 
hydrogens are more reactive than those having a-
methyl hydrogens in the case of aliphatic ketones. In 
the case of aromatic ketones, however, the ketones 
having a-methyl hydrogens (Entry 14—16) seem to be 
more reactive than those having «-methylene hydro­
gens (Entry 17—19). 

Neither ß-diketones, ß-keto esters, nor their enam-
ine derivatives gave the corresponding 3-nitropyridines, 
even under the strongest condition, B. It is interest­
ing that these ß-dicarbonyl compounds react well 
with sodium nitromalonaldehyde (2) to give 3-
nitropyridinç derivatives.89) However, when a sim­
ple ketone, cyclohexanone, was treated with 2 under 
condition A, the yield of 6a was only 6.5%. From 
these facts, it can be concluded that, for the synthesis 
of 6, la is a better reagent when simple aliphatic or 
aromatic ketones are used as the C2 component of 6, 
and 2 is suitable if the ketones having ß-carbonyl 
groups are used. 

Most of the afforded 3-nitropyridines 6 are new 
compounds and some of them are expected to have 
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60 6p 

6j 

interest ing properties. For example, 5-nitro-2,2'-
dipyridine (60) and 5,5 / /-dinitro-2,2 / : 6' ,2"-terpyridine 
(6p) are ones of the most 7T-acidic 2,2 /-dipyridines and 
2,2' : 6' ,2"-terpyridines, which are interest ing in terms 
of coordina t ion chemistry, organometal l ic chemistry, 
and photochemistry.18) 2-(4-Aminophenyl)-5-nitropyridine 
(6j) has a deep orange-red crystal form [/Lax(methanol)= 
398 n m ] due to its s t rong int ramelocular charge-
transfer; the other 6 are colorless or pale yellow. 

When l a was treated wi th a 3 M a m m o n i a solut ion 
in the absence of ketones at 70 °C for 3 h, the solut ion 
turned red, indicat ing the reversible formation of a 
Meisenheimer complex of l a with ammonia . 1 9 ' After 
removing the solvent in vacuo and a l lowing recrystal-
lization, most of l a was recovered. O n the other 
hand , the treatment of more electrophilic 3,5-dinitro-
2-pyridones, such as l-(2-pyridyl) ( lb) or l-(4-
ni t rophenyl) derivatives (lc), wi th a m m o n i a alone or 
wi th a m m o n i a and cyclohexanone gave nei ther 6 nor 
3a, these pyridones, however, were decomposed at 
once. Since l b and l c react wi th pr imary amines to 
give 3 m u c h faster than l a , n ) the ini t ial product of the 
reactions may be d i imine (3a) of n i t romalonaldehyde, 
which is more labile than free n i t romalonaldehyde, 
itself.10) Moreover, the treatment of l a wi th ketones 
hav ing «-methylene or a-methyl hydrogens in 
me thano l or other solvents in the presence of diethyl-
amine gave a Meisenheimer adduct of l a wi th a 
ketonic nucleophi le in good yields; however, no cleav­
age of the pyridone r ing occurred (Eq 2).19) These 
results show that the r ing cleavage of l a in this reac­
tion mus t be caused by cooperat ion with bo th ketones 
and a m m o n i a and that 3a is not an intermediate. 

la + I 1 NHEt? 

° 2 N Y ^ N 0 2 ~ 

- V / ^ o NH2Et2+ (2) 
J l 2 tie 

In order to clarify the reaction mechanism, 6-
deuterio labeled dini t ropyr idone (Id) was treated 
under two different condit ions. One was condi t ion A 
in which cyclohexanone and excess a m m o n i a were 
used (Eq 3). T h e other was a modified condi t ion A 
in which a more nucleophi l ic enamine derivative and 
a 1.5 molar a m o u n t of a m m o n i a were used (Eq 4). 
Under these condit ions, mixtures of 2-deuterio- (6a) 

and 4-deuterio-3-nitropyridine derivatives (67) were 
afforded in different ratios; 58 :42 under the former 
condi t ions and 81:19 under the latter. In bo th cases, 
the H - D exchanged product 6a was not detected by the 
X H N M R spectra.20) These results together indicate 
that the formation of 6 a and 6 7 (or 6) proceeds 
competitively via different paths . 

02NV 

D'­

Ici 

XXG2+o<û + N H 3 
Me 

1mmol 2mmol 10mmol 

70 

~MeOH 

20 ml 

^CO-° 2 XQ 
6a 67 

6a : 67=58:42 

(3) 

id + f ^ r r ^ + 
70°C 

N H3 n ^ * 6a+67 
0 MeOH (4) 

20ml 

1mmol 2 mmol 1.5 m mol 6a : 67=81:19 

We propose a possible set of pa ths from l a (or Id) to 
6 (or 6a and 67) involving two isomeric meta-bridged 
intermediates (7a and 7b) (path A and pa th B in 
Scheme 2). Such a type of compounds has been 
isolated as the intermediates of the reactions of 1 to p-
nitrophenols 1 3 ) or p-nitroanil ines.1 5 ) T h e interme­
diates, 7a and 7b, are formed by the consecutive addi­
t ion of ketones and a m m o n i a at the C-4 and C-6 
posi t ions of la . O n the basis of the structure of the 
Meisenheimer adducts of Id wi th C-, N-, O-
nucleophiles,1 9 ) it can be expected that the first addi­
t ion of these nucleophiles in this reaction also occurs 
at the C-6 posi t ion of 1. T h e second addi t ion at C-4 
of 1 may be m u c h slower than the first one since the 
formation constants of such 1,3-adducts are generally 
smaller than those of the Meisenheimer adducts in 
many electron-deficient aromatics.2 1 ) Consequent ly , 
we can assume that the product distr ibution between 
6 a and 6 7 depends on the relative rate of the second 
nucleophi l ic addi t ion of each path . Th i s assump­
tion implies that pa th A, which gives 6a , is predomi­
nan t when ketonic nucleophi le is more active than 
ammonia . Since the actual nucleophi l ic species of 
the ketones are their enolate ions o r / a n d their enam-
ines derived from a m m o n i a or morphol ine , the effec­
tive concentrat ion of such ketonic nucleophiles is 
h igher in the case of Eq. 4 than in the case of Eq. 3. 
T h u s , the p redominan t formation of 6 a in the case of 
Eq. 4 can be rationalized by this scheme. 

In conclusion, the present reaction is one of the 
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la (X=H) or ld (X=D) 

02 N v f l ^yN02 

fast // Me NX fast 

H ^N02 

H fl( H 

R2 X 

' 

Me 

r 

path B 

7b 

& - 4 a 02Nx>rï^ : ; r/R
2 

% ^ R 1 

H 2 N ^ T N ^ 0 
X Me 

R1 R2 

y-
slow 

02N^>YN°2" 
H2N-4^N^O 

path A 

R ^ > y N 0 2 
CONHMe 

NO2 

6 (X=H) or 67 (X=D) 6 (X=H) or 6a (X=D) 

Scheme 2. Dual path ways from la (or ld) to 3-nitropyridines 6 (or 6a and 67). 

u n i q u e r ing transformations of l-methyl-3,5-dinitro-
2-pyridone la. Since la is readily available (see 
Experimental) and nonexplosive, it is a useful reagent 
to prepare 3-nitropyridines with alkyl- a n d / o r aryl-
substi tuents at either the 5- a n d / o r 6-positions. 

Experimental 

Elemental analyses were carried out using a Yanagimoto 
MT-3 CHN-corder. *H NMR spectra were measured using a 
Hitachi R-20 B spectrometer with TMS as an internal refer­
ence. IR spectra were collected with a Hitachi model 260-
10 spectrophotometer. The melting points were measured 
by means of a Yanagimoto micro melting point apparatus. 

l-Methyl-3,5-dinitro-2-pyridone (la). l-Methyl-2-pyridone 
was prepared from pyridine according to the known proce­
dure,22) and continuous extraction with chloroform gave it 
in 91% yield (lit,22) 65—71%). Nitration of the pyridone 
(5.45 g) with nitric acid (d=1.38, 38 ml) in sulfuric acid (100 
ml) at 100 °C for 4 h gave la in 42%.13> Similarly, 6-
deuterio-l-methyl-2-pyridone23) was nitrated to give 6-
deuterio-l-methyl-3,5-dinitro-2-pyridone (ld) in 38% yield; 
pale yellow plates (water), mp 173 °C. *HNMR (DMSO-
de): 0=3.69 (3H, s), 9.01 (1H, s). Found: C, 36.25; H, 2.18; 
N, 21.05%. Calcd for C6H4DN3O5: C, 36.01; H, 2.52; N, 
21.00%. 

Synthesis of 3-Nitropyridines (6) under the Condition A. 
A mixture of 0.40 g (2.0 mmol) of la, 0.39 g (4.0 mmol) of 
cyclohexanone, and 40 ml of ammonia solution (1 M) in 
methanol was heated at 70 °C for 3 h under atmospheric 
pressure. The solvent was removed in vacuo and the resid­
ual oil was dissolved in benzene. A benzene-soluble por­
tion was passed through a short silica-gel column. A ben­

zene eluent gave a colorless solid, which was a mixture of 6a 
and the starting ketone. The solid was recrystallized from 
methanol-water (1:4) to give 0.30 g (83%) of colorless plates 
(6a). Elemental analysis, melting points, and IR spectra of 
6 are summarized in Table 3 and 1H NMR spectra of 6 are 
shown in Table 4. A benzene-insoluble yellow solid (0.18 
g, 67%) was identified as an ammonium salt of Af-methyl-a-
nitroacetamide (4a) by its *HNMR spectrum (DMSO-A): 
0=2.69 (3H, d, /=4.6 Hz), 5.99 (1H, s), 6.15 (4H, m), 9.31 
(1H, m). The solid was dissolved in 5 ml of water and just 
neutralized by dil. hydrochloric acid. A chloroform extract 
gave 0.05 g (20%) of N-methyl-a-nitroacetamide (4a), color­
less plates, mp 61— 64 °C. *HNMR (DMSO-&): 0=2.68 
(3H, d, /=5.0 Hz), 5.23 (2H, s), 8.3 (1H, broad s). Found: C, 
30.47; H, 5.19; N, 23.90%. Calcd for C3H6N2O3: C, 30.51; H, 
5.12; N, 23.72%. 

Synthesis of 6 under the Condition B. A mixture of 0.40 
g (2.0 mmol) of la, 0.48 g (4.0 mmol) of acetophenone, and 
40 ml of methanolic ammonia solution (7 M) was heated at 
120 °C for 3 h in a 200 ml autoclave. After removing the 
solvent in vacuo, a residual oil was column-
chromatographed over silica gel. The benzene eluent was 
washed with cold hexane to give 0.34 g (81%, mp 118— 
120 °C) of colorless prisms (6f). 

Synthesis of 6 under the Condition C. A mixture of 0.40 
g (2.0 mmol) of la, 0.34 g (4 mmol) of isovaleraldehyde, 1.54 
g (20 mmol) of ammonium acetate, and 40 ml of ammonia 
solution (0.5 M) in methanol was heated at 100 °C for 3 h in 
a 200 ml autoclave. After removing the solvent in vacuo, 20 
ml of a saturated aqueous sodium chloride solution was 
added to the residual oil; the mixture was extracted by 
chloroform. The extract was dried with anhydrous sodium 
sulfate and passed through a silica-gel column. The first 
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Table 3. Melting Points, Analytical Data, and IR Spectra of 3-Nitropyridines 6 

Compound 

6a 
6b 
6c 
6d 
6e 
6f 
6g 
6h 
6i 
6j 
6k 
61 
6m 
6n 
6o 
6p 
6q 
6r 
6s 

6t 
6u 
6v 
6w 
6x 
6z 

i 

74 

Mp 
0m/°C 

— 74.5 
Oil 

94.5— 95 
36 - 38.5 
2 6 . 5 - 27 

120 
74 

146 
91 

220 
131 
129 
209 
220 
173 
271 
164 
170 
38 

—120.5 
— 74.5 
—150 
— 91.5 
- 2 2 1 
- 1 3 2 
—132 
- 2 1 2 
- 2 2 5 
—174 
- 2 7 3 
—166 
—170.5 
— 40 

(Ht,a)41) 
95 

49 
106 

- 96 
Oil 
— 49.5 
—108 

50.5— 51.5 
30 — 31.5 

C 

60.66 
66.50 
58.63 
57.90 
59.60 
66.19 
67.30 
69.14 
73.85 
61.68 
62.86 
67.15 
64.24 
54.05 
59.90 
55.89 
57.10 
52.31 
48.47 

52.15 
55.31 
57.88 
52.44 
55.15 
57.90 

Found/% 

H 

5.65 
7.75 
4.93 
6.09 
6.69 
4.05 
4.80 
4.49 
4.42 
4.20 
4.47 
4.72 
3.17 
2.92 
3.56 
2.80 
3.16 
2.98 
3.26 

4.38 
5.46 
6.06 
4.47 
5.19 
6.05 

N 

15.68 
11.86 
17.09 
16.71 
15.35 
14.06 
13.02 
12.54 
10.02 
19.33 
12.02 
13.07 
18.61 
17.31 
20.91 
21.68 
14.95 
13.47 
22.33 

20.42 
18.62 
17.04 
20.07 
18.38 
16.83 

C 

60.66 
66.64 
58.53 
57.82 
59.98 
65.99 
67.28 
69.01 
73.90 
61.39 
62.60 
67.28 
64.00 
53.88 
59.70 
55.73 
56.84 
52.42 
48.39 

52.17 
55.25 
57.82 
52.17 
55.25 
57.82 

Calcd/% 

H 

5.66 
7.74 
4.91 
6.07 
6.71 
4.03 
4.71 
4.46 
4.38 
4.22 
4.38 
4.71 
3.13 
2.88 
3.51 
2.81 
3.18 
2.93 
3.25 

4.38 
5.30 
6.07 
4.38 
5.30 
6.07 

N 

15.72 
11.96 
17.07 
16.86 
15.55 
13.99 
13.08 
12.38 
10.24 
19.53 
12.17 
13.08 
18.66 
17.14 
20.89 
21.67 
14.73 
13.58 
22.58 

20.28 
18.41 
16.86 
20.28 
18.41 
16.86 

MNO2) 

cm - 1 

1513 
1517 
1510 
1520 
1527 
1520 
1515 
1522 
1520 
1520 
1520 
1520 
1520 
1516 
1518 
1524 
1510 
1515 
1533 

1525 
1530 
1530 
1518 
1516 
1515 

^(N0 2) 

cm - 1 

1350 
1352 
1350 
1355 
1352 
1346 
1343 
1340 
1340 
1335 
1340 
1343 
1350 
1346 
1350 
1353 
1350 
1347 
1352 

1358 
1360 
1360 
1350 
1346 
1350 

a) A. Kirpal and E. Reiter, Ber., 58b, 699 (1925). 

Table 4. *H NMR Spectra of 3-Nitropyridines (6) 

Compound 
R1 R2 

Solvent 
Chemical shifta) (<5) 

H2 H4 H5 H6 Other protons 

6a 

6bb) 

-(CH2)4-

-CH(CH2)2CH-
I I 

C3H7-; C H 3 

6c 

6d 

6e 

6f 

6g 

6h 

6i 

6j 

-(CH2)3-

2-C3H7 H 

t-C^iig H 

C6H5 H 

C6H5 CH3 

-o-C6H4(CH2)2-

CÔHÔ CôHf 

£-C6H4NH2 H 

6k £-C6H4OCH3 H 

CDCI3 9.15, d 8.15, d 
(/2,4=2.5 Hz) 

CCI4 9.13, d 8.11, d 
(/2,4=2.6 Hz) 

CDCI3 9.28, d 8.26, m — — 
(/2,4=2.4 Hz) 

CCI4 9.30, d 8.34, dd 7.28, d — 
(/2,4=2.7Hz,/4,5=9.0Hz) 

CCI4 9.32, dd 8.35, dd 7.46, dd -
(/2,4=2.7 Hz, /4,5=9.2 Hz, /2,5=0.6 Hz) 

CDCI3 9.48, dd 8.50, dd 7.90, dd — 
(/2,4=2.5 Hz, 74,5=8.8 Hz, 72,5=0.7 Hz) 

CDCI3 9.18, d 8.23, d — — 
(7*4=2.5 Hz) 

CDCI3 9.31, d 8.26, d — — 
(72,4=2.5 Hz) 

CDCI3 9.49, d, 8.52, d — — 
(72,4=2.5 Hz) 

DMSO-de 9.28, d 8.45, dd 7.96, d — 
(72,4=2.7 Hz, 74,5=9.2 Hz) 

CDCI3 9.38, d 8.41, dd 7.76, d — 
(72,4=2.5 Hz, 74,5=9.0 Hz) 

1.7—2.2 (4H, m), 
2.7-3.2 (4H, m). 
0.68 (3H, d, 7=6.5 Hz), 
1.06 (3H,d, 7=6.7 Hz), 
1.34 (3H,d, 7=7.0 Hz), 
1.6-2.2 (4H, m), 
2.5—3.3 (3H, m). 
2.26 (2H, quintet, 7=7.5 Hz), 
3.1 (4H, m). 
1.32 (6H,d, 7=6.7 Hz), 
3.16 (1H, septet, 7=6.7 Hz). 
1.38 (9H,s). 

7.4—7.6 (3H, m), 
7.9—8.1 (2H, m). 
2.46 (3H, s), 
7.4 (5H, m). 
3.03 (4H, 2), 
7.3—7.5 (3H, m), 
8.3—8.5 (1H, m). 
7.2—7.4 (10H, m). 

5.85 (2H, m), 
6.68 (2H, d, 7=8.4 Hz), 
7.96 (2H, d, 7=8.4 Hz). 
3.86 (3H, s), 
6.99 (2H, d, 7=8.8 Hz), 
8.02 (2H, d, 7=8.8 Hz). 
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Compound 
Ri R2 

Table 4. 

H2 

(Continued) 

Chemical shifta) (<5) 

H 4 H 5 H6 Other protons 

61 £-C6H4CH3 H CDCI3 

6m 

6n 

60 

£-C6H4CN 

£-C6H4N02 

2-Pyridyl 

H 

H 

H 

CDCI3 

CDCI3 

CDCI3 

6p 

6q 

6r 

c) 

2-Fury 1 

2-Thienyl 

H 

H 

H 

CDCI3 

CDCI3 

CDCI3 

6s 

6t 

611 

6v 

6w 

6x 

6y 

6z 

H 

H 

H 

H 

CH3 

CH3 

C2H5 

C2H5 

H 

CH3 

C2H5 

;-C3H7 

H 

CH3 

H 

CH3 

CCI4 

CDCI3 

CCI4 

CDCI3 

CDCI3 

CCI4 

CDCI3 

CCI4 

9.44, d 8.46, dd 7.97, d — 
(/2f4=2.8 Hz, 74,5=9.0 Hz) 

9.53, dd 8.60, dd 7.97, dd -
(72,4=2.6 Hz, 74,5=8.6 Hz, 72,5=0.7 Hz) 
9.56, d 8.63, dd 8.01, d — 
(72,4=2.7 Hz, 74,5=8.8 Hz) 
9.46, dd 8.4—8.7, m 8.4—8.7, m — 
(72,4=2.0 Hz, 72,4=1.0 Hz) 

9.53, dd 8.65, dd 8.82, dd -
(72,4=2.5 Hz, 74,5=8.6 Hz, 72,5=0.7 Hz) 
9.37, d 8.48, dd 7.80, d — 
(72,4=2.6 Hz, 74,5=8.8 Hz) 

9.36, dd 8.45, dd 7.76, dd -
(72,4=2.6 Hz, 74,5=8.8 Hz, 72,5=0.8 Hz) 

9.41, d 8.47, dd 7.50, dd 
(72,4=2.5 Hz, 74,5=8.4 Hz, J5>6= 
9.27, d 8.30, m — 
(72,4=2.3 Hz) 
9.20, d 8.24, m — 
(72,4=2.4 Hz, 74,6=1.9 Hz) 
9.27, d 8.33, t — 
(72,4=2.4 Hz, 74,6=2.3 Hz) 

9.33, d 8.37, dd 7.35, d 
(72,4=2.7 Hz, 74,5=8.5 Hz) 
9.06, d 8.12, d — 
(72,4=2.3 Hz) 
9.34, d 8.39, dd 7.36, d 
(72,4=2.5 Hz, 74,5=8.5 Hz) 
9.11, d 8.12, d — 
(72,4=2.5 Hz) 

2.44 (3H, s), 
7.28 (2H, d, 7=8.2 Hz), 
7.97 (2H, d, 7=8.2 Hz). 
7.83 (2H, d, 7=8.6 Hz), 
8.23 (2H, d, 7=8.6 Hz). 
8.34 (4H, s). 

7.39 (1H, ddd, 7=7.5, 
4.7 and 1.4 Hz), 

7.88 (1H, td, 7=7.5 
and 1.8 Hz), 

8.4—8.7 (2H, m). 
8.68 (2H, d, 7=7.8 Hz), 
8.10 (1H, t, 7=7.8 Hz). 
6.61 (1H, dd, 7=3.5 

and 1.8 Hz), 
7.30 (1H, d, 7=3.5 Hz), 
7.64 (1H, d, 7=1.8 Hz). 
7.18 (1H, dd, 7=5.0 

and 3.7 Hz), 
7.59 (1H, dd, 7=5.0 

and 1.1 Hz), 
7.76 (1H, dd, 7=3.7 

and 1.1 Hz). 
8.88, dd 

=4.6 Hz, 74,6=1.6 Hz) 
8.76, m 2.51 (3H, s). 

8.69, d 1.38 (3H,t, 7=7.4 Hz), 
2.84 (2H, q, 7=7.4 Hz). 

8.80, d 1.36 (6H,d, 7=7.1 Hz), 
3.14 (1H, septet, 

7=7.1 Hz). 
— 2.70 (3H, s). 

- 2.42 (3H, s), 
2.59 (3H, s). 

— 1.36 (3H,t, 7=7.5 Hz), 
2.98 (2H, q, 7=7.5 Hz). 

- 1.32 (3H,t, 7=7.5 Hz), 
2.44 (3H, s), 
2.88 (2H, q, 7=7.5 Hz). 

a) Notations of the protons are shown as follows: 

H4 

6 = °2NYVH5(or R2) 

H^N^H6(or R1) 
b) Absorptions of a major diastereoisomer. Those of the minor isomer are shown in experimental section. 
c) Structure of 6p is shown in the text. 

benzene eluent gave 0.04 g of a yellow oil which consisted of 
polymers of the starting aldehyde. The second benzene 
eluent gave 0.174 g (1.05 mol) of 6v. 

Reaction of la with Menthone and Ammonia. A mixture 
of 0.40g (2.0 mmol) of la, 0.62 g (4.0 mmol) of menthone, 
and 40 mmol of ammonia in 40 ml of methanol was heated 
at 70 °C for 3 h. After removing the solvent, the residual oil 
was passed through a short silica-gel column. A benzene 
eluent was concentrated to about 20 ml and extracted with 
12 M hydrochloric acid (20 ml). The aqueous layer was neu-
trized by sodium carbonate and then extracted with benzene. 

The extract was dried over sodium sulfate. After removing 
the solvent, the residual oil was distilled by a short-pass 
distillation apparatus at 110—120 °C (oven temperature)/7 
Pa to give 0.27 g (44%) of analytically pure 6b. *H NMR 
spectra of 6b reveals that it is an diastereomeric mixture 
(86:14). Chemical shifts of the major isomer are shown in 
Table 4, and those of the minor isomer are as following. 
iHNMR (CCI4): ô=0.61 (3H, d, 7=6.5 Hz), 1.04 (3H, d, 
7=6.7 Hz), 1.39 (3H, d, 7=6.7 Hz), 1.6-2.2 (4H, m), 2.5-3.3 
(3H, m), 8.21 (1H, d, 7=2.6 Hz), 9.13 (1H, d, 7=2.6 Hz). 

Reaction of la with 2-Butanone and Ammonia. To a 
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mixture of 0.40 g (2.0 mmol) of la and 0.27 g (4.0 mmol) of 
2-butanone, 40 ml of methanolic ammonia (40 mmol) was 
added. The mixture was heated at 70 °C for 3 h under 
atmospheric pressure. After removing the solvent, residual 
oil was dissolved in benzene and passed through a silica-gel 
column. The first benzene eluent gave 0.110 g (36%) of 5b; 
the second benzene eluent gave 0.044 g of a mixture of 5b, 6x, 
and 6y. The mixture was treated with 5 ml of cold hexane. 
A hexane soluble portion gave 0.022 g (14%) of a mixture of 
6x and 6y. From the NMR spectrum of the mixture, it was 
assigned as being a 1:1 mixture of 6x and 6y. The third 
benzene eluent gave 0.051 g (17%) of 6x as pale-yellow 
prisms. 

Reaction of Id with Ammonia and 1-Morpholinocyclohexene 
(Eq. 4). A mixture of 0.20 g (1.0 mmol) of Id, 0.33 g (2.0 
mmol) of 1-morpholinocyclohexene, and 1.5 mmol of 
ammonia in 20 ml of methanol was heated at 70 °C for 3 h. 
After the usual work up, 0.13 g (total yield 73%) of a mixture 
of 6a and 6ß was yielded. Colorless plates, mp 73—74.5 °C 
(methanol-water 1:3). Found: C, 60.15; H, 5.13; N, 15.78%. 
Calcd for C9H9DN2O2: C, 60.32; H, 5.63; N, 15.63%. 
iHNMR (CCU): 0=1.92 (4H, m), 2.94 (4H, m), 8.05 [0.81H, 
s, H(4) of 6a], 9.00 [0.19H, s, H(2) of 67]. 

One Pot Synthesis of 2,6-Bis(5-nitro-2-pyridyl)pyridine 
(6p). A mixture of 0.16 g (1 mmol) of 2,6-diacetylpyridine, 
0.44 g of la, and 100 ml of 7 M methanolic ammonia was 
heated at 120 °C for 3 h in a 200 ml autoclave. After cooling 
the mixture, 0.24 g (mp 255—267 °C, 74%) of crude 6p was 
obtained as brown prisms. Recrystallization from benzene 
gave an analytically pure sample. Ivory powder, mp 271 — 
273 °C. 
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Novel Electron Acceptors Bearing a Heteroquinonoid System III: 
2,5-Bis(dicyanomethylene)-2,5-dihydrofuran and Its 

Conjugated Homologues as Novel Oxygen-
Containing Electron Acceptors 

Hideki ISHIDA, Koji Yui, Yoshio Aso, Tetsuo OTSUBO, and Fumio OGURA* 
Department of Applied Chemistry, Faculty of Engineering, Hiroshima University, Saijo, Higashi-Hiroshima 724 

(Received April 9, 1990) 

2,5-Bis(dicyanomethylene)-2,5-dihydrofuran with a 2,5-furanoquinonoid skeleton and its extensive conju­
gated homologues, 5,5r-bis(dicyanomethylene)-5,5r-dihydro-^2'2,-bifuran (8a), and 5,5"-bis(dicyanomethylene)-
5,5"-dihydro-^2'2':5''2"-terfuran (12a), have been prepared as a new type of oxygen-containing electron acceptors. 
In the synthetic course of the tetrabromo derivative of 12a, 3,,4-dibromo-5-(3,5-dibromo-2-furyl)-3,5r-
bis(dicyanomethylene)-3,5r-dihydro-^2'2'-bifuran was also obtained as an unsymmetrical isomer possessing an 
unusual 2,3-furanoquinonoid conjugation, whose structure was confirmed on the basis of X-ray crystallogra-
phic analysis. In addition, X-ray analysis of the TTF complex of 8a revealed that the bifuranoquinonoid 
conjugation has a trans form. These furanoquinonoid compounds behaved as weak electron acceptors, and 
accordingly failed to form conductive complexes. However, the 3,3'-dibromo derivative of 8a gave the TTT 
complex of a very high electrical conductivity. 

2,5-Bis(dicyanomethylene)-2,5-dihydrothiophene 
(la) and 2,5-bis(dicyanomethylene)-2,5-dihydroseleno-
phene (lb), heteroquinonoid isologues of 7,7,8,8-
tetracyano-p-quinodimethane (TCNQ),1) are not so 
good electron acceptors as TCNQ.2* We recently 
found that their conjugated homologues (2) and (3) 
are qualified as potential components for organic 
electrical conductors.3) These acceptors have the 
double advantage of diminution of on-site Coulomb 
repulsion due to the extensively conjugated system 
and of enhancement of intermolecular interaction due 
to the increasing heteroatoms, thus being able to form 
various conductive molecular complexes. An exten­
sive study on organic metals based on 2,2',5,5'-
tetrathiafulvalene (TTF) and its derivatives has 
revealed that the interaction of chalcogen atoms is 
very important for the high electrical conductivities.4) 

One question is whether oxygen atom belonging to 
the same Group 16 (6B) of the periodic table can exert 
a similar effect or not. If organic superconductors 
were BCS superconductors, one would expect a rise of 
Tc with a change from sulfur to lighter oxygen. In 
of 4,5:4/,5/-bis(ethylenedioxy)-2,2/,5,5/-tetrathiaful-
valene (BEDO-TTF) as a novel oxygen-containing 
electron donor,5) and found that the oxygen atoms not 
only electronically but also sterically contributed 
to enhancement of intermolecular interaction in 

NC / s x ' ^ C N NC \ = / CN 

1a, X=S TCNQ 
1b, X=Se 

2, X=S, Se 3, X=S, Se 

(BEDO-TTF)2.j3 salt.6) On the other hand, we have 
been much interested in another hetero TCNQ iso-
logue consisting of furanoquinonoid skeleton, which 
might give some information on the behavior of an 
oxygen-containing electron acceptor. We here report 
the syntheses and properties of 2,5-bis(dicyano-
methylene)-2,5-dihydrofuran (5) and its conjugated 
homologues. 

Results and Discussion 

Synthesis. The syntheses of the present furanoqui­
nonoid compounds were carried out in a manner 
similar to those for thiophene and selenophene ser­
ies.1'3) Thus, 2 ,5-dibromofuran (4), readily available 
from bromination of furan with Af-bromosuccinimide 
(NBS),7) was allowed to react with tetracyanoethylene 
oxide (TCNEO) and copper powder in refluxing 1,3-
dibromopropane for 2.5 h to give 5 in 29% yield 
(Scheme 1). Reisch and Mester reported that 5,5'-

Br—<* >-Br - >=C >=< 
>0 NC X / CN 

4 5 

Scheme 1. 

dibromo-2,2'-bifuran (7a), a precursor of the bifurano­
quinonoid homologue (8a), was obtained in one step 
by treatment of furan with NBS in the presence of 
HgCl2 and Et3N in chloroform.8) However, we found 
that the reaction is not reproducible, and instead 7a 
was obtained in 82% yield by bromination of 2,2'-
bifuran (6)9) with 2 equiv of NBS in benzene at RT 
(Scheme 2). The subsequent treatment of 7a with 
TCNEO gave 8a in 12% yield. A similar treatment of 
3,3,,5,5,-tetrabromo-2,2,-bifuran (7b), prepared in 30% 



October, 1990] Electron Acceptors Bearing a Heteroquinonoid System 2829 

6 

NBS TCNEO 

Cu 

7a, R=H 

7b, R=Br 

Scheme 2. 

NC, 

NC' O \=J 

8a, R=H 
8b, R=Br 

CN 

4 + o-SnBu3 

Pd(Ph3P)4 

10 

11a, R=R'=H 
11b, R=Br,R'=H 
11c, R=R'=Br 

1)NaCH(CN)2 

Pd(Ph3P)4 

j ^ . 

2) DDQ. 

Scheme 3. 

12a, R=R'=H 
12b, R=Br,R'=H 
12c, R=R'=Br 

yield from bromination of 2,2'-bifuran (6) with 4 
equiv of NBS, gave the dibromo derivative 8b in 34% 
yield. Treatment of 2,5-dibromofuran (4) with 2 
equiv of tributyl(2-furyl)stannane (9) in the presence 
of tetrakis(triphenylphosphine)palladium(0) in re-
fluxing toluene gave 2,2' : 5',2"-ter fur an (10) in 48% 
yield (Scheme 3). The subsequent brominations 
with 2 equiv NBS, with 4 equiv NBS, and with 6 equiv 
NBS led to 5,5"-dibromo derivative (11a) in 84% yield, 
to 3,3",5,5"-tetrabromo derivative (lib) in 48% yield, 
and to S ^ ' S ^ ' ^ ^ ' - h e x a b r o m o derivative (lie) in 16% 
yield, respectively. However, neither of these com­
pounds on treatment with TCNEO gave the desired 
terfuranoquinonoid homologues. Alternatively, 12a, 
12b, and 12c were obtained in 12%, 25%, and 1.5% 

300 500 700 
Wavelength/nm 

yields, respectively, by the substitution reactions of 11 
with sodium dicyanomethanide in the presence of 
tetrakis(triphenylphosphine)palladium(0) as a cata­
lyst, followed by oxidation with DDQ. 

Structure. The new acceptors are deeply colored 
owing to the extensively conjugated electronic struc­
ture. As shown in Fig. 1, the electronic absorption 
spectra of the bifuranoquinonoid and terfuranoqui­
nonoid systems show considerable bathochromic 
shifts. Two configurations of syn and anti are appar­
ently possible for the geometry of such polyheteroqui-
nonoid conjugation. We tentatively assigned the 
configurations of 2 and 3 as an^'-form, because judg­
ing from the molecular model the syn-iorm suffers 
from steric repulsion between the two hydrogen atoms 
at 3- and 3'-positions, but the arm-form can avoid it.3) 
A close similarity of the electronic spectra between 2 
and 8 or 3 and 12 suggests the same geometrical 
situation. We have now obtained unambiguous evi­
dence for the trans configuration on the basis of the X-
ray analysis of 8a • T T F complex described later. 

As already mentioned, the reaction of l i e with 
TCNEO gave no desired 12c, but a relatively soluble 
colored material was instead obtained in 17% yield. 
The elemental analysis and mass spectrum satisfied 
the theoretical values based on 12c, but the electronic 

Br Brv 

Fig. 1. Electronic spectra of 5 ( ), 8a ( ), 12a 
( ), and 13 ( ) in dichloromethane. 13 



2830 Hideki ISHIDA, Koji Yui, Yoshio Aso, Tetsuo OTSUBO, and Fumio OGURA [Vol. 63, No. 10 

spectrum was quite different from the spectral pattern 
of 12c (see also Fig. 1). The NMR spectrum showed 
two singlet peaks at 6=6.97 and 7.59, rather indicating 
an unsymmetrical isomer. The structure was finally 
assigned to 13 on the basis of X-ray analysis. Figure 
2 shows that it possesses a unique 2,3-furano-
quinonoid conjugation in the central heterocycle. In 
addition, there are observed two marked molecular 
features due to steric hindrance; the central dicyano-
methylene group is deviated from the molecular 
plane, and both terminal heterocycles, regardless of 
single or double bond, are attached in a trans fashion 
to the central one. 

Br17 Br18 

Br19 

Fig. 2. ORTEP drawing of molecule 13 viewed from 
above the plane of the central furanoquinonoid 
ring (above) and from the side (bottom). 

Redox Potential. The cyclic voltammograms of 
the new furanoquinonoid compounds show two pairs 
of reversible redox waves whose half-wave reduction 
potentials are summarized in Table 1. All hetero 
TCNQs do not have so strong electron-accepting abil­
ities as TCNQ. Among three kinds of hetero 
TCNQs, furanoquinonoid compound (5) is a slightly 
weaker acceptor than the sulfur la or selenium counter­
part lb. Although its reduction is presumably 
facilitated by larger electronegativity of the incorpo­
rated oxygen atom, the less aromaticity of the result­
ing furan ring than thiophene or selenophene must 
have compensated the effect. As already seen in sul­
fur and selenium series,3) the extensive conjugation of 
bifuranoquinonoid homologue (8a) relative to 5 low­
ers the first reduction potential, but fairly enhances 
the second one, accordingly reducing a difference 

Table 1. Half-Wave Reduction Potentials 
of Furanoquinonoid Acceptorsa) 

Acceptor 

TCNQ 
la 
lb 
5 
8a 
8b 
12a 
12b 
12c 
13 

£i/2(l)/V 

+0.25 
+0.07 
+0.03 
+0.03 
-0.09 
+0.08 

+0.21 

-0.09 
-0.01 
+0.14 

£i/2(2)/V 

-0.47 
-0.50 
-0.51 
-0.55 
-0.31 
-0.12 

-0.01 

A£/V 

0.72 
0.57 
0.54 
0.58 
0.22 
0.20 
0 
0 
0 
0.22 

a) Cyclic voltammetry was measured at 100 mVs-1 

scan rate with Pt working and counter electrodes and 
Ag/AgCl reference electrode in dichloromethane solu­
tion containing 0.1 M tetrabutylammonium Perchlo­
rate as a supporting electrolyte. 

Table 2. Charge-Transfer Complexes with Furanoquinonoid Acceptors 

Complex 

TTF-5 

TTF-8a 

TTF-8b 

T T T - 8 b 

TPBP-8b 

TTT-12b 

TTF-13 

T T T -13 

Appearancea) 

Black prismse) 

Black platese) 

Black fine 
prismse) 

Black fine 
needles 
Green fine 
crystals 
Black needles 

Reddish purple 
fine needles 
Deep purple 
powder 

Found (Calcd)b)% 

C 

47.38 
(48.23 
51.67 

(51.71 
38.60 

(38.60 
49.82 

(49.88 
66.21 

(65.32 
56.60 

(56.10 
34.72 

(34.07 
50.10, 

(50.89, 

H 

1.31 
1.52 
1.70 
1.74 
0.92 
0.97 
1.27 
1.31 
2.97 
2.97 
2.03 
1.83 
1.16 
0.71, 
1.63, 
1.54, 

N 

13.64 
14.06) 
11.91 
12.06) 
8.88 
9.00) 
7.13 
7.27) 
5.23 
6.35) 
3.06 
3.63)g) 

6.52 
6.62) 
3.17 
3.30)8> 

^CN 

cm - 1 

2242 

2228 

2224 

2203 

2200 

2215 

2236, 2213 

2214, 2206 

Dpc) 

°C 

180 

200 

190 

270 

210 

250 

180 

230 

Conductivity^ 

S cm - 1 

1.0X10-10 

3.1X10-10 

1.6X10-8 

2.4f) 

1.3X10-7 

1.9X10-6 

4.3X10-9 

6.0X10-4 

a) Obtained from chlorobenzene, unless otherwise stated, b) Calculated as 1:1 stoichiome-
try, unless otherwise stated, c) Decomposition temperature, d) Measured on compressed 
pellets with a two-probe method at RT. e) Obtained from acetonitrile. f) Measured with a 
four-probe method, g) 3 :1 Composition of donor and acceptor. 
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Fig. 3. Crystal structure of 8a • TTF complex projected along the b axis. 

^yff i <jffiS> 

Fig. 4. Crystal structure of 8a* TTF complex pro­
jected along the c axis. The shortest intermolecu-
lar S-S distance is 3.68 Â. 

between the two. Further terfuranoquinonoid con­
jugation of 12a leads to coalescence of the first and 
second potentials. On the other hand, bromo substi­
tution in 8 and 12 appreciably heightens both first and 
second reduction potentials, serving to improve their 
accepting abilities. Finally, it is worthwhile to note 
that 2,3-furanoquinonoid compound (13) shows the 
highest first reduction potential in the linearly conju­
gated 2,5-furanoquinonoid series and the value is very 
close to that of TCNQ. 

Molecular Complexes. Complexation of the pres­
ent furanoquinonoid acceptors with donors was diffi­
cult on account of the weak electron affinities as well 
as the weak nonbonded interaction of oxygen relative 
to sulfur and selenium. Somehow compounds 5 and 
8a formed 1:1 crystalline complexes only with tetra-
thiafulvalene, which were nearly insulating (Table 2). 
For both complexes, no charge transfer occurred as 
judged from the unchanged nitrile vibrational fre­
quencies.10) The T T F complex of 8a provided good 

Fig. 5. ORTEP drawing of molecule 8a viewed from 
above the plane of the molecule (above) and from 
the side (bottom). 

crystals for X-ray analysis. Figure 3 demonstrates 
that it takes a mixed stacked structure of donors and 
acceptors. Although mutual S-S contacts of the TTF 
molecules are observed in a transverse direction, there 
are no nonbonded interactions due to the oxygen 
atoms of 8a (Fig. 4). The molecular structure of the 
T T F component is very similar to neutral T T F , n ) also 
supporting no charge transfer. On the other hand, 
the molecular structure of the furanoquinonoid com­
ponent has a trans-form and keeps planarity as 
expected (Fig. 5). 

The modified acceptor 8b behaved as a better elec­
tron acceptor than 5 and 8a, giving 1:1 complexes 
not only with T T F but also with 5,6:11,12-bis-
(dithio)naphthacene (TTT) and 2,2/,6,6'-tetraphenyl-
J4,4'-bi-4H-pyran (TPBP). In the T T T and TPBP 
complexes, there were observed marked low-

CH3 
Ph 

£> 
j 

Ph 
/ 

-d> 
\ 
Ph 

TTF TPBP 
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wavenumber shifts of the nitr i le stretching vibrat ions 
(2203 and 2200 cm"1) relative to that (2236 cm-1) of 
neutra l 8b, indicat ing considerable charge transfer in 
complexat ion . A l though the T P B P complex was lit­
tle conductive, the T T T complex showed a very h igh 
electrical conductivity (2.4 S cm - 1 ) when measured on 
a compressed pellet at room temperature. T h i s con­
trast probably arises from the different stacking 
modes, that is, mixed stacking or segregated stacking, 
t h o u g h their crystal structures have not been clarified 
yet. 

Te r fu ranoqu inono id acceptors 12a, 12b, and 12c 
have the advantage of effective d iminu t ion of on-site 
Cou lomb repuls ion which is one of requirements for 
p roduc ing an organic metal.12) Unfortunately, their 
acceptors are too insoluble in ordinary solvents 
to perform complexat ion experiment. Only the 
T T T complex of 12b was formed, bu t it was a 
semiconductor. 

Unl ike the above 2,5-furanoquinonoid series, com­
p o u n d 13 bear ing an unusua l 2 ,3-furanoquinonoid 
conjugat ion has a disadvantage of nonplanar i ty 
against complexat ion in spite of strong electron affin­
ity. It thus gave nearly insula t ing and semiconduc-
tive complexes wi th T T F and with T T T , respectively. 

Conclusion 

T h e present fu ranoqu inono id compounds behaved 
as weak electron acceptors, t hough they showed effec­
tive d iminu t ion of on-site Cou lomb repuls ion. In 
addi t ion, the oxygens embedded in their q u i n o n o i d 
conjugat ion exercised n o appreciable nonbonded 
interaction. Accordingly, they could not form so var­
ious molecular complexes as the sulfur and selenium 
counterparts . However, c o m p o u n d 8b gave a very 
h igh electrical conductor with T T T , suggesting a 
possibility of modified fu ranoquinonoid acceptors for 
developing organic metals. 

Exper imenta l 

General. Melting points are uncorrected. All chemi­
cals and solvents are of reagent grade. Elemental analyses 
were measured by Mr. Hideaki Iwatani, Microanalytical 
Laboratory in Department of Applied Chemistry, Faculty of 
Engineering, Hiroshima University. NMR spectra were 
recorded on a JEOL PMX-60 spectrometer (60 MHz) or a 
JEOL FX-90 spectrometer (90 MHz) using deuteriochloro-
form as solvent and tetramethylsilane as internal standard. 
IR spectra were taken on a Hitachi 260-30 spectrophotome­
ter with a KBr disk method. MS spectra were measured on 
a Shimadzu GC-MS QP-1000A spectrometer. Electronic 
absorption spectra were recorded on a Shimadzu UV-160 
spectrophotometer using dichloromethane as solvent. 
Cyclic voltammetry was carried out on a Hokuto Denko 
HA-301 potentiostat and a Hokuto Denko HB-104 function 
generator. 

2,5-Bis(dicyanomethylene)-2,5-dihydrofuran (5). A mix­
ture of 2,5-dibromofuran (4)7> (1.82 g, 8.06 mmol), TCNEO 

(4.64 g, 32 mmol), and copper powder (2.05 g, 32 mmol) in 
1,3-dibromopropane (18 cm3) was refluxed for 2.5 h. After 
cooling, it was taken up with dichloromethane (500 cm3) 
and filtered through a small amount of silica gel. The 
filtrate was evaporated and the residue was recrystallized 
from benzene to give pale yellow needles of 5 (0.45 g, 29% 
yield): mp 184 °C; IR 2245 cm-* (CN); MS m/z 194 (M+); UV 
Amax 395 nm (s 36900), 372 (39400), 355 sh (25600), and 260 
(2100). Calcd for Ci0H2N4O: C, 61.86; H, 1.04; N, 28.86%. 
Found: C, 61.62; H, 1.21; N, 28.81%. 

5,5'-Dibromo-2,2'-bifuran (7a). Into a solution of 2,2'-
bifuran (6)9> (1.00 g, 7.5 mmol) in benzene (30 cm3) was 
added NBS (2.6 g, 15 mmol), and the mixture was stirred for 
1.5 h in the dark. After evaporation of the solvent, the 
residue was extracted with chloroform. The extract was 
successively washed with 5% aq sodium hydrogencarbonate 
and brine, and dried (MgSÜ4). After evaporation of the 
solvent, the residue was purified by column chromato­
graphy on silica gel with hexane to give a white solid of 7a 
(1.78 g, 82%): mp 74—75 °C (lit,8) mp 76°C); MS (20 eV) m/z 
290, 292, and 294 (M+); NMR (60 MHz) 0=6.31 (d, /=3.5 Hz, 
2H) and 6.45 (d, /=3.5 Hz, 2H). 

3,3',5,5'-Tetrabromo-2,2'-bifuran (7b). A mixture of 6 
(0.99 g, 7.4 mmol) and NBS (2.63 g, 14.8 mmol) in benzene 
(30 cm3) was stirred for 1 h at room temperature in the dark. 
After the same amount of NBS was further added, the 
mixture was refluxed for 2 h. The reaction was worked up 
as described in the part of 5,5'-dibromo-2,2'-bifuran (7a). 
Recrystallization from hexane gave colorless needles of 7b 
(0.98 g, 30%): mp 151—152 °C; MS (70 eV) m/z 446, 448, 450, 
452, and 454 (M+); NMR (60 MHz) 0=6.43 (s). Calcd for 
C8H202Br4: C, 21.37; H, 0.45%. Found: C, 21.44; H, 0.45%. 

5,5'-Bis(dicyanomethylene)-5,5'-dihydro-J22 ' -bifuran 
(8a). TCNEO (1.03 g) and copper powder (457 mg) was 
added in 1,3-dibromopropane (9 cm3) and refluxed for 45 
min. Into the solution was added a solution of 7a (525 mg, 
1.8 mmol) in 1,3-dibromopropane (6 cm3), and reflux was 
continued further 1.5 h. After cooling, the mixture was 
taken up with dichloromethane and purified by column 
chromatography on silica gel followed by recrystallization 
from chlorobenzene to give reddish purple leaflets of 8a (54 
mg, 12% yield): decomp 265 °C; IR 2234 cm-i (CN); MS (70 
eV) m/z 260 (M+); UV Amax 520 nm (e 58100), 491 (64900), 314 
(4400), and 301 (4500). Calcd for C14H4N4O2: C, 64.62; H, 
1.55; N, 21.53%. Found: C, 64.62; H, 1.52; N, 21.37%. 

3,3'-Dibromo-5,5'-bis(dicyanomethylene)-5,5'-dihydro-
J2»2'-bifuran (8b). A mixture of 7b (450 mg, 1 mmol), 
TCNEO (712 mg), and copper powder (254 mg) in 1,2-
dibromoethane (8 cm3) was refluxed for 2 h. After cooling, 
it was taken up with dichloromethane and chromato-
graphed on silica gel to give the desired product (141 mg, 
34% yield): deep purple fine needles from acetonitrile; 
decomp 220 °C; IR 2236 cm"1 (CN); MS (70 eV) m/z 416, 418, 
and 420 (M+); UV Amax 532 nm (e 35700), 502 (63700), and 310 
(5420). Calcd for Ci4H2N402Br2: C, 40.23; H, 0.48; N, 
13.40%. Found: C, 40.19; H, 0.45; N, 13.35%. 

2,2' : 5,2"-Terfuran (10). A mixture of 2,5-dibromofuran 
(4) (2.26 g, 10 mmol), tributyl(2-furyl)stannane (9)13> (7.5 g, 
21 mmol), and tetrakis(triphenylphosphine)palladium(0) 
(578 mg, 0.5 mmol) in toluene (30 cm3) was refluxed for 1 d 
in a nitrogen atmosphere. After the solvent was evapo­
rated, aq saturated potassium fluoride (50 cm3) and hexane 
(100 cm3) were added, and the mixture was stirred for 15 
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min. It was filtered through celite, and the filtrate was 
extracted with hexane. The extract was washed with brine 
and dried (MgS04). After evaporation of the solvent, the 
residue was chromatographed on silica gel with hexane, and 
then recrystallization of the eluted colored band from 
ethanol gave pale yellow needles of 10 (966 mg, 48% yield): 
mp 62—63 °C (lit,9) 65 °C); MS m/z 200 (M+); NMR (60 
MHz) 0=6.41 (dd, /=1.8 Hz, / '=3.4 Hz, 2H), 6.50 (m, 4H), 
and 7.33 (dd, /=0.8 Hz, / '=1 .8 Hz, 2H). 

5,5"-Dibromo-2,2' : 5',2"-terfuran (1 la). A mixture of 10 
(2.82 g, 14.1 mmol) and NBS (5 g, 28.1 mmol) in benzene 
(100 cm3) was stirred for 1.5 h at 40 °C in the dark. After the 
reaction mixture was filtered, the filtrate was diluted with 
hexane (100 cm3) and chromatographed on silica gel with 
1:1 benzene-hexane. Recrystallization of the eluted solid 
from hexane gave yellow plates of 11a (4.22 g, 84% yield): 
decomp 115°C; MS (70 eV) m/z 356, 358, and 360 (M+); 
NMR (60 MHz) 0=6.28 (d /=1.48 Hz, 2H), 6.45 (d, /=1.48 
Hz, 2H), and 6.52 (s, 2H). Calcd for Ci2H603Br2: C, 40.26; 
H, 1.69%. Found: C, 40.26; H, 1.76%. 

3^5^"-Tetrabromo-2,2':5',2"-terfuran (lib). A mix­
ture of 11a (2.0 g, 5.6 mmol) and NBS (1.99 g, 11.2 mmol) in 
benzene (100 cm3) was refluxed for 5 h. After filtration, the 
filtrate was diluted with hexane (100 cm3) and chromato­
graphed on silica gel with 1 :1 benzene-hexane. Recrystal­
lization of the eluted solid from hexane gave yellow needles 
of l ib (1.64 g, 57% yield): mp 144—146°C; NMR (CDC13) 
0=6.37 (s, 2H) and 6.80 (s, 2H). Calcd for Ci2H403Br4: C, 
27.94; H, 0.78%. Found: C, 27.84; H, 0.78%. 

3,3',3",4',5,5"-Hexabromo-2,2' : 5',2"-terfuran (lie). A 
mixture of 10 (1.15 g, 5.76 mmol) and NBS (2.05 g, 11.5 
mmol) in chlorobenzene (50 cm3) was stirred for 30 min at 
room temperature, and, after NBS (4.10 g, 23 mmol) was 
added, the stirring was continued further 30 min. p-
Toluenesulfonic acid (10 mg) was added, and the mixture 
was heated at 110°C for 18 h. The insoluble succinimide 
was removed by filtration, and the filtrate was evaporated. 
The residue was chromatographed on silica gel with 1:20 
chloroform-hexane, and the eluted yellow solid was col­
lected and recrystallized from benzene-hexane to give yellow 
needles of l i e (615 mg, 16% yield): mp 188—189°C; MS (70 
eV) m/z 668, 670, 672, 674, 676, 678, and 680 (M+); NMR (60 
MHz) 0=6.46 (s). Calcd for Ci2H203Br6: C, 21.40; H, 0.30%. 
Found: C, 21.63; H, 0.32%. 

5,5,,-Bis(dicyanomethylene)-5,5,,-dihydro-^2'2,:5,'2,,-terfuran 
(12a). Sodium hydride (60% oil, 760 mg, 19 mmol) was 
added into a solution of malononitrile (602 mg, 9.1 mmol) 
in T H F (35 cm3) at 0 °C in a nitrogen atmosphere, and the 
mixture was stirred for 20 min. Tetrakis(triphenylphos-
phine)palladium(O) (924 mg, 0.8 mmol) and 11a (1.5 g, 4.2 
mmol) were added into it, which was then refluxed for 2.5 h. 
DDQ (5.2 g, 23 mmol) was added at room temperature, and 
reflux was continued for 20 min. After water (50 cm3) was 
added, the resulting solid was collected on a celite by filtra­
tion and washed with ethanol and then acetone. It was 
extracted with acetonitrile by use of a Soxhlet apparatus to 
give the desired product 12a as deep blue fine precipitates in 
the extract (161 mg, 12% yield). An analytical sample was 
recrystallized from acetonitrile-DMF: decomp 210 °C; IR 
2224 cm"1 (CN); MS (70 eV) m/z 326 (M+); UV Amax 617 nm (e 
76500), 382 (14000), 310 (5600), and 272 (7700). Calcd for 
C18H6N4O3: C, 66.26; H, 1.85; N, 17.17%. Found: C, 66.31; 
H, 1.97; N, 17.13%. 

3,3"-Dibromo-5,5"-bis(dicyanomethylene)-5,5"-dihydro-
j2,2':5',2"-terfuran (12b). This compound was prepared in 
25% yield from 3,3",5,5"-tetrabromo-2,2' : 5',2"-terfuran (lib) 
in a similar way as described in the part of 5,5"-
bis(dicyanomethylene)-5,5'-dihydro-J2-2':5'>2"-terfuran (12a). 

Table 3. Final Atomic Coordinates and Thermal 
Parameters with Estimated Standard 

Deviations in Parentheses 

8a 

Atom 

Ol 
C2 
C3 
C4 
C5 
C6 
C7 
N8 
C9 
N10 

T T F 

Atom 

SI 
C2 
S3 
C4 
C5 

13 

Atom 

Ol 
C2 
C3 
C4 
C5 
O6 
C7 
C8 
C9 
C10 
O i l 
C12 
C13 
C14 
C15 
Brl6 
Brl7 
Brl8 
Brl9 
C20 
C21 
N22 
C23 
N24 
C25 
C26 
N27 
C28 
N29 
H9 
H14 

X 

0.5788(2) 
0.5281(3) 
0.5462(3) 
0.6082(3) 
0.6277(3) 
0.6844(3) 
0.6937(3) 
0.7018(3) 
0.7367(3) 
0.7787(3) 

X 

0.0894(1) 
0.0292(3) 
0.0523(1) 
0.1298(3) 
0.1459(3) 

X 

1.0515(3) 
0.9558(5) 
1.0181(4) 
1.1450(5) 
1.1667(5) 
0.7252(3) 
0.8219(5) 
0.7479(5) 
0.6114(5) 
0.5978(5) 
1.4067(3) 
1.2857(4) 
1.3150(5) 
1.4573(5) 
1.5067(5) 
1.27493(6) 
0.82601(5) 
1.19185(6) 
1.68220(5) 
0.9687(5) 
0.8774(6) 
0.8125(7) 
1.0125(5) 
1.0342(5) 
0.4857(5) 
0.3498(5) 
0.2415(5) 
0.5034(5) 
0.5210(5) 
0.534(6) 
1.526(6) 

y 

0.0847(7) 
-0.0380(11) 
-0.2309(12) 
-0.2245(11) 
-0.0225(10) 

0.0680(10) 
0.2676(12) 
0.4288(11) 

-0.0311(10) 
-0.1030(11) 

y 

0.3378(3) 
0.5218(9) 
0.7748(3) 
0.7078(12) 
0.5115(11) 

y 

0.3096(2) 
0.3610(2) 
0.4312(2) 
0.4164(2) 
0.3453(2) 
0.3948(2) 
0.3414(2) 
0.2750(2) 
0.2882(2) 
0.3640(2) 
0.3388(2) 
0.3022(2) 
0.2309(2) 
0.2224(3) 
0.2889(3) 
0.48536(2) 
0.18604(2) 
0.15604(2) 
0.32390(2) 
0.4951(2) 
0.4989(3) 
0.5047(3) 
0.5626(3) 
0.6187(2) 
0.4073(2) 
0.3785(3) 
0.3550(3) 
0.4830(3) 
0.5421(3) 
0.247(3) 
0.171(3) 

z 

0.0211(6) 
-0.0228(9) 
-0.1097(9) 
-0.1218(9) 
-0.0387(8) 
-0.0185(8) 

0.0742(10) 
0.1460(10) 

-0.0919(9) 
-0.1515(9) 

z 

0.0238(3) 
-0.0159(8) 
-0.0962(2) 
-0.1005(10) 
-0.0463(10) 

z 

0.8371(3) 
0.7936(4) 
0.8144(4) 
0.8882(5) 
0.8932(4) 
0.7319(3) 
0.7593(4) 
0.7464(4) 
0.7088(4) 
0.7008(4) 
0.9702(3) 
0.9316(4) 
0.9361(4) 
0.9783(4) 
0.9974(4) 
0.95019(6) 
0.77736(5) 
0.89861(5) 
1.05258(5) 
0.7622(5) 
0.6476(6) 
0.5541(6) 
0.8113(6) 
0.8474(6) 
0.6707(4) 
0.6399(5) 
0.6186(5) 
0.6721(5) 
0.6754(6) 
0.676(5) 
0.994(5) 

R /Â2a) 

iJeq/ -f»-

3.78(13) 
3.64(17) 
3.98(19) 
3.78(18) 
3.40(17) 
3.25(17) 
3.84(19) 
5.68(21) 
3.52(17) 
5.18(19) 

J3eq/Â2a) 

3.77(7) 
2.93(15) 
3.80(7) 
4.05(19) 
4.04(19) 

Bec/A2*0 

3.58(8) 
3.24(11) 
3.45(11) 
3.71(12) 
3.60(11) 
3.56(8) 
3.40(11) 
3.24(11) 
3.42(11) 
3.35(11) 
3.78(8) 
3.50(12) 
3.44(11) 
3.82(12) 
3.67(12) 
5.99(2) 
4.07(1) 
4.07(1) 
4.24(2) 
3.96(13) 
4.80(15) 
7.10(18) 
4.62(15) 
6.35(17) 
3.63(12) 
3.77(12) 
5.32(13) 
4.52(15) 
6.98(19) 

a) 5eq=(4/3)22ft/(a.-•«;). 
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Table 4. Interatomic Bond Lengths and Bond Angles with Estimated Standard Deviations in Parentheses 

8a Bond 1 

01-C2 
01-C5 
C2-C2' 
C2-C3 

C3-C4 
C4-C5 
C5-C6 

TTF Bond 

S1-C2 
S1-C5 
C2-C2' 
C2-S3 

13 Bond 

01-C2 
01-C5 
C2-C3 
C2-C7 

C3-C4 
C3-C20 

C4-C5 
C4-Brl6 

C5-C12 

06-C7 
O6-C10 
C7-C8 

C8-C9 
C8-Brl7 

C9-H9 
C9-C10 

C10-C25 

engths/Â 

1.371(7) 
1.352(7) 
1.372(12) 
1.424(10) 

1.364(9) 
1.452(9) 
1.362(8) 

lengths/Â 

1.756(6) 
1.736(7) 
1.337(12) 
1.760(6) 

lengths/Â 

1.382(5) 
1.378(5) 
1.459(6) 
1.353(6) 

1.411(6) 
1.390(6) 

1.355(6) 
1.874(4) 

1.428(6) 

1.380(5) 
1.365(5) 
1.438(6) 

1.356(6) 
1.852(4) 

1.11(5) 
1.434(6) 

1.364(6) 

Bond ang] 

C2-01-C5 

01-C2-C2' 
01-C2-C3 
C3-C2-C2' 
C2-C3-C4 
C3-C4-C5 
01-C5-C4 

les/° 

107.0(5) 

118.2(8) 
109.6(5) 
132.2(8) 
107.7(6) 
105.7(6) 
110.1(5) 

Bond angles/0 

C2-S1-C5 

S1-C2-C2' 
S1-C2-S3 

94.8(3) 

123.6(6) 
114.3(3) 

Bond angles/0 

C2-01-C5 

01-C2-C3 
01-C2-C7 
C3-C2-C7 
C2-C3-C4 
C2-C3-C20 
C4-C3-C20 
C3-C4-C5 
C3-C4-Brl6 
C5-C4-Brl6 
01-C5-C4 
01-C5-C12 
C4-C5-C12 
C7-O6-C10 

C2-C7-06 
C2-C7-C8 
06-C7-C8 
C7-C8-C9 
C7-C8-Brl7 
C9-C8-Brl7 
C8-C9-H9 
C8-C9-C10 
C10-C9-H9 
O6-C10-C9 

106.4(3) 

109.5(4) 
118.9(4) 
130.7(4) 
103.0(4) 
127.3(4) 
129.5(4) 
109.7(4) 
124.6(3) 
125.2(4) 
110.6(4) 
115.6(4) 
133.5(4) 
108.1(3) 

117.5(4) 
135.2(4) 
107.2(4) 
108.9(4) 
125.6(3) 
125.5(3) 
124(3) 
106.2(4) 
129(3) 
109.6(4) 

8a Bond lengths/Â 

C6-C7 
C6-C9 

C7-N8 
C9-N10 

1.426(10) 
1.428(9) 

1.143(10) 
1.131(9) 

T T F Bond lengths/Â 

S3-C4 
C4-C5 

1.745(7) 
1.325(10) 

13 Bond lengths/Â 

OH-C12 
OH-C15 
C12-C13 

C13-C14 
C13-Brl8 

C14-H14 
C14-C15 

C15-Brl9 

C20-C21 
C20-C23 

C21-N22 
C23-N24 
C25-C26 
C25-C28 

C26-N27 
C28-N29 

1.377(5) 
1.354(5) 
1.372(6) 

1.405(6) 
1.858(5) 

1.17(6) 
1.347(7) 

1.850(4) 

1.433(8) 
1.422(7) 

1.128(8) 
1.136(7) 
1.421(6) 
1.436(7) 

1.133(7) 
1.124(7) 

Bond angles/0 

01-C5-C6 
C4-C5-C6 
C5-C6-C7 
C5-C6-C9 
C7-C6-C9 
C6-C7-N8 
C6-C9-N10 

119.4(6) 
130.5(6) 
121.3(5) 
121.3(6) 
117.4(5) 
178.7(8) 
177.7(7) 

Bond angles/0 

S3-C2-C2' 
C2-S3-C4 
S4-C4-C5 
S1-C5-C4 

122.1(6) 
95.0(3) 

117.3(5) 
118.6(5) 

Bond angles/0 

O6-C10-C25 
C9-C10-C25 
C12-OH-C15 

C5-C12-OH 
C5-C12-C13 
OH-C12-C13 
C12-C13-C14 
C12-C13-Brl8 
C14-C13-Brl8 
C13-C14-H14 
C13-C14-C15 
C15-C14-H14 
OH-C15-C14 
OH-C15-Brl9 
C14-C15-Brl9 
C3-C20-C21 
C3-C20-C23 
C21-C20-C23 
C20-C21-N22 
C20-C23-N24 
C10-C25-C26 
C10-C25-C28 
C26-C25-C28 
C25-C26-N27 
C25-C28-N29 

118.1(4) 
132.4(4) 
106.1(3) 

115.4(4) 
136.2(4) 
108.3(4) 
108.2(4) 
127.6(3) 
124.1(4) 
131(3) 
105.0(4) 
124(3) 
112.4(4) 
115.2(3) 
132.4(4) 
122.7(4) 
123.4(5) 
113.8(4) 
175.2(6) 
173.2(5) 
120.8(4) 
120.1(4) 
119.1(4) 
178.1(5) 
177.9(5) 

Recrystallization from chlorobenzene gave deep blue fine 
crystals: mp>300°C; IR 2223 cm"1 (CN); MS (70 eV) m/z 
482, 484, and 486 (M+); UV Amax 631 nm {s 76200), 387 
(24200), 368 (18300), and 282 (14600). Calcd for 
Ci8H4N403Br2: C, 44.66; H, 0.83; N, 11.57%. Found: C, 
44.43; H, 0.82; N, 11.46%. 

3,3,,3,,,4,-Tetrabromo-5,5,,-bis(dicyanomethylene)-5,5,r-
dihydro-J22':5''2"-terfuran (12c). The compound 12c was 
obtained as bluish green fine prisms in 1.5% yield from 
3,3',3",4',5,5"-hexabromo-2,2' : 5',2"-terfuran (lie) and 
sodium dicyanomethanide in a similar manner as described 
in the part of 5,5"-bis(dicyanomethylene)-5,5'-dihydro-
J2,2':5',2".terfuran (i2a): mp>300°C; IR 2225 cm"1 (CN); MS 
(70 eV) m/z 638, 640, 642, 644, and 646 (M+). Calcd for 
Ci8H2N403Br4: C, 33.68; H, 0.31; N, 8.73%. Found: C, 
33.88; H, 0.33; N, 8.53%. 

3%4-Dibromo-5-(3,5-dibromo-2-furyl)-3,5'-bis(dicyano-
methylene)-3,5'-dihydro-J2>2'-bifuran (13). A mixture of 
l i e (680 mg, 1.0 mmol), TCNEO (1.42 g, 8 mmol), and 

copper powder (508 mg, 8 mmol) in 1,2-dibromoethane (25 
cm3) was refluxed for 3 h. After cooling, the mixture was 
chromatographed on silica gel with dichloromethane, and 
the eluted colored band was collected and recrystallized from 
acetonitrile to give deep green fine prisms of 13 (108 mg, 17% 
yield); decomp 295 °C; IR 2235 and 2216 cm"1 (CN); MS (70 
eV) m/z 638, 640, 642, 644, and 646 (M+); FT-NMR (90 MHz, 
CD3CN) 0=6.97 (s, 1H) and 7.59 (s, 1H); UV Amax 510 nm (e 
32200), 431 (14400), 410 (14500), 350 (16100), 333 (16000), and 
280 (12900). Calcd for CisHa^OaB^: C, 33.68; H, 0.31; N, 
8.73%. Found: C, 33.87; H, 0.33; N, 8.70%. 

Crystal Structure Analyses of 8a • TTF and 13. The X-ray 
diffraction data were collected with a Rigaku automated 
diffractometer using CuKa radiation monochromatized 
with a graphite plate. Independent reflections 1282 for 
8a -TTF and 2593 for 13 within 20=126° (|Fo |^3.0a (FQ)) 
were used for analyses. The crystal data of 8a • T T F are as 
follows; monoclinic, space group P2i/n, a=21.853(2), 
6=6.200(1), c=7.444(2)Â, 0=92.67(2)°, Z=2, F=1007.6 
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(3) A3, crystal size 0.33X0.28X0.07 mm3. The crystal data of 
13 are as follows; monoclinic, space group, P2i/n, a=9.627 
(1), 6=18.827(2), c=10.717(l) A, 0=96.15(1)°, Z=4, F=1931.3 
(4) A3, and crystal size 0.23X0.10X0.08 mm3. These struc­
tures were solved by the direct method combined with the 
Monte-Carlo method for the selection of the initial set of 
phase,14) and refined by the full-matrix least squares method 
after applying the absorption correction.15) Atomic scatter­
ing factors were taken from International Tables for X-ray 
Crystallography.16) Anisotropic temperature factors were 
used for the refinement, and hydrogen atoms were not 
included in the refinement of 8a • TTF, but in the refinement 
of 13. The final R values were 0.073 for 8a • TTF and 0.032 
for 13. The final atomic parameters are listed in Tables 3 
and 4. Computations were carried out at the Information 
Processing Center of Hiroshima University. Tables of 
structure factors and anisotropic thermal parameters are 
deposited as Document No. 8941 at the Office of the Editor 
of Bull. Chem. Soc. Jpn. 

T h e present work was in par t supported by the 
Grant- in-a id of Scientific Research on Priority Areas 
from the Ministry of Educat ion, Science and Cul ture . 
T h e authors also wish to thank CIBA-GEIGY Foun­
dat ion (Japan) for financial support . 
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Substituent Effects on the Carbon-13 NMR Chemical Shifts of Cyclopropyl 
Carbons in p-Substituted(cù- and £ram-2-Chlorocyclopropyl)benzenes 

Yoshiaki KUSUYAMA,* T a m a m i KAGOSAKU, and Takesh i HASEGAWA 
Department of Chemistry, Faculty of Education, Wakayama University, Sakaedani 930, Wakayama 640 

(Received April 23, 1990) 

Carbon-13 chemical shifts have been measured for the cyclopropyl carbon atoms of twenty one p-
substituted (eis- and £ran5-2-chlorocyclopropyl)benzenes. The substituent induced chemical shifts (SCS) for 
the trans derivatives are shifted down field by electron-acceptor substituents and upheld by electron-donating 
substituents (normal SCS). This SCS trend is the same as those observed for the ^-substituted cyclopropylben-
zenes, while the SCS range is small because of the decreased polarization of C-l-C-2 bonding due to the 
attached chlorine atom. For the eis derivatives, SCS for C-l and C-3(CH2) carbons were also normal, while no 
measurable SCS was observed for C-2(CC1). The SCS well fitted with the LSFE equation, indicating that the 
SCS were controlled mainly by a polar effect, except for C-2(CC1, eis). 

It is well established that cyclopropane C-C bonds 
have a more p-orbi tal character than expected for 
saturated C-C bonds and can interact mesomerically 
wi th the attached rc-system of bonds. l>2) T h i s feature 
was well substantiated by the 13C N M R chemical shifts 
of substituted cyclopropanes.3 _ 5 ) In a previous 
paper , the 13C subst i tuent induced chemical shifts 
(SCS) for ^-subst i tuted cyclopropylbenzenes(C) were 
reported; it was shown that the SCS of bo th the C-l 
and C-2 carbons of cyclopropane r ing shifted down-
field by electron-attracting groups and upfield by 
electron-donat ing groups (normal effect).6) T h i s is 
due to contr ibut ions of a resonance effect expected 
from canonical forms 1 and 2. 

1 2 

T h e conformat ion required to maximize this interac­
t ion m i g h t be referred to as the most stable "bisected" 
conformer (0=30 °C).2>7> 

Reynolds and co-workers, however, reported an 
interest ing f inding that SCS(C-2,CCi2) in p-
subst i tuted (2,2-dichlorocyclopropyl)benzenes(D) was 
inverse (electron at t ract ing groups to h igh field of 
electron dona t ing groups) as well as ^-subst i tuted 
isopropylbenzenes.8 ) They explained this response of 
C-2 in the cyclopropyl g r o u p for the p-subst i tuents in 
terms of a change of conformat ion between the ben­
zene r ing and the cyclopropane r ing (0=86°).7) T h e 
SCS of the c o n f o r m a t i o n a l ^ rigid arylcyclopropanes, 
such as 2-substituted spiro[cyclopropane-l ,9 ' -

fluorene], ^-subst i tuted 1,1-diphenylcyclopropanes 
and l , la,6,6a-tetrahydrocycloprop[a]-indenes, were 
reported by Jason et al.7) T h e SCS of the cyclopropyl 
carbon of the 2-position in these compounds were 
normal . O n the other hand , the replacement of the 
two hydrogen atoms on a cyclopropane methylene 
carbon wi th chlorine causes a reverse response to the 
substi tuents on the aromat ic r ing. 

In order to clarify the cont r ibut ion of the conforma­
tion change between the benzene r ing and the cyclo­
p ropane r ing to the SCS of cyclopropyl carbons, 
13C N M R of cyclopropyl carbons in ^-substi tuted (2-
chlorocyclopropyl)benzenes (cis:A, trans:B) were de­
termined in CDCI3; some of the characteristic features 
of the obtained SCS are described in the present paper. 

Q| B: trans 

<X 

Results and Discussion 

T h e obtained SCS of cyclopropyl carbons and the 
ipso carbons in A and B are summarized in Table 1. 
T h e signals of the side-chain carbons and the ipso 
carbons exhibi t upfield shifts when going from the 
trans to the eis configuration; these are at tr ibutable to 
a steric repuls ion between the hydrogen a tom of the 
or tho posi t ion and the chlorine atom.4 ) 

T h e ranges of the SCS(ipso, A and B) are similar to 
those for C and D. 

ci 2 CI 
D 
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Table 1. SCS(in ppm) of ^-Substituted (czV2-Chlorocyclopropyl)benzenes(A) and ^-Substituted 
(£rara5-2-Chlorocyclopropyl)benzenes(B) in Deuteriochloroform Solutions 

(Positive Values Represent Downfield Shifts) 

Compound Subst. 

Ä*> H 
CH3O 
CH3 

*-Bu 
F 
Cl 
CH3CO 
CH3OCO 
CH3CH2OCO 
CN 
NO2 

Ba) H 
CH3O 
CH3 

*-Bu 
F 
Cl 
CH3CO 
CH3OCO 
CH3CH2OCO 
CN 
NO2 

C-l 

0(22.81 )b) 

-0.79 
-0.32 
-0.40 
-0.71 
-0.54 

0.16 
0.16 
0.14 
0.20 
0.09 
0(26.73)b) 

-0.66 
-0.27 
-0.41 
-0.63 
-0.53 

0.08 
0.15 
0.12 
0.09 
0.05 

C-2 

0(34.43)b) 

0.02 
-0.04 

0.07 
-0.21 
-0.20 

0.11 
0.01 
0.07 
0.00 
0.09 
0(35.03)b) 

-0.19 
-0.06 
-0.01 
-0.24 
-0.14 

0.28 
0.27 
0.26 
0.18 
0.50 

C-3 

0(14.12)b) 

0.01 
-0.06 

0.18 
0.25 
0.29 
0.64 
0.55 
0.55 
0.82 
1.18 
0(18.58)b) 

-0.46 
-0.19 
-0.14 
-0.18 

0.05 
0.85 
0.80 
0.80 
0.92 
1.36 

Q 

0(136.09)b) 

-7.96 
-3.07 
-3.06 
-4.18 
-1.40 

5.81 
5.53 
5.53 
5.89 
8.08 
0(139.62)b) 

-8.00 
-2.99 
-2.99 
-4.35 
-1.50 

5.74 
5.53 
5.39 
5.71 
8.04 

a) Determined on a JEOL EX 90 spectrometer at 22.4 MHz. 
to the hydrogen substituent relative to the TMS. 

b) Chemical shifts correspondig 

SCS(i,B) = 1.00SCS(i,A) - 0.04, r = 0.9999* 

SCS(i,B) = 0.94SCS(i,C) - 0.14, r = 0.999 

SÇS(i,B) = 1.13SÇS(i,D) + 0.76, r = 0.970 

An inspection of the Tab le 1 reveals that the cyclo-
propyl carbons show " n o r m a l " SCS wi th the excep­
t ion of C-3 for *-Bu and of C-2 for F and CI in A. T h e 
ranges of SCS in A and B are smaller than those 
observed in C.6) T h e relations between SCS in B and 
those in C are expressed as follows: 

SCS(C-l,B) = 0.63SCS(C-l tC)-0.15, r = 0.950 

S£S(C-2,B) = 0.25SCS(C-2,C) - 0.05, r = 0.942 

SCS(C-3,B) = 0.70SCS(C-2,C) - 0.00, r = 0.997 

T h e conformation of B is considered as well as cyclo-
propylbenzene ("bisected") and the decreased range of 
SCS(B) is ascribed to a decrease in the polarizabili ty of 
the C- l -C-2 bonds, induced by an electronegative 
chlor ine atom. It is noticeable that C-3(B) is more 
susceptible than C-2(B) to electron-donat ing groups . 

Figure 1 shows h o w the SCS(A) values correlate for 
the SCS(B) values; it is evident that SCS(C-2,A)=0 and 
SCS(C-3,A) have a smaller range of shift than does 
that of B. A has the same conformat ion as (2,2-
dichlorocyclopropyl)benzene wi th a torsion angle(ö) 
of 23° for C-3 and 86° for C-2.7> T h u s , the p -
orbital of the benzene r ing and C- l -C-2 (or C-l-C-3) 
cannot obtain a m a x i m u m overlap in A. T h e contri­
bu t ion of canonical forms 1 and 2 in A decreases 
compared to B and C. It is concluded that only the 
conformation change does not account for the inverse 

sos- 0<Lc, trans 

Fig. 1. 13CNMR SCS values in ppm for p-
substituted (a'5-2-chlorocyclopropyl)benzenes vs. 
SCS for ^-substituted (£rara5-2-chlorocyclopropyl)-
benzenes: O C-3; • C-2 (CCI). 

SCS for the C-2 in D. T h i s conclusion agrees wi th 
the results for the carbons of the cyclopropane r ing in 
the conformational ly r igid arylcyclopropanes re­
ported by Jason and co-workers.7) 

T h e range of SCS(C-1,A) is larger than that of 
SCS(C-1,B). 

SCS(C-1,B) = 0.85SCS(C-1,A) - 0.03, r = 0.994 

Electron-donat ing substi tuents exert stronger influ-
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ence on the SCS(C-1, A and B) than do the electron-
accept ing substituents. T h e reverse is true for C-
3(A). These phenomenones arise from the decrease 
of the polarizabili ty of C- l -C-2 and C- l -C-3 bonds in 
A and B, and from the decrease of the resonance 
interact ion in A due to the change of the con­
formation. 

13C SCS is generally treated by the H a m m e t t equa­
tion.3) SCS(C-2,B) and SCS(C-3,B) showed a linear 
re la t ionship with ap. 

SCS(C-2,B) = 0.61 (jp +0.00, r = 0.993 

SCS(C-3,B) = l-69qP + 0.03, r = 0.998 

SCS(C-3,A) also showed a linear relation wi th ap wi th 
a decreased p value, only for the electron-attracting 
groups ; the correlat ion coefficient, however, is no t an 
excellent one, suggest ing a contr ibut ion of the confor­
mat iona l change. 

SCS(C-3,A) = 1.1 lcTp + 0.14, r = 0.956 

In order to obtain a better unders tanding of the SCS 
and to estimate the relative cont r ibut ion of the induc­
tive effect as well as the resonance effect strictly in a 

system hav ing a dual-resonance functionality, such as 
cyclopropyl carbons,10c) it is most suitable to apply a 
linear subs t i tuent free energy (LSFE) equat ion pre­
sented by Yukawa and T s u n o to SCS in A and B.10> 

SCS = pi(Ti + ptat + PnOn 

Here, CTI is the inductive subst i tuent constant; o* and 
On are subst i tuent constants which measure the capa­
bility of substi tuents to either donate or wi thdraw 
electrons th rough electronic de rea l i za t ion , respec­
tively. T h e results of an LSFE analysis carried out 
for the 13C SCS in A, B, C, and D are summarized in 
Tab le 2 together wi th the values for ^-substi tuted 
isopropylbenzenes(E) and ^-subst i tuted styrènes.n ) 

T h e SCS for ha logen substi tuents were larger than 
those expected from the usually observed electronic 
effect. T h e exception of halogens afforded a better 
correlation in the calculat ion of SCS(C-2,B), SCS(C-
2,D), and SCS(C-3,D). T h e correlation coefficients 
were 0.95—0.98 for C-2 carbons. These values do not 
indicate an excellent correlation compared to the reac­
tivities of aromat ic reactions and SCS of the carbons in 
the benzene ring.10* However, considering the small 

Table 2. The Application of LSFE Equation of 13C SCS of Side Chain Carbons in ^-Substituted 
(cû-2-Chlorocyclopropyl)benzenes(A), ^-Substituted (£rara5-2-Chlorocyclopropyl)benzenes(B), 

^-Substituted Cyclopropylbenzenes(C), ^-Substituted (2 ,2-Dichlorocyclopropyl)ben-
zenes(D), ^-Substituted Isopropylbenzenes(E), and ^-Substituted Styrènes 

SCS=pi(7i+ptcrt+PKPi 

Entry 

1 
2 

3 

3' 

4 

5 

6 

6' 
7 

7' 
8 
9 

10 

11 

12 
13 

14 
15 

Carbon 

C-2(A) 
C-3(A) 

C-2(B) 

C-2(B) 

C-3(B) 

C-2(C) 

C-2(D) 

C-2(D) 
C-3(D) 

C-3(D) 
C-2(E)C) 

/3(Styrene)d) 

C-l(A) 

C-l(B) 

C-l(C) 
C-l(D) 

C-1(E)C) 

a(Styrene)d) 

Pi 

SCS=0 
0.93 

0.07 

0.98 

0.90 

1.06 

-1.17 

-0.51 
0.63 

1.29 
-0.47 

4.79 

-0.43 

-0.39 

-0.25 
-1.12 

-0.47 
-2.22 

A 

0.80 

1.04 

1.53 

2.65 

2.53 

-1.73 

-1.18 
0.43 

1.12 
-0.84 
10.77 

2.44 

2.02 

1.75 
1.16 

1.84 
0.08 

Pi 

1.46 

0.85 

-0.21 

2.19 

3.63 

-0.45 

-1.20 
0.65 

-0.15 
-0.77 

6.65 

1.28 

1.07 

1.94 
1.05 

1.43 
-1.81 

<5 a ) 

0.07 

0.02 

0.08 

0.04 

-0.04 

-0.06 

0.02 
-0.01 

0.10 
0.00 
0.01 

-0.12 

-0.12 

-0.12 
-0.20 

0.12 
-0.25 

rb) 

0.966 

0.89 

0.98 

0.981 

0.998 

0.947 

0.984 
0.844 

0.947 
0.983 
0.998 

0.968 

0.938 

0.976 
0.938 

0.984 
0.946 

Substituents used for the calculation 

H,MeO,Me,*-Bu,F,Cl,Ac,MeOCO, 
EtOCO,CN,N02 
H,MeO,Me,*-Bu,F,Cl,Ac,MeOCO, 
EtOCO,CN,N02 
H,MeO,Me,^-Bu,Ac,MeOCO,EtOCO, 
CN,N0 2 

H,MeO,Me,*-Bu,F,Cl,Ac,MeOCO, 
EtOCO,CN,N02 
H,NH2,MeO,Me,F,Br,Ac,EtOCO, 
CN,N0 2 

H,MeO,Me,*-Bu,F,Cl,Br,Ac, 
CF3,CN,N02 

H,MeO,Me,*-Bu,Ac,CF3,CN,N02 

H,MeO,Me,*-Bu,F,Cl,Br,Ac,CN, 
N02 ,CF3 

H,MeO,Me,*-Bu,Ac,CN,N02,CF3 

H,NH2,MeO,Me,Br,Ac,EtOCO,CN,N02 

H,MeO,Me,*-Bu,F,Cl,Br,Ac,CF3, 
CN,N0 2 

H,MeO,Me,*-Bu,F,Cl,Ac,MeOCO, 
EtOCO,CN,N02 

H,MeO,Me,*-Bu,F,Cl,Ac,MeOCO, 
EtOCO,CN,N02 

H,NH2,MeO,Me,F,Br,Ac,EtOCO,CN,N02 

H,MeO,Me,*-Bu,F,Cl,Br,Ac,CN, 
N02 ,CF3 

H,NH2,MeO,Me,Br,Ac,EtOCO,CN,N02 

H,MeO,Me,*-Bu,F,Cl,Br,Ac,CN, 
CF3 ,N02 

a) Intercept, b) Correlation coefficient, c) Ref. 6. d) Ref. 11. 
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range of the SCS in the side-chain carbons, the results 
given in the Table 2 are satisfactory correlations and 
can be taken as evidence for the justification of the 
dual functionality of the cyclopropyl g roup . T h u s , 
SCS are controlled main ly by inductive and resonance 
effects. It is reasonable to estimate the direction of 
the inductive and resonance effect from the sign of the 
Pi, p+, and p„. T h e signs of pi, p+, and p^ for SCS(ß, 
styrène) are positive. T h e signs of pi, p+, and 
PÜ for SCS(C-2,C) and SCS(C-3,B) are also positive, 
suggest ing that the cont r ibut ion of bo th the inductive 
and resonance effects are normal , as expressed in 1 and 
2. O n the other hand , the signs of pi, p+, and p^ for 
SCS(C-2,D) and SCS(C-2,E) were all negative, suggest­
i ng that bo th the induct ive and resonance effects con­
tr ibute inversely to C-2. It is noticeable that p^ for 
SCS(C-2,B) and SCS(C-3,D) is negative and that the 
values (—0.21 and —0.15 respectively) are very small , 
whi le pi and p+ are positive. It seems that the polariz-
ability of the C-l -C-2 b o n d in B and the C- l -C-3 bond 
in D are midway between a double bond and a single 
bond. 

Unfortunately, we do not have any reason for the 
zero value of SCS(C-2,A) at present. It is evident, 
however, that the twist ing between the phenyl and the 
cyclopropyl caused by a cis chlor ine a tom can signifi­
cantly upset the usually observed electronic effect of 
the p-subst i tuents . A l though the or igin of the 
inverse behavior of SCS for CCi2(C-2) in D is a ques­
t ion no t yet resolved, it appears that the p h e n o m e n o n 
arise from the electronegativity of the attached halo­
gen atoms, as found in the SCS of the a-carbon of the 
^-subst i tu ted a ,a ,a- t r i f luorotoluenes where SCS(a) is 
inverse whi le the SCS(a) of the ^-subst i tuted toluenes 
is normal.1 2 ) 

T h e pi values of SCS(C-l) in the series of A-E are all 
negative and the absolute values are smaller than the 
corresponding values of p£ and p^. SCS(C-l) is 
mainly controlled by a resonance effect. 

Experimental 

GLC analyses were performed on a YANACO GL80 gas 
Chromatograph. High-performance liquid chromato­
graphy was carried out with a JASCO TRI ROTAR-V with 
a Shodex RI SE-51 détecter. Preparative-scale LC separa­
tions were carried out on a Shodex LC PR100 packed with a 
MERCK Lichroprep Si 60 gel. A mixture of hexane and 
ethyl acetate was used as an eluent. 

All melting points were measured on a YANACO Mp hot-
stage melting-point apparatus and were uncorrected. The 
boiling points were also uncorrected. The mass spectra 
were determined at 70 eV using a JEOL D300 instrument. 
The IR spectra were measured using a JASCO A100 spec­
trometer. The NMR spectra were determined as a solution 
in CDCI3 (unless otherwise stated) with tetramethylsilane 
(TMS) as an internal standard on a JEOL EX90 spectrome­
ter (90 MHz for *H and 22.4 MHz for 13C) and a JEOL FX60 
spectrometer (60 MHz for *H and 15 MHz for 13C). 

The assignment of the structure for the geometrical iso­
mers of substituted cyclopropanes was made from the 
13C NMR spectra, where the eis isomers always resonated at 
higher fields than did the trans isomers.4'5) 

The 13C NMR measurements of A and B were carried out 
on a JEOL EX90 spectrometer, with 65 k data points being 
collected over a spectral width of 4 kHz, giving a digital 
resolution of 0.005 ppm. The chemical shifts were mea­
sured relative to the internal TMS. The reproducibility 
was at least +0.05 ppm. The concentration of the sample 
was 1 mol dm - 3 , using a sample tube 5mm in diameter. 

^-Substituted (2,2-dihalocyclopropyl)benzenes were pre­
pared by the dihalocarbene addition to the substituted 
styrènes.13) 

(2,2-Dichlorocyclopropyl)benzene: Bp 120 °C (20 mmHg);14) 
!HNMR (CCU) 0=1.8—2.4 (m, 2H, CH2), 3.1—3.6 (t, /=10 
Hz, 1H, CH), and 8.4 (s, 5H); 13CNMR 0=25.7 (CH2), 35.5 
(CH), 60.8 (CCI2), 127.6, 128.3, 128.9, and 134.6 (ipso). 

£-(2,2-Dichlorocyclopropyl)toluene: Bp 107—109 °C (4.5 
mmHg);14) *HNMR 0=1.7—2.00 (m, 2H, CH2), 2.14 (s, 3H, 
CH3), 2.88 (t, / = 8 Hz, CH), and 7.14 (s, 4H, PhH); 13CNMR 
0=21.13 (CH3), 25.57 (CH2), 35.08 (CH), 60.82 (CC12), 128.59 
(CH), 128.86 (CH), 131.48, and 137.18. 

£>-M5utyl-(2,2-dichlorocyclopropyl)benzene: Mp 40 °C; 
!H NMR 0=1.30 (s, 9H, CH3), 1.70—2.10 (m, 2H, CH2), 2.86 
(t, / = 8 Hz,CH), 7.10 (d, / = 8 Hz, 2H, PhH), and 7.35 (d, 7=8 
Hz, 2H, PhH); 13CNMR 0=25.80 (CH2), 31.26 (CH3), 34.51 
(*-Bu), 35.08 (CH), 60.87 (CC12), 125.10 (CH), 128.35 (CH), 
131.48, and 150.39. 

/?-(2,2-Dichlorocyclopropyl)anisole: Bp 106 °C (1 mmHg);14) 
iHNMR 0=1.65—2.25 (m, 2H, CH2), 3.00 (t, 7=8 Hz, 1H, 
CH), 3.98 (s, 3H, CH3), 7.00 (d, 7=8 Hz, 2H, PhH), and 7.31 
(d, 7=8 Hz, 2H, PhH); ̂ CNMR 0=25.7 (CH2), 34.8 (CH), 
55.2 (CH3O), 61.0 (CCI2), 113.6 (CH), 126.6, 129.8 (CH), and 
158.9. 

/?-(2,2-Dichlorocyclopropyl)fluorobenzene: Bp 76 °C (3 
mmHg);14) 13CNMR 0=1.70—2.00 (m, 2H, CH2), 2.89 (t, 7=8 
Hz, 1H, CH), 6.9—7.3 (m, 4H, PhH); 13CNMR 0=25.85 
(CH2), 34.68 (CH), 60.53 (CCI2), 115.17 (d, 2 7CF=21.4 HZ, 
CH), 130.38 (d, 37CF=7.7 Hz, PhH), and 162.09 (d, VCF=245 .8 
Hz, PhH). 

£-Chloro-(2,2-dichlorocyclopropyl)benzene: Mp 33 °C; 
iHNMR 0=1.73—2.13 (m, 2H, CH2), 2.86 (t, 7=8 Hz, 1H, 
CH), 7.18—7.30 (m, 4H, CH); 13CNMR 0=25.85 (CH2), 
34.79 (CH), 60.36 (CC12), 128.41 (CH), 130.06 (CH), 133.08, 
and 133.41. 

The p-substituted (2-chlorocyclopropyl)benzenes(substit-
uent: H, CH3, CH3O, t-Bu, F, and CI) were prepared by the 
reduction of the corresponding (2,2-dichlorocyclo-
propyl)benzenes with L1AIH4 in boiling THF.13) The geo­
metrical isomers were conveniently separated by HPLC 
using a mixture of hexane and ethyl acetate as an eluent. 
The physical properties for the p-substituted (2-
chlorocyclopropyl)benzenes are summarized in Table 3. 

/?-(2-Chlorocyclopropyl)acetophenone: To a mixture of 
(2-chlorocyclopropyl)benzene (2.1 g, 14 mmol), acetyl chlo­
ride (1.1 g, 0.014 mol) and carbon tetrachloride (55 ml) was 
added anhydrous aluminium chloride (1.87 g, 0.014 mol) for 
30 minutes at 5 ° C After the usual work-up, the product 
was distilled in vacuo. Bp 120—130°C (1 mmHg).14) 1.5 g. 

Ethyl /?-(2-Chlorocyclopropyl)benzoate: p-(2-Chlorocy-
clopropyl)acetophenone (0.59 g, 3 mmol) was added to a 
sodium hypochlorite solution (21 g, active Cl:about 10%) at 
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Table 3. Physical Properties of the ^-Substituted (2-Chlorocyclopropyl)benzenes 

Subst. Bp or Mp MS ra/z(rel 
intensity) iHNMRfô) i3CNMR(ô) 

CH3O Cis 182(M+,14) 
1.47(-C1,100) 

Trans 138—150 °C 182(M+,22), 
(12 mmHg)a'b) 84(M+,7),147(100), 

86(34),84(55) 

CH3 

*-C4H9 

CI 

CH3CO 

H 

Cis 

Trans 86—100 °C 
(9 mmHg)a'b) 

Cis 

Trans 109—114 °C 
(3 mmHg)a'b) 

Cis 

Trans 56—61 °C 
(2 mmHg)a'b) 

Cis 

Trans 78—88 °C 
(2 mmHg)a'b) 

Cis 156—158 °C 
(8 mmHg)b) 

mp45°C 

Trans i 58 °C 
(8 mmHg)b) 

Cis 101—104 °C 
(14mmHg)b) 

166(M+,99),168(M+, 
33),131(over),132 
(50),116(85),115( 
100),91(91) 
166(M+,22), 168(M+, 
76),131(100),116( 
22),115(34),91(22) 

208(M+,13), 210(M+, 
5),195(12),193(36), 
157(100) 

208(M+,22),210(M+, 
7),195(21),193(63), 
57(100) 

170(M+,13),172(M+, 
4),151(12),135(100, 
M+-C1),133(28), 
115(25) 

170(M+,8),172(M+, 
3),135(86),133(58), 
115(50),109(33) 

186(M+,23),188(M+, 
15),153(32),151( 
100),116(42), 
115(53) 
186(M+,20),188(M+, 
13),153(32),151(100), 
117(19),116(46), 
115(57) 

194(M+,40),196(M+, 
14),181(34),179( 
100),116(26), 
115(55) 

194(M+,35), 196(M+, 
12),181(26),179(77), 
116(19),115(36) 

152(M+,14),154(M+, 
44),117(100,M+-C1), 
115(40),91(17) 

Trans 95—97 °C 152(M+,10),154(M+, 
(14 mmHg)b)) 3),117(58),115(33), 

91(11) 

1.00—1.60(m,2H,CH2),2.11 — 
2.45(m,lH,CH),3.18—3.45(m, 
1 H , C H C 1 ) , 3 . 8 0 ( S , 3 H , C H 3 ) , 
6.87(d,/=9Hz,2H), 7.18(d, 
/ = 9 Hz,2H,PhH) 
1.01—1.47(m,2H,CH2), 
2.13—2.60(m,lH,CH),2.93— 
3.18(m,lH,CHCl),3.78(s, 
3H,CH3)),6.81(d,/=9 Hz,2H), 
7.00(d,/=9 Hz,2H,PhH) 
1.05—1.55(m,2H,CH2),2.00— 
2.63(m,lH,CH),2.30(s,3H, 
CH3),3.13—3.46(m,lH,CHCl), 
7.11(s,4H,PhH) 
1.12—1.54(m,2H,CH2),2.05— 
2.65(m,lH,CH),2.31(s,3H, 
CH3),3.00—3.20(m,lH,CHCl), 
6.85—7.26(m,4H,PhH) 
1.03—1.63(m,2H,CH2),1.30(s,9H, 
CH3),2.10—2.50(m,lH,CH), 
3.20—3.45(m,lH,CHCl),7.20(d, 
/ = 9 Hz,2H,PhH),7.35(d,/=9 Hz,2H, 
PhH) 
0.70—1.70(m,2H,CH2),1.37(s, 
3H,CH3),2.05—2.55(m,lH,CH), 
2.94—3.26(m,lH,CHCl),6.99(d, 
/=9Hz,2H,PhH),7.31(d, 
/ = 9 Hz,2H,PhH) 
0.99—1.58(m,2H,CH2),2.03—2.40 
(m,lH,CH),3.10—3.46(m,lH,CHCl), 
6.75—7.31(m,4H,PhH) 

1.10—1.58(m,2H,CH2),2.12—2.46 
(m,lH,CH),2.94—3.20(m,lH,CHCl), 
6.89—7.8(m,4H,PhH) 

1.02—1.65(m,2H,CH2), 
2.12—2.48(m,lH,CH),3.21 — 
3.51(m,lH,CHCl),7.18— 
7.32(m,4H,PhH) 
1.22—1.56(m,2H,CH2), 
2.12—2.40(m,lH,CH),2.95— 
3.19(m,lH,CHCl),6.98(dJ=9 
Hz,2H,PhH),7.25(dJ=9 Hz, 
2H,PhH) 
1.13—1.78(m,2H,CH2), 
2.20—2.70(m,lH,CH),2.60 (s, 
3H,CH3),3.27-3.60(m,lH,CHCl), 
7.34(dJ=9 Hz,2H,PhH), 
7.92(dJ=9 Hz,2H,PhH) 
1.33—1.67(m,2H,CH2), 
2.20—2.85(m,lH,CH),2.56(s,3H, 
CH3),3.08—3.30(m,lH,CHCl), 
7.12(dJ=9Hz,2H,PhH), 
7.86(dJ=9 Hz,2H,PhH) 
1.10—1.60(m,2H,CH2), 
2.12—2.51(m,lH,CH), 
3.21—3.50(m,lH,CHCl), 
7.30(s,5H,PhH) 
1.18—1.57(m,2H,CH2), 
2.18—2.48(m,lH,CH), 
3.00—3.24(m,lH,CHCl), 
6.94—7.35(m,5H,PhH) 

14.13,22.05,34.45, 
55.20,113.47,128.13, 
130.30,158.49 

18.12,26.07,34.84, 
55.33,114.02,127.31, 
131.62,158.39 

14.06,21.08,22.49,34.39, 
128.76,129.18,133.02, 
136.29 

18.39,20.98,26.46, 
34.98,126.08,129.23, 
136.16,136.63 

14.29,22.41,31.37, 
34.50,124.89,128.86, 
133.03,149.51 

18.44,26.32,31.32, 
34.42,35.02,125.44, 
125.79,128.49,136.63, 
149.54 

14.37,22.10,34.22, 
114.85(d,27=21.36Hz), 
130.85(d,37=7.93 Hz), 
131.90(d,47=3.17 Hz), 
161.86(d,7=244.75 Hz) 
18.40,26.10,34.79, 
115.38(d,27=21.48Hz), 
127.72(d,37=7.49 Hz), 
135.27(d,47=3.17Hz), 
161.68(d,V=244.75Hz) 
14.41,22.27,34.23,128.12, 
130.60,132.55,134.69 

18.63,26.20,34.89, 
127.46,128.63,132.26, 
138.12 

14.76,22.96,26.56,34.54, 
128.05,129.38,135.74, 
141.90,197.70 

19.43,26.47(CH3), 
26.81,35.31,126.03, 
128.62,135.50,145.36, 
197.35 

14.22,22.81,34.43, 
126.71,127.95, 
129.27,136.09 

18.58,26.73,35.03, 
126.07,126.49,128.51, 
139.62 
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Table 3. (Continued) 

Subst. Bp or Mp 
MS m/z(rel 
intensity) *HNMR(Ô) i3CNMR(<5) 

CH3OCO Cis 210(M+,51),212(M+, 
17),179(M+-CH30,41), 
175(100),131(48), 
116(60),115(92) 

Trans 123-130 °C 210(M+,28),212(M+, 
(1 mmHg)a'b) 9),179(30),175(70), 

131(43),116(53), 
115(96) 

C2H5OCO Cis 224(M+,32),226(M+, 
11),189(24),179(41), 
117(84),115(100) 

CN 

Trans 110—137 °C 224(M+,39),226(M+, 
(1.5 mmHg)a'b) 15),181(44),179(100), 

117(28),115(44), 
91(16),89(22),63(40) 

Cis 177(M+,17),179(M+, 
6),142(M+-C1,100), 
140(16),116(14), 
115(24) 

Trans 125—135 °C 177(M+,17),179(M+,6), 
(1.5mmHg)a 'b) 142(100),140(25), 

116(19),115(30) 

NO2 Cismp35°C 197(M+,17),162(16), 
116(81),115(36), 
28(100) 

Trans mp 68 °C 197(M+,20),162(19), 
145(13),116(100), 
115(54) 

1.2-1.8(m,2H,CH2), 
2.21— 2.55(m,lH,CH), 
3.30—3.57(m,lH,CHCl), 
3.90(s,3H,CH3),7.31(d, 
/ = 9 Hz,2H,PhH),8.00(d, 
/ = 9 Hz,2H,PhH) 
1.35—1.61(m,2H,CH2), 
2.20—2.51(m,lH,CH), 
3.08—3.28(m,lH,CHCl), 
3.91(s,3H,CH3),7.10(d, 
7=9 Hz,2H,PhH),7.97(d, 
7=9 Hz,2H,PhH) 
1.05—1.68(m,2H,CH2), 
1.40(tJ=5 Hz,3H,CH3), 
2.21—2.55(m,lH,CH), 
3.30—3.55(m,lH,CHCl), 
4.23—4.50(q, 7=5 Hz,2H,CH2), 
7.32(dJ=9 Hz,2H,PhH), 
8.01(dJ=9Hz,2H,PhH) 
1.39(tJ=5Hz,3H,CH3), 
1.1—1.65(m,2H,CH2), 
2.20—2.50(m,lH,CH), 
3.05—3.28(m,lH,CHCl), 
4.19—4.52(qJ=5 Hz,2H,CH2), 
7.1(dJ=9Hz,2H,PhH), 
7.97(dJ=9 Hz,2H,PhH) 
1.0—1.8(m,2H,CH2), 
2.1—2.6(m,lH,CH),3.1—3.6(m, 
1H,CHC1),7.0—7.72(m,4H,PhH) 

1.2—1.7(m,2H,CH2), 
2.22-2.50(m,lH,CH), 
3.07—3.28(m,lH,CH),7.13(d, 
7=9 Hz,2H,PhH),7.57(dJ=9 Hz, 
2H,PhH) 
1.19—1.79(m,2H,CH2), 
2.24-2.62(m,lH,CH), 
3.32—3.61(m,lH,CHCl), 
7.43(dJ=9 Hz,2H,PhH),8.20(d, 
7=9 Hz,2H,PhH) 
1.31—1.82(m,2H,CH2), 
2.25-2.58(m,lH,CH), 
3.08—3.37(m,lH,CHCl), 
7.20(dJ=9 Hz,2H,PhH), 
8.11(dJ=9Hz,2H,PhH) 

14.70,22.97,34.49, 
52.02,128.65,129.26, 
141.64,167.03 

19.38,26.88,35.29, 
52.04,125.92,128.45, 
129.86,145.15,166.80 

14.35(CH3),14.67, 
22.95,34.50,60.85, 
129.17(two peaks), 
129.48,141.50,166.50 

14.33,19.36,26.84, 
35.28,60.87,125.84, 
128.78,129.80,144.99, 
166.26 

14.94,23.01,34.43, 
110.54,118.91,129.95, 
131.71,141.98 

19.56,26.90,35.27, 
110.31,118.72,126.72, 
132.33,145.40 

15.30,22.90,34.52, 
123.16,129.96,144.17, 
146.84 

19.94,26.78,35.53, 
123.75,126.63,146.54, 
147.66 

a) A mixture of the cis and the trans derivatives, b) Ref. 14. 

90 °C. After cooling to room temperature, sodium Hydro­
gensulfite (6 g) in 25 ml of water was added. After acidifi­
cation with dilute hydrochloric acid, the produced carbox-
ylic acid was extracted three times by 20 ml of ether. After 
evaporation of the ether, crude p-(2-chlorocyclopropyl)-
benzoic acid (0.82 g) was obtained and used for the next step 
without further purification. To p-(2-chlorocyclopropyl)-
benzoic acid (1 g), a solution of thionyl chloride (0.61 g, 5.1 
mmol) and benzene (2 ml) was added and heated to 50 °C for 
30 minutes. After cooling to room temperature, benzene 
and the remaining thionyl chloride were evaporated under 
reduced pressure; 10 ml of ethanol was added, and the 
mixture allowed to stand overnight. After the usual work­
up, ethyl p-(2-chlorocyclopropyl)benzoate (0.7 g) was 
obtained. Bp 110—137 °C (1.5 mmHg).14) 

Methyl p-(2-Chlorocyclopropyl)benzoate: To a solution 
of 0.82 g (4 mmol) of crude p-(2-chlorocyclopropyl)benzoic 
acid in 10 ml of methanol, hydrogen chloride was intro­
duced and saturated. After 10 hours the solution was 
poured into ice-cooled water. After the usual work-up, 0.5 
g of methyl p-(2-chlorocyclopropyl)benzoate was obtained. 
Bp 123—130 °C (1 mmHg).14) 

£>-(2-Chlorocyclopropyl)benzamide: To 3 ml of ammo­
nia water, 0.86 g of p-(2-chlorocyclopropyl)benzoyl chloride 
was added and the produced white crystals were collected 
and dried. 0.5 g. Mp 135 °C. 

/?-(2-Chlorocyclopropyl)benzonitrile: A mixture of p-(2-
chlorocyclopropyl)benzamide (0.98 g), thionyl chloride (0.9 
g, 7.5 mmol), and benzene (10 ml) was refluxed for one hour. 
The mixture was poured onto ice. The usual work-up 
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afforded 0.3 g of p-(2-chlorocyclopropyl)benzonitrile. Bp 
125—135 °C (1.5 mmHg).14) 

/?-(£rans-2-Chlorocyclopropyl)nitrobenzene: To a solu­
tion of 1.5 g (10 mmol) of (Jrarc.s-2-chlorocyclopropyl)-
benzene in 8 ml of acetic anhydride, 1.5 g (16 mmol) of nitric 
acid (Sp Gr. 1.40) was added for 30 minutes at 35 °C. After 
the usual work-up, the para-isomer was separated by prepar­
ative HPLC. Mp68.5°C. 

£>-(cis-2-Chlorocyclopropyl)nitrobenzene: To a solution 
of 1.86 g (12 mmol) of (c75-2-chlorocyclopropyl)benzene in 
10 ml of acetic anhydride, 1.8 g (20 mmol) of nitric acid (Sp 
Gr. 1.40) was added for 30 minutes at 32 °C. After the usual 
work-up, the para derivative was separated by semi-
preparative HPLC. Mp 38 °C. 

T h e present work was partially supported by a 
Grant- in-Aid for Scientific Research No. 58540315 
from the Ministry of Educat ion, Science and Culture. 

References 

1) A. D. Walsh, Nature, 1947, 159, 165, and 712; C. A. 
Coulson and W. Moffit, / . Chem. Phys., 15, 151 (1947); R. 
Hoffmann, ibid., 49, 2480 (1964). 

2) M. Charton, in "The Chemistry of Alkenes," ed by J. 
Zabicky, Wiley-Interscience (1970), Vol. 2. Chap. 10 and the 
references cited therein. 

3) J. B. Stothers, "Carbon-13 NMR Spectroscopy," Aca­
demic Press, New York (1972), Chap. 5. 

4) O. A. Subbotin, A. S. Kozmin, Yu. K. Grishin, N. M. 
Sergeyev, and I. G. Bolesov, Org. Magn. Res., 4, 53 (1972). 

5) Y. Kusuyama and Y. Ikeda, Bull. Chem. Soc. Jpn., 50, 
1784 (1977); Y. Kusuyama, K. Tokami, Y. Tsuno, and M. 
Mishima, Org. Magn. Res., 20, 159 (1982). 

6) Y. Kusuyama, C. D. Brenzinger, and J. D. Roberts, 
Org. Magn. Res., 13, 372 (1980). 

7) M. E. Jason, P. R. Kurzweil, and K. E. Leonard, / . 
Org. Chem., 51, 2550 (1986). 

8) W. F. Reynolds, R. H. Köhler, and G. K. Hamer, 
Tetrahedron Lett., 1976, 4671. 

9) Correlation coefficient. 
10) a) Y. Yukawa and Y. Tsuno, Nippon Kagaku Zasshi, 

86, 873 (1965); b) Y. Tsuno, M. Fujio, and Y. Yukawa, Bull. 
Chem. Soc. Jpn., 48, 3324 (1975); c) M. Sawada, Y. Takai, S. 
Yamano, S. Misumi, T. Hanafusa, and Y. Tsuno, / . Org. 
Chem., 53, 191 (1988). 

11) G. K. Hamer, I. R. Peat, and W. F. Reynolds, Can. J. 
Chem., 51, 897 (1973). 

12) J. Bromilow, R. T C. Brownlee, and D. J. Craik, 
Aust. J. Chem., 30, 351 (1977). 

13) Y. Kusuyama and Y. Ikeda, Bull. Chem. Soc. Jpn., 46, 
204 (1973); Y. Kusuyama and Y. Ikeda, Nippon Kagaku 
Zasshi, 1977, 290. 

14) 1 mmHg=133.322 Pa. 



October, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 2843—2845 (1990) 2843 

The Reaction of (Arylthio)trimethylgermanes with Various Haloalkanes 
-Steric Effect on the Reaction Mechanism-

Seizi KOZUKA* and Takemi NITTA 

Department of Applied Chemistry, Faculty of Engineering, Osaka City University, 
Sugimoto 3-chome, Sumiyoshi, Osaka 558 

(Received May 31, 1990) 

A kinetic study has been conducted on the reactions of (arylthio)trimethylgermanes with various haloal­
kanes. Bimolecular nucleophilic attack of the sulfur atom has been found as the mechanisms for the reactions 
with normal haloalkanes while the mechanism was found to deviate from bimolecular attack to unimolecular 
ionization of the haloalkane, dependent on the structure of the alkyl groups with increasing of the steric 
hindrance. Reaction of a secondary haloalkane also proceeded by unimolecular ionization. 

The length of the germaniume-sulfur bond in (aryl-
thio)trimethylgermane has been appeared critical 
allowing the bimolecular attack of the sulfur atom on 
benzyl halides.1) In fact, the sulfur atom in a shorter 
silicon-sulfur linkage has been found loosing nucleo-
philicity toward haloalkanes2) and steric crowd 
around the sulfur atom was suggested controlling the 
reactivity.1) Increment of steric hindrance had been 
expected to disturb the bimolecular nucleophilic 
attack of the sulfur atom for the reaction of the thio-
germane with benzyl halides. Thus, the reaction of 
1-aryl-l-bromoethanes with the arylthiogermanes was 
examined expecting deviation of the mechanism from 
the bimolecular nucleophilic attack to 5-coordination 
of the germanium atom as like as was observed in the 
reactions of the arylthiosilane analogues with phe-
nacyl bromide.2) Inhibition of the bimolecular 
nucleophlic attack was observed as expectation by 
introducing a methyl group into the a-position of the 
benzyl moiety. However, the mechanism, suggested 
based on the results, was not 5-coordination but uni­
molecular ionization (SNI) of l-aryl-l-bromoethane.3) 

The reaction would be an abnormal unimolecular 
nucleophilic substitution in view of the reaction con­
ditions used. The reaction was carried out under 
typical bimolecular reaction conditions in nonpolar 
solvents with nearly equal amount of diluted (ca. 0.26 
mol dm - 3) nucleophile of the arylthiogermanes. The 
particular mechanism would undoubtedly be due to 
the nature of the haloalkane generating much stabi­
lized secondary benzylic cation on ionization. 

A kinetic study will be reported here, on the reac­
tions of (arylthio)trimethylgermanes with various 
haloalkanes. The subject of this work is examining a 
possible 5-coordination process for the reactions and 
also to examine unimolecular ionization of haloal­
kanes, other than 1-aryl-l-bromoethane, under typical 
second-order reaction conditions.3) 

Results and Discussion 

lodoalkanes, the most reactive haloalkanes, were 
chosen for the present study since haloalkanes have 

been known to be substantially less reactive than 
benzyl halides. The iodoalkanes are iodomethane 
and iodoethane as standard primary iodoalkanes, and 
stereochemically hindered primary iodoalkanes 
including l-iodo-2-methylpropane and l-iodo-2,2-
dimethylpropane. 2-Iodopropane was also chosen as 
a typical secondary iodoalkane. All the reactions of 
those iodoalkanes with trimethyl(phenylthio)germane 
were found to give corresponding alkyl phenyl sul­
fides and iodotrimethylgermane (Eq. 1). No detecta­
ble amount of a side product was found. The reac­
tion of the thiogermanes has thus been found to be 

R-I + Me3Ge-SC6H5 —> R-SC6H5 + Me3Ge-I ( 1 ) 

similar to that of tin analogues4) and different from 
that of the silicon compound in which side reactions 
of the thiosilane dominated rather than the reaction 
with most of the haloalkanes.2) 

Kinetic runs were done by XH NMR spectroscopy by 
following the relative ratio of the decreasing and 
increasing amounts of the starting and the product 
trimethylgermanes at time. A polar aprotic solvent, 
benzonitrile was used for the kinetic runs in order to 
observe the rates conveniently, because the reactions 
were found to proceed much slower than that of 
benzyl bromide.1,3) 

Rate constants for the reaction with iodomethane 
and iodoethane with (arylthio)trimethylgermanes are 
given in Table 1. The reactions apparently obeyed a 
second order kinetic equation, each first order in both 
the reactants. The relative reactivity of these iodoal­
kanes and the activation parameters were also quite 
reasonable for the difference in reactivities of those 
iodoalkanes toward bimolecular nucleophilic substi­
tutions.4'5) The observed substituent effects (pio)— 
—1.25 and —1.00) were also quite reasonable for the 
suggested process. Thus, a bimolecular nucleophilic 
substitution has been confirmed for the reactions of 
the thiogermanes with these two iodoalkanes. The 
reactions of smaller primary iodoalkanes with the 
thiogermane were appeared to be quite resemble with 
that of the reaction of the tin analogues.4) 

Stereochemically hindered primary iodoalkanes, 1-
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Table, 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Seizi KOZUKA and Takemi NITTA [Vol. 63, No. 

1. Rate Constants for the Reactions of Me3Ge-SCeH4X with R-I in CeH5CN 

R(mol dm"3) 

CH3(0.159) 
CH3(0.159) 
CH3(0.159) 
CH3(0.159) 
CH3(0.159) 
CH3(0.159) 
CH3(0.159) 

CH3CH2(0.159) 
CH3CH2(0.159) 
CH3CH2(0.159) 
CH3CH2(0.159) 
CH3CH2(0.159) 
CH3CH2(0.159) 
CH3CH2(0.159) 

X(moldm-3) 

H(0.131) 
H(0.131) 
H(0.131) 

£-OCH3(0.131) 
£-CH3(0.131) 

£-Cl(0.131) 
m-Cl(0.131) 

H(0.131) 
H(0.131) 
H(0.131) 

p-OCH3(0.131) 
£-CH3(0.131) 

£-Cl(0.131) 
m-Cl(0.131) 

Temp/°C 

110 
120 
130 
120 
120 
120 
120 
130 
140 
150 
150 
150 
150 
150 

foXlOVdn^mol-is-1 

4.28±0.19 
7.81±0.31 

13.15±0.36 
12.21±0.32 
11.02±0.34 
3.09±0.04 
2.16±0.05 
1.54±0.04 
2.08±0.05 
5.05±0.16 
7.74±0.07 
6.81±0.07 
2.39±0.10 
1.97±0.03 

10 

- 1 . AH#4oo=72 kjmol"1; AS#
40o=-124 JK-imol-1, 7=0.999 for CH3I. AH#

40o=84 kjmol 
AS#40o=-114 JK-imol-1, 7=0.957 for CH3CH2I. p(a)=-1.25, 7=0.987 for CH3I and 
p(a)=-1.00, 7=0.989 for CH3CH2I. 

Table 2. Rate Constants for the Reactions of Me3Ge-SC6H4X with R-I 

Entry 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

R(mol dm"3) 

CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3CH(CH3)CH2(0.159) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3C(CH3)2CH2(0.477) 
CH3CH(CH3)(0.159) 
CH3CH(CH3)(0.159) 
CH3CH(CH3)(0.159) 

X(moldm-3) 

H(0.066) 
H(0.131) 
H(0.197) 
H(0.131) 
H(0.131) 
H(0.131) 

£-OCH3(0.131) 
p-CH3(0.131) 

^-Cl(0.131) 
m-Cl(0.131) 

H(0.197) 
H(0.393) 
H(0.591) 
H(0.393) 
H(0.393) 

p-OCH3(0.393) 
£-CH3(0.393) 

p-Cl(0.393) 
m-Cl(0.393) 

H(0.131) 
H(0.131) 
H(0.131) 

Solvent 

C6H5CN 
C6H5CN 
CeHsCN 
CeHsCN 
C6H5CN 
C6H5CN 
C6H5CN 
C6H5CN 
CeHsCN 
CeHsCN 
CHsCN 
CH3CN 
CHsCN 
CH3CN 
CHsCN 
CH3CN 
CH3CN 
CHsCN 
CH3CN 
CeHsCN 
CeHsCN 
CeHsCN 

Temp/°C 

150 
150 
150 
130 
140 
150 
150 
150 
150 
150 
160 
160 
160 
140 
150 
160 
160 
160 
160 
130 
140 
150 

A/dm3mol"1s-1 

(or s - 1 for ki) 

ki (2.51±0.10)X10~6 

ki (3.13±0.24)X10~6 

ki (5.20±0.16)X10~6 

k2 (1.01±0.05)X10-5 

k2 (2.04±0.09)X10-5 
k2 (4.21±0.29)X10-5 
k2 (5.02±0.17)X10~5 

k2 (4.47±0.13)X10-5 
k2 (2.43±0.34)X10~5 

k2 (2.04±0.19)X10-5 
ki (1.69±0.30)X10-6 

ki (1.80±0.05)X10-6 

ki (1.98±0.05)X10-6 

ki (0.36±0.01)X10~6 

ki (0.82±0.05)X10~6 

ki (1.33±0.09)X10"6 

ki (1.46±0.03)X10-6 

ki (1.27±0.10)X10-6 

ki (1.07±0.03)X10-6 

ki (3.23±0.07)X10~4 

ki (6.82±0.31)X10~4 

Ai(14.53±0.55)X10-4 

AS'é4oo=-92 JK-imol-1, 7=0.999 for R=CH3CH(CH3)CH2. AH^oo AH#4oo=101 kjmol 
=120 kjmol-1; AS#

4oo=-81 JK-imol"1, 7=0.999 for R=CH3C(CH3)2CH2. AH#
40o=104 

kjmol"1; AS#4oo=-95 JK-imol'1, 7=0.999 for R=CH3CH(CH3). p(a)=~0.63, 7=0.974 for 
R=CH3CH(CH3)CH2. Little effect of X on the rates of the reactions of R=CH3C(CH3)2CH2. 

iodo-2-methyl and l-iodo-2,2-dimethylpropanes, gave 
somewhat complicated results. The rate of the reac­
tion with l-iodo-2-methylpropane could be measured 
in a similar manner at slightly elevated temperatures. 
Both first-order and second-order kinetic plots gave 
slightly curved correlations. The rate constants with 
various concentrations of the haloalkane were calcu­
lated by a first-order kinetic equation in order to 
observe the rate dependency clearly. The results are 
given in Table 2. As seen in the Table, the rates of 
the reaction of l-iodo-2-methylpropane were appar­

ently dependent on the concentrations of the haloal­
kane (Entries 15 to 17). The dependency, however, 
was appeared not in first-order but substantially less 
than unit. Triple concentration of the haloalkane 
accelerated the reaction only about twice. The sub­
stituent effect due to substituents on the arylthio 
group of the thiogermane (Entries 20 to 24) appeared 
negative (p(a)=—0.63), but too small to be considered 
that the reaction involved a bimolecular nucleophilic 
attack of the sulfur atom. These results may suggest 
a borderline mechanism which consists of both SNI 
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Fig. 1. Plot of AH^ vs. AS5* values of the reactions. 

and SN2 characters. T h e carbon-iodine bond would 
be m u c h stretched at the transi t ion state than that of a 
typical b imolecular nucleophi l ic subst i tut ion. 

T h e rate of the reaction of l-iodo-2,2-dimethyl-
p ropane , on the other hand , appeared too slow to be 
measured under the same reaction condit ions. Aceto-
nitri le, a m u c h polar solvent was used for this 
reaction, instead of benzonitri le, and higher concen­
trations of the s tar t ing materials were employed to 
observe faster conversion of the reactions. Here 
again, slightly curved kinetic plots were obtained by 
bo th first-order and second-order kinetic equat ions 
a l t hough the former gave a much better plot , as sum­
marized in Tab le 2. T h e dependency of the rates on 
the concentrat ion of the haloalkane was observed 
almost negligible (Entries 25 to 27), which suppor ts 
first-order reaction of the haloalkane. T h e substitu-
ents on the arylthio moiety had little effect on the rates 
of the reactions (Entries 26 and 30 to 33). T h e result 
does no t conflict wi th the mechanism involving un i -
molecular ionization of l- iodo-2,2-dimethylpropane. 
T h u s , the mechanism of the reaction would involve 
un imolecu la r ionizat ion of the haloalkane at the rate-
de te rmin ing step almost exclusively, a l t hough minor 
cont r ibu t ion of b imolecular reaction cannot be ruled 
out . 

T h e reaction of 2- iodopropane wi th the thioger-
mane clearly obeyed a first-order kinetic equat ion . 
T h e results are given in Table 2. A unimolecula r 
ionizat ion of 2- iodopropane would be suggested as the 
mechan i sm for the reaction. 

T h e activation parameters for the present reactions 
resulted a l inear correlat ion as shown in Fig. 1. T h e 
isokinetic re la t ionship suggests a gradual change of 

the kinetic characteristics of the reactions from SN2 for 
the s imple iodoalkanes to SNI for the s tereochemical^ 
hindered pr imary iodoalkanes and secondary iodo­
alkanes. 

T h e par t icular mechanism i.e., SNI reaction under 
second order reaction condi t ions has thus been found 
be ing no t l imited to the reaction of 1-aryl-l-
bromoethanes,3 ) bu t c o m m o n to the reactions of 
secondary and stereochemically hindered pr imary 
iodoalkanes. T h e reactions of tertiary iodoalkanes 
would proceed by the same manner . T h u s , the pres­
ent study revealed universality of the unimolecular 
ionization mechanism. Steric h indrance of iodoal­
kanes and iodoalkanes generat ing stabilized cation on 
ionization, p romote the par t icular process even under 
typical b imolecular reaction condit ions in aprot ic sol­
vents wi th small amount s of nucleophiles . T h e 
expected 5-coordination process was not found in the 
reactions presently examined. 

Experimental 

Materials. The preparations of (arylthio)trimethylger-
manes were reported previously.6) Commercial haloal­
kanes and solvents were distilled before use. 

Product Analysis. Trimethyl(phenylthio)germane (0.5 
g, 2.2 mmol) was heated in a sealed tube in the presence of 
an equal amount of iodomethane (0.31 g, 2.2 mmol) at 
100 °C for 16 h. The resulting mixture was distilled under 
reduced pressure connecting with a cold trap. Methyl 
phenyl sulfide was obtained as the distillate (bp 160°C/30 
mmHg, 0.45 g, 83%, mmHg=l33.322 Pa) and iodotrimethyl-
germane was obtained in the trap (0.14 g, 52%). The prod­
ucts were identified by their spectra and by comparison 
with the authentic samples. Product analysis of the reac­
tions of other haloalkanes were performed by ^ N M R 
spectra. Dilution by solvents did not change the product 
distributions. Possible rearranged products were not 
detected. 

Kinetics. The procedure was essentially the same to that 
previously reported.6) Concentrations of the reactants and 
temperatures are recorded in Tables 1 and 2. 
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Functionalizations of the boranato group of phosphine-boranes have been investigated. Trimethylphos-
phine-borane readily reacted with methanesulfonic acid in dichloromethane with evolution of hydrogen. The 
resulting trimethylphosphine-methylsulfonyloxyborane was subjected to nucleophilic substitution reaction on 
the boron atom with arenethiols or secondary phosphine-boranes in the presence of NaH. The reactivities of 
the substitution products obtained were also investigated. A new phosphine-borane having a P-B-P-B-P-B-
P-B bond linkage was synthesized. 

Phosphine-boranes, adducts of phosphines with 
boranes, exhibit unique chemical properties, and they 
have intriguing potential for use as hydroboration 
agents or as precursors to useful organophosphorus 
compounds.1'2) We have been interested in the pecu­
liar properties of phosphine-boranes and have investi­
gated syntheses and reactions of these compounds. 

In the previous papers we reported that a variety of 
phosphine-borane derivatives, including optically 
active ones, was prepared by chemical transformation 
of phosphine moieties.3) Based on these results, we 
then sought to explore a new method for the function-
alization of the boranato group of phosphine-
boranes. This paper describes the synthesis and reac­
tions of methanesulfonate derivatives of phosphine-
boranes as well as the reactions of the new classes of 
organophosphorus compounds having a P-B-S or a 
P-B-P bond linkage. 

Results and Discussion 

In seeking functionalizations of the boranato 
group, we came to examine the synthesis of sulfonate 
derivatives of phosphine-boranes, since the sulfonates 
are anticipated to undergo substitution reaction on 
the boron atom to lead to various kinds of phosphine-
boranes.4) Our initial trial was undertaken to investi­
gate the reaction of phosphine-boranes with sulfonic 
acid. Several phosphine-boranes {PI13PBH3, PI12-
(CH3)PBH3, Ph(CH3)2PBH3, Ph2(H)PBH3, (f-Bu)a-
PBH3, [2,4,6-(MeO)3C6H2]3PBH3} were treated with an 
excess amount of methanesulfonic acid or trifluo-
romethanesulfonic acid. The reactions proceeded at 
0—25 °C with evolution of hydrogen in an aprotic 
solvent such as dichloromethane or diethyl ether. 
Unfortunately, however, many attempts for the isola­
tion of the products by chromatography or recrystalli­
zation were unsuccessful in these cases. 

Next, we tried the reaction of trimethylphosphine-
borane with methanesulfonic acid in dichlorometh­
ane. In contrast to the unsuccessful results mention­
ed above, the product trimethylphosphine-methyl-
sulfonyloxyborane (1) was isolated as a crystalline 
solid in 89% yield. This compound, although it was 

highly sensitive to moisture and it was difficult to be 
purified by recrystallization, was practically pure and 
could be used for further reactions.5) 

Me 
I 

Me—P-*~BH3 

I 
Me 

MeS03H 

CH2CI2, rt,89% 

Me 
I 

Me—P-*-BH2OS02Me 

Me 

(1) 

The methanesulfonate 1 was allowed to react with 
thiols. The reaction with arenethiols in the presence 
of sodium hydride proceeded smoothly at room 
temperature to afford the corresponding substitution 
products possessing a P-B-S bond in 62—100% yield. 
Alkanethiols such as a-toluenethiol or 2-methyl-2-
propanethiol also reacted readily under the same con­
ditions. However, these products were labile at room 
temperature and were not isolated as a pure form. 

ArSH / NaH 

THF, rt 
MeaPBHgSAr 

2: Ar = CßH5, 100% 
3: Ar = p-MeC6H4 , 92% 
4: Ar = o-MeOC6H4 , 62% 

(2) 

The reactivities of the substitution products were 
examined. Treatment of compounds 2, 3, and 4 with 
2 equivalents of m-chloroperbenzoic acid (MCPBA) 
afforded the corresponding oxidation products 5, 6, 
and 7 in essentially quantitative yield. These com­
pounds, which are regarded as sulfone analogues, 
were stable at ordinary temperature. They decom-

Me3PBH2SAr 
MCPBA (2 eq) 

CH2CI2 , 100% 
MeaPBHaSOsAr 

5:Ar = C6H5 

6: Ar = />MeC6H4 

7:Ar=oMeOC6H4 

xylene, reflux 
ArSSAr 

Ar = C 6 H 5 l 21% 
Ar = />MeC6H4 l21% 
Ar = oMeOC6H4 , 34% 

(3) 
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posed in a xylene solut ion at reflux to result in the 
formation of the respective disulfides in 21—34% yield. 

We at tempted the prepara t ion of sulfoxide ana­
logues by the reaction of 2, 3, and 4 wi th 1 equivalent 
of MCPBA. T h i n layer chromatography of the reac­
tion mixtures indicated that the expected products 
were produced at 0 ° C for 10 min . T h e subsequent 
work-up involving flash chromatography on silica gel 
provided the solut ion that contained the expected 
sulfoxide analogues. However, the evaporat ion of 
the solvent under reduced pressure resulted in the 
d i spropor t iona t ion of the products to sulfide and sul-
fone analogues. It is noted that this d ispropor t iona­
tion proceeded rapidly wi thou t any catalyst such as an 
acid. 

Me3PBH2SAr 
MCPBA (1 eq) f , , n n l l { , 1 

— 2 - > ~ Me3PBH2-S-Ar l±. 
CH2CI2, 0 °C, 100% l W 

1/2 Me3PBH2SAr + 1/2 MeaPBH^OaAr 

MeSOaH 

100% 

Me 
I 

- > - M e — P - * 
I 

Me 

Ph 
I 

BH2—P-*-BH2OS02Me 

Ph 
10 

Ph2(H)PBH37 NaH 

79% 

Me 
I 

M e — P - * 
I 

Me 

Ph 
I 

BH2 P-^BH 2 -

Ph 

11 

Ph 
I 

- P - * 
I 
Ph 

BH3 

(6) 

MeSQ3H 

100% 
Me-

Me 
I 

- P - * 
I 

Me 
I Ph2(H)PBH3/NaH. 60 "C I 

^ - Me— P—» 
24% | 

Me 

BH2-

BH2-

Ph Ph 
I I 

-P-+* B H 2 — P-+* BH2OS02Me 
I I 
Ph Ph 

12 

Ph 
I 

- P - * 
I 
Ph 

•BH2-

13 

Ph 
I 

-P - * -BH 2 " 
I 
Ph 

_P_, 
I 
Ph 

BH3 

which was allowed to react wi th Ph2(H)PBH3 to fur­
nish c o m p o u n d 13 possessing a P - B - P - B - P - B - P - B 
bond linkage. 

O u r at tent ion next turned to the synthesis of a 
new kind of phosph ine -boranes that contains a 
l inear P - B bond chain.6 ) Some charge al ternat ion 
(H 1 h—I—) may exist in these molecules, since 
phosph ine -boranes possess + 1 and —1 formal charges 
on phosphorus and boron atoms. These characteris­
tic bond sequences m i g h t account for the peculiar 
propert ies of the compounds . 

We envisioned that these compounds could be syn­
thesized by the subst i tu t ion reactions at borana to 
moieties. T h u s , sequential treatments of p h o s p h i n e -
boranes wi th methanesulfonic acid and a secondary 
p h o s p h i n e - b o r a n e may, in principle, enable homolo­
gat ion of the P -B bond uni t . 

First, c o m p o u n d 1 was allowed to react wi th 
P h 2 ( H ) P B H 3 or Ph(o-MeOC 6 H 4 ) (H)PBH 3 in the pres­
ence of N a H . T h e nucleophi l ic subst i tut ion reaction 
on the boron a tom proceeded under ordinary condi­
tions, and the expected products 8 and 9 were isolated 
in 100% and 91% yields, respectively. 

PhAr(H)PBH3/NaH 

THF, rt 

Ph 
I 

BH3 

Me 
I 

- • Me—P-* -BH 2 -
I I 

Me Ar 
8:Ar = C6H5 , 100% 

9:Ar=o-MeOC6H5 ,91% 

(5) 

C o m p o u n d 8 was treated with methanesulfonic acid 
to afford methanesulfonate derivative 10 in quant i ta ­
tive yield. It is noted that the BH3 g roup was selec­
tively subjected to subst i tut ion reaction. T h e reac­
tion of c o m p o u n d 10 wi th Pri2(H)PBH3 provided 
c o m p o u n d 11 in h igh yield. Fur ther t reatment of 11 
wi th methanesulfonic acid afforded c o m p o u n d 12, 

Experimental 

Spectra were measured with the following instruments; 
*HNMR: JEOL-MH100 (100 MHz), n B and 31PNMR: 
JEOL GX270 (86.5 MHz and 110 MHz), IR: Hitachi-IR2I5 
Spectrophotometer, MS: JEOL JMS-HX110. n B and 
31PNMR spectra were obtained in CDCI3 with (CH30)3B 
and 85% H3PO4 as external standards, respectively. 
Microanalyses were performed at the Chemical Analysis 
Center of Chiba University. 

All experiments were carried out under an argon atmo­
sphere. The products were isolated by preparative thin-
layer chromatography (TLC) on silica gel (Wakogel B-5F) 
or column chromatography on silica gel (Wakogel C-200). 

Trimethylphosphine-Methylsulfonyloxyborane (1). Meth­
anesulfonic acid (0.45 cm3, 7 mmol) was added to a solution 
of trimethylphosphine-borane7> (0.45 g, 5 mmol) in dry 
dichloromethane (3 cm3), whereupon hydrogen gas evolved. 
After 30 min, finely powdered potassium hydrogencarbo-
nate (0.20 g, 2 mmol) was added with stirring. The reac­
tion mixture was passed through a short column of silica gel 
by using ethyl acetate as an eluent. The filtrate was con­
centrated in vacuo to give practically pure methanesulfonate 
1 as a white powder (0.81 g, 89%). Mp 87—93 °C; IR (KBr) 
3010, 2400,1400, and 1310 cm"1; XH NMR (CDCb) ô=1.35 (d, 
/=12 Hz, 9H) and 2.81 (s, 3H); "BNMR (CDCb) ô=-28.8 
(d, / B - P = 9 0 . 8 HZ); 31P NMR (CDCI3) ô=—13.89 (d, /P.B=90.8 
Hz); FABMS m/z 183 (M+-1); MS m/z 183 (M+-1). 

Reaction of 1 with Thiols (General Procedure). Sodium 
hydride (40% oil dispersion, 2 mmol) was washed with 
hexane and suspended in dry T H F (3 cm3). Thiol ( 1 mmol) 
and trimethylphosphine-methylsulfonyloxyborane (1 mmol) 
were added at 0°C, and the mixture was stirred for 2 h at 
room temperature. The reaction mixture was treated with 
hydrochloric acid (1 mol dm -3) and extracted with CHCI3. 
The combined extracts were washed with brine and dried 
(MgS04). The solvent was removed under reduced pres­
sure, and the residual oil was chromatographed on silica gel 
(AcOEt/hexane) to give the product as a white powder. 
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2: Mp 83—84 °C; IR (KBr) 2400, 1580, 1470, 1290, and 
960 cm"1; ^ N M R (CDC13) ô=1.25 (d, /=12 Hz, 9H) and 
6.60—7.70 (m, 5H); MS m/z 198 (M+). 

3: Mp 79—82 °C; IR (KBr) 2400, 1490, 1290, 1090, 950, 
and 810 cm"1; *HNMR (CDCI3) ô=1.24 (d, /=11 Hz, 9H), 
2.19 (s, 3H), and 6.68—7.31 (m, 4H); MS m/z 212 (M+). 

4: Mp 104—105 °C; IR (KBr) 2350, 1560, 1470, 1240, and 
940 cm"1; XH NMR (CDCI3) 6=1.34 (d, /=10 Hz, 9H), 3.88 (s, 
3H), and 6.70—7.70 (m, 4H); MS m/z 228 (M+). 

Synthesis of Sulfone Analogues 5, 6, and 7. ra-Chloro-
perbenzoic acid (2 mmol) was added to substrate (1 mmol) in 
dichloromethane (3 cm3) at 0°C. After stirring for 10 min, 
the reaction mixture was subjected to flash column chroma­
tography on silica gel (AcOEt and acetone) to give the 
product as a colorless crystal. 

5: Mp 103—104 °C; IR (KBr) 2990, 2450, 2400, 1440, 
1210, 1100, 960, and 810 cm"1; *HNMR (CDCI3) ô=1.56 (d, 
/=12 Hz, 9H) and 7.10—8.00 (m, 5H); MS m/z 218 
(M+-BH3). Anal. Found: C, 46.96; H, 6.69%. Calcd for 
C9H16O2BPS: C, 46.99; H, 7.01%. 

6: Mp 79—80 °C; IR (KBr) 3000, 2450, 2400, 1300, 1210, 
1100, 1080, and 960 cm"1; *HNMR (CDCI3) 6=1.51 (d, /=12 
Hz, 9H), 2.34 (s, 3H), and 7.22—7.73 (m, 4H); MS m/z 246 
(M++2). Anal. Found: C, 49.18; H, 7.24%. Calcd for 
C10H19O2BPS: C, 49.20; H, 7.43%. 

7: Mp 132—133 °C; IR (KBr) 2990, 2480, 2410, 1590, 
1480, 1210, 1100, and 970 cm"1; *HNMR (CDCI3) ô=1.53 (d, 
/=12 Hz, 9H), 3.85 (s, 3H), and 6.60—8.00 (m, 4H). Anal. 
Found: C, 46.15; H, 6.91%. Calcd for C9H19O3BPS: C, 
46.18; H, 6.98%. 

Thermal Decomposition of Sulfone Analogues. Sub­
strate was dissolved in xylene, and the solution was kept at 
140 °C for 5 h. The solvent was removed and the residue 
was subjected to preparative TLC on silica gel (AcOEt/ 
hexane=l : 10) to give corresponding disulfide. 

Oxidation of Sulfide Analogues with 1 Equivalent of 
MCPBA. m-Chloroperbenzoic acid (1.0 equiv) was added 
to thiol (1.0 equiv) in dichloromethane at 0°C. After stir­
ring for 10 min,8> the reaction mixture was passed through a 
short column using AcOEt/CHsOH (5:1) as an eluent. 
The solvent was removed under reduced pressure. The 
residue was subjected to preparative TLC to give the corre­
sponding sulfide and sulfoxide analogues in quantitative 
yield. 

Synthesis of Phosphine-Borane Containing a Linear P-B 
Bond Linkage (General Procedure). Sodium hydride (40% 
oil dispersion, 2.0 equiv) was washed with hexane and 
suspended in dry THF. Secondary phosphine-borane (1.0 
equiv) and phosphine-borane methanesulfonate (1.0 equiv) 
were added at 0°C, and the mixture was stirred at room 
temperature. After the reaction was complete, the reaction 
mixture was quenched with hydrochloric acid (1 mol dm -3). 
The organic layer was separated, and the aqueous layer was 
extracted with CHCI3. The combined extracts were washed 
with brine and dried (MgS04). The solvent was removed 
under reduced pressure, and the residual oil was chromato-
graphed on silica gel (AcOEt/hexane). The product, 
which was obtained as a pasty mass, was triturated with 
ether to give the desired product as a white powder. 

Compound 10 or 12 was synthesized from 8 or 11 in a 
similar procedure as the preparation of 1. 

8: Mp 122—123 °C; IR (KBr) 3040, 2350, 1480, 1430, and 
1070 cm"1; *HNMR (CDCI3) ô=1.30 (d, /=12 Hz, 9H) and 

6.90—7.90 (m, 10H); FABMS m/z 287 (M+); MS m/z 274 
(M+-BH3). Anal. Found: C, 62.30; H, 8.37%. Calcd for 
C15H24B2P2: C, 62.57; H, 8.40%. 

9: Mp 138.0—139.5 °C; IR (KBr) 2950, 2450, 1580, 1470, 
1270, and 950 cm"1; *HNMR (CDCI3) ô=1.30 (d, /=12 Hz, 
9H), 3.41 (s, 3H), and 6.30—8.00 (m, 9H); MS m/z 317 (M+) 
and 304 (M+-BH3). Anal. Found: C, 60.26; H, 8.10%. 
Calcd for C16H26B2OP2: C, 60.44; H, 8.24%. 

10: Mp 82 -85 °C; IR (KBr) 3000, 2400, 1440, and 
1320 cm-1; « N M R (CDCI3) ô=1.35 (d, /=12Hz, 9H), 2.68 
(s, 3H), and 7.15—7.90 (m, 10H); MS m/z 274 (M+ 
-BH2OS02Me). 

11: Mp 143—144 °C; IR (KBr) 3040, 2320,1480, 1430, and 
1060 cm"1; « N M R (CDCI3) ô=1.22 (d, /=12 Hz, 9H) and 
6.80—7.80 (m, 20H); MS m/z 472 (M+-BH3). Anal. 
Found: C, 66.56; H, 7.30%. Calcd for C27H36B3P3: C, 66.74; 
H, 7.47%. 

12: Mp 148—153 °C; IR (KBr) 2400, 1440, 1150, and 960 
cm"1; « N M R (CDCI3) ô=1.19 (d, /=12 Hz, 9H), 2.34 (s, 
3H), and 6.55—7.30 (m, 20H); MS m/z 274 (Me3PBH2PPh2). 

13: Mp 170—171 °C; IR (KBr) 3030, 2320,1480,1430, and 
950 cm-1; « N M R (CDCI3) 6=1.08 (d, /=10 Hz, 9H) and 
6.00—7.60 (m, 20H); MS m/z 409 (BH2P(Ph2)BH2P-
(Ph2)BH3) and 274 (Me3PBH2PPh2). Anal. Found: C, 
68.21; H, 6.88%. Calcd for C39H48B4P4: C, 68.49; H, 7.07. 
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Orbital Tilting and Hybridization Change. An Illustrational Molecular 
Orbital Approach to an Addition (CH2=CH2+HBr^CH3CH2Br) 
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Configuration alteration and hybridization change in the addition of hydrogen bromide to ethylene and 
those in its reverse, E2-type reaction were illustrated in terms of orbital tilting on the basis of the concept of 
stabilizing and destabilizing second order orbital interactions. The predominancy of trans fashion in these 
reactions are also visualized qualitatively. 

As has been seen in the symmetry rule of Woodward 
and Hoffmann,1) and the frontier orbital method of 
Fukui,2) non-computational molecular orbital treat­
ments, in spite of being qualitative, have been proved 
to be powerful and extremely useful for predicting 
pericyclic reactions. Furthermore, various phenom­
ena in organic chemistry, such as molecular geome­
tries and reactivities, are also explained successfully by 
using molecular orbitals represented qualitatively.3) 
Thus, non-computational and qualitative MO-
approaches deserve consideration in its own right, and 
may be attractive from the standpoint of organic 
chemistry. 

In recent years, Fukui and his co-workers4) have first 
illuminated MO-theoretically the stereochemistry of 
1,2-addition reactions in olefinic systems and that of 
E2 reactions.5) In their treatment, for example, in the 
addition to an olefin, originally orthogonal, delocal-
ized a- and TT-MO'S are mixed through the orbital 
interactions with a third orbital located in the mole­
cule of an attacking reagent: these orbital interactions 
result in new bond formation and hybridization 
change, and the nuclear movement of four substitu-
ents in the ethylenic moiety, that is, the configuration 
alteration, is taken concomitantly into consideration. 

The orbital distortion technique described by Bur­
gess and Liotta6) for predicting the stereochemical 
courses of organic reactions involves also this type of 
second order o-n orbital mixing, but makes no men­
tion of overall hybridization change. 

On the other hand, by Woodward and Hoffmann,1) 
cyclizations of conjugated polyenes such as that of s-
as-butadiene to cyclobutene have been represented in 
terms of the rotation or inclination of both terminal 
methylenes. These types of reactions can be under­
stood to be configuration alteration and hybridization 
change roughly at the two terminal methylenes. The 
inclination of methylene groups implies tilts of orbit­
als located in these groups, and the shifts of hydrogen 
nuclei of terminal methylenes can be recognized 
unequivocally.7) It should be noted that the inclina­
tion of methylene groups, that is, the tilt of orbitals 
can be explained in terms of HOMO-LUMO orbital 
interactions between the two n systems which divide 

formally a conjugated polyene into two olefinic 
parts.2) 

The concept of tilt of orbitals has appeared also in 
the interpretation of substituent angles in Tr-bonding 
systems of metal complexes8) and in the elucidation 
of non-planarity in Tr-systems of norbornene9'10) and 
yyn-sesquinorbornene:11) in norbornene and syn-
sesquinorbornene, tilts of orbitals have been intro­
duced in terms of hyperconjugative orbital interac­
tions. 

In the present paper, on the basis of the concept of 
stabilizing two-electron and destabilizing four-
electron orbital interactions, an attempt to illustrate 
configuration alteration and hybridization change in 
the title reactions is made by the procedure of orbital 
tilting. 

Results 

Addition of Hydrogen Bromide to Ethylene. For 
this reaction (Eq. 1), we set a situation in which an 
incoming proton approaches to one methylene carbon 
perpendicularly to the molecular plane of ethylene in 
the initial step of reaction.12) 

CH2=CH2 + HBr -> CH3CH2Br ( 1 ) 
(C 1 C2) 

When the interactions between the Is orbital of proton 
and a ones located in the C-H bond regions of ethyl­
ene are neglected as a first approximation,13) TT, TT*, 
tfco tfcc (these MO's are given by the linear combina­
tion of basis 2p AO's, pi and p2, and of sp2 hybrids, ri 
and r2, which are located in C1 and C2), and the Is 
orbital of the incoming proton (H+) should be consid­
ered for the reaction system: for the energies of these 
orbitals (TE,, TT*, OCC, and ace), the values of an SCF-MO 
calculation14) in the literature may be referred to,15) 

and the ionization potential of hydrogen16) can be 
assigned to that of the Is orbital of proton (Table 1). 

On approach of H + to C1, the proton Is orbital 
interacts with TT, TT*, acc, and o*c; thus, the originally 
orthogonal TT- and a-bond orbitals interact through 
the Is orbital. The orbital interaction principle 
based on the perturbation theory17) tells that orbital 
interactions can be treated pairwise or stepwise when 
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Table 1. The Orbital Energies for Reference 
to Orbital Interactions 

Molecule or Ion 

H+ 
C2H4 

*-BuO-
C2H5Br 

Orbital 

Is 
TT* 

n 
a?c 
acc 
n 
a?H 
acH 
a?Br 
aCBr 

acc 
acc 

Energy/eV 

-13.60 
6.60 

-10.09 
17.40 

-15.28 
-10.47 

17.83 
-17.40 

2.29 
-13.54 

15.56 
-13.29 

WCC 

r1 r2 

/ / * 3 

V\ 

C2 % -+K 
ucc 

1s 

o 

8-

o 

8 -Î *-$ ! 2 
01 02

 03 

Fig. 1. Three-center orbitals from TE, TT*, and Is. 

an orbital level interacts with several others; therefore, 
a set of semi-delocalized three-center orbitals (0i, 02, 
03) can be pictured from TE, TE*, and Is in the first step 
(01=TE+ls+TE*, 4>2=n— Is—TE*, 03=7E*— 1S+TE) (Fig. 1). 
Delocalized orbitals for the initial stage of reaction are 
represented by the interactions of a c c and a%c with 0i, 
02, and 03 in the second step. 

Trans Addition: According to the frontier orbital 
theory, a chemically interacting system is stabilized 
when HOMO-LUMO interactions are realized; thus, 
the interaction between 0i (HOMO of the semi-
delocalized three-center orbital system) and a*c (o-
LUMO) and that between occ (a-HOMO) and 03 

(NLUMO of the semi-delocalized three-center system) 
stabilizes the reaction system under consideration. In 
the initial stage of reaction, the orbital fractions 
located in C1 lying closer to the proton must be 
perturbed more strongly and should play a significant 
role in the change of hybridization. The orbital 
amplitude of 02 (LUMO of the semi-delocalized three-
center system) in C1 is very small; thus, 02 makes little 
contribution to hybridization change. Therefore, 03, 
instead of 02, should be taken into consideration for 

the orbital interaction leading to hybridization 
change. Level 02 is virtually nonbonding and will 
grow into LUMO of transient C2H5"1" species in the 
course of orbital interaction. 

The in-phase combinations between 0i and a*c and 
between a c c and 03 are shown in Fig. 2. The signs of 
combination of orbitals are referred to the phase of 
fraction Is in 0i or 03 and that of the predominant 
lobe of fraction ri in a*c or acc.

18) In this situation, 
when the methylene group (C1!^) lying closer to the 
approaching proton inclines in the symmetrically 
bisecting plane (with respect to C1!^) to the configu­
ration in which the two methylene hydrogènes are 
remote from the incoming proton, together with the 
synchronous inclination of the other methylene group 
(C2H2) in the same direction (syn-inclination), anti-
bonding entities involved in [0i+a*c] and [acc+03] 
are decreased and increased in-phase orbital overlaps 
are realized by orbital tilting (Fig. 2). The resulting 
MO-representations are related to the qualitative delo­
calized occupied levels of transient C2H5"1" species19) 

and have their predominant extensions in the new C-
H and C-C a bond regions, respectively. 

The MO-representation of LUMO level for the 
C2H5"1" species can be obtained by orbital mixing, 
02+cr*c—aco a n d by subsequent orbital tilting: the 
sign of combination should be selected in such a way 
that fraction ri in a*c and fraction p2 in 02 are in-
phase throughout the course of orbital tilting, since 
the amplitude of fraction p2 is greater than that of 
fraction pi in 02 (Fig. 2). The delocalized LUMO of 
transient C2H5"1" species thus obtained has its predomi­
nant extension in the location of C2 and in the trans 
side to the incoming proton across the central bond. 
This preeminent extension of LUMO level in the 
trans side means trans preference in the stereochemical 
course of the addition reaction.4) 

Cis Addition: The orbital interaction principle17) 

O O 

1 fr-^^ * ^ 
<V ö cc- ö cc tfee y- *3 

t<9*«e>>-*£C~#s 
öcc 

01 + ac*c 

Fig. 2. Orbital interaction and tilting in the addi­
tion reaction (trans mode). 
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O O 

i~~^~ * & 
02 + ö c c - öcc 

o o 

ucc - . > ~ *3 

(<JM8»)-.^-% 
^cc ~ 0i <3:c 

..-H+- 0, 

;<o*~^>-*^5--S* 
* > + °CC 

Fig. 3. Orbital interaction and tilting in the addi­
tion reaction (eis mode). 

describes also that the interact ion between two occu­
pied levels destabilizes a chemical system. Figure 3 
shows this type of interact ion set to the reaction under 
consideration. T h e interact ion between <f>\ and a c c 

yields a lower level ([</>I+<TCC]) and a higher one 
([acc

—</>i]). Since the destabilization of the or iginal 
h igher level (a c c ) is, in general, always slightly larger 
than the stabilization of the lower level (<f>i), this type 
of interact ion is energetically unfavorable. However, 
when the methylene groups (CXH2 and C2H2) incline 
synchronously to the configurat ion in which the four 
methylene hydrogens are remote from the incoming 
proton (anti-inclination), ant ibonding entities involved 
in these combinat ions may be reduced and their bond­
ing characters mus t be increased by orbital t i l t ing; 
thus, the reaction system is stabilized (Fig. 3). Evi­
dently, such stabilization as gained by H O M O -
( N ) L U M O interact ion in the syn-inclination can not 
be expected in this case. T h e resul t ing orbitals 
represent qualitatively the semi-delocalized occupied 
levels of the transient C2Hs+,20) and have their pre­
d o m i n a n t extension in the new C - H and C - C o bond 
regions, respectively. 

T h e delocalized L U M O of transient C 2 H 5
+ in the 

ant i - incl inat ion can be represented in a similar 
manner as in the syn-incl inat ion by orbital t i l t ing of 
combina t ion [4>2+o*c—occ\: ^n t n ^ s c a s e> t n e s ^ S n °f 
combina t ion should be selected in such a way that 
fraction n in o%c and fraction p2 in $2 are in-phase 
t h roughou t the course of orbital t i l t ing. T h e result­
ing MO-representat ion has its p redominan t extension 
in the eis side in the location of C2 (Fig. 3), which 
refers to the stereochemical course of the addi t ion 
reaction in eis mode. 

Elimination of Hydrogen Bromide from Ethyl Bromide. 
T h e potass ium ^-butoxide-induced 1,2-elimination of 
hydrogen bromide from ethyl bromide (Eq. 2) may be 
one of the most s imple E2-type reactions. 

u1 u2 

C1 C 2 

Fig. 4. Orbital locations of EtBr in the trans (left) 
and eis periplanar conformation (right) together 
with £-BuO". 

CH3CH2Br-
(C1 C2) 

-HBr 

MJuO - H>CH 2 =CH 2 (2) 

T h e reaction involves the abstraction of a 1-proton 
by base and the concerted depar ture of hal ide anion.5 ) 

In order to achieve m a x i m u m overlap in developing 
bond orbitals, the orbitals related to new bond forma­
tion mus t all lie in one plane; thus, the ar rangement 
of a 1-hydrogen and halogen to be el iminated should 
be trans or eis periplanar . When the interactions of 
localized orbitals related to the four out-of-periplanar 
C - H bonds of ethyl bromide are neglected as a first 
approx imat ion , MO's oCK, o%H, occ, o%c, OCBT, O%BT 

(these MO's are given by the linear combinat ions of 
basis Is AO of 1-H, sp 3 hybrids located in C1 and C2 (ti, 
ui , t2, U2), and 4p AO of Br), and the n o n b o n d i n g 
orbital (n) located in £-BuO" should be taken into 
considerat ion (Fig. 4). When the per turbat ional con­
cept is appl ied to ethyl bromide, this molecule can be 
regarded as a union2 1 ) between methane and methyl 
bromide; thus , the energies of aCH, a*H, OCBT, and O*BT 

can be estimated from those of appropr ia te orbitals in 
these molecules.22) For the a c c and o*c levels of the 
molecule under consideration, e thane will be more 
adequately referred to than ethyl bromide in which 
a c c orbitals are perturbed by C-Br bond orbitals.23) 

T h e ionizat ion potent ial of £-butanol24) may be made 
referrence to for the energy of n level in £-butoxide 
anion2 5 ) (Table 1). 

O n approach of £-BuO" to 1-H, the n obital of t-
B u O " begins to interact wi th aCH and o%n in the init ial 
stage of reaction, and originally or thogonal a-bond 
orbitals located in Cl-H, C^-C2 and C2-Br interact 
th rough the par t ic ipat ion of n orbital. O n the basis 
of the orbital interaction principle,17) let us consider 
the interact ion a m o n g aCH, o%H, and n in the first step; 
then, a semi-delocalized three-center four-electron 
orbital system (ijji, fa, and 1̂ 3) are obtained by the 
linear combinat ion of aCH, a^H, and n (i/fi=aCH+n+a^H^ 
il/2=n-oCK+o%H, iA3=a£H-n+acH)2 6 ) (Fig. 5). 

Trans Elimination: In the trans-periplanar con­
formation, the orbital interaction between the three-
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center system and the localized two-center orbitals 
extended to the C2-Br bond region (aCBr and O*BT) gives 
a new five-center orbital system in the second step. 
Since level fa lies close to aCBr and O*BT and the 
amplitude of fraction ti in fa is superior to that in fa 
and that in fa, the NHOMO, HOMO, and LUMO 
level (£2, £3, and £4) of the semi-delocalized five-center 
system can be represented approximately as [aCBr+i/f2+ 
tfCBr] ( = « 2 ) , |>2 -a C Br+<7CBr] ( = £ 3 ) , a n d [o%B~fa+OCBr] 

(=£4) by neglecting the participation of fa and i/f3-
The signs of combinations are based on the phase-
relationship between the major lobe of fraction ti in fa 
and the minor lobe of fraction t2 in aCBr and O*BT (Fig. 
6). 

In this situation, the HOMO-LUMO interactions 
between the five-center orbital system and the C-C o 
orbital one (ac c and o*c) can be considered. 

: * 3 \ \ 

JCH 

* I * 
/ / <Vv\ 

Ö"CH 

^ V? 

o 

«/s 

Fig. 5. Three-center orbitals from <TCH, CTCH, and n. 

^3 ^5 

/ *A V 

^3 \<\ 

^2 

JCBr 

JCBr 

* b 
u 

Cl \ £3 

Fig. 6. Five-center orbitals from fa, fa, fa, acBr, and 
a*Br in the trans periplanar conformation. 

In view of the local symmetry of orbitals, two sets of 
interactions, the interaction between £3 and o%c and 
that between £4 and a c c are available: both of them are 
in a stabilizing two-electron mode. The delocalized 
seven-center orbital representations, [£3+<Tcc] and 
[acc+£4], are given in Fig. 7.27) In these combinations, 
further stabilization arises from the inclination of the 
two methylene groups in the symmetrically bisecting 
plane to the configuration with the respective increas­
ing proximity of four methylene hydrogens to the 
leaving 1-H and 2-Br (syn-inclination) in such a way 
that the four methylene hydrogens and the two carbon 
atoms lie in one plane, because an increased in-phase 
and a decreased out-of-phase orbital overlap are 
realized in the C-C TE- and a-bond regions by orbital 
tilting (Fig. 7). The resulting MO-representations 
are related to the TT and a c c levels of ethylene molecule 
produced, and the counterparts, tilted [acc-£3] and 
[£4—acc], are to o%c and TT*. Level £2 will grow into 
the nonbonding orbital of leaving Br", while levels £1 
and £5 develop into a0H and a§H located in a resultant 
£-BuOH, respectively. 

Cis Elimination: For the cis-periplanar conforma­
tion, an alternative five-center six-electron orbital sys­
tem (171—175) can be pictured by the combination of fa, 
fa, fa, oCBr, and a*Br lr* a similar manner, in which 172 
(NHOMO) is given approximately as [oCBT+fa+o*BT], 
973 (HOMO) as [fa-oCBT+o%BT], and 774 (LUMO) as 
[o%B- fa+oCBT] (Fig. 8). 

In this situation, two sets of interations, the interac­
tion between 173 (HOMO) and a c c and that between 174 
(LUMO) and o*c, are available in view of the symme­
try of orbitals. The former interaction is in a desta­
bilizing four-electron mode: thus, this type of interac­
tion is energetically unfavorable. However, secondary 
stabilization arises from the inclination of two meth­
ylene groups to the configuration with increasing 
proximity of four methylene hydrogens to leaving 1-H 
and 2-Br (anti-inclination) because of an increased in-
phase orbital overlap in [T73±acc] by orbital tilting 

1 ^ 
£4 

£3 

tfcc 

(5CC + €u \ % 

Fig. 7. Orbital interaction and tilting in the trans 
elimination. 
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Fig. 8. Five-center orbitals from fa, fa, fa, OCBT, and 
a*Br in the eis periplanar conformation. 

lu 

?3 " ÖCC 

°cc 

°CC + 7 3 

Fig. 9. Orbital interaction and tilting in the eis 
elimination. 

(Fig. 9). The resulting MO-representations are 
related to the a c c and TT levels of ethylene molecule, 
and tilted [974+0^] are to TT* and o%c. Level 172 will 
grow into the nonbonding orbital of leaving Br", 
while levels 171 and 775 correspond to the developing 
aQH and o%H located in £-BuOH respectively. 

Discussion 

Organic reactions may be referred to nuclear config­
uration alteration, which is induced by orbital interac­
tions. In other words, reactions can be seized as 
transformations of some orthogonal molecular orbital 
systems into other new orthogonal ones from the 
viewpoint of orbital interaction concept. The new 
orthogonal orbital systems are generally generated by 
orbital mixing. However, in special cases, a new 

orthogonal system can be obtained approximately by 
a simple operation, tilts of orbitals. The cyclization 
of s-as-butadiene to cyclobutene may be a typical 
example of these cases: the conrotation of terminal 
methylenes is explained in terms of the HOMO-
LUMO maximum overlapping principle.2) The C-
H bonds of terminal methylenes are conserved 
throughout the reaction; thus, the rotation of terminal 
methylenes accompanied by the shifts of hydrogen 
nuclei gives a new orthogonal orbital system in this 
case. 

A similar consideration of tilts of orbitals based on 
the concept of stabilizing two-electron and destabiliz­
ing four-electron orbital interaction may be applica­
ble to some other types of reactions (intermolecular 
reactions), and has been focused on the title reactions 
in the present paper.28) 

As has been seen above, configuration alteration in 
the addition of hydrogen bromide to ethylene could be 
illustrated qualitatively by the procedure of orbital 
tilting. In addition, the trans-dominancy of reaction 
has been also represented: that is, the inclination of 
two methylene groups in the same direction (syn-
inclination) is energetically advantageous to this reac­
tion. As a general rule, trans fashion may be favora­
ble to these types of reactions. However, syn-
inclination is forbidden in rigid systems such as nor-
bornene and acenaphthylene, because their two ethyl-
enic carbons and the two substituents (e.g., C1 and C4 

of norbornene) fixed in a cis mode should lie in one 
plane throughout the course of reaction. In such cases, 
anti-inclination will be forced to be selected; thus, 
the reaction should proceed in a cis manner as have 
been observed in norbornene29) and acenaphthylene.30) 

"The orbital tilting procedure could display also 
configuration alteration in the base-induced forma­
tion of ethylene from ethyl bromide, in which the 
trans elimination of hydrogen bromide is shown to be 
advantegeous energetically. In the reaction via the 
trans-periplanar conformation, the in-phase combina­
tion between £3 and o%c, [£3+acc] shown in Fig. 7, is 
essentially antibonding; however, it gains a great 
bonding character among the local orbitals located in 
C1 and C2 by orbital tilting. The resultant stabiliza­
tion can be considered to contribute to the progress of 
reaction to a significant extent. In the cis-periplanar 
conformation, on the other hand, the corresponding 
combination, [773—crcc] shown in Fig. 9, has a signifi­
cant bonding character and gains only a certain addi­
tion by orbital tilting. Thus, much stabilization can­
not be expected in this case. In a system such as 2-
exo-bromonorbornene, however, only a cis-periplanar 
conformation is available between a /3-hydrogen and 
the halogen to be removed. In such a case, the reac­
tion should proceed in a cis manner.31) 

New basis hybrids for localized two-center bond 
orbitals of ethyl bromide and ethylene generated from 
the above reactions can be obtained by re-hybridiza-
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Table 2. CNDO/2 Molecular Orbital Calculations on Reaction 

[H1H2C1=C2H3H4+H+ — • (H1H2H5C1-C2H3H4)+]a) 

Angle of inclination/0 

Total energy/eVb) 

Total valence electron 
energy/eVb) 

LUMO energy/eVb) 

Coefficients of LUMO 
in C2 and H5 

(Syn-incl.) 

Coefficients of LUMO 
in C2 and H5 

(Anti-incl.) 

2pz 

2px 

2s 
. Is 
f 2 p z 

2px 

2s 
. Is 

0 

-475.97 

-410.20 

-7.99 

0.832 
-0.135 

0.055 
-0.490 

10 

-476.22 
(-476.17) 
-410.66 

(-410.14) 
-8.04 

(-8.08) 
0.840 

-0.150 
-0.014 
-0.472 

0.833 
-0.086 

0.120 
-0.471 

20 

-476.26 
(-476.15) 
-410.98 

(-410.02) 
-8.19 

(-8.25) 
0.838 

-0.164 
-0.083 
-0.452 

0.836 
-0.037 

0.179 
-0.448 

30 

-476.09 
(-475.91) 
-412.24 

(-409.88) 
-8.39 

(-8.47) 
0.830 

-0.177 
-0.149 
-0.430 

0.827 
0.010 
0.231 

-0.422 

45 

-475.41 
(-475.17) 
-411.40 

(-409.66) 
-8.79 

(-8.85) 
0.807 

-0.192 
-0.234 
-0.400 

0.806 
0.073 
0.293 

-0.383 

a) Bond length (in Â): 1.438 (C-C), 1.086 (C-H 1 ^ 4 ) , 1.160 (O-H5) . Bond angle (in °): 117.6 
(Hi -O-H 2 , H3-C2-H4), 90 (Hs-O-C2). Angle of inclination is the dihedral angle between 
plane H1-C1-H2 or H3-C2-H4 and the original molecular plane of ethylene. Interatomic 
distances (in Â, syn-inclination, 30°): 1.784 (H5-H^2), 2.312 (H5-H3>4); (anti-inclination, 30°): 
1.784 (H5-Hx'2), 2.580 (H5-H3>4). b) Values in parentheses are those in the anti-inclination. 

t ion of the basis hybrids in the delocalized orbitals 
represented by orbital tilting;32) however, the new 
hybrids deviate from the normal state, sp3- or sp2-
hybridization. These deviations mus t arise from neg­
lecting the interactions of a-orbitals located in the 
other C - H bond regions, bu t is no t serious in view of 
the scope of qual i ta t ive approach. Neglect ing the 
interactions of methylene a-orbitals may be equivalent 
to regarding a methylene g roup as a "pseudo a t o m " 
bear ing two restrictively directional a tomic orbitals. 

Orbi ta l t i l t ing does no t mean the physical inclina­
t ion of orbitals, bu t is merely an artificial device in 
analogy wi th orbital hybridization. T h e present 
procedure in which configurat ion al terat ion and the 
resul t ing hybridization change are treated concur­
rently by the aid of localized or semi-delocalized MO-
representations wi th basis hybrid orbitals may make 
an easy recogni t ion of chemical courses possible. 
Orbi tal t i l t ing is specified in such a way that the 
H O M O - L U M O m a x i m u m overlap and the d imin­
ished an t ibond ing entities in occupied levels may be 
realized; therefore, it can be said that the present 
approach has its theoretical grounds in the frontier 
orbital or the per turba t ion theory. 

Appendix 

For the purpose of confirming the present approach, 
CNDO/2 molecular orbital calculations33) were carried out 
on the reaction between an ethylene molecule and a proton. 

Since the interaction of proton Is with n and TT* orbital of 
ethylene should decrease the 7r-electron density between car­
bon atoms, the C-C bond of ethylene molecule will be 
lengthened. Thus, the mean value (1.438 Â) of C-C bond 
lengths in ethylene and ethane was used tentatively for 
calculation. In the above-mentioned perpendicular 
approach of proton to C1, the total energy of the reaction 

system is minimized when the interatomic distance between 
H + and C1 is 1.160Â. In this situation, the inclination of 
each methylene group holding their bond angles (H-C-H) 
constant and the H + -C-C plane-symmetry was considered. 
The results of calculations are listed in Table 2. 

As shown in Table 2, the syn-inclination stabilizes the 
reaction system to a greater extent than the anti mode does: 
the difference in the total energy and the total valence 
electron energy are 0.18 and 2.36 eV (4.1 and 54.4 kcal mol -1) 
at 30°, respectively. In addition, the inclinations in both 
modes lead to a lowering of LUMO level, an increase in the 
orbital extension at C2 (to the trans side in the syn mode and 
to the eis side in the anti-mode), and a decrease in the 
extension at the interacting H+ . These data may support 
the results of the qualitative approach described above. 

T h e authors wish to express thanks to Associate 
Professor T s u n e o Fujii, Faculty of Engineer ing, 
Shinshu University, for his he lp in the molecular 
orbital calculation. 
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a,^-Unsaturated esters bearing a chiral oxazolidine or perhydropyrrolo[l,2-c]imidazole auxiliary at the ß-
position have been prepared and applied to the cycloadditions with Af-metalated azomethine ylides derived from 
a-(benzylideneamino) esters. These reactions are found to proceed with an exclusively high diastereofacial 
selectivity to give 2,4-pyrrolidinedicarboxylates with four consecutive chiral centers after the removal of chiral 
auxiliary. Detailed stereochemistry in the transition state is discussed. 

No example is known so far, to the best of our 
knowledge, for the stereocontrol of 1,3-dipolar 
cycloaddition by the aid of Lewis acid catalyst.1) 
This makes a striking contrast with the case of Diels-
Alder reaction which similarly proceeds through a 
frontier orbital-controlled transition state involving 
six pai electrons. The high diastereo- and enantiose-
lectivities have been established in many asymmetric 
versions2) of Lewis acid-catalyzed Diels-Alder 
reactions.3) 

Accordingly, most of the hitherto reported examples 
for asymmetric 1,3-dipolar cycloadditions have been 
performed without Lewis acid catalyst by using chiral 
dipoles or dipolarophiles.4) As a result, the level of 
diastereoselectivity achieved is rather low, depending 
upon the proper choice or combination of 1,3-dipoles 
and dipolarophiles. 

The pioneering work of asymmetric 1,3-dipolar 
cycloaddition using azomethine ylide 1,3-dipoles was 
reported by Padwa's group, while the diastereoselec­
tivity was disappointingly low.5) Later, a high dia­
stereoselectivity (100% de for exo cycloadduct; 68% de 
for endo one, exo : endo=60:40) was observed in the 
reaction of l-methylpyridinio-3-oxide with a chiral 
vinyl sulfoxide;6a) two examples of asymmetric induc­
tion were added to the intramolecular cycloadditions 
of azomethine ylides.6b'c) These are all known for the 
asymmetric cycloadditions of azomethine ylide. 

R'NH • O H + O H O / V 

EWG' 

• 
R 1 

1,3-Dipole 1 

EWG 

EWG: Electron-withdrawing 
group 

Diastereoface-Selective 
1,3-Dipolar Cycloaddition 

We have recently discovered that Af-metalated 
azomethine ylides derived from a-(alkylideneamino) 
esters undergo highly stereoselective cycloadditions 
with «^-unsaturated carbonyl compounds.7) Since 
these ylides are highly reactive enough to react with a 
crotonate at — 78 °C, the asymmetric cycloaddition 
utilizing these ylides is promissing. In the present 
article, the detail of our work along this line is 
described.8) 

We planned to examine chiral auxiliaries of the 
oxazolidine types shown above because they have 
some synthetic advantages such as: 1) «^-Unsaturated 
carbonyl compounds bearing a chiral 2-oxazolidinyl 
unit at ß-position are accessible from readily available 
chiral ß-amino alcohols and the corresponding a,ß-
unsaturated aldehydes. 2) One side of the olefin 
moiety would be effectively blocked by the adjacent N-
substituent R' so that only the other side may be open 
to the attack by a 1,3-dipole. 3) A variety of substitu­
ent R can be introduced on the asymmetric carbon 
from optically pure 2-amino alcohols which are avail­
able by the reduction of natural a-amino acids or 
esters. 

Results and Discussion 

2-Oxazolidinyl Chiral Auxiliary. The reaction 
of (S)-Af-benzylvalinol with methyl (£)-4-oxo-2-
butenoate in diethyl ether produced a mixture of 
two 2-epimers of methyl (£)-3-[(4S)-3-benzyl-4-
isopropyloxazolidin-2-yl]propenoate (la and lb); the 
isomer ratio changed depending upon the reaction 
conditions: The same reaction in the presence of 
anhydrous magnesium sulfate as dehydrating reagent, 
at 0°C or at room temperature each for 1 h, gave a 
40:60 OHNMR, 80%) or 37:63 (90%) mixture of la 
and lb, respectively (Scheme 1). After the lapse of 
long reaction time (r.t., 12 h), the isomer ratio reversed 
into 60 :40 (95%). Attempted separation and purifi­
cation by chromatography of the 40:60 mixture on 
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silica gel by using dichloromethane caused serious 
weight loss, and the ratio of 87:13 resulted. After all, 
the condensation was carried out in the presence of 
silica gel (Merck, Silica gel 60) at room temperature 
for 24 h to produce an 86:14 mixture of la and lb 
(90%). These facts indicate that la and lb are the 
thermodynamic and kinetic products, respectively. 

Although their stereos true tures could not be deter­
mined on the basis of spectral data such as XH and 
13C NMR spectra, lb was assigned as eis isomer, and 
accordingly la trans, on the ground of X-ray-assigned 
stereostructure of the minor cycloadduct 4 derived 
from lb. This will be discussed later. No signifi­
cant NOE enhancement between H-2 and H-4 of la 
was observed, supporting the 2,4-trans stereochemistry 
of the oxazolidine ring. 

In the condensation of ß-amino alcohols or thiols 
with aldehydes, oxa(or thia)zolidines as condensation 
products are generally mixtures of 2,4-cis and 2,4-trans 
isomers, the former being the major products.9) In 
some cases, exclusively cis-selective condensations 
have been observed.10) Such cis-isomer preference has 
been well documented in saturated five-membered 
ring systems: 1,3-cis-Isomers are generally more stable 
than the corresponding 1,3-trans isomers, since two 
bulky substituents at 1- and 3-positions of cis-isomers 
can occupy quasi-equatorial positions in envelope 
conformation.11) However, the rare example of 
higher thermodynamic stability for 2,4-trans isomers 
has been recently reported in the case of 2-
vinyloxazolidines bearing a conjugated carbonyl 
moiety.12) The preferred formation of our 2,4-trans 
olefin la would be on the same basis. 

The liability of «^-unsaturated ester 1 to hydrolysis 
would depend upon the basicity of ring nitrogen. 
Accordingly, a tosyl substituent was introduced on the 
nitrogen with an expectation of lowering its basicity. 
However, the olefin 2 was still labile, undergoing 
serious decomposition during purification by silica-
gel column chromatography. 

1a + 1b 82% 

COOMe 

Ph 

Li-0 

A 

M e O O C ^ N Ph 

OMe 

LiBr/DBU J 

P h \ ^ N x ^ C O O M e MeOOC0" ^N ''Ph 
H 4 

Scheme 2. 

Separation and purification of either la or lb were 
unsuccessful because of their susceptibility toward 
hydrolysis during chromatographic operation. 
However, we expected that use of the mixture in 
cycloadditions would give us some important infor­
mations on the efficiency of the 2-oxazolidinyl chiral 
auxiliary in diastereofacial selectivity. Comparison 
of the diastereofacial selectivities in the cases of 2,4-
trans la and 2,4-cis lb isomers is also attracting. 

Thus, the 86:14 mixture of la and lb was treated 
with AMithiated azomethine ylide A, derived from 
methyl Af-benzylideneglycinate by the action with 
lithium bromide and diazabicyclo[5.4.0]undec-7-ene 
(DBU), at - 7 8 °C for 3.5 h in tetrahydrofuran (THF) 
to give a 75:25 mixture (XH NMR) of two diastereo-
meric cycloadducts 3 and 4 in 82% of combined yield 
(Scheme 2). 

We have already reported the absolutely high stereo­
selectivity in cycloadditions of AMithiated azomethine 
ylides with (£)-a,ß-unsaturated esters.7) Accordingly, 
it was anticipated that four diastereomeric cycload­
ducts would be produced from the mixture of a,ß-
unsaturated esters la and lb; the isomer ratio depends 
upon the selection of the olefin faces of la and lb. 
The formation of only two diastereomers 3 and 4, out 
of four possible diastereomers, would indicate that 
cycloadditions of AMithiated azomethine ylide A with 
a,/3-unsaturated esters la and lb were both absolutely 
diastereoselective. These cycloadducts 3 and 4 were 
separated from each other by high performance liquid 
chromatography (HPLC, Merck Lobar) using dichlo-
romethane-diethyl ether as an eluent. 

Removal of the oxazolidine chiral controller from 3 
and 4 was performed by a sequence of AMosylation 
and acetal exchange reaction (Scheme 3). Thus, 3 or 
4 was allowed to react with p-toluenesulfonyl chloride 
and triethylamine in dichloromethane at room 
temperature for 24 h to give the corresponding N-
tosylpyrrolidine. Acetal exchange reaction of the 
resulting AMosylpyrrolidine was carried out success­
fully when heated under reflux in methanol for 24 h in 
the presence of cone sulfuric acid (methanol/sulfuric 
acid=10 :1 v/v) and silica gel. Both sulfuric acid and 
silica gel were essential for this acetal exchange reac-



October, 1990] Asymmetric Cycloaddition of Azomethine Ylides 2859 

TsCI MeOH 

NEt3 H2SO4/S1O2 

(MeO)2CH4 

JÖ 

MeOOCT ^ N Ph 
Ts 

£OOMe ( - ) -5 

MeOOC* ^ N 'Ph 
Ts 

(+)-5 

MeO, 

MeÖ 

.COOMe 
(MeO)2CH/#> COOMe 

M e O C X T ^ N ^ P h 
H 

6 
/ 

rac-5 

Scheme 3. 

tion and lack of either of them resulted in quantitative 
recovery of the starting Af-tosylpyrrolidine. The role 
of silica gel can not be fully explained so far, while 
some examples for the catalysis of silica gel are known 
in dehydration of alcohols or hydrolysis of acetals.13) 

The cycloadduct pyrrolidines (—)-5 (obtained in 80% 
yield based on 3) and (+)-5 (87% yield based on 4) 
showed [a]E°=-40.36° (c 0.99, CHCI3) and +39.84° (c 
1.00, CHCI3) of optical rotations, respectively, indicat­
ing that (—)-5 and (+)-5 are enantiomers to each other. 

The structures of both (—)-5 and (+)-5 were con­
firmed by comparison of spectral data with those of 
the authentic sample of rac-5. Compound rac-5 was 
easily prepared by the Af-tosylation of pyrrolidine 6 
which had been stereoselective^ synthesized by the 
1,3-dipolar cycloaddition of azomethine ylide A with 
methyl (£)-4,4-dimethoxybutenoate (Scheme 3). 

Stereostructure Assignment of Cycloadducts. 
Absolute configuration of the minor cycloadduct 4 
was determined by the X-ray analysis. The stereo-
structure of 4 in crystalline state is illustrated in Fig. 1 
by means of a ball and stick molecular model, in 
which the oxazolidine chiral controller has a 2,4-cis 
relationship and absolute configuration of the newly 
formed pyrrolidine ring is 2S,3S,4S,5#. The H-2 
(6=4.01) and H-3 (3.09) of 4 are located spatially close 
to the oxygen and nitrogen of chiral oxazolidine ring, 
respectively, being magnetically deshielded by their 
anisotropy in XH NMR spectrum (Compare with those 
of the reference compound 7).7) A similar low field 
shift induced by the anisotropy of an acetal moiety 
was observed in the case of rac-5 (H-2: 3.90; H-3: 3.12; 
H-4: 3.37). A small vicinal coupling constant (7=2.6 
Hz) between H-3/H-2 / is also consistent with their 
synclinal relationship in crystalline state. 

On the other hand, the major cycloadduct 3 showed 
a larger Jw (6.6 Hz) and the deshielding pattern was 
quite different from that of 4. Both H-2 (6=3.89) and 
H-4 (3.44), not H-3 (2.67), are deshielded in this case. 
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Fig. 1. The stereostructure of 4 determined by X-ray 
crystal analysis and 1H NMR spectra of 3—5 and 7. 

Based on these results, the 2,4-trans configuration and 
the synperiplanar conformation between H-3/H-2' of 
4 were confirmed. 

As described above, when the cycloaddition was 
carried out with the 86/14 olefin mixture of 2,4-trans/ 
2,4-cis isomers la,b, the diastereomer ratio of the 
resulting cycloadducts was 75/25. Based on the 
observation that this 86:14 ratio did not change under 
the conditions of cycloaddition (treatment of the mix­
ture with lithium bromide and DBU in T H F or with 
LiBr/DBU complex14) in CDCI3, both at room temper­
ature), it can be concluded that no isomerization 
between «^-unsaturated esters la and lb has taken 
place during the cycloaddition. 

The X-ray analysis showed the minor cycloadduct 4 
to be the product derived from the 2,4-cis olefin lb. 
Accordingly, the major cycloadduct 3 must have been 
produced from the major isomer la, 2,4-trans isomer. 
In other words, the cycloaddition of these a,ß-
unsaturated esters la,b with the AMithiated azome­
thine ylide was absolutely diastereoselective in both 
cases. The transition state for each case will be dis­
cussed later. 

Perhydropyrrolo[l,2-c]imidazol-3-yl Chiral Auxil­
iary. The ready availability of «^-unsaturated esters 
la,b and their high diastereofacial selectivity, unveiled 
in the cycloaddition with AMithiated azomethine ylide 

file:///4.5O
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A, are attracting. However, one critical disadvantage 
was the difficulty of separation and purification of la 
and lb due to their liability to hydrolysis. Accord­
ingly, a higher 1,3-asymmetric induction was needed 
on the construction of five-membered chiral auxiliary. 

Methyl (£)-3-[(3#,7aS)-2-phenylperhydropyrrolo-
[l,2-c]imidazol-3-yl]propenoate (8) was selected as a 
chiral dipolarophile of the above mentioned type 
since its stereoselective synthesis from (S)-2-(anilino-
methy 1 pyrrolidine and methyl (£)-4-oxo-2-butenoate 
is already known.15) Though this «^-unsaturated 
ester 8 has been successfully used in the asymmetric 
Michael reactions with Grignard reagents by the same 
authors,15) its use in cycloadditions is unknown. 

The reaction of 8 with AMithiated azomethine ylide 
A smoothly took place at — 78 °C for 5 h in THF to 
give cycloadduct 9 in 82% yield (Scheme 4 and Table 1, 
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Scheme 4. 

Entry 1). To our delight, 9 was a single diastereomer 
(XHNMR), indicating the occurrence of exclusively 
diastereoface-selective cycloaddition between A and 8. 

This exclusively diastereoface-selective formation of 
9 was not affected when the reaction was performed at 
room temperature (9: 79% yield, Entry 3) or even at a 
higher temperature (40 °C, 63% yield, Entry 4) as 
shown in Table 1. However, the same reaction car­
ried out either at 60 °C by using LiBr/NEt3 (Entry 5) 
or at — 78 °C by using lithium diisopropylamide 
(LDA, Entry 6) led to the formation of complex mix­
ture. Use of AMithiated azomethine ylide B bearing a 
£-butyl ester moiety resulted in the quantitative forma­
tion of cycloadduct 10 either at — 78 °C or at room 
temperature (Entries 10 and 11). Af-Magnesioazo-
methine ylide C, generated from methyl Af-benzyl-
ideneglycinate and £-butylmagnesium chloride at 
—78 °C, slowly reacted with 8 at the same temperature 
to give 30% yield of 9 as a single diastereomer (Scheme 
4). 

Comparison of XH NMR spectrum of 10 with that of 
9 indicates that these products have the identical ster­
eochemistry (See Experimental). The XH NMR spec­
tral assignment of 9 was based on the H / H COSY 
and NOE spectra. It is clear that 9 occupies a con­
formation in which 4-COOMe (6=2.90) is doubly 
shielded by two phenyl moieties, 5-Ph and Af-Ph. 
The absolute configuration of 9 was spectroscopically 
assigned as shown in Scheme 4, especially on the basis 
of its NOE spectra where a strong NOE was observed 
between H-4 and H-7a'. Their close location was 
confirmed in the molecular model inspection. In the 
end, the absolute structure of cycloadduct 9 was deter­
mined by its conversion into (—)-5 via Af-tosyl deriva­
tive 11. 

When AMithiated azomethine ylide D of the 
cyano-stabilized type was allowed to react with a,ß-
unsaturated ester 8, the diastereoselective cycloadduct 

Table 1. Asymmetric 1,3-Dipolar Cycloaddition Reaction of Af-Metalated 
Azomethine Ylides A—D with Chiral Olefin 8a) 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

Base (equivalent) 

LiBr/DBU (1.6/1.3) 
LiBr/DBU (1.6/1.3) 
LiBr/NEt3 (1.5/1.2) 
LiBr/NEt3 (1.5/1.2) 
LiBr/NEt3 (1.5/1.2) 
LDA (1.2) 
*-BuMgCl(l.l) 
LiBr/DBU (1.6/1.3) 
LiBr/NEt3 (1.5/1.2) 
LDA (1.2) 

LDA (1.2) 

Imine (equivalent) 

PhCH=NCH2COOMe (1.1) 
PhCH=NCH2COOMe (1.1) 
PhCH=NCH2COOMe (1.0) 
PhCH=NCH2COOMe (1.0) 
PhCH=NCH2COOMe (1.0) 
PhCH=NCH2COOMe (1.0) 
PhCH=NCH2COOMe (1.0) 
PhCH=NCH2COOBu-* (1.1) 
PhCH=NCH2COOBu-* (1.0) 
PhCH=NCH2CN (1.2) 

PhCH=NCH2CN (1.0) 

Ylide 

type 

A 
A 
A 
A 
A 
A 
B 
C 
C 
D 

D 

Reaction conditions 

Temp/°C 

- 7 8 
- 7 8 
R.t. 

40 
60 

- 7 8 
- 7 8 
- 7 8 
R.t. 
- 7 8 

- 7 8 

Time/h 

2.2 
5 

24 
30 
30 
24 
42 

5 
24 

1 

5 

- Product -

9 
9 
9 
9 
d) 

d) 

9 
10 
10 

12+13a 
+13b+13c 

13a+13b 
+13c 

Yieldb) 

% 

82 
100 
79 
63 
— 
— 
30 

100 
96 

100 

96 

Isomer 

ratio 

Single 
Single 
Single 
Single 

Single 
Single 
Single 

13:76:4:7 
(93:7)e) 

74:8:18 
(82:18)e) 

a) All reactions were carried out in THF with one equivalent amount of olefin 8. b) Yield of isolated products. 
c) Determined by *H NMR spectrum, d) Complex mixture of many products, e) The calculated diastereo-
facial selectivity is given in parenthesis. 
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12 was accompanied by some stereoisomers of 1-
pyrrolines 13, the products produced by the elimina­
tion of hydrogen cyanide from the initial cycloadducts 
(Scheme 5). Only 12 was separated in a pure form the 
mixture since it crystallized out on treatment with 
ethanol. 

The HCN elimination from 12 actually took place 
under the conditions of cycloaddition (with LDA at 
—78 °C in THF)16) to give an inseparable mixture of 
13a,b. The structural assignment of 13a,b was based 
on XH and 13C NMR spectra of the mixture as well as 
the reported example of ready epimerization at the 3-
position of 1-pyrrolines through an imine/enamine 
tautomerism.16'17) The major isomer 13a was tenta­
tively assigned as 3,4-trans isomer, and therefore the 
minor one 3,4-cis isomer. 

The stereos true ture of 12 was determined as shown 
in Scheme 5 on the basis of ^ N M R spectra (H/H 
COSY and NOE spectra) where 3-COOMe (0=2.78) is 
doubly deshielded by both 2-Ph and N-Ph, the J^.y is 
small (3.7 Hz), and strong NOEs are observed between 
H-3/H-7a' and H-5/H-5'. The origin of 1-pyrroline 
13a, and hence 13b, is either 12 or its 5-epimer, but it 
would not be so important to solve it. It is note­
worthy that the formation of 12 and 13a,b has resulted 
from the same diastereofacial attack of ylide D. The 
formation of 13c was only based on *H NMR spectrum 
of the crude reaction mixture. 

As shown in Table 1, the diastereofacial selectivity 
in the cycloaddition reaction of ylide D with a,ß-
unsaturated ester 8 was not so high (93:7, Entry 10). 
Although the geometry of the ylidic carbon of ylide D 
is currently ambiguous, sterically less bulky substitu-
ents (H and CN) on this carbon, compared with ylides 
A-C, would be a main reason for the low selectivity. 
Use of excess amount of LDA lowered the selectivity 
(Entry 11). 

Transition State. Based on the assigned absolute 
configuration of cycloadducts 3 and 4, produced from 
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Fig. 2. Proposed transition states for the asymmetric 
1,3-dipolar cycloadditions of chiral olefins 1 and 8 
with Af-metalated azomethine ylides. 

the chiral a,ß-unsaturated esters la and lb bearing an 
oxazolidine chiral auxiliary, the approach of N-
lithiated azomethine ylide A onto la,b was figured out 
(Fig. 2). It is clear that ylide A reacted with la at the 
5?(Ca)-face producing 3, and the attack of ylide A to 
the olefin face must have occurred from the side oppo­
site to the extruding Af-benzyl moiety. As a result, 
the C(2)-C(j8) antiperiplanar conformer of la has 
exclusively participated in the cycloaddition with A 
(TS-A). Similarly, the exclusive ylide attack at the 
re(Ca)-face of C(2)-C(j3) antiperiplanar conformer of 
lb produced cycloadduct 4 (TS-B). These results are 
not surprising because antiperiplanar conformation 
in the related cases is thermodynamically more stable 
than synperiplanar one.18) 

On the other hand, the cycloadduct 9 (and also 10) 
was not the diastereomer expected to form from the 
transition state TS-D in which the thermodynami­
cally more favored C(3)-G(j3) antiperiplanar con-
former of 8 is involved. The attack of ylides A-C to 
the olefin face of 8 should occur so selectively from the 
side opposite to the extruding Af-Ph moiety that the 
formation of 9 and 10 must have arisen from the 
exclusive participation of thermodynamically less 
favored synperiplanar conformer (TS-C). Some crit­
ical steric repulsion exists in TS-D between the ester 
moiety of ylide and the bridgehead methine moiety of 
a,ß-unsaturated ester 8; this may be responsible for the 
absolute inhibition of TS-D. The low diasteroselec-
tivity in the cycloaddition with cyano-stabilized 
azomethine ylide D would have reflected by the rela­
tive increase of steric stabilization of TS-D. 

In conclusion, chiral a,ß-unsaturated esters bear­
ing an oxazolidine or a perhydropyrrolo[l,2-c]-
imidazole chiral auxiliary at the ß-position undergo 
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exclusively diastereoface-selective cycloadditions wi th 
Af-metalated azomethine ylides. Since the oxazoli-
d ine chiral auxil iary can no t be prepared as a single 
stereoisomer and its purif icat ion is qu i te difficult due 
to its ready hydrolysis, the perhydropyrrolo[ l ,2-
c]imidazole controller may be more conveniently uti­
lized. T h e a ,ß-unsatura ted esters 1 and 8 would be 
successfully appl ied to the cycloadditons wi th other 
1,3-dipoles as they are the types activated by an 
electron-deficient ester substi tuent. 

Experimental 

General. Melting points were recorded on a Yanagimoto 
melting point apparatus and are uncorrected. IR spectra 
were taken with JASCO IRA-1 or A-702 spectrometer. 1H 
and 13CNMR spectra were measured on a Hitachi R-40 
(*HNMR: 90 MHz) or a JEOL GSX-270 (270 MHz for 
lH NMR and 67.94 MHz for «C NMR) instrument. Chem­
ical shifts are expressed in parts per million downfield from 
tetramethylsilane as an internal standard. Mass spectra 
and high-resolution mass spectra (HRMS) were taken with a 
JEOL-01SG-2 spectrometer where the ionization energy of 
70 eV was employed unless otherwise stated. Elemental 
analyses were performed on a Hitachi 026 CHN analyzer. 
Optical rotations were measured on a Horiba SEPA-200 
Polarimeter. For preparative column chromatography, 
Wakogel C-200, C-300 (Wako), and Silica gel 60 (Merck) 
were employed. Flash chromatography was carried out on 
an Eyela EF-10 apparatus using a column (20X180 mm) 
packed with Silica gel 60 (Merck, size: 0.04—0.063 mm). 

Materials. Methyl (£)-4-oxo-2-butenoate was prepared 
by the selenium dioxide-oxidation of methyl crotonate 
according to the reported procedure.18) Its condensation 
with (S)-2-(anilinomethyl pyrrolidine gave olefin 8 as a 
single diastereomer.15) 

Methyl (E)-3-[4(S)-3-Benzyl-4-isopropyloxazolidin-2-yl]-
propenoate (la+lb). (S)-Af-Benzylvalinol was first pre­
pared as follows: A mixture of benzaldehyde (2.97 ml, 29.2 
mmol) and ethyl (S)-valinate (4.25 g, 29.3 mmol) in chloro­
form (80 ml) was stirred at room temperature for 2 h. The 
mixture was dried over magnesium sulfate and evaporated 
in vacuo to give ethyl (S)-Af-benzylvalinate (7 g) which was 
used for the following procedure without further purifica­
tion. To a solution of this Af-benzylvalinate in dry T H F 
(40 ml) was added, slowly at 0°C under nitrogen, a suspen­
sion of lithium aluminum hydride (2.2 g, 58.5 mmol) in 
T H F (50 ml). The mixture was heated under reflux for 2 h 
and the stirring was continued for 36 h at room temperature. 
After ice-cold water (50 ml) was added carefully, the mixture 
was extracted with diethyl ether (150 mlX4). The com­
bined extracts were dried over magnesium sulfate and evapo­
rated in vacuo. The residue (6.8 g) was distilled under a 
reduced pressure to give a colorless liquid of (S)-N-
benzylvalinol (5.2 g, 92% based on ethyl valinate): bp 110 °C/ 
40 Pa (bulb-to-bulb). To a solution of (S)-N-benzylvalinol 
(0.19 g, 0.98 mmol) in diethyl ether (2.5 ml) were added 
methyl (£)-4-oxo-2-butenoate (0.11 g, 0.98 mmol) and silica 
gel (Merck Kieselgel 60, 50 mg). After the mixture was 
stirred at room temperature for 24 h, the silica gel was 
filtered off and washed with ethyl acetate (50 ml). The 
combined filtrate and washings were evaporated in vacuo to 

give an 86:14 (*H NMR) mixture of la and lb as a colorless 
liquid (0.26 g, 90%). Since these compounds la+ lb were 
too labile to be purified by column chromatography, no 
analytical sample was available, la+lb: Colorless liquid; 
IR (neat) 3435, 2980, 1725, 1432, 1265, 1170, and 700 cm-i; 
!H NMR (CDC13) la: 0=0.83, 0.96 (each 3H, d, 7=6.6 Hz, 
i-Pr), 1.61 (1H, octet, 7=6.6 Hz, i-Pr), 2.78 (1H, dt, 74-5=7.1, 
6.6, and / 4 -CH=6 .6 HZ, H-4), 3.67 (1H, dd, /gem=8.4 and 
/5-4=6.6 Hz, one of H-5), 3.69 (3H, s, COOMe), 3.77, 3.86 
(each 1H, d, 7gem=13.4 Hz, PhCH2), 3.99 (1H, dd, 7gem=8.4 
and 75-4=7.1 Hz, the other of H-5), 4.79 (1H, d, / 2 -CH=5.1 and 
1.1 Hz, H-2), 5.86 (1H, dd, 7trans=15.8 and 7 C H - 2 = U HZ, 
=CH), 6.62 (1H, dd, 7trans=15.8 and7cH-2=5.1 Hz, =CH), and 
7.2—7.4 (5H, m, Ph). lb: 0=0.87, 0.94 (each 3H, d, 7=6.6 
Hz, i-Pr), 1.82 (1H, m, i-Pr), 2.91 (1H, dt, 74-5=7.6, 7.3, and 
74-CH=6.6 Hz, H-4), 3.72 (3H, s, COOMe), 4.98 (1H, dd, 
7 2 -CH=4.8 and 1.7 Hz, H-2), 6.03 (1H, d, 7trans=15.8 Hz, 
=CH), and 6.85 (1H, dd, 7trans=15.8 and 7CH-2=4.8 HZ, =CH). 
Other signals are overlapping with those of la. 13C NMR 
(CDCI3) la: 0=18.11, 20.17, 31.71 (each i-Pr), 51.53 
(COOMe), 59.83 (PhCH2), 68.12, 70.41 (C-4 and C-5), 94.87 
(C-2), 122.11, 127.32, 128.30, 129.00, 138.94 (Ph and =CH), 
146.66 (=CH), and 166.62 (COOMe). lb: 0=18.63, 20.36, 
28.52 (each i-Pr), 52.11 (COOMe), 92.34 (C-2). Other sig­
nals are ovelapping with those of la. 

Cycloaddition of la+ lb Leading to 3 and 4. To a solu­
tion of lithium bromide (0.782 g, 9 mmol) in dry THF 
(5 ml) were added, at — 78 °C under nitrogen, methyl N-
benzylideneglycinate (1.063 g, 6 mmol in THF (10 ml)), 
DBU (1.096 g, 7.2 mmol in T H F (5 ml)), and an 86:14 
mixture of la and lb (1.447 g, 5 mmol in THF (5 ml)) in this 
order. After stirred at the same temperature for 3.5 h, the 
mixture was quenched with saturated aqueous ammonium 
chloride (30 ml) and extracted with diethyl ether (50 mlX3). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo to give a pale yellow oil which was 
chromatographed on silica gel by using hexane-ethyl 
acetate (2 :1 v/v) to give a 75 :25 (*H NMR) mixture of 3 and 
4 (1.918 g, 82%). The both diastereomers were separated 
from each other by HPLC (Merck Lobar, art 10401) with 
dichloromethane-diethyl ether (9:1 v/v). 

3: Colorless liquid; IR (neat) 3340, 2950, 1730, and 1430 
cm"1; !H NMR (CDCI3) ô=0.86, 0.91 (each 3H, d, 7=6.6 Hz, 
i-Pr), 1.72 (1H, octet, 7=6.6 Hz, i-Pr), 2.67 (1H, ddd, 
73-2=7.7, 73-4=4.0, and73-2'=2.6 Hz, H-3), 2.80 (1H, m, H-4'), 
3.12 (3H, s, 4-COOMe), 3.44 (1H, dd, 74-5=7.7 and 74-3=4.0 
Hz, H-4), 3.68 (1H, d, 7gem=13.6 Hz, one of PhCH2), 3.78 (3H, 
s, 2-COOMe), 3.79 ( 1 H , d, 7gem=13.6 Hz, the other of 
PhCH2), 3.8—3.9 (3H, m, H-2 and H-5'), 4.45 (1H, d, 
72'-3=2.6 Hz, H-2'), 4.49 (1H, d, 7s-4=7.7 Hz, H-5), and 7.2— 
7.3 (10H, m, Ph); i*CNMR (CDCI3) 6=16.76, 19.80, 30.08 
(each i-Pr), 50.75, 50.90 (C-3 and C-4), 51.01, 52.11 (each 
COOMe), 56.67 (PhCH2), 62.11 (C-2), 65.73 (C-5), 66.97, 
68.61 (C-4' and C-5'), 96.38 (C-2'), 126.68, 127.24, 127.28, 
128.02, 128.16, 129.23, 138.15, 138.58 (each Ph), 173.07, and 
173.49 (each COOMe); MS m/z (rel intensity, %) 467 (M+ +1 , 
23), 466 (M+, 74), 423 (15), 245 (17), 205 (15), and 204 (base 
peak). HRMS Found: m/z 466.2465. Calcd for C27H34-
N2O5: M, 466.2466. 

4: Colorless prisms (ethanol); mp 138—140 °C; [a]f>2= 
-28.2° (c 1.21, CHCI3); IR (KBr) 3370, 2935, 1720, 1424, and 
1210 cm-1; !HNMR (CDCI3) 6=0.82, 0.88 (each 3H, d, 
7=6.6 Hz, i-Pr), 1.56 (1H, octet, 7=6.6 Hz, i-Pr), 2.75 (1H, dt, 
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/4'-5'=7.9 and h^=U-cu=6.6 Hz, H-4'), 2.93 (1H, dd, /4-5 

=7.3 and 74-3=3.7 Hz, H-4), 3.09 (1H, ddd, /3-2 '=6.6, /3_2 

=5.5, and/3-4=3.7 Hz, H-3), 3.19 (3H, s, 4-COOMe), 3.71 (1H, d, 
7gem=12.8 Hz, one of PhCH2), 3.75 (1H, 7gem=8.4 and 
7s'-4'=6.6 Hz, one of H-5'), 3.83 (3H, s, 2-COOMe), 3.86 (1H, 
d, 7gem=12.8 Hz, the other of PhCH2), 3.97 (1H, dd, 7gem=8.4 
and 7s'-4'=7.9 Hz, the other of H-5'), 4.01 (1H, d, 72-3=5.5 Hz, 
H-2), 4.30 (1H, d, 75-4=7.3 Hz, H-5), 4.40 (1H, d, 72'-3=6.6 
Hz, H-2'), and 7.2—7.4 (10H, m, Ph); ^CNMR (CDC13) 
0=17.97, 20.17, 31.91 (each i-Pr), 49.91, 51.20 (C-3 and C-4), 
52.34, 52.50 (each COOMe), 59.19 (PhCH2), 61.60 (C-2), 
65.11 (C-5), 67.69, 69.80 (C-4' and C-5'), 96.44 (C-2'), 126.62, 
127.38, 127.50, 128.04, 128.39, 130.00, 138.43, 138.48 (each 
Ph), 173.21, and 173.76 (each COOMe); MS m/z (rel inten­
sity, %) 467 (M+ +1, 24), 466 (M+, 74), 245 (36), 205 (12), 204 
(82), 162 (10), and 91 (base peak). Found: C; 69.70; H, 7.47; 
N, 5.71%. Calcd for C27H34N2O5: C, 69.51; H, 7.34; N, 
6.00%. 

X-Ray Structure Analysis of 4. The single crystal was 
grown from the ethanol solution. The X-ray diffraction 
data were collected with a Rigaku AFC-5 four circle diffrac-
tometer with graphite-monochromatized MoKa radiation 
(A=0.71703). The structure analysis was performed with a 
TEXSAN (Molecular Structure Corporation) system. 

The space group is P2i2i2i, a=10.986 (5), 6=26.57 (2), c= 
8.713 (3) A, F=2543 (2) A3, Z=4. The structure was solved 
by the direct method MITHRIL,19* and refined by the full-
matrix least squares. The final R-factor was 0.052 for the 
1423 observed reflections.20) 

Removal of the Chiral Auxiliary from 3 Leading to (—)-5. 
To a solution of the major cycloadduct 3 (0.418 g, 0.896 
mmol) in chloroform (10 ml) were added at 0°C p-
toluenesulfonyl chloride (0.188 g, 0.985 mmol) and triethyl-
amine (0.14 ml, 0.985 mmol). After the mixture was 
stirred at room temperature for 24 h, the solvent was evapo­
rated in vacuo. The residue was triturated with diethyl 
ether (30 ml), the precipitate was removed off by filtration 
and washed with another portion of diethyl ether (100 ml). 
The combined filtrate and washing were evaporated in 
vacuo to give colorless solid of the Af-tosyl derivative of 3 
(0.574 g). This solid was dissolved in methanol (20 ml) 
containing silica gel (Merck Kieselgel 60, 1 g) and concen­
trated sulfuric acid (2 ml). After heated under reflux for 24 
h, the mixture was neutralized with saturated aqueous 
sodium hydrogencarbonate, and extracted with dichloro-
methane (60 mlX3). The combined extracts were dried over 
magnesium sulfate and evaporated in vacuo to give (—)-5 
(0.188 g, 80% based on 3) after trituration with ethanol: 
[ « ] D = - 4 0 . 3 6 ° (C 0.99, CHCI3). The filtrate was evaporated in 
vacuo and the residue was chromatographed on silica gel by 
using ethyl acetate to give (S)-Af-benzylvalinol (0.049 g, 53%). 

A similar procedure was applied to the minor cycloadduct 
4 to give (+)-5 (77%): [a]g)=39.840 (c 1.00, CHCI3). 

Preparation of Authentic Sample of rac-5. Dimethyl t-3-
dimethoxymethyl-c-5-phenyl-r-2,c-4-pyrrolidinedicar-
boxylate (6): Methyl (£)-4,4-dimethoxy-2-butenoate (0.801 g, 
5 mmol) was added to a solution of methyl Af-benzyl-
ideneglycinate (0.886 g, 5 mmol), lithium bromide (0.651 g, 
7.5 mmol), and triethylamine (0.84 ml, 6 mmol) in THF (10 
ml). The mixture was stirred at room temperature for 24 h, 
poured into aqueous ammonium chloride, and extracted 
with diethyl ether (40 mlX3). The combined extracts were 
dried over magnesium sulfate and evaporated in vacuo to 

give 6 (1.16 g, 69%) which was purified by column chromatog­
raphy on silica gel by using diethyl ether: Pale yellow 
liquid; IR (neat) 3325, 2952, 1736, 1432, and 1060 cm"1; 
*H NMR (CDCI3) 0=2.80 (1H, br, NH), 3.12 (1H, dt, 73-2=7.0 
and 73-CH=73-4=4.8 Hz, H-3), 3.17 (3H, s, 4-COOMe), 3.37 
(1H, dd, 74-5=7.7 and 74-3=4.8 Hz, H-4), 3.41, 3.45 (each 3H, s, 
OMe), 3.83 (3H, s, 2-COOMe), 3.90 (1H, d, 72-3=7.0 Hz, H-2), 
4.46 (1H, d, 7CH-3=4.8 Hz, 3-CH), 4.56 (1H, d, 7s-4=7.7 Hz, 
H-5), and 7.2—7.3 (5H, m, Ph); ^CNMR (CDCI3) 6=50.50, 
51.22, 51.26, 52.37 (C-3, C-4, and 2XCOOMe), 55.02, 55.61 
(each MeO), 61.77 (C-2), 65.64 (C-5), 105.47 (3-CH), 126.71, 
127.50, 128.12, 138.48 (each Ph), 173.28, and 173.34 (each 
COOMe); MS m/z (rel intensity, %) 337 (M+, 1), 319 (11), 306 
(33), 305 (90), 290 (47), 278 (31), 274 (11), 262 (30), 246 (25), 
214 (12), 178 (27), 177 (63), 117 (18), 89 (12), and 75 (base 
peak). Found: C, 60.52; H, 6.68; N, 3.97%. Calcd for 
C17H23NO6: C, 60.52; H, 6.87; N, 4.15%. 

To a solution of 6 (0.318 g, 0.943 mmol) in chloroform (5 
ml) were added p-toluenesulfonyl chloride (0.216 g, 1.131 
mmol) and triethylamine (0.16 ml, 1.131 mmol). The mix­
ture was stirred at room temperature for 18 h and evaporated 
in vacuo. The residue was treated with saturated aqueous 
sodium chloride and extracted with diethyl ether (20 mlX3). 
The combined extracts were dried over magnesium sulfate 
and evaporated in vacuo to give a colorless solid of 5 (0.306 
g, 66%) after crystallization from ethanol: Colorless prisms 
(ethanol); mp 145—146 °C; IR (KBr) 2935, 1728, 1336, 1150, 
and 1064 cmr1; « N M R (CDCI3) <5=2.37 (3H, s, Ts), 3.19 
(3H, s, 4-COOMe), 3.27 (1H, t, 74-3=74-5=8.8 Hz, H-4), 3.31, 
3.37 (each 3H, s, OMe), 3.35 (1H, ddd, 73-4=8.8,7s-2=7.7, and 
73_CH=4.4 Hz, H-3), 3.84 (3H, s, 2-COOMe), 4.24 (1H, d, 
7CH-3=4.4 Hz, 3-CH), 4.47 (1H, d, 72-3=7.7 Hz, H-2), 5.16 
(1H, d, 7s-4=8.8 Hz, H-5), and 7.2—7.6 (9H, m, Ph and Ar); 
13CNMR (CDCI3) 6=21.51 (Ts), 47.11, 50.41, 51.58, 52.63 
(C-3, C-4, and 2XCOOMe), 55.52 (MeO), 62.19 (C-2), 65.46 
(C-5), 104.02 (3-CH), 127.60, 127.79, 127.93, 128.06, 129.27, 
134.86, 137.94, 143.74 (each Ph and Ar), 169.61, and 172.18 
(each COOMe); MS m/z (rel intensity, %) 491 (M+, 1), 432 
(34), 336 (38), 305 (19), and 304 (base peak). Found: C, 
58.49; H, 5.88; N, 2.79%. Calcd for C24H29NO8S: C, 58.64; 
H, 5.95; N, 2.85%. 

Cycloaddition of 8 Leading to 9. To a solution of 
methyl Af-benzylideneglycinate (0.177 g, 1 mmol) in dry 
T H F (4 ml) were added successively under nitrogen lithium 
bromide (0.13 g, 1.5 mmol), triethylamine (0.17 ml, 1.2 
mmol), and 8 (0.272 g, 1 mmol). The mixture was stirred at 
room temperature for 24 h, quenched with saturated aque­
ous ammonium chloride (10 ml), and extracted with dichlo-
romethane (20 mlX3). The combined extracts were dried 
over magnesium sulfate and evaporated in vacuo. The 
residue was triturated with diethyl ether and the precipitate 
was filtered off. The filtrate was evaporated in vacuo to 
give 9 (0.353 g, 79%) which was purified by column chroma­
tography on silica gel by using diethyl ether as an eluent. 

9: Colorless liquid; IR (neat) 3400, 2968, 1728, 1596, 
1500, 1340, and 1160 cm"1; « N M R (CDCI3) ô=1.69 (1H, 
ddt, 7gem=12.4, 7=7.8, and 4.6 Hz, one of H-7'), 1.8—1.9 (2H, 
m, H-6'), 2.15 (1H, ddt, 7gem=12.4, 7=7.8, and 4.6 Hz, the 
other of H-7'), 2.78 (1H, dt, 7gem=8.8 and 7s'-6'=7.8 Hz, one 
of H-5'), 2.90 (3H, s, 4-COOMe), 3.02 (1H, dd, 7g<m=8.8 and 
7i'_7a'=7.1 Hz, one of H-l ') , 3.2—3.3 (2H, m, H-3 and the 
other of H-5'), 3.36 (1H, dd, 74-5=8.1 and 74-3=5.5 Hz, H-4), 
3.72(1H, dd, 7gcm=8.8 and /i'-7a '=7.3 Hz, the other of H-l ') , 
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3.91 (3H, s, 2-COOMe), 3.98 (IH, m, H-7a7), 4.06 (IH, d, 
/2-3=8.1 Hz, H-2), 4.72 (IH, d, 7s-4=8.1 Hz, H-5), 4.74 (IH, d, 
73'-3=3.2 Hz, H-37), and 6.6—7.4 (10H, m, Ph); 13CNMR 
(CDC13) 0=25.40 (C-67), 31.40 (C-77), 50.88 (C-57), 51.29 
(C-4), 52.08, 52.30 (each COOMe), 54.73 (C-l7), 57.09 (C-3), 
62.62, 63.01 (C-2 and C-7a7), 65.31 (C-5), 82.57 (C-37), 113.01, 
116.84, 126.69, 127.28, 128.02, 129.10, 139.15, 146.10 (each 
Ph), 172.67, and 173.51 (each COOMe); MS m/z (rel inten­
sity, %) 449 (M+, 16), 264 (15), 188 (16), 187 (base peak), 159 
(40), 158 (15), 117 (12), 107 (12), 104 (16), 91 (17), and 77 (18). 
Found: C, 69.48; H, 6.90; N, 9.37%. Calcd for C26H31N3O4: 
C, 69.47; H, 6.95; N, 9.35%. 

Cycloaddition of 8 Leading to 10. A similar procedure 
using i-butyl Af-benzylideneglycinate (0.177 g, 1 mmol) in 
T H F (5 ml), lithium bromide (0.13 g, 1.5 mmol), triethyl-
amine (0.17 ml, 1.2 mmol), and 8 (0.272 g, 1 mmol) under 
the reaction conditions shown in Table 1 gave 10 (0.464 g, 
94%) which was purified by column chromatography on 
silica gel with diethyl ether as an eluent. 

10: Pale yellow liquid; IR (neat) 3403, 2903, 1712, 1588, 
and 1132 cm"1; !HNMR (CDCI3) 6=1.46 (IH, m, one of H-
70, 1.61 (9H, s, COOBu-0, 1.8—1.9 (2H, m, H-67), 2.12 (IH, 
m, the other of H-77), 2.78 (IH, dt, 7gem=8.8 and 75'-6'=7.1 
Hz, one of H-57), 2.86 (3H, s, 4-COOMe), 2.99 (IH, dd, 
7gem=8.8 and 7i'-7a'=7.3 Hz, one of H-l7), 3.2—3.3 (2H, m, H-
3 and the other of H-57), 3.36 (IH, dd, /4-5=8.1 and 74-3=5.9 
Hz, H-4), 3.70 (IH, dd, 7gem=8.8 and 7i'-7a'=7.3 Hz, the other 
of H - r ) , 3.94 (IH, d, 72-3=8.0 Hz, H-2), 3.97 (IH, m, H-7a7), 
4.72 (IH, d, 75-4=8.1 Hz, H-5), 4.73 (IH, d, 7s'-3=2.4 Hz, H-
37), and 6.6—7.3 (10H, m, Ph); ^CNMR (CDCI3) 6=25.40 
(C-67), 28.18 (*-Bu), 31.36 (C-77), 50.70 (C-57), 51.49 (C-4), 
52.37 (COOMe), 54.74 (C-l7), 57.12 (C-3), 62.99, 63.38 (C-2 
and C-7a7), 65.38 (C-5), 81.71 (*-BuO), 82.76 (C-37), 112.94, 
116.73, 126.63, 127.17, 127.94, 128.97, 139.77, 146.10 (each 
Ph), 172.32, and 172.52 (each COO); MS m/z (rel intensity, 
%) 491 (M+, 19), 188 (15), 187 (base peak), and 159 (16). 
Found: C, 70.78; H, 7.33; N, 8.53%. Calcd for C29H37N3O4: 
C, 70.85; H, 7.58; N, 8.55%. 

Tosylation of 9 Leading to 11. To a solution of 9 (1.65 g, 
3.672 mmol) in chloroform (50 ml) were added p-
toluenesulfonyl chloride (0.84 g, 4.406 mmol) and triethyl-
amine (0.61 ml, 4.406 mmol). The mixture was stirred 
overnight at room temperature and evaporated in vacuo. 
The residue was triturated with diethyl ether (30 ml) and the 
precipitate was removed off by filtration. The filtrate was 
evaporated in vacuo and the residue was chromatographed 
on silica gel with hexane-ethyl acetate (2:1 v/v) to give 11 
(1.47 g, 66%). 

11: Colorless solid; mp 137.5—139 °C; [a]g}=-58.9° (c 
1.00, CHCI3); IR (KBr) 3400, 2935,1720, 1592, 1336, and 1150 
cm-1; !HNMR (CDCI3) 6=1.6—1.7 (IH, m, one of H-77), 
1.8—1.9 (2H, m, H-67), 2.0—2.2 (IH, m, the other of H-77), 
2.38 (3H, s, Ts), 2.56 (3H, s, 4-COOMe), 2.7—2.8 (IH, m, one 
of H-57), 2.82 (IH, t, 7gem=7i'-7a'=8.4 Hz, one of H-l ') , 3.2— 
3.3 (2H, m, H-4 and the other of H-57), 3.4—3.5 (2H, m, H-3 
and the other of H-l ') , 3.6—3.7 (IH, m, H-7a7), 3.97 (3H, s, 
2-COOMe), 4.64 (IH, d, 7s'-3=2.9 Hz, H-37), 4.66 (IH, d, 
72-3=9.5 Hz, H-2), 5.16 (IH, d, 75-4=9.5 Hz, H-5), and 6.4—7.7 
(14H, m, Ph and Ar); i*CNMR (CDCI3) 6=21.51 (Ts), 25.37 
(C-67), 30.87 (C-77), 48.15 (C-57), 50.77 (C-4), 51.20, 52.71 
(each COOMe), 55.02 (C-l7), 56.57 (C-3), 62.73, 63.64 (C-2 
and C-7a7), 65.21 (C-5), 80.17 (C-37), 112.75, 117.13, 127.08, 
127.38, 127.81, 128.06, 129.05, 129.23, 134.94, 138.14, 143.71, 

145.83 (each Ph and Ar), 168.68, and 172.54 (each COO); MS 
m/z (rel intensity, %) 603 (M+, 3), 449 (2), 272 (2), 224 (3), 188 
(15), 187 (base peak), and 106 (1). Found: C, 64.98; H,' 6.23; 
N, 6.46%. Calcd for C33H37N3O6S: C, 65.59; H, 6.18; N, 
6.96%. 

Acetal Exchange of 11 Leading to (—)-5. A solution of 11 
(0.2 g, 0.331 mmol) in methanol (15 ml) containing concen­
trated sulfuric acid (0.5 ml) was refluxed for 20 h. The 
mixture was neutralized with saturated aqueous sodium 
hydrogencarbonate, diluted with water (30 ml), and 
extracted with dichloromethane (30 mlX3). The combined 
extracts were dried over magnesium sulfate and evaporated 
in vacuo. The residue was chromatographed on silica gel 
by using hexane-ethyl acetate (2:1 v/v) as an eluent to give 
(—)-5 (0.144 g, 89%) after crystallization from ethanol. 
[ a l ^ - 4 0 . 9 0 0 (c 1.00, CHCI3). 

Cycloaddition of 8 Leading to 12 and 13. To a solution 
of LDA, freshly prepared from butyllithium (1.5 M 
in hexane, 1 M=l mol dm - 3 , 0.35 ml, 0.529 mmol) and 
diisopropylamine (0.054 g, 0.529 mmol) in dry THF, were 
added successively at —78 °C under nitrogen Af-benzylidene-
aminoacetonitrile (0.076 g, 0.529 mmol in THF (1 ml)) and 8 
(0.12 g, 0.441 mmol in THF (1 ml)). The mixture was 
stirred at —78 °C for 1 h, quenched at this temperature with 
saturated aqueous ammonium chloride, and extracted with 
diethyl ether (40 mlX3). The combined extracts were dried 
over magnesium sulfate and evaporated in vacuo to give a 
13 : 76:4: 7 mixture (*H NMR) of 12, 13a, 13b, and 13c (0.183 
g, 100%), from which pure 12 was obained on trituration 
with ethanol (0.018 g, 10%). 

12: Colorless needles (ethanol); mp 132.5—134.5 °C; IR 
(KBr) 3387, 2968, 1714, 1596, 1348, 1160, and 756 cm"1; 
!H NMR (CDCI3) 6=1.6—1.8 (IH, m, one of H-77), 1.8—2.1 
(2H, m, H-67), 2.14 (IH, m, the other of H-77), 2.76 ( lH ,m, 
one of H-57), 2.78 (3H, s, COOMe), 2.99 (IH, dd, 7gem=8.8 
and 7i'-7a'=7.0 Hz, one of H-l7), 3.21 (IH, ddd, 7gem=9.5, 
75'-6'=6.0, and 4.4 Hz, the other of H-57), 3.35 (IH, dd, 
73-2=9.5 and 73-4=8.8 Hz, H-3), 3.58 (IH, m, H-4), 3.62 (IH, 
dd, 7gem=8.8 and /i'-7a '=7.3 Hz, the other of H-l7), 3.92 (IH, 
m, H-7a7), 4.17 (IH, d, 7s-4=9.5 Hz, H-5), 4.67 (IH, d, 
72-3=9.5 Hz, H-2), 4.68 (IH, d, 7s'-4=3.7 Hz, H-37), and 6.6— 
7.3 (10H, m, Ph); 13CNMR (CDCI3) 6=25.28 (C-67), 31.12 
(C-77), 49.47, 50.86, 50.99 (C-3, C-5, and C-57), 51.23 
(COOMe), 54.47 (C-l7), 56.70 (C-4), 63.07 (C-7a7), 64.04 
(C-2), 80.24 (C-37), 113.03 (CN), 117.04, 119.92, 127.04, 
127.66, 128.00, 129.25, 139.19, 145.74 (each Ph), and 170.79 
(COOMe); MS m/z (rel intensity, %) 416 (M+, 1), 188 (15), 
and 187 (base peak). Found: C, 72.36; H, 6.57; N, 13.19%. 
Calcd for C25H28N4O2: C, 72.09; H, 6.78; N, 13.45%. 

13a+13b+13c: These were obtained only as mixtures. 
Based on the *H and 13C NMR spectra of samples containing 
different isomer ratios, their structures were tentatively 
assigned. *HNMR (CDCI3) 13a: 0=1.7—1.9 (3H, m, H-67 

and one of H-77), 2.13 (IH, m, the other of H-77), 2.55 (IH, 
m, one of H-57), 3.01 (3H, s, 4-COOMe), 3.03 (IH, dd, 
7gem=9.2 and 7i'-7a'=7.3 Hz, one of H-l7), 3.10 (IH, m, the 
other of H-57), 3.48 (IH, dd, 74-5=9.5 and 74-3=7.0 Hz, H-4), 
3.64 (IH, dd, 7gem=9.2 and 7i'-7a'=7.3 Hz, the other of H-l7), 
3.90 (IH, m, H-3), 4.63 (IH, d, 7s'-3=7.0 Hz, H-37), 5.66 (IH, 
dt, 75-4=9.5 and 75_2=75-3=2.2 Hz, H-5), 6.6—7.3 (10H, m, 
Ph), and 7.76 (IH, dd, 72-5=2.2 and 72-3=1.1 Hz, H-2). 13b: 
0=3.13 (3H, s, 4-COOMe), 5.55 (IH, m, H-5), and 7.83 (IH, 
dt, 72-5=2.6 and 72-3=72-4=l.l Hz, H-2). 13c: 0=3.25 (3H, s, 
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4-COOMe), 5.72 (1H, m, H-5), and 7.74 (1H, br, H-2). 
13CNMR (CDC13) 0=24.71 (C-6'), 30.33 (C-7'), 50.51 (C-3), 
51.13 (COOMe), 53.89, 54.47 (C-4 and C-5'), 59.71 (C-l'), 
61.86 (C-7a'), 78.20 (C-5), 81.54 (C-3'), 112.84, 117.15, 127.38, 
127.92, 129.25, 129.30, 137.72, 146.50 (each Ph), 168.56 
(COOMe), and 171.83 (C-2). 
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Intramolecular cycloadditions of the azomethine ylides bearing a carbonyl-activated olefinic moiety, 
generated from a-amino acids or esters and 5-oxo-6-heptenals or 4-oxo-5-hexenals, produce the stereoselective 
internal cycloadducts either to olefin or carbonyl dipolarophilic function with normal or inverse regioselectiv-
ity, depending upon the types of ylides as well as the intervening chain length. Exclusively high diastereofa-
cial selectivity has been achieved when 2-phenyl-4-thiazolidinecarboxylic acid and its methyl ester are utilized. 

T h e condensat ion of a -amino acids or derivatives 
wi th carbonyl compounds offers one of the most direct 
and convenient generat ion method of azomethine 
ylides, both nonstabilized1_8) and stabilized types.2b'c'9'10) 

These methods may be easily extended to an in t ramo­
lecular methodology simply by employing the car­
bonyl compounds bear ing an internal d ipolarophi l ic 
moiety, for example olefin aldehydes. Most of the 
hi ther to known examples of intramolecular cycload­
di t ions of the azomethine ylides generated by these 
methods have been achieved by uti l izing the internal 
olefins either of unsubst i tuted types1'2'6* or the ones 
activated by a terminal functional group.6* There are 
only l imited numbers of examples known for the use 
of endocyclic double bond9* and the internal olefins 
substi tuted by an inner substituent. 2b'c) 

Synthetic versatility of intramolecular cycloaddi­
tions us ing the azomethine ylides thus generated 
should depend u p o n the h igh stereo- and regioselec-
tivity ant icipated in this short step methodology to 
construct fused ni t rogen heterocycles. Its synthetic 
potent ia l would be properly evaluated if a wide variety 
of a - a m i n o acids and derivatives are successfully ut i l ­
ized in the condensat ion wi th olefin aldehydes. 

In the present research, two types of olefin alde­
hydes have been utilized11* at the first time, 5-oxo-6-
heptenals and 4-oxo-5-hexenals, in the condensat ion 
wi th a - amino acids and esters, where the internal 
olefinic dipolarophi les of enone types are generated. 
Several new informations on dipolarophi le selectivity, 
regioselectivity, and diastereofacial selectivity are pre­
sented here. 

Results and Discussion 

Hea t ing equimolar amount s of (£)-7-phenyl-5-oxo-
6-heptenal (la) and methyl sarcosinate, under reflux 
in toluene with cont inuous removal of water by the 
aid of a Dean-Stark trap, afforded the internal 
cycloadduct 3 as single stereoisomer in 95% yield 
(Scheme 1). Similarly, cycloadducts 4a,b were obtained 
again as single stereoisomers in 90 and 65% yields, 
respectively, in the reactions of la and (£)-5-oxo-6-

.CHO 

l a : R = Ph 
l b : R = Me 

FT ^ ^ " ^ XHO 

2a: R = Ph 
2b: R = Me 
2c: R = PhCH=CH(£) 
2d: R = COOMe 

MeNH'^COOMe » MeOOC / 3 

h ^ K , * ^ 

Me H 

MeOOC 
H P l a , b 

Ph^ ^ N ' ^COOMe *~ \ 3 fo /8a 
H jT "7\4a 

Ph' H X 

4a: R = Ph 
4b : R = Me 

P£cOOMe 

Me" 

ScoOMe 

sç^ nu ft 

Scheme 1. 

octenal ( lb) with methyl 2-phenyl-4-thiazolidine-
carboxylate12* under the equivalent reaction condi­
tions. 

Determinat ion of the stereostructures of 3 and 4 was 
based on the analysis of spectral data of 4a, especially 
i H N M R and N O E spectra: T h e 9-Ph is eis to 9a-
C O O M e (0=3.28) and 4a-H is also eis to 8a-H (NOE). 
Notable NÖEs were observed between 3 - H / l - H ( a ) 
and l -H(a ) /9 -H. Since the ^- re la t ionship of the 
start ing olefin must be retained in the cycloaddition,15) 

the trans configuration between 8a-H and 9-H was 
suggested, and this was confirmed by a large vicinal 
coup l ing constant (/sa-9—13.2 Hz) due to the antiperi-
p lanar arrangement . 

T h e eis r ing juncture observed above (between 3a-
H / 7 a - H for 3; 4a -H/8a-H for 4a,b) is fully consistent 
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with the precedented examples for the formation of 
fused five- and six-membered rings in intramolecular 
1,3-dipolar cycloadditions of azomethine ylides. 1'2'6'9'16) 

Since the reversible process of generation of azome­
thine ylides by the deprotonation route is under a 
control of thermodynamic stability,10* ylides A and B 
must be Z,E- and Z,Z-forms, respectively. Thus, there 
was observed the selective formation of eis geometries 
between 2-COOMe/7a-H in 3 and 9a-COOMe/4a-H 
in 4a,b. The inside location of esteric ylide-stabiliz-
ing substituent of A is due to the proximate interac­
tion of both ends of the 1,5-dipole as an extended 
dipolar system.10* 

In contrast with the cases of ester-stabilized ylides, 
the intramolecular cycloadditions of nonstabilized 
azomethine ylides generated by the decarboxylative 
condensation of a-amino acids, instead of a-amino 
esters, with olefin aldehydes 1 selectively produced 
isomeric internal cycloadducts. Thus, the reaction of 
sarcosine with la under reflux in toluene for 9 h 
afforded 5, the internal adduct to the carbonyl group, 
in 82% yield as a single stereoisomer (Scheme 2). 
Similarly, reactions of 2-phenyl-4-thiazolidinecar-
boxylic acid with la,b produced 6a,b also as single 
stereoisomers in 84 and 70% yields, respectively. 

Structural assignments of 5 and 6a,b were made on 
the basis of spectral data as shown with the example of 
6a: The existence of the remaining olefin moiety 
(6=6.43 and 6.75, each as doublets, /=15.9 Hz), no 
carbonyl absorption in IR spectrum, low field shifts of 
8a-H and 8a-C (5.54 in iHNMR and 98.87 in 
13C NMR), and intense NOEs between 3-H/4a-H and 
4a-H/a-H of the styryl moiety are all consistent with 
the proposed structure. The trans configuration 
between 4a-H and 8a-H is due to the selective partici­

pation of the Z,£-ylidic form D which is derived from 
the stereospecific decarboxylation of the bicyclic lac­
tone intermediate C with a thermodynamically more 
stable geometry.3'6) The absolute diastereofacial se­
lectivity is not surprising. 

As shown above, the ester-stabilized azomethine 
ylides such as A and B undergo smooth cycloadditions 
at the olefinic moiety, while nonstabilized ones such 
as D react at the carbonyl moiety, both in exclusively 
selective fashion. One clear structural difference is 
the geometry of these two azomethine ylides A, B, and 
D where the intervening methylene chain stretches 
outside (or exo) and inside (or endo), respectively, as 
shown in Schemes 1 and 2. The major reason for the 
difficult formation of the olefin cycloadduct via tran­
sition state D' would be mainly because of the serious 
steric repulsion between the terminal olefin substitu­
ent R and the N-substituent, or more presumably 
because the azomethine ylides of nonstabilized types 
having a high-lying HOMO (the highest occupied 
molecular orbital) would prefer carbonyl moiety as a 
more electrophilic acceptor with a low-lying LUMO 
(the lowest unoccupied molecular orbital).17) 

4-Oxo-5-hexenals 2 have the intervening methylene 
chain one carbon shorter than that of 5-oxo-6-
heptenals 1 so that the intramolecular cycloaddition 
to carbonyl function must become extremely difficult. 
Thus, the reaction of sarcosine with 2a under reflux in 
dioxane18) for 5 h produced a 4:1 mixture of two 
regioisomeric internal cycloadducts 7 and 8 (53% of 
combined yield), both as single stereoisomers (Scheme 
3). Although the polarity of 7 was very close to that 
of 8, the major product 7 was separated in a pure form 
through column chromatography on silica gel at the 
expense of critical weight loss of the both isomers. 
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b: R' = R = Ph 
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Scheme 2. Scheme 3. 
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Similar reactions of 4-oxo-5-hexenals 2a,c with cy­
clic a-amino acids such as 4-thiazolidinecarboxylic 
acid and 2-phenyl-4-thiazolidinecarboxylic acid, under 
reflux in toluene, produced each two stereoisomeric 
internal cycloadducts 9a—c and 10a—c (9a+10a: 38% 
(4:1), 9b+10b: 38% (3:2), 9c+10c: 42% (7:1)). The 
chromatographic separation of 9 and 10 from each 
other was so difficult that only 9a and 10a were 
separated through column chromatography on silica 
gel and purified. The isomer ratios were based on 
the ^ N M R measurement of the crude reaction 
mixture. 

Although the structural assignment will be dis­
cussed later, the major products 7 and 9 correspond to 
the cis-fused internal cycloadducts formed by a normal 
approach of £,Z-ylide E and the minor products 8 and 
10 are the ones formed by its regioisomeric approach 
F. Since the nonstabilized azomethine ylides E (and 
F) are the types bearing one alkyl substituent on each 
carbon, it is unlikely for these ylides to show high 
regioselectivity in their cycloaddition. The forma­
tion of bicyclic cycloadducts 8 and 10 must be due to 
both the £,Z-geometry of ylides and the steric demand 
in the transition state. 

Structures of the major (7 and 9) and minor cycload­
ducts (8 and 10) were confirmed on the basis of *H and 
13C NMR spectra, as shown below with the cases of 9a 
and 10a as typical examples: Strong NOEs were 
observed between 4a-H/7a-H and 8-H/8a-H of 9a 
indicating the eis ring juncture and the 8,8a-cis rela­
tionship, respectively, while the trans configuration 
between 7a-H/8-H was assigned on the ground of no 
appearance of NOE between them as well as the 
stereochemical integrity of cycloaddition.15) On the 
other hand, its isomer 10a showed three singlet, or 
nearly singlet, signals at ô=3.27 (s, 7-H), 3.41 (s, 11-H), 
and 4.14 (br s, 1-H), indicating that these methine 
hydrogens are located at the positions so that their 
dihedral angles to the adjacent hydrogens are 90° or 
so. The carbonyl moiety of 10a (210.46) should be in 
a ring larger than the fused cyclopentanone ring of 9a 
(219.75). On the basis of these spectral data together 
with the molecular model inspection, 10a was as­
signed to be the regioisomeric cycloadduct of 9a as 
shown in Scheme 3. The configurations at the 6- and 
11-positions were based on the only sterically possible 
approach F. 

Since the introduction of a substituent at the 2-
position of 4-thiazolidinecarboxylic acid added no any 
isomeric cycloadduct as shown in the reactions lead­
ing to 9b,c and 10b,c, it is clear that the cycloaddition 
has undergone via the approches E and F in which the 
internal olefinic dipolarophile approaches to the 
ylidic face from the side opposite to the 2-substituent 
R' (R'=Ph). This exclusive diastereofacial selectiv­
ity is consistent with the aforementioned case produc­
ing 6. 

When the olefin aldehyde bearing an ester group at 

Scheme 4. 

the terminal olefinic carbon was employed in the 
condensation with 2-phenyl-4-thiazolidinecarboxylic 
acid, the stereo- and regioselectivity of reaction 
changed. Thus, a 1:1 mixture of stereoisomeric 
cycloadducts 11 and 12 was obtained in 58% yield, no 
regioisomers being produced (Scheme 4). 

The structures of 11 and 12 were assigned as shown 
in Scheme 4 on the basis of the following spectral 
analysis: 1) Their lH NMR pattern resembles to that 
of aforementioned 7 and 9. 2) The low field carbonyl 
resonances of 11 (0=219.39) and 12 (219.52) indicates 
the existence of fused cyclopentanone skeleton in both 
cases. 3) The high field shift of 5-Hs (0.75 and 1.35) 
of 12 compared with those of 11 (2.11) confirms their 
stereostructures. 

The formation of 12 was of our great surprise since 
this isomer corresponds to the cycloadduct produced 
by the approach of the internal olefin dipolarophile to 
the ylidic face from the direction of sterically hindered 
2-Ph moiety. Although the 2-Ph moiety is separated 
by an sp3 carbon from the ylide conjugation, one 
plausible explanation for the formation of 12 would 
be the attractive secondary orbital interaction working 
between the methoxycarbonyl moiety at the terminal 
olefinic carbon and the 2-Ph moiety. 

In conclusion, the following new informations 
have been obtained in the present work: 1) The 
condensation of a-amino acids or esters with olefin 
aldehydes offers a convenient method for the intramo­
lecular azomethine ylide cycloaddition reactions. 
2) Nonstabilized azomethine ylides undergo ready 
cycloadditions with an internal carbonyl function. 
3) In the case of ring-fused azomethine ylides, a chiral 
center on the ring leads to highly diastereoface-
selective cycloadditions. 4) The attractive secondary 
orbital interaction working between an aryl plane and 
an ester moiety, located in the same molecule, can 
overwhelm the repulsive interaction between them. 

Experimental 

General. Melting points were recorded on a Yanagimoto 
melting point apparatus and are uncorrected. IR spectra 
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were taken with JASCO IRA-1 or A-702 spectrometer. *H 
and 13CNMR spectra were measured on a Hitachi R-40 
(*HNMR: 90 MHz) or a JEOL GSX-270 (270 MHz for 
1U NMR and 67.94 MNz for 13C NMR) instrument. Chemi­
cal shifts are expressed in parts per million downfield from 
tetramethylsilane as an internal standard. Mass spectra 
and high-resolution mass spectra (HRMS) were taken with a 
JEOL-01SG-2 spectrometer where the ionization energy of 
70 eV was employed unless otherwise stated. Elemental 
analyses were performed on a Hitachi 026 CHN analyzer. 
For preparative column chromatography, Wakogel C-200, 
C-300 (Wako), and Silica gel 60 (Merck) were employed. 
Flash chromatography was carried out on an Eyela EF-10 
apparatus using a column (20X180 mm) packed with Silica 
gel 60 (Merck, size; 0.04—0.063 mm). 

Reaction of Methyl Sarcosinate with la Leading to 3. A 
solution of methyl sarcosinate (0.026 g, 0.25 mmol) and (£)-
7-phenyl-5-oxo-6-heptenal (la, 0.051 g, 0.25 mmol) in 
toluene (4 ml) was heated under reflux with continuous 
removal of water by the aid of a Dean-Stark trap for 10.5 h. 
The solvent was removed in vacuo and the residue was 
chromatographed on silica gel by using hexane-ethyl ace­
tate (3 :1 v/v) as an eluent to give 3 (0.068 g, 95%): Colorless 
liquid; IR (neat) 2960, 1735, 1710, 1455, 1200, and 760 cm-*; 
iHNMR (CDC13) 0=1.4—2.4 (6H, m, 5-, 6-, and 7-H), 2.42 
(3H, s, NMe), 3.23 (3H, s, COOMe), 3.43 (1H, dd, /3a-7a=8.7 
and /3a-3=8.1 Hz, 3a-H), 3.90 (1H, ddd, /7a-3a=8.7, /7a-6=8.1, 
and 4.6 Hz, 7a-H), 4.01 (1H, d, /2-3=8.1 Hz, 2-H), 4.06 (1H, t, 
/3-2=/3-3a=8.1 Hz, 3-H), and 7.1-7.3 (5H, m, Ph); ^CNMR 
(CDCI3) 0=19.41 (6-C), 26.93 (7-C), 35.25 (5-C), 38.85 (NMe), 
47.60 (3a-C), 50.68 (COOMe), 55.25 (3-C), 63.97 (2-C), 71.68 
(7a-C), 127.04, 128.19, 138.02 (each Ph), 171.66 (COOMe), 
and 211.40 (4-C); MS m/z (rel intensity, %) 287 (M+, 14), 229 
(20), 228 (base peak), 210 (21), 158 (21), and 58 (33). HRMS 
Found: m/z 287.1522. Calcd for C17H21NO3: M, 287.1520. 

General Procedure for the Reaction of Methyl 2-Phenyl-4-
thiazolidinecarboxylate with la,b Leading to 4a,b. As a 
typical procedure, the reaction with la is shown: A mixture 
of methyl 2-phenyl-4-thiazolidinecarboxylate (0.045 g, 0.2 
mmol) and la (0.041 g, 0.2 mmol) was heated under reflux in 
toluene (4 ml) with continuous removal of water by the aid 
of a Dean-Stark trap for 26 h. The toluene was evaporated 
in vacuo and the residue was chromatographed on silica gel 
by using hexane-ethyl acetate (4:1 v/v) as an eluent to give 
4a (0.073 g, 90%). 

The reaction of the carboxylate (0.056 g, 0.025 mmol) with 
lb (0.035 g, 0.025 mmol) was performed under similar 
conditions (in toluene (4 ml) for 10 h) and the crude product 
was purified by silica-gel column chromatography with 
hexane-ethyl acetate (4:1 v/v) to give 4b (0.056 g, 65%). 

4a: Colorless liquid; IR (neat) 2970, 1730, 1700, 1450, 
1220, and 730 cm-*; *H NMR (CDCI3) 0=1.4—2.4 (6H, m, 5-, 
6-, and 7-H), 3.18 (1H, d, / g e m =H.7 Hz, one of 1-H), 3.29 
(3H, s, COOMe), 3.69 ( l H , d , /gem=11.7 Hz, the other of 
1-H), 3.73 (1H, d, /9-8a=13.2 Hz, 9-H), 3.89 (1H, m, 4a-H), 
4.18 (1H, dd, /8a-9=13.2 and/8a-4a=7.0 Hz, 8a-H), 5.81 (1H, s, 
3-H), and 7.2—7.6 (10H, m, Ph); 13CNMR (CDCI3) 6=22.26 
(6-C), 26.06 (5-C), 38.63 (7-C), 40.79 (1-C), 51.86 (COOMe), 
54.27 (8a-C), 57.21 (9-C), 61.34 (4a-C), 67.46 (3-C), 86.87 
(9a-C), 126.88, 127.80, 128.06, 128.19, 128.38, 128.42, 134.15, 
141.10 (each Ph), 172.61 (COOMe), and 209.01 (8-C). MS 
m/z (rel intensity, %) 407 (M+, 1), 349 (26), 348 (base peak), 
226 (18), and 121 (18). HRMS Found: m/z 407.1547. 

Calcd for C24H25NO3S: M, 407.1554. 
4b: Colorless liquid; IR (neat) 2970, 1730, 1700, 1450, 

and 1225 cm"1; *HNMR (CDCI3) ô=0.95 (3H, d, /Me-9=7.0 
Hz, 9-Me), 1.4—2.3 (7H, m, 5-, 6-, 7-, and 9-H), 2.90 (1H, d, 
/gem=11.4 Hz, one of 1-H), 3.21 (1H, dd, /8a-9=12.4 and 
/sa-4a=6.9 Hz, 8a-H), 3.69 (1H, d, / g e m =H.4 Hz, the other of 
1-H), 3.73 (3H, s, COOMe), 3.75 (1H, m, 4a-H), 5.75 (1H, s, 
3-H), and 7.2—7.6 (5H, m, Ph); i3CNMR (CDCI3) 0=13.20 
(9-Me), 21.67 (6-C), 25.99 (5-C), 38.72 (7-C), 40.73 (1-C), 43.27 
(9-C), 52.09 (COOMe), 60.83 (8a-C), 61.24 (4a-C), 67.70 (3-C), 
85.45 (9a-C), 126.88, 127.70, 128.29, 141.31 (each Ph), 173.75 
(COOMe), and 210.32 (8-C); MS m/z (rel intensity, %) 345 
(M+, 1), 286 (25), 169 (32), 164 (40), 162 (46), 160 (30), 137 
(71), 117 (76), 91 (55), 88 (68), and 86 (base peak). HRMS 
Found: m/z 345.1392. Calcd for G9H23NO3S: M, 345.1397. 

Reaction of Sarcosine with la Leading to 5. A mixture 
of sarcosine (0.015 g, 0.17 mmol) and la (0.034 g, 0.17 mmol) 
was heated under reflux in toluene (4 ml) with continuous 
removal of water by the aid of a Dean-Stark trap for 9 h. 
The toluene was evaporated in vacuo and the residue was 
chromatographed on silica gel by using hexane-ethyl ace­
tate (4:1 v/v) as an eluent to give 5 (0.032 g, 82%): Colorless 
liquid; IR (neat) 2990, 1495, 1460, 1270, 760, and 700 cm"1; 
iHNMR (CDCI3) ô=2.43 (3H, s, NMe), 3.04 (1H, dd, 
/3a-4=6.4 and 2.6 Hz, 3a-H), 4.19, 4.56 (each 1H, d, /gem=4.4 
Hz, 2-H), 6.31, 6.67 (each 1H, d, /trans=16.1 Hz, =CH), and 
7.2—7.4 (5H, m, Ph); ^CNMR (CDCI3) 0=24.48 (5-C), 32.50, 
39.34, 40.06 (NMe, 4-, and 6-C), 75.53 (3a-C), 87.53 (2-C), 
91.93 (6a-C), 126.09, 126.35, 127.30, 128.55, 133.72, and 
137.02 (Ph and =CH); MS m/z (rel intensity, %) 230 (M+ +1 , 
10), 229 (M+, 63), 186 (92), 159 (36), 158 (base peak), 133 (21), 
130 (27), 98 (48), and 84 (37). HRMS Found: m/z 229.1466. 
Calcd for C15H19NO: M, 229.1466. 

General Procedure for the Reaction of 2-Phenyl-4-
thiazolidinecarboxylic Acid with la,b Leading to 6a,b. As 
a typical procedure, the reaction with la is shown: A 
mixture of 2-phenyl-4-thiazolidinecarboxylic acid (0.052 g, 
0.25 mmol) and la (0.052 g, 0.25 mmol) was heated under 
reflux in toluene (4 ml) with continuous removal of water by 
the aid of a Dean-Stark trap for 5 h. The toluene was 
evaporated in vacuo and the residue was chromatographed 
on silica gel by using hexane-ethyl acetate (9:1 v/v) as an 
eluent to give 6a (0.073 g, 84%). 

The reaction of the carboxylic acid (0.031 g, 0.015 mmol) 
with lb (0.022 g, 0.015 mmol) was performed under similar 
conditions (in toluene (3 ml) for 3 h) and the crude product 
was purified by silica-gel column chromatography with 
hexane-ethyl acetate (19:1 v/v) to give 6b (0.03 g, 70%). 

6a: Colorless liquid; IR (neat) 2940, 1595, 1480, 1440, 
and 960 cm"1; *HNMR (CDCI3) 0=1.5—2.1 (6H, m, 5-, 6-, 
and 7-H), 3.39 (1H, dd, /gem=11.9 and /i-8a=4.9 Hz, one of 
1-H), 3.42 (1H, dd, / g e m =i l .9 and /i-8a=4.2 Hz, the other of 
1-H), 3.52 (1H, dd, /4a-5=9.5 and 4.2 Hz, 4a-H), 5.40 (1H, s, 
3-H), 5.54 (1H, dd, /7a-7=5.0 and 2.0 Hz, 7a-H), 6.43, 6.76 
(each 1H, d, /trans=15.9 Hz, =CH), and 7.2—7.5 (10H, m, Ph); 
13CNMR (CDCI3) 0=24.63 (6-C), 33.68, 35.84, 39.58 (1-, 5-, 
and 7-C), 72.86, 73.04 (3- and 4a-C), 91.73 (7a-C), 98.87 (8a-
C), 126.45, 127.40, 127.58, 128.06, 128.40, 128.59, 134.01, 
136.96, and 140.05 (Ph and =CH); MS m/z (rel intensity, %) 
350 (M+ +1 , 21), 349 (M+, 69), 302 (50), 227 (23), 186 (32), 170 
(64), 169 (42), 149 (35), 145 (27), 141 (47), 131 (28), 130 (31), 
105 (40), 104 (34), and 43 (base peak). HRMS Found: m/z 
349.1501. Calcd for C22H23NOS: M, 349.1499. 
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6b: Colorless liquid; IR (neat) 2950, 1590, 1445, and 970 
cm-i; iH NMR (CDC13) 0=1.4—1.9 (6H, m, 5-, 6-, and 7-H), 
1.72 (3H, d, /=5.1 Hz, Me), 3.25 (IH, dd, /gem=11.7 and 
/i-8â=1.8 Hz, one of IH), 3.36 (IH, m, 4a-H), 3.37 (IH, dd, 
/gem=H.7 and /i-8a=5.1 Hz, the other of 1-H), 5.38 (IH, s, 
3-H), 5.46 (IH, dd, /8a-i=5.1 and 1.8 Hz, 8a-H), 5.72 (IH, d, 
/trans=15.8 Hz, =CH), 5.80 (IH, dq, /trans=15.8 and /=5.1 Hz, 
=CHMe), and 7.2—7.5 (5H, m, Ph); i*CNMR (CDC13) 0=17.77 
(Me), 24.45 (6-C), 33.55, 35.82, 38.83 (1-, 5-, and 7-C), 72.58, 
72.74 (3- and 4a-C), 91.57 (7a-C), 98.44 (8a-C), 127.57, 128.03, 
128.40, 135.29, and 140.21 (Ph and =CH); MS m/z (rel 
intensity, %) 288 (M+ + 1 , 28), 287 (M+, 96), 165 (34), 108 
(base peak), 96 (63), 93 (50), 91 (28), and 83 (52). HRMS 
Found: m/z 287.1344. Calcd for C17H21NOS: M, 287.1343. 

Reaction of Sarcosine with 2a Leading to 7 and 8. A 
mixture of sarcosine (0.089 g, 1 mmol) and (£)-6-phenyl-4-
oxo-5-hexenal (2a, 0.034 g, 0.17 mmol) was heated under 
reflux in 1,4-dioxane (8 ml) for 5 h. The dioxane was 
evaporated in vacuo and the residue was chromatographed 
on silica gel by using hexane-ethyl acetate (4:1 v/v) as an 
eluent to give a 4:1 mixture (*HNMR) of 7 and 8 (0.115 g, 
53%). Compound 7 was only separated by Lobar column 
chromatography by hexane-ethyl acetate (4:1 v/v), but 8 
was still contaminated by 7. 

7: Colorless liquid; IR (neat) 2930, 1730, 1445, 1150, and 
700 cm"1; *HNMR (CDCI3) 0=1.9—2.7 (5H, m, 3a-, 5-, and 
6-H), 2.39 (3H, s, NMe), 2.70 (IH, br ddd, /3-3a=5.6, 
/3-2=4.3, and 1.5 Hz, 3-H), 3.14 (IH, dd, /3a-6a=6.2 and 
/3a-3=5.6 Hz, 3a-H), 3.4—3.5 (2H, m, 2- and 6a-H), and 7.2— 
7.4 (5H, m, Ph); 13CNMR (CDCI3) 0=23.34 (6-C), 34.86 
(5-C), 39.68 (NMe), 46.26 (3a-C), 60.20 (2-C), 65.69 (3-C), 
69.07 (6a-C), 126.48, 127.56, 128.59, 143.38 (each Ph), and 
220.60 (4-C); MS m/z (rel intensity, %) 216 (M+ +1 , 13), 215 
(M+, 85), 186 (62), 159 (41), 158 (base peak), and 82 (34). 
HRMS Found: M, 215.1309. Calcd for C14H17NO: M, 
215.1309. 

8: Since this compound 8 was obtained only as an insep­
arable mixture with 7, the partial *H spectrum is given as 
follows: *H NMR (CDCI3) 0=1.6—1.9 (2H, m, 4-H), 2.3—2.5 
(2H, m, 3-H), 2.61 (3H, s, NMe), 2.7—2.8 (IH, br, one of 7-
H), 2.98 (IH, br, 1-H), 3.20 (IH, s, 8-H), 3.33 (IH, dd, 
/gem=10.6 and /7-i=5.5 Hz, the other of 7-H), 3.59 (IH, br s, 
5-H), and 7.2—7.4 (5H, m, Ph). 

General Procedure for the Reaction of 4-Thiazolidine-
carboxylic Acid or 2-Phenyl-4-thiazolidinecarboxylic Acid 
with 2a,c Leading to 9a—c and 10a—c. As a typical proce­
dure, the reaction of 4-thiazolidinecarboxylic acid with 2a is 
shown: A mixture of 4-thiazolidinecarboxylic acid (0.133 g, 
1 mmol) and 2a (0.282 g, 1.5 mmol) was heated under reflux 
in dioxane (8 ml) for 3 h. The dioxane was evaporated in 
vacuo and the residue was chromatographed on silica gel by 
using hexane-ethyl acetate (4:1 v/v) as an eluent to give a 
3 :2 mixture of 9a and 10a (*H NMR, 0.098 g, 38%). They 
were separated by repeated silica-gel column chromatog­
raphy with the same eluent. 

The reaction of 2-phenyl-4-thiazolidinecarboxylic acid 
(0.084 g, 0.4 mmol) with 2a (0.1 g, 0.43 mmol) was per­
formed under similar conditions (in toluene (3 ml) for 8 h) 
and the crude product was purified by silica-gel column 
chromatography with hexane-ethyl acetate (4:1 v/v) to give 
an inseparable 2:1 mixture of 9b and 10b (0.057 g, 38%). 

The reaction of 2-phenyl-4-thiazolidinecarboxylic acid 
(0.031 g, 0.15 mmol) with 2c (0.1 g, 0.43 mmol) was per­

formed under similar conditions (in toluene (3 ml) for 4 h) 
and the crude product was purified by silica-gel column 
chromatography with hexane-ethyl acetate (4:1 v/v) to give 
an inseparable 7:1 mixture of 9c and 10c (0.023 g, 42%). 

9a: Colorless liquid; IR (neat) 2960, 1730, 1455, and 1440 
cm"1; *HNMR (CDCI3) 0=2.0—2.7 (6H, m, 1-, 5-, and 6-H), 
3.09 (IH, dd, /8-8a=8.0 and /8-7a=6.5 Hz, 8-H), 3.67 (IH, m, 
8a-H), 3.86 (IH, ddd, /4a-4=9.2, 7.2, and/4a-7a=6.5 Hz, 4a-H), 
3.96 (IH, t, /7a-4a=/7a-8=6.5 Hz, 7a-H), 4.22, 4.32 (each IH, d, 
/gem=9.9 Hz, 3-H), and 7.2—7.4 (5H, m, Ph); i*CNMR 
(CDCI3) 5=25.64, 32.80, 34.89 (1-, 5-, and 6-C), 48.95 (7a-C), 
54.37 (8-C), 57.25 (3-C), 62.81 (4a-C), 75.73 (8a-C), 126.88, 
127.76, 128.55, 139.22 (each Ph), and 219.75 (7-C); MS m/z 
(rel intensity, %) 259 (M+, base peak), 213 (83), 212 (35), 172 
(30), 156 (17), 130 (21), and 128 (24). Found: C, 69.39; H, 
6.65; N, 5.14%. Calcd for C15H17NOS: C, 69.46; H, 6.61; N, 
5.40%. 

10a: Colorless liquid: IR (neat) 2960, 1735, 1700, 1440, 
and 910 cm"1; *HNMR (CDCI3) 6=1.80 (IH, m, one of 10-
H), 2.06 (IH, dd, /gem=10.6 and /5-6=8.6 Hz, one of 5-H), 
2.20 (IH, m, the other of 10-H), 2.44 (IH, br dd, /gem=16.9 
and /9-io=7.1 Hz, one of 9-H), 2.66 (IH, dd, /gem=10.6 and 
/5-6=7.0 Hz, the other of 5-H), 2.76 (IH, dd, /gem=16.9 and 
/9-io=9.9 Hz, the other of 9-H), 3.27 (IH, s, 7-H), 3.41 (IH, s, 
11-H), 3.67 (IH, dd, /6-5=8.6 and 7.0 Hz, 6-H), 4.14 (IH, br s, 
1-H), 4.39, and 4.44 (each IH, d, /gem=8.2 Hz, 3-H); 
!3CNMR (CDCI3) 0=33.64, 34.93, 36.10 (5-, 9-, and 10-C), 
50.44 (7-C), 59.36 (11-C), 61.28 (3-C), 63.96 (1-C) 71.37 (6-C), 
126.55, 126.91, 128.59, 138.74 (each Ph), and 210.46 (8-C); MS 
m/z (rel intensity, %) 259 (M+, 74), 213 (68), 212 (38), 172 (34), 
131 (38), 130 (49), 129 (27), 128 (35), 101 (47), 77 (29), and 73 
(base peak). Found: C, 69.29; H, 6.41; N, 5.01%. Calcd for 
C15N17NOS: C, 69.46; H, 6.61; N, 5.40%. 

9b and 10b: Pale yellow liquid; IR (neat) 3030, 2960, 
1745, 1720, 1500, and 1400 cm-1; *HNMR (CDCI3) 9b: 
0=2.1—2.9 (6H, m, 1-, 5-, and 6-H), 3.11 (IH, m, 8-H), 3.87 
(IH, m, 8a-H), 4.02 (IH, m, 4a-H), 4.08 (IH, dd, /7a-4a=10.0 
and/7a-8=6.2 Hz, 7a-H), 5.71 (IH, s, 3-H), and 7.2—7.5 (10H, 
m, Ph). 10b: 0=2.1—2.9 (7H, m, 5-, 7-, 9-, and 10-H), 3.33 
(IH, s, 7-H), 3.46 (IH, s, 11-H), 4.02 (IH, overlapping with 
4a-H of 9b, 6-H), 4.21 (IH, br s, IH), 5.73 (IH, s, 3-H), and 
7.2—7.5 (10H, m, Ph); ^CNMR (CDCI3) 9b: 0=25.73, 34.78, 
35.29 (1-, 5-, and 6-C), 48.66 (7a-C), 54.41 (8-C), 64.36 (4a-C), 
73.63 (3-C), 74.76 (8a-C), and 219.70 (7-C). 10b: 0=33.49, 
35.20, 38.35 (5-, 9-, and 10-C), 50.76 (7-C), 60.76 (11-C), 62.30 
(1-C), 72.29 (6-C), 75.63 (3-C), and 210.23 (8-C). 9b+10b: 
126.19, 126.55, 126.65, 126.89, 127.07, 127.31, 127.80, 128.29, 
128.52, 128.56, 128.88, 138.88, 139.31, 143.30, 143.63. MS 
m/z (rel intensity, %) 335 (M+, 30), 289 (10), 288 (24), 88 (11), 
86 (64), 84 (base peak), and 49 (38). HRMS Found: m/z 
335.1348. Calcd for C21H21NOS: M, 335.1343. 

9c and 10c: Pale yellow liquid; IR (neat) 2950, 1730, 1445, 
1150, and 965 cm"1; *H NMR (CDCI3) 9c: 0=2.0—2.1 (2H, m, 
5-H), 2.2—3.0 (5H, m, 1-, 6-, and 8-H), 3.45 (IH, m, 8a-H), 
3.8—3.9 (2H, m, 4a- and 7a-H), 5.69 (IH, s, 3-H), 6.20 (IH, 
dd, /trans=15.8 and /CH-8=8.1 HZ, =CH), 6.59 (IH, dd, 

/trans=15.8 and /CH-8=1.0 Hz, =CH), and 7.2—7.5 (10H, m, 

Ph). 10c: 0=3.16, 3.18 (each IH, s, 1- and 7-H), 3.63 (IH, m, 
11-H), 4.12 (IH, m, 6-H), 5.93 (IH, s, 3-H). Other signals 
are overlapping with those of 9c; 13CNMR (CDCI3) 9c: 
0=25.92, 34.83, 34.93 (1-, 5-, and 6-C) 47.31 (7a-C), 55.79 (8-
C), 64.27 (4a-C), 73.46 (3-C), 74.92 (8a-C), 126.36, 126.55, 
127.31, 127.64, 127.86, 128.29, 128.58, 132.72, 143.61 (=CH 
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and Ph), and 219.53 (7-C). 10c: 0=33.13, 35.24, 39.32 (5-, 9-, 
and 10-C), 50.83 (7-C), 63.39 (11-C), 66.54 (1-C), 72.02 (6-C), 
74.69 (3-C), 126.27, 127.21, 127.76, 128.00, 128.40, 128.48, 
128.75, 131.69, 132.00, 143.41 (=CH and Ph), and 209.50 (8-
C); MS m/z (rel intensity, %) 361 (M+, 1), 218 (4), 212 (6), 211 
(12), 210 (base peak), and 136 (6). HRMS Found: m/z 
361.1497. Calcd for C23H23NOS: M, 361.1499. 

Reaction of 2-Phenyl-4-thiazolidinecarboxylic Acid with 
2d Leading to 11 and 12. A mixture of 2-phenyl-4-
thiazolidinecarboxylic acid (0.052 g, 0.25 mmol) and methyl 
(£)-6-formyl-4-oxo-2-hexenoate (la, 0.048 g, 0.28 mmol) was 
heated under reflux in toluene (4 ml) with continuous 
removal of water by the aid of a Dean-Stark trap for 5 h. 
The toluene was evaporated in vacuo and the residue was 
chromatographed on silica gel by using hexane-ethyl ace­
tate (4:1 v/v) as an eluent to give 11 (0.023 g, 29%) and 12 
(0.023 g, 29%). 

11: Colorless liquid; IR (neat) 2950, 1730, 1430, and 840 
cm"1. *HNMR (CDCI3) «5=2.11 (2H, m, 5-H), 2.35 (IH, m, 
one of 6-H), 2.56 (IH, dt, /gem=19.0 and /6-5=9.5 Hz, the 
other of 6-H), 2.76 (IH, t, /gem=/i-8a=10.2 Hz, one of 1-H), 
2.99 (IH, dd, /gem=10.2 and /i-8a=6.6 Hz, the other of 1-H), 
3.28 (IH, br dd, /7a-4a=6.5 and /7a-8=3.6 Hz, 7a-H), 3.54 (IH, 
dd, /8-8a=7.7 and /8-7a=3.6 Hz, 8-H), 3.72 (3H, s, COOMe), 
3.74 (IH, m, 4a-H), 3.98 (IH, ddd, /8a-i=10.2, 6.6, and 
/8a-8=7.7 Hz, 8a-H), 5.67 (IH, s, 3-H), and 7.2—7.4 (5H, m, 
Ph); 13CNMR (CDCI3) 0=24.92 (5-C), 34.35, 35.03 (1- and 6-
C), 48.22 (8-C), 52.37 (COOMe), 53.20 (7a-C), 63.63 (4a-C), 
69.96, 73.59(3-and4a-C), 126.45, 127.43, 128.35, 143.19 (each 
Ph), 171.84 (COOMe), and 219.39 (7-C); MS m/z (rel inten­
sity, %) 318 (M+ +1 , 20), 317 (M+, base peak), 286 (22), 284 
(28), 271 (41), 235 (23), 212 (78), and 91 (24). HRMS Found: 
m/z 317.1080. Calcd for G7H19NO3S: M, 317.1085. 

12: Colorless liquid; IR (neat) 2960, 1725, 1700, and 1440 
cm"1; *HNMR (CDCI3) ô=0.75 (IH, m, one of 5-H), 1.35 
(IH, m, the other of 5-H), 2.02 (IH, m, one of 6-H), 2.21 (IH, 
dt, /gem=18.9 and /6-5=9.5 Hz, the other of 6-H), 2.84 (IH, t, 
/gem=/i-8a=10.4 Hz, one of 1-H), 2.99 (IH, dd, /gem=10.4 and 
/i_8a=7.2 Hz, the other of 1-H), 3.31 (IH, br dd, /7a-4a=8.6 
and/7a-8=5.5 Hz, 7a-H), 3.48 (IH, dd, /8-8a=7.0 and/8-7a=5.5 
Hz, 8-H), 3.76 (3H, s, COOMe), 3.90 (IH, br dd, 4a-H), 4.07 
(IH, ddd, /8a-i=10.4, 7.2, and /8a-8=7.0 Hz, 8a-H), 5.95 (IH, 
s, 3-H), and 7.3—7.7 (5H, m, Ph); i*c NMR (CDCI3) «5=25.23 
(5-C), 33.87, 35.13 (1- and 6-C), 47.82 (8-C), 52.44 (COOMe), 
53.00 (7a-C), 58.01 (4a-C), 73.43, 74.99 (3- and 4a-C), 128.56, 
129.12, 129.56, 134.97 (each Ph), 171.61 (COOMe), and 
219.52 (7-C); MS m/z (rel intensity, %) 318 (M+ +1, 27), 317 
(M+, base peak), 316 (31), 286 (26), 284 (38), 271 (47), 235 (33), 
224 (21), 212 (86), and 91 (30). Found: C, 64.09; H, 6.03; N, 
4.28%. Calcd for G7H19NO3S: C, 64.32; H, 6.03; N, 4.41%. 
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A study was made concerning the removal of leachables released from mixed-bed ion exchange resins. 
The key concerns were to determine the optimum mixed ratio of strong acid cation exchange resins (SACERs) 
and strong base anion exchange resins (SBAERs), which give the minimum value of total organic carbon (TOC) 
released from the resin mixtures and to investigate the effect of synthetic carbonaceous adsorbents on the 
adsorption of the leachables. The leaching rates of the leachables from the resin mixtures were dependent on 
the mixed ratios of SACERs and SBAERs. The TOC value for the leachables showed a minimum for a 
SACER-to-SBAER volume ratio of 9 :1 , far different from the mixed ratio in ordinary water treatment. The 
release of leachables from resin mixtures was mainly due to SBAER. The carbonaceous adsorbent having a 
higher hydrophobic surface adsorbed the leachables well from the resin mixtures. 

The re has recently been increasing demand for bet­
ter qual i ty u l t rapure water, especially free from T O C , 
in advanced and sophisticated industries.1 '2) A 
mixed-bed of SACER and SBAER is essential for 
p roduc ing pr imary pure water and for refining water 
in an u l t rapure water product ion system.3) There is 
an a n n o y i n g problem concerning trace leachables 
released from ion-exchange resins (IERs), known as 
T O C throw.4«5) It has been an urgent problem to 
clarify the profile of leachables from IERs and to 
establish a removal method. So far, the authors have 
reported the leaching profile, the componen t and the 
removal of leachables from SACERs and SBAERs.6 _ 8 ) 

Regard ing the profile and removal of leachables from 
mixed-bed IERs, few studies have been carried out. 

In this study, us ing two typical mixed-beds for ge l -
gel type and po rous -po rous type resins, the leaching 
profile, the components , and the methods for mini ­
mizing the leaching and for removing the leachables 
from the mixed-beds were probed by means of similar 
methods described in previous papers.6 - 8) 

Experimental 

Materials. 1ER: Five (each) were commercially available 
SACERs (A—E) and SBAERs (A7—E') employed.6"8) Resins 
A, A' and B, B' were porous type; the others were gel type. 
These are typical resins for water-treatment use, and were 
obtained from leading makers, such as Tokyo Organic 
Chemical Industries Ltd. (Amberlite), Mitsubishi Chemical 
Industries Co., Ltd. (Diaion), Dow Chemical Co., Ltd. 
(Dowex), Bayer Co., Ltd. (Lewatit), and Rohm and Haas 
Co., Ltd. (Duolite). Pre-treatments for the IERs used were 
carried out by the same method as described in our previous 
papers.6-8) The general properties of the IERs were also 
given in previous papers.6-8) Purified water: Pure water 
(TOC<100 ugCdm - 3 , \ig Carbon as TOC) was prepared by 
Puric R (Japan Organo Co., Ltd.). Prior to use, any dis­
solved oxygen in the water was purged by blowing nitrogen 
gas, so as to minimize the effect of oxidative decomposition 

on the resin matrix.9'10) Carbonaceous adsorbent: Four syn­
thetic carbonaceous adsorbents were used to eliminate the 
leachables from mixed-bed IERs. Adsorbents F, G, and H 
were Ambersorb XE-340, 347, and 348 of Rohm and Haas 
Co., Ltd. Adsorbent I was BAC-MP of Kureha Chemical 
Co., Ltd. Prior to use, these adsorbents were repeatedly 
washed with doubly distilled water under boiling state until 
the conductivity of the supernatant became almost the same 
as that of the distilled water (1.5X10-6 S cm -1). The physi­
cal properties and pore-size distribution of the adsorbents 
were indicated in a previous paper.7) Reagent: Polystyrene-
sulfonate, MW 1800, 8000, 38180, 114400, 400000 (Gaschro 
Kogyo Inc.) were used to make the MW fitting curve for Gel 
filtration chromatography (GFC). Anhydrous sodium sul­
fate and acetonitrile were used to prepare the eluent for 
GFC. Acetonitrile was also employed for the eluent in 
reverse-phase chromatography (RPC). 

Procedures. Leachable solution: Twenty five milliliters 
(each) of SACER and SBAER were mixed well and put in a 
250 cm3 volumetric flask; the purified water was then messed 
up to the mark. The flask was tightly sealed and kept with 
gentle stirring at 50 °C. The TOC of the supernatant was 
periodically monitored. The contents were then filtered by 
a 0.22 pm membrane filter. Measurements of the leacha­
bles from the resin mixture were made by GFC and RPC. 
Aside from this, the mixed ratios of SACERs and SBAERs 
were vaired to 10/0, 9/1, 4 /1 , 2/1, 1/2, 1/4, 1/9, 0/10 by 
volume (total, 50 cm3) and the same procedures as above 
were conducted. Removal of leachables from 1ER mixture: 
Adsorption of the leachables from the resin mixture on the 
adsorbent was carried out as follows: 1) One gram of the 
adsorbent was added to 25 cm3 of the leachable solution 
from SACER and SBAER (mixed ratio, 1:1). The mixture 
was gently shaken for 48 h, during which equilibrium was 
confirmed at 25+0.5 °C and filtered by a G3 glass filter. 
The adsorbed amount on each adsorbent was determined by 
the difference between the TOC value in the filtrate and that 
of the sample blank. 2) A suitable amount (8 g) of the 
adsorbent was put in 50 cm3 of SACER and SBAER (mixed 
ratio, 1:9). The admixture was added to 250 cm3 of a 
volumetric flask; the purified water was then messed up to 
the mark. The flask was allowed to stand for five days at 
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50 °C with gentle stirring; the TOC of the supernatant was 
then measured. After cooling the flask to 25 °C, the TOC 
of the supernatant was then measured again. Analytical 
conditions and equipment: Details of the analytical condi­
tions and equipment for GFC and RPC were described in 
previous papers.6-8) 

Results and Discussion 

T O C Leaching Rate: Figure 1 shows the change 
of T O C from resin mixtures of 1 to 1 by volume ratio 
of SACERs and SBAERs. T h e T O C increased wi th 
soaking time. T h e T O C leaching rate is given in 
Tab le 1. T h e values are considerably lower than 
those of SACERs and SBAERs, respectively, obta ined 
in previous studies.6'8* It is postulated that considera­
ble amoun t s of leachables from each SACER and 
SBAER were mutua l ly removed wi th paired resin 
of opposi te charge. T h e order of the T O C leaching 
rates is A - A ' > C - O B - B ' > D - D ' > E - E ' . T h i s sug­
gests that the T O C leaching rates from resin mixtures 
should depend on the rates from SBAERs8) and that a 
suitable mixed rat io of SACER and SBAER should 
offer the m i n i m u m T O C release from mixed-bed IERs 
in an u l t rapure water product ion system in which the 
mixed-bed is incorporated. 

Fig. 1. Change of T O C from resin mixtures of 
SACER to SBAER volume ratio of 1 to 1 at 50 °C. 
• : Resin A-A', • : Resin B-B', O: Resin C - C , D: 
Resin D-D', A: Resin E-E'. 
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Fig. 2. Effect of mixed ratios of SACER to SBAER 
(B to B') on TOC release at 50 °. O: lOd, D: 30d, A: 
60d. 
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Fig. 3. Effect of mixed ratios of SACER to SBAER 
(C to C ) on TOC release at 50 °C. O: lOd, D: 30d, 
A: 60d. 

Table 1. TOC Leaching Rate from Resin Mixtures of 
SACER to SBAER Volume Ratio of 1 to 1 at 50 °C 

TOCa) TOC Leaching rate 

A-A' 
B-B' 
C - C 
D-D' 
E-E' 

mgC dm~3 

11.8 
0.6 
1.7 
1.2 
0.5 

mgC h - 1 dm-3-resin 

3.3X10-1 

1.7X10-2 
4.7X10-2 
3.3X10-2 
1.4X10-2 

a) TOC in the solution after 7 d soaking. 

Optimum Mixed Ratio of IERs: T h e effect of the 
mixed ratios of SACERs (B, C) and SBAERs (B' , C ) 
on the T O C release was investigated for 60 days. T h e 
results are given in Figs. 2 and 3. T h e T O C leaching 
rates for the resin mixtures are tabulated in Tables 2 
and 3. T h e T O C values released changed by the dif­
ference of the mixed ratios, independently wi th the 
morpho log ic difference of the resins. After 10 days 
soaking, the mixed ratios of the SACER-to-SBAER 
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Table 2. TOC Leaching Rate from Resin Mixtures of 
Different SACER and SBAER (B-B') Ratios at 50 °C 

Ratio 
SACER/SBAER 

10/0 
9/1 
8/2 
2/1 
1/1 
1/2 
2/8 
1/9 
0/10 

TOC leaching ratea) 

mgC h - 1 dm-3-resin 

1.9X10-2 
2.3X10-3 
2.6X10-3 
4.3X10-3 
7.9X10-3 
1.2X10-2 
1.5X10-2 
2.2X10-2 
5.1X10"1 

a) After 60 d soaking. 

Table 3. TOC Leaching Rate from Resin Mixtures of 
Different SACER and SBAER (C-C) Ratios at 50 °C 

Ratio 
SACER/SBAER 

10/0 
9/1 
8/2 
2/1 
1/1 
1/2 
2/8 
1/9 
0/10 

TOC leaching ratea) 

mgC h - 1 dm-3-resin 

3.8X10-2 
5.2X10-3 
5.8X10-3 
7.8X10-3 
9.7X10-3 
1.2X10-2 
1.4X10-2 
1.7X10-2 
5.9X10-1 

a) After 60 d soaking. 

volume ratio of 9:1 to 1:1 showed very low TOC 
values. As the soaking days and the ratios of SAC-
ERs were incresed, the minimum TOC value finally 
converged upon a mixed ratio of 9 :1 . This ratio is 
far different from the mixed ratios of the IERs in the 
following water treatments. A SACER-to-SBAER 
volume ratio of 1 to 1 is used as the mixed-bed IERs in 
an ultrapure water production system for semiconduc­
tor manufacturing. In the condensate water treat­
ment at the power plant of a pressurized water reactor, 
a mixed-bed is operated at a SACER-to-SBAER ratio 
of 2 to 1 from the standpoint of preventing the pipings 
in the steam generator from corrosion by chloride 
and sulfate ions.12) There is usually a very low level 
(ppb) of ions in the condensate water at the power 
plant as well as the primary pure water in the ultra-
pure water production system. The authors therefore 
recommend a mixed-bed SACER-to-SBAER volume 
ratio of around 9:1 , which seems to have sufficient 
capacity to remove ions from water; such a method 
should be used especially for mixed-bed IERs in an 
ultrapure water production system and for a conden­
sate demineralizer from the viewpoint of minimizing 
TOC throw from mixed-bed resins. Not only do 
TOCs in water decrease the wafer yield in semicon­
ductor manufacturing, but they foul the IER's surface 
and degrade the kinetics of ion exchange, while caus-
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MW 

Fig. 4. GFC chromatogram of leachables from 
SACER to SBAER mixture of 1 to 1 after 60 d at 
50 °C (a): Leachables from resin A-A', (b): Leach­
ables from resin B-B', (c): Leachables from resin C-
C, (d): Leachables from resin D-D', (e): Leachables 
from resin E-E'. 

ing unexpected leakage, of corrosive ions to treated 
condensate water.13-15) Regarding field applications, 
a mixed-bed of 9:1 of the SACER-to-SBAER volume 
ratio may be dangerous in terms of the kinetic re­
sponse of mixed-bed IERs. It may therefore be sug­
gested that the volume ratio of SBAER to SACER in 
mixed-bed IERs be increased a little: for example, to 
1:4 from 1: 9. 

Identification of Leachable Components from 
Mixed-Bed: Figures 4 and 5 illustrate GFC and RPC 
chromatograms for leachables in solutions obtained 
from mixtures of a SACER and SBAER volume ratio 
of 1 to 1. Every GFC chromatogram has a common 
peak at the MW 2200 position. This peak coincided 
with a component in the leachables from SBAERs 
which SACERs could not remove. RPC chromato­
grams show that the peak components located in the 
early retention time, i.e. the higher polor and low MW 
substances, were released out of the resin mixtures. 
Both components in the 1ER leachables would be the 
main contaminants for both pure and ultrapure water. 

Removal of Leachables from Mixed-Bed: Table 4 
shows the adsorbed amounts for leachables from resin 
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Fig. 5. RPC chromatogram of leachables from 
SACER to SBAER mixture of 1 to 1 after 60 d at 
50 °C. (a): Leachables from resin A-A', (b): Leach­
ables from resin B-B', (c): Leachables from resin C-
C , (d): Leachables from resin D-D', (e): Leachables 
from resin E-E'. 

mixtures of B - B ' and C - C , respectively, on carbo­
naceous adsorbents. Adsorbent F gave the largest 
adsorbed amount . T h e carbonaceous adsorbents 
used have very few ash and surface polari ty by the 
functional groups, such as carbonyl and carboxyl 
groups. Therefore, the adsorpt ion of the leachables 
on the adsorbents must be dependent on physical 
adsorpt ion; there is almost no contr ibutory role of 
chemical adsorption. T h e total surface areas and 
pore volumes of the adsorbents relevant to physical 
adsorpt ion seem to be independent of the adsorbed 
amount s for leachables from resin mixtures. 
Organic substances which are more hydrophobic than 
water are preferentially adsorbed on a hydrophobic 
surface.16,17) Adsorbent F has the most hydrophobic 
surface, th rough the carbon-to-hydrogen a tomic 
ratio's value.18) Consequently, it is considered that 
the adsorbent F showed the largest adsorbed a m o u n t 
because of the highest hydrophobici ty . Tab le 5 ex­
hibits the effect of the addi t ion of adsorbent F on the 
leachables amounts from resin mixtures (SACER: 
SBAER=1 : 9. T h i s mixed rat io was selected in order 
to obta in a sufficient leachable amount . ) . T O C s of 

Table 4. Adsorption of Leachables from SACER 
to SBAER Mixture of 1 to 1 with 

Carbonaceous Adsorbent at 25 °C 

Coa) 

/vQsorDeni 
mgC dm"3 

Leachables from resin B-B' 
F 2.7 
G 2.7 
H 2.7 
I 2.7 

Leachables from resin C - C 
F 4.1 
G 4.1 
H 4.1 
I 4.1 

Ceb) 

mgC dm - 3 

0.0d) 

0.5 
0.7 
0.3 

0.0d) 

0.0d) 

1.5 
3.3 

ûc) 

mgCg"1 

6.8X10-2 
5.6X10-2 
5.2X10-2 
6.0X10-2 

1.0X10-1 

1.0X10-1 

6.3X10-2 
4.7X10-2 

a) Co: Initial concentration, b) Ce: equilibrium 
concentration, c) Adsorbed amount, d) Less than 
determination limit (0.2 mgC dm -3). 

Table 5. Removal of Leachables from SACER 
and SBAER Mixture with Adsorbent Fa) 

TOC 

mgC dm - 3 

Leachables from resin B-B' 
Leachables from resin B-B' and F 
Leachables from resin C - C 
Leachables from resin C - C and F 

4.1 
2.7 
5.1 
4.5 

a) Mixed ratio of SACER : SBAER= 1:1 by volume. 
After keeping for 5 d at 50 °C then for 1 d at 25 °C 

34 and 12% for resin mixtures of B - B ' and C - C , 
respectively, were removed by adsorbent F. T h i s is of 
impor tance not only in p roduc ing lower T O C (pure 
or u l t rapure) water, bu t also in ma in ta in ing the long 
life demineral izat ion capacity of mono-bed IERs. 
H a u b and Foutch predicted that a SACER-to-SBAER 
volume rat io of 1.5 :1 gives the lowest ion leakage in a 
co lumn treatment, considering both the dissociation 
of water molecules and reversible ion exchange reac­
tion.19) In fact, an 1ER mixed-bed is widely used in a 
mixed rat io of SACER to SBAER of 1:1 to 1:2 in 
ordinary water treatment, according to the ion-
exchange capacity basis. It is postulated that organic 
contaminants , such as h igh MW substances and 1ER 
leachables, are well adsorbed on an 1ER surface. 
Foulants on resins hinder ions from passing smoothly 
th rough the l iqu id film on the resin surface.20) T h e 
rate-determining step for the ion-exchange reaction is 
the rate for l iquid-fi lm diffusion of ions in water. 
H i g h MW contaminants adsorbed on IERs are diffi­
cult to wash away wi th ordinary régénérants.21) As a 
result, the demineral izat ion rate and capacity for the 
fouled IERs decrease. Therefore, the addi t ion of a 
suitable carbonaceous adsorbent to mixed-bed IERs 
can be expected to l ighten any adverse effect, such as 
the deterioration of ion exchange kinetics by organic 
contaminants , and to main ta in the long-life deminer­
alization capacity. 
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Conclusions 

1) T h e T O C leaching rates from mixed-bed IERs 
were far less than those from mono-bed IERs (SAC-
ERs or SBAERs). 

2) T h e rates depended on the mixed ratios of SAC-
ERs to SBAERs and gave m i n i m u m levels in the range 
9 : 1 — 4 : 1 . (9 :1 is the lowest.) 

3) T h e MW 2200 component in SBAERs contrib­
uted to the leachbles released from mixed-bed IERs. 

4) T h e leachable components released from a 
mixed-bed were effectively removed with a carbonace­
ous adsorbent wi th a higher hydrophobic surface. 

5) An admixture of mixed-bed IERs and the carbo­
naceous adsorbent is considered to be suitable for 
p repar ing lower T O C (pure or ul t rapure) water. 

We thank Dr. H. Kuyama, president of Tokyo 
Organic Chemical Industries Ltd. for his permission 
to submit this paper. 
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XHNMR Studies of Motions in Solid (CH3)3CBr, (CHsfcCCl, and (CH^sCNO* 
Methyl Group and t-Butyl Group Uniaxial Reorientations 

T o o r u HASEBE 
Department of Chemistry, Faculty of Education, Fukushima University, Matsukawa-machi, Fukushima 960-12 

(Received April 20, 1990) 

XH NMR line shapes and their second moments for £-butyl compounds {(CH3)3CX where X=Br, CI, and 
NO2} have been studied as a function of temperature. It is shown that the methyl group and the £-butyl group 
uniaxial reorientations are distinguished by XH NMR technique. The dipolar interactions modulated by these 
motions are reported in three cases: the first where methyl reorientation is fast while £-butyl reorientation is 
slow, the second where £-butyl reorientation is faster than methyl reorientation, and the third where both 
reorientations are in almost the same rate. The results obtained here are consistent with the results of XH NMR 
relaxation studies reported previously. 

Nuclear magnet ic resonance can give valuable 
informat ion on molecular dynamics in crystals. 
Recently many detailed studies of molecular mot ions 
in solid £-butyl compounds , (CH3)3CX, (particularly 
X=C1, Br, I, NO2, or CN) have been reported by 
various techniques.1"11) O n cool ing these solids, 
overall molecular reorientat ion is usually the first 
mot ion to be restricted. T h i s is followed by the inter­
nal mot ions of the £-butyl g roup (the uniaxia l molecu­
lar reorientat ion about the C-X axis) and the methyl 
g r o u p (methyl g roup reorientat ion about the C-CH3 
axis). T h e relative rates of the latter two mot ions 
have been the subject of much recent debate.1>8) An 
early study12) of ^ N M R line shapes for the £-butyl 
compounds did not discuss about the subject in detail. 
Ripmeester and Ratcliffe9'13) have recently shown that it 
is possible to use 2 H N M R line shapes to determine 
which of these mot ions is faster in the vicinity of 
mot iona l narrowing. O n the other h a n d recent 
^ N M R relaxation studies10'14'15* have settled this 
debate wi th the characterisation of molecular mot ions 
in the various phases of the £-butyl compounds . T h e 
XH N M R relaxation studies14-16* characterized molecu­
lar mot ions as follows; in case (CH3)3CBr the methyl 
mot ion is fast whereas the £-butyl mot ion is slow, in 
case (CH3)3CC1 the £-butyl mot ion is faster than the 
methyl mot ion , and in case (CH3)3CN02 both mot ions 
have similar rates of the reorientations. However 
measurements of p ro ton resonance lines so far 
reported have been unab le to make any dist inctions 
of these mot ions . In order to confirm the conclusion 
of previous ^ N M R relaxat ion studies, the auther 
challenged to measure X H N M R line shapes of three 
compounds (X=Br, CI, and NO2) more carefully above 
about 54 K us ing a mag ic -T type spectrometer. In 
this paper the temperature dependence of the pro ton 
l ine shapes and a compar ison of these line shapes are 
shown. Second moments determined from the 
absorpt ion line widths are also discussed. 

Experimental 

2-Bromo-2-methylpropane, (CE^CBr, obtained from 

Aldrich Chemical Company was purified by normal distilla­
tion after being neutralized by K2CO3, followed by dehydra­
tion using molecular sieve 4A. 2-Chloro-2-methylpropane, 
(CH3)3CC1, was obtained from Wako Pure Chemical Indus­
tries Ltd. It was purified by normal distillation. 2-
Methyl-2-nitropropane, (CH3)3CN02, obtained from 
Aldrich Chemical Company was purified by a preparative 
gas Chromatograph, followed by dehydration using molecu­
lar sieve 4A. They were further purified by two stage 
vacuum distillation and degassed by the usual freeze-pump-
thaw technique. Specimens were sealed under vacuum in 
glass ampoules with an external diameter of 10 mm for 
NMR measurements and also in glass cells specially 
designed17) for differential thermal analysis (DTA). The 
melting points of these specimens determined by the DTA 
were 256.8+0.3 K for (CH3)3CBr, 248.2+0.3 K for (CH3)3CC1, 
and 298.7+0.3 K for (CH3)3CN02, respectively. 

Proton NMR line shapes were measured on a bench made 
magic-T type spectrometer18»19) operating at 13.0 MHz. 
The Bruker B-E33Nf electromagnet and B-H11D field con­
troller were used. The main magnet field was modulated 
by a coil carrying 38 Hz current and the modulation width 
was about 20% of a resonance line width. Measurements 
were carried out between ca. 54 K and the melting point of 
the samples. Experimental second moments were deter­
mined from the derivative line tracings using the NEC PC-
9801 VX personal computer, and were corrected for modula­
tion effects.20) 

The temperature was measured with a chromel-P/con-
stantan thermocouple to an accuracy of +0.3 K and was 
controlled to within 0.2 K. 

Experimental Results 

Figure 1 shows temperature dependence of the l ine 
width on the lowest temperature solid phase. Here 
the line width is defined as the separation between the 
pairs of peeks in the observed derivative of the absorp­
tion line. In these compounds the line shapes are 
complex at the lowest temperature studied (below ca. 
100 K) and have the structure of the outer and inner 
pairs of peaks of the derivative line shape. T h e l ine 
has begun to narrow at the temperature between 80 
and 90 K for all samples. 

Second moment , M2, as a function of temperature 
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for these samples is plotted in Fig. 2. This figure is 
the behavior of the second moment on the lowest 
temperature phase of each sample. The second 
moment of the samples except (CH3)3CN02 shows a 
two-step decrease with increasing temperature. The 
lower-temperature decreasing of M2 for (CH3)3CBr 

3: 

occurs at ca. 80 K from 0.269±0.017 mT2 to 0.110 
±0.020 mT2 and the second decrease at ca. 115 K causes 
M2 to be 0.019±0.002 mT2. A rigid lattice value of 
0.274±0.026 mT2 for (CH3)3CC1 drops at 85 K to 
0.075±0.014 mT2, and next dropping to 0.021±0.003 
mT2 occurs at 112 K. In case (CH3)3CN02 a motional 
narrowing around 90 K is accompanied by a change in 
M2 from 0.259±0.018 mT2 to 0.020±0.003 mT2. 

Figure 3 reproduces the smoothed line shapes 
observed for (CH3)3CBr, (CHa^CCl, and (CH3)3CN02; 
only halves of the derivative curves are shown. The 
ordinate is proportional to an intensity of derivative 
curves and its scale is normalized. Abscissas are in 
mT unit. These data are roughly consistent with the 
previously reported results12>16) measured above 77 K. 
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Fig. 1. Experimental line width for (CH3)3CBr (O), 
(CH3)3CC1 (•) , and (CH3)CN02 (A) versus 
temperature. 

r / K 
Fig. 2. Second moments for (CH3)3CBr (O), 

(CH3)3CC1 ( • ) , and (CH3)3CN02 (A) versus 
temperature. 
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Fig. 3. Temperature dependence of ! H N M R absorption line deriva­
tives for (GH3)3CBr, (CH3)3CC1, and (CH3)3CN02. These are right 
side portions of the derivative line shapes. 
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Discussion 

The derivative line shapes shown in Fig. 3 have two 
peaks at the lowest temperature studied; the inner 
peak is mainly affected by the intramethyl group 
dipolar interaction and the outer peak is hardly 
affected by others which are intermethyl, intermolecu-
lar, etc. So it is reasonable to hold that the outer peak 
of the derivative line shape is more affected by the t-
butyl reorientation rather than the methyl reorienta­
tion. The outer peaks of (CH3)3CC1 and (CH3)3-
CNO2 disappeared at the first motional narrowing. 
On the other hand the outer peak of (CH3)3CBr did 
not disappear at the first motional narrowing but 
disappeared at the second narrowing with increasing 
temperature as shown in Figs. 1, 2, and 3. The rates 
of molecular motions excited are distinctly reflected 
on the difference among these line shapes. In order 
to explain these differences quantitatively, turn to the 
discussion of M2 of XH NMR absorption line. At this 
stage it is necessary to review the expression of 
^ N M R relaxation on ( C F ^ C X type molecules. 
The relaxation rate produced by modulation of the 
dipolar interaction within the molecule undergoing 
methyl and £-butyl reorientations is given as follows: 

T i - i = i : 
y4fi2 

/=2 120rlt* 
•{8ß(Tm) + 8ß(TM)+19ß(Tc)} 

, 9 9 y4?*2 

(1) 

where m is the interproton distance in a methyl 
group, hj is the distance between the proton 1 and the 
proton j of other methyl groups in the same molecule, 
y is the proton gyromagnetic ratio, zm and TM are the 
correlation times for the methyl and the £-butyl re­
orientations, respectively, and TC is defined by 

1/TC= 1/Tm+ 1/TM. (2) 

The spectral density function B(z) is assumed to have 
the form 

B(z) = T/( 1 + O>2T2) + 4T/( 1 + 4O>2T2) (3) 

where co is the resonant angular frequency. Here it is 
assumed that methyl and £-butyl motions are mutually 
independent and all correlations between these 
motions are ignored. 

Consider M2 of the proton absorption line reduced 
by these motions in three cases: the first where the 
methyl reorientation is fast while the £-butyl reorienta­
tion is slow {i.e. rm<TM in Eq. 1 found in (CH3)3CBr}; 
the second where the £-butyl reorientation is faster 
than the methyl reorientation {i.e. rm>TM in Eq. 1 
detected in (CH3)3CC1}; the third where these two 
motions are in almost same time scale {i.e. W^TM in 
Eq. 1 observed in (CH3)3CN02}. 

In the first case {in case (CFb^CBr}, M2 reduction by 
the methyl motion, AM2, would produce Ti {with 

TM—>oc in Eq. 1} given by 

3 9y4fi2 2 
T^ = ^-^^-B(Tm) = TAM2B(Tm). (4) 

Using ri,-=0.180 nm, AM2 is calculated to be 0.158 
mT2. The other M2 reduction by the £-butyl motion, 
AM2', would produce the relaxation rate given by 

T1-1 
3 

2-
i=2 

y*H2 

15n,6 +: ; -4 

9y4ft2 

40/i,6 B(zM) 

= - ^ - A M 2
,
J B ( T M ) . (5) 

Also using Ziy=0.310 nm in Eq. 5 the value of AM2' is 
calculated to be 0.065 mT2. The experimental M2 
value for the rigid lattice is 0.269 mT2 and the appar­
ent M2 reduced by methyl motion is 0.110 mT2. The 
reduced second moment by the first motion is 0.159 
mT2. This agrees with the calculated value (0.158 
mT2). The experimental M2 for the £-butyl motion is 
0.019 mT2. So the dipolar interaction modulated by 
the *-butyl motion is 0.091 (0.110—0.019) mT2. The 
value of 0.091 mT2 is larger than the calculated value 
of 0.065 mT2. The calculated value contains only 
intramolecular contribution. The difference of 0.026 
mT2 would be assigned to the intermolecular contri­
bution and experimental errors. The result of calcu­
lation is in reasonable agreement with the experimen­
tal result. 

In the second case {in case (CH3)3CC1} AM2 by the t-
butyl motion is evaluated from Eq. 1 (with rm—•<») to 
be 0.176 mT2. The following motion (methyl 
motion) reduces M2 to 0.047 mT2. The experimental 
M2 for the rigid lattice of (CH3)3CC1 is 0.274 mT2 and 
M2 is reduced by £-butyl motion and becomes 0.075 
mT2. M2 after the second motion (methyl motion) is 
0.021 mT2. So the first motion modulates the dipolar 
interaction giving AM2=0.199 (0.274—0.075) mT2 and 
the second motion reduces M2 by 0.054 (0.075—0.021) 
mT2. Comparing with the result of (CFb^CBr, the 
experimental value of 0.199 mT2 is somewhat larger 
than the calculated value of 0.176 mT2 containing 
only intramolecular interaction. However these 
results support the expectation that the first motion 
excited with increasing temperature is the £-butyl 
group reorientation. 

In the third case {in case (CH3)3CN02} the experi­
mental second moment value for the rigid lattice is 
0.259 mT2 and the apparent second moment after 
exciting of both of these motions is 0.020 mT2. So 
the experimental M2 reduced by these motions is 0.239 
mT2. The calculated M2 due to both of these motions 
is expected from Eq. 1 (with rm=TM) to be 0.223 mT2. 
These are in better agreement than those of the two 
cases mentioned above. 

It is interesting to know the consistency between the 
second moment data and the previous XH NMR relax­
ation data,14"16) i.e. it is to estimate the temperatures of 
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Table 1. Estimated Temperatures from T\ Data and Experimental Temperatures Derived from Mi 
for the Onset of Motional Narrowing for Methyl and £-Butyl Reorientations 

Methyl 
reorientation 

*-Butyl 
reorientation 

Estimated 
temperature /K 
from T\ 

Experimental 
temperature /K 
from M.2 

Estimated 
temperature /K 
from T\ 

Experimental 
temperature /K 
from M.2 

(CH3)3CBr 

85 

78 -85 

126 

114—120 

(CH3)3CC1 

121 

112—118 

91 

85—90 

(CH3)3CN02 

94—102 (Estimated) 
88—92 (Experimental) 

the mot iona l na r rowing us ing the XH N M R relaxation 
data. T h e estimated temperatures are listed in Tab le 
1 together with the present experimental results. 
They are in good agreement. Th i s agreement sup­
ports that the results of 1 H N M R second m o m e n t 
study are consistent wi th the results of previous 
*H N M R relaxat ion studies. 14~16). T h e conclusion of 
previous studies of the au thor and coworkers is con­
firmed as ment ioned above. 

T h e au thor is grateful to Miss Rie Sato and Mr. 
Kazuaki Kazama for their assistance. 
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Highly Selective Cis-Trans Photoisomerization of 1-Pyrenylethylenes: 
Relations between the Modes of Isomerization 

and Potential Energy Surfaces 
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Among 1-pyrenylethylenes with an alkyl (t-buty\) or an aryl (phenyl) group on the ß ethylenic carbon, 1-
(3,3-dimethyl-l-butenyl)pyrene (BP) undergoes cis-to-trans one-way isomerization on benzil sensitization, 
whereas 1-styrylpyrene (SP) undergoes mutual isomerization between the eis and trans isomers to afford an 
extremely high photostationary state composition (98%) of the trans isomer. Transient spectroscopy and 
measurements of the isomerization quantum yields revealed that the trans triplet state is the most stable and 
populated conformation on the triplet energy surface for both BP and SP; however, a higher degree of 
stabilization of the trans conformation for BP than for SP compared to the perpendicularly twisted conforma­
tion makes BP and SP one-way and two-way isomerizing, respectively. 

Since our f inding of the photochemical cis-to-trans 
one-way isomerization of 2-anthrylethylenes,1 '2) we 
have revealed that the isomerization mode, one-way or 
two-way, of aromatic olefins in the triplet state is 
governed by properties of substituents on their ethyl­
enic bonds.3"6) T h u s , olefins (ArCH=CHR) having 
an aromat ic g roup (Ar) wi th a low triplet energy ( £ T ) 
like anthracene (42.0 kcal mol -1)7* undergo the one­
way isomerization regardless of the substi tuents (R) on 
the other ethylenic carbon.1"3) T h i s is contrast ing to 
stilbenes8 '9) and naphthylethylenes6 '1 0) which undergo 
the wel l -known cis-trans two-way isomerization. We 
recently reported that the mode of isomerization is 
influenced not only by the aromatic g roup Ar but also 
by the other substi tuent R in ArCH=CHR.4> For 8-
fluoranthenylethylenes (ET of f luoranthene: 54.2 
kcal mol"1)7) a £-butyl g r o u p in R leads to the one-way 
isomerization, while a phenyl g roup brings about the 
two-way isomerization. In this case the substi tuent R 
influences the mode of isomerization. We proposed 
that 8-fluoranthenylethylenes exhibit boundary behavior 
of the one-way and two-way isomerizations.4) 

T h e triplet energy of the Ar g roup and the nature of 
the R g r o u p (aryl or alkyl) affect the relative location 
of the trans and twisted triplets on the energy surface. 
In ArCH=CHR, in t roduct ion of an Ar g roup wi th a 
low triplet energy and that of an aryl g roup as R 
stabilize the trans triplet and the twisted triplet, 
respectively, as a decay funnel of the triplet state. 
T h e triplet states of anthrylethylenes and stilbenes 
decay at the trans and twisted triplet, respectively, 
whereas that of 8-styrylfluoranthene (SF) decays at 
bo th geometries showing the two-way isomerization 
wi th an extremely h igh rat io of the trans isomer at the 
photos ta t ionary state. 

In a pre l iminary work we reported that 1-styryl­
pyrene11) (SP, ET of pyrene: 48.2 kcal mol"1)7) also 
exhibits isomerization behavior similar to SF. T h u s , 
SP seemingly undergoes the two-way isomerization;12) 
however, the deactivation of the triplet state occurs not 

only from the twisted conformation bu t also from the 
trans one, therefore giving a very h igh ratio of the 
trans isomer at the photosta t ionary state. 

T h i s f inding led us to investigate the effect of intro­
duct ion of an alkyl g roup like a £-butyl g roup instead 
of a phenyl g roup on the ß-carbon of pyrenylethylene. 
We describe the results together wi th the experimental 
details of SP and discuss the relat ion between the 
isomerization behavior and the conformation of the 
par t ic ipa t ing triplet states on the basis of measure­
ments of the isomerization q u a n t u m yields, transient 
spectroscopy study, etc. 

Experimental 

Proton (XH) NMR spectra were recorded on a JEOL JMN-
MH-100 spectrometer. Phosphorescence spectra were mea­
sured at 77 K in EPA on a Hitachi F-4000 spectrofluorimeter 
equipped with phosphorescence accessories. 

Materials. Benzil and azulene were purified by crystalli­
zation and sublimation, respectively. Solvent benzene 
(Luminazol, Dojin) was used as received. 

eis- and trans-l-(3,3-Dimethyl-l-butenyl)pyrene (BP). 1-
Pyrenecarbaldehyde (10 g, 40 mmol) was converted to 1-
pyrenylmethanol with lithiumaluminum hydride (1 g, 26 
mmol) in ether (reflux 2 h) (yield 6.1 g, 65%). 1-Pyrenyl-
methanol (3 g, 1.3 mmol) was reacted with phosphorus 
tribromide (7 g, 26 mmol) in chloroform to give 1-
bromomethylpyrene (2.9 g, 77%); mp 145—146 °C (lit,13) 
145—147 °C). 1-Bromomethylpyrene (2 g, 7 mmol) was 
refluxed with triphenylphosphine (3.5 g, 13 mmol) in ben-
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zene to give the corresponding phosphonium salt (3.1 g, 
80%). 2,2-Dimethylpropanal (0.86 g, 9 mmol) was reacted 
with the Wittig reagent prepared from 1-pyrenylmethyl-
triphenylphosphonium bromide (3 g, 5.4 mmol) and butyl-
lithium in ether and the mixture was stirred for 13 h. The 
usual work-up gave a mixture of eis- and trans-1 -(3,3-
dimethyl-l-butenyl)pyrene (1.1 g, 72%). The eis and trans 
isomers were separated under red light by column chroma­
tography on silica gel eluting with hexane and purified by 
crystallization from hexane. 

cis-BP: mp 82.0 °C; ^ N M R (CDC13, 100 MHz) 0=0.90 (s, 
9H, C(CH3)3), 5.99 (d, 1H, /=12.5 Hz, C=CH), 6.91 (d, 1H, 
/=12.5 Hz, C=CH), 7.8—8.3 (m, 9H, ArH). Calcd for C22H20: 
C, 92.91; H, 7.09%. Found: C, 93.05; H, 7.10%. 

trans-BP: mp 96.8°C; *HNMR (CDCI3, 100 MHz) 0=1.28 
(s, 9H, C(CH8)8), 6.48 (d, 1H, /=16.2 Hz, O C H ) , 7.36 (d, 1H, 
7=16.2 Hz, C=CH), 7.88—8.44 (m, 9H, ArH). Calcd for 
C22H20: C, 92.91; H, 7.09%. Found: C, 92.78; H, 7.04%. 

eis- and trans- 1-Styrylpyrene (SP). A mixture of eis- and 
Jrarcs-l-styrylpyrene12'14) was prepared by the Wittig reaction 
from 1-pyrenecarbaldehyde (2.0 g, 9 mmol) and the ylide 
prepared from benzyltriphenylphosphonium bromide (3.7 
g, 9 mmol) with sodium ethoxide in ethanol according to 
the preparative procedure of 2-styrylnaphthalene15) (yield 1.8 
g, 87%). The eis and trans isomers were similarly separated 
and purified by crystallization from hexane-benzene 
(90:10); trans-SP: mp 156 °C (lit,141» 157 °C). 

Measurements of Photostationary State Isomer Ratios and 
Isomerization Quantum Yields. Irradiation was performed 
with 435-nm light isolated from a 400-W high-pressure 
mercury lamp through a filter solution of CuSCX • 5H2O (4.4 g 
dm -3) and NaNÜ2 (75 g dm -3) in water. The concentra­
tions of each isomer in the reaction mixtures were deter­
mined by a high-performance liquid Chromatograph 
(Waters 600 Multisolvent Delivery System) equipped with 
an LC spectrophotometer (Waters 490 Programmable Multi-
wavelength Detector) using anthracene or 1,3-bis-
(bromomethyl)benzene as an internal standard. Benzil was 
used as a triplet sensitizer. Light intensity was determined 
by potassium tris(oxalato)ferrate(III) actinometry. 

Laser Flash Photolyses. Laser flash photolyses were per­
formed with 308-nm (XeCl, 10-ns fwhm) and 435-nm laser 
pulses (Stilbene 3, 10-ns fwhm) from an excimer laser 
(Lambda Physik EMG-101) and an excimer laser-pumped 
dye laser (Lambda Physik FL-3002), respectively, and with a 
pulsed xenon arc (Wacom KXL-151, 150 W) as a monitoring 
light source. The monitoring light coming from a 
monochromator (JASCO CT-25C) was amplified by a pho-
tomultiplier (Hamamatsu Photonics R928) and stored in a 
storage scope (Iwatsu TS-8123), and the signals were trans­
ferred to a personal computer (NEC PC-9801VX21) and 
accumulated for 3—5 times to be averaged. The system was 
computer-controlled and the decay curves were analyzed by 
this computer system. Sample solutions were deaerated by 
three freeze-pump-thaw cycles or by bubbling argon for 30 
min. 

Near-infrared emission from singlet oxygen was observed 
by a germanium p-n junction detector (Hamamatsu Pho­
tonics B2144) with a silicon window on excitation of a 
sample solution by 308-nm excimer laser. The element was 
reverse-biased (9 V) and placed in series with a load resistor 
(lkH). The response time of this system is less than 3 JUS. 

Table 1. Photostationary State Isomer Compositions, 
([t]/[c])s, of SP in Various Concentrations on Benzil-

Sensitized Irradiation in Benzene 

[SP]/M 

1.5X10-3 

6.4X10-4 

3.8XIO-4 

6.4X10"5 

% trans 

97.7 
95.4 
91.6 
80.2 

([t]/[c])s 

41.9 
20.7 
10.9 
4.1 

Table 2. Photostationary State Isomer Compositions, 
([t]/[c])s, of SP in the Presence of Azulene (Az) 

in Various Concentrations on Benzil-
Sensitized Irradiation in Benzenea) 

[Az]/M %trans ([t]/[c])s 

0 87.3 6.9 
4.2X10-5 89.5 8.5 
8.4X10-5 92.0 11.5 

12.6X10-5 92.3 13.0 

M, M = m o l dm-3)-sensitized irradiat ion of BP (6XIQ-4 

M) resulted in 100% trans isomer on start ing with 
either eis or trans isomer in benzene under degassed 
condit ions. O n benzil (0.2 M)-sensitized irradiat ion 
of SP in benzene, however, the photostat ionary state 
isomer composi t ion [([t]/[c])s] increased wi th increas­
ing SP concentrat ion (6.4X10-5—1.5X10-3 M, Table 1 
and Fig. 1), exhibi t ing a value as h igh as 98/2 at its 
concentrat ion of 1.5X10"3 M on starting wi th either 
isomer. O n extrapolat ion to infinite d i lu t ion the 
trans isomer ratio was obtained as 71%. Addit ion of 
azulene (Az, 4.2— 13X10"5 M, [benzil]=0.1 M, and [SP]= 
3X10"4 M), a quencher of p lanar trans triplets, also 
increased the ([t]/[c])s value linearly with increasing 
Az concentrat ion (Table 2 and Fig. 1). Plots of ([ t] / 
[c])s against [SP] and [Az] give the slopes of 2.6X104 

a) [SP]=3X10"4 M. 
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Fig. 1. Plots of the photostationary state isomer 
ratios, ([t]/[c])s, of SP as a function of the total SP 
concentration, [SP], or the azulene concentration, 
[Az]. 

Results 

Photostationary State Isomer Ratios. Benzil (0.2 



October, 1990] Cis-Trans Photoisomerization of 1-Pyrenylethylenes 2883 

and 5.1X104 M"1 , respectively (Fig. 1). 
Isomerization Q u a n t u m Yields. O n benzil (0.05 M)-

sensitized i rradiat ion of cis-BF in degassed benzene the 
eis—»trans isomerization quan tum yield (<£c_>t) increased 
almost linearly wi th increasing cis-BF concentrat ion 
(5.5X10-4—3.3X10-3 M) a t ta in ing more than 20 at 
[ m - B P ] = 3 . 3 X 1 0 - 3 M (Table 3 and Fig. 2). T h e </>c_>t 

value in benzil (0.1 M)-sensitized isomerization of cis-
SP also increased with increasing [cw-SP] (6.7X10 - 4— 

Table 3. Quantum Yields for c—>t Isomerization 
of cis-BF and cis-SF in Various Concentrations 

on Benzil-Sensitized Irradiation in Benzene 

[cis-BF]/M </>C-K [cis-SF]/M 0c-

5.5X10-4 

1.1X10-3 

1.7X10-3 

2.2X10-3 
3.3X10-3 

5.1 
10.9 
10.9 
16.4 
23.4 

6.7X10-4 
1.3X10-3 
2.7X10-3 

11.2 
22.7 
42.1 
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Fig. 2. Plots of the quantum yields for eis—»trans 
isomerization, </>c->t, of olefins BP and SP as a func­
tion of the cis-isomer concentration, [czs-BP] or [cis-
SF]. 

300 400 500 600 

Wavelength/nm 
700 

Fig. 3. Absorption spectra in benzene at ambient 
temperature (a; : eis, : trans), phosphores­
cence (b; : eis, : trans), and phosphores­
cence excitation spectra (c; : eis, : trans) in 
EPA at 77K of eis- and trans-BF. 

2.7X10"3 M) and attained more than 40 at [a.s-SP]= 
2.7X10-3 M in deaerated benzene (Table 3 and Fig. 2). 

Phosphorescence Spectra. Phosphorescence spec­
tra of eis- and trans-BF were measured in EPA at 77 K 
and are shown in Fig. 3 together wi th their p h o s p h o ­
rescence excitation and absorpt ion spectra. For bo th 
isomers the excitation spectrum is in good agreement 
wi th the corresponding absorpt ion spectrum except 
fine structures in the absorpt ion spectra due to differ­
ence in resolution of the spectrophotometers. T h e 
triplet energies for eis- and trans-BF were estimated to 
be 47 and 44 kcal m o l - 1 , respectively, from the 0-0 
bands, 608 and 647 nm. 

Tr ip l e t -Tr ip l e t Absorption Spectra. T h e T - T 
absorpt ion spectra of the olefins were measured at 
ambient temperature in deaerated benzene solut ions 
by i r radiat ing with 308-nm laser pulses. T h e spectra 
of eis- and trans-BF (3X10~4 M) are shown in Fig. 4. 
trans-BF has an absorpt ion band at 400—480 n m (Amax 

445 nm). T h e transient moni tored at 445 n m decayed 
wi th first-order kinetics to afford a lifetime of 54 us, 
and it was quenched effectively by oxygen wi th a rate 
constant of 2.9X109 M ^ s " 1 . cis-BF (3X10~4 M) also 
showed a T - T absorpt ion spectrum very similar to 
that of trans-BF even immediately after laser 
excitation. 
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Fig. 4. Ti—>Tn absorption spectra of BP observed on 
laser excitation of cis-BF (a) and trans-BF (b). 
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Fig. 5. Ti—>Tn absorption spectra of SP observed on 
laser excitation of cis-SP (a) and trans-SP (b). 

T h e T - T absorpt ion spectra of eis- and trans-SP 
(3X10-4 M) exhibit a broad band in the region of 400— 
650 n m (Amax 470, 520 n m , Fig. 5). Its decay followed 
first-order kinetics to afford a lifetime of 27 |^s as 
measured at 470 nm. T h e transients were quenched 
by oxygen and azulene (Az) with the rate constants of 
3.6X109 and 7.3X109 M ^ s " 1 , respectively. Erythro-
sine triplets (£T : 41.7 kcal mol"1) were quenched by 
trans-SP at a nearly diffusion-controlled rate (kq= 
8.6X109 M - 1 s-1) as determined by the bu i ld -up of T - T 
absorpt ion of the olefin at 480 n m on 510-nm laser 
excitation in benzene-ethanol (1:1) . 

T h e lifetime of SP triplets decreased with increasing 
temperature (5—56 °C) under degassed condit ions as 
depicted in Fig. 6. However, the triplet lifetime of 
BP was not essentially affected by temperature (Fig. 6). 

Laser flash photolyses were performed for benzene 
solut ions of trans-SP (2—10X10"4 M) con ta in ing azu­
lene (1— 20X10-5 M). As shown in Fig. 7, the SP triplets 
are, after immediate formation, quenched by azulene 
wi th a fast exponent ia l decay to establish an energy 
transfer equilibrium1 6 '1 7) between SP and azulene tr ip­
lets; this equ i l ib r ium is subsequently bled wi th a slow 
exponent ia l decay. 

For a true equ i l ib r ium the free-energy change, A G T , 
may be assumed to equal the difference in energy 
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Fig. 7. Semilogarithmic plot for transient absorp­
tion monitored at 440 nm after laser excitation of a 
benzene solution containing SP (6.0X10-4 M) and 
Az (l.OXlO-3 M). 

Table 4. Energy Transfer Equilibrium 
SP and Az Tripletsa) 

[SP]/M 

2.0X10-4 

4.0X10-4 
6.0X10-4 

1.0X10-3 

[3Az*]/[3SP*] 

12.83 
18.43 
8.52 
7.23 

between 

K 

5.13 
3.68 
5.11 
7.22 

a)[Az]=1.0X10-3M. 

between the two triplets, AEj, 

3SP* + Az;±SP + 3Az* (1) 

A£T = £T(SP)-£T(Az) = JRTlnA:, (2) 

where, 

A : = [ S P ] [ 3 A Z * ] / [ 3 S P * ] [ A Z ] . 

O n the assumpt ion that a negligible number of 
triplets are lost th rough na tura l decay before the 
equ i l ib r ium is established (i.e., 3SP* lost equals 3Az* 
generated), a ratio of [3Az*]/[3SP*] can be determined 
from absorbances immediately after laser excitation 
and at the time when the equi l ib r ium is estab-
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lished.16'17) Analysis of the results (Table 4) affords 
the equilibrium constant, K, of 5.5±1.5, which gives 
A£T as ca. 1 kcal mol -1 . This observation gives the 
triplet energy, Ej, of 3t* as 41 kcal mol"1 since ET of 
azulene is reported to be 39.8 kcal mol"1.7^ 

Absorption Spectrum of 1-Pyrenylmethyl Radicals. 
Laser flash photolysis (308 nm) of 1-bromomethyl-
pyrene in CCU gave a transient absorption in the 
wavelength region shorter than 500 nm (Amax 420 nm) 
as shown in Fig. 8a. The absorption consisted of two 
decay components [short-lifetime (3 us) and long-
lifetime (more than 50 us)] in the entire absorption 
range (Fig. 8b). The lifetime of the fast component 
decreased with increasing oxygen concentration (kq= 
2.4X109M~1s-1), and in contrast the slow component 
lifetime did not change significantly with increasing 
oxygen concentration. Based on these observations 
the fast component was assigned to 1-bromomethyl-
pyrene triplets and the slow component to 1-pyrenyl-
methyl radicals. 

Quantum Yields for Intersystem Crossing. Ben­
zene solutions of anthracene (An) and trans-BP opti­
cally matched at 308 nm (^4=0.56) were irradiated with 
308-nm laser pulses and the initial T - T absorption 
intensities (AODAn and AOD*BP) monitored at 427.5 

0.2 ~T 1 1 1 1 1 1 1 r~ —1 1 r-

0 L—«• 
400 500 600 

Wavelength/nm 
700 

and 440 nm, respectively, were estimated by extrapo­
lating the decay curves to time zero (AODAn—1.65X10~2 

and A O D , - B P = 4 . 5 8 X 1 0 - 3 ) . Then, the ratio of the 
absorption intensities was measured for anthracene 
and trans-BP in the presence of benzil (0.05 M) by 
irradiating the sensitizer in the same concentration 
with laser pulses of the same intensity with changing 
the concentration of trans-BP (5.2X10~4—5.2X10~3 M) 
and anthracene (1.2—6.0X10"3 M). In these concen­
tration ranges the AOD values were almost constant 
(AODsens,An=0.177 and AODSens,<-BP=0.162). 

The ratio of the intensities, AODAR/AODZ-BP, is 
described by a product of the ratios of the intersystem 
crossing quantum yields (</>iSC) and the molar extinc­
tion coefficients (e) of T - T absorption. 

A O D A n / A O D , - B P = (</>isc,An/</>isc,<-Bp) («An/fiMip). (3) 

The relative T - T absorption intensity obtained 
from the plateau values gave the ratio of the extinction 
coefficients of T - T absorption for anthracene and 
trans-BP. 

AODsens, An/AODsens, /-BP — £An/£<-BP- (4) 

By substituting the above values into Eqs 3 and 4, 
and by using </>isc, An—0.75,7) </>isc, t-E? was obtained as 0.23. 

Quantum Yields of Singlet Oxygen Production. 
The yield for singlet oxygen resulting from the 
quenching of trans triplets of BP by oxygen was 
determined by the following procedure. Optically 
matched solutions (^4=0.73) of trans-BP and benzo-
phenone were irradiated with 308-nm laser pulses 
under aerated condition ([N2]/[02]—49) and the decay 
of singlet oxygen emission at 1.27 urn was followed by 
a germanium photodiode to determine its initial 
intensities (Fig. 9). The emission lifetime thus mea­
sured was ca. 30 us, which is in good agreement with 
the reported singlet oxygen lifetime in benzene.18* 
The oxygen concentration of the sample solutions was 
as low as 2X10"4 M in order to avoid the contribution 
of quenching by oxygen of the substrate in the excited 

0 5 10 15 

Time //zs 

Fig. 8. Absorption spectrum of 1-pyrenylmethyl 
radicals in carbon tetrachloride (a) and its decay 
profile monitored at 430 nm (b). 

100 

Time //is 
200 

Fig. 9. Decay profile of 02(1Ag) emission after laser 
excitation of an aerated benzene solution contain­
ing trans-BP (2.2X10"5 M). 



2886 Hiroaki OKAMOTO, Tatsuo ARM, Hirochika SAKURAGI, and Katsumi TOKUMARU [Vol. 63, No. 10 

singlet state. T h u s , the q u a n t u m yields of singlet 
oxygen on quench ing of triplet BP by oxygen was 
obtained to be 0.91 us ing the reference yield of singlet 
oxygen from the quench ing of triplet benzophenone 
(0.29)18) and the intersystem crossing q u a n t u m yield of 
trans-BP obtained above (0.23). Similar measure­
ments were made for SP. T h e fluorescence q u a n t u m 
yield of trans-SP was measured to be higher than 0.9, 
and therefore, the q u a n t u m yield for intersystem cross­
ing is lower than 0.1. Use of this value leads to a 
value of more than 0.9 as the q u a n t u m yields for 
singlet oxygen formation from SP triplets. 

Discussion 

Isomerization Mechanism. BP undergoes the 
eis—»trans one-way isomerization on triplet sensitiza­
tion as observed for 2-anthrylethylenes1 _ 3 ) and 8-(3,3-
dimethyl-l-butenyl)fluoranthene.4 a ) O n the other 
hand , SP gave a photostat ionary mixture of the eis 
and trans isomers, clearly indicat ing that SP under­
goes the mutua l isomerization between the eis and 
trans isomers in the excited triplet state. However, 
the photosta t ionary state isomer ratio, ([t]/[c])s, was 
affected by the total concentrat ion of SP (Fig. 1). 
Fur thermore , the azulene concentrat ion dependence of 
([t]/[c])s (Fig. 1) indicates that the trans (3t*) and 
perpendicular ly twisted triplets (3p*) are in an equi­
l ibr ium as observed for stilbene8) and 2-naphthyl-
ethylenes.6 '10) T h a t the ([t]/[c])s value extrapolated to 
infinite d i lu t ion (71/29) is shifted far from 50/50 
means that the deactivation of the triplet state takes 
place not only from 3 p * but also from 3t*. A l though 
SP and BP are different in the mode of isomerization 
from each other, both undergo the eis—»trans isomeri­
zation th rough a q u a n t u m chain process as evidenced 
by the concentrat ion dependence of the isomerization 
q u a n t u m yield, </>c—t (Fig. 2). 

y3s*] 

c 

À 
M s 1 

Pl 3 CP 3 

y3s*] W 3 s J 

O n the basis of these results we propose isomeriza­
tion mechanisms for SP and BP in the triplet state as 
shown in Scheme 1 and 2, respectively, where 3 S* is 
the sensitizer triplet and k's are the rate constants for 
the corresponding processes. In Scheme 1 the equilib­
r i um between 3t* and 3 p * and the deactivation from 
3 p * are characteristic of the two-way isomerizing ole­
fins, while the decay from 3t* and its energy transfer to 
the eis isomer (°c) regenerating the eis triplet (3c*) are 
characteristic of the one-way isomerizing olefins. 
Scheme 2 shows the latter behavior. 

According to Scheme 1, ([t]/[c])s and </>c->t are expressed 
by Eqs. 5 and 6, respectively. Here, [SP]= [t]s+[c]s is 
the total concentrat ion of SP, and </>T is the q u a n t u m 
yield for cis-SP triplet formation, and we assume that 

Äqc ftqt-

([t]/[c])s 
_ afepd(fetp+fetd)+^ptfetd+(afepd+fept)(fetc[c]s+feaz[Az]) 

( 1 — a)kipkpd~(aÄPd+Äpt)Ätc[c]s 

_ afepd(fetp+fetd)+^ptfetd+(qfepd+fept)(fetc[SP]+feaz[Az]) 
(1—a)ktpkpd 

(5) 

akPd(ktp+ktd)+kptktd+(akPd+kpt)ktc[cis-SP] ,fiv 
l~*1 ktdkpt-\-kpd(ktd~\~ktp-\-ktc[cis-SP]) 

When we assume that kip^>ktd, kic[cis-SP] and 
Äpt^Äpd, i.e., the equi l ib r ium between 3t* and 3 p * is 
established (Ktp=ktP/kpt), Eqs. 5 and 6 can be reduced 
to Eqs. 7 and 8, respectively. 

([t]/[c])s = 
a£tp&pd+fetP+fetc[SP]+feaz[Az] 

(l—a)Ktpkpd 

</><_>t — < / > T X 
Atp«pdi~«td 

For BP (Scheme 2), </>c->t is expressed by Eq. 9.1_5) 

ktc[cis-SP] 
^ = W 1 + 

&td 

(7) 

(8) 

(9) 

Scheme 2. 

Stable Conformations in the Triplet State. T h e 
transient absorpt ion spectra observed for SP (Fig. 5) 
and BP (Fig. 4) are reasonably assigned to the T - T 
absorpt ion of their trans isomers on the basis of the 
following facts; first, the triplet lifetimes (TT) of SP (27 
|^s) and BP (54 |^s) are very m u c h longer than that 
reported for stilbene triplets (3p*, 63 ns)9> and slightly 
shorter than those for the triplets of 2-anthrylethylenes 
(3t*, 90—280 |as).lb> 

Second, all the spectra are quenched by oxygen with 
rate constants of ca. 3X109 M - 1 s - 1 , a reasonable value 
for energy transfer; this is in excellent agreement with 
1/9 of the diffusion rate constant of oxygen in organic 
solvents predicted by the spin statistical factor.9>18b) 

T h e twisted triplet, 3p*, migh t be quenched by oxygen 
wi th a higher rate constant of ca. 9X109 M" 1 s_ 1 due to 
the spin exchange interaction.9) 

Thi rd , the absorpt ion m a x i m u m of the pyrenyl-
methyl radical, which is the ma in componen t of the 
twisted triplet, was observed in the wavelength region 
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shorter than 430 nm. However, the spectra observed 
for SP and BP appeared in the longer wavelength 
regions. Finally, the nearly un i t efficiency of the 
singlet oxygen formation on quench ing of the triplet 
state of SP and BP by oxygen indicates that the stable 
conformations of the triplet SP and BP have an 
enough energy to excite oxygen (22.5 kcal mol"1) . 
T h i s clearly means that the stable conformation is 
located at the p lanar trans side. 

Equilibrium Constant Kip in SP. According to 
Scheme 1, the lifetime, TT, of the SP triplets is 
expressed by Eq. 10 since the triplet lifetime reflects 
the relative popula t ions of 3t* and 3p*. 

TT 
1+Ktp (10) 

T h e rate constants for deactivation of the twisted and 
transoid triplets, kPd and &td, can be assumed to be 
similar to those for stilbene (2X107s-1)9^ and 2-
styrylanthracene (2X104s_ 1), l b ) respectively. Substi­
tu t ion of these values into Eq. 10 gives a Kip value of 
ca. 10"3 as an order of magni tude estimation. 

Similar values of Ktp are obtained by analysis of the 
concentrat ion dependence of ([t]/[c])s (Fig. 1) and <t>c-n 
(Fig. 2). Since kaz is determined to be 1.4X109 M- 1 s-1 

by laser flash photolysis of trans-SP wi th benzil, Eq. 7 
leads to ( l -a)£ t p&pd=3X10 4s- 1 , and thus & tc=7.1X108 

M - 1 s-1. When we assume that a = l / 2 and &pd=2X107 

s-1, then £ tp=2.7X10- 3 is obtained. 
Dependence of </>C-H on [as-SP] (Fig. 2 and Eq. 8) 

affords a value of 1.5X104 M - 1 for ktc/(Ktpkpd+ktd). By 
us ing the above ktc value and assuming that kPd= 
2X107 s-1 and &td=2X104 s-1, one obtains 1X10~3 for Ktp. 

Potential Energy Surfaces of SP. T h e triplet 
energy of 3t* was estimated as 41 kcal mol" 1 from the 
energy transfer equ i l ib r ium between SP and azulene 
triplets. T h i s value is m u c h lower than the triplet 
energy of pyrene, and migh t reflect a destabilization of 
the g round state with the same geometry as 3t* due to 
its steric crowding. T h e temperature effect on the 

107(77K) 

Fig. 10. Temperature dependence of R In R v a l u e s 
calculated from the data in Fig. 6. 

triplet lifetime provides the energy difference (enthalpy 
change, AH t p) between 3t* and 3 p*. From Eq. 10 Kip 

is given by Eq. 10', and thus the free-energy change 
between 3t* and 3 p * by Eq. 11. 

Ktp = (TT-1 - Atd)/(Apd - TT"1), (10') 

AGtp = AHtp ~ TAStp = - R T In Kt?. (11) 

By subst i tu t ing TT'S determined at varying tempera­
tures and the same &td and kPd values as above in to Eq. 
10', Ktp s are calculated to be (0.8—2.4)X10~3. Plot of 
R\nKtp against l/T (Fig. 10) affords AH t p of ca. 5 
kcal m o l - 1 and AStp of ca. 2 cal K - 1 mo l - 1 . 

T h e energy difference between 3t* and 3c* can be 
estimated to be ca. 2 kcal m o l - 1 from kic according to 
the Sandros equat ion (Eq. 12),19> where - A £ t c = £ T ( 3 t * ) 
—£T( 3 C*) and A is assumed to be 1010 M ^ s - 1 as the 

diffusion rate constant in benzene. 

ktc = A exp(-AEtc/RT). (12) 
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Fig. 11. Triplet energy surfaces of SP (a) and BP (b). 
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On the basis of these values the triplet energy sur­
face of SP is depicted in Fig. 11a. The energy differ­
ence between eis and trans isomers in the ground state 
is assumed to be the same as that for stilbene, 5 
kcal mol"1.20) On this energy surface the SP triplets 
populate mainly in 3t* and slightly in 3p*, and thus, 
the triplets decay from either geometry. 3t* either 
deactivates slowly to °t or transfers its energy to °c to 
regenerate 3c* accomplishing a quantum chain pro­
cess, and 3p* deactivates rapidly, because of proximity 
in energy to the ground state, to give °c and °t. In 
other words, SP has both properties of one-way iso­
merizing olefins such as 2-anthrylethylenes and a fluo-
ranthenylethylene and of two-way isomerizing olefins 
such as stilbene, and, to our knowledge, this is the first 
example of aromatic olefins with two decay funnels. 

Potential Energy Surface of BP. The isomeriza­
tion behavior supports intermediacy of the trans trip­
let as a stable intermediate of BP photoisomerization. 
Thus, </>c-n increased with increasing eis isomer con­
centration to attain 20 even at rather low concentra­
tions such as 3X10"3 M (Fig. 2). This fact clearly 
shows that the one-way isomerization proceeds adia-
batically through a quantum chain process as 
reported for 2-anthrylethylenes; the initially resulting 
3c* undergoes twisting of the double bond to reach 3t*, 
which either undergoes unimolecular deactivation to 
the trans isomer (°t) or energy transfer to the eis isomer 
in the ground state to give °t and to regenerate 3c* 
resulting in the quantum chain process. 

According to Eq. 9 the slope of 6.4X103 M"1 in Fig. 2 
is equal to ktJktà. Use of TT— l/&td—54 us affords ktc, 
the rate constant of energy transfer from the trans 
triplet to ground-state eis as 1.2X108 M - 1 s-1. Substi­
tution of this value into the Sandros equation (Eq. 12) 
gives the energy difference between eis- and trans-BF 
of 2.5 kcal mol"1. This value is in good agreement 
with that determined by phosphorescence measure­
ments (3 kcal mol -1). 

When an equilibrium is established between 3t* and 
3p*, the temperature affects the triplet lifetime as 

observed for 1-styrylpyrene and 8-styrylfluoranthene.4b) 
However, the temperature exhibited no effects on the 
triplet lifetime (TT) of BP. Since the lifetime measure­
ments usually have some experimental uncertainty, 
the lower limit of Ktp must be 10~4. As mentioned 
above, the lifetime of the SP triplet is remarkably 
reduced by an increase of temperature, and AHtp is 
obtained as 5 kcal mol"1 (Äv^lO -3 at room 
temperature). 

If the AStp value for BP is assumed to be the same as 
that for SP, AHtp is estimated as 6—7 kcal mol"1. 
Therefore, 3t* of BP is more than 6—7 kcal mol"1 

stabilized in energy than that of 3p*. This value is 
slightly higher than the stabilization of 3t* compared 
to 3p* in SP. The energy difference between eis and 
trans isomers in the ground state is again assumed to 
be the same as that for stilbene, 5 kcal mol"1.20) 
Therefore, the triplet energy surface of BP is drawn as 
in Fig. l ib . 

Comparison of BP and SP Isomerization. The data 
are summarized in Table 5. The isomerization mode 
is totally different between SP and BP since BP under­
goes the one-way isomerization but SP does the two-
way isomerization. Moreover, the triplet lifetime of 
SP depends on the temperature whereas that of BP 
does not. However, the cis-to-trans isomerization 
quantum yields increase with increasing eis isomer 
concentration in both olefins. Their triplets have 
similar lifetimes and are quenched by oxygen with 
similar rate constants. The behavior of the present 
olefins arises from the properties of their trans triplet 
being the most stable conformation. In the triplet 
potential energy surfaces in Fig. 11, the eis and twisted 
geometries are similar in energy and the trans geom­
etry is the most stable in both cases. 

BP undergoes the eis—»trans one-way isomerization 
with a remarkable quantum chain process along a 
triplet potential energy surface similar to those of the 
typical one-way isomerizing olefins such as anthryl-
ethylenes. As mentioned above, the enthalpy differ­
ence between the trans triplet (3t*) and the twisted 

Table 5. Comparison of Aromatic Olefins in the Mode of Isomerization 
and Features of the Triplet State 

Stilbenea) SP BP 2-Styrylanthraceneb) 

Mode 
Decay funnel 
%Trans at pssc) 

TT 

<t*c->t 
Ktp 

£T(3t*)/kcalmol-1 

Aq(02)/M-1S-1 

Äaz/M-ls"1 

Ätc/M-is"1 

A£tc/kcal mol - 1 

Two-way 
3 p * 

42 
63 ns 
0.42 
5—25 

49 
8X109 

1.5X109 

Two-way 
3p*,3t* 

98d) 

27 us 
22e5 

lu" 3 

41 
3.6X109 

7X108 

2 

One-way 
3t* 

100 
54 us 
23f) 

<10-5 
44 
2.9X109 

7.3X109 

1.2X108 

2.5 

One-way 
3t* 

100 
190 us 
19g) 

0 
42.5 

3.5—4.5X109 

1.6X109 

5.8X107 

3 

a) Ref. 8. b) Refs. 1, 3, and 5. c) At the photostationary state, d) At 1.5X10-3 M. e) At 
1.3X10"3 M. f) At 3.3X10-3 M. g) At 1.6X10"3 M. 
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triplet (3p*) is greater than 6—7 kcal mol - 1 and seems 
to be too large to suffer temperature effects on the 
equilibrium between them. 

As shown in the potential energy surfaces the trans 
geometry is the most stable conformation for both of 
BP and SP in the triplet state as well as in the ground 
state. However, the mode of the isomerization is 
different between them. In the triplet manifold, ß-
alkylstyrenes exist exclusively as a twisted conforma­
tion, whereas, when an aryl group is substituted in the 
ß-position of styrene instead of an alkyl group, stil-
bene and styrylnaphthalene take both of the trans and 
twisted conformations because of stabilization of the 
former geometry by the aryl substitution. 

Introduction of an aromatic nucleus with a lower 
triplet energy such as fluoranthene (Er 54.2 kcal 
mol-1)7) leads to a more stable trans triplet than the 
twisted one as in 8-styrylfluoranthene ([3t*]/[3p*]=10); 
however, its unimolecular deactivation proceeds 
exclusively through the twisted triplet because the 
trans triplet is three orders of magnitude lower in the 
deactivation rate than the twisted triplet (ÄPd=2X107s-1 

and&tcrfXK^s-1). 
As a result of further lowering in the triplet energy 

of the aromatic substituent, SP shows an equilibrium 
much shifted to the trans triplet with a Ktp value of ca. 
10"3, which is just the reciprocal of the ratio of the 
deactivation rate constants of the two geometries; 
thus, both deactivation processes appear to be equally 
contributing. The enthalpy difference between the 
two geometries is 5 kcal mol"1. If the entropy differ­
ence between the trans and twisted triplets is similar 
among the olefins, the enthalpy difference plays the 
main role. Thus, the more stabilized 3t* compared to 
3p* in enthalpy, the more important the deactivation 
from the trans triplet, finally leading to the one-way 
isomerization in which the deactivation occurs solely 
from 3t*. This situation will arise when 3t* is about 
6—7 kcal mol"1 more stabilized than 3p* as in 2-styryl-
anthracene. 

Introduction of a naphthyl, a fluoranthenyl, or a 
pyrenyl group in a ß-alkylstyrene, ß-£-butylstyrene, 
instead of the phenyl group leads to a similar result 
mentioned above; however, the 6—7 kcal mol"1 energy 
difference between 3t* and 3p* is achieved in the fluo­
ranthenyl and pyrenyl (BP) derivatives since the ener­
gies of 3p* in this series is 7—10 kcal mol"1 higher 
than those in the above styryl series. 

When the eis and twisted geometries are similar in 
energy on the triplet energy surfaces as in SP, the 
probability of deactivation at the eis side can be ne­
glected since the deactivation from 3p* will occur at a 
rate 103 times faster than those from 3c* and 3t*. This 
kind of the energy surface arises from the energy 
difference in ground-state isomers. 

If the eis and trans isomers of an olefin have nearly 
the same excitation energies and are nearly the same in 
energy in the ground state, and 3p* is not situated at 

an energy minimum, both 3c* and 3t* result in an 
equilibrium and the deactivation may take place from 
both geometries. In the present olefins, however, the 
higher energies (ca. 5 kcal mol"1) for eis isomers than 
trans isomers and the higher excitation energies of the 
eis isomers compared to the trans isomers result in 5— 
8 kcal mol"1 higher energy of the eis triplet than the 
trans triplet. Thus, the equilibrium constant 
between the eis and trans triplets must be less than 10"3 

leading to undetectable deactivation at the eis 
triplet. 

Conclusion 

1-Pyrenylethylenes exhibited border behavior dis­
tinguishing the one-way and two-way isomerization. 
The BP triplet behaves in a very similar way to other 
typical one-way isomerizing olefins, while the SP 
triplet behaves in a highly different way from the 
typical two-way isomerizing olefins. Although the 
isomerization can be simply described as one-way or 
two-way based on the apparent direction of the iso­
merization, the behavior of participating triplet states 
must be classified by delicate features of the triplet 
energy surface which is very much dependent on the 
properties of substituents. Especially, for the two-
way isomerization, there are many possible potential 
energy surfaces which can make a bridge from the 
typical two-way to one-way isomerization. Thus, SP 
exhibits the two-way isomerization; however, the most 
stable and populated triplet state is the trans triplet, 
and the deactivation occurs not only from 3t* but also 
from 3p* since their energy difference is smaller than 
that for BP. 
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Normal Vibrations of 5-Chloro-, 5-Bromo-, 5-Methyl-, and 2-Methylpyrimidines 
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Assignment of the normal vibrations of 5-chloro-, 5-bromo-, 5-methyl-, and 2-methylpyrimidines was made 
through the vibrational analyses of the polarized Raman and infrared spectra and also through the normal 
coordinate calculation. The normal vibrations of 5-halo- and 5-methylpyrimidines were compared with those 
of 2-halo- and 2-methylpyrimidines, and a substitutional effect on the vibrational frequencies and modes of the 
hydrogen bending and wagging vibrations was studied. 

Very recently the ass ignment of the normal vibra­
tions of aromat ic compounds conta in ing three hydro­
gen a toms such as dihalopyr idines , d imethylpyr i ­
dines, and trihalobenzenes was studied and a 
characteristic subst i tut ional effect on the hydrogen 
bend ing and wagg ing vibrat ions was discussed.1'2) 
T h e hydrogen bend ing and wagging vibrations of 
1,2,3-trihalobenzenes, 2,6-dihalopyridines, and 2,6-
dimethylpyr idine are of the î8a> ^i8b, and i>is modes, 
and the vn&, vm, and vn modes, respectively, while in 
1,3,5-trihalobenzenes, 3,5-dihalopyridines, and 3,5-
dimethylpyr idine the bend ing v\*> and wagg ing v\\ 
modes are altered to the P3 and v$ modes hav ing 
h igher frequencies than those of the *>i5 and vu modes, 
respectively. T h e frequency separations between the 
*>i8a and p\8b vibrations and between the vm and Pnb 
vibrat ions become very narrow in 3,5-dihalo- and 
dimethylpyridines as if the molecular symmetry 
belongs to the pseudo D$h po in t g roup for the hydro­
gen bend ing and wagg ing vibrations. T h e study of 
the no rma l vibrations of 2-halo-, 2-methyl-, 5-halo-, 
and 5-methylpyrimidines is interesting in order to 
ascertain the subst i tut ional effect on the hydrogen 
bend ing and wagging vibrations, because the C - H 
bonds are located on the 4, 5, and 6 posi t ions of the 
pyr imid ine r ing in 2-halo- and 2-methylpyrimidines 
and on the 2, 4, and 6 posi t ions in 5-halo- and 5-
methylpyrimidines . 

T h e phosphorescence and fluorescence spectra of 2-
methylpyr imidine have essentially the same spectral 
s tructure as those of 5-methylpyrimidine, whi le those 
of 2-halopyrimidines show different spectral structure 
from those of 5-halopyrimidines.3 ) For the vibra­
t ional analysis of the emission spectra of these mole­
cules the normal vibrat ions have to be determined. 

T h e no rma l vibrat ions of 2-chloro- and 2-
bromopyr imid ines (2-CP and 2-BP) have been studied 
by several workers,4""8* while a few studies have been 
made on 5-methylpyrimidine (5-MP).9""n) T h e 
ass ignment of the no rma l vibrations of 5-chloro-, 5-
bromo- , and 2-methylpyrimidines (5-CP, 5-BP, and 2-
MP) has no t been publ ished. T h e crystal structure of 

5-MP molecule has been determined12* and thus the 
vibrat ional analysis of the polarized R a m a n and 
infrared spectra of 5-MP in single crystal can be made 
quanti tat ively. 

In this paper , the ass ignment of the normal vibra­
tions of 5-CP, 5-BP, 2-MP, and 5-MP is discussed first 
on the basis of the polarizat ion behavior of the R a m a n 
and infrared bands observed in single crystal and the 
normal coordinate calculat ion, and then the substitu­
t ional effect on the normal vibrations is discussed. 
T h e modes of the normal vibrations of 2-CP and 2-BP 
given previously are also reexamined. 

Experimental 

Material. 5-CP and 2-MP were synthesized from (Z)-2,3-
dichloro-4-oxo-2-butenoic acid and formamide, and acetam-
idine hydrochloride and diethyl malonate, respectively, fol­
lowing the methods reported by Kress and Szymanski,13) and 
Henze et al.14* and Smith and Christensen.15) 5-BP and 5-
MP were obtained from Nakarai Chemical Company and 
Aldrich Chemical Company, respectively. The samples 
were purified by repeated vacuum distillations. 

Optical Measurements. The polarized Raman spectra 
were observed in liquid and single crystal phases with a 
JEOL 400 T Laser Raman Spectrophotometer exciting the 
sample with the 514.5 nm line from an Ar ion laser. Single 
crystals of 5-CP, 2-MP, and 5-MP were grown in a capillary 
glass tube in the same way as described previously16) because 
these samples are very volatile. The direction of crystal 
growth which was along the capillary tube was found to be 
one of the extinction directions under the polarized light. 
The coordinate u axis was taken in this direction. Another 
extinction direction was determined by rotating the capil­
lary tube around the crystal growth direction and this direc­
tion was taken to the v axis. The w axis was taken to be 
perpendicular to both the u and v axes. The single crystal 
sample kept at 20, - 1 5 , and ~5°C for 5-CP, 2-MP, and 5-
MP, respectively, was held in a Raman cell in such a way 
that the u axis pointed in the polarization direction of the 
excitation laser beam. The capillary tube could be rotated 
about the u axis so that the v and w axes were directed to the 
propagation direction of the excitation beam. The Raman 
scattering was observed at right angles to the excitation 
beam. Thus the uu, uv, and uw polarized Raman spectra 
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Table 1. Force Constants for the In-Plane and Out-of-Plane Vibrations 
of Halo- and Methylpyrimidines 

Kc-N 
Kc-c 
Kc-H 
*c-xb) 

HNCN 

HCNC 
HNCC 

Hccc 
HHCN 
HHCC 
Hccx 
HNCC 

Hc...c 
FH-N 

^H-C 

FN-C 

FN-N 

Fc-.-x 
P 
rm c) 

JRa 

Halo-

5.6 
5.4 
4.4 
2.1 (1.9) 
0.6 
0.4 
0.3 
0.2 
0.15 
0.15 
0.07 (0.06) 

0.8 
0.7 
0.5 
0.6 
0.7 
0.9 (0.7) 
0.26 

-0.05 

Methyl-

5.6 h N m" 1 

5.4 
4.4 
3.0 
0.6 
0.4 
0.4 
0.4 
0.15 
0.15 
0.22 
0.22 
0.8 
0.7 
0.55 
0.6 
0.75 
0.5 
0.26 

-0.05nNrad-! 

KC>-H>&) 

Hccw 
HH'CH' 

FN...C 

^H'-H' 

Fc-H' 
QC-N 

ßc-c 
ßc-c 
Px 
Pu 
q° 

cT 
qP 

P° 
Pm 

& 
A 
tl 

Halo-

0.16 
0.26 

0.34 
0.31 

-0.06 
0.04 
0.01 
0.05 

-0.05 
0.02 

-0.04 
0.03 

Methyl-

4.7 h N m" 1 

0.18 
0.44 
0.5 
0.05 
0.25 
0.16aNmrad-2 
0.25 
0.10 
0.30 
0.31 

-0.06 
0.03 
0.01 
0.07 

-0.06 

-0.04 
0.03 

a) C and H ' atoms refer to the C and H atoms in the methyl group, b) X refers to the CI, Br 
or C atom. The first value is for chloropyrimidine and the value in parentheses for 
bromopyrimidine. c) R and a refer to the bonds and angles in the pyrimidine ring. 

Table 2. Normal Vibrations of 5-Halo- and 2-Halopyrimidines 

5-Cl-pyrimidine 5-Br-pyrimidine 2-Cl-pyrimidine 2-Br-pyrimidine 

S v m Raman IR Calcd Raman IR Calcd Obsda) Calcd Obsda) Calcd 
QL^ Mode 

P ~ P o 1 P o 1 ~ ~ p o ! p o ! ~ ~ ~ ~ ~ 
y / c m - 1 — y/cm - 1 i ' / cm" 1 — i^/cm-1 y / cm - 1 y / cm - 1 y /cm - 1 y /cm - 1 

liq cry vap liq cry vap cry 
V2 
V20* 
^8a 

^19a 

ai Ï̂ 18a 

Vi 

V\2 
4>-X strc) 

^6a 

Vlb 
^8b 

^19b 

b2 "3("15)b> 

vu 
^18b 

ï̂ 6b 

Xbend 

^17b 

v5(vn)d) 

bi VA 
^16b 

X wag 

vn* 
a2 

^16a 

3062 
3043 
1553 
1400 
1158 
1089 
1025 
433 
755 

3037 
1553 
1430 
1370 
1340 
1186 
620 
290 

990 
905 
717 
423 
197 

403 

P 
P 
dpb) 

P 
P 
P 
P 
P 
P 
dp 
dp 
dp 

dp 
dp 
dp 
dp 

dp 
dp 
dp 

dp 

dp 

uu 

uu 
uu 
uu 
uu 

UV(I) 

UV(I) 

UV(I) 
UV(I) 

uv(II) 

A 
A 
A 
A 

B 
B 
B 

C 
C 

3063 
3036 
1559 
1402 
1168 
1074 
1032 
413 
751 

3050 
1564 
1434 
1376 
1360 
1183 
619 
304 

987 
902 
731 
434 
207 

965 
406 

3058 
3035 
1546 
1400 
1151 
1085 
1014 
321 
736 

3030 
1553 
1430 

1340 
1187 
620 
246 

902 
719 
420 
187 

401 

P 
P 
P 
P 
P 
P 
P 
P 
P 
dp 
dp 
dp 

dp 
dp 
dp 

dp 
dp 
dp 
dp 

dp 

A 

uu 
uu 
uu 

uu 
uu 
uu B 
uu 

vw C 
vw C 
vw 
vw 

uv 

I 
I 
I 
I 
I 

I 
I 

I 
I 
I 

II 
II 
II 

3063 
3036 
1550 
1397 
1163 
1070 
1029 
316 
722 

3050 
1561 
1433 
1375 
1356 
1178 
615 
251 

986 
902 
731 
430 
192 

963 
405 

3045 
3010 
1561 
1380 
1163 
1078 
990 
437 
754 

3080 
1540 
1425 
1277 
1384 
1154 
626 
332 

960 
815 
767 
477 
178 

405 

3059 
2993 
1560 
1391 
1163 
1091 
1002 
436 
751 

3085 
1551 
1431 
1264 
1355 
1132 
622 
323 

968 
794 
744 
460 
177 

929 
397 

3050 
3013 
1559 
1381 
1157 
1074 
998 
330 
734 

3080 
1539 
1432 
1270 
1367 
1170 
630 
276 

960 
826 
766 
465 
158 

400 

3059 
2993 
1560 
1390 
1153 
1089 
1002 
344 
732 

3085 
1551 
1431 
1264 
1355 
1132 
622 
290 

969 
792 
742 
460 
166 

929 
397 

a) Taken from Ref. 8. b) The 8a band is overlapped with the 8b band, c) X refers to the CI or Br atom, d) 
The first mode is for 5-halopyrimidines and the mode in parentheses for 2-halopyrimidines. 
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could be obtained, where the first letter refers to the polariza­
tion direction of the excitation laser beam and the latter to 
that of the scattering light. A well grown single crystal of 
5-BP was obtained by the Bridgman method and a cubic 
sample of about (5 mm)3 was cut off, where the cleavage 
plane was selected as one of the planes of the cube. The 
crystal growth direction on the cleavage plane was taken to 
the u axis and the direction perpendicular to the u axis on 
the cleavage plane was taken to the v axes. The w axis was 
taken to be perpendicular to both the u and v axs. The 
polarized uu, vv, ww, uv, uw, vw spectra were obtained for 5-
BP in the same way as described previously.17) 

The infrared spectra were observed in vapor and single 
crystal phases with a Hitachi Infrared Spectrophotometer 
Model 345 in the same way as described previously.2'18) The 

infrared spectra measured with the incident light polarized 
parallel and perpendicular to the crystal growth direction in 
the sample plane are referred to as the // and _L spectra and 
are drawn with the solid and dotted lines in the figures, 
respectively. The polarized infrared spectrum of the 5-CP 
could not be observed because this sample is quite volatile. 

Normal Coordinate Calculation 

T h e normal coordinate calculat ion was performed 
th rough the standard G F matr ix method with a 
FACOM M-780/10S computer at the Compute r Center 
of Fukuoka University. T h e geometric parameters of 
the 5-MP molecule were taken from the data deter­
mined by Furberg et al.12) T h e geometric parameters 

Table 3. Normal Vibrations of 2-Methyl- and 5-Methylpyrimidines 

Sym 
Spec 

a i 

b2 

bi 

mode 

V2 

V2Q& 

^8a 

^19a 

^18a 

V\ 

V\2 

0-CH3 str 
^6a 

Vlb 

V%\> 

^ 1 9 b 

Vl^Vzf* 
vu 
^18b 

VQb 

CH3 bend 

V\lb 

v\\(vsf] 

VA 

vieb 
CH3 wag 

2-Methylpyrimidine 

Raman 

T^/cm-1 

liq 

3046 
3077 
1583 
1435 
1280 
1083 
1000 
826 
580 

1567 
1460 
1313c) 

1355 
1180d) 

642 
373 

990 
810d) 

752 
469 
196 

This work 

Pol 

liq 

P 
P 
P 
P 
P 
P 
P 
P 
P 

dp 
dp 

dp 

dp 
dp 

dp 

dp 
dp 
dp 

cry 

uu 
uu 

uu 

uu 
uu 

uv 

uv 
uv 
uv 

IR 

Pol 

vap 

A 
A 

A 

B 
B 
B 

C 
C 
C 

cry 

I 
I 
I 
I 
I 

I 

II 
II 

II 
II 
II 

III 
III 
III 
III 

Calcd 

y / c m - 1 

3031 
3049 
1584 
1438 
1265 
1126 
1029 
821 
553 

3044 
1579 
1460 
1298 
1357 
1163 
631 
339 

1031 
848 
702 
453 
197 

Karthaa) 

T^/cm-1 

3050 
3025 
1582 
1408 
1163 
815 

1046 
1242 
558 

1563 
1424 
1312 
1197 
1124 
635 
330 

965 
884 
728 
426 
216 

y/cm" 

liq 

3053 
3026 
1584 
1410 
1245 
1105 
1049 
820 
558 

3032 
1567 
1450 
1380 
1355 
1200 
635 
332 

995 
888 
728 
425 
217 

5-Methylpyrimidine 

Raman 

This work 

1 Pol 

liq 

P 
P 
P 

P 
P 
P 
P 
P 

dp 
dp 
dp 
dp 
dp 
dp 
dp 
dp 

dp 
dp 
dp 
dp 
dp 

cry 

uw 
uw 
uw 
uw 
uw 
uw 
uw 
uw 

uu 
uu 
uu 
uu 
uu 

IR 

Pol 

vap 

A 
A 
A 

B 

B 
B 

C 
C 
C 

cry 

I 
I 
I 
I 
I 

II 
II 

II 
II 

III 
III 
III 
III 

Calcd 

y / c m - 1 

3063 
3046 
1600 
1410 
1260 
1098 
1068 
840 
549 

3043 
1579 
1457 
1396 
1361 
1188 
626 
354 

1013 
880 
720 
423 
217 

vna 

a2 ^16a 
0-CH3 tor 

930 
400 

dp uu(uv) 
dp uu(uv) 

Characteristic vibrations of CH3 group 

C-H str 
ai C-H str 

CH3 sym def 

C-K str 
b2 CH3 deg def 

CH3 rock 

, CH3 deg def 
Dl CH3 rock 

2930 
1377 

1425 
855 

905 

P 
P 

dp uu 
dp uu 

uv 

974 
415 
239 

2990 
2925 
1405 

2991 
1439 
857 

1439 
892 

878 
400 

2980 
2940 
1392 

2863 

990 
402 

2982 
2930 
1390 

2995 
1425 
860e) 

1429 

dp 
dp 

P 
P 
P 

dp 
dp 

dp 

uw 
uw 

uw 
uw 

uu 

II 

989 
416 
226 

2990 
2925 
1418 

2991 
1437 
858 

1437 
870 

a) Taken from Ref. 11. b) The first mode is for 2-methylpyrimidine and the mode in parentheses for 5-
methylpyrimidine. c) Observed in crystal, d) Taken from the infrared spectrum in vapor, e) Taken from the 
infrared spectrum in crystal. 



2894 Y. IKARI, H. SAKAMOTO, S. NAKAMA, Y. NIBU, H. SHIMADA, and R. SHIMADA [Vol. 63, No. 10 

of 5-CP and 5-BP and those of 2-MP were assumed to 
be the same as those of 5-MP and 2-CP,8) respectively, 
where the lengths of the C-Cl, C-Br, and C-CH3 
bonds were assumed to be 0.172, 0.185, and 0.150 nm, 
respectively. The F matrix elements for the in-plane 
and out-of-plane vibrations were evaluated with the 
improved modification of the Urey-Bradley force field 
and the valence force field described previously,1819) 
respectively. Values of the force constants used for 
the calculation are listed in Table 1. The notations 
of the force constants are exactly the same as those 
used previously.18'19) The calculated frequencies and 
modes of the normal vibrations are given in Tables 2 
and 3. 

Results and Discussion 

5-Chloro- and 5-Bromopyrimidines. The infrared 
spectra of 5-CP in vapor and 5-BP in single crystal are 
shown in Fig. 1. The moments of inertia calculated 
from the molecular structure suggest that the infrared 
bands belonging to symmetry species ai, b2, and bi 
show the A, B, and C band contours, respectively, in 
both molecules. The polarization behavior of the 
infrared bands of 5-BP can be classified into two types. 
In the first type (type I) the intensity of the // band is 
weaker than that of the _L band and in the second type 
(type II) the // band is stronger than the _L bands. 

The polarized Raman spectra of 5-CP and 5-BP in 
single crystal are shown in Figs. 2 and 3. The depo­
larized Raman bands in molten phase show three 
types of polarization behavior in single crystal. The 
intensity relationship among the bands observed in 
the uu, uv, and uw polarized Raman spectra of 5-CP is 

v/cm 

Fig. 1. Infrared spectra of 5-chloropyrimidine in 
vapor (A) and 5-bromopyrimidine in crystal (B). 

and 7uv>/uu>/uw for the first, 
second, and third type polarization behavior, respec­
tively, where 7UU means the intensity of a band in 
problem observed in the uu spectrum and 7Uw the 
intensity of the same band in the uw spectrum, and so 

v/cm" 

Fig. 2. Polarized Raman spectrum of 5-chloro­
pyrimidine crystal. 

uv 

XLJ 

v/cm 

Fig. 3. Polarized Raman spectrum of 5-bromo­
pyrimidine crystal. 
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on. These types of polarization behavior are denoted 
by uu, uv(I), and uv(II), respectively. In 5-BP the 
intensity relationship for the bands belonging to the 
first, second, and third types is /Uu>/wwXw>/vw, 
/vw>/uv>/ww, and 7uv>/uu /̂vw, respectively. These types 
of polarization behavior are denoted by uu, vw, and 
uv, respectively. The vibrational analyses of the 
Raman and infrared bands were carried out on the 
basis of the polarization behavior. 

Species ai: The highly polarized Raman bands in 
molten phase and the infrared bands showing the A 
band contour in vapor were straightforwardly 
assigned to the ai vibrations. The corresponding 
infrared bands in crystal show the type I polarization 
in 5-BP. 

Species b2: The infrared bands showing the B 
band contour in vapor were assigned definitely to the 
b2 vibrations. The corresponding infrared and 
Raman bands show the type I and uu polarization in 
crystal, respectively, in 5-CP and 5-BP. 

Species bi: The infrared bands showing the C 
band contour in vapor were assigned to the bi vibra­
tions. The corresponding Raman bands in crystal 
show the uv(I) and vw polarization in 5-CP and 5-BP, 
respectively. Although the vw spectrum of 5-CP 
could not be observed in our experimental conditions, 
the bands showing the vw polarization in 5-BP could 
be observed clearly in the uv spectrum. This observa­
tion indicates that the polarization behavior of the 
Raman bands of 5-CP may be the same as that of 5-BP. 
The corresponding infrared bands show the type II 
polarization in 5-BP. 

Species ax The Raman bands showing the uv(II) 
and uv polarization in 5-CP and 5-BP, respectively, 
could be assigned to the a2 vibrations since none of the 
corresponding infrared bands could be observed. 

The normal vibrations of 5-CP and 5-BP thus 
determined are given in Table 2 and Figs. 1—3. The 
normal coordinate calculation indicates that the C-Cl 
stretching vibration mixes considerably with the v\ 
and *>6a vibrations and slightly with the *>i8a vibration. 
This mixing is proved by the experimental fact that 
the frequencies of the v\ and vç* vibrations increase 
largely and that of the *>i8a vibration slightly from the 
corresponding frequencies in pyrimidine (986, 676, 
and 1135 cm"1). The calculation also shows that the 
*>i6b vibration mixes largely with the CI wagging 
vibration and the frequency of the v\%\> vibration large­
ly increases from the corresponding frequency in 
pyrimidine (345 cm"1). The same frequency shifts 
due to the vibrational mixing were found in the 
normal vibrations of 5-BP. 

5-Methyl- and 2-Methylpyrimidines. 5-MP crystal­
lizes in monoclinic space group P2i/c with eight 
molecules in the unit cell.12) The relationship 
between the Raman tensor for the free molecule and 
that for the crystal was derived based on the simple 
oriented gas model, and the matrix elements of the 

Raman tensor were evaluated in the same way as 
described previously.17) The direction cosines 
between the crystal and molecular axes were calcu­
lated using the crystal data.12) The squares of relative 
values of the elements of the Raman tensor, which are 
proportional to the relative intensity of the Raman 
bands, are given in Table 4 for 5-MP. 

The polarized Raman spectra of the 5-MP and 2-MP 
single crystals are shown in Figs. 4 and 5. The polar­
ization behavior of the Raman bands to be assigned to 
the nontotally symmetric vibrations can be classified 
into two types in 5-MP. The relative intensity of the 
Raman bands belonging to the first type polarization 
observed in the uw spectrum is about four times 
stronger than that observed in the uv spectrum and the 
bands are hardly detected in the uu spectrum. The 
Raman bands belonging to the second type are 
detected clearly only in the uu spectrum. These types 
of the polarization behavior are referred to as uw and 
uu polarization, respectively. The depolarized 
Raman bands of 2-MP in liquid can be classified into 
three types on the basis of the polarization behavior in 
crystal. The intensity relationship between the 

Table 4. Squared Values of the Elements of the Derived 
Polarizability Tensor for 5-Methylpyrimidine 

(a a)2 

(bb)2 

(c' c')2 

(ab)2 

(a c')2 

(b c')2 

bi 

1.20 
1.94 
0.10 
0.04 
0.33 
0.01 

a2 

0.68 
0.002 
0.61 
0.20 
0.38 
0.77 

b2 

0.65 
0.002 
0.73 
0.23 
0.28 
0.80 

Vcnf1 

Fig. 4. Polarized Raman spectrum of 5-methyl-
pyrimidine crystal. 
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1400 1000 600 200 
v/cnf1 

Fig. 5. Polarized Raman spectrum of 2-methyl-
pyrimidine crystal. 

J I I I I L_ 
1400 1000 600 

v/cm 

Fig. 6. Polarized infrared spectra of 2-methyl- (A) 
and 5-methylpyrimidine (B) crystals. 

bands observed in the uu and uv polarized spectra is 
/uu>/uv, /uu</uv, and /uu^/uv, for the first, second, and 
third type polarization, respectively. These types of 
polarization behavior are referred to as uu, uv, uu(uv) 
polarization, respectively. 

The moments of inertia calculated from the molecu­
lar structure suggest that the infrared bands belonging 
to ai, b2, and bi symmetry species show the A, B, and C 
band contours, respectively, in both 2-MP and 5-MP. 
The polarized infrared spectra of the 2-MP and 5-MP 
single crystals are shown in Fig. 6. As can be seen in 
Fig. 6, the polarization behavior of the infrared bands 
can be classified into three types. The relative inten­
sity of the bands showing the first type polarization 
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Table 5. Relative Intensity of Infrared Bands 
of 5-Methylpyrimidine 

//a 
//b 
lie 

a i 

0.73 
1.02 
0.73 

b2 

0.43 
0.18 
0.55 

bi 

0.83 
0.97 
0.72 

observed in the // spectrum is stronger than that in the 
_L spectrum, while the second type bands are observed 
more strongly in the _L spectrum than in the // spec­
trum. The third type bands are observed with almost 
equal intensity in the // and _L spectra. These three 
types of polarization behavior are referred to as the 
type I, II, and III, respectively. The relative intensity 
of the infrared bands polarized along the a, b, and c 
crystal axes of the 5-MP crystal were calculated and the 
results are listed in Table 5. The sample plane might 
be the ab or be plane because two extinction directions 
on the sample plane are perpendicular to each other. 

5-Methylpyrimidine: Species ai: The highly polar­
ized Raman bands in liquid and the infrared bands 
showing the A band contour in vapor were assigned 
straightforwardly to the ai vibrations. The corre­
sponding infrared bands in crystal show the type I 
polarization. 

Species b2: The infrared bands showing the B 
band contour in vapor were assigned to the b2 vibra­
tions. The corresponding infrared and Raman bands 
in single crystal show the the type II and uw polariza­
tion, respectively. 

Species bi: The infrared bands showing the C 
band contour in vapor were assigned to the bi vibra­
tions. The corresponding infrared and Raman bands 
in single crystal show the type III and uu polarization, 
respectively. 

Species a2: The Raman bands showing the uw 
polarization in crystal were assigned to the a2 vibra­
tions, because the corresponding infrared bands could 
not be observed. 

Comparison of the observed polarization behavior 
with the calculated intensity relationship among the 
b2, bi, and a2 Raman bands and among the ai, b2, and 
bi infrared bands given in Tables 4 and 5, respectively, 
suggests that (1) the u, v, and w axes correspond to the 
b, a, and c' crystal axes, respectively, and (2) the 
sample plane measured in the polarized infrared spec­
tra corresponds to the ab plane. 

The assignment made in this work is different from 
that given by Kartha for the v\%&, v\, </>-CH3 stretching, 
vz, vu, Pisb, Wb, and vna vibrations, as can be seen in 
Table 3. Kartha assigned the infrared band at 1163 
cm*1 to the PIS* vibration but this band can not be 
ascribed to a fundamental vibration because this band 
was observed strongly only in the crystal with the type 
I polarization but hardly detected in vapor. Kartha 
assigned the highly polarized Raman band at 1105 
cm-1 in molten state to the methyl bending vibration 
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but this vibration belongs to the D2 or bi species in 5-
MP. In this work the strong and highly polarized 
Raman bands at 1245, 1105, 1049, and 820 cm-1 in 
molten phase were assigned to the Pi8a, v\, P12, and </>-
CH3 stretching vibrations on the basis of the normal 
coordinate calculation. Kartha assigned the 1312 and 
1124 cm"1 infrared bands to the P3 and *>i8b vibrations, 
respectively, but the former band should be assigned 
to the bi vibration because this band shows the C band 
contour in vapor and the latter may not be ascribed to 
a fundamental vibration because this band was 
observed strongly only in crystal with the type II 
polarization but hardly detected in vapor. The 
infrared band at 1197 cm"1, which was assigned to the 
vu vibration by Kartha, was assigned to the *>i8b vibra­
tion and the Raman band at 1355 cm"1 was assigned to 
the vu vibration in this work because the normal 
coordinate calculation indicates that the vu vibration 
is hardly affected by methyl substitution and hence the 
vibrational frequency of this mode is to be nearly 
equal to that of pyrimidine (1367 cm"1). The Raman 
band at 888 cm"1 assigned to the *>iob vibration by 
Kartha was assigned to the 5̂ vibration in this work. 
Although Kartha assigned the infrared band at 965 
cm"1 to the viih vibration from the band contour, this 
band does not show clear C band contour but shows 
the type I polarization in crystal. The Raman band 
at 995 cm"1 was assigned to the vu* vibration on the 
basis of the polarization behavior of the infrared and 
Raman bands in this work. The polarization behav­
ior suggests that the 1163, 1312, 1124, and 965 cm"1 

bands described above may be assigned to the ^4+^i6b, 
*>i+CH3 wagging, JM+ îoa, and *>6b+CH3 bending 
vibrations, respectively. 

2-Methylpyrimidine: The infrared bands having 
the A, B, and C band contours show the type I, II and 
III polarization in crystal, respectively. The Raman 
bands, whose corresponding infrared bands show the 
type II and III polarization, show the uu and uv 
polarization, respectively, in crystal. Therefore the 
infrared bands showing the type II and III polariza­
tion and the Raman bands showing the uu and uv 
polarization were assigned to the b2 and bi vibrations, 
respectively. The infrared and Raman bands show­
ing the type I and uu(uv) polarization, respectively, 
were assigned to the ai and a2 vibrations, respectively. 

Normal vibrations of 5-MP and 2-MP thus deter­
mined are summarized in Table 3 and Figs. 4—6. 
The normal coordinate calculation indicates that the 
*>i8a and v\ vibrations mix largely with the </>-CH3 
stretching vibration and the *>i6b vibration mixes with 
the CH3 wagging vibration. These mixings are 
proved by the experimental facts that the frequencies 
of the *>i8a, vi, and Pieb vibrations increase largely in 2-
MP and 5-MP compared with those of pyrimidine 
(1135, 986, and 345 cm"1). 

Correlation diagram of the hydrogen bending and 
wagging vibrations of 5-CP, 5-MP, and 2-MP is 
shown in Fig. 7 together with those of trichloroben-
zenes, dihchloropyridines, dimethylpyridine, methyl-
pyrimidine, and 2-CP. The hydrogen bending and 
wagging vibrations are *>i8a, J'isb, and vis modes, and 
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Fig. 7. Correlation diagram for the H bending (A) and H wagging (B) vibrations of 
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Pna, Pi7b, and v\\ modes, respectively, in 2-MP, while 
these modes are altered to the *>i8a, *>i8b, and V3 modes 
and Pn&, *>i7b, and v*> modes, respectively, in 5-CP and 
5-MP. This fact supports the substitutional effect 
caused by the difference of the substituted positions 
discussed in detail previously1'2) except for the fact that 
the frequency of the *>i8a vibration in 5-MP and 2-MP 
increases largely compared with trihalobenzenes and 
dihalopyridines due to the large mixing with the </>-
CH3 stretching vibration as described above. Substi­
tutional effect suggests that the assignment given for 
5-MP in this work is preferable to that given by earlier 
workers. 

Reexamination of the normal vibrations of 2-CP 
and 2-BP made through the substitutional effect and 
the normal coordinate calculation carried out with the 
refined force constants suggests that (1) the assign­
ment of the *>9a, V3, and V15 modes given for the hydro­
gen bending vibrations and that of the *>iob mode given 
for the hydrogen wagging vibration are preferably 
altered to the vi%A, vis, J'isb, and v\\ modes, respectively, 
(2) the frequency of the *>i7a vibration is expected to be 
about 930 cm"1 and therefore, the assignment given 
previously for the very weak Raman band at 1005 cm"1 

to the *>i7a vibration should be reexamined, that is, this 
band might be assigned to the *>n+Cl wagging vibra­
tion because the polarization behavior of this band 
corresponds to either symmetry ai or a2 vibration, and 
(3) the assignment given for the v\ and VYL vibrations 
should be altered to the v\2 and v\ vibrations, respec­
tively, because the frequency of the v\ mode increases 
owing to the mixing with the *>6a and C-Cl stretching 
modes as described in the normal coordinate calcula­
tion. These results are summarized in Table 2. 

We believe that the assignment given in this work is 
quite reliable and useful for the reasonable vibrational 
analyses of the phosphorescence and fluorescence 
spectra of these molecules. 
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Naturally occurring heterocycles such as imidazole and thiophene do not conform to the rule of topological 
charge stabilization. Abiotic synthesis and biosynthesis of such heteroconjugated molecules can be rational­
ized in terms of aromatic stabilization. Antiaromatic molecules are formed neither in primitive-Earth-
simulation experiments nor in living systems. 

Many heterocyclic Ti-electron systems are formed in 
so-called primitive-Earth-simulation (PES) experi­
ments.1'2) Studies of chemical evolution have been 
based on various PES experiments. In previous pa­
pers,3'4) we reported that unsaturated organic molecules 
produced in nature obeyed the rule of topological 
charge stabilization (TCS rule).5) This rule states 
that an unsaturated molecule is relatively stable if 
heteroatoms of large electronegativity are located at 
those positions where charge density is high in the 
uniform reference frame (the URF, i.e., the isostruc­
tural, iso-Ti-electronic hydrocarbon).5) Nucleoside 
bases, amino acids, and many carboxylic acids are 
formed in PES experiments and in living systems. 
All these molecules conform to the TCS rule.3'4) All 
amine nitrogens, all ether (or alcohol) oxygens, all 
sulfide sulfurs, most imine nitrogens, and most ketone 
oxygens in these molecules occupy the sites of high 
charge density in the URFs.3~6) 

We recently noticed that a different kind of unsatu­
rated molecules were also produced in PES experi­
ments. Kobayashi and co-workers obtained imidaz­
ole (1, R=H) by exposing the gaseous mixture of CO, 
N2, and H2 to the high-energy proton ray.7'8) High-
energy proton ray was an imitation of cosmic ray. 
Histidine [1, R=-CH2CH(NH2)COOH] is a typical 
biomolecule, which has been produced in some PES 
experiments.9'10) To our regret, these molecules do 
not conform to the TCS rule. Why are these unsatu­
rated molecules formed in nature ? It is the purpose 
of this paper to rationalize abiotic and biotic syntheses 
of such five-membered heterocycles in terms of aroma­
ticity. Substituents not conjugated with a ring sys­
tem are denoted by R or Rn (n=l , 2). 

^ 1.200 

X 
1 

it is identical with the cyclopentadienide ion (2), in 
which Ti-electron density is uniform over all carbon 
atoms. The amine nitrogen in imidazole seems to be 
misplaced, disturbing the uniformity of the Tt-electron 
distribution in the URF. Substituted imidazoles 
such as 5-amino-4-imidazolecarbonitrile (3) and 5-
amino-4-imidazolecarboxamide (4) are formed by the 
origomerization of HCN.1'2) The URFs for 3 and 4 
are shown in 5 and 6, respectively. In contrast to 

% 

H2NX 

1.570 1.290 

Results and Discussion 

In general, an amine nitrogen behaves like a dicat-
ion which attracts about two 7i electrons. This is the 
primary reason why nature tends to place this type of 
nitrogen atoms at the sites of high charge density in 
the URF.2) However, imidazole (1, R=H) is excep­
tional in the sense that the amine nitrogen is not 
located at the site of comparatively high charge den­
sity in the URF. This molecule has a five-membered 
conjugated system with six TT electrons. The URF for 

imidazole, the entire Ti-electron systems of these mole­
cules conform to the TCS rule.3) All the heteroatoms 
are located at the sites of appreciably higher charge 
density in the URFs. No such regularity is discernible 
in unsubstituted imidazole. 

Kissel and Krueger reported that imidazole and pyr­
role (7) were detectable in the mass spectra of 
the volatile species emitted from Comet Halley.11) 
Petroleum contains thiophene (8) and alkyl-substi-
tuted thiophenes in large amounts.12'13) The URFs 
for thiophene and pyrrole are the same as the 
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cyclopentadienide ion (2). These five-membered n-
electron systems again disobey the TCS rule. A sul­
fide sulfur in thiophene and an amine nitrogen in 
pyrrole disturb the uniformity of the Ti-electron distri­
bution retained in the URFs. Thus, these heterocy­
cles must be destabilized by the presence of a hetero-
atom. Topological resonance energies (TREs) of 
five-membered heterocycles are smaller than that of 
the cyclopentadienide ion.14'15) 

In this context, coal, petroleum, and carbonaceous 
chondrites contain polycyclic aromatic hydrocarbons 
(PAHs) abundantly16"19* Large compact PAHs dom­
inate the interstellar medium exposed to intense ultra­
violet radiation.17'20'21) Shock and Schulte suggested 
that various organic compounds in carbonaceous 
chondrites might have been made from PAHs.22) 

However, the occurrence of PAHs not only in nature 
but also in space cannot be rationalized in terms of the 
TCS rule. These molecules are alternant benzenoid 
hydrocarbons with a uniform Ti-electron distribution, 
in which there is no room for such heteroatoms as an 
amine nitrogen and an ether oxygen. Formation and 
stability of PAHs must therefore be interpreted in 
terms of aromaticity i.e., extra stabilization due to 
cyclic conjugation.23) We have once pointed out that 
PAHs detectable in our environment and in space 
possess a relatively large TRE.24>25) 

In fact, antiaromatic molecules have neither been 
found in the products of PES experiments nor in the 
organic component of carbonaceous chondrite.1'2'16) 
Coal and petroleum do not contain antiaromatic 
species.16) Here, an antiaromatic molecule means a 
cyclic unsaturated species with a negative TRE.1415) 

There are many olefinic biomolecules but no anti­
aromatic ones. Considering that antiaromatic mole­
cules never occur in nature, we postulate that the 
violation of the TCS rule may be compensated by 
aromatic stabilization. We previously analyzed aro­
matic stabilization and topological charge stabiliza­
tion in some detail,26) and showed that these two ways 
of stabilizing molecules are intrinsically different 
from each other. Aromatic stabilization arises prima­
rily from the kinetic-energy term of n electrons, 
whereas topological charge stabilization is closely 
related to the potential-energy term of n electrons.26) 
It is clear that these two stabilizing mechanisms 
are equally important, being complementary to 
each other. 

It is very true that imidazole, pyrrole, and thiophene 
are stabilized by aromaticity. Although TREs of 
these heterocycles are somewhat smaller than that of 

the cyclopentadienide ion (2), they are still large in 
magnitude.14'15) Therefore, we can say that aromatic 
species in principle are produced in nature because 
they are aromatic. Thus, one heteroatom with two 
7i electrons in a five-membered, six-Ti-electron hetero-
cycle contributes to the stability of the conjugated 
system. The heteroatom is utilized effectively not only 
to form an aromatic sextet, but also to attain charge 
neutralization. 

Aromaticity of five-membered conjugated heterocy­
cles (e.g., imidazole) can be associated with topologi­
cal charge stabilization in the following manner. 
Every n bond in imidazole (1, R=H) must be stronger 
than like bonds in acyclic molecules such as 9 because 
the Dewar resonance energy (or the TRE) of imidazole 
is positive in sign.27) The URF for 9 is given in 10. 

9 

NH2 
1.333 1.333 

1.000 

10 

It is obvious that 9 conforms to the TCS rule. There­
fore, we can say that imidazole is a sufficiently stable 
molecule since every bond in the molecule is more 
stable than like n bonds in acyclic molecules conform­
ing to the TCS rule. The same interpretation applies 
to all five-membered, six-Ti-electron heterocycles. We 
have proved that these heterocycles are aromatic in 
nature.28) 

As exemplified by histidine, there are biomolecules 
which do not obey the TCS rule. They are all aro­
matic species, containing five-membered heterocycles 
with six 7i electrons. Histidine, histamine (1, R = 
-CH2CH2NH2), and related species are synthesized 
and utilized by living organisms.12) There are many 
terpenoids with an isolated furan conjugated sys­
tem,29) which are generally expressed as 11. Porphy-

11 

rinogens and related molecules contain isolated 
pyrrole conjugated systems.30) Five-membered hetero­
cycles in these biomolecules are not consistent with 
the TCS rule. Part of the bleomycin molecule31'32) 
and the corresponding URF are shown in 12 and 13, 
respectively. The amide linkage (-CONH-) in 12 is 
consistent with the pattern of the Ti-electron distribu­
tion in the URF (13). However, Ti-electron density is 
fairly uniform over the two five-membered carbocycles 
in the URF. Therefore, sulfide sulfurs in 12 are not 
placed at the sites of appreciably higher charge density 
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U97 U20 1.215 

A. 12 

1.217 1.175.. 

1.537 

0.994 

1.153 

1.218 1166^ 
.188 

1.196 

1.204 

13 

in the URF. Furthermore, this antibiotic has an 
isolated imidazole conjugated system in a different 
part of the molecule. Biosynthesis of such unsatu­
rated molecules must again be rationalized in terms of 
aromatic stabilization. 

Unsaturated organic molecules in nature and those 
formed in PES experiments are necessarily classified 
into two groups. One group consists of molecules 
whose entire conjugated systems conform to the TCS 
rule. Most of the unsaturated molecules produced in 
living systems and in PES experiments belong to this 
group.3j4) Aromaticity and topological charge stabi­
lization cooperatively enhance the stability of these 
molecules. The other group consists of organic 
molecules whose entire conjugated systems do not 
conform to the TCS rule. These molecules have one 
or more five-membered heterocycles not conforming 
to the TCS rule. Histidine, histamine, and bleo­
mycin are typical examples. It goes without saying 
that imidazole, pyrrole, furan, and thiophene belong 
to this group. a-Terthienyl (2,2': 5/,2//-terthiophene, 
14) is a biocidal constituent of various species of 
marigolds.12'33) 2,2/-Bithiophene (15) and its alkyl-

"5^ 

H 

15 

substituted derivatives are present in petroleum.13) 

Sulfur atoms in 14 and 15 do not match with the n-
electron distribution in the URFs 16 and 17, 
respectively. 

1.197 1^20 

1.166 

17 

^ N , ^ N 

19 

^ ^ 

1.112 

20 21 

It is noteworthy that the indole (18) and benzo-
[fcjfuran (19) nuclei are much more common in nature 
than those of pyrrole and furan, respectively.34) For 
example, a limited number of substituted pyrroles are 
known in nature, but a wide variety of indole alka­
loids have been synthesized by plants.35) This sug­
gests that the cooperation of aromaticity and topologi­
cal charge stabilization is highly desirable to stabilize 
the Ti-electron system although one of them is enough 
to stabilize organic molecules formed in nature. 
Alkyl-substituted thiophenes and benzo[6]thiophenes 
(20) are the most abundant organic sulfur compounds 
in petroleum.13) Indole, benzo[6]furan, and benzo-
[6]thiophene are not only highly aromatic but also 
consistent with the TCS rule. The common URF for 
18—20 is given in 21. 

There are some researchers who suspect that anti-
aromatic species may exist in nature. The ESR signal 
of the perinaphthenyl radical (phenalenyl radical, 22) 
or something like that is detectable in coal and heated 
flint.3637) Chandra and co-workers suggested that 

^ Y , 

22 23 
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bridged [12]annulene (23) might be a precursor of this 
radical in heated flint.37) However, nobody has suc­
ceeded in preparing this antiaromatic species in labo­
ratories.38) Note that the [12]annulene conjugated sys­
tem is antiaromatic,14'15) whereas the perinaphthenyl 
radical is aromatic with a TRE of 0.410 \ß\ .39) Even if 
bridged [12]annulene (23) is formed in an isolated flint 
cavity, it will be converted into the aromatic isomer 24 

rf^V-H 

24 

25 

immediately. We must say that there is no definite 
evidence at present for the existence of any molecule 
with a [12]annulene conjugated system in nature. 

Lam and co-workers proposed a molecular structure 
shown in 25 for a minor constituent of Santolina 
chamaecyparissus, a plant which grows in North 
Africa.40) There is a six-membered heterocycle with 
eight 7i electrons in it, which is antiaromatic in char­
acter. If this proposed structure proved to be correct, 
it would be the first biomolecule with an antiaromatic 
ring. Unfortunately, their assignment is based solely 
on the pattern of the mass spectrum because the 
obtained sample was very scanty. There is no affir­
mative evidence for the existence of 25 or something 
like that in living organisms. In general, those who 
suggest the presence of antiaromatic species in nature 
appear to be rather indifferent to antiaromaticity. 

Concluding Remarks 

Two stabilizing mechanisms are operative in natu­
rally occurring unsaturated molecules.26) One is 
topological charge stabilization and the other is aro­
matic stabilization. We have seen that these two sta­
bilizing mechanisms are equally important both in 
abiotic and biotic syntheses of organic molecules in 
nature. The TCS rule alone cannot differentiate 
between stabilities of aromatic and nonaromatic struc­
tures.5) The TRE serves as a measure of aroma-
ticity.14'15) 

Most cyclic conjugated systems formed in PES 
experiments and in living systems are more or less 
aromatic and conform to the TCS rule.3'4) In this 

sense it is noteworthy that aromatic species are eligible 
to form in nature even if they do not conform to the 
TCS rule. In fact, antiaromatic molecules have not 
been detected in nature. It is clear that aromaticity is 
one of the determinant factors not only in chemical 
evolution but also in biosynthesis. 
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Preparation and Characterization of eis- and trans- [RhCl2(dmap)2]+ 

(dmap=l,3-bis(dimethylarsino)propane), and X-Ray Structure 
Analyses of These Complexes and £raras-[CoCl2(dmap)2]+ 
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The eis- and trans- [RhCi2(dmap)2]+ (dmap=l,3-bis(dimethylarsino)propane) complexes were prepared by 
reaction of RhCh • 3H2O with dmap, and the molecular structures of these complexes were determined by the 
single crystal X-ray diffraction method. Crystal data and final R values are: £raras-[RhCi2(dmap)2]C104 (1), 
monoclinic, Cc, «=20.018(4), 6=10.229(1), c=12.972(2)A, 0=99.98(2)°, F=2616(1)Â3, Z=4, #=0.034 for 1298 
observed unique reflections. as-[RhCl2(dmap)2]PF6 (2a), orthorhombic, Pca2i, «=14.699(2), 6=9.367(2), 
c=19.640(9) A, F=2704(l) A3, Z=4, #=0.086 for 1284 reflections. as-[RhCl2(dmap)2]CF3SC>3 (2b), orthorhom­
bic, Pca2i, «=14.700(3), 6=9.381(4), c=19.644(8)A, F=2709(2)Â3, Z=4, #=0.088 for 1094 reflections. The Rh-
As distances in the linear As-Rh-As groups are 2.442(4)—2.454(4) A (av 2.446(4) A) for (1), 2.345(4) and 2.484(6) 
(av 2.415(6) A) for (2a), and 2.389(10) and 2.441(10) A (av 2.415(10) A) for (2b), while those in the linear As-Rh-Cl 
groups are 2.385(3) and 2.370(4) A (av 2.378(4) A) for (2a), and 2.387(4) and 2.367(5) A (av 2.377(5) A) for (2b). 
The molecular structure of £rans-[CoCi2(dmap)2]C104 (3) was also determined by the X-ray method. Crystal 
data and the final R value are: orthorhombic, Pccm, «=8.018(2), 6=8.428(1), c=18.716(3)Â, F=1265Â3, Z=2, 
#=0.095 for 1072 reflections. A series of £rans-[RhX2(dmap)2]+ (X=C1, Br, I) were prepared and their 
absorption spectra were compared with one another and with those of related complexes. 

In previous papers, we discussed the trans influence 
of a phosph ine l igand on the rhodium(III ) - l igand 
bond on the basis of X-ray crystal structure analyses of 
trans(Cl,Cl),cis(P,P)- and cis(Cl,Cl),trans(P,P)-[RhCh-
(edpp)2]+1) (edpp=(2-aminoethyl )d iphenylphosphine , 
NH2CH2CH2P(C6H5)2), /ac-[Rh(edmp)3]3+2> ( e d m p = 
(2-aminoethyl)dimethylphosphine, NH2CH2CH2P-
(CH3)2), trans-(Cl,Cl),cis(P,P)-[RhC\2(edmp)2]+v and 
Jram-[RhCl2(dmpe)2]+2) ( d m p e ^ 1,2-bis(dimethylphos-
phino)ethane, (CH3)2PCH2CH2P(CH3)2). 

Th i s paper describes the preparat ion and characteri­
zation of eis- and £ran.s-[RhCl2(dmap)2]+, and the X-ray 
crystal structure analyses of these complexes in order to 
confirm the geometrical structures and to use the results 
as the basis of a comparison of the trans influence of As 
with that of P in related complexes. T h e crystal struc­
ture of the trans-complex could be determined straight­
forwardly. However, the structure determination of 
the cis-complex was difficult because of the poor qual­
ity of the crystals. In order to improve the reliability of 
the molecular structural data for the cis-complex, both 
the P F 6 - and the CF3SO3- salts were examined. A 
series of £ran.s-[RhX2(dmap)2]+ (X=C1, Br, I) were also 
prepared and their absorption spectra were compared 
with one another and with those of related complexes. 
T h e X-ray structure analysis of £ran.s-[CoCl2(dmap)2]+ 

was also carried out in order to confirm the previous 
assignment.3) 

Experimental 

The dmap ligand was prepared by the literature method,34) 

and handled under an atmosphere of nitrogen until it formed 
air-stable rhodium(III) and cobalt(III) complexes. The 
£rans-[CoCl2(dmap)2]004 complex (3) was prepared as de­
scribed previously.3) Absorption spectra were obtained with 
a Hitachi 323 or a Hitachi U-3400 spectrophotometer. 
^ N M R spectra were recorded on a Hitachi R-90H spec­
trometer using TMS as an internal reference. 

Preparation of Complexes. cis-[RhCl2(dmap)2]PF6 (2a) 
and frans-[RhCl2(dmap)2]CF3S03. A deaerated ethanol solu­
tion (100 cm3) of RhCl3 • 3H 20 (0.55g, 2.09 mmol) was heated 
to reflux. To this solution was added a deaerated ethanol 
solution (8 cm3) of dmap (2.02 g, 8.01 mmol). The mixture 
was refluxed for 7 h to give a yellow solution together with a 
small amount of orange precipitate. The reaction mixture 
was cooled to room temperature and the excess of dmap was 
oxidized by bubbling air through the solution. After filter­
ing off the precipitate, the filtrate was evaporated to dryness 
under reduced pressure. The orange-yellow residue was 
mixed with water (100 cm3) and the solution was filtered. 
The yellow filtrate was applied on a column (</>3 cmX70 cm) 
of SP-Sephadex C-25 (Na+ form). By elution with 0.05 
mol dm - 3 NaCl, a lemon yellow (the eis isomer) and then a 
dark yellow (the trans isomer) band developed successively 
and highly charged species remained at the top of the column. 
The eluate containing the faster-moving band was collected 
and evaporated to dryness under reduced pressure. The 
residue was extracted with ethanol (3X20 cm3) and the solvent 
was removed under reduced pressure. The residue was dis­
solved in hot water (90 °C, 90 cm3), and to this solution was 
added a solution of NH4PF6 (1.0 g) in water (10 cm3). The 
mixture was allowed to stand first at room temperature and 
then overnight in a refrigerator to yield yellow crystals. 
They were collected by filtration, washed with water, and 
dried in air. Yield: 0.46 g (27%). Found: C, 20.22; H, 4.45; 



October, 1990] Rhodium(III) and Cobalt(III) Complexes Containing dmap 2905 

CI, 8.63%. Calcd for [RhCl2(dmap)2]PF6=Ci4H36As4Cl2F6-
PRh: C, 20.43; H, 4.41 ; CI, 8.62%. *H NMR (C6D5N02) 
0=1.74 (6H, s, AsCH3), 1.86 (6H, s, AsCH3), 1.90 (12H, s, 
AsCH3), and 2.0—2.5 (12H, m, -CH2-). The complex is 
soluble in acetonitrile and nitromethane, and slightly soluble 
in ethanol and methanol, but insoluble in water and diethyl 
ether. 

From the slower-moving band, £rans-[RhCl2(dmap)2]-
CF3SO3 was isolated by a similar method, NaCF3S03 • H 2 0 (1 
g in 10 cm3 of water) being used instead of NH4PF6. Yield: 
0.58 g (34%). Found: C, 21.55; H, 4.44; CI, 8.61; S, 4.00%. 
Calcd for [RhCl2(dmap)2]CF3S03=Ci5H36As4Cl2F303SRh: C, 
21.79; H, 4.39; CI, 8.57; S, 3.88%. *H NMR (CD3OD) 0=1.58 
(24H, s, AsCHs) and 2.0-2.4 (12H, m, -CH2-). The com­
plex is soluble in acetonitrile, nitromethane, and ethanol, and 
slightly soluble in water. 

frans-[RhCl2(dmap)2]C104 (1). This complex was pre­
pared from £ran.s-[RhCl2(dmap)2]CF3S03 and LiC104 by the 
same method as that for trans(Cl,Cl),cis(P,P)-[RhCh-
(edmp)2]C1042) and subjected to X-ray structure deter­
mination. 

ris-[RhC2(dmap)2]CF3S03 (2b). A solution (ca. 10 cm3) of 
as-[RhCl2(dmap)2]PF6 (ca 0.05 g) in acetonitrile-methanol 
(1:10 v/v) was applied on a column (</>l cmX2 cm) of SP-
Toyopearl 650 M (Li+ form). The complex was eluted with 
an acetonitrile-methanol (1:10 v/v) solution of 0.1 mol dm - 3 

LiCF3S03, and the eluate was evaporated to dryness. The 
residue was shaken with water (15 cm3) and filtered to leave 
yellow microcrystals. Single crystals for X-ray analysis were 
obtained by recrystallization from acetonitrile-methanol (1:3 
v/v). 

frara-[RhBr2(dmap)2]CF3S03. To an aqueous solution (20 
cm3) of toms-[RhCl2(dmap)2]CF3SC>3 (0.25 g, 0.30 mmol) was 
added a large excess of KBr (9.5 g, 80 mmol), and the mixture 
was refluxed for 29 h. An orange yellow crystalline solid 
which precipitated was filtered while the solution was still 
hot. The product was extracted with 5 cm3 of acetonitrile. 
The solution was mixed with water (20 cm3), and the mixture 
was heated to boiling. A hot aqueous solution (2 cm3) of 
NaCFsSOs • H 2 0 (1 g) was added to this solution. The mix­
ture was allowed to stand for crystallization and evaporation 
of the acetonitrile first at room temperature and then in a 
refrigerator overnight. The orange yellow crystals were col­
lected by filtration, washed with water, and dried in air. 
Yield: 0.11 g (40 %). Found: C, 19.77; H, 3.96%. Calcd for 
[RhBr2(dmap)2]CF3S03=Ci5H36As4Br2F303SRh: C, 19.67; H, 
3.96%. 

frara-[Rhl2(dmap)2]CF3S03. To an ethanol solution (20 
cm3) of *ran5-[RhCl2(dmap)2]CF3SC>3 (0.20 g, 0.24 mmol) was 
added a large excess of Nal (8 g, 53 mmol), and the mixture 
was refluxed for 7 h. The solution was evaporated to dryness 
under reduced pressure, and the residue was shaken with 
dichloromethane until the extracts were colorless (ca. 60 cm3). 
The combined extracts were evaporated to dryness under 
reduced pressure. The residue was dissolved in methanol 
(100 cm3) and the solution was applied on a column (</>2.5 
cmX20 cm) of SP-Toyopearl 650 M (Na+ form). The prod­
ucts were eluted with 0.1 mol dm - 3 NaCF3SC>3 • H 2 0 in 
methanol. The eluate containing the red band was collected 
and evaporated to dryness under reduced pressure. The 
residue was dissolved in a mixture of acetonitrile (25 cm3) and 
water (50 cm3). The solution was heated to boiling for a 

Table 1. Crystal Data, Experimental Conditions and Refinement Details 

Chemical formula 

Formula weight 
Space group 
D m andD x /Mgm" 3 

/JL(MO Kaymm-1 

Color of crystals 
Size of specimen/mm3 

Laue group 
Range of h 

k 
and / 

Systematic 
absences 

Possible space group 
Variation of five standard 

reflections 
S(|Fo|/|F0|initial)/5 
Number of reflections 

measured 
Number of reflections 

observed [|F0 |>3a(| Fo|)] 
Transmision factor, A 
Number of unique 

reflections, Rmt 
Final R value 
(A/a)max for nonhydrogen 

atoms 
Ap/e Â - 3 

1 

£rans-[RhCl2(As2-
C7Hi8)2]C104 

777.4 
Cc 

1.99(2), 1.97 
5.98 

Orange 
Sphere of 0.35(5) mm 

in diameter 
2/m 
0—25 (0—19) 
0—13 (-9—9) 

-16—16 (-12—12) 
hkl, h+k odd; 
hOl, I odd 
Cc or C2/c 

1.00—1.01 

4443 

2103 

0.23—0.25 
1298(0.021) 

0.034 
0.46 

-1.05. 0.52 

2a 

as-[RhCl2(As2-
C7Hi8)2]PF6 

822.9 
Pca2i 

2.02(2), 2.02 
5.77 

Yellow 
0.40X0.40X0.55 

mmm 
0—19 ( - 5 - 5 ) 
0—12 (-3—3) 

-24—0 (-7—0) 
hOl, h odd; 
Okl, I odd 
Pca2i or Pcam 

0.99—1.01 

3267 

1381 

0.14—0.28 
1284 (0.009) 

0.086 
0.37 

-2.28, 1.96 

2b 

as-[RhCl2(As2-
C7Hi8)2]CF3S03 

827.0 
Pca2i 

2.02(2), 2.03 
5.77 

Yellow 
Sphere of 0.40(5)mm 

in diameter 
mmm 

0—19 (0—14) 
0—12 (-9—9) 

-25—25 (-18—18) 
hOl, h odd; 
Okl, I odd 
Pca2i or Pcam 

0.99—1.00 

6959 

3055 

0.20—0.22 
1094 (0.030) 

0.088 
0.95 

-0.98, 1.64 

3 

£nms-[CoCl2(As2-
C7Hi8)2]C104 

733.4 
Pccm 

2.02(2), 1.93 
6.24 

Green 
0.13X0.14X0.17 

mmm 
0—10 

-10—10 
- 2 2 - 2 2 
hOl, I odd; 
Okl, I odd 
Pcc2 or Pccm 

0.99—1.00 

5620 

3070 

0.37—0.47 
1072 (0.036) 

0.095 
0.37 

-1.29, 1.40 
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while to evaporate the acetonitrile, and allowed to stand at 
room temperature to yield reddish brown crystals. They 
were collected by filtration, washed with ice-cold water, and 
dried in air. Yield: 0.19 g (78%). Found: C, 17.89; H, 3.59%. 
Calcd for [RhI2(dmap)2]CF3S03=Ci5H36As4F303lSRh: C, 
17.84; H, 3.59%. 

Crystal Structure Determinations. Experimental condi­
tions and refinement informations are listed in Table 1. 
Intensities were measured up to 20=55° using graphite 

monochromatized MoKa radiation (A=0.71073 Â) on a 
Rigaku four-circle diffractometer AFC-5 by the 6-26 scan 
technique at a scan rate of 6° min"1 in 6. In order to avoid 
the error due to strong absorption by As, crystals were ground 
into spheres whenever possible and intensity data of equiva­
lent reflections in the region of 26 less than 40° (1), 15° (2a), 
40° (2b), and 55° (3) were also collected. Lattice constants were 
determined from 20—25 26 values (2O°<20<3O°).The struc­
tures were solved by the Patterson-Fourier method. The 

Table 2. Fractional Coordinates (X104) and Equivalent Isotropic Thermal Parameters (X10) 

Atom 

Rh 
As(l) 
As(2) 
As(3) 
As(4) 
Cl(l) 
Cl(2) 
CI 
O(l) 
0(2) 
0(3) 
0(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(14) 

Rh 
As(l) 
As(2) 
As(3) 
As(4) 
Cl(l) 
Cl(2) 
P 
F(l) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

X 

0 
-846( 1) 
-914( 1) 
918 (1) 
825( 1) 
30( 2) 
17( 2) 

2462( 7) 
2156( 10) 
2523( 21) 
2155( 9) 
3141( 8) 

-1646( 8) 
-1157( 9) 
-633( 9) 
-1722( 8) 
-1263( 11) 
-741 ( 8) 

-2057( 8) 
1776( 8) 
687( 8) 
1263( 8) 
1736( 9) 
1124( 10) 
497( 8) 

2058( 9) 

879( 1) 
-595( 2) 
315( 2) 
1007( 3) 
985( 3) 

2394( 4) 
1483( 5) 

-2581( 15) 
-1602( 26) 
-2012( 19) 
-2635( 30) 
-2992( 21) 
-2855( 29) 
-3499( 21) 
-1597( 24) 
-1115( 36) 
-753( 25) 
2191( 36) 
626( 36) 
395( 33) 

-564( 32) 
-303( 24) 

y 

i 
i 

2498( 5) 
741( 1) 

4093( 1) 
911( 1) 

4282( 1) 
2410( 4) 
2564( 4) 

-2466( 3) 
-3369( 16) 
-1211( 13) 
-2509( 15) 
-2780( 16) 

997( 14) 
33( 18) 

-719( 14) 
3623( 15) 
4890( 18) 
5478( 14) 
2312( 14) 
1584( 14) 
-618( 14) 
119( 16) 

3842( 15) 
5081( 16) 
5839( 12) 
2750( 17) 

2a 

2374( 2) 
1312( 3) 
4740( 4) 
2428( 10) 
2086( 8) 
3274( 11) 
31( 10) 

2884( 19) 
2125( 48) 
4198( 38) 
3030( 52) 
1263( 54) 
2273( 44) 
3312( 43) 
2325( 43) 
773( 63) 

-328( 46) 
1899( 63) 
3124( 70) 
-141( 61) 
-382( 59) 
5713( 46) 

z 

2500 
2191( 1) 
2072( 1) 
2921( 1) 
2806( 1) 
686( 3) 

4317( 2) 
4926( 12) 
5201( 17) 
5136( 29) 
3784( 10) 
4715( 13) 
1290( 11) 
3387( 13) 
1357( 12) 
1088( 13) 
3151( 12) 
1176( 11) 
1415( 13) 
3753( 12) 
3700( 12) 
1714( 13) 
3813( 14) 
1565( 14) 
3431( 12) 
3403( 16) 

0a) 

-9( 5) 
-72( 6) 
1190( 2) 

-1255( 3) 
-78( 13) 
-72( 13) 

-2479( 12) 
-2541 ( 27) 
-2285( 20) 
-3175( 32) 
-2787( 23) 
-1752( 26) 
-2435( 22) 

223( 21) 
-949( 31) 
513( 24) 

-1569( 33) 
-2035( 35) 
-1516( 31) 
-1301( 30) 

558( 25) 

ßeq/(A
2X10) Atom 

23 
32 
31 
31 
32 
40 
37 
54 
150 
151 
98 
103 
42 
54 
46 
45 
67 
39 
48 
41 
44 
46 
56 
56 
39 
61 

30 
46 
80 
113 
93 
94 
91 
116 
178 
124 
211 
155 
185 
144 
65 
104 
62 
108 
111 
94 
91 
62 

C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(14) 

Rh 
As(l) 
As(2) 
As(3) 
As(4) 
Cl(l) 
Cl(2) 
S 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
O(l) 
0(2) 
0(3) 

Co 
As 
Cl(l) 
Cl(2) 
O(l) 
0(2) 
0(3) 
C(1)

 w C(2A)b) 

C(3A)b) 

C(4A)b) 

C(2B)b) 

C(3B)b) 

C(4B)b) 

X 

-616( 25) 
1270( 27) 
257( 32) 
2253( 29) 
525( 57) 
191( 32) 

880( 2) 
-595( 2) 
323( 3) 
1019( 4) 
967( 4) 

2395( 7) 
1484( 8) 

-2552( 21) 
-1664( 38) 
-694( 46) 
-1002( 45) 
2165( 41) 
441 ( 55) 
619( 53) 

-532( 47) 
-514( 59) 
-387( 37) 
1290( 46) 
243( 65) 
2284( 54) 
-18( 98) 
439( 60) 

-3148( 33) 
-1494( 36) 
-2635( 35) 
-3123( 29) 

0 
1419( 2) 
2077( 6) 
5000 
3745( 57) 
4403( 95) 
5699( 88) 
3482( 29) 
3648( 31) 
539( 36) 

2395( 36) 
1921( 39) 
-46( 49) 
3290( 31) 

y 
5115( 44) 
6263( 52) 
4171( 64) 
3276( 55) 
1312(136) 
5547( 59) 

2b 

2371( 3) 
1311( 4) 
4738( 4) 
2359( 11) 
2132( 10) 
3337( 15) 
42( 13) 

2861( 29) 
2648( 55) 
-351( 73) 
616( 66) 
1574( 63) 
3310( 84) 
115( 75) 

-403( 73) 
5321( 95) 
5517( 64) 
6337( 66) 
4205(102) 
2624( 84) 
765(149) 

5616( 91) 
1468( 53) 
2797( 46) 
2752( 47) 
3913( 44) 

q 
3 

0 
-1481( 2) 
1800( 6) 
5000 
4217( 52) 
3524( 60) 
4900(215) 

-3611( 28) 
-2178( 33) 
-3222( 37) 
-128( 44) 
-3687( 31) 
-2322( 35) 
-849( 32) 

z 

-926( 20) 
188( 25) 

1561( 33) 
1383( 27) 
1873( 69) 
1187( 28) 

Qa) 

38( 5) 
9( 7) 

1238( 3) 
-1209( 3) 

-47( 15) 
173( 7) 

-2418( 15) 
-225( 28) 
-510( 30) 
1112( 32) 

-1598( 34) 
-1916( 46) 
-1695( 35) 
-1180( 35) 

816( 39) 
-681 ( 28) 
295( 33) 
1653( 47) 
1515( 46) 
1700( 67) 
1223( 49) 

-2759( 26) 
-2563( 26) 
-1693( 26) 
-2711( 22) 

0 
880( 1) 
0 

2500 
2185( 26) 
2334( 45) 
3140( 33) 

0 
596( 14) 
1476( 18) 
1793( 15) 
384( 16) 
1569( 16) 
1262( 17) 

ßeq/(A
2X10) 

54 
85 
100 
84 
248 
87 

31 
44 
82 
117 
96 
95 
57 
154 
78 
92 
94 
84 
137 
113 
99 
141 
73 
111 
165 
129 
276 
153 
55 
113 
127 
98 

38 
49 
46 
73 
163 
111 
149 
53 
34 
45 
46 
44 
47 
38 

a) This parameter was used to define the origin of the unit cell along z and is listed without e.s.d. 
b) Population parameters of the disordered carbon atoms 0.5. 
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Table 3. Selected Bond Lengths (//A) and Bond Angles (<t>/°) 

2a 2b 

Rh-As(l) 
Rh-As(2) 
Rh-As(3) 
Rh-As(4) 
Rh-Cl(l) 
Rh-Cl(2) 

As(l)-Rh-As(2) 
As(l)-Rh-As(3) 
As(l)-Rh-As(4) 
As(l)-Rh-Cl(l) 
As(l)-Rh-Cl(2) 
As(2)-Rh-As(3) 
As(2)-Rh-As(4) 
As(2)-Rh-Cl(l) 
As(2)-Rh-Cl(2) 
As(3)-Rh-As(4) 
As(3)-Rh-Cl(l) 
As(3)-Rh-Cl(2) 
As(4)-Rh-Cl(l) 
As(4)-Rh-Cl(2) 
Cl(l)-Rh-Cl(2) 

2.454( 4) 
2.442( 4) 
2.442( 4) 
2.447( 4) 
2.366( 4) 
2.352( 3) 

89.1( 1) 
91.2( 2) 

178.8( 1) 
86.9( 1) 
94.3( 1) 

179.6( 1) 
89.8( 2) 
86.9( 1) 
95.1( 1) 
89.9( 1) 
92.8( 1) 
85.1( 1) 
93.3( 1) 
85.6( 1) 

177.7( 1) 

2.385( 3) 
2.370( 4) 
2.345( 4) 
2.484( 6) 
2.386( 7) 
2.372( 9) 

94.1( 1) 
95.1( 1) 
90.2( 2) 

174.3( 2) 
87.3( 2) 
93.9( 1) 
93.7( 2) 
89.6( 2) 

173.0( 2) 
170.4( 2) 
88.9( 2) 
92.8( 2) 
85.2( 2) 
79.4( 3) 
88.5( 3) 

2.387( 4) 
2.367( 5) 
2.441(10) 
2.389(10) 
2.406(11) 
2.383(13) 

94.4( 2) 
92.5( 3) 
92.3( 3) 

177.5( 3) 
87.3( 3) 
91.5( 3) 
96.5( 3) 
88.1( 3) 

171.2( 5) 
170.3( 2) 
87.8( 3) 
79.8( 4) 
87.0( 4) 
92.1( 4) 
90.3( 4) 

Co-As 
Co-Cl(l) 

As-Co-Cl(l) 

2.359( 2) 
2.253( 5) 

90.0( 1) 

bup o 

<#sgj p ^\i] p "SIL 

%h ylr yfj 
YJ 

Fig. 1. The crystal structure of trans-[RhC\2-
(dmap)2]C104 (1) along b. 

function, S ^ I I ^ O H F C I I 2 was minimized using block-
diagonal least squares. Atomic scattering factors were 
taken from International Tables for X-ray crystallography.5) 
The calculations were carried out on a FACOM M380R 
computer at Keio University with the computation program 
system UNICS-III.6* The final atomic parameters are listed 
in Table 2 and the bond lengths and bond angles involving 
the Co or Rh atom in Table 3.7) Experimental details are as 
follows: 

(1) Systematic absences indicated that the space group is Cc 
or C2/c. Dm suggested that Z=4. At first, the space group 
was assumed to be C2/c. The position of the Rh atom on a 
twofold axis was derived from the Patterson function, and all 
the non-hydrogen atoms were located in the Fourier syntheses 
and refined anisotropically. However, the i?-value ceased to 
decrease at 0.14. When the space group was changed to Cc, 
the i?-value decreased to 0.055. As seen from Fig. 1, the 
complex cation has an approximate twofold axis parallel to b. 
The CI atom of the C104- ion lies nearly on (1/4, - 1 / 4 , 1/2), 

where there is a center of symmetry if the space group is C2/c. 
The space group C2/c is still possible if the complex cation 
has rigorous twofold symmetry and the CIO4" ion exhibits 
orientational disorder around the center of symmetry. How­
ever, an indication of such orientational disorder of the CIO4" 
was not recognized in the refinement based on the space 
group Cc. In this context the space group C2/c was again 
checked; the R value, however, could not be reduced to less 
than 0.14. Ap in the final difference synthesis was less than 
0.6 e A-3. Consequently, the space group was determined to 
be Cc. The positions of the hydrogen atoms were calculated 
and fixed in the refinement with B=7.0 A2. 

(2a) Systematic absences indicated the space group to be 
Pca2i (No. 29) or Pcam [bac setting of Pbcm (No. 57)]. Dm 

led to Z=4. Assuming the space group to be Pca2i, the 
structure was solved. Carbon atoms were refined isotrop-
ically to avoid non-positive definite matrices for the thermal 
parameters. All other non-hydrogen atoms were refined ani­
sotropically. Hydrogen atoms were finally introduced in the 
structure analysis. When the sign of AF" was inverted, the R 
value did not change significantly. The relatively large R 
value of 0.086 may be due to the poor crystallinity. The Beq 

values of the As atom from 5 to 11 A2 suggest positional 
disorder. The complex cation could not be accommodated 
in any of the twofold positions in space group Pcam due to 
the lack of symmetry. 

(2b) The crystal structure is isomorphous with that of (2a) 
and by utilizing the atomic coordinates of (2a) as a starting set, 
the structure could be refined in the same manner. The F 
atoms in the CF3SO3" ion could not be located in the differ­
ence synthesis and were therefore not included in the 
refinement. 

(3) Systematic absences suggested the space group Pcc2 (No. 
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27) or Pccm (No. 49). Since Z=2, the Co atom is required to 
lie at a special position. At first, the space group was 
assumed to be Pccm with Co located at 2a with site symmetry 
2/m. A Cl-Co-Cl bond axis and a bisector of the As-Co-As 
chelate angle lie on a mirror plane. Non-hydrogen atoms 
were found from Fourier or difference synthesis and refined 
anisotropically. In the Fourier maps of the dmap ligand, an 
indication of the superposition of two conformations 
emerged. The space group Pcc2 was then tried locating the 
Co atom on the twofold axis. However, the disorder of the 
dmap ligand could not be deleted and therefore the centro-
symmetric space group, Pccm was adopted and the carbon 
atoms except C(l) were split into two possible positions A and 
B with weight of 1/2 each. All the non-hydrogen atoms were 
refined anisotropically, and H atoms were not introduced. 

Results and Discussion 

By reaction of R h C h • 3H2O with d m a p in ethanol, 
[RhCl2(dmap)2]+ was formed, and the complex was 
separated into the eis- and trans-isomers by column 
chromatography on SP-Sephadex. T h e structures of 
the isomers were assigned on the basis of the 1H N M R 
spectra. T h e isomer obtained from the slower-moving 

Ê 

o 
£ 
\ 

O 

?/103cm1 

Fig. 2. Absorption spectra of fr7ms-[RhCl2(dmap)2]-
CF3SO3 ( ) in methanol and trans-[CoCh-
(dmap)2]C104 ( ) in acetonitrile. 

dark yellow band gives only one resonance attributable 
to the AS-CH3 protons, and is assigned as the trans-
isomer. T h e four methyl groups should be in equiva­
lent environments because of rapid puckering of the 
chelate rings on the N M R time scale. O n the other 
hand, the isomer obtained from the faster-moving 
lemon yellow band exhibits three resonances in the As-
CH3 region and is assigned as the cis-isomer. These 
assignments were confirmed by X-ray structure determi­
nat ion of the isomers (vide infra). In general, a trans 
isomer is eluted faster than the corresponding eis isomer 
in ion-exchange column chromatography. T h e pres­
ent complex is an exception to this elution order. 

Figure 2 compares the absorption spectrum of trans-
[RhCl2(dmap)2]+ with that of tom.s-[CoCl2(dmap)2]+,3) 

and the data are given in Table 4. Both spectra are 
quite similar in pattern, a l though all of the bands of the 
rhodium(III) complex are shifted by 5200—-8200 cm" 1 

toward higher energy compared to the corresponding 
bands of the cobalt(III) complex. T h e low energy 
absorption band at 23900 c m - 1 of the rhodium(III) 
complex can be assigned to be the split component (Ia) 
of the first absorption band, 1Aig->1Tig (Oh). In the 
analogous phosphine complex, J rans-fRhC^dmpp^] 4 " 
(dmpp=l,3-bis(dimethylphosphino)propane) the Ia 

component lies at 25330 cm -1.8) T h u s the spectro-
chemical series for the group 5B (15) elements can be 
determined to be P>As. T h e same order has been 
reported for the trans-dichloro cobalt(III) complexes.3'9) 
T h e lb and second absorption bands of trans-
[MCl2(dmap)2]+ ( M = R h , Co) are hidden by the strong 
charge-transfer bands. 

T h e £ran.s-[RhBr2(dmap)2]+ and trans-[Rhh-
(dmap)2]+ complexes were prepared by substitution 
reactions from the Jram-dichloro complex and potas­
sium bromide or sodium iodide. T h e configuration 
was retained in the reactions as indicated by the absorp­
tion spectra. T h e absorption spectra of trans-
[RhX2(dmap)2]+ (X=C1, Br, I) are shown in Fig. 3. 
T h e spectral patterns of the complexes are similar, 
a l though the Ia component of the diiodo complex is 
observed as a shoulder because of the overlap with the 
R h - I charge-transfer band. In this series, the energy of 
the la component decreases in the order Cl>Br>I . T h e 
spectra show a shoulder at the low energy side of the Ia 

band and the absorption is assigned as a spin-forbidden 
transition. T h e shoulder becomes more pronounced 
as X proceeds from CI through Br to I. All of the 
complexes show an intense band at ca. 36500 cm - 1 , and 

Table 4. Absorption Spectral Data (in Methanol) 

Complex i>/103 cm - 1 (log£/mol -1dm3cm -1) 

ten5-[RhCl2(dmap)2]CF3S03 
mm5-[RhBr2(dmap)2]CF3S03 
£rans-[Rhl2(dmap)2]CF3S03 
cw-[RhCfe(dmap)2]PF6 

23.9(2.56) 32(4.0)a) 36.5(4.52) 44.3(4.18) 
19.5(1.l)a) 22.7(2.49) 28.8(3.74) 35.8(4.47) 
18(1.4)a) 21.5(2.7)a) 25.1(3.75) 36(4.4) 
28.5(3.25)a) 34.7(4.27) 40.3(4.41) 47(4.l)a) 

a) Shoulder. 
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Fig. 3. Absorption spectra of £rans-[RhCl2(dmap)2]-
CF3SO3 ( ), *rarw-[RhBr2(dmap)2]CF3SC>3 ( ), 
and ^ran.s-[Rhl2(dmap2]CF3S03 ( ) in meth­
anol. 

C02) 
O ™ C(6) 

Fig. 5. The molecular structure of the trans-
[RhCl2(dmap)2]+ complex cation (1) and edge-on 
views of the six-membered dmap chelate rings. 
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Fig. 4. Absorption spectra of as-[RhCl2(dmap)2]PF6 
( ) in methanol and as-[CoCl2(dmap)2]ClC>4 
( ) in acetonitrile. 

the band may be assigned as the Rh-As charge-transfer 
transition, since this band remains constant when the 
halogen in the complex is changed. 

Figure 4 compares the absorption spectrum of eis-

.As«) y**»_ 
/^>JCI(2) 

CIO) 

(2b) 

Fig. 6. The molecular structures of the PF6~ (2a) and 
CF3SO3- (2b) salts of c25-[RhCl2(dmap)2]

+. 

[RhCl2(dmap)2]+ with that of cw-[CoCl2(dmap)2]+. 
T h e spectral patterns are similar to each other. T h e 
band at 18700 c m - 1 of the cobalt(III) complex has been 
assigned as the first absorption band.3) T h e shoulder 
at ca. 28500 c m - 1 of the rhodium(III) complex can also 
be assigned as the first absorption band, since the ratio 
of the positions (i?Rh/i?co=28500/18700=1.52) is very close 
to the spectrochemical parameter for rhodium-(III), 
1.56 given by Shimura (the parameter for cobalt(III) 
is 1.00).10) T h e ratio for the trans complexes is also 
1.52. 

Structures of trans- and cts-[RhCl2(dmap)2]+ and 
£rans-[CoCl2(dmap)2]+. Molecular structures of the 
complex cations (1), (2a) and (2b), and (3) are shown in 
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(3) 

Fig. 7. The molecular structure of the trans-
[CoCl2(dmap)2]+ complex cation (3). Co, Cl, and 
C(l) atoms lie on a mirror plane. There is also a 
twofold axis passing through the Co atom and 
perpendicular to the mirror plane. Although the 
ligand dmap has two possible conformations (<5 and 
/Uskew boat forms with possibility 50%), only one of 
them was drawn for clarity. The other conforma­
tion is the mirror image. The chair forms could 
not be assigned becaused of too small angles for 
C(2A)-C(1)-C(2A') and C(2B)-C(1)-C(2B'). 

Figs. 5, 6, and 7, respectively. T h e structure determi­
nations confirmed the assignments based on the 
1H N M R and absorption spectra. Isomerization of cis-
[CoCl2(dmap)2]+ to the trans isomer precluded the iso­
lation of the eis isomer in a crystalline form suitable for 
X-ray analysis.3) 

T h e six-membered chelate r ing of d m a p takes the 
chair form in £ram-[RhCl2(dmap)2]C104, and the skew 
conformation in the Co complex. T h e chelate rings 
take the chair form in (2b), and one of them a distorted 
skew conformation in (2a). T h e different conforma­
tions indicate the flexibility of the d m a p chelate rings 
in the crystal field. 

A detailed discussion of the lengthening of mutual ly 
trans Rh-As bonds in terms of the trans influence of As 
on the Rh-As bond length is limited by the low accu­
racy of the structural data for a.s-[RhCl2(dmap)2]+. If 
the standard R h m - A s bond length,not affected by trans 
influence, is taken from the mean Rh-As distance a long 
the linear C l -Rh-As groups in (2a), 2.378(4) Â, and 
(2b), 2.377(5) Â, the lengthening of Rh-As by the trans 
influence of As can be estimated to be ca. 0.07 Â in 
comparison with the mean Rh-As distance of 2.446(4) Â 
in (1). T h e two Rh-As bond distances a long the linear 
As-Rh-As group in both (2a) and (2b) differ substan­
tially, 2.345(4) and 2.484(6) Â for (2a), and 2.389(10) and 
2.441(10) Â for (2b). We have no explanation for these 
differences at present. However, these Rh-As bonds 
average 2.415 Â, which is longer by ca. 0.04 Â than the 
mean Rh-As distance a long the linear Cl -Rh-As group. 
T h e trans influence of P on the R h - P bond length was 
found to be 0.05—0.09 Â in the £ram-[RhCl2(dmpe)2]+ 

complex.2) T h e strength of the trans influence of As 
seems to be almost the same as that of P in the rhodium-
(III) complexes. T h e trans influence (0.02—0.04 Â) 

of As on the R h - C l bond length is smaller than that of 
As on the Rh-As bond length (0.04—0.07 Â). T h e C o -
As bond distance in (3), 2.359(2) Â, is a little longer than 
that in Jram-[CoCl2(diars)2]Cl (diars^o-phenylene-
bis(dimethylarsine)), 2.334(2) Â.n> These bond distan­
ces are longer than that (2.302(1) Â) in [Co(acac)2-
{NH2CH2CH2As(CH3)2}]+,12) suggesting that the trans 
influence of As on the Co-As bond distance is 0.03— 
0.06 Â. T h e difference (ca. 0.09 Â) between the Rh-As 
and Co-As bond lengths in the present complexes, (1) 
and (3), is a little smaller than that (ca. 0.11 Â) between 
the R h - C l and Co-Cl bonds, bu t fairly larger than that 
(ca. 0.05 Â) between the R h - P and C o - P bond lengths 
in trans(Cl,Cl),cis(P,P)-[MCh(edpp)2V- (M^Rh 1 ) , Co13)) 
and /ac-[M(edmp)3]3+ (M=Rh2>, Co14)). T h e Rh(III) 
center seems to have a particularly strong affinity for P. 

T h e present work was supported by a Grant-in-Aid 
for Monbusho International Scientific Research Pro­
gram (Joint Research) No. 01044131 from the Ministry 
of Education, Science and Culture. 
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Mercury-Photosensitized Decomposition of 2-Azetidinone 
and 4,4-Dimethyl-2-azetidinone 
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Department of Chemistry, Faculty of Science, Okayama University, 3-1-1, Tsushima-naka, Okayama 700 
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The mercury-photosensitized decompositions of 2-azetidinone(AZ) and 4,4-dimethyl-2-azetidinone(DMAZ) 
have been studied at 453 and 423 K and at pressures from 750 to 18000 Pa and from 640 to 5000 Pa, respectively. 
The major products from AZ were carbon monoxide and ethylene, while ammonia was a minor product. The 
yields of carbon monoxide and ethylene increased linearly with increasing reaction time and light intensity; 
they were independent of the AZ pressure. These results suggest that carbon monoxide and ethylene are the 
primary products. The major products from DMAZ were carbon monoxide, isobutene, and 2,2-
dimethylaziridine; ethane, isobutane, and propylene were the minor products. The yields of carbon monoxide, 
isobutene, and dimethylaziridine increased linearly with increasing reaction time and light intensity at 3800 Pa, 
showing that these products are the primary ones. The formation of minor products was not linear with time. 
The quantum yields of carbon monoxide and isobutene were independent of the DMAZ pressure, while the 
relative yield of dimethylaziridine to that of carbon monoxide increased and those of the minor products 
decreased with an increase in pressure. Plausible mechanisms were proposed. 

There has been considerable interest in both the 
photolysis and pyrolysis of s imple r ing compounds.1) 
While the p h o t o and thermal decomposit ions of ali-
cyclic ketones2-5* and a l iphat ic lactones6-9* have been 
investigated in some detail, there has been only a brief 
study10* concerning the thermal decomposi t ion of lac­
tams in the gas phase. 

Recently, Frey and Watts investigated the thermal 
decomposit ions of ß-butyrolactone (BL)8) and ß-
propiolactone (PL)9* and found that carbon dioxide 
and the corresponding olefin were formed as the only 
products. They obtained relatively small energies of 
activation (163.4 and 180.5 k j mo l - 1 ) ; they pointed out 
that a biradical mechanism could be ruled out and 
that a concerted pathway must be involved. Paquet te 
et al.10) investigated the thermal decomposit ion of 
3,4-dialkyl-2-azetidinones, f inding that fragmenta­
tion to olefins and isocyanic acid proceeds virtually 
with a total retention of stereochemistry. They con­
cluded that this reaction is a concerted-type process. 
Unl ike thermal decomposi t ion, excitation in a 
mercury-photosensitized reaction can provide suffi­
cient energy to produce biradicals. In fact, it has 
been found that the mercury-photosensitized reactions 
of lactones give products different from those from 
thermal decomposition.11 '12) A l though the photoly­
sis of a-lactams13) and /Mactams1 4 ) were investigated in 
the l iqu id phase, the direct photolysis and photosen­
sitized decomposi t ion of lactams in the gas phase had 
not been reported before. 

T h e present paper describes a study concerning the 
mercury-photosensitized decomposit ions of 2-azetidi-
none (AZ) and 4,4-dimethyl-2-azetidinone (DMAZ). 
We at tempted to establish the reaction mechanism 
th rough a determinat ion of the q u a n t u m yields and a 
survey of effects of pressure, reaction time, and inten­
sity of the excit ing light. 

Experimental 

The apparatus and techniques were similar to those used 
previously.1112> Product analysis was performed by simple 
fractionations at 77, 185, and 273 K, as well as through 
measurements with a gas burette and gas chromatography. 
The light intensity absorbed by mercury atoms at 253.7 nm 
was determined by means of cis-2-butene actinometry15) 

(7abs=7.4X10-9 Einsteins"1). 
AZ(Aldrich, 99%) was used after being recrystallized from 

diethyl ether. DMAZ was synthesized according to the 
method of Graf,16) and was used after drying by calcium 
hydride, followed by repeated trap-to-trap distillations; cis-
2-butene (Nihon Tokushu Gasu K.K., pure grade) was used 
as supplied. 

Known amounts of AZ or DMAZ were injected into the 
reaction cell (F=110 cm3) and were degassed after several 
freeze-pump cycles. The pressures of the reactants in the 
cell were estimated using the perfect-gas equation. 

Results and Discussion 

In order to obta in sufficient vapor pressures of AZ 
and DMAZ, mercury-photosensitzed reactions were 
studied at 453 and 423 K, respectively. It was con­
firmed that nei ther thermal decomposi t ion at these 
temperatures nor direct photolysis at 253.7 n m 
occurred appreciably. 

T h e products obtained in the mercury-photosensitized 
decomposi t ion of AZ were carbon monoxide , ethylene, 
and ammon ia . T h e yields of carbon monoxide and 
ethylene increased linearly wi th increasing reaction 
t ime and l ight intensity. T h e product ion of a m m o ­
nia showed an induct ion period, and its yield showed 
a non l inear dependence on the l ight intensity. These 
findings indicate that carbon monoxide and ethylene 
are pr imary products; a m m o n i a is a secondary one. 
T h e q u a n t u m yields of carbon monoxide and ethylene 
were independent of the AZ pressure (^co—0.87+0.05 
a n d < Ê e t h y l e n e = 0 . 0 5 ± 0 . 0 1 ) . 
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40, 

0 30 60 

T i m e / m i n 

Fig. 1. Time dependence of yields of carbon monox­
ide (a) and isobutene (b) in the mercury-
photosensitized reaction of DMAZ at 3800 (O) and 
640 Pa(#). 

0,5 
Relative Light l i tensity 

Fig. 2. Dependence of yields of (a) carbon monoxide 
and (b) isobutene on light intensity in the mercury-
photosensitized decomposition of 3800 (O) and 640 
Pa (•) of DMAZ. (Reaction time is 20 min and 
relative light intensity of 1.0 corresponds to 
7abs=7.4X10-9 Einsteins"1). 

The major products from DMAZ were carbon mon­
oxide, isobutene, and 2,2-dimethylaziridine(DMA); ethane, 
propylene, and isobutane were the minor products. 
The production of carbon monoxide and isobutene 
was approximately linear with time and light inten­
sity at 3600 Pa (with perhaps some downward curva­
ture at longer reaction time and higher light inten­
sity), and depended on the time and light intensity at 
low pressure (Figs. 1 and 2). The decrease in carbon 
monoxide and isobutene production with increasing 
time is thought to be caused by either the reduction of 
DMAZ or the accumulation of products. As is shown 
in Fig. 1, the deviations from linear relationships 
between the yields and the reaction time began at 60 
and 10 min for runs at DMAZ pressures of 3800 and 
640 Pa, respectively. At these reaction times, the 
extent of decomposition (measured by the ratio of 
total yields of carbon monoxide and isobutene/initial 
amount of DMAZ) were about 0.24 and 0.22. The 
deviation did not begin at a similar amount of remain­
ing DMAZ, but at a similar conversion. This shows 
that the decrease in product formation was due to 
competition between the products and DMAZ for 
quenching excited mercury atoms. This will be dis­
cussed later. 

The yields of minor products increased non-linearly 
with time, with the yield increasing more sharply at 
lower pressure (Fig. 3). This suggests that these 
minor producs are secondary ones. 

It was found that the quantum yields of carbon 
monoxide and isobutene obtained at an irradiation 
time of 20 min are independent of the DMAZ pressure 
at pressures from 900 to 5000 Pa (<£Co=0.79+0.15 and 

0 30 60 

T ime/ m in 
Fig. 3. Time dependence of total yield of ethane, 

isobutane, and propylene at DMAZ pressures of 
3800 (O) and 640 Pa (•). 
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o 

10"3PL/Pa 

Fig. 4. Pressure dependence of relative yields of 
products obtained at reaction time of 20 min. • : 
isobutene/CO, A: 2,2-dimethylaziridine/CO. 

PL/Pa 

Fig. 5. Pressure dependence of relative yields of 
minor products obtained at reaction time of 20 min. 
A: ethane/CO, O: isobutane/CO, D: propylene/ 
CO. 

<Z>isobutene=0.12+0.03). In Figs. 4 and 5 the yields of 
products relative to that of carbon monoxide are 
shown as a function of the DMAZ pressure. The 
relative DMA yield increased, while the relative yields 
of the minor products decreased with an increase in 
the DMAZ pressure. 

The relative quenching efficiencies of Hg(3Pi) by 
AZ and DMAZ to that by ds-2-butene were estimated 
to be 0.69+0.03 and 0.63+0.02 from the effect of AZ 
and DMAZ on the yield of £ran,s-2-butene. These 
values are similar to those reported for PL (0.62) and 
BL (0.61). 

It has been concluded in previous studies11'12* that 
the triplet lactones formed in the mercury-
photosensitized reaction undergo a Norrish type-I 
cleavage. If the triplet lactams are also formed (the 
similar quenching efficiencies for lactones and lac­
tams mentioned above suggest a similarity regarding 
their initial processes) and undergo similar cleavages, 
the following biradicals may be formed: 

"?i 

dr2 
«2 

*—x 

0 
B-1 

!1 

à 
B-2 

(i) 

(2) 

X 
AZ NH 
DMAZ NH 
PL 0 
BL 0 

R1 R2 
H H 
CH3 CH3 

H H 
CH3 H 

Scheme 1. 

In the case of lactones,11'12) Reaction (1) is followed by 
an elimination of carbon dioxide by breakage of the 
C4-O bond, producing equimolar olefins (C2H4/ 
C0 2 =1 for PL and C3H6 /C02=1 for BL); Reaction (2) 
is followed mainly by the production of carbon mon­
oxide. It has been pointed out12) that the ratio of 
Reaction(2)/Reaction(l), which is approximately 
equal to the ratio of #co/^co 2 , decreases in the order 
PL, BL, and y-butyrolactone; this order agrees with 
the order for the increase in the difference in bond-
dissociation energies between OC-O and OC-C bonds 
(A£b=£b(OC-0)-£b(OC-C)). 

In the case of lactams, ethylene and isobutene were 
the primary products. Isocyanic acid (HNCO) may 
be produced by the decomposition of the biradical, 
B-1, though it was not detected. HNCO could be lost 
in product traps, perhaps by polymerization and by a 
reaction with the lactams. 

T h e r a t i o s Of #Co/#ethylene for A Z a n d #CC»/#isobutene 

for DMAZ are 17.4+1.8 and 6.2+1.5, respectively. 
They are quite different from the ratios of 0co/ethylene 
for PL (0.38)11* and (Pco/ÖWicne for BL (0.089).12* The 
differences (A£b '=Eb(OC-N)-Eb(OC-C)) in the bond 
dissociation energy between the OC-C and OC-N 
bonds in AZ and DMAZ were estimated to be 51.9 and 
58.2 k j m o l - 1 (the heats of formation of biradicals 
were estimated according to a method of McGee and 
Shleifer17) using available thermochemical data18'19)). 
These values are not very different from those for PL 
(A£b=46.4 kjmol"1) and BL (A£b=54.8 kjmol-1). 
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The results for lactones have been explained in terms 
of the idea that the ease of cleavage of a-bonds in the 
lactones determines the ratios of ^co/^Win. The 
large ratios of 3>co/̂ olefin observed for lactams, how­
ever, can not be explained only by this idea. A possi­
ble explanation for the large fraction of carbon mon­
oxide formation for lactams is that in this case carbon 
monoxide can also be formed from the biradical, B-I, 
through OC-N bond breakage. 

The biradicals formed in Reactions (1) and (2) must 
be triplets according to the spin-conservation rule. 
The estimated enthalpy changes for the following 
reactions are listed in Table 1. 

Table 1. Enthalpy Change for Reactions (3) and (4)a) 

Pi 

o 

• R 2 
CO + CH2CR1R2X (3) 

C0X + 3CH2=CR1 R2 (4) 

The heat of formation of the triplet biradicals 
involved in Reaction (3) were calculated by the 
method mentioned above by assuming that the differ­
ences in energy between triplet and singlet states can 
be neglected. The triplet energies of the olefins were 
cited from the literature.20) 

As shown in Table 1, the enthalpy changes of 
Reaction (3) for lactams are similar to those for lac­
tones, while the enthalpy changes of Reaction (4) for 
lactams are much larger than those for the lactones. 
This large difference in the enthalpy changes of Reac­
tion (4) comes from the large difference in the heats of 
formation of HNCO (=104.2 kjmol-1) and CO 
(=343.7 kjmol - 1) . The large endothermicity of 
Reaction (4) for lactams may show that this reaction is 
difficult to occur in the case of lactams. This results 
in the large amount of carbon monoxide compared to 
that of the corresponding olefins. 

The fate of the biradicals, CH2CR1R2X, formed in 
Reaction (3) requires some comments. We suggest 
the following three possibilities: 

Compounds 

AZ 
DMAZ 
PL 
BL 

AH3 

kjmol" 1 

85.9 
92.3 
74.4 
88.3 

AHA 

kjmol" 1 

151.9 
149.6 
23.8 
24.6 

a ) 3 Pi 

*-x 
! R —* CO + CH2CR1R2X 

- 1 COX* 3CH2=CR1R2 

and ethanimine, which are products in Reactions (6) 
and (7), are known to be unstable and easily polymer­
ize to cyclic and linear higher compounds.21,22) In the 
photolysis of AZ, aziridine (a ring-closure product) 
also could not be detected (the identification limit of 
our analytical system was about 5X10-8 mol). This 
suggests that even though a hydrogen transfer in the 
biradical, CH2CH2NH, may occur, a ring closure does 
not. 

It is interesting to note that DMA was detected in 
the mercury-photosensitized decomposition of DMAZ. 
As is shown in Figs. 4 and 5, the relative yield of DMA 
increased and those of minor products decreased with 
an increase in pressure. In order to explain these 
results, the following reactions are proposed in addi­
tion to the above-mentioned reactions: 

and 

CH2C(CH3)2NH -+ DMA*, 

DMA*^Xi, 

DMA* + M ^ DMA, 

(8) 

(9) 

(10) 

where DMA* is 2,2-dimethylaziridine with excess 
energy and Xi denote unknown products. From the 
large exothermicity of the reaction DMAZ+Hg(3Pi)—• 
CO+DMA+Hg(1So), DMA is formed with a large 
excess of energy and may isomerize and/or decom­
pose. From Reactions (3) and (8)—(10), the follow­
ing equation is derived: 

CH0-CR1R2 (5) 

* CH2=CRrXR2 (6) 

-* CH2R2-CR1=X (7) 

Reaction (5) shows a ring closure and Reactions (6) 
and (7) show hydrogen-transfer reactions from the 
2-position to the 1- or 3-position, respectively. In the 
case of the lactones, some products which suggest the 
presence of Reactions (5) and (7) were observed (ethyl­
ene oxide and acetaldehyde for PL,11) as well as pro­
pylene oxide and acetone for BL12)). In the case of AZ, a n d 
however, none of them was observed. Ethenamine 

Yield of DMA feio[DMAZ] 
Yield of CO k9 + £io[DMAZ] ' 

This equation shows that the relative yield of DMA 
increases with an increase in the DMAZ pressure; this 
explains the pressure dependence of the DMA yield 
given in Fig. 4. 

As mentioned previously, the influence of products 
on the productions of carbon monoxide and isobutene 
can not be neglected. The following reaction scheme 
can possibly explain the influence of the products: 

Hg* + DMAZ -• Hg + DMAZ*, (11) 
Hg* + Xi^Hg + Xi*, (12) 
DMAZ* -• CO, isobutene, DMA, (13) 

Xi* —> Minor products observed and others. (14) 
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As products Xi bui ld u p in the system, the contribu­
tion of Reaction (12) becomes larger, and the yields of 
carbon monoxide and isobutene decrease; those of the 
mino r products increase. These tendencies are 
emphasized at lower pressures. Al though Xi could 
not be identified, the above-mentioned reactions qual ­
itatively account for the results regarding the depen­
dences of the pressure, time, and l ight intensity on the 
product yields shown in Figs. 1—5. T h e product ion 
of mino r products is certainly not simple, and further 
speculat ion concerning mechanism is no t justified. 

T h e mechanism for the formation of a m m o n i a is 
not clear. J u d g i n g from the fact that a m m o n i a was 
not detected in the mercury-photosensitized decompo­
sition of DMAZ, a m m o n i a is probably produced after 
hydrogen transfer in the biradical, B-l. Brinton2 2 ) 

studied the photolysis of acetaldehyde azine and 
observed a m m o n i a as a product . H e poin ted out that 
e than imine , which is formed d u r i n g the pr imary 
process, mus t play an impor tan t role in the produc­
tion of ammonia : that is, a m m o n i a is released du r ing 
some rearrangement or polymerizat ion reactions of 
e thanimine . T h i s idea is in agreement with the 
abovementioned suggestion that hydrogen transfer 
occurs in the case of AZ, bu t not for DMAZ. 
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The intrinsic equilibrium constants of the surface hydroxyl groups, which describe the ionization of 
surface hydroxyl groups and the complexation of ions of a KCl electrolyte, were calculated with the surface 
charge densities determined by the Potentiometrie titration, and with the surface site densities evaluated by the 
surface hydroxyl group densities. The values of the intrinsic ionization constants, KIT and K& of maghemite, 
are higher than those of hematite, and the differences of these values have a tendency for ÀpK£l < kpK&. The 
values of the intrinsic complexation constants, *K^+ and *#£}_, of maghemite are higher than those of hematite. 
These results could be attributed to the differences of the electron densities of the oxygen atoms of the surface 
hydroxyl groups, which are linked to those in the bulk those of maghemite are lower than those of hematite. 
Also, the differences become smaller with increasing number of bonding protons. 

Maghemi te is widely used as a magnet ic material for 
magnet ic recording tapes and, hence, informat ion 
concerning the surface properties of maghemi te is 
essential for control l ing the manufac tur ing condi­
tions. O u r previous papers1,2* looked at the PZC 
(Point of Zero Charge) and the heat of immers ion in 
water of maghemite , and clarified that the difference 
in the characteristics of the surface hydroxyl groups 
for maghemi te and hemat i te arose from differences in 
the crystal structure. However, little work has been 
reported on the surface propert ies of maghemite , and 
no work has been reported concerning the intr insic 
equ i l ib r ium constants of the surface; there have, how­
ever, been some reports on hematite.3 ) 

In the present work the intrinsic equ i l ib r ium con­
stants of the surface hydroxyl groups, which describe 
the ionizat ion of the surface hydroxyl groups and the 
complexat ion of K+ and CI" ions wi th the oxide 
surface, were calculated us ing the surface charge den­
sities determined by Potent iometr ie t i trat ion, and wi th 
the surface site densities evaluated us ing the surface 
hydroxyl g roup densities. 

In the si te-binding theory of the electrical double 
layer on oxides proposed by Yates et al.4) and extended 
by Davis et al.5) and James et al.,3,6) the following 
reactions occur at the i ron oxide surface and are des­
cribed by their equ i l ib r ium constants: 

FeOHj = FeOH + H | 
^ f = ({FeOH}{H+})/{FeOHj}, 

FeOH = FeO~ + H | 
^ = ({FeO-}{H+})/{FeOH}, 

FeOH + K| = FeO~K+ + H+ 
*^V = ({FeO-K+}{H+})/({FeOH}{K+}), 

FeOHjCr = FeOH + CI7 + H+ 
*^êr = ({FeOH}{Cl7}{H+})/({FeOHjCl-}. 

Here, subscript s denotes the surface; {H+}, {K+} and 
{CI7} are the ionic concentrat ions at the surface, and 
are related to the bu lk solut ion concentrat ions {H + }, 
{K+} and {CI"} by Bol tzmann's dis tr ibut ion as follows: 

{H+} = {H+} exp (-Ffa/RT), 

{Kt} = {K+}exp(-Ffa/RT), 

and 
{C17} = {C1"} exp (-Ffa/RT), 

where F, fa, and fa denote Faradays constant, the 
potent ia l at the surface, and the potent ial at the p lane 
of " ion p a i r " formation, respectively. 

For the determinat ion of K%?, Kl$, *K$ and *K^h 
James et al.3>6) have proposed a "double extrapolat ion 
techn ique ," which is an excellent method for this 
purpose and was appl ied in the present work. There 
is, however, one significant problem regarding how to 
determine the value of the surface site density, which 
affects the final values of the above-mentioned con­
stants. Regard ing hemati te , the value for the site 
density varies over the range from 3.1 to 22.4 sites nm-2.3* 
In the present work, the measured surface hydroxyl 
g roup densities were used as the surface site densities. 

Experimental 

Materials. The maghemite sample used in the present 
work was prepared from acicular synthetic a-FeOOH (geo-
thite) by sequential dehydration, reduction and oxidation 
processes. The hematite sample was prepared by a heat 
treatment of the above-mentioned maghemite sample in air 
at 550 °C. In all cases the samples were purified as follows. 
They were first washed with an alkali solution, then with 
distilled water, and finally by electrodialysis. The samples 
and purification procedure are the same as those reported 
previously.1) The specific surface area of the samples were 
18.6 m2g - : l for maghemite and 16.0 m 2 g - 1 for hematite by 
the BET method of nitrogen adsorption at liquid-nitrogen 
temperature; the cross-sectional area of the nitrogen mole­
cule was assumed to be 16.2 Â2. 

Potentiometrie Titration Method. Two grams of sample 
were dispersed into 50 ml of aqueous solution and adjusted 
to a certain value of ionic strength by the addition of KCl. 
The titrant cell was a 100 ml polyethelene cup with a tightly 
sealed cap (having stirring Teflon blades) inserted into the 
center of the cell. A combination electrode comprising 
glass and calomel electrodes (Mettler DG-111), a thermome-
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ter, a microburet and an inlet and outlet for purified nitro­
gen gas of saturated water vapor were also inserted into the 
cell through the cap.7) The titrant cell was positioned in a 
water bath, in which thermostatted water was circulated so 
as to maintain a constant cell temperature of 25 °C. The 
amount of titrant added and the pH of the suspension were 
controlled and recorded by an auto titrator (Mettller 
DL-40RC Memo Titrator). Titration was performed with 
a 0.1 M (1 M=l mol dm"3) HCl or KOH standard solution. 
Then, 0.05 ml of the titrant was added at 3-min intervals. 
Blank titration was performed in the same manner as that 
described above, except for the existence of the samples. 

XPS Measurements. Maghemite and hematite samples 
were first pelletized, and then sputtered with Au and used for 
the measurement by ESCA 750 (Shimadzu Seisakusho Co., 
Ltd.). The chemical shifts of the binding energy of 0(Is) of 
both samples were determined with a reference peak of 
Au(4f). 

Results and Discussion 

Surface Site Densities and Surface Charge Densities. 
For the determination of the constants (K^f, Kf2\ *K$, 
and *K$) us ing the double-extrapolat ion method, the 
fractional ionization, a± (expressed as follows) is very 
important and changes the final value of these constants: 

a± = Oo/FNs, 

where o0 is the surface charge density and Ns is the 
surface site density (expressed as follows) and corres­
ponds to the surface hydroxyl g roup density: 

Ns = {FeOHj} + {FeOHjCl-} + 
{FeOH} + {FeCT} + {FeCTK+}. 

T h o u g h the value of oQ can be determined by Potentio­
metrie t i trat ion, Ns has various values which depend 
on the determinat ion methods or est imation assump­
tions.3) In the present work the most appropr ia te 
values for Ns, determined according to the amounts of 
chemisorbed water, were applied. 

For the evaluat ion and examina t ion of the values of 
Ns appl ied in the present work, the numerical parame­
ters determined in a previous study2) were used (listed 
in Tab le 1). Vp is the a m o u n t of water per un i t area 
in a physisorbed monolayer (determined by the B E T 
method of water adsorpt ion) , Vc is the number of the 
hydroxyl groups per un i t area, and SFe3+ is the average 
number of the surface i ron ions per un i t area (derived 
from the X-ray density of Dx of the crystal8)). 

Mor imoto et al.9) proposed a hydrated iron oxide 

surface model which included the surface ions, as well 
as the chemisorbed and physisorbed water. T w o sur­
face i ron ions share one molecule of chemisorbed 
water; these two ne ighbor ing hydroxyl g roups are 
connected th rough hydrogen bonds to one physi­
sorbed water of the first layer. 

T h i s model has been verified by the numer ica l 
correspondence between the surface densities of i ron 
ions as well as both chemisorbed and physisorbed 
water. The re is also the fact that the ratio between 
the surface density of i ron ions (SFe3+) and the surface 
hydroxyl g r o u p density of chemisorbed water (Vc) is 
1:1 and the rat io between the physisorbed water den­
sity ( Vp) a n d the surface hydroxyl g roup density ( Vc) is 
1:2. These numerical correspondences have been 
found to be reasonable regarding the present samples 
(Table 1): SFea+«Fc and Vp/Vc~0.5. These results 
strongly suppor t the validity of the values of Vc, and of 
its appl ica t ion as Ns. 

T h e surface charge densities of the oQ values of the 
maghemi te and hemati te samples determined by 
Potent iometr ie t i tration are shown in Figs. 1 and 2, 
respectively. T h e plot ted values were extracted from 
the t i t rat ion curves (described in the exper imental 
section) at the p H of the plot ted points . 

Fig. 1. The surface charge density of maghemite (7-
Fe2Û3) in aqueous dispersion as functions of KCl 
electrolyte concentration and pH at 25 °C. 

Table 1. 

Maghemite 
Hematite 

Numerical Parameters of the Surfaces of Maghemite (y-Fe2C>3) and Hematite (0 

s N
a ) 

m 2 g - l 

18.6 
16.0 

VP
h) 

H 2 0 's nm-2 

5.52 
5.85 

Vc
c) 

OH's nm-2 

11.8 
12.8 

Vp/Vc 

0.47 
0.46 

Dx
d) 

ü-Fe2C>3) 

SF e3+ e 

gcm~3 ions nm~2 

4.907 
5.277 

11.1 
11.7 

a) Specific surface area determined by the BET method with N2. b) Surface density of 
physisorbed water of the first monolayer, c) Surface density of the surface hydroxyl groups. 
d) X-ray density of crystal.8) e) Surface density of the Fe3+ ions calculated by Dx. 
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Fig. 2. The surface charge density of hematite (a-
Fe203) in aqueous dispersion as functions of KCl 
electrolyte concentration and pH at 25 °C. 

Determination of the Equilibrium Constants. T h e 
intr insic ionizat ion constants of the surface hydroxyl 
groups (2£jjl and Kf£) can be writ ten as 

pfC$ = pH + log {«+/( 1-CL+)} + (F^o/2.3 R T) 
= p & i + ( W 2 . 3 ß T ) , 

and 

ptfjg1 = pH - \og{a-/(l-a-)} + (F^o/2.3 RT) 
= pQ*2 + (Filfo/2.3RT), 

since the value of the potent ia l at the surface is 
u n k n o w n th roughou t the p H range (with the excep­
t ion of the PZC, at which i/fQ is equal to zero). K%f 
and K$ cannot be obtained directly from the above 
formulas. T h e double-extrapolat ion plots3,6) are 
appl ied to obta in K%1 and Ki$. With this method, the 
surface acidity quot ient , pQJà=pH±\og{a±/(\—a±)}> 

was determined for each experimental t i trat ion data 
po in t and for r ang ing the ionic strength (plotted as a 
function of 10Û!±+CKCI 1 / 2) . Plots of maghemi te and 
hemati te are shown in Figs. 3 and 4, respectively. For 
each ionic strength, curves were extrapolated th rough 
the poin ts to the condi t ion where a±=0 . T h e extrap­
olated poin ts are shown as solid squares. These 
extrapola t ion points , themselves, are extrapolated to 
zero suppor t ing electrolyte concentrat ion: that is, 
« ± = 0 and CKCI^O. In addi t ion, other curves can be 
extrapolated for condi t ions of constant surface charge, 
i.e. a±=const . , to a zero suppor t ing electrolyte concen­
trat ion of CKCI^O. These extrapolated poin ts for con­
stant a± are shown as open squares, and form a curve 
for double extrapolat ion: that is, CKCI^O, extrapolated 
to a ± = 0 . 

T h e intr insic ionizat ion constants of pK%? and pK)$ 
obtained by these plots are 2.7+0.3 and 8.3+0.3 for 
maghemi te , and, 3.2+0.3 and 10.2+0.3 for hemati te , 

10 <x+ VCKCI 

Fig. 3. Double extrapolation plot for determination 
of pK%i and pK& snowing the variation of surface 
acidity quotients, pQa, for dissociation of positive 
and negative sites on maghemite (y-Fe203) in aque­
ous dispersion at 25 °C, with fractional ionization 
and KCl electrolyte concentration. 
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Fig. 4. Double extrapolation plot for determination 
of pKS1 and pK& snowing the variation of surface 
acidity quotients, pQa, for dissociation of positive 
and negative sites on hematite (a-Fe203) in aqueous 
dispersion at 25 °C, with fractional ionization and 
KCl electrolyte concentration. 

respectively. T h e intrinsic ionization constants of 
K*f- and Ki$ are related to the value of the PZC (via the 
following equat ion) , since at the PZC, {FeO'Jpzc^ 
{FeOHJ}pzc and {Ht}pzc={H+}PZc (*o=0): 

P H p z c = l / 2 ( p 4 , ! t + P^n2t). 

T h i s re la t ionship can be per t inent to both maghemi te 

and hemati te , referring to the values of pHpzc of 5.5 

for maghemi te and 6.7 for hematite1) (Table 2). For 
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Table 2. Surface Ionization and Complexation Constants 
for Maghemite (y-Fe203) and Hematite (a-Fe2C>3) 

pKSi pKä1 (pK!F+pKiï)/2 pHpzc1) p*K& p*Kg-

Maghemite 2.7+0.3 8.3+0.3 5.5+0.3 5.5 7.1+0.3 3.8+0.3 
Hematite 3.2+0.3 10.2+0.3 6.7+0.3 6.7 8.1+0.3 4.9+0.3 
-ApK (average) 0.5 1.9 1.2 L2 L0 1.1 

the value of the PZC of maghemite , an identical value 
of 5.5 was also confirmed by Potentiometrie t i trat ion 
wi th a commercial ly available maghemi te sample 
hav ing an acicular shape wi th a length of 0.2—0.4 urn 
and an acicular rat io of 8—10. T h e saturat ion mag­
netization is 73.0 e m u g " 1 and the specific surface area 
is 23.8 m 2 g _ 1 . T h e purif icat ion of this sample was 
the same as that ment ioned in the experimental sec­
tion. For hemati te , many t i t rat ion measurements 
have been reported; those values of PZC which are 
more than 8, are 8.4,10'n> 8.5,12"14> and 8.4—9.3.15> 
T h e reason for the h igher values (compared to the 
present value of 6.7) could be attr ibuted to the degree 
of hydra t ion of the samples. All of the above-
ment ioned samples were prepared and measured in an 
aqueous systems wi thou t any unhydra t ion process. 
Hemat i te prepared in an aqueous system has a 
hydrated layer at the surface,10,11* and shows a very 
h igh surface density of the chemisorbed water;13'14'16* 
the hydroxyl groups thus behave as surface sites, and 
also show a h igh IEP value17 '18) (Isoelectric Point) . 
T h e values of pK%\1 and pK\$ determined by t i trat ion 
data for the above samples, are p£j j l =6.7±0.3 and 
p/££L=10.3+0.3,3) wi th an apprehens ion for the under­
est imat ion of the surface site density of Ns- These 
values almost coincide wi th the values of pK's con­
cerning Fe(OH)3 (described below19)). T h e contr ibu­
t ion of the hydroxyl groups bonded directly to the 
crystal of hemati te is considered to be small compared 
to those of hydrated iron(III) oxides: 

Fe(OH)J + H 2 0 = Fe(OH)3 + H+ pKi = 6.0+0.2 
Fe(OH)3 + H 2 0 = Fe(OH)ï + H+ pK2 = 10.0+0.2 

T h e values found in the present work are considered 
to be those of surface hydroxyl groups bond ing to the 
crystal surface, wi th regard to the reasonability of the 
surface densities of the hydroxyl groups and the clear 
differences of the values between hemati te and 
maghemite . 

T h e intr insic ionizat ion constants for bo th steps of 
maghemi te are h igher than those of hemati te . It is 
reasonable to consider that the value of pHpzc for 
maghemi te is lower than that for hemati te . More 
noticeable, however, the average difference of pK^f-
between maghemi te and hemati te , i.e. Ap£jj l , is 
h igher than that of pKi$, i.e. ApK%1 (Table 2). 

Determination of the Intrinsic Complexation Con­
stants. T h e intr insic complexa t ion constants of sur­
face hydroxyl g roups *K'%1 and *K{$± are defined us ing 
the fol lowing formulas: 

= P H - l o g { a - / ( l - a - ) } + log{K+} + {F(iAo-iAd)/2.3/?T} 

=p*ßK + +{f(*o-w/2 .3Än 

and 

P*^cr 
= pH + log{a+/(l~a+)}--log{Cl-} + {F(*o--*d)/2.3A7} 
= P*Qcr + {/r(*o-*d)/2.3 RT}. 

In order to obtain the values of *K'^and *K$ wi th the 
double-extrapolat ion method,3'6* the surface com­
plexat ion quot ient , p*Q=pH±log{a±/(l — a±)}+log 
{CKCI}, was plot ted as a function of 10a±+logCKci. 
These plots for maghemi te and hemati te are shown in 
Figs. 5 and 6, respectively. For each ionic strength, a 
smooth curve drawn th rough the experimental points 
was extrapolated to ( 1 0 a + l o g C ) = l o g C . These ex­
trapolated points are shown as solid squares. At 
these poin ts a and oQ mus t be zero. A smooth curve 
th rough these points can be extrapolated to (10a+ 
l o g C ) = 0 , where since a = 0 , ao=0, and l o g C = 0 , C = 1 . 
In addi t ion, a smooth curve can be drawn th rough the 
poin ts of arbitary values of a, shown as open squares, 
and extrapolated to l o g C = 0 for that a. A smooth 
curve j o i n i n g these l o g C = 0 poin ts (shown as solid 
squares) and the experimental points of its CKCI—1 
(having a good fit wi th the extrapolated points) can 
be extrapolated to ( lOa+logCicci^O, where since 
log CKCI—0, CKCI—1 and a = 0 , a o =0. T h e intr insic 

Fig. 5. Double extrapolation plot for determination 
of p*Kffi and p*£g}- showing the variation of sur­
face complexation quotients, p*Q, for positive and 
negative sites on maghemite (y-Fe203) in aqueous 
dispersion at 25 °C, with fractional ionization and 
KCl electrolyte concentration. 
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100 h 

1.0 1.5 2.0 2.5 

10 ol+ - log CKCI 

3.0 3.5 4.0 

Fig. 6. Double extrapolation plot for determination 
of p*Kg¥ and p*#cr showing the variation of sur­
face complexation quotients, p*Q, for positive and 
negative sites on hematite (a-Fe203) in aqueous 
dispersion at 25 °C, with fractional ionization and 
KCl electrolyte concentration. 

complexation constants of p*£j$ and p*#cr> obtained 
by two-extrapolation procedures, are 7.1+0.3 and 
3.8±0.3 for maghemite, and 8.1+0.3 and 4.9+0.3 for 
hematite, respectively (Table 2). It can be found that 
the capability of the formation of the surface com­
plexes of {FeO"K+} of maghemite is higher than that 
of hematite, and that the capability on {FeOH^Cl"} of 
maghemite is lower than that of hematite. 

Dependence of Equilibrium Constants on Crystal 
Structure. These results show that the intrinsic ioni­
zation constants of K^f and Kf2

l for maghemite are 
lower than those for hematite. These differences can 
be attributed to the different natures of the surface 
hydroxyl groups, which are strongly affected by the 
crystal structure of the bulk. The values of the 
intrinsic complexation constants of *K$± and *K$- for 
maghemite and hematite should be linked to the 
values of the intrinsic ionization constants of Ki*}1 and 
£$L for maghemite and hematite. Then, the results 
that the value of *K$ for maghemite is higher than 
that for hematite, and the value of */££]- for maghemite 
is lower than that for hematite, can be interpreted as 
follows: The higher value of *K$l for maghemite 
implies that the formation of the surface complex of 
FeO"K+ is easier for maghemite than for hematite, 
and is considered to be due to the fact that the forma­
tion of the anionic surface site, FeO", is easier for 
maghemite than for hematite. The lower value of 
*£&" f° r maghemite implies that the formation of a 
surface complex of FeOH^Cl" is harder for maghem­
ite than for hematite; this is considered to be due to the 
fact that the formation of a cationic surface site of 
FeOHt is harder for maghemite than for hematite. 

The difference in nature of the surface hydroxyl 
groups due to the differences in the crystal structure 
must be examined by considering the nature of the 

536 534 532 530 

Binding Energy / eV 

528 526 

Fig. 7. The signal intensities of XPS of O(ls) for 
maghemite (y-Fe2<I)3) as function of the binding 
energy. 

100 

534 532 530 

Binding Energy / eV 

Fig. 8. The signal intensities of XPS of O(ls) for 
hematite (a-Fe203) as function of the binding 
energy. 

chemical bonds of Fe-O in the bulk of a crystal, which 
is considered to have an intimate correspondence with 
the chemical bonds of Fe-O (-H) of the surface 
hydroxyl groups. The above-mentioned fact that the 
crystal density (Dx) of maghemite is lower than that of 
hematite strongly suggests that the average bond 
length of Fe-O of maghemite is longer than that of 
hematite. The enthalpy of the crystal formation of 
maghemite is higher than that of hematite.20) Then, 
the bond of Fe-O of maghemite is weaker and less 
polar than that of hematite, and the atoms in the 
crystal of maghemite are less ionic21) than those of 
hematite; also, the electron density of the oxygen 
atoms in the crystal of maghemite is considered to be 
lower than that hematite. The electron density of the 
oxygen atoms can be examined by the XPS signal of 
the binding energy of O(ls) through its chemical shift. 
Figures 7 and 8 show the O(ls) spectra of both mag-
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hemite and hematite, respectively. These spectra were 
observed to consist of the ma in strong peaks, attrib­
uted to the oxygen atoms of the crystal lattice, and to 
the addi t ional low-intensity bands of h igh b i n d i n g 
energies, wi th a curve fit t ing method. For the ma in 
peak of the oxygen a toms of the bulk, the h igher 
b ind ing energy of maghemi te (530.1 eV), t han that of 
hemat i te (529.9 eV), can be confirmed with a chemical 
shift of about 0.2 eV.22) T h i s result suggests that the 
electron desity of the oxygen atoms of the bulk of 
maghemi te is lower than that of hemati te . T h e elec­
tron density of the oxygen atoms of the surface 
hydroxyl groups is considered to be related to the 
electron density of the oxygen atoms of the bulk 
crystal. T h i s considerat ion can be well suppor ted by 
the fact that the addi t ional bands, which are likely to 
be due to surface hydroxyl groups of maghemite , have 
h igher b ind ing energies than those of hemati te , 
t h rough inspections of the spectra in Figs. 7 and 8. 
T h e lower electron density of the oxygen atoms of the 
surface hydroxyl groups of maghemite , compared to 
that of hemati te , could explain the or igin of the 
lower values of pK%? and pKl$ for maghemi te than 
for hemati te . It can also be discussed from the po in t 
of view of p ro ton affinity, which decreases wi th the 
correspondence to the h igher chemical shift of the 
b ind ing energy of O(ls) of XPS.2 3 ) 

Concern ing the differences of the values of pK%\1 and 
pÄ^2L between maghemi te and hemati te , ApA^'f is 
h igher than Ap£$L . T h e reason for these differences 
is considered to be due to the fact that the difference in 
the electron density of the oxygen atoms of surface 
hydroxyl groups between maghemi te and hemati te 
becomes smaller as the number of protons b o n d i n g to 
the oxygen atoms of the surface hydroxyl groups 
increases, such as F e O " < F e O H < F e O H £ . T h u s , the 
difference in the electron density of the oxygen a toms 
of the surface hydroxyl groups or ig ina t ing in the bu lk 
crystal is decreased by b o n d formation of the oxygen 
atoms of the surface hydroxyl groups with protons . 

Conclusion 

1) T h e intr insic ionizat ion constants, K%\1 and &$, 
of maghemi te are h igher than those of hemati te . 
These facts can be at t r ibuted to a differences in the 
electron density of the oxygen atoms of the surface 
hydroxyl groups , which are, in turn, affected by the 
bulk crystal. 

2) T h e differences in the values of 2£j}1 and K$ 
between maghemi te and hemati te have a tendency to 
be ApA^îKAp/Êlg1. T h i s tendency can be at tr ibuted to 
a decrease in the difference of the electron density of 
the oxygen atoms of the surface hydroxyl groups 
caused by an increase in the number of protons bond­
ing to the oxygen atoms. 

3) T h e intr insic complexat ion constants, *K$l and 

*/£$-, a r e h igher than those of hemati te . These differ­
ences in the intr insic complexat ion constants arise 
from a differences in the intr insic ionizat ion 
constants. 

T h e authors wish to thank Professor Yoshiyuki 
Nishiyama of the Chemical Research Insti tute of Non-
Aqueous Solut ions of T o h o k u University, for useful 
discussions. 
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Photoinduced Hydrogen Evolution with Viologen-Linked 
Zinc Porphyrins 
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Viologen-linked water-soluble zinc porphyrins with different methylene chain lengths between porphyrin 
and viologen, Zn-PC3(CnV) (n=2—6), were both synthesized and characterized. The lifetimes of the photoex­
cited triplet states of these compounds were almost the same as those of zinc porphyrins without linked 
viologen. The fluorescence decay profiles, however, comprised two components with first-order decay (shorter 
and longer lifetimes) indicating the existence of two conformations: complexed and extended conformers. In 
the complexed conformer, photoexcited singlet state is quenched by linked viologen. These compounds were 
applied to photoinduced hydrogen evolution in a system containing NADPH, Zn-PC3(CnV), and hydrogenase 
under steady state irradiation. Upon irradiation of the sample solution hydrogen was generated, indicating 
that all of the compounds, Zn-PC3(CnV) (n=2—6), can be substrates of the enzyme hydrogenase, and that every 
compound participates as both a photosensitizer and an electron carrier in the same molecule. 

Over the past decade m u c h at tent ion has been given 
to systems capable of us ing solar energy. T h e most 
attractive reaction to convert solar energy in to chemi­
cal energy is the photodecomposi t ion of water in to 
hydrogen and oxygen. Various at tempts have been 
made to develop suitable redox systems for the photo­
chemical uti l ization of solar energy. Recent work 
has shown that the fol lowing three componen t sys­
tems con ta in ing a photosensitizer, an electron donor, 
and an electron acceptor can be used to evolve hydro­
gen when a suitable catalyst is present.1 _ 3 ) 

bo th a photosensitizer and an electron carrier in the 
same molecule, they were appl ied to photo induced 
hydrogen evolution, as shown in the following 
scheme: 

ox 
(S-C) 

hv 

( S - C ) + 

-> (S-C) \ r 
c a t a l y s t 

1 /2 H2 

Here, D, S, and C are an electron donor, a photosensit­
izer, and an electron carrier, respectively. 

T h e described reactions are qui te general and have 
been demonstrated for a wide range of photosensitizers 
and electron carriers.4_15) 

Metal lo-porphyrins have been widely used as 
photosensitizers, and methyl viologen has been a 
p o p u l a r electron carrier. For a catalyst, an enzyme, 
hydrogenase, or colloidal p l a t i n u m is widely used; 
any of these can catalyze the reduction of protons in 
the presence of suitable electron-donating agents, such 
as reduced methyl viologen. 

In this reaction charge separat ion between a photo­
excited sensitizer and an electron carrier is one of the 
most impor t an t steps. In order to improve this system 
viologen-linked water-soluble zinc porphyr ins (S-G) 
were synthesized. In the viologen-l inked porphy­
rins, the viologen moiety is close to the porphyr in r ing 
and the photoexcited porphyr in is easily quenched, 
compared with the non- l inked porphyr in and violo­
gen system. Since these compounds possibly act as 

We previously reported the synthesis and characteri­
zation of four viologen-linked tetra-pyridyl porphyr­
ins and photo induced hydrogen evolution wi th these 
porphyrins.16 '17* In this study different types of 
viologen-l inked porphyr ins and one viologen-linked 
mono-pyridyl porphyr in , were both synthesized and 
characterized. 

Some types of qu inone bonded porphyr ins have 
been synthesized as model compounds of chloro­
phyll.1 8 - 2 0) Very efficient quench ing of photoexcited 
chlorophyl l occurs via the singlet state. It has been 
found that the photoexcited singlet state of some of 
these compounds are quenched by bonded qu inone . 
Regard ing viologen-linked porphyr ins , photoexcited 
singlet-state quench ing was also measured; the reac­
tion mechanism is discussed. 

Experimental 

Materials. All materials were either of analytical grade 
or the highest grade available. 

Hydrogenase was obtained from Desulfovibrio vulgaris 
(Miyazaki type, IAM 12604) and purified by Yagi's 
method.21) Though its concentration is not known, 
1.48X10"6 mol of hydrogen was generated by the following 
reaction system; hydrogenase (0.5 ml)-methyl viologen 
(4.1X10-5 moldm-3)-Na2S204 (5.7X10"3 mol dm"3) in 1.0 ml 
of 0.02 mol dm-3 Tris-HCl buffer (pH 7.0) at 30 °C for 10 
min. 
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8r<CH2k8r(n = 2-6) 
R = -O-C02Et 

N-CH3 , r 

Fig. 1. Structure of viologen-linked zinc-porphyrins and their 
synthetic route. 

Preparation of Viologen-Linked Porphyrins. The prep­
aration route of viologen-linked water-soluble zinc porphyr­
ins is shown in Fig. 1. The starting material, 5-(4-pyridyl)-
10,15,20-tetrakis(4-ethoxycarboxyphenyl)porphyrin, was syn­
thesized according to methods described in the literature.22) 
By-products were removed by Dolphin's method.23) The 
starting material, 5-(4-pyridyl)-10,15,20-tetrakis(4-ethoxy-
carboxyphenyl)porphyrin, was then quaternized with an 
excess amount of a,cu-dibromoalkane at 130 °C to obtain 5-
[l-(cü-bromoalkyl)-4-pyridino]-10,15,20-tris(ethoxycarboxyl-
phenyl)porphyrin bromide. After hydrolysis of 5-[l-(cu-
bromoalkyl)-4-pyridino]-10,15,20-tris(ethoxycarboxyl-
phenyl)porphyrin bromide by excess NaOH in ethanol, 
zinc-porphyrins with methylene chain (Zn-PC3(CnBr), 
n=2—6, Fig. 1) was synthesized by the addition of zinc 
acetate (ca. 10 fold molar excess). The porphyrin (Zn-
PC3(CnBr), n=2—6) and a 100-fold molar excess amount of 
l-methyl-4,4'-bipyridinium iodide was refluxed in DMF; the 
product was extracted with CH3CI and then washed with 
water to remove excess l-methyl-4,4/-bipyridinium iodide. 
Excess porphyrins were removed by column chromatog­
raphy (Biorad, Biobeads SX-2, 60X3 cm). Thus-prepared 
viologen-linked zinc porphyrins were used for photochemi­
cal experiments. 

Optical Measurements. The luminescence intensity (an 
integration along the luminescence spectrum between 570 
nm and 750 nm) was measured using a Hitachi-850 spec­
trometer. The excitation wavelength was 550 nm. The 
lifetime of luminescence was measured using a Horiba 
NAES-550. 

Conventional laser flash photolysis was carried out by 
using an Nd-YAG laser (model DCR-2A-10 from Quanta-
Ray Inc). This laser generated second-harmonic (532 nm) 
pulses of 10 ns duration with an energy of 200 mJ per pulse; 
a repetion rate of 10 Hz was used for the excitation of sample 
solutions throughout this study. The light beam, after 
passing through a sample cell, was collimated into the 
entrance slit of a monochromator (model BM 50/50 from B 
& M Spectronik Co.). The output signal from a photomul-
tiplier (Hamamatsu Photonics 446) attached to the slit of the 
monochromator was displayed on a Hitachi oscilloscope 
(model V-1050F). 

Method of Photoinduced Hydrogen Evolution. Pho­
toinduced hydrogen evolution was carried out under steady 
state irradiation at 30 °C. A sample solution containing 
nicotinamide-adenine dinucleotide phosphate (reduced 
form, NADPH), Zn-PC3(CnV), hydrogenase and surfactant, 

Triton X-100 (if included), was deaerated by repeated freeze-
pump-thaw cycles. As a light source, a-200 W tungsten 
lamp was used. Light of wavelength less than 390 nm was 
removed by a Toshiba L-39 filter. Evolved hydrogen gas 
was analyzed by gas chromatography (column: active car­
bon, 2 m; column temp.: 40°C, carrier gas: nitrogen). 

Results and Discussion 

Characterization of Zn-PCs(CnV). Table 1 shows 
the peak wavelengths of the electronic spectra of Zn-
PC3(CnV) and Zn-PC3(CnBr). T h o u g h the electronic 
spectra of Zn-PC3(CnV) are similar to those of Zn-
PC3(CnBr), the absorpt ion peak wavelength of Zn-
PC3(CnV) in the Soret region shifts to longer wave­
length, indica t ing a slight interaction between the 
central metal ion and the viologen connected at the 
end of the methylene chain. 

Figure 2 shows typical oscilloscope traces of p h o -
toexcited Zn-PC3(CnV) and Zn-PC3(CnBr) moni tored 
at 470 n m after a laser flash. T h e decay obeyed first-
order kinetics. From the slopes of the first-order 
plots the lifetimes of the triplet state of these com­
p o u n d s were obtained (Table 2). There were n o 
remarkable differences in the triplet lifetimes between 
Zn-PC3(CnV) and Zn-PC3(CnBr), indicat ing that the 
triplet states of these compounds are not quenched by 
the l inked viologen. 

T h e fluorescence spectra of Zn-PC3(CnV) and Zn-
PC3(CnBr) were also measured. A typical fluorescence 

Table 1. Peak Wavelength of Various Porphyrins 

Zn-PC3(C2Br) 
Zn-PC3(C2V) 
Zn-PC3(C3Br) 
Zn-PC3(C3V) 
Zn-PC3(C4Br) 
Zn-PC3(C4V) 
Zn-PC3(C5Br) 
Zn-PC3(CöV) 
Zn-PC3(C6Br) 
Zn-PC3(C6V) 

Soret Band/nm 

422.0 
423.2 
422.8 
422.0 
422.0 
423.0 
423.2 
423.0 
423.2 
423.6 

Q Band/nm 

557.4 597.6 
560.8 603.0 

521.0a) 558.4 599.4 
521.0a) 558.6 599.0 

557.0 598.0 
559.2 601.0 
558.8 600.6 
559.8 601.0 

521.0a) 559.4 604.2 
562.2 601.8 

a) Weak peak. 
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Fig. 2. Typical oscilloscope traces for T-T absorption of Zn-PC3(CnV) observed at 470 nm. 

Table 2. Lifetimes of Excited Triplet State 
of Zn-PC3(CnBr) and Zn-PC3(CnV) 

Lifetime/10"6 

Zn-PC3(C2Br) 
Zn-PC3(C3Br) 
Zn-PC3(C4Br) 
Zn-PC3(C5Br) 
Zn-PC3(C6Br) 

237 
295 
290 
205 
240 

s Lifetime/10~6 s 

Zn-PC3(C2V) 
Zn-PC3(C3V) 
Zn-PC3(C4V) 
Zn-PC3(C5V) 
Zn-PC3(C6V) 

200 
286 
203 
322 
200 

•*-« 
-D 

>> 
Ö 

spectrum of Zn-PC3(C2V) is shown in Fig. 3. The 
relative fluorescence intensity obtained by integrating 
the spectra are shown in Table 3. The relative fluo­
rescence intensity of Zn-PC3(CnV) (n=2—4) are low 
compared with zinc porphyrin (Zn-PC3(CH3)) without 
linked viologen, showing that the singlet state is 
quenched by viologen linked with a porphyrin ring. 

A typical fluorescence decay profile of Zn-PC3(CnV) 
is shown in Fig. 4. The fluorescence lifetimes are 
summarized in Table 4. In the case of Zn-PC3(CH3), 
the fluorescence decay obeyed first-order kinetics. In 
the case of viologen-linked porphyrins, however, the 
fluorescence decay profiles consist of two components 
with first-order decay; a shorter lifetime (TS) and a 
longer lifetime (TI), as shown in Table 4. Both life-

J Q 
v_ 
Ö 

c 

500 

Wavelength / nm 

Fig. 3. Fluorescence spectrum of Zn-PC3(C2V). 

Table 3. Relative Emission Intensity of Zn-PC3(CH3) and Zn-PC3(CnV) 

Relative Intensity 

Relative Intensity 

Zn-PC3(CH3) 

100 

Zn-PC3(C4V) 

Zn-PC3(C2V) 

56 

Zn-PC3(C5V) 

Zn-PC3(C3V) 

56 

Zn-PC3(C6V) 

52 77 76 
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Fig. 4. Fluorescence decay profiles of Zn-PC3(CnV). 

Table 4. Analysis of Fluorescence Decay Profiles 
of Zn-PC3(CnV) 

Ts/ns Ti/ns Ai/% 

Table 5. Photoinduced Hydrogen Evolution with 
NADPH-Zn-PC3(CnV)-Hydrogenase System 

(See text for reaction conditions) 

Zn-PC3(CH3) 
Zn-PC3(C2V) 
Zn-PC3(C3V) 
Zn-PC3(C4V) 
Zn-PC3(C5V) 
Zn-PC3(C6V) 

2.01 
1.50 
2.05 
2.17 
1.88 

54.8 
68.8 
60.7 
64.0 
74.4 

6.76 
7.52 
7.47 
7.93 
8.09 
8.20 

100 
45.2 
31.2 
39.3 
36.0 
25.6 

Zn-PC3(C2V) 
Zn-PC3(C3V) 
Zn-PC3(C3V) 
Zn-PC3(C4V) 
Zn-PC3(C5V) 
Zn-PC3(C6V) 

Reaction time 
/ h 

Hydrogen evolved 
/10"8 mol 

4 
2 
4 
4 
4 
4 

0.8 
1.0 
1.9 
1.6 
0.8 
1.4 

times hardly depend on the methylene chain length. 
T h e longer fluorescence lifetimes of the viologen-
linked porphyr ins are a lmost the same as that of the 
porphyr in wi thout viologen (Zn-PCs(CH3)). 

In the case of qu inone-bonded porphyr ins , there 
exists two conformers; complexed and extended con-
formers.24) T h o u g h the q u i n o n e comes close to the 
porphyr in r ing in a complexed conformer, the qu i ­
none is extended from the po rphyr in r ing in an 
extended conformer. T h o u g h the photoexcited sin­
glet state is quenched by q u i n o n e in complexed con-
former, no quench ing reaction occurs in an extended 
conformer. 

In the case of viologen-l inked porphyr ins there may 
also be two conformations; a complexed conformer 
(viologen comes close to the po rphyr in ring) and an 
extended conformer (viologen is extended from the 
porphyr in ring). In the case of the complexed con-
former, the photoexcited singlet state of the po rphyr in 
is quenched by the l inked viologen by an intramolecu­
lar reaction, as shown in the fol lowing scheme: 

P-V 
ip*_V 
ip*_V 
P+-V" 

> ip*_V 
>P-V + (hi/) 
> P+-V-
•P-V. 

Here P -V is a viologen-linked porphyr in and P + - V " 
is the charge-separated species. 

O n the other hand , no q u e n c h i n g reaction occurs in 
an extended conformer. 

Photoinduced Hydrogen Evolution with Zn-PC3-
(CMV). Photo induced hydrogen evolution was car­
ried out under steady state i r radiat ion at 30 °C. U p o n 
irradiat ion of the sample solut ion hydrogen was 
generated; the a m o u n t of hydrogen evolved is shown 
in Tab le 5. It is apparen t that all compounds Zn-
PC3(CnV) (n=2—6) can be substrates of the enzyme 
hydrogenase, and that every c o m p o u n d thus partici­
pates as both a photosensit izer and an electron carrier 
in the same molecule. T h e hydrogen evolution rate 
strongly depended on the methylene chain length; a 
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lower hydrogen evolut ion rate was observed in the 
case of Zn-PCs(C2V). An intramolecular electron 
transfer from porphyr in to viologen a long the methyl­
ene cha in may hardly take place. When the methyl­
ene chain length is sufficiently long (n>3) , the por­
phyr in r ing possibly comes close enough to viologen, 
so that an electron easily transfers directly from the 
porphyr in r ing to viologen. A trace a m o u n t of hydro­
gen was observed when an individual componen t 
system cona t in ing Zn-PC3(CH3), methyl viologen, 
N A D P H , and hydrogenase was used, conf i rming that 
the l inked viologen of Zn-PC3(CnV) serves as an elec­
tron carrier. 

T h e lifetimes of the viologen-linked porphyr ins 
(Zn-PC3(CnV), n=2—6) were almost the same as those 
of the porphyr ins wi thou t viologen (Zn-PC3(Cn), 
n=2—6), and also independent of methylene chain 
length (Table 2). From the above results it can be 
said that the triplet state of the porphyr in was not 
quenched by the l inked viologen. T h e hydrogen evo­
lu t ion rate, however, strongly depended on the methy­
lene cha in length. In this reaction, the photoexcited 
singlet state of po rphyr in is quenched by the l inked 
viologen. 

Photoinduced Hydrogen Evolution in Micellar 
System. T h e effect of a surfactant for pho to induced 
hydrogen evolut ion was studied, since the conforma­
tion of Zn-PC3(CnV) may be influenced by the en­
vironment . T h e effect of a surfactant was studied. 
When a surfactant (Tr i ton X-100) was added to 

Table 6. 

Solvent 

Triton X-100 
(5 vol%) 

Water 

Analysis of Fluorescence 
of Zn-PC3(C3V) 

Ts/ns 

1.41 

1.50 

% 

78.3 

68.8 

Decay Profiles 

Ti/ns % 

5.75 21.7 

7.47 31.2 

a system conta in ing Zn-PC3(CnV), N A D P H , and 
hydrogenase, and then irradiated, a remarkable 
increase in the hydrogen evolut ion rate was observed, 
as shown in Fig. 5. 

In the presence of T r i t o n X-100, the fluorescence 
decay profile comprised two components wi th first-
order decay: shorter lifetime and longer lifetime 
(Table 6). T h o u g h there were no remarkable differ­
ences in the lifetimes in the presence and in the 
absence of a surfactant (Tr i ton X-100), the ratio of the 
shorter-lifetime componen t increased in the presence 
of T r i t o n X-100. T h e photoexcited singlet state with 
the shorter lifetime may play an impor tan t role for 
pho to induced hydrogen evolution, and rate increase 
in the presence of T r i t o n X-100 may be caused by an 
increase in the componen t wi th the shorter lifetime. 

T h i s work was part ial ly supported by a Grand-
in Aid for Scientific Research on Priority Areas 
' 'Macromolecule-Complexes" No. 63612507 from the 
Ministry of Educat ion, Science and Culture. 

8-Oh 
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E 

o > 
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Time / h 

Fig. 5. Time depencence of hydrogen evolution. 
Sample solution (6.0 cm3) containing Zn-PC3(CnV) 
(2.0X10-6 mol dm"3) NADPH (1.0X10"3 mol dm"3) 
and hydrogenase (0.5 cm3) was irradiated at 30 °C in 
5.0 vol% Triton X-100/H2O (A, D, A) and in H 2 0 
(• ) . A and • : Zn-PC3(C3V), D: Zn-PC3(C4V), A: 
Zn-PC3(C5V). 
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Magnetic Study of A^A^N^N^Tetramethyl-p-phenylenediamine 
(Wurster's Blue) Iodide Cation Radical 

J u n YAMAUCHI* and Hideo FUJITA 

College of Liberal Arts and Sciences, Kyoto University, Kyoto 606 
(Received May 24, 1990) 

One of the Wurster's blue cation radicals, which is composed of the A^A/^A/^AT-tetramethyl-jb-
phenylenediamine cation and iodine anion moieties, was prepared and its magnetic susceptibility measured 
from 2.6 to 300 K. The cation radical underwent no phase transition within this temperature range in striking 
contrast with the first-order phase transition observed in Perchlorate and tetrafluoroborate salts, regardless of 
similar crystallographic structures. In addition, the temperature dependence of the magnetic susceptibility 
could be well-reproduced by a dimer model: a thermally accessible triplet state lying above a singlet ground state 
with an energy separation of A£/&=229 K. This behavior is controversial regarding the crystallographic 
determination. The unusual magnetic properties of the iodide salt were discussed, together with the crystal 
structure, ESR and visible absorption data, in comparison with those of the other salts. 

Wurster's blue cation radicals containing N,N,N',N'-
te t ramethyl-p-phenylenediamine (TMPD) have 
attracted m u c h at tent ion since the crystals display 
interest ing magnet ic properties, r ang ing from very 
weak to s t rong paramagnet i sm; in part icular , the 
T M P D Perchlorate (-CIO4) and tetrafluoroborate 
(-BF4) salts undergo phase transitions. T h e first-
order phase transit ions at about 190 K were ascer­
tained from various magnet ic measurements such as 
magnet ic susceptibility,1 _ 3 ) heat capacity,3 '4) electron 
spin resonance (ESR),3 '5) nuclear magnet ic resonance 
(NMR),6 '7) and crystal structure determination.8) In 
the case of the donor and acceptor complexes of 
T M P D , as well, there exist both very weakly and 
strongly paramagnet ic species.9) T h u s , the magnet ic 
propert ies of the cation radicals of T M P D vary with 
the counteranions ; it thus seems interesting to deter­
mine in which respect the structures of the two types 
of c o m p o u n d differ. 

Measurements of the magnet ic susceptibility of 
T M P D iodide (-1) as a function of the temperature 
wi th in the range from 2.6 to 300 K are reported here, 
and the characteristics of the magnet ic interaction in 
this c o m p o u n d are contrasted with those of T M P D -
CIO4 and TMPD-BF4. It has been briefly stated that 
T M P D - I is pa ramagne t ic from room temperature 
unt i l l iquid-ni t rogen temperature and that no phase 
t ransi t ion has been observed wi th in this temperature 
range.10) However, there have been no detailed quan­
titative analyses or discussions reported. A crystallo­
graphic analysis has revealed that the cation radicals 
are stacked equidistant ly to form a one-dimensional 
array, like that of TMPD-CIO4.1 0) Nevertheless, we 
have observed an essentially different magnet ic sus­
ceptibility and ESR line width. 

Experimental 

A detailed description of the apparatus and experimental 
techniques used in this experiment was published pre­
viously.11) Only a brief comment is given here. The dia-

magnetic contribution was calculated from Pascal's 
constants to be — 171X10-6 emumol -1 ,a ) based upon the 
assumption that the diamagnetism of I" is — 50.6X10-6 

emu mol"1. Those for TMPD-CIO4 and TMPD-BF4 

are described in the literature.3) As a paramagnetic suscep­
tibility standard we used 4-methyl-4-hydroxy-2,2,6,6-tetra-
methyl-1-piperidinyloxyl, which conforms to Curie's law 
from room temperature down to 1.8 K.12) 

Visible spectra were obtained by means of a polycrystal-
line KBr method using a Shimadzu UV and visible spec­
trometer (type UV MPS-50L). 

Samples were prepared following the procedure of 
Michaelis and Granick,13) with a slight modification as 
required. TMPD 1 g, freshly prepared by the method of 
Cox et al.,14) was dissolved in a mixed solution of 18 ml 
water and 28 ml methanol containing 14 g of potassium 
iodide. After cooling it down to - 1 0 °C, 32 ml of a 0.252 
mol kg - 1 aqueous bromine solution was added dropwise. 
The crystals were filtered off, washed several times with 
small portions of ice-cold methanol, then abundantly with 
dry ether. The yield of TMPD-I melting 147—148 °C 
(decomp) after recrystallization from methanol was 1.1 g 
(62%). The crystals had a brownish-purple metallic luster. 
Chemical analysis gave 5.38% (H), 41.03% (C), 9.53% (N), and 
43.31% (I), which are compared with the calculated values of 
C10H16N2I: 5.54% (H), 41.25% (C), 9.62% (N), and 43.59% (I). 
The crystal structure of TMPD-I used in this experiment 
was examined using a JEOL X-ray diffractometer (type 
JDX-8F). The X-ray diffraction patterns of the powdered 
TMPD-CIO4 and TMPD-I at room temperature were 
almost the same and showed only a slight shift of each 
absorption angle, depending on the different lattice con­
stants reported in the literature.8,10) 

Results 

T h e magnet ic susceptibility gradually increased 
u p o n decreasing the temperature, reaching a broad 
m a x i m u m at 143 K. Below this temperature it 
d ropped and then rose again a round 10 K. T h e weak 
paramagne t i sm observed at such low temperatures is 
usually caused by an isolated paramagnet ic species, a 

a) In SI unit multiply 47cX10"6. 
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so-called " impur i ty" , which may be due to a crystal 
imperfection in pairwise interactions between the 
T M P D cation moieties (discussed later). T h i s minor 
cont r ibut ion was deliberately subtracted in order to 
deduce any intrinsic magnetic interactions in the crys­
tal. Figure 1 shows a very good Curie behavior for 
the " impur i t y " susceptibility from 2.6 u p to 9 K. 
T h i s paramagnet i sm was expressed as 

Ximp = 57.14X10-VT (1) 

in uni ts of emu m o l - 1 . Th i s a m o u n t corresponds to a 
1.5% impur i ty , compared with molar Curie pa ramag­
netism. T h e observed paramagnet ic susceptibility 
was corrected with this equat ion and is shown in Fig. 
2. T h e same procedure was employed regarding the 
observed magnet ic susceptibilities of T M P D - C I O 4 
and TMPD-BF4 in order to disclose any intr insic 
magnet ic interactions in the crystals. T h e character­
istics in those magnet ic susceptibilities are summar­
ized in Tab le 1. 

T h e X-band ESR spectra of powdered T M P D - I 
indicated neither a phase transit ion between 77 and 
300 K nor fine structures at 77 K. T h e most charac-

2000 

U 6 

TEMPERATURE/K 

Fig. 1. Inverse of the magnetic susceptibility of 
TMPD-I in the very low temperature region. The 
linear relation represents the Curie behavior 
expressed by the Eq. 1. 

Table 1. Magnetic Susceptibility Results 
a) 

Xmax 

TMPD-I 13.2 

TMPD-CIO4 16.8 

TMPD-BF4 16.0 

1 max/K. 

143 

190 

190.5 

Ttr/K A£/K Jk-VK 

— 229 114.5 This work 

190 347c) 56b) Ref. 3 and 
217c) This work 

190.5 403c) 56b) Ref. 3 and 
252c) This work 

200 
TEMPERATURE/K 

300 

a) X10 -4 emu mol""1, b) In the high temperature 
phase, c) In the low temperature phase. 

Fig. 2. Temperature dependence of the magnetic 
susceptibility of TMPD-I. This was plotted after 
the correction of the paramagnetic "impurity" 
determined in the very low temperature region. 
The solid line represents a dimer model with 
/ / Ä = 1 1 4 . 5 K (A£/&=229 K). 

teristic is the line width of T M P D - I . It amoun ted to 
6.20 raT at 300 K. T h i s value is very large compared 
to 0.268 m T of TMPD-CIO4 . T h e line width became 
narrow (3.12 m T ) at 77 K. T h e ESR results are 
summarized in Tab le 2. 

Discussion 

Crystal Structures. According to de Boer's crystal-
lographic analyses,810* crystals of T M P D - I have 
o r thorhombic symmetry, wi th #=5.919, 6=9.855, 
(7=9.901 Â, space g roup Pnnm, and Z=2. O u r sam­
ples be long to this morphology, as stated in the exper­
imental section. T h e T M P D cation radicals lie 
equidistantly a long the a-axis and the magnet ic inter­
action between them is the strongest in this direction. 
Crystals of TMPD-CIO4 also have o r thorhombic sym­
metry, wi th a=5.956, 6=10.229, c=10.187Â, space 
g r o u p Pnnm, and Z=2 at room temperature. At 110 
K, however, the crystals have monocl in ic symmetry, 
wi th «=11.655, 6=10.147, c=20.130Â, 0=92.57°, space 
g r o u p B2\/d, and Z=8. T h e a and c axes are almost 
doubled in length compared wi th those of the ortho­
rhombic modification. Besides, the T M P D cation 
radicals are spaced alternately a long the a-axis in the 
monocl in ic low-temperature phase, whereas they are 
arranged wi th equal spacings in the o r thorhombic 
room-temperature phase. T w o ne ighbor ing T M P D 
molecules with some short distances are shown in Fig. 
3 for T M P D - I , T M P D - C 1 0 4 ( R T ) , and T M P D -
C104(LT). It is noteworthy to po in t ou t that the 

Table 2. ESR Results 

g-Valuea) Line Wid th /mT £ / m T D/mT 

TMPD-I 
TMPD-CIO4 
TMPD-BF4 

2.00286 
2.00325 
2.00325 

6.20(3.12)b) 

0.268 
0.264 

7.57 
7.30 

0 
0 

This work 
Ref. 3, 5 
Ref. 3 

a) At room temperature, b) At 77 K. 
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5.919 TMPD-I 

5.956 TMPD-C10A(RT) 

Fig. 3. Comparison of the nearest-neighbor interac­
tions between the TMPD cation radicals in TMPD-
I, TMPD-C104(RT), and TMPD-C104(LT) deter­
mined from the X-ray analyses. 

magnetic interaction between the TMPD cation radi­
cals in TMPD-I is supposed to be of quite similar type 
as that in TMPD-C104(RT) and to be much stronger. 
Judging from the distances of those radical pairs, the 
magnetic interaction in TMPD-C104(LT) would be 
the strongest of all. Regarding this crystallographic 
discussion, controversy has arisen concerning the reg­
ular stacking of the TMPD cation radicals in TMPD-I 
since alternating structures, like TMPD-C104(LT), 
have been concluded due to the following precise 
magnetic susceptibility analysis. 

Visible Spectra. Polycrystalline absorption spectra 
are compared in Fig. 4. The absorption maxima are 
547, 580, 637, 882 nm for TMPD-I and 545, 576, 632, 
895 nm for TMPD-CIO4. Those spectra are almost 
identical, except for the charge-transfer bands in the 
800—1000 nm region. The charge-transfer interac­
tion seems to be slightly stronger in TMPD-I. The 
electronic spectra of several TMPD salts in single 
crystals and spectral changes due to the phase transi­
tion have been investigated. 15-17) The temperature-
dependent absorption spectra have revealed a drastic 
change in the 500—700 nm bands in the low-
temperature phase,16) whereas the reflection spectra of 
single crystals of TMPD-CIO4 have shown a marked 
blue-shift of the absorption peaks in the low-
temperature phase.17) Therefore, the fact that these 
two absorption spectra are similar to each other may 
suggest, like the X-ray diffraction experiments, that 
the crystal structure of TMPD-I is something like that 
of TMPD-CIO4; the regular stacking of the TMPD 
cation radicals is consistent with the crystal structure 

600 800 1000 
WAVELENGTH/nm 

1200 

Fig. 4. Visible absorption spectra of polycrystalline 
TMPD-I (a) and TMPD-C104(b) in KBr at room 
temperature. 

determinations. 
One Dimensional Magnetic Interactions and a 

Dimer Model. A regular or an alternating one-
dimensional array of exchange-coupled plate-like 
molecules, stacked face-to-face, leads to an exchange 
interaction problem expressed by the following linear 
Heisenberg model :18'19) 

N/2 

ft = 2 {2/(l+ô)S2;S2;+i+2/(l-ô)S2A-iî. (2) 

Here, ô is an alternating parameter. When ô«0, each 
spin interacts strongly with two adjacent spins. On 
the other hand, when ô^l each spin interacts strongly 
with only one other spin, in which the two spins form 
a triplet state. 

The magnetic susceptibility shown in Fig. 2 exhib­
its no discontinuity, indicating no phase transition in 
this temperature range. Quantitative analysis sug­
gests <5«1 in Eq. 2 for TMPD-I. In Fig. 2 the solid 
line is drawn as a theoretical magnetic susceptibility 
based on a perfect dimer model (6=1), in which the 
exchange parameter is taken to be //&=114.5 K. 
Quantitative agreement is excellent, strongly suggest­
ing a dimer model of ground singlet-excited triplet 
states with an energy separation of A£/£z:z229 K. 

On the other hand, quantitative magnetic suscepti­
bility analyses disclosed that TMPD-CIO4 and 
TMPD-BF4 in the high-temperature phase exhibit 
magnetic interactions 8=0 and small J/k values. 
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Bonner and Fisher's regular chain model20) predicts 
J/k=56 K. In the low-temperature phase, however, 
magnetic interactions of ô=l and very large J/k values 
become dominan t , be ing due to a crystallographic 
phase transit ion as has been revealed by X-ray ana­
lyses. T h i s indicates a reasonable consistency 
between the magnet ic susceptibilities and the crystal 
structures. T h e low-temperature susceptibilities of 
TMPD-CIO4 and TMPD-BF4 were corrected very care­
fully in terms of isolated paramagnet ic " impur i t y " 
and fitted by a dimer model (6=1), giving AE/k=347 
and 403 K, respectively. Both the experimental and 
theoretical magnet ic susceptibilities are compared in 
Fig. 5. It is somehow reasonable that the exchange 
interaction parameters or singlet-triplet energy sepa­
rations have been found to become large correspond­
ingly to the molecular distances between the adjacent 
cation radicals for T M P D - C I O 4 (HT) , T M P D - I , and 
TMPD-CIO4 (LT) . It is strange, however, that there 
is an almost perfect ô=l behavior in the T M P D - I case, 
which seems contradictory to the molecular stacking 
structure of the T M P D cation radicals. 

ESR Line width and g-Values. T h e ESR line-
width of T M P D - I was anomalous because it 
amounted to 6.20 m T at room temperature, compared 
to 0.268 m T (TMPD-CIO4) or 0.264 m T ( T M P D -
BF4). T h e line width of about 0.3 m T seems to 
indicate an exchange narrowed case; at the room 
temperature phase, however, both TMPD-CIO4 and 
TMPD-BF4 possess smaller / values than does 

0 100 200 300 

TEMPERATURE/K 

Fig. 5. Comparison of the magnetic susceptibilities 
of TMPD-I, TMPD-CIO4, and TMPD-BF4. The 
solid lines represent the experimental data and the 
dotted lines the theoretical predictions. For 
TMPD-I the experimental curve almost coincides 
with a theoretical dimer model. In the high 
temperature phases of TMPD-CIO4 and TMPD-
BF4 the dotted line comes from Bonner and Fisher's 
regular chain prediction and in the low tempera­
ture phases the dotted lines come from the low 
temperature susceptibilities fitted by theoretical 
dimer models. 

T M P D - I , so that the narrowness in the ESR line 
width seems to be due to an exchange na r rowing of 
the dipolar interaction for Wannier spin excitons 
(ô=0).19) O n the other hand , even the larger / value is 
reduced by a factor 1—S in Frenkel excitons (ô=l) .1 9 ) 

T h i s seeems to be the case regarding T M P D - I , where 
6=1 is suggested from the magnet ic susceptibility. 

Broad ESR lines have also been reported in some 
semiconductive polymers doped by I2, where a relaxa­
tion mechanism involving a spin-orbit coup l ing in 
the iodine a toms is responsible.21) T h o u g h l ine 
b roadening due to spin-orbit coup l ing may be one of 
the reasons in T M P D - I , those semiconductive com­
pounds have a remarkably large conductivity, like 
3.7X101 or 4X10- 1 S cm-1.21) As a matter of fact, even 
an l2-doped polymer with 2.6X10 - 5 S c m - 1 showed 
only 0.787 m T , whereas a heavily doped one wi th 
3.7X101 S c m - 1 showed 69.9 m T . In such conductive 
materials the unpa i red electron has much chance to 
stay attached to the iodine atoms. T h u s , the spin-
orbit coup l ing of the iodine atoms works more 
towards spin relaxation. T h e T M P D - I solid can 
safely be treated as tightly b o u n d electrons, and the 
exchange problem a long each chain reduces to that of 
the linear Heisenberg model as expressed by Eq. 2. 

Litt le cont r ibut ion of the spin-orbit coup l ing in 
T M P D - I is also evidenced by the g-values. T h e g-
values become large when the spin-orbit coup l ing is 
effective, as revealed by the iodine-doped polymers, 
where the g-values increase a long with increasing 
conductivity.21) T M P D - I showed an even more 
smaller g-value than the least 12-doped polymer wi th a 
conductivity of 2.6X10 - 5 and a line width of 0.787 m T . 
We, therefore, believe that the broad line width of 
T M P D - I is caused by the Frenkel spin excitons (ô= l ) , 
as is suggested from the magnet ic study. 

At the low-temperature phase of TMPD-CIO4 or 
TMPD-BF4, fine structures were observed at consider­
ably lower temperatures than the transit ion tempera­
tures. We could not see these symptons at 77 K, 
probably because of the still h igh triplet density at this 
temperature.22) 
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Preparation and Reactions of 5-Aryl-1,4,2-dithiazolium Salts 
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S-Thioaroylsulfenamides (ArCSSNH2), formed by reaction of ArCSS"Na+ with hydroxylamine-O-
sulfonic acid, were aroylated or acylated to give N-aroyl- or N-acyl-S-thioaroylsulfenamides, respectively, which 
were then cyclized with dehydration to afford 3-substituted 5-aryl-l,4,2-dithiazolium salts. The behavior of 
3,5-diphenyl-l,4,2-dithiazolium Perchlorate toward nucleophiles such as active methylene and amino com­
pounds was studied systematically. The reaction can be classified into two cases depending on fission modes of 
initial adducts, i.e., ring opening—ring closure reaction (Path B) and fragmentation of dithiazole ring (Path C), 
and in some cases the initial adducts were isolated. 

Syntheses of 1,4,2-dithiazolium cations were 
recently established by three groups independently. 
3-Aryl-5-methylthio,la) 3-aryl-5-dialkylamino,lb'c>e) 3,5-
diaryl,lb) and 3,5-bis(dialkylamino)le) derivatives have 
been prepared so far. Quite recently, Wai and 
Sammeslf) prepared parent ring systems unsubstituted 
at C-3 and/or C-5 positions. As far as 5-aryl deriva­
tives are concerned, only one example is known; a 3-
(4-nitrophenyl)-5-phenyl-1,4,2-dithiazolium salt has 
been obtained in a low yield by 1,3-dipolar cycloaddi­
tion of 4-nitrobenzonitrile sulfide to o-ethylthioben-
zoate followed by solvolysis.ld) On the other hand, 
our strategy is the aroylation of S-dialkylthio-
carbamoylsulfenamides followed by dehydration lead­
ing to 1,4,2-dithiazolium salts.lb) As an extension 
of our approach, we carried out the aroylation 
or acylation of S-thioaroylsulfenamides and the 
subsequent dehydration to obtain the 5-aryl deriva­
tives. We now report successful preparation of 3-
aryl- and 3-alkyl-5-aryl-1,4,2-dithiazolium salts (3) in 
the initial part. 

Generally, five-membered heteroaromatic cation 
compounds have attracted much attention on their 
reactivity to serve as versatile intermediates in organic 
synthesis.2) Systematic study on the reactivity of 
5-dialkylamino-1,4,2-dithiazolium cations toward 
nucleophiles such as active methylene and amino 
compounds has been also reported.3) However, the 
reactivity of 5-aryl-1,4,2-dithiazolium cations has not 
fully been explored. In our continuing studies on 
the chemistry of 1,4,2-dithiazolium cations, we have 
examined systematically the behavior of 3,5-diphenyl-
1,4,2-dithiazolium Perchlorate (3a) toward various 
nucleophiles. 

Results and Discussion 

Preparation of 5-Aryl-l,4,2-dithiazolium Salts. N-
Aroyl- and Af-acyl-S-thioaroylsulfenamides (2), the 
precursors for 3, were obtained from aryltrichlorome-
thanes (ArCClß, 1) as shown in Scheme 1, which was 
accomplished in a "one pot" procedure. ArCCh was 
allowed to react with an excess of sodium hydrogen-
sulfide in EtOH to give ArCSS~Na+, which, on 
treatment with hydroxylamine-O-sulfonic acid 
(NH2OSO3H) in aqueous sodium hydroxide, was con­
verted into S-thioaroylsulfenamides (ArCSSNH2). 
The in situ generated ArCSSNIrb was directly aroy­
lated with aroyl chlorides to afford 2a—e. N-
Lauroyl-S-thiobenzoylsulfenamide (2f) was also pre­
pared in 44% yield according to the same procedure as 
for 2a—e. ArCSSNH2 had better be used for the 
aroylation or acylation without isolation because of 
its poor stability, whereas the aroylated derivatives 2 
are stable enough to be stored in air at room tempera­
ture for months. The IR spectrum of 2a exhibited N-H 
and C=0 absorption bands at 3150 and 1655 cm -1, 
respectively. The mass spectrum of 2a showed a 
molecular ion peak and fragmentation pattern 
(PhCS+ PhCO+ , etc.) in line with the proposed 
structure. 

The resulting sulfenamide derivatives 2 were treated 
with a strong acidic media, e.g., 70% HCIO4, to 
undergo cyclization with dehydration leading to yel­
low crystalline products 3a—f in good yields. The 
IR spectrum of 3a indicated the presence of CIO4" at 
1083 cm - 1 and the mass spectrum showed the frag­
ment corresponding to the dithiazolium cation at m/z 
256. Their melting points, yields, and elemental 

NaSH/EtOH - + NHpOS03H/NaOH RCOCl/EtpO 
ArCCl3 - Ar-C-S Na r — - *- Ar-C-S-NH2 ^ 

1 ë S 

Ar-C-S-NH-C-R 
§ Ö 

2 

HCIO4/AC2O 

CIO". 

Scheme 1. 
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Table 1. N-Aroyl and N-Acyl-S-thioaroylsulfenamides 2 

Nn 

2a 

2b 

2c 

2d 

2e 

2f 

Ar 

Ph 

Ph 

Ph 

4-ClC6H4 

4-ClC6H4 

4-ClC6H4 

R 

Ph 

4-ClC6H4 

4-MeOC6H4 

4-ClC6H4 

4-MeOC6H4 

n-CnH23 

Mp 

°C 

115 

141 

133 

187 

121 

104 

Yielda) 

% 

28 

29 

25 

13 

27 

44 

Found (Calcd)/% 

C 

61.33 
(61.51) 
54.55 

(54.63) 
59.34 

(59.38) 
48.98 

(49.13) 
53.11 

(53.33) 
59.40 

(59.12) 

H 

3.98 
(4.06) 
3.38 

(3.27) 
4.32 

(4.32) 
2.68 

(2.65) 
3.52 

(3.58) 
7.59 

(7.31) 

N 

5.12 
(5.12) 
4.57 

(4.55) 
4.70 

(4.62) 
3.89 

(4.09) 
4.16 

(4.15) 
3.94 

(3.63) 

a) Isolated yield based on the starting material, ArCCl3. 

Table 2. 3-Substi tu ted 5-Aryl-1,4,2-dithiazolium Perchlorates 3 

No. 

3a 

3b 

3c 

3d 

3e 

3f 

Ar 

Ph 

Ph 

Ph 

4C1C6H4 

4C1C6H4 

4-ClC6H4 

R 

Ph 

4C1C6H4 

4-MeOC6H4 

4C1C6H4 

4-MeOC6H4 

n-CnH23 

Mp 

215 

216 

168 

205 

173 

84 

Yielda) 

% 

65 

64 

73 

78 

60 

73 

Found (Calcd)/% 

C 

46.92 
(47.26) 
42.96 

(43.09) 
46.45 

(46.69) 
39.59 

(39.59) 
42.74 

(42.87) 
48.42 

(48.72) 

H 

2.77 
(2.83) 
2.32 

(2.31) 
3.22 

(3.13) 
1.92 

(1.90) 
2.65 

(2.64) 
5.82 

(5.81) 

N 

3.94 
(3.94) 
3.59 

(3.53) 
3.62 

(3.63) 
3.33 

(3.30) 
3.36 

(3.33) 
2.89 

(2.99) 

a) Isolated yield based on sulfenamides 2. 

analyses are summarized in Tables 1 and 2. 
ArCSS_Na+ is also accessible utilizing a common 

reaction of Grignard reagents (ArMgX) with carbon 
disulfide. Thus our approach represents a poten­
tially general method for preparing 1,4,2-dithiazolium 
salts bearing a variety of substituents at C-3 and C-5 
positions. 

Reaction of 3a with Nucleophiles. We have shown 

©/-Ph + Nu 
CIO4 

3a 

Scheme 2. 

in our previous papers3) that the reaction of 5-
dialkylamino- 1,4,2-dithiazolium salts with nucleo­
philes can be classified into three types (Paths A, B, 
and C) depending on three possible fission modes (A, 
B, and C in Scheme 2) of initial adducts (4). The 
reactivity of 5-phenyl-1,4,2-dithiazolium salts was 
expected to be similar to that of 5-dialkylamino deriv­
atives. However, the possibility of Path A can be 
ruled out here because the aryl group at C-5 position 
(the reaction center) has no leaving ability. 

When 3a was allowed to react with various amino 
compounds, products derived via two reaction courses 
(Paths B and C) were obtained as expected. A mecha­
nistic interpretation of the formation of products is 
illustrated in the Schemes and, if necessary, explana­
tion may be offered since a similar reaction manner 
has been described in detail in our previous paper.3a) 

3a 
R-NH2 Path C 

No. Yield 
» Ph P MH-n 

- •" MIL» INn n 
-PhCN II 

- S 8
 S 

5 

Scheme 3. 

5 a Me-@H 

« O-
26% 

68% 
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3a 
NH40H PI 'h Path B P^yS N H PI 

IH2 H^J-^Ph -H2S 

Path C \ / d e c . 

•Ph 

6 (21%) 

PhCNH2 + PhCN 4- SQ 

Scheme 4. 

-S8 \ . S 
+PhCN\|-H2s 

H 
Ph^KjPh 

Path B^ 

8 (24%) <J 

p^ûr P h ^ ^ P h 

7 (22%) 

Scheme 5. 

HSC6H4NH2 p| 
3a - 4 

Ph $H path B P^K^S p h 

H S ^ N H O ) -PhCSNH2
Ph"VQ^ 

\—/ -5g 9 (83% 

Scheme 6. 

y ^ (33%) 

3a 
I2/NH3 or NaN3 p| 

(50%) 

Scheme 7. 

T h e reaction of 3a wi th ^- to lu id ine or cyclohexyl-
amine gave N-(p-tolyl) thiobenzamide (5a) (26%) or N-
(cyclohexyl)thiobenzamide (5b) (68%), respectively, 
together wi th P h C N and S8 via Pa th C (Scheme 3). 
O n treatment wi th a large excess of aqueous a m m o ­
nia, 3a afforded 3,5-diphenyl-l,2,4-thiadiazole (6) 
(21%) via Pa th B and thiobenzamide (38%) via Pa th B 
a n d / o r Pa th C (Scheme 4). When 3a was treated wi th 
an excess of hydrazine hydrate, the reaction gave no t 
only 2,5-dipheny-l,3,4-thiadiazole (7) (22%) via Pa th C 
and the subsequent Pa th B, bu t also an unexpected 
product 3,5-diphenyl-lH-l,2,4-triazole (8) (24%) (Scheme 
5). T h e formation of 8 seems to result from a side 
reaction of thiobenzoylhydrazide (PI1CSNHNH2) 
wi th P h C N , bo th of which arose from the init ial 
adduct by r ing scission (Path C). A similar reaction of 
2-benzoylhydrazinium benzenesulfonate ( P h C O N H -
N H 3 + "OSO2PI1) wi th benzonitri le leading to 8 is 
known. 4 ) In the case of o-aminobenzenethiol , the 
reaction wi th 3a gave 2-phenylbenzothiazole (9) (83%) 
together wi th thiobenzamide (53%) (Scheme 6). T h e 

formation of 9 is well explained in terms of the similar 
pa thway (Path B) as the latter half in Scheme 5. 

In our con t inu ing investigation of the r ing expan­
sion reaction of heterocyclic cation compounds by 
incorpora t ing one ni t rogen atom, we recently reported 
the reaction of 3a wi th k / a q NH3 or NaN3 leading to 
3,6-diphenyl-l ,4,2,5-dithiadiazine (10) in 33% yield or 
3,5-diphenyl-l,4,2,6-dithiadiazine (11) in 50% yield, 
respectively (Scheme 7).5) T h i s significant difference 
in selectivity of r ing expansion was explained to be 
due to a contr ibut ion of different types of interme­
diates: n i t r en ium ion for b / a q NH3 and ni trene for 
NaN 3 . 

We have shown in the preceding paper3b) that 3a is 
al lowed to react wi th malononi t r i le , one of h ighly 
reactive methylene compounds , in the presence of 
Et3N to give 4-cyano-5-phenyl-3-(thiobenzoylamino)-
isothiazole in 58% yield via Pa th B. When reaction 
of 3a wi th other active methylene compounds such as 
dimethyl malonate and 1,3-indandione in the presence 
of Et3N at room temperature was at tempted for com-
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No. R 

4 a -CH(C00Me)2 

4b *£©> 
4c -^QVNMe2 

parison, the initial adducts (4a and 4b) were unexpect­
edly isolated as the sole products in 33% and 50% 
yields, respectively. Fur thermore , 4a was unreactive 
toward stronger bases, e.g., E t O N a / E t O H . It is 
k n o w n that malononi t r i le is often the missing l ink in 
the series of active methylene compounds concerning 
reactivity toward heterocyclic cations;6) this tendency 
was confirmed here again. A similar reaction was 
observed wi th Af,Af-dimethylaniline in the absence of 
base to afford the adduct 4c in 93% yield. If 4c is 
expected to undergo r ing cleavage via Pa th C to give 
4-(dimethylamino)thiobenzophenone, 3 can be used 
as thioaroylat ing agents for electron-rich aromat ic 
compounds . Barbero et al.7) reported a similar 
approach for acylation of Af,N-dialkylarylamines by 
use of 2-substituted 1,3-benzoxathiolium salts. 

Experimental 

All melting points were uncorrected. *H and 13C NMR 
spectra were recorded on a Hitachi R-40 and a JEOL FX-
90A spectrometer using TMS as an internal standard. Mass 
spectra were taken on a Hewlett Packard 5995A spectrometer 
by electron impact ionizing technique at 70 eV. IR spectra 
were measured on a JASCO A-302 spectrometer using KBr 
disks. Commercially available reagents and solvents were 
used without any purification. 

Preparation of N-Acyl- and 2V-Aroyl-S-thioaroylsulfen-
amides (2). Sodium hydrogensulfide (0.5 mol) was added 
to an ethanol solution (100 ml) of benzylidyne trichloride 
(la) (0.1 mol). The reaction mixture was refluxed for 10 h. 
After removal of NaCl and elemental sulfur that deposited 
from the mixture, chloroform (ca. 60 ml) and water (ca. 60 
ml) were added to the solution, which was stirred vigor­
ously. Crude PhCSS~Na+ was extracted to the aqueous 
layer and used directly for the subsequent reaction; the 
chloroform layer containing unreacted benzylidyne trichlo­
ride was discarded. Sodium hydroxide (0.15 mol) was dis­
solved in the ice-cooled aqueous reaction mixture, to which, 
after addition of ether (ca. 30 ml), an aqueous solution (ca. 
30 ml) of hydroxylamine-O-sulfonic acid (NH2OSO3H) 
(0.15 mol) was added dropwise under ice-cooling and vigor­
ously stirring conditions over a period of ca. 15 min, during 
which a dark red color moved from the aqueous to organic 
layer. Benzoyl chloride (0.11 mol) was added to the vigor­
ously stirred reaction mixture under ice-cooling. The 
resulting mixture was then allowed to warm to room 

temperature and stirred overnight. After evaporation of 
ether, the resulting precipitate was separated by filtration 
and was dissolved in hot acetonitrile; any insoluble substan­
ces were filtered off. The acetonitrile solution was poured 
into an aqueous sodium hydrogencarbonate. The precipi­
tate thus formed was collected by filtration and air-dried, 
which was recrystallized from ethanol. The other sulfen-
amides 2b—f were prepared in a similar manner as men­
tioned above. Their yields, melting points, and elemental 
analyses are listed in Table 1. 

Preparation of 3-Aryl- and 3-Alkyl-5-aryl-l,4,2-dithiazol-
ium Perchlorates (3). To an acetic anhydride solution (20 
ml) of the AT-benzoyl-S-thiobenzoylsulfenamides (2a) (10 
mmol), 70% perchloric acid (1 ml) was added dropwise with 
stirring. The reaction mixture was kept at 60 °C for 2 h 
and, after cooling, was poured into an excess of ether to gi\e 
a crude precipitate, which was then recrystallized from ace­
tonitrile. The other dithiazolium Perchlorates 3b—f were 
also accessible in the same manner as above. Their yields, 
melting points, and elemental analyses are listed in Table 2. 

Reaction of 3a with Amino Compounds: General Proce­
dure. 3,5-Diphenyl-l,4,2-dithiazolium Perchlorate (3a) (1 
mmol) was added to stirred acetonitrile solutions (6 ml) of 
amino compounds (2 mmol), except for aqueous ammonia 
(28%) (4 ml) and hydrazine monohydrate (80%) (0.2 ml). 
The reaction mixture was stirred for a few hours to 1 d at 
room temperature. The crude product was extracted with 
dichloromethane after addition of dil HCl. After the sol­
vent was removed in vacuo, the residue was purified by 
column chromatography on silica gel with CH2Cl2-hexane 
and recrystallized from appropriate solvents. The yields of 
products are shown in the Schemes. Products 6,8> 7,9) 8,4> 
and 910> were identified by direct comparison with each 
authentic sample. 

N-(/?-Tolyl)thiobenzamide (5a): Colorless powder; mp 
128.0—129.5 °C (ether-pentane); *HNMR (CDCI3) 6=2.33 
(6H, s), 7.1—7.9 (9H, m), and 9.1 (IH, br. s); MS m/z (rel 
intensity) 227 (M+, 39), 194 (M+-SH, 24), 124 (MeC6H4SH+, 
50), and 121 (PhCS+, 100). Found: C, 73.76; H, 5.77; N, 
6.17; S, 13.95%. Calcd for C14H13NS: C, 73.97; H, 5.76; N, 
6.16; S, 14.10%. 

N-(Cyclohexyl)thiobenzamide (5b): Colorless powder; 
mp 86.5—87.0 °C (CH2Cl2-hexane); *HNMR (CDCI3) 
0=1.2—2.3 (10H, m), 4.3—4.7 (IH, m), 7.3—7.5 (3H, m), 
7.55 (IH, br. d), and 7.6—7.8 (2H, m); MS m/z (rel intensity) 
219 (M+, 65), 138 (PhCSNHt, 62), 121 (PhCS+, 100), and 104 
(PhCNH+, 49). Found: C, 71.22; H, 7.87; N, 6.40; S, 
14.57%. Calcd for G3H17NS: C, 71.19; H, 7.81; N, 6.39; S, 
14.62%. 

Reaction of 3a with Active Methylene Compounds. 3,5-
Diphenyl-l,4,2-dithiazolium Perchlorate (3a) (1 mmol) was 
added with stirring to an acetonitrile solution (6 ml) of 
dimethyl malonate or 1,3-indanedione (1.1 mmol) and tri-
ethylamine (2 mmol). The reaction mixture was stirred for 
4 h at room temperature. Subsequent work-up and puri­
fication were accomplished by a similar procedure with 
the reaction of 3a with amino compounds. 

5-Bis(methoxycarbonyl)methyl-3,5-diphenyl-l,4,2-di-
thiazole (4a): Yield 33%; oil; *H MNR (CDCI3) 6=3.64 and 
3.65 (3HX2, s), 4.70 (IH, s), and 7.2—7.8 (10H, m); 13CNMR 
(CDCI3) 6=52.58 (q), 52.87 (q), 63.11 (d), 76.55 (s), 126.90 (d), 
127.88 (d), 128.04 (d), 128.45 (d), 128.58 (d), 130.53 (d), 132.59 
(s), 141.96 (s), 159.19 (s), 166.34 (s), and 166.53 (s); MS m/z 
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(rel intensity) 387 (M+, 6), 256 (3,5-diphenyl-l,4,2-
dithiazolium cation, 98), 153 (PhCSS+, 100), 121 (PhCS+, 
52), and 103 (PhCN+, 21). 

2-(3,5-Diphenyl-l,4,2-dithiazol-5-yl)-l,3-mdanedione 
(4b): Yield 50%; pale yellow powder; mp 191.0—192.5 °C 
(CH2Cl2-hexane); *H NMR (CDC13) ô=4.51 (ÎH, s) and 
7.0—8.0 (14H, m); MS m/z (rel intensity) 401 (M+, 4), 256 
(3,5-diphenyl-l,4,2-dithiazolium cation, 100), 153 (PhCSS+, 
74), 121 (PhCS+, 43), and 103 (PhCN+, 21). Found: C, 
69.98; H, 3.77; N, 3.59%. Calcd for C23H15NS2O2: C, 68.81; 
H, 3.77; N, 3.49%. 

Reaction of 3a with N,N-Dimethylaniline. Salt 3a (1 
mmol) was added to a stirred acetonitrile solution (6 ml) of 
AT,AT-dimethylaniline (2 mmol). The reaction mixture was 
stirred for 4 h at room temperature. Subsequent work-up 
and purification were accomplished by a similar procedure 
with the reaction of 3a with amino compounds. 

5-(/?-Dimethylaminophenyl)-3,5-diphenyl-l,4,2-dithia-
zole (4c): Yield 93%; oil; *H NMR (CDCI3) ô=2.88 (6H, s), 
6.62 (2H, d, / = 9 Hz), 7.2—7.5 (8H, m) , 7.5—7.7 (2H, m), 
and 7.7—7.9 (2H, m); ^CNMR (CDCI3) ô=40.25 (q), 81.99 
(s), 111.71 (d), 127.55 (d), 127.91 (d), 127.99 (d), 128.23 (d), 
128.47 (d), 128.99 (d), 129.80 (s), 130.32 (d), 133.16 (s), 143.62 
(s), 149.68 (s), and 159.30 (s); MS m/z (rel intensity) 376 (M+, 
14), 273 (M+-PhCN, 47), 241 (Me2NC6H4CSPh+, 74), 208 
(100), and 164 (Me2NC6H4CS+, 58). 

Ring Expansion Reaction of 3a Using 12/aq NH3 System. 
A large excess of aqueous ammonia (28%) (0.6 ml) was added 
to a stirred acetonitrile solution (6 ml) of 3a (1 mmol) and 
iodine (1 mmol). The reaction mixture was stirred at room 
temperature until dark red color faded. Subsequent work­
up and purification were accomplished by a similar proce­
dure with the reaction of 3a with amino compounds. 

3,6-Diphenyl-l,4,2,5-dithiadiazine (10): Yield 33%; yel­
low powder; mp 99 °C (CH2Cl2-hexane) (lit,11) 102—104 °C); 
13CNMR (CDCI3) 6=128.16 (d), 128.89 (d), 132.17 (d), 134.50 
(s), and 169.36 (s); MS m/z (rel intensity) 270 (M+, 10), 167 
(M+-PhCN, 11), 121 (PhCS+, 100), and 103 (PhCN+, 31). 

Ring Expansion Reaction of 3a Using NaN3. Sodium 
azide (1.1 mmol) was added to an acetonitrile solution (3 ml) 
of 3a. The reaction mixture was stirred for 1 d at room 
temperature. Subsequent work-up and purification were 
accomplished by a similar procedure with the reaction of 

3a with amino compounds. 
3,5-Diphenyl-l,4,2,6-dithiadiazine (11): Yield 50%; 

orange powder; mp 77 °C (CH2Cl2-hexane) (lit,12) 78— 
80 °C). Spectral data (MS, 13CNMR) were in agreement 
with those in the literature. 
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The Characterization and Cycloaddition Reaction of 5,6-Dihydro-
l,3-dimethyl-6-methylene-5-[(substituted amino)methylene]-

2,4(l£T,3H)-pyrimidinediones1) 
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5,6-Dihydro-1,3-dimethyl-6-methylene-5-[(substituted amino)methylene]-2,4( lH,3H)-pyrimidinedione 
intermediates (E) were characterized spectroscopically and chemically. The cycloaddition reaction of E with 
olefinic dienophiles was carried out in highly regio- and stereoselective manners to give quinazoline 
derivatives. 

Much attention has been focused on the heterocyclic 
compounds containing pyrimidine nuclei because of a 
broad range of pharmacological activities and indus­
trial utilities.2) In a series of investigations on fused 
pyrimidine derivatives, we have reported the synthetic 
usefulness of 5,6-dihydro-5,6-bis(methylene)-2,4(lH, 
3H)-pyrimidinedione intermediates.3) More recently, 
the existence of a 5,6-dihydro-6-methylene-5-[(2,2-di-
methylhydrazino)methylene]-2,4(lH,3H)-pyrimidine-
dione (B) from 6-methyl-5-[(dimethylhydrazono)-
methyl]-2,4(lH,3H)-pyrimidinedione (A) was con­
firmed as a [4+2]cycloadduct to Af-methylmaleimide.4) 

0 

O ^ N ^ C H , 

1,5-shift 

This prompted us to reinvestigate the reaction of 5-
formyl-6-methyl-2,4( lH,3H)-pyrimidinediones with 
primary amines.3a'b) In these reactions, the corre­
sponding aldimines could not be isolated and the final 
products, pyrido[3,4-d]pyrimidine3a) and pyrrolo-
[3,4-d]pyrimidine,3b) were obtained. In this paper 
the characterization of 5,6-dihydro-1,3-dimethy 1-6-
methylene-5-[(substituted amino)methylene]-2,4(lH, 

3H)-pyrimidinediones (E) and the profile of their 
cycloaddition reaction leading to quinazoline deriva­
tives will be discussed. 

Results and Discussion 

The reaction of 5-formyl-l,3,6-trimethyl-2,4(lH, 
3H)-pyrimidinedione (1) with aniline (2a) (1.0 equiv) 
in deuteriochloroform (CDCI3) was pursued by 
XH NMR spectroscopy. The XH NMR spectra of the 
reaction mixture exhibited the signals assignable to 
the aldimine 3a and the final product 6a,3a) but no 
other intermediates, e.g., 4a and 5a, were detected 
(Scheme 1). In order to elucidate the intermediate 4a, 
1 was allowed to react with 2a (1.0 equiv) in dioxane 
at room temperature in the presence of Af-methyl-
maleimide (7) (1.1 equiv). A sole product 8a, a (1:1) 
adduct of the intermediate 4a and 7, was obtained in 
90% yield. 

The pyrrolo[3,4-g]quinazoline structure for 8a was 
confirmed on the basis of analytical and spectral data. 
The cis-configuration between the 5- and 5a-H was 
deduced from the coupling constant (/5-5a=5.5 Hz), 
which was consistent with that of the reported 
systems.4'5) 

The reaction of 1 with cyclohexylamine (2b), benzyl-
amine (2c), and ethyl glycinate (2d) in the presence of 
7 was also examined. In these cases same type of 

NJI.CH=0 Me 

I 
Me 

P h - N H n 2a 

^Ph 

C H 0 

Me 

3a 

" "-CH- , 

Me 
I 

^"HC^Y^Me 

Ph' N x H 

4a 

Me 
l 

Ph M e v ^ N v ^ , 0 
0 NH | | I - PhNH 

5a 6a 

Scheme 1. 
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NHPh 

11 

products 8b—d were given in good yields. A similar 
reaction of 6-(morpholinomethyl) derivative 9 gave 
the corresponding cycloadduct 11. The stereochem­
istries among the four methine protons (5-, 5a-, 8a-, 
and 9-H) of 11 were deduced to be eis, eis, and trans 
based on the consistence with the related system.4) 
This means that the intermediate 10 has the 5Z,6£-

configuration assuming the endo approach of 7 to the 
diene system of 10 (Scheme 2). 

The aldimine 13 could be isolated as stable crystals 
in the reaction of 6-(phenylthiomethyl) derivative 
12 with aniline (2a) in benzene. Interestingly, the 
aldimine 13 partly isomerized to 5,6-dihydro-5-ani-
linomethylene-l,3-dimethyl-6-(phenylthiomethylene)-

CH 0 -SPh 

Me 

12 

2a 
Me^NJL^CH=N-Ph 

O ^ I T ^ C H 2 - S P h 

Me 

13 
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THF, r t , 24 h 
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Fig. 1. Isomerization of imine 13 to 5,6-dihydro-5,6-
bis(methylene)-2,4(lH,3H)-pyrimidinedione 14 in CDCI3. 
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2,4(lH,3H)-pyrimidinedione (14) in CDC13 (Scheme 
3). The XH NMR spectrum is demonstrated in Fig. 1. 
Therein, the signals of the methylene (ô=4.95, br s) 
and azomethine proton (ô=8.40, s) for 13, and those of 
the vinyl protons of 6-methylene (ô=5.42, s) and 5-
methylene (6=8.07, d, /=12.8 Hz) and NH proton 
(6=11.32, d, /=12.8 Hz) for 14 were observed. These 
assignments were confirmed by the treatment with 
deuterioxide. Three signals at 6=4.95, 5.42, and 
11.32 disappeared and the signal at 6=8.07 (doublet) 
changed to singlet. The 5Z,6£-configuration for 14 
was accomplished by the following evidence: the 
chemical shift of the NH proton of 14 means the 
intramolecular hydrogen bond between NH and car-
bonyl group at 4-position;6) no NOE signal enhance­
ment between the two vinyl protons at 6=5.42 and 8.07 
was observed. 

The equilibrium between 13 and 14 depended 
merely on the nature of solvents. On heating of 13 in 
dioxane-ds at 85 °C, the equilibrium leaned toward the 
aldimine 13, but no other isomers, e.g., 5Z,6Z-isomer, 
were detected (Table 1). 

The aldimine 13 reacted with 7 to give a cycloadduct 
15, which has the same stereochemistries concerning 
the four methine protons (Scheme 3). These mean 
that the [4+2]cycloaddition reaction of the 5,6-
dihydro-5,6-bis(methylene)-2,4(lH,3H)-pyrimidine-
dione intermediates, 10 and 14, and 7 proceeds with a 
high endo selectivity. Little solvent effect for the 

Table 1. Equilibrium between Imine 13 and 5,6-Dihydro-
5-anilinomethylene-1,3-dimethyl-6-(phenylthiomethyl-

ene)-2,4( lH,3H)-pyrimidinedione (14) 
in Some Solvents 

Solvent Temp/°C 
Ratio of 

13:14 

CD2C12 
CDC13 
CDCl3/CD3CN=l/3 
Dioxane-ds 

31 
31 
31 
31 
85 

10:8.5 
10:9 
10:8.8 
10:9 
2:1 

Me, 'N^V 

0 OH 

CH=0 

C ^ N ^ C H . , NEt 3 ( o r NHEt2) 0 ^ N 

Me THF, r t , 2 d 

Scheme 4. 

N-M 
I 
Me 

16 

cycloaddition reaction of 13 and 7 was observed. 
To obtain better understandings for the reaction 

profiles, the similar reaction of 1 with diethylamine or 
triethylamine in the presence of 7 was examined. In 
each case the 5-hydroxy derivative 16 was given in 
moderate yield, of which stereochemistry between the 
5- and 5a-H was eis as same as that of 8 (Scheme 4). 

This pyrrolo[3,4-g]quinazoline synthesis from 1, 9, 
and 12 is explainable as follows: the methyl or meth­
ylene group at 6- position of the aldimine C is acti­
vated, and the [l,5]hydrogen shift of C gives the 5,6-
dihydro-5,6-bis(methylene)-2,4(lH,3H)-pyrimidinedi-
one intermediate with 5£,6£-configuration (D), which 
is isomerized to more stable 5Z,6£-isomer E. The 
intramolecular hydrogen bond between the NH and 
carbonyl oxygen at 4-position of E would play an 
important role for the stabilization of the system.7) 
The cycloaddition reacton of the intermediate E with 
7 was carried out stereoselectively to give endo-
adducts, 8, 11, and 15 (Scheme 5). 

The reaction with other dienophiles was examined 
in order to elucidate the scopes and limitation of this 
reaction. The reaction of intermediate 4a, generated 
from 1 and aniline (2a), with dimethyl fumarate 
(17a) in dioxane under reflux gave two (1:1) adducts 
18a and 19a. From the analytical and spectral data, 
18a and 19a were deduced to be stereoisomers of 5-
anilino-5,6,7,8-tetrahydro-6,7-bis(methoxycarbonyl)-
l ,3-dimethyl-2,4(lH,3H)-quinazolinedione. The 
elaborate analysis of those ^ N M R spectra showed 
that the major 18a had the 5,6-cis-6,l-trans configura­
tion and the minor 19a had the 5,6-trans-6,7-trans one 
(See Experimental Section). A little different results 
were obtained from the reaction with fumaronitrile 
(17b). The major product 18b with bfi-cis-^,1-trans 
configuration was exclusively formed, which was con­
verted to another product 20 with 5,6-cis-6,7-cis one. 
On the other hand, the reaction of 4a with dimethyl 
maleate (17c) gave a (1:1) adduct 18c in 28% yield 
together with a troublesome mixture of products. 
The regiochemistry of this reaction was elucidated by 
the reaction of 4a with ethyl acrylate (17d). The 6-
ethoxycarbonyl derivatives 18d and 19d were obtained, 
but another regioisomer, 7-ethoxycarbonyl derivative, 
was not detected. The intermediate 4a reacted with 
methyl methacrylate (17e) to give the 6-methoxy-
carbonyl derivatives 18e and 19e together with a con­
siderable amount of polymeric products (Table 2). 

From the evidence for 14, it is rationable to assume 

0 O H 

Me.NA^CH=N-R 1,5-shift M e ^ A j A ^ ^ 

I 
CH-H 

Me X 

0 ^ ? \ X 

Me H 

D ( E , E ) 

Scheme 5. 
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Table 2. Preparation of Quinazoline Derivatives by the Reaction of 5,6-Dihydro-5-anilinomethylene-
l,3-dimethyl-6-methylene-2,4(lH,3H)-pyrimidinedione (4a) with Olefinic Dienophiles (17) 

NHPh 

R' R 

X. 1-tf.s 6T--R! 

17 
19 

a 
b 
c 
d 
d 
d 
d 
e 

Ri 

H 
H 
H 
H 
H 
H 
H 
Me 

R2 

C02Me 
CN 

C02Me 
C02Et 
C02Et 
C02Et 
C02Et 
C02Me 

R3 

C02Me 
CN 
H 
H 
H 
H 
H 
H 

R4 

H 
H 

C02Me 
H 
H 
H 
H 
H 

Reaction Conditions 

Solvent 

Dioxane 
Dioxane 
Dioxane 
Dioxane 
DME 
THF 
Dioxane 
Dioxane 

Temp 

Reflux 
Reflux 
Reflux 
Reflux 
Reflux 
Reflux 
Rt 
Reflux 

Time/h 

20 
20 
20 
20 
24 
24 
60 
24 

Total 
yield/% 

99 
98a) 

2 8 b ) 

74 
60 
39 

0 
1 7 0 

Ratio of 
18:19d) 

7:2 
1: — 

— : — 
5:1 
8:1 

11:1 

3:2 

a) Combined yield with another (1:1) adduct 20. b) Yield of 18c. More than five products 
were detected by TLC. c) Polymeric products were also obtained, d) Determined by 
isolated products or by 1H NMR spectra of preliminarily separated products. 

the Z-configuration for the intermediate 4a. There­
fore, the formation of the adducts 18 should be caused 
by the endo-approach of dienophiles 17 toward the 
ani l inomethylene par t of 4a and, on the other hand , 
that of 19 by the exo one. T h e reaction condit ions at 
an elevated temperature would lower the endo-
selectivity of the [4+2]cycloaddition reaction of 4a 
wi th 17. In fact, the reaction of 4a wi th 17d in 
refluxing 1,2-dimethoxyethane (DME) or t e t r ahyd ro 
furan ( T H F ) showed an improved endo-selectivity 
(Table 2). 

T h i s paper described the characterization and 
reaction of 5,6-dihydro-l ,3-dimethyl-6-methylene-5-
[(substituted amino)methylene]-2,4( lH,3H)-pyrimi-
dinedione (E), which have more reactive diene 
systems than 6-methylene-5-[(2,2-dimethylhydrazino)-
methylene] derivative B as reported.4) T h e [4+2]-
cycloaddition reaction of E with olefinic dienophi les 
proceeded in h igh regio- and stereoselective manners 
to give quinazol ine derivatives. T h e obtained diaster-
eomeric products could be separated easily by a chro­
ma tography on silica gel. We believe that the 
cycloaddition reaction of E will give a powerful tool 
for the fused pyr imidine synthesis. 

Exper imenta l 

General. All melting points are uncorrected. The IR 
spectra were measured on JASCO IRA-1 and/or IR-Report-
100 spectrophotometers. The *HNMR spectra were 
obtained on JEOL GSX-400, 270, and/or JMN-MH-100 
spectrometers. The chemical shifts are expressed in parts 
per million downfield from internal tetramethylsilane. 
Splitting patterns are indicated as s, singlet; d, doublet; t, 
triplet; q, quartet; m, multiplet; br, broad signal; ov, over­
lapping with each other. The 13CNMR spectra were 
obtained on a JEOL GSX-400 or 270 spectrometer. The 

mass spectra were determined with a JEOL JMS-012G-2 or 
JMS-D spectrometer and at an ionization energy of 75 eV. 
The elemental analyses were performed on a Hitachi 026 
CHN analyzer. All nonaqueous reactions were run under 
a positive pressure of argon. All solvents were dried by 
standard methods before use. The progress of most reac­
tions was monitored by thin-layer chromatography (Silica 
Gel 60F-254, Merck). The visualization was made with 
ultraviolet light (254 and 365 nm). Chromatographic puri­
fication was performed with Wakogel C-200 (100—200 
mesh, Wako Pure Chemical Industries) and/or Silica Gel 60 
(230—400 mesh, Merck). 

The Characterization of Aldimine 3a by ^ N M R Spec­
troscopy. A solution of aniline (2a) (0.019g, 0.20 mmol) in 
CDCls (0.2 ml) was added to a solution of 18> (0.036 g, 0.20 
mmol) in CDCI3 (0.3 ml) in an NMR sample tube. The 
progress of the reaction was monitored at 31 °C. The ratio 
of 1: 3a : 63a> was determined to be 10:3 :0 (3 h), 9:6:1(12 h), 
11:8:8 (24 h), and 1:1.5 :11 (55 h), respectively. 

l,3,6-Trimethyl-5-[(phenylimino)methyl]-2,4(lH,3H)-
pyrimidinedione (3a): *HNMR (CDCI3) 6=2.93 (3H, s, 
-CH3), 3.44, 3.58 (each 3H, 2s, N-CH3), 6.6—7.4 (phenyl), 
8.89 (1H, s, -CH=N-). 

The Reaction of 1 with Primary Amines 2 in the Presence 
of iV-Methylmaleimide (7). General Procedure: A solu­
tion of cyclohexylamine (2b) (0.114 ml; 1.0 mmol) in diox­
ane (1 ml) was added dropwise to a solution of 1 (1.0 mmol) 
and 7 (1.1 mmol) in dioxane (4 ml) for 10 min. The 
reaction mixture was stirred at room temperature for 6 h. 
The mixture was concentrated in vacuo to dryness. The 
crystallization from hexane-ethyl acetate and filtration gave 
the product 8b and the filtrate was evaporated to dryness. 
Column chromatography of the residue on silica gel gave 8b 
(hexane/ethyl acetate=l/3). The combined yield of 8b was 
80%. 

5-Anilino-5a,8a-dihydro-l,3,7-trimethyl-lH-pyrrolo[3, 
4-gJquinazoline-2,4,6,8(3H,5H,7H,9H)-tetrone (8a): Yield 
90%; colorless prisms (ethanol); mp 242—243 °C; IR(KBr) 
cm"1: 3360 (NH), 1780, 1690, 1650 (CO); *HNMR (DMSO-



2942 Michihiko NOGUCHI, Yasutoshi KIRIKI, Takashi USHIJIMA, and Shoji KAJIGAESHI [Vol. 63, No. 10 

ck) 6=2.67, 3.14, 3.44 (each 3H, 3s, N-CH3), 3.1—3.6 (total 
4H, ov, 5a-, 8a-, and 9-H), 5.12 (1H, d, NH, /NH-5=5.1 Hz) , 
5.22 (1H, dd, 5-H, /NH-5=5.1 and /5-5a=7.3 Hz), 6.5—6.7, 
7.0—7.1 (total 5H, 2m, phenyl); ^CNMR (DMSO-de) 
0=22.1 (9-C), 24.1, 27.8, 31.2 (N-CH3), 36.8 (8a-C), 45.0 (5a-
C), 45.5 (5-C), 109.0 (4a-C), 113.2, 116.6, 128.3, 147.8 (phenyl-
C), 150.9 (9a-C), 151.2 (2-C), 160.1 (4-C), 176.5, 178.8 (6- and 
8-C); MS m/z: 368 (M+). Found: C, 61.85; H, 5.66; N, 
14.93%. Calcd for G9H20N4O4: C, 61.94; H, 5.47; N, 15.21%. 

5-Cyclohexylamino-5a,8a-dihydro-1,3,7-trimethyl-1 H-pyr-
rolo-[3,4-g]quinazoline-2,4,6,8(3H,5H,7H,9H)-tetrone (8b): 
Yield 80%; colorless prisms (hexane-ethanol); mp 185— 
187 °C; IR(KBr) cm"1: 3320 (NH), 1780, 1700, 1680 (CO); 
*HNMR (CDCI3) 0=0.6—2.2 (total 12H, ov, cyclohexyl-H 
and NH), 2.92 (1H, dd, 5a-H, /5-5a=4.0 Hz and/5a-8a=9.2 Hz), 
3.04 (3H, s, N-CH3), 3.1—3.2 (total 3H, ov, 8a- and 9-H), 
3.37, 3.51 (each 3H, 2s, N-CH3), 4.88 (1H, d, 5-H, 
/5-5a=4.0 Hz); ^CNMR (CDCI3) 6=23.0 (9-C), 24.8 (N-CH3), 
25.2 (cyclohexyl-3'- and -5'-C), 25.9 (cyclohexyl-4,-C), 28.5, 
31.7 (N-CH3), 34.2, 34.7 (cyclohexyl-2/- and -6'-C), 38.2 (8a-
C), 46.2 (5a-C), 47.1 (5-C), 55.2 (cyclohexyl-l'-C), 111.3 (4a-
C), 149.8 (9a-C), 151.8 (2-C), 160.7 (4-C), 177.0, 179.1 (6- and 
8-C); MS m/z: 374 (M+), 273 (M+-cyclohexyl-NH3). 
Found: C, 60.72; H, 6.95; N, 14.79%. Calcd for G9H26N4O4: 
C, 60.94; H, 7.00; N, 14.96%. 

5-Benzylamino-5a,8a-dihydro-l,3,7-trimethyl-lH-pyr-
rolo[3,4-g]quinazoline-2,4,6,8(3H,5H,7H,9H)-tetrone (8c): 
Yield 98%; pale yellow oil; IR (NaCl) cm"1: 3320 (NH), 1780, 
1700, 1650 (CO); *HNMR (CDCI3) ô=3.05 (3H, s, N-CH3), 
3.0—4.5 (total 4H, ov, 5a-, 8a-, and 9-H and NH), 3.32, 3.34 
(each 3H, 2s, N-CH3), 3.46 (1H, dd, 9-H, /8a-9=10.8 Hz and 
/gem=18.1 Hz), 3.58, 3.75 (each 1H, 2d, -CH2-Ph, /gem=12.8 
Hz), 5.00 (1H, d, 5-H, /5-5a=4.4 Hz), 7.1—7.3 (5H, m, 
phenyl); 13CNMR (CDCI3) 6=23.3 (9-C), 24.9, 28.4, 31.5 (N-
CH3), 38.3 (8a-C), 45.6 (5a-C), 49.4 (5-C), 51.9 (-CH2-Ph), 
109.1 (4a-C), 126.7, 127.4, 128.0, 140.6 (phenyl-C), 
150.3 (9a-C), 151.5 (2-C), 161.5 (4-C), 176.9, 178.7 (6- and 
8-C); MS m/z: 282 (M+), 275 (M+-PhCH2NH2) , 
273 (275-H2). Found: 383.17077. Calcd for C2oH23N404 
(M++H): 383.17178. 

5-(Ethoxycarbonylmethyl)amino-5a,8a-dihydro-l,3>7-tri-
methyl-lH-pyrrolo[3,4-g]quinazoline-2,4,6,8(3H,5H,7H,9ff)-
tetrone (8d): Yield 73%; colorless prisms (ethanol); mp 
180—182 °C; IR (KBr) cm"1: 3300 (NH), 1780, 1730, 1700, 
1640 (CO); *HNMR (CDCI3) 6=1.22 (3H, t, -CH3, /=7.0 
Hz), 3.06, 3.35, 3.52 (each 3H, 3s, N-CH3), 3.0—3.3 (total 7H, 
ov, 5a-, 8a-, and 9-H and NH and -CH 2 -C0 2 - ) , 4.09 (2H, q, 
-CH2- , /=7.0 Hz), 4.83 (1H, d, 5-H, /5-5a=4.8 Hz); 13CNMR 
(CDCI3) 6=14.1 (CH3), 23.3 (9-C), 24.9, 28.4, 31.8 (N-CH3), 
38.3 (8a-C), 45.4 (5a-C), 49.1, 49.2 (5-C and N-CH2-), 60.9 
(-CH 2-0-) , 108.6 (4a-C), 151.1 (9a-C), 151.8 (2-C), 161.3 (4-
C), 171.9 (COO), 176.6, 178.5 (6- and 8-C); MS m/z: 379 
(M++H), 276 (M+-NHCH2COOC2H5) . Found: C, 53.89; 
H, 5.76; N, 14.75%. Calcd for Ci7H22N406: C, 53.96; H, 
5.86; N, 14.81%. 

The Reaction of 99> with Aniline (2a) in the Presence of 7. 
Similarly to the reaction of 1, product 11 was obtained in 
90% yield after a column chromatography on silica gel 
(hexane/ethyl acetate=l/l —1/3). 

5-Anilino-5a,8a-dihydro-l,3,7-trimethyl-9-morpholino-
lH-pyrrolo[3,4-g]quinazoline-2,4,6,8(3H,5H,7H,9H)-
tetrone (11): Colorless prisms (ethanol); mp 258—260 °C 
IR (KBr) cm"1: 3340 (NH), 1780, 1700, 1640 (CO); *HNMR 

(CDCI3) 6=2.5—2.7 (4H, m, morpholino methylene), 2.83, 
3.27, 3.58 (each 3H, 3s, N-CH3), 3.32 (1H, dd, 5a-H, /5-5a=5.9 
Hz and/5a-8a=8.1 Hz), 3.42 (1H, dd, 8a-H, /5a-8a=8.1 Hz and 
/8a-9=1.7 Hz), 3.7—3.8 (4H, m, morpholino methylene), 4.37 
(1H, d, 9-H, /8a-9=1.7 Hz), 4.40 (1H, d, NH, /NH-5=8.4 Hz), 
5.61 (1H, dd, 5-H, /NH-5=8.4 Hz and /5-5a=5.9 Hz), 6.6—6.8, 
7.1—7.2 (total 5H, m, phenyl); 13CNMR (CDCI3) 6=25.0, 
28.5, 33.1 (N-CH3), 39.4 (8a-C), 42.8 (5a-C), 47.4 (5-C), 49.4 
(morpholino-2'- and -6'-C), 57.2 (9-C), 66.8 (morpholino-3'-
and-5'-C), 109.4 (4a-C), 113.6, 118.7, 129.2, 146.2 (phenyl-C), 
146.7 (9a-C), 151.8 (2-C), 160.6 (4-C), 175.8, 177.1 (6- and 8-
C); MS m/z: 453 (M+), 273 (M+-PhNH 2-morpholine) , 
226.5, 93. Found: C, 61.61; H, 6.07; N, 15.24%. Calcd for 
C23H27N505: C, 61.91; H, 6.00; N, 15.44%. 

The Isolation of Aldimine 13 and Its Cycloaddition Reac­
tion with 7. A solution of the 6-(phenylthiomethyl) deriva­
tive 129> (0.290 g, 1.0 mmol) and aniline (2a) (0.093 g, 1.0 
mmol) in benzene (3 ml) was heated under reflux for 4 h. 
Evaporation of the solvent gave the aldimine 13 in almost 
quantitative yield. The reaction of 13 with 7 in dioxane at 
room temperature for 24 h gave the product 15 in 68% yield 
after a column chromatography on silica gel (hexane/ethyl 
acetate=l/l). 

l,3-Dimethyl-5-[(phenylimino)methyl]-6-(phenylthio-
methyl)-2,4(lff,3H)-pyrimidinedione (13): Yellow plates 
(hexane-ethanol); mp 120—122 °C; IR (KBr) cm"1: 1680, 
1620 (CO); MS m/z: 365 (M+), 276 (M+-Ph-N), 256 
(M + -Ph-S) . Found: C, 65.88; H, 5.47; N, 11.66%. Calcd 
for C20Hi9N3O2S: C, 65.73; H, 5.24; N, 11.50%. 

The 13CNMR spectrum in CDCI3 showed the signals 
corresponding to those of 13 and 14: 6=27.6, 28.5, 32.0, 32.6, 
32.7 (N-CH3 and -CH2-SPh), 90.2, 92.4, 108.3, 116.6, 121.1, 
124.3, 126.1, 126.2, 126.8, 128.6, 129.0, 129.2, 129.3, 129.4, 
129.8, 133.6, 138.5, 139.5, 141.7, 145.9 (-CH=N-), 151.1, 151.4 
(2-C), 151.6 (2-C), 153.3, 155.9, 162.4 (4-C), 165.3 (4-C). 

5-Anilino-5a,8a-dihydro-l,3,7-trimethyl-9-phenylthio-lH-
pyrrolo[3,4-g]quinazoline-2,3,6,8(3H,5H,7H,9H)tetrone 
(15): Pale yellow prisms (ethyl acetate); mp 243—245 °C; 
IR (KBr) cm"1: 3370 (NH), 1770, 1700, 1650 (CO); *HNMR 
(CDCI3) 6=2.90, 3.27, 3.32 (each 3H, 3s, N-CH3), 3.43 (1H, 
dd, 8a-H, /5a-8a=8.8 Hz and/8a-9=1.6 Hz), 3.59 (1H, dd, 5a-H, 
/5.5a=6.0 Hz and /5a-8a=8.8 Hz), 4.95 (1H, d, 9-H, /8a-9=1.6 
Hz), 5.63 (1H, dd, 5-H, /NH-5=9.6 HZ and/5-5a=6.0 Hz), 6.05 
(1H, d, NH, /NH-5=9.6 HZ), 6.7—6.8, 7.2—7.6 (total 10H, 2m, 
phenyl); « c NMR (CDCl3+DMSO-d6) 6=24.3, 27.5, 30.6 (N-
CH3), 41.4, 41.6, 43.8 (5a-, 8a-, and 9-C), 47.1 (5-C), 106.2 (4a-
C), 112.4, 116.6, 128.4, 129.2, 129.7, 133.8, 146.0 (phenyl-C), 
146.9 (9a-C), 150.5 (2-C), 159.9 (4-C), 175.0, 175.4 (6- and 8-
C); MS m/z: 273 (M + -PhSH~PhNH 2 ) , 110, 93. Found: C, 
63.00; H, 5.14; N, 11.59%. Calcd for G s H ^ N ^ S : C, 63.01; 
H, 5.08; N, 11.76%. 

The Reaction of 1 with 7 in the Presence of Di- or 
Triethylamine. General procedure: Diethylamine (0.104 
ml, 1.0 mmol) was added to a solution of 1 (0.182 g, 1.0 
mmol) and 7 (0.166 g, 1.5 mmol) in THF (4 ml) and the 
reaction mixture was stirred at room temperature for 2 d. 
The resultant crystals 16 (0.119 g, 41%) were collected by 
filtration. Similarly, 16 was obtained in 39% yield from the 
reaction of 1 with 7 in the presence of triethylamine. 

5a,8a-Dihydro-5-hydroxy-l,3,7-trimethyl-lH-pyrrolo[3,4-
g]quinazoline-2,4,6,8(3H,5H,7H,9H)-tetrone (16): Color­
less crystals; mp 245—249 °C; IR (KBr) cm"1: 3460 (NH), 
1780, 1690, 1650 (CO); *HNMR (DMSO-d6) 6=2.7—3.0 (2H, 
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ov, 9-H), 2.85, 3.20, 3.43 (each 3H, 3s, N-CH3), 3.2—3.5 (2H, 
ov, 5a- and 8a-H), 5.20 (1H, t, 5-H, /=3.7 Hz), 5.35 (br d, 1H, 
OH, /=3.7 Hz); isCNMR (DMSO-d6) ô=22.4 (9-C), 24.1, 
27.7, 31.0 (N-CHs), 35.9 (8a-C), 45.7 (5a-C), 59.7 (5-C), 109.4 
(4a-C), 151.3, 151.6(2-and9a-C), 160.1 (4-C), 176.5, 179.5(6-
and 8-C); MS m/z: 293 (M+). Found: C, 53.50; H, 5.33; N, 
14.50%. Calcd for C13H15N3O5: C, 53.24; H, 5.16; N, 14.33%. 

The Reaction of 4a with Olefinic Dienophiles 17. 
General Procedure: A solution of 2a (1.0 mmol) in dioxane 
(1 ml) was added to a solution of 1 (1.0 mmol) and dimethyl 
fumarate (17a) (1.1 mmol) in dioxane (4 ml), and the reac­
tion mixture was heated under reflux for 18 h. Evapora­
tion of the solvent gave a residue, which was subjected to a 
column chromatography on silica gel to give the mixture 
of 18a and 19a (0.398 g, 0.99 mmol, 18a/19a=7 :2) as elution 
of hexane/ethyl acetate ( 1 /2—1/3). Flash chromatography 
on silica gel of the mixture gave 18a (hexane/ethyl ace­
t a t e ^ / 2 ) and 19a (1/3). 

e>5-Anilino-5,6,7,8- tetrahydro-1,3-dimethyl-r-6,f-7-
bis(methoxycarbonyl)-2,4( 1 H,3H)-quinazolinedione (18a): 
Colorless needles (ethanol); mp 223—225 °C; IR (KBr) cm"1: 
3400 (NH), 1750, 1730, 1700, 1650 (CO); *HNMR (CDCI3) 
0=2.52 (1H, dd, 8-H, /7.8=11.7 Hz and /gem=17.6 Hz), 2.98 
(1H, dd, 6-H, /5-6=4.4 Hz and /6-7=12.4 Hz), 3.04 (1H, dd, 8-
H, /7-8=6.2 Hz and /gem=18.0 Hz), 3.28 (1H, ddd, 7-H, 
/6-7=2.5 Hz and /7.8=5.9 and 11.7 Hz), 3.31, 3.32, 3.38 (each 
3H, 3s, N-CH3 and O-CH3), 3.2—3.4 (1H, br, NH), 3.78 
(3H, s, O-CH3), 5.31 (1H, d, 5-H, /5-6=4.4 Hz), 6.6—6.9, 
7.1—7.2 (total 5H, 2m, phenyl); ^CNMR (CDCI3) 6=28.3, 
31.0 (N-CH3), 29.3 (8-C), 37.0 (7-C), 45.6 (6-C), 47.4 (5-C), 
51.8, 52.6 (O-CH3), 109.5 (4a-C), 114.2, 118.5, 129.0, 146.2 
(phenyl-C), 146.7 (8a-C), 151.8 (2-C), 161.4 (4-C), 171.4, 173.9 
(COO); MS m/z: 401 (M+). Found: C, 59.76; H, 5.78; N, 
10.33%. Calcd for C20H23N3O6: C, 59.84; H, 5.78; N, 10.47%. 

f-5-Anilino-5,6,7,8-tetrahydro-l,3-dimethyl-r-6,f-7-
bis(methoxycarbonyl)-2,4(lH,3H)-quinazolinedione (19a): 
Colorless needles (ethanol); mp 211—212 °C; IR(KBr) cm"1: 
3380 (NH), 1720, 1680, 1640 (CO); *H NMR (CDCI3) <5=2.90 
(1H, dd, 8-H, /7-8=7.7 Hz, /gem=18.3 Hz), 3.23 (1H, d, 8-H, 
/7-8=0 Hz and /gem=18.0 Hz), 3.34, 3.42, 3.48, 3.77 (each 3H, 
4s, N-CH3 and O-CH3), 3.3—3.5 (2H, ov, NH and 7-H), 3.87 
(1H, dd, 6-H, /5-6=2.2 Hz and /6-7=2.2 Hz), 5.05 (1H, br s, 5-
H), 6.6—6.8, 7.1—7.2 (total 5H, 2m, phenyl); ^CNMR 
(CDCI3) 6=24.8 (8-C), 28.2, 30.9 (N-CH3), 36.4 (7-C), 42.3 (6-
C), 46.8 (5-C), 52.3, 52.7 (O-CH3), 106.1 (4a-C), 112.9, 118.3, 
129.3, 146.0 (phenyl-C), 149.4 (8a-C), 151.8 (2-C), 161.5 (4-C), 
171.8, 174.2 (COO); MS m/z: 401 (M+). Found: C, 59.91; H, 
5.89; N, 10.33%. Calcd for C20H23N3O6: C, 59.84; H, 5.78; N, 
10.47%. 

The assignments of the proton signals for 18a and 19a 
were confirmed by their COSY spectra. More details of 
their structures were attained by the NOE measurements 
between the 5- and 6-H; the 8.5% signal enhancement for 18a 
and the 8.2% one for 19a were observed. These results mean 
that the configurations among the 5-, 6-, and 7-H are 5(eq)-
6(ax)-6(ax) for 18a and 5(eq)-6(eq)-7(eq) for 19a, assuming 
that the cyclohexene rings of 18 and 19 have a pseudo chair 
form. 

c-5-Anilino-r-6,f-7-dicyano-5,6,7,8- tetrahydro-1,3-dimethyl-
2,4(lH,3H)-quinazolinedione (18b): Colorless prisms (eth­
anol); mp 262—264 °C; IR (KBr) cm"1: 3360 (NH), 2240 
(CN), 1700, 1660 (CO); *H NMR (DMSO-d6) <5=3.09 (1H, dd, 
8-H, /7-8=H.2 Hz and/g e m=17.9 Hz), 3.13, 3.35 (each 3H, 2s, 

N-CH3), 3.35 (1H, dd, 8-H, /7.8=5.9 Hz and /gem=17.9 Hz), 
3.57 (1H, dd, 6-H, /5-6=3.4 Hz and /6-7=12.2 Hz), 3.72 (1H, 
ddd, 7-H, /6-7=12.2 Hz and /7.8=5.9 and 11.2 Hz), 5.13 (1H, 
dd, 5-H, /5-6=3.4 Hz and / 5 -NH=8 .0 Hz), 5.67 (1H, d, NH, 
/NH-5=8.0 HZ), 6.6—7.1 (5H, m, phenyl); MS m/z: 335 (M+). 
Found: C, 64.13; H, 5.28; N, 20.64%. Calcd for C18H17N5O2: 
C, 64.46; H, 5.11; N, 20.89%. 

c-5-Anilino-r-6,c-7-dicyano-5,6,7,8-tetrahydro-l,3-dimethyl-
2,4(1 ff,3H)-quinazolinedione (20): Colorless needles (eth­
anol); mp 281—284°C; IR(KBr) cm"1: 3400 (NH), 2240 
(CN), 1700, 1650 (CO); *HNMR (DMSO-d6) ô=3.17 (1H, dd, 
8-H, /7.8=7.0 Hz and /gem=19.0 Hz), 3.28 (1H, dd, /7.8=2.9 
Hz and /gem=19.0 Hz), 3.25, 3.44 (each 3H, 2s, N-CH3), 3.79 
(1H, dd, 6-H, /5-6=2.9 Hz and /6-7=3.3 Hz), 3.98 (1H, ddd, 7-
H, /6-7=3.3 Hz and /7.8=2.9 and 7.0 Hz), 4.84 (1H, dd, 5-H, 
/NH-5=5.5 HZ and /5-6=2.9 Hz), 5.58 (1H, d, NH, /NH-5=5.5 

Hz), 6.6—6.7, 7.1—7.2 (total 5H, 2m, phenyl); ^CNMR 
(DMSO-de) 6=23.0, 25.8, 29.1 (6-, 7-, and 8-C), 27.8, 30.9 (N-
CH3), 47.1 (5-C), 105.0 (4a-C), 112.4, 117.0, 129.0 (phenyl-C), 
117.6, 118.9(CN), 146.0, 146.7 (8a-C and phenyl-C), 151.2(2-
C), 160.7 (4-C); MS m/z: 335 (M+). Found: C, 64.38; H, 
5.20; N, 20.88%. Calcd for C18H17N5O2: C, 64.46; H, 5.11 ; N, 
20.89%. 

The signal patterns and coupling constants of the 
*H NMR spectrum of 18b were almost consistent with those 
of 18a. Heating of the mixture of 18b and 20 (1:1) in 
dioxane in the presence of a catalytic amount of aniline (2a) 
for 20 h gave the 18b and 20 (5:1), but the heating without 
2a did not give any change. 

e>5-Anilino-5,6,7,8-tetrahydro-r-6,e>7-bis(methoxy-
carbonyl)-l,3-dimethyl-2,4(lH,3H)-pyrimidinedione (18c): 
Colorless needles (ethanol); mp 271—273 °C; IR (KBr) cm-1: 
3330 (NH), 1720, 1670 (CO); *HNMR (CDCI3) ô=2.95 (1H, 
dd, 8-H, /gem=18.3 Hz and /7.8=6.2 Hz), 3.20 (1H, dd, 8-H, 
/gem=18.3 Hz and/7 .8=11.4 Hz), 3.35, 3.48 (3H, 2s, N-CH3), 
3.67 (1H, dd, 6-H, /5-6=2.4 Hz and/6-7=3.3 Hz), 3.7 (total 8H, 
ov, OCH3, 7-H, and NH), 5.06 (1H, d, 5-H, /NH-5=2.4 HZ), 
6.7—6.8, 7.2—7.6 (total 5H, 2m, phenyl); ^CNMR (CDCI3) 
0=25.7, 31.0 (N-CH3), 28.2 (8-C), 35.8 (7-C), 43.0 (5-C), 52.3, 
52.4 (O-CH3), 106.6 (4a-C), 113.5, 118.7, 129.5, 146.2 
(phenyl-C), 149.8 (8-C), 151.8 (2-C), 161.6 (4-C), 171.3, 172.8 
(COO); MS m/z: 401 (M+). Found: C, 59.52; H, 5.90; N, 
10.73%. Calcd for C20H23N3O6: C, 59.84; H, 5.78; N, 10.47%. 

e>5-Anilino-r-6-ethoxycarbonyl-5,6,7,8-tetrahydro-l,3-
dimethyl-2,4(lff,3H)-quinazolinedione (18d): Colorless 
plates (ethanol); mp 218—221 °C; IR (KBr) cm"1: 3350 (NH), 
1720, 1690, 1630 (CO); *HNMR (CDCI3) 0=1.04 (3H, t, 
-CH3, /=7.0 Hz), 2.08, 2.24 (each 2H, 2m, 7-H), 2.45 (1H, 
ddd, 8-H, /7.8=7.0 and 12.1 Hz and/g c m=18.3 Hz), 2.62 (1H, 
ddd, 6-H, /6-7=3.3 and 13.2 Hz and/5 .6=4.0 Hz), 2.76 (1H, 
ddd, 8-H, /7.8=1.2 and 5.7 Hz and /gcm=18.3 Hz), 3.32, 3.39 
(each 3H, 2s, N-CH3), 3.3—3.5 (1H, br, NH), 3.58, 3.90 (each 
2H, dq, -CH2-, /=7.0 Hz and/gem=H.O Hz), 5.27 (1H, d, 5-H, 
/5-6=4.0 Hz), 6.6—7.2 (5H, m, phenyl); ^CNMR (CDCI3) 
0=14.0 (CH3), 18.6 (8-C), 25.9 (7-C), 28.2, 30.9 (N-CH3), 43.6 
(6-C), 47.4 (5-C), 110.2 (4a-C), 114.7, 118.6, 128.9 (phenyl-C), 
147.3, 148.6 (phenyl-C and 8a-C), 151.9 (2-C), 161.9 (4-C), 
172.0 (CO); MS m/z: 357 (M+). Found: C, 63.90; H, 6.66; N, 
11.75%. Calcd for G9H23N3O4: C, 63.85; H, 6.48; N, 11.76%. 

£-5-Anilino-r-6-ethoxycarbonyl-5,6,7,8-tetrahydro-l,3-
dimethyl-2,4(lff,3H)-quinazolinedione (19d): Colorless 
prisms (ethanol); mp 198—199 °C; IR (KBr) cm"1: 3360 
(NH), 1720, 1690, 1640 (CO); « N M R (CDCI3) ô=1.28 (3H, 
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t, -CH3 , /=7.0 Hz), 2.08, 2.26 (each 1H, 2m, 7-H), 2.55 (1H, 
ddd, 8-H, /7-8=5.7 and 0.6 Hz and /gem=18.3 Hz), 2.83 (1H, 
ddd, 8-H,/7.8=7.0 and 11.7 Hz and/g e m=18.3 Hz), 3.09 (1H, 
dd, 6-H, /6-7=3.7 and 5.5 Hz), 3.34, 3.39 (each 3H, 2s, N-
CH3), 3.6—3.8 (1H, br, NH), 4.06—4.26 (2H, ov, -CH2-), 
5.02 (1H, br s, 5-H), 6.7—6.8, 7.1—7.3 (total 5H, 2m, 
phenyl); ^CNMR (CDC13) 6=14.2 (CH3), 18.3 (7-C), 23.4 (8-
C), 28.2, 30.7 (N-CH3), 39.9 (6-C), 47.3 (5-C), 60.9 (-CH2-), 
107.3 (4a-C), 113.4, 118.2, 129.4, 146.5 (phenyl-C), 150.5 (8a-
C), 151.9 (2-C), 161.9 (4-C), 172.4 (COO); MS mir. 357 (M+). 
Found: C, 64.12; H, 6.61; N, 11.60%. Calcd for G9H23N3O4: 
C, 63.85; H, 6.48; N, 11.76%. 

The NOE measurement between the 5- and 6-H for 18d 
(6.8% signal enhancement) shows that the configurations of 
the 5- and 6-H are equatorial and axial, respectively. The 
configurations of the 5- and 6-H for 19d are both equatorial, 
because the 5.5% signal enhancement was observed on the 
NOE measurement between the 5- and 6-H. These assign­
ments were confirmed by the inspections of their molecular 
models; the anilino and ethoxycarbonyl groups for 18d are 
crowded each other, and, therefore, the methylene and 
methyl protons of the ethoxyl group are shielded by the 
phenyl one. This upper-field shift effect due to phenyl 
group was available to the structural elucidation of adducts 
18e and 19e. 

c-5-Anilino-5,6,7,8-tetrahydro-r-6-methoxycarbonyl-1,3,6-
trimethyl-2,4(lH,3H)-quinazolinedione (18e): Colorless 
needles (ethanol); mp 254—255 °C; IR (KBr) cm"1: 3350 
(NH), 1730, 1690, 1640 (CO); *HNMR (CDCI3) ô=1.21 (3H, 
s, -CH3), 2.04 (1H, dd, 5-H, /7.8=7.3 Hz and /gem=13.7 Hz), 
2.25 (1H, ddd, 8-H, /7-8=7.3 and 12.0 Hz and/g e m=13.7 Hz), 
2.47 (1H, ddd, 7-H, /7-8=7.3 and 11.7 Hz and /7-8=18.8 Hz), 
2.74 (1H, dd, 7-H, /7.8=5.4 Hz and /gcm=18.8 Hz), 3.25, 3.32 
(each 3H, 2s, N-CH3), 3.35 (1H, br, NH), 3.42 (3H, s, 
-OCH3), 4.91 (1H, br s, 5-H), 6.7—7.2 (5H, m, phenyl); 
13CNMR (CDCI3) 0=19.5 (CH3), 23.4, 23.9 (7- and 8-C), 28.9, 
30.9 (N-CH3), 44.8 (6-C), 51.5, 52.5 (5-C and OCH3), 109.0 
(4a-C), 114.3, 118.1, 128.9 (phenyl-C), 147.0, 147.3 (phenyl-C 
and 8a-C), 151.9 (2-C), 162.3 (4-C), 175.4 (COO); MS mir. 
358 (M+). Found: C, 63.63; H, 6.55; N, 11.64%. Calcd for 
C19H23N3O4: C, 63.85; H, 6.48; N, 11.76%. 

f-5-Anilino-5,6,7,8-tetrahydro-r-6-methoxycarbonyl-1,3,6-
trimethyl-2,4(lH,3H)-quinazolinedione (19e): Colorless 
prisms (ethanol); mp 259—262 °C; IR (KBr) cm"1: 3360 
(NH), 1720, 1680, 1640 (CO); *HNMR (CDCI3) ô=1.24 (3H, 
s, -CH3), 2.0, 2.1, 2.6 (total 4H, ov, 7- and 8-H), 3.24, 3.36 
(each 3H, 2s, N-CH3), 3.67 (3H, s, OCH3), 4.44 (1H, d, NH, 

/NH-5=9.3 HZ), 5.08 (1H, br d, 5-H, /NH-5=7.8 Hz), 6.6, 6.8, 
7.1 (total 5H, 3m, phenyl); ^CNMR (CDCI3) 6=22.3, 23.5, 
24.8 (CH3 and 7- and 8-C), 26.9, 29.6 (N-CH3), 45.4 (6-C), 
47.8 (5-C), 51.0 (O-CH3), 108.7 (4a-C), 111.5, 115.4, 127.9, 
147.6 (phenyl-C), 147.9 (8a-C), 150.6 (2-C), 160.5 (4-C), 174.5 
(COO); MS mir. 358 (M+). Found: C, 63.59; H, 6.47; N, 
11.54%. Calcd for G9H23N3O4: C, 63.85; H, 6.48; N, 11.76%. 

T h e authors wish to thank UBE Scientific Analysis 
Laboratory for the he lp of the structural analyses 
us ing N M R spectrometers at 270 a n d / o r 400 MHz. 
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The thermal preparation of the mesophase pitch from the isotropic anthracene pitch produced catalytically 
from anthracene with HF/BF3 was studied through both single- and two-stage heat-treatments. The single 
stage under vacuum provided a mesophase pitch (SMAP-2) of 100% anisotropy and excellent spinnability at 
yield as high as 59%. The present mesophase pitch maintained the naphthenic structure to some extent, 
although thermal preparation, which tends to induce dehydrogenase aromatization, was employed. The 
two-stage preparation, comprising heat-treatments under pressure (2.1 MPa) and then under vacuum (1 Torr, 
1 Tor r^ l 33.322 Pa) increased the yield of the mesophase pitch to 64%. The resultant mesophase pitch (TMAP) 
of 100% anisotropy and excellent spinnability carried fewer aliphatic groups than that of the single stage. 
SMAP-2 was sufficiently stabilized for 30 min at 300 °C, superior to that of the mesophase pitches derived from 
FCC-DO and the isotropic naphthalene pitch. The complete stabilization of TMAP with a smaller aliphatic 
structure was achieved within a slightly longer time of 45 min. The number of aliphatic groups is closely 
related to the stabilization reactivity. It is worth noting that the present mesophase pitches prepared from the 
isotropic anthracene pitch retained the structure of the starting pitch to an extent which depended on the 
procedure, influencing the stabilization reactivity. 

T h e mesophase pi tch of h igh stabilization reactivity 
as well as highly oriented molecular a l ignment , low 
viscosity, h igh puri ty, and higher coking value has 
been recognized as an appropr ia te precursor for a 
pitch-based carbon fiber with h igh performance. 
Al though prepara t ion procedures for mesophase pi tch 
have been proposed by a number of researchers,1"7) its 
yield and properties have not necessarily been 
sufficient. 

T h e properties of mesophase pitches are strongly 
related to those of precursor pitches,7"9* hence, the 
pretreatment and modification (such as hydrogena-
tion,6 '9) alkylation, and removal of the non-mesogen 
fractions) are very influential.10"13) In previous p a p ­
ers8'9) some favorable properties of the mesophase 
pi tch were ascribed to its naph then ic group . 

T h e present authors have reported novel prepara­
tive procedures of mesophase pi tch from naph tha l ene 
by the aid of HF/BF3 catalyst.14"16) T h e mesophase 
pi tch can be prepared via two procedures: in one, 
naph tha lene is converted directly into mesophase 
pi tch at relatively h igh temperatures of a round 260— 
300 °C; in the second method naph tha lene is converted 
first catalytically in to an isotropic one at 80 °C and 
then thermally in to the mesophase one. Both proce­
dures have their advantages. T h e influence of the 
molecular structure on the mesophase pi tch from 
naph tha lene or anthracene may be of value to study 
how to establish a design for an excellent carbon fiber 
precursor. 

In the present study, the prepara t ion of a mesophase 
pi tch was studied from the isotropic anthracene 
pitch14) catalytically produced from anthracene by 
HF/BF3 . T h e properties of the mesophase pitches 

were examined in terms of their spinnabil i ty, stabili­
zation reactivity and chemical structure, by compar ing 
values to those of the mesophase pitches derived from 
the isotropic naph tha lene pitch. 

Experimental 

Anthracene pitch was prepared from commercial-grade 
anthracene by the aid of HF/BF3 at 80 °C for 3 h under 0.48 
MPa autogenous pressure in an autoclave. The product 
was dissolved in benzene and HF/BF3 was distilled out. 
The residual product was extracted with ethanol to remove 
any unreacted starting monomeric anthracene. Some ana­
lyses of the isotropic anthracene pitch are summarized in 
Table 1. 

The isotropic anthracene pitch and its heat-treated deriva­
tives (ca. 10—20 g) under pressure were heated in a Pyrex 
tube placed in a vertical electric furnace at a heating rate of 
5°Cmin _ 1 to 450 °C under a nitrogen flow with vigorous 
stirring (500 rpm). As soon as reaching 450 °C, a vacuum 
pump was started to gradually achieve 1 Torr within 5 min. 
After the reaction under vacuum for a prescribed time, the 
product was gradually cooled to 250 °C at a rate of 3 °C min -1, 
and then rapidly to room temperature in order to fix the 
anisotropy in the resultant pitch. 

A pitch of ca. 30 g was heat-treated at 450 °C for 50 min in 
a tube bomb under nitrogen pressure (2.1 MPa). After the 
treatment, the bomb was rapidly cooled down in water so as 
to recover the heat-treated pitch. 

The pitch was fractionated by sequential Soxhlet extrac­
tion: first with benzene, then with pyridine and finally with 
quinoline. The extract with quinoline was filtered with a 
membrane filter (pore size: 0.45 urn) at 80 °C. Fractions 
were benzene soluble (BS), benzene insoluble-pyridine solu­
ble (BI-PS), pyridine insoluble-quinoline soluble (PI-QS), 
and quinoline insoluble (QI). 

Extracts from pitches were analyzed with ! H N M R 
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(Varian VXR-400) in the solvents (CDC13 or C5D5N), using 
tetramethylsilane as an internal standard. The BS fraction 
in the mesophase pitches was also measured with 13C NMR 
(Varian VXR-400) in CDCI3. A paramagnetic relaxation 
agent, chromium acethylacetonate Cr(acac)3, was added to 
the deuteriochloroform solution (ca. 25wt%). 13CNMR 
spectra were obtained under the following conditions: pulse 
width, 10.47 us; spectrum width, 25000 Hz; pulse repetition, 
6 s; flip angle, 52.1°; number of transients, 10000. In order 
to distinguish aromatic quaternary carbon from non-
quaternary one, GASPE (gated spin-echo) method was 
applied.17'18) 

The FD-MS of the BS fraction was measured with a JEOL 
JNS-DX 303 mass spectrometer. 

The softening point of the pitch was measured under a 
hot stage microscope (Leitz). 

Mesophase pitches were annealed at temperatures about 
50 °C higher than their softening points for 10 min under a 
nitrogen gas flow and then cooled to room temperature at 
3°Cmin_ 1 . Part of mesophase pitch, thus annealed, was 
mounted in the resin and then polished in order to evaluate 
its anisotropic content by counting the isotropic and aniso­
tropic areas in the montage microphotograph. 

The mesophase pitch was spun into fibers of ca. 8—12 urn 
in diameter under a nitrogen pressure of 0.11—0.12 MPa 
from a steel spinneret. The diameter and length of its 
nozzle were both 0.4 mm. 

Mesophase pitch fibers were oxidatively stabilized at 
300 °C for different periods. The heating rate to the stabili­
zation temperature was 5°Cmin_ 1 . The stabilized fibers 
were carbonized at 600 °C for 1 h in a Pyrex glass tube (30 
mm diameter, 600 mm length). The heating rate was 
10°Cmin-i. 

The carbonized fibers were observed under an optical 
microscope to evaluate the extents of the adhesion and 
anisotropic orientation. 

Results 

Properties of Isotropic and Anisotropic Anthracene 
Pitches. Some propert ies of anthracene pi tch pro­
duced with HF/BF3 are summarized in Table 1. T h e 
anthracene pi tch produced under autogenous pressure 
at 80 °C carried no anisotropy, its yield being higher 
than 90wt%. Its softening po in t was 180°C, which 
was m u c h higher than that of naph tha lene pi tch 
(63 °C) produced under similar conditions.14) T h e 
pi tch was mostly soluble in benzene, conta in ing 

16wt% of BI and 3% of PI. T h e H / C ratio of isotropic 
anthracene pi tch was identical to that of the start ing 
anthracene, suggesting that dehydrogenation did not 
take place du r ing cationic polymerization by the aid 
of HF/BF3. 

Some propert ies of the mesophase pitches prepared 
from the isotropic pi tch by the heat-treatment are also 
summarized in Table 1. Heat- treatment at 450 °C for 
30 min under a vacuum (1 Torr) provided a meso­
phase pi tch (SMAP-1) of 80 vol% anisotropy. A heat-
treatment for an addi t ional 30 min resulted in 100 
vol% anisotropy in the resultant mesophase pi tch 
(SMAP-2) wi th a softening po in t of 240 °C ( H / C ratio: 
0.59). Its yield was as h igh as 59 wt%. SMAP-2 
contained 31wt% of BS and 21 wt% of QI, respectively. 

T h e two-stage preparat ion, which involved heat-
treatments under pressure (2.1 MPa) for 50 m i n and 
then under vacuum (1 Torr ) for 30 min, provided a 
mesophase pi tch (TMAP) of 100 vol% anisotropy with 
a softening po in t of 250 °C ( H / C atomic rat io=0.57). 
Its H / C rat io was slightly smaller than that of SMAP-
2. T h e yield increased to 64 wt%. T M A P possessed 
38 wt% of BS and 29wt% of QI, respectively. 

Spinning and Stabilization Properties on Meso­
phase Pitches. SMAP-2 was spinnable at 310— 
340 °C, exhib i t ing stable sp inn ing for 5 min at 330 °C 
to give a pi tch fiber of 8—12 urn diameter. 

Al though the carbonized fiber from SMAP-2 
adhered after stabilization at 300 °C for 20 min , no 
adhesion was no longer observable when the stabiliza­
tion time exceeded 30 min; the transverse section of the 
carbonized fibers exhibited a homogeneous fine mo­
saic texture. T h e oxygen uptake of SMAP-2 reached 
6.5 wt% at 20 min , and 11.1 wt% at 30 min when 
complete stabilization was achieved. Large oxygen 
uptake should be noted. 

T M A P prepared by a two-stage process also exhi­
bited similar a spinnabil i ty at temperatures from 335 
to 355 °C as SMAP-2, though its stabilization reaction 
took 45 m i n for complete stabilization. 

Such spinnabi l i ty and stabilization reactivities of 
the mesophase pitches derived from an isotropic 
anthracene pi tch are m u c h better than those of ther­
mally prepared type from a naphtha lene pitch16) and 
may be comparable , or even slightly better, than those 

Table 1. Preparation Conditions and Properties of the Mesophase Pitches Prepared from Synthesized Pitch 

Pitch 

AP 
SMAP-1 
SMAP-2 
TMAP 

HTCa 

Temp 

°C 

450 
450 

Two 

) 

Time 

min 

30 
60 

staged) 

Residue 
Yield 

wt% 

61 
59 
64 

S.P.b) 

°C 

180 
225 
240 
250 

A.C.C) 

vol% 

0 
80 

100 
100 

BS 

81 
51 
31 
38 

Solubility/wt% 

BI-PS 

16 
20 
32 
18 

Pi(Qi) 

3 ( - ) 
29 ( - ) 
37(21) 
44(29) 

Coke 
Yield 

wt% 

63 

77 
86 

H/C 

0.71 
0.61 
0.59 
0.57 

a) Heat-treatment conditions, b) Softening point, c) Anisotropic content, d) First stage: 450 °C, 50 min, 
2.1 MPa. Second stage: 450 °C, 30 min. 1 Torr. 
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of petroleum-derived mesophase pitches examined in 
our laboratories.9'10) The much higher yield, purity 
and lower price of the present pitches can be their 
main advantages. 

Structure of Isotropic and Anisotropic Anthracene 
Pitch. Figure la illustrated the FT-IR spectra of the 
isotropic anthracene pitch. The isotropic pitch 
showed strong bands at 2920 and 2860 cm-1 (C-H 
stretching of methylene groups) without the band at 
2960 cm-1 (methyl C-H). The intense band at 1450 
cm-1 (methylene or naphthenic C-H bending) was 
correspondingly observed, suggesting the presence of 
naphthenic rings. Aromatic C-H bands were much 
less intense. Three intense bands were observed at 

70% 

607<H 

60%-

3000 2000 1600 200 800 

WavenumberCcnrf1) 

1600 1200 800 
Wavenumberterrfl ) 

Fig. 1. FT-IR spectra of the pitches, (a) Anthra­
cene pitch, (b) SMAP-2. (c) Sufficiently stabil­
ized fiber(SMAP-2). (d) TMAP. (e) Sufficiently 
stabilized fiber (TMAP). 

870, 810,. and 750 cm"1, reflecting the types of substi­
tution on the aromatic ring. The more intense bands 
at 870 and 750 cm"1, can be assigned to an isolated and 
4 neighboring aromatic C-H bonds on the aromatic 
ring, respectively. 

Figure 2 shows the XH NMR spectra of the BS and 
BI-PS fractions in the pitch. The isotropic pitch 
(Fig. 2a) exhibited intense peaks at ô=1.6—2.1 and 3.0, 
and minor ones at 6=3.1 and 3.4 in the aliphatic 
region. Essentially no resonance was found at 
0=1.1 — 1.5, which is ascribed to methyl groups. A 
distinct peak at 6=4.0—4.5 was observed, which is also 
found in 9,10-dihydroanthracene. The three domi­
nant peaks were observed at 6=8.4, 7.9, and 7.5, reflect 
the aromatic hydrogens of anthracene. The BI-PS 
fractions were certainly more aromatic and less naph­
thenic than were the BS fractions. 

Table 2 summarizes the hydrogen distributions and 
structural parameters of the BS and BI-PS fractions 
according to Brown and Ladner.19) The isotropic 
anthracene pitch was fairly aromatic according to 
lH NMR, although it carried a significant amount of 
Ha and Hß hydrogens. A smaller amount of H y was 
noted. 

Table 3 summarizes the carbon distributions in the 
BS fractions of the isotropic pitch. The types of 
carbons were classified into seven categories (Ai—A7), 

(a) 

U Ü 

(b) 

10 9 6 7 6 5 ^ 3 2 1 0 10 9 7 6 5 A 3 2 1 0 

Fig. 2. *H NMR spectra of BS and BI-PS fractions. 
(a) BS of anthracene pitch, (b) BI-PS of anthra­
cene pitch, (c) BS of SMAP-2. (d) BI-PS of 
SMAP-2. 

Table 2. Hydrogen Distribution of BS and BI-PS 
Fractions in the Mesophase Pitches'0 

AP BS 
BI-PS 

SMAP-2 BS 
BI-PS 

TMAP BS 
BI-PS 

Haro 

55.7 
65.5 
73.9 
81.9 
77.0 
82.4 

% 

Ha 

29.6 
22.4 
15.7 
12.8 
15.1 
10.5 

Hß 

14.4 
11.1 
8.4 
4.6 
6.0 
4.8 

H y 

0.3 
1.0 
2.0 
0.7 
1.9 
2.3 

u 
0.84 
0.89 
0.91 
0.95 
0.93 
0.96 

a) Haro: 0=6—10, Ha .0=2—4.5 Hß: 0=1.1—2, Hy: 
0=0.3—1.1. Identification according to Brown and 
Ladner.19) 
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Table 2 

Run. No. 

AP 
SMAP-2 
TMAP 

] 

Ai 

5 
6 
4 

Carbon Distribution of BS Fractions 
n the Mesophase Pitchesa) 

A2 

19 
15 
14 

A3 

15 
19 
15 

A4 

36 
37 
52 

A5 

10 
16 
12 

A6(A7) 

15(0.1) 
7(1.2) 
5(1.2) 

a) Identification according to Refs 17 and 18. 
Ai: Aromatic carbons substituted by aromatic groups 
or methylene groups -CH2- between aromatic rings 
6=150.1—138.0. A2: Aromatic carbons substituted by 
saturated groups or naphthenic -CH2- 0=138.0— 
133.1. A3: Outer quaternary aromatic carbon 
0=133.1—129.2. A4: Unsubstituted aromatic carbon 
0=129.2—116.9. A5: Inner quaternary aromatic carbon 
0=129.2—116.9. A6: Aliphatic carbon of methylene -
CH2- 0=54.2—21.9. A7: Aliphatic carbons of methyl -
CH3 0=21.9—10.0. 

as summarized in Table 3. T h e isotropic pi tch car­
ried as m u c h as 14% of a l iphat ic carbon (A6+A7), 
t hough the alkyl side chain was essentially absent, 
since a very weak resonance was observed in the range 
6=21.9—10.0 (A7) assignable to alkyl side chains. It 
is suggested that a cleavage of naph then ic structure, as 
well as dehydrogenation, hardly took place du r ing 
cationic polymerization at 80 °C wi th HF/BF3. T h e 
pi tch carried inner quaternary aromat ic carbon of 
only 10% a m o n g aromatic carbons substituted wi th an 
aromat ic r ing (Ai, 5%) and saturated (alkyl and n a p h ­
thenic) groups (A2, 19%), as well as outer quaternary 
aromat ic carbon (A4, 36%). T h e most condensed 
form of anthracene trimers was calculated to have the 
following carbon distr ibution: 28.6% of A3, 42.9% of 
A4, and 28.6% of A5. T h u s , the present pi tch was 
estimated to have less condensed forms, since the 
content of As-carbon in the pi tch was about one third 
of the most condensed anthracene trimer. A consid­
erable content of both naph then ic and aryl-aryl bond­
ings should be present in the oligomers of the pitch. 

Figure 3 exhibits FD-Mass spectra of the BS frac­
tions in the pitch. T h e molecular weight of the 
const i tuents in the isotropic pi tch distributed from 
178 to 1500 with a m a x i m u m abundance at 356 (exhib­
i t ing major peaks a round m/z 356, 534, 710, 890, 1066, 
1241 and 1425, as summarized in Tab le 4). These 
peaks are ascribed to dimers, trimers, tetramers, penta-
mers, hexamers, heptamers , and octamers, respec­
tively. It is noted that they were observed at a regular 

(a) 

ITITTTI T 
800 1000 1200 1400 

1200 1400 

Fig. 3. FD-Mass spectra of BS fraction, (a) Anthra­
cene pitch, (b) SMAP-2. (c) TMAP. 

molecular weight interval of m/z 178, suggesting that 
r ing degradation hardly took place dur ing cationic 
polymerization with HF/BF3. 

T h e FT- IR spectra of SMAP-2 and T M A P are also 
illustrated in Fig. l(b, c, d). They are very similar, 
except for mino r differences in the intensities of some 
bands. T h e bands related to aromat ic C - H and C=C 
(3050, 1600, 870—750 cm-1) were relatively intensified, 
and those related to a l ipha t ic C - H (2960—2700 cm-1) 
were weakened by the mesophase pitches. 

Mesophase pitches were also found by *H N M R to 
be more aromatic, as shown in Fig. 2 and Table 2. 
T h e relative intensity of H y , a broadening of the 
aromat ic hydrogen resonance, and a decrease in the 
intensity at 6=8.5 were noted. T h e mesophase pitch 

Table 4. m/z Numbers of the Major FD-Mass Peaks from BS Fraction 

Monomer 
(178) 

Anthracene pitch — 
SMAP-2 — 
TMAP — 

Dimer Trimer 
(356) (534) 

356 534 
352 528 
352 528 

Te tramer 
(712) 

710 
706 
704 

Pentamer 
(890) 

890 
882 

in the Pitches21' 

Hexamer 
(1068) 

1068 

Heptamer 
(1246) 

1246 

a) Numbers in parenthesis are calculated values. 
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of two-stage preparation (TMAP) gained slightly, but 
significantly, more Haro and Hy. 

The carbon distributions in the BS fractions of the 
mesophase pitches are also summarized in Table 3. 
The AÔ methylene group of SMAP-2 (7%) was much 
less than that of the isotropic pitch (15%), while the A7 
(methyl) carbon increased, although its content was 
still very low. Naphthenic ring was principally 
dehydrogenated into an aromatic ring during the 
heat-treatment. A small amount of the naphthenic 
groups may have cleaved into methyl groups. Com­
pared to the starting isotropic pitch, SMAP-2 gained 
A5 considerably and A3 slightly, indicating that both 
dehydro-aromatization and condensation took place 
during the heat-treatment. TMAP gained markedly 
A4, while increases of A3 and A5 were very minor. 
The anthracene unit may be reproduced through 
dehydrogenation. 

The FD-Mass peaks of the BS fraction in the SMAP-
2 distributed almost continuously from 220 to 1100, as 
shown in Fig. 3. The peaks around m/z 356, 534 and 
710 (Table 4) markedly reduced their intensity, while 
the peaks at around m/z 528 and 706 were relatively 
intensified. The latter two peaks may correspond to 
the trimer and tetramer of the anthracene units, 
respectively, which suffer dehydrogenation. The BS 
fraction in the TMAP distributed from 230 to 1100 
with a maximum abundance at 528, as shown in Fig. 
3c, the distribution and intensity of the peaks being 
similar to those of SMAP. 

Structure of Stabilized Mesophase Pitch Fiber. 
Figure l(c, e) illustrates the FT-IR spectra of suffi­
ciently stabilized mesophase pitch fibers. Stabilized 
SMAP-2 exhibited new bands at 1690—1650 cm-1 

(C=0 specifically for quinone or aryl-aryl lactone 
groups), 1300—1000 cm-1 (C-O stretching), and the 
bands at 1280 cm-1 (phenoxy group C-O, aromatic 
ketone C=0) and/or 1180 cm-1 (ether Ar-O-Ar) 
increased their intensities, while the bands at 1450 cm-1 

(methylene and naphthenic -CH2- bending), 2960— 
2720 cm-1 (aliphatic C-H stretching) and 870—675 
cm-1 (aromatic C-H bending) lost markedly their 
intensities. Oxygenation was significant. The FT-
IR spectrum of TMAP stabilized for 45 min in air at 
270 °C was similar to that of SMAP-2. 

Discussion 

An isotropic pitch prepared catalytically from 
anthracene with HF/BF3 provided through the heat-
treatment mesophase pitches of excellent spinnability 
and fair stabilization reactivity comparable or slightly 
better to those derived from decant oils.10) The final 
yield of the mesophase pitch from anthracene reached 
as high as 64%. Hence, using the present procedure 
where the catalytic condensation of anthracene with 
HF/BF3 and the thermal induction of liquid crystal 
natures can be industrially competitive in terms of 

both cost and quality of mesophase pitch. It is an 
advantage that corrosive HF/BF3 was applied at rela­
tively low temperatures. 

The mesophase pitch derived from an isotropic 
anthracene pitch exhibited interesting features regard­
ing both structure and properties. Model structures 
for typical constituents in the BS fractions of isotropic 
and anisotropic pitches based on both NMR and FD-
Mass are illustrated in Fig. 4. The mesophase pitch 
certainly carries less naphthenic hydrogens than does 
the starting isotropic pitch. Nevertheless, the meso­
phase pitch retained more naphthenic hydrogens and 
suffered much less bond cleavage of ring structures 
than did the naphthalene pitch reported in a previous 
paper.16) More aryl-aryl bonds are found in the pres­
ent mesophase pitch. These characteristics of the 
former pitch brought about advantages as a precursor 
of the carbon fiber which are superior to those of the 
latter-mentioned pitch. Higher yield is another 
advantage of the anthracene pitch. The two-stage 
preparation increased the yield of mesophase pitch 

Dimer 
ÊÊÊ) (SlQlQ) (-fry 

m/e 356 

Tri wer 

Fig. 4. Some of the representative model structures 
in the BS fractions of the anthracene and mesophase 
pitches (SMAP-2 and TMAP). HTT: Heat-
treatment at 450 °C for mesophase induction. 



2950 Isao MOCHIDA, Kiyoyuki SHIMIZU, YOZO KORAI, Yukio SAKAI, and Susumu FUJIYAMA [Vol. 63, No. 10 

because of the pressurized reaction for a long time 
during the first stage, which introduces more aryl-aryl 
linkages. A smaller amount of highly condensed 
forms was found in the anthracene pitch than in the 
naphthalene pitch. 

Such differences in the properties and structures of 
the mesophase pitches of anthracene from those of 
naphthalene are due to their original structure. 
Anthracene has reactive sites at 9 and 10 positions, 
where condensation takes place first, while increasing 
the pitch yield. The hydrogens at the condensation 
sites may not stay at the same positions but, rather, 
move to other sites of higher stability, since the 9,10-
dihydroanthracene-type naphthenic hydrogens are 
reactive. More naphthenic rings tend to survive in 
the anthracene oligomers than do naphthalene oligo­
mers. The lower temperature and shorter heat-
treatment time for mesophase induction may be other 
reasons why the pitch carries more hydrogens on the 
ring. Thus, the mesophase pitch from anthracene 
can maintain more naphthenic hydrogens, even after 
the thermal process of mesophase preparation, 
although their quantity is lower than that of the 
starting pitch. 

Facile conversion of the anthracene oligomers to 
mesophase pitch is due to the larger aromatic ring of 
anthracene, and probably to the high reactivities of 
9,10-positions. The high reactivities of these posi­
tions may lead to some preferential formation of aryl-
aryl bonds in the oligomers during condensation with 
HF/BF3 under such milder conditions. The aryl-
aryl bonds may survive in the mesophase pitch to 
lower its softening point, in spite of the larger size of 
the aromatic ring. 

The aliphatic C-H groups in the mesophase pitch 
derived from the anthracene exhibited oxidation reac­
tivity during the initial stage of stabilization to pro­
duce a carbonyl bond of the quinone group. The 
oxygen uptake of the anthracene pitch was very rapid, 

reaching 11% within 30 min; this was much faster than 
that of naphthalene pitch. The 9,10 positions may 
be easily oxidized to give quinone. Such a high rate 
of oxygen uptake is another characteristic of the pres­
ent anthracene mesophase pitch, completing stabiliza­
tion within a reasonable time. 
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The Control of the Phenylglyoxylic Acid Permeation Rate through a Liquid 
Membrane of a Toluene-Chloroform Mixture Containing Magnetite under 

a Rotating Magnetic Field and an Alternating Magnetic Field 
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2753 Ishii-machi, Utsunomiya 321 
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A liquid membrane containing ferromagnetic powder (LM-FP) was proposed for controlling the molecular 
permeation rate through a liquid membrane in a rotating magnetic field (R-MF) in a previous paper. This 
paper presents details concerning the property of LM-FP under exposure to R-MF or an alternating magnetic 
field (A-MF). Magnetite and phenylglyoxylic acid (PGA) were used as a ferromagnetic powder and a substance 
for permeation, respectively. Various factors, such as the magnetite concentration in LM-FP, the intensity of 
the magnetic field and the number of rotations of R-MF, both of which affect the PGA permeation rate, were 
investigated in order to understand the behavior of magnetite powder in LM-FP. Magnetized particles of 
magnetite powder in LM-FP were found to rotate in R-MF, but not to move in A-MF. R-MF exerted an 
acceleration of the PGA permeation rate through LM-FP more than did A-MF. It is suggested that magnetized 
particles of magnetite powder behave as micro-magnetic stirrers in LM-FP to accelerate molecular transport. 
Data concerning the PGA permeation rate were simulated by assuming a concentration change of PGA in LM-
FP after turning R-MF on or off. We obtained simulation curves which were in accord with the experimental 
results. 

The re have been many papers concerning wide 
appl ica t ions of a l iqu id membrane con ta in ing a suit­
able carrier for the selective separation of gases, l j2) 

optical isomers,3) as well as the cations of alkal ine 
metals,4 '5) a lkal ine earth metals,6) and heavy metals.7'8) 
Some papers have described the results concerning 
molecular t ransport in termes of the concentrat ion 
gradient.4 - 7 '9) A l iqu id membrane supported in a 
porous film and l iquid membrane compr is ing drop­
lets in an emuls ion m i g h t deserve to be used. T h e 
former is easier to operate with higher selectivity than 
the latter.10) However, a l iquid membrane suppor ted 
in a porous film is not recommended for practical use 
because of the slow transport of molecules th rough the 
l iqu id membrane . It is necessary to devise a method 
to agitate a very thin l iqu id membrane suppor ted in 
a porous film for the acceleration of molecular 
transport . 

T h e authors have proposed a l iqu id membrane 
con ta in ing ferromagnetic powder (LM-FP), which is 
prepared in a hole of a vessel wall. LM-FP can be 
agitated by app ly ing an external ro ta t ing magnet ic 
field (R-MF) . n ) Therefore, the acceleration of molec­
ular t ransport th rough LM-FP was expected to be 
observed under exposure of R-MF. 

T h i s paper presents a detailed report of a previous 
paper:11) T h e permeat ion rate of phenylglyoxylic 
acid (PGA) th rough LM-FP conta in ing magnet i te was 
studied under exposure of magnet ic field. R-MF was 
compared with a l ternat ing magnet ic field (A-MF). 
Data concerning the P G A permeat ion rate were simu­
lated by assuming a concentrat ion change of P G A in 
LM-FP after tu rn ing on or off the magnet ic field. 
We obtained a s imula t ion curve which was in accord 
wi th the experimental results. 

Experimental 

The same equipment and reagents were used as in a 
previous paper.11) The liquid components of LM-FP con­
sisted of 1:1 (v/v) toluene and chloroform mixture (T-C 
mixture) and various concentrations of magnetite powder. 
In order to prepare LM-FP, 0.3 cm3 of a T-C mixture was 
filled into a hole in the bottom wall of a teflon-made 
cylindrical bottle (Fig. 1). Two teflon bottles (inside 
diameter of 16 and 32 mm) were used in the same way as 
described in a previous paper.11) One was used for down­
ward (Figs. 4—7) and another for upward (Fig. 9) permeation 
of PGA. A magnetization curve is shown in Fig. 2. Mag­
netite particles were coated with (octadecyl)trichlorosilane 
so that they would have affinity for the T-C mixture. The 
apparent sizes of the particles spread over 0.02—10 jum in 
diameter, since particles aggregate by themselves. 

The intensity and gradient of the vertical component of 
R-MF at the center of LM-FP were measured by a Gauss-
meter (Yokogawa, type 3251). The required number of 
rotations of R-MF were obtained by an AC servomotor. 
The number of rotations of R-MF was fixed at 1200 rpm in 
the case of Figs. 4—6 and 9. 

A-MF was generated by a solenoid (90 mm in diameter) 
with an AC power supply. The LM-FP was located at the 
center of the solenoid. 

The PGA concentration in the source phase was 67 
mmol dm - 3 , and that in the receiving phase was measured 
by a conductometer (TOA, CM-30ET) connected to a 
recorder. The PGA permeation rate was obtained by a 
calculation of the finite difference of the PGA concentra­
tion. All experiments were carried out at 25 °C. 

Results and Discussion 

Behavior of Magnetite Powder in R-MF and A-MF. 
In order to directly observe the behavior of magnet i te 
powder in a T - C mixture , a prel iminary exper iment 
was carried out in a test tube exposed to either R-MF 
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a) b) 

Fig. 1. Equipment of LM-FP. 1. (Downward per­
meation) 6 cm3 of 67 mmol dm - 3 PGA as a source 
phase, or (upward permeation) 18 cm3 of distilled 
water as a receiving phase. 2. 0.3 cm3 of LM-FP. 
3. (Downward permeation) 54 cm3 of distilled water 
as a receiving phase, or (upward permeation) 42 cm3 

of 67 mmol dm - 3 PGA as a source phase. 4. A 
cylindrical teflon bottle (16 or 32 mm in diameter as 
downward or upward permeation). 5. A wall hole 
(1 mm in diameter, 3 mm in length). 6. Magnet. 

- 4 - 2 0 2 
Magnetic f ield/ kOe 

Fig. 2. A magnetization curve of magnetite powder 
measured with a vibration sample magnet meter. 

or A-MF. T h e movement of magneti te powder is 
i l lustrated in Fig. 3. 

In the case of R-MF, magneti te powder was pul led 
down toward the ro ta t ing magnet ic poles by both 
magnet ic at traction and gravitation, and rotated in the 

S N 

Fig. 3. The behavior of powdered particles of mag­
netite under exposure of R-MF and A-MF. 1. Dis­
tilled water; 2. Powdered particles of magnetite in 
T-C mixture; 3. Magnet; 4. Solenoid; 5. Power 
supply (50 Hz). 

direction of the arrow in Fig. 3(a). Powdered parti­
cles of magnet i te were magnetized to be micro-
magnets in R-MF. Therefore, magneti te powder can 
be attracted by a magnet ic force a long the magnet ic 
gradient of R-MF. Consequently, the flow of the T -
C mixture occurred in the same direction (non-relief 
arrow in Fig. 3(a)). 

In the case of A-MF, powdered particles of magne­
tite were observed not to move, bu t to al ign parallel to 
the lines of magnet ic flux and to deposit at the 
bot tom of test tube according to gravitation (Fig. 3 
(b)). T h e A-MF exhibits properties of reversing mag­
netic polari ty repeatedly and of actually generat ing no 
magnet ic gradient. T h e coercive force of magneti te 
is so small (about 0.1 kOe (Fig. 2)) that magnetized 
and powdered particles of magneti te may easily 
change the polari ty in A-MF wi thou t tu rn ing them­
selves. Consequently, powdered particles of magne­
tite were neither torqued nor moved in A-MF. 

It is concluded that R-MF is effective for stirring 
LM-FP and, in turn, for the acceleration of molecular 
transport . 

Effects of R-MF and A-MF on the PGA Permeation 
Rate. T h e P G A permeat ion rates were measured in 
bo th R-MF and A-MF. LM-FP contained 0.5% mag­
netite powder. A typical result is shown in Fig. 4. 
T h e P G A permeat ion rate increased by approximately 
8 times in R-MF of 200 Oe, as compared wi th that in 
the absence of a magnet ic field (Fig. 4(a)). No change 
in the P G A permeat ion rate was observed u p o n turn­
ing on and off the A-MF in the range between 0—420 
Oe and 5—50 Hz. A typical result (200 Oe, 20 Hz) is 
shown in Fig. 4(b). 
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Fig. 4. The response of downward PGA permeation 

rate through LM-FP by turning magnetic field off 
and on. The LM-FP contained 0.5% magnetite 
powder, a) 200 Oe of R-MF (1200 rpm). b) 200 
Oe of A-MF (20Hz). 

T h e downward molecular t ransport at the interface 
of LM-FP may be accelerated by stirring the magnet i te 
powder inside the LM-FP under exposure to R-MF. 
As a result, a h igh concentrat ion gradient of P G A at 
the interface between the LM-FP and aqueous phase is 
generated by sufficiently st irr ing the LM-FP in R-MF 
to increase the P G A permeat ion rate. J u d g i n g from 
the result shown in Figs. 3 and 4, A-MF does not 
change the thickness of the diffusion layer at the 
interface between LM-FP and the aqueous phase. 

Effect of Concentration of Magnetite Powder in 
LM-FP on the PGA Permeation Rate. It was expected 
that the P G A permeat ion rate migh t depend on the 
concentrat ion of magnet i te powder in LM-FP: T h e 
higher is the concentrat ion of magneti te powder in 
LM-FP, the faster is molecular transport . T h e effect 
on the P G A permeat ion rate in the R-MF of 300 Oe 
was surveyed for various concentrations of magneti te 
powder in LM-FP. T h e results were compared wi th 
that in the absence of a magnet ic field, as shown in 
Fig. 5. T h e P G A permeat ion rate was found to 
increase with increasing magneti te powder in the 
range less than 1%. A strong magnet ic at traction 
(which was obtained in more than 1% of magneti te 
powder in LM-FP) was found to break the l iqu id 
membrane in R-MF. 

Deposites of magnet i te powder were observed in the 
downside interface region between LM-FP and the 
aqueous phase in the absence of a magnet ic field. 
T h e effective area for P G A permeat ion migh t be 
reduced by deposit ion of magneti te powder. T h i s is 

why the P G A permeat ion rate gradually decreases 
with increasing the magnet i te concentrat ion in the 
absence of a magnet ic field. 

Effect of Intensity of R-MF on the PGA Permeation 
Rate. T h e relat ionships between the PGA permea­
tion rate and the intensity of R-MF were examined at 
various concentrat ions of magnet i te powder (Fig. 6). 
Every curve was found to share the same po in t at 

0.5 
Magnetite / % 

1.0 

Fig. 5. The effect of magnetite concentration in LM-
FP on the PGA permeation rate (downward per­
meation through LM-FP). Number of rotations of 
R-MF: 1200 rpm. — #—: 300 Oe of R-MF; —O—: 
No magnetic field. 

'0 500 
Rotating magnetic field / Oe 

Fig. 6. The effect of intensity of R-MF on the PGA 
permeation rate (downward permeation through 
LM-FP). Number of rotations of R-MF: 1200 rpm. 
—•—: 0.01; —A—: 0.05; —A—: 0.1; —O—: 0.5; 
—#—: 1% of magnetite powder. 
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about 80 Oe of R-MF. 
It is reasonable that the PGA permeat ion rates were 

reduced in less than 80 Oe of R-MF, caused by the 
deposit ion of magneti te powder in the downside inter­
face region of LM-FP (as ment ioned in the previous 
section). In more than 80 Oe of R-MF, the effect of 
stirring magneti te powder seems to overcome that of 
deposi t ing magneti te powder due to gravitation. In 
this connection, the l iqu id resistance of the T - C mix­
ture should be added as one of the factors which 
influence the movement of magneti te powder in R-
MF. It was supposed that 80 Oe of R-MF migh t be a 
threshold value for st irr ing magneti te powder. 

Effect of the Number of Rotations of R-MF on the 
PGA Permeation Rate. T h e P G A permeat ion rates 
were determined by chang ing the number of rotat ions 
of R-MF. T h e result is shown in Fig. 7. Since mag­
netized particles of magnet i te are easily al igned a long 
the direction of the magnet ic flux at a R-MF rotat ion 
lower than 300 rpm, the rela t ionship between the 
PGA permeat ion rate and the number of rotat ions of 
R-MF may be expressed as a r is ing curve. When the 
number of R-MF rotat ions is greater than 1200 rpm, 
the curve increased gently to reach a plateau. T h e 
l iquid resistance in LM-FP migh t exist against stir­
r ing magnetized powder. T h e number of R-MF rota­
tion and l iquid resistance, which affect the PGA per­
meation, might offset each other. 

The Simulation of Upward and Downward PGA 
Permeation. S imulat ion curves based u p o n the 
experimental results of the PGA permeat ion rate were 
drawn us ing a simple model . Let the P G A permea­
tion rate, the interface area, the volume of phase, and 

600 1200 
Rotation ot R-MF/rpm 

Fig. 7. The effect of number of rotations of R-MF on 
the PGA permeation rate (downward permeation 
through LM-FP). The LM-FP contained 0.5% 
of magnetite powder. —A—: 100; —A—: 200; 
—O—: 300; — #—: 500 Oe of R-MF. 

the PGA concentrat ion be P, S, V and C, respectively. 
Both P and S are accompanied by a subscript (,-n or out) 
which is expressed as the interface from the source 
phase to LM-FP or that from LM-FP to the receiving 
phase. Each subscript (s, LM, and R of C or V) indi­
cates a source phase, LM-FP and a receiving phase, 
respectively. T h e P G A permeat ion rate should be 
propor t iona l to bo th the interface area and the differ­
ence of the P G A concentrat ion between the source 
phase and LM-FP (or receiving phase and LM-FP). 
Therefore, we defined P as a product of S and the 
difference of the P G A concentrat ion. T h e symbols K 
and K° are constants for cases wi th and wi thout a 
magnet ic field. T h e subscript ,-n or out is affixed to 
both K and K°. T h e process of P G A permeation is 
illustrated in Fig. 8. 

Data for u p w a r d and downward permeation given 
in a previous paper11) were used for prepar ing simu­
lation curves. 

It is considered that Cs is a constant (67 mmol d m - 3 ) 
and that CR is measurable. We should estimate 
CLM. CLM, which is zero immediately after setting 
the system of LM-FP in the absence of magnetic field, 
changes due to an inflow of P GA from the source 
phase to LM-FP and an outflow of PGA from LM-FP 
to the receiving phase wi th a lapse of time. CLM 
finally reaches a constant value in the steady state. 
T h e value of CLM in the absence of a magnetic field 
was estimated by Eqs. 1—4: 

(Pln)l = K°in'Sin{(Cs)-(CLM)l}, 

(Pout)i — K?mt ' S out {(CLM)Î ~ (Cti)i } , 

(C/Jlf)rH = (CLM)t + (1/VLM) {(Pin)i-(Pout)i 

and 

(CR)n.l = (CR)i + (l/VR)(Pout)i, 

(1) 

(2) 

(3) 

(4) 

where i = l , 2,.... (corresponding to every 30 seconds). 
When i = l , then (CLM)I and (Cs)i are zero. T h e calcu­
lation was repeated unt i l (CLM)Î+\ reached the same 
value of (CLM)Î by us ing the assumed KQ

m and Kout-

phase6 C* " 6 7 - » 1 *" 

Sm = 2. 0 cm2 

W/M 

ViH= 0 .3 cm3 

So** 0. 0079 cm2 

R e c e i v i n g ^ CR 
phase VR = 54 cm3 

PGA downward permeation 

Receiving CR 

phase VR = 18 cm3 

Sut* 8.0 cm2 

Q.M 

VIM* 0-3 cm3 

Sin
 = 0. 0079 cm2 

Source , r __ . . 
phase Cs = 67 mmol dm 

PGA upward permeation 

Fig. 8. The model of downward and upward per­
meation of PGA through LM-FP. 
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After tu rn ing R-MF on, Kin and Kout were used 
instead of KQ

in and K%ut in Eqs. 1—2 for the c a l c u l a ­
tion of (CLM)I+\ and (CR)Î+\. 

Since the upside interface area is larger than the 
downside one, the PGA permeat ion rate mus t be con­
trolled mainly by PGA transport th rough the down­
side interface. In the case of downward permeat ion, 
CLM may decrease rapidly to reach a certain value 
lower than Cs immediately after R-MF is turned on. 
O n the other hand, CLM in the case of upward permea­
tion may gradually increase after t u rn ing R-MF on. 
Both values of K's were estimated for the determina­
tion of CLM fitted into the experimental data by a trial-

T i m e 

Fig. 9. The simulation curves on the downward and 
upward PGA permeation rates through LM-FP. 
The LM-FP contained 0.5% of magnetite powder. 
Number of rotations of R-MF: 1200 rpm. Intensity 
of R-MF: 300 Oe. Solid lines are the simulation 
curves. Plots are experimental results in 
the previous paper.11) a) Downward permeation, 
b) Upward permeation. 

Table 1. The K's Obtained by Simulation 

Permeation No magnetic field R-MF (300 Oe) 

Kin =1.0X10-4 

£out=1.6X10-4 Downward 
KL =5.2X10-5 
/&t=1.3X10-5 

Upward /dt=7.5X10"6 

^o _ , KL =2.2X10-6 
£out=1.5X10-5 

Kin =5.5X10-5 

and-error method in order to make s imulat ion curves. 
T h e results are shown in Fig. 9 and Table 1. 

We obtained s imulat ion curves u p o n which every 
po in t of the experimental data fell. T h e results in 
Tab le 1 indicate that R-MF may influence the down­
side (smaller) interface more than the upside (larger) 
one. 
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The molar volume of mixing in the liquid systems Pb-Sn, Pb-Sb, and Pb-Tl has been studied by means of 
silica glass pycnometer at 1045, 907, and 773 K respectively. The volumes of mixing in the systems Pb-Sn and 
Pb-Tl are slight positive (0.0263X10"6—0.1767X10-6m3mol-1), while that in the system Pb-Sb is slight negative 
(-0.1524X10-6m3mol-1). 

In a recent publicat ion,1 ) we disclosed some consid­
erable points concerning the behavior of mix ing in 
l iquid binary alloys, i.e. dependence of the volume of 
mix ing on the ratio of the atomic radii and electro­
negativity difference of the pure components . T h e 
existence of the c o m p o u n d Pb3Bi2 in the l iquid Pb-Bi 
systems was deduced due to interpretations for the 
volume of mix ing results and calculations us ing the 
Wagner 's theory.2) T h e present study describes 
further conclusion from the study on relative l iquid 
binary lead alloys. 

T h e re la t ionship which has been derived by Predel 
and Emam3> for the dependence of the volume of 
mix ing on the atomic radii and electronegativity dif­
ference of the components in binary alloys is not 
reliable since such a relat ion gives unreasonable 
behavior of the volume of mixing . Also the theory by 
Prigogine4 ) which gives the relation of the volume of 
mix ing to other excess quant i t ies , e.g. AmH° was 
derived for s imple models since this theory assumes 
equali ty of the atomic radii of the components . 

In view of the s tandpoints described above, a wide 
study on homologous series in the periodic table of 
elements is required in order to obtain systematic 
statements for the behavior of the volume of mixing. 
T h u s we extend our previous study1* on the system 
lead-b ismuth to include the systems Pb-Sn, Pb-Sb , 
and P b - T l (see Ref. 5). These relative systems have 
been selected due to their completely miscibility in the 
l iquid state (free from miscibility gaps). 

Experimental 

Sample. The metals used were of E. Merck extra purity 
grade. The preparation, treatment, and testing of the sam­
ples were all the same as described before.1) 

Apparatus. The apparatus used in the present study was 
a slightly modified version of the type used earlier,1) which 
in turn was based on the construction used by Kleppa et al. 
(see Ref. 6). The 11—13 cm3 silica glass container with a 
mass of 12—15 g and opening of 4 mm diameter is attached 
to a balance system by means of a high-temperature resisting 
wire of V2 A steel. The wire of V2 A steel goes through a 
tube of refined steel which in turn was fixed with the 
pycnometer. The role of the tube of V2 A steel was to 
immerse the pycnometer in the liquid sample existing inside 

a silica glass container. The lower end of the pycnometer is 
connected to a stirrer of refined steel being fixed in a plate of 
the same material. The role of this plate was to immerse 
the oxide layer which eventually exists at the surface area of 
the liquid to the bottom of the sample container. Both 
stirrer and plate were coated with a layer of aluminium 
oxide and its purpose was to prevent reaction with the 
sample. The pycnometer-sample assembly is suspended 
inside a double-walled V2 A steel shield system with 
enclosed heaters. The whole assembly except the cooling 
and balance systems is placed in a vertical tube furnace. 
The upper part of the shield is fixed in a ring of brass which 
in turn was fixed to the cooling system. Above the cooling 
system, there exists a balance system which was protected by 
means of a movable and evacuated plexiglass box. The 
apparatus is connected with argon gas supply which in turn 
was connected to a purification device. The role of the 
argon gas was to reduce the effect of oxidation at high 
temperatures. 

The temperature differences between the corresponding 
parts of the calorimeter and also the temperature of the 
sample are measured by means of Pt-to-(Pt+10 mass per cent 
Rh) thermocouples. The calibration of the thermocouples 
was based on a standard Pt-PtRh thermocouple. The 
derived temperatures are judged to correspond with the 
IPTS-68 to within 0.01 K at 500 K and 0.1 K at 1000 K. 

The calibration of the pycnometer was conducted at room 
temperature using sample of mercury (Suprapur, d=13.5377 
gem - 3 , Merck Co.). The temperature was measured using 
a mercury-thermometer calibrated by the "physicalisch-
Technischen Bundesanstalt, Germany". The balance used 
for calibration was a type of Mettler H 10 T. 

Theory and Procedure. The additional behavior yad is 
given by 

yad = ^ + X2(y20-Ä (1) 

where y? and yl are the values of the molar quantities of the 
components 1 and 2, respectively. The form function of 
the excess function, Xy is given through the equation 

y& refers to the excess quantity. 
The method used in the present study depends on the 

following procedure: 
A silica glass pycnometer will be immersed in the liquid 

metallic sample inside a container filled with the protection 
gas. The pycnometer will be removed and immediately 
weighed. 
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The density d can be computed at the temperature of 
measurement d from the mass m and the volume of the 
pycnometer Vpy as follows: 

d = m/V2™-[l + 3a (0-22.7)], (3) 

where 22.7 °C is the calibration temperature of the pycnome­
ter and a the thermal coefficient of silica glass which is given 
by 

asio2 = 0.59X10-6K-i. (4) 

Results and Discussion 

In Table 1 are presented the results of the density 
determinations in the system Pb-Sn at 1040 K. The 
results have been least squares fitted by the following 
polynomial expression: 

d(x?h) = 8.7463 + 0.4407xPb + 0.2045x?b - 0.0677x?b. (5) 

The standard deviation is 0.03% for a single measurement. 
In Table 2 are listed the values of the average molar 

volume of the mixture Pb-Sn as determined in the 
present study. From curve-fitting calculations, the fol­
lowing polynomial function for the molar volume, v, 
was derived. 

v = 13.5703 + 9.380xPb - 0.8142*$, - 0.0079x?b 

+ 0.0131xJb + 0.0234xjSb. (6) 

The estimated standard deviation is 0.011% for a single 
measurement. 

Table 3 collects the values of the integral and partial 
molar volume of mixing as determined in the present 
study at 1040 K. The volume of mixing can be com­
puted according to the following equation: 

m — ad — o / O 0\ /i\ 

v —v — v —v — v\ — X2*\V2~v\), (7) 

Table 1. Experimentally Determined Densities (XI0-3) 
for Liquid Lead-Tin at 1040 K in kgm-3. 

Estimated Standard Deviations 
in Parenthesis 

Xpb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

d 

8.7481(18) 
8.7941(18) 
8.8440(19) 
8.9090(13) 
8.9538(18) 
9.0280(18) 

Xpb 

0.6 
0.7 
0.8 
0.9 
1.0 

d 

9.0705(18) 
9.1338(20) 
9.1969(18) 
9.2600(18) 
9.3257(19) 

Table 2. Average Molar Volumes (XI06) for the Mixture 
Pb-Sn in m3mol -1. Estimated Standard 

Deviations in Parenthesis 

Xpb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

V 

13.5721(18) 
14.5078(18) 
15.4270(17) 
16.3999(17) 
17.2171(18) 
18.0879(16) 

Xpb 

0.6 
0.7 
0.8 
0.9 
1.0 

V 

18.9424(16) 
19.7841(18) 
20.2104(18) 
21.4236(18) 
22.2246(19) 

Table 3. Integral and Partial Molar Volume of Mixing 
(X106) for the Liquid Pb-Sn System at 1040 K 

in m3mol-1. Estimated Standard 
Deviations in Parenthesis 

Xpb 

Qa) 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0a) 

Present study 

0 
0.0134(17) 
0.0197(17) 
0.0233(16) 
0.0256(18) 
0.0263(17) 
0.0258(18) 
0.0234(17) 
0.0189(16) 
0.0121(17) 
0 

Crawley10) 

0.0029 
0.0158 
0.0230 
0.0251 
0.0279 
0.0275 
0.0283 
0.0266 
0.0219 
0.0142 
0.0033 

^Sn 

0.0010 
0.0035 
0.0084 
0.0133 
0.0181 
0.0239 
0.0326 
0.0448 
0.0622 
0.0836 
0.1058 

^»b 

0.1378 
0.0849 
0.0565 
0.0414 
0.0324 
0.0254 
0.0185 
0.0118 
0.0061 
0.0023 
0.0011 

a) Extrapolated value. 

where v\ and v\ are the molar volumes of the pure 
components 1 and 2, respectively. From curve-fitting 
calculations, the following polynomial function is 
derived for the volume of mixing, vm: 

^m = 0.0010 + 0.1368xpb-0.03494x?b 

+ 0.5431x?b-0.48004b + 0.1496x?b. (8) 

According to the definition of the partial molar quan­
tities (see Ref. 1), the following polynomial functions 
are derived for the partial molar volumes of mixing of 
tin and lead: 

v?n = 0.0010 + 0.3494x?b - 1.086x?b 

+ 1.4400xJb-0.5984xgb, (9) 
vpb = 0.1378- 0.6988xpb+1.9787x?b 

- 3.0062x?b + 2.1880xJb-0.5984xgb. (10) 

From Table 3, we conclude that the estimated stand­
ard devitation (e.s.d.) does not exceed that expected 

X?b 

Fig. 1. Integral and partial molar volume of mixing 
for the liquid Pb-Sn system at 1040 K. 
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from the pycnometer measurement uncertainties, 
2.2X10-9 to 2.4X10-9m3mol-1. Figure 1 shows the 
curves of the volume of mixing, vm against the mole 
fraction of lead, xpb. It is clearly observable that the 
volume of mixing takes slight positive values which 
appear to be smaller than those found for the related 
system Bi-Pb.1* 

The volume of mixing in the liquid system Pb-Sn 
shows a positive trend with a maximum value at 
about xpb=0.5 which appears to be similar to that of 
the enthalpy of mixing.7'8* 

The results obtained by Predel and Emam9) for the 
volume of mixing in the system Pb-Sn and those by 
Crawley10* showed a considerable discrepancy between 
them. It appears that the measurement technique 
used by these authors could not overcome the oxida­
tion problem. This would be clear from the con­
struction of the apparatus and the method described 
by them. The effect of oxidation led to a considera­
ble percentage error in the results. However, the 
composition of the maximum of the volume of mix­
ing as determined in both studies is compatible to that 
found in the present study. The results for vm 

obtained by Crawley10* seemed to be more close to 
those obtained in the present study rather than those 
by Predel and Emam.9* Values for vm obtained by 
Crawley10* are given in Table 3. 

Table 4 represents values for the form function of 
the volume of mixing at 1040 K which is given by the 
following linear function: 

X?' = 0.1368-0.1496xpb. (11) 

Table 5 summarizes values for the density of the 

Table 4. The Form Function of the Volume of Mixing 
(X106) for the Liquid Pb-Sn System at 1040 K 

in m3 mol-1. Estimated Standard 
Deviations in Parenthesis 

Table 6. Average Molar Volume (XI06) for the Mixture 
Pb-Sb at 907 K in m3mol-1. Estimated Standard 

Deviations in Parenthesis 

X?b 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

X* 

0.1368(15) 
0.1218(16) 
0.1069(16) 
0.0919(14) 
0.0770(17) 
0.0620(15) 

Xpb 

0.6 
0.7 
0.8 
0.9 
1.0 

Xv 

0.0470(15) 
0.032(14) 
0.0171(16) 

-0.0221(13) 
-0.0128(18) 

Table 5. Experimentally Determined Densities (X10-3) 
for Liquid Lead-Antimony at 907 K in kgm-3. 

Estimated Standard Deviations 
in Parenthesis 

XSb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

d 

8.5306(17) 
8.4896(17) 
8.4526(16) 
8.4190(18) 
8.3877(17) 
8.3575(17) 

XSb 

0.6 
0.7 
0.8 
0.9 
1.0 

d 

8.3306(16) 
8.3062(17) 
8.2820(16) 
8.2588(17) 

XSb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

V 

24.2933(23) 
23.4040(23) 
22.5930(22) 
21.7072(22) 
20.7229(22) 
19.7024(23) 

XSb 

0.6 
0.7 
0.8 
0.9 
1.0 

V 

18.7207(22) 
17.8200(23) 
16.9344(22) 
15.8804(24) 
14.2146(22) 

Table 7. Integral and Partial Molar Volume of Mixing 
(XI06) for the Liquid Pb-Sb System at 907 K 

in m3 mol-1. Estimated Standard 
Deviations in Parenthesis 

*Sb 

Qa) 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0a) 

m 
V 

Present study 

0 
-0.0150(24) 
-0.0437(24) 
-0.0789(24) 
-0.1151(25) 
-0.1424(24) 
-0.1524(24) 
-0.1394(24) 
-0.1028(23) 
-0.0526(24) 

0 

O. Sato12) 

-0.0051 
-0.0190 
-0.0482 
-0.0825 
-0.1194 
-0.1463 
-0.1565 
-0.1440 
-0.1071 
-0.0566 
-0.0039 

vn 

-0.0017 
+0.0050 
+0.0224 
+0.0384 
+0.0209 
-0.0401 
-0.1556 
-0.3122 
-0.4655 
-0.5309 
-0.3738 

m 
V Sb 

-0.0705 
-0.1954 
-0.2960 
-0.3371 
-0.3128 
-0.2400 
-0.1464 
-0.0621 
-0.0101 
+0.0032 
-0.0024 

a) Extrapolated value. 

system Pb-Sb at 907 K. The results have been least 
squares fitted by the following polynomial function: 

d(xsb) = 8.5299 - 0.4298xSb + 0.2003x|b - 0.066xfb. (12) 

The standard deviation is 0.02% for a single measure­
ment. 

Table 6 gives results for average molar volume of 
the mixture Pb-Sb at 907 K. From curve-fitting cal­
culation, the following polynomial function of v was 
derived: 

v = 24.2910 -10.2534^sb + 20.2464x|b 

- 76.3795xfb + 104.3846:4, - 48.0767:4,. (13) 

The estimated standard deviation is 0.013% for a single 
measurement. 

Results of the determinations on the volume of 
mixing at 907 K in the system Pb-Sb are presented in 
Table 7 together with those for the partial molar 
volume of mixing of Pb and Sb. The following 
polynomial functions were derived for vm, vpb, and vlb 
to produce the curves as shown in Fig. 2: 

vm = - 0.0017 - 0.0688xSb - 0.5773*1, 

- 0.98544b + 3.60304b - 1.97224b > 

^ b =-0.0017 +0.57734b + 1.97084b 
- 10.80904b + 7.88884b, 

t/Sb = ~ 0.0705 - 1.1546xSb - 2.37894b 
+ 16.38284b - 20.67004b + 7.88884b. 

(14) 

(15) 

(16) 
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Fig. 2. Integral and partial molar volume of mixing 
for the liquid Pb-Sb system at 907 K. 

Tab le 7 shows that the e.s.d. is less than expected from 
the pycnometer measurement uncertainties as given 
above. Tab le 7 also indicates the slightly negative 
volume of mix ing in the system Pb-Sb . 

T h e volume of mix ing and its part ial molar quan t i ­
ties in the l iquid system Pb-Sb show trends which are 
similar to those of the enthalpy of mixing.8 '11* Both 
vm and AmH° are slight negative and show a m i n i m u m 
at a lmost same composi t ion. 

A slightly negative volume of mix ing for Pb-Sb bas 
also been observed by Sato.12) T h e result obtained by 
this au thor is in acceptable agreement with the present 
one (see Tab le 7). Also the value obtained by Craw­
ley10* is in fair agreement wi th the present one. 

Tab le 8 demonstrates the values obtained for the 
form functions of the vo lume of mix ing in the system 
Pb-Sb at 907 K. T h e form function, Xv is expressed 
by the following linear po lynomia l function: 

Xv = - 0 . 0 6 8 8 - 0.3050 xSb. (17) 

Results of the density determinat ion in the system P b -

Table 8. The Form Function of the Volume of Mixing 
(X106) for the Liquid Pb-Sb at 907 K in m3mol-1 . 

Estimated Standard Deviations in Parenthesis 

XSb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

-X* 

0.0688(0) 
0.0973(20) 
0.1277(21) 
0.1623(20) 
0.1928(20) 
0.2232(168) 

XSb 

0.6 
0.7 
0.8 
0.9 
1.0 

-x* 
0.2178(20) 
0.2842(19) 
0.3147(19) 
0.3453(20) 
0.3737(1) 

Table 9. Experimentally Determined Densities (XI0"3) 
for Liquid Lead-Thalium at 775 K in kgm - 3 . 

Estimated Standard Deviations 
in Parenthesis 

X?b 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

d 

10.9763(20) 
10.9230(15) 
10.8752(19) 
10.8303(20) 
10.7909(20) 
10.7537(21) 

Xpb 

0.6 
0.7 
0.8 
0.9 
1.0 

d 

10.7189(20) 
10.6844(21) 
10.6553(20) 
10.6249(15) 
10.5960(20) 

Table 10. Average Molar Volume (X106) for the Mixture 
Pb-Tl at 775 K in m3mol"1. Estimated Standard 

Deviations in Parenthesis 

Xpb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

V 

18.6244(18) 
18.7579(00) 
18.8490(20) 
18.9519(18) 
18.0494(19) 
19.1420(20) 

xpb 

0.6 
0.7 
0.8 
0.9 
1.0 

V 

19.2301(18) 
19.3141(17) 
19.3981(19) 
19.4804(20) 
19.5600(18) 

Table 11. Integral and Partial Molar Volume of Mixing 
(X106) for the Liquid Pb-Tl System at 775 K 

in m3mol - 1 . Estimated Standard 
Deviations in Parenthesis 

Xpb 

0 a) 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.75 
0.8 
0.9 
1.0a) 

vm 

Present study 

0 
0.0090(16) 
0.0267(17) 
0.0528(20) 
0.0842(17) 
0.1190(17) 
0.1516(16) 
0.1767(16) 
0.1767(16) 
0.1647(17) 
0.1240(16) 
0 

Predel Sc Emam9) 

0.0022 
0.0117 
0.0292 
0.0560 
0.0571 
0.1222 
0.1553 
0.1794 
0.1801 
0.1682 
0.1271 
0.0039 

VTi 

0.0010 
-0.0053 
-0.0192 
-0.0367 
-0.0529 
-0.0570 
-0.0255 
+0.0835 
+1.1867 
+0.3363 
+0.8294 
+1.6961 

y>EL 
LTb 

-0.0069 
+0.1214 
+0.2019 
+0.2546 
+0.2856 
+0.2915 
+0.2670 
+0.2101 
+0.1712 
+0.1281 
+0.0439 
+0.0016 

a) Extrapolated value. 

T l at 775 K are presented in Tab le 9. T h e results 
have been least squares fitted by the following poly­
nomia l function: 

d(xsb) = 10.9743 - 0.5530xSb + 0.25774, - 0.0850:4,. (18) 

T h e standard deviation is 0.04% for a single measure­
ment. 

Tab le 10 collects values of the average molar 
volume of mixture P b - T l at 775 K as determined in 
the present study. Using curve fitting calculat ion, 
the following polynomia l function for, v, was derived: 

v= 18.6226 + 1.1831xPb-0.21654, 

+ 0.08124, + 0.19274,-0.06254b . (19) 

T h e estimated standard deviation is 0.014% for a single 
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Fig. 3. Integral and partial molar volume of mixing 
for the liquid Pb-Tl system at 775 K. 

measurement. 
Values of the integral and part ial molar volumes of 

mix ing in the system P b - T l at 775 K are listed in 
Table 11. Appropr ia te po lynomia l functions were 
derived to produce the curves of vm, v TI, and Ä as 
illustrated in Fig. 3: 

vm = 0.0010 - 0.0079xPb + 0.8185x?b 

+1.1643 x ? b - 1.24794b, (20) 

t/?i = 0.0010 - 0.8185x?b + 2.3286x?b 

- 4.80664,+ 4.9916x?b, (21) 

vn = - 0.0069 +1.6370xPb - 4.3114x?b 

+ 8.7374x?b - 11.0461^ + 4.9916x?b. (22) 

T h e estimated standard deviations in parenthesis, as 
given in Table 11, show that the e.s.d. does not exceed 
that from pycnometer measurement uncertainties, 
2.2X10-9 to 2.4X10-9 n ^ m o l " 1 . 

T h e vm is slight positive whi le AmH° is slight nega­
tive. T h e m a x i m u m of the vo lume of mix ing is 
situated at compost ion xpb = 0.75 and the m i n i m u m of 
enthalpy of mix ing is at xpb=0.5. 

Table 12. The Form Function of the Volume of Mixing 
(X106) for the Liquid Pb-Tl at 775 K in m3mol"1. 

Estimated Standard Deviations in Parenthesis 

Xpb 

0 
0.1 
0.2 
0.3 
0.4 
0.5 

X* 

-0.099(20) 
+0.1184(25) 
+0.2442(25) 
+0.3689(24) 
+0.4933(20) 
+0.6161(00) 

Xpb 

0.6 
0.7 
0.75 
0.8 
0.9 
1.0 

X* 

+0.7430(22) 
+0.8676(20) 
+0.9301(21) 
+0.9926(22) 
+1.1172(20) 
+1.1709(20) 

T h e present value of the volume of mix ing is in 
reasonable agreement with that reported by Predel and 
Emam. 9 ) The i r interpretet ion of the volume of mix­
ing in the system T l - P b is compatable to that of the 
present study. 

Table 12 presents values of the form function of the 
volume of mix ing in the system P b - T l at 775 K. T h e 
values of Xv have been obtained from calculations 
us ing the following linear function: 

Xv = -0.0079 +1.2479 x?h. (23) 
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Correlation of Viscosity and Conductance with 23Na+ NMR T\ Measurements 
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The relationship between rotational correlation time and the translational diffusion coefficient (Stokes-
Einstein equation) of sodium ions dissolved in a series of water-glycerol solutions was studied. NMR 
longitudinal relaxation measurements gave an estimate of the rotational correlation time for the hydrated 
sodium ion. From this, using the Debye and Stokes-Einstein equations the translational diffusion coefficient 
was calculated. These results were compared with estimates of the sodium ion diffusion coefficient obtained 
using pulsed field gradient NMR. The simple, chemical system was chosen for this study so that the nature of 
the sodium relaxation would be unambiguous. Also, conductivity measurements were performed on each 
solution since the conductivity is intimately related to the rate of ionic diffusion. The results showed that due 
to the spherical nature of the hydrated sodium ion the Debye and Stokes-Einstein equations are well obeyed 
allowing translational diffusion coefficients to be calculated from rotational correlation times in good 
agreement with those measured using pulsed field gradient NMR. 

It has been proposed that quadrupo le relaxation 
could be used as a probe for investigating nearest 
ne ighbour interactions. However, contr ibut ions to 
the relaxation rate, caused by changes in the rotat ional 
correlation time (TC) due to variations in viscosity need 
to be subtracted.1) T h e rela t ionship between rota­
tional correlation time and solut ion viscosity, and the 
translat ional diffusion of a solute, has long been of 
interest.2) With the advent of N M R and its applica­
tions to the study of cellular biological systems3"5) it 
has become increasingly impor tan t to unders tand this 
connection. It is possible that the viscosity of a cell 
cytoplasm may play a significant role in diffusion 
control of certain enzymic reactions.6) 

It has been shown7) for glycine in h u m a n erythro­
cytes that the translat ional diffusion coefficient, calcu­
lated from the correlation time us ing the Debye and 
Stokes-Einstein equat ions , is four times that mea­
sured by pulsed field gradient N M R (PFG NMR).8) A 
direct measurement of the t ranslat ional diffusion coef­
ficient is obtained from P F G NMR. T h e N M R 
experiment labels nuclei and identifies them by their 
characteristic Larmor frequencies. T h e P F G N M R 
method is based on the labels be ing given a spatial 
dependence by the appl ica t ion of a well defined mag­
netic field gradient across the sample.9) P F G N M R 
can be used to obtain precise diffusion coefficients 
over a large range of diffusion coefficient values and as 
a result is a useful tool for s tudying the microscopic 
theory of s imple liquids.9) Detailed exposit ions of 
the theory and appl ica t ions of P F G N M R can be 
found in the reviews by Callaghan,9 ) Kärger,10) and 
Stilbs.11) T h e correlat ion-t ime method assumes that 
the diffusing species is spherical and "sees" the solvent 
as a con t inuum. T h u s for the diffusion coefficients, 
derived from correlation t ime measurements , to be 
valid requires that the restrictions on rotat ional 
mot ion of a solute by the solvent are the same as for 
translat ional mot ion . Monovalent ionic species in 
solut ion are spherical (irrespective of hydrat ion 
sphere) and the t ranslat ional diffusion coefficient is 

directly p ropor t iona l to the electrical conductivity.12) 
In contrast to the correlation-time method, it is not 
necessary to make any assumpt ions regarding the 
nature of solute-solvent interact ion in the P F G N M R 
method. 

We investigated the validity of the Stokes-Einstein 
equat ion for the sodium ion in aqueous glycerol solu­
tions by s tudying the longi tudina l relaxation and 
P F G NMR-determined diffusion coefficients of the 
ion. T h e sodium ion by itself, or when it is sur­
rounded by a hydrat ion sphere, is spherical. It may 
also "see" the solvent as a con t i nuum as it is of 
dimensions similar to glycerol and H2O. Therefore 
the sodium ion, in aqueous solutions of glycerol, is 
likely to conform to the assumpt ions of the Debye 
theory. Sugawara et al.1) studied the re la t ionship 
between l inewidth (A^i/2), which is inversely propor­
t ional to the transverse or sp in - sp in relaxation t ime 
T2, of the 35C1 N M R resonance, and electrical conduc­
tivity (K); they did this for a series of aqueous solut ions 
of sodium chloride in polyethylene glycol of various 
molecular weights. They reported that the l inewidth 
and the electrical conductivity are related to the micro-
but not the macroviscosity. In order to investigate 
further these relat ionships between solut ion physico-
chemical propert ies and rotat ional and translat ional 
correlation times we chose a part icularly s imple sys­
tem, namely aqueous solut ions of glycerol in a range 
of concentrat ions, but con ta in ing a constant concen­
trat ion of sodium chloride. T h i s system was chosen 
because of the u n a m b i g u o u s relaxat ion mechanism of 
the sodium ion. For each glycerol concentrat ion the 
following N M R measurements for the sodium ion 
were performed: T\, the longi tud ina l relaxat ion time; 
T2 and; us ing P F G N M R the translat ional diffusion 
coefficient. Also the bu lk viscosity (7JB) of each sam­
ple was determined us ing an Ostwald viscometer. 

Experimental 

Materials. Sodium chloride was obtained from Ajax 
Chemicals, Auburn, N.S.W. Australia; glycerol was 
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obtained from BDH Chemicals Port Fairy, Vic, Australia, 
and EDTA was from BDH Chemicals Poole, England. 

Solution Preparation. Glycerol/saline solutions were 
prepared by mixing glycerol, water, NaCl, and EDTA to 
give a final NaCl concentration of 0.1 mol dm - 3 and an 
EDTA concentration of 1 mmol dm - 3 . The EDTA was 
included to chelate paramagnetic impurities. 

NMR Measurements. 0.5 ml of each sample was 
dispensed into flat bottom 8 mm NMR tubes and sealed with 
a Teflon vortex plug. These 8 mm tubes were then sup­
ported coaxially in 10 mm NMR tubes containing water. 
The vortex plug and outer layer of water were necessary to 
minimize susceptibility differences at the boundaries of the 
sample within the region of the radio frequency coils. The 
sample volumes were deliberately made small so that they 
fitted into the linear region of the field gradient generated by 
the PFG apparatus. All 23Na spectra were recorded at 
298.15 K on a Varian XL/VXR-400 NMR spectrometer at 
105.8 MHz. T\ measurements were made using an inver­
sion recovery pulse-sequence13) incorporating a composite 
180° pulse. Ti measurements were made using the Carr-
Purcell-Meiboom-Gill sequence.14) 

PFG measurments were performed using a specially mod­
ified heteronuclear probe and home-built pulsed power 
supply7). For each experiment the amplitude of the field 
gradient, and the duration between the leading edges of the 
gradient pulses, were held constant while altering the gra­
dient pulse width. 

Bulk Viscosity Measurements. An Ostwald viscometer 
was used in a water bath controlled at 298.15 K. Deionized 
water served as a viscosity standard.15) Samples were 
allowed to equilibrate thermally for at least 10 min prior to 
measurement. The results were the average of at least three 
measurements. 

Conductivity Measurements. Conductivity measure­
ments, corrected to 293.15 K, were performed using a Philips 
PW 9506 conductivity meter with a Philips PW 9510 elec­
trode. 'Blanks' were prepared as for the samples described 
above except for the omission of sodium chloride. 

Theory 
23Na Relaxation. Hubbard 1 6 ) has shown that for 

nuclei wi th spin 3/2, such as 23Na, both longi tudinal 
and transverse relaxat ion of magnetizat ion are de­
scribed by the sum of two exponentially decaying func­
tions. Consequent ly the relative propor t ions of the 
fast and slow processes are experimental ly difficult to 
determine.17) However, if the nucleus relaxes under 
'extreme na r rowing condi t ions ' where woTc'̂ C 1, (coo is 
the L a r m o r frequency of the nucleus) we have, 

(e2qQ)2 r (92 1 
1 / 7 ^ = 1 / 7 2 = f™ [1+-3-JT0 (1) 

where eq is the electric field gradient at the nucleus, 
eQ is the nuclear quad rupo le moment , and 6 is the 
asymmetry parameter of the electric field gradient. 
T h e electric field gradient arises from the nuclear 
q u a d r u p o l e momen t interact ing wi th the electrostatic 
po in t dipoles in the solvent molecules.18) T h e relaxa­
t ion process may be further complicated by b inding , 
thus resul t ing in heterogeneous popula t ions of nuclei 

each being subject to a different set of N M R parame­
ters. 19'20) For the computa t ion of correlation times 
the quadrupo le coup l ing constant was set to 
4.8X106rads"1 3 ) and the asymmetry parameter was set 
to zero, due to the h igh degree of symmetry of the 
sodium ion and its hydrat ion sphere. 

Rotational Correlation Time, Diffusion, and Vis­
cosity. T h e rotat ional correlation time is related to 
the solut ion viscosity by way of the Debye equation,21) 

Tc = 4nrir0z/(3kT), (2) 

where r\ is the solut ion viscosity, ro the Stokes radius, k 
is the Bol tzmann constant, and T is the absolute 
temperature. T h i s model assumes that the solvent 
molecules su r round ing the solute molecules can be 
treated as a con t inuum. Gierer and Wirtz22* at temp­
ted to al low for the discont inuous nature of the sol­
vent by inc lud ing a coefficient of microfriction in 
their model. 

By rear ranging Eq. 2 it is possible to calculate the 
solut ion viscosity if the correlation time is known. 
However, for the equat ion to remain valid the molecu­
lar size and shape need to be independent of concen­
tration. Further, if the probe molecule is rotat ing 
under 'extreme nar rowing condi t ion ' then viscosity is 
inversely p ropor t iona l to the longi tudina l relaxa­
tion time.21) With a knowledge of ro and 77 it is 
possible to calculate the t ranslat ional diffusion coeffi­
cient of the probe molecule us ing the Stokes-Einstein 
relationship,2 '23) 

D = kT/(6nrjr0). (3) 

Conversely, it is easily seen that from a knowledge of 
the Stokes radius and the translat ional difusion coeffi­
cient we can calculate the solut ion viscosity. 

PFG N M R Diffusion Measurements. T h e attenua­
t ion of the sp in-echo signal due to the gradient pulses, 
assuming free-diffusion of the nuclei being observed is 
given by,8) 

S(G)/S(0) = exp [ - D y2 G2 ô2 (A - Ô/3)] (4) 

where S(G) and S(0) denote the echo ampl i tude wi th 
and wi thou t gradient pulses, respectively; D is the 
diffusion coefficient, y is the magnetogyric ratio, 8 is 
the dura t ion of the field gradient pulses and A is the 
separat ion between the leading edges of the field gra­
dient pulses. 

Solution Viscosity and Conductance. T h e electri­
cal conductivity and microviscosity of a solut ion are 
related by the Waiden product,24* 

K rj = constant. (5) 

Results 

T h e 2 3Na spin lattice relaxation times, correspond­
ing correlation times and P F G NMR-determined dif­
fusion coefficients are summarized in Table 1. 
Examples of P F G N M R spectra are shown in Fig. 1; 
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the experimental parameters are given in the figure 
legend. 

Table 2 summarizes the conductivity, bulk viscosity, 
NMR-determined viscosities (from correlation time, 
VTC; from PFG diffusion measurement, *?PFG). In cal­
culating the NMR-determined viscosities, it was 
assumed that the water solution gave the same result 
when measured by NMR as by Ostwald viscometry. 
This allowed a value of the Stokes radius for the 
sodium ion to be calculated as 0.2009 nm from TC and 
0.2152 nm from the PFG measurements. This 
method of determining the Stokes radius took into 
account the hydration of the ion, otherwise the radius 
of the ion itself would have been used. Figure 2 is a 
plot of the three different viscosity estimates versus 
1/K. Figure 3 is a plot of diffusion coefficients esti­
mated from rotational correlation times versus mea­
sured diffusion coefficients. 

Discussion 

PFG NMR measurements of diffusion in sodium 
chloride solutions were made on the sodium ion in 
preference to the chloride ion because of its inherently 
larger T2 value, thus facilitating the measurements. 
The PFG NMR method allows diffusion measure­
ments to be conducted on species with shorter T2 
values than the steady gradient NMR method.25) 

Both Ti and T2 measurements were performed on the 
sodium nuclei to verify that the 'extreme narrowing 
condition' held in all samples and thus justify analy­
sis of the relaxation time courses as single exponen­
tials. This was consistent with the results of Lerner 
and Torchia.26) 

Sutter and Harmon27) calculated that for the quad-
rupolar nucleus lithium, when present in an aqueous 
solution of LiCl, that the electric field gradient pro­
duced at the lithium nucleus thus causing the relaxa­
tion, is an order of magnitude smaller than the field 
gradient caused by the electric dipole moment of a 
water molecule in the lithium hydration shell. It 
seems reasonable to assume that a similar situation 
exists for the sodium ion in an aqueous environment. 
In calculating the nuclear quadrupolar coupling con­
stant it was assumed that the quadrupole coupling 
arises from randomly fluctuating distortions in the 
hydration sphere caused by movement of the water 
molecules. Although this model may be incomplete, 
because water molecules moving into and out of the 
hydration sphere may affect the nature of the electric 
field gradient,3) calculations emulating those of Sutter 
and Harmon27) that allowed for this possibility, gave a 
similar answer. Thus it may also be necessary to 
consider the effects of the monovalent ions on water 
structure. As the Na+ ion is neither a 'structure 
breaker' nor an electrostrictive 'structure maker,' the 
sodium ion is probably a reasonable probe of the 
conditions of the surrounding water molecules. 

The Stokes radii used in the rjTc and T?PFG calcula­
tions were computed from the viscosity of the water 
solution, as measured by Ostwald viscometry. This, 
therefore, includes the contribution of the hydration 
sphere to the "effective" dimensions of the ion. Also, 
the physical interpretation of what constitutes the 
actual rotor in the relaxation measurements is 
unclear, but by calculating ro in the present manner, 
an actual physical interpretation of the nature of the 
rotor is unnecessary. 

Because the plot of Dzc versus DPFG (Fig. 3) is linear 
it is reasonable to conclude that the Stokes radius of 
the hydra ted ion does not alter in the different glycerol 
solutions. 
Einstein equation it is necessary to assume that the 
mechanisms of 'molecular drag' are identical with 
those of bulk viscosity.28) So, in calculating the diffu-
those of bulk viscosity.28) So, in calculating the diffu­
sion coefficient from relaxation times of the sodium 
nucleus it is necessary to assume that the nuclear 
electric field gradients are modulated in time by iso­
tropic molecular diffusion. However, ionic nuclei in 
electrolyte solutions, probably because of the hydra­
tion sphere, experience environments different from 
those of the bulk solution. Thus, there is some doubt 
about the validity of relating bulk viscosity to 
23NaNMR correlation times.29) 

Our results shown in Fig. 2 indicate that, at least in 
low viscosity glycerol solutions, the Waiden product is 
obeyed for the different electrical conductivities. 
However, of the three methods of viscosity determina­
tion, bulk viscosity gave the worst correlation with the 
Waiden product, while the PFG-determined viscosity 
gave the best. This was as expected since the conduc­
tivity is directly proportional to translational diffusiv-
ity. Thus, in simple systems, containing constant 
concentrations of electrolyte species, conductivity can 
be used to determine the micro-viscosity or diffusion 
coefficient. 

Of the two methods used for determining the 
sodium ion diffusion coefficient, the PFG values are 
more accurate since no assumptions need be made 
concerning the connection between molecular re­
orientation and translational diffusion. In this par­
ticular system the two methods give surprisingly sim­
ilar results (within 11%); this is most likely the result 
of two phenomena. First, the sodium ion is spheri­
cal, irrespective of its hydration state. Second, the 
solvent molecules in this solution are of a similar size 
to the probe molecule. Whereas in studies of viscos­
ity of the red cell cytoplasm carried out using glycine 
as the probe molecule, the ratio of the estimates from 
the two methods for determining the diffusion coeffi­
cient, the Ti-method and the PFG method, was 
approximately four.7) This can be attributed to the 
non-sphericity of glycine, and the fact that hemo­
globin (occupying much of the red cell cytoplasm) is 
too large to be considered as a solvent continuum. 
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Table 1. 23Na T\ Values, Corresponding Correlation 
Times, and the Diffusion Coefficient 

Table 2. Conductivity, Bulk Viscosity 
and NMR-determined Viscosities 

Glycerol 

g/ioo g 
0 
5 

10 
15 
20 
25 
30 

Deter 

Ti 

ms 

58.0 
52.3 
46.4 
40.7 
36.0 
30.7 
25.8 

mined by 

Tc 

X1012 s 

7.48 
8.30 
9.35 

10.66 
12.06 
14.14 
16.82 

PFG NMR 

DTc 

m^-iXlO 9 

1.200 
1.082 
0.960 
0.842 
0.744 
0.635 
0.534 

DPFG 

rn^-OOO9 

1.120±0.022 
1.022±0.027 
0.890±0.020 
0.804±0.022 
0.735±0.042 
0.615±0.023 
0.545±0.026 

Glycerol 

g/ioo g 
0 
5 

10 
15 
20 
25 
30 

K 

mS cm - 1 

9.045 
8.122 
7.181 
6.488 
5.899 
5.350 
4.523 

All measurements were 

*7B 

mPas 

0.906 
1.021 
1.153 
1.317 
1.541 
1.786 
2.137 

perform« 

*7rc 

mPas 

0.906 
1.005 
1.132 
1.291 
1.461 
1.713 
2.037 

sd at 298.15 K. 

17PFG 

mPas 

0.906 
0.993 
1.140 
1.262 
1.381 
1.650 
1.862 

I?TC and 

All measurements were performed at 105.8 MHz and 
298.15 K. The T2 measurements (not shown) were, 
within experimental error, the same as the T\ values. 
DTc was calculated using ro=0.2009 nm. 

17PFG were calculated using ro=0.2009 and 0.2152 nm, 
respectively. 
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Fig. 1. 23Na ion diffusion measurement using PFG 
NMR. (A) Spin-echo spectra from the least viscous 
of the glycerol solutions (0 g/100 g). Experimen­
tal parameters were zf=50 ms, T (echo time)=50 ms 
and gradient strength=36.36 Gem - 1 . Seven 
seconds were allowed between transients to minim­
ize heating from the radio frequency pulses. Spec­
tra were recorded at 298.15 K and 105.8 MHz and are 
presented in phase sensitive mode. Typical line-
width (no line broadening) is ca. 13 Hz. (B) Anal­
ysis of the PFG data: the solid line is the result of 
regression of Eq. 4 onto the data resulting in D 
72G2=7.424±0.145X105 s-». 

Fig. 2. The inverse of electrical conductivity 
(mS -1cm) versus the three sets of viscosity (mPas) 
estimates given in Table 2, (O T]B; • i?Tc; A TJPFG) each 
made at 298.1 K. The more linear the relationship 
the closer is Walden's principle obeyed. 

DPFG 

Fig. 3. The diffusion coefficient (m2s-1X109) calcu­
lated for the sodium ion from the NMR-derived 
rotational correlation time versus that measured 
using PFG NMR. 
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Calculat ions of diffusion coefficients from the rota­
t ional correlation times of non-spherical molecules 
can be therefore erroneous. 

T h e work was suppor ted by a grant to P.W.K. from 
the Austral ian N H & M R C . W.S.P. received a Com­
monwea l th Postgraduate Research Award. Mr. W.G. 
Lowe is thanked for expert technical assistance. 
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Analysis of Molecular Motions in SiCU by 35C1 NQR Spectroscopy 

Alexander A. KOUKOULAS* and M. A. WHITEHEAD 

Department of Chemistry, McGill University, 801 Sherbrooke Street West, Montreal, PQ H3A 2K6 Canada 
(Received November 30, 1989) 

The temperature dependence of the 35C1 nuclear quadrupole resonance frequencies, spin-lattice relaxation 
times and line widths were analyzed for the presence of a solid-solid phase transition in SiCU. The brittle 
phase was verified to temperatures approaching the melting point. Evidence suggesting the formation of a 
plastic phase at elevated temperature is discussed. 

T h e analysis of molecular mot ions by nuclear quad­
rupole resonance spectroscopy (NQR) is well known,1) 
wi th many examples available in the literature.2) 
T h e analysis is based on the examina t ion of the 
temperature dependences of the N Q R observables, 
which include the resonance fiequency (VQ), sp in -
lattice relaxat ion time (7 i ) , sp in - sp in relaxation t ime 
(T2) and line width (Ai/1/2). These quant i t ies are used 
to characterize sol id-solid phase transit ions and acti­
vated rate processes such as those caused by molecular 
reorientat ion. T h e molecular dynamics of the 
G r o u p IV halides are part icularly suited to analysis by 
N Q R because in this series of compounds all the 
halides, wi th the exception of F, possess nuclear angu­
lar m o m e n t a / greater than 1/2, which are of h igh 
na tura l abundance and concentrat ion. In addi t ion to 
their well known physical properties (Table 1), the 
G r o u p IV halides exhibi t both britt le and plastic 
phases. They also have impor tan t industr ial appl i ­
cations e.g. the extensive use of polychlorosilanes in 
the electronics industry to facilitate the fabrication of 
h igh puri ty Si wafers.3) 

Recently, Nakayama, Nakamura , and Chihara4 ) 

(NNC) analyzed the brit t le-plastic phase t ransi t ion in 
the series MX4 (where M = C , Si, Ge, Sn and X = F , CI, 
Br, I) in terms of a long range intermolecular order 
parameter . Us ing the ratio i?=r(M)/r (X) for the 
effective a tomic radii for the central a tom (M) and the 
hal ide l igand (X), the N N C model predicts that for R 
greater than 0.24, the molecule exhibits plastic crystal 
formation (see Tab le 1). 

In the G r o u p IV chlorides only CC14 (R=0.17) is 

Table 1. Physical Constants for the Group IV Chlorides 

Compound 

CCU 
SiCU 
GeCU 
SnCU 

Tm 

K 

250.0 
203.0 
223.5 
237.0 

Bond 
length 

nm 

17.7 
20.1 
20.8 
23.1 

Force 
constant 

m D n m - 1 

3.6 
2.7 
2.7 
2.5 

r(M)/r(X) 

0.17 
0.24 
0.32 
0.41 

* Present address: Optics and Image Analysis Group, Pulp 
and Paper Research Institute of Canada, Pointe Claire, PQ 
H9R 3J9, and Department of Physics, Marianopolis Col­
lege, Montreal, PQ H3H 1W1. 

reported to form a plastic phase. T h e fact that SiCU 
(R=0.24) borders the region of plastic phase formation 
suggests that the study of its N Q R temperature 
dependence is ideally suited to test the N N C model. 
T h e ability of SiCU to overcome long range ordering 
forces and obtain hindered rotat ion determines its 
ability to form a plastic phase. By measur ing the 
temperature dependence of the spin-lat t ice relaxation 
time (7 i ) , the barrier to molecular reorientation for 
SiCU in the solid phase is obtained and compared 
wi th previously reported results on GeCU which does 
not exhibi t plastic phase formation. 

Experimental 

The SiCU samples were purchased fiom Alfa Chemicals 
(Ultrapure) and zone purified. The melting points of the 
pure samples were recorded as a temperature range, from 
203.2K through to 203.4 K. The liquid samples were 
ampouled in 40 mmX22 mm glass vials which were used in 
situ in an appropriately designed sample coil. The sam­
ples were slow- cooled in situ over a 48 hour period to a final 
temperature of 77 K, and annealed at this temperature for an 
additional 24 hours. 

NQR temperature dependent measurements were made 
using a pulsed spectrometer previously described.5) Single 
n/2 pulse experiments were used to measure Ai/1/2; inversion 
recovery n—T—n/2 pulse sequences were used to measure T\\ 
and a modified Hahn spin echo n/2—z—n pulse sequence5) 
was used to measure T2. Variable temperature control was 
obtained using a simple liquid nitrogen cryostat kept con­
stant to 0.1 K as measured by a Cu-constantan thermocouple 
and ReX-P100 programmable temperature controller. 

Results and Discussion 

From the analysis of the 3 5 C N Q R resonance fre­
quency VQ versus T, no sol id-solid phase transit ion 
was observed in SiCU. T h e smooth monoton ie 
decrease of the resonance frequency as a function of 
increasing temperature indicates " n o r m a l " Bayer tem­
perature dependence (Fig. 1). An addit ional qual i ta­
tive feature of the temperature curve includes a "fade-
o u t " of the resonance line above approximately 184 K. 
T h e h igh puri ty of the SiCU samples eliminates the 
effect of impuri t ies as the cause of the "fade-out." 

T h e four physically inequivalent CI sites in the 
SiCU molecule give rise to four resonance lines. At 
77 K, three closely spaced lines, with frequencies 
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? 

20.6 

20.4 

20.2 

200 

Fig. 1. 35C1 NQR frequency temperature dependence 
in SiCLi. The solid points are from Ref. 6. Tm=204 
K. 

*/2=20.4090 MHz, i/3=20.4156 MHz, and i/4=20.4639 
MHz, and a single line with frequency n=20.2728 
MHz, are observed. (Error in VQ is below ±150 Hz). 
These low temperature resonance frequencies are in 
excellent agreement with values of VQ previously 
reported at this température.6) An unexpected shift 
exclusive to the vi line was observed with increasing 
temperature. However, over the range of tempera­
ture investigated the frequency dependence on the 
temperature is Bayer-like. In addition, the average 
PQ(T) behaves linearly in T2, confirming a recently 
reported observation on the behavior of VQ(T) in com­
pounds which exhibit Bayer-like temperature depen­
dences.7) The dependence of VQ(T) on T2 was useful 
in extrapolating the low temperature resonance fre­
quencies to predict the high temperature resonance 
frequencies. 

The nature of the distorted tetrahedral geometry in 
the Group IV halides may lie in their topology. Both 
the gas and liquid phases of the Group IV halides 
exhibit molecular structures which are perfect 
tetrahedra, with 4 equal M-Cl bond lengths. How­
ever, upon solid phase formation the molecules distort 
slightly, creating their experimentally observed dis­
torted tetrahedral geometry. This distortion is 
observed as a split in the resonance frequency in the 
NQR spectrum. The similarity of the splitting patt­
ern (high frequency triplet followed by a low fre­
quency singlet) in the series SiQU, GeCU, and SnCU 
suggests that the crystal structures of these compounds 
are isomorphous. An NQR Zeeman study8) on a 
GeCU reported a distorted tetrahedron (D2h) crystal 
structure. However, a recent evidence4) suggests that 
the structure is of the P2i/c space group, agreeing 
with an earlier X-ray crystallographic structure deter­

mination of SnCU.4) It is therefore reasonable to 
assume that the crystal structure for S1CI4 is P2i/c. 
The inability of tetrahedra to space fill is well known 
and leads to frustration upon crystal forma­
tion.8) Distortions in the tetrahedra, as in Frank-
Kasper phases,9) relax frustration to enable efficient 
molecular packing. The evidence of a distorted 
tetrahedral phase in solid SiCU, GeCU, and SnCU is 
therefore not surprising and strongly suggests that a 
relaxation mechanism of the Frank-Kasper type is 
present in this series of compounds. For spin 1=3/2 
nuclei (e.g. 35C1), measurement of VQ(T) gives a 
temperature dependence which is the combined effect 
of both the quadrupole coupling constant (e2Qq) and 
the asymmetry parameter (77). The low temperature 
(T=ll K) Zeeman study on GeCU sited above, gave the 
average asymmetry parameters for the two groups of 
Zeeman split lines: 77=0.035 and 77=0.078. Therefore, 
it is expected that the asymmetry parameter in SnCU 
will be small and assumed negligible particularly at 
high temperatures. This assumption makes VQ(T) a 
direct measure of e2Qq.10^ 

The temperature dependence of the spin-lattice 
relaxation time T\ is recognized as a powerful probe to 
study both intra- and intermolecular dynamics. 

Table 2. 35C1 NQR Relaxation Times 
and Line Width in SiCl4 77 K 

vd Ti T2 

V\ 

V2 

vz 
VA 

MHz 

20.2726 
20.4103 
20.4211 
20.4598 

ms 

155 
113 
110 
125 

|IS 

1.5 
1.7 
1.6 
1.6 

i-i.yy'z 

1461 
1363 
1406 
1326 

1.000 

0.100 ] 

0.010 ] 

0.001 -I 

T-710-3 K-1 

Fig. 2. 35C1NQR spin-lattice relaxation for the vi 
line of SiCLi. The solid line is a least squares best 
fit of Eq. 1. 
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Spin-lattice relaxation times for each resonance line 
were easily measured at 77 K because the resonance 
lines are sufficiently separate (Table 2). At this 
temperature, Ti remains nearly constant for each 
inequivalent CI atom, which suggests identical relaxa­
tion mechanisms for each of the local CI sites. At 
elevated temperatures, T\ measurements become 
ambiguous because the resonance lines coalesce. The 
v\ resonance line, however, remains approximately 0.1 
MHz below the V2—v± lines. Since the free induction 
decay (FID) of the isolated v\ resonance remained 
unperturbed by the high frequency triplet throughout 
the range of temperatures investigated, it was used to 
measure T\ in SiCLi. The temperature dependence of 
the v\ line (Fig. 2) changes rapidly at temperatures 
above approximately 160 K. The general behavior is 
characteristic of the onset of either rotational or trans-
lational motion.11) Because contributions from 
translational motions to spin-lattice relaxation are 
generally small,11) the increase is attributed to molecu­
lar rotations only. 

At low temperatures (< 160 K), the 7V 1 temperature 
dependence is linear in T2. Van Kranendonk12) 
showed that at low temperatures, anharmonic Raman 
processes, which obey a T~2 temperature dependence, 
dominate NQR spin-lattice relaxation. From this 
result, a well known phenomenological expression 
was derived to model the temperature dependence of 
Tu 

Ti-1 = AT2 + Kexp(-EJRT)f (1) 

where A and K are constants, discussed below, and £a 

is the activation energy to overcome the potential 
barrier to some, undefined, molecular reorientation. 
This model follows the standard Arrhenius model for 
an activated process.13) The validity of Eq. 1 has been 
corroborated by other methods (e.g. DSC, NMR and 
rotational/vibrational spectroscopy). 

In the present work, low and high frequency limits 
to Eq. 1 were used to calculate least squares best fits for 
the low and high temperature T\ data. Below 
approximately 145 K, T\ is inversely proportional to 
T2 with ^=1.278X10-3 Hz K~2. At temperatures above 
approximately 145 K, Ti rises rapidly following an 
exponential behavior with a pre-exponential constant 
#=4.0±0.8X107 Hz and an activation energy £a=17.1± 
0.5 kjmol"1 . The "fade-out" phenomenon menti­
oned above precluded measurement of Ti above 184 K. 
The SiQU reorientation activation energy is well 
below the activation energy reported for GeCU 
(£=63.5 kjmol -1),4) approximately equal to the that 
of hexamethylenetetramine (HMT) (£»=19.3 kj mol"1),11) 
which does not exhibit a plastic phase, and well above 
that of a-adamantane (£a=3.08 kjmol-1),11) which 
does exhibit plastic phase formation. If the purely 
rotational model is correct and the Chihara14) model 
for this activation process is used, the temperature 
necessary to facilitate molecular reorientation would 

be in excess of T=2T5 K. 
At this point, a discussion cf the correlation time (rc) 

temperature dependence is warranted, since values for 
Tc at the brittle-plastic phase transition for other mole­
cules are available for comparison. Alexander and 
Tzalmona15) (AT) successfully modelled molecular 
motion in hexamethylenetetramine (HMT), by 
assuming an isotropic sudden jump process between 
four nearly equivalent tetrahedral sites. The AT 
model has been extended, with continued success, to 
include many other molecular systems. It is applied 
here to interpret molecular reorientations in SiCU. 
The correlation time for the sudden jump model (rc) is 
given by 

*c«-f-Ti. (2) 

A least squares fit of the high temperature data points 
is used to extrapolate to correlation times near the 
melting point. For temperatures above approxi­
mately 197 K, correlation times fall below 10_9s. 
Brittle-plastic phase transitions are characterized by 
correlation times between 10"9 and 10_11s.11) This 
suggests that a critical temperature Tc equal to 
approximately 197 K, can be defined, which signifies 
the onset of a rapid decrease in intermolecular cor­
relation and plastic phase formation. 

The extrapolated value of Tc coupled with the fade-
out of the resonance line, suggests the presence of a 
solid-solid phase transition. It is assumed to be of 
the brittle-plastic phase variety. Error analysis of the 
high temperatures rc's gives a standard deviation of 3% 
in T (i.e. 197+6 K). This value clearly overlaps with 
the melting point of SiCU, Tm=203.4 K. The error in 
Tc certainly questions the basis of any prediction 
based on comparisons of it and Tm. However, a 
strong case can be made. SiCU is a globular molecule, 
a nearly perfect tetrahedron, and therefore serves as an 
excellent candidate for plastic phase formation. 
Arguments supporting the creation of a plastic phase 
may begin as follows: Weak van der Waals type forces 
are known to predominate the intermolecular forces 
in solid SiCU. As a result, low temperature T\ data is 
a measure of the intramolecular degrees of freedom. 
At low temperatures (<160 K), long-range order is 
significantly strong enough to prevent the formation 
of a plastic phase. However, at temperatures ap­
proaching the melting point, long-range order 
becomes negligible as the molecule overcomes some 
barrier to hindered reorientation. 

The temperature dependence cf the resonance line 
width (Aï/1/2) was analyzed in an attempt to corrobo­
rate the activation energy determined by the spin-
lattice relaxation measurements presented above. 
The line widths were measured as the full line width 
measured at half maximum amplitude (Table 3). 
The line width findings were less than encouraging 
and not at all unexpected. The qualitative analysis 
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Table 3. Experimental 35C1 NQR Ai/1/2 and Least Squares 
Best Fits of Gaussian and Lorentzian Line 

Shape Functions in SiCU in Hz 

T/K 

77 
113 
130 
139 
143 
162 
166 
178 
184 

Exp't. 

1461 
1497 
1532 
1554 
1582 
1801 
1873 
2044 
2176 

Gaussian 

1454 
1460 
1494 
1546 
1577 
1750 
1857 
1986 
2150 

Lorentzian 

1136 
1173 
1166 
1227 
1276 
1381 
1467 
1558 
1705 

shows line widths which increase monotonical ly wi th 
increasing temperature. (At 77 K, An/2=1461±50 Hz 
and increases to 2176±120 Hz at 184 K). Least 
squares best fits performed on a m i n i m u m of 350 
spectral data points , at each temperature were calcu­
lated under the assumpt ion of both a Gaussian and 
Lorentzian line shape function. T h e results indicate 
that t h roughou t the temperature range the line widths 
are predominant ly Gauss ian in character (Table 3). 
T h e dominance cf Gauss ian character suggests that a 
significant dipolar b roadening mechanism1 6 ) is pres­
ent. However, the ability to determine the exact 
na ture of the line shape is clouded by the influence of 
addi t ional static and dynamic effects which are diffi­
cult to quantify17) and the exact mechanism is cer­
tainly in doubt. 

It is n o less reasonable to assume that the l ine width 
b roaden ing mechanism is due to an increase in the 
molecular degrees of freedom for some activated pro­
cess, leading to molecular reorientation. According 
to Ayant,18) molecular reorientations addit ionally 
broaden of the resonance line, the contr ibut ion, of 
which, increases with increasing temperature. Ayant 
proposed an Arrhenius process for the molecular 
reorientat ion: 

Avi/2 = v0exp(-EJRT), (4) 

where vo=2/nro- TO is the correlation t ime of the 
g round vibrat ional state. An activation energy E&= 
1.6±0.1 k j m o l " 1 was calculated from a least squares 
fit of the h igh temperature data. T h e large discre­
pancy in £a ' s obtained from Ti analysis and those 
from analysis of Aviß is not at all surprising. It is 
well k n o w n that activation energies obtained from 
AJ/I/2 analysis underest imate the value of £a.x) 

Exper imenta l evidence coupled wi th topological 
a rguments suggests that a plastic phase is present in 
SiQU. However, topology alone cannot govern the 
crystalline phase19) and the nature of the chemical 
b o n d i n g between the molecules mus t be examined. 
T h e N N C model a t tempts to correlate these in t ramo­
lecular forces wi th ionic ratios. As ment ioned pre­
viously, the N N C model predicts plastic phase forma­
tion in G r o u p IV halides wi th metal to l igand ratios 

less than 0.24, under the assumpt ion of an effective ion 
radius.20) SiCLt is a borderl ine case and as such, 
should provide a means of testing the model. T h e 
activation energy to hindered rotat ion is sufficiently 
h igh to prevent formation of a plastic phase. T h e 
N Q R analysis of the molecular dynamics in SiCU 
confirms the brittle phase of SiQU u p to approxi ­
mately 194 K, where evidence of a possible brittle-
plastic phase transi t ion was observed. T h e barrier to 
molecular reorientat ion £a—17.1+0.5 k j m o l - 1 is suffi­
ciently h igh when compared to compounds which 
exhibit plastic phases to confirm the absence of a 
plastic phase in SiQU. However, near the mel t ing 
po in t the correlation times change dramatically 
which, coupled wi th the observation of a resonance 
frequency fade-out above, suggests that a plastic phase 
will occur in SiCU at these elevated temperatures, just 
below the mel t ing po in t (Tm=203.4 K). 
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Kinetics of Dehydrogenation of 2-Propanol on La2-*Sr*;Cu04-:v 
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The catalytic properties of mixed oxides La2-xSrxCu04-y (0.0 ^ x ^1 .0 and y=non-stoichiometry) having 
K2MF4 structure were investigated with regard to the effect of changes in the lattice parameters, the oxidation 
state of copper and oxygen nonstoichiometry in order to correlate the catalytic activity with physicochemical 
properties. The decomposition of 2-propanol was studied by pulse and flow reactor techniques. The flow 
reactor data was analyzed by statistical methods to deduce the mechanism on the basis of Langmuir-
Hinshelwood and Hougen-Watson models. The reaction followed the first order kinetics with dual site 
surface reaction as the rate controlling step. The kinetic and thermodynamic parameters obtained from flow 
reactor data are comparable to those obtained from pulse reactor studies. The higher catalytic activity as 
indicated by low activation energy and higher conductivity value of La1.8Sro.2CuO3.96 among the series have been 
attributed to the presence of higher concentration of Cu(III). 

Rare earth-transi t ion metal oxides crystallizing in 
perovskite and perovskite-related structures such as 
double perovskites and mixed oxides having K2NiF4 
structure are of interest as catalysts for oxidat ion reac­
tions and electro-catalysts in general and in the treat­
men t of automot ive exhausts in part icular . T h e sys­
tems wi th a variety of A and B site ions, are 
characterized by a greater stability of the structure, 
stabilization of unusua l oxidat ion states and oxygen 
vacancies besides offering the possibility of a syste­
mat ic variat ion of oxidat ion states of metal ions. 
T h u s they are excellent model compounds for the 
correlation of the structure and solid state characteris­
tics wi th catalytic properties. 

In the present study the catalytic properties of lanth­
a n u m - c o p p e r mixed oxides having K2NiF4 structure 
have been investigated by both flow and pulse reactor 
techniques. T h e K2NiF4 structure can be considered as 
an in tergrowth of perovskite and sodium chloride type 
layers resul t ing in an octahedral envi ronment a round 
the t ransi t ion metal ion and a coordinat ion of n ine for 
the rare earth metal ion. T h e lan than ide-copper 
oxides of composi t ions , La2CuC>4 and Ln2CuC>4 have 
been investigated for the oxidat ion of CO, pr imary 
alcohols and decomposi t ion of dini t rogen monox­
ide.1 _ 3 ) Literature reports on the use of the micro 
catalytic pulse reactor for kinetic studies are rather 
sparse.4) 

Experimental 

Preparation and Characterization: All the catalyst com­
positions in the series La2-xSrxCu04-y (0.0 ^x ^1.0) were 
prepared in air by solid state reaction. Stoichiometric mix­
tures of dry La203 (Indian rare earth Ltd.), SrCOß (BDH, 
AR), and CuCOs (BDH, AR) were heated to 873 K for 6 h. 
The temperature was further increased to 1073 K for 15 h 
followed by pelletisation and heating at 1273 K for further 
period of 15 h. The compounds were characterized by X-
ray diffraction pattern and IR spectra. The ratios of 
Cu(III)/Cu(II) of different compositions were determined by 
iodometry method.5* The electrical resistivity measure­
ments were made on pelletised samples with four probe 

electrical resistivity measurement apparatus in the tempera­
ture range 300 to 750 K. The surface area of the samples 
were measured by BET method. 

Kinetics of Decomposition of 2-Propanol: The kinetics 
of decomposition of 2-propanol was studied by flow as well 
as pulse technique. 

Flow Reactor Technique: The decomposition of 2-
propanol was studied in a fixed bed flow (integral) reactor 
working at atmospheric condition. The kinetics of the 
reaction was studied by varying the time factor (W/F) in the 
range 1 to 10 g h mol"1 of feed at various temperatures 
between 490 and 560 K. The products were analyzed chro-
matographycially using TCD. 

Pulse Reactor Technique: Pulse microreactor studies 
were carried out by loading 0.2 g of catalyst in the front 
portion of a chromatographic column. Constant pulses of 
1 jul. of pure 2-propanol were injected into the stream of 
nitrogen carrier gas. The gas mixture was analyzed by 
chromatographic column connected to FID. The kinetics 
of the reactions was followed at different flow rates, 8 to 30 
ml min - 1 of nitrogen gas and at different temperatures in the 
range 530 to 620 K. 

Results 

Physicochemical Properties: T h e phase puri ty of 
the composi t ion and tetragonal crystal structure were 
confirmed by X-ray diffraction patterns. T h e lattice 
parameters calculated in the present study are in good 
agreement wi th literature reports.6) T h e Cu(I I I ) / 
Cu(II) rat io present in different composit ions, crystal-
lographic parameters, room temperature electrical 
conductivity, and IR absorpt ion bands are given in 
Tab le 1. 

T h e variat ion of Cu(III) content, lattice parameter 
c, and electrical conductivity ((J3OOK) with s t ront ium 
concentrat ion (x) are similar in their trend with a 
m a x i m u m at x=0.2. It is shown in Fig. 1. T h e 
variat ion of electrical resistivities of the composi t ions 
as a function of temperature showed interesting fea­
tures. T h e composi t ions 0.0 ^ x < 0.6 showed metal­
lic character while composi t ions with x > 0.6 are semi­
conductors in the temperature range 300-— 600 K. 
LaSrCu03.5i showed wide variations in its electrical 

La1.8Sro.2CuO3.96
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Table 1. Catalyst Compositions and Solid State Properties 

Composition 

La2CuÜ4 

Lattice parameters 

a/A c/k 
Cu(III) 
Content 

a at R.T. 

n-icm-1 

5.377(2) 13.075(8) 0.0 5.09 

Lal.8sro.2cuo3.96 

Lal.6sro.4cuo3.80 

Lal.4sro.6cuo3.72 

Lal.2sro.8cuo3.62 

LaSrCu03.5i 

3.739 

3.742(3) 

3.749(3) 

3.793(9) 

3.805(6) 

13.283 

13.262(4) 

13.143 

13.123 

13.104(4) 

0.118 

0.054 

0.037 

0.034 

0.028 

263.5 

147.7 

96.7 

61.3 

20.0 

IR7 

cm" 
690 
550 
390 
510 
380 
515 
375 
520 
380 
520 
390 
515 
395 

2971 

250 

13-08L 

5r(a) 
Fig. 1. The effect of strontium concentration (x) in 

La2-* Sr*Cu04-y (0.0 ^ c ^1.0) on lattice param­
eter, c (Â): O, % Cu(III): A, Room temperature 
electrical conductivity (300 K): • . 

behavior in that, the resistivity remains constant in 
the temperature range 300 to 500 K indicating semime-
tallic nature and undergoes a transition to metallic in 
the temperature range 550 to 623 K. 

Catalytic Properties: Flow Reactor Studies: All 
the catalyst compositions in the series La2-xSrxCu04-y 
(0 .0^*^1 .0 ) exhibits selectivity towards dehydroge­
nation of 2-propanol. The fractional conversion vs. 
W/F plot is shown in Fig. 2(a) for a representative 
sample of La1.sSro.2CuO3.96. The experimental data 
were analyzed on the basis of integral method by using 
the Eq. ~x'~2 In (I-x')=kP/RT (W/F) where x' is 
the fractional conversation, k is rate constant, P is 
total pressure, R is gas constant, and T is temperature 
of the catalyst bed. The plot of — x'—21n(l—x') vs. 
W/F gave straight lines passing through the origin at 
all temperatures for all the catalyst compositions con­
firming the order of the reaction to be one (Fig. 2(b)). 
The rate constants were calculated from the slopes of 

<K 

< 

0-2 

0 

0-6 

0-3 

0 

-

/o/L / * 

_ i 

1 

/ A / 

1 

(a) 

T(°K) 
0 — 5 3 8 

A — 528 
1 

• - 5 0 8 

T — 493 

(b) 1 
W/F (g.h/g-mole) 

10 

Fig. 2. Effect of time factor on dehydrogenation of 
2-propanol on La1.8Sro.2CuO3.96. (a) Plot of W/F 
vs. x'\ (b) Plot of W/F vs. -x ' -21n (!-*')• 

the straight lines. The energy of the activaion for the 
catalyzed reaction was obtained from Arrhenius plot. 
The kinetic parameters are listed in Table 2. 

The kinetic parameters have also been determined 
based on reaction mechanism approach using 
Hougen-Watson models.7) The experimental condi­
tions such as flow rate and particle size were so chosen 
as to eliminate the physical steps that occur during 
catalytic reactions. The chemical steps involved are 
considered to be three consecutive steps based on 
Langmuir-Hinshelwood mechanism, namely adsorp­
tion, surface reaction, and desorption as rate control-

Lal.8sro.2cuo3.96
Lal.6sro.4cuo3.80
Lal.4sro.6cuo3.72
Lal.2sro.8cuo3.62
La1.sSro.2CuO3.96
La1.8Sro.2CuO3.96
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Table 2. Kinetic and Thermodynamic Parameters for the Isopropanol 
Dehydrogenation on the La2-xSr*Cu04-y Series 

Composition 

La2CuÜ4 

La1.8Sro.2CuO3.96 

La1.6Sro.4CuO3.80 

La1.4Sro.6CuO3.72 

La1.2Sro.8CuO3.62 

LaSrCu03.5i 

T k 

„ lr atm g"1 h"1 

(Integral method) 

558 4.81 
538 3.19 
528 1.94 
508 0.83 

£a=93±0.5kjmol-1 

In 4=21.93 h-1. 
538 4.70 
528 3.39 
508 3.19 
493 1.42 

£ a=54±0.6kjmol- 1 

ln^=13.91 h"1. 
538 7.43 
520 4.26 
493 1.94 

£a=64±0.5kjmol-1 

In 4=16.37 h"1. 
538 5.70 
518 3.15 
498 1.93 

£ a=66±0.5kjmol- 1 

In,4=16.65 h"1. 
538 4.20 
518 3.21 
508 2.55 
498 1.18 

£a=71±0.4kjmol-1 

In ,4=17.4 h"1. 
538 2.99 
528 2.04 
518 1.53 
498 0.87 

£ a=74±0.5kjmol- 1 

In ,4=17.23 h"1. 

k KA 

lr atm g"1 h - 1 mol"1 

(Method based on mechanism) 

6.70 0.78 
3.21 0.90 
2.10 1.01 
0.91 1.10 
£ a=92±0.5kjmol- 1 

AH=4±0.1kJmol- 1 

5.19 0.68 
4.41 0.69 
3.32 0.70 
1.89 0.71 
£ a=54±0.5kjmol- 1 

AH=2±0.5kJmol~1 

7.86 0.88 
4.08 1.00 
1.74 1.41 
£ a=65±0.4kjmol- 1 

AH=22±0.5kJmol-1 

6.10 0.80 
3.37 1.09 
1.97 1.14 
£ a=66±0.5kjmol- 1 

AH=20±0.4kJmol-1 

4.72 0.80 
3.01 0.90 
1.81 1.01 
1.11 1.11 
£ a=71±0.4kjmol- 1 

AH=12±0.5kJmol-1 

2.20 1.62 
1.27 1.72 
0.99 1.78 
0.50 1.87 
£ a=74±0.5kjmol- 1 

AH=6±0.4kJmol~1 

l ing steps. 
T h e rate control l ing steps involved in the dehy­

drogenat ion of 2-propanol and the corresponding 
equat ions are given below: 

C3H7OH -H> CH3COCH3 + H2 
(A) (B) (C) 

(1) 

Adsorpt ion rate cont ro l l ing 

r=k(CA-CBCc/Keq)/(l+KACBCc/Keq+KBCB+KcCc) (2) 

Surface reaction rate control l ing 

r = kKA(CA-CBCc/Keq)/(l+KACA+KBCB+KcCc)n 

n = number of surface active sites. (3) 

Desorpt ion rate cont ro l l ing 

r=kKeq( CA/CB-Cc/Keq)/( 1 +KACA+KBCB+KeqKc( Cd Ca)) 
(4) 

T h e true rate expression and therefore the reaction 
mechanism that governs the heterogeneously cata­
lyzed reaction was determined by statistical method of 
parameter est imation and model discr iminat ion. 

T h e kinetic data have been analyzed by nonl inear 
est imation method with the he lp of a computer pro­
gram. T h e init ial rates (r0bs) derived from W/F vs. x' 
plot and gas phase concentrat ion from conversion 
data were used for c o m p u t i n g the values of rate con­
stants and adsorpt ion equ i l ib r ium constants for all 
the possible mechanisms. 

Models were discriminated against , if the estimated 
rate constants a n d / o r adsorpt ion equi l ibr ium con­
stants were negative or if the temperature coefficients 
of those estimated parameter values were of the wrong 
sign. For all the compounds the best fit model was 
found to be the mechanism involving dual site surface 
reaction wi th negligible adsorpt ion of products as the 
rate control l ing step. A dual site surface reaction 
mechanism based on Hougen-Wat son approach 
envisages the interaction of surface adsorbed species 
wi th an adjacent active center forming a complex 
which then decomposes to the product. T h i s model 
gave positive values for all the coefficients over the 
entire temperature range and fits well wi th the 
Arrhenius equat ion. 

La1.8Sro.2CuO3.96
La1.6Sro.4CuO3.80
La1.4Sro.6CuO3.72
La1.2Sro.8CuO3.62
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Table 3. Kinetic and Thermodynamic Parameters on La2-xSr*Cu04-y from Pulse Reactor Studies 

Composition 

La2CuC>4 
La1.8Sro.2CuO3.96 
La1.6Sro.4CuO3.80 
La1.4Sro.6CuO3.72 
La1.2Sro.8CuO3.62 
LaSrCu03.5i 

£a 

kjmol" 1 

92+0.5 
50+0.6 
60±0.6 
62+0.4 
66+1.0 
89±1.0 

AH 

kjmol" 1 

8±0.5 
7±0.5 
9+0.5 

l l i l . O 
12±0.5 
10±0.5 

kK 

mol atm 

A at 573K 

- i g - i s ^ X l O - 6 

2.90 
9.36 
4.61 
4.55 
4.25 
5.59 

Further, the validity of the rate expression was 
checked by calculating the rates for all the tempera­
tures using the equation. 

_ A l e~(EJRT)A2 e-(AH/RT) [ Ç A - Ç B Ç C / £ e q ] 
rcai — s 

( 1 + ^ e - ( A H / ß T ) C A ) 2 
(5) 

The calculated reaction rate values (rcai) and the exper­
imental values (r0bs), obtained graphically from x' vs. 
W/F curves fall on the same line for entire tempera­
ture range for each of the compositions confirming 
the validity of the selected mechanism. 

The computed values of rate constants and adsorp­
tion equilibrium constants for all the catalyst compo­
sitions are given in Table 2. From the Arrhenius 
plots of In k vs. \/T and InKA VS. 1/T, the values of £a 

and AH were also calculated and presented in Table 2. 
Pulse Reactor Studies: All the catalyst composi­

tions showed selectivity towards the dehydrogenation 
reaction under pulse reactor conditions also. 

The chromatographic elution of unconverted reac-
tant and product were devoid of peak broadening. 
Apparently the adsorption of 2-propanol was rela­
tively a fast step. The elution of the product acetone 
preceeds that of the reactant. Further the retention 
volumes of acetone under identical experimental con­
ditions in the presence and in the absence of catalyst 
were found to be identical, indicating that desorption 
of product was not the rate controlling step. Under 
these conditions, it was fair to assume that surface 
reaction was the rate controlling step. 

The quantitative treatment of pulse micro reactor 
data for the evaluation of kinetic and thermodynamic 
parameters has been explained elsewhere.8* The con­
version reaction was found to follow the first order 
kinetics from the observed straight line plots of l n ( l / 
1— x) vs. \/F for all the compositions and the products 
of rate constants and adsorption equilibrium con­
stants were calculated. The energy of activation for 
the reaction was obtained from the plot of In KKA VS. 
1/T at constant flow rate which is equivalent to plot 
of In (In (1/1— x)) vs. 1/T. The AH values were calculated 
from retention volume data.4) The observed KKA, £a, 
and AH values are presented in Table 3. 

Discussion 

The Effect of Strontium Content on the Catalytic 
Activity: The catalytic activity of the series may be 

compared either on the basis of £a or rate constant at 
particular temperature. The values of £a obtained 
from both pulse and flow reactor techniques are 
nearly identical in magnitude and variation of £a with 
stronitum content shows in both cases a similar trend 
as shown in Fig. 3. The energy of activation for 
dehydrogenation reaction decreases steeply as x 
increases from 0.0 to 0.2 and shows an increasing trend 
with further increase in x. Similar trend is observed 
in the variation of Cu(III)/Cu(II) ratio with strontium 
content. The higher catalytic activity observed in 
La1.8Sro.2CuO3.96 may be attributed to the presence of 
maximum Cu(III) concentration. The higher con­
centration of Cu(III) apparently facilitate the electron 
transfer from the adsorbate to the catalyst surface. 
Similar behavior of p-type semiconductors facilitating 
the dehydrogenation reaction is well documented in 
literature.9'10) 

The variation of the product of rate constant and 
adsorption equilibrium constant attained from pulse 
reactor technique shows a maximum at x=0.2, and 
decreases as x increases upto 0.8 as shown in Fig. 3. 
The trend is similar to the variation of structural 
characters tics (lattice parameter, c), chemical compo­
sition (ratio of Cu(III)/Cu(II)) and room temperature 
electrical conductivity as shown in Fig. 1. The slight 
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Fig. 3. Variation of £a (•) and kK\ (A) with stron­
tium concentration (x). 

La1.8Sro.2CuO3.96
La1.6Sro.4CuO3.80
La1.4Sro.6CuO3.72
La1.2Sro.8CuO3.62
La1.8Sro.2CuO3.96
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increase in kK\ value for the composition x=1.0 may 
be attributed to the decrease in variation in electrical 
resistivity in the temperature range 560 to 623 K, 
wherein it shows a transition from metallic to semi­
conductor. The KA and AH values also depend on 
the strontium concentration and their variations with 
x are shown in Fig. 4. The KA values for compositions 
x=0.0, 0.4, 0.6, and 0.8 are almost identical. How­
ever, for x=0.2 there is a distinct lowering of KA value 

indicating the surface concentration of adsorbed spe­
cies to be low. The variation of AH vs. x also shows a 
minimum value at x=0.2 and a maximum at x=0.4. 

The rate constant for the composition x=0.2 is 
slightly lower than those of x=0.6 and 0.8 while the £a 

value for x=0.2 is lowest when compared to the values 
for all other compositions. For the composition hav­
ing x=0.4 the rate constant shows a maximum but 
with higher £a value (Fig. 5). 

Sr(x) 
Fig. 4. The effect of strontium concentration (x) on 

thermodynamic parameters, (a) Plot of heat of 
adsorption AH vs. x: (b) Plot of adsorption equili­
brium constant KA VS. X. 

Sr(x) 
Fig. 5. Variation of rate constant at 538 K with x in 

La2-*SrxCuC>4-y. 

Conclusion 

The dehydrogenation of 2-propanol on 
La2-xSrxCu04-y ( 0 .0^x^1 .0 ) follows first order 
kinetics with surface reaction as rate limiting step. 
The kinetic parameters obtained from both flow and 
pulse reactor techniques are comparable. Among the 
series the compound La1.sSro.2CuO3.96 in which the 
Cu(III) concentration is high, performs high catalytic 
activity. 

Since the steady state and unsteady state yield 
comparable results, it is inferred that the kinetic data 
derived from the pulse reactor technique can be used 
for scaling up of the reaction parameters. Hence this 
technique is advantageous in that, it requires 
extremely small quantities of catalysts and reactant 
and less time consuming compared to conventional 
fixed bed flow reactor. 

One of the authors (R. Jeyalakshmi) thanks C.S.I.R., 
New Delhi, for the financial help during the course of 
the invesitigation. 
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Gamma Radiolysis of Cu(II) Complex of Metronidazole 
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Aqueous solutions of Cu(II)Metronidazole (CunM) at neutral pH were irradiated with 60Co y-rays under 
different conditions of radiolysis. The radiolytic formation of HNO2 and Cu1 was followed. The radiolytic 
yields of chromophore loss of CunM were also determined under different conditions. The OH radicals attack 
the metal complex to give the OH adducts of the ligand at C2, C4, and C5 either directly or through the 
formation of Cu(III) species. The C5-OH adduct, however, undergoes oxidative denitration and as a result the 
metal complex is decomposed. The OH adducts also undergo electron transfer to Cu11 ion to give reduced 
complex. No denitration was observed due to the reaction of eeq~ with the metal complex. On the other hand, 
the nitro group of the ligand in the complex undergoes successive 4-electron reduction to give hydroxylamino 
derivative. From the competition kinetics using £-butyl alcohol as the scavenger of OH in N2O saturated 
solution of the metal complex, the rate constant for the reaction of OH with complex was evaluated to be ca. 
2.1X109 dm3 mol - 1 s - 1 which is of the same order as that observed in the case of free metronidazole. 

Metronidazole or flagyl, a ni troimidazole derivative 
is used for a long t ime as an antibacterial drug.1) 
Several years back it was observed2-4* that these ni t ro­
imidazole derivatives could be fruitfully utilized in the 
treatment of cancer cells by radiotherapy. But due to 
their toxicity in the body tissues,5_7) their use in the 
clinics is becoming limited. Because of the pho to 
toxicity, after prolonged treatment with these drugs 
the patients show an increased susceptibility to skin 
cancer.8) At present, an alternative approach is to 
find a radiosensitizer which contains a t ransi t ion 
metal ion having a h igh b ind ing capabili ty wi th the 
cellular DNA.9>10) Several g roups have studied sensiti­
zation by complexes of Pt and related metals wi th 
various radiosensitizers. Because of the interaction 
wi th radiat ion, and DNA-bind ing properties of the 
metals, the relative concentrat ion of the complex at 
the DNA target will be increased.9) Also due to com-
plexat ion with the metals the photo-toxici ty of these 
nitroheterocyclic drugs would be decreased.11) 

Several Cu11 and Cu1 complexes are known to b ind 
wi th DNA.12-17) Hence complexat ion of metronida­
zole wi th Cu(II) would give a c o m p o u n d which migh t 
be a better sensitizer in compar ison wi th bo th the free 
metal ion or metronidazole. However, before study­
ing its radiosensit izing behavior in vivo or in vitro, it 
is necessary to study its radiat ion chemical behavior in 
dilute aqueous solution. Here some aspects of its 
radiat ion chemistry in di lute aqueous solut ion have 
been described. 

Experimental 

Materials: Metronidazole (M) or flagyl (2-methyl-5-nitro-
lH-imidazole-1-ethanol) was procured from Sigma. All 
other chemicals were of analytical reagent grade. 1:1 
Complex of Cu(II) and metronidazole (CunM) (molecular 
formula: CUG0H15N3O7) was prepared18) by mixing equi-
molar amounts of methanolic solution of Cu11 acetate and 
metronidazole at room temperature. The solution was evap­
orated to a smaller volume in a current of nitrogen and left 
at 0°C for overnight when bluish crystals of CunM sepa­

rated out. The precipitate was collected by filtration and 
washed with little methanol and dried. Formation of the 
complex was further checked by comparing its IR and UV 
spectra with that reported in the literature.18) Triply dis­
tilled water was always used for the preparation of solutions 
for irradiation. Deaeration of solutions prior to irradiation 
was carried out by saturating the solution with extra pure 
argon. Pure N2O was used in the experiments. 

Irradiation: Irradiation was carried out with 60Co y-rays. 
The dose rate (12 Gy min -1) was determined with the help of 
the Fricke dosimeter, taking G(Fe3+) as 15.6. 

Analysis: Cu M contents in the experimental samples 
before and after irradiation were ascertained by measuring 
the absorbances near the absorption maximum, 315 nm, 
(£»8714 dm3 mol - 1 cm -1) without further treatment except 
appropriate dilution with doubly distilled water. The 
amount of nitrous acid (HNO2) produced was determined by 
spectrophotometry with sulphanilic acid and 1-naph-
thylamine reagents.19) Cu1 was determined spectrophoto-
metrically by measuring20) the absorbance of its neocuproin 
complex at 457 nm. The presence of H2O2, if any, in the 
irradiated solutions was tested with titanium(III)sulphate21) 
reagent. 

Results 

Figure 1 shows the change in absorpt ion spectrum 
of C u n M solut ion on irradiat ion. It is evident that in 
the range 260 n m to 380 n m the nature of spectrum 
remains unal tered on irradiat ion, while only the 
absorbances decrease with the increase in the absorbed 
dose. Further, the decrease in absorpt ion is more 
pronounced in N2O saturated solut ion when com­
pared wi th that in argon saturated solution. From 
the molar extinct ion coefficient of the Cu M the 
change in its concentrat ion (for the chromophore loss) 
was determined. 

Figure 2 shows the the a m o u n t of Cu M loss as 
determined from the loss of ch romophor ic g r o u p as a 
function of absorbed dose in N2O saturated solutions. 
Apart from the loss of the parent compound , the 
radiolytic products comprise HNO2 and Cu . T h e 
yields of HNO2 and Cu1 against dose are also shown in 
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Fig. 1. Change in absorption spectrum on irradia­
tion of (a) argon saturated and (b) N2O saturated 
CunM (lu - 4 mol dm"3) solution at neutral pH. A: 
Unirradiated; B,C,D, and E: irradiated to doses of 24 
Gy, 48 Gy, 72 Gy, and 96 Gy respectively. 
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Fig. 2. Yield vs. dose plot for the decomposition of 
CunM and for the formation of HNO2 and Cu1 in 
the 7-radiolysis of 5X10"4 mol dm"3 CunM in N2O 
saturated solution at neutral pH. (O), loss of 
CunM; (A), formation of HNO2 and ( • ) , formation 
of Cu1. 

the same figure. It is evident from the figure that the 
loss of chromophor ic g r o u p in C u n M as well as the 
formation of HNO2 and Cu1 are linear in the dose 
range 60 to 300 Gy. Hence the G-values for the loss 
of ch romophore of C u n M , G ( - C u n M ) and those for 
the formation of HNO2 and Cu1 were determined from 
the slopes of the respective straight lines. T h e G-
values for the loss of ch romophore as determined for 
various init ial concentrat ion of C u n M under different 
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Fig. 3. Change of G(-CunM) values with increase in 
the initial concentration of the complex in the 7-
radiolysis of CunM under aerated (O); argon satu­
rated ( • ) , and N2O saturated (A) solutions. 

Table 1. G-Values of the Products Formed 
in the Radiolysis of CunM (5X10"4 mol 

dm~3) under Different Conditions 

Condition 

Argon satd 
N2O satd 
Aerated 
0.4moldm-3*-Butyl 

alcohol+Argon satd 

G(-CunM) 

2.0+0.1 
3.2+0.1 
2.0+0.1 
0.4+0.05 

G^u 1 ) 

2.7+0.05 
4.8+0.1 
2.4+0.1 
0.2+0.01 

G(HN02) 

0.9+0.05 
2.4+0.1 
1.2+0.1 
0.0 

condit ions of radiolysis are shown in Fig.3. From 
the Fig. 3 it is observed that under these condit ions the 
G ( - C u n M ) at first increases wi th increase in the con­
centrat ion of C u n M and then attains a steady state 
when the solute concentrat ion reaches about 5X10"4 

mol d m - 3 . T h e l imi t ing G-values for the chromo­
phore loss in aerated and argon saturated solut ion is, 
G ( - C u n M ) = 2 . 0 + 0 . 1 while that in N 2 0 saturated solu­
tion is 3.2+0.1. T h e G-values for the formation of 
HNO2 and Cu1 were also determined at the concentra­
tion, e.g., 5X10 - 4 mol d m - 3 where the steady state is 
reached and the results are tabulated in the Table 1. 
It is evident from the table that under all the condi­
tions except in the presence of 0.4 mol d m - 3 £-BuOH, 
appreciable amount s of Cu1 and HNO2 are formed as 
the product of radiolysis. In the presence of £-BuOH, 
the G ( - C u n M ) is greatly decreased. Apart from this, 
no HNO2 is detected under this condit ion, indicat ing 
that no deni t rat ion of C u n M takes place in the pres­
ence of £-butyl alcohol. 

Discussion 

In 7-irradiated aqueous solutions of Cu M water-
borne free radicals22) 

H2O —• H, OH, eaq" (1) 

react wi th the solute giving rise to certain transient 
species which undergo subsequent transformation to 
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give rise to different products and as a result the 
compound is decomposed. From Table 1, it is evi­
dent that in argon saturated solution, G(-CunM)^2.0, 
which is much less in comparison to the total yield of 
the active species (Geaq"+GoH+GH=6.0). This indi­
cates that all the transient species do not undergo 
reactions which lead to the degradation of the com­
pound. Further, when the concentration of CunM is 
below 5X10"4 mol dm - 3 , the decomposition yield is 
lower than the steady-state value (Fig 3). This is due 
to the fact that at lower solute concentrations radical-
radical reactions predominate over the reactions of the 
active species with the solute. The radiolytic behav­
ior of CunM in absence of any additive appears to be 
quite complex. The role of individual active species 
in the degradation of the molecule could be studied in 
presence of suitable scavengers and hence attempts 
have been made to study the radiolysis of CunM in 
presence of the scavengers for eaq" and OH radical. 

Effect of Dinitrogen Monoxide: When the radioly­
sis is carried out in dinitrogen monoxide saturated 
solution, the eaq", is converted to equivalent amount of 
OH radicals23) [G(OH)=5.4]. 

eaq- + N20 —• OH + OH- + N2 (2) 

A small amount of H atoms (GH—0.6) also remains 
unscavenged in the system. Hence the loss of CunM 
as well as the formation of Cu1 and HNO2 might have 
arisen from the reaction of the H atom and OH with 
Cu M. However, when N2O saturated solution of 
5X10"4 mol dm - 3 CunM is radiolysed in the presence 
of 0.4 mol dm - 3 £-BuOH, a good scavenger of OH 
radicals,24) neither appreciable loss of CunM nor the 
formation of HNO2 was detected. Also, the yield of 
Cu1 was negligible. 

Hence, the products arising from the radiolysis of 
5X10-4 mol dm - 3 in N2O saturated solution is mainly 

due to the reactions of OH with CunM. Under this 
condition, apart from the loss of CunM, the products 
comprise HNO2 and Cu1. No hydrogen peroxide, 
however, could be detected in the system. The reac­
tion of OH radicals with aromatic and heterocyclic 
compounds generally proceeds by the addition of OH 
to the unsaturated carbon atoms.25-28) In a similar 
way, the OH radical might add to the unsaturated 
carbon atoms of the metronidazole molecule in CunM 
producing radicals 1, 2, and 3. 
The C5-OH adduct 3 bearing the hydroxyl and nitro 
groups at the same ring carbon undergoes HNO2 
elimination27'29'30) to give radical 4. In the case of 
CunM, the OH radical also might react with the metal 
ion giving Cu111 species 5, which undergoes electron 
transfer from 7r-electron system of imidazole ring to 
Cu111 producing a cation radical, 6. This cation radi­
cal, however, would undergo immediate solvolysis to 
give radicals 1, 2, and 3. 

-HN07 
S Cu 

0- y 
•CH, U) 

Cu M 

02N 
N - ^ 

,Cu m 

CH, 

CH2CH2OH 

•(5) 

(6) 

(1) + (2) + (3). (7) 

O J T ^ N -

.(3) 

From a comparison of the relative yields of HNO2 
in the radiolysis of CunM with that formed in free 
metronidazole under similar condition one might 
have an idea about the site of attack of OH radicals in 
the complex. When free metronidazole (5X10-4 

mol dm -3) is radiolysed in N2O saturated solution, 
G(HN02) was found to be only ~1.6. But in the case 
of Cu M, the same quantity is increased to 2.4 (Table 
1). Now, due to the presence of nitro group at C5 
position as well as due to the co-ordination of N3 with 
Cu11, the C5 position of the imidazole ring will be 
more electron deficient compared to that in uncom-
plexed metronidazole. Hence addition of OH radical 
to this position leading to the formation of 3 would be 
less favored and as a consequence the yield of HNO2 
due to denitration of 3 would be less in comparison 
with that in free ligand. But the results show a 
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reverse trend. The increased yield of HNO2 in the 
presence of Cu(II) complex may, however, be 
explained by assuming that at least a part of the OH 
radicals attack the metal ion to give Cu species 
which gives cation radical 6. Due to the electron 
deficient nature of the C5 position, attack by H2O (or 
OH - ) will be favorable in 6, and hence the relative 
yield of 3 as well as that of HNO2 would be increased. 

The reduction of the metal center in the complex 
has also been determined under this condition and G-
value for the reduction of the metal, G(CuI) was found 
to be «4.8, which is slightly less than the total yield of 
OH radical [G(OH)«5.4]. Pulse radiolysis studies 
with the imidazoles showed that the decay of the OH 
adduct of free imidazoles was found to be second 
order.25,28) But when they are complexed with metal 
ions, the decay of the OH adduct follows first order 
rate law.28) This has been ascribed to the intramolec­
ular electron transfer from the transient OH adducts 
to the metal center of the complexes.28'31>32) By anal­
ogy, it can be said that the radicals 1, and 4 would 
reduce the metal center and give rise to products 
(reactions 8 and 9). 

CH2CH2OH CH2CH2OH 

HO. rCu 

J^ I N ' 1 
U0N *r^ 

CH, (8) 
I 
CH2CH2OH 

rCu 

' C H , 

H90 
— i — * Products ..-.(9) 

CH2CH2OH 

However, the 4-hydroxy adduct 2, where the 
unpaired electron is ß to the hydroxyl group,25) does 
not reduce Cu(II) due to the presence of electron 
withdrawing NO2 group at Cs-position of the imida­
zole ring. On the contrary, it undergoes H + catalysed 
O H - elimination and consequently gets reduced by 
Cu1 formed in reactions (8) and (9) (cf. Réf. 25). 

As the yield of G(Cu!) is not reduced much in 
comparison with the total yield of G(OH), the contri­
bution of radical 2 should be very small. It should be 

© 
0Ho 

+ H •® 

CH2CH2OH 

CH, 
I 
CH2CH2OH 

Cu 

X . 
Cu 

II II + Cu~ (10 
O^N-^N^^CH. , 

2 I 
CH2CH2OH 

mentioned here that the decomposition of CunM is 
measured by the loss of chromophore at 315 nm. The 
product 7 should have similar absorption behavior 
as that of parent compound and so could not be 
accounted by the method. The chromophore loss 
would be only due to denitrated product formed in 
reaction (9). 

Hence from the aforementioned discussion, the 
G(-CunM) should be ~G(HN0 2 ) . However, the 
yield of HNO2 is less than G(-CunM). It is to be 
noted here that no hydrogen peroxide could be 
detected in the system. It is well known33* that the 
highly reducing HNO2 can decompose H2O2. Then 
considering the reaction of HNO2 and H2O2, the 
G(HN02) should correspond to ~G(-CunM)-G(H202) 
=3.2-0.7=2.5 and the observed yield of HNO2, G(HN02) 
^2.4 is in good agreement with that expected. 

Effect of i-Butyl Alcohol: In order to asses the role 
of eeq in the radiolysis of CunM, the system was 
studied in the presence of 0.4 mol dm - 3 £-butyl alco­
hol, where OH radicals are expected to be scavenged 
by it. 

OH + (CH3)3COH —-> H2O + CH2(CH3)2COH (11) 

The yields of chromophore loss as well as that of Cu1 

formation were shown in Table 1. No HNO2 and 
H2O2 were, however, detected under this condition. 
Very small amount of Cu1 has been observed (Table 1) 
indicating that eaq" does not react with the central 
metal ion directly. 

It has been reported earlier28) that metal complexes 
containing nitro benzoate ligand can trap hydrated 
electron (eaq") through the electron-deficient nitro 
group in preference to the metal ion. Like wise it 
may be argued that the nitroimidazole ligand is 
reduced by eaq" forming nitro anion radical 8 which 
protonates to give 9 (reactions 12 and 13). 

eaq + CuHM 

H 

0,N 

_Cu 

CH3 
N ^ 

(12) 

CH2CH2OH 

8 [NO 2
0 Im Cu11] 
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8 — . J l N J L C H (13) 
H 0 2 N T " CH3 

CH2CH2OH 

9 [cuD ImN02H] 

The co-ordinated ligand radical of the complex 9 
would undergo intramolecular electron transfer34) to 
metal ion. 

[CunImN02H] —• [CuIImN02] + H+ (14) 

But the yield of Cu!=0.2 only. Attention should also 
be drawn to that no H2O2 or HNO2 is detected in the 
system. The molecular H2O2 might react with 
HNO2 and/or Cu1. From a comparison of the yield 
of HNO2 observed in dearated solution, it appears that 
no HNO2 is formed when the radiolysis is carried out 
in the presence of £-BuOH. If it is formed due to the 
reactions of eaq" with the ligand, the yield of HNO2, in 
fact, would have been larger than that which is 
observed in dearated solution. Hence it might be 
argued that H2O2 has disappeared through reaction 
with Cu . 

H2O2 + C111—>OH + Cun + OH- (15). 

Hence the yield of Cu arising from the electron 
transfer in 9 should correspond to G(CuI)0bsd+ 
G(H2O2)=0.2+0.7=0.9. The rest of the radicals 9 
(equivalent to a G-value ^2.7—0.9=1.6), may have 
disappeared through bimolecular disproportiona-
t i o n > 34,35) 

2 CunImN02H —• CunImN02 + Cu"lmNO + H2O (16) 

The Cu(II)ImNO undergoes further reduction to 
Cu(lI)ImNHOH (discussed latter). 

It has been reported earlier35) that reduction of Ni-
substituted nitroimidazoles takes place by successive 4-
electron processes to hydroxylamino derivatives or by 
successive 6-electron processes to amino derivative. 
Here the ratio of the G(9) undergoing disproportiona-
tion to G(-CunM) is 1.6/0.4=4. It thus appears that 
similar to that observed in free metronidazole, the 
reduction of its Cu complex also takes place through 
successive 4-electron processes to give hydroxylamino 
derivative. 

Cu IVN022^+Cu I IImN02 £ :^+Cu I IImNHOH 
t *e- _t (H) 

In the light of above discussion, the results obtained 
in argon saturated solution could be explained satis­
factorily. Neglecting the small contribution of the H 
atoms the reactive species present under this condition 
are eaq- (G=2.7) and OH (G=2.7) radicals. Consider­
ing that the OH and eaq" would react in a similar 
manner as that observed in N2O saturated solution 
and in the presence of £-butyl alcohol respectively, the 

G(-CunM) under this condition, should correspond to 
G(-Cu I IM)Argon=l/2G(-Cu I IM)N2o+G(-Cu I IM) t -BuOH 

= 1.6+0.4=2.0 and the observed value agrees quite 
well. Similarly, the G(CuJ)Argon should be equal to 1/2 
G(CU I ) N 2 O+G(CU I ) ,BUOH+G H 2 O 2 =2 .4+0 .2+0 .7=3 .3 and 

G(HN02)Argon should correspond to 1/2 G ( H N 0 2 ) N 2 O 

=1.2 and the observed results are not far from these. 
Effect of Dissolved Oxygen: The G-values observed 

in aerated solution (Table 1) is found to be almost 
identical with those observed in argon saturated solu­
tion. In presence of dissolved oxygen, the eaq" and H 
atoms would react22) with molecular oxygen to give 
O2- and HO2. 

0 2 + eaq-—>02- (18) 

H + O2—>H02 (19). 

The O2" and HO2 would give rise to H2O2 according 
to equations (20) and (21). 

2H02—>H202 + 0 2 (20) 

2O2- + 2H+—>H202 + 0 2 (21 ) 

The OH radicals react with CunM in a similar 
manner as that described earlier. However, the 
G(-CunM) is somewhat higher than that is expected 
from the reactions of OH only. Here also no H2O2 
was detected. The yield of HNO2 is well accounted 
by the reactions of OH with CunM i.e., G(HN02)air 
= 1 / 2 G ( H N 0 2 ) N 2 O - The disappearance of H2O2 could 
not be accounted by the reactions of H2O2 with Cu . 
However, the results could be explained if one 
assumes that the O2" and/or HO2 do not give rise to 
H2O2 but react with the ligand through electron 
transfer at the nitro group forming nitro anion radical 
8 which subsequently undergoes similar reactions as 
was observed in deaerated solutions. 

Competition Kinetics with t-Butyl Alcohol in Di-
nitrogen Monoxide Saturated Solution: It has already 
been shown that in N2O saturated solution the loss of 
CunM is due to the reactions of OH with the complex. 
If an OH scavenger, £-butyl alcohol is present in the 
system, then a competition ensues between the sca­
venger and CunM for the OH radicals. 

CunM + OH —• 1 + 2 + 3 (3) 
(CH3)3COH + OH —> CH2(CH3)2COH + H20 (11) 

Then considering the reactions (3) and (11), it can be 
shown that 

G(-Cu n M) 0 = i | kn [(CH3)3COH] ( 

G(-Cu"M) h [Cu"M] 

where G(-CunM)o is the yield of chromophore loss in 
the absence of £-butyl alcohol and G(-CunM) is the 
yield in the presence of alcohol, [(CH3)3COH] and 
[CunM] represents the concentration of £-butyl alco­
hol and complex respectively, k$ and kn are the reac­
tion rate constants for the reactions (3) and (11) respec­
tively. What transpires from equation (22) is that the 



2980 P. C. MANDAL, D. K. BARDHAN, and S. N. BHATTACHARYYA [Vol. 63, No. 10 

s 
CS 

O 
*cT 

o 

O 

510 

MO 

310 

2.0 

10 

0 
0 5 10 15 

[(CH3)3COH]^/[CUIM] 

Fig. 4. Kinetic plot for the reaction of OH with 
(CH3)3COH and CunM in N2O saturated solution. 
(CunM)=5X10-4 mol dm"3). 

plot of G(-Cu I I M)o/G(-Cu I I M) against [ (CH 3 ) 3 COH] / 
[Cu n M] should yield a straight line. T h e observed 
results have been shown (Fig. 4) to yield a straight line 
as expected from which the &11/&3 value is found to be 
0.1208. T a k i n g the value24) of fcn=2.5X106 dm 3 mol" 1 

s - 1 , the rate constant for the reaction of O H with the 
Cu n-Metronidazole , £3, was evaluated to be ^2.1X10 9 

dm 3 m o l - 1 s - 1 . T h i s rate constant value for the reac­
tion of O H with the complex is, however, of the same 
order as that observed2) in the case of free metro­
nidazole. 

Conclusions 

From these experimental results it was observed that 
like free metronidazole, the Cu(II) complex of the 
c o m p o u n d also reacts wi th O H very rapidly and oxid­
ative denitrat ion takes place followed by intramolecu­
lar electron transfer from the l igand radical to central 
metal ion. No deni t ra t ion is observed when eaq~ 
reacts wi th the complex compound . O n the other 
hand, successive 4-electron reduction takes place due 
to the reactions of eaq". 

Further work on the isolation and analysis of the 
l igand degradation products will be the subject matter 
of future studies. 
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On Tautomerism and Self-Association of 2-Pyridinol/2-Pyridone System 
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The semiempirical "Effective Pair Correlation Energy" method of Sinanoglu et al. has been employed to 
investigate the role of the electron correlation energy in the cis-trans, protomeric and dimerization equilibria in 
the 2-pyridinol (HP2)/2-pyridone (P2) system. CNDO/2 wave functions were used throughly. Preliminary 
calculations on test cases formic acid, water dimer, and ammonia-water dimer gave acceptable figures in 
comparison with more accurate literature data. The results show that in HP2 the N-C-O-H eis isomer is more 
stable than the trans isomer by 2.7 kj mol - 1 . Correlation energy favors the trans isomer by 2.9 kj mol - 1 and the 
keto P2 form over the HP2 form by 11.3 kj mol - 1 , in qualitative agreement with results of ab initio calculations. 
The correlation energy term is stabilizing for the associative process of both tautomers. The numerical data are 
greatly dependent on the intermolecular equilibrium distance, the best results being obtained at experimental 
equilibrium distances. (P2)2 dimer is correctly predict to be more stable than (HP2)2 dimer. The correlation 
energy contribution amounts to 22 and 12.4 k jmo l - 1 per hydrogen bond in (HP2)2 and (P2)2, respectively. 

T h e 2-pyridone(P2)/2-pyridinol(HP2) tautomeric 
equ i l ib r ium is of leading impor tance in heterocyclic 
chemistry and has been investigated by a variety of 
experimental 1 - 5) and theoretical methods.6 - 8) Spec­
troscopic measurements in the gas phase indicate that 
the hydroxy form is more stable than the keto form by 
1.3+10.4 k j mol"1 . Ab ini t io 6-31G*calculations6> re­
produced this figure well. They pointed ou t that the 
electron correlation energy (Ec) contributes signifi­
cantly to define the equ i l ib r ium posi t ion by favoring 
by 3.3 k j m o l - 1 the P2 form. By contrast, most recent 
more advanced ab ini t io coupled cluster calculations8) 
predict an energy difference of 14.6 k j m o l - 1 in favor 
of H P 2 , wi th Ec be ing destabilizing for P2 by about 4.2 
k j m o l - 1 . N o correlation energy calculations have 
been so far reported on the P2 and H P 2 dimerization 
equil ibr ia . T h e computa t ion of the correlation 
energy by very accurate methods is highly expensive 
and for the dimers wh ich we are deal ing wi th at all 
impracticable, so it is of interest to investigate whether 
acceptable Ec values may be obtained by means of 
semiempirical methods. T h e present work is con­
cerned wi th a semiempirical evaluation of Ec for the 
tautomeric and dimerizat ion equi l ibr ia of Fig. 1. Ec 

is computed according to the semiempirical "Effective 
Pair correlation Energy" (EPCE-2a) method of 
S inanoglu et al.9) by us ing C N D O / 2 wave functions to 
calculate density matr ix elements. T h e method has 

Fig. 1. Model structures of the investigated molecu­
lar systems. 

been reviewed10) and implemented in the H A M / 4 for­
malism;11) it has been previously appl ied to calculate 
intermolecular interactions,12 -15) electron affinities16) 
and ionization potentials.17) 

Computational Details 

According to the EPCE-2a method9) the molecular 
electron correlation energy for a closed shell system is 
computed as 

£ = 1 / 4 S 2 S 2 PMA,APMB,B X £ MA„B, 
A M B v 

w h e r e ëMAI/B is the "Effective Pair Correlation Energy" 
between the electron in the orbital p of the a tom A and 
the electron in the orbital v of the a tom B. Terms P 
are the diagonal elements of the density matr ix. 
One-center terms ëMAI/A are given by the many electron 
theory of Sinanoglu;9 a ) two-center terms £MA*/B are 
determined empirically9*5) from the one-center terms by 
the relat ion 

fi MA.B = (0,75/* V » * + 0,25F< V ^ X ë ^ A + s MB„B) 

where F (1) and F{2) are empir ical functions expressed in 
terms of overlap integrals S 

/™ = (£lÄAB + 0.1)SVi* 

F<2> = [ 0 . 5 £ 2 ( T M + T,B)#AB ~ 0.08JSV.B 

where K\ and K2 are empirical parameters and TMA and 
TVB are the Slater-type orbital exponent for a tom A and 
B, respectively. 

T h e me thod was computerized and interfaced to a 
C N D O / 2 program. Ab ini t io and M N D O calcula­
tions were carried ou t by means of Gaussian 8018) and 
AMPAC1 9 ) p rograms, respectively. 

Results and Discussion 

Preliminary Computations. EPCE-2a computa­
tions were prel iminary carried out on some test case 
appropr ia te to the present work. They include for­
mic acid isomers, water dimer and mixed ammonia -
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water dimer. 
Zirz and Ahlrichs20> have reported CEPA-2(SD) cal­

culations on syn, anti, and transition state (ts) con-
formers of formic acid. 

H 

< 
A 0 
syn 

\ 

•A, anti 

Scheme 1. 

H 

T 

I 
transition state 

They found that the inclusion of valence shell corre­
lation lowers £(syn-anti) by 1.7 kj mol - 1 and JE(ts-syn) 
by 5.9 kjmol-1 . Our EPCE-2a calculations on the 
molecular geometries reported by these authors gave 
£c(syn-anti)=2.1 k j m o l ^ a n d i ^ t s - s y n ^ g . l kjmol-1. 
The first figure compares well with the corresponding 
value of Zirz and Ahlrichs, while £c(ts-syn) appears to 
be somewhat overestimated. 

Configuration interaction calculations on (H20)2 
gave AEC values [£c(dimer)—2£c(monomer)] of —3.821) 

and 4.522) kj mol -1. For ammonia-water dimer second 
order Pertubation computations gave23) AEC values in 
the range —2.9——8.4 kjmol-1 . Our results relative 
to the water dimer and ammonia-water dimer are 
shown in Fig. 2. In the calculations the experimen­
tal monomer geometries of H2O24) and NH325) were 
used. 

^Ec,eV 

o 

Figure 2 shows that Ec has a stabilizing effect for the 
dimerization process and appears to be greatly 
dependent on the heavy atom distance. At CNDO/2 
equilibrium distance of water dimer (2.52 Â) and 
ammonia-water dimer (2.65 Â) AEC is greatly overesti­
mated: —22.5 and —31.4 kj mol"1, respectively. This 
is mostly due to the known tendence of the CNDO/2 
approximation wich in intermolecularly hydrogen 
bonded complexes underestimates equilibrium distan­
ces.26) Indeed, at ab initio equilibrium distances (3.00 
Â for (H20)2 and 3.12 Â for (NH3)2)

25> AEC for water 
dimer and ammonia-water dimer is estimated to be 
—4.6 and —9.6 kjmol"1 , respectively. These values 
are comparable with the results of configuration inter­
action and Pertubation calculations and, on the 
whole, indicate that a prudent application of the 
EPCE-2 method to the topics which we are here con­
cerning may be made. 

Cis-Trans and Tautomeric Equilibria. CNDO/2 
calculations on P2 and HP2 were firstly carried out on 
the X-ray experimental geometry of the ring heavy 
atoms27,28) together with an assumed C-H bond length 
of 1.08 Â, while the C O (1.29 Â), C-O (1.37 Â), N-H 
(1.07 Â), O-H (0.99 Â) and <5COH (110°) parameters are 
CNDO/2 optimized values. The calculations predict 
that in HP2 the N-C-O-H eis isomer is more stable 
than the trans isomer by 11.2 kjmol"1 , by reflecting 
the occurrence of an intramolecular hydrogen bond, 
as was also inferred by ab initio calculations.8) The 
correlation energies of the eis and trans isomers are 
—54.51 and —54.54 eV, respectively. Thus Ec favors 
the trans structure by 2.9 kjmol - 1 , i.e. by an amount 
comparable with that found in the formic acid syn-
anti equilibrium. The correlation energy of P2 is 
computed to be —54.17 eV. It follows that Ec, like ab 
initio coupled cluster calculations,8) is stabilizing for 
HP2 by 32.7 kjmol - 1 , although the semiempirical 
figure appears to be considerably overestimated. 
Since Ec is expected to depend on the molecular 
geometry of the tautomers, EPCE-2a calculations were 
also carried out on molecular geometry fully optim­
ized at various theoretical levels: ab initio 3-21G,6) 

CND02/GEOMO,29) NNDO. The results are col­
lected in Table 1. It can be seen that A£C(HP2-P2) is 
greatly dependent on the optimization method. The 
discrepancy with respect to the results of ab initio 
calculations8) decreases on going from the ab initio to 
the GEOMO geometry. 

Table 1. EPCE-2a Correlation Energies for 
2-Pyridinol (HP2) and 2-Pyridone (P2) 

as a Function of the Geometry 
Optimization Method 

AB INITIO6) MNDO GEOMO29* 

Fig. 2. Dependence of AEC [£c(dimer)—2£c(mono-
mer)] on the heavy atoms distance in water dimer 
and ammonia-water dimer. 

£c(HP2)/eV -54.34 -54.64 -54.66 
£c(P2)/eV -53.98 -54.37 -54.54 
£c(HP2-P2)/kJmol-1 34.7 25.5 11.3 
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This is at first sight rather surprising. However, it 
must be noted that the accuracy of the CNDO/2 
calculations on the same geometries in predicting the 
SCF energy difference between the tautomers increases 
in the same order. It follows that it is preferable to 
use in the calculations an internally consistent proce­
dure: to compute EPCE-2a data from CNDO/2 opti­
mum geometry. The best present estimate of AEC, 
11.3 kj mol - 1 , may be considered of qualitative utility 
in comparison with the corresponding ab initio 
results8) of 4.2 kj mol - 1 . 

Dimerization Equilibria. Self-association of HP2 
and P2 is intimately connected with the protomeric 
HP2/P2 equilibrium constant1'30*. The dimerization 
enthalpy of P2 has been determined in benzene solu­
tion by calorimetry31) as 35.9 kjmol - 1 . UV absorp­
tion measurements in CHCl332) and 1H NMR spectros­
copy in benzene33) gave 24.7 and 65.3 k jmol - 1 , 
respectively. Thus the P2 dimerization constant is 

AE, 
Kcal/mole 

-20 

Fig. 3. Potential energy curves for the formation of 
2-pyridone and 2-pyridinol dimers. The dashed 
vertical line is drawn at the ab initio STO-3G 
equilibrium N---0 distance in the corresponding 
model compounds formamide and 2-formimidic 
acid dimers (see text). The solid curves include 
AEc contributions. 

sensibly solvent dependent, although different kinds 
of experiments in the same solvent (benzene) lead to 
rather different results. Thermodynamic studies34'35* 
have indicated that the self-association energy of the 
enol tautomer is smaller than that of the keto form. 
In agreement with this result recent CNDO/2 dimeri­
zation energy calculations on a series of substituted 
pyridinols and pyridones7) have indicated that the 
HP2 dimerization energy in the former are smaller by 
2.9—10.2 k jmol- 1 than in the latter. In agreement 
with these results the HP2 dimer has not been 
observed by conventional spectroscopic methods. 
Our potential energy curve calculations for the move­
ment of the monomer unit along the N—O coordinate 
with and without the inclusion of the correlation 
energy contribution is reported in Fig. 3. An 
energy minimum is found at 2.60 and 2.40 Â for 
(HP2)2 and (P2)2, respectively. The corresponding 
dimerization energies are 70.2 and 157.2 kjmol-1 . 
The correlation energy is stabilizing for the associative 
process, as found for water dimer and ammonia-water 
dimer. AEC makes to decrease the N—O equilibrium 
distance by 0.15 and 0.10 Â in (HP2)2 and (P2)2, 
respectively, and makes to increase the corresponding 
dimerization energies by 87.8 and 71.1 k jmol - 1 . 
These figures are clearly very high, so, as experienced 
in (H2<3)2 and NH3-H2O dimers AEC cannot be evalu­
ated at the CNDO/2 equilibrium distance. This 
indeed is significantly overestimated with respect to 
the corresponding experimental value of 2.756 Â in 
the 6-bromo-2-pyridinol dimer in the solids36) and 2.77 
Â in the P2 dimer in the solid.27) The use of these 
N—O experimental distances in the calculations leads 
to SCF dimerization energies of 58.5 and 83.5 kj mol - 1 

in (HP2) and (P2), respectively. They correctly indi­
cate (P2)2 to be more stable than (HP2)2 in agreement 
with experimental data and with the results of the 
most recent semiempirical calculations.7) In particu­
lar the (P2)2 dimerization energy is comparable with 
the ^ N M R experimental value33) of 65.3 kjmol"1 . 
Now the Ec estimate amounts to 22 and 12.4 kj mol - 1 

per hydrogen bond in (HP2)2 and (P2)2, respectively. 
It represents an important fraction of the total dimeri­
zation energy process, as generally found in intermo­
d u l a r hydrogen bonded complexes.22,23) AEC is 
more favorable for the HP2 than for the P2 dimeriza­
tion process. By recalling that the correlation energy 
of the monomer unit is greater in HP2 than in P2, this 
behavior indicates that the O H - N interaction is 
much more correlated than the NH—O interaction. 
However this effect is not enough to upset the SCF 
energy difference between the two dimers. The 
numerical AEC data are in line with the results on 
(H2<3)2 and NH3-H2O dimers and can be considered as 
useful qualitative estimate of electron correlation 
energy in large in termodular hydrogen bonded 
complexes. 

In the absence of experimental intermolecular dis-
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tances the obvious choice is their evaluat ion by means 
of ab ini t io calculations. It is of interest to test this 
procedure in the present case. T o minimize the com­
pu ta t iona l effort ab ini t io calculat ions have been car­
ried ou t at the m i n i m a l STO-3G basis set on cis-
formimidic acid and formamide dimers, as model 
c o m p o u n d s for (HP2)2 a n d (P2)2 dimers, respectively, 
by us ing the corresponding geometrical parameters of 
the m o n o m e r uni t . 

0-H-- - -N H ^ N - H " - ° ^ r / H 

H-C7 \ - H I f 
V - - - H - C / H / C ^ 0 — H - N \ H 

H 

Scheme 2. 

T h e calculated N—O distance in the m - f o r m a m i d i c 
acid dimer (2.76 Â) reproduces perfectly (perhaps 
somewhat fortuitously) the corresponding experimen­
tal figure (2.756 Â).36) In the formamide dimer the 
N « " 0 distance is underest imated by 0.04 Â (which is 
between the performance limits of the STO-3G calcu­
lations), leading in (P2)2 to a AEC value of about 15 
k j m o l - 1 per hydrogen bond, only slight smaller than 
the previously calculated one. 

Work part ial ly suppoted by M. P. I., Italy. 

References 

1) P. Beak, Ace. Chem. Res., 10, 186 (1977), and refer­
ences therein. 

2) D. A. Aue, L. D. Betoski, W. R. Davidson, T. M. 
Bowers, P. Beak, and J. Lee, / . Am. Chem. Soc, 101, 1361 
(1979). 

3) R. S. Brown, A. Tse, and J. C. Vederas, / . Am. Chem. 
Soc, 102, 1174(1980). 

4) N. J. Cook, S. El-Abbady, A. R. Katritzki, C. Guimon, 
and G. Pfister-Guillouzo, / . Chem. Soc, Perkin Trans. 2,13, 
1652(1977). 

5) C. Guimon, G. Garrole, and G. Pfister-Guillouzo, 
Tetrahedron Lett., 1979, 2585. 

6) H. B. Schlegel, P. Gund, and E. M. Fluder, / . Am. 
Chem. Soc, 104, 5347 (1982). 

7) M. Kuzuya, A. Noguchi, and T. Okuda, Bull. Chem. 
Soc. Jpn. 57, 3454(1984). 

8) L. Adamowicz, Chem. Phys. Lett., 161, 73 (1989). 
9) a) O. Sinanoglu, / . Chem. Phys., 36, 3198 (1962); b) O. 

Sinanoglu and H. O. Pamuk, Ther. Chim. Acta, 27, 289 
(1972); c) O. Sinanoglu and H. O. Pamuk, / . Am. Chem. 
Soc, 95, 5435 (1973); d) H. O. Pamuk and C. Trindle, Int. J. 
Quantum Chem., Symp., 12, 271 (1978) G; e) H. O. Pamuk, 

Theor. Chim. Acta, 28, 85 (1972). 
10) P. Carsky and H. Urban,in "Ab Initio Calculations." 

Lecture Notes in Chemistry, Springer-Verlag, Berlin (1980), 
pp. 80, 81. 

11) L. Asbrink, C. Fridh, E. Lindholm, S. de Bruijn, and 
D. P. Chong, Phys. Scripta, 22, 475 (1980). 

12) J. Koller, T. Salmayer, D. Borstnik, and A. Azman, / . 
Mol. Struct., 26, 439(1975). 

13) P. Hobza, P. Karsky, and R. Zahradnik, Coll. 
Czechoslov. Chem. Commun., 43, 278 (1978). 

14) P. Karsky, R. Zahradnik, and P. Hobza, Theor. Chim. 
Acta, 40, 287(1975). 

15) P. Hobza, P. Karsky, and R. Zahradnik, Theor. Chim. 
Acta, 53, 1 (1979). 

16) S. Millefiori and A. Millefiori, / . Mol. Struct. Theo-
chem., 104, 131 (1983). 

17) D. J. Duben, L. Goodman, H. O. Pamuk, and O. 
Sinanoglu, Theor. Chim. Acta, 3, 177 (1973). 

18) J. S. Binkley, R. A. Whiteside, R. Krihnan, R. Seeger, 
D. J. DeFrees, H. B. Schlegel, S. Topiol, R. A. Kahn, and J. 
A. Pople, GAUSSIAN80, QCPE 406 (1982). 

19) M. J. S. Dewar, QCPE 506 (1986). 
20) C. Zirz and R. Ahlrichs, Theor. Chim. Acta, 60, 249 

(1981). 
21) G. H. F. Dierksen, W. P. Kraemer, and B. Roos, 

Theor. Chim. Acta, 36, 249 (1975). 
22) O. Matsuoka, E. Clementi, and M. Yoshimine, / . Am. 

Chem. Soc, 64, 1351 (1976). 
23) A. Meunier, B. Levy, and G. Berthier, Theor. Chim. 

Acta., 29, 49(1973). 
24) W. S. Benedict, N. Gailar, and E. K. Plyler, / . Chem. 

Phys., 59, 1872(1973). 
25) P. Kollman and L. C. Allen, / . Am. Chem. Soc, 93, 

4991 (1971). 
26) P. Shuster, Z. Zundel, and C. Sandorphy, in "The 

Hydrogen Bond," North-Holland, Amsterdam (1976). 
27) B. R. Penfold, Acta Crystallogr., 6, 591 (1953). 
28) J. Almlof, A. Cvick, and I. Olovsson, Acta Crystal­

logr., B27, 1201 (1971). 
29) M. Cignitti and L. Paoloni, Gazz. Chim. Ital., 108, 

491 (1978). 
30) P. Beak, J. B. Covington, and S. G. Smith, / . Am. 

Chem. Soc, 98, 8284(1976). 
31) K. A. Engdahl and P. Ahlberg, / . Chem. Res., Synop., 

1977, 340. 
32) S. G. Hammes and A. C. Park, / . Am. Chem. Soc, 91, 

956(1969). 
33) K. Inuzuka and A. Fujimoto, Bull. Chem. Soc. Jpn., 

55,2537(1982). 
34) P. Beak, J. B. Covington, and J. M. White, / . Org. 

Chem., 45, 1347(1980). 
35) P. Beak, J. B. Covington, J. M. White, and J. M. 

Ziegler, / . Org. Chem., 45, 1354 (1980). 
36) A. Kvick, Acta Crystallogr., B32, 220 (1976). 



October, 1990] © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 2985—2990 (1990) 2985 

Strong Thermochromic and Solvatochromic Effects of Ni(II) and 
Cu(II) Complexes in DMF/Nitromethane Mixtures: 

A Probe for Investigation of Binary Solvents 
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Thermochromic and solvatochromic equilibria involving the ions [Ni(tmen)(acac)]+ and [Cu(tmen)-
(acac)]+ respectively are highly sensitive to the polarity of the solvent. These probes are thus suited for the 
study of binary mixtures. In nitromethane (NM)/dimethylformamide (DMF) binary solvent the Ni(II) 
complex displays strong thermochromism in a zone of low DMF concentration. This result is surprising 
because neither of the two solvents are intrinsically thermochromic since NM is a weak donor while DMF is a 
strong donor. NM/DMF binary mixtures behave like solvents with intermediate donor properties. In the 
same solvent mixtures (low DMF concentration), the solvatochromic behavior of the Cu(II) complex is reflected 
by a large shift in the maximum absorption of more than 70 nm. This was accounted for by the considerable 
variation in donor power of the solvent mixture in this concentration range. Quantitative analysis of the 
thermochromic and solvatochromic equilibria as a function of DMF concentration in NM indicated the 
existence of self-associations of DMF. The relatively small effects of dilution of DMF on the donor properties 
of the solvent mixture was explained in terms of the discharge of free DMF from self-associations with 
increasing dilution. In DCE, DMF self-associates to a greater extent than in NM. 

The rmoch ron i sm and solvatochromism are ob­
served as a change in color either wi th temperature or 
wi th solvent.1_2) These two processes lead to homo­
geneous equi l ibr ia in solution.3-5) Wi th Ni(II), there 
is the following thermochromic equilibrium:6) 

[Ni(tmen)(acac)]+ + 2S ±; [Ni(tmen)(acac)S2]+ (I) 
red, square planar green, octahedral 

where tmen is the l igand tetramethylethylenediamine 
and acac the acetylacetonate ion. S is a donor solvent 
in the Lewis sense, and is characterized by the 
G u t m a n n parameter D N . 7 ) For weak donor solvents 
( D N < 1 0 ) , the above equ i l ib r ium is shifted strongly 
towards the red complex (/Lax—488 nm) , which is the 
case in n i t romethane N M ( D N = 2 . 7 ) . For strong 
donor solvents ( D N > 2 5 ) , the equ i l ib r ium is shifted 
towards the green complex (625 nm). T h i s is the case 
for DMF (DN—26.6). In thermochromic solvents with 
values of D N rang ing from 10 to 25, there is a reversible 
color change close to ambient temperature:8) h igh 
temp. , red; low temp., green. T h u s neither N M nor 
DMF are thermochromic solvents, but N M / D M F 
binary mixtures behave like solvents with interme­
diate donor properties. With the same l igands, 
Cu(II) gives solvatochromic complexes in the equil i­
b r ium reaction:9) 

[Cu(tmen)(acac)S2
,]+ + 2S" ^ [Cu(tmen)(acac)S2

,,]+ + 2S' (2) 
color 1 (low Amax) color 2 (high Amax) 
octahedral with strong octahedral with weak 
tetragonal distortion tetragonal distortion 

S' and S" are donor solvents, S" being a stronger donor 
than S'. With N M as S' and DMF as S" the absorp­
tion peaks of the two complexes are 536 n m for the 
violet complex (NM) and 606 n m for the blue complex 
(DMF), which is in agreement wi th other studies.10) 

These complexes are highly sensitive to the polari ty of 
the m e d i u m and are thus well suited for study of the 
properties of pure solvents or mixtures of solvents.11) 
In binary solvent mixtures, the apparen t donor power 
can be adjusted to any value between those of the two 
pure solvents. Therefore, the a im of the present 
study was as follows: (1) to demonstrate the behavior 
of these probe complexes in the binary solvent mix­
ture N M / D M F , (2) to use the properties of these 
thermochromic and solvatochromic probes to analyze 
molecular associations in binary mixtures. 

Experimental 

1) Synthesis of the Complexes. Crystalline [Ni(tmen)-
(acac)]+ CIO4" and [Cu(tmen)(acac)]+ CIO4" were synthe­
sized using the methods described by Fukuda and Sone.12-14) 
Anal. (CnH23N206ClNi) C, H, N, Cl, Ni, Anal. (C11H23N2-
OeClCu) C, H, N, CI, Cu. The counter ion CIO4" was 
used for both the [Ni(tmen)(acac)]+ and [Cu(tmen)(acac)]+ 

complexes in order to favor complex/solvent interactions, 
and prevent formation of pentacoordinated complexes.15) 

2) Solvents. All solvents of Puriss grade were kept on 
molecular sieves. Pure solvent concentrations were taken 
as: [DMF]max=12.98 M, (M=mol dm"*), [NM]max= 18.46 M 
and [DCE]max=12.66 M. The binary mixtures were 
obtained by mixing two solutions which contained equal 
concentrations of the complex under study. The solutions 
were prepared using either pure solvent (NM, DCE, or 
DMF) or a previously prepared binary mixture (NM/DMF 
or DCE/DMF). The latter procedure was employed to 
explore the zone with very low concentrations of DMF in 
more detail. 

3) UV/Visible Spectroscopy. The spectroscopic data 
were recorded on a diode array UV/visible spectrophotome­
ter equipped with a Peltier effect thermostated sample 
holder. Temperature could be programmed accurately by 
computer to record spectra at defined temperature intervals. 
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For the thermochromic study, the temperature ranged from 
- 5 ° C to +80 °C. Slow changes in temperature (1°C per 
min) could be obtained with the Peltier effect system. This 
rate of change is designed to prevent departure from equili­
brium conditions. The accuracy of the temperature mea­
surements was around 0.1 °C. To avoid condensation, a jet 
of dry nitrogen was directed continuously on the optical 
faces of the sample cuvettes. The solutions were homoge­
nized using a magnetic stirrer. Solvatochromic effects were 
studied at 20 °C. 

Results and Discussion 

(A) The Thermochromic Equilibrium. Experi­
mental Results. Certain binary mixtures of D M F / 
M N behave like pure thermochromic solvents towards 
the [Ni(tmen)(acac)]+ ion (Fig. 1). T h e intensity of 
the thermochromism depends on the molar rat io of 
the two solvents. T h e ampl i tude of the thermochro­
mism was expressed in terms of an arbitrary uni t , 
Th (in K_1) referred to as the thermochromic index:16) 

Th = 100 - ( ^ m ax-^min) / (^ i sosAT) , 

where A max -^min is the absolute ampl i tude of the ther­
mochromic effect for a temperature interval AT. AiSOs 
is the optical density at the isosbestic point , which 
corrects for concentrat ion. It can be seen from Fig. 2 
that thermochromism appears over a relatively narrow 
range of DMF concentrat ion, 5X10~3 M < [DMF] < 0.4 
M or - 3 . 5 < l o g ( [ D M F ] / [ D M F ] m a x ) < - 2 . 5 . A scale 
displaying the logar i thm of the normalized concentra­
tion ([DMF]/[DMF]max) is used to spread this pheno-
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Fig. 1. Effect of temperature in the range 268.15— 
348.15 K (6.15 K temp interval) on the UV/visible 
spectrum of a 2X10-2 M solution of [Ni(tmen)-
(acac)]+ in a binary mixture of NM/DMF (99.64%/ 
0.36% in moles); [DMF]=6.5X10"2 M. An isosbes­
tic point at 598 nm can be observed, which shows 
the existence of a single eguilibrium between the 
colored species. The binary mixture NM/DMF 
was adjusted for maximal thermochromism. The 
spectra shown in dotted lines were mathematically 
reconstructed, and correspond to spectra of the pure 
red and green species. 
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Fig. 2. Plot of thermochromic index Th against 
logarithm of the normalized concentration of DMF 
([DMF]/[DMF]max) in the binary mixture NM/ 
DMF. The maximum value is at log ([DMF]/ 
[DMF]max)=-2.3: [DMF]=6.5X10"2 M. It can be 
seen that the thermochromic probe [Ni(tmen)-
(acac)]+ is sensitive to concentrations where 
log[DMF]/[DMF]max < -3 .2 : [DMF]<1X10"2 M in 
NM. 

menon . T h e n , in this par t icular case, DMF acts as a 
solute, and one can characterize binary mixtures in 
terms of their DMF content. T h e result shown in 
Fig. 2 confirms the conclusions of Ouchi and 
Taminaga , 1 7 ) who observed an amplif ication of the 
thermochromism of complexes of Ni(II) in binary 
mixtures of piper idine and DMF at low DMF concen­
trations. T h e cont inuous change in thermochromism 
a round this ex t remum corresponds to a variat ion 
in the thermodynamic parameters of the equi l ib r ium 
(1). These values were determined by computerized 
processing of data obtained for each binary mixture. 
T h e method of computa t ion has been described else­
where.18) T h e results are listed in Table 1. O n the 
basis of these results, all the binary mixtures could be 
located on an enthalpy-entropy diagram at 300K. 
(Fig. 3). T h e representative po in t of mixture 4 (maxi­
mal thernochromism) is close to the sensitive color 
(equal concentrat ions of red and green species). For 
binary mixtures with low DMF contents (Nos. 1 and 
2), the shift is almost vertical (AH°/300R constant) 
and essentially entropie; whereas, for higher concen­
trations of DMF (Nos. 6—8), the shift is almost hori­
zontal (AS°/R constant) and mainly enthalpic. T h e 
location of D M F / N M binary mixtures are compared 
with those of some pure thermochromic solvents. 

Interpretation. Qualitatively, the occurrence of 
thermochromism of [Ni(tmen)(acac)]+ in binary sol­
vents can be interpreted in terms of the large difference 
in donor power between N M and DMF. By d i lu t ing 
DMF in NM, mixtures can be obtained which behave 
towards [Ni(tmen)(acac)]+ like thermochromic sol­
vents. T h e thermochromic effect can thus be opt imi-
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Table 1. Thermochromic Index Th and Thermodynamic Parameters Derived from Results on 
Thermochromic Equilibrium of [Ni(tmen)(acac)]+ in Various Binary Mixtures of NM/DMF 

No. 
[DMF] 

M 
log[DMF]/[DMF]n, 

Th AH°/R AS°/R 

K-1 

7.3 
11.3 
12.5 
14.1 
11.4 
10.1 
7.6 
3.3 

K 

-4461 
-4448 
-4488 
-4626 
-4795 
-4859 
-5093 
-5183 

a) 

-17.2 
-16.7 
-16.2 
-15.2 
-14.7 
-14.5 
-14.6 
-14.0 

1 
2 
3 
4 
5 
6 
7 
8 

.0052 

.0142 

.026 

.0649 

.103 

.130 

.195 

.390 

-3.40 
-2.96 
-2.70 
-2.30 
-2.10 
-2.00 
-1.82 
-1.52 

a) Dimensionless. 
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Fig. 3. Dimensionless entropy-enthalpy diagram at 
300 K (AS°/R as a function of AH°/300R) showing 
that the thermochromism is maximum when £0bs is 
close to unity. Predominantly green (high K0\>^) 
and red (low Ä b̂s) are situated on either side of the 
line Ä"0bs=l. The representative points of binary 
NM/DMF solvents are numered as a function of 
increasing DMF concentration (see Table 1), those 
marked with a (+) correspond to pure thermo­
chromic solvents (A: benzyl alcohol; B: 1-propanol; 
C: 2-propanol). 

zed by adjust ing the concentrat ion of DMF in NM. 
From a quant i ta t ive po in t of view, the thermochromic 
equi l ib r ium is pr incipal ly influenced by molecular 
interactions involving DMF. These interactions 
reduce the capacity of DMF to complex with 
[Ni(tmen)(acac)]+ . 

T w o main types of interaction may occur:19) 

DMF-DMF2 0"2 2) and N M - D M F . T h e latter are 
exemplified by the exothermicity of mix ing equal 
volumes of NM and DMF. In pr inciple , both types 
of interaction could influence the thermochromic 
equi l ibr ium, a l though in practice they do not have 
equal effects. In the concentrat ion range shown in 
Fig. 2, D M F - D M F self-associations appear to have the 
major influence. [DMF] varies in a 1 to 75 ratio, 

whereas [NM] hardly changes. Variations in [DMF] 
have much greater effects on the self-associations of 
DMF than on the N M - D M F association. 

T h e thermochromic equ i l ib r ium (1) can be sche­
matized as follows: 

R + 2S±^G. 

R is the square-planar complex (red), and G the 
octahedral complex (green) which is solvated by two 
molecules of free DMF (S). T a k i n g account of solva­
tion and self-associations: 

and 

[G] = a[Co],[R] = (l-a)[Co], 

[S] = [S 0 ] -2a[Co]-[X] , 

(3) 

(4) 

where [S] is the concentrat ion of free DMF, [So] the 
total concentrat ion of DMF, a the propor t ion of the 
solvated [Ni(tmen)(acac)S2]+ complex, [Co] the total 
concentrat ion of the [Ni(tmen)(acac)]+ and [Ni(tmen)-
(acac)S2]+ complexes, and [X] the concentration of 
D M F - D M F self-associated species. 

£DMF = [G]/[R][S]2 = a/{(\-a) ( [So]-2a[Co]-[X])»} 

= £obs/([So]-2 a[Co]-[X])2, (5) 

with 

Kobs = a/(l-a). (6) 

For each mixture , a can be derived from the experi­
mental results from: 

a = ( £ R — £ ) / ( £ R — £ G ) , 

where e is the apparen t molar extinction coefficient, £G 
is the molar ext inct ion coefficient of the solvated 
green form and £R that of the non-solvated red form. 
In theory, this can be determined at all wavelengths, 
a l though in practice it is more accurately determined 
at 488 n m (/Lax for the red complex: £ R = 1 0 0 and £G—0; 

see Fig. 1). T o determine A^DMF, the propor t ion of 
self-associated DMF [X]/[So] must be estimated. 
T h i s is based on the assumpt ion that this p ropor t ion 
is negligible at low DMF concentrations. Another 
a rgument is that a large p ropor t ion of this solvent is 
complexed with the Ni(II) at low DMF concentra-
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tions. For binary mixture No. 1, KDMF can be esti­
mated assuming [X]=0 in relat ionship (5): 

KDMF = 2.9X104 M-2 at 293 K. 

From this value of KDMF, the relative propor t ion of 
self-associated DMF is calculated for the other binary 
mixtures: 

[X]/[So] = 1 - 2a[Co]/[So] - [ ( J W * D M F ) ^ ] / [ S O ] . (8) 

T h e results of these calculat ions are listed in Tab le 2. 
It can be seen that the self-associations of DMF ([X]/ 
[So]) increases rapidly with its concentrat ion. 
Such self-associations are independent of the probe 
employed ( thermochromic or solvatochromic). T h i s 
was demonstrated with the study of the solvatochro-
mism of the [Cu(tmen)(acac)]+ complex ion. 

Table 2. Equilibrium Position and Estimation of 
the Relative Proportions of Self-Associated DMF 
as a Function of DMF Content in Binary Mix­

tures of NM/DMF Using the Thermo­
chromic Probe [Ni(tmen)(acac)]+ 

at 293 K 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

610 

1 590 

M
AX

 

g 570 
m 
< 

550 

530 

a(293K) 

.085 

.181 

.299 

.611 

.844 

.902 

.949 

.970 

[DMF]: 

(tfobs/tfDMF)172 

M 

.0018 

.0028 

.0038 

.0082 

.0137 

.0179 

.0254 

.0336 

I 
= .013M .13M 

la 

y 

/ i 
r ^ ! b 

I ! 

[So]-2a[Co] 

M 

.0018 

.0070 

.0140 

.0405 

.0692 

.0939 

.1570 

.3510 

1 
/Ç 

/ P M 

r ! 

1 

[X]/[So] 

.29 

.39 

.50 

.54 

.58 

.67 

.81 

• 
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Fig. 4. Wavelength of the maximum absorption 
peak of the complex ion [Cu(tmen)(acac)]+ 

(5.3X10-3 M) in various binary mixture of NM/ 
DMF as a function of log([DMF]/[DMF]max). a) 
Experimental data showing that a small change in 
DMF concentration led to a very marked shift in the 
absorption band, b) Calculated data assuming a 
linear relationship between the wavelength of the 
maximum absorption peak and the concentration 
of DMF. 

(B) The Solvatochromic Equilibrium. Experi­
mental Results. T h e solvatochromic complexes of 
Cu(II) are relatively insensitive to changes in tempera­
ture, a l though they are highly sensitive to the nature 
of the solvent. Both s t rong and weak donor solvents 
b ind to [Cu(tmen)(acac)]+ . Figure 4 shows that the 
shift of the absorption band of the solvated copper 
complex in the binary mixture N M / D M F extended 
from 536 n m to 606 nm. T h e p h e n o m e n o n was 
observed over a narrow range of concentration, and a 
small change in DMF concentrat ion led to a very 
marked shift in the absorpt ion band. Similar obser­
vations have been made for mixtures conta in ing low 
concentrat ions of a polar solvent in a less polar 
solvent.23) For each mixture , determinat ion of /Lax 

defines a ratio ß which characterizes the progress of 
the equi l ib r ium (2): 

j3 = (/Lax-536)/(606-536). (9) 

In pure NM, Amax=536 n m and 0 = 0 ; in pure DMF, 
/lmax=606 n m and 0 = 1 . A W can be estimated from 
the relat ionship: 

K0*'=ß/(l-ß). (10) 

At concentrat ions of D M F around 3M, the peak 
absorpt ion of the complex of Cu(II) is very close to 
that observed in pure DMF (602 versus 606 nm). 
Moreover, the inversion po in t of the solvatochromic 
equi l ib r ium (Amax=571 nm; 0=0 .5 ; A W = 1 ) is found in 
a zone of concentrat ion where [DMF]=1.70X10_ 1 M 
and [NM]=18.2 M (ratio«100). These results illus­
trate the fact that DMF is a m u c h stronger solvating 
agent than NM. 

Interpretation. Assuming that the solvatochromic 
equi l ib r ium (2) does not affect the concentrat ion of 
N M which is always in large excess, and taking into 
account that DMF solvates the complex and self-
associates, the constant of equ i l ib r ium (2) is expressed 
as: 

K' = ([Cu(tmen)(acac)DMF2]+)([NM]2)/ 

([Cu(tmen)(acac)NM2]
+)([DMF]2) 

= (j8/(l-j8))[NM]V([So]-2j8[Co]-[XF 

= ^obs,[NM]V([So]-20[Co]-[X])2. (11) 

As for thermochromism, the value of K' can be esti­
mated from mixtures with low concentrat ions of DMF 
in which self-associations can be neglected ([X]=0). 
T h u s : 

£ ' = 5.6X10*. 

From K', the relative p ropor t ion of self-associated 
DMF in the other binary mixtures is obtained from 
rela t ionship (12): 

[X]/[So] = 1 -2j8[Co]/[So] - [(tfobsV/ni/2][NM]/[So]. (12) 

T h e results of these calculat ions are listed in Tab le 3. 
As in the case of thermochromism, it can be seen that 
the higher the concentrat ion of DMF the higher the 
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Table 3. Wavelength of the Maximum Absorption Peak, Equilibrium Position and Estimation of 
the Relative Proportions of Self-Associated DMF as a Function of DMF Content in Binary Mix­

tures of NM/DMF from the Study of Solvatochromism of the Complex [Cu(tmen)(acac]+ 

No. 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

[DMF] 

M 

.0066 

.0131 

.0196 

.0261 

.0324 

.0633 

.0927 

.126 

.197 

.243 

.377 

.631 
1.141 
2.978 

[DMF] 
log 

[DMF]max 

-3.29 
-3.00 
-2.82 
-2.70 
-2.60 
-2.31 
-2.15 
-2.01 
-1.82 
-1.73 
-1.54 
-1.31 
-1.06 

- .64 

[NM] 

M 

18.5 
18.5 
18.5 
18.5 
18.5 
18.4 
18.4 
18.3 
18.2 
18.1 
17.9 
17.6 
16.8 
14.2 

Amax 

nm 

538 
540 
542 
544 
548 
554 
562 
566 
574 
580 
586 
592 
598 
602 

ß 

.029 

.057 

.086 

.114 

.171 

.257 

.371 

.429 

.544 

.628 

.714 

.800 

.885 

.940 

[NM](tf'obs)1/2 

M 

1.49 
4.55 
5.66 
6.63 
8.38 

10.8 
14.1 
15.9 
19.9 
23.5 
28.3 
35.2 
46.6 
56.2 

[So]-2/3[Co] 

M 

.0063 

.0125 

.0187 

.0249 

.0306 

.0606 

.0888 

.121 

.191 

.236 

.369 

.623 
1.13 
2.97 

[X]/[So] 

— 
— 
— 
— 
— 
.35 
.41 
.51 
.61 
.63 
.71 
.79 
.85 
.93 

Table 4. Experimental Results for Solvatochromism of the Complex [Cu(tmen)(acac]+ (1.69X10-3 M). 
Estimation of the Relative Proportions of Self-Associated DMF as a Function of DMF 

Content in Binary Mixtures of DCE/DMF Taking Ä:'DMF=4.77X108 

No. 
[DMF] 

M 

log [DMF] 
/[DMF]max 

[DCE] 

M 
ß 

[DCE](tf'0bs)1/2 [So]-2j8[Co] 

nm M M 
[X]/[So] 

23 
24 
25 
26 
27 

.0013 

.0053 

.0134 

.0372 

.110 

-4.00 
-3.39 
-2.99 
-2.54 
-2.07 

12.66 
12.65 
12.65 
12.62 
12.55 

556 
562 
578 
591 
601 

.129 

.226 

.484 

.694 

.887 

4.87 
6.84 

12.25 
19.01 
35.16 

000654 
00454 
0118 
0349 
107 

.50 

.80 

.84 

.91 

.97 

degree of self-associations. 
(C) Comparison of Thermochromism and Solva­

tochromism. T h e two independent investigations 
( thermochromism and solvatochromism) demon­
strated the existence of self-associations of DMF in 
NM. T o check that this phenomenon was arizing 
from the same origin in both cases, the p ropor t ion of 
self-associated DMF was plotted as a function of the 
logar i thm of the normalized concentrat ion ( [DMF]/ 
[DMFJmax) of DMF in the N M / D M F binary mixtures 
(cf. Fig. 5). It can be seen that points from compara­
ble measurements lie in similar posit ions on the curve, 
indicat ing that the same process of self-association is 
observed by thermochromism and solvatochromism. 

However, a small a m o u n t of N M - D M F association 
probably also occurs. T h i s effect was assessed by 
replacing NM with 1,2-dichloroethane (DCE).24) In 
DCE,25) only D M F - D M F interactions take place, as 
D C E - D M F interactions are negligible in view of the 
chemical inertness of DCE. In this solvent, the inver­
sion po in t of the equ i l ib r ium is observed at 
[DMF]=1.77X10-2 M, which is 10-fold less than in 
NM. T h e order of complexat ion power is thus: 
DCE < N M <C DMF. T h i s order is in agreement wi th 
the order of the G u t m a n n parameters26) and other 
scales of donor solvents.27) Study of the solvato­
chromism of [Cu(tmen)(acac)]+ in the binary mixture 
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+ 

/ ' 

DILUTED LOG ([DMF] / [DMF]max) NEAT 

Fig. 5. a) Self-associated fraction [X]/[So] of DMF in 
various binary mixtures of NM/DMF determined 
by: — thermochromism of [Ni(tmen)(acac)]+ ( • ) , 
— solvatochromism of [Cu(tmen)(acac)]+ (+). b) 
Self-associated fraction [X]/[So] of DMF in various 
binary mixtures of DCE/DMF observed by solvato­
chromism of [Cu(tmen)(acac)]+ (X). 

D C E / D M F allows us to estimate the fraction of DMF 
associated in DCE. We used an identical method of 
calculat ion to that temployed for N M / D M F . T h e 
results shown in Table 4, demonstrate that there is a 
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greater tendency for self-associations of D M F in DCE 
than in MM (cf. Fig. 5). 
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AMI and CNDO/S Study of 2,5-Dimercapto-l,3,4-thiadiazole, the 
Mesoionic l,3,4-Thiadiazolo[2,3-ft][l,3]thiazine-2-thione 

and Its Dimerization Derivative 

Giuseppe BUEMI 
Dipartimento di Scienze Chimiche, Università di Catania, Viale A. Doria 6, 95125 Catania, Italy 

(Received October 23, 1989) 

The molecular geometries of the mesoionic l,3,4-thiadiazolo[2,3-b][l,3]-thiazine-2-thione (II) and its 
dimerization product, l,10-dithia[4.4](3,5)-l,3,4-thiadiazolinophane-6,15-dithione (III) have been optimized by 
means of the AMI method. Their electronic spectra, as well as those of the parent 2,5-dimercapto-l,3,4-
thiadiazole (I), have been calculated at CNDO/S level. The analysis of the calculated electronic transitions and 
of the experimental UV absorption bands confirms the mixed thiolic-thionic structure of I as the most stable 
one, in agreement with 4-3IG* prediction. The electronic transitions of compound III are practically 
coincident with those found for I; on the contrary, a band in the visible and a band in the UV region are 
predicted for compound II, so accounting for the yellow color of II and the lack of color of III. 

Reaction of 2,5-dimercapto-l,3,4-thiadiazole (I) 
wi th l,co-dibromoalkanes, of general formula Br-
(CH2)n-Br, in alkal ine med ium under h igh di lu t ion 
condi t ions , gives rise to macrocyclic compounds con­
ta in ing 2,5-dithio-l,3,4-thiadiazole moieties con­
nected by one or more methylene groups.1 '2) Since 
thiadiazole I can exist in the following three tauto-

N 2 — N L 

\ . V 
/ " 

Si 

IA 

s 2 

N N / w H 
X C / ,^ 

IB 

\ / 
N N 

/ \ 

IC 

v ^ s 

meric forms, different cyclization modes are possible 
and, consequently, different macrocycles can be 
obtained.2) 

A m o n g these, l,10-dithia[4.4](3,5)-l,3,4-thiadiazo-
l inophane-6,15-di thione (III) (Fig. 2), derived from 
tautomer IB, is not the direct product of the reaction 
between the dipotass ium salt of I and 1,3-dibromo-

Fig. 1. The mesoionic l,3,4-thiadiazole[2,3-b][l,3]-
thiazine-2-thione. Atoms C4 and C5 lie asymmetri­
cally on the opposite sides of the plane defined by 
the remaining molecular framework. 

Ill 

Fig. 2. l,10-dithia[4,4](3,5)-l,3,4-thiadiazoliphane-
6,15-dithione. 

p ropane bu t originates from thermal dimerization of 
the monomer ic mesoionic l,3,4-thiadiazolo[2,3-fc]-
[l ,3]thiazine-2-thione (II) (Fig. 1), th rough r ing open­
ing in correspondence of the C5-S3 bond.2>3) 

Even if bo th II and III contain the 2,5-dithio-1,3,4-
thiadiazole framework, their electronic structures are 
expected to be rather different, as it can be argued from 
the fact that II is yellow colored whilst III is practi­
cally colorless. 

In order to elucidate the si tuation, a theoretical 
investigation was under taken for calculat ing the elec­
tronic transit ions of both molecules II and III, after a 
preventive opt imizat ion of the molecular geometries 
for de te rmin ing the most stable conformations. T h e 
results are here discussed in connect ion wi th those of 
I, whose tautomeric equ i l ib r ium was widely studied 
some years ago at ab ini t io level.4) 

Calculat ions 

T h e molecular geometries of II and III were op t im­
ized by means of AMI method.5) Since n o out-of-
p lane deformation was observed (in agreement wi th 
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the experimental findings of I and II) the full planar-
ity of the pentatomic rings was assumed also in III. 
For this latter compound various possible conforma­
tions were investigated, owing that the presence of 
three CH2 units allows a wide molecular flexibility, 
even if its most stable structure is expected to have C2h 
symmetry. Originally the old AMI program (which 
utilizes MNDO parameters for sulfur) was used. The 
obtained minima were successively optimized again 
by means of the new AMI program (version 2.1, 
announced by QCPE on November 1989, containing 
AMI parameters for sulfur and other atoms). 

The electronic transitions were calculated by means 
of CNDO/S method6) with and without inclusion of 
doubly excited configurations. Calculations were 
carried out on a VAX-STATION 2000 and on a VAX-
11-750 computers. 

Results and Discussiom 

a) Molecular Geometries. Ab initio results have 
shown that the stability order of IA, IB, and IC is 
strongly depending on the basis set adopted for calcu­
lations.4) So IA was predicted to be the most stable 

Table 1. AMI Optimized Geometry of the Mesoionic l,3,4-Thiadiazole[2,3-&][l,3]-thiazine-2-thione,a)(II) 

r 

C1-S2 
Cl-Sl 
S1-C2 
C2-N2 
N2-N1 
Nl -Cl 
C2-S3 
N2-C3 
C3-C4 
S3-C5 
C4-C5 

AMlb) 

1.546(1.554) 
1.833(1.789) 
1.678(1.686) 
1.372(1.360) 
1.341(1.337) 
1.361(1.379) 
1.667(1.670) 
1.466(1.469) 
1.526(1.525) 
1.764(1.736) 
1.504(1.505) 

Exp. 

1.682 
1.771 
1.702 
1.316 
1.375 
1.311 
1.718 
1.489 
1.570 
1.846 
1.510 

ô 

S1-C1-S2 
C1-S1-C2 
S1-C2-N2 
C2-N2-N1 
N2-N1-C1 
N1-C1-S1 
S3-C2-N2 
C2-N2-C3 
C5-S3-C2 
C4-C3-N2 
C5-C4-C3 
S3-C5-C4 

AMlb) 

118.0(122.1) 
91.2( 90.9) 

110.3(110.8) 
117.2(117.0) 
113.5(112.2) 
107.8(109.2) 
126.9(127.0) 
122.2(122.9) 
104.2(103.4) 
113.3(113.4) 
112.3(112.5) 
114.1(113.2) 

Exp. 

121.1 
90.2 

109.6 
117.9 
111.0 
111.4 
127.0 
126.9 
98.9 

109.0 
109.6 
107.7 

0) 

C5-S3-C2-S1 
C5-S3-C2-N2 
C2-S3-C5-C4 
N1-N2-C3-C4 
C2-N2-C3-C4 
N2-C3-C4-C5 
C3-C4-C5-S3 
H1-C3-N2-C2 
H2-C3-N2-C2 
H3-C4-C3-N2 
H4-C4-C3-N2 
H5-C5-S3-C2 
H6-C5-S3-C2 

AMlb) 

-179.9(-
0.9( 

- 28.1(-
-151.8(-

29.5( 
- 57.7(-

57.1( 
86.5( 

- 30.5(-
64.8( 

-178.8(-
95.1( 

-149.5(-

-174.3) 
5.7) 

- 35.0) 
-157.4) 

22.6) 
- 53.7) 

60.9) 
80.5) 

- 36.1) 
69.0) 

-174.7) 
87.5) 

-156.7) 

Exp. 

-168.4 
11.6 

- 46.1 
-159.3 

20.7 
- 59.4 

74.0 

a) Bond lengths (r's) in Â, bond (ô's) and dihedral (co's) angles in degrees, b) Values in parentheses 
come from the old version of AMI program, which utilized for sulfur the same parameters of 
MNDO method. 

Table 2. AMI Optimized Geometry of l,10-Dithia[4,4](3,5)-l,3,4-
thiadiazolinophane-6,15-dithione,a)(III) 

r 

N1-N2 
N1-C2 
C1-N2 
Sl-Cl 
C1-S2 
C2-S1 
C2-S3 
S3-C3 
C3-C4 
C4-C5 
C5-N2 
C-H 

Ù) 

N1-C2-S3-
C2-S3-C3-

-C3 
•C4 

S3-C3-C4-C5 
C3-C4-C5 -N2 
C4-C5-N2-N1 

AHf 

III-A 

1.340 
1.336 
1.412 
1.745 
1.554 
1.731 
1.671 
1.767 
1.507 
1.527 
1.463 
1.124 

20.9 
-106.1 

174.7 
-86.6 

21.5 

141.07 

III-B 

1.337 
1.334 
1.415 
1.745 
1.555 
1.731 
1.673 
1.773 
1.504 
1.529 
1.463 
1.125 

-41.8 
34.9 

-61.8 
159.6 

-68.1 

146.39 

ô 

C2-N1-N2 
N1-N2-C1 
N2-C1-S1 
C1-S1-C2 
S1-C2-N1 
S1-C1-S2 
N1-C2-S3 
C2-S3-C3 
S3-C3-C4 
C3-C4-C5 
C4-C5-N2 
C5-N2-N1 
H-C3-S3 
H-C4-C5 
H-C5-N2 

Ù) 

H1-C3-S3-
H2-C3-S3-
H3-C4-C3-
H4-C4-C3-

C2 
C2 
-S3 
-S3 

H5-C5-C4-C3 
H6-C5-C4-C3 

III-A 

112.0 
117.0 
106.8 
91.0 

113.2 
124.8 
127.8 
107.5 
112.0 
111.8 
116.3 
122.8 
108.5 
109.2 
106.6 

-133.1 
-17.2 
-52.6 

64.6 
-153.0 
-34.5 

III-B 

112.4 
116.8 
106.7 
91.2 

112.9 
125.0 
126.9 
111.0 
121.8 
111.9 
113.8 
119.8 
104.4 
110.3 
107.4 

-88.2 
158.7 

-61.6 
-176.7 

80.2 
-39.3 

a) Bond lengths (r's) in Â bonds (ô's) and dihedral (œ's) angles in degrees, AHf in kcal mol -1 . 
The III-B geometry refers to the centrosymmetrical chair conformation. Bond lengths and 
bond angles of the nearly isoenergetic boat conformation are practically unchanged. 
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tautomer when STO-3G basis was used whilst adop­
tion of more extended bases allowed to get IC (4-3IG) 
or IB (4-3IG* basis, 4-31G geometries) as the most 
probable conformer. UV,7) IR,7) and X-ray8) studies 
suggested IB as prevailing tautomer (so supporting 
the 4-3 IG* findings) even if also IC seems to be 
present on the ground of IR measurements, especially 
in polar solvents.7) 

Table 1 shows the optimized and experimental 
geometries of II. The molecule was characterized as a 
zwitterion (see Ref. 3) and a possible limit structure is 
shown in Fig. 1. Two sligthly different geometries 
were calculated by the old and the new AMI pro­
grams: version 2.1 of AMI predicts II to be fully planar 
except C5 (found about 0.65 Â out of the molecular 
plane); on the contrary, according to the geometry 
predicted by the old AMI program, C4 lies under and 
C5 lies over the molecular plane (or vice versa, the two 
structures being energetically equivalent), but their 
positions are not symmetrical. This latter agrees 
with the experimental findings better than the former 
geometry. In any case, both of them produce nearly 
coincident electronic transitions. 

The agreement between calculated and experimen­

tal data is satisfactory, especially if we bear in mind 
that theoretical values refer to gas phase and experi­
mental ones to the solid state. However, the C5-S3 
bond is not found to be the longest S-C bond, in 
contrast with the experimental datum. 

The minimum energy conformation of III (Fig. 2), 
whose geometrical parameters are listed in Table 2, is 
centrosymmetric with a nearly overall rectangular 
shape (III-A) and the paraffinic chains in a roughly 
fully extended conformation (the torsion angle 
around C3-C4 is 174.7°). Other conformations, 
except the one having the C5C4C3S3 frameworks in 
chair (III-B) or boat forms are considerably less stable 
and therefore are not reported here. 

b) Electronic Structure. The UV spectrum of 2,5-
dimercapto-l,3,4-thiadiazole, in ethanol solution,8) 
shows two absorption bands centered at 335 nm 
(log £=4.15) and 260 nm (log £=3.71). It is practically 
equal to the spectrum of 5-mercapto-3-methyl-1,3,4-
thiadiazol-2(3H)-thione (Amax=333, log £=4.11, and 
Amax=260 nm, log£=3.82)7) corresponding to the meth­
ylated IB or IC tautomers (compounds Bl and/or CI). 
These bands shift towards the blue when one of the 
SH groups is forced into the enethiol form, as in the 

Table 3. Electronic Transitions of the 2,5-Dimercapto-l,3,4-thiadiazole Tautomers.a) 

CNDO/S Method, ab-initio (4-3IG) Geometriesb) 

Ec) 

5.06(5.00) 
5.14(5.15) 
5.16(5.05) 
5.99(6.01) 
6.26(6.33) 

2.91(3.21) 
3.94(4.34) 
5.08(5.50) 
5.27(5.56) 

2.88(3.10) 
2.90(3.12) 
4.26(4.30) 
4.58(4.65) 
5.40(5.62) 
5.62(5.67) 

2.91(3.17) 
3.82(4.18) 
4.74 
4.89(5.21) 

Ac) 

245 
241 
240 
207 
198 

426 
315 
244 
235 

430 
427 
291 
271 
229 
221 

f 

0. 
0.228 
0. 
0. 
0.005 

0. 
0.282 
0. 
0.100 

0. 
0. 
0.519 
0.050 
0.018 
0.032 

loge 

IA 
— 

4.09 
— 
— 

2.39 
IB 

4.19 
— 

3.74 
IC 

— 
— 

4.45 
3.44 
2.98 
3.24 

Pol. 

— 
X 

— 
— 
y 

— 
_ ? e ) 

76e) 

— 
— 
X 

y 
y 
X 

Experimental geometrye) 

427 
325 
261 
254 

0. 
0.275 
0. 
0.078 

— 
4.17 
— 

3.62 

— 
_ 2 e ) 

82e) 

Sym. 

XA2 

*B2 
xBi 
xBi 
xAi 

XA2 
xBi 
!B2 
xAi 
xAi 
!B2 

Nat.d) 

n 
n 
a 
c 
d,b 

n 
a 
n 
b 

n 
n 
a,e 
b,d 
b,d 
e,a 

n 
a,b 
n 
b,a 

MO 

Si 

-12.90 
-12.84 
-11.26 

-0.29 
+1.06 

-10.87 
-10.87 
-1.04 
-0.27 

-11.75 
-11.58 
-11.50 
-11.42 
-1.63 
-1.43 

-12.62 
-10.84 
-10.77 

-1.11 
-0.46 

''s 

Nat. 

7T2 ( b l ) 

n (ai) 
Tüi ( a 2 ) 

Til* ( b l ) 

n2* (a2) 

7Ü1 

n 
TT * 
TCl 
TT * 

7T2 

7T2 ( b l ) 

n (ai) 
Tüi ( a 2 ) 

n (b2) 
Til* ( b l ) 

7t2* (a2) 

7T2 

n 
7Ü1 
TT * 
TCl 
TT * 
7T2 

a) Experimental absorption maxima in EtOH solution: Amax=335 nm, log £=4.15: Amax=260 
nm, log £=3.71.8> b) Ref. 4. c) E (eV) and l(nm) are the energy and wavelength, respectively, 
of the electronic transition; / is the related oscillator strength. Values in parentheses are the 
energies obtained when doubly excited configuration were omitted, d) The symbols in the 
column indicate the main configurations involved in the transitions according to the 
following: n: n—»TT*; a: 7ii—»711*; b: 7ii—»7r2*; c: 7i—»a*; d: 7i2—»711*; e: 7i2—»7r2*. e) Figure 
represents the angle between the transition moment and the x axis (x axis lies along the N-N bond). 
e) Réf. 9. 



2994 Giuseppe BUEMI [Vol. 63, No. 10 

fully methylated IC tautomer, 5-methylthio-4-methyl-
l ,3,4-thiadiazol-2(3H)-thione (compound B2, Amax— 
320, log £=4.13, and Amax=243, log£=3.63).7> 

If both the SH groups are forced into the enethiol 
a r rangement (2,5-bis(methylthio)-l,3,4-thiadiazole, 
i.e. the methylated IA tautomer, compound Al) a 
further s trong blue-shift of the longer wavelength 
absorpt ion m a x i m u m (Amax=288 nm, log £=4.01) and 
the loss of the shorter wavelength band7 ) are observed. 

T h e electronic transit ions calculated by adop t ing 
the 4-31G geometries of I are collected in Table 3. 

H3C 

/ W / 
S3 \ / S2 

Bl 

H3C 

No Ni 
/ " \ CH3 

C 2 Ci / 

\ / S2 
XSi 

B2 

H3C 

^ 

\ I 
N N 

/ \ 

CI 

^ e 

H3C 

.^ V\ 
Il \ ̂

 / 
S 

CH3 

S 

Al 

They indicate that the two above cited absorpt ion 
bands originate from transi t ions 7r—>7r* (accompanied 
by forbidden n—>7r* transit ions) involving the two 

highest occupied and the two lowest unoccupied n 
orbitals. T h e coefficient dis t r ibut ion of these and of 
the n orbitals of the title compounds are shown in Fig. 
3. T h e MO's correlation diagram of IA, IB, and IC is 
shown in Fig. 4. T h e n and 712 MO's of IA, as well as 
the n and m MO's of IB and IC, are practically 
degenerate. In part icular, the four highest occupied 
MO's of IC lie in a very narrow energy range and the 
two lowest vacant MO's differ from each other by only 
0.2 eV. It is noteworthy that the n and n\ orbitals of 
IB are nearly pure atomic orbitals of the S3 a tom and 
their calculated energy (—10.87 eV) is in good agree­
ment with the sulfur ionization potential (10.36 eV).9) 

Moreover, very remarkable energy differences exist 
between the lowest n orbital of the IB and IC tauto-
mers and the corresponding n orbital of IA (about 2 
and 1.4 eV, respectively). T h i s is likely due to the fact 
that in the former structures the lone pairs of the 
lateral th ionic S atom(s) are mainly involved, whilst 
in IA the n orbital is pr incipal ly localized on the S 
a tom of the r ing. These differences are responsible 
for the different UV spectra of the three tautomers. 

Theory predicts the 7Z-+7Z* transit ions of I (gas 
phase) at wavelengths lower than those of the experi­
mental bands recorded in E t O H solution. T h e result­
ing red shift on passing from gas phase to solution is 
very likely due to solvent effect, even if somewhat an 

X A X B I C I I X X X 

mZ ^ 2 ^ 2 ^ 2 

** y* *t * 
- r r 1 - r r 1 - r ^ - r ^ 

TT r\ r\ TT A 

r» TT T T ^ n 

T T 2 T f 2 « T T 2 

Fig. 3. Topology of the frontier orbitals of the title compounds (CNDO/S 
calculations). Sizes of Circles are roughly proportional to the coefficient 
values. The CH2 chains in III are omitted. 
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E ( e V ) ' Table 4. Electronic Transitions (eV) 
of Compounds II and III 

- I O . o 4 

• i l . o + 

• 1 3 . 0 

2 

\ 
\ 

\ 

N 

—ÜJL.--^"88 

n 

-"T^v 
2 N 

N _ 

V« 

^ 2 
\ 

^ \ ""2 

^ 1 

n 

-"1 ^ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

* T T _ 

n 

- X 1 

~ -*• n 

~ ^ 2 

£a) 

2.55 
2.57 

3.46 
4.36 
4.85 
5.16 
5.24 
5.69 
6.19 

3.14 
3.14 
4.31 
4.33 
5.14 
5.21 
5.60 
5.65 
6.00 

Aa) 

486 
483 

358 
285 
256 
240 
237 
218 
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Fig. 4. Correlation diagram of the frontier MO's of 
the IA, IB, and IC tautomers (CNDO/S 
calculations). 

underestimation of the calculated values cannot be 
excluded. CNDO/S calculations reproduce in a 
satisfactory way the blue shift observed in the UV 
spectra of the methylated analogues on passing from 
IC to IB and to IA when doubly excited configurations 
are omitted (Table 3). Inclusion of bi-excitation 
terms improves the agreement with the experimental 
data but it shifts towards the red the lowest energy 
transition of IB with respect to the corresponding 
transition of IC. In any case, the loss of the absorp­
tion band at shorter wavelengths in IA is well 
accounted for since the corresponding 7r—>7r* transi­
tion is calculated at an energy higher than 6 eV (i.e. in 
the vacuum UV region) with a very low oscillator 
strength. 

The electronic transitions calculated for II and III 
are collected in Table 4. The 7r-system of the thiadia-
zole ring of II is certainly affected by the mesoionic 
character of the molecule and by its particular geome­
try. In fact, by comparing the frontier MO's (Fig. 5) 
one notes that the highest occupied orbitals of II (ni 
and n) are remarkably less stable than the correspond­
ing orbitals of III and IB. The main peculiarity of 
the frontier orbitals of II with respect to those of IB is 
the presence of very large coefficients on S2 and Ni of 
HOMO (0.75 and —0.54, respectively) and on C2 and 
N2 of LUMO (0.77 and -0.46, respectively). By com­
paring the coefficient distribution of II and IB MO's, 
we observe somewhat a resemblance among the occu-

a) E (eV) and X (nm) are the energy and the wave­
length, respectively, of the transitions; / (dimension-
less) is the oscillator strength. The symbols in the 
column indicate the main configurations involved in 
the transition, according to the following: a: 7ii—»711*; 
b : 7ii—»712*; c : 712—»Tti*; d : 713—»TÜI*; e : 712—^712*; f: 7U2—»7U3*; 

n: n—»TU*; h: TUI—»T^+T^—»7U4*; m: 
7ii*; ns: n—»a*; ps: 7i—»a*, b) Results 

*. g: 7ri->7r4' 
713-^-712 +TÜ4-

coming from the AMI geometry reported in paren­
theses in Table 1. Values obtained when the alterna­
tive geometry was adopted differ negligibly from the 
present ones, c) The electronic transitions of III-B 
coincide with those of III-A. 

pied orbitals of the two compounds. But the 7ri* and 
7T2* enegy order appears to be reversed because the 
largest coefficients of 7ri* of II correspond to the larg­
est coefficients of 712* of IB and the largest coefficients 
of 7T2* of II correspond to those of 7ri* of IB. 

In III we find two degenerate n (and 7r*) orbitals and 
two degenerate n orbitals, whose energies are practi­
cally equal to those of iii and n orbitals of IB. Each 
pair originates from linear combination of the %\ (or 
7r* or n) orbital of each of the two cyclic frameworks. 
The very small energy lowering means that the two 
thiadiazole rings of III have the same electronic struc­
ture of the free tautomer IB, as, on the other hand, is 
expected, the two rings being separated by three meth­
ylene units which do not allow conjugation between 
the two 7T-systems. 

These peculiarities are once again responsible for 
the different electronic spectra of II and III. In fact, 
apart from the feeble n—>7r* transitions, compound III 
shows two strong 7r—>7r* electronic transitions at 4.33 
eV (287 nm) and 5.14 eV (241 nm), which correspond 
to those calculated for the IB tautomer of 2,5-
dimercapto-1,3,4-thiadiazole at 3.94 and 5.27 eV. 
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E ( © V ) A 

• II IB III 

Fig. 5. Correlation diagram of the frontier orbital of 
IB and those of II and III. 

On the contrary, the spectrum of the mesoionic 
compound II would show an absorption band, deriv­
ing from the HOMO—>LUMO transition, lying in the 
visible region at 2.57 eV (483 nm), and a weaker band 
centered in the range of 4.36 eV (285 nm). Although 
the experimental UV spectra of II and III are lacking, 
the yellow color of II and the near absence of color of 
III confirm that the lowest energy absorption band of 
II lies in the visible region. 

Conclusion 

CNDO/S calculations reproduce in a satisfactory 
way both the electronic spectra of I and the blue shift 
observed in the absorption bands on going from IC to 
IB to IA. The electronic transitions calculated for IB 
agree with the experimental UV bands of I much 

better than those of IA and IC, so confirming IB as the 
most stable tautomer also in the gas phase. 

The UV spectrum of III is predicted to be analogous 
to that of I, whilst for II it is expected one absorption 
band in the visible and one in the UV region. Since a 
substance is colored when it absorbs in the visible 
region (in particular absorption in the range 435—490 
nm gives yellow or yellow-orange color),10) the elec­
tronic transition calculated at 483 nm accounts for the 
yellow color of II. On the contrary, all the electronic 
transitions of III lie below 400 nm, in the UV region, 
and the molecule is colorless. 

The author is very grateful to Prof. S. Pappalardo 
for the experimental geometrical data of compound II 
and for the useful discussion during the preparation 
of this work. Thanks are due to the Referees for their 
useful suggestions. Financial support from the Ital­
ian Ministero della Pubblica Istruzione is gratefully 
acknowledged. 
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Micellar Effects upon Spontaneous and Alkaline Hydrolysis 
of £-Butyl Phenyl Carbonate 
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Cationic micelles of hexadecyltrimethylammonium ion HTAX (X=C1~ and OH") catalyzes the reactions of 
i-butyl phenyl carbonate with OH" and ky goes through maximum with increasing [HTAC1] but it continues 
to increase with increasing [HTAOH]. Spontaneous hydrolysis of i-butyl phenyl carbonate is inhibited by 
both cationic and anionic micelles. The second-order rate constant in micelles is smaller than that in water. 

Effects of cationic micelles upon rates of bimolecu-
lar reactions have been extensively studied1"4* and the 
variation in pseudo-first-order rate constants with 
[surfactant] has been explained quantitatively by con­
sidering the distrubution of both reagents between 
aqueous and micellar pseudophase and the second-
order rate constant in each pseudophase. 1"7) £-Butyl 
phenyl carbonate is a convenient substrate for a study 
of micellar effects on the hydrolysis rate because the 
reaction can be easily followed spectrophotometrically 
in a dilute solution and its mechanism is well under­
stood.8"12) We studied the micellar effects upon both 
spontaneous hydrolysis of £-butyl phenyl carbonate 
and its reactions with hydroxide ion (Scheme 1). 

H20 
0 / V 

( C H 3 ) 3 C - 0 - C - 0 - / c ) \ (CH3)3C-0H + <^5\-0H + C02 

\ / 
"OH 

Scheme 1. 

The spontaneous hydrolysis was carried out in 
aqueous solution of hexadecyltrimethylammonium 
chloride (HTAC1) or sodium dodecyl sulfate (SDS) 
while the reaction with hydroxide ion were carried out 
in HTAC1 and HTAOH, respectively. 

Typically the rate constants for bimolecular reac­
tions go through maxima with increasing [surfactant] 
and with constant [nucleophile] in the presence of 
inert surfactant counter ion.1"8* 

In the deacylation by OH" in HTAC1 or HTABr the 
rate-maxima can be ascribed to a combination of 
competition between OH" and the halide ion for 
micelle and distribution of the substrate between 
aqueous and micellar pseudophases. 

However, if the solution contains only reactive 
counter ion the rate constants should become constant 
once all the substrate is micellar bound provided that 
ß is constant. This behavior has been observed for 
reactions of hydrogen ions in micellized alkanesul-
fonic acids,14) and of Af-alkylpyridinium ions in micel­
lized HTACN.15) Nucleophilic reactions in the pres­
ence of HTAOH and HTAF do not fit this 
pattern.5'16~18) 

The aim of the present work was to study reactions 

of other substrates in the micellized reactive ion sur­
factant where the nucleophile was OH" and in 
HTAC1 with added inert counter ions. 

Experimental 

Material. The substrate i-butyl phenyl carbonate and 
surfactants of HTAC1, SDS, and HTAOH were prepared or 
purified by the standard methods.2'9-11-14) The preparation 
and manipulation of HTAOH were done under N2 in the 
absence of CO2. 

Kinetics. The reactions were followed spectrophotomet­
rically by using a Perkin Elmer spectrophotometer at 234 
nm. All reactions were followed in water at 25.0 °C using 
5X10-5 M substrate. The first-order rate constants, ky, are 
in reciprocal seconds. Reactions in the absence of surfac­
tant were carried out in a dilute solution of the nucleophile 
(<0.04 M) to minimize kinetic salt effects (M=mol dm-3). 

Results 

Reactions in the Absence of Surfactant: The 
second-order rate constant, kw, for the reaction of t-
butyl phenyl carbonate with OH" at 25.0 °C was 0.013 
M-1s~1. Added electolyte slowed down the reaction 
as it is expected for the reaction between ions of 
opposite charge (Table 1). 

Reaction in the Presence of HTAC1: Cationic 
micelles of HTAC1 inhibited the spontaneous hydrol­
ysis of £-butyl phenyl carbonate to a large degree 
(Table 2), but it catalyzed the reaction with OH" and 
the psuedo-first-order rate constant, ky, goes through 
maximum with increasing [HTAC1] and constant 
[nucleophile] (Fig. 1). Added inert anions inhibited 

Table 1. Salt Effects upon the Reaction of J-Butyl Phenyl 
Carbonate with Hydroxide Iona) 

[Salt]/M 

0.004 
0.007 
0.01 
0.03 
0.06 
0.1 
0.15 
0.2 

NaCl 

1.31 
1.29 
1.25 
1.20 
1.15 
1.11 
1.0 
0.98 

NaBr 

1.28 
1.22 
1.20 
1.15 
1.11 
0.9 
0.92 
0.83 

KBr 

1.27 
1.21 
1.20 
1.15 
1.0 
0.88 
0.90 
0.90 

a) Values of 104 Vs" 1 , in 0.01 M NaOH at 25.0 °C and 
5X10"5 M substrate. 
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Table 2. Micellar Effects upon the Spontaneous 
Hydrolysis of J-Butyl Phenyl Carbonatea) 

[surfactant]/M 

0.0 
0.002 
0.004 
0.007 
0.01 
0.03 
0.06 

HTAC1 

4.6 
2.3(0.50)b) 

1.85(0.4) 
1.27(0.27) 
0.97(0.21) 
0.60(0.13) 
0.20(0.043) 

SDS 

4.6 
2.0(0.43) 
1.22(0.27) 
1.0(0.21) 
0.70(0.15) 
0.20(0.04) 

— 

T 

i^e 

o 
r—1 

a) Values of 105 V s " 1 , at 25.0 °C. 
thesis are kKi. 

b) Values in paren-

[HTAC1], M 

Fig. 1. Reaction of i-butyl phenyl carbonate with 
NaOH in the presence of HTACI ( • ) 0.01 M 
NaOH, (0 ) 0.03 M NaOH, (A) 0.06 M NaOH. 

Table 3. Effect of NaCl on the Reaction of *-Butyl 
Phenyl Carbonate with Hydroxide Ion 

in the Presence of HTACla) 

[NaCl]/M 

0.004 
0.007 
0.01 
0.03 

ky/S'1 

44 
40 
36 
32 

[NaCl]/M 

0.06 
0.1 
0.15 
0.2 

Vs"1 

29 
26 
24 
21 

a) Values of 105 V s " 1 i n °-0 3 M NaOH at 25.0 °C and 
5X10-5 M substrate, in the presence of 0.002 M 
HTACI. 

the reaction because they compete with the reactive 
an ions for the positive site in the micelle2>5>9>19) (Table 
3). 

Reaction in the Presence of SDS: Anionic micelles 
of (SDS) inhibi ted the spontaneous hydrolysis of t-
butyl phenyl carbonate drastically and almost s topped 
the reaction. T h i s result is similar to the effects of 
SDS u p o n the spontaneous hydrolysis of substituted 
benzoic anhydride2 0 ) (Table 2). 

Reaction in the Presence of H T A O H : When only 

[HTAOH], M 

Fig. 2. Variation of the pseudo first-order rate con­
stant, Av, for reaction of i-butyl phenyl carbonate in 
HTAOH. ( • ) in the absence of NaOH, (0 ) with 
added 0.01 mol dm"3 NaOH, (A) with added 0.02 
mol dm"3 NaOH. 

reactive an ions were present, ky increased steadily 
wi th increasing [surfactant], added hydroxide ion 
increases ky bu t only to a small extent at higher 
[surfactant], and at h igh [surfactant] or [nucleophile], 
ky tended towards l imi t ing values (Fig. 2). However, 
£-butyl phenyl carbonate is hydrophobic enough to be 
fully micellar b o u n d at a surfactant concentrat ion 
well below those corresponding to l imi t ing values of 
ky, and this was confirmed by H T A C I effects u p o n the 
spontaneous hydrolysis of £-butyl phenyl carbonate 
(Table 2). 

Discussion 

Micelles of H T A C I and SDS inhib i t the spontane­
ous hydrolysis of £-butyl phenyl carbonate and the 
variations of rate constants wi th the nature and con­
centrat ion of the surfactants are illustrated by values 
of kKi which is the ratio of the rate constant in the 
micellar solut ion to that in water which is < 1 (Table 
2). T h e effect of micellar charge is given by k^/hr, 
where k+ is the rate constant in the cationic micelle of 
H T A C I and k~ is that in the anionic micelles of SDS 
for fully micellar b o u n d substrate, the ra t io=4. In 
considering micellar effects u p o n reactions of hydrox­
ide ion wi th £-butyl phenyl carbonate one finds it 
necessary to take in to account posible compet i t ion 

Sw + Dn< 

-> products-

Scheme 2. 

üSD n 

Ä'M 
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between CI and OH for the micelle. It is the simpl­
est therefore to consider first reactions in the absence 
of CI" i.e. in HTAOH. 

The kinetic analysis follows Scheme 221) where S is 
the substrate, Dn is the micellized surfactant, Ks is the 
binding constant of S to the micelle written in terms of 
micellized Surfactant,22) and ky, and k^ are first-order 
rate constants in aqueous and micellar pseudophase, 
respectively, given by23>24) 

ÄS, = Äw[OHw] (!) 

*M = *M ™OSH = *M [OHM]/[D„]. (2) 

In Eqs. 1 and 2, kw and ku are second-order rate 
constants but ku is defined in terms of the mole ratio 
of bound OH" to micellized surfactant.23>24) These 
equations give Eq. 3 for the first-order rate constant 

V 2 3 ) 

ky = kw [OHw] + kMKs [OHS]/( 1 + Ks [Dn]). (3) 

The quantities in squared brackets are molarities in 
terms of solution volume. 

For mixtures of NaOH and HTAC1 we write the 
distribution of OH" between water and micelles in 
terms of Eq. 4.2>19>23>24> 

£§iH = [OHw] [C1M]/[OHM] [Clw]. (4) 

Equation 4 predicts that the fraction ß of micellar 
head groups neutralized by counter ions is constant, 
i.e. it could be described in terms of ion-exchange 
model.2) The parameter in Eqs. 3 and 4 can be 
estimated by fitting experimental rate constant 
surfactant-profiles to these equations (Fig. 1) (Table 
4).24) However, the assumption of constant ß fails 
when the reactive counter ions are small and of high 
charge density, e.g., OH" or F". So the distribution 
of counter ion OH" between aqueous and micellar 
pseudophases in the reactive counter ions surfactant 
can be fitted by Eq. 5, i.e. to a mass action model.9>18>25> 

Kb* = [OHM]/[OHW] ([Dn] - [OIK]). (5) 

Equation 5 predicts that fraction ß will increase with 
increasing [surfactant]. Equations 3 and 5 were com­
bined by a single computer program which allowed us 
to simulate the variation of ky with [HTAOH] or 
[NaOH] and we were able to fit all the rate data for 

Table 4. Rate and Equilibrium Constants for Reactions 
in the Presence of HTAC1 or HTAOHa) 

Medium 104 ku/s'1 KS(M) K°a K0n 

HTAC1+0.01 M NaOH 
HTAC1+0.03 M NaOH 
HTAC1+0.06 M NaOH 
HTAOH 
HTAOH+0.01 M NaOH 
HTAOH+0.02 M NaOH 

4.8 
4.9 
5.0 
6.3 
6.5 
6.7 

830 
860 
860 
800 
860 
860 

a) At 25.0 °C and cmc=3X10-3 and 7X10"4 M for 
HTAC1 and HTAOH, respectively. Added NaOH 
might lower the cmc. 

reactions in the surfactants, and with added salt (Fig. 
2) using the parameters given in Table 4. 

The rate constants ku and kw have different dimen­
sions but we convert ku, s"1 into Kg, M ^ s - 1 assuming 
that the reaction occurs in the micellar Stern layer 
whose molar volume is 0.14 L. So that,2>26>27) 

A? = 0.14 AM. (6) 

Figure 1 illustrates the fit of experimental and cal­
culated data for the reactions of hydroxide ion with t-
butyl phenyl carbonate in HTAC1 and the second-
order rate constant Kg is 7.4X10"5 M^s" 1 . Figure 2 
illustrates the fit for the reaction in HTAOH in the 
absence of inert counter ions and with added NaOH, 
i.e. with no ionic competition for the cationic 
micelles.14'15'25) Under these conditions fa/ increases 
steadily to a constant value as substrate becomes fully 
micellar bound, and the values of Kg is 8.5X10"5 

M-is-1 . 
Calculated Kg from these experiments are similar to 

those in mixture of HTAC1 and NaOH. The (small) 
difference between Kg in the different surfactants are 
probably due to our assuming the same volume ele­
ment of the reaction for each surfactant. The second-
order rate constant in the micellar pseudophase Kg is 
smaller than that in water &w by a factor of 160. 

This Research (Chem/1409/14) was supported by 
the Research Center, College of Science, King Saud 
University, Riyadh, Saudi Arabia. 
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Effect of Fe(III) Ions on the y-Radiolysis of Thymine 

S. N. BHATTACHARYYA,* P. C. MANUAL, and S. CHAKRABARTI 
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Aqueous solutions of thymine (T) in the presence of Fe(III) were irradiated under deaerated conditions at 
pH «2. The products of radiolysis were separated by two dimensional thin-layer chromatography. In the 
absence of any metal ion, the G(-T) is 2.6 but when Fe(III) is present during radiolysis, the G(-T) increases 
significantly and reaches a limiting value of 3.2. The yields of the hydroxylated products of thymine also 
increase in the presence of Fe(III). The results were explained by a mechanism which involves the interactions 
of Fe(III) with the transient adducts of thymine. 

Use of t ransi t ion metal ions and their complexes as 
radiosensitizers in the treatment of cancer cells by 
radiotherapy is of recent interest.1"4) However, the 
mechan i sm of act ion of these compounds is no t well-
understood. Radia t ion chemical studies of the effects 
of these compounds on model target molecules wou ld 
enable one to unders tand the role of these compounds 
in de te rmin ing their radiosensit izing efficiency at the 
molecular level. Studies on the role of Cu(II) ions in 
increasing the radiosensitivity of thymine, a model 
DNA const i tuent has been reported recently.5) It has 
been observed that Cu(II) ions are qui te effective in 
increasing the radiosensitivity of thymine in dilute 
aqueous solut ion. Here an a t tempt has been made to 
study the effect of Fe(III) on the radiolysis of thymine 
in dilute aqueous solut ion at p H « 2 us ing 6 0 Coy-
rays. 

Experimental 

Materials: Thymine (Koch Light) was used after recrys-
tallization from triply distilled water. The labelled [2-14C] 
thymine (1.98X109 Bqmmol - 1) was procured from BARC, 
Bombay. All the reagents and solvents used were of analyt­
ical reagent grade. Triply distilled water was used for 
preparing solutions for irradiation. Deaeration was carried 
out by bubbling pure argon gas for 30 minutes. 

Irradiation: Irradiation was carried out with 60Co y-rays. 
The dose rate (12 Gy min - 1) was determined with the help of 
Fricke dosimeter, taking G(Fe3+) as 15.6. 

Analysis: Samples of 10~3 mol dm - 3 thymine containing 
[2-14C] thymine were irradiated in the presence and in the 
absence of Fe(III) ions. A known volume (100 \x\) of the 
irradiated solution was spotted on precoated silica gel 60 F254 
plates (E. Merck). The products of radiolysis were sepa­
rated by two-dimensional thin-layer chromatography with 
the two following solvent systems:6) (I) lower phase of chlo­
roform : methanol : water (4:2:1) to which was added 5% 
of methanol; and (2) ethyl acetate : 2-propanol : water 
(75:16:9). For better separation of the products the first 
dimension was eluted twice with solvent system 1. 

The 14C-labelled compounds were detected on thin-layer 
silica gel plates by autoradiography using X-ray sensitive 
films (Orwo, HS90). Detection of radioactivity was made 
after 15 days of exposure. The products under each 
radioactive spot in the chromatogram were identified by 
comparing the retention values (with respect to thymine) 

with those cited in the literature.6'7) For quantitative analy­
sis of the products, the silica gel at each spot was scraped off 
and suspended in 1 ml of water. The radioactivity was 
measured by 14C ̂ -scintillation counting using a liquid 
scintillation counter (LKB, 1211 Rackbeta). The yields of 
the products were calculated from the relative amount of 
radioactivity under the various product spots compared to 
that under the thymine spot in unirradiated control. The 
base decomposition yields, G(-T), were determined both 
spectrophotometrically by measuring the loss of absorption 
at 264 nm after separating the iron through a cation 
exchanger and by measurements of radioactivity of thymine 
spot in the plate. Fe(II) was also determined spectrophoto­
metrically at 510 nm through its complexation with 1,10-
phenanthroline.8) 
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Ethyl acetate: 2-propanol: water (75:16:9) 

Fig. 1. Autoradiogram of the two-dimensional TLC 
separation on pre-coated silica gel 60 F254 plates of 
the y-radiolysis products of 10 -3 mol dm - 3 thymine 
in the presence of 5X10-4 mol dm - 3 NH4Fe(SC>4)2 
under argon saturated solution at p H ^ . 
Absorbed dose=720 Gy. spot 1: thymine; spot 2: 
dihydrothymine; spot 3: 6-hydroxydihydrothymine; 
spot 4: 5-hydroxydihydrothymine; spot 5: trans-
thymineglycol; spot 6: czs-thymineglycol; spot 7: 5-
methylbarbituric acid; spot 8: 5-(hydroxymethyl)-
uracil; and spot 9: dimeric products(P). 
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Results 

T h e steady state y-radiolysis of deaerated aqueous 
solut ion of 10~3 mol d m " 3 thymine (T) con ta in ing 
5X10-4 mol d m - 3 NH 4 Fe(S0 4 ) 2 leads to the formation 
of a number of modified nucleobases. These radioly-
sis products , however, have been separated by two-
dimensional thin-layer chromatography on sillca-gel-
precoated plates. A typical autoradiogram is 
shown in Fig. 1. Similar products were formed when 
the radiolysis is carried out in the absence of metal 
ions. Radiolytic yields of degradat ion of thymine at 
p H « 2 were determined in the dose range 480 to 1800 
Gy. Wi th in this dose range the degradation of thym­
ine is l inear with dose as shown in Fig. 2. Hence the 
degradat ion yields of thymine, G(-T), were calculated 
from the slopes of the straight lines. T h e change in 
G(-T) values with increase in NH4Fe(S04)2 concentra­
tion was shown in Fig. 3. It is observed that wi th 
increase in [Fe(III)], the G(-T) value increases initially 
and reaches a steady value «3 .2 at [Fe(III)]=4X10-4 

mol dm"3 . T h e yields of the products could not be 
measured at low doses due to the large experimental 

8 12 16 

DoseX10-VGy 

20 

Fig. 2. Effect of absorbed dose on the degradation of 
thymine in the presence and absence of Fe(III) at 
PH~2. (•) , in the absence of Fe(III) and (A), in 
the presence of 5X10"4 mol dm"3 NH4Fe(S04)2. 
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Fig. 3. Effect of Fe(III) on the G( -T) values in y-
radiolysis of 10-3 mol dm - 3 thymine in deaerated 
solution at pH Ä 2 . 

errors in quant i ta t ive est imation of the products by 
thin-layer chromatography. However, they were 
measured in the dose range 720 Gy to 1800 Gy and is 
shown in Fig. 4. It is to be noted that up to the dose 
of 1450 Gy, the formations of all the products are 
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Fig. 4. Effect of absorbed dose on the formation of 
different base degradation products during y-
radiolysis of 10 -3 mol dm - 3 thymine in deaerated 
solutions at p H ^ . Open symbols represent the 
yields in the absence of Fe(III) while the close 
symbols represent those in the presence of 5X10-4 

mol dm - 3 Fe(III). (circles): czs-thymineglycol, (tri­
angles): 5-hydroxydihydrothymine, and (squares): 
6-hydroxydihydrothymine. 

Table 1. G-Values of Different Products in the y-
Radiolysis of 10 -3 mol dm - 3 Thymine in Argon 

Saturated Solution at p H ^ . O Determined 
in the Dose Range 700—1800 Gy 

G(Products) 
Experimental conditions 

A B C 

G(cz5-Thymineglycol) 0.40 
(Spot 6) 

G(£ran5-Thymineglycol) 0.00 
(Spot 5) 

G(5-Methylbarbituric acid) 0.24 
(Spot 7) 

G(5-(Hydroxymethyl)uracil) 0.27 
(Spot 8) 

G(5-Hydroxydihydrothymine) 0.05 
(Spot 4) 

G(6-Hydroxydihydrothymine) 0.12 
(Spot 3) 

G(Dihydrothymine) 0.38 
(Spot 2) 

G(Dimer) (Spot 9) 0.46 
G(Unknown) (Spot 10) — 
G(-Thymine) (Spot 1) 2.6 

0.72 

0.08 

0.44 

0.35 

0.20 

0.34 

0.40 

0.34 

— 
3.2 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3 

0.0 
0.3 
0.6 

A: in the absence of NH4Fe(SC>4)2; B: in the presence of 
5X10-4moldm-3 NH4Fe(S04)2 and C: in the presence 
of 5X10-4 mol dm"3 NH4Fe(SO4)2+0.4 mol dm"3 t-
butyl alcohol. 
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l inear wi th absorbed dose and the G-values of each 
product were calculated from the slopes of the respec­
tive straight lines. T h e results are tabulated in Table 
1. T h e formation of Fe 2 + was followed spectrophoto-
metrically in the dose range of 6 to 600 Gy. Figure 5 
shows the dependence of [Fe2 +] , formed in the radioly­
sis of 10~3 mol dm~3 thymine in the presence of 5X10~4 

m o l d m ~ 3 NH4Fe(SC>4)2 in deaerated solut ions at p H 
« 2 , on absorbed dose. It is found that in the very low 
dose range (e.g., 6 to 30 Gy), the formation of Fe2 + is 
m u c h higher than that observed at higher absorbed 
doses. T h e init ial G value for the formation of Fe 2 + , 
G(Fe2 +) was determined from the init ial slope and was 
found to be «3 .6 . 

Discussion 

Dur ing y-radiolysis in dilute aqueous solutions, the 
reactions are initiated by water-borne radicals, e.g., H , 
O H , and eaq-.9) 

H 2 0 AMr- -+H, OH, eaq", H2O2, H2. 

In acidic p H « 2 , the eaq~ is converted to H 

-+H+- -+H. 

(1) 

(2) 

Hence when thymine is radiolyzed in deaerated 
med ium at this acidic p H range, the radicals present, 
e.g., H and O H react wi th thymine to give respective 
adducts. It is wel l -known that bo th these pr imary 
radical species add on C5—Ce double bond of thymine 
to give C5 and C6 adducts of O H and H.10>n> 

fOH 

H3 

(AN-
H 

( T ) 

•HN' .... ,^H3 H N A ^ 
I J OH + 7 Lou 

( C 6 - T 0 H ) 
H 

(C5 -TOH) 

-HNT 

H 

.CH3 

H 
( C 6 - T H ) 

(3) 

(4) 

( C 5 - T H ) 

A small fraction of O H and H abstracts H from C5 
methyl of thymine giving UCH2. 

0 

HN' 

' 0' 
T + H / O H >UCH2 

H 

:H 2 \ 

(5) 

In the absence of any additive, the G(-T) was «2 .6 
(Table 1,A) which is m u c h less in compar ison wi th 
the total yield of the pr imary radicals (GOH Ä 2 . 7 , G H 
«3.4).9 ) T h i s indicates that the transient species 
T O H and T H undergo dispropor t ionat ion to give 
parent thymine back.11) However, under the similar 
condi t ions when Fe(III) is present dur ing radiolysis, 
the G(-T) increases significantly and reached a l imit­
ing value of «3 .2 (Fig. 3). It is also evident from the 
Fig. 4 and Table 1, that in the presence of Fe(III), the 
hydroxylated products of thymine (products at the 
spots 3 to 8) ar is ing from the oxidat ion of thymine 

240 3B0 

Dose/Gy 

Fig. 5. Formation of Fe2+ species with absorbed dose 
in the radiolysis of 10-3 moldm - 3 NH4Fe(S04)2 in 
deaerated solution at pH«2 . 

increase in comparison with that formed in the absence 
of Fe(III). From a consideration of the rate constant 
data,12) it is evident that under our experimental con­
dit ions, the O H and H radicals would react wi th 
thymine to give T O H , T H and UCH2 th rough reac­
tions (3)—(5). Hence the increase in the G(-T) as 
well as in the G-values of the hydroxylated products 
arise from the interaction of the Fe(III) ions wi th T H 
and T O H . It is well-documented11 '13) that the elec­
tron affinic compounds oxidize the pyr imidine 
adducts of H and O H through electron-transfer reac­
tions. Fe(III) being highly oxidizing in nature , it 
m igh t be expected that it would also oxidize the 
transient T O H and T H radicals. 

TOH + Fe(III)-

T H + Fe(III)-

-*TOH+ + Fe(II) 

-*TH+ + Fe(II) 

(6) 

(7) 

Under the condit ions, the formation of Fe 2 + was fol­
lowed and from the observed G(Fe2 +) «3 .6 calculated 
from the ini t ial slope of the yield/dose plot (Fig. 5 ) is 
m u c h less in comparison wi th the total yields of T H 
and T O H radicals. T h e results suggest that a par t of 
T H and T O H does not reduce Fe(III) but undergoes 
such reactions which are taking place in the absence of 
metal ions. In this context it is worthful to consider 
the redox behavior of the T H and T O H radicals. 
T h e relative steady state abundance of the C 5 - T O H 
and C 6 - T O H was reported to be 60% and 30% of total 
TOH. 1 1 ) A m o n g these two types of T O H radicals, 
the C 5 - T O H is reducing while the other is oxidizing 
in nature.10 '11) However, the two O H adducts of 
thymine undergo acid-catalyzed isomerisation (reac­
tion 8).n> 

HN' 

0 

II 

.CH3 

'0H + H + ; - 1 J < O " 3 + H + <8> 
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Thus the TOH radicals can be oxidized or reduced 
depending upon their reaction partner. Hence it 
may be presumed that in the presence of strong oxidiz­
ing agent, Fe(III), the oxidizing C6-TOH will be 
isomerised to reducing C5-TOH and thereby increase 
the steady state concentration of the reducing C5-
TOH radical. On the other hand, due to the presence 
of methyl group in C5 position of thymine, major 
portion («50%) of H atom adds on CO position of 
thymine giving C Ô - T H which is in no way reduc­
ing.11) Only 37% of H atom gives rise to reducing C5-
TH radical and this C5-TH reduces Fe(III) to Fe2+. 
However, the weakly reducing UCH2 radical arising 
from H abstraction from Cs-methyl group of thymine 
by OH and H radicals may reduce strongly oxidizing 
Fe(III) ions. 

UCH2 •+ Fe(III) • UCH2
+ + Fe(II) (9) 

Hence, the yield of G(Fe2+) should correspond to 
G(TOH)+G(C5-TH)+G(UCH2). Under the experi­
mental conditions of pH «2, taking9* GOH Ä 2 . 7 and 
GH «3.4, the relative yields of TOH, C5-TH, and 
UCH2 were calculated from the fractions of OH and H 
giving rise to these above radical species. Thus the 
respective values of G(TOH), G(C5-TH), and 
G(UCH2) become11) as: G(TOH)=90% of GOH=0 .9X 

2.7 «2.4, G(C5-TH)=37% of GH=0.37X3.4 «1.3 and 
G(UCH2)=10% of GOH+3.5% of GH=0.1X2.7+0.035 
X3.4 «3.4; and therefore G(Fe2+) should correspond to 
«2.4+1.3+0.4=4.1 and the observed G(Fe2+) is not far 
from this expected value. 

The T H + formed in reaction (7) deprotonates to 
give isothymine which undergoes spontaneous rear­
rangement to give thymine. However, when proton 
concentration increases, a small amount of 6-hydroxy-
dihydrothymine is formed.11* 

(10) 

,CH3 

•H 

( C 5 - T H ) 

•HN' 
,CH3 

1(11) 

(12 ) 
.CH3 

"*" n ^ K . ^ 

+ H 

4 H 

H 2 0 

(13) 
-— HN' 

» ^ N -

JCI-I3 
H 
H 

'OH 

+ H 

That the T H + gives back thymine through reac­
tions (10—12) is also evident from the results of the 7-
radiolysis of dihydrothymine (TH2) in the presence of 
Fe(III) ions at pH«2, where both H and OH abstract 
H from dihydrothymine (TH2) with the formation of 
T H radicals.14) 

T H 2 + H / O H • T H + H2/H2O (14) 

By irradiating 10~3 moldm-3 dihydrothymine in the 

presence of 5X10~4 moldm"3 Fe(III) ions, the observed 
yields were found to be G(Fe2+)=5.2 and G(+T) «5.2. 
This indicates that the T H radical quantitatively 
transfers electron to Fe(III) and the resulting T H + 

gives back thymine. That an appreciable fraction of 
TH e.g., the C6-TH does not reduce Fe(III) but under­
goes disproportionation reaction to give dihydro­
thymine is evident by carrying out the radiolysis in the 
presence of 0.4 moldm-3 £-butyl alcohol. Figure 6 
shows the autoradiogram of two-dimensional TLC 
separation of products formed in the radiolysis of 10~3 

mol dm~3 thymine in the presence of 5X10~4 mol dm-3 

NH4Fe(S04)2 and 0.4 mol dm"3 «-butyl alcohol. It is 
observed under these conditions that only dihydro­
thymine (Spot 2) and an unknown product (Spot 10) 
have been formed (Table 1 ). Here due to the presence 
of 0.4 moldm-3 «-butyl alcohol all the OH radicals 
and a part of H atoms would be scavenged12) leaving 
only a part of H atoms which would undergo reaction 
(4) to give TH. Then the dihydrothymine is formed 
by the disproportionation of the C6-TH radicals 

2 T H - -+T + TH2. (15) 

Formation of dihydrothymine clearly indicates that a 
fraction of T H does not reduce Fe(III) or otherwise 
dihydrothymine would not have been formed. 

Now, from the above mentioned discussion it 
appears that the TOH radicals reduce Fe(III) (reaction 

HrV A, 
H 

( T O H ) 

CH3 
OH 

H2O HN' 
CH3 
OH 
OH 

(Thymîneglycol) 

(16) 

t 

e 
s 
u 

0 r i g î n Ethyl acetate: 2-propanol: water (75:16:9)-» 

Fig. 6. Autoradiogram of the two-dimensional TLC 
separation on precoated silica-gel plates of the 7-
radiolysis products of 10-3 mol dm-3 thymine in the 
presence of 5X10"4 moldm"3 NH4Fe(S04)2 and 0.4 
moldm-3 £-butyl alcohol under argon saturated 
solution at pH«2. Absorbed dose=720 Gy. Spot 
1: thymine; spot 2: dihydrothymine and spot 10: 
unknown product. 
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6). However, the T O H + would react wi th water giv­
ing thymineglycol (reaction 16). 

T h e thymineglycol wou ld be converted to 5-methyl-
barbi tur ic acid. 

Ä F - £ & <"> 
T h e carbonium ion U C H 2 + would give rise to 5-
(hydroxymethyl)uracil , 

H2O 
UCH2

+ • UCH2OH. (18) 

Hence the major a m o u n t of the thymine oxidat ion 
products resulted from the T O H radicals via electron 
transfer to the Fe(III). It is to be noted here that due 
to exper imental difficulty in est imat ing small 
amoun t s of products , the product est imation was done 
by i r radia t ing thymine at appreciably higher doses. 
Figure 5 shows that t h o u g h the init ial yield of Fe 2 + is 
m u c h higher, it rapidly falls when the absorbed dose 
exceeds Ä 90Gy. At this higher doses, secondary reac­
tions of initially formed Fe2 + mus t be considered. 
W h e n appreciable a m o u n t of Fe 2 + is accumulated in 
the system, the C 6 - T O H radical which is oxidizing11* 
migh t react wi th Fe 2 + g iving C 6 - T O H - , which would 
react wi th water to give 6-hydroxydihydrothymine 

Hl ] ^ H 3 + F e 2 + • T X ^ 0 H 3 + Fe3+ (19) 

H H 

H I > O H 3 +H20 • "fjfs"3 (20) 

or would combine wi th T O H + to give the dimeric 
products . 

T O H - + TOH+ • T O H - T O H (21 ) 

T h u s the above discussion indicates how the iden­
tity of the observed products can be readily explained 
on the basis of the reaction of Fe(III) wi th the transient 
adducts derived from thymine. Moreover, since the 
overall degradat ion of thymine is increased by the 
presence of Fe(III), use of Fe(III) in a suitable environ­
ment may be probed wi th regard to its beneficial role 
as a radiosensitizer. 
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Stereochemistry in Nucleophilic Vinylic Substitution of Activated Nitro Olefins 
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Each of E- and Z-isomers of activated a,ß-dinitro olefins and a-iodo-ß-nitrostilbene reacted ith several 
different types of nucleophiles such as amines, thiocyanate, and p-toluenethiolate. Only Z-isomers of vinylic-
substituted olefins with amines and thiocyanate were observed as products due to the attractive interactions 
between the nitro group of substrate and the nucleophile in the intermediate state. ß-Toluenethiolate as a 
nucleophile could not interact strongly enough to yield a single Z-product but a converged (E) and (Z) mixture 
of products. Still, preference is toward Z-configuration. 

Vinylic substi tut ion has been proved to take place 
th rough all conceivable mechanisms, namely th rough 
init ial prototropy, carbene, alkyne, free radical, carbo-
n i u m ion, and carbanion intermediate. Amon g them 
nucleophi l ic addi t ion-e l imina t ion mechanism is the 
most common occurrence.l>2) 

As to mechanist ic studies for nucleophi l ic vinylic 
subst i tut ion, comparison of configurations of reac-
tants and products gives away much information. 
Usually it is dealt as to retention, inversion, and con­
vergence. T h e last one means conversion to E- and Z-
products with certain ratio start ing from either E- or 
Z-reactant or, in extreme case, only one produc t (£- or 
Z-) irrespective of configurat ion of the reactant.3) 

T h u s , comparison of configurat ions of reactants and 
products of this reaction gives some insight in to the 
mechanism where stereochemical informat ion is not 
prevalent in spite of abundan t kinetic data.4) 

Nucleophi l ic vinylic subst i tut ions proceed th rough 
the addi t ion of nucleophile(Äi) to make a carbanion 
intermediate followed by e l iminat ion of nucleo­
f u g e ^ ) as in Scheme 1. Usually the first step(&i) is 
rate-determining and is dependent on the nature of the 
substrate and the nucleophile . l d ) O n the other hand 
the configuration of product depends on the nature of 
nucleofuge i.e. the rate of internal rotation(£ r) and the 
rate of e x p u l s i o n ^ ) . l d ) With good nucleofuges ki is 
h igh and kT

60>kT
120 (60° and 120° internal rotat ion 

rate) by negative hyperconjugation5* and the complete 
retention is observed.6* Reactions with poor nucleo­
fuges result in mostly stereoconvergence due to 
kr>k2V 

In order to probe into stereochemistry of nucleo-

R R 
Nu" R R 

NiT7 V 
X Y Nu 

1 R = CH3, X = Y = N02 Nu" = NH3, CH3NH2, c f Y l H 

2 R = C2H5, X = Y = N02 

3 R = Ph, X = Y = N02 

4 R = Ph, X = I, Y = N02 

Scheme 1. 

R R 

SCN",p-MeC6H4S" 

phi l ic vinylic substi tut ion, we have chosen a ,ß-dini t ro 
olefins(l,2, and 3)7) and a-iodo-ß-nitro olefin(4)8) 

without olefinic hydrogen. T h i s will minimize com­
plicat ion such as involvement of base with hydrogen 
to lead e l imina t ion-addi t ion route. While ni tro 
g roup activates double bond toward nucleophil ic 
addit ion much more efficiently than iodo group , it is a 
poor nucleofuge thus gives advantage toward internal 
rotat ion against its expuls ion. Nucleophiles chosen 
are also of low basicity to reduce such complicat ion of 
base with substrate. T h i s system provides oppor tu­
nity to probe in to a few cases of nucleophi l ic vinylic 
substi tution. We found that some of reported case9) 

are in error and need to be corrected. Furthermore, 
we report the first observation of the interaction 
between the ni t ro g roup of substrate and the coming 
nucleophi le to determine the stereochemical outcome 
of the nucleophi l ic vinylic subst i tut ion reactions. 

One of two ni t ro groups in a ,ß-dini t ro olefins is 
easily replaced by nucleophiles such as azide,10) 

ammonia, 1 1 ' aniline,11* thiols,10* and SCN". Iodo 
g roup in a- iodo-ß-ni t ro olefin undergoes similar reac­
tions in much slower rate. A few a-amino-ß-ni t ro 
olefins were synthesized by subst i tut ion on either (£)-
or (Z)-a,ß-dinitro olefins and their configurations 
were deduced to be those of (Z)-, th rough intramolecu­
lar hydrogen bond ing in IR spectra . n ) The i r config­
urat ions were confirmed by X-ray crystallography on 
2-amino-3-nitro-2-butene.12) Similarly a-thiocyanato-
ß-nitro olefins were prepared by substi tut ion on a few 
substrate and their configurat ions were confirmed to 
be (Z)- by X-ray crystallography on 2-thiocyanato-3-
nitro-2-butene.13) a-Iodo-ß-nitrosti lbene was also 
substituted with a few nucleophi les such as thiocya­
nate and morpho l ine to produce exclusively Z- isomer 
as a product determined by X-ray crystallography.14) 

T h e str iking feature of this series of experiments was 
that from either E- or Z-starting ni t ro olefins all Z-
products were formed regardless of starting configura­
tion. O n the other hand p-toluenethiolate as a 
nucleophi le yielded converged products against 
reported exclusive E- products.9a '15) 

T h e observed phenomena could be explained using 
Scheme 2. At first assume that the reaction starts by 
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attack of nucleophiles on the carbon atoms bearing 
the nucleofuge. One has to also assume that since 
spatial and other conditions are identical, approach of 
the nucleophile (Nu~) from the top on Z-isomer will 
form the intermediate with [A] conformation. The 
same intermediate will be formed by attack of nucleo­
phile from the bottom on £-isomer. Likewise, the 
conformation [B] could be assumed from attack of the 
nucleophile from the top on £-isomer and from the 
bottom on Z-isomer. This line of reasoning will 
result in two reasonably stable intermediates [A] and 
[B]. Under the condition of kï>ki free rotation 
around the newly formed single bond can generate 

intermediates with [C] and [D] conformations where 
the leaving nucleofuge is ready to be expelled parallel 
to p-orbital of the carbon bearing the remaining nitro 
group. From these intermediates only Z-product will 
be formed if the entered nucleophile must closely 
associate with the remaining nitro group via only [C] 
conformation. 

The compounds leading to single Z-products, 
namely those of amines,16* morpholine and a thiocya-
nate appear to form intermediate with [C] conforma­
tion due to the strongly attractive interaction between 
the nucleophile and the remaining nitro group: i.e., 
between sulfur atom of thiocyanate and the oxygen 
atom of nitro group and between the nitrogen atom of 
amines and the oxygen atom of nitro group through 
hydrogen bonding. With p-toluenethiolate partial 
conversion is observed due to the weaker interaction 
compared to thiocyanate.18) In case of 2,3-dinitro-2-
butene(l) and 3,4-dinitro-3-hexene(2) partially con­
verged E- and Z-products were observed. Still, prefer­
ence is toward Z-configuration even though thermo­
dynamic stability is expected for ^-configuration. 
Another supporting evidence comes from the observa­
tion of distance in (Z)-2-thiocyanato-3-nitro-2-butene 
in X-ray crystallography where distance between sul­
fur and oxygen of nitro group is much shorter than 
the sum of van der Waals radii of both atoms(2.468 Â 
against 3.25 Â).13) This indicates that there is strong 
attraction between these two atoms since there is a way 
of releasing steric strain such as bending out of plain 
of backbone of the molecule.14a) 

In conclusion, complete conversion to Z-config­
uration in vinylic nucleophilic substitution could be 
observed if there is attractive interaction between the 
activating group of substrate and the nucleophile. A 
corollary of this conclusion is that if there is repulsive 
interaction between these two groups complete con­
version to ^-configuration will be observed. 

Experimental 

Table 1 shows the conditions of reagents used in the 

Table 1. Stereochemistry of the Substitution of Nitro Olefins 

Nucleophile 

NH3 

CH3NH2 

Morpholine 

NaSCN 

p-MeC6H4SH 

Substrate 

£-1, Z-l 
£-1, Z-l 
£-2, Z-2 
£-3, Z-3 
£-4, Z-4 
£-1, Z-l 
£-2, Z-2 
£-3, Z-3 
£-4, Z-4 
£-1, Z-l 
£-2, Z-2 

Solvent 

EtOH 
EtOH 
EtOH 
MeCN 
MeCN 
EtOH 
EtOH 
MeOH 
MeCN 
EtOH 
EtOH 

Reaction 

°C 

0 
0 
0 

25 
25 

0—4 
25 
25 
25 
25 
25 

Conditions 

h 

0.5 
0.5 
0.5 

16 
40 

0.3 
0.6 
0.6 

15 
0.15 
0.15 

Yielda) 

% 

84 
97 
51 
65 
72 
80 
84 
80 
45 
92 
95 

E/Z 

Z 

z 
z 
Z b ) 

z 
z 
z 
Z b ) 

z 
2/3 
1/3 

a) Lower yield was chosen from either £- or Z-substrate. b) The configurations of products 
were confirmed by X-ray crystallography and were completely opposite to the Ref. 9b. 
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nucleophilic substitution reaction, together with the results 
obtained. All products were completely characterized by 
elemental analysis, IR and NMR spectra. Microanalyses 
were carried out on a Perkin-Elmer 240 DS elemental ana­
lyzer. IR spectra were recorded on a Analect FX 6160 
Infrared spectrometer. 1H NMR spectra were measured on 
either a Varian T 60 A or a Bruker AM-200 spectrometer. 

2,3-Dinitro-2-butene (1): This was prepared by the 
reported method7a> except for the work up procedure. The 
reaction mixture was washed with 30% aqueous sodium 
carbonate solution instead of potassium hydroxide. It was 
then put under vacuum and the low boiler (below 65 °C 
under 1 mm Hg, 1 mm Hg«l33.322 Pa) was stripped and 
kept in a freezer at — 20 °C to give white crystalline solid 
which was identified to be Z-isomer in 46% yield. Mp 28— 
29 °C (lit,7c> mp 28—28.5 °C); *H NMR (CC14) ô=2.47 (s); IR 
2896, 1682, 1548, 1435, 1391 cm"1. The blue colored distil­
late was chromatographed on silica gel and purified further 
by recrystallization from 95% ethanol in freezer to give light 
yellow solid melting around 5—10 °C. Bp 70—72 °C (8 mm 
Hg).7c> This was found to be identical with E isomer by 
comparing with authentic sample prepared in different 
method.10) *HNMR (CC14) 2.40 (s); IR 2924, 1545, 1443, 
1383, 1128 cm-1. 

3,4-Dinitro-3-hexene (2): (£)- and (Z)-3,4-dinitro-3-hexene 
were prepared by the reported method7a) except for the work 
up procedure. The reaction mixture was washed with 30% 
aqueous sodium carbonate solution instead of potassium 
hydroxide. It was then put under vacuum and the low 
boiler (below 80 °C under 1 mm Hg) was stripped and kept 
in a freezer at — 20 °C to give light yellow needles which was 
identified to be Z-isomer in 42% yield. Mp 32—33 °C (lit,7a> 
mp 31— 32 °C); *HNMR (CC14) ô=1.24 (t, /=7.2 Hz, 6H), 
2.66 (q, /=7.2 Hz, 4H); IR 2987, 1667, 1544, 1461, 1429, 1362, 
1273, 1202, 1120, 1063, 967, 903, 816 cm"1; MS, m/z (rel 
intensity) 174 (15, M+), 81 (500), 79 (482), 77 (128), 67 (282), 
65 (169). The blue colored distillate was chromatographed 
on silica gel which was found to be identical with E isomer 
by comparing with authentic sample prepared in different 
method.7c> Yield 14%, bp 53—55 °C (1 mm Hg);7c> *H NMR 
(CCU) 6=1.16 (t, /=7.2 Hz, 6H), 2.54 (q, 7=7.2 Hz, 4H); IR 
2986, 1545, 1461, 1438, 1352, 1273, 1119, 1062, 962, 929, 807 
cm"1; MS, m/z (rel intensity), 174(13, M+), 81 (241), 79(167), 
77(78), 67(214), 65(112); 

a,/?-Dinitrostilbene (3): This was prepared by the reported 
method7b> by addition of dinitrogen tetraoxide to diphenyl-
acetylene. (£)-<*,0-Dinitrostilbene, yield 9%, mp 186-187 °C 
(lit,7b> mp 187—188 °C). (Z)-a,0-Dinitrostilbene, yield 15%, 
mp 107—108 °C (lit,7b> mp 108—109 °C). 

a-Iodo-ß-nitrostilbene (4): This was prepared by the 
reported method8) by the addition of dinitrogen tetraoxide to 
tolane and iodine in ether at 20 °C. (E)-a-Iodo-ß-
nitrostilbene, yield 55%, mp 177—179 °C (lit,8> mp 175— 
176 °C). (Z)-a-Iodo-jß-nitrostilbene, yield 12%, mp 115— 
117°C(lit,8>mp 113—114°C). 

General Procedure for the Substitution Reaction (Table 
1): A solution of nitro olefins (10 mmol) in 10 ml of the 
specified solvent was stirred at a specific temperature to be 
dissolved. Into the solution of substrate was added drop-
wise the solution of nucleophile (11 mmol) in 20 ml of 
solvent. The reaction mixture was stirred at the specified 
temperature until all starting material was consumed com­
pletely. Following the standard work-up procedure the 

reaction product was purified by chromatography and (or) 
recrystallization. 

(Z)-2-Methylamino-3-nitro-2-butene: Mp 90—91 °C; *H NMR 
(CDCI3) 0=2.18 (s, 6H, CCH3), 3.10 (d, 7=5.5 Hz, 3H, NCH3), 
11.67 (s, 1H, NH); IR (KBr) 3449, 3108, 2938, 1594, 1509, 
1475, 1424, 1396, 1342, 1216, 1173, 1080, 1022, 904, 820 cm-i; 
MS m/z (rel intensity) 130 (100, M+), 113 (23), 100 (11), 83 
(27), 82 (70), 68 (26), 56 (33), 42 (13); Found: C, 46.2; H, 7.82; 
N, 21.5%. Calcd for C5H10N2O2: C, 46.1; H, 7.74; N, 21.5%. 

(Z)-3-Methylamino-4-nitro-3-hexene: Mp 48—49 °C; *H NMR 
(CDCI3) 6=1.07 (t, 7=6 Hz, 3H, H-1), 1.22 (t, 7=6 Hz, 3H, H-6), 
2.48 (q, 7=6 Hz, 2H, H-2), 2.51 (q, 7=6 Hz, 2H, H-5), 3.15 (d, 
7=5.5 Hz, 3H, NCH3), 11.15 (s, 1H, NH); IR (KBr) 3518, 
3132, 2972, 1601, 1487, 1458, 1434, 1416, 1437, 1211, 1165, 
1069, 1035, 993, 903 cm-*; Found: C, 53.7; H, 8.97; N, 17.6%. 
Calcd for C5H10N2O2: C, 53.1; H, 8.90; N, 17.7%. 

(Z)-o-Morphorino-j8-nitrostilbene: Mp 206—207 °C; *H NMR 
(CDCI3) ô=3.02 (t, 7=6 Hz, 4H), 3.75 (t, 7=6 Hz, 4H), 7.18 
(bs, 5H), 7.40 (s, 5H); Found: C, 69.4; H, 5.81; N, 8.92%. 
Calcd for C18H18N2O3: C, 69.6; H, 5.84; N, 9.02% 

(Z)-2-Thiocyanato-3-nitro-2-butene: Mp 48—49 °C; XH NMR 
(CDCI3) ô=2.38 (s, 3H, H-4), 2.60 (s, 3H, H-1); IR (KBr) 
2936, 2163, 1602, 1493, 1440, 1391, 1365, 1299, 1096, 966, 858 
cm"1; MS m/z (rel intensity) 158 (M+, 25), 72 (31), 69 (16), 59 
(34), 58 (28), 53 (100), 51 (34), 50 (26), 43 (65), 39 (28), 30 (21); 
Found: C, 37.2; H, 3.73; N, 17.7%. Calcd for C5H6N2O2S: C, 
37.9; H, 3.82; N, 17.7%. 

(Z)-3-Thiocyanato^-nitro-3-hexene: Mp 23.5—24 °C; JH NMR 
(CDCI3) 1.20 (t, 7=8 Hz, 3H, H-6), 1.38 (t, 7=8 Hz, 3H, H-1), 
2.76 (q, 7=8 Hz, 2H, H-5), 2.88 (q, 7=8 Hz, 2H, H-2); IR 
(KBr) 2982, 2158, 1597, 1504, 1476, 1463, 1456, 1382, 1312, 
1272, 1116, 1106, 1067, 1052, 1018, 929, 864, 813 cm"1; Found: 
C, 45.2; H, 5.41; N, 15.0%. Calcd for C7H10N2O2S: C, 45.1; 
H, 5.41; H, 15.0% 

(Z)-o-Thiocyanato-j8-nitrostilbene: Mp 188—189 °C; *H NMR 
(CDCI3) 6=7.15—7.30 (m); ^CNMR (CDCI3) 108.9, 128.3, 
128.7, 128.8, 129.5, 130.0, 130.3, 130.9, 134.1 144. 2, 147.7; IR 
(KBr) 2075, 1490, 1295 cm"1; Found: C, 61.4; H, 3.56; N, 9.95; 
S, 11.1%. Calcd for C15H10N2O2S: C, 63.8; H, 3.57; N, 9.92; 
S, 11.35%. 

(E)-2-(p-Tolylthio)-3-nitro-2-butene: lH NMR (CDCI3) 
0=2.04 (s, 3H, methyl), 2.30 (s, 3H, methyl), 2.39 (s, 3H, 
methyl), 7.20 (d, 7=8 Hz, 2H), 7.36 (d, 7=8 Hz, 2H); Found: 
C, 58.9; H, 5.92; N, 5.91%. Calcd for C11H13NO2S: C, 59.1; 
H, 5.86: N, 6.27%. 

(Z)-2-(p-Tolylthio)-3-nitro-2-butene: *H NMR (CDCI3) 
0=1.91 (s, 3H, methyl), 2.32 (s, 3H, methyl), 2.39 (s, 3H, 
methyl), 7.18 (d, 7=8 Hz, 2H), 7.42 (d, 7=8 Hz, 2H); Found: 
C, 59.2; H, 5.88; N, 6.19%. Calcd for C11H13NO2S: C, 59.1; 
H, 5.86; N, 6.27%. 

(E)-3-(£-Tolylthio)-4-nitro-3-hexene: lH NMR (CDCI3) 
0=1.04 (t, 7=7.3 Hz, 3H, H-1), 1.15 (t, 7=7.3 Hz, 3H, H-6), 
2.24 (q, 7=7.3 Hz, 2H, H-5), 2.36 (s, 3H, methyl), 2.89 (q, 
7=7.3 Hz, 2H, H-2), 7.15 (d, 7=7.8 Hz, 2H), 7.26 (d, 7=7.8 
Hz, 2H); IR (neat) 1501, 1313 cm"1; MS m/z (rel intensity), 
251 (84, M+), 221 (80), 177 (35), 163 (100), 123 (32), 119 (43), 
79 (64); Found: C, 62.1; H, 6.88; N, 5.61%. Calcd for 
C11H17NO2S: C, 62.1; H, 6.81: N, 5.57%. 

(Z)-3-(/?-Tolylthio)-4-nitro-3-hexene: Mp 56—58 °C; JH NMR 
(CDCI3); 0=0.97 (t, 7=7.3 Hz, 3H, H-1), 1.15 (t, 7=7.3 Hz, 
3H, H-6), 2.24 (q, 7=7.3 Hz, 2H, H-5), 2.40 (s, 3H, methyl), 
2.72 (q, 7=7.3 Hz, 2H, H-2), 7.27 (d, 7=7.8 Hz, 2H), 7.41 (d, 
7=7.8 Hz, 2H); IR (KBr) 1561, 1294 cm"1; MS m/z (rel 
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intensity) 251 (60, M+), 221 (67), 177 (31), 163 (100), 123 (31), 
119 (50), 79 (93); Found: C, 62.2; H, 6.94; N, 5.82%. Calcd 
for C11H17NO2S: C, 62.1; H, 6.81: N, 5.57%. 
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Synopsis. There has been discussion with regard to the 
effect of the £ value, which is a parameter adopted in the 
Gaussian exponent on the molecular orbital results calcu­
lated by use of a basis set extended by their derivatives with 
respect to f. These results are compared with the effect of 
polarization functions on the molecular orbital results. 

In this work, the basis functions in ab ini t io M O 
calculat ions have been extended by their derivatives 
with respect to the scale factor, £, introduced into the 
Gaussian exponent , such as e_«(^)2. For example, the 
^-derivative of s-type Gaussian function takes a 3s 
orbital form, r2e~a(^)2; that of a p-type Gauss ian func­
tion takes a 4p orbital form, (x,y,z)r2e-a(tr)2. T h e 
types of these derivatives are similar to those of func­
tions included in either six-membered Gaussian d-
orbitals or 10-membered Gaussian f-orbitals, which 
are frequently adopted as polarization functions. A 
compar ison between the results calculated us ing a 
basis set augmented wi th derivatives and polar izat ion 
functions is of great interest. 

In this paper, for example, the first derivatives of the 
s-type Gaussian functions of hydrogen and the s,p-
type Gaussian functions of oxygen for H2O have been 
adopted; the effects of these derivatives on the total 
energy of H2O are discussed. In compar ison with 
these results, p - and d-type Gaussian functions have 
been appl ied as polarizat ion functions referring to 
hydrogen and oxygen; the effects of these functions on 
the total energy are also discussed. T h e above-
ment ioned treatments have been performed for both 
the g round and electronic excited states of H2O. T h e 
electronic excited states ^Bi) of H2O was calculated as 
a single excited configurat ion (lbi—>4ai). 

Much discussion, by Nakatsuji et al.,1) has been 
presented concerning the derivative of the Hartree-
Fock total energy of a molecule with respect to a 
parameter . T h e first derivative of the total energy 
with respect to a parameter, À, is given as follows: 

dE n na d(p\h\q) 
= 2 2 CpiCqiCOi 

OA pq 1 OA 

n n ore J d(pq\rs) d(pr\qs)\ 
+ 2 2 2 CpiCqiCrjCsfiCLij ~ ßij ~ 

pq r.v ij v OA OA ' 

n na d(p\q) 
— 2 2 2 CpiCqj ~~ fi/i, (1) 

pq ij OA 

where cpi and cqi are the coefficients of basis functions, 
Xp a n d Xq> i n the z-th molecular orbital, and coi, otij, ßij 
are coup l ing constants which are dependent on the 
electronic configuration. (P\MQ) a n d {p\q) are one-
electron integrals and (pq\rs) denotes a two-electron 

integral. Sji is a Lagrangian mult ipl ier . 
If operator h is independent of parameter X, Eq. 1 

becomes more compact, 

occ n n Ä occ 
«9£/«9A = 4 2 2 cp, 2 {(P'\Fi\q)cqi-'Z(p'\q)c<lie)i}, (2) 

i p q ) 

where pf represents dxp/dÀ; this term is the AO error 
defined by Nakatsuji et al.1) 

According to a theorem derived by Nakatsuji et al., 
the AO error is decreased by add ing the derivatives 
{dxp/dÀ, d2Xp/dÀ2...} to the basis functions {xp}-

Since £ parameter introduced in this work has no 
relation to h, it follows that the ^-dependence of the 
total energy is decreased by considering the derivatives 
of Gaussian functions with respect to £. 

T h e general expression of the Gaussian function 
used in a basis set is as follows: 

X(lr) = ^dlgl(lr), (3) 
i 

gl{i, r) = NimnXlymzn exp{-a,(£r)2}, 

and 

[ 22('+m+n)+(3/2)(a-£2y+m+n+(3/2) ) , / 2 

Nlmn = \— ! 

U3/2(2/-l)!!(2m-l)!!(2n-l)üJ 

T h i s function is augmented by the following first 
derivative with respect to £: 

dx/dl = Hdi(dgi/dQf (4) 
i 

and 

dgi/dl = -(l/2Q [{(2/+3)(2/+l)}1/W/+2>m>n x'+2y»z» 

+ {(2m+3)(2m+l)}1/W/>m+2>nX/);^+2z" 

+ {(2n+3)(2n+l)}1/W/>m>n+2x^-z»+2] 

Xexp{-a,(£r)2}. 

Computation 

T h e energies of the g round and excited states of 
H2O were calculated us ing H u z i n a g a / D u n n i n g ' s 
(10s6p/5s)/[5s4p/3s] basis sets; severally augmented 
wi th their first derivatives wi th respect to £HS, COS, and 
COP (scale factors for hydrogen s-type, oxygen s- and p-
type functions, respectively). Except for the £ in 
quest ion, the other £ values have been fixed at 1.00. 
Next, the total energy of H2O was calculated us ing 
H u z i n a g a / D u n n i n g ' s basis functions augmented with 
a polarizat ion function. T h e p-type and d-type 
Gaussian functions were adopted as polarization func­
tions for hydrogen and oxygen, respectively. T h e a 
and £ values of the polarizat ion functions were esti-
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Fig. 1-A. Ground-state energy of H2O vs. £HS 
value. —#—: Results calculated with derivative. 
—O—: Results calculated without derivative. 
—A—: Results calculated with p-type polarization 
function. 
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Fig. 1-B. Ground- and excited-state energies vs. £HS 
value. —#—: Results calculated with derivative. 
—O—: Results calculated without derivative. 
—A—: Results calculated with p-type polarization 
function. 
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Fig. 2. Ground- and excited-state energies vs. £os 
value. —#—: Results calculated with derivative. 
—O—: Results calculated without derivative. 
—A—: Results calculated with d-type polarization 
function. 
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- • — * fr­

i l l I I 
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Fig. 3. Ground- and excited-state energies vs. £OP 
value. —#—: Results calculated with derivative. 
—O—: Results calculated without derivative. 
—A—: Results calculated with d-type polarization 
function. 

mated t o b e 1.00. 
T h e electronic excited state (*Bi) of H2O was calcu­

lated by means of a generalized coup l ing operator 
method, proposed by H i r ao and Nakatsuji2 ) and modi­
fied by Ishikawa.3 ) 

In the calculat ions we adopted the following struc­
ture of H2O: Ä O H = 1 . 8 0 Bohra) and Z H O H = 1 0 5 ° (used 
by Ishikawa3 )). 

T h e calculat ions were performed us ing the H I T A C 
M-680H System at the Computer Center of the Univer­
sity of Tokyo . 

Results and Discussion 

T h e ^-dependence of the total energy of H2O are 

a) 1 Bohr=0.529177X10-10m. 

indicated in Figs. 1 to 3 (the values calculated wi th 
and wi thou t the first derivatives are marked with black 
and white spots and the results calculated with polari­
zation functions are indicated by white triangles). It 
should be noted that the total energies given in Fig. 
1-A are ploted with a scale greater than those in other 
figures. 

Regard ing the result for the g round state of H2O 
calculated wi thout derivatives, two energy-minimum 
points were found at £HS=0 .9 and 1.5. T h e total 
energies, however, are —76.02090 Hartree.b) T h e 
m i n i m u m poin t at £HS=0 .9 disappeared u p o n intro­
duc ing the derivatives. T h e total energy calculated 
wi th derivatives at o p t i m u m £HS(£HS)=1.5 is —76.02178 
Hartree. T h e total energies of the g round states at 

b) 1 Hartree=2.62550X106 Jmol- i . 
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o p t i m u m £os and £OP are as follows: —76.02056 Hartree 
at £os and £ O P = 1 . 0 in results wi thou t derivatives; 
-76.02118 at &Ps=1.0 and -76.02172 Hartree at 
£oPp=1.0 in results with derivatives. 

T h e o p t i m u m £ values for excited states are in the 
region 0.8 to 1.1. T h e energies of the excited states at 
o p t i m u m £ values are as follows: —75.77686 at £ H S = 0 . 8 , 
at -75.76151 at &p

s=1.0 and -75.76191 Hartree at 
£OP— 1.1 in results wi thout derivatives; —75.78511 at 
CHS=0.8 , -75.77225 at £°oPs=0.9, and -75.76336 Hartree 
at £OP—0.9 in results wi th derivatives. 

T h e total energies of the g round states calculated 
with a polarization function at the o p t i m u m £ value 
are as follows: -76.04747 at ftPs=1.5, -76.04638 
Hartree at £os and £oPp=1.0. T h e total energies of the 
excited states calculated with a polarization function 
at o p t i m u m £ values are as follows: —75.80078 at 
£ H S = 0 . 8 , -75.78409 at &p

s=1.0, and -75.78445 Hartree 
att°oPP=l.l. 

T h e £HS values (=1.5) calculated with and wi thout 
derivatives for the g round state of H2O coincides with 
Dunn ing ' s report,4* in which the o p t i m u m £Hs is 1.49 
under the following structure: Ron—1.8111 Bohr, 
ZHOH=104°27 ' , and total energy is -76.0207 Hartree. 
For other references, Pople et al. reported that the 
o p t i m u m valence shell scale factors of the 4-31G 
basis functions for H 2 0 are £fe=1.27, gî=1.25 and 
£'o=0.98, £S=0.97,5> and those of LEMAO c ) 6G are 
£ H = 1 . 5 0 5 , £o=0.976 (£ t o t a I=-75.99181 Hartree).6) 

T h e decrease in the {-dependence of the total energy 
by in t roducing derivatives is qui te obvious from the 
fact that the curve is very flat, as indicated by 
Nakatsuji 's theorem. However, by adding the deriva­
tives of the basis functions, there is little effect on the 
total energy of g round state at o p t i m u m £ value. 
These stabilized energies are 0.00088, 0.00062, and 
0.00115 Hartree at ftp

s=1.5, £os=1.0, and &P
P=1.0. It 

can be considered that stabilization of the total ener­
gies at other £ values is caused by the flattness of the 
curves related to the derivatives. 

O n the other hand, by adding the polarization func­
tions to the basic functions, the stabilization energies 
are about 0.025 Hartree in all cases; the shapes of 
curves (£totai vs. £ value) are similar to those calculated 
wi thout derivatives (the o p t i m u m £ values are equal to 
those of cases wi thout derivatives). 

T h e stabilization energies of the excited state (1Bi) 
calculated with derivatives are under 0.01 Hartree at 
the o p t i m u m £ value, which is less than half of stabili­
zation energies (about 0.023 Hartree) referring to the 
polarizat ion functions. 

T h e derivative of an s-type Gaussian function 
takes the 3s orbital form, r2e"«(^)2=(x2+);2+z2)e-«(^)2, 
and that of a p-type Gaussian function takes the 

c) LEMAO: Least Energy Minimal Atomic Orbital. 

4p orbital form, xr2e-<x(tr)2=(x3+xy2+xz2)e-<*(tr)2, 
yr2e-<xm*=(yX2+y3+yZ2)ç-aar)*} a n d zr2e-«(W=(zx2+ 
zy2+z3)e_0!(^)2. These derivatives have little effect on 
the total energy of the g round state of H2O. Proba­
bly, this fact indicates that the H u z i n a g a / D u n n i n g 
basis functions used in this work are sufficient as s-
and p-types basis set for expression of g round state of 
H2O. Otherwise, it seems that those results have 
been obtained by reason of following fact: the expo­
nent of the derivative is equal to that of the original 
function. 

T h e derivative of the s-type Gaussian function 
includes three terms of d(6)-type Gaussian functions; 
those of the p-type Gaussian functions include nine 
terms of the f( 10)-type Gaussian function (as indicated 
above). If these three or n ine terms are employed 
separately, they probably contr ibute to a stabilization 
of the total energy in the same way as do polarization 
functions. 

By adding the derivatives to the basis functions, the 
total energies of the excited state are stabilized by 
about 0.01 Hartree. In contrast to the case of the 
g round state, these results indicate that Huz inaga / 
Dunn ing ' s s- and p-type basis functions are not 
sufficient for expressing the electronic excted state of 
H2O. 

When the derivatives are introduced to the 
basis functions of oxygen there is little variance 
in the ground-state energy in the £os (or £OP) region 
of 0.8 to 1.2. It may be of interest to note in this 
connection that the square root of the ratio between 
the H u z i n a g a / D u n n i n g Gaussian exponents of 
nitrogen and oxygen, (aw/wo)1'2 (—0.87), and the value 
between fluorine and oxygen, (OUY/OUO)1'2 (=1.14), are 
comparable to the region (0.8—1.2) described above; 
also, the coeffients of the Gaussian functions for these 
different a toms almost coinside with one another. 
In other words, it would seem that the basis set 
of oxygen augmented wi th their derivatives may be 
used instead of the basis set for ni t rogen or fluorine in 
a molecule. T h e examina t ion of this quest ion will 
be studied in the future. 
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Synopsis. The crystal and molecular structures of 1-
methyl-3,4-benzo-7-thia-2-azabicyclo[3.3.1 ]non-3-ene 7-oxide 
have been determined on the basis of three-dimensional X-
ray data. The six-membered thiane ring in this novel tri­
cyclic system has been elucidated to adopt a chair-type 
conformation with an axial-axial aza-phenyl substituent 
and an equatorial sulfinyl group. The conformation in the 
solid state was consistent with that previously proposed by 
molecular mechanics calculations. 

T h e reaction of 2-methylquinol ine wi th the methyl-
sulf inylmethanide ion has been demonstrated1* to pro­
duce a novel tricyclic compound , l-methyl-3,4-benzo-
7-thia-2-azabicyclo[3.3.1]non-3-ene 7-oxide (1), in h igh 
yields in addit ion to a small a m o u n t of the expected 
2,4-dimethylquinol ine. T h e chemical structure of 
this unexpected product has been determined1,2* by 
means of elemental analysis as well as mass, infrared, 
and pro ton nuclear magnet ic resonance ^ H N M R ) 
spectroscopies, as shown in Scheme 1. T h e *H N M R 
spectrum had suggested that a probable conformation 
of the six-membered thiane r ing is a boat,1* whereas 
molecular mechanics calculations have predicted the 
chair-type conformer to be more stable in solution.2* 

In order to confirm the conformational details of 
the product , we carried out an X-ray single crystal 
analysis, which revealed that the thiane ring in the 
system adopts the chair form with an equator ia l sul­
finyl in the solid state. These results are reported 
herein, together with the stereochemical aspects of the 
compound . In a pre l iminary study concerning phar­
macological activities, this c o m p o u n d has been 
reported3* to show significant ant ispasmodic, muscle 
relaxant, and anodic effects. 

H H 

CH3SOCH2 

Me 
70°C, 4 h 

^i^ 

Experimental 

Preparation and CD Spectra of 1 Crystals. The synthesis 
and sundry physico-chemical data of 1 have been described 
previously.12* Crystals of 1 obtained by recrystallization 
from benzene seemed to belong to a similar polymorphism. 
Several single crystals were collected for circular dichroism 
(CD) measurements. The CD spectra of the individual 
crystals dissolved in methanol were recorded on a JASCO J-
600 spectropolarimeter. Three types of spectra were obtained 
from each crystal: positive and negative Cotton effects and 
no CD. The typical values of elliptical polarization, [0], at 
304 nm were 2.4X104 and —3.4X104 degree cmVdecimol for a 
positive CD crystal and a negative one, respectively. It was 
thus indicated that natural asymmetric resolution took place 
in the crystallized procedure. 

Crystal Structure Determination and Refinement. A 
crystal of 1 suitable for X-ray testing was picked up without 

Table 2. Final Atomic Parameters and Equivalent 
Thermal Parameters with Estimated Standard 

Deviations in Parentheses 

Atom ßeq/A2 

S 
o 
N 
CI 
C3 
C4 
C5 
C6 
C8 
C9 
C10 
Cl l 
C12 
C13 
CM 
HN 

0.4418(1) 
0.6227(3) 
0.0066(4) 
0.1253(5) 
0.0358(5) 
0.1836(5) 
0.3095(5) 
0.4916(5) 
0.2896(5) 
0.2024(5) 

-0.0859(5) 
-0.0571(6) 
0.0895(7) 
0.2082(6) 
0.0074(6) 

-0.097(5) 

0.05452(8) 
0.1190(2) 
0.0098(3) 
0.0372(3) 

-0.0818(3) 
-0.1540(3) 
-0.1336(3) 
-0.0734(3) 
0.1115(3) 

-0.0687(3) 
-0.1025(3) 
-0.1935(4) 
-0.2647(4) 
-0.2439(3) 
0.0990(4) 
0.053(3) 

0.58376(8) 
0.5780(3) 
0.5405(2) 
0.4507(3) 
0.6016(3) 
0.5804(3) 
0.4870(3) 
0.5181(3) 
0.4843(3) 
0.4041(3) 
0.6866(3) 
0.7483(3) 
0.7293(3) 
0.6448(3) 
0.3717(3) 
0.545(3) 

3.55(2) 
5.36(7) 
3.43(6) 
3.23(7) 
2.78(6) 
2.99(7) 
3.63(8) 
4.11(8) 
3.63(8) 
3.69(8) 
3.44(7) 
4.27(9) 
5.0(1) 
4.07(8) 
5.0(1) 
2.8(9)a) 

Scheme 1. 

a) Refined isotropically. Anisotropically refined 
atoms are given in the form of the isotropic equivalent 
displacement parameter defined as: 

Äcq=(4/3)22fty(fli-«y). 

Table 1. Summary of Crystal Data and Data Collection 

Formula 
MT 

Space group 
a/A 
b/k 
c/k 
V/k* 
z 
Dc/gcm - 3 

Radiation 

C12H15NOS 
219.31 

P2i2i2i 
7.114(1) 

12.251(1) 
12.752(1) 

1111.3 
4 
1.311 

Motfa 

F(0 0 0) 
Temperature/K 
Crystal size/mm 
Scan mode 
Scan width/0 

Scan range/0 

No. of data with | F0 | >3a( | F0 | ) 
No. of variables 

Absorption coefficient/cm-1 

472 
296 

0.27X0.15X0.90 
oj-26 

0.8+0.35 tan 0 
20<5O.O 
1058 
141 

0.036(0.038) 
2.5 
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any intention of selecting stereo-polymorphism. À pale-
purple crystal in the form of a pillar was examined on an 
Enraf-Nonius CAD4 Kappa goniometer using M o ^ a radia­
tion. The preliminary examination established an ortho-
rhombic system with four molecules in a unit cell. A sum­
mary of the crystal data and the intensity collection is given 
in Table 1. Intensity data were corrected for both Lorentz 
and polarization effects, but not for absorption (JU=2.5 cm -1). 

The structure was solved by a direct method and was 
refined by full-matrix least-squares techniques.4) The most 
non-hydrogen atoms could be located in the initial E-map. 
After a few cycles of refinement and difference Fourier 
synthesis, a molecular model consistent with the chemical 
structure was established. The final model utilizing aniso­
tropic thermal parameters for all non-hydrogen atoms and 
fixed (except H-N) hydrogen atoms parameters was carried 
to convergence by repeated least-squares refinements. A 
final difference Fourier analysis was judged to be essentially 
featureless: the largest peak had a height of 0.2 e Â"3 and was 
located near the S atom. 

The final positional parameters with the estimated stan­
dard deviations and the isotropic equivalent temperature 
factors for the refined atoms are given in Table 2. The 
atomic labels are consistent with those in Scheme 1. Indi­
vidual bond lengths and bond angles may be found in Table 
3.5> 

Results and Discussion 

T h e methylsulfinylmethanide ion adduct to 2-methyl-
qu ino l ine generates two asymmetric carbon centers in 
the molecule. T h e CD spectrum of each crystal sug­
gested that the crystals were a mixture of the optically 
active forms (positive and negative at 304 nm) and a 
conglomerate or a racemic form. A crystal chosen for 
the X-ray examina t ion must be either one of the 
optically active forms. With the non-centrosym-
metric space g roup (P2i2i2i) for this crystal, there 
migh t be a possibility to determine the absolute con­
figuration of the two carbons (CI and C5). T h o u g h 
the first molecular model given by the coordinates in 
Tab le 2 converged at an excellent agreement factor of 
R=3.6% after repeated refinements, the other enant io-
m o r p h did also at a lmost the same value. T h i s 
equivocal result may be due to a small contr ibut ion of 
the imaginary term of anomalous scattering factors. 
We abandon further examinat ions of the absolute 
configurat ional analysis on the basis of the present 
data.6) T h e first enant iomeric model plotted in Fig. 1 
shows a (l(R),5(S)) configurat ion as the tentative cho­
ice for the accidentally selected 1 crystal. T h e six-
membered thiane r ing has a chair conformation with 
a p lanar central four-atom tetragon (CI, C5, C6, and 
C8) en la rg ing toward the sulfur side; consequently, 
the eight-membered azathiane r ing displays a boat 
form with the sulfur a tom located at the bow. T h e 
two mean planes of the central four-atoms (Cl , C5, 
C6, and C8) and the aza-phenyl g roup intersect each 
other wi th a dihedral angle of 112.0°. T h e oxygen 
a tom occupies the equator ia l posi t ion in this chair 
conformation. 

In order to numerical ly demonstrate the conforma­
tion and structure, a formal diagram of perpendicular 
displacement from the mean p lane of the central 4-
atoms of the th iane r ing is shown in Fig. 2 (after an 
example for the diazepine rings.7)). Figure 2 also 

provides a Newman projection a long the C1-C8 and 
C5-C6 bonds with the torsional angles in degrees. 
T h e conformation of 1 in the solid state agrees well 
wi th that predicted by molecular mechanics calcula­
tions. 2) 

r Z \ . - ( c O f ^ r n V n CI2 >y-

Fig. 1. Perspective view of 1 with thermal ellipsoids 
at 50% probability and the atomic numbering. 
Octant shading ellipsoids denote the sulfur and 
nitrogen atoms. 

0 

-4-1 

-68 v. 

C5 . ^ 2 ^<yC1 - 1 3 4 
o g 9 1.462(6) 

Fig. 2. Formal diagram of the thiane ring with a 
Newman projection along the C1-C8 and C5-C6 
bonds: Illustrating displacement of each atom from 
the mean plane in units of 0.01 Â (thick letters), 
selected bond lengths in Â, and bond angles in 
degree (inside of the rings). 
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In a crystal analysis, a hydrogen bond between the 
oxygen and ni t rogen atoms of the adjacent 1 mole­
cules was also revealed. T h e intermolecular hydro­
gen bonds make a zigzag chain arrangement a long the 
a-axis. T h e rather longer atomic distance of 3.079(5) Â 
between O and N ' ( l + x , y, z) suggests a smaller l imit 
(ca. 10 k j m o l - 1 ) of the stabilization energy of the 
general hydrogen bonds. T h e hydrogen bonds in the 
solid state may not drastically change the stable con­
formation of the isolated molecule, since the free-
energy difference between the chair and twist-
boat forms has been calculated to be more than 25 
k j mol_ 1 .2 ) T h u s , the molecular conformation in the 
solid state must be main ta ined in the same way as in 
solut ion or in the isolated state, as has been predicted 
by molecular mechanics calculations. 

T h e axia l -axia l subst i tuent of the aza-phenyl g r o u p 
comprised 9-atoms (N, CI , C3, C4, C5, CIO, C i l , C12, 
and CI3), showing a perfect planari ty with the maxi­
m u m deviation of 0.03 Â of C5 from their mean plane. 
With this planari ty, the shortened C - N bond length 
(1.382 A for C3-N) and the in-plane hydrogen posi t ion 
indicates the sp2 hybrid character, i.e. a double-bond 
nature of the ni t rogen atom. 

All of the other bond lengths, bond angles, and 
thermal ellipsoids in the molecule are usual when 
compared with the s tandard values8) and the related 
molecular structures reported.9) 

K. H a t a n o thanks Dr. Yoichi Iitaka, Emeritus Pro­
fessor of the University of Tokyo, for a helpful discus­
sion concerning the absolute structure determination. 
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Synopsis. MgO pretreated at ca. 823 K in vacuo showed 
the highest catalytic activity for an isotope equilibration 
reaction, 2HD=H2+D2 , at 195 K. This reaction proceeds 
through an interaction of dissociatively adsorbed hydrogen 
on a pair site consisting of lowly coordinated ions, Mg|+ 
-OLC> w ^ t n a residual O H - at the nearest lattice position. 

Boudar t et al.1* found that MgO could catalyze an 
H2-D2 isotope-exchange reaction, even at 77 K, and 
proposed that the active site for this reaction com­
prised a specific site, ( 0 _ )3 , wi th a nearby O H - . 
Since this f inding, many investigators in both theoret­
ical and experimental fields have become interested in 
this topic and have suppor ted the above mechanism.2 ) 

O n the other hand, recent experimental3 - 5) and theo­
retical6-8) work has revealed that MgO is able to het-
erolytically dissociate H2 into H - and H + . In this 
case, lowly coordinated surface ions, O L C (and 
Mgit:)> bu t not O - , play a central role. If the H - (or 
H + ) , thus produced, interacts with either H + (or H - ) 
ar is ing from another similarly-adsorbed hydrogen 
molecule or a residual surface O H - , the H2-D2 
exchange reaction may proceed. Recent theoretical 
studies based on the ab ini t io method have suppor ted 
this view.6 - 8 ) T h e present paper gives experimental 
evidence for par t ic ipat ion of a heterolytically disso­
ciated hydrogen species in H2-D2 exchange on MgO at 
low temperatures. 

Results and Discussion 

T h o u g h the catalytic activity for the equi l ibrat ion 
reaction was below the detectable l imit at 77 K, the 
reaction was observable at 195 K. Table 1 shows the 
variat ion of / as a function of the reaction temperature 
observed on MgO pretreated at 823 K, indicat ing that 
at 273 K the reaction already proceeds near to equi­
l ibr ium under the experimental condit ions used. 
T h e pretreatment temperature markedly influenced 
the catalytic activity and, as shown in Fig. 1, pretreat­
ment at a moderate temperature of a round 823 K gave 
the highest activity; this is consistent with Boudart 's 
results.1) 

Figure 2 shows the time course of the deuter ium 
concentrat ion in the exit gas du r ing H D flow at 195 K, 
indicat ing that it was initially low but gradually 

Table 1. Reaction Temperature Dependence of f] 

Reaction temp/K / 
77 

195 
273 
343 

0.0 
0.43 
0.88 
1.0 

a) MgO-JM (0.31 g, SSA 61 itfg-1) pretreated at 823 K. 

Experimental 

The main catalyst used was MgO-JM, supplied by 
Johnson-Matthey Chemicals, with specific surface areas 
(SSA) of 61 —133 m 2g _ 1 after use. Another sample, MgO-
JRC-2, supplied by The Catalysis Society of Japan, was also 
used. The latter had a larger SSA of 356 m 2g _ 1 after use. 
The catalysts were always pretreated in vacuo at prescribed 
temperatures of 673—1123 K before each run and the same 
sample was repeatedly used in a series of runs. H2 and D2 
(Takachiho, >99.999 and >99.5 mol%, respectively) and HD 
(Merck Sharp & Dohme, 98 atom% D) were used through a 
trap at 77 K. An equilibration reaction of 2HD=H2+D2 
was carried out in a flow system by feeding HD gas at ca. 0.1 
Pa over MgO at low temperatures. Isotopic composition of 
the exit gas was monitored by an ANELVA-AGA-100 quad-
rupole mass spectrometer at a prescribed interval. A rela­
tive rate constant, k, for the above reaction was estimated by 
an equation, k=—In (1— /), where / is the exchange fraction, 
defined as {([HD]r[HD]o)/([HD]r[HD]e)), and [HD]i, 
[HD]0, and [HD]e are molar fractions of HD in the inlet and 
outlet gases and a completely equilibrated mixture, respec­
tively. When the reactant HD was diluted in the deuterium 
concentration with surface O H - during the reaction, [HD] 
was corrected for this dilution. 
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Fig. 1. Pretreatment temperature dependence of k at 
195 K on MgO-JM (0.39 g, SSA 133 m2g-\ ) and 
MgO-JRC-2 (0.30 g, SSA 356 m2g~\ ). 
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increased and approached a value of the reactant HD 
(47.9%). This strongly suggests that surface OH~ 
takes part in the HD equilibration. The amounts of 
OH", noH, remaining after the pretreatment in vacuo 
were estimated by admitting a dose of D2 onto the 
surface at 373 K. With an increase in the pretreat­
ment temperature, non was monotonously, but remar­
kably, decreased in accordance with Anderson's 
results.9) The MgO-JM (0.39 g, SSA 100 m2g~1) pre-
treated at 823 K gave a value of 82X1016 mr2 for non. 

On the other hand, H2 is known to adsorb with 
heterolytic dissociation on a pair site consisting of 
Mgic-Of,c-3~5) At least seven kinds of adsorbed 
species, W,- (i=2—8), of which adsorption states were 
fundamentally similar one another, were produced 
upon adsorption below room temperature.5) Among 
them the most abundant species, W2, was partly 
reversible at 195 K,5> which was a temperature mainly 
used in the present HD equilibration. The numbers 
of W2 sites, nw2, estimated from the saturated adsorp­
tion amount, have already been reported to monoto­
nously increase with an increase in the pretreatment 
temperature.5) A value of 0.7X1016 mr2 was obtained 
for the present MgO-JM (0.39 g, SSA 133 m2^-1) 
pretreated at 823 K. 

We now consider the role of the adsorbed hydrogen 
species for the equilibration reaction. First, the W* 
sites (especially W2 in the present case) seem to be 
isolated from each other, since an H-D exchange 
between two HD molecules adsorbed on two W* sites 
is substantially negligible at 195 K, as has already been 
reported.10) If two W; sites were actually present in 
the nearest lattice position, an H-D exchange on these 
sites would be possible (as has already been pointed 
out by us based on ab initio MO calculations7)). Note 
that the surface migration of adsorbed W2 species 
requires a relatively high activation energy.7) No sig-

1 2 
Elapse time/h 

Fig. 2. Time course of deuterium concentration in 
the exit gas during HD flowing at 195 K over MgO-
JM (0.39 g, SSA 133 mag"1) pretreated at 823 K. 
The abscissa indicates elapse time after starting HD 
flowing. 

nificant contribution from the two nearest sites was 
also supported by the results obtained in this study 
that molar ratios among H2, HD, and D2 in the gas 
desorbed at 195 K in a TPD run after HD adsorption at 
77 K were the same as those in the original HD. 

Second, it is pointed out that an H-D exchange 
between an HD molecule adsorbed at a W,- site and a 
residual O H - present at the neighboring position 
becomes possible when this adsorbed molecule is 
again desorbed. This is revealed by the TPD curves 
shown in Fig. 3, where H2 was adsorbed at 77 K on the 
surface with either residual OH" or OD". The 
desorption rate of m/z=3 from the W2 species formed 
on the H2/OD- surface was higher than that on the 
H2/OH- surface by ca. 15%, while both the surfaces 
showed almost the same desorption rates for m/z=2. 
This difference for m/z=3 indicates that a small 
amount of HD was desorbed from the H2/OD- sur­
face. Since no H-D exchange could occur during the 
adsorption at 77 K, it is believed that this HD was 
formed between H~, produced by H2 adsorption, and 
OD", previously present on the surface, upon their 
desorption from a W2 site. This means that only the 
Wi species which is reversible at the reaction tempera­
ture (e.g., W2, or more strictly a part of W2, for the 
reaction at 195 K) can take part in the HD equili­
bration: 

H+ D+ H- H+ 
02

Lc-Mg2
LJ-62

Lê + HD - b k - M g & - 6 s 

D+ 

>6i 2Lc-Mg2
L£-02c + H2. 

200 300 

Desorption temp./K 
400 

Fig. 3. TPD curves of hydrogen which were pro­
duced by H2 adsorption at 77 K on MgO-JM (0.31 g, 
SSA 61 n^g"1) with residual OH" ( ), and OD" 
( ), respectively. The MgO was pretreated at 
823 K. (Note that m/z=3 from H 2 /OH" surface is 
due to H34" ions, while that from H2/OD~ is due to 
H 3

+ a n d H D + . ) 
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400 

Desorptlon temp./K 
600 

Fig. 4. TPD curves of D2 from the MgO-JM surface 
(0.31 g, SSA 61 m2g~1) which was covered with D2 
adsorbed at 195 K, evacuated at the same tempera­
ture, and finally exposed to H2( ) and He ( ), 
respectively. The MgO was pretreated at 823 K. 
(Note that a considerable part of W2 species is 
irreversible at 195 K.) 

T h i s view is suppor ted by the T P D curves shown in 
Fig. 4, where either H2 or He (as a reference) was 
admit ted at 195 K on to a surface which had been 
covered with D2 irreversibly preadsorbed at this 
temperature. T P D curves of m / z = 4 from both sur­
faces were the same, indicat ing that no exchange 
reaction between gaseous H2 and irreversibly adsorbed 
Wz, i.e., D " or D + , was possible, even if there was a 
ne ighbor ing O H " . T h e proposed mechanism illus­
trated by the above reaction scheme has also been 

supported theoretically.6) 
We can at least quali tat ively understand, based on 

the porposed model, the dependence of k on the pre-
treatment temperature shown in Fig. 1. T h i s model 
indicates that k should depend on both HÖH, which 
monotonous ly decreases wi th an increase in the pre-
treatment temperature, and nw2, which monotonously 
increases; hence, k has a m a x i m u m at a moderate 
pretreatment temperature. Al though the proposed 
mechanism well explains the observed results, minor 
cont r ibut ions from other mechanisms,1 '7-8) which also 
lead to H D equi l ibrat ion, may be allowed. 
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Synopsis. Variable Temperature 13C MAS and 59Co NMR 
data on solid Co4(CO)i2 show that there is a symmetry 
conserved reorientation of the C04-tetrahedron which is 
more restricted than has been reported previously whereas 
the room temperature 13C MAS NMR spectra of Rh4(CO)i2 
and (NMe3Bz)2[Rh6(CO)iöC] are consistent with their solid 
state static structure. 

Co4(CO)i2 and Rh4(CO)i2 undergo fast carbonyl 
exchange in solution.1'2) In the solid state, the reported 
13C MAS N M R spectra of Co4(CO)i2 are surprisingly 
different3'4^ and, a l though variable temperature mea­
surements indicated some fluxionality, the exact 
mechanism of CO a n d / o r Co mot ion is still con­
fused.3-5) In order to gain further insight into this 
problem, we report variable temperature 13C and 
5 9 C o N M R data for solid Co4(CO)i2 which show that 
there is restricted mot ion of the Co4-tetrahedron. 
These data are more consistent wi th reorientation of 
the C04-tetrahedron about the C3-axis incorporat ing 
the apical Co rather than the interconversions pro­
posed previously.3 - 5) We also report room tempera­
ture 1 3 C M A S N M R spectra of the related cluster 
Rri4(CO)i2, and for compar ison, because there are 
presently no reports of 13C N M R spectra in the solid 
state of tetra- and higher-nucleari ty carbonyl clusters 
which do not exhibit fluxionality in solution, 
(NMe3Bz)2[Rh6(CO)i5C]; bo th spectra are consistent 
wi th their solid state structures and their static 
1 3 C N M R spectra in solut ion. Unfortunately, it was 
impossible to measure the 1 3 C M A S N M R spectra of 
Rri4(CO)i2 at higher temperature because of the extremely 

Table 1. Comparison of Solution and Solid State 13CO NMR Data 

Cluster 

(NMe3Bz)2[Rh6(CO)i5C] 

Assignment6'9) 

Bridge (A,A')a) 

Bridge (B,B')b) 

Terminal (C) 

<5(CO)/ppm (V(Rh-CO)/Hz) 

Solution6'9) 

235.4(51.4) 

224.0 (30.5) 

196.9 (79.3) 

Solid 

242.7 (45.0) 
239.1 (45.0) 
231.4 
223.0 
197.7 (75.5) 

Rh4(CO)i2 Bridge (A,A') 228.8(35) 228 (ca. 31) 
226 (ca. 41) 

Apical (B,B') 181.8(64) 183.4 (62.6) 
179.2 (62.8) 

Radical (C,C) 183.4(75) 184 (ca. 85) 
182.6 (ca. 75) 

Axial (D.D') 175.5(62) 175.4 (62.7) 
173.3 (62.7) 

long collection times (Ti>3000 s at room temperature) 
wi th associated decomposi t ion to Rh6(CO)i6. 

In solut ion, [Rh6(CO)i5C]2~ is static at all tempera­
tures and the 13C N M R spectrum contains 2 br idging 
CO resonances in the ratio 3 : 6 due to inter- and intra-
t r iangular b r idg ing CO's respectively and a terminal 
resonance wi th relative intensity 6 consistent wi th the 
D3d symmetry (Table 1).6) In the solid state,7) this 
symmetry is reduced to C2 giving rise to the following 

•W**ft J S// !\M*rv*f*ypikt^^ 

ppm 

Fig. 1. The 13CMASNMR spectrum of solid 
(NMe3Bz)2[Rh6(CO)iöC] at room temperature at 
50.3 MHz. All the measurements in this study 
have been carried out by using a Bruker MSL-200 
pulsed spectrometer. 

a) Inter-Rri3-triangular. b) Intra-Rri3-triangular. 
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232 23S 228 22b 22* 

ppm 

ppm 

Fig. 2. The 13C MAS NMR spectrum of solid 
Rh4(CO)i2 (ca. 20% 13CO) at room temperature. 

inequivalent CO's: intra-triangular 1: 2, inter-triangular 
2 :2:2 , terminal 2:2:2. Figure 1 shows that the observed 
low field resonance is clearly as expected with some 
coincidence in the inter-triangular resonances and the 
terminal CO's give only one sharp doublet. Never­
theless, it is possible to rationalize the solid state 
spectrum of [Rh6(CO)i5C]2- by consideration of just a 
single molecule in the unit cell, together with the 
local symmetry, and the values of both ô(13CO) and 
/(Rh-CO) are similar in solution and the solid state 
(Table 1). 

For Rh4(CO)i2, the low temperature spectrum in 
solution consists of 4 equally intense resonances due 
to the bridge, apical, radial and axial CO's which have 
been assigned by comparison with the 13C-{103Rh} 
decoupled spectra of phosphite substituted derivatives 
of Rh4(CO)i2 (Table 1).9> Although the X-ray struc­
tural determination of Rh4(CO)i2 was complicated by 
twinning,10) consideration of a single Rh4-tetrahedron 
within the unit cell shows that there is a pseudo-plane 
of symmetry (incorporating the edge M1M3 and mid­
point of M2-M4 in Fig. 3 of Ref. 10). As a result, each 
of the 4 sets of CO resonances observed in solution 
could reasonably be expected to be duplicated in the 
solid state in the ratio 1:2. Inspection of Fig. 2 ar 

**H*A 

_L _L _L 

ppm 
Fig. 3. The ~13CMASNMR 

Co4(CO)i2 (ca. 20.2% 13CO) 
temperature. 

spectra of solid 
as a function of 

Table 1 is consistent with such an explanation and 
clearly show that, at room temperature, Rri4(CO)i2 is 
not fluxional. 

The temperature dependent 13C MAS NMR spectra 
(50.3 MHz) of solid Co4(CO)i2 are shown in Fig. 3 
and Table 2 lists the peak positions, we find at low 
temperature which are compared with data previously 
reported.3'4^ We have no explanation for the widely 
different values of ô(13CO) in Table 2, but in view of 
the data in Table 1, we are confident of our data on 
Co4(CO)i2. However, unlike the spectra of the rho­
dium clusters, it is impossible to make precise assign­
ments for Co4(CO)i2 because the resonances are broad 
due to 59Co-13C dipolar coupling. Nevertheless, the 
bridging CO resonance (225 ppm) is clearly visible 
even at 348 K which suggests that there is no exchange 
of bridge/terminal CO's at this temperature; the 
broadening of the 13CO resonances with increasing 
temperature can be attributed solely to the motion of 
the C04-tetrahedron (vide infra) which is better deter­
mined through 59Co NMR measurements. 

As found in solution,11) the 59CoNMR spectrum 
consists of 2 resonances in the ratio 1:3 due to the 
apical and basal Co's respectively. With increasing 

Table 2. Solution and Solid State ô (13CO) NMR Data 
on Co4(CO)i2 Attributed to the Static Structure 

Bridge 

Terminal 

Solution 
Ref. l l a ) 

243.1 

ca. 200—205 
195.6 
191.7 

Ref. 3b) 

213.2 
189.8 
170.8 
158.2 

Solid 

Ref. 4C) 

244.9 
236.1 
206.2 
199.3 
184.9 

This workd) 

229.3 

198.4 
192.4 
183.7 
178.9 
175.0 
163.8 

Measurements at: a) 100.6 MHz, 
MHz, d) 50.3 MHz. 

b) 22.6 MHz, c) 68 
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Table 3. 

T/K 

Apical 
Basal 

Solution and Solid State ô (59Co) NMR 
Data on Co4(CO)i2

a) 

Solutionb) 

298 106 

-715 -766 
-2065 -1500 

Solidc) 

295 351 

-715 -671 
-1125 -973 

a) The shifts are relative to the 59Co resonance of 
aqueous K3[Co(CN)e]. b) Ref. 11. c) This work. 

-1500 

g -1000 

-500 

O o 
O O Q 

1 „ I . 1 I I J -J I I I, t I 
100 200 

T/K 

300 

Fig. 4. Temperature dependence of <5 (59Co) for solid 
Co4(CO)i2 with respect to K3[Co(CN)e] at 47.2 MHz; 
(positive values of ô are to high frequency) • basal 
Co; O apical Co. 

temperature, there is a dramatic shift in ô(Cobasai) whereas 
ô(Coapicai) effectively remains unchanged (Table 3 and 
Fig. 4). Because of this coalescence, it is almost 
impossible to obta in separate relaxation times for the 
apical and basal Co a toms at different temperatures. 
However, it was found that the apparent width of a n/2 
pulse for Coapicai is m u c h shorter than that for the 
Cobasai. T h i s leads to that the quadrupo le coup l ing 
constant (e2Qq/h) of Coapicai should be larger than 
e2Qq/h of Cobasai.12) In addition, for nuclei with 1=1/2, 
the recovery of magnet izat ion always consists of at 
least two components . It is clear from the measured 
59Co spin-lattice relaxat ion time, which mus t be domi­
nated by the basal Co's, that there are two components 
and both show a sharp decrease above 250 K (Fig. 5) 
due to fluctuations in electric field gradient induced 
by some reorientat ion. Th i s mot ion (activation 
energy 40±5 k j mo l - 1 ) wi th rc—0.1 —10 ms is compara­
ble to the 13CO linewidths and is sufficient to account 
for the l ine-broadening in Fig. 3. Since coalescence 
of b r idge / te rmina l carbonyl resonances has not been 
observed and because of the dependence of ô(59Co) 
wi th temperature, these data are more consistent wi th 
only a symmetry conserved reorientation of the C04-
tetrahedron about the C3-axis incorpora t ing Coapicai. 

Fig. 5. 59Co T\ vs. l/T; O short component, • long 
component. T\ was determined by the inversion 
recovery method. 

T h e above data does not suppor t any of the previous 
proposals based on complete CO-exchange, rotat ion 
about four three-fold axes of the C04-tetrahedron or 
rotat ion about the C2-axis associated with the disorder 
in the crystal. 

We thank the SERC and the I ranian Government 
for Financial suppor t (to S.K and J.S. respectively). 
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Synopsis. Ammonium hexachloromolybdate(III) (NH4>3-
[MoClô] was obtained by a tin metal reduction of ammo­
nium molybdate in high yield (80%). The X-ray structure 
was determined. Crystal data: tetragonal system, space 
group P42/m, a=8.822(3) Â, c=7.271(2) A, F=565.9(3) A«, 
Z=2, Ä(Äw)=3.35(5.47). Two independent Mo-Cl dis­
tances (2.439(2) and 2.451(1) A) exist. 

Hexachloro- and aquapentachloro-molybdate(III) 
complexes are impor tan t for unders tanding the basic 
chemistry of Mo(III) and for prepar ing other Mo(III) 
complexes (e.g. [Mo(H20)6]3+).1) Some chemical and 
physical studies on [MoClô]3" ion have also been 
reported.2) 

Several methods have been used to obtain [MoClô]3" 
a n d / o r [MoCUfKfeO)]2-: 1) electrolytic reduct ion of 
M0O3 in concentrated hydrochloric acid;3) 2) oxida­
tion of tetrakis(jLt-acetato)dimolybdenum, Mo2(C>2-
CCH3)4, in concentrated hydrochloric acid;4) 3) reduc­
tion of M0CI5 by SnCi2;5) and 4) subst i tu t ion reaction 
of Mo(III) complexes.6) Method 1 requires an electro­
lytic appara tus and complicated procedures, and the 
yield is not very high. T h o u g h method 2 is simpler 
than method 1 and gives good yield, the start ing 
material , Mo2(02CCH3)4, is rather expensive com­
pared to molybdate and must be prepared from 
Mo(CO)6. T h e start ing material for the method 3, 
M0CI5, is also expensive. 

We report here a very facile preparat ive method of 
a m m o n i u m salt of hexachloromolybdate(III) . Al­
though the X-ray structure of K3[MoCl6] had been 
determined (R=ll%),7) it is worthwhi le , we thought , 
to determine the structure of [ M o d o ] 3 " more precisely; 
the X-ray structure of ( N H ^ f M o C U ] is also described. 

Exper imenta l 

Preparation of Ammonium Hexachloromolybdate(III), 
(NH^MoCU] . A five-gram (4.05 mmol) quantity of 
(NH4)6Mo7024 • 4H2O was dissolved in concentrated HCl 
(100 mL) in an Erlenmeyer flask. Then, tin metal (shot, 20 
g) was added to the flask, and the loosely stoppered flask 
heated in a boiling-water bath for ca. 8 min with vigorous 
stirring. The color of the solution turned to deep red 
brown via yellow green, deep green, and red brown. After 
further heating for 3 min, NH4CI (5.0 g) was added to the 
flask and dissolved by additional heating (2 min). The 
solution was then cooled in an ice-bath for 1 min and 
filtered with a sintered-glass filter. The filtrate in an 
Erlenmeyer flask was ice-cooled and a fairly vigorous stream 
of gaseous hydrogen chloride was bubbled through the 
solution until saturation; the flask was tightly stoppered. 
The solution was kept in a refrigerator for one day; red 
crystals were collected by filtration and washed with 
methanol, then dried in a vacuum desiccator: Yield 6.9 g (ca. 
68%). Anal. Calcd for (NH4)3[MoCl6]: Mo, 26.44; N, 11.58; 
H, 3.33%. Found: Mo, 26.4; N, 11.45; H, 3.38%. The filtrate 

Table 1. Atom Coordinates for (NH4)3[MoCl6] 

Atom 

Mo 
Cl(l) 
Cl(2) 
Nl 
N2 

X 

0.5 
0.7670(2) 
0.4436(1) 
0.5 
0.0838(7) 

y 

0.0 
0.0716(2) 
0.1892(1) 
0.5 
0.2638(7) 

z 

0.0 
0.0 
0.2373(1) 
0.0 
0.0 

contained an appreciable amount of Mo(III) species. Upon 
the addition of ethanol (ca. 25 mL), followed by HCl gas 
introduction, the filtrate gave an additional product after 
several day's storage in a refrigerator; yield ca. 1.2 g (12%). 

Structure Determination of (NH4MM0O6]. Crystal data: 
F. W.=362.77, tetragonal, space group P42/m, a=8.822(3), 
c=7.271(2) A, F=565.9(3) A», Z=2, dcaicd=2.129 gem-*, 
dobsd=2.12 gcm-3, crystal size/mm=0.20X0.18X0.17, X 
(Mo£<*)=0.71073 A, /x (Mo£<*)=25.1 cm"1. The intensities 
were measured on Rigaku AFC-6A: scan method, a> 
(20<3O°), co-20 (20>3O°); scan speed, 2 degmin"1; scan 
range, 1.20°+0.5 tan0°; background measurement, 5 s; max 
20 value, 60°; total no. of reflections, 994; no. of unique data 
(|Fo|>8a|Fo|), 735; no. of variables, 30. No correction was 
made for absorption. The structure was solved by 
SHELXS-868) and refined by full matrix least-squares 
methods. The function minimized was S^d^oHFcl) 2 , 
where w=l/[o2(\F0\)+^F0\

2]; g=0.001. The final R(Rw) 
value was 3.35(5.47), where Äw=[2>(|F0\-\Fc\)

2/2>|F<>|2]1/2. 
No attempt was made to locate the hydrogen atoms. The 
atomic coordinates are listed in Table 1.9> The computa­
tions were performed, as described before.10) 

Results and Discussion 

Preparation and Properties. T h i s method employs 
a reduct ion of a m m o n i u m molybdate by tin metal in a 
concentrated hydrochloric acid solution, followed by 
the addi t ion of NH4CI, which requires no air-free 

300 400 500 600 

Wavelength/nm 

700 

Fig. 1. Electronic spectra of (—) [MOCIÔ]3" in con­
centrated HCl under a dinitrogen atmosphere, 
( ) as above but with a small amount of air. 
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C l ( l ) 

C l ( 2 ) 

C l ( 2 ) Mo 

C l ( 2 ) ' 

C l ( 2 ) 

C l ( l ) ' 

Fig. 2. Perspective vierw of [MOCIÔ]3" showing the 
atom labeling scheme. The primed atoms are 
related to the unprimed ones by symmetry. 

Table 2. Atomic Distances(<4.0 Â) and Angles(deg) 
for (NH4)3[MoCl6]

# 

Mo-Cl(l) 
Mo-Cl(2) 
Cl(l)-N(2)a) 

Cl(l)-N(2)b) 

Cl(l)-N(2)c) 

Cl(2)-N(l) 
Cl(2)-N(l)c) 

Cl(2)-N(2) 
Cl(2)-N(2)c) 

Cl(2)-N(2)d) 

Cl(l)-MO-Cl(2) 
Cl(2)-MO-Cl(2)e) 

2.439(2) 
2.451(1) 
3.269(6) 
3.239(6) 
3.647(6) 
3.278(1) 
3.379(1) 
3.672(6) 
3.343(6) 
3.459(6) 

91.12(4) 
90.53(5) 

# Symmetry operations a) x+1.0, y, z. b) — x+l.O, 
—y, z. c) —y+1.0, x, z+0.5. d) y, —x, z+0.5. e) — x, 
-y,z. 

technique; the yield was h igh (totally 80%). T h e use 
of sod ium molybdate instead of a m m o n i u m molyb-
date gave a somewhat impure product (probably due 
to con tamina t ion of NaCl) . Compounds M0O3 and 
H2M0O4 dissolve only little in concentrated H C l and 
are inadequate . T h e solid is stable in air; the solu­
tion, however, is air-oxidised, as has been described 
previously.3 '4) Somewhat different electronic spectra 
have been reported for [ M O O O ] 3 " , 2 , 1 1 * and our spec­
t rum (Fig. 1) in the visible region {/Lax, n m (a, mo l " 1 

d m 3 c m - i ) 419 (4 L5)^ 5 2 3 (30.6), and 677 (1.5)} 

obtained in a concentrated H C l solut ion is very sim­
ilar to the reported values in Refs. 2a and l i a . A very 
small a m o u n t of air causes a spectrum change at 
a round 310 n m (as shown in a dotted line in Fig. 1); 
however, the a values of the three peaks change little. 

Structure of (NH4MM0O6]. T h e structure of the 
an ion [MoClô]3" is shown in Fig. 2, and the a tomic 
distancés and angles are collected in Table 2. Molyb­
denum a tom is located on a symmetry-fixed posi t ion 
wi th a site symmetry of 2 /m; Cl(l) is on a mirror 
plane. Therefore, only two independent Mo-Cl dis­
tances exist. T h e mean Mo-Cl distance (2.445[8] Â) 
is nearly identical to that (2.447[24] Â) of K3[MoCl6];7) 

each Mo-Cl distance of the latter is relatively widely 
scattered, t hough (2.427(5)—2.486(6) Â). 

T h e authors thank Mr. Masaki Misumi for he lp 
wi th the preparat ive work. Suppor t of this research 
by a Grant- in-Aid for Scientific Research No. 
62470043 from the Ministry of Educat ion, Science and 
Cul ture is gratefully acknowledged. 
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Synopsis. 7>ans-[NiBr2L](L= the titled macrocyclic 
ligand) dissolves in freshly purified chloroform containing a 
very small amount of water to give an equilibrium mixture 
between the low-spin four coordinate and the high-spin six 
coordinate complexes. High temperature favors the high-
spin form. This is opposite to the well-known behavior of 
equilibria in H2O between low-spin four coordinate and 
high-spin six coordinate nickel(II) complexes with similar 
tetraaza macrocyclic ligands. Trace water in chloroform 
facilitates the formation of the low-spin species. 

It has been reported that the titled tetraaza macrocy­
clic l igand (hereafter abbreviated as L) forms two types 
of complexes wi th NiX2 (X=C1" and Br"), orange 
dihydrate ( [NiL]X2-2H20) and violet anhydride 
trans-[NiX2L].r'2) T h e former is a square p lanar four 
coordinate complex hav ing a singlet g round state 
(low-spin form), whereas the latter is a pseudo-
octahedral complex hav ing a triplet g round state 
(high-spin form). T h e two complexes, [NiL]X2 • 2H2O 
and [NiX2L], are interconvertible in the solid state as 
in Eq. 1. 

moisture 

U-J 
+ 2H20 (1) 

0 — H - 1 i yir 

In Eq. 1, are shown schematic X-ray structures of 
the orange dihydrate, [NiL]X2-2H20, 3 ) and the violet 
anhydride, trans-[NiX2L].4) T h e solid orange dihy­
drate is converted u p o n hea t ing to the violet anhy­
dride th rough losing water of crystallization. Con­
versely, the solid violet anhydride reverts to the orange 
dihydrate unless the anhydride is carefully protected 
from moisture. T h e AH values for the dehydrat ion 
reactions have been reported to be ca. 100 k j m o l - 1 , 
which is as large as that for the sol id-vapor equi l ib­
r ium in water where s t rong hydrogen-bonds operate 
in the ice state.2) In the dihydrate, neither halide ion 
nor water coordinates to the Ni(II) ion. Instead, 

"hydrogen-bonded chelate r ings ," 3) comprized of the 
secondary amine groups , water molecules, and halide 
ions, have been formed. T h e hydrogen bonds are 
strong enough to prevent the coordinat ion of water 
and halide ion. 

All the above results indicate that water molecules 
in the vicinity of the central Ni(II) ion play an impor­
tant role on the coordination mode, viz. on the molecu­
lar and electronic structure of the complex. T h e 
presence of water causes a decrease in the coordinat ion 
number , shor tening of the N i - N distance, and the 
singlet g round state. In this note, we report a similar 
p h e n o m e n o n observed in the solut ion state. 

Results and Discussion 

Figure 1 shows temperature dependent electronic 
spectra of tr ans-[NiBr2L] in freshly purified chloro­
form which contains 4.7 1T1MH2O added on purpose 
(M—mol d m - 3 ) . T h e spectral change is reversible and 
has isosbestic points at 408 and 564 nm, showing that 
two species coexist in equi l ib r ium in the solution. 
J u d g i n g from the spectral patterns of these types of 
complexes, which have been studied in detail,5) the 
bands a round 361, 534, and 670 n m are due to the six-
coordinate h igh-spin form (tr ans-[NiBï2L]), whereas 
the band a round 500—520 n m is due to the four-
coordinate low-spin form ([NiL]2 +) and is largely 

400 500 600 
Wavelength/nm 

700 

Fig. 1. Electronic absorption spectra of trans-
[NiBr2L] in a chloroform solution containing 4.7 
mM H 2 0 at various temperatures (K): (1) 284.5, (2) 
294.9, (3) 301.1, (4) 308.2, and (5) 323.1. The con­
centration of the complex is 10.0 mM. 
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overlapped with a component of the high-spin spe­
cies.6) In fact, a diffuse reflectance spectrum of solid 
*7Yms-[NiBr2L] shows bands at 365 (shoulder), 545, and 
675 nm. On the other hand, the solid violet trans-
[NiBr2L] dissolves in water to give a yellow solution, 
which shows a single electronic absorption band at 
461 nm in the visible region. This band has been 
known to be due to the four-coordinate low-spin 
species, [NiL]2+, which is formed through the com­
plete dissociation of the Br" ligands from trans-
[NiBr2L] in H20.7> 

Of particular interest in Fig. 1 is the fact that the 
high-spin form (Jrans-[NiBr2L]) increases with an 
increase in temperature. It is well known that nickel-
(II) complexes with tetraaza macrocyclic ligands such 
as cyclam (L/) dissolves in H2O to give an equilibrium 
mixture between high-spin ([NiL^HbO^]2"*") and low-
spin ([NiL']2+) forms. In all the instances reported 
for such equilibria of macrocyclic nickel(II) com­
plexes in H2O, high temperature favors the low-spin 
four coordinate form.8-16* This temperature depen­
dency in H2O is opposite to that found for the chloro­
form solution of ^Ym5-[NiBr2L] in the present study. 

We carried out experiments to obtain spectra of 
trans-[NiBr2L] in chloroform containing a small 
amount of water as a function of the water concentra­
tion at a constant temperature. Change in the water 
content was accomplished by mixing water-saturated 
chloroform ([H2Û]=ca. 42 mM) and dried chloroform 
([H20]=1.7 mM) in an appropriate ratio. Because of 
the very low solubility of mms-[NiBr2L] in chloroform 
with the relatively high water content and the very low 
molar extinction coefficient of the compound, it was 
difficult to carry out the experiments quantitatively. 
However, we observed a clear trend that an incerase in 
the water content brings about the increase in the low-
spin four coordinate species (Fig. 2). Namely, the 
dissociation of the bromo ligands from Jran5-[NiBr2L] 
is facilitated as the water content in the chloroform 
solution increases. 

A \ 1 

« 1/ \\ 

I [Al 
g0.05H3\\\ 
w 1/ \\\ 

S I 1 

3 ""^^ 
0 1 1 ! 1 1 
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Fig. 2. Electronic absorption spectra of trans-
[NiBr2L] in a chloroform solution with various 
water contents: [H20]=9.3 (1), 25.6 (2), and 41.9 (3) 
mM. The concentration of the complex is 3.34 
mM. 

The present experimental results indicate clearly 
that the presence of trace water in chloroform affects 
the coordination number around the Ni(II) ion and 
thereby its spin state. The water content in the chlo­
roform solution is comparable to the concentration of 
the nickel(II) complex under the experimental condi­
tions. The molar ratio between water and the com­
plex is nearly 1:2 under the conditions of Fig. 1. 
Under such circumstances, water molecules in chloro­
form solvate preferentially the solute complex, and the 
complex trans-[NiBr2L] exists along with the small 
number of water molecules within the chloroform 
solvent cage. The solvated water causes the dissocia­
tion of the Br" ligands from frYms-[NiBr2L]. How­
ever, the amount of available water in the cage is so 
little that the dissociation occurs partly, giving a 
mixture of the low- and high-spin complexes. Such 
situations within the cage should resemble at least 
partly those in the solid dihydrate state, [NiL]-
Br2-2H2Û, where strong "hydrogen-bonded chelate 
rings" prevent both Br" and water from coordination. 
Exact structure of the low-spin four coordinate species 
in the cage is uncertain. But it is highly possible that 
similar hydrogen-bonds operate in the cage among the 
secondary amine groups, the dissociated Br" ions, and 
water molecules. At a given temperature, such 
hydrogen-bonds are expected to be stronger than the 
Ni-Br bond even in a solution state as has been proved 
in the solid dihydrate. At an elevated temperature, 
some water molecules in the cage go into the bulk 
solution, facilitating the formation of the six-
coordinate species in the cage. Such a model is con­
sistent with the observed facts that the high tempera­
ture favors the high-spin form and a solution with 
high water content favors the low-spin form. 

Approximate thermodynamic parameters17) for the 
equilibrium in the chloroform solution were esti­
mated from the temperature dependent electronic 
spectra in the same way as reported previously.14) 
Under the conditions of Fig. 1, the equilibrium con­
stant (£=[high-spin]/[low-spin]) was found to be 16 
at 25 °C (94% high-spin species and 6% low-spin spe­
cies), and AH=\6 kj moH and AS=77 JK"1 moK It should 
be emphasized the signs of both AH and AS are 
opposite to those of corresponding values for the well-
known high- and low-spin equilibria of similar 
tetraaza macrocyclic nickel(II) complexes in H2O.8"16) 

The chloro derivative, *rarw-[NiCl2L], dissolves in 
chloroform very easily to give a violet solution irre­
spective of the water content. Its electronic spectrum 
consists almost exclusively of the components of the 
high-spin six-coordinate species (Amax/nm(£max/M-1 

cm-1)=353(14), 538(8), 689(5)). Furthermore, the 
spectrum is essentially temperature independent. 
The reason why the dichloro complex does not show a 
similar equilibrium is that the Ni-Cl bond is much 
stronger than the Ni-Br bond in [NiX2L]. 

Experimental 

Materials. 7>0ns-[NiBr2L] was prepared2) by heating the 
dihydrate, [NiL]Br2 • 2H20,3> in an oven at 90 °C for 10h, and 
was again dried before use. Reagent grade chloroform was 



3026 N O T E S [Vol. 63, No. 10 

purified before use in a reported manner18) and finally 
distilled over CaH2. 

Measurements. Electronic absorption spectra were recorded 
on a Hitachi 340 spectrophotometer. The temperature of a 
sample solution was thermostated within ±0.1 °C. 

The water content in a chloroform solution was deter­
mined immediately after spectral measurement by use of 
Trace Water Analyzer (Mitubishi Chemical Industry Model 
CA-02). 
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Synopsis. Three kinds of S-bridged dinuclear com­
plexes, A- and y4-[Co2(aet)3(dien)]3+ (aet=2-aminoethane-
thiolate and dien=diethylenetriamine), A- and y4-[Co2(aet)3-
(dpt)]3+ (dpt=bis(3-aminopropyl)amine)), and ^/LLL-[CO2-
(L-cys-iV,S)3(dien)] (L-cys=L-cysteinate), were prepared by the 
reactions of [Co(aet)3] or z/LLL-[Co(L-cys-iV,S)3]3" with 
[CoCl3(dien)] or [CoCl3(dpt)]. The isomers were character­
ized from their absorption, CD, and 13C NMR spectra. 

T h e fac(S) isomers of [M(aet or L-cys-N,S)sf o r 3" 
(M=Co(III) or Rh(III) , ae t=2-aminoethanethio la te 
(NH2CH2CH2S-), and L-cys=L-cysteinate ( N H 2 C H -
(COO)CH2S")) function as a terdentate l igand to a 
variety of transi t ion metal ions, such as Fe(III), 
Co(III), a n d Ni(II), us ing three thiola to donor 
atoms.1"10) For example , the S-bridged tr inuclear 
complexes, [Co n l {Co m (ae t or L-cys-Af,S)3}2]3+or3-, have 
been prepared by the reactions of /ac-[Co(aet or L-cys-
NyS)sfor3- wi th Co2+ or [CoCl(NH3)5]2 + .1 '2 '4-9 ) These 
tricobalt(III) complexes contain CoIHS6 ch romophore 
besides two ComN3S3 ones, and have exhibited u n i q u e 
absorpt ion and CD spectral behavior.7"9) However, 
it has no t been clarified whether the characteristic 
spectroscopic properties of the trinuclear complexes 
depend on the / /- thiolato sulfur atoms or the central 
Co m S6 chromophore . Therefore, it is wor th while 
invest igat ing S-bridged dinuclear complexes consist­
ing of only the ComN3S3 chromophore . T h i s note 
deals wi th the prepara t ion and resolution of novel S-
bridged dicobalt(III) complexes with the aet or L-cys 
l igand and dien ( d i e t h y l e n e t r i a m i n e ^ N H ^ C H b ^ N H -
(CH2)2NH2) or dpt (bis(3-aminopropyl)amine=NH2-
(CH2)3NH(CH2)3NH2) l igand (Fig. 1). T h e obtained 
isomers were characterized from their absorpt ion, CD, 
and 13C N M R spectra in compar ison with those of fac-
[Co(aet or L-cys-Af,S)3]0or3- and [Co{Co(aet or L-cys-
Af,S)3}2]3+or3-. 

Fig. 1. Structure of the [Co2(bidentate-Af,S)3-
(triamine)]-type complexes (A-type isomer). 

Exper imenta l 

A) Preparation of Complexes. (1) (+)6oo-^- a n d (~)600~ 
v4-[Co2(aet)3(dien)]Cl3. To a suspension containing 2.0 g 
(7.5 mmol) of [CoCl3(dien)]n) in 30 cm3 of water was added a 
solution containing 3.7 g (21.8 mmol) of AgNC>3 in 10 cm3 of 

water. The mixture was stirred at room temperature for 30 
min and the deposited AgCl was filtered off. To a violet 
filtrate was added 2.0 g (7.0 mmol) of /ac-[Co(aet)3];

1) the 
mixture was stirred at room temperature for 15 min, where­
upon the suspension became a dark-brown solution. This 
solution was poured onto a SP-Sephadex C-25 column (Na+ 

form, 3.5 cmX90 cm). After sweeping the column with 
water, the adsorbed band was eluted with a 0.2 mol dm - 3 

aqueous solution of NaCl. Three bands (brown (A-l), 
brown (A-2), and brownish green (A-3)) were eluted in this 
order. The A-2 and A-3 eluates showed absorption spectra 
identical with those of meso- and rac- [Co{(Co(aet)3}2]3+, 
respectively.2,9) The A-l eluate was concentrated to a small 
volume with a rotary evaporator below 25 °C. The depos­
ited NaCl was filtered off and the filtrate was passed through 
a Sephadex G-10 column (3.5 cmX90 cm) by eluting with 
water. The eluate was concentrated to a small volume 
followed by the addition of a large amount of ethanol and 
ether. The resulting brown complex was collected by 
filtration. 

An aqueous solution of the brown complex (A-l) was 
charged on the top of a SP-Sephadex C-25 column (Na+ 

form, 3.5 cmX90 cm). Two bands were separated by elut­
ing with a 0.075 mol dm - 3 aqueous solution of K.2[Sb2(d-
tart)2] • H2O. After separation into two bands, each 
adsorbed band was eluted with a 0.5 mol dm - 3 aqueous 
solution of NaCl. It was found from the CD spectral 
measurements that the earlier and later moving bands con­
tained the (—)60o-̂ 4 and (+)6oo-^ isomers, respectively. Each 
isomer was isolated by the same procedure as that used for 
the isolation of the racemic one. Found for (—)60o isomer: 
C, 20.13; H, 6.07; N, 14.00%. Calcd for [Co2(aet)3(dien)]-
Cl3-2.5H20=CioH3iN6S3Cl3Co2-2.5H20: C, 19.99; H, 6.04; 
N, 13.99%. Found for (+)§o isomer: C, 20.27; H, 5.89; N, 
14.03%. Calcd for [Co2(aet)3(dien)]Cl3 • 2H20: C, 20.29; H, 
5.96; N, 14.20%. 13C NMR: 0=33.63 and 34.06 (CH2S of aet), 
44.96 and 48.17 (CH2NH2 of dien), 49.55, 49.76, and 49.97 
(CH2NH2 of aet), 54.92 and 57.62 (CH2NH of dien). 

(2) <+)ffi-J- and (-)goDo^-[Co2(aet)3(dpt)]Cl3. This com­
plex was prepared and chromatographed by a procedure 
similar to that used for (1), using 2.2 g (7.4 mmol) of 
[CoCl3(dpt)]12> instead of [CoCl3(dien)]. Four bands 
(brown (B-l), brown (B-2), brownish green (B-3), and brown 
(B-4)) were eluted in this order. It was found from the 
absorption spectral measurements that the B-l band con­
tained the desired complex. This complex was optically 
resolved by the same column chromatographic method as 
that used for (1). It was found from the CD spectral mea­
surements that the earlier and later moving bands contained 
the (—)60o-̂ 4 and (+)6oo-^ isomers respectively. Found for 
(-)eoo isomer: C, 22.64; H, 6.46; N, 13.19%. Found for (+)§o 
isomer: C, 22.66; H, 6.36; N, 13.14%. Calcd for [Co2(aet)3-
(dpt)]Cl3-3H2Ö=Ci2H35N6S3Cl3Co2-3H20: C, 22.59; H, 
6.48; N, 13.17%. 13CNMR: 0=25.76 and 26.37 (CH2 of dpt), 
34.14, 34.26, and 34.90 (CH2S of aet), 40.94 and 41.08 
(CH2NH2 of dpt), 49.05, 49.24, and 49.34 (CH2NH2 of aet), 
50.65 and 52.40 (CH2NH of dpt). 

(3) (H-)^-^LLL-[Co2(L-cys-N,S)3(dien)]. To a suspension 
containing 0.5 g (1.8 mmol) of [CoCl3(dien)]n> in 10 cm3 of 
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water was added a solution containing 0.9 g (5.4 mmol) of 
AgNC>3 in 5 cm3 of water. The mixture was stirred at room 
temperature for 30 min and the deposited AgCl was filtered 
off. To the violet filtrate was added a solution containing 
1.25 g (1.7 mmol) of z/LLL-/ac-K3[Co(L-cys-iV,S>]-9H20-
0.5KC1;6> the mixture was stirred at room temperature for 15 
min, whereupon the solution became dark brown. The 
dark-brown solution was poured onto a QAE-Sephadex A-
25 column (CI" form, 3.5 cmX40 cm), which was eluted with 
water. The brown eluate was then poured onto a SP-
Sephadex C-25 column (Na+ form, 3.5 cmX40 cm), which 
was eluted with water. The neutral eluate was concen­
trated to a small volume, followed by the addition of a large 
amount of ethanol. The resulting brown complex was 
collected by filtration. It was found from the CD and 
13C NMR spectral measurements that this complex con­
tained only the (+)60O-^LLL isomer. Found: C, 23.45; H, 
5.82; N, 12.24%. Calcd for [Co2(L-cys)3(dien)] • 5H 2 0= 
Ci3H28N606S3Co2-5H20: C, 23.36; H, 5.73; N, 12.57%. 
13C NMR: 0=36.89 and 37.43 (CH2S of L-cys), 44.84 and 48.38 
(CH2NH2 of dien), 54.82 and 57.75 (CH2NH of dien), 66.20 
and 66.42 (CH of L-cys), 177.31 (COO of L-cys). 

B) Measurements. The electronic absorption spectra 
were recorded with a JASCO UVIDEC-610 spectrophotome­
ter and the CD spectra with a JASCO J-20 spectropolarime-
ter at ambient temperature. The 13CNMR spectra were 
recorded with a JEOL JNM-FX-90Q NMR spectrometer in 
D2O at the probe temperature. Sodium 4,4-dimethyl-4-
silapentane-1-sulfonate (DSS) was used as the internal 
reference. 

Results and Discussion 

As shown in Fig. 2, the three brown complexes 
obtained in this work exhibit absorpt ion spectra qui te 
similar to each other, g iv ing two intense d-d bands at 
ca. 18 and 23X103 cm" 1 and more intense absorpt ion 

16 20 24 28 32 36 40 44 48 

Fig. 2. Absorption and CD spectra of 4-[Co2(aet)3-
(dien)]3+ ( ), z/-[Co2(aet)3(dpt)]3+ (—-) , ALLL-
[Co2(L-cys-Ar,S)3(dien)] ( ), z/LLL-[Co(L-cys-
N,S)sf- ( ), and ALLLALLL-[Co{L-cys-NyS)3}2f-
( ), £ values are given in unit of 
mol - 1 dm3 cm -1. 

bands at ca. 31 and 38X103 cm"1 . Th i s absorpt ion 
spectral behavior agrees well wi th that of the related S-
bridged dicobalt(III) complexes, [Co2(l ,5-diamino-3-
pentanethiolato-iV,S,A/>]3+ ,13) which consist of two 
CoIHN3S3 chromophores . T h e elemental analytical 
and 13C N M R spectral data for the brown complexes 
are in good agreement with the proposed formulas, 
[Co2(aet or L-cys-Af,S)3 (dien or dpt)P+or0. These 
facts suggest that the present b rown complexes take 
the S-bridged dinuclear structure, as depicted in Fig. 1. 

T w o isomers, ALLL and ALLL, are possible for [CO 2 (L -

cys-Af,S)3(dien)] (Ci symmetry), considering the abso­
lute configurat ion of the fac-[Co(L-cys-N,S)s] moiety. 
T h e L-cys dinuclear complex giyes five 1 3 C N M R sig­
nals due to n ine carbon atoms of the three L-cys 
l igands and four signals due to four carbon atoms of 
the dien l igand. T h e 1 3 C N M R spectral behavior 
points out that the L-cys dinuclear complex takes 
either of the ALLL or ALLL isomer. In the 1 3 C N M R 
spectra of the S-bridged trinuclear complexes, 
[Co{Co(aet)3}{Co(L-cys-Ar,S)3}] and [Co{Co(L-cys-
Af,S)3}2]

3~, 5"7) the signals due to the methine carbon 
a toms for the ^LLL-[Co(L-cys-Af,S)3] moiety have com­
monly appeared at 6=66—67, while those for the ALLL 
moiety appeared at 0=63—64. T h e present (+)eoo L-
cys isomer shows 13C N M R signals due to the methine 
carbon atoms at 6=66.20 and 66.42. Accordingly, it is 
probable to assign that the (+)600 L-cys isomer is ALLL-
[Co2(L-cys-Af,S)3(dien)], re ta in ing the absolute config­
ura t ion of the start ing ^LLL-[Co(L-cys-AT,S)3]3" in the 
reaction with [CoCl3(dien)]. 

For [Co2(aet)3(dien)]3+ and [Co2(aet)3(dpt)]3+ , two 
isomers, A and A, are also possible. T h e two (+)6<x> 
aet isomers show CD spectra qui te similar to that of 
(+)600-^LLL-[Co2(L-cys-A/r,S)3(dien)] over the whole 
region (Fig. 2), and moreover, the CD spectra of the 
(~~)600 isomers are enant iomer ic to those of the corres­
p o n d i n g (+)60o ones. These facts suggest that the 
(+)6<x> aet isomers are zf-[Co2(aet)3(dien or dpt ) ] 3 + and 
that the (—)6oo aet isomers are A. 

As shown in Fig. 2, each absorpt ion component of 
[Co2(aet or L-cys-Af,S)3(dien or d p t ) ] 3 + o r 0 which con­
tains three / / - thiolato a toms commonly shifts to 
higher energy than that of /ac-[Co(L-cys-Af,S)3]3~. 
Fur thermore , in the lower-energy region (16—32X103 

cm - 1 ) , the absorpt ion intensities of the former com­
plexes are stronger than those of the latter complex, 
which suggests the formation of an S-bridged struc­
ture. In contrast to these absorpt ion bands, little 
difference is observed for the charge transfer bands at 
ca. 36X103 cm - 1 . A similar re la t ionship is also 
observed between the absorpt ion spectra of the S-
bridged tr inuclear complexes, [Co{Co(aet or L-cys-
Af,S)3}2]3+or3-,5-9) and the dinuclear ones (Fig. 2). 
Namely, the absorpt ion bands in the region of 16— 
32X103 cm" 1 of the trinuclear complexes are drasti­
cally intensified, compared wi th those of the dinuclear 
complexes. T h i s absorpt ion spectral difference can 
be at tr ibuted to the COSÔ ch romophore in addi t ion to 
the two C0N3S3 ones for the S-bridged trinuclear 
complexes. 

T h e CD spectral behavior of the A-type isomers of 
[Co2(aet or L-cys-Af,S)3(dien or d p t ) ] 3 + o r 0 differ signifi-
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cantly from that of zfLLL-[Co(L-cys-iV,S)3]3~ in the 
lower-energy region (16—32X103 cm - 3 ) , as in the case 
of the absorpt ion spectral behavior (Fig. 2). T h a t is, 
the CD spectra of the A -type dinuclear isomers are 
almost enantiomeric to that of ^LLL-[Co(L-cys-Af,S)3]3~, 
taking the absorpt ion spectral shift into considera­
tion. Further, the CD spectral pat tern of the J - type 
dinuclear isomers in this region is roughly similar to 
that of the AA-type isomers of [Co{Co(aet or L-cys-
Af,S)3}2]3+or3", a l though the CD intensities of the latter 
isomers are much stronger than those of the former 
isomers. These facts suggest that the asymmetric ju-
th iola to sulfur a toms, which take the S configurat ion 
in the A-type dinuclear isomer, contr ibute signifi­
cantly to the CD spectra in this region. 

T h i s work was suppor ted by a Grant- in-Aid for 
Scientific Research No. 02640467 from the ministry of 
Educat ion, Science and Culture. 
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Synopsis. The formation of ternary (2,2'-bipyridine)-
thiocyanatocadmium(II) complexes has been studied by cal-
orimetry in N,N-dimethylformamide containing 0.4 
mol dm - 3 (C2H5)4NC104 as a constant ionic medium at 
25 °C. The formation of [CdA(bpy)]+, [CdA2(bpy)], 
[CdA3(bpy)]-, [CdA(bpy)2]+, and [CdA2(bpy)2] (A=SCN, 
bpy=2,2-bipyridine) is revealed, and their formation con­
stants, enthalpies, and entropies were obtained. The result 
is compared with that in the corresponding halide systems 
in the same solvent. 

Previously we reported the complexat ion in the 
ternary Cd n -X--bpy (X=C1, Br, I, bpy=2,2 ,-bipyridine) 
systems in A^,7V-dimethylformamide (DMF) at 25 °C.1) 
In these systems the formation of the ternary com­
plexes such as [CdX(bpy)]+, [CdX2(bpy)], [CdX3-
(bpy)]- , [CdX(bpy)2]+, and [CdX2(bpy)2] is demon­
strated, in which 2,2'-bipyridine coordinates as a 
bidentate l igand. A m o n g these the formation of 
[CdX3(bpy)]~ is of part icular interest because this k ind 
of complex is not found to form in the metal(II)-
hal ide systems such as Mn" , Ni11,2) Cu11,3* and Zn"4> in 
DMF. It is revealed that the [CdX3(dmf)]- complex is 
four-coordinated and the replacement of a monoden-
tate dmf molecule wi th a bidentate bpy leads to the 
formation of five-coordinate [CdXs(bpy)]". It is also 
revealed that the stability of the complex depends on 
the halide, indeed the ternary complex is formed for CI 
and Br, t hough less marked than CI, bu t not for I. 
Here, as an extension of the study on the ternary 
complexat ion, we studied the thermodynamics of for­
mat ion of the ternary Cd n -SCN--bpy complexes in 
DMF at 25 °C by precise t i tration calorimetry, and the 
results are compared wi th those for the Cd n -X"-bpy 
systems. 

Experimental 

Chemicals used were prepared or purified as described 
elsewhere.1-5) Calorimetric measurements were carried out 
using an on-line controlled calorimetry system.6-7) Cadmi-
um(II) thiocyanate solutions (40 cm3) of varying concentra­
tions were titrated with a 0.1 mol dm - 3 2,2'-bipyridine solu­
tion. A constant ionic medium of 0.4 mol dm - 3 

(C2Hö)4NC104 was used. The procedure of the measure­
ments and the analysis of data are similar to those described 
elsewhere.1) 

Results and Discussion 

Calorimetr ic data obtained in the ternary system 

were analyzed on the basis of the thermodynamic 
parameters of formation of the binary cadmium(II) 
thiocyanato complexes determined previously in the 
same ionic medium,5) and of the binary cadmium(II) 
2,2 /-bipyridine complexes obtained in this work. 
T h e nonl inear least-squares analysis showed that five 
ternary complexes, [CdA(bpy)]+ , [CdA2(bpy)], [CdA3-
(bpy)]- , [CdA(bpy)2]+, and [CdA2(bpy)2] (A=SCN) are 
yielded, as in the case for the Cd1 -X~-bpy (X=C1, Br) 
systems.1* Simultaneously, their formation con­
stants, reaction enthalpies, and entropies were 
obtained, which are listed in Table 1 a long wi th those 
for the binary (2,2 /-bipyridine)cadmium(II) com­
plexes. T h e distr ibution of species, calculated by 
us ing the formation constants in Table 1, is shown in 
Fig. 1. Obviously, all the ternary complexes are 
favorably formed. Th i s applies especially for the 
[CdAs(bpy)]- complex in solut ion of CbPy/Ccd>l. 

According to solution X-ray diffraction,8) the cad-
mium(II ) ion is present as octahedral [Cd(dmf)6]2+ 

species in DMF, and on the complexat ion wi th bident­
ate 2,2 /-bipyridine, a series of six-coordinate 
[Cd(bpy)(dmf)4]2+, [Cd(bpy)2(dmf)2]2+, and [Cd(bpy)3]2+ 

are formed. If the cadmium(II) ion preserves six-
coordinat ion, and SCN" ions stepwise replace coordi-

Table 1. Overall Formation Constants, log (ßimn/moHm+n) 
dm3(m+n)) a n d Enthalpies, AH°ßlmn/k] mol"1, of [CdAm-

(bpy)nP-m>+ (A=SCN, bpy=2,2'-bipyridine) in N,N-
Dimethylformamide Containing 0.4 mol dm - 3 

(C2H5)4NC104at25°Ca) 

Cd11-

logßm 
log ßl21 
log ßi31 

log ßll2 

log ßl22 
AH/3111 

AH/3121 
A H ß B i 

A H ^ i 2 

AH/3122 
Rb) 

Nc) 

•SCN--bpy 

6.83(0.13) 
9.20(0.07) 

10.61(0.05) 
8.93(0.11) 

10.89(0.11) 
-17.7(0.4) 
-25.3(0.9) 
-26.8(0.7) 
-35.8(0.7) 
-45.3(1.2) 

0.01029 
85 

Cd11 

logßioi 
l o g ßi02 
l o g 0103 

AH^io i 

AH/3102 

AH/3103 

-bpy 

2.91(0.11) 
5.29(0.14) 
6.30(0.28) 

-13.3(0.3) 
-30.1(1.0) 
-43.3(2.5) 

0.01830 
83 

+ Present address: Department of Chemistry, University of 
Tsukuba, Ibaraki 305. 
"rï Coordination Chemistry Laboratories, Institute for 
Molecular Science, Myodaiji, Okazaki 444. 

a) Values in parentheses refer to 3a. The parameters 
for the binary Cdn-bpy and Cdn-SCN" systems were 
fixed in the analysis of the ternary Cd ^SCN'-bpy 
system. The overall formation constants and enthal­
pies of [CdA„]<2-*)+ (A=SCN) employed are \og(ßn/ 
mol-"dm3")=3.57, 5.98, 7.59, and 8.81, and AH£/ 
kj m o l - ^ - 4 . 9 , -9 .2 , -7.32, and 2.6, for n=\, 2, 3, and 
4, respectively, b) The Hamilton R factor, c) The 
number of data points. 
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Fig. 1. Species distribution in the Cdn-SCN"-bpy 

system in A/,iV-dimethylformamide at 25 °C at the 
total concentrations of Ccd/(mol dm -3) and CbPy/ 
(mol dm"3): (a) 0.01, 0; (b) 0.01, 0.01; (c) 0.01, 0.02; 
(d) 0.01, 0.05; (e) 0.01, 0.10. The [CdAm(bpy)„](2-m)+ 
complex is represented by the symbol [Iran]. 

na t ing solvent molecules u p o n complexat ion, one 
expects the formation of ternary complexes such as 
[CdA(bpy)]+, (A=SCN) [CdA2(bpy)], [CdA3(bpy)]-, 
[CdA4(bpy)]2-, [CdA(bpy)2]+, and [CdA2(bpy)2]. In 
fact, all of the complexes except for [CdA^bpy) ] 2 - are 
found. Note that it occurs the formation of 
[CdAs(bpy)]-, which is in parallel wi th that of 
[CdX3(bpy)]- in the Cd n -X- -bpy systems.1) In the 
Cd n -X- -bpy systems, the [CdX3(bpy)]~ complex is 
indeed formed for X as CI and Br, bu t not for I which 
is relatively large and soft. T h e SCN" ion binds to 
the metal ion wi th either the relatively hard N or the 
soft S a tom, and the favorable formation of 
[CdA3(bpy)]_ suggests that the SCN" ion is coordinated 
wi th the N end in the complex. Th i s is expected 
because the S C N - ion binds favorably wi th the N end 
to the cadmium(II) ion in DMF, as evidenced by the 
formation of the N-coordinat ing [Cd(NCS)]+ and 

Table 2. Stepwise Formation Constants, log (£i/mol - 1 dm3), 
Enthalpies, A ^ / k J m o l " 1 , and Entropies, ASVjK"1 

mol - 1 of Binary and Ternary Cadmium(II) 
Complexes with 2,2'-Bipyridine(bpy) 

and Thiocyanate ion (A-) in N,N-
Dimethylformamide at 25 °C 

log Ä: AH° AS° 

Cd2++A-->[CdA]+ 
[Cd(bpy)]2++A-->[CdA(bpy)]+ 

[Cd(bpy)2]2++A-->[CdA(bpy)2]+ 

[CdA]++A-->[CdA2] 
[CdA(bpy)]++A-->[CdA2(bpy)] 
[CdA(bpy)2]++A-->[CdA2(bpy)2] 

[CdA2]+A-->[CdA3]-
[CdA2(bpy)]+A-->[CdA3(bpy)]-

3.57 -4 .9 52 
3.92 -4 .4 60 
3.64 -5 .5 50 

2.41 -4 .3 32 
2.37 -7 .6 20 
1.96 -9 .4 6 

1.61 1.9 37 
1.40 -1 .5 22 

[Cd(NCS)2] in DMF.5) 
In Tab le 2, the logK, A H 0 and AS0 are compared 

wi th respect to reaction (1). 

M2+ + A--^[MA] + (M = Cd, [Cd(bpy)], [Cd(bpy)2]) (1) 

T h e difference in the \ogK values by varying M is 
small, and the A H 0 and AS0 values remain virtually 
unchanged, suggesting that no change in the coordi­
na t ion geometry and in the l inkage mode of the SCN" 
ion occurs on the complexat ion of the ternary com­
plexes. Wi th respect to the reaction, [ M A ] + + A _ 

—>[MA2], the logK value decreases slightly in the order 
of M as Cd>[Cd(bpy)]>[Cd(bpy)2] . T h e A H 0 and 
AS0 values decrease in the same order, but it is stressed 
that the decrement is significantly smaller than that 
for the corresponding halide systems. For example, 
in the CI system, a remarkable decrease in the A H 0 and 
AS0 values, by ca. 12 k j m o l " 1 and 40 J K - i m o l " 1 , is 
indeed observed in going from M as Cd to [Cd(bpy)], 
which is ascribed to the fact that, wi th both [CdX2] 
and [CdX2(bpy)], an equ i l ib r ium is established 
between octahedral and tetrahedral isomers, 

[CdX2(dmf)4] (Oh) = [CdX2(dmf)2] (Td) + 2dmf (2) 

[CdX2(bpy)(dmf)2] (0^) = [CdX2(bpy)] (Td) + 2dmi (3) 

and the equ i l ib r ium is more shifted to the Td side for 
reaction (2).1) O n the other hand , in the Cd n -SCN"-
bpy system, there is no structural isomer for [CdA2].5) 
T h e relatively small differences in the AH 0 values, as 
well as AS0 , for M = C d and [Cd(bpy)] imply that there 
is no isomer for [CdA2(bpy)] as well. As the forma­
tion of six-coordinate [Cd(NCS)(dmf)5]+ and 
[Cd(NCS)2(dmf)4], in which the SCN" ion binds wi th 
the N end, is established in DMF,5) dmf molecules in 
these complexes may be replaced wi th bidentate bpy 
molecules to form six-coordinate [Cd(NCS)(bpy)]+ , 
[Cd(NCS)2(bpy)], [Cd(NCS)(bpy)2]+, and [[Cd(NCS)2-
(bpy)2] complexes. 

T h e present work has been financially supported by 
Grant- in-Aid for Scientific Research No. 1540503 from 
the Ministry of Education, Science and Culture. 
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Halogenation Using Quaternary Ammonium Polyhalides XXVII.1} 

Chloroiodination of Alkenes with Benzyltrimethyl-
ammonium Dichloroiodate 
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Department of Industrial Chemistry, Faculty of Engineering, Yamaguchi University, Tokiwadai, Ube 755 
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Synopsis. The reaction of alkenes with benzyltrimethyl-
ammonium dichloroiodate in dichloromethane gave the 
chloro iodo adducts in anti-stereospecific and regioselective 
manner; in methanol these adducts were obtained along 
with methanol-incorporated products. 

We have recently shown that stable solid benzyl-
trimethylammonium dichloroiodate (BTMA ICI2) is 
an excellent iodinating agent for electrophilic substi­
tution.2) In the present paper we wish to report on 
the chloroiodination of alkenes (1) with BTMA ICI2 in 
aprotic and protic solvents. 

The reaction of 1 with BTMA ICI2 in dichloro­
methane at room temperature gave chloro iodo adducts 
(2). The results are summarized in Table 1. BTMA 
ICI2 reacted with cyclohexene (lb) in a manner of 
stereospecific anti-chloro iodo addition. This com­
pletely anti-stereospecific addition can be explained 
by assuming an AdEC2-type mechanism8) involving 
an attack of a chloride ion on a three-center bound n 
complex-type intermediate (A), as shown in Scheme 1. 

BTMA ICI., 

1 b 

\ , c l 

c c 
/ 

H / H 

2 b 

c i 

BTMA Cl 

Scheme 1. 

BTMA 

Recently, Negoro et al. have shown such an anti-
stereospecific addition on the bromochlorination of 1 
by the use of tetrabutylammonium chlorobromate 
(TBA BrCl2).

9) 

The reaction of styrene (lc) with BTMA ICI2 in 

Table 1. Reaction of 1 with BTMA ICI2 in Aprotic and Protic Solvent 

Substrate 
1 

CH3(CH2)5-CH=CH2 

(la) 

0 <">> 

Ph-CH=CH2 

(lc) 

Ph-CH=CH-COOH 
(£-) (Id) 

Ph-CH=CH-COOCH3 

(£-) (le) 

Reaction conditions 

temp/°C time/h 

R.t. 

/R.t. 

^R.t. 

rR.t. 

^R.t. 

R.t. 

Reflux 

2 

2 

2—24 

2 

2 

24 

24 

- Solvent 

CH2CI2 

CH2CI2 

CH3OH 

CH2CI2 

CH3OH 

CH3OH 

CH3OH 

CH3(CH2)5 

a:1 

| a 0 C „ 3 

Product 
2,3 

-CHCI-CH2I 
(2a) 

(trans-)3) 
(2b) 

(trans-)*) 
(3b) 

Ph-CHC1-CH2IS> 
(2c) 

f 
lPh-CH(OCH3)-CH2I6) 

(3c) 
( Ph-CH(OCH3)-CHI-COOH7> 

(3d) 
lie 

Ph-CH(OCH3)-CHI-COOCH3
7> 

(3e) 

Yielda) 

% 

82 

83 

_(60)c) 

- (40) 

75 

14(14) 

75(86) 

27 

65 

- (50) 

Mp(°C) 
or Bp(°C)/mmHg 

_b> 

115/20 

42—44 

42—44 

_ b > 

179-181 

36 

a) Yield of isolated product, b) Product was obtained as a high bp liquid, c) Yield, which was shown in 
parenthesis, was based on *H NMR. 
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dichloromethane gave l-chloro-2-iodo-l-phenylethane 
(2c). It can be expla ined that the chloride ion exclu­
sively attacked the phenyl-subst i tuted carbon a tom of 
the double bond, as i l lustrated in Scheme 2. 

Ph BTMA IC1_ 
Ph 

-CH_ 

1 C 
I u 

CI 

Ph CI 

C — CH I 

2 c 

Scheme 2. 

T h e reaction of 1 wi th BTMA ICI2 in methanol at 
room temperature or under reflux gave a mixture of 
the corresponding 2 and l-iodo-2-methoxy com­
pounds (3) in a manne r of anti-stereospecific and 
regioselective addi t ion (Scheme 3). T h e results are 
shown in Table 1. 

\ BTMA I C I -

OCH-

V 3 

c-
/ 

/ 
BTMA C I HCl 

In order to make sure that the above-mentioned 
ne ighbor ing g roup par t ic ipat ion actually occurs, the 
reaction of 2b wi th methanol was tried both at room 
temperature and under reflux condit ions. However, 
the reactions did not proceed at all. Furthermore, 
regarding the reaction of l b wi th BTMA ICI2 in 
methanol at room temperature, a product rat io of 2b 
and 3b (60:40) did not change, no matter how long a 
reaction t ime was allowed. It may be concluded that 
the reaction of 1 wi th BTMA ICI2 in methanol gave 2 
and a solvent-incorporated product 3 by an anti-
stereospecific manner in which a neucleophil ic attack 
of a chloride ion and methanol to the bridged interme­
diate A may occur competitively. 

Moreover, regarding the reaction of 1 with BTMA 
ICI2 in methanol , methyl hypoiodite (CH3OI) is con­
ceivably the ma in active species, instead of iodine 
monochloride.2 a ) 

T h e reaction of (£)-c innamic acid (Id) gave methyl 
(£)-cinnamate (le) in substantial yield. In this case, 
l e should be obtained from the reaction of Id with 
methanol by a catalytic action of the generated proton. 

T h e chloro iodo addit ion of 1 was previously 
achieved by the use of iodine monochloride.1 0 ) How­
ever, this reagent is not easy to handle because of its 
viscous and toxic character. Therefore, the in situ 
generat ion of iodine monochlor ide by the reaction of 
iodine wi th mercury(II),11) gold(I ) , n ) silver(I),11) cop­
per^),11* and copper(II) chlorides3) has been carried 
out. Our stable reagent, BTMA IC12 (mp 126 °C), 
can be used instead of iodine monochloride; it has a 
large merit in that it can be treated easily, safely, and 
quanti tat ively under mild conditions. 

Scheme 3. 

Incidentally, there is a possibility that ne ighbor ing 
g roup part ic ipat ions are present in some of these 
reaction processes. T h u s , the ne ighbor ing iodo 
g roup in c o m p o u n d 2 may attack carbon at the reac­
tion center as an internal neucleophile; the leaving 
chloro g roup is lost and a bridged iodonium ion 
intermediate B is formed. T h i s undergoes an attack 
by an external neucleophi le (methanol) to yield prod­
uct 3 (Scheme 4). T h e overall stereochemistry is 
determined by the way in which the bridged ion B is 
formed and the way in which it reacts, and apparent ly 
differs from the stereochemistry which may be 
observed for a s imple SN2 attack on 2 by the external 
nucleophile . 

Actually, as described above, the reaction of 1 with 
BTMA ICI2 in methanol gave the anti-stereospecific 
and regioselective product 3. 

— 3 

( c i 

2 

- C l 

- ^ -

B 

Scheme 4. 

CH3OH 

Experimental 
XH NMR spectra were recorded on a JEOL-MH-100 spec­

trometer. The chemical shifts are expressed in ppm, with 
tetramethylsilane as an internal standard. 

l-Chloro-2-iodo-l-phenylethane (2c); Typical Proce­
dure in Aprotic Solvent: To a solution of styrene (lc) 
(0.25 g, 2.40 mmol) in dichloromethane (20 mL) was added 
BTMA ICI2 (0.92 g, 2.64 mmol). After the mixture was 
stirred for 2 h at room temperature, sodium sulfite solution 
(5%, 20 mL) was added to the solution. The mixture was 
washed with water (20 mL), and then extracted with dichlo­
romethane (20 mL). Organic layer was separated and dried 
on magnesium sulfate, filtered and evaporated in vacuo to 
give 2c as colorless crystals; yield 0.47 g (75%); mp 42—44 °C 
(from hexane) (lit,5) mp 40.5—41.0 °C). 

2-Chloro-l-iodooctane (2a): Colorless oil; *H NMR 
(CDCI3) 6=0.75—1.05 (3H, br. t, CH3), 1.16-2.08 (10H, m, 
-(CH2)5-), and 3.18—4.35 (3H, m, -CHCI-CH2I). Found: 
C, 34.67; H, 5.70%. Calcd for C8Hi6ClI: C, 35.00; H, 5.87%. 

frans-l-Chloro-2-iodocyclohexane (2b): Bp 115°C/20 
mmHg (lit,3) bp 37°C/0.2 mmHg); *HNMR (CDCI3) 
0=1.36—2.71 (8H, m, -(CH2)4-) and 4.30—4.68 (2H, m, 
-CHC1-CHI-). 

Reaction of Cinnamic Acid (Id) in Methanol; Typical 
Procedure in Protic Solvent: To a solution of Id (0.50 g, 
3.37 mmol) in methanol (20 mL) was added BTMA IC12 

(1.17 g, 3.37 mmol); the mixture was stirred for 24 h at room 
temperature. Methanol was distilled off and the residue 
was extracted with ether (20 mL). The ether solution was 
treated with a sodium sulfite solution (5%, 20 mL), washed 
with water (20 mL) and dried on magnesium sulfate; it was 
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then filtered and evaporated in vacuo. The residue was 
separated by column chromatography on silica gel using 
benzene and ethyl acetate as eluents. From the first eluant 
2-iodo-3-methoxy-3-phenyl propionic acid (3d) was 
obtained as colorless crystals; yield 0.27 g (27%). From the 
second eluant methyl cinnamate (le) was obtained; yield 
0.36 g (65%). 3d; mp 179—181 °C (from hexane-chloro-
form (lit,7> mp 167—168 °C); *H NMR (CDC13) «5=3.30 (3H, s, 
CH3), 4.46 (1H, d, /=10.4 Hz, -CHI-COOH), 4.66 (1H, d, 
7=10.4 Hz, -CH(OCH3)-), 7.45 (5H, s, C6H5), and 10.28— 
10.51 (1H, br. s, COOH). Found: C, 39.46; H, 3.79%. 
Calcd for C10H11O3I: C, 39.24; H, 3.62%. 

Reaction of Cyclohexene (lb) in Methanol: A mixture of 
compound 2b and trans- l-iodo-2-methoxycyclohexane (3b) 
was obtained. 3b: *H NMR (CDCla) 6=1.36—2.71 (8H, m, 
-(CH2)4-), 3.13—3.37 (1H, m, -CH(OCH3)-), 3.45 (3H, s, 
OCH3), and 3.95—4.19 (1H, m, -CHI-). This NMR spec­
trum was identical with that of isolated 3b which was 
prepared according to a procedure described in the 
literature.4) 

Reaction of lc in Methanol: Compound 2c and 2-iodo-1 -
methoxy-1-phenylethane (3c) were isolated. 3c: brown oil 
(lit,6) bp 107—108°C/5 mmHg); iHNMR (CDCI3) «5=3.34 
(3H, s, CH3), 3.36 (2H, br. d, -CH2I), 4.34 (1H, br. t, 
-CH(OCH3)-), and 7.44 (5H, s, C6H5). Mass m/z: 262 (M+). 

Reaction of le in Methanol: Methyl 2-iodo-3-methoxy-
3-phenylpropionate (3e) was obtained. 3e: XH NMR (CDCI3) 
0=3.22 (3H, s, OCH3), 3.82 (3H, s, COOCH3), 4.45 (1H, d, 
7=11.3 Hz, -CHI-COOCH3), 4.68 (1H, d 7=11.3 Hz, 
-CH(OCH3)-Ph), and 7.42 (5H, s, C6H5). 

References 

1) Part XXVI of this series: S. Kajigaeshi, Y. Shinmasu, 
S. Fujisaki, and T. Kakinami, Chem. Express, 5, 141 (1990). 

2) a) S. Kajigaeshi, T. Kakinami, H. Yamasaki, S. Fujisaki, 
M. Kondo, and T. Okamoto, Chem. Lett, 1987, 2109; b) S. 
Kajigaeshi, T. Kakinami, H. Yamasaki, S. Fujisaki, and 
T. Okamoto, Bull. Chem. Soc. Jpn., 61, 600 (1988); c) S. 
Kajigaeshi, T. Kakinami, M. Moriwaki, S. Fujisaki, K. 
Maeno, and T. Okamoto, Synthesis, 1988, 545; d) S. Kajigaeshi, 
T. Kakinami, M. Moriwaki, M. Watanabe, S. Fujisaki, and 
T. Okamoto, Chem. Lett., 1988, 795; e) S. Kajigaeshi, T. 
Kakinami, M. Moriwaki, T. Tanaka, S. Fujisaki, and 
T. Okamoto, Bull. Chem. Soc. Jpn., 62, 439 (1989); f) S. 
Kajigaeshi, T. Kakinami, F. Watanabe, and T. Okamoto, 
ibid., 62, 1349(1989). 

3) W. C. Baird, Jr., J. N. Surridge, and M. Buza, J. Org. 
Chem., 36, 2088(1971). 

4) M. I. Uschakow, Chem. Zentralbl., 2, 1150 (1935). 
5) R. E. Buckles and D. F. Knaack, J. Chem. Educ, 37, 

298(1960). 
6) S. Winstein and L. L. Ingraham, J. Am. Chem. Soc, 

77, 1738(1955). 
7) E. L. Jackson and L. Pasiut, J. Am. Chem. Soc, 50, 

2249(1928). 
8) a) G. A. Olah and T. R. Hockswender, Jr., J. Am. 

Chem. Soc, 96, 3574 (1974); b) G. A. Olah, P. Schilling, 
P.W. Westerman, and N. C. Lin, ibid, 96, 3581 (1974). 

9) a) T. Negoro and Y. Ikeda, Bull. Chem. Soc. Jpn., 57, 
2111 (1984); b) T. Negoro and Y. Ikeda, ibid., 57, 2116 (1984); 
c) T. Negoro and Y. Ikeda, ibid., 59, 3519 (1986). 

10) F. G. Weber, Tetrahedron, 25, 4283 (1969). 
11) L. Birckenbach and J. Goubeau, Ber., 67, 1420 (1934). 



3036 © 1990 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 63, 3036—3038 (1990) [Vol. 63, No. 10 
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Synopsis. To synthesize 4B-group element-containing 
styrene monomers, alkylmetalation reactions of 4-methyl-
styrene (1) in the presence of lithium diisopropylamide (2) 
were investigated. Trialkylsilylation of 1 proceeded easily 
by the reaction with trialkylsilyl chloride in the presence of 2 
to form mono- and bis-trialkylsilylated methylstyrene. 
This synthetic method was expanded to other 4B-element-
containing styrènes such as germyl and stannyl compounds. 

We have long been s tudying on syntheses of new 
functional monomers , ol igomers and polymers by 
us ing a novel reaction route. In 1986, we found that 
l i th ium di isopropylamide (2) induced a metalat ion 
reaction of 4-methylstyrene derivatives (1) to form 4-
vinylbenzyll i thium derivatives (3) wi thout any side 
reaction such as polymerizat ion or addi t ion reaction 
at vinyl g roup of ll) as shown in Eq. 1. T h e equil i­
b r i u m constant of the reaction was 0.54 in T H F at 
20 °C. By us ing this reaction system, we were able to 
synthesize a variety of novel monomers and macro-
monomers . 1 _ 5 ) For instance, 3a in the equ i l ib r ium 
system initiates an an ion ic polymerization of styrene 
selectively to form polystyrene macromonomers.1* 
Mono- and bis-trimethylsilylated methylstyrenes were 
synthesized in good yield by d ropp ing trimethylsilyl 
chloride to the equ i l ib r ium system.2) 

T h i s paper deals wi th synthesis of 4B-group 
e lement-conta ining styrene derivatives by the reaction 
between chlorometal compounds and 3 derived from 
the reaction between 1 and 2. Effect of para-
substi tuents in styrene derivatives was also evaluated 
by * H N M R . 

Experimental 

All procedures such as metalation and silylation reactions 
were carried out under purified nitrogen to eliminate oxy­
gen and moisture. 

Materials: Commercial tetrahydrofuran (THF), diiso-
propylamine (DPA), 4-methylstyrene (1), £-butyl chloride, 
trimethylsilyl chloride, triethylsilyl chloride, (t-buty\)-
dimethylsilyl chloride, triphenylsilyl chloride, trimethylger-
myl chloride, trimethylstannyl chloride, dichlorodimethyl-
silane, and dimethylsilyl chloride were purified by 
conventional methods.7) Methoxydimethylsilyl chloride, t-
butoxydimethylsilyl chloride and trimethoxysilyl chloride 
were prepared as reported in previous papers.8-10) Methods 
for purification of other materials were described in our 
previous paper.2) 

Synthesis of 4B-Element-Containing Styrene Monomers: 

One of the representative procedures for reaction of 4-
vinylbenzyllithium and chlorometal compound is described. 
To a stirred T H F solution (15.8 ml) of diisopropylamine 
(DPA, 2.02 g; 20 mmol), a cyclohexane solution (3.0 ml) of 
butyllithium (0.65 g; 10 mmol) was added in a 100 ml-round 
bottomed flask. After stirring for a few minutes to com­
plete the formation of lithium diisopropylamide (2), 4-
methylstyrene (1, 1.18 g; 10 mmol) was added by using a 
syringe. The color of the mixture was observed to turn 
yellow immediately. Then, T H F solution (11 ml) of trie­
thylsilyl chloride (1.66 g; 11 mmol) was dropped into the 
mixture for 3 h at 20 °C. After the reaction, low boiling 
materials were evaporated and the residue was analyzed 
directly by gas chromatography. The styrene derivatives 
formed were purified by fractional distillation and analyzed 
by *H NMR, UV and GC-mass spectroscopy. 

Measurements: XHNMR spectra were observed on a 
JEOL GX-270 spectrometer at room temperature, using a 5 
mm-glass tube containing a solution of the styrene deriva­
tive sample in CDCI3 (0.1 g dm -3). Chloroform and 1,4-
dioxane were used as internal references for the measure­
ments. Gas chromatograms were taken with a Hitachi 063 
gas Chromatograph. For GPC measurements, a Nihon 
Seimitsu Kagaku NSLC-200 Gel Permeation Chromato­
graph was used. GC-mass spectra were obtained using a 
JEOL-DX303. 

Results and Discussion 

1. Synthesis of 4B-Element-Containing Styrene 
Monomers. As we reported previously, there are two 
different an ionic species ( l i th ium diisopropylamide, 
2, and 4-vinylbenzylli thium, 3a) in the equi l ib r ium 
system between 4-methylstyrene ( la) and 2 (Eq. (1)). 
When trimethylsilyl chloride was dropped to the 
equ i l ib r ium system, mono- and bis-trimethylsilylated 
1 were formed in good yield.2* 

HsC-CH-^Q-CHsR + [(CH3)2CHl2NLi ^ = f e 

+ Present address: Department of Materials Science and 
Technology, Faculty of Industrial Science and Technology, 
Science University of Tokyo, Yamazaki, Noda-shi, Chiba 
278. 
ïï Research Institute for Biosciences, Science University of 
Tokyo, Yamazaki, Noda-shi, Chiba 278. 

H 2 C=CH^^6HL i + [(CH3)2CH]2NH (1) 

3 4 

R= -H: 1a, 3a ; -Si(CH3)3:1b, 3b 

T o synthesize several types of alkylmetal conta in ing 
1, reactions of various types of chlorometal c o m p o u n d 
in the equi l ib r ium system were carried out, the results 
of which are listed in Table 1. When trialkyl-
substi tuted silyl chlorides such as triethylsilyl, t-
butyldimethylsi lyl and triphenylsilyl chloride were 
used as reactant, corresponding coupl ing compounds 
wi th 3a were formed (Runs 1—7, in Table 1). Yield 
of the products was strongly dependent on the struc­
ture of alkyl substituents adjacent to silicon atom. 
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R u n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Table 1. Results on 

R3C1 

(CH3)3SiCl 
(CH3)3SiCle) 

(CH3)3SiCle) 

(CH3CH2)3SiCl 
(CH3CH2)3SiCl 
[(CH3)3C](CH3)2SiCl 
(C6H5)3SiClf) 

H(CH3)2SiCl 
CH30(CH3)2SiCl 
(CH30)3SiCl 
[(CH3)3C]0(CH3)2SiCl 
(CH3)2SiCl2 
(CH30)3SiCl 
(CH30)3SiCl 
(CH30)3SiCl 
(CH3)3CC1 
(CH3)3GeCl 
(CH3)3SnCl 
(CH3)3SnCl 

N O T E S 

Synthesis of 4B-Group Element-Containing Styrene Derivatives** 

[la]o 

0.3 
0.5 
0.25 
0.3 
0.15 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.15 

[2]o 

mol dm - 3 

0.3 
0.25 
0.5 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

Mo 

0.3 
0.25 
0.5 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

Temp 

°C 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
0 

- 2 0 
- 4 0 

20 
20 
20 
20 

Yield/%b) 

Monoc)" Bisd) 

65.7 15.9 
82.0 4.7 
25.5 60.2 
79.0 5.0 
57.1 41.2 
49.1 1.3 
66.8 3.0 
0 0 
0 0 
0 0 
0 0 
0 0 
2.9 0 
4.7 0 
7.4 0 
0 0 

34.1 1.1 
8.2 1.2 

62.8 32.5 

3037 

a) Solvent: THF; [R3MCl]o=[2]o; dropping time: 3h. b) Yield to lithium species, c) 4-

[Mono(trialkylmetallo)methyl]styrene. H2C=CH-^^-CH2MR3 d) 4-[Bis(trialkylmetallo)-

methyljstyrene. H2C=CH-̂ \-CH[MR3]2 e) Ref. 2. f) Small amount of vinyl oligomers was 

formed (-10%). 

CHCI3 

5 /Si(CHö
3)3 

" C H ^Sn(CH7
3)3 

Table 2. Results on Synthesis of Trimethylsilyl and Other 
4B-Group Elements-Containing Styrene Derivatives3* 

Dioxane 

2 3 

7 6 5 4 3 2 1 0 
6 i n ppm 

Fig. 1. 270 MHz 1U NMR spectrum of 4-[(trimethyl-
silyl)(trimethylstannyl)methyl]styrene formed in 
the reaction of trimethylstannyl chloride in the 
equilibrium system containing lb, 3b, and 2. 

When trimethylsilyl chloride was used as a reactant, 
mono- and bis-trimethylsilylated 1 were formed in 
good yield under appropr ia te reaction condi t ions. 
Wi th increasing bulkiness of substi tuent on silyl chlo­
ride, the yield of bis-silylated 1 decreased significantly. 

Contrary to the reaction of trialkylsilyl chloride in 
the equ i l ib r ium system, silyl chloride hav ing other 
functional substi tuents such as an alkoxyl g r o u p gave 
no silylated 1 at 20 °C (Runs 8—12, in Tab le 1), which 
suggests that undesired reaction such as coup l ing 
reaction of Si-Cl compounds with 2 a n d / o r cleavage 
reaction of S i -O l inkage by a nucleophi le migh t have 
proceeded preferentially. Actually, wi th decreasing 

Run 

1 
2 
3 

R3MCI 

(CH3)3SiClc) 

(CH3CH2)3SiCl 
(CH3)3SnCl 

[lb]o 

0.25 
0.3 
0.3 

[2]o 

mol dm - 3 

0.25 
0.3 
0.3 

[4]o 

0.25 
0.3 
0.3 

Yieldb) 

% 

65.1 
69.2 
32.5 

a) Solvent: THF; temp: 20 °C; [R3MCl]0=[2]o; drop­
ping time: 3h. b) Yield to lithium species, c) Réf. 2. 

the reaction temperature, the silylation reaction of 3a 
took place (Runs 13—15, in Tab le 1) t hough yield of 
the silylated 1 was still low. T h e fact suggests that 
low temperature may prevent the cleavage reaction of 
S i - O l inkage by nucleophiles. 

Synthesis of other 4B-group e lement-conta ining 1 
(C, Ge, and Sn) was also investigated (Runs 16—19, in 
Tab le 1). It is seen from the Tab le that these reac­
tions proceeded smoothly to form several types of 4B-
element-conta ining 1 except for £-butyl chloride as a 
reactant. 

As l b was also metalated by 2 to form 3b shown in 
Eq. 1, 4-methylstyrene derivatives hav ing bo th trime­
thylsilyl g roup and other tr ialkylmetallo g r o u p are 
easily synthesized. Fig. 1 shows ^ N M R spectrum 
of product formed in the reaction of t r imethyls tannyl 
chloride wi th chemical species present in the equi l i ­
b r i um system (see Eq. 1). Assignment of the signals 
was carried out by us ing 4-(trimethylsilylmethyl)-
styrene,2) 4-[bis(trimethylsilyl)methyl]styrene,2) and 4-
(tr imethylstannylmethyl)styrene as reference com­
pounds . As shown in the Fig. 1, methyl protons 
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Table 3 

R i n 
H 2 C = C H ' 0 " R 

H 
CH3

b) 

CH2Si(CH3)3
c) 

CH2Si(CH2CH3)3 
CH2Si(CH3)2[C(CH3)3] 
CH2Sn(CH3)3 

CH[Si(CH3)3]2
d) 

CH[Sn(CH3)3]2 

^ i ( C H 3 ) 3 

cuf ^Sn(CH3)3 

N O T E S 

Proton Chemical Shifts ô for 4-Substituted Styrènes 
and Estimated c 

ô(HA) 

6.582 
6.545 
6.528 
6.518 
6.552 
6.506 
6.517 

— 

6.492 

r-Values for R3MCH2 Group3 ' 

ô(HB) 

PPm 

5.594 
5.537 
5.505 
5.501 
5.503 
5.478 
5.495 
5.455 

5.481 

ô(Hc) 

5.093 
5.028 
4.987 
4.981 
4.982 
4.956 
4.972 
4.927 

4.953 

Ol 

0 
-0.04 
-0.10 
-0.11 
-0.12 
-0.12 
-0.14 
-0.16 

-0.17 

OR 

0 
-0.11 
-0.15 
-0.15 
-0.14 
-0.20 
-0.15 
-0.23 

-0.17 

[Vol. 63, No. 10 

o 
(=<71+<7R) 

0 
-0.15 
-0.25 
-0.26 
-0.26 
-0.32 
-0.29 
-0.39 

-0.34 

a) 
H - C 

• o b) Ref. 12. c) Ref. 11. d) Ref. 4. 

appear ing a round 0 p p m separated in to two signals, 
indicat ing the product to have both trimethylsilyl and 
tr imethylstannyl g roup . Detailed reaction condi­
tions and results are summarized in Tab le 2. 

2. Estimation of Reactivities of Alkylmetal Contain­
ing 1 toward Nucleophilic Reagents. We reported4) 

previously that the double bond of 4-(trimethyl-
silylmethyl)styrene has m u c h lower reactivity toward 
nucleophi l ic reagents than styrene itself owing to the 
electron-releasing effect of para-s tanding trimethylsi-
lylmethyl g roup (O-TT hyperconjugat ion) . T h e effect 
of 4-bis(trimethylsilyl)methyl g roup is much higher as 
compared with 4-trimethylsilylmethyl g roup , which 
may be caused by an addi t ional O-TT hyperconjugat ion 
between second C-Si bond and the phenyl 7r-orbital in 
addi t ion to the O-TT hyperconjugat ion of the first C-Si 
bond in vertical posi t ion. Subst i tuent effect of sev­
eral 4B-element-containing 1 was estimated by 
Hammet t ' s a-value of para-substi tuents . 

Reynolds, et al. reported that the effect of para-
substi tuents in styrene derivatives can be evaluated 
from the chemical shifts in their ^ N M R spectra . n ) 

They also reported that the na ture of the electron-
releasing effect of -CH2-MR3 in para-substi tuted sty­
rènes was attr ibutable to the electrically polarized C -
M b o n d . n ) Hammet t ' s a-values for para-substi tuents 
in styrene derivatives estimated according to Reynolds 
are listed in Table 3. T h e electron-releasing effect of 
the three trialkylsilylmethyl groups is a lmost invari­
able regardless of the structure of alkyl group, which is 
consistent with Reynolds ' consideration. T h e effect 
of dimetal lomethyl substi tuents was also influenced 
by the electrically polarized C-M bond as shown in 
Tab le 3. T h u s , order of the electron-releasing effect 
of tr ialkylmetalmethyl substi tuents are as follows: 

(R3Sn)2CH->(R3Sn)(R3Si)CH->R3SnCH2-

>(R3Si)2CH->R3SiCH2-

We reported previously that tr ialkylmetal substi­
tuted 4-methylstyrenes have higher alternative ten­
dency than that of c o m m o n styrene derivatives in 

radical copolymerization wi th electron-poor vinyl 
monomers such as methacrylic esters owing to the 
electron-releasing effect of para substituent of the 4-
(trialkylmetalmethyl)styrene.4 ) For example, mono­
mer reactivity ratios (n and r2) in radical copolymeri­
zation of 4-[bis(trimethylsilyl)methyl]styrene (Mi) 
with methylmethacrylate (M2) were 0.1 and 0.2, re­
spectively. 

4B-Element-containing styrene monomers obtained 
by the method described here should have similar 
tendency in radical copolymerization to that of corre­
sponding m o n o - and bis-trimethylsilylated 1. 

One of the authors (Yukio Nagasaki) would like to 
express his sincere appreciat ion to the Tokyo Ouka 
Foundat ion , for the financial suppor t of part of this 
research. 
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Synthesis of cis-transoid-cis- and cis-cisoid-cis-Tetvacyclo[6.6.0.0lll.03>7]-
tetradecan-12-ones via Novel Rearrangement 

Kiyomi KAKIUCHI,* Naoki HIRANO, Tosh ih i ro SHIMIZU, Mitsuhi to SUWA, Kazuya KoBiRO,r 

Yoshito TOBE, and Yoshinobu ODAIRA 

Department of Applied Fine Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565 
(Received May 14, 1990) 

Synopsis. A new type of tetracyclic compounds, cis-
transoid-cis- and cis-cisoid-cis-tetr2Lcyc\o[6.6.0.01'11.Q^''7]tetra-
decan-12-ones, having a tetraquinane framework, has been 
synthesized by the novel acid-catalyzed rearrangement. 

Considerable a t tent ion has been pa id on fused five-
membered r ing system (tetraquinanes) of tetracyclo-
[6.6.0.0u l .03 '7]tetradecane (1 and 2) skeleton because of 
its u n i q u e structure and the isolation of ant ibiot ic 
diterpenes possessing this skeleton.1) Recently we 
have developed an efficient method for construct ing 
the angular ly fused t r iqu inane ketones th rough the 
novel rearrangement of the fused 5-6-4 ketones and 
have appl ied it to the total syntheses of some tr iqui­
nane na tura l products.2) As further extension of 
our work, we disclose here the synthesis of the title 
compounds 3 and 4 hav ing the te t raquinane frame­
work by the novel rearrangement of the fused 5-5-6-4 
ketones, cis-transoid-cis- and cis-cisoid-cis-tetracyclo-
[ô.e.O.O^^.O^ltetradecan-ll-ones (5 and 6). 

T h e cyclobutyl ketones 5 and 6 were prepared readily 
from the k n o w n d i q u i n a n e ketone, bicyclo[3.3.0]-
octan-2-one (7),3) by the method described previously 
(Scheme l);2a> reaction of the silyl enol ether of 7 wi th 
2-methyl-2-vinyl-l ,3-dioxolane followed by hydrolysis 
and condensat ion gave two tricyclic enones 8 and 9 in 
26% and 32% yields, respectively. Photocycloaddi t ion 
of 9 to ethylene afforded the tetracyclic ketone 6 in 78% 

yield while the same reaction of 8 was sluggish to give 
the ketone 5 in 26% yield. T h e stereochemistry of 5 
and 6 was unambiguous ly established based on the 
single-crystal X-ray analysis of the £-bromobenzoate 
10 derived from 6 by reduction and esterification (Fig. 1). 

T h e rearrangement of 5 and 6 wi th AICI3 proceeded 
smoothly to give the desired te t raquinane ketones 3 
and 4 in 96% and 90% yields, respectively. T h e tetra-

1 , 11 

WO 

VII VIII , IX 
* - 1 , 2 

OH 

Scheme 2. i) LDA, allyl bromide, ii) TsOH • H2O, 
ethylene glycol, iii) B2H6, NaOH, H2O2, iv) MsCl, 
Et3N, v) LiBr, vi) NaI, vii) Mg, HgCl2, 
viii) (EtO)2POCl, TMEDA, ix) Li, EtNH2, *-BuOH. 

CQ — 
3 X=0 . 

1 x=H2 ^ - J 

4 X=0 

2 

X=0 . 
vii 

X=H2 -«--J 

Scheme 1. i) LDA, TMSC1, ii) 2-Methyl-2-vinyl-l,3-dioxolane, TiCl4, Ti(Oz-Pr)4, iii) 10% HCl, 
iv) KOH, v) hv, CH2=CH2, vi) AICI3, vii) N2H4, KOH. 

"f* Present address: Niihama National College of Technol­
ogy, 7-1 Yagumo-cho, Niihama, Ehime 792. 
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Fig. 1. Molecular structure of ß-bromobenzoate 10. 

q u i n a n e structures were confirmed by compar ison of 
the hydrocarbons 1 and 2 derived from 3 and 4 wi th 
the authent ic samples prepared independently from 
mcycloß.S.O.O^undecan^-one (11)2») using the procedure 
reported previously (Scheme 2).4) Further applica­
t ion of this rearrangement to the construct ion of other 
u n i q u e carbon skeletons is in progress. 

Experimental 

All boiling and melting points were uncorrected. IR 
spectra were recorded on a Hitachi 260-10 spectrometer as 
liquid films unless otherwise stated. ^ N M R (90 or 400 
MHz) and 13C NMR (22.5 or 100 MHz) spectra were obtained 
on a JEOL JNM-FX-90Q or a JEOL JNM-GSX-400 spec­
trometer in CDCI3. Mass spectra (MS) were measured with 
a JEOL JMS-DX303 spectrometer. The technique of chro­
matography were the same as were used in the previous 
work.23) 

cis-transoid-cis and cw-cwoid-cis-l,12-Didehydrotricyclo-
[6.4.0.02'6]dodecan-ll-ones (8 and 9). To a solution of 
lithium diisopropylamide (LDA) prepared from diisopropyl-
amine (6.25 ml, 44.4 mmol) and BuLi (34.1 ml, 44.4 mmol) 
in hexane in dry tetrahydrofuran (THF) (30 ml) was added 
dropwise a solution of 73) (5.0 g, 40.3 mmol) in dry THF (45 
ml) at — 78 °C during 20 min under a nitrogen atmosphere. 
The solution was stirred for 30 min at — 78 °C and then 
trimethylsilyl chloride (TMSC1) (11.0 ml, 86.6 mmol) was 
added. The mixture was warmed to room temperature. A 
cold NH4CI solution was added and the mixture was 
extracted with ether. The combined organic phase was 
washed with brine and dried over MgSÜ4. Evaporation of 
the solvent followed by distillation of the crude product 
under reduced pressure gave the silyl enol ether (7.21 g, 91%): 
bp 69—70°C/800 Pa; IR 3030, 1640, 1250, 850 cm"1. Reac­
tion of the silyl enol ether (3.73 g, 19.1 mmol) with 2-methyl-
2-vinyl-l,3-dioxolane (2.61 g, 22.9 mmol) in the presence of 
titanium (IV) chloride (TiCl4) (4.18 ml, 38.1 mmol) and 
titanium (IV) isopropoxide (Ti(Oz-Pr)4) (11.4 ml, 38.1 
mmol) followed by hydrolysis in 10% HCl (20 ml) and T H F 
(20 ml) were performed as described previously23* to give the 
recovered 7 (0.48 g) and the diketones (2.32 g, 82%) after flash 
chromatography (20% ether-petroleum ether): IR 1730, 1710 
cm -1. Reaction of the diketones (2.0 g, 10.3 mmol) with 
potassium hydroxide (KOH) (1.74 g, 30.9 mmol) in ethyl 
alcohol (17 ml) was done as described previously23) to give 8 
(0.64 g, 35%) and 9 (0.78 g, 43%) after column chromatog­
raphy on silica gel (7% ether-petroleum ether). 8: IR 1660, 
1190, 860 cm1; *HNMR 0=1.1—3.2 (m, 15H), 5.80 (s, 1H); 

™C NMR 0=27.5 (t), 29.2 (t), 34.1 (t), 35.4 (t), 37.0 (t), 38.2 (t), 
39.8 (d), 41.7 (d), 48.9 (d), 121.3 (d), 179.4 (s), 199.4 (s); MS m/z 
(%) 176 (M+, 47), 148 (100), 107 (38). Found: m/z 176.1201. 
Calcd for Ci2Hi60: M, 176.1202. 9: IR 1660,1190, 860 cm"*; 
iHNMR 0=0.80 (dt, /=10, 12 Hz, 1H), 1.2—3.2 (m, 14H), 
5.82 (s, 1H); ^CNMR 0=24.9 (t), 28.9 (t), 31.5 (t), 32.4 (t), 
36.6 (t), 38.9 (t), 41.8 (d), 43.4 (d), 47.9 (d), 121.0 (d), 178.8 (s), 
199.3 (s); MS m/z (%) 176 (M+, 62), 148 (100), 134 (38), 107 
(44). Found: C, 81.45; H, 9.17%. Calcd for Ci2Hi60: C, 
81.77; H, 9.15%. 

cw-fransoid-cw-Tetracyclo[6.6.0.0112.02'6]tetradecan-ll-
one (5). Irradiation of 8 (704 mg, 4.0 mmol) in dichloro-
methane (CH2CI2) (200 ml) for 20 h was performed as 
described previously23) to give 5 (200 mg, 26%) and the 
recovered 8 (30 mg) after column chromatography on alumina 
(4% ether-petroleum ether): IR 1700 cm"1; *H NMR 0=1.0— 
2.8 (m); ™C NMR 0=21.1 (t), 25.0 (t), 26.4 (t), 26.7 (t), 29.4 (t), 
34.3 (t), 35.2 (t), 35.9 (t), 40.8 (d), 42.2 (d), 50.9 (d), 52.7 (d), 
54.4 (s), 214.5 (s); MS m/z (%) 204 (M+, 45), 176 (44), 175 (42), 
148 (100), 134 (35), 91 (41). Found: C, 81.98; H, 9.95%. 
Calcd for C14H20O: C, 82.30; H, 9.87%. 

cis-cisoirf-cis-Tetracyclo[6.6.0.0112.02'6]tetradecan-ll-one 
(6). Irradiation of 9 (2.90 g, 16.5 mmol) in CH2C12(280 ml) 
for 6 h was done as described previously23* to give 6 (2.57 g, 
78%) and the recovered 9 (0.8 g) after column chromatog­
raphy on alumina (4% ether-petroleum ether): IR 1700 cm -1; 
iHNMR 0=0.8—2.9 (m); ^CNMR 0=20.2 (t), 25.0 (t), 26.0 
(t), 28.7 (t), 31.9 (t), 33.0 (t), 35.0 (t), 35.6 (t), 42.3 (d), 45.0 (d), 
46.6 (d), 53.2 (s), 55.0 (d), 213.6 (s); MS m/z (%) 204 (M+, 40), 
174 (64), 148 (100), 134 (43). Found: C, 81.97; H, 9.98%. 
Calcd for C14H20O: C, 82.30; H, 9.87%. 

cw-fransoid-cw-Tetracyclo[6.6.0.0111.03'7]tetradecan-12-
one (3). Reaction of 5 (100 mg, 0.49 mmol) with aluminum 
(III) chloride (AICI3) (130 mg, 0.98 mmol) in CH2CI2 (5 ml) 
for 3.5 h was performed as described previously23* to give 3 
(96 mg, 96%) after flash chromatography (5% ether-petro­
leum ether): IR 1730 cm"1; ^ N M R 0=1.2—2.8 (m); 
!3C NMR 0=25.4 (t), 30.2 (t), 32.1 (t), 33.5 (t), 33.5 (t), 33.7 (t), 
39.7 (t), 44.2 (d), 46.9 (t), 52.8 (d), 58.9 (d), 59.3 (d), 61.0 (s), 
222.9 (s); MS m/z (%) 204 (M+, 100), 175 (66), 147 (34), 96 (46). 
Found: C, 82.33; H, 9.99%. Calcd for C14H20O: C, 82.30; H, 
9.87%. 

cw-ctsoid-cis-Tetracyclo[6.6.0.0111.03'7]tetradecan-12-one 
(4). Reaction of 6 (1.71 g, 8.38 mmol) with AICI3 (2.24 g, 
16.8 mmol) in CH2CI2 (44 ml) for 3.5 h was done as described 
prevously2a) to give 4 (1.54 g, 90%) after flash chromatog­
raphy (5% ether-petroleum ether): IR 1730 cm"1; *HNMR 
0=1.0—2.8 (m); ^CNMR 0=27.3 (t), 28.1 (t), 29.3 (t), 30.4 (t), 
31.5 (t), 32.7 (t), 37.7 (t), 44.3 (t), 45.6 (d), 45.9 (d), 53.4 (d), 
57.1 (d), 62.6 (s), 222.8 (s); MS m/z (%) 204 (M+, 100), 175 (82), 
147 (58), 80 (42), 67 (41). Found: C, 82.12; H, 9.95%. Calcd 
for C14H20O: C, 82.30; H, 9.87%. 

cw-fransoid-m-Tetracyclo[6.6.0.0111.03'7]tetradecane (1). 
Wolff-Kishner reduction of 3 (75 mg, 0.37 mmol) with 80% 
hydrazine hydrate (0.22 ml, 3.68 mmol) and KOH (144 mg, 
2.57 mmol) in diethylene glycol (2 ml) was performed as 
described previously23) to give 1 (50 mg, 70%) after flash 
chromatography (petroleum ether): 13CNMR 6=25.9 (t), 
27.3 (t), 32.4 (t), 33.3 (t), 33.3 (t), 33.7 (t), 34.8 (t), 41.2 (t), 44.4 
(d), 48.1 (t), 51.1 (d), 51.9 (d), 59.2 (d), 64.0 (s); MS m/z (%) 
190 (M+, 53), 162 (100), 147 (78), 78 (28). Found: C, 88.28; 
H, 11.66%. Calcd for C14H22: C, 88.35; H, 11.65%. 

cw-a5oirf-cw-Tetracyclo[6.6.0.0lu.03'7]tetradecane (2). Wolff-
Kishner reduction of 4 (150 mg, 0.74 mmol) with 80% 
hydrazine hydrate (0.45 ml, 7.35 mmol) and KOH (289 mg, 
5.15 mmol) in diethylene glycol (4 ml) was done as described 
previously23) to give 2 (95 mg, 68%) after flash chromatog­
raphy (petroleum ether): ^CNMR 0=26.0 (t), 27.6 (t), 28.8 
(t), 30.0 (t), 32.1 (t), 33.5 (t), 36.1 (t), 39.9 (t), 44.0 (d), 46.0 (t), 
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46.7 (d), 48.9 (d), 55.6 (d), 65.3 (s); MS m/z (%) 190 (M+, 28), 
162 (98), 161 (37), 147 (100). Found: C, 88.33; H, 11.82%. 
Calcd for Ci4H22: C, 88.35; H, 11.65%. 

Synthesis of Authentic Samples of 1 and 2. Authentic 
samples were prepared by the method similar to that 
reported previously.4) To a solution of LDA (2.4 mmol) 
prepared as described above in dry THF (5 ml) was added a 
solution of tricyclo[6.3.0.01'5]undecan-4-one (ll)2a> (328 mg, 
2 mmol) and hexamethylphosphoric triamide (0.38 ml, 2.2 
mmol) in dry T H F (5.0 ml) at — 78 °C under a nitrogen 
atmosphere. The solution was stirred at —78 °C for 1 h and 
then allyl bromide (1.67 ml, 20 mmol) was added. The 
solution was stirred at — 78 °C for 1 h and poured into 
NH4CI solution. The mixture was extracted with ether and 
the combined organic phase was dried (MgS04). Evapora­
tion of the solvent followed by flash chromatography (4% 
ether-petroleum ether) of the crude product gave the a-allyl 
ketones (318 mg, 90%) and the recovered 11 (41 mg): IR 3050, 
1730, 1630, 900 cm"1. Reaction of the ketones (318 mg, 1.57 
mmol), ethylene glycol (0.44 ml, 7.87 mmol) , and p-
toluenesulfonic acid monohydrate (TsOH • H2O) (8 mg, 0.04 
mmol) in toluene (10 ml) for 2.5 h gave the acetals: IR 3050, 
1630, 900 cm -1. Hydroboration of the crude acetals with 
diborane generated from NaBH4 (48 mg, 1.26 mmol) and 
BF3-OEt2 (0.17 ml, 1.57 mmol) in dry THF (7 ml) and the 
subsequent oxidation with 30% H2O2-10% NaOH solution 
gave the alcohols: IR 3350 (br), 1040 cm -1. Mesylation of 
the crude alcohols with methanesulfonyl chloride (MsCl) 
(0.36 ml, 4.69 mmol) and triethylamine (1.10 ml, 7.85 mmol) 
in dry ether (2 ml) gave the mesylates: IR 1345, 1180, 1040 
cm -1. Reaction of the crude mesylates with lithium bro­
mide (410 mg, 4.72 mmol) in acetone (8 ml) gave the bromides 
(343 mg, 76% from 11) after flash chromatography (8% ether-
petroleum ether): IR 1730 cm -1. Reaction of the above 
bromides (343 mg, 1.20 mmol) with sodium iodide (270 mg, 
1.81 mmol) in acetone (3 ml) gave the iodides (333 mg, 83%) 
after flash chromatography (8% ether-petroleum ether): IR 
1730 cm -1. Reaction of the above iodides (333 mg, 1.00 
mmol) with magnesium (49 mg, 2.01 mmol) and mercury(II) 
chloride (HgCl2) (8 mg, 0.03 mmol) in dry T H F (6 ml) gave 
the inseparable alcohols (67mg, 32%) after flash chromatog­
raphy (30% ether-petroleum ether): IR 3350 (br), 1000 cm"1; 
lH NMR 0=1.0—2.6 (m); MS m/z (%) 206 (M+, 50), 177 (72), 
164 (100), 98 (82). Found: C, 81.30; H, 10.71%. Calcd for 
C14H22O: C, 81.50; H, 10.75%. Reaction of the above alco­
hols (60 mg, 0.29 mmol) with BuLi (0.39 ml, 0.58 mmol) and 
AWAr,Ar-tetramethyl-l,4-butanediamine (TMEDA) (0.26 
ml, 1.74 mmol) followed by addition of diethyl phospho-
rochloridate ((EtO)2POCl) (0.05 ml, 0.32 mmol) gave the 
diethyl phosphates: IR 1250, 1010 cm -1. Reaction of the 
crude phosphates with lithium (20 mg, 2.9 mmol) in dry 
diethylamine (EtNH2) (13 ml) followed by addition of t-
butyl alcohol (*-BuOH) (0.1 ml, 1.2 mmol) in dry T H F (3 
ml) gave the recovered alcohols (28 mg) (elution with 30% 
ether-petroleum ether) and two hydrocarbons (9 mg, 30% 
and 7 mg, 24%) (elution with petroleum ether) after flash 
chromatography, whose 13CNMR spectra were identical 
with those of 1 and 2, respectively. 

m-moirf-cw-Tetracyclo[6.6.0.0112.02'6]tetradecan-ll-yl p-
Bromobenzoate (10). Reduction of 6 (173 mg 0.85 mmol) 
with L1AIH4 (48 mg, 1.27 mmol) in dry ether (15 ml) was 
performed as described previously23* to give two alcohols 
(130 mg, 74% and 19 mg, 11%) after flash chromatography 

(30% ether-petroleum ether). Major: IR 3300 (br), 1060, 
1020, 955, 940 cm"1. Minor: IR 3300 (br), 1060, 950 cm"1. 
Esterification of the major alcohol (130 mg, 0.63 mmol) with 
p-bromobenzoyl chloride (347 mg, 1.58 mmol) in pyridine (4 
ml) was done as described previously23) to give 10 (192 mg, 
78%) after flash chromatography (5% ether-petroleum ether): 
mp 85—86 °C (recrystallized from hexane); IR (KBr) 1710, 
1580,1260, 1170,1110, 1100,1005, 755 cm"1; *H NMR 0=1.16 
(m, 1H), 1.2—1.4 (m, 4H), 1.6—2.0 (m, 11H), 2.15 (dt, 
7=13.8, 9.1 Hz, 1H), 2.22 (dd, /=18.1, 9.1 Hz, 1H), 2.45 (m, 
1H), 2.85 (m, 1H), 5.01 (dt, 7=11.6, 5.8 Hz, 1H), 7.54 (d, 
7=8.5 Hz, 2H), 7.85 (d, 7=8.5 Hz, 2H); 13CNMR 0=16.4 (t), 
27.2 (t), 27.2 (t), 30.3 (t), 31.5 (t), 35.5 (t), 35.8 (t), 36.5 (t), 38.9 
(d), 43.3 (d), 46.0 (d), 54.1 (s), 56.7 (d), 73.6 (d), 127.7 (s), 129.9 
(s), 131.0 (d, 2C), 131.6 (d, 2C), 165.4 (s); MS m/z (%) 390 
(M++2, trace), 388 (M+, trace), 188 (66), 160 (100). Found: 
C, 64.90; H, 6.42; Br, 20.48%. Calcd for C2iH2502Br: C; 
64.79; H, 6.47; Br, 20.52%. 

X-Ray Analysis of 10. Crystal data: C2iH2502Br, Mr 389.31, 
triclinic, space group PI, a=10.314(2), 6=13.214(2), c= 
7.699(1) A, 0=95.23(2)°, F=930.02(2)A3, Dcaicd=1.395 gcm-3, 
Z=2. Diffraction intensities were measured on a Rigaku 
four-circle diffractometer by using Ni-filtered CuKa radia­
tion (A=0.5617Â) by 6-26 scan technique. A total of 2754 
reflections was collected up to 20=120°, among which 2535 
were observed reflections. The crystal structure was solved 
by the direct method5) and refined by the full matrix least-
squares method6) to the R index of 0.058. The non-
hydrogen atoms were refined anisotropically, and hydrogen 
atoms were refined isotropically.7) 

T h a n k s are due to the Crystal lographic Research 
Center, Institute for Protein Research, Osaka University, 
for the use of facilities used in the X-ray analysis. 
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Synopsis. The selective hydrolysis of a-methyl ester of 
glycosylated amino acid derivative, Boc-Asn(NAcGlc)-
OMe, was achieved by using papain. Optimal conditions 
for hydrolysis were estimated. 

In glycopeptides, carbohydrate moiety affects the 
conformation1) or rigidity of the glycopeptides.2) 

Incorpora t ion of carbohydrate in to pept ide chain was 
achieved to change biological activity. However, 
chemical synthesis of glycopeptides is problemat ic 
due to heavy demands of stereoselective formation of 
glycosidic bond and protect ion of functional groups.3 ) 

T h e glycosylated Asn derivative, N4-(2-acetamide-
3,4 ,6- t r i -0-acetyl-2-deoxy-/3-D-glucopyranosyl)-N 2 -
(tert-butoxycarbonyl)-L-aspargine methyl ester, Boc-
Asn(NAcGlc)-OMe, is a useful intermediate for the 
synthesis of Asn(NAcGlc) con ta in ing peptides. 
When Boc-Asn(NAcGlc)-OMe is used as an a m i n o 
component , Boc g roup is easily and selectively cleaved 
wi th H C l / o r g a n i c solvent. In contrast, in the case 
when it is used as a carboxyl component , selective 
saponification of a-methyl ester g r o u p wi thou t unde-
sired deprotection of the hydroxyl g r o u p of carbohy­
drate moiety is qui te difficult. Here, we report on 
papain-catalyzed selective hydrolysis of backbone ester 
of Boc-Asn(NAcGlc)-OMe. 

Results and Discussion 

As shown in Fig. 1, the highest yield of Boc-Asn-
(NAcGlc ) -OH was achieved by the reaction at p H 6. 
T h e yield also depends on the reaction temperature 
(Fig 2). At 30 °C, yield of 96% is achieved. T h u s , the 
backbone methyl ester is almost quanti tat ively hydro-
lyzed wi th papa in . The re is little effect of enzyme 
concentrat ion on the yield (Fig . 3). In conclusion, 
selective hydrolysis of Boc-Asn(NAcGlc)-OMe can be 
achieved by us ing papa in . T h e resul t ing Boc-Asn-
(NAcGlc ) -OH is a useful bu i ld ing block for the syn­
thesis of Asn(NAcGlc) con ta in ing peptides. 

Fig. 1. Effect of pH of the reaction medium on the 
yield at 30 °C. 

20 30 
Temperature °C 

Fig. 2. Effect of reaction temperature on the yield at 
p H 6 . 

y0Ac 
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Boc-Asn(NAcGlc)-OMe Boc-Asn(NAcGlc)-OH 

Scheme 1. 
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20 40 60 
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Fig. 3. Effect of enzyme concentration on the yield 
a t30°C(pH=6) . 

Experimental 

Melting points are uncorrected. IR spectra (KBr disk) 
were recorded on a JASCO IR-8000 spectrometer. *H NMR 
spectra were recorded on a JEOL GX-270 spectrometer for 
DMSO-de solution. Synthesis of Boc-Asn(NAcGlc)-OMe 
is described elsewhere.4) 

Hydrolysis Procedure. We followed the reaction condi­
tions described in a literature,5) where papain-catalyzed 
hydrolysis of uncommon amino acid ester has been 

achieved. Typical hydrolysis procedure is as follows. 
Boc-Asn(NAcGlc)-OMe (0.2 mmol, 116 mg) was dissolved 
in Mcllvain buffer (pH=6, 10 ml). To the solution was 
added papain (300 mg) and 2-mercaptoethanol (0.2 ml) , and 
the mixture was stirred overnight. The reaction mixture 
was acidified with HCl (2 mol dm - 3). Desired product was 
extracted with ethyl acetate, and the organic layer was 
washed with saturated aq NaCl. The solvent was removed 
and the crude product was recrystallized from ethyl acetate/ 
petroleum ether. Selective hydrolysis of a-methyl ester was 
ascertained by XHNMR analysis of the product, Boc-Asn-
(NAcGlc)-OH: *HNMR (DMSO-d6) ô=1.41 (s, 9H, Boc), 
1.76 (s, 3H, NHAç), 1.91 (s, 3H, OAc), 1.97 (s, 3H, OAc), 1.99 
(s, 3H, OAc), 2.52 (dd, 1H, Asn Cß H), 2.59 (dd, 1H, Asn Cß 
H), 3.79 (m, 1H, C5H) , 3.84 (m, 1H, C2H), 3.94 (dd, 1H, 
C6H), 4.18 (dd, 1H C6H), 4.26 (m, 1H, Asn Ca H), 4.81 (dd, 
1H, C4H), 5.11 (dd, 1H, C3H), 5.15 (dd, 1H, OH) , 6.79 (d, 
1H, Asn Na H), 7.88 (d, 1H, C2NHAC), 8.55 (d, 1H, Asn No 
H), 13.08 (s, 1H, COOH); IR (KBr), 1537, 1688, 1750 cm-i; 
mp, 192—193 °C; R{ (MeOH)=0.49. 
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Synopsis. Solvent extraction of aqueous alkali and some 
heavy metal picrates with the title compounds showed that, 
with most cations except for Li+, Na+, and Ag+, the extrac-
tability decreases monotonically as the ring size increases 
from 12 to 16. However, 14-crown-4 showed the highest 
extractability and selectivity for Li+ over the larger alkali 
metals, while 15-crown-4 exhibited the highest Ag+/Tl+ 

selectivity. 

We have recently shown that molecular symmetry 
plays a crucial role in determining cation binding 
ability and/or selectivity of less-symmetrical (3m+n)-
crown-ra (ra>3, n^O), especially small-sized, rigid 
ones,1,2) although its effect is mostly negative with 
ring-contracted (3m—l)-crown-m (ra=5 or 6)3) and 
large-sized, ring-enlarged crown ethers (ra=6—8, 
n=l—4),4_6) resulting in more or less lower binding 
ability and selectivity than symmetrical crown ethers. 
In this context, it is of our special interest to examine 
the effect of molecular symmetry in the crown-4 series. 

A wide variety of less symmetrical crown-4 deriva­
tives and their salt complexes have been synthesized 
and characterized.7-16* As expected from its cavity 
diameter (1.2—1.7 Â), most crown-4 derivatives 
exhibit Li+ selectivity over larger alkali metal ions. 
The effects of extra methylenes introduced have been 
fragmentally surveyed to some extent with crown-4 
derivatives possessing benzo or alkyl substituents.1013) 

However, no systematic survey has been conducted to 
reveal the relationship between molecular symmetry 
and cation binding ability/selectivity, using a series 
of unsubstituted 12- to 16-crown-4 (1—5). In this 
paper, we synthesized the unsubstituted 13- to 16-
crown-4 and evaluated their cation binding abilities 
and relative cation selectivities by the solvent extrac­
tion of aqueous alkali and some heavy metal picrates. 
The present study enables us to discuss the effect of 

crown-4's cavity size and molecular symmetry upon 
their cation binding ability/selectivity. 

Results and Discussion 

Synthesis. All less-symmetrical crown-4 ethers 
were synthesized by using a mixed base, i.e. L iOH/ 
NaOH. Use of LiOH or NaOH alone in the synthe­
sis of 13-crown-4 led to no reaction or a very low yield, 
probably due to poor reactivity or template effect, so 
that the use of the mixed base is highly recommended. 

It is interesting to note that, although comparable 
reaction conditions were employed and the template 
effect is likely to be operating in each synthesis, the 
product yields do not simply reflect the tendency of 
cation binding abilities of the product crown ethers 
2—6 discussed below. 

Solvent Extraction. Carrying just four donor oxy­
gens in the ring, any of the crown-4 1—6, dissolved in 
dichloromethane, did not extract appreciable amount 
of aqueous alkali or heavy metal picrates under our 
standardized condition: [ligand]=[picrate]=3 mM, 
where common 15-crown-5 or 18-crown-6 exhibit 
moderate to high extractabilities for most univalent 
metal picrates.2) Hence, a higher ligand concentra­
tion (30 mM) was employed. The extractabilities (% 
Ex) obtained for 12- to 16-crown-4 1—5 are shown in 
Table 1, along with those of benzo-12-crown-4 6. 
Also listed are the selected relative cation selectivities 
of L i + /Na + and Ag + /Tl + , calculated from the distri­
bution ratio of metal ion between the organic and 
aqueous phases: DM=[M+]org/[M+]aq=%Ex/(100-
%Ex). 

As shown in Table 1, benzo- 12-crown-4 6 possesses 
not only substantially low extractabilities but also 
distinctly different cation selectivities compared with 

Table 1. Solvent Extraction of Aqueous Metal Picrates with 12- to 16-Crown-4 and Benzo-12-crown-4a) 

Ligand 

Benzo-12-crown-4(6) 
12-Crown-4(l) 
13-Crown-4(2) 
14-Crown-4 (3) 
15-Crown-4 (4) 
16-Crown-4(5) 

Li+ 

0.14 
2.67 
0.80 

13.9 
1.66 
0.29 

Na+ 

1.62 
14.4 
3.80 
0.98 
1.21 
0.20 

%] 

K+ 

0.76 
3.52 
1.25 
0.58 
0.15 
0.05 

Extractabilityb) 

Rb+ 

0.70 
3.55 
0.83 
0.19 
0.17 
d) 

Cs+ 

0.56 
3.10 
0.65 
0.19 
0.10 
d) 

Ag+ 

1.87 
13.3 
8.74 
4.58 
6.44 
1.21 

T1+ 

4.61 
15.3 
6.13 
2.49 
0.92 
0.28 

Selectivityc) 

Li+/Na+ 

0.08 
0.16 
0.20 

16.3 
1.38 
1.45 

Ag+/Tl+ 

0.39 
0.85 
1.47 
1.88 
7.41 
4.36 

a) Temperature 25.0+0.1 °C; aqueous phase (10 mL): [picrate]=3 mM; organic phase (CH2CI2, 10 
mL): [crown ether]=30 mM. b) Defined as percent picrate extracted into the organic phase. 
Average of two or three independent runs; error <3% of the reported value, c) Relative cation 
selectivity determined by the distribution ratio of metal ion between the organic and aqueous 
phases, d) Not determined. 
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Scheme 1. Syntheses of 13- to 16-crown-4 and benzo­

l-crown^. 

the parent 12-crown-4, owing to the altered spatial 
arrangement and reduced electron density of donor 
atoms through incorporation of the benzo substituent. 
This demonstrates that the ring size effect can be 
assessed only by comparing unsubstituted crown 
ethers. 

Quite different ring-size dependence is observed for 
the individual cation. In Fig. 1, the profiles of 
extractability and selectivity for the cations of interest 
are plotted against the ring size. In sharp contrast to 
the monotonie decrease in % Ex of the larger cations 
with increasing ring size (n) from 12 to 16, the % Ex 
values for Li+ , Na+ , and Ag+ behave specifically. 
The % Ex for Li+ shows a sharp global maximum at 
n=14, while those for Na+ and Ag+, being highest at 
n=12, exhibit local maxima at n=15. The distinctive 
changes in % Ex of the small cations are demonstrated 
more clearly in the selectivity plot in Fig. 1 (upper 
traces); the peak selectivities for Li+ and Ag+ are 
found at n=14 and 15, respectively. Since the lipo-
philicity of ligand increases with increasing number 
of extra methylene groups, the monotonie decreases 
for larger cations cannot be attributed to an unrealistic 
increase in distribution of ligand to aqueous phase, 
but is rather ascribed to the mismatched cavity size, 
disordered spatial arrangement of donor oxygens, and 
increased flexibility of ring-enlarged crown ethers 2— 
5. Since the extraction of aqueous metal picrate with 
ligand is known to require fairly extensive dehydra­
tion,17'18) the burst of Li+ extraction at n=14 and the 
local maxima of Na+ and Ag+ extraction at n=\b are 
somewhat unexpected in view of their much higher 
free energies of hydration than those of the larger 
cations; AG?: Li+, 115; Na+, 90; K+, 73; Rb+ , 67; Cs+, 
62; Ag+, 105; T l + , 74 kcal mol"1.19) Examination 
with CPK molecular models revealed that the succes­
sive introduction of extra methylenes into 12-crown-4 

m 
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5 h 

LU 1 0 h 

L 

r 

L Tl*4 
I N Q T V 

I i 

L i W 

A 1 

AgW 

=»o 

—o J 

R i n g s i z e ( n ) 

Fig. 1. Percent extractability (% Ex; lower traces) 
and relative cation selectivity (upper traces) for 
selected cations as functions of ring size (n) upon 
solvent extraction of aqueous metal picrates with 
12- to 16-crovn-4 1- 5. 

not only increases the cavity size but also makes the 
crown ring more flexible. Thus the enlarged cavity 
size (1.4Â) and the favorable orientation of donor 
atoms in 14-crown-4 3 are jointly responsible for the 
highly selective extraction of the size-matched Li+(di-
ameter 1.52Â).20> The local maxima at n= 15forNa+ 

and Ag+ may also be accounted for in terms of the size-
fit concept. 

It is concluded that, in the crown-4 series, the fine 
adjustment of cavity size to the diameter of specific 
cation is achieved by introducing extra methylenes in 
the ring, and indeed this strategy works well as an 
effective tool for enhancing cation binding ability 
and/or selectivity of the resulting less-symmetrical 
crown ethers, as is the case with the crown-5 series. l>2) 

Experimental 

General. Melting points, measured with a YANACO 
MP-21 apparatus, are uncorrected. Mass spectra were 
obtained by electron impact (EI), chemical ionization (CI), 
or fast-atom bombardment (FAB) on a JEOL AX-500 instru­
ment. XH NMR spectra were recorded on a JEOL GX-40O 
spectrometer at 400 MHz in CDCI3 solution. Infrared and 
electronic spectra were recorded on JASCO A-100 and 
UVIDEC-660 instruments, respectively. 

Materials. Tetrahydrofuran (THF) was dried over CaCk 
and distilled from NaH. Dichloromethane was distilled 
prior to use. 12-Crown-4 (Merck) and other commercially 
available reagents were used as received. Metal picrates 
were prepared as reported.2>21) 

3,7-Dioxanonane-l,9-diol (10). To a stirred suspension 
of finely ground KOH (67.3 g, 1.2 mol) in THF (800 mL) 
was added 8 (161 g, 2.4 mol), and the mixture was refluxed 
for 2 h under N2. Then, 1,3-propanediol bis(p-toluene-
sulfonate)22) (134.4 g, 0.35 mol) in THF (400 mL) was added 
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to the stirred mixture over 2 h, and stirring was continued 
for 96 h under reflux. Evaporation of the solvent and the 
subsequent distillation in vacuo gave 10 (12 g, 32%): bp 95— 
125 °C (0.3 Torr, 1 Torr«133.322 Pa); MS (CI) m/z, 165 
(M++1); « N M R 0=3.65—3.69 (m, 4H), 3.57 (t, 4H), 3.50— 
3.53 (m, 4H), 3.05 (br, 2H), 1.84 (quintet, 2H); IR (neat) 
3400, 2950, 2875, 1125, 1075, 900 cm"1. 

4,8-Dioxaundecane-l,ll-diol (H) was synthesized from 9 
(1.2 mol) and its bis(^-toluenesulfonate)22) (0.20 mol) in 
27.3%: bp 110—130 °C (0.4 Torr); MS (FAB) m/z, 193 
(M++1); « N M R 0=3.73 (br, 4H), 3.59 (t, 4H), 3.50 (t, 4H), 
3.00 (br, 2H), 1.82 (quintet, 2H), 1.79 (quintet, 4H); IR (neat) 
3370, 1108 cm-1. 

3,7-Dioxanonane-l,9-diol Bis(£-toluenesulfonate) (12) was 
prepared from 10 in 76% yield:22) MS (EI) m/z, 472 (M+); 
« N M R 0=7.78 (d, 4H), 7.31 (d, 4H), 4.13 (t, 4H), 3.58 (d, 
4H), 3.43 (t, 4H), 2.43 (s, 6H), 1.70 (quintet, 2H); IR (neat) 
3050, 2960, 2930, 2875, 1600, 1360, 1180, 920, 820, 780 cm-*. 

4,8-Dioxaundecane-l,ll-diol Bis(£-toluenesulfonate) (13) 
was prepared from 11 in 67% yield:22) MS (FAB) m/z, 501 
(M++1); « N M R 0=7.79 (d, 4H), 7.34 (d, 4H), 4.11 (t, 4H), 
3.40 (t, 4H), 3.34 (t, 4H), 2.44 (s, 6H), 1.87 (quintet, 4H), 1.67 
(quintet, 2H); IR (neat) 3050, 2920, 2850, 1600, 1350, 1170, 
1090,940,810 cm"1. 

1,4,7,10-Tetraoxacyclotridecane (13-crown-4, 2). Propane­
diol 9 (19.2 g, 0.25 mol) was added to a stirred suspension of 
finely ground LiOH • H 2 0 (12.6 g, 0.3 mol) and NaOH (4.0 
g, 0.1 mol) in THF (400 mL) at 66°C, and the mixture was 
refluxed for 1 h under N2. To the mixture was added 722) 

(45.8 g, 0.1 mol) in T H F (200 mL) over 2 h, and stirring was 
continued for 96 h at 66 °C. The solvent was evaporated, 
water (100 mL) was added to the residue, and the resultant 
mixture was extracted with chloroform (100 mLX3). Pale 
yellow oil obtained upon evaporation of the solvent was 
distilled in vacuo to give 2 (6.90 g, 36.3%) as colorless oil: bp 
80—105°C (0.8 Torr); MS (EI) m/z, 191 (M++1); « N M R 
0=3.62—3.68 (m, 16H), 1.77 (quintet, 2H); IR (neat) 2920, 
2860, 1120 cm-1; Anal. Calcd for C9Hi804: C, 56.84; H, 
9.47%; Found: C, 56.32; H, 9.73%. 

1,4,8,11-Tetraoxacyclotetradecane (14-crown-4, 3) was 
synthesized from 9 (0.12 mol) and 12 (0.049 mol) in 21% 
yield: colorless crystal; bp 60—80 °C (0.15 Torr): mp 33— 
34°C (lit, 23—24°C,23) 34°C8)); MS (EI) m/z, 205 (M++1); 
« N M R 0=3.67 (t, 8H), 3.65 (s, 8H), 1.78 (quintet, 4H); IR 
(neat) 2930, 2870, 1130 cm"1. 

1,4,8,12-Tetraoxacyclopentadecane (15-crown-4, 4) was 
synthesized from 8 (0.25 mol) and 13 (0.047 mol) in 33% 
yield: colorless oil; MS (EI) m/z, 219 (M++1); « N M R 
0=3.65 (t, 4H), 3.64 (s, 4H), 3.57 (t, 8H), 1.78 (quintet, 6H); 
IR (neat) 2930, 2860, 1140 cm"1; Anal. Calcd for G1H22O4: 
C, 60.52; H, 10.16%; Found: C, 60.73; H, 10.18%. 

1,5,9,13-Tetraoxacyclohexadecane (16-crown-4, 5) was 
synthesized from 9 (0.15 mol) and 13 (0.042 mol) in 11% 
yield; colorless needles: bp 80— 110°C (0.9 Torr); mp 67— 
69 °C (lit, 67.5 °C,23) 70 °C7)); MS (EI) m/z, 233 (M++1); 
« NMR 0=3.55 (t, 16H), 1.80 (quintet, 8H); IR (KBr) 2930, 
2850, 1130 cm-1. 

2,3-Benzo-1,4,7,10-tetraoxacyclododecane (Benzo- 12-crown-
4, 6) was synthesized from pyrocatechol (0.12 mol) and 7 
(0.10 mol) in 21.6% yield: colorless crystal; bp 95—115 °C (0.5 
Torr); mp 44—45 °C (lit, 44—45.5);24) MS (EI) m/z, 224 (M+); 
« N M R 0=6.95—6.99 (m, 4H), 4.18 (t, 4H), 3.86 (t, 4H), 
3.80 (s, 4H); IR (KBr) 3060, 2930, 2860, 1595, 1500, 1260, 

1120,930 cm-1. 
Solvent Extraction was performed as described previous­

ly. 1,2) 
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Synopsis. The title reaction is readily achieved with 
alkyl halides in the presence of sodium hydroxide and a 
phase transfer catalyst to afford 7-alkylated derivatives in 
good yields. The present reaction involving intramolecu­
lar double-alkylation at C-7 and N-6 with dihalides leads to 
novel fused heterocyclic systems. 

A l though 7-substituted 6,7-dihydro-5H-pyrrolo[3,4-
6]pyridin-5-ones and related compounds have received 
increased at tent ion as biologically active compounds 
such as herbicides l a ) and central nervous system 
agents, l b ) we find only few studies on general synthetic 
approach to the 7-substituted derivatives in the litera­
ture. In the course of our studies on the synthesis of 
cyclic n ico t inamide analogs having some functional­
ity, we have developed an efficient method for the 
prepara t ion of the 7-hydroxy derivative 1 as a precur­
sor for various pyrro lopyr id inone derivatives.2) T h i s 
p rompted us to synthesize new type of compounds 
derived from 1. Here we wish to report the synthesis 
of novel heterocyclic systems by the alkylat ion of 7-
phenyl derivative 2 which is readily available from 1. 

Results and Discussion 

Hydroxylactam 1 can be regarded as an a-amido-
alkyla t ing reagent which is well known to react wi th a 
variety of nucleophiles.3 ) In fact, la—c cleanly 
reacted wi th benzene in cone sulfuric acid at room 
temperature to furnish novel 7-phenyl derivatives 2a— 
c quant i ta t ively (Eq. 1). Dur ing further at tempts to 
expand the scope of the synthetic methods for the 

pyrrolopyr id inone derivatives, our at tent ion was 
directed toward the in t roduct ion of a substi tuent at the 
7-position of the pyrrolopyr idinone r ing system wi th 
an electrophile. As far as we know, there has been no 
study from such a s tandpoin t in the literature, 
a l t hough it is easily envisaged that 2 can undergo the 
subst i tut ion reaction at the 7-position with an electro­
phi le in the presence of a base. T h u s , 2 was found to 
be alkylated easily wi th alkyl halides in a phase 
transfer system affording new pyrrolopyr idinone 
derivatives which have a tertiary unsymmetr ical car­
bon a tom in the lactam r ing (Eq. 2). These results 
are listed in Tab le 1. 

H2SCU 

NR 

PhH 

NR (1) 
Ph H 

R!=Me 
R!=Ph 
R!=H 

2a-c 

FTX 
2a-c 

NaOH — PTC 

i n b e n z e n e 

NR (2) 
^N" 

Ph Hz 

3a: Ri=R2=Me 
3ba: R ^ P h , R2=Me 
3bb: R!=Ph, R2=CH2Ph 
3bc: R!=Ph, R2=CH2CH=CH2 

3bd: R!=Ph, R2=CH2C02Et 
3be: R ^ P h , R2=CH2CH2C02Et 
3c: R!=H, R2=Me 

Table 1. Alkylation of 2 with Alkyl Halide in Phase Transfer Systema) 

Run Lactam 
Halide 
(mmol) 

PTC 
(mmol) 

Base React, 
time/h 

Product 
(yield/%)b) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 

2a 
2a 
2a 
2a 
2b 
2b 
2b 
2b 
2b 
2c 
2c 

2c 
2c 
2c 

Mel(20) 
Mel(20) 
Mel(20) 
Mel(20) 
Mel(20) 
PhCH2Cl(1.5) 
CH2=CHCH2Br(1.5) 
BrCH2C02Et(3) 
BrCH2CH2C02Et(1.5) 
Mel(20) 
Mel(l) 

ClCH2CH2CH2Br(1.3) 
BrCH2CH2CH2CH2Br( 1.3) 
o-Ph(CH2Br)2(1.3) 

Bu4NI(l) 
TOMAC(l) 
TOMAC(1.5) 
TOMAC(1.5) 
TOMAC(1.5) 
TOMAC(1.5) 
TOMAC(1.5) 
TOMAQ3) 
TOMAC(1.5) 
TOMAC(1.5) 
TOMAC(1.5) 

TOMAC(3) 
TOMAC(3) 
TOMAQ3) 

aq NaOH 
aq NaOH 
aq NaOH 

NaOH 
NaOH 
NaOH 
NaOH 
NaOH 
NaOH 
NaOH 
NaOH 

NaOH 
NaOH 
NaOH 

52 
9 
2 
3.5 
0.08 
3 
0.2 
0.7 
0.08 
1 
0.5 

0.5 
0.5 
0.5 

3a(77) 
3a(79) 
3a(92) 
3a(89) 
3ba(98) 
3bb(93) 
3bc(97) 
3bd(74) 
3be(90) 
3a(84) 

3a(40r 3c(19)c) 

2a(9)c> 
4(69) 
5(80) 
6(92) 

a) Substrate: 1 mmol; react, temp: r.t.; solvent: benzene(10 ml); aq NaOH: 50% (10 ml); NaOH: 
powder(0.5 g). b) Isolated yield, c) Determined by *H NMR. 
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T h e methyla t ion of 2a to 3a wi th Mel in benzene 
depended on both k ind and a m o u n t of the phase 
transfer catalyst(PTC) used (Runs 1—3). T h e best 
result was obtained when an excess a m o u n t of trioctyl-
m e t h y l a m m o n i u m chlor ide(TOMAC) was employed 
(Run 3). Since a satisfactory yield was obtained wi th 
N a O H - p o w d e r (Run 4), the use of N a O H - p o w d e r 
instead of aq N a O H is a better choice for simplified 
exper imental procedure. In order to establish the 
util i ty and generality of the present reaction, 6-
phenyla ted 2b was subjected to the reaction wi th var­
ious types of alkyl halides to give desirable results 
(Runs 5—9). Especially, it is noteworthy that 2b was 
smoothly ethoxycarbonylmethylated and ethoxycar-
bonylethylated wi thou t considerable hydrolysis of 
ester moiety to afford 3bd and 3be, respectively, which 
have a structure related to an anxiolyt ic com­
pound . lb'4) 

T h e methyla t ion of 6-unsubst i tuted lactam 2c wi th 
an excess a m o u n t of Mel led to the formation of 3a in 
which lactam nitrogen(N-6) was also methylated (Run 
10).5) When an equ imola r a m o u n t of Mel was 
employed, a mixture of 3a, 3c, and 2a a long wi th 
recovered 2c was obtained (Run 11). T h e result in 
R u n 11 indicated that two kinds of anions(N-6 and C-
7) would exist in the reaction system, and the rate of 
the latter alkylat ion is considerably fast. O n the basis 
of these results, the in t ramolecular double-alkylat ion 
of 2c wi th dihalides was examined. Indeed, 2c 
reacted uneventfully wi th l -bromo-3-chloropröpane 
(Run 12), 1,4-dibromobutane (Run 13), and OL,CL'-

dibromo-o-xylene (Run 14) to produce the corre­
spond ing fused heterocyclic compounds 4, 5, and 6 in 
good yields, respectively (Chart 1). It deserves 
emphasis that these novel tricyclic and tetracyclic 
compounds contain pyrrolizidine or indolizidine r ing 
system analogous to 1-azabicyclic alkaloids.6 ) 

Chart 1. 

Experimental 

Measurements. Melting points were uncorrected. 
1H NMR spectra were recorded at 90 MHz with Hitachi R-
22. IR spectra were recorded with Hitachi 295. Mass spec­
tra were recorded with Hitachi M-2000. Elemental analyses 
were determined with Yanagimoto MT-3. 

6-Substituted and Unsubstituted 6,7-Dihydro-7-hydroxy-
5H-pyrrolo[3,4-6]pyridin-5-ones (la—c). These were pre­
pared according to a procedure in the literature.2) 

6-Substituted and Unsubstituted 6,7-Dihydro-7-phenyl-
5H-pyrrolo[3,4-6]pyridin-5-ones (2a—c). As a general 
procedure, into a solution of 1 (1 mmol) in cone H2SO4 (2 
ml) was added benzene (1 ml) under argon and then the 
mixture was vigorously stirred for 30 min. The reaction 
mixture was neutralized with Na2CC>3 and extracted with 
CHCI3 (10 mlX3). After evaporation, the residue was puri­
fied on a short silica-gel columun (Wako-Gel C-200, 
CHCb). 

2a: Mp 141—142 °C (from AcOEt-hexane); *HNMR 
(CDCI3) 0=3.03 (3H, s, CH3), 5.42 (IH, s, H-7), 7.1—7.4 (6H, 
m, arom+H-3), 8.16 (IH, dd, ]=1 and 1 Hz, H-4), 8.65 (IH, 
dd, J=5 and 1 Hz, H-2); IR (KBr) 1690 (C=0) cm"1; MS (70 
eV) m/z 224 (M+). Found: C, 75.20; H, 5.36; N, 12.51%. 
Calcd for G4H12N2O: C, 74.98; H, 5.39; N, 12.49%. 

2b: Mp 199 °C (from EtOH) ; *HNMR (CDCI3) 6=6.17 
(IH, s, H-7), 7.0—7.8 (11H m, arom+H-3), 8.25 (IH, dd, ]=1 
and 1Hz, H-4), 8.74 (IH, dd, / = 5 and 1 Hz, H-2); IR (KBr) 
1700 ( O O ) cm"1; MS (70 eV) m/z 286 (M+). Found: C, 
79.87; H, 4.89; N, 9.61%. Calcd for : C19H14N2O: C, 79.70; 
H, 4.93; N, 9.78%. 

2c: Mp 221-222 °C (from EtOH); *HNMR (CDCI3) 
0=5.67 (IH, s, H-7), 7.2—7.5 (7H, m, arom+H-3+NH), 8.15 
(IH, dd, / = 7 and 1 Hz, H-4), 8.69 (IH, dd, / = 5 and 1 Hz, H-
2); IR (KBr) 3160, 3060 (N-H), 1690 (C=0) cm"1; MS (70 eV) 
m/z 210 (M+). Found: C, 74.45; H, 4.72, N, 13.30%. Calcd 
for C13H10N2O: C, 74.27; H, 4.79; N, 13.32%. 

Alkylation of 2 in a Phase Transfer System. Typical 
procedure (Run 4): Into a mixture of 2a (1 mmol),TOMAC 
(1.5 mmol) and benzene (10 ml) were added NaOH-powder 
(0.5 g) under argon with vigorous stirring. Mel (20 mmol) 
in benzene (2 ml) was added to the dark blue suspension. 
After 3.5 h, dichloromethane (20 ml) was added to the 
reaction mixture and the resulting mixture was filtered, and 
evaporated. The residue was purified through a short 
silica-gel column (Wako-gel C-200, AcOEt) to give 3a as 
colorless crystals. 

3a: Mp 103—104 °C (from AcOEt-hexane); *HNMR 
(CDCI3) 0=1.94 (3H, s, CH3), 2.91 (3H, s, CH3), 7.0—7.6 (6H, 
m, arom+H-3), 8.14 (IH, dd, J=9 and 2 Hz, H-4), 8.60 (IH, 
dd, / = 5 and 2 Hz, H-2); IR (KBr) 1690 ( O O ) cm"1; MS (70 
eV) m/z 238 (M+). Found: C, 75.65; H, 5.90; N, 11.47%. 
Calcd for G5H14N2O: C, 75.61; H, 5.92; N, 11.76%. 

3ba: Mp 174—175 °C (from AcOEt); *HNMR (CDCI3) 
0=2.00 (3H, s, CH3), 7.0—7.6 (11H, m, arom+H-3), 8.25 
(IH, dd, / = 9 and 2 Hz , H-4 ), 8. 69 (IH, dd, / = 5 and 2 Hz, 
H-2); IR (KBr) 1710 (C=0) cm"1; MS (70 eV) m/z 300 (M+). 
Found: C, 80.21; H, 5.34; N, 9.19%. Calcd for C20H16N2O: 
C, 79.98; H, 5.37; N, 9.33%. 

3bb: Mp 144—145 °C (from AcOEt-hexane); *HNMR 
(CDCI3) ô=3.76 and 4.40 (2H, d+d, /gem=14Hz, CH2Ph), 
6.2—7.6 (16H, m, arom+H-3), 8.00 (IH, dd, / = 9 and 2 Hz, 
H-4), 8.73 (IH, dd, / = 5 and 2 Hz, H-2); IR (KBr) 1710 ( C O ) 
cm"1; MS (70 eV) m/z 376 (M+). Found:C, 83.19; H, 5.29; 
N, 7.34%. Calcd for C26H20N2O: C, 82.95; H, 5.35; N, 7.44%. 

3bc: Mp 97—98 °C (from AcOEt-hexane); *HNMR 
(CDCI3) 0=3.16 and 3.68 (2H, dd+dd, /=15 and 7 Hz, CH2), 
4.5—5.5 (3H, m, CH=CH2), 6.9—7.6 (11H, m, arom+H-3), 
8.22 (IH, dd, / = 9 and 2 Hz , H-4), 8.70 (IH , dd, / = 5 and 2 
Hz, H-2); IR (KBr) 1700 ( O O ) cm"1; MS (70 eV) m/z 285 
(M+-41). Found: C, 81.26; H, 5.52; N, 8.55%. Calcd for 
C22H18N2O: C, 80.96; H, 5.56; N, 8.58%. 

3bd: Mp 116-117 °C (from AcOEt-hexane); *HNMR 
(CDCI3) 6=0.89 (3H, t, / = 8 Hz, CH3), 3.79 (2H, q, / = 8 Hz, 
CH2), 3.33 and 3.97 (2H, d+d, /gem=16 Hz, CH2), 7.0—7.5 
(6H, m, arom+H-3), 8.29 (IH, dd, / = 9 and 2 Hz, H-4), 8.74 
(IH, dd, / = 5 and 2 Hz, H-2); IR (KBr) 1750, 1723 (C=0) cm"1; 
MS (70 eV) m/z 372 (M+). Found: C, 74.35; H, 5.42; N, 
7.58%. Calcd for C23H20N2O3; C, 74.18; H, 5.41; N, 7.52%. 

3be: Mp 123—124 °C (from AcOEt-hexane); *HNMR 
(CDCI3) 0=1.17 (3H, t, / = 8 Hz, CH3), 4.02 (2H, q, / = 8 Hz, 
CH2), 1.5—3.5 (4H, m, CH2X2), 7.0—7.5 (6H, m, arom+H-
3), 8.26 (IH, dd, / = 9 and 2 Hz, H-4), 8.72 (IH, dd, / = 5 and 2 
Hz, H-2); IR (KBr) 1700 ( O O ) cm"1; MS (70 eV) m/z 386 
(M+). Found: C, 74.53; H, 5.77; N, 7.06%. Calcd for 
C24H22N2O3; C, 74.59; H, 5.74; N, 7.25%. 

4: Mp 150—151 °C (from AcOEt); *HNMR (CDCI3) 
0=1.3-2.9 (4H, m, CH2X2), 3.3-4.2 (2H, m, CH2), 7.2-7.8 
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(6H, m, arom+H-3), 8.04 (1H, dd, J=9 and 2 Hz, H-4), 8.64 
(1H, dd, / = 5 and 2 Hz H-2); IR (KBr) 1670 ( O O ) cm"*; MS 
(70 eV) m/z 250 (M+). Found: C, 77.00; H, 5.62; N, 10.94%. 
Calcd for Ci6Hi4N20: C, 76.78; H, 5.64; N, 11.19%. 

5: Mp 186—187 °C (from AcOEt); *HNMR (CDCls) 
0=1.2—4.7 (8H, m, CH2X4), 7.2—7.5 (6H, m, arom+H-3), 
8.15 (1H, dd, J=9 and 2 Hz , H-4), 8.61 (1H, dd, J=b and 2 
Hz, H-2); IR (KBr) 1700 ( O O ) cm-*; MS (70 eV) m/z 264 
(M+). Found: C, 77.53; H, 6.09; N, 10.45%. Calcd for 
C17H16N2O: C, 77.25; H, 6.10; N, 10.60%. 

6: Mp 213—214°C (from AcOEt); *HNMR (CDCI3) 
0=3.04 and 4.20 (2H, d+d, /gem=17 Hz, CH2), 4.30 and 5.45 
(2H, d+d, /gem=17 Hz, CH2), 6.8—7.5 (10H, m, arom+H-3), 
8.22 (1H, dd, J=9 and 2 Hz, H-4), 8.68 (1H, dd, / = 5 and 2 
Hz, H-2); IR (KBr) 1690 (C=0) cm-*; MS (70 eV) m/z 312 
(M+). Found: C, 81.00; H, 5.12; N, 8.75%. Calcd for 
C21H16N2O: C, 80.75; H, 5.16; N,8.79%. 

T h e present work was part ial ly supported by a 
Grant- in-Aid for Scientific Research No. 63740271 
from the Ministry of Educat ion, Science and Culture. 
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Synopsis. Photolysis (>350 nm) of (2-phenoxyphenyl)-
phenyldiazomethane (1) in cyclohexane at 10 °C gave the 
title compound (4), while similar irradiation with a shorter 
wavelength light (>300 nm) afforded a mixture of the iso­
mers (5—7), which were shown to be formed by photoiso­
merization of the initially formed 4. 

Carbenes can undergo addition to benzene to give 
bicyclo[4.1.0]heptadienes (norcaradiene) or cyclohep-
tatrienes or both, which rapidly equilibrate even at 
low temperature.1,2) The position of the equilibrium 
is usually affected by the substituents.3) Even if the 
divalent carbon is attached to an arene ring, intramo­
lecular addition often takes place to form benzocyclic 
compounds which are otherwise difficult to synthe­
size. A literature survey2) immediately indicates, how­
ever, that the reaction is heavily weighted with that of 
keto carbenoid species generated by catalytic decom­
position of the precursory keto diazo compounds, and 
almost no information is available for similar reac­
tions of other simple free carbenes which can be 
generated photolytically. During the course of our 
studies on the effect of proximate substituents on the 
reaction of arylcarbene systems,4* we found that phen-
oxy phenyl group underwent attack by a divalent 
species at ortho position to give cycloheptatrienes, 
which were exceptionally susceptible to 
photomigration. 

Results and Discussion 

Irradiation of (2-phenoxyphenyl)phenyldiazomethane 
(1) in methanol resulted in the exclusive formation of 
2-(a-methoxybenzyl)phenyl phenyl ether (3), which 
was obviously arising from insertion of the photolyti­

cally generated carbene (2) into the O-H bond of the 
solvent. No products expected to be formed as a 
result of the intramolecular interaction of carbene 
with phenyl ring were detected in the reaction mix­
tures. This is not surprising since methanol is 
known as one of the most reactive reagents for car­
benes. For example, even carbene having 1,2-H shift 
channel can be trapped by methanol. The intramo­
lecular products were formed, however, when the irra­
diation was carried out in a less reactive solvent. 
Thus, photolysis of 1 in cyclohexane with the light 
from a 300-W high-pressure Hg lamp through Corn­
ing CS-052 filter (>350 nm) gave an intramolecular 
addition product, which was identified as one of 
expected intramolecular benzene adducts (4) on the 
basis of the spectroscopic data. The reaction was 
found to be sensitive to the irradiation wavelength; 
irradiation with a Pyrex filter (>300 nm) afforded the 
other adducts (5—7) at the expense of 4. Control exper­
iments showed that the initial adduct (4) was photola-
bile and produced these new adducts (5—7) quite 
efficiently upon irradiation with the light of the wave­
length >300 nm. Monitoring of the reaction as a 
function of irradiation time revealed that 5 and 6 were 
formed initially as 4 was consumed and that 7 began 
to form later at the expense of 5 and 6, indicating 7 
was not formed directly from 4 but formed via 5 and 6. 

The structure of these adducts (4—7) were deter­
mined mainly from their 400 MHz 1H NMR spectra. 
Thus, analysis of the spectra revealed that 5 and 6 
showed three vinyl protons with methylene protons 
whereas 7 showed four vinyl protons with one 
methine proton. 

The formation of the initial adduct (4) is interpreted 

N2 0 

J® 

MeOH 

Me 

Ph 

3 

90% 

>350 nm 85% 
>300 nm 9 

Scheme 1. Photolysis of 1 in MeOH and Cyclohexane. 
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8 9 

in terms of the in t ramolecular addi t ion of 2 on the 
phenyloxy r ing at o-posit ion to give norcaradiene 
derivative (8) which is in equi l ib r ium wi th 4. One 
would easily expect that the posi t ion of the equil ib­
r i um is shifted to 4 because of the strain in 8 due to 
the tricyclic cyclopropane structure. Photochemica l 
isomerization of 4 to 5 and 6, on the other hand , must 
include migra t ion of H and Ph groups. Photochem­
ical isomerizations of arylcycloheptarienes have been 
studied in detail and it has been suggested5'6* that 
either phenyl g roup or hydrogen undergoes suprafa-
cial 1,7-migration rather than 1,3 shift and that there 
is little discr iminat ion between the migra t ion in the 
electronically excited state. One cannot draw any 
single-step reaction for the formation of 6 and 7 from 
5, indica t ing several intermediates must be included in 
the isomerization. If one assumes that all the migra­
t ion steps occur in the excited state via 1,7-modes, thé 
fol lowing mechanism can be proposed. T h u s , 5 
undergoes 1,7-Ph-migration u p o n photoexci ta t ion to 
produce 9 which then undergoes the H migra t ion 
from C7 to CO and then from CO to C5 by repeat ing the 
suprafacial pho to 1,7-shift to give 5. T h e formation 
of 6 can be similarly interpreted in terms of the 
repeated 1,7-H shift of the excited state of 6. T h e 
formation of 7, on the other hand, must include the 
photo-electrocyclization reaction across Ci and C4 of 
10, which may be formed by two successive 1,7-Ph-
shifts, followed by three 1,7-H-migrations u p o n exci­
tation of 9. T h e similar photocyclization reactions of 
cycloheptatrienes are well-known7 '8 ) to occur espe­
cially when the electron-donat ing substi tuents are 
introduced at these posi t ions. 

We were not able, however, to detect or isolate any 
of the possible intermediates (e.g., 9, 10) involved in 
the reaction mechanism proposed above, and we are 
not sure why these intermediates are so unstable, 
a l t hough it has been noted5) that the intermediates 
involved in the cycloheptatriene migra t ion systems are 
sometimes elusive. It is possible that the thermal 1,5-
shift in the photochemical ly formed intermediate 
mus t also be included. For instance, the 1,5-H-shift 
of 9 will produce 6 directly wi thout recourse to the 
intervention of 5 and the other intermediates. Such 
migra t ion is considered to be thermally favored by the 
aromatizat ion energy accompanied by the formation 
of benzofuran r ing in 6. 

Finally, it is very interesting to note here that cyclo­
heptatr iene (11), a homologue of 4, is completely 
photostable9 ) under the condit ions where 4 undergoes 
the mul t ip le migrat ions. T h e results suggest that the 
aromatizat ion energy gained as a result of migra t ion 
plays an impor tan t role in the photoisomerization of 4. 

Experimental 

Instrumentation. The IR spectra were determined with a 

10 11 

JASCO A-100 spectrometer, while the JH NMR spectra were 
measured on a JEOL JNM-MH-100 and JNM-GX-400 
NMR spectrometer with Me4Si as the internal reference. 
The mass spectra were recorded on a Shimadzu QP-1000 
mass spectrometer. The GC analyses were performed on a 
Yanagimoto instrument, Model G-80. The GC column A 
was prepared from 5% SE-30 on Diasolid L (5.0 mmX2.0 m): 
column B consisted of 5% PEG-20M on Diasolid L (5.0 
mmXl.O m). 

2-Phenoxybenzophenone. A mixture of 2-hydroxybenzophenone 
(2.0 g, 10.1 mmol) and powdered potassium hydroxide (0.67 
g, 10.1 mmol) was heated to 150°C under reduced pressure 
for 3 h to give the potassium salt as an orange solid. To the 
dry salt was added 10 mg of copper powder,10) bromobenzene 
(1.07 g, 10.1 mmol) and a few drops of the hydroxybenzophe-
none. The mixture was stirred thoroughly and heated at 
200 °C for 2 h. After cooling, the products were extraced 
from the reaction mixture with successive portions of water 
and ether. The combined ether and water solutions were 
steam-distilled to remove the unreacted bromide. The 
residue was extracted with ether and the ether layer was 
dried and distilled to give the ketone as a pale yellow oil. 
Bp 145—150°C/0.8 mmHg (1 mmHg=133.322 Pa). 
iHNMR (CDCU) 6=6.66—7.74 (m, 14H); IR; MS (70 eV) 
m/z (rel intensity) 274 (M+), 273 (100). 

(2-Phenoxyphenyl)phenyldiazomethane (1). A solution 
of the benzophenone (10 mmol) and hydrazine hydrate (40 
mmol) in anhydrous ethanol (10 ml) was refluxed overnight. 
The mixture was then evaporated to about 3 ml, poured 
onto water, and extracted with ether. The extract was dried 
(Na2S04), and evaporated to give the benzophenone hydrazone 
(76.0%) as an oily solid of a geometrical isomeric mixture, 
which was used without further purification. 

The hydrazone (4.4 mmol), anhydrous ether (20 ml), anhy­
drous sodium sulfate (1.0 g), yellow mercury(II) oxide (4.6 
mmol) and saturated ethanolic pottasium hydroxide (0.5 ml) 
were stirred in the dark at 10 °C for 10 h. After filtration, 
the solvent was removed on a rotary evaporator at 10 °C to 
afford essentially quantitative yield of the crude diazo com­
pound as a dark red oil. The crude material was dissolved 
in pentane (5—10 ml). The solution was cooled to —10 °C 
and decanted from solid ketazine and hydrazone. The solid 
was removed to afford the diazo compound (1, 200 mg, 
95.9%) as a viscous red oil. 1H NMR (CDC14) 6=6.78—7.44 
(m, 14H); IR (neat); 2050 (C=N2). 

Preparative Scale Irradiations. In a typical run, a solu­
tion of the diazomethane (1, ca. 100 mg) in a solvent (10 ml) 
was placed in a Pyrex tube and irradiated with a high-
pressure, 300-W, mercury lamp at room temperatures until 
all the diazomethane was destroyed. The irradiation mix­
ture was concentrated on a rotary evaporator below 10 °C. 
Individual components were isolated by preparative TLC 
(silica gel) and identified by NMR and MS spectrometry. 
These fully characterized products were then used as 
"authentic" compounds for product identification by coin-
jection in GC-MS. The following products were isolated 
and characterized. 

2-(<*-Methoxybenzyl)phenyl Phenyl Ether (3): *H NMR 
(CCU) 0=7.51—6.65 (m, 14H), 5.52 (bs, 1H), 3.27 (s, 3H); MS 
m/z (rel intensity) 291 (M++1, 2), 290 (M+, 12), 275 (26), 257 
(42), 181 (base peak). 

10fï-Phenyl-10afï-cyclohepta[&]benzofuran (4): *H NMR 
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(CDC13) 6=7.24—6.97 (m, 9H), 6.45 (dd, /=6.4 and 10.6 Hz, 
IH), 6.37 (d, /=6.4 Hz, IH), 6.31 (dd, /=6.4 and 10.6 Hz, 
IH), 6.23 (dd, /=6.4 and 10.6 Hz, IH), 5.72 (d, /=10.6 Hz, 
IH); MS (70 eV) m/z (rel intensity) 259 (M++1, 5), 258 (M+, 
26), 257 (M+-1, 12), 181 (base peak). 

10H-Phenyl-8H-cyclohepta[6]benzofuran (5): *H NMR 
(CDCI3) 6=7.64—6.68 (m, 9H), 6.83 (d, 7=10.3 Hz, IH), 5.88 
(td, 7=6.7 and 10.3 Hz, IH), 5.54 (t, 7=6.7 Hz, 1H), 2.60 (dd, 
7=6.7 and 6.7 Hz, 2H); MS (70 eV) m/z (rel intensity) 259 
(M++1, 2), 258 (M+, 26), 257 (M+-1, base peak), 181 (99). 

10H-Phenyl-6H-cyclohepta[6]benzofuran (6): 1H NMR 
(CDCI3) 0=7.64—6.54 (m, 9H), 6.66 (d, 7=6.7 Hz, 1H), 6.23 
(dd, 7=6.7 and 10.3 Hz, 1H), 5.61 (td, 7=6.7 and 10.3 Hz, 
1H), 3.46 (d, 7=6.7 Hz, 2H); MS (70 eV) m/z (rel intensity) 
259 (M++1, 2), 258 (M+, 26), 257 (M+-1, base peak), 181 (99). 

12-Phenyl-8-oxatetracyclo[7.5.0.02'7.0912]tetradeca-
2,4,6,10,13-pentaene (7). iHNMR (CDCI3) major isomer 
0=7.32—6.86 (m, 9H), 6.51 (d, 7=2. 9 Hz 1H), 6.28 (d, 7=5.9 
Hz, 1H), 6.15 (dd, 7=2.5 and 5.9 Hz, 1H), 5.63 (d, 2.9 Hz, 
1H), 3.72 (d, 7=2.5 Hz, IH); minor isomer 0=7.32—6.86 (m, 
9H), 6.60 (d, 7=2.9 Hz, 1H), 6.42 (dd, 7=5.9 and 2.5 Hz, 1H), 
6.15 (d, 7=5.9 Hz, 1H), 5.72 (d, 7=2.9 Hz, 1H), 3.69 (d, 7=2.5 
Hz, IH); MS (70 eV) m/z (rel intensity) 259 (M++1, 18), 258 
(M+, base peak), 257 (M+-1, 83), 181 (55). 

Irradiation for Analytical Purposes. All irradiations out­
lined in Scheme 1 were carried out with or without Corning 
CS-052 filter in a Pyrex tube of 5.0 ml capacity below 10 °C. 
In order to avoid ambiguity of the yields due to oxidation, 
the solution was degassed by subjecting the sample to a 
minimum of three freeze-degas thaw cycles at pressure near 
10"5 mmHg before irradiation and the tube was sealed under 
reduced pressure. Irradiation was generally continued 
until all the diazomethane was destroyed. Product identifi­
cations were established by GC-MS comparisons with the 
samples separated as described above and product yields 
were conveniently determined by standard GC techniques. 

Control experiments showed that no reaction occurred in 
the absence of light and also ruled out the interconversion of 
the products during analyses. 

T h e present work was part ial ly supported by a 
Grant- in-Aid for Scientific Research No. 63470014 
from the Ministry of Educat ion, Science and Culture. 

References 

1) See for review, W. Kirmse, "Carbene Chemistry," 2nd 
ed Academic Press, New York (1971), pp. 381—406. 

2) See also "Methoden der Organichen Chemie 
(Houben-Weyl)," in "Carbene," ed by M. Regitz, Thieme, 
Stuttgart (1989), Vol. E19d. 

3) See for review, K. Takeuchi, Yuki Gosei Kagaku 
KyokaiShi, 43, 40(1985). 

4) H. Tomioka, K. Tabayashi, and V. Izawa, Chem. 
Lett., 1985, 1103; H. Tomioka and K. Hirai, / . Chem. Soc, 
Chem. Commun., 1989, 362; H. Tomioka Y. Ohtawa, and S. 
Murata, / . Chem. Soc, Per kin Trans 1, 1989, 1865; S. 
Murata, Y. Ohtawa, and H. Tomioka, Chem. Lett., 1989, 
853. 

5) T Tezuka, M. Kimura, A. Sato, and T Mukai, Bull. 
Chem. Soc. Jpn., 43, 1120 (1970), and references cited 
therein. 

6) K. Shen, W. E. McEwen, and A. P. Wolf, Tetrahedron 
Lett., 1969, 827. 

7) L. B. Jones and V. K. Jones, / . Org. Chem., 34, 1298 
(1969). 

8) G. W. Borden, O. L. Chapman, R. Swindell, and T 
Tezuka, / . Am. Chem. Soc, 89, 2979 (1967). 

9) H. Tomioka, H. Okada, and S. Murata, unpublished 
observation. 

10) N. E. Ungnade and E. F. Orwoll, Org. Synth., Coll. 
Vol. Ill, 566(1955). 



October, 1990] © 1990 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 63, 3053—3055 (1990) 3053 

Surface-Active Properties and Their Photochemical Behaviors of 
( 1 - Alky 1-4-pyridiniomethy l)phosphonates 

Yoshiki OKAMOTO,* Asao HOSODA, and Setsuo TAKAMUKU 
The Institute of Scientific and Industrial Research, Osaka University, Mihogaoka, Ibaraki, Osaka 567 

(Received June 6, 1990) 

Synopsis. ( 1 -Alkyl-4-pyridiniomethyl)phosphonates 
bearing long alkyl-chains of even carbon numbers of 8 to 18 
were prepared. They exhibited the characteristics of 
surface-active agents. Upon irradiation in alkaline aque­
ous media, the phosphonates underwent the C-P bond 
cleavage to give l-alkyl-4-methylpyridinium phosphates 
and as a result the surface tension of the solution also 
changed. The two-fold increases of the quantum yields of 
the C-P bond cleavage were found at their critical micelle 
concentrations. 

U p o n UV-irradiat ion in alkal ine aqueous media, 
(p-nitrobenzyl)-1) or (p-benzoylbenzyl)phosphonic 
acid2) underwent C - P bond cleavage to give p-
ni t ro to luene or 4-methylbenzophenone and or tho-
phosphate , respectively. [4-(4-Alkoxybenzoyl)benzyl]-
p h o s p h o n i c acid bear ing a long alkyl chain, which 
had the characteristic of an an ionic surface-active 
agent, also underwent the C - P bond cleavage to loss 
the characteristics.2b) 

O n the other hand , recently, we have reported that 
u p o n UV-irradiat ion under the same condit ions (1-
benzylpyr id in iomethyl )phosphonates also underwent 
C - P b o n d cleavage to give 1-benzylpyridinium phos­
pha te in an almost quant i ta t ive yield.3b> 

In this paper, we repor t the surface active properties 
and the photochemica l behaviors of (l-alkyl-4-
pyr id in iomethyl )phosphonates (la—f) bear ing long 
alkyl chains, which m u s t be expected to act as a m p h o ­
teric surface active agents. 

Results and Discussion 

( 1 -Alkyl-4-pyridiniomethyl)phosphonates (la—f ) 
bear ing long alkyl chains of even carbon numbers of 8 
to 18 were prepared by the analogous method as 
described previously.3) T h e acids, l a and l b , bear ing 
the comparatively shorter alkyl chains (carbon 
n u m b e r of 8 and 10) were well soluble in aqueous 
solut ion at ambient temperature, b u t solubilities of 
lc—f bear ing the longer alkyl chains (even carbon 
numbers of 12—18) were not enough to secure a 
sufficiently well-characteristics. However, in alka­
l ine media, all the phosphona tes were well dissolved 
in water. T h e surface tensions of the aqueous solu­
tions of la—f (1.0—30X10-3 mol dm- 3 , p H 11, 21 °C) 
were determined by us ing a Du Nouy surface tensi-
ometer. T h e rela t ionships between the surface ten­
sion and the concentrat ion of the solut ions are shown 
in Fig. 1. 

All surface tensions of the aqueous solut ions of l b — 
£ were reduced to abou t 53 d y n c m - 1 (21 °C) by the 
increase of the concentra t ion (1 d y n ^ l O - 5 N). T h e 
surface active property of l a was inferior to others. 
T h e critical micelle concentrat ions (CMC) were 

observed in the range of 2.0X10"3 to 2.0X10"2 mo l 
d m - 3 , and the CMC were lowered by the increase of 
their alkyl-chain lengths. 

T h e change of the surface tension of the solut ion by 
temperature was n o less lager than that of water itself. 

T h e effect of p H on the surface tension of Id 
(5.0X10-3 mo l dm- 3 , 21 °C) is shown in Fig. 2. T h e 
surface tension of an acidic solut ion was lower com­
pared to that of an alkal ine solution. 

We have reported that u p o n UV-irradiat ion in alka­
l ine aqueous media (l-benzyl-4-pyridiniomethyl)-
phosphona te underwent C - P bond cleavage via 
in t ramolecular electron transfer to give l-benzyl-4-
methy lpyr id in ium phospha te in an almost quant i ta -

10 20 30 

Concentration / X 10"3 mol dm"3 

Fig. 1. The relationship between surface tension 
and the concentration of la—f in aqueous solution 
(21°C ,pHl l ) . 

3 

Fig. 2. The effect of pH on surface tension of the 
aqueous solution of Id (5.0X10-3 mol dm - 3 , at 
21 °C). 
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Fig. 3. The change of surface tension of the aqueous 
solution and the percentage of C-P bond cleavage 
of Id as a function of irradiation time (5.0X10-3 

moldm-3 , at21°C, p H l l ) . 

tive yield ( q u a n t u m yield 0.04).3b>4) Under the same 
condit ions, the acids la—f also underwent C - P 
b o n d cleavage to give the corresponding l-alkyl-4-
methy lpyr id in ium phosphates (2a—f) in quant i ta t ive 
yields, which were determined by the compar ison of 
1H and 3 1 P N M R data wi th those of the authent ic 
samples (Scheme 1). 

T h e change of surface tension of the solut ion of Id 
(5.0X10-3 m o l d m - 3 , 21 °C, p H 11) and the yield of 
o r thophospha te as a function of i rradiat ion time (h) 
are shown in Fig. 3. 

U p o n irradiat ion, the surface tension was reduced 
gradual ly unt i l that of 1-tetradecy 1-4-methylpyridi­
n i u m phospha te (2d, 37 dyn d m - 3 , 5.0X10 - 3 mol d m - 3 , 
p H 7.5) which was prepared by other method, because 
the photolyzed product 2d also exhibited the charac­
teristic of a cationic surface active agent itself, which 
was superior to that of Id. A depression was observed 
in the midst of the curve, but the reason can not be 
made clear. T h e p H of the solution was also gradu­

ally reduced from 11 to 7.5 presumably due to forma­
tion of or thophosphate . 

T h e q u a n t u m yields of o r thophospha te at several 
concentrat ions are given in Tab le 1. 

In all the case, two-fold increases in the q u a n t u m 
yields for the C - P bond cleavage were observed in 
micelle concentrat ions compared to more di lute aque­
ous solutions. 

In the case of ( l -methyl-4-pyridiniomethyl)phos-
phon ic acid ( lg) , which did no t form a micelle, the 
q u a n t u m yield for product ion of o r thophospha te did 
not changed by the increase of the concentration. 
The i r yields were constant over the all range of 
5.0X10"4 to 2.0X10"2 m o l d m " 3 ) wi th in an experimen­
tal error as shown in Table 1. 

Dur ing the past decade aqueous micellar solutions 
have been extensively used as media for photochemi­
cal reactions and have been found in many si tuations 
to dramatical ly change the na ture a n d / o r rate of a 
reaction compared to homogeneous media. 

In general, there are five c o m m o n types of effects 
that micelles can produce on reactions: cage, local 
concentrat ion, viscosity, polari ty, and electrostatic 
effects.5* 

Th i s change of the q u a n t u m yield of C - P bond 
cleavage at the CMC may be explained by micelle 
aggregates. In the solut ion above CMC, the orienta­
tion of the moleculars wi th in the Stern layer may be 
well-suited for intra- or intermolecular electron 
transfer. But the facts that an intermolecular elec­
tron transfer takes place has not be found yet in this 
system. 

Several other p ro ton and electron transfer reactions 
have been also studied in micellar systems.5* 

Experimental 

Mps or dps were obtained with a Yanagimoto Micro 
Melting Point Apparatus and uncorrected. UV-visible 
spectra were recorded with a Hitachi 150-20 spectrometer 
with MeOH as solvent. 1H NMR spectra were determined 
on a solution in D2O with sodium 3-trimethylsilyl-l-
propanesulfonate (DSS) as an internal standard on a Bruker-
AM360 spectrometer. 31P NMR spectra were determined on 
a solution in H2O/D2O with 80% H3PO4 as an external 
standard on a JNM FX90P. 

Preparation of (l-Alkyl-4-pyridylmethyl)phosphonates 
(la—f). General Procedure: A mixture of (4-pyridyl-

Table 1. Effects of Alkyl-Chain Length and Formation of Micelle on the Quantum Yieldsa) 

CMC Quantum yield (XI0) 
Compounds 

la 
lb 
lc 
Id 
le 
If 
lg 

XIO-3 moldm"3 

19 
11 
4.5 
2.1 
2.0 
1.9 
— 

0.5 

— 
— 
— 
— 
— 
0.43 
0.41 

Concn/X10-
1.0 2.0 

— 
— 
— 
0.45 
0.46 
0.41 
0.42 

— 
— 
0.46 
0.47 
0.98 
0.89 
0.39 

3 mol dm" 
5.0 

0.40 
0.41 
0.89 
1.02 
0.93 
0.86 
0.40 

-3 

10 

0.43 
0.42 
0.87 
0.97 
0.95 
0.87 
0.41 

20 

0.86 
0.88 
— 
— 
— 
— 
0.38 

</>M/$O 

2.1 
2.1 
2.1 
2.2 
2.1 
2.1 
— 

a) Aqueous solution, at 21 °C, p H 11. 
in dilute solution ($0). 

b) The ratio of the quantum yields in micelle (<£M) and 
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methyl)phosphonate (6.9 g, 30 mmol) and alkyl iodide (33 
mmol) in acetonitrile (50 ml) was stirred at ambient temper­
ature. The reaction was complete after an overnight stir­
ring (monitored by 1H NMR spectrometry), and then 
lithium bromide (5.7 g, 66 mmol) and trimethylsilyl chlo­
ride (7.2 g, 66 mmol) were added to the mixture. The 
mixture was refluxed for 4 h. After the precipitated 
lithium chloride was filtered, the solvent and ethyl bromide 
were distilled off by means of an aspirator. The residue 
was hydrolyzed with water. The crude product was puri­
fied by recrystallization from ethanol. 

(l-Octyl-4-pyridiniomethyl)phosphonate (la): Mp 147— 
149°C; UVmax (MeOH) 245 nm (e 13100); 0=0.86 (3H, t, 
/HH=7 .0 HZ), 1.29 (10H, m) 2.00 (2H, m), 3.41 (2H, d, 
/ H P = 2 1 . 1 1 HZ), 4.56 (2H, t) 7.91—8.68 (4H, m); Found: C, 
58.58; H, 8.71; N, 4.49%. Calcd for C14H24NO3P: C, 58.93; 
H, 8.48; N, 4.91%. 

(l-Decyl-4-pyridiniomethyl)phosphonate (lb): Mp 150— 
151 °C; UVmax (MeOH) 245 nm (e 12800); 0=0.83 (3H, t, 
/HH=7 .0 HZ), 1.26 (12H, m), 2.08 (2H, m), 3.48 (2H, d, 
/HP=21 .1 HZ), 4.68 (2H, t), 8.06-8.80 (4H, m); Found: C, 
60.95; H, 9.09; N, 4.39%. Calcd for Ci6H28N03P: C, 61.32; 
H, 9.01; N, 4.46%. 

(l-Dodecyl-4-pyridiniomethyl)phosphonate (lc): Mp 
156—157 °C; UVmax (MeOH) 245 nm (e 13700); 0=0.84 (3H, t, 
/HH=7 .0 HZ), 1.26 (18H, m), 2.00 (2H, m), 4.58 (2H, t), 7.95— 
8.61 (4H, m); Found: C, 63.59; H, 9.49; N, 4.43%. Calcd for 
C18H32NO3P: C, 63.32; H, 9.45; N, 4.10%. 

(l-Tetradecyl-4-pyridiniomethyl)phosphonate (Id): Mp 
155—157 °C; UVmax (MeOH) 245 nm (e 13600); 0=0.83 (3H, t, 
/HH=7 .0 HZ), 1.21 (22H, m), 2.00 (2H, m), 4.55 (2H, t), 7.92— 
8.65 (26H, m); Found: C, 64.92; H, 9.74; N, 3.78%. Calcd for 
C20H36NO3P: C, 65.01; H, 9.82; N, 3.79%. 

(l-Hexadecyl-4-pyridiniomethyl)phosphonate (le): Mp 
150—152 °C; UVmax (MeOH) 245 nm (£14100); 0=0.83 (3H, t, 
/HH=7 .0 HZ), 1.27 (26H, m), 2.00 (2H, m) 4.61 (2H, t), 7.95 
(2H, m); Found: C, 65.13; H, 10.05; N, 3.41%. Calcd for 
C22H40NO3P: C, 66.47; H, 10.14; N, 3.52%. 

(l-Octadecyl-4-pyridiniomethyl)phosphonate (If): Mp 
152—154 °C; UVmax (MeOH) 245 nm (e 11100); 0=0.83 (3H, t, 
/HH=7 .0 HZ), 1.27 (30H, m), 2.00 (2H, m), 4.61 (2H, t), 7.95 
(2H, m); Found: C, 67.21; H, 9.96; N, 3.04%. Calcd for 
C24H44NO3P: C, 67.73; H, 10.42; N, 3.29%. 

(l-Methyl-4-pyridiniomethyl)phosphonate (lg): The 
crude product was purified with HPLC using Dowex 1X4 
(200—400 mesh, OH form). Aqueous acetic acid (0.1 M) 
was used as an eluent. A pure product was obtained by 
recrystallization from water. Mp 232—233 °C (decomp); 
UVmax (H2O) 256 nm (e 15000); 0=3.42 (2H, d, / H P = 2 2 HZ), 
4.25 (3H, s), 7.84 (2H, d, / H H = 6 . 0 HZ), 8.5 (2H, d); Found: C, 
45.01; H, 5.42; N, 7.53%. Calcd for C7H10NO3P: C, 44.93; 
H, 5.39; N, 7.49%. 

Measurement of Surface Tension of the Aqueous Solu­
tions of 1. A 20 ml of aqueous solution of prescribed 
concentration of 1, whose pH was adjusted with sodium 
hydroxide, was placed in a beaker (diameter 100 mm) and 
then the surface tension was measured by a Du Nouy surface 
tensiometer (Shimadzu) at 21 °C. 

Products Analysis (Typical Procedure). A 3-ml aqueous 

solution of Id (1.0X10-2 mol dm - 3 , pH was adjusted with 1 
M NaOH aqueous solution) was placed in a quartz tube 
(0=10 mm) and purged of dissolved air by bubbling with 
argon gas. It was irradiated with a merry-go-round appa­
ratus using a high-pressure mercury lamp (300W) at 
ambient temperature for 8 h. After irradiation the mixture 
was acidified with HCl aqueous solution, and the water was 
evaporated in vacuo. The residue was analyzed by *H and 
31P NMR spectrometry by comparison with the data of an 
authentic sample which was commercially available. 

The product 2d PHNMR (D20, DSS) 0=0.88 (3H, 
/HH=7.0) , 1.1 — 1.6 (22H, m), 1.9—2.2 (2H, m), 2,75 (3H, s), 
4.91 (2H, t, /HH=6 .0 HZ), 7.9—9.4 (4H, m), 31PNMR ( H 2 0 / 
D2O, 80% H3PO4) <5=2.53(s)] was obtained in yields of 92%. 

Irradiation and Measurement of the Surface Tension and 
the Yields of Orthophosphate. A 20 ml of aqueous solu­
tion of 1 was placed in a beaker (diameter 100 mm), and a 
apparatus designed using light from a 1-kW super-high-
pressure mercury lamp focused by an aluminum parabolic 
mirror into a 100 mm beam was used for irradiation. The 
solution was irradiated over the surface. After irradiation 
of desired period, the surface tension and the yield of ortho-
phosphate of the solution produced were determined. 

Measurement of the Quantum Yield. The quantum 
yield was on the basis of generated orthophosphate. A 3-ml 
aqueous solution of 1 (1.0X10-2 mol dm -3) in a quartz cell 
(10 mmXIO mm) was irradiated. A low-pressure mercury 
lamp (60 W) with a Vycor glass filter was used as a 254-nm 
radiation source in the same manner described previously.3) 

T h i s work was suppor ted by a grant from the 
Research Program on ' 'Creat ion of New Materials 
th rough Intel l igent Design" of ISIR, Osaka 
University. 
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Synopsis. 2-Methoxy- and 2-ethoxy-2-phenyl-l,3-dithio-
lane are hydrolyzed to the thioester in neutral aqueous 
solution by irradiation with a low-pressure Hg lamp. Ir­
radiation of a solution of the alkoxy dithiolanes in alcohol 
induces easily the alcohol exchange. 

Photosolvolysis of benzylic compounds and alkyl 
halides has been studied and a mechanism involving 
excited-state heterolysis or homolysis followed by elec­
tron transfer is proposed.1 _ 3 ) Similar photosolvolysis 
was observed wi th or tho thioester derivatives in aque­
ous and alcoholic solut ions and the results are 
reported in the present paper . 

Results and Discussion 

Al though 2-alkoxy-l ,3-dithiolane undergoes hy­
drolysis in acidic aqueous solut ion, it is qui te stable in 
neutra l aqueous and alcoholic solutions.4 ) However, 
alcohol exchange of 2-methoxy-2-phenyl-l ,3-
d i th io lane (la) takes place readily in e thanol when the 
solut ion is irradiated wi th a low-pressure mercury 
l a m p th rough a Vycor filter (Eq. 1). 

MeO Sn EtO Sn 

+ EtOH< 

Ph S-1 

la 

+ MeOH (1) 

Ph S-J 

lb 

T h e course of reaction was followed by analysis of 
a l iquots of the reaction mixture wi th H P L C . T h e 
methoxy derivative l a is smoothly converted to the 
ethoxy derivative l b in e thanol as shown in Fig. 1. 
T h e conversion reaches about 90% in 20 min . T h e 

reaction was no t affected by bubb l ing wi th oxygen. 
T h e conversion curve in the presence of sodium ethox-
ide is closely similar to that in its absence. T h e 
reverse alcohol exchange was observed wi th l b on 
irradiat ion in methanol , showing a similar conversion 
curve. 

Photochemical hydrolysis of 1 is effected by irradia­
t ion of the solut ion in neutra l or alkaline aqueous 
acetonitrile. T h e reaction is complete in 10 min to 
give thioester 2 essentially in a quant i ta t ive yield (Fig. 
2). 

RO Sn 
hv O 

Ph S-J 

1 

+ H 2 0 - ^ |f +ROH (2) 
Ph-C-S(CH2)2SH 

T h e 1H N M R spectra of the reaction products sub­
stantiated the results obtained from H P L C analysis 
that photosolvolysis takes place essentially quant i ta­
tively. Only some small peaks due to by-product(s) 
were detectable in the N M R spectra. T h e reaction 
mus t proceed th rough a 1,3-dithiolanylium ion 3 as 
an intermediate. T h i s intermediate can be seen spec-
troscopically as a transient (Amax 345 nm) by flash 
photolysis wi th a xenone lamp. 5 ) Reaction of 3 wi th 
a nucleophi l ic solvent leads to alcohol exchange or 
hydrolysis. 

Sn 

1 - ^ P h ^ + RO- (3) 

3 

Time/min 

Fig. 1. Photochemical conversion of la to lb in 
ethanol. Closed circles show reaction in the pres­
ence of sodium ethoxide at 5X10 -3 mol dm - 3 . 
Decreasing and increasing curves show fractions of 
la and lb, respectively. 

Time/min 

Fig. 2. Photochemical conversion of la in 4:1 (v/v) 
CH3CN-H2O. Closed circles show reaction in the 
presence of sodium hydroxide at 1.0X10-3 mol dm - 3 

Decreasing and increasing curves show fractions of 
la and 2, respectively. 
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Al though the ch romophore of 1 may be the phenyl 
a n d / o r the C-S bondings (n-a* absorpt ion a round 250 
nm), the electronic excited state will eventually fall 
into a vibrat ional excited state to lead to bond cleavage 
to afford the most stable species in the medium. In 
the present case, the heterolysis leading to the carbo-
cation 3 stabilized by the two adjacent sulfur atoms6) is 
the most facile pa thway in the polar medium. T h e 
weaker b o n d of C-S could also be broken either homo-
lytically or heterolytically; however, the effective 
intramolecular recombinat ion of an incipient inter­
mediate migh t readily occur to give back the start ing 
di thiolane 1. So, the observed reaction is predomi­
nantly photosolvolysis in polar solvolytic media. 

Experimental 

Methanol and ethanol were treated with activated magne­
sium and distilled. Acetonitrile was distilled from phos­
phorus pentaoxide. 

2-Methoxy-2-phenyl-l,3-dithiolane (la). 2-Phenyl-l,3-
dithiolan-2-ylium Perchlorate prepared from benzoyl chlo­
ride (25 mmol) and 1,2-ethanedithiol (25 mmol)7) was dis­
solved in methanol (30 cm3) while it was still wet with 
ether7) and triethylamine was added under stirring until red 
color of the solution disappeared. After filtration of the 
precipitates, the solution was concentrated to about 5 cm3 

under vacuum. The residues were dissolved in ether, 
washed with 5% aqueous sodium carbonate and saturated 
sodium chloride, and dried over MgS04. After removal of 
the ether, the products were distilled in a glass-tube oven at 
0.02 mmHg (1 mmHg=l33.322 Pa) and the fraction obtained 
at about 120 °C was collected. The overall yield was 38%. 
*H NMR (CDC13) 6=3.43 (s, 3H), 3.47 (dd, 4H), 7.2-7.8 (m, 
5H). 

2-Ethoxy-2-phenyl-l,3-dithiolane (lb) was obtained in the 
same way in 36% yield. 1H NMR 0=1.26 (t, 3H), 3.48 (dd, 
4H), 3.56 (q, 2H), 7.2—7.8 (m, 5H). 

S-(2-Mercaptoethyl) Thiobenzoate (2). A chloroform 
solution (30 cm3) of benzoyl chloride (50 mmol) was added 
dropwise to the solution of 1,2-ethanedithiol (80 mmol) and 
pyridine (50 mmol) in chloroform (30 cm3) under magnetic 
stirring on an ice bath. After washing with water and 

drying with MgS04, distillation gave a middle fraction 
boiling at 95—96 °C (0.3 mmHg) in 30% yield. 

Photochemical Reaction. Photosolvolysis was carried 
out in a standard photoreaction vessel equipped with an 
immersion well made of fused quartz. A 30-W low-
pressure mercury lamp and a Vycor filter sleeve were placed 
inside the well. A solution (80 cm3) of the substrate (ca. 1 
mmol) was placed in the vessel and bubbled with argon. 
The vessel was kept in a constant temperature bath at 25 °C 
during the irradiation. After an appropriate time of irradi­
ation the reaction mixture was concentrated under reduced 
pressure. The products were extracted with dichlorometh-
ane, washed with water, and dried over MgS04. After the 
solvent was removed in vacuo, the residues were analyzed by 
*H NMR spectroscopy. 

In following the progress of reaction, the aliquots were 
taken with a syringe at appropriate time intervals and an 
exact amount of the aliquot (usually 5 |xl with a microsyringe) 
was applied directly to the HPLC analysis. An HPLC 
analyzer JASCO BIP-1 equipped with a Finepak SIL CisS 
column and a UV detector UVIDEC 100-V was used with 
1:1 (v/v) CH3CN-H2O as an eluent. The retention times 
were compared with the authentic samples. Relative molar 
intensities of the peak areas, obtained from an integrator 
SIC-12, were determined at 270 nm using the authentic 
samples. 
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Synopsis. The kinetics of the aqua-ligand substitution 
of the title complex [Coin(trien)(H20)23+] (trien=3,6-
diazaoctane-l,8-diamine) with various substituting amino 
acid ligands L=glycine, DL-alanine, L-proline, DL-valine, 
and L-serine was studied spectrophotometrically as a func­
tion of incoming ligand concentration, pH (3.0—5.0) and 
temperature (45—60 °C). The results are consistent with an 
ion-pair dissociative mechanism. 

We have reported earlier the subst i tut ion behavior 
of cz5-diaqua-bis(ethylenediamine)cobalt(III) complex 
ion wi th a series of a m i n o acid l igands.1 _ 3 ) Recently, 
in an effort to gain an ins ight in a general p h e n o m e n a 
of a q u a subst i tut ion of [Com(N4)(H20)2] system, we 
have under taken the study of substi tut ion reaction of 
H 2 0 in [Co i n( t r ien)(H 20)2] 3 + , [Con i(cyclam)(H20)2]3 + , 
and [Co n i(salen)(H20)2]+ etc. wi th a series of bident-
ate ( N , 0 ) l igands viz a m i n o acids, pyridine carboxylic 
acids. These complex species hav ing terdentate 
l igand system are interest ing for the following consid­
erations. It may show the unusua l cis-labilization 
effect of hydroxide ion4 '5) and conformational changes 
in the chelate r ing du r ing substi tut ion process may 
produce much distort ion in the transit ion state which 
in turn, labilizes the C 0 - O H 2 bond.6 ) As a par t of our 
studies, we report, herein, the kinetic behavior of 
cz*5-jß-[Co(trien)(H20)2]3+ with glycine, DL-alanine, L-
prol ine, DL-valine, and L-serine in aqua-organic 
medium. 

Experimental 

Meterials and Methods. Ct5-j3-[Ck>(trien)C03]C104 • H 2 0 
1 was prepared by following the published procedure7) and 
characterized by elemental analysis, spectral data. For the 
kinetic experiments, c2.s-ß-[Co(trien)(H20)2]3+ 2 was pro­
duced in the solution by treating 1 with calculated amount 
of 0.2 M HCIO4 (1 M=l mol dm"3) and spectral data of the 
solution agreed well with that of reported values.7) The 
substituted reaction products [Co(trien)(L)](C104)2*:x:H20 
for the reaction between as-ß-[Co(trien)(H20)2]3+ and 
amino acid (L) was prepared, and characterized as chelated 
[Co(trien)(L)](C104)2'H20 (where L=amino acid ligands) 
compounds. IR spectrum of each product complex shows 
a sharp peak at 1620+10 cm - 1 indicating the presence of 
coordinated carboxylato group. No band at 1220—1020 
cm - 1 (due to C-N stretching of free amino group of amino 
acid) was observed in the spectra, whereas, appearance of N-
H stretching band at 3200—3100 cm - 1 confirms the coordi­
nation of two NH2 groups and two NH groups of trien and 
one NH2 group of amino acid ligand. However, IR spec­
troscopy is not the most reliable method for differentiating 
two complexes [Co(trien)(H20)(HL)](C104)3 and [Co(trien)-
(L)](C104)2. Possibility of the formation of monoaqua sub­
stituted product was ruled out by one independent pH 

titration experiment with one of our reaction product 
[Co(trien)(L)]2+ (L=glycine) in which we missed the hydrol­
ysis step [Co(trien)(H20)(L)]2+^[Co(trien)(L)(OH)]++H+ 
which confirms that our reaction product is mixed chelate 
[Co(trien)(L)]2+ complex. 

All other chemicals used are in A.R. grade and double 
distilled water was used to prepare all solutions. 

The ionic strength of the solutions was adjusted with 
NaNÜ3 and NaC104, and pH of the solution was main­
tained by adding NaOH and HCIO4. Infrared spectra were 
recorded on a Shimadzu IR-435 instrument for the character­
ization of the substituted products. The pH measurements 
were carried out with a Digisun pH meter with an accuracy 
of ±0.001 unit. Substitution reaction was followed spectro­
photometrically by using Shimadzu UV-160 spectropho­
tometer equipped with TCC-240A temperature controller. 
Under the conditions selected, the reactions were all found 
to go to completion, and the pseudo-first-order plots of 
log (Aa—At) versus time, where Aa and At are the absorbances 
at infinite time (i.e. of [Co(trien)(L)]2+) and time, t, respec­
tively, were linear for at least 2 half-lives. The rate constant 
data are reproducible within ±4%. 

Results and Discussion 

T h e kinetics of the subst i tut ion reaction of cis-
jß-[Co(trien)(H20)2]3+ wi th a series of a m i n o acid 
l igands were investigated by conventional mix ing 
technique. T h e rate of formation of [Co(trien)L]2 + at 
a fixed p H 3.0 and ionic strength 0.5 M (NaC104) was 
found to be first order wi th respect to complex (cis-ß-
[Co(trien)(H20)2]3+) concentrat ion. 

d[Co(trien)(L)2+]/di = Aobs a"s-/HCo(trien)(H20)2]3+ (1) 

T h e variat ion of pseudo-first order rate constant 
(&obs) wi th subst i tut ing a m i n o acid concentration is 
comparable to our earlier results for amino acid sub­
st i tut ion of m-diaqua-bis(ethylenediamine)cobal t-
(III).1-3) 

T h e observed saturat ion of A0bs at h igh l igand con­
centrat ion for each l igand under study can be inter­
preted in terms of the mechanism outl ined in Eqs. 2— 
4 for which the rate expression is given by Eqs. 5 and 
6: 

c2S-/HCo(trien)(H20)2]3+ + HL 

ï=± ([Co(trien)(H20)2]HL)3+ (2) 
(ion-pair) 

oV/H[Co(trien)(H20)2]HL)3+ 

—> [Co(trien)(H20)(HL)]3+ + H 2 0 (3) 

fast 

[Co(trien)(H20)(HL)]3+ —> [Co(trien)(L)]2++H30+ (4) 
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Table 1. Values of Anation Rate Constant (£obs) for the Reactiona) 

cw-iS-[Co(trien)(H20)2]3++HL-^[Co(trien)(L)]2++H20+H30+ 

Temp 
/ ° C 

45 
50 
55 
60 

Glycine 

2.22 
5.21 

10.27 
21.60 

DL-Alanine 

1.92 
4.85 
9.89 

20.00 

Ä.XIOVS-1 

L-Proline 

2.13 
5.07 

10.11 
21.10 

DL-Valine 

1.82 
4.77 
9.31 

18.80 

L-Serine 

2.01 
4.92 
9.76 

19.20 

a) [a"s-^Co(trien)(H2O)2]3+=5X10-3 M, pH=4.2, fi=0.5 M (NaC104). 

kaKE[UL] 

1 + £ E [ H L ] 

1 _ 1 1 

Aobs k* &a#E[HL] 

(5) 

(6) 

for which the rate expression is given in Eq. 8 

T h e rate determinat ing loss of coordinated water 
molecule (Eq. 3) is preceeded by ion pa i r ing (Eq. 2) 
and at h igher a m i n o acid concentrat ion a l imi t ing rate 
is at tained due to complet ion of ion pair formation. 
Plot of 1/Äobs versus 1/[HL] (Eq. 6) were linear for 
each l igand under investigation and one such plot is 
depicted in Fig. 1. T h e values of ka (calculated from 
intercept) at different temperatures are summarized in 
Tab le 1. KE values calculated from slope are in the 
range 2.7—5.0 M-1 . 

In the p H range 3.0 to 5.0 an increase in rate was 
observed with increasing p H . T h e dipolar na ture as 
well as the reactivity of a m i n o acid l igands selected for 
the subst i tut ion reaction are not altered appreciably in 
the studied range of p H (3.0—5.0).8> T h e effect of 
hydrogen ion concentrat ion on the observed rate con­
stant can be explained in terms of the following acid-
dissociation equa l ibr ium 

ds-/HCo(trien)(H20)2]3+ 

^ oV/HCo(trien)(H20)(OH)]2+ + H + (7) 

1/[HL](M 
Fig. 1. Plot of 1/feobs versus 1/[HL] at (a) 45 °C, (b) 

50 °C, and (c) 55 °C, (HL=H-gly). 

kobs = k1 + k2K1[H
+] +l-i (8) 

where k\ is the observed rate constant when reacting 
species is d iaqua complex and ki is the observed rate 
constant for the hydroxoaqua complex. T h e pA î 
value at 40 °C determined by us by us ing p H ti tration 
technique is 5.2, which agrees well wi th the reported 
value (5.9 at 25 °C).9> Plot of kobs versus [H+]" 1 were 
linear in each case and one such plot is depicted in 
Fig. 2. As the p H of the med ium is raised the concen­
tration of aquahydroxo complex in solut ion increases. 
Czs-labilization effect of hydroxide ion makes the 
aquahydroxo complex more reactive towards substitu­
tion than its d iaquo analogue. 

T h e effect of [NO3"] and [CIO4"] on the substi tut ion 
rate were studied at h igh l igand concentrat ion (40 

3«0 

o 2-0 

-*° 1-0 

0.5 
2-0 4«0 6-0 8-0 

1/[H+]xlO"3(M) 

10-0 12-0 

Fig. 2. Plot of /tobs versus 1/[H+] at 50 °C, [Complex 
2]=5X10"3 M, [H-gly]=0.075 M, n=0.5 M 
(NaC104). 

Table 2. Effect of [NO3-] on /tobs for the Reaction" 

c25-iß-[Co(trien)(H20)2]3++HL-^> 
[Co(tr ien)L]2 ++H20+H30+ 

[C104-]/M 

0.5 
0.6 
0.7 
0.8 
1.0 
1.2 
1.5 

/tobs/104 S"1 

1.42 
1.45 
1.40 
1.39 
1.47 
1.44 
1.42 

[N0 3-] /M 

0.5 
0.6 
0.7 
0.8 
1.0 
1.2 
1.5 

Aobs/104 s-i 

1.85 
1.95 
2.04 
2.15 
2.25 
2.45 
2.72 

a) [ds-^Co(trien)(H2O)2]3+=5X10-3 M, [HL]=[H-
glyJ^.OXlO"1 M, pH=3.0, T=50°C. 
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Table 3. Comparison of Activation Parameters of the Anation Reaction of eis-ß-[Co(trien)(H.20)2]3+ 

and m-[Co(en)2(H20)2]3+ with Different Amino Acid Ligands 

System 
AH* AS* 

kcalmol- i a ) 

30.8 

31.9 

31.2 

31.7 

30.7 

eu 

21.9 

24.7 

22.8 

24.0 

21.2 

System 
AH* AS* 

kcal mol~ia) eu 

ds-/HCo(trien)(H20)2]3+ 

-glycine substitution 
ds-/HCo(trien)(H20)2]3+ 

-DL-alanine substitution 
os-/HCo(trien)(H20)2]3+ 

-L-proline substitution 
eis-ß-[Co(trien)(H20)2Y+ 

-DL-valine substitution 
cis-ß-[Co(tnen)(H20)2Y+ 

-L-serine substitution 
ds-/HCo(trien)(H20)2]3+ 

-H2O18 exchange 

c25-[Co(en)2(H20)2]3+ 30.6 21.0 
-glycine substitution 

c25-[Co(en)2(H20)2]3+ 29.4 17.1 
-DL-alanine substitution 

c25-[Co(en)2(H20)2]3+ 29.8 17.6 
-L-proline substitution 

c25-[Co(en)2(H20)2]3+ 29.1 16.7 
-DL-valine substitution 

™-[Co(en)2(H20)2]3+ 30.7 20.7 
-L-serine substitution 

c25-[Co(en)2(H20)2]3+ 28.8 16.7 
-H2O18 exchange 

a ) l cal=4.184J. 

times excess) and the results are recorded in Tab le 2. 
Increase in NO3" concentrat ion leads to an increase in 
reaction rate, whereas change in CIO4" ion concentra­
tion did not make any significant change in &0bs values 
(Table 2). Identical "ni t ra te effect" on anat ion of cis-
[Co(en)2(H20)2]3+ wi th a m i n o acids were observed in 
earlier works.1 _ 3 ) T h i s typical "ni t rate effect" was 
first observed by Harr is et al.10) 

T h e subst i tut ion reaction was studied at four differ­
ent temperatures (45—60 °C) and the activation 
parameters calculated wi th the he lp of Eyring equa­
tion are presented in Tab le 3. T h e values of AH* and 
AS* are qu i te comparable to those reported earlier for 
the a m i n o acid anat ions of czs-diaquabis(ethylenedi-
amine)cobalt(III) complex. Both set of activation 
parameters are close to one another and also close to 
those for water exchanger (Table 3) process in cis-
[Co(en)2(H20)2]3+ complex ion.11) These observa­
tions can be taken as evidences for a dissociative 
interchange mechanism as concluded previously.1 _ 3 ) 

T h e values of ion-pair constant (KE) is a lmost temper­
ature independent which is in accord wi th similar 
findings discussed in details elsewhere.12) 

In conclusion, it can now be stated that the species 
cz5-[Co(en)2(H20)2]3+ and czVjß-[Co(trien)(H20)2]3+ do 
exhibi t very similar kinetic behavior du r ing anat ion 
by a m i n o acids. But they differ with respect to the 
isomerization du r ing product formation. In case 
of m-[Co(en)2(H20)2]3 + there is only one possible 
isomeric product. However in case of cis-ß-
[Co(trien)(H20)2]3 + there are three possibilities of iso­
meric product . O n the basis of IR data of the prod­
ucts it is supposed that the reaction between cis-ß-
[Co(trien)(H2Ö)2]3+ wi th a m i n o acid l igands L is 
stereo-retentive. However, different geometrical iso­
mers of the product (three possibilities) are possible 
due to different mode of a t tachment of N , Ö donor 

a toms of the amino acid. F rom the mechanist ic 
po in t of view it can be suggested that dur ing substitu­
tion the carboxylate oxygen of zwitterionic a m i n o acid 
first replaces aquo-molecule in the square p lane rather 
than appended one, because entry of subst i tut ing 
l igand from outersphere complex (as formed by ion-
pair ing) and bond ing th rough carboxylate oxygen is 
sterically more favorable than through appended 
posi t ion in the octahedral site. In subsequent rapid 
chelat ion step a m i n o ni t rogen donor a tom occupies 
the appended posit ion. 
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Synopsis. Five known nitrosyl complexes of Fe and Co 
have been evaluated for their antiviral, antibacterial, and 
antifungal activities. 

Al though the use of metal complexes in the control 
of p lan t and an imal diseases have been well docu­
mented in the literature,1-4* yet no definite s t ructure-
activity correla t ionship has been established. Ini t ia l 
studies, however, indicate that the minor change in the 
structure of complex is sometime associated wi th a 
major change in its biological activity.4) In view of 
this, together wi th our interest in the synthesis of 
metal nitrosyls, the few nitrosyls have been synthes­
ized and screened for their antiviral and antibacterial 
activities which have been correlated with their 
structures. 

Experimental 

Synthetic and microanalytical work has been carried out 
in the chemistry department of the Indian Institute of Tech­
nology, Kanpur. All of the metal nitrosyls were synthesized 
by the known procedure5-7) and are reported in Table 1 
along with their physical data. Antimicrobial screening 
has been carried out in the pharmaceutical science depart­
ment of University of Antwerpen, Belgium. 

EPTT technique8) was used to screen the complexes for 
their antiviral activity. Monolayers of virocells on micro­
liter plates were injected with 0.1 ml of a ten-fold diluted 
solution of the virus suspension, obtained after 60 hs incu­
bation at 37 °C. The cytotoxicity and virus growth control 
were determined on the same microtiter plates after incuba­
tion for several days at 37 °C in a humid incubator. The 
cytopathic effect was determined by light microscopy while 
the antiviral activity as viral titer reduction factor (RF). 

Antibacterial activity of the compounds was determined 
by agar diffusion technique. Agar plates were homogene­
ously inoculated, 5 holes (7 mm 0) were prepared in the agar 
and 0.2 ml of the solution of each compound was placed in 
the holes [reference antibacterium, neomycin 500|^gml-1, 

nystatine 5000 jig ml - 1 for Candida sps]. The plates were 
first incubated at 4°C for one hour and then for 18 hs at 
30 °C. The diameter of the inhibition zone (IZ) was mea­
sured around each hole. The ratios of (IZ) of compounds 
and (IZ) of reference were then calculated. 

The same agar diffusion technique was used for measur­
ing the antifungal activity of the compounds. In the cul­
ture medium fungal cultures maintained in a slightly acidic 
nutrient broth (NB) [25 ml. IM HC1+750 M NB] (1 M=l 
mol dm -1), were shaken for a long time and the mycelium 
was homogenized by ultrasonication. Saturated dextrose 
agar (gipco Europe) was distributed in the growth control 
tubes (2—2.5 ml/test tube) and was autoclaved. Agar was 
liquified at 45 °C before use. After liquification 0.25 mg of 
the compound was thoroughly mixed with the agar in the 
growth control tube. The mycelium was homogeneously 
spread all over the agar surface and was incubated at the 
ambient temperature for two weeks. Similar agar growth 
tubes were prepared for comparison without the addition of 
compounds in them. The fungal growth in the control 
tube was then distinguished from that of the tube contain­
ing culture medium and inhibition was then calculated as 
described above for antibacterial activity. 

Results and Discussion 

T h e results given in Tab le 2 suggest that the com­
p o u n d Ai is of significant antiviral interest. Cobalt 
complex (Ai) has a square pyramidal geometry a round 
Go(II) ion wi th nitrosyl as a l igand in the apical 
position.9) It, be ing coordinatively unsaturated, may 
have a tendency for further coordinat ion leading to 
the octahedral envi ronment a round the metal center. 
Fur thermore , it has been reported that the metal che­
lates show their antiviral activity (preventing or slow­
ing down the viral mul t ip l ica t ion) eithar by (1) the 
direct absorpt ion of the metal chelates and, thus, 
reducing their mul t ip l ica t ion or (2) by the pr imary 
action of the metal chelate on the host cells.10) 

Since it has already been reported10) that Herpes 

Table 1. Analytical and IR Spectral Data of the Compounds Tested 

Compound IR vno 
/ c m - 1 H N 

(Ai) [Co(NO)salen] 

(A2) [Fe(cyst)2NO] 

(A3)[Fe(NO)(phen)2][Fe(NO)(mnt)2] 

(A4)[Fe(NO)(bpy)2][Fe(NO)(mnt)2] 

(A5) [Fe(NO)mnt(tpp)2] 

1640 

1625 

1820 

1620 

1620 

45.1 
(45.7) 
24.3 

(25.77) 
47.2 

(47.4) 
37.4 

(37.2) 
68.7 

(69.2) 

3.8 
(4.2) 
3.8 

(4.3) 
2.0 

(1.7) 
2.1 

(2.3) 
3.9 

(4.2) 

15.8 
(15.2) 
11.00 

(10.02) 
15.5 

(15.7) 
16.6 

(16.9) 
6.3 

(6.08) 

— 

23.0 
(22.9) 
15.5 

(14.9) 
— 

9.7 
(10-1) 

salen=Af,Af/-Disalicylidene ethylenediamine, mnt=l,2-Dicyano-l,2-ethylenedithiolato, cyst= 
Cysteine, bpy^^ ' -Bipyr idyl , phen=l,10-Phenanthroline, tpp=Triphenylphosphine. 
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Table 2. Antiviral Activity 

Poliomyelitis Cosxackie Semliki forest Herpes simplex 
Compounds tested Conen 

/ml 

50 
25 
50 
25 
50 
50 

(RF) 

103 

20 
1 
1 
1 
1 

Conen 
/ml 

50 
25 
50 
25 
50 
50 

(RF) 

102 

10 
1 
1 
1 
1 

Conen 
/ml 

50 
25 
50 
25 
50 
50 

(RF) 

10 
10 

1 
1 
1 
1 

Conen 
/ml 

50 
— 
50 
25 
50 
50 

(RF) 

10 
— 

1 
1 
1 
1 

(Ai) [CoNO(salen)] 

(A2) [Fe(cyst)2NO] 
(A3)[Fe(NO)(phen)2][Fe(NO)(mnt)2] 
(A4)[Fe(NO)(bpy)2][Fe(NO)(mnt)2] 
(As) [Fe(NO)(mnt)(tpp)2] 

*^OIll|_MJ UHU. 

(Ai) [Co(NO)salen] 

Antibacterial Activity 

Microorganism 

Staphylococcus aureus Pseudomonas aeruginosa 

0 0.77 

Escherichia coli 

0.80 

simplex virus (HSV) gets inactivated by the direct 
absorption of the metal chelates, therefore the poor 
activity of the complexes against HSV could be under­
stood in terms of the direct absorption mechanism. 
But the significant activity of Co(II) complex (Ai) 
against Poliomyelitis virus indicates that same mecha­
nism will not be operative in this case. Thus the 
only alternative mechanism may be the primary 
action of the metal complex on the host cell. The 
primary action on the host cells by the five coordi­
nated metal complexes may occur in the following 
two ways: (1) Coordinatively unsaturated Co(II) com­
plexes pick up an oxygen molecule9* from the system 
in its sixth position and thus competes with the host 
cells. This will result in the depletion of oxygen for 
the host cells leading to starvation and thus prevent­
ing the viral multiplication. (2) The viral compo­
nents (nucleic acids) themselves may act as a ligand for 
the sixth coordination site of the Co(II) complex 
resulting in preventing the viral multiplication. In 
case the latter alternative was operative in our com­
plexes, all the complexes used in the testing should 
have shown at least some antiviral activity. Thus we 
assume that the absence of any activity in other cases 
indicate the first alternative to be operative. 

The complexes of iron listed in Table 1 are defi­
nitely not following the mechanism of coordinative 
unsaturation because of their being inactive, in spite 
of the availability of the vacant sites for further bond 
formation. One can reason out for their inactivity 
due to very little penetrating power in the host cells, 
thus showing their inability to deprive the virus of the 
metabolites and energy sources required for its 
multiplication.11) 

Out of all five complexes tested for antibacterial 
activity, only the Co(II) complex (Ai) (Table 2) 
showed significant activity against Pseudomonas 

aeruginosa and Escherichia coli where the mode of 
action of the complex could also be explained on the 
same ground as is explained for its antiviral activity. 
All iron complexes were found to be inactive against 
all the test bacteria. 

These five complexes were also tested for their anti­
fungal activity against Aspergillus flavus, A. fumiga-
tus, A. niger, and Tricophyton mentagrophytes but 
none of them were found active. 

Authors are thankful to Prof. Van den Berghe, 
University of Antwerpen, Belgium for screening the 
complexes during the stay of one of the authors (L.M.) 
in the same department. 
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New Optically Active Liquid Crystal Compounds: (+)-4-Alkoxyphenyl 
4-[5-(2-Methylbutyl)-l,3-oxathian-2-yl]benzoates 
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New liquid-crystal compounds, (+)-4-alkoxyphenyl 4-[5-(2-methylbutyl)-l,3-oxathian-2-yl]-benzoates (9), 
have been synthesized. The mesomorphic behaviors of these compounds were compared with those of (+)-4-(2-
methylbutoxy)phenyl4-(5-alkyl-l,3-oxathian-2-yl)-benzoatesand(+)-4-(5-alkyl-l,3-oxathian—2-yl)phenyl-4-(2-
methylbutoxy)benzoates; compounds 9 exhibit a cholesteric phase and their transtition temperatures to 
isotropic were found to be lower those of the corresponding compounds. These properties seem to originate in 
the wider molecular width caused by both the 2-methylbutyl group at the 5 position of the 1,3-oxathiane ring 
and the molecular bend in the 1,3-oxathiane ring. 

In recent years, 2,5-disubstituted 1,3-dioxanes, 1,3-
oxathianes, and 1,3-dithianes have been reported to be 
new types of nematic l iqu id crystals.1>2) Subsequently, 
optically active liquid-crystal compounds with 1,3-
dioxane, 1,3-oxathiane, and 1,3-dithiane r ings as basic 
structures have also been synthesized.3-9* 

In previous papers,5«6) we reported on (+)-4-(2-
methylbutoxy)phenyl 4-(5-alkyl-1,3-oxathian-2-yl)ben-
zoate (10) and (+)-4-(5-alkyl-l,3-oxathian-2-yl)phenyl 
4-(2-methylbutoxy)benzoate (11). T h e title com­
pounds 9 have a chemical structure in which two 
terminal groups of c o m p o u n d 10 were exchanged. In 
this paper we report on the synthesis of compounds 9 
and the chemical structural factor which exerts 
influence on the appearance of the mesophase in these 
three oxathiane liquid-crystal compounds (9, 10, 11). 

pro ton signals of the 1,3-oxathiane r ing for the trans 
and eis isomers were separated by a chemical shift of 
about 0.05 p p m . T h a t is, the C-2 pro ton signal of the 
trans isomer is located at 5.80 p p m , and that of eis 
isomer at 5.85 p p m , respectively. 

Properties. Mesomorphic properties were deter­
mined us ing a micro mel t ing-point apparatus equip­
ped wi th polarizers. Phase identification was achieved 

H-CV y C - C l T- HO 

(1) (2) 

» - S A I O A O - « (3) 

0-R 

Results and Discussion 

Syntheses. (+)-4-Alkoxyphenyl 4-[5-(2-methylbutyl)-
l,3-oxathian-2-yl]benzoates (9) were synthesized via 
the following route. 

C o m p o u n d s (2) were synthesized by the etherifica-
tion of hydroquinone . T h o u g h both mono- and 
diether were produced, monoether (2) could be 
separated by co lumn chromatography; diether was 
eluted wi th hexane and monoether wi th ether, 
respectively. In the esterification of 2 wi th 1, 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) was used as a 
base. In the b romina t ion of c o m p o u n d 4, bo th 5 and 6 
were produced. In this step, since their separat ion was 
no t carried out, a mixture of 5 and 6 was used in the 
subsequent step, (5, 6)—> (7, 8). C o m p o u n d s 7 and 8 
were separated by co lumn chromatography, in which 
7 and 8 were eluted wi th ether and hexane, respec­
tively. Compounds 9 were synthesized by acid-
catalyzed r ing-forming reactions of compoounds 3 
wi th 7. C o m p o u n d s 9 were purified by co lumn 
chromatography and subsequent recrystallization. 

Since each product was obtained as a whi te powder 
con ta in ing the eis isomer, it was subjected to prep. T . 
L. C. (hexane: ether=5:2) to obta in pu re trans isomers. 

In the ^ N M R data for compounds 9 the C-2 

R' 

C H 2 O H 

C H 
\ 
CH2OH 

(4) 

S 
II 

N H 2 - C - N H 2 

Alkali 

PBr3 

R' 

CH2Br 
/ 

- C H 
\ 
CH2OH 

(5) 

CH2Br 
/ 

+ R/-CH 

CH2Br 

(6) 

R' 

CH2SH 
/ 

C H 
\ 
CH2OH 

(7) 

C H 2 S H 

+ R ' - C H 
\ 
CH 2 SH 

(8) 

(3) + (7) • R' -Ç } A ! - O - A - O - R (9) 

R': -CH2CHC2H5 

CH3 

R: n-CsHn, n-CioH2i 

n-CnH23, n-Ci2H25 

Fig. 1. 
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by compar ing the observed textures with those found 
in the literature.10 '11* 

A discussion concerning molecular structures is 
possible us ing molecular models. O u r result regard­
ing the X-ray diffraction of the 1,3-dithiane compound 
indicates that the length of the C-S bond is nearly 
equal to that of the molecular model. Therefore, a 
discussion us ing molecular models seems to be 
effective regarding compounds of this type; 1,3-
dioxane, 1,3-oxathiane, 1,3-dithiane. 

T h e mesomorphic ranges of synthesized compounds 
are given in Table 1. 

Whereas c o m p o u n d s 10 exhibited smectic A and B 
phases u p o n cool ing from the isotropic state, 9 
exhibited the chole steric phase. Compounds 9 have a 
chemical structure in which two terminal substituents 
of 10 are exchanged. 

Since the (+)-2-methylbutyl g roup and the 1,3-
oxathiane r ing of compounds 9 hinder each other, the 
molecular widths of 9 appear to be wider than those of 
10. These wider molecular widths are considered to 

make the molecular side interaction of compounds 9 
small , so that, in compounds 9 the smectic phase did 
not appear. 

Fur thermore , in compounds 9 the dipole m o m e n t 
due to sulfur and oxygen atoms in the 1,3-oxathiane 
r ing may be effective for a r rang ing the chiral 2-
methylbutyl g r o u p b ind ing at the 5 posi t ion of 1,3-
oxath iane r ing; thus compounds 9 tend to exhibi t the 
cholesteric phase. T h e transit ion temperatures to the 
isotropic form for compounds 9 are lower than those 
for c o m p o u n d s 10 and 11. T h i s fact may or iginate in 
the wider molecular widths of compounds 9 hav ing 
the 2-methylbutyl group. These transition temper­
atures of compounds 9 are about 10—20° C lower than 
those of the corresponding 1,3-dioxanes 12, which may 
imply that the bent effect of the 1,3-oxathiane r ing 
appeared. T h a t is, the 1,3-oxathiane r ing of com­
pounds 9 has a bend caused by a size difference 
between the sulur and oxygen atoms. T h i s bend 
makes the molecular widths of compounds 9 wider 
than those of the corresponding 1,3-dioxane corn-

Table 1. Mesomorphic Ranges for Compounds 9 and Corresponding Compounds 10, 11, and 12 

O 

C2H5ÇHCH2/ ) ^ y c - o ^ y o - R (9) 
o 

CH3 

R Mesomorphic range/0 Ca) 

9-1 C8Hi7 

9-2 C10H21 

9-3 C11H23 

9-4 C12H25 

55 99 
C < > Cho < > I 

60 99 
65 98 

C < » Cho ; > I 
53 98 
65 92 

C < > Cho -, > I 
48 92 
67 91 

C < > Cho < » I 
55 91 

s ° 
R-(~ y^~\ C-0-/~"YO-CH2ÇHC2H5 (10) 

R Mesomorphic range/0Ca) 

66 111 134 
10-1 C10H21 C 7=1 SmB 7=1 SmA 7=1 I 

- 5 0 111 134 
64 111 132 

10-2 C11H23 C 7=1 SmB 7=1 SmA 7=1 I 
- 5 0 111 132 
59 117 132 

10-3 C12H25 C 7=1 SmB 7=1 SmA 7=1 I 
- 5 0 117 132 

R \ ) \ \ ° - ^ " \ \ 0 - C H 2 C H C 2 H 5 (11) 

CH3 

R Mesomorphic range/0 Ca) 

11-1 C10H21 

11-2 CnH23 

11-3 C12H2 

88 122 
C >^Cho7=l I 

4 6 \ / 47 122 
Sm 
83 120 

C > Cho 7=1 I 
4 8 \ / 61 120 

Sm 

87 114 
C • C h o -< > I 

2 3 V 1 / 65 114 
Sm 

CH3 
OO 

O 

C2H5ÇHCH2Y y( y c - o O-R (12) 

R Mesomorphic range/0Ca) 

12-1 CsHn 

12-2 CioH2i 

12-3 C11H23 

12-4 C12H25 

70 120 
C < » Cho < * I 

60 120 
80 113 

C < » Cho < » I 
65 113 
84 115 

C 7=1 Cho 7=1 I 
64 115 

93 112 
C 7 » Cho -< » I 

75 112 
a) C: Crystal, Cho: Cholesteric, Sm: Smectic I: Isotropic. 

file:///0-CH2CHC2H5
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pounds . 
T h e specific rotatory power (Nf>°) for compound 9-1 

was about 1. 2. 

Experimental 

IR, *H NMR and the mass spectra were obtained with a 
Hitachi 215 spectrometer, a JNM-PMX 60 spectrometer, and 
a Hitachi M-80B spectrometer, respectively. Elemental 
analyses were carried out with a Perkin-Elmer 250 instru­
ment. The transition temperatures and mesomorphic phases 
were determined by means of a Mitamura Riken micro 
melting-point apparatus equipped with polarizers. 

4-Alkoxyphenyl 4-Formylbenzoates.(3). To a solution of 
compound 2 (0.03 mol) and l,8-diazabicyclo[5.4.0]undec-7-
ene (0.03 mol) in anhyd. iV,iV-dimethylformamide (30 ml) 
was added compound 1 (0.03 mol) in a nitrogen atmosphere, 
followed by stirring at 40 °C for 18 h. The solution was 
poured into ice water and the mixture shaken twice with 
ether (each 200 ml). The extract was washed with cold 2% aq 
HCl, dried over anhyd Na2SÜ4, and evaporated in vacuo at 
40 °C. The residue was extracted into hexane, and the 
extract was concentrated under reduced pressure. The 
residue was purified by recrystallization from hexane, 
followed by subjection to column chromatograpy. White 
powder was obtained in a 40—60% yield. 

Mp: R=C8Hi7; 78—79 °C, C10H21; 88—89 °C, CnH23; 97— 
98 °C, C12H25; 106—107 °C. 

IR (CDCI3) 2800—3000 (alkyl), 1730 (C=0), 1600 (Ar), 1260 
(ether) cm -1. 

!HNMR (CDCI3) 6=0.7—2.2 (m, OCH2R), 4.0 (t, 2H, 
OCH2), 6.8—8.5 (m, 8H, ArH), 12.0 (s, IH, CHO). 

Mixtures of 2-(2-Methylbutyl)-3-bromo-l-propanol (5) and 
2-(2-Methylbutyl)-l,3-dibromopropane (5). The same pro­
cedure as that mentioned in a previous paper3) was used. 

2-(2-Methylbutyl)-3-mercapto-l-propanol (7). The same 
procedure as that mentioned in a previous papern) was used. 
Transparent liquid was obtained. 

IR (CHCI3) 3600 (OH), 3000—2800 (alkyl) cm"1). 
!H NMR (CDCI3) 0.5—2.0 (m, 13H, C5H11CH, SH), 2.5— 

3.0 (m, 2H, CH2S), 3.5—4.3 (m, 3H, CH2OH) 
(+)-4'-Alkoxyphenyl 4-[5-(2-Methylbutyl)-l,3-oxathian-2-

yljbenzoate (9). To a solution of compound 3 (0.004 mol) 
and 7 (0.004 mol) in anhyd CHCI3 (200 ml) cooled in an ice 
bath were added BF3-(C2Hs)20 (0.5 g) and molecular sieves 
(3A, 1/15; 3 g). The mixture was stirred at 0—5 °C for 8 h, 
and then at 20—25 °C for 16 h. The solution was washed 

with 10% aq NaHCÛ3 and evaporated in vacuo. The crude 
product was purified by successive column chromatography 
and recrystallyzations from hexane, then chromatographed 
on prep. T. L. C. to give pure trans isomer. 

IR (CHCI3) 3000—2800 (alkyl), 1740 (C=0), 1600 (Ar), 1280 
(ether) cm -1. 

iH NMR (CDCI3) 6=0.5—2.5 (m, C5H11CH, OCH2R), 2.8 

Sx 
(d, 2H, CH2S), 3.1—4.5 (m, 4H, CH2O), 5.8 (s, 1H, ^ H ) , 

6 
6.6—8.3 (m, 8H, ArH). 

9-1: Yield, 25%. Found: C, 72.97; H, 8.40%. Calcd for 
C30H42SO4 : C, 72.25; H, 8.49%. MS m/z 498. 

9-2: Yield, 19%. Found: C, 72.89; H, 8.79%. Calcd for 
C32H46SO4 : C, 72.96; H, 8.80%. MS m/z 526. 

9-3: Yield, 19%. Found: C, 73.34; H, 8.94%. Calcd for 
C33H48SO4 : C, 73.29; H, 8.95%. MS m/z 540. 

9-4: Yield, 23%. Found: C, 73.96; H, 9.24%. Calcd for 
C34H50SO4 : C, 73.60; H, 9.08%. MS m/z 554. 
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The Structures of Cytotoxic Diterpenes Containing Bromine from the 
Marine Red Alga Laurencia obtusa (Hudson) Lamouroux1* 
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Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
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Four new brominated diterpenes possessing parguerane or isoparguerane skeleton have been isolated from 
the title alga collected in the Japanese waters along with several known parguerol, isoparguerol, and 
deoxyparguerol congeners. The structures of three new compounds were determined by the chemical 
correlation with the corresponding known compounds. The structural elucidation of the remaining one was 
carried out on the basis of a combination of chemical and spectroscopic means including 2D NMR technique. 
One of the new metabolites has proved to be cytotoxic. The cytotoxic properties of the several chemically 
derived compounds in addition to the known diterpenes are also described. 

In connect ion wi th our search for bioactive metabo­
lites from the mar ine organism in the Japanese waters, 
we have reported that the crude methanol extracts of 
the mar ine red alga Laurencia obtusa (Hudson) 
L a m o u r o u x (Magire-sozo in Japanese) collected at 
Teu r i Island, Hokka ido exhibit a significant level of 
cell growth inhibi tory activity against P388 in vitro cell 
lines (ED50 0.18 ug mL - 1).2* Careful separation of this 
extracts us ing the assay of cytotoxicity against P388 in 
vitro cell lines has led to the isolation of the active 
components which consists of new polyoxygenated 
squalenes.2) O n the other hand, we have further 
reported the absolute stereos true ture of deoxy parguer­
ane derivative 5, the same algal consti tuent, elucidated 
by means of X-ray crystallographic analysis.3) T h i s 
successful result permits to assign the absolute 
configuration of other parguerane congeners. A g roup 
of parguerol and its derivatives has been first isolated 
as cytotoxic components from the sea hare Aplysia 
dactylomela collected near La Parguera, Puerto Rico by 
F. J. Schmitz et al.,4) and the absolute configurat ion of 
these compounds had not yet been resolved. Moreover, 
we have also reported the structural elucidation of 
b romina ted di terpene 6 wi th new A-seco-parguerane 
skeleton, which shows potential cell growth inhibi tory 

activity against B16 in vitro cell lines.5) Fur ther search 
for cytotoxic componen t from this algal extract has 
yielded a new cytotoxic diterpene 1 a long wi th three 
inactive metabolites 2, 3, and 4 in addi t ion to known 
congeners, 7, 8, 9, and 10.4) We wish to describe here 
the isolation and structural determinat ion of the new 
diterpenes 1, 2, 3, and 4 as well as the cytotoxic 
propert ies of these compounds against P388 and H e L a 
in vitro cell l ine together wi th those of several 
chemically derived compounds in addi t ion to the 
known metabolites. 

Results and Discussion 

Specimens of Laurencia obtusa were collected off 
the coast of Teur i Island in Hokka ido in shallow 
waters (0 to —1.5 m). Methanol extracts of this alga 
were concentrated in vacuo and the resul t ing suspen­
sion was par t i t ioned against diethyl ether. T h e 
ethereal fraction was treated by the usual method to 
give a neutral essential oil, which was fractionated by 
open co lumn chromatography on silica gel wi th a step 
gradient to give five fractions of A [CÔHÔ], B [CßHe-
EtOAc (9:1 )], C [C 6 H 6 -EtOAc ( 1:1 )], D [EtOAc], and E 
[E tOAc-MeOH (9:1)]. T h e k n o w n triol 5 and 
tetraacetate 8 were isolated from the fraction E and B 

19\R 

1 . R1= R*= OAc, R*= R<= H, R*= Ac 

3. R \ R*= =0, R 3 = OH, R<= R*= H 

4. R1- R*= R*= R<= R ^ H 

5. R1= OH, R*= R*= R<= R*= H 

7. R1- OAc, R*= R*= R<= R*= H 

8. R1= R ^ OAc, R*= H, R<= R*= Ac 

9. R1= R*= OH, R*= R<= R*^ H 

AcOv 

CH3(CH2)i4C00 

6 

OH 

2. R1= R*= R*= H 

10. R1= R*= R*= Ac 
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in 2% and 10% yield of the neutral oil, respectively. 
H P L C separat ion of the fraction C with the reverse-
phase suppor t gave the k n o w n compounds 6, 7, and 10 
in 0.01%, 0.3%, and 2% yields, respectively. O n the 
other hand , the k n o w n polar metaboli te 9 was isolated 
from the aqueous fraction in 0.25% yield. 

From the fraction rich in deoxyparguerol (7), 
c o m p o u n d 1 [a viscous oil, [ Û : ] D - 3 7 . 8 0 (C 1.54, CHC13)] 
was obta ined in 0.3% yield of the neutra l oil. T h i s 
c o m p o u n d was tentatively assigned the molecular 
formula of C26H370?Br on the basis of h igh resolution 
mass spectral analysis (highest observed mass, M+—H2O) 
and showed very similar spectral propert ies to those of 
known parguerol 7,16,19-triacetate (8). T h e lH N M R 
and IR spectra of 1 revealed the presence of two 
pr imary, one secondary acetoxyl groups and one 
secondary hydroxy 1 g roup in the molecule [6=2.07X2, 
2.11 (3H each, s), 3.18 (1H, m), 3.78 (1H, d, /=12 .0 Hz), 
4.04 (1H, d, / = 1 2 . 0 Hz), 4.26 (1H, d, / = 9 . 0 H z ) , 4.31 
(1H, dd, / = 9 . 0 , 9.0 Hz), 5.35 (1H), vmax 3500 cm"1] 
instead of four acetoxyl g roups in 8. Acetylation of 1 
wi th acetic anhydr ide a n d pyr id ine in the usual 
method gave a corresponding product whose spectral 
data inc lud ing the optical rota t ion were identical wi th 
those of 8. F. J. Schmitz et al. have reported that the 
unusua l acetoxy-deshielded meth ine signals at 6= 
5.2—5.4 in parguerane derivatives can be explained by 
placing these groups next to the cyclopropane ring.4) 

Therefore, the r ema in ing meth ine signal at 6=3.18 in 
1 mus t be at t r ibuted to the p ro ton at C-7, establishing 
the formula of 15-bromo-2,16,19-triacetoxy-7-hydroxy-
9( l l ) -parguerene for 1. 

C o m p o u n d 2 [a glassy solid, [Q:]D +5.0° (c 0.46, 
CH3OH)] was isolated from the aqueous fraction by 
use of H P L C (JASCO, F inepak SIL C18, 50% water in 
me thano l ) in 0.1% yield of the aqueous residue. Its IR 
and XH N M R spectra did no t show the presence of any 
acetoxyl g roup . T h e presence of two tertiary methyls 
and tr isubsti tuted double bond is evident in the lH and 
1 3 C N M R spectra of 2 [6=1.05, 1.27 (3H each, s), 5.46 
(1H, br d, / = c a . 6 Hz), 6=22.5 (q), 24.9 (q), 117.2 (d), 
and 147.2 (s)]. Moreover, the lH N M R spectrum 
showed the presence of signals of a set of ABX pat tern 
[6=3.77 (1H, dd, 7=9.5 , 12.5 Hz), 4.02 (1H, dd, 7=3.0, 
12.5 Hz), 4.25 (1H, dd, 7=3.0, 9.5 Hz)], signals at 
6=3.14 (1H, ddd, 7=7.0, 9.5, 9.5 Hz), 3.88 (1H, br d, 
7=ca . 4 Hz), and the absence of cyclopropane p ro ton 
signals. By the above data as well as co-existence of 
isoparguerol 7,16-diacetate (10) in the same alga, it was 
surmised that the c o m p o u n d 2 was a deacetyl 
derivative of isoparguerol . Evidence of the structure 2 
was provided by usual acetylation. C o m p o u n d 2 was 
treated wi th acetic anhydr ide and pyridine to give a 
triacetate, which was found to be completely identical 
wi th 10 in all respects. 

Moreover, H P L C separation of the aqueous fraction 

Table 1. 13C and 1H NMR Chemical Shifts (ppm) of Compound 3 and C/H 
Correlations Observed in HMBC Experiments 

C a) <5Cb> <5H (Multiplicity, 7/Hz)c> HMBCd> 

2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 

15 
16 

17 
18 

19 

20 

49.4 

212.9 
32.4 
33.7 
47.1 
34.1 

77.6 
39.6 

143.8 
45.6 

118.7 
40.1 

36.4 
39.3 

67.7 
65.0 

24.7 
26.2 

66.7 

20.3 

2.29 (d, 7=14.5) Heq 
2.15 (d, 7=14.5) Hax 

ca. 1.8 (m) 

ca. 1.8 (m) 
2.37 (ddd, 7=3.0, 4.5, 12.5) Heq 
1.94 (ddd, 7=10.5, 12.5, 12.5) Hax 
3.16 (ddd, 7=4.5, 9.5, 10.5) 

ca. 2.2 (m) 

5.32 (ddd, 7=1.5, 1.5, 6.0) 
2.48 (m) Heq 
1.81 (ddd, 7=1.5, 2.5, 17.5) Hax 

ca. 2.3 (m) Heq 
ca. 1.3 (m) Hax 

4.18 (dd, 7=2.5, 9.5) 
4.01 (dd, 7=2.5, 12.5) Ha 
3.77 (dd, 7=9.5, 12.5) Hb 
1.05 (s) 
1.39 (dd, 7=4.5, 10.5) Hexo 
1.11 (dd, 7=4.5, 5.0) Hendo 
3.74 (d, 7=12.0) Ha 
3.21 (d, 7=12.0) Hb 
1.05 (s) 

H-3, 5, 20 

H-lax, leq, 18endo, 18exo 
H-leq, 5, 18endo, 18exo, 19a, 19b 
H-3, 5, 18endo, 18exo, 19a, 19b 
H-lax, leq, 6ax, 6eq, 18endo, 18exo, 19a, 19b, 20 
H-5 

H-5, 6ax, 6eq, 8, 14ax, 14eq 
H-6ax, 6eq, 7, 11, 14ax, 14eq 
H-12a, 12eq, 14eq, 20 
H-lax, leq, 5, 11, 20 
H-12ax, 12eq 
H-ll, 14ax, 14eq, 15, 17 

H-ll, 12ax, 12eq, 14ax, 14eq, 15, 16a, 16b, 17 
H-7, 12eq, 15, 17 

H-16a, 16b, 17 
H-15 

H-15 

H-3, 5, 19a, 19b 

H-3, 5, 18endo, 18exo 

H-lax, leq, 5 
a) The numbering system corresponds to that used for parguerane diterpenes. b) Measured at 67.8 MHz (CD3OD, TMS=0). 
c) Measured at 270 MHz (CD3OD, TMS=0). d) Measured at 270 MHz (CD3OD, TMS=0). 
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afforded a ketone 3 (0.1% yield) [a glassy solid, [Q:]D 
-41° (c 0.89, CH3OH)]. Its *HNMR spectrum 
(Table 1) shows two tertiary methyl signals at 6=1.05 
(6H, s), and an AB quartet due to the C-19 hydroxy-
methyl [0=3.21 and 3.74 (IH each, d, 7=12 Hz)]. In the 
XH NMR spectrum, compound 3 also exhibited signals 
nearly identical with those corresponding to the 
protons at C-7, C-ll , C-15, and C-16 in the tetrol 9, 
suggesting the presence of the same B-C ring 
including its substituents as that of 9 in 3. The lH and 
13C NMR data of 3 were different from those of 9 in the 
lack of a proton signal at C-2 and, instead, in the 
presence of a carbonyl group [ô=212.9 (s)], correspond­
ing to IR absorption at 1678 cm"1. In 13C NMR 
spectrum, the signal at 6=26.2 (t) was able to assign to 
C-18, because three bond coupling to the hydroxy -
methyl protons at C-19 was observed in ^-detected 
heteronuclear multiple-bond 1H-13C correlation (HMBC) 
spectrum6) of 3. The cyclopropane methylene proton 
signals at C-18 [0=1.11 (IH, dd, /=4.5 , 5.0 Hz), and 
1.39 (IH, dd, /=4.5, 10.5 Hz)], which were related by 
13C-1H COSY spectrum with one bond coupling to the 
same carbon absorption at 6=26.2, were shifted to very 
low field relative to those of 9 (6=—0.01 and 0.83). 
Moreover, the presence of three-bond couplings from 
both H-18endo, and H-18exo to the carbonyl carbon 
were indicated in HMBC spectrum. The above data 
are consistent with the presence of a carbonyl group at 
C-2 in place of the hydroxyl group in 9 and hence, the 
structure of 3 can be represented as 15-bromo-7,16,19-
trihydroxy-9( 11 )-pargueren-2-one. Reduction of 3 
with NaBH4 in C2H5OH gave two products which 
were separated by HPLC technique. The more polar 
product of them was found to be identical with the 
tetrol 9, in all respects, confirming this ketone to be 
represented as the formula 3. The structure of the less 
polar product was deduced to be a corresponding 
epoxide 21 by XH NMR analysis. 

Minor component (0.08% yield) isolated from 
chromatographic fraction C was a diol 4 [mp 87— 
90°C, [a]D -17.8° (c 1.71, CHCI3)]. The highest mass 
ion peak observed in high resolution mass spectrum of 
4 appeared at 366.1391, consistent with a formula of 
C2oH29081Br. The presence of one or more hydroxyl 
groups and no acetate groups were indicated by IR and 
lH NMR data. Upon acetylation of 4 with acetic 
anhydride and pyridine, a corresponding product was 
obtained, IR and lH NMR spectra of which showed 
the presence of two acetyl groups [6=2.09, 2.13 (3H 
each, s), vmax 1740 cm-1] and no hydroxyl groups, 
indicating that the highest mass ion peak observed for 
4 itself corresponded to M+—H2O, thus yielding a 
formula of C2oH3i02Br for 4. The lH NMR spectrum 
of 4 (Table 2) was very similar to that of the triol 53) 

with a few notable exceptions, and hence a structure 
similar to 5 could be inferred for 4. The most obvious 
difference between the spectra of 4 and 5 was pointed 

Table 2. 1U NMR Data of Compound 4a> 

Position 

1 ax 
1 eq 
2 ax 
2eq 
3 
5 
6 ax 
6 eq 
7 
8 

11 
12 ax 
12 eq 
14 ax 
14 eq 
15 
16 a 
16 b 
17 
18 endo 
18exo 
19 I 
20 J 

Ô 

0.86 
1.81 
2.00 
1.62 
0.65 
1.14 
1.61 
2.11 
3.17 
2.22 
5.36 
1.82 
2.41 
1.37 
2.24 
4.30 
3.83 
3.93 
1.06 

-0.03 
0.43 

0.98, 0.99 

ddd, 
brdd, 
dddd, 
brdd, 
ddd, 
dd, 
ddd, 
ddd, 
ddd, 
m 
ddd, 
ddd, 
dddd, 
dd, 
ddd, 
dd, 
dd, 
dd, 
s 
dd, 
dd, 

s 

Multiplicity 

/=6.5, 13.2, 13.2 
7=6.5, 13.2 
7=6.5, 6.5, 13.2, 13.2 
7=6.5, 13.2 
7=6.0, 6.5, 9.5 
7=3.5, 13.5 
7=11.0, 12.5, 13.5 
7=3.5, 4.5, 12.5 
7=4.5, 9.5, 11.0 

7=2.0, 2.0, 6.0 
7=2.0, 3.0, 17.5 
7=3.0, 4.5, 6.0, 17.5 
7=12.0, 15.0 
7=3.0, 5.5, 15.0 
7=3.0, 9.0 
7=9.0, 12.5 
7=3.0, 12.5 

7=4.2, 6.0 
7=4.2, 9.5 

a) Measured at 270 MHz (CDCI3, TMS=0). Assign­
ments were carried out with the aid of 1H-1H COSY 
spectrum. 

in 4. The broad doublet signal at ô=4.29 (1H, br d, 
7—5.0 Hz) assigned to the proton at C-2 in 5 was not 
observed in that of 4. Further, cyclopropane proton 
signals at 6=-0.03 (1H, dd, 7=4.2, 6.0 Hz) and 0.43 
(IH, dd, 7—4.2, 9.5 Hz) in 4 were shifted upfield compar­
ed with those of 5 (6=0.02 and 0.66). Also, the signal 
at 6=0.85 (IH, dd, 7=6.0, 10.0 Hz) assigned to the pro­
ton at C-3 in 5 was replaced by the signal at 6=0.65 
(IH, ddd, 7=6.0, 6.5, 9.5 Hz) in 4. Thus, the structure 
of the diol 4 was concluded to be 2-deoxy form of 5. 
The ^ - ^ H COSY spectrum of 4 allowed a complete 
assignment of all proton resonances as shown in Table 
2 and supported the structure 4 for this diol. Since the 
chemical shifts and coupling patterns in the lH NMR 
spectrum of 4 were nearly identical with those of the 
triol 5, the stereostructure of this diol could be 
represented as the formula 4. 

We have previously reported that parguerol 7,16,19-
triacetate (8) has cytotoxic property against P388 in 
vitro cell line but the triol 5 is inactive,3* which 
prompts us to evaluate cell growth inhibitory activity 
of the compounds with modified functional groups, in 
addition to the above natural products. We have tried 
to prepare a debromo compound, epoxides, hydrolysis 
compounds, and a 15-hydroxy derivative, respectively, 
from the major metabolite 8. 

Irradiation of 8 in benzene containing tributyltin 
hydride and azobisisobutyronitrile with high pressure 
Mercury arc lamp at room temperature for 1 h gave a 
debromo product 11 whose structure was supported by 
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AcO ^ 

W R 4 

1 1 . 

13 . 

16 . 

17 . 

19 . 

2 0 . 

R I = R2= R4= 0 A c R 3 = H 

R1= R2= OAc, R ^ B r , R«= OH 

R1= R«= OH, R2= OAc, R ^ Br 

R1= OAc, R2= R«= OH, R*= Br 

R1= R2= R«= OH, R*= Br 

R1= R2= OAc, R ^ R«= OH 

R1 

12. 

14. 

15. 

18. 

21. 

^ ^ ^ • J M J H 

S 2 

R1= R2= R3= OAc 

R1= R2= OAc, R*= OH 

R1= R ^ OAc, R2= OH 

R1= OAc, R2= R ^ OH 

R1= R2= R ^ OH 

the spectral evidence [ô=4.06 (1H, ddd, / = 7 . 0 , 7.5, 
10.8 Hz), 4.14 (1H, ddd, / = 6 . 7 , 8.2,10.8 Hz), - C H 2 C H 2 -
OCOCHs] . 

Tetraacetate 8 was saponified wi th aqueous 10% 
Na2CC>3 at room temperature to yield a mixture of 
hydrolysis products inc luding epoxides. With a 
combina t ion of silica-gel chromatography and H P L C 
us ing reverse-phase support , the mixture was sepa­
rated in to individual pure product 12 ,13 ,14 ,15 ,16 ,17 , 
18, and 19. T h e structures of these compounds were 
established wi th compar ison of the XH N M R spectrum 
of each other. 

Prepara t ion of C-15 hydroxy c o m p o u n d 20 was 
performed by the acid-catalyzed epoxide cleavage of 
the prepared epoxide 12. T h e highest mass ion peak 
in the h igh resolut ion mass spectrum of 20 appeared at 
m/z 418.2382, consistent wi th a formula of C24H34O6 
(M+—AcOH), thus suppor t ing its structure. 

S imul taneous epoxide formation wi th the saponifi­
cat ion condi t ion of 8 suggested the stereochemistry of 
the epoxides to be 15 S. Similarly, the configurat ion at 
C-15 of the c o m p o u n d 20 was presumed to be 15 R 
from the viewpoint of the employed reaction condi t ion 
(CF3COOH in benzene). 

T h e results of cytotoxicity evaluat ion of compounds 
1—20 against P388 and H e L a cell (in vitro) are given in 
Tab le 3. These data imply that an acetoxyl g roup at 
C-2 and a b romine at C-15 are indispensable and acetyl 
g roups except for that at C-2 are not always essential 
for the appearance of cytotoxic activity. 

Experimental 

Melting points are uncorrected. The purity of each 
compound was always checked by TLC (silica gel) or HPLC 
(JASCO, Finepak SIL Cl8). The IR spectra were recorded 
on a JASCO A-102 and A-700 spectrophotometer. The *H 
and 13C NMR spectra were measured on a JEOL JNM-GX 
270 spectrometer, using tetramethylsilane or solvent peak as 
an internal reference. The low and high resolution mass 
spectra were obtained on JEOL JMS-D300, JMS-DX303, and 
JMS-HX110 spectrometer. Optical rotations were determin­
ed on a JASCO DIP-140 Polarimeter. Silica gel (Merck, 
Kieselgel 60, 70—230 mesh) and polystyrene gel (Nippon 
Rensui, Diaion HP-20) were used for column chromatog­
raphy and silica gel (Merck, Kieselgel 60 F254) for thin-layer 
chromatography, respectively. HPLC using a UV detector 
(215 nm) was carried out on JASCO, Finepak SIL Cl8, and 
Megapak SIL Cl8 columns. Medium pressure column 
chromatography was performed using Wako RQ-2 column. 

Initial Isolation Procedure. Specimens of the red alga 
Laurencia obtusa (Hudson) Lamouroux were collected in 
shallow waters (0 to —1.5 m) in August of 1985, off the coast 
of Teuri Island, Hokkaido.7) Half dried alga (ca. 3 kg) was 
extracted with methanol (30 L) and the methanol solution 
was concentrated to 5 L in vacuo. The resulting aqueous 
suspension was partitioned against diethyl ether. The ether 
solution was washed with 0.5 M KOH to remove acidic 
material and dried over Na2S04. Removal of the solvent gave 
a viscous neutral oil (73 g). The crude extracts exhibited 
potential cell growth inhibitory activity (ED50 0.18 i igmL - 1 

for P388 in vitro cell line). On the other hand, the aqueous 
layer was passed over polystyrene gel and to remove ionic 
material, the polystyrene gel was washed with water and 
successively with methanol to obtain polar organic sub­
stance. Evaporation of the methanol left dark brown residue 
(19 g). The neutral portion was fractionated by column 
chromatography on silica gel with a step gradient (benzene-
ethyl acetate) to give five fractions of A [CÔHÔ, 14.5 g], B 
[C6H6-EtOAc (9:1), 17.3 g], C [C6H6-EtOAc (1:1), 21.8 g], D 
[EtOAc, 12.3 g], and E [EtOAc-MeOH (9:1), 4.3 g]. The triol 
5 was isolated from the fraction E in 2% yield. Further 
separation of the fraction B by silica-gel chromatography 
gave the known tetraacetate 8 as the major component (10% 
of the neutral oil). The fraction C was chromatographed on 
ODS column (Wako, RQ-2) in a total of 4 runs. For each 
run, 15% and 5%o water, 5% dichloromethane in methanol, 
and dichloromethane were used as eluent, in that order. The 
dichloromethane fraction was further separated on Finepak 
SIL Cl8 HPLC column with 15%) water in methanol to give 
the known compound 6 (0.01%) yield), and the fraction eluted 

Table 3. Cytotoxic Activities (IC50, jigmL -1) of Compound 1—20 against P388 and HeLa Cell (in vitro) 

Compounds 

HeLa 
P388 

Compounds 

HeLa 
P388 

1 

3.1 
3.5 

11 

— 

2 
_ a ) 

12 

— 

3 

— 

13 

3.1 
2.3 

4 

— 

14 

— 

5 

— 

15 

— 

6 

25 
25 

16 

7.6 
3.1 

7 

0.3 
1.1 

17 

6.3 
7.3 

8 

6.3 
8.5 

18 

— 

9 

— 

19 

1.0 
1.8 

10 

6.3 
9.9 

20 

— 

a) Inactive. 
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with 5% water in methanol was further separated by HPLC 
(Finepak SIL Cl8, 40% water in methanol) to yield 7 (0.3%) 
and 10 (2%), respectively. As the known compound, further, 
the tetrol 9 was isolated (0.25%) from the aqueous residue 
with careful HPLC separation (Finepak SIL Cl8, 50% water 
in methanol). The structures of compounds 7, 8, and 10 were 
confirmed by the respective comparison of the spectral data 
with those of the authentic specimens. The 1H NMR data of 
the tetrol 9 were different in part from those reported by F. J. 
Schmitz et al.4) Most apparent differences were the chemical 
shifts of signals due to C-19 hydroxymethyl protons. In the 
1H NMR spectrum of 9 in CDCI3 solution, these signals were 
observed at 0=2.98 and 3.89 (1H each, d, /=12 Hz), both of 
which were shifted to ca. 3.4 (2H) in more polar CD3OD solu­
tion by a much greater value than other signals, indicat­
ing that the signals due to the C-19 hydroxymethyl group 
might be largely influenced with the employed solvent. Our 
confirmation of the structure 9 was established by the 
transformation of the tetrol 9 to the tetraacetate 8 under 
usual acetylation condition. 

!H NMR Data of 9: (CDCI3, 270 MHz), 0=0.01 (1H, dd, 
7=5.0, 5.5 Hz), 0.77 (1H, dd, 7=5.0, 10.0 Hz), 1.03, 1.23 (3H 
each, s), 2.98 (1H, d, 7=12.0 Hz), 3.13 (1H, dd, /=4.4, 10.3, 
10.3 Hz), 3.85 (1H, dd, 7=9.5, 13.0 Hz), 3.89 (1H, d, /=12 Hz), 
4.00 (1H, dd, /=2.5, 13.0 Hz), 4.25 (1H, dd, /=2.5, 9.5 Hz), 
4.43 (1H, br d, /=4.0 Hz), and 5.33 (1H, br d, /=6.2 Hz); 
(CD3OD, 270 MHz), <5=-0.01 (1H, dd, /=4.5, 6.0 Hz), 0.83 
(1H, dd, /=4.5, 10.0 Hz), 1.03, 1.18 (3H each, s), 3.06 (1H, 
ddd, 7=4.5, 10.0, 10.0 Hz), ca. 3.4 (2H), 3.77 (1H, dd, 7=9.5, 
12.5 Hz), 4.01 (1H, dd, 7=2.5, 12.5 Hz), 4.23 (1H, dd, 7=2.5, 
9.5 Hz), 4.31 (1H, br d, 7=4.5 Hz), and 5.39 (1H, br d, 
7=6.0 Hz). 

Isolation of 1. Repeated purification with HPLC 
(Finepak SIL Cl8, 35% water in methanol) of the same 
fraction that yielded 6, 7, and 10 gave compound 1 in 0.3% 
yield: viscous oil; [a]u -37.8° (c 1.54, CHCI3); IR * w 
(CHCI3), 3500, 1720, 1450, 1360, 1240, 1145, 1020, 970, and 
945 cm-1; !H NMR (CDCI3, 270 MHz), 0=0.16 (1H, dd, 
7=5.0, 6.0 Hz), 0.93 (1H, dd, 7=5.0, 10.5 Hz), 1.08, 1.14, 
2.07X2, 2.11 (3H each, s), 3.18 (1H, m), 3.78 (1H, d, 
7=12.0 Hz), 4.04 (1H, d, 7=12.0 Hz), 4.26 (1H, d, 7=9.0 Hz), 
4.31 (1H, dd, 7=9.0, 9.0 Hz), 4.56 (1H, d, 7=9.0 Hz), and 5.35 
(2H); 13CNMR (CDCI3, 67.8 MHz), CH3: 0=19.8, 21.0, 21.2, 
21.6, and 24.3, CH2: <5=18.8, 33.5, 37.4, 38.0, 38.8, 66.1, and 
69.8, CH: 0=22.1, 38.3, 45.8, 59.5, 68.3, 76.9, and 117.5, C: 
0=20.8, 35.4, 36.5, 143.1, 170.6, 170.7, and 170.9; MS, m/z 
524, 522, (0.1:0.1, M+-H2O), 497, 495, (0.1:0.1), 464, 462 
(1.4:1.4), 454, 452 (0.1:0.1), 436, 434 (1.7:1.7), 404, 402 
(4.3:4.2), 263 (20), 237 (19), 119 (15), 105 (16), and 43 (100); 
HR-MS, Found: m/z 524.1622. Calcd for C26H3506

81Br: 
(M+-H 20), 524.1597. 

Acetylation of 1. Triacetate 1 (5 mg) was allowed to react 
with acetic anhydride (0.5 mL) and pyridine (0.5 mL) at 
room temperature for 16 h. To the reaction mixture was 
added a small amount of methanol to decompose an excess 
of acetic anhydride and the mixture was extracted into ether. 
The ether solution was washed with aqueous 10% CuSÜ4, 
aqueous 5% NaHCOs, and water. Dryness and evaporation 
gave a crude tetraacetate. Purification on chromatography 
over silica gel with 10% ethyl acetate in benzene yielded a 
pure product (5 mg). The spectral data of the tetraacetate 
were identical with those of compound 8. 

Isolation of 2 and 3. The aqueous material was separated 
by HPLC on ODS column using 50% water in methanol to 
yield 2 (0.1% yield) and 3 (0.1%) respectively, in addition to 
the known 9. 2: a glassy solid; [a]D +5.0° (c 0.46, CH3OH); 
IR vm&x (film), 3356, 1452, 1254, 1160, 1054, 1016, 951, and 
754 cm"1; !H NMR (CD3OD, 270 MHz), 0=1.05, 1.27 (3H 
each, s), 3.14 (1H, ddd, 7=7.0, 9.5, 9.5 Hz), 3.77 (1H, dd, 
7=9.5, 12.5 Hz), 3.88 (1H, br d, 7=ca. 4 Hz), 4.02 (1H, dd, 
7=3.0, 12.5 Hz), 4.25 (1H, dd, 7=3.0, 9.5 Hz), and 5.46 (1H, br 
d, 7=ca. 6 Hz); 13C NMR (CD3OD, 67.8 MHz), CH3: 0=22.5 
and 24.9, CH2: 0=16.9, 31.2, 35.4, 39.4, 40.3, 41.8, and 65.0, 
CH: 0=39.9, 46.9, 51.1, 68.1, 68.9, 78.1, and 117.2, C: 0=36.5, 
37.6, 74.2, and 147.2; MS, m/z 401, 399(13:14, M+-CH3), 383, 
381 (22:24), 380, 378 (8.3:8.3), 365, 363 (24:27), 319, 317 
(12:11), 299 (29), 281 (31), 271 (31), 255" (42), 237 (35), 227 
(49), 199 (49), 185 (56), 159 (76), 157 (59), 145 (55), 143 (56), 
131 (60), 107 (55), 105 (89), 91 (81), 55 (92), 43 (100), and 41 
(96); HR-MS, Found: m/z 398.1287. Calcd for C20H29 
03

81Br: (M+-H 2 0) , 398.1280. 3: a glassy solid; [a]D -41° (c 
0.89, CH3OH); IR */max (film), 3356, 1678, 1453, 1433, 1414, 
1381, 1359, 1286, 1259, 1232, 1065, 1026, 941, 874, 800, 754, 
and 664 cm"1; !H and 13C NMR, see Table 1; MS, m/z 396, 394 
(2.1:2.2, M+-H 2 0) , 378, 376 (1.6:1.4), 363, 361 (2.6:3.2), 315 
(12), 270 (37), 209 (27), 183 (35), 157 (41), 145 (41), 119 (69), 
118 (46), 107 (48), 105 (75), 91 (78), 82 (79), 55 (94), 43 (100), 
and 41 (98); HR-MS, Found: m/z 396.1119. Calcd for 
C2oH2703

81Br: (M+-H 20) , 396.1123. 
Acetylation of 2. Tetrol 2(10 mg) was acetylated in the 

same manner as described for 1. Silica-gel chromatography 
with 10% ethyl acetate in benzene of the crude product 
yielded a pure triacetate (13 mg) which was identified as 
isoparguerol 7,16-diacetate with comparison of the spectral 
data. 

Reduction of 3 with NaBHU. To an ethanol solution 
(2 mL) of 3 (6 mg) was added NaBH4 (5 mg), and the mixture 
was stirred at room temperature for 4 h under nitrogen 
atmosphere. Water was added to the mixture and the 
solution was concentrated under reduced pressure. The 
residue was dissolved in a small amount of methanol and the 
methanol solution was passed over ODS column, and then, 
the ODS column was washed with water to remove ionic 
material. Subsequently, methanol was made to flow 
through the column to obtain the products which showed 
two peaks with an intensity ratio of about 1:1 in HPLC 
analysis. Chromatography on Finepak SIL Cl8 column 
using 50% water in methanol gave two pure products. 
Spectral data of the more polar product (2.5 mg) was 
identical with those of the natural tetrol 9. *H NMR data of 
the less polar product 21 was as follows: (CD3OD, 270 MHz), 
<5=-0.01 (1H, dd, 7=4.5, 6.0 Hz), 0.83 (1H, dd, 7=4.5, 
10.3 Hz), 0.94, 1.14 (3H each, s), 1.02 (1H, dd, 7=6.0, 10.3 Hz), 
2.54 (1H, dd, 7=3.0, 5.0 Hz), 2.62 (1H, dd, 7=4.5, 5.0 Hz), 2.76 
(1H, dd, 7=3.0, 4.5 Hz), 3.05 (1H, ddd, 7=4.8, 10.5, 10.5 Hz), 
ca. 3.35 (2H), 4.29 (1H, br d, 7=4.4 Hz), and 5.39 (1H, m). 

Isolation of 4. A fraction rich in isoparguerol 7,16-
diacetate (10) which was separated with chromatography on 
ODS column (RQ-2) of fraction C using 10% water in 
methanol, was repeatedly chromatographed with Finepak 
SIL Cl8 column (30% water in methanol) to give 4 as 
crystals: mp 87—90°C (CH2Cl2-diisopropyl ether); [a]D 

-17.8° (c 1.71, CHCI3); IR * w (CHCI3), 3300, 1450, 1370, 
1055, 1020, and 960 cm-1; *H NMR, see Table 2; 13C NMR 
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(CHCI3, 67.8 MHz), CH3: 0=17.9, 24.0, and 24.9, CH2: 
0=19.3, 21.4, 31.1, 35.1, 38.1, 39.1, and 64.4, CH: 0=19.2, 38.8, 
46.4, 69.4, 77.4, and 117.1, C: 0=16.0, 35.3, 37.1, and 143.9; 
MS, m/z 366, 364 (1.5:1.5), 348, 346, (0.4:0.5), 333, 331 
(0.6:0.7), 311, 309 (0.6:0.7), 266 (13), 251 (11), 105 (11), 71 
(25), 57 (39), 55 (24), 44 (100), 43 (29), 41 (24), and 40 (40); 
HR-MS, Found: m/z 366.1391. Calcd for C2oH290

81Br: 
(M+-H2O), 366.1382. 

Acetylation of 4. Sample of 4 (6 mg) was acetylated in the 
same manner as described for 1. Workup in the usual 
manner and chromatographic purification on silica gel (10% 
ethyl acetate in benzene) afforded a pure acetate (7 mg): IR 
*/max (CCU), 1740 and 1237 cm-*; *H NMR (CDCI3, 270 MHz), 
ô=-0.02 (1H, dd, /=4.0, 6.0 Hz), 0.43 (1H, dd, /=4.0, 9.5 Hz), 
0.65 (1H, ddd, /=6.0, 6.0, 9.5 Hz), 0.96, 1.00, 1.05, 2.09, 2.13 
(3H each, s), 2.44 (1H, m), 2.56 (1H, m), 4.27 (1H, br d, 
/=8.5 Hz), 4.31 (1H, dd, 7=8.5, 8.5 Hz), 4.42 (1H, ddd, 7=4.5, 
11.0, 11.0 Hz), 4.51 (1H, br d, 7=8.5 Hz), and 5.40 (1H, br d, 
7=6.0 Hz). 

Debromination of 8. Dry nitrogen gas was bubbled 
through a solution of 8 (50 mg) and azobisisobutyronitrile 
(2.5 mg) in dry benzene (5 mL) in Pyrex test tube for 15 min, 
and then tributyltin hydride (50 |iL) was added. This stirred 
mixture was irradiated with high pressure Mercury arc lamp 
at room temperature for 1 h. The solvent was evaporated 
and the residue was dissolved in ether (5 mL). The ether 
solution was stirred with 2M-KF solution (1 mL) for 30 min, 
and successively washed with saturated salt solution. 
Dryness and evaporation of the solvent left a solid which was 
purified on silica-gel chromatography (10% ethyl acetate in 
benzene) to give a debromo compound 11 (35 mg): *H NMR 
(CDCI3, 270 MHz), 0=0.17 (IH, dd, 7=5.0, 5.5 Hz), 0.94, 1.15, 
2.05, 2.06, 2.07, 2.09 (3H each, s), 2.28 (IH, ddd, 7=4.0, 4.0, 
12.0 Hz), 2.53 (IH, m), 3.70 (IH, d, 7=12.0 Hz), 4.06 (IH, d, 
7=12.0 Hz), 4.06 (IH, ddd, 7=7.0, 7.5, 10.8 Hz), 4.14 (IH, 
ddd, 7=6.7, 8.2, 10.8 Hz), 4.41 (IH, ddd, 7=4.5, 11.0, 11.0 Hz), 
5.35 (IH, d, 7=4.8 Hz), and 5.40 (IH, m); HR-MS, Found: 
m/z 444.2528. Calcd for C26H3606: (M+-AcOH), 444.2512. 

Epoxide Formation and Saponification of 8. A solution 
of parguerol 7,16,19-triacetate (8) (300 mg) in methanol 
containing aqueous 10%) Na2CÛ3 was stirred at room 
temperature for 15 min under nitrogen atmosphere and then 
water was added to the solution. The mixture was extracted 
with CHCI3 and the organic layer was washed with water 
and dried over Na2S04. Evaporation of the solvent afforded 
a crude product, TLC analysis (silica gel, 50%) ethyl acetate 
in benzene) of which indicated that the product consisted of 
two products, 12 and 13. While, treatment of 8 (600 mg) for 
4 h with the same reagent as described above afforded chiefly 
a mixture of saponification products, 14—19. Separation of 
the combined products with a combination of silica-gel 
chromatography (ethyl acetate-benzene) and HPLC using 
reverse-phase material (JASCO, Finepak SIL Cl8, 40% water 
in methanol) yielded 12 (131 mg), 13 (183 mg), 14 (58 mg), 15 
(47 mg), 16 (45 mg), 17 (90 mg), 18 (63 mg), and 19 (57 mg), 
respectively. 

Compound 12: 1U NMR (CDCI3, 270 MHz), 0=0.17 ( 1H, 
dd, 7=5.0, 5.5 Hz), 0.91, 1.12, 2.06, 2.07, 2.11 (3H each, s), 
2.28 (IH, m), 2.52 (IH, dd, 7=2.9, 4.8 Hz), ca. 2.60 (IH, m), 
2.62 (IH, dd, J= 4.0, 4.8 Hz), 2.75 (IH, dd, 7=2.9, 4.0 Hz), 
3.69 (IH, d, 7=12.0 Hz), 4.07 (IH, d, 7=12.0 Hz), 4.42 (IH, 
ddd, 7=4.8, 11.0, 11.0 Hz), 5.35 (IH, d, 7=4.0 Hz), and 5.41 

(IH, m); HR-MS, Found: m/z 400.2246. Calcd for C24H32O5: 
(M+-AcOH), 400.2250. 

Compound 13: *H NMR (CDCI3, 270 MHz), 0=0.16 (IH, 
dd, 7=5.0, 5.5 Hz), 0.92 (IH, dd, 7=5.0, 10.5 Hz), 1.04, 1.15, 
2.07X2, 2.09 (3H each, s), 2.29 (IH, m), ca. 2.45 (2H), 3.65 
(IH, d, 7=12.0 Hz), ca. 3.85 (2H), 4.09 (IH, d, 7=12.0 Hz), 
4.26 (IH, dd, 7=3.5, 8.5 Hz), 4.40 (IH, ddd, 7=4.8, 11.0, 
11.0 Hz), 5.36 (IH, d, 7=4.5 Hz), and 5.42 (IH, br d, 
7=6.2 Hz); HR-MS, Found: m/z 480.1483. Calcd for 
C24H330579Br: (M+-AcOH), 480.1512. 

Compound 14: *H NMR (CDCI3, 270 MHz), 0=0.16 (IH, 
dd, 7=5.0, 5.5 Hz), 0.97, 1.10, 2.07X2 (3H each, s), ca. 2.22 
(2H), 2.40 (lH,m), 2.51 (IH, dd, 7=2.9, 4.8 Hz), 2.61 (IH, dd, 
7=4.0, 4.8 Hz), 2.75 (IH, dd, 7=2.9, 4.0 Hz), 3.19 (IH, ddd, 
7=5.0, 11.0, 11.0 Hz), 3.75 (IH, d, 7=12.0 Hz), 4.07 (IH, d, 
7=12.0 Hz), and ca. 5.35 (2H); HR-MS, Found: m/z 400.2262. 
Calcd for C24H32O5: (M+-H 20), 400.2250. 

Compound 15: *H NMR (CDCI3, 270 MHz), 0=0.10 (IH, 
dd, 7=5.0, 5.5 Hz), 0.84 (IH, dd, 7=5.0, 10.5 Hz), 0.91, 1.11, 
2.07, 2.10 (3H each, s), 2.43 (IH, m), 2.52 (IH, dd, 7=2.9, 
4.8 Hz), ca. 2.60 (IH, m), 2.62 (IH, dd, 7=4.0, 4.8 Hz), 2.75 
(IH, dd, 7=2.9, 4.0 Hz), 3.24 (IH, br d, 7=12.0 Hz), 3.62 (IH, 
br d, 7=12.0 Hz), 4.43 (IH, ddd, 7=4.8, 11.0, 11.0 Hz), 5.36 
(IH, d, 7=4.5 Hz), and 5.40 (IH, m); HR-MS, Found: m/z 
358.2115. Calcd for C22H30O4: (M+-AcOH), 358.2144. 

Compound 16: *H NMR (CDCI3, 270 MHz), 0=0.10 (IH, 
dd, 7=5.0, 5.5 Hz), 0.84 (IH, dd, 7=5.0, 10.5 Hz), 1.04, 1.15, 
2.07, 2.08 (3H each, s), ca. 2.45 (3H), 3.26 (IH, br d, 
7=12.0 Hz), 3.60 (IH, br d, 7=12.0 Hz), ca. 3.85 (2H), 4.26 
(IH, dd, 7=3.5, 8.5 Hz), 4.42 (IH, ddd, 7=4.8, 11.0, 11.0 Hz), 
5.37 (IH, d, 7=4.5 Hz), and 5.41 (IH, br d, 7=4.5 Hz); HR-
MS, Found: m/z 438.1396. Calcd for C22H3i04

79Br: 
(M+-AcOH), 438.1405. 

Compound 17: *H NMR (CDCI3, 270 MHz), 0=0.16 (IH, 
dd, /=5.0, 5.5 Hz), 0.92 (IH, dd, 7=5.0, 10.5 Hz), 1.07, 1.14, 
2.07X2 (3H each, s), ca. 2.25 (3H), 2.42 (IH, m), 3.18 (IH, m), 
3.71 (IH, d, 7=12.0 Hz), ca. 3.85 (2H), 4.09 (IH, d, 
7=12.0 Hz), 4.28 (IH, dd, 7=3.5, 9.0 Hz), and 5.35 (2H); HR-
MS, Found: m/z 482.1518. Calcd for C24H330581Br: 
(M+-H2O), 482.1419. 

Compound 18: *H NMR (CDCI3, 270 MHz), 0=0.09 (IH, 
dd, 7=5.0, 5.5 Hz), 0.87 (IH, dd, 7=5.0, 10.5 Hz), 0.96, 1.10, 
2.07 (3H each, s), 2.21 (IH, m), ca. 2.40 (2H), 2.51 (IH, dd, 
7=2.9, 4.8 Hz), 2.61 (IH, dd, 7=4.0, 4.8 Hz), 2.75 (IH, dd, 
7=2.9, 4.0 Hz), 3.19 (IH, ddd, 7=4.5, 10.5, 10.5 Hz), 3.38 (IH, 
d, 7=12.0 Hz), 3.57 (IH, d, 7=12.0 Hz), and ca. 5.35 (2H); 
HR-MS, Found: m/z 358.2131. Calcd for C22H30O4: 
(M+-AcOH), 358.2131. 

Compound 19: « N M R (CDCI3, 270Hz), 0=0.09 (IH, 
dd, 7=5.0, 5.5 Hz), 0.85 (IH, dd, 7=5.0, 10.5 Hz), 1.07, 1.14, 
2.07 (3H each, s), ca. 2.25 (2H), ca. 2.40 (2H), 3.18 (IH, ddd, 
7=4.5, 10.0, 10.0 Hz), 3.38 (IH, d, 7=12.0 Hz), 3.55 (IH, d, 
7=12.0 Hz), ca. 3.90 (2H), 4.28 (IH, dd, 7=3.5, 9.0 Hz), and 
ca. 5.35 (2H); HR-MS, Found: m/z 438.1381. Calcd for 
C22H3i04

79Br: (M+-H 20), 438.1405. 
Preparation of C-15 Hydroxy Compound 20. To an ice 

cooled trifluoroacetic acid (2 mL) was gradually added the 
prepared epoxide 12 (85 mg) in benzene (1 mL) and the 
mixture was stirred at 5 °C overnight. The reaction mixture 
was extracted with ether and ether solution was washed with 
water, aqueous 10% Na2CC>3, and saturated salt solution. 
After removal of the solvent, the ester obtained was treated 
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with a mixture of methanol- f tO containing a trace of 
aqueous 10% Na2C03 to give a hydrolysis product 20 
(31 mg): !H NMR (CDC13, 270 MHz), 0=0.17 (IH, dd, 7=5.0, 
5.5 Hz), 0.85, 1.14, 2.06X2, 2.11 (3H each, s), 2.61 (IH, m), ca. 
3.55 (2H), 3.68 (IH, d, /=12.0 Hz), ca. 3.70 (IH, m), 4.07 (IH, 
d, /=12.0 Hz), 4.43 (IH, ddd, /=4.5, 10.0, 10.0 Hz), 5.35 (IH, 
d, /=4.8 Hz), and ca. 5.38 (IH, m); HR-MS, Found: m/z 
418.2382. Calcd for C24H34O6: (M+-AcOH), 418.2356. 
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Synthesis of a Chiral a-(Aminooxy)arylacetic Ester. I. 
A Route through Optical Resolution of a Racemic 

a-(Phthalimidooxy)arylacetic Acid 

Hisao IWAGAMI,* Masakazu NAKAZAWA, Masanobu YATAGAI, Toyoto HIJIYA, Yutaka HONDA, 
Hirokazu NAORA, Takash i OHNUKI, and Tosh ih ide YUKAWA 

Central Research Laboratories, Ajinomoto Co., Inc., 1-1, Suzuki-cho, Kawasaki-ku, Kawasaki 210 
(Received May 1, 1990) 

A synthetic route has been developed to the synthesis of a chiral O-alkyloxime (S)-16, which can be a 
synthetic intermediate for a potent antipsedomonal cephalosporin antibiotic M-14659 (1). The oxime moiety in 
(S)-16 has a chiral center at the carbon atom adjacent to the oxygen atom. We have achieved that (S)-16 can be 
prepared via £-butyl 2-aminooxy-2-[3,4-(isopropylidenedioxy)phenyl]acetate [(S)-15] from an optically active 
«-(phthalimidooxy) acid (S)-12a which is obtained by resolution using quinine. It has been demostrated that 
M-14659 prepared from (S)-16 is completely free from its (JR)-diastereomer. 

M-14659 (1) is a new injectable semisynthetic 
cephalosporin ant ibiot ic which was discovered by 
scientists at the Mochida Pharmaceut ical Co., Ltd.1) 
In vitro and in vivo 1 has a wide spectrum of 
antibacterial activities against Gram-posit ive and 
Gram-negative bacteria. Especially, 1 is more active 
against Pseudomonas aeruginosa i nc lud ing mul t i -drug 
resistant strains than ceftizidime which is the most 
potent agent against P. aeruginosa. T h e structure of 1 
contains a 2-(2-amino-4-thiazolyl)-2-[(Z)-[(S)-carboxy-
(3,4-dihydroxyphenyl)methyl]oxyimino]acetamido group 
at its pos i t ion 7. In order to synthesize 1 in k i logram 
quant i t ies we required to establish an efficient 
synthetic method for optically active O-alkyloxime 2. 
A cephalospor in derivative which has an O-alkyl­
oxime moiety in its side chain at the posit ion 7 and 
moreover has a chiral center at the carbon a tom 
adjacent to the oxygen a tom in O-alkyloxime, is 

H2N^f 

R4HN-< j 
S 

Ri> R2» R3 » R4 - protective group 

already known.2 ) Because the alkyl moiety in O-
alkyloxime 2 has a complex structure, their me thod in 
wh ich an opt ical resolut ion is conducted in the step of 
the c o m p o u n d corresponding to 2, does not seem 
appl icable to this case.3) O u r effort has been focused 
on developing a more efficient and practical synthetic 
strategy. In this paper we report some details of 
synthetic sequences for optically active c o m p o u n d 2. 

Results and Discussion 

It appeared to us that two approaches wou ld be 
possible for the synthesis of 2 (Scheme 1). T h e first 
approach utilizes O-alkylation of oxime 4 (Scheme 
La). However, at tempts to obtain an optically active 
hal ide (#)-8b from an optically active alcohol (#)-7b 
wi th complete retention were unsuccessful^ (Scheme 
2). About the at tempts uti l izing O-alkylation of oxime 
4 us ing tosylates, it has been reported that complete 
racemizat ion occurs du r ing an SN2 reaction of methyl 
(S)-2-mesyloxy-2-phenylacetate wi th cesium prop ion­
ate in DMF.5 ) Moreover our a t tempt to couple a-
tosyloxy ester 9 wi th oxime 10 (£-BuOK in T H F ) was 
unsuccessful and no desired a-(alkyloxyimino) ester 11 
was obtainable (Scheme 3). 

We therefore turned our at tent ion to the second 
approach toward prepara t ion of 2 uti l izing oxime 
formation from optically active «-(aminooxy)phenyl-
acetic acid derivatives 5 and a-keto acid 6 (Scheme 1 .b). 
H a v i n g reached our goal by this approach, we needed 
to develop an efficient synthetic method for optically 
active 5. A l t h o u g h various synthetic methods for O-
alkylhydroxylamines have been reported, only a few of 
them have a chiral center at the carbon a tom adjacent 
to the oxygen atom.6 ) It appeared to us that synthetic 
sequences con ta in ing optically active 3 [for example , 
2-chloroacetate (#)-8b] were not feasible as ment ioned 
above. We therefore have concentrated on developing 
synthetic routes involving optical resolution after the 
a -aminooxy g r o u p or its equivalent has been incor­
porated. Pro tec t ing groups Ri , R2, and R3 in 5 were 
chosen since they migh t be easily removed after the 
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Ri, R2. R3: protective group R4 : H or protective group 

Scheme 1. 

soci (2.0 eq ) s^e c n a m moiety 2 was coupled wi th a cephalosporin 
N P ' Y ^ pyridine (2.o eq.) V 0 " " ] ^ ! derivative. T h e phthaloyl protection for the aminooxy 
/b--^s^A^.co2R - /so-J,^y^co2R g r o u p in the prepara t ion of 5 was chosen because of 

H 5°c, 1 h / Et2o H ci the easy deprotection under the condi t ions that Ri , R2, 
(R)-7b (R= CH3) (fl)-8b (R= CH3) a n c [ R 3 w e r e stable. T h u s , we chose a-(alkyloxyimino) 

se %ee 50 %ee, 86 % yield acid 16 as a target molecule and under took resolut ion 
studies on a-(phthal imidooxy) acid 12a, the substitut­
ed benzoic acid 14, the a-(aminooxy) acid 15, and 16, 
shown in Scheme 4. 

Scheme 2. 

„OH k > k ^ C 0 2 C H 3 

TrNH-( j 2 2 

1 0 

Scheme 3. 

HO ^ X X j L c 0 2 R 1. soc.a > 0 X X ^ C 0 2 t - B u t R o K X X X ^ C 0 4 t B u 

I J "~ ^M-ï °x P °-
HOx^s^ Ä / \ 2. t-BuOH N - f in aq. t-BuOH .N 

0 < > ^ ' — 0 = ^ H X^C02H 

13 14 
12a R = H 

12b R = CH 

NH2NH2 -H20 O ^ ^ 

2 3 O 
C0 2 t -Bu »- N 

V H2N-<NjfAc0
2

H 

Scheme 4. 
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Preparation of Substrates to Be Optically Resolved. 
T h e overall synthetic p lan for a-(phthal imidooxy) 
acid 12a is ou t l ined in Scheme 5. Catechol was treated 
wi th chloral in CH2CI2 in the presence of triethyl-
amine to provide a-(trichloromethyl)benzyl alcohol 
(17) in 63% yield.7) I sopropyl idenat ion wi th 2,2-
d imethoxypropane in the presence of phosphorus 
pentaoxide gave 2,2,2-trichloroethanol (18) in 86% 
yield. In the hydrolysis of 18 to «-hydroxy acid 7a, 
aldehyde 20 was obtained as a by-product in 25% yield 
w h e n K O H was used. However, the hydrolysis us ing 
L i O H in aqueous d ioxane provided 7a in 70% yield 
w i thou t trace of 20.8) Another synthetic sequence to 7a 
is i l lustrated in Scheme 6. Catechol was condensed 
wi th glyoxylic acid in aq N a O H provide «-hydroxy 
acid 21 in 41% yield. Because of the low solubil i ty of 
21 in organic solvent, direct protection of phenol ic hy-
droxyl groups by isopropylidenat ion was unsuccessful. 
Accordingly, 21 was converted first to l ,3-dioxolan-4-
one (22) wi th acetone in the presence of coned H2SO4 
(84% yield).9) I sopropyl idenat ion of 22 by us ing 
2 ,2-dimethoxypropane in the presence of phosphorus 
pentaoxide followed by hydrolysis in aq K O H gave 7a 
in 40—50% yield.10) «-Hydroxy acid 7a was converted 
to a -b romo acid 19 by the t reatment wi th PBr3 
followed by hydrolysis. T h e AMrydroxyphthalimide 
an ion generated init ial ly by N a H was treated wi th 19 
to provide the desired a- (phtha l imidooxy) acid 12a in 
86% yield. 

XoXr H 2 M Ù* C02H 

20 23 

Scheme 4 shows the synthetic route of «-(alkyloxy­
imino) acid 16. a- (Phthal imidooxy) acid 12a was 
treated wi th SOCk-pyr id ine in toluene and then wi th 
£-BuOH to give the corresponding £-butyl ester 13 in 
90% yield. Hydrolysis of 13 to substi tuted benzoic acid 
14 was conducted by us ing £-BuOK in aq J-BuOH (78% 
yield). Removal of the ph tha loyl g roup of £-butyl ester 
13 wi th hydrazine hydrate in CH2CI2 afforded a-
(aminooxy) ester 15 in 95% yield. Finally a-
(alkyloxyimino) acid 16 was prepared by the coup l ing 
of 15 with 2-(amino-4-thiazolyl)-2-oxoacetic acid (23)n ) 

in M e O H (80% yield). T h i s coup l ing gave only syn-
form 16, which was confirmed by XH N M R spec­
trum.1^ 

Resolution of Racemic 12a, 14, 15, and 16. Ra-
cemic 12a was resolved th rough its diastereomeric salts 
wi th optical ly active amines . Because it is k n o w n that 
Af-alkoxyphthalimides are cleaved by pr imary amines 
to r ing-opened amides,14) tertiary amines were main ly 
tried in search of a suitable basic resolving agent.15) 

Racemic c o m p o u n d 12a and a resolving agent were 
dissolved in a crystallization solvent at room tem­
perature and the obtained solut ion was kept at a fixed 
temperature for crystallization. In the case of a poor 
solvent for 12a at room temperature the suspension 
was heated un t i l clear solut ion was obtained. T h e free 
acid obtained by decomposi t ion of the diastereomeric 
salts wi th aq H C l (pH 1.5) followed by extraction wi th 
AcOEt, was treated wi th CH2N2 in Et20 to provide 
12b. T h e optical pur i ty of resolved 12a was 
determined by H P L C analysis of 12b us ing an optical 
isomer separa t ing co lumn. T h e results are sum­
marized in Tab le 1. 

Resolu t ion of 12a t h rough its (—)-cinchonidihe salts 
crystallized in aq solvent gave optically active 12a in 
h igh optical puri t ies. Unfortunately, the obta ined 
optically pure 12a had an undesired (ß)-configuration. 

X J — - T 
H O - ^ ^ NEU HO 

17 

ane \ / T i ^ l 

CCI-

OH 

2,2-dimethoxypropane \ / ^rT 

^oA^Y-CCIa 
P205 OH 

18 

aq. ^LX 0 I C 0 2 H 
1 PBr3 X / 0 " ^ ^ ! N-hydroxyphthalfmide 

OH 
2. H20 

7 a 

0 ' J ^ s ^ v C 0 2 H • 

Br 

1 9 

1 2 a 

NaH 

Scheme 5. 

H O ^ X ^ OHCC02H 
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HO 
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2 1 

HO. 

HO 

1. 2,2-dimethoxypropane 
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7a 
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°7^ 

2. aq. KOH 

Scheme 6. 
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Table 1. Optical Resolution of a-(Phthalimidooxy) Acid 12a 
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Resolving agenta) 
Crystallization of diastereomeric saltsb) 12a recovered from saltsc) 

Solvent Temperature/0 C Optical purityd)/%ee Yields 

(—)-Cinchonidine 

(—)-Cinchonidine 

(—)-Cinchonidine 

(—)-Cinchonidine 
(+)-Cinchonine 
Quinine 

Quinine 
Quinine 
Quinine 
Quinine 
Quinine 

CH3CN/H2O 
(1/1)0 

Acetone/H20 
(3/1)0 

AcOEt/CHCl3 

(1/1)0 
AcOEt 
AcOEt 

E tOH/H 2 0 
(3/1)0 
EtOH 
MeOH 
Acetone 
AcOEt 

AcOEt/acetone 
(1/1)0 

Room temperature 

Room temperature 

Room temperature 

Room temperature 
2 

Room temperature 

2 
2 

Room temperature 
2 
5 

100(7?) 

98(A) 

76(7?) 

4(R) 
20(A) 
68(S) 

42(S) 
58(S) 
64(S) 
42(S) 
58(S) 

25 

29 

9 

46 
9 

36 

66 
51 
51 
62 
44 

a) An equimolar resolving agent per mol of 12a was used, b) Crystallization of diastereomeric salts was carried out with 
stirring, c) Obtained from single crystallization, d) Determined by HPLC analysis using an optical isomer separating 
column. The details are described in Experimental Section, e) Based on starting racemic 12a. f) Volume ratio. 

Table 2. Racemization of (JR)-12a in the Presence of Lewis Acid 

Reagent Reagent/(A)-12aa> Reaction conditions'^ 
Product 

(Ä)-12a/%ee By-product/% 

A1C13 
Et20 

AICI3 

AICI3 

AlBr3 

BF3-Et20 
Et20 

0.1 
0.5 

0.3 

1.0 

0.3 

0.1 
0.5 

A, 1.5 h 

B, 6.5 h 

A, 2 h 

B, 4.5 h 

A, 15 h 

0 

4 

0 

80 

8a(23)c> 

8a(400)c> 

19(127)c> 

0 

a) 12a (1.0 mmole, 100%ee) and the corresponding amounts of Lewis acid and Et20. b) A=room temperature 
in EtN02; B=0°C in MeN02. c) Ratio of 8a or 19 to recovered 12a in peak area of HPLC analysis. 

O n the other hand , a t reatment of racemic 12a wi th an 
equ imola r a m o u n t of quinine1 6 ) afforded slow pre­
cipi tat ion of diastereomeric salts below room temper­
ature. After the decomposi t ion of salts, the desired 
(S)-isomer of 12a was obtained in moderate optical 
yields. Especially (S)-12a, more than 60%ee, was 
obtained when aq E t O H or acetone was used as a 
crystallization solvent. However, an undesired reac­
t ion of 12a resul t ing from the open ing of ph tha l imide 
r ing, was observed when the crystallizations of 
diastereomeric salts were carried out in aq E t O H . T h i s 
side reaction was no t observed in us ing acetone for 
crystallization. T h u s , 64%ee (S)- 12a was obtained in 
51% yield from racemic 12a by crystallization in 
acetone followed by acidic decomposi t ion of diaster­
eomeric salts. Fur thermore , we have found that (S)-
12a in 100%ee opt ical pur i ty was obtainable in 30.5% 
yield from star t ing racemic 12a by recrystallizing 

1. Lewis acid / RNOo >oXX£°2H 

O O 2- H 3 ° ' 

o-tL 
^ / ) R : Me or Et 

(RS)- 12a 

(f?)-12a 

Scheme 7. 

64%ee (S)-12a from acetone/Et20. 
In a resolution using acetone as a crystallization 

solvent, (ß)-isomer-rich 12a was recovered from the 
mother liquor. Accordingly, the racemization of 12a 
was explored. The racemization of (#)-12a proceeded 
smoothly in the presence of Lewis acid (Scheme 7, 
Table 2). Optically active (#)-12a was treated with 
AICI3 (0.1 equiv) in EtN0 2 containing Et20 for 1.5 h at 
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>COY< 
CI 

COOH 

8a 

room temperature, and racemic 12a was recovered in 
83% yield. T h e addi t ion of Et2Û was effective for 
prevent ing the undesired formation of 8a17) when 
AICI3 was used. A l u m i n i u m tr ibromide did not pro­
mote the racemization effectively and provided 19 as a 
by-product.1 7 ) T h e reaction wi th B F 3 E t 2 0 in EtNÛ2 
con ta in ing Et2Û for 15 h at room temperature also 
gave (ÄS)-12a in 81% yield.1® T h u s , (S)-12a was 
obtained in a 67% total yield based on racemic 12a in 
consideration of recovered racemic 12a. 

Resolu t ion of racemic 14 th rough its diastereomeric 
salts wi th optically active amines were also tried. (—)-
Cinchonid ine , (+)-c inchonine, or q u i n i n e did not 
form any separable salts wi th racemic 14. However, 
(S)-(—)-l -phene thylamine gave diaseteromeric salts by 
crystallization in aq M e O H at r oom temperature. 
T rea tmen t wi th acid followed by extraction wi th 
AcOEt gave 27%ee (S)-1419> in 35% yield from starting 
racemic 14. 

O-Alkylhydroxylamines are known to be weak bases 
(p£ a^4.5) . 6 c ' 2 0 ) Accrodingly, racemic 15 did not form a 
salt wi th a weak acid like (R,R)-tartaric acid or an 
N-protected a - a m i n o acid. O n the other hand , (+)-10-
camphorsulfonic acid gave a clear solut ion wi th 
racemic 15 in Et20. S tanding it at room temperature 
gave a prec ip i ta t ion of salt in 77% yield as a mixture of 
1:1 diastereomers. All at tempts to resolve the mixture 
by recrystallization were unsuccessful. 

T rea tmen t of racemic 16 wi th equ imola r (R)-(+)-1-
phene thy lamine in AcOEt at ambient temperature 
gave a precipi ta t ion of salt in 43% yield. However, this 
salt liberated only racemic 16. 

Synthesis of 1 from (S)-12a via (S)-16. C o m p o u n d 
(S)-16 was prepared from 100%ee (S)-12a via the route 
shown in Scheme 4. T h u s , the t reatment of (S)-12a 
wi th SOCI2 in toluene in the presence of pyridine 
followed by reaction wi th £-BuOH provided (S)-13 in 
88% yield. Removal of the phtha loyl g roup wi th 
hydrazine hydrate in CH2CI2 gave (S)-15, which was 

coupled wi th 23 in M e O H to afford (S)-16 in 76% yield 
from (S)-13. T o demonstrate the availability of (S)-16 
prepared by this route , the obtained (S)-16 was 
converted to c o m p o u n d 1 as i l lustrated in Scheme 8. 

C o u p l i n g of (S)-16 wi th c o m p o u n d 2421) by DCC in 
CH2CI2/THF followed by chromatographic separa­
tion on silica gel gave 25 in 39% yield. la) Removal of 
the isopropylidene, £-butyl, and benzhydryl groups 
wi th anisole and trifluoroacetic acid followed by 
chromatographic purification provided c o m p o u n d 1 
in 39% yield. All of the spectroscopic data were in 
accord wi th that reported for c o m p o u n d l. la) Further­
more , it was confirmed by H P L C analysis that the 
obta ined sample 1 before purif icat ion did not conta in 
any trace of the diastereomer derived from (#)-12a. 

A synthetic scheme has been developed in which a 
chiral 2-aminooxy-2-arylacetic ester (S)-15 (100%ee) is 
prepared effectively t h rough (S)- 12a obtained by 
opt ical resolut ion. M>utyl ester (S)-15 was converted 
smoothly to O-alkyloxime (S)-16. T h e ester (S)-16 is 
demonstra ted to be a synthetic intermediate for 1, 
which is a potent an t ipseudomonal cephalosporin 
antibiotic. 

Experimental 

General. All reactions were carried out under nitrogen 
atmosphere. Unless otherwise noted, materials were ob­
tained from commercial suppliers and used without further 
purification. Solvents were generally purified and dried by 
standard methods22) before use. Melting points determined 
using a Buchi 510 apparatus and are uncorrected. Proton 
nuclear magnetic resonance (1H NMR) spectra were obtain­
ed on a Varian EM-390 (90 MHz) or a Varian VXR-300 
(300 MHz) spectrometer; chemical shifts are expressed in 
ppm downfield from internal tetramethylsilane or sodium 
3-trimethylsilyl-l-propanesulfonate. ^ N M R data are 
tabulated in the order: multiplicity (s, singlet; d, doublet; q, 
quartet; m, multiplet), the number of protons, coupling 
constant(s) in hertz. Infrared (IR) spectra were obtained on a 
JASCO IR-800 or a Perkin-Elmer 1640 spectrometer in the 
indicated phase. Mass spectra were measured on a JEOL 
DX-300 mass spectrometer. Optical rotations were recorded 
on a JEOL DIP-140 Polarimeter. Analytical thin-layer 
chromatography (TLC) was performed on Merck silica gel 
6OF254 glass-backed plates. Column chromatography was 
done using Merck silica gel 60 (70—230 mesh). 

2-(3,4- 0-Isopropylidenedioxyphenyl)-2-hydroxyacetic Acid 
(7a). Method A: l-(3,4-Dihydroxyphenyl)-2,2,2-trichloroeth-

(S) 

X°XXH 
Bu 

C02CHPh2 

X 
H N " " S *)' iï 1. DCC / CH2CI2-THF 

1 6 + H 2 H _ r S N-< . N H H H 

0 > " N y ^ S \ # 2. chromatography N y ^ N ^ - f , H _ ^ 

C02CHPh2 \ ) H 3
 M 2 N - \ J O ^ N ^ S - O 

C02CHPh2 ^CH3 

C02CHPh2
 1- a n i s o l e ' 

I trifluoroacetic acid 

Ù v v s *r N 
*"S—j""' "*> N—^ 2. chromatography 

24 25 

Scheme 8. 
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anol (17). Catechol (33.0 g, 300 mmol) and chloral (70.6 g, 
480 mmol) were suspended in 30 ml of AcOEt. To the 
suspension was added NEt3 (6.0g, 59 mmol) at 0°C over 
20 min under nitrogen atmosphere. After the addition the 
mixture was stirred at 50 °C for 3 h. To the reaction mixture 
cooled in an ice bath were added 120 ml of 0.5 M 
(1 M=l mol dm-3) HCl and 100 ml of AcOEt. The organic 
layer (the lower) was separated, washed (H2O) and concen­
trated in vacuo to give an oil, which was dissolved in 60 ml 
of toluene. Stirring of the toluene solution at 5 °C for 15 h 
gave slow precipitation of 17 as a yellowish powder: yield 
48.7 g (63%); mp 123—125 °C (decomp); *H NMR (acetone-
de) 6=5.02 (d, 1H, /=7.5 Hz), 5.62 (d, 1H, /=7.5 Hz), 6.67 (d, 
1H, /=9.6 Hz), 6.85 (d, 1H, /=9.6 Hz), 7.05 (s, 1H), 7.7 (bs, 
1H), and 7.8 (bs, 1H). 

l-(3,4-0-Isopropylidenedioxyphenyl)-2,2,2-trichloroeth-
anol (18). Compound 17 (50.0 g, 194 mmol), 2,2-dimethoxy-
propane (24.5 g, 236 mmol), and P2O5 (0.03 g, 2.2 mmol) 
were suspended in toluene (500 ml). The mixture was heated 
under reflux with a Soxhlet's extractor containing CaCl2 
(75 g) to remove MeOH. Additional 2,2-dimethoxypropane 
(5.72 g, 55 mmol) was added to the reaction mixture at 2 h 
after the reaction had been started. For further 3 h the reac­
tion mixture was heated under reflux. After cooling, the reac­
tion mixture was washed 1 M Na2C03, then with brine, dried 
(MgS04) and filtered. Silica gel (25 g) was added to the 
solution, which was stirred for 10 min at room temperature. 
After filteration the solvent was removed in vacuo to afford 
18 as an oil: yield 49.5 g (86%); m NMR (CDCI3) 0=1.66 (s, 
6H), 3.61 (d, 1H, /=5.1 Hz), 4.98 (d, 1H, 7=5.1 Hz), and 6.5— 
6.8 (m, 3H); IR (film) 3460, 2990, 1500, 1450, 1380, 1260, and 
820 cm"1. 

Method B: 2-(3,4-Dihydroxyphenyl)-2-hydroxyacetic Acid 
(21). This was prepared from catechol and glyoxylic acid in 
30% NaOH by using the literature procedure23) (41% yield) as 
a yellowish solid: *H NMR (Me2SO-d6) ô=4.72 (s, 1H), and 
6.3—6.8 (m, 3H). 

2,2-Dimethyl-5-(3,4-dihydroxyphenyl)-l,3-dioxolan-4-one 
(22). To a solution of 21 (0.5 g, 2.71 mmol) in 1.5 ml of 
acetone cooled at —10 °C was added dropwise over 1 min 
coned H2SO4 (0.15 ml, 5.4 mmol). After the addition had 
been completed, the mixture was stirred at —10 °C for a 
further 10 min. The reaction was quenched with 5.37 M 
Na2C03 (1.0 ml). The reaction mixture was extracted with 
AcOEt, washed (brine), dried (MgS04), filtered and separated 
chromatographically by using silica gel (20 g, hexane/ 
AcOEt, 3:1) to give 22 as a yellowish solid: yield 0.51 g (84%); 
!H NMR (CDCI3) 0=1.61 (s, 3H), 1.68 (s, 3H), 5.15 (s, 1H), 
6.2 (b, 2H), and 6.4—6.8 (m, 3H). 

2-(3,4- 0-Isopropylidenedioxyphenyl)-2-hydroxyacetic Acid 
(7a): From 18. To a solution of L1OHH2O (108 g, 90% 
purity, 2.32 mol) in 370 ml of H2O cooled in an ice bath was 
added a solution of 18 (184 g, 0.62 mol) in 370 ml of dioxane. 
The resulting suspension was stirred for 3 d at ambient 
temperature. The solvent was removed in vacuo to afford a 
brownish solid, which was recrystallized from aq soltion at 
pH 2.8 after decolorization with activated carbon to give 7a 
as a yellowish powder: yield 97.0g (70%); mp 178—180 °C; 
!H NMR (Me2SO-d6) 0=1.61 (s, 6H), 4.85 (s, 1H), and 6.6— 
6.8 (m, 3H); IR (KBr) 1702 cm"1 ( C O ) ; HPLC analysis 
(column YMC-PACK(ODS) A303 200 mmX6 mm, eluent 
phosphate buffer (pH 3.8)/CH3CN (84:16), flow 1.0ml 

min - 1 , 50 °C, A 286 nm, and retention time 11.6 min). 
From 22. A mixture containing 22 (2.50 g, 11.1 mmol), 

2,2-dimethoxypropane (3.38 g, 32.5 mmol), and P2O5 (0.015 
g, 0.105 mmol) in 35 ml of benzene was heated under reflux 
with a Dean-Stark apparatus to remove MeOH using 
Molecular Sieve 4A for 40 h. After cooling, the reaction 
mixture was diluted with 50 ml of Et20, washed (aq Na2C03 
and then brine), dried (MgS04), filtered and concentrated to 
give a yellowish oil, which was subsequently dissolved in a 
mixture of I M NaOH (20ml) and EtOH (20ml). The 
mixture was stirred at 50 °C for 30 min, neutralized with 1 M 
HCl, extracted with AcOEt, washed (brine), dried (MgS04) 
and concentrated in vacuo to give a yellowish solid. Re-
crystallization from AcOEt/hexane gave 7a as a yellowish 
powder: yield 1.10 g (44%). The IR and NMR spectra were 
identical with those of 7a prepared by method A. 

(Ä)-2-(3,4-0-Isopropylidenedioxyphenyl)-2-hydroxyacetic 
Acid [(Ä)-7a]. Racemic 7a (28.2 g, 127 mmol) wad dissolved 
in a mixture of MeOH (86 ml) and 48% NaOH (9 ml). To the 
solution was added L-LeuNHNH2

2 4 ) (18.3 g, 127 mmol) in 
MeOH (91 ml). After the pH of the solution was adjusted to 
6.8 with 98% H2SO4, the solution was stirred at 28 °C for 2 h 
to give a diastereomeric salt (51.2 g). The isolated salt was 
suspended in H2O (102 ml) and crystallization at pH 2.0 
provided (R)-7a as a white powder: yield 10.5 g (optical 
purity 96%ee, 37% from racemic 7a); mp 132—133 °C; 
[aß 4-88.7° (c 1.36, MeOH); HPLC analysis for optical 
isomers (column Daicel CHIRALPAC WH 250mmX6.4 
mm, eluent 0.25 M aq CuS04 , flow 1.0 ml min"1, 50 °C, X 
238 nm, retention time 31 min for (JR)-7a, and 25 min for 
(S)-7a). The IR and NMR spectra were identical with those 
of racemic 7a. The absolute configuration of the 7a prepared 
by this resolution, was in accord with that of the 7a obtained 
from ethyl 2-(3,4-0-isopropyridenedioxyphenyl)-2-oxoacet-
ate by yeast reduction followed by hydrolysis, in an HPLC 
analysis using an optical isomer separating column. 
Therefore, we concluded that the optically active 7a prepared 
by resolution has an (/^-configuration.25* 

Methyl (Ä)-2-(3,4- 0-Isopropylidenedioxyphenyl)-2-hydroxy-
acetate [(Ä)-7b]. To a solution of (Ä)-7a (1.80 g, 8.04 mmol) 
in 20 ml of T H F was added a solution of CH2N2, prepared 
from l-methyl-3-nitro-l-nitrosoguanidine (1.47 g, 10.0 mmol), 
in 30 ml of Et20 and the reaction mixture was stirred at room 
temperature for 15 h. After AcOH (0.2 ml) was added, the 
reaction mixture was washed with satd. NaHC03, dried 
(MgS04) and concentrated in vacuo to give (.R)-7b quantita­
tively as a clear yellowish oil; 1U NMR (CDCI3) ô=1.63 (s, 
6H), 3.30 (bs, 1H), 3.70 (s, 3H), 5.02 (s, 1H), 6.68 (d, 1H, 
/=7.6 Hz), and 6.75—6.9 (m, 2H); [a]% -39.4° (c 1.15, 
CHCI3); IR (film) 1734 cm"1 ( C O ) . 

Reaction of (Ä)-7b with SOCl2-Pyridine to Form Methyl 
(Ä)-2-Chloro-2-(3,4-0-isopropylidenedioxyphenyl)acetate 
[(Ä)-8b]. To a solution of SOCl2 (0.146 ml, 2.0 mmol) in 
5.0 ml of Et 20 was added at 0 °C a mixture of (R)-7b (96%ee, 
0.238 g, 1.0 mmol) and pyridine (0.162 ml, 2.0 mmol) in Et20 
(3.0 ml). The reaction was stirred at 0 °C for 1 h. Ice (2 g) 
was added to the reaction mixture, which was extracted with 
AcOEt, washed (satd. NaHCOs, 1 M HCl and brine, in 
order), dried (Na2S04) and concentrated to give a clear oil. 
Chromatographic separation on silica gel (10 g, AcOEt/ 
hexane, 1:1) gave (JR)-8b as a colorless oil: yield 0.220 g 
(50%ee, 86%); ^U NMR (CDCI3) ô=1.65 (s, 6H), 3.68 (s, 3H), 
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5.03 (s, 1H), and 6.4—6.8 (m, 3H); IR (film) 1740 cm"1 (CO) ; 
HPLC analysis for chemical yield (column YMCPACK 
(ODS) A303 200mmX6mm, eluent MeOH, flow 1.0 ml 
min - 1 , 0°C, X 254 nm, retention time 7.4 min) and for an 
optical isomer (column Daicel CHIRALPAC OT(+) 200 
mmX5mm, eluent MeOH, flow 0.2 ml min-1, - 2 ° C , X 
210 nm, retention time 27 min for (.R)-8b and 29 min for 
(S)-8b). 

Conversion of (Ä)-8b to Methyl (S)-2-(3,4-0-isopropyli-
denedioxyphenyl)-2-(phthalimidooxy)acetate [(S)-12b]. 
(R)-8b (50%ee, 0.172 g, 0.670 mmol) was dissolved in CH3CN 
(3.0 ml) and to the obtained solution cooled in an ice bath 
were added Af-hydroxyphthalimide (0.109 g, 0.670 mmol) 
and NEt3 (0.186 ml, 0.134 mmol). The reaction mixture was 
stirred at room temperature for 15 h. After removing the 
solvent in vacuo, chromatographic separation on silica gel 
(10g, AcOEt/hexane 1:2) gave (S)-12b as a colorless oil: 
yield 0.205 g (80%, 48%ee); 1U NMR (CDC13) ô=1.66 (s, 6H), 
3.73 (s, 3H), 5.70 (s, 1H), 6.55—6.95 (m, 3H), and 7.5—7.8 (m, 
4H); HPLC analysis for an optical isomer (column 
YMCPACK (ODS) A303 200 mmX6 mm+Daicel CHIRALPAC 
OT(+) 200 mmX5 mm connected in series, eluent MeOH, 
flow 1.0 ml min - 1 , 0°C, X 254 nm, retention time 10.6 min 
for (S)-12b and 14.6 min for (#)-12b). 

2-Bromo-2-(3,4-0-isopropylidenedioxyphenyl)acetic Acid 
(19). To a suspension of 7a (10.0 g, 44.6 mmol) in 
anhydrous benzene (75 ml) was added dropwise PBr3 (15.1 g, 
55.9 mmol) over 1 h. After the addition had been completed, 
the mixture was stirred under reflux for 5 h. After cooling, to 
the reaction mixture was added slowly a mixture of ice 
(100 g) and Et20 (100 ml). The organic layer was separated, 
washed (H2O and then brine), dried (MgS04) and concen­
trated in vacuo to give a yellowish powder, which was 
recrystallized from AcOEt/hexane to afford 19 as a white 
powder: yield 11.0 g (86%); ^ N M R (Me2SO-d6) ô=1.63 (s, 
6H), 5.43 (s, IH), 6.52 (d, IH, /=8.4Hz), and 6.8—6.9 (m, 
2H); TLC (CHCl3/MeOH, 3:1) Äf=0.61. 

2-(3,4-0-Isopropylidenedioxyphenyl)-2-(phthalimidooxy)-
acetic Acid (12a). Af-Hydroxyphthalimide (6.10 g, 37.4 mmol) 
was suspended in 80 ml of THF and to the suspension cooled 
to 0°C was added slowly NaH (3.00 g, 75 mmol, 60% 
dispersion in mineral oil, used after washed with hexane). 
The resulting suspension was stirred at room temperature 
for 30 min. To a solution of 19 (10.8 g, 37.6 mmol) in 80 ml 
of T H F was added dropwise over 2 h the above solution of 
Af-hydroxyphthalimide at 0 °C. After the addition had been 
completed, the reaction was stirred at 0 °C for 2 h and then at 
ambient temperature for 15 h. A mixture of ice (150 g), 37% 
HCl (7.9 ml), and AcOEt (150 ml) was added to the reaction 
mixture. The organic layer was separated, washed (H2O and 
then brine), dried (MgS04) and concentrated in vacuo to give 
a white powder, which was recrystallized from AcOEt to give 
12a as a white powder: yield 11.9g (86%); mp 166—168°C; 
iH NMR (Me2SO-d6) ô=1.63 (s, 4H), 5.50 (s, IH), 6.62 (d, IH, 
/=9.0 Hz), 6.8—6.9 (m, 2H), and 7.65 (s, 4H); IR (KBr) 1800, 
1752, and 1730 cm"1 ( C O ) ; MS (FD) m/z 369 (M+); TLC 
(CHCVMeOH, 3:1) Rf=0.52. Found: C, 61.68; H, 4.01; N, 
3.62%. Calcd for G9H15NO7: C, 61.79; H, 4.09; N, 3.79%. 

Optical Resolution of Racemic 12a to Form (i?)-12a and 
(5)-12a. (Ä)-12a. Racemic 12a (36.9 g, 0.10 mol) was sus­
pended in 550 ml of CH3CN and to the suspension was 
added (-)-cinchonidine (29.44 g, 0.10 mol) in 550 ml of H2O. 

The resulting suspension was heated to 60 °C with stirring 
to give a clear solution, which was allowed to cool to room 
temperature and left at room temperature for 1 d. The 
crystals were isolated by filtration and dissolved in 100 ml of 
1 M HCl and the mixture was extracted with AcOEt 
(100 mlX2). The combined extracts were washed (H2O and 
then brine), dried (MgS04) and concentrated in vacuo to give 
(R)-12a as a white powder: yield 9.23 g (25%, 100%ee); 
[a]% -255° (c 0.48, acetone). The IR and NMR spectra of 
(,R)-12a were identical with those of racemic 12a. A portion 
of the obtained (R)-12a was dissolved in 4 ml of AcOEt and 
treated with CH2N2 in Et20 to give (#)-12b. The optical 
purity of the obtained (.R)-12a was determined by an HPLC 
analysis of the prepared (R)-12.b under conditions shown 
above. 

(S)-12a. To a solution of racemic 12a (30.0 g, 81.3 mmol) 
in 150 ml of acetone was added at room temperature quinine 
(26.4 g, 81.3 mmol) and the obtained clear solution was 
stirred at room temperature for 18 h. The resulting crystals 
were isolated by filtration and washed with 30 ml of acetone. 
The washings were combined with the filtrate. From the 
filtrate (/?)-12a (13.2 g, 66%ee) was recovered after acidifica­
tion followed by extraction. The obtained crystals were 
suspended in a mixture of AcOEt (225 ml) and H2O (150 ml) 
and pH was adjusted to 1.5 by 1 M HCl. The organic layer 
was separated, washed (brine), dried (MgS04) and concen­
trated in vacuo to give (S)-12a as a white powder: yield 15.3 g 
(64%ee). A solution of the obtained (S)-12a in 75 ml of 
acetone was stirred for 15 h at room temperature. Racemic 
12a (4.59 g) was obtained as crystals after isolated by 
filtration. The filtrate was evaporated in vacuo to leave a 
white powder, which was recrystallized from a mixture of 
acetone (15 ml) and Et20 (60 ml) to give (S)-12a (yield 8.43 g, 
100%ee) after isolation by filtration. From the filtrate, 
further crystallization from acetone/Et20 gave (S)-12a 
(0.72 g, 100%ee) as crystals and racemic 12a (0.66 g) from the 
filtrate. Totally this resolution process gave (S)-12a (9.15 g, 
100%ee), (fl)-12a (13.2 g, 66%ee), and racemic 12a (5.25 g). 
(S)-12a: [aß2+265° (c 0.50, acetone); mp 168—170 °C; The 
IR and NMR spectra were identical with those of racemic 
12a. 

Racemization of (Ä)-12a to Racemic 12a. To a solution 
of AICI3 (0.48 g, 3.60 mmol) in 60 ml of EtN0 2 containing 
Et20 (1.89 ml, 18.0 mmol) was added (Ä)-12a (13.2 g, 
36.0 mmol, 66%ee) at room temperature with stirring. The 
reaction mixture was stirred at room temperature for 1.5 h, 
had 240 ml of AcOEt added, and washed with 1 M HCl and 
then with brine. The organic layer was separated, dried 
(MgS04) and concentrated in vacuo to give a white powder, 
which was recrystallized from AcOEt to afford racemic 12a: 
yield 11.0 g (83%). The disappearance of the enantiomer 
excess was confirmed by HPLC analysis after conversion to 
12b. 

^-Butyl(S)-2-(3,4-0-Isopropylidenedioxyphenyl)-2-(phthal-
imidooxy)acetate [(5)-13]. To a solution of (S)-12a (2.0 g, 
5.42 mmol) and pyridine (0.88 ml, 10.84 mmol) in 20 ml of 
the toluene cooled to 0 ° C was added dropwise over 5 min a 
solution SOCI2 (0.79 ml, 10.84 mmol) in 10 ml of toluene. 
After the addition had been completed, the mixture was 
stirred at room temperature for further 45 min. The solvent 
was removed in vacuo to give an oil, which was dissolved in 
10 ml of toluene containing pyridine (0.88 ml, 10.84 mmol). 
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To the solution cooled to 0°C was added dropwise over 
5 min a solution of £-BuOH (1.0 ml, 10.84 mmol) in 5 ml of 
toluene. After stirring for 10 min at room temperature, the 
reaction mixture was poured into an ice water (30 ml) and 
extracted with 30 ml of AcOEt. The extracts were washed 
(1 M HCl, satd. aq NaHCC>3, and brine, in order), dried 
(MgS04) and concentrated in vacuo to give a yellowish solid. 
Chromatographic separation on silica gel (60 g, AcOEt/ 
hexane, 1:4) gave (S)-13 as a yellowish powder: yield 2.03 g 
(88%); [afé +154° (c 0.20, CHC13); mp 100—104 °C; m NMR 
(CDCI3) 0=1.46 (s, 9H), 1.66 (s, 6H), 5.06 (s, 1H), 6.70 (d, 1H, 
/=8.5 Hz), 6.9—7.0 (m, 2H), and 7.6—7.8 (m, 4H); IR (KBr) 
1795, 1753, and 1738 cm"1 ( C O ) . Found: C, 65.21; H, 5.43; 
N, 3.01%. Calcd for C23H23NO7: C, 64.93; H, 5.45; N, 3.29%. 

[[£-Butoxycarbonyl(3,4-0-isopropylidenedioxyphenyl)-
methoxy]aminocarbonyl]benzoic Acid (14). A solution of 
racemic 13 (6.0 g, 14.1 mmol), prepared from racemic 12a by 
the method given above, and i-BuOK (1.98 g, 17.6 mmol) in a 
mixture of £-BuOH (10 ml) and H2O (10 ml) was heated at 
50 °C for 3 h. After cooling to room temperature, the 
reaction mixture was acidified to pH 2.0 with 1 M HCl and 
extracted with AcOEt. The extracts were washed (brine), 
dried (MgS04) and concentrated in vacuo to give an oil, 
which was recrystallized from Et20 to provide 14 as a white 
powder: yield 4.90 g (78%); m NMR (CDCI3) 0=1.40 (s, 9H), 
1.65 (s, 3H), 5.4 (b, 1H), 6.4—6.8 (m, 3H), 7.8—8.0 (m, 2H), 
and 9.1 (b, 2H). 

£-Butyl (S)-2-Aminooxy-2-(3,4-0-isopropylidenedioxy-
phenyl)acetate [(S)-15]. To a solution of (S)-13 (1.90 g, 
4.47 mmol) in 30 ml of CH2CI2 cooled to 0°C was added 
NH2NH2H2O (0.45 g, 8.94 mmol). The reaction mixture 
was stirred at 0 °C for 1 h. After filtration, the filtrate was 
concentrated in vacuo to give an oil, which was treated by 
chromatographic separation (silica gel 50 g, AcOEt/hexane, 
1:4) to give (S)-15 as a white powder: yield 1.23 g (93%); 
[a]% +35.0° (c 0.20, CHCI3); mp 49—52 °C; 1U NMR 
(CDCI3) 6=1.46 (s, 9H), 1.65 (s, 6H), 4.79 (s, 1H), 5.66 (b, 2H), 
and 6.5—6.8 (m, 3H); IR (KBr) 3320, 2990, 2970, 1734, 1502, 
and 1260 cm"1. Found: C, 61.21; H, 7.25; N, 4.60%. Calcd for 
C15H21NO5: C, 61.00; H, 7.17; N, 4.74%. 

2-(2-Amino-4-thiazolyl)-2-[(Z)-[(S)^-butoxycarbonyl(3,4-0-
isopropylidenedioxyphenyl)methyl]oxyimino]acetic Acid [(S)-
16]. To a solution of (S)-15 (1.00 g, 3.39 mmol) in 10 ml of 
MeOH was added 23 (0.729 g, 4.24 mmol) and the reaction 
mixture was stirred at room temperature for 2 h. The 
insoluble materials were filtered off and the solvent of the 
filtrate was removed in vacuo. The obtained residue was 
dissolved in 20 ml of Et20 and the solution was washed 
(brine), dried (MgS04), filtered and concentrated in vacuo to 
give a yellowish solid, which was treated by column 
chromatography (silica gel 40 g, CHCl3/MeOH, 30:1) to 
give (S)-16 as a yellowish powder: yield 1.24 g (82%); 
[a]% +45.0° (c 0.20, acetone); mp 111 °C (decomp); m NMR 
(CDCI3) 6=1.46 (s, 9H), 1.64 (s, 6H), 5.78 (s, 1H), 6.65 (d, 1H, 
/=8.5 Hz), and 6.74—6.85 (m, 3H); IR (KBr) 1738 and 
1625cm"1 (C=0); TLC (CHCVMeOH, 3:1) /?f=0.33. 
Found: C, 53.64; H, 5.08; N, 9.51%. Calcd for C20H23N3O7: C, 
53.44; H, 5.16; N, 9.35%. 

Diphenylmethyl(6Ä,7Ä)-7-[2-(2-Amino-4-thiazolyl)-2-[(Z)-
[(5)-f-butoxycarbonyl(3,4-isopropylidenedioxyphenyl)methyl]-
oxyimino]acetamido]-3-[[[2-(diphenylmethyl)oxycarbonyl]-5-
methyl[l,2,4]triazolo[l,5-a]pyrimidin-7-yl]thiomethyl]-8-oxo-

5-thia-l-azabicyclo[4,2,0]oct-2-ene-2-carboxylate (25). To a 
solution of (S)-16 (260 mg, 0.579 mmol) in 2 ml of T H F was 
added 24 (437 mg, 0.579 mmol) in 6 ml of CH2C12. To the 
mixture cooled to 0 °C was added DCC (0.134 g, 0.695 mmol) 
in 4 ml of THF. The reaction mixture was stirred at 0 ° C for 
1 h and then at room temperature for 21 h. After filteration, 
10 ml of AcOEt was added to the filtrate, which was washed 
(satd. NaHC03 and then brine), dried (MgS04), filtered and 
concentrated in vacuo to give an oil. Chromatographic 
separation on silica gel (35 g, AcOEt/hexane, 1:5) gave 25 as 
an oil: yield 268 mg (39%); m NMR (CDCI3) ô=1.33 (s, 9H), 
1.64 (s, 6H), 2.51 (s, 3H), 3.60 (s, 2H), 4.36 (ABq, 2H), 5.10 (d, 
1H, 7=4.8 Hz), 5.67 (s, 1H), 5.94 (m, 1H), 6.69 (d, 1H, 
7=8.5 Hz), 6.83 (s, 1H), 6.9—6.95 (m, 3H), 7.02 (s, 1H), 7.22— 
7.51 (m, 21H), and 9.08 (bd, 1H); TLC (AcOEt) flf=0.40. 

Trisodium Salt of (6Ä,7Ä)-7-[2-(2-Amino-4-thiazolyl)-2-
[(Z)-[(S)-carboxy(3,4-dihydroxyphenyl)methyl]oxyimino]acet-
amido]-3-[(2-carboxy-5-methyl[l,2,4]triazolo[l,5-a]pyrimidin-
7-yl)thiomethyl]-8-oxo-5-thia-l-azabicyclo[4,2,0]oct-2-ene-2-
carboxylic Acid. To a suspension of 25 (250 mg, 0.211 
mmol) in 2 ml of anisole cooled to 0 °C was added 4.0 ml of 
CF3CO2H, and the mixture was stirred at room temperature 
for 4 h. To the reaction mixture were added 12 ml of Et20 
and 6 ml of hexane, and the resulting powder was isolated by 
filtration. After drying, the powder was dissolved in 5 ml of 
H2O with pH adjusted to 6.5 by NaHC03. The obtained 
solution was applied to chromatographic separation (Diaion 
HP-20, column volume 10 ml, eluent H2O). The fractions 
containing 1 were collected and lyophilized to give the 
sodium salt of 1 as an amorphous powder: yield 68 mg (39% 
as trisodium salt); m NMR (Me2SO-d6, D20) 0=2.59 (s, 3H), 
3.48 (ABq, 2H), 4.50 (ABq, 2H), 5.00 (d, 1H, 7=4.8 Hz), 5.11 
(s, 1H), 5.64 (d, 1H, 7=4.8 Hz), 6.67 (d, 1H, 7=8.5 Hz), 6.78 (s, 
1H), 6.85—6.9 (m, 2H), and 7.48 (s, 1H). Detection of (R)-
diastereomer in the crude 1 before chromatographic purifica­
tion was carried out under the following HPLC conditions: 
column YMCPAC(ODS) A-313 100mmX6mm, eluent 0.01 
M phosphate buffer (pH 6.5)/CH3CN (93:7), flow 1.5 ml 
min - 1 , 35 °C, À 298 nm, and retention times 10.9 min for 1 
[(S)-diastereomer] and 24.7 min for (JR)-diastereomer. 

T h e au thors wish to thank Drs. Kazuo Kato a n d 
Kimihi ro Murakami , Fuji Central Research Labora­
tory, Mochida Pharmaceut ical Co., L td for discussion 
about the synthetic route for (S)-16. 
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the absolute configuration of the product in yeast reduction 
of 2-(3,4-0-isopropylidenedioxyphenyl)-2-oxoacetic acid esters, 
see: H. Iwagami, M. Yatagai, M. Nakazawa, H. Orita, Y. 
Honda, T. Ohnuki, and T. Yukawa, unpublished result, 
which will be reported in near future. 



3082 © 1990 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 63, 3082—3088 (1990) [Vol. 63, No. 11 

Detection of Odorous Substances by Using a Lipid-Coated 
Quartz-Crystal Microbalance in the Gas Phase1 »2) 

Yoshio OKAHATA,* Osamu SHIMIZU, and Hiroshi EBATO 
Department of Biomolecular Engineering, Tokyo Institute of Technology, 

Ookayama, Meguro-ku, Tokyo 152 
(Received May 10, 1990) 

The adsorption behaviors and partition coefficients of various odorants and perfumes in a lipid matrix were 
measured in the gas phase using a dimethyldioctadecylammonium poly(styrene-4-sulfonate) multibilayer film-
coated quartz-crystal microbalance (QCM), the resonance frequency of which changes linearly with increasing 
the absorption amount on the lipid matrix on the QCM. A good correlation was observed between the partition 
coefficients of various odorous substances or perfumes in the lipid matrix and the odor intensity in humans 
obtained by smelling tests for the same compounds. A similar relation was observed regarding the absorption 
behavior to an olfactory epithelium-coated QCM in the gas phase. Odorant having a strong intensity showed 
higher adsorption in the lipid matrix on the QCM. The partition coefficients increased in the solid state of the 
lipid matrix, compared with the fluid-liquid crystalline state. As compared with absorption experiments in the 
aqueous phase, the high partition coefficients of odorants in the lipid matrix and the good correlation between 
the partition coeffcients and the odor intensity in humans were observed in the gas phase. 

T h e olfactory reception of various odorants and 
perfumes is though t to occur by receiving at the 
olfactory cell membrane and produc ing electric signals 
in our bodies.3) However, the molecular mechanism of 
the reception of chemical substances and the transac­
t ion process in olfactory cells are no t well unders tood 
at present. T h e chemical structures of odorants are 
extremely diverse and it is difficult to find any one 
chemical structure that is c o m m o n to those substances. 
Odoran t molecules are relatively hydrophobic and the 
threshold concentrat ion of general odorants is roughly 
determined by the part i t ion coefficients between water 
and oil.4) Kur ihara and coworkers reported that the 
surface pressure of the l ipid monolayer at the a i r -water 
interface from bovine olfactory epithelium5* and the 
membrane potent ia l of liposomes6 '7* or p lanner 
bilayer membranes7* from synthetic phosphol ip ids are 
selectively changed by the addi t ion of various odorants 
in the aqueous phase. The i r magn i tude of the 
response has good correlation wi th olfactory reception 
in humans . 5 _ 7 ) Responses to odorants are found not 
only in olfactory cells, bu t also in nonolfactory 
cells.4»5'8) These results suggest that the first step of 
olfactory reception takes place u p o n the adsorpt ion of 
odorous substances at a l ipid bilayer matr ix wi thou t 
any specific receptor proteins in biological cells.3a) 

Many approaches to elucidate olfactory reception have 
been under taken us ing biological systems in the 
aqueous phase, a l though odorant molecules actually 
interact wi th olfactory epi the l ium in the gas phase. 

These biological results p rompted us to study the 
par t i t ion process of various odorants and perfumes in 
a l ipid matr ix by us ing a quartz-crystal microbalance 
(QCM) coated wi th a synthetic mul t ib i layer- immobi-
lized film in the gas phase. QCMs are k n o w n to 
provide very sensitive mass measur ing devices at 
n a n o g r a m levels, since the resonance frequency chan­
ges sharply u p o n deposi t ion of a given mass on the 

electrode of the quartz plate. T h e experimental setup 
is shown in Fig. 1. A synthetic mult ibi layer film 
[d imethyld ioc tadecylammonium poly(styrene-4-sul-
fonate), 2Ci8N+2Ci/PSS~], a natural ly-occurr ing phos­
pho l ip id (DPPC) cast film, and h u m a n olfactory 
ep i the l ium were used as a membrane on the QCM. 
T h e adsorpt ion experiments were carried out in the 
gas phase. 

We have reported that l ipid-coated QCM can detect 
the adsorpt ion behaviors and par t i t ion coefficients of 
bitter substances,9) general and local anesthetics,1 »10) 

and antibiotics11* in to l ipid bilayer membranes in an 
aqueous solution. The i r bioactive magn i tude can be 

Odorants 

Multibilayer-immobilized film-coated 
Quartz-Crystal Microbalance 

CH3 (CH2)1 7 . 

CH3(CH2)i7" 

^ C H 3 

^CH 3 
-o3s 

2C18N+2C,/PSS-

X = = / CH 2 

Fig. 1. Experimental setup for frequency measure­
ments of the 2Ci8N+2Ci/PSS- multibilayer film-
coated quartz-crystal microbalance (QCM) in the gas 
phase. DPPC cast film or olfactory epithelium was 
also employed as a membrane on the QCM. 
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explained in terms of the adsorpt ion behaviors of these 
molecules in to a l ipid matrix.12»13) 

Experimental 

Materials. Preparations of a polyion-complex-type syn­
thetic bilayer-forming amphiphile, dimethyldioctadecyl-
ammonium poly(styrene-4-sulfonate) (2Ci8N+2Ci/PSS~), 
have been reported elsewhere.14»10 1,2-Dipalmitoyl-sn-
glycero-3-phospho-choline (DPPC), odorants, and perfumes 
were commercially available from Sigma Co. and Tokyo 
Kasei Co. Some odorants and perfumes were received from 
Takasago Fragrance Co., Tokyo. 

Lipid-Coated QCM. A quartz-crystal microbalance (QCM, 
8 mm diameter, AT cut, 9 MHz) was connected to a 
homemade oscillator designed to drive quartz at its 
resonance frequency and was driven at 5-V dc.9-13) The 
frequency of the vibrating quartz was followed by a 
frequency counter (Iwatsu Elec. Co., Model SC7201) attached 
to a microcomputer system (NEC Co., Model PC9801). The 
following equation was obtained for the AT-cut shear mode 
QCM:16»17> 

AF = 
-2Fl 

•^VPqMq 
Am, (i) 

where AF is the measured frequency shift (Hz), Fo the parent 
frequency of QCM (9X106 Hz), Am the mass change (g), A 
the electrode area (0.20 cm2), pq the density of quartz 
(2.65 g cm -3), and//q the shear modulus (2.95X1011 dyn cm -2, 
1 dyn=10~5 N). Calibration of the QCM used in our exper­
iments showed that a frequency decrease of 1 Hz corresponds 
to a mass increase of 1.05+0.01 ng on the electrode of 
QCM,9-13> 

Am = -(1.05 ± 0.01) X lO-9 AF. (2) 

A chloroform solution of 2Ci8N+2Ci/PPS- or DPPC was 
cast on electrodes on both sides of QCM dried in air and aged 
in a hot water at 60 °C for 1 h in order to prepare well-
oriented multilamellar structures in the film. X-Ray 
diffraction analyses showed that 2CisN+2Ci amphiphiles 
form extended lamellar structures of lipid bilayers (3.8 nm 
thick) parallel to the film plane (the QCM plate) in a 
polyion complex with poly(styrene-4-sulfonate) anions 
(PSS-).14»15) The multibilayer film showed a sharp 
endothermic peak at 45 °C with differential scanning 
calorimetry (DSC) in an aqueous solution, corresponding to 
the phase transition from the solid-to-liquid crystalline 
state.14»15»18> When the 2Ci8N+2Ci/PSS- film was cast, 
20+2 (ig on electrodes (20 mm2X2) on both sides of the 
QCM, the vibration frequency decreased by 2100+200 Hz in 
the air, which was consistent with the mass deposited on the 
eletrode in line with Eq. 2. Polymer (20+2 (ig)-coated QCMs 
were prepared by casting a chloroform solution on the plate. 
Biological olfactory cells were cast from an aqueous 
dispersion of human olfactory epithelium. The membrane-
coated QCM was set in a 60-ml closed vessel which had been 
saturated with the vapor of odorous substances by the 
injection of 2 \i\ of odorants; the frequency change of the 
QCM due to the adsorption of odorants in a lipid matrix was 
followed with time in the gas phase under stirring. 

Results and Discussion 

Absorption Behaviors of Odorants. Figure 2 shows 
the frequency changes of a 2Ci8N+2Ci/PPS~ mul t ib i ­
layer film (20 |ig, 1.0 urn thick)-coated QCM when the 
Q C M was set in saturated vapor of ß- ionone in a 60-ml 
closed vessel. T h e concentrat ion of ß- ionone was 
calculated to be 6.12 | ig/60 ml of air from the saturated 
vapor pressure (9 .9X10~ 3 mmHg at 25 °C, 1 m m H g = 
133.322 Pa). T h e frequency of the QCM decreased 
immediate ly and reached to the equ i l ib r ium (AF=720 
+ 5 Hz) wi th in 5 min. , which corresponding to an 
adsorpt ion of 760+5 n g in a l ip id matr ix on the QCM 
from Eq. 2. T h e frequency reverted to the original 
value after the QCM was removed from the vessel to 
the a tmosphere (arrow b in Fig. 2), indica t ing a 
leaving of adsorbed ß- ionone from the l ipid matr ix . 
These reversible adsorpt ion and desorption pheno­
mena could be repeated many times wi thout damag ing 
the membrane and were observed for other odorants 
and perfumes. T h e adsorbed a m o u n t in the 2Cis-
N + 2 C i / P S S - film on the Q C M increased linearly wi th 
increasing concentrat ion (1 .0—30| ig /60ml in air) of 
odorants . Par t i t ion coefficients (P) of the odorants in 
the l ipid mat r ix were obtained when the concentrat ion 
(g d m - 3 ) of the adsorbed substance in the l ipid matr ix 
was divided by the concentrat ion ( g d m - 3 ) of sub­
stances in the vessel calculated from the saturated 
vapor pressure. 

T h e t ime courses of the frequency decrease in Fig. 2 
show penet ra t ion or diffusion process of substances 
in to the l ip id matr ix . T h e apparen t diffusion rate 
constants (D) can be calculated from the slope of a 
p lot of Amt/Arrioo versus t1/2 according to the approx­
imat ions of the Hi l l and MacBain equation,1 9 ) 

Amt 

Am« 
= 2 v 4 

t2 

nL2 

( - f ^ < 0.335), (3) 

where Amt and Am™ are the adsorpt ion a m o u n t at the 
t ime t a n d at the equi l ibr ium, respectively. L is the 

ft, 

0 

200 

-400 
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800 v , , 
5 10 15 

Time/min 
20 

Fig. 2. Typical frequency changes of the 2CisN+2Ci/ 
PSS~ film (20 (ig)-coated QCM responding to setting 
in saturated vapor of ß-ionone (6.12 Hg/60 ml of air) 
at arrow a and brought in the atmosphere at arrow b. 
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Table 1. Absorption Amounts (Am) and Partition 
Coefficients (P) of ß-Ionone in Membrane-
Coated QCMs in tha Gas Phase at 25°Ca> 

Membranes on QCN Ara/ng Pb>/103 

Uncoated 
2Ci8N+2Ci/PSS- cast film 
DPPC cast filmc> 
Olfactory cell membrane 
Ci6N+3Ci/PSS- filmd> 
Polystyrene 
Poly(vinyl alcohol) 
Poly(methyl L-glutamate) 
Bovine plasma albumine 
Kelatine 

8+2 
760+10 
540+10 
640+10 
155+10 
74+4 
26+3 
42+5 
32+5 
28+4 

4.1 
390 
280 
330 
80 
38 
13 
22 
16 
14 

a) Obtained in the saturated vapor of ß-ionone(6.12 (ig) 
in 60 ml of air. The cast amount of membranes was 
20+2 [ig on the QCM. b) Containing ±5% of experi­
mental errors, c) Dipalmitoylphosphatidylcholine. 
d) Hexadecyltrimethylammonium poly(styrene-4-
sulfonate). 

membrane thickness. 

T h e absorpt ion amoun t s and par t i t ion coefficients 
of ß - ionone to various membrane-coated QCMs are 
summarized in Tab le 1. ß-Ionone hardly adsorbed on 
to the uncoated Q C M and hydrophi l ic or hydro­
phobic polymer-coated QCMs. T h e par t i t ion coef­
ficients in proteins, such as a lbumine and kelatine, 
were also very small . In contrast, ß - ionone absorbed 
specifically on to the l ip id bilayer mat r ix of synthetic 
2Ci 8 N+2Ci /PSS- and natural ly-occurr ing D P P C cast 
films. A similar large adsorpt ion was observed on the 
olfactory cell membranes in h u m a n s on the QCM. 
However, the par t i t ion to the cast film prepared from 
the single-chain a m p h i p h i l e [hexadecyltrimethylam­
m o n i u m poly(styrene-4-sulfonate), Ci6N+3Ci/PSS~] on 
the Q C M was relatively small , in which single-chain 
amph iph i l e s cannot form oriented mult ibi layer struc­
tures in the cast film. These results indicate that 
odorants tend to adsorb in to the l ip id bilayer matrices, 
bu t no t proteins , and that the par t i t ion behaviors 
hardly depend on the detailed structure of the 
hydrophi l ic head groups of l ipid matrixes; further, the 
well-packed dialkyl bilayer structure is impor tan t for 
absorbing odorous substances. A l though it is difficult 
to compare the absorpt ion behaviors on to simple pro­
teins, such as a lbumine and kelatine, wi th that on to 
membrane proteins in a cell membrane , it seems that 
the adsorpt ion a m o u n t of odorants on to the proteins 
in the cell membrane is very small compared wi th that 
of a l ip id matr ix; the odor intensity is mainly deter­
mined by the adsorp t ion behavior to the l ip id bilayers. 

Absorpt ion exper iments were carried out on seven 
odorous substances which are commonly employed in 
biochemical and biological experiments6'7»20* (ß-ionone, 
coumar in , citral, 1-octanol, isopentyl acetate, methyl 
acetate, and diethyl ether) by us ing the 2CisN + 2Ci / 
P P S " film-coated Q C M in the gas phase at 25 °C. 
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Fig. 3. Relations between (a): partition coefficients, 
P, or (b): diffusion rate constants, D, of odorants to 
the 2Ci8N+2Ci/PSS- multibilayer film on the QCM 
and their threshold concentration, Cth, for olfactory 
reception in humans. 1: ß-ionone, 2: coumarin, 3: 
citral, 4: 1-octanol, 5: isopentyl acetate, 6: methyl 
acetate, 7: diethyl ether. 

Par t i t ion coefficients (P) were calculated by dividing 
the absorpt ion a m o u n t in the l ipid matr ix by the 
concentra t ion of odorants in the vessel. Diffusion 
coefficients (D) were also calculated from the ini t ia l 
t ime course of absorptions according to Eq. 3. 

Figure 3 shows a correlation between the l o g P or 
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l o g D values of various odorants in the 2Ci8N+2Ci/ 
PSS~ film on the Q C M and the logar i thm of the 
threshold concentrat ion (Cth, the n u m b e r of odorant 
molecules in 1 ml of air) for the same odorants to cause 
olfactory reception in humans. 5 ) The re was a good 
correlat ion between log P and the biological threshold 
values for the odorants employed (Fig. 3a). A plot of 
the log D values versus the biological log Cth values for 
odorants also gave a linear correlation. Odorous 
substances hav ing a lower Cth value (stronger smell 
intensity) showed a h igher par t i t ion and a slower 
diffusion rate in a l ipid matr ix. However, a better 
correlation (r=0.95) was observed in a plot of l o g P vs. 

(0 

I 2 
C 

o 
I 01 

-2 

-4 

4 5 6 

log P in bilayers 

Fig. 4. Relations between partition coefficients of 
perfumes in (a): the synthetic 2Ci8N+2Ci/PSS- film 
or (b): the olfactory epithelium on the QCM and their 
perfume intensities in humans. 1: 1-undecanol, 2: 
p-anisaldehyde, 3: anethol, 4: citral, 5: phenethyl 
acetate, 6: benzyl acetate. 
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log Cth t han that (r=0.85) of l o g D vs. log Cth- T h u s , 
the intensity of olfactory reception seems to be mainly 
determined by the adsorpt ion amounts (part i t ion 
coefficients) to the l ip id ma t r ix on the QCM. These 
substances hardly adsorbed on to the protein matr ix on 
the QCM (see Tab le 1). 

Absorption Behaviors of Perfumes. QCM absorp­
t ion experiments were also appl ied to detect various 
perfumes and fragrances in the gas phase at 25 ° C in 
the same manner . T h e par t i t ion coefficients of six 
typical perfumes (1-undecanol, p-anisaldehyde, ane­
thol, citral, phenethyl acetate, and benzyl acetate) in 
the synthetic 2Ci 8 N+2Ci /PSS- film-coated Q C M and 
the h u m a n olfactory epi thel ium-coated Q C M were 
obtained and plot ted against the perfume intensity 
proposed original ly by Appel l in Fig. 4. Appell 
determined the perfume intensity by smell ing vapors 
from solut ions of s tandard concentrat ion and norma­
lized by sett ing the intensity of citral to unity.21) Since 
Appel l ' s intensities were no t considered to be the true 
concentrat ion of perfume in air, we corrected Appell 's 
values by d iv id ing them by the par t ia l vapor pressure 
of each perfume. We found a good correlation 
between the l o g P values of perfumes in the l ipid 
matr ix, or the log P values in the olfactory epi the l ium, 
and the modified perfume intensity, as well as the 
correlat ion for various odorants . T h e perfume hav ing 
the stronger intensity showed the higher par t i t ion to 
the l ipid matr ix or the olfactory cell membrane on the 
QCM. 

These results for odorants and perfumes agree wi th 
the proposal321'5»7) that the first step of olfactory 
reception takes place u p o n the adsorpt ion of odorous 
substances at a l ip id bilayer matr ix, w i thou t any 
specific receptor proteins in the biological cells. T h e 
intensity of olfactory reception is mainly determined 

(a) 
p-tolyl acetate # 

cyclamen aldehyde 
1,1-dimethyl-2- )f 

tetrahydrogeraniol 

terpineols 

• 2-phenylethanol 

5.0 5.4 

^ CH=CHCH20H 
CH2CH20CH CH20£H /% rt 

^ ' CHzCHzCH^ÖH 

5.8 4 5 6 

log P in bilayers 

(c) 

CuOH my 

Fig. 5. Relations between partition coefficients of (a): floral perfumes, (b): aryl perfumes, 
and (c): long-chain alcohols in the 2Ci8N+2Ci/PSS- film on the QCM and intensities of 
those perfumes in humans. 
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by the par t i t ion amoun t s in the l ipid matr ix of 
biological olfactory cells. T h e par t i t ion coefficients in 
the olfactory ep i the l ium is smaller than those in the 
synthetic 2 C i 8 N + 2 G / P S S - membranes , probably 
because of the smaller a m o u n t of l ip id matr ix in the 
cell membrane , compared wi th a synthetic mul t ib i -
layer film. 

Absorpt ion experiments were also carried out for 
other specific perfumes such as floral-smelling per­
fumes (p-tolyl acetate, cyclamen aldehyde, 1,1-di-
methyl-2-phenylethyl acetate, tetrahydrogeraniol, ge-
ranyl acetate, terpineols, and 2-phenylethanol), aryl 
compounds and linear long-chain a l iphat ic alcohols 
( C 7 O H — C n O H ) by us ing the 2 C i 8 N + 2 G / P S S - film-
coated Q C M in gas phases at 25 °C. T h e obtained 
l o g P values are plot ted against the each perfume 
intensity in Fig. 5a—c. Good linear correlations were 
obtained for floral perfumes, aryl compounds , and 
long-chain alcohols. T h e proposal that the smell 
intensity can be determined mainly by the par t i t ion 
a m o u n t of odorants in the l ipid matr ix can be 
extended widely to various kinds of odorous sub­
stances and fragrances. 

Absorption Mechanisms. Figure 6 shows the effect 
of the membrane thickness of the 2Ci8N+2G/PSS-
mult ibi layer film on the QCM on the absorpt ion 
a m o u n t of ß- ionone in the gas phase at 25 °C. T h e 
absorpt ion a m o u n t increased wi th increasing the 
membrane thickness. Similar dependences on the 
membrane thickness were observed for L a n g m u i r -
Blodgett (LB) l ip id films on the QCM. When m o n o ­
layers of dialkyl amphiph i l e s , ß-(Af,Af-dioctadecyl-
carbamoyl)propionic acid), were deposited on a QCM 
by the LB method, the adsorpt ion a m o u n t of odorants, 
such as ß- ionone, increased linearly with increasing 
the number (n=2—30) of layers of the l ipid LB films. 

T h e phase transi t ion from solid-to-liquid crystalline 
states of the dialkyl chain is one of the fundamental 

0 0.2 0.4 0.6 0.8 

Thickness of multibilayer films / jim 

Fig. 6. Effect of the membrane thickness of the 
2Ci8N+2Ci/PSS- multibilayer film on the QCM 
on the absorption amount of ß-ionone at 25 °C. 

properties of the l ipid bilayer matrix.u.is.is) Par t i t ion 
coefficients (P) and diffusion coefficients (D) were 
obtained for the adsorpt ion of ß- ionone at various 
temperatures bo th below and above the phase-
transi t ion temperature (7V=45°C) of the 2Ci8N+2Ci/ 
PSS~ mult ibi layer film on the QCM; results are shown 
in Fig. 7 in a form of Arrhenius plots. T h e Tc of the 
2Ci8N+2Ci/PSS~ bilayer film was observed separately 
by differential scanning calorimetry (DSC). T h e 
diffusion constants increased drastically at tempera­
tures above T c =45 ° C, compared wi th those below 7V 
O n the contrary, the par t i t ion coefficients decreased 
unexpectedly at temperatures above Tc relative to those 

temp / °C 
60 50 40 30 20 10 

o 

C/) 

E o 
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3.0 3.2 3.4 

T-1/10-3K-i 

Fig. 7. Temperature dependences of partition coef­
ficients (P) and diffusion rate constants (D) of 
0-ionone in the 2Ci8N+2Ci/PSS- film on the QCM. 
Tc value was obtained separately from DSC measure­
ments. 

Table 2. Effect of the Alkyl Chain Length of 
Dialkylammonium Multibilayer Film 

(2C„N+2Ci/PSS-) on Partition 
Coefficients of ß-Ionone in 

the Gas Phase at 25 °C 

Bilayer membranes 

2Ci 8 N+2Ci /PSS-
2Ci8:iN+2CibVPSS-
2Ci 6 N+2Ci /PSS-
2C14N+2C1/PSS-
2C12N+2C1/PSS-

Tc/°Ca> 

45 
< 0 
37 
26 
15 

P / 1 0 3 

390 
160 
340 
250 
100 

a) Obtained by DSC measurements. 
b) CH3(CH 2 )7 -CH=CH-(CH2)7 -COOCH 2 CH C H 3 

\ + / 
N 

/ \ 
CH 3 (CH2)7-CH=CH-(CH 2 )7 -COOCH2CH2 C H 3 
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below Tc. T h u s , in the fluid and disordered l iqu id 
crystalline state above Tc, the adsorpt ion a m o u n t of 
odorant molecules decreased, a l t hough their penetra­
tion rate into the l ipid matr ix increased. 

Table 2 shows the effect of the alkyl-chain length of 
bilayer-forming amphiph i l e s on the QCM on the 
par t i t ion coefficients of ß- ionone in the gas phase at 
25 °C. T h e phase-transi t ion temperatures of these 
2C*N+2Ci/PSS- films decreased wi th decreasing the 
alkyl-chain length of the l ipid. Dimethylbis(2-
oleyloxyethyl )ammonium salts (2Ci8:iN+2Ci/PSS~) 
having two unsaturated alkyl chains showed Tc below 
0 ° C . T h e 2Ci 8 N+2Ci /PSS- and 2Ci 6 N+2Ci/PSS-
films have their Tc at 45 and 37 °C, respectively, and 
exist in the solid state at 25 °C. O n the contrary, the 
2Ci 2 N+2Ci /PSS- film (T C =15°C) hav ing the shortest 
dialkyl chains and the 2Ci8 : iN+2Ci/PSS- film hav ing 
the unsaturated dioleyl chains exist as the fluid-liquid 
crystalline state at 25 °C. T h e par t i t ion coefficients in 
the fluid membrane of the 2C„N+2Ci/PSS- film 
decreased compared wi th those in the solid state 
membrane at 25 °C. These results are consistent wi th 
the temperature dependence shown in Fig. 7; odorant 
molecules tend to adsorb in the solid state of the l ipid 
matr ix compared wi th the fluid state. 

Comparison with Aqueous Systems. When absorp­
t ion experiments of odorants were carried out in 
distilled water by us ing the 2Ci 8 N+2Ci/PSS- film-
coated QCM at various temperatures in the same 
manner,9 ) the results were different from those in the 
gas phase: the par t i t ion coefficients of ß- ionone 
increased in the f lu id- l iqu id crystalline state above Tc 

relative to the solid state l ip id mat r ix (not shown). 
These opposi te temperature dependences both in gas 
a n d the aqueous phases can be expla ined as follows. 
In an aqueous system, odorous molecules may 
aggregate a round each other because of their hydro­
phobic properties; these aggregate molecules can 
adsorb and penetrate largely in to the disordered fluid 
l ipid matr ix above Tc. O n the contrary, in the gas 
phase odorous molecules can disperse molecularly and 
tend to penetrate in to small defects in a solid l ip id 
matrix, compared wi th the largely disturbed l ipid 
mult ibi layer film. 

T h e par t i t ion coefficients of various perfumes in the 
2Ci 8 N+2Ci/PSS- film on the QCM were also obtained 
in an aqueous so lu t ion at 25 °C. T h e correlat ion 
between log P obta ined in an aqueous solution vs. the 
h u m a n perfume intensity is shown in Fig. 8, together 
wi th that in the gas phase. T h e correlation in the 
aqueous phase was incorrectly compared wi th that in 
the gas phase, and par t i t ion coefficients in the aqueous 
solut ion was 100-times smaller than those in the gas 
phase. These results can aga in be expla ined by 
suggest ing that odorous molecules aggregate a round 
each other in the aqueous phase a n d that the par t i t ion 
coefficients of the aggregated molecules obtained in an 

aqueous system do no t show a good correlation wi th 
the perfume intensity obtained by smell ing in the gas 
phase. 

In biological olfactory cell membranes, it is 
k n o w n that the m e m b r a n e surface is covered wi th a 
wet mucous membrane , which is believed to play an 
impor t an t role in olfactory reception. We studied the 
effect of this wet layer of the l ipid matr ix on the 
absorpt ion of odorants by us ing the QCM system in 
the gas phase. We prepared three kinds of mult ibi layer 
cast films on the QCM: i) the usual 2Ci 8 N+2Ci /PSS-
film (0.5 | im thick) whose contact angle toward water 
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Fig. 8. Relations between perfume intensities in 
humans and partition coefficients of the same com­
pounds in the 2Ci8N+2Ci/PSS- film (a): in a gas 
phase or (b): in an aqueous phase. 1: 1-undecanol, 2: 
p-anisaldehyde, 3: anethol, 4: citral, 5: phenethyl 
acetate, 6: benzyl acetate. 
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Fig. 9. Relations between perfume intensities in 
humans and partition coefficients of the same com­
pounds in (a): the 2Ci8N+2Ci/PSS- film, (b): the 
PVA-overcoated 2Ci8N+2Ci/PSS- film, and (c): the 
blend film of 2Ci8N+2Ci/PSS- and PVA. Numbers 
show the same as those in Fig. 8. 
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is 76°, showing the hydrophobic surface similar to that 
of polystyrene; ii) the swelled poly(vinyl alcohol) film 
(PVA, 0.1 | im thick) was cast from an aqueous solut ion 
on the 2Ci 8 N+2Ci /PSS- film (0.5 um thick) whose 
contact angle toward water is 34°, showing the 
hydrophi l i c surface s imilar to that of PVA; and iii) the 
2Ci 8 N+2Ci /PSS- was blended wi th swelled PVA (5:1) 
and cast on the Q C M whose contact angle toward 
water is 50°. T h e par t i t ion coefficients of various 
perfumes in these membranes were obtained and are 
plot ted against the perfume intensity in Fig. 9. Good 
correlations were found between log P values and the 
perfume intensity for those membranes; however, the 
par t i t ion coefficients for the PVA-overcoated mem­
brane and the blend membrane wi th PVA decreased 
compared wi th those in the 2Ci8N+2Ci/PSS~ film 
hav ing a hydrophob ic surface. T h u s , the par t i t ion of 
relatively hydrophobic odorous molecules seems to 
decrease in the presence of the hydrophi l ic layer on the 
l ip id matr ix , and the mucous membrane on the 
olfactory ep i the l ium may be not absolutely required 
for the detection of odorants . 

Conclusion 

T h e par t i t ion coefficients of various odorants and 
perfumes in to the l ip id matr ix can be easily and 
quant i ta t ively obta ined by us ing the synthetic mul -
tibilayer film-coated Q C M in the gas phase. T h e 
intensity of various odorants and perfumes can be 
expla ined by the absorp t ion a m o u n t of a l ip id matr ix . 
T h e l ipid-coated Q C M is bo th physically stable and 
reusable, and will provide a new sensor system to 
determine the intensity of odorants and perfumes in 
the gas phase. 

T h i s study was suppor ted by a Grant- in-a id for 
Scientific Research from the Ministry of Educat ion, 
Science and Culture. 
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Structure of Reaction Products of 5-Nitrosotropolone 
and Arylamine 
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The structures of abnormal reaction products (1:1 and 1:2) between 5-nitrosotropolone and arylamine are 
elucidated. The reaction of 5-nitrosotropolone with arylamine (e.g., aniline and p-toluidine) affords initially a 
bicyclic addition product, having 8-azabicyclo[3.2.1]octane system which could be formed by the attack of the 
amine on 4- and 1-positions of the tropolone ring. The adduct contains two isomers having syn and anti 
configuration with respect to the hydroxyimino group. These adducts easily isomerized under alkaline 
conditions to form lactams having the 6-azabicyclo[3.2.1]octane system, which may have been resulted from 
skeletal rearrangement of a seven-membered ring to a six-membered one. The former adducts, the 8-azabicyclo-
[3.2.1]octane system, further react with another mole of arylamine to give 1:2 products containing a lactam 
moiety via similar skeletal rearrangement. 

5-Nitrosotropolone (l),1* obtained in h igh yield as 
golden yellow crystals by ni t rosat ion of t ropolone, has 
been k n o w n to be an impor tan t c o m p o u n d in the field 
of t roponoid chemistry.2) For example, reduction of 1 
easily gave 5-aminotropolone (2), 2 is converted by 
Sandmeyer reaction to 5-halotropolones (3) (X=C1, Br) 
which are not easily obtained by direct ha logenat ion of 
tropolone.3 ) 

Extensive studies on the chemistry of 5-nitrosotro­
po lone were previously made by one of the present 
authors .4 ) T h u s , 1 has been inferred to be in a 
tautomeric re la t ionship wi th p - t ropoqu inone m o n o -
oxime l a ( R = H ) ; acylations of 1 afforded only acyl 
derivatives of oxime l a (R=acetyl or benzoyl); 1 gave 
d iox ime (4) a n d t r ioxime (5) wi th hydroxylamine, and 
qu inoxa lo t ropone derivative (6) wi th o-phenylenedi-
amine . 5-Nitrosotropolone (1) shows strong colora­
t ion wi th iron(III) chloride as observed in t ropolone 

C C —- O N H C C = R0N=CC 
1 1a 

H < X < x H°N<xr HON=CCH 
2 3 4 5 

6 7 8 

Scheme 1. 

Present address: a) Department of Chemistry, College of 
General Education, Tohoku University, Kawauchi, Aoba-
ku, Sendai 980. b)811, 2-5-1, Kamiyoga, Setagaya-ku, Tokyo 
158. 

itself. However, the reaction wi th diazomethane yields 
only a res inous product and n o o-methylated product 
formed in contrast to the reaction wi th other tropo-
lones. T h e reaction of 1 wi th a m m o n i a smoothly 
proceeded to give 2-amino-5-nitrosotropolone (7), 
which was led to 2 ,5-diaminotropolone (8) by catalytic 
hydrogénat ion. 

Nitroso compounds are generally known to react 
wi th arylamine to give arylazo compounds by dehydra­
t ion reaction.5) We at tempted the reaction of 1 with 
various arylamines by hea t ing in methanol . However, 
the reaction did not yield arylazotropolone, bu t gave 
two unidentif ied products, which were consistent wi th 
the dehydrated product between one mole of 1 and two 
moles of arylamine, as colorless crystals. T h e 
structures of these products remains unresolved, 
a l though some at tempts on structural elucidation were 
made.4) It has been reported that 5-nitrosotropolone 
and 3-bromo-5-nitrosotropolone react wi th 2 moles of 
arylamine to give the corresponding 1:2 adducts as 
colorless crystals, as shown in Tab le 1.4) Ultraviolet 
absorpt ion spectra of these products show max ima at 
a round 250—260 nm, indica t ing that a t roponoid pi-
system does not exist. Various reactions of the product 
(A), which is obtained from 1 a n d p- to lu id ine , have 
been studied;4) hydrolysis of A does no t occur under an 
acidic or a lkal ine condi t ion, a n d hea t ing A wi th 
concentrated sulfuric acid gives only a resinous product. 
T h e c o m p o u n d A give n o positive L iebermann 
test for ni t roso group , and does not give any azo 
c o m p o u n d s by the reaction wi th amines . Catalytic 
hydrogénat ion of A in the presence of Pd-C does no t 
consume hydrogen, bu t in acetic acid us ing p l a t i n u m 
oxide as a catalyst gives a small a m o u n t of the resinous 
product . T h e c o m p o u n d A affords monoacetate, 
indica t ing the presence of at least one active hydrogen. 
From these results, several par t ia l structures have been 
proposed, bu t the structure is still unresolved. 

For some t ime later, we have worked on the 
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Table 1. Reaction Products of 5-Nitrosotroplones with Arylamine 

[Vol. 63, No. 11 

Aniline p-Toluidine p-Bromoaniline 

5-Nitrosotropolone (1) C19H15O2N3 
mp203°C 

C21H19O2N3 (a) 
mp221°C 

Ci9Hi302N3Br2 
mp210°C 

3-Bromo-5-nitrosotropolone Ci9Hi402N3Br 
mp213°C 

C2iHi802N3Br 
mp232°C 

structural elucidation of these compounds as well as 
1:1 addit ion products newly obtained du r ing the 
course of our reexaminat ion. T h e structures have been 
investigated,2* bu t detailed paper has not yet been 
publ ished. In the present paper the structural 
de terminat ion of these 1:1 and 1:2 products between 1 
and arylamine will be presented. 

5-Nitrosotropolone (1) is k n o w n to be slightly 
soluble in methanol , bu t in the presence of arylamine, 
1 easily dissolves in a small a m o u n t of the solvent at 
room temperature. Hence, we assumed that some 
reaction took place in this dissolution stage. Accord­
ingly, a mixture of 1 and 3—4 molar equivalents of p-
to luidine in a small a m o u n t of methano l was stirred at 
room temperature for 1 h. From this mixture two 
kinds of colorless crystalline products 9 (mp 168 °C) 
and 10 (mp 175 °C) were isolated in the rat io of ca. 2 :1 
in 73% yield by chromatography us ing silica gel. 

Q H N O + Q - N H 2 

~CC * M 
1 

oK> 

jCXVA OH 

1 + 

- H20 

Mass spectra of these two products 9 and 10 show the 
same mass number of M+ corresponding to 1:1 
addi t ion product (C14H14O3N2). They displayed a 
similar UV pattern showing m a x i m u m at 243 n m 
(log £4.33). The i r IR spectra were also similar; J / C O 
1750 cm- 1 , VOU 3330 cm"1 . 1U N M R of these products 
in acetone-ck indicates that these two products are 
isomers of syn and anti to the hydroxy imino g r o u p as 
shown in Fig. 1. T h e structures mus t be those as 
shown in Scheme 3. T h e products are formed by the 

attack of arylamine on 4-position of p - t ropoqu inone 
monox ime l a ( R = H ) , and then on carbonyl carbon 
(C-l) to give bicyclic products hav ing 8-azabicyclo-
[3.2.1.]octane system. 

Configurat ions of E- and Z-isomers to the hydroxy­
imino g roup were determined by 1H N M R spectro­
scopy. T h e vinyl p ro ton at 3-position of Z-isomer 10 
appeared at a lower field than that of £-isomer 9 
caused by the proximi ty of the hydroxyl g roup of the 
hydroxyimino group.6 ) 

A similar reaction of 1 with ani l ine also afforded 
two isomeric adducts 11 [mp 166 °C (decomp)] and 12 
(mp 129 °C) in the ra t io of ca. 5:1 in 67% yield. 
1H N M R spectra of 11 and 12 were similar to those of 9 
and 10, respectively. 

A mixture of 9 and 10 reacted wi th hydroxylamine 
in refluxing methano l to give tr ioxime (5) of tro-
p o q u i n o n e a n d p- to lu id ine . UV absorpt ion spectra of 

H O N = O o HON: 
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Scheme 3. 
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<5 p p m 9 8 6 5 4 3 2 

Fig. 1. ^ N M R spectra of 9 (top) and 10 (bottom) 
in acetone-^. 

9 and 10 show absorption maxima at 243 nm in 
methanol, but in alkaline methanol new maxima 
appear at 365 and 460 nm with low absorptivity in 
addition to 243 nm. The pattern of the two maxima at 
longer wavenumber is very similar to that of 5-
nitrosotropolone (1), indicating that 1 was formed by a 
partial reversion of the adducts. These facts suggest 
that a seven-membered ring system still remains in 
these adducts 9 and 10. In addition, the reaction of 9 
with o-phenylenediamine in methanol at room tem­
perature afforded yellow crystals, which, may be 
assumed to be 13 or 14 based on the elemental analyses. 
However, UV and NMR spectra indicate the structure 
to be 13 (see Experimental). 

When the reaction mixture of 1 and arylamine was 
treated with an alkaline solution, isomeric adducts 
were obtained in high yields. Thus, the crude reaction 
mixture of 1 and p-toluidine was dissolved in ethyl 
acetate and the solution was then shaken with aqueous 
2 equiv NaOH solution. Colorless crystals were 
obtained by acidification of the alkaline solution. 
Chromatographic separation of the reaction mixture 
yielded two isomeric products 15 (mp 212 °C) and 16 
(mp 182 °C) in the ratio of ca. 5:1 in 86% yield. When 
the purified 9 and 10 were carefully treated with an 
alkaline solution in an ice bath, the products 15 and 16 
were obtained, respectively, in almost quantitative 
yields. These results as well as their NMR spectra 
indicate that 15 and 16 are also isomeric products with 
regard to syn- and anta-configuration to the hydroxy-

imino group. The reaction of 9 and 10 with alkaline 
proceed in retention of the configuration. Similar 
treatment of 11 and 12 afforded isomeric compounds 
17 (mp 188 °C) and 18 (mp 170 °C), respectively, in 
high yields. 

The UV spectra of 15 and 16 show maxima at 
233 nm similarly to those of 9 and 10. The IR spectra 
of 15 and 16 display the J/CO at 1700 cm -1, which may 
indicates the presence of an amide moiety. From these 
facts along with the results obtained below, we 
assigned the 6-azabicyclo[3.2.1]octane system for the 
alkaline isomerized products formed by skeletal 
rearrangement as shown in Scheme 3. 

These rearranged products did not react with an 
additional mole of p-toluidine. Therefore, they 
cannot be intermediates of the 1:2 product which was 
obtained previously.4) These compounds did not react 
with carbonyl reagents such as hydroxylamine, 2,4-
dinitrophenylhydrazine, or o-phenylenediamine. Hy­
drolysis of the hydroxyimino group of these com­
pounds in formic acid in the presence of CuCC>3 
afforded a carbonyl compound 19 (mp 149 °C); ^CO 
1687 cm -1; which may be assigned a,ß-unsaturated 
ketone based on the NMR of 19, and UV spectrum of 
its 2,4-dinitrophenylhydrazone, showing the max­
imum at 370 nm. Aniline adducts 17 and 18 also gave 
an unsaturated ketone 20 (mp 133 °C) by similar 
hydrolysis of the hydroxyimino group. 

Treatment of 19 with 48% HBr solution at 80—85 °C 
afforded crystalline product 21 (mp 110 °C) which 
showed violet coloration with iron(III) chloride; 
methylation of 21 with diazomethane afforded methyl 
ester 22 (mp 152.5 °C). Based on their 1H NMR 
spectra, we assign the structure of 3-p-toluidino-4-
hydroxybenzoic acid and its methyl ester to be 21 and 
22, respectively. Catalytic hydrogénation of 19 in the 
presence of 5% Pd-C afforded saturated ketone 23, and 
treatment of 23 with 48% HBr solution at 80—90 °C 
yielded protocatechuic acid (3,4-dihydroxybenzoic acid) 
(25) and p-toluidine. Catalytic hydrogénation of 20 
also afforded saturated ketone (24), and heating of 24 
with HBr solution yielded the same acid (25) and 
aniline. The formation of 21 from 19 is easily 
explained by hydrolysis of an amide moiety and dehy­
dration. The formation of protocatechuic acid from 23 
or 24 may be similarly explained by hydrolysis in­
volving an oxidation process. 

The reaction of a mixture of 1:1 addition products 9 
and 10 with an additional mole of p-toluidine in a 
small amount of methanol at about 80 °C for 30 min 
afforded a 1:2 product which had previously been 
obtained directly from 5-nitrosotropolone (1) and p-
toluidine by heating.4) This product was found to be a 
mixture of two compounds in the ratio of ca. 7:1 
which could be separated by recrystallization or by 
chromatography using silica gel. The major com­
pound is colorless needles 26 (mp 223 °C) and the 
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26: R = CH3 
29: R = H 

27: R = CH3 

30: R = H 

B C 

Fig. 2. Three-dimentional structures of 8-azabicyclo-
[3.2.1]octane and 6-azabicyclo[3.2.1]octane systems. 
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Scheme 4. 

minor one is colorless prisms 27 (mp 213 °C). 
1H N M R spectra of these compounds indicate that 
they are also isomer of syn and anti wi th respect to the 
hydroxy imino g roup , a n d we assigned bo th products 
to be rearranged c o m p o u n d s con ta in ing a six-
membered r ing resulted by rearrangement of the 
initially formed imine (28). 

Similarly, the 1:1 addi t ion products of 5-nitrosotro-
po lone and ani l ine also reacted wi th an addi t ional 
mole of ani l ine to give 1:2 products which consists of 
two syn and anti isomers in the rat io of ca. 5 :1 . T h e 
major p roduc t 29 is a lmost colorless needles, m p 
206 °C, whi le the m i n o r one 30 is pale yellow prisms, 
m p 200 ° C. T h e IR spectra of these adducts show 
absorpt ions at 1700 c m - 1 . T h e UV absorpt ion of each 
adduct occurs at 250—260 nm. 

Hydrolysis of the hydroxyimino g r o u p of 26 and 27 
in formic acid in the presence of CuCOs gave the a,ß-
unsatura ted ketone 31 as a result of formylation of the 
- N H - g roup . T h e oxime (32) of 31 is identical wi th 
that of the formylat ion product obta ined by hea t ing of 
26 in formic acid. 

T h e « N M R spectra of 26 and 27 show a very 
similar pat tern to those of alkal ine rearrangement 
products , 15 and 16, respectively, indicat ing that they 
have a par t ia l s tructure inc lud ing configurat ional 
s imilari ty of syn a n d anti relat ions wi th respect to the 
hydroxyimino groups . 

Catalytic hydrogénat ion of 26 gave dihydro com­
p o u n d (33); hydrolysis of 33 yielded a ketonic 
c o m p o u n d (34). 

Fig. 2 shows three-diment ional structures of the 8-
azabicyclo[3.2.1]octane system (B) and the 6-azabicy-
clo[3.2.1]octane system (C) corresponding to 9—12 and 
15—18, 26, 27, 29, and 30, respectively. These 
structures are suppor ted by the analysis of coup l ing 
constants inc lud ing long-range ones in 1H N M R 
spectra as described in the experimental section. 

Experimental 

All melting points were uncorrected. IR spectra were 
measured on a Hitachi 215 spectrophotometer. *H NMR 
spectra were recorded on a Hitachi R-90H or JEOL FX-100 
spectrometer. 

Reaction of 5-Nitrosotropolone and p-Toluidine; Forma­
tion of Adducts (9 and 10). A solution of 5-nitrosotropolone 
(1.00 g, 6.6 mmol) and p-toluidine (2.0 g, 18.8 mmol) in 
methanol (2 cm3) was allowed to stand at room temperature 
for 1 h. Ethyl acetate (100 cm3) was added, the solution was 
extracted three times with each 20 cm3 of 2 equiv HCl to 
remove unreacted p-toluidine. The ethyl acetate solution 
was washed with water and dried with anhydrous MgS04. 
The solvent was removed under reduced pressure to leave 
brownish crystals. A solution of the crystals in a mixture of 
ethyl acetate and chloroform was chromatographed on silica 
gel, and was eluted with the same solvent. From the first 
eluent an adduct 9 was obtained as almost colorless needles 
after recrystallization from a mixture of ethyl acetate and 
hexane, 844 mg (49.4%), mp 166—168 °C. From the second 
eluent an adduct 10 was obtained as almost colorless needles 
after recrystallization from a mixture of ethyl acetate and 
hexane, 420 mg (24.5%), mp 174—175 °C. 

9: UV Amax (MeOH) 243 nm (log £ 4.33); IR (KBr) 3350, 
3250, 1785, 1765, 1500 cm"1; *H NMR (acetone-*) <5=2.22 
(3H, s, CH3), 2.37 (IH, d, /=20.0 Hz, -HaCH-) , 2.98 (IH, dd, 
/=20.0 and 8.0 Hz, -HCH0-), 5.64 (IH, d, 7=8.0 Hz, 
-CH-N), 5.91 (IH, s, -COH), 6.07 (2H, s, -CH=CH-), 6.96 
(2H, d, /=9.0 Hz, Ar), 7.20 (2H, d, /=9.0 Hz, Ar), 10.57 (IH, 
s, =NOH); Found: C, 65.41; H, 5.67; N, 10.78%. Calcd for 
C14H14O3N2: C, 65.10; H , 5.46; N , 10.85%. 

10: UV Amax (MeOH) 243 nm (log £ 4.32); IR (KBr) 3410, 
3150, 1770, 1520cm"1; « N M R (acetone-*) 0=2.21 (3H, s, 
CH3), 2.41 (IH, d, /=20.0 Hz, -HaCH-) , 3.06 (IH, dd, 
7=20.0 and 8.0 Hz, -HCH/3-), 4.80 (IH, dd, 7=8.0 and 
2.0 Hz, -CH-N), 5.90 (IH, s, -COH), 6.25 (IH, d, /=11.0 Hz, 
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-CH=CH-COH), 6.8 (1H, dd, /=11.0 and 2.0 Hz, -CH=CH-
COH), 6.95 (2H, d, 7=9.0 Hz, Ar), 7.18 (2H, d, 7=9.0 Hz, Ar), 
10.15 (1H, s, =NOH); Found: C, 65.11; H, 5.69; N, 10.67%. 
Calcd for C14H14O3N2: C, 65.10; H, 5.46; N, 10.85%. 

Reaction of 5-Nitrosotropolone and Aniline; Formation of 
Adducts (11 and 12). A mixture of 5-nitrosotropolone (288 
mg, 1.91 mmol) and aniline (510 mg, 5.48 mmol) in meth­
anol (0.5 cm3) was allowed to stand at room temperature for 
1 h. The reaction mixture was worked up and purified by 
chromatography in a similar manner to that of p-toluidine 
to give two kinds of adducts both as colorless needles; 11 
(257 mg, 54%) mp 164—166 °C and 12 (50 mg, 11%) mp 
127-129 °C. 

11: IR 3350, 1737cm"1; « N M R (acetone-^) 6=2.40 
(1H, dd, /=18.4 and 0.5 Hz, -HaCH-) , 2.96 (1H, dd, 7=18.4 
and 8.0 Hz, -HCH/3-), 5.72 (1H, dd, 7=8.0 and 0.5 Hz, 
-CH-N), 5.90 (1H, s, -COH), 6.10 (2H, s, -CH=CH-), 6 . 8 -
7.4 (5H, m, Ar), 10.56 (1H, s, =NOH); Found: C, 64.16; H, 
5.16; N, 11.34%. Calcd for C13H12O3N2: C, 63.92; H, 4.95; N, 
11.47%. 

12: IR 3300, 1755 cm"1; « NMR (CDCI3) 0=2.48 (1H, 
dd, /=18.5 and 0.4 Hz, -HaCH-) , 2.90 (1H, dd, 7=18.5 and 
7.9 Hz, -HCH0-), 4.75 (1H, s, -COH), 4.77 (1H, ddd, 7=7.9, 
1.5, and 0.4 Hz, -CH-N-) , 6.32 (1H, d, 7=10.0 Hz, -CH=CH-
COH), 6.82 (1H, dd, 7=10.0 and 1.5 Hz, -CH=CH-COH), 
6.9—7.4 (5H, m, Ar), 8.76 (1H, s, =NOH); Found: C, 64.15; 
H, 4.77; N, 11.37%. Calcd for C13H12O3N2: C, 63.92; H, 4.95; 
N, 11.47%. 

Reaction of 5-Nitrosotropolone and p-Toluidine; Forma­
tion of Rearranged Products (15 and 16). A solution of 5-
nitrosotropolone (5 g, 33 mmol) and p-toluidine (10 g, 
93 mmol) in methanol (3 cm3) was stirred at room temper­
ature for 20 min and then ethyl acetate (150 cm3) was added. 
The solution was extracted three times with each 30 cm3 of 2 
equiv HCl to remove unreacted p-toluidine, then the ethyl 
acetate solution was extracted with 2 equiv NaOH (50 cm3). 
The alkaline solution was acidified with 2 equiv HCl to give 
oily substance, which was solidified by chilling in an ice 
bath, and a mixture of the products 15 and 16 (7 g, 86.6%) 
was obtained. A solution of the mixture (200 mg) in ethyl 
acetate was chromatographed on silica gel to give 16 (27 mg) 
from the first eluent as colorless needles (from a mixture 
of ethyl acetate and hexane); mp 181—182 °C, and 15 
(140 mg) from the second eluent as colorless needles (from a 
mixture of ethyl acetate and hexane); mp 211—212 °C. 

15; UV Amax (MeOH) 233 nm (log £ 4.29); IR (KBr) 3450, 
1710, 1520 cm"1; ^H NMR (acetone-^) 6=2.29 (3H, s, CH3), 
2.32 (1H, dd, 7=11-0 and 1.0 Hz, -HaCH-) , 2.57 (1H, ddd, 
7=11.0, 6.0, and 2.0 Hz, -HCH0-) , 5.05 (1H, s, -COH), 5.63 
(1H, ddd, 7=6.0, 2.0, and 1.0 Hz, -CH-N), 6.00 (1H, dd, 
7=10.0 and 2.0 Hz, -CH=CH-COH), 6.35 (1H, dd, 7=10.0 
and 2.0 Hz, -CH=CH-COH), 7.08 (2H, d, 7=9.0 Hz, Ar), 7.66 
(2H, d, 7=9.0 Hz, Ar), 10.87 (1H, s, =NOH); Found: C, 65.12; 
H, 5.67; N, 10.77%. Calcd for C14H14O3N2: C, 65.10; H, 5.46; 
N, 10.85%. 

16: UV Amax (MeOH) 233 nm (log £ 4.30); IR (KBr) 3260, 
1694, 1516cm"1; « N M R (acetone-^) 6=2.27 (3H, s, CH3), 
2.41 (1H, dd, 7=11-0 and 1.0 Hz, -HaCH-) , 2.63 (1H, ddd, 
7=11.0, 6.0, and 2.0, -HCH/3-), 4.85 (1H, ddd, 7=6.2, 2.0, and 
1.0 Hz, -CH-N), 6.45 (1H, dm, 7=2.0 Hz, -CH=CH-COH), 
6.65 (1H, dm, 7=2.0 Hz, -CH=CH-COH), 7.08 (2H, d, 
7=9.0 Hz, Ar), 7.55 (2H, d, 7=9.0 Hz, Ar), 10.34 (1H, s, 

=NOH); Found: C, 65.16; H, 5.61; N, 10.83%. Calcd for 
C14H14O3N2: C, 65.10; H, 5.46; N, 10.85%. 

Reaction of 5-Nitrosotropolone and Aniline; Formation of 
Rearranged Products (17 and 18). A solution of 5-
nitrosotropolone (300 mg) and aniline (200 mg) in methanol 
(0.6 cm3) was heated for 10 min, and ethyl acetate was then 
added and was treated with 2 equiv NaOH solution. The re­
action mixture was worked up in a similar manner to that of 
p-toluidine to give 200 mg of crude product, which was 
separated by chromatography on silica gel to give rearranged 
products 17 (110 mg, 23%) mp 187—188 °C and 18 (40 mg, 
9%)mpl69—170.5 °C. 

17: IR (Nujol) 3330, 3200, 1680 cm"1; 1H NMR (acetone-
d6) 0=2.37 (1H, dd, 7=10.4 and 0.3 Hz, -HaCH-), 2.57 (1H, 
ddd, 7=10.4, 5.6, and 2.0 Hz, -HCH/3-), 5.27 (1H, s, -COH), 
5.69 (1H, ddd, 7=5.6, 2.2, and 0.3 Hz, -CH-N), 6.06 (1H, dd, 
7=10.6 and 2.2 Hz, -CH=CH-COH), 6.39 (1H, dd, 7=10.6 
and 2.0 Hz, -CH=CH-COH), 7.03—7.93 (5H, m, Ar), 11.12 
(IH, s, =NOH); Found: C, 63.60; H, 5.01; N, 11.38%. Calcd 
for C13H12O3N2: C, 63.92; H, 4.95; N, 11.47%. 

18: IR (Nujol) 3250, 1695cm"1; « N M R (acetone-^) 
0=2.46 (1H, dd, 7=10.3 and 0.7 Hz, -HaCH-), 2.66 (1H, ddd, 
7=10.3, 5.7, and 1.7 Hz, -HCH/3-), 4.94 (1H, ddd, 7=5.7, 1.7, 
and 0.7 Hz, -CH-N), 5.27 (1H, s, -COH), 6.53 (1H, dd, 
7=10.0 and 1.7 Hz, -CH=CH-COH), 6.68 (1H, dd, 7=10.0 
and 1.7 Hz, -CH=CH-COH), 7.03—7.81 (5H, m, Ar), 10.49 
(1H, s, =NOH); Found: C, 63.88; H, 5.11; N, 11.55%. Calcd 
for C13H12O3N2: C, 63.92; H, 4.95; N, 11.47%. 

Treatment of 9 and 10 with Aqueous Alkaline. To a 
cooled solution of 9 (50.4 mg) in ethyl acetate (3 cm3) with ice 
bath, 2 equiv aqueous solution of NaOH (2 cm3) was added, 
and the mixture was stirred for 1 h. Workup of the mixture 
by acidification and extraction with ethyl acetate afforded 
colorless needles (50 mg, 100%) mp 210 °C. IR and 1H NMR 
spectra of the product are superimposable with those of 15 
obtained from 5-nitrosotropolone and p-toluidine. A 
similar reaction of 10 (50.3 mg) afforded colorless needles 
(50 mg, 100%) mp 180 °C after similar work-up. IR and 
1H NMR spectra are superimposable with those of 16 
obtained from 5-nitrosotropolone and p-toluidine. 

Treatment of 11 and 12 with Aqueous Alkaline. Adducts 
(11) and (12) were reacted with cold 2N NaOH solution, 
respectively, and work-up in a similar manner to the above 
to give products both as colorless needles. IR spectra of these 
products are superimposable with those of 17 and 18, 
respectively. 

Reaction of a Mixture of 9 and 10 with Hydroxylamine. 
A solution of a mixture of 9 and 10 (200 mg), hydroxylamine 
hydrochloride (100 mg) and 2 drops of pyridine in ethanol 
(3 cm3) was refluxed for 30 min. The solvent was removed 
and water was added and yellow solid (100 mg) was obtained. 
The solid was recrystallized from diluted ethanol to give 
colorless needles, mp 202—203 °C (decomp). IR spectrum of 
the product is superimposable with that of tropoquinone 
trioxime (5). From the filtrate of the first filtration, p-
toluidine (30 mg), mp 43—45 °C was obtained by sublima­
tion. 

Reaction of 9 with o-Phenylenediamine. A solution of 9 
(129 mg) and o-phenylenediamine (60 mg) in methanol 
(3 cm3) was stirred at room temperature for 1 h. Precipitated 
orange crystals were filtered and recrystallized from meth­
anol to give 13 (130 mg, 81%) mp 220—221 °C (decomp). UV 
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Amax (MeOH) 250 nm (loge 4.40), 274 (4.34), 310—345 (4.17); 
IR (KBr) 3300, 3150, 1620 cm-1; *H NMR (Me2SO-d6) <5=2.10 
(3H, s, CH3), 3.20 (1H, d, 7=17.0 Hz, -CHaCH-), 3.74 (1H, 
dd, /=17.0 and 7.0 Hz, -HCH/3-), 5.08 (1H, d, 7=8.0 Hz, 
NH), 5.43 (1H, dd, 7=8.0 and 7.0 Hz, -CH-N), 6.48 (2H, d, 
7=10.0 Hz, Ar), 6.64 (1H, d, /=14.0 Hz, N=C-CH=CH-), 6.80 
(2H, d, /=9.0 Hz, Ar), 6.95 (1H, d, 7=14.0 Hz, N=C-CH=CH-), 
7.6—8.1 (4H, m, Ar), 11.90 (1 H, s, =NOH); Found: C, 73.32; 
H, 5.27; N, 16.88%. Calcd for C2oHi8ON4; C, 72.70; H, 5.49; 
N, 16.96%. 

Hydrolysis of a Mixture of 15 and 16. A solution of a 
mixture of 15 and 16 (1 g) and CUCO3 (1 g) in formic acid 
(10 cm3) was heated at 75 °C for 15 h. Precipitated inorganic 
salt was filtered off, then water (10 cm3) was added. The 
resulting dark solid was removed by filtration, the filtrate 
was neutralized by the addition of solid NaHCÜ3 to give 
greenish crystals. The crystals were recrystallized from 
methanol to give colorless plates 19 (400 mg, 45.5%) mp 
148—149 °C. IR; (KBr) 3320, 1687 cm"*; « N M R (acetone-
de) 0=2.05 (3H, s, CH3), 2.7—2.9 (2H, m, -CH2-) , 4.55 (1H, 
ddd, 7=4.0, 2.0 and 2.0 Hz, -CH-N), 5.41 (1H, s, -COH), 5.83 
(1H, dd, 7=10.0 and 2.0 Hz, -CH=CH-COH), 7.15 (2H, d, 
7=8.5 Hz, Ar), 7.33 (1H, dd, 7=10.0 and 2.0 Hz, -CH=CH-
COH), 7.49 (2H, d, 7=8.5 Hz, Ar); Found: C, 69.01; H, 5.17; 
N, 5.79%. Calcd for C14H13O3N: C, 69.12; H, 5.39; N, 5.76%. 

2,4-Dinitrophenylhydrazone; mp 233—234 °C (decomp), 
UV Amax (MeOH) 237 nm (log £4.37), 370 (4.46); Found: C, 
56.41; H, 3.92; N, 16.08%. Calcd for C20H17O6N5: C, 56.73; H, 
4.09; N, 16.54%. 

Hydrolysis of 17. A solution of 17 (431 mg, 1.81 mmol), 
CUCO3 (451 mg) in formic acid (6 cm3) was heated at 75 °C 
for 22.5 h. After precipitated salt was filtered off, ethyl 
acetate was added and washed with saturated NaHCC>3, and 
dried. Removal of the solvent gave brown oil which was 
chromatographed on silica gel using a mixture of ethyl 
acetate and benzene to give 20 (114 mg, 28.2%) as colorless 
leaflets, mp 132—133 °C (from a mixture of ethyl acetate and 
hexane). A mixture of 17 and 18 (59 mg) was recovered from 
the chromatography. IR (Nujol) 3300, 1680 cm"1; *H NMR 
(acetone-de) 6=2.84—3.00 (2H, m, -CH2-), 4.61 (1H, m, 
-CH-N), 5.57 (1H, s, -COH), 5.86 (1H, dd, 7=10.0 and 
2.2 Hz, -CH=CH-COH), 7.07—7.69 (6H, m, -CH=CH-COH 
and Ar); Found: C, 67.71; H, 4.76; N, 6.19%. Calcd for 
C13H11O3N: C, 68.11; H, 4.84; N, 6.11%. 

Treatment of 19 with Hydrobromic Acid. A solution of 
19 (1 g) in 48% hydrobromic acid (4 cm3) was heated at 80— 
85 °C for 2 h. The solution was diluted with water (10 cm3) 
and extracted with ethyl acetate. The extract was dried over 
anhydrous Na2S04, the solvent was removed to leave stick 
crystals (500 mg). The crystals were dissolved in methanol, 
treated with charcoal and recrystallized from diluted 
methanol to give 21 (300 mg, 30%) as almost colorless 
needles, mp 109—110°C, which showed violet coloration 
with iron(III) chloride. UV Amax (MeOH) 231 nm (log £ 4.27), 
250sh (4.17), 290 (4.24); *H NMR (acetone-*) 6=2.26 (3H, s, 
CH3), 6.89 (1H, d, 7=8.0 Hz), 7.03 (4H, s), 7.43 (1H, dd, 
7=8.0, 2.0 Hz), 7.82 (1H, d, 7=2.0 Hz), 9.0 (1H, bs); Found: C, 
65.30; H, 5.62; N, 5.55; H 2 0 , 5.12%. Calcd for C14H13O3N. 
H2O: C, 64.36; H, 5.79; N, 5.36; H2O, 6.90%. 

Methyl Ester (22). Reaction of 21 (100 mg) with ethereal 
solution of diazomethane afforded methyl ester 22, mp 
151.5—152.5°C as colorless leaflets (from a mixture of 

benzene and cyclohexane). *H NMR (acetone-*) ô=2.28 
(3H, CH3), 3.78 (3H, CH3), 6.90 (1H, d, 7=8.0 Hz), 7.03 (4H, 
s), 7.40 (1H, dd, 7= 8.0, 2.0 Hz), 7.78 (1H, d, 7=2.0 Hz), 9.0 
(1H, bs); Found: C, 69.78; H, 5.85; N, 5.84%. Calcd for 
C15H15O3N: C, 70.02; H, 5.88; N, 5.44%. 

Catalytic Hydrogénation of 19. A solution of 19 ( 100 mg) 
in methanol (6 cm3) was submitted to a catalytic hydrogéna­
tion in the presence of 5% Pd-C (30 mg) at atmospheric 
pressure. After one molar equivalent of hydrogen (ca. 
10 cm3) was uptaken, catalyst was filtered off, and the 
product was purified by recrystallization from methanol to 
give 23 as colorless prisms, mp 166—167 °C. IR (KBr) 3310, 
1720, 1690 cm"1; Found: C, 68.67; H, 6.20; N, 6.14%. Calcd 
for C14H15O3N: C, 68.55; H, 6.16; N, 5.71%. 

Catalytic Hydrogénation of 20. A solution of 20 (70 mg) 
in methanol (8 cm3) was submitted to catalytic hydrogéna­
tion in the presence of 5% Pd-C (20 mg). One molar 
equivalent of hydrogen was uptaken, and the compound 24 
(60 mg) was obtained as colorless sticks, mp 142.5—144 °C. 
Found: C, 67.48; H, 5.52; N, 6.03%. Calcd for G3H13O3N: C, 
67.52; H, 5.67; N, 6.06%. 

Treatment of 23 with Hydrobromic Acid. A solution of 
23 (600 mg) and 48% hydrobromic acid (4 cm3) at 80—85 °C 
for 2 h. The solution was cooled in an ice bath, and the 
precipitated crystals were filtered to give p-toluidine 
hydrobromide (240 mg). The filtrate was diluted with water 
(8 cm3), precipitated mass was filtered to give dark yellow 
crystals (170 mg). The crystals were recrystallized from a 
mixture of ethyl acetate and benzene to give 24 as gray-
colored microneedles, mp 190°C (decomp), the melting 
point was undepressed on admixture with protocatechuic 
acid. Acetylation of the product with acetic anhydride at 
80 °C gave the acetate, mp 157—158°C, after recrystalliza­
tion from benzene. The melting point of the acetate was 
undepressed on admixture with the diacetate of protocate­
chuic acid. Found: C, 55.69; H, 4.10%. Calcd for CnHioOe: 
C, 55.46; H, 4.23%. 

Treatment of 24 with Hydrobromic Acid. A solution of 
24 (150 mg) and 48% hydrobromic acid (1 cm3) was heated at 
80 °C for 3 h. Protocatechuic acid (25) (20 mg) was obtained 
after work-up in a similar manner to the case of 23. 

Reaction of 5-Nitrosotropolone and p-Toluidine: Forma­
tion of 1:2 Products (26 and 27). A solution of 5-
nitrosotropolone (3 g, 18.2 mmol) and p-toluidine (6.4 g, 
52 mmol) in methanol (3 cm3) was heated at 90 °C on water 
bath for 20 min. The mixture was solidified, then heated at 
the same temperature for further 10 min. Benzene (5 cm3) 
was added and the crystals were filtered to give 3 g of the 
product. From the filtrate, second crop (900 mg) was 
obtained. Combined product was recrystallized from 
ethanol to give 26 as colorless needles (2.9 g, 46.2%) mp 222— 
223 °C, the melting point was undepressed on admixture 
with 1:2 product obtained previously.4) Crystals obtained 
from the filtrate were recrystallized from ethanol to give 27 as 
colorless prisms (400 mg, 6.38%) mp 212—213 °C. The 
product (27) sometimes crystallized as colorless needles. 

26: IR (KBr) 3350, 1710, 1522 cm"1; 1H NMR (acetone-^) 
0=2.2 (3H, s, CH3), 2.3 (3H, s, CH3), 2.52 (1H, ddd, 7=12.0, 
6.0 and 2.0 Hz, -HCH/3-), 2.94 (1H, dd, 7=12.0 and 1.0 Hz, 
-HaCH-) , 5.07 (1H, s, NH), 5.72(1H, ddd, 7=6.0, 2.0 and 
1.0 Hz, -CH-N), 6.12 (1H, dd, /=11.0 and 2.0 Hz, -CH=CH-
C-NH), 6.33 (1H, dd, 7=11.0 and 2.0 Hz, -CH=CH-C-NH), 
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6.65 (2H, d, /=9.0 Hz, Ar), 6.93 (2H, d, /=9.0Hz, Ar), 7.10 
(2H, d, /=9.0 Hz, Ar), 7.67 (2H, d, 7=9.0 Hz, Ar), 10.89 (1H, 
s, =NOH); Found: C, 73.31; H, 5.65; N, 12.22%. Calcd for 
C21H21O2N3: C, 72.60; H, 6.09; N, 12.10%. 

27: IR (KBr) 3380, 1710, 1520 cm"*; *H NMR (acetone-*) 
0=2.2 (3H, s, CH3), 2.3 (3H, s, CH3), 2.61 (1H, ddd, 7=12.0, 
6.0, and 2.0 Hz, -HCH/3-), 3.05 (1H, dd, 7=12.0 and 1.0 Hz, 
-HaCH-) , 4.95 (1H, ddd, 7=6.0, 2.0, and 1.0 Hz, CH-N), 5.08 
(1H, bs, NH), 6.47 (1H, dd, /=11.0 and 2.0 Hz, -CH=CH-
C-NH), 6.67 (2H, d, 7=9.0 Hz, Ar), 6.76 (1H, dd, 7=11.0 and 
2.0 Hz, -CH=CH-C-NH), 6.94 (2H, d, 7=9.0 Hz, Ar), 7.11 
(2H, d, 7=9.0 Hz, Ar), 7.57 (2H, d, 7=9.0 Hz, Ar), 10.41 (1H, 
s, =NOH); Found: C, 73.05; H, 5.50; N, 12.28%. Calcd for 
C21H21O2N3: C, 72.60; H, 6.09; N, 12.10%. 

Reaction of 5-Nitrosotropolone and Aniline; Formation of 
1:2 Products (29 and 30). A mixture of 5-nitrosotropolone 
(1 g, 6 mmol) and aniline (1.8 g, 19.4 mmol) in methanol 
(1 cm3) was allowed to react and worked up in a similar 
manner to that of p-toluidine. Two products 29 (750 mg, 
38.9%) as colorless needles, mp 205—206 °C, and 30 (250 mg, 
13%) as colorless prisms, mp 199—200 °C were obtained after 
recrystallization from ethanol. The compound 29 was found 
to be identical with the product obtained in the literature.4* 

29: Found: C, 71.50; H, 5.40; N, 13.10%. Calcd for 
C19H17O2N3: C, 71.45; H, 5.37; N, 13.16%. 

30: Found: C, 71.32; H, 4.93; N, 13.22%. Calcd for 
C19H17O2N3: C, 71.45; H, 5.37; N, 13.16%. 

Reaction of a Mixture of 9 and 10 with p-Toluidine. A 
solution of a mixture of 9 and 10 (100 mg), and p-toluidine 
(80 mg) in methanol (0.1 cm3) was heated at 80 °C for 30 min, 
and was worked up as the above to give 26 (70 mg) and 27 
(10 mg). 

Hydrolysis of 26. A solution of 26 (2 g) and CuC0 3 (2 g) 
in formic acid (10 cm3) was heated at 80 °C for 30 min. Pre­
cipitated inorganic salt was filtered, the filtrate was diluted 
with water (40 cm3). Precipitated solid was filtered, and a 
solution of the solid in ethyl acetate was chromatographed 
on alumina to give crystals (500 mg). The first filtrate was 
adjusted to slightly acidic by addition of solid NaHCC>3 and 
crystals (380 mg) were obtained. Combined crystals (880 mg) 
were recrystallized from ethanol to give 31 as colorless 
prisms, mp 143—144 °C. IR; (KBr) 1725, 1690, 1670, 
1510 cm"1; Found: C, 73.11; H, 5.42; N, 7.95%. Calcd for 
C22H20O3N2: C, 73.31; H, 5.59; N, 7.77%. 

Treatment of 26 with Formic Acid. A solution of 26 

(300 mg) in 85% formic acid (8 cm3) was heated at 80 °C for 
30 h. The solution was adjusted to slightly acidic by 
addition of solid NaHCC>3, and crystals (150 mg) was 
obtained. The crystals were recrystallized from ethanol to 
give 32 as colorless prisms, mp 227—229 °C. The product 
was identical with the oxime of 31 obtained above. Found: 
C, 70.07; H, 5.48; N, 11.31%. Calcd for C22H21O3N3: C, 70.38; 
H, 5.64; N, 11.19%. 

Catalytic Hydrogénation of 26. A solution of 26 (2 g) in 
ethanol (250 cm3) was consumed 2.2 molar equivalents of 
hydrogen in the presence of 5% Pd-C (500 mg). The catalyst 
was filtered off, and the product was recrystallized from 
ethanol to give 33 as colorless needles, mp 202—204 °C. 
Found: C, 71.94; H, 6.92; N, 12.19%. Calcd for C21H23O2N3: 
C, 72.18; H, 6.63; N, 12.03%. 

Hydrolysis of 33. A solution of 33 (450 mg) in concen­
trated HCl (3 cm3) was heated at 100 °C for 5 h, and the 
precipitated mass (440 mg) was filtered and recrystallized 
from diluted ethanol to give 34 as colorless prisms. Found: 
C, 75.35; H, 6.51; N, 8.61%. Calcd for C21H22O2N2: C, 75.42; 
H, 6.63; N, 8.38%. An oxime of 34 was identical with 33. 

T h e au thors are grateful to Prof. Sho I to for his 
helpful discussion and to Mr. Shunj i I to for his 
technical assistance. 
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Formation of l,3-Oxathiole-2-thione and 1,2,4-Trithiolane Derivatives 
by the Catalytic Reaction of a-Diazocarbonyl Compounds 
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The rhodium(II) acetate-catalyzed decomposition of a-diazocarbonyl compounds such as substituted a-
diazoacetophenones, cyclic diazoketones, cyclic diazodiketones, and a-diazo-ß-ketoesters in carbon disulfide 
gave l,3-oxathiole-2-thione derivatives in good yields. Diazomalonates also gave alkyl 5-alkoxy-2-thioxo-l,3-
oxathiole-4-carboxylates together with 3,5-bis[bis(alkoxycarbonyl)methylene]-l,2,4-trithiolanes. The forma­
tion of l,3-oxathiole-2-thiones can be explained by the intermediacy of zwitterionic intermediate containing 
rhodium(II) acetate formed by the reaction of carbon disulfide with ketocarbenoids generated in the catalytic 
decomposition of the diazocarbonyl compounds. 

Because of its h igh reactivity, a-diazocarbonyl 
c o m p o u n d s have been used in many reactions in order 
to introduce ketocarbene moiety in organic synthesis.2) 

Reactions of a-diazocarbonyl compounds 1 wi th 
carbon disulfide in the absence of catalyst have been 
studied to yield l,3-dithiolan-4-ones 2, 2-methylene-l,3-
dithietanes 3 and thiadiazoles 4 depending u p o n the 
substi tuents R1 and R2 as shown below.3) O n the other 
hand, Huisgen reported that thermal and photochem­
ical decomposi t ion of 2,3,4,5-tetrachloro-6-diazo-2,4-
cyclohexadien-1-one (5) in carbon disulfide yields 
the corresponding l ,3-benzoxathiole-2-thione (6).4) 

However, a-diazoacetophenone was reported to 
react very slowly wi th carbon disulfide to give a 
thiadiazole 4 in low yield.3J»3k) There is no precedent 
for the catalytic reaction of a-diazoacetophenone wi th 
carbon disulfide. Therefore, as a con t inua t ion of our 
studies on the catalytic reaction of a-diazocarbonyl 
compounds with hetero-unsaturated compounds,5* we 
studied the rhodium(II) acetate-catalyzed decomposi­
t ion of various types of a-diazocarbonyl compounds in 
the presence of carbon disulfide, and found the 
generality of the method for the synthesis of 1,3-
oxathiole-2-thione. 

Results and Discussion 

T h e rhodium(II ) acetate-catalyzed reaction of a-
diazoacetophenone (7b) was performed at 46 °C in 
carbon disulfide. T h e reaction mixture was separated 
by medium-pressure l iqu id chromatography on silica 
gel to give colorless crystals 9b. Elemental analysis 
and mass spectrum measurement (M+=194) indicate 
that 9b is a 1:1 reaction produc t of the corresponding 
ketocarbene 8b wi th carbon disulfide. IR spectrum of 
the product shows the presence of a thiocarbonyl 
g roup at 1197 c m - 1 and the absence of a carbonyl 
g roup . These results and N M R data indicate that the 
product is 5-phenyl-l ,3-oxathiole-2-thione (9b).6) 

Other substi tuted a-diazoacetophenones 7 also gave 
the corresponding l,3-oxathiole-2-thiones (9) in the 
same reaction condit ions in moderate yields (Table 1). 
T h e decreased yields of l ,3-oxathiole-2-thiones (9e and 
9f ) were observed by subst i tut ion of an alkoxycarbonyl 
g r o u p on or tho posi t ion to diazoacetyl g roup . T h e 
ma in pa thway of these reactions was the formation of 
l-alkoxy-2-benzopyrylium-4-olates (10) th rough an 
intramolecular carbene-carbonyl reaction,5) followed 
by 1,3-dipolar cycloaddit ion wi th carbon disulfide to 

R 1 - C - C - R 2 

M n 
O N2 

1 

CS2 

O 

R 1 - C 

;>=< 

PhCO 
N 

PhCOCH2 S 

4 (R1=Ph, R2=H) 

O O 

R 1 - C ^ S C - R 1 

"ft 
CI | N2 CI 
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15 
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13 

16 

give two stereoisomers of 2:1-adducts 11.7) Substitu­
tion on para position of diazoacetophenone by an 
electron-withdrawing group or an electron-releasing 
group did not affect dramatically the yields of 9. The 
yields and spectroscopic data of 9 are listed in Table 1. 
There observed two types of fragmentation of 9 in its 
mass spectrum. One is the elimination of a carbonyl 
sulfide from l,3-oxathiole-2-thione ring system to 
give (M+—60) peak. The other is the elimination of 
HCSCS to give (M+-89) peak. 

This reaction was also applicable to cyclic diazo-

20 s 

ketones such as 2-diazocyclohexanone (12) and 10-diazo-
9-phenanthrone (15) to give l,3-oxathiole-2-thiones 14 
and 17 in the yields of 71 and 66%, respectively. 1,3-
Oxathiole-2-thione 14 shows a band for a thiocarbonyl 
group in its IR spectrum at 1191 cm - 1 and 17 shows at 
1196 cm-1. 13CNMR spectra of 14 and 17 show 
signals of C=S carbon at 0=201.05 and 203.78. 

The decomposition of diazocamphor (18) in the 
presence of rhodium(II) acetate in carbon disulfide 
gave only intramolecular C-H insertion product, 
cyclocamphanone (21),8) without affording the expect-

Table 1. Yields and Spectroscopic Data of 5-Aryl-l,3-oxathiole-2-thione 

9a 
9b 
9c 
9d 
9e 
9f 

Yield 

% 

71 
67 
72 
51 
6 
7 

C2 

203.09 
202.78 
202.36 
201.23 
202.57 
202.66 

13C NMR/Ô 

C4 

100.42 
102.76 
103.41 
107.27 
106.34 
105.99 

C5 

155.86 
155.67 
154.46 
152.98 
154.73 
155.28 

1H NMR/Ô 

H4 

6.56 
6.74 
6.75 
6.99 
6.67 
6.61 

IR/cm"1 

C=S 

1189 
1197 
1203, 1191 
1201 
1181 
1196 
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ed l,3-oxathiole-2-thione 20. The reaction in benzene 
at 46 °C gave the same tricycloketone 21. These results 
indicate that the intramolecular C-H insertion of the 
ketocarbenoid 19 to give 21 is faster than the formation 
of l,3-oxathiole-2-thione by the intermolecular reac­
tion with carbon disulfide. 

Cyclic diazodiketones such as 2-diazo-l,3-cyclohex-
anedione (22a) and diazodimedone (22b) gave the 
corresponding condensed l,3-oxathiole-2-thiones 24a 
and 24b in 88 and 98% yields. Hadjiarapoglou 
reported the formation of the same compound 24b in 
the Cu(acac)2-catalyzed decomposition of phenyliod-
onium ylide of dimedone in carbon disulfide.6c) 

Similar reaction of 2,3-dihydro-3-oxo-2-(phenyliodo-
nio)benzo[fc]thiophen-2-ide 1,1-dioxide was also re­
ported.6^ They explained this reaction by the 
intermediacy of ketocarbenoid generated by the cata­
lytic decomposition of the iodonium ylide. 

The reaction of an acyclic diazodiketone, 3-diazo-
pentane-2,4-dione (25a), with carbon disulfide in the 
presence of rhodium(II) acetate yielded 4-acetyl-5-
methyl-l,3-oxathiole-2-thione (27a) in 74% yield. The 
reactions of 2-diazo-3-ketoesters such as methyl (25b) 
and ethyl diazoacetoacetates (25c) gave only single 
products, l,3-oxathiole-2-thiones 27b, 27c. Thione 27c 
shows a band for an ester carbonyl group in its IR 
spectrum at 1724 cm - 1 and a thiocarbonyl band at 
1189 cm -1. These data indicate that the reaction-site of 
carbenoid 26 is not ester carbonyl group but acetyl 
group. Alonso and his co-workers have reported that 
the reaction of diazoacetoacetate with carbonyl com­
pounds such as ketone and aldehyde in the presence of 
copper(II) chelate give similar type ring-closure prod­
ucts at acetyl group.9) 

The reaction of diazomalonates 28 with carbon 
disulfide in the presence of rhodium(II) acetate gave 
the corresponding alkyl 5-alkoxy-2-thioxo-l,3-oxa-
thiole-4-carboxylates (29) together with 3,5-bis[bis-

(alkoxycarbonyl)methylene]-1,2,4-trithiolanes (30). The 
structure of 1,2,4-trithiolane (30b) was confirmed by 
comparison of the spectroscopic data with those of 
authentic sample synthesized by the method of 
Wenzel.10) Yields of 29 and 30 decreased when 
substituent R becomes bulky in the order of methyl, 
ethyl, and isopropyl. 

Thermolysis of alkyl 5-alkoxy-2-thioxo-l,3-oxa-
thiole-4-carboxylate 29 under the conditions shown in 
Table 2 gave the corresponding 3,5-dimethylene-1,2,4-
trithiolanes 30 in high yields. However, the rate of 
formation of trithiolane 30 by the thermolysis of 1,3-
oxathiole-2-thione 29 is slower than that of the 
catalytic decomposition of diazomalonates in carbon 
disulfide. These results indicate that trithiolanes 30 
obtained in the catalytic decomposition of diazo­
malonates are not the secondary product derived from 
l,3-oxathiole-2-thiones 29. 

The spectroscopic data of l,3-oxathiole-2-thiones 
obtained in the reaction of diazodicarbonyl com­
pounds are summarized in Table 3. The 1,3-oxathiole-
2-thiones show the strong stretching band of thiocar­
bonyl groups at 1172—1202 cm-1. In 13C NMR 
spectra, a signal of thiocarbonyl carbon is observed at 
ô=199—201. When the thione has an alkoxyl group at 
C-5, the signal of thiocarbonyl carbon is observed at 
slightly higher field (5=194—195). 

The possible mechanism for the formation of 1,3-
oxathiole-2-thiones 35 in the catalytic decomposition 

Table 2. Yields of 30 Obtained in the Thermolysis of 29 

Compound Reaction 
conditions 

Product Yield/% 

29a 46 °C, CS2, 40 d 30a 69 
29b 46 °C, CS2, 74 d 30b 75 
29b 80 °C, C6H6, 12 d 30b 88 
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Table 3. Yields and Spectroscopic Data of l,3-Oxathiole-2-thiones Obtained 
in the Reaction of Diazodi car bonyl Compounds 

24a 
24b 
27a 
27b 
27c 
29a 
29b 
29c 

"Vf* 
Vs 

RI S R2 

-(CH2)3CO-
-CH2C(CH3)2CH2CO-

CH3 COCH3 
CH3 COOCH3 
CH3 COOC2H5 
CH3O COOCH3 
C2H5O COOC2H5 

(CH3)2CHO COOCH(CH3)2 

IR 

C^S/cm"1 

1176 
1202 
1185 
1189 
1189 
1172 
1191 
1177 

13C NMR 

C=S/<5 

201.09 
201.41 
199.87 
200.68 
200.76 
194.18 
194.76 
195.33 

Yield 

% 

89 
98 
74 
76 
79 
49 
41 
31 
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II 
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+ 

Scheme 1. 

of a-diazocarbonyl c o m p o u n d s in carbon disulfide is 
shown in Scheme 1. T h e reaction is ini t iated by the 
attack of ketocarbenoid 312>n) on the sulfur a tom of 
carbon disulfide to generate zwitterion species contain­
ing rhodium(I I ) acetate 32. There are three possibil­
ities in the next step of the reaction. T h e first one is 
the e l imina t ion of rhodium(II ) acetate to give thiocar-
bonyl ylide 33 (path a), followed by the cyclization at 
carbonyl oxygen and carbon a tom or iginated from 
carbon disulfide to give 35. T h e second possibility is 
that the e l imina t ion of rhodium(II ) acetate to give 
thi i rane derivative 34 in the same manne r proposed for 
cyclopropanat ion of ketocarbenoid2) (path b), followed 
by the r ing -open ing at C-C bond to afford ylide 33, 
which is in equ i l i b r ium wi th 34. T h e third possibility 
is the cyclization of 32 to give a zwitterion intermediate 
36 (path c), followed by e l iminat ion of rhodium(II) 
acetate. 

T h e reaction of a-diazocarbonyl compounds wi th 
carbon disulfide in the presence of rhodium(I I ) acetate 

can be the general method for the prepara t ion of 1,3-
oxathiole-2-thiones different from the methods utiliz­
ing i odon ium ylide6c»6e) and the reaction between 
sodium 1-imidazolecarbodithioate and substituted phe-
nacyl bromides6 d ) because the start ing materials are 
readily available. Fur ther study for the determinat ion 
of mechan i sm of the formation of l,3-oxathiole-2-
thione is now in progress. 

Experimental 

Melting points were measured with a Yanagimoto 
Melting-point Apparatus and were not corrected. IR spectra 
were recorded on a Perkin-Elmer model 983. 1H NMR 
(399.65 MHz and 500 MHz) and 13C NMR (100.40 MHz and 
125.65 MHz) spectra were recorded on a JEOL GSX-400 and 
a GX-500 in a CDCI3 solution, using TMS as an internal 
standard. Mass spectra were determined with a JEOL JMS-
DX303 mass spectrometer. Electronic spectra were measured 
with a Hitachi U-3400 spectrophotometer. 

Meterials. ^-Substituted a-diazoacetophenones were pre­
pared by the reaction of the corresponding benzoyl chlorides 
with an excess of diazomethane in the presence of 
triethylamine according to Newman's method.12) Methyl 
and isopropyl o-diazoacetylbenzoates were prepared by the 
procedure described in the previous paper.5a) Diazodicar-
bonyl compounds were prepared by the diazo group transfer 
reaction reported by Regitz.13) 10-Diazo-9-phenanthrone14) 

and 2-diazocyclohexanone15) were prepared according to the 
reported methods. Benzene was purified by distillation after 
reflux on CaH2 and stored over molecular sieves 4A. Carbon 
disulfide was purified just before use by distillation after 
reflux on diphosphorus pentoxide. 

General Procedure for the Rhodium(II) Acetate-Catalyzed 
Decomposition of a-Diazocarbonyl Compounds. A solu­
tion of diazocarbonyl compound (3.00 mmol) in dry benzene 
(50 ml) was added over a period of ca. 4 h to a reflux 
suspension of rhodium(II) acetate (4.3 mg, 9.7X10~3mmol) 
in carbon disulfide (100 ml) under nitrogen atmosphere. 
The solution was heated at 46 °C until the diazo compound 
was no more detected by TLC or IR spectrum. The resulting 
reaction mixture was concentrated under reduced pressure. 
The residue was separated by medium-pressure liquid 
chromatography (silica gel, eluted with benzene-hexane or 



3100 Toshikazu IBATA and Hirofumi NAKANO [Vol. 63, No. 11 

ethyl acetate-hexane). 
5-(£-Methoxyphenyl)-l,3-oxathiole-2-thione (9a): 71% 

yield from 7a; colorless crystals; mp 88.8—90.4 (lit,6d> 85—88) 
°C (from benzene-hexane); 1H NMR (CDC13) ô=3.85 (3H, s, 
OCH3), 6.56 (1H, s, CH), 6.92—6.96 (2H, m, arom-H), and 
7.56—7.60 (2H, m, arom-H); ^-Selective decoupling spec­
trum at 5=3.85 showed following assignments, 13C NMR 
(CDCI3) 5=55.46 (q, OCH3), 100.42 (d, =CH), 114.51 (d, 
arom-CH), 119.80 (s, arom-C), 126.75 (d, arom-CH), 155.86 
(s, =C-0), 161.10 (s, CH30-arom-£), and 203.09 (d, 
3 / C H = 7 . 3 H Z , OS) ; IR (KBr) 3079 (C-H), 1611, 1596, 1506, 
1450, 1436, 1421, 1322, 1307, 1262, 1189 (C=S), 1171, 1144, 
1112, 1052, 1032, 1004, 825, 743, 713, and 666 cm-*; MS (EI) 
m/z (rel intensity %, assignment) 226 (12, M++2), 225 (16, 
M-H-l), 224 (100, M+), 164 (49, M+-COS), 149 (81), 135 (30), 
121 (18), and 77 (18). Found: C, 53.65; H, 3.65%. 

5-Phenyl-l,3-oxathiole-2-thione (9b): 67% yield from 7b; 
colorless crystals; mp 94.8—96.0 (lit,6d> 91—93) °C (from 
benzene-hexane); *H NMR (CDCI3) ô=6.74 (1H, s, O H ) and 
7.35—7.67 (5H, m, arom-H); 13C NMR (CDCI3) <5=102.76 (d, 
O H ) , 125.05 (d, arom-CH), 126.95 (s, arom-C), 129.05 (d, 
arom-CH), 130.16 (d, arom-CH), 155.67 (s, =C-0), and 
202.78 (d, 3 / C H = 5 . 8 H Z ) ; IR (KBr) 3108 (C-H), 1567, 1489, 
1445, 1197 (C=S), 1168, 1048, 1032, 1009, 735, 686, and 
680 cm"1; MS (EI) m/z (rel intensity %, assignment) 196 (13, 
M-H-2), 195 (15, M-H-l), 194 (100, M+) 134 (71, M+-COS), 
105 (35), 90 (15), and 77 (27); UV (MeOH) Amax (e) 332 
(1.56X10*) and 223 (1.63X104) nm. Found: C, 55.82; H, 
3.22%. 

5-(p-Chlorophenyl)-l,3-oxathiole-2-thione (9c): 72% yield 
from 7c; yellow crystals; mp 147.8—148.5 °C (from benzene-
hexane); *HNMR (CDCI3) ô=6.75 (1H, s, CH), 7.40—7.43 
(2H, m, arom-H), and 7.56—7.60 (2H, m, arom-H); Long-
range C-H cosy measurement showed following assign­
ments, 13CNMR (CDCI3) 5=103.41 (d, =CH-S), 125.45 (s, 
arom-C), 126.32 (d, o- of arom-CH), 129.43 (d, m- of arom-
CH), 136.25 (s, arom-C), 154.46 (s, O - O ) , and 202.36 (d, 
3 / C H = 8 . 3 Hz, C=S); IR (KBr) 3087 (C-H), 1603, 1487, 1406, 
1283, 1211, 1203, 1191, 1184, 1164,1093,1052,1020, 1009, 825, 
755, and 663 cm -1; MS (EI) m/z (rel intensity %, assignment) 
230 (47, M++2), 229 (14, M++1), 228 (100, M+), 168 (68, 
M+-COS), 139 (40), 133 (22), 111 (18), 89 (15), and 75 (10). 
Found: C, 47.25; H, 2.41%. Calcd for C9H5OS2CI: C, 47.26; 
H, 2.20%. 

5-(£-Nitrophenyl)-l,3-oxathiole-2-thione (9d): 51% yield 
from 7d; yellow crystals; mp 205.1—207.5 °C (from benzene-
hexane); *HNMR (CDCI3) ô=6.99 (1H, s, CH), 7.81—7.84 
(2H, m, arom-H), and 8.29—8.32 (2H, m, arom-H); 13C NMR 
(CDCI3) 5=107.27 (d, =CH-S), 124.58 (d, arom-CH), 125.84 
(d, arom-CH), 132.37 (s, arom-C), 148.54 (s, arom-C), 152.98 
(s, O - O ) , and 201.23 (d, 3 /CH=7 .2 HZ, C=S); IR (KBr) 3115 
(C-H), 1598, 1578,1508 (N=0), 1490,1376,1351 (N=0), 1324, 
1201 (C=S), 1184, 1157, 1111, 1054, 1018, 1010, 888, 854, 823, 
763, 742, 685, and 662 cm"1; MS (EI) m/z (rel intensity %, 
assignment) 241 (12, M++2), 240 (15, M++1), 239 (100, M+), 
179 (14, M+-COS), 150 (55), 133 (16), 104 (21), 89 (32), and 76 
(12). Found: C, 45.29; H, 2.32; N, 5.96%. Calcd for 
C9H5NO3S2CI: C, 45.18; H, 2.11; N, 5.85%. 

Catalytic Decomposition of Alkyl o-Diazoacetylbenzoate 
(7e and 7f) in Carbon Disulfide. A solution of alkyl o-
diazoacetylbenzoate (3.00 mmol) in dry benzene (10 ml) was 
added over a period of ca. 1 h to a reflux suspension of 

rhodium(II) acetate (1.6 mg, 3.6X10~3mmol) in carbon 
disulfide (20 ml) under nitrogen atmosphere. The solution 
was heated at 46 °C for 1.4 h. The reaction mixture was 
concentrated under reduced pressure. The residue was 
separated by medium-pressure liquid chromatography (silica 
gel, eluted with benzene-hexane). 

Major 2:1-Adduct lie: 65% yield from 7e; colorless 
crystals; mp 236.1—237.0 °C (from benzene-hexane). Found: 
C, 58.93; H, 3.77%. Calcd for C2iHi606S2: C, 58.87; H, 3.76%. 

Minor 2:1-Adduct lie': 10% yield from 7e; colorless 
crystals; mp 200—202 °C (from benzene-hexane). 

5-(o-Methoxycarbonylphenyl)-l,3-oxathiole-2-thione (9e): 
6% yield from 7e; pale yellow crystals; mp 120.1—121.0 °C 
(from benzene-hexane); *H NMR (CDCI3) ô=3.90 (3H, s, 
OCH3), 6.67 (1H, s, CH), 7.52—7.62 (3H, m, arom-H), and 
7.90—7.93 (1H, m, arom-H); 13C NMR (CDCI3) ô=52.73 (s, 
OCH3), 106.34 (d, I / C H = 1 9 5 . 6 H Z , =CH-S), 127.20 (s, arom-
C), 129.94 (d, arom-CH), 130.48 (d, arom-CH), 130.50 (d, 
arom-CH), 130.74 (s, arom-C), 131.90 (d, arom-CH), 154.73 
(s, = 0 0 ) , 166.90 (s, ester C=0), and 202.57 (d, 3 / C H = 7 . 0 H Z , 
C=S); IR (KBr) 3092 (C-H), 1719 (ester C O ) , 1598, 1450, 
1432, 1299, 1288, 1250, 1181 (C=S), 1125, 1102, 1050, 1013, 
956, 793, 763, 719, 687, and 666 cm"1; MS (El) m/z (rel 
intensity %, assignment) 254 (13, M++2), 253 (17, M++1), 252 
(100, M+), 221 (10), 192 (10, M+-COS), 176 (32), 163 (50), 133 
(32), 89(10), and 77 (12). Found: C, 52.43; H, 3.20%. Calcd 
for C11H8O3S2: C, 52.36; H, 3.20%. 

Major 2:1-Adduct llf: 66% yield from 7f; colorless 
crystals; mp 211.0—211.8 °C (from acetone). Found: C, 
61.87; H, 5.23%. Calcd for C25H24O6S2; C, 61.96; H, 4.99%. 

Minor 2:1-Adduct IIP: 9% yield from 7f; colorless 
crystals; mp 210.8—211.2 °C (from benzene-hexane). Found: 
C, 62.16; H, 5.04%. Calcd for C25H24O6S2; C, 61.96; H, 4.99%. 

5-(o-Isopropoxycarbonylphenyl)-l,3-oxathiole-2-thione 
(9f): 9% yield from 7f; yellow oil; 1H NMR (CDCI3) ô=1.34 
(6H, d, /=6.3 Hz, CH3X2), 5.21 (1H, sept, /=6.3 Hz, CH), 
6.61 (1H, s, =CH), 7.50—7.60 (3H, m, arom-H), and 
7.93—7.97 (1H, m, arom-H); 1H-Selective decoupling spectra 
at ô=6.61 and 5.21 showed following assignments, 13C NMR 
(CDCI3) 0=21.83 (q, CH3X2), 69.68 (d, OCH), 105.99 (d, 
O H - S ) , 127.18 (s, arom-C), 130.35 (d, arom-CH), 130.63 (d, 
arom-CH), 130.73 (d, arom-CH), 131.72 (s, arom-C), 131.80 
(d, arom-CH), 155.28 (s, =CO) , 165.96 (s, ester C O ) , and 
202.66 (d, 3 /CH=5 .9 Hz, C=S); IR(KBr) 3107 (C-H), 1715 (ester 
C O ) , 1596, 1464, 1447, 1385, 1373, 1351, 1280, 1242, 1196, 
1177, 1145, 1107, 1095, 1040, 1007, 916, 855, 753, 709, 685, and 
660 cm"1. 

4,5,6,7-Tetrahydro-l,3-benzoxathiole-2-thione (14): 71% 
yield from 12; colorless crystals; mp 55.6—56.8 °C (from 
benzene-hexane); 1H NMR (CDCI3) 0=1.81—1.91 (4H, m, 
CH2X2), 2.40—2.44 (2H, m, CH2), and 2.53—2.57 (2H, m, 
CH2); 13C NMR (CDCI3) 5=21.82 (t, CH2), 22.45 (t, CH2X2), 
23.56 (t, CH2), 117.59 (t, S-C=), 152.02 (s, 0-C=), and 203.78 
(s, C=S);.IR (KBr) 2947, 2900, 1653, 1432, 1344, 1221, 1191 
(C=S), 1172, 1154, 1131, 1081, 1066, 1051, 1000, 948, 873, 818, 
690, and 658 cm -1; MS (EI) m/z (rel intensity %, assignment) 
174 (11, MH-2), 173 (11, M++1), 172 (100, M+), 144 (15, 
M+-CO), 116 (15), 111 (28), 84 (13), 79 (10), and 71 (24). 
Found: C, 48.79; H, 4.64%. Calcd for C7H8OS2: C, 48.80; H, 
4.68%. 

Phenanthro[9,10-rf]-l,3-oxathiole-2-thione (17): 66% yield 
from 15 (after 11 d); pale yellow crystals; mp 193.9—194.8 °C 
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(from benzene-hexane); 1U NMR (CDC13) 5=7.38—7.40 (1H, 
m, arom-H), 7.57—7.70 (4H, m, arom-H), 8.09—8.12 (1H, m, 
arom-H), and 8.52—8.55 (2H, m, arom-H); 13CNMR 
(CDCb) 6=119.37 (s, S-C=), 120.02 (s, arom-C), 121.87 (d, 
arom-CH), 123.14 (d, arom-CH), 123.59 (d, arom-CH), 
124.38 (s, arom-C), 124.59 (d, arom-CH), 127.12 (d, arom-
CH), 127.90 (d, arom-CH), 127.96 (d, arom-CH), 128.03 (d, 
arom-CH), 128.50 (s, arom-C), 129.93 (s, arom-C), 149.08 (s, 
0-C=), and 201.05 (s, C=S); IR(KBr) 1611, 1595, 1501, 1449, 
1241, 1212, 1196 (C=S), 1160, 1151, 1069, 1031, 746, and 
718 cm"1; MS (EI) m/z (rel intensity %, assignment) 269 (21, 
M-H-l), 268 (100, M+), 240 (12, M+-CO), 208 (39, M+-COS), 
164 (23), and 163 (25). Found: C, 67.07; H, 3.28%. Calcd for 
Ci5H8OS2: C, 67.14; H, 3.00%. 

Cyclocamphanone (21):8) 90% yield from 18; *H NMR 
(CDCb) 5=0.80 (3H, s, CH3), 0.90 (3H, s, CH3), 0.96 (3H, s, 
CH3), 1.43 (1H, t, /=5.3 Hz, CH), 1.71 (1H, d, /=10.8Hz, 
CH), and 1.92—2.02 (3H, m, CHX3); C-H cosy spectrum 
showed following assignments, 13C NMR (CDCI3) <5=5.52 (q, 
O.8O-CH3), 20.20 (q, 0.96-CH3), 20.54 (d, ca. 2-CH), 21.00 (d, 
1.43-CH), 21.09 (q, 0.90-CH3), 33.58 (d, ca. 1.9-CH), 35.85 (t, 
CH2, 1.71 CH+ca. 1.9 C-H), 43.33 (s), 48.11 (s), and 215.63 (s, 
C=0). 

The catalytic decomposition of 18 in dry benzene gave 21 
in 87% yield. 

4-0x0-4,5,6,7-tetrahydro-l,3-benzoxathiole-2-thione (24a): 
89% yield from 22a; colorless oil *H NMR (CDCI3) 5=2.25 
(2H, m, CH2), 2.60 (2H, m, CH2), and 2.91 (2H, t, /=6.3 Hz, 
CH2); 13CNMR (CDCb) 5=21.05 (t, CH2), 24.13 (t, CH2), 
36.96 (t, CH2), 120.69 (s, S-C=), 168.56 (s, 0-C=), 189.08 (s, 
C O ) , and 201.09 (s, C=S); IR (KBr) 2954, 2884, 1677 (C=0), 
1618, 1451, 1422, 1352, 1326, 1302, 1209, 1176 (C=S), 1140, 
1069, 1051, 1040, 958, 829, and 654 cm"*; MS (EI) m/z (rel 
intensity %, assignment) 188 (12, M++2), 187 (12, M++1), 186 
(100, M+), 97 (20), 71 (10), and 55 (24). 

6,6-Dimethyl-4-oxo-4,5,6,7-tetrahydro-l,3-benzoxathiole-2-
thione (24b):6c) 98% yield from 22b; colorless crystals; mp 
100.6—101.1 °C (from benzene-hexane); 1H NMR (CDCI3) 
0=1.21 (6H, s, CH3X2), 2.47 (2H, s, CH2), and 2.76 (2H, s, 
CH2); 13CNMR (CDCI3) 0=28.32 (q, CH3X2), 34.47 (s, 
(CHaJaC), 37.80 (t, CH2), 51.17 (t, CH2), 119.42 (s, S-C=), 
167.36 (t, 2 /CH=6.6HZ, o-C=), 188.72 (t, 2 /CH=8.8HZ, C O ) , 
and 201.41 (s, C=S); IR (KBr) 2964, 2934, 2879, 1678 (C=0), 
1619, 1468, 1406, 1372, 1349, 1314, 1277, 1218, 1202 (C=S), 
1156, 1066, 980, and 933 cm"1; MS (EI) m/z (rel intensity %, 
assignment) 216 (12, M++2), 215 (14, M++1), 214 (100, M+), 
139 (11), 111 (10), 83 (43), 70 (25), and 55 (14); UV (CH3CN) 
/Lax (£) 330 (2.03X104) nm. Found: C, 50.51; H, 4.63%. 

4-Acetyl-5-methyl-l,3-oxathiole-2-thione (27b): 74% yield 
from 25a; yellow oil; 1H NMR (CDCI3) 5=2.40 (3H, s, CH3) 
and 2.61 (3H, s, CH3CO); iH-Selective decoupling spectra at 
5=2.40 and 2.61 showed following assignments, 13C NMR 
(CDCI3) 6=15.11 (q, CH3), 30.08 (q, CH3CO), 122.09 (s, 
S-C=), 159.99 (s, 0-C=), 187.59 (s, C O ) , and 199.87 (s, C=S); 
IR (KBr) 2925, 1658 ( C O ) , 1607, 1422, 1382, 1362, 1305, 1185 
(C=S), 1105, 1041, 1003, 956, and 676 cm-*; MS (EI) m/z (rel 
intensity %, assignment) 174 (100, M+), 114 (18, M+-COS), 
88 (12), 72 (10), 45 (16), and 43 (58, CH3CO+). Found: C, 
41.06; H, 3.43%. Calcd for C6H6OS2; C, 41.36; H, 3.47%. 

Methyl 5-Methyl-2-thioxo-l,3-oxathiole-4-carboxylate 
(27b): 76% yield from 25b; yellow oil; 1H NMR (CDCI3) 
0=2.60 (3H, s, CH3), and 3.85 (3H, s, CH3O); ^-Selective 

decoupling spectrum at 5=2.60 showed following assign­
ments, 13C NMR (CDCI3) 6=14.36 (q, CH3), 52.86 (q, CH3O), 
112.18 (q, 3 / C H = 3 . 3 Hz, S-C=), 159.54 (q, ester C O ) , 162.08 
(q, 2 /CH=7 .3 Hz, 0-C=), and 200.68 (s, C=S); IR (KBr) 2951, 
1723 (ester C O ) , 1638, 1432, 1376, 1302, 1238, 1189 (C=S), 
1105,1056, 993, 957, 793, 757, and 669 cm"1. Found: C, 37.62; 
H, 3.12%. Calcd for C6H6OS2: C, 37.88; H, 3.18%. 

Ethyl 5-Methyl-2-thioxo-l,3-oxathiole-4-carboxylate (27c): 
79% yield from 25c; yellow oil; 1H NMR (CDCI3) ô=1.34 (3H, 
t, /=7.1 Hz, CH3), 2.60 (3H, s, CH3), and 4.31 (2H, q, 
7=7.1 Hz, CH2); 13CNMR (CDCI3) 5=14.09 (q, £H3CH2) , 
14.28 (q, CH3), 62.19 (t, CH20), 112.55 (s, S-C=), 159.05 (s, 
ester C O ) , 161.75 (s, OC=) , and 200.76 (s, C=S); IR (KBr) 
2981, 1724 (ester C=0), 1628, 1462, 1427, 1371, 1319, 1287, 
1240, 1189 (C=S), 1099,1056,1012, 990, 944, 854, 821, 757, and 
670 cm"1; MS (EI) m/z (rel intensity %, assignment) 206 (12, 
M-H-2), 205 (12, M-H-l), 204 (100, M+), 163 (13), 159 (13, 
M+-OC2H5), 116 (21), 88 (25), and 43 (47, CH3CO+). Found: 
C, 40.92; H, 3.93%. Calcd for C7H803S2; C, 41.16; H, 3.95%. 

Methyl 5-Methoxy-2-thioxo-l,3-oxathiole-4-carboxylate 
(29a): 49% yield from 28a; yellow crystals; mp 69.0—71.5 °C 
(from benzene-hexane); *H NMR (CDCI3) 5=3.80 (3H, s, 
CH3) and 4.21 (3H, s, CH3); 13C NMR (CDCI3) 5=52.41 (q, 
OCH3), 60.25 (q, OCH3), 87.31 (s, S -CO) , 158.94 (s), 
159.21 (s), and 194.18 (s, C=S); IR (KBr) 2957, 2945, 1719 
(C=0), 1637, 1455, 1436, 1358, 1253, 1172, (C=S), 1104, 1090, 
1004, 952, 895, 793, 755, and 713 cm-*; MS (EI) m/z (rel 
intensity %, assignment) 206 (68, M+), 180 (76), 175 (25), 149 
(26), 147 (19, M+-COOCH3), 142 (26), 133 (97), 117 (12), 116 
(19), 115 (47), 101 (50), 88 (17), 85 (19), 75 (65), 74 (40), 69 (43), 
59 (100), 58 (37), and 43 (63). Found: C, 34.91; H, 2.98%. 
Calcd for C6H604S2: C, 34.94; H, 2.93%. 

3,5-Bis[bis(methoxycarbonyl)methylene]-l,2,4-trithiolane 
(30a): 50%) yield from 28a; colorless crystals; mp 214.5— 
215.2 °C (from chloroform); *H NMR (CDCI3) 5=3.73 (6H, s, 
OCH3X2) and 3.88 (6H, s, CH3X2); 13C NMR (CDCI3) 
5=52.85 (q, OCH3), 53.05 (q, OCH3), 110.88 (s), 164.68 (s, 
ester C O ) , 166.33 (s, ester C=0), and 174.19 (s); IR (KBr) 
2690,1681, 1650, 1440,1422,1412,1296,1271,1126, 1005, 792, 
and 755 cm -1; MS (EI) m/z (rel intensity %, assignment) 382 
(19, MH-2), 381 (19, M++1), 380 (100, M+), 349 (18, 
M+-CH 3 0) , 321 (14, M+-COOCH3), 305 (17), 293 (11), 206 
(14), 189 (21), 143 (53), 99 (13), 75 (14), and 59 (44). Found: C, 
37.56; H, 3.09%. Calcd for Ci2Hi208S3; C, 37.89; H, 3.18%. 

Ethyl 5-Ethoxy-2-thioxo-l,3-oxathiole-4-carboxylate (29b): 
41% yield from 28b; yellow crystals; mp 56.5—57.0 °C (from 
benzene-hexane); 1H NMR (CDCI3) 5=1.31 (3H, t, 7=7.1 Hz, 
CH3), 1.50 (3H, t, 7=7.1 Hz, CH3), 4.26 (2H, q, 7=7.1 Hz, 
CH2), and 4.56 (2H, q, 7=7.1 Hz, CH2); ™C NMR (CDCI3) 
5=14.23 (q, CH3), 14.90 (q, CH3), 61.58 (t, CH2), 70.70 (t, 
CH2), 88.39 (s), 158.62 (s), 158.97 (s), and 194.76 (s, C=S); 
IR(KBr) 2979, 2936, 2904, 1726 ( C O ) , 1686,1626,1448, 1417, 
1383, 1346, 1252, 1191 (C=S), 1127,1098, 1082, 1010, 997, 859, 
840, 816, and 761cm"1; MS (EI) m/z (rel intensity %, 
assignment) 236 (19, M++2), 235 (21, M++1), 234 (94, M+), 
202 (76), 189 (21), 157 (73), 156 (58), 146 (83), 130 (28), 118 
(98), 112 (33), 102 (99), 100 (84), 90 (100), 86 (56), 85 (94), 84 
(68), 69 (48), 64 (80), 58 (39), and 45 (89); UV (CH3CN) Amax (e) 
336 (1.62X104), 281 (4.87X103), and 266 (4.38X103) nm. 
Found: C, 41.08; H, 4.22%. Calcd for C8Hi0O4S2: C, 41.01; H, 
4.30%. 

3,5-Bis[bis(ethoxycarbonyl)methylene]-1,2,4-trithiolane (30b): 
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38% yield from 28b; colorless crystals; mp 144.0—145.9 (lit,10* 
139) °C (from benzene-hexane); 1H NMR (CDC13) <5=1.34 
(6H, t, /=7.1 Hz, CH3X2), 1.36 (6H, t, /=7.1 Hz, CH3X2), 
4.31 (4H, q, /=7.1 Hz, CH2X2), and 4.34 (4H, q, 7=7.1 Hz, 
CH2X2); 13C NMR (CDCI3) 5=14.11 (q, CH3), 14.16 (q, CH3), 
61.93 (t, CH2), 62.14 (t, CH2), 111.70 (s), 164.20 (s, ester O O ) , 
165.85 (s, ester O O ) , and 174.38 (s); IR (KBr) 2978, 2936, 
1722,1672,1636, 1409, 1384, 1368,1283,1141, 1107,1029, 929, 
865, and 793 cm -1; MS (EI) m/z (rel intensity %, assignment) 
438 (17, M-H-2), 437 (21, M++1), 436 (100, M+), 391 (23), 364 
(19), 335 (11), 320 (14), 318 (19), 292 (16), 274 (14), 248 (16), 
246 (32), 234 (19), 190 (13), 157 (40), 146 (11), 129 (11), 102 
(12), and 85 (70). Found: C, 44.06; H, 4.62%. 

Isopropyl 5-Isopropoxy-2-thioxo-1,3-oxathiole-4-carboxyl-
ate (29c): 31% yield from 28c; pale yellow crystals; mp 
56.9—62.2 °C (from ethyl acetate-hexane); 1H NMR (CDCI3) 
0=1.29 (6H, d, 7=6.2 Hz, CH3X2), 1.47 (6H, d, 7=6.2 Hz, 
CH3X2), 5.06 (1H, sept, 7=6.2 Hz, CH), and 5.10 (1H, sept, 
7=6.2 Hz, CH); ™C NMR (CDCI3) 5=21.83 (q, CH3X2), 22.35 
(q, CH3X2), 69.49 (d, OCH), 80.32 (d, OCH), 90.55 (s, S-C=), 
158.24 (s), 158.59 (s), and 195.33 (s, C=S); IR(KBr) 2981, 2935, 
2875, 1723 (OO) , 1696, 1630, 1466, 1452, 1384, 1322, 1240, 
1177 (OS) , 1145, 1090, 989, 896, 839, 796, 759, 721, and 
665 cm"1; MS (EI) m/z (rel intensity %, assignment) 262 (11, 
M+), 220 (79, M+-(CH3)2CH), 178 (75, M+-(CH3)2CHX2), 
161 (21), 118 (100), 100 (28), 90 (22), 43 (76), and 41 (22). 
Found: C, 45.79; H, 5.28%. Calcd for CioHi404S2: C, 45.78; 
H, 5.38%. 

3,5-Bis[bis(isopropoxycarbonyl)methylene]-l,2,4-trithio-
lane (30c): 18% yield from 28c; colorless crystals; m p > 
300 °C (from ethyl acetate-hexane); ^ N M R (CDCI3) 
0=1.32 (12H, d, 7=6.2 Hz, CH3X4), 1.33 (12H, d, 7=6.2 Hz, 
CH3X4), 5.14 (2H, sept, 7=6.2 Hz, CHX2), and 5.19 (2H, 
sept, 7=6.2 Hz, CHX2); 13C NMR (CDC13) 0=21.82 (q, 
CH3X4), 21.86 (q, CH3X4), 69.66 (d, OCHX2), 69.96 (d, 
OCHX2), 112.65 (s), 163.79 (s, O O ) , 165.31 (s, O O ) , and 
170.66 (s); IR (KBr) 2981, 2934, 2875, 1714 ( O O ) , 1693, 1658, 
1460, 1387,1374, 1354, 1336,1270,1250,1181, 1138, 1098, 972, 
953, 905, 841, 830, 786, 756, and 673 cm"1; MS (EI) m/z (rel 
intensity %, assignment) 494 (17, M++2), 493 (25, M++1), 492 
(85, M+), 433 (30,), 406 (20), 364 (33), 346 (12), 322 (21), 320 
(13), 304 (19), 288 (11), 280 (26), 278 (23), 262 (22), 260 (12), 
246 (12), 236 (20), 218 (17), 178 (22), 161 (19), 147 (19), 129 
(31), 102 (16), 85 (11), and 43 (100). Found: C, 48.82; H, 
5.62%. Calcd for C2oH2808S3: C, 48.76; H, 5.73%. 

Thermolysis of 29a and 29b. Compounds 29a and 29b 
were subjected to the reaction conditions shown in Table 2 
and worked-up similarly, giving 30a and 30b, respectively, in 
the yields shown in the Table. 

T h e au thors are grateful to Mr. H i rosh i Okuda , 
Faculty of Engineer ing Science, Osaka University and 
Dr. Ken-ichi Lee, Faculty of Science, Osaka University 
for the measurement of 13C N M R spectra, and to Mr. 
Hiroshi Moriguchi , Faculty of Engineer ing, Osaka 
University for ob ta in ing mass spectra. 
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Double Silylation of 1,4-Bis(trimethylsilyl)butadiyne with 
Disilanes Using a Palladium Catalyst 
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Reaction of l,4-bis(trimethylsilyl)butadiyne with polychlorodisilanes Si2CUMe6-x in the presence of a 
palladium catalyst gives, after methylation, l,l,4,4-tetrakis(trimethylsilyl)butatriene and/or 1,1,2,4-tetrakis-
(trimethylsilyl)-l-buten-3-yne selectively. Hydrogénation, hydrosilylation, and oxidation of the obtained 
butatriene were found to take place at C(1)=C(2) double bond exclusively. The regioselectivity is ascribed to the 
geminally substituted silyl groups which sterically direct the attack of electrophile and stabilize postulated 
radical intermediates. 

Double silylation of unsaturated compounds by 
means of disilanes is a useful synthetic method for 
disilyl organic compounds which are versatile syn­
thetic building blocks and possible monomers for 
silicon-containing polymers. This type of reaction 
was first reported by Kumada et al. in 1972 who 
employed nickel catalysts.1* Since then double 
silylation of acetylenes with tetramethyldisilane,2) 

cyclic disilanes,3) difluorotetramethyldisilane,4) or chlori­
nated disilanes including "disilane fraction"5* has 
been achieved using palladium catalysts. Conjugate 
dienes6»7) and allenes8) also undergo the double 
silylation. The reaction is carried out sometimes using 
a platinum catalyst9) or a nonmetallic catalyst tetra-
butylammonium fluoride.10) However, no report has 
appeared on the double silylation of conjugate diynes. 
We report herein that 1, 4-bis(trimethylsilyl)butadiyne 
(1), a stable butadiyne substitute,11-13* reacts with 
methylated chlorodisilanes in the presence of a 
palladium catalyst to afford l,l,4,4-tetrakis(trimethyl-
silyl)butatriene (2) and/or l,l,2,4-tetrakis(trimethyl-
silyl)-l-buten-3-yne (3) depending on the structure of 
the catalyst and the disilane used.14) We also studied 
the reactivity of the obtained butatriene 2 towards 
hydrogénation, hydrosilylation, and oxidation; all the 
reactions took place at C(1)=C(2) double bond.15) 

Double Silylation of 1,4-Bis(trimethylsilyl)butadi-
yne (1). Reaction of 1 with excess amount of 
"disilane fraction" (bp 145—155 °C, a 1:1 mixture of 
MeCl2Si-SiClMe2 and MeCl2Si-SiCl2Me) in the pres­
ence of a catalytic amount of PdCl2(PEt3)2 followed by 
treatment with methylmagnesium bromide gave dou­
ble silylation products 2 (42% yield) and 3(18% yield) 

M e 3 S i — = — = — SiMe3 

1) S i 2 CI x Me 6 . x /cat . Me3Si SiMe3 

2) MeMgBr M e S i SiMe3 

Me3Si 

along with (SiMe2)w
16) and small amounts of by­

products tentatively assigned as 4 and 5 which were 
assumed to be derived from silylenes (Table 1, Run 5). 
When a series of PdCl2(PR3)2 was employed, both 
reactivity and selectivity changed according to the 
structure of the phosphine ligand as shown in Table 1. 
In general, 2 was produced as the major product. Use 
of PdCl2(PMePh2)2 or PdCl2(PMe2Ph)2 resulted in the 
improvement of the yields of 2 and 3 (Runs 1—3). 
Palladium catalysts having a less bulky phosphine 
ligand were in general more active, but PdCl2(PMe3)2 

gave low yields of the products accompanied by many 
by-products (Run 4). The propensity was readily 
recognized in the examples of PdCl2[P(cyclohexyl)3]2 

(Run 9), PdCl2(PBu3)2 (Run 8), PdCl2(PEt3)2 (Run 5), 
and PdCl2(PMe3)2 (Run 4). Although PdCl2[P(CH2-
Ph)3]2 (Run 7) and Pd(PPh3)4 (Run 10) were active 
enough, followings were totally inactive: PdCl2-
(PhCN)2, PdCl2[P(CH2CH2CN)3]2, PdCl2(PHPh2)2, PdCl2-
(Ph2PCH2CH2CH2PPh2), PdCl2[P(OMe)3]2, PdCl2[P-
(NMe2)3]2, and Pt(PPh3)4. A nickel catalyst NiCl2-
(PPh3)2 or NiCl2(PEt3)2 gave complex mixtures. 

We next compared the reactivity of various disilanes. 
Both MeCl2Si-SiCl2Me and MeCl2Si-SiClMe2 exhib­
ited similar reactivity as ''disilane fraction" and gave 
2 and 3 in comparable yields in the presence of 
PdCl2(PEt3)2 (Runs 5, 11, and 14) or Pd(PPh3)4 (Runs 
10, 13, and 16). The PdCl2[P(CH2Ph)3]2 catalyst com­
bined with MeCl2Si-SiCl2Me gave the two products in 
higher yields (Run 12), but the same catalyst using 
MeCl2Si-SiClMe2 did less efficiently (Runs 7 and 15). 
The results indicate that MeCl2Si-SiCl2Me of ''disilane 
fraction" mainly reacted with the butadiyne 1. The 
enyne 3 was obtained as the major product from 
Me2ClSi-SiClMe2 or Me2ClSi-SiMe3 in the presence of 
PdCl2(PEt3)2 or PdCl2[P(CH2Ph)3]2 (Runs 17—20, 22, 
and 23). Hexamethyldisilane was the least reactive to 
give only a small amount of 3 (Runs 24—26). In 
contrast, hexachlorodisilane underwent polysilane 
formation solely. These results show that highly 
chlorinated disilanes prefer 1,4-disilylation to give 2, 
whereas less chlorinated disilanes afford 3 by 1, 
2-addition. 
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Table 1. Reaction of 1 with Disilanesa) 

Run 

1 
2 
3 
4 
5 
6d> 
7 
8 
9e> 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19f> 
20 
21 
22 
23 
24e> 
25e> 
26e) 

Disilane 

Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
Disilane fraction0) 
MeCl2SiSiCl2Me 
MeCl2SiSiCl2Me 
MeCl2SiSiCl2Me 
MeCl2SiSiClMe2 
MeCl2SiSiClMe2 
MeCl2SiSiClMe2 
Me2ClSiSiClMe2 

Me2ClSiSiClMe2 

Me2ClSiSiClMe2 

Me2ClSiSiClMe2 

Me2ClSiSiClMe2 

Me2ClSiSiMe3 

Me2ClSiSiMe3 

Me3SiSiMe3 

Me3SiSiMe3 

Me3SiSiMe3 

Catalyst (mol% 

PdCl2(PPh3)2 

PdCl2(PMePh2)2 

PdCl2(PMe2Ph)2 

PdCl2(PMe3)2 

PdCl2(PEt3)2 

PdCl2(PEt3)2 

PdCl2[P(CH2Ph)3]2 

PdCl2(PBu3)2 

PdCl2[P(C6Hn-c)3]2 

Pd(PPh3)4 

PdCl2(PEt3)2 

PdCl2[P(CH2Ph)3]2 

Pd(PPh3)4 

PdCl2(PEt3)2 

PdCl2[P(CH2Ph)3]2 

Pd(PPh3)4 

PdCl2(PEt3)2 

PdCl2[P(CH2Ph)3]2 

PdCl2[P(CH2Ph)3]2 

PdCl2(PMe3)2 

Pd(PPh3)4 

PdCl2(PEt3)2 

PdCl2[P(CH2Ph)3]2 

PdCl2(PEt3)2 

PdCl2[P(CH2Ph)3]2 

PdCl2(PMe3)2 

) 

(5-2) 
(5.1) 
(2-9) 
(2.9) 
(3-2) 
(1.7) 
(1.8) 
(2.9) 
(2-1) 
(4.1) 
(2-9) 
(3.1) 
(3-2) 
(3.8) 
(2.1) 
(3.3) 
(1-6) 
(2-1) 
(1-6) 
(4.3) 
(3-8) 
(4.4) 
(2-1) 
(5.1) 
(2.5) 
(4.1) 

Conditions 

120°C, 10 h 
120°C, 9h 
120°C, 7.5 h 
120°C, 9h 
100°C, 10 h 
120°C, 9h 
110°C, 5h 
110°C, 8h 
120°C, 17 h 
140°C, 13 h 

100°C, 5 h and 110°C, 2 h 
120°C, l h 
120°C, 6h 
120°C, 3 h 
120°C, 5 h 
120°C, 6h 
120°C, 4 h 
120°C, 10 h 
120°C, 11 h 
120°C, 16h 

140°C, 29 h and 160°C, 22 h 
120°C, 8h 
120°C, 8 h 
140°C, 16h 

140°C, 17 h and 160°C, 5 h 
140°C, 20 h 

Yield/%b) 
2 3 

19 
36 
20 

7 
42 
49 
29 
10 
— 
24 
49 
45 
35 
48 
12 
23 
5 

Trace 
4 
3 
6 

Trace 
13 
— 
— 
— 

8 
23 
24 

6 
18 
23 
29 

8 
— 
5 

22 
36 
13 
14 
11 
8 

72 
52 
74 
36 

7 
26 
40 
14 
7 
3 

a) Typically a mixture of 1 (about 0.2 mmol), an excess (3—6 mol equiv) of a disilane, and a catalyst was heated under an 
argon atmosphere at the specified temperature for the noted period before quenching with excess MeMgBr. b) Isolated 
yields after purification by preparative TLC or column chromatography, c) A 1:1 mixture of MeCl2SiSiCl2Me and 
MeCl2SiSiClMe2. d) Reaction of 1 (1.6 g, 8.2 mmol) with disilane fraction (3 g). e) Most of the starting material 1 was 
recovered, f) Reaction of 1 (1.5 g, 7.7 mmol) with Me2ClSiSiClMe2 (3 g). 

Isolation of the primary silylation product without 
methylation allowed us to establish the stereochemical 
course of the disilylation. The reaction mixture of 1 
with Me2ClSi-SiClMe2 using PdCl2(PEt3)2 was sub­
jected to GLC separation. Hereby only 3'a was 
isolated which was proved to be a 1:1 E/Z mixture. 

Me3Si-
PdCI 2 (PEt 3 ) 2 Me2XSi SiXMe2 ^ X S i SiXMe2 

-S iMe 3 *- )=.=.=£ + }={ 
(Me2XSi)2 i^sr \Me. Me3Si 51 \ 

SiMe3 

(2) 

Other disilanes in Table 2 also exhibited similar 
nonselectivity. Three possible pathways for the 
formation of the E/Z isomers emerges: (1) stereochemi-
cally random disilylation, (2) cis-double silylation 
followed by E-Z isomerization under the reaction 
conditions as observed by Nagai et al.,5) or (3) cis-
double silylation and thermal isomerization upon 
GLC separation. To get an insight into the 
stereochemistry of the double silylation, we hydro-
lyzed the reaction mixture obtained from 1 and 
(Me2ClSi)2 and isolated a cyclic siloxane 6 (55% yield). 
Treatment of the primary disilylated product with 

> 0 v 
Me 2 Si ' SiMe2 

Me3Si 
% 

SiMe, 

EtMe2Si SiMe2Et 

Me3Si V 

7 
SiMe3 

excess ethylmagnesium bromide afforded 7 in 
overall yield as a single product after purification by 
preparative TLC. However, 7 isomerized into a 1:1 
mixture of E and Z isomers upon GLC analysis at 
200 °C. These experimental results suggest that the 
disilylation under the reaction conditions took place 
in a cis-manner, and the primary products are 
stereochemically stable under the reaction conditions 
(120 °C) or below 200 °C. Above 200 °C the E-Z 
isomerization takes place easily. The facile geo­
metrical isomerization is characteristic of highly 
silylated ethenes.17) 

The double silylation reaction is considered to 
proceed through a mechanism shown in Scheme 1. 
Oxidative addition of low valent palladium species 
"Pd" is well-established to take place at the Si-Si bond 
of a disilane MexCls-xSi-SiMe^Qs-y to give rise to an 
active species MexCls-xSi-Pd-SiMe^Cls-^. This adds 
across the triple bond of 1 through 1,2-cis-silylmetalla-
tion to give an alkenylpalladium 8 which was further 



November, 1990] Double Silylation of 1,4-Bis(trimethylsilyl)butadiyne 

Table 2. Double Silylation of 1 Using PdCl2(PEt3)2 Catalyst 

3105 

Run R3SiSiR3 Conditions Product yield/%a) 

1 Me2ClSiSiClMe2 

2 Me2FSiSiFMe2 
3 Me2(»-PrO)SiSi(OPr-i)Me2 

4 Me2PhSiSiPhMe2 

120°C, 8 h 
120°C, 9 h 
120°C, 9 h 
120°C, 6 h 

3V) 61 
3'bb> 86 
3'cb> 55 

2'db> 13 and 3'db> 26 

a) Isolated yields by GLC (Diasolid ZS, 6mm0X3 m, 200 °C). b) A ca. 1:1 mixture of the E and Z isomers. 

"Pd" + MexCI3.xSi-SiMeyCI3.y • MexCI3.xSi-Pd-SiMeyCI3.y 

1 

MexCI3.xSiN Pd-SiMeyCI3.y MexCl3.xSiv ^d-SiMeyCI^ 

Me3Si SiMe3 Me3Si" 

10 

MexCI3.xSiv SiMeyCI3.y 

Me3Si SiMe3 

11 

MexCI3.xSi SiMeyCl3.y 

Me3Si V 

9 SiMe3 

Scheme 1. 

converted in to 9 by reductive e l iminat ion. When a 
more chlor inated disi lane was employed, the silicon 
l igand in 8 grew less nuc leophi l i c to retard the final 
reductive e l imina t ion leading to 9. T h u s , the 
intermediate 10 would have been formed by 1,3-rear-
rangement of 8 before reductive e l imina t ion to give 
rise to 11. 

Reaction of the Butatriene 2 and the Butenyne 
3. Butatrienes have two sp-hybridized central carbon 
a toms and two terminal sp2-carbon atoms, and their 
reactivity is expected to be totally different from 
aliènes or conjugated dienes. A l though 1,2,3-butatri-
enes of general s tructure R 2 O O O C R 2 were acces­
sible by various methods, studies on their reactions18_24) 

were scarce. T h e triene 2 has been obtained by the 
reaction of bis(trimethylsilyl)acetylene wi th dicarbon-
yl(775-cyclopentadieny)cobalt,25) photolysis of tetrakis-
(trimethylsilyl)cyclopentadienone,2 6 ) or pyrolysis of 
hexakis(trimethylsilyl)-2-butyne.2 7 ) T h e radical an ion 
of 2 was generated from 1 and derived to hexakis-
(trimethylsilyl)-2-butyne.28) In spite of the existing 
synthetic methods, the reactivity of 2 remained 
unexplored.2 6 ) Since the butatr iene 2 is now readily 
available by the reaction of 1 with Si2CLMe6-x in the 
presence of a pa l l ad ium catalyst as discussed above, we 
studied the reactivity of the cumula te bonds of 2 and 
the conjugate system of 3 towards various reactants. 

At first we studied hydrogénat ion of 2 and 3. T h e 
hydrogéna t ion of 2 wi th Rh-C, Pd-C, or Pt-C catalyst 
proceeded stepwise to give an aliène 12 (IR 1910 cm - 1 ) 
first, wh ich was further reduced to a tetrasilyl 2-butene 
1329) under an a tmospher ic pressure of hydrogen at 

room temperature. A regioisomer of 12, (Me3Si)2C= 
CH-CH=C(SiMe3)2, was no t produced at all. O n the 
contrary, hydrogénat ion of m- l ,4 -d iphenylbu ta t r i ene 
occurs at the central O C bond to give 1,4-diphenyl-
l,3-butadiene.18> T h u s , the C(2)=C(3) double bond of 2 
resisted the addi t ion of molecular hydrogen. Molecu­
lar model study of 2 clearly indicates that the n-
electron c loud of the C(2)=C(3) double bond is heavily 
shielded by the four bulky trimethylsilyl groups at 
C(l) and C(4). Accordingly the coordinat ion of the 
catalyst to this bond should be sterically disfavored. In 
contrast, an intermediary radical 15, generated by the 
addi t ion of a hydrogen radical across C(1)=C(2) of 2, 
shou ld be well-stabilized by the two silyl g roups 
subst i tuted on the radical center.30* T h u s , the 
formation of 12 is reasonably understood by assuming 
a radical intermediate 15. Hydrogénat ion of the aliène 
12 wi th R h - C catalyst proceeded from less crowded 
side to give (Z)-13 mainly. O n the other hand, 
reduct ion wi th Pt-C perhaps proceeded th rough a 
radical intermediate 16 to give rise to a thermodynamic 
produc t (£)-13. Hydrogéna t ion of 3 wi th Pd-C afford­
ed an al iène 14 as a 1,4-reduction product which did 
not undergo further reduction. Herein a radical 17 
migh t have been involved as a precursor of 14. T h e 
fact that 14 resisted further reduct ion may be ascribed 
to the shielding of all rc-orbitals by bulky silyl groups. 
Hydrogen radical transfer to 14, if any, does not afford 
a radical stabilized by two silyl groups. 

H2 
Me3Si SiMe3 

Me3Si SiMe3 cat. 
2 

Me3Si. H 

^Me 3 Si-

H 

i3öi n 

^SiMe3 

^SiMe3 

12 

H SiMe; 

SiMe; 

H H 

13 

Me3Si H 

- M e 3 S i ^ \ _ / ^ 

(3) 
E:Z 

Rh-C 1:8 
Pd-C 1:1 
Pt-C 5:1 

Me3Si, 

Me3Si 

SiMe3 Me3Si. H 

Me3Si 

cat. 

SiMe, 

5 3 S i - ^ \ xSiMe3 

Me3Si H 

1 4 -70% 

(4) 

Me3Si 

Me3Si 

\ . 
xSiMe3 

N S i M e , 

15 

Me3Si. H 

Me3Si 

H H 

16 

Me3Si^ 

Me3Si" A > S i M e 3 Me3Si--\ 

H H Me3Si 

,SiMe3 

17 
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Hydrosi ly la t ion of 2 us ing tr imethylsi lane and a R h 
catalyst proceeded at C(1)=C(2) to afford 18 in 90% 
yield. However, hydrosilanes like Et3SiH, PhMe2SiH, 
or Me2ClSiH failed to react wi th 2. These hydrosilanes 
whose steric bu lk is apparent ly m u c h larger suffered 
probably remarkable steric h indrance by the four 
tr imethylsilyl groups . Hydrosi lylat ion of 3 did not 
take place at all. 

Me3Si H M e 3 S l \ SiMe3 RhCI(PPh3). 

/ = • = • = < + Me3SiH ^ Me3Si 

Me3Si SiMe, 
Me3Si 

^ 
.SiMeg 

SiMe, 
(5) 

18 
90% 

Oxida t ion of 2 was carried ou t wi th ra-chloroper-
benzoic acid (m-CPBA) at room temperature to give 
19 in 60% yield. Format ion of 19 is at tr ibuted to a 
facile isomerization of the initially produced epoxide 
20 to an oxyallyl 21 followed by nucleophi l ic attack 
by the co-produced m-chlorobenzoic acid (m-CBA). 
T h e oxidat ion of l , l ,4,4-tetraphenylbutatriene2 0 ) or 
tetraalkylbutatrienes2 1 ) wi th m-CPBA is reported to 
give the corresponding cyclopropanones. T h e reac­
tivity difference of 2 and l,l ,4,4-tetraalkylbutatrienes2 1 ) 

may be unders tood in terms of the ß-cation stabilizing 
effect of the trimethylsilyl groups in the oxyallyl 21, 
wh ich is captured by m-CBA before farther isomeriza­
t ion to a cyclopropanone 22.21 '31) 

Me3Si 

Me3Si 
>•=•=< 

SiMe3 

SiMe, 

m-CPBA 0 SiMe3 

- » - Me3Si 

Me3Si OCOC6H4CI(m-) 

-, g 60% 

Me3Si„ A ?' fMe3 

V -Mi 21 ^ ^ r ^ ï e ! 3 
20 

Me3Si SiMe3 

Me3Si SiMe3 

2 

Me,Si OCOPh 

(PhC00)2 
Me3Si 

% 

(6) 

(7) 

23 
SiMe3 

59% 

OCOPh 

Me3Si 

Me3Si 
^SiMe, 

24 

Benzoyl peroxide reacted wi th 2 to give 23 in 59% 
yield. T h e reaction is reasonably ascribed to an ini t ia l 
addi t ion of benzoyloxy radical to C(2) to give a radical 
24 followed by e l imina t ion of a trimethylsilyl radical. 
T h e regioselective addi t ion of the benzoyloxyl radical 
observed in this reaction seems again to be governed by 
the silyl g roups wh ich stabilize a radical center and 

control the direction of the attack of P h C O O •. 
We have demonstrated that disi lylation of 1,4-

bis(trimethylsilyl)butadiyne (1) gives tetrasilyl-substi-
tuted buta t r iene 2 and butenyne 3. These as well as 
their hydrogénat ion products 13 and 14, the hydro­
silylation product 18, and the oxidat ion products 19 
and 24 are highly unsaturated C4 compounds contain­
ing 3 to 5 trialkylsilyl groups. In view that alkyl- and 
vinylsilanes are versatile synthetic bu i ld ing blocks, the 
c o m p o u n d s prepared herein should find wide applica­
tions in organic synthesis. 

Experimental 

Melting points and boiling points are given in °C and are 
uncorrected. Bulb-to-bulb distillation was carried out using 
a Shibata glass tube oven GTO 250R, and boiling points 
were determined by measurement of the bath temperature 
and given in °C/Torr (1 Torr=133.322Pa). 1H NMR 
spectra were obtained with a Varian EM-390, a Hitachi 
R-90, or a Bruker AM-400 spectrometer, chemical shifts 
being given in ppm units, 13C NMR spectra with a Varian 
XL-100 or a Bruker AM-400 spectrometer. Coupling 
constant / shown in 13C NMR spectra means /i3c-H- I R 

spectra were recorded with a JASCO A-202 machine. MS 
were recorded with a RMU-6MG spectrometer under 70 eV. 
High-resolution mass spectra were recorded with a Hitachi 
M-80A spectrometer. GLC assays were performed with a 
Shimadzu GC-7A Chromatograph equipped with TCD or a 
Hitachi 163 gas Chromatograph using FID, preparative GLC 
with an Ohkura Model-802T Chromatograph equipped with 
TCD. TLC analyses were performed using Merck Silica gel 
60 F254 glass plates (0.25 mm). Preparative TLC (1.2 mm 
thick) were prepared from Merck Kiesel-gel PF254. The TLC 
mobility of a given component is expressed by its Rf value. 
Column chromatography was carried out with silica gel 
(Wakogel C-200) at atmospheric pressure. 

Metal-Catalyzed Double Silylation of 1,4-Bis(trimethyl-
silyl)butadiyne (1) with Disilanes. A mixture of bis(tri-
methylsilyl)butadiyne (1) (35 mg, 0.18 mmol), "disilane 
fraction" (a 1:1 mixture of MeChSi-SiCkMe and MeChSi-
SiClMe2, 0.12 ml, 217 mg), and dichlorobis(triethylphos-
phine)palladium (2.4 mg, 5.8X10-3 mmol) was placed in a 10 
ml-sealed tube and heated at 100 °C for 10 h under an argon 
atmosphere. The reaction mixture was diluted with 5 ml of 
THF, transferred into a two-necked flask, and treated with 
3 M (1 M=l mol dm -3) methylmagnesium bromide in diethyl 
ether (2.5 ml, 7.5 mmol) at 0 ° C The reaction mixture was 
stirred for 30 min at 0 °C, hydrolyzed with saturated sodium 
hydroxide aqueous solution (10 ml), and filtered through a 
Celite pad. The Celite pad was washed with diethyl ether 
(20 ml). The combined ethereal layer was dried over 
anhydrous sodium sulfate and concentrated under reduced 
pressure. Purification by preparative TLC (hexane) gave 
l,l,4,4-tetrakis(trimethylsilyl)butatriene (2) 26 mg (42% yield), 
l,l,2,4-tetrakis(trimethylsilyl)-l-buten-3-yne(3) 11 mg(18%), 
and trace amounts of 2,5-bis(trimethylsilyl)-3,6-bis(tri-
methylsilylethynyl)-1,1,4,4-tetramethyl-1,4-disilacyclohexa-
2,5-diene (4) and 2,6-bis(trimethylsilyl)-3,5-bis(trimethylsil-
ylethynyl)-1,1,4,4-tetramethyl-1,4-disilacyclohexa-2,5-diene 
(5). 
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l,l,4,4-Tetrakis(trimethylsilyl)butatriene (2). Pale yellow 
prisms; mp 102—103 °C (lit,18> 103—104°C); Rf 0.9 (hexane). 
*HNMR (CDC13) 6=0.18 (s); 13C NMR (CDCI3) 6=0.52 
(septuple q, J=2 and 119 Hz, 12C, SiCH3), 157.1 (m, 2C, Q(l) 
and C(4)), 205.6 (s, 2C, C(2) and C(3)); IR (KBr) 2980, 2920, 
1550, 1260, 900, 840, 765, 690, 640, 620, 465 cm"1; MS m/z (rel 
intensity) 342 (M++2, 9), 341 (M++1, 17), 340 (M+, 43), 237 
(55)179(67), 155(35), 73(100). Found: m/z 340.1890. Calcd 
for Ci6H36Si4:M, 340.1892. 

l,l,2,4-Tetrakis(trimethylsilyl)-l-buten-3-yne (3). A color­
less oil; bp 95°C/0.2Torr; Rt 0.85 (hexane). *H NMR 
(CDCI3) ô=0.18 (s, 9H), 0.23 (s, 9H), 0.28 (s, 9H), 0.29 (s, 9H); 
13CNMR (CDCI3) ô=-0.21 (septuple q, / = 2 and 120 Hz, 
SiÇH3), 1.82 (septuple q, / = 2 and 120 Hz, SiÇH3), 2.20 
(septuple q, / = 2 and 120 Hz, SiÇH3), 3.16 (septuple q, / = 2 
and 120 Hz, SiÇH3), 107.1 (decuplet, / = 2 Hz, Ç(4)), 110.4 (s, 
Ç(3)), 156.3 (m, Ç(l) or Ç(2)), 176.7 (m, Ç(l) or Ç(2)); IR 
(KBr) 2970, 2920, 2110, 1250, 910, 840, 760, 695, 640, 540 cm"1; 
MS m/z (rel intensity) 342 (M++2, 11), 341 (M++1, 21), 340 
(M+, 53), 237 (80), 179 (76), 155 (55), 73 (100). Found: C, 56.26; 
H, 10.50%. Calcd for Ci6H36Si4; C, 56.39; H, 10.65%. 

2,5-Bis(trimethylsilyl)-3,6-bis(trimethylsilylethynyl)-l,l,4,4-
tetramethyl-l,4-disilacyclohexa-2,5-diene (4) and 2,6-Bis(tri-
methylsilyl)-3,5-bis(trimethylsilylethynyl)-l,l,4,4-tetrameth-
yl-l,4-disilacyclohexa-2,5-diene (5). A 2:1 mixture of 4 
and 5 was isolated as colorless crystals; Rf 0.8 (hexane). IR 
(KBr) 2970, 2910, 2150 (w), 2120, 1480, 1410, 1245, 1075, 935, 
840, 770, 700, 660, 570 cm"1; MS m/z (rel intensity) 504 (M+, 
19), 155 (21), 73 (100). 

Following absorptions are attributed to 4: 1H NMR 
(CDCI3) 6=0.19 (s, 18H), 0.25 (s, 18H), 0.29 (s, 12H); 
i3C NMR (CDCI3) <5=-0.60 (qq, / = 2 and 121 Hz, Si(ÇH3)2), 
-0.23 (septuple q, / = 2 and 122 Hz, Si(ÇH3)3), 0.81 (septuple 
q, / = 2 and 120 Hz, Si(ÇH3)3), 107.6 (decuplet, / = 2 Hz, 
OÇSiMes), 108.0 (s, Ç=CSiMe3), 155.5 (m, Ç(2) and Ç(5), or 
G(3) and Ç(6)), 171.1 (m, C(2) and Ç(5), or Ç(3) and Ç(6)). 

Peaks of 5 are *H NMR (CDCI3) <5=0.10 (s, 6H), 0.19 (s, 
18H), 0.24 (s, 6H), 0.26 (s, 18H); 13C NMR (CDCI3) <5=-2.77 
(QQ, 7=2 and 121 Hz, Si(ÇH3)2), -0.23 (mq, /=122Hz, 
Si(ÇH3)3), 1.01 (mq, /=120 Hz, Si(ÇH3)3), 1.30 (qq, / = 2 and 
120 Hz, Si(ÇH3)2), 107.5 (s, Ç=CSiMe3), 107.9 (m, OÇSiMe3), 
151.7 (m, Ç(2) and Ç(5), or Ç(3) and Ç(6)), 174.7 (m, Ç(2) 
and Ç(5), or Ç(3) and Ç(6)). 

In a similar manner the butadiyne 1 was allowed to react 
with "disilane fraction", l,2-dimethyl-l,l,2,2-tetrachloro-
disilane, 1,1,2-trichloro-1,2,2-trimethyldisilane, 1,2-dichloro-
1,1,2,2-tetramethyldisilane, chloropentamethyldisilane, or 
hexamethyldisilane using several palladium catalysts. The 
crude products were treated with methylmagnesium bro­
mide, and the permethylated product 2, 3, 4, or 5 was 
isolated respectively. 

Synthesis of 2. In a two-necked flask fitted with a reflux 
condenser, were placed the butadiyne 1 (1.6 g, 8.2 mmol), 
dichlorobis(triethylphosphine)palladium (57 mg, 0.14 mmol), 
and "disilane fraction" (3 g), and the mixture was heated 
at 120 °C for 9 h under an argon atmosphere. The reaction 
mixture was diluted with diethyl ether (10 ml) and then 
treated with 3 M methylmagnesium bromide in diethyl 
ether (20 ml, 60 mmol) at —40 °C. The reaction mixture was 
stirred for 2 h at 0°C, quenched with saturated sodium 
hydroxide aqueous solution (30 ml), acidified with 2 M 
hydrochloric acid (5 ml), and extracted with diethyl ether 

(50 ml). The ethereal layer was dried over anhydrous sodium 
sulfate and concentrated under reduced pressure. Purifica­
tion by recrystallization from methanol gave 1.2 g of 2 (42%). 
The filtrate, was concentrated, and the residue was subjected 
to column chromatography (hexane) to give additional 2 
(190 mg, 7%) along with 3 (650 mg, 23%). 

Synthesis of 3. In a two-necked flask fitted with a reflux 
condenser, were placed 1 (1.5 g, 7.7 mmol), dichlorobis(tri-
benzylphosphine)palladium (100 mg, 0.13 mmol), and 1,2-
dichloro-l,l,2,2-tetramethyldisilane (3g, 16 mmol), and the 
mixture was heated at 120 °C for 11 h under an argon 
atmosphere. The reaction mixture was diluted with diethyl 
ether (10 ml), treated with 3 M methylmagnesium bromide 
in diethyl ether (15 ml, 45 mmol) at —40 °C, and stirred for 
2 h at 0 ° C before quenching with saturated sodium 
hydroxide aqueous solution (30 ml). Acidification with 2 M 
hydrochloric acid (5 ml), extraction with diethyl ether 
(50 ml), drying the ethereal layer over anhydrous sodium 
sulfate, and concentration under reduced pressure, followed 
by purification by column chromatography (hexane), gave 2 
111 mg (4%) and 3 1.94 g (74%). 

l,2-Bis(chlorodimethylsilyl)-l,4-bis(trimethylsilyl)-l-buten-
3-yne (3'a). A mixture of the butadiyne 1 (88 mg, 0.45 
mmol), l,2-dichloro-l,l,2,2-tetramethyldisilane (300 mg, 1.6 
mmol), and dichlorobis(triethylphosphine)palladium (2.8 
mg, 6.8X10_3mmol) was placed in a lOml-sealed tube and 
heated at 120 °C for 8 h under an argon atmosphere. 
Isolation by GLC (DiasolidZS, 6 mm0X3 m, injection temp. 
220 °C, column temp 200 °C, retention time 10 min) gave 3'a 
(105 mg, 61% yield) as a 1:1 mixture of E/Z isomers. A 
colorless oil; *H NMR (CDCI3) <5=0.20 (s, 18H), 0.356 (s, 9H), 
0.358 (s, 9H), 0.68 (s, 6H), 0.70 (s, 9H), 0.71 (s, 6H), 0.72 (s, 
6H); 13CNMR (CDCI3) <5=-0.54 (mq, /=120Hz, Si(ÇH3)3), 
-0.50 (mq, /=120 Hz, Si(CH3)3), 1.78 (mq, /=120 Hz, 
Si(CH3)3), 3.07 (mq, /=120 Hz, Si(CH3)3), 4.30 (qq, / = 2 and 
121 Hz, SiCl(ÇH3)2), 4.36 (qq, / = 2 and 121 Hz, SiCl(CH3)2), 
5.22 (qq, / = 2 and 121 Hz, SiCl(CH3)2), 6.37 (qq, / = 2 and 
121 Hz, SiCl(CH3)2), 107.9 (s, Ç(3)), 108.0 (s, Ç(3)), 111.0 
(decuplet, / = 2 Hz, C(4)), 111.9 (decuplet, / = 2 Hz, C(4)), 
151.4 (m, C(l) or C(2)), 153.3 (m, C(l) or C(2)), 175.2 (m, 
C(l) or C(2)), 177.2 (m, Ç(l) or Ç(2)); IR (neat) 2960, 2120, 
1410, 1250, 1040, 930, 835, 790, 690, 660 cm"1; MS m/z (rel 
intensity) 384 (M++4, 1), 383 (M++3, 2), 382 (M++2, 4), 381 
(M++1,2), 380 (M+, 5), 272 (17), 179 (22), 164 (32), 155 (17), 97 
(12), 93 (18), 73 (100), 45 (20), 18 (20). 

In a similar manner the butadiyne 1 was allowed to react 
with 1,2-difluoro-l,l,2,2-tetramethyldisilane, l,2-bis(l-methyl-
ethoxy)-l,l,2,2-tetramethyldisilane, or l,2-diphenyl-l,l,2,2-
tetramethyldisilane using a dichlorobis(triethylphosphine)-
palladium catalyst. The product 3'b, 3'c, 2'd, or 3'd 
respectively was isolated by GLC. 

1,2-Bis(fluorodimethylsilyl)-1,4-bis(trimethylsilyl)-1 -buten-
3-yne (3'b). A 1:1 mixture of E/Z isomers was isolated as a 
colorless oil. 1H NMR (CDCI3) ô=0.189 (s, 9H), 0.190 (s, 
9H), 0.281 (s, 9H), 0.283 (s, 9H), 0.34 (d, /=2.6 Hz, 6H), 0.36 
(d, /=2.5 Hz, 6H), 0.42 (d, /=1.7 Hz, 6H), 0.43 (d, /=1.7 Hz, 
6H); !3CNMR (CDCI3) <5=-0.80 (qdq, / = 1 , 4, and 120 Hz, 
SiF(ÇH3)2), -0.65 (qdq, / = 1 , 4, and 120 Hz, SiF(ÇH3)2), 
-0.43 (septuple q, J=2 and 120 Hz, (Si(ÇH3)3)X2), 1.02 (mq, 
/=120 Hz, Si(ÇH3)3), LU (dqd, / = 2 , 5, and 120 Hz, 
SiF(ÇH3)2), 1.27 (dqd, / = 2 , 5, and 120 Hz, SiF(ÇH3)2, 107.7 (s, 
Ç(4)), 107.8 (s, Ç(4)), 110.32 (m, Ç(3)), 110.33 (m, Ç(3)), 152.4 



3108 Tetsuo KUSUMOTO and Tamejiro HIYAMA [Vol. 63, No. 11 

(md, / = 4 Hz, C(l) or C(2)), 152.6 (md, 7=5 Hz, C(l) or C(2)), 
174.2 (md, 7=3 Hz, C(l) or C(2)), 174.3 (md, / = 4 Hz, C(l) or 
C(2)); MS m/z (rel intensity) 348 (M+, 9), 256 (37), 241 (62), 
164 (79), 155 (30), 73 (100), 45 (18). 

1,2-Bis[dimethyl( 1 -methylethoxy)silyl]-1,4-bis(trimethyl-
silyl)-l-buten-3-yne (3'c). A 1:1 mixture of E/Z isomers. A 
colorless oil; *H NMR (CDC13) <5=0.16 (s, 9H), 0.19 (s, 9H), 
0.21 (s, 9H), 0.23 (s, 6H), 0.24 (s, 9H), 0.25 (s, 6H), 0.34 (s, 
6H), 0.35 (s, 6H), 1.16 (d, 7=5.1 Hz, 12H), 1.21 (d, 7=6.1 Hz, 
12H), 3.9—4.1 (m, 4H); 13C NMR (CDCI3) <5=-0.36 (mq, 
/=120 Hz, Si(CH3)3), -0.33 (mq, 7=120 Hz, Si(CH3)3), 0.52 
(qq> 7=2 and 120 Hz, Si(CH3)2), 0.63 (qq, 7=2 and 119 Hz, 
Si(CH3)2), 1.05 (qq, 7=2 and 120 Hz, Si(CH3)2), 2.06 (qq, 7=2 
and 119 Hz, Si(CH3)2), 2.20 (septuple q, J=2 and 120 Hz, 
Si(CH3)3), 2.77 (septuple q, ]=2 and 119 Hz, Si(CH3)3), 25.7 
(qq, / = 5 and 125 Hz, OCH(CH3)2), 25.9 (qq, J=5 and 
125 Hz, OCH(CH3)2), 64.8 (md, /=140Hz, OCH(CH3)2), 
66.1 (md, /=140 Hz, OCH(CH3)2), 106.5 (decuplet, 7=2 Hz, 
C(4)), 107.4 (decuplet, 7=2 Hz, C(4)), 110.3 (s, C(3)), 110.8(s, 
C(3)), 151.6 (m, C(l) or C(2)), 153.2 (m, C(l) or C(2)), 177.1 
(m, C(l) or C(2)), 180.3 (m, C(l) or C(2)); IR(neat) 2970, 
2910, 2100, 1250, 1120, 1020, 840, 780, 640 cm"1; MS m/z (rel 
intensity) 428 (M+, 7), 327 (28), 311 (17) 253 (51), 229 (40), 149 
(29), 147 (29), 117 (41), 75 (100), 73 (90). 

1,4-Bis(dimethylphenylsilyl)-1,4-bis(trimethylsilyl)-1,2,3-
butatriene (2'd). A 1:1 mixture of E/Z isomers. A yellow 
oil; Kf 0.5 (Hexane). IR (neat) 2970, 1545, 1430, 1250, 1110, 
895, 840, 800, 780, 730, 700, 650, 620 cm"1; *H NMR (CDC13) 
0=0.01 (s, 18H), 0.07 (s, 18H), 0.36 (s, 12H), 0.47 (s, 12H), 
7.25—7.4 (m, 12H), 7.47—7.56 (m, 8H); MS m/z (rel 
intensity) 464 (M+, 12), 299 (10), 290 (10), 241 (9), 197 (11), 
135(100), 73 (25). 

l,2-Bis(dimethylphenylsilyl)-l,4-bis(trimethylsilyl)-l-buten-
3-yne (3'd). Isolated as a 1:1 mixture of E/Z isomers. A 
colorless oil; Rf 0.5 (Hexane). IR (neat) 2970, 2150, 2100, 
1540, 1430, 1250, 1115, 900, 840, 780, 730, 700 cm"1; 1H NMR 
(CDC13) <5=-0.66 (s, 9H), -0.05 (s, 9H), 0.10 (s, 6H), 0.13 (s, 
9H), 0.16 (s, 9H), 0.47 (s, 6H), 0.51 (s, 6H), 0.55 (s, 6H), 
7.25—7.40 (m, 12H), 7.47—7.56 (m, 8H); MS m/z (rel 
intensity) 464 (M+, 6), 271 (12), 217 (10), 197 (12), 135(100), 73 
(27). 

3-Trimethylsilyl-4-(2-trimethylsilylethynyl)-2,2,5,5-tetra-
methyl-l-oxa-2,5-disilacyclopent-3-ene (6). A mixture of 1 
(39 mg, 0.2 mmol), l,2-dichloro-l,l,2,2-tetramethyldisilane 
(0.2 ml), and dichlorobis(triethylphosphine)palladium (2.0 
mg, 4.8X10~3mmol) was placed in a lOml-sealed tube and 
heated at 110 °C for 4 h under an argon atmosphere. The 
reaction mixture was freed in vacuo of excess of the disilane. 
The residue was dissolved in diethyl ether (1 ml) and 
quenched with 1 M sodium hydroxide aqueous solution 
(2 ml) at room temperature for 0.5 h. The reaction mixture 
was poured to 1 M sodium hydroxide aqueous solution 
(10 ml) and extracted with diethyl ether (20 ml). The 
ethereal layer was dried over anhydrous sodium sulfate and 
concentrated under reduced pressure. Purification by 
preparative TLC (hexane : ethyl acetate=20:1, Rt 0.4) gave 
36 mg of 6 (55% yield) as colorless prisms, mp 41 °C. 
!H NMR (CDC13) 0=0.18 (s, 9H), 0.20 (s, 9H), 0.22 (s, 6H), 
0.25 (s, 6H); 13C NMR (CDC13) <5=-0.64 (qq, 7=1 and 
120 Hz, Si(CH3)2), -0.36 (septuple q, 7=2 and 119 Hz, 
Si(CH3)3), -0.05 (septuple q, 7=2 and 120 Hz, Si(CH3)3), 
1.50 (qq, 7=2 and 120 Hz, Si(CH3)2), 105.7 (s, Ç=CSiMe3), 

107.6 (decuplet, 7=3 Hz, OCSiMe3), 157.6 (m, Ç(3) or 
C(4)), 176.6 (m, Ç(3) or C(4)); MS m/z (rel intensity) 326 
(M+, 30), 311 (49), 223 (39), 73 (100). Found: m/z 326.1370. 
Calcd for Ci4H30OSi4: M, 326.1372. 

(Z)-l,2-Bis(dimethylethylsilyl)-l,4-bis(trimethylsilyl)-l-
buten-3-yne (7). In a similar manner the butadiyne 1 
(31.5 mg, 0.16 mmol) was allowed to react with 1,2-dichloro-
1,1,2,2-tetramethyldisilane (125 mg, 0.67 mmol) using dichlo-
robis(triethylphosphine)palladium (1.1 mg, 2.7X10"3 mmol). 
The crude product was treated with ethylmagnesium 
bromide. After workup the product 7 (38.5 mg, 64% yield) 
was isolated by preparative TLC (hexane, Rf 0.9) as a 
colorless oil. *H NMR (CDC13) 0=0.17 (s, 9H), 0.18 (s, 6H), 
0.23 (s, 6H), 0.26 (s, 9H), 0.68 (q, 7=7.9 Hz, 3H), 0.96 (t, 
7=7.9 Hz, 3H); IR (neat) 2970, 2200, 1440, 1250, 1165, 1050, 
960, 900, 840, 780, 690, 635, 600, 540 cm"1; MS m/z (rel 
intensity) 369 (M++1, 11). 368 (M+, 29), 251 (18), 237 (27), 193 
(24), 169 (16), 155 (22), 87 (54), 73 (100), 59 (86). Found: m/z 
368.2211. Calcd for Ci8H4oSi4: M, 368.2205. 

Isomerization of 7 by Preparative GLC. The E and Z 
mixture (18.5 mg) was obtained from (Z)-butenyne 7 (20 mg) 
by preparative GLC (Diasolid ZS, 6 mm0X3 m, injection 
temp 220 °C, column temp 200 °C, retention time 15 min). 
The mixture showed m NMR (CDC13) 0=0.17 (s, 18H, 
Si(CH3)3 of E and Z), 0.18 (s, 6H, Si(CH3)2Et of E), 0.20 (s, 
9H, Si(CH3)3 of Z), 0.233 (s, 6H, Si(CH3)2Et of E), 0.235 (s, 
6H, Si(CH3)2Et of Z), 0.24 (s, 6H, Si(CH3)2Et of Z), 0.27 (s, 
9H, Si(CH3)3 of E), 0.6—0.8 (m, 12H, SiCH2CH3 of E and Z), 
0.8—1.0 (m, 18H, SiCH2CH8 of E and Z). 

(£)-l,l,4,4-Tetrakis(trimethylsilyl)-2-butene[(£)-13]. This 
compound was prepared according to the procedure 
described in ref. 29: bp 70 °C/4Torr (Lit,29* 135—140 °C/10 
Torr); mp 68—69 °C; Rf 0.95 (hexane). m NMR (CDC13) 
0=0.04 (s, 36H), 1.00 (dd, 7=3.2 and 7.5 Hz, 2H), 5.02 (dd, 
7=3.2 and 7.5 Hz, 2H); 13C NMR (CDC13) 0=0.07 (mq, 
7=119 Hz), 25.2 (mtd, 7=6 and 108 Hz), 125.5 (dtd, 7=1, 7, 
and 149 Hz); IR (KBr) 2960, 1245, 1115, 1030, 830, 770, 750, 
680 cm"1. 

Hydrogénation of 2. A mixture of 2 (33.2 mg, 9.7X10"2 

mmol), 10% palladium on carbon (3.5 mg), and methanol 
(0.5 ml) was stirred for 12 h at room temperature under a 
hydrogen atmosphere. The reaction mixture was filtered 
using a sintered-glass filter to remove the catalyst. The 
residue was washed with diethyl ether. The combined 
ethereal solution was concentrated under reduced pressure, 
and the residue was purified by preparative TLC (hexane, Rf 
0.95) to give 13 (28 mg) as a 1:1 mixture of E and Z isomers. 
The mixture showed W NMR (CDC13) 0=0.02 (s, 36H, Z), 
0.04 (s, 36H, £), 0.99 (dd, 7=3.2 and 7.5 Hz, 2H, E), 1.27 (dd, 
7=2.6 and 8.7 Hz, 2H, Z), 5.00 (dd, 7=3.2 and 7.5 Hz, 2H, £), 
5.13 (dd, 7=2.6 and 8.7 Hz, 2H, Z); IR (neat) 2970, 1250, 1120, 
1040,850,770,740,690 cm"1. 

A mixture of 2 (20.2 mg, 6X10"2 mmol), 10% palladium on 
carbon (19.5 mg), and methanol (0.5 ml) was stirred for 1 h at 
room temperature under a hydrogen atmosphere. The 
reaction mixture was filtered through a sintered-glass filter 
and concentrated under reduced pressure. Purification by 
preparative TLC (hexane, Rt 0.95) gave 12 and 13 as a 
mixture (21.2 mg, 12:(£)-13:(Z)-13=4:1:2). The mixture 
showed m NMR (CDC13) 0=0.02 (s, Si(CH3)3 of (£)-13), 0.05 
(s, Si(CH8)3 of (Z)-13), 0.06 (s, 18H, Si(CH3)3X2 of 12), 0.12 (s, 
18H, Si(CH8)3X2 of 12), 0.68 (d, 7=10.8 Hz, 1H, CHSi2 of 12), 
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0.98 (dd, /=3.2 and 7.5 Hz, (£)-13), 1.27 (dd, /=2.6 and 
8.7 Hz, (Z)-13), 4.30 (d, /=10.8 Hz, 1H, O C H of 12), 5.00 (dd, 
/=3.2 and 7.5 Hz, (£)-13), 5.13 (dd, 7=2.6 and 8.7 Hz, (Z)-13); 
IR (neat) 2980, 1910 (C=C=C), 1250, 1050, 1030, 890, 840, 760, 
690 cm"1. 

Hydrogénation of 3. A mixture of 3 (33.2 mg, 9.7X10"2 

mmol), 10% palladium on carbon (10.6 mg), and methanol 
(0.5 ml) was stirred for l h at room temperature under a 
hydrogen atmosphere. The reaction mixture was filtered 
through a sintered-glass filter and concentrated under 
reduced pressure. Purification by preparative TLC (hexane, 
Rt 0.95) gave a product (15 mg) which contained 14 as a 
main component. *H NMR (CDCls) ô=0.049 (s, 9H), 0.055 (s, 
9H), 0.075 (s, 9H), 0.086 (s, 9H), 0.265 (s, 1H), 4.51 (s, 1H); IR 
(neat) 2980, 1900 (C=C=C), 1250, 1030, 840, 770, 690 cm"1; MS 
m/z (rel intensity) 342 (M+, 8), 239 (23), 181 (15), 168 (19), 73 
(100). 

Hydrosilylation of 2 with Trimethylsilane. In a sealed 
tube were placed l,l,4,4-tetrakis(trimethylsilyl)butatriene (2) 
(40 mg, 0.12 mmol), chlorotris(triphenylphosphine)rhodi-
um(I) (2.0 mg, 2.2X10"3 mmol), and trimethylsilane (240 mg, 
3.2 mmol) at —78 °C, and the mixture was heated at 80 °C for 
12h. The reaction mixture was filtered through a short 
silica-gel column (Wakogel C-100, 20 mm</>X20 mm). Elu­
tion with diethyl ether (30 ml), and concentration of the 
eluate under reduced pressure, followed by preparative TLC 
(hexane, Rf 0.9) of the residue gave l,l,3,4,4-pentakis(tri-
methylsilyl)-l,2-butadiene (18) 44 mg (90% yield). Recrystal-
lization from methanol gave the analytically pure sample 
of 18 as colorless prisms; mp 94—95 °C. *H NMR (CDCI3) 
0=0.06 (s, 9H), 0.11 (s, 18H), 0.15 (s, 18H), 0.18 (s, 1H); 
13CNMR (CDCI3) ô=-0.15 (septuple q, 7=2 and 119 Hz, 
C(3)- Si(ÇH3)3), 1.58 (septuple q, 7=2 and 119 Hz, C(l)-Si(ÇH3)3), 
1.83 (decuple q, 7=2 and 119 Hz, C(4)-Si(ÇH3)3), 14.56 (md, 
7=109 Hz, Ç(4)), 73.82 (m, Ç(l) or Ç(3)), 78.76 (m, Ç(l) or 
Ç(3)), 205.5 (d, 7=11 Hz, Ç(2)); IR (KBr) 2970,1860 (C=C=C), 
1250, 885, 840, 760, 690 cm"1; MS m/z (rel intensity) 414 (M+, 
12), 341 (13), 253 (22), 228 (11), 155 (40), 73 (100). Found: C, 
54.69; H, 11.32%. Calcd for Ci9H46Si5: C, 54.99; H, 11.17%. 

Reaction of 2 with m-CPBA. A mixture of 2 (0.34 g, 
1 mmol), m-CPBA (0.7 g, 4 mmol), and dichloromethane 
(2 ml) was stirred at room temperature for 20 min under an 
argon atmosphere. The mixture was treated with 20% 
sodium hydrogensulfite aqueous solution (3 ml), and stirr­
ing was continued for 20 min. To this solution was added 
sat. sodium hydrogencarbonate aq solution (20 ml), and the 
resulting mixture was extracted with chloroform (20 mlX2). 
The extract was washed with water (20 ml), dried over 
anhydrous sodium sulfate, and concentrated under reduced 
pressure. Purification by preparative TLC (hexane:ethyl 
acetate=9:l, Rf 0.5) afforded l,l,4,4-tetrakis(trimethylsilyl)-3-
(3-chlorobenzoyloxy)-3-buten-2-one (19) 0.3 g (60% yield) as 
colorless prisms; mp 103 °C (methanol). 1H NMR (CDCI3) 
0=0.07 (s, 18H), 0.14 (s, 9H), 0.26 (s, 9H), 2.38 (s, 1H), 7.49 (t, 
7=7.9 Hz, 1H), 7.63 (ddd, 7=1.1, 2.1 and 7.9 Hz, 1H), 8.00 
(ddd, 7=1.1, 1.5 and 7.9 Hz, 1H), 8.09 (dd, 7=1.5 and 2.1 Hz, 
1H); 13C NMR (CDCI3) «5=0.45 (mq, 7=120 Hz, C(4)-Si(ÇH3)3), 
2.34 (septuple q, 7=2 and 120 Hz, C(l)-Si(ÇH3)3), 2.96 
(septuple q, 7=2 and 119 Hz, C(l)-Si(ÇH3)3), 35.8 (md, 
7=111 Hz, Ç(4)), 128.1 (dtd, 7=1, 7, and 165 Hz, Ç(4) or Ç(6) 
of C6H4C1), 130.1 (dtd, 7=1, 6, and 168 Hz, Ç(4) or Ç(6) of 
C6H4C1), 130.3 (d, 7=165 Hz, Ç(5) of C6H4C1), 131.6 (d, 

7=9 Hz, Ç(3) of C6H4C1), 133.9 (ddd, 7=5, 8, and 167 Hz, Ç(2) 
of C6H4C1), 135.2 (dtd, 7=1, 3, and 5 Hz, Ç(l) of C6H4C1), 
140.7 (m, Ç(l)), 154.6 (s, Ç(2)), 164.1 (dt, 7=2 and 8 Hz, 
ÇOO), 195.59 (d, 7=5 Hz, Ç(3)); IR (KBr) 2960, 1730, 1680, 
1250, 1030, 855, 740 cm"1; MS m/z (rel intensity) 499 
(M+H-2-Me, 1.3), 497 (M+-Me, 2.3), 187 (28), 148 (12), 147 
(74), 139 (29), 111 (11), 99 (16), 73 (100). Found: C, 53.60; H, 
8.06; CI, 6.82%. Calcd for C23H4iC104Si4: C, 53.81; H, 8.05; 
CI, 6.91%. 

Reaction of 2 with Benzoyl Peroxide. In a flask fitted 
with a reflux condenser, were placed 2 (34 mg, 0.1 mmol) and 
benzoyl peroxide (85 mg, 0.35 mmol) dissolved in 1,1,1-
trichloroethane (0.5 ml), and the mixture was refluxed for 
0.5 h under an argon atmosphere. The reaction mixture was 
quenched by the addition of 20% sodium hydrogensulfite 
aqueous solution (2 ml), and the stirring was continued for 
20 min. To this solution was added sat. sodium hydrogen-
carbonate aq solution (5 ml), and the resulting mixture was 
extracted with chloroform (10 mlX2). The combined extract 
was washed with water (10 ml), dried over anhyd sodium 
sulfate, and concentrated under reduced pressure. Purifica­
tion by preparative TLC (hexane:ethyl acetate=9:l, R{ 0.4) 
gave l,l,4-tris(trimethylsilyl)-2-benzoyloxy-l-buten-3-yne 
(23) 23 mg (59% yield). Recrystallization from methanol 
gave pure 23 as colorless prisms; mp 44 °C. 1H NMR 
(CDCI3) 6=0.12 (s, 9H), 0.18 (s, 9H), 0.32 (s, 9H), 7.35—7.68 
(m, 3H), 7.95—8.22 (m, 2H); 13C NMR (CDCls) ô=-0.58 
(septuple q, 7=2 and 120 Hz, C(4)-Si(ÇH3)3), 1.31 (septuple 
q, 7=2 and 120 Hz, C(l)-Si(ÇH3)3), 1.66 (septuple q, 7=2 and 
120 Hz, C(l)-Si(ÇH3)3), 96.85 (decuplet, 7=2 Hz, Ç(4)), 100.8 
(s, Ç(3)), 128.5 (dd, 7=8 and 162 Hz, Ph), 130.1 (t, 7=8 Hz, 
Ph), 130.2 (ddd, 7=5, 6, and 160 Hz, Ph), 133.3 (ddd, 7=7, 8, 
and 161 Hz, Ph), 134.8 (m, Ç(l)), 140.9 (s, Ç(2)), 164.1 (t, 
7=4 Hz, ÇOO); IR (KBr) 2970, 2150, 1740, 1555, 1450, 1260, 
1250, 1110, 1080, 1060, 1020, 900, 840, 760, 710 cm"1; MS 
m/z (rel intensity) 388 (M+, 1), 283 (5), 179 (38), 105 (100), 77 
(16), 73 (34). Found; C, 61.51; H, 8.15%. Calcd for 
C2oH3202Si3; C, 61.80; H, 8.30%. 
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Acid-Catalyzed Cleavage of Methoxymethyl Phenyl Sulfoxide. 
Solvent Effects and Mode of Bond Cleavage 
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Rate constants for the acid-catalyzed hydrolysis of methoxymethyl phenyl sulfoxide increase with 
increasing composition of dioxane in aqueous dioxane solution in contrast to the isomeric sulfenate which is 
strongly decelerated by added dioxane fraction (up to 90vol%). The isotope distribution in the products 
obtained from the [lsO]-sulfoxide was examined in 95 vol% aqueous dioxane. About 90% of the 1 80 was retained 
in the product S-phenyl benzenethiosulfinate from the reaction with hydrochloric and hydrobromic acid while 
only 50—60% of the 1 80 was found in the thiosulfinate from the reaction with perchloric acid. A plausible 
reaction mechanism involving ligand coupling within a hypervalent intermediate is proposed for the partial 
loss of the 1 80 label in the latter reaction. 

We have recently reported kinetic results for acid-
catalyzed cleavage of methoxymethyl phenyl sulfoxide 
(1) in aqueous solut ion, and two possible pathways 
(Eqs. 2 a n d 3) are suggested in addi t ion to an SN2-like 
cleavage of the S-C bond of the protonated substrate 2 
(Eq. I).1* T h a t is, in order to accommodate the 
mechanis t ic A-l na ture of the reaction and the lack of 
racemization of 1, intermediate formation of the 
isomeric sulfenate 6 via the ion pa i r 5 (Eq. 2) was 
considered. However, a mechanism involving a 
nuc leophi l ic attack at the sulfur to form the hyper­
valent intermediate (sulfurane) 7 leading to the 
products by l igand coupling2 ) (Eq. 3) could no t be 
excluded. T h e final p roduct was the thiosulfinate 4 
which results from rap id condensat ion of 3 (Eq. 4). 

O OH 

PhSCH2OMe v N PhSCH2OMe 
+ 

1 2 

Nu~ 

• PhSOH + MeOCH2Nu (1) 

3 

2 • [PhSOH +CH2OMe] • PhSOCH2OMe 

5 6 

H + ,H 2 0 

• PhSOH + MeOCH2OH (2) 

OH 
H2O I 

2 > Ph-S-CH2OMe 
I 

+OH2 

7 

Ligand Coupling 

> PhSOH + MeOCH2OH (3) 

2PhSOH • PhS(0)SPh + H 2 0 (4) 

3 4 

In order to determine which pa thway is more 
plausible for the acid-catalyzed hydrolysis of 1, the 
reaction of the l sO-labeled substrate 1-180 has been 
examined. In the SN2-like reaction, the 1 8 0 label 
should be retained in the product 4 (Eq. 1), whi le some 
of the 1 8 0 may be lost in the hydrolysis of the sulfenate 
ester 6 (Eq. 2).3) 

18Q 
f 

Ph-S-CH2OMe 

1-180 

PhS18OH > PhS( lsO)SPh 
SN2 ^^^' 

^ ^ 3-180 4-180 

^ " ^ PhSOH • PhS(0)SPh 

3 4 

In the pa thway involving l igand coupl ing of the 
sulfurane intermediate 7 (Eq. 3), the extent of retention 
of 1 8 0 depends on the relative ease of coupl ing of the 
or iginal and incoming O H groups wi th the methoxy­
methyl g roup . 

T h e correlat ion of the bond cleavage in the above 
mechanisms wi th the extent of 1 8 0 retention in the 
produc t 4 can ho ld only if n o loss of 1 8 0 takes place in 
the in termedia te 3 as well as in the substrate or the 
product d u r i n g the reaction. A l though the oxygen 
exchange of the sulfoxide in aqueous solution does no t 
seem to be faster than the hydrolysis,4-6* the oxygen 
exchange of 4 may be as r ap id as the hydrolysis of 1 in 
aqueous acid.7) T h e O exchange of 3 may be even 
m u c h faster than the hydrolysis of 1 in aqueous 
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solut ion. T h e acid-catalyzed O H exchange of 3 wi th 
water (Eq. 6) should be mechanist ically similar to the 
acid-catalyzed hydrolysis of a sulfenate ester P h S O R 
(Eq. 7) a n d the latter react ion is 103 times as fast as the 
hydrolysis of 1 in whol ly aqueous solution.8 ) Under 
these circumstances, the isotope distr ibution exper­
iments in hydrolysis of the labeled substrate are 
meaningless. 

PhS-18OH + H30+ 

3-180 

PhS-180+H2 + H 2 0 

-^ PhS-OH + H2
180 

3 

(6) 

1 mol d m - 3 ) are plotted logari thmically against vol % 
of dioxane in the reaction media (Fig. 1). 

Solvent-dependent changes in rates for the hydro­
lyses of 1 and 6 are qui te contrast ing. T h e rate for 6 
very rapidly decreases wi th increasing fraction of 
d ioxane showing a m i n i m u m value at above 90% 
dioxane and then increases in solutions of still h igher 
content of dioxane. Th i s type of solvent effects on the 
rate can be seen for other acid-catalyzed reactions in 
aqueous solut ion probably owing to the ionic na ture 
of the t ransi t ion state.10) By contrast, the rate for the 
reaction of 1 increases slowly (up to about 80%) and 
then rapidly wi th increasing composi t ion of dioxane. 

P h S O R + H30+ ^= _^ PhS-+OHR + H 2 0 

-> PhS-OH + ROH (7) 

However, we have fortunately found that solvent 
effects on the rates for hydrolyses of 1 and 6 (or another 
s imple sulfenate8)) are qu i te different: the hydrolysis of 
6 is greatly decelerated wi th the increase of organic 
fraction of mixed aqueous solut ions while that of 1 is 
accelerated wi th increasing composi t ion of organic 
solvent, a n d in 95% aqueous d ioxane 1 is hydrolyzed 
more rapidly than 6. So, we could examine the 1 8 0 
dis tr ibut ion in the product from hydrolysis of the 
labeled 1-180 wi th little influence from the exchange 
reactions in predominant ly organic aqueous solution. 
T h e 1 8 0 exchange of the labeled 4 seems also to be 
retarded in organic aqueous solut ion. T h e present 
paper describes results of such examinat ions and 
presents a more plausible mechanism for the acid-
catalyzed bond cleavage of 1. 

Results and Discussion 

Rates for the acid-catalyzed hydrolysis of the 
sulfoxide 1 and the sulfenate 6 were determined in 
aqueous d ioxane of varying composi t ion. T h e ob­
served rate constants are summarized in Table 1, and 
the corrected rate constants at [HClO4]=0.1 M9> (1 M = 

[ HCl O4 ] - 0 .1 M 

• * -5 h -

O 

50 

) dioxane 

100 

Fig. 1. Rate constants for the hydrolyses of the 
sulfoxide 1 (•) and the sulfenate 6 (O) in aqueous 
dioxane at [HClO4]=0.1 M and 25 °C. The ordinate 
shows vol% content of dioxane. 

Table 1. Solvent Effects on the Hydrolysis Rates of 1 and 6a) 

Dioxane 

vol% 

1 
20 
50 
60 
80 
90 
95 
97.5 

] 

[HC104]/M 

0.40 
0.40 
0.40 
0.40 
0.40 
0.10 
0.10 
0.10 

l O ^ o b s d / s " 1 

0.0999 
0.118 
0.158 
0.179 
0.521 
0.178 
0.92 
3.6 

[HC104]/M 

0.02 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

6 

lO^obsd /S" 1 

5.4 
13.8 
3.3 
2.0 
0.81 
0.40 
0.75 
1.20 

a) Measured in aqueous dioxane at 25 °C without added salt. 



November, 1990] Acid-Catalyzed Cleavage of Methoxymethyl Sulfoxide 3113 

Al though 6 is abou t 103 times more reactive than 1 in 
wholly aqueous solut ion, crossover of the relative 
reactivity occurs at 95% of dioxane and 1 becomes more 
reactive in predominant ly organic aqueous solution. 

If the sulfenate 6 had been an intermediate for the 
reaction of 1 as postulated in Eq. 2,1* an apparen t 
curvature of the first-order p lo t should have been 
observed for the reaction of 1 (owing to the accumula­
tion of the intermediate) in predominant ly organic 
aqueous solut ion (>90% dioxane) where 6 is similarly 
or less reactive. Fur thermore, formation of 6 should 
have been detected if the reaction had been quenched 
in the intermediate stage of the reaction. In reality, we 
could observe nei ther anomalous kinetic behavior nor 
formation of 6. Pseudo-first-order plots for the forma­
tion of 4 in the reaction of 1 in 90—97.5 vol% aqueous 
dioxane were nicely linear to give kohsd recorded in 
Tab le 1. T h e reactions of 1 were quenched at abou t 
the half-life t ime of the reaction by neutralization wi th 
alkali and the reaction mixture was directly (or after 
extraction wi th d ichloromethane and concentration) 
analyzed by H P L C . Only the substrate 1 and the 
product 4 were detected and n o sign of formation of 6 
was found. In consequence, a possibility of inter­
mediate format ion of the sulfenate 6 and hence a 
mechan ism shown in Eq. 2 can clearly be excluded. 
O u r previous suggestion1* that 6 be a possible 
intermediate has to be wi thdrawn. 

In p redominan t ly organic media, the oxygen ex­
change of the sulfenic acid should be strongly retarded 
and the isotope dis t r ibut ion in the hydrolysis products 
may reflect satisfactorily the bond cleavage due to the 
hydrolysis reaction of the present concern. So, we 
under took such determinat ion in aqueous dioxane 
solution. 

T h e l sO-labeled sulfoxide 1-180 of 93.2 a tom % 
iso topic pur i ty was obta ined by b romine oxidat ion of 
methyl phenyl sulfide in the presence of l s O-enr iched 

water (97%)n ) followed by a-brominat ion1 2 ) and 
nucleophi l ic substitution13* (Eq. 8). 

PhSCH3 

Br2, H2
1 80 

18Q 

PhSCH3 

NBS/Br2 

1 8 Q 

PhSCH2Br 

MeONa 
-• 1-180 (8) 

T h e last step of the synthesis was carried ou t in a 
smaller scale immediately before each use since the 
sulfoxide 1 is k n o w n to rearrange to the sulfenate 6 
slowly even at room temperature.14) 

T h e reaction products from 1-180 in aqueous 
dioxane were extracted with dichloromethane and 4 
was immediately separated from the unreacted 1-180 
since a (wet) solut ion of 1-180 gives easily the labeled 4 
wi thou t any loss of the label on s tanding at room 
temperature . T h e solut ion of the isolated 4 was 
subjected to mass spectral analysis. F rom the relative 
intensities of the peaks at m/z 234 and 236 the 1 8 0 
content of the produc t 4 and then % retent ion of the 
1 8 0 were calculated. T h e results are summarized in 
Tables 2 and 3. 

A definitive tendency seen in these results is that the 
% retent ion of the label is greater for the reactions in 
the presence of chloride or bromide ion than in their 
absence. T h e distinct difference observed for the 
reactions in 95% aq dioxane suggests that the reactions 
in perchlor ic acid and in hal ide acids proceed t h rough 
different mechanisms. T h e latter reactions in hydro­
chloric and hydrobromic acids result in about 90% 
retent ion in contrast to about 50% retention observed 
for the former. T h i s implies that the halide-catalyzed 
reaction takes place essentially in 100% retention of the 
label, since the halide-independent reaction which 
leads to some loss of the label should competitively 
occur in the di lute hal ide acid solutions. T h e hal ide 

Table 2. Bond Cleavage of the lsO-Labeled Substrate l-18Oa) 

HX (concn/M) 

HCIO4 (0.05) 

HClO4(0.10) 

HCl (0.05) 

HBr (0.05) 

HC1CM0.10) 

HCl (0.10) 

tl/2 

min 

20 

11 

6.2 

1.2 

70 

12 

103[l]o 

M 

Reaction time 

95 vol% Aqueous 
0.5 
1.0 
2.0 
1.0 
1.0 
1.0 
1.0 
1.0 

90 vol% Aqueous 
1.0 
1.0 
1.0 

min 

dioxane 
20 
20 
20 
10 
30 

7 
15 
2 

dioxane 
70 

150 
20 

%18Qb) 

46.2 
50.2 
58.0 
48.2 
43.8 
86.2 
83.9 
81.1 

32.5 
28.8 
68.3 

% 1 8 Q 

Retentionc) 

49.6 
53.8 
62.2 
51.7 
47.0 
92.5 
90.0 
87.0 

34.8 
30.9 
73.2 

a) Reaction was carried out with the substrate of 93.2% 1 80 isotopic purity at 25°C. b) Observed atom% of 1 80 
found in the product 4. c) % Retention of the 1 80 in the product 4. 
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Table 3. Bond Cleavage of 1-180 in 60 vol% Aqueous Dioxanea) 

N u - (concn/M) 

None 

CI- (0.10) 

CI- (0.40) 

Br- (0.20) 

tl/2 

min 

65 

37 

18 

9.4 

103[l]o 

M 

0.33 
0.33 
1.0 
1.0 
2.0 
0.33 
0.33 
1.0 
0.33 
0.33 
2.0 
1.0 
1.0 

Reaction time 

min 

65 
260 

65 
195 
195 
37 

147 
40 
18 
55 
54 
9 

28 

%18Qb) 

10.6 
7.4 

13.7 
11.9 
17.5 
33.6 
26.1 
49.3 
29.5 
21.8 
37.4 
30.3 
12.9 

%180 
Retention0* 

11.4 
7.9 

14.7 
12.8 
18.8 
36.1 
28.0 
52.9 
31.7 
23.4 
40.1 
32.5 
13.8 

a) Determined at [H+]=0.40 M and 25 °C. b) Observed atom% of 1 80 found in the product 4. c) ' 
of the 1 80 in the product 4. 

i Retention 

reaction mus t take place th rough an SN2-type mech­
anism (Eq. 1). 

Other general features of the data given in Tables 2 
and 3 are: (1) T h e re tent ion increases wi th a d ioxane 
fraction of the media , and (2) wi th an ini t ia l 
concentra t ion of the substrate [l]o, whi le (3) the 
re tent ion decreases wi th reaction time. T h e large 
solvent effects observed on the % retention are no doubt 
largely due to the O H exchange of the intermediate 
sulfenic acid 3 wi th water and part ly due to the 
exchange of the p roduc t 4 as po in ted ou t above. T h e 
effects of [l]o result from the compet i t ion which 3 
undergoes between the condensat ion to afford 4 (Eq. 4) 
and the exchange (Eq. 6). T h e smaller the ini t ial 
concentra t ion [l]o, the smaller will the stationary-state 
concent ra t ion of the intermediate 3 be and hence the 
more impor t an t will the first-order reaction of 3, O H 
exchange wi th water, become as compared wi th the 
second-order condensat ion, resul t ing in the greater 
loss of the label. Since the substrate concentra t ion 
becomes smaller wi th progress of the reaction, the % 
retent ion becomes smaller wi th reaction time. T h e 
oxygen exchange in 4, if any, tends also to lead to loss 
of the label wi th reaction time. 

T h e % retent ion of the label in 4 from the reaction in 
95% aq dioxane ranges roughly 50—60% in the absence 
of hal ide ion. These values of retention very likely 
reflect the hydrolysis reaction. Since 90% retention was 
observed in hal ide acids in the same med ium, the O H 
exchange of 3 should hardly affect the results. 
A l though hal ide ions accelerate the hydrolysis of l,1* 
they sould also strongly catalyze the O H exchange of 3 
as was observed for the hydrolysis of sulfenate esters.8) 

It is no t reasonable to assume that the exchange is 
more rap id than the hydrolysis of 1 in perchloric acid, 
and hence it may be concluded that the acid-catalyzed 
hydrolysis of 1-180 in the absence of nucleophi l ic 
assistance occurs wi th 50—60% retent ion of 1 8 0 in the 

sulfenic acid product 3. Strictly, the conclusion 
appl ies only to the reaction in 95% aq dioxane. None­
theless, the distinct tendency that the % retention is 
always smaller in the absence of hal ide ion than in its 
presence (Table 3) may suggest that the above rat io of 
the retent ion is also occurr ing in other aqueous media. 

O n e ques t ion may arise here why the effects of [l]o 
which tends to increase the % retention occurs if the 
O H exchange of 3 does no t take place in the med ium. 
Because of an extremely h igh nucleophil ici ty of the 
sulfenic acid,15) 3 could react wi th 1 in a similar way to 
hal ide ions even in its stationary-s täte concentrat ion 
(Eq. 9). T h i s increases the % retention of the label. 

18OH 
l 

Ph-S-CH2OMe + PhSOH 

OH 
I 

PhS18OH + PhSCH2OMe 
+ 

(9) 

T h u s , the net re tent ion in the unassisted acid-
catalyzed hydrolysis of 1-180 may well be abou t 50% of 
the label. T h i s conclusion is best accommodated by 
the mechanism involving l igand coup l ing wi th in the 
sulfurane intermediate (Eq. 3). Since the p ro ton 
transfer equ i l ib r ium is very rap id (Eq. 10) and since 
bo th of the O H groups are very likely located in the 
apical posi t ions, the coup l ing of the methoxymethyl 
g r o u p wi th one of the two O H should occur in an 
equal probabil i ty. 

1 80H 1 80H 2 

P h ^ ' S — CH20Me 
+ 0H2 

p h ^ ' S — C H 2 0 M e 

OH 

(10) 
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T h e l igand coup l ing mechanism2 ) involving a 
sulfurane intermediate has been proposed by Oae and 
co-workers16) for the reaction of 1-phenylethyl 2-
pyridyl sulfoxide wi th a Gr igna rd reagent to give 2-(l-
phenylethyl)pyr idine wi th complete retent ion of con­
f igurat ion at the benzylic carbon. A similar process is 
wel l -known under the n a m e of reductive e l imina t ion 
in the field of organometa l l ic chemistry. A progress of 
b o n d i n g in this process may be visualized in Eq. 11 for 
the present reaction. 

+o 
H / N H 

OMe 

H v d " HH 

P h — S " \ 
\ + OMe 

H M 
(11) 

PhS0H2 + H0CH20Me 

T h e u n u s u a l solvent effects observed may arise from 
the homoly t ic and concerted na ture of the bond 
cleavage a n d formation in this process. T h e reaction 
of halides may take a different pa thway (SN2 , Eq. 1) 
because of their h igher nucleophil ici ty. If it proceeded 
t h r o u g h l igand c o u p l i n g of the sulfurane interme­
diate, the considerable loss of the label sould have been 
observed also for the hal ide reaction. 

Experimental 

Experiments were carried out in the same way as described 
previously.1* 

Methoxymethyl Phenyl [180]Sulfoxide (1-180). To a 
magnetically stirred mixture of methyl phenyl sulfide 
(Aldrich, 2 g, 16 mmol), pyridine (4 cm3, ca. 50 mmol), 1 80-
enriched water (97%, Sigma, 1 g), and dichloromethane 
(30 cm3) was added dropwise a solution of bromine (2.8 g, 
17.5 mmol) in CH2CI2 (35 cm3) on an ice bath. After stirring 
for 10 h, the excess of bromine was destroyed by addition of 
anhydrous Na2S03, and then water was added. The mixture 
was washed with aqueous sodium chloride, dried over 
MgS04 and the solvent was removed by evaporation. The 
residues were chromatograghed with a silica-gel column 
(Merck Kieselgel 60) using 1:2 (v/v) hexane-ethyl acetate as 
an eluent to give the pure sulfoxide (1.9 g, 83% yield).n) 

The methyl phenyl [180] sulfoxide (1.9 g, 13.4 mmol) was 
brominated in the presence of pyridine (1.2 cm3, 15 mmol) in 
a CH2CI2 solution (40 cm3) by addition of a mixture of N-
bromosuccinimide (2.4 g, 13.5 mmol), bromine (1.1 g, 6.8 
mmol), and CH2CI2 (30 cm3) under stirring at room 
temperature. After 6 h stirring, the mixture was washed with 
aq Na2S03 and then aq NaCl and dried over MgS04. The 
solvent was removed under vacuum. The 1H NMR spectrum 
and HPLC of the residue showed that the conversion was 
quantitative and the product was practically pure bromo-
methyl phenyl sulfoxide.12) The bromomethyl sulfoxide was 
used for the next step without purification. 

Methoxylation of the bromomethyl sulfoxide was carried 
out in methanol containing ca. 4 M of sodium methoxide.13) 

About 0.1 g of the bromomethyl sulfoxide was dissolved in 

2 cm3 of the sodium methoxide solution and left standing at 
room temperature for a few h. The product was extracted 
with CH2CI2, washed with aq NaCl, and dried over MgSO.4. 
The solvent was removed under vacuum. The 1H NMR 
spectrum and HPLC showed that the product was practically 
pure 1-180. 1H NMR (CDCI3), «5=3.68 (s, 3H), 4.34 (s, 2H), 
7.4—7.7 (m, 5H). The mass spectrum showed that the 1 80 
isotopic purity is 93.2 atom % from the relative intensity of 
the peaks at m/z 170 and 172. The product was stored as an 
acetonitrile solution in a refrigerator and used within a few 
days. 

Determination of 1 80 Content in the Product. Aqueous 
dioxane solutions (>60% dioxane) were prepared in a 
volumetric flask by placing required amounts of acid, salt, 
and water and then filling the flask with dioxane. A 
necessary amount of acid solution was equilibrated at 25 ° C 
in a flask immersed in a constant temperature bath and an 
acetonitrile solution containing 1-180 (3—5 mg) was intro­
duced from a syringe. After brief shaking, the mixture was left 
standing for an appropriate reaction time and quenched by 
neutralization with a calculated amount of alkali. The 
products were extracted with CH2CI2 and concentrated by 
evaporation. The thiosulfinate product 4 was isolated by 
preparative HPLC (Finepak SIL CisS, 1:1 (v/v) CH3CN-
H2O). The eluted solution was extracted with CH2CI2. The 
resulting extract was concentrated and subjected to mass 
spectral analysis on a spectrometer JEOL DX 303. From the 
relative intensities of the peaks at m/z 234 and 236, content 
of 1 80 was calculated. 

We acknowledge technical assistances by Kazuo Fukuda 
in measurements of mass spectra and by J u n i c h i 
Kitagawa in prepara t ion of the labeled substrate. 
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Determining Relative Stabilities of Fused Five-

Membered Heteroaromatic Isomers 

Satoshi INAGAKI* and Masahiro URUSHIBATA 

Department of Chemistry, Faculty of Engineering, Gifu University, 
Yanagido, Gifu 501-11 

(Received March 12, 1990) 

Ab initio molecular orbital calculations showed that fused five-membered heteroaromatics 1 (X=0, NH, S) 
could be slightly or almost equally stable relative to their isomers 2. The results suggest that the [6e/6p] triene 
conjugation is only a little in preference to (or in the balance with) the counteracting [6e/4p] and [6e/5p] 
conjugations. Kinetically, the isomers 2 were predicted from the qualitative orbital theory and the calculated 
HOMO energies to be more stable. 

Rela t ionship between relative thermodynamic stabi­
lities of cross vs. l inear conjugat ions and numbers of 
electrons was previously disclosed in terms of orbital 
phase cont inui ty-discont inui ty properties (Table l).1* 
T h e cross conjugat ion is more stable for the system of 
six electrons in four p-orbitals (hereafter denoted by 
[6e/4p]). T h i s has been suppor ted by the observed 
stability of the t r imethylenemethane d ianion relative 
to the butadiene dianion.2 ) T h e par t icular stability of 
the cross [6e/4p] conjugat ions has been known as the 
Y-delocalization.3) For [6e/6p], the l inear conjugat ion 
is, conversely, more stable in agreement wi th the well-
known stability of the linear vs. cross conjugated 
hexatriene. For [6e/5p], the linear conjugation is 
readily predicted to be more stable. However, we 
cannot predict thermodynamic preference of cross 
[6e/4p], l inear [6e/5p], and linear [6e/6p] in terms of 
the orbital phase continui ty-discontinui ty property. 

6e/4P O 
linear 

6e/ 5P 

cross 

cross 

<P 00 
linear 

6e/6P CO 00 

H C » ) 
6 1 

2(C2v) 

T h e fused five-membered heteroaromatic molecules 
and their isomers (1 and 2)4 - 1 0 ) contain [6e/4p], [6e/5p], 
and [6e/6p] (Scheme 1). T h e relative stabilities of the 
isomers is expected to shed l ight on the thermodynamic 

linear cross 

Scheme 1. 

preference of these conjugations. T h e heteroaromatics 
are composed of three C=C bonds and two heteroatoms 
(X). T h e interact ions between the ne ighbor ing 
components are supposed to be the most impor tan t in 
de te rmin ing the stabilities. However, these interac­
tions do not dis t inguish the isomers from each other. 
The re are n o differences between 1 and 2 in the 
number (two) of the pairs of the ne ighbor ing O C 
bonds and in the number (four) of pairs of the 

Table 1. Relative Stabilities Predicted from Orbital Phase Propertya) 

4p 5p 6p 

2e 
4e 
6e 

Unstable 
Stable 
Unstable 

Stable 
Unstable 
Stable 

Stable 
Stable 

Unstable 
Unstable Stable Unstable 

a) Ref. 1. 
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ne ighbor ing C=C bond and X. T h e ne ighbor ing pa i r 
interact ion cannot be considered to be a pr imary 
factor. It is the three-component interactions that 
make differences. T h e X-(C=C)-X system is [6e/4p] . 
T h i s is l inear in 1 and cross in 2. If [6e/4p] is 
dominan t , 2 should be more stable. T h e (C=C)-
(C=C)-X system is [6e/5p], cross in 1 and linear in 2. 
T h i s prefers 2. T h e (C=C)-(C=C)-(C=C) system is 
[6e/6p], which prefers 1 (linear) to 2 (cross). 

We theoretically investigated the preference of 
[6e/4p], [6e/5p] , and [6e/6p] in de termining the 
relative the rmodynamic stabilities of 1 and 2. T h e 
kinetic stabilities were studied as well. 

Results and Discussion 

Thermodynamic Stabilities. Molecular geometries 
of 1 and 2 ( X = 0 , N H , S) were opt imized by ab in i t io 
molecular orbital calculations wi th the 3-21G and 
STO-3G basis sets and the single po in t calculat ions 
(6-31G*//3-21G) were carried out. T h e heteroaro-
matics, 1 are only a little more stable than 2 for 
X = N H , S (Table 2). T h e results are in agreement wi th 
the order ing of the resonance energies (X=S) by Dewar 
and T r ina j s t i c n ) and by Hess and Schaad,12) and wi th 
the relative S T O - 3 G / / M N D O energies ( X = N H , S) by 
Verbist et al.,13) bu t not with the lack of the topological 
resonance energy difference ( X = N H , S) by Mi lun and 
Trinajstic.14) For X = 0 , the thermodynamic preference 
calculated wi th the STO-3G and 3-21G basis sets is 
m u c h smaller. T h e single po in t calculat ion (6-
31GV/3-21G) show the reverse order ing of the 
stabilities. These results suggested that the stabilities 
are a lmost equal . T h i s is in agreement wi th the 
topological resonance energy.14) 

T h e sl ight thermodynamic stabilities of 1 relative to 
2 for X = N H and S suggest a little preference of [6e/6p] 
over [6e/5p] and [6e/4p], since only [6e/6p] prefers 1 as 
described above. T h e almost equa l stabilities calcu­
lated for X = 0 suggest that the counterac t ing effects of 
[6e/5p] and [6e/4p] may be comparable wi th those of 
[6e/6p]. 

Electronic Structures. T h e electronic structures 
were scrutinized. T h e electronic states of 1 and 2 can 
be described as a l inear combina t ion of electron 
configurations: 

i/i = CG&G + CT0T + CE&E 

In the g round configurat ion, <PG, a pai r of electrons 
occupy the b o n d i n g orbitals of the C=C bond and the 
n o n b o n d i n g orbitals on X. Electrons are neither 
shifted between any pair of bonds (lone pairs), nor 
promoted in any bonds. In the electron-transferred 
configurations, <PT, one electron is shifted from a 
b o n d i n g orbital (n-orbital) of a C=C bond (a lone pair) 
to an an t ibond ing orbital of a bond. In the locally-
excited configurations, <PE, one electron is promoted 
from a b o n d i n g orbital1 to an an t ibond ing orbital in a 
bond. T h e configurat ion analysis15) is the method of 
calcula t ing the coefficients, CG, CT, and CE, of these 
configurations. T h e method of the configuration 
analysis, originally developed for two-molecule inter­
actions, has been improved for many-system interac­
tion,16* and appl ied in a successful manner.17 '18* T h e 
extent of electron delocalization and polar izat ion is 
estimated by the coefficient of the configurations. T h e 
coefficient ratios, C T / C G and CE/CG, has been shown1 8 ) 

to be good measures rather than CT and C E in order to 
compare the delocalization and polarizat ion at the 
corresponding parts in different molecules, respec­
tively. 

T h e relative stability of the cross vs. l inear [6e/4p] is 
determined by the C=C b o n d (B) polar izat ion (Fig. 1). 
T h i s involves cyclic xi-b-X2-b* orbital interaction.x ) 

T h e orbital phase is con t inuous in the cross conjuga­
t ion and discont inuous in the linear conjugation. T h e 
cont r ibut ion of [6e/4p] is here estimated by the bond B 
polar izat ion (b—>b*). T h e calculated configurat ion 
coefficient rat io CE(b^b*)/CG is greater in 2 (Table 3). 
T h i s is in agreement with the prediction. 

T h e relative stability of the cross a n d linear [6e/5p] 
is determined by the delocalization from Xi to the 
remote C=C bond (C) (Fig. 2). T h e cyclic x i - b - c * - b * 

Table 2. Totala) and Relative (A£)b> Energies of 1 and 2 

A£ 

x=o 

X=NH 

x=s 

STO-3G/STO-3G 
3-21G/3-21G 
6-31G*/3-21G 

STO-3G/STO-3G 
3-21G/3-21G 
6-31G*/3-21G 

STO-3G/STO-3G 
3-21G/3-21G 
6-31G*/3-21G 

-374.39493 
-377.06574 
-379.17854 

-335.34924 
-337.66477 
-339.55114 

-1013.09978 
-1019.33641 
-1024.52684 

-374.39412 
-377.06356 
-379.18014 

-335.34432 
-337.65598 
-339.54555 

-1013.09811 
-1019.33114 
-1024.52422 

-0.51 
-1.37 

1.00 

-3.09 
-5.52 
-3.51 

-1.05 
-3.31 
-1.64 

a) Atomic unit, b) kcal mol -1 . 
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X i 

1 

X = 0 0.333 
X=NH 0.392 
X=S 0.259 

- • A 

2 

0.305 
0.355 
0.246 

Fused Five-Membered Heteroaromatics 

Table 3. Electronic Structure3* of l and 2 

Electron delocalization 

Xi->B 

1 2 

0.319 0.344 
0.347 0.368 
0.251 0.262 

A-> 

1 

0.059 
0.064 
0.058 

C (6e/6p) 

2 

0.023 
0.026 
0.010 

Xi-> 

1 

0.014 
0.030 
0.006 

C (6e/5p) 

2 

0.064 
0.071 
0.057 

t 

Polarization 

B (6e/4p) 

1 2 

0.0 0.066 
0.0 0.080 
0.0 0.031 

3119 

a) The coefficient ratio of the electron configuration (See the text). The configuration analysis was carried 
out using optimized structure at 3-21G levels. 

Xi O O -e-e- X; 

-e-e- -e-e -e-e- e-e-

Xi B X2 

Fig. 1. Polarization of bond B in 6e/4p. 

B 
Fig. 3. Delocalization from A to C in 6e/6p. 

-e-e- e-e-

Xi B 
Fig. 2. Delocalization from Xi to C in 6e/5p. 

in teract ion is involved. T h e orbital phase is con­
t inuous in the l inear conjugat ion (2) and discon­
t inuous in the cross conjugat ion (1). T h e coefficient 
ra t io CT(XI-C*)/CG is greater in 2, in agreement wi th the 
prediction. 

T h e relative stability of the cross and l inear [6e/6p] 
is determined by the electron delocalization between 
the t e rmina l O C bonds (A and C) (Fig. 3). T h e 
delocalization from A to C involves cyclic a -b -c* -b* 
interact ion. T h e orbi tal phase is con t inuous in the 
l inear conjugat ion (1) and discont inuous in the cross 
conjugat ion (2). T h e coefficient rat io CT(*-<*)/CG is 
greater in 1, in agreement with the prediction. 

T h e delocalization between the terminal bonds of 
the l inear [6e/6p] hexatr iene in 1 increases in the order 
of X=S(0.058)<O(0.059)<NH(0.064). T h e thermo­

dynamic preference of 1 to 2 increases in the order of 
X = S < N H as the energy differences between the 
isomers show (Table 2). T h e identical orderings 
supports a little preference of [6e/6p] for X = N H and 
S. 

T h e a lmost equa l stabilities for X = 0 can be 
interpreted in terms of the counterac t ing effects of 
[6e/4p] and [6e/5p]. T h e delocalization in the l inear 
[6e/5p] in 2 is effective for X = 0 (0.064) relative to S 
(0.057). T h e polar izat ion in the cross [6e/4p] in 2 is 
also more effective for X=O(0.066) than for X = S 
(0.031). These conjugations have the effects opposi te 
to those of [6e/6p], possibly leading to almost the same 
stabilities of the isomers. T h e increase in the 
counteract ing effects for X = 0 results from the effective 
delocalization between the adjacent X and O C bonds , 
indispensable for [6e/4p] and [6e/5p].1 9 ) T h e delo­
calization effectively occurs for X = 0 relative to S, as is 
seen in the Xi—»A and Xi—>B delocalization (Table 3). 

Kinetic Stabilities. T h e stabilities of molecules 
encountered in preparat ion are of kinetic as well as 
the rmodynamic origins. T h e kinetic stability of cyclic 
conjugated molecules is not necessarily paral le l wi th 
the the rmodynamic stability.20) A s imple measure of 
kinetic stability is the frontier orbi tal energy. T h e 
heteroaromatics of the present interest are Tt-excessive 
molecules, and may work as electron donors in most of 
chemical reactions. T h e H O M O energy is a good 
measure of the kinetic stability. 

We can predict the relative H O M O energies of 1 and 
2 on the basis of the qual i tat ive orbi tal theory (Scheme 
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a - b + c 

au 

X i * X2 

O 

o 

au 

afrtfVc* 

b i 

2). In order to use the symmetry of the molecule for 
simplifying a rgument , 1 and 2 are supposed to be 
composed of the lone pa i r g r o u p and the triene group . 
T h e H O M O of the triene g r o u p is an out-of-phase 
combina t ion of the b o n d i n g orbitals of each C=C 
bond, au in 1 (C2h) and bi in 2 (C2v). T h e H O M O of the 
lone pair g roup is an in-phase or out-of-phase 
combina t ion of the n-orbitals almost degenerate due to 
weak interact ion at a long distance. T h e in-phase 
combined n-orbitals is al lowed by symmetry (au in 1 
and bi in 2) to interact wi th the triene H O M O . T h e 
resul t ing h igh- ly ing orbital is the pr imary component 
of the H O M O of the whole molecule. At this level, the 
H O M O energy is not considered to be different 
between 1 and 2. T h e secondary component of the 
H O M O is the L U M O of the triene g roup , which is 
mixed th rough the interaction with the n-orbitals. 
T h e triene L U M O is an in-phase combinat ion of the 
an t ibond ing orbital of each C=C bond, bg in 1 and bi in 
2. In 1 the triene L U M O (bg) cannot be mixed by the 
symmetry in to the pr imary H O M O component (au). 

Table 4. HOMO Energies3* and Orbital Amplitudeb) of 1 and 2 

1 

x=o -0.3060 (STO-3G/STO-3G) 
-0.2393 (3-21G/3-21G) 
-0.2911 (6-31G*/3-21G) 

-0.3128 (STO-3G/STO-3G) 
-0.2474 (3-21G/3-21G) 
-0.2974 (6-31G*/3-21G) 

O(l) 
C(2) 
C(3) 
C(3a) 
0(4) 
C(5) 
C(6) 
C(6a) 

0.006 
-0.470 
-0.254 

0.449 
0.006 

-0.470 
-0.254 

0.449 

O(l) 
C(2) 
C(3) 
C(3a) 
C(4) 
C(5) 
C(6) 
C(6a) 

0.143 
0.443 
0.155 

-0.458 
0.155 
0.433 
0.143 

-0.536 

X=NH -0.2580 (STO-3G/STO-3G) 
-0.1986 (3-21G/3-21G) 
-0.2510 (6-31G*/3-21G) 

-0.2627 (STO-3G/STO-3G) 
-0.2040 (3-21G/3-21G) 
-0.2558 (6-31G*/3-21G) 

N(l) 
C(2) 
C(3) 
C(3a) 
N(4) 
C(5) 
C(6) 
C(6a) 

0.029 
-0.474 
-0.250 

0.444 
0.029 

-0.474 
-0.250 

0.444 

N(l) 
C(2) 
C(3) 
C(3a) 
C(4) 
C(5) 
N(6) 
C(6a) 

-0.163 
-0.444 
-0.111 

0.490 
-0.111 
-0.444 
-0.163 

0.514 

x=s -0.3185 (STO-3G/STO-3G) 
-0.2322 (3-21G/3-21G) 
-0.3077 (6-31GV3-21G) 

-0.3230 (STO-3G/STO-3G) 
-0.2334 (3-21G/3-21G) 
-0.3108 (6-31G*/3-21G) 

S(l) 
C(2) 
C(3) 
C(3a) 
S(4) 
C(5) 
C(6) 
C(6a) 

0.293 
-0.420 
-0.357 

0.311 
0.293 

-0.420 
-0.357 

0.311 

S(l) 
C(2) 
C(3) 
C(3a) 
C(4) 
C(5) 
S(6) 
C(6a) 

-0.275 
-0.399 
-0.099 

0.497 
-0.099 
-0.399 
-0.275 

0.483 

a) Atomic unit, b) Calculated at STO-3G level. 
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T h e H O M O is no t stabilized. In 2 these orbitals are 
allowed by symmetry (bi) to interact wi th each other, 
leading the stabilization of the H O M O . As a result, 
the H O M O energy is predicted to be lower in 2, or 2 is 
predicted to be kinetically more stable. 

T h e ab ini t io molecular orbital calculations wi th 
the STO-3G, 3-21G and 6-31G*//3-21G basis sets 
confirmed the predict ion (Table 4). Th i s is in 
agreement wi th the relative H O M O energies ( X = N H , 
S) calculated by the M N D O and S T O - 3 G / / M N D O 
calculations13) and wi th the observed ionization 
potent ia ls for X=S6). These results showed that 2 is 
kinetically more stable than 1. 

T h e present calculat ions also confirmed the predic­
tion of the H O M O symmetry (au for 1 and bi for 2)7 '13) 

reported so far except the H M O result for 2 (X=NH) . 7 ) 

T h e orbital ampl i tude is in agreement wi th the methyl 
subst i tuent effect on the vertical ionizat ion energies 
and the selectivity of electrophilic substi tut ion reac­
tions of 2 (X=NH).21> 

Conclusion 

We have investigated the preference of the [6e/4p], 
[6e/5p], and [6e/6p] conjugat ions in de termining 
thermodynamic stability of the fused five-membered 
heteroaromatic isomers, 1 and 2 ( X = 0 , N H , S). Ab 
ini t io molecular orbital calculat ions showed that the 
heteroaromatics 1 (X=0 , N H , S) con ta in ing the linear 
[6e/6p] conjugat ion is slightly or almost equally stable 
relative to the isomer 2 con ta in ing the cross [6e/4p] 
and linear [6e/5p]. T h e result suggests that the linear 
[6e/6p] is a little in preference to (or in the balance 
with) [6e/5p] a n d / o r [6e/4p]. These interpretat ions 
were substantiated by the configurat ion analysis of the 
electronic structures. 

T h e heteroaromatics 2 were predicted in terms of the 
H O M O energy to be kinetically more stable than the 
isomers 1. T h e L U M O of the triene g r o u p can be 
mixed in to the pr imary componen t s of the H O M O of 
the whole molecule, i.e., the H O M O of the triene 
g roup and the n-orbitals, due to the symmetry (bi) 
m a t c h i n g in 2 (C2v), whi le no t due to the symmetry 
mismatch ing (au and bg) in 1 (C2h). 

Ab initio molecular orbital calculations with Gaussian 
80 and M O N S T E R G A U S S programs were carried out 
on a H I T A C M-680H compute r at the Insti tute for 
Molecular Science and on a FACOM M-782 computer 
at Nagoya University Compute r Center, respectively. 
We are grateful to Professor Kimih iko Hi rao for per­
mi t t ing us to use M O N S T E R G A U S S program. T h e 
configuration analysis was carried ou t on a FACOM 
M-360 computer at Gifu University C o m p u t i n g 
Center. T h i s work was suppor ted by a Grant- in-Aid 
for Co-operative Research from the Ministry of 
Educat ion, Science, and Culture. 
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In the presence of a catalytic amount of a transition metal compound such as [Rh(COD)Cl]2, Co(acac)2, or 
NiCb, trimethylsilyl cyanide smoothly reacts with acetals to form a-methoxy carbonitriles in good yields. In 
the coexistence of catalytic amounts of [Rh(COD)Cl]2 and TMS-CN, silyl enol ethers or ketene silyl acetals react 
with acetals, aldehyes, or imines to yield the corresponding coupling products in good yields under almost 
neutral conditions. 

In recent years, various kinds of carbon-carbon 
b o n d forming reactions of carbonyl or related com­
p o u n d s wi th silylated nucleophi les have been develop­
ed. x) Many reagents also have been employed for 
p r o m o t i o n of the above reactions and it becomes 
appa ren t that a s toichiometr ic a m o u n t of Lewis acid 
such as T iCU or SnCl42) is not necessarily required. 
For example, cyanation reactions of aldehydes, ketones, 
and epoxides wi th trimethylsilyl cyanide (TMS-CN)3 ) 

are carried ou t by the use of a catalytic a m o u n t of 
Lewis acid such as Znl2 , S n C k or BF3 • Et2<3.4) Another 
example shows that silyl enol ethers smoothly react 
wi th aldehydes, acetals or « ^ - u n s a t u r a t e d ketones by 
the use of a catalytic a m o u n t of Lewis acid such as 
trimethylsilyl t r if luoromethanesulfonate5 ) or trityl 
Perchlorate.6 ) Most of these reactions, however, are 
carried ou t essentially under acidic condit ions because 
of Lewis acid catalyst employed. 

We ini t ia ted the present study in order to explore 
new types of catalysts wh ich p romote the reactions of 
carbonyl and related compounds wi th silylated nucleo­
philes under a lmost neut ra l condit ions. First, based 
on the considerat ion that cyano g r o u p could coor­
dinate to t ransi t ion metal , cyanat ion of acetals wi th 
T M S - C N by us ing a catalytic a m o u n t of t ransi t ion 
metal c o m p o u n d was tried. T h e n it was found that 
cyanat ion of acetals wi th TMS-CN proceeded under 
a lmost neut ra l condi t ions in the presence of a catalytic 
a m o u n t of t ransi t ion meta l c o m p o u n d such as di-ju-
chloro-bis( l,5-cyclooctadiene)-dirhodium ([Rh(COD)Cl]2), 
cobalt(II) acetylacetonate (Co(acac)2), C0CI2, or NiCk , 
as we have briefly reported in prel iminary communica­
tions.7) We have also briefly reported the efficient 
act ivation of acetals towards silyl enol ethers wi th a 
complex generated from [Rh(COD)Cl]2 and T M S -
CN. 7^ We n o w describe in full the results of our 
invest igat ion on the above cyanat ion and aldol 
reactions p romoted by us ing a catalytic a m o u n t of 
[Rh(COD)Cl]2 under a lmost neutral condit ions and 
further app l i ca t ion to the possible use of the other 
silylated nucleophi les , and of electrophiles inc lud ing 

aldehydes hav ing basic substituents and imines. 

Results and Discussion 

Cyanation of Acetals. Concern ing cyanation of 
acetals wi th T M S - C N under acidic condi t ions by the 
use of several Lewis acids, several examples are already 
known.4 ) First, in order to carry ou t the cyanation of 
acetals wi th T M S - C N under very mild condit ions 
w i thou t use of commonly employed Lewis acids, the 
reaction of (£)-cinnamaldehyde dimethyl acetal (1) 
wi th T M S - C N (1.5 equiv) in CH2CI2 was tried in the 
presence of a catalytic a m o u n t of N i C k (10mol%) at 
room temperature and it was found that (E)-2-
methoxy-4-phenyl-3-butenenitr i le (2) was obtained in 
96% yield. After screening other t ransi t ion metal salts 
and detailed reaction condi t ions taking the above 
acetal 1 as a model substrate, it was found that 2 was 
obtained also in good yield when a catalytic a m o u n t of 
the other t ransi t ion metal c o m p o u n d such as C0CI2, 
Co(acac)2, PdCl 2 , or [Rh(COD)Cl] 2 was used. O n e of 

Table 1. Cyanation of (£)-Cinnamaldehyde 
Dimethyl Acetal (1) with TMS-CN 

under Various Conditions50 

Entry 

1 
2 
3 
4 
5 
6 
7 
8b> 
9 

10 
11 
12 
13 
I40 

Catalyst 

NiCl 2 

Ni(acac)2 
Ni(OAc)2 

C0CI2 
Co(acac)2 
PdCl 2 

Pd(acac)2 
[Rh(COD)Cl] 2 

Co(acac)2 
Co(acac)2 
Co(acac)2 
Co(acac)2 
Co(acac)2 
Co(acac)2 

Solvent 

CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH3CN 
T o l u e n e 
CH3CN 
E t 2 0 
Dioxane 
T H F 
D M F 

Yield of 

96 
84 
87 
82 
82 
95 
78 
88 
81 
92 
92 
90 
89 
79 

a) Reactions were carried out by using 1.5 equiv of 
TMS-CN and 10 mol% of catalyst at room temperature 
for 3 h except for entries 8 and 14. b) 2 mol% of catalyst 
was used, c) Reaction time is 44 h. 
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the impor t an t notes of these reactions is that ether, 
dioxane, T H F and D M F can be used as a reaction 
solvent different from the commonly k n o w n Lewis 
acids mediated reactions. 

T h e mechanism of the reaction could be explained 
by considering that, in addi t ion to the nucleophi l ic 
ability of TMS-CN, effective activation of acetal would 
be caused by T M S - C N ; that is, positively charged 
trimethylsilyl g r o u p could be generated by coordina­
t ion of cyano g r o u p of T M S - C N to t ransi t ion metal,8) 

and the acetal, activated by the interaction wi th the 
tr imethylsilyl g roup , would readily be attacked by 
another TMS-CN to result in the formation of a-
alkoxy carbonitr i le and trimethylsilyl methoxide. T o 
our knowledge, this is the first example to activate 
acetals by us ing this type of catalyst to effectively 
perform cyanat ion reaction.9) 

Next, various acetals10) were treated with TMS-CN 
by the use of a catalytic a m o u n t of N i C h , C0CI2, or 
[Rh(COD)Cl]2 as a catalyst (see Scheme 1 and Table 2). 
T h e reactivity of the above ment ioned cyanat ion of 
acetals was largely dependent on the sort of t ransi t ion 
metals and solvents. For example p-methoxybenzal-
dehyde dimethyl acetal, relatively reactive acetal, react 
wi th T M S - C N by the use of C0CI2 (Entry 5). O n the 
other hand , 3-phenylpropanal dimethyl acetal, less 
reactive acetal, did no t react wi th TMS-CN under the 
above condi t ions (Entry 17). T h e above reaction pro-

R1v OR3 

R 2 / O R 3 

TMS-CN 

Catalyst 

Scheme 1. 

R1
X OR3 

R 2 / C N 

4 

ceeded smoothly by the use of [Rh(COD)Cl]2 in 
CH3CN (Entry 18). It is noted that the strength of cat­
alytic activity increases according to the following 
order; [Rh(COD)Cl] 2 >CoCl 2 >NiCl 2 , and of solvents 
examined, CH3CN was the most preferable. 

Based on the above results, it was suggested that 
selective cyanat ion would be realized between two 
acetal groups with different reactivities in one molecule 
by the choice of proper condit ions. Reaction condi­
t ions of cyanat ion was screened taking bisacetal 5 as a 
model c o m p o u n d (Scheme 2) and it was shown that 
monocyano c o m p o u n d 6 was obtained wi thou t ac­
company ing dicyano c o m p o u n d 7 by the use of 2.0 
equiv of T M S - C N and 5 mol% of cobalt catalyst in 
CH2CI2. O n the other hand , 7 was obtained by the use 
of 3.0 equiv of TMS-CN and 2 mol% of [Rh(COD)Cl] 2 

in CH3CN as shown in Tab le 3. 

Reaction of Acetals with Silylated Nucleophiles. 
T h e above results indicate that a complex formed from 
transi t ion metal compounds such as [Rh(COD)Cl]2 
and T M S - C N would be effective for the activation of 
acetals. T h e possible activation of acetals, protected 
carbonyl compounds , under a lmost neutral condit ions 
led us to study on aldol reaction between silyl enol 
ethers and acetals in the presence of the above 
complex. T h e reaction of acetal 1 wi th trimethylsilyl 
enol ether (8) of acetophenone in the coexistence of 
2 mol% of [Rh(COD)Cl] 2 and 0.2 equiv of TMS-CN 
took place smoothly in CH3CN at room temperature 
to give the desired 3-methoxy-l ,5-diphenyl-4-penten-l-
one (9) in 91% yield, as expected. While , in the absence 
of TMS-CN, the above reaction did no t proceed at all. 
It is interest ing to note that a-methoxy carbonitrile 2 
was no t isolated under the above condit ions. After 
screening detailed reaction condit ions (Table 4), it was 

Table 2. Synthesis of a-Alkoxy Carbonitrilesa) 

Entry R1 R2 R3 Catalyst Solvent Time/h Yield/% 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

( £ ) - P h C H = C H 
( £ ) - P h C H = C H 
( £ ) - P h C H = C H 
p -MeO-C 6 H 4 

p-MeO-C 6 H 4 

p-MeO-C 6 H 4 

p-MeO-C 6 H 4 

P h 
P h 
P h 
CH 3 (CH 2 )2CH=CH 
CH 3 (CH 2 ) 2 CH=CH 
( £ ) - P h C H = C H 
( £ ) - P h C H = C H 
P h 
P h 
P h C H 2 C H 2 

PI1CH2CH2 
CH3(CH2)8 
CH3(CH2)8 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
P h 
P h 
P h 
Ph 
H 
H 
H 
H 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C2H5 
C 2 H 5 

C 2 H 5 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

C H 3 

NiCl 2 

CoCl 2 

[Rh(COD)Cl] 2 

NiCl 2 

CoCl 2 

Co(acac)2 

[Rh(COD)Cl] 2 

NiCl 2 

C0CI2 
Co(acac)2 
NiCl 2 

C0CI2 
N1CI2 
C0CI2 
NiCl 2 

C0CI2 
C0CI2 
[Rh(COD)Cl] 2 

C0CI2 
[Rh(COD)Cl] 2 

CH2CI2 
CH2CI2 
C H 3 C N 
CH2CI2 
CH2CI2 
CH2CI2 
C H 3 C N 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
CH2CI2 
C H 3 C N 
CH2CI2 
C H 3 C N 

3 
3 
3 
3 
1 

39 
3 
6 

41 
41 
18 
18 
20 
18 
24 
24 
18 

3 
18 
3 

81 
91 
88 

0 
90 
92 
96 

0 
98 
95 

0 
96 
75 
99 
60 
94 

0 
93 

0 
96 

a) Reactions were carried out by using 1.5 equiv of TMS-CN and 2 mol% of catalyst at room temperature. 
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OMe OMe OMe 

5 6 7 

Scheme 2. 

Table 3. Selective Cyanation of l-Dimethoxymethyl-4-(3,3-dimethoxypropyl)benzene (5)a) 

Entry 

1 
2 
3 
4 
5 

Catalyst 

Co(acac)2 
C0CI2 
Co(acac)2 
[Rh(COD)Cl] 2 

[Rh(COD)Cl] 2 

Equiv of T M S - C N 

2.0 
2.0 
2.0 
3.1 
3.0 

Solvent 

CH2CI2 
CH2CI2 
CH3CN 
CH2CI2 
CH3CN 

T i m e / h 

18 
15 
3 

15 
3 

Yield/% 

83 
87 
82 
82 
88 

Rat io of 6:7b> 

100: 0 
100 

66 
43 

0 

0 
34 
57 

100 

a) Reactions were carried out by using 5 mol% (Entries 1, 2, and 3) or 2 mol% (Entries 4 and 5) of catalyst 
at room temperature, b) Determined by 1H NMR. 

Table 4. Aldol Reaction between (£)-Cinnamal-
dehyde Dimethyl Acetal (1) and Trimethylsilyl 

Enol Ether (8) of Acetophenone under 
Various Conditions50 

OMe OTMS 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 

Solvent 

CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH2CI2 
T H F 
T o l u e n e 

Equiv of TMS-CN 

0 
0.05 
0.2 
0.5 
1.0 
0.2 
0.2 
0.2 

Yield of 9/% 

0 
2ib) 
91 
82 
56 
79 
84 
78 

a) Reactions were carried out by using 1.2 equiv of 8 
and 2 mol% of [Rh(COD)Cl]2 at room temperature for 
3 h. b) Starting material 1 was recovered in 71% yield. 

shown that the desired aldol adduct 9 was obtained in 
high yield when the reaction was carried out with 
20 mol% of TMS-CN as a co-catalyst. On the other 
hand, when 1 equiv of TMS-CN was used, the yield of 
9 decreased to 56% because of formation of by-product. 
This by-product was not a-methoxy carbonitrile 2 but 
identified as the mixture of 10 and 11 (37:63) by 
500 MHz 1H NMR measurement. The compounds 10 
and 11 were formed by the addition of one more 
nucleophile 8 to initially formed aldol adduct 9 at C-3 
or C-5 position. Similar to the cyanation of acetals, 
CH3CN and T H F can be used as a reaction solvent 
different from the commonly known Lewis acids 
mediated reactions. 

Ph Ph 

Ph Ph Ph Ph 

R1-V + 7 
bMe R 2 ^ ^ 

12 13 

R3 

cat. [Rh(COD)CI]? -TMSCN 
OMe O 

14 
Scheme 3. 

10 11 

Several examples of the reactions of acetals with silyl 
enol ethers are demonstrated in Scheme 3 and the 
corresponding aldol adducts are obtained in good 
yields (see Table 5). In case of using less reactive 
acetals or silyl enol ethers than 1 or 8, the yields of 
aldols increased by using more than 0.2 equiv of TMS-
CN or more than 1.2 equiv of silyl enol ethers. Even 
under the above conditions, a-methoxy carbonitrile 
was not isolated. It suggests that silyl enol ether, more 
reactive nucleophile compared with TMS-CN, would 
preferentially attack the acetal activated by the 
interaction with positively charged trimethylsilyl 
group generated in situ by the coordination of cyano 
group of TMS-CN onto [Rh(COD)Cl]2. 

Concerning aldol reaction promoted by rhodi­
um compounds, there are reported some reactions 
between aldehydes or acetal and silyl enol ethers 
promoted by cationic rhodium species such as 
[Rh(COD)(DPPB)]C104 or Rh4(CO)i2.n) Recently, 
preparation of aldol type adducts from vinyl ke­
tones, aldehydes, and hydrosilane by the aid of 
Rri4(CO)i2 was also reported12) and it was proposed 
there that rhodium enolate is generated initially as a 
key intermediate. 
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Table 5. Aldol Reaction of Acetals with Silyl Enol Ethersa) 

Entry R1 R2 R3 Equiv of 
14 TMS-CN 

Yield/% 

1 
2 
3 
4 
5 
6b) 

7 
8 

Ph 
p-MeO-C6H4 

(£)-CH3CH=CH 
PhCH2CH2 

CH3(CH2)8 
p-MeO-C6H4 

p-MeO-C6H4 

p-MeO-C6H4 

Ph 
Ph 
Ph 
Ph 
Ph 
CH3 
Ph 
-(CH2)4-

H 
H 
H 
H 
H 
H 
CH3 

0.2 
0.2 
0.2 
0.2 
0.4 
0.2 
0.4 
0.5 

1.5 
1.2 
1.5 
1.5 
1.4 
1.4 
1.4 
1.5 

97 
94 
86 
98 
91 
87 
89c> 
99d> 

a) Reactions were carried out by using 2 mol% of [Rh(COD)Cl2] in CH3CN at room temperature for 3 h except 
for Entry 6. b) 1 mol% of [Rh(COD)Cl]2 was used, c) Syn : anti=71:29, determined by *H NMR. d) Syn : anti= 
69:31, separated by preparative TLC (Silica gel). 

Table 6. Reaction of Acetals with Ketene Silyl Acetalsa) 

Entry R1 R2 Equiv of 
19 TMS-CN 

Time/h Yield/% 

(£)-PhCH=CH 
(£)-PhCH=CH 
p-MeO-C6H4 

p-MeO-C6H4 

Ph 
Ph 
PhCH2CH2 

PhCH2CH2 

H 
CH3 

H 
CH3 

H 
CH3 

H 
CH3 

1.5 
1.6 
1.4 
1.2 
1.5 
1.5 
1.5 
1.5 

0.5 
0.25 
0.5 
0.2 
0.6 
0.3 
0.5 
0.5 

3 
3 
3 
3 
3 
3 

13 
15 

95b> 
97 
89b> 

100 
94c> 
92 
7 3 d ) 

93 

a) Reactions were carried out by using 2 mol% of [Rh(COD)Cl]2in CH3CN at room temperature, b) Syn : anti= 
50: 50, determined by XH NMR. c) Syn : anti=48: 52, separated by preparative TLC (Silica gel), d) Diastereo-
meric ratio was 52: 48, determined by *N NMR. Relative configuration assignment was not made. 
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T h e format ion of 10 indicates that acetals could 
react wi th 2 euqiv of silylated nucleophi les by 
increasing the a m o u n t of TMS-CN as a co-catalyst. 
T h e reaction of p-methoxybezaldehyde dimethyl 
acetal (15), relatively reactive acetal, wi th 2.8 equiv of 8 
was tried by the use of 0.6 equiv of T M S - C N and 0.02 
equiv of [Rh(COD)Cl]2, and the desired product 16 
was obta ined in 79% yield (Scheme 4). In addi t ion, it 
was also found that 2nd nucleophiles could react wi th 
aldol adducts prepared from acetals and 1st nucleo­
philes (for example, Scheme 5). 

T h i s new catalyst system of TMS-CN and 

[Rh(COD)Cl]2 also smoothly promotes the reac­
t ion between acetals and ketene silyl acetals (Scheme 6) 
and some experimental results are shown in Table 6. 

Reaction of Aldehydes and Silylated Nucleophiles. 
In order to extend the scope of effectiveness of the 
above mentioned new catalyst system, reactions between 
ketene silyl acetals and aldehydes were studied and it 
was found that corresponding ß-hydroxy esters were 
obtained in good yields under a lmost neutral condi­
tions. Several examples of the reactions are demon­
strated in T a b l e 7. It is interest ing to note tha t 
aldehydes hav ing basic substituents could also smooth -

R \ OSiMe2R
4 ca. [Rh(C0D)CI] -TMSCN 

R1-CHO + \ — / — —±-

21 

tf'V 
aq.HCI 

OR6 O 

22 

R 2 / ^ R 3 

23 

R5 

Scheme 7. 

Table 7. Reaction of Aldehydes with Silylated Nucleophilesa) 

Entry R1 R2 R3 R4 R5 Time/h R6 Yield/% 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10d> 
11 
12 

p-MeO-C6H4 

p-MeO-C6H4 

p-MeO-C6H4 

p-MeO-C6H4 

Ph 
Ph 
Ph 
Ph 
PhCH2CH2 

p-Me2N-C6H4 

2-Pyridyl 
2-Pyridyl 

H 
H 
Me 
H 
H 
H 
Me 
H 
H 
Me 
Me 
H 

H 
Me 
Me 
H 
H 
Me 
Me 
H 
H 
Me 
Me 
H 

<Bu 
Me 
Me 
Me 

<Bu 
Me 
Me 
Me 

<Bu 
Me 
Me 

<Bu 

OMe 
OMe 
OMe 
Ph 
OMe 
OMe 
OMe 
Ph 
OMe 
OMe 
OMe 
OMe 

3 
3 
3 
3 

12 
14 
12 
3 

12 
15 
16 
13 

TBS 
H 
H 
H 
TBS 
H 
H 
H 
TBS 
TMS 
H 
TBS 

83 
96b> 
98 
94 
83 
90c> 

100 
70 
71 
89 
73 
59 

a) Reactions were carried out by using 1.4—1.7 equiv of 22, 0.01—0.02 equiv of [Rh(COD)Cl]2, and 0.4—0.6 
equiv of TMS-CN in CH3CN at room temperature except for Entry 10. b) Syn : anti=36:64, separated by 
preparative TLC (Silica gel), c) Syn : anti=44:56, separated by preparative TLC (Silica gel), d) Reaction 
was carried out in CH2CI2. 

24 
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Scheme 8. 
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Table 8. Reaction of Imines with Ketene Silyl Acetalsa) 

Entry R1 R2 R3 R4 R5 Solvent Time/h Yield/% 

1 
2 
3 
4 
5 
6 

Ph 
Ph 
Ph 
Ph 
Ph 

2-Pyridyl 

Ph 
Ph 
Ph 

CH2Ph 
CHPh2 

Ph 

Me 
H 
H 
Me 
Me 
Me 

Me 
Me 
H 
Me 
Me 
Me 

Me 
Me 

*Bu 
Me 
Me 
Me 

CH2CI2 
CH2CI2 
CH2CI2 
CH3CN 
CH3CN 
CH2CI2 

14 
15 
15 
16 
3 

14 

96 
75b> 
48 
82 
82 
97 

a) Reactions were carried out by using 1.4—1.7 equiv of 25, 0.01—0.02 equiv of [Rh(COD)Cl]2, and 0.5—0.6 
equiv of TMS-CN at room temperature, b) Syn : anti=67: 33, determined by lH NMR. 
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ly react wi th ketene silyl acetals as shown in Entries 10, 
11, and 12. 

In these reactions, the yield of ß-hydroxy esters 
is dependent on the molar rat io of TMS-CN to 
[Rh(COD)Cl]2 ; that is, higher yields of ^-hydroxy 
esters were achieved when 0.5 equiv of TMS-CN was 
used rather than when 0.2 equiv of TMS-CN was used. 

Reaction of Imines and Ketene Silyl Acetals. T h e 
reaction of imines with ketene silyl acetals is one of the 
most fundamental methods for the preparat ion of ß-
a m i n o esters. Most of these reactions generally require 
an equ imola r a m o n t of Lewis acid such as TiCl4,13) 

and there are reported a few examples on the above 
reaction carried ou t by us ing a catalytic a m o u n t of the 
promoter.14) 

T h e combined use of catalytic amounts of 
[Rh(COD)Cl] 2 and TMS-CN effectively activates 
aldehydes even those hav ing basic substi tuents. It 
indicates that this catalyst system would be effective 
for the direct activation of imines under a lmost neu­
tral conditions. 

T h e reaction of Af-benzylideneaniline with tri-
methylsilyl ketene acetal of methyl isobutyrate in the 
coexistence of 0.01 equiv of [Rh(COD)Cl] 2 and 0.5 
equiv of TMS-CN in CH2CI2 took place smoothly at 
room temperature to give the desired ß -amino ester in 
96% yield wi thou t accompanying the corresponding 
ß-lactam. Several examples of the reactions of imines 
wi th ketene silyl acetals are demonstra ted in Tab le 8 
and the corresponding ß-amino esters were obtained in 
good yields. O n the other hand , when the reaction of 
imines derived from non-aromat ic aldehydes such as 
pivaraldehyde or isobutyraldehyde wi th ketene silyl 
acetals were tried under the s imilar condi t ion, n o 
desired ß-amino ester was isolated, instead ß -amino 
carbonitrile, a simple adduct wi th TMS-CN, was 
detected in a small amount . 

It is concluded that the use of a catalytic a m o u n t of 
t ransi t ion metal c o m p o u n d such as [Rh(COD)Cl]2 or 
C0CI2, promotes the cyanation of acetals wi th T M S -
CN and that the combined use of catalytic amount s of 
[Rh(COD)Cl] 2 and TMS-CN promotes the aldol type 
reactions between silylated nucleophi les and acetals, 
aldehydes inc luding those hav ing basic substi tuents or 
imines under almost neutral condit ions. 

T h i s new catalyst system of combined use of 
[Rh(COD)Cl] 2 and T M S - C N will open further syn­
thetic possibilities especially in carbon-carbon bond 
forming reactions under almost neutra l condit ions. 

Experimental 

All melting points were uncorrected. The IR spectra were 
determined on a Hitachi 270-30 or JASCO IRA-2 spectrom­
eter. The XH NMR spectra were recorded with a Hitachi 
R-24B or a JEOL GSX-500 spectrometers with tetramethyl-
silane as an internal standard. The mass spectra were taken 
on a JEOL JMS-HX110 or a JEOL JMS-D300. Tetrahydro-
furan and diethyl ether were freshly distilled from sodium 

benzophenone ketyl. Dichloromethane and acetonitrile were 
distilled from P2O5, successively distilled from CaH2 and 
stored over Molecular Sieve. Purification of products were 
performed by column chromatography on silica gel (Merck, 
Art. 7734 Kieselgel 60) or preparative TLC on silica 
gel(Wakogel B-5F). 

Dimethyl acetals were prepared by transacetalization of 
the corresponding aldehydes or ketones with trimethyl 
orthoformate in the presence of p-TsOH • H2O, and purified 
by distillation. Trimethylsilyl cyanide was purified by 
distillation. Silyl enol ethers or ketene silyl acetals were 
prepared by silylation of the corresponding enolates of 
ketones or esters, and purified by distillation. Imines were 
prepared by dehydrate condensation of the corresponding 
aldehydes and amines in the presence of Molecular Sieve, 
and purified by distillation or recrystallization. 

Preparation of a-Alkoxy Carbonitriles (4) (Table 2). A 
typical reaction procedure is described for (£)-cinnamalde-
hyde dimethyl acetal (1) with TMS-CN by the use of NiCl2 as 
a catalyst (Entry 1) : Under an argon atmosphere, a CH2CI2 
(3 ml) suspension of NiCi2 (5.3 mg, 0.04 mmol) and tri­
methylsilyl cyanide (60.1 mg, 0.606 mmol) was stirred for 
30 min at room temperature, to which was added (£)-
cinnamaldehyde dimethyl acetal (73.6 mg, 0.413 mmol) in 
CH2CI2 (1 ml). The reaction mixture was stirred for 3 h at 
room temperature and quenched with pH 7 phosphate 
buffer. The organic materials were extracted with CH2CI2 
and combined extract was dried over Na2S04. After 
evaporation of the solvent, the residue was purified by 
preparative TLC (silica gel, hexane:AcOEt=5:l) to afford 
(£)-2-methoxy-4-phenyl-3-butenenitrile (2)15) (68.6 mg, 0.396 
mmol, 96%). IR(neat) 1675, 1655, 1495, 1450, 1190, 1120, 
1095 cm"1; iH NMR (CC14) 0=3.36 (3H, s), 4.62 (1H, d, 
7=5 Hz), 5.88 (1H, dd, /=16 Hz, 5 Hz), 6.64(1 H, d, /=16 Hz), 
7.10 (5H, s); MS, m/z 173 (M+), 158, 142, 115. 

Other analytical data are presented: 
2-Methoxy-2-(4-methoxyphenyl)ethanenitrile (Entry 5). 

IR(neat) 1615, 1590, 1515, 1255, 1180, 1080, 1030 cm"i; 
!H NMR (CCI4) 0=3.34 (3H, s), 3.70 (3H, s), 4.95 (1H, s), 6.72 
(2H, d, /=8Hz) , 7.21 (2H, d, /=8Hz) ; MS, m/z 111 (M+), 
146. Found: m/z 177.0782. Calcd for C10H11NO2: M, 177.0790. 

2-Ethoxy-2-phenylethanenitrile16) (Entry 9). IR(neat) 1495, 
1455, 1090, 695 cm"i; *H NMR (CC14) 0=1.24 (3H, d, /=6.5 
Hz), 3.3—3.8 (2H, m), 5.02 (1H, s), 7.18 (5H, s); MS m/z 161 
(M+), 149, 116. 

(E)-2-Methoxy-3-heptenenitrile (Entry 12). IR(neat) 1675, 
1495, 1195, 975cm-i; iH NMR (CC14) 0=0.8—1.7 (5H, m), 
1.9—2.3 (2H, m), 3.32 (3H, s), 4.43 (1H, d, 7=5 Hz), 5.31 (1H, 
dd, /=15 Hz, 5 Hz), 5.90 (1H, dt, /=15Hz, 7 Hz); MS, m/z 
138 (M+-1), 113, 71. Found: m/z 138.0928. Calcd for 
C18H12NO: M-H, 138.0919. 

(£)-2,4-Diphenyl-2-methoxy-3-butenenitrile (Entry 14). 
IR(neat) 1495, 1455, 1070, 970, 750, 690 cm"1; 1H NMR 
(CDCb) 0=3.36 (3H, s), 6.00 (1H, d, /=16Hz), 6.87 (1H, d, 
/=16 Hz), 7.0—7.3 (10H, m); MS, m/z 249 (M+), 218, 140. 
Found: m/z 249.1152. Calcd for G7H15NO: M, 249.1154. 

2,2-Diphenyl-2-methoxyethanenitrile (Entry 16). Mp 53— 
54°C; IR (KBr) 1490, 1450, 1200, 1175, 1095, 1075 cm"i; 
!H NMR (CCI4) 0=3.31 (3H, s), 7.2 (10H, m); MS, m/z 223 
(M+), 192. Found: C, 80.48; H, 5.83; N, 6.41%. Calcd for 
C15H13NO: C, 80.69; H, 5.87; N, 6.27%. 

2-Methoxy-4-phenylbutanenitrile (Entry 18). IR (neat) 
1600, 1495, 1450, 1110, 695 cm"1; ^U NMR (CC14) ô=2.1 (2H, 
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m), 2.7 (2H, m), 3.37 (3H, s), 3.76 (IH, t, /=6Hz) , 7.01 (5H, 
s); MS, m/z 175 (M+), 160,143,105, 91. Found: m/z 175.0998. 
Calcd for C11H13NO: M, 175.0997. 

2-Methoxyundecanenitrile (Entry 20). IR(neat) 1470, 
1340, 1105 cm-1; ^ NMR (CC14) 0=0.8—1.7 (19H, m), 3.38 
(3H, s), 3.83 (IH, t, / = 6 Hz); MS, m/z 197 (M+), 182, 171, 138, 
71. Found: m/z 171.1749. Calcd for G1H23O: M-CN, 
171.1749. 

Preparation of Bisacetal 5. A solution of formylmethylene-
triphenylphosphorane17) (1.471 g, 4.83 mmol) and tere-
phthalaldehyde (1.295 g, 9.66 mmol) in benzene (30 ml) was 
heated under reflux for 3 h. After evaporation of the solvent, 
the residue was purified by silica-gel column chromatog­
raphy (hexane: AcOEt=4:1—2:1) to afford (£)-£-formylcin-
namaldehyde18> (0.578 g, 75%); mp 90—92 °C (decomp); IR 
(KBr) 1680, 1125, 805 cm"1; iH NMR (CDCI3) 0=6.65 (IH, 
dd, /=16 Hz, 7 Hz), 7.43 (IH, d, /=16Hz), 7.58 (2H, d, 
/ = 8 Hz), 7.83 (2H, d, / = 8 Hz), 9.59 (IH, d, / = 7 Hz), 9.88 
(IH, s). 

To a suspension of the above dialdehyde (1.58 g, 9.9 
mmol) in methanol (30 ml) was added trimethyl ortho-
formate (2.55 g, 24 mmol) and T s O H H 2 0 (10 mg). After 
the mixture was stirred for 3 h at room temperature, 
anhydrous K2CO3 was added and stirring was continued for 
an additional 0.5 h. 

After evaporation of a filtrate of the reaction mixture, the 
residue was purified by distillation (bp 145—150°C/3 
mmHg, 1 mmHg«133.322 Pa) to afford (£)-l-dimethoxy-
methyl-4-(3,3-dimethoxy-l-propenyl)benzene (1.77 g, 71%); 
!HNMR (CCU) 0=3.13 (6H, s), 3.18 (6H, s), 4.75 (IH, d, 
/ = 4 Hz), 5.18 (IH, dd, /=16 Hz, 4 Hz), 6.50 (IH, d, /=16 Hz), 
7.13 (4H,s). 

To a solution of the above bisacetal (1.75 g, 6.9 mmol) in 
THF (30 ml) was added 5% palladium-carbon (60 mg), and 
the mixture was stirred under hydrogen atmosphere for 15 h. 
After evaporation of a filtrate of the reaction mixture, the 
residue was purified by distillation (bp 141—142°C/3.5 
mmHg) to afford l-dimethoxymethyl-4-(3,3-dimethoxypro-
pyl)benzene (1.62 g, 92%); IR (neat) 1515, 1450, 1360, 1190, 
1125, 1100, 1055 cm"1; ^ NMR (CC14) 0=1.6—1.9 (2H, m), 
2.3—2.7 (2H, m), 3.15 (12H, s), 4.14 (1H, t, /=5.5 Hz), 5.17 
(1H, s), 6.88 (2H, d, / = 8 Hz), 7.10 (1H, d, / = 8 Hz); MS, m/z 
254 (M+), 253, 223. Found: m/z 254.1506. Calcd for 
C14H22O4: M, 254.1518. 

Selective Cyanation of Bisacetal 5 (Table 3). 1-Cyano-
methoxymethyl-4-(3,3-dimethoxypropyl)benzene(6) ( En try 
1). IR (neat) 1610, 1515, 1450, 1280, 1190, 1085 cm"1; 
*H NMR (CCI4) 0=1.6—2.0 (2H, m), 2.4—2.7 (2H, m), 3.17 
(6H, s), 3.35 (3H, s), 4.15 (1H, t, / = 5 Hz), 4.96 (1H, s), 7.00 
(2H, d, /=8Hz) , 7.17 (2H, d, / = 8 Hz); MS, m/z 249 (M+), 
217, 160, 75. Found: m/z 249.1363. Calcd for G4H19NO3: M, 
249.1365. 

l-Cyanomethoxymethyl-4-(3-cyano-3-methoxypropyl)ben-
zene (7) (Entry 5). IR (neat) 1610, 1515, 1460, 1185, 
1115 cm-1; iHNMR (CC14) 0=1.8—2.2 (2H, m), 2.6—2.8 
(2H, m), 3.36 (6H, s), 3.79 (1H, t, / = 6 Hz), 4.95 (1H, s), 6.97 
(2H, d, /=8Hz) , 7.18 (2H, d, / = 8 Hz); MS, m/z 244 (M+), 
217, 181, 159, 129. Found: m/z 244.1224. Calcd for 
C14H16N2O2: M, 244.1212. 

Aldol Reaction of Acetals with Silyl Enol Ethers. A 
typical procedure is described for the reaction of trimethyl-
silyl enol ether (8) of acetophenone with (£)-cinnamal-
dehyde dimethyl acetal (1) (Table 4, Entry 3): Under an 

argon atmosphere, [Rh(COD)Cl]2 (3.0 mg, 0.006 mmol) and 
TMS-CN (6.0 mg, 0.060 mmol) were stirred in acetonitrile 
(3 ml) at room temperature for 30 min, to which was added a 
mixture of trimethylsilyl enol ether of acetophenone 
(70.1 mg, 0.365 mmol) and (£)-cinnamaldehyde dimethyl 
acetal (53.4 mg, 0.300 mmol) in acetonitrile (2 ml). The 
reaction mixture was stirred for 3 h at the same temperature, 
then quenched with aqueous solution of NaHCCh. The 
organic materials were extracted with ethyl acetate and 
combined extract was dried over Na2SC>4. After evaporation 
of the solvent, the residue was purified by preparative TLC 
(silica gel, hexane: AcOEt=5:1) to afford (£)-3-methoxy-l,5-
diphenyl-4-penten-l-one (9)19> (72.9 mg, 0.274 mmol, 91%); 
IR (neat) 1685, 1595, 1445, 1355, 1095, 965 cm"1; iH NMR 
(CDCI3) 0=2.95 (IH, dd, /=16 Hz, 5 Hz), 3.26 (3H, s), 3.41 
(IH, dd, /=16 Hz, 7 Hz), 4.35 (IH, m), 5.98(1H, dd, 7=16 Hz, 
7 Hz), 6.54 (IH, d, 7=16 Hz), 7.1—7.9 (10H, m); MS, m/z 266 
(M+), 251, 234, 147, 105. 

Other analytical data are presented (Table 5): 
3-Methoxy-l,3-diphenyl-l-propanone20) (Entry 1). IR 

(neat) 1685, 1600, 1580, 1450, 1100cm"1; ^ N M R (CDCI3) 
0=2.96 (IH, dd, 7=16 Hz, 5 Hz), 3.15 (3H, s), 3.52 (IH, dd, 
7=16 Hz, 8 Hz), 4.77 (IH, dd, 7=8 Hz, 5 Hz), 7.2 (8H, m), 7.8 
(2H, m). 

3-Methoxy-3-(4-methoxyphenyl)-l-phenyl-l-propanone 
(Entry 2). IR (neat) 1685, 1610, 1515, 1245, 1095 cm"1; 
!H NMR (CCU) 0=2.78 (IH, dd, 7=16 Hz, 5 Hz), 3.05 (3H, s), 
3.40 (IH, dd, 7=16 Hz, 8 Hz), 3.65 (3H, s), 4.62 (IH, dd, 
7=8 Hz, 5 Hz), 6.63 (2H, d, 7=9 Hz), 7.1 (5H, m), 7.7 (2H, m); 
MS, m/z 270 (M+), 225, 238, 151. Found: m/z 270.1216. 
Calcd for Ci7Hi803: M, 270.1256. 

(E)-3-Methoxy-l-phenyl-4-hexen-l-one21) (Entry 3). IR 
(neat) 1685, 1595, 1450, 1095 cm"1; iH NMR (CDCI3) 0=1.66 
(3H, d, 7=5 Hz), 2.83 (IH, dd, 7=14 Hz, 5 Hz), 3.18 (3H, s), 
3.22 (IH, dd, 7=14 Hz, 7 Hz), 4.10 (IH, m), 5.0—6.0 (2H, m), 
7.3 (3H, m), 7.7 (2H, m); MS, m/z 204 (M+), 189, 157, 105. 

3-Methoxy-l,5-diphenyl-l-pentanone22) (Entry 4). IR 
(neat) 1685, 1595, 1450, 1260, 1095, 965 cm"1; iH NMR 
(CDCI3) ô=1.9 (2H, m), 2.5—3.3 (4H, m), 3.25 (3H, s), 3.78 
(1H, m), 7.0—7.3 (8H, m), 7.7 (2H, m); MS, m/z 268 (M+), 
236, 163, 105. 

3-Methoxy-l-phenyl-1-dodecanone (Entry 5). IR (neat) 
1690, 1600, 1450, 1360, 1265, 1100cm"1; « N M R (CC14) 
0=0.8—1.4 (19H, m), 2.5—3.3 (2H, m), 3.18 (3H, s), 3.7 (1H, 
m), 7.3 (3H, m), 7.7 (2H, m); MS, m/z 290 (M+), 275, 258, 163, 
105. Found: m/z 290.2236. Calcd for C19H30O2: M, 290.2246. 

4-Methoxy-4-(4-methoxyphenyl)-2-butanone (Entry 6). IR 
(neat) 1715, 1610,1515, 1250, 1175,1100, 1030 cm"1; iH NMR 
(CDCI3) 0=2.10 (3H, s), 2.50 (1H, dd, 7=15 Hz, 5 Hz), 2.94 
(1H, dd, 7=15 Hz, 8 Hz), 3.10 (3H, s), 3.72 (3H, s), 4.48 (1H, 
dd, 7=8 Hz, 5 Hz), 6.67 (2H, d, 7=8.5 Hz), 7.02 (2H, d, 
7=8.5 Hz); MS, m/z 208 (M+), 193, 161, 151. Found: 
m/z 208.1097. Calcd for Ci2Hi603: M, 208.1099. 

3-Methoxy-3-(4-methoxyphenyl)-2-methyl-l -phenyl-1 -pro-
panone (Syn:Anti=71:29, Mixture) (Entry 7). IR (neat) 
1680, 1610, 1510, 1245, 1090cm"1; « N M R (CDCI3) 0=0.85 
(0.29X3H, d, 7=7.2 Hz), 1.35 (0.71X3H, d, 7=6.4 Hz), 3.06 
(0.29X3H, s), 3.18 (0.71X3H, s), 3.72 (0.71X3H, s), 3.8 (1H, m), 
3.83 (0.29X3H, s), 4.40 (0.71X1H, d, 7=7.9 Hz), 4.42 
(0.29X1H, d, 7=11.9 Hz), 6.76 (0.71X2H, d, 7=7.9 Hz), 6.93 
(0.29X2H, d, 7=8.7 Hz), 7.2—7.6 (5H, m), 7.73 (0.71X2H, d, 
7=7.2 Hz), 8.03 (0.29X2H, d, 7=8.7 Hz); MS, m/z 284 (M+), 
252,237,151. Found: m/z 284.1407. Calcd for C18H20O3: M, 
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284.1412. 
2-[Methoxy-(4-methoxyphenyl)methyl]cyclohexane (Entry 

8). Syn Isomer; IR (neat) 1710, 1610, 1510, 1300, 1245, 
1090 cm-i; iH NMR (CDC13) 0=1.5—2.5 (9H, m), 3.14 (3H, 
s), 3.70 (3H, s), 4.57 (1H, d, 7=4.5 Hz), 6.71 (2H, d, 7=8.5 Hz), 
7.05 (2H, d, /=8.5 Hz); MS, m/z 248 (M+), 216, 151. Found: 
m/z 248.1416. Calcd for C15H20O3: M, 248.1412. 

Anti Isomer; IR (neat) 1705, 1610, 1510, 1300, 1240 cm"1; 
iH NMR (CDCb) 0=1.5—2.5 (9H, m), 3.10 (3H, s), 3.73 (3H, 
s), 4.41 (1H, d, / = 8 Hz), 6.74 (2H, d, 7=8.5 Hz), 7.10 (2H, d, 
7=8.5 Hz); MS, m/z 248 (M+), 216, 151. Found: m/z 
248.1425. Calcd for G5H20O3: M, 248.1412. 

(E)-l,5-Diphenyl-3-styryl-l,5-pentanedione (10) and (E)-
l,5,7-Triphenyl-3-heptene-l,7-dione (11). Under an argon 
atmosphere, [Rh(COD)Cl]2 (5.7 mg, 0.011 mmol) and TMS-
CN (36.5 mg, 0.368 mmol) were stirred in acetonitrile (3 ml) 
at room temperature for 30 min, to which was successively 
added trimethylsilyl enol ether of acetophenone (180.0 mg, 
0.937 mmol) in acetonitrile (1.5 ml) and (£)-cinnamaldehyde 
dimethyl acetal (53.7 mg, 0.302 mmol) in acetonitrile (1.5 
ml). The reaction mixture was stirred for 15 h at room 
temperature, then quenched with aqueous solution of 
NaHCCh. The organic materials were extracted with ethyl 
acetate and combined extract was dried over Na2SÛ4. After 
evaporation of the solvent, the residure was purified by 
preparative TLC (silica gel, hexane.AcOEt=7.T) to afford 
the mixture of 10 and 11 (37:63) (47.5 mg, 44%); « N M R 
(CDCI3) 0=3.19 (0.63X1H, dd, 7=17 Hz, 7 Hz, 11), 3.36 
(0.63X1H, dd, 7=16 Hz, 6 Hz, 11), 3.41 (0.37X4H, ABq d, 
7=16 Hz, 7 Hz, 10), 3.62 (0.37X1H, m 10), 3.69 (0.63X2H, d, 
7=7 Hz, 11), 4.16 (0.63X1H, m, 11), 5.74 (0.63X1H, dt, 
7=16 Hz, 6 Hz, 11), 5.85 (0.63X1H, dd, 7=16 Hz, 7 Hz, 11), 
6.29 (0.37X1H, dd, 7=16 Hz, 8 Hz, 10), 6.43 (0.37X1H, d, 
7=16 Hz, 10), 7.15—7.6 (11H, m, 10 and 11), 7.85—8.0 (4H, 
m, 10 and 11); MS, m/z 354 (M+), 336, 105. Found: m/z 
354.1629. Calcd for C25H22O2: M, 354.1620. 

l,5-Diphenyl-3-(4-methoxyphenyl)-l,5-pentanedione (16). 
In the similar manner as described for 9, ^-methoxybenzal-
dehyde dimethyl acetal (44.7 mg, 0.245 mmol) was allowed to 
react with trimethylsilyl enol ether of acetophenone (131.3 
mg, 0.683 mmol) by the use of [Rh(COD)Cl]2 (2.1 mg, 
0.004 mmol) and TMS-CN (13.8 mg, 0.139 mmol) to afford 
16 (69.3 mg, 79%); mp 90—92 °C; IR (KBr) 1680, 1595, 1515, 
1240, 760 cm"1; « NMR (CDCI3) ô=3.26 (4H, m), 3.62 (3H, 
s), 3.9 (1H, m), 6.58 (2H, d, 7=8.5 Hz), 6.98 (2H, d, 7=8.5 Hz), 
7.2 (6H, m), 7.7 (4H, m); MS, m/z 358 (M+), 239, 105. Found: 
C, 80.26; H, 6.26%. Calcd for C24H22O3: C, 80.42; H, 6.19%. 

3-(4-Methoxyphenyl)-l-phenyl-1,5-hexanedione (18a). In 
the similar manner as described for 9, compound 17 
(59.9 mg, 0.288 mmol) was allowed to react with trimethyl­
silyl enol ether of acetophenone (84.8 mg, 0.441 mmol) by 
the use of [Rh(COD)Cl]2 (3.2 mg, 0.006 mmol) and TMS-CN 
(19.3 mg, 0.195 mmol) to afford 18a (67.7 mg, 79%); mp 70— 
71 °C; IR (KBr) 1710, 1680, 1520, 1250, 1180 cm"1; « NMR 
(CDCI3) 0=2.00 (3H, s), 2.75 (2H, d, 7=7 Hz), 3.18 (2H, d, 
7=9 Hz), 3.65 (3H, s), 3.73 (1H, t, 7=7 Hz), 6.63 (2H, d, 
7=9 Hz), 7.01 (2H, d, 7=9 Hz), 7.3 (3H, m), 7.7 (2H, m); MS, 
m/z 296 (M+), 239, 177, 105. Found: C, 76.96; H, 6.95%. 
Calcd for C19H20O3: C, 77.00; H, 6.80%. 

4-(4-Methoxyphenyl)-2,6-heptanedione (18b). Mp 73— 
74 °C; IR (KBr) 1710, 1520, 1370, 1245, 1180 cm"1; « NMR 
(CDCI3) 0=1.99 (6H, s), 2.67 (4H, d, 7=7 Hz), 3.60 (1H, t, 
7=7 Hz), 3.70 (3H, s), 6.67 (2H, d, 7=9 Hz), 7.01 (2H, d, 

7=9 Hz); MS, m/z 234 (M+), 177. Found: C, 71.65; H, 7.64%. 
Calcd for Ci4Hi803: C, 71.77; H, 7.74%. 

Reaction of Acetals with Ketene Silyl Acetals (Table 
6). Reactions were carried out in the similar manner as 
described for 9. Analytical data are presented: 

Methyl (£)-3-Methoxy-2-methyl-5-phenyl-4-pentenoate23) 

(Syn:Anti=50:50, Mixture) (Entry 1). IR(neat) 1740, 1455, 
1195, 1170, 1090 cm"1; « NMR (CDCI3) 0=1.11 (1.5H, d, 
7=7 Hz), 1.24 (1.5H, d, 7=7 Hz), 2.7 (IH, m), 3.29 (1.5H, s), 
3.32 (1.5H, s), 3.66 (1.5H, s), 3.73 (1.5H, s), 3.88 (0.5H, t, 
7=9 Hz), 3.94 (0.5H, t, 7=7 Hz), 5.97 (0.5H, dd, 7=16 Hz, 
9 Hz), 6.12 (0.5H, dd, 7=16 Hz, 7 Hz), 6.58 (0.5H, d, 
7=15 Hz), 6.61 (0.5H, d, 7=16 Hz), 7.25—7.45 (5H, m); MS, 
m/z 234 (M+). 

Methyl (E)-3-Methoxy-2,2-dimethyl-5-phenyl-4-pentenate 
(Entry 2). IR (neat) 1730, 1465, 1270, 1130, 1085 cm"1; 
« N M R (CDCI3) 0=1.13 (3H, s), 1.21 (3H, s), 3.22 (3H, s), 
3.62 (3H, s), 3.84 (IH, d, 7=8 Hz), 5.90 (IH, dd, 7=16 Hz, 
8 Hz), 6.46 (IH, d, 7=16 Hz), 7.0—7.2 (5H, m); MS, m/z 248 
(M+), 217, 173, 147. Found: m/z 248.1429. Calcd for 
Ci5H2o03:M, 248.1412. 

Methyl 3-Methoxy-3-(4-methoxyphenyl)-2-methylpropano-
ate (Syn:Anti=50:50, Mixture) (Entry 3). IR(neat) 1735, 
1610, 1510, 1245, 1165, 1090 cm"1; iH NMR (CDCI3) ô=0.86 
(1.5H, d, 7=7.1 Hz), 1.23 (1.5H, d, 7=7.2 Hz), 2.74 (1H, m), 
3.13 (1.5H, s), 3.20 (1.5H, s), 3.53 (1.5H, s), 3.75 (1.5H, s), 3.80 
(1.5H, s), 3.82 (1.5H, s), 4.19 (0.5H, d, 7=9.5 Hz), 4.34 (0.5H, 
d, 7=7.1 Hz), 6.87 (1H, d, 7=8.7 Hz), 6.90 (1H, d, 7=8.7 Hz), 
7.20 (1H, d, 7=8.7 Hz), 7.21 (1H, d, 7=8.7 Hz); MS, m/z 238 
(M+), 237, 207, 151. Found: m/z 238.1222. Calcd for 
C13H18O4: M, 238.1205. 

Methyl 3-Methoxy-3-(4-methoxyphenyl)-2,2-dimethylpro-
panoate (Entry 4). IR(neat) 1735, 1610, 1515, 1250, 1130, 
1090 cm"1; « NMR (CDCI3) ô=0.98 (3H, s), 1.10 (3H, s), 3.10 
(3H, s), 3.62 (3H, s), 3.72 (3H, s), 6.71 (2H, d, 7=9 Hz), 7.04 
(2H, d, 7=9 Hz); MS, m/z 252 (M+), 221, 161, 151. Found: 
m/z 252.1339. Calcd for G4H20O4: M, 252.1362. 

Methyl 3-Methoxy-2-methyl-3-phenylpropanoate24) (Syn : 
Anti=48:52) (Entry 5). Syn isomer; IR(neat) 1735, 1455, 
1195, 1165, 1095cm"1; « N M R (CDCI3) 0=1.16 (3H, d, 
7=7 Hz), 2.64 (1H, qd, 7=7 Hz, 7 Hz), 3.12 (3H, s), 3.42 (3H, 
s), 4.29 (1H, d, 7=7 Hz), 7.09 (5H, s). Anti isomer; « NMR 
(CDCI3) 0=0.85 (3H, d, 7=7 Hz), 2.73 (1H, dq, 7=9 Hz, 7 Hz), 
3.07 (3H, s), 4.14 (1H, d, 7=9 Hz), 7.15 (5H, s); MS m/z 209 
(M++1), 193, 177. 

Methyl 3-Methoxy-2,2-dimethyl-3-phenylpropanoate19) 

(Entry 6). IR (neat) 1735, 1250, 1130, 1095 cm"1; « NMR 
(CDCI3) 0=0.97 (3H, s), 1.08 (3H, s), 3.10 (3H, s), 3.60 (3H, s), 
4.35 (1H, s,), 7.12 (5H, s); MS, m/z 223 (M++1), 191, 121. 

Methyl 3-Methoxy-2-methyl-5-phenylpentanoate25) (Ratio 
of diastereoisomers was 52:48) (Entry 7). IR (neat) 1735, 
1600, 1495, 1255, 1195, 1090cm"1; « N M R (CDCI3) 0=1.11 
(0.52X3H, d, 7=7.2 Hz), 1.18 (0.48X3H, d, 7=7.2 Hz), 1.75— 
1.95 (2H, m), 2.55—2.85 (3H, m), 3.37 (0.52X3H, s), 3.38 
(0.48X3H, s), 3.48 (1H, m), 3.67 (0.52X3H, s), 3.69 (0.48X3H, 
S), 7.15—7.3 (5H, m); MS, m/z 236 (M+), 204, 146, 117, 91. 

Methyl 3-Methoxy-2,2-dimethyl-5-phenylpentanoate25) (Entry 
8). IR (neat) 1735, 1455, 1275, 1130, 1100cm"1; « N M R 
(CDCI3) 0=1.10 (3H, s), 1.18 (3H, s), 1.5—1.9 (2H, m), 2.5— 
2.9 (2H, m), 3.3 (1H, m), 3.40 (3H, s), 3.58 (3H, s), 7.09 (5H, 
s); MS, m/z 250 (M+), 218, 149, 117, 91. 

Reaction of Aldehydes with Silylated Nucleophiles (Table 

7). 
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(Procedure A) Reactions were carried out in the similar 
manner as described for 9. Analytical data are presented: 

Methyl 3-(^-Butyldimethylsilyloxy)-3-(4-methoxyphenyl)-
propanoate (Entry 1). IR (neat) 1740, 1610, 1515, 1245, 
1160,1080 cm"1; iH NMR (CDC13) ô=~0.18 (3H, s), 0.00 (3H, 
s), 0.81 (9H, s), 2.42 (1H, dd, /=14Hz, 5 Hz), 2.73 (1H, dd, 
/=14 Hz, 8 Hz), 3.56 (3H, s), 3.68 (3H, s), 5.00 (1H, dd, 
/ = 8 Hz, 5 Hz), 6.66 (2H, d, 7=8.5 Hz), 7.08 (2H, d, 7=8.5 Hz); 
MS, m/z 324 (M+), 282, 278, 267. Found: m/z 267.1055. Calcd 
for Ci3Hi904Si: M-<Bu, 267.1053. 

Methyl 3-(^Butyldimethylsilyloxy)-3-phenylpropanoate 
(Entry 5). IR (neat) 1740, 1435, 1360, 1250, 1160, 1090 cm"1; 
iH NMR (CDCI3) ô=-0.18 (3H, s), 0.00 (3H, s), 0.82 (9H, s), 
2.6 (2H, m), 3.57 (3H, s), 5.01 (1H, dd, 7=8 Hz, 5 Hz), 7.11 
(5H, s); MS, m/z 295 (M++1), 237, 185, 163. Found: m/z 
237.0982. Calcd for Ci2Hi703Si: M-<Bu, 237.0947. 

Methyl 3-(£-Butyldimethylsilyloxy)-5-phenylpentanoate 
(Entry 9). IR (neat) 1740, 1435, 1250, 1090, 835, 775 cm"1; 
iH NMR (CDCb) 0=0.03 (3H, s), 0.06 (3H, s), 0.88 (9H, s), 
1.8 (2H, m), 2.4—2.8 (4H, m), 3.56 (3H, s), 4.10 (1H, m), 7.01 
(5H, s); MS, m/z 323 (M++1), 265. Found: m/z 265.1277. 
Calcd for Ci4H2i03Si: M-<Bu, 265.1260. 

Methyl 3-(4-Dimethylaminophenyl)-2,2-dimethyl-3-tri-
methylsilyloxypropanoate (Entry 10). Mp 81—83 °C; IR (KBr) 
3450, 1740, 1615, 1525, 1250, 1140, 1080, 880 cm"1; iH NMR 
(CDCb) ô=-0.04 (9H, s), 0.95 (3H, s), 1.08 (3H, s), 2.86 (6H, 
s), 3.58 (3H, s), 4.81 (1H, s), 6.47 (2H, d, 7=8.5 Hz), 6.94 (2H, 
d, 7=8.5 Hz); MS, m/z 323 (M+). Found: m/z 323.1896. 
Calcd for Ci7H29N03Si: M, 323.1917. 

Methyl 3-(^-Butyldimethylsilyloxy)-3-(2-pyridyl)propano-
ate (Entry 12). IR (neat) 1745, 1590, 1470, 1435, 1255, 1165, 
840 cm"1; *H NMR (CDCI3) ô=-0.05 (3H, s), 0.08 (3H, s), 
0.88 (9H, s), 2.80 (2H, m), 3.58 (3H, s), 5.23 (1H, m), 6.9—7.6 
(4H, m), 8.31 (1H, d, 7=5 Hz); MS, m/z 296 (M++1), 254, 238. 
Found: m/z 295.1633. Calcd for Ci5H25N03Si: M, 295.1604. 

(Procedure B) A typical procedure is described for the 
reaction of ^-methoxybenzaldehyde dimethyl acetal with 
trimethylsilyl ketene acetal of methyl propionate (Entry 2): 
Under an argon atmosphere, [Rh(COD)Cl]2 (3.8 mg, 0.008 
mmol) and TMS-CN (18.8 mg, 0.190 mmol) were stirred in 
CH3CN (3 ml) at room temperature for 30 min, to which was 
successively added trimethysilyl ketene acetal of methyl 
propionate (£/Z>20) (106.1mg, 0.663 mmol) in CH3CN 
(1.5 ml) and ^-methoxybenzaldehyde dimethyl acetal (60.3 
mg, 0.443 mmol) in CH3CN (1.5 ml). The reaction mixture 
was stirred for 3 h at room temperature, then to which was 
added I M HCl (1 M=l mol dm~3) solution (0.5 ml) and 
stirring was continued for an additional 20 min. After 
quenching with aqueous solution of NaHCCh, the organic 
materials were extracted with ethyl acetate and combined 
extract was dreid over Na2SÜ4. After evaporation of the 
solvent, the residue was purified by preparative TLC (silica 
gel, hexane : AcOEt=3 :1 , twice) to afford methyl 3-hydroxy-
3-(4-methoxyphenyl)-2-methylpropanoate26) (Syn isomer 34.3 
mg, anti isomer 61.5 mg, syn:anti=36:64, 96%). 

Syn Isomer; IR (neat) 3450, 1735, 1610, 1515, 1250, 
1170cm"1; iH NMR (CDCI3) ô=1.10 (3H, d, 7=7 Hz), 2.67 
(D20 exchange, 1H, qd, 7=7 Hz, 5 Hz), 3.53 (3H, s), 3.67 (3H, 
s), 4.85 (D20 exchange, 1H, d, 7=5 Hz), 6.65 (2H, d, 7=8 Hz), 
7.03 (2H, d, 7=8 Hz); MS, m/z 224 (M+), 206, 137. 

Anti Isomer; mp 55—56 °C; IR (KBr) 3450, 1720, 1515, 
1250, 1170, 1040, 825 cm"1; iH NMR (CDCI3) 0=0.93 (3H, d, 
7=7 Hz), 2.69 (1H, dq, 7=8.5 Hz, 7 Hz), 2.90 (1H, d, 7=4 Hz), 

3.61 (3H, s), 3.67 (3H, s), 4.54 (1H, dd, 7=8.5 Hz, 4 Hz), 6.63 
(2H, d, 7=9 Hz), 7.03 (2H, d, 7=9 Hz); MS, m/z 224 (M+), 
208, 207, 151. 

Other analytical data are presented: 
Methyl 3-Hydroxy-3-(4-methoxyphenyl)-2,2-dimethylpro-

panoate (Entry 3). Mp 82—83 °C; IR (KBr) 3450, 1705, 
1615, 1515, 1280, 1255, 1160 cm"1; iH NMR (CDCI3) 0=1.05 
(3H, s), 1.10 (3H, s), 3.00 (1H, d, 7=4 Hz), 3.60 (3H, s), 3.68 
(3H, s), 4.70 (1H, d, 7=4 Hz), 6.65 (2H, d, 7=9 Hz), 7.03 (2H, 
d, 7=9 Hz); MS, m/z 238 (M+), 221, 205, 162, 137. Found: C, 
65.72; H, 7.74%. Calcd for Ci3Hi804: C, 65.53; H, 7.61%, 

3-Hydroxy-3-(4-methoxyphenyl)-l-phenyl-l-propanone 
(Entry 4). IR (neat) 3450, 1680, 1615, 1600, 1510, 1450, 
1245 cm"1; *H NMR (CDCI3) ô=3.25 (2H, d, 7=6 Hz), 3.49 
(1H, d, 7=2 Hz), 3.70 (3H, s), 5.07 (1H, m), 6.73 (2H, d, 
7=8.5 Hz), 7.1—7.4 (5H, m), 7.75 (2H, m); MS, m/z 256 (M+), 
239, 137, 105. Found: m/z 256.1111. Calcd for Ci6Hi603: M, 
256.1100. 

Methyl 3-Hydroxy-2-methyl-3-phenylpropanoate27) (Syn : 
Anti=44:56) (Entry 6). Syn Isomer; IR (neat) 3450, 1720, 
1455, 1195, 1165, 765, 700 cm"1; iH NMR (CDCI3) 0=1.10 
(3H, d, 7=7 Hz), 2.72 (D20 exchange, 1H, qd, 7=7 Hz, 4 Hz), 
3.57 (3H, s), 4.96 (D20 exchange, 1H, d, 7=4 Hz), 7.14 (5H, 
s); MS, m/z 194 (M+), 167, 149, 107. 

Anti Isomer; mp 51— 52 °C; IR (KBr) 3450, 1710, 1460, 
1250, 1200, 1170, 700 cm"1; iH NMR (CDCI3) ô=0.96 (3H, d, 
7=7 Hz), 2.73 (1H, dq, 7=8 Hz, 7 Hz), 3.01 (1H, d, 7=4 Hz), 
3.61 (3H, s), 4.60 (1H, d, 7=8 Hz, 4 Hz), 7.14 (5H, s); MS, m/z 
194 (M+), 177, 121, 107. 

Methyl 3-Hydroxy-2,2-dimethyl-3-phenylpropanoate27) 

(Entry 7). Mp 68—69°C; IR (KBr) 3450, 1705, 1295, 1275, 
1160, 1050, 705 cm"1; iH NMR (CDCI3) 0=1.06 (3H, s), 1.11 
(3H, s), 3.09 (1H, d, 7=3.5 Hz), 3.58 (3H, s), 4.73 (1H, d, 
7=3.5 Hz), 7.08 (5H, s); MS, m/z 209 (M++1), 191. 

S-Hydroxy-l^-diphenyl-l-propanone28* (Entry 8). lH NMR 
(CDCb) 0=3.28 (2H, d, 7=6 Hz), 5.24 (1H, t, 7=6 Hz), 7.3 
(8H, m), 7.8 (2H, m). 

Methyl 3-Hydroxy-2,2-dimethyl-3-(2-pyridyl)propanoate 
(Entry 11). IR (neat) 3450, 1735, 1595, 1470, 1435, 1260, 
1135 cm"1; iH NMR (CDCI3) 0=1.07 (3H, s), 1.16 (3H, s), 3.66 
(3H, s), 4.85 (1H, br), 7.0—7.7 (3H, m), 8.40 (1H, m); MS, 
m/z 210 (M++1), 185, 178. Found: m/z 178.0873. Calcd for 
CioHi2N02: M-OCH3, 178.0869. 

Reaction of Imines with Ketene Silyl Ace tais. (Table 8) A 
typical procedure is described for the reaction of N-
benzylideneaniline with trimethylsilyl ketene acetal of 
methyl isobutyrate (Entry 1): Under an argon atmosphere, 
[Rh(COD)Cl]2 (1.3 mg, 0.003 mmol) and TMS-CN (14.3 mg, 
0.144 mmol) were stirred in CH2C12 (2 ml) at room temper­
ature for 30 min. The reaction mixture was cooled to 
—78 °C, to which was successively added iV-benzylideneani-
line (53.7 mg, 0.297 mmol) in CH2C12 (1.5 ml) and trimethyl­
silyl ketene acetal of methyl isobutyrate (79.3 mg, 0.455 
mmol) in CH2C12 (1.5 ml). The reaction mixture was 
warmed to room temperature and stirred for 14 h, then 
quenched with pH 7 phosphate buffer. The organic 
materials were extracted with CH2C12 and the combined 
extract was dried over Na2SÜ4. After evaporation of the 
solvent, the residue was purified by preparative TLC (silica 
gel, hexane : ether=9 :1 ) to afford methyl 3-anilino-2,2-
dimethyl-3-phenylpropanoate (80.4 mg, 0.284 mmol, 96%); 
mp 123—124 °C; IR (KBr) 3380, 1715, 1600, 1515, 1500, 1250, 
1135 cm"1; iH NMR (CDCI3) ô=1.14 (3H, s), 1.25 (3H, s), 3.58 
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(3H, s), 4.4 (1H, br), 4.7 (1H, br), 6.3—7.0 (5H, m), 7.12 (5H, 
s); MS, m/z 284 (M++1), 185, 182. Found: C, 76.19; H, 7.47; 
N, 4.85%. Calcd for Ci8H2iN02: C, 76.30; H, 7.47; N, 4.94%. 

Other analytical data are presented: 
Methyl 3-Anilino-2-methyl-3-phenylpropanoate (Syn : 

Anti=67:33, Mixture) (Entry 2). Mp 85—86 °C; IR (KBr) 
3450, 3350, 1745, 1720, 1605, 1510, 1285, 1180 cm"1; iH NMR 
(CDC13) 6=1.16 (0.33X3H, d, /=7.1 Hz), 1.18 (0.67X3H, d, 
/=7.2 Hz), 3.0 (IH, m), 3.61 (0.67X3H, s), 3.63 (0.33X3H, s), 
4.51 (0.33X1H, d, /=7.1 Hz), 4.71(0.67X1H, d, /=5.6Hz), 
6.5—6.9 (3H, m), 7.07 (2H, m), 7.2—7.3 (5H, m); MS, m/z 
269 (M+), 182. Found: C, 75.91; H, 7.31; N, 5.39%. Calcd for 
C17H19NO2: C, 75.81; H, 7.11; N, 5.20%. 

Methyl 3-Anilino-3-phenylpropanoate (Entry 3). Mp 
107—108 °C; IR (KBr) 3400, 1725, 1605, 1515, 1440, 1295, 
1220 cm-i; iH NMR (CDCI3) 0=2.71 (2H, d, /=6.5 Hz), 3.50 
(3H, s), 4.35 (IH, br), 4.68 (IH, t, /=6.5 Hz), 6.2—7.2 (10H, 
m); MS, m/z 255 (M+), 182. Found: C, 75.24; H, 6.83; N, 
5.94%. Calcd for Ci6Hi7N02: C, 75.27; H, 6.71; N, 5.49%. 

Methyl 3-Benzylamino-2,2-dimethyl-3-phenylpropanoate29) 

(Entry 4). IR (neat) 3350, 1731, 1455, 1255, 1135 cm"1; 
!HNMR (CDCI3) 0=1.02 (3H, s), 1.11 (3H, s), 1.87 (IH, s), 
3.45 (2H, ABq, /=13 Hz), 3.55 (3H, s), 3.81 (IH, s), 7.10 (5H, 
s), 7.15 (5H, s); MS, m/z 298 (M++1), 196. 

Methyl 3-Diphenylmethylamino-2,2-dimethyl-3-phenylpro-
panoate (Entry 5). Mp 90—91 °C; IR (KBr) 1725, 1460, 
1250, 1135, 700cm"1; « N M R (CDCI3) <5=1.03(3H, s), 1.12 
(3H, s), 2.2 (IH, br), 3.56 (3H, s), 3.66 (IH, s), 4.36 (IH, s), 
7.10 (15H, s); MS, m/z 374 (M++1), 296, 272, 167. Found: C, 
80.44; H, 7.10; N, 3.77%. Calcd for C25H27NO2: C, 80.40; H, 
7.29; N, 3.75%. 

Methyl 3-Anilino-2,2-dimethyl-3-(2-pyridyl)propanoate 
(Entry 6). Mp 112—113 °C; IR (KBr) 3400, 1720, 1605, 1510, 
1435, 1140 cm"1; iH NMR (CDCI3) 0=1.24 (6H, s), 3.60 (3H, 
s), 4.6 (1H, br), 6.4—7.1 (7H, m), 7.35 (1H, m), 8.37 (1H, m); 
MS, m/z 284 (M+), 253, 183. Found: m/z 284.1520. Calcd for 
C17H20N2O2: M, 284.1525. 
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(Oplophorus Luciferin) Analogues1) 
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In the case of chemiluminescence of coelenterazine, effects of conformation rigidity of and hydrogen 
bonding with the emitter, coelenteramide, on the chemiluminescence efficiency have been examined with 
several coelenterazine analogues synthesized. Conformational rigidity has a light enhancing effect, whereas 
decreasing light yield was observed by hydrogen-bond formation with the emitter. 

In general, bioluminescence efficiency is far better 
than chemiluminescence efficiency.2) For example, 
quantum yield of Cypridina bioluminescence (a 
luciferin-luciferase reaction) is about 28%,3) whereas at 
most only 3% has been obtained in the case of chemi­
luminescence of Cypridina luciferin under the bset 
chemiluminescence conditions known (diethylene gly­
col dimethyl ether containing a trace of acetate buffer, 
pH 5.6).4) Similar phenomena have been observed in 
the bioluminescence of aequorin (qauntum yield is ca. 
23%),5) which is a photoprotein containing coelenter­
azine (Oplophorus luciferin) [2-(£-hydroxybenzyl)-6-
(£-hydroxyphenyl)-8-benzyl-imidazo[ 1,2-<z]pyrazin-3-
(7H)-one] (1) as a light producing chromophore5»6) 

similar to Cypridina luciferin. 
Cypridina luciferase and apo-aequorin (protein part 

of aequorin) are known to be a protein of high hydro-
phobicity,7) which may contribute to the high efficiency 
of bioluminescence.7»8) We assumed that the high 
light-emitting efficiency observed in the hydrophobic 
proteins may come from (1) a conformational rigidity 
of the emitter in the protein and/or (2) inhibition of 
hydrogen bonding between water and the emitter, C. 
oxyluciferin or coelenteramide [2-(£-hydroxyphenyl-
acetylamino)-3-benzyl-5-(£-hydroxyphenyl)pyrazine] 
(2). To see whether these terms are effective or not, we 
have synthesized several analogues of coelenterazine 
(1) which have a bridge for fasten the dihedral angle 
between the phenyl and pyrazine rings (compds 4—6)9) 

or which have a hydroxyl group that can make a 
hydrogen bonding to one of the nitrogen atoms in the 
emitter (compds 7—9), and measured their chemi­
luminescence efficiency. 

n ^ 
-hv 

Coelenterazine (1) Coelenteramide (2) 
(excited state anion) 

Synthesis of Coelenterazine Analogues (3—11) and 
Coelenteramide Analogues (12—19). The key inter­

mediates, coelenteramine analogues (27, 32—39), have 
been synthesized by application of the procedure of 
Kishi et al.10) Condensation of the coelenteramine 
analogues with 3-(£-acetoxyphenyl)-2-oxopropanal 
was carried out by a modified method of Inoue et al.6) 

5-Methylcoelenterazine (3) was synthesized from 
l-(£-methoxyphenyl)-l,2-propanedione 2-oxime (20). 
The oxime 20 was condensed in pyridine with 
2-amino-3-phenylpropionitrile in the presence of TiCU 
to give the 2-aminopyrazine 1-oxide 26, which was 
reduced with Raney Ni to the O-methylcoelenteramine 
32. De-O-methylation of the coelenteramine 32 was 
carried out by heating with pyridine hydrochloride 
giving the coelenteramine 37. Condensation of 37 
with 3-(£-acetoxyphenyl)-2-oxopropanal under acidic 
conditions gave the corresponding coelenteramino 
acid 40, which was characterized as its methyl ester. 
Cyclization of 40 was effected by treatment with 
dicyclohexylcarbodiimide (DCC) in pyridine at room 
temp giving 5-methylcoelenterazine (3). 

The bridged coelenterazines 4—6 having five-,9) 

six-,9) and seven-membered ring were synthesized 
similarly by starting from 5-methoxy-l,2-indanedione 
2-oxime (21), 6-benzyloxy-3,4-dihydro-l,2-naphthalene-
diofle 2-oxime (22), and 2-methoxy-8,9-dihydro-5H-
benzocycloheptene-5,6(7H)-dione-6-oxime (23), respec­
tively. Condensation of the five-membered ring 
derivative 38 with the 2-oxopropanal afforded the 
coelenterazine 4 directly, whereas in other cases were 
isolated the coelenteramino acid intermediates, which 
were then cyclized with DCC to the coelenterazine 
analogues. In the synthesis of the six-membered ring 
derivative 5, the benzyl protecting group was removed 
at the final stage by reducing with Pd-C/Kfe. 5-(2-
Hydroxyethyl)coelenterazine (7) was also synthesized 
similarly by starting from l-(£-isopropoxyphenyl)-4-
(triphenylmethyloxy)-l,2-butanedione 2-oxime (24). 
Introduction of a hydroxyl group on a side chain of 
the O-benzylcoelenteramine (46) was effected by' air 
oxidation in the presence of £-BuOK (giving the ketone 
47) followed by reduction with NaBHU to the desired 
alcohol 48. The benzyl protecting group was removed 
by hydrogenolysis with Pd-C/Hfe to give the hydroxy-
coelenteramine 49, which was converted to the 



November, 1990] Synthesis and Chemiluminescence of Coelenterazine Analogues 3133 

D R 1 v ^ .N-OH 

I2 [^ 

XX 
R 4

/ ^ ^ S v R 3 

Ri R2 

(20) CH3 H 

(21) CH2 

(22) CH2CH2 

(23) CH2CH2CH2 

(24) Ch2CH2OTr H 

(25) CH2CH2 

Bn=benzyl Tr 

*0 

R3 

H 

H 

H 

H 

H 

BnO 

c= 

H 2 N ^ 

r 
l 

R4 

CH3O 

CH3O 

BnO 

CH3O 

==N 

1 
S 
J 

(CH3 )2CHO 

BnO 

=triphenylmethyl 

TICU 

Py 

(26 ) 

(28) 

( 29 ) 

0 

12 I T 

A A A 

2-Aminopyrazine-1 -oxides 

R-) R2 R3 R 4 

C H 3 H H CH3O 

CH2CH2 H BnO 

CH2CH2CH2 H CH3O 

(30 ) CH 2 CH 2 OTr H H (CH 3 ) 2CHO 

(31) CH2CH2 BnO BnO 

Raney Ni 
xrc 

HCl 

Coelenteramines 

Ri R2 R3 R4 

(27) CH2 

( 3 2 ) C H 3 H 

(33) CH2CH2 

(34 ) CH2CH2CH2 

(35) CH 2 CH 2 OH H 

(36) CH2CH2 

(37) C H 3 H 

( 3 8 ) C H 2 

(39 ) CH 2 CH 2 CH 2 H OH 

H CH3O 

H CH3O 

H BnO 

H CH3O 

H OH 

BnO BnO 

H OH 

H OH 

Coelenteramino acids 
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Coelenterazines 

R 1 R2 R3 R4 

(40) C H 3 H 
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(43 ) CH 2 CH 2 OH H 
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(3) C H 3 H 
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(7) CH 2 CH 2 OH H 
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(47) 

(48) 

(49) 

BnO 
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OH 

hydroxycoelenterazine 8 by condensation with 3-(p-
acetoxyphenyl)-2-oxopropanal. 

i-Y^xrr 

Condensation of 6,8-bis(benzyloxy)-3,4-dihydro-l,2-
naphthalenedione 2-oxime (25) with the aminonitrile 
afforded the pyrazine 1-oxide 31, which was reduced 
as usual to the coelenteramine 36. In this case, p-
hydroxyphenylpyruvic acid was used for condensation 
with 36, giving the unsaturated coelenteramino acid 
44. The acid 44 was cyclized with DCC to give the 
corresponding dehydrocoelenterazine,n) which was 
reduced with NaBHU followed by deprotection with 
Pd-C/H2 to the hydroxycoelenterazine 9. The 
dimethylaminocoelenterazine (11) were synthesized 
similarly. 

Coelen ter amide analogues (12—19) are main prod-

^ 
Coelenteramides 

R i R2 

(12) CH3 H 

(13) CH2 

(14) CH2CH2 

(15) CH2CH2CH2 

(16) CH2CH2OH H 

(17) H H 

(18) CH2CH2 H 

(19) H H 

R3 

H 

H 

H 

H 

H 

H 

OH 

H 

R4 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

N(CH3)2 

R5 

H 

H 

H 

H 

H 

OH 

H 

H 

ucts of the chemiluminescence of coelenterazine 
analogues (3—9, 11) and considered to be the light 
emitter. They were synthesized from coelenteramine 
analogues (33, 35—39, 45, 49) by treatment with p-
acetoxyphenylacetyl chloride in pyridine followed by 
hydrolysis with aq NaOH. 

Electronic Spectra of Coelenterazines12) and Coelen­
teramines. Electronic spectra of coelenterazines are 
shown in Figs. 1 and 2. The dihedral angle between the 
imidazopyrazine ring and the p-hydroxyphenyl ring 
seems to influence the spectra as shown in Fig. 1. The 
spectra of the five-membered 4 and the hydroxy 
derivative 8 in Fig. 2 are similar in shape to that of 
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Fig. 1. Electronic spectra of coelenterazine analogues 
3—6 in methanol. (3); (4); (5); 

(6). 

Fig. 3. Electronic spectra of coelenteramides 2 and 
13—15 in methanol. (2); (13); (14); 

(15). 
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Fig. 2. Electronic spectra of coelenterazine analogues 
4, 7, and 8 in methanol. (4); (7); 
(8). 

coelenterazine (1) in acidic methanol.13) The hydroxy 
derivative 8 has a hydrogen bonding between the 
hydroxy 1 group and the nitrogen atom at 1-position, 
resulting the electronic spectrum similar to that of 1 in 
the acidic methanol. The reason why the electronic 
spectrum of the five-membered analogue 4 is similar to 
that of the hydroxy derivative 8 is not known. 

The electronic spectra of coelenteramides (Figs. 3 and 
4) are strongly influenced from the conformation of 

400 /nm 

Fi g. 4. Electronic spectra of coelenteramides 2,12,16, 
and 17 in methanol. (2); (12); (16); 

(17). 

the chromophore; the larger the dihedral angle 
between the pyrazine and the p-hydroxyphenyl ring is, 
the shorter the wavelength of the absorption max­
imum seems to be. Thus, the coelenteramide analogue 
13 having 5-membered ring absorbs at the longest 
wavelength, whereas coelenteramide (2) absorbs at 
similar wavelength with that of the 7-membered 
analogue 15. The 6-methyl and 6-(2-hydroxyethyl) 



November, 1990] Synthesis and Chemiluminescence of Coelenterazine Analogues 3135 

derivatives, 12 and 16, absorb at shorter wavelengths 
than that of coelenteramide (2), because of larger steric 
hindrance of the 6-substituents than hydrogen. 

Since the coelenteramides are the emitter of chemi­
luminescence, change of the electronic spectra influ­
ences of the chemiluminescence spectra as expected (see 
Fig. 6). 

Chemiluminescence of Coelenterazine in Organic 
Solvents. Cormier et al.14) observed chemilumines­
cence of a coelenterazine analogue in Af,Af-dimethyl-
formamide (DMF) in the presence of oxygen. The 
products are CO2 and the corresponding coelenter­
amide analogue, which was obtained in 80% yield. We 
have measured chemiluminescence efficiency in sever­
al organic solvents as shown in Table 1, which 
indicates that dimethyl sulfoxide (DMSO) without 

Table 1. Solvent Effects on the Relative Light Yield 
of Chemiluminescence of Coelenterazine (1) 

Solvent 

DMSO 
DMF 
HMPA 
DGM 
DGM 

DGM 

DMSO 

DMSO 

None 
None 
None 
None 
1.0 mol dm" 

0.5 ml 
0.1 mol dm" 

0.1ml 
1.0 mol dm_ 

0.5 ml 
0.1 mol dm" 

0.1 ml 

Additives 

-a t-BuOK/t-BuOU 

3 Acetate buffer pH 5.6 

3 /-BuOK/7-BuOH 

3 Acetate buffer p H 5.6 

Rel. L. Y. 

1.0a> 
1.3 
2.4 
0 
0.06 

0.006 

0.09 

0.9 

DMSO: dimethyl sulfoxide; DMF: dimethylform-
amide; HMPA: hexamethylphosphoric triamide; 
DGM: diethyleneglycol dimethyl ether. Condition: 
concn, ca. 1X10-5 mol dm-3; volume, 3 ml; temp, 25 °C. 
a) Chemiluminescence quantum yield=0.21%. 

u. 

U 

Fig. 5. Chemiluminescence spectra of coelenterazine 
(1) and fluorescence spectra of coelenteramide (2). 
Chemiluminescence: (1) in DMSO; (1) in 
DMF; (1) in HMPA. 
Fluorescence: (right) (2) in DMSO; 
(right) (2) in DMSO-k-BuOK; (left) spent 
DMSO solution of chemiluminescence. 

additives is one of the best solvents for chemilumi­
nescence of coelenterazine. 

Figure 5 shows chemiluminescence spectra of 
coelenterazine (1) in a few organic solvents. Nearly 
identical spectra suggest that the emitters are same. 
The luminescence spectrum in DMSO, however, does 
not coincide with the fluorescence spectrum of 
coelenteramide (2) in neutral DMSO nor in DMSO 
containing t-BuOK. The spent solution of chemi­
luminescence of 1 gave its fluorescence similar to that 
of 2, but different from chemiluminescence emission. 
These observations coincide with the observations by 
Cormier et al.,14) who suggested that the light emitter 
is the monoanion having a minus charge on the amide 
moiety. 

Effects of Conformational Rigidity on the Chemi­
luminescence Efficiency. Chemiluminescence efficiency 
of the coelenterazine analogues having a rigid dihedral 
angle between the pyrazine and the p-hydroxyphenyl 
ring was measured in DMSO1»14»10 and the results are 
shown in Table 2. 

Conformational rigidity of the p-hydroxyphenyl 
group in coelenteramide (2) has some enhancement 
effects on the light yield; the six-membered ring 
derivative 5 is superior to the five- and seven-

Table 2. Relative Light Yields of Chemiluminescence 

Compound 

xox 
(1) 

xox 
(3) 

xox 
(4) 

xox 
n {6) 

Rel.a) 
_1«X 

1.0 

1.1 

2.3 

1.5 

C o m p o u n d " e l - a > 
i i. I. Ir-T T i . 

xra. 
(8) 

CH 3 
(10) 

OD 

0.46 

0.35 

0.01 

0.92 

0.33 

a) Rel. L. Y.=relative light yield. Condition: solvent, 
DMSO; additive, none; concn, ca. IX 10~5 mol dm""3; 
temp, 25 °C. 
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3 

600 /nm 

Fig. 6. Chemiluminescence spectra of coelenterazine 
(1) and its analogues 3—6 in DMSO. (1); 
(3); (4); (5); (6). 

membered ring derivatives, 4 and 6. Shimomura et 
al.9) reported that bioluminescence efficiency of the 
ring derivative 5 is about one half of coelenterazine (1). 
It may suggest that in contrast with the chemilumines­
cence fitting of 5 with apoaequorin (a protein) may 
not be perfect so that the light yield of biolumines­
cence is decreased. 

Fixation of the conformation of coelenterazine 
chromophore has some effect on the chemilumine­
scence spectra as shown in Fig. 6. The luminescence 
maximum of the six-membered ring compound 5 is 
almost identical with that of coelenterazine (1). 
Bathochromic shift is observed with the five-member-
ed ring compound 4, whereas the seven-membered 
ring (6) has an opposite effect. That a methyl 
substituent in 3 has larger hypsochromic effect than 
that of seven-membered ring in 6 may suggest that the 
dihedral angle between the pyrazine and p-hydroxy-
phenyl ring is larger in 3 than in 6 as discussed in the 
section of electronic spectra. 

Effects of Hydrogen-Bonding in the Emitter on the 
Chemiluminescence Efficiency. An intramolecular 
hydrogen-bond formation on the excited state of 

(A) (B) 

(C) 

coelenteramide (2, light emitter) at the nitrogen atom 
indicated with an arrow always decreases light 
emitting efficiency remarkably as expected from the 
hydrophobic nature of the luciferase and apoaequorin. 
Thus, the hydrogen-bonded emitters, A, B, and C, may 
be produced from the coelenterazines, 7, 8, and 9, 
respectively. In the case of 9, the strongly decreasing 
effect may come not only from the hydrogen-bonding, 
but also from conjugation of the phenolic hydroxyl 
group with the chromophore. 

Effects of an Electron-Releasing Group on the 
Chemilimunescence Efficiency. In the case of the 
firefly bioluminescence, ionization of the phenolic 
hydroxyl group of firefly luciferin is important for 
high efficiency of light production as expected from 
the CIEEL (chemically initiated electron exchange 
luminescence) mechanism suggested by Schuster et 
al.16) and by McCapra.17) Thus, strongly electron-
donating ability of phenoxide anion accelerates the 
rate of decomposition as well as the formation of a 
singlet excited state molecule. 

As the phenolic hydroxyl group on the lower left 
side chain of coelenterazine (1) might have such a 
light-enhancing effect, we have synthesized the coelen­
terazine analogues, 10 and 11, having p-methoxyl or 
p-dimethylamino substituent, which has no ionizable 
proton but electron-donating ability, in place of the 
hydroxyl group.18) Chemiluminescence efficiency of 
these analogues, however, did not differ much from 
that of coelenterazine (Table 2). Different from the 
firefly luminescence case, the negative charge produc­
ed on the nitrogen during formation of the inter­
mediate dioxetane donates enough electrons to the 
dioxetane moiety to produce singlet excited state 
molecule so that no other electron-donating moiety 
such as phenoxide ion would be necessary. A similar 
observation and some discussions on the mechanism 
have been reported in the previous paper.19) 

Experimental 

All melting points were measured on a Mitamura Riken 
mp apparatus and uncorrected. 1H NMR spectra were 
recorded on a JNM-FX200 spectrometer. Chemical shifts (ô) 
are given in ppm from internal TMS and coupling constants 
(/) in Hz. IR spectra were taken on a JASCO IR-700 infrared 
spectrometer. UV spectra were obtained on a Hitachi 228 
spectrometer. Mass spectra were measured on a JEOL JMS-
DX300 instrument. Chemiluminescence and fluorescence 
spectra were recorded on an Otuka Electronics MCPD-110A 
and JASCO FP-770 spectrometers, respectively. Dimethyl 
sulfoxide was distilled from calcium hydride under reduced 
pressure. The other solvents were of reagent grade. 

Synthesis of the 2-Aminopyrazine 1-Oxides. The 2-
Aminopyrazine 1-Oxide 26: A solution of l-(£-methoxy-
phenyl)-l,2-propanedione 2-oxime (20) (3.5 g) and 2-amino-
3-phenylpropionitrile (3.2 g) in pyridine (60 ml) was deoxy-
genated by passing argon gas. To this solution was added 
TiCU (2.4 ml) dropwise at — 20 °C. After being stirred at 



November, 1990] Synthesis and Chemiluminescence of Coelenterazine Analogues 3137 

room temp for 15 min, the mixture was cooled to 0 °C and 
neutralized with 10% NaHCOs. The mixture was filtered 
through Celite and the filtrate was extracted with ethyl 
acetate three times. The organic extracts were washed with 
water and sat. NaCl solution, dried over anhydrous Na2SÜ4, 
and evaporated to dryness. The product was crystallized 
from methanol and ether to give the Af-oxide 26 (3.4 g) as 
white plate. The second crop (0.6 g) was obtained from the 
mother liquor by silica gel column chromatography. Total 
yield was 4.0 g (63%); mp 159—160 °C; MS m/z 321 (M+); IR 
(KBr) 3390, 3262, 1613 cm"1; UV (MeOH) Amax nm (a) 347 
(7400), 260(sh) (16800), 245 (19700); 1U NMR (CDCI3-
GD3OD) Ô (/)=2.55 (3H, s), 3.87 (3H, s), 4.21 (2H, s), 7.01 
(2H, d, 9.0), 7.2—7.4 (5H, m), 7.46 (2H, d, 9.0). Calcd for 
Ci9H1902N3: C, 71.01; H, 5.96; N, 13.08%. Found: C, 71.00; 
H, 6.01; N, 13.18%. 

The 2-Aminopyrazine 27: Slightly yellowish plates, mp 
168—169 °C; MS m/z 303 (M+); UV (MeOH) Amax nm (a) 379 
(16700), 288 (18900); *H NMR (CDCI3) ô (/)=3.78 (2H, s), 
3.88 (3H, s), 4.22 (2H, s), 4.30 (2H, br. s), 6.98 (1H, dd, 2.5 Se 
8.5), 7.09 (1H, d, 2.5), 7.2 (5H, m), 7.85 (1H, d, 8.5). Calcd for 
Ci9H17ON3: C, 75.22; H, 5.65; N, 13.85%. Found: G, 75.20; H, 
5.68; N, 13.93%. 

The 2-Aminopyrazine 1-Oxide 28: Slightly yellowish 
plates, mp 183—186 °C; MS m/z (409) (M+); UV (MeOH) 
Amax nm (a) 372 (10400), 298 (23300), 284 (sh) (21100); 
iH NMR (CDCI3) ô (/)=3.00 (2H, t, 7.5), 3.30 (2H, t, 7.5), 
4.21(2H, s), 5.11 (2H, s), 5.29 (2H, br. S), 6.84 (1H, d, 2.5), 
6.96 (1H, dd, 2.5 Se 8.5), 7.2—7.5 (10H, m), 8.13 (1H, d, 8.5). 
Calcd for C26H23O2N3: C, 76,26; H, 5.66; N, 10.24%. Found: 
C, 76.17; H, 5.74; N, 10.42%. 

The 2-Aminopyrazine 1-Oxide 29: White plates (MeOH), 
mp 186—188 °C; MS m/z 347 (M+); IR (KBr) 3394, 3240, 
1610 cm"1; UV (MeOH) Amax nm (a) 354 (9400), 280 (20900), 
257 (21800), 223 (16800); 1U NMR (CDCI3) ô (/)=2.36 (2H, tt, 
7.0 Se 7.2), 2.58 (2H, t, 7.0), 3.03 (2H, t, 7.2), 3.86 (3H, s), 4.24 
(2H, s), 5.36 (2H, br. s), 6.28 (1H, 2.5), 6.93 (1H, dd, 2.5 Se 8.5), 
7.20—7.40 (5H, m), 7.68 (1H, d, 8.5). Calcd for C21H21O2N3: 
C, 72.60; H, 6.09; N, 12.10%. Found: C, 72.62; H, 6.18; N, 
12.19%. 

The 2-Aminopyrazine 1-Oxide 30: White needles (MeOH), 
mp 90—91 °C; UV (MeOH) Amax nm (a) 348 (10400), 252 
(25000); *H NMR (CDCI3) ô (/)=1.40 (6H, d, 6.0), 3.30 (2H, t, 
6.5), 3.54 (2H, t, 6.5), 4.20 (2H, s), 4.63 (1H, septet, 6.0), 5.24 
(2H, br. s), 6.94 (2H, d, 8.5), 7.1—7.4 (2ÖH, m), 7.50 (2H, d, 
8.5). Calcd for C41H39O3N3: C, 79.20; H, 6.32; N, 6.76%. 
Found: C, 79.12; H, 6.74; N, 6.56%. 

The 2-Aminopyrazine 1-Oxide 31: Slightly yellow need­
les (MeOH), mp 160—162 °C; MS m/z 515 (M+); IR (KBr) 
3458, 3320, 1604 cm"1; UV (MeOH) Amax nm (a) 367 (10200), 
308 (17000), 289 (19400), 280 (19400); ^ N M R (CDCI3) ô 
(/)=2.90 (2H, t, 7.0), 3.24 (2H, t, 7.0), 4.20 (2H, s), 5.10 (2H, 
s), 5.14 (2H, s), 5.28 (2H, br. s), 6.54 (1H, d, 2.5), 6.65 (1H, d, 
2.5), 7.1—7.6 (15H, m). Calcd for C33H29O3N3: C, 76.87; H, 
5.67; N, 8.15%. Found: C, 76.86; H, 5.79; N, 8.38%. 

Synthesis of the Coelenteramines. The Coelenteramine 
32: Raney nickel (W2) was added to a solution of the N-
oxide 26 (4.0 g) in dichloromethane (40 ml) and the mixture 
was stirred under hydrogen atmosphere for 96 h. The 
reaction mixture was filtered and the filtrate was evaporated 
to dryness. The residue was crystallized from methanol to 
give white plates (3.5 g, 92%); mp 143—145 °C; MS m/z 305 

(M+); IR (KBr) 3430, 3332, 1618 cm"1; UV (MeOH) Amax nm 
(a) 337 (12800), 263 (19300); 1H NMR (CDCI3) ô (J)=2.44 (3H, 
s), 3.84 (3H, s), 4.14 (2H, s), 4.28 (2H, br. s), 6.99 (2H, d, 9.0), 
7.2—7.4 (5H, m), 7.50 (2H, d, 9.0). Calcd for C19H19ON3: C, 
74.73; H, 6.27; N, 13.76%. Found: C, 74.76; H, 6.34; N, 
13.86%. 

The Coelenteramine 33: Slightly yellow rocks (MeOH), 
mp 138—139 °C; MS m/z 393 (M+), UV Amax nm (a) 364 
(16200), 291 (23500), 249 (7400); *H NMR (CDCI3) ô (/)=2.96 
(4H, br. s), 4.15 (2H, s), 4.32 (2H, br. s), 5.10 (2H, s), 6.84 (1H, 
d, 2.5), 6.94 (1H, dd, 2.5 Se 8.5), 7.2—7.5 (10H, m), 8.10 (1H, d, 
8.5). Calcd for C26H23ON3: C, 79.36; H, 5.90; N, 10.68%. 
Found: C, 79.36; H, 5.99; N, 10.88%. 

The Coelenteramine 34: Whites rocks (MeOH), mp 
144—145 oQ M S m/z 331 ( M + ) . I R ( K B r ) 3 1 7 0 ) 1611cm"1; 

UV Amax nm (a) 343 (12100), 274 (17800); *H NMR (CDCI3) ô 
(/)=2.32 (2H, tt, 7.0 Se 6.5), 2.58 (2H, t, 7.0), 2.60 (2H, t, 6.5), 
3.86 (3H, s), 4.18 (2H, s), 4.30 (2H, br. s), 6.82 (1H, d, 2.5), 
6.93 (1H, dd, 2.5 Se 8.5), 7.2—7.4 (5H, m), 7.66 (1H, d, 8.5). 
Calcd for C21H21ON3: C, 76.10; H, 6.39; N, 12.68%. Found: 
C, 76.12; H, 6.43; N, 12.79%. 

The Coelenteramine 36: Slightly yellowish needles 
(MeOH-CH2ClCH2Cl), mp 149—152 °C; MS m/z 499 (M+); 
IR (KBr) 3476, 3270, 3150, 1601 cm"*; UV (MeOH) Amax nm (a) 
358 (15800), 300 (sh), (12500), 288 (18800); 1U NMR (CDCI3) ô 
(/)=2.86 (4H, s), 4.15 (2H, s), 4.25 (2H, br. s), 5.08 (2H, s), 
5.14 (2H, s), 6.54 (1H, d, 2.5), 6.64 (1H, d, 2.5), 7.1—7.6 (15H, 
m). Calcd for C33H29O2N3: C, 79.33; H, 5.85; N, 8.41%. 
Found: C, 79.34; H, 5.91; N, 8.40%. 

The Coelenteramine 35: The Af-oxide 30 (420 mg) was 
reduced with Raney Ni to give a product (365 mg), which 
was dissolved in CH2CI2 (11 ml) and treated with BCI3 in 
CH2CI2 (IM, 2.5 ml, M=moldm_ 1) at room temp under 
argon atmosphere for 10 min. Usual work-up gave a 
product, which was chromatographed on a silica-gel column 
to give 35 (196 mg, 85%). White needles (MeOH-CH2Cl2), 
mp 99—100 °C; MS m/z 332 (M+H+); IR (KBr) 3374, 
1613 cm"1; UV (MeOH) Amax nm (a) 336 (9500), 260 (14300); 
*H NMR (CDCI3) ô (/)=2.96 (2H, t, 5.5), 3.94 (2H, t, 5.5), 4.16 
(2H, s), 4.36 (2H, br. s), 6.86 (2H, d, 9.0), 7.2—7.3 (5H, m), 
7.36 (2H, d, 9.0). Calcd for Ci9H1902N3: C, 71.01; H, 5.96; N, 
13.08%. Found: C, 70.99; H, 6.05; N, 13.16%. 

Demethylation of/?-Methoxyphenyl Group in the Coelenter­
amines. The Coelenteramine 37: A mixture of the 2-
amino-5-(p-methoxyphenyl)pyrazine (32) (0.80 g) and pyri­
dine hydrochloride (3.0 g) was heated at 210 °C for 30 min. 
After cooling, the mixture was dissolved in ethyl acetate, 
neutralized with 10% NaHCOs, and extracted with ethyl 
acetate three times. The extracts were washed with sat. 
NaCl, dried over anhydrous Na2S04, and evaporated to 
dryness. The residue was chromatographed on a silica-gel 
column (ethyl acetate-hexane) to give the aminopyrazine 37 
(0.63 g, 83%) as white plates(CH2Cl2), mp 162—163 °C; MS 
m/z 291 (M+); IR (KBr) 3424, 3300, 3190, 1612 cm"1; UV 
(MeOH) Amax nm (a) 338 (9700), 262 (14900); ^ N M R 
(CDCI3-CD3OD) ô (/)=2.42 (3H, s), 4.12 (2H, s), 6.90 (2H, d, 
9.0), 7.2—7.3 (5H, m), 7.39 (2H, d, 9.0). Calcd for 
Ci8H17ON3: C, 74.20; H, 5.88; N, 14.42%. Found: C, 74.17; H, 
5.88; N, 14.44%. 

The Coelenteramine 38: Slightly yellowish needles, mp 
232—234 °C; MS m/z 289 (M+); UV (MeOH) Amax nm (a) 381 
(15900), 288 (18500); *H NMR (CDCI3-CD3OD) ô (/)=3.72 
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(2H, s), 4.18 (2H, s), 6.91 (IH, dd, 2.5 Sc 8.5), 7.01 (IH, d, 2.5), 
7.24 (5H, m), 7.89 (IH, d, 8.5). Calcd for Ci8Hi5ON3: C, 
74.72; H, 5.23; N, 14.53%. Found: C, 74.88; H, 5.26; N, 
14.57%. 

The Coelenteramine 39: White powder (ether), mp 167— 
168 °C, MS m/z 317 (M+); IR (KBr) 3450, 3400, 3300, 3200, 
1617 cm"1; UV (MeOH) Amax nm (a) 345 (18200), 273 (27200); 
!H NMR (CDCI3-CD3OD) Ô (/)=2.20 (2H, tt, 6.5 Sc 7.0), 2.45 
(2H, t, 6.5), 2.47 (2H, t, 7.0), 4.08 (2H, s), 6.66 (IH, d, 2.5), 
6.76 (IH, dd, 2.5 Sc 8.3), 7.1—7.3 (5H, m), 7.40 (IH, d, 8.3). 
Calcd for C2oH19ON3: C, 75.68; H, 6.03; N, 13.24%. Found: 
C, 75.70; H, 6.11; N, 13.29%. 

Synthesis of the Coelenteramino Acids. The Coelenter­
amine Acid 40(Characterized as its methyl ester): A mixture 
of the coelenteramine 37 (280 mg), 3-(£>-acetoxyphenyl)-2-
oxopropanal (280 mg), 10% HCl (1.0 ml), water (2 ml) and 
dioxane (4.0 ml) was heated at 100 °C for 13 h. The reaction 
mixture was extracted with ethyl acetate five times and the 
combined organic layers were washed with brine and 
concentrated. The residue was chromatographed on silica 
gel plates to give the coelenteramino acid 40 (287 mg, 66%). 

The amino acid 40 was methylated with diazomethane in 
methanol to give 40 methyl ester as white rock from 
methanol, mp 192—195 °C; MS m/z 469 (M+); IR (KBr) 3430, 
3220, 1735 cm"1; UV (MeOH) Amax nm (a) 339 (10500), 268 
(19400), 220 (16500); ^ N M R (CDCI3) ô (/)=2.35 (3H, s), 
2.86 (IH, dd, 7.0 Sc 1.4), 3.00 (IH, dd, 5.0 Sc 14), 3.64 (3H, s), 
4.02 (2H, br. s), 4.66 (IH, d, 7.0), 4.86 (IH, dt, 5.0 Sc 7.0), 6.55 
(2H, d, 8.5), 6.66 (2H, d, 8.5), 6.70 (2H, d, 8.5), 7.0—7.25 (5H, 
m), 7.28 (2H, d, 8.5). Calcd for C28H27O4N3: C, 71.62; H, 5.80; 
N, 8.95%. Found: C, 71.74; H, 5.83; N, 9.03%. 

The Coelenteramino Acid 41 Methyl Ester: Slightly 
yellow oil; MS m/z 571 (M+); UV (MeOH) Amax nm (a) 368 
(16100), 294 (23000), 252 (8000); IR (KBr) 3422, 1735, 1611; 
!HNMR (CDCI3) ô (/)=2.9—3.1 (6H, m), 3.64 (3H, s), 4.06 
(2H, s), 4.70 (IH, d, 7.5), 4.92 (IH, m), 5.10 (2H, s), 5.36 (IH, 
br. s), 6.62 (2H, d, 8.5), 6.76 (2H, d, 8.5), 6.82 (IH, d, 2.5), 6.92 
(IH, dd, 2.5 Sc 8.5), 7.0—7.5 (10H, m), 8.05 (IH, d, 8.5). Calcd 
for C36H33O4N3: C, 75.63; H, 5.82; N, 7.35%. Found: C, 75.58; 
H, 5.99; N, 7.22%. 

The Coelenteramino Acid 42: Slightly yellowish micro-
crystalline powder (ethyl acetate), mp 134—136° C; MS 
(FAB) m/z 482 (M+H+); IR (KBr) 3410, 1720 cm-1; UV 
(MeOH) Amax nm (a) 350 (13100), 282 (23900); ^H NMR 
(CDCI3) ô (/)=2.20 (2H, tt, 6.5 Sc 7.5), 2.46 (2H, t, 7.5), 2.50 
(2H, t, 6.5), 2.92 (IH, dd, 7.0 Sc 14), 3.10 (IH, dd, 5.0 Sc 14), 
4.06 (2H, s), 4.86 (IH, dd, 5.0 Sc 7.0), 6.58 (2H, d, 8.5), 6.70 
(IH, d, 2.0), 6.78 (IH, dd, 2.0 Sc 8.0), 6.82 (2H, d, 8.5), 7.0—7.3 
(5H, m), 7.38 (IH, d, 8.0). Calcd for C29H27O4N3: C, 72.23; H, 
5.65; N, 8.73%. Found: C, 72.25; H, 5.67; N, 8.64%. 

The Coelenteramino Acid 43: Slightly yellowish plate 
(AcOEt), mp 176—178 °C; MS (FAB) m/z (M+H+); IR (KBr) 
3414, 1708, 1612 cm"1; UV (MeOH) Amax nm (a) 342 (9690), 
269 (18800); ^ N M R (CDCI3) ô (/)=2.89 (2H, t, 7.0), 2.96 
(IH, dd, 8.0 Sc 14), 3.12 (IH, dd, 5.0 Sc 14), 3.86 (IH, dd, 5.0 Sc 
7.0), 3.93 (IH, dd, 5.0 Sc 7.0), 3.98 (IH, d, 15), 4.10 (IH, d, 15), 
4.73 (IH, dd, 5.0 Sc 8.0), 6.62 (2H, d, 8.5), 6.87 (2H, d, 8.5), 
6.87 (2H, d, 8.5), 7.1—7.3 (5H, m), 7.32 (2H, d, 8.5). Calcd for 
C28H27O5N3: C, 69.26; H, 5.61; N, 8.86%. Found: C, 69.24; H, 
5.73; N, 8.57%. 

The Unsaturated Coelenteramino Acid 44: Brown pow­
der (MeOH-AcOEt), mp 160—163 °C; MS (FAB) m/z 663 

(M+H+); IR (KBr) 3394, 1604 cm"1; UV (MeOH) Amax nm (a) 
374 (19300), 308 (sh) (21300), 290 (24100); XH NMR (DMSO-
de) ô (/)=2.34 (2H, br.), 2.58 (2H, br. s), 2.84 (IH, br. s), 4.20 
(2H, br. s), 5.08 (2H, s), 5.24 (2H, s), 6.42 (2H, d, 8.0), 6.52 
(IH, br. s), 6.70 (IH, br. s), 6.90 (2H, d, 8.0), 7.0—7.7 (16H, 
m). Calcd for C42H35O5N3: C, 76.23; H, 5.33; N, 6.35%. 
Found: C, 76.14; H, 5.55; N, 6.41%. 

Synthesis of the Hydroxycoelenteramine 49. The Keto 
Coelenteramine 47: To a solution of O-benzyl-coelenter-
amine (46) (1.2 g) in T H F (200 ml) was added *-BuOK (3.7 g) 
at room temp and the mixture stirred vigorously under air. 
After 40 min the solution was diluted with IM HCl at 0 °C 
and concentrated to a small volume. The residue was 
extracted with dichloromethane three times. The combined 
extract was dried over sodium sulfate and evaporated in 
vacuo. The residue was chromatographed on a silica-gel 
column to give 47 (0.30 g, 24%), which was crystallized from 
methanol to give yellow needles, mp 156—157 °C; MS m/z 
381 (M+); IR (KBr) 3426, 3138, 1648, 1617 cm"1; UV (MeOH) 
Amax nm (a) 417 (8000), 298 (27700), 272 (sh) (22700); XH NMR 
(CDCI3) ô (/)=5.12 (2H, s), 6.82 (2H, br. s), 7.04 (2H, d, 9.0), 
7.3—7.6 (8H, m), 7.82 (2H, d, 9.0), 8.06 (2H, dd, 1.6 Se 8.5), 
8.68 (1H, s). Calcd for C24H1902N3: C, 75.57; H, 5.02; N, 
11.02%. Found: C, 75.57; H, 5.06; N, 10.93%. 

The Hydroxycoelenteramine 48: A solution of the 
coelenteramine 47 (250 mg) in methanol (10 ml) was treated 
with NaBH4 (30 mg) at 0 °C. After 15 min the mixture was 
acidified with IM HCl and extracted four times with 
dichloromethane. The combined extract was dried over 
sodium sulfate and evaporated to dryness. The residue was 
chromatographed on a silica-gel column to obtain 48 
(230 mg, 92%), which was crystallized from methanol as 
white needles, mp 157—158 °C, MS m/z 383 (M+); IR (KBr) 
3366, 3280, 1608 cm"1; UV (MeOH) Amax nm (a) 352 (10500), 
284 (26000); 1U NMR (CDCI3) ô (/)=2.10 (IH, br. s), 4.66 
(2H, br. s), 5.16 (2H, s), 5.66 (IH, s), 7.10 (2H, d, 9.0), 7.4—7.6 
(10H, m), 7.90 (2H, d, 9.0), 8.39 (IH, s). Calcd for 
C24H21O2N3: C, 75.17; H, 5.32; N, 10.96%. Found: C, 75.18; 
H, 5.57; N, 11.01%. 

The Hydroxycoelenteramine 49: A mixture of 48 (100 
mg), 10% Pd-C (20 mg), MeOH (3.0 ml) and dichloro­
methane (2.0 ml) was stirred under hydrogen atmosphere at 
room temp for 3 days and then filtered. The filtrate was 
evaporated to dryness and the residue was separated by silica-
gel TLC to give 49 (60 mg, 78%), which was crystallized from 
methanol as white crystalline powder, mp 178—179 °C; MS 
m/z 293 (M+); IR (KBr) 3500, 3378, 1612 cm"1; UV (MeOH) 
Amax nm (a) 353 (9700), 282 (24600); 1U NMR (CD3OD) ô 
(/)=5.94 (IH, s), 6.86 (2H, d, 9.0), 7.2—7.5 (5H, m), 7.76 (2H, 
d, 9.0), 8.24 (IH, br. s). Calcd for Ci7H1502N3: C, 69.61; H, 
5.15; N, 14.33%. Found: C, 69.60; H, 5.23; N, 14.17%. 

Synthesis of Coelenterazine Analogues. Methylcoelenter-
azine 3: The coelenteramino acid 40 (170 mg) and dicyclo-
hexylcarbodiimide (230 mg) were dissolved in pyridine 
(3.0 ml) under argon atmosphere and the solution was 
allowed to stand at room temp for 1 h. The reaction mixture 
was evaporated to dryness and the residue was chromatog­
raphed on a silica-gel column to give 3 (120 mg, 75%), yellow 
crystalline powder (MeOH), mp 175 °C (decomp); FABMS 
m/z 438 (M+H);IR (KBr) 3166, 1630, 1511; UV (MeOH) Amax 

nm (a) 445 (11400), 320 (sh) (4400), 280 (sh) (14500), 244 
(20200), 228 (20600); m NMR (CD3OD) ô (/)=2.64 (3H, s), 
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4.00 (2H, br. s), 4.26 (2H, br. s), 6.70 (2H, d, 8.0), 6.88 (2H, d, 
8.0), 7.1—7.4 (9H, m). Calcd for C27H23O3N5: C, 74.12; H, 
5.30+; N, 9.61%. Found: C, 74.10; H, 5.37; N, 9.62%. 

The Coelenterazine Analogue 4:9) Yellow powder (MeOH), 
mp 150 °C (decomp); MS (FAB) m/z 436 (M++H+); UV 
(MeOH) Amax nm (a) 435 (7000), 368 (7100), 300 (sh) (12000), 
276 (16300); m NMR (CD3OD) ô (/)=4.08 (2H, s), 4.31 (2H, 
br. s), 4.44 (2H, s), 6.70 (2H, d, 8.5), 6.80 (1H, dd, 2.5 Se 8.5), 
7.00 (1H, d, 2.5), 7.1—7.4 (7H, m), 7.56 (1H, d, 8.5). Calcd for 
C27H21O3N3: C, 74.47; H, 4.86; N, 9.65%. Found: C, 74.48; H, 
4.91; N, 9.50%. 

The Coelenterazine Analogue 5:9) Yellow powder mp 
160 °C (decomp); MS (FAB) m/z 450 (M+H+); UV (MeOH) 
Amax nm (e) 442 (9600), 376 (6900), 360 (6900), 304 (sh), (14400), 
280 (24000); *H NMR (CD3OD) ô (/)=2.90 (2H, t, 9.0), 3.74 
(2H, t, 9.0), 3.99 (2H, s), 4.39 (2H, s), 6.64—6.76 (4H, m), 7.14 
(2H, d, 8.5), 7.20—7.40 (5H, m), 7.48 (1H, br. d, 8.5). Calcd 
for C28H23O3N3: C, 74.81; H, 5.16; N, 9.35%. Found: C, 74.77; 
H, 5.28; N, 9.35%. 

The Coelenterazine Analogue 6: Yellow crystalline pow­
der (MeOH), mp 170 °C (decomp); MS (FAB) m/z 464 
(M+H); IR (KBr) 3178, 1612, 1553, 1510°cm-i; UV (MeOH) 
Amax nm (a) 445 (10800), 348 (5300), 297 (13900), 261 (26300); 
1U NMR (CD3OD) ô (/)=2.34 (2H, br. m), 2.56 (2H, br. t, 
7.0), 3.20 (2H, br. s), 4.04 (2H, s), 4.36 (2H, s), 6.6—6.8, 7.1 — 
7.4 (12H, m). Calcd for C29H25O3N3: C, 75.14; H, 5.44; N, 
9.07%. Found: C, 75.12; H, 5.50; N, 9.05%. 

The Coelenterazine Analogue 7: Yellow powder (MeOH-
Et20-hexane), mp 150 °C (decomp); MS (FAB) m/z 468 
(M+H+); IR (KBr) 3398, 3200, 1620, 1550, 1512 cm"1; UV 
(MeOH) Amax nm (a) 443 (9300), 324 (sh) (4400), 274 (15300), 
226 (21400); 1H NMR (CD3OD) ô (/)=3.2 (2H, t, 6.0), 3.80 
(2H, t, 6.0), 4.04 (2H, s), 4.30 (2H, s), 6.70 (2H, d, 9.0), 6.90 
(2H, d, 9.0), 7.16 (2H, d, 9.0), 7.26 (2H, d, 9.0), 7.2—7.4 (5H, 
m). Calcd for C28H25O4N3; C, 71.93; H, 5.39; N, 8.99%. 
Found: C, 71.82; H, 5.66; N, 9.05%. 

The Coelenterazine Analogue 8: Yellow powder (MeOH), 
mp 100°C (decomp); FABMS m/z 440 (M+H); IR (KBr) 
3376, 1611, 1513 cm"1; UV (MeOH) Amax nm (a) 420 (5100), 
348 (7200), 277 (17800); 1H NMR (CD3OD) ô (/)=4.04 (2H, 
br. s), 6.40 (IH, s), 6.68 (2H, d, 8.0), 6.88 (2H, d, 8.0), 7.12 
(2H, d, 8.0), 7.2—7.7 (7H, m), 7.80 (IH, br. s). Calcd for 
C26H21O4N3: C, 71.06; H, 4.82; N, 9.56%. Found: C, 71.01; H, 
4.97; N, 9.41%. 

The Coelenterazine Analogue 9: Brown powder (acetone-
CH2CI2), mp 180 °C (decomp); MS (FAB) m/z 466 (M+H+); 
IR (KBr) 3222, 1630, 1600, 1551 cm"1; UV (MeOH) Amax nm (a) 
450 (8700), 371 (6500), 324 (14600), 312 (sh) (13800), 284 

. (17600), 224 (26400); 1U NMR (acetone-^) <5 (/)=2.84 (2H, t, 
7.0), 3.66 (2H, t, 7.0), 4.02 (2H, s), 4.42 (2H, s), 6.14 (IH, d, 
2.5), 6.18 (IH, d, 2.5), 6.68 (2H, d, 9.0), 7.1—7.5 (7H, m). 
Calcd for C28H23O4N3: C, 72.24; H, 4.98; N, 9.03%. Found: C, 
72.19; H, 5.14; N, 9.11%. 

The Coelenterazine Analogue 11: Synthesized from the 
coelenteramine 45.16) Yellow powder (EtOAc), mp 140 °C 
(decomp); MS (FAB) m/z 451 (M+H+); UV (MeOH) Amax nm 
(a) 437 (12600), 303 (24000), 216 (sh) (25400), 206 (35300); 
lU NMR (CD3OD-CD2CI2) ô (/)=2.96 (6H, s), 4.07 (2H, br. 
s), 4.40 (2H, br. s), 6.72 (2H, d, 8.0), 6.76 (2H, d, 8.0), 7.10— 
7.45 (9H, m), 7.51 (1H, br. s). Calcd for C28H26O2N4: C, 
74.64; H, 5.82; N, 12.44%. Found: C, 74.69; H, 6.08; N, 
12.46%. 

Synthesis of the Coelenteramides. Methylcoelenteramide 
12: A solution of methylcoelenteramine 37 (80 mg) and p-
acetoxyphenylacetyl chloride (87 mg) in pyridine (0.3 ml) 
and CH2CI2 (1.0 ml) was stirred at room temp for 1.5 h. The 
reaction mixture was treated with 10% NaHCOs and 
extracted with CH2CI2. The organic layer was dried over 
Na2S04 and evaporated to dryness. The residue was 
dissolved in methanol (3.0 ml) and IM NaOH aq (0.25 ml) 
and the solution stirred at room temp for 20 min. The 
mixture was acidified to pH 1 and extracted with a mixture 
of CH2Cl2-AcOEt-MeOH. The organic layer was dried over 
Na2S04 and evaporated to dryness. The residue was 
subjected to silica-gel TLC to give methylcoelenteramide 12 
(75 mg, 71%), white needles (AcOEt-Et20), mp 152—165 °C; 
MS m/z 425 (M+); IR (KBr) 3400, 3256, 1672, 1611 cm"1; UV 
(MeOH) Amax nm (a) 322 (12300), 272 (sh) (11800), 253 (12300); 
UV (DMSO) Amax nm (a) 325 (13700), 270 (15500); m NMR 
(CD3OD) ô (/)=2.52 (3H, s), 4.07 (2H, s), 6.76 (2H, d, 8.5), 
6.87 (2H, d, 8.5), 6.97 (2H, dd, 2.5 Se 7.0), 7.16 (2H, d, 8.5), 
7.10—7.2 (3H, m), 7.44 (2H, d, 8.5). Calcd for C26H23O3N3; 
C, 73.39; H, 5.45; N, 9.88%. Found; C, 73.31; H, 5.70; N, 
9.57%. 

The Coelenteramide 13: White powder (EtOH), mp 
236—237 °C; MS m/z 423 (M+); IR (KBr) 3372, 3250, 1666, 
1615 cm"1; UV (MeOH) Amax nm (a) 353 (22100), 300 (sh) 
(10700), 282 (13200); UV (DMSO) Amax nm (a) 355 (21400), 300 
(sh) (10300), 282 (13200); « NMR (CD3OD) ô (/)=3.54 (2H, 
s), 3.86 (2H, s), 4.12 (2H, s), 6.74 (2H, d, 8.5), 6.90 (1H, dd, 2.0 
Se 8.5), 7.00 (2H, dd, 2.0 Se 8.0), 7.04 (1H, d, 2.0), 7.14 (2H, d, 
8.5), 7.1—7.3 (3H, m), 7.88 (1H, d, 8.5). Calcd for 
C26H21O3N3; C, 74.48; H, 5.58; N, 9.31%. Found: C, 74.42; H, 
5.81; N, 9.23%. 

The Coelenteramide 14: White powder (AcOEt), mp 
209—210 °C; MS m/z 437 (M+); IR (KBr) 3510, 3400, 3260, 
1658, 1611 cm"1; UV (MeOH) Amax nm (a) 347 (19500), 300 (sh) 
(11500), 284 (13000); UV (DMSO) Amax nm (a) 351 (23000), 300 
(sh) (14200), 286 (16300); 1H NMR (CDCI3-CD3OD) ô 
(/)=3.00 (4H, m), 3.60 (2H, s), 4.09 (2H, s), 6.68 (1H, d, 2.5), 
6.79 (1H, dd, 2.5 Se 8.5), 6.80 (2H, d, 8.5), 7.00 (2H, dd, 2.0 Se 
7.0), 7.08 (2H, d, 8.5), 7.10 (3H, m), 8.08 (1H, d, 8.5). Calcd 
for C27H23O3N3; C, 74.12; H, 5.30; N, 9.61%. Found; C, 74.04; 
H, 5.41; N, 9.56%. 

The Coelenteramide 15: White needles (AcOEt), mp 
179—180 °C; MS m/z 451 (M+); IR (KBr) 3400, 3246, 1665, 
1612 cm"1; UV (MeOH) Amax nm (a) 328 (14200), 277 (11000), 
256 (11400); UV (DMSO) Amax nm (e) 330 (16200), 280 (13500); 
iH NMR (CDCI3-CD3OD) ô (/)=2.30 (2H, tt, 6.5 Se 7.0), 2.52 
(2H, t, 6.5), 2.65 (2H, t, 7.0), 3.60 (2H, s), 4.16 (2H, s), 6.74 
(1H, d, 2.5), 6.79 (2H, d, 8.5), 6.85 (1H, dd, 2.5 Se 8.5), 6.99 
(2H, dd, 2.0 Se 7.0), 7.07 (2H, d, 8.5), 7.18 (3H, m), 7.52 (1H, d, 
8.5). Calcd for C28H25O3N3: C, 73.74; H, 5.00; N, 9.92%. 
Found; C, 73.60; H, 5.20; N, 9.52%. 

The Coelenteramide 16: White needles (EtOH), mp 
223—224° C; MS (FAB) m/z 456 (M+H+); IR (KBr) 3400, 
3272, 1671, 1612 cm"1; UV (MeOH) Amax nm (a) 321 
(12800), 268 (13600), 254 (13800); UV (DMSO) Amax nm (a) 324 
(13500), 272 (15900); ^ N M R (CD3OD) ô (/)=3.04 (2H, t, 
6.5), 3.56 (2H, s), 3.88 (2H, t, 6.5), 4.06 (2H, s), 6.74 (2H, d, 
8.5), 6.88 (2H, d, 9.0), 6.96 (2H, dd, 2.0 Se 8.0), 7.1—7.2 (3H, 
m), 7.14 (2H, d, 9.0), 7.42 (2H, d, 8.5). Calcd for C27H25O4N3: 
C, 71.19; H, 5.53; N, 9.23%. Found: C, 71.15; H, 5.53; N, 
9.17%. 
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The Coelenteramide 17: White powder (AcOEt), mp 
207—208 °C; MS m/z 427 (M+); IR (KBr) 3400, 3296, 1675, 
1611 cm"1; UV (MeOH) Amax nm (a) 339 (14800), 296 (17000), 
282 (17300), 224 (sh) (20100); UV (DMSO) Amax nm (a) 340 
(13100), 302 (16200), 282 (16700); iH NMR (CD3OD) Ô 
(/)=3.58 (2H, br. s), 5.92 (IH, s), 6.80 (2H, d, 9.0), 6.90 (2H, d, 
9.0), 7.14 (2H, d, 9.0), 7.1—7.3 (5H, m), 7.95 (2H, d, 9.0), 8.68 
(IH, s). Calcd for C25H21O4N3: C, 70.24; H, 4.95; N, 9.83%. 
Found: C, 70.20; H, 5.20; N, 9.38%. 

The Coelenteramide 18: Slightly green powder (AcOEt-
CH2CI2), mp 212—213 °C; MS m/z 453 (M+); IR (KBr) 3380, 
3250, 1629, 1597 cm-i; UV (MeOH) Amax nm (a) 362 (17000), 
289 (12000); UV (DMSO) Amax nm (a) 368 (22000), 290 (15800); 
iH NMR (CD3OD) Ô (/)=3.00 (4H, m), 3.64 (2H, s), 3.98 (2H, 
s), 6.11 (IH, d, 2.5), 6.22 (IH, d, 2.5), 6.76 (2H, d, 9.0), 7.06 
(2H, dd, 2.0 Sc 7.5), 7.20 (2H, d, 9.0), 7.1—7.3 (3H, m). Calcd 
for C27H23O4N3: C, 71.51; H, 5.11; N, 9.27%. Found: C, 71.42; 
H, 5.29; N, 9.13%. 

The Coelenteramide 19: Slightly yellow needles (EtOH-
CH2CI2), mp 222—223 °C; MS m/z 438 (M+); IR (KBr) 3400, 
3254, 1670, 1612 cm"1; UV (MeOH) Amax nm (a) 367 (17900), 
332 (16700), 270 (9800), 224 (17900); UV (DMSO) Amax nm (a) 
370 (24100), 336 (21300), 274 (11400); *H NMR (CD3OD-
CDCI3) ô (/)=3.40 (6H, s), 3.58 (2H, s), 4.12 (2H, s), 6.80 (2H, 
d, 8.5), 6.82 (2H, d, 9.0), 7.03 (2H, dd, 2.0 & 8.0), 7.16 (2H, d, 
8:5), 7.1—7.25 (3H, m), 7.82 (2H, d, 9.0), 8.63 (1H, s). Calcd 
for C27H26O2N4; C, 73.95; H, 5.98; N, 12.78%. Found: C, 
73.76; H, 6.07; N, 12.79%. 

Chemiluminescence Measurements: To a solution (10 jo.1) 
of a coelenterazine analogue (concn ca. 3X10_3mol~3) was 
added dimethyl sulfoxide (3 ml) at room temp. The 
resulting light emission was recorded with a luminometer 
as decribed previously.20) 

T h i s work was suppor ted by a Grant- in-Aid for 
Special Project Research of the Ministry of Educat ion, 
Science and Culture. 
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Tertiary Amine-Catalyzed Acyl Group Exchange Reaction of 
N, O-Diacyl-o-aminophenols. Its Mechanism and Factors 

Determining the Relative Stability of Acyl Exchanged 
Isomer Pairs 
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Acyl substituent effects on the equilibrium and rate constants for the acyl group exchange reactions of 
various Af,0-diacyl-o-aminophenols have been investigated in solvents with different polarities. It was found 
that the relative stability of acyl exchanged isomer pairs is determined solely by the inductive effect of acyl 
groups, provided that the steric hindrance of acyl substituents bonded to amide nitrogen affects the stability to 
the same extent. The importance of steric hindrance exerted by a bulky acyl group in determining the relative 
stability was demonstrated by analyzing the correlation between the standard free energy change (AG°) and pKa, 
which were used as the measure of the relative stability of isomer pairs and of the electron-withdrawing ability of 
acyl groups, respectively. On the other hand, the logarithms of catalytic rate constants for the acyl migration 
reactions were correlated well to the pKa values. In addition to this finding, a large negative value of activation 
entropy (AS*=—160 J K_1 mol-1) and the Br^nsted coefficient ß of 0.65 for the reaction of N,0-(acetyl)-(l-
naphthoyl) pair of N,0-diacyl-o-aminophenol provide a definitive evidence for the rate-determining proton 
transfer from this derivative to amine catalyst in the transition state. 

In view of the theoretical and synthetic importance 
of acyl exchange reactions in Af,0-diacyl-o-amino-
phenols, many workers have scrutinized the rear­
rangement taking place during the preparation of 
these diacyl derivatives.1* However, their efforts have 
also revealed many conflicting results mainly because 
of great difficulty in separation and quantitative 
analysis of each labile acyl exchanged isomer. The 
first quantitative study by Smith and Elrod on the acyl 
migration in Af,0-diacyl-o-aminophenols by high-
performance liquid chromatography (HPLC) has shed 
some light on the uncertainty in this problem2* and 
allowed them to confirm the theoretical prediction by 
LeRosen and Smith.3) 

In a previous paper4) we have shown that the 
tertiary amine-catalyzed acyl exchange reactions of N-
(p-substituted benzoyl)-O-(l-naphthoyl) and the cor­
responding 0,Af-derivatives of o-aminophenol pro­
ceed intramolecularly and that the electron-withdraw­
ing ability of acyl group bonded to the nitrogen or oxy­
gen atom in o-aminophenol is not the only facor to 
determine which isomer is more stable, although it 
plays a crucial role in controlling the relative stability 
of a pair of acyl exchanged isomers. Furthermore, the 
effects of solvent, substituent, and tertiary amine base 
on the rate of acyl exchange reactions suggested that 
the formation of an amidate ion is the rate-determin­
ing step in these reactions. 

In order to elucidate factors determining the relative 
stability of a pair of acyl exchanged isomers and to 
clarify the mechanism of tertiary amine-catalyzed acyl 
exchange reactions in more detail, we will report on a 
systematic study concerning these reactions of various 
N, O-diacyl-o-aminophenols. 

r ^X r -OC(=0)Np-1 k1 ^ s ^ O C ( = 0 ) R 

1a-g 2a-g 

1a,2a: R=CH2C6H4N02-p 

1b,2b:R=CHPh2 

1c,2c:R=CH2Ph 

1d,2d:R=Me 

1e,2e: R=i-Pr 

1f, 2f :R=Et 

1g,2g: R=t-Bu 

1-Np=1-naphthyl 

Scheme 1. 

Results and Discussion 

Solvent and Substituent Effects on the Equilibrium 
Constants. As shown in Table 1, the equilibrium 
constants (K) for the triethylamine (TEA, 3.0X10-5— 
7.1X10-2 M, 1 M=l mol dm~3)-catalyzed acyl exchange 
reactions of our new system 1-2 (1.5—2.0X10_3M, 
Scheme 1) show very little sensitivity to solvent 
polarity. In order to discuss the inductive effects of 
aliphatic acyl groups (RCO) on the relative stability of 
1-2 pairs, we used pKa of the corresponding carboxylic 
acids (RCOOH) in water as the measure of electron-
withdrawing ability of these acyl groups.5) In 
addition, the standard free energy change (AG°) was 
calculated by the thermodynamic relation, AG°=—RT 
lxiK6) for the measure of the relative stability of our 
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Table 1. Rate and Equilibrium Constants for the Triethylamine-Catalyzed Acyl Exchange 
Reactions of A^O-Diacyl-o-aminophenols (la—g and 2a—g) at 30±0.1 °C 

System (p£a)
a) 

la—2a (3.85, 3.70d>) 

lb—2b (3.94) 

lc—2c (4.31) 

Id—2d (4.76) 

le—2e (4.86) 

If—2f (4.87) 

lg-2ge> (5.05) 

Solvent 

DMSO 
CH3CN 
CH2CICH2CI 
DMSO 
CH3CN 
CH2CICH2CI 
DMSO 
CH3CN 
CH2CICH2CI 
DMSO 
CH3CN 
CH2CICH2CI 
Dioxane 
DMSO 
CH3CN 
CH2CICH2CI 
DMSO 
CH3CN 
CH2CICH2CI 
DMSO 

K—k\/k-\ 

0.35 
0.40 
0.38 
0.30 
0.35 
0.40 
0.57 
0.61 
0.49 
1.2 
1.4 
1.6 
1.9 
1.9 
2.1 
2.8 
1.4 
1.4 
1.6 
6.4 

Äi'VM"1 min-1 

120 
110 

1.2 
39 
33 
0.088 

26 
25 

0.16 
7.9 
5.3 
0.17 
0.0080 
3.9 
3.2 
0.072 
5.0 
2.2 
0.084 
1.2 

Ä - I ^ / M " 1 min"1 

350 
270 

3.2 
130 
95 
0.22 

46 
41 

0.32 
6.6 
3.8 
0.11 
0.0042 
2.1 
1.5 
0.026 
3.6 
1.6 
0.053 
0.19 

a) pKa values of the corresponding carboxylic acids (RCO2H) in water at 25 °C (see Ref. 5). b) Determined by 
using the equation ki=k-iK for the systems la—2a, lb—2b, and lc—2c. c) Determined by using the equation 
k-i=ki/K for the systems Id—2d, le—2e, If—2f, and lg—2g. d) pKa value of 1 -naphthoic acid in water at 25°C 
(see Ref. 5). e) K and k\ values of this system in acetonitrile and 1,2-dichloroethane could not be determined 
accurately because side reactions compete with the acyl exchange reaction in these solvents. 
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Fig. 1. Standard free energy change (AG°) for the 
acyl exchange reactions of the systems la—g-2a—g 
in dimethyl sulfoxide (3), la— f-2a—f in 1,2-
dichloroethane (O), and 3a—c-4a—c in 1,2-di­
chloroethane (•) at 30±0.1°C as a function of 
p£a of the carboxylic acids (O, O: RCO2H; • : p-
RC6H4CO2H). 

systems. Figure 1 shows that the AG° values in 
dimethyl sulfoxide (DMSO) correlate reasonably well 
to the p£a except the case that R=£-butyl (£-Bu) 
(correlation coefficient, 7=0.981). T h i s good correla­
t ion reveals that the electron-withdrawing ability of 
acyl g r o u p is one of the impor tan t factors to determine 
the relative stability of 1-2 pairs. Almost the same 
correlat ion was observed also in acetonitr i le (7=0.974) 
and 1,2-dichloroethane (7=0.946). T h e f inding that 
the system l g - 2 g wi th £-Bu group shows a negative 
deviation from the correlation suggests that steric 

h indrance due to bulky £-Bu g r o u p decreases the 
relative stability of 1 to shift the equ i l ib r ium to the 
direction of opposi te isomer 2. 

Smith and Elrod proposed the hypothesis that the 
more stable isomer should be the one with stronger 
e lec t ron-wi thdrawing acyl g r o u p bonded to the ni t ro­
gen a tom in o-aminophenol . 2 ) However, their 
hypothesis canno t predict wh ich isomer is more stable 
in the acetyl-aroyl and 1-naphthoyl-^-nitrobenzoyl 
systems. In addit ion, the relative stability of la-2a, 
lb -2b , and l c -2c pairs also do no t conform to their 
proposal that these pairs should have K values greater 
than uni ty . An impor t an t ques t ion is the or ig in of 
good correlat ion between AG° and pK& shown in Fig. 
1. It is well k n o w n that amide ( R C O N H R ' ) and ester 
(RCOOR' ) have resonance forms, R-C(=0)NH-R'<->R-

C ( - 0 " ) = N H - R ' and R - C ^ O - R ' ^ R - Q - O - ^ O - R ' , 
so that the amide ni t rogen and ester carbonyl oxygen 
possess par t ia l ly positive and negative charges, respec­
tively.7»0 Molecular model indicates that in addi t ion 
to the phenol ic oxygen and amide carbonyl oxygen 
a toms, the amide ni t rogen and ester cabonyl oxygen 
a toms may also be located closely to each other as 
shown in Scheme 2, A favorable coulombic interac­
t ion between the n i t rogen and oxygen a toms in I a n d 
II or between the two oxygen atoms in III and IV 
should stabilize bo th the isomers to some extent. O n 
the basis of these in t ramolecular resonance structures 
we predict that the stronger e lectron-withdrawing acyl 
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Scheme 2. 

group bonded to the nitrogen increases the relative 
stability of I to more extent, whereas the relative 
stability of III decreases with increased electron-
withdrawing ability of acyl group attached to the 
nitrogen. Because the equilibrium between III and IV 
is expected to give the AG°-p^ a correlation with a 
positive slope, the results obtained (Fig. 1) cannot be 
explained in terms of this equilibrium. Thus the 
contribution of these two resonance forms to the 
relative stability of our system 1-2 should be minor. Al­
though the equilibrium between I and II provides a 
good explanation for the observed linear AG°-p^ a 

correlation with a negative slope, intramolecular 
hydrogen bonds between the amide hydrogen and ester 
carbonyl oxygen atoms (V and VI) also can explain 
our results, because the relative stability of V increases 
with increasing electron-withdrawing ability of acyl 
group attached to the nitrogen. To examine the 
possibility of this hydrogen bond, we measured IR 
spectra of N-(p-toluoyl)-0-(l-naphthoyl)-o-aminophe-
nol (3c, 1.5X10-2 M, 1 M=l mol dm-») and iV-methyl-
N-(p-toluoy\)-0-( l-naphthoyl)-o-aminophenol (Af-methyl 
derivative of 3c, 1.5X10-2 M) in carbon tetrachloride at 
room temperature. The IR absorption band of the 
ester carbonyl group in 3c and its Af-methyl derivative 
appeared at 1741 and 1738 cm -1, respectively, demon­
strating that the formation of hydrogen bond between 
the ester carbonyl oxygen and amide hydrogen is 
negligible. Thus we have to abandon this attractive 
candidate. From considering the intramolecular 
resonance structures we propose the equilibrium 

aO C ( = 0 ) N p - 1 K r ^ X ^ O C ( = 0 ) C 6 H 4 R - p 

NHC(=O)C.I -LR-D ^ ^ - ^ 
v N H C ( = 0 ) C 6 H 4 R - p 

3a-c 

v N H C ( = 0 ) N p - 1 

4a-c 

3a,4a: R = N 0 2 

3b,4b: R=CI 

3c,4c: R = M e 

Scheme 3. 

between I and II to account for the AG°-p£ a 

correlation observed (Fig. 1). In resonance forms I and 
II, the influence of the substituent R on the extent of 
resonance itself of carbonylimino and carbonyloxy 
groups may also play a some role in determining the 
relative stability of I-II pair. 

Next we turn to the steric effects of acyl groups on 
the relative stability of 1-2 pairs. An inspection of 
molecular models for I and II suggests that the 
attractive interaction between the ester carbonyl 
oxygen and the amide nitrogen should be weakened 
owing to steric bulkiness of the acyl group bonded to 
nitrogen rather than that attached to the phenolic 
oxygen. If so, the increased steric hindrance of 
substituent R in I will decrease the relative stability of 
the isomer to move the equilibrium to the direction of 
II, because the magnitude of steric effect of the 1-
naphthyl group in II on the stability remains constant 
in our systems. The result obtained with lg having a 
bulky t-Bu substituent is consistent with our expecta­
tion. In addition, the finding of good correlation 
between AG° and pK* values for 1-2 pairs, except 
lg-2g, indicates that there is not much difference in 
the magnitude of steric hindrance among aliphatic 
acyl groups in la—f. Therefore, by analyzing the 
AG°-pKa correlation we find that both the inductive 
and steric effects of acyl groups are important factors 
to determine the relative stability of a pair of N,0-
diacyl-o-aminophenols. On the other hand, the 
relative stability of each Af,0-(p-substituted benzoyl)-
(1-naphthoyl) pair of o-aminophenol derivatives 
(Scheme 3), which was previously studied,4) correlates 
nicely with the pica's of ^-substituted benzoic acids but 
has a different correlation from that of the la—f-2a—f 
system in the same solvent (Fig. 1). This result can be 
explained in terms of the difference in the magnitude 
of steric hindrance between aliphatic and aromatic 
acyl groups, because both 1-2 and 3-4 pairs have 1-
naphthoyl group as a common acyl substituent. The 
latter group may be regarded as a more bulky 
substituent compared to the former group and, hence, 
aromatic acyl groups in 3 exert the steric effect to a 
larger extent to give smaller AG° value than that for 
1-2 pairs by comparing system 3-4 with system 1-2 
bearing acyl group of the same electron-withdrawing 
ability. 
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The use of the benzoyl-(substituted benzoyl) systems 
makes it possible to examine exactly the inductive 
effects of acyl group on the relative stability of isomer 
pairs by maintaining the magnitude of steric hind­
rance of this group constant. For this purpose we 
prepared N-(substituted benzoyl)-0-(benzoyl-carfcon-
y/-13C)-o-aminophenols (5a—f, Scheme 4) and deter­
mined the equilibrium constant (K) in dimethyl-do 
sulfoxide by means of 13C NMR spectroscopy: £=0.39 
(5a-6a), 0.59 (5b-6b), 0.78 (5c-6c), 1.0 (5d-6d), 1.3 
(5e-6e), and 1.9 (5f-6f) at 30±0.1 °C. From Fig. 2 it 
was revealed that except 5f-6f pair with a p-MeO 
group there is a good correlation (7=0.999) between 
AG° and pKà of the corresponding carboxylic acids 
(RC6H4CO2H; p£a=3.41 .(R=/>-N02), 3.82 (m-Cl), 3.98 
(p-Cl), 4.19 (H), 4.39 (p-Me), and 4.47 (p-MeO) in 
water at 25 °C).5) Interestingly the relative stability of 
5-6 pairs precisely conforms to the hypothesis pro­
posed by Smith and Elrod.2) Therefore we conclude 
that the relative stability of acyl exchanged isomer 
pairs is determined solely by the electron-withdrawing 
ability of acyl groups, if the magnitude of steric 
hindrance exerted by acyl substituents bonded to 
amide nitrogen is the same in both isomers. From the 
plausible conclusion that both the inductive and steric 
effects of acyl groups seem the major factors to 

Oi3c(=0)Ph 

NHC(=0)C6H4R 

5a-f 

OC(=0)C6H4R 

NHi3c(=0)Ph 

6a-f 

5a,6a: R=p-N0 2 

5b,6b: R=m-CI 

5c,6c: R=p-CI 

5d,6d: R=H 

5e,6e: R=p-Me 

5f, 6f: R=p-OMe 

Scheme 4. 

determine the relative stability of our systems, we can 
explain why the Smith-Elrod hypothesis failed to 
predict more stable isomer in acetyl-aroyl derivative 
pairs of o-aminophenol in addition to the systems la— 
c-2a—c and 3a-4a. This kind of consideration allows 
us to revise their qualitative hypothesis in a more 
quantitative fashion. (1) In Af,0-diacyl derivatives of 
o-aminophenol the more stable isomer is the one with 
stronger electron-withdrawing acyl group bonded to 
nitrogen provided that the magnitude of steric 
hindrance of both acyl groups is the same in isomer 
pairs. (2) In Af,0-diacyl derivatives of o-aminophenol 
the more stable isomer is the one with the sterically less 
hindered acyl group bonded to nitrogen provided that 
both acyl groups possess the same electron-withdraw­
ing ability. 

On the other hand, the small but perceivable 
negative deviation of the benzoyl-(p-anisoyl) system 
(5f-6f) from the AG°-pK& correlation implies that the 
p-anisoyl substituent possesses somewhat weaker 
electron-withdrawing ability in non-aqueous solvents 
than that predicted from pKa of p-anisic acid in water. 

Solvent and Substituent Effects on the Rate Con­
stants. The TEA-catalyzed acyl exchange reaction of 
1 or 2 proceeds according to the first-order kinetics in 1 
or 2 (7=0.996—0.999, Scheme 1). Also in this system 
the pseudo-first-order rate constant (k) for the forward 
reaction (l-»2) varied with the TEA concentration 
according to the equation A=Ai[TEA], derived from 
the relationship K=ki/k-i=(k/[TEA])/(k'/[TEA\), 
where k' is the pseudo-first-order rate constant for the 
reverse reaction (2-»l), as illustrated typically for 
ld-2d pair in Fig. 3. Thus the rate constant (k\) is the 
overall second-order, i.e., the first-order in each of 
substrate and TEA. No reaction occurred without 
TEA in either DMSO, 1,2-dichloroethane, or dioxane, 
whereas acetonitrile catalyzed the reaction to some 
extent. But the contribution from this solvent-
catalyzed reaction to the overall rate was found to be 
negligible, e.g., Ä«5X10-6min - 1 for lc-2c pair in 
acetonitrile at 30+0.1 °C. 

o 
E 

- j 

o 
o 
< 

4 

2 

0 

- 2 

5a-6a 

^ ^ \ . 

1 

5b-6b 

5 c - 6 c " O k ^ ® " 6 e 

5f-6f 
1 1 1 

3.5 4.0 

pKa 

4.5 

Fig. 2. Standard free energy change (AG°) for the 
13C-labeled system 5a—f-6a—f in dimethyl-de 
sulfoxide at 30±0.1°C as a function of pKa of the 
carboxylic acids (RC6H4CO2H). 

2 4 6 

CEt3N]/10-3mol dm-3 

Fig. 3. Dependence on triethylamine concentration 
of the pseudo-first-order rate constant (k) for the 
system ld-2d in acetonitrile at 30±0.1°C. 
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It has previously been found that bo th the increased 
solvent polari ty and the increased electron-withdraw­
ing ability of the acyl g roup greatly accelerate the acyl 
exchange reaction of the system 3-4.4) A similar result 
was obtained for the present system 1-2 (Table 1). T h e 
observation of a l inear correlation between log k\ and 
pK* in DMSO (7=0.971 , Fig. 4) is consistent wi th the 
ra te-determining p ro ton transfer from 1 to T E A in the 
t ransi t ion state. A similar correlation was observed 
also in acetonitri le (7=0.971) and 1,2-dichloroethane 
(7=0.839). As already ment ioned in the preceding 
section, the in t roduct ion of a bulky t-Bu substi tuent 
in to 1 destabilizes the g round state to reduce the 
relative stability of l g to a larger extent, compared 
wi th other sterically less hindered a l iphat ic acyl 
groups . T h i s ground-state destabilization effect is 
expected to accelerate the forward reaction and, thus, 
to result in a positive deviation from the correlation 
indicated in Fig. 4. T h e result obtained was no t 
consistent wi th this expectation. It is very likely that 
the steric bulkiness of t-Bu substi tuent also destabilizes 
the transi t ion state so as to compensate for the rate 
enhancement by the ground-state destabilization. 

In order to obta in addi t ional evidence suppor t ing 

the rate-determining pro ton transfer in the transi t ion 
state, we chose l d - 2 d pa i r and investigated the 
temperature and base strength effects on the rate of 
base (tertiary amine)-catalyzed acyl exchange reaction 
of this pai r (Table 2). From the Arrhenius p lo t shown 
in Fig. 5 thermodynamic activation parameters for the 
forward reaction were determined at 30 °C: 2^=33 kJ 

Fig. 5. Arrhenius plot for the triethylamine-cata-
lyzed acyl exchange reaction of the system ld-2d in 
acetonitrile. 

o) 
o 

Fig. 4. Logarithm of the second-order rate constant 
(k\) for the system la—g-2a—g in dimethyl sulfoxide 
at 30±0.1°C plotted against pK& of the carboxylic 
acids (RCO2H). 

pKa 

Fig. 6. Br0nsted plot for the tertiary amine-catalyzed 
acyl exchange reaction of the system ld-2d in aceto­
nitrile at 30±0.1 °C. 

Table 2. Temperature and Base Strength Effects on the Equilibrium and Rate Constants 
for the Base-Catalyzed Acyl Exchange Reactions of Id—2d Pair in Acetonitrile 

Base (p£a)
a) 

Et3N (18.5) 

rc-Bu3N (18.1) 
Et2NCH2CH2OH (17.7) 
EtN(CH2CH2OH)2 (16.3) 
N(CH2CH2OH)3 (15.7) 
Pyridine (12.3) 

Temperature/0 C 

25 
30 
35 
40 
45 
50 
55 
30 
30 
30 
30 
30 

K=ki/k-i 

1.3 
1.4 
1.4 
1.3 
1.3 
1.4 
1.4 

C
O

 
C

O
 

C
O

 
C

O
 

C
O

 

&1/M-1 m i n - 1 

4.7 
5.3 
8.1 
8.2 

10 
13 
16 

1.5 
1.3 
0.34 
1.1 
0.00047 

fc-i^/M"1 min"1 

3.6 
3.8 
5.8 
6.3 
7.7 
9.3 

11 
1.2 
1.0 
0.26 
0.84 
0.00036 

a) pK& values of the conjugate acids determined in acetonitrile at room temperature (see Ref. 9). b) Determined 
by using the equation k-i=ki/K. 
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+ 
HNEt, 

OC(=0)Np-1 B 

NHC(=0)R 

+ 
+ HNEt, 

Scheme 5. 

mol" 1 , AH*=30 k j mol" 1 , AS*=-160 J K"1 mol" 1 , and 
AG*=80 k j mol - 1 . T h e Brénsted plot of the catalytic 
rate constants (ki) for the reaction has a slope (ß) of 
0.65 (Fig. 6). T h e magn i tude of this Brénsted 
coefficient together wi th large negative value of 
activation entropy confirms that the rate- l imit ing 
p ro ton transfer occurs at the transi t ion state VII or IX 
(Scheme 5). T h e reaction that proceeds th rough VII 
should give the amidate ion intermediate . VIII, 
whereas the reaction that proceeds th rough IX should 
form the tetrahedral intermediate X. T h e difference 
between these two transition-state structures is that VII 
bears par t ia l negative charge on amide ni t rogen bu t IX 
possesses, if any, m u c h less negative charge than VII. 
T h e result that the l inear correlation between log ki 
and p£a has a slope of —1.4 requires that par t ia l 
negative charge mus t develop on amide ni t rogen in the 
transi t ion state, and hence the transition-state struc­
ture IX seems less likely. 

O n the other hand , the equ i l ib r ium constant 
exhibits very small temperature dependence and the 
extent of change in K value in the temperature range 
investigated is wi th in the l imit of experimental 
accuracy (Table 2). T h e positive deviation of 
t r ie thanolamine (Fig. 6) may be due to m u c h stronger 
hydrogen bond format ion between amide ni t rogen 
wi th par t ia l negative charge and hydroxyl g roup of 
this amine in the t ransi t ion state, compared wi th other 
two e thanolamines . T h e evidence for this explana t ion 
comes from an examina t ion of IR spectra of Id 
(1.5X10 -2 M) in 1,2-dichloroethane conta in ing ethanol­
amines (5.0X10-2M), which reveals the negligible 
format ion of hydrogen bond between amide or ester 
carbonyl g roup of Id and hydroxyl g roup of the 
catalysts in the g round state. O w i n g to strong IR 
absorpt ion bands of hydroxyl groups in ethanol­
amines , we could no t inspect the possibility of 
hydrogen bond between amide hydrogen and these 
amines. 

1 

BH + 

OC(=0)R 

NC(=0)Np-1 

XIII 

OC(=0)Np-1 

NC(=0)R 

XI 

BHT 

>C(=0)Np-1 

NC(=0)R 
XII 

OC(=0)R 

NHC(=0)Np-1 

2 

B= tertiary amine 

Scheme 6. 

Since the ne ighbor ing amidate ion is a powerful 
in t ramolecular nucleophile,1 0 ) the attack of this ion on 
the ester carbonyl carbon in XI should give N,N-
diacyl-o-aminophenolate ion XII as indicated in 
Scheme 6. Acyl migra t ion from amide n i t rogen to 
phenol ic oxygen in this intermediate yields amidate 
ion XIII of acyl exchanged isomer 2, which then forms 
2 by pro tona t ion . T h e fact that no H P L C peaks 
corresponding to these intermediates were detected in 
any system indicates that the conversion of XI in to 2 or 
of XIII in to 1 mus t be very fast compared to the rate-
l imi t ing formation of XI and XIII. 

Exper imenta l 

General Methods. The HPLC analysis of acyl group 
exchange reactions was performed on a Shimadzu Model 
LC-6A high-performance liquid chromatography apparatus 
equipped with a 4.6X250-mm ODS (Zorbax) column and a 
Shimadzu Model SPD-2A UV detector. The IR spectra were 
taken by a Hitachi Model 270-30 infrared spectrometer. The 
13C NMR spectra were recorded on a JEOL Model FX-200 
spectrometer. Microanalyses were performed on a Perkin-
Elmer Model 240C elemental analyzer. 

Materials and Solvents. Diphenylacetyl and p-nitro-
phenylacetyl chlorides, which are not commercially avail­
able, were prepared by treating the corresponding carboxylic 
acids with thionyl chloride or phosphorus pentachloride. 
The syntheses of N-(aliphatic acyl)-o-aminophenols were 
accomplished by the reactions of two equiv of o-amino-
phenol with aliphatic acyl chlorides in dichloromethane at 
0°C. N-(Aromatic acyl)-o-aminophenols were synthesized 
similarly. Repeated recrystallization of crude N-acyl-o-
aminophenols from aqueous ethanol or hexane-ethyl 
acetate gave pure samples, physical properties of which were 
collected in Table 3. The reactions between N-acyl-o-
aminophenols (0.01 mol) and acyl chlorides (0.01 mol) in the 
presence of triethylamine (0.009 mol) in dichloromethane at 
0 °C afforded crude N,0-diacyl-o-aminophenols (la—g and 
2a—g), which were purified by column chromatography on 
silica gel (70—230 mesh, Merck) with chloroform eluent, 
followed by recrystallization from benzene-hexane or ethyl 
acetate. N-(Substituted benzoyl)-0-(benzoyl-car6o?TyZ-13C)-o-
aminophenols (5a—f) were obtained from the reactions of 
Af-(substituted benzoyl)-o-aminophenols with benzoyl-car-
bonyl-13C chloride (99+ atom%, Aldrich). The same 
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Table 3. Physical Properties of Af-Acyl-o-aminophenols o-RC(=0)NHC6H4OH 

Substituent R 

p-CH2C6H4N02 

CHPh2 
CH2Ph 
Me 
CHMe2 

Et 
CMe3 

1-Npb'c> 
p-C6H4N02

c> 
m-C6H4Cl 
p-C6H4Clc> 
C6H5

C> 
p-C6H4Mec> 
p - C 6 H 4 O M e 

Mp dm/°C 

175 —177 
155 —156 
156 —157 
208 —210 
113 —114 
74 — 75 

132 —133 
194.5—195.5 
206 —207 
171 —172 
180.5—181.5 
167.5—168.5 
157.5—158.5 
172 —173 

N-H 

3400 
3380 
3420 
3420 
3420 
3450 
— 
— 

3410 
— 
— 
— 

IR 

3320a> 

3260a> 

(KBrycm-1 

0-Ha> 

3200 
3120 
3100 
3100 
3100 
3090 
— 
— 

3200 
— 
— 
— 

c=o 
1640 
1660 
1650 
1660 
1670 
1650 
1650 
— 
— 

1650 
— 
— 
— 

1630 

a) Broad band, b) 1-Naphthyl. c) The same sample as in the previous study (see Ref. 4). 

Table 4. Physical Properties of la—g, 2a—g, and 5a—f 

Compound 

la 
lb 
le 
ld 
le 
lf 
1g 
2a 
2b 
2c 
2d 
2e 
2f 
2g 
5a 
5b 
5c 
5da> 
5e 
5f 

Mp 

198 
127 
144 
137.5 
120 
118 
109 
189 
102 
121 
128 
107 
134 
115 
183 
118 
156 
181 
122 
142 

» 0m/°C 

—199 
—128 
— 145 
1—138.5 
—122 
—120 
—110 
—190 
—104 
—123 
—130 
—108 
—135 
—116 
—185 
—119 
—157 
—182 
—123 
—143.5 

N-H 

3330 
3290 
3240 
3340 
3360 
3290 
3360 
3220 
3230 
3330 
3230 
3270 
3250 
3230 
3370 
3360 
3390 

— 
3470 
3300 

IR (KBrycm-1 

c=o 
1690 
1740, 1670 
1740, 1670 
1710, 1690 
1720, 1700 
1750, 1675 
1745, 1660 
1775, 1640 
1770, 1655 
1770, 1670 
1765, 1645 
1780, 1670 
1785, 1665 
1755, 1655 
1710, 1685, 1660 
1685, 1660 
1690, 1650 

— 
1710, 1690, 1660 
1700, 1650 

Anal/%, Found (Calcd) 

C 
70.84(70.41) 
81.75 (81.37) 
78.78 (78.71) 
75.01 (74.73) 
76.02 (75.65) 
75.45(75.21) 
76.22 (76.05) 
70.24(70.41) 
81.61 (81.37) 
78.98(78.71) 
74.96 (74.73) 
75.82 (75.65) 
75.60(75.21) 
76.18 (76.05) 
66.41 (66.38) 
68.78 (68.37) 
68.50 (68.37) 

— 
76.04 (76.18) 
72.53 (72.68) 

H 
4.45 (4.26) 
5.30 (5.08) 
5.20 (5.03) 
5.18 (4.96) 
5.96 (5.76) 
5.51 (5.38) 
6.24(6.10) 
4.43 (4.26) 
5.27 (5.08) 
5.26 (5.03) 
5.15 (4.96) 
5.87 (5.76) 
5.54 (5.38) 
6.28 (6.10) 
4.08 (3.89) 
4.07 (4.01) 
4.15 (4.01) 

— 
5.27 (5.17) 
5.03 (4.93) 

N 

6.60 (6.57) 
3.03 (3.06) 
3.66 (3.67) 
4.59 (4.59) 
4.21 (4.20) 
4.40 (4.39) 
4.02 (4.03) 
6.52 (6.57) 
3.01 (3.06) 
3.65 (3.67) 
4.55 (4.59) 
4.20 (4.20) 
4.40 (4.39) 
4.02 (4.03) 
7.61 (7.71) 
4.00 (3.97) 
3.95 (3.97) 

— 
4.19 (4.22) 
4.01 (4.02) 

a) The same sample as in the previous study (see Ref. 4). 

purification procedure as above was applied to crude 5a—f 
whose physical properties were listed in Table 4 with those 
of la—g and 2a—g. N-(p-Toluoyl)-0-(l-naphthoyl)-o-
aminophenol and N-methyl-N-(p-toluoyl)-0-(l-naphthoyl)-
o-aminophenol were the same as those in the previous 
study.4) 

Dioxane, 1,2-dichloroethane, and dimethyl sulfoxide were 
of spectroscopic grade and used as received. Acetonitrile and 
acetic acid were purified by the standard methods.n) 

Pyridine, tributylamine, and triethylamine were fractionally 
distilled from sodium hydroxide. 2-(Diethylamino)ethanol, 
N-ethyldiethanolamine, and triethanolamine were purified 
by fractional distillation at reduced pressure. Purification of 
acetonitrile and water employed for HPLC analysis was 
done by distillation. 

Kinetic Procedure. The acyl exchange reactions were 
initiated by the addition of appropriate amounts of tertiary 
amine to 10 ml of a solution of 1 or 2 in a given solvent, 
when the temperature was maintained at 30+0.1 °C until the 
equilibrium was established. At suitable time intervals a 
0.5 ml aliquot was pipetted off and immediately added to 
0.5 ml of acetic acid to stop the reaction. A 5 jil aliquot of 
this mixture was then subjected to HPLC analysis (detection 
wavelength, 240 nm) using acetonitrile-water (65:35 v/v) as 
the developing solvent. Linear calibration curves (HPLC 
peak area vs. concentration), made for each compound under 
the same analytical conditions, were employed to determine 
the concentration of 1 or 2 at a given period of reaction time. 
The acyl exchange reactions were found to follow the 
first-order kinetics for at least 3 half-lives. Pseudo-first-order 
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rate constants for the forward (k) and reverse (kf) reactions 
were evaluated graphically by the use of Eqs. 1 and 2, 
respectively, and determined at least in triplicate for each 
reaction. 

In{[2]e/([2]e-[2],)} = (l + l/Ä)A« (1) 

and 

ln{[l]e/([l]e-[l],)} = (l+K)A'«, (2) 

where [1 or 2]t and [1 or 2]e are concentrations of 1 or 2 at 
reaction time t and at equilibrium, respectively. Equi­
librium constants (K=ki/k-i) were estimated from the 
concentration ratio [2]e/[l]e at the equilibrium. Second-
order rate constants (&i=&/[tertiary amine] or k-i=k'/ 
[tertiary amine]) were obtained by dividing pseudo-first-
order rate constants (k or k') by the concentration of tertiary 
amine used. The same equilibrium (£=1.4) and rate 
(ki=k-iK=5.0 M - 1 min -1) constants were obtained also by 
following the exchange reaction in acetonitrile at 30 °C 
using 2d as the starting material. 

Equilibrium constants (K=[6]e/[5]e) for the triethylamine 
(5.0X10-2 M)-catalyzed 13C-labeled benzoyl migration reac­
tions of 5a—f (0.25—0.30 M) in dimethyl-do sulfoxide were 
determined from the area ratio at the equilibrium of two 
13C NMR signals arising from the ester (around 163.8 ppm) 
and amide (around 165.4 ppm) carbonyl carbons at 30±0.1 ° C. 
Tetramethylsilane was used as an internal standard. The 
13C-labeled benzoyl migration reactions attained the equi­
librium within 10 h under our conditions. Instrumental 
parameters for the integration of these two signals are as 
follows: frequency, 50.10 MHz; transform, 32.768 K; spectral 
width, 12500 Hz; pulse width, 7 |is; acquisition time, 58 s. 
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The molecular and crystal structure of the Aib (a-aminoisobutyric acid)-containing oligopeptide, BOC-(L-
Leu-Aib2)2-OBzl, are determined by X-ray diffraction analysis. The hexapeptide crystallizes in the space group 
P2i, with A=19 .912(2) , 6=16.098(1), c=14.710(2) A, 0=96.81(1)°, and Z=4. The unit cell contains two 
independent molecules (molecules A and B) in the asymmetric unit. The dihedral angles (</> and i/0 of the 
peptide back bone show that molecule A folds into a right-handed helix and molecule B folds into a left-handed 
helix. Both the molecules adopt a 3io-helical conformation stabilized by four 4—»1 intramolecular hydrogen 
bonds. The right- and left-handed helical molecules are arranged alternately, in head-to-tail fashion to make 
columns along the [101] direction. These columns are packed closely in the pseudo-hexagonal arrangement. 

Due to the steric h indrance of the methyl groups and 
carbonyl oxygens, the dihedral angles $ and iji of Aib 
residue are severely restricted to a small region 
inc lud ing bo th the 3io-helix (<£=±60°, iA=±30o) and 
a-helix (<£=±57°, *A=±47°).1> Therefore, the Aib-
conta in ing ol igopeptides form either 3io- or a-helical 
conformation. In fact, the peptide fragments in 
membrane-channel-forming polypeptides, alamethicin 
and suzukacill in which contain a large propor t ion of 
Aib, are recognized to form 3io- or a-helical conforma­
tion, especially 3io-helical conformation in short 
peptides.2 _ 4 ) T h e above polypeptides in l ipid mem­
brane form potent ial-dependent , ion-conduct ing pores 
wi th discrete conductance values. Therefore, the 
conformational studies on Aib-containing peptides 
will contr ibute to a better unders tanding of excitation 
in nerve membranes . Further, one of the authors 
succeeded in improv ing the solubility of protected 
peptide fragments by uti l izing the nature of Aib 
residue to p romote helical folding in peptide. By 
us ing the same nature , the replacement of amino acid 
residues wi th Aib will generate novel proteins wi th 
improved physical properties.5 ) Since the side chain 
distr ibut ion on the surface of helical core is very 
impor t an t for the pept ide fragment to play the role in 
the prote in structure, it is essential to know the helical 
type (a- or 3io-helix) of pept ide fragment after 
replac ing by Aib residue. T h e recent structural study 
of the Aib-conta in ing octapeptide consisted of (L-
Leu3-Aib)2 showed that this pept ide has an a-helical 
conformation.6) In this paper , we will discuss the 
helical conformat ion and the crystal structure of 
Boc-(L-Leu-Aib2)2-OBzl. 

Materials and Methods 

T h e Boc-(L-Leu-Aib2)2-OBzl (Boc: J-butoxycarbon-
yl, Bzl: benzyl) was prepared by the fragment 
condensat ion reaction of Boc-L-Leu-Aib2-OH wi th 
H-L-Leu-Aib2-OBzl us ing dicyclohexylcarbodiimide 

and 1 -hydroxy- lH-benzotriazole as coupl ing reagents. 
General procedures for the prepara t ion of B O C - L -
Leu-Aib2-OH and H-L-Leu-Aib2-OBzl were describ­
ed in a previous paper.5) Colorless, plate-like single 
crystals of Boc-(L-Leu-Aib2)2-OBzl were grown from a 
t r ichloromethane and N,N-dimethylformamide solu­
t ion (5/3 by volume). T h e size of the crystal used for 
intensity measurement was about 0.5X0.3X0.1 mm 3 . 
T h e lattice parameters and diffraction intensity were 
measured by a four-circle diffractometer (RASA-5RII, 
R igaku Corporat ion) wi th graphi te monochromat ized 
Cu Ka radia t ion (A= 1.5418 Â). T h e lattice parameters 
were refined by the least-squares fit us ing 20 reflections 
in the 20 range of 40°—50°. T h e intensity measure­
ments were carried ou t by the 20-co scan mode wi th 
scan speed of 6 ° m i n - 1 and scan width (Aco) of (1.3+ 
0.14 tan 0)°. A total of 3693 reflections with |F0 |>3o|Fo| 
was measured in the 20 range of 3—100°. Three 
reflections (11 1 , 2 0 2 , and 7 6 2 ) that were moni tored 
after every 100 measurements showed no significant 
intensity deterioration dur ing the data collection. T h e 
intensity was corrected for Lorentz and polarizat ion 
factors bu t not for absorpt ion. T h e density was 
measured by a flotation method us ing a so lu t ion of 
carbon tetrachloride and toluene. O n the basis of the 
measured density and the un i t cell volume, a un i t cell 
contains four ol igopeptide molecules. 

Crystal data: C40H66N6O9, F.W.=775, monocl in ic , 
space g r o u p P2i, Z=4, a=19.912(2), 6=16.098(1), 
6=14.710(2) Â, 0=96.81(1)°, Ï/=4682(1)Â3, Dx=1.100, 
D m = 1 . 1 0 g c m - 3 , F(000)=1680, M(Cu#a)=5.61 cm- 1 . 

T h e CD spectra were measured in the me thano l 
solut ion by a JASCO J-40AS recording spectropolar-
imeter us ing cylindrical fused quartz cells of 0.2 m m 
p a t h length at 1 m g m l - 1 of sample concentrat ion at 
room temperature. T h e band intensity is expressed as 
molar ellipticity [6] (deg cm2 dmol - 1 ) . 
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Table 1. Fractional Coordinates and Isotropic Temperature Factors for Non-Hydrogen Atoms 
of Boc-(L-Leu-Aib2)2-OBzl, with Estimated Standard Deviations in Parentheses 

Molecule A 
Boc 

Leui 

Aibi 

Aib2 

Leu2 

Aib3 

Aib4 

OBzl 

Atom 

C i 

c2 
c3 
c4 
O i 

c5 
o2 

N 
Ca 

C 
O 

cß 
c7 
COI 

Cô2 

N 

c* 
c 
o 
C/3i 

C/?2 

N 

c« 
C 

o 
C/3i 

C/32 

N 
Ca 

C 
O 

cß 
c7 
COI 

Cô2 

N 
Ca 

C 
O 
C/3i 

C/32 

N 
Ca 

C 
O 
C/3i 

C/?2 

O i 
C i 

c2 
c3 
c4 
c5 C6 

c7 

X 

0.8645(16) 
0.7957(14) 
0.7419(15) 
0.7909(16) 
0.7807(8) 
0.7223(14) 
0.6782(8) 

0.7264(9) 
0.6643(12) 
0.6501(13) 
0.5897(8) 
0.6737(13) 
0.6735(15) 
0.6883(17) 
0.6103(18) 

0.7026(10) 
0.6951(15) 
0.6362(13) 
0.6029(9) 
0.7603(12) 
0.6738(14) 

0.6266(10) 
0.5731(14) 
0.5044(12) 
0.4598(8) 
0.5702(12) 
0.5917(13) 

0.4930(9) 
0.4233(10) 
0.4102(12) 
0.3490(8) 
0.4184(11) 
0.4085(14) 
0.4193(15) 
0.3384(17) 

0.4601(9) 
0.4487(12) 
0.3951(13) 
0.3485(9) 
0.5145(14) 
0.4213(13) 

0.4033(10) 
0.3617(14) 
0.3524(21) 
0.2841(12) 
0.4045(15) 
0.2896(16) 

0.3990(12) 
0.3695(18) 
0.4244(15) 
0.4890(20) 
0.5401(18) 
0.5216(17) 
0.4555(19) 
0.4041(17) 

y 

-0.0349(0) 
-0.0289(28) 
-0.0764(29) 
-0.0222(28) 

0.0645(23) 
0.1047(26) 
0.0689(23) 

0.1851(23) 
0.2310(26) 
0.2386(26) 
0.2491(23) 
0.3229(26) 
0.3233(29) 
0.4074(31) 
0.2963(31) 

0.2301(24) 
0.2301(27) 
0.1729(25) 
0.1912(23) 
0.2057(26) 
0.3243(27) 

0.1064(24) 
0.0464(27) 
0.0876(25) 
0.0536(23) 

-0.0199(26) 
0.0018(27) 

0.1518(23) 
0.1903(24) 
0.2311(25) 
0.2467(22) 
0.2575(25) 
0.2130(28) 
0.2789(29) 
0.1781(29) 

0.2447(24) 
0.2722(27) 
0.2059(28) 
0.2396(23) 
0.2587(28) 
0.3629(27) 

0.1299(25) 
0.0652(27) 
0.0760(31) 
0.0708(25) 

-0.0144(29) 
0.0640(30) 

0.1090(26) 
0.1233(31) 
0.0698(29) 
0.0973(31) 
0.0569(32) 

-0.0102(31) 
-0.0371(32) 

0.0038(31) 

z 

1.1211(21) 
0.9790(13) 
1.1314(22) 
1.0836(21) 
1.0977(11) 
1.0625(17) 
1.0161(11) 

1.0875(12) 
1.0609(16) 
0.9523(17) 
0.9218(10) 
1.0994(18) 
1.2075(21) 
1.2365(24) 
1.2272(24) 

0.9051(13) 
0.8054(20) 
0.7626(18) 
0.6872(13) 
0.7700(17) 
0.7680(19) 

0.8088(14) 
0.7771(18) 
0.7569(15) 
0.6991(10) 
0.8528(17) 
0.6826(19) 

0.8056(13) 
0.7882(14) 
0.6959(16) 
0.6687(11) 
0.8655(16) 
0.9580(20) 
1.0349(21) 
0.9575(23) 

0.6478(13) 
0.5526(18) 
0.4974(19) 
0.4408(12) 
0.5067(21) 
0.5485(19) 

0.5169(14) 
0.4788(19) 
0.3596(24) 
0.3441(15) 
0.4856(20) 
0.5267(22) 

0.3379(16) 
0.2317(25) 
0.1845(19) 
0.1936(24) 
0.1515(25) 
0.0949(22) 
0.0797(25) 
0.1266(24) 

fliso/Â* 

9.8(9) 
8.0(7) 
9.7(9) 
7.5(7) 
5.9(4) 
5.5(6) 
5.8(4) 

3.8(4) 
4.9(6) 
4.9(6) 
5.0(4) 
6.5(7) 
8.5(8) 

11.6(10) 
13.8(11) 

4.4(4) 
6.7(7) 
4.6(6) 
6.6(4) 
6.4(7) 
7.6(8) 

4.7(5) 
6.3(7) 
3.9(5) 
5.0(4) 
5.5(6) 
7.2(7) 

3.7(4) 
3.4(5) 
4.1(5) 
5.1(4) 
5.3(6) 
7.8(7) 
9.4(9) 

10.5(9) 

4.1(4) 
5.8(6) 
5.6(6) 
7.0(4) 
7.8(8) 
6.9(7) 

5.1(5) 
7.4(7) 

12.5(10) 
13.4(6) 
8.7(8) 

10.8(9) 

14.0(7) 
14.1(10) 
7.8(7) 

12.9(10) 
12.9(10) 
10.2(9) 
12.6(11) 
11.9(9) 
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Molecule B 
Boc 

Leui 

Aibi 

Aib2 

Leu2 

Aib3 

Aib4 

OBzl 

Atom 

Ci 
C2 

c3 C4 

Oi 

c5 
o2 

N 
Ca 

c 
0 

cß 
c7 
Côl 
CÔ2 

N 
Ca 
C 
O 
C/?l 

C/32 

N 
Ca 
C 
O 
Cßi 
C/32 

N 
Ca 
C 
O 

cß 
c7 
COT 

C02 

N 
Ca 
C 
O 
C/si 
C/32 

N 
Ca 
C 
O 
C/3i 

C)S2 

Oi 
Ci 

c2 
c3 
C4 

C5 

C6 

c7 

Structure of Boc-

Table 1. 

X 

0.3484(18) 
0.2169(17) 
0.2668(16) 
0.2789(17) 
0.2727(9) 
0.2223(14) 
0.1690(8) 

0.2368(10) 
0.1877(11) 
0.1608(13) 
0.1003(8) 
0.1264(12) 
0.1570(16) 
0.1843(19) 
0.0863(16) 

0.2078(10) 
0.1928(12) 
0.1320(13) 
0.1000(8) 
0.2558(12) 
0.1808(13) 

0.1210(10) 
0.0632(13) 

-0.0059(13) 
-0.0513(8) 

0.0522(13) 
0.0717(12) 

-0.0076(10) 
-0.0679(11) 
-0.0902(14) 
-0.1508(9) 
-0.1306(13) 
-0.1045(15) 
-0.0783(16) 
-0.1743(17) 

-0.0411(10) 
-0.0624(13) 
-0.1111(15) 
-0.1622(9) 

0.0061(14) 
-0.0879(14) 

-0.1021(10) 
-0.1460(15) 
-0.1636(15) 
-0.2290(11) 
-0.1019(14) 
-0.2066(14) 

-0.1193(10) 
-0.1459(16) 
-0.0876(16) 
-0.0877(19) 
-0.0302(18) 

0.0233(18) 
0.0206(19) 

-0.0342(20) 

-(L-Leu-Aib2)2-OBzl 

(Continued) 

y 

0.5742(26) 
0.5904(30) 
0.5761(29) 
0.5530(31) 
0.4578(24) 
0.4063(28) 
0.4405(23) 

0.3301(25) 
0.2633(25) 
0.2784(25) 
0.2652(23) 
0.2550(26) 
0.2298(29) 
0.1396(34) 
0.2302(30) 

0.2987(24) 
0.2995(26) 
0.3651(26) 
0.3533(23) 
0.3508(26) 
0.2189(26) 

0.4247(24) 
0.4838(26) 
0.4262(27) 
0.4623(24) 
0.5288(26) 
0.5402(26) 

0.3558(23) 
0.3038(25) 
0.2867(26) 
0.2721(23) 
0.3379(26) 
0.3384(29) 
0.2628(31) 
0.3703(30) 

0.2871(24) 
0.2712(27) 
0.3352(28) 
0.3189(23) 
0.2902(27) 
0.1844(28) 

0.4133(25) 
0.4870(27) 
0.4827(27) 
0.4935(24) 
0.5697(28) 
0.4928(27) 

0.4667(24) 
0.4616(29) 
0.4905(29) 
0.5528(32) 
0.5752(30) 
0.5185(33) 
0.4497(32) 
0.4343(32) 

z 

0.6499(24) 
0.6290(23) 
0.4778(22) 
0.5819(24) 
0.6038(12) 
0.5671(19) 
0.5178(11) 

0.5739(15) 
0.5410(15) 
0.4424(17) 
0.4124(11) 
0.6032(17) 
0.7026(23) 
0.7046(26) 
0.7521(22) 

0.3900(14) 
0.2859(17) 
0.2617(18) 
0.1831(12) 
0.2565(17) 
0.2442(18) 

0.3190(14) 
0.2918(17) 
0.2769(18) 
0.2191(11) 
0.3846(18) 
0.2084(17) 

0.3105(13) 
0.2982(16) 
0.1931(18) 
0.1729(11) 
0.3455(18) 
0.4527(21) 
0.5048(23) 
0.4859(22) 

0.1402(14) 
0.0398(18) 
0.0080(20) 

-0.0517(12) 
-0.0043(20) 

0.0192(20) 

0.0358(15) 
0.0005(20) 

-0.1005(20) 
-0.1257(14) 

0.0156(19) 
0.0589(19) 

-0.1516(14) 
-0.2477(22) 
-0.2966(21) 
-0.3602(26) 
-0.4047(22) 
-0.3857(26) 
-0.3326(25) 
-0.2827(26) 

ßiso/A* 

12.8(10) 
11.6(9) 
10.3(9) 
11.3(9) 
7.3(5) 
6.1(6) 
6.1(4) 

6.2(5) 
4.2(5) 
4.6(6) 
5.3(4) 
6.2(6) 
9.9(9) 

15.1(12) 
10.5(9) 

5.5(5) 
5.1(6) 
5.1(6) 
5.8(4) 
5.8(6) 
6.4(7) 

4.8(5) 
5.5(6) 
5.6(6) 
6.3(4) 
6.8(7) 
5.9(6) 

4.5(4) 
4.4(5) 
5.5(6) 
6.0(4) 
7.0(7) 
9.5(8) 

11.3(9) 
11.2(9) 

4.8(5) 
5.7(7) 
6.6(7) 
7.2(4) 
6.6(7) 
7.2(8) 

6.3(5) 
8.0(7) 
8.2(7) 

10.8(6) 
7.7(7) 
7.7(7) 

9.4(5) 
10.5(9) 
9.7(8) 

13.4(10) 
11.1(9) 
13.7(11) 
13.0(10) 
14.2(11) 

3151 
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Determination and Refinement of Structure 

At first, the initial positions of 110 non-hydrogen 
atoms in the asymmetric unit were analyzed by the 
direct method. After several trials, however, it was 
recognized that obtaining atomic positions by this 
method was very difficult for the present crystal. 
Therefore, the pseudo-symmetry in the crystal was 
utilized. That is, in addition to the extinction of 
reflections with k=2n+l in (0&0), the intensity of the 
reflections with h+l=2n+l in (hOl) reflection is 
fairly weak compared with that of h+l=2n reflections. 
Therefore, at the first stage of the analysis, the space 
group of this crystal was assumed to be P2i/n instead 
of P2i. The main chain structure was obtained by the 
direct method with SAPI-857) program for P2i/n. After 
that, several Fourier syntheses and full-matrix least-
squares refinement for the space group P2i were 
performed with isotropic thermal factors for all the 
non-hydrogen atoms. The obtained benzene ring was, 
however, fairly deviated from the standard benzene 
hexagon. Therefore, the benzene ring was fixed to the 
regular hexagon with C-C bond length of 1.395 Â in 
the major refinement cycles by SHELX-768) program. 
At the final refinement cycle, these constraining 
conditions were released. The final R value was 0.154 

and i?w value was 0.143 for all the non-hydrogen atoms 
and for 3693 reflections with |F0|>3o|Fo|, where 
u;=1.0/{o|Fo|2+(0.012|Fo|)2}. The final atomic para­
meters for the non-hydrogen atoms are given in Table 
I.9) 

The atomic scattering factors were taken from 
International Tables for X-Ray Crystallography, Vol. 
IV.10) Computations were done on an A-70 minicom­
puter with the help of CRYSTAN program in RASA-
5RII system (Rigaku Corporation) and on an ACOS 
1000 computer at the Information Processing Center, 
Tokyo University of Agriculture and Technology. 

Results and Discussion 

For the convenience of atom specification, all the 
amino acid residues are numbered in series from N- to 
C-terminus. That is, the molecule of BOC-(L-

Leu-Aib2)2-OBzl is denoted as Boc-Leui-Aibi-Aib2-
Leu2-Aib3-Aib4-OBzl. The names of each atom in the 
L-Leu and Aib residues are those given in the IUPAC-
IUB recommendation,n) while those in the protected 
groups at N- and C-termini are shown in Fig. 1. 

Peptide-Backbone Conformation. A perspective view 
of the molecule is shown in Fig. 1. There are two 
independent molecules (A and B) in the asymmetric 
unit. The bond lengths, bond angles, and dihedral 

Table 2. Bond Lengths, Bond Angles, and Dihedral Angles of the Peptide Main Chains 
in Molecules A and B, with Estimated Standard Deviations in Parentheses 

Molecule A 
Bond l e n g t h / Â 

N,-C«, 
Ca--C /• 
CVN/+1 

Bond a n g l e / 0 

C'i-i-Ni-Cat 
Ni-CarC'i 
C a r C V N z + i 

Dihedral a n g l e / 0 

</>(C ,/-i-N/-Ca-C //) 
* ( N / - ( V C ' / - N , + i ) 
(O (Cay-C'i—N,-+i-Ca/+1) 

Molecule B 
Bond l e n g t h / Â 

N/ -C a / 

Ca,—C ; 
CVNz+i 

Bond a n g l e / 0 

CVi-Nz-C«,-
N , - C « r C ' / 
C a r C V N i + i 

Dihedral a n g l e / 0 

(MCVi-Nz-C^-C'/) 
iA(N, -Ca-CVN/ + i ) 
a ) ( C ^ C V N / + i - C « / + 1 ) 

Leu i 

1.45(4) 
1.59(3) 
1.33(3) 

113(2) 
111(2) 
117(2) 

-67(6) 
-22(3) 
176(6) 

1.49(5) 
1.51(3) 
1.32(3) 

123(2) 
110(3) 
114(2) 

54(5) 
45(3) 

168(5) 

Aibi 

1.46(3) 
1.56(5) 
1.29(5) 

122(2) 
113(3) 
115(2) 

-47(3) 
-34(4) 

-180(4) 

1.52(3) 
1.61(5) 
1.31(5) 

121(2) 
106(2) 
121(2) 

59(3) 
24(4) 

-180(4) 

Aib2 

1.47(5) 
1.52(4) 
1.29(5) 

121(2) 
112(3) 
117(2) 

-53(5) 
-31(2) 

-177(3) 

1.51(4) 
1.65(5) 
1.24(5) 

118(2) 
106(3) 
121(3) 

60(4) 
20(5) 

-180(4) 

Leu2 

1.51(3) 
1.50(4) 
1.31(3) 

117(2) 
113(2) 
120(2) 

-68(5) 
-13(4) 
170(5) 

1.46(4) 
1.58(4) 
1.32(3) 

122(2) 
111(2) 
116(2) 

59(6) 
29(3) 

-180(6) 

Aib 3 

1.46(4) 
1.65(5) 
1.26(6) 

122(2) 
107(3) 
117(3) 

-53 (3 ) 
-41 (3 ) 
178(4) 

1.51(3) 
1.45(5) 
1.33(6) 

116(2) 
107(3) 
121(3) 

59(3) 
41(3) 

174(5) 

Aib 4 

1.40(5) 
1.75(5) 

— 

125(3) 
108(3) 

— 

50(5) 
28(4) 

— 

1.53(5) 
1.48(4) 
— 

126(2) 
111(3) 

— 

-42(4) 
-46(3) 

— 
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angles (4>, ifr, and CD) of the pept ide m a i n chain for each 
molecule are given in T a b l e 2. T h e dihedral angles ((f> 
and i/f) show that the molecule A folds in to a r ight-
handed hel ix and the molecule B folds in to a left-
handed helix, wi th the exception of the Aib4 residue at 
C-terminus, where cf> and \js values show the opposi te 
helical sense for the rest of the molecule. T h e 
chang ing of the helical sense at the C-terminal Aib 
residue is usual ly observed in the ol igopept ide helices 
wi th the protected moiety at C-terminus.6»12_14) T h i s 
may be at t r ibuted to the bu lky protected moiety l inked 
to the Aib residue and the restricted conformat ion of 
the Aib residue. Since <f> and i/f values of an Aib residue 
are heavily restricted to two narrow regions, the helical 
sense of the C-terminus Aib residue has to be different 
from that of the preceding peptide region to avoid 
short a tomic contacts between the protected moiety 
and the rest of the molecule. 

T h e dihedral angles co in the molecules A and B 

Molecule B 

OBzl 

Leul 

Molecule A 

Aib3 

Fig. 1. Molecular structure of Boc-(L-Leu-Aib2)2-
OBzl together with the atomic numbering in the 
terminal moieties (Boc and OBzl). Broken lines 
denote intra- and intermolecular hydrogen bonds. 

showed a very good p lanar i ty wi th the exception of 
those of Leu2 residue in molecule A and the Leui 
residue in molecule B (Table 2). 

Since the al lowed regions of dihedral angles for a-
and 3io-helix a lmost overlap each other in the (fy-ijj 
m a p , it is very difficult to decide the helical type on the 
basis of dihedral angles. Therefore, the helical 
parameters for each a m i n o acid residue were calcul­
ated. T h i s me thod revealed usefulness for the 
de terminat ion of the helical type in the case of B O C - ( L -
Leu3-Aib)2-OBzl molecule.6) T h e helical parameters 
are the un i t he ight (h) and the un i t twist (0). These are 
the height per residue a long the helical axis and the 
ro ta t ional angle per residue about the helical axis, 
respect ively. Assuming that the each a m i n o acid 
residue forms its own helix, the helical parameters are 
derived from its bond lengths, bond angles, and 
dihedral angles by the method of Sugeta and Miyazawa.15) 

These values for each residue except for the C-
te rminus Aib4 are shown in Tab le 3. T h e average 
values in the molecule A are < /*>=1 .86Â and 
< 0 > = 1 1 3 ° , and those in B, < A > = 1 . 8 5 A and <6>= 
—110°. Since the helical parameters for a- and 3io-helix 
are ft=1.5Â and (9=100°, and A=2.0A and (9=120°, 
respectively, it is obvious that bo th A and B molecules 
are close to a 3io-helix rather than an a-helix. 

In many cases, the helical conformation of Aib-
conta in ing oligopeptides have been determined by the 
int ramolecular hydrogen b o n d i n g type. T h a t is, the 
molecule wi th the hydrogen bonds between the C = 0 
g r o u p of residue i and the N - H g roup of residue 2+3 is 
classified as a 3io-helix, and that wi th the bonds 
between residue i and i + 4 classified as an a-helix. 
Hydrogen-bond lengths and angles of Boc-(L-Leu-
Aib2)2-OBzl are given in Tab le 4. T h e hydrogen atoms 
of N - H g r o u p are located on their expected posit ions. 
Both A and B molecules are stabilized by four 4—>1 
in t ramolecular hydrogen bonds , which belong to the 
3io-helix. T h i s result is agreed wi th the previous result 
from the helical parameters. Most hydrogen bonds are 
close to the standard value (2.9+0.1 A)16) wi th one 
exception of rather long bond length (N(Aib2)- -02-
(Boc)). O n the other hand , the following four 
hydrogen bond angles are fairly deviated from the 
ideal angle (180°) :N(Aib 4 ) -O(Aib2) in molecules A 
and B, N(A:Aib i ) . . .0 (B:Aib 3 ) , and N ( B : A i b i ) . . . 0 -
(A:Aibs). 

Table 3. Helical Parameters for Each Amino Acid in Boc(L-Leu-Aib2)20Bzl 

Molecule A 
h/k 
e/° 

Molecule B 
h/k 
e/° 

Leui 

1.75 
110 

1.87 
-101 

Aibi 

2.00 
115 

1.92 
-116 

Aib2 

1.98 
113 

1.98 
-118 

Leu2 

1.90 
116 

1.88 
-112 

Aib3 

1.68 
109 

1.62 
-102 

Average 

1.86 
113 

1.85 
-110 
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Table 4. Hydrogen-Bond Parameters, with Estimated 
Standard Deviations in Parentheses 

Hydrogen bond 

Intramolecular 
Molecule A 

N(Aib2)-02(Boc) 
N(Leu2)--0(Leui) 
N(Aib8)--0(Aibi) 
N(Aib4)-0(Aib2) 

Molecule B 
N(Aib2)-02(Boc) 
N(Leu2) —O(Leui) 
N(Aib8)-0(Aibi) 
N(Aib4)--0(Aib2) 

Intermolecular 
N(A:Leui)---0(B:Leu2) 
N(A:Aibi)--0(B:Aib8) 
N(B:Leui)---0(A:Leu2) 
N(B:Aibi)-0(A:Aib 3 ) 

Bond 
length/Â 
(N-.-O) 

3.16(3) 
2.88(3) 
2.96(3) 
3.04(3) 

2.98(3) 
2.87(3) 
3.00(3) 
2.88(3) 

2.97(3) 
3.05(3) 
2.83(3) 
2.97(3) 

Bond 
angle/0 

( N - H - O ) 

154 
162 
155 
137 

154 
164 
158 
135 

172 
125 
156 
129 

Table 5. Dihedral Angles of Side Chains in L-Leu 
Residues in Molecules A and B, with Estimated 

Standard Deviations in Parentheses 

Xi X2 X'2 

Molecule A 
Leui 
Leu2 

Molecule B 
Leui 
Leu2 

-72(5) 
-76(4) 

-63(6) 
-63(5) 

175(3) 
168(4) 

177(4) 
-178(4) 

-64(3) 
73(3) 

-70(4) 
-57(4) 

Side Chain Conformations. T h e dihedral angles in 
the L-Leu side chains of molecules A and B are given 
in Tab le 5. All the side chains have the dihedral angles 
of Xi(N-Ca-C/8-C7) and ^(Ca-C/s-Cy-C*) wi th gauche, 
and that of X2 (Ca-C/3-C7-Cô,) w ih trans. These con­
formations are usual ly found in many other L-Leu-
con ta in ing peptides. 12»17) 

Crystal Structure of Boc-(L-Leu-Aib2)2-OBzl. T h e 
stereo view of the pack ing structure of BOC-(L-
Leu-Aib2)2-OBzl is shown in Fig. 2. For m a k i n g it 
clear, one of the molecules related by the crystallo-
g raph ic 2i symmetry are ignored in this figure. T h e 
independen t molecules A and B are ar ranged in the 
head-to-tail fashion by use of four intermolecular 
hydrogen bonds between these molecules (Table 4) to 
form infinite helical co lumns a long the [101] direc­
tion. All the side chains of the Leu residues are 
projected on one side of the co lumn. O n the other 
hand , all the benzyl moieties are projected on the 
opposi te side of the co lumn. These make a hydro­
phob ic region between adjacent columns. 

T h e helical axes of A and B molecules in the same 

Fig. 2. Stereoscopic view of the packing structure of 
Boc-(L-Leu-Aib2)2-OBzl (ORTEP19> drawing). The 
a axis points upwards, the b axis onto the plane of 
paper and the c axis from left to right. For the sake of 
clarity, the molecules related by the 2i symmetry are 
omitted. 

co lumn are almost parallel to the [101] direction and 
are separated a long the crystal lographic 6-axis by 
abou t a diameter of these helices. Each c o l u m n is 
surrounded by six crystallographically equivalent 
co lumns and these are packed closely in the pseudo-
hexagona l arrangement . A m o n g the six su r round ing 
co lumns , two of them have the same direction as that 
of the center one, whereas the r ema in ing four have the 
opposi te direction. There are no hydrogen bonds 
between adjacent columns and only hydrophobic in­
teraction stabilizes the crystal structure. T h e folio-
wings are fairly short a tomic contacts between 
adjacent molecules: C(A:Aibi ) . . .0 (B:Aib 3 ) 3.41(4) Â, 
0 ( A : A i b 4 ) - C l ( B : O B z l ) 3.43(5)Â, 0 (B :Leu i ) . . .C4(B: 
OBzl) 3.36(6) A and 0(B:Aibi ) . . .Cl (A:Aibi )3 .41(4)A. 

Conformation in Solution. Figure 3 shows the CD 
spectrum of Boc-(L-Leu-Aib2)2-OBzl in a me thano l 
solut ion, together wi th that of Boc-(L-Leu3-Aib)2-
OBzl for the comparison. T h e latter peptide forms a 
r igh t -handed a-helical conformat ion in the single 
crystal,6* and it exhibits a CD spectrum for a right-
handed helical conformation wi th two negative bands 
at 204(7t-7i*) and 220(n-7i*) n m (Fig. 3). O n the other 
hand , the Boc-(L-Leu-Aib2)2-OBzl exhibits two weak 
negative bands at 202 and 236 n m . Weakness of the 
bands of Boc-(L-Leu-Aib2)2-OBzl is at tr ibuted to 
shortness of the pept ide chain compared wi th B O C - ( L -
Leu3-Aib)2-OBzl. T h e re la t ionship between pept ide 
length and b a n d strength was reported for the series of 
Boc-X-(Aib-X)„-OMe (n=l ,2 ,3) and Boc-(Aib-X) 5 -
OMe where X=L-Ala and L-Val.18) In these exper­
iments , the similar weak negative bands were observed 
for short pept ide compounds . T h e weak negative 
bands of Boc-(L-Leu-Aib2)2-OBzl, therefore, seem to 
suggest that a r ight -handed hel ix is likely in me thano l 
solut ion. T h i s means that the rat io of r ight -handed 
hel ix to left-handed helix in solut ion state is different 
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Fig. 3. CD spectra of Boc-(L-Leu-Aib2)2-OBzl (1) 
and Boc-(L-Leu3-Aib)2-OBzl (2). 

from that in crystal state. T h e disadvantage for a left-
handed hel ix of the pept ide conta in ing L-amino acid 
may be reduced by the intermolecular packing energy 
in solid state. 
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The radical anions of nitrobenzene and p-nitrobenzoic acid have been prepared chemically for the first time 
in aqueous solutions with the aid of micelles. The radicals thus prepared are stable and the resulting ESR 
spectra are unsymmetrical owing to the suppressed rotational diffusion of the radicals due to incorporation into 
micelles. The environments surrounding the radicals are discussed in terms of the 14N hyperfine coupling 
constants and the rotational correlation times. For p-nitrobenzoic acid radical anion, the temperature 
dependence of the ESR spectrum has been studied. 

Recently molecular assemblies have been studied on 
their interest ing functions and behavior associated 
wi th their own structures by many investigators.1 - 7 ) In 
part icular , since micelles as well as cyclodextrins are 
soluble in aqueous solut ion and able to incorporate 
inorganic as well as organic molecules in to their 
nonpo la r hydrophobic stages, they provide certain 
solubilities for compounds insoluble in aqueous 
solutions.6»7) Micellar systems have been studied as 
enzyme-substrate models,6 ) for the micellar systems are 
ana logous to enzymes which offer hydrophobic stages 
to biochemical reactions proceeding in nonpo la r 
env i ronments embedded in polar media such as. water. 

In this study, the radical anions of ni trobenzene and 
£>-nitrobenzoic acid have been prepared chemically, for 
the first t ime, in aqueous solutions wi th the aid of 
micelles. T h e radicals thus prepared have been found 
stable enough to permi t variable temperature studies 
on the ESR spectra, which are unsymmetr ical as a 
result of the suppressed rota t ional diffusion of the 
radicals incorporated in to micelles. 

Hi ther to , most of the ESR studies on the micellar 
systems have been made us ing the stable ni t roxide 
radicals as spin probes, where the ESR spectrum 
consists of two components , one due to the radicals in 
the aqueous phase a n d the other to those in micellar 
phase.8 ) T h u s one c o m p o n e n t mus t be separated from 
the other in s tudying the behavior of the radicals in the 
indiv idual phases. In this respect, radicals unstable in 
bu lk water bu t stable in micelles are valuable as probes 
for s tudying micellar structure, simplifying the spectral 
in terpreta t ion. In this paper , the ESR spectra of the 
radical an ions of ni trobenzene and p-ni trobenzoic acid 
incorporated in to micellar systems have been studied 
for invest igat ing the dynamical propert ies of the 
radicals in micelles and thereby deducing some aspects 
of the micellar structures. 

Experimental 

Nitrobenzene (NB) and p-nitrobenzoic acid (NBA) (Tokyo 
Kasei, GR) were used as received. As the micelle-forming 
reagents, sodium dodecyl sulfate (SDS), and sodium dodecyl-
benzenesulfonate (SDBS) (Tokyo Kasei, GR) were used 

without further purification. Ethanol (Wako, super special 
grade) and deionized distilled water were used as solvents. 
The radicals were prepared by reduction with sodium 
dithionite Na2S2Û2 (Wako) in aqueous SDS micellar 
solutions in the presence of a small amount of NaOH under 
vacuum; the sample solutions were degassed by the freeze-
pump-thaw technique. For comparative study, the radical 
anion of NBA was prepared in 95% ethanol by reduction 
with glucose in a similar manner. 

The ESR spectra were recorded on an X band spectrometer 
(Echo Electronics) combined with a JEOL JM-360 electro­
magnet with 100 kHz field modulation. The magnetic fields 
were measured with a proton NMR gaussmeter (JEOL, 
JMF-3). The field modulation amplitude and the micro­
wave power were kept as small as possible. Variable 
temperature measurements were made with a temperature 
control apparatus (JEOL UTC-2AX/JES-VT-3A). The ESR 
capillary cells of 3 and 2 mm o.d. were used for 95% ethanol 
and aqueous micellar solutions, respectively; the former cells 
were home-made ones, while the latter were commercial ones 
(JEOL No. 29). 

Results and Discussion 

The ESR Spectra of Nitrobenzene Radical Anion 
Incorporated into SDS Micelles. Figure 1(a) shows 
the ESR spectrum of nitrobenzene radical an ion ( N B - ' ) 
observed in aqueous SDS micellar solut ion at 20 °C; 
the NB and SDS concentrat ions were 1.0X10 -3 and 
5 .0X10- 2 moldm~ 3 , respectively. T h e spectrum has 
some characteristic feature, i.e., the h igh resolut ion 
especially in the central-field port ion, large 14N 
hyperfine spl i t t ing, and asymmetry in the overall 
shape. Since the radical could no t be generated in 
aqueous solut ion in the absence of SDS, it was 
undoubted ly incorporated in to SDS micelles and 
thereby stabilized. T h e total n u m b e r of lines are fifty 
four as expected. 

Assuming that the association number of the SDS 
micelles remains unaffected by the presence of Na2S2Û4 
and N a O H , and that the parent c o m p o u n d is com­
pletely converted in to the radical, the mean n u m b e r of 
radicals in a micelle is estimated to be 1.61. According 
to the Poisson statistics, the fractions of the micelles 
wi th no , one, and two radicals are 20, 32, and 26%, 
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smallest possible number of nuclei . T h e l ine widths 
AH of these asterisked hyperfine lines are represented 

jlOgau^j 

Fig. 1. ESR spectrum of NB~* in aqueous SDS micel-
lar solution observed at 20 °C. The lines marked 
with asterisks are dependent on the nitrogen nucleus 
and para proton, but independent of the ortho and 
meta protons. [NB]/mol dm"3: (a) 1.0X10"3; (b) 3.0X 
IQ-3. [SDS]/moldm-3: 1.0X10-1. 

respectively. Since the fraction of the micelles wi th 
more t han two radicals is small , the intramicel lar spin 
dipole and spin-exchange interactions are un impor ­
tant and hence the observed ESR line widths are 
nar row. T h e 14N hyperfine coup l ing constant aN is 
affected by the solvent polarity, e.g., the constant is 
increased from 10.00 to 14.00 G ( 1 G = 1 0 " 4 T ) wi th 
increasing fraction of water in Af,N-dimethylform-
amide-water mixture;9 ) the aN was observed to be 
14.25 G in this work, indica t ing that N B - ' is located 
in the water -abundant region in micelles. 

T h e ESR line widths of radicals in aqueous micellar 
solut ions are expressed as the sum of the reciprocals of 
the transverse re laxat ion times associated wi th several 
different sources.8) A m o n g them, the contr ibut ion 
from the ro ta t ional modu la t ion of the anisot ropic g 
and hyperfine A tensors gives rise to the unsymmetr i -
cal spectral features. Since the line widths are 
dependent p redominan t ly on the ni t rogen nuclear 
spin q u a n t u m number , as wil l be described later on, 
we restrict the discussion to the lines marked wi th 
asterisks in Fig. 1(a) wh ich are independent of the 
or tho and meta protons , i.e., associated wi th the 

as, 10) 

AH = A + ßmiN + C(raiN)2 

+ DmiH + £(miH)2 + FmiNmiH, (1) 

where miN and miH are the nuclear spin q u a n t u m 
numbers of the n i t rogen nucleus and para pro ton , 
respectively, and B and C involve the rota t ional 
correlat ion times as parameters . For any value of miN , 
the line widths of the doublet due to the para p ro ton 
are a lmost equal . From the three asterisked doublets , 
we obta in the fol lowing values: ^(+(1/4)£=0.110, 
£ = - 0 . 0 . 1 9 , C=0.019, D=1.00X10-3, and F= 1.00X10~3 

G. T h e B and C values are m u c h greater than the D 
and F, indica t ing that the line widths are predom­
inant ly governed by miN . T h u s , we can estimate the 
ro ta t ional correlat ion t ime r from the B and C values, 
respectively, t h rough Eqs. 3 and 4 in Ref. 11(a); the r 
values associated wi th B and C wil l be referred to as TB 
and TC, respectively.11* For evaluat ion of the T values, 
the gn, g_L, AN\\, and AN± values reported by Flockhart et 
al.12) can be used; the anisotropic g and AN tensors have 
no t been determined fully yet. Actually, we assume 
that the ro ta t ional diffusion of N B - ' is isotropic so 
that Kivelson's formula is applicable,1 0 ) and dg=(gxx— 
gyy)/2 and ô^fN=(^NXx-^Nyy)/2 can be neglected. 

T h e values of rB and TC thus obta ined are 2.4X10-1 1 

and 3.3X10-11 s, respectively. T h e rota t ional correla­
t ion t ime can also be determined wi th the following 
equation,1 3 ) derived from Kivelson's formula,10* 

T = ^TAH(+l)[(/(+l)//(-l))1/2 - 1], (2) 

where AH(+l) is the peak-to-peak l ine wid th of the 
low-field first derivative line of m i N = + l , a n d / ( + l ) and 
/(—1) are the peak-to-peak heights of the lines of 
miN=+l and — 1, respectively, all averaged over the 
para-pro ton doublets. T h e constant AT is related to the 
anisotropics in the g and AN tensors. Wi th the g and 
AN values of Flockhar t et al.,12) we obtain a T value of 
3.5X10 - 1 1 s in good agreement wi th the above TB and 

Tc. 

T h e Brownian rotat ional correlation t ime of SDS 
micelles, rmic, in aqueous solut ion is estimated wi th the 
Debye-Stokes-Einstein relat ion to be 0.83X10_ 8s at 
20 ° C for the SDS micellar radius of 20 Â. T h e relative 
correlat ion t ime of N B - ' referred to the micellar 
coordinate system, rrel, is practically the same as T on 
the basis of the following equa t ion of Gutowsky et 
al.,14»15) 

Trel 1 + (3) 

showing that the N B ~ ' is moderately b o u n d in the 
water -abundant region near the micellar surface. 

F igure 1(b) shows the ESR spectrum of NB~* in 
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aqueous SDS micellar solution observed at 20 ° C with 
an increased NB concentration of 3.0X10-3moldm-3. 
The mean number of radicals in a micelle is estimated 
to be 4.83 in the above-mentioned manner, and the 
fractions of the micelles with two, three, four, and five 
radicals are 9, 15, 18, and 18%, respectively, according 
to the Poisson statistics. Thus, the spin dipole and 
spin-exchange interactions are expected to increase as 
compared with the case of Fig. 1(a); actually the width 
of the miN~0 line is 0.125 G, which is 1.1 times as large 
as that in Fig. 1(a). 

The ESR Spectra of p-Nitrobenzoic Acid Radical 
Anion Incorporated into SDS Micelles. Figure 2 
shows the ESR spectra of p-nitrobenzoic acid radical 
anion (NBA - ' ) in aqueous SDS micellar solution 
observed at different temperatures. The NBA and SDS 
concentrations were 1.0X10-2 and l.OXlO-1 moldm-3 , 
respectively. No evidence was found for formation of 
the radical in aqueous solution in the absence of SDS, 
confirming that the radical is incorporated into SDS 
micelles just as in the case of NB~ '. Although the ESR 
spectrum of NBA - ' has been studied by many 
investigators,16_18) the preparation of the radical in 
aqueous solution by means of chemical reduction has 
never been reported. The radical is very unstable in 

25°C 

I l i t 1 2 0 ° c 

I T5°C 

, 10°C 

10 gauss 
I * 

Fig. 2. ESR spectra of NBA-' in aqueous SDS micel­
lar solution observed at different temperatures. 
[NBA]/mol dm"3: 1.0X10"2. [SDS]/mol dm"3: 
l.OXlO-i. 

aqueous solution in the absence of SDS, similarly to 
N B - ' ; it cannot be generated even in 70% aqueous 
ethanol, but is fairly stable in 95% ethanol. As can be 
seen from Fig. 2, the ESR spectra observed at 10 and 
15 °C are unsymmetrical in line shape, and the 
amplitudes of the high-field lines are considerably 
small, showing marked line broadening of the lines for 
raiN=—1; the rotational motion of the radical is largely 
suppressed at these temperatures. The spectral 
asymmetry is lower at 20 °C and the spectrum is nearly 
symmetrical at 25 °C, indicating the thermal activa­
tion of the rotational motion. 

Figure 3 shows the ESR spectra of NBA - ' in 95% 
ethanol observed at different temperatures; at any 
temperature, the spectrum is more unsymmetrical and 
the aN value is smaller than those in aqueous SDS 
micellar solution. The ESR spectrum of the radical 
formed in ethanol by reduction with glucose was 
reported by Ayscough et al.16) 

Every ESR spectrum in Figs. 2 and 3 is composed of 
three main envelopes due to 14N nucleus. The total 
number of lines is twenty seven as expected when the 
carboxyl proton is neglected. The line widths are 
remarkably smaller in aqueous SDS micellar solution 
than in 95% ethanol, indicating incorporation-induc­
ed reduction of spin dipole and spin-exchange 
interactions. The aN was found to be 13.01 and 12.42 G 

30 °C 

W f ^ 

'*H™ 

V M 

10 °C 

o°c 
^wwyvw^^ 

10 gauss 
I H 

Fig. 3. ESR spectra of NBA"' in 95% ethanol observed 
at different temperatures. [NBA]/mol dm"3: 1.0X 
IQ"2. 
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respectively in aqueous SDS micellar and 95% ethanol 
solutions at 20 ° C, which are larger than those in other 
organic solvents.16_18) Nordio et al. reported a value of 
9.65 G in DMF.18) As compared with the difference of 
2.06 G between the aN values of di-^-butyl nitroxide 
radical in hexane and aqueous solutions,19) the aN of 
NBA -- is slightly more sensitive to solvent. The 
experimental hyperfine coupling constants, aKo and 
aKm, for the ortho and meta protons are 3.33 and 
1.18 G, respectively, in aqueous SDS micellar solution 
at 20 °C. As can be seen from Figs. 2 and 3, the relative 
intensities of the individual lines in the central main 
envelope are, at any temperature, in good agreement 
with those predicted simply by the statistical weights 
of the nuclear spin states, in contrast to the observation 
that the intensity ratios of the hyperfine lines among 
the three main envelopes differ significantly from 
those predicted thereby. This shows that the ESR 
spectrum is unsymmetrical as a whole, due to the line 
width variations. The line width of NBA - ' can be 
represented by the following relation:13* 

AH = (7//gt)-V2AH,t, (4) 

where AH and I are the peak-to-peak width and 
intensity, respectively, and the subscript "st" stands for 
"standard"; the line of miN=0 has been chosen 
arbitrarily as the standard. Within any of the three 
envelopes, the line widths are scarcely dependent on 
the proton spin quantum number set (miHo, miHm); the 
variations in line width are characterized predomi­
nantly by the nitrogen nuclear spin quantum number 
miN. The line widths for miN=0 observed in aqueous 
SDS micellar solution at 20 °C are 0.171 G, while those 
for miN=—1 are considerably large, amounting to 
0.200 G and indicating the suppressed rotational 
motion of the radical. Since the proton hyperfine 
coupling is little responsible for the line broadening, 
Eq. 1 can be simplified as follows: 

AH = A + ßmiN + C(miN)2. (5) 

The mean number of the radicals in an SDS micelle 
is estimated to be 7.31, on the same assumption as 
adopted for NB~ '. The fractions of the micelles with 
six, seven, and eight radicals are 14, 15, and 14% in the 
Poisson statistics. This is consistent with the fact that 
the observed line width of 0.171 G for miN=0 in NBA"' 
is considerably larger than the corresponding value of 
0.110 G in NB" ' in Fig. 1(a). Incidentally, the line 
width for mi"=0 of NBA"' is 0.151 G in 50% ethanol 
solution containing ß-cyclodextrin at 20°C,20) where 
the 1:1 inclusion complex is formed. 

The TB and TC of NBA - ' in aqueous SDS micellar 
solution have been evaluated from Eq. 1 to be 
2.6X10-11 and L l X 1 0 - u s at 20 °C, respectively, by 
borrowing the anisotropic g and hyperfine tensors, g\\, 

g_L, A\\, A±, of N B - ' , since those of NBA - ' are not 
available. The z value determined with Eq. 2 is 
3.4X10-11 s, which is of the same order as the TB and TC. 
The rotational correlation time of the radical in the 
micellar coordinate system, Trei, is practically the same 
as T on the basis of Eq. 3. Judging from the aN and zK\, 
the radical is moderately bound in the water-abundant 
region near the micellar surface, similarly to the case 
of N B - ' . Here, it may be noted that generally in the 
micellar structure, water penetrates up to the sixth or 
seventh carbon position along the hydrocarbon chain.6»7* 

The rotational correlation times TB, TC, and z of the 
radical in 95% ethanol at 20 °C are 10.8X10"11, 
9.4X10-11, and 11.9X10-11 s, respectively. These values 
are close to each other, and larger than those in the 
aqueous SDS micellar solution, showing that the 
rotational diffusion of the radical is more suppressed 
in 95% ethanol due to hydrogen bonding. 

Tables 1 and 2 present the rotational correlation 
times estimated similarly to the case of N B - ' . The 
temperature dependence of the rotational correlation 
time z is shown in Fig. 5. In the aqueous SDS micellar 
solution, the molecular motion is seen to be about 1.5 
times slower at 10 °C than at 20 °C, and all the z values 
are of the order of 10-11 s, indicating that the radical 
rotates nearly freely. The line widths for miN=0 in the 
aqueous SDS micellar solution are 0.166, 0.178, 0.171, 
and 0.154 G at every 5 degrees from 10 to 25 °C, which 

Table 1. Temperature Dependence of the Rotational 
Correlation Times TB, TC, T, and rrel of NBA-' 

Incorporated into SDS Micellesa) 

Temp/°C 

10 
15 
20 
25 

TB 

4.5 
4.5 
2.6 
0.6 

Rot. correl. 

TC 

3.9 
1.5 
1.1 
1.7 

times/10-11 s 

T ^rel 

5.3 5.3 
5.4 5.4 
3.4 3.4 
1.0 1.0 

a) The SDS concentration is 1.0X10-1 mol dm-3. rBand 
TC refer to the coefficients B and C in Eq. 1, respectively, 
and T to Eq. 2. Trel refers to the micellar coordinate 
system. 

Table 2. Temperature Dependence of the Rotational 
Correlation Times TB, TC, and z of 
NBA"' in 95% Ethanol Solutiona> 

Temp/°C -

0 
5 

10 
15 
20 
25 
30 

TB 

14.4 
14.5 
14.1 
12.6 
10.8 
10.0 
7.0 

TC 

11.5 
11.9 
11.7 
9.4 
9.4 
8.2 
6.8 

T 

15.7 
15.9 
15.3 
14.2 
11.9 
11.0 
7.9 

a) See note to Table 1. 
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i l l ! 3 0 ° c 

I I 20°C 

15 °C 

^ 10 gauss ^ 

Fig. 4. ESR spectra of NBA- ' in aqueous SDBS 
micellar solution observed at different tempera­
tures. [NBA]/mol dm"3: LOXIO"2. [SDBS]/mol dm"3: 
1.0X10-1. 

involve various isotropic contr ibut ions. T h e isotropic 
contr ibut ions cannot be estimated straightforwardly, 
since many different, bo th identified and unidentified, 
types of per turbat ions are involved, e.g., the temper­
ature-dependent aggregat ion number can be a perturb­
ing factor.7) O n the other hand , the temperature 
dependence of the l ine widths in 95% ethanol can be 
expla ined p redominan t ly by the viscosity of water; the 
widths for miN=0 in 95% ethanol have been found to 
be 0.280, 0.235, 0.249, 0.228, 0.217, 0.185, and 0.166 G at 
every 5 degrees from 0 to 30 ° C. 

The ESR Spectra of p-Nirtrobenzoic Acid Radical 
Anion Incorporated into SDBS Micelles. Figure 4 
shows the ESR spectra of N B A - ' in aqueous 
LOXIO - 1 mol d m - 3 SDBS micellar solut ion observed at 
every 5 degrees from 15 to 30 °C. T h e radical is 
stabilized considerably in SDBS micelles; the CMC of 
SDBS is 1.63X10-3 mol d m " 3 at 25 °C,6> m u c h smaller 
than that of SDS, 8 .1X10- 3 moldm- 3 . T h e ESR 
intensity increases wi th increasing temperature. Al­
t h o u g h the ESR spectra observed at 10 and 15 ° C are 
poor in signal-to-noise rat io (S/N), especially at 10 °C, 
it is clearly seen that the ESR spectra are fairly 
unsymmetr ica l at lower temperatures, and tend to be 

Table 3. The Temperature Dependence of the 
Rotational Correlation Times TB, TC, 

and T of NBA - ' Incorporated 
into SDBS Micellesa> 

T o m n / O / ^ 
i emp/ î  

15 
20 
25 
30 

Rot. 

?B 

6.4 
5.7 
3.2 
1.9 

correl. times/10-11 s 

T C T 

5.5 7.3 
3.7 6.5 
0.9 4.0 
1.9 2.7 

a) The SDBS concentration is LOXIO-1 mol dm -3 . See 
note to Table 1. 

20.0 h 

15.0 h 

T o 

V- « M h 

5.0 

Fig. 5. Temperature dependence of the rotational 
correlation time T for NBA- ' . O: in SDS micelles, • : 
in 95% ethanol, A: in SDBS micelles. 

symmetrical at h igher temperatures. T h e aN values 
obtained at every 5 degrees from 10 to 30 °C are close to 
each other, similarly to the case of the aqueous SDS 
micellar solut ion. In view of the aN value, the radical 
is located in the wate r -abundant region, i.e., the SDBS 
micelles al low the penetra t ion of water similarly to 
SDS micelles. T h e TB, TC, and z have been estimated for 
all the temperatures studied; the values evaluated at 
10 ° C are less reliable owing to the poor spectral S /N 
rat io . Tab le 3 collects the TB, TC, and z of the radical in 
the SDBS micellar solut ion from 15 to 30 °C. Figure 5 
shows the temperature dependence of z at every 5 
degrees from 15 to 30 °C; in the range 15—20 °C, the 
rota t ional diffusion is suppressed, while it is nearly 
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free above 25 ° C. T h e temperature dependence of the 
dynamical propert ies of the radical as well as the 
stabilization of the radical is remarkable in the 
aqueous SDBS micellar solution. 

Concluding Remarks. Since the rotat ional correla­
t ion t ime of a radical in nonpo la r solvent is generally 
of the order of 10 - 1 2 s, the ro ta t ional mo t ion of the NB 
and NBA radical an ions is seen to be suppressed in 
micellar solutions. T h e Tc values tend to be smaller 
than the TB and T values in general, as can be seen from 
Tables 1 to 3. 

T h e authors wish to thank Dr. Kosaku Suga of 
Tokyo Insti tute of Technology for helpful discussions. 
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Thermodynamical parameters for the restricted rotation of seven title derivatives have been obtained by 
means of DNMR techniques. The results were explained in terms of a conjugation of the nitrogen atom in the 
seven-membered ring with the adjacent carbonyl carbon. 

T h e internal rotat ions a round the carbonyl carbon 
to the ni t rogen bond (referred to as the amide bond) in 
many amides were extensively studied by the N M R 
techniques.x ) 

In our previous papers we reported that the reac­
tions of 1-ethoxy carbonyl- lH-azepine and chlorosi-
lanes in H M P A in the presence of magenes ium 
afforded 4,5-dihydro-lH-azepine derivatives, the N M R 
spectra of which were influenced by the temperature.2 ) 

In order to investigate the effect of the r ing size and the 
conjugat ion on the ro ta t ion a round the amide bond, 
we intended to obta in thermodynamica l parameters of 
the internal rotat ions a round the amide bonds of 
several 1-alkoxycarbonyl-lH-azepine derivatives. Here, 
we wish to discuss these results circumstantial ly, 
a l though prel iminary results have already been report­
ed in brief.3) 

Experimental 

The samples studied(Scheme 1) were prepared by methods 
previously reported.2'4-7) The samples were dissolved in 
acetone-d6, CDCI3, or CH3OH, ranging in concentration 
from about 0.02 to 0.25 g ml - 1 . The solvent or tetramethyl-
silane peak was used as a reference signal of the chemical 
shifts and was used for calibrating the natural line width and 
adjusting the field-homogeneity. XH NMR spectra of 1 were 
measured with a Hitachi R-20B spectrometer at 60 MHz 
equipped with a R-202VTC variable temperature controller. 
Those of 3 were measured with a Varian VXR-500 
spectrometer. Sample temperatures of 1 and 3 were 

R 

u L 1N-Cf L iN-c f L 1N-Cf 

R 

1. R=Si(Me)3 2. a:R=Me 3. a:R = Me 
b: R = Et b: R= i-Pr 

c: R= t-Bu 
d: R=-(CH2 )8 -

Scheme 1. 

calibrated by a copper-constantan thermocouple with an 
accuracy of ±0.6 °C. The 13C NMR spectra were measured 
with a Varian XL-200 spectrometer at 50.3 MHz, in which 
the sample temperatures were calibrated with temperature-
dependent chemical shifts of methanol (low-temperature 
range) or ethylene glycol (high-temperature range) using the 
standard equation with an accuracy of ±0.2 °C. Theoretical 
DNMR spectra were calculated with HITAC-8450, M160-II, 
or ACOS 2010 computer using a modified QCPE program.8) 

Results and Discussion 

NMR Spectra. An entire typical 1H N M R spec­
t rum of 1 is shown in Fig. 1, where the H4 and H5 
signals overlap wi th solvent peaks. Because ethyl 
protons are isolated from other ones in the molecule, 
the r ing p ro ton spectra of 1 were analyzed as a four-
sp in system w h e n the H4 a n d H5 signals were 
irradiated. T h e H2 and H7 signals are split in to two 
quartets at - 5 6 °C. T h e 1H N M R spectra at - 5 6 °C 

Acetone-d5 

HA 

and 

H5 

H 
an 

H-

J 

2 H3 CH2 ] 
d and | 

7 H 6 II 

CH 3 1 

y 
~i 1 1 r— 
8.0 6.0 4.0 2.0 

5 
Fig. 1. 1H NMR spectrum of 1 dissolved in acetone-

d 6at 60 MHz and 31.5°C. 
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t = -55.9 C 
k= 0.6 s"1 

Calculated 

Observed 

t= -45.2 C 
k = 3 . 1s " 

Calculated 

Observed 
/W1 

Fig. 2. Examples of observed (lower) and calculated 
(upper) spectra of H2 and H7 of 1 measured at —18.7, 
—45.2, and — 55.9°C respectively. 

were analyzed by the L A O C N 3 program. 9 ) T h e 
differences in the chemical shifts of H2 and H7, as well 
as H3 a n d H6 of 1 are 5.2 and 1.9 Hz, respectively. T h e 
temperature-dependent expanded spectra of H2 and H7 
of 1 are given in Fig. 2. T h e signals of the ethyl g r o u p 
of 1 appeared at 6=1.30 and 4.25 and those of the 
trimethylsilyl g roups were at 6=0.00. T h e r ing-proton 
spectra of 2a and 2b at r o o m temperature are shown in 
Fig. 3. T h e spectral pat terns are s imilar to those given 
by Paque t t e et al.4) T h e y stated that the ass ignment of 
their spectra was based on Schmid's molecular orbital 
calculations.1 0 ) As shown in Fig. 3, the spectral pat­
tern of 2a is qu i te s imilar to that of 2b. T h e i r signals 
can be assigned to those coming from the H3, H2, and 
H4 from h igher to lower field. T h e i r pat tern shows a 
qu i te characterist ic feature; the l ine widths of the H2 
and H3 signals are broad and that of the H4 is narrow. 
T h e temperature-dependent spectral changes of 2a or 2b 
are rather difficult to observe in their 1H N M R spectra. 
Paque t te et al. also stated that all of the XH N M R 
spectra of the lH-azepines proved to be invar iant over 
a substant ia l tempera ture range from —90 to 130 °C.4) 

However, we not iced that 13C spectral pat terns are 

1 1 1 1 1 1 1 \ 1 1 1 
6.0 6.2 6.0 5.8 5.6 5.4 

Ö 

Fig. 3. Expanded XH NMR spectra of the ring 
protons of 2a (upper) and 2b (lower) at 60 MHz and 
31.5°C. 

Q» C 2 C 5 C 7 C3C 3 ^ 6 

- 6 8 . 4 C 

1.6 C 

7 0.0 C 

130 
~ ~ i — 
125 

ö 

120 

Fig. 4. Temperature-dependent 13C NMR spectra of 
the ring carbons of 2a at 50.3 MHz in CDCI3 and 
at (a) 70.0, (b) 1.6, (c) -68.4°C. The assignment of 
the C2, C3, or C4 signal can be exchanged with that 
of the C7, CO, or C5 one respectively. 

convenient to observe their temperature dependencies, 
examples of wh ich are shown in Fig. 4. T h e spectral 
pat terns of the r ing carbons of 2a and 2b are 
temperature-dependent . As can be seen in Fig. 4, there 
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are six signals of the r ing carbons of 2a at lower 
temperature, bu t they become three coalesced signals 
at h igher temperature a l t hough their l ine widths seem 
to be different even at 70 ° C, as expected from their 
different signal heights. O n the other hand , the spectra 
of the r ing-pro tons of 3 showed a very s imple pat­
tern because of in t roduc ing alkyl subst i tuents at the 
3,6-positions on the r ing. T h e temperature-dependen­
cies of the spectal lines of H2 and H7 were observed 
from r o o m tempera ture to 60 ° C us ing a 500-MHz 
spectrometer. 

Tempera ture-dependent N M R spectra of ni trogen-
con ta in ing compounds are one of the controversial 
subjects concerning their explana t ion whether they 
should be ascribed to an inversion of the ni t rogen 
a tom or a rota t ion a round the amide bond. In the 
present case, however, the si tuat ion is expla ined by 
cons ider ing the temperature-dependent 13C N M R 
spectra. As stated before, the six signals of the r ing 
carbons of 2a were observed at lower temperature. 
They coalesced to three signals at h igher temperature 
(Fig. 4). T h i s result was only explained to be caused 
by hindered internal ro ta t ion a round the amide bond, 
bu t no t by ni t rogen inversion. T h e n , the characteristic 
features of the spectral pat terns of H 2 (H 7 ) and H3(H6) 
in 2a and 2b (Fig. 3) can be at t r ibuted to the part ly 
coalesced spectra of H2 and H7, and H3 and H6. 

Table 1. Rate Constants of the Hindered Rotations 
around the C-N Bond of 1, 2a, and 3a 

2a 3a 

Temp(K)/^(s-1) 

269.5/290 
265.1/170 
259.4/ 90 
254.5/ 55 
249.0/ 32 
243.9/ 16 
238.5/ 9.5 
233.4/ 5.8 
228.0/ 3.1 
223.0/ 1.5 
217.3/ 0.6 

TempfK)//^-1) 

343.2/1700 
323.1/ 380 
313.2/ 160 
308.2/ 110 
303.2/ 65 
300.1/ 48 
295.0/ 34 
290.0/ 21 
284.8/ 16 

TempfK)//^-1) 

337.9/168 
330.0/124 
328.2/ 92 
326.2/ 82 
323.0/ 67 
317.8/ 46 
312.7/ 34 
307.5/ 22 
300.1/ 12 
295.7/ 9.0 

DNMR Analyses. Examples of the calcualted and 
exper imenta l XH D N M R spectra of 1 are shown in Fig. 
2. T h e kinet ic parameters have been determined by 
visual fittings of the calculated line-shapes wi th the 
exper imental ones. D N M R analyses for C3 and Ce of 
2a and 2b were carried ou t as an AX spin system 
wi thou t any coupl ing . Several examples of the rate 
constants , thus determind, are given in Tab le 1. 
The rmodynamica l parameters were obtained by the 
Eyring and Arrhenius plot t ings of the rate constants 
wi th the inverse temperatures, one example of which is 
shown in Fig. 5. T h e thermodynamical parameters, 
thus obtained, are given in Tab le 2. 

T h e internal rotat ions a round the C-N bond in 
amides were given m u c h a t tent ion by chemists, since 
they were earlier studied by Gutowsky and H o l m e s . u ) 

It is considered that the hindered rotat ions is related to 
a conjugat ion between the ni t rogen a tom and the 
carbonyl g roup , as shown in Scheme 2. Therefore, the 

R1 s,° 

R2 R3 

> N = C < ' 

Scheme 2. 

0 

-2 

C 
- -4 

-6 

^ 

\ 
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\ o ^ 

L. 1 1 1 1 

°\ 

1 
3.8 40 42 44 

T"1/ kK"1 

4.6 

Fig. 5. An Eyring plot for the rotation of the amide 
bond of 1 in acetone-cta 

Table 2. Thermodynamic Parameters for the Hindered Rotation Around the Amide 
Bond of 1H-Azepine Derivatives Obtained from DNMR Analyses 

No./Solvent 

l/(CD3)2CO 
2a/CDCl3 

2b/CDCl3 
2b/CH3OH 
3a/CDCl3 

3b/CDCl3 

3c/CDCl3 

3d/CDCl3 

£a 

kj mol"1 

55.7±2.1 
66.6+1.7 
61.3+1.2 
59.8+2.7 
59.3+1.2 
51.1 + 1.3 
53.6+0.8 
53.5+0.6 

log ,4 

13.2+0.5 
13.3+0.3 
12.4+0.2 
12.1+0.5 
11.4+0.2 
10.4+0.2 
11.0+0.1 
10.7+0.6 

AH* 

kj mol"1 

53.7+2.1 
64.0+1.7 
58.8+1.2 
57.3+2.7 
56.7+1.2 
48.6+1.3 
51.0+0.8 
50.9+0.6 

AS* 

J K"1 mol"1 

1.2+3.5 
1.7+5.5 

-15.8+3.9 
-21.3+9.1 
-35.2+3.9 
-55.4+4.2 
-43.4+2.5 
-48.0+1.8 
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Table 3. Free Energies of Activation of Hindered Rotation around the Amide Bond in 
1H-Azepine Derivatives (1—3) Calculated from their 1H and 13C NMR Spectra 

C o m p o u n d s 

1 

2a 
2b 

3a 
3b 
3c 
3d 

Solvent 

(CD3)2CO 

CDCI3 
CDCI3 
C H 3 O H 
CDCI3 
CDCI3 
CDCI3 
CDCI3 

Tc 

K 

242 (C2, C7) 
237 (C3, C6) 
293 (C3, C6) 
300 (Cs, C6) 
295 (Cs, C6) 
326 (H2 , H7) 
320 (H2 , H7) 
313 (H2 , H7) 
315 (H2 , H7) 

Av 

Hz 

8.0b> 
4.5b> 

21.2b> 
27.5b> 
20.6b> 
37.0C> 
40.4C> 
49.5C> 
27.8C> 

A G * a ) 

kj mol"1 

53.0 
53.0 
62.3 
63.2 
62.8 
68.1 
66.6 
64.5 
66.5 

a) AGP1 are calculated with an equation (AGP 
b) At 50.3 MHz. c) At 500 MHz. 

= 19.14XTc (9.972+log(7VAj/)) in Ref. 20), using Av and Tc. 

barriers of the rotations around the amide bond would 
be related to the electronic properties of the Ri, R2, and 
R3 groups. If R3 is an electron-attracting group, the 
barrier increases. If R3 is an electron-donating group, 
the barrier decreases.12) 

The values of 1, 2, and 3 found in this study are 
appreciably lower than those of the acid amides 
observed earlier.1'13) The free energies of activation of 
1, 2, and 3 for their rotations can be calculated in 
another way from their coalescence temperatures and 
chemical-shift differences of XH and 13C NMR spectra, 
as given in Table 3. The values are consistent with 
those calculated from the parameters given in Table 2. 
As can be seen in Table 3, the coalescence temperatures 
of 2 and 3 are higher than that of 1. Further, the values 
of Av for 2 and 3 are also larger than that of 1. The 
difference of the corresponding values between 1 and 2 
or 1 and 3 can be ascribed to the difference of their 
frameworks of the seven-membered ring. Six-ring 
carbons of 2 and 3 construct a conjugate system. 
Those of 1, however, are separated into two parts 
because of the absence of a double bond between C4 
and C5. This situation affects the whole conjugation 
system, including the nitrogen atom. In other words, 
the bond order of C2 (or C7) and N becomes larger in 1 
than that in 2 or 3. This affects the bond order of the 
amide bond in question. That is to say, the amide 
bond of 1 is weaker than that of 2 or 3. The data in 
Table 2 support this explanation. This means that in 
Scheme 2 the conjugation power of Ri or R2 to 
nitrogen is important for the restricted rotation 
around the amide bond. 

Another point of interest is that sterically large 
substituents seem to be effective to the Ea values. The 
value of 3a is larger than those of 3b, 3c, and 3d, but it 
is smaller than that of 2a. Further, it is not curious that 
2b gave similar thermodynamical data in two different 
solvents. Such data for N,N-dimethylformamide were 
compared in a number of solvents.x) 

The compounds studied here are considered to be 
kinds of carbamates. Recently, Julia et al. reported 

kinetic data concerning restricted rotations of the 
amide bonds of some carbamates.14) The ÀGJ values of 
2 and 3 are similar to those of Julia et al., but that of 1 
is lower than theirs. Further, our present values of 2 
and 3 are similar to those in several simple dimethyl-
carbamates, which are estimated to be 62—70 kj mol - 1 

from Table 1 of Ref. 15. Other examples were reported 
by Sato et al., in which sterically limited situations 
were considered around the nitrogen atom and extre­
mely large barriers were measured.16) Further, the ÀGJ 
of 2b is higher than that previously reported by 
Günther and Wenzl for the tricarbonyliron complex of 
2b.17) This fact seems to suggest that the complexation 
weakens the ability of the conjugation of the nitrogen 
atom with the carbonyl carbon in the amide bond. 
Further, two nitrogen-containing heterocycles, 1-
acetylaziridine (4) and 1-acetylpyrrole (5), are consi­
dered to be compared with interest concerning their 
ring sizes and strains. The barrier of 4 could not be 
measured, even at appreciably lower temperature.18) 
The barrier of 5, however, was reported to be 52.51 or 
52.7 kj mol-1,19) which is similar to that of 1. 

As a conclusion, for the nitrogen-containing ring 
compounds, the barriers seem to increase with their 
ring sizes. That is to say, the barriers are 4<5^1<2 (or 
3). However, as stated before in comparison with 1 
and 2 (or 3), the conjugation ability of the adjacent 
carbon with nitrogen is also important. 
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Quinoline, 2-methylquinoline, and 8-methylquinoline were hydrogenated over Raney nickel (R-Ni) under 
10 atm hydrogen pressure at about 200 °C and over ruthenium on carbon (Ru/C) under 100 atm hydrogen 
pressure at 150 °C. All the substrates were commonly hydrogenated into the initial products, 1,2,3,4-
tetrahydroquinolines. The initial products were competitively converted over R-Ni to the final products, 
decahydroquinolines, directly or via 5,6,7,8-tetrahydroquinolines which were mainly formed from the initial 
products by isomerization. Ru/C promoted exclusively the direct hydrogénation of 1,2,3,4-tetrahydro 
derivatives to the final products. The hydrogénation and isomerization of 1,2,3,4-tetrahydroquinoline was 
completely inhibited in the competitive hydrogénation of quinoline and isoquinoline over R-Ni. Such features 
of these substrates are explained by the strong basicity of 1,2,3,4-tetrahydroisoquinoline. Roles of 1,2,3,4-
tetrahydroisoquinoline are much moderate on Ru/C, where the ̂ -coordination may be important. The effects 
of methyl substituent and different reactivities of quinoline and isoquinoline are discussed in terms of the steric 
hindrance on adsorption, heats of hydrogénation, basicities, and electronic properties of the related compound, 
which are calculated according to the MNDO-PM3 method. 

Qu ino l ine ( la) , 2-methylquinol ine (2a), and 8-
me thy lqu ino l ine (3a) are major consti tuents together 
wi th i soqu ino l ine (4a) in the basic fraction of coal tar, 
and their hydrogenated products are proved to be 
useful in the chemical industry.1»^ However, the 
kinetic study on hydrogénat ion of the quinol ines has 
been scarcely reported. 

It has been wel l -known that the pyridine r ing in 
q u i n o l i n e nucleus is selectively hydrogenated on 
convent ional metal catalysts such as nickel, p l a t inum, 
and copper chromite . 3 - 6 ) In contrast, its benzene r ing 
is exclusively hydrogenated in an acidic media.7 »8) 

Conversion of l a to its completely hydrogenated 
decahydroquinol ine (Id) requires rather severe condi­
tions on nickel catalyst,9* while r u t h e n i u m catalysts 
readily produce the compound. 1 0 ) 

T h e methyl g r o u p located at 2- or 8-position of 
q u i n o l i n e nucleus which occupies the neighbors of 
N-a tom attracts ano ther interest for study on catalysis 
because it may affect electronically as well as sterically 
adsorpt ion on catalyst.11* T h e present authors have 
studied extensively the kinetics and mechan i sm on the 
hydrogénat ion of isoquinoline.1 2 _ 1 5 ) A l though qu ino ­
l ine and i soquino l ine have similar basicity, their N-
atoms in qu ino l ines a n d i soquinol ine are expected to 
behave differently in the catalytic reactions according 
to the locat ion relative to the benzene r ing as indicated 
by the respective similarities of their ini t ial hydro­
genated products to ani l ine and benzylamine. For 
example , the basicities of their products are very 
different. 12'16) Hence, their adsorpt ion and reactivities 
may modify the reaction route of consecutive hydro­
génat ion steps. 

In the present study, qu ino l ines (la—3a) were 
hydrogenated over Raney nickel (R-Ni) and ruthe­
n i u m on carbon (Ru /C) to clarify the reaction 
pathways. T h e structural influences of substrates 
inc lud ing i soquinol ine in previous papers12-14* on 
adsorpt ion and activation are also discussed wi th the 
aid of semiempir ical molecular orbital calculations. 
T h e t ime-dependent product distr ibutions were kinet-
ically analyzed based on the L a n g m u i r - H i n s h e l w o o d 
mechanism for the competit ive reactions. An u n i q u e 
isomerization pa th of 1,2,3,4-tetrahydroisoquinoline 
(4b) to 5,6,7,8-tetrahydro derivative (4c) was found 
kinetically in a previous paper1 3 ) to be essential for the 
comple t ion of its hydrogénat ion on R-Ni. It is 
another major interest of this study to clarify whether 
such an isomerization of 1,2,3,4-tetrahydroquinolines 
takes place. 

Experimental 

Materials. Commercial grade quinolines obtained from 
coal tar were purified by recrystallization from their sulfates. 
The details of procedure were described in a previous 
paper.12) Their purities were up to 99%, and no sulfur-
contaminant was contained. 1,2,3,4-Tetrahydroquinoline 
(lb) was separated from the hydrogenated product of la over 
copper chromite. R-Ni and Ru/C were purchased from 
Nikki Chemical Co., Ltd. and Nippon Engelhard Ltd., 
respectively. 

Hydrogénation Procedure and Analytical Method. A 
starting material (100 g) was hydrogenated over R-Ni and 
Ru/C in a 200 cm3-autoclave with stirring under a constant 
pressure and temperature. The detailed reaction conditions 
were shown in Table 2. The reaction mixture was sampled 
and diluted to 5 ml with methanol, and then analyzed by gas 



3168 H. OKAZAKI, K. ONISHI, M. SOEDA, Y. IKEFUJI, R. TAMURA, and I. MOCHIDA [Vol. 63, No. 11 

chromatography as described previously.12) The major 
products: b, c, and d of substrates 1—3 were identified by 
GC-MS. The amounts of decahydroquinolines were the 
sums of their isomers. The minor products unidentified 
were less than 6 wt% in all runs. 

Quantum Chemistry and Basicity. Quantum chemical 
indices of related compounds were calculated by the MNDO-
PM3 (modified neglect of diatomic overlap, parametric 
method 3).17) Their geometries were energetically optimized. 
The pKz values of some related compounds were determined 
in aqueous solution as described previously.12) 

Results 

Hydrogénation of Quinolines. Figures 1 and 2 
illustrate the t ime-dependent product distr ibutions in 
the hydrogénat ion of substrates la and 2a. T h e figure 
in the reaction of 3a was omit ted because of its good 
similari ty to that of la. Combina t ions of each 
substrates and catalysts provided their u n i q u e reaction 
profiles. 

In the ini t ial stages of reactions, the qu inol ines were 
rapidly hydrogenated almost exclusively in to 1,2,3,4-
tetrahydro derivatives over bo th the catalysts regardless 
of the posi t ion of methyl g r o u p on either r ing. T h e 

Reaction time/h 

(a) Over R-Ni at 210 °C under lOatm hydrogen pressure. 

Reaction time/h 

(b) Over Ru/C at 150°C under lOOatm hydrogen 
pressure. 

Fig. 1. Product distributions on the hydrogénation 
of quinoline. See Table 3 for the chemical names of 
symbols. 

yields of ini t ia l products reached to their m a x i m u m 
values wh ich are 80—90% by the reaction for 0.5—1 h 
wi th l b , and 60—70% wi th 2b, and then decreased 
gradual ly wi th former and rapidly wi th latter over 
R-Ni. Different adsorpt ion and reactivity of products 
are suggested. 5,6,7,8-Tetrahydro derivatives (ic) were 
produced ra ther gradual ly in the ini t ial stages b u t 
increased their yields steadily even after the start ing 
substrates disappeared. Hence, it is suggested that the 
products are produced from the ini t ial products (ib) 
t h ro u g h the consecutive isomerization as well as 
slowly (or less selectively) from the starting substrates. 
It should be also noted that la disappeared completely 
wi th in 30 min . In contrast , 2a decreased by the a lmost 
same rates as tha t of la in first 20 m i n bu t then very 
slowly, indica t ing some retardation by the products. 

T h e yields of products ic aga in depended very m u c h 
on the substrates. T h e yield of l c increased slowly to 
about 40%. In contrast, that of 2c increased very rapidly 
to 60% by 1.5 h and then started to decrease very slowly 
over R-Ni. C o m p o u n d 3c showed rather rap id 
increase to 20% by 1 h and kept the level for 2 h. 
I soqu ino l ine showed similar profile to that of q u i n o -

Reaction time/h 

(a) Over R-Ni at 210°C under lOatm hydrogen pressure. 

0 .5 1 1.5 2 2.5 3 

Reaction time/h 

(b) Over Ru/C at 150°C under lOOatm hydrogen 
pressure. 

Fig. 2. Product distributions on the hydrogénation 
of 2-methylquinoline. See Table 3 for the chemical 
names of symbols. 



November, 1990] Hydrogénation of Quinolines over Raney Nickel and Ru/C 3169 

line although the yield increased to 80% by 5h.13) 

Thus, the appearance and disappearance of products 
ic are very sensitive to the structure of substrates 
although the isomerization of ib was commonly 
observed regardless of the substrates. 

The final products in the hydrogénation of quino­
lines were found first after the reaction of 1 h and 
gradually increased their yields, which became 25 and 
40%, respectively, with Id and 2d after 6h. The 
considerable yields of these perhydro products are 
characteristic to the quinolines on R-Ni because no 
production was observed for 6 h from isoquinoline as 
shown previously.13) 

The reaction profiles on Ru/C were different from 
those over R-Ni although products ib were commonly 
dominant in the initial stage of hydrogénation. The 
maximum yields of ib were high over 80% except for 2b 
(60%). Preferential production of id and very minor 
production of ic were observed in the reaction of the 
next stage over Ru/C. Quinolines exhibited almost 
complete conversions into these final products id by 3 h, 
while the yields of products ic stayed very low 
especially with quinoline during the reaction. The 
reaction profile of 2a seems to be similar to that of 
isoquinoline,14) although the reaction rate is very 
large. 

Reactivity of l,2,3>4-Tetrahydroquinoline. Table 1 
summarizes the reactivity of 1,2,3,4-tetrahydroquino-
line (lb) over R-Ni under hydrogen atmosphere in a 
closed reactor (Run V), and under nitrogen atmo­
sphere in an open and a closed reactors (Runs 11 and 
12). Under hydrogen pressure, lb gave 32% of lc and 
21% of Id after 2 h. Longer reaction time increased 
both the products, however the increment of lc during 
2—6 hours was less than the corresponding value of 
Id. Dehydrogenation of lb back to la was not 
observable. Such reaction feature suggests that the 
hydrogénation of lb proceeds simultaneously through 
the routes of lb-*lc-*ld and lb-*ld. Under the 
nitrogen atmosphere, lb was converted competitively 

to the dehydrogenated product la and the isomerized 
product lc in an open reactor. The latter product lc 
was dominant in a closed reactor. 

Competitive Reactions of la and 4a. Figure 3 
illustrates the time-dependent product distributions in 
the competitive hydrogénation of la and 4a on R-Ni 

2 3 4 

Reaction time/h 

(a) Over R-Ni at 215 °C under 15atm hydrogen pressure. 

Reaction time/h 

(b) Over Ru/C at 150°C under lOOatm hydrogen 
pressure. 

Fig. 3. Product distributions on the competitive 
hydrogénation of quinoline and isoquinoline. See 
Table 3 for the chemical names of symbols. 

Table 1. Reaction of 1,2,3,4-Tetrahydroquinoline Over R-Ni (5 wt%) 

Run 
No. 

V 

11 

12 

Temp 

°C 

200 

200 

200 

Reaction conditions 

Gas 

H2 

N2 

N2 

Atmosphere 

atmb) 

10 

1 

11 

Reactor 

Closed 

Open 

Closed 

Time 

h 

0 
2 
6 

0 
2 
4 

0 
3 
6 

la 

0.0 
0.0 
0.0 

0.0 
13.3 
17.7 

0.0 
3.4 
4.3 

Product composition^ 

lb 

99.0 
45.2 
15.9 

99.0 
70.5 
61.5 

99.0 
59.7 
42.2 

lc 

wt% 

1.0 
31.7 
40.8 

1.0 
11.3 
13.0 

1.0 
28.9 
41.6 

Id 

0.0 
21.0 
40.2 

0.0 
0.5 
0.8 

0.0 
2.3 
2.7 

Others 

0.0 
2.1 
3.1 

0.0 
4.4 
7.0 

0.0 
5.7 
9.2 

a) la: quinoline, lb: 1,2,3,4-tetrahydroquinoline, lc: 5,6,7,8-tetrahydroquinoline, Id: decahydroquinoline. b) 1 atm= 
1.01325X105Pa. 
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and Ru/C. Over R-Ni la and 4a decreased at the same 
rates into lb and 4b. The comparison of the results of 
single substrates with Fig. 3 indicates that the initial 
reaction of quinoline was hardly influenced by 
isoquinoline. It is interesting that 4b was converted to 
4c while lb stayed almost unchanged for 6 h. Strong 
retardation of the reaction of lb by 4b and also 4c is 
suggested. 

The profiles were fairly different on Ru/C. The 
substrate la decreased more rapidly than 4a, although 
the rate of la disappearance was reduced by 4a. 
Another interesting feature is that the reaction of lb 
principally into Id was strongly retarded while that of 
4b into 4d was slightly retarded. Stronger adsorption 
of isoquinoline and its derivative is suggested, 
however they compete for the catalyst with quinoline 
and its derivatives, the features being different from 
those in the reactions on R-Ni. 

Kinetic Analyses for the Reactions. The following 
rate equations13-15) were applicable to reproduce the 
present experimental results. 

dCi _ m[—(ki2 + fti3 + ku)Ki/4Ci + k2iKmC2] 

dt K1/4C1 +/Ê2/4C2 "J~ K3/4C3 ~J~ C4 

dC2 _ m[kl2Ki/4Cl — (&21 + &23 + &24)K2/4C2] 

dt K1/4C1 +&2/4C2 + K3/4C3 + C4 

dC3 _ rn[kisKi/4Ci -\-k23K214C2 — fe34&3/4C3] 

dt K1/4C1 +.K2/4C2 H~ K3/4C3 H~ C4 

and 

dC4 _ m[kuKi/4Cl -\-k24K2i4C2 + &34&3/4C3] 

dt K1/4C1 -\~K.2/4C2 ~f~ K3/4C3 + C4 

(1) 

(2) 

(3) 

(4) 

where C; is the concentration of species i, t is the 
reaction time (h), m is the concentration of catalyst 
(g dm - 3), hj is the apparent rate constant of reaction 
i-*j (the constant is a function of hydrogen pressure), 
and Ki/4 is the relative equilibrium adsorption constant 
of i vs. its decahydro derivative (equal to Ki/K±\Ki is 
the equilibrium adsorption constant of species i). The 
set of equations is based on the reaction network 
illustrated in Fig. 4. The unity that typically appears 
in the denominator of a Langmuir-Hinshelwood 
kinetic expression was neglected because the sum of 
Kid is expected to be much larger than unity.13-15) In 
the cases of competitive hydrogénation, the sum of 
Kind for both isoquinoline and quinoline was used as 
the denominator of the rate equations. 

The ky and Km for each substrate were determined by 
a curve fitting procedure13) to reproduce the time-
dependent product distributions. Two assumptions 
were introduced. The equilibrium adsorption con­
stants of all the decahydro derivatives are same because 
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of little difference in the geometric and electronic 
properties of N-atoms in Id—4d as described later. 
The rate constants Ä12 of quinoline and isoquinoline 
are same in both cases of single and competitive 
reactions. These assumptions allow to compare the 
reactivity and strength of adsorption with all sub­
strates and their products using calculated constants. 
Table 2 lists the sets of plausible values in all the runs 
together with the results of isoquinoline. The 
simulated product distributions using the above 
equations with the optimized constants are illustrated 
as solid lines in Figs. 1 to 3. The calculated results are 
in good agreement with experimental data (plots). 
Hydrogénation of 1,2,3,4-tetrahydro quinoline and 

(CH3) 

Fig. 4. Simplified reaction network for kinetic 
analysis. 

isoquinoline was kinetically analyzed in similar 
manners. The same constants of Km in the hydrogéna­
tion of their mother substrates reproduced the results. 
Hence, their constants appear unique. However, the 
values of constants Ky and Km of methylquinolines 
may not be unique because some other sets of 
constants also reproduced well the product distribu­
tions. 

Quantum Chemical Properties of Substrates. Some 
quantum chemical indices of related compounds were 
calculated by several semiempirical MO methods 
containing the original MND018) and AM1.19) Only 
the MNDO-PM 3 could explain the lower basicity of 
1,2,3,4-tetrahydroquinoline than that of 1,2,3,4-tetrahy-
droisoquinoline on the basis of N-electron densities. 

Figure 5 illustrates the optimized molecular struc­
tures of related compounds using ORTEP routine.20) 

The lone-pair electrons of N-atoms in all the 
molecules direct to lower side (around the symbol N). 
The molecular shapes illustrated in the figure suggest 
the magnitude of steric hindrance on adsorption of 
such substrates over a catalyst surface. When a 
substrate adsorbs through its lone-pair electrons of N-
atoms vertically toward the catalyst surface, the steric 
hindrance by a methyl group appears to be large in 
8-methylquinoline and its 5,6,7,8-tetrahydroquinoline. 
The similar but smaller hindrance may exist in 2-
methylquinoline and its 5,6,7,8-tetrahydro derivative. 

Fig. 5. Structure models of related compounds. See Table 3 for the chemical names of 
symbols. 



Table 3. The pKa Valuesa) and Quantum Chemical Indicesb) of Related Compounds 

Compound 
(Symbol) 

Quinoline (la) 
—,1,2,3,4-Tetrahydro- (lb) 
—,5,6,7,8-Tetrahydro- (lc) 
—,Decahydro- (Id) 

2-Methylquinoline (2a) 
—,1,2,3,4-Tetrahydro- (2b) 
—,5,6,7,8-Tetrahydro- (2c) 
—,Decahydro- (2d) 

8-Methylquinoline (3a) 
—,1,2,3,4-Tetrahydro- (3b) 
—,5,6,7,8-Tetrahydro- (3c) 
—,Decahydro- (3d) 

Isoquinoline (4a) 
—,1,2,3,4-Tetrahydro- (4b) 
—,5,6,7,8-Tetrahydro- (4c) 
—,Decahydro- (4d) 

Pyridine (py) 
Aniline (al) 

ptfa 

4.92 
4.90 
6.60 

10.90 

5.70 

4.80 

5.50 

9.55 
6.65 

10.95 

5.20 
4.70 

Ht 

kj mol"1 

199.2 
57.2 
45.2 

-128.0 

161.5 
32.2 
7.1 

-148.1 

165.3 
24.3 
29.3 

-139.3 

197.5 
76.6 
43.9 

-117.6 

127.2 
90.0 

Elec. 
of N 

Total 

5.059 
4.964 
5.077 
5.057 

5.062 
4.963 
5.073 
5.053 

5.060 
4.967 
5.072 
5.055 

5.080 
5.055 
5.081 
5.058 

5.080 
4.962 

density 
-atom 

7TC> 

1.080 

1.092 

1.096 

1.101 

1.080 

1.088 

1.083 

1.085 

1.079 

Energy 

eV 

-9.24 
-8.42 
-9.54 
-9.29 

-9.14 
-8.38 
-9.33 
-9.31 

-9.03 
-8.30 
-9.55 
-9.21 

-9.18 
-9.13 
-9.69 
-9.13 

-10.10 
-8.73 

HOMO 

Elec 

N 

0.240 
0.668 
0.003 
1.250 

0.278 
0.680 
0.006 
1.264 

0.185 
0.686 
0.001 
1.182 

0.067 
0.718 
0.074 
1.306 

0.000 
0.782 

. density (atom #)d) 

C(py)e> 

0.247(4) 

0.522(9) 

0.278(1) 

0.547(9) 

0.193(4) 

0.532(9) 

0.439(4) 

0.486(3) 

0.515(3) 

C(bz)f> 

0.449(8) 
0.326(6) 

0.426(8) 
0.322(6) 

0.461(8) 
0.317(6) 

0.371(5) 
0.235(10) 

Energy 

eV 

-0.65 
0.45 
0.07 

-0.61 
0.46 
0.08 

-0.63 
0.47 
0.07 

-0.68 
0.39 
0.07 

-0.01 

LUMO 

Elec. 

N 

0.316 
0.009 
0.038 

0.317 
0.009 
0.037 

0.308 
0.000 
0.017 

0.138 
0.000 
0.324 

0.000 

density (atom #)d> 

C(py)e> 

0.422(4) 

0.653(10) 

0.417(4) 

0.603(2) 

0.414(4) 

0.617(10) 

0.375(1) 

0.530(3) 

0.529(2) 

C(bz)f> 

0.319(5) 
0.639(9) 

0.315(5) 
0.636(9) 

0.318(8) 
0.532(5) 

0.349(8) 
0.556(6) 
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The substrates having a piperidine ring (1,2,3,4-tetra-
hydro and decahydro derivatives of both quinoline and 
isoquinoline) appear almost free from the hindrance 
in spite of a methyl group at the 2- or 8-possition. 

Table 3 lists the heats of formation (Ht), electron 
densities of N-atoms, and the pKa values of related 
compound. The Hf values are the indices for 
thermodynamic stabilities of substrates, and the latter 
two properties closely relate to the adsorption features 
of substrates. It should be noted that 3b is less stable 
than 3c, according to their Hi values.21) 

Table 3 also lists some quantum-chemical indices in 
the frontier orbitals of related compounds. The atoms 
having the highest LUMO's electron densities which 
indicate the most reactive position of hydrogéna­
tion22 »23) are found in the pyridine ring in all the 
unhydrogenated compounds (at C4 in quinolines and 
Ci in isoquinoline). 

Discussion 

The present study revealed that the quinoline and its 
methylated derivatives are hydrogenated stepwise to 
perhydro derivatives and that the pathways and their 
rates are dependent upon the structure of substrate and 
catalyst. Hydrogénation pathways on both catalysts 

(a) over R-Ni. 

(b) over Ru/C . 

Fig. 6. Dominant reaction routes on the hydrogén­
ation of quinolines. (a) Over R-Ni. (b) Over Ru/C. 

>; major, >; medium, >; minor. 

are illustrated in Fig. 6. Several points of discussion in 
terms of the reactivities of substrates are included in 
the pathways. 

Some contrast features were found between quino­
line and isoquinoline. Quinoline exhibited higher 
reactivity and selectivity in the first step of the 
hydrogénation into lb over R-Ni, reflecting its higher 
rate constants, although its adsorption constant was 
smaller than that of isoquinoline. The heats of 
hydrogénation, Hf(ia)—Hf(ib), and frontier electron 
densities of substrates may explain their reactivities. 
The heat of hydrogénation of quinoline is higher than 
that of isoquinoline. Electron densities of the N-atom 
and the highest C-atom in LUMO of quinoline are 
also higher than the corresponding values of isoquino­
line. The difference of reactivity between pyridine and 
benzene rings in quinoline is definitely larger than 
that in isoquinoline according to their highest 
electron densities of LUMO. 

Secondly, the reactivity of 1,2,3,4-tetrahydroquino-
line (lb) for isomerization into lc is lower than that of 
1,2,3,4-tetrahydroisoquinoline (4b), reflecting smaller 
adsorption constant. The difference reflects also their 
heats of isomerization, Hf(ib)—Hf(ic), suggesting struc­
tural similarity of the intermediates to the products. 
In contrast, the reactivity of lb for direct hydrogéna­
tion into its decahydrogenated derivative is higher 
than that of 4b, reflecting its larger rate constant. The 
self-poisoning effect of lb on the hydrogénation of its 
benzene ring seems to be weak because of its low 
basicity (smaller adsorption constant) whereas the 
strongly basic 4b showed strong poisoning.13) Strong 
adsorption of 4b and 4c is also indicated definitely in 
the competitive hydrogénation of quinoline and 
isoquinoline over R-Ni, where the hydrogénation of 
lb hardly took place. The stronger adsorption of 4b 
and 4c may also cause the induced deactivation24-26) of 
catalysis. 

Finally, the reactivity of 5,6,7,8-tetrahydroquinoline 
(lc) into perhydro derivative is higher than that of 
5,6,7,8-tetrahydroisoquinoline (4c) reflecting the rate 
constants. The reason appears that the 7i-electrons in 
4c are less reactive than those in lc as shown by the 
energy levels of HOMO or the frontier electron 
densities (both the HOMO and LUMO) of the most 
reactive positions. 

Methyl group plays important roles in the present 
hydrogénation. The group at 2-position slightly 
decreased the rate of the first step in the hydrogénation 
on R-Ni, while the group at 8-position showed no 
influence. Such difference reflects again the heat of 
hydrogénation shown in Table 3. In a marked 
contrast, the group enhanced the successive reactions 
of 2b. The roles of the group may be explained by the 
steric hindrance and the thermodynamic stabilities of 
the substrates and products: smaller difference between 
2a and 2b, and larger difference between 2b and 2c in 
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the heat of formation than the corresponding values of 
qu ino l ine . Enhanced hydrogénat ion of its benzene 
r i ng in 2b is also due to the steric effect. T h e benzene 
r i ng in 2a can be adsorbed more close to the catalyst 
surface than those in l b . Small h indrance of methyl 
g r o u p at 8-position is noted in all steps of 3a. First 
step occurs in the N-r ing wi thou t methyl g roup . T h e 
hydrogénat ion of N- r ing in the last step is rather 
enchanced. Some release of steric h indrance may be 
expected by the n o n p l a n a r structure of the products.2 7 ) 

R u / C exhibited two major differences in the 
hydrogéna t ion from that over R-Ni. First of all, 
h igher reactivities of qu ino l ine and 8 - m e t h y l q u i n o 
l ine than those of 2-methylquinol ine and i soquino-
line, reflecting the rate constants, are more marked. 
Such reactivities of substrates on R u / C are also related 
to their heat of hydrogénat ion. Larger difference in 
the reactivities on the catalyst may reflect the different 
forms on adsorpt ion on R u / C from those on R-Ni 
which should define the stability of intermediates. 
Such a trend is observable in the values of equ i l ib r ium 
adsorpt ion constants. Second characteristic of R u / C 
catalyst is the rap id format ion of perhydro derivatives, 
which are produced directly from 1,2,3,4-tetrahydro 
derivatives before their isomerization. Affinity of R u 
to benzene r ing in tetrahydro derivatives may be the 
reason. T h e formation of perhydro derivatives, id, 
starts soon after the disappearance of the start ing 
substance. T h e strongest adsorpt ion of the start ing 
substrates, reflecting the largest adsorpt ion constants, 
is due to the largest n u m b e r of 7i-electrons to interact 
wi th the catalyst. Accordingly the retardat ion of 4b 
against the hydrogénat ion of l b in the competit ive 
reaction is m u c h m i n o r over R u / C . T h e results 
indicate that the ^-coordinat ion instead of basicity of 
the substrate is the major factor inf luencing the 
reactivity over the catalyst. 

5,6,7,8-Tetrahydro derivative is found at a relatively 
h igh yield only wi th 2-methylquinol ine over R u / C . 
T h e hydrogénat ion of benzene r ing in 2a may be 
al lowed because of the steric h indrance of the methyl 
g roup at 2-position. 
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iV-(N-Formyl-L-phenylalanyl)-6-deoxy-6-aminocyclomaltoheptaose (f-L-Phe-ß-CD) is one of CD derivatives 
with excellent ability of chiral recognition. In order to make clear the mechanism of chiral recognition, the 
conformation of free f-L-Phe-ß-CD has been studied by using 1H and 13C nuclear magnetic resonance (NMR) 
spectroscopy. From the measurement of *H homonuclear Overhauser enhancement on the rotating frame, it is 
concluded that f-L-Phe- residue of the f-L-Phe-ß-CD is inserted into its cavity from the upside of primary 
hydroxyl groups of the macrocyclic ring. Analysis of 1H and 13C spectra of f-L-Phe-ß-CD and model compounds 
of f-L-Phe- residue also support this conclusion. The macrocyclic ring is found to be distorted. 

Uti l izat ion of cyclodextrins (CDs) for chiral recogni­
t ion of optically active substances, that is, separat ion 
of respective components from mixtures of enant io-
mers, diastereomers, or stereo isomers by us ing CDs is 
one of the most interest ing topics in CD chemistry and 
has been greatly studied recently.1 - 4 ) CDs have already 
been used for mobi le phase or stationary phase of 
high-performance l iqu id chromatography and several 
successful cases of chiral recognit ion and separat ion 
have been reported.5 ) In these cases, the CD molecule 
should recognize and separate one of chiral isomers on 
the basis of difference in stability of the host -gues t 
inc lus ion complexes between the host CD and the 
guest chiral compounds . As the abilities of unmod i ­
fied CDs to recognize chiral isomers are not, in 
general, very excellent,6* several at tempts have been 
made to improve their abilities of chiral recogni-
tion.4»7) O n e of such at tempts is a selective modifica­
tion of CDs by a m i n o acids. 

AT-(AT-Formyl-L-phenylalanyl)-6-deoxy-6-aminocy-
clomaltoheptaose (f-L-Phe-ß-CD) (Fig. 1) is one of CD 
derivatives wi th improved ability of chiral recogni-

i ^ ^ 7 \ ^ R = NH-C0-CoH-NH-CH0 

Fig. 1. T h e structure of f-L-Phe-ß-CD, viewed from 
secondary face, illustrating the ring-labelling 
sequence. Assignments of carbon atoms are also 
shown. 

t ion. Ha t to r i et al. have reported that the values of 
association constant Aa for complexat ion of f-L-Phe-ß-
CD wi th L-tryptophan (£a=510 M_ 1) is about seven 
times higher than that with D-tryptophan (£a=70 M_1).8) 

Al though this enhanced ability of D e r e c o g n i t i o n 
comes from a m i n o acid moiety, details of interactions 
between host f-L-Phe-ß-CD and guest t ryp tophan 
molecules have no t been yet characterized. It seems 
very impor t an t to make clear the concrete hos t -gues t 
interact ions and the chiral recognit ion mechanism, 
especially, the role of modifying a m i n o acid residue in 
the chiral recognit ion, from the viewpoint of design­
ing the CD derivatives that have more excellent ability 
of chiral recognit ion. For this purpose, it needs to 
study the conformations of host molecule in the free 
state and in the host -gues t complexes and the relative 
stability of complexes wi th guests of different chira-
lities. 

Several modern techniques of high-resolut ion nu­
clear magnet ic resonance (NMR) spectroscopy are 
expected to provide information useful to elucidate the 
conformat ion of CD derivatives.9»10) Especially, 
measurements of XH N M R signal enhancement due to 
XH nuclear Overhauser effect (NOE) are powerful 
means to obta in informat ion about short-range di­
stances a m o n g pro ton nuc le i . n ) 

We now report on the results of conformat ional 
analysis of f-L-Phe-ß-CD in aqueous solut ion by 
500 MHz 1H and 125 MHz 13C N M R studies. Since 
*H N M R spectrum of f-L-Phe-ß-CD consists of too 
severely over lapped resonances, it seemed not easy to 
obta in u n a m b i g u o u s resonance assignments of all 
peaks wi thou t the combined use of various two-
dimensional (2D) N M R techniques. 

Experimental 

The XH and 13C NMR spectra were recorded at 500 MHz 
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and 125 MHz, respectively, at 40 or 25 °C on a JEOL GX-500 
spectrometer. 1H and 13C chemical shifts ô are given in parts 
per million (ppm) downfield from the resonance of Me4Si. 
Digital resolutions of 1H and 13C shifts are 0.000488 and 
0.0107 ppm, respectively. 

f-L-Phe-/3-CD was prepared from 6-deoxy-6-aminocyclo-
maltoheptaose (6-deoxy-6-amino-/3-CD) and A/-formyl-L-phen-
ylalanine in the presence of dicyclohexylcarbodiimide as 
follows: 0.5 g of iV-formyl-L-phenylalanine and 3 g of 6-
deoxy-6-amino-ß-CD were dissolved in 10 ml of dry DMF, 
treated with dicyclohexylcarbodiimide at 5 °C for 3 h. After 
removing iV,iV-dicyclohexylurea, the reaction mixture was 
evaporated to dryness. The precipitate was washed by acetone 
and recrystallized by water. 1.2 g of f-L-Phe-/3-CD was 

formed, yield (35%); (Found: C, 45.88; H, 6.49; N, 2. 
Calcd for C52H80O36N23H2O: C, 45.81; H, 6.36; N, 2.06%). 

Results and Discussion 

Assignments of XH Resonances of f-L-Phe-j8-CD. 
T h e 500 MHz *H N M R spectrum of f-L-Phe-ß-CD, and 
for comparison, those of 6-deoxy-6-aminocyclomalto-
heptaose (amino-ß-CD) and cyclomaltoheptaose (jö-
CD) are shown in Figs. 2C, 2B, and 2A, respectively. 
f-L-Phe-ß-CD exhibits severely overlapped XH spec­
t r u m even t h o u g h observed at 500 MHz. A l though 
*H N M R resonances of f-L-Phe-ß-CD are too complex 
to be assigned completely by us ing only 1 H- 1 H-COSY 

H(5,6) 

1 , u f i) nil i l l 

RTF)c H ( 5 ) F T R 5 ) B 

5.0 
PPH H^B | ^ G | H(t6)c[nii)G| 

H(1)F H(1)C 

)I | 
H ( 6 ) D "HT^TG I Î&D 

il.O 
T 
3.6 

~r" 
3.4 5.2 

Fig. 2. 500 MHz *H NMR spectra of ß-CD (A), amino-ß-CD (B) and 
f-L-Phe-ß-CD (C) in 1.2X10"3 M solution in D 20 at 40°C. 
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that is very useful technique to assign ' 'normal" one-
dimensional (ID) spectrum, the combined use of DQF-
COSY and HOHAHA12) etc. makes possible to assign 
all the resonances. Firstly, the detailed procedures of 
the assignments of XH resonances will be shown below. 

Generally, in the case of sugars, those anomeric 
protons exhibit characteristic lowfield shifts and so the 
assignment is started from the anomeric protons. In 
the case of f-L-Phe-ß-CD, the resonances that exhibit 
similar characteristic lowfield shifts are assigned as 
anomeric protons. Although anomeric protons of jö-
CD exhibit only one degenerated resonance, those of 
f-L-Phe-ß-CD exhibit six separated resonances (Fig. 
2A) and are labeled from A to G (E and F peaks are 
overlapped). 

By using 1H-1H-COSY that is very useful technique 
to assign spectrum, only H(2), H(3), and a part of H(4) 
resonances of f-L-Phe-ß-CD can be assigned and, what 
was worse, the assignments of H(3) and H(4) 
resonances are quite ambiguous because these reso­
nances are severely overlapped. Even by using phase 
sensitive COSY, DQF-COSY, the improvement in 
ambiguity of assignments is only a little, and H(5) and 
H(6) resonances can not be assigned by these methods. 
It seems that the assignments of H(5) and H(6) 
resonances are very important to determine the 
orientation of f-L-Phe- residue. By using 2D-
HOHAHA and 2D-NOESY(ROESY) methods, all the 
resonances can be fully assigned. 

A part of 2D-HOHAHA spectrum of f^L-Phe-ß-CD 
covering the anomeric proton region in Fi axis is 
shown in Fig. 3 A, and an example of cross-section data 
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Fig. 3. (A) A part of 2D-HOHAHA spectrum of 
f-L-Phe-ß-CD covering the anomeric proton region 
in Fi axis. (B) An example of cross-section data along 
F2 axis of (A) sliced at 0=4.947 of Fi axis. 

along F2 of this experiment are also shown in Fig. 3B. 
Each anomeric proton (H(l)) resonance has crosspeaks 
with H(2) to H(6) resonances belonging to the same 
glucopyranose residue. However, it is difficult to 
assign each crosspeaks to each protons by the single 2D 
experiment. In the HOHAHA experiment, changing 
a mixing time Tm, the degree of magnetization transfer 
form H(l) to another protons along the bond is able to 
control: at the short mixing time, the crosspeaks can be 
observed with only H(2), and becoming longer the 
mixing time, the crosspeaks are observed with more 
distant protons, that is, with H(3), H(4), H(5), and 
finally H(6).12) Due to degeneracy of anomeric proton 
resonances of E and F units, their H(6) proton 
resonances can not be distinguished, whereas the other 
proton resonances can be distinguished by the 
combined use of several 2D methods such as HOHAHA, 
DQF-COSY and so on. 

To confirm validity of assignements, we reinvesti­
gated whether the assignments include all peaks 
appeared in ID spectrum and all crosspeaks in 2D 
spectra, whether they consist with peak relative 
intensities and whether the coupling constants are not 
different unreasonably between the nuclei of the same 
numbering. 

Determination of the Sequence of Glucopyranose 
Units. At the beginning of determination of the 
sequence of glucopyranose units along the CD 
macrocycle, a spin system of which H(6) resonance 
shifts largely to the upperfield is identified as the 
glucopyranosyl residue modified by the f-L-Phe-
residue, that is, the A unit. In amino-CD, its spin 
systems are divided into two groups, one is a modified 
residue and the other is unmodified residues. The 
H(6) and C(6) resonances of modified residue shift very 
largely to the upperfield and their chemical shifts are 
very close to those of f-L-Phe-ß-CD. 

The sequence of specific assignments of resonances 
of glucopyranose units along the macrocycle can not 
be determined by correlation experiments that based 
on the J-coupling such as COSY and HOHAHA, 
because each spin system of glucopyranose unit is 
bonded through the a-(l—4)-glucosidic linkage and so 
each forms an independent spin network. 

In the CDs, the distance between an H(l) of one 
glucopyranose unit and an H(4) of its neighbouring 
unit across the a-(l—4) glucosidic linkage is close 
enough to give rise to through-space NOE enhance­
ment1® which allows the sequence-specific assign­
ments of resonances of glucopyranose units along the 
CD macrocycle. In Fig. 4 is shown a part of H(l) in Fi 
axis of ROESY14-17) spectrum of f-L-Phe-ß-CD, indi­
cating the NOE connectivities between the H(l) and 
H(4) resonances. A spin network of glucopyranose 
unit of which H(4) resonance has a negative crosspeak 
with the H(l) resonance of the A unit is identified as 
that of the B unit, and in a similar way all spin 
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Fig. 4. A part of ROES Y spectrum of f-L-Phe-/3-CD covering the H(l) region in Fi 
axis, indicating the NOE connectivities between H(l) and H(4) resonance of A unit 
has negative crosspeak with H(4) resonance of B unit, and in a similar way, labelling 
of all glucopyranose units are determined. As the H(l) resonance of G unit finally 
has NOE cross peak with H(4) resonance of A unit, the validity of sequential 
assignments were verified. 
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Fig. 5. 125 MHz 13CNMR spectra of ß-CD (A), amino-ß-CD (B) and 
f-L-Phe-ß-CD in 1.2X10-3M solution in D20 at 40°C. Assignments 
are also shown. 

networks of g lucopyranose uni ts u p to the G un i t are the G u n i t has an N O E crosspeak wi th the H(4) 
successively determined. T h e validity of sequential resonance of the A uni t . 
ass ignments was confirmed, as the H ( l ) resonance of Interpretation of XH Resonances. In the case of ß-
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CD, because all seven glucopyranose units are magneti­
cally equivalent due to the presence of the C7 symmetry 
axis on its molecule in solution, a single set of NMR 
resonances is observed as if there were only one 
glucopyranosyl residue.18* 

On the other hand, for f-L-Phe-ß-CD and amino-ß-
CD, due to the existence of the symmetry-breaking 
constituent, i.e., f-L-Phe- and amino residues respec­
tively, the C7 symmetry of the macrocyclic ring is 
perturbed. In the spectrum of amino-ß-CD the 
resonances are divided into only two independent sets 
of spin network systems, the one is a set of resonances 
corresponding to a glucopyranose unit modified by an 
amino group and the other is the resonances cor­
responding to the magnetically equivalent unmodifed 
six glucopyranose units. 

Furthermore, in the spectrum of f-L-Phe-ß-CD, 
seven sets of NMR resonances with equal intensity are 
well discriminated. This is clearly seen in the H(l) 
resonances (Fig. 2A), and is indicating that all 
glucopyranose units are magnetically nonequivalent 
with each other. Those magnetical nonequivalence 
can be observed on 13C NMR spectra. In Figs. 5C, 5B, 
and 5 A are shown the 125 MHz 13C NMR spectra of 
f-L-Phe-ß-CD, amino-ß-CD, and ß-CD, respectively, 
with their assignments (for these assignments, 1H-13C-
COSY spectra with assignments of XH resonances were 
used). In agreement with XH resonances, removing the 
degeneracy among the glycosyl residue in ß-CD, there 
are two and seven sets of resonances for amino-ß-CD 
and f-L-Phe-ß-CD,respectively. It seems that the ring 
current effect from the phenyl groups of f-L-Phe-
residue is possible to induce such nonequivalence of 
H(5) and H(6) protons, but cannot cause that of H(l) 
and H(4) protons of each glucopyranose unit because 
they are far from the phenyl group of f-L-Phe- residue 
wherever it would orient. Since the chemical shifts of 
H(l) and H(4) protons and C(l) and C(4) carbons are 
known to reflect the conformation around the gluco-
sidic bond of CD,19»20) so distortion of the a-(l—4)-
linkage of macrocyclic ring is suggested to be a 
possible cause of H(l) nonequivalence. 

From the fact that the unmodified grucopyranose 
units of amino-ß-CD exhibit only one set of XH NMR 
resonance, it seems that the effect of amino group 
substitution does not extend to the six unmodified 
glucopyranose units. 

Furthermore, it has been reported21) that the 
branched glycosyl residue of 6-O-a-D-glucopyranosyl-
cyclomaltohaxaose (Gi-a-CD) orients away from the 
macrocyclic ring in aqueous solution and does not 
significantly interact with the macrocylic ring, result­
ing in only two sets of spin networks for XH resonances 
of glycosyl residues of its macrocyclic ring. According­
ly, although number of glucopyranose units is 
different, the distortion of the (1— 4)-a-linkage of 
macrocyclic ring of f-L-Phe-ß-CD should be caused by 

PPM 
7.5 7.0 

Fig. 6. Phenyl ring proton region of 500 MHz 
1H NMR spectra of f-L-Phe-ß-CD (A), f-L-Phe (B), 
L-Phe (C), Gly-Phe (D), Phe-Gly (E) and complex 
of f-L-Phe and amino-ß-CD (F) in 1.2X10"3 M solu­
tion in D2O at 25 °C. 

some significant affection of f-L-Phe- residue. 
In Fig. 6A, 6B, 6C, 6D, 6E, and 6F are shown 1H 

resonances of phenyl ring protons of f-L-Phe-ß-CD, 
f-L-Phe, L-phenylalanine (L-Phe), glycyl-L-phenylal-
anine (Gly-Phe), L-phenylalanylglycine (Phe-Gly) and 
f-L-Phe complexed with amino-ß-CD. Assignments of 
these resonances are also shown. The XH resonances of 
phenyl ring protons of f-L-Phe-ß-CD exhibit two 
broad peaks, whereas those of others exhibit well 
resolved many sharp peaks. The peaks of HO, H£, and 
Hç protons of phenyl ring of f-L-Phe-ß-CD shift about 
0.11 ppm to the uperfield, 0.05 ppm to the lowerfield 
and 0.11 ppm to the lowerfield, respectively, by 
comparison with those of L-Phe. The chemical shift 
changes of phenyl-ring XH resonances of f-L-Phe, Gly-
Phe, and Phe-Gly reference to L-Phe are much smaller 
than those of f-L-Phe-ß-CD, suggesting that the effect 
induced by substitution does not cause the large 
chemical shift change of phenyl ring proton reso­
nances of f-L-Phe-ß-CD. The XH resonances of phenyl 
ring protons of f-L-Phe complexed with amino-ß-CD 
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do not also change largely compared wi th those of 
f-L-Phe-ß-CD. Fur thermore , no concentrat ion-depen­
dent changes were observed in the appearance of 
resonances of f-L-Phe-0-CD at the f-L-Phe-0-CD 
concentrat ion of 1.2X10"2, 1.2X10"3 and 1.2X10"4, 
indicat ing the absence of meaningful intermolecular 
interact ion between the phenyl r ing of one f-L-Phe-ß-
CD molecule and the cavity of another f-L-Phe-ß-CD 
molecule (results are no t shown). Therefore, the large 
shift and breadth of resonances of phenyl r ing protons 
of f-L-Phe-ß-CD mus t be caused by the some intra­
molecular interaction between f-L-Phe- residue and the 
upper side of CD macrocyclic r ing. 

Determination of Orientation of f-L-Phe- Residue 
against Macrocyclic Ring by ROESY. T h e XH 
homonuc lea r N O E measurement is one of the most 
effective techniques in order to obtain informations 
concerned wi th through-space distances a m o n g pro­
ton nuclei w i th in 5 Â. But, practically, no effective 
N O E can be observed in f-L-Phe-ß-CD by the 
convent ional 2D-method, that is NOESY. In some 
molecules wi th molecular weight of about 1000 such 
as CDs, N O E is not always observed with effective 
intensity, because its N O E enhancement is nearly 
equal to zero under the condi t ion TCCOÄ1 where TC is a 
mot iona l correlation time related with molecular 
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Fig. 7. (A) A part of ROESY spectrum of f-L-Phe-ß-CD covering the phenyl 
ring proton region in Fi axis. (B) Cross-section data along F2 axis of (A). 
Assignments of crosspeaks are also shown. Resonances of H£ and Hç can not be 
distinguished. 
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weight and co is the angu la r La rmor frequency. We 
tried to measure N O E us ing ROESY method22* that 
measures N O E in a ro ta t ing frame and overcomes a 
shor t coming of NOESY method. According to the 
ROESY method, N O E is qui te large and always 
positive for any values. Under the condit ions used for 
ROESY experiments , J cross-peaks due to the first-
order spin diffusion pathways and chemical exchange 
between scalar coupled spins can also invade the 
ROESY spectrum. However, N O E and J cross-peaks 
in the 2D-ROESY spectra can be differentiated by their 
relative signs17); H a r t m a n n - H a h n magnetizat ion trans­
fer2^ leads to positive b u t N O E leads to negative 
cross-peaks relative to the diagonal peaks. Therefore it 
is possible to dis t inguish the N O E and J cross-peaks in 
ROESY spectrum when complicated J cross peaks are 
observed. 

In Fig. 7 is shown a par t of ROESY spectrum of 
f-L-Phe-ß-CD XH spectra a long Fi and F2 axis, e 
a n d / o r £ protons of f-L-Phe- residue have N O E 
crosspeaks wi th H(3) pro tons of A, B, C, G, and F 
uni ts . O n the other hand , ô of f-L-Phe- residue have 
N O E crosspeaks wi th H(5) p ro tons of A, B, C, and G 
uni t s , w i th H(6) of A a n d E or F uni t s a n d wi th H(3) 
p ro ton of B uni t . T h e results provide a direct evidence 
of the or ientat ion of the f-L-Phe- residue of f-L-Phe-ß-
CD wi th respect to the CD macrocyclic r ing. Con­
sidering wi th these exper imenta l facts, we can con­
clude that the f-L-Phe- residue is inserted in to the CD 
cavity from the pr imary-hydroxyl g roup side of 
macrocyclic r ing (Fig. 8). As the l ine-widths of L-Phe 
aromat ic p ro ton resonances are significantly broad, it 

seems that this or ientat ion is fairly static, differing 
from the case of ô-CD and Phe system, a l though 
measurements of spin-lattice relaxation times are 
needed to discuss the molecular dynamics. If the 
aromatic r i ng of the guest molecule is included in to 
the cavity of ô-CD, the H(3) and H(5) resonances are 
known to shift to upperfield or lowerfield respond to 
the degree of the dep th of inclusion18»24) due to the 
r ing-current effect of aromat ic r ing. It is expected 
from the or ien ta t ion of f-L-Phe- residue in Fig. 8 that 
H ( 5 ) A , H ( 5 ) G and H ( 5 ) D should shift to upperfield. In 
Fig. 9 is shown each p ro ton shift as compared wi th 
cor responding shift of unmodif ied ß-CD. T h i s result 
is consistent wi th expectation from the orientat ion of 
f-L-Phe- residue. 

IMS 
Ho 

Fig. 8. Schematic diagram of the most possible 
averaged conformation of f-L-Phe-jS-CD in D2O at 
40 °C. Its f-L-Phe-residue is inserted into the CD 
cavity from the primary-hydroxyl group side of own 
macrocyclic ring. 
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As the reason of this orientation, it is possible to 
suggest that the hydrophobic phenyl g roup of f-L-Phe-
ß-CD moiety runs away from bulk water and orients to 
the relatively hydrophobic cavity of f-L-Phe-ß-CD 
a n d / o r hydrogen b o n d is formed between H(6) and 
f-L-Phe- residue. But n o t h i n g has not been concretely 
clear yet to make decisive explana t ion of this 
orientat ion. 

A l t h o u g h the mechanism of chiral recogni t ion is 
no t clear at present, it seems that there is no room for 
doub t that the distort ion of macrocyclic r ing and the 
existense of optically active residue on the r im of the 
cavity give f-L-Phe-ô-CD the potential ability of chiral 
recogni t ion. T h e N M R study is in progress for the 
complexes of f-L-Phe-ß-CD with L- and D-Trp. 
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Study of Polarographic Anodic Wave Controlled by the Rate of 
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The anodic wave of mercury observed in the presence of citrate ions has been studied by a numerical method 
previously proposed by us. The anodic current increases with an increase of concentration of citrate ion. The 
anodic wave does not show any diffusion current plateau. The logarithm of the anodic current is plotted against 
the electrode potential, giving a straight line with a slope of 53—55 mV/unit. With the numerical method, it 
becomes clear that the anodic wave is controlled by the rate of precipitation, which is too low to attain 
equilibrium within a drop life and is independent of the surface area of the precipitates. 

We reported the studies on the Polarographie anodic 
wave, observed in the presence of chloride or sulfate 
ions, by a new numer ica l method.1»^ Mercury(I) ion 
reacts wi th these ions to give sparingly soluble salts. 
T h e rate of the precipi ta t ion reaction wi th chloride 
ion is rap id enough to at tain equ i l ib r ium wi th in a 
d rop life. However, it is a complexat ion reaction that 
controls the whole sequence of reactions wi th sulfate 
ion wi th in a drop life, because the rate of precipi ta t ion 
react ion is qu i te slow. It was also proved that the 
numer ica l me thod used in our papers is a useful tool 
for analyzing anodic current-potent ial curves. T h i s 
paper deals wi th an anodic wave observed in the 
presence of citrate ion, a n d it has been shown wi th the 
aid of the numer ica l me thod that the wave is 
controlled by the rate of precipi tat ion reaction. 

Theory 

In the Po la rograph ie anodic wave in the presence of 
citrate ion, electrode mercury is dissolved in to solut ion 
as mercury(I) ion, wh ich reacts wi th citrate ion 
forming a sparingly soluble salt. T h e concentrat ion of 
mercury(I) ion in the vicinity of the electrode surface 
decreases wi th the progress of the precipi ta t ion 
reaction. However, the decrease of the concentrat ion 
of mercury(I) ion was part ial ly compensated by further 
dissolut ion of electrode mercury. T h u s , the anodic 
current increases wi th the extent of the precipi ta t ion 
reaction. T h e reaction sequence of precipi ta t ion is 
given as 

HL 2-

2Hg ^= 

T-lrv 
Hg r̂— 

TU T 
H.3-L ^— 

H„T 

ki 

k-i 

k 

= ^ 1 

- ^ TA 
— ri 

— ^ i 
J 

I v> 
^T" 

Hg22+ +2e-, 

H g2+ +2e-

H 2L- + H+, 

HL2" + H+, 

(1) 

(2) 

(3) 

(4) 

L3" + H+, 

Hg22+ + HL2" ^ = N, 

mN -» P, 

and 

H g2+ + L3- ^= HgL-, 

(5) 

(6) 

(7) 

(8) 

where L 3 _ is citrate ion, N the dehydrated ion pair , P 
the precipi tate particle assumed to be consisted of 
mercury(I) and hydrogen citrate ions, and k's are the 
rate constants. T h e precipi tat ion begings when the 
concentra t ion produc t of mercury(I) and H L 2 - ions 
exceeds the solubility product . It is assumed that 
Reaction 6 is the rate-determining step, and controls 
the anodic current. Par t ia l differential equat ions 
governing concentrat ions of the species in Reactions 
1 —8 are given as 

dCA _ I (92CA\ , / 2 \dCA f(r r , /Qv 

C9CB _ _ / (?2CB \ 

•ä—D Br*r) 

+ — D B — u\— ÄÖCBCF + k-bCn, 
\ r I or 

dCc _ _ / <?2Cc \ 

+ (-yDc ~ u)-^- - hCc + £-ICDCH, 

C9CD ^ / C92CD \ , / 2 _ \ C9CD 

(10) 

(11) 

dt ^-w-t*.--)^** 
k-iCjyCu &2CD H~ & - 2 C E C H , (12) 
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dt 

dCF 

D,(^) + 0-«)^-,(C,c„ 

H~ & 2 C D — & - 2 C E C H — kzC^E H~ k-zC^Cw 

(*Çç) =o ( ^ ) =o (i^) =o ( ^ =o 
\ ^r / ^ ' ' dr I™ \ dr I™ ' \ dr '™ 

(13) 
(3CQ\ = 0 (t > 0, r = a), (20) 

<9CF ^ - ( ^ ) + 0 - » ) ^ + A3CE 

dCQ 

A - 3 C F C H A Ö C B C F H~ A - Ö C Q , (14) 

c9CP ~;— = — u—— dt dr 

dCQ 

dr 

- f(CA,CE), 

H~ A S C B C F — A-ÖCQ, (15) 

(16) 

(17) 

\ dr lr=a 

and 

CA = 0, CB = 0, Cc = C*c, CD = C*D, CE = C*E, 

CF = C*F, CP = 0, CQ = 0, ( i > 0 , r = «) , (21) 

where C*h is the bu lk concentrat ion of the species h, jh 
the activity coefficient of the sppecies h, F the 
Faraday's constant , and E°A and £ ° B are the standard 
electrode potent ia ls of H g 2 2 + - H g and H g 2 + - H g cou­
ples, respectively. 

T h e current, i, is given by 

=*M^L+*M^), d r ' r = a ' 
(22) 

/ (C A ,CE) = A 4CP^(CA,CE) 0 - Ksp
a}b, 

and 

u = m/(47ipr2), j8 = k5/k-5 = CQ/(CBCF). (18) 

T h e no ta t ions in the above are as follows: A, B, C, D, 
E, F, and Q are Hg 2

2 + , Hg2+, H 3 L, H 2L~, HL 2 ~, L 3 - , 
and H g L - , respectively; / ( C A , CE) is the precipi ta t ion 
kinetics term; a, b, and p are numbers represent ing 
orders of corresponding quant i t ies in the precipi ta t ion 
kinetics term; m is the flow rate of mercury; p is the 
density of mercury; ß is the stability constant of a 
complex HgL~; Dh the diffusion coefficient of species 
h; and Ch the concent ra t ion of species h. In the above, 
it is assumed that the diffusion of the precipitate is 
negligible in compar ison wi th that of ions. When the 
prec ip i ta t ion is control led by a crystal g rowth process, 
the rate of prec ip i ta t ion reaction is p ropor t iona l to the 
surface area of the precipitate particles, and the value 
of p is 2 / 3 . In other cases the value of p is different 
from 2 / 3 . For example , the value of p is zero in the 
nuclea t ion process. W h e n the concentrat ion product 
is smaller than the solubil i ty p roduc t of the salt, the 
value o f / ( C A , CE) is nu l l . 

Ini t ial condit ions are 

CA = 0, CB = 0, Cc = C*c, CD = C*D, CE = C*E, 

CF = C*F, CP = 0, and CQ = 0 (t = 0, r > a), (19) 

and boundary condi t ions are 

CA = — exp {2(£ - E°A)F/RT}, 
7A 

CB = exp {2(£ - E°B)F/RT], 
7B 

where S is the mercury electrode surface area. T h e 
total concentrat ion of the citrate, CL, is defined as 

CL — Cc H~ CD + CE + CF. (23) 

In Eqs. 9—16, the citrate ion and its p ro tona ted 
species are treated as the species which diffuse 
independently. However, citrate ion is only the species 
to diffuse, a n d other species are formed th rough 
p ro tona t ion of citrate ion wi th pro tons suppl ied from 
solvent water. Hence, the n u m b e r of independent 
equa t ions may be reduced by use of the variable CL. By 
us ing Eq. 23, Eqs. 9—16 become 

<9CA 

dt = D-(^L) + ( T D - - « ) f " - w - « - <24> 

^»•m^-^-
& 5 0 ! 3 C B C L "I" ^ - O C Q , 

dr 

(25) 

dt =°^M^-)^ 
- F(CA,C L ) - tesCßCL + k-5CQ, 

<9CQ ld*CQ\ I 2 \ dCQ 

-^r-H^ri + \~vDQ~ui dr 

(26) 

dt 

and 

C9CP 

dt 

& 5 0 ! 3 C B C L "I" ^ - O C Q , 

-rJQ- ~ F(CA,CL), 

dr 

(27) 

(28) 
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where 

«2 : 
KaiKa2 

I [H+; 
Ka\ Ka\Kai , KaiKa^Kaz 

[H +12 [H 

a2Kaz | 
+13 JL J 

«3 : 

a n d 

KazoL2 

[H+] ' 

F(CA,C L ) = /(CA,0!2CL) = / (CA,C E ) 

(29) 

(30) 

(31) 

In the above, Kai, Ka,2, and Kaz are successive 
dissociat ion constants of citric acid, and D L is the 
c o m m o n diffusion coefficient of citric acid and its 
ionic species. 

T h e residual current is defined as the anodic current 
observed in the absence of citric acid. Part ial 
differential equat ions governing concentrat ions of the 
par t ic ipa t ing species are given as follows: 

dCA £-°^M-^-) 
and 

C9CB 

SCA 

dr 

dCB 

T h e ini t ial condi t ions are 

CA = 0, CB = 0 (t = 0, r > a), 

and the boundary condit ions are 

CA = — exp {2(£ - E°A)F/RT}, 
YA 

CB = — exp {2(£ - E°B)F/RT}. 
7B 

T h e residual current, ir, is given as 

(32) 

(33) 

(34) 

(36) 

T h e corrected anodic current, ic, is obtained by 
subtract ing iT from the current observed in the presence 
of citrate ion, i. 

(37) 

Equat ions 24, 25, 26, 27, 28, 32, and 33 are solved by 
the procedure s imilar to one described in the previous 

papers 1,2) 

Experimental 

All chemicals used were of the reagent grade. The 
concentration of citric acid was determined by titrating with 
a sodium hydroxide solution. The ionic strength of the test 
solution was controlled to 0.1 with sodium Perchlorate. To 
the test solution, 0.03% gelatin was added as a maximum 
suppresses 3) Measurements were carried out using a Hokuto 
Denko Model HA-104 Potentio-Galvanostat in conjunction 
with the three-electrode arrangement. The electric resistance 
of the electrolytic system was determined by the procedure 
described in the previous paper.2) This procedure gave 
electric resistance values ranging from 180 to 240 Ci. 

The dropping mercury electrode used had following 
characteristics (in 0.1 mol dm - 3 sodium Perchlorate at zero 
applied potential vs. SCE, and at a mercury head of 80.0 cm): 
the flow rate of mercury (m), 1.251 mg s_1; the drop time (t), 
4.65 s; the capillary constant (ra2/3*1/6), 1.499 mg2/3 s"1/2. 

The value of the common diffusion coefficient DL was 
calclulated from the equivalent conductance of citrate ion at 
infinite dilution.4) The equivalent conductance was 
measured with TOA conductivity meter CM-25E. The value 
of the diffusion coefficient was estimated to be 0.668X10-5 

cm2 s_1 from a value of the equivalent conductance at 
infinite dilution, 75.0 S cm2 eq_1. The value of diffusion 
coefficient of mercury(I) ion used is 0.847X10-5 cm2 s-1,1* and 
the value of the diffusion coefficient of mercury(II) ion was 
chosen to minimize difference between calculated and 
observed values of the currents.5) This procedure gave a 
value of 0.724X10"5 cm2 s"1. 

The value of ß, Kai, Ka2, and Kaz is 7.94X1010 mol"1 dm3, 
1.35X10-3moldm-3, 4.47X10-5moldm-3, and 2.04X10"6 

mol dm~3.6) 

The numerical method described in the present paper was 
performed by an IBM 4361-L03 computer at Shiga Prefectural 
Junior College. 

Results and Discussion 

T h e anodic wave was measured in solutions wi th 
p H values r a n g i n g from 1.2 to 2.2. Figure 1 shows the 

< 

\ 

0.35 0.40 

E / V vs. SCE 

0.45 

Fig. 1. The anodic waves in the presence of citrate 
ions. pH of solutions, 1.99. Total concentration of 
the citrate (mmol dm"3): O, 1.0; A, 2.0; D, 4.0. 
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anodic waves in the presence of citric acid in a solution 
of pH 1.99. The anodic current increases with an 
increase of the total concentration of the citrate, but 
the waves lack any current plateau. 

Figure 2 shows the plots of log ic against the 
electrode potential. The reciprocal slope of asymptotes 
to these plots is 53—55 mV/unit. 

Figure 3 shows the variation of ic observed at fixed 
electrode potentials with the total concentration of the 
citrate. The plots are straight lines with a slope of 
0.53. 

Figure 4 shows the variation of the electrode 
potential corresponding to a constant value of ic with 

< 
\ 

o 

QO 

0.45 

Fig. 2. Plots of log ic against the electrode potential. 
Conditions are same as in Fig. 1. 

< 
\ 

o 

!og( C L / mmol dm" .-3, 

Fig. 3. Variation of ic at fixed electrode potentials 
with increasing the total concentration of the citrate. 
pH of solution, 1.99. Electrode potential: O, 0.42 V; 

Filled symbols represent the computed A, 0.43 V. 
data. 

the total concentration of the citrate. The plot gives a 
straight line with a slope of —29 mV/unit. Kolthoff 
and Miller derived an equation describing the anodic 
wave in the presence of halide ion.7) The equation is 
modified in our case as follows: 

E = E° + 
RT 
2F In aA = E° + 

RT 
2F 

ln£sp7A/(a!2CLo). (38) 

In the above, aA is the activity of Hg22+, Ksp the 
solubility product of Hg2HL, and CLO the total 
concentration of the citrate at the electrode surface. 
However, the wave in question is assumed to be 
controlled by the rate of precipitation, and that the 
citrate at the electrode surface is not consumed as 
much as expected from the solubility product relation­
ship, al least, within a drop life. Hence, the value of 
CLO may be assumed to remain constant during a drop 
life. One may write as 

CLO °C CL . 

Introducing this into Eq. 38, one obtains 

E = E° 
RT 
2F 

In OÙ2CL + const. 

(39) 

(40) 

From Eq. 40, it is expected that the plots of E against 
log CL form a straight line, of which reciprocal slope is 
—29 mV/unit. This value agrees well with the 
observed value. 

The value of «2 in Eq. 40 depends on pH of the 
solution. Figure 5 shows the variation of the electrode 
potential corresponding to a constant value of ic with 
increasing pH in the solution of 2.0 mmol dm - 3 of CL. 

0.45 

o 
CO 

CO 

> 
> 
\ 

0.4 0 

0.3 5 

-3 log (CL /mmol dm" j 

Fig. 4. Variation of the electrode potentials corre­
sponding to a constant value of ic with increasing 
the total concentration of the citrate. pH of solu­
tion 1.99. ic, 0.4 |aA. O, observed; • , computed by 
assuming that ki, a, b, and/? are 3.0 s-1, 1, 0.5, and 0, 
respectively. 
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This plot gives a straight line with a slope of —55 mV/ 
pH which is in good agreement with the calculated 
value of —54.4 mV/pH. 

Although, as described above, some behaviors of the 
wave may be understood by Eq. 40, the explanation 
seems to be incomplete. Hence it is desirable to 
analyze the wave with the numerical method proposed 
in the previous papers.1»^ 

0.45 

Fig. 5. Variation of the electrode potantial corre­
sponding to a constant value of ic with increasing 
pH. Total concentration of the citrate, 2.0 mmol 
dm - 3 . ic, 0.15 |aA. O, observed; • , computed by as­
suming that k.4, a, b, and p are 3.0s_1, 1, 0.5, and 0, 
respectively. 

< 

DO 
O 

At first, we will examine the case of being a=l, 
b=0.5, and p=0. 

Figure 6 shows the variation of calculated anodic 
current obtained by changing the solubility product 
value. The value of KA used is 3 s_1, which makes the 
difference between the calculated and observed cur­
rents at 0.44 V vs. SCE to be smallest. The current 
calculated using the solubility product of 0.2X10-11 

mol2 dm - 6 agrees well with the observed data. 
The calculated variation of ic at fixed electrode 

potentials with increassing the total concentration of 
the citrate is shown as filled symbols in Fig. 3. The 
plots produce straight lines with a slope of 0.53. The 
calculated results are well consistent with the observed 
ones. 

Figure 4 shows the calculated variation of the 
electrode potential, corresponding to a constant value 
of ic with the total concentration of the citrate, with 
filled symbols. This plot gives a straight line with a 
slope of —27 mV/unit in agreement with the observed 
results. 

The similar results with the change of pH are shown 
as filled symbols in Fig. 5, illustrating good agreement 
with the observed results. 

In the above we have examined the case that a—\, 
&=0.5, and p=0. Next, we will examine the case that 
a=0.5, fe=l, and p=0. Figure 7 shows the calculated 
variations of ic at fixed electrode potentials and of the 
electrode potential corresponding to a constant value 
of ic with the total concentration of the citrate using 
filled symbols. These results are in fair agreement 
with observed ones. Fair agreement was also obtained 
for the relation between the electrode potential and 

0.45 

^ 0.40 

LU 
O 
LO 

> 
\ 
Uj 

0.35 

0.35 0.40 0.45 

E/V vs. SCE log(CL/mmol dm" 

Fig. 6. Variation of calculated anodic current pro­
duced by changing the value of solubility product. 
Total concentration of the citrate, 2.0 mmol dm -3 . 
pH of solution, 1.99. Computations were perform­
ed by assuming that k\, a, b, and p are 3.0 s-1, 1, 
0.5, and 0, respectively. O, observed data. Solubility 
product (AVmol2 dm"6): • , 5X10"13; • , 2X10"12; 
A, 5X10"12; • , 2X10-11. 

Fig. 7. Variation of ic at fixed electrode potentials 
and of the electrode potential corresponding to a 
constant value of ic with increasing the total con­
centration of the citrate. pH of solution, 1.99. Fixed 
electrode potential: O, 0.42 V; A, 0.43 V. i'c: 0.4 |aA. 
Filled symboles represent corresponding computed 
data obtained by assuming that k\, a, b, and p are 
3.0 s-1, 0.5, 1, and 0, respectively. 
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< 

o 

0.45 

H 040 

o 
CO 

> 
> 
\ 
Uj 

0.35 

log( CL /mmol dm 3 ) 

Fig. 8. Variation of ic at fixed electrode potentials 
and of the electrode potential corresponding to a 
constant value of ic with increasing the total 
concentration of the citrate. pH of solution, 1.99. 
Fixed electrode potential: O, 0.42 V; A, 0.43 V. i'c: 
0.4 |aA. Filled symboles represent corresponding 
computed data obtained by assuming that k\, a, b, 
and jö are 1.4s-1, 1, 1/6, and 2/3, respectively. 

p H . 
N o w we will extent the examina t ion to other 

possibilities. An interest ing quest ion is whether or not 
the rate of the precipi ta t ion reaction depends on the 
surface area of the precipitates (in that case £ = 2 / 3 ) . 
Results of computa t ion , based on an assumpt ion that 
a—\, b=l/6, and £ = 2 / 3 , are given in Fig. 8, where 
filled symbols represent computed results for the 
variat ions of ic at fixed electrode potent ia ls and of the 
electrode potent ia l corresponding to a constant value 
of ic w i th the total concentrat ion of the citrate. 
A l t h o u g h the results for the var iat ion of the electrode 
potent ia l are in good agreement wi th those observed, 
the ones for the var ia t ion of ic give straight lines wi th 
slopes different from that of the straight l ine from 
observed results. Other assumptions , for example, that 
a = l / 6 , b—\, and £ = 2 / 3 , lead a wider discrepancy 
between the observed results and the computed ones. 

From the computa t iona l results described above, it 
is concluded that the precipi ta t ion kinetics term is 
expressed by Eqs. 41 or 42. 

/ (CA,C E ) = £4(CACE - tfsp)0-5 (41) 

or 

/ (C A ,CE) = ^{(CACE) 0 - 5 - A:spo.5}. (42) 

Under the experimental condit ions of this study, the 

degree of supersaturat ion (CACE/KSP) is larger than 5. 
In that case the difference between above two 
expressions is meaningless, and they reduce to 

/(CA,CE) = MCACE) 0 - 5 . (43) 

T h e precipi ta t ion reaction may be divided into three 
processes: nucleat ion, crystal growth, and aggregation 
of crystals. T h e change of the concentrat ion of ion in 
the process of nucleat ion does no t depend on the 
surface area of the precipitates bu t on the degree of 
supersaturat ion. 

T h e precipi ta t ion reaction rate equat ion expressed 
by Eq. 43 indicates that the precipi tat ion rate does no t 
depend on the surface area of the precipitate particles 
bu t on ( C A C E ) 0 5 . It means that the ra te-determining 
step of the precipi tat ion reaction is the process of 
nucleat ion. 

Conclusion 

T h e numer ica l method proposed by us has been 
successfully appl ied to the anodic wave caused by the 
precipi ta t ion reaction of mercury(I) and hydrogen 
citrate ions. T h e precipi ta t ion reaction does no t at ta in 
the equ i l ib r ium wi th in a d rop life of the electrode 
mercury. T h e anodic current is controlled by the rate 
of the precipi ta t ion reaction. It is a good assumpt ion 
that the precipitates consist of Hg2HL. T h e assump­
tion leads to the reaction rate equa t ion and the value of 
the reaction rate constant. T h e reaction rate equa t ion 
is expressed by fc4([Hg2

2+][HL2-])1/2 and the value of 
the rate constant of the precipi ta t ion reaction is 3.0 s_1. 
T h e rate equa t ion shows that the rate of the precipita­
t ion react ion is independent of the surface area of the 
precipitates, and that the rate-determining step is the 
process of nucleat ion. 
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The surface oxide layer of additionally oxidized iron particles for magnetic recording in high humidity 
(90%) and at 60 °C was examined by Mössbauer spectrometry. The mechanism of deterioration was concluded to 
begin with oxidation: the deterioration of the saturation magnetization (Is) of iron particles was caused by a 
deterioration of the Is of the surface oxide layer; later deterioration was caused by an increase in the amount of 
the oxide layer. The specific gravity of the surface oxide layer became gradually reduced during the oxidation. 

T h e surface oxide layer of i ron particles for 
magnet ic recording plays a very impor tan t role in 
prevent ing the core of i ron particles from further 
oxidat ion. When i ron particles are stored in the open 
air, especially under h i g h humidi ty , they are gradually 
oxidized; the magnet ic properties, such as saturat ion 
magnet izat ion and coercivity, are thus lowered. In this 
oxidat ion process the surface oxide layer grows 
according to the degree of the particle oxidation. 

Lit t le is k n o w n about the characteristics of the 
surface oxide layer a n d the addi t ional ly oxidized 
layer.x) We have reported a new method for es t imat ing 
the mean valency and the saturat ion magnet izat ion of 
the surface layer by Mössbauer spectrometry.2* 

T h e purpose of this study was to characterize the 
oxide layer g rown by further oxidat ion in humid i ty 
(90%) and at 60 ° C whi le invest igating the deteriora­
tion mechanism of the i ron particles. 

Experimental 

The same iron particles which were prepared in a previous 
study2) were used. These particles were covered with a thin 
oxide layer by moderate passivation. The iron powder was 
oxidized in air at a temperature of 60 °C and a humidity of 
90% for three and seven days. These conditions are generally 
used to test the resistivity of metal powder against oxidation. 
The iron particles without additional oxidation, those with 
additional oxidation for three days, and those of seven days 
are abbreviated as 0D, 3D, and 7D, respectively. 

The iron contents of each particle, as well as the silicon 
and nickel contents of 0D were measured by ICP emission 
spectrometry. The saturation magnetization of the particles 
was measured using a TOEI KOGYO VSM-3. 

Mössbauer spectra were obtained at room temperature and 
at liquid-nitrogen temperature. An analytical technique for 
the Mössbauer spectra was described in a previous paper.2) 

The spectra at room temperature were fitted with the 
superposition of a superparamagnetic doublet of the oxide 
layer and of a sextet of a-iron. The spectra at 79 K were fitted 
with the superposition of a doublet and a sextet of the oxide 
layer, and the sextet of a-iron. 

The Debye temperature of the a-iron used in this study 
was 358 K.3) Two extreme cases (310 and 421 K 3)) were used 

as the Debye temperature of a-iron.2) Instead of the large 
discrepancy between the two temperatures, the calculation 
results showed good agreement with each other. In this 
study 358 K was selected.3) Consequently, /*T and /£ are 0.720 
and 0.883, respectively. The value of /*T is the recoilless 
fraction of iron in the metal core at 297 K and /JJJ is that at 
79 K. The notation is the same as that used in the previous 
paper.2) The error in all of the values thus obtained 
concerning the oxide layer was of the order of ten percent, 
determined by considering the curve-fitting procedure of the 
Mössbauer spectra as well as later calculations. The errors in 
the values of the area fractions, however, are from two to 
eight percent. 

Results and Discussion 

T h e obtained Mössbauer spectra are shown in Fig. 1. 
As ment ioned previously, the superparamagnet ic 

doublet of the surface oxide layer and the sextet of 
a- i ron were observed at room temperature. T h e peak 
area of the oxide layer increased according to the 
degree of oxidat ion. N o other peaks based on a-
F e O O H or y - F e O O H were observed at either room 
temperature or 79 K, even in 7D which was the most 
oxidized type particles. T h e superparamagnet ic 
double t splits in to a sextet at 79 K. T h e Mössbauer 
parameters of the doublet at the room temperature and 
those of the sextets at 79 K, as well as the fraction of the 
peak area of the oxide layer, are shown in Table 1. 

We reported that the surface oxide layer was either 
a m o r p h o u s or an aggregation of very small crystals.2) 

T h e further oxidized layer was also amorphous and 
could no t be identified from the Mössbauer parame­
ters. 

According to our method,2 ) the Debye temperature 
of the oxide layer and the ratios of the number of 
metall ic i ron atoms (Nm) to the number of oxidized 
i ron atoms (N0) were calculated. T h e results are 
shown in Tab l e 2. T h i s decrease in the Nm/NQ ra t io is 
caused by the degree of oxidat ion. 

T h e results of an elemental analysis of each particle 
are shown in Table 3. T h e contents of silicon and 
nickel in 3D and 7D were calculated from the Si /Fe 
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Fig. 1. Mössbauer spectra of iron particles, (a) 0D at 
279 K, (b) 3D at 279 K, (c) 7D at 279 K, (d) 0D at 79 K, 
(e) 3D at 79 K, (f) 7D at 79 K. Curves in figures are 
fitted lines by lorenzian functions, and indicate total 
absorption and each component. 

and Ni/Fe ratios of 0D, since these ratios are preserved 
during oxidation. The remaining composition 
mainly comprise hydrogen and oxygen, indicated as 
H + O in Table 3. Silicon exists as silicon dioxide, 
since silicon is not reduced during the preparation of 
the particles.2) The amount of oxygen combined with 
silicon is subtracted from H + O in order to evaluate the 
amount of hydrogen and oxygen combined with iron. 
The subtracted H + O is abbreviated as H+O* in the 
Table. 

The chemical composition of the oxide layer can be 
estimated using this Nm/NQ ratio. The chemical 
composition of 100 g of iron particles can be represented 
as 

xFe + /Ni + yFeOm + zH20* + &Si02, (1) 

where x, /, y, z, and k are the moles of each component. 
The oxide layer comprises FeOm, H2O, and S1O2. Iron 
hydroxide oxide(FeOOH) is assumed to comprise 
Fe203 and H2O* in this representation. Oxidized iron 
in iron oxide and in hydroxide oxide is represented as 
FeOm. H2O* corresponds not only to the water 
adsorbed on the particles but also to the water in 
hydroxide oxide. The weight of H + O * given in Table 
3 is the same as that of the oxygen in FeO™ plus the 
weight of H2O*, namely \6my+lSz. By using the data 
in Table 3, x and y were calculated. We could also 
calculate how many molecules of H2O and Si02 exist 
per one ¥eOm unit in the oxide layer. These values are 
expressed as Aw and As, respectively, in Table 3. We 
cannot determine the m values of 3D and 7D only from 
this experiment. However, since there is H2O* in 3D 
and 7D at every range of the m value, it is considered 
that FeOOH is formed in these samples. Considering 
that the m value of 0D is 1.4 and that the samples of 3D 
and 7D are futher oxidized, the m values of 3D and 7D 
should be larger than that of 0D; a good approximation 
for the m value is 1.5. In this case the ASN values of 3D 
and 7D are 0.22 and 0.31, respectively. 

The saturation magnetization (Is) of the surface 
oxide layer can also be calculated. Measurement 
results of the saturation magnerization of iron 
particles are shown in Table 3. Assuming that Is of the 
iron core of the iron particles is 220 emu g_1, we obtain 
Is of 0D, 3D, and 7D to be 39, 27, and 26 emu g~\ 
respectively. Is of the iron particles and the oxide layer 
against the fraction of the number of iron atoms in the 
oxide layer (r) is shown in Table 2. We know that (1) 
at the beginning of further oxidation (0D to 3D) 
saturation magnetization of the iron particles deteri­
orates mainly by deterioration of that of the surface 
oxide layer; (2) as the degree of the oxidation increases, 
the saturation magnetization of the iron particles 
chiefly depends on the amount of the surface oxide 
layer. 

The specific gravity of the surface oxide layer can be 
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Table 1. Mössbauer Parameters and Peak Areas of the Oxide Layer 
(a) Doublet at 297 K 

Iron particles 

OD 
3D 
7D 

(b) Sextet at 79 K (Area 

Iron particles 

OD 
3D 
7D 

Table 2. : 

Iron particles 

OD 
3D 
7D 

Results 

fRT/fN 

0.596 
0.578 
0.485 

Isomer shift 

mm sec -1 

0.38 
0.39 
0.38 

Quadrupole splitting 

mm sec-1 

-0.54 
-0.53 
-0.45 

Fraction is the Sum of Areas Based on the Oxide Layer) 

Isomer shift 

mm sec -1 

0.44 
0.44 
0.41 

Hyperfine field 

T 

46.6 
48.8 
48.5 

of Calculations of Debye Temperature and Nm/N0 

Debye temp 
/ ? T / / 0

N 

0.486 199 
0.471 195 
0.396 176 

/ o R T / o N 

0.355 0.730 
0.340 0.722 
0.267 0.677 

Area fraction 

0.27 
0.31 
0.46 

Area fraction 

0.377 
0.433 
0.638 

Ratio of the Iron Particles 

fRT 

0.493 
0.472 
0.371 

fN r 

0.827 0.423 
0.818 0.483 
0.767 0.698 

Nm/N0 

1.36 
1.07 
0.43 

FRT and FN denote /£T//£T and /* / /£ , respectively, /oTis the recoilless fraction of iron in the oxide layer at 297 K, and 
and /? that at 79 K. 

Table 3-a. Results of Elemental Analysis and Saturation Magnetization of the Iron Particles 

Chemical composition 

Iron particles wt 
Fe Si Ni H + O H+O* 

Saturation magnetization 

emu g_1 

0D 
3D 
7D 

Iron particles 

0D 
3D 
7D 

76.6 3.6 2.1 17.7 13.5 
73.1 3.4 2.0 21.5 17.7 
66.8 3.1 1.8 28.3 29.8 

Table 3-b. Results of Calculations of x, y, Aw and As 

x y Awa) 

0.790 0.581 1.29—0.889m 
0.677 0.633 1.56—0.889m 
0.362 0.837 1.64—0.889m 

118 
99.5 
64.4 

As 

0.224 
0.190 
0.131 

a) In the previous paper,2) we neglected the adsorbed water. 

calculated us ing 

100/(Mm/dm + (100 - Mm)/do) = dp, 

where M m is the weight of metallic i ron in 100 g of i ron 
particles, dm the specific gravity of i ron (7.87 g e m - 3 ) , 
do the specific gravity of the surface oxide layer, and dv 

the specific gravity of i ron particles. Since the specific 
gravities of the samples (3D and 7D) were 5.88 and 
4.33 g c m - 3 , respectively, we obtained the specific 
gravities of the surface oxide layer of i ron particles (3D 
and 7D) as 5.1 and 3.9 g c m - 3 , respectively, by us ing 
the Nm/No rat io. We can further know that the specific 
gravity of the surface oxide layer is also lowered wi th 

the degree of oxidat ion. Compared wi th the specific 
gravities of F e 3 0 4 (5.8 g cm-3),4> a -Fe 2 0 3 (5.27 g cm-3),5> 
7-Fe2Os (4.86 g cm-3),6> a - F e O O H (4.2 g cm-3),7> and 
y - F e O O H (3.98 g cm_3),8) the specific gravities of the 
surface oxide layer of the samples (3D and 7D) are 
nearly equal to that of Fe2<33 and F e O O H , respectively, 
neglecting silicon dioxide. 
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The cation distribution in a series of MgxMn1.1-xSno.1Fe1.8O4 spinel ferrites has been studied by means of 
X-ray powder diffraction and 57Fe, 119Sn Mössbauer spectroscopy. All of these ferrites showed broad 119Sn 
Mössbauer spectra due to the hyperfine magnetic field from the ferrimagnetically ordered cations at the A and B 
sites. With increasing x the distribution of the hyperfine field at the Sn atom became broader and the hyperfine 
field decreased abruptly above %=0.825. This observation indicates that diamagnetic Mg2+ ions are excluded 
from the A site below %=0.55, but occupy the A site as well as the B site only above x=0.825. This result is 
consistent with the Rietveld analyses of the X-ray powder diffraction data. The 119Sn Mössbauer spectroscopy is 
shown to be a useful technique for studying the cation distribution of ternary spinels in which the site 
preference of cations can not be empirically predicted. 

Magnes ium-manganese mixed ferrites, MgJMni-jc-
Fe2Ü4 (X=0 to 1), have been widely used for many 
technological appl ica t ions owing to their electric, 
magnet ic , and catalytic properties. These properties 
are, however, to a large extent determined by the cation 
d is t r ibut ion in the ferrite lattice. These ferrites have 
spinel structures generally represented by the chemical 
formula M M ^ O ^ where M and M ' are divalent and 
trivalent cations. T h e structure consists of a face-
centered cubic close-packed array of oxide an ions wi th 
M and M ' ions occupying one eighth of the tetrahedral 
(A site) a n d one half of the octahedral interstices (B 
site). The re are two extreme cation distr ibutions, i.e. 
no rma l and inverse spinels which are tradi t ionally 
represented as (M)[M']2C>4 and (M')[MM']C>4, respec­
tively. T h e cat ion dis t r ibut ions in binary ferrites have 
been extensively studied and have been found to be 
affected by several factors such as the Made lung energy 
and the crystal field stabilization energy. In a binary 
ferrite, (MJCFei-Jc)[Mi-JCFei+jc]04, the cation distr ibut ion 
is derived from the m i n i m u m of the Gibbs free energy 
and is expressed as fo l lows: 1 - 0 

x(l + x)/(l - xf = exp (-AH/RT), 

where A H is the en tha lpy difference between normal 
( x = l ) and inverse (x=0) spinel ferrites. 

For ternary spinels, however, the cat ion dis t r ibut ion 
is a complicated problem. For example , the Mg 2 + ion 
dis t r ibut ion in ternary spinels can not be simply 
predicted only from the above factors. H . V. Kiran et 
al.7) suggested tha t the Mg 2 + ion dis t r ibut ion over the 
A and B sites in a b inary spinel was modified by the 
addi t ion of the th i rd cations because of the large 
diffusibility of the Mg 2 + ion. T h e cation dis t r ibut ions 
in the MgFe2Û4 and MnFe2Û4 ferrites, quenched from 
sinter ing temperatures, have been reported as (Mgo.25-
Feo.75)[Mgo.75Fei.25]C>4 and (Mno.sFeo.2)[Mno.2Fei.8]04, re­

spectively.8_10) 

In this study we investigated the cation dis tr ibut ion 
of the solid solutions, MgjcMn1.1-jcSno.1Fe1.sO4, by 
means of the Rietveld analysis of the powder X-ray 
data and discuss how the hyperfine fields of the Sn and 
Fe atoms are influenced by the cation distr ibution. 
119Sn Mössbauer spectroscopy is part icularly useful for 
s tudying the cation dis t r ibut ion if a diamagnet ic Sn 4 + 

ion is introduced in the ferrite lattice. T h i s is due to 
the fact that the d iamagnet ic ion is subjected only to 
the supertransferred or transferred hyperfine magnet ic 
fields which reflect the number and kind of cations in 
the nearest neighbors.1 1 _ 1 3 ) 

Experimental 

A series of ferrites, MgxMn1.1-xSno.1Fe1.sO4 (X=0 to 1.1 in a 
step of 0.275), was prepared in their polycrystalline forms by 
a double-sintering process in air at 1000 and 1380 °C for 
10—20 h using stoichiometric amounts of oxides. Each 
sample was rapidly quenched in water from the sintering 
temperature. In order to introduce aliovalent Sn4+ as a 
Mössbauer probe into the ferrite lattice, the electric charge 
was compensated as 2 Fe3+=Sn4++Mn2+ (or Mg2+). Powder 
X-ray diffraction was observed with a Rigaku diffractometer 
(Rad-B system) in the range 1O°<20<9O° at a sampling step 
of 0.01° using Ni-filtered Cu Ka radiation. Each specimen 
was confirmed as being a single-phase spinel. The structural 
parameters of the cubic spinel, such as the lattice constant, 
oxygen u parameter, and occupation factor of the Mg2+ ion 
on the A and B sites were deduced by means of the Rietveld 
method using a Fortran program developed by Izurni.14«15* 
The 57Fe and 119Sn Mössbauer spectra were measured using a 
constant-acceleration type spectrometer. The gamma-ray 
sources of 57Co in a Rh matrix and 119mSn in CaSnCh were 
used at room temperature. The velocity scales for the 
spectrometers were calibrated with a-Fe for 57Fe and BaSnOs 
and ß-Sn for 119Sn. The 57Fe Mössbauer spectra were 
analyzed with Lorentzian curves by a least-squares method. 
The distribution of the hyperfine magnetic field at the Sn sites 

MgxMn1.1-xSno.1Fe1.8O4
MgxMn1.1-xSno.1Fe1.8O4
MgjcMn1.1-jcSno.1Fe1.sO4
MgxMn1.1-xSno.1Fe1.sO4
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was obtained from the 119Sn Mössbauer spectrum by means 
of the Hesse and Rubartsch method.10 

Results and Discussion 

Rietveld Analysis of the Powder X-Ray Diffraction 
Data. T h e cubic lattice constants, which were refined 
by a Rietveld analysis ment ioned below, are plot ted in 
Fig. 1(A) against x for a series of ferrites. T h e lattice 
constants of these ferrites, in which 10 a tomic % of i ron 
a toms are subst i tuted for tin a toms, increase by about 
0.4% compared to that of pure Mn- or Mg- ferrite. T h i s 
fact suggests an incorpora t ion of tin a toms into the 
ferrite lattice. T h o u g h the lattice constant decreased 
wi th increasing x according to Vegard's law, only a 
sl ight change of the slope was detected between x^O.ôô 
and 0.825. T h i s sl ight change was probably due to a 
drastic change in the Mg 2 + ion dis t r ibut ion (described 
latter). 

In order to discuss the cation dis t r ibut ion quan ­
titatively in terms of an X-ray technique, a full-profile 
refinement method of the diffraction pat tern (Rietveld 
analysis) is very suitable. A l though it was impossible 
regard ing this M g - M n ferrite to d is t inguish Mn 2 + 

from isoelectronic Fe3 + by an X-ray technique, the site 
occupancy of the Mg 2 + ion could be successfully 
determined. In these refinements tin atoms were 
assumed to occupy the B site subs t i t u t i ona l^ accord­
ing to previous study on Mg ferrite.17) A cubic spinel 
wi th the formula MM'204 has a space g roup Ol 
(Fd3m, No. 227); M and M ' occupy fixed 8(a) and 16(d) 

8.5 h 

Q 
o 
A 

8.4 

Fg. 1. (A) Cubic lattice constants (a) versus x for a se­
ries of MgxMni-xSno.iFei.804 and (B) occupation factor 
(y) of Mg2+ ion on the A site versus x. • : MgFe204, 0 : 
MnFe204, cited from ASTM cards (36-398, 10-319). 

posi t ions (Wykoff notat ion) , respectively. T h e n , the 
structural parameters which should be determined are 
the lattice constant , the oxygen u parameter (32(e): 
(u,u,u)), the thermal parameters , and the cat ion 
dis t r ibut ion on the A and B sites. In order to 
determine the site occupancy of Mg 2 + , a m i n i m u m 
po in t of the RF values was searched as a function of 
the mole fraction of Mg 2 + (y) on the A site fol lowing a 
precise determinat ion of the base-line function and the 
l ine-shape profile function. Figure 2 shows the final 
result of a Rietveld analysis for x :=0.825; Figure 3 
shows a p lo t of the RF values against y for each ferrite. 
T h e final s tructural parameters for a series of ferrites 
are listed in Tab le 1, where the same overall isotropic 
thermal parameters were assumed for all of these 
ferrites since, in some cases, they could no t be refined 
independently. As is apparent from this Table , the 

X= 0.825 

1*MM~*MJW^' IUJUM-^JJ l l > ( a K w » j w i j W U « > ~ » À ^ 
1 11 1 1 1 1 1 11 1 11 1 1 1 D D nu 11 mi 11 mi n n u 

20 40 60 80 100 120 
26 / degree 

Fig. 2. Rietveld analysis for Mgo.825Mno.275Fe1.sSno.1-
O4. The solid line is the best-fit profile and the points 
are raw data. The difference between them are shown 
at the bottom. 

0.2 0.4 

Fig. 3. Dependence of RF values on the occupation 
factors (y) for a series of Mg^Mni-^SnoiFeisC^. 

Mgo.825Mno.275Fe1.sSno.1-
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Mg 2 + ions are perfectly excluded from the A sites for 
x=0, 0.275, and 0.55, whereas they occupy the A sites, 
as well as B, only for x=0.825 and 1.1, as is shown in 
Fig. 1(B). In the case of the x = l . l sample parameter y 
is 0.32 a n d is considerable higher than the value 
reported previously.9 ) T h e fraction of Mg 2 + ions 

Table 1. Structural Parameters for a Series 
of Mg^Mni-^Sno.iFei.804a'b) 

X 

0 
0.275 
0.55 
0.825 
1.1 

RF/%C ) 

6.2 
7.3 
7.5 
6.2 
6.8 

a/A 
8.542(1) 
8.509(1) 
8.475(1) 
8.446(1) 
8.423(1) 

u parameter 

0.3842(5) 
0.3839(5) 
0.3838(5) 
0.3811(5) 
0.3811(5) 

yd) 

0 
0.00(2) 
0.00(2) 
0.20(2) 
0.32(2) 

a) A site: 8(a) (0,0,0), B site: 16(d) (5/8,5/8,5/8) and 
Oxygen: 32(e) (u,u,u). b) Overall isotropic thermal 
parameters were assumed to be 0.5 Â2. C ) / ? F = 2 | / ( O ) 1 / 2 — 
/(c)1/2|/2/(o)i/2. d) y: Mole fraction of Mg2+ ion on 
the A site. 

occupying the A sites, however, is 0.29 (Mg(A)/ 
(Mg(A)+Mg(B))=0.32/ l . l ) , which is slightly smaller 
than a predict ion from the h igh- tempera ture l imit (a 
r a n d o m distr ibut ion: Mg(A) / (Mg(A)+Mg(B))= l /3 . It 
is interest ing to note that the ab rup t change of the 
cation dis tr ibut ion clearly affects their lattice constants 
at this po in t (Fig. 1). 

57Fe Mössbauer Spectroscopy. Figure 4 shows the 
57Fe Mössbauer spectra for a series of MgJMni.i-jc 
Sno.1Fe1.8O4 ferrites at room temperature. T h e spectra 
were analyzed wi th two sets of sextets corresponding to 
57Fe nuclei in the A and B sublattices, according to the 
assignments reported in previous papers.8,9,i8,i9) j n 

these calculat ions n o quad rupo le spl i t t ing and the 
same l ine-width parameters for the two sextets were 
assumed because of the s t rong over lapping of the A 
and B sites. T h e 57Fe Mössbauer parameters obta ined 
from the fitting are given in Tab le 2. T h e values of the 
isomer shift (IS) shows no composi t ion dependence 
wi th in the experimental errors and are characteristic of 
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Fig. 4. 57Fe Mössbauer spectra for a series of 
Mg^Mni.i-^Sno.iFei.804 at 298 K. 

0.275 055 0.825 I. 

Mg content x 

Fig. 5. 57Fe Hyperfine fields at the A and B sites, 
Hhf(A) and Hhf(B), are plotted against x for a series of 
MgxMni-^Sn0.iFei.8O4. 

Table 2. 

X 

57Fe Mössbauer Parameters for a Series of a Mg^Mni-^SnoiFeisO at 298 Ka-b) 

Hhf(A), Hhf(B) IS(A), /S(B) Line width 

kOe mm s - 1 mm s - 1 

0 
0.275 
0.55 
0.825 
1.1 

445(483), 
423, 
413(441), 
402, 
371(464), 

410(430) 
432 
454(474) 
446 
425(496) 

0.20, 
0.16, 
0.22, 
0.20, 
0.19, 

0.26 
0.23 
0.18 
0.16 
0.15 

0.83 
1.00 
0.83 
0.94 
1.03 

a) Parameters in parentheses correspond to Mg^Mm-Ji^Ch (x=0, 0.5, and 1) reported in Ref. 10, 19, and 18. 
b) Oe^lOOO/^TrAm-1. 

Sno.1Fe1.8O4
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h igh-sp in Fe 3 + ions. In the Mn1.1Fe1.sSno.1O4 ferrite, as 
is shown in Fig. 4, weak shoulders assigned to Fe3 + at 
A site have a larger hyperfine field than of the B site. 
In Mg1.1Fe1.8Sno.1O4, however, these weak shoulders 
assigned to the A site appeared at the opposi te side, 
suggest ing a crossover of the hyperfine field wi th x. 
These observation are qualitatively consistent wi th 
previous data for MnFe204, MgFe204, and mixed 
ferrites,8»9» 18'19) except for a systematical decrease in the 
hyperfine field due to the h igh concentrat ion of 
d iamagne t ic t in a toms. T h e hyperfine filed at the A 
and B sites are plot ted against x in Fig. 5. T h e 
hyperfine field at the A site l inearly decreases wi th 
increasing x, whereas that at B site indicates a 
m a x i m u m at x=0.55. T h i s behavior of the B site is 
qu i t e s imilar to that observed in the 119Sn Mössbauer 
effect as will be stated below. 

119Sn Mössbauer Spectra for MgxMn1.1-jcSno.1Fe1.sO4. 
T h e 119Sn Mössbauer spectra for the MgdVln1.1-jcSno.1-
Fei.804 ferrites at 110K are shown in Fig. 6 together 
wi th the distr ibut ions of the hyperfine field. Because 
of the ferrimagnetic property of these ferrites, two 
kinds of cations (Fe3 + and Mn2 +) are magnetically 
ordered in the spinel sublattices. These broad spectra 
are, therefore, a t t r ibutable to the transferred hyperfine 
magnet ic field from the cations at the A and B sites. 
T h e extremely broad distr ibutions of Hhf(Sn) are part ly 
due to the h igh Sn 4 + contents in these ferrites by 
consider ing the spectra of the ferrites con ta in ing less 
Sn 4 + content.12) T h e variat ion of the respective 
hyperfine field, wh ich was determined to be a 
m a x i m u m of the single Gaussian curves estimated by a 
least-squares method, are plot ted against x in Fig. 7. 
In the case of Mn-ferrite, the hyperfine field well 
agreed wi th the value reported by Lyubu t in et al.12) 

Regard ing Mg-ferrite, however, Hhf(Sn) estimated 
from Fig. 6(B) is about 20 kOe (1 O e = 1000 /4nAm" 1 ) 
and smaller than previous data (Hhf(Sn) :=48+15 
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Fig. 7. Transferred hyperfine magnetic field at the 
119Sn nuclei, Hhf(Sn), versus x for a series of 
MgxMni-xSn0.iFei.8O4. 

kOe).20) T h i s discrepancy is probably due to a 
difference in the cat ion dis t r ibut ion, since our sample 
was prepared by rap id cool ing from h igh temperature, 
and also h a d a h igh Mg concentrat ion ( x = l . l ) . 

Cation Distribution and iïhf(Sn). T h e hyperfine 
magne t ic field at the d iamagnet ic Sn atom, Hhf(Sn), 
provides us wi th usuful chemical informat ion since it 
is sensitive to the nearest neighbors at A and B sites. In 
the spinel ferrite Hhf(Sn) is semiempirically expressed 
as two complementary mechanisms from the A and B 
sites, 12'21) 

Hhf(Sn) = m HA + n H B , (1) 

where H A and H B are a supertransferred hyperfine 
(STHF) field th rough one A - O - B bond and a direct 
transferred field from one of the nearest magnet ic ions 
in the B sites; m and n are the numbers of magne t ic 
nearest ne ighbors . T h e most probable m and n can be 
deduced from the m a x i m u m probabil i ty given by the 
b inomia l law. For example, the probabil i ty of an Sn 
a tom hav ing m magnet ic nearest neighbors at the A-
site, P(ra), is expressed as 

P(m) = 6Cm(l - y)"1^ (2) 

Fig. 6. 119Sn Mössbauer spectra and the distributions 
of the transferred hyperfine magnetic field for a series 
of MgxMni-xSno.iFei.804 at 110 K. 

where y is the mole fraction of the diamagnet ic Mg 2 + 

on A site. Shigematsu et al appl ied these formula to 
isostructural Feß04 and y-Fe203 and estimated the 
transferred field from the Fe 3 + at the A and B sites to be 
—117 and 113kOe/a tom, respectively.22) T h e supper-
transferred hyperfine field from Mn 2 + , on the other 
hand , was estimated to be about 60% of the correspond­
ing Fe(A)-0-Sn(B). 1 3 ) It should be emphasized here 

Mn1.1Fe1.sSno.1O4
Mg1.1Fe1.8Sno.1O4
MgxMn1.1-jcSno.1Fe1.sO4
MgdVln1.1-jcSno.1-
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that in the spinel structure there are two times as many 
B sites as there are A sites. T h a t is, the variat ion of the 
cat ion dis t r ibut ion affects more remarkably m than n. 
Using the cat ion dis t r ibut ions (Table 1) and Eq. 2, 
t h o u g h the averaged values for m are est imated to be 6 
between x=0 to 0.55, it decreased to 4.1 at x = l . l . T h i s 
is consistent wi th the abrupt decrease of Hhf(Sn) above 
x=0.825. 
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Elucidation was made for Shimura's recently proposed reduction parameter, which enables us to improve 
the prediction of the first absorption band components from Yamatera's rule, in terms of the angular overlap 
model(AOM) parameterization for cobalt(III) and chromium(III) mixed ligand complexes. From the con­
figuration interaction between the degenerate components and in view of the empirical relation for the eaa 

and eab AOM parameters as revealed recently in the nondegenerate component of trans-[Cr a^] type complexes, 
Shimura's empirical reduction parameter a was elucidated semiquantitatively in relation with the difference 
between the ea parameter values for the a and b ligands, zTab=3(eab—eaa); the larger the zf'ab, the smaller the 
reduction parameter a, and vice versa. 

Sh imura has recently introduced the empir ical 
reduct ion parameter to improve the prediction of the 
first l igand field absorpt ion band components of the 
low-spin d6 metal complexes by Yamatera 's rule.1* 
Neverthless, there has been no elucidat ion for this 
reduction parameter to predict the band components 
of various types of mixed l igand complexes other than 
quant i ta t ive approaches to the shifts of the degenerate 
component(1E a) of the first lrrig<— 1Aig(Oh) transi t ion 
in holohedrized tetragonal fields of Co(III) com­
plexes;2 ,3 ) however, these approaches can not predict 
which l igand combina t ion in the mixed l igand com­
plexes may give significant changes of the reduction 
parameter values. Moreover, the shift of the nonde­
generate c o m p o n e n t has never been ant icipated on the 
g round of the l igand field theory so far. 

In this paper, we will elucidate such deviation of 
both the nondegenerate and degenerate band com­
ponents on the basis of theoretical and empirical 
approaches in terms of the angula r overlap model 
(AOM) parameterization. 

Results and Discussion 

The Interelectron Repulsion Parameter. T h e intro­
duct ion of Shimura ' s empirical reduction parameter 
makes it feasible to account for the deviation of the 
first band components of mixed l igand complexes from 
Yamatera 's rule, even though the transit ion energies 
of the first d-d band or l igand parameter (Shimura 's 
quant i ta t ive scale (dx)) of octahedral low-spin d6 metal 
complexes depend on both the l igand field spl i t t ing 
parameter (A or lODq) and the Racah interelectron 
repuls ion parameter C(=4ß) ; i.e., ox or dx—Ax~Cx for 
the l igand X. T h e Racah parameter should no t be 
neglected, because the variat ion of this parameter 
values in mixed l igand complexes from those in octa­
hedral [ M X Ô ] type complexes may be accounted for 
by the symmetry-restricted or anisotropic nephelauxe-

tism as for the interpretat ion of the 1H- and 14N N M R 
spectra of pentaamminecobal t ( I I I ) complexes.4 ) When 
the reduct ion parameter a equals 1.00, however, 
Sh imura ' s empir ical analyses on the basis of a large 
number of absorpt ion data suggest that the additivity 
in mixed l igand complexes and transferability from 
complex to complex hold for the l igand parameters 
(dx) as expected for the l igand field spl i t t ing parameter 
(A). T h e contr ibut ion from the Racah parameter of 
the l igands concerned to the transi t ion energy (ax) of 
each spl i t t ing componen t in the first band (Shimura 's 
Eq. I1)) may behave in a similar manne r to the l igand 
field parameters as explained by the anisot ropic 
nephelauxet ism. 4 ) In the case of the rule of average 
env i ronment (Shimura 's Eq. 21}), the Racah parameter 
values in mixed l igand complexes are obtained by the 
weighted average of those of the l igands concerned. In 
either case, it is plausible that the Sh imura ' s l igand 
parameter(dx) behaves qui te similarly to the l igand 
field spl i t t ing parameter(z/) in mixed l igand com­
plexes. Therefore, the reduct ion parameter is con­
sidered to depend on the variat ions of either the l igand 
field parameter or the Racah parameter value B wi th 
l igand combinat ions in mixed l igand complexes. 
Since the reduct ion parameters are also found for 
Cr(III) complexes5* where the transit ion energy o or 
the l igand parameter d of the first absorpt ion band 
corresponds solely to the l igand field sp l i t t ing 
parameter A, it is not likely that the reduction para­
meter is ascribed to the deviation of the Racah 
parameter in mixed l igand complexes from those in 
octahedral [ M X Ô ] type complexes, bu t it may arise 
main ly from the reduct ion in the l igand field sp l i t t ing 
parameter(zf) due to the lower ing symmetry of 
complexes. 

The Degenerate Components. As have been claim­
ed previously,2*3) it is most probable that the t ransi t ion 
energy shift of the degenerate componen t arises from 
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the configurat ion interact ion between two tetragonal 
sp l i t t ing components , the 1Ea(1Tig) state in the first 
band and the 1Eb(1T2g) one in the second band for trans-
[Co lna4b2] type complexes. For the purpose to assess 
the extent of the t rans i t ion energy shift (the value of 
the reduct ion parameter) in a given mixed l igand 
complex, the fol lowing first order per turbat ion ener­
gy (£ ' ) for the xEa c o m p o n e n t is taken in to considera­
tion. 

<1Ea|F(D4)|1Eb>2 

(1) 

As a result, the per turbed transi t ion energy is 
lowered by the second te rm(£ ' ) of Eq. 1 in compar ison 
wi th the zeroth-order energy £o(1Ea). T h e second 
term(E') is expressed us ing the AOM parameters 
A'ob=3(eob—eaa) and the averaged Racah parameter 
B=l/2(BA+B\)) for the xEa componen t as follows. 

ETE.) = 
( ^ q b ) 2 

12(165 - 1/3 J'ob) 
(2) 

For the other types of mixed l igand complexes, the 
first order per turba t ion terms are given by the AOM 
parameter expression as in the following Eqs. 3—5. 
Since the reduction parameter a becomes equal to 
l—E'/Eo, ß(=l—a) is E'/EQ. Therefore, this reduction 
parameter is approx ima ted by a function of the AOM 
parameter A'ob=3(eob—eoa), the l igand parameters d a = 
z/a—4ßa and db=Ab—4ßb (C=4ß) as well as the weighted 
average of the Racah parameter for the degenerate 

componen t of [Coa„b6-n] type complexes. Finally, 
the following relations are obtained. 

(A'abf 
3(16£± l/3zf'ab)(2da + 2dh) 

ß = 
' u \ 2 (A'*} 

12(16£± l/6zf'ab)(3da + dh) 

(A'*)* 
12(16£ ± l/6zf'ab)(da + 3A) 

(3a) 
(3b) 

(4a) 
(4b) 

(5a) 
(5b) 

where the positive (Eqs. 3a, 4a, 5a) and negative (Eqs. 3b, 
4b, 5b) signs of A'ob in the first parenthesized term of 
the denomina tors are for £ran5-[Coa2b4](3a), cis-
[Coa4D2](4a), [Coabö](5a), and for £ram-[Coa4b2](3b), 
[Coaöb](4b), cz5-[Coa2D4](5b), respectively. In the case 
of chromium(I I I ) complexes, the l igand field bands 
can be treated analogously to those of cobalt(III) 
complexes except for the difference in the spin-
mul t ip l ic i ty and the l igand field parameterizat ion 
between the first lrT\<—xAi of cobalt(III) complexes and 
the cor responding 4T2<—4A2 transi t ion of ch romium-
(III) complexes. T h i s is plausible because the l igand 
parameters dx of Co(III) complexes behave in a similar 
manne r to the l igand field parameter A in spite of the 
inc lus ion of the Racah parameter in the dx as 
ment ioned before and also because the e<, values for 
CI", H 2 0 , NOS", NH 3 , e thylenediamine, and O H " 
l igands for Cr(III) complexes are well correlated wi th 

Table 1. Calculated and Observed Transition Energies for the Degenerate Component 
and Reduction Parameters for Some Co(III) Complexes 

trans-[CoCh(en)2]+ 

ds-[CoCl2(en)2]+ 

/rans-[CoBr2(en)2]+ 

as-[CoBr2(en)2]+ 

toms-[Co(CN)2(NH3)4]+ 

ds-[Co(CN) 2(en) 2]+ 

*rans-[Co(CN)4(NH3)2j-
as-[Co(CN) 4 (NH 3 )2]-
[CoCl(CN) 5] 3-

[CoBr(CN)5]3-

Sca l ed 

103 c m - 1 

16.76 
19.12 
16.25 
18.88 
23.3 
23.8e> 
23.78 
23.16e) 
25.46 
28.69 
26.57 
26.27e) 
26.30 

tfobsd 

10 3 cm-i 

16.3 
18.69 
15.21 
18.10 
23.9 
23.9 
22.99 
22.99 
24.2 
28.0 
25.63 
25.63 
25.2 

Aa> 

% 
2.8 
2.3 
6.8 
4.3 

- 2 . 5 
- 0 . 4 

3.8 
2.8 
5.2 
2.5 
3.7 
3.4 
4.3 

• v b) 
Q!calcd ' 

0.989 
0.997 
0.980 
0.994 
0.876 
0.898 
0.988 
0.982 
0.958 
0.979 
0.977 
0.965 
0.974 

OL ' 

0.96 
0.98 
0.93 
0.965 
0.91 
0.91 
0.955 
0.955 
0.91 
0.955 
0.935 
0.935 
0.93 

A'o 

103 c m - 1 

- 4 . 2 6 
- 4 . 2 6 
- 6 . 0 
- 6 . 0 
13.02 
12.6 
12.64 
12.2 
13.02 
13.02 
17.58 
22.33 
18.66 

Eq.d> 

3a 
4a 
3a 
4a 
3a 
3a 
4a 
4a 
3b 
5a 
4b 
4b 
4b 

a) A=100 (£caicd—a0bsd)/a0bsd. b) Calculated from the relation a—\—ß and Eqs. 3—5 by using the following parameter 
values. The ligand parameter:1) d(en)=21.4, d(NH3)=21.0, d(Cl")=12.5, d(Bi-)=11.7, d(CN")=32.1; the AOM 
parameter values:7) *a(Cr-)=6.29, eCT(Br-)=5.93(estimated from the relation ^a(CoIII)=l.ll(?a(Cr111)), *a(CN-)= 
12.15, £a(en)=7.91, ^a(NH3)=7.81 in units of 103cm_1 and the weighted average of the Racah parameter values for 
each ligand which contributes to the degenerate component are obtained from the following Racah parameter 
values: Jß/cm"1=616(N), 469(CN"), 456(C1"), 386(Br~); these values are taken from R. Bramley, M. Brorson, 
A. M. Sargeson, and C. E. Schäffer, / . Am. Chem. Soc, 107, 2780 (1985). c) From Ref. 1. d) Equations used for the 
calculations of £caicd, aCaicd, and a. e) By using the ea(CN_)=12.00 calculated on the basis of the absorption data of 
Ohkawa et al. (K. Ohkawa, J. Hidaka, and Y. Shimura, Bull. Chem. Soc. Jpn., 39, 1715 (1966)). 
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Table 2. Calculated and Observed Transition Energies for the Degenerate and/or Nondegenerate 
Component and Reduction Parameters for Some /rans-[CrmX2(N)4] Type Complexes 

[CrF2(3.2.3-tet)]+ 
[CrF2(en)2]+ 

[Cr(OH)2(3.2.3-tet)]+ 
[Cr(OH)2(en)2]+ 

[Cr(CN)2(3.2.3-tet)]+ 
[Cr(CN)2(en)2]+ 

[CrBr2(3.2.3-tet)]+ 
[CrBr2(en)2]+ 

[CrCl2(3.2.3-tet)]+ 

[CrCl2(en)2]+ 

[Cr(H20)2(3.2.3-tet)]3 + 

[Cr(H20)2(en)2]3+ 

Scaled 

103 cm- 1 

2i.i*i) 

18.5*3) 
18.5*2) 
21.7*3) 
20.8*1) 
17.lt) 
18.0*2) 
20.6t) 
20.14 
22.96*3) 
23.89*2) 
23.0*1) 
16.51*3) 
16.5*2) 
21.46*3) 
22.85*2) 
17.20*3) 
17.29*2) 
22.5*D 
19.65*3) 
19.49*2) 
21.9*3) 

a0bsd 

103 cm" 1 

22.5 
18.8 (sh)#) 

21.4 
20.4 
18.25#) 

19.92 

23.15 

21.9 
16.5#) 

21.7(sh) 
22.3 
17.29#) 

23.1 
19.68#) 

22.47 

Aa) 

% 
- 6 . 2 
- 1 . 6 
- 1 . 6 
+2.3 
+2.0 
- 5 . 9 
- 1 . 3 
+3.4 

- 0 . 8 

+5.0 
+0.1 

0.0 
- 0 . 1 
+2.5 
- 0 . 5 

0.0 
- 2 . 5 
- 0 . 2 
- 0 . 1 
+2.1 

0!calcdb) 

0.99 

1.00 

0.95 

0.985 

0.94 

0.99 
1.08 

0.98 

1.07 

0.985 
1.05 

0.99 

Q,C) 

1.00 

1.00 

0.94 

0.94 

0.98 

0.98 

0.98 

0.98 

1.00 

1.00 

l^a 
103 cm" 1 

1.0 

1.0 

4.0 

4.0 

4.5 

4.5 
- 6 . 0 

- 6 . 0 

- 5 . 2 

- 5 . 2 
- 4 . 0 

- 4 . 0 

Eq.d> 

7 
1 
3b 
1 
7 
1 
3b 
1 
7 
2 
3b 
7 
1 
3b 
1 
7 
1 
3b 
7 
1 
3b 
1 

Ref.e> 

8 

f) 

f) 
8 

g) 

g) 
8 

h) 

8 

i) 

i) 
8 

J) 
8 

g) 

g) 

a) A=100 (£caicd—a0bsd)/a0bsd. b) Calculated from the relation a=\— ß and Eq. 3b by using the following parameter values. 
The ligand parameter:5) d(en)=21.9, d(F")=15.1, d(OH")=14.65, d(CN")=26.5, d(Br")=l 1.7, d(Cl")=12.5, d(H20)=17.4; 
the AOM parameter values:7) ea(en)=1.3; ea(OH")=8.66; ea(CN")=8.48; ea(F")=7.63; ea(Br")=5.34; ea(Cl")=5.56; 
ea(H20)=5.94; in units of 103 cm - 1 and the weighted average of the Racah parameter values for each ligand which 
contributes to the degenerate component are obtained from the following Racah parameter values ; Z?/cm-1=620 (en), 
820 (F-), 460 (OH"), 530 (CN"), 370 (Br"), 560 (CI"), 725 (H20). c) From Ref. 5. d) Equations used for the calculations 
of £Caicd, «caicd, and a; Eqs. 1 and 2 from Ref. 1. e) References for the observed absorption band positions, f) J. M. Dejorine, 
W. R. Moison, and J. W. Vaughn, Inorg. Chem., 13, 66 (1974). g) W. A. Baker, Jr. and M. G. Phillips, Inorg. Chem., 5, 
1042 (1966). h) S. Kaizaki, J. Hidaka, and Y. Shimura, Bull. Chem. Soc. Jpn., 48, 902 (1975). i) L. P. Quinn and C. S. 
Garner, Inorg. Chem., 3, 1348 (1964). j) M. Linhard and M. Weigel, Z. Phys. Chem. (Frankfurt am Main), 5, 20 (1955). 
(sh): shoulder. #): The observed degenerate component. *1),*2): Obtained by the present approach for the nondegenerate 
and degenerate component, respectively. *3): Shimura's unpublished results from Ref. 5. t ) : Obtained from Shimura's 
treatment. 

those of the corresponding Co(III) complexes accord­
ing to the relation ^a(Crin)=0.9^a(Coln) except for the 
cyano ligand. Thus, Shimura's reduction parameter is 
also applied to chromium(III) complexes.5) For 
chromium(III) complexes, in fact, the analogous 
relations for the perturbed transition energies of the 
degenerate component are obtained only by replacing 
16B in the first parenthesized term of the denominators 
of Eqs. 3—5 by 12B. According to the above equations, 
the calculated a values from the relation a—\—ß are 
obtained by using the AOM e<, values in the 
references6'7) as in Tables 1 and 2. It is seen that the a 
values depend mainly on the coefficient of the 
denominators of Eqs. 3—5 (3 for Eqs. 3 and 12 for Eqs. 4 
and 5) for a given z/'ab value and also depend on the 
A'oh value for the complexes with the same geometrical 
structure. This tendency of the numerical behavior of 
the ß values is similar to the empirical relations found 
for Shimura's reduction parameter; the relation 
a—\— 2ß for trans type complexes (Eq. 3) and the 
relation a—\—ß for cz5-[Ma„b6-n] (n=2 and 4) and 

[Manbß-n] (n—\ and 5) type complexes(Eqs. 4 and 5) 
tend to hold for the ß value of a given ligand, and the a 
values also decrease with increasing the difference 
between the e<, values for the ligands concerned (z/'ab) 
as shown in Ref. 1 and Tables 1 and 2. That is, the 
calculated a values for trans complexes are always 
smaller than those for eis ones. In the case of (N, O) 
mixed ligand complexes where A'ao=3(eao—eaN) is 
estimated to be — 1.8X103cm_1,6) the calculated a 
values become close to 1.00, whereas (CN~, X) mixed 
ligand complexes with the large z//

CTx=3(^CTx—^CN) 
values (—12——22X103 cm -1) for X=amines and halo-
geno ligands give the large reduction parameter 
values. These anticipated tendency of the a values are 
in fairly good accordance with that for the empirical a 
values for Cr(III) as well as Co(III) complexes as 
shown in Tables 1 and 2. Taking account of the 
correlation between the reduction parameters and the 
AOM parameter difference A'ab, the order for the ea 

values is predicted to be C N - > N > 0 > C l - > B r - > r . 
This is consistent with the proposed order for the 

17.lt
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AOM ^values; i.e., the two-dimensional spectrochemical 
series.2,7) Thus, these plausible tendency of the a 
values supports that Shimura's reduction parameter of 
the degenerate component arises from the configura­
tion interaction between the two degenerate com­
ponents and can be elucidated semiquantitatively in 
terms of the A'a\> values as shown in Tables 1 and 2. 
The discrepancy between the empirical and calculated 
reduction parameter values may be due to the neglect 
of the configuration interaction between the degenerate 
1Ea(iTig)(Co(III))(4Ea(4T2g)(Cr(III))) component and the 
upper 1E(Co(III))(4E(Cr(III))) one other than the 
1Eb(iT2g)(Co(III))(4Eb(4Tig)(Cr(III)))one. 

The Nondegenerate Component. No transition 
energy change is expected for the nondegenerate 
component(1A2(1Tig)), because there is no configura­
tion interaction between the nearby excited states with 
the same symmetry representation in terms of the 
ligand field theory. However, Shimura's empirical 
analyses for a large number of the absorption spectral 
data indicate that the position of the nondegenerate 
component is also susceptible to the shift by the same 
amount as the reduction parameter for the degenerate 
component. This may be interpreted by our recent 
2H NMR study in combination with the ligand field 
absorption spectra of Cr(III) complexes.® The shifts of 
the nondegenerate component are observed for the 
absorption spectra of irans-[CrX2(3.2.3-tet)]+ where 
3.2.3-tet refers to 4,7-diazadecane-l,10-diamine (NH2-
CH2 CH2 CH2 NHCH2 CH2 NHCH2 CH2 CH2 NH2). 
That is, the nondegenerate 4I>2 components of the first 
band of the dihydroxo, difluoro, dichloro, dibromo, 
and diaqua complexes which exhibit a distinct tetra­
gonal splitting are not always located at the same 
position, but they are shifted with variation of the 
axial ligands. The correlation of the AOM ea 

parameter and the 2H NMR shift differences(Aô) 
between the axial and equatorial deuterons of the 
deuterated ethylene backbone for the fram-3.2.3-tet 
Cr(III) complexes gives the relations eaN=0.037Àô+ 
3.75 and £ffX=-0.09A<5+15.3 and then leads to the 
following equation. 

eaX = -2.43eaN + 24.4, (6) 

in units of 103cm-1 as previously described.8* On the 
basis of Eq. 6, the transition energy of the nondegener­
ate 4B2 component(3^eN) is expressed with use of the 
relation A'ox=%eax~^N)) as follows, 

£(4B2) = 3<?„N = 21.4(1 - 0.013^'aX) (7) 

The coefficient 21.4 in Eq. 7 is close to the 
nondegenerate component positions observed for the 
case of A'ax=0, or approximates to 3 ^ ( 1 ODq) for the 
amine ligand and 0.013 A'ax corresponds to Shimura's 
parameter ß. In the case of £raro-[ConiX2(en)2] type 

complexes, the transition energy of the XA2 com-
ponent(3eCTN—C) or the ligand parameter d is repre­
sented by the equation 21.22(1— 0.013zTaX) according 
to the relation ea(Coin)=l.ll<?CT(Crni) together with 
d=3<?ffN-C(C=2.46Xl03 cm-1) from Eq. 7. The coef­
ficient 21.22 is also close to the band positions for 
A'ox=0, or almost equals the ligand parameter(d) 
value for the amine ligand, and 0.013zl/(Jx(=jß) just 
accidentally coincides with that for Cr(III) complexés. 
Since A'ax is at most 13(X103 cm-1) for fraw-[CoX2(N)4] 
type complexes as shown in Table 1, the largest value 
of ß is estimated to be around 0.17; i. e., it is of the 
same order of magnitude as Shimura's empirical 
parameter values for Co(III) complexes. The reduc­
tion parameter a is correlated with the difference 
between the AOM ea parameter values for the basal(N) 
and axial(X) ligands, =l /3J /

( j X , as in the case of the 
degenerate component. Since the eaN parameter values 
increase with decreasing the eax values as seen from 
Eq. 6, the ea parameter values of two kinds of ligands 
in mixed ligand complexes tend to vary in an opposite 
way and to compensate each other as discussed 
previously.0 Therefore, the reduction of the transition 
energy of the nondegenerate component results from 
the charge redistribution due to the electroneutrality 
principle through the metal-ligand a bonds. Accord­
ing to Eq. 7, however, the reduction parameter a 
becomes less than 1.00 for chromium(III) complexes of 
trans type with the positive value of the A'ax where the 
ea parameter values for such F~, CN~, and O H -

ligands are larger than those for the amine ligands as 
shown in Table 2. For the negative values of A'ax for 
the aqua, chloro, and bromo chromium(III) com­
plexes,5'8' the reduction parameter a becomes larger 
than 1.00 as in Table 2. The latter case is contrary to 
Shimura's treatment, which is significant even for the 
ligands with the weaker a bond interaction or smaller 
ea parameter values than those for the amine ligands as 
found for the dichloro, dibromo, and diaqua tetramine 
Co(III) and Cr(III) complexes as in Tables 1 and 2. 
This contradiction remains still open to question. 

In conclusion, the present theoretical and empirical 
approaches reveal that Shimura's reduction parameter 
has a significant implication for the ligand field 
parameterization and is elucidated semiquantitatively 
in connection with the A'ah values for the nonde­
generate component as well as the degenerate one, 
though there is a different behavior in the non-
degenerate case between the present approach and 
Shimura's treatment. 
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Isao HASEGAWA+ and Sumio SAKKA* 
Institute for Chemical Research, Kyoto University, Uji 611 

(Received June 20, 1990) 

CH3Si80i97~, in which a Si(0~)4 unit in the cubic octameric silicate anion (SisC^o8-) is displaced by a 
CH3Si(0~)3 unit, has been formed in aqueous solutions of mixture of hydrolysis and polycondensation products 
of tetraethoxysilane and methyltriethoxysilane under the presence of (2-hydroxyethyl)trimethylammonium 
ions. The ammonium ions have not had any significant effects on polymerization of hydrolysis products of 
methyltriethoxysilane in aqueous solutions and the polymerization has taken place randomly to form a 
widespread distribution of the species with various structures. The hydrolysis product, however, has taken part 
in the formation process of the cubic octameric silicate anion with the aid of the organic ammonium cations, 
resulting in the formation of CHsSisOis7-. 

Organ ic quaternary a m m o n i u m ions affect poly­
merization of silicate anions in solutions to form 
silicate anions wi th cage-like structures such as 
SioOiö6-, SisO208~, and Siio02510~.1,2) For prepar ing 
silicate solut ions in which such silicate anions are 
dominant ly present, various types of silicon sources 
can be used, for example, silicic acid sol, silicic acid 
gel, Aerosil, and tetraalkoxysilane.3 _ 5 ) In spite of the 
uses of these different silicon sources to prepare 
t e t ramethy lammonium silicate solutions, the cubic 
octameric silicate an ion (SisC^o8-) becomes a domi­
nan t species in the solut ions, a l t hough time for 
reaching the equ i l ib r ium a m o n g silicate species in the 
solutions is different wi th the type of the silicon 
sources. 

Species hav ing cage-like si loxane backbones can be 
prepared from tr ifunctional silanes as well as silicate 
anions wi th tetrafunctionality.6) For example, methyl-
silsesquioxanes wi th cage-like structures, (CHs^SieOg, 
(CH3)8SisOi2, and (CH3)ioSiioOi5, can be synthesized by 
hydrolysis and polymerizat ion of methyltriethoxysil­
ane (CH3Si(OC2H5)3, abbreviated to MTEOS) or 
pyrolysis of the gel thus formed.7-9* (Methylsilsesqui-
oxanes are a class of c o m p o u n d s composed of a silicon 
a tom connect ing to a methyl g r o u p and three oxygen 
a toms as a s tructural uni t . ) In these cases, no addi t ion 
of organic quaternary a m m o n i u m ions is necessary. 
However, there has been no report on the distribution of 
hydrolysis and polycondensat ion products of M T E O S 
in aqueous solutions con ta in ing organic quaternary 
a m m o n i u m ions. 

In this study, it is a imed to explore the effect of 
organic quaternary a m m o n i u m ions on polymeriza­
tion of hydrolysis products of M T E O S and that of 
mixture of hydrolysis products of tetraethoxysilane 
(Si(OC2H5)4, T E O S ) and M T E O S in aqueous solu­
tions. At first, the structures and the dis tr ibut ion of 

1" Present address: The Institute of Physical and Chemical 
Research, 2-1, Hirosawa, Wako 351-01. 

hydrolysis and polycondensat ion products of M T E O S 
in aqueous solut ions con ta in ing (2-hydroxyethyl)-
t r ime thy lammonium ions have been investigated. 
T h e organic quaternary a m m o n i u m ions were report­
ed to be effective in the selective formation of the cubic 
octameric silicate anion. 1 0 ' n ) T h e n , in order to 
elucidate whether the species wi th the cubic octameric 
structure consist ing bo th of CH3Si(0~)3 and Si(0~)4 
uni ts are formed or not , the structures and the distribu­
tion of species formed by hydrolysis and polycondensa­
t ion of T E O S and M T E O S in aqueous solutions 
conta in ing (2-hydroxyethyl) t r imethylammonium ions 
have been examined. Tr imethyls i lyla t ion by the 
method of Lentz12) has been employed for the 
investigations. 

Experimental 

Materials. Methyltriethoxysilane, tetraethoxysilane, 50% 
(2-hydroxyethyl)trimethylammonium hydroxide aqueous 
solution, coned hydrochloric acid, and 2-propanol were of 
reagent grade. Hexamethyldisiloxane was used after a single 
distillation (bp 100.0— 100.5°C). 

Preparation of Solutions. A given amount of MTEOS 
was added to a (2-hydroxyethyl)trimethylammonium hy­
droxide aqueous solution whose concentration had been 
adjusted by adding deionized water to 50% (2-hydroxyethyl)-
trimethylammonium hydroxide aqueous solution. The 
mixture was stirred for 2 days at room temperature to hydro-
lyze MTEOS completely and obtain a homogeneous solu­
tion. In this manner, aqueous solutions of hydrolysis and 
polycondensation products of MTEOS containing (2-hy-
droxyethyl)trimethylammonium ions were prepared, whose 
Si concentration ranged from 0.1 to 2.34 mol dm - 3 and 
N/Si ratio (molar ratio of (2-hydroxyethyl)trimethylammo-
nium ions to silicon) was fixed at 1.0. 

Aqueous solutions of mixture of hydrolysis and polycon­
densation products of TEOS and MTEOS containing 
(2-hydroxyethyl)trimethylammonium ions were prepared by 
adding TEOS and MTEOS to (2-hydroxyethyl)trimethyl-
ammonium hydroxide aqueous solutions. An N/Si ratio of 
the solutions was kept constant at 1.0. The total Si 
concentration, that is, the sum of concentrations of silicon 
atoms in species formed from TEOS and MTEOS, was fixed 
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at 1.5moldm-3. The molar ratio of TEOS and MTEOS 
denoted as the TEOS/(MTEOS+TEOS) ratio ranged from 
0.25 to 0.75. 

Analytical Procedure. The structures of species present 
in the solutions were examined by the trimethylsilylation 
technique combined with a gas-liquid chromatography. 
The method of Lentz12) was adopted for the trimethylsilyla­
tion. It has been reported that the method of Lentz is most 
favorable for trimethylsilylation of silicate solutions13) and is 
applicable for trimethylsilylation of hydrolysis and poly­
condensation products of MTEOS in solutions.14) Peaks 
which appear on gas chromatograms were identified based 
on combined gas chromatograph-mass spectrometry. Quan­
titative analysis was performed for CH3Si03

3~, Si044~, 
SÎ2076-, and SisO208~ using tetradecane as an internal 
standard. Since trimethylsilylated derivatives of the other 
species could not be obtained in a pure state, the distribution 
of species in the solutions is expressed in terms of per­
centages of total peak area on a gas chromatogram. The 
experimental conditions for the trimethylsilylation, gas-
liquid chromatography, and gas chromatograph-mass spectro­
metry were the same as those described previously.11'14* 

Results and Discussion 

1. Constitution of Hydrolysis and Polycondensa­
tion Products of MTEOS in the Aqueous Solutions 
Containing (2-hydroxyethyl)trimethylammonium Ions. 
Figure 1 shows the gas chromatogram of trimethyl­
silylated derivatives obtained from an aqueous solu­
t ion of hydrolysis and polycondensat ion products of 
M T E O S con ta in ing (2-hydroxyethyl) tr imethylam-
m o n i u m ions at an N / S i rat io of 1.0 and a Si 
concentra t ion of 1.5 mol d m - 3 . O n the basis of the 
previous study,15) ass ignment of the peaks is given in 

the figure caption. T h e presence of 11 kinds of 
hydrolysis and polycondensat ion products of M T E O S 
is found in the solution. 

T h e variat ions wi th the Si concentrat ion in the 
peak area ratios of the trimethylsilylated derivatives of 
hydrolysis and polycondensat ion products of M T E O S 
and the recovery of monomer (CHsSiOs3 -) in the 
aqueous solutions containing (2-hydroxyethyl)trimethyl-
a m m o n i u m ions at an N / S i rat io of 1.0 are shown in 
Fig. 2. T h e values of peak area ratios of the 
compounds corresponding to peaks c, f, g, i, j , and k 
are all under 4.0% at the m a x i m u m and so plots of 
these compounds are omitted from the figure. 

T h e recovery of methylsi lanetriol decreases and the 
peak area ratios of trimers and the higher molecular 
weight species increase wi th increasing Si concentra­
t ion. T h e peak area rat io of the d imer increases wi th 
the increment of Si concentrat ion u p to 1.0 mol d m - 3 , 
then decreases. These facts indicate that the poly­
merization proceeds wi th the rise in the Si concentra­
tion. T h e values of peak area rat io of each hydrolysis 
and polycondensat ion product of M T E O S and the re­
covery of m o n o m e r in the aqueous solut ions contain­
ing (2-hydroxyethyl) t r imethylammonium ions at an 
N / S i rat io of 1.0 and a certain Si concentrat ion are 
a lmost the same as those in the aqueous solut ions 
con ta in ing sodium ions at the same cation-to-sil icon 
molar rat io and the same Si concentration.1 6 ) T h i s 
means that the variety of coexisting cations does not 
make any significant difference in the process of 
polymerizat ion of hydrolysis products of M T E O S in 
aqueous solutions. 

It was reported that (CH3)8SisOi2, which has the 
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Fig. 1. Gas chromatogram of the trimethylsilylated derivatives obtained 
from an aqueous solution of hydrolysis and polycondensation products 
of methyltriethoxysilane under the presence of (2-hydroxyethyl)trimeth-
ylammonium ions at an N/Si ratio of 1.0 and a Si concentration of 
1.5 mol dm"3. Peaks correspond to (a) CH3Si03[Si(CH3)3]3, (b) (CH3)2Si2-
05[Si(CH3)3]4, (c) (CH3)4Si408[Si(CH3)3]4 (isomer 1), (d) (CH3)4Si408[Si-
(CH3)3]4 (isomer 2), (e) (CH3)3Si3Ov[Si(CH3)3]5, (f) (CH3)5Si50io[Si(CH3)3]5 

(isomer 1), (g) (CH3)5Si5Oio[Si(CH3)3]5 (isomer 2), (h) (CH3)4Si409[Si-
(CH3)3]6, (i) (CH3)6Si6Oi2[Si(CH3)3]6 (isomer 1), (j) (CH3)6Si60i2[Si(CH3)3]6 

(isomer 2), and (k) (CH3)5Si5Oii[Si(CH3)3]7. 
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Fig. 2. Variations with the Si concentration in the 
peak area ratios of the trimethylsilylated derivatives 
of hydrolysis and polycondensation products of 
methyltriethoxysilane and the recovery of monomer 
in the aqueous solutions containing (2-hydroxyeth-
yl)trimethylammonium ions at an N/Si ratio of 1.0. 

cubic octameric siloxane structure, was formed as a 
result of hydrolysis and polymerization of MTEOS,7-9) 

indicating that the cubic octameric structure can be 
constructed only with CH3Si(0~)3 units. It was also 
reported that the silicate anion of SisC^o8- became a 
dominant species at increased Si concentrations in (2-
hydroxyethyl)trimethylammonium silicate aqueous 
solutions at an N/Si ratio of 1.0.5) From the present 
study, however, it can be stated that (CH3)8SisOi2 is not 
formed and also a species with a specific structure is 
not formed selectively in aqueous solutions of hydro­

lysis and polycondensation products of MTEOS under 
the presence of (2-hydroxyethyl)trimethylammonium 
ions. One of the reasons for the absence of 
(CH3)8SisOi2 in the present system is the difference in 
the reaction conditions. In the present aqueous 
system, there is enough water to hydrolyze MTEOS 
completely, resulting in the random polymerization 
with a widespread distribution of the hydrolysis and 
polycondensation products of different structures. In 
the systems, in which (CH3)8SisOi2 is obtained, an 
organic solvent like benzene or methanol is used and 
the amount of water added for the hydrolysis is 
relatively small. It appears that the amount of water 
would control the degree of hydrolysis of MTEOS, and 
polymerization behavior of the hydrolysis products as 
well. 

It is obscure at present how the interaction between 
organic quaternary ammonium ions and silicate 
anions occurs during the selective formation of the 
Si8O208~ silicate anion. From the facts described above, 
however, the tetrafunctionality of silane would be 
required for the selective structure formation with the 
aid of organic quaternary ammonium ions. 

2. Constitution of Species Present in Aqueous 
Solutions of Mixture of Hydrolysis and Polycondensa­
tion Products of TEOS and MTEOS under the Pres­
ence of (2-Hydroxyethyl)trimethylammonium Ions. 
Figure 3 shows the gas chromatogram of trimethyl­
silylated derivatives obtained from an aqueous solu­
tion of mixture of hydrolysis and polycondensation 
products of TEOS and MTEOS under the presence of 
(2-hydroxyethyl)trimethylammonium ions at an N/Si 
ratio of 1.0 and a total Si concentration of 1.5 mol 
dm - 3 . The M-15 peak, which is due to the loss of a 
methyl radical from the molecular ion, is characteristic 
on every mass spectrum of compounds due to the 
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Fig. 3. Gas chromatogram of the trimethylsilylated derivatives obtained 
from an aqueous solution of mixture of hydrolysis and polycondensa­
tion products of tetraethoxysilane and methyltriethoxysilane under 
the presence of (2-hydroxyethyl)trimethylammonium ions at an N/Si 
ratio of 1.0, a total Si concentration of 1.5 mol dm-3, and a TEOS/ 
(MTEOS+TEOS) ratio of 0.75. 
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Table 1. Assignment of the Peaks on the 
Gas Chromatogram Shown in Fig. 3 

Peak 

a' 
b ' 
c' 
d' 
e' 
F 
g' 
h ' 
i' 

Y 
k' 
V 
m' 
n ' 

Formula 

CH3Si03[Si(CH3)3]3 
Si04[Si(CH3)3]4 
(CH3)2Si205[Si(CH3)3]4 
CH3Si206[Si(CH3)3]5 
(CH3)4Si408[Si(CH3)3]4 
Si207[Si(CH3)3]6 

(CH3)3Si307[Si(CH3)3]5 

Si309[Si(CH3)3]6 

(CH3)2Si308[Si(CH3)3]6 
(CH3)5Si5Oio[Si(CH3)3]5 
CH3Si4Oii[Si(CH3)3]7 
Unknown 
CH3Si8Oi9[Si(CH3)3]7 

Si802o[Si(CH3)3]8 

Molecular weight 

310 
384 
458 
532 
592 
606 
606 
666 
680 
740 
814 

1054 
1128 

peaks on the gas chromatogram, which is significant 
for the identification of trimethylsilylated derivatives 
of silicates and hydrolysis and polycondensation 
products of MTEOS.14-16) Species which have the 
same molecular weight have been identified on the 
basis of their retention times on the gas chromato-
grams. The assignments are shown in Table 1. 
Copolymerization products formed from TEOS and 
MTEOS, which correspond to peaks d', i', k', and 
m', are seen to be present together with species 
consisting of CH3Si(0~)3 or Si(0~)4 units solely. 

It should be noted that CHsSisOig7- corresponding 
to peak m7 is formed in the solution. When a tri-
methylsiloxyl group on a silicon compound is 
substituted for a methyl group, a retention time of the 
methyl-substituted compound on a gas chromatogram 
becomes shorter than that of the original one, as can be 
seen, for example, in the case of CH3Si[OSi(CH3)3]3 
(peak a7) and Si[OSi(CHa)3]4 (peak b7) on Fig. 3. From 
this fact and its molecular weight, it is considered that 
this compound has a structure in which a Si(0~)4 unit 
in the cubic octameric silicate anion is substituted for a 
CH3Si(0_)3 unit. As described above, hydrolysis and 
polycondensation products of MTEOS can not be 
converted into the cubic octameric structure in 
aqueous solutions even if (2-hydroxyethyl)trimethyl-
ammonium ions are present. It appears, however, that 
CH3Si(0_)3 units can be incorporated into the 
structure consisting mainly of Si(0~)4 units. 

Figure 4 shows the variation with the TEOS/ 
(MTEOS+TEOS) ratio in the peak area ratios of 
species in aqueous solutions of mixture of hydrolysis 
and polycondensation products of TEOS and MTEOS 
under the presence of (2-hydroxyethyl)trimethylam-
monium ions at an N/Si ratio of 1.0 and a total Si 
concentration of 1.5 mol dm - 3 . Species whose values 
of peak area ratios are less than 6% at the maximum 
are not shown in the figure. 

Among species consisting only of CH3Si(0~)3 units, 
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Fig. 4. Variation with the TEOS/(MTEOS+TEOS) 
ratio in the peak area ratios of hydrolysis and poly­
condensation products of tetraethoxysilane and 
methyltriethoxysilane in the aqueous solutions con­
taining (2-hydroxyethyl)trimethylammonium ions 
at an N/Si ratio of 1.0 and a total Si concentration 
of 1.5 mol dm-3. 

low-molecular weight species, such as the monomer 
and dimer, are dominant. Peak area ratios of the low-
molecular weight species decrease with increasing 
TEOS/(MTEOS+TEOS) ratio. This is not ascribed to 
the fact that polymerization of hydrolysis products of 
MTEOS proceeds with the rise in the ratio. Because 
peak area ratios of the higher molecular weight 
species, which are not shown in the figure, also 
decrease with increasing ratio. It is considered that the 
decrease is caused by low concentrations of hydrolysis 
and polycondensation products of MTEOS in the 
solutions at increased ratios, since smaller amounts of 
MTEOS have been added for preparing the solutions 
at higher TEOS/(MTEOS+TEOS) ratios. The degree 
of polymerization of hydrolysis products of MTEOS 
does not increase in aqueous solutions even at high Si 
concentrations, as described in the former part of this 
paper. 

Values of recoveries of silicate anions in the 
solutions, calculated on the basis of the amount of 
TEOS used for the preparation, are shown in Table 2. 
Among low-molecular weight silicate species, the 
amount of monomer is very small. The dimer is 
formed just in a trace scale at every TEOS/(MTEOS+ 
TEOS) ratio. Linear trimeric and cyclic tetrameric 
silicate anions are not seen in the solutions. These 
facts indicate that low-molecular weight silicate 
species are scarcely present in the solutions. On the 
other hand, the amount of SisO208~ formed is very 
large compared with those of other silicate species. 
With the increase of the TEOS/(MTEOS+TEOS) 
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Table 2. Recoveries of Silicate Anions at Various TEOS/(MTEOS+TEOS) Ratios in 
Aqueous Solutions of Hydrolysis and Polycondensation Products of TEOS 

and MTEOS Containing (2-hydroxyethyl)trimethylammonium Ions at 
an N/Si Ratio of 1.0 and a Total Si Concentration of 1.5 mol dm - 3 

(The values of the recoveries have been calculated from the 
amount of TEOS used for preparing the solutions) 

TEOS/(MTEOS+TEOS) Ratio 

0.25 
0.5 
0.75 

Si04
4" 

2.3 
1.1 
0.6 

Recovery/% 

Si207
6-

Trace 
Trace 
Trace 

Si8O208~ 

46.6 
63.7 
69.3 

ra t io , the a m o u n t of SisC^o8- formed increases, which 
wou ld be due to the increase of a m o u n t of T E O S and, 
correspondingly, the decrease of a m o u n t of M T E O S 
added as silicon sources for p repar ing the solut ions at 
h igher ratios. It is notewor thy that 46.6% of T E O S 
added as a Si source are present in the form of SisC^o8-

even in a solut ion at a T E O S / ( M T E O S + T E O S ) rat io 
of 0.25. T h i s fact indicates that formation of SisC^o8-

wi th the aid of (2-hydroxyethyl) t r imethylammonium 
ions occurs selectively even when relatively large 
a m o u n t of hydrolysis and polycondensat ion products 
of M T E O S , whose reaction behavior is not influenced 
by the presence of the organic quaternary a m m o n i u m 
ion, is present together wi th silicate anions . In 
addi t ion , the format ion of CFUSisOig7- in the present 
system would suggest that silicate species, which are 
constructed in to the cubic octameric structure wi thou t 
any interactions wi th the a m m o n i u m ions, may be 
present when the s ingular formation of SisC^o8- takes 
place in (2-hydroxyethyl) t r imethylammonium silicate 
solutions. 

T h e a m o u n t of CHsSisOig7 - formed also increases 
wi th increasing T E O S / ( M T E O S + T E O S ) rat io. In 
other words, the a m o u n t of CHsSisOig7 - increases wi th 
the increase of a m o u n t of SisC^o8-. T h i s fact suggests 
that there is no selectivity on the formation of 
CH3Si80i97~ and the species would be formed in the 
course of the format ion of SisC^o8- by the incorpora­
tion of hydrolysis products of M T E O S into polymeriza­
t ion of silicate species affected by (2-hydroxyethyl)-
t r ime thy lammonium ions. 

Co-hydrolysis of T E O S and M T E O S in aqueous 
solutions containing the organic quaternary a m m o n i u m 
ions appears to be an easy way to obtain the 
CH3Si80i97~ cubic octameric anion. As the formation 
of a l u m i n u m or g e r m a n i u m substituted silicate cages 
in t e t ramethylammonium a lumino- or germanosilicate 
solut ions has also been reported,1 '17) it can be expected 
that various types of part ial ly substi tuted silicate 
species hav ing cage-like structures are synthesized by 
add ing subst i tuents to organic quaternary a m m o n i u m 
silicate solut ions whi le the reaction of silicate struc­
ture formation proceeds. 

Conclusions 

R a n d o m polymerizat ion of hydrolysis products of 
M T E O S has taken place in aqueous solutions contain­
ing (2-hydroxyethyl) t r imethylammonium ions. T h e 
reaction behavior has been almost the same as that seen 
in the solut ions con ta in ing sodium ions, suggest ing 
that the variety of coexisting cations hardly influences 
polymerizat ion of the hydrolysis products. By co-
hydrolyzing T E O S and M T E O S in aqueous solutions 
under the presence of (2-hydroxyethyl)trimethylam-
m o n i u m ions, however, CHsSisOig7 - in which a 
Si (0 _ )4 u n i t of the SisC^o8- silicate an ion is displaced 
by a CH3Si(0 _ )3 un i t has been formed, which wou ld 
have been formed by the incorporat ion of hydrolysis 
products of M T E O S in the process of polymerization 
of silicate anions for the formation of SisC^o8-. 

T h i s work was supported by a Grant-in-Aid for 
Scientific Research on Priori ty Areas, New Funct ion­
ality Materials-Design, Prepara t ion and Control , T h e 
Ministry of Educat ion, Science and Culture , No. 
62604011. 
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Recognition of Substrates by Immobilized 
Bienzyme Membranes 

Akon HiGUCHi* and T s u t o m u NAKAGAWA 
Department of Industrial Chemistry, Meiji University, 1-1-1 Higashi-mita, Tama-ku, Kawasaki, Kanagawa 214 
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Glucose oxidase and/or ascorbate oxidase were immobilized (entrapped) in poly(L-leucine-co-iV£-benzyl-
oxycarbonyl-L-lysin) using a spin casting method. Current shifts and time lags for immobilized single-enzyme 
and bienzyme membranes were investigated as a function of the substrate concentration at 37° C. The current 
shifts of L-ascorbic acid in the bienzyme membrane were found to be 2—3.5 times higher than those of a 
single-enzyme membrane. Both the time lags of L-ascorbic acid and D-glucose were found to depend on the 
concentration of the substrates for both single-enzyme and bienzyme membranes. The method was presented in 
order to estimate the concentration of two substrates simultaneously. The concentration of D-glucose and 
L-ascorbic acid in a model solution was simultaneously estimated from an analysis of the current shifts and the 
time lags using a nonlinear least-squares method as an example. 

An immobil ized enzyme electrode (a biosensor) 
comprises a physical transducer and chemically 
selective layers. T h e advantage of the sensor is h i g h 
selectivity to biological molecules due to a specific 
enzyme-substrate interact ion in the selective layers, 
a l t h o u g h the same n u m b e r of sensors is required when 
analyzing m u l t i c o m p o n e n t substrates in the sample 
solution. 

Several immobil ized enzyme electrodes were develop­
ed and investigated by many researchers; there have 
been several reviews concerning the immobil ized 
enzyme electrodes.1_6) These studies were probably 
s t imulated by Updike and Hicks,7) w h o immobil ized 
glucose oxidase in a gel and developed a glucose 
sensor. Recently, an enzyme-FET sensor was con­
structed by us ing ISFET 8 ) that was a mic ro -pH device 
and was reported as be ing useful for the recogni t ion of 
several substrates.9_11) 

There have been only a few studies12-15* on two 
immobil ized enzymes in a membrane for substrate 
recogni t ion. Jensen a n d Rechnitz12) s tudied a D-
gluconase sensor by us ing a two-step enzyme sequence 
(gluconate kinase and 6-phosphogluconate dehydro­
genase). F. -Filho et al.13) constructed a bienzymatic 
electrode for the de te rmina t ion of aspar tame by the 
coimmobi l iza t ion of carboxypeptidase A and L-
aspartase on an a m m o n i a gas sensing electrode. 

In our previous study, recognit ion of mul t icom­
ponen t ions was studied by analyzing the permeat ion 
of ions t h rough a membrane at non-steady state.16) 

T h e calculated concentra t ion and the true concentra­
t ion of m u l t i c o m p o n e n t ions (LiCl, NaCl , and CsCl) 
agreed wi th in a 10% error for a model solut ion. T h e 
previous study p r o m p t e d us to develop an immobil iz­
ed bienzyme electrode for the recognit ion of mul t i -
componen t substrates. Glucose oxidase and ascorbate 
oxidase were immobil ized in a po ly(a-amino acid) 
network as a model bienzymatic membrane in this 
study. T h e t ime lags and current shifts due to the 
response of D-glucose a n d / o r L-ascorbic acid were 

studied u s ing a bienzymatic electrode wi th an oxygen 
electrode at 37 °C. T h e interact ion of the response 
between the two enzymes is suggested in the bienzyme 
membrane , and the concentrat ion of two substrates in 
a model solut ion is s imultaneously estimated in this 
study. 

Experimental 

Reagents. Glucose oxidase (from Aspergillus niger, 
Grade II, 100 units per mg) and ascorbate oxidase (from 
Cucumis, Grade III, 200 units per mg) were purchased from 
Nakarai Chemicals Ltd. (Kyoto, Japan). Poly(4-methyl-l-
pentene) was obtained as gift from Mitsui Oil Chemical Co. 
and purified by precipitation from a cyclohexene solution 
into methanol. Trichlorometyl chloroformate was also 
obtained as a gift from Hodogaya Chemical Co. Ultra-pure 
water by Toraypure LV-10T system was used throughout the 
experiments. All other chemicals were of reagent grade and 
were used without further purification. 

Poly(a-Amino Acid). Poly(L-leucine-co-iVe-benzyloxycar-
bonyl-L-lysine), LEU-ZLYS was synthesized by the polymer­
ization of AT-carboxyamino acid anhydride obtained by a 
reaction of the amino acid and phosgene in a benzene-diox-
ane mixture as a solvent for polymerization (Scheme 1).17«18) 

The reaction was carried out at room temperature for >10 
days, as described elsewhere in detail.17«10 Triethylamine 
was used as an initiator. 

Immobilization Procedure. Glucose oxidase (GOD) 
and/or ascorbate oxidase (ASOD) were dissolved in 1 wt% of 
a benzene-dioxane solution of poly(a-amino acid)(4mg 
ml"1 for GOD, 2.5 mg ml"1 for ASOD). Flat sheets of single-
enzyme and bienzyme membranes (12 cm diameter) were 
prepared by a spin-casting method from enzyme solution 

-fNH-CH-CO-^NH-CH-CO-}^ 

ÇH 2 (ÇH 2 ) A 

,CH NH 

Scheme 1. 



3210 Akon HIGUCHI and Tsutomu NAKAGAWA [Vol. 63, No. 11 

Table 1. Combination of Immobilized Enzyme Membranes and Substrates in Sample Solution 

Membrane Immobilized enzyme Substrate in sample solution 

SS-1 
SS-2 
DS-1 
DS-2 
DD 

GOD 
ASOD 
GOD+ASOD 
GOD+ASOD 
GOD+ASOD 

D-Glucose 
L-Ascorbic acid 
D-Glucose 
L-Ascorbic acid 
D-Glucose+L-ascorbic acid 

HO y0H 
. i ASOD 

^ ^ + 2 ° 2 > 

CH9-CH 0 0 CH0-CH ~l2~ 

0 . JO 

0 ^ 0 
+ H20 

OH OH OH OH 

CH20H 

OH OH 

Scheme 2. 

h 
R 

C=3 

[öZI 

1 l-tf—A 

I 

^ 1 
HI 

i / 

H 

H L 
3 

; jA/D converter ) 

\4rE 

Fig. 1. Schematic diagram of apparatus: (A) oxygen 
electrode, (B) micro ammeter, (C) power supply, (D) 
DC amplifier, (E) personal computer, (F) im­
mobilized membrane. 

c 
0) 

O 

U-H2 j 

f K •• 

I t t 1 
1 t=o t=ts 

T i m e 

Fig. 2. Typical current curve for immobilized 
enzyme electrode. 

the substrate solution (Cell B) at time (t)=0, and the current 
at t, i(t), was measured. The solution in the cells was stirred 
at constant speed (i. e., 430 RPM in this study) by a magnetic 
stirrer having a revolution meter (HS-3D, Iuchi Seiseido Co., 
Ltd.). The current was transferred to a 16-bit personal 
computer (PC-9801VX, NEC Corp.) through an analogue-
to-digital converter (EP-98ADC N, Elm Data Corp.). 

The current shift, Ai, was calculated from 

(400 RPM for 30 sec), followed by spin casting from a 3 wt% 
cyclohexene solution of poly(4-methyl-l-pentene)(500RPM 
for 30 sec); they were prepared to be composite membranes, 
as described previously.18) The concentration of GOD or 
ASOD was considered to be the same amount as that 
entrapped in the single-enzyme and bienzyme membranes, 
since the amount of enzyme in the casting solution was fixed 
to be the same amount in both membranes. The thicknesses 
of the immobilized enzyme layer and the supported layer 
were estimated be about 1 and 38 |im from SEM observations 
in this study. 

Enzyme Electrode. An immobilized enzyme (single 
enzyme or bienzyme) electrode was prepared by placing an 
immobilized enzyme membrane on the platinum anode of an 
oxygen electrode (K-316 IPI type, Rikaseiki Kogyo Co., 
Ltd.), which was designed by one of the authors (T. N.). The 
oxygen consumption due to the enzyme-substrate reaction 
was measured by the oxygen electrode (Scheme 2). 

Procedure of Measurement. A schematic diagram of the 
apparatus is shown in Fig. 1. The current under steady state 
conditions, z(0), was measured after the enzyme electrode was 
introduced into cell A containing pure water in which 
oxygen gas was bubbled. The electrode was then shifted in 

Ai = i(0) - i(u), (1) 

where ts is the minimum time that the current could be 
considered to be in the steady state. The time lag, 0, was 
calculated from19) 

0 = [f Si(t)dt - i(ts)ts]/i(ts). 
Jo 

(2) 

A typical current curve of the enzyme electrode is shown in 
Fig. 2. All measurements were performed at 37±0.1 °C. 

Three types of enzyme membranes (GOD, ASOD and 
GOD+ASOD membranes) were used in this study. The 
experimental combination with the enzyme membrane and 
substrate solutions is summarized in Table 1. Each point in 
Figs. 4—7 is an average of 4—6 measurements. The standard 
deviations for the measurements of the current shifts and 
the time lags were found to be about 7 and 10%. 

Results 

SEM Picture. SEMs of LEU-ZLYS (a) an immobiliz­
ed G O D + A S O D membrane (b) on the surfaces are 
shown in Fig. 3. T h e SEM observation shows that the 
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10.0 h 

Fig. 3a. SEM picture of LEU-ZLYS surface (X5000, 
marker=100|im). 

Fig. 3b. SEM picture of immobilized GOD and 
ASOD membrane on surface (XI00, marker=100 
Hin). 

surface of LEU-ZLYS is flat and has no pores. T h e 
surface of an immobil ized enzyme membrane was 
found to be uneven and hav ing dispersions of l umps 
compr i s ing 2—10 Jim spheres. T h e spheres are 
considered to be small l umps of enzymes that are 
caused by heterogeneous dispersions of enzymes in the 
casting solut ion, since enzymes are only slightly 
soluble in an organic solvent and most of the enzymes 
remain as insoluble in the casting solution. 

Single Enzyme for Single Substrate. T h e effect of 
current shifts and t ime lags on the concentrat ion of the 
substrate, [S], for an immobil ized single-enzyme 
membrane (SS-1 for GOD-D-Glucose, SS-2 for ASOD-
L-Ascorbic acid) is shown in Figs. 4 a n d 5. A l inear in 
plots of Ai vs. log (C) was observed in the concentra­
t ion range 10"5 to 10"1 M (1 M = l mol dm" 3 ) wi th a 
slope of 0.94 |xA/decade for SS /1 , similar to results in a 
previous study,18) a n d 0.65 | iA/decade for SS-2. T h e 

o 

'< 

5.0 h 

L ^° 

I ^° 

I ° 
D 

[ ^"^ 

10"5 10~4 10"3 10"2 10"1 

[ S ] / m o l T 1 

Fig. 4. Effect of current shifts on concentration of 
substrate for single enzyme membranes. 
(O) D-glucose; (D) L-ascorbic acid. Solid and broken 
lines are calculated lines from least squares methods. 

200 Y 
o 
in 
\ 
en 
o 

E 100 h 

v 5 vA 10"b 10"* 10^ 10"̂  10"1 

[ S ] / m o l - r 1 

Fig. 5. Effect of time lags on concentration of sub­
strate for single enzyme membranes. (O) D-glucose; 
(D) L-ascorbic acid. Solid and broken lines are 
calculated lines from least squares methods. 

current shifts for SS-1 were found to be 2.5—4 times 
h igher t han those for SS—2. T h e t ime lags were found 
to be slightly dependent on the concentrat ion and the 
l inear response was observed in the concentrat ion 
range 10 - 5 to 10_ 1 M wi th a slope of —13.2 sec/decade 
for SS-1 and —20.2 sec/decade for SS-2. T h e time lags 
for SS-2 were found to be approximate ly twice as large 
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10"5 10"4 10"3 10" 

[SJ /mo l - r 1 

10-

Fg. 6. Effect of current shifts on concentration of 
substrate for bienzyme membrane. (•) D-glucose; ( • ) 
L-ascorbic acid. A broken line is a calculated line from 
a least squares method. 

200 h 
o 
(/> 
\ 
U) 

_o 
Q) 

E 100 h 

10"5 10-4 10'3 10~2 10"1 

[ S ] / m o i r 1 

Fig. 7. Effect of time lags on concentration of sub­
strate for bienzyme membrane. (•) D-glucose; ( • ) 
L-ascorbic acid. Solid and broken lines are calculated 
lines from least squares methods. 

as those for SS-1. 
The concentration decrease of oxygen, which is 

detected as the current shifts at the electrode, is 
mainly caused by two steps: (a) diffusion of the 
substrate to find an enzyme in the active layer and (b) 
reaction of the enzyme and the substrate followed by 
oxygen consumption. 

The time lags are mainly influenced by the diffusion 
of substrates. Fig. 5 suggests that L-ascorbic acid 
diffuses faster than does D-glucose to find enzymes, 
since the diffusion coefficient, D, is known to be 
reversely proportional to the time lag,20) 

D = Iß/60, (3) 

where L is the thickness of the membrane. We must, 
however, notice that D-calculated by Eq. 3 is only the 
apparent value in this system. 

Bienzyme for Single Substrate. The effect of 
current shifts on the concentration of the substrate for 
immobilized bienzyme membranes (DS-1 for D-glucose 
and DS-2 for L-ascorbic acid) is shown in Fig. 6. A 
linear response of the current shifts was observed in the 
concentration range 10 -5 to 10-1 M, with a slope of 
0.88 uA/decade for L-ascorbic acid (DS-2); a linear 
response was only observed at concentrations of 10~3 to 
10"1 M, with a slope of 2.5 uA/decade for D-glucose 
(DS-1). 

The current shifts for L-ascorbic acid were found to 
be higher than those for D-glucose at [S]<0.1 M in the 
bienzyme membrane, showing an opposite tendency to 
that found in the single-enzyme membrane. The 
current shifts of L-ascorbic acid in the bienzyme 

membrane was 2—3.5 times higher than those of the 
single-enzyme membrane. These results suggest that 
there exists an interaction between two enzymes, and 
that the activity of ASOD is, therefore, increased in the 
bienzyme membrane. 

The time lags of D-glucose and L-ascorbic acid for 
the bienzyme membrane are shown as a function of the 
concentration in Fig. 7. It has been found that the 
time lags of both substrates in the bienzyme membrane 
show intermediate time lags between D-glucose and 
L-ascorbic acid in single-enzyme membranes. The 
time lags of D-glucose are also found to be close to 
those of L-ascorbic acid in the bienzyme membrane. 
This is probably due to the fact that both enzymes in 
the bienzyme membrane are entrapped at the same 
position in the membrane matrix, since these enzymes 
are finely aggregated in the casting solution, and that 
the diffusion path (tortuosity) of D-glucose to find 
GOD is probably the same that of L-ascorbic acid to 
find ASOD in the bienzyme membrane from the 
relation of Eq. 3. 

Discussion 

Apparent Kinetic Constants. The current shifts 
observed in the enzyme electrodes are affected by two 
steps: a diffusion of the substrate and a reaction of the 
substrate on the enzyme. The enzyme kinetics is 
usually represented by Michaelis-Menten kinetics, 
although the reaction in the immobilized enzyme 
membrane is expected to be very complicated: 



November, 1990] Recognition by Bienzyme Membrane 3213 

kx k2 

E + S ^ ^ ES -> P + E. 
k-i 

T h e reaction rate, r, is given by 

and 

r = d[P]/d* = Ä2[E][S]/([S] + KM) 

d[P]/d* = -Zd[02]/d*, 

(4) 

(5) 

(6) 

where [E] is the enzyme concentrat ion and [P] is the 
product concentrat ion (Z=l for D-glucose and Z—2 for 
L-ascorbic acid from Scheme 1 and Kw=:(k-i+k2)/ki). 
T h e react ion of oxygen at the electrode is expressed 
byl9) 

d[02]/d* = -Ai/(NFA), (7) 

where Af=4 (number of electrons in the reaction), F is 
the Faraday constant , a n d A is the area of p l a t i n u m 
anode (0.1983 cm2 in this study). 

By combin ing Eqs. 5—7 we obtain 

Ai"1 = (Z/WFi4[E]).{(Wfe).[S]-i + fa"1}; (8) 

KM and [E]fe can be obta ined from the slope and the 
intercept in plots of Az_1 vs. [S] - 1 . Fig. 8 shows plots of 
Ai'1 vs. [S] _ 1 for the single-enzyme and bienzyme 
membranes at [S]>0.001 M. KM and [E]fe were 
calculated us ing a least-squares method, and are 

10 10 
[srVmorM 

Fig. 8. Plots of Ar1 vs. [S]_1 for immobilized enzyme 
membranes. (O) SS-1; (D) SS-2; (•) DS-1; ( • ) DS-2. 

summarized in Tab le 2. 
T h e KM of D-glucose in the single-enzyme and the 

bienzyme membrane were found to be approximately 
the same as KM in bu lk water (0.77 m M from Ref. 21), 
in spite of the fact that the enzymes in the membrane 
are en t rapped in a polymer matr ix , and the kinetic 
parameters should have the effect of substrate diffusion 
to find and meet enzymes in the membrane. 

[E]&2 of L-ascorbic acid in the bienzyme membrane 
was found to be two-times h igher that that in the 
single-enzyme membrane (Table 2). Th i s contributes 
to the h i g h Ai of L-ascorbic acid in the bienzyme 
membrane compared to that in the single-enzyme 
membrane , since a h igh fe contr ibutes to a h i g h Ai 
(from Eq. 8) at the same value of [E] for the single-
enzyme and the bienzyme membranes . 

Estimation of [S] of Two Substrates. T h e concentra­
t ion of two substrates in a model solut ion was 
s imultaneously estimated from the current shift and 
the t ime lag in this study. T w o independent equat ions 
are sufficient to estimate two parameters ([S] of D-
glucose a n d L-ascorbic acid). W h e n it is supposed that 
the current shift and the t ime lag for bienzyme-two 
substrate system (DD) can be estimated from the 
independent contr ibut ions of those for bienzyme-
single substrate system (DS-1 and DS-2), the current 
shift, AZ'DD, a n d the t ime lag, ODD, for DD system can be 
expressed by 

AZ'DD — AZ'G + AZA, (9) 

and 

ODD"1 = ([S]G/0G + [S]A/0A)/([S]G +[S]A). (10) 

Here, Ait and 0i (i=G or A) are the current shift and 
the time lag of i substrate at [S]t in DS system (DS-1 
and DS-2), and subscripts G and A indicate D-glucose 
and L-ascorbic acid. Eq. 10 was obtained from Eq. 6 in 
Ref. 16. Ait and Bt were observed to be a function of [S]* 
(see Figs. 6 and 7), and can be expressed by experi­
menta l equat ions in this study as follows: 

AI'G = 10«, 

AÛ = 8.28+ 0.88 log [S]A, 

0G = 99.1 - 15.5 log [S]G, 

(11) 

(12) 

(13) 

and 

Table 2. Rate Constants Calculated from Michael-Menten Equation for Immobilized Enzyme Membranes 

Membrane Substrate [E]£2/103Msec- Ku/raM 

SS-1 
DS-1 

GOD in Bulk water 

SS-2 
DS-2 

D-Glucose 
D-Glucose 
D-Glucose 

L-Ascorbic acid 
L-Ascorbic acid 

0.61 
0.48 

0.53 
1.08 

0.21 
2.13 
0.77 

1.05 
0.22 
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10'6 10~5 10'A 10"3 10'2 10"1 10° 

[S] in i / m o l - r 1 

Fig. 9. Dependence of estimated concentration of 
D-glucose on initial concentration of calculation. 

: [S]caicd=[S]ini.: : true concentration of 
D-glucose. (•) best fitting point; • : [S] could not be 
estimated due to high errors in the calculation. 

1CT1 -E 
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" io-5H / 

D D • D yD D D D D D 

• / 
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10"6 10"5 1CT4 1CT3 1CT2 10"1 10° 

[s]iniy moi-r1 

Fig. 10. Dependence of estima ted concentration of L-
ascorbic acid on initial concentration of calculation. 

: [S]caicd=[S]ini.: : true concentration of L-
aseorbic acid. (•) best fitting point; • : [S] could not 
be estimated due to high errors in the calculation. 

0A = 8 6 . 8 - 13.2 log [S]A, (14) 

where «=1.07+0.23 log [S]G. 
T h e mix ture so lu t ion ([S]G—0.667 m M and [ S ] A = 

0.333 mM) was s imultaneously estimated from Eqs. 
9—14 as a model example us ing a nonl inear least-
squares method. T h e bienzyme membranes which 
were taken from the same sheet employed in Figs. 6 
and 7 were used in this estimation. 

W h e n these equa t ions were solved numerical ly 
us ing a non l inear least-squares method, it was 
sometimes observed that their solutions were depend­

ent o n the in i t ia l values of the calculat ions. T h e 
dependence of [S ]G and [S ]A on the ini t ial concentra­
t ion of the substrates, [S]mi, in the calculat ions was 
investigated a n d is shown in Figs. 9 and 10. A l though 
the estimated concentrat ion, [S]caicd, for L-ascorbic acid 
does no t depend on the in i t ia l concentra t ion (see Fig. 
10), the estimated concentrat ion for D-glucose depends 
on the ini t ia l concentrat ion in Fig. 9. Since the t ime 
lags of D-glucose were found to be close to those of 
L-ascorbic acid in the bienzyme membrane at the same 
substrate concentrat ions (see Fig. 7), it is rather 
difficult to accurately estimate the concentrat ion of 
two substrates s imul taneously in this study. T h e 
concentra t ion of L-ascorbic acid, however, shows 
almost the same concentrat ion (0.22 mM) as the true 
value (0.333 mM) at the best fit t ing point , and the 
concentra t ion of D-glucose is approximate ly wi th in 
one order of difference (0.18 mM) from the true 
concentra t ion (0.667 mM) in the s imultaneous estima­
tion (i. e., Figs. 9 and 10) 

Conclusion 

T h e current shifts and the time lags for the 
immobil ized single-enzyme and bienzyme membranes 
were investigated as a function of substrate concentra­
t ion at 37 °C. T h e current shifts of L-ascorbic acid in 
the bienzyme membrane were observed to be 2—3.5 
times h igher than those in the single-enzyme mem­
brane. These results suggest that there exists an 
interact ion between two enzymes; the activity of ASOD 
therefore increased in the bienzyme membrane. T h e 
s imul taneous recognit ion of two substrates was theore­
tically and experimental ly presented in this study, 
a l t hough the experimental example showed unsat­
isfactory results. Recogni t ion wil l surely be possible 
wi th one sensor when we select a bienzyme membrane 
that shows different current shifts and time lags at the 
same concentrat ion of each substrate. 
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The effect of a heat treatment on the ion-exchange selectivity of hydrous metal oxides was studied by 
measuring the distribution coefficients of Cs+, Ba2+, Co2+, and Eu3+ on hydrous oxides of TiIV, SnIV, ZrIV, and 
Nbv. The distribution coefficients decreased with increasing temperature for the heat treatment, except on 
hydrous Nbv oxide, in which the reverse effect was observed (except for Cs+). The decrease in the hydrous SnIV 

and ZrIV oxides is ascribed to a decrease in their ion-exchange capacity. In the case of hydrous Ti IV and Nbv 

oxides, the distribution coefficients were strongly affected by a change in the acidity of the most dissociable OH 
groups by the heat treatment. The selectivity of the exchangers has no direct correlation with the change in the 
porosity, the specific surface area and the density of the materials by the heat treatment. 

Hydrous metal oxides are a g r o u p of p romis ing 
materials used for processing radioactive l iqu id wastes 
because each of them has a u n i q u e ion-exchange 
selectivity series which is specific to the metall ic 
element forming the mater ia l . They have, however, a 
significant disadvantage regarding the liability to lose 
their ion-exchange capacity u p o n heat treatment, 
accompany ing a change in their specific surface area 
and crystallinity.1* A l t h o u g h the ion-exchange selec­
tivity is another i m p o r t a n t proper ty as sorbents, there 
exist a few studies concerning the effect of a heat 
t reatment on this property. It was reported that 
hydrous Th I V oxide heated at 400 °C did not sorb 
cations at all, whi le hydrous T i I V oxide retained its 
affinity toward t ransi t ion metal ions.2) T h e ion-
exchange selectivity series of hydrous F e m oxide for 
either cations or an ions varied wi th increasing 
temperature.3»4) At present, however, we cannot 
unders tand the reason for the change in the ion-
exchange selectivity of hydrous metal oxides u p o n 
heat treatment. 

T h e present au thors previously established reprod­
ucible methods for synthesizing hydrous oxides of 
T i i \ Sn IV, N b v , and ZrIV, and investigated their ion-
exchange properties.5 ) T h i s paper deals wi th the 
relat ion between the effect of heat t reatment of these 
materials on their ion-exchange selectivity for Cs+, 
Ba2+, Co2+, and Eu3+, and such propert ies as ion-
exchange capacity, acidity of exchange sites, density, 
specific surface area, and crystallinity. 

Experimental 

Reagents and Apparatus. Titanium(IV) chloride was of 
reagent grade and supplied by Wako Pure Chemical 
Industries, Ltd.; its purity was checked before use. Niobium-
(V) chloride of the highest purity grade was obtained from 
Mitsuwa Kagaku Yakuhin, Ltd. The other chemicals were 
of the highest purity grade supplied by Wako Pure Chemical 
Industries, Ltd. 

A well-type Nal(Tl) scintillation counter (Fuji Denki, 
Model NDE-14001) was employed for the measurement of 

the y-radioactivity. The specific surface area of samples, 
after being heated at 100 °C to a constant weight, was 
determined by the BET method (N2 adsorption at —196 °C). 
The pore size distribution and the pore volume of the 
exchangers were calculated by Inkley's method from the 
adsorption isotherm of N2 at —196 °C.6) X-Ray diffraction 
patterns were obtained by means of a Shimadzu X-ray 
diffraction unit (Model XD-3A) using Ni-filtered C u ^ a -
radiation. 

Ion Exchangers. Hydrous metal oxides other than 
hydrous Ti IV oxides were prepared by methods described 
previously.7-9* Hydrous TiIV oxide was precipitated at pH 7 
by adding a 0.98 mol dm - 3 NaOH aqueous solution into a 
0.95 mol dm - 3 TiCk aqueous solution. The precipitate was 
washed with water until no Cl~ could be detected in the 
filtrate, and dried at room temperature. The resulting cake 
was ground in a porcelain mortar, sieved to obtain the 
desired particle size (63 to 210 |im), and then converted to the 
H + form by treating it in a column with a 0.05 mol dm - 3 

HCl aqueous solution. The column was washed with water 
until no Cl~ could be detected in the effluent. Finally, the 
exchanger was air-dried and stored in a desiccator contain­
ing a saturated NH4CI aqueous solution (relative humidity, 
79% at 25 ° C). Each hydrous metal oxide was heat-treated as 
follows. About 5 g of an exchanger in the H + form were 
heated in air to a constant weight at a constant temperature, 
which was controlled within an accuracy of 1%. After being 
cooled, the exchanger was immersed in water overnight, 
followed by drying to a constant weight over a saturated 
NH4CI aqueous solution (humidification). The water 
content of the sample was evaluated from the weight loss 
when the humidified exchanger was heated at 850 °C. The 
density was measured in the usual manner by using a 25 cm3 

pycnometer. 

Distribution Coefficients. The distribution coefficients, 
Kà, were determined in the following way, unless otherwise 
noted. One tenth gram of an exchanger in the H + form was 
immersed for 4d at 40 °C in 7 cm3 of a solution with a 
suitable pH, which was adjusted by using a combination of 
0.133 mol dm"3 NaCl, and 0.133 mol dm"3 HCl or NaOH. 
One cubic centimeter of a solution containing metal ions to 
be examined was then added to the slurry to make their 
concentration 1X10-4 mol dm - 3 . The mixture was allowed 
to stand at 40 °C until the concentration of the cation in the 
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supernatant solution became constant (8 to 15 d). The Ké, 
expressed in cm3 g -1 , was calculated in the usual manner. 
The analysis of Cs, Ba, Co, and Eu was carried out 
radiometrically using 137Cs, 133Ba, 60Co, and 152Eu respective­
ly as tracers. 

Ion-Exchange Capacity. The exchanger (0.15 g) in the 
H + form was immersed in 15 cm3 of 0.1 mol dm - 3 sodium or 
cobalt solution for 8d at 20±1 °C, with intermittent 
shaking. This was followed by a pH measurement and a 
determination of the cations. A sodium solution with a 
suitable pH was prepared by a desired combination of 
0.1 mol dm"3 NaCl and 0.1 mol dm"3 NaOH. The pH of the 
cobalt solution was adjusted by using a small amount of 
NaOH-MES (2-(N-morpholino) ethanesulfonic acid) buffer 
solution. Sodium ions were converted to an equivalent 
amount of sodium chloride and indirectly determined by ti­
trating the chloride ions, using Fajans' method. Cobalt ions 
were assayed by compleximetric titration with a 0.01 mol 
EDTA aqueous solution, using Murexide as an indicator. 

Results and Discussion 

(1 d i s tr ibut ion Coefficients. T h e Kd values on the 
four hydrous metal oxides wi th or wi thou t heat 
t reatment were measured for Cs+, Ba2+, Co2+, and 
Eu3+. Figure 1 is an example of log Kd vs. p H plots. 
T h e heat t reatment did no t alter the dependence of Kd 

on the p H , indica t ing that the stoichiometric relat ion 
governing the exchange reaction does not change wi th 
the treatment. 

T h e Kd values at constant p H are plot ted against the 
temperature for the heat treatment (Figs. 2-a to 2-d). 
T h e Kd values, except those on hydrous N b v oxide, 
decreased wi th increasing temperature; the decrease 
was larger for hydrous T i I V oxide than for hydrous 
Sn IV and ZrIV oxides. In the case of hydrous N b v oxide, 

PH 

Fig. 1. LogÄ^d of hydrous TiIV oxide for Co2+ as a 
function of pH. Heat treatment of the exchanger; 
O: R.T., Q 80°C, A: 140°C, • : 220°C. 

the tendency differs according to the ions sorbed, that 
is, the Kd values for Cs+ decreased, while those for 
Co2+, Eu3+, and Ba2+ increased wi th the heat treat­
ment; the increase in the values for the former two ions 
was appreciable at 200 °C. These results indicate that 
the effect of a thermal treratment on the affinity of 
cations depends on the nature of bo th the exchangers 
and the cations to be sorbed. As has been shown in 
preceding papers,9-11* transi t ion metal ions are sorbed 
on hydrous metal oxides by a bond part ial ly covalent 
in character a long wi th a remote Coulombic interac­
t ion. However, Figs. 2-a to 2-d show n o clear 
difference between the reprsentative metal and the 
t ransi t ion metal ions regarding the effect of the heat 

/ t reatment on the affinities for the hydrous metal 
oxides. 

(2)Ion-Exchange Capacity and Some Other Proper­
ties. T o unders tand the reason for the change in ion-
exchange selectivity of hydrous metal oxides by heat 
treatment, the effect of the heat ing temperature was 
examined on the ion-exchange capacity, the acidity of 
the exchange sites and some physical properties of the 
exchanger matr ix. 

(a)Ion-Exchange Capacity: Figures 3-a to 3-d show 
the pH-dependence of ion-exchange capacities for Na+ 
on the exchangers wi th or wi thou t heat treatment. 
These figures indicate that the hydrous metal oxides 
have several kinds of O H groups wi th different 
acidities; in the hydrous oxides of Ti I V , SnIV, and N b v , 
the existence of exchange sites having acidities 
appreciably different from each other can be observed 
as the appearance of inflection poin ts at a p H a round 
7.5. In the hydrous T i I V oxides, a large fraction of the 
decrease in the total exchange capacity was observed in 
a p H region lower than the inflection point . Further­
more, the p H at which the sorpt ion of Na+ com­
menced (hereafter called the lowest p H for Na+) shifted 
mono tonous ly to the a lkal ine side u p o n heat treat­
ment . These facts indicate an appreciable decrease of 
the acidity of exchange sites by heat treatment. T h e 
hydrous N b v oxide is the most stable against a heat 
t reatment a m o n g the four hydrous metal oxides; even 
when the exchanger was heated at 400 °C, it retained 
about half of the original exchange capacity at p H 10. 
T h e lowest p H for N a + shifted somewhat to the acid 
side u p o n heat treatment. Accordingly, the acidity of 
the highest acidic O H groups is considered to be 
increased by the treatment. In the case of hydrous Sn IV 

and ZrIV oxides, the exchange capacity decreased wi th 
temperature over the entire p H range, t h o u g h the 
lowest p H for Na+ did no t shift. Hence , a heat 
t reatment uniformly destructs all O H groups , bu t does 
no t affect the acidity of the exchange sites. 

Figure 4 shows the Co2+-uptake curves of the 
exchangers wi th or w i thou t a heat t reatment. T h e 
lowest p H ' s for Co2+ are lower compared wi th the 
up t ake of Na+ (Figs. 3-a to 3-d), wh ich indicates a 
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stronger interaction of exchange sites to Co2+ than to 
Na+. In every exchanger the uptake curves for Co2+ 
change in much the same fashion as those for Na+. 
This fact suggests that the changes in both the number 
and acidity of the exchange sites by heat treatment 
exert a similar influence on the adsorbability of the 
materials, irrespective of the nature of the cations to be 
sorbed. 

(b)X-Ray Diffraction Patterns: Figure 5 shows the 
X-ray diffraction patterns of hydrous Ti IV oxide with 
or without a heat treatment. The sample without a 
heat treatment has poor crystallinity, but a sample 
heated at 80 °C showed some peaks characteristic of 

anatase, which were intensified with increasing 
temperature. This result suggests that a heat 
treratment over 80 °C changes the structure of the 
exchanger matrix. The other hydrous oxides without 
a heat treatment also have poor crystallinity. The 
crystallinity of hydrous Nbv oxide was almost unch­
anged with heat treatment at 400 °C, and that of 
hydrous Sniv a n d Zr™ oxides, heated at 300 and 200 °C 
respectively, improved very slightly. The change of 
the X-ray measurement, corresponds well to that of the 
ion-exchange capacity; the change in both the number 
and acidity of the exchange sites by a heat treatment is 
largest in hydrous Ti IV oxide with a thermally 
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Fig. 3. Uptake curves of the exchangers for Na+. (a): Hydrous TiIV oxide. Temperature of 
treatment; O: R.T., Q 80°C, A: 140°C, • : 220°C. (b): Hydrous SnIV oxide. Temperature 
of treatment; O: R.T., Q 150°C, A: 300°C. (c): Hydrous ZrIV oxide. Temperature of 
treatment; O: R.T., D: 100 °C, A: 200 °C. (d): Hydrous Nb v oxide. Temperature of treatment; 
O: R .T , Q 200°C, A: 400°C. 

unstable matrix, but smallest in hydrous Nbv oxide 
with thermally stable matrix. 

(c)Some Physical Properties: The water content, 
density, specific surface area, and fractional pore 
volume of four hydrous metal oxides with or without 
heat treatment are shown in Table 1. In any hydrous 
metal oxides, the specific surface area and the water 
content decreased monotonously, while the density 
increased, with increasing temperature. The frac­
tional pore volume was unchanged by heat treatment. 
Although not shown in this paper, the distribution of 

the pore diameter gradually shifted to the larger pore 
side and broadened with a heat treatment. The change 
in the pore size distribution was most prominent in 
hydrous Nbv oxide. These observations indicate that 
the heat treatment varies the micro structure, while 
maintaining the principal structure of the matrix. 

(3)Correlation between Ion-Exchange Selectivity 
and Some Properties of the Hydrous Metal Oxides. 
The dependence of the Kd values for cations on the 
temperature for heat treatment is brought about by a 
complex combination of changes in their properties. 
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It is, therefore, very difficult to clearly understand the 
reason for the change in the Kd values with a heat 
treatment. In this section, we attempt to extract the 
important properties responsible for the change in the 
Kd values. 

Although the fractional pore volume of exchangers 
does not change with a heat treatment (Table 1), the Kd 
values change appreciably with the treatment. The 
fractional pore volume is irrelevant to the affinity of 

Fig. 4. Uptake curves of the exchangers for Co2+. 
Heat treatment of hydrous TiIV oxide; O: R.T., 3 : 
80°C, € : 140°C, • : 220°C. Heat treatment of 
hydrous ZrIV oxide; Q R.T., Œ: 100°C, • : 220°C. 
Heat treatment of hydrous Nbv oxide; À: R.T., A: 
200 °C, A: 400 °C. 

cations toward the exchangers. The tendency of 
decreasing the specific surface areas of the four 
exchangers with increasing temperature for heat 
treatment is similar to each other. Hence, the decrease 
of the specific surface area cannot explain the different 
degree of change in Kd values by a heat treatment 
between the exchangers, especially the increase of the 
KdS of hydrous Nbv oxide for Ba2+, Co2+, and Eu3+. 
The order of the decrease in the specific volume of the 
exchangers (the reciprocal of density) by heat treat­
ment is hydrous SnIV oxide > hydrous ZrIV oxide > 

Fig. 5. X-Ray diffraction patterns. Exchanger: Hy­
drous TiIV oxide. Temperature of treatment; 1: R.T., 
2: 80°C, 3: 140°C, 4: 220°C. 

Table 1. Some Physical Properties of the Exchangers 

Temperature for 
treatment 

Hydrous TiIV oxide 
R. T. 
80 °C 

140°C 
220 °C 

Hydrous SnIV oxide 
R. T. 

150°C 
300 °C 

Hydrous ZrIV oxide 
R. T. 

100 °C 
200 °C 

Hydrous Nbv oxide 
R. T. 

200 °C 
400 °C 

Water content 

mol H2O (mol metal) -1 

2.16±0.02 
1.40 
1.36 
1.31 

2.27±0.02 
1.58 
1.20 

3.59+0.03 
2.34 
1.57 

5.17±0.03 
4.19 
3.63 

Density 

gem - 3 

2.02±0.04 
2.36 
2.57 
2.72 

2.37+0.04 
3.88 
4.34 

2.68+0.04 
2.94 
3.60 

2.46+0.04 
2.75 
2.93 

Surface area 

m2 g_1 

292+10 
245 
209 
154 

178+8 
164 
105 

290+10 
247 
202 

262+10 
180 
133 

Pore volume 

cm3 g_1 

0.24+0.02 
0.20 
0.21 
0.22 

0.08+0.01 
0.07 
0.08 

0.12+0.01 
0.14 
0.12 

0.18+0.02 
0.17 
0.16 
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hydrous Ti IV oxide > hydrous Nbv oxide. This order 
is not in accord with that of the decrease in Kd values. 
Hence, the changes in the surface area and in the 
density of the exchangers by a heat treatment have no 
direct bearing on the change in the Kd values. 

As was reported in preceding papers, the KdS 
decreased with an increasing concentration of metal 
ions in the surrounding solution when their amount 
cannot be ignored as compared with the ion-exchange 
capacity of samples. 10»n) In such a case, the Kd values 
depend on the ratio of the mass of the exchanger to the 
volume of the surrounding solution (F/ra-ratio). This 
phenomenon is called here the loading effect. Since 
the ion-exchange capacities of hydroous metal oxides 
were decreased upon heat treatment, the decrease in the 
KdS measured at a constant F/ra-ratio by a heat 

treatment may be due to the loading effect. To 
eliminate this effect, the KdS for Eu3+ at a tracer 
concentration (initial concentration^ X10-9 mol dm -3) 
were measured by using exchangers with or without a 
heat treatment(Figs.6-a to 6-d). In hydrous SnIV and 
ZrIV oxides, the Kd values did not change with the heat 
treatment. Hence, the smaller Kd of Eu3+ on the heated 
exchangers measured at an initial concentration of 
lX10 _ 4moldm- 3 (Figs.2-a to 2-d) is ascribed to the 
loading effect; that is, the affinity of exchange sites of 
these two hydrous oxides toward cations remains 
essentially constant and the decrease in Kd for metal 
ions in high concentration is merely due to the low 
available exchange capacity of the heated materials. 

In the case of hydrous Ti IV and Nbv oxides, on the 
other hand, the Kd values for Eu3+ changed with the 
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Fig. 6. Ké values of the exchangers for Eu3+ in tracer concentration, (a): Hydrous 
TiIV oxide. Temperature of treatment; O: R.T., D: 80°C, A: 140°C, • : 220°C. 
(b): Hydrous SnIV oxide. Temperature of treatment; O: R.T., Q 150°C, A: 300°C. 
(c): Hydrous ZrIV oxide. Temperature of treatment; O: R.T., Q 100°C, A: 200°C. 
(d): Hydrous Nbv oxide. Temperature of treatment; O: R.T., Q 200°C, A: 400°C. 
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temperature of the heat treatment, even when they 
were measured at a tracer concentration. In the 
exchangers explainable by the loading effect, the 
acidity of the exchange sites does not change upon a 
heat treatment. When hydrous metal oxides have some 
kinds of exchange sites with different acidity, the most 
acidic sites are considered to be prior to the other sites 
in the sorption of metal ions. Thus, an exchanger 
with large exchange capacity of higher acidic sites 
generally shows higher Kd values. Accordingly, the 
change in the acidity of the exchange sites, as well as 
their numbers, in exchangers upon a heat treatment 
affects the affinity of heated materials toward metal 
ions. Based on this view, we can understand, at least 
qualitatively, the behavior of the hydrous Nbv and 
Ti IV oxides, as follows. An increase in acidity, without 
any change in the number of the most acidic sites in 
hydrous Nbv oxide by heating at 200 °C (Figs. 3-d and 
4) increases the Kd values for Ba2+, Co2+, and Eu3+. 
Since the acidity does not change between heating 
temperatures 200 and 400 °C, no change in the Kd 
values occurs between these temperatures. Referring 
to Figs. 3-a and 4, we can understand the behavior of 
hydrous Ti IV oxide in a similar way. 

As discussed above, the effect of a heat treatment of 
hydrous metal oxides on their cation-exchange selec­
tivity can be explained mainly by the loading effect 
due to a decrease in the ion-exchange capacity and by a 

change in the acidity of exchange sites, which 
participate in the affinity of the exchanger towared 
cations to be sorbed. We cannot, however, account for 
the behavior of heated hydrous Nb v oxide to Cs+ in 
terms of this view. 
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Diaminosulfoxonium salts were prepared by alkylation of sulfonimidamides. Their physical properties 
were described. Their reaction with bases gave the corresponding ylides and sulfonimidamides. The intramole­
cular rearrangement of the ylides led to ortho substitution via intermediate cyclohexadienimines. Hydrogen 
transfer, accompanying rearomatization and the subsequent action of bases gave dihydro-2,l-benzisothiazole 
derivatives. These ylides were also found to react with aldehydes to afford epoxides in moderate yields. 

Heteroatom-subst i tuted sulfonium salts and sul­
foxonium salts are interest ing compounds because of 
their anomalous reactivity.1* We have described the 
synthesis of d iamino- , aminoalkoxy-, and t r iaminosul-
fon ium salts.2) In the case of aminoalkoxysul fonium 
salts, they acted as good alkylat ing reagents toward 
nucleophi les . Vilsmeier et al. reported the synthesis of 
methylmorphol inosucc in imidosul fon iumhexachloro-
ant imonate . 3 ) Wagner and Judelbauer also reported 
the prepara t ion of methyl-bis(diisopropylamino)sul-
fonium tetrafluoroborate.4 ) Gassman et al. reported 
the synthesis of aminosu l fon ium salts and showed that 
the reaction of these salts wi th bases gave the 
rearranged products.5 ) However, there is a few reports 
on the synthesis and reaction of heteroatom substitut­
ed su l foxonium salts. Aminosu l foxonium salts (1) 
were prepared by the alkylat ion of sulfoximines and 
acted as methylene-transfer reagents toward carbonyl 
compounds , a,/3-unsaturated ketones to give epoxides 
and cyclopropanes, respectively.0 These results 
p rompted us to investigate the synthesis and reaction 
of d i aminosu l foxon ium salts (2).7) In this paper , we 
wou ld like to report the preparat ion, spectroscopic 
studies, and reaction of compounds 2. 

Results and Discussion 

Preparation of Diaminosulfoxonium Salts (2). 
Since d i aminosu l fon ium salts were prepared by 
oxidat ion of sulfenamides wi th 1-chlorobenzotriazole, 
^ - to luenesul f inmorphol ide was al lowed to react firstly 
wi th Af-chlorosuccinimide or 1-chlorobenzotriazole 
and then secondary amines.2 ) However, these reactions 
gave only the corresponding a m m o n i u m salts quant i t ­
atively. We then tried the oxidat ion of d iaminosul ­
fon ium salts. A n u m b e r of oxidizing reagents, such as 
potass ium permangana te , sodium periodate, and m-
chloroperbenzoic acid were used for this purpose , b u t 
sul foxonium salts 2 could not be obtained. 

J o h n s o n and co-workers prepared 1 by the alkyla­
t ion of sulfoximines.6 ) We have also synthesized 
d iaminosu l fon ium salts by the alkylation of aminosul -
filimines.2) In view of these results, t reatment of 

sulfonimidamides (3) wi th a lkylat ing reagents was 
investigated as a possible method for the synthesis of 2. 
Sulfonimidamides 3 as precursors were prepared by 
the reaction of sulfinamides wi th Af-bromosuccin-
imide (NBS) or chlorine followed by the addi t ion of 
secondary amines. 8»9) 

R -S-NHR + Cl2 — 

(or NBS) 

O O 
< II R3

2NH < I' 
R - ? = V " R"?=^ CI 

Scheme 1. 

1 R3 

3 

Trea tmen t of 3a wi th trie thy l oxon ium tetrafluoro-
borate in d ich loromethane afforded the corresponding 
salts (2b) in 64% yield. Other d iaminosul foxonium 
salts 2a—o summarized in Tab le 1 were successfully 
prepared by the reaction of 3 wi th alkylat ing reagents 
in n i t romethane or dichloromethane, followed by the 
addi t ion of sodium tetraphenylborate, if necessary. 
C o m p o u n d s 3i and 3j could no t be alkylated under 
these condit ions, which could be attributed to reduced 
electron density of the N-atom, because S methyl 
s ignal of 3i was lower than that of 3a in their N M R 
spectra. (3i, 0=3.10; 3a, 0=2.89) 

R -S=N + R X 

N R 

R3 R3 

3 

R -SV 0 

A 
R3 R3 X-

Scheme 2. 

Recently, we also reported the synthesis and reaction 
of 3, wh ich resulted in the prepara t ion of functiona-
lized sulfonimidamides.9 ) However, the alkylation of 
these compounds was unsuccessful because of their 
low electron density a n d / o r steric hindrance. These 
results suggested that the electron density of sul fonium 
cationic center is impor tan t on the prepara t ion of 
su l foxonium salts. We then compared the spectro­
scopic results of other sulfonium or sulfoxonium salts 
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Table 1. Preparation of Diaminosulfoxonium Salts 2 

[Vol. 63, No. 11 

Sulfonimidamides Diaminosulfoxonium salts 

3 

3a 
3a 
3a 
3b 
3b 
3c 
3d 
3e 
3f 
3g 
3h 
3i 
3j 
3k 
31 
3m 
3n 

R1 

Me 

Et 

Me 
Et 
?-Pr 
p-Tol 
C1CH2CH2CH2 

p-Tol 
p-To\ 
Me 
Me 
Me 
Me 
Me 

R2 

p-Tol 

p-Tol 

*-Pr 
i-Pr 
i-Pr 
i-Pr 
p-Tol 
PhCH2 

p-Tosyl 
p-Tosyl 
p-ClC6H4 

p-ClC6H4 

p-BrC6H4 

p-ClC6H4 

R3-N-R3 

Morpholino 

Morpholino 

Morpholino 
Morpholino 
Morpholino 
Morpholino 
Morpholino 
Morpholino 
Morpholino 
Morpholino 
Morpholino 
Af-Methylphenyl 
Morpholino 
Dimethylamino 

/A.iKyiaung leageiiis 

Me30+ ~BF4 

CF3S03Me 
Et30+ ~BF4 

CF3S03Me 
Et30+ ~BF4 

FS03Me/NaBPh4 

FS03Me/NaBPh4 

FS03Me/NaBPh4 

CF3S03Me 
Me30+ -BF4/NaBPh4 

FS03Me/NaBPh4 

CF3S03Me 
CF3S03Me 
Me30+ ~BF4 

Me30+ -BF4 

Me30+ ~BF4 

Me30+ ~BF4 

2 

2a 
2a' 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
2i 
2j 

21 
2m 
2n 
2o 

R4 

Me 
Me 
Et 
Me 
Et 
Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 
Me 

X 

~BF4 

CF3S03-
-BF4 

CF3S03-
~BF4 

-BPh4 

-BPh4 

-BPh4 

CF3S03-
-BPh4 

~BPh4 

~BF4 

-BF4 

-BF4 

-BF4 

Yield/% 

81 
92 
64 
50 
40 
42 
53 
40 
60 
71 
52 
0 
0 

81 
62 
76 
60 

Table 2. IR Spectra (i>s=o of Sulfoxonium Salts) 

Salts vs=o/cm~1 

2a 
2b 
2d 
2i 
2j 

(Me)3S+-0 -I10> 
Me2(p-Tol)S+=0 Hgl3 ID 

Me2(Me2N)S+-0 ~BF4
6) 

1265 
1266 
1266 
1264 
1263 
1223 
1240 
1250 

to compounds 2. 
IR Spectra. Compound 2a shows a strong absorp­

tion at 1265 cm - 1 due to its S-O stretching. vs-0 of 
normal sulfoxonium salts are 1220—1240 cm - 1 and 
ps-0 of dimethylaminosulfoxonium tetrafluoroborate 
(la) is 1250 cm -1 . vs-0 of compounds 2 are much 
higher than those of 3 and 1. This result suggests that 
the double bond character of S-O bond in 2 is much 
higher than those of 1 and 3, and the order is 2>3>1. 

NMR Spectra. The NMR spectra of 2 clearly show 
that the sulfur bears a high degree of positive charge 
which significantly deshields the S-methyl protons, 
thereby shifting the signals downfield to 3.9—4.0 ppm. 
The downfield shift of S-methyl protons is character­

istic of sulfoxonium salts. However, S-methyl signals 
of 2 are not shifted to lower or higher field than those 
of aminosulfoxonium salts 1 and trimethylsulfoxonium 
iodide, which may be attributed to the opposite effects 
of electronegativity of nitrogen atom and electron-
donating effect on N's lone pair. While S-methyl 
signals of 2 are shifted to lower field by the electron-
withdrawing effect of N atom, they are shifted to 
higher field by the electron-donating effect of N's lone 
pair. 

Reaction of Diaminosulfoxonium Salts. Previous­
ly, many sul foxonium salts and 1 were allowed to react 
wi th bases to give the cor responding ylides. However, 
there is n o report on the reaction of 2 with bases. Since 
Corey and Chaykovsky obtained dimethylsulfoxonium 
methylide by the reaction tr imethylsulfoxonium iodide 
wi th sodium methylsulf inylmethanide (abbreviated as 
d imsy lsod ium) , n ) we first tried the reaction of these 
su l foxonium salts wi th bases. Trea tment of 2a wi th 
d imsylsodium in DMSO gave sulfonimidamide 3a, N-
methyl-p- toluidine (4a), and 1-methyl-l,3-dihydro-5-
methyl2,l-benzisothiazole 2-oxide (5a) were obtained 
in 6, 38, and 31% yields, respectively. When salt 2b was 
al lowed to react wi th d imsylsodium in DMSO at 
50 ° C, Af-ethyl-£-toluidine (4b) and sulfonimidamide 
3a, and 1-ethyl-l,3-dihydro-5-methyl-2,l-benzisothiazole 

Table 3. JH NMR Spectra (S+ Methyl Signals of Sulfoxonium and Sulfonium Salts) 

Sulfoxonium salts 

O 
ii 

Me-S+ R1 Me signal/ppm 

Sulfonium salts 

Me-S-R1 

i 
R2 

Me signal/ppm 

R!=Me, R2=Me12> 
R!=Me, R2=Me2N

6> 
2a' 
Ri=Tol(Me)N, R2=p-C1C6H40

14> 

3.93 (DMSO-de) R1 =Me, R2=Me 
4.00 (DMSO-de) R1 =Me, R2=TsNH13> 
3.90 (DMSO-de) R^Morphol ino, R2=Succinimino3> 
4.50 (DMSO-de) R1=R2=(?'-Pr)2N4) 

3.02 (DMSO-de) 
3.44 (CDCl3/DMSO-d6) 
3.77 (CD3CN) 
3.40 (CDC13) 
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CH3-Ç-Nk 
Me 
Toi o 

II 
+ CH3SCH2Na DMSO 

o 
II 

CH3-S= N 

0' 
+ 

.Et 

^Tol 

3a 

O 
2a 

TolNHMe 4a 
+ Me 

I 
N 

S=0 

Me 5a 

Scheme 3. 

2-oxide (5b) were obtained in 40, 10, and 26% yields, 
respectively. 

We then tried this reaction wi th potass ium t-
butoxide (£-BuOK) as a base. T rea tmen t of 2a wi th 
£-BuOK in £-butyl a lcohol afforded 5a in and 54% 
yields, respectively. Presumably, d iaminosul foxonium 
methyl ide (6) was formed first and then was decom­
posed to give 4. C o m p o u n d s 3 were probably formed 
by abstraction of ß-pro ton from the Af-ethyl g roup 
a n d / o r base attack on Af-alkyl carbons. As to the 
format ion of 5, the fol lowing mechamism is proposed. 
T h e in t ramolecular [2,3]sigmatropic rearrangement of 
the ylides 6 led to o r tho substi tut ion via intermediate 
cyclohexadienimines. Hydrogen transfer, accompany­
ing rearomatization, and the subsequent action of a 
base gave 5. As shown in Tab le 4, these compounds 
were prepared in moderate yields. 

T o confirm the above ylide formation, the reaction 
of a mix tu re of 2b a n d d imsylsodium wi th benzalde-
hyde was carried out . T rea tmen t of 2b and dimsyl-

s=o 
CH 2 

5a R=Me, X=Me 
5b R=Et, X=Me 
5c R=Me, X=CI 

CH3-S-N^ 
N Toi 

C } 
2b ° "BF< 

0 
II + CH3SCH2Na 

^ 
M e " ^ -

r-

0 
- +11 / E t 

CHo-S-N 

V 6b 

Et i 

PhCPh 

J, o 
V N s I" 
\\ S=0 + CH3-S=N 

* .0 
3a 0 

Scheme 5. 

PhCHO 

Toi 
+ 

^os 
PhCH-CH2 

— • 
+ TolNHEt 

4b 

PhCPh 
ll 
0 

Scheme 4. 

sodium followed by the addi t ion of benzaldehyde af­
forded styrene oxide and 4b in 30% and 35% yields, 
respectively. T h i s fact suggests that 2b may produce 
the cor responding ylide 6b by the reaction wi th 
d imsylsodium and 6b may act as a nucleophi l ic 
methylene-transfer reagent. When benzophenone was 
used as a carbonyl compound , 5b was obtained in 26% 
yield and benzophenone was recovered in 70% yield. 
J o h n s o n et al. stated that the reaction of aminosul -
foxonium methylides wi th aldehydes afforded the 
corresponding epoxides in 37—62% yields.0 As to the 
p repara t ion of epoxides, better yields are obtained 
than ours. T h e results of this reaction are summarized 
in Tab le 5. 

These results are qui te different from those of 
Gassman et al. and those of J o h n s o n et al. Gassman 
and co-workers reported that the [2,3]sigmatropic 
rear rangement occurred as soon as aminosu l fon ium 
ylides derived from the treatment of Af-phenylamino-
su l fonium salts wi th bases were formed. They appl ied 
the synthesis of indole derivatives starting from 
aminosu l fon ium salts by [2,3]sigmatropic reaction 
followed by reduction of l i th ium a luminum hydride. 5»14) 

J o h n s o n and co-workers reported that the reaction of 1 
wi th bases yielded the corresponding ylides, wh ich 
reacted wi th aldehydes to give only the corresponding 
epoxides and they did no t confirm the formation of 
products derived from attack on Af-alkyl group.6 ) 

However, the present observation has led to the 
conclus ion that the reaction of ylides 6 wi th carbonyl 
compounds gives not only rearranged products bu t also 

Table 4. Reaction of Diaminosulfoxonium Salts 2 with Bases 

Salts 2 
Conditions Products (%) 

Base Solvent Temp/°C 5 

5a (31) 
5a (54) 
5b (26) 
5c (55) 

4 

4a (38) 

4b (40) 

3 

3a ( 6) 

3a (10) 

2a 
2a 
2b 
21 

CH3SOCH2Na 
*-BuOK 
CH3SOCH2Na 
*-BuOK 

DMSO 
*-BuOH 
DMSO 
*-BuOH 

50 
60 
50 
60 
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C^.l<-o O 
àaits c 

Table 5. 

Base 

Reaction of Salts 2 with Bases Followed by the Addition of Aldehyde 

Conditions 
Aldehyde Epoxide yield/% 

Solvent Temp/°C 

2a 

2a 

2a 

2a 

2b 

2e 

2e 

BuLi 

BuLi 

BuLi 

BuLi 

CH3SOCH2Na 

CH3SOCH2Na 

*-BuOK 

THF 

THF 

THF 

THF 

DMSO 

DMSO 

*-BuOH 

0 

0 

0 

0 

60 

60 

50 

PhCHO 

p-ClC6H4CHO 

/?-N02C6H4CHO 

Heptanal 

PhCHO 

PhCHO 

PhCHO 

PhCH-CH2 42 

Ä 
/?-ClC6H4CH-CH2 31 

O 
/?-N02C6H4CH-CH2 55 

R 
CH3(CH2)5CH-CH2 31 

Ä 

PhCH-CH 2 30 

PhCH-CH2 43 

PhCH-CH2 54 
methylene-transferred products . 

Cyclopropylaminosul foxonium salts and cyclopro-
pylsu l fonium salts were prepared by treatment of the 
corresponding 3-chloropropyl derivatives and their 
reactions wi th carbonyl compounds gave cyclobut-
anone derivatives, which have been widely appl ied to 
the synthesis of na tu ra l p roduc ts . 1 0 We also tried the 
synthesis of cyclopropyldiaminosul foxonium salt. 
T rea tmen t of 2i wi th bu ty l l i th ium afforded the 
corresponding cyclopropyldiaminosulfoxonium tetra-
phenylborate (2p) in 60% yield. 

o 
CICH 2 CH 2 CH 2 -S -N O + BuLi • 

"ol 

"BPh4 

Me Toi 

^CH-S-N 
/N\ ^~ 

Me Vol 

"BPh4 

2p 

Scheme 6. 

In summary , d iaminosu l foxon ium salts 2 are 
prepared by a lkylat ion of 3. The i r physical propert ies 
are described. The i r reaction wi th bases gave the 
corresponding ylides and sulfonimidamides. These 
ylides react wi th aldehydes to afford epoxides in 
moderate yields. These ylides also undergo rearran­
gement to give dihydro-2,l-benzisothiazole derivatives. 

Experimental 

Melting points are uncorrected. 1H NMR spectra were 
determined with a JEOL MH-60, a JEOL PMX-60 or a 
JEOL FX-90 spectrometer. IR spectra were determined with 
a Hitachi IR 345 spectrometer. 

Preparation of iV-(/>-Tolyl)-3-chloro-l-propanesulfin-
amide. To a solution of sodium thiosulfate pentahydrate 
(27.3 g, 0.11 mol) in 70 ml of water was added a solution of 
l-bromo-3-chloropropane (15.8 g, 0.1 mol) in 70 ml of 

ethanol. After refluxing for 1 h, 0.15 mol of iodine (38.1 g) 
was added portionwise to this solution. After stirring for 2 h, 
the reaction mixture was condensed to 50 ml, poured into 
100 ml of water, and extracted three times with 30 ml 
portions of dichloromethane. The combines extracts were 
washed with water, dried over MgS04, and evaporated to 
give 3-chloropropyl disulfide (10.6 g, 0.048 mol, 96%). To a 
solution of this sulfide (10.6 g, 0.048 mol) and acetic acid 
(6.0 g, 0.1 mol) in 80 ml of dichloromethane was added 
dropwise a solution of sulfuryl chloride (20.3 g, 0.15 mol) in 
40 ml of dichloromethane at 0 °C. After stirring for 3 h, this 
solution was evaporated to give crude 3-chloropropanesul-
finyl chloride (15.1 g, 0.094 mol). This sulfinyl chloride in 
dichloromethane (50 ml) was added to a solution of p-
toluidine (10.7 g, 0.1 mol) and triethylamine (11.1 g, 0.11 
mol) in dichloromethane (100 ml) at 0 °C. After stirring for 
3 h, the mixture was washed with water (30 ml) for three 
times, dried over MgS04, and evaporated to give pale brown 
crystals. This residue was recrystallized from dichloro-
methane-hexane to yield 19.7 g (0.085 mol, 90%) of N-p-to\y\-
3-chloropropylsulfinamide; mp 148—149 °C. Anal. Calcd 
for C I O H H C I N O S : C, 51.84; H, 6.05; N, 6.05%. Found: C, 
52.04; H, 6.35; N, 5.85%. *H NMR (CDCI3) <5=2.33 (m, 2H), 
2.27 (s, 3H), 3.10 (m, 2H), 3.58 (t, 2H), 6.95 (q, 4H). Other 
sulfinamides were prepared in a similar manner. 

Preparation of iV-Benzyl-/>-toluenesulfonimidomorpholide 
(3h). To a solution of 2.5 g (10 mmol) of Af-benzyl-p-
toluenesulfinamide in 85 ml of carbon tetrachloride cooled 
to 0—5°C was added 1.8 g (10 mmol) of Af-bromosuccin-
imide. The resulting solution was stirred for 30 min at 0 °C, 
during which time an orange color developed. To this 
solution was added 2.4 g (14 mmol) of morpholine with a 
pipette and the mixture was stirred for 3 h at 0 °C and 6 h at 
r. t. Washed with water and dried over MgS04, the reaction 
mixture was chromatographed on 30 g of silica gel by 
elution with 30% ether-hexane. The resulting eluant was 
evaporated to give a pale yellow oil of 3h, which crystallized 
upon standing. Mp 89—90 °C; 1H NMR (CDCI3) <5=2.34 (s, 
3H, TolMe), 2.56—2.92 (m, 4H, N-CH2), 3.40—3.75 (m, 4H, 
O-CH2), 4.23—4.56 (q, 2H), 7.05^7.75 (m, 9H, Ar). Anal. 
Calcd for Ci8H22N202S: C, 65.43; H, 6.71; N, 4.75%. Found: 
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C, 65.63; H, 6.60; N, 4.62%. 
Other sulfonimidamides were prepared by the method as 

mentioned before.9) 

3a: Yield 74%; mp 109—110 °C (lit, 9> 109.5—110 °C). 
3b: Yield 45%; pale brown oil; *H NMR (CDC13) <5=1.40 (t, 
3H, CH3CH2), 2.25 (s, 3H, TolMe), 2.80—3.25 (m, 6H, N-
CH2 and CH3CH2), 3.35—3.65 (m, 4H, O-CH2), 6.80 (s, 4H, 
Ar). 3c: Yield 60%; pale orange oil; *H NMR (CDCI3) 
0=1.14 (dd, 6H, (CH3)2CH-), 2.74 (s, 3H, Me), 3.05—3.25 (m, 
4H, N-CH2), 3.53—3.82 (O-CH2). 3d: Yield 42%; pale 
orange oil; ^ N M R (CDCI3) 0=1.09—1.56 (m, 9H), 2.70— 
3.36 (m, 6H), 3.48—3.90 (m, 5H). 3e: Yield 57%; pale 
yellow oil; *H NMR (CDCI3) 0=1.00—1.40 (m, 12H), 3.13— 
3.43 (m, 4H), 3.50—3.77 (m, 6H). 3f: Yield 39%; mp 101— 
102 °C; !HNMR (CDCI3) ô=1.21 (dd, 6H), 2.20 (s, 3H, 
TolMe), 2.80—2.96 (m, 4H, N-CH2), 3.68—3.85 (m, 5H, 
O-CH2 and CH(CH3)2), 7.08 (q, 4H, Ar). 3g: Yield 89%; 
pale brown oil; 1U NMR (CDCI3) <5=2.30 (s, 3H, TolMe), 
2.30—2.70 (m, 4H, CH2), 3.00—3.45 (m, 6H, N-CH2 and 
CH2), 3.55—3.90 (m, 4H, O-CH2), 7.06 (s, 4H, Ar). 3i: Yield 
75%; mp 113—114 °C (lit,9> 113—114 °C). 3j: Yield 50%; 
mp 113—114°C (lit,9> 113—114°C). 3k: Yield 60%; mp 
109—110 °C (lit,9> 109—110 °C). 31: Yield 45%; mp 85— 
86 °C (lit,9> 85—86 °C). 3m: Yield 75%; mp 128—129°C; 
(lit,9> 129.1—129.4 °C). 3n; Yield 52%; mp 118—119 °C 
(lit,9> 118—119 °C). 

Preparation of Methylmorpholino(iV-methyl-/>-tolylamino)-
sulfoxonium Trifluoromethanesulfonate (2a'). To a solu­
tion of 3a (7.8 g, 30 mmol) in dichloromethane (30 ml) was 
added a solution of methyl trifluoromethanesulfonate (5.0 g, 
30 ml) in dichloromethane (30 ml). After refluxing for 1.5 h, 
the solution was evaporated to give pale brown crystals, 
which were recrystallized from methanol-ether to give 
colorless crystals. (11.54g, 27.6 mmol, 92%); mp 132— 
133 °C; « N M R (CD3SOCD3) 0=2.20 (s, 3H, TolMe), 3.31 
(s, 3H, NMe), 3.29—3.55 (m, 4H, NCH2), 3.64—3.88 (m, 4H, 
OCH2), 3.90 (s, 3H, SMe), 7.42 (q, 4H, Ar). *H NMR (CDCI3) 
0=2.41 (s, 3H, TolMe), 3.44 (s, 3H, NMe), 3.50—3.66 (m, 4H, 
NCH2), 3.71 (s, 3H, SMe), 3.70—3.80 (m, 4H, OCH2), 7.40 (q, 
4H, Ar). !3CNMR (CDCI3) 0=21.25 (TolMe), 36.82 (SMe), 
39.59 (NMe), 46.14 (NCH2), 65.80 (OCH2), 127.65 (Ar), 131.66 
(Ar), 134.78 (Ar), 143.05 (Ar). IR (KBr) 2998, 2900, 2865, 
1505, 1453, 1430, 1415, 1397, 1370, 1322, 1305, 1265 (S=0), 
1223, 1160, 1130, 1105, 1080, 1050, 1030, 990, 950, 927, 898, 
850, 820, 784, 755, 710, 698, 635 cm-1. Anal. Calcd for 
C14H21N2O5S2F3: C, 56.47; H, 7.45; N, 10.98%. Found: C, 
56.72; H, 7.23; N, 11.44%. 

Compounds 2c and 2h were prepared in a similar manner. 
2c: Yield 50%; mp 116—117 °C; ^ N M R (CDCI3) <5=1.41 
(t, 3H, /=7.0 Hz, CH3CH2-), 2.38 (s, 3H, TolMe), 3.38 (s, 3H, 
NMe), 3.45—3.75 (m, 10H, CH2), 7.15—7.35 (q, 4H, Ar). 
Anal. Calcd for C15H23N2O5S2F3: C, 41.66; H, 5.36; N, 6.48%. 
Found: C, 41.24; H, 5.31; N, 6.46%. 2h: Yield 60%; mp 
109.5—110.5 °C; Anal. Calcd for C16H25F3N2O5S2: C, 43.04; 
H, 5.64; N, 6.27%. Found: C, 42.64; H, 5.98; N, 5.96%. 

Preparation of 2b. Compound 3a (7.8 g, 30 mmol) was 
refluxed with triethyloxonium tetrafluoroborate (6.4 g, 
35 mmol) in dichloromethane (200 ml) for 3 h. The 
resulting mixture was evaporated to give crude 2b as pale 
brown crystals in 80% yield. Recrystallization from ethanol 
gave colorless crystals (7.0 g, 19.2 mmol); mp 153—154 °C; 
yield 60%; 1H NMR (CDCI3: CD3SOCD3=4:l) 0=1.22 (t, 3H, 

/=7.5 Hz, CH3), 2.44 (s, 3H, TolMe), 3.48—3.65 (m, 4H, 
NCH2), 3.70—3.82 (m, 5H, CH2 and OCH2), 3.86 (m, 1H, 
CH2), 7.33 (br s, 4H, Ar); IR (KBr) 3020, 2930, 2880, 1510, 
1470, 1455, 1395, 1370, 1340, 1315, 1265 (S=0), 1225, 1160, 
1140, 1115, 1075, 1025, 1015, 990, 950, 855, 830, 795, 780, 725, 
690 cm"1. Anal. Calcd for C14H23BF4N2O2S: C, 45.42; H, 
6.26; N, 7.57%. Found: C, 45.09; H, 6.52; N, 7.65%. 

Compound 2d was prepared in a similar manner: Yield 
40%; mp 134—135 °C; IR (KBr) 2980, 2925, 2870, 1504, 1446, 
1384, 1300, 1264 (SO) , 1220, 1110, 1085, 1038, 962, 825, 795, 
745, 720, 680, 555, 532, 520 cm"1. Elemental analysis was 
carried out as a tetraphenylborate. Calcd for C39H47N2O2SB: 
C, 75.49; H, 7.45; N, 4.54%. Found: C, 75.22; H, 7.57; N, 
5.03%. 

Preparation of 2e. To a solution of 6.2 g (30 mmol) of 
compound 3c in dichloromethane (100 ml) was added 3.7 g 
of FSÛ3Me (33 mmol). The solution was stirred for 2 h and 
then concentrated to 20 ml. The resulting solution was 
added to a solution of 10.3 g (30 mmol) of sodium 
tetraphenylborate in acetone (50 ml) and stirred for 30 min. 
A white precipitate formed (FSOsNa) was filtered off and the 
filtrate was concentrated to 50 ml. Addition of ether to this 
solution gave colorless crystals of 2e (6.5 g, 12 mmol); Mp 
181.5—182.5 °C; yield 40%: IR (KBr) 3040, 2966, 2910, 1467, 
1415, 1302, 1270 ( S O ) , 1255, 1215, 1141, 1100, 1074, 970, 930, 
840, 743, 733, 707, 625, 600 cm"1 Anal. Calcd for 
C33H41BN2O2S: C, 73.32; H, 7.65; N, 5.18%. Found: C, 73.49; 
H, 7.32; N, 5.31%. 

2f, 2g, and 2j were prepared in a similar manner. 2f: Mp 
134—135 °C; yield 53%: Anal. Calcd for C34H43BN2O2S: C, 
73.63; H, 7.81; N, 5.05%. Found:"C, 73.72; H, 7.55; N, 5.06%. 

2g: Yield 40%; mp 134.5—135 °C; Anal: Calcd for 
C35H45BN2O2S: C, 73.93; H, 7.98; N, 4.93%. Found: C, 74.21; 
H, 7.99; N, 4.64%. 2j: Yield 52%; mp 134—135 °C; Anal. 
Calcd for C43H46BN2O2S: C, 77.71; H, 6.78; N, 4.22%. Found: 
C, 78.15; H, 7.24; N, 3.96%. 

Preparation of 2i. To a solution of 3.2 g (10 mmol) of 3g 
in 50 ml of dichloromethane was added 1.9 g (13 mmol) of 
trimethyloxonium tetrafluoroborate. The reaction mixture 
was refluxed for 6 h, and was concentrated to 20 ml. This 
solution was added to a solution of 3.4 g (10 mmol) of 
sodium tetraphenylborate in 50 ml of acetone (20 ml) and 
stirred for 30 min. A white precipitate formed (NaBF4) was 
filtered off and the filtrate was concentrated to 20 ml. 
Addition of ether to this solution gave colorless crystals of 2i: 
Mp 147—147.5 °C; yield 71%: ^ N M R (CD3COCD3) <5= 
2.25—2.55 (m, 2H, CH2), 2.37 (s, 3H, TolMe), 3.40 (s, 3H, 
NMe), 3.50—4.00 (m, 12H, CH2), 6.65—7.50 (m, 24H, Ar). 
IR (KBr) 3054, 3000, 2980, 2925, 2870, 1575, 1500, 1472, 1445, 
1422, 1390, 1300, 1280, 1264 (SO) , 1180, 1150, 1128, 1112, 
1080, 1034, 1008, 960, 895, 848, 825, 800, 752, 745, 738, 708, 
612 cm"1. Anal. Calcd for C39H44BN2O2SCI: C, 71.46; H, 
6.94; N, 4.36%. Found: C, 71.52; H, 6.88; N, 4.34%. 

Preparation of 2a. To a solution of 3a (3.81 g, 15 mmol) 
in dichloromethane (100 ml) was added trimethyloxonium 
tetrafluoroborate (2.94 g, 20 mmol) in portionwise. After 
refluxing for 3 h, the reaction mixture was evaporated to give 
pale yellow crystals, which were recrystallized from meth­
anol to afford colorless crystals of 2a (3.96 g, 11.1 mmol): 
Yield 74%; mp 160—161 °C; 1H NMR (CD3NO2) ô=2.40 (s, 
3H, TolMe), 3.40 (s, 3H, NMe), 3.53 (s, 3H, SMe), 3.45—3.67 
(m, 4H, NCH2), 3.70—3.97 (m, 4H, OCH2), 7.43 (s, 4H, Ar). 
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Anal. Calcd for C13H21BF4N2O2S: C, 43.82; H, 5.90; N, 7.E 
Found: C, 43.84; H, 5.89; N, 7.84%. 

Compounds 21, 2m, 2n, and 2o were prepared in a similar 
manner. 21: Yield 81%; mp 154—155 °C; *H NMR (CDCI3: 
CD3SOCD3=l:l) 0=3.45 (s, 3H, NMe), 3.50—3.95 (m, 8H, 
CH2), 3.90 (s, 3H, SMe), 7.57 (s, 4H, Ar). IR (KBr) 3100, 3015, 
2925, 2870, 1495, 1460, 1410, 1375, 1340, 1290, 1270 (S=0), 
1140, 1055, 1015, 985, 960, 925, 895, 840, 785, 745, 720, 
600 cm"1. Anal. Calcd for C12H18BCIF4N2O2S: C, 38.24; H, 
4.78; N, 7.42%. Found: C, 38.20; H, 4.36; N, 7.53%. 
2m: Yield 62%; mp 141 —142 °C; « N M R (CDC13: CD3-
SOCD3=l:l) 0=3.57 (s, 6H, NMe), 3.88 (s, 3H, SMe), 7.47 (br 
s, 5H, Ar), 7.55 (br s, 4H, Ar). Anal. Calcd for 
C15H18BCIF4N2OS: C, 45.34; H, 4.53; N, 7.05%. Found: C, 
45.11; H, 4.24; N, 7.18%. 2n: Yield 76%; mp 139—140°C; 
1H NMR (CD3SOCD3) 0=3.41 (s, 3H, NMe), 3.54—3.68 (m, 
8H, CH2), 4.02 (s, 3H, SMe), 7.66 (q, 4H, Ar). IR (KBr) 3085, 
2995, 2910, 2860, 1485, 1455, 1405, 1370, 1335, 1285, 1265 
(S=0), 1133, 1047, 1010, 980, 965, 950, 920, 890, 850, 835, 780, 
730, 710 cm-1. Anal. Calcd for Ci2Hi8BBrF4N202S: C, 34.20; 
H, 4.28; N, 6.65%. Found: C, 33.86; H, 4.34; N, 6.39%. 
2o: Yield 60%; mp 101—102 °C; « N M R (CD3COCD3) 
0=3.85 (s, 9H, NMe), 3.95 (s, 3H, SMe), 7.14 (q, 4H, Ar). 
Anal. Calcd for C10H16BCIF4N2O: C, 35.82; H, 4.78; N, 8.36%. 
Found: C, 35.41; H, 4.85; N, 8.44%. 

Reaction of Salt 2b with Dimsylsodium in DMSO. Sodium 
hydride (0.28 g, 6 mmol, 50% dispersion) in 100 ml of a three-
necked flask was washed with 10 ml of hexane for three 
times, and DMSO (10 ml) was added and warmed at 50 °C. 
After stirring for 30 min, salt 2b (1.85 g, 5 mmol) in DMSO 
(5 ml) was added to this solution at 60 °C. After stirring for 
6 h, the reaction mixture was poured into 50 ml of water. 
The suspension was extracted with hexane (15mlX3) and 
dichloromethane (15mlX3). The combined extracts were 
washed with water, dried over MgS04, and evaporated to 
give pale brown oil. The resulting oil was chromatographed 
over alumina by elution of hexane, dichloromethane-hexane 
(1:1), and then dichloromethane. The hexane eluant was 
evaporated to give iV-ethyl-p-toluidine (4b) (0.27 g, 2 mmol, 
40%). The dichloromethane-hexane eluant was evaporated 
to give 5b (0.25 g, 1.3 mmol); yield 26%, mp 94.5—95.5 °C, 
« NMR (CDC13) 0=1.46 (t, 3H, N-CH2CH3), 2.29 (s, 3H, 
ArCH3), 3.70 (d, 1H, /=16Hz, CH2) 4.05 (d, 1H, /=16Hz, 
CH2), 6.53—7.05 (m, Ar). IR (KBr) 3010, 2925, 2875, 2825, 
2730, 1600, 1480, 1440, 1390, 1365, 1345, 1338, 1295, 1285, 
1265, 1192, 1160, 1146, 1120, 1083, 1072, 1058, 912, 895, 870, 
857, 816, 770, 740, 706, 690, 652 cm-1. Anal. Calcd for 
CioHi3NOS: C, 61.55; H, 6.67; N, 7.18%. Found: C, 61.87; H, 
6.94; N, 7.33%. The dichloromethane eluant was evaporatd 
to give 3a (0.11 g, 0.5 mmol, 10%). 

The reaction of 2a (1.78 g, 5 mmol) was carried in a similar 
manner. Compound 4a (0.23 g, 1.9 mmol, 38%), 5a (0.28 g, 
1.5 mmol, 31%), and 3a (0.07 g, 0.3 mmol, 6%) were obtained. 
5a: Mp 82—83 °C; « N M R (CDC13) 0=2.30 (s, 3H, 
ArCH3), 3.25 (s, 3H, NMe), 3.82 (d, 1H, /=15 Hz, CH2), 4.13 
(d, 1H, /=15 Hz, CH2), 6.47—7.17 (m, 3H, Ar). IR (KBr) 
3046, 2970, 2960, 2915, 2820, 1605, 1486, 1450, 1438, 1382, 
1320, 1290, 1275, 1180, 1138, 1105, 1068, 940, 900, 880, 824, 
815, 742, 718, 695, 658 cm-1. Anal. Calcd for C9H11NOS: C, 
59.53; H, 5.68; N, 7.66%. Found: C, 59.67; H, 6.08; N, 7.77%. 

Reaction of Salt 2a with Potassium J-Butoxide in £-Butyl 
Alcohol. The solution of 2a (0.75 g, 2 mmol) in i-butyl 
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alcohol (15 ml) was added a solution of potassium ^-butoxide 
(0.22 g, 2.0 mmol) in *-butyl alcohol (10 ml) at 50 °C. After 
stirring for 5 h, 25 ml of water was added to this suspension 
and concentrated to 20 ml. The resulting mixture was 
extracted with dichloromethane (15 mlX3). The combined 
extracts were washed with 1 M(=mol dm -3) HCl (Af-methyl-
jb-toluidine was separated), dried over MgS02, and evaporat­
ed to give the crude 5a, which was recrystallized from ethanol 
to give colorless crystals of 5a (0.20 g, 1.1 mmol). Yield 54%. 
The reaction of 21 with £-BuOK (0.77 g, 2 mmol) was carried 
out in a similar manner. 1-Methyl-l,3-dihydro-5-chloro-2,l-
benzisothiazole 2-oxide (5c) was obtained in 55% yield 
(0.23 g, 1.1 mmol): Mp 90—91.5 °C; ^ N M R (CDC13) 
0=3.28 (s, 3H, NMe), 3.87 (d, 1H, /=16 Hz, CH2), 4.20 (d, 1H, 
/=16 Hz, CH2), 6.57—7.40 (m, 3H, Ar). Anal. Calcd for 
CsHsClNOS: C, 47.64; H, 3.97; N, 6.95%. Found: C, 47.51; 
H, 3.82; N, 6.99%. 

Reaction of 2a with Butyllithium Followed by the 
Addition of Benzaldehyde. To a solution of 2a (1.78 g, 
5 mmol) in THF (50 ml) was added a solution of butyl-
lithium (10% w/v, 3.5 ml, 5.5 mmol) in hexane was added at 
0 °C. After stirring for 1 h, benzaldehyde (0.54 g, 5 mmol) in 
THF (10 ml) was added to this solution at this temperature. 
After stirring for 6 h, the reaction mixture was warmed up to 
room temperature and poured into water (100 ml) and 
extracted with hexane (20 mlX3). The combined extracts 
were washed with 0.5 M of aq HCl (10mlX2) and water 
(10 mlX2). The solution was dried over MgS04 and filtered. 
The resulting filtrate was evaporated to give pale yellow oil, 
which was distilled under reduced pressure (60—70°C/5 
mmHg, 1 mmHg=l33.322 Pa) to give styrene oxide (0.25 g, 
2.1 mmol); yield 40%. Other reaction was carried out in a 
similar manner. When jb-nitrobenzaldehyde (0.76 g, 5 
mmol) was used as an aldehyde, jb-nitrostyrene oxide was 
obtained in 55% yield. (0.45 g, 2.75 mmol); mp 83—84 °C 
(lit,17> mp 84—85 °C), p-Chlorostyrene oxide (0.23 g, 1.5 
mmol, 31%) and 1-octene oxide (0.19 g, 1.5 mmol, 30%) were 
obtained in a similar manner.6* 

Reaction of 2b with Dimsylsodium Followed by the 
Addition of Benzaldehyde. Sodium hydride (0.28 g, 6 
mmol, 50% dispersion) in 50 ml of three necked flask was 
washed with 10 ml of hexane for three times, and DMSO 
(8 ml) was added and warmed at 50 °C. After stirring for 
30 min, salt 2b (0.75 g, 2.0 mmol) in DMSO (5 ml) was added 
to this solution at 60 °C. After stirring for 30 min, 
benzaldehyde (0.53 g, 5 mmol) was added by syringe to this 
solution at this temperature. After stirring for 6h, the 
reaction mixture was poured into 100 ml of water and 
extracted with ether (20 ml) for three times. The combined 
extracts were washed with water (10mlX2) and dried over 
MgS04. The resulting mixture was filtered and evaporated 
to give a orange-red oil. This oil was distilled under reduced 
pressure to afford styrene oxide (0.18 g, 1.5 mmol, 60— 
70°C/5mmHg) and 4b (0.24 g, 1.75 mmol, 80—90°C/5 
mmHg) in 30 and 35% yields, respectively. 

Reaction of 2e with Potassium £-Butoxide Followed by the 
Addition of Benzaldehyde. To a solution of 2e (2.5 g, 
4.6 mmol) in i-butyl alcohol (30 ml) was added a solution of 
potassium i-butoxide (0.60 g, 5.5 mmol) in £-butyl alcohol 
(10 ml) at 60 °C. After stirring for 1 h at this temperature, a 
solution of benzaldehyde (0.5 g, 4.6 mmol) in i-butyl alcohol 
(8 ml) was added to this solution. After stirring for 2 h at this 
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temperature, the reaction mixture was condensed to 10 ml, 
poured into water (100 ml). The resulting mixture was 
extracted with hexane (20 mlX3). The combined extracts 
were washed with water (10mlX2), dried over MgSC>4, and 
evaporated to give 0.44 g of crude styrene oxide (3.7 mmol, 
75%). This oil was distilled under reduced pressure to afford 
3.0 g of pure styrene oxide (bp 66—68°C/7mmHg); 
2.5 mmol, yield 54%. 

Reaction of 2b with Dimsylsodium Followed by the 
Addition of Benzophenone. Sodium hydride (0.28 g, 6 
mmol, 50% dispersion) in 50 ml of three-necked flask was 
washed with 10 ml of hexane for three times, and DMSO 
(8 ml) was added and warmed at 50 °C. After stirring for 
30 min, salt 2b (1.85 g, 5.0 mmol) in DMSO (8 ml) was added 
to this solution at 60 °C. After stirring for 30 min, a solution 
of benzophenone (0.91 g, 5 mmol) in DMSO (5 ml) was 
added to this solution at this temperature. After stirring for 
6 h, the reaction mixture was poured into 100 ml of water 
and extracted ether (20 ml) for three times. The combined 
extracts were washed with water (10mlX2) and dried over 
MgS04. The mixture was filtered and evaporated to give a 
reddish brown oil. The resulting oil was chromatographed 
over alumina by elution with dichloromethane-hexane to 
give benzophenone (0.64 g, 3.5 mmol), 4b (0.27 g, 2 mmol), 
sulfonimidamide 3b (0.25 g, 0.5 mmol), and 5b (0.25 g, 
1.3 mmol) in 70, 40, 10, and 26% yields, respectively. 

Reaction of 2i with Butyllithium. To a solution of 
compound 2i (3.25 g, 5 mmol) in 50 ml of T H F was added 
5 mmol of BuLi (10% w/v in hexane) in 3.3 ml of hexane. 
After the stirring for 2 h at r.t, 100 ml of water was added to 
this solution. The resulting mixture was extracted with 
dichloromethane and then dried over MgS04. The 
combined extracts were evaporated to give crude 2p (2.58 g, 
4.2 mmol) in 84% yield. Recrystallization from methanol 
gave colorless crystals (1.84 g, 3 mmol). Mp 134—135 °C; 
yield 60%: ^ N M R (CD3SOCD3) 0=1.08—1.52 (m, 4H, 
CH2CH2), 2.36 (s, 3H, TolMe), 3.41 (s, 3H, NMe), 3.50—3.65 
(m, 5H, CH and NCH2), 3.65—3.80 (m, 4H, OCH2), 6.70— 
7.25 (m, 20 H, Ar), 7.40 (br dd, 4H, Toi). IR (KBr) 3050, 2870, 
1590, 1515, 1485, 1460, 1430, 1405, 1345, 1310, 1275, 1200, 
1120, 1090, 1075, 1040, 1025, 970, 915, 880, 855, 830, 740, 720, 
615 cm-1. Anal. Calcd for C39H43BN202S: C, 75.74; H, 7.19; 
N, 4.65%. Found: C, 76.22; H, 7.41; N, 4.58%. 
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The Synthesis of Two 6-Acetyl-2,3-dihydro-5-benzofuranols 
Naturally Obtained from Baccharis conferta 
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6-Acetyl-2-isopropenyl-5-methoxy-2,3-dihydrobenzofuran was prepared from 2-isopropenyl-5-methoxy-2,3-
dihydrobenzofuran via formylation, Grignard methylation, and oxidation. It was then converted to two racemic 
dihydrobenzofuran derivatives obtained from Baccharis conferta. 

Many naturally occurring 2-isopropenyl-2,3-dihydro-
benzofuran derivatives have been reported.1* Most of 
them have an acetyl group in their 5-position because 
of their biosynthesis via polyketide. In 1970, F. 
Bohlmann and C. Zdero obtained oily materials from 
Baccharis conferta and elucidated their structure by 
spectroscopic methods to be 6-acetyl-5-benzofuranol 
structures (lb and lc) having oxidized isopropenyl and 
biosyn the tically irregular 6-acetyl groups.2) So far, 
however, there has been no report on their synthesis. 
In the course of our synthetic studies of natural 2-
isopropenyl-2,3-dihydrobenzofurans,3a_h) we describe 
here the synthesis of a 6-acetyl-5-hydroxy derivative 
(la) and the conversion from 6-acetyl-5-methoxy 
derivative (5a) to two naturally obtained 6-acetyl-2,3-
dihydro-5-benzofuranol derivatives (lb and lc). 

MeO 

ZXxH 
Ç 
CH3 

R 

I a) R = CH3 

b) R = CH20Ac 

c) R = CHO 

As we have already reported,3f) a direct cyclization of 
2-acetylhydroquinone with 1,4-dibromo-2-methyl-2-
butene gave 4-acetyl-5-benzofuranols. We have re­
ported3«0 that the direct introduction of an acetyl group 
in 2-isopropenyl-5-methoxy-2,3-dihydrobenzofuran (2) 
was unsuccessful. However, 6-acetyl-2-isopropenyl-5-
methoxy-2,3-dihydrobenzofuran (5a) was obtained 
from 6-formyl-2-isopropenyl-5-methoxy-2,3-dihydro-
benzofuran (3), obtained by a Vilsmeier formylation of 
2.3d) The Grignard methylation of 3 with methyl-
magnesium iodide gave an alcohol 4 in 98% yield, 
which was easily oxidized to 6-acetyl-2-isopropenyl-5-
methoxy-2,3-dihydrobenzofuran (5a) with active man­
ganese dioxide4) in 87% yield. 

Selenium dioxide oxidation of 5a in refluxing acetic 
anhydride gave 6-acetyl-2-[l-(acetoxymethyl)vinyl]-5-
methoxy-2,3-dihydrobenzofuran (5b) in 16%) yield. A 
new carbonyl absorption at 1740 cm - 1 in its IR 
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5 a) R = CH3 

b) R = CH20Ac 

c) R = CH20H 

d) R = CH0 

spectrum and a new methyl signal at 6=2.0 in its 
*H NMR spectrum showed the existence of a new 
acetoxyl group. Furthermore, a methylene signal at 
6=4.6 showed that the acetoxyl group was on the 
methyl carbon of the isopropenyl group. Demethyl-
ation of 5b with magnesium iodide-die they 1 ether 
(l/2)3e) i n refluxing dry benzene gave 2-[l-(acetoxy-
methyl)vinyl]-6-acetyl-2,3-dihydro-5-benzofuranol ( lb) 
in 53% yield. In the IR spectra, carbonyl absorption 
was shifted from 1660 cm - 1 (in 5b) to 1630 cm - 1 (in lb). 
Further, the 1H NMR spectrum of lb showed a 
hydroxy 1 proton signal at 6=12.1. These indicated a 
new intramolecular hydrogen bonding. The 1H NMR 
spectral data of this demethylated compound lb were 
identical with the reported data of the natural oily 
mixture from Baccharis conferta® A similar demethyl-
ation of 5a gave 6-acetyl-2-isopropenyl-2,3-dihydro-5-
benzofuranol (la) in 39% yield, which also showed an 
intramolecular hydrogen bonding in its IR and 
1U NMR spectra. 

For a conversion to a natural aldehyde lc, acetate 5b 
was hydrolyzed to a corresponding alcohol 5c, which 
was oxidized to a corresponding aldehyde, 2-(6-acetyl-
5-methoxy-2,3-dihydro-2-benzofuranyl)acrylaldehyde 
(5d) with active manganese dioxide in 28% yield. This 
aldehyde 5d was similarly demethylated to 2-(6-acetyl-
5-hydroxy-2,3-dihydro-2-benzofuranyl)acrylaldehyde ( lc) 
with anhydrous magnesium iodide-diethyl ether (1/2); 
the XHNMR spectral data of this demethylated 
aldehyde lc were also identical with the reported data 
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of the na tura l oily mix ture from Baccharis conferta.2) 

Experimental 

The melting points and boiling points were uncorrected 
(in boiling points; 1 mmHg=133.322 Pa). The IR spectra 
were measured on a Hitachi EPI-S2 or 260-50 spectrophoto­
meter in liquid films or KBr disks, and the UV spectra were 
taken on a Hitachi 220A spectrophotometer in ethanolic 
solutions. The XH NMR spectra were recorded on a JEOL 
PMX-60Si or FX-90Q NMR spectrometer, and the Mass 
spectra were recorded on a JEOL JMS-OISG-2 mass 
spectrometer. 

Preparation of 6-acetyl-2-isopropenyl-5-methoxy-2,3-dihy-
drobenzofuran (5a): According to a procedure described 
previously,340 2-isopropenyl-5-methoxy-2,3-dihydrobenzofu-
ran-6-carbaldehyde (3) was prepared by cyclization of p-
methoxyphenol with l,4-dibromo-2-methyl-2-butene follow­
ed by the formylation of 2-isopropenyl-5-methoxy-2,3-dihy-
drobenzofuran (2) with Af-methylformanilide and phos-
phoryl chloride. A solution of aldehyde 3 (2.14 g, 
9.82 mmol) in dry ether (10 ml) was added to a cold Grignard 
solution, prepared from magnesium metal (0.55 g, 20.6 
mmol), iodomethane (3.31 g, 23.3 mmol), and dry ether 
(40 ml). After refluxing for 1 h, the mixture was treated with 
a 1 M ammonium chloride solution (1 M=l mol dm - 3) and 
extracted with ether. The ether layer was washed with a 
saturated aqueous sodium hydrogencarbonate solution and 
dried over anhydrous sodium sulfate. After removal of the 
ether, pure l-(2-isopropenyl-5-methoxy-2,3-dihydro-6-ben-
zofuranyl)ethanol (4)(2.28 g, 97.5%) was obtained as colorless 
oil. IR (neat) 3350 cm-1. XH NMR (CC14) ô=1.3 (3H, d, 
/ = 6 Hz), 1.7 (3H, s), 2.4 (1H, broad s), 2.9 (1H, dd, /=15 and 
8 Hz), 3.2 (1H, dd, /=15 and 9 Hz), 3.7 (3H, s), 4.8 (1H, broad 
s), 5.0 (1H, broad s), 5.0 (1H, dd, 7=9 and 8 Hz), 4.8—5.1 (1H, 
m), 6.6 (1H, s), 6.7 (1H, s). This alcohol 4 was homogeneous 
in both TLC and GLC. 

To a solution of alcohol 4 (1.07 g, 4.58 mmol) in dry 
acetone (70 ml) was added active manganese(IV) dioxide 
(24 g), freshly prepared from potassium permanganate and 
manganese(II) sulfate.4* The mixture was then stirred at 
room temperature for 24 h, and the manganese(IV) dioxide 
was filtered off. After removing the solvent under reduced 
pressure, an oily residue was crystallized from hexane-ether 
to give 6-acetyl-2-isopropenyl-5-methoxy-2,3-dihydrobenzo-
furan (5a)(0.93 g, 87%) as colorless crystals; mp 49—50 °C. 
IR (KBr) 1660 cm"1. XH NMR (CC14) ô=1.7 (3H, s), 2.5 (3H, 
s), 3.0 (1H, dd, /=16 and 8 Hz), 3.4 (1H, dd, 7=16 and 9 Hz), 
3.8 (3H, s), 4.8 (1H, broad s), 5.0 (1H, broad s), 5.1 (1H, dd, 
7=9 and 8 Hz), 6.7 (1H, s), 7.0 (1H, s). MS m/z 232 (M+), 217. 
Found: C, 72.09, H, 6.79%. Calcd for Ci4Hi603: C, 72.39, H, 
6.94%. UV (EtOH) 230 (log e 4.25), 258 (3.81), 344 nm (3.74). 

Demethylation of 5a: A solution of 5a (2.20 g, 9.48 
mmol) in dry benzene was added to a benzene solution of 
magnesium iodide - diethyl ether (1/2), prepared from 
magnesium metal (1.08 g, 43 ma torn), iodine (5.49, 21.6 
mmol), dry ether (6 ml), and dry benzene (6 ml) by a similar 
procedure described before;3e) the mixture was refluxed for 
3 h. After cooling, the mixture was treated with 10% 
hydrochloric acid. The organic layer was collected and 
washed with a saturated sodium hydrogencarbonate solution 
and dried over anhydrous sodium sulfate. After removing 

the solvent, the residual oil was purified by silica-gel column 
chromatography. Fractions eluted with benzene were 
crystallized from cyclohexane to give 6-acetyl-2-isopropenyl-
2,3-dihydro-5-benzofuranol (la) (0.80 g, 39%) as colorless 
crystals; mp 84—85 °C. IR (KBr disk) 1620 cm"1. XH NMR 
(CC14) ô=1.8 (3H, s), 2.5 (3H, s), 3.0 (1H, dd, 7=16 and 8 Hz), 
3.4 (1H, dd, 7=16 and 9 Hz), 4.9 (1H, broad s), 5.0 (1H, broad 
s), 5.1 (1H, broad s), 5.1 (1H, dd, 7=9 and 8 Hz), 6.7 (1H, s), 
7.0 (1H, s), 12.1 (1H, s). MS m/z 218 (M+), 203. Found: C, 
71.29, H, 6.40%. Calcd for C13H14O3: C, 71.54, H, 6.47%. UV 
(EtOH) 235 (loge 4.26), 264 (3.84), 365 nm (3.73). 

Selenium Dioxide-Oxidation of 5a: To a solution of 5a 
(1.70 g, 7.31 mmol) in acetic anhydride (100 ml) was added 
powdered selenium dioxide (0.87 g, 7.84 mmol); the mixture 
was refluxed for 3 h. After cooling, the mixture was diluted 
with ether and filtered off the selenium compounds. From 
the filtrate, the ether and the excess acetic anhydride was 
removed under reduced pressure, and the residue was 
redissolved in benzene. The benzene solution was washed 
with sat. sodium hydrogencarbonate solution and sat. 
sodium chloride solution, and then dried over anhydrous 
sodium sulfate. After removing the benzene, the residual oil 
was purified on a silica-gel column. Fractions eluted with 
benzene-chloroform (1:1) gave 2-[l-(acetoxymethyl)vinyl]-
6-acetyl-5-methoxy-2,3-dihydrobenzofuran (5b)(0.33 g, 16%) 
as pale yellow oil; bp 190—220 °C (6 mmHg)(bath temp). IR 
(neat) 1740, 1660cm-1. « N M R (CC14) ô=2.0 (3H, s), 2.5 
(3H, s), 3.1 (1H, dd, 7=16 and 8 Hz), 3.4 (1H, dd, 7=16 and 
9 Hz), 3.8 (3H, s), 4.6 (2H, broad s), 5.2 (1H, dd, 7=9 and 
8 Hz), 5.2 (1H, broad s), 5.3 (1H, broad s), 6.7 (1H, s), 7.1 (1H, 
s). MS m/z 290 (M+), 230. Found: C, 66.07, H, 6.16%. Calcd 
for CieHisOs: C, 66.19, H, 6.25%. 

Demethylation of 5b to lb: By a similar procedure to that 
described above, 5b (0.19 g, 0.655 mmol) was demethylated 
with a refluxing solution of magnesium(IV) iodide etherate, 
prepared from magnesium metal (40 mg, 0.833 mmol), dry 
ether (1.5 ml), dry benzene (3 ml), and iodine (0.19 g, 
0.665 mmol). Fractions eluted by benzene gave lb (96 mg, 
53%) as pale yellow oil; bp 205—210 °C (5 mmHg)(bath 
temp). IR (neat) 1730, 1630cm-1. « N M R (CC14) 6=2.0 
(3H, s), 2.5 (3H, s), 3.1 (1H, dd, 7=16 and 8 Hz), 3.3 (1H, dd, 
7=16 and 10 Hz), 4.6 (2H, broad s), 5.2 (1H, dd, 7=10 and 
8 Hz), 5.2 (1H, broad s), 5.3 (1H, broad s), 6.7 (1H, s), 6.9 (1H, 
s), and 12.0 (1H, s). MS m/z 276 (M+). Found: C, 65.15, H, 
5.97%. Calcd for Ci5Hi605: C, 65.21, H, 5.84%. 

Hydrolysis of 5b to 5c: To a solution of acetate 5b (0.10 g, 
3.45 mmol) in ethanol (10 ml), was added ca. 10% aqueous 
potassium hydroxide solution (5 ml); the mixture was 
refluxed for 1 h. After cooling, the mixture was acidified 
with 10%) hydrochloric acid, and then extracted with ether. 
The ether layer was washed with sat. sodium hydrogencar­
bonate solution and sat. sodium chloride solution, and dried 
over anhydrous sodium sulfate. After removing the ether, 
pure 6-acetyl-2-[ 1 -(hydroxymethyl)vinyl]-5-methoxy-2,3-dihy-
drobenzofuran (5c)(0.08g, 96%) was obtained as a pale 
yellow oil; bp 190—210 °C (4 mmHg)(bath temp). IR (neat) 
3400, 1660 cm-1. « NMR (CC14) 6=2.5 (3H, s), 3.2 (1H, dd, 
7=16 and 10 Hz), 3.4 (1H, dd, 7=16 and 9 Hz), 3.9 (3H, s), 4.2 
(2H, broad s), 5.2 (2H, broad s), 5.3 (1H, dd, 7=10 and 9 Hz), 
6.8 (1H, s), 7.2 (1H, s). MS m/z 231 (M+), 217 (M+-CH2OH). 
Found: C, 67.52, H, 6.61%. Calcd for Ci4Hi604: C, 67.73, H, 
6.50%. 
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Oxidation of Alcohol 5c to Aldehyde 5d: To a solution 
of 5c (80 mg, 0.32 mmol) in dry acetone (20 ml) was added 
manganese(IV) dioxide (840 mg, 9.65 mmol); the mixture 
was stirred at room temperature for 23 h. After a similar 
treatment to that described above regarding oxidation of 4 to 
5a, the fractions eluted with benzene-ether (5:1) were 
recrystallized from chloroform-hexane to give 2-(6-acetyl-5-
methoxy-2,3-dihydro-2-benzofuranyl)acrylaldehyde(5d)(22,2 
mg, 28%) as pale yellow cubes; mp 115.5—116.5 °C. IR (KBr 
disk) 1680, 1660 cm-1. *H NMR (CDCI3) ô=2.5 (3H, s), 2.9 
(1H, dd, /=16 and 8 Hz), 3.6 (1H, dd, /=16 and 10 Hz), 3.8 
(3H, s), 5.5 (1H, dd, /=10 and 8 Hz), 6.1 (1H, s), 6.5 (1H, s), 
6.8 (1H, s), 7.2 (1H, s), 9.6 (1H, s). MS m/z 246 (M+), 217 
(M+-CHO). Found: C, 68.04, H, 5.63%. Calcd for C14H14O4: 
C, 68.28, H, 5.73%. 

Demethylation of 5d to lc: To a magnesium etherate 
solution, prepared from magnesium (5 mg, 0.21 matom), dry 
ether (5 ml), dry benzene (10 ml), and iodine (25 mg, 
0.10 mmol), was added a solution of 5d (22.2 mg, 0.09 mmol) 
in dry benzene (15 ml); the mixture was refluxed for 2 h. 
After a similar treatment to that described above regarding 
the demethylation of 5a to la, the fractions eluted with 
benzene-ether (20:1) gave 2-(6-acetyl-5-hydroxy-2,3-dihydro-
2-benzofuranyl)acrylaldehyde (lc)(0.90 mg, 4.1%) as colorless 
oil. IR (neat) 1690, 1645 cm"1. 1H NMR (CDCI3) ô=2.6 (3H, 
s), 3.0 (1H, dd, /=16 and 7 Hz), 3.6 (1H, dd, 7=16 and 9 Hz), 
5.5 (1H, dd, 7=9 and 7 Hz), 6.2 (1H, s), 6.6 (1H, s), 6.8 (1H, s), 
7.1 (1H, s), 9.6 (1H, s), 12.2 (1H, s). MS m/z 232 (M+), 203 
(M+-CHO). Found: m/z 232.0736. Calcd for C13H12O4: M 

232.074. The 1H NMR spectra were well corresponded with 
the data of natural mixture reported by F. Bohlmann and C. 
Zdero.2) 
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Naphthalene was carboxylated to naphthoic acids by the irradiation of naphthalene and a donor in the 
presence of carbon dioxide. The UV irradiation through Pyrex caused reactions of naphthalene, itself, giving a 
naphthalene dimer etc. Such undesirable reactions were partly depressed by using a CuS0 4 filter solution; the 
selectivities of naphthoic acids and dihydronaphthalenecarboxylic acid increased from 2.2—9.8 to 12.2—23.0%. 
To avoid any direct irradiation to naphthalene and naphthoic acids was critical. Their high selectivities, up to 
67%, were obtained upon visible light irradiation by using phenazine as a sensitizer. More than 90% of the 
naphthoic acids was 1-naphthoic acid, which was confirmed by GC and ms. 

Carbon dioxide is a considerable na tura l source of 
carbon.2 ) In p l an t chloroplasts carbon dioxide and 
water are converted in to carbohydrates and oxygen. 
However, there are only four industr ial process in 
which carbon dioxide is used for organic synthesis.3) 

One way to use carbon dioxide is to activate inert 
carbon dioxide, itself, us ing a catalyst, such as a 
t ransi t ion metal.4) T h e other way is to react carbon 
dioxide wi th h ighly reactive substances. Examples of 
reactive electron-rich substances include an ion radi­
cals of a romat ic compounds and some olefins. Anion 
radicals are produced by electrical reduction,5 ) reduc­
t ion wi th metall ic sodium6 ) or photo induced electron 
transfer. Tazuke a n d Ozawa have described the car­
boxylat ion of an an ion radical - cation radical pairs 
photochemical ly formed in a solution. Phenan th rene 
was carboxylated photochemical ly to give 9,10-dihy-
dro-9-phenanthrenecarboxyl ic acid.7) T h e photocar­
boxylat ion of anthracene has also been reported in 
detail.8) T h o u g h the possibility of the photocarboxyl­
a t ion of naph tha l ene has been described, there has 

Table 1. Half-Wave Oxidation Potential of Donor 
Used in This Study (EV2: Q/Q+)a) 

Donor 

A^N-Dimethyl-p-toluidine 
N,./V-Diethylaniline 
Af,iV-Dimethylaniline 
Diphenylamine 
Tributylamine 
Triethylamine 
Af,Af-Dimethylbenzylamine 
N-Methylaniline 
Dicyclohexylamine 
Dibutylamine 
Dipropylamine 
Indene 
1,3-Dimethoxy benzene 
Naphthalene 

Oxidation potential 

V vs. SCE 

0.65 
0.76 
0.78 
0.83 
0.92 
0.96 
1.01 
1.03 
1.12 
1.17 
1.22 
1.22 
1.45 
1.54 

a) R. Ballardini, G. Varani, M. T. Indelli, F. Scandola, 
and V. Balzani, / . Am. Chem. Soc, 100, 7219 (1978). 

been n o detailed report about it. T h a t migh t be 
because the reactivity of naph tha l ene is small com­
pared to that of phenan th rene and anthracene. T h i s 
study is related to the photocarboxylat ion of naph tha ­
lene wi th a UV l a m p us ing various donors (Table 1 ) 
and the visible-light carboxylation of naph tha lene 
us ing a sensitizer. 

Results and Discussions 

Photocarboxylation on a UV Irradiation through 
Pyrex. Naph tha l ene was converted as shown in 
T a b l e 2 when naph tha l ene was irradiated wi th a 100-
W high-pressure mercury l a m p th rough Pyrex. T h e 
react ion times were from 14.5 to 40 h wi th an excess of 
donors in N,N-dimethylformamide. T h e conversion 
of n a p h t h a l e n e depended on the k ind of donors . 
N a p h t h o i c acids were confirmed to be the products by 
bo th MS and GC. T h e product ion of d ihydronaphtha­
lenecarboxylic acid was also confirmed by MS and a 
dehydrogenat ion reaction of the products. T h i s 
dehydrogenat ion reaction was carried out for 4 h at 
210 ° C in the presence of P d / C . One G C peak jus t 
before the peaks of naph tho i c acids disappeared and 
the relative peak area of 1-naphthoic acid increased 
t h rough the reaction. T h i s indicated that dihydro­
naphthalenecarboxyl ic acid has a carboxylic moiety at 
the 1-position. T h o u g h we did no t observe the peaks 
of any other k ind of d ihydronaphthalenecarboxyl ic 
acid, we did not identify the posi t ion of the double 
bond. T h e selectivity of naph tho ic acids and 
dihydronaphthalenecarboxyl ic acid was calculated 
based on the conversion of naph tha lene (Table 2). 
T h e i r mole ra t io is also shown in Table 2. In many 
cases, more than 90% of them was 1-naphthoic acid. 
T h e yields of acids were determined by a gravimetric 
method. T h e y were, however, fairly larger than the 
selectivities of naph tho ic acids and d ihydronaphtha­
lenecarboxylic acid and sometimes were over 100%. 
In the case of phenan th rene carboxylation, the 
gravimetric yield agreed wi th the G C yield.7) We 
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Table 2. Photocarboxylation of Naphthalene on UV Irradiation in 
A^A^Dimethylformamide Bubbling with Carbon Dioxide 

Donor 
Conversion Selectivity (mol ratio) 

mol% 

89.4 
90.0 
96.8 
83.2 
71.7 
39.5 
92.8 
50.5 
94.8 
93.2 
41.4 
30.4 
98.3 
89.1 
84.5 
32.4 
56.0 

mol%a> 

0.2 (50.6 
0.0 
2.2 (48.1 
4.7 ( 2.3 
9.8 (34.6 
7.0 ( 0.1 
— 
3.2 (73.2 
0.0 
0.1 (34.6 
6.0 ( 2.1 
3.7 ( 4.0 
0.8 ( 9.1 
1.1 ( 0.0 
1.1 ( 0.0 
0.0 
0.0 

44.8 : 4.6) 

49.6 : 2.3) 
92.3 : 5.4) 
57.9 : 7.5) 
93.7 : 6.2) 

26.4 : 0.4) 

64.2 : 1.2) 
92.2 : 5.7) 
93.2 : 2.8) 
90.6 : 0.3) 

100 : 0.0) 
100 : 0.0) 

None 
Noneb) 

A^N-Dimethyl-p-toluidine 
Af,N-Diethylaniline 
iV,Af-Dimethylaniline 
iV,N-Dimethylanilinec) 

iV,Af-Dimethylanilined) 

Diphenylamine 
Triethylamine 
A/^Af-Dimethylbenzylamine 
iV-Methylaniline 
iV-Methylanilinec) 

Dicyclohexy lamine 
Dibutylamine 
Dipropylamine 
Indene 
1,3-Dimethoxybenzene 

a) Selectivity of naphthoic acids and dihydronaphthalenecarboxylic acid (dihydronaphthalenecarboxylic 
acid: 1-naphthoic acid: 2-naphthoic acid), b) Argon bubbling, c) In acetonitrile. d) Phenanthrene was used 
as substrate. 

should pay attention to the fact that the acids yield 
calculated by the gravimetric method was sometimes 
uncertain in the case of naphthalene. Dicarboxylic 
acid was not obtained. 

When naphthalene, itself, without a donor was 
irradiated, nearly 90% of the naphthalene was con­
verted. However, the selectivity was as low as 0.2%. It 
is well known that the interaction between excited 
aromatic hydrocarbons and amines gives complete 
transfer of an electron from amines to hydrocarbons9) 

(Reaction (1) in the Scheme). Carboxylic acids would 
be produced by the reaction of the naphthalene anion 
radical with carbon dioxide as Reaction (2) in the 
Scheme. In the case without a donor, we do not deny 
the possibility that impurities of Af,Af-dimethylform-
amide donated an electron to naphthalene. No acids 
were obtained in the absence of carbon dioxide, in 
which case argon gas was bubbled instead of carbon 
dioxide. 

When aliphatic amines such as triethylamine, 
dicyclohexylamine, dibutylamine, and dipropylamine 
were used as a donor, lower yields of acids than other 
donors were obtained. Aliphatic amines do not have a 
large absorptivity at over 300 nm, indicating that 
undesirable reactions of naphthalene, itself, like 
dimerization, occurred in the case of aliphatic amines 
since naphthalene mainly absorbed the light through 
Pyrex. Furthermore, photoreactions of the amines 
with naphthalene were known.10) These reactions 
would compete with carboxylation. In the case of 
indene and 1,3-dimethoxybenzene, we did not confirm 
the production of naphthoic acids. Carboxylation of 
indene was confirmed instead of naphthalene carboxyl­
ation. This might be because indene was not only a 

donor, but was also a reactive compound. The 
amount of indene used was 0.5 mol, fairly larger than 
the amount (0.025 mol) of naphthalene. 

One of the important characteristics of a donor 
should be its oxidation potential.n) We used various 
donors with oxidation potentials between 0.65 and 
1.45 V (vs. SCE),12> as shown in Table 1. The 
conversion of naphthalene and the selectivities, how­
ever, did not depend on the oxidation potential. The 
spectroscopic-excited state energy of Af,Af-dimethyl-
aniline, for example, is 3.83 eV,13) which is larger than 
3.05 eV of the oxidation potential of Af,Af-dimethyl-
aniline minus the reduction potential of naphthalene. 
Certainly the free-energy change in an electron transfer 
was favorable in all of the donors used in this study 
and, thus, the oxidation potential of donors was not an 
important factor. 

The naphthalene anion radical was easily produced 
by a reaction with metallic sodium. When the 
naphthalene anion radical was reacted with dry ice, 
the production of dihydronaphthalenedicarboxylic 
acids was confirmed. Since in a metallic-sodium 
reduction of naphthalene, almost all of the naphtha­
lene was reduced before any contact with carbon 
dioxide, dicarboxylic acids were obtained. In the case 
of photocarboxylation, since the concentration of the 
photoproduced anion radical was small, dicarboxylic 
acid was probably not produced in the case photocar­
boxylation. 

It is reported that in the case of phenanthrene, 
nearly 50%) of the converted phenanthrene was a 
hydrogena ted compound, 9,10- dihydro - 9 - phenan-
threnecarboxylic acid. The result was different from 
that of naphthalene in which case 1-naphthoic acid 
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was the ma in product . It was considered that the 
electron-transfer reaction from the intermediate an ion 
radical to the oxidizing agent (as React ion (3) in the 
Scheme) occurred. It is well-known that the 1-position 
of naph tha lene is more reactive than that of the 2-posi-
tion.14) T h e h igh rat io of 1-naphthoic acid in the pro­
ducts agreed wi th those reactivities of the posit ions. 

Naph tho ic acids have received much at tent ion 
recently since they are raw materials of 2,6-naphth-
alenedicarboxylic acid, which gives a liquid-crystal­
l ine polymer and a h igh-qual i ty polyester resin.15) In 
this study, however, the m a x i m u m selectivity of 
naph tho i c acids and dihydronaphthalene-carboxylic 
acid was only 9.8%. T h e product ion of carboxylic acid 
of the naph tha lene dimer was confirmed by MS. T w o 
routes to produce acid of the dimer were considered. 
In one route, the naph tha lene dimer was carboxylated 
to give an acid of the dimer. In the another route, 
naph tho ic acid reacted wi th naph tha lene to give an 
acid of the dimer. In any case, the direct i r radia t ion of 
naph tha lene a n d / o r naph tho ic acid was harmful to 
the selectivities. 

Photocarboxylation on UV Irradiation through a 
C11SO4 Filter Solution. Naph tha lene was irradiated 
wi th a 400-W high-pressure mercury l a m p th rough a 

1 M Q1SO4 solut ion (1 M = l mol d m - 3 ) in order to cut 
the l ight below 310nm.1 6 ) H igher selectivities were 
obtained u p o n irradiat ion th rough a Q1SO4 filter 
solut ion than those th rough Pyrex (Table 3). A 
m a x i m u m selectivity of 23% was obtained in the case 
of Af-methylaniline. In the case of Af,Af-diethylaniline 
and A/^Af-dimethylaniline, the conversions of naph th ­
alene were 86.5 and 71.3%, respectively, which were 
similar to 83.2 and 71.7%) of those th rough Pyrex, 
respectively. However, the selectivities of naph tho ic 
acids and dihydronaphthalenecarboxyl ic acid increas­
ed from 4.7 and 9.8% to 12.2 and 16.6%, respectively. 
Avoiding short-wavelength l ight was an effective way 
to increase the selectivity. 

Nevertheless, we also confirmed the decomposit ion 
of naph tho i c acids u p o n UV irradiat ion, even th rough 
a CUSO4 filter solut ion. T h e ext inct ion coefficients of 
naph tho ic acids are more than 1X103 mol d m - 3 c m - 1 at 
a wavelength a round 310 nm. It was therefore 
concluded that UV irradiat ion was not preferable to 
obtain h igh selectivities of naph tho ic acids. 

Photocarboxylation upon Visible-Light Irradiation. 
Little naph tha lene was converted when naph tha lene 
a lone was irradiated wi th a 500-W Xe l a m p (Table 4). 
T h i s was because naph tha lene and tr iethylamine 

(1) 

(2) 

COOH 

0) Colo 
Ox 

hw 

"2- @à>, © ê H a ô 
COOH 

w mi 
COOH 

-̂  Dt 

COOH 

LOjé) 

(A) 
hv 

(5) 
- > . * 

[D« •-©§)') 
Scheme. (D: Donor, S: Sensitizer, Ox: Oxidizing agent) 

Table 3. Photocarboxylation 
Solution in N,N-

Donor 

iV,N-Dimethyl-p-toluidine 
Af,Af-Diethylaniline 
N\./V-Dimethylaniline 
jV-Methylaniline 

of Naphthalene on a UV Irradiation through Q1SO4 Filter 
-Dimethylformamide Bubbling 

Conversion 

mol% 

65.0 
86.5 
71.3 
27.1 

with Carbon Dioxide 

Selectivity (mol ratio) 

mol%a) 

13.3 (1.2 : 96.9 : 1.9) 
12.2 (6.4: 92.5 : 1.2) 
16.6(1.8 : 94.6 : 3.6) 
23.0 (1.7 : 97.2 : 1.1) 

a) Selectivity of naphthoic acids and dihydronaphthalenecarboxylic acid based on naphthalene consumed 
(dihydronaphthalenecarboxylic acid: 1-naphthoic acid: 2-naphthoic acid). 
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Table 4. Photocarboxylation of Naphthalene on a Visible Light Irradiation by Using 
Sensitizer in A^A^Dimethylformamide Bubbling with Carbon Dioxide 

Donor (reaction time; h) 

N,N-Dimethyl-p-toluidine (40) 
N,N-Dimethyl-p-toluidineb) (40) 
N,Af-Dimethylaniline (40) 
N,Af-Dimethylaniline (60) 
Tributylamine (20) 
Tributylamine (40) 
Tributylamineb) (40) 
Tributylamine (60) 
Triethylaminec) (50) 
Triethylamine (20) 
N,iV-Dimethylbenzylamine (40) 
Af,Af-Dimethylbenzylamineb) (40) 
N-Methylaniline (40) 
Dibutylamine (40) 
Dibutylamineb) (40) 
Dipropylamine (40) 
None (50) 

Conversion 

mol% 

22.1 
6.6 

26.5 
39.5 
28.0 
36.7 
6.6 

42.9 
0.3 

22.3 
11.2 
1.5 

21.6 
41.3 

6.0 
11.5 
16.5 

Selectivity (mol ratio) 

mol%a) 

8.0 ( 0.5 
5.5 (15.4 

46.8 ( 2.3 
55.8 ( 0.0 
49.7 ( 2.5 
44.2 ( 0.8 
14.1 (44.9 
63.7 ( 3.3 
0.0 

50.1 ( 9.0 
19.0 ( 1.3 
19.7 ( 2.3 
67.3 ( 0.3 
16.4 ( 0.0 
9.9 ( 0.0 

20.8 (12.5 
27.0 ( 0.0 

99.0 : 0.5) 
84.6 : 0.0) 
94.5 : 3.2) 

100 : 0.0) 
95.9 : 1.6) 
94.2 : 5.0) 
45.5 : 9.6) 
92.8 : 3.9) 

91.0 : 0.0) 
97.3 : 1.5) 
92.5 : 5.2) 
99.7 : 0.0) 

100 : 0.0) 
100 : 0.0) 
79.8 : 7.7) 

100 : 0.0) 

a) Selectivity of naphthoic acids and dihydronaphthalenecarboxylic acid (dihydronaphthalenecarboxylic 
acid: 1-naphthoic acid: 2-naphthoic acid), b) Acridine was used as a sensitizer, c) No phenazine was used. 

scarcely absorb visible l ight. However, a 22.3% 
conversion and 50.1% of the selectivity were obtained 
by us ing phenazine as a sensitizer under the same 
condit ions. T h i s fact indicates the occurrence of 
photosensitized carboxylat ion (Reactions (4) and (5) in 
the Scheme). Fur thermore, u p o n irradiat ion wi thout a 
donor, 16.5% of the naph tha l ene converted and a 
selectivity of 27.0% was obtained. Th i s suggests that a 
direct electron transfer from phenazine to naph tha lene 
also occurred. In the case of Af,Af-dimethylaniline, 
t r ibutylamine, t r iethylamine, and Af-methylaniline, 
selectivities of more than 40% were obtained and a 
m a x i m u m selectivity of 67.3% was obtained in the case 
of Af-methylaniline. In the case of N,N-dimethyl-p-
toluidine, N,N-dimethylbenzylamine, dibutylamine, 
and d ipropylamine , however, the selectivities were 8 to 
20.8% and smaller than 27.0% of that wi thout a donor. 
T h i s fact suggests that such amines quenched the 
excited state of phenazine1 7 ) and that this quench ing 
reaction did not contr ibute to an electron transfer to 
naphthalene . 

T h o u g h acridine was also an effective sensitizer the 
selectivities us ing acridine were still smaller than those 
obtained us ing phenazine. In any case, visible-light 
i rradiat ion wi th a sensitizer prevented any side 
reactions of naph tha lene a n d / o r donors. 

A one-step carboxylation of aromat ic compounds 
like benzene has been a t tempted us ing pa lad ium 
catalysts; the conversions of such one-step carboxyl-
ations, however, were very small.18) T h e photocar­
boxylat ion of naph tha lene to give naph tho ic acids in 
which more than 90% of them is 1-naphthoic acid is an 
attractive one-step carboxylation process, since the 
reaction occurrs under mi ld condit ions by us ing 

photoenergy. We can obtain a h igh selectivity of 
1-naphthoic acid of u p to 67%. 

Experimental 

Materials. Naphthalene and phenanthrene were purified 
by recrystallization and sublimation. The naphthalene 
anion radical was prepared by contact of metallic sodium 
with naphthalene in dry ethylene glycol dimethyl ether. The 
donors (Table 1 ) and solvents were of reagent grade and were 
used after distillation or without further purification. 

Photocarboxylation. The photolysis was performed with 
a 100-W mercury lamp using a Pyrex filter, a 400-W high-
pressure mercury lamp using a CuSCU filter solution or a 
500-W Xe lamp using a IRA-25S filter. A solution of 
naphthalene (0.025 M), a donor (0.5 M) and/or a sensitizer 
(0.0025 M) in 120 or 10 ml was irradiated in bubbling C 0 2 or 
Ar at room temperature. Gas chromatography was 
performed on a Hitachi 063 gas Chromatograph in order to 
determine the amount of naphthalene consumed. After the 
reaction, the solvent was removed under reduced pressure 
and the residue was made alkaline with 5% sodium 
hydroxide. An acid was produced by the acidification of the 
alkaline solution after filtration with concentrated hydro­
chloric acid. The yield of acids was of gravimetric yield, 
based on the conversion of naphthalene. The selectivity of 
naphthoic acids and dihydronaphthalenecarboxylic acid was 
obtained by a Shimazu GC-9A capillary gas Chromatograph 
after esterification of carboxylic acids. It was based on the 
conversion of naphthalene. 

T h e present work was part ial ly suppor ted by the 
Saneyoshi Scholarship Foundat ion. 
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Synthesis and Properties of Extended Tridecafulvenes. The 
Substituent Effect on the Paratropicity of This Fulvene 

System as a Measure of Polarizability 
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The vinylogues of 14,14-dicyano-5,10-dimethyl-6,8-bisdehydrotridecafulvene have been synthesized and the 
effect of increasing exocyclic double bonds upon the paratropicity of the thirteen-membered ring is discussed by 
comparing the polarizability of 2,2-dicyanovinyl, 4,4-dicyano-l,3-butadienyl, and 6,6-dicyano-l,3,5-hexatrienyl 
groups. 

Organ ic active media which show optical nonl inear 
behavior will play an important role in the next genera­
tion of compu t ing systems and image processing. Con­
jugated TC-electron systems are well-known to possess 
exceptionally large nonl inear optical susceptibilities 
and show ultrafast nonresonant nonl inear optical 
responses.1 '2* Two-dimens ional conjugated systems 
are considered to show the more extensive electronic 
conjugat ion for the third nonl inear optical property 
than one-dimensional conjugated systems, since the 
latter has ma in componen t tensor only a long the 
conjugat ion chain backbone.3) 

We have measured the nonresonant third ha rmonic 
susceptibilities x(3)ijki(-3a> : a>,a>,a>) for a series of macro-
cyclic conjugated compounds of bisdehydromethano-
annulenes.4 ) In this paper, novel push-pu l l con­
jugated cyclic system is designed and its synthesis have 
now been accomplished for measurement of third 
order nonl inear optical property. 

Recently, we have investigated the cross-conjugated 
TC-electron system 1 as well as their 15-, 17-, and 19-
membered counterparts.5* T h e dinitr i le derivative 1 

exhibited the r ing current effect (paratropicity), 
reflecting cont r ibut ion from dipolar structure ( la) in 
the g round state. 

Bearing these results in mind , we under took to 
prepare a series of push-pul l compounds 6—8 as 
possible candidates for nonl inear optical materials. 
We were also expected to estimate the polarizability of 
2,2-dicyanovinyl, 4,4-dicyano-l,3-butadienyl, and 6,6-
dicyano-l,3,5-hexatrienyl groups by measur ing con­
tr ibut ion of the dipolar structures of 6—8. 

T h e dini tr i le derivative 1 was converted to nitri le 
aldehyde derivative 2 by reduction with diisobutyl-
a l u m i n u m hydride (DIBAH), as reported.6* Successive 
homologa t ion of the fulvene 2 to vinylogous aldehyde 
derivatives 4 and 5 was carried out by Wit t ing 
condensat ions wi th a large excess of [(l ,3-dioxolan-2-
yl )methyl] t r iphenylphosphonium bromide 3, followed 
by immedia te hydrolysis.7* However, only the Z-
isomer, as depicted in 5, was characterized from the 
product by the second homologa t ion . Reactions of 
these formyl derivatives 2, 4, and 5 thus obtained, wi th 
an excess of malononi t r i le in the presence of t i t an ium 

Ph3PCHoCH J Br 

3 
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Table 1. 1H NMR Data of Compounds 1, 6—8 (<5 values, CDC13, 90, 270, or 500 MHz) 

Compd 

1 
6 
7 
8 

H2 

6.34 
6.61 
6.60 
6.62 

H13 

6.57 
6.37 
6.38 

H3 

9.78 
9.72 
9.24 
8.90 

H 1 2 

8.39 
8.63 
8.48 

H4 

6.29 
6.46 
6.48 
6.52 

H11 

6.28 
6.32 
6.40 

A<5(H—H°) 

3.46 
2.58 
2.49 
2.20 

NC^CN 

6b:n=0 
7b:n=1 
8b:n=2 

tetrachloride and pyr idine in d ichloromethane at —10 
to 0 ° C afforded the desired trinitrile tridecafulvenes 
6—8. 

T h e chemical shifts of the olefinic protons, labeled 
in the formulas, of the compounds 1 and 6—8 are 
listed in Tab le 1. T h e chemical shift differences 
between the inner (H3 , H12) and the outer (H2 , H 4 , H1 1 , 
H13) protons, Àô^H1—H° ( H ^ i n n e r protons; H°=outer 
protons), which would be an experimental measure of 
the magn i tude of r ing current of these compounds , are 
also given in Tab le 1. 

Consider ing the chemical shift differences (A<5), the 
following decreasing order of the paratropicity of the 
13-membered r ing of these compounds may be 
established: 1 > 6 « 7 > 8 . Al though dicyanovinyl g roup 
is k n o w n to have a large dipole moment,1* 6 shows the 
smaller paratropici ty, or the smaller cont r ibut ion of 
the d ipolar structure than 1. T h e compounds 6—8 can 
be represented by two dipolar structures 6a—8a and 
6b—8b. However, the chemical shifts and the values of 
the coup l ing constants of the exocyclic olefinic 
protons (see Experimental) reveal that the contribu­
t ion of the structures 6b—8b is rather small. T h u s , 
Tab le 1 shows that 2,2-dicyanovinyl, 4,4-dicyano-l,3-
butadienyl , and 6,6-dicyano-l,3,5-hexatrienyl groups 
are the equal ly good, electron-withdrawing groups, 
and an increase of double bonds may affect a little 
decrease of the inductuve effect of dicyano subs-
tituents. 

T h e electronic absorpt ion m a x i m a of compounds 
6—8, determined in both tetrahydrofuran (THF) and 
acetonitri le, are listed in Tab le 2. T h e longest 
absorpt ion max ima of 6, 7, and 8 show a regular 
ba thochromic shift (20—30 nm) in accord with an 
increasing double bond at 14 posi t ion. It is evident 
from Tab le 2 that all the m a x i m a of compounds 6—8 
(and also of the c o m p o u n d s 4 and 5, see Experimental) 
show a small hypsochromic shift on chang ing the 

Table 2. Electronic Absorption Maxima of Fulvenes 6—8 
a. in THF: Amax (nm) (£max/l mol - 1 cm-1); 

b. in Acetonitrile: Amax (nm) (Relative 
Extinction Coefficients) 

6a 221 (13100), 267 (12900), 304 (10300), 427 (16300) 
6b 219 (0.33), 263 (0.35), 312 (0.25), 423 (0.55) 

7a 254 sh (12100), 274 (14400), 332 (8260), 446 (33100) 
7b 253 (0.29), 271 (0.32), 331 (0.19), 442 (0.73) 

8a 256 (19200), 275 sh (13800), 293 sh (11600), 353 (8480), 
457 sh (50200), 477 (52800) 

8b 254 (0.36), 272 sh (0.26), 287 sh (0.23), 349 (0.18), 
450 sh (0.91), 468(0.95) 

solvent from less polar (THF) to polar (acetonitrile), as 
observed in the case of 1.5»6) T h e solvent effect also 
suppor ts the interpretat ion that the polarizat ion, 
depicted in structures 6a—8a, from the large r ings to 
the exocyclic moiety occurs in the systems 6—8, as 
revealed by XH N M R spectral data. 

Experimental 

Melting points were determined on a hot-stage apparatus 
and are uncorrected. IR spectra were measured on a Hitachi 
260-50 spectrophotometer as KBr disk; only significant 
maxima are reported. Electronic spectra were determined on 
a Hitachi 220A spectrophotometer (sh=shoulder). 1H NMR 
spectra were measured on a JEOL FX-90Q (90 MHz), a 
JEOL GX-270 (270 MHz), or a JEOL GX-500 (500 MHz) 
spectrometer and refer to solutions in CDCI3, in-ô-values 
with TMS as an internal standard. The coupling constants (/) 
are given in Hz. Assignments were assisted by decoupling 
experiments where necessary. Mass spectra were determined 
with a JMS D-200 sspectrometer at 75 eV using a direct inlet 
system. Silica gel (Merck) and alumina (Merck, activityt 
II-III) were used for column chromatography. Dichloro­
methane was distilled over calcium hydride before use. 
Reactions were followed by TLC aluminum sheets precoated 
with Merck silica gel F254. Organic extracts were dried over 
anhydrous sodium sulfate prior to solvent removal. 

14-Cyano-14-(2-formylvinyl)-5,10-dimethyl-6,8-bisdehydro-
tridecafulvene (4). Methanolic lithium methoxide solution 
(10 ml), prepared from lithium (32 mg, 4.64 mmol) in dry 
methanol (24 ml), was added dropwise during 4 h at room 
temperature to a stirred solution of the fulvene 26) (150 mg, 
0.58 mmol) and the salt 37> (2.00 g, 4.64 mmol) in dry N,N-
dimethylformamide (DMF) (87 ml). Then the mixture was 
poured onto water and extracted with benzene. The 
combined extracts were washed with brine, dried and 
evaporated. The residue after solvent removal was chromato-
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graphed on alumina (3.8X4.2 cm). The fractions eluted with 
10% ether in hexane afforded the acetal of 47) as dark drown 
solid (91 mg, 48%). The solid was dissolved in tetrahydro-
furan (8 ml) and ethanol (37 ml) and was admixed with 
0.5 M (M=mol dm -3) hydrochloric acid (57 ml), and the 
mixture was stirred for 1 h at room temperature. Then the 
mixture was poured onto water and extracted with dichloro­
methane. The combined extracts were washed with aqueous 
sodium hydrogencarbonate solution and brine, successively, 
and dried. The residue after removal of solvent was 
chromatographed on silica gel (3.3X6.5 cm). The fractions 
eluted with 60% hexane in benzene afforded the fulvene 4 
(48 mg, 29% from 2). It formed brown needles, mp 164— 
166 °C (decomp), from hexane-benzene: MS m/z 285 (M+, 
30%) and 240 (100); mol wt 285.3; IR 2810, 2720 (CHO), 2200, 
2150 (ON) , 2100 (OC) , 1690 (CHO), and 970 cm"1 (trans 
C=C); UV Amax (THF) 318 (12100) and 402 nm (21900); Amax 

(acetonitrile: relative extinction coefficient) 318 (0.53) and 
398 nm (0.96); ^ N M R (90 MHz) 0=9.70 (d, 7=7 Hz, IH, 
CHO), 8.99 (dd, /=16, 11 Hz, IH, H3), 8.49 (dd, /=15, 10 Hz, 
IH, H12), 7.51 (d, /=15 Hz, IH, H15), 6.62 (dd, /=15 , 7 Hz, 
IH, H16), 6.62 (d, /=16 Hz, IH, H2), 6.51 (d, /=11 Hz, IH, 
H4), 6.45 (d, /=15 Hz, IH, H13), 6.43 (d, /=10Hz, IH, H11), 
and 1.83 (s, 6H, Me). 

Found: C, 83.90; H, 5.35; N, 5.20%. Calcd for C20H15NO: 
C, 84.18; H, 5.30; N, 4.91%. 

14-Cyano-14-(4-£ormyl-l,3-butadienyl)-5,10-dimethyl-6,8-
bisdehydrotridecafulvene (5). Methanolic lithium meth-
oxide solution (2.0 ml), prepared from lithium (7.4 mg, 
1.05 mmol) in dry methanol (5.6 ml) was added dropwise 
during 1 h at room temperature under argon to a stirred 
solution of the fulvene 4 (95 mg, 0.35 mmol) and the salt 37) 

(460 mg, 1.05 mmol) in dry Af,Af-dimethylformamide (53 ml). 
Then the mixture was worked up as for the isolation of 
acetal of 4. The residue was chromatographed on alumina 
(3.6X3.2 cm). The fractions eluted with 5—10% ether in 
hexane afforded the acetal of 5 as dark brown solid. The 
solid was dissolved in tetrahydrofuran (3.4 ml) and ethanol 
(26 ml), and was admixed with 0.5 M hydrochloric acid 
(40 ml), and the mixture was stirred for 1 h at room 
temperature. Then the mixture was worked up as for the 
isolation of 4. The residue after solvent removal was 
chromatographed on silica gel (6.5X3.2 cm). The fractions 
eluted with 10—20% dichloromethane in benzene afforded a 
mixture of E- and Z-isomers of the homologated fulvene 
(36 mg, 35% from 4). Recrystallization from hexane-benzene 
afforded brown needles, mp 262—264° C (decomp), which 
proved to be Z-isomer, as depicted in 5, from an analysis of 
*HNMR spectrum; MS m/z 311 (M+, 54%) and 227 (100); 
mol wt 311.3; IR 2200, 2150 (ON) , 2100 (OC) , 1680 (CHO), 
980 (trans C=C), and 760 cm"1 (eis O C ) ; UV Amax (THF) 
265sh (16200), 275 (17700), 324 (16100), 420 (40400), and 
448 nm sh (32000); /Lax (acetonitrile: relative extinction 
coefficient) 262sh (0.38), 272 (0.41), 323 (0.39), and 417 nm 
(0.93); *H NMR (270 MHz) 0=10.30 (d, / = 8 Hz, IH, CHO), 
8.74 (dd, /=15, 10 Hz, IH, H3), 8.37 (dd, 7=16, 9 Hz, H12), 
7.66 (dd, 7=15, 12 Hz, IH, H16), 7.04 (t, 7=12 Hz, IH, H«), 
6.96 (d, 7=15 Hz, IH, H15), 6.63 (d, 7=16 Hz, IH, H2), 6.54 (d, 
7=10 Hz, IH, H4), 6.44 (d, 7=9 Hz, IH, H11), 6.40 (d, 
7=16 Hz, IH, H13), 5.99 (dd, 7=11, 8 Hz, IH, H18), and 1.83 
(s, 6H, Me). 

Found: C, 85.14; H, 5.61; N, 4.58%. Calcd for C22H19NO: 
C, 84.86; H, 5.50; N, 4.50%. 

14-Cyano- 14-(2,2-dicyanovinyl)-5,10-dimethyl-6,8-bisdehydro-
tridecafulvene (6). To a stirred solution of the fulvene 2 
(200 mg, 0.77 mmol) and malononitrile (150 mg, 2.27 mmol) 
in dry dichloromethane (43 ml) was added dropwise during 
1 h under ice-bath a solution of titanium tetrachloride 
(0.34 ml) in dry dichloromethane (11 ml). Then a solution of 
pyridine (0.74 ml) in dry dichloromethane (11 ml) was added 
dropwise to the ice-cooled mixture during 1 h. After stirring 
for 1 h at room temperature, 7% hydrochloric acid (15 ml) 
was added to the solution and the mixture was stirred for a 
further 10 min. Then the mixture was worked up as for the 
isolation of 4. The residue after solvent removal was 
chromatographed on silica gel (3.8X9.5 cm). The fractions 
eluted with 20% dichloromethane in benzene afforded the 
fulvene 6 (77 mg, 33%). It formed dark purple needles, mp 
118—120 °C (decomp), from hexane-benzene; MS m/z 307 
(M+, 30%) and 242 (100); mol wt 307.3; IR 2250, 2170 (ON) , 
2100 (OC) , and 980 cm"1 (trans O C ) ; UV Table 2; *H NMR 
(90 MHz) 0=9.72 (dd, 7=16, 11 Hz, IH, H3), 8.39 (dd, 7=16, 
8 Hz, IH, H12), 7.56 (s, IH, H15), 6.61 (d, 7=16 Hz, IH, H2), 
6.57 (d, 7=16 Hz, IH, H13), 6.46 (d, 7=10 Hz, IH, H4), 6.28 (d, 
7=8 Hz, IH, H11), and 1.81 (s, 6H, Me). 

Found: C, 82.30; H, 4.40; N, 13.42%. Calcd for C21H13N3: 
C, 82.06; 4.26; N, 13.67%. 

14-Cyano- 14-(4,4-dicyano- l,3-butadienyl)-5,10-dimethyl-6,8-
bisdehydrotridecafulvene (7). To a stirred solution of the 
fulvene 4 (153 mg, 0.54 mmol) and malononitrile (89 mg, 
1.35 mmol) in dry dichloromethane (100 ml) was added 
dropwise during 2 h a solution of titanium tetrachloride 
(0.24 ml) in dry dichloromethane (8.0 ml) under ice-bath. 
Then a solution of pyridine (0.52 ml) in dry dichloromethane 
(8.0 ml) was added dropwise during 2 h to the ice-cooled 
solution. After stirring for 1.5 h at room temperature, a 
solution of malononitrile (89 mg, 1.35 mmol) in dry dichloro­
methane (5.0 ml) was added to the ice-cooled mixture. Then 
a solution of titanium tetrachloride (0.2 ml) in dry dichloro­
methane (6.0 ml) was added dropwise during 1 h and then a 
solution of pyridine (0.39 ml) in dry dichloromethane 
(6.0 ml) was added dropwise during 1 h under ice-bath. After 
stirring for 30 min at room temperature, 7% hydrochloric 
acid (15 ml) was added to the mixture, and the mixture was 
stirred for a further 10 min. Then the mixture was worked 
up as for the isolation of 4. The residue after solvent 
removal was chromatographed on silica gel (3.3X8.0 cm). 
The fractions eluted with 5% dichloromethane in benzene 
afforded the fulvene 7 (63 mg, 35%). It formed dark purple 
needles, mp 188—190 °C (decomp), from hexane-tetrahydro-
furan; MS m/z 333 (M+, 2%) and 57 (100); mol wt 333.3; IR 
2200, 2150 ( O N ) , 2100 (OC) , and 960 cm"1 (trans O C ) ; UV 
Table 2; 1H NMR (270 MHz) 0=9.24 (dd, 7=16, 11 Hz, IH, 
H3), 8.63 (dd, 7=16, 10 Hz, IH, H12), 7.48 (d, 7=11 Hz, IH, 
H17), 7.20 (d, 7=14 Hz, IH, H15), 7.10 (dd, 7=14, 11 Hz, IH, 
H16), 6.60 (d, 7=16 Hz, IH, H2), 6.48 (d, 7=11 Hz, IH, H4), 
6.37 (d, 7=16 Hz, IH, H13), 6.32 (d, 7=10 Hz, IH, H11), and 
1.80 (s, 6H, Me). 

Found: C, 82.72; H, 4.75; N, 12.35%. Calcd for C23H15N3: 
C, 82.86; H, 4.54; N, 12.61%. 

14-Cyano-14-(6,6-dicyano-l,3,5-hexatrienyl)-5,10-dimethyl-
6,8-bisdehydrotridecafulvene (8). To a stirred solution of a 
mixture of E- and Z-isomers of the fulvene 5 (39 mg, 
0.12 mmol) and malononitrile (21 mg, 0.32 mmol) in dry 
dichloromethane (24 ml) was added dropwise during 30 min 
a solution of titanium tetrachloride (0.06 ml) in dry 
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dichloromethane (3 ml) under ice-bath. Then a solution of 
pyridine (0.13 ml) in dry dichloromethane (3 ml) was added 
dropwise during 30 min to the ice-cooled solution. After 
stirring for 1 h at room temperature, a solution of titanium 
tetrachloride (0.06 ml) in dry dichloromethane (2 ml) was 
added dropwise during 20 min and then a solution of 
pyridine (0.13 ml) in dry dichloromethane (2 ml) was added 
dropwise during 30 min under ice-bath. After stirring for a 
further 20 min at room temperature, 7% hydrochloric acid 
(10 ml) was added to the mixture, and the mixture was stirred 
for a further 10 min. Then the mixture was worked up as for 
the isolation of 4. The residue after solvent removal was 
chromatographed on silica gel (8.5X3.2 cm). The fractions 
eluted with 10—30% dichloromethane in benzene afforded 
the fulvene 8 (14 mg, 30%). It formed dark purple needles, 
mp 190—192 °C(decomp), from hexane-tetrahydrofuran; 
MS m/z 359 (M+, 27%) and 193 (100); mol wt 359.4; IR 2200, 
2150 (ON) , 2100 (OC) , 1000, and 980 cm"1 (trans C=C); UV 
Table 2; 1H NMR (500 MHz) 0=8.90 (dd, /=16, 10 Hz, IH, 
H3), 8.48 (dd, /=16, 9 Hz, IH, H12), 7.44 (d, /=12Hz, IH, 
H19), 7.06 (d, /=15 Hz, IH, H15), 6.97 (m, 2H, H16 and H17), 
6.89 (dd, /=14, 12 Hz, IH, H13), 6.62 (d, 7=16 Hz, IH, H2), 
6.52 (d, 7=10, IH, H4), 6.40 (d, 7=9 Hz, IH, H11), 6.38 (d, 
7=16 Hz, IH, H13), 1.83 (s, 3H, Me), and 1.82 (s, 3H, Me). 

Found: C, 83.46; H, 4.83; N, 11.72%. Calcd for C25H17N3: 
C, 83.54; H, 4.77; N, 11.67%. 

Th i s work was supported by a Grant-in-Aid for 
Scientific Research on Priori ty Areas No. 02230213 
from the Ministry of Educat ion, Science and Culture. 
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The VLE data of 85 points for a system of ethyl acetate-ethanol-toluene were measured at atmospheric 
pressure. The results were examined by boilling-point calculations using two forms of the Wilson equation: 
one with constants of constituent binary systems and the other with constants from a least-squares fit 
minimizing the Q,-function(gE//?T=2 xt In 7,-) of the ternary data. Two binary systems, ethyl acetate-ethanol 
and ethanol-toluene, show minimum azeotropic points. The normal boiling point of toluene is much higher 
than the boiling points of the other two substances by 32—3 K. Because the system had a complicated behavior, 
calculations using the Wilson equation had difficulty to accurately cover the entire area of compositions. 

Distil lation processes have been p laying very im­
por tan t roles in the separat ion of a large number of 
chemical substances in various chemical industries. 
Accurate knowledge regarding the relations of vapor -
l iquid equil ibria is fundamental for distillation, and 
is required in bo th des igning and opera t ing a 
dist i l lat ion uni t . In addi t ion, briefly speaking, by 
carefully looking at the VLE many engineers can 
easily judge the extent of difficulty dur ing separation 
by distillation. 

Numerous VLE data for mul t i -component systems 
(mainly binary) have bee obtained, and some methods 
concerning VLE predict ion have been proposed; 
however, both are not sufficient to satisfy requirements 
in actual chemical practice. There is thus a need to 
cont inue measurements of VLE in order to collect 
accurate VLE data, and to further develop new 
prediction methods. 

Here, the VLE of an ethyl ace ta te-e thanol - to luene 
system, for which no data are available, were measured 
at a tmospheric pressure. T h e system has the following 
complicated features: (1) T w o binary systems, ethyl 
acetate-ethanol and e thanol - to luene , show m i n i m u m 
azeptropic points , t h o u g h ethyl acetate-toluene does 
not. (2) T h e bo i l ing poin ts of pure ethyl acetate, 
e thanol , and toluene at 100.61 kPa are 350.04, 351.28 
and 383.51 K, respectively; t hough the points of the 

a) Ref. 2. b) Ref. 3. cj The values interpolated from Ref. 4. 

former two substances are very close to each other, the 
po in t of the latter substance, toluene, are h igher than 
the points of the former substances by 32—3 K. 

T h e Wilson equa t ion is most widely used to 
represent the relations of the VLE of binary and mul t i 
components systems, and mul t i -component system 
can be predicted from the VLE of the const i tuent 
binary systems. T h e following two forms of the 
Wilson equa t ion were appl ied to our experimental 
results: one wi th constants from the consti tuent binary 
systems and the other wi th constants from a least-
squares fit which minimized the £)-function(=2:x:/ 
In 7/ ) of the ternary data. T h e total average accuracies 
inc lud ing the entire area of composi t ions as well as 
local accuracies of specific areas of the composi t ions 
were obtained. T h e applicabi l i ty of the Wilson 
equat ion to the system is discussed. 

Experimental 

The experimental apparatus used was the same as that 
already described in the literature.1* The pressures were 
measured by a Fortin mercury barometer with an error of 
±0.01 kPa. The temperatures were read from two mercury 
thermometers with 40—100 and 100—150 °C graduations 
calibrated at 5 K intervals with accuracies of 0.04 K. 

Analyses of the liquid and vapor phases were carried out 
by gas chromatography on a Yanagimoto G-3600 Model unit 

T/K 

Table 1. 

Density 

p/g cm - 3 

Exptl Lit 

Physical Properties of Chemicals 

Refractive index 

Exptl Lit 

Bp at atmospheric pressures 

T/K 
Exptl Lit 

Ethyl acetate 298.15 0.8943 0.89451a> 293.15 1.37242 1.37243a> 100.53 kPa 349.99 350.03c> 
0.8946b> 

Ethanol 298.15 0.7853 0.78508b> 298.15 1.35927 1.35929b> 100.21 kPa 351.25 351.17c> 
0.7851 lb> 

Toluene 298.15 0.8621 0.86220a> 298.15 1.49411 1.49405a> 100.64 kPa 383.47 383.53c> 
0.86230b> 1.49413b> 
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Table 2. Vapor-Liquid Equilibrium Data for the Ethyl Acetate(l)-Ethanol(2)-Toluene(3) System at 100.61 kPa 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

T/K 

348.10 
352.52 
351.33 
349.19 
347.64 
349.50 
346.98 
348.21 
347.15 
350.75 
348.43 
347.99 
346.47 
349.77 
348.93 
347.50 
349.03 
348.09 
346.49 
348.74 
347.60 
348.18 
348.44 
349.06 
350.81 
355.70 
354.53 
349.73 
347.73 
346.95 
346.00 
347.26 
350.97 
349.66 
346.37 
348.42 
347.20 
346.73 
347.41 
348.85 
349.04 
348.43 
348.37 
350.29 
352.95 
350.28 
349.80 
351.35 
355.40 
348.72 
346.77 
357.35 
349.51 
349.48 
348.63 
347.54 
346.81 
346.22 
345.54 
345.39 
345.11 
345.33 
345.79 
347.21 

Xi 

0.275 
0.164 
0.286 
0.425 
0.576 
0.168 
0.389 
0.149 
0.240 
0.369 
0.504 
0.137 
0.608 
0.148 
0.210 
0.332 
0.107 
0.173 
0.288 
0.079 
0.151 
0.111 
0.113 
0.121 
0.133 
0.157 
0.297 
0.280 
0.248 
0.226 
0.377 
0.436 
0.472 
0.593 
0.582 
0.694 
0.514 
0.343 
0.190 
0.072 
0.073 
0.171 
0.308 
0.524 
0.414 
0.225 
0.094 
0.082 
0.225 
0.079 
0.662 
0.163 
0.037 
0.052 
0.091 
0.145 
0.197 
0.264 
0.353 
0.421 
0.508 
0.599 
0.721 
0.831 

X2 

0.463 
0.242 
0.241 
0.257 
0.250 
0.445 
0.449 
0.631 
0.627 
0.219 
0.255 
0.743 
0.299 
0.432 
0.465 
0.460 
0.619 
0.639 
0.636 
0.816 
0.798 
0.843 
0.742 
0.588 
0.373 
0.150 
0.131 
0.324 
0.545 
0.702 
0.559 
0.375 
0.157 
0.153 
0.321 
0.155 
0.336 
0.531 
0.697 
0.831 
0.727 
0.594 
0.411 
0.164 
0.125 
0.336 
0.516 
0.364 
0.136 
0.817 
0.247 
0.122 
0.889 
0.924 
0.898 
0.837 
0.791 
0.715 
0.634 
0.556 
0.477 
0.375 
0.263 
0.140 

X3 

0.262 
0.594 
0.473 
0.318 
0.174 
0.387 
0.162 
0.220 
0.133 
0.412 
0.241 
0.120 
0.093 
0.420 
0.325 
0.208 
0.274 
0.188 
0.076 
0.105 
0.051 
0.046 
0.145 
0.291 
0.494 
0.693 
0.572 
0.396 
0.207 
0.072 
0.064 
0.189 
0.371 
0.254 
0.097 
0.151 
0.150 
0.126 
0.113 
0.097 
0.200 
0.235 
0.281 
0.312 
0.461 
0.439 
0.390 
0.554 
0.639 
0.104 
0.091 
0.715 
0.074 
0.024 
0.011 
0.018 
0.012 
0.021 
0.013 
0.023 
0.015 
0.026 
0.016 
0.029 

yi 

0.296 
0.177 
0.304 
0.424 
0.553 
0.182 
0.403 
0.183 
0.294 
0.382 
0.493 
0.198 
0.570 
0.158 
0.221 
0.352 
0.131 
0.216 
0.356 
0.126 
0.238 
0.189 
0.158 
0.143 
0.139 
0.190 
0.361 
0.291 
0.282 
0.302 
0.418 
0.433 
0.497 
0.598 
0.549 
0.665 
0.495 
0.376 
0.256 
0.118 
0.099 
0.202 
0.320 
0.543 
0.473 
0.237 
0.105 
0.086 
0.281 
0.125 
0.612 
0.210 
0.066 
0.102 
0.171 
0.240 
0.303 
0.359 
0.422 
0.461 
0.516 
0.570 
0.657 
0.758 

Mole fraction 

?2 

0.578 
0.578 
0.501 
0.451 
0.380 
0.630 
0.518 
0.670 
0.618 
0.448 
0.410 
0.700 
0.391 
0.640 
0.613 
0.551 
0.696 
0.658 
0.595 
0.767 
0.713 
0.761 
0.720 
0.682 
0.622 
0.502 
0.403 
0.541 
0.603 
0.642 
0.544 
0.486 
0.362 
0.316 
0.412 
0.282 
0.443 
0.554 
0.659 
0.780 
0.738 
0.653 
0.550 
0.341 
0.349 
0.569 
0.686 
0.657 
0.448 
0.769 
0.354 
0.462 
0.839 
0.864 
0.815 
0.741 
0.686 
0.625 
0.569 
0.526 
0.477 
0.419 
0.336 
0.231 

ys 

0.126 
0.245 
0.195 
0.125 
0.067 
0.188 
0.079 
0.147 
0.088 
0.170 
0.097 
0.102 
0.039 
0.202 
0.166 
0.097 
0.173 
0.126 
0.049 
0.107 
0.049 
0.050 
0.122 
0.175 
0.239 
0.308 
0.236 
0.168 
0.115 
0.056 
0.038 
0.081 
0.141 
0.086 
0.039 
0.053 
0.062 
0.070 
0.085 
0.102 
0.163 
0.145 
0.130 
0.116 
0.178 
0.194 
0.209 
0.257 
0.271 
0.106 
0.034 
0.328 
0.095 
0.034 
0.014 
0.019 
0.011 
0.016 
O.OO87 
0.013 
0.007s 
0.011 
O.OO65 
0.011 

71 

1.140 
0.995 
1.017 
1.022 
1.034 
1.097 
1.138 
1.296 
1.337 
1.009 
1.027 
1.535 
1.048 
1.071 
1.085 
1.145 
1.258 
1.322 
1.380 
1.654 
1.697 
1.799 
1.464 
1.214 
1.016 
1.013 
1.054 
1.045 
1.220 
1.470 
1.258 
1.082 
1.020 
1.019 
1.058 
1.007 
1.050 
1.214 
1.457 
1.691 
1.392 
1.237 
1.091 
1.026 
1.042 
1.042 
1.121 
1.002 
1.055 
1.640 
1.024 
1.027 
1.806 
1.990 
1.959 
1.785 
1.699 
1.532 
1.378 
1.268 
1.187 
1.104 
1.043 
0.997 

72 

1.411 
2.279 
2.075 
1.901 
1.748 
1.516 
1.362 
1.195 
1.156 
2.087 
1.793 
1.069 
1.574 
1.570 
1.443 
1.386 
1.226 
1.164 
1.126 
1.036 
1.029 
1.017 
1.082 
1.263 
1.698 
2.836 
2.727 
1.772 
1.268 
1.080 
1.193 
1.512 
2.311 
2.194 
1.550 
2.028 
1.544 
1.243 
1.098 
1.030 
1.106 
1.226 
1.496 
2.156 
2.617 
1.759 
1.407 
1.800 
2.823 
1.039 
1.702 
3.020 
1.010 
1.001 
1.004 
1.022 
1.030 
1.062 
1.120 
1.187 
1.268 
1.406 
1.578 
1.923 

73 

1.057 
1.092 
1.100 
1.129 
1.167 
1.381 
1.513 
1.987 
2.042 
1.123 
1.186 
2.549 
1.324 
1.354 
1.481 
1.421 
1.824 
2.001 
2.037 
2.978 
2.922 
3.241 
2.483 
1.736 
1.314 
1.024 
0.988 
1.196 
1.680 
2.419 
1.909 
1.317 
1.026 
0.956 
1.274 
1.034 
1.272 
1.740 
2.300 
3.060 
2.355 
1.820 
1.367 
1.027 
0.975 
1.223 
1.508 
1.237 
0.987 
2.979 
1.166 
1.002 
3.656 
4.043 
3.739 
3.219 
2.867 
2.432 
2.187 
1.857 
1.658 
1.391 
1.313 
1.165 
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Table 2. (Continued) 

Run 
No. 

65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 

T/K 

348.90 
350.19 
351.79 
352.40 
355.12 
355.83 
358.68 
359.64 
363.72 
364.38 
369.47 
370.47 
355.29 
352.41 
351.39 
350.51 
350.16 
349.75 
349.73 
349.66 
350.05 

Xl 

0.905 
0.868 
0.810 
0.719 
0.653 
0.557 
0.491 
0.402 
0.327 
0.243 
0.165 
0.091 
0.020 
0.030 
0.018 
0.026 
0.015 
0.024 
0.014 
0.021 
0.020 

X2 

0.063 
0.051 
0.030 
0.050 
0.027 
0.044 
0.026 
0.040 
0.023 
0.036 
0.021 
0.030 
0.199 
0.317 
0.425 
0.545 
0.623 
0.691 
0.757 
0.874 
0.932 

X3 

0.032 
0.081 
0.160 
0.231 
0.320 
0.399 
0.483 
0.558 
0.650 
0.721 
0.814 
0.879 
0.781 
0.653 
0.557 
0.429 
0.362 
0.285 
0.229 
0.105 
0.048 

yi 

0.871 
0.870 
0.868 
0.783 
0.784 
0.696 
0.683 
0.566 
0.543 
0.417 
0.338 
0.185 
0.022 
0.031 
0.019 
0.029 
0.018 
0.030 
0.019 
0.036 
0.039 

Mole fraction 

y* 

0.117 
0.094 
0.070 
0.120 
0.075 
0.133 
0.092 
0.157 
0.104 
0.183 
0.133 
0.221 
0.633 
0.678 
0.700 
0.719 
0.744 
0.753 
0.777 
0.837 
0.890 

ys 

0.012 
0.036 
0.062 
0.097 
0.141 
0.171 
0.225 
0.277 
0.353 
0.400 
0.529 
0.594 
0.345 
0.291 
0.281 
0.252 
0.238 
0.217 
0.204 
0.127 
0.071 

7 i 

0.997 
0.996 
1.013 
1.010 
1.025 
1.044 
1.067 
1.050 
1.101 
1.116 
1.156 
1.115 
0.932 
0.956 
1.007 
1.093 
1.190 
1.253 
1.362 
1.724 
1.938 

72 

2.024 
1.915 
2.279 
2.292 
2.400 
2.543 
2.681 
2.875 
2.866 
3.154 
3.303 
3.718 
2.736 
2.049 
1.641 
1.359 
1.246 
1.156 
1.089 
1.019 
1.001 

73 

1.084 
1.230 
1.015 
1.078 
1.033 
0.982 
0.972 
1.005 
0.966 
0.968 
0.971 
0.980 
1.032 
1.147 
1.344 
1.612 
1.827 
2.145 
2.512 
3.422 
4.134 

provided with a flame ionization detector and an integrator. 
The column in the unit was 4 m in length and 3 mm in inner 
diameter and was packed with Porapak-S. Calibration 
curves with benzene as an internal standard were made by the 
gravimetric technique. 

Each sample of both phases was analyzed twice; it was 
found that the accuracy of the unit was 0.0004 mole fraction. 
However, because the reproducibility of the equilibrium 
apparatus during operation might be less than 0.0004, the 
compositions were determined to the third decimal places 
(Table 2). 

Ethyl acetate, ethanol and toluene of all commercial 
grades were used without further purification after being 
dehydrated by Molecular Sieves-3A. Their purities were 
confirmed to exceed 99.9% using the gas Chromatograph 
mentioned above. Table 1 shows the densities, refractive 
indices and boiling points of the reagents, which have been 
compared with published values.2-4* 

Results 

T h e a tmospher ic pressure changed daily and fluctu­
ated from 99.52 to 101.76 kPa du r ing the experiment. 
Since a constant pressure was conveinent, it was 
represented by the mean pressure, 100.61 kPa; con­
sequently, the temperatures du r ing each r u n number 
were slightly adjusted. T h e results are given in Tab le 
2 and Fig. 1. In Tab le 2, the activity coefficients, 7/, 
were calculated us ing 

yi = Pyi<t>i/xif\ (1) 

where P is the total pressure, xt the l iqu id mole 
fraction of c o m p o n e n t i, y,- the vapor mole fraction of 
componen t i, and </>/ the fugacity coefficient of 
componen t i in a vapor mixture . T h e fugacity of a 
pure componen t i is given by f-, 

ethyl a c e t a t e ( l ) 

ethanol(2) toluene(3) 

Fi g. 1. Phase diagram of the ethyl acetate ( 1 )-ethanol 
(2)-toluene (3) ternary system at 100.61 kPa. • : aze-
otropic point. Arrows are drawn in the direction 
of liquid composition to vapor composition. All the 
boiling points of pure and azeotropic components are 
of 100.61 kPa. Run Nos. 66, 72—75 and 76 give the 
temperature differences of more than 0.5 K by the 
calculations with the constituent binary constants, 
but they give the differences of less than 0.5 K by those 
with the ternary constants. Run Nos. 26, 27, 33, 45, 
49, and 71 give the temperature differences of more 
than 0.5 K by the calculations with the ternary 
constants, but they do the differences of less than 
0.5 K by those with the constituent binary constants. 



November, 1990] VLE of Ethyl Acetate-Ethanol-Toluene System 3245 

ps,</>s/exp[>L.(p _ pst)/RT\ (2) l o g pSi = a&i — &ai/(Cai + T), (8) 

where psi is the saturated vapor pressure of a pure 
component i at temperature T, vLt the molar volume 
of liquid for a pure component, </>s,- is the fugacity of a 
pure component at pst and T, and /? is the gas 
constant. 
</>/ was calculated as follows: 

where 

and 

2 N 
In </>, = 2 y * ß # ~~ l n z> 

z = ~77^~ = 1 H 

» 7 

(3) 

(4) 

(5) 

Here, f is the molar volume of a vapor mixture, z the 
compressibility factor of a vapor mixture, ß the second 
virial coefficient of a vapor mixture, By(iï=j) is cross-
second virial coefficient between components of i and 
;", and Bu the second virial coefficient of a pure 
component i. 
<psi was also given by 

In 0s, = —Bu— lnz/, 
V*i 

where 

RT 1 + 
Bu 

(6) 

(7) 

Here, vs,- is the molar volume of satureted vapor for a 
pure component i, and z, is the compressibility factor 
of a pure component. In Eqs 4 and 7, the quadratic 
equations for v and vs,-, respectively, were solved. p s , 
kPa was calculated from the Antoine equation with 
the constants of Gmehling et al.,5) 

where the constants are reported in Table 3. The 
differences in temperatures for pure ethyl acetate, 
ethanol and toluene between the experimental and 
calculated values from Eq. 8, AT(=TexPti— Tcaicd), are 
0.02, 0.08, and — 0.06 K, respectively, at the atmo­
spheric pressures given in Table 1. vL, cm3 mol - 1 was 
correlated as the quadratic equation of the temper­
ature, 

+ bmiT + CmiT2, (9) 

where the constants are listed in Table 4. The second 
virial coefficients, By, were calculated by a method of 
Tsonopoulos.7) Because of the small error and simple 
use, 0/=l and f°t=psi are assumed, and Eq. 1 is 
frequently represented as 

Pyt = jiXipst. 

Discussion 

(10) 

The results were examined by the Wilson equation. 
The activity coefficient of the liquid phase for 
component i, yt, is expressed by Wilson as 

In 7/ = 1 - In (ZxtAy) - 2**A//(2M*/)> (11) 

where 

Ay = ^ exp [-ßy - kü)/RT\ (12) 

i,j = 1, 2, or 3 
An = A22 = A33 = 1.0. 

Àij—Àu is called the Wilson constant for components i 
and ;'. The Q-function(=gE/JRT) is also given as 

Q = - 2 x / l n VZxjAy (13) 

Table 3. Antoine Constants'0 

Compound 

Ethyl acetate 
Ethanol 
Toluene 

aai 

6.22669 
7.23710 
6.08295 

bù 

1244.951 
1592.864 
1346.773 

CM 

-55.269 
-46.966 
-53.457 

a) Ref. 5. 

Table 4. 

Compound 

Ethyl acetate 
Ethanol 
Toluene 

Constants of 

û m i 

123.861 
53.7004 
98.8647 

Liquid Molar Volumesa) 

bmi 

-0.27328 
-0.031108 
-0.0557782 

Cmi 

0.0006366 
0.000160 
0.000277 

a) Made from the values of liquid molar volumes in 
the table of Ref. 6. 

where the Q-iunction is defined as 2 xt In 7,-, and gE is 
the excess molar Gibbs free energy. 

Three pairs of binary constants, Ai2—An and A21--A22, 
for the ethyl acetate(l)-ethanol(2) system were selected 
from the literature of Gmehling et al.5»8) Three paris 
of the ethanol(l)-toluene(2) system were extracted 
from the literature of Gmehling et al.6»8) (each one 
pair) and our previous work10) (one pair). For the ethyl 
acetate(l)-toluene(2) system, three pairs of Gmehling 
et al.9) and one pair of Hirata et al .n ) (four pairs in 
total) were used. 

Thirty six combinations of the pairs were applied 
to the calculations of VLE of the ethyl acetate(l)-
ethanol(2)-toluene(3) system by the use of both Eqs 1 
and 10 separately for the given experimental liquid 
compositions, and pressures. The vapor compositions 
and temperatures were obtaned. 
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All the three pairs of the ethyl acetate(l)-ethanol(2) 
system gave good correlations to a lmost the same 
extent. O n e pair of G m e h l i n g et al.,5) and that of our 
work for the ethanol(2)-toluene(3) system gave almost 
the same good correlations; another pair of G m e h l i n g 
et al.,8) however, provided a poor correlation. One 
pai r of G m e h l i n g et al. and that of Hi ra ta et al. for the 
ethyl acetate(l)-toluene(3) system gave good correla­
tions, t hough another two pairs of G m e h l i n g et al. 
gave worse correlations. T h e three pairs of G m e h l i n g 
et al. ,5 '9 ) which are listed in the left side of Tab le 5, 
gave the best correlation. 

T h e results of calculated VLE by the use of the above 

three pairs are summarized in Tab le 6. T h o u g h the 
correlation from Eq. 1 is a lmost identical wi th that 
from Eq. 10, the latter is slightly better than the 
former. T h e temperature differences between the 
experimental and calculated values exceed 0.5 K at 
the six poin ts of R u n Nos. 66, 72—75, and 76, and in 
all cases the calculated values are smaller than the 
exper imenta l ones. All of the poin ts , except No. 66, 
lie near the binary line of the ethyl acetate(l)- tol-
uene(3) system of richer than 0.6 mole fraction of 
toluene in l iqu id (Fig. 1). T h e results regarding the 
other eleven combinat ions wh ich gave good correla­
tions show almost similar tendencies. 

System 

î= l , ;=2 
t=2, ;=3 
2=3, 7=1 

Table 5. Wilson Constants 

Constants of binary system 

kif-ku/] mol -1 

37.630a> 
5317.32a) 

2850.39b> 

A/i—A///J mol - 1 

2636.72a) 

972.78a) 

-1474.19b) 

Constants obtained directly 
from the ternary data 

kij—Xu/J m o l - 1 

- 7 5 . 4 3 8 
4478.10 
3374.54 

Xji—Xii/] m o l - 1 

2775.18 
1687.15 

-1952.21 

1: Ethyl acetate, 2: Ethanol, 3: Toluene, a) Ref. 5. b) Réf. 9. 

Table 6. Capability of Predicting Vapor Compositions and the Temperatures for Ethyl Acetate(l)-
Ethanol(2)-Toluene(3) System at 100.61 kPa by Use of the Wilson Equation 

with the Constants of the Three Binary Systems Described in Table 5 

Used 
Eqs. 

Eq. 1 
Eq. 10 

Differences of vapor-phase 
Ayi Ay 2 

Ava) Maxb) 

0.006 0.035c> 
0.005 0.027c> 

Ava> Maxb> 

0.007 -0.031c> 
0.007 -0.034c> 

composition and temperature 
Ay3 

Ava) Maxb) 

0.007 -0.023d> 
0.005 -0.018d> 

Ava> 

0.21 
0.20 

A7YK 

Maxb ) 

1.49e> 
1.56e> 

a) Average difference: A y , = 2 1 y i exptl y/',calcd \/n, AT=S \T exptl J- calcd I /n, n: number of data (=85). b) Maximum 
difference: Ay,=y/,eXpti —y/,caicd, AT=TeXpti—Tcaicd. c) Run. No. 75. d) Run. No. 45. e) Run No. 76. 

Table 7. Capability of Predicting Vapor Compositions and the Temperatures for Each 
Binary System at Atmospheric Pressure by Use of the Wilson Equation 

with the Respective Constants Described in Table 5 

Used 
Eqs. 

Eq. 1 
Eq. 10 

Used 
Eqs. 

Eq. 1 
Eq. 10 

Used 
Eqs. 

Eq. 1 
Eq. 10 

Av 

0.002 
0.002 

Av 

0.004 
0.010 

Av 

0.006 
0.004 

Ayi 

Ayi 

Ayi 

Max 

-0.010 
-0.011 

Max 

0.010 
0.017 

Max 

-0.016 
0.010 

Ethyl acetate(l)-ethanol(2) systema) 

A7VK 

Av Max 

0.44 0.59 
0.17 0.17 

Ethanol(l)-toluene(2) systemb) 

A7VK 

Av Max 

0.28 0.53 
0.23 -0.45 

Ethyl acetate(l)-toluene(2) systemc) 

A7YK 

Av Max 

0.23 -0.58 
0.27 -0.60 

Pressure; 101.3 kPa 
No. of data; 9 

Pressure; 100.8 kPa 
No. of data; 16 

Pressure; 101.3 kPa, 
No. of data; 18 

a) Ref. 12. b) Ref. 13. c) Ref. 14. The sysmols are the same as those of Table 6. 
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Table 8. Capability of Predicting Vapor Compositions and the Temperatures for Ethyl Acetate(l)-
Ethanol(2)-Toluene(3) System at 100.61 kPa by Use of the Wilson Equation 

with the Constants, from the Ternary Data, Described in Table 5 

Differences of vapor-phase composition and temperature 
Used Ayi Ay2 Ay3 A7VK 
Eqs. 

Av Max Av Max Av Max Av Max 
Eq. 1 0.009 0.041a> 0.006 -0.022a> 0.006 -0.023b> 0.25 -0.74c> 
Eq. 10 0.008 0.032a) 0.008 -0.024a> 0.004 -0.016b> 0.19 -0.82c> 

a) Run. No. 73. b) Run No. 49. c) Run No. 45. The symbols are the same as those of Table 6. 

In addi t ion , the three pairs were also appl ied to the 
VLE calculat ions of the respective binary systems. 
T h e results were shown as the differences in the vapor 
composi t ions and the tempepratures between the 
exper imental values from the literature12-14* and the 
calculated values given in Tab le 7. For the ethyl 
aceta te-ethanol system though both Eqs 1 a n d 10 show 
good correlations, the latter is better than the former. 
For the e thano l - to luene system the correlation of Eq. 1 
is better than that of Eq. 10. For the ethyl 
acetate- toluene system Eq. 10 gives a slightly better 
value than Eq. 1 does. 

T h e other constants, A,>—A« and A//—A#, were directly 
determined by means of least-squares fit of Eq. 13 
from all the ternary data of Tab le 2. T h e constants are 
listed in the r ight side of Tab le 5. Similar ternary VLE 
calculat ions wi th the constants were carried out; the 
results are given in T a b l e 8. T h e correlat ion of Eq. 10 
is better than that of Eq. 1. T h e temperature differ­
ences of the six points of R u n Nos. 26, 27, 33, 45,49, and 
71, exceed 0.5 K and all of the calculated values are 
larger than the exper imental ones. All of the points , 
except R u n No. 71, form almost a straight l ine in Fig. 
1. 

T h e above eleven points of R u n Nos. 72—76 and 
Nos. 26, 27, 33, 45, 49, and 71 (except No. 66) make one 
area, which has a large difference between vapor and 
l iqu id composi t ions and, consequently, is character­
ized by a large temperature slope against the l iqu id 
composi t ion . Tables 6 and 7 show a correlation from 
the three b inary systems is slightly better than that 
from the ternary data. Both, however, have almost the 
same accuracies. 

Conclusion 

(1) VLE data of 85 points for the ethyl acetate-
e thanol - to luene system under a tmospher ic pressure 
were obtained. 

(2) It was found that the Wilson equa t ion did not 
necessarily give accurate predictions of the system over 
the entire area of the composit ions. The re is the 

certain pa r t of the area in wh ich the equa t ion gives 
inaccurate predictions. 

(3) T h e correlation us ing Eq. 1 is generally believed 
to be more correct than that u s ing a convenient 
equa t ion , Eq. 10. Inversely, the former was inferior to 
the latter; that is, the former showed no superiority 
against the latter. 
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The Hückel MO energies of linear polyenes (1—9 in Fig. 1) were compared with each energy component of 
the Hartree-Fock total energy. It was concluded that the Hückel MO energy is closely proportional to the 
kinetic energy of the n electrons between the 2p AOs. This linear relation held in various types of these (1—43) 
polyenes. It was also shown that the ratio of the n kinetic energy to the total kinetic energy is almost constant. 
Thus, we may understand with the help of the virial theorem why the Hückel MO energy represents the total 
energy. We also give a physical background to the theories of aromaticity/antiaromaticity. 

In 1931, E. Hückel in t roduced the so-called Hückel 
molecular orbi ta l (HMO) theory in order to explain the 
abnormal stability of benzene.1* Since then, this theory 

1 2 

18 19 20 21 22 

tf^ÔÔ DD 
23 24 25 26 27 

Fig. 1. Forty-three structures used to compare the n 
kinetic and HMO energies. 

has been used in various fields of organic chemistry.2) 

Today, the theory is very successful in many ways. 
Particularly, the studies of aromaticity have been 
remarkably successful. 

Based on the H M O theory, aromatici ty or ant iarom-
aticity in a n n u l e n e has been predicted in terms of the 
ethylene unit,3 ) g raph theory,4) and London susceptibi­
lity.5) Results by all methods seem to be perfect. Th i s , 
however, raises a problem: why is the H M O theory 
such a perfect method? In fact there is little in this 
theory which is theoretically correct: the Hami l t on i an 
of the Hücke l theory is no t specified, resul t ing in a 
vagueness in the calculated results in addi t ion to open 
neglect of the ant isymmetrizat ion requirement, elec­
tron-correlation, 0-7Z interactions, charge-redistribu­
tion effects, overlap influences, and so on. T o wha t 
extend can they be justified? T h e first justif ication is 
that the Hücke l theory works, as J. N. Murrel et al. 
s ta ted.6) 

Rational izat ion of the H M O theory has been studied 
by a n u m b e r of authors : ra t ional connections of the 
Hückel theory wi th the Par i se r -Par r -Pop le (PPP) 
method in great detail by Pople,7 )McWeeny,8 )Del Re 
and Parr,9) mostly dur ing the fifties and sixties. 
However, studies of aromatici ty us ing the H M O 
theory make one feel that beyond such a rationaliza­
t ion, there is someth ing intr insic which directly 
reflects the na tu re of conjugated n bonds. Besides, it 
has been po in ted out that aromatici ty and ant ia roma-
ticity predicted by the H M O theory reflect reality better 
than does that by the P P P method.3b»10) 

Hess and S ch aad n ) found that the Hückel energies 
of linear polyenes (1—5 and higher homologues) have 
a l inear additivity in terms of the ethylene unit.3 ) 

They, as well as H a d d o n and Starnes,12) found that the 
total energies of 1—4 by STO-3G13> or 3-21 G14> also 
increase l inearly as the n u m b e r of ethylene uni ts 
increases. T h i s means that the Hückel energy does no t 
correspond to the energy of n electrons but, rather, to 
the total energy. T h i s contradicts the idea that the 
theory is for n electrons. 

We recently studied aromatici ty us ing the Har t ree -
Fock M O theory and obtained the significant result 
that there is a lmost an exact l inear re la t ionship 



November, 1990] What Dose Hückel MO Method Calculate? 3249 

between the HMO energy and the kinetic energy of n 
electrons (n kinetic energy) of polyenes.15) Namely, the 
HMO calculation is probably identical to a calcula­
tion of the kinetic energy of n electrons. If this is 
universally true, the physical meaning may be given in 
terms of the kinetic energy of n electrons. Further, the 
HMO results so far obtained may be reexplained based 
on the kinetic energy while affording new interpreta­
tions. Here, we may offer a significant suggestion as to 
what the HMO energy represents regarding molecular 
energies, while giving a reason why the HMO energy 
is proportional to the total energy of polyene. 

Method of Calculation 

In an attempt to determine what kind of energy of 
the n system the HMO method evaluates, we compared 
the HMO energy and every term of the partitioned 
Hartree-Fock energies. In Hartree-Fock theory16) the 
total energy (£) is the sum of the electronic energy (£el) 
and the nuclear repulsion energy (£N). The £e l term 
comprises the kinetic (£T) and the potential energies. 
The latter is further partitioned into the attactive one-
electron potential (£v) (i. e., interactions between 
electrons and nuclei) and the average of two electron 
energies (EJ): 

E = E* + EF, (1) 

where 

£el = £T + £V + £J. (2) 

Since the wave function ( W) is expressed by the Slater 
determinant with elements of molecular orbitals 
(MOs: y/i) expanded by a linear combination of AOs 
(xr), those partitioned energies are obtained as expecta­
tion values by a general expression, 

Ex = < ? P | X | V> = 2 2 / * i * X * d T i 
i 

= 2 2 2 2 cPcjfxfiXXsdXl = 2 2 PrsXrs, (3) 
i r s r s 

where cj is the coefficient of xr at the zth MO and Prs is 
the bond order. X is the operator of the corresponding 
energy (£T, £v , or £J), while Xrs is its element in the 
form of a matrix. 

Since the n MOs do not mix with the o MOs in the 
planar conjugated system, Prs is expressed as the sum 
of the MOs of the o electrons and n electrons, 

Prs = Prs° + Prs\ (4) 

Therefore, £ e l and its partitioned energies can also be 
expressed as the sum of the a-electron (Ea) and n-
electron (En) energies as 

£e l = 1 / 2 2 2 Prs(Hrs + Frs) 
r s 

= 1 / 2 2 2 Prs°(Hrs + Frs) 
r s 

+ 1 / 2 2 2 Prsn(Hrs + Frs) = Ea + En, (5) 
r s 

where the summations run over all atomic orbitals. 
The Fock matrix, Frs, contains the density matrix 
which also consists of o and n portions. Therefore, 
the Ea and En energies are further partitioned into the 
pure o electron energy (Eo°) and the pure n electron 
energy (£(f), and the interaction energy between o and 
n electrons (Ea-n and En-a) as: 

Ea = 1/22 2 Prs°{2Hrs + 2 2 Ptu°[(rs/tu) - \/2(rt/su)]} 
r s t u 

= 1/22 2 Prsa{Z 2 Prs*[(rs/tu) ~ \/2(rt/su)]} 
r s t u 

= Eçf + Ea-n. (6) 

Likewise 

En = E0
n + En-a, (7) 

Note that Ea-n and En-a are equal and that the 
interaction between o and n electrons is caused only by 
electron-electron repulsion, i. e., n electrons interact 
with the o electrons only through electrostatic 
repulsion; also, one-electron energies are given purely 
in a first-order approximation. 

We have used the GAUSSIAN 80H program17) to 
which new subroutines for energy analyses were 
added. 

Results and Discussion 

Examination of Additivity in Partitioned Hartree-
Fock Molecular Energies. The total energies calcu­
lated for linear polyenes by ab initio MO methods have 
been shown to increase linearly as the number of 
ethylene (-CH=CH-) units increases.n»12) The first 
problem to be examined is whether or not such a lin­
earity holds in any term of the partitioned Hartree-
Fock energies. 

Figure 2-a shows the linearity/nonlinearity of the 
partitioned Hartree-Fock energies vs. n, the number of 
ethylene units, in linear polyenes. The adopted basis 
set was STO-3G and the geometries were optimized 
with respect to all internal molecular coordinates. 
The influences of the choice of the basis set and the 
geometry optimization are discussed in later sections. 

As can be seen from the figures, £v , E1, and EN are 
not additive, even in the Hartree-Fock electronic 
energy (£ e l(=£v+£ J+£T)) . At first, we thought that the 
n portion of £ e l must be energy-additive, since the 
energies obtained by such n molecular orbital theories 
as the HMO and PPP are energy-additive. This, 
however, was not true. Instread, a close linearity 
occurs regarding both total kinetic and n kinetic 
energies. 

The additivity of the £T term seems to be reasonable 
since the virial theorem indicates that for the station-



3250 Hiroshi ICHIKAWA and Keiichiro SAMESHIMA [Vol. 63, No. 11 

Total 
0 

-500 

•1000 

-1500' 

•2000 

-?500 

\Total 

\ \ 

X\ 

V 
-

Pi 

0 

-50 

-100 

-150 

-200 

0 1 2 3 A au 

600 

400-

2(XH 

•80 

1-60 

i 0 1 2 3 4 au 

Total 
0 i 

-500-

-750-

0 -1000-

0 

-20 

hAO 

-60 

-80 

2 3 

»n 

Total, 
0 

-500-

-1000-

-1500-

-2000-

-2500 

Pi 

r o 

50 

100 

•150 

200 

Total, 

600 

400 

200 

V 

/ / 
// 

Pi 
100 

80 

•60 

40 

•20 

^0 

500-1 

A00H 

300 \ 

200J 

100 

o-̂  
0 1 2 3 au 0 1 2 3 

Total. 

450 

15CH 

2 

-*- n 

ko 

h 5 

-250H 

-500 

-750 H 

-1000 

-20 

[ -40 

•60 

-80 

2 
—> n 

3 au 

Total 
0-

-500-

-1000-

-1500 

•2000-

-2500 
au 

'X\ 

x 

0 1 2 3 

Pi 

• 0 

- 5 0 

- 1 0 0 

--150 

[•-200 

au 

Total 

600-

400-

200-

0 
au 

• 

/ / 

0 1 2 3 

Pi 
100 

-80 

•60 

•40 

-20 

^0 
au 

5 0 0 -

A00-

300-

200-

100-

o-
au 

• 

•/ 

0 1 2 3 

Total 

A50-

300-

150-

0 -
au 

, 

y/ 

^ • ^ " 

0 1 2 3 

Pi 

-20 

-15 

-10 

-5 

-0 
au 

Total 

-250-

-500-

-750-

-1000-

au 

\ . \ v 

0 

F 

[ 

1 

^ s ^ » \ V 

2 3 
* n 

0 

-20 

-40 

h-60 

•80 

•100 

Fig. 2. Linearity/nonlinearity of the partitioned Hartree-Fock energies n vs. in linear polyenes 
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electrons in terms of au (1 au=2625.5 kj mol"1), a: STO-3G, b: 3-21G, and c: 4-31G. 

ary state the relationship 

(8) 

must hold and since the additivity of E is phenomeno-
logically shown.n»12) However, note that such 
additivity holds in the n portion of the kinetic energy. 

Basis Set Dependency. We thus found that the total 
energy as well as the kinetic energy increases linearly 

with the number of ethylene units (-CH=CH-). Since 
the molecular energies depend largely on the adopted 
basis set, the influence of the adopted basis set on the 
linearities of the partitioned energies must be examin­
ed. 

Figures 2-b and 2-c show the linearity/nonlinearity 
of the partitioned energies vs. the number of the 
ethylene units in the respective 3-21G and 4-31G basis 
sets. Here, the n portion of the partitioned energies is 

file:///Total
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the sum of the energies of the inner and outer shells in 
the spli t 2p AOs and the interact ion energies between 
inner and outer shells. In bo th cases, there is good 
linearity in the total and n kinetic energies. Al though 
basis sets wi th polar izat ion functions were no t studied 
further the results by 3-21G and 4-31G led us to believe 

that the additivity of EJ is qu i te independent of the 
adopted basis set. Note that l inearity occurs no t only 
in the total kinetic energy, bu t also in the n por t ion of 
the kinetic energy. 

Relationship between n Kinetic Energy and Hückel 
Energy in Different Types of Polyenes. Ever since the 
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compared under the fixed geometries, d: The n kinetic energies between the 2p AOs 
are compared under the fixed geometries. 
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energy additivity of the Hückel energy was established, 
the Hückel energy has been directly compared with the 
n kinetic energy in various cases. The basis set was 
STO-3G. 

Figure 3-a shows the relationship between the HMO 
energy and the n kinetic energy for different types of 
geometry-optimized conjugated polyenes (1—5, 6—9, 
and 18—21). Though there is a linearity in the same 
series of polyenes, if considered all together the 
linearity is not perfect. 

The Hückel energy consists of the bond energies in 
terms of ß: as a matter of fact, the energy of the one-

20 

15 
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C 

5H 
C-C, C=C: FIXED (1.395 A) 

0.2 0.4 0.6 0.8 1.0 1.2 

TT KE (Off-diagonal: a u ) 

Fig. 4. The relationship between the HMO energies 
and the n kinetic energies between the 2p AOs in 
43 conjugated hydrocarbons. 

center term is not included. We thus examined the 
kinetic energy between the AOs. Figure 3-b shows the 
correlation of the HMO energy with the n kinetic 
energy of the off-diagonal part, i. e., the kinetic energy 
between the AOs. In this case the lines for 1—5 and 
6—9 come close together, but the line for 18—21 
remains apart. 

The Hückel theory does not include the effect of 
differences regarding the bond length. This suggests 
that the n kinetic energy should be compared in the 
fixed bond lengths. Figures 3-c and 3-d offer such 
comparisons, where all carbon-carbon bonds are fixed 
to be 1.395 Â (which equals that of benzene, i. e., the 
ideally conjugated bond length) with all carbon-hydro­
gen bonds being 1.080 Â. 

If the total n kinetic energies are compared with the 
HMO energies, the linearity is not good. However, if 
only the off-diagonal part is compared, the linearity 
with the HMO energy seems to be quite acceptable. 
This confirms that the HMO energy corresponds to 
the n kinetic energy between the 2p atomic orbitals. 

To make sure, we examined various types of 
conjugated hydrocarbons in which open-chain, aro­
matic, and antiaromatic system were included (Fig. 1). 
Again, all C-C bonds were fixed to be 1.395 Â and the 
C-H bonds 1.080 Â. As Fig. 4 shows, the linearity is 
farely good, showing that the HMO energy cor­
responds to the kinetic energy of n electrons between 
the 2p atomic orbitals. 

Why HMO Energy is Proportional to Total 
Energy. As the results in the previous sections show, 
the HMO theory can be used to indirectly calculate the 
kinetic energy of n electrons. The virial theorem 
shows that the kinetic energy is equal to the total 
energy E with reverse sign (Eq. 8). Therefore, the 
riddle may be solved only if we can show that the total 
kinetic energy is proportional to the n kinetic energy. 

Table 1 shows the ratio of the 7r-portion to the total 
kinetic energy (EnT/ET) in the optimized geometries of 
the serial compounds 1—5, 6—9, and 18—21 which are 
used to form Fig. 3. It is understood that the ratios are 
almost constant (0.0332 to 0.0336), not only in one type 
of conjugated polyenes, but in other types. Though 
this ratio is changed by the method of calculation to be 
from 0.0256 to 0.0261 by both the 3-21G and 4-31G 

Table 1. Ratio of 7r-Kinetic Energy to Total Kinetic Energy 

n 

0 
1 
2 
3 
4 

a 

Ratio lb> 

33.2 
33.2 
33.3 
33.3 
33.3 

a) 

Ratio 2C) 

2.1 
2.1 
2.1 
2.1 
2.1 

Ratio lb> 

33.3 
33.3 
33.3 
33.4 

ba) 

Ratio 2C) 

2.1 
2.1 
2.1 
2.1 

Ratio lb) 

33.4 
33.4 
33.5 
33.6 

c*> 

Ratio 2C) 

2.2 
2.2 
2.2 
2.1 

a) a, b, and c represent linear (1—5), branched (6—9), and cyclic (18—21) structures in Fig. 1. b) The ratio 
of the total 7r-kinetic energy to the total kinetic energy, EnT/ET, in 10~3 units, c) The ratio of the off-diagonal 
part of 7r-kinetic energy to the total kinetic energy, E^o^/E1, in 10~3 units. 
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Table 2. Ratio of 7r-Kinetic Energy to Total Kinetic Energy 

Compd Ratio la> Ratio 2b) Compd Ratio la> Ratio 2b) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

33.5 
33.5 
33.5 
33.5 
33.5 
33.5 
33.5 
33.4 
33.4 
35.3 
33.0 
33.7 
33.1 
33.2 
33.1 
33.3 
33.5 
33.7 
33.7 
33.7 
33.8 
33.9 

1.7 
1.8 
1.8 
1.8 
1.8 
1.7 
1.8 
1.8 
1.8 
1.3 
2.1 
1.8 
2.1 
2.1 
2.1 
2.1 
2.1 
1.8 
1.8 
1.8 
1.8 
1.8 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

33.8 
33.7 
33.7 
33.5 
34.0 
33.7 
33.5 
33.6 
33.3 
33.2 
34.6 
33.6 
33.7 
33.4 
33.5 
33.1 
33.5 
33.8 
33.3 
33.5 
33.3 

1.8 
1.8 
1.9 
1.8 
1.8 
1.9 
2.0 
2.0 
2.1 
2.1 
1.6 
2.0 
1.9 
2.0 
1.9 
2.1 
2.0 
2.0 
2.0 
1.9 
1.9 

a) EnT/ET in 10~3 units, b) EnToü/ET in 10~3 units. 

methods, they are almost constant within each type of 
compound. Here, it may be necessary to show how 
geometry optimization affects this result. 

Table 2 shows the ratios for the compounds used in 
Fig. 1. Those ratios, EnT/EJ, range form 0.0330 to 
0.0346, showing that geometry optimization does not 
greatly affect the ratio. Significantly, the ratio of the 
off-diagonal part of the kinetic energy to the total 
kinetic energy is greatly changed by aromatic/an-
tiaromatic compounds: the ratio of nonaromatic 
compounds is around 0.0018. However, in aromatic 
compounds, this ratio is shifted to a larger value (as 
much as 0.0021 in benzene) and in antiaromatic com­
pounds, to a smaller value (as little as 0.0013 in 
cyclobutadiene) indicating that the aromaticity/anti-
aromaticity phenomena are caused by a delocalization 
of the n electrons between the 2p AOs. 

Concluding Remarks 

Because of the linear relationship between the HMO 
and the total energies, if one compares the HMO and 
potential energies, it is possible to obtain a similar 
linear relationship, due to the virial theorem, and to say 
that the HMO energy expresses the potential energy. 
However, it is an awkward way to state things: there is 
no common concept between them. Therefore, we 
focused on the kinetic energy of the n electrons. We 
have obtained two conclusions from energy compar­
isons regarding 43 polyenes of various types: the 
Hückel energy represents the kinetic energy of the n 
electrons between the 2p AOs and the ratio, the n 
kinetic to the total kinetic energy, is nearly constant. 

The first conclusion is favorable regarding the 

interpretation of aromaticity, i. e., stability/instability 
of the 4n+2/4n n system is interpreted in terms of n-
electron motion and/or distribution of the n MOs and 
this gives a physical background to the aromaticity 
theories.3_5) The reason for the resemblance between 
those energies is not certain. However, as we have 
already indicated,10 one possibility is that the kinetic 
energy between the 2p AOs rapidly decreases as the 
distance increases: a value more than the bonding 
interaction is virtually zero while that in the HMO 
theory is set to be zero. 

The second conclusion gives a clear-cut explanation 
to the question why the HMO energy represents the 
total energy. Although the reason is not understood, 
the ratio of the total n kinetic energy to the total 
kinetic energy is constant, regardless of the type of 
conjugated hydrocarbon. The characteristics deter­
mined by the Hückel rule or aromaticity theories3-5* 
are brought forth only by the kinetic energy of the n 
electrons between the 2p AOs. 
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NMR Studies on Reorientational Motion of Hydrated D2O Molecules 
in Tetraalkylammonium Bromide Dilute Aqueous Solutions 
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The spin-lattice relaxation times of D and 1 70 nuclei of hydrated D2O molecules in tetraalkylammonium 
bromide (IVfeNBr, Et4NBr, Pr4NBr, and Bu4NBr) dilute aqueous solutions in the concentration range of 0.2 to 
1.0 mol kg - 1 at 25 °C were measured by NMR spectroscopy. The relaxation rates of D and 1 70 nuclei varied 
linearly with increasing the concentration below 1.0 mol kg -1 . The dynamic hydration number, £ x , is defined 
by B^=(k'T^/z^ —l)nx/50.0, where TX and T£ (-X=D or 170) are the reorientational correlation times of 
hydrated D2O molecules (nx) in R4N+ (R: alkyl group) and pure D2O molecule. The ß x increases with 
increasing the alkyl chain length of R4N+ ions. The abnormally large £ x values, compared with those of alkali 
metal ions, are caused by the hydrophobic hydration around the alkyl group of the R4N+ ion. The 
reorientational motion of a hydrated D2O molecule in the hydration sphere of R4N+ ions is isotropic, though 
the motion of a D2O molecule in the ionic hydration of alkali metal ions is anisotropic. 

Symmetrical t e t raa lky lammonium salts are inter­
est ing 1:1 electrolytes whose propert ies include a 
tetrahedral s imple sphere of cations, the availabili ty of 
a series of cations wi th different alkyl chain lengths, 
and h i g h solubil i t ies in water. T h e salts are also 
hydrated in aqueous solut ion and form clathrate 
hydrates. Such interest ing molecular and physical 
properi t ies of these salts in water have attracted m u c h 
a t tent ion of physical chemists.1* Frank and Evans2) 

proposed a theory of iceberg formation a round the 
hydrocarbon groups of these ions in water, i.e., 
hydrophobic hydrat ion. A detail X-ray structure 
analysis of the clathrate hydrates3) is useful to 
unders tand the different thermodynamic propert ies of 
the t e t r aa lky lammonium salts from the inorganic 
electrolyte solut ions from the viewpoint of hydro­
phobic hydrat ion. 

F rom a study of the concentra t ion dependence on 
the apparen t mola l volumes of salts in dilute solut ion 
u p to 1 M (1 M = l mol d m - 3 ) , the molal volume deriates 
from the Debye-Hückel l imi t ing slope wi th increasing 
concentration.4»0 For Me4NBr the slope is slightly 
positive and becomes more negative u p o n increasing 
the alkyl chain length of the te t raa lkylammonium 
salts from Et4NBr to Bu4NBr. T h i s is explained by a 
ba lanc ing of two opposi te effects: the hydrophobic 
effect of the alkyl g roups and the charge effect of ions. 
T h e charge effect trends to increase the apparen t molal 
volume against the square root of the concentrat ion, 
whi le the hydrophob ic effect decreases it. Water 
molecules in the vicinity of the Me4N+ ion are 
predominant ly influenced by the charge effect, which 
is weakened for the Et4N+ ion and becomes negligible 
for the Bu4N+ ion. A number of data regarding the 
par t ia l mola l volume 6 _ 8 ) and apparen t molal adiabatic 
compressibilities9»10) suggest that the s t ructure-making 
effect of t e t r aa lky lammonium ions is enhanced u p o n 
increasing the carbon n u m b e r of the alkyl groups . 
Fur thermore , Key et a l . n ' 1 2 ) have made a systematic 
investigation of the viscosities and conductances of 

tetraalkylammonium salt solutions and have determined 
the B coefficients and the l imi t ing Waiden products 
from them. Pr4N+ and BU4N+ ions form a hydrogen-
b o n d i n g network structure a m o n g water molecules in 
their vicinity, and behave as s t ructure-making ions. 
T h e Me4N+ ion has a structure-breaking properties 
and the Et4N+ ion has a mixed behavior regard ing 
s t ructure-making and structure-breaking effects. 

T h e dynamic aspect of D2O molecules of R4NBr 
solut ions u p to 6 mol k g - 1 was studied by Hertz et al.13) 

us ing the N M R method. They observed that the 
reorientat ion t ime of D2O molecules becomes longer 
u p o n pass ing from Me4N+ to Pr4N+ ions. It has been 
clarified that the reorientat ional time of a D2O 
molecule in a Pr4NBr solut ion is longer than that in a 
Bu4NBr solut ion at h igh salt concentrations above 
1.0 mol k g - 1 . T h i s conclusion is inconsistent wi th 
those derived from thermodynamic and transport 
propert ies . T h i s discrepancy may be due to the 
determinat ion of the reorientat ion time of infinitly 
isolated complexes from the extrapola t ion of h igh salt 
concentrat ions. It is thus necessary to undertake pre­
cise N M R measurements of D2O molecules in a tetra­
a l k y l a m m o n i u m salt di lute solut ion below 1 mol kg - 1 . 

In the present study we focused on the dynamic 
properties of the hydrophobic hydrat ion in R4NBr 
(R=Me , Et, Pr, and Bu) aqueous solut ions are 
measured the concentrat ion dependence of D and 1 7 0 
spin-lattice relaxat ion of D2O molecules below 1.0 mol 
kg - 1 . C o m p a r i n g the D relaxation rate with that of the 
1 7 0 nucleus on the basis of the two-state model , we can 
discuss the dynamic behavior of a hydrated D2O 
molecule, and the difference between the hydrophobic 
hydra t ion of te t raa lky lammonium ions as well as the 
hydrat ion of alkali metal ions. 

Experimental 

Samples. R4NBr (R=Me, Et, Pr, and Bu) salts from 
Nakarai Tesque, Inc. (extra pure grade) were recrystallized 
from water or ethanol. D2O was obtained from CE A, 



3256 Akio SHIMIZU and Yoshihiro TANIGUCHI [Vol. 63, No. 11 

containing over 99.8% (d). Sample solutions were passed 
through membrane filters with a pore size 0.1 urn to remove 
dust. Sample solutions were bubbled with nitrogen gas for 
about five minutes just before NMR measurements to 
remove any oxygen gas. 

NMR Measurement. All D and 1 70 relaxation times were 
obtained on a JEOL GX-270 pulsed spectrometer operating 
at 41.5 and 36.6 MHz, respepctively. Samples were kept in a 
10 mm diameter glass tube. The resolution was established 
by the D nucleus of neat D2O before the sample measure­
ment. The spin-lattice relaxation times (Ti) were measured 
by the inversion-recovery method, using a pulse sequence of 
180°—£—90° pulses. The T\ values were determined for 
each sample at 16 different time intervals (t) and the pulse 
delay time (PD) was more than lOTi. The spectral widths 
were 1200 Hz for the D nucleus and 60000 Hz for the 1 70 
nucleus. The free induction decay of the D and 1 70 nuclei 
were accumulated 4 to 16 times and 100 to 3200 times, 
respectively, depending on the concentration. Their 
productibility of the T\ measurements was within 2%. The 
temperature was controlled to 25+0.1 °C by an air com­
pressor. 

Results and Discussion 

Figures 1 and 2 show the concentrat ion dependence 
of Ri/R\ of D and 1 7 0 nuclei of D 2 0 molecules in 
R4NBr wi th those of alkali metal bromides solutions at 
25 °C. 

T h e R\/R\ values vary linearly wi th increasing 

concentrat ion u p to 1.0 mol k g - 1 , similar to those 
alkal i metal bromides.1 4 ) The i r positive slopes for D 
and 1 7 0 nuclei are m u c h steepper than those of L i and 
Na salts, and increase wi th increasing alkyl chain 
length of R4NBr salts. T h e concentrat ion dependence 
of R\ of D and 1 7 0 nuclei is given by a l inear equa t ion 
below 1.0 mol kg - 1 : 

Äi = (1 + Bxm)R°lt (X = D or i70) (1) 

where Ri and R*l are the spin-latt ice relaxat ion rates of 
the D2O molecule at a concentrat ion m of a R4NBr 
solu t ion and pure D2O, respectively. T h e Bx, of a 
cat ion (+) and an an ion (—) to Bx is determined by 
us ing the following equa t ion and the previous 
method:14) 

Ä I = { 1 + ( Ä J + ÄX)"»}Ä?. (2) 

D and 1 7 0 nuclei are quadrupo le nuclei wi th spin 
q u a n t u m numbers of 7=1 and 5/2, respectively. These 
nuclei relax main ly be an electric quad rupo le inter­
action. Under the experimental condit ions of the 
mot iona l na r rowing l imi t (2nvi<Kl), where v is the 
resonance frequency of this expepriment , the relat ion 
between the spin-lattice relaxat ion rate (R\) and the 
ro ta t ional correlat ion t ime (T) is given by the 
following equat ion : 1 0 

Q5 1.0 
mol/kgD20 

0.5 1.0 
mol/kg D2O 

Fig. 1. Plots of D relaxation rates {R\/R\) of a D 20 
molecule in tetraalkylammonium and alkali metala) 

bromide solutions at 25 °C. • : Me4NBr, • : Et4NBr, 
A: Pr4NBr, • : Bu4NBr, A: LiBr, D: NaBr, O: KBr, O: 
CsBr. a) Ref. 14. 

Fig. 2. Plots of 1 70 relaxation rates (R\/R\) of a D2O 
molecule in tetraalkylammonium and alkali metala) 

bromide solutions at 25°C. • : Me4NBr, • : Et4NBr, 
A: Pr4NBr, • : Bu4NBr, A: LiBr, Q NaBr, O: KBr, O: 
CsBr. a) Ref. 14. 
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Ri = 
3 27 + 3 itfiqQ 

4 0 / 2 ( 2 / ^ T ) ( ^ ) ( 1 + T ) T - (3) 

Here , I, rj, and e^qQ/h are the q u a n t u m number , the 
asymmetry parameter, and the quadrupo le coup l ing 
constant, respectively. For a pure D2O molecule e2qQ/h = 
254 kHz and 77=0.13516) are for a D nucleus , and e2qQ/ 
h =8.1 MHz and r;=0.7516> are for an 1 7 0 nucleus. For a 
pure D 2 0 molecule r&and r?70are 2.38 ps and 2.37 ps. 

Since Ri increases linearly wi th increasing con­
centrat ion for all R 4 NBr salts, it is reasonable that Ri is 
the fractional average of the spin-lattice relaxat ion 
rates of bu lk D 2 0 (#?), an an ion hydrated D 2 0 (RÎ) 
and a cation hydrated (R+) D2O molecule given by the 
following equat ions: 

Ri = (1 - x+ - x~)R°1 + x'RÎ + x+KÏ (4) 

and 

x = n m/50.0, 

where Ri, Ri, RÏ, n+, and n~ are the spin-lattice 
re laxat ion rates of pu re water, hydrated water of the 
cat ion and an ion , and the hydrat ion numbers of the 
cat ion and an ion , respectively. 

F rom Eqs. 3 and 4, the fol lowing relat ions are 
obtained: 

7? T + 

^ = 1 + {n+(k+-^- - 1) + n-(kr T° 

and 

k* = {(etqQ/hf/ieZqQ/fi)0}2, 

l»-gj>® 

(6) 

where T°, T J , and Tx, are the reor ientat ion t ime of pu re 
D2O, and D2O in the hydrat ion sphere of a cation and 
an an ion , respectively. Here, A=l in the case of 
(e2qQ/h)+=(e2qQ/h)° and A=0.8217) in the case of 
(e2qQ/h )+=(e2qQ/h )^+or^\ Finally, from Eqs. 2 and 
5, we can obtaine the following relation between Bx 
and TX: 

1) 
± 

nx 

50.0* 
(7) 

Bx is related to the reor ientat ion time, Tx, and was 

defined as the dynamic hydra t ion number by Uedaira 
etal.18 '19> 

Bx> Tx/^o and TD/Tn0 are shown in Table 1. T h e Bx 
values for D and 1 7 0 nuclei are of the order of 

(Cs+<K+<0<Na+<Li+)14)<Me4N+<Et4N+<Pr4N+<Bu4N+. 

T h e re laxat ion rates of D and 1 7 0 nuclei of D2O 
molecules over the whole concentrat ion range of 
R 4 NBr solut ions increase wi th increasing alkyl chain 
length of the R4N4- ion. These results are in contrast 
wi th those of Hertz et al.13) Further, Hertz et al. 
reported that the self-diffusion coefficients20* of BU4N4-
and Pr4N+ ions show the same behavior as i?i.13) O u r 
results are reasonable for those of the thermodynamic 
and t ranspor t properties, which change as a l inear 
function of the alkyl cha in length of lUNBr. We 
consider these differences between our experimental 
results and Hertz et al.13) O u r experiments were carried 
out at a lower concentrat ion range, below 1.0 mol k g - 1 , 
than those above 1.0 mol k g - 1 studied by Hertz et al.13) 

Above 1.0 mol k g - 1 the curious behavior of the 
physical propert ies of the Bu4N+ ion against the 
concent ra t ion has been reported. For example , the 
apparen t molar volume of a Bu4NBr solut ion shows a 
m i n i m a at about 1.0 M, and above 1.0 M makes a 
micell.4'21«22) 

T h e dynamic hydra t ion n u m b e r as a function of the 
ionic crystal radius (rc) is shown in Fig. 3. T h e curves 
of # D and Bt0 vs. rc plots for bo th D and 1 7 0 nuclei 
pass t h rough m i n i m a at 200—250 p m . Alkali metal 
ions show a negative slope and R.4N+ ions have a 
positive one. T h e dependence of rc on Bx for the R4N4-
ion is larger than those of alkali metal ions. T h i s 
tendency corresponds to the B coefficient of the 
solut ion viscosity vs. rc plots. T h e absolute values 
of four R4N4- ions are larger than those of alkali metal 
ions. Since the L i + ion has the smallest ionic radii 
a m o n g univa len t cations and has the largest surface 
charge density, it is na tura l that hydrated D2O 
molecules of L i + ion are strongly electrostricted 
a round the L i + ion th rough a ion-water interaction 
and that the reorientat ional mot ion is mostly repressed 
a m o n g the alkali metal ions. Even if the surface 
charge density of the R4N4- ion is smaller than that of 
alkali metal ions, the large Bx values of hydrated D2O 
molecules of R4N4- ions are considered for the 
fol lowing reasons. One is due to the large n u m b e r of 

Table 1. Hydration Behaviors of Tetraalkylammonium Ion in Aqueous Solution at 25 °C 

Me4N+ 
Et4N+ 
Pr4N+ 
Bu4N+ 

a) Ref. 20. 1 

Bi 
0.177 
0.432 
0.894 
1.22 

t>) k=l. c) 

Bi0 

0.200 
0.498 
0.970 
1.32 

£=0.82. 

+a) 

25 
30 
35 
40 

T+ / ro
 b) 

1.35 
1.72 
2.28 
2.52 

r+ /r° b) 

1.40 
1.83 
2.39 
2.65 

r+ /r° c) 

1.65 
2.10 
2.78 
3.08 

t 170 ' *• HO 

1.71 
2.23 
2.91 
3.24 

TD/Ti7o 

0.96 
0.93 
0.95 
0.95 
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Tc/pm 

Fig. 3. Plots of the dynamic hydration number in 
R4N+ and alkali metala) ions as a function of their 
ionic radii, a) Ref. 14. 

hydrated D2O molecules of R4N+ ions with increasing 
alkyl chain length, i.e., ionic radii. The other is 
hydrophobic hydration around the alkyl chain of 
R4N+ ions, like the clathrate hydrate. These hydrated 
D2O molecules are stabilized by the formation of a 
network structure through hydrogen bonding among 
D2O molecules in the hydration sphere. The relative 
reorientation time of an individual hydrated D2O 
molecule, TX"/TX, is determined by using Eq 6 and 
known n+ values. As shown in Table 1, it is clear that 
both the reorientation times of D and 1 70 nuclei of a 
hydrated D2O molecule for Me4N+ or Et4N+ ions 
are shorter than those of the Li+ ion (TD/TD=1.98, 

T*O/T?7 0=1.78 for A=l, and TJ /T&=2 .41 , T + 0 / T ? 7 0 = 2 . 1 7 

for A=0.82), but that the reorientation times of a 
hydrated D2O molecule for Pr4N+ and Bu4N+ ions are 
longer than those of the Li+ ion. Therefore, the larger 
Bx values of Me4N+ or Et4N+ ions than that of the Li+ 
ion are due to the large number of hydrated Me4N+ and 
Et4N+ ions. On the other hand, the reorientation time 
of a hydrated D2O molecule of Pr4N+ and BU4N+ ions 
is essentialy longer than that of an electros trie try 
hydrated D2O molecule of the Li+ ion. Since R4N+ 
ions have a smaller surface change density than does 
the Li+ ion, these large Bx and TX/TX values effectively 
strengthen D2O-D2O interactions. 

Struis et al. determined the reorientation times of X 
nuclei, Tx (X=D and 1 70), in pure water as a function 

of the temperature over the range of —10 to 53°C.16) 

The ratio of the reorientation times of a water 
molecule at a certain temperature, TX, to the reorienta-
tion time at 25 °C, TX , (the relative reorientational 
time TX/TX ) increases with decreasing temperature. 
Comparing the reorientation times of hydrated water 
molecules of R4N+ ions with those of water molecules 
in bulk water at various temperatures, the reorienta­
tion times of Me4N+, Et4N+, Pr4N+, and BU4N+ ions 
correspond to those of a water molecule at 14, 7, 0, 
- 2 ° C , for A=l, and 9, 3, - 4 , - 7 ° C for A=0.82, 
respectively. Especially, it is interesting that the 
reorientational motion of a hydrated water molecule of 
Pr4N+ and Bu4N+ ions corresponds to the motion of a 
pure water molecule below 0 ° C. 

The reorientational motion of a quadrupole nuclei 
is related to the reorientational motion of the main 
component of the quadrupole interaction tensor. The 
main component of the 1 70 nucleus in a D2O molecule 
lies along the perpendicular axis to the molecular 
plane and the D nucleus is almost along the O-D bond 
axis. From this point of view, we can estimate the 
anisotropic reorientational motion ( T J / T Î 0 ) of a 
hydrated D2O molecule in the hydration sphere. The 
T J / T Î Q is 0.96, 0.93, 0.95, and 0.95, for Me4N+, Et4N+, 
Pr4N+, and Bu4N+ ions, respectively, as shown in 
Table 1. These results tell us that the reorientational 
motion of a hydrated D2O molecule in R4N+ ions is 
isotropic within experimental uncertainty, in spite of 
the fact that T X /T X increases largely with increasing 
alkyl chain length. 

In a previous report we reported that the anisotropy 
of the reorientational motion ( T J / T Î 0 ) of hydrated 
water molecules in alkali metal ions is 1.12 and 1.13 for 
the positive hydration of Li+ and Na+ ions, and 0.89 
and 0.92 for the negative hydration of K+ and Cs+ ions, 
respectively. The T £ / T Î 0 values of a hydrated water 
molecule of #4N+ ions exist between positive and 
negative hydration ions. The reorientational motion 
of pure water molecules is almost isotropic at 
temperatures between —10°C and 53°C.16) The 
dynamic structure of the hydrophobic hydration in 
R4N+ ions is like that of pure water, since the 
reorientational motion is slow and isotropic. 

Finally, from both present and previous studies it has 
been clarified that there are three kinds of the dynamic 
hydration numbers: the positive hydration of Li+ and 
Na+ is 0<Bto<Bv, the negative hydration of K+ and 
Cs+ is BD<3i7O<0, and the hydrophobic hydration of 
i?4N+ is 0<<CBnO=BD. The reorientation motion of a 
D2O molecules in the hydrophobic hydration of R4N+ 
ions is isotropic though anisotropic motion of the 
D2O molecule in the ionic hydration of alkali metal 
ions. 
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119Sn-Emission Mossbauer Studies on 119mTe and 119Sb in S, Se, and Te 
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The valence states of 119Sn produced by the EC decay of diluted 119Sb and iwmTe chemically doped in S, Se, 
and Te were studied by emission Mossbauer spectroscopy. The Mossbauer spectra of S(119mTe) and Se(119mTe) 
consist of peaks ascribable to Sn(IV) and to Sn(II) surrounded by S or Se, respectively. The Mossbauer spectra of 
Te(119Sb) samples show that, though a greater part of the 119Sb atoms are dispersed in the Te matrix after 
coprecipitation and sublimation, upon slow recrystallization after fusion most of the dispersed 119Sb atoms 
aggregate to form microcrystals of 119Sb2Te3. 

We previously studied the chemical states of 119Sn 
aris ing from EC-decaying 119mTe and 119Sb in binary 
c o m p o u n d s of Sn, Sb, and T e by 119Sn-emission 
Mossbauer spectroscopy.1 _ 3 ) It was found that the 
valence states of 119Sn after the decays are greatly 
influenced by the na tu re of the matrices. T h i s paper 
first describes a similar study concerning 119Sn aris ing 
from carrier-free 119mTe, chemically introduced in 
elemental S and Se. T h e results are discussed in 
compar ison wi th that on Te(119mTe) metal.x) In the 
second par t of the paper , the chemical states of 119Sn 
aris ing from 119Sb in T e metal samples prepared by 
coprecipi tat ion, subl imat ion, and slow recrestalliza-
t ion after fusion are described. 

Experimental 

The source nuclide, n?mTe (4.86d), was produced by 
bombarding a metallic tin plate with 40-MeV a-particles 
accelerated in the RIKEN 160-cm cyclotron. The nuclide 
was separated from the Sn target by means of coprecipitation 
with Se metal. Carrier-free 119mTe was separated from Se by 
means of anion exchange. Carrier-free 119Sb (38.0 h) was 
obtained repeatedly by milking from 119mTe, as was described 
in our previous paper.4) 

Carrier-free iwmTe w a s coprecipitated with S formed by the 
reaction of Na2SC>3 and Na2S in an acid solution or with Se 
formed by the reduction of Se(IV) with N2H42HCI and 
Na2SÜ3 in an acid solution. The coprecipitation yield was 
almost 100% in both cases. The precipitates were purified by 
sublimation at 180 °C for S(119mTe) and 280 °C for Se(119mTe) 
under a reduced pressure of about 0.1 Pa. Almost all of the 
ii9mXe atoms were sublimated, depositing at the same band 
as S or Se oh a cold part of the inner wall of the sublimation 
tube. The sublimates of S(119mTe) and Se(119mTe) were fused 
at 280 and 260 °C in an Ar atmosphere, respectively, and 
were slowly recrystallized. 

Carrier-free 119Sb was coprecipitated with Te in a yield of 
40—90% by adding Cr2+ to a solution of 119Sb(V) and Te(IV). 
The precipitate was sublimed at 1000 °C under a reduced 
pressure of about 0.1 Pa. At lower temperatures of 430— 
700 °C, only Te sublimed, leaving 119Sb at the original 
position. Since the amount of Sb in the 119Sb solution used 
for the study was 10~8mole5) and that of Te was 10~3mole, 
the atomic ratio of Sb to Te was estimated to be of the order 
of 10-5. 

The S, Se, and Te prepared by the methods described 
above were found to be orthorhombic, hexagonal, and 

hexagonal by powder X-ray diffraction. 
The 119Sn-emission Mossbauer spectra of the samples were 

measured with a conventional Mossbauer spectrometer 
against a BaSnOa (0.9 mg 119Sn/cm2) absorber at 78 K. The 
23.8-keV resonant y-rays were detected with a 2 mm Nal 
scintillator, the Sn K X-rays being eliminated with an 80 urn 
Pd foil. Samples doped with ua^Te were stored at liquid-
nitrogen temperature before measurement, until a state of 
radioactive equilibrium had been established between 
119mTe and 119Sb in the sample, in order to eliminate the 
contribution of 119Sb arising from 119mTe before and during 
sample preparation. The obtained data were analyzed using 
the FACOM M780 computer at our institute. 

Results 

119mTe in Sulfur and Selenium. T h e emission 
Mossbauer spectra of S(119mTe) and Se(119mTe) samples 
are shown in Fig. 1. Since 119mTe sources emit a 
n u m b e r of y-rays other than the Mossbauer one, the 
apparen t intensity of the emission lines is small , 
resul t ing in poor statistics. Both spectra comprise a 
d o m i n a n t peak and a shoulder. T h e shoulders are in 
the region for divalent tin. Fi t t ing of the spectra wi th 
free parameters did no t converge because of the poor 
statistics of the data. Accordingly, fitting was carried 

- 4 0 4 8 

Relat ive Velocity/mm s_ l 

Fig. 1. Emission Mossbauer spectra of (A) S(119mTe) 
and (B) Se(119mTe). The relative velocity is given 
against BaSnC>3 at 78 K. 
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Table 1. Mössbauer Parameters of the Dominant Emission Lines of 119Sn Arising 
from 119mTe via 119Sb in S and Se and Those of the Absorption Lines of the 

Related Compounds at Liquid-Nitrogen Temperature 

Isomer shift Quadrupole splitting 
sampie 

S(119mTe) 
Se(ii9mTe) 

SnS 
SnS2 
SnSe 
SnSe2 
0.5% Sn in Se 

mm s_1 

1.6+0. la> 
1.9+0. la> 

3.16 
1.20 
3.45 
1.27 
1.70 

References 
mms" 

0.8 

0.60 

This workb) 

This workb) 

[12] 
[13] 
[14] 
[15] 
[ 9] 

a) Relative to BaSnÛ3 at 78 K. b) In the analysis of the spectra, the isomer shift and quadrupole splitting for 
the shoulder were fixed at the literature values of SnS or SnSe. 

Table 2. Mössbauer Parameters of the Emission Lines of 119Sn Arising from 119Sb in Te 
and Emission and Absorption Lines of Related Compounds at Liquid-Ni trogen Temperature 

Coprecipitated 

Sublimed 

Recrystallized after fusion 

Te(119mTe) metal 
119Sb2Te3 

SnTe 
119Sb metal 

Isomer shift 

mm s_1 

2.85+0.05a> 
3.4 +0.1a> 
2.93+0.05a> 
3.3 +0.1a> 
2.9 +0.1 
3.45+0.05a> 

2.94+0.03a> 
3.39 
3.54 
2.68 

Area 

% 

70 
30 
80 
20 
30 
70 

Assigned species 

I 1 1 9 SbinTe 
II 119Sb2Te3 
I 119Sb in Te 
II 119Sb2Te3 

I 1 1 9 SbinTe 
II 119Sb2Te3 

References 

This work 

This work 

This work 

This workb) 

[i] 
[2] 
[1] 

a) Relative to BaSnCh at 78 K. b) Remeasured by ourselves. 

100 

94 

100 

88 
(D 

tt 100 

(D 

(LI 

> 

88 

(A) 
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- 4 0 4 8 

Relat ive Velocity/mm s_ l 

Fig. 2. Emission Mössbauer spectra of Te(119Sb) (A) 
coprecipitated, (B) sublimed, and (C) slowly re-
crystallized after fusion. The relative velocity is 
given against BaSn03 at 78 K. 

ou t by as suming for the shoulder a doublet wi th an 
isomer shift and quad rupo le spl i t t ing fixed at the 
li terature values of SnS or SnSe. T h e results are shown 
in Fig. 1 and Tab le 1. T h e spectrum of Te(119mTe) is 
entirely different from that of S(119mTe) and Se(119mTe) 
and comprises a nar row single peak, as was described 
in our previous paper wi thou t detailed discussion.ü 

119Sb in Tellurium. T h e Mössbauer spectra of 
Te(119Sb) samples (A) coprecipitated, (B) sublimed, 
and (C) slowly recrystallized after fusion are shown in 
Fig. 2. T h e apparent ly single lines are slightly 
asymmetr ic and satisfactory fitting required two 
Lorentzians (Fig. 2). T h e numerical results are 
summarized in Tab le 2, together wi th the Mössbauer 
parameters of related compounds . It can be seen from 
the table tha t all of the spectra consist of two c o m m o n 
components : component I has a smaller isomer shift 
and II has a larger one, bu t in a different ratio. 

Discussion 

T h e m a x i m u m recoil energy associated wi th the EC 
decay of 119mTe was estimated to be 44 eV, which is 
larger than the displacement energy in a solid (ca. 
25 eV). Consequently, a par t of the 119Sb atoms are 
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displaced from the original site of 119mTe as a result of 
the decay. On the other hand, that of 119Sb (1.5 eV) is 
much smaller than the displacement energy and the 
119Sn atoms arising from 119Sb remain at the site of 
119Sb, unless it is chemically unfavorable for Sn. The 
estimation has been experimentally ascertained by 
emission Mössbauer studies on the binary compounds 
of Sn, Sb, and Te labeled with 119^Te or 119Sb.2> 

Sulfur(119mTe), Selenium(119mTe), and Tellurium 
(119mTe). Since the Mössbauer spectra of S(119mTe) and 
Se(119mTe) are distinctly different from that of Te 
(119mTe),1) it is evident that 119mTe is dissolved in 
elemental S and Se samples without segregation. Te 
enters Se or S substitutional^ as a dilute impurity and 
is covalently bonded to two S or two Se in respective 
molecular units.6-8) Therefore, in our emission 
Mössbauer measurement, observations are made on the 
chemical states of 119Sn arising via 119Sb from 119mTe 
situated at the substitutional site in S and Se. 

The dominant peaks in the spectra of Fig. 1 are 
ascribed to Sn(IV), based on their isomer shifts. A 
large quadrupole splitting was observed in the 125Te-
Mössbauer spectra of Teo.014So.986 and Teo.02Seo.98, where 
Te atoms are covalently bonded with two adjacent S or 
Se.8) However, no resolved splitting was observed for 
119Sn arising from the S(119mTe) and Se(119mTe) sam­
ples. The observation shows, even with due regard to 
the difference in nuclear quadrupole moments of 119Sn 
and 125Te, that local rearragement of the chemical 
structure occurs resulting in a much more symmetric 
configuration than that for Te during the successive 
decays of 119mTe to 119Sn via 119Sb. Although the isomer 
shifts are higher than those of SnS2 and SnSe2, the 
119Sn atoms are considered to be octahedrally coor­
dinated with S and Se atoms, respectively. The high 
isomer shifts are ascribable to the fact that the ligand 
anions are coordinated to only one Sn(IV) ion. A 
similar observation is reported concerning crystalline 
Se doped with 0.5 at % of 119Sn.9> 

The shoulders observed in the spectra of S(119mTe) 
and Se(119mTe) are assigned to the Sn(II) species bonded 
to S and Se. The Mössbauer spectrum of 119Sn (0.5 at %) 
in crystalline Se9) shows only a single line, suggesting 
that dilute Sn introduced in Se host is exclusively in 
the tetravalent state. Therefore, the shoulders observed 
for the S(119mTe) and Se(119mTe) samples are considered 
to originate in after-effects of EC decay. Namely, 119Sb 
ions arising from 119mTe are partly stabilized as 
119Sn(II) after decay. It is reported that 119raTe 
implanted in Si shows a similar spectrum comprising 
a main substitutional peak and a shoulder ascribed to 
defect structures.10) 

Te metal has a hexagonal structure comprising 
helical chains. An unbalanced p-electron distribution 
gives rise to a large quadrupole splitting in the 125Te-
Mössbauer spectrum.7) As we reported previously, 
however, Te(119mTe) gives a single peak, indicating a 

single 119Sn species in a highly symmetric local 
structure.x) Rots et al. reported a similar, but broader, 
spectrum for 119mSn implanted in a Te single crystal.11* 
They suggested that 119Sn atoms are in a nearly 
octahedral environment with six Te atoms, four of 
them belonging to the adjacent chains. Our observa­
tion shows that even the 119Sn atoms displaced from 
the original site of 119mTe replace another Te atom and 
take such a configuration. The absence of the 
119Sn(IV) species in Te(119mTe) metal is ascribed to the 
smaller electronegativity of Te compared with that of 
S and Se. A similar observation was made for 119Sn 
arising from 119Sb in antimony chalcogenides.1* 

119Sb in Tellurium Metal. Since 119Sn is not 
displaced in the EC decay of 119Sb, the lattice position 
of 119Sb before decay can be determined on the basis of 
the Mössbauer parameters of the daughter 119Sn. It is 
evident that 119Sb atoms are not segregated as Sb metal 
in Te, since the isomer shifts of components I and II 
are much different from that of 119Sb in Sb metal.x) 

Good agreement regarding the isomer shift of com­
ponent I with that of Te(119mTe) metal indicates that 
the corresponding 119Sb atoms are present as isolated 
single atoms dispersed within the matrix. Component 
II is assigned to microaggregates of 119Sb2Te3 since its 
isomer shift is close to that of 119Sb2Te3. 

The spectrum of a coprecipitated Te(119Sb) sample 
(Fig. 2(A)) shows that 119Sb atoms are dominantly 
dispersed as single atoms in the Te matrix, the rest 
forming microcrystals of 119Sb2Te3. The ratio is 
roughly retained after the process of sublimation (Fig. 
2(B)). However, component II, assignable to 119Sb2Te3, 
increases markedly upon slow recrystallization after 
fusion of the coprecipitated or the sublimed sample. 
This shows that a much greater chance of aggregation 
is given to 119Sb in the slower process of crystalliza­
tion, compared with those of coprecipitation and 
sublimation. 

We thank Prof. H. Sakai for discussion, Mr. Y. 
Iimura for carrying out powder X-ray diffraction 
measurements, Mrs. E. Tsukuda for her assistance, and 
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Effect of Poly(oxyethylene) Chain Length on Electrosorption 
of Hexa and Octa(ethylene glycol) Mono n-Dodecyl Ethers 

at the Polarized Nitrobenzene-Water Interface 
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Sakyo-ku, Kyoto 606 
(Received April 13, 1990) 

The interfacial tension at the interface between a nitrobenzene solution of 0.1 mol dm - 3 tetrapentyl-
ammonium tetraphenylborate and an aqueous solution of 0.05 mol dm - 3 lithium chloride has been measured as 
a function of the applied voltage across the interface at 25 °C in the presence of hexa- and octaethylene glycol 
monododecyl ethers, C12E6 and C12E8, in the nitrobenzene phase. Both C12E6 and C12E8 strongly adsorbed 
over the entire potential range of the polarized interface. The adsorption of C12E6 and C12E8 was stabilized by 
complex formation with Li+ ions in the aqueous phase, as is the case of C12E4 (T. Kakiuchi, T. Usui, and M. 
Senda, Bull. Chem. Soc. Jpn., 63, 2044 (1990).). The difference in the standard adsorption Gibbs energies between 
n=6 and 8, where n is the number of oxyethylene units, was twice as large as that between n=4 and 6, indicating 
that a chain length longer than 6 is preferable for the complex formation with Li+ ions at the interface. The 
surface activities of both C12E6 and C12E8 were markedly enhanced by a positive increase in the potential of the 
aqueous phase with respect to the potential in the nitrobenzene phase. This dependence of adsorption on the 
electrical potential difference indicates that the adsorbed C12E6 and C12E8 molecules behave as cationic 
surfactants, owing to the complex formation at the interface. 

It was recognized, even before the first report of 
macrocyclic crown ethers, ̂  that acyclic poly (oxyethyl­
ene) derivatives can form complexes wi th various 
ions.2»3) T h i s u n i q u e capabil i ty of the poly(oxyethyl-
ene) moiety has been the subject of numerous 
studies,3-10* wh ich have revealed that no t only poly­
ethylene glycol bu t also non ion ic surfactants hav ing a 
poly(oxyethylene) moiety as a hydrophi l ic moiety are 
capable of forming complexes wi th ions; this type of 
surfactant can function as a surface-active ionophore . 
In fact, polyethylene glycol alkylphenyl ethers have 
been utilized as extractants in l i qu id - l i qu id extrac-
t i o n 4 ' 5 ' 7 ' n ) and as ion exchangers in the selective 
detection of ions wi th ion-selective electrodes.12) T h e 
biological significance of this complexing ability of 
the non ion ic surfactants has also been poin ted out.9»13) 

In contrast, little has been kwown regarding the effect 
of the complexat ion of surfactants wi th ions on their 
interfacial activities, t h o u g h it is generally accepted 
that the adsorpt ion of surfactants at interfaces is one of 
the decisive factors in de termining various interfacial 
phenomena , e.g., emulsification.14) In an earlier stage 
of the study of non ion ic surfactants,15) the effects of 
electrolyte additives on the interfacial properties were 
main ly interpreted in terms of salt ing-in and salting-
ou t effects as well as the electrostatic shielding effect, 
wi thou t resort ing to the idea of surfactant-ion com­
plex formation at the interface. O n the other hand , 
surface and interfacial activities of surface active crown 
ethers have been investigated relatively recently in 
re la t ion to complex format ion wi th ions at inter­
faces.16-21) In a previous study us ing a polarized 
o i l -water interface we showed that the adsorbed 
tetraethylene glycol monododecyl ether, C12E4, forms 
at the interface a complex wi th a l i t h ium ion residing 

in the aqueous side of the interface; this complex 
formation led to a marked dependence of C12E4 
adsorpt ion on the potential d rop across the interface.22) 

T h e fact tha t the stability of the complex between the 
poly(oxyethylene) moiety and ions depends on the 
length of the oxyethylene un i t in methanol ic and in 
aqueous solutions4»5»7'9) motivated us to investigate 
the effect of the poly(oxyethylene) chain length on the 
electrosorption behavior of the non ion ic surfactants at 
the polarized oi l -water interface. In this communica­
t ion we present studies concerning the electrosorption 
of hexa and octa(ethylene glycol) m o n o n-dodecyl 
ethers, C12E6 and C12E8, at the polarized ni t roben­
zene-water interface us ing electrocapillarity measure­
ments. 

Experimental 

The interfacial tension was measured at 25+0.05 °C using 
a computer-aided pendant drop method.23»24) Details of this 
method were described elsewhere.22»24) The potential drop 
across the interface was controlled by a laboratory-made 
four-electrode potentiostat.22) Auxiliary measurements of 
the cyclic voltammetry were made in order to check the 
polarized range of the interface using a two-electrode cell 
with a flat nitrobenzene-water interface (area of 0.096 cm2). 
High-purity C12E6 and C12E8 were purchased from Nikko 
Chemicals (Japan) and used without further purification. 
Nitrobenzene was first distilled under reduced pressure and 
then treated with active alumina. Water was treated with 
a NANOpure II system (Barnstead, MA., USA) and then 
distilled from a potassium permanganate solution. Tetra-
pentylammonium tetraphenylborate, TPnATPB, was pre­
pared as described elsewhere.22) An aqueous solution of 
tetrapentylammonium chloride, TPnACl, was saturated 
with silver chloride. The TPnACl concentration was 
determined with a Potentiometrie titration of chloride ions. 
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Lithium chloride monohydrate (a Merck's Spurapur grade) 
was used without further purification. A nitrobenzene 
solution of TPnATPB containing various amounts of 
C12En (n=6 or 8) was shaken with an aqueous solution of 
lithium chloride overnight at 25 °C for ensuring partition 
equilibrium. The concentration of C12E8 in the aqueous 
phase in partition equilibrium with a nitrobenzene solution 
containing 100 mmol dm - 3 C12E8 was determined by using 
cyclic voltammetry; the current due to the transfer of 
C12E8-Li+ complexes from the aqueous to the nitrobenzene 
phase was monitored. The concentration of C12E8 in the 
aqueous phase was found to be 0.1 mmol dm - 3 , and was 
negligible in the analysis of electrocapillary curves using the 
electrocapillary equation.22) Since C12E6 is more lipophilic 
than C12E8, its concentration in the aqueous phase should 
also be negligibly small. 

Results 

T h e electrochemical cell used for the electrocapil­
lary curve and cyclic vol tammetry measurements is 
represented by: 

Ag 

II 

AgCl 

III 

0.02 M1> 

TPnACl 

IV 

0.1 M T P n A T P B 

+ 

x m M C 1 2 E n 

V 

0.05 M 

LiCl 

VI 

AgCl 

VII 

Ag 

(water) (nitrobenzene) (water) 

T h e interface between Phases IV and V is the polarized 
interface. T h e electrical potent ial difference between 
Phases IV and V was controlled us ing a four-electrode 
potentiostat.2 2 ) T h e potent ia l of the r igh t -hand side 
terminal of the cell wi th respect to the left is hereafter 
denoted as E. Cyclic vo l t ammograms recorded wi th 
this cell in the presence of 1 m m o l d m - 3 C12En (n=6 
or 8) in Phase IV are shown in Fig. 1. T h e current was 
taken to be positive when positively charged species 
were transferred from the aqueous to the nitrobenzene 
phase. T h e potent ia l w indow (i.e., the range of the 

Fig. 1. Cyclic voltammograms at the nitrobenzene-
water interface at 25 °C; 1: base solutions; 2: 1 mmol 
dm"3 C12E6; 3: 1 mmol dm"3 C12E8in nitrobenzene, 
scan rate=20 mV s_1. 

appl ied potent ia l in which no significant current 
passes t h ro u g h the interface and the interface can 
be polarized externally) was narrowed by current 
increase at the positive end of the window (Fig. 1). 
T h i s current can be ascribed to the transfer of l i t h ium 
ions from the aqueous to the nitrobenzene phase, 
facilitated by C12En (n=6 or 8),25) s imilar to the 
facilitated ion transfer wi th T r i t o n X.26) 

T h e interfacial tension was recorded at intervals of 
20 mV wi th in the potent ial w indow for eight different 
concentrat ions of C12En between 1 m m o l d m - 3 and 
100 m m o l d m - 3 (Figs. 2a and 2b). Figures 2a and 2b 
show that C12E6 and C12E8 lowered the interfacial 
tension over the entire range of the potential window. 
T h e degree of interfacial tension suppression is 
compared at 10 m m o l d m - 3 and 100 m m o l d m - 3 for 
n = 4 , 6, a n d 8 in Fig. 3. In Fig. 3 and the following, 
our previously reported data for C12E422) are included 
for a comparison. Figure 3 clearly indicates that an 
e longat ion of oxyethylene un i t enhances the adsorp­
t ion of C12En. T h i s trend accords wi th the adsorp­
t ion behavior of 2-[2-[4-(l,l,3,3-tetramethyl butyl)phe-
noxy]ethoxy]ethanol wi th different oxyethylene chain 
lengths at the isooctane-water interface,27) bu t is in 

t) M=mol dm"3 

Fig. 2a. Electrocapillary curves at 25 °C for the inter­
face between the nitrobenzene solution of 0.1 mol 
dm - 3 TPnATPB and aqueous solution of 0.05 mol 
dm - 3 in the presence of x mmol dm - 3 C12E6 in 
nitrobenzene: x=0(l), 1(2), 2(3), 5(4), 10(5), 20(6), 
30(7), 50(8), 100(9). 
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Fig. 2b. Electrocapillary curves for C12E8. x=0(l), 
1(2), 2(3), 5(4), 10(5), 20(6), 30(7), 50(8), 100(9). 

Fig. 3. Comparison of the electrocapillary curves for 
C12E4 (1,1'), C12E6 (2,2'), and C12E8 (3,3') at 10 (O) 
and 100 (•) mmol dm - 3 C12En in nitrobenzene. 

Fig. 4a. Dependence of surface excess of C12E6 on E 
at x=5(l), 10(2), 20(3), and 50(4). 

\ 

Fig. 4b. Dependence of surface excess of C12E8 on E 
at x=2(l), 5(2), 10(3), and 50(4). 

of interfacial tension, y, vs. logar i thm of the C12En 
concentra t ion, c^f2En> m the ni trobenzene phase at a 
given value of E showed no breaks, indicat ing the 
absence of appreciable micelle formation in the ni t ro-

contrast wi th the case of the adsorpt ion of poly(oxy- benzene phase u p to 100 m m o l d m - 3 C12En. For a 
ethylene) derivatives at the a i r -water interface.28) Plots calculat ion of the surface excess, f, y vs. log cgf2E« 
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curves were numerically differentiated with respect to 
log^c&En using the B-spline function. Data for the 
activity coefficients of C12En in nitrobenzene were not 
available; we equated the activity with the concentra­
tion of C12En in this evaluation of r. The resultant r 
values are plotted against E in Fig. 4a for C12E6 and in 
Fig. 4b for C12E8. In these figures a remarkable fact is 
that both 7"ci2E6 and £ci2E8 are strongly dependent on E 
and are increasing functions of E, as was the case of 
C12E4 adsorption.22) The adsorption isotherms at 
constant E were analyzed using the Langmuir iso­
therm, assuming that the adsorbed amounts of C12En 
were simply given by the r values. The maximum 
adsorption, r™, and the adsorption Gibbs energies, 
AG°, thus obtained, are shown in Figs. 5 and 6 as a 
function of E. The standard states for AG° are 
1 mol dm - 3 for the aqueous phase and full coverage of 
the interface for the adsorbed state; both of them refer 
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Fig. 5. Plots of the maximum adsorption vs. E for 
C12E4 (O), C12E6 (•), and C12E8 (3). 

to infinite dilution. T™ remained constant over the 
range of the potential window, while AG° negatively 
increased with a positive shift of E. 

Discussion 

Interestingly, the surface activities of C12E6 and 
C12E8 were markedly influenced by a potential drop 
across the interface (Figs. 4a and 4b). This dependence 
can be ascribed to a complex formation at the interface 
of the adsorbed C12En molecules with Li+ ions 
existing in the aqueous side of the interface, as we 
showed in a previous study of C12E4 adsorption.22) 

The AG° values at £=0.12, 0.24, and 0.30 V are plotted 
against the number of the oxyethylene units, n, in Fig. 
7. There are two conceivable factors which may lead to 
a negative increase in AG° with n: an increase in the 
hydrophilicity of the poly(oxyethylene) group and an 
increase in the complex-forming ability of the 
poly(oxyethylene) moiety with Li+ ions. Since the 
adsorption Gibbs energy of the poly(oxyethylene) 
derivatives at the air-water interface is little changed 
with n,28) the negative increase in AG° with an 
elongation of the poly(oxyethylene) moiety appears to 
be primarily attributable to an increased stability of 
the adsorbed molecules at the interface through 
stronger complexation with Li+ ions. Conductivity 
measurement of methanolic solution containing poly­
ethylene glycol dodecyl ether revealed that the critical 
chain length is 6—7 oxyethylene units for complex 
formation with Na+ and K+ ions.9) The results given 
in Fig. 7 exhibit the same trend. Similar conclusions 
have been reached in the solvent extraction studies of 
K+ ions into dichloromethane with noncyclic poly-
(oxyethylene) derivatives.4'5»7) 

Fig. 6. Dependence of AG? on E for C12E4 (O), 
C12E6 (•), and C12E8 (3). 

Fig. 7. Variation of adsorption Gibbs energies with 
the length of oxyethylene unit at £=0.12 (O), 0.18 
(A), and 0.30 (D) V. 
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The curves in Fig. 6 for C12E6 and C12E8 are almost 
superimposable on the curve for C12E4 by vertically 
shifting the curves by 2.4 and 3.8 kj mol -1 , respective­
ly. In a previous study we presented, based on the 
Gouy-Chapman theory, a model for the surface 
complexation which accounts for the dependence of 
AG° on the electrical state of the interface. According 
to this model, the larger the K value, the lower the AG° 
value and the greater the dependence of AG° on the 
excess surface charge density.22) The fact in Fig. 6 that 
the curvatures of the three curves are not much 
different from each other, while the AG° value 
decreases with n, suggests that other factors (e.g., the 
change in the polarizability of C12En molecules with 
n) should be taken into account. If we assume that the 
difference in AG° can be ascribed solely to the 
difference in the magnitude of the stability constant, 
K, of the C12En-Li+ complex at the interface, we can 
estimate that K values for C12E6 and C12E8 are about 
4- and 25-times greater than the K for C12E4, 
respectively. 

The constancy of r™ over the E range of the 
potential window suggests that the change in E does 
not induce a change in the orientation of the adsorbed 
molecules and that the effect of E on the surface 
activity is primarily manifested through AG°. The 
values of P11 were averaged over E and are listed in 
Table 1. Table 1 includes values of the area occupied 
by an adsorbed C12En molecule, A, calculated from 
the corresponding r™ values. Some literature values 
obtained at the air-water, air-formamide, and isooc-
tane-water interfaces are also included. Although an 
increase in A with n is a common tendency in columns 
III, IV, and V in Table 1, two distinctive features of the 
A values regarding the present results may be 
discernible. First, for a given C12En species, the 
obtained A value is almost twice as large as the others. 
Second, the rate of the increase in A with n is much 
greater than the corresponding rate at other interfaces. 
All data in column IV—VII were obtained in an 
electrolyte-free aqueous or formamide phase, whereas 
in the present case the aqueous phase contained 
0.05 mol dm - 3 LiCl. Therefore, these two differences 
probably reflect the difference in the conformation of 
poly(oxyethylene) moiety with and without the com­

plexation with Li+ ions at the interface. When the 
aqueous phase does not contain an appreciable 
amount of electrolytes, the A value for an adsorbed 
poly(oxyethylene) derivative is determined by the size 
of the poly(oxyethylene) moiety, which is supposed to 
be in a random coil.28) However, once a complex with 
an ion is formed at the interface, the size of the 
poly(oxyethylene) moiety would become enlarged 
through a change in the conformation after incorporat­
ing an ion. The area per adsorbed C12E6 molecule 
was estimated from the projected area of the CPK 
model32) of the hexa(oxyethylene) moiety encircling 
one Li+ ion. Indeed, a value of 1 nm2 was obtained 
when the plane of the ring of the hexa(oxyethylene) 
moiety was parallel with the interface. This value is 
significantly larger than the A values in columns IV— 
VII in Table 1, and is comparable to the A value for 
C12E6 obtained in the present study. 

The shift in the potential of zero charge, pzc, toward 
a more negative potential with increasing concentra­
tion of C12En (n=6 and 8) (Figs. 2a and 2b) is another 
indication of the presence of the C12En-Li+ complex 
at the interface. Although the Li+ ion, itself, does not 
specifically adsorb at the polarized nitrobenzene-water 
interface in the absence of surfactant adsorption,33) the 
adsorption of C12En with its poly(oxyethylene) 
moiety protruding into the aqueous side of the 
interface in effect gives rise to a "specific" adsorption 
of Li+ ion through complex formation. The positively 
charged layer thus formed at the interface should result 
in a shift of the pzc to a more negative potential. The 
specific adsorption of Li+ ions to the phospholipid 
monolayer also causes a negative shift of the pzc.34) In 
the case of the specific adsorption of a cationic 
surfactant at the polarized nitrobenzene-water inter­
face from the nitrobenzene phase, the pzc shifts to the 
opposite side.35) 

Several experimental facts supporting the modifica­
tion of the double-layer structure due to surface 
complexation have been reported. Lange36) found that 
the spread monolayer of a poly(oxyethylene) derivative 
at the air-water interface was expanded upon the 
addition of electrolytes in the subphase, which was 
referred to as being "unexpected and difficult to 
explain". The change in the surface potential to the 

Table 1. Parameters for the Adsorption of C12E4, C12E6, and C12E8 at Nitrobenzene-Water 
Interface at 25 °C and the Area Occupied by Poly(oxyethylene) Moiety at Other Interfaces 

n 

4 
6 
8 

AG°a
a) 

kj mol"1 

-9 .6 
-12.6 
-15.8 

rmxion a ) 

mol cm - 2 

2.0 
1.6 
1.3 

Ib> 

0.81 
1.04 
1.28 

IP) 

0.47 
0.52 
0.62 

A/nm2 

IIId> 

0.59 

IVe> 

0.48 
0.57 
0.64 

Vf> 

0.63 

a) At £=0.180 V. b) Present results, c) Air-water interface; data read off from Fig. 3 in Ref. 27. d) Air-water 
interface; data read off from Fig. 1 in Ref. 29. e) Isooctane-water interface; data read off from Fig. 9 in Ref. 27. 
f) Air-formamide interface; Ref. 30. 
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positive direction u p o n introduct ion of the poly-
(oxyethylene) derivative to the a i r -water inteface has 
also been reported.33) Al though these phenomena have 
been interpreted in terms of the or ientat ion of dipoles 
at the interface,36'37* the alternative model of the 
double layer wi th specific adsorpt ion presented in this 
study can well explain the observed trends. T h e effect 
of surface complexat ion on interfacial properties has 
recently been demonstrated clearly from the n-A 
curves, surface potent ia l , and zeta potent ia l measure­
ments at the o i l -water interface in the presence of the 
adsorpt ion of surface-active crown ethers.19_21) 
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The phase properties of dipalmitoylphosphatidylserine(DPPS) monolayer at a polarized nitrobenzene-
water interface have been studied by measuring the double-layer capacitance of the interface, Cdi, under precise 
control of the potential drop across the interface. When a saturated DPPS monolayer was in contact with an 
aqueous 0.1 mol dm - 3 LiCl solution, the Cdi took a value of 9.5 JLIF cm -2 . The presence of Ca2+ or Mg2+ at greater 
than 2 mmol dm - 3 in the aqueous phase induced a decrease in Cdi down to 1.5 JLIF cm -2, corresponding to the 
phase transition of the monolayer from a liquid-expanded to a condensed phase. The condensed DPPS 
monolayer was stable against a change in the applied potential across the interface between AQ</>=—0.14 and 
0.10 V, where Â </> is the potential of the aqueous phase with respect to that in the nitrobenzene phase. Cyclic 
voltämmetric measurements of ion transfer showed that the DPPS monolayer in the liquid-expanded state 
decreased the rate of C104~ transfer from the aqueous to the nitrobenzene phase, but did not affect the rate of 
tetramethylammonium ion, TMA+, transfer. This indicates the importance of the electrostatic interaction 
between the negatively charged DPPS monolayer and the transferring ions in determining the rate of ion 
transfer across the monolayer. In contrast, the condensed monolayer significantly diminished the rates of ion 
transfer for both TMA+ and ClO/T ions, suggesting that the presence of the condensed monolayer altered the 
rate-determining step and that the condensed monolayer exerted an additional hydrodynamic friction on the 
ion-transfer processes. 

T h e p h o s p h o l i p i d monolayer formed at the polariz­
ed o i l -water interface is a suitable model system for 
s tudying the electrical aspects of biological and 
artificial membranes , e.g., double-layer structure in 
the vicinity of the membrane-solut ion interface, specific 
interact ion of ions wi th membranes , and, in part i ­
cular, the charge-transfer processes across membranes . 
T h e advantage of the monolayer formed at the polariz­
ed o i l -water interface is that it is possible to accurately 
control the potent ia l d rop across the interface and, 
hence, to apply electrochemical techniques to charac­
terize the p h e n o m e n a associated wi th the electrified 
interface. 1»2) T h e electrochemical p h e n o m e n a at 
oi l -water interfaces had been seen as be ing a model of 
biological membranes already in the earliest stage of 
electrochemistry at o i l -water interfaces.3'4* Al though 
some p ioneer ing work on the electrocapillarity at the 
oi l -water interface in the presence of phospho l ip id 
adsorpt ion had been reported,5 - 7 ) electrochemically 
well-defined data on the phospho l ip id monolayers at 
the interface have become available only dur ing the 
last decade, after the establishment of the theoretical 
concept and exper imental methods of the polarized 
o i l -water interface.1 '8 '9* Since then, there have been 
several a t tempts to study the effect of phospho l ip id 
monolayers on the ion-transfer reaction across the 
interface.10-12 ) However, the propert ies of the m o n o ­
layers themselves formed at the polarized interface are 
not sufficiently unders tood to correctly interpret the 
observed behavior . Recent studies of the adsorbed 
monolayer of phosphat idylchol ines have revealed the 
fundamenta l propert ies of the monolayers at the 
polarized o i l -water interfaces by us ing interfacial 

tension13»14) and double-layer capacitance measure­
ments . 15'16) Phosphat idylser ine is one of the impor tan t 
consti tuents of biological membranes and, hence, has 
been the subject of extensive studies,17-30) especially in 
relat ion to the specific interaction of the phosphat idyl-
serine head g roup wi th cations, which can cause a 
drastic change in phosphat idylser ine-containing l ip id 
assemblies. T h e purpose of the present work was to 
electrochemically characterize the phosphat idylser ine 
monolayer at the polarized oi l -water interface and to 
elucidate the effect of the divalent-cation induced 
phase t ransi t ion of the monolayer on the ion-transfer 
processes across the interface. T h e present c o m m u n i ­
cat ion reports on the results obtained from the double-
layer capacitance and cyclic vol tammetry measure­
ments at the polarized nitrobenzene-water interface in 
the presence of an adsorbed DL-a-dipalmitoylphos-
phatidyl-L-serine, DPPS, monolayer. 

Experimental 

DPPS was obtained from Sigma Ltd. and was used 
without further purification. Tetrapentylammonium tetra-
phenylborate (TPnATPB) was prepared from tetrapentyl­
ammonium iodide and sodium tetraphenylborate and was 
twice recrystallized from acetone-ethanol mixture. An 
aqueous solution of reagent-grade tetrapentylammonium 
chloride (TPnACl) was treated with silver chloride to remove 
trace iodide ion. LiCl • H2O, CaCl2 • 4H2O (Merck, Spurapur 
grade) and Mgd2-6H20 (Merck, Pro Analysis) were 
dissolved in water to prepare the stock solution. The 
concentration of TPnACl solution was determined from 
Potentiometrie titration with a standard silver nitrate 
solution. Nitrobenzene was distilled under reduced pressure. 
The middle 60% of the distillate was shaken with active 
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alumina and then equilibrated with water after filtrating out 
the precipitates. Triply distilled water was used throughout 
the measurements. All other chemicals used were of reagent 
grade. 

The electrochemical cell is represented by: 

I 

Ag 

II 

AgCl 

III 
50 mmol dm - 3 

TPnACl 

(W) 

V 
(0.1-2a)moldm-3 

a mol dm"3 MC12 

(W) 

LiCl 

IV 
0.1 mol dm"3 TPnATPB 

* Hmol dm~3 DPPS 

(NB) 

VI 

AgCl 

VII 

Ag 
(I) 

where M denotes Ca2+ or Mg2+. The interface between 
Phases IV and V is the polarized nitrobenzene-water 
interface. The potential of the right-hand side of the cell 
with respect to the left, E, was controlled by means of a 
laboratory-made potentiostat similar in circuit design to that 
used by Osakai et al.31) In Cell (I) the potential of zero 
charge, Epzc, was 0.34V.14) The potential region positive 
(negative) to £pzc will hereafter be referred to as the positive 
(negative) branch. Since the surface potential at the pzc is 
small,9) the potential referred to £pzc can be taken as a 
convenient measure of the inner potential difference between 
the two phases, AQ</>, where the potential of the nitrobenzene 

phase is taken as a reference. Then, A^</>>0 in the positive 
branch and vise versa. A residual iR drop was compensated 
for by a positive-feedback method. In impedance measure­
ments, the d.c. potential was scanned from 0.20 to 0.44 V at 
5 mV s - 1 using a function generator (Hokuto Denko Ltd., HB-
104). An a.c. voltage of 5 mV peak-to-peak and 50 Hz from 
an RC Oscillator (Kikusui, ORC-11) was superimposed on 
the d.c. voltage. The real and imaginary parts of the output 
of a lock-in amplifier (NF Circuit Design Block Ltd., LI-
574A) were fed to a micro-computer (Fujitsu, FM-8), via a 
12-bit A/D converter equipped with a GP-IB interface 
(ADTEK System Sei., R-488AD type II). The double-layer 
capacitance was calculated from the imaginary component 
of the a.c. impedance.10 

The cell used for the a.c. impedance and cyclic voltammetry 
measurements was of the two-electrode type illustrated in 
Fig. 1. The electrodes were silver-silver chloride electrodes. 
A polarized nitrobenzene-water interface was formed at the 
upper part of the narrowed cylindrical portion in the middle 
of the cell. To obtain a flat interface, only the part of the 
inner surface of the cell lower than this interface was made 
hydrophobic by applying dimethyldichlorosilane vapor.32) 

The geometrical area of the interface was 0.196 cm2. One 
advantage of this type cell is that aqueous solution in the 
upper part of the cell can be renewed after the formation of 
the interface, even after the formation of a phospholipid 
monolayer. An aqueous solution of 0.05 mol dm - 3 tetrapent-
ylammonium chloride, TPnACl, was made to contact with 
the nitrobenzene phase through a glass frit at the bottom of 
the cell. All measurements were made at 25.0+0.05 °C. 

Fig. 1. Cell design used for impedance and cyclic 
voltammetry measurement. Wl: aqueous solution, 
W2: aqueous solution containing TPnACl, O: 
nitrobenzene solution, El and E2: Ag-AgCl 
electrodes, F: glass frit, SI and S2: silicone rubber 
stoppers, J: water jacket, R: nitrobenzene solution 
reservoir. 

30 

20 h 

10 

Fig. 2. Double layer capacitance vs. potential curves 
for the interface between 0.1 mol dm - 3 LiCl and 
nitrobenzene solution containing 0 ( ), 1 (O), 
2 (A), 5 (D), 10 ( • ) , and 20 (A)^moldm-3 

dipalmitoylphosphatidylserine. 
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30 h 

20 

10 h 

Fig. 3a. Double layer capacitance vs. potential curves 
for the interface between 0.05 mol dm - 3 MgCh and 
the nitrobenzene solution containing 0 ( ), 1 
(O), 2 (A), 5 (D), 10 (•) , and 20 (A) ^moldm"3 

dipalmitoylphosphatidylserine. 

o 

Fig. 3b. Double layer capacitance vs. potential curves 
for the interface between 0.05 mol dm - 3 CaCk and 
nitrobenzene solution containing 0 ( ), 1 (O), 
2 (A), 5 (D), 10 ( • ) , and 20 (A)^moldm-3 

dipalmitoylphosphatidylserine. 

Results 

T h e double-layer capacitance, Cdi, vs. £ curves at 
several concentrat ions of DPPS, CDPPS, in Phase IV at 
a=0 in Cell (I) are shown in Fig. 2. It typically took 
2 h to obta in the t ime-invariant value of Cdi, which was 
considered to indicate the adsorpt ion equi l ibr ium. 
T h e Cdi value was lowered wi th an increase in CDPPS 
and reached a sa tura t ion at CDPPS—20 umol d m - 3 . T h e 
m i n i m u m of the Cdi vs. £ curve was shifted from 
£=0 .29 V to 0.34 V by the formation of a saturated 
monolayer . T h e Cdi value at this m i n i m u m was 
9.5 uF c m - 2 . T h e Cdi vs. E curves are presented in Figs. 
3a and 3b at five different concentrat ions of DPPS, 
when the aqueous solut ion contained 0.05 mol d m - 3 

MgCl 2 or 0.05 mo l d m " 3 CaCl2 . T h e Cdi values at two 
different composi t ions of the aqueous phase, 0.1 mol 
d m - 3 L iCl and 0.05 mol d m - 3 MgCl2, are compared at 
£=0 .30 V in Fig. 4. As can be seen from these figures, 
the Mg 2 + and Ca 2 + ions drastically lowered the double-
layer capacitance down to 1.5/ /Fern - 2 when CDPPS—20 
umol d m - 3 . Moreover, Cdi became almost indenpen-
dent of £ over the 200 mV span ( -0 .14 V ^ A ^ ^ O . 10 V) 
of the polar izat ion range, when CDPPS was greater than 
10 umol d m - 3 . T h e Cdi vs. £ curves for Ca2 + and Mg2+ 
were a lmost identical wi th each other. T o check the 
effect of the divalent ion concentrat ion on the Cdi 
value, Cdi was measured u p o n chang ing the concentra­
t ion of C a C h or MgCh, whi le the total concentrat ion 

-DPPS / p mol dm" r3 

Fig. 4. Change in double layer capacitance with 
dipalmitoylphosphatidylserine concentration at 
£=0.30 V, when the aqueous phase is 0.1 mol dm - 3 

LiCl (O) or 0.05 mol dm"3 MgCl2 (D). 

of C I - ions was kept constant by adding an appro ­
pr ia te a m o u n t of LiCl . F igure 5 shows the Cdi values 
at £ = 0 . 3 0 V. T h e Cdi value was sharply decreased wi th 
divalent cat ion concentrat ion u p to 2 m m o l d m - 3 and 
remained unchanged wi th a further increase beyond 
2 m m o l d m - 3 ; the critical concentrat ion for giving a 
lower Cdi value was found to be 2 m m o l d m - 3 for bo th 
Ca2+ and Mg2+. 
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T h e effect of the presence of a D P P S monolayer on 
the ion-transfer processes was examined by measur ing 
the ion-transfer rate constants for the tetramethyl-

E 
o 

10 < 

5 

0 

2 A 

!o 2 
_J L 

A 

i 

25 50 

C M C l 2 / m m 0 l d m " 
r3 

Fig. 5. Effect of the divalent cation concentration on 
the double layer capacitance at £=0.30 V. MgCh (A) 
and CaCl2 (O). 

a m m o n i u m ion, TMA+, and the C104~ ion transfer 
from the aqueous to the ni t robenzene phase. For this 
measurement , after the formation of the monolayer , 
Phase V was replaced wi th an aqueous solut ion 
con ta in ing 0.5 m m o l d m - 3 TMAC1 or LiC104 by 
sucking an old solution and filling a new solution. 
T h i s procedure was repeated five times. It was 
confirmed from the shape of the Cdi vs. E curves before 
and after this procedure that this exchange of the 
solut ion did no t destroy the D P P S monolayer. T h e 
cyclic vo l t ammograms for TMA+ ion transfer in the 
absence and presence of the DPPS monolayer in 
contact wi th 0.05 mol d m - 3 CaCk, are shown in Figs. 
6a and 6b, respectively. There was no significant 
difference in the midpo in t potent ials before and after 
the in t roduct ion of the monolayer to the interface. 
T h e standard rate constant of ion tranfer was estimated 
from the variat ion of the peak separation wi th the 
sweep rate (10—200 mV s_1) u s ing a method proposed 
by Nicholson for quasi-reversible charge-transfer 
reactions.33 '34* Since the positive feedback method 
employed in the present study ensured that the 
uncompensa ted resistance was less than 10 Q35) and the 
current was always smaller than 50 |iA, the contr ibu­
t ion of the uncompensa ted resistance to the estimated 

Fig. 6a. Cyclic voltammograms for the transfer of 
tetramethylammonium ion from the aqueous phase 
to the nitrobenzene phase in the absence of the 
dilauroylphosphatidylserine monolayer. The aque­
ous solution contains 0.05 mol dm - 3 CaCb and 0.5 
mmol d m - 3 te t ramethylammonium chloride. 
Scan rate is 10(1), 20(2), 50(3), 100(4), and 200(5) 
mVs"1. 

Fig. 6b. Cyclic voltammograms for the transfer of 
tetramethylammonium ion from the aqueous to the 
nitrobenzene phase in the presence of a saturated 
monolayer of dipalmitoylphosphatidylserine. The 
aqueous solution contains 0.05 mol dm - 3 Ca CI 2 and 
0.5 mmol d m - 3 tetramethylammonium chloride. 
Scan rate is 10(1), 20(2), 50(3), 100(4), and 200(5) 
mV s"1. 
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Table 1. Effect of Ca2+-Induced Phase Transition 
of Dipalmitoylphosphatidylserine Monolayer 

on the Standard Rate Constants of Ion 
Transfer Across the Nitrobenzene-

Water Interface at 25 °C 

Ion 

TMA+ 
CIO4-

AsXlOVcms"1 

0.1 M LiCl 

Free DPPS 

1.9 1.7 (0.9)a> 
1.3 0.4 (0.3) 

0.05 M CaCl2 

Free DPPS 

1.9 0.3 (0.2) 
1.4 0.4 (0.3) 

a) The number in parenthesis indicates the ratio of the 
ks in the presence of DPPS monolayer over that in the 
absence of the monolayer. 

values of the standard rate constants is likely to be 
negligible. In the evaluation of the values of the 
standard rate constants, we assumed that the transfer 
coefficient was 0.5 and that the ratio of the diffusion 
coefficient of the ions in the aqueous phase was twice 
as large as that in the nitrobenzene phase. The 
standard rate constants obtained are summarized in 
Table 1. 

Discussion 

The Cdi value at the minimum of the Cdi vs. E curve 
for a saturated monolayer in contact with 0.1 mol dm - 3 

LiCl, 9.5|iFcm_2, is comparable with that of the 
dilauroylphosphatidylcholine, DLPC, monolayer at 
the nitrobenzene-water inteface,15) suggesting that the 
DPPS monolayer is also in a similar liquid-expanded 
state. This significantly high Cdi value, in comparison 
with that of bilayer lipid membranes, appears to be 
due to the penetration of solvent molecules, and, 
possibly, ions into the hydrocarbon chain part of the 
adsorbed DPPS monolayer,15) and may be seen as being 
a common feature of the monolayer in a liquid-
expanded monolayer at oil-water interfaces. On the 
other hand, DPPS forms a condensed monolayer at the 
air-water interface at room temperature.30) The 
difference in the phase behavior of DPPS monolayers 
at the air-water and nitrobenzene-water interfaces is 
attributable to a diminished cohesion between the 
hydrocarbon chains of the adsorbed DPPS molecules 
at the nitrobenzene-water interface, as is generally 
observed in the adsorption of lipids at oil-water 
interfaces.36'37) Moreover, the DPPS monolayer prob­
ably bears a net negative charge, since the pH in the 
aqueous solution of Phase V in Cell (I) was typically 
5.8, at which DPPS molecules are known to be 
negatively charged.30 In other words, the DPPS 
molecules should behave as anionic surfactants. This 
is, in fact, reflected by the shift of the capacity 
minumum on the Cdi vs. E curves to the more positive 
potential (Fig. 2), i.e., the adsorption of negatively 
charged DPPS molecules is stabilized in the positive 
branch. The increase in Cdi in the negative branch is 

likely to be attributable to the adsorption pseudoca-
pacitance associated with the partial desorption and/or 
reorientation of DPPS molecules from the interface. A 
similar increase in Cdi due to the desorption of 
phospholipids from the nitrobenzene-water interface 
has been observed for phosphatidycholine monolayers 
in contact with an aqueous LiCl solution15»16) and a 
dilauroylphosphatidylethanolamine, DLPE, mono­
layer in contact with an aqueous solution at pH=12.5.39) 

The electrostatic repulsion between the negatively 
charged DPPS molecules would also be responsible for 
the monolayer being in a liquid-expanded state. 
Although Li+ ions are known to induce a gradual 
crystallization of the phosphatidylserine bilayers,40_43) 

there appears to be no such condensation in the 
monolayer in the present system. 

Figure 5 clearly shows that the presence of Ca2+ or 
Mg2+ in the aqueous solution at higher than 2 mmol 
dm - 3 induces a phase transition. The low Cdi value of 
1.5 uF cm - 2 is twice as large as the capacitance value of 
bilayer lipid membranes,44) which is presumably two-
times thicker than the monolayer. Hence, this low Cdi 
value of the DPPS monolayer indicates that the 
nitrobenzene molecules and the ions are excluded from 
the monolayer and that the monolayer is in a liquid-
condensed or even a solid crystalline phase.27) There 
have been numerous studies on the divalent cation-
induced phase transition of phosphatidylserine as-
semblies,45_47) e.g., monolayers at air-water inter­
face,25'48-51) bilayer membranes,29) and vesicles.52-54) It 
has been found that the interaction of phosphatidyl-
serine assemblies with Ca2+ ions is usually stronger 
than with Mg2+ ion.29'47'55-57) However, the present 
results have shown that the effects of Ca2+ and Mg2+ on 
the phase transition of the DPPS monolayer were of 
the same magnitude, suggesting that the phase 
transition is essentially governed by an electrostatic 
interaction between the DPPS molecules and the 
divalent ions at the interface. This is in harmony with 
the observation that Mg2+-DPPS and Ca2+-DPPS 
complexes form similar bilayer structures.29) The 
threshold level of the divalent cation concentration 
necessary for causing the phase transition, 2 mmol 
dm -3 , agrees well with the fact that phosphatidylserines 
interact strongly with divalent metals at low concentra­
tions (10 -4—10~3moldm -3) in the presence of a 
physiological concentration of monovalent salts (10 -1 

mol dm_3).46) The stability of the condensed mono­
layer against the applied potentials conforms to the 
fact that the negative charges on DPPS molecules were 
effectively neutralized by the adsorbed divalent cations 
by forming a 2:1 complex.24'58* If the divalent cations 
and DPPS molecules form a 1:1 complex at the 
interface, the monolayer would be positively charged 
and a desorption of the complex would occur at the 
positive end of the positive branch, as is the case of 
cationic surfactants.59) 
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Table 1 shows that the influence of the DPPS 
monolayer on the ion-transfer processes clearly de­
pends on the state of the monolayer. In the liquid-
expanded state, the contribution of the hydrocarbon 
chain part of the monolayer to the rate-determining 
step seems to be very small, since the presence of the 
monolayer did not change the ks value for TMA+ ion 
transfer, the Stokes radius of which is grater than that 
of ClO/T (0.204 and 0.135 nm, respectively, calculated 
from the limiting ionic conductances in water at 
25 °C.) If the ion-migration process through the 
monolayer is a rate-determining step; the friction from 
the hydrocarbon part of the monolayer, if any, on 
TMA+ ions would be larger than on ClO/T ions. In 
fact, the results obtained from the DLPC monolayer 
have shown that in the liquid-expanded state having 
the capacitance of ca. 10 |iF cm -2, the area occupied by 
a phospholipid molecules at the interface is of the 
order of 0.7—0.9nm2;14'15) the solvent molecules 
occupy about one half of the area of the interface. 
Therefore, there is at the interface a free space large 
enough to pass the transferring ions without exerting 
any appreciable hydrodynamic drag on the ions. 
Then, the rate-determining step is probably the 
dehydration process of the transferring ions, as is the 
case of the ion transfer in the absence of the 
monolayer,35* and ks would not be very much affected 
by the presence of adsorbed DPPS molecules. 

In contrast, more than a three-fold decrease in ks was 
observed for ClO/T transfer, even when the DPPS 
monolayer was in the liquid-expanded state (Table 1). 
A most probable interpretation for this fact is the 
electrostatic repulsion between the transferring anion 
and the negatively charged DPPS monolayer, i.e., so 
called Frumkin's double-layer effect.60) Upon transfer­
ring, C104~ ions probably experience a repulsion from 
the negatively charged interface, resulting in a decrease 
in the effective surface concentration at the aqueous 
side of the interface, where a certain reaction plane 
presumably resides. A similar decrease in ks has been 
found in CIO**- transfer across a negatively charged 
DLPE monolayer.39) One may expect the acceleration 
of cation transfer at the same monolayer, if there exists 
the Frumkin effect on the ion-transfer processes across 
the monolayer. Unfortunately, owing mainly to the 
uncompensated solution resistance, the ks values in 
Table 1 approach an upper limit of the rate constant 
measurable in the cyclic voltammetry method and the 
possible acceleration may not have been detected for 
the TMA+ ion transfer in the present study. The 
double-layer effect on the ion-transfer reaction across 
bilayer lipid membranes has been studied mainly from 
a rather macroscopic point of view, e.g., the overall 
shape of current vs. potential curves.61) In our 
opinion, the double-layer effect exhibits its signifi­
cance primarily on the kinetic aspects of the ion-
transfer processes, as is the case of the electron-transfer 
processes at electrode-solution interfaces.60) 

Contrary to the case of the liquid-expanded mono­
layer, the condensed DPPS monolayer slowed down 
the transfer of both TMA+ and CIO4" ions(4th and 5th 
columns in Table 1). Since the monolayer is 
neutralized by the adsorbed divalent cations, the 
double-layer effect is obviously of minor importance. 
One of the most probable sources that influences the 
ion transfer, irrespective of the charge sign on a 
transferring ion, is ion transfer through the hydrocar­
bon chain part of the monolayer. In the course of the 
phase transition from the liquid-expanded to the 
liquid-condensed phase induced by divalent cations, 
the solvent molecules are squeezed out of the 
monolayer, as discussed above. Therefore, in this case 
the transferring ions must creep into the layer of 
hydrocarbon chains. In this migration process, the 
hydrodynamic interaction of transferring ions with the 
hydrocarbon chains, which is in a condensed or 
crystalline state, over a certain distance should become 
significant and, therefore, the size, rather than the 
charge sign, of the ion would be a determining factor. 
In fact, as can be seen in Table 1, the ratios of the rate 
constants in the absence and presence of the DPPS 
monolayer (Table 1 ), which may be seen as represent­
ing the degree of retardation of ion transfer, was 
significantly smaller for TMA+ ions than for C104~ 
ions, when the monolayer was in a condensed state. 

The observed change in the mechanism of the ion-
transfer processes seems to be of fundamental impor­
tance in reference to studies concerning the permeation 
processes of charged components through liposome 
membranes.62'63) The difference in the permeability of 
simple ions through bilayer lipid membranes has 
usually been discussed in terms of the partition 
coefficient of the ions between the lipid phase and 
aqueous solution, e.g., using the Born equation for 
solvation.64'65) It is to be noted that the difference in 
the partition coefficients is generally reflected in the 
equilibrium properties of ion transfer, i.e., the 
standard Gibbs energy of transfer between the two 
phases, which can be correlated with the experimental­
ly observed midpoint potential in Figs. 6a and 6b. 
The present result, that neither the liquid-expanded 
nor the condensed DPPS monolayer caused the 
appreciable shift of the midpoint potential, strongly 
argues that the kinetic barrier of the monolayer against 
TMA+ and C104~ ion transfer cannot be explained in 
terms of the equilibrium partion properties of these 
ions. It has recently been found that the change in the 
rate-determining step of ion transfer was induced by a 
change in the membrane fluidity of a liposomes 
composed of dimyristoylphosphatidylcholine and cho­
lesterol,60 which is in line with the present results. 
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Raman spectra of Csl3 and CS2I8 crystals were measured for the samples whose structures were carefully 
examined. The surface of CS2I8 samples was found to turn into Csl3 when they were kept in air. The heating 
effect of laser irradiation was shown to change the spectra of CS2I8 samples to those of Csl3. These results imply 
that diffusion of iodine molecules occurs in polyiodide crystals. Then, we monitored the reaction of Csl crystals 
with iodine vapor, and found that iodine makes the layers of Csl3 and CS2I8 on the surface of Csl crystals. It was 
also found that nearly free 13" ions are generated near the surface of samples during both the thermal 
decomposition of CS2I8 and the reaction of Csl with iodine vapor. 

Iodine forms polya tomic ions represented by In~ 
(n=3,5,7,---). These ions are called polyiodide ions 
and have been inferred to exist, for example , in a 
mixed solu t ion of KI a n d I2 in water.x) A variety of 
molecular conformat ions of polyiodide ions have been 
found to exist in solid states.2) R a m a n and Mössbauer 
spectroscopies have been shown to be useful in 
s tudying the structure of polyiodide ions.2) 

In the R a m a n spectroscopy of crystals con ta in ing 
polyiodide ions, the most serious prob lem is that the 
crystals have almost black colors and hence absorb the 
excitation-laser l ight. T h i s brings about an exper­
imenta l restriction that the excitat ion-l ight power 
m u s t be kept very low to avoid local hea t ing a n d 
decomposi t ion of the sample. T h e R a m a n measure­
ments on these crystals are also difficult because of the 
fact that the thickness, th rough which the excitation or 
scattered l ight can pass, is small. T h i s means that an 
observed spectrum reflects the structure near the 
surface which is sometimes different from that of the 
bulk . Therefore, we mus t be careful of the structure 
near the surface when we interpret R a m a n spectra of 
polyiodide crystals. 

In the course of a R a m a n study of Csl3 crystals, we 
were involved in a p rob lem of i rreproducibi l i ty of 
spectra. It was found later that the compos i t ion of the 
sample was sometimes no t of the expected Csl3 bu t of 
CS2I8, and that the surface of CS2I8 crystals was changed 
by exposure to air or by laser irradiat ion. T h e n , we 
studied carefully structures and R a m a n spectra of 
cesium polyiodide crystals. 

In this paper , we first report the R a m a n spectra of 
Csl3 and CS2I8 crystals whose structures were carefully 
examined. It is next shown that the spectra of CS2I8 
crystals are changed by the increase in the laser-light 
power. Another spectral change is shown to occur 
when Csl crystals are exposed to iodine vapor. These 
results indicate that the diffusion of iodine molecules 
easily occurs near the surface of iodide crystals. It is 
po in ted ou t that nearly free 13" ions are generated 
du r ing the process of the structural t ransformation 
near the surface. 

Experimental 

Csl (reagent grade, Yanagishima Pharmaceutical Co.) was 
used for syntheses without purification. Iodine (reagent 
grade, the same company) was purified by sublimation. Csi3 
was crystallized from an equimolar solution of Csl and I2 in 
ethanol.3) CS2I8 was synthesized from Csl and iodine in water 
in a sealed glass tube.4) Large colorless crystals of Csl were 
obtained from its aqueous solution by slowly evaporating 
water in nitrogen atmosphere at room temperature. 

Powder X-ray diffraction patterns of the samples were 
measured with a Rigaku 2027 diffractometer. Thermal 
properties were studied by differential scanning calorimetry 
(DSC) with a Du Pont 910 calorimeter. 

Raman measurements were carried out at room temper­
ature with the same apparatus as reported in our previous 
paper.5) The 514.5 nm radiation from an Ar+-ion laser was used 
as the excitation light except in the measurement on 13" ions 
in solution. The 441.6 nm radiation from an He-Cd laser 
was used in the latter measurement. Laser power was 
measured with a power meter, Japan Lasers Co., JLP-03. 
The geometry of back-scattering was used in the measure­
ments on crystalline samples, but the crystal faces of the 
samples were not identified. The scattered Raman light with 
all polarizations was collected. The spectrum of l3~ ions in 
solution was measured in a glass capillary using a methanol 
solution of KI and I2 with the concentrations of 0.7 and 
2X10-3 mol dm - 3 , respectively. The other conditions of the 
measurement will be described later individually. 

Results and Discussion 

Syntheses of Csfe and CS2I8 and Decomposition of 
CS2I8 in Air. It has been reported6) that Csl3 crystals 
were synthesized by the reaction between Csl and I2 in 
water wi th a little excess a m o u n t of I2. We first tried 
this me th o d to make Csl3. Some of the crystals thus 
obtained gave the R a m a n spectra reported for Csl3.2) 

However, we observed different spectra for some other 
crystals similarly obtained. We noticed that the latter 
spectra were similar to that reported for Cs2ls.7) It was 
verified by X-ray diffraction and DSC that most of the 
crystals obtained by the above synthesis were CS2I8. 
T h e n , it was inferred that the surface of CS2I8 turned 
in to Csl3 by exposure to air and that only the substance 
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near the surface contributed to the Raman spectra. 
To make sure the structure of the samples, we 

carefully prepared Csl3 and CS2I8 crystals by employ­
ing the synthesis methods described in the experi­
mental section. The powder X-ray diffraction patterns 
of the products (Patterns C and A in Fig. 1) coincided 
with the data calculated from the crystallographic data 
of Csl3 and CS2I8, respectively.3»4* Csl3 showed no 
anomaly in the DSC pattern below 210 °C, around 
which it decomposed giving an exothermic peak.t 
CS2I8 showed a small endo thermic peak around 140 °C, 
and then, it gave an exothermic peak around 210 °C 
similarly to Csl3. These thermal behaviors of Csl3 and 
CS2I8 are in harmony with the reported ones.4»6) 

We next studied the decomposition of Cs2i8 crystals 
by X-ray diffraction. Pattern A in Fig. 1 is for a freshly 
prepared powder sample of CS2I8, and B is for the same 
sample 30 min later. There appear some new peaks 
indicated by arrows in Pattern B. These are just the 
peaks attributed to Csl3 as seen in Pattern C. Thus, it 
was verified that CS2I8 crystals turn into Csl3 in air. 
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Fig. 1. X-Ray powder diffraction patterns recorded 
against the diffraction angle 20; A: freshly prepared 
sample of CS2I8, B: the same sample 30 min later, C: 
Csl3. 

This result is easily understood from the crystal 
structure of CS2I8 in which I2 molecular units exist 
between the l3~ units.4) These I2 units are inferred to 
sublime easily into air. Since the Raman spectra of 
such substances are dominated by the structure near 
the surface, we thus found the reason why we observed 
the spectra of Csl3 for the samples which had the 
strucutre of CS2I8 in the bulk. 

Raman Spectra of Csh and CS2I8 Crystals. The 
Raman spectra of Csl3 and CS2I8 crystals were 
measured for the samples carefully prepared as 
described above. To avoid the decomposition of the 
samples by the irradiation of laser light, the light 
power was kept at about 1 mW with a focusing radius 
of about 0.1 mm. In the case of CS2I8, in addition, the 
measurement was performed without taking the 
sample out of the glass tube for the synthesis. Figure 2 
shows the spectra thus obtained as well as the 
spectrum of l3~ ions in the solution. 

The Raman band at 110 cm"1 of the I3- ions in 
solution (Spectrum C) arises from the symmetrical 
stretching vibration, and the band around 220 cm - 1 is 
its bvertone.8) The bands of Csl3 (Spectrum A) around 
100 cm"1 and that of CS2I8 (Spectrum B) at 104 cm"1 are 

t The reaction between the aluminum container for the 
measurement and the iodine which evaporated from the 
sample is considered to have given the exothermic peak. 

160 280 
Wavenumber / c m " 1 

Fig. 2. Raman spectra of A: Csh, B: CS2I8, and C: 
a solution of KI and I2 in methanol. Spectrum C was 
measured with the 441.6 nm radiation from an He-
Cd laser. All other spectra were measured with the 
514.5 nm radiation of an Ar+-ion laser. 
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attributed to the corresponding modes. The bands of 
Csl3 around 140 cm - 1 and that of Cs2i8 at 146 cm - 1 are, 
on the other hand, attributed to the antisymmetrical 
stretching vibrations of l3~ units. These antisym­
metrical vibrations are Raman active because the l3~ 
units have highly asymmetric bond distances in these 
crystals.3'4* 

The band of Cs2i8 at 170 cm - 1 is attributed to the I2 
unit inserted between two l3~ units. The wavenumber 
of this band is smaller by 10—19 cm - 1 than the 
corresponding bands of the iodine crystal.9) This 
implies that the I2 unit in the CS2I8 crystal slightly 
bears negative charge, and is in accordance with the 
longer bond distance of I2, 2.83 Â,4) than that in the 
iodine crystal, 2.715 Â (at 110 K).10> The features of the 
spectra of CS2I8 were reproduced with samples immers­
ed in carbon tetrachloride which was nearly saturated 
with iodine. This verifies that Spectrum B in Fig. 2 is 
not affected by the heating effect of laser light. 

The splittings of the bands of Csl3 are explained in 
terms of the strong interactions between the I3" units 
in this crystal.3) The corresponding splittings of CS2I8 
are not observable at room temperature. This is in 
harmony with the fact that the interaction between 
two Ï3~ units is blocked by the central I2 unit.4) The 
Raman spectra of Csl3 and CS2I8 crystals shown in Fig. 
2 are essentially the same as those reported for these 
crystals,2'7* although nothing has been described about 
the detail of the samples in these papers. 

Change in Raman Spectra of CS2I8 Samples with 
Increase in Excitation Laser Power. As previously 
described, we sometimes observed strange spectra for 
CS2I8 samples. To clear up the cause of this, we 
measured the spectra of CS2I8 crystals by changing the 
incident laser power. These measurements were 
carried out without taking the samples out of the glass 
tube. The light powers indicated below are corrected 
for the attenuation by the glass wall. Figure 3 shows a 
representative series of the results. 

Spectrum A obtained with a laser power of 1.2 mW 
is essentially that of CS2I8, although the intensity of the 
146 cm - 1 band is relatively small compared with those 
of the 104 and 170 cm - 1 bands. The band observed at 
213 cm - 1 is a resonance fluorescence band of I2 vapor11} 

which is considered to have existed in the glass tube. 
When the laser power was increased to 1.9 mW, the 

spectrum suddenly changed showing a strong band at 
110 cm - 1 (Spectrum B). Judging from the high 
intensity of its overtone similar to Spectrum C in Fig. 
2, Spectrum B in Fig. 3 is considered to arise from I3-
ions with almost a symmetric structure. If l3~ ions 
were accommodated in some regular crystal lattices 
containing Cs+ ions, they would tend to have distorted 
structures such as are in fact seen in Csl3 and CS2I8 
crystals. Therefore, the l3~ ions giving Spectrum B in 
Fig. 3 may be rather free Ï3~ ions in a disordered region 
generated by the heating effect of the laser light. 
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Fig. 3. Change of Raman spectra of a CS2I8 sample 
with the increase of the incident laser power; A: 
1.2 mW, B: 1.9 mW, C: 2.2 mW, and D: 3.3 mW. 

However, these 13" ions are considered not to be as free 
as in solutions, since they seem to show a resonance 
Raman effect with the 514.5 nm excitation. This 
inference is based on the fact that symmetric 13" ions in 
many crystalline substances show the resonance 
Raman effect at 514.5 nm12) while those ions in 
solutions do not show this effect prominently at this 
wavelength.8) 

On increasing the laser power to 2.2 mW, we 
observed Spectrum C in Fig. 3 which is similar to that 
of Csi3 (Spectrum B in Fig. 2). Therefore, the iodine 
content in the laser-irradiated region is considered to 
have decreased by losing the I2 units of the CS2I8 
crystal. The spectrum was broadened as shown by 
Spectrum D when the laser power was increased to 
3.3 mW. At this stage, the laser-light scattering from 
the sample surface became unstable, which suggests an 
unstable local structure of the surface. No repro­
ducible spectrum was obtained after this. 

The above evolution of Raman spectra of Cs2is 
samples by the increase in the laser power was almost 
reproducible, although the laser power at which each 



3280 Kazumasa ODAGI, Hideyuki NAKAYAMA, and Kikujiro ISHII [Vol. 63, No. 11 

spectral feature was observed was different for different 
samples, probably depending on the surface state 
and/or the condition of the laser forcusing. Thus, we 
verified another reason why we sometimes observed 
irreproducible Raman spectra for polyiodide crystals 
when we were not careful enough about the condition 
of the laser irradiation. The above results are also 
important in that they indicate that the diffusion of I2 
molecules occurs rather easily in polyiodide crystals 
and that nearly free Ï3~ ions appear during the 
structural transformation of the polyiodide lattices. 

Diffusion of I2 Molecules into Csl Crystal—In Situ 
Observation by Raman Spectra. Since it was found 
that the diffusion of I2 molecules occurs rather easily 
near the surface of polyiodide crystals, we next tried to 
monitor their diffusion into Csl crystals. The 
experiment was performed using an evacuated glass 
tube with two parts separated by a breakable seal made 
of a thin glass capillary. A large colorless crystals of 
Csl and a powder of iodine were set separately in these 
two parts. A Raman measurement was performed in 
situ through the glass wall. The laser power was 

CO 
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40 160 280 
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Fig. 4. Evolution of Raman spectra of a Csl sample 
exposed to iodine vapor; A: before the start of the 
reaction; B: 4h, C: 12 h, and D: four months, after 
the start, respectively. Spectra A, B, and C were ob­
tained with a laser power of 1 mW, while Spectrum 
D was obtained with that of 0.4 mW. 

about 1 mW except for the measurement of the final 
spectrum. Figure 4 shows the spectra thus obtained. 

The original Csl crystal does not give Raman bands 
due to its symmetry as shown by Spectrum A. The 
reaction between the Csl crystal and iodine vapor was 
initiated when the breakable seal was broken. Then, 
the Csl crystal started to color. First, it was pale 
yellow, and a small band appeared at 110 cm -1 . Its 
intensity continued to increase as shown by Spectrum 
B (4 h after the start). After this, new bands appeared 
in the 100 and 140 cm - 1 regions, and the band at 
110 cm - 1 began to decrease its intensity. Spectrum C 
shows the state of the sample 12 h after the start. The 
spectra which were dominated by the bands in the 100 
and 140 cm - 1 regions were observed for a long time 
even four months after the start as far as we used a laser 
power of 1 mW. However, with a smaller laser power 
(0.4 mW), we observed Spectrum D four months after 
the start. 

The 110 cm - 1 band seen in Spectrum B in Fig. 4 is 
obviously attributed to the symmetric I3 - ions (Spectrum 
C in Fig. 2) which are not fixed in the cesium iodide 
lattice. These ions are considered to be produced by 
the reaction between I - in Csl and the adsorbed I2 
molecules. The color change from colorless to brown 
is explained in terms of the production of I3 - ions. 

The new bands seen in Spectrum C are obviously the 
same as those seen for the CsÏ3 crystal (Spectrum A in 
Fig. 2). Therefore, the spectral change from B to C 
implies that a regular lattice of CsÏ3 was built when a 
certain amount of I3 - ions were produced on the 
surface of the sample. Such a layer of CsÏ3 is 
considered to increase its thickness as I2 molecules 
diffuse into the bulk of the Csl crystal. 

Spectrum D in Fig. 4 is almost the same as that of 
CS2Ï8 (Spectrum B in Fig. 2) except the band at 
213 cm - 1 arising from the fluorescence of iodine 
vapor.n) Since the Raman light was focused at a small 
orifice before it was introduced into the monochro-
mator, this fluorescence came from iodine vapor near 
the forcusing point of the sample surface. By our 
experience in the experiment on the laser-power 
dependence of the spectra, the very sensitive laser-
power dependence at this stage is considered to 
indicate that a very thin layer of CS2I8 had been 
developed on the surface. 

By cleaving the sample four months after the start, a 
black layer with a thickness only of several ten microns 
was found to have been produced on the surface. This 
layer is considered to be made mainly of Csl3. Then, 
the thickness of the CS2I8 layer which had been 
produced on the top of the sample surface is inferred to 
be the order of micron. 

The absorption of halogen gases by alkali-halide 
crystals has been studied by weighing the mass of 
samples, and the absorption rate of iodine has been 
found to be very small.13) Our results qualitatively 
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confirm these observations. However, the impor tance 
of our results is that the reaction at the crystal surface 
was moni tored by observing R a m a n spectra, and that 
the genera t ion of nearly free l3~ ions was found to 
occur in the ini t ia l stage of the reaction between Csl 
and iodine vapor. These Ï3~ ions are considered to be 
placed in a disordered envi ronment and gradual ly 
make the crystalline layer of Csl3. T h e n , a th in layer of 
CS2I8 is considered to be made finally when the supply 
of iodine vapor exceeds the diffusion of iodine in to the 
bu lk of the sample. T h e fact that the fluorescence of 
iodine vapor was observed under the condi t ion in 
wh ich the spectra of CS2I8 were observable (see also 
Spectrum A in Fig. 3), supports this inference on the 
steady state of the iodine vapor pressure near the 
focusing point . 

T h e authors thank Professor Masahiro Kotani for 
pe rmi t t i ng them to use the He-Cd laser. They also 
thank Ms. H i t o m i Watanabe and Mr. Gako Araki w h o 
checked the reproducibil i ty of the reaction between Csl 
and iodine vapor. T h e X-ray and thermal measure­
ments were carried ou t at Ins t rument Center, Insti tute 
for Molecular Science. 
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The structures of titanium(III) and (IV), as well as vanadium(II), (III), and (IV) ions in aqueous solutions 
were investigated by the use of EXAFS (Extended X-ray Absorption Fine Structure) and XANES (X-ray 
Absorption Near Edge Structure). The Ti IV ion in a sulfuric acid solution was found to form a -T i I V -0 -Ti I V -
chain structure which is known to be present in the TiOS04-2H20 crystal. The XANES spectrum of a 
mixed-valence complex, Ti I I I_IV, in solution agrees with the sum of the individual XANES spectra of Ti111 and 
TIIV, indicating a retention of individual oxidation states and coordination structures. While the peaks 
pertaining to T i -T i and V-V interactions were observed in the EXAFS Fourier transform spectra for TiIV in a 
sulfuric acid solution and for V111 in a hydrochloric acid solution, the mixed-valence complex, Ti i n _ I V , did not 
show the T i -Ti peak. 

T i t a n i u m exhibits two oxidat ion states, Ti111 and 
Ti I V , in an acidic solut ion. Informat ion concerning 
the structure of Ti111 could be obtained by UV-visible 
absorpt ion spectroscopy and ESR,X) o w i n g to its 3d 
electron. However, the means for s tudying Ti I V is 
rather l imited, since it has no d electron. T h e h igh 
charge-to-radius ratio of T i I V prevents the formation of 
s imply hydrated T i I V ion like [Ti(H20)6]4+.2> A simple 
structure of T i 0 2 + does not exist in the T i O S O ^ t ^ O 
crystal either, t h o u g h zigzag - T i - O - T i - chains wi th 
S042~ a n d H2O coord ina t ing to T i have been found in 
the crystal phase.3 ) It is not certain whether the chain 
structure remains in solut ion. 

Mix ing blue-violet Ti111 and colorless T i I V solutions 
produces a mixed-valence complex, T i I I I _ I V , wi th a 
brown-violet color. T h e T i I I I _ I V complex in con­
centrated H C l has been studied in some detail by 
J0rgensen.4 ) F rom the formation constants of Ti111 and 
T i I V chloro complexes, he has suggested that the 
complex m i g h t be a d imer of the form of [TimCl] 2+-
[Ti IVCl6]2~. In a 20% sulfuric acid solut ion, the 
existence of a 1:1 T i m - T i I V complex has also been 
reported.5) However, a structural model for it has 
never been proposed. 

V a n a d i u m ion exists in acidic solut ion wi th the 
oxidat ion states of (II) to (V). T h e i r coordinat ion 
structures in acidic solut ion can be qui te different. For 
example , the VIV ion is considered to have one double-
b o n d i n g oxygen a tom, and V11 and V111 ions form 
octahedral h e x a a q u a complexes. Whi le the V111 ion 
exhibits a blue-green color in an H2SO4 solut ion 
(known to exist as a monomer) ,6 ) it exhibits a b rown 
color in an H C l solut ion. An analogous b rown species 
was reported to appear as an intermediate species 
du r ing a reaction between V11 and VIV in an aqueous 
Perchlorate solut ion and has been confirmed to be a 
dimeric species, such as VOV4+, by means of UV-

visible spectroscopy.7) These T i and V complexes 
ment ioned above behave in a very complex manner in 
solut ions. The re remains m u c h to be done in order to 
clarify the structures of these complexes in solut ions. 
In recent years, EXAFS (the extended X-ray absorpt ion 
fine structure) spectroscopy has proved to be a 
powerful tool for studies of metal complexes in 
solution.8 ) 

In this paper we report on the structural chemistry 
of Ti I V , Ti111, and their mixed valence complex, 
Tini- iv, by us ing EXAFS and XANES techniques. 
Fur thermore , the structures of hydrated VIV, V111, and 
V11 ions in acidic solutions are discussed. UV-visible 
absorpt ion spectra and R a m a n scattering spectra are 
included when necessary. 

Experimental 

Aqueous solutions of TiIV were prepared by dissolving 
Ti(S04)2-4H20 into 4M H2SO4 (M=mol dmr3). A 0.75M 
Ti111 solution was prepared by two methods. One was the 
dissolution of 99.9% Ti metal into 4M H2SO4 in an 
atmosphere of nitrogen gas. The other was an electrolytic 
reduction of a Ti IV solution. They were spectroscopically 
identical. The solution of a mixed-valence complex, 
Ti I I I _ I V , was prepared by mixing solutions of Ti111 and of 
Ti IV under an atmosphere of nitrogen gas. 

Solutions of IM VIV ion were prepared by dissolving 
VOS04-5H20 into IM H2SO4 and VOCI2 into IM HCl 
aqueous solutions. The sample used as VOS04#5H20 
crystals was thermogravimetrically analyzed to have 5.7H2O. 
A solution of low-valence V11 was prepared by an electrolytic 
reduction of the VIV solution. A solution of V111 was 
prepared by mixing equal amount of V11 and VIV solutions. 
Since these low-valence state ions in solution are very 
sensitive to air, all of the procedures were performed under a 
nitrogen gas atmosphere. The solutions were placed in a 
polyethylene pouch for measurements of the X-ray absorp­
tion spectra. An X-ray path length of 0.5 mm was used in 
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order to obtain optimum absorption at the Ti or V K-edge in 
the presence of interference absorption by coexisting SC>42~ 
or Cl~ ions. Crystals were ground into fine powders and 
sandwiched between adhesive tape. 

X-Ray absorption spectra measurements were performed 
at BL-7C of the Photon Factory in the National Laboratory 
for High Energy Physics. An Si( l l l ) double-crystal 
monochromator was used. The electron storage ring was 
operated at 2.5 GeV with a beam current of 120—190 mA. In 
order to reduce the absorption of X-rays by air in the optical 
path, the exit window of the monochromator, Io-detector, 
sample, and I-detector were placed as close as possible. The 
gas for the ionization chambers of the detectors was a 
mixture of 70% He and 30% N2. A short-path-length 
chamber of 5.5 cm was used for the Io-detector. The 
measurements were performed at room temperature. 

The EXAFS oscillation spectra, X(k), were extracted from 
the raw absorption spectra and were Fourier transformed 
according to a procedure described elsewhere.9) Here, k is the 
photoelectron wave number. Fourier transformations were 
performed over the range &=41.5—154 n m - 1 (4.15—15.4 
Â -1). The window function was not used in order to gain the 
highest resolution possible, although this gave some side 
peaks due to a trancation effect. The values of back-
scattering amplitude and phase shift, calculated and 
parameterized by Teo and Lee,10) were used. The Fourier 
transformations were performed by using the parameters for 
the absorbing metal and the scattering oxygen atom. 
Therefore, the peak positions corresponding to metal-metal 
bonds in the Fourier transforms did not indicate the correct 
bond distances. 

Results and Discussion 

I. Titanium. UV-Visible Absorption Spectra. T h e 
UV-visible absorpt ion spectra of (a) Ti111, (b) T i I I I - I V , 
and (c) T i I V in sulfuric acid solut ion are shown in Fig. 
1. T h e Ti111 so lut ion exhibits a peak at 527 nm. If a 
colorless T i I V so lut ion is added to the Ti111 solution, 
the peak shifts to 472 n m and its intensity increases 
significantly. Once the T i I I I _ I V s toichiometry is 

v- N - " (c) 
I 1 x ' — « * • 1 1 
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Fig. 1. UV-visible absorption spectra for 0.75 M Ti 
ions in 4M H2SO4 solutions, (a) Ti»1, (b) Ti m - I V , 
and (c) Ti I v . 

1 1 1 1 1 1 1 1 1 
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Fig. 2. XANES (A) and pre-edge (B) spectra of Ti It-
edge for (a) T i 0 2 (anatase), (b) TiOS0 4 ' 2H 2 0, and 
0.75 M solutions of (c) TiIV, (d) Ti1», and (e) Ti i n- I V , 
all in 4 M H2SO4 solutions, (f) is the sum (average) 
of the spectra of (c) and (d). 

at tained, any further addi t ion of T i I V gives no peak 
shift and reduces the peak height . T h e absorpt ion at 
472 n m by T i I I I _ I V is due to an intervalence transit ion. 
T h e appearance of the intervalence peak indicates that 
the Ti111 a n d T i I V ions form either dimer or polymers. 

XANES. XANES spectra of T i K-edge are shown 
in Fig. 2 for powdered crystals of (a) TiÛ2 (anatase) 
and (b) T i O S 0 4 ' 2 H 2 0 , and solut ions of (c) Ti™, (d) 
Ti111, and (e) T i I I I _ I v . Figure 2(B) shows only the pre-
edge regions. Th ree pre-edge peaks for T i 0 2 (a) have 
been assigned to (A) a Frenkel exciton peak, a n d 
t ransi t ions from Is (B) to 3d(t2g) and (C) to 3d(eg).n ) In 
the spectra for (b) and (c), the latter two peaks ( l s -3d 
transit ions) are strong. In spe t rum (c) peak A appears , 
t h o u g h it is weak; this indicates the presence of 
Frenkel exciton, even in solut ion, since it localizes on 
a T i a tom. Now, one may compare the XANES 
spectra in order to obta in informat ion about the 
s tructure of T i I V in solut ion. It is obvious that spectra 
(b) and (c) in both Figs. 2(A) and 2(B) are perfectly 
identical . T h i s means that the coordinat ion structure 
of T i I V in a sulfuric acid so lu t ion mus t be similar to 
that in the T i O S 0 4 * 2 H 2 0 crystal. T h e structures are 
further discussed later in the EXAFS section. 

In spectrum (d) for the Ti111 solut ion the pre-edge 
peaks corresponding to l s -3d transit ions are very 
small . As observed in vanad ium compounds by W o n g 
et al.,12) the existence of a center of inversion in Oh 
symmetry does not allow the l s -3d type transit ions. 
T h u s , the XANES spectra for T i ions in solut ion 
indicate that the shape of the Ti111 ion is closer to Oh 
symmetry than that of T i I v . 

As already ment ioned, the mixed-valence complex 
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Tiin-iv exhibits a new absorption peak in the visible 
region. The new peak does not have any components 
in either the spectrum of T i m or Ti I v . On the other 
hand, the XANES (e) of Ti™-™ in Fig. 2 is quite 
similar to the sum of the spectra of (c) Ti IV and (d) 
T i m . For the sake of convenience, the sum spectrum 
(f), [(c)+(d)], is included in Fig. 2(A). It thus becomes 
clear that the spectra of (e) and (f) are in perfect 
agreement over the entire energy region of XANES. 
This suggests that the individual coordination struc­
tures of Ti111 and Ti IV remain unchanged in the Ti I I I_ IV 

complex in solution. Further, the ls-3d(t2g) peak of 
Ti IV appears in the spectrum of Ti I I I _ I V at the same 
energy. This is in contrast with the result regarding 
vanadium12) in which the ls-3d peak shifts, depending 
on the valence states of (III), (III-IV), and (IV). In the 
present case of the Ti I I I _ I V complex, the valences of 
Ti111 and Ti IV are distinguishable and a 3d electron is 
localized at the Ti"* site in Ti»1"™. The Ti"i- iv 

mixed-valence complex in sulfuric acid is therefore 
regarded as being class II according to a classification 
scheme by Robin and Day.13) 

EXAFS. Figure 3 shows the Fourier transforms of 
EXAFS of the Ti K-edge for (a) T iOS0 4 ' 2H 2 0 crystals, 
and solutions of (b) Ti*v, (c) Ti"i, and (d) Ti"i-iv . A 
crystallographic study3) indicated that the TiOSO^KbO 

takes a zigzag chain structure, Ti^O l l 0 < n , in 
which the T i -O-Ti unit is linear. The distances of 
T i -O and T i -T i in the - T i - O - T i - chain have been 
reported to be 180 and 360 pm, respectively.® The 
other four oxygen atoms coordinate to a Ti atom 
whose Ti -O distances are 193—201 pm.3) 

The peaks shown in Fig. 3(a) at 200 and 349 pm are 
regarded as corresponding to the T i -O bonds, includ­
ing bridging oxygens and others, and to the T i -T i 
bond, respectively. 

It is remarkable that the peak corresponding to the 
T i -Ti distance is present at 351 pm in spectrum (b) of 
Ti IV in solution as well. The peak for T i -O bonds 
appears at the same position, 200 pm, as that for 
T iOS0 4 ' 2H 2 0 crystals. The XANES spectra for 
TiOS04*2H20 and Ti IV solutions also support the 
idea that the Ti IV coordination structures in these 
media must be quite similar, as already mentioned. 
The detection of the long Ti -Ti bond is possibly due 
to an enhanced forward-scattering effect of an inter­
vening oxygen atom. 

In Fourier transform (c) of the Ti111 solution, the 
T i -O peak appears at 212 pm; there is no peak 
corresponding to a T i -Ti interaction. 

It has been estimated from the UV-visible absorp­
tion spectra that dimeric or polymeric species must 
exist in a Ti I I I _ I V solution. Similar mixed-valence 
complexes have been known to exist in the cases of 
[V-0-V]4+7> and [Cr-0-Cr03]+.14) If the T i -Ti 
interaction exists in a Ti I I I _ I V solution, in the form of 
T i -O-Ti , analogous to the structure in the Ti IV 

0 100 200 300 400 500 

R / pm 

Fig. 3. Fourier transforms of Ti K-edge EXAFS for 
(a) TiOS04'2H20, and 0.75M solutions of (b) TiIV, 
(c) Ti"1, and (d) Tim-IV, all in 4M H2SO4 solutions. 

solution, the distance of T i -T i should be about 
360 pm. In Fourier transform (d) of the T i m - I V 

solution, however, no peak corresponding to the 
T i -T i interaction was observed. The Ti -O bonds in 
the mixed-valence complex gave a peak at 207 pm, 
which is the average of those for Ti111 and Ti Iv . 

II. Vanadium. XANES. The XANES spectra for 
various oxidation states of vanadium ion in solutions 
are shown in Fig. 4. Since the ls-3d transition is 
dipole-forbidden, the intensity of the pre-edge peak 
must be weak in an octahedral VOe system. This is the 
case for (b) V111 or (c) V11 in solution. On the other 
hand, the pre-edge peak of (a) for VIV is significantly 
strong. This must be the result of a deformed structure 
of the VIV ion from Oh symmetry. It has been reported 
that the VIV ion in a VOSO^KbO crystal coordinates 
four H2O molecules in a plane (the V-O lengths are 
distributed between 203—231 pm), one double-bond­
ing oxygen at 167 pm and one oxygen atom of S042~ 
ion at 185 pm by X-ray diffraction analysis.15) There­
fore, the structure is not of Oh symmetry and the pre-
edge absorption becomes dipole-allowed due to a 
combination of strong 3d-4p mixing and overlap of 
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Fig. 4. XANES spectra for 1 M solutions of (a) VIV, (b) 
V"1, and (c) V11 in 1 M H2SO4 solutions. Dashed line in 
(a) is for VOS04'5H20. Dashed line in (b) denotes 
that in 1 M HCl solution. 

the metal 3d orbitals with the 2p orbitals of the double-
bonding oxygen atom. The XANES spectra of VIV in a 
H2SO4 solution (solid line in Fig. 4(a)) and VOS04 '5H20 
crystals (dashed line) are different. The EXAFS spectra 
of VIV in solution and crystals are also different and 
are treated in the next section. 

The XANES spectra of V»1 in an H2SO4 solution 
(solid line) and in an HCl solution (dashed line) in 
Fig. 4(b) are slightly different. There is a shoulder at 
5476 eV only in the spectrum for an H2SO4 solution; 
the H2SO4 solution displays a stronger oscillation in 
the region of 5483—5520 eV. This must be due to a 
difference in structures of V111 in these solutions, as is 
discussed in the next section. 

EXAFS. The Fourier transforms of the EXAFS for 
the VIV ion in solid and in solution are shown in Fig. 
5. The peaks at 170 pm and 201 pm correspond to the 
distances from VIV to a double-bonding oxygen atom 
and to five other oxygen atoms, respectively. The 
reported length of the V=0 bond in a crystal is 167 pm 
and the others 185—231 pm.15) It is noted that the 
intensity of the V=0 peak at 170 pm for a solution is 
less than that for a solid. Since the peak positions or 
the bond lengths are the same for both samples, the 
Debye-Waller factor for the V=0 bond in solution 
should be larger than in solid. This would arise either 
from the hydrogen-bond formation at the double-
bonding oxygen in an aqueous solution or from a 

0 100 200 300 400 500 
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Fig. 5. Fourier transforms of V K-edge EXAFS for 
VOS04'5H20 (solid line) and 1 M VIvin 1 M H2SO4 
solution (dashed line). 

1200 1100 1000 900 

P/cm"1 
1100 1000 900 800 

p/crrT1 

Fig. 6. Raman spectra for (a) VOS04'5H20 and (b) 
1 M VIV in 1 M H2SO4 solution. 

trans effect. The bond directed to the trans position 
with respect to the V=0 bond may influence the 
strength of the V=0 bond. The trans site is occupied 
by different oxygens, i.e. by an H2O molecule in 
solution and by an oxygen atom of S042~ in a solid. 
The behavior of the EXAFS peak intensity is in good 
accordance with the results of a Raman study. Figure 
6 shows the Raman spectra over the range of the V=0 
bond stretching vibration for (a) a solid and (b) a 
solution. The peak at 1070 cm - 1 in (a) and at 
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Fig. 7. Fourier transforms of V K-edge EXAFS for (a) 
1 M V111 in 1 M H2SO4 solution, (b) 1 M V111 in 1 M HCl 
solution, and (c) 1 M V11 in H2SO4 solution. 

1050 c m - 1 in (b) has been assigned to the vibration of 
the SO4 g r o u p and the peaks at 1000 and 1020 c m - 1 in 
(a) a n d the unresolved peak at 980 c m - 1 in (b) to the 
V = 0 vibration.16) T h e most significant difference 
between these two spectra exists regarding the peak 
widths . T h e peaks cor responding to the V = 0 
vibrat ion for solu t ion are far broader than those for a 
solid. T h e correlat ion of the peak width in the 
R a m a n spect rum wi th the Debye-Waller factor in 
EXAFS has been well established. 17'18) T h o u g h the 
mechan ism which causes the larger Debye-Waller 
factor is no t k n o w n in the present case, these is no 
doubt abou t the fact that the EXAFS results indicate a 
different env i ronment a round the VIV ion in a soluion 
from that in a solid. 

Fourier transforms for the V111 ion in (a) H2SO4 and 
(b) H C l solut ions are shown in Fig. 7. Both solutions 
were obta ined by m i x i n g V11 and VIV solut ions. T h e 
peaks at 203 p m in an H2SO4 solut ion and 210 p m in 
an H C l so lu t ion correspond to V - O bonds . T h e 
intensity of the peak in an H C l solut ion is obviously 
smaller than that in H2SO4. It should be noted that a 
characteristic peak is observed at 377 p m in the 
spectrum for an H C l solout ion b u t not that for an 

H2SO4 solut ion. T h i s peak m i g h t be due to a V-V 
interact ion in the H C l solut ion. T h e VOV4+ dimer 
was reported to exist as a b rown intermediate species 
du r ing the reaction of V11 wi th VIV in an aqueous 
Perchlorate solut ion by means of a UV-visible spectro­
scopic technique,7 ) which shows the characteristic 
absorpt ion band at 427 nm. Since the species in the 
H C l solut ion also exhibits the absorpt ion band at 
427 n m (cf. in an H2SO4 solut ion, no band exists at 
427 nm) , bo th b rown species in HCIO4 and H C l 
solutions are regarded as hav ing a linear VOV4+ 
structure; thus, the V-V interact ion could be detected 
by EXAFS. T h e present study concludes that the 
m i x i n g of V11 and VIV gives the V111 monomer in an 
H2SO4 solut ion, bu t the V111 d imer in an H C l solut ion. 
N o coordina t ion of the C I - ion to V111 in an H C l 
solut ion was detected in the present EXAFS study. 

As shown in Fig. 7(c), the V - O b o n d length for the 
V11 ion is 218 p m . T h e difference in the bond length 
from that of the V111 complex (203 pm) is 15 pm, which 
is the same as that reported by Sutin.19) 

T h e au thors thank Drs. Tadash i Matsushita and 
Masaharu N o m u r a of the Nat iona l Laboratory for 
H i g h Energy Physics (KEK) for their he lp wi th X-ray 
absorpt ion measurement . T h i s work was suported by 
a Grant- in-Aid for Special Project Research No. 
62124039 from the Ministry of Educat ion, Science and 
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Triple Ion and Quadrupole Formations from Trialkylammonium 
Sulfonates and Nitrate in Protophobic Aprotic Solvents 

with Higher Dielectric Constants 
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The formation of symmetrical triple ions (2 M + +X-^M 2 X+, (K2); M++2X-^MX 2- , (K3); K2=K3) and the 
quadrupole ( M 2 X + + X - < F * M 2 X 2 , (K4); M X 2 - + M + 5 F * M 2 X 2 , (£5); K4=K5), in addition to the ion pair formation 
(M + +X"^MX, (Ki)) from uni-univalent salts (MX) has been examined in acetonitrile (dielectric constant 
£=35.95), benzonitrile (£=25.2), nitrobenzene (£=34.82), and nitromethane (£=36.67) at 25° by means of 
conductometry. Tho molar conductivities (A) of tributylammonium methanesulfonate (n-Bu3NHCH3S03) of 
(0.4—6.0) X10~3M (1 M=l moldm - 3 ) in benzonitrile were explained by the formation of triple ions 
(Ä>i=8.4X104, Ä>2=Ka3=5.5X105, corrected by the activity coefficients of ions) within ±0.85% relative error, 
assuming that A1—A0/Z (Ar. the limiting molar conductivity of the triple ions; Aç>: that of the simiple ions). In 
nitrobenzene, however, the quadrupole formation must be invoked for the salt in the same concentration range 
(Ä>i=1.38X105, Ä>2=Ä>3=4.75X107, Ä>4=£a5=8.5X102). The alternative formation constant of the quadrupole 
(2 M X ^ M2X2, (K41)) was evaluated as Ä>4i=5.0 instead of KU- Triple ion formation was observed in acetonitrile 
and nitromethane, but not in an amphiprotic solvent, ethanol (£=24.55). The tendency for triple ion formation 
or higher aggregate formations from trialkylammonium salts was found to decrease as follows: 
C1->CH3S03-, Br"> TsO", N0 3 ->I" , CF3S03-> (CIO4-). The difference in the aggregate forming ability is 
discussed from the view point of basicity of the anions, the strength for a proton acceptor in hydrogen bonding, 
and the localization of electrons in the anion molecule. 

It was been widely accepted that the symmetrical 
triple ion formation from a uni -univalent salt could 
occur only in low permitt ivity media (e<12). Fuoss 
and Kraus1* introduced the concept of the triple ion in 
order to expla in the m i n i m u m , conductometrical ly 
observed, in the relat ion between the molar conduc­
tivity (A) and the concentrat ion (C) of tetraisopentyl-
a m m o n i u m nitrate in d ioxane-water mixtures. T h e 
formation constant of the quadrupo le (2MX^±M2X2) 
for t r i i sopen ty lammonium picrate in benzene was 
obtained by cryoscopy,2) neglecting the concentrations 
of single and triple ions. Recently, Sa lomon et al.3) 

treated the m i n i m u m in the A-C1/2 curves of LiAsFô 
and LiC104 in methyl acetate wi th alternative models 
either involving triple ions or neglecting triple ions. 
Previously, Songstad et al.4) suggested that triple ions 
can be neglected and that the observed increase in A is 
due to a decreasing ion association wi th an increase in 
the solut ion permitt ivity (£=£o+AC). 

T h e uni la tera l triple ion formation and not the 
bilateral (symmetrical) triple ion formation was 
in t roduced by Wooster in 1937.5) H e dealt wi th the 
conductivity data of sod ium diphenylketyl in l iqu id 
a m m o n i a . Sa lmon treated the conductivity data of 
silver halides and pseudohalides in pyridine in terms 
of complex equi l ibr ia involving ion pairs, asymmetric 
tr iple ions, and quadrupoles . 6 ) T h e homoconjuga t ion 
format ion (HA2") from an acid (HA), which is 
sometimes observed in p ro tophobic solvents, can be 
treated by the F rench-Roe method.7 ) T h i s method was 
extended by Izutsu et al.8) for cases in which the 
dissociation of H A is appreciable. 

We have developed a new Polarographie method,9 '1 0 ) 

in which the positive shift in the half-wave potent ia l 
(£1/2) of the anodic (mercury dissolution) wave wi th 
the addi t ion of (Lewis) acids is made use of for the 
analysis. T h e new method has enabled us to find a 
number of new species, such as RCOO-(M+)2 (R=Me, 
Ph; M = L i , Na), (Li+)2C1-, (R3NH+)2Br- (R=Me, Et, 
n-Bu, etc.) in acetonitrile9 '10) and other p ro tophobic 
solvents.11* T o the contrary, by the convent ional 
Polarographie analysis, we found M+(C6H5COO_)2 
( M = L i , Na, K), Li+(Cl-)„ ( n = l — 4), R3NH+(Br-)2 , etc. 
in acetonitrile.9 '12) T h e symmetrical triple ion 
formation from R 3 NH+X" (R=Me, Et, n-Bu; X=C1 , 
Br) in acetonitri le was confirmed both by polaro-
graphy and conductometry.1 2 ) In a previous paper,13) 

we have concluded that the triple ion formation from 
t r i a lky lammonium halides in p ro tophobic aprot ic 
solvents of relatively h igh dielectric constants (20< 
e<65) is caused mainly by the hydrogen bond ing force. 
For the solvents, the tr iple ion formation from 
t r i bu ty l ammonium halides decreased in the following 
order: ni trobenzene>benzonitr i le>acetone, acetonitrile 
> p r o p y l e n e carbonate. T h e conductivity data of 
CFsCOOLi in propylene carbonate were properly 
expla ined by the s t rong format ion of the quadrupo le , 
in addi t ion to the symmetrical formation of the triple 
ion and the ion pair formation.14) 

In the present study, by means of conductometry, we 
examined the triple ion format ion or h igher ion 
aggregates from t r ia lkylammonium methanesulfonate, 
p- toluenesulfonates , and nitrate in acetonitrile, benzo­
nitr i le , ni trobenzene, and n i t romethane . L i t h i u m and 
t r i bu ty l ammon ium trifluoromethanesulfonates were 
also briefly examined. T h e m a i n purpose of this study 
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was to demonstra te the c o m m o n occurrance for triple 
ion formation from the salts of strong acids, except for 
perchloric acid. 

Theoretical 

A third-order equa t ion 112'13> was solved for each 
analyt ical concentra t ion (Cs) of a salt (MX) in order to 
calculate the concentrat ion of the simple ion ([X]) in 
the solut ion, in which, the symmetrical triple ion 
formation occurs. 

3K2[Xf + Ki[Xp + [X] - Cs = 0, (1) 

where K\ is the pai r format ion constant and K2 is the 
overall format ion constant of a triple ion (2M++X~<=* 
M2X+, K2). T h e alternative triple ion formation 
constant ( M + + 2 X " ^ M X 2 _ , Ks) was assumed to be the 
same value. Once, [X] (=[M]) was calculated, the 
concentrat ion of each species could be obtained: 
[MX]=£i [X] 2 , [ M 2 X ] = Ä : 2 [ X ] 3 = [ M X 2 ] = Ä : 3 [ X ] 3 . T h e 

total values of the molar conductivity, A, is determined 
by a s u m m a t i o n of those of the s imple ions (Ao) and 
the triple ions (AT), 

[X] [MX2] 
A--—-A0 H AT, (2) 

Cs Cs 

where AT was assumed to be one-third of the Ao 
values.12 '13) When the triple ion formation could be 
neglected, the first term in Eq. 1 was omit ted 
(K2=Ks=0). W h e n bo th the triple ion and quad rupo le 
format ion mus t be considered, the fol lowing fourth-
order equa t ion was solved,13) 

4£4£2[X]4 + 3£2[X]3 + Ki[Xf + [X] - Cs = 0, (3) 

where KA is the format ioin constant of the quadru­
pole (M2X2) from the tr iple ion (M2X+ or MX2~) and 
the s imple ion ( X - or M+). T h e concentrat ion of M2X2 
equals £4[M2X][X]+A:5[MX2][M] (assumed K4=K5). 

At first, the activity coefficients of all the species 
were assumed to be unity. T h e n , the activity 
coefficients of ions were calculated13) by the Debye-
Hückel l imi t ing law (— logf±=A /z1/2). In spite of the 
relatively h i g h dielectric constants of the solvents, the 
association between M2X+ and X", or MX2- and M+ 
(the format ion of the quadrupo le : M2X2) should be 
considered for the h igh concentrations of some salts. 
T h e alternative process of the quadrupo le formation is 
the association between ion pairs: 

[M2X2] 
2MX <==± M2X2, K41 = • (4) 

In this case, Eq. 3 mus t be rearranged to 

2K4iKi2[Xy + 3K2[Xf + Ki[Xf + [X] - Cs = 0. (5) 

Experimental 

Commercially obtained nitromethane (Wako Pure Chemi­

cals, GR grade) was purified by drying with molecular sieves 
(Wako type 5A) for several days and distilling in vacuo (40— 
50 mmHg, 1 mmHg=133.322 Pa). The purification methods 
of acetonitrile,15) benzonitrile, nitrobenzene, and ethanol13) 

were described in previous papers. Specific conductivities of 
acetonitrile and nitromethane were ca. 7X10-8 and ca. 
9X10_8Scm_1 , respectively, and those of the other solvents 
were shown in a previous paper.13) The dielectric constants 
and viscosity of nitromethane at 25 °C are £=36.67 and 
17=0.00627 P, respectively.10 The viscosities of acetonitrile,12) 

benzonitrile, nitrobenzene, and ethanol13) were also given in 
the previous papers. 

The preparation and purification methods of LiC104, 
Et4NC104, n-Bu4NC104, Et3NHC104, and n-Bu3NHC104 

were mentioned previously.12) Tetraethylammonium me-
thanesulfonate (EL1NCH3SO3) was prepared from tetraethyl­
ammonium hydroxide (20 wt% aqueous solution, Aldrich 
Chemical) and the equivalent amount of methanesulfonic 
acid (Wako, GR grade) in methanol. The solution was 
evaporated to dryness under reduced pressure at less than 
50 ° C. Produced white crystals were washed with diethyl 
ether several times (cf. Ref. 17). Tetraethylammonium p-
toluenesulfonate (Et4NTsO) and trifluoromethanesulfonate 
(EL1NCF3SO3) were prepared in a similar way from p-
toluenesulfonic acid (Wako, GR grade) and trifluoro-
methanesulfonic acid (Wako, GR grade). Tetrabutyl-
ammonium methanesulfonate (n-Bu4NCH3SOs) was pre­
pared from tetrabutylammonium hydroxide (ca. 10% 
aqueous solution, Wako GR grade) and methanesulfonic 
acid in methanol. Tetraethylammonium nitrate (EUNNO3) 
was prepared from Et4NOH and nitric acid (Wako, GR 
grade) in water. Produced white crystals were treated in a 
similar way. Tributylammonium methanesulfonate (n~ 
BU3NHCH3SO3), p-toluenesulfonate (n-Bu3NHTsO), and 
trifluoromethanesulfonate (n-BusNHCFsSOs) were prepared 
from tributylamine (Wako, GR grade) and the corres­
ponding acid in methanol. White crystals, obtained after 
evaporation at less than 50 ° C, were recrystallized or washed 
with diethyl ether. Triethylammonium p-toluenesulfonate 
(EtßNHTsO) was prepared from triethylamine (Wako, GR 
grade) and p-toluenesulfonic acid in the similar way, but the 
nitrate was prepared from aqueous solution. By the way, 
tributylammonium nitrate and triethylammonium, methane­
sulfonate were not obtained as a solid at room temperature, 
and were not used in the present study. Lithium 
trifluoromethanesulfonate (LiCFaSOß) was prepared from 
Li2CÛ3 (Wako, GR grade) and trifluoromethanesulfonic 
acid in cold water. The solution was evaporated to dryness 
at less than 60 ° C. All of chemicals were dried under vacuum 
over P2O5. 

Conductometric measurements were carried out with a 
Yanagimoto conductivity outfit (Model MY-8) in a 
Yanagimoto conductivity cell (Type C) at (25+0.02) °C. 
Details concerning the experiments and the analysis were 
described in a previous paper.13) 

Results and Discussion 

Tributylammonium Methanesulfonate, Tributyl-, 
and T r i e t h y l a m m o n i u m p-toluenesulfonates . I n 
Tab le 1 are shown the l imi t ing molar conductivity 
(Ao) and the association constants (Ka), given by an 
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analysis u s ing the Shedlovsky method.1 2 '1 8 ) T h e asso­
ciat ion constants of all of the te t raa lkylammonium 

Table 1. Ao and Apparent Ka Values of Trialkyl-
Tetraalkylammonium and Lithium Salts in 
Several Protophobic Aprotic Solvents and 

Ethanol by the Shedlovsky Method 

Salt 

(Acetonitrile) 
L iC10 4 

E t 4 N C H 3 S 0 3 
tt-Bu3NHCH3S03 

Et4N T s O 
E t 3 N H T s O 
n - B u 3 N H T s O 
E t 4 N G F 3 S 0 3 

L i C F 3 S 0 3 

E t 4 N N 0 3 

E t 3 N H N 0 3 

(Benzonitrile) 
E t 4 NC10 4 

E t 3 N H C 1 0 4 

LiC10 4 

E t 4 N C H 3 S 0 3 

rc-Bu3NHCH3S03 

Et4N T s O 
n - B u 3 N H T s O 
E t 4 N C F 3 S 0 3 

L i C F 3 S 0 3 

E t 4 N N 0 3 

E t 3 N H N 0 3 

(Nitrobenzene) 
E t 4 NC10 4 

E t 3 N H C 1 0 4 

E t 4 N C H 3 S 0 3 

n - B u 3 N H C H 3 S 0 3 

Et4N T s O 
E t 3 NH T s O 
n - B u 3 N H T s O 
E t 4 N C F 3 S 0 3 

n - B u 3 N H C F 3 S 0 3 

E t 4 N N 0 3 

E t 3 N H N 0 3 

(Ni t romethane) 
n -Bu 4 NC10 4 

Et 4 NC10 4 

rc-Bu3NHC104 

E t 3 N H C 1 0 4 

Et 4 NCH 3 SOs 
n - B u 3 N H C H 3 S 0 3 

Et4N T s O 
n - B u 3 N H T s O 
E u N N O s 
E t sNHNOs 

(EtOH) 
rc-Bu4NCH3SOs 
n - B u 3 N H C H 3 S 0 3 

Aoa) 

178.73 
180.81 
155.94 
165.09 
164.29 
145.69 
186.42 
174.15 
196.60 
201.91 

54.64 
55.42 
47.66 
50.65 
17.20 
46.70 
18.36 
52.15 
39.67 
55.53 
32.94 

38.68 
39.00 
35.28 

5.31 
32.27 

9.28 
6.93 

36.74 
32.19 
39.94 
16.29 

102.51 
116.99 
106.79 
119.11 
103.71 
82.47 
95.56 
79.12 

115.91 
114.12 

42.17 
42.57 

Shedlovsky 

KP A 

1.07X10 
1.05X10 
2.16X103 

2.12 
1.67X103 
1.71X103 

5.03 
1.28X102 

1.12X10 
1.21X103 

6.31X10 
2.69X102 

2.44X102 

1.45X102 

8.24X103 
1.45X102 

8.57X103 

6.19X10 
2.13X103 
9.74X10 
1.14X104 

1.97X10 
3.17X102 

4.36X10 
1.03X103 
4.60X10 
2.66X103 
1.92X103 
1.65X10 
1.15X103 

3.08X10 
5.20X103 

0 
4.24 
3.95X10 
4.44X10 
4.61 
3.34X103 
7.39 
2.89X103 

3.13 
2.35X103 

5.21X10 
1.89X102 

o (calcd)c> 

159.9 

167.5 
144.2 

172.0 

199.0 

44.52 

40.57 

45.17 

56.31 

30.80 

32.59 
27.79 

32.26 

40.26 

93.46 

85.28 

117.9 

42.27 

salts and of all the Perchlorates have small values, 
showing that these salts behave as rather s t rong 
electrolytes in pro tophobic aprot ic solvents, aceto­
nitr i le, benzonitri le, nitrobenzene, and ni t romethane . 
While , the (apparent) association constant values of 
t r i a lky lammonium methanesulfonate (R3NHCH3SO3) 
and p-toluenesulfonates (R3NHTSO) are large in all 
p ro tophob ic solvents. These t r i a lky lammonium salts 
are weak electrolytes in these solvents. 

T h e Ao values of weak electrolytes in the pro­
tophobic solvents, directly obtained by the Shedlovsky 
method, were often m u c h smaller than those obtained 
indirectly by Kohlrauch 's law. For instance, in 
benzonitr i le , the direct Shedlovsky analysis of n-
BU3NHTSO gave a Ao of 18.36, while a calculat ion 
wi th Kohlrausch 's law gave the Ao of 40.57 (Ao(n-
B u 3 N H T s O ) = ^ o ( n - B u 3 N H C 1 0 4 ) + ^ o ( E t 4 N T s O ) -
^o(Et 4 NC10 4 ) ) . T h e Ao value of n -Bu 3 NHC10 4 was 
adapted from the previous work.13) T h i s k ind of 
shortage in Ao values has been reported for some salts 
or acids in pro tophobic aprot ic solvents. French and 
Roe7) described the si tuat ion as follows: Moore and 
Johns1 9 ) by a method of graphical extrapolat ion, 
suggested a value of 7.5 for the l imi t ing molar 

a) Molar conductivity (cm2 S mol-1), b) Association 
constant. M++X-<=±MX (£,). c) The Ao value cal­
culated by Kohlrausch's law. 

0 0.02 0.04 0.06 0.08 

c^/mol1 '2 dm"3/2 

Fig. 1. Observed and calculated A values of n-
BU3NHCH3SO3 ((0.38—7.0)X10-3 M) in benzonitrile: 
(O) observed, (A) calculated with the ion pair and 
triple ion formations, Ki=7.5XW, £ 2 = Ä : 3 = 1 . 0 X 1 0 7 , 
Ao=44.52, and AT=Ao/3; ( • ) calculated only with 
the ion pair formation. 
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conductance of picric acid in acetone, whereas Kraus 
and Reynolds2 0 ) subsequently gave the l imi t ing mo­
bility in acetone of the picrate ion alone as 78.5. We 
have also reported the inconsistency in Ao values for 
t r i a lky l ammonium halides12 '13) and l i t h ium trifluoro-
acetate14) in p ro tophob ic aprot ic solvents. T h e 
inconsistency in Ao values mus t be a good indicat ion 
that ion aggregates above the ion pair between an 
an ion and a cation occur in solutions. 

Figure 1 shows the A vs. C1/2 relation of tributyl-
a m m o n i u m methanesulfonate in benzonitri le. T h e A 
values, calculated wi th Eqs. 1 and 2, coincided wi th 
the observed values w i t h i n less than ±0.9% over the 
analyt ical concentra t ion of (0.4—6.0)X10"3 M ( 1 M = 
1 mol dm" 3) wi th £ i=7.5X10 4 , Ä ^ Ä ^ L O X I O 7 , Ao= 
44.52, AT=AO/3. I g n o r i n g triple ion formation, a 
calculat ion involving ion pa i r formation caused large 
negative deviat ions to the observed A values (the 
relative error of —15% at CS=6.0X10"3 M). In the above 
discussion, the activity coefficients of ions have not 
been corrected. A recalculation wi th the equ i l ib r ium 
constants corrected by the activity coefficients (Kai= 
K\/f±2, A>2=AV/±2) gave a good fit (the relative error of 
—0.71—+0.84%)) over the concentrat ion range of (0.4— 

* n x u u\ o 

C/10~3M 

Fig. 2. The equilibrium concentrations of the 
species from n-Bu3NHCHsS03 in benzonitrile: (O) 
the simple ions, [M]=[X]; (•) the ion-pair, [MX]; (A) 
the triple ions, [M2X]=[MX2]. £ai=8.41X104 and 
£a2=Ä:a3=5.5XlÖ6. 

6.0)X10"3M (cf. Tab le 2). Wi th the K*i and KH, the 
equ i l ib r ium concentrat ions of the s imple ions, the ion 
pair , and the triple ions were calculated to be 
1.09X10"4, 8.72X10"4, and 6.23X10"6 M, respectively at 
Cs=1.0X10- 8 M. T h e relat ion between the equi l ib­
r i u m concentra t ion of each species ([X], [MX], or 
[MX2]) a n d the analytical salt concentrat ion (C) is 
shown in Fig. 2. When the salt concentrat ion is very 
low (Cs or C^5X10~4 M), the equ i l ib r ium concentra­
t ion of tr iple ions can be negligible, compared to those 
of the s imple ions and the ion pair . T h e ion pa i r 
format ion constant (K\ or KH) was first evaluated 
u s ing the A value at CS=4.0X10"4 M. After a 
determinat ion of the K\ value, the K2 value was 
evaluated by us ing the A values at higher concentra­
t ions. By the way, the A values at h igher concentra­
t ions could not be fitted only wi th the ion pa i r 
formation constant, even after correction of the activity 
coefficient. Fur thermore , even the triple ion forma­
t ion could not explain the ^obsd values at extremely 
h igh salt concentrat ions (cf. Fig. 3). 

0 .1 0 .2 0 .3 

c^/mol1'2 dm"3/2 

Fig. 3. Observed and calculated A values of n-
BU3NHCH3SO3 at higher concentration ((0.27— 
13.3)X10-2M) in benzonitrile: (O) observed; (D) 
calculated with the ion pair, triple ion, and 
quadrupole formations, Ki=9.0XW,K2=K3=9.5X10&, 
K4=K5=8.2X102, ^o=44.52, and AT=A0/2>; (A) 
calculated with the ion pair and triple ion forma­
tions; ( • ) calculated only with the ion pair for­
mation. 



3292 Masashi Hojo, Yoshihiro MIYAUCHI, and Yoshihiko IMAI [Vol. 63, No. 11 

0.02 0.04 0.06 
cWmol1/2 dm"3/2 

0.08 

Fig. 4. Observed and calculated A values of. n-
BU3NHCH3SO3 in nitrobenzene: (O) observed; (D) 
calculated with the ion pair, triple ion, and 
quadrupole formations, Ki=\.$\X\&, K^=K3=5.8X107, 
A:4=A:5=8.0X102, AO=Z0.8, and AT=Ao/3; (A) cal­
culated with the ion pair and triple ion formations; 
(•) calculated only with the ion pair formation. 

The A vs. C1/2 relation for tributylammonium 
methanesulfonate in nitrobenzene is shown in Fig. 4. 
In this case, triple ion formation did not fully account 
for the conductivity data. Quadrupole formation was 
introduced in order to explain the ôbsd of n-
BU3NHCH3SO3 ((0.4—6.0)X10-3M) in nitrobenzene. 
The calculation by Eqs. 2 and 3 gave a good fit (the 
relative error in the calculated value to the observed A 
value of -0.87—+0.84%), with values of £i=1.31X105, 
£2=£3=5.8X107, K4=K5=8.0X\02, ^O=30.80, and AT= 
Ao/3. If the quadrupole formation was ignored, the 
error increased to —0.52—+3.52%. In addition, neither 
the quadrupole nor triple ion formations were 
accounted. Then, the calculation only with K\ gave a 
large error (-31.48—0.72%). 

The equilibrium constans were corrected using the 
activity coefficients (K*i=Ki/f±2, A>2=AV/±2, and 
Ä > 4 = Ä V / ± 2 ) . The equibibrium constants corrected by 
the activity coefficients were adjusted in order to 
minimize any error in the A values. With values of 
£ai=i.38X105, K^K*Q=*.15><1W, Ä>4=A>5=8.5X102, Ao= 
30.8, AT=Ao/3, the error was minimized to —0.74— 
+0.87% over the entire concentration range. An 

2.0 40 

C/10"3M 

6.0 

Fig. 5. The equilibrium concentrations of the species 
from n-Bu3NHCH3S03 in nitrobenzene: (O) the 
simple ions; (•) the ion-pair; (A) the triple ions; (D) 
the quadrupole, [M2X2]. £ai= 1.38X105, £a

2=4.75X107, 
and £a4=A:a5=8.5X102. 

analysis with Eqs. 2 and 5 gave the same values of KH 
and A>2=A>3, and A>4i=5.0 (the relative error of —0.76— 
+0.86%) instead of KH. Figure 5 shows the equili­
brium concentrations of the species in the solution. 
The triple ions ([M2X]=[MX2]) exceed the simple ions 
([M]=[X]) at C=3.5X10"3 M. 

In nitromethane and acetonitrile, no good fit in the 
A values was found for n-Bu3NHCH3SC>3 of (0.4— 
6.0)X10_3M without a correction involving the 
activity coefficient. However, after correcting the 
activity coefficients of ions, the calculated values fitted 
the Aobsd values. By an analysis using Eqs. 2 and 5, the 
A>4i values were calculated to be 5.0 and 4.0 in 
nitromethane and acetonitrile, respectively. The 
extent of the triple ion formation in these two solvents 
was smaller than that in nitrobenzene. As a summary 
for the methanesulfonate, the observed A values over 
the concentration range of (0.4—6.0)X10_3M were 
explained by the ion pair, triple ion, and quadrupole 
formations in the solvents, except in benzonitrile. In 
benzonitrile, the A values could be explained by ion 
pair and triple ion formations. 

Tributylammonium methanesulfonate caused only 
ion pair formation in an amphiprotic solvent, ethanol, 
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Table 2. Equilibrium Constants, K*\, K*2=K*z, and Ka4=K\ Corrected by the Activity Coefficients 

Salt 

(Acetonitrile) 
rc-BusNHCHsSOs 
n-Bu3NH TsO 
Et3NH TsO 
LiCFsSOs 
EtsNHNOs 

(Benzonitrile) 
n-Bu3NHCH3S03 
n-Bu3NH TsO 
LiCFsSOs 
EtsNHNOs 

(Nitrobenzene) 
n-BusNHCHsSOs 
n-BusNH TsO 
EtsNH TsO 
n-BusNHCFsSOs 
EtsNHNOs 

(Nitromethane) 
n-BusNHCHsSOs 
rc-Bu3NH TsO 
EtsNHNOs 

(EtOH) 
n-BusNHCHsSOs 

K\ 

2.50 X103 

1.80 X103 

1.95 X103 

2.10 X102 

1.30 X103 

8.41 X104 

6.15 X104 

3.80 X103 

4.22 X104 

1.38 X105 

8.20 X104 

6.95 X104 

1.325X103 

4.98 X104 

5.00 X103 

3.85 X103 

2.82 X103 

4.19 X102 

K*2=K*3 

2.70X105 

1.95X105 

1.50X105 

6.10X104 

5.50X106 

3.35X106 

1.00X104 

1.20X106 

4.75X107 

1.90X107 

1.30X107 

6.00X104 

6.00X106 

6.00X105 

4.00X105 

1.50X105 

(A:a2/A:ai)a) 

108 
108 
76.9 

46.9 

65.4 
54.5 
(2.6) 
28.4 

344 
232 
187 
45.3 

120 

120 
104 
53.2 

KU=K*5 

(50) 

850 

(25) 

(70) 
(50) 

Relative error/%b) 

-0.92—+0.44 
-0.68—+0.66 
-0 .72 -+0 .65 
-0.34—+0.43 
-0.57—+0.34 

-0.71—+0.84 
-0.26—+0.29 
-0.64—+0.96 
-0.44—+0.26 

-0.74—+0.87 
-0.75—+0.74 
-0.42—+0.62 
-0.22—+0.20 
-0.88—+0.98 

-0.59—+0.63 
-0.57—+0.41 
-0.45—+0.53 

-1.00—+0.92 

a) Ka2/Kai=aM2x/(aMxmaM) and K&z/K&\=aux2/{0'Ux'ax). b) The relative error in the calculated A value to the 
observed A value (over the range of (0.4—6.0)X10-3 M salt concentration). 

Table 3. Comparison of the Calculated A Values with the Observed A Values for 
Tributylammonium £-Toluenesulfonate (n-BusNHTsO) in Nitrobenzene 

KPXC^ 

0.4 
0.5 
0.6 
0.8 
1.0 
1.6 
2.0 
3.0 
4.0 
5.0 
6.0 

10*X[X] 

0.64148 
0.72148 
0.79340 
0.92012 
1.03075 
1.30426 
1.45593 
1.77325 
2.03524 
2.26214 
2.46431 

104X[M2X] 

0.063351 
0.090134 
0.119864 
0.186960 
0.262826 
0.532475 
0.740689 
1.33821 
2.02329 
2.77825 
3.59167 

Scaled 

4.6034 
4.1770 
3.8598 
3.4128 
3.1079 
2.5736 
2.3661 
2.0558 
1.8825 
1.7720 
1.6959 

^ o b s d a ) 

4.57 
4.17 
3.85 
3.41 
3.13 
2.59 
2.39 
2.06 
1.90 
1.775 
1.685 

Relative error/%b) 

+0.73 
+0.17 
+0.26 
+0.08 
-0.71 
-0.63 
-1.00 
-0.20 
-0.92 
-0.17 
+0.65 

Relative error/%c) 

(+0.14) 
(-0.90) 
(-1.33) 
(-2.57) 
(-4.42) 
(-7.59) 

(-10.00) 
(-14.11) 
(-19.00) 
(-22.22) 
(-24.21) 

a) The total concentration of n-BusNHTsO and the A value, read out from the A vs. C1/2 curve, b) The relative 
error of the calculated A value to the observed value with Ki=l.lXW, K2=Kz=2AXW', AQ=21.19, AT=AO/3. 
c) When only the ion-pair formation (M++X~£±MX, £i=7.7X104) is accounted. 

as shown in Table 2. The Ao values, directly given by 
the Shedlovsky method, are coincident with that 
calculated by Kohlrausch's law (cf. Table 1). Ions in 
ethanol can be strongly solvated by ethanol through 
hydrogen bonding. To the contrary, both anions and 
cations are weakly solvated or in an "active" state in 
protophobic solvents. The higher ion aggregates from 
tributylammonium methanesulfonate in protophobic 
solvents could be observed, even at relatively low salt 
concentrations. 

Table 3 shows a comparison of Aca\Cd with 0̂bsd of 

tributylammonium p-toluenesulfonate in nitrobenzene. 
The Scaled values over the concentration range of (0.4— 
6.0)X10-3 M fitted the 4̂0bsd values, considering ion pair 
and triple ion formations. After correcting the activity 
coefficient, a good fit (the relative error of +0.75%) was 
obtained with the equilibrium constants (Table 2). 
However, the situation changed when the concentra­
tion of the salt increased: triple ion formation could no 
longer account for the 4̂0bsd values. Obviously, the 
quadrupole or the higher aggregates above the triple 
ions should be introduced into the system. The 4̂0bsd 
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values at higher concentrations (Cs>4.0X10-2 M) 
could not be explained within 2% relative error, even 
by the ion pair, triple ion, and quadrupole formations. 
The higher ion aggregate (e.g. M3X3 : M2X++MX2"«=* 
M3X3, (Kß)) could account for the ôbsd values. 
However, further discussions may not be verified 
without correcting the activity coefficient, viscosity, 
and other factors at very high salt concentrations. 
Viscosity data of nitrobenzene containing triethyl­
ammonium acetates have been reported by Pawelka 
and Haulait-Pirson.21) The data of n-Bu3NHTsO 
(Cs=(0.4— 12.0)X10"2 M) in benzonitrile were explained 
by the quadrupole formation (£i=5.25X104, K2=K3= 
5.06X106, and K4=K5=7X\02), although the ion pair 
and triple ion formation caused a relative error of 
+25% at Cs=1.0X10-2 M in benzonitrile. 

The effect of the chain length of substituted-
ammonium cations was examined. Triethylammonium 
p-toluenesulfonate gave a smaller triple ion formation 
constant (KH) than the tributylammonium salt in 
acetonitrile and nitrobenzene. The ratio of Ä>2/Ä>i of 
the tributyl- and triethylammonium salt was 108 and 
76.9, respectively in acetonitrile. The dissociation 
constants of the mönoprotonated bases (pKnA+) for 
triethylamine and tributylamine in acetonitrile have 
been reported to be 18.5 and 18.1 respectively.22) The 
acidities of the cations might be concerned with the 
ion pair and triple ion formation constants. 

Lithium and Tributylammonium Trifluoromethane­
sulfonates. The higher ion aggregates from lithium 
and tributylammonium trifluoromethanesulfonates 
(LiCF3S03 and n-Bu3NHCF3SC>3) were examined in 
acetonitrile, benzonitrile, or nitrobenzene. The Ao and 
Ka values of the trifluoromethanesulfonates, obtained 
by the Shedlovsky method, are listed in Table 1. 
Tetraethylammonium trifluoromethanesulfonate be­
haved as a strong electrolyte in all of the solvents. The 
Ka values showed that the lithium and the tributyl­
ammonium salts are weak electrolytes in benzonitrile 
and nitrobenzene, respectively. The lithium salt 
seemed to be a moderate weak electrolyte in aceto­
nitrile. In benzonitrile, the Ao value of LiCF3S03, 
directly obtained by the Shedlovsky method, was 
definitely smaller than that calculated by Kohlrausch's 
law. The ^caicd values of LiCFsS03 in acetonitrile only 
with the ion pair formation (A>i) were fitted to the ôbsd 
values over the entire concentration range of (0.4— 
6.0)X10"3 M within ±0.5% relative error (cf. Table 2). 
On the other hand, in benzonitrile, a better fit was 
given by the addition of triple ion formation to the ion 
pair formation. The A values of n-Bu3NHCF3S03 in 
nitrobenzene could not be accounted for by ion pair 
formation, even if corrections were made using the 
activity coefficient. The triple ion and quadrupole 
formations gave excellent fits (cf. Table 2). 

Trifluoromethanesulfonic acid (CF3SO3H) is one of 
the strongest acids in both aqueous and nonaqueous 

solvents. In acetic acid,23) CF3SO3H has been found to 
be stronger than perchloric acid by conductivity. 
However, Sampoli et at.24) have described that CF3SO3H 
appears to be weaker than HCIO4, and obviously 
stronger than CH3SO3H in aqueous solutions. The 
ion pair formation constant of LiCF3S03 in acetonitrile 
was reported by Fujinaga and Sakamoto.25) In the 
present study, only the ion pair formation was again 
observed from LiCFsSOs in acetonitrile. The higher 
ion aggregates from trifluoromethanesulfonates, how­
ever, were discovered in nitrobenzene or benzonitrile. 
The difference between acetonitrile and nitrobenzene 
or benzonitrile can be explained by the donor and 
acceptor numbers20 given by Gutmann. In protophilic 
solvents, the trifluoromethanesulfonate anion must be 
a very weak base because the conjugate acid behaves as 
a strong acid27) in a protophilic solvent, dimethyl 
sulfoxide. However, we think that the CF3S03- anion 
should be an effectively strong "base" or hydrogen-
bonding acceptor in protophobic solvents, especially 
in nitrobenzene or benzonitrile, now that the triple 
ions or the higher aggregates were observed from the 
trifluoromethanesulfonate salts in the higher permit­
tivity media. In our systems, incidentally, the 
hydrogen bonding or complex formation ability of the 
Perchlorate ion was neglected, even though such an 
interaction has been suggested.20 

Triethylammonium Nitrate. Triethylammonium 
nitrate in benzonitrile, nitrobenzene, or nitromethane 
showed the similar shortage in the Ao values (cf. Table 
1), as did the methanesulfonates and the p-toluene-
sulfonate. The equilibrium constants corrected by the 
activity coefficients of ions, and the relative error in A 
values are shown in Table 2. The 0̂bsd values of 
triethylammonium nitrate in the concentration range 
(0.4—6.0)X10~3 M in the protophobic aprotic solvents, 
including acetonitrile, are sufficiently accounted for 
by the ion pair and the symmetrical triple ion 
formation. 

;0-K Et3NH! " 
Et3NH^ ° X Q - ^ O N o 

Very recently, the proton affinity of nitric acid was 
examined in the gas phase by Cacace et al.29) They 
obtained strong evidence for the existence of two iso­
mers, characterized by the (HO)2NO+ and the H20-
NÜ2+ structures, and for the higher stability of the 
latter. We have tentatively adapted the H 2 0 N 0 2 + 
structure for a triple ion from Et3NHN03 in the pro­
tophobic aprotic solvents. On the other hand, Pawlak 
et al. have reported the stability constants of complex 
ions HCI2-, H(N03)2-, and H(HS04)2- in acetone.30) 
The presence of a quadrupole from LiNÜ3 in tetrahy-
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drofuran was suggested by conductivity31* and ultra­
sonic absorption32* studies. T h e quadrupo le , in 
add i t ion to the tr iple ions and the ion pair , was 
invoked for h igher concentrat ions ((0.1—1.2)X10 -1 M) 
of E t 3 N H N 0 3 in benzonitr i le and nitrobenzene (KA— 
&5=4X102 and 4.5X102, respectively). T h e m i n i m u m 
in the ^obsd was no t observed u p to 0.12 M of the salt in 
these solvents, t h o u g h the ^obsd remained constant at 
h igher concentrat ions (e.g., A=l.99 and 1.71 at 
Cs=2.18X10-2 and 12.2X10-2M, respectively in ni tro­
benzene). We have reported the m i n i m u m in the 
A-C^2 curve for n-Bu3NHCl and no t for the bromide 
in benzonitr i le or nitrobenzene.13* We th ink that the 
m i n i m u m in A0bsé can be given only by extremely large 
K2 (or K2/K1) and smaller KA values. 

According to the A>2 (or A>2/A>i) values in the 
present and previous13* papers , the tendency of the 
triple ion or the h igher aggregate formations from the 
t r i a lky lammonium salts decreases as follows: Cl~> 
CH3SO3-, B r - > T s O " , N O 3 - M - , C F 3 S 0 3 - > ( C 1 0 4 - ) . 
T h e difference between the methanesulfonate and the 
p- toluenesulfonate or ni trate may be caused by a 
difference in the localization of electrons in the an ion 
molecule. Fuj inaga a n d Sakamoto33* have concluded 
the s trength of some sulfonic acids and perchloric acid 
in dipolar aprotic solvents: H C 1 0 4 > C F 3 S 0 3 H > F S 0 3 H > 
CH 3 C6H 4 S03H>CH3S03H. T h e stronger the acids, 
the less the triple ions formed. Allerhand and Rague 
Schleyer34* have reported on the strength of the hal ide 
a n i o n as a p ro ton acceptor in hydrogen bond ing : 
C l ~ > F _ > B r - > I - . T h i s order coincides wi th our 
results13* for chloride, bromide, and iodide. 

Conclusion 

W i t h o u t the m i n i m u m in A-C1/2 curves, the 
t r i a lky lammonium salts (R3NHX) of strong acids 
(HX) should form symmetrical triple ions and 
quadrupo les in poorly solvating solvents. T h e 
formation of triple ions or higher ion aggregates from 
t r i a lky l ammonium salts mus t effect the solvent extrac­
tion of acids wi th amines in organic solvents. 

T h e present work was partially supported by a 
Grant- in-Aid for Scientific Research No. 01540485 
from the Ministry of Educat ion, Science and Culture. 

References 

1) R. M. Fuoss and C. A. Kraus, / . Am. Chem. Soc, 55, 
2387 (1933). 

2) R. M. Fuoss and C. A. Kraus, / . Am. Chem. Soc, 57, 1 
(1935). 

3) M. Salomom, M. Uchiyama, M. Xu, and S. Petrucci, / . 
Phys. Chem., 93, 4374 (1989). 

4) B. Gestblom, I. Svorstol, and J. Songstad, / . Phys. 

Chem., 90, 4684(1986). 
5) C. B. Wooster, / . Am. Chem. Soc, 59, 377 (1937). 
6) M. Salomon, Electrochim. Acta, 35, 509 (1990). 
7) C. M. French and I. G. Roe, Trans. Faraday Soc, 49, 314 

(1953). 
8) K. Izutsu, I. M. Kolthoff, T. Fujinaga, M. Hattori, and 

M. K. Chantooni, Jr., Anal. Chem., 49, 503 (1977). 
9) M. Hojo and Y. Imai, Bull. Chem. Soc. Jpn., 56, 1963 

(1983). 
10) M. Hojo, H. Nagai, M. Hagiwara, and Y. Imai, Anal. 

Chem., 59, 1770(1987). 
11) M. Hojo, K. Ogasawara, and Y. Imai, to be published. 
12) M. Hojo, T. Takiguchi, M. Hagiwara, H. Nagai, and 

Y. Imai, / . Phys. Chem., 93, 955 (1989). 
13) M. Hojo, A. Watanabe, T. Mizobuchi, and Y. Imai, / . 

Phys. Chem., 94, 6073 (1990). 
14) M. Hojo, Y. Miyauchi, I. Nakatani, T. Mizobuchi, 

and Y. Imai, Chem. Lett., 1990, 1035. 
15) T. Fujinaga, S. Okazaki, and M. Hojo, / . Electroanal. 

Chem. Interfacial Electrochem., 113, 89 (1980). 
16) A. K. R. Unni, L. Elias, and H. I. Schiff, / . Phys. 

Chem., 67, 1216(1963). 
17) I. M. Kolthoff and M. K. Chantooni, Jr., / . Am. Chem. 

Soc, 87, 4428(1965). 
18) R. M. Fuoss and T. Shedlovsky, / . Am. Chem. Soc, 71, 

1496 (1949). 
19) F. J. Moore and I. B. Johns, / . Am. Chem. Soc, 63, 3336 

(1941). 
20) M. B. Reynolds and C. A. Kraus, / . Am. Chem. Soc, 70, 

1709(1948). 
21) Z. Pawelka and M. C. Haulait-Pirson, / . Phys. Chem., 

85, 1052(1981). 
22) I. M. Kolthoff, M. K. Chantooni, Jr., S. Bhowmik, / . 

Am. Chem. Soc, 90, 23 (1968). 
23) A. Engelbrecht and B. M. Rode, Monatsh. Chem., 103, 

1315(1972). 
24) M. Sampoli, N. C. Marziano, and C. Tortato, / . Phys. 

Chem., 93, 7252(1989). 
25) T. Fujinaga and I. Sakamoto, / . Electroanal. Chem. 

Interfacial Electrochem., 67, 201 (1976). 
26) V. Gutmann, "The Donor-Acceptor Approach to 

Molecular Interactions," Plenum, New York (1978), Chap. 2. 
27) I. M. Kolthoff and M. K. Chantooni, Jr., "Treatise on 

Analytical Chemistry," 2nd ed, ed by I. M. Kolthoff and P. 
J. Elving, New York (1979), Part I, Vol. 2, p. 246. 

28) F. Klanberg, J. P. Hunt, and H. W. Dodgen, Inorg. 
Chem., 2, 139(1963). 
29) F. Cacace, M. Attina, G de Pétris, and M. Speranza, / . 

Am. Chem. Soc, 112, 1014 (1990). 
30) Z. Pawlak, T. Jasinski, C. Dobrogowska, Rocz. Chem., 

48, 1609(1974). 
31) H. Wang and P. Hemmes, / . Am. Chem. Soc, 95, 5119 

(1973). 
32) H. Wang and P. Hemmes, / . Am. Chem. Soc, 95, 5115 

(1973). 
33) T. Fujinaga and I. Sakamoto, Pure Appl. Chem., 52, 

1387 (1980). 
34) A. Allerhand and P. von Rague Schleyer, / . Am. Chem. 

Soc, 85, 1233 (1963). 



3296 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 3296—3299 (1990) [Vol. 63, No. 11 

Optical Resolution by Replacing Crystallization of DL-Threonine 
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Optical resolution by replacing crystallization of DL-threonine (DL-Thr) was achieved in the presence of an 
equimolar amount of L-proline as an optically active cosolute. This optical resolution gave D-Thr with 91% 
optical purity in 78% degree of resolution, and optically pure L-Thr was obtained from the mother liquor. 

L-Threonine (abbreviated as L-Thr) as an essential 
a m i n o acid has been obta ined from na tu ra l products 
and used as a mater ia l for medicines and food 
additives. Moreover, bo th L-and D-Thr are useful as 
chiral reagents in asymmetric syntheses because they 
are capable of p rov id ing two chiral centers in a target 
substance. DL-Thr exists in a conglomerate, which can 
be optically resolved by preferential crystallization.1»^ 
Opt ical resolut ion by replacing crystallization is also a 
procedure for ob ta in ing one enant iomer from a 
conglomerate.3* T h i s optical resolut ion can be 
achieved by a l lowing an optically active cosolute to 
exist in a racemic solut ion w i thou t formation of 
diastereomers. T h i s paper describes an a t tempt of 
optical resolut ion by replacing crystallization of 
DL-Thr. 

A l though the optical resolution by replacing crys­
tallization has no t fully been studied,3-6* this pro­
cedure seems to give a good result when we employ an 
optically active cosolute whose structure is similar to 
that of the racemate. For the replacing crystallization 
of DL-Thr, we chose L-proline (L-Pro) as an optically 
active cosolute t h o u g h the structure of L-Pro, as a 
cyclic a m i n o acid, is different from that of DL-Thr. 
Since L-Pro dissolves in me thano l and T h r does not , it 
is possible to separate T h r and L-Pro from their 
mixture . T h i s suggests a possibility for, after crys­
tall ization of one enant iomer , ob ta in ing the other 
enan t iomer from the mother l iquor . T h e optical 
resolut ion by replac ing crystallization of DL-Thr, 
therefore, was tried by a l lowing L-Pro as an optically 
active cosolute to coexist in an aqueous supersaturated 
solut ion of DL-Thr. 

Exper imental 

Amino Acids. DL-Thr was purchased from Sigma Chem­
icals Co. and L-Thr ([a]D° -28.1° (c 1.00, water)) and L-Pro 
(I>]D -85.9° (c 1.00, water)) from Kokusan Chemical 
Works, Ltd. T h e D-Thr obtained by optical resolution was 
recrystallized from water: [aß0+28.4° (c 1.00, water). 

Optical Resolution. Crystallization by Seeding: DL-Thr 
(5.173 g, 43.43 mmol) was dissolved in 25 cm3 of water at 
40 °C. The solution was slowly cooled to 10 °C and seeded 
with 0.050 g of D-Thr. After stirring the mixture for 0.5—7 h 
at 100 rpm and 10 °C, the precipitated D-Thr was collected by 
filtration, washed with a small amount of methanol, and 
dried. 

The optical resolution was also performed similarly by 
making 5.000 g (43.43 mmol) of L-Pro to coexist. 

The optical purity of the obtained D-Thr was determined 
on the basis of the specific rotation ([a]D

6 +28.4° (water))7* of 
D-Thr. The yield of optically pure modification (YOPM) 
and the amounts of crystallization of D- and L-Thr (WD and 
Wh/g) were calculated by 

YOPM/g = [Yield/g X Optical purity/%]/100 - S, (1) 

Wi/g = (l/2)[Yield/g - YOPM/g - S], (2) 

WD/g = YOPM/g + WL/g, (3) 

where S is the amount of the seed crystals (0.050 g in the 
above optical resolutions). 

Replacing Crystallization: DL-Thr (6.897 g, 57.90 mmol) 
and 2.000—7.333 g (17.37—63.69 mmol) of L-Pro were 
dissolved in 25 cm3 of water. The solution was stirred for 3 h 
at 100 rpm and 10 °C; the solution containing 6.666 g 
(57.90 mmol) of L-Pro was stirred for 1.5—4.5 h. The 
precipitated D-Thr was collected by filtration, washed with a 
small amount of methanol, and dried. The YOPM, WL, and 
WD were calculated by Eqs. 1—3, respectively; the S value in 
Eqs. 1 and 2 is zero. The degree of resolution of the D-Thr 
obtained from a solution containing 6.666 g of L-Pro was 
calculated by 

Degree of resolution/% = YOPM/g X 100/1.567, (4) 

where the difference between the half initial amount of DL-
Thr and the solubility of D-Thr in this system is 1.567 g. 

The mother liquor after the optical resolution for 3 h 
using a solution containing 6.666 g (57.90 mmol) of L-Pro 
was dried under reduced pressure. After stirring a 
suspension of the residue in 200 cm3 of methanol for 2 h at 
room temperature, 5.469 g of Thr ([a]D° —5.9° (c 1.00, water)) 
was filtered off; the methanol filtrate was dried to recover 
6.451 g of L-Pro ([a]D° -84.7° (c 1.00, water)) as the residue. A 
solution of the Thr in 20 cm3 of water was stirred for 5 h in 
an ice bath to give 1.309 g of optically pure L-Thr 
([a]D°— 28.4° (c 1.00, water)). Drying of the filtrate gave 
4.074 g of DL-Thr ([aß0 +1.0° (c 1.00, water)). 

Solubility, DL-, D-, or L-Thr (6.000 g) was dissolved in 
25 cm3 of water or in a solution of 5.000 or 6.666 g of L-Pro in 
25 cm3 of water at 40 °C. After vigorously stirring the solution 
for 10 h at 10 °C, the precipitated Thr was rapidly collected 
by filtration, washed with a small amount of methanol, and 
thoroughly dried. The solubility at 10 °C was calculated on 
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Temperature 

°C 

10 
10 
10 
15 
20 

Optical Resolution of DL-Threonine 

Table 1. 

Solvent 

Water 
i-Pro-Watera) 

L-Pro-Waterb> 
Water 
Water 

Solubility of Threonine 

DL 

D-Thr 

7.474 
7.521 
7.526 
8.175 
9.190 

Solubility/g (100 

-Thr 

L-Thr 

7.474 
8.557 
8.887 
8.175 
9.190 

cm3 water) -1 

D-Thr 

— 
7.108 
7.140 

— 
— 

L-Thr 

6.949 
7.223 
7.334 
7.711 
8.548 

3297 

a) The solvent contained 20.000 g of L-Pro in 100 cm3 of water. b) The solvent contained 26.664 g of L-Pro in 
100 cm3 of water. 

the basis of the weight of Thr. In the case of dissolving 
DL-Thr in a solution containing L-Pro, the solubilities of D-
and L-Thr were estimated on the basis of the optical purity of 
the Thr obtained by filtration and its weight. 

Measurement. Optical rotations were measured at 589 
nm with a Union Giken PM-101 digital Polarimeter with a 
quarz cell of 0.50 dm path length. 

Results and Discussion 

Thermodynamic Properties of Saturated Solution. 
Solubility: Statistical mechanical theory has shown 
that solubili t ies of enant iomers differ from each other 
in an optically active solvent or in a solut ion 
con ta in ing an optical ly active cosolute.8) If a racemic 
modif icat ion is a conglomerate , one enant iomer has a 
possibili ty for cyrstallizing preferentially from a 
solut ion con ta in ing the conglomerate and optically 
active cosolute.8) T h e solubilit ies of DL-, D-, and L-Thr 
were measured bo th in water and in an aqueous 
solut ion con ta in ing L-Pro at 10 ° C (Table 1). 

DL-, D-, and L-Thr were more soluble in the aqueous 
solut ion con ta in ing L-Pro than in water, and their 
solubil i t ies increased wi th an increase in a m o u n t of 
L-Pro. Since L-Thr was more soluble than D-Thr in the 
presence of L-Pro, T h r at eutectic po in t was no longer 
racemate and slightly had an abundance of L-Thr; at 
the eutectic po in t , the mole fraction of D-Thr was 
est imated to be 0.0107, that of L-Thr 0.0126, that of 
L-Pro 0.0391, and that of water 0.938. 

Activity Coefficient: If the difference in heat 
capacity of a solute between l iquid and solid states is 
assumed to be zero, the solubili ty of a solute at T K is 
approximated by 

Table 2. Activity Coefficient of Threonine 
in Saturated Solutiona) 

In x = - AHV(RT) + AH</(RT) - In y, (5) 

where x is mole fraction, AH f enthaply of fusion, Tf 

mel t ing poin t , y activity coefficient of the solute, and 
R the gas constant. 

T h e solubilities of DL-Thr in water at 10 and 20 ° C 
in Tab le 1 and that at 25 °C9) give by the least squares 
method from 

Solvent 

Water 
L-Pro-Waterb) 

L-Pro-Waterc) 

Activity coefficient 

DL-Thr 

D-Thr L-Thr 

0.927 0.927 
0.951 0.836 
0.960 0.813 

D-Thr 

0.986 
0.994 
0.999 

L-Thr 

0.986 
0.978 
0.994 

a) Temperature: 10°C b) The solvent contained 20.000 
g of L-Pro in 100 cm3 of water, b) The solvent contained 
26.664 g of L-Pro in 100 cm3 of water. 

where x is the mole fraction of D- or L-Thr for a saturated 
so lu t ion of DL-Thr at T K (correlation coefficient 
0.998). T h e y value of D- or L-Thr for a saturated solution 
of DL-Thr in water is estimated to be 0.928 at 25 °C10) 

and is assumed to be constant at 10—25 ° C because 
the range of temperature is narrow. A compar ison 
of Eq. 6 wi th Eq. 5 leads to 

In x • 1750/T+ 1 .60 - In 7. (7) 

\nx = - 1750/T+ 1.67, (6) 

T h e y values of D- and L-Thr in aqueous solutions at 
10 ° C were calculated on the basis of the solubilit ies in 
Tab le 1 by Eq. 7 and are listed in Table 2. 

T h e y values of D- and L-Thr in a solut ion of DL-Thr 
were smaller than those in solut ions of D- and L-Thr, 
respectively. T h i s result shows that an attractive 
interact ion is act ing between D- and L-Thr in the 
solut ion of DL-Thr. T h e y values of L-Thr decreased 
wi th an increase in the a m o u n t of L-Pro, whereas those 
of D-Thr tended to increase. T h e above results show 
that the attractive interaction between L-Thr and L-Pro 
is s tronger than that between D- and L-Thr and that a 
repulsive interact ion is ac t ing between D-Thr and L-
Pro . A l t h o u g h a supersaturated solut ion may no t 
necessarily be regarded as the same as a saturated 
solut ion, the pr imary nuclea t ion of D-Thr in the 
supersaturated solut ion of DL-Thr is considered, on the 
basis of the p h e n o m e n a ment ioned above, to be 
accelerated in the presence of L-Pro bu t that of L-Thr 
to be prevented. u ) 

Optical Resolution by Seeding. T h e solubilities 



3298 Tadashi SHIRAIWA, Masahiro YAMAUCHI, Yumi YAMAMOTO, and Hidemoto KUROKAWA [Vol. 63, No. 11 

suggested that D-Thr was preferentially crystallized 
from the supersaturated solut ion of DL-Thr in the 
presence of L-Pro. T h e optical resolution, therefore, 
was tried by seeding wi th D-Thr to compare replacing 
crystallization wi th ordinary preferential crystalliza­
tion. These results are shown in Fig. 1. 

Rap id crystallization of L-Thr has no t been observed 
in either optical resolution, because the crystallized D-
T h r had a 90—99%) optical pur i ty and the WL value 
was no t more than 0.02 g. DL-Thr is more soluble in 
aqueous solut ion in the presence of L-Pro than in its 
absence. Therefore, when the a m o u n t of DL-Thr 
dissolved in aqueous solut ion con ta in ing L-Pro is 
equal to that in water, the degree of supersa tura t ion of 
the former solut ion is less than that of the latter 
solut ion. T h i s made us presume that crystallization of 
D-Thr from the supersaturated solut ion in the presence 
of L-Pro wou ld be slower than in the absence of L-Pro. 
Figure 1, however, shows that the Wn value in the 
presence of L-Pro is 1.9—2.6 times as large as that in 
the absence of L-Pro. T h i s result suppor t s that D-Thr 
is rapidly crystallized in the presence of L-Pro because 
the pr imary nucleat ion of D-Thr is accelerated by the 

repulsive interaction between D-Thr and L-Pro. 
Optical Resolution by Replacing Crystallization. 

Optimizat ion of the a m o u n t of L-Pro was conducted 
by st i rr ing a solut ion of 57.90 m m o l of DL-Thr and 
17.37—63.69 m m o l of L-Pro in 25 cm 3 of water for 3 h 
at 10 °C. T h i s result is shown in Fig. 2. 

Since L-Thr was no t rapidly crystallized under these 
condi t ions and the WL values ranged from 0.02 to 
0.11 g, the obta ined D-Thr had a 73—99% optical 
puri ty. A l though the WD values tended to increase 
wi th an increase in the a m o u n t of L-Pro by the 
repulsive interact ion between D-Thr and L-Pro, the 
values seemed to be constant in the range of 52.11 to 
63.69 m m o l of L-Pro. T h e optical resolution, there­
fore, was performed wi th a coexisting equimolar L-Pro 
(57.90 mmol ) for DL-Thr. T h e results are summarized 
in Table 3. 

D-Thr wi th 91%) opt ical pur i ty was obta ined in 78%) 
degree of resolut ion after 3 h. Drying of its mother 
l iquor , followed by treatment of the residue wi th 
methanol , gave T h r and L-Pro (97% recovery). Opt i ­
cally pure L-Thr was obta ined by recrystallizing the 
T h r from water by the procedure described in the 
exper imenta l section. DL-Thr was recovered by drying 

u 
u 

Time / h 

Fig. 1. Comparison of replacing crystallization with 
preferential crystallization. DL-Thr: 5.173 g. Seed crys­
tals: 0.050 g of D-Thr. Water: 25 cm3. Temperature: 
10°C. —:D-Thr. : L-Thr. O: Preferential crystal­
lization. • : Replacing crystallization; 5.000 g of 
L-Pro was contained in the aqueous solution. 

u 
u 

1.6 

1.2U 

0 .8U 

0 . 4 h 

/o 

[ « • • • * 1 • * • « 
10 20 30 40 50 

L - P r o l i n e / mmol 

60 70 

Fig. 2. Influence of amount of L-proline on replacing 
crystallization. DL-Thr: 6.897 g(57.90 mmol). Water: 
25cm3. Temperature: 10°C. O: D-Thr. • : L-Thr. 

Table 3. Optical Resolution by Replacing Crystallization of DL-Threoninea) 

Resolution time 

h 

1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 

Yield 

g 

0.389 
0.491 
1.095 
1.338 
1.377 
1.758 
1.981 

Optical purity 

% 

94.0 
95.1 
94.4 
91.1 
82.4 
57.4 
40.5 

YOPMb> 

g 

0.366 
0.467 
1.034 
1.219 
1.135 
1.009 
0.802 

Degree of resolution 

% 

23.4 
29.8 
66.0 
77.8 
72.4 
64.4 
51.2 

a) The supersaturated solution consisted of 6.897 g of DL-Thr and 6.666 g of L-Pro in 25 cm3 of water; tempera­
ture 10 °C. b) YOPM: Yield of optically pure modification. 
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the aqueous filtrate. 
T h e optical resolution by replacing crystallization 

of DL-Thr can give D- and L-Thr by us ing L-Pro as an 
optically active cosolute. 
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Regio- and Facial-Selective Effects of Allylic Heteroatoms 
in 1,3-Dipolar Cycloaddition of a Nitrile Oxide 

Yoshinobu INOUYE, Morihi ro MITSUYA, Kenji TOKUHISA, and Hiroshi KAKISAWA* 

Department of Chemistry, University of Tsukuba, Tennodai, Tsukuba, Ibaraki 305 
(Received July 2, 1990) 

The 1,3-dipolar cycloaddition of nitrile oxides to 2-X-bicyclo[2.2.2]oct-5-enes (X=0 , NMe, S, SO2) were 
investigated together with acyclic and alicyclic analogues. The regioselectivity in an ^xo-attack was controlled 
by the heteroatom present at an allylic position — a remote attack was predominant in the cases of O and SO2 
but a vicinal attack in those of NMe and S— and the results were rationalized from the electronic nature of the 
heteroatom, X. In an endo-attack, a remote attack was observed in every case and the dipole-dipole repulsion 
between X and the oxygen of the nitrile oxide was considered to be a predominant factor. The steric 
environment around the heteroatom controled the facial-selectivity. 

Allylic heteroatoms have been of cont inuous in­
terested due to their characteristic effects on the regio-
a n d / o r facial-selectivity in intermolecular cycloaddi­
t ion reactions from bo th synthetic and mechanist ic 
viewpoints.1* In the course of our synthetic studies 
concerning na tura l products , we found previously that 
the regioselectivity in the 1,3-dipolar cycloaddition of 
nitrones is affected by the nature of allylic heteroatoms 
present in a d ipolarophi le . T h e regiochemistry of the 
products favored the direction as the oxygen a tom of 
the dipole ap t to repel wi th the allylic oxygen a tom 
(remote attack) while to proximate with the allylic 
silicon a tom (vicinal attack)(Scheme 1).2) We also 
found that the regioselectivity was independent of the 
geometry of the double bonds of dipolarophiles.3 ) 

There has been mainly three explanat ions con­
cerning the or ig in of the effect of allylic heteroatoms. 
T h e first is based on the polar izat ion of the Frontier 
7r-orbital, due to the electronic effect of the hetero­
atoms.1^ T h e second is based on the steric environ­
ment of subst i tuents at the allylic posit ion. l b ) T h e 

AH °y 

CH2 

X=OCH3 

X=Si(CH3)3 

N-R' N-R' 

minor 

major 

Scheme 1. 

final one is based on the electrostatic repuls ion or 
at t ract ion between the heteroatom and the oxygen of 
the 1,3-dipole.1^ In the case of acyclic olefins, the 
conformat ion at the allylic posi t ion is so flexible that 
the results are no t necessarily estimated directly 
regarding the regio- a n d / o r facial-selectivity. T h u s , it 
is impor t an t to fix the geometry of the dipolarophi les 
in order to clarify the nature of the effect. We noticed 
the angle (0) between the C-X bond and the 7i-orbital, 
as shown in Fig. 1, because, if any electronic effect is 
present, the effect may be m a x i m u m when 6 is 0 
degrees (parallel), bu t m i n i m u m when 90 (or —90) 
degrees (rectangular). We chose bicyclo[2.2.2]oct-2-ene 
(1) and its heterocyclic analogues (2—6) as a parallel 
model . A heteroatom (O, N, or S) is placed at the 
2-posit ion where 0 become nearly 30 degrees. In the 
case of oxygen, bo th 2-oxabicyclo[2.2.2]oct-5-ene (2) 
and l,4-dimethyl-2-oxabicyclo[2.2.2]oct-5-ene (3) were 
used because 2 is so volatile that the c o m p o u n d could 

Bu 

XCH3 

7 X=0 
8 X=S 

9 X=0 
10 X=S 

TMSO 

PhCO 
n 

< 
N-Ph 

y 

v*ri3 

C 

I 
i • " V 

1 1 

COOEt 

CCI 

12 

COOEt 

13 

N 
I 
OH 

14 15 

Fig. 1. The definition of 0. Scheme 2. 
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not be isolated in a pure state.4) Also (Z)-l-methoxy-2-
heptene (7) and (Z)-l-methylthio-2-heptene (8) were 
used as a flexible model and 5,6-dihydro-2H-pyran (9) 
and 5,6-dihydro-2H-thiopyran (10) were used as a 
rectangular model (0=90). 

Results and Discussion 

1,3-Dipolar Cycloaddition and Assignment of Stereo­
chemistry. The regioselectivity of (Z)-l-methoxy-2-
heptene (7) toward a reactive nitrone, Af-phenylbenzoyl-
methanimine Af-oxide (11), at room temperature was 
previously found as 96:4.3) In the present work, 
however, we selected as a dipole, 2-(trimethylsilyloxy)-
2-methylpropanenitrile oxide (12),6) generated in situ 
under equilibration with 3,4-bis[l-methyl-l-(trimethyl-
silyloxy)ethyl]furazan 2-oxide (TOP-furoxan, 13), for 
two reasons. The low reactivity of the cyclohexene 
ring toward nitrones5) requires that the reactions 
should be carried out at higher temperature, though 
the yield using nitrone 11 was generally low under this 
conditions. The second reason was to avoid com­
plexity due to the formation of stereoisomeric adducts 
at the C3 position of the isoxazolidine ring when 
nitrone is used. Besides, among the ordinary methods 
to generate in situ a nitrile oxide, those that from 
nitroalkane7) or chloro oxime8) in the presence of a 
base were found to be unsuitable for 4; the amine 
function in 4 behaved as a base to compete with the 

A "endo-remote" 
2A - 6A 
16A,17A \ 

B"endo-vicinal" 
2B - 6B 
16B,17B 

// 

addition (see Experimental). 
A mixture of a given dipolarophile and a slight 

excess of TOP-furoxan (13) in CÔDÔ was sealed in a 
NMR-tube and heated at 165°C. The reaction was 
continued until the signals of the dipolarophile in 
XH NMR spectrum disappeared. Products were sepa­
rated by chromatography and characterized by 500 MHz 
NMR spectra. 

The reaction of 3, 4, or 5 with another nitrile oxide, 
ethyl cyanoformate Af-oxide (15),8) generated in situ at 
room temperature by the slow-addition of base on 
ethyl chloro(hydroxyimino)acetäte (14), was also ex­
amined for a comparison with the above-mentioned 
reactions. 

As shown in Scheme 3, there are four possible 
approaches of the nitrile oxide to the bicyclic 
dipolarophiles (2—6) to give adducts A (endo-remote 
addition), B (endo-vicinal), C (exo-remote), and D (exo-
vicinal), respectively. The terms "endo" or "exo" 
shown in parentheses are with respect to the hetero-
atom of the dipolarophiles. The stereochemical 
assignments of products were based on the long-range 
W-coupling in the XH NMR spectra: in endo-type 
adducts (A and B) two W-couplings (H3a-H5 and 
H3b-H8a) were observed in every case; in exo-type 
adducts (C and D), however, three W-couplings 
(H3b-H8a, H5-H8b, and H6-H7b) were observed. 
The chemical shifts and coupling patterns on those 
products are summarized in Table 1. 

On the other hand, in acyclic or alicyclic dipolaro­
philes (7—10), only two products (derived formally 
from remote and vicinal attacks) are possible and, 
regiochemistry, could be easily assigned by a decou­
pling technique in the XH NMR spectra (Scheme 4). 

The ratio of the products were analyzed by the 
XH NMR spectra of the mixture. The results are 
summarized in Table 2. 

The progress of the reaction was monitored by 
XH NMR; neither serious decomposition nor cyclo-
reversion was obseved in all bicyclic dipolarophiles. 
In the cases of oxygen (Runs 2 and 4), the yields were 
so low relative to the other bicyclic dipolarophiles that 
the product ratio between 3 and 12 was analyzed after 

D"exo-vicinal" 
2D - 6D 

16D,17D 

7 
or 

8 

9 
0 r 

10 

+ 

+ 

1 2 

-j 2 

Bu 

} 
XMe 

7A 
8A 

_^r 
*H 

9A 
10A 

R 

x=o 
x=s 

X 
x=o 
x=s 

. 0 

R 

+ 

+ 

R 
B u v ^A 

XMe 

7B X=0 
8B X=S 

R 

Cr^* ! ^ < / 
9B X=0 

10B X=S 

Scheme 3. Scheme 4. 
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Table 1. 500 MHz 1H NMR Spectraa> of Adducts from Bicyclic Dipolarophiles (2—6) in CDC13 

Adductb) 

x=o 

x=o 
(Me) 

2A' 

2B' 

2 C 

2D' 
3A 

3B 

3C 

3D 

X=NMe 4A' 

X=S 

x=so2 

x=o 
(Me) 

X=S 

4 C 

4D' 

5A 

5B 

5C 

5D 

6A 

6C 

6D 

16A 

16B 

16C 

16D 

17A 

17C 

17D 

Hi 

4.24 (ddd) 
3.9, 2.1, 1.8 

3.88 (ddd) 
4.7, 2.3, 2.0 

4.11 (ddd) 
4.3, 4.2, 1.9 

1.39 (s, Me) 

1.20 (s, Me) 

1.41 (s, Me) 

1.19 (s, Me) 

3.15 

2.95 

2.81 (ddd) 
5.0, 2.8, 2.8 

3.00 (m) 

2.77 

3.05 

2.73 

3.50 

3.34 

3.28 

1.13 (s, Me) 

1.23 (s, Me) 

1.21 (s, Me) 

1.21 (s, Me) 

3.17 (m) 

3.11 (m) 

2.76 (m) 

H3a 

3.73 (ddd) 
9.0, 1.9, 1.8 

3.78 (ddd) 
9.2, 1.9, 1.9 

3.95 (dd) 
9.3, 2.2 

3.41 (dd) 
8.7, 2.1 

3.45 (dd) 
8.9, 2.3 

3.65 (d) 
9.0 

3.55 (d) 
8.9 

2.24 (ddd) 
11.5, sm, sm 

2.91 (dd) 
10.7, 2.0 

2.46 (dd) 
10.2, 2.0 

2.56 (ddd) 
10.7, 3.1, 0.9 

2.55 (ddd) 
10.5, 3.4, 1.6 

2.91 (dd) 
11.1, 4.2 

2.83 (dd) 
10.6, 3.0 

3.05 (br. dd) 
13.5, 4.0, sm 

3.25 (dd) 
13.6, 4.0 

H3b 

4.04 (ddd) 
9.0, 2.5, 2.4 

3.85 (ddd) 
9.2, 2.6, 2.4 

3.72 (ddd) 
9.3, 2.7, 2.1 

3.81 (dd) 
8.7, 3.1 

3.76 (dd) 
8.9, 2.7 

3.42 (dd) 
9.0, 3.0 

3.46 (dd) 
8.9, 3.3 

3.31 (ddd) 
11.5, sm, sm 

2.44 (ddd) 
10.7, 2.3, 2.3 

2.93 (dddd)c> 
10.0, 3.3, 1.6, 1.6 

3.10 (ddd) 
10.7, 2.9, 2.9 

2.83 (ddd) 
10.5, 2.0, 2.0 

2.70 (ddd) 
11.1, 2.5, 2.5 

2.64 (ddd) 
10.6, 3.1, 2.8 

3.64 (ddd) 
13.5, 2.9, 2.7 

3.14 (ddd) 
13.6, 3.5, 2.0 

3.14—3.22 (AB) 

3.48 (dd) 
9.0, 1.9 

3.48 (dd) 
9.1, 2.5 

3.66 (d) 
9.4, 

3.60 (d) 
9.0 

2.58 (ddd) 
11.0, 3.6, 1.2 

2.93 (dd) 
11.1, 3.8 

2.83 (dd) 
10.8, 3.2 

3.83 (dd) 
9.0, 3.3 

3.55 (dd) 
9.1, 2.5 

3.49 (dd) 
9.4, 3.2 

3.51 (dd) 
9.0, 3.1 

3.01 (ddd) 
11.0, 2.6, 2.6 

2.73 

2.70 (ddd) 
10.8, 2.9, 2.9 

H4 

1.94 (m) 

2.20 (m) 

2.07 (m) 

0.90 (s, Me) 

1.11 (s, Me) 

0.89 (s, Me) 

1.07 (s, Me) 

1.86 

2.01 (m) 

2.09 (m) 

2.30 (m) 

2.45 (m) 

2.36 (m) 

2.53 (m) 

2.79 (m) 

2.65 (m) 

2.91 (m) 

0.94 (s, Me) 

0.88 (s, Me) 

0.94 (s, Me) 

0.89 (s, Me) 

2.33 (m) 

2.37 (m) 

2.62 (m) 

H5 

4.76 (ddd) 
11.9, 3.9, 

3.50 (ddd) 
11.8, 3.1, 

4.88 (ddd) 
11.4, 4.3, 

3.59 (ddd) 
4.40 (dd) 

11.8, 2.1 
3.28 (dd) 

12.0, 2.3 
4.48 (dd) 

11.8, 2.2 
3.30 (dd) 

11.9, 2.3 
4.67 (ddd) 

11.6, 3.3, 
4.72 (ddd) 

11.4, 4.6, 

1.9 

1.9 

1.4 

1.7 

1.5 
3.46 (br. dd) 

11.2, 3.2, 
4.63 (ddd) 

12.1, 4.9, 
3.38 (ddd) 

12.1, 4.5, 
4.72 (ddd) 

11.5, 4.2, 
3.45 (ddd) 

11.5, 2.4, 

sm 

0.9 

1.6 

1.7 

2.0 
4.61 (br. dd) 

12.1, 4.8, 
4.82 (ddd) 

11.5, 3.6, 
3.66 (ddd) 

11.0, 2.2, i 
4.62 (dd) 

11.9, 1.9 
3.49 (dd) 

12.3, 2.5 
4.71 (dd) 

11.8, 2.1 
3.53 (dd) 

11.8, 2.0 
4.93 (ddd) 

12.3, 4.8, 
4.97 (ddd) 

12.0, 3.8, 
3.59 (ddd) 

11.7, 3.0, 

sm 

1.7 

>.o 

1.2 

1.7 

2.0 

H6 

3.44 (dd) 
11.9, 2.1 

4.59 (dd) 
11.8, 3.4 

3.75 (ddd) 
11.4, 4.3, 2.0 

4.81 (ddd) 
3.29 (d) 

11.8 
4.38 (d) 

12.0 
3.49 (dd) 

11.8, 2.4 
4.43 (dd) 

11.9, 2.0 
3.58 (dd) 

11.6, 3.9 
3.68 (ddd) 

11.4, 3.6, 1.9 
4.80 (br. dd) 

11.2, 5.1, 1.0 
3.64 (dd) 

12.1, 3.6 
4.77 (dd) 

12.1, 4.2 
3.84(ddd) 

11.5, 2.7, 2.2 
4.99 (ddd) 

11.5, 4.3, 1.4 
3.77 (dd) 

12.1, 3.7 
4.24 (ddd) 

11.5, 2.7, 2.5 
5.16 (ddd) 

11.0, 4.3, 1.6 
3.47 (d) 

11.9 
4.60 (d) 

12.3 
3.67 (dd) 

11.8, 2.4 
4.63 (dd) 

11.8, 1.9 
3.84 (dd) 

12.3, 4.3 
4.00 (ddd) 

12.0, 3.5, 2.0 
5.21 (ddd) 

11.7, 4.2, 1.7 

a) First column shows chemical shifts with splitting pattern in parentheses and second one shows coupling constants, 
sm is small coupling constant, b) Those with (') shows the data being of a corresponding de-TMS derivative, c) Changed 
to dd (/=10.0 and 3.3) when 0=1.78 (AB, H7a, and H7b) was irradiated. 

6 hours. However, the results (3A : 3B : 3C : 3D=28: 7 : 
36: 29, Run 3 in Table 2) were the same as those values 
after 38 hours. Thus, we safely concluded for the 
bicyclic dipolarophiles that the values in Table 2 
reflect the kinetic product ratio. 

On the Origin of Regio- and Facial-Selectivity of the 
Allylic Heteroatoms. From Table 2, the following 
several features can be pointed out in the case of nitrile 

oxide, 12. 1) Although no details concerning kinetic 
measurements had been found, the approximate 
reaction rate decreased in order bicyclic > acyclic > 
alicyclic based on the structural type of dipolarophile; 
it was N-Me > CH2> O > S (or SO2) based on the 
species of the allylic heteroatom. 2) Regarding the 
facial selectivity observed among bicyclic dipolaro­
philes, the adducts (C and D, see Scheme 3) derived 



November 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

, 1990] 

Nitrile 
oxide 

12 

15 

Olefin 

1 
2 
3 
3 
4 
5 
6 
7 
8 
9 

10 
3 
4 
5 

Regio- and Facial-Selective Effects of Allylic Heteroatoms 

Table 2. Reaction Conditions and the Ratio of Cycloadducts 

Reaction conditions 

Concn/mmola) 

1.19 
0.87 
0.77 
0.77 
1.4 
0.91 
0.70 
0.98 
0.90 
1.40 
1.24 

Time/h 

24 
32 
6 

38 
10 
47 
65 
70 

154 
60 

146 

Yieldb> 

% 

84 
45 

ca. 20 
51 
93 
95 

100 
66 
44 (63) 
48 

1> 
34 
0C> 

74 

1A 
2A (47) 
3A (28) 
3A (28) 
4A (24) 
5A ( 6) 
6A( 4) 
7A (79) 
8A (61) 
9A (54) 

16A (37) 

17A ( 5) 

Cycloadducts 

Ratio 

2B ( 8) 
3B ( 7) 
3B ( 8) 

— 
5B( 2) 

— 
7B (21) 
8B (39) 
9B (46) 

16B(11) 

— 

in % 

2C (26) 
3C (36) 
3C (36) 
4C (34) 
5C (30) 
6C (51) 

16C (28) 

17C (18) 

3303 

2D (19) 
3D (29) 
3D (28) 
4D (42) 
5D (62) 
6D (45) 

16D (24) 

17D (77) 

a) The amount of an olefin in 0.3 ml of CeHe in the case of 12. b) Isolated yield. Those in parentheses were based on the 
olefin consumed, c) No adducts formed but only starting 4 recovered. 

from the exo (rear side) attack were major in all cases, 
except for 2. The exo attack increased in the order 
O < N-Me < S < S02 . 3) The regioselectivity in the 
endo attack favored in all cases the direction to 
produce A, in which the heteroatom of the dipolaro­
philes repels the dipole oxygen to a remote position. 
4) The regioselectivity in an exo attack favored a 
vicinal attack to give D in the case of N-Me or S, but 
favored C in the case of O or SO2. 4) When the 
alicyclic dipolarophile (9), was used, the regioselec­
tivity was almost diminished, though very little 
predominance in remote-attack was observed (Run 10). 
In 10, the values could not be obtained due to an 
instability of the dipolarophile under prolonged 
heating. 5) The apparent regioselectivity to produce a 
remote-attack product was recognized in the case of 
acyclic dipolarophiles (7 and 8). The selectivity was 
slightly lower, compared to the case of the nitrone 

The facial- and regioselective features with another 
nitrile oxide 15 under different conditions (Runs 12— 
14) were similar to those with 12; the present results 
can be considered as showing general features in 1,3-
dipolar cycloaddition of nitrile oxide to dipolarophiles 
having an allylic heteroatom. 

As shown in the oxygen series (Runs 8, 10, and 2 or 
4), the regioselectivity differed from one another 
regarding the structure of the dipolarophiles. This 
shows that the effect of the heteroatom changes as the 
angle between the 7T-orbital and the C-X bond. 

The selectivity observed in the present bicyclic 
dipolarophiles was finally considered. Regarding 
the facial-selectivity, an exo-attack becomes predomi­
nant in the order O, NMe, S, SO2; the order might be 
only explained by the steric environment around the 
heteroatom. 

On the other hand, the regioselectivity differed 
regarding the exo- or endo-attack. It is reasonable to 

assume that only the electronic effect of the heteroatom 
could operate in an £%o-attack, but that both steric and 
electronic effects should be considered in an endo-
attack.la> 

In order to examine the usually accepted HOMO-
LUMO correlation, MINDO/3 calculations9* con­
cerning both dipolarophiles and the dipole were 
performed. To simplify the calculations, (Z)-l-
methoxy-2-pentene (70, (Z)-l-methylthio-2-pentene (8'), 
and 2-hydroxypropanenitrile oxide (12') were used 
instead of 7, 8, and 12, respectively. In the case of 
acyclic models, the several conformations derived from 
changing the angle (0) were also calculated. The 
frontier Tt-orbitals obtained are illustrated with their 
energy and coefficients in Fig. 2. The energy and 
the coefficients of the frontier 71-orbital change as the 
angle (0) between the 7i-bond and C-X bond varies[Fig 
2 (a)]. The characteristic features derived by calcula­
tions involving acyclic models are as follows: 1) in the 
case of oxygen, both HOMO and LUMO states are 
stabilized according to an increase in the overlap of the 
C-X bond, but destabilize in the case of sulfur. 2) The 
coefficients of the frontier Tt-orbital also change 
according to 6; the situtation is again opposite for 
oxygen and sulfur. This tendency is also observed in 
the bicyclic dipolarophiles 3 and 5; the coefficient in 
HOMO is larger at the vicinal carbon (CO) in oxygen, 
but at the remote carbon (C5) in sulfur[Fig. 2 (b)]. Thus, 
the present results were consistent with the predictions 
of regiochemistry from a simple HOMO-LUMO 
interaction, which predicts, at least, in an £%o-attack 
the regiochemistry is opposite either the oxygen or the 
sulfur. This reverse phenomena can be considered 
qualitatively, as shown in Fig. 3; the electronegative 
oxygen atom pulls the bonding electrons to give a so-
called "allylcation" [Fig. 3 (a)], the polarization of 
which is larger at the adjacent carbon to the C-O 
group(b). When the sulfur atom is present at the 
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Fig. 2. HOMO and LUMO energies and coefficients of the 7r-bond calculated by MINDO/3. (a) 
Flexible system: the calculations were performed with 0=—90, 0, 30, and 90. (b) Fixed system. 

\ 5 + c—c= 

(a) (b) 

C — C = 

(d) 

Fig 3. Schematic representations of orbital polariza­
tion of 7r-bond caused by the allylic heteroatom. 

allylic posi t ion, the interaction of the lone pair on the 
sulfur a tom to the 7i-orbital th rough space results in an 
"allyl anion"(c) , the polarizat ion of which is larger at 
the remote carbon(d). W h e n the lone pairs on the 
sulfur a tom are replaced by the oxygen a tom, this 
through-space interaction diminishes and, thus, the 
electronegative property of the sulfonyl g r o u p reverses 
the regiochemistry (Run 7). T h e direction of 
polar izat ion is roughly comparable to the difference in 
chemical shifts of the double bond in the 1 3 C N M R 
spectra, as shown in Table 3. 

In the ni t rogen analogue, the polarizat ion became 

Table 3. 13C- and iH NMR Data of the Double Bond in Bicyclic Dipolarophiles 

1 (CH2)
a) 

2 ( 0 ) 
3 (O, Me) 

4 (NMe) 

5(S) 

6 (SO2) 

13C NMR (125 MHz) 

C5 C O 

134.2 

133.6 
138.3 

133.2 

131.9 

135.0 

134.2 

133.3 
135.9 

131.5 

134.8 

128.2 

H5 

6.125(d) 
8.2 

6.348 (ddd) 
8.2, 6.6, 1.5 

6.19s (dd) 
7.7, 7.7 

6.449 (ddd) 
8.5, 6.0, 1.8 

JH NMR (500 MHz) 

6.25 (dd) 
4.5, 3.0 

6.44 (m) 

H6 

6.156(d) 
8.2 

6.234 (ddd) 
8.2, 5.4, 1.4 

6.532 (dd) 
7.7, 7.6 

6.42s (ddd) 
8.5, 6.4, 1.9 

a) 90 MHz and 22.5 MHz for 1H and 13C, respectively. 
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smaller, as compared to those of the oxygen or sulfur, 
that the regioselectivity lowered slightly. 

Contrary to an exo-attack, the regiochemistry is not 
coincident wi th the polar izat ion of the 7i-orbital in an 
endo-attack. We estimate at the present t ime that a 
d ipole-d ipole repuls ion between the heteroatom of 
dipolarophi les and the oxygen of the nitri le oxide is 
the p r edominan t factor to decide the regiochemistry. 
T h e use of a more electropositive heteroatom (e.g., Si) 
or 2,5-dioxabicyclo[2.2.2]oct-7-ene is attractive for the 
decision of the control factor. 

Experimental 

Melting points are uncorrected. *H NMR spectra were 
measured in CDCI3, except otherwise stated, either on a 
JEOL FX90Q (90 MHz) or on a Brucker AM500 (500 MHz) 
spectrometer; the chemical shifts were recorded relative to 
the TMS as an internal standard. Flash chromatographies 
were performed using a Wakogel C-300 with the stated 
solvent. Recycle-HPLC was performed on a JAI LC-908 
Chromatograph with columns JAIGEL-1H and -2H. Micro 
analyses were performed at the Analytical Center, University 
of Tsukuba. High-resolution mass spectra were taken at 
Nippon Roche Research Center, Kamakura. 

Materials. Bicyclo[2.2.2]oct-2-ene(l) was purchased from 
Aldrich Co., Ltd. 2-Oxabicyclo[2.2.2]oct-5-ene(2),4) 1,4-
dimethyl-2-oxabicyclo[2.2.2]oct-5-ene(3),4) 2-methyl-2-azabi-
cyclo[2.2.2]oct-5-ene(4),10> 2-thiabicyclo[2.2.2]oct-5-ene(5),n) 

2-thiabicyclo[2.2.2]oct-5-ene 2,2-dioxide(6),n> (Z)-l-meth-
oxy-2-heptene(7),12> (Z)-l-methylthio-2-heptene(8),13> 5,6-di-
hydro-2H-pyran(9),14> 5,6-dihydro-2H-thiopyran(10),15> 3,4-
bis[ 1 -methyl-1 -( trimethylsilyloxy )ethyl]f urazan 2-oxide(TOP-
furoxan, 13),16) and ethyl chloro(hydroxyimino)acetate(14)8) 

were prepared to methods described in the literature. 
General Procedure of 1,3-Dipolar Cycloaddition Re­

actions with 2-(Trimethylsilyloxy)-2-methylpropanenitrile 
Oxide (12). A mixture of 0.5—1 mmol of a given dipolaro-
phile (1—10) and a slight excess of TOP-furoxan 13 in 0.3 ml 
of CeDe was heated in a sealed tube at 165 °C. The reaction 
was monitored by 1H NMR. After the solvent had been 
evaporated, the residue was purified by chromatography. 
The following give the amount of materials, reaction time, 
yield of the product(s), and separation conditions. 

Run 1: 1 (128 mg) and 13 (280 mg); 24 h; 84%; flash 
chromatography (hexane-EtOAc=10:l) gave a pure adduct 
1A as an oil. 

1A; 1H NMR (90 MHz) 0=0.14 (s, 9H), 1.51 (s, 3H), 1.56 
(s, 3H), 1.35—2.02 (m, 10H), 3.25 (br. dd, IH, 7=12 and 
3 Hz), and 4.56 (br. dd, IH, /=12 and 4 Hz). Found: C, 63.69; 
H, 9.69; N, 4.97%. Calcd for Ci5H27N02Si: C, 64.01; H, 9.67; 
N, 4.98%. 

Run 2: 2 containing 25% 6-oxabicyclo[3.2.1]oct-3-ene 
(96 mg) and 13 (199 mg); 32 h; 45%; recycle-HPLC (CHCI3) 
gave 56 mg of a mixture of 2A and I, and 75 mg of a mixture 
of 2B, 2C, 2D, II, III, and IV. I—IV were adducts derived 
from 6-oxabicyclo[3.2.1]oct-3-ene. 2A was isolated in pure 
form by flash chromatography (hexane-EtOAc=l :6). PTLC 
(CH2CI2, 4 times) gave three fractions, (2D), (2C, II, and III), 
and (2B and 2C). 

2A: Oil. Found: C, 59.06; H, 8.36; N, 4.99%. Calcd for 

Ci4H25N03Si: C, 59.33; H, 8.89; N, 4.94%. 
Run 3: 3 (106 mg) and 13 (177 mg); 6 h; ca. 20%; 

chromatography (ether : CH2CI2— 1:1) gave a mixture of 
adducts (3A : 3B : 3C : 3D=28:7:36:29). 

Run 4: 3 (106 mg) and 13 (177 mg); 38 h; 51%; chroma­
tography (ether :CH2Cl2=l: 1) gave a mixture of adducts 
(3A:3B:3C:3D=28:8:36:28); recycle-HPLC (CHCI3) gave 
29 mg of 3A and 73 mg of a mixture of 3B, 3C, and 3D; 3B 
was separated by flash chromatography (hexane-EtOAc=6 :1); 

3A: Oil. Found: C, 61.79; H, 9.54; N, 4.54%. Calcd for 
Ci6H29N03Si: C, 61.79; H, 9.38%; N, 4.50%. 

Run 5: 4 (158 mg) and 13 (291 mg); 10 h; 93%; flash 
chromatography (EtOAc) gave 303 mg of a mixture of 4C, 
4D, and 4A' (de-TMS derivative)(4C : 4D : 4A'=39:49:12) and 
34 mg of 4A'. After 4C and 4D had been converted into 
de-TMS derivatives, 4 C and 4D', respectively, pure 4 C and 
4D' were separated by flash chromatography (hexane-EtOAc= 
3:7). 

4A': Oil. Found: m/z 224.152. Calcd for C12H20N2O2: 
M+224.152. 

4 C : Crystal. Found: m/z 224.152. Calcd for C12H20N2O2: 
M+224.152. 

4D': Oil. Found: m/z 224.152. Calcd for C12H20N2O2: 
M+224.152. 

Run 6: 5 (115 mg) and 13 (196 mg); 47 h; 95%; 1H NMR 
of the residue revealed the ratio of 5A : 5B : 5C : 5D=6 :2:30:62. 
Column-chromatography on silica gel (hexane-CH2Cl2-
EtOAc=10:1:1) afforded 241 mg of a mixture of 5C and 5D, 
12 mg of 5A, and 4 mg of 5B. After 5C and 5D had been 
converted into de-TMS derivatives 5 C and 5D', a pure 5D' 
was obtained by recrystallization from benzene-pentane. 

5D': Mp 104.5—105 °C. Found: C, 58.20; H, 7.67; N, 
6.12%. Calcd for C11H17NO2S: C, 58.12; H, 7.54; N, 6.16%. 

Run 7: 6 ( l l l m g ) and 13 (154mg); 65h; ca. 100%; 
*HNMR of the residue revealed the ratio of 6A:6C:6D as 
being 4:51:45. Column-chromatography on silica gel 
(hexane-EtOAc=l : 1 ) gave 158 mg of 6C and 6D, and 6 mg of 
6A. 6C and 6D were separated by column-chromatography 
on silica gel (hexane-EtOAc=2 :1). 

6C: Mp 90—90.5 ° C Found: C, 50.69; H, 7.62; N, 4.23%. 
Calcd for Ci4H25N04SSi: C, 50.72; H, 7.60; N, 4.23%. 

6D: Mp 103.5—104.5 ° C Found: C, 50.46; H, 7.54; N, 
4.27%. Calcd for Ci4H25N04SSi: C, 50.72; H, 7.60; N, 4.23%. 

Run 8: 7 (125 mg) and 13 (213 mg); 70 h; 66%. Flash 
chromatography (hexane-EtOAc=5:l) gave 155 mg of 7A 
and 43 mg of 7B. 7A and 7B were converted into de-TMS 
derivatives 7A' and 7B', respectively, by the action of Bu4NF. 

7A': Oil; 1U NMR 0=0.91 (t, 3H, 7=7.2 Hz), 1.3—1.7 (m, 
6H), 1.45 (s, 3H), 1.50 (s, 3H), 3.39 (s, 3H), 3.41 (ddd, IH, 
7=9.0, 9.0, and 4.7 Hz), 3.53 (dd, IH, 7=9.0 and 9.0 Hz), 3.60 
(dd, IH, 7=9.0 and 4.7 Hz), and 4.39(ddd, IH, 7=9.0, 9.0, and 
4.8 Hz). Found: C, 62.33; H, 10.19; N, 6.04%. Calcd for 
C12H23NO3: C, 62.85; H, 10.11; N, 6.11%. 

7B': Oil; 1H NMR 0=0.90 (t, 3H, 7=7.2 Hz), 1.3—1.8 (m, 
6H), 1.49 (s, 3H), 1.52 (s, 3H), 3.39 (s, 3H), 3.30 (ddd, IH, 
/=9 .1 , 9.1, and 2.8 Hz), 3.61 (dd, IH, 7=10.5 and 5.9 Hz), 3.65 
(dd, IH, 7=10.5 and 4.9 Hz), and 4.57 (ddd, IH, 7=9.1, 5.9, 
and 4.9 Hz). Found: C, 63.03; H, 10.02; N, 6.37%. Calcd for 
C12H23NO3: C, 62.85; H. 10.11; N, 6.11%. 

Run 9: 8 (131 mg) and 13 (202 mg); 154 h; 44%. Flash 
chromatography (hexane-EtOAc=20:1) gave 77 mg of 8A 
and 49 mg of 8B. 
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8A: Oil; *H NMR 0=0.15 (s, 9H), 0.91 (t, 3H, /=5.6 Hz), 
1.3—1.8 (m, 6H), 1.50 (s, 3H), 1.56 (s, 3H), 2.13 (s, 3H), 2.68 
(dd, 1H, /=13.0 and 10.4 Hz), 2.95 (dd, 1H, /=13.0 and 
2.5 Hz), 3.43 (ddd, 1H, /=10.4, 8.5, and 2.5 Hz), and 4.38 
(ddd, 1H, /=8.5 , 8.5, and 4.0 Hz). Found: C, 57.19; H, 9.83; 
N, 4.94%. Calcd for Ci5H3iN02SSi: C, 56.73; H, 9.84; N, 
4.41%. 

8A' (de-TMS derivative): Oil. Found: C, 58.72; H, 9.59; 
N, 5.^0%. Calcd for C12H23NO2S: C, 58.74; H, 9.45; N, 5.71%. 

8B: Oil; *H NMR 0=0.14 (s, 9H), 0.90 (t, 3H, /=5.6 Hz), 
1.3—1.8 (m, 6H), 1.50 (s, 3H), 1.55 (s, 3H), 2.21 (s, 3H), 2.76 
(dd, IH, /=13.8 and 6.3 Hz), 2.78 (dd, IH, /=13.8 and 
7.2 Hz), 3.25 (ddd, IH, /=8.5 , 8.5, and 2.8 Hz), 4.53 (ddd, IH, 
/=8.5 , 6.5, and 6.5 Hz). Found: C, 57.14; H, 9.91; N, 4.73%. 
Calcd for Ci5H3iN02SSi: C, 56.73; H, 9.84; N, 4.41%. 

Run 10: 9 (118mg) and 13 (243 mg); 60 h; 48%. Flash 
chromatography (hexane-EtOAc=6 :1 ) gave 95 mg of 9A and 
79 mg of 9B. Both were converted into de-TMS derivatives, 
9A' and 9B', respectively. 

9A': Oil; *H NMR 0=1.46 (s, 3H), 1.51 (s, 3H), 2.0—2.1 
(m, 2H), 3.22 (ddd, IH, /=9.4, 6.8, and 6.8 Hz), 3.44 (dd, IH, 
/=11.8 and 9.4 Hz), 3.63 (ddd, 1H,/=11.6, 10.0, and 4.3 Hz), 
3.78(ddd, IH, /=11.6, 5.3, and 3.2 Hz), 4.02 (dd, IH, /=11.8 
and 6.8 Hz), and 4.52 (ddd, IH, /=6.8, 3.8, and 3.8 Hz). 
Found: C, 57.94; H, 8.19; N, 7.47%. Calcd for C9H15NO3: C, 
58.36; H, 8.16; N, 7.56. 

9B': Mp 76—78 °C (benzene-hexane); ^ N M R 0=1.50 
(s, 3H), 1.53 (s, 3H), 1.65—1.95 (m, 2H), 3.19 (ddd, IH, 
/=10.3, 7.3, and 7.3 Hz), 3.31 (ddd, IH, /=11.5, 11.5, and 
2.5 Hz), 3.75 (dd, IH, /=13.5 and 3.0 Hz), 3.90 (ddd, IH, 
/=11.5, 4.1, and 3.9 Hz), 4.18 (ddd, IH, /=7.3 , 3.0, and 
1.9 Hz), and 4.23 (dd, IH, /=13.5 and 1.9 Hz). Found: C, 
58.42; H, 8.19; N, 7.56%. Calcd for C9H15NO3: C, 58.36; H, 
8.16; N, 7.56. 

Run 11: 10 (124 mg) and 13 (262 mg); 146 h; serious 
decomposition with less than 1% adducts. 

General Procedure of 1,3-Dipolar Cycloaddition Reactions 
with Ethyl Cyanoformate N-Oxide (15). To a solution of 
ethyl chloro(hydroxyimino)acetate (14)8) and a given dipo-
larophiles (3—5) in ether, was added an aqueous sodium 
carbonate solution by a microfeeder during 3 h per 1 ml. The 
whole was stirred for 2 h and extracted with ether. The ether 
layer was washed with saline and dried over anhyd Na2S04. 
After removal of the solvent, the residue was purified by 
chromatography. 

Run 12: 3 (117 mg) and 14 (114 mg); Na2C03 (116 mg)/ 
1.5 ml H2O (4.5 h); 34%; chromatography (CH2CI2) gave 
74 mg of a mixture of 16A, 16B, 16C, and 16D (=37:11:28:24). 
16B was separated by PTLC (CH2Cl2-EtOAc=49.1,4 times). 
16A, 16C, and 16D were separated by recycle-HPLC (CHCI3). 

16A: Oil. Found: C, 61.10; H, 7.59; N, 5.48%. Calcd for 
C13H19NO4: C, 61.64; H, 7.56; N, 5.53%. 

Run 13: 4 (176 mg) and 14 (262 mg); Na 2C0 3 (255 mg)/ 
4 ml H2O (12 h); 0%. The residue was found as a mixture 
of 3,4-bis(ethoxycarbonyl)furazan 2-oxide and the starting 4. 

Run 14: 5 (103 mg) and 14 (374 mg); Na2C03 (262 mg)/ 
3.5 ml H2O (11 h); 74%; chromatography (CH2CI2) gave 
145 mg of a mixture of 17A, 17C, and 17D (=5:18:77). By 
PTLC (hexane-EtOAc=9:1, 5 times), 17A was separated 
from other two isomers. 

17C and 17D: Oil. Found: C, 54.57; H, 6.27; N, 5.72%. 
Calcd for C11H15NO3S: C, 54.75; H, 6.27; N, 5.80%. 

We are grateful to Dr. Noboru Nakayama of N i p p o n 
Roche Research Center for measurements of the high-
resolution mass spectra. 
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Foam Ratio as a Measure for Mechanical Foam-Breaking 
in Gas Bubbling Systems 
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The volume fraction of liquid in foam, designated as the foam ratio, was measured for a gas-bubbling 
system using various foaming liquids. The foam ratio can be used as a substantial measure of the dynamic 
foaming capacity for gas-bubbling systems. The applicability of the foam ratio for evaluating the performance 
of mechanical foam-breaking was investigated. Furthermore, the effect of the operating conditions on the foam 
ratio was related to the extent of mechanical foam-breaking. 

F o a m i n g is a rather common p h e n o m e n o n in 
chemical industries. It appears extensively not only in 
microbial processes, such as fermentation and waste­
water treatment, bu t also in factories such as textiles, 
paper pu lp ing , food manufactur ing. T h o u g h foaming 
causes various problems in produc t ion processes,1) it 
has a beneficial ut i l izat ion in techniques of foam 
separat ion and ore flotation.2) Antifoam agents have 
been employed in m a n y places to control foaming. 
However, the addi t ion of antifoam agents to a process 
solut ion involves the fol lowing problems:3 - 5) (1) a 
reduct ion of the oxygen-transfer rate; (2) reaction 
inh ib i t ion and toxicity; (3) adverse effects on the 
separat ion and puri f icat ion of products . In view of 
these facts, foam-breaking by a mechanical force is 
desirable. T h o u g h a number of mechanical foam-
breaking methods have so far been proposed, most of 
these techniques are hardly practical for foam-
breaking opera t ion in high-rate gas b u b b l i n g systems 
of indust r ia l scale.3-5) There are various methods 
proposed for measur ing the nature of foam such as 
surface viscosity, surface elasticity, and surface ri­
gidity.6-9) Most of these methods, however, could 
al low measurements under considerably restricted 
condi t ions that are different from actual gas bubb l ing 
and foaming. Therefore, a direct app l ica t ion of these 
methods to a mechanical foam-breaking system under 
h igh gas t h r o u g h p u t is difficult. In order to improve 
the exist ing foam-breaking system, or to develop a 
foam-breaker hav ing h igh performance, it is impor tan t 
for it to be based on a measure that reflects the dynamic 
foaming capacity in a gas-bubbl ing system. However, 
li t t le in format ion is available on such a measure. 
Previously, we examined the rotat ing-disk foam-
breaker (MFRD) as a foam-breaking apparatus.10»11) 
In a gas-bubbl ing system us ing a di lute detergent 
solut ion, we also showed that the foam rat io, viz., the 
volume fraction of l iqu id in the foam, affected the 
foam-breaking capacity of MFRD.1 2 ) 

In this study, the foam rat io was first measured for a 
gas-bubbl ing system us ing various foaming l iquids 
under mechanica l foam-breaking wi th MFRD. T h e 
effect of the opera t ing condit ions on the foam ratio 

was observed. Here, the relat ion between the foam 
rat io and the power for foam-breaking is also 
discussed. T h e applicabi l i ty of the foam ratio to 
different foam-breaking system is also examined. 

Experimental 

Apparatus. The experimental set-up is shown in Fig. 1. 
For a gas-liquid contactor used as a gas-bubbling system, a 
vessel of 0.23 m in diameter, Dj, which was equipped with 
six ball spargers in diameter with average pore openings of 
25 |im) and four baffle plates (0.1 Dj in width), was used. 
The liquid volume, V, in the vessel and the gas velocity, Ug, 
on the cross-sectional area of the vessel were varied over the 
range 4.0X10-3 to 7.0X10-3m3 and 1.41X10-3 to 5.62X 
10"3 m s-1, respectively. A MFRD (rotating disk of 0.18 m in 
diameter Dd) was set in the head space of the vessel, holding 
the ratio of Dj to the disk height, Hé, at 0.85. The liquid 
feed rate, W, onto the rotating disk was kept at 1.0X10-5 

Fig. 1. Experimental apparatus (unit: mm). A, con­
troller; B, torque meter; C, liquid feeder; D, rotat­
ing disk; E, fixed disk; F, supporting bar of fixed 
disk; G, roller pump; H, ball sparger; I, baffle plate; 
J, foam sampling tube; K, window; L, column. 
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m3 s -1. Further details regarding the apparatus and 
experimental methods were given in the previous papers.11,12) 

Both the spray nozzle (SN)13) and the fluid-impact 
dispersion apparatus (FIDA)14) shown in Fig. 2 were used as 
foam-breakers in the same foam-breaking mechanism as of 
MFRD. 

In this equipment, liquid particles formed by spewing the 
pressure-driven liquid are dispersed radially. SN or FIDA 
was set as the same height as in the case of MFRD. The 
liquid feed rate, Wc, through SN and FIDA ranged from 
3.29X10-5 to 6.08X10-5 m3 s"1 and from 2.96X10"5 to 
5.00X10-5 m3 s-1, respectively. Full details regarding SN and 
FIDA are available elsewhere.11) 

Foam Ratio. Foam withdrawn through a length-variable 
glass tube fitted on the wall was collected in a graduated 
container of constant volume, VF.12) The local foam ratio, 
0L, at different radial positions from the vessel wall was 
determined by 

Vi 

VF 
:i) 

where VF is the foam volume and VL is the net l iqu id 
volume in VF- T h e value of VL was measured from 
spontaneous collapse of foam in the container. 

Foam Size. Pho tographs of ascending foams were 
taken th rough a co lumn window (0.07 m in diameter), 
as shown in Fig. 1. T h e bubble shape could be 
approximated as being a sphere, and the ari thmetic 
mean diameter, dB, was then calculated for bubbles of 
more than 100 pieces. 

Foaming Liquid. Fifty eight kinds of foaming 
l iquids were used. T h e kinds of the l iquids are 
summarized in Tab le 1 together with the physical 
properties of the l iquids. 

( a ) SN 

Fig. 2. (a) Structure and dimension (in mm) of SN; 
(A) body, (B) chamber, and (C) head, (b) Structure 
and dimension (in mm) of FIDA; (A) nozzle, (B) fixed 
axis, (C) set screw, and (D) impact plate. 

Results and Discussion 

Local Foam Ratio. T h e local foam ratio, 4>L, was 
determined at a transient state, which is in the regime 
of foam-breaking to non-foam-breaking as a critical 
foam-breaking state.10_12) 

Figure 3a and 3b show th typical dis t r ibut ion of 4>L 
with varying the gas velocity, Ug, and the l iquid 
volume, V, in the vessel. In the figures, </>L is plotted 
against the radial distance, R, from the wall. Al though 
there is a difference in the value of $ L , depending on 
the l iquids, all the systems used had a tendency that 4>L 
became larger when Ug and V was increased. In 
addi t ion, the value of $ L was large at a posi t ion close 
to the vessel wall. T h e ma in cause was due to the 
si tuation that the collapsed foam l iquid produced by 
foam-breaking tended to flow downward a long with 
the wall. 

Effect of Operating Conditions on Averaged Foam 
Ratio. Mechanical foam-breaking by MFRD utilizes 
the impact of l iqu id particles dispersed from the 

Table 1. Physical Properties of Foaming Liquids at 293 K 

Solution Concentration/ p/kg rrr ju/m Pa s ff/mN m - 1 

Detergentc) 

Tween 40 
Tween 60 
Albumin 
Soybean meald) 

Saponin 

BSAe) 

Baker's yeastf)+Detergent 

Corn syrup+Detergent 
Corn syrup+Tween 40 
Corn syrup+Soybean meal 
Corn syrup+Saponin 

3.0X10-3—1.0X10-2a) 

5.0X10-3—5.0XlO-2b) 

5.0X10-2—1.0X10-lb) 

5.0X10-1—1.0b> 
0.50—3.0") 
1.0X10-2b) 

1.0X10-2b) 

1.0X10-2") in 0.1mol9i 
5.0X10-lb)+4.8X10-3a) 

1.0b)+6.3XlO-3a) 

10—60b)+2.5X10-2a) 

10-60b)+5.0X10-2b) 
10—60b)+3.0b) 
10—60b)+1.0X10-2b) 

NaCl 

998.2 
998.4 
998.4 

999.4—1000.4 
998.9—1001.5 

998.1 

998.3-998.7 

999.0—1007.0 

1035.8—1235.5 
1035.8—1235.8 
1037.3—1236.8 
1029.9—1334.8 

1.00 
1.02 
1.02 

1.06—1.07 
1.05—1.19 

1.00 

1.02 

1.02-1.22 

1.25-9.77 
1.25—9.77 
1.39—9.91 
1.26-8.26 

53.94—70.00 
50.30—61.45 
45.20—51.50 
48.90—51.60 
48.19—57.31 

63.90 

57.63—57.96 

49.70 

46.48—58.55 
51.92—55.10 
52.52—56.08 
63.71—70.64 

a) Vol%. b) Wt%. c) Lipon F, manufactured by Lion Corp. (Non-ionic surfactant 23%, Sodium alkylbenzenesulfonate, 
Sodium alkylethersulfuricester). d) Liquid filtered after 1 h boiling, e) Bovine serum albumin, f) Wet yeast. 
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R /10"2m fl/10~2m 
Fig. 3. Radial distribution of 0L. 3a: (1.0X10~2 vol%) 

Detergent solution; F=7.0X10-3 m3: Ug (m s"1): O; 
1.41X10-3, • ; 2.82X10-3, A; 4.21X10-3, A; 5.62X10-3. 
3b: (35wt%) Corn-syrup+(1.0X10-2 wt%) Saponin 
solution; t/g=4.21X10-3 m s"1; V (m3): O; 4.0X 
10-3, %• 5.5X10-3, A; 7.0X10-3. 

Fig. 4. Relation between Ug and 0L or Nc for a 
(35wt%) Corn-syrup+(5.0XlO-2wt%) Tween 40 
solution. 4a: 0Lvs. Ut;Ht(m): O; 0.103, • ; 0.140, A; 
0.176 4b: Nc vs. Ug (Keys are the same as in Fig. 4a). 

marg in of a disk against the foam passing th rough an 
a n n u l a r section between the disk and the vessel wall.12) 

According to this mechanism, the mean value of $ L on 
the annu la r section (that is, the averaged foam ratio 
0 L ) becomes impor tant . Using <f>L data in Fig. 3 we 
evaluated 4>L by means of graphical in tegrat ion from 
the wall to the edge of the disk. Moreover, for constant 
values of DT and Hd, the increase in the l iquid volume 
V resulted in a decrease of the foam-ascending 
distance, hi, from the aerated l iquid surface. T h e value 
of hi may be related to that of distance Hi between the 
disk height , Hd, and the static l iqu id height , HL :Hd— 
HL. We thus examined the variat ion of $ L wi th H{ and 
the gas velocity, Ug. Figure 4a shows a plot of $ L VS. 
Ug wi th Hi used as a parameter . It was found that $ L 
becomes larger as Ug increases and Hi decreases. T h i s 
may be at tr ibuted to the increase in the l iqu id 
en t r a inmen t in the foam15) and to a lower ing of foam 
drainage by gravity as a result of the decrease in the 
ascending distance.1 0 

In MFRD, the degree of splashing of l iquid particles 
from the disk depends on the ro ta t ion speed of the 
disk. T h u s , the relation between the critical disk speed, 
Nc, required for foam-breaking and the value of $ L was 
examined. T h e results of Nc at the same opera t ing 
condit ions as in Fig. 4a are shown in Fig. 4b (the 
obl ique- l ined areas below respectively solid lines 
represent the region of non-foam breaking12)). Nc 

tends to raise wi th increasing Ug and with decreasing 
Hi. It was also found that the tendency of increasing 

Nc in Fig. 4b is similar to that of increasing $ L in Fig. 
4a. According to this result, it should be noted that the 
value of Nc depends on 4>L-

Effect of Physical Properties on Averaged Foam 
Ratio. Figure 5 shows a plot of $ L against the surface 
tension, a, of foaming l iquids . It was difficult to 
observe the surface tension dependency of $ L . One is 
liable to consider that the lowering of o is one of the 
impor t an t condit ions for forming foam. However, the 
lowering of a is not necessarily related to the foaming 
ability. T h e results shown in Fig. 5 seem to suppor t 
no surface tension dependency of the foaming abil­
ity 17,18) 

T h e relation between <J>L and the kinemat ic viscosity, 
v, is shown in Fig. 6. $ L tends to gradual ly decrease 
wi th increasing v. In studies on foam separation us ing 
a foaming column,19>20) it has been shown that an 
increase in the foam size, dE> contr ibutes to a decrease 
in the foam rat io. If this re la t ion between d!ß and the 
foam ratio applies to a mechanical foam-breaking 
system, it may be observed that GÜB increases wi th 
increasing v. Figure 7 shows a plot of CÜB VS. V. A S was 
expected, d% tends to increase wi th increasing v. T h i s 
result shows that the dependency of v on $ L in Fig. 6 
can be expla ined from the increase of dB wi th 
increasing v. 

Relation between Averaged Foam Ratio and Foami-
ness. A l though various measures to reflect the 
dynamic foaming capacity of a l iqu id are avail-
able,2-6,21>22) the most typical measure is the foaminess, 
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Fig. 5. Relation between </>L and a at V=1.0X\0-S 

m3. Foaming liquids: O; (3.0X10"3—1.0X10"2 vol%) 
Detergent solutions, • ; (5.0X10"3—5.0X10"2 wt%) 
Tween 40 solutions, O; (5.0X10-2—1.0X10-^1%) 
Tween 60 solutions, C; (5.0X10"1—1.0 wt%) Albu­
min solutions, (D; (0.50—3.0 wt%) Soybean meals, 
©; (1.0X10-2 wt%) Saponin solution, 0; (10—60 
wt%) Corn-syrup+(2.5X10-2vol%) Detergent solu­
tions, • ; (10—60wt%) Corn-syrup+(5.0X10-2wt%) 
Tween 40 solutions, A; (10—60wt%) Corn-syrup+ 
(3.0 wt%) Soybean meals, À; (10—60 wt%) Corn-syrup+ 
(1.0X10-2 wt%) Saponin solutions. 

20 

15 

, ^ 1 0 

7 

5 

[ ug--

\ $ * * 
Ù 

y 

—\ r 

:4.21x1( 

^ A ^ A 

_J I 

1 r— 

)-3ms-' 

V^ 

[ .... J 

i—i—m-i 

A%J 

1 1 1 I I 
3 5 7 

^/10"6 mV 
10 

Fig. 6. Relation between </>L and v at F=7.0X10~3 m3 

(Keys are the same as in Fig. 5). 

Z. If this Z can be appl ied as a measure of mechanical 
foam-breaking to a gas-bubbl ing system, a propor­
t ional relat ion may be found between the values of $ L 
and Z. T h e foaminess, Z,ll) is given by 

Z = 
Vs 

(2) 

\ 2 
T? 

i 1 — i — i — i — i 1 — r 

O 

° C^ = U1x10"3ms"1 

2 
v / 10" m2s" 

Fig. 7. Relation between dz and v at V— 7.0X10 3 

m3. Foaming liquids: O; (1.0X10"2 vol%) Detergent 
solution, A; (20wt%) Corn-syrup+fl.OXlO"2wt%) 
Saponin solution, • ; (35 wt%) Corn-syrup+(5.0X 
10-2 wt%) Tween 40 solution, A; (50wt%) Corn-
syrup+(3.0 wt%) Soybean meal, 0; (60wt%) Corn-
syrup+(2.5X10-2 vol%) Detergent solution. 

Fig. 8. Relation between <£L a n d Z a t F=7.0X10-3 m3 

(Keys are the same as in Fig. 5). 

where Vs is the equ i l ib r ium vo lume of foam above the 
l iqu id layer and Vtg is the volumetr ic gas-flow rate. 
T h e Z values for l iquids were measured according to 
identical methods to those used by Kalischewski et 
al.21> 

Figure 8 shows the results of C/>L VS. Z. It seems that 
there is no definite relat ion between the increases of $ L 
and Z. In the measurement system of Z, the 
e q u i l i b r i u m foam height in the vessel related to Vs 

depends on the l iquid. T h i s means that there is no 
restriction in the foam height in such a system. O n the 
other hand , in a mechanical foam-breaking system 
where a foam-breaker is set in the foam-ascending sec-
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3 5 _ 7 10 20 30 

<PL / 1 0 ~ 2 

Fig. 9. Relation between </>L and Pkc Forming 
liquids: O; (3.0X10"3—1.0X10"2 vol%) Detergent 
solutions, • ; (5.0X10"3—5.0X10"2 wt%) Tween 40 
solutions, O; (5.0X10"2—1.0X10"1 wt%) Tween 60 
solutions, € ; (5.0X10"1—1.0 wt%) Albumin solu­
tions, 0 ; (0.50—3.0 wt%) Soybean meals, ®; (1.0X10"2 

wt%) Saponin solution, D; (1.0X10"2 wt%) BSA in 
water or in (0.1 mol%) NaCl solution, 0 ; (0.50— 
1.0 wt%) Yeast+(4.8X10-2—6.3X10"2vol%) Detergent 
solutions, O; (10—60 wt%) Corn-syrup+(2.5X10-2 

vol%) Detergent solutions, • ; (10—60 wt%) Corn-
syrup+(5.0X10"2 wt%) Tween 40 solutions, A; (10— 
60wt%) Corn-syrup+(3.0 wt%) Soybean meals, A; 
(10—60wt%) Corn-syrup+(1.0X10-2wt%) Saponin 
solutions. 

t ion, there is obviously a restriction in the foam 
height . T h e m a i n cause for the results in Fig. 8 seems 
to be due to these differences between the two measure­
ment systems. 

Relation between Averaged Foam Ratio and Power 
for Foam-Breaking. T h e power for foam-breaking 
wi th M F R D (power P k c required for l iqu id dispersion 
by the ro ta t ing disk) was determined by 

Pkc=2nNcr, (3) 

where z is the net to rque observed w h e n the disk is 
rotated at the speed Nc. Figure 9 shows the relation 
between P k c and <£L for all of the date. O n the whole , 
the increase of Pkc and <£L correspond well. According 
to this result, it may be pointed ou t that the value of $ L 
can also be related to the extent of mechanical foam-
breaking. Fur ther informat ion concerning the foam-
ascending velocity and the bubble residence time in the 
foam layer will be necessary for a more detailed 
discussion on the relat ion between Pkc and $L-

Applicability of Foam Ratio to Mechanical Foam-
Controlling Systems with Other Configurations of 
Foam-Breakers. T h e averaged foam ratio, $ L , on the 

7.0j 

5.0 

a* 
1.0 

0.7 

0.5 

5 7 10_ 20 30 50 

<f>L / 10~2 

Fig. 10. Relation between </>L and Pkc at V=5.5X\0-3 

m», SN: O; (1.0X10"2 vol%) Detergent solution, D; 
(1.0X10"2 wt%) Saponin solution, A; (5.0X10~2 wt%) 
Tween 40 solution. FIDA: O; (1.0X10"2 vol%) 
Detergent solution, Œ; (1.0X10-2 wt%) Saponin 
solution, A; (5.0X10-2 wt%) Tween 40 solution. 
MFRD: • ; (1.0X10"2 vol%) Detergent solution, • ; 
(1.0X10"2 wt%) Saponin solution, À; (5.0X10"2 wt%) 
Tween 40 solution. 

foam-ascending section when foam-breaking was 
carried ou t wi th SN13) or FIDA13) was evaluated in the 
same manne r as in MFRD. T h e required power, Pkc, 
of SN and FIDA was calculated in terms of bo th the 
nozzle pressure, in , 

and the corresponding critical 
l i qu id feed rate, Wc. Figure 10 shows a typical p lo t of 
Pkc vs. 4>L. T h e data in the system with MFRD are also 
shown for a comparison. Foam-breaking systems wi th 
SN and FIDA as well have a tendency that Pkc becomes 
larger as <£L increases. T h i s result shows that <£L can 
also be used as a measure to reflect a dynamic foaming 
capacity in a gas-bubbl ing system under foam-break­
ing wi th this configurat ion of foam-breaker. 

Moreover, as can be seen in Fig. 10, the P k c values at 
the critical foam-breaking state tend to be the lowest in 
the system wi th M F R D and the highest in the system 
wi th SN. T h e a m o u n t of l i qu id required for foam-
breaking at the same Ug and V is smallest in M F R D 
and largest in SN. T h e higher values of Pkc in a system 
wi th SN are a t t r ibuted to an increase of $ L in the foam 
layer caused by the splashing of large amounts of the 
l iquids. 

T h e au thors wish to express their thanks to 
Professor Michih i ro Fujii of the University of Ni igata 
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for his k ind suggestions about the prepara t ion of this 
article. 

Nomenclature 

dB Foam size, m 
Da Rotating disk diameter, m 
D{ Diameter of fixed disk underneath rotating disk (=Dd), 

m 
DT Vessel diameter, m 
hi Foam-ascending distance from aerated liquid surface, m 
Hà Disk height, m 
Ht Distance between Hd and HL (=Hd—HL), m 
HL Static liquid height in vessel, m 
Nc Critical disk speed required for foam-breaking, s_1 

Pn Nozzle pressure in SN and FIDA, Pa 
Pkc Power for foam-breaking, W 
R Distance from vessel wall, m 
Ug Gas velocity on cross-sectional area of vessel, m s - 1 

V Operating liquid volume in vessel, m3 

FF Foam volume, m3 

VI Net liquid volume in Vi, m3 

Vs Equilibrium volume of foam above liquid layer, m 
Vtg Volumetric gas flow rate, m2 s_1 

W Liquid feed rate onto rotating disk, m3 s_1 

Wc Critical liquid feed rate in SN and FIDA, m3 s_1 

\x Viscosity of liquid, Pas 
v Kinematic viscosity of liquid, m2 s_1 

n Ratio of circumference to diameter 
p Density of liquid, kg m~3 

a Surface tension of liquid, N m_ 1 

T Rotational torque of disk under foam-breaking, N m 
< £ L Local foam ratio 
4>L Averaged foam ratio 
E Foaminess, s 
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Synopsis. The ratio, eis-2-/trans-2-butene, formed from 
1-butène isomerization, was 22.2. The reaction profile of 
butènes isomerization obtained from the relative rate 
constants was of the cis-convex type. The basic sites on the 
oxide surface have been revealed by the benzoic acid titration 
method. 

T h e catalytic isomerizat ion of butènes over metal 
oxides has been extensively investigated in view of the 
acid-base catalysis.1) T h e acid-base natures and the 
catalytic activity of rare-earth oxides has recently been 
reviewed in a book by T a n a b e et al.2) Ha t to r i et al.3) 

investigated the isomerization of 1-butène over 13 
kinds of rare-earth oxides. A few studies on the 
isomerizat ion of 2-butenes over rare-earth oxides, on 
the other hand , has been reported; the activity of 
l a n t h a n u m oxide, y t t r ium oxide and cerium oxide 
have been reported so far.4) A l though the rare-earth 
oxides have been classified as the base catalysts on the 
basis of the Ois b ind ing energy study of the oxides,5) 

and of the react ion characteristics (e.g. the reaction 
activity of aldol addi t ion of acetone3)) the basicity of 
their surface has no t been measured by the t i t rat ion 
method wi th benzoic acid. In the present work we 
investigated the isomerization of butènes over a 
samar ium oxide, Sm203, and measured the basicity of 
its surface in order to obtain more informat ion 
concerning the acid-base nature of rare-earth oxides. 

Experimental 

A closed circulating system connected to a conventional 
vacuum line and a gas Chromatograph was used to follow 
the isomerization. The reaction mixtures were occasionally 
analyzed by means of gas chromatography. 

Aqueous ammonium (0.1 mol dm - 3) was added to 0.06 
mol dm - 3 samarium nitrate solution in order to precipitate 
samarium hydroxide. The samarium nitrate was supplied 
from Wako Pure Chemical Industries, Ltd. The solution 
with the precipitate was kept for 2 h at pH 10. The 
precipitate was then filtrated and was washed by distilled 
water until the pH of the solution became 7. The washed 
precipitate was dried at 383 K for 24 h and was calcined at 
723 K for 3 h in the presence of air. The samarium oxide, 
Sm203, thus obtained, was employed for isomerization as the 
catalyst. The catalyst was then evacuated at 973 K under ca. 
10-3 Pa for 3 h. 

The 1-butène, and eis- and fraw-2-butenes used as the 
reactants were obtained from the Tokyo Kasei Kogyo Co. 
Ltd., and were purified by repeated distillation to be more 
than 99%. 

The amount and strength of the basic sites on the surface 
were measured by the benzoic acid titration method .6'7) The 
indicators employed were Bromothymol Blue (H-=7.2), 2, 
4-dinitroaniline (H-=15.0), 4-chloro-2-nitroaniline (H-= 
17.2), and 4-nitroaniline (H-=18.4). The oxide samples (ca. 

0.05 g), which had been evacuated beforehand, were weight 
in separate glass tubes (18 cm long, 1.0 cm in outside-
diameter), and solutions of appropriate indicators in 
benzene (0.2 ml) were introduced with a microsyringe (1 ml) 
to each sample tube. Then, benzoic acid in benzene 
(0.01 mol dm - 3) was added for titration. From the resultant 
color changes of the indicators adsorbed on the catalyst 
samples, where the color of their basic state just disappeared, 
the end point of titration was visually determined. All of the 
operations for the measurement were conducted under a dry 
argon atmosphere. 

Results and Discussion 

Figure 1 shows a typical result of the isomerization 
of 1-butène over a s amar ium oxide, where the 
compos i t ion of butènes changed wi th time at 233 K. 
cis-2-Butene was predominant ly formed. T h e double-
bond migrat ion of 1-butène and the cis-trans isomeriza­
t ion of 2-butenes took place over the samar ium oxide 
catalysts employed. No skeletal isomerization could be 
observed, and no gaseous hydrocarbon other than 
butènes could be detected in the reaction mixtures 
under the present experimental conditions. 

T h e isomerization rates of butènes, based on product 
formation, were almost p ropor t iona l to the pressure of 
the reactants. D u r i n g the ini t ial stage of the reactions, 
the rate constants were determined. T h e rate constants 
at 233 K and the activation energies of the reactions are 
shown in Tab l e 1. T h e B E T surface area of the Sm203 
was est imated to be 34 m 2 g - 1 by the ni t rogen-
adsorpt ion method. T h e ratio, ku/ku, was 22.2, which 
was very h igh . 

Figure 2 shows the amoun t of basic sites per weight of 
the catalyst plotted against the basic strength for the 
samar ium oxide. T h e superbasic site ( H - ^ 2 6 ) defined 

5 0 1 0 0 

T i m e [ m i n ] 

Fig. 1. Isomerization of 1-butène over Sm203 
(evacuated at 973 K) at 233 K. 
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Table 1. The Rate Constants at 233 K and the Activation Energies of 
Isomerization of Butènes over Sm203 (Evacuated at 973 K) 

Reactant 

1-Butène 

eis -2 -Butène 

trans-2-Butene 

Product 

fram-2-Butene 
cis-2-Butene 
1-Butène 
trans-2-Butene 
eis -2- Butène 
1-Butène 

Rate constanta) 

ki/min*1 g - 1 

3.13X10-3 

6.95X10-2 
4.28X10-3 
3.82X10-4 

5.70X10-5 

2.85X10-5 

Activation energy 

£a/kj mol-1 

33.8 
26.3 
30.9 
39.5 
46.1 
45.1 

a) e. g. kij=kit, where the reactant is 1-butène and the product is fraw-2-butene. 

\ 

Fig. 2. Basicity vs. basic strength (H-) of Sm203. 

: - 2 - B ! o 0 

1 0 0 

- 2 - B 

• 2 - B m o 1 % 

Fig. 3. Reaction profile of isomerization of butènes 
over Sm203 (evacuated at 973 K) at 233 K. 

by Tanabe 6 ) was not found on the samar ium oxide 
surface. 

F igure 3 shows the reaction profile of the isomeriza­
t ion of butènes over the s a m a r i u m oxide, Sm2Ü3, at 
233 K. T h e profile was obtained in a manner similar 
to that described previously.^ T h e mol% of 1-butène, 
eis-, and £ran.s-2-butenes corresponing to the reaction 
t ime are shown in a t r iangular graph, when the 
isomerization of butènes proceeds. T h e line, which 
starts from the top of the triangle, represents the 
change of the composi t ion wi th time, when 1-butène is 
the reactant of isomerization. Since the curves, wh ich 
or ig inate from the left side of the triangle, bend in a 
convex m a n n e r to the left, this profile can be classified 
as being the as-convex type. 

T h e authors thank Mr. Hi roak i Katsube for his 
technical assistance. T h i s work was partially support ­
ed by a Grant- in-Aid for Scientific Research from the 
Ministry of Educat ion, Science and Culture, for wh ich 
the au thors ' thanks are due. 
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Synopsis. Cadmium and zinc porphyrins with pyridyl or 
aminophenyl group gave smaller activation energy for the 
transfer of the carriers photoproduced in the solid thin film 
and larger cathodic photocurrent in quinhydrone solution 
than tetraphenylporphyrinato-cadmium and -zinc. The 
properties may be ascribed to the molecular arrangement of 
the porphyrins in the film. 

It has been k n o w n that the per iphera l subst i tuent 
g r o u p and the central metal ion in a porphyr in largely 
inf luence the pho toe l ec t rochemica l p roper t i es . 1 _ 3 ) 

Yamashi ta reported that the photocurrent q u a n t u m 
yield increased wi th a decrease in the first r i ng 
oxidat ion potent ia l of metalloporphyrins.1* We pre­
viously reported that the pyridyl g r o u p in zinc por­
phyr ins played an impor t an t role in the photoelectro­
chemical behavior bacause of its coordinat ion to zinc 
in another porphyrin . 3 ) In this note, we report the 
photoelectrochemical properties of Cd, Zn, and Mg 
porphyr ins wi th pyridyl or aminophenyl g roup . 

Experimental 

Tetraphenylporphyrin(H2TPP),4>5-(4-pyridyl)-10,15,20-tri-
phenylporphyrin (H2PyP3P),5) and 5-(4-aminophenyl)-l 0,15,20-
triphenylporphyrin(H2PamP3P)6) were synthesized and purifi­
ed by the literature method. Cd, Zn, and Mg porphyrins 
were also synthesized and purified by the literature 
method.7-9* Porphyrin films were prepared on Pt plates by 
sublimation at pressure 4X10~3Pa. The Pt plates were 
maintained at ambient temperature during the sublimation. 
Film electrodes were insulated from the electrolyte with ep-
oxy resin except for the portion to be exposed to light (1 cm2). 
A 500 W xenon arc lamp (Ushio UXL-500D-O) was used as a 
white light source. The light was passed through a color 
filter (Toshiba L-39) and water, irradiated onto a film 
electrode in a N2-purged solution thermostated at a constant 
temperature. The other experimental datails were described 
in the previous paper.3) 

Results and Discussion 

In dark, the anodic currents were observed wi th Cd, 
Zn, and Mg porphyr in film electrodes above about 
0.5 V vs. A g C l / A g in 0.01 M qu inhydrone aqueous 
so lu t ion con t a in ing 0.2 M KCl (at p H 4.7), bu t the 
currents were hardly observed below 0.5 V (1 M = l mol 
d m - 3 ) . However, under i l lumina t ion , the relatively 
large cathodic currents were obtained below the 
electrode potent ia l of 0.4—0.6 V. T h e blocking 
contant was probably formed between a p-type 
semiconductor such as Cd, Zn, and Mg porphyr ins and 
the electrolytic solut ion. Figure 1 shows the de­
pendence of the short circuit photocurrents(zp) of Cd 
porphyr ins on the film thickness in 0.01 M qu inhy­
drone aqueous solut ion conta in ing 0.2 M KCl (at p H 

4.7). T h e film electrode exhibited the m a x i m u m 
cathodic p h o t o c u r r e n t ( w ) at a film thickness. T h e 
similar dependence was also observed wi th Zn and Mg 
porphyr ins . T h e zmax values are summarized in Tab le 
1. 

T h e ease of the carrier formation and the mobil i ty of 
the carrier photoproduced in the solid film may 

400 
Film thickness /nm 

Fi g. 1. Dependences of short circuit photocurrents of 
CdTPP (O) and CdPyP3P (•) on film thickness in 
0.01 M quinhydrone aqueous solution containing 
0.2 M KCl (pH4.7)a t25°C. 

Table 1. The Maximum Photocurrent (zmax),a) the 
Activation Energy of the Transfer of the Photo­

produced Carrier (AE), and the First Ring 
Oxidation Potential (£ox)

b) for Mg, 
Cd, and Zn Porphyrins 

Porphyrin 

ZnTPP 
ZnPyP3P 
ZnPamP3P 
CdTPP 
CdPyP3P 
MgTPP 
MgPyP3P 

w / | i A cm~2 

3 
11 
13 
4 

12 
15 
7 

AE/eV 

0.18 
0.14 
0.14 
0.22 
0.13 
0.16 
0.16 

£ox/V 

0.46 
0.49 
0.46 
0.38 
0.42 
0.26 
0.33 

a) Measured at 25 °C. b) Measured against Ag/0.01 M 
AgN<33 in acetonitrile, Solvent: Af,iV-dimethylform-
amide. 
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3.5 3.0 
T W K 1 

Fig. 2. Plots of log z'p vs. T~l for CdTPP (a, thickness 
60 nm) and CdPyP3P (b, thickness 100 nm). ip and T 
denote the short circuit cathodic photocurrent and 
the absolute temperature, respectively. 

largely influence the photocurrent q u a n t u m yield. 
T h e former and the latter were evaluated by the first 
r i ng oxida t ion potent ia l (Eox)'0 and the potent ia l 
barrier h inder ing carrier t ransport (A£)10), respectively. 
T h e Eox values were also summarized in Tab le 1. T h e 
AE value was determined by the following equation,1 0 ) 

i = z'oexp (—AE/kT), (1) 

where i is the pho tocur ren t at a constant appl ied 
voltage, z'o is a constant , k is Boltzman constant , and T 
is an absolute temperature. T h e AE value is 
independen t on the appl ied voltage. T h e zp values 
between 10 and 50 ° C were used instead of i. Figure 2 
shows plots of log ip vs. T _ 1 for Cd porphyr ins . It was 
identified from an increase in the iv value wi th an 
increase in temperature that these films had the 
semiconductive property. These plots gave straight 
lines, and the slope (AE) of CdPyPßP was smaller than 
that of C d T P P . Since the AE values of the two 
porphyr in films were obtained at the same experimental 
condi t ions, the difference between two AE values was 
at tr ibuted to the difference of an intr insic property 
between two porphyr in films. Therefore, the result 
exhibited that the carriers photoproduced in CdPyPßP 
film transfered easier than those in C d T P P film. T h e 
plots of Zn and Mg porphyr ins also gave straight 
lines. T h e AE values of Cd, Zn, and Mg porphyr ins are 
summarized in Tab le 1. T h e values were independent 
on the film thickness. 

It was found by means of scanning electron 
microscopy and X-ray diffraction spectrography that 
these Z n T P P and ZnPyPßP films were uni form and 
am orphous . We previously clarified from the absorp­
t ion and resonance R a m a n spectra of ZnPyPsP film 
that the pyridyl g roup in porphyr in coordinated to zinc 
in another porphyrin. 3 ) Further, Fleischer et al. 
reported the long l inear chain structure of a polymer 
of ZnPyPßP by means of X-ray crystal lography. n ) Zn 
po rphyr in wi th one aminopheny l g roup and Cd 
po rphyr in wi th one pyridyl g roup can also form a 

l inear polymer in the solid film because a 1:1 complex 
was formed between ani l ine and Z n T P P , and between 
pyridine and CdTPP, 1 2 ) respectively. Therefore, in the 
solid film, ZnPyPsP, ZnP a mPsP, and CdPyP 3 P mus t 
have larger interactions between ne ighbour ing mole­
cules and more orderly molecular a r rangement than 
Z n T P P and C d T P P . T h e AE values of ZnPyP 3 P, 
ZnPamPsP, and CdPyPsP consequently became smaller 
than those of Z n T P P and C d T P P , respectively. 

In the po rphy r in film wi th the very small conduc­
tivity (10 - 1 3 —10- 1 0 Scm _ 1 3 ) ) , the effective charge se­
para t ion of electrons and holes photoproduced in a 
space charge layer may be achieved by the easy transfer 
of the pho toproduced carriers. Since the Eox values of 
ZnPyPsP, ZnPamPsP, and CdPyPsP were approximate­
ly equal to those of Z n T P P and C d T P P , respectively, 
the carrier formation in ZnPyPsP, ZnPamP3P, and 
CdPyPsP films were as easy as that in Z n T P P and 
C d T P P films. ZnPyPsP, ZnP a mP 3P, and CdPyPsP 
nevertheless exhibited larger short circuit photocur­
rent than Z n T P P and C d T P P . T h e mobil i ty of the 
pho toproduced carriers probably played an impor­
tant role in the photoelectrochemical behavior of Zn 
and Cd porphyr in films. 

O n the other hand , the AE value of MgPyPsP was 
equal to that of M g T P P , bu t the w value of MgPyP 3 P 
was smaller than that of M g T P P . MgPyPßP can no t 
form the long l inear cha in structure in the film 
because a 1:1 complex was hardly formed between 
pyridine and MgTPP. 1 2 ) T h e result impl ied that the 
photocur ren t was largely influenced by the ease of the 
carrier formation in Mg porphyr ins . T h a t is to say, 
the z'max value increased wi th a decrease in the E0x value 
of the meta l loporphyr ins wi th no long linear chain 
structure, as demonstrated by Yamashita.1* 
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Synopsis. The STM images acquired in the constant 
current mode were found to resolve individual close-packed 
gold atoms on Au( l l l ) and iodine atoms on Pt( l l l ) . 
Measurements were made in air on the facets formed on 
single crystal spheres. Single crystals were prepared by 
melting pure metal wires with a hydrogen-oxygen flame. 

T h e resolution of individual close-packed gold 
a toms has previously been achieved on A u ( l l l ) films 
on mica in bo th u l t r ah igh vacuum (UHV) and air 
environments.1»2* More recently, adlattices of iodine 
irreversibly adsorbed on P t ( l l l ) have been clearly 
resolved in an air environment.3* 

Au films were prepared for a previous study1'2* by 
epi taxial deposi t ion of cleaved mica in a U H V . These 
films were also used for in situ S T M studies in 
electrochemical environments.4 '5* Atomically flat 
surfaces of P t ( l l l ) after be ing pol ished were usually 
prepared by an annea l ing method in a flame;3 '6 '7* this 
me thod was original ly developed by Clavilier et al.8* It 
was reported in our previous paper that carefully 
prepared P t single crystal spheres always consist of 
e ight fairly large facets of (111) in an octahedral 
configuration.7* S T M images obtained on a P t ( l l l ) 
facet indicated that the surface of P t ( l l l ) is atomically 
flat wi th a few mona tomic steps.7* Schneir et al. 
presented S T M images of A u ( l l l ) facets prepared by a 
similar me thod employed for the Pt( l 11) facets.9* T h e 
resolut ion of indiv idual metal a toms has no t yet been 
achieved on these facets, a l though images of mon­
atomic steps have been obtained in bo th air and aque­
ous electrolyte solutions.7 '9* 

In this letter we repor t on the a tomic corrugat ions 
for Au( 111 )( 1X1 ) and an adlattice of iodine on Pt( 111 ). 
Single crystals of P t and Au spheres were prepared by a 
method of Clavilier et al.,8* as described in our 
previous paper.7* Spheres 2—3 m m in diameter 
comprise eight facets of the (111) surface in an 
octahedral configurat ion. In order to expose clean 
surfaces, Au and Pt spheres were annealed in a 
hydrogen-oxygen flame near 500 and 1000 °C for 
1 minu te , respectively, and then quickly b rough t into 
contact wi th u l t rapure water (Millipore-Q) saturated 
wi th hydrogen.7* 

T h e S T M un i t used was similar to that described by 
H a n s m a et al.9'10* A fine mechanical approach was 
achieved by a 10:1 reducing lever. A piezo-electric tube 
scanner was kindly suppl ied from Seiko Instruments 
Inc. A digital data acquisi t ion and image processing 
system (Seiko I.) was employed, as described pre­
viously.7* Mechanically polished tungsten wires were 

used as the t ip electrode. T h e single crystal sphere was 
firmly held on a holder and moun ted on the STM uni t . 
T h e Au sphere emmersed from water was kept under a 
n i t rogen stream and subjected to STM measurements. 
T h e Pt sphere was either exposed in an b - n i trogen 
stream or immersed in a KI solut ion (1X10~4M, 
1 M ^ l mol d m - 3 ) , as described by Schardt et al.3* and 
H u b b a r d et al.,11'12* respectively. 

Figure 1 shows an STM topographic image showing 
80X80 n m 2 area of an A u ( l l l ) facet in air. Very flat 
terraces and a few steps were consistently observed. 
T h e height of each step was ca. 0.23 nm, in accord wi th 
the m o n a t o m i c step height of 0.235 n m on the Au( l 11) 
surface. Figure 2-a shows an S T M topographical l ine 
scan over a d imension of 3.5X3.5 n m 2 obtained at a 
constant t unne l ing current of 3 nA. T h e sample 
voltage and the x-scan rate were 50 mV and 50 ms / l ine , 
respectively. T h e z-direction was calibrated wi th the 
heights of mona tomic steps on A u ( l l l ) and P t ( l l l ) 
surfaces. T h e x- and ^-directions were calibrated 
against graphi te measurements. Figure 2-b is present­
ed as a top-view image of the same data as in Fig. 2-a, 
revealing a hexagonal close-packed structure. T h e 
observed spacing is comparable wi th a gold interatom­
ic distance of 0.288 n m . A similar value was reported 
in a previous report.1* We found that the corrugat ion 
heights are in the range of 0.03—0.05 nm, as shown in 
Fig. 2-a, acquired in the constant current mode. T h e 
close-packed structure can also be clearly observed on a 

80 0 

Fig. 1. An STM image of an 80X80 nm2 region of an 
Au(l l l ) facet surface observed in air. The sample 
voltage and the x-scan rate were 50 mV and 500 
ms/line, respectively. 
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Fig. 2. STM topographic line scans (a), and a 
topview (b) of a 3.5X3.5 nm2 region of an Au(l l l ) 
facet, (c) is a topview of a 7X7 nm2 region. The 
sample voltage and the x-scan rate were 50 mV and 
50 ms/line, respectively. The tunneling current was 
3nA. 

larger area of 7X7 nm2, as shown in Fig. 2-c. As 
pointed out in our previous paper,7) observations of 
the atomic corrugation of platinum in air seems to be 
more difficult than those of gold, because of a stronger 
tendency of Pt surfaces to absorb various impurities. 
However, the close-packed structure on Au(l l l ) 
persisted in air for at least several hours. We can now 
conclude that the Au( 111) facet prepared by the pres­
ent method has an ideal (1X1) structure in air. 

D'agostino and Ross previously showed using a UHV-
electrochemical system that reconstructed Au(l 11) sur­
faces were transformed to the (1X1) structure upon 
contact with water.13) 

Although we have not yet obtained images with a 
resolution of individual Pt atoms in air as discussed 
above, adlattices of iodine adsorpted on a Pt( l l l ) facet 
could be relatively easily seen in air. Figure 3-a shows 
a typical image of topographical line scans over a di-
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Fig. 3. STM topographic line scans (a), and a 
topview (b) of a 3.5X3.5 nm2 region of an iodine 
adlattice on a Pt( 111 ) facet. The sample voltage and 
the x-scan rate were —5 mV and 50 ms/line, 
respectively. The tunneling current was 2 nA. 

mens ion of 3.5X3.5 n m 2 obta ined at a constant current 
of 2 nA. T h e hexagonal close-packed structure can be 
more easily recognized in a top-view image of Fig. 3-a, 
as shown in Fig. 3-b. T h e observed atomic spacing of 
ca. 0.4 n m compares welLwith the iodine interatomic 
distance of 0.415 nm, as expected for both (\fTX\fT) 
and (3X3) structures.12) Images of the iodine adlattice 
on P t ( l l l ) have been previously measured in the 
constant he igh t mode.3) T w o types of iodine a toms 
were dis t inguished, which seemed to be located on top 
of a P t a tom and at a three fold hol low site, respec­
tively.^ However, it is interest ing to note that all 
iodine a toms seem to show a similar corrugat ion 
he ight (ca. 0.05 nm) in the image acquired under the 
present condi t ion us ing the constant current mode, as 
shown in Fig. 3-a. A detailed compar i son of images 
obta ined wi th the different modes are required for a 
further discussion of the structures of iodine adlattices. 

In summary , we could resolve individual gold and 
iodine a toms on atomical ly flat facets wi th the 
constant current mode of microscope operat ion. 
Atomic resolut ion images of other adsorbates are now 
of special interest. 

T h i s work was supported in par t by a Grant- in-Aid 
for Research No. 63850160 and 480540125498 from the 
Ministry of Educat ion, Science and Culture. 
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Synopsis. Platinum-silica catalysts coupled with alkyl­
silyl chloride were prepared for the regioselective hydrogéna­
tion of unsaturated compounds. These catalysts were stable 
in polar solvents. It was found that the carbon-carbon 
double bond far from a hydrophilic site was more rapidly 
hydrogenated in this catalyst system. 

It is still difficult to achieve h igh regioselective 
hydrogénat ion of compounds which have p lura l 
unsa tura t ions over a heterogeneous catalysts. In a 
previous paper1* we reported achieving regioselective 
hydrogénat ion of unsaturated alcohols by us ing 
p l a t i n u m - a l u m i n a modified with carboxylic acid. 
Since this catalyst is unstable in polar solvents, the 
appl ica t ion of this catalyst system is l imited wi th 
regard to the reaction condit ions. T h i s catalyst is 
difficult to apply to the regioselective hydrogénat ion 
of unsatura ted carboxylic acid because of the destruc­
t ion of the carboxylic acid layer on p l a t i n u m - a l u ­
mina . 

P la t inum-s i l i ca coupled with alkylsilyl chrolide 
was prepared in order to overcome this disadvantage 
and to achieve regioselective hydrogénat ion of un­
saturat ions. In this paper we report that the alkylsilyl-
coupled catalyst can be appl ied to the regioselective 
hydrogénat ion of unsatura ted carboxylic acids and 
that the hydrogénat ion rate of the carbon-carbon 
double bond is dependent on the distance between the 
double bond and the carboxyl g roup in unsatura ted 
carboxylic acid. 

Experimental 

Materials. Commericial reagents were used without 
further purification. Zero point five percent platinum on a 
powdered silica (N. E. Chemcat Corp.) was used for the 
preparation of modified catalysts. 

Preparation of Alkylsilyl-Modified Catalyst.2 •3) Dimethyl-
octadecylsilyl chloride (3.0 g) was dissolved in 15 cm3 of 
hexane. Three grams of a platinum-silica catalyst (0.5% 
w/w Pt) was immersed in the solution and stirred overnight 
at room temperature. A catalyst coupled with the silyl-
reagent was filtered off, washed with hexane and dried under 
reduced pressure. A catalyst prepared by the method 
described above was named catalyst A. A catalyst capped 
with trimethysilyl chloride (catalyst B) was prepared as 
follows: catalyst A was immersed in a hexane solution 
containing trimethylsilyl chloride (5.0 g); the solid was 
filtered off, washed with hexane and dried under reduced 
pressure. The characterizations of the catalysts A and B were 
analyzed by elemental analysis; catalyst A: C, 11.07; H, 
2.26%, catalyst B: C, 11.24; H, 2.31%, platinum (0.5 w/w%)-
silica:C, 0.14; H, 0.55%. 

Hydrogénation of Decenoic Acids. In a 30-cm3 round-
bottom flask, 40 mg of catalyst A, B, or 0.5%» platinum-silica, 
was suspended in 20 cm3 of hexane containing 9-decenoic 

acid (25 mg), trans-2-decenoic acid (25 mg) and dodecane (25 
mg) as an internal standard with stirring at 25 ° C under a 
hydrogen atmosphere. Both the reactants and products were 
analyzed by gas chromatography (a capillary column PEG 
20M 30 m and OV 101 30 m). These compounds were 
assigned and their concentrations were determined using 
authentic samples and an internal standard. 

Hydrogénation of 5,9-Dimethyl-4,8-decadienoic Acid. 
5,9-Dimethyl-4,8-decadienoic acid (1) was prepared in the 
manner described in a previous paper.4* In a 30-cm3 round-
bottom flask, 20 cm3 of hexane containing 5,9-dimethyl-4,8-
decadienoic acid (12.5 mg) and pentadecane (25 mg) as an 
internal standard was stirred with 80 mg of catalyst A or 0.5% 
platinum-silica at 25 °C under a hydrogen atmosphere. 
Both the reactants and products were analyzed in a similar 
manner to that described above. The assignments of the 
products were performed with GC-MS and 1H NMR 
spectroscopy. 

^COOH 

5,9-dimethyl- \ 
4-decenoic acid\ 

5,9-dimethyl-
4, 8-decadienoic' 
acid 

5,9-dimethyl-
decanoic acid 

5,9-dimethyl-
8-decenoic acid 

Results and Discussion 

Hydrogénation of Mixture of 9-Decenoic Acid and 
£raro-2-Decenoic Acid. Competi t ive hydrogénat ion 
of 9-decenoic acid and trans-2-decenoic acid was 
carried ou t over the catalysts A, B, and the control 
catalysts, and the results are shown in the table. T h e 
regioselectivities are listed as C1/C2 on the last co lumn 
in the table. When us ing hexane as the solvent, the 
regioselectivity over catalyst A was much higher than 
those of the other catalysts. O n the other hand , the 
selectivity over catalyst B was m u c h higher than those 
of the other catalysts when us ing ethanol . In the case 
us ing bo th hexane and ethanol , a system of catalysts A 
and B led to a h igh regioselectivity in comparison wi th 
the control catalyst system. These phenomena result 
from the effect of alkylsiliyl-modification on the 
catalyst. T h i s mechanism is though t to be as follows: 
the hydrophi l ic surface of the solid catalyst was 
converted to the hydrophobic one by alkylsilylation; 
the double bond in the hydrophobic part can more 
easily app roach the active site than that in the hydro­
phi l ic par t because of the strong affinity between the 
dimethyloctadecylsilyl (ODS)-layer and the hydro-
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Table 1. Hydrogénation of Mixture of 9-Decenoic Acid (9-DA) and frïms-2-Decenoic Acid (2-DA) 

Catalyst 

Catalyst A 
Catalyst B 
Control cat. 
Catalyst A 
Catalyst B 
Control cat. 

Solvent 

Hexane 
Hexane 
Hexane 
Ethanol 
Ethanol 
Ethanol 

React, time/min 

10.0 
10.0 
10.0 
50.0 

150.0 
240.0 

Conversion/% 

9-DA (CI) 

83.8 
78.6 
76.0 
91.0 
91.7 
91.5 

2-DA (C2) 

5.3 
11.9 
27.3 
10.0 
5.4 

25.0 

C1/C2 

15.8 
6.6 
2.8 
9.1 

17.0 
3.6 

Catalyst: 40 mg 9-decenoic acid: 0.1 mmol, fr<ms-2-decenoic acid: 0.1 mmol, solvent: 20 cm3, reaction tem­
perature: 25 °C. 

X 
o 
o 
o 

X 
o 
o 
o 

I1-
0 

- f i -
0 

S i l i c a 

Fig. 1. Reaction model for the competitive hydro­
génation of 9-decenoic acid and frYms-2-decenoic 
acid in Catalyst A system. 

hobic par t in unsatura ted carboxylic acid (Fig. 1). 
Hydrogénation of 5,9-Dimethyl-4,8-decadienoic Acid 

(1). T h e hydrogéna t ion of 1 was investigated by 
catalysis wi th the alkylsilyl-modified catalyst. Since 
the two double bonds were similar in a steric environ­
ment , regioselective hydrogénat ion could not be 
acheived over the usual heterogeneous catalyst. In 
fact, the regioselectivity in the hydrogénat ion of 1 was 
low over the control catalyst (Fig. 2-a). However, by 
catalysis over catalyst A, the regioselectivity in the 
hydrogénat ion was increased and the yield of 5,9-
dimethyl-4-decenoic acid was 2-times that wi th cataly­
sis over the control catalyst (Fig. 2-b). T h i s result also 
originates from the effect of the ODS layer on 
pla t inum-si l ica . Uzuki and Suzuki2) reported that 
alkylsilyl chloride was coupled wi th silica and that 
they covalently bonded with each other. In our case, 
the p repara t ion me thod was similar to that of Uzuki 
and Suzuki, and the alkylsilyl reagent was though t to 
be b o u n d to p la t inum-s i l i ca by a covalent bond. T h e 
results of the elemental analysis suppor ted this view. 
It is possible to use carboxylic acid as the substrate and 
a polar solvent in the catalysis wi th the ODS-coupled 
catalyst. Consequent ly , the appl ica t ion range of this 
catalyst system is very wide in compar ison with the 
carboxylic acid-modified catalyst.x) 

In conclusion, it was elucidated that an alkylsilyl-
coupled catalyst makes it possible to achieve the 
regioselective hydrogénat ion of unsaturated acids. 

*£ 
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o
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80 100 

Fig. 2. Hydrogénation of 5,9-dimethyl-4,8-decadi-
enoic acid: a) Control catalyst; b) Catalyst A. 
Conditions: Catalyst: 80 mg, 5,9-dimethyl-4,8-decadi-
enoic acid: 12.5 mg, pentadecane: 25 mg, hexane: 
20 cm3, reaction temperature: 25 °C. 

COOH 



3322 NOTES [Vol. 63, No. 11 

References 

1) H. Kuno, K. Takahashi, M. Shibagaki, and H. 
Matsushita, Bull Chem. Soc. Jpn., 62, 3779 (1989). 

2) H. Uzuki and N. Suzuki, Huntaikogakukaishi, 20, 744 

(1983). 
3) M. L. Hair and W. Hertl, / . Phys. Chem., 77, 1965 

(1973). 
4) S. Himoto and T. Miyahara, Japan Patent 78-27789 

(1978). 



November, 1990] © 1990 The Chemical Society of Japan NOTES Bull Chem. Soc. Jpn., 63, 3323—3325 (1990) 3323 

1H and 19F NMR Relaxations of Electroconducting Polypyrrole and 
Polythiophene Trifluoromethanesulfonates 
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Synopsis. The NMR relaxation time Ti of XH and that of 
19F were determined for polypyrrole and polythiophene 
doped with trifluoromethanesulfonate (triflate) or Perchlo­
rate ions. The XH Ti is governed by the paramagnetism of 
the polymer chains. The 19F Ti of the triflate ions is 
explained by the combined effect of the F-F dipolar 
interaction and the electron-nucleus coupling. The 
activation energy for CF3 reorientation about the C3 axis was 
7.5 kj mol - 1 for polypyrrole triflate and 15 kj mol - 1 for the 
corresponding polythiophene. 

T h e electrical conductivit ies of doped polypyrroles 
and poly th iophenes are strongly dependent on the 
nature of dopan t an ions as well as dopan t concentra­
t ion.1 '^ T h e molecular geometry and the molecular 
mot ion of an ions may be affecting factors. In the 
present work, we have studied the molecular mot ion of 
tr if luoromethanesulfonate (abbreviated as triflate) ions 
in polypyrrole and poly th iophene wi th the aid of 
19F NMR. 

Experimental 

The materials used in this study were [(C4H3N)(ClC>4)o.3i-
0.4H2O]„ (with a conductivity of 25 S cm"1 at 300 K), 
[(C4H3N)(CF3S03)o.3-0.36H20]„(l Sem"1), [(C4H2S)(C104)o.i7-
0.25H2O]„ (3Scm-i), and [(C4H2S)(CF3S03)o.2-0.15H20]„ 
(0.15 S cm -1), which were prepared by the methods reported 
in our previous papers.3 - 0 

The relaxation time T\ was determined by a 180°—T—90° 
pulse sequence method with the aid of home-made pulsed 
NMR spectrometers.7'8) The 19F T\ was determined at the 
Larmor frequency of 42 MHz. The 1H Ti was measured at 20 
and 45 MHz. The sample was sealed with helium gas after 
pumped down for 3—4h. The sample temperature was 
controlled between 80 and 300 K by flowing cold nitrogen 
gas. 

Results and Discussion 

Polypyrroles. T h e 1H N M R of the polypyrrole trif­
late exhibi ted a single exponent ia l free induct ion 
decay (FID) curve. W h e n the sample was exposed to 
air, a non-exponen t i a l FID curve consist ing of two 
components was observed at room temperature. One 
of the componen t s had a T2* of ca. 30 |is, which was 
identical wi th that of the oxygen-free sample. T h e other 
had a T2* of ca. 1 ms. It weakened wi th decreasing 
temperature , a n d disappeared below ca. 250 K. T h e 
two componen t s had an identical T\ value, which 
agreed wi th that of the oxygen-free sample. T h i s 
oxygen-absorpt ion effect was reversible. As shown in 
Figs. 1 and 2, the 1H T\ was substantially temperature-
independent except at temperatures above ca. 200 K. 
Since the relaxat ion t ime was constant wi th respect to 
the resonance frequency (Figs. 1 and 2), the temperature-

independent relaxat ion process is dominated by the 
spin dynamics in the paramagnet ic polymer chains, 
the unpa i r ed electrons of which are originated from 
polarons a n d / o r chain defects.6) T h e weak tem­
perature dependence at h igh temperatures may be 
at tr ibuted to an addit ional effect arising from a 
molecular mot ion of polymer chains a n d / o r water of 

7 9 
1037"-1/K"1 

11 

Fig. 1. 1H relaxation time T\ observed for poly­
pyrroles at 20 MHz: Perchlorate [(C4H3N)(C104)o.3i-
0.4H2O]„ (O) and triflate [(C4H3N)(CF3S03)o.3-
0.36H2O]„ (V). 
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Fig. 2. 19F relaxation time Ti (top) and 1H 7 \ 
(bottom) observed for polypyrrole triflate: the 
Larmor frequency was 45 MHz for 1H and 42 MHz 
for 19F. The curve was calculated by Eq. 3 in the text. 
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hydrat ion. 
For the 19F N M R of the triflate ions in the polymer, 

an exponent ia l FID curve was observed th roughou t 
the temperature range investigated, and it was not 
influenced by the adsorpt ion of oxygen. As shown in 
Fig. 2, the temperature dependence of the 19F T\ 
exhibited a well-defined T\ m i n i m u m . T h i s tem­
perature dependence was different from that of XH T\. 
A cross relaxat ion, therefore, is not operative between 
19F a n d 1H nuclei . T h e absence of the cross re laxat ion 
is suppor ted by the fact that the XH T\ of the triflate 
shows an identical temperature dependence wi th that 
of the Perchlorate as shown in Fig. 1. 

T h e 19F relaxat ion due to a reorientat ion of a CF3 
g roup is usual ly expla ined by the B P P theory:9) 

determined for the CF3 reorientat ion is much smaller 
than 25 k j mo l " 1 reported for Ag(CF3C02) ,1 4 ) and is 
comparable to 5.5 k j m o l - 1 of copper(I) trifluoroace-
tate12) in which the CF3 groups undergo almost free 
reorientat ion about the C3 axis. 

Polythiophenes. T h e 1H FID curves observed for 
the triflate and the Perchlorate showed essentially the 
same na ture as for the corresponding polypyrrole salts. 
T h e absorpt ion of oxygen showed the same effect on 
the FID as observed for the polypyrroles. T h e 1H T\ 
gradual ly decreased wi th decreasing temperature as 
shown in Figs. 3 and 4. U n d o p e d po ly th iophene was 
stable enough to provide reliable N M R data. A single 
1H FID curve was observed wi thou t an oxygen-
adsorpt ion effect. T h e 1H T\ increased wi th decreasing 

Ti-^BPP) = (2/3)y2AM[r/(l + Û>2T2) 

+ 4T/ (1 +4Û>2T2)], (1) 

where AM is a second-moment decrease due to 
mot iona l na r rowing a n d co is the angu la r resonance 
frequency. T h e correlat ion time r of the CF3 reorienta­
t ion abou t its C3 axis is assumed to be given by the 
Arrhenius equa t ion wi th the activation energy ô: 

T — Toexp(<5/£T). (2) 

T h e observed 19F T\ vs. T _ 1 curve shows a well-defined 
m i n i m u m (Fig. 2). In contrast to the B P P curve, 
however, the slopes of the h igh- and low-temperature 
sides are no t identical wi th each other. T h e 
paramagne t i sm of the polymer chains may contr ibute 
to the 19F Ti in addi t ion to the BPP process. T h e 1 9FTi 
is, therefore, given by: 

0.5 
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hT 

0.1 

0.05 

0.01 
3 5 7 9 11 
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Fig. 3. 1H relaxation time T\ observed for polythio­
phenes at 20 MHz: Perchlorate [(C4H2S)(C104)o.i7 
•0.25H2O]„ (O), triflate [(C4H2S)(CF3S03)o.2-0.15H20]„ 
(T), and undoped polythiophene ( • ) . 
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Ti-i(WF) = Ti-^el) + Tr^BPP) , (3) 

where, Ti_ 1(el) is the inverse of a relaxat ion time due 
to the paramagne t i c process.10) Since this process is 
expected to govern the 19F T\ via the same electron 
spin dynamics as for the 1H Ti , Ti-1(el) in Eq. 3 can be 
assumed to be propor t iona l to XH Tu 

TrHel) = cTrHW), (4) 

here Ti _ 1 ( 1 H) is the inveres of the 1HTi, which is 
96 ms at 45 MHz. Figure 2 shows that Eq. 3 well 
expla ins the observed 19F 7 \ . T h e best fit was obtained 
when c=0.23, AM=2.5 G2, 0=7.5 k j mo l" 1 and 1/Tmin 

(reciprocal temperature of the T\ minimum)= :5.3X 
10~3K_1 . T h e second momen t of an isolated CF3 
g r o u p in a r igid lattice was calculated to be 6.5 G2 on 
the basis of geometrical parameters determined for 
dimethylgold triflate hydra te . n ) When the CF3 g roup 
rapidly reorientates abou t its C3 axis, the AM amoun t s 
to ca. 5 G 2 due to the molecular motion.1 2 ) When a 
molecular mo t ion cannot be defined by a single 
correlat ion t ime, a AM value is smaller than 5 G2.13) 

T h e small AM, 2.5 G2, obtained in this study suggests 
that the correlat ion t ime of the CF3 reorientat ion is 
different from one g r o u p to another in the polymer 
material . T h e activation energy ô=7.5 k j m o l - 1 

in 
\ 
KT 
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"i 1 1 1 1 1 r 

1 1 1 1 1 
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Fig. 4. 19F relaxation time T\ (top) and 1H T\ 
(bottom) observed for polythiophene triflate: the 
Larmor frequency was 45 MHz for 1H and 42 MHz 
for 19F. The solid curve was calculated by Eq. 3 
and the broken curve by Eq. 5 in the text. 



November, 1990] NOTES 3325 

temperature (Fig. 3), in contrast to the doped 
poly th iophene . T h e XH T\ of the doped polymer, 
therefore, should be interpreted by a correlation wi th 
the p o l a r o n spin. As s h o w n in Fig. 4, the XH T\ of the 
triflate shows a clear temperature dependence, which 
can be expla ined by the sum of a temperature-
independent term and a thermally activated term: 

TiOH) = A + ßexp (-E/kT). (5) 

T h e broken curve in Fig. 4 was obtained wi th ^f^O.014 
ms, .6=0.23 ms and E/k=620 K. A probable origin of 
the second term is an in terchain spin diffusion that is 
thermally activated. 

T h e 19F FID curve of the triflate was exponent ia l 
t h r o u g h o u t the tempera ture range investigated. T h e 
temperature dependence of the T\ showed a shallow 
m i n i m u m at ca. 200 K (Fig. 4). T h e 19F re laxat ion in 
the po ly th iophene triflate is expected to be governed 
by the same process as for the cor responding poly-
pyrrole. W h e n Eq. 5 is substi tuted in Eqs. 3 and 4, Eq. 
3 well explains the observed 19F T\ as shown in Fig. 4: 
the solid curve was obtained wi th the parameters 
c=0.\6, AM=4 .3G 2 , ô=15 k j mol" 1 and l /T m i n =5.3X 
10-3K-1 . 

In conclusion, the 19F T\ in the triflates is governed 
by the combined effect of the f luorine-f luorine dipolar 
coup l ing and of the electron-fluorine interaction. T h e 
activation energy 8 and the second m o m e n t decrease 
AM obta ined for the CF3 reor ienta t ion in the 
polypyrrole triflate is significantly smaller than the 
corresponding values in the po ly th iophene triflate. 
T h i s reflects the difference between the envi ronment 
a round a CF3 g r o u p in polypyrrole and that in 
po ly th iophene . T h e 1H T\ of the polypyrrole Perchlo­
rate is longer than that of the corresponding triflate. 
The re is the identical relat ion in the polythiophenes . 
T h i s suggests that the more conductive salt has the 
shorter correlation t ime of the spin diffusion. 

T h e work at the Universidad de Sonora was sup­
por ted by the Direccion General de Investigaciôn 
Cientifica y Superaciôn, SEP (Grant No. C89-07-
0201-4). M. I. acknowledges the financial aid of the 
Consejo Nacional de Ciencia y Tecnologia , Mexico, 
for pe r fo rming a par t of this jo in t research at Nagoya 
University (Grant No. A128CCOE890615, QU-7). 
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Synopsis. A quantitative analysis of the temperature 
dependence of fluorescence intensity of the title compounds 
in saturated hydrocarbon solvents has revealed that the 
relevant thermally-activated radiationless process from sing­
let manifold involves a rotation about the N-O bond in these 
compounds. 

Variable-temperature dynamic N M R spectroscopy is 
undoubtedly one of the most powerful tools for the 
analysis of conformational interconversion in hydro-
xylamines, a l t hough molecular orbital calculations 
have also contr ibuted to shedding considerable l ight 
on conformat ional problems of these molecules.x) It 
has been shown by the dynamic N M R technique that 
the ra te-determining rotat ion about the N - O bond in 
cyclic and acyclic hydroxamic acid derivatives pos­
sesses an appreciable energy barrier.2 '3) 

In the course of ou r systematic study on the 
photolysis of l-benzyloxy-2-pyridone (1), l -(a-methyl-
benzyloxy)-2-pyridone (2), and l-benzyloxy-6-methyl-
2-pyridone (3), we have found that the fluorescence of 
these cyclic hydroxamic acid derivatives exhibits a 
p ronounced temperature dependence in methylcyclo-
hexane.4 ) T h i s dependence has been suggested to be 
due to some thermally-activated nonradiat ive decay 
process compet ing wi th some radiative (fluorescence) 
decay one. In this paper we present a quant i tave 
analysis of temperature dependence of the fluorescence 
intensity, which allows an est imation of energy 
barriers to the rota t ion about the N - O bond in 1—3. 

1: R 1 = R 2 = H 

2: R1 = H, R 2 = Me 

3: R 1 = Me, R2 = H 
O C H ( R 2 ) P h 

Results and Discussion 

Tempera tu re effects on the fluorescence of 1—3 ([1— 
3]=10 - 4 mol d m - 3 , excitation wavelength=313 nm) were 
examined in hexane (HX), methylcyclohexane (MCH), 
and decahydronaphtha lene (DHN) over the range of 
283 to 318 K. In this temperature range the decomposi­
t ion of all the c o m p o u n d s was found to be negligible 
dur ing the fluorescence measurements in these solvents. 
T h e fluorescence m a x i m a and band shapes, as well as 
the UV absorpt ion spectra, were not subject to 
temperature effects. Since the overlap of the fluo­
rescence and absorpt ion spectra is fairly small under 
our exper imental condit ions, the fluorescence in­
tensity rat io at temperatures Ti and T K, It(T\)/h{T), 
can be taken as the fluorescence q u a n t u m yield ratio, 

<Pf(Ti)/&f(T). T h e n we obta in 

7f(Ti)//f(T) = [kt + Äd(T)]/[Äf + kd(Ti)l (1) 

where kd(T) and kd(Ti) are the radiationless rate 
constants at temperatures T and T\ K, respectively, 
and kf is the radiative rate constant which is generally 
temperature independent.5 ) T h e fluorescence q u a n t u m 
yields of 1—3 were determined to be 2X10"3, 2X10"3 , 
and 3X10-3 in methylcyclohexane at 298 K, respectively. 
These values indicate the validity of the assumpt ion 
that kd(T) and kd(Ti) are m u c h larger than ki, i.e., 
kd(T), &d(Ti)»& f . T h u s Eq. 1 is simplified to 

7f(Ti)//f(T) = Äd(T)/Äd(Ti). (2) 

By us ing the Arrhenius relat ionship kd(T)—A exp {—EJ 
RT), we can rewrite Eq. 2 to 

log[/f(Ti)//f(T)] = (£a/2.303Ä)(l/Ti - 1/T). (3) 

We can use Eq. 3 to estimate activation energies (£a) 
for thermally-activated radiationless processes if, in 
addi t ion to the viscosity and refractive index of the 
solvents, the q u a n t u m yield (<2>sx) for the format ion of 
the fluorescent state of 1—3 remains constant over the 
temperature range examined. Figure 1 illustrates a 
typical l inear plot of log[7f(Ti)/7f(T)] against (1/Ti— 
1/T), the slope of which gives the Ea value. T h e 
existence of the linear re la t ionship between these two 
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Fig. 1. Plot of log[/f(Ti)//f(T)] vs. T i - i - T " 1 for 
the temperature dependence of the fluorescence 
intensity of 1 (10~4 mol dm -3) in hexane (O) and 
decahydronaphthalene (•) . Excitation wavelength^ 
313 nm. Ti=283 K. 



November, 1990] NOTES 3327 

quantities demonstrates that the assumptions made for 
the derivation of Eq. 3 are reasonable and also that the 
temperature-independent radiationless rate constant 
becomes very small relative to A exp (—Ea/RT), i.e., the 
overall radiationless rate constant kd(T)^Aexp (—EJ 
RT) in the temperature range investigated. 

The viscosity of HX, MCH, and DHN is decreased 
by a factor of 1.4, 1.4, and 1.8, respectively, with 
increasing temperature from 283 (Ti) to 318 K, 
although variation in the refractive index of these 
hydrocarbon solvents is considered negligible in this 
temperature range.6) On the other hand, a linear 
relationship with the same slope of 0.44+0.02 for all 
the compounds holds between the ratio of the 
fluorescence intensity of a given compound in HX, 
MCH, and DHN to that in HX and the viscosity ratio 
of HX, MCH, and DHN to HX at 283, 298, and 318 K, 
as typically shown in Fig. 2. This finding makes it 
possible to correct the apparent Ea values for the 
temperature dependence of solvent viscosity. It has 
previously been found that the quantum yield (<PD) for 
the disappearance of 1—3 in MCH, the photolysis of 
which takes place from higher vibrational states of the 

5 

4 

S 2 

1 

1 2 3 4 5 6 7 8 

R(n) 

Fig. 2. Fluorescence intensity ratio (R(It)) of 1 versus 
viscosity ratio (R(V)) of solvents used at 298 K. Here, 
R(Ii)=Ii of 1 in a given solvent relative to I{ of 1 in 
hexane and R(V)=V of a given solvent relative to V of 
hexane. HX, MCH, and DHN represent hexane, 
methylcyclohexane, and decahydronaphthalene, 
respectively. 

h 

HX 

L — i — 

MCH 

i i i J 1— 

DHN 

first excited singlet state of these compounds in 
competition with vibrational relaxation to the fluo­
rescent state, increases almost linearly in proportion to 
reaction temperature.4) Based on this observation we 
can determine the extent to which the @v value 
increases with increasing temperature from 283 to 
318 K: 17% increase for 1, 39% increase for 2, and 29% 
increase for 3. An increase in <PD may cause a decrease 
in (Psi to the same extent, which should be reflected in 
a reduction in the fluorescence intensity observed at a 
given temperature. Thus we are allowed to have the Ea 

values corrected for the temperature dependence of 
both solvent viscosity and (2>Si with a high degree of 
confidence as shown in Table 1.7) 

An examination of Table 1 reveals that the £a values 
of 1—3 increase with increasing solvent viscosity. This 
result suggests some involvement of rotation about the 
N-O bond in thermally-activated nonradiative decay 
processes of these compounds. If so, then the 
introduction of a methyl group into 1 is expected to 
give an £a value larger than that of 1 owing to the 
steric hindrance of this group. However, the result 
obtained with 2 is not consistent with our expectation. 
Although we cannot provide a good explanation for 
the unexpected £a value of 2, it may imply that in our 
previous study4) we have estimated a somewhat larger 
temperature dependence of &D for 2. Raban and Kost3) 

have obtained barriers (AG*) of about 9 and 10 kcal mol - 1 

to the rotation about the N-O bond in l-isopropoxy-2-
pyridone (4) and l-isopropoxy-6-chloro-2-pyridone, 
respectively, the structure of which is similar to that of 
1—3, by means of the dynamic NMR method. Their 
results indicate that the introduction of a bulky group 
at the 6-position of the pyridone skeleton in 4 increases 
the barrier, in consistency with our observation that 
the Ea value of 3 has a tendency to become larger than 
that of 1 in any solvents used. Additionally on the 
basis of the calculated values of the viscosity of solvent 
(toluene-ds) they employed at 298 and 187 K,6) we may 
estimate the barrier (Ea) of 4 as about 8 kcal mol - 1 near 
ambient temperature8* the value of which is comparable 
to the £a value of 7.5 kcal mol - 1 obtained for 4 (&Î= 
10~4) by means of our fluorescence method. This 
finding coupled with the results of solvent viscosity 
and steric effects on the barrier permits us to conclude 
that the rotation about the N-O bond in 1—3 is the 

Table 1. Activation Energies (Ea) for Thermally-Activated Radiationless Processes of 1—4 

Solvent 
(77/cP)a'f) 

Hexane 
(0.361) 

Methylcyclohexane 
(0.841) 

Decahydronaphthalene 
(3.039) 

1 

6.6+0.5 
(8.2+0.6)d> 

6.9+0.2 
(8.6+0.3)d> 

7.8+0.6 
(9.9+0.7)d> 

£a
b)/kcal mol-lC) 

2 3 

5.2+0.5 6.7+0.4 
(8.5+0.9)d> (9.0+0.5)d> 

5.9+0.3 7.4+0.6 
(9.0+0.5)d> (9.9+0.8)d> 

7.1+0.3 8.8+0.6 
(10.7+0.4)d> (11.9+0.8)d> 

4 

7.5+0.7e> 
(9.2+0.9)d> 

a) Calculated viscosity at 283 K (see Ref. 6). b) Average and standard deviation of more than five determinations. 
c) 1 kcal mol~1=4.184kJ mol -1, d) Uncorrected value, e) Calculated by using the f value for 1. f) 1 cP=10~3 

Pas. 
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or ig in of thermally-activated nonradiat ive decay from 
the first excited singlet state of these compounds and 
hence plays a key role in this nonradia t ive decay pro­
cess near room temperature. 

Experimental 

Materials and Solvents. l-Benzyloxy-2-pyridone (1), l-(a-
methylbenzyloxy)-2-pyridone (2), and l-benzyloxy-6-methyl-
2-pyridone (3) were the same as used in our previous study.4) 

l-ïsopropoxy-2-pyridone (4) was prepared and purified 
according to the method of Raban and Kost,3) bp 110 °C 
(733 Pa). The structure of this compound was also 
established by IR and *H NMR spectroscopy. 2-Naphthol was 
recrystallized twice from aqueous ethanol. Hexane was of 
spectroscopic grade and used as received. Methylcyclo-
hexane and decahydronaphthalene (mixture of eis and trans) 
were purified by column chromatography over silica gel 
(28—200 mesh, Wakogel Q-12) followed by fractional 
distillation over sodium. 

Measurements. UV absorption and fluorescence spectra 
were recorded on a Shimadzu Model UV-210A spectrophoto­
meter and a Shimadzu Model RF-5000 spectrophotofluori-
meter, respectively. The temperature of a solution for 
measuring UV and fluorescence spectra was controlled by 
circulating water of a given temperature through a jacketed 
cell holder. 2-Naphthol in 0.05 mol dm - 3 borate buffer 
(pH=10, #f=0.21 at 313 nm) was used as a reference in the 
determination of fluorescence quantum yields which were 
corrected for the difference in refractive index between the 
reference and sample solutions at 298 K.9) The absorbances 
of 2-naphthol and 1—4 at 313 nm were both adjusted to 0.1 
for the &{ determination. A large difference in emission-
band area between the reference and the sample made it 
difficult to obtain accurate fluorescence quantum yields of 
1—4, but even the order estimation of these yields is 
sufficient to show that hi is negligibly small compared to kd 
under our experimental conditions. 
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Synopsis. The ionic transport properties of TUHgBrô 
and TUHglô were investigated with 205T1 spin-lattice 
relaxation time (Ti) and electrical conductivity (a) measure­
ments. The temperature dependence of 205T1 T\ shows that 
T l + ion diffusion is activated at high temperatures in both 
crystals. The activation energies of diffusion were estimated 
to be 47 and 55 kj mol"1 for Tl4HgBr6 and Tl4HgI6, 
respectively, from the temperature dependence of a. 

T h e compounds of TUHgBrô and TUHglô are 
i somorphous with each other and crystallize in a tetrag­
onal lattice wi th the space g roup of P 4 / m n c . 1 - 3 ) In 
this study we measured the nuclear magnetic relaxation 
t ime of 205T1 nuclei and the electrical conductivity as 
a function of temperature in order to investigate the 
t ransport propert ies of heavy monovalent tha l l ium 
ions in these crystals. 

Experimental 

Preparation. The samples were prepared by solid state 
reactions.2) A stoichiometric mixture of the binary 
components was sealed in a silica ampoule in vacuo, melted 
for ca. 5 h in an electric furnace, and quenched by throwing 
it into water. Then, the quenched material was annealed 
at ca. 20 K below the respective peritectic temperatures for 2— 
3 days. The compounds were characterized by room-tem­
perature X-ray powder diffraction. 

Measurements. The electrical conductivity (a) was mea­
sured by complex impedance analysis using an Ando AG-
4311 LCR meter over a frequency range of 0.1 —100 kHz. The 
sample used for the a measurements was pressed into a disc 
(10 mm diameter and about 2 mm thick). Carbon (Acheson 
Electrodag 502) was used as electrodes. The NMR spin-
lattice relaxation time (Ti) of 205T1 nuclei was measured at 
16 MHz by use of a Matec pulse NMR spectrometer with the 
180°—£—90° pulse sequence. 

Results and Discussion 
205T1 Spin-lattice Relaxation Time. Because in 

measurements of 205T1 T\ the magnet izat ion recovery 
after the 180° pulse was nonexponent ia l , 4 ) the T\ value 
was determined from the longer par t of the magne­
tization recovery vs. t plot . Figure 1 shows the 
temperature dependence of 205T1 T\ observed above 
room tempera ture for Tl4HgBr6. At room temperature 
Ti was ca. 1.5 s. Wi th increasing temperature, T\ 
gradual ly decreased u p to ca. 400 K, and then rather 
steeply decreased at temperatures h igher than 400 K. 
T h i s shows that some mot ion affecting the 205T1 
relaxat ion t ime begins as the temperature reaches 
400 K. At the same time, the free-induction-decay 
signal showed a na r rowing above 400 K, indicat ing 
that the mo t ion activated at h igh temperatures is the 
translat ional self-diffusion of the T l + ions. 

T h e temperature dependence of T\ was analyzed by 
us ing 

Ti"1 = AT» + £exp (-Et/RT). (1) 

T h e first term implies T\ due to lattice vibrations; the 
n parameter is taken as 2.4) T h e second term represents 
the con t r ibu t ion to T\ of T1+ ionic diffusion, and the 
usual Arrhenius relation is assumed for the mot ion. By 
least-squares fitting, the u n k n o w n parameters in Eq. 1 
were determined to be ^f=6.8X10-6 s - 1 K~2, B=2.1X106 s-1, 
and Ea=57 k j m o l - 1 . T h u s , from N M R measurements 
the act ivat ion energy for T1+ ion t ransport could be 
determined. T h e shorter componen t of the magnetiza­
t ion recovery curve, which was roughly estimated, was 
shorter by a factor of ca. 30 than the longer componen t 
given in Fig. 1 and showed a temperature dependence 
similar to that of the longer one. 

T h e free-induction-decay signals of 205T1 N M R in 
TUHglô were very short and, hence, had poor signal-
to-noise ratios. Therefore, we gave u p to measure the 

kK/T 

Fig. 1. Temperature dependence of 205T1 spin-
lattice relaxation time T\ measured at 16 MHz for 
Tl4HgBr6. A solid line was calculated by Eq. 1. 
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Fig. 2. Temperature dependence of the electrical 
conductivity o in Tl4HgBr6 and TUHglô. Log o T is 
plotted against l /T . • : Tl4HgBr6 and O: Tl4HgI6. 

full temperature dependence of T\, except for several 
po in t s at h igh temperatures where the signal was 
somewhat motional ly narrowing. T h e T\ value was ca. 
40 ms at 510 K and seemed to decrease exponent ia l ly 
u p o n heat ing, indica t ing that the T1+ ion diffusion 
occurs at h igh temperatures in Tl 4 Hgl6 as well. 

Electrical Conductivity. T h e complex impendance 
p lane obta ined for bo th compounds shows a single 
semicircle sl ightly depressed downward. Hence, its 
low-frequency intercept on the Z' axis is defined as the 
sample resistance. Figure 2 shows the temperature 
dependence of the electrical conductivity (a), where 
log oT is plot ted as a function of l / T . U p o n heat ing, 
the oT value of Tl 4HgBr6 increased exponential ly u p 
to ca. 480 K, yielding a conductivity activation energy 
of 47 k j m o l - 1 . Near 480 K, a small change in the slope 

of the log oT vs. l/T curve was recognized. Al though 
this behavior may be assigned to a transit ion from 
extrinsic to intr insic conductivity, the real reason is 
not apparent . 

T h e o value of T l 4 Hgl6 was slightly smaller than 
that of the bromide analog over the whole temperature 
range studied, and their temperature dependences are 
s imilar to each other. T h e £ a value of the electrical 
conduct ion in Tl 4 Hgl6 was estimated to be 55 k j m o l - 1 

from the data below 525 K. 
A m m l u n g et al. studied electrical conduct ion in 

T l 4 CdI 6 and In4CdI6 .5 '6 ) They found that T l 4 CdI 6 is a 
ra ther poor electrical conductor. O n the other hand , 
In4Cdi6 shows electrical conductivities as h igh as 
10~3 S m - 1 at 493 K in the h igh- tempera ture phase 
stable above 481 K. At the phase transit ion po in t to the 
low-temperature phase, the o value becomes an order 
of 1.6 less than that of the h igh- temperature one. 
A m m l u n g et al. showed from conductivity measurements 
wi th b locking electrodes that t hough conduct ion in 
the h igh- tempera ture phase of In4Cdl6 is mainly ionic 
or due to the heavy monova len t In+ ionic-transport , 
that in the low-temperature phase is a lmost elec­
tronic.5* T h e present compounds , Tl4HgBr6 and 
TUHgle , yield o values of 9.2X10~4 and 4.6X10~4 S m " 1 

at 496 K, respectively, which are comparable to that 
observed for the h igh- tempera ture phase of In4Cdl6. 
A l t h o u g h the electronic cont r ibu t ion to the observed o 
in Tl 4 HgBr6 and Tl 4 Hgl6 was no t determined, the 
205X1 N M R study indicates that heavy T1+ ions 
undergo translat ional self-diffusion at h igh tempera­
tures. It is therfore concluded that the T1+ ions are the 
mobi le species which contr ibute to the h igh electrical 
conduct ion in the Tl4HgBr6 and Tl 4 Hgl6 crystals. 
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benzene or chloroform gave the corresponding 2,6-
disubsti tuted derivatives (1—4) in h igh yields. T h e 
c o m p o u n d (5) was also obtained from the reaction of 
isophthaloyl dichloride with 8-aminoquinol ine in the 
same manner . 

In the solvent extraction of transit ion metal ions by 
these compounds , an aqueous solution(5 ml, p H 6.2) 
conta in ing either 1 m M ( = m m o l d m - 3 ) of each of the 
metal ions(Cu(II), Ni(II), Co(II), and Zn(II)) or 1 mM 
of Cu(II) was shaken vigorously for 24 h at 25 °C with 
5 ml of the CHCI3 phase conta in ing 1 m M of diamide 
compounds . After careful separation the upper 
aqueous solut ion was analysed for any metal ion(s) 
r emain ing unextracted by an atomic absorption 
spectroscopic method. T h e boundary layer was kept 
completely clear both before and after extraction in all 
cases. 

Table 1 shows the results of metal ion extraction 
wi th d iamide compounds , 1—5. A m o n g the diamides, 
1—4 which can selectively extract Cu(II), the extractab-
ility of 1 for Cu(II) is superior to that of the others. 
T h a t is, 1 in chloroform can quanti tat ively extract 
Cu(II) no t only from an aqueous solution ( pH 6.2) 
con ta in ing only Cu(II) but also from that conta in ing 
p lura l t ransi t ion metal ions. O n the other hand, 5, 
which has no pyridyl g roup , can not extract any metal 
ions under both experimental conditions. Additionally, 
2, which has 1-naphthyl groups instead of 8-quinoly 
ones, shows considerably less extractability than 1. 
T h i s means that the ni t rogen a tom of the 8-quinolyl 
g roup significantly contributes to the coordinat ion 
and that the three ni t rogen atoms of two amide groups 
and one pyridyl g r o u p alone are not sufficient to form 
its metal complex. Besides, since the extractability 
of 4, hav ing 2-pyridylmethyl groups , appreciably de­
creases, the 8-quinolyl group apparently plays a more im­
por tant role in the metal coordinat ion than does the 
2-pyridinomethyl g roup . T h e methyl g roup at the 

Table 1. Extraction of Heavy Metal Ions with Diamide Derivatives^ 

Extractant 

1 
2 
3 
4 
5 

From the soli 
plural 

Cu(II) 

95 
4 

52 
23 

0 

ions 

Ni(II) 

0 
0 
0 
0 
0 

Metal ion extracted/% 

ution containing 

Co(II) 

0 
0 
0 
0 
0 

Zn(II) 

0 
0 
0 
0 
0 

From the soli 
single 

Cu(II) 

97 
3 

56 
26 

0 

ion 

Ni(II) 

0 
0 
0 
0 
0 

ution containing 

Co(II) 

0 
0 
0 
0 
0 

Zn(II) 

0 
0 
0 
0 
0 

a) Extraction conditions: 1 mM diamide in 5 ml chloroform/1 mM of each of Cu(II), Ni(II), Co(II), and/or 
Zn(II) in 5 ml of buffer aqueous solution (pH 6.2). Shaking vigorously at 25 °C, 1 d. 

Synopsis. Pyridine derivatives containing two 8-quinolyl-
amino groups were newly synthesized for heavy metal ion-
cheletion. It was shown in solvent extraction that 2, 6-
bis[Af,N'-(8-quinolyl)aminocarbonyl]pyridine can extract only 
Cu(II) with excellent selectivity and efficiency from the 
aqueous phase(pH 6.2) containing Cu(II), Ni(II), Co(II), and 
Zn(II) into the chloroform phase. 

Synthesis of h ighly selective extractants and carriers 
for available metal ions is of impor tance for the 
technology of both separation and detection.1_6) We 
recently reported on 2,2-dibutyl Af,Af'-di(8-quinolyl)-
malonamide(6), which can extract Cu(II) wi th excellent 
selectivity from aqueous solut ion (pH 6.2) in to 
chloroform.7) In this paper we wish to report on a new 
extractant which can extract Cu(II) more efficiently 
and selectively than the malonamide derivative (6). 

Results and Discussion 

T h e reactions of commercial ly available 2, 6-pyri-
dinedicarbonyl dichloride wi th two equimolar a m i n o 
compounds(8-aminoquinol ine , 1 -aminonaphtha lene , 
2-methyl-8-aminoquinoline, and 2-aminomethylpyri-
dine) in the presence of t r iethylamine in anhydrous 

0 - c O o O • 2 H2N-R »*» r > 0-Ç0Ç.O 1 - C O 
Cl Cl C 6 H 6 o r C H C 1 3 HNR HNR ? _ ^ ^ 

o-A, 12 H2N̂  _> . f t , *: oo* 
Cl Cl M NH NH Ü • f% 

w ö d o » -.o 
n-BiK XONH 

n-Bu/NC0NH 

00 
Scheme 1. 
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Fig. 1. Plots of amount of Cu(II) extracted vs. shak­
ing time. Each number in the figure is corre­
sponding to the compounds in the text. 

Fig. 2. Change in the absorption spectra of 1 
(=10 -4 mol dm -3) in CHCI3 by Complepation with 
Cu(II); a: 1, b: Cu(II)/l=0.25, c: Cu(II)/l=0.5, 
d: Cu(II)/l=0.75, e: Cu(II)/l=0.9, f: Cu(II) / l=l , 
g: Cu(II)/l=1.25, h: Cu(II)/l=1.5, i: Cu(II)/l=1.8, 
j : Cu(II)/l=2.0. The values of Cu(II)/l indicate 
molar ratio of metal ion/ligand. 

2-position of the qu ino ly l g roup of 3 apparent ly 
decreases the Cu(II) extractability in compar ison to 1 
and 3 presumably because of a steric h indrance bet­
ween the methyl g roups for the formation of a metal 
complex. 

T h e t ime dependence on the Cu(II) extractability of 
1—3 and ma lonamide 6 was investigated. In Fig. 1, it 
can be seen that 1 can extract Cu(II) very rapidly 
compared to their extractability. Diamide 1 extracted 
more than 90% of the Cu(II) from the aqueous phase 
wi th in 1 h, whereas the extraction rate wi th 2 and 3 
were considerably low, compared wi th that with 1. 
Noticeably, 1 can extract more efficiently than 6. 

Figure 2 shows the spectroscopic change in the 

1.0 h 

0 0.5 1 1,5 2 
Metal/Ligand Ratio 

Fig. 3. Plots of the change of absorbance at 400 nm 
in CHCI3 vs. Cu(II)/l ratio; concentration of 1: 
10-4moldm-3 . 

absorpt ion spectrum of 1 in chloroform by complexa-
t ion wi th the Cu(II) ion. Plots of the absorbance of the 
solut ion against the composi t ion in Fig. 3 indicates 
tha t the compos i t ion of the complex of 1 wi th the 
Cu(II) ion was 1:1. Besides, a 1:1 complex of 
deprotonated 1 wi th Cu(II) was obtained from the 
reaction of 1 wi th powdered Cu(II) acetate in 
chloroform and recrystallized from chloroform. 
Further , this complex shows the same absorpt ion 
spectrum in chloroform as that in the range over the 
rat io of m e t a l / l i g a n d = l in Fig. 3. From these results, 
it could be concluded that 1 presumably forms a 1:1 
complex wi th Cu(II) followed by the release of two 
amide-protons in the solvent-extraction system. 

It has thus been found that 2,6-pyridinecarboxamide 
1, which probably forms a pentacoordinated complex 
wi th Cu(II), can extract Cu(II) wi th excellent selec­
tivity and efficiency. In this series, the effect of the 
structure on the extractability appears drastically as 
well as tha t in the series of ma lonamide derivatives. It 
shou ld be noted that the Cu(II) extractability of 1 is 
apparent ly superior to that of tetradentate Cu(II) 
extractant (6). 

Experimental 

General. The IR and the UV sppectra were recorded 
with JASCO A-3 Infrared and Hitachi 330 spectrophoto­
meters, respectively. The 1H NMR spectrum was recorded 
with Bruker MSL-300 spectrometer. The chemical shifts for 
the CDCI3 solution are reported from internal tetramethyl-
silane (TMS). The mass spectrum was recorded with a 
Hitachi M-80B mass spectrometer. 

2,6-Bis[iV-(8-quinolyl)carbamoyl]pyridine (1). 2,6-pyridine-
dicarbonyl dichloride (7) (1.0 g, 5 mmol) was dissolved in 
50 ml of anhydrous benzene. To the solution was added 
dropwise 8-aminoquinoline(1.5 g, 10 mmol) and triethyl-
amine(1.0 g, 10 mmol) in 20 ml of benzene; the mixture was 
then stirred at 70—80 °C for 5 h. After benzene was removed 
from the mixture by evaporation, the residue was dissolved 
in 100 ml of chloroform and washed with water. The 
chloroform solution was dried over anhydrous magnesium 
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sulfate, and then concentrated in vacuo. The residual solid 
was recrystallized from benzene-chloroform; mp 290— 
292.5 °C, yield 1.8 g (86%); IR (KBr) 3300 (NH), 1680 
(C=0) cm"1; UV (CHC13) >Lax=328 nm, £=20400. m NMR 
(CDCI3) 0=7.33, 7.62, 7.67, 8.20, 8.26, 9.03 (2H each, q, d, t, d, 
d, and d, respectively, quinoline protons), 8.20 (IH, t, 
pyridine proton), 8.58 (2H, d, pyridine protons), 12.36 (2H, s, 
NH). Precise Mass Found: 419.139; Calcd for C25H17N5O2: 
419.138. 

2,6-Bis[N-(l-naphthyl)carbamoyl]pyridine (2). This com­
pound was synthesized from the reaction of 7 with 1-
aminonaphthalene in a similar manner to that described for 
1, and recrystallized from benzene-chloroform; mp 244— 
246°C, yield 81%; IR (KBr) 3300 (NH), 3040 (C=C), 1660 
(OO)cm- 1 ; UV (CHCI3) /Lax=316nm, £=16300. m NMR 
(CDCI3) ô=7.36, 7.50, 7.57, 7.75, 7.91, 8.08, 8.32, (2H each, t, 
t, t, d, d, d, and d, respectively, 1-naphthalene protons), 8.19 
(IH, t, pyridine proton), 8.58 (2H, d, pyridine protons), 10.26 
(2H, s, NH). Precise Mass Found: 417.144; Calcd for 
C27H19N3O2: 417.148. 

2,6-Bis[N-(2-methyl-8-quinolyl)carbamoyl]pyridine (3). 
In a similar manner, this compound was synthesized from 
the reaction of 7 with 8-amino-2-methylquinoline and 
recrystallized from benzene; mp 300—301.5 °C, yield 64%; IR 
(KBr) 3300 (NH), 3060 and 3020 (C=C), 1680 (C=0 Jem-1; UV 
(CHCI3) Amax=328nm, £=21400. ^ N M R (CDCI3) 6=1.70 
(6H, s, CH3), 7.14, 7.56, 7.59, 8.03, 8.98 (2H each, d, d, t, d, 
and d, respectively, quinoline protons), 8.19 (IH, t, pyridine 
proton), 8.55 (2H, d, pyridine protons), 12.48 (2H, s, NH). 
Precise Mass Found: 447.168; Calcd for C27H21N5O2: 447.169. 

2,6-Bis[iV-(2-pyridylmethyl)carbamoyl]pyridine (4). In a 
similar manner, this compound was synthesized from the 
reaction of 7 with 2-aminomethylpyridine, and recrystallized 
from benzene; mp 159—160 °C, yield 76%; IR (KBr) 3300 
(NH), 3050 (OC), 1670 (OO) cm"1; UV (CHCI3) Amax=262 nm, 
£=13300. m NMR (CDCI3) 0=4.74 (4H, d, CH2), 7.16, 7.33, 
7.64, 8.46 (2H each, q, d, t, and d, respectively, pyridine 
protons), 8.00 (IH, t, pyridine proton), 8.32 (2H, d, pyridine 
protons), 9.21 (2H, s, NH). Precise Mass Found: 347.136; 
Calcd for G9H17N5O2; 347.138. 

A^N'-Bis^-quinoly^carbamoyl^sophthalamide (5). In 
a similar manner, this compound was synthesized from the 
reaction of isophthaloyl dichloride with 8-aminoquinoline, 
and recrystallized from benzene; mp 190.5—191.5 °C, yield 
71%; IR (KBr) 3340 and 3300 (NH), 1655 (C=0) cm"1; UV 
(CHCI3) /Lax=328nm, £=21200. ^ N M R (CDCI3) 0=7.51, 

7.60, 7.64, 8.22, 8.88, 8.97 (2H each, q, d, t, d, d, and d, 
respectively, quinoline protons), 7.77 (IH, t, benzene 
proton), 8.31 (2H, d, benzene protons), 8.80 (IH, s, benzene 
proton), 10.88 (2H, s, NH). Precise Mass Found: 418.143; 
Calcd for C26H18N4O2; 418.143. 

Preparation of Cu(II) Complex with 1. 2,6-pyridine-
dicarboxamide 1 (0.21 g, 0.5 mmol) and copper(II) acetate 
monohydrate(1.0 g, 5 mmol) were mixed in 50 ml of chloro­
form; the mixture was refluxed overnight. The chloroform 
solution was washed with water and dried over anhydrous 
magnesium sulfate. The solution was concentrated in vacuo 
and the residual dark-green solid was recrystallized from 
benzene-chloroform: mp>300 °C, yield 0.20 g, 83%; IR (KBr) 
no NH absorption band, 1620 (C=0) cm"1, UV (CHCI3) 
/lmax=370nm, £=13700. SIMS (M+) Found: 480.7; Calcd for 
C25H15N5O2CU: 480.7. 

General Procedure of Solvent Extraction. In a 20 ml 
sample tube with screw cap was poured 5 ml of an aqueous 
solution containing either 1 mM (=mmol dm -3) of each of 
transition metal ions (Cu(II), Ni(II), Co(II), and Zn(II)) or 
1 mM of single transition metal ion (Cu(II), Ni(II), Co(II), or 
Zn(II)) and 5 ml of chloroform solution containing 1 mM of 
diamide compound. The aqueous solution was arranged at 
pH 6.2 by using both a 1 M sodium acetate and 0.2 M acetic 
acid. The mixture was shaken vigorously for 24 h at 25 °C. 
The concentration of the remaining metal ions in aqueous 
solution was determined by atomic absorption spectroscopy. 
The concentration of the extracted metal ions was calculated 
from the values. 
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Synopsis. Iron and manganese tetramethylporphine 
(TMP) complexes were synthesized within the cages in NaY 
zeolite. The ligation of porphine to the metals enhanced 
the capability of ion-exchanged zeolite to oxidize satu­
rated hydrocarbons with hydrogen peroxide. 

T h e development of efficient oxidat ion catalysts 
which mimic the mono-oxygenäse cytochrome P-450 
has recently received a lot of at tention.1 _ 3 ) Suppor t i ng 
meta l loporphyr ins on to a rigid suppor t has been 
found to provide an ideal catalyst which imitates the 
h igh specificity and activity of the enzyme.4_6) Site 
isolat ion of the active center created by b o n d i n g to 
the suppor t is t h o u g h t to prevent the formation of less 
reactive dimers, e.g. (ju-oxo)metalloporphyrin dimers 
and affect the catalytic activity favorably. 

Her ron and his co-workers synthesized zeolite-
encapsulated i ron phtha locyanine complex, and used 
it wi th iodosobenzene as the oxidizing system.7) They 
showed that the concept of us ing a zeolite as a suppor t 
for part ial oxidat ion catalyst system is viable. Since 
the complex synthesized wi th in the supercages of 
faujasite type zeolites is too large to pass th rough the 
ehannels of the zeolite, the dimer formation leading to 
deactivation wou ld be prevented. We present here the 
synthesis of meta l loporphyr in complexes in zeolite 
micropores and their activity in the oxidat ion of 
saturated hydrocarbons us ing hydrogen peroxide as an 
oxidizing agent. 

Al though 5,10,15,20-tetraphenylporphine is most 
commonly used as the l igand of model compounds of 
cytochrome P-450 a n d is easily synthesized in good 
yield, the molecule seems too large to be accomodated 
wi th in the large pore zeolites N a X and NaY. We 
though t 5,10,15,20-tetramethylporphine (TMP) migh t 
be constructed wi th in the supercages of NaY, apply ing 
the R o t h e m u n d method in the presence of Fe(II) or 
Mn(II) ion which had been introduced in to the zeolite 
micropores by the ion exchange method. 

Experimental 

Ion-Exchanged Zeolite. NaY zeolite (20 g) with Si/Al=9.6 
was suspended in distilled water (500 cm3), and the mixture 
was degassed by bubbling nitrogen for 2 h at room 
temperature. Fe2S04-7H20 (1 g) was dissolved in degassed 
distilled water (50 cm3) under nitrogen atmosphere, and the 
solution was added to the NaY suspension. The resultant 
mixture was stirred at 80—90 °C for 2 h, and was allowed to 
stand for 24 h at room temperature under nitrogen atmos­
phere. Filtration and drying were carried out under 
nitrogen. 

Porphyrin Synthesis. Methanol was degassed by bubbling 
nitrogen for 3 h. Pyrrole and acetaldehyde were degassed by 
means of the repeated freezing-pumping method. Pyrrole 

(15 cm3) and acetaldehyde (20 cm3) were added to a suspension 
of Fe(II)-Y zeolite (5.0 g) in methanol (500 cm3) and the 
mixture was refluxed under nitrogen atmosphere for 2h. 
The resulting mixture was allowed to stand for 12 h at room 
temperature. Filtration, washing with methanol and drying 
were carried out under nitrogen. 

Characterization. Ion-exchanged zeolite was dissolved 
with hydrofluoric acid and the solution was subjected to 
atomic absorption analysis to determine the metal loadings. 
Diffuse reflectance visible spectra of the catalyst powders 
were recorded on a Hitachi 340 spectrophotometer. 

Hydrocarbon Oxidation. A typical oxidation run used 
1.0 g of a catalyst in cyclohexane (10 cm3) in a round-bottom 
flask, to which was added 30% aqueous solution of 
hydrogen peroxide (10 cm3). The resulting mixture was 
stirred for 1 h at 50 °C. Catalysts were filterd off, and both 
the organic and aqueous phases were subjected to gas 
chromatographic analysis with a Shimadzu Model GC-14A 
equipped with a flame ionization detector and a 3 m PEG-
20M/KOH column. 

Results and Discussion 

R o t h e m u n d found that T M P was formed by 
ref luxing pyrrole and acetaldehyde in methano l for 
15—25 h.8) An increase in porphyr in yield in the 
presence of metal l ic cations has been noted in a variety 
of po rphyr in condensat ion reactions.9) We anticipated 

a 

Mn(TMP)-Y 

400 500 600 700 

Wavelength/nm 

Fig. 1. Diffuse reflectance spectra of the Mn(II) 
exchanged zeolite: Effect of tetramethylporphine 
ligation to metal. 
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Table 1. Cyclohexane Oxidation Catalyzed by Ion-Exchanged Y-Zeolite 
and TMP Ligated Ion-Exchanged Y-Zeolitea) 

Exchanged ion 

Mn(II) 
Fe(II) 
Fe(III) 

Mn(II) 
Fe(II) 
Fe(III) 

TMP ligation 

No 
No 
No 

Yes 
Yes 
Yes 

Metal loading 

% 

6.6 
0.94 
5.7 

6.6 
0.94 
5.7 

Yield/mol (mol 

Cyclohexanol 

0.002 
0.09 
n.d.b> 

0.27 
0.16 
0.11 

-metal)-1 

Cyclohexanone 

n.d.b> 
0.19 
n.d.b> 

0.13 
0.59 
0.31 

a) Catalyst 1.0 g, cyclohexane 93 mmol, hydrogen peroxide 88 mmol, 50°C, 1 h. b) Not detected. 

tha t Fe(II) or Mn(II) ion in t roduced in advance could 
p romote the ra te- l imi t ing r ing closure reaction by 
chelat ion of the intermediate species in to a favorable 
steric configuration.1 0 ) Figure 1 shows a marked 
difference in the diffuse reflectance visible spectra 
between the T M P ligated and unl igated Mn(II)-
exchanged Y-zeolite. Absorpt ion band centered at 
500 n m should be assigned to the Soret band of the 
porphyr in r ing and is a strong evidence of po rph ine 
r ing formation in the zeolite.n ) Absorpt ion a round 
Q-band region was no t observed, suggest ing that the 
conjugated p lane of te t ramethylporphine is consi­
derably distorted owing to the l imited free space inside 
the NaY cage.12) 

T h e simplest over-all formation reaction in the 
presence of metall ic cat ion migh t be 

4 pyrrole + 4 acetaldehyde + 3[0] + M2+ • 

M-TMP + 4H 2 0 + 3H2[0] + 2H+ 

where [O] represents 2 oxidizing equivalents of any 
suitable ox idan t and m i g h t be identified wi th either 
acetaldehyde or l/2O2.10) Al though the condensat ion 
reaction was carried ou t under n i t rogen in the case of 
Fe(II)-Y and Mn(II)-Y, there m i g h t remain some 
advent i tuous molecular oxygen in methanol , causing 
the conversion of chlor in to porphyr in . 

Catalytic activities of Mn(II)- and Fe(II)- exchanged 
Y-zeolites and that of T M P ligated Mn(II)- and Fe(II)-
Y-zeolites are compared in Table 1. T M P ligation to 
Mn(II) greatly improved the oxidat ion activity of 
Mn(II)-Y zeolite which otherwise gave trace a m o u n t of 
cyclohexanol. T M P ligation to Fe(II) also signifi­
cantly increased the yields of cyclohexanol and 
cyclohexanone. In all cases, the reaction did no t 
proceed catalytically. In this regard it is to be 
ment ioned that most of internal metal sites migh t be 
blocked from substrate access by those complexes 
nearer the external surface of the zeolite particle, 
result ing in an underest imate of the turnover. It is also 
to be noted that the catalytic turnover number of 
Fe(TMP)-Y is comparable with that of FePc-Y (zeolite 
encapsulated i ron phthalocyanine) which we appl ied 
to the same oxida t ion reaction as a control , giving an 
oxygenate yield of 1.0 mol /mol -Fe . 

Whi le Fe(III)-Y was completely inactive in cyclo­

hexane oxidat ion, T M P ligated Fe(III)-Y gives some 
oxidized products , suggesting that T M P enhanced the 
interact ion between Fe(III) and oxygen atom. Another 
possibility is the reduction of Fe(III) to Fe(II) by 
acetaldehyde on preparat ion. 

Neither Cu(I)- nor Cu(II)- exchanged Y-zeolite 
yielded oxygenated products , indicat ing that the 
cyclohexane oxidat ion should no t proceed th rough 
Haber -Weiss type reaction mechanism.1 3 ) If the active 
species of the reaction was the hydroxyl radical 
generated from hydrogen peroxide, Cu(I)- exchanged 
Y-zeolite would exhibit activity comparable wi th 
Fe(II)- exchanged Y-zeolite. T h i s finding together 
wi th the activity enhancement by T M P l igat ion 
suggests the active species is an oxygen adduct of the 
exchanged metal ion, which has been acknowledged as 
the active center of b iomimet ic systems of cytochrome 
P-450. 

Fe(II) ion was also introduced by means of the ion 
exchange method in to other zeolites with different 
pore sizes such as ZSM-5 (5.4X5.6 Â), mordeni te 
(6.7X7.0 A) and dealuminated Y-zeolite (7.4 A). O n 
cyclohexane oxidat ion the dealuminated Y-zeolite 
gave the highest yield (4.0 mol /mol -Fe) of cyclo­
hexanol and cyclohexanone, while ZSM-5 and mordenite 
showed little activity probably because the micropores 
of the latter zeolites are too small for substrate 
molecules to diffuse. Fe(II)- exchanged dealumi­
nated Y-zeolite exhibited less activity in heptane 
oxida t ion (0.39 mol of total oxygenates/mol-Fe) than 
in cyclohexane oxidat ion, indicat ing that no reactant 
shape selectivity was observed in contrast wi th the 
t i tanosilicate catalyzed oxidat ion of hydrocarbon wi th 
hydrogen peroxide. 14'15) 
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Complex of a Macrocycle with N4O2 Donor Set 

Makoto TADOKORO, Hi rosh i SAKIYAMA, Naohide MATSUMOTO, 
Hisashi ÖKAWA,* and Sigeo KIDA 

Department of Chemistry, Faculty of Science, Kyushu University, 
Hakozaki, Higashi-ku, Fukuoka 812 

(Received June 6, 1990) 

Synopsis. A dilead(II) complex of a binucleating macro-
cycle formed by the condensation of two molecules of 2,6-
diformyl-4-methylphenol and two molecules of 1,3-diamino-
propane has been obtained by template reaction. The crystal 
structure of this complex was analyzed by single-crystal X-
ray method. 

Binucleating macrocycles comprised of two molecules 
of 2,6-diformyl-4-methylphenol and two similar and 
dissimilar a lkanediamines (Fig. 1, abbreviated as 
(Rm'w)2_) have been synthesized by "direct"1) or "stepwise"^ 
template reaction, and those and related macrocycles 
have been extensively used for the studies on homo- and 
hetero-binuclear complexes and mixed-valence com­
plexes.3 _ 7 ) In general the success in template synthesis 
of macrocycles depends u p o n the choice of the 
template metal ion.8»9) For the template synthesis of 
the (Rm 'w)2 _ macrocycles, first low transit ion metal 
ions were generally used as template metal ions. 
Recently, Manda i et al.10) have reported the template 
synthesis of the macrocyclic complex [Pb2(R3,3)](N03)2-
4H2O us ing lead(II) as the template metal ion. 
However, the crystal s tructure of this complex is no t 
reported yet. In this study we have synthesized the 
Perchlorate salt [Pb2(L)](ClC>4)2 and analyzed its crystal 
structure by single crystal X-ray method. 

Experimental 

Preparation. To a suspension of 2,6-diformyl-4-methyl-
phenol (0.5 g) in acetonitrile (20 cm3) were added a solution 
of NaOH (0.07 g) in a minimum water and a solution of 
lead(II) Perchlorate trihydrate (1.4 g) in acetonitrile (40 cm3) 
and the mixture was stirred for 30 minutes to give a yellow 
solution. Then 1,3-diaminopropane (0.23 g) was added and 
the mixture was refluxed for one hour to give yellow 

CH. 

( C H 2 ) n 

microcrystals. They were collected, washed with acetonitrile 
and then with ether, and dried in air. The yield was 64%. 

Found: C, 28.87; H, 2.67; N, 5.80%. Calcd for PD2G4H26N4O10CI2 • 
l/2MeCN: C, 28.97; H, 2.67; N, 6.08%. 

Crystal Structure Determination. Single crystals of [Pb2-
(R3'3)](C104)2 were grown by slow crystallization from 
acetonitrile and a crystal with approximate dimensions 
0.2X0.3X0.3 mm was used for the X-ray diffraction study. 
Reflection data were measured on a Rigaku Denki AFC-5 
automated four-circle diffractometer, using graphite mono-
chromatized MoKa radiation (2=0.71073 Â) at 20±1 °C. 
Lattice parameters and their estimated standard deviations 
were obtained from a least-squares fit to 25 20 values in the 
range 15°<20<3O°. 

Crystal Data: C24H26Cl2N4OioPb2, F.W.=1015.78, mono-
clinic, P2i/n, a=10.792(2), 6=15.557(2), c=9.035(2)Â, 0 = 
110.98(1)°, J/=1416.3(4)Â3, Z=2, Dc=2.382 gem"1, F(000)= 
952, ju(Mo Ka)=9.S cm -1 . For the intensity data collection, 
the 6-26 scan mode was used at a scan rate of 6° min - 1 . Three 
standard reflections were monitored every 100 reflections and 
their intensities showed a good stability. 2541 independent 
reflections with |F0|>3cr(|F0|) were used for the structure 
determination. The intensity data were corrected for 
Lorentz-polarization effects but not for absorption. 

The data was reduced by using UNICS III program 
system11* of the Computer Center of Kyushu University. The 
structure was solved by the heavy-atom method and refined 
by the block-diagonal least-squares method. Atomic 
scattering factors were taken from Ref. 12. Hydrogen atoms 
were included in their calculated positions and held fixed. 
Final R and Rw values are 7.17 and 8.29%, respectively. 

Table 1. Positional Parameters of Non-Hydrogen Atoms 

Fig. 1. Chemical structure of macrocycles (R771-")2 

Atom 

Pb 
Ol 
NI 
N2 
Cl 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
C10 
Cl l 
C12 
CL 
0 2 
0 3 
0 4 
0 5 

x/a. 

0.0277(1) 
-0.046(1) 

0.138(2) 
0.256(2) 
0.365(2) 
0.372(2) 
0.259(2) 
0.083(2) 

-0.040(2) 
-0.097(2) 
-0.216(2) 
-0.273(3) 
-0.277(2) 
-0.222(2) 
-0.100(2) 
-0.304(2) 
-0.3873(6) 
-0.455(3) 
-0.246(2) 
-0.409(2) 
-0.437(3) 

y/b 

0.1249(1) 
0.015(1) 
0.149(1) 
0.110(1) 
0.163(2) 
0.155(2) 
0.198(1) 
0.134(1) 
0.087(1) 
0.097(1) 
0.060(1) 
0.075(2) 
0.008(1) 

-0.009(1) 
0.029(1) 

-0.065(1) 
0.1748(3) 
0.098(1) 
0.169(2) 
0.189(1) 
0.245(1) 

z/c 

0.0397(1) 
-0.149(2) 
-0.156(2) 

0.211(2) 
0.185(3) 
0.022(3) 

-0.107(3) 
-0.304(2) 
-0.383(2) 
-0.546(2) 
-0.640(2) 
-0.818(3) 
-0.565(2) 
-0.404(3) 
-0.307(2) 
-0.338(2) 
-0.2388(6) 
-0.216(3) 
-0.158(3) 
-0.399(2) 
-0.174(3) 

Beq/A
2 

1.97 
2.3 
2.8 
3.0 
3.6 
3.5 
3.4 
2.6 
2.3 
2.7 
2.7 
3.9 
2.8 
2.5 
2.4 
2.6 
3.1 
8.0 
7.5 
5.2 
8.1 
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Positional parameters of non-hydrogen atoms are given in 
Table 1. The observed and calculated structure factors, 
atomic positional and anisotropic thermal parameters, and 
complete lists of bond distances and angles with their 
estimated standard deviations have been deposited as 
Document No. 8945 at Office of the Editor of Bull. Chem. 
Soc. Jpn. 

Results and Discussion 

An ORTEP view of the complex is given in Fig. 2 
together wi th the a tom n u m b e r i n g system. An edge-
on view is shown in Fig. 3. Selected bond distances 
and angles are given in Table 2. 

T h e result clearly demonstrates that the l igand 
involved is indeed the macrocycle, (R3»3)2- , formed by 
the 2:2 condensat ion of 2,6-diformyl-4-methylphenol 

Fig. 2. An ORTEP view of the complex molecule and 
the neighboring Perchlorate anion with the atom 
numbering system. 

and 1,3-diaminopropane. T h e crystal is composed of 
(R3 '3)2 + , two lead(II) ions, and two Perchlorate ions 
a n d there is inversion center at the center of a 
molecule. T w o lead(II) ions are b o u n d at the N2O2 
coordinat ion sites, shar ing the br idging phenol ic 
oxygens. T h e P b - O l and P b - O l ' (—x, —y, ~z) bond 
distances are 2.35(1) and 2.36(1) Â, respectively, which 
are c o m m o n for Pb-O(phenol ic ) bond.13) T h e P b - N l 
and P b - N 2 bond distances (2.48(2) and 2.41(2) Â, 
respec t ive ly) are a l so c o m m o n for P b - N ( i m i n e ) 
bond.13 '14) A Perchlorate anion bridges two neighboring 
macrocyclic molecules. One of Perchlorate oxygen 
a toms coordinates to Pb ion of the macrocyclic 
molecule and two of them coordinate to Pb ion of the 
ne ighbor ing macrocyclic molecule. As shown in Fig. 
2, a Perchlorate oxygen 0 3 coordinates to Pb with the 
b o n d distance of 2.93(2) Â and the ne ighbor ing oxygen 
a toms 0 4 " and 0 5 " (x+1 /2 , y + 1 / 2 , z+1/2) coordinates 
to Pb wi th 2.98(2) and 3.18(2) Â, respectively. T h u s , 
the geometry a round each metal can be regarded as 
seven coordinat ion. In accord wi th the b r idg ing mode 
of the Perchlorate ion the vibrat ion near 1100 c m - 1 

splits in to three (1130, 1090, 1060 cm"1). 
Some least-squares planes wi th the a tom deviations 

are given in Table 3. T h e macrocyclic l igand moiety 
forms a close coplane except for the central carbon 
a toms in the two tr imethylene chains (C2 and C2 ' (—x, 
—y, —z)) (see Fig. 3). T h e six-membered chelate r ing 
formed by Pb, N2, CI , C2, C3, and N l adopts the chair 

Table 2. Relevant Bond Distances and Angles 

Bond distances (Â) 
Pb-Ol 
Pb-Ol ' 
Pb-Nl 
Pb-N2 
Pb-03 
Pb-04" 
P b - 0 5 " 

Bond angles (deg) 
Ol - P b - O l ' 
Ol -Pb-Nl 
Ol -Pb-N2 
Ol -Pb -03 
Ol - P b - 0 4 " 
Ol - P b - 0 5 " 
O r - P b - N l 
O r - P b - N 2 
0 1 ' - P b - 0 3 
O r - P b - 0 4 " 
O r - P b - 0 5 " 
Nl -Pb-N2 
Nl - P b - 0 3 
Nl -Pb -04" 
Nl - P b - 0 5 " 
N2 -Pb -03 
N2 - P b - 0 4 " 
N2 - P b - 0 5 " 
0 3 - P b - 0 4 " 
0 3 - P b - 0 5 " 
0 4 " - P b - 0 5 " 

2.36(1) 
2.37(1) 
2.48(2) 
2.42(2) 
2.93(2) 
2.98(2) 
3.18(2) 

66.2(4) 
73.2(5) 

113.5(5) 
73.8(6) 

147.1(5) 
164.3(7) 
116.7(5) 
74.1(5) 

112.1(6) 
146.3(4) 
105.7(5) 
80.6(6) 
99.8(7) 
81.5(6) 

122.1(7) 
172.4(6) 
82.0(5) 
75.1(7) 
90.5(6) 
98.6(7) 
44.0(6) 

Fig. 3. An edge-on view of the macrocyclic complex. 
Key to symmetry operations: prim (— X, —Y, —Z); 
double prim (X+l/2, - y + 1 / 2 , Z+1/2). 
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Table 3. Some Least-Squares Planes with the Atom Deviations 

Plane 1: Coordination plane Nl, N2, Ol, O l ' ('; -x, -y, -z) 
0.70474x -0.69473v-0.14562z=-0.00003 
The atom deviations from the plane in Â: Nl, -0 .01; N2, 0.01; Ol , 0.01; Ol ' , -0 .01; Pb, 
-1.28; C2, 1.07. 

Plane 2: Macrocyclic ligand Ol, Ol ' , Nl, NI ' , N2, N2', C1-C12, Cl ' -C12' 
0.62547%-0.76279y-0.16416z=0.00000 
Pb, -1.42; C2, 0.59; the others, less than -0.30. 

Plane 3: Saturated six-membered chelate ring NI, N2, Cl, C3 
-0.54702%+0.81449v+0.19330z=0.57579 
Nl , -0.03; N2, 0.03; CI, -0.03; C3, 0.04; Pb, 0.98; C2, -0.73. 

The planes are described by the four coefficients of the expression: Ax+By+Cz=D. (x, y, z in Â unit along the 
orthogonal axes. 

form, (Pb and C2 are derived by 0.98 a n d - 0 . 7 3 Â, 
respectively, from the least-squares p lane of N I , N2, 
C I , C2 atoms). Because of long P b - N and P b - O b o n d 
distances, the lead(II) ion cannot reside in the N2O2 
coordina t ion cavity bu t are deviated by 1.28 Â from the 
least-squares p lane of the N2O2 to the opposi te 
direction to each other. 

T h e present result reveals that lead(II) ion can 
function as a templa te metal ion to afford the 
b inuc lea t ing macrocycle (R3»3)2- in spite of the 
mismatch between the size of the N2O2 coordinat ing 
cavity and the radius of the metal ion. 
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Synopsis. The structure of 4-methoxy-OA/7V-azoxyben-
zene (la)^ has been determined by X-ray analysis. In sulfuric 
acid l a gave a rearrangement product 4-hydroxy-4'-methoxy-
azobenzene, together with 4-methoxyazobenzene and 4-me-
thoxy-AfiVO-azoxybenzene. 

Since the t ransformation of azoxybenzene into 4-1* 
and 2-hydroxyazobenzene2) wi th concentrated sulfuric 
acid was found, investigations of the Wallach rearrange­
ment on many symmetrically substituted azoxyben-
zenes has followed.3_5) Studies of unsymmetrical ly 
substi tuted azoxybenzenes has, however, been insuf­
ficient. 

Recently, the reactions of 4-methyl-OA/7V- and 4-
methyl-A/7VO-azoxybenzene with sulfuric acid6 '7) and 
some metal l ic halides8 ) '9 ) were investigated. Further­
more, it was found that some para-substi tuted azoxy­
benzenes hav ing a p ro ton acceptable g roup ( - C O O H , 
- C O O H 3 , and -OCOCH3) underwent a,ß-intercon-
version or ß,«-conversion under Wallach rearrange­
ment conditions.1 0 ) T h e Wallach rearrangements of 
4-methoxy-OA/7V- ( l a ) and 4-methoxy-iViVO-azoxy­
benzene ( Iß ) have been shown to give 4-hydroxy-4 /-
methoxyazobenzene (4) as a rearrangement product.11* 
Lit t le a t tent ion, however, has been pa id on the 
mechanism of this rearrangement. Al though the 
stereo-chemistry of l a and I ß was reported by Szegö,12) 

the results are ambiguous . We had to determined the 
structure of l a or I ß before an investigation of the 
Wallach rearrangement of 4-methoxyazoxybenzenes 
was started. Since the separation of pure I ß was 
unsuccessful, the structure of l a was determined by 
X-ray analysis. 

Results and Discussion 

T h e molecular structure of l a with its a tomic 
n u m b e r i n g is given in Fig. 1. All of the non-hydrogen 
atoms of the molecules lie in a p lane wi th mean 
deviation of 0.04 Â. C(13) deviates by 0.07 Â from the 
plane. 

T h e Wallach rearrangement of l a in 65% sulfulic acid 
at 55 °C gave 4-hydroxy-4 /-methoxyazobenzene (4) as a 
rearrangement product together wi th 4-methoxyazo­
benzene (3). T h e yields of 3 and 4 increased with 

+ Although the terms of a and ß are not used in the 
IUPAC nomenclature in unsymmetrically substituted azoxy­
benzenes, we use these terms for convenience here. 

Ö T N O X €>N=;Ox 

reaction time. C o m p o u n d l a isomerized to I ß and the 
rat io of l a to I ß in recovered 4-methoxyazoxybenzenes 
increased to 1.6 after 1 h (Entries 1—4 in Tab le 1). 
Under the same reaction condit ions, the reaction of a 
mix ture of l a and I ß (a:ß=0.5:1.0) was slow and the 
rat io of l a to I ß changed from 0.50 to 0.33 (Entry 6 in 
Tab le 1). When l a was treated wi th 60% sulfuric acid, 
no change of the ß/a rat io was found in the recovered 
4-methoxyazoxybenzenes (Entry 5 in Table 1). 

Since azobenzenes are produced th rough the di-
protonated species under Wallach rearrangement 
conditions,1 3 ) it is unlikely that [ l aH2] 2 + is formed in 
the reaction of l a with 60% sulfuric acid, [ lßH2] 2 + is also 
detected in 65% sulfuric acid (Entries 5 and 6 in Table 
1). In general, para-hydroxyazobenzenes are given by a 
nucleophi l l ic displacement wi th a hydrogensulfate 
an ion on the dication in a Wallach rearrangement of 
azoxybenzenes.3 - 5 ) In compar ison wi th the reaction of 
l a us ing 60 and 65% sulfuric acid, it was shown that a 
nucleophi l l ic attack with a hydrogensulfate an ion 
occurs even in monocat ion [ l a H ] + to afford 4 (Entries 
3 and 5 in Table 1). 

Some reaction intermediates in the Wallach re­
ar rangement of azoxybenzenes have already been 
reported : monoca t ion , d iprotonated species and dica­
tion.14»10 Scheme 1 summarizes the pathway for the 
oxygen transfer reaction of l a and I ß inc luding an 
a ,ß - i somer ic conversion. C o m p o u n d l a , and I ß first 
change to [ l a H ] + and [ l ß H ] + , respectively, in sulfuric 
acid, which are then further transformed into [laKb]2"1" 
and [ lßH2] 2 + . T h e transformation process from 
[ l ß H ] + to [ lßH2] 2 + seems to be m u c h slower than the 
pro ton-adding process on [ l a H ] + , since a ß,a- isomeric 
conversion from I ß to l a was observed only in a small 
a m o u n t and a lower yield of 4 was found. T h e a,ß-
isomeric conversion proceeds via diprotonated species 
(Entries 3,5, and 6 in Tab le 1). T h e a,ß-isomeric 

0 

a-form 

0 

ß-form 

Fig. 1. Molecular structure of 4-methoxy-OMV-
azoxybenzene with atomic labelling scheme. The 
harmonic parts of the displacement ellipsoids for 
the non-hydrogen atoms are drawn at the 
probability level. 
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Table 1. The Reaction of 4-Methoxy-CWAf-azoxybenzene l a and 4-Methoxy-
MVO-azoxybenzene ljS with Sulfuric Acid 

Entry 

1 
2 
3 
4 
5 

6 

Starting materials 

la 
(a:j8=1.0:0.0) 

Iß 
(a: 0=0.5:1.0) 

Reaction conditionsa-b) 

H2SO4 

65 

60 

65 

Time 

min 

5 
20 
40 
60 
40 

60 

4 

15 
20 
24 
26 

8 

10 

3 

18 
21 
26 
31 
c) 

c)-

% 

23 
16 
10 
9 

91 

28 

Recovered 
azoxybenz 

a 

4.8 
4.6 
3.9 
1.6 
1.0 

0.3 

enes 

ß 
1.0 
1.0 
1.0 
1.0 
0.0 

1.0 

a) Each sulfuric acid solution contains some methanol to increase solubility of starting materials, b) Each 
run is carried out at 55 °C. c) Not detected. 

<^N=N-O-0CH3 

0/11 
H + i a 

HS0„ 
<[}.N--N-Q-0CH3 

HOl 
H 

+ [laH]" 

+ + H )O = f N O 0 C H 3 £ > f N-Q-OCHj 
H0-.S0 

3 HO - H 2 0 - H o O 

I I 

I 
tiaH2r 

HO3SO -©-NsN-O-OCHj © ^ - N ^ O C H 

H20 

H0,SQ 

Dication 
HS0„ 

H0^-N=N-Q-0CH 3 i-Xg)-N:NHQ>-0CH3 

i)-H i i ) H20 

Q-N- -N^0CH 3 

0 Iß 

ON--N-O0CH3 

" O H [iem + 

O - N - N - ^ O C H J 

H 0H [ 1 3 H 2 ] 2 + 

Q-N=N-Q-0CH, 

Scheme 1. 

conversion in the reaction of l a and I ß with sulfuric 
acid is also considered to proceed intramolecularly.1 6 ) 

C o m p o u n d 4 is given by a nucleophi l ic attack with the 
hydrogensulfate anion on [laHfe]24" followed by deproto-
nated and hydrolysis. C o m p o u n d 3 is given as a result 
of an interaction wi th [ laH2] 2 + . 

Experimental 

Synthesis of Starting Materials. Compound 3 was syn­
thesized by the reaction of 4-hydroxyazobenzene with 
dimethyl sulfate in an aqueous sodium hydroxide solution: 
Mp 52.5—53.5 °C (lit,17> 53.5—54.5 °C). A mixture of l a and 
Iß was obtained by the oxidation of 3 with hydrogen 
peroxide in acetic acid.17) Compound l a and Iß were 
separated by fractional crystallization with ethanol. The 
1H NMR data (in CôHe) and mp of these compounds are as 

follows: l a 0=3.25 (s, MeO), mp 67.0—68.0 °C (lit,1» 66.5— 
67.5 °C). Iß (as a 2:1 mixture with la) 0=3.15 (s, MeO), mp 
39.0—40.0 °C (lit,1!) 42.0—43.0 °C). 

X-Ray Experiment. The title compound l a was cry­
stallized from a methanol solution. A yellow crystal 
(0.10X0.10X0.01 mm3) was mounted on a Rikagaku AFC-5 
automatic four-circle diffractometer (graphite-monochro-
mated CuKa, A=1.5418Â). Unit cell dimensions were 
obtained by a least-squares fit using 18 reflections over the 
range 4O<20<6O°. Intensity data were collected using a 6-20 
scan mode within the range from 3 to 63° in 0: 0</z<15, 
0<&<4, —12</<11. The fluctuations of three standard 
reflections monitored after every 100 reflections were within 
±1.2% in F. The Lorentz and polarization effects were 
corrected, but not for absorption. Out of the 1121 observed 
reflections, 947 reflections with F0>3<J(F0) were used for the 
analysis. The structure was solved by MULTAN 78.18) The 
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Table 2. Atomic Coordinates and Equivalent Isotropic 
Thermal Parameters/Â2 with e.s.d.'s in Parentheses 

Atom x y z B e q
a ) 

a) Beq=4/3(Bua2+B22b2+B33C2+Bi2ab cos y+Bisac cos0+ 
B23bc cos a). 

positional and themal parameters for non-hydrogen atoms 
were refined anisotropically by a blockdiagonal least-squares 
method.19) with the function minimizing ^w(F0-Fc)

2. All of 
the hydrogen atoms were located on a difference Fourier map 
refined isotropically. Final values of R=0.066, wR=0.076 
and S=0.769 were obtained. The weighting scheme was 
w=l.O for 0<Fo<15 and w=[1.0+0.852 (Fo-15)]"1 for FG>15. 
The maximum A/a was 0.35. The maximum and minimum 
Ao in the final difference Fourier synthesis were 0.37 and 
—0.35 eÂ~3. The final atomic parameters for non-hydrogen 
atoms are listed in Table 2.20) The atomic scattering factors 
were taken from International Tables for X-ray Crystal­
lography.21* All of the computations were carried out a 
HITAC 280D at the Information Center of Tottori Uni­
versity. 

Crystal data: C13H12N2O2, F.W.=228.25, monoclinic, P2i, 
a=13.305(5), 6=3.693(2), c=l 1.148(4) A, 0=108.30(2)°, V= 
566.4(5) A3, Z=2, Dx=1.339, /x=0.71 mm"1, F(000)=240. 

The Wallach Rearrangement of 4-Methoxy-OiV2V-azoxy-
benzene ( la) . A mixture of l a (0.50 g, 2.19 mmol) in 65% 
sulfuric acid (40 ml) was kept at 55 °C. Each aliquot (5 ml) 
of the reaction mixture was poured into water at intervals 
and extracted with ether. The ether solutions were extracted 
with a 5% sodium hydroxide solution. The alkaline 
solutions were acidified with hydrochloric acid. The acidic 
solutions were extracted with ether. The ethereal layers were 
evaporated to give 4. After an ether solution containing the 
alkali-insoluble part was washed with water and dried, 4-
methoxyazoxybenzenes ( la and Iß) and 3 were separated by 

chromatography [(benzene-hexane=2 :1 )-silica gel]. The 
a/ß ratio in a mixture of l a and \ß was estimated by 
*H NMR spectroscopy. 

T h e authors thank Prof. Noritake Yasuoka of Himej i 
Inst i tute of Technology for the use of the X-ray dif-
fractometer, and Mr. Kenichi Yamashi ta of Faculty of 
Engineer ing, Tot tor i University, for prepar ing tables. 
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O(l) 
0(2) 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 

0.23490(3) 
-0.10777(3) 

0.29225(3) 
0.26664(3) 
0.16775(3) 
0.15712(4) 
0.06586(4) 

-0.01977(3) 
-0.01144(4) 

0.07991(4) 
0.39868(3) 
0.46674(4) 
0.56945(4) 
0.60239(4) 
0.53245(4) 
0.43138(4) 

-0.19390(4) 

0.4773(1) 
0.3746(1) 
0.3174(1) 
0.2204(1) 
0.2806(1) 
0.1590(1) 
0.1957(1) 
0.3474(1) 
0.4724(1) 
0.4380(1) 
0.2456(1) 
0.0866(2) 
0.0367(2) 
0.1326(2) 
0.2860(2) 
0.3458(2) 
0.5440(2) 

0.64882(3) 
0.09786(3) 
0.59670(3) 
0.48256(4) 
0.39710(4) 
0.27510(4) 
0.17959(4) 
0.19982(4) 
0.32080(4) 
0.41790(4) 
0.67251(4) 
0.62136(4) 
0.69544(5) 
0.81835(5) 
0.87163(4) 
0.79859(4) 
0.11268(5) 

6.1(1) 
5.3(1) 
4.3(1) 
4.4(1) 
4.1(1) 
4.5(1) 
4.7(1) 
4.4(1) 
4.4(1) 
4.4(1) 
4.4(1) 
4.8(1) 
5.1(1) 
5.2(1) 
5.1(1) 
5.0(1) 
5.6(1) 
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Synopsis. 1H NMR spectroscopy on the water complex 
of resorcinol-dodecanal cyclotetramer indicates that a bound 
water molecule and a pair of OH groups on adjacent benzene 
rings of the macrocycle are strongly NOE correlated, but the 
proton exchange in the resulting hydrogen-bond network is 
very slow. 

We have recently shown that the resorcinol-
dodecanal cyclotetramer 1 as a l ipophi l ic polar host 
forms complexes wi th water, glycerol, and sugars such 
as ribose as guests via hydrogen-bond formation in 
nonpo la r organic media.2) T h e significance of a pair 
of hydrogen bonded O H groups on adjacent benzene 
r ings of the macrocycle (A, B, C, and D in structure 1) 
as the essential b i n d i n g site wi th the guest was also 
suggested.2b) In order to get a deeper insight in to the 
hydrogen-bond network, we studied on the correlation 
and exchange of the O H protons of the water complex 
of 1. We now report that the hydrogen-bond network 
involved is rather r igid and the pro ton exchange therin 
is very slow. 

1 ; R = (CH2)ioCH3 2 

Results and Discussion 

As has already been reported,2b) the tetrahydrate 
complex of 1 ( L 4 H 2 0 , 0.01 M, 1 M = m o l dm"3) in 
CDCI3 shows distinct signals for b o u n d water at 
6=2.93 and two types of the O H protons of 1 at 6=9.65 
(Hb) and 9.38 (Ha), referring to structure 2. Addi t ion of 
D2O to this so lu t ion resulted in facile H2O-D2O 
exchange. T h e H - D exchange between the O H 
protons (H a and Hb) and D2O in the resul t ing D2O 
complex (I .4D2O), however, was very slow and was 
no t complete even after 12 h.3) T h i s slowness was in 
marked contrast to a rap id H - D exchange between 
pheno l and added D2O in CDCI3 under otherwise 
identical condit ions. 

T h e slow pro ton exchange could also be shown by 
variable temperature 1H N M R studies. Figure 1 shows 

the O H pro ton resonances for the tetrahydrate 
complex (0.01 M) in (CDCi2)2 at various temperatures. 
T h e signals for a pai r of O H groups of 1 (H a and Hb, 
especially the former) as well as that for b o u n d water 
undergo significant line broadening at higher tempera­
tures, bu t n o averaging of these due to exchange takes 
place even at 100 °C.4) Fur ther information about the 
hydrogen-bond network was available from the N O E 
measurements,5* actually done on the dihydrate com­
plex. 

T h e dihydrate complex of l2b> ( 1 - 2 H 2 0 , 0.01 M) in 
CDCI3 shows the O H pro ton resonances at 6=9.60 
(Hb) , 9.28 (Ha), and 3.89 (H2O), referring to structure 2. 
They were found to be strongly correlated wi th each 
other via N O E , as revealed by the two-dimensional 
N O E spectroscopy as well as individual N O E measure­
ments . In addi t ion, the aromat ic p ro ton H c (but no t 
Hd) and the benzylic p ro ton H e were N O E correlated 
wi th b o u n d H2O. Significant NOE's were also 
observed a m o n g H a and Hb, H c , and H e and a m o n g Hd, 
H e , and Hf. T h e results are shown in Table 1,6) where 
negative N O E ' s observed indicate reduction in the 
absorpt ion intensities.7) 

1 1 1 1 1 » 1 1 1 
10 9.5 9 8.5 ^ 3.5 3 2.5 

S, PPm £,ppm" 

Fig. 1. Portions of the *H NMR spectra for the OH 
proton resonances of the tetrahydrate complex of 1 
(1-4H20) in (CDCl2)2 at various temperatures (°C). 
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Table 1. NOE for Complex 1-2H20 in CDCls at Room Temperature 

Nucleus irradiated 
(<5/ppm) 

H 2 0 (3.89) 
Ha (9.28) 
Hb (9.60) 
Hc (6.10) 
Hd (7.20) 
He (4.28) 
Hf (2.21) 

H2O 

-30.7 
-18.3 
-16.5 

0 
-19.5 

0 

Ha 

-28.7 

-30.8 
-23.7 

0 
-17.0 

0 

NOE 

Hb 

-20.4 
-37.7 

-32.3 
0 

-17.0 
0 

observed (%) 

He 

-24.8 
-42.1 
-42.5 

0 
-12.0 

0 

at 

Hd 

0 
0 
0 
0 

> - 3 
-50.8 

He 

-11.5 
-32.5 
-30.8 
-14.4 
-7 .0 

-20.0 

Hf 

0 
0 
0 
0 

-18.7 
-5 .6 

Examina t ion of CPK molecular models of 1 
indicates that (1) the two O H groups on adjacent 
benzene r ings are very close to each other ( O - O 
distance be ing approximate ly 2.2 Â) so that formation 
of a six-membered hydrogen-bond network u p o n 
b ind ing of a molecule of H2O is possible and (2) H e is 
very close to the O H groups, which are, as a 
consequence, sur rounded by two H c ' s and He . T h e 
observed N O E correlat ion of the H2O pro tons wi th H a 

and Hb, H c , and H e thus provides rather direct evidence 
for the hydrogen-bonding fixation of H2O with the 
O H pair , as schematically shown in 2. T h e resul t ing 
mul t ip le hydrogen-bond network seems to be so r igid 
that the p ro ton exchange between even H a and b o u n d 
water (Eq 1) is surpr is ingly slow. T h e exchange 
between Hb and b o u n d water is even slower, and this 
fact may be taken as evidence that the four benzene 
rings of 1 are l inked firmly via hydrogen bonds. 

V 
. 0 . 

\ 

NHa 
I 

. 0 . 

slow Ha 

Hb 

H 
I 

,-° 
H 
I 1 

,0 a 
Hb 

(1) 

Experimental 

Preparation and NMR spectra of di- and tetrahydrate 
complexes of 1 have been described:2*) Mp 225—227° C 
(decomp) for the tetrahydrate and 248—250 °C (decomp) for 
the dihydrate. The IR spectra of both complexes in CHCI3 
were similar to each other and showed a strong and broad 
absorption at 3600—2400 cm"1 with a maximum at 3250 cm"1 

for the hydrogen-bonded OH groups of 1 and bound water 
molecules. XH NMR spectra were recorded on a JEOL GX-
270 spectrometer with tetramethylsilane as an internal 
standard. The JEOL PLXUS (version 1.5) program was 
used to obtain NOE spectra. The H2O-D2O exchange was 

carried out by adding two drops of D 20 to a CDCI3 solution 
of 1-4H20 (0.01 M) followed by occasional swirling of the 
mixture. 

We are grateful to Dr. Yoshio Nosaka (Nagaoka 
Universi ty of Technology) and Dr. Atsuko Nosaka 
(Internat ional Research Laboratories, CIBA-GEIGY 
Ltd.) for helpful discussion. T h i s work was suppor ted 
by a Grant- in-Aid for Scientific Research on Priori ty 
Areas No. 1648510 from the Ministry of Educat ion, 
Science and Cul ture and also by CIBA-GEIGY 
Founda t ion for the Promot ion of Science. 
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3) Disappearance of the OH protons due to exchange 
was also very slow even in a homogeneous solution in 
CD3OD. 

4) At 130 °C was observed an extensively broad absorp­
tion ranging from 0=9.5 to 1.5 (OH, 16H).2b> 

5) NOE (Nuclear Overhauser Effect) is a kind of 
correlation spectroscopy for two nuclei in close vicinity, 
where irradiation of one nucleus results in either enhance­
ment or reduction of the absorption intensity of the other, 
depending on the correlation time and hence molecular 
weight of the system. 

6) Comparison of absolute reduction values between 
different NOE experiments is not warrented because 
decoupler power levels are not constant. 

7) The proton exchange in the hydrogen-bond network 
is very slow as shown and is certainly much slower than the 
proton relaxation. Thus, the reduction in the intensities of 
Ha and Hb upon irradiation of H2O or vice versa can not be 
due to proton exchange. 
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Synopsis. The photolysis of methyl triphenylacetate in 
methanol gave biphenyl, methyl a-methoxyphenylacetate, 
methyl benzoate, and methoxydiphenylmethane. The 
formation of these products suggests that two types of a,a-
elimination take place: One is the elimination of two 
phenyl groups leaving Ph-C-C02Me (type a), and the other 
is the elimination of the phenyl and methoxycarboriyl 
groups generating PI12C: (type b). Only type a elimination 
was efficiently quenched by oxygen. 

Carbene intermediates have been of interest in 
connect ion wi th bo th synthetic and spectroscopic 
investigations in recent years.x) In these studies the 
photolysis of the corresponding diazo compounds has 
been used for the generat ion of carbene. O u r recent 
study2) concern ing on the photolysis of dimethyl 
( t r iphenylmethyl )phosphonic acid (1) has revealed 
that it undergoes a photochemical a ,«-e l iminat ion of 
two phenyl groups to afford b iphenyl (2) and 
dihydroxy(phenyl)carbene. T h i s f inding p rompted us 
to further study the details of this photochemical 
generat ion of carbene. We have found that in the 
photolysis of tr iphenylacetic acid (3) and its methyl 
ester (4) another type a ,«-e l iminat ion of the phenyl 
and methoxycarbonyl g roups also takes place to give 
methyl benzoate (5) and another product . 

Results and Discussion 

Photolysis of Triphenylacetic Acid (3). T h e photo­
chemical behavior of 3 was dependent u p o n the p H of 
the solut ion. U p o n i r radiat ion in an alkal ine solut ion 
(pH>8) , 3 gave only t r iphenylmethane (6). T h e 
photo-decarboxylat ion of triarylacetic acids at p H 7— 
11 is known. 3 ) An ana logous photo-dephosphoryla-
tion has been also observed in the photolysis of Iß 

With lower ing the p H of the e thanol solut ion of 3, 
the yield of 6 decreased, whi le the yields of 2 and 
e thoxydiphenylmethane (7) increased (Fig. 1 and 
Scheme 1). 

Photolysis of Methyl Triphenylacetate (4). T h e 
photolysis of a me thano l solut ion of 4 (5 m m o l d m - 3 ) 

hv 

Tr—C-OH -\ 

3 

OH-/C2H5OH 
Tr—H 

hv 
OC2H5 

C2H5OH O-O+ OcH-0 

for 2 h (conversion 55%) gave four kinds of products : 2 
(yield 9.8%), 5 (11.0%), methoxydiphenylmethane (8, 
11.3%), and methyl a-methoxyphenylacetate (9, 10.5%). 
These yields increased linearly wi th a constant 
p ropor t ion wi th the lapse of irradiat ion time at a 
conversion of less than 30%. These facts indicate that 
all of the products are pr imary and two types of a ,a-
e l imina t ion (type a and b) took place concurrently. 
T h e format ion of two kinds of carbene intermediates 
(10 and 11) can be illustrated as shown in Scheme 2. 

T h e q u a n t u m yield of 2 or 9 (0.017) was nearly the 
same as that of 5 or 8, respectively, indicat ing that type 
a a n d b e l imina t ions took place to the same extent. 
T h e type a e l iminat ion is qu i te similar to that of 1, in 
which two phenyl groups are el iminated via the init ial 
b o n d i n g between the C-1 posi t ions of two phenyl 

Fig. 1. Effect of pH on the photolysis of triphen­
ylacetic acid (3) in 90% ethanol solution (10 mmol 
dm -3) for 2 h: • triphenylmethane (6); O biphenyl 
(2); 3 ethoxydiphenylmethane (7). 

^~~\-CH-C-OCH3 

^-^ OCH. 

hv 

type a 

Tr—C-OCHo -A 

hv 

type b 

CH3OH 

[o* \_J~\J + K\ />-C-C-OCH3 

2 10 

-O-
o 
C-0CH3 + 

5 11 

\ 
CH3OH 

pcH3 

OèH^0 
Tr=Tripheny1methyl 

Scheme 1. Scheme 2. 
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groups (ipso coupl ing) . Similar carbene formations 
were previously reported in the cases of tetraphenyl 
methane,4 ) dibenzonorbornadiene,5 ) and triptycene6) as 
a special case of di-7r-methane rearrangement,7* in 
wh ich the f ragmentat ion occurs from biradical inter­
mediates instead of cyclization to cyclopropane deriv­
atives. In the present type a e l iminat ion, a similar 
mechanism can be presumed. 

O n the other hand , the type b e l imina t ion proceeds 
via an a ,«-e l iminat ion of phenyl and methoxycarbonyl 
groups to provide 5 and diphenylcarbene (11). T h i s 
novel carbene formation indicates that a methoxy­
carbonyl g r o u p can also part icipate in the a ,a-
e l imina t ion . T h e react ion may be regarded as be ing 
an oxa-di-7r-methane rearrangement.7 '8 ) In the photo­
chemical reaction of 4, bond formation between the 
carbonyl carbon and the C-l carbon of the phenyl 
g r o u p is followed by fragmentat ion to form the 
carbene 11. Reports concerning the oxa-di-7r-methane 
rear rangement of ester have been very few.9) Moreover, 
u p o n the photolysis of methyl tris(4-methoxyphenyl)-
acetate (12) in methano l , the formation of 4,4'-
d imethoxybiphenyl (13, 10.6%), methyl a-methoxy(4-
methoxyphenyl)acetate (14, 10.8%), methyl 4-methoxy-
benzoate (15, 12.2%), and methoxybis(4-methoxy-
phenyl )methane (16, 11.8%) were observed; this also 
supports the coup l ing process. 

The re is no fundamenta l difference between the 
photolysis of 3 and 4, a l though the isolation of benzoic 
acid, derived from type b e l iminat ion from 3, has not 
yet been carried out. 

UV irradiat ion of t r iphenylmethyl methyl ketone 
(17)10) in me thano l for 1 h also gave 2 (5%) a n d 8 (7%). 
However, in this case, the major products were 6 (12%), 
1,1,1-tripheny le thane (18, 10%), and methoxytr iphenyl-
methane (19, 20%) derived from the homolyt ic a-
cleavage of ketone (Scheme 3). 

Tr-
0 
&—CH3 

17 

hv 
^ O L O j . fi 

CH3OH *" W 

+ Tr—CH3 + Tr—OCH3 

18 19 

Scheme 3. 

In order to obta in further informat ion concerning 
the react ion mechanism, the effects of oxygen and cis-
1,3-pentadidene on the photolysis of 4 were examined. 
T h e results shown in Table 1 indicate that the yields of 
products 2 a n d 9 via the type a e l iminat ion were 
efficiently quenched by oxygen or cis-l,3-pentadiene, 
whi le the products 5 and 8 via the type b e l imina t ion 
were no t affected. These results can be expla ined by 
as suming the presence of two excited states of 4 hav ing 
different lifetimes. An exited species wi th a longer 
lifetime participates in the type a el iminat ion. T h i s 
m i g h t be a triplet excited state, since the photolysis of 
4 under acetone (£7=334—377 k j mo l - 1 ) sensitization 
in me thano l provided only 2, a l t h o u g h under benzo-
p h en o n e (£7=287 k j mo l - 1 ) or acetophenone (£7=310 
k j m o l - 1 ) it did not give 2. 

T h e product derived from the triplet carbene could 
no t be detected. T h i s may be expla ined by suppos ing 
that there is a rap id equ i l ib r ium established between 
the singlet and the tr iplet carbenes at ambien t 
temperature, and that the reactivity of the singlet 
carbene wi th methano l is m u c h larger compared wi th 
that of the triplet carbene. n ' 1 2 ) 

A photochemica l geminal e l imina t ion of two aryl 
g roups to give biaryl has been previously reported 
concerning carbon4) as well as other elements such as 
zinc,13) a luminum, 1 4 ) boron,15) and tin.16) However, the 
format ion of carbene via a gemina l photo-e l imina t ion 
of phenyl and methoxycarbonyl g roups was u n k n o w n 
to the best of our knowledge. Therefore, emphasis 
shou ld be placed on the novel photochemical genera­
t ion of carbenes from alkyl triarylacetates. These 
results also suggest the possibili ty that other groups 
than phenyl and methoxycarbonyl part icipate in 
geminal e l iminat ion. 

Experimental 

GC-MS spectrometry data were obtained on a Shimadzu 
Model GCMS-QP 1000 (1-m glass column, 2% Silicone OV-7 
on Uniport HP). GLC analyses were carried out using 2% 
Silicone OV-17 on Chrom. WAW DMCS (60/80 mesh) with 
a Shimadzu Model 7A instrument. The yields of photo-
products were determined using methyl diphenylacetate or 
triphenylmethane (6) as internal references. 

Materials. Triphenylacetic acid (3) was commercially 
available. Methyl triphenylacetate (4),18) methyl tris(4-
methoxyphenyl)acetate (12),19) and triphenylmethyl methyl 

Table 1. The Effects of Quencher on the Photolysis of 4a) 

Additives mmol dm - 3 
Conv. of 4 Product (Yield/%)b> 

20c> 

Noned ) 

Oxygen 

d5-l,3-Pentadiene 

2.12e) 
9.57f> 
2.0 
5.0 

10 
20 

55 
53 
50 
42 
45 
40 
38 

9.8 
8.2 
3.2 
6.6 
4.0 
2.0 
0.2 

0.5 
7.8 
3.0 
5.9 
3.6 
1.2 
0 

11.0 
10.7 
12.0 
10.1 
10.5 
10.7 
10.6 

11.3 
10.8 
10.0 
10.0 
10.2 
10.4 
10.1 

2.0 

a) Photolysis of a methanol solution of 4 (5 mmol dm -3) was carried out with a high pressure Hg lamp for 
2 h in a quartz cell, b) The product yields were determined by GLC on the basis of the initial amount of 4. 
c) 20 is benzophenone. d) Argon saturated, e) Air saturated, f) Oxygen saturated. 
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ketone (17)10) were prepared according methods described in 
the literature. 

Preparation of Authentic Sample. Biphenyl (2), tri-
phenylacetic acid (3),14) 4,4'-dimethoxybiphenyl (13), tri-
phenylmethane (6), methyl benzoate (5), and methyl 4-
methoxybenzoate (15) used for authentic samples were 
commercially available. 

Methoxydiphenylmethane (8),20) methyl methoxyphenyl-
acetate (9),21) 1,1,1-tripheny le thane (18),22) methoxytriphenyl-
methane (19)23) were prepared according to the literatures. 

Methoxybis(4-methoxyphenyl)methane (16). Bp 161.0— 
161.5 °C (14.5 mmHg, 1 mmHg«133.322 Pa); mp 30.4— 
31.0 °C; JH NMR (CDCla) <5=3.22 (s, 3H, OCH3) 3.78 (s, 6H, 
PhOCH3), 5.08 (s, 1H), 7.0—7.4 (m, 8H, Ph). 

Methyl û!-Methoxy(4-methoxyphenyl)acetate (14). Bp 140— 
142 °C (18 mmHg); *H NMR (CDCI3) 0=3.40 (s, 3H, OCH3), 
3.62 (s, 3H, C(0)OCH3), 3.76 (s, 3H, PhOCH3), 4.70 (s, 1H), 
7.0—7.4 (m, 4H, Ph). 

Photolysis of 3 in Ethanol. A 5-ml EtOH solution (pH 
3.0) of 3 (10 mmol dm -3) was purged of dissolved air by 
flushing argon gas and irradiated in a quartz tube((/>=10 mm) 
in a merry-go-round apparatus with a high-pressure Hg 
lamp (300 W) for 2 h. After irradiation the products were 
analyzed with GC-MS. These data were identified with those 
of authentic samples. Products 2 and 7 were obtained in 11.0 
and 9.8% yields, respectively. 

The pH's of the solutions were adjusted to 4.8, 5.0, and 8.0 
with an 1 equiv NaOH aqueous solution, respectively, and 
they were irradiated in a similar manner to that described 
above. 

Photolysis of 4 in Methanol. A 5-ml MeOH solution of 4 
(5 mmol dm - 3) was irradiated for 2 h in a similar manner as 
that described above. Products 2, 5, 8, and 9 were obtained in 
yields of 9.8, 11.0, 11.3, and 10.5%, respectively; the 
conversion of 4 was 42%. 

Photolysis of 12 in Methanol. A 5-ml MeOH solution of 
12 (5 mmol dm -3) was irradiated for 2 h in a similar manner 
as that described above. Products 13, 14, 15, and 16 were 
obtained in yields of 10.6, 10.8, 12.2, and 11.8%, respectively; 
the conversion of 12 was 54%. 

Sensitized Photolysis of 4. A 3-ml acetone solution of 4 
(5 mmol dm - 3) was irradiated for 3 h by the use of a low-
pressure Hg lamp (60 W) (conv. 50%). Only 2 was obtained 
in a 10% yield. However, the photolysis of 4 in methanol 
(5 mmol dm -3) using benzophenone or acetophenone (20 
mmol dm - 3) as a sensitizer in a Pyrex tube was performed. 
After irradiation for 2 h using a high-pressure Hg lamp, the 
product could not be detected. 

Photolysis of 4 in the Presence of Quencher[Q]. Oxygen: 
Three 3-ml MeOH solutions of 4 (10 mmol dm -3) were 
charged in three separate quartz tubes (0=10 mm). Argon, 
air or oxygen was bubbled into the solutions at 20 °C for 
10 min, respectively, and irradiated using a high-pressure 
Hg lamp at the same time with a merry-go-round apparatus. 

d5-l,3-Pentadiene: Five 3-ml MeOH solutions of 4 
(10 mmol dm -3) were charged in five separate quartz tubes 
((/)=10mm). After purging any dissolved air by bubbling 
argon, ds-l,3-pentadiene [Q] was added. The concentra­

tions of [Q] in these tubes were adjusted to 0, 2, 5, 10, and 
20 mmol dm - 3 , respectively. They were irradiated in a 
similar manner as that described above. These obtained 
results are shown in Table 1. 

Determination of Quantum Yield. The quantum yields 
were measured in the same manner as reported previously.2) 
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Synopsis. 2-(Dibenzylamino)ethyl 4-phenyl-3-oxobutano-
ate underwent photocyclization via remote hydrogen migra­
tion to give 9-membered azalactones, while 2-(dimethyl-
amino)ethyl 4-phenyl-3-oxobutanoate gave only a polymer. 
Irradiation of 2-(N-methylbenzylamino)ethyl 4-phenyl-3-
oxobutanoate gave azalactones via a benzylic hydrogen 
transfer. No azalactones via methyl hydrogen migration 
could be detected. The stability and conformational 
flexibility of biradical intermediates are important factors in 
the present photocyclization. 

Intramolecular hydrogen abstraction by the excited 
carbonyl g roup generally occurs th rough a six-
membered cyclic t ransi t ion state, as in the Norrish 
Type II reaction.1) Remote hydrogen abstraction 
th rough a large-2 '3) or medium-sized4 - 6 ) cyclic transi­
tion state has rarely been observed. We have recently 
reported the photocyclization of co-(dialkylamino)alkyl 
esters of ß-oxo acids involving a remote hydrogen 
transfer.6) We report here on the photoreact ion of 2-
(dialkylamino)ethyl esters of 7-0x0 acids involving a 
remote 1,10-hydrogen transfer. T h e 7-0x0 esters 
showed a somewhat different photochemical behavior 
from that of the ß-oxo esters owing to conformational 
flexibility. 

' ° y 1 J^ (n> n*)i __» (n> ^ 3 _ 

I r radiat ion of l a in benzene under ni t rogen wi th a 
450 W high-pressure mercury l a m p th rough a Pyrex 
filter gave azalactone (6-aza analog of 8-octanolide) 
isomers 2a and 2a' in 43 and 14% yield, respectively.7) 
The i r IR spectra showed the characteristic hydroxyl 
and carbonyl absorpt ions (2a: 3470 and 1780 cm - 1 , 2a ' : 
3520 and 1770 cm - 1 ) . T h e carbonyl absorptions indi­
cate that there exsist no s t rong t ransannular inter­
actions between the carbonyl groups and their ni t ro­
gen atoms.8) T h e photoreact ion of 1 was effectively 

quenched wi th 2,5-dimethyl-2,4-hexadiene. T h e re­
action also proceeded in methanol , while the addi­
tion of hydrochloric acid prevented the reaction. These 
results indicate that the pr imary process in the 
photoreac t ion of 1 is intramolecular charge-transfer 
quench ing , similar to the photochemical behavior of 
a m i n o ketones9) and co-(dialkylamino)alkyl esters of ß-
oxo acids.6) T h e Stern-Volmer plots for the forma­
tion of 2a showed a linear relat ionship, the slope 
(kqz) of which is 24 m o l - 1 1 . T h e lifetime z of the 
tr iplet state of l a and 1/r were calculated to be 
4 .8X10 - 9 s and 2.1X108s_ 1 , respectively, a ssuming a 
dif fus ion-control led rate for kq (5X109 m o l - 1 1 s_ 1). 
T h e 1/T value is a little bi t larger than that of 
valerophenone ( l / r=1 .3X10 8 s -1),10) t hough the photo­
reaction of l a involves a 1,10-hydrogen transfer and 
that of va lerophenone involves a 7-hydrogen abstrac­
tion. T h e q u a n t u m yields for the formation of 2a and 
2a ' at 313 n m were determined to be 0.43 and 0.14, 
respectively. These results suppor t the idea of an 
intervension of the charge-transfer intermediate in the 
photoreac t ion of la . T h e process of the charge-
transfer interaction involving the conformational 
change leading to a suitable conformation for the 
interaction is presumed to be the rate-determing step, 
which affects the value of 1/r. 

polymer 
MeOH/HCI 

Ph 

Ph 

hu 0 

i-PrOH Ph- (2) 

T h e photoreactivity of the 2-(dimethylamino)alkyl 
ester l b was very different from that of the corres­
p o n d i n g dibenzylamino ester la . Irradiat ion of l b 
under the same condi t ions gave only a polymer. No 
azalactones could be detected. In the case of ß-oxo 
esters, (dimethylamino)alkyl esters showed a similar 
photoreactivity to (dibenzylamino) alkyl esters.6) T o 
clarify the polymerizat ion process, alcoholysis of the 
polymer in the presence of hydrochlor ic acid was 
performed. T h e alcoholysis gave the bicyclic lactone 
3 , n ) wh ich m i g h t be produced th rough the p inacol 4. 
T h e lactone 3 was also obtained when 4-phenyl-3 
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oxobutanoic acid was irradiated in 2-propanol and the 
reaction mixture was then refluxed in benzene. T h e 
polymer seems to be formed th rough a coup l ing of 
biradical intermediates, since the hydrogens on an N-
methyl g roup are more reactive than those on an N-
benzyl g r o u p in reactions th rough pro ton migra t ion 
from the a lkylamine cation radicals.12) T h e following 
possibility, however, could not be excluded: a pinacol 
may be formed by the photoreduct ion of l b and 
conta ined in the polymer, and the lactone 3 may be 
produced from the p inacol in the polymer. 

T h e photocycl izat ion of 1 to 2 seems to require a 
biradical wi th a stable alkyl radical center, such as a 
benzyl radical. T o ascertain this hypothesis we 
examined the photoreac t ion of lc, which has Af-benzyl 
and Af-methyl groups . Al though p ro ton migra t ion 
from a methyl g r o u p occurs faster than that from a 
benzyl g r o u p in reactions th rough the a lkylamine 
cation radicals,12) only azalactones th rough benzylic 
p ro ton migra t ion are expected to be produced, due to 
the stability of the radical centers. I r radiat ion of l c 
was performed and, indeed, two azalactone isomers, 2c 
and 2c r , t h rough benzylic hydrogen migra t ion were 
obta ined in 26 and 14% yield, respectively.^ The i r 
*H N M R spectra showed a Af-methyl singlet (6=2.23 in 
2c, and 0=2.34 in 2c'). 

T h e requi rement of stable alkyl radical centers in 
azalactone formation seems to suggest that the rather 
unstable biradical is subject to b imolecular coup l ing 
rather than a change in its conformation to that 
suitable for cyclization. Cyclization demands a 
specific conformation for the overlap of p-orbitals on 
bo th radical centers in the biradical intermediate; the 
process for this demand migh t compete with a 
bimolecular coup l ing process. T h e subst i tuent effect 
observed in 7-0x0 esters was not observed in ß-oxo 
esters. T h e absence of the subst i tuent effect in ß-oxo 
esters can be explained in terms of the presence of 
strong int ramolecular hydrogen b o n d i n g in a bi­
radical intermediate;6 '13* the hydrogen bond ing de­
creases the freedom of the conformational flexibility 
and increases the statistical probabil i ty of cyclization. 

T h e stability and conformat ional flexibility of 
biradical intermediates are impor tan t factors in the 
photocyclization of 1 via a remote hydrogen transfer. 

Experimental 

IR spectra were recorded with a JASCO A-3 spectrometer. 
*H and 13C NMR spectra were measured with a JEOL 
FX90Q or a Bruker AM400 spectrometer using tetramethyl-
silane as an internal standard. An Ushio 100- or 450-W 
high-pressure mercury lamp was used as the irradiation 
source. The 4-phenyl-3-oxobutanoates la—lc were prepared 
from 4-phenyl-3-oxobutanoic acid and the corresponding 
amino alcohol. 

General Procedure for Preparative Irradiation of la and 
lc. A solution of the 7-0x0 ester 1 (ca. 3 mmol) in 150 cm3 

of benzene was placed in a flask for immersion irradiation 
and irradiated with a 100-W high-pressure mercury lamp 
under nitrogen. After removal of the solvent the residue was 
chromatographed on silica-gel column. Elution with a 
mixture of benzene-ethyl acetate (v/v=2/l) gave 2 and 2'. 

(5RS, 6SR)-4-Benzyl-6-hydroxy-5,6-diphenyl-4-aza-1 -oxa-

cyclononan-9-one (2a): 43%; mp 127.5—129.0°C (from a 
mixture of benzene-hexane); IR (KBr) 3540 and 1770 cm -1; 
!H NMR (CDCI3) 6=1.3—2.4 (9H, m, 4CH2+OH), 3.03 (1H, 
d, /=13.7 Hz, CH2Ph), 3.98 (1H, d, 7=13.7 Hz, CH2Ph), 4.12 
(1H, s, CHPh), and 7.2—7.5 (15H, m, aromatic); 13C NMR 
(CDCI3) 6=26.6 (t), 35.2 (t), 52.4 (t), 55.2 (t), 59.0 (t), 70.9 (d), 
91.5 (s), 125.1 (d, 2C), 126.9 (d), 127.4 (d), 128.0 (d, 3C), 128.4 
(d, 2C), 128.5 (d, 2C), 129.0 (d, 2C), 131.4 (d, 2C), 133.8 (s), 
138.9 (s), 142.9 (s), and 176.0 (s). Found: C, 77.87; H, 6.83; N, 
3.47%. Calcd for C26H27NO3: C, 77.78; H, 6.78; N, 3.49%. 

(5RS, 6Si?)-4-Benzyl-6-hydroxy-5,6-diphenyl-4-aza-l-oxa-
cyclononan-9-one (2a7): 14%; mp 163.8—165.0 °C (from a 
mixture of benzene-hexane); IR (KBr) 3520 and 1770 cm -1; 
*H NMR (CDCI3) 6=2.1—3.4 (9H, m, 4CH2+OH), 3.17 (1H, 
d, /=13.2 Hz, CH2Ph), 4.03 (1H, s, CHPh), 4.04 (1H, d, 
7=13.2 Hz, CH2Ph), and 7.0—7.4 (15H, m, aromatic); 
13C NMR (CDCI3) 6=27.9 (t), 33.1 (t), 54.3 (t), 57.2 (t), 61.0 (t), 
70.0 (d), 92.6 (s), 124.8 (d, 2C), 126.9 (d), 127.1 (d), 127.3 (d), 
127.5 (d, 2C), 128.0 (d, 2C), 128.5 (d, 2C), 129.4 (d, 2C), 131.1 
(d, 2C), 133.9 (s), 139.7 (s), 143.1 (s), and 176.7 (s). Found: C, 
78.04; H, 6.90; N, 3.38%. Calcd for C26H27NO3: C, 77.78; H, 
6.78; N, 3.49%. 

(5RS, 6Si?)-6-Hydroxy-4-methyl-5,6-diphenyl-4-aza-l-oxa-
cyclononan-9-one (2c): 26%; mp 128.0—129.5°C (from a 
mixture of benzene-hexane); IR (KBr) 3500 and 1775 cm -1; 
iHNMR (CDCI3) 6=2.00 (1H, s, OH), 1.9—2.3 (4H, m, 
2CH2), 2.23 (3H, s, CH3), 2.37 (2H, t, 7=5.3 Hz, NCH2), 3.23 
(2H, t, 7=5.3 Hz, OCH2), 3.93 (1H, s, CHPh), and 7.2—7.5 
(10H, m, aromatic); 13C NMR (CDCI3) <5=26.9 (t), 34.2 (t), 
37.5 (q), 57.6 (t), 58.0 (t), 76.3 (d), 92.1 (s), 124.7 (d, 2C), 127.7 
(d, 2C), 128.1 (d, 2C), 128.3 (d, 2C), 128.5 (d, 2C), 128.6 (d, 
2C), 131.1 (d), 133.6 (s), 143.5 (s), and 176.1 (s). Found: C, 
73.75; H, 7.13; N, 4.03%. Calcd for C20H23NO3; C, 73.82; H, 
7.12; N, 4.30%. 

(5RS, 6i?S)-6-Hydroxy-4-methyl-5,6-diphenyl-4-aza-1 -oxa-
cyclononan-9-one (2c'): 14%; mp 134.5—136.0°C; IR (KBr) 
3400 and 1770 cm -1; ^ N M R (CDCI3) 6=2.2—2.8 (5H, m, 
3CH2+OH), 2.34 (3H, s, CH3), 2.37 (2H, t, 7=5.4 Hz, NCH2), 
3.74 (2H, t, 7=5.4 Hz, OCH2), 4.06 (1H, s, CHPh), and 7.0— 
7.4 (10H, m, aromatic); 13C NMR (CDCI3) <5=28.4 (t), 34.3 (t), 
40.6 (q), 59.3 (t), 60.3 (t), 75.9 (d), 92.9 (s), 125.2 (d, 2C), 127.3 
(d), 127.4 (d), 127.8 (d, 2C), 128.4 (d, 2C), 131.1 (d, 2C), 133.8 
(s), 143.3 (s), and 177.1 (s). Found: C, 73.77; H, 7.17; N, 
4.03%. Calcd for C20H23NO3: C, 73.82; H, 7.12; N, 4.30%. 

Photoreaction of lb. A solution of lb (1.043 g, 4.2 mmol) 
in 150 cm3 of benzene was irradiated under the same 
conditions described above. After removing the solvent the 
residue was chromatographed on silica gel. Elution with 
ethyl acetate gave only a small amount of unknown 
material. Most of the irradiated mixture could not be eluted 
out with ethyl acetate. Elution with methanol gave a 
polymeric material. The polymeric material was refluxed in 
methanol containing hydrochloric acid. After neutralization 
with a 0.1 M sodium hydroxide solution (1 M=l mol dm - 3), 
the mixture was extracted with benzene. The benzene 
solution was washed with water and then dried over sodium 
sulfate. After filtration of the drying agent and removing the 
solvent, the residue was chromatographed on silica gel. 
Elution with a mixture of benzene-ethyl acetate (v/v=20/l) 
gave l,6-diphenyl-2,7-dioxabicyclo[4.4.0]octane-3,8-dione (3 
and 3').n) 

3: 5% (based on used lb); mp>250°C; IR (KBr) 
1775 cm -1; m NMR (CDCI3) <5=1.34 (2H, ddd, 7=18.0, 13.5, 
and 7.5 Hz, 5- and 10-CH2), 2.13 (2H, ddd, 7=18.0, 10.5, and 
5.5 Hz, 5- and 10-CH2), 2.39 (2H, ddd, 7=13.5, 10.5, and 
7.5 Hz, 4- and 9-CH2), 2.83 (2H, ddd, 7=13.5, 10.5, and 
5.5 Hz, 4- and 9-CH2), and 7.2—7.6 (10H, m, aromatic); 
13CNMR (CDCI3) 6=28.0 (t, 2C), 31.0 (t, 2C), 88.8 (s, 2C), 
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127.0 (d, 4C), 128.5 (d, 4C), 128.7 (d, 2C), 139.4 (s, 2C), and 
175.8 (s, 2C). Found: C, 74.40; H, 5.63%. Calcd for C20H18O4: 
C, 74.52; H, 5.63 %. 

3': 5% (based on used lb); mp 176.0—177.0 °C; IR (KBr) 
1765 cm"1; *H NMR (CDCla) <5=2.27 (2H, ddd, /=12.5, 10.0, 
and 5.0 Hz, 5- and IO-CH2), 2.37 (2H, ddd, /=17.0, 10.0, and 
7.5 Hz, 5- and 10-CH2), 2.77 (2H, ddd, /=17.0, 10.5, and 
5.0 Hz, 4- and 9-CH2), 3.03 (2H, ddd, /=12.5, 10.5, and 
7.5 Hz, 4- and 9-CH2), and 7.0—7.3 (10H, m, aromatic); 
13CNMR (CDCI3) 6=28.7 (t, 2C), 29.9 (t, 2C), 91.2 (s, 2C), 
127.6 (d, 8C), 128.7 (d, 2C), 137.8 (s, 2C), and 175.4 (s, 2C). 
Found: C, 74.41; H, 5.64%. Calcd for C20H18O4: C, 74.52; H, 
5.63%. 

The compounds 3 and 3 ' (total yield 6% based on used lb) 
were also obtained from the decomposition of the polymer in 
benzene containing acetic acid instead of in methanol 
containing hydrochloric acid. 

Preparation of the Bicyclic Lactone 3 from 4-Phenyl-3-
oxobutanoic Acid. A solution of 4-phenyl-3-oxobutanoic 
acid (100 mg, 0.56 mmol) in 25 ml of 2-propanol was 
irradiated under nitrogen with a 450-W high-pressure 
mercury lamp through a Pyrex filter for 16 h. After 
removing the solvent, the rsidue was dissolved in 50 ml of 
benzene and refluxed for 66 h. The solvent was evapolated 
off. The residue was chromatographed on a silica-gel 
column. Elution with a mixture of benzene-ethyl acetate 
(v/v=2/l) gave 65 mg (72%) of 1:1 mixture of 3 and 3'. 
Compounds 3 and 3' were isolated by fractional recrystalliza-
tion. 

Quantum Yield Determination. The 7-0x0 ester la was 
dissolved in purified benzene (ca. 0.05 mol dm -3) and placed 
in 15X150 mm Pyrex culture tubes. In quenching experi­
ments, the solution also contained appropriate concentra­
tions of 2,5-dimethyl-2,4-hexadiene. The tubes were 
degassed by three freeze-pump-thaw cycles and then sealed. 
Irradiation was performed on a "merry-go-round" apparatus 
with an Ushio 450-W high-pressure mercury lamp. The 
potassium Chromate filter solution was used to isolate the 
313 nm line.14) Product analyses were performed using a 
Gasukuro Kogyo 570B high-pressure liquid Chromatograph 
with a Model 511 single-wave UV détecter (254 nm). A 
Unishi QC18 colomn (4X250 mm) was used, and a mixture 
of acetonitrile-water (v/v=3/2) was employed as the moving 
phase at a flow rate of 9 ml min - 1 . Phenanthrene was used as 
a calibrant for the analyses. Valerophenone was used as an 
actinometer.10) 
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Synopsis. Mono-6-deoxy-6-[4-( 1 -ethyl-4-pyridinio)-1 -pyri-
dinio]-ß-cyclodextrin (3) was synthesized. The conforma­
tion and the binding properties of 3 with benzene derivatives 
were examined by induced circular dichroism (ICD) in 
aqueous solution. The conformation of 3 was confirmed to 
such equatorial inclusion as ß-CDx capped by ethylviologen 
(C2V2+) group. Further, compound 3 showed stronger 
binding ability with these guests (1:1 complexes) compared 
with ß-cyclodextrin (ß-CDx). 

T h e ut i l izat ion of solar energy to produce fuels, 
useful chemicals, and electricity has been tried for over 
a decade. Especially photochemica l charge separat ion 
has attracted m u c h at tent ion, since it may regarded as 
be ing a direct mimic of biological photoreact ion 
systems.1) So far, many molecular devices for 
photochemica l charge separation have been syn­
thesized, and the charge-separation efficiency of the 
devices tested.2) T h e p o i n t of designing such a device 
is to control the rate of electron transfer by chang ing 
the distance between donor and acceptor moieties in 
the device molecule.3 ) T h e distance is determined by 
the kinds, length, and number of covalent bonds 
connect ing these active moieties. There is, however, 
ano ther way to ar range redox par tners in three-
d imens iona l space, in which the tendency of some 
molecules to form assemblies is utilyzed. A L a n g m u i r -
Blodgett film is a good example of such an assembly.4) 

An inclus ion c o m p o u n d is another typical example, 
and is a candidate material for construct ing a self-
assembly-type molecular device. 

We in tend to make molecular device for photo­
chemical charge separat ion wi th cyclodextrin (CDxs) 
inclusion complexes; as a first stage, we will use 
synthesized viologen-appended CDxs. Viologens (4, 
4 / -b ipyr id in ium salts) are good electron acceptors 
which act as a mediator between the photosensitizer 
and catalysts for hydrogen production,5) or between 
the photosensitizer and an enzyme-coenzyme system 
for N A D H production.6) In this paper we report on 
the prepara t ion of mono-6-deoxy-6-[4-(l-ethyl-4-pyri-
dinio)-l-pyridinio]-ß-cyclodextrin (3). Its conforma­
t ional and b i n d i n g propert ies wi th some guests are 
also described. 

Results and Discussion 

Figure 1 shows the absorpt ion and ICD spectra of 3 
and a physical mix ture of ß-CDx and 1, l /-diethyl-4,4 /-
b ipyr id in ium dibromide [(C2)2VBr2] in the absorpt ion 
region of (C2)2VBr2. C o m p o u n d 3 gave a red-shifted 
absorp t ion band in the UV spectra and a negative ICD 
sign in the ICD spectra, whi le a mix ture of ß-CDx and 
(C2)2VBr2 did no t give any spectral change. These 
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Fig. 2. ICD spectra of £NP" (1X10"4 moldm~3) in 
the various concentrations of 3 in the pH 9.6 
borate buffer. 
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results indicate that the ß-CDx did not form an 
inclus ion complex wi th (C2)2VBr2, whi le the C2V2+ 

group of 3 was included inside the cavity of 3. O n the 
basis of the Ki rkwood-Tinoco coupled oscillator 
model , the regative ICD sign of the band indicates that 
the polarizat ion direction of C2V2+ is perpendicular to 
the molecular axis of 3.9) T h e conformat ion of 3 was 
confirmed to be such an equator ia l inclus ion as ß-
CDx capped by C2V2+. 

In Fig. 2, the changes in the ICD intensity can be 
observed on the ICD spectra in the presence of pNP~ 
with various concentrat ions of 3 in the absorpt ion 
region of pNP~. An achiral guest molecule included 
in a chiral CDx cavity may exhibi t an ICD in its 
absorpt ion regions. These results in Fig. 2 indicate 
that complex was formed between 3 and pNP~. A 
similar tendency was also seen in ß-CDx wi th pNF~. 

Figure 3 shows the dependence of the ICD intensity 
of pNP- on the concentra t ion of 3 or ß-CDx at 410 n m 
as a funct ion of the concentra t ion of the complex 
format ion of 3 a n d ß-CDx wi th pNF~. T h e curves are 
hyperbolic , which indicates that only 1:1 b ind ing 
occured in these systems. From the relat ion shown in 
Fig. 3, we tried to est imate the b i n d i n g constant for 3 
and ß-CDx with pNP~. 

When 3 or ß-CDx forms only a 1:1 complex wi th 
pNP-, the equ i l ib r ium can be represented by 

£ N P - + CDx ^ r pNP-CDx. (1) 

W h e n 3 or ß-CDx is in large excess, the b ind ing 
constant K is approximate ly described as 

K = x/co(po — x). (2) 

Here, p0 is the total concentrat ion of pNP~ 
( lX10~ 4 mol d m - 3 ) , c0 the total concentrat ion of 3 or 
ß-CDx and x the concentrat ion of the p N P - C D x 
complex. 

T h e x value can be calculated from 

x = po(As/A£mSLX). (3) 

Here, As is the molar circular dichroism for the 
complex, and Aemax is the highest observed value of Ae 
for an infinite concentrat ion of 3 or ß-CDx. 

Eqs. 2 and 3 yield 

AS = KCoASmax/l + KCo. (4) 

T h e b ind ing constants (K) shown in Table 1 and 
Aemax were obta ined by us ing Eq 4 [plot of As vs. CG]. 
In the same manner , similar results were obtained for 3 
and ß-CDx wi th pNA at 25 °C in a p H 7 phospha te 
buffer. Under this condit ion, pNA behaves as a non-
charged guest molecule. T h e K for 3 with pNP~ was 
3.1-times larger than that for ß-CDx with pNP~ and 
the K for 3 wi th pNA was 2.8-times larger than that for 
ß-CDx wi th pNA. T h e b i n d i n g ability of 3 wi th 
negatively charged guests, like pNP~, was stronger 
than that wi th n o charged guests, like pNA. However, 
3 b o u n d no t only to negatively charged guests, like 
pNP-, bu t also to non-charged guests, like pNA, more 
strongly than to ß-CDx. 

3 

[CDx] / 10_3M 

Fig. 3. Dependence of ICD intensity of pNP~ on 
total concentration of 3 (O) and ß-CDx (•) in pH 9.6 
borate buffer. Total concentration of pNP~ is 
1X10-4 mol dm -3 . Wavelength, 410 nm. 

Table 1. The Values of Binding Constant, K for 3 
and ß-CDx with pNP~ and £NAa> 

pH 

9.6b> 
7.0C> 

Guest 

pNP-
pNA 

K/mol-1 dm3 

3 ß-CDx 

1690 540 
450 161 

K(3)/K(ß-CDx) 

3.13 
2.80 

a) At 25 °C. b) Boric acid-NaOH buffer, c) Phosphate 
buffer. 

These results were part ial ly explained by an 
electrostatic interaction which acts between 3 and the 
negatively charged guest.10) Also some changes in the 
nonelectrostatic interaction between the host and 
guests occurred when the C2V2+ g roup was introduced 
to the host molecule. Since 3 has a capped structure (as 
described above), it gives the possibility that the 
capped C2V2+ g roup protects the b ind ing site of 3 from 
the constant wi th a water molecule, while facili tating 
the stability of the inclusion complex of 3 wi th the 
guest. 

3 exhibits a special conformat ion and a stronger 
b i n d i n g ability wi th p N P - and pNA, compared wi th 
ß-CDx. T h i s indicates that 3 has not only the 
character of an electron acceptor (reversible redox 
character), bu t also of an inclus ion host. From these 
results, 3 shows the possibility for use as a new electron 
acceptor. 

Experimental 

Materials. ß-Cyclodextrin (ß-CDx)(Nihon Shokuhin Kako 
Co., Ltd.), p-toluenesulfonyl chloride (Kanto Chemical Co), 
4, 4r-bipyridine (Aldrich Chemical Co.), ethyl bromide 
(Kanto Chemical Co.), p-nitrophenol (£>NP~) and p-nitro-
aniline (pNA) (Tokyo Kasei) were used without further 
purification. 

C-6-Monotosylated ß-CDx (1) was prepared in an alkaline 
aqueous solution in the same manner as described in Ref. 7. 
The crude product was purified by repeated recrystallization 
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PH 6 OTs 
TsCl/NaOHaq y d Z l X NaI/MeOH 

ß-CDx\ r f l h * / ß-CDxN 

r.t. 1 h reflux 50 h 

C2VBr/DMF 
• 

95 °C 40 h 

^6xC2V2+(H2P04)2 

ß-CDx^ 

N* H /,N + C2H5Br 
CH3CN r= 

**- N 
95 °C 

Scheme 1. 

C2VBr 

from water and a mixed solvent of methanol and water (5% 
by volume). 

C-6-Monoiodinated ß-CDx (2) was prepared by the 
method previously reported.8) 

l-Ethyl-4-(4-pyridyl)pyridinium bromide (C2VBr) was 
synthesized by reacting 4, 4/-bipyridine (4 g, 25.6 mmol) with 
ethyl bromide (3.49 g, 32 mmol) in acetonitrile (80 ml) at 
95 ° C for 12 h. The resulting mixture was filtered in order to 
remove any solid by-products, as (C2)2VBr2, and reprecipitated 
with diethyl ether in order to separate unchanged materials. 
This compound was identified by 1H NMR etc. *H NMR 
(D20) 0=8.86 (2H, d, 7=10 Hz, viologen), 8.52 (2H, d, 
7=9.5 Hz, viologen), 8.20 (2H, d, /=10 Hz, viologen), 7.7 
(2H, d, /=9.5 Hz, viologen), 4.59 (2H, q, /=7.5 Hz, ethyl), 
1.27 (3H, t , /=10 Hz, ethyl). 

Preparation of Mono-6-deoxy-6-[4-(l-ethyl-4-pyridinio)-l-
pyridinio]-ß-cyclodextrin (3). As shown in scheme 1, 2 (2 g, 
1.57 mmol) and C2VBr (2 g, 7.54 mmol) were added toDMF 
(30 ml); the solution was kept at 95°C for 40h. After 
reprecipitation with acetone, the product was purified by gel 
chromatography on a sephadex G-10 with a 0.01 mol dm - 3 

(7=0.05) phosphate buffer as an eluent and ion-exchange 
chromatography on a CM-Sephadex C-25 column with a 
0.2 mol dm - 3 (1=1) phosphate buffer as an eluent. (Yield, 
10%). 3 was assayed by a reducing agent, Na2S2Ü4, which 
showed a reversible redox character with a blue color change 
in aqueous solution. An elemental analysis and an 
estimation by the peak area of the 1H NMR spectrum 
confirmed that 3 had only one C2V2+ group in the ß-CDx 
ring. Found: C, 41.7; H, 5.57; N, 1.83%. Calcd for 
C54H83N2O3V2H2PO4-: C, 41.9; H, 5.6; N, 1.82%. ^ N M R 
(D2O) 0=9.06 (2H, d, 7=6.5 Hz, viologen), 9.45 (2H, d, 
7=6.5 Hz, viologen), 8.5 (2H, d, 7=10 Hz, viologen), 8.44 
(2H, d, 7=10 Hz, viologen), 5.09 (1H, d, /=3.5 Hz, Cl-H), 
4.98 (2H, d, /=3.5 Hz, Cl-H), 4.97 (1H, d, 7=3.5 Hz, Cl-H), 
4.96 (1H, d, 7=3.5 Hz, Cl-H), 4.94 (1H, d, 7=3.5 Hz, Cl-H), 
4.85 (1H, d, 7=3.5 Hz, Cl-H) , 4.66 (2H, q, 7=7.5 Hz, ethyl), 
4.23 (1H, t, 7=9.5 Hz, C3'-H), 3.26 (1H, t, 7=9.5 Hz, C4'-H), 
2.7 (1H, dd, 76a,6t=5.5 Hz, 76b)6a=5.5 Hz), 2.64 (1H, dd, 
/5a,6a=1.5 Hz, /5,6b=1.5 Hz), 1.6 (3H, t, 7=10 Hz, ethyl). 

Measurements. Absorption and induced circular dichro-
ism (ICD) were taken on a Shimadzu UV-3100 spectropho­

tometer and a JASCO J-600 spectropolarimeter, using a 
lern cell at 25°C. 

Various concentrations of 3 or ß-CDx were added to an 
aqueous buffer solution containing 1X10-4 mol dm - 3 pNP~ 
(pH 9.6 boric acid-NaOH buffer), or 1.5X10-4mol dm"3 

£>NP (pH 7 phosphate buffer). The changes in the ICD 
spectra were recorded in the absorption region of pNP~ 
(410 nm), or of pNA (380 nm). 

Th i s work was supported by Grant-Aid (International 
Jo in t Research) from the New Energy and Industr ia l 
Technology Development Organizat ion (NEDO) of 
Japan . 
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Synopsis. Selective separation of the less hindered 
or electronically more labile of two different ethers has been 
accomplished with exceptionally bulky, Lewis acidic MAD 
by the yield of precipitates as selective Lewis acid-base 
complexes. 

We recently described the b ind ing behavior of the 
exceptionally bulky, oxygenophi l ic me thy l a luminum 
bis(2,6-di-^-butyl-4-methylphenoxide) (MAD) as a Lewis 
acidic receptor for recognit ion of structurally or 
electronically similar ether substrates based on the 
selective Lewis acid-base complex formation.1 '2) Since 
the separat ion of structurally or electronically very 
similar ethers cannot be easily accomplished by the 
ordinary separat ion technique such as disti l lation, re-
crystallization, and silica-gel chromatography,3) we are 
interested in the possibility of effecting the purifica­
t ion of such ether substrates by app ly ing ou r recogni­
t ion chemistry. Here we wish to report the successful 
purif icat ion of structurally or electronically very 
similar ethers by the selective separat ion of the less 
hindered or electronically more labile of two different 
ethers wi th exceptional ly bulky MAD by the yield of 
precipitates as selective Lewis acid-base complexes. 

(MAD) 

T h e 125 MHz 13C N M R measurement of a mixture 
of 1 equiv each of MAD, cyclohexyl methyl ether and 
cyclohexyl ethyl ether in CD2CI2 (0.4 M solution, 
l M = l m o l d m - 3 ) at - 9 0 ° C showed the virtually 
complete recogni t ion between the methyl and ethyl 
ethers wi th MAD giving Lewis acid-base complex 1 
exclusively.1) At higher temperature, however, facile 
decomplexat ion of 1 by l igand exchange wi th the ethyl 
ether was observed by 13C N M R spectroscopy. In 
contrast, when an equ imola r mix ture of cyclohexyl 
methyl ether a n d cyclohexyl ethyl ether was treated 
with MAD ( 1 equiv) in hexane at room temperature for 
1 h, a whi te precipi tate gradually formed.4) T h i s 
precipi tate was dissolved by addi t ion of more hexane 
and recrystallized at room temperature for 5 h to 
furnish MAD-methyl ether complex 1 (68% yield) 

^ - " ^ O M e ^ ^ O E t hexane ^sx^o°*,Al^ \ V ^ i 

exclusively, which has been characterized by elemental 
analysis, *H and 13C N M R spectroscopy. T h i s 
complex 1 shows downfield shifts in the 1H N M R 
spectrum for the ethereal a-methyl and a-meth ine 
pro tons , when compared to the "free" ether, consistent 
wi th coordinat ion of the ether to a l u m i n u m . T h e pure 
cyclohexyl methyl ether can be generated u p o n acid 
hydrolysis of 1. Under s imilar condit ions, MAD-
diethyl ether, MAD-methyl propyl ether, and MAD-
T H F complexes, 2—4, can be selectively generated as 
whi te crystals from the combina t ion of two different 
ethereal substrates: diethyl ether and ethyl vinyl ether, 
methyl propyl ether and £-butyl methyl ether, tetra-
hydrofuran and 2-methyltetrahydrofuran, or tetrahydro-
furan and tetrahydropyran. 

"ÄI a. 

OEt 

ether-MAD complex 
as a white precipitate 

In conclusion, the present method demonstrates an 
effective way to purify not only these simple ethers bu t 
also a variety of structurally or electronically very 
similar ether substrates in the segment synthesis of 
polyether na tura l products.5) 

Experimental 

The IR spectra were measured on a Hitachi 260-10 
spectrometer. The *H NMR spectra were recorded on a 
Varian Gemini-200 spectrometer, using TMS (tetramethyl-
silane) as an internal standard. Splitting patterns are 
indicated as s, singlet; t, triplet; q, quartet; m, multiplet. 
Melting points are not corrected. The microanalysis was 
performed at the Elemental Analyses Center of Kyoto 
University. All experiments were carried out under an 
atmosphere of dry argon. 

In experiments requiring dry solvents, dichloromethane, 
hexane, and toluene were freshly distilled before use. Diethyl 
ether, tetrahydrofuran (THF), and tetrahydropyran (THP) 
were freshly distilled from sodium metal using diphenyl-
ketyl as indicator. Trimethylaluminum was obtained from 
Toso-Akzo Chemical Co., Ltd., Japan. Other simple 
chemicals were purchased and used as such. 

Preparation and Purification of Methylaluminum Bis(2,6-
di-£-butyl-4-methylphenoxide) (MAD):6) To a solution of 
2,6-di-£-butyl-4-methylphenol (13.22 g, 60 mmol) in degassed 
hexane (40 mL) was added a 2 M hexane solution of MesAl 
(15 mL, 30 mmol) at room temperature. The white 
precipitate appeared immediately. After 1 h, this mixture 
was heated until the precipitate redissolved in hexane. The 
resulting solution was allowed to stand for 3 h and yielded 
colorless crystal which was filtered in an argon box. Since 
the crystal includes some impurities such as 2,6-di-£-butyl-4-
methylphenol and inorganic aluminum salts, this was 
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further recrystallized from hexane (45 mL) at —20 °C to give 
essentially pure MAD (7.83 g, 54% yield): 1U NMR (CDC13) 
0=7.04 (4H, s, C6H2), 2.28 (6H, s, CH3), 1.53 (36H, s, 
C(CH3)3), -0.35 (3H, s, AI-CH3); 13C NMR (CDCI3) «5=152.02, 
138.19, 127.71, 125.94, 34.94, 31.56, 21.40, -9.09 (AI-ÇH3). 

Selective Synthesis of Cyclohexyl Methyl Ether-MAD 
Complex (1) from a Mixture of Cyclohexy Methyl Ether and 
Cyclohexyl Ethyl Ether with MAD: A mixture of cyclohexyl 
methyl ether and cyclohexyl ethyl ether (0.4 mmol each) was 
added to MAD (0.4 mmol) in hexane (0.5 mL) at room 
temperature. A white precipitate gradually formed over a 
period of 1 h. This mixture was heated and diluted with 
more hexane (1.5 mL) until the precipitate redissolved. The 
resulting solution was allowed to stand at room temperature 
for 3 h to furnish, after filtration, cyclohexyl methyl 
ether-MAD complex (1) (158 mg, 68% yield) as white crystals: 
mp 36—38 °C; 1H NMR (CDCI3) <5=6.95 (4H, s, C6H2), 
4.2—4.4 (1H, m, CH-O), 3.54 (3H, s, OCH3), 2.23 (6H, s, 
CH3), 1.11—2.05 (10H, m, CH2), 1.36 (36H, s, C(CH3)3), 
-0.28 (3H, s, AI-CH3); 13CNMR (CDCI3 at - 5 0 °C) 
0=154.56, 137.95, 125.76, 125.41, 84.66, 53.07, 35.05, 32.48, 
31.13, 29.03, 24.78, 21.20, -3.44 (AI-ÇH3). Anal. Calcd for 
CssHesOsAl: C, 76.72; H, 10.67%. Found: C, 75.80; H, 10.89%. 

Selective Synthesis of Diethyl Ether-MAD Complex (2) 
from a Mixture of Diethyl Ether and Ethyl Vinyl Ether with 
MAD: To MAD (0.4 mmol) in hexane (0.5 mL) was added a 
mixture of diethyl ether and ethyl vinyl ether (0.4 mmol 
each) at room temperature. A white precipitate gradually 
formed over a period of 1 h. This mixture was heated and 
diluted with more hexane (0.5 mL) until the precipitate 
redissolved. This was allowed to stand at room temperature 
for 3 h to furnish, after filtration, diethyl ether-MAD 
complex (2) (178 mg, 80%) yield) as white crystals: mp 60 °C; 
*HNMR (CDCI3) 0=6.98 (4H, s, C6H2), 4.18 (4H, q, 
/=6.9 Hz, CH 2 -0) , 2.25 (6H, s, CH3), 1.39 (36H, s, C(CH3)3), 
1.27 (6H, t, /=6.9 Hz, O-C-CH3), -0.27 (3H, s, AI-CH3); 
13C NMR (CDCI3 at - 5 0 °C) 0=154.42, 137.89, 125.79, 125.42, 
64.67, 35.00, 31.04, 21.24, 11.38, -3.47 (AI-ÇH3). Anal. 
Calcd for C35H59O3AI: C, 75.77; H, 10.72%. Found: C, 74.98; 
H, 10.92%. 

Selective Synthesis of Methyl Propyl Ether-MAD Complex 
(3) from a Mixture of Methyl Propyl Ether and MJutyl 
Methyl Ether with MAD: To MAD (0.4 mmol) in hexane 
(0.5 mL) was added a mixture of methyl propyl ether and 
t-huty\ methyl ether (0.4 mmol each) at room temperature. A 
white precipitate gradually formed over a period of 1 h. This 
mixture was heated until the precipitate redissolved. On 
standing at room temperature for 3 h, methyl propyl ether-
MAD complex (3) was formed in 60% yield (133 mg) as white 
crystals after filtration: mp 51— 52 °C; 1U NMR (CDCI3) 
0=6.96 (4H, s, C6H2), 4.03 (2H, t, 7=6.9 Hz, CH 2 -0) , 3.64 

(3H, s, OCH3), 2.24 (6H, s, CH3), 1.75 (2H, m, CH3CH2), 1.36 
(36H, s, C(CH3)3), 0.85 (3H, t, 7=7.5 Hz, CH3), -0.27 (3H, s, 
AI-CH3); 13CNMR (CDCI3 at - 5 0 °C) 0=154.44, 137.80, 
125.83, 125.45, 76.87, 59.97, 35.00, 30.95, 21.21, 19.02, 9.24, 
-3.82 (AI-ÇH3). Anal. Calcd for C35H59O3AI: C, 75.77; H, 
10.72%. Found: C, 74.08; H, 10.85%. 

Selective Synthesis of THF-MAD Complex (4) from a 
Mixture of THF and 2-Methyltetrahydrofuran with MAD: 
To MAD (0.4 mmol) in hexane (0.5 mL) was added a mixture 
of T H F and 2-methyltetrahydrofuran (0.4 mmol each) at 
room temperature. A white precipitate gradually formed 
over a period of 1 h. This mixture was heated and diluted 
with more hexane (4.5 mL) until the precipitate redissolved. 
This was allowed to stand at room temperature for 3 h to 
furnish, after filtration, THF-MAD complex (4) (138 mg, 
63% yield) as white crystals: mp 56—57 °C; *H NMR (CDCI3) 
0=6.97 (4H, s, C6H2), 4.25 (4H, m, CH 2 -0) , 2.24 (6H, s, 
CH3), 1.98 (4H, m, CH2), 1.38 (36H, s, C(CH3)3), -0.31 (3H, 
s, AI-CH3); 13CNMR (CDCI3 at - 5 0 °C) 0=154.47, 137.78, 
125.87, 125.28, 73.23, 35.07, 30.98, 25.10, 21.30, -3.97 
(AI-CH3). Anal. Calcd for C35H57O3AI: C, 76.04; H, 10.39%. 
Found: C, 75.82; H, 10.59%. 

Selective Synthesis of THF-MAD Complex (4) from a 
Mixture of THF and THP with MAD: To MAD (0.4 mmol) 
in hexane (0.5 mL) was added a mixture of THF and T H P 
(0.4 mmol each) at room temperature. A white precipitate 
gradually formed over a period of 1 h. This mixture was 
heated with more hexane (4.5 mL) until the precipitate 
redissolved. This was allowed to stand at room temerature 
for 3 h to funish, after filtration, THF-MAD complex (4) 
(114mg, 53% yield) as white crystals. The analytical and 
physical data are listed above. 
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Synopsis. 2'-0-Methyluridine was prepared through 5 
steps from uridine by use of p-methoxybenzyl group (PMB) 
as an N3-protecting group of uridine. A chemoselective 
protection method has been developed by use of DBU as a 
base and deprotection was effected by AlCl3-anisole system. 

Protection of the N3- imide function in ur idine 
moiety has attracted considerable at tent ion and many 
protec t ing groups have been reported.1* We reported 
that p-methoxybenzyl (PMB) was an effective protecting 
g r o u p for the N 3 - imide g r o u p of 5-fluorouridine 
(FUR) and utilized it in a facile synthesis of 5 ' -0 -
acryloyl-5-fluorouridine.2) PMB group was selectively 
introduced in the presence of O H g roup by use of N,N-
di isopropyle thylamine as a base and removed by 
t reatment wi th AICI3 and anisole under mi ld condi­
t ions. In this paper we appl ied this protec t ing g r o u p 
to u r id ine moiety3 ) a n d found that it is also useful as a 
protec t ing g r o u p for the N3- imide g r o u p of ur idine, 
thus demons t ra t ing in a short step synthesis of 2 ' - 0 -
methylur id ine (5). lb '4) 

HN 

R20 OR1 

1 CH3OHQHCH2C, C H 3 O - Q ^ S 

-N^ DBU „3„ O^J 

AICI3 - Anisole 

R20 OR1 

Fig. 1. 

Fo l lowing scheme shows the present me thod for the 
synthesis of 2 / -0-methylur id ine . In the first place, 
3' ,5 '-protected ur id ine 15) was al lowed to react wi th 
p-methoxybenzyl b romide and AT,./V-diisopropylethyl-

^ v S i ^ O OH 

CH30-^3"CH2, J j^ H U C H 3 O ^ C H 2 , 

uridine^ y r ° v y — v r ° Y y 
o.0. 1—f 0 1—r 

^ S l ^ ~ 0 OH 

1 2 

C H 3 o £ > C H 2 . 2 C H 3 O ^ C H 2 . N ^ 

v ^ , 0 - \ .CL / 

- C S i ^ o 0CH3 

3 

0 

d , H°-y°y e , H°Ax°y 
HO OCH3 HO OCH3 

4 2'-0-Methyluridine (5) 

Fig. 2. Reagents and conditions: a. Ref. lb), b. 
£-Methoxybenzyl chloride (1.8equiv), DBU (2.0 
equiv), CH3CN, 45 °C, 6h, 92%. c. CH31, Ag20, 
reflux, 5h, 100%. d. aq HF, CH3CN, r.t., 94%. e. 
AICI3 (8 equiv), anisole, 65°C, 2 h, 81%. 

amine , according to the procedure described before,2) 

bu t no N3-alkylated product 2 was obtained. When the 
reaction was carried out in DMF, wi th K2CO3 as a base, 
inseparable mix ture of 2 and 2'-0,iV-diaikylated 
c o m p o u n d were obtained. After screening of bases, it 
was found that l,8-diazabicylo[5.4.0]undec-7-ene (DBU) 
was effective in the selective alkylat ion of uracil 
moiety. Trea tment of 1 wi th p-methoxybenzyl 
b romide (2.6 equiv) in the presence of DBU (2.2 equiv) 
in CH3CN at room temperature for 1.5 h gave 
selectively 2 in 80% yield, the structure of which was 
clearly confirmed on the basis of the chemical shift of 
C5 of 13C N M R to be N3-alkylated product , not O4-
alkylated compound . ld»6) T h e use of p-methoxybenzyl 
chloride as an a lkyla t ing agent increased the yield of 2 
to 92%. 2 / -0-Methyla t ion , followed by H F catalyzed 
hydrolysis of tetraisopropyldisiloxane-l ,3-diyl g r o u p 
afforded a diol 4. A mixture of 4 and AICI3 in anisole 
was heated at 65 ° C for 2 h to give 5 in 81% yield. T h e 
overall yield of 5 from ur idine was 67% in 5 steps. 

In conclusion, PMB g r o u p was found to be an 
efficient protect ing g roup of ur idine moiety, wi th 
fol lowing features; 1 ) N3- imide function of ur id ine is 
protected selectively in the presence of O H g r o u p by 
use of DBU as a base, 2) it is deprotected by the 
combined use of AICI3 and anisole wi thout affecting 
N-glycosidic bond under mi ld condit ions. Since 
PMB-protected ur id ine derivatives are stable to acid 
and alkali , they can be used for the synthesis of O-
alkyl-substituted ur idine derivatives. 

Experimental 

The melting points were recorded on a Yamato melting 
point apparatus and are uncorrected. NMR spectra were 
observed with a JEOL GSX-270 spectrometer with tetra-
methylsilane as an internal standard. IR spectra were 
recorded on Hitachi EPI G-3 spectrometer. 

3-(4-Methoxyphenylmethyl)-3/,5/-0-(tetraisopropyldisilox-
ane-l,3-diyl)uridine (2): To a mixture of 3',5'-0-(tetra-
isopropyldisiloxane-l,3-diyl)uridine (68.1 mg, 0.14mmol) 
and 4-methoxybenzyl chloride (34 \i\, 0.25 mmol) in CH3CN 
(1 ml) was added DBU (42 |il, 0.28 mmol) and the mixture 
was heated at 60 °C for 30 min. After cooling to 0°C, the 
mixture was diluted with 5% KHSO4 solution. The organic 
phase was separated, and the aqueous phase was extracted 
with AcOEt. The combined organic layers were washed 
with brine and dried over anhydrous Na2SÛ4. After the 
solvent had been removed in vacuo, the residue was purified 
by column chromatography on silica gel (hexane:AcOEt= 
3:1) to give 2 as a foam in 92% yield. TI NMR (CDCI3) 
0=0.9—1.15 (28H, m), 3.23 (1H, brs, OH), 3.79 (3H, s, 
OCH3), 3.98 (1H, dd, /4',5'=2.7 Hz, /y,5»=13.1 Hz, H-5'), 
4.05—4.16 (2H, m, H-2', H-4'), 4.19 (1H, dd, J V ^ l . O H z , 
H-5"), 4.35 (1H, dd, /=4.9Hz, 8.9 Hz, H-3'), 4.97, 5.07 (2H, 
AB q, /=13.4 Hz, CH2), 5.72 (1H, d, /5.6=8.2 Hz, H-5), 5.72 
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(1H, s, H-l ' ) , 6.80 (2H, d, 7=8.9 Hz, aromatic), 7.45 (2H, d, 
7=8.9 Hz, aromatic), and 7.63 (1H, d, H-6); IR (CHC13) 3500, 
2980, 1645, 1425, and 1025 cm"1; 13CNMR (CDCI3) 0=12.16, 
12.63, 13.08, 16.53, 16.63, 16.67, 16.73, 16.96, 17.00, 17.11, 
17.17, 43.16, (ArCH2), 54.78 (OCH3), 59.88 (C-5'), 68.60 (C-
3'), 74.96 (C-2'), 81.48 (C-4'), 91.12 (C-l'), 101.11 (C-5), 113.31 
(aromatic C-3", 5"), 128.59 (aromatic C-1"), 130.57 (aromatic 
C-2", 6"), 137.47 (C-6), 150.33 (C-2), 158.78 (aromatic C-4"), 
and 162.38 (C-4). Found: C, 57.03; H, 7.64; N, 4.27%. Calcd 
for C29H46N2O8S12: C, 57.39; H, 7.64; N, 4.62%. 

3-(4-Methoxyphenylmethyl)-2'-0-methyl-3',5'-0-(tetraiso-
propyldisiloxane-l,3-diyl)uridine (3): A mixture of 2 (267 mg, 
0.44 mmol), Ag20 (837 mg, 3.61 mmol), and Mel (3.0 ml) was 
refluxed for 5 h. The mixture was diluted with Et2Û and 
filtrated over Celite. The filtrate was concentrated in vacuo 
and the residue was purified by column chromatography on 
silica gel (hexane:AcOEt=4:l) to give 3 as a foam in 
quantitative yield. 1H NMR (CDCI3) 0=0.90—1.17 (28H, m), 
3.66 (1H, d, /2'.3'=4.8 Hz, H-2'), 3.68 (3H, s, OCH3), 3.78 (3H, 
s, ArOCH3), 3.95 (1H, dd, /4'.5'=2.1 Hz, JyX= 13.7 Hz, H-5'), 
4.10 (1H, dd, Jy 4'=9.7 Hz, H-4'), 4.16 (1H, dd, H-3'), 4.23 
(1H, d, H-5"), 4.79, 5.12 (2H, AB q, /=13.7Hz, CH2), 5.72 
(1H, d, /5(6=8.2Hz, H-5), 5.75 (1H, s, H-l ' ) , 6.83 (2H, d, 
7=8.9 Hz, aromatic), 7.46 (2H, d, 7=8.9 Hz, aromatic), and 
7.84 (1H, d, H6); IR (CHCI3) 3010, 1645, 1440, 1200, 1025, 
and 720 cm"1. Found: C, 58.10; H, 7.80; N, 4.20%. Calcd for 
C30H48N2O8S12: C, 58.03; H, 7.79; N, 4.51%. 

3-(4-Methoxyphenylmethyl)-2'-0-methyluridine (4): To 
a solution of 3 (132 mg, 0.213 mmol) in CH3CN (2 ml) was 
added 60% aqueous HF solution and the mixture was stirred 
at room temperature for 4 h. An aqueous NaHCÛ3 solution 
(5%) was added to the mixture and extracted with AcOEt. 
The combined organic layers were washed with brine and 
dried over anhydrous Na2SÛ4, and evaporated in vacuo. The 
residue was purified by column chromatography on silica 
gel (CH2CI2: AcOEt=l : 1) to afford 4 (76 mg, 0.20 mmol) as 
an amorphous in 94% yield. ^ N M R (CDCI3.CD3OD 
(v/v)=5 :1) 0=2.59 (2H, s, OH), 3.59 (3H, s, OCH3), 3.78 (3H, 
s, ArOCH3), 3.75—3.83 (1H, m, H-5'), 3.85 (1H, dd, 
7i',2'=2.7 Hz, 72,3=5.2 Hz, H-2'), 3.92-4.02 (2H, m, H-4', H-
5"), 4.26 (1H, dd, Jy,*>=6.7 Hz, H-3'), 5.00, 5.08 (2H, AB q, 
7=14 Hz, CH2), 5.77 (1H, d, 75,6=8.2 Hz, H-6), 5.87 (1H, d, 
H-l ' ) , 6.80—6.88 (2H, m, aromatic), 7.38—7.50 (2H, m, 
aromatic), 7.90 (1H, d, H5); IR (Nujol) 3350, 1680, 1640, 
1600, 1240, and 1105 cm"1. Found: C, 57.12; H, 5.97; N, 
7.00%. Calcd for C18H22N2O7: C, 57.14; H, 5.86; N, 7.40%. 

2'-0-Methyluridine (5): A solution of AICI3 (282 mg, 

2.1 mmol) in anisole (1.0 ml) was added to 4 (100 mg, 
0.26 mmol) under N2 atmosphere, and the mixture heated to 
65 °C for 2 h. Hydrochloric acid (1 mol dm -3) was added to 
the reaction mixture. Aqueous layer was washed with ether 
and concentrated in vacuo to leave an oil, which was 
purified by thin-layer chromatography (SiÛ2, ethyl acetate-
methanol, 10:1) to afford 5 as crystals in 81% yield.; mp 
159.5—160.5 °C. (lit, 159—161 °C).4b> m NMR (D20, internal 
standard of HDO as 4.64) 0=3.35 (3H, s, CH3), 3.64 (1H, dd, 
74',5'=4.3 Hz, /5'.5«=12.8 Hz, H-5'), 3.76 (1H, dd, 7^^=2.7 Hz, 
H-5"), 3.89 (1H, dd, 7i',2'=4.0 Hz, 72,3=5.8 Hz, H-2'), 3 . 9 2 -
3.97 (1H, m, H-4'), 4.17 (1H, t, JW=5.8 Hz, H-3'), 4.64 (2H, 
s, OH), 5.73 (1H, d, J5>.6>=S.2 Hz, H-5), and 7.74 (1H, d, H-6). 

T h e authors wish to thank the Advanced Instrumenta­
t ion Center for Chemical Analysis, Eh ime University, 
for elemental analyses. 
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Synopsis. An acid-catalyzed rearrangement of tricyclo-
[SAO.O^undecan-l 1-one gave tricyclofS.S.l.O^Jundecan-
11-one in a nonnucleophilic media and tricyclo[5.4.0.03'8]un-
decane-7, 8-diol in the presence of a nucleophile, respectively. 
TricyclofSAO.O^Jundecan-l 1-ols also rearranged to tricyclo-
[5.4.0.03'8]undecan-7-ol. A reductive rearrangement with a 
hydride transfer of the alcohol gave only tricyclo[5.4.0.03'8]un-
decane. 

A skeletal t ransformation of bicyclo[4.2.0]octane 
derivatives has been shown to be a convenient method 
for the construct ion of complex polycarbocyclic 
skeletons.1) We have recently reported on skeletal 
rearrangements of l,6-,2) 5,6-,3) and 6,7-trimethyl-
enebicyclo[4.2.0]octanes4) to the basic skeletons of 
d iqu inane - and t r iquinane- type na tura l products wi th 
high-selectivity as well as their appl ica t ion to bo th the 
syntheses of some natura l products30 '5) and biologically 
active compounds . 6 ) As an extension of this work, we 
describe here the selective skeletal rearrangement, of the 
1,8-trimethylene br idged analog, tricyclo[5.4.0.0]un-
decan-11-one (1), and its alcohol derivatives 2, to 
t r i c y c l o ^ . S . l . O ^ u n d e c a n - l 1-one (3) hav ing a basic 
skeleton of a-cedrene (4) and tricyclo[5.4.0.03 '8]un-
decane derivatives, 5 and 6. We also report on a 
reductive rear rangement wi th a hydride transfer of the 
alcohol 6, since its parent hydrocarbon, tricyclo 
[5.4.0.03 '8]undecane (7), is regarded as being a mech­
anistic dead-end in the homoadaman tane rearrange­
ment.7 '8) 

wCT> V T ^ ^r^'" 

1 X - O 3 4 

2 X = H , OH 

5 X = OH 7 

6 X = H 

T h e acid-catalyzed reaction of the tricyclic ketone 19) 

in a nonnuc leoph i l i c media, such as H2SO4 in benzene 
and AICI3 in CH2CI2, gave the d iqu inane ketone 3 in 

1 Present address: Niihama National College of Technology, 
7-1 Yagumo-cho, Niihama, Ehime 792. 

80 and 91% yields, respectively. T h e structure was 
determined by a compar ison of the spectral data wi th 
those of a previously prepared sample.4) O n the other 
hand , in the presence of a nucleophi le , a qu i te 
different behavior was observed. T h e reaction of 1 
wi th H2SO4 in aqueous tetrahydrofuran (THF) gave 
the tricyclic diol 5 in 75% yield a long wi th a small 
a m o u n t of 3 (10%). T h e structure of 5 was established 
by the following chemical transformations: Lead(IV) 
acetate oxidat ion of the symmetrical diol 5 to 
bicyclo[4.4.1]undecane-2, 7-dione (8) followed by 
reduct ion of the bis(dithioacetal) of 8 wi th Raney 
nickel furnished bicyclo[4.4.1]undecane (9) and bi-
cyclo[4.4.1]undec-l-ene (10), whose 13C N M R spectra 
were identical wi th those found in the literature.10) 
Fur thermore , a 5:1 diastereomeric mixture of alcohols 
2, which was derived by a reduct ion of 1 with L1AIH4, 
rearranged in the presence of H2SO4 in aqueous T H F 
to a k n o w n tricyclic alcohol 6 n ) in 85% yield as the sole 
product . 

8 X = 0 10 

9 X = H , H 

T a k i n g the previous rear rangement of tr imethylene-
bicyclooctanones in to account,2*'3b) it is reasonable to 
expla in the rear rangement pa thway of ketone 1 as 
shown in Scheme 1. Namely, the C1-C5 bond of the 
cat ion intermediate 11 migrates to form the cation 12 
(path a); the subsequent 1,2-alkyl shift in 12 gives 3 in 
the absence of nucleophi les . T h e t r app ing of 12 by a 
nucleophi le affords 5. Another migra t ing mode (path 
b) in 11, wh ich involves a 1,2-alkyl shift of the C1-C7 
b o n d to produce the cation 13, is less likely in bo th a 
thermodynamic7) and a kinetic sense, though a second 
alkyl shift in 13 wou ld give 3. Similarly, in the case of 
the alcohols 2, a migra t ion of the C1-C5 b o n d is 
favored, regardless of the stereochemistry of the 
hydroxyl g roup . 

Next, in connection wi th the homoadaman tane 
rear rangement of tricycloundecanes, a reductive re­
ar rangement a long with a hydride transfer of the 
a lcohol 6 was carried out. T h e treatment of 6 wi th 
H2SO4 in pentane gave unrearranged hydrocarbon 7 n ) 

as the sole product . T h e structure was confirmed by a 
compar i son of an authent ic sample prepared inde­
pendent ly from 6 according to a method in the 
literature.11) T h e present result confirmed that tri-
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H+ or AICI3 

-H or 
- M C I , 

X = H or MCI; 

Scheme 1. 

cyclo[5.4.0.03 '8]undecane (7) is, indeed, a mechanist ic 
dead-end in the homoadaman tane rearrangement. 

Exper imental 

All melting points are uncorrected. The instruments used 
for the measuring the spectra and the chromatography 
technique were the same as those used in previous work.8a) 

TricyclofSAO.O^undecan-ll-one (1) was prepared by an 
intramolecular photocycloaddition of 2-(4-pentenyl)-2-cyclo-
hexen-1-one according to a method of Cargill et al.9) 

Tricyclo[5.4.0.01,5]undecan-ll-ols (2). The reduction of 
1 (483 mg, 2.95 mmol) with L1AIH4 (56 mg, 1.48 mmol) in 
dry ether (15 ml) was performed as previously described3b) to 
give a diasteromeric mixture of alcohols 2 (404 mg, 83%) after 
column chromatography on silica gel (20% ether-petroleum 
ether), which could not be separated. The stereochemistry of 
the hydroxyl group was not determined. 2: IR (neat) 3350 
(br), 1040 cm"1; *H NMR (CDCI3) 6=1.0—2.4 (m, ca. 16H), 
2.63 (m, 0.83H), 3.57 (dd, / = 9 , 5 Hz, 0.83H), 3.79 (t, / = 4 Hz, 
0.17H); MS m/z (%) 166 (M+, 15), 123 (48), 111 (44), 97 (100), 
84 (67), 79 (64), 67 (47), 55 (40), 41 (48). Found: C, 79.05; H, 
11.20%. Calcd for CnHisO: C, 79.46; H, 10.92%. 

TricyclofS.S.l.O^undecan-ll-one (3).4) To a solution of 
1 (95 mg, 0.58 mmol) in dry benzene (5 ml) was added one 
dropofH2S04. The mixture was stirred at 40° C for 14 h. A 
cold NaHCOs solution was added to the cooled mixture and 
the mixture was extracted with ether. The ether extract was 
washed with brine and dried over MgSÛ4. Evaporation of 
the solvent followed by flash chromatography (10% ether-
petroleum ether) of the crude product gave 3 (76 mg, 80%), 
which was identical with a previously prepared sample.4) 

The reaction of 1 (95 mg, 0.58 mmol) with aluminum(III) 
chloride (AICI3) in dichloromethane (CH2CI2) (5 ml) for 18 h 
was performed as previously described3b) to give 3 (86 mg, 
91%): IR (neat) 1740, 1080 cm"1; ^ N M R (CC14) 6=0.8— 
1.2 (m, 2H), 1.3—2.4 (m, 14H); MS m/z (%) 164 (100), 136 (56), 
121 (73), 108 (47), 107 (41), 95 (52), 94 (89), 93 (63), 81 (42), 80 
(66), 79 (83), 67 (88), 41 (45). Found: C, 80.08; H, 10.09%. 
Calcd for CnHieO: C, 80.44; H, 9.83%. 

Tricyclo[5.4.0.03>8]undecane-7,8-diol (5). The reaction of 1 
(1.00 g, 6.10 mmol) with H2SO4 (10 ml) and water (10 ml) in 
THF (50 ml) at 55 °C for 65 h was carried out as previously 
described2a> to give 3 (0.10g, 10%) (elution with 5% 
ether-petroleum ether) and 5 (0.83 g, 75%) (elution with 
ether) after column chromatography on silica gel. 5: Mp 
138—139°C (recrystallized from ether-petroleum ether); IR 
(KBr) 3300 (br), 1145, 1100, 1070, 1050 cm"1; *H NMR 

(CDCI3) 6=1.1—2.3 (m); "C NMR (CDCI3) 6=18.0 (t, 2C), 
25.6 (t, 3C), 33.7 (t, 2C), 39.5 (d, 2C), 77.5 (s, 2C); MS m/z (%) 
182 (M+, 79), 164 (65), 136 (76), 97 (62), 95 (45), 84 (100), 67 
(45), 55 (59), 41 (51). Found: C, 72.24; H, 9.97%. Calcd for 
C11H18O2: C, 72.49; H, 9.96%. 

Tricyclo[5.4.0.03'8]undecan-7-ol (6).n) The reaction of 2 
(5: 1 mixture, 100 mg, 0.60 mmol) with H2SO4 (0.5 ml) and 
water (0.5 ml) in T H F (5 ml) at 55 °C for 17 h was carried out 
as previously described2b) to give 6 (86 mg, 86%) after flash 
chromatography (30% ether-petroleum ether): Mp 90— 
91.5 °C (recrystallized from ether-petroleum ether) (lit,n) mp 
90—91 °C). 13CNMR (CDCI3) 6=16.4 (t), 19.3 (t), 24.7 (t), 
26.7 (t), 28.8 (t), 32.2 (t), 37.2 (d), 40.0 (t), 40.9 (d), 49.6 (d), 
77.6 (s). 

Tricyclo[5.4.0.03'8]undecane (7).U) The reaction of 6 (598 mg, 
3.58 mmol) with H2SO4 (3 ml) in pentane (30 ml) for 1 h was 
performed as previously described8** to give 7 (182 mg, 34%) 
after purification by preparative GLC. 13C NMR (CDCI3) 
6=18.4 (t, 2C), 30.9 (t), 31.7 (t, 2C), 33.6 (t, 2C), 39.4 (d, 2C), 
47.5 (d, 2C). 

Chemical Transformation of 5. Bicyclo[4.4.1]undecane-
2,7-dione (8). The reaction of 5 (233 mg, 1.28 mmol) with 
lead(IV) acetate (682 mg, 1.53 mmol) in benzene (40 ml) for 
1 h was performed as previously described2a) to give 8 
(179 mg, 93%) and the recovered 5 (39 mg) after flash 
chromatography (ether). 8: Mp 116—117°C (recrystallized 
from ether-petroleum ether); IR (KBr) 1690, 1315, 1175, 990, 
920 cm"1; 1H NMR (CC14) 6=1.2—2.0 (m, 6H), 2.2—2.9 (m, 
lOH); MS m/z (%) 180 (M+, 45), 97 (56), 94 (96), 69 (65), 55 
(100), 41 (57). Found: C, 73.11; H, 8.89%. Calcd for 
C11H16O2: C, 73.30; H, 8.95%. 

Bicyclo[4.4.1]undecane (9) and Bicyclo[4.4.1]undec-l-ene 
(10).10) The reaction of 8 (340 mg, 1.89 mmol) with 1,2-
ethanedithiol (1.56 ml, 14.8 mmol) and boron trifluoride 
etherate (1.12 ml, 7.01 mmol) for 67 h was carried out as 
previously described2a) to give the bis(ethylene dithioacetal): 
IR (neat) 1420 cm"1. The treatment of crude acetal with 
Raney nickel (W-4) (ca. 15 g) for 4 h was performed as 
previously described2a) to give 9 (85 mg, 30% from 8) and 10 
(91 mg, 33% from 8) after column chromatography on silica 
gel (petroleum ether), whose 13C NMR spectra were identical 
with those found in the literature.10) 

Synthesis of an Authentic Sample of 7. An authentic 
sample was prepared by a method similar to that found in 
the literature.n) A solution of 6 (179 mg, 1.08 mmol) in 
thionyl chloride (4.5 ml) was stirred at 0°C for 1.5 h. Ice-
water was added and the mixture was extracted with ether. 
The ether extract was washed with a cold NaHCÜ3 solution 
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and brine and then dried (MgS04). Evaporation of the 
solvent followed by flash chromatography (petroleum ether) 
of the crude product gave chloride (182 mg, 92%), which 
showed peaks in the MS m/z (%) 186 (M++2, 1), 184 (M+, 4), 
148 (100), 94 (40), 79 (36). To a solution of the chloride 
(97 mg, 1.05 mmol) and azobis(isobutyronitrile) (50 mg) in 
cyclohexane (5 ml) was added a solution of tributyltin 
hydride (330 mg, 0.79 mmol) in cyclohexane (5 ml) at room 
temperature under a nitrogen atmosphere. The solution was 
heated at 81 °C for 3 h and then concentrated. The residue 
was chromatographed on silica gel (petroleum ether) 
followed by purification by preparative GLC to give a 
hydrocarbon (51 mg, 65% yield), whose 13CNMR spectrum 
was identical with that of 7 obtained by a reductive re­
arrangement of 6. 
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Convenient Synthesis of j8-Silyl Ketones from j8-Stannyl Enol Silyl Ethers via 
a [1,4] Anionic Rearrangement of Silicon 
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Synopsis. The transmetalation (Sn to Li) and [1,4] 
anionic rearrangement of ß-stannyl enol silyl ethers have been 
achieved, providing a convenient method for synthesis of 
ß-silyl ketones. 

T h e [1,4] an ion ic rearrangement of silicon from 
oxygen to carbon, wh ich corresponds to the vinyl-
ogous reverse Brook rearrangement,1* has been first 
observed by Still in the system of 1-siloxyallyl anions 1 
(Eq. 1).2) Shortly after, Kuwajima and Reich have 
observed independently3* an analogous [1,4] rearrange­
men t of silicon from 1-alkyl-1-siloxyallyl an ions 3 as a 
side reaction in their work on the generat ion and the 
use of 3 as a ß-acylcarbanion equivalent (Eq. 2).4) T h e 
me thod for 3 shown in E q 2 involves the 1,2-addition 
of alkyl l i thiums to acylsilanes or the treatment of l-(tri-
methylsilyl)allylic alcohols wi th rc-BuLi to give 2 and 
the subsequent Brook rearrangement. We envisioned 
that one could obta in 3 directly by carrying out L i - S n 
exchange reaction between ß-stannyl enol silyl ethers 
55) and rc-BuLi. In this paper we report a convenient 
me thod for ß-silyl ketones6* from 5 via a [1,4] an ion ic 
rearrangement of silicon. 

LiO f » 21 R3SiO R3SiO LI [ i , 4 ] LiO / | \ 

1 

LiO [1 . 2] R 3 S I ° R3SiO LI [ 1 t 4] LiO /o \ 

We have found that enol silyl ethers 5 undergo rap id 
L i - S n exchange at —78 ° C to afford 3. In accorod wi th 
previous observation,3 a ) by w a r m i n g u p to 0 °C, a [1,4] 
an ion ic rear rangement of silicon took place to give 
quanti tat ively ß-silyl ketone enolates 4. Since 
rearrangements have been stereochemically ambiguous 
as to the possibility of rearrangement from £-form 
species,7) we a t tempted the reaction s tar t ing wi th an 
E/Z mix tu re of enol silyl ether 5c (£ /Z=47/53) . T h u s , 

t reatment of 5c wi th rc-BuLi (1 equiv) at — 78 ° C for 
30 m i n gave a mix ture of 6 and 7 ("rearrangement") in 
97% total yield (6/7=86/14) after quench ing wi th 
Et3SiCl (Scheme 1). Interestingly, bo th 6 and 7 are in 
stereochemically pure Z-form. After w a r m i n g u p to 
0 °C , 7 was only obta ined in 96% yield. T h i s means 
that: (a) t ransmetala t ion (Sn to Li) readily occurs at 
—78 °C, irrespective of the stereochemistry of 5c, (b) 
£-form of ß-l i thio species 8 readily isomerizes to Z-form 
9 after t ransmetalat ion at - 7 8 ° C (Eq. 3), (c) a [1,4] 
rearrangement of silicon from O to C proceeds via Z-
form 9 stereospecifically. 

Me3SiO 

R" 

5c (E) 

Me3SiO Me3SiO Li 

— RAJ (3) 

T h e enolates thus obtained from the rearrangements 
can be t rapped by electrophiles to give a variety of 
«-substi tuted ß-silyl ketones. As shown in Table 1, in 
general the reaction is clean, affording h igh yields of 
ß-silyl ketones. 

In summary, this paper reports t ransmetala t ion/re-
a r rangement of ß-stannyl enol silyl ethers, which offer 
a convenient way for the synthesis of ß-silyl ketones. 

Experimental 

Instruments. For column chromatography, silica gel 60 
(230—400 mesh ASTM, E. Merck) was used. GLC analysis 
was carried out with a Shimadzu GC-12A apparatus using 
Hicap-CBP10-M25-025 (OV-1 type) column. iH NMR 
spectra were recorded on a JEOL JNM-GSX-270 (270 MHz) 
or a JEOL JNM-GSX-400 (400 MHz) spectrometer in CDC13. 
!3C NMR spectra were recorded on a JEOL JNM-GSX-270 
(68 MHz) spectrometer in CDCI3. IR spectra were obtained 
from a Perkin-Elmer 1610 FTIR spectrometer. Mass spectra 
and high-resolution mass spectra were recorded on a JEOL 
JMS-DX303 HF spectrometer using electronical ionization 

Me3SiO n . B u L I 

JLs. - ^ (1 equiv) Et3SiCI 
S Y^^ r r r ^SnBu 3 T H F _ 7 8 o C 

1 5c 
(E/Z = 47/53) 

-78°C, 30 min 

-78~0°C, 30 min 

Me3SiO 

^ ^ ^ S i E t 3
 + 

1 6 

83% 

(E/Z = 0/100)" 

Et3SiO 

Y^s. 
I 

7 ('rearrangement') 
14% 

(E/Z = 0/100)a 

96% 
(E/Z = 0/100)a 

a) Determined by GC analysis of the crude mixture. 

Scheme 1. 



3362 NOTES [Vol. 63, No. 11 

Table 1. Synthesis of ß-Silyl Ketones by a 1,4-Anionic Rearrangement of Silicona) 

Entry ß-Stannyl enol silyl ether 
Electrophile (equiv) 

temp, time Product Yield/%b> 

OSiMe3 

Me3SiCl (1.2 equiv) 
- 7 8 °C, 15 min 

OSiMe3 

9 2 c ) 

OSiEt3 

5b 

OSiMe3 

^-CsHnI (2 equiv) 
-78—20°C, l h 

PhCH2Br (2 equiv) 
-78—20 °C, 30 min 

MeaSiCl (1.2 equiv) 
- 7 8 °C, 15 min 

rc-C4H9I (2 equiv) 
- 7 8 - 2 0 ° C , l h 

1 2 Ph 

OSiMe3 

SiEt3 

96 

91 

93 

81 

CH2=CHCH2Br (2 equiv) 
-78—20°C, l h 

(CH3)2C=CHCH2Br (2 equiv) 
-78—20°C, l h 

Mel (2 equiv) 
-78—20 °C, 3 min 

O SiMe3 

90d> 

99 
(67/33)e> 

a) The procedure was described in the experimental section, b) Isolated yield, c) Li/Sn exchange of 5a 
proceeded to completion at —78 °C in 30 min. d) SN2 adduct was only obtained, e) Ratio of diastereoisomers 
were determined by XH NMR spectrum at 400 MHz. The relative configuration of the diastereomers has not 
yet been assigned. 

(EI) mass spectrometry. Elemental analyses were performed 
by the Analytical Center, Faculty of Engineering, Osaka 
University. 

Preparation of j8-Stannyl Enol Silyl Ethers 5. To a 
solution of lithium diisopropylamide (6 mmol) (for 5a) or 
lithium hexamethyldisilylazine (6 mmol) (for 5b—d) in 
T H F (10 mL) at - 7 8 °C was added ß-trialkylstannyl ketone 
(5 mmol).5b) The reaction mixture was stirred at —78 °C for 
2 h and quenched by addition of Me3SiCl (6 mmol) (for 5a, c, 
d) or Et3SiCl (6 mmol) (for 5b). Cold water and Et20 were 
added and the aqueous layer was extracted with Et20. The 
combined organic extracts were washed (water), dried 
(MgSÜ4), and concentrated. Flash chromatography (Si02, 
pentane eluent) of the residual oil gave ß-stannyl enol silyl 
ether 5 (>90% yield). The preparation of the E/Z mixture of 
5c attained by the reaction of ß-trialkylstannyl ketone with 
LDA (15 min)/Me3SiCl in THF at - 7 8 °C to give the three 
regio- and stereoisomers. These isomers were separated by 
flash column chromatography (Si02, pentane eluent). 
Under these conditions the E/Z mixture of 5c eluted first 
from the column. 

Reaction of j8-Stannyl Enol Silyl Ether 5c with n-
BuLi. rz-BuLi (1.55 M in hexane, 0.286 mL, 0.444 mmol) 
was added to a solution of ß-stannyl enol silyl ether 5c 
(£/Z=47/53, 205 mg, 0.444 mmol) in T H F (2 mL) at - 7 8 °C. 
After 30 min, Et3SiCl (80 mg, 0.532 mmol) was added to the 
solution at —78 ° C. Cold water and Et20 were added and the 
aqueous layer was extracted with Et20. The combined 
organic extracts were washed (water), dried (MgSÜ4), and 

concentrated. Flash chromatography (Si02, pentane eluent) 
of the residual oil gave a mixture (123 mg, 97%) of 6 and 7 
(6/7=86/14). The spectral data of ß-silyl enol silyl ether 6 
and 7 are as follows. 

(Z)-3-(Trimethylsiloxy)-l-(triethylsilyl)-4-methyl-2-pen-
tene (6). IR (NaCl) 1664 cm"1 (i/OC); XH NMR (270 MHz, 
CDC13) 6=0.19 (s, 9H, SiMe3), 0.51 (q, /=7.8 Hz, 6H, 
Si(CH2CH3)3), 0.93 (t, /=7.8 Hz, 9H, Si(CH2CH3)3), 1.01 (d, 
/=6.8 Hz, 6H, (CH 3)2CH), 1.35 (d, 7=7.8 Hz, 2 H, CH 2SiEt3), 
2.08—2.20 (m, 1H, (CH3)2CH ), 4.43 (t, 7=7.8 Hz, 1H, vinyl); 
13CNMR (CDC13) 0=0.84, 3.39, 7.43, 9.96, 20.93, 34.47, 
100.31, 154.42; Found: C, 62.55; H, 12.03%. Calcd for 
Ci5H34OSi2: C, 62.84; H, 11.97%. 

(Z)-3-(Triethylsiloxy)-l-(trimethylsilyl)-4-methyl-2-pentene 
(7). IR (NaCl) 1664 cm"1 (vOC); « N M R (270 MHz, 
CDC13) <5=-0.02 (s, 9H, SiMe3), 0.67 (q, 7=7.8 Hz, 6H, Si 
(CH2CH3)3), 0.99 (t, 7=7.8 Hz, 9H, Si (CH2CH3)3), 1.02 (d, 
7=6.8 Hz, 6H, (CH 3)2CH), 1.34 (d, 7=8.3 Hz, 2H, CH 2SiMe3), 
2.07—2.17 (m, 1H, (CH3)2CH), 4.83 (t, 7=8.3 Hz, 1H, vinyl); 
13CNMR (CDC13) <5=-1.75, 5.76, 6.89, 14.82, 21.27, 34.56, 
99.53, 154.95; MS m/z (%) 286 (M+, 31), 213 (100), 115 (96), 73 
(58). Found: m/z 286.2151. Calcd for Ci5H34OSi2 286.2148. 

General Procedures for the Synthesis of ß-Silyl Ketones 
(10—16). The preparation of ß-silyl ketone 13 is described 
as a typical example. rc-BuLi (1.55 M in hexane, 0.654 mL, 
1.0 mmol) was added to â solution of ß-stannyl enol silyl 
ether 5c (461 mg, 1.0 mmol) in THF (3 mL) at - 7 8 °C. The 
reaction mixture was allowed to warm to 0 °C and stirred for 
30 min. After having been cooled to —78 C, rc-butyl iodide 
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(368 mg, 2.0 mmol) and HMPA (0.5 mL) was added. The 
mixture was allowed to warm to 20 °C and stirred for 1 h. 
Water and Et2Ü were added and the aqueous layer was 
extracted with Et2Ü. The combined organic extracts were 
washed (water), dried (MgS04), and concentrated. Flash 
chromatography (SiÜ2, pentane eluent) of the residual oil 
gave jß-silyl ketone 13 (185 mg, 81%). The spectral data of 
ß-silyl ketones 10—16 are as follows. 

(Z)-3-(Trimethylsiloxy)-1 -(trimethy lsilyl)-4,4-dimethyl-2-
pentene (10). IR (NaCl) 1656 cm"1 (yC=C); m NMR 
(270 MHz, CDCb) <5=-0.02 (s, 9H, CH2Si(CH3)3), 0.22 (s, 
9H, OSiMea), 1.03 (s, 9H, (CH3)3C), 1.29 (d, /=8.2 Hz, 2H, 
CH2SiMe3), 4.51 (t, 7=8.2 Hz, IH, vinyl); ^C NMR CDC13) 
<5=-1.79, 1.19, 15.68, 28.73, 36.31, 98.81, 157.02; MS m/z (%) 
258 (M+, 38), 185 (100), 169 (10), 73 (88). Found: C, 60.36; H, 
11.71%. Calcd for Ci3H3oOSi2: C, 60.37; H, 11.71%. 

2,2-Dimethyl-4-(trimethylsilylmethyl)-3-nonanone (11). 
IR (NaCl) 1703 cm-1 ( i O O ) ; « N M R (270 MHz, CDCI3) 
0=0.00 (s, 9H, SiMe3), 0.58 (dd, /vic=9.4Hz, /gem=14.9Hz, 
IH, CH 2 SiMe3), 0.69 (dd, /vic=3.9Hz, /gem=14.9Hz, IH, 
CH2SiMe3), 1.10 (s, 9H, (CH3)3C), 1.19—1.34 (m, 7H), 1.57— 
1.71 (m, IH), 2.87—2.97 (m, IH, CH); ^C NMR (CDC13) 
<5=-0.63, 13.96, 21.11, 22.46, 26.76, 27.79, 32.04, 34.04, 41.09, 
44.21, 219.18; MS m/z (%) 256 (M+, 1), 241 (3), 199 (2), 171 
(18), 73 (100), 57 (4). Found: C, 70.40; H, 12.79%. Calcd for 
Ci5H32OSi: C, 70.22; H, 12.60%. 

2-Benzyl-4,4-dimethy 1-1 -(trimethylsilyl)-3-pentanone (12). 
IR (NaCl) 1702 cm"1 (*>C=0); XH NMR (270 MHz, CDC13) 
0=0.00 (s, 9H, SiMe3), 0.59—0.81 (m, 2H, CH 2SiMe3), 0.69 (s, 
9H, (CH3)3C), 2.53 (dd, /vic=3.9Hz, /gem=12.9Hz, IH, 
CH2PI1), 2.83 (dd, /vic=10.7Hz, /gem=12.9Hz, IH, CH2Ph), 
3.07—3.17 (m, IH, CHCH2SiMe3), 6.95—7.13 (m, 5H, Ph); 
we NMR (CDC13) ô=-0.54, 21.47, 25.93, 33.94, 44.05, 44.10, 
126.04,128.12, 129.16, 140.48, 218.04; MS m/z (%) 276 (M+, 1), 
261 (4), 185 (5), 91 (7), 73 (100), 57 (6). Found: C, 73.55; H, 
10.40%. Calcd for Ci7H28OSi: C, 73.83; H, 10.22%. 

2-Methyl-4-(trimethylsilylmethyl)-3-octanone (13). IR 
(NaCl) 1711cm"1 (*>C=0); « N M R (270 MHz, CDC13) 
0=0.00 (s, 9H, SiMe3), 0.56 (dd, /Vic=7.9 Hz, /gem=14.6 Hz, IH, 
CH2SiMe3), 0.83 (dd, 7vic=5.8 Hz, /gem=14.6 Hz, IH, CH2SiMe3), 
0.87 (t, /=7.0 Hz, 3H, CH2CH3), 1.06 (d, /=3.5 Hz, 3H, 
(CH3)2CH), 1.08 (d, /=3.5 Hz, 3H, (CH3)2CH), 1.14—1.40 
(m, 7H), 1.59—1.67 (m, IH), 2.59—2.76 (m, 2H); ^C NMR 
(CDC13) <5=-0.86, 13.96, 18.55, 18.76, 22.81, 29.79, 33.35, 
39.29, 46.09, 217.86; MS m/z (%) 228 (M+, 1), 213 (8), 185 (3), 
171 (6), 157 (14), 73 (100). Found: m/z 228.1897. Calcd for 
Ci3H28OSi 228.1909. 

2-Methyl-4-(trimethylsilylmethyl)-6-hepten-3-one(14). IR 
(NaCl) 1712 cm"1 (*>C=0), 1641cm"1 (vOC); ^ N M R 
(270 MHz, CDC13) 0=0.00 (s, 9H, SiMe3), 0.58 (dd, /Vic=7.5 
Hz, /gem=14.9Hz, IH, CH2SiMe3), 0.86 (dd, /vic=6.3 Hz, 
/gem=14.9Hz, IH, CH2SiMe3), 1.04 (d, /=7.0 Hz, 3H, 
(CH3)2CH), 1.07 (d, /=7.0 Hz, 3H, (CH3)2CH), 2.04—2.14 
(m, IH, CH2CH=CH2), 2.32-2.42 (m, IH, CH2CH=CH2), 
2.64—2.78 (m, 2H, CHC(O)CH) 4.95—5.01 (m, 2H, CH= 
CH2), 5.57—5.72 (m, IH, CH=CH2); 13C NMR (CDC13) 
<5=-0.91, 18.27, 18.40, 18.61, 38.14, 39.49, 45.91, 116.65, 
135.93, 216.88; MS m/z (%) 212 (M+, 1), 197 (8), 171 (7), 141 
(16), 73 (100). Found: C, 67.64; H, 11.62%. Calcd for 
Ci2H24OSi: C, 67.83; H, 11.40%. 

2,7-Dimethyl-4-(trimethylsilylmethyl)-6-octen-3-one (15). 
IR (NaCl) 1712 cm-1 (i/C=0); ^ N M R (270 MHz, CDC13) 

0=0.00 (s, 9H, SiMe3), 0.58 (dd, /vic=7.8 Hz, /gem=14.6 Hz, IH, 
CH2SiMe3), 0.83 (dd, /vic=5.9 Hz, /gem=14.6 Hz, IH, CH2SiMe3), 
1.02 (d, /=7.4 Hz, 3H, (CH3)2C=CH), 1.05 (d, /=7.4Hz, 3H, 
(CH3)2C=CH), 1.60 (d, /=19.1 Hz, 3H, (CH3)2CH), 1.99— 
2.09 (m, IH, CH2CH=C), 2.22—2.33 (m, IH, CH2CH=C), 
2.62—2.72 (m, 2H), 4.97 (like-t, 7=7.3 Hz, IH, CH=C); 
!3CNMR (CDC13) <5=-0.88, 17.77, 18.23, 18.60, 18.70, 25.69, 
32.70, 39.71, 46.25, 121.90, 133.13, 217.63; MS m/z (%) 240 
(M+, 0.1), 225 (2), 197 (7), 169 (7), 73 (100), 69 (17). Found: C, 
69.81; H, 11.83%. Calcd for Ci4H28OSi: C, 69.90; H, 11.75%. 

2,4-Dimethyl-l-(trimethy lsilyl)-3-hexanone (16). Obtained 
as a 67:33 mixture of diastereomers. IR (NaCl) 1711 cm - 1 

(i>C=0); J H N M R (400 MHz, CDC13) 0=0.01 (s, 9 H, SiMe3 

(minor isomer)), 0.02 (s, 9H, SiMe3 (major isomer)), 0.52 (dd, 
7=9.9 and 14.6 Hz, IH, CH2SiMe3 (major)), 0.53 (dd, 7=9.9 
and 14.6 Hz, IH, CH2SiMe3 (minor)), 0.83—0.93 (m, 1H, 
CH2SiMe3 (major and minor)), 0.85 (t, 7=7.3 Hz, 3H, 
CH3CH2 (minor)), 0.86 (t, 7=7.3 Hz, 3H, CH3CH2) (major)), 
1.04 (d, 7=6.9 Hz, 3H, CH3CH (major and minor)), 1.06 (d, 
7=6.9 Hz, 3H, CH3CH (minor)), 1.08 (d, 7=6.9 Hz, 3H, 
CH3CH (major)), 1.27—1.37 (m, 1H, CH3CH2 (major and 
minor)), 1.60—1.71 (m, 1H, CH3CH2 (major and minor)), 
2.54—2.70 (m, 2H, CHCOCH (major and minor)); 13C NMR 
(CDC13) <5=-0.83 (major and minor), 11.86 (minor), 11.92 
(major), 16.59 (major), 16.60 (minor), 18.70 (major and 
minor), 19.96 (major), 20.23 (minor), 26.10 (major), 26.21 
(minor), 41.07 (major), 41.15 (minor), 45.66 (major and 
minor), 218.17 (major and minor); MS m/z (%) 200 (M+, 1), 
185 (7), 158 (5), 143 (12), 115 (16), 85 (2), 73 (100), 57 (7). 
Found: C, 66.12; H, 12.31%. Calcd for CnH240Si: C, 65.90; 
H, 12.09%. 
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Application of the SPE Method to Organic Electrochemistry-X. 
Behaviors of the Manganese Redox Couple Incorporated 

in Pt-Nafion and Their Mediatory Oxidation of 
Cinnamyl Alcohol to Cinnamaldehyde 
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The electrochemical behavior of a manganese redox couple incorporated into an SPE (Solid Polymer 
Electrolyte) composite electrode using Nafion (Pt-Nafion) was examined as a mediator for electroorganic 
syntheses. The mediatory reaction of the redox couple was examined in the oxidation of cinnamyl alcohol. 
The oxidation proceeded smoothly and gave cinnamaldehyde in high selectivity; the current efficiency was as 
high as 85%. The dissolving-out of manganese from the SPE was suppressed by the addition of 0.025 mol dm - 3 

MnS04 to the catholyte. 

T h e present authors have investigated the applica­
tion of the SPE method to organic electrochemistry 
us ing Nafion as an SPE material.1 '2) T h e introduc­
tion of mediatory systems into an SPE electrolyzer is 
attractive because of an enhancement in both the 
selectivities and reaction rates. A h igh reaction 
selectivity would lower the contamina t ion in SPE 
materials, leading to an extension of the life of SPE 
composite electrodes and to a low cell voltage. T h e 
applicabil i ty of mediatory systems to an SPE 
electrolyzer system was clarified in our previous 
studies us ing an iron redox system.3'4) In the use of 
mediatory systems the mediator is ap t to cause product 
contaminat ion , which should be avoided. T h e situa­
tion is the same in the SPE system, where mediators 
are added into the substrate solution.5 '6) It is attrac­
tive to incorporate a mediator in to an SPE composi te 
electrode, since it migh t reduce the required a m o u n t 
of mediator and el iminate the product contaminat ion . 

In the present work a manganese redox couple was 
selected. Manganese dioxide is well known as a 
selective oxidizing reagent of allyl alcohol to the cor­
responding aldehyde, whi le keeping olefinic double 
bonds unchanged.7"9) A m o n g the different types of 
manganese dioxide, electrolytic manganese dioxide 
exhibits h igh activity. T h e electrolytic manganese 
dioxide is expected to be easily formed in situ from 
M n 2 + by anodic oxidat ion. Cinnamyl alcohol was 
selected as a substrate. T h e manganese redox system 
is expected to be prevented from dissolving out from 
the SPE material (Nafion) since Mn(IV), which is the 
oxidized half of the redox couple, must exist in the 
form of an oxide in the Nafion and mul t ivalent 
cations inc luding Mn 2 + , which is the reduced half of 
the redox couple, have a h igher ion-exchange affinity 
to the Nafion than does proton. T h i s h igh affinity 
keeps the redox system inside the composite electrode. 

Experimental 

Chemicals. Commercially available chemicals of rea­

gent grade were used without further purification. 
Pt-Nafion Composite Electrodes. Nafion 415 (product 

of du Pont Co.) was used as an SPE material. Platinum 
was deposited on one side of Nafion employing a previously 
described10) electroless plating method. Mn2+ was intro­
duced into Pt-Nafion from an aqueous manganese sulfate 
solution in the same manner as the cases of Fe2+ and Fe3+.3) 

Electrolysis. A two-compartment cell divided by an SPE 
composite electrode was used for electrolysis. The cell was 
equipped with a Luggin capillary in the CEC, as described 
in a previous paper.3) Conventional potentiostatic and gal-
vanostatic electrolysis systems comprising a potentiostat 
(Hokuto Denko HA-301), a function generator (Hokuto 
Denko HB-104), and a recorder (Graphtec WX2400) were 
used. 

Preceding the introduction of a substrate solution, 
Mn,Pt-Nafion was electrolyzed at 5 mAcm~2 in 0.025 
mol dm - 3 H2SO4 in CEC and argon in WEC for 15 coulomb 
in order to oxidize incorporated Mn2+ to Mn02. 

Since cinnamyl alcohol and cinnamaldehyde are hardly 
soluble in water, THF, which was stable under experimen­
tal conditions, was used as a solvent. 

Results and Discussion 

T h e pr inciple regarding the mediatory electrochem­
ical oxida t ion of alcohol in P t -Naf ion is schematized 
in Fig. 1 us ing c innamyl alcohol as an example. 

Anolyte 

CH=CH-CH2OH 

CH=CH-CHO * 

Catholyte 

Pt Nation 
(3nm) (200nm) 

Fig. 1. Principle of selective oxidation of cinnamyl 
alcohol to cinnamaldehyde on Pt-Nafion modified 
with a manganese redox system. 
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Inside SPE, divalent manganese, Mn(II), is oxidized to 
tetravalent manganese, Mn(IV), on a thin porous 
anode bound to the SPE. Mn(IV) oxidizes the alco­
hol, which is penetrated through the porous anode 
layer from working electrode compartment (WEC, 
left). The alcohol is oxidized to the corresponding 
aldehyde, which returns to WEC. The proton 
released by the oxidation of the alcohol moves to the 
counter electrode compartment (CEC, right) across 
the Nafion layer under an electric field. This move­
ment sustains the ionic conductivity through Mn,Pt-
Nafion. The resultant Mn(II) is re-oxidized on the 
porous platinum anode. Thus, the manganese redox 
system mediates the oxidation of cinnamyl alcohol. 

Incorporation of Manganese into Pt-Nafion. The 
exchange selectivity was examined using Nafion 125 
and 117 in the same way as in a previous study.3) 

Since they do not have any backing and have smooth 
surfaces, it was convenient to calculate their exchange 
capacity. As shown in Fig. 2, the exchange selectivity 
of Mn2+ to H + for Nafion 117 was higher than that for 
Nafion 125. Above 0.3 mol dm"3 of MnS04 concen­
tration of a soaking solution, equivalent ionic fraction 
of Mn2+ as a counter ion of Nafion 117 was higher 
than 0.85. The Nafion 415 adopted here as an SPE 
material for electrolysis has the same equivalent 
weight as that of Nafion 117. Therefore, the Nafion 
415 of composite electrodes exchanges its counter ion 
to Mn2+ to an extent higher than 0.85 by soaking in a 
solution containing Mn2+ at a concentration higher 
than 0.3 mol dm"3. 

Cyclic Voltammetry Measurements. Figure 3 shows 
a cyclic voltammogram obtained at Pt-Nafion incor­
porated with Mn2+ using 0.025 mol dm"3 H2SO4 in 
CEC, argon gas in WEC at the sweep rate of 10 mV s"1. 
A couple of anodic (£ap=1.22 V) and cathodic 
(£Cp=0.92 V) peaks were observed. Since no active 

species was added, except for a manganese species, and 
the circumstances inside Nafion are strongly acidic, 
these peaks should be ascribed to the oxidation of 
Mn2+ to Mn02 and reduction of Mn02 to Mn2+.1U2» 
These redox peaks were observed after repeated cycles. 
It is known that Mn3+ is produced in a strongly acidic 
solution. The potential of Mn3+ is as high as 1.51 V 
vs. NHE.12) Therefore, the present redox peaks do 
not correspond to a reaction including Mn3+. After 
anodic polarization, Mn02 must be formed inside the 
Pt-Nafion. It was not successful, however, to observe 
peaks corresponding to Mn02 in an X-ray diffraction 
analysis. This might be ascribed to the ambiguous 
crystallinity of the manganese oxide produced. Man­
ganese oxide produced by an electrochemical method 

0.6 0.8 1 1.2 1.4 

E/V vs.Ag/AgCl 
1.6 

Fig. 3. Cyclic voltammograms (first cycle) on 
Mn,Pt-Nafion under argon in WEC and 0.025 
moldm-3 H2SO4 in CEC at 10 mVs"1. 

3 
0) 

0.1 0.2 0.3 0.4 0.5 0.6 
ConciLof M n ^ m o l l ^ 1 

5 10 15 20^ 25 30 

I / mAcm 2 

Fig. 2. The amount of manganese up-taken into 
Nafion 117 (a) and 125 (b) after soaking H-type 
membranes in a MnSU4 solution in 0.025 mol dm"3 

H2SO4. 

Fig. 4. Steady state polarization curves on Pt-Naf­
ion (a) and Mn,Pt-Nafion (b) in cinnamyl alcohol 
50% in THF in WEC and 0.025 mol dm"3 H2SO4 in 
CEC. 
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is known to give ambiguous X-ray diffraction patterns 
and to be active in the oxidation of organic substrates. 

Steady-State Polarization. Steady-state polarization 
curves for Pt-Nafion both with and without the incor­
poration of Mn2+ were obtained in 50% cinnamyl 
alcohol in THF; the results are shown in Fig. 4. In 
the absence of manganese, the anode potential 
increased monotonously beyond 2.5 V with the cur­
rent density. The values of the measured potential 
include the ohmic drop through the Nafion layer. 
This result indicates a large resistance of the Nafion, 
which may be caused by a contamination of the by­
products from the substrate or solvent THF. It is 
also known that some organic solvents like methanol 
decrease remarkably the ionic conductivity of Naf­
ion.13) On the other hand, in the presence of a man­
ganese mediatory system, the potential was, up to the 
current density of 15 mAcm - 2 , kept lower than the 
value in the absence of the manganese redox. Beyond 
this current density, the potential increased rapidly up 
to the value without any incorporation of manganese 
(black circle). It was inferred from the electrode 
potential (lower than 1.3 V) that the oxidation of 
Mn2+ is a primary anodic reaction at a current density 
lower than 15 mAcm"2. Beyond 17 mAcm"2, two 
polarization curves were in coincidence with each 
other. This fact implies that the same reaction took 
place on the electrode at a current density higher than 
17 mAcm"2. At a high current density gas evolution 
was observed on both electrodes. Judging from the 
potential (higher than 2 V, with allowance for the 
uncompensated ohmic drop) these gas evolutions are 
ascribed to oxygen evolution. The transition to 
higher potential, between 12—17 mAcm"2, is similar 
to the phenomenon observed in the Kolbe-type elec­
trochemical reactions on a Pt electrode. The details 
of the inhibition proceeding at the lower current 
density in Fig. 4 have not been clarified yet. 

Potentiostatic Oxidation of Cinnamyl Alcohol. 
The manganese oxide formed electrochemically inside 
Pt-Nafion was expected to be active in the oxidation 
of allyl alcohol to the corresponding aldehyde. The 
current efficiencies of cinnamaldehyde and cinnamic 
acid were measured using Pt-Nafion both with 
(Mn,Pt-Nafion) and without the incorporation of a 
manganese redox system and in THF. As shown in 
Fig. 5, the incorporation of a manganese redox system 
enhanced the current efficiency of cinnamaldehyde to 
a value as high as 85%, while lowering that of cin­
namic acid. Thus, the selectivity for aldehyde was 
remarkably enhanced. In the potential region exam­
ined, no oxygen evolution was observed and, hence, 
Mn2+ was oxidized to Mn02. Considering the results 
of polarization measurements shown in Fig. 4, an 
enhancement of current efficiency for aldehyde pro­
duction by incorporating manganese should be 
ascribed to contribution from indirect oxidation by 
Mn02. The mediation mechanism of the manganese 

100 

1.2 1.4 1.6 

E / V vs. Ag/AgCI 

1.8 

Fig. 5. Current efficiencies of cinnamaldehyde 
(open symbols) and cinnamic acid (black symbols) 
under potentiostatic electrolysis conditions in cin­
namyl alcohol 50% in THF in WEC and 0.025 
mol dm-3 H2SO4 in CEC on Mn,Pt-Nafion (circles) 
and Pt-Nafion (triangles). 

redox system described in Fig. 1 has been shown to 
work well in the present Mn,Pt-Nafion. 

Since the solubility of produced aldehyde into aque­
ous solution is very low,14) and its mobility is much 
smaller than that of proton, the loss of aldehyde due to 
its permeation through the Nafion layer to CEC 
was retarded. After the reaction, no aldehyde was 
detected in CEC. 

Dissolving out of Incorporated Manganese Redox 
Couple. The amount of incorporated mediator in 
SPE composite electrodes was limited to a very small 
amount due to the small thickness of the SPE mate­
rial. The dissolving out of manganese species would 
cause a loss of the mediatory action and the contami­
nation in produced aldehyde. The amounts of man­
ganese dissolved out into WEC and CEC under poten­
tiostatic electrolysis conditions at 1.4 V were examined 
by atomic absorption spectroscopy. The results are 
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Fig. 6. Dissolving out of manganese from Mn,Pt-
Nafion into CEC during potentiostatic electrolysis 
at 1.4 V in cinnamyl alcohol 50% in THF in WEC 
(14 cm3) (a) and 0.025 mol dm"3 H2SO4 in CEC (14.5 
cm3) (b). 
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listed in Fig. 6. In the figure, 100 ppm means that 
about 10% of the incorporated manganese dissolved 
out. As shown in this figure, dissolving out into 
WEC was negligible, i.e., no contamination of 
the products by manganese occurred. On the other 
hand, the dissolving out of manganese into CEC 
increased with increasing charge passed, since the flux 
of ions in the Nafion was directed to the CEC under 
electrolysis conditions and since the ion-exchange 
affinity, as indicated in Fig. 2, was not sufficiently 
high for Mn2+ to be fixed inside the Nafion. This 
dissolving out would cause a loss of the mediator from 
an SPE composite electrode. It is acceptable to add 
Mn2+ in CEC, since it does not contaminate the prod­
uct and Mn2+ is not reduced on the cathode. How­
ever, if the equilibrium concentration of Mn2+ in the 
Nafion became high, Mn02 in the SPE composite 
electrode would accumulate during anodic polariza­
tion. Such accumulation might have an unfavorable 
influence and hinder the smooth indirect oxidation of 
alcohol. Therefore, the concentration of Mn2+ must 
be well optimized. The amount of manganese inside 
the Pt-Nafion was kept at the adequate level by the 
addition of manganese sulfate into CEC at a concen­
tration of 0.025 mol dm~3. At this concentration, the 
dissolving out of Mn2+ into CEC was well balanced 
with its returning into the Nafion due to its ion-
exchange affinity; thus, the mediatory oxidation pro­
ceeded smoothly for more than 24 hours. 
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The rate constants of intramolecular photoinduced electron-transfer reactions of a linked pyrene-viologen 
molecule A and a linked pyrene-ferrocene molecule B solubilized in micellar solutions of a hexadecyltrimethyl-
ammonium chloride were determined to be 9X108 and 4X108 s_1 respectively, from the stationary fluorescence 
intensity. However, the observed fluorescence decay curve of A suggests that a large fraction of the molecules 
have conformations for which the distances between two functional moieties are sufficiently small to permit 
direct electron transfer. The quasi-first-order rate constants of the intermolecular photoinduced electron-
transfer reactions between 1-hexylpyrene (HPy) and dodecylviologen (DDV), and between HPy and butylferro-
cene (BFc) solubilized in a micellar solution, were also determined to be 9X106 and 2X107 s_1 respectively, from 
the fluorescence decay curves. It is shown that the rate constants of the intermolecular photoinduced electron-
transfer reaction in micelles are determined by the diffusion of the reactants in a micelle. On the other hand, it 
is suggested that the rate constants of the intramolecular electron-transfer reactions are determined by the 
molecular conformations of the linked compounds in micelles. 

Recently, a number of investigations have been 
carried out in order to realize such effective artificial 
solar energy conversion to chemical energy, as in 
photosynthesis by plants.1""3) Charge separation in 
the excited state of a photosensitizer is a very impor­
tant process for this type photo-energy conversion. 
In photo-energy conversion us ing charge separation, 
it is a very serious problem that back electron transfer 
occurs and the energy stored by the photoreact ion is 
wasted. T h e electric field gradient at the surface of a 
micelle is known to be one of the useful means to 
prevent this type of back electron transfer. However, 
other factors may also play impor tan t roles in 
electron-transfer reactions or charge separation in a 
micelle. It is therefore interesting to study other 
effects of the micelle solubilization of reactants on the 
photo induced electron transfer (PIET) rates between 
them. 

T h i s paper deals wi th int ramolecular P I E T reac­
tions of a linked pyrene-viologen molecule and a 
l inked pyrene-ferrocene molecule solubilized in a 
micelle, as well as wi th the corresponding intermolec­
ular P I E T reactions between the same pairs of donor-
acceptor molecules solubilized in micelles. Namely, 
in the latter case, each solubilizate contains only one 
of these redox moieties. In these experiments , 
pyrene, viologen, and ferrocene act as a photosensi­
tizer, an electron acceptor, and an electron donor, 
respectively. 

From a compar ison between these intra- and inter­
molecular P I E T reaction rates, the effects of the diffu­
sion processes and the conformations of reactants 
molecules in a micelle on the rate constants of these 
P I E T reactions are discussed. 

Experimental 

Materials. GR-grade hexadecyltrimethylammonium chlo­

ride (CTAC) and butylferrocene (BFc) from Tokyo Kasei Co. 
were used without further purification. 

Dodecylviologen (DDV) was synthesized according to a 
method from the literature.4) 

1-Hexylpyrene (HPy) was synthesized by the usual 
method from pyrene and hexanoyl chloride. 

A linked pyrene-viologen compound (A) was synthesized 
from l-bromo-6-(l-pyrenyl)hexane and l-dodecyl-4,4'-bi-
pyridinium bromide.3) l-Bromo-6-(l-pyrenyl)hexane was 
prepared from l-bromo-6-(l-pyrenyl)hexan-6-one by zinc 
amalgam reduction. l-Bromo-6-(l-pyrenyl)hexan-6-one was 
synthesized from 6-bromohexanoyl chloride and pyrene. 

A linked pyrene-ferrocene compound (B) (HOCFh-Py-
CH20(CH2)ÔFC) was synthesized from l-bromo-6-ferrocenyl-
hexane and l,6-bis(hydroxymethyl)pyrene.5) l-Bromo-6-fer-
rocenylhexane was prepared from l-bromo-6-ferrocenyl-
hexan-6-one by a zinc amalgam reduction. l-Bromo-6-fer-
rocenylhexan-6-one was synthesized from 6-bromohexanoyl 

CH34CH2^gHgN%CH2-lB--[gl 
Br" Br @Q\ 

A 

^j—CH2-0-fCH2- l6-^ 

B 

Fig. 1. Chemical structures of linked compounds A 
andB. 
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chloride and ferrocene. 
These compounds were identified by proton magnetic 

resonance spectroscopy and elemental analysis. 
Fluorescence Measurements. 0.1 M (1 M=l moldmr3) 

CTAC solutions were used to solubilize substances for the 
fluorescence measurements throughout this study. In the 
measurements of fluorescence intensities of HPy the concen­
tration was kept to be 4 /xM; the concentrations of DDV and 
BFc were varied from 0 to 4 mM. 

The fluorescence and absorption spectra were recorded on 
a Hitachi Model 850 fluorescence spectrophotometer and a 
Hitachi Model UV 220A spectrophotometer, respectively. 
The fluorescence decay curves of HPy were recorded with an 
assembly of instruments, comprising a nitrogen laser, a 
monochromator, a photomultiplier, and a digital storage 
oscilloscope.6) A nitrogen laser oscillator (A=337.1 nm) 
made in this laboratory was used with an output power of 
about 1 m J per pulse for about a 10-ns duration. Fluores­
cence emission was monochromatized with a Shimadzu 
Bausch & Lomb monochromator and detected by a Hama-
matsu Photonics Model R 928 photomultiplier. Fluores­
cence decay curves were monitored on an Iwatsu Model TS-
8123 digital storage oscilloscope and transferred to an NEC 
PC-9801M personal computer system for the storage and 
analysis of data. The fluorescence decay curves for A were 
recorded by a Horiba NAES-550 Nanosecond Fluorometer 
equipped with a personal computer system for data analysis. 

All stationary and decay fluorescence measurements of the 
micelle solubilized substances were carried out under a 
nitrogen atmosphere at room temperature. 

Results and Discussion 

Intramolecular PIET Reaction Rates of A and B in 
Micelles. T h e rate constant , kq, of the intramolecular 
P I E T reaction of A in 0.1 M C T A C solut ion was 
determined from the ratio of the respective stationary 
fluorescence intensities of di lute micellar solutions of 
A and HPy, I/h. In this est imation, the value of the 
intr insic fluorescence lifetime of the pyrene moiety of 
A was assumed to be equal to that of H P y (ro=l/Ao). 
T h e rate constant of the intramolecular P I E T reaction 
of B was determined similarly. T h e value of the ratio 
of the stationary fluorescence intensities (I/Io), the 
ratio of the quench ing rate constants (kq/ko), and the 
values of kq are given in Tab le 1. 

T h e fluorescence decay curve of A in a 0.1 M C T A C 

Table 1. Stationary Fluorescence Intensity Ratios, I/h, 
of A and B to that of HPy in 0.1 M CTAC Solution, 

the Ratios of the Rate Constants, kq/ko, and 
the Values of kq for the Intramolecular 

Photoinduced Electron-Transfer 
Reactions of A and B Deter­

mined from I/h 

Compound A B 

I/h 0.0054 0.013 
V*o a ) 180 80 
V s _ 1 9.0X108 4.0X108 

a) £o=5X106 s"1. 

10°1 • ' ' i i M 

0 5 10 15 20 25 

TIME/ns 

Fig. 2. (a) Fluorescence decay curve for the pyrene-
viologen linked compound A. (b) Intensity vs. time 
profile for the light source. The full line shows the 
curve fitted one by a convoluted three component 
analysis. 

solut ion is shown in Fig. 2. T h e observed decay 
curve was not a single exponential type, and was 
analyzed as a 3-component exponential curve, I(t)=yZA\ 
exp (—tin), wi th good fitness (x2=0.988).7) T h e result 
are given in Table 2. They show that the component 
wi th the lifetime shorter than 1 ns has a large fraction, 
i. e. a large Ai value. 

If it is assumed that the fluorescence decay curve for 
the reference compound , HPy, can be represented by 
Aoexp(—t/ro), and the decay curve of the l inked com­
pound , A, by XAiexp(—t/n), the stationary fluores­
cence intensity ratio I/h may be equal to XAXTJAQTQ. 
T h e value of I/h was calculated to be 0.005 by the 
above-mentioned relation us ing the values of A\ and n 
cited in Table 2 and the values of Ao (=1) and r0 for 
HPy; it was in good accordance wi th the experimental 

Table 2. Fluorescence Lifetimes, Ti, for A in 0.1 M CTAC 
Solution Analyzed by the 3-Component Exponential 

Decay Curves, ^Ai exp(—t/xi), and the Corre­
sponding Preexponential Factor, Ai 

Ti/ns Ai 

0.07 0.86 
2.34 0.10 

18.7 0.04 
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value for A cited in Table 1. 
The molecules of the linked compound A may have 

various conformations in micelles. If the distance 
between the pyrene and the viologen moieties of A in 
some conformation is sufficiently small, a direct elec­
tron transfer between the two moieties can occur. 
The fact that the large fraction of the fluorescence 
lifetime shown in Table 2 is smaller than 1 ns suggests 
that a large fraction of A molecules have such confor­
mations, for which direct electron transfers are 
possible. 

Accordingly, even though the rate constant of intra­
molecular PIET reaction estimated by the stationary 
fluorescence intensity cited in Table 1 is an average 
value, the rate constants of compound A in a large 
fraction of conformations have values larger than 
1X109 s-1, nearly equal to IX1010 s"1. 

Intermolecular PIET Reaction Rates between HPy 
and DDV, and between HPy and BFc in Micelles 
Estimated from the Fluorescence Intensity. Table 3 
shows the ratios of the observed stationary fluores­
cence intensities (I/Io) of HPy solubilized in CTAC 
solutions containing various amounts of DDV or BFc, 
where Io is the fluorescence intensity in the absence of 
quenchers. The variation of I/Io shows that HPy 
fluorescence was strongly quenched as the quencher 
concentration increased. In these results, the relation 
between the ratio of the stationary fluorescence inten­
sity and the quencher concentration greatly deviated 
from the simple Stern-Volmer relation.8'9) In order 
to examine the mechanism of the fluorescence 
quenching process, these experimental results were 
analyzed according to a method described in the litera­
ture9-14) on the assumption that the distribution of 
quencher molecules among micelles obeys the Pois-
son's distribution represented by 

Pr(x=n) = mn exp {—m)/n\. (1) 

This equation shows the probability that n quencher 
molecules are solublized in a micelle when the average 
quencher number in a micelle is m. In this micellar 
solution, m is represented by 

m = [Q]/[M], (2) 

where [Q] denotes the concentration of the quencher, 

Q, and [M] the concentration of a CTAC micelle, M. 
In the following treatment, it is assumed that all of 

the molecules of HPy, DDV, and BFc are solubilized 
in micelles, since these molecules have a large hydro-
phobicity. If the quenching rate constants for HPy 
in micelles with quencher molecules are very large, 
only fluorescence from HPy molecules can be detected 
which are solubilized in micelles without quencher 
molecules. In this case, I/Io is equal to the probabil­
ity of n=0, i. e., Pr(x=0), and is represented by the 
following equation:13) 

I/Io = exp (-m) = exp (-[Q]/[M]). (3) 

Figure 3 shows plots of In (I/Io) vs. [Q] for HPy in 
CTAC solutions containing DDV or BFc as a 
quencher, respectively. Both plots deviate from the 
linear type relation expected from Eq. 3, showing that 
the quenching rate constants have finite values. In 
order to estimate these, the following treatment was 
adopted. 

The lifetime, To, of the fluorescence of HPy in a 
CTAC micellar solution can be written as 

3.0 

- 2.0 

1.0 h 

r" ' I 

/ o 
I ' I ' I I ' I I ' 

l_ ' -I 

y • 
i * i 
i ' 

s 

A 
L a i « i i 

to 2.0 

[Q]/mM 

3.0 4.0 

Fig. 3. The plots of In (I/Io) vs. [Q] for HPy in 0.1 M 
CTAC solution containing BFc (O) or DDV (•). 
Dotted line shows the theoretical one according to 
Eq. 3, when the aggregation number of the micell is 
100. 

Table 3. Stationary Fluorescence Intensity Ratios, I/Io, for HPy Solubilized in 0.1 M CTAC Micellar 
Solution Containing Varying Amounts of DDV and BFc as Quenchers, and kq/ko Values Estimated 

from These Data According to Eq. 6 on the Assumption that the Agrregation Number is 100 

[Q]/mM 

Q=DDV 
I/Io 
kq/ko* 

Q=BFc 
I/Io 
kq/ko&) 

0 

1 

1 

0.1 

0.925 
4 

0.915 
8 

0.4 

0.746 
3 

0.687 
14 

0.7 

0.574 
4 

0.534 
10 

1.0 

0.447 
5 

0.405 
12 

2.0 

0.211 
5 

0.169 
14 

3.0 

0.115 
5 

0.073 
17 

4.0 

0.064 
6 

0.039 
15 

a) £o=5X106 s-1. 
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T0=l/(£e + £nr)=l/£0. (4) 

where kc and km are the luminescence rate constant 
and the nonradiat ive inactivation rate constant, re­
spectively; ko is their sum. O n the other hand, it is 
assumed that the q u e n c h i n g rate constant is propor­
t ional to the number of quencher molecules in a 
micelle, so that the fluorescence lifetime, zn, of an H P y 
molecule in a micelle con ta in ing n quencher mole­
cules can be represented as follows:9'10'13'14) 

rn— l/(Äo + nAq). (5) 

Where kq is the q u e n c h i n g rate constant of H P y in a 
micelle con ta in ing only one quencher molecule. 
T h u s , the value of I/Io is given by the follwing equa­
tion,9'13) taking account of the poisson's distr ibution: 

///o = S e x p ( -
n = o 

•m)(mn/n\)[l/(l+nkq/ko)]. (6) 

T h e values of kq/ko estimated by trial and error accord­
ing to Eq. 6 are listed in Table 3. In this calculation, 
the aggregat ion n u m b e r of a CTAC micelle is 
assumed to be 100. However, the aggregation 
numbers reported in the literatures15-17) are distributed 
between 60 and 100. If it is assumed that the aggrega­
tion number is 60, no calculat ion is possible, since the 
values of kq/ko become negative in certain cases. 
Therefore, even t h o u g h the absolute values of kq/ko 
determined by the stationary fluorescence intensity are 
not reliable, it is probable that the kq/ko value for H P y 
and BFc is larger than that for H P y and DDV. 

In order to avoid any uncertainty regarding these 
kq/ko values estimated from the stationary fluores­
cence intensity, the fluorescence decay curves for these 
systems were also measured. 

Intermolecular PIET Rates between HPy and DDV, 
and, between HPy and BFc in Micelles Estimated from 
the Fluorescence Decay Curves. T h e fluorescence 
decay curve of H P y in the micellar solut ion wi thout 
any quencher molecule was recorded at a wavelength 
of 377 nm. Its logar i thmic plot shows that the decay 
followed a single exponential- type function; the life­
t ime was determined to be about 200 ns. 

In order to determine the rate constants of the 
electron-transfer reactions between H P y and DDV or 
between H P y and BFc in micellar solut ions, the fluo­
rescence decay curves of H P y solubilized in micellar 
solut ions con ta in ing varying amounts of DDV or BFc 
were recorded. T h e fluorescence emission of H P y 
was moni tored at a wave length of 377 n m th roughou t 
this experiment. 

Figures 4 and 5 show the fluorescence decay curves 
of H P y at varying concentrations of DDV or BFc, 
respectively. In order to estimate the value of kq/ko, 
semilogar i thmic plots of the decay curves were fitted 
wi th theoretical curves calculated according to the 
following equa t ion derived in the literatures,9'10'13'14) 
based on a similar assumpt ion for the derivation of 
Eq. 6: 

t / n s 

Fig. 4. Fluorescence decay curves of HPy in 0.1 M 
CTAC solution containing varying amounts of 
DDV. Upper to lower curves show those for 
[DDV]=1, 2, 3, 4 mM, respectively. 

t/ns 

Fig. 5. Fluorescence decay curves of HPy in 0.1 M 
CTAC solution containing varying amounts of 
BFc. Upper to lower curves show those for 
[BFc]=l, 2, 4 mM, respectively. 

In [/(*)//(0)] = m[exp (~kqt) - 1 ] - k0t. (7) 

T h e theoretical curves calculated using Eq. 7 wi th 
appropr ia te values of m and kq/ko were fitted with the 
exper imental curves (Figs. 4 and 5). T h o u g h the 
agreement between the experimental and theoretical 
curves is excellent at a given concentration of the 
quencher , the parameter kq/ko is not constant and 
ra=[Q]/[M] is not propor t iona l to [Q] for different 
concentrat ions of quenchers for their good fitness (as 
listed in Table 4). 

T h e reason for these variations of kq/ko wi th the 
concentrat ion of quenchers may be due to a l imitat ion 
of the model based on the poisson's distr ibution, 
especially concerning the assumpt ion represented by 
Eq. 5. O n the other hand, the fact that the value of m 
is not p ropor t iona l to [Q] shows that the aggregat ion 
number , Naëg, of CTAC micelles varied with the con­
centrat ion of the quenchers,18 '19) since this fact indi­
cates that the value of [M]=[CTAC]/iVagg varied wi th 
the concentrat ion of the quencher , in spite of the 
constant value of [CTAC]. It is worthwhile no t ing 



December, 1990] Photoinduced Electron Transfer Reactions of Micelle-Solubilized Substances 3373 

Table 4. The Ratio of the Rate Constants kq/ko 
of the Intermolecular Photochemical Electron-

Transfer Reactions between HPy and DDV, 
and between HPy and BFc in 0.1 M 

CTAC Solution, Determined by 
Curve Fitting as Shown 

in Figs. 4 and 5 

[Q]/mM 

1.0 
2.0 
3.0 
4.0 

Mean value 

kq (mean)/s_1 

HPy-DDV 

V*o a ) mb) Nagg
c) 

1.4 
1.6 
1.8 
1.8 

0.6 
1.6 
2.4 
4.0 

1.7 

8.5X106 

60 
80 
80 

100 

kq/ko 

2.5 
4.0 
4.2 
4.5 

HPy-BFc 

> mb) 

0.6 
1.3 
2.2 
2.8 

3.8 

1.9X107 

N c) 

60 
65 
73 
70 

a) £0=5X106 s"1. b) m=[Q]/[M]. c) Nagg: The aggrega­
tion number of the CTAC micelle. 

that the values of m or Nagg of the micelle can be 
determined independently by such curve fitting, since 
Eq. 7 approaches ln[/(£)//(0)]=—m—kot for long time; 
the intercept obtained by extrapolating the line to £=0 
is equal to —m. It is interesting that the values of 
aggregation numbers determined by curve fitting are 
also distributed between 60 and 100, as are values 
found in the literature.15_17) 

Though the reason for the differenece between the 
values of the rate constants for intermolecular PIET 
reactions determined by a stationary method and those 
determined by fluorescence decay curves is not clear, 
the latter values are likely to be more reliable than 
the former, as described above. 

Comparison of the Rate Constants for Intramolecu­
lar PIET Reactions of A and B, with Those of the 
Corresponding Intermolecular PIET Reactions in 
Micellar Solutions. The rate constants of the PIET 
reactions of A and B in CTAC micellar solutions are 
larger than those of the corresponding intermolecular 
PIET reactions by a factor of 10 to 100. These large 
difference between the rate constants of intra- and 
intermolecular PIET reactions is mainly attributable 
to the difference in the size of the effective space for 
these PIET reactions, as shown below. The rate con­
stants for the intermolecular PIET reactions between 
HPy and DDV or HPy and BFc in micellar solutions 
are defined to be those in micelles containing a pair of 
HPy and DDV or HPy and BFc. In such situations, 
the local concentrations of the reactants in a micelle is 
determined by the volume of the micelle. If the shape 
of the micelle is assumed to be spherical, the concen­
tration of the reactants is easily calculated from the 
value of the micellar radius. From the results cited in 
Table 4, the aggregation number of the CTAC micelle 
takes on values between 60 to 100. If we assume that 
the density of the micelle is about 1 gem - 3 , the volume 
and the radius of the micelle can be calculated from 
the aggregation number and the molecular weight of 

Table 5. Second Order and Quasi-First-Order 
Rate Constants for Diffusion-Controlled 

Reaction in CTAC Micelle 

D^/crn^- 1 

3X10-7 

ké^/M-1 s"1 -

3.6X108 

ki=kéCc)/^ 

r=18 Â r=22 A 

2.5X107 1.4X107 

a) Calculated by Eq. 9. b) Calculated by Eq. 8. c) C: 
The concentration of reactants in the micelle which con­
tains only a pair of reactants. 

CTAC. The radius of the micelle, thus calculated, 
has takes values between 18 and 22 Â. 

In intermolecular PIET reactions between HPy and 
DDV or BFc, the free-energy change of these reactions 
are smaller than —1 eV/molecule. Such highly exo­
thermic electron transfer reactions are usually 
diffusion-controlled reactions. If the diffusion coef­
ficients of the reactants in the micelle is known, the 
second-order rate constant of a diffusion-controlled 
reaction, kd, can be estimated by the Smoluchowski 
equation,20^ 

£d = 47t(DA + DB)(rA + rB), (8) 

where DA, DB, TA, and ÏB are the diffusion coefficients 
and the molecular radii of the reactants A and B, 
respectively. The diffusion coefficient, D, can gener­
ally be represented by the Stokes-Einstein equation,20) 

D = kT/6nr]r, (9) 

where rj is the viscosity of the media in which the 
spherical particles of radius r is diffusing. The 
microviscosity of the interior of a CTAC micelle was 
estimated to be about 20 cP (1 cP=10 - 3 Pas) by using 
a fluorescent perylene probe.21) The radius of the 
reactants could not be strictly defined in the present 
case, because they were not spherical. However, we 
assumed that the reactants are spherical particles with 
a mean radius of r, determined by their molecular 
volume. The mean molecular radius of pyrene was 
estimated to be about 4Â.22> The molecular radii of 
ferrocene and methylviologen were also estimated to 
be about 4Â by considering their molecular weights. 
The diffusion coefficient calculated by Eq. 9 and the 
second-order rate constant for a diffusion-controlled 
reaction in the CTAC micelle calculated by Eq. 8 
using these estimated values are listed in Table 5. 
The quasi-first-order rate constants for diffusion-
controlled reactions in a micelle, calculated by consid­
ering the local concentration of the reactants in the 
micelle, are also listed in Table 5, for two extreme 
values of the radii of micelles. 

The quasi-first-order rate constants listed in Table 5 
agreed fairly well with the experimental rate constants 
found for the intermolecular PIET reactions (Table 
4). This result shows that the intermolecular PIET 
reactions between HPy and DDV or BFc in the CTAC 
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micelles are diffusion-controlled. T h e difference 
between the rate constants for the two intermolecular 
P I E T reactions may be at tr ibutable to the difference of 
the location of the reactants for each reaction, as will 
be described in the conclusion. 

T h e in t ramolecular P I E T reactions of A and B can 
be treated similarly, if we assume that these in t ramo­
lecular P I E T reactions of the linked compounds (A 
and B) in the C T A C micelle are equivalent to the 
intermolecular P I E T reactions between the two func­
tional moieties (pyrene, ferrocene, and viologen) of 
the l inked compounds in a small sphere wi th a diame­
ter equal to the length between the functional moieties 
when the molecule have a completely extended struc­
ture. Such a length of compounds A and B were 
estimated to be 16 Â for A and 18 Â for B, considering 
the bond length of these compounds . If the func­
tional moieties of these compounds are randomly 
distributed in such a sphere, and react wi th each other 
in a diffusion-controlled manner , the rate constants of 
the in t ramolecular P I E T reaction of A and B in a 
C T A C micelle are considered to be the rate constants 
of a quasi-first-order diffusion-controlled reaction in 
the small type sphere ment ioned above. T h e rate 
constants calculated in this way are listed in Table 6 
for several values of radius r. A radius of 8 Â corre­
sponds to c o m p o u n d A and 9Â corresponds to com­
p o u n d B. These quasi-first-order rate constants are 
larger than those cited in Table 4 by the factor of 10 or 
more, bu t agreed fairly well with the rate constants 
estimated by the stationary fluorescence intensity for 
the in t ramolecular P I E T reaction (Table 1) and are 
smaller than the value estimated by the fluorescence 
decay curve of A. 

As shown in the above discussions, the rate con­
stants of the intermolecular P I E T reactions are pri­
mari ly determined by the diffusion of the reactants in 
a micelle. However, the rate constant of the in t ramo­
lecular electron-transfer reaction may be determined 
by the molecular conformation of the linked 
compound . 

T h o u g h diffusion-controlled reactions in a micelle 
have been studied by several authors,2 3 _ 2 6 ) the models 
treated in their papers are not necessarily appropr ia te 
to our experiment. In their papers, the following 
three cases were treated: (a) one reactant resides at the 
center of a spherical micelle and the other reactant 

Table 6. Quasi-First-Order Rate Constant for Diffusion-
Controlled Reaction in a Sphere of Radius r 

which Have Microviscosity Equal 
to That of CTAC Micelle 

k^kéC^/s-1 

r=6Â r=7Â r=8 Â r=9 Â 
6.6X108 4.2X108 2.8X108 2.0X108 

a) C: The concentration of reactants in the micelle which 
contains only one molecule for each reactants. 

moves freely in the micelle; (b) both reactants move 
freely on the surface of a micelle; and (c) one reactant 
moves freely in the micelle and reacts wi th other 
reactants which reside over the entire surface of the 
micelle. T h o u g h it is the most probable case that 
both reactants move freely in the micelle, an analytical 
solut ion for this case has not yet been obtained. 

T h e treatment ment ioned above is not exact, bu t it 
is impor t an t that this model can be used to interpret 
the ma in features of the intermolecular P I E T reac­
tions in a micelle. 

T h e difference between the rate constants for the 
intermolecular P I E T reactions may be at t r ibutable to 
a difference in the location of the reactants for each 
reaction. 

T h i s work was partially supported by a Grant- in-
Aid for Scientific Research No. 61470076 from the 
Ministry of Educat ion, Science and Culture. 
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Hydration of Oligosaccharides 
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The spin-lattice relaxation times, T\, of H2170 have been measured for aqueous solutions of 2 di-, 2 tri-
saccharides, ot-, and y-c clodextrins as a function of the concentration at 25 °C. The dynamic hydration 
numbers, TZDHN, for 17 sugars including monosaccharides were expressed by the linear relation of the mean 
number of the equatorial OH groups. The second virial coefficients showed a good correlation with HDHN. 
Though the rotational correlation times, Tc

h, of water molecules in the cosphere of sugar molecules increased 
with increasing the number of equatorial OH groups for monosaccharides, those for trisaccharides and 
cyclodextrins showed almost constant values. The relation between the values of the limiting diffusion 
coefficients and TZDHN for sugars was found to be expressed by two lines with a large negative slope for mono- and 
di- saccharides, and a small negative slope for trisaccharides and cyclodextrins. 

T h e dynamic hydrat ion number , WDHN, is an essen­
tial quant i ty which expresses the hydrat ion properties 
of the solutes. In previous reports,1'2* we showed that 
the hydrat ion propert ies of sugars and a m i n o acids 
can be systematically explained by HDHN. Conse­
quently, if the ??DHN of a solute molecule is known, its 
physico-chemical propert ies can be estimated. 

We recently showed that the hydrat ion of several 
sugars can be determined by their conformation in 
aqueous solutions.1 '3) T h a t is to say, it has been 
found that HDHN can be expressed by a good linear 
relation of the mean number of the equatorial O H 
groups , n(e-OH). T h e physico-chemical properties 
of oligosaccharides found in nature have hardly been 
investigated. It is, therefore, impor tan t to obtain 
WDHN of biochemically interesting oligosaccharides. 

In previous papers,1 '3) we evaluated the values of 
rz(e-OH) for di- and trisaccharides from those for the 
const i tuent monosaccharides, which were determined 
by Angyal and Picles.4> We must confirm the validity 
of the rz(e-OH) values for the oligosaccharides. 

Cyclodextrins(CDs) take only one conformation 
wi th a definite n(e-OH) value in an aqueous solution. 
T h e calculated values of rz(e-OH) for CDs, based on 
the same assumpt ion which we used for est imating the 
values of n(e-OH) for the other oligosaccharides, are 
obviously the same as the real value of n(e-OH) for 
CDs. Therefore, the relation between the values of 
rz(e-OH) and the experimental values of TIDHN for CDs 
can be used for checking data concerning the validity 
of the assumpt ion in est imating n(e-OH) values of the 
oligosaccharides. 

In this paper we report the spin-lattice relaxation 
time, Ti , of na tura l -abundance 1 7 0 nuclei of water in 
aqueous solut ions of 2 di- and 2 tri-saccharides, 
a-, and y-cyclodextrins. We examine the relation 
between TCDHN and rz(e-OH) for sugars, inc luding 
monosaccharides. T h e relation between their second 
virial and l imi t ing diffusion coefficients, and WDHN are 
discussed. 

Experimental 

Melibiose, trehalose, and melezitose were purchased from 
Fluka AG, and maltotriose, a-, and y-cyclodextrins were 
purchased from Tokyo Kasei. All of the oligosaccharides 
were of G. R. grade and used without further purification. 
Distilled and deionized water was used. 

All natural abundance oxygen-17 NMR experiments were 
performed using a JEOL GX-500 spectrometer operating at 
67.8 MHz. Details of the experiments are described 
elsewhere.1) 

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

Results and Discussion 

Dynamic State of Aqueous Solutions of Oligosac­
charides. In Fig. 1, the values of T\/T\ for H2 1 7 0 in 

£7 

Fig. 1. T\/T\ of H2170 in aqueous solutions of di-
and trisaccharides as a function of the molality. 
—C— melezitose; —#— maltotriose; —O— melibiose; 
—O— trehalose. 
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aqueous solutions of di- and trisaccharides are plotted 
against their concentrations, where T? and T\ are the 
spin-lattice relaxation times of 1 70 in pure water and 
the solutions, respectively. 

The values of T\/T\ for sugar solutions are ade­
quately represented by an empirical equation of the 
form 

TÎ/Ti=l+£m + Cm2, (1 ) 

where m is the molality of the sugar. The solid lines 
in Fig. 1 were calculated by a least-squares method. 
The correlation coefficients were in the range 0.9— 
0.82. 

Owing to the low solubility of a- and y-CDs, the 
maximum concentrations of the measurements of 
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Fig. 2. The relation between TZDHN and rc(e-OH). 
1. deoxyribose; 2. ribose; 3. arabinose; 4. xylose; 
5. fructose; 6. mannose; 7. galactose; 8. glucose; 
9. sucrose; 10. melibiose; 11. maltose; 12. trehalose; 
13. raffinose; 14. melezitose; 15. maltotriose; 16. a-
cyclodextrin; 17. y-cyclodextrin. 

T\/T\ of H2170 for these sugars were 0.1 m; within 
this concentration range, the values of T\/T\ are well 
represented by a linear function of m. 

The dynamic hydration number, HDHN, is defined by 
the following relation:1) 

rcDHN = 55.5B = nh(Tch/z?-l ), (2) 

where superscripts h and zero refer to water of the 
hydration sphere(cosphere) and bulk water, respec­
tively; rih is the coordination number and rc the rota­
tional correlation time. The values of WDHN can be 
obtained from Eqs. 1 and 2. 

We show in the table the values of WDHN, n(e-OH), 
72h, and Zc/z? for each sugar. We estimated the n(e-
OH) values for di- or tri-saccharides by substracting 2 
or 4 from the sum of rc(e-OH) values for the monosac­
charides which constitute the oligosaccharides.1,3) a-
and y-CDs have the definite conformations, and their 
rz(e-OH) values are 16 and 24, respectively.5) 

In Fig. 2, we show the relation between n(e-OH) 
and rzDHN for 17 sugars. The straight line shown in 
Fig. 2 is expressed in the following relation by a least-
squares method: 

rcDHN = 6.17 + 2.94 rc(e-OH). (3) 

As can be seen in Fig. 2, the n(e-OH) values for di- and 
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Fig. 3. The relation between TC/T? and rc(e-OH). 
The numbers in figure denote the same sugar as in 
Fig. 2. 

Table 1. Hydration Characteristics and Physicochemical Properties 
of Sugars in Aqueous Solutions at 25 °C 

Sugar 

Melibiose 
Trehalose 
Melezitose 
Maltotriose 
a-CD 
ß-CD 
y-CD 

rc(e-OH) 

6.6 
7.2 
8.2 
9.8 

18 
21 
24 

WDHN 

27.1 
25.4 
36.0 
34.6 
57.5 
67.5 
77.3 

rih 

10 
10 
14 
14 
24 
28 
32 

TCVT? 

3.71 
3.54 
3.57 
3.47 
3.40 
3.41 
3.41 

B* 

cm 3 m o l - 1 

1173 

1373 

DoXlO10 

m 2 s - 1 

4.89 
5.08 
4.19 
4.25 
3.5213) 
3.33,11) 3.2113) 
3.15 
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tri-saccharides are reasonable. 
The values of zh

c/z? are plotted against rz(e-OH) in 
Fig. 3. It is shown in Fig. 3 that the Zç/Zc values for 
monosaccharides are in a good linear correlation with 
n(e-OH). As stated in a previous report,1* in the 
case of monosaccharides, the dynamic state of water 
molecules in the cosphere strongly depends on the 
conformation of sugar; thus, rc/r? is proportional to 
n(e-OH). This effect brings about an increase in the 
Tc/r? values. 

While the Tc/r? values for oligosaccharides scatter 
over the range of rc/r? monosaccharides with smaller 
n(e-OH) values, the values approach a constant value 
with increasing n(e-OH). The results for oligosac­
charides suggest the existence of another effect, which 
decreases the zc/z? of oligosaccharides with large 
n(e-OH). Hertz and Zeidler6) observed that the TC/T? 

values of tetraalkyl ammonium ion increased with 
increasing alkyl chain length of the cations; that of the 
BU4N"1" ion, however, was less than the Pr4N+ ion, 
indicating a maximum structure-making effect for the 
Pr4N+ ion in this series. They concluded that the 
mobility of water molecules around ions which are 
too large is less restricted than that around ions with a 
certain size; thus, the molecular size effect decreases 
To/it value. 

Kjellander and Marcelia7) also proposed that close 
to a large surface, the number of hydrogen bonds 
between the water molecules decreases, simply for 
geometrical reasons. In the case of oligosaccharides, 
the increase in rz(e-OH) is accompanied by an increase 
in the molecular size; this size effect seems to lead to a 
constant value of T?/T?. 

The Zç/Zç value for ß-CD in the table was obtained 
by interpolation (Fig. 3) using the known value of 
n(e-OH). 

Relation between Physico-Chemical Properties and 
DHN. We recently reported that the values of the 
partial molar heat capacities at infinite dilution,8) and 
the relative increments in the ultrasound velocity9) of 
sugars in aqueous solutions, are well expressed by a 
linear relation of n(e-OH). In this report we consider 
the relation between the second virial and the limiting 
diffusion coefficients, and HDHN. 

According to the McMillan-Mayer theory of 
solutions,10) the second virial coefficient #2* can be 
calculated by the relation11,12) 

B2* = (K-V§ + V°1(\/2-B), (4) 

where V\ and V\ are the partial molar volumes of 
solvent and solute at infinite dilution. B is the 
coefficient of the first in the power-series expansion of 
the water activity coefficient. 

In Fig. 4, the #2* values for sugars, calculated by Eq. 
4, are plotted against TIDUN- We calculated the values 
of #2* for a- and y-CDs using the data of Miyajima et 
al.13) and quoted them from Ref. 12 for other sugars. 
The thermodynamic properties, such as partial molar 
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Fig. 4. The relation between B\ and ??DHN. The 
numbers in figure denote the same sugar as in Fig. 
2. 

heat capacity and second virial coefficient, are affected 
by interactions between the solute and water mole­
cules in the cosphere.2) Therefore, #2* can be 
expressed by a linear relation of T̂ DHN, as shown in 
Fig. 4. 

We previously calculated the limiting diffusion 
coefficients, Do, of oligomers and found that the 
calculated values were in good agreement with the 
experimental data.14) The values of Do for melibiose, 
trehalose, and maltotriose can be calculated by the 
equations reported.14) Melezitose, with the structure 
a-D-Glcp-(l->3)-)8-D-Fru/-(2^1)-a-D-Glcp, has an L 
shape. Its frictional coefficient, fs, is given by the 
following equation using the shell model:15) 

(2+fc2)(l+fc) 
/s//i = - 7 ^ > (5) 

(2+fc3)(H-fc)+2fc2+l/\/2 
where /1 is the frictional coefficient of monomer and 
&=Do(glc)/Do(fru). The Do value of melezitose can be 
calculated using Eq. 5 from the values of Do(glc) and 
Do(fru).14) 

We give the values of Do for the oligomers in the 7th 
column in the table. We also estimated the Do value 
of y-CD by the ring model14) using the experimental 
values for a-16) and ß-14) CDs. As can be seen from 
Fig. 5, in which the Do values are plotted against WDHN, 
the relation of Do versus TZDHN consists of two straight 
lines. The equation for mono- and disaccharides was 
given in a previous report.1) The equation for 3 
trisaccharides and 3 CDs was found by a least-squares 
method, 

DoX 1010 = 5.138-0.0262 HDHN (m^s"1), (6) 
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Fig. 5. The relation between Do and TZDHN. The 
numbers in figure denote the same sugar as in Fig. 
2. 18. ß-CD. 

where the correlation coefficient is 0.994. 
Do is in inverse p ropor t ion to the radius of the 

molecule and the microviscosity and, thus, to rzh1/2 and 
Zc.1,3) Therefore, the effect of r!? on Do is m u c h larger 
than that of nh. Since the rc

h /rc° values for trisaccha-
rides and CDs are almost constant (Fig. 3), the Do 
values for oligomers slightly decrease with increasing 
HDHN. 

Conclusions 

In summary we obtained the following results: 
1) T h e riDHN values can be expressed by a linear 

equat ion of n(e-OH). T h i s means that the hydrat ion 
of sugars is determined by their conformation. 

2) T h e thermodynamic properties of sugars can be 
expressed by a l inear equa t ion of WDHN. 

3) T h e TC /TC° values increase linearly with increas­

ing rc(e-OH) for monosaccharides. T h e zc / T ? values 
for oligomers gradually become less on passing from 
disaccharides to trigsaccharides, and become constant 
for CDs. 

4) T h e relat ion between Do and WDHN consists of 
two straight lines, and the line for trisaccharides and 
CDs has a very small slope. These results correspond 
to the change of rc

h /rc°. 
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Ti02 microcrystallites of different sizes were prepared in Nafion and the energy diagrams of these were 
determined from the onset potential of photocurrents due to oxidation of tartrate ions and the bandgap energy 
which was estimated from absorption spectra. The smallest particle prepared in the present study had the 
diameter less than 2 nm and the bandgap energy of 3.95 eV. Photocatalytic activities of the Ti02 microcrystal­
lites prepared in Nafion for photodecomposition of acetic acid were very low compared to those of Ti02 
microcrystallites prepared in clay interlayers and were comparable to those of the latter photocatalysts obtained 
in the presence of SOf", suggesting that sulfonate groups of Nafion made the photocatalytic activity of Ti02 
microcrystallites decrease. 

T h e preparat ion and photophysical properties of 
size-quantized semiconductor particles have been 
actively investigated.1_4) Since these semiconductor 
microcrystallites have very large specific surface areas, 
they may be useful as photocatalysts. J u d g i n g from 
results obtained on photocatalytic activities of size-
quant ized Ti02,5~7 ) the size-quantized particles seem 
to exhibi t the activities greater than those expected 
from the greatness of the surface area. Anpo5 ) et al. 
investigated the activities of TiÜ2 for photocatalyt ic 
hydrogénat ion of CH3CCH in a gas-phase as a func­
tion of the particle size of the photocatalyst and sug­
gested that the size-quantization of the semiconductor 
results in the enhancement of the photocatalytic activ­
ities, but the particle sizes of the photocatalysts which 
they used were fairly large from the viewpoint of size-
quant izat ion. T h e smallest particle they used was 3 
n m at most. It seems impor tan t to evaluate the size-
quant iza t ion of TiÜ2 of much smaller particles, 
because bulk TiÜ2 has large effective masses of elec­
trons and positive holes in a relative sense and the size-
quant iza t ion must become appreciable with the part i ­
cle size smaller than ca. 5 n m in such case, as judged, 
for example, from the equat ion derived by Brus.3) 

T h e n it was the primary purpose of the present 
study to prepare TiÜ2 particles of appreciable size 
quant iza t ion and to investigate their photocatalyt ic 
activities. T o prepare very small TiÜ2 particles of 
different sizes, Nafion was used as a support . It has 
been demonstrated that Nafion is useful both as a 
stabilizing agent for semiconductor microcrystall ine 
colloids8* and as a suppor t for fixing semiconductor 
particles.9) In the former case, the semiconductor 
colloids are prepared in the presence of Nafion, whi le 
in the latter cation-exchanged Nafion is first prepared, 
which is then converted to semiconductors with re­
actions in gas phase, as demonstrated, for example for 
PbS microcrystals of 1.6 nm.9 ) T h e usefulness of 
Nafion will be demonstrated also in this paper. As 
will be shown below, a very large size-quantization of 
ca. 1 eV was operative at TiÜ2 prepared in Nafion, bu t 

the use of Nafion as the suppor t was unfavorable in 
obta in ing high photocatalytic activities for photode­
composi t ion of acetic acid. T h e pr incipal reason for 
this will be discussed based on control experiments 
us ing size-quantized TiÜ2 particles prepared in the 
interlayer spacings of sodium montmori l loni te . 

Experimental 

Ti02 microcrystallites were prepared in Nafion in a 
manner similar to that reported for the preparation of Ti02 
microcrystallites in the interlayer spacings of sodium mont­
morillonite (Kunimine Industrial Company, Kunipia G).7> 
Titanium tetraisopropoxide was dissolved in 2-propanol to 
give 1.8 wt% and the resulting solution was added to 1 
mol dm - 3 HCl so as to make the molar ratio of HCl to 
titanium tetraisopropoxide 4 : 1 . The mixed solution was 
agitated at 50 °C for 6, 8, and 15 h, respectively, for the 
purpose of aging to result in Ti02 colloids of different sizes. 
Then 5 wt% Nafion in alcoholic solution (Aldrich, Nafion 
117) was added to the Ti02 sols in such a way that the molar 
ratio of 1/4 Ti4 + to the sulfonate group of Nafion ([1/4 
Ti4+]/[SOs-]-Nafion) was 8, followed by agitation at 50 °C 
for 2 h. Under acidic conditions, the Ti02 microcrystals 
must be protonated to result in positive charges on the 
surface because the pH giving the point of zero charge of 
Ti02 is 6.7.10) Then the prepared Ti02 microcrystals must 
be electrostatically bound to sulfonate groups of Nafion. It 
is not known whether or not the prepared Ti02 microcrys­
tals were in pores of Nafion or on the polymer surfaces, but 
this did not bring about any serious problems in the present 
study, because the prepared Ti02 microcrystals were stable 
for over three months, as judged from the occurrence of no 
appreciable change in absorption spectra. The resulting 
Ti02 with the aging time of, for example, 6 h will be 
denoted in this paper as Ti02/Nafion (aging time 6 h). 
Besides these, 3.5 wt% titanium tetraisopropoxide dissolved 
in 2-propanol was prepared and immediately after the addi­
tion of 1 mol dm - 3 HCl solution to it, the Nafion solution in 
the same ratio of Ti4 + to the sulfonate groups of Nafion as 
described above was added. The resulting mixture was 
agitated at 50 °C for 2 h. The Ti02 prepared in this way 
will be denoted as Ti02/Nafion (aging time 0 h). 

Photocatalytic activities of the Ti02/Nafion (aging time 0 
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h) prepared in this way were compared with those of TiÜ2 
microcrystallites prepared in the clay interlayers, which will 
be denoted as TiCh/clay, and with those of TiÛ2 bulk 
powder (rutile modification) prepared by agglomeration of 
TiÜ2 sols. The preparation of these materials was reported 
previously.11) Prior to use as the photocatalyst, the TiCh/ 
Nafion sol was centrifuged at 3500 rpm for 15 min, followed 
by washing with distilled water several times. It was diffi­
cult to determine the specific surface area of TiÜ2 included 
in the TiCh/Nafion, because the evaporation of the solvent 
of the TiÜ2 sol for the preparation of the sample resulted in 
very thin platelets of resins. The specific surface area of the 
TiCh/clay and the TiÜ2 powder was 350 m2g_ 1 and 160 
m2g_1 , respectively. To determine the amount of TiÜ2 in 
the TiCh/Nafion (aging time 0 h), 66.1 mg of the dry TiCh/ 
Nafion was put in a test tube, together with 3 g ammonium 
sulfate and 6 ml sulfuric acid, followed by heating to dis­
solve out the TiÜ2. The resulting Ti4 + solution was sub­
jected to absorption spectroscopy at 410 nm using tiron as a 
complexing agent.12) The amount of TiÜ2 in the TiCh/ 
Nafion determined in this way was 15.7 wt%, and that of 
TiC>2 in the TiCh/clay was 50 wt% as previously reported.11) 
When the TiC^/Nafion was used as the photocatalysts, not 
the dry one but wet one prepared by the centrifugation at 
3500 rpm for 15 min was used. The content of TiÜ2 in this 
sample was 2.6 wt%. 

The TiÜ2 particles of the TiCh/Nafion was observed by a 
Hitachi H-9000 high resolution transmission electron mic­
roscope. For this purpose, samples were prepared by drop­
ping a small amount of the TiCh/Nafion solution onto 
carbon-evaporated copper mesh (3 mm diameter) by using a 
microsyringe, followed by drying. In a similar way, TiCh/ 
Nafion-coated glassy carbon electrodes were prepared for 
photoelectrochemical measurements. Photocurrent-potential 
curves were obtained by employing the lock-in technique, 
because appreciable cathodic currents in the dark appeared 
at the onset potential of anodic photocurrents. Absorption 
spectra of the TiCh/Nafion were measured in 2-propanol 
and aqueous solution using a Shimadzu MPS-5000 UV-
visible spectrophotometer. 

Photocatalytic experiments were carried out using a 
quartz tube of 16 mm diameter and 180 mm height in which 
10 ml of 3 mol dm - 3 CH3COOH, and 5 mg photocatalysts in 
the TiÜ2 base was mixed. Prior to illumination of the 
TiÜ2 suspension with a 500 W high pressure mercury arc 
lamp, the suspension was bubbled by Ar gas for 2 h. The 

products in gas phase were CH4 and CO2, and these were 
determined by gas chromatography using a Porapak Q 
column and argon carrier gas. 

Results and Discussion 

Photochemical Properties. Figure 1 shows absorp­
tion spectra of the T iC^ /Naf ion sol of the ag ing time 
of 0, 6, and 15 h, together with those of the T iCVc lay 
and the TiÜ2 powder suspended in water. T h e 
TiÜ2/Naf ion sols were diluted to 1/50 with 2-
propanol . T h e greatest blue shift was observed at the 
TiÜ2/Naf ion (aging time 0 h) and the degree of the 
blue shift was decreased wi th an increase in the ag ing 
time. T h e bandgap of TiÜ2 in the TiÛ2/Naf ion was 
determined by apply ing the following equat ion to the 
obtained absorption spectrum. 

(ahv) = A(hv-Eg)n/2, (1) 

where a is the absorption coefficient, and n—\ holds 
in the direct transition and n—\ for indirect transit ion. 
It is not always clear whether the absorpt ion threshold 
of TiÛ2 is determined either by the direct transit ion or 
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Fig. 1. Absorption spectra of TiCh/Nafion (aging 
time 0 h (a), 6 h (b), 15 h (c)) in 2-propanol, TiCh/ 
clay (d), and TiÜ2 powder (e) suspended in water. 
The amount of suspension: TiCh/Nafion 0.4 
mgml - 1 , TiCh/clay 0.1 mgml - 1 , and TiÜ2 0.3 
mgml - 1 . 

Table 1. Bandgap Energies, Absorption Threshold, and Potentials at the Conduction 
Bandedges at pH 0 of Several TiC>2 Microcrystallites 

Ti02 /Nafion 

TiCh/clay 

TiCh/powder 

Aging time 

h 

0 
6 
8 

15 

Bandgapa) 

eV 

3.95 
3.75 
3.68 
3.65 

3.83 

3.07 

Absorpl ion threshold 

nm 

313 
330 
337 
339 

324 

397 

ECB at pH 0 

V vs. SCE 

-0.75 
-0.7 
-0.69 
-0.54 

-0.64b) 

-0.28b) 

a) The value calculated from direct forbidden equation, (ahv)2=K(hv—Eg). a: Absorption 
coefficient, Eg: Bandgap. b) Based on data reported in Ref. 11. 
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the indirect one. According to literatures,13) the 
direct transition gives the bandgap of 3.06 eV while 
that of the latter 3.10 eV. 

Plots of ahv vs. hv of the absorption spectra of the 
TiÜ2 bulk powder prepared in the present study gave 
£g=3.07 eV and n=0.99, indicating that the direct 
transition occurs in its phototransition. By applying 
Eq. 1 to the absorption spectra of the TiCVNafion 
with n—\, the bandgaps shown in Table 1 were 
obtained. The bandgap of the Ti02/clay was pre­
viously estimated to be 3.58 eV from the blue-shift in 
the fluorescence maximum, but its value estimated by 
using Eq. 1 was 3.83 eV. As shown in Table 1, the 
bandgap values were influenced by the aging time of 
the TiÜ2/Nafion. However, the observations by 
TEM did not differentiate the particle size of the TiÜ2 
prepared by using the different aging time. TiÜ2 
particles (aging time 0 h) could be recognized as a 
faint circles having lattice imaging of ca. 2 nm or less 
in diameter. The same was true for the aging time of 
8 and 16 h. Furthermore, during the TEM observa­
tions, it was noticed that some particles of ca. 1 nm 
disappeared. This is probably due to the dose of 
electron beams. By reference to the lattice spacing of 
(111) plane of the evaporated Au particles in the TEM 
picture obtained under the same conditions, the line-
to-line distance of the lattice imaging was determined 
to be 0.322+0.004 nm and 0.259+0.004 nm, which 
must correspond to the lattice spacing of the (110) 
and (1 0 1) in the rutile modification, respectively. 

We believe that the particle size smaller than 2 nm 
was prepared in this study and it was varied a little 
depending on the aging time. This interpretation is 
supported by the finding that the absorption thre­
shold of the TiÜ2/Nafion (aging time 6 h) was almost 
the same as that of the TiÜ2/clay in which the size of 
TiÜ2 is estimated to be ca. 1.5 nm from the interlayers 
distance of the TiC^/clay. The particle size (R) of 
semiconductor microcrystals can be estimated from 
Eq. 23) if its banndgap is known. 

£* = £g + Ä27r2/2/?2(l/me+l/mh)-1.8e2/£/?, (2) 

where E* and Eg are the bandgap of size-quantized 
particles and that of the bulk materials, respectively, 
and rae and rah are the effective mass of an electron and 
positive hole of the semiconductor bulk. By apply­
ing £g=3.07 eV, rae=9 rao,6) and rah=2 rao6) (rao: elec­
tron mass) to Eq. 2, we obtain the particle sizes of 1.01, 
1.14, 1.2, and 1.23 nm for the aging time of 0, 6, 8, and 
15 h, respectively. It has been pointed out that the 
usefulness of Eq. 2 is questioned14* for such small 
particles of ca. 2 nm or less, but the bandgap values 
estimated here seem to give indications of very smal-
lness of the TiC>2 particles prepared in this study. 

Photocurrent-potential curves were measured at the 
Ti02/Nafion-coated glassy carbon electrodes in 0.1 
mol dm - 3 LiC104 containing 0.01 mol dm - 3 sodium 
potassium tartrate as a sacrificial reagent at pH 2. 

The adjustment of pH was made using HCIO4. 
Since appreciable dark currents flowed at the onset 
potential of anodic photocurrents, the onset potential 
of anodic photocurrents was determined by using the 
lock-in technique. Photocurrent-potential curves 
obtained are given in Fig. 2. It is believed that the 
observed photoanodic currents resulted from oxida­
tion of the sacrificial reagent at TiÜ2 microcrystallites 
which were in contact with the glassy carbon electrode 
substrate. It is recognized by correlating Fig. 2 with 
Fig. 1 that the greater the blue-shift in the absorption 
spectra, the more negative the onset potential of 
anodic photocurrents. ECB values shown in Table 1 
were obtained for four kinds of TiÜ2/Nafion prepared 
in this study by assuming that the onset potential of 
anodic photocurrents roughly gives the energy level 
(£CB) of the bottom of the conduction bands, and that 
the £CB varies with solution pH at the rate of —60 mV/ 
pH. 

Photocatalytic Properties. We have already 
reported11* that the TiCh/clay exhibited higher photo-
catalytic activities for photodecomposition of n-
carboxylic acids such as acetic acid, propionic acid 
and n-butyric acid than the bulk powder, and that the 
difference in the photocatalytic activities between the 
TiÜ2 bulk powder and the Ti02/clay in those cases 
seemed to exceed the surface area difference between 
these catalysts. High catalytic activities of size 
quantized semiconductors exceeding the surface area 
difference between those and bulk powders have also 
been suggested by Anpo5) for hydrogénation of methyl 
acetylene on TiÜ2. Then very high activities were 
expected for the TiÜ2/Nafion. To examine the pho­
tocatalytic activities of the TiÜ2/Nafion (aging time 0 
h), the photodecomposition of acetic acid to yield 
methane15-17) was investigated. Figure 3 shows the 
production rate of methane as a function of solution 
pH for the TiCVNafion, TiCVclay, and TiÜ2 

< 

O r. 
OL 

Fig. 2. Photocurrent vs. potential curves of TiCh/ 
Nafion-coated electrodes in 0.1 mol dm-3 LiClCh 
containing 0.01 mol dm-3 potassium sodium tar­
trate as a sacrificial reagent at pH 2. Aging time: 
( ) 0 h, ( ) 6 h, ( ) 15 h. Scan rate: 5 
rnVs-1 Light source: 500 W super high pressure 
mercury lamp. 
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Fig. 3. Effect of pH on the production rate of 
methane in the photodecomposition of acetic acid. 
Photocatalyst: TiCh/Nafion (aging time 0 h #) , 
TiCh/clay (O), TiÜ2 powder (A). The concentra­
tion of acetate was varied by changing pH of acetic 
acid solution with fixing the total concentration to 
3 mol dm-3. 5 mg T i 0 2 (10 mg for Ti02 /clay: 190 
mg for wet Ti02/Nafion) was suspended in 10 ml of 
the solutions. Light source: 500 W super high 
pressure mercury lamp. 

powder photocatalysts. All the photocatalysts 
showed remarkable p H dependence of the photocata­
lytic activities and the activities were higher at lower 
p H , being in agreement with results which were 
already reported.15'16) In the case of the T iÜ2/Naf ion 
photocatalyst, however, the increase in the activity 
with decreasing p H was not seen at p H < 4 , and almost 
constant and low activities were obtained in this p H 
region. In contrast, the TiC^/c lay in that p H range 
exhibited higher activity than that of the TiÜ2 
powder, as expected from the previous study. If it is 
assumed that size-quantized semiconductors usually 
show h igh photocatalyt ic activities, the observed very 
low activity at the TiÜ2/Naf ion seems to suggest that 
the Nafion used for ho ld ing TiÜ2 microcrystallites 
have some unfavorable effect in the appearence of the 
photocatalytic activity. It was discovered that the 
h igh activity of the T i02 / c l ay was distinctly lowered 
by the addit ion of S042~ to 3 mol d m - 3 acetic acid, as 
shown in Fig. 4, t hough the addi t ion of C104" did not 
result in a serious decrease in its photocatalyt ic 
activity. 

T h e unfavorable effect of the S042~ addi t ion on the 
photocatalytic activities was already shown in pre­
vious study,17* but discussion on this effect was not 
made. Considering that the addi t ion of C104" did 
not cause a remarkable decrease in the methane pro-
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Fig. 4. Effect of sulfate and Perchlorate anions on 
the production rate of methane in the photodecom­
position of 3 mol dm - 3 acetic acid, (a) addition of 
sulfuric acid (b) addition of perchloric acid. Solu­
tion pH was fixed to 1.95 with NaHSÜ4 and 
NaC104. Other conditions were the same as in 
Fig. 3. 

duction rate, the suppression of the methane produc­
tion rate caused by the addi t ion of H2SO4 seems to be 
related to higher adsorbability of HSO4" and S04~ on 
surface active sites (Ti 4 +) of TiÜ2.18) T h e n the idea is 
evolved that the sulfonate groups of Nafion make 
strong interaction with TiÜ2 microcrystallites at p H 
below 4. T h e sulfonate g r o u p must be bound to 
positively charged sites of TiÜ2 which serve as the 
active sites for adsorpt ion of acetate ions as the 
reactant.15) 

According to the results shown in Fig. 3, the 
methane product ion rate at the T i C V N a f i o n was 
decreased with increasing p H above 4. T h e apparent 
low activity observed at p H > 4 must result from a 
scarcity of positively charged sites where the adsorp­
tion of acetate ions occurs.15) When the positively 
charged surface sites become less abundant , the inter­
action of them with the sulfonate groups of Nafion 
should become less, resul t ing in the disappearence of 
the unfavorable effect of the Nafion support on the 
product ion rate of methane. 

Th i s work was supported by a Grant- in-aid for 
Scientific Research on priori ty Area No. 01603023, 
from the Ministry of Educat ion, Science and Culture. 
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Femtosecond-Picosecond Laser Photolysis Studies on Photoreduction 
Process of Excited Benzophenone with iV,iV-Dimethylaniline 

in Acetonitrile Solution 
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Photoreduction processes of excited benzophenone (BP) by Af,Af-dimethylaniline (DMA) in acetonitrile 
solution were studied by means of picosecond-femtosecond laser photolysis and time resolved transient 
absorption spectroscopy as well as transient photoconductivity measurement. Proton transfer process in the 
triplet ion pair formed by electron transfer (ET) at encounter between 3BP* and DMA, competing with the ionic 
dissociation process was observed. It was clearly demonstrated that, in addition to the triplet ion pair, the ion 
pair produced by the excitation of the CT complex between BP and DMA formed in the ground state and that 
produced by ET reaction between !BP* and DMA played important roles in the reaction processes of excited 
benzophenone. The behaviors of the three kinds of ion pairs were investigated in detail, leading to the 
elucidation of reaction mechanism of each ion pair. The reactivity characteristic of each kind of the ion pair 
and its relation to the structure of the ion pair were discussed. 

T h e photoinduced electron transfer (ET) and related 
processes are of fundamental importance in photo-
physical and photochemical reaction processes in 
condensed phase.1 - 4) T h e photoreduct ion of excited 
benzophenone in solut ion is one of the most impor­
tant photochemical reaction related to this fundamen­
tal process and has been studied extensively for a long 
time.5-16) Especially, m u c h at tent ion has been paid 
to the hydrogen abstraction process of excited triplet 
benzophenone (3BP*) from al iphat ic as well as aro­
matic amines. T h e yield of the ketyl radical in the 
reaction of 3BP* with the amine is usually very h igh 
and the reaction rate is rather close to that of the 
diffusion-controlled reaction, while the rate for the 
hydrogen abstraction from 2-propanol is about 103 

times smaller than those from amines. O n the basis 
of such results, Cohen et al. proposed7* the reaction 
mechanism for the hydrogen abstraction of 3BP* from 
amines, which assumed the C T complex or ion pair 
formation followed by pro ton transfer; 

transfer transfer 

where A H is an amine and B P H is a ketyl radical. 
In an early research by means of a nanosecond laser 

photolysis,8 '9* it was suggested that the C T or the ion 
pair (IP) state pr ior to the solvation was the species 
undergoing the pro ton transfer leading to the B P H 
formation, i.e., the pro ton transfer in the IP state 
competed with the solvation leading to the ionic 
dissociation. 

T h e direct measurement on the picosecond dynam­
ics of the excited benzophenone and the amine system 
was reported by Peters and co-workers.10-13) On the 
basis of the observed t ime-dependent spectral shift of 
the benzophenone an ion radical, they concluded that 
the structural change of the solvent separated IP 
formed by the E T between 3 BP* and amine, to the 

contact IP was the key process for the proton transfer 
to take place. 

O n the other hand, we have recently reported the 
results of the picosecond laser photolysis studies on 
the reaction of the excited benzophenone with d iphen-
ylamine (DPA) in several solvents of different polar­
ity.16) In this investigation, it was demonstrated that 
the hydrogen abstraction and charge transfer (CT) or 
ion pair (IP) state formation by electron transfer were 
compet ing at encounter between triplet benzophenone 
(3BP*) and DPA both in nonpola r and polar solvent, 
and the C T or IP state relaxed with respect to the 
donor acceptor configurations and solvation did not 
contr ibute to the ketyl radical formation. In addi t ion 
to this, it was also revealed that the E T reaction of 
benzophenone in its excited singlet state ^BP*) and 
the ion pair formation by the excitation of the C T 
complex produced in the g round state were very 
impor tan t in considering the mechanism of the pho­
toreduction of the excited benzophenone. 

It is plausible that the properties of those IP 's such 
as the rate of pro ton transfer and that of the charge 
recombinat ion depend on their structures (the dis­
tance between the ions in the pair and their m u t u a l 
or ientat ions inc luding the sur rounding solvents), 
energy gap between the IP and ground state and spin 
mult ipl ic i ty , etc. In fact, recent investigation on the 
CR rates of IP revealed that the CR rate of IP formed 
by excitation of various C T complexes showed an 
essentially different energy gap dependence from the 
bell-shaped one obtained in the case of IP formed by 
charge separat ion (CS) at encounter in the fluores­
cence q u e n c h i n g reaction.17) Hence, it is absolutely 
necessary to discriminate the different kind ion pairs 
and their subsequent reactions for the elucidation of 
the photoreduct ion process of the excited benzophe­
none, especially in the concentrated solution of the 
amine. 
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In this study, we have examined the photoreduct ion 
process of excited benzophenone by Af,./V-dimethyl-
ani l ine (DMA) in acetonitrile solut ion by means of 
picosecond and femtosecond laser photolysis. As 
will be presented later, IP produced by the C T band 
excitation of the g round state complex, IP formed by 
CS at encounter between *BP* and DMA, and that 
produced by CS at encounter between 3BP* and DMA 
exhibit qui te different behaviors dependent on the 
mode of the product ion. O n the basis of those exper­
imental results, the different reactivity of IP dependent 
on the mode of its formation and on its spin mul t i ­
plicity will be discussed. In addit ion, the conven­
tional mechanisms of the hydrogen abstraction reac­
tion of 3 BP* will be reconsidered inc luding the 
contr ibut ions from *BP* and the excited state of BP-
amine C T complex. 

Experimental 

A picosecond laser photolysis system with a repetitive 
mode-locked Nd3+ : YAG laser was used for transient absorp­
tion spectral measurements in the 10 ps to a few nanosecond 
region.18,19) The third harmonic pulse (355 nm) with 22 ps 
fwhm or Raman scattering light (397 nm) obtained by 
focusing the 355 nm pulse into cyclohexane liquid was used 
for exciting the sample solutions. The method for the 
picosecond laser-induced transient photoconductivity mea­
surements was similar to those reported before.20) For the 
measurement in short time region, a femtosecond laser 
system was used.4,21) In this femtosecond photolysis, 
second harmonics (355 nm) with 500 fs fwhm of pyridine 1 
dye laser (710 nm) was used for the excitation. 

Benzophenone (Wako, Special Guarantee) was purified by 
repeated recrystallization from ethanol and sublimation in a 
vacuum. Af,Af-dimethylaniline (DMA) (Wako, Special 
Guarantee) was refluxed with acetic anhydride, washed with 
water, dried over potassium hydroxide, distilled under 
reduced pressure, and stored under vacuum. Acetonitrile 
(Merck Uvasol) was used without further purification for 
the time resolved transient absorption spectral measure­
ments. In the measurement of laser-induced transient pho­
toconductivity, this solvent was dried by contacting with 
molecular sieves and distilled in a vacuum. All sample 
solutions were deaerated by repeated freeze-pump-thaw 
cycles. The BP solution and DMA were deaerated separ­
ately and DMA was added to the BP solution by distillation 
in a vacuum line. All measurements were performed at 
22+2 °C. 

The extinction coefficients used for the estimation of the 
reaction yields are as follows; 6500 M_1 cm - 1 at ca. 525 nm 
for 3BP*, 4600 M"1 cm"1 at 545 m for BPH, and 10000 M"1 

cm - 1 for BP" around 700 nm. Detailed discussion on the 
determination of the extinction coefficient of each species 
was presented in the previous paper.16) 

Results and Discussion 

As ment ioned in the introductory section, there 
exist at least three pathways leading to the ion pair 
formation: (1) the excitation of the weak C T complex 
formed in the g round state, 1(BP"-DMA+)COm, (2) the 

electron transfer (ET) reaction between the excited 
singlet benzophenone ^BP*) and DMA, ^ B P " • 
DMA+)enc, and (3) the E T reaction between 3 BP* and 
DMA, 8(BP"—DMA+)enc It is of crucial impor tance 
to get precise information on the role played by each 
ion pair for the elucidation of the reaction mecha­
nisms of the photoreduct ion processes of benzo­
phenone . 

In the following, first, we examine the reaction of 
3 BP* wi th DMA leading to the ketyl radical formation 
and make clear the role of the triplet ion pair in this 
reaction. Second, we demonstrate the C T complex 
formation between BP and DMA in the g round state 
and the dynamic behaviors of this complex in its 
excited state. Th i rd , we show results obtained by 
femtosecond laser photolysis, where the E T reaction 
of *BP* and DMA is discussed. Finally, we discuss 
the differences a m o n g the reactivities of *BP*, 3BP*, 
and three kinds of ion pairs by integrat ing the experi­
menta l results obtained here. 

1. Photoreduction Processes of 3BP* by DMA in 
Acetonitrile Solution. Figure 1 shows the time 

I I I I I l I i _ 
400 500 600 700 

Wavelength/nm 

Fig. 1. Time-resolved transient absorption spectra 
of BP(0.01 M)-DMA(0.05 M) system in acetonitrile 
solution excited with a picosecond 355 nm laser 
pulse. 
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resolved transient absorpt ion spectra of BP(0.01 M ) -
DMA(0.05 M) (1 M = l mol dm"3) system in acetonitrile 
solut ion excited wi th a picosecond 355 n m laser pulse. 
A transient absorpt ion spectrum with an absorpt ion 
m a x i m u m at 525 nm, which is assigned to 3ßp*,22) 
decreases with increase of the delay time after the 
excitation and new bands at 475 nm, 545 nm, and ca. 
700 n m appear. These new absorpt ion bands can be 
assigned to each species as follows; the 545 n m band to 
BPH,5«23) the 475 n m band to DMA+,24> and that at 700 
n m to BP",2 5 ) respectively. T h e transient absorpt ion 
spectra in Fig. 1 indicate that 3 BP* gradually evolves 
with increase of the delay time into B P H formed by 
the hydrogen abstraction reaction and 3(BP"---DMA+) 
produced th rough the electron transfer reaction. 

In Fig 2, we exhibit the time profiles of 3BP*, B P H 
and 3(BP"---DMA+), which were obtained by analys­
ing the observed spectra into these three components 
on the basis of their individual reference spectra. In 
this figure, the ordinate represents the concentrat ion 
of the individual species calculated by us ing each 
ext inct ion coefficient given in the Experimental . As 
shown in this figure, the decay time of 3BP* coincides 
with the rise t ime of B P H radical and the yield of B P H 
from 3 BP* was obtained to be 0.73. T h e concentra­
tions of ion pairs also show gradual increase a long 
with the decay of 3BP*. Since the observed rise of the 
photoconduct ivi ty was nearly equal to the response of 
the appara tus (a few ns), the absorpt ion signal 
ascribed to ionic species in a few ns after the excitation 
is mainly due to the dissociated ions. T h e yield of 
the ionic dissociation was 0.17. 

We have examined also the solut ion of BP in ace­
tonitri le con ta in ing DMA of higher concentrat ion (0.3 
M) by picosecond laser photolysis exciting with 355 
n m laser pulse (Fig. 3). As can be observed in Fig. 3, 
the concentrat ion of 3 BP* with its absorpt ion maxi­
m u m at 525 n m decreases and that of B P H radical 
wi th its absorpt ion m a x i m u m at 545 n m increases 
with increase of the delay time after the excitation. It 
should be noted here that the transient absorpt ion 
spectrum at early stage after the excitation shows a 
rather large a m o u n t of the absorpt ion signal due to 
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Fig. 3. Time-resolved transient absorption spectra 
of BP(0.01 M)-DMA(0.3 M) system in acetonitrile 
solution excited with a picosecond 355 nm laser 
pulse. 
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Fig. 2. Time profiles of 3BP* (O), BPH (#), and BP" 
and DMA+ (À) of BP(0.01 M)-DMA(0.05 M) system 
in acetonitrile solution excited with a picosecond 
355 nm laser pulse (see text). 
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Fig. 4. Time profiles of 3BP* (O), BPH (#), and BP" 
and DMA+ (À) of BP (0.01 M)-DMA(0.3 M) system 
in acetonitrile solution excited with a picosecond 
355 nm laser pulse (see text). Solid lines are calcu­
lated curves based on Scheme 1(a), and on Scheme 
2(b) (see text). 
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(BP"---DMA+) compared to that observed in the solu­
tion conta in ing 0.05 M DMA. T h i s rapid product ion 
of ion pairs is partly due to the formation of ^BP"---
DMA+)enc via the electron transfer reaction between 
*BP* and DMA, and the formation of ^ B P " -
DMA+)com, by the excitation of the C T complex 
formed in the ground state. More details on these 
species will be described later. 

Figure 4 shows the time profiles of three kinds of 
transient species, 3BP*, BPH, and ion pairs, obtained 
by the analysis of the spectra in Fig. 3 with the same 
method as used in the analysis of the spectra in Fig. 1. 
Solid lines in Fig. 4(a) exhibit the calculated curves on 
the basis of the following reaction scheme, 

3BP* + DMA -+ 3(BP--DMA+)enc - • BP7+ DMAt 

• (BPH -DMA)-
Scheme 1. 

• BPH* + DMA 

where DMA indicates the neutral radical produced 
after the abstraction of a hydrogen a tom from DMA. 
We can see clearly from the results in this figure that 
rise of B P H radical is slower than the decay of 3BP*, 
and the time profiles of 3 BP* and B P H radical cannot 
be reproduced consistently by the calculated curves 
based on the Scheme 1. Accordingly, the mechanism 
of Scheme 1 is not adequate to the reaction of 3 BP* 
with DMA in acetonitrile solut ion, a l though this 
direct abstraction mechanism compet ing wi th the ion 
pair formation was suitable for the hydrogen abstrac­
tion process of 3BP* from diphenylamine.1 6 ) 

O n the other hand, the time profiles calculated on 
the basis of the Scheme 2 are indicated in Fig. 4(b). 

3BP* + DMA - • 3(BP--DMA+)enc - • BP7+ DMAt 

I 
U (BPH--DMA-) -+ BPH* + DMA-

Scheme 2. 
Scheme 2 represents the successive mechanism for the 
hydrogen a tom transfer; the ion pai r produced by the 
electron transfer proceeds to pro ton transfer reaction 
compet ing with the ionic dissociation process. T h e 
parameters for the transient species such as the life­
time of the triplet ion pair and reaction yields of the 

proton transfer and the ionic dissociation were deter­
mined respectively in such a manner that the time 
profiles of 3BP*, B P H radical, and the ion pair were 
consistent with each other. In addit ion, parameters 
such as the lifetimes of the singlet ion pairs, their 
init ial yields, and their p ro ton transfer reaction yields 
were also included in this curve fitting-procedure. 
More details on the singlet ion pairs will be described 
in the later part of this paper. 

As shown in Fig. 4(b), the time profile of each 
species is well reproduced by the calculated curve 
based on the Scheme 2. T h e lifetime of 3(BP~— 
DMA+) e n c was 130 ps, and the reaction yield of the 
pro ton transfer and that of the ionic dissociation were 
0.75 and 0.22, respectively. These reaction yields 
were in accordance wi th those obtained for the solu­
tion conta in ing 0.05 M DMA (Fig. 1 and 2). In this 
way, the consecutive reaction mechanism (Scheme 2) 
for the reaction of 3 BP* with DMA in acetonitrile was 
found to fit the observed t ime profiles over a wide 
range of DMA concentrat ion. 

T h e lifetime of the ion pair , reaction yields and rate 
constants for the pro ton transfer and the ionic dissoci­
at ion in acetonitri le solut ion wi th various concentra­
tions of DMA, which were obtained by this curve-
fitting procedure, are listed in Table 1. Results in 
this table show clearly that similar values were 
obtained for the ion pair lifetime and the reaction 
yields over a wide range of the DMA concentration. 
Th i s fact indicates that the reaction mechanism for the 
hydrogen abstraction reaction of 3 BP* from DMA in 
acetonitrile solut ion can be described by Scheme 2. 
In addit ion, the rate constant for the ionic dissocia­
tion, 1.4X109 s - 1 , was similar to those obtained for a 
number of organic radical ion pairs produced by the 
electron transfer at encounter collision.26) T h i s result 
also shows that the values of the lifetime and reaction 
yields of 3 ( B P " - D M A + ) e n c obtained by this analysis 
and the extinction coefficients used here are 
appropr ia te . 

Peters et al. also reported the results of the pico­
second laser photolysis studies12* on the photoreduc-
tion process of the excited benzophenone by DMA in 
acetonitrile solution. Al though the reaction scheme 
concluded from the results in the present work is 

Table 1. Properties of 3(BP" ••• DMA+)enc, in Acetonitrile Solutions with Various Concentrations 
of DMA. T: Lifetime, C/>PT and kpj: Reaction Yield and Rate Constant of the Proton Transfer, 

$iD and &ID: Reaction Yield and Rate Constant for the Ionic Dissociation 

[DMA] 

0.05 M 
0.1 M 
0.3 M 
0.6 M 
1.0 M 

r/ps 

150 
150 
130 
140 
120 

</>PT 

0.73 
0.72 
0.75 
0.76 
0.73 

<t>ID 

0.17 
0.18 
0.22 
0.21 
0.16 

&PT/S - 1 

4.9X109 

4.9X109 

5.8X109 

5.4X109 

6.1X109 

&ID/S _ 1 

1.1X109 

1.2X109 

1.7X109 

1.5X109 

1.3X109 

Average (140±13) 0.74+0.016 0.19+0.026 (5.4+0.51)X109 (1.4+0.23)X109 
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similar to theirs, the ion pair lifetime and reaction 
yields obta ined by them are qui te different from ours. 
T h i s is because they ignored the contr ibut ion of the 
singlet ion pairs to the reaction even in the very 
concentrated solut ion of DMA (1.0—5.0 M). T h i s 
problem of the singlet ion pairs will be discussed in 
detail in the later part of this paper. 

In any way, the hydrogen abstraction of 3 BP* from 
DMA in acetonitrile solut ion can be described by the 
reaction mechanism of Scheme 2 which is different 
from the mechanism of the reaction where the diphen-
ylamine is used as hydrogen donor.16) T h i s differ­
ence may be ascribed to the difference in the structure 
between the secondary and tertiary amine. In addi­
tion, the structure of the intermediate ion pair state, 
which depends on the oxidat ion potent ial of the 
amine and the solvent, may affect the reaction mecha­
nism. For example, the hydrogen abstraction of 
3 BP* from DMA in 2-propanol was found to be des­
cribed by the reaction mechanism of Scheme 1.27) 

2. Excited State Dynamics of the Weak CT Com­
plex Formed in the Ground State. Figure 5 shows 
the g round state absorpt ion spectra of BP (0.05 M) and 
DMA in acetonitrile. T h e absorbance in the wave­
length region longer than 350 nm, especially the 
absorpt ion tail in the region longer than 380 nm, 
increases wi th increase of concentrat ion of DMA. 
T h i s change of absorpt ion spectrum can be at tr ibuted 
to the weak C T complex formation between BP and 
DMA in the g round state, since the excitation at the 
absorpt ion tail leads to the rapid formation of the ion 
pair , 1(BP"-DMA+)com (see Fig. 6). T h e equ i r ib l ium 
constant of this complex formation, Kg, was estimated 
to be 0.1—0.5 by Benesi -Hi ldebrand plot. 
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Fig. 6. Time-resolved transient absorption spectra 
of BP(0.5 M)-DMA(1.0 M) system in acetonitrile 
excited with a picosecond 397 nm laser pulse. 
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Fig. 5. Effect of DMA concentration on the ground 
state absorption of benzophenone in acetonitrile. 

In Figure 6, we show transient absorpt ion spectra of 
BP (0.5 M)-DMA (1.0 M) system in acetonitrile solu­
tion excited with a picosecond 397 n m laser pulse. 
T h e i rradiat ion at this wavelength selectively excites 
the g round state complex as can be seen from Fig. 5. 
T h i s figure indicates that a broad absorpt ion spec­
t rum with an absorpt ion m a x i m u m around 740 n m 
arises immediately after excitat ion, followed by rap id 
decrease. T h i s absorpt ion spectrum was safely 
assigned to B P " on the basis of the absorpt ion maxi­
m u m and the spectral shape.25) Hence, the absorp­
t ion spectra in Fig. 6 indicate that the excitation of the 
C T complex gives the transient ion pair state which 
undergoes rapid charge recombinat ion (CR) decay. 
T h e decay process was confirmed to obey the first 
order kinetics and the time constant was determined to 
be (85±3) ps. After the decay of the ion pair, no 
absorpt ion due to B P H was detected. T h e yield of 
the ionic dissociation was estimated to be <3%. 
Accordingly, the CR process is the dominan t pa thway 
in the decay of the ion pair 1(BP"-DMA+)C Om. It has 
been reported that the peak posi t ion of B P " absorp­
tion moves depending on the structure of the ion pai r 
and the degree of solvation.28>29) In the present study, 
however, no spectral shift of BP" absorpt ion was 
observed in the course of the CR decay. Therefore, it 
may be concluded that the structure of the present ion 
pair is unchanged in this recombinat ion process. 
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Summarizing above results, we may conclude that the 
ion pair produced by the excitation of the weak CT 
complex formed in the ground state, ^BP"---
DMA+)com, results in the rapid CR decay without 
proton transfer or effective ionic dissociation. 

The rapid recombination of the ion pair produced 
by the CT band excitation without proton transfer 
reaction can explain the following experimental 
results concerned with the yield of BPH radical. 
First, it has been widely known that the increase of the 
concentration of the amine reduces the yield of benzo-
pinacol which is the final product formed by reaction 
between BPH radicals.7) This well-known fact is 
interpreted by the present picosecond experimental 
results that the increase of the amine concentration 
facilitate the formation of the CT complex whose 
reaction yield of BPH formation is practically zero. 
Second, Pac et al. concluded on the basis of the analy­
sis of the photoproduct that the excitation at the CT 
band of the complex between the BP and some amines 
results in no permanent products formation.30) This 
result can be also explained by taking into account the 
short-lived transient ion pair produced by the CT 
band excitation. The structure of this ion pair state 
and dependences of the reactivity and the lifetime of 
the ion pair on its structure will be discussed later. 

3. Photoreduction Processes of XBP* by DMA in 
Acetonitrile Solution. In addition to the charge sep­
aration through the excited CT complex, the ion pair 
formation at encounter in the fluorescence quenching 
reaction of *BP* was also effective in the concentrated 
solution of amine.16) 

Prior to the discussion on the electron transfer pro­
cess of *BP*, we show results of our measurements on 
the Sn<—Si absorption spectrum and the intersystem 
crossing (ISC) process of benzophenone in Fig. 7, 

500 600 
Wavelength (nm) 

500 600 
Wavelength (nm) 

Fig. 7. Time-resolved transient absorption spectra 
of BP(0.05 M) in acetonitrile (a), and in isooctane 
(b), measured by exciting with a 500 fs 355 nm laser 
pulse. 

where the time resolved transient absorption spectra of 
BP in acetonitrile (a), and in isooctane (b) excited with 
a 500 fs 355 nm laser pulse are exhibited. The tran­
sient absorption spectrum with an absorption maxi­
mum around 575 nm was observed immediately after 
the excitation in each solution. With increase of the 
delay time after the excitation, the absorption spec­
trum with a peak at ca. 525 nm increases. The latter 
can be safely assigned to the T„<— T\ absorption spec­
trum of benzophenone on the basis of the coincidence 
of the absorption maximum and spectral shape to the 
Tn*— Ti absorption spectrum which we have observed 
in each solvent.16* 

On the other hand, the former spectrum observed 
immediately after the excitation may be ascribed to the 
Sn<—Si transition of benzophenone on the following 
reasons. First, this absorption spectrum appeared 
with the time constant almost identical with the 
response function of the apparatus. Second, this 
absorption spectrum was gradually converted into 
the Tn<— T\ absorption spectrum and the time con­
stant for this change was independent of the wave-
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Fig. 8. Time-resolved transient absorption spectra 
of BP(0.05 M)-DMA(1.0 M) system in acetonitrile, 
measured by exciting with a 500 fs 355 nm laser 
pulse. 
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length. The rise time of the T„<— T\ absorption which is due to 3BP*. 
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(intersystem crossing (ISC) time) was obtained to be 
(9±2) ps in acetonitrile solution and (16±2) ps in 
isooctane solution, respectively. These values are 
very close to the ISC rates obtained previously31* by 
picosecond laser photolysis. The extinction coeffi­
cient of the S„<—Si absorption at 575 nm was estimated 
to be (3600±450) M^cm" 1 by using the following 
values; 1.0 for the quantum yield of ISC and 6500 M"1 

s - 1 for the extinction coefficient of the T„<— T\ absorp­
tion at 525 nm, respectively. 

Figure 8 shows the time resolved transient absorp­
tion spectra of BP-DMA (1.0 M) in acetonitrile solu­
tion excited with a femtosecond 355 nm laser pulse. A 
transient absorption spectrum at 1 ps after the excita­
tion clearly indicates absorption maxima at 470 nm 
and 575 nm. In addition to these two peaks, a broad 
absorption whose intensity increases toward longer 
wavelength region than 600 nm is also observed. The 
band with a maximum at 575 nm can be ascribed to 
the S„<—Si transition of BP. On the other hand, the 
absorption band at 470 nm and the broad absorption 
with increasing intensity toward longer wavelength 
than 600 nm are respectively assigned to DMA+ and 
BP" in the ion pair. This rapid formation of the ion 
pair is due to the excitation at the CT band overlap­
ping the ground state absorption band of free BP, as 
stated in the previous section. With increase of the 
delay time, the absorption at 575 nm decreases and the 
absorption due to the ion pair gradually increases 
together with the increase of a new band at 525 nm 

50 
TIME (ps) 

Fig. 9. Time profiles of transient absorbance of 
BP(0.05 M)-DMA(1.0 M) system in acetonitrile 
excited with a 500 fs 355 nm laser pulse and 
observed at 575 nm (a), 670 nm (b), and 525 nm (c). 

Time profiles of transient absorbance at 575 nm, 670 
nm, and 525 nm are exhibited in Fig. 9. The absor­
bance at 575 nm corresponding to the absorption 
maximum of 1BP* appears within the time resolution 
of the apparatus, followed by a rapid decay with time 
constant of (5.0+1.0) ps and a much slower decay 
whose time constant is longer than a few tens of 
picoseconds. The former (rapid decay) can be attrib­
uted to the quenching process of *BP* by amine and 
the latter (slow decay) may be due to the decay of 3BP* 
and ion pairs with their absorption bands overlapping 
at this wavelength. The lifetime of *BP* was reduced 
to 5.0 ps in 1.0 M DMA solution compared to the 
much longer lifetime of 9.0 ps of the amine free 
solution. On the other hand, the time dependence of 
the ion pair monitored at 670 nm shows the rapid rise 
of absorbance within the response of the apparatus 
and further increase during ca. 10 ps, followed by the 
decrease with the time constant longer than a few tens 
of picoseconds. The rapid formation of the ion pair 
within the response of the apparatus is due to the 
excitation of the CT complex between BP and DMA 
formed in the ground state. On the other hand, the 
slower rise of the absorbance during ca. 10 ps may be 
attributed to the ion-pair production at the encounter 
of *BP* and DMA, since the time constant of this rise 
of absorbance, (4.8+0.5) ps, is almost identical with 
the decay time of ^ P * . 

It should be noted here that the quenching rate 
constant of 1BP* by DMA is fairly large. The appli­
cation of the simple analysis assuming the usual 
bimolecular reaction yields the rate constant of 
1.1X1011 M ^ s " 1 which is 5 times larger than the 
diffusion-controlled rate constant, 2.0X1010 M ^ s - 1 in 
acetonitrile. Such a rapid reaction process in solu­
tion, which is called transient effect or nonstationary 
quenching, is effective in the case where the concen­
tration of the quencher is high and the stationary 
bimolecular reaction rate is large. Taking the pres­
ent experimental condition and the strength of the 
interaction between BP and DMA into account, this 
large rate constant for the quenching may be attrib­
uted to the rapid reaction of *BP* with the neighbor­
ing DMA which has suitable oorientations for the 
electron transfer. 

Time profile of the absorbance of 3BP* monitored at 
525 nm is shown in Fig. 9(c), indicating that the rapid 
increase of the absorbance immediately after the exci­
tation followed by slower rise and much slower decay 
of the absorbance. From Fig. 8, we can see clearly 
that the rapid rise at this wavelength may be attributed 
to the contribution from the absorbances of *BP* and 
1(BP"-DMA+)com and slow rise during ca. 10 ps to the 
ISC of *BP* to produce 3BP*. The much slower 
decay of the absorbance may be due to the quenching 
process of 3BP* and the recombination of ion pairs. 
The rise time of 3BP*, (4.5+0.5) ps, was identical with 
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the decay time of *BP* wi th in the experimental error 
and wi th the formation time of 1 (BP"-DMA + ) e n c , 
which indicates that the formation of 3BP* by ISC and 
the electron transfer process is taking place competi­
tively in *BP*. 

In tegrat ing above experimental results, we can sum­
marize the electron transfer process of excited benzo-
phenone in short t ime region as follows. 

i(BP--DMA+), 
hv\ \ 85 ps 

(BP-DMA);: 
Kg=0.1—0.5 

1BP*+DMA 

\hv 

tBP+DMA 

Scheme 3. 

(5ps) 1(BP--DMA+) 
3BP*+DMA 

In this scheme, the ion pa i r produced by the excitation 
of the C T complex formed in the g round state, ^BP"---
DMA+)com, is discriminated from the ion pair pro­
duced at encounter of *BP* with DMA, ^ B P " 
•••DMA+)enc More detailed discussions on the differ­
ence between two kinds of ion pair will be given later. 

By the analysis of the spectrum immediately after 
the pulsed excitat ion in to two components , XBP* and 
1(BP~---DMA+)com and dividing each spectrum by the 
respective extinct ion coefficient, the fraction of the ion 
pair produced by the C T band excitation was obtained 
to be 0.30 and that of *BP*, 0.70. T h e yield of i(BP"... 
DMA+)com was fairly large, and it was concluded that 
about half of *BP* resulted in the ion pair formation 
by encounter wi th DMA and remain ing par t of *BP* 
was converted in to 3BP*, on the basis of the change of 
the lifetime of *BP* and the concentrat ion of each 
species obtained by the transient absorpt ion spectrum. 
Consequently, only 35% of the absorbed energy was 
used to produce 3 BP* in the acetonitrile solut ion 
con ta in ing 1.0 M DMA in the case of 355 n m 
excitation. 

In order to elucidate dynamic behaviors and reac­
tion yields of 1 (BP"-DMA + ) e n c , transient absorpt ion 
spectra of the acetonitri le solution conta in ing 1.0 M 
DMA were measured by exciting the solut ion with 
picosecond 355 n m laser l ight (Fig. 10). A large 
a m o u n t of transient absorpt ion due to ion pairs was 
clearly observed immediately after the excitation. 
T h i s rapid ion pair formation is mainly due to the 
excitation of the C T complex and to the E T reaction 
between *BP* and ne ighbor ing DMA. With the 
increase of the delay t ime after the excitation, the 
absorbance due to ion pairs decreases and reaches a 
plateau value which is due to the dissociated free ions 
as stated already in the previous sections. 

In Fig. 11, we show the time profiles of 3BP*, B P H 
radical, and ion pai r absorbance, which were obtained 
by the analysis of the observed spectra in to these 
components . It should be noted that the t ime profile 
of the ion pair absorbance comprises contr ibut ions 
from three kinds of ion pairs and dissociated ions. As 
indicated above, the ini t ial yields of 1 (BP"-DMA + ) e n c , 

400 500 600 
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700 

Fig. 10. Time-resolved transient absorption spectra 
of BP(0.01 M)-DMA(1.0 M) system in acetonitrile 
solution, excited with a picosecond 355 nm laser 
pulse. 
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Fig. 11. Time profiles of 3BP* (O), BPH (•) , and 
BP" and DMA+ (À) of BP(0.01 M)-DMA(1.0 M) 
system in acetonitrile solution excited with a 
picosecond 355 nm laser pulse. 

1(BP--DMA+)com, and 3 BP* were determined by the 
femtosecond laser photolysis, respectively. In addi­
tion, the reaction pathways have been elucidated and 
their rate constants have been determined respectively 
for 3 BP* and 1(BP--DMA+)com. T a k i n g these values 
in to account, we analyzed t ime profiles by the curve-
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Table 2. Properties of the Singlet Ion Pair, ^BP" ••• DMA+)enc, in Acetonitrile Solutions with Various 
Concentrations of DMA. z: Lifetime, $PT and for. Reaction Yield and Rate Constant of the Proton 

Transfer, $m and km: Reaction Yield and Rate Constant of the Ionic Dissociation, $CR 
and &CR: Reaction Yield and Rate Constant of the Charge Recombination 

[DMA] r/ps <t>? <t>c & P T / S ~ & I D / S ~ Ä C R / S - 1 

0.1 M 
0.3 M 
0.6 M 
1.0 M 

420 
550 
460 
420 

0.30 
0.27 
0.33 
0.30 

0.40 
0.50 
0.45 
0.40 

0.30 
0.23 
0.22 
0.30 

7.1X10« 
4.9X10« 
7.2X10« 
7.1X10« 

9.5X10« 
9.1X10« 
9.8X10« 
9.5X10« 

7.1X10« 
4.2X10« 
4.8X10« 
7.1X10« 

Average (460+60) 0.30+0.024 0.44+0.048 0.26+0.043 (6.6+1.1)X10« (9.5+0.03)X10« (5.8+1.5)X10« 

Table 3. Dependence of the Reaction Rate Constants 
of the Ion Pairs upon the Mode of Its Production 

3(BP-...DMA+)enc 
l(BP-...DMA+)enc 
1(BP- . - DMA+)com 

&PT/S - 1 

5.4X109 

6.6X10« 
<10« 

Ä I D / S - 1 

1.4X109 

9.5X10« 
<4X10« 

kcR/s-1 

5.8X10« 
1.1X1010 

fitting method, where the lifetime and the reaction 
yields of 1 ( B P " - D M A + ) e n c were varied as parameters. 
T h e solid lines in Fig. 11 were calculated by assuming 
that the lifetime, the reaction yield of the proton 
transfer, and the ionic dissociation yield of ^.BP"--
DMA+) e n c were 420 ps, 0.3, and 0.4, respectively. T h e 
solid curve for ion pairs in this figure includes contri­
but ions from ^BP-.-DMA+Jcom, 1(BP"-DMA+) enc, and 
3(BP"-DMA+)enc, and the calculated time profile for 
B P H radical also includes contr ibut ions from two 
formation pathways via 1 (BP"-DMA + ) e n c and 3 ( B P ~ -

DMA+)eno 
As indicated in Fig. 11, the experimental values 

were reproduced by the calculated time dependences, 
and further, parameters for 1 (BP"-DMA + ) e nc were 
almost independent of the concentrat ion of DMA as 
shown in Table 2. T h e averaged lifetime, and the 
reaction yields for the pro ton transfer, the ionic disso­
ciation, and the charge recombinat ion for ^BP"---
DMA+)enc were 460 ps, 0.30, 0.44, and 0.26, respectively. 

In Tab le 3, we list the rate constants for the proton 
transfer, k?j, the ionic dissociation, km, and the charge 
recombinat ion , &CR, for these three kinds of ion pairs. 
T h e rate constant for the charge recombinat ion of 
3(BP"-DMA+)enc is not listed in this table, since this 
process has very small contr ibut ion, and hence, it was 
rather difficult to quanti tat ively determine the rate 
constant. T h e reaction rate constant for each process 
in Tab le 3 is qui te different from each other depend­
ing on the mode of the product ion of the ion pair. 
T h i s result indicates that the structure of the ion pair 
is different from each other and it does not change 
dur ing its lifetime. In the following, we discuss the 
difference in detail. 

4. The Difference of the Reactivity between the 
Singlet Ion Pairs Depending on the Mode of Their 

Production. As it is demonstrated above, the dynamic 
behaviors of the ion pair produced by the excitation of 
the Ç T complex formed in the g round state, ^BP"---
DMA+)com, was qui te different from that produced by 
the electron transfer between *BP* and DMA at 
encounter 1(BP"---DMA+)enc T h i s result is closely 
connected with the recent investigations which dem­
onstrate the large difference in the dynamic behaviors 
of ion pairs (IP) of various donor acceptor systems 
depending on the mode of their production.247,26) j n 

those studies, charge recombinat ion (CR) rate of IP 
produced by the excitation of the C T complex and its 
dependence on the energy gap between the IP state 
and the g round state, AG?P, have been examined in the 
case of various C T complexes covering a wide range of 
the energy gap by us ing femtosecond and picosecond 
laser photolysis. By these investigations, it has been 
revealed that the CR rate of IP produced by the C T 
complex excitation shows an essentially different 
energy g a p dependence from the bell shape one 
obtained in the case of IP formed by charge separa­
t ion at encounter in the fluorescence quench ing reac­
tion. 2-4>26) Further, the CR rate of IP produced by the 
C T complex excitation has been confirmed, in 
general, to be greater than that of IP formed by charge 
separat ion at encounter for the same donor (D) and 
acceptor (A) pair in acetonitrile. 

From these findings, it has been suggested that the 
structure of IP's inc lud ing the su r round ing solvent is 
different from each other; the compact or contact ion 
pair (CIP) probably with no intervening solvent mole­
cule between A" and D + would be produced in the case 
of the excitation of the C T complex, while more loose 
IP (LIP) with intervening solvent molecules between 
A" and D+ (solvent-separated IP, SSIP) may be formed 
in the CS at encounter in the fluorescence q u e n c h i n g 
reaction. Moreover, from the results of those investi-
gai tons, it has been concluded that the structures of 
these IP 's could be main ta ined at least du r ing several 
hundreds of picoseconds. 

As described above, qui te similar result has been 
obtained also in the present study on BP-DMA sys­
tem. T h e CR rates of each ion pair have been 
obtained to be 1.1X1010 s"1 for i ( B P - » . D M A + U and 
5.8X108 s-1 for 1(BP--DMA+)enc, respectively. T h e 
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tendency in the dependence of the CR rate on the 
mode of the production was similar to those various 
DA pairs. Moreover, the energy gap dependence of 
CR rate of the ion pair produced by the CT complex 
excitation,17) predicts that the CR rate of the ion pair 
formed by the CT complex excitation, whose energy 
gap is similar to that of (BP"---DMA+) ion pair, —2.5 
eV, is in the order of 1010 s"1. The CR rate of i(BP~... 
DMA+)com, 1.1X010 s*1, is in a good agreement with it. 
Therefore, from the viewpoint of the AG°P dependence 
of the recombination rate, the behavior of the present 
1(BP"-DMA+)com is considered to be typical of the IP 
produced by the excitation of the CT complex. 
Hence, along with the interpretations presented for 
the IP's produced by excitation of various CT com­
plexes, it is suggested that the present ion pair, ^BP"---
DMA+)com, has a rather rigid structure which cannot 
reorient to take a suitable structure for the proton 
transfer before the recombination, while ^BP"---
DMA+)enc produced by the electron transfer between 
*BP* and DMA at encounter has rather loose structure 
and, as a consequence of the difference in the structure 
and interaction between D+ and A" in the IP, is long-
lived to form the suitable geometry for ketyl radical 
production. 

Concerning the structure of the ion pair and its 
relation to the proton transfer between BP" and 
DMA+ in the IP, Peters and coworkers concluded that 
the electron-transfer reaction leading to the formation 
of the SS1P was followed by the change of the structure 
to the C1P where BPH formation by proton transfer 
took place.12) This conclusion was based on the 
experimental results that the absorption maximum of 
BP" was blue-shifted with increase of the delay time 
after the excitation. In their interpretation, the 
absorption band of BP" with a maximum at 720 nm 
was assigned to the SSIP and that at 690 nm to the 
CIP. It should be noted that they derived above 
conclusion by assuming that the electron-transfer 
reaction took place exclusively at the encounter of 
3BP* with DMA in concentrated solution (1—5 M), 
where, however, various kinds of ion pairs were pro­
duced according to our investigations. 

In order to elucidate the mechanism responsible for 
this spectral shift, we have examined the transient 
absorption spectra of BP(0.01 M)-DMA(1.0 M) system 
in acetonitrile solution by picosecond 355 nm laser 
photolysis as shown in Fig. 12. We have observed 
time dependent shift of the spectral peak, which has 
reproduced the previous measurements. 12> However, 
the spectrum observed immediately after the excita­
tion involves the contributions from the ion 
pair produced by the excitation of the CT complex, 
1(BP"-DMA+)com, and from that formed by the elec­
tron transfer reaction between XBP* and DMA, ^BP"---
DMA+)enc Moreover, the BP" band in the spectrum 
observed at a few ns after the excitation is due to the 
dissociated free ion. Therefore, in order to elucidate 
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Fig. 12. Time-resolved transient absorption spectra 
of BP(0.01 M)-DMA(1.0 M) system in acetonitrile 
solution in longer wavelength region, excited with 
a picosecond 355 nm laser pulse. 
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Fig. 13. Time-resolved transient absorption spectra 
of BP(0.01 M)-DMA(1.0 M) system in acetonitrile 
solution in longer wavelength region, excited with 
a picosecond 355 nm laser pulse. Contribution of 
1(BP----DMA+)com is removed (see text). 
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the mechanism of the spectral shift, the contribution 
of the absorption band of 1(BP"-DMA+)COm should be 
removed, since 1(BP"-DMA+)com shows an absorption 
maximum at 740 nm and during the decay process, no 
spectral shift can be observed (see Fig. 6). Figure 13 
shows the transient absorption spectra of the same 
solution, where, however, the spectrum due to ^BP"---
DMA+)com was subtracted from Fig. 12 in such a 
manner that the initial yield of 1(BP"-DMA+)COm and 
the decay time constant (85 ps) were set to those 
indicated in Scheme 3. In Fig. 13, such a clear spec­
tral shift as in Fig. 12 can not be observed, though the 
rather broad absorption spectrum of BP" observed 
immediately after the excitation gradually changes its 
spectral shape to a sharper one. Accordingly, it may 
be concluded that the observed spectral shift is mainly 
due to the decay of the absorption band of ^BP"---
DMA+)com as well as the production of the dissociated 
ions. It should be emphasized here that the absorp­
tion band of BP" with peak at 690 nm should not be 
ascribed to the contact ion pair, since the blue-shifted 
absorption observed at a few ns after excitation is due 
to the dissociated BP". 

Integrating above results and discussions, it may be 
concluded that the ion pair which is produced by the 
CT band excitation and whose structure is suggested 
to be a contact form shows an absorption maximum at 
longer wavelength region (740 nm), while the disso­
ciated BP", 1(BP"...DMA+)enc and 3(BP"..DMA+) show 
maximum around 690—710 nm. The fact that the 
absorption maximum of 1(BP"-DMA+)enc and that of 
3(BP--DMA+)enc is close to that of the free BP" ion 
but is different from that of 1(BP"-DMA+)COm strongly 
suggests that the solvation structure of the ion pair 
produced at encounter is closer to that of free BP" than 
that of i(BP-...DMA+)com. 

5. The Difference of the Reactivity between 3(BP~— 
DMA+W and H B P ' - D M A + W As stated in pre­
vious sections, the reaction mechanism of the ketyl 
radical formation in the case of BP-DMA system has 
been confirmed to be the successive process of IP 
formation followed by proton transfer not only in the 
case of the hydrogen abstraction of 3BP* but also XBP*. 
However, their reaction rate constants are quite differ­
ent from each other. The large difference of the 
charge recombination rate constant, ÄCR, between two 
kinds of ion pairs can be ascribed to the difference of 
the spin multiplicity of the ion pair. On the other 
hand, the rate constant of the proton transfer, k?7, of 
3(BP"---DMA+)enc was almost 8 times as large as that of 
1(BP"-DMA+)enc, which cannot be ascribed solely to 
the difference of the spin multiplicity. This differ­
ence of APT between the two kinds of IP's may be 
related also to the difference of the structure of the ion 
pair such as the mutual distance and the orientation of 
ions in the pair including the surrounding solvents. 
Although it is rather difficult at the present stage of 
the investigation to give any definite conclusion on 

the structures of these ion pairs, it is plausible that the 
ion pair produced through the electron transfer reac­
tion between *BP* and DMA has a more specific 
structure since the electron transfer process between 
them is mainly due to the nonstationary quenching 
and, as a consequence, the mutual distance and the 
orientation of ions in the pair may be somewhat 
different from those of the ion pairs produced via the 
stationary diffusion process. In addition, the differ­
ence of electronic structure of *BP* from 3BP* may 
affect to some extent the mutual configurations 
between donor and acceptor at the encounter. 

Especially, the rate constant for the ionic dissocia­
tion process seems to reflect directly the structure of 
the ion pair and the attractive interaction between two 
oppositely charged species, since this process is 
regarded as the thermal diffusive motion of ions in the 
Coulombic field in the classical sense where the ions 
are treated as small charged spheres in the dielectic 
fluids. According to this classical description, decrease 
of the rate constant may be interpreted as the decrease 
in the distance between two charged particles. It 
should be noted that this description is a very approxi­
mate one and more detailed structures such as mutual 
orientations of actual molecular ions including the 
surrounding solvents should be included in the inter­
pretations of the difference in km. In spite of these 
limitations, the variation of km depending on the 
mode of the ion pair formation directly suggests the 
difference of the structure of the ion pair and indicates 
that the ion pair which has small dissociation rate 
constant may have rather tight structure. 

In addition to this, the geometric requirement for 
the proton or the hydrogen atom transfer processes 
seems to be more severe compared to that for the 
electron transfer reaction, since the conformatinal 
requirement for the latter process is dependent on the 
electronic molecular orbital spreading over a rather 
wide region, while the sites for the transfer of proton 
or hydrogen in the donor and the acceptor are limited 
within the narrow region. Hence, the difference in 
the structure of the ion pair seems to strongly affect 
the proton transfer probability. 

It is worth noting that &PT increases with increase of 
km in the three kinds of ion pairs as listed in Table 3. 
As discussed above, the ion pair which has large km 
seems to have a rather loose structure and, accord­
ingly, may be able to undergo a small change of 
mutual orientations of ions in the pair, which will 
facilitate the proton transfer to some extent. 

6. The Different Reaction Mechanism Depending 
on the Nature of the Amine. As discussed above, the 
mechanism of the hydrogen abstraction of 3BP* from 
DMA in acetonitrile solution is the successive reaction 
as given by the Scheme 2, while the hydrogen abstrac­
tion process of 3BP* from DPA was the direct abstrac­
tion competing with the production of the stable ion 
pair.16) However, we have confirmed that the reac-
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tion mechanism of the hydrogen abstraction of 3BP* 
from DMA in 2-propanol is not the successive one but 
can be described by the direct abstraction mechanism. 
Moreover, we have made also more systematic studies 
concerning effects of various factors upon the photo­
chemical primary process of benzophenone-amine 
systems in various solvents of different polarities. 
That is, we have examined the effect of the oxidation 
potential of amine, the effect of the difference in 
primary, secondary and tertiary amine, and the effect 
of changing the reduction potential of benzophenone 
by substitution in phenyl rings on the reaction mecha­
nisms. Results of these investigations indicate the 
crucial importance of the transient charge transfer 
interaction in a short-lived intermediate formed in the 
excited benzophenone-amine systems as the factor 
determining the reaction mechanism. Nevertheless, 
the transient charge transfer or electron transfer inter­
action in the excited benzophenone-amine systems can 
lead to quite different result in the hydrogen abstrac­
tion reaction depending upon the mutual distance 
and configurations of reactants pair in the interme­
diate state as we have discussed in some detail in the 
above sections in the case of benzophenone-DMA 
system and also upon the nature of amine including 
its oxidation potential and difference in primary, 
secondary, tertiary amine as well as the nature of 
solvent.32* It is rather difficult at present to derive a 
clear conclusion on the underlying mechanism lead­
ing to such difference in the hydrogen abstraction 
reaction depending on the nature of amine and the 
solvent. Roughly speaking, it is suggested that the 
structure including both reactants at the encounter 
collision which is controlled also to some extent by 
the nature of the solvent and the oxidation potential 
of the amine affects the reaction mechanism. 

Concerning the structure and dynamics of the 
molecular complex produced through the photoin-
duced charge transfer or electron transfer reaction, it 
was reported that the electronic state of the typical 
singlet exciplex system such as pyrene-DMA was 
strongly dependent on the polarity of the solvent and 
this dependence on the solvent polarity was not 
accounted for by the mere stabilization of the single 
electronic state by the solvation but by the gradual 
change of the electronic structure of the complex 
depending on the solvent polarity.33) In addition, it 
was revealed that the fluorescent exciplex and non-
fluorescent solvated ion pairs was produced competi­
tively, depending upon the solvent polarity, from the 
nonrelaxed CT state immediately after the electron 
transfer between excited singlet state of pyrene and 
DMA.34) Integrating those previous results and the 
present ones, it is suggested that the mutual geometry 
such as orientation and distance including the sur­
rounding solvent at the encounter between the reac­
tants strongly affect the subsequent behaviors of the 
transient charge transfer or the ion pair state. On 

this problem, we are now investigating the system 
where mutual configurations are restricted and results 
of which will be published in the forthcoming paper. 

N. M. acknowledges the support by a Grant-in-Aid 
(No. 62065006) from the Ministry of Education, 
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Synthesis and Chromogenic Properties of Some Water-Soluble 
5-Nitro-2-pyridylhydrazones 

Katsunori KOHATA, Yoshiaki KAWAMONZEN,1" Tsugikatsu ODASHIMA, and Haj ime ISHII* 
Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, 

Katahira, Aoba-ku, Sendai, Miyagi 980 
(Received June 18, 1990) 

Four new water-soluble hydrazones, a-(5-nitro-2-pyridyl)hydrazono-a;-(2-quinolyl)-3-toluenesulfonic acid, 
a-(5-nitro-2-pyridyl)hydrazono-a;-(2-thiazolyl)-3-toluenesulfonic acid, a-(2-benzothiazolyl)-a;-(5-nitro-2-pyridyl)-
hydrazono-3-toluenesulfonic acid, and a-(2-benzimidazolyl)-a;-(5-nitro-2-pyridyl)hydrazono-3-toluenesulfonic 
acid, were synthesized. Their proton dissociation constants were determined spectrophotometrically. The 
chromogenic properties of the synthesized hydrazones and their reactions with metal ions were investigated 
spectrophotometrically in detail. The results revealed that the synthesized hydrazones react with various metal 
ions including transition metal ions, especially with cadmium(II), nickel(II), and zinc(II) to form stable colored 
complexes with very large apparent molar absorptivities, so that they were found to be all very useful as highly 
sensitive spectrophotometric reagents. 

Because of the ever increasing interest in the deter­
mina t ion of trace elements in industr ial , biological, 
and environmental materials at lower concentrat ions, 
there is need for the development of more sensitive 
analytical methods. T h e spectrophotometric method 
involving the use of organic reagents is one of in­
expensive and reliable methods to the more compli­
cated and expensive methods such as a tomic absorp­
tion spectrometry with graphi te furnace atomisat ion 
and inductively coupled p lasma atomic emission spec­
trometry and compete favorably in sensitivity. O n 

a) Synthesized in an earlier work.9) 

î Present address: Chemical Laboratory, Research and 
Development Center, Toshiba Corporation, Toshiba-cho, 
Komukai, Kawasaki, Kanagawa 210. 

the other hand, hydrazones have attracted much atten­
tion as analytical reagents and their applicat ions have 
been reviewed by Katyal et al.1* and later by Singh et 
al.2) Especially, at tent ion has recently been given to 
ni t rogen conta in ing heterocyclic hydrazones and their 
metal complexes,3"6* because of their h igh molar 
absorptivities. We have also investigated, over the 
period of more than 10 years, the development of 
highly sensitive and selective hydrazone reagents, syn­
thesized recently a series of water-soluble hydrazones 
derived from 3-(2-pyridylcarbonyl)benzenesulfonic 

Table 1. Structures of Synthesized Hydrazones 

09N 

Cr 

Hydrazone Abbreviation R 

a-(5-Nitro-2-pyridyl)hydrazono-a;-
(2-pyridyl)-3-toluenesulfonic acida) 

a-(5-Nitro-2-pyridyl)hydrazono-a;-
(2-quinolyl)-3-toluenesulfonic acid 

a-(5-Nitro-2-pyridyl)hydrazono-a;-
(2-thiazolyl)-3-toluenesulfonic acid 

a-(2-Benzothiazolyl)-a-(5-nitro-2-pyridyl)-
hydrazono-3-toluenesulfonic acid 

a-(2-Benzimidazolyl)-a-(5-nitro-2-pyridyl)-
hydrazono-3-toluenesulfonic acid 

NPHPTS 

NPHQTS 

NPHTTS 

BTNPHTS 

BINPHTS 
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acid,7_9) studied their chromogenic properties, and 
found that a-(5-nitro-2-pyridyl)hydrazono-a-(2-
pyridyl)-3-toluenesulfonic acid ( N P H P T S ) hav ing an 
electron-withdrawing ni t ro g roup at the 5-position of 
the pyr idine r ing in the hydrazine moiety of its mother 
compound , a-(2-pyridyl)-a-(2-pyridyl)hydrazono-3-
toluenesulfonic acid (PPHTS) , is a very favorable 
spectrophotometr ic reagent in both sensitivity and 
selectivity for the determinat ion of metals, especially 
for that of cobalt.9) 

In this work four new water-soluble hydrazones 
shown in Table 1, in which various substituents were 
introduced into the ketone moiety of N P H P T S , were 
synthesized, the effect of the substituents and their 
chromogenic properties and color reactions wi th 
metal ions being investigated and compared. 

Experimental 

Synthesis of Hydrazones. All the hydrazones were syn­
thesized according to schemes 1 and 2 as follows. The 

synthesis of NPHPTS has been described previously.9) 
2-Benzoylquinoline (1). Manganese dioxide (activated 

under vacuum at 110°C for 2 days, 80 g, 920 mmol) was 
added to a chloroform solution (300 ml) of phenyl-(2-
quinolyl)methanol (4.53 g, 19.3 mmol) which was obtained 
by the Grignard method10) using phenylmagnesium brom­
ide [2 M (1 M=l mol dm -3) in tetrahydrofuran, 35 ml, 70.0 
mmol] and 2-quinolinecarbaldehyde (8 g, 50.9 mmol).11) 
The reaction mixture was refluxed for 20 h. After cooling 
the mixture was filtered through a Celite pad and concen­
trated to yield a pale brown solid, which was recrystallized 
from ethanol [4.02 g, 89.5%]. Mp: 111 °C. Found C, 82.9; 
H, 4.85; N, 6.00%. Calcd for CieHnNO: C, 82.38; H, 4.95 ; 
N, 6.00 %. IR(KBr): vc=G 1655 cm"1. 

2-Benzoylthiazole (2). This substance was prepared ref­
erring to the procedure of Kurkjy and Brown.12) Under 
nitrogen a solution of butyllithium (25% in hexane, 25.8 ml, 
40.0 mmol) and dry diethyl ether (20 ml) were cooled to 
—30 °C and a solution of 2-bromothiazole (5 g, 30.5 mmol) 
in dry diethyl ether (20 ml) was added slowly. The reaction 
mixture was stirred for 15 min and then benzaldehyde (4.18 
g, 39.4 mmol) was added dropwise, keeping a temperature 
under —15 °C. The mixture, after being stirred for 45 min, 
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was poured on ice and dilute hydrochloric acid. After 
removing the precipitate by filtration the acid layer was 
separated, made alkaline with aqueous ammonia (25 %) and 
extracted with ethyl acetate (3X150 ml). This extracts were 
dried over anhydrous sodium sulfate, filtered and reduced to 
a smaller volume (ca. 200 ml). To this solution was added 
activated manganese dioxide (40 g, 460 mmol), and the 
mixture was refluxed for 6 h, filtered through a Celite pad 
and evaporated to yield a pale brown solid, which was 
recrystallized from methanol [4.60 g, 79.7%]. Mp: 45 °C. 
Found: C, 63.4; H, 3.78; N, 7.41; S, 16.5%. Calcd for 
C10H7NOS: C, 63.47; H, 3.73; N, 7.40; S, 16.49%. IR (KBr): 
i>c=o 1635 cm -1. 

2-Benzoylbenzothiazole (3). A modification of the proce­
dure of Caronna et al. Gaili, and Malatesta13* was used. 
To a stirred cooled solution of benzothiazole (2.70 g, 20.0 
mmol) were added benzaldehyde (6.33 g, 59.6 mmol) and 25% 
sulfuric acid (4.3 ml) in acetic acid (10 ml) during 15 min. 
To this mixture were added dropwise 70% £-butyl hydroper­
oxide (8.2 ml, 60.0 mmol) and iron(II) sulfate heptahydrate 
(16.7 g) in water (60 ml), keeping a temperature during 5— 
15 °C. A solution of 1 M sodium carbonate was added until 
the pH became 5—6. After addition of chloroform (200 ml) 
the mixture was shaken to extract the target compound and 
centrifuged. Then the chloroform layer was separated, 
dried over anhydrous sodium sulfate, treated with activated 
charcoal and evaporated to give a crystalline solid, which 
was recrystallized from ethanol [3.35 g, 70%]. Mp: 103 °C. 
Found: C, 69.6; H, 3.85; N, 5.95; S, 13.1%. Calcd for 
C14H9NOS: C, 70.27; H, 3.79; N, 5.85; S, 13.40%. IR (KBr): 
vc=o 1630 cm"1. 

2-Benzoylbenzimidazole (4). This substance was pre­
pared referring to the procedure of O'Sullivan and Wallis.14) 
Mandelic acid (6.09 g, 40.0 mmol) was dissolved in hydro­
chloric acid (1 M, 80 ml). To this solution was added o-
phenylenediamine (4.33 g, 40.0 mmol), and the mixture was 
refluxed for 48 h. After cooling this mixture was made 
alkaline with aqueous ammonia (25%), and the precipitate 
formed was collected by filtration, washed thoroughly with 
water and dried to give a pale brown solid (8.07 g). This 
solid was dissolved in hot acetone (160 ml), to which was 
added activated manganese dioxide (36 g, 414 mmol). This 
suspension was refluxed for 60 h, filtered through a Celite 
pad and concentrated to yield a pale brown solid, which was 
recrystallized from methanol [6.79 g, 76.5%]. Mp: 214 °C. 
Found: C, 75.3; H, 4.49; N, 12.4%. Calcd for C19H10N2O: C, 
75.66; H, 4.54; N, 12.60%. IR (KBr): vc-o 1650 cm"1. 

3-(2-Quinolylcarbonyl)benzenesulfonic Acid (5). Under 
cooling fuming sulfuric acid (25%, 20 ml) was added slowly 
to 2-benzoylquinoline (1 3.88 g, 16.6 mmol), and the mixture 
was stirred at room temperature for 1 h and cautiously 
poured into ethanol (20 ml) under cooling. Addition of 
ethyl acetate (1 liter) caused the precipitate as a dark brown 
solid. This mixture was filtered, washed thoroughly with 
acetone and dried overnight at 120 °C under reduced pres­
sure to yield a red-brown solid [4.0 g], which was used in the 
next step without purification, although it still contained 
water and sulfuric acid. 

3-(2-Thiazolylcarbonyl)benzenesulfonic Acid (6). This 
compound was prepared under the same conditions as com­
pound (5) was synthesized, and obtained as a crude black 
solid [4.15 g]. 

3-(2-Benzothiazolylcarbonyl)benzenesulfonic Acid (7). 
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This compound was prepared under the same conditions as 
compound (5) was synthesized, and obtained as a crude 
black solid [3.76 g]. 

3-(2-Benzimidazolylcarbonyl)benzenesulfonic Acid (8). 
2-Benzoylbenzimidazole (4, 6.67 g,30.0 mmol) was dissolved 
in concentrated sulfuric acid (10 ml) under mild heating, 
and fuming sulfuric acid (25% SO3, 30 ml) was added slowly 
under cooling. This mixture was stirred for 10 min under 
cooling and then for 20 min at room temperature, and 
cautiously poured into acetone (30 ml). Addition of ethyl 
acetate and benzene caused the precipitate. The mixture 
was filtered, washed thoroughly with acetone, and purified 
in a column of silica gel by elution with 2-propanol-ethyl 
acetate-water (2+6+1, v/v). Appropriate fractions were 
collected and concentrated to afford a pale yellow solid [4.54 
g]. The unreacted starting ketone (4) was recovered (2.0 g). 
The shortening of the reaction time for sulfonation lead to a 
more recovery of the starting ketone. On the other hand, 
elongation produced disulfonated 2-benzoylbenzimidazole, 
which had one sulfo group on the benzimidazole ring and 
the other one on the benzene ring. Much attention should 
be paied to the sulfonation of 2-benzoylbenzimidazole. 

5-Nitro-2-pyridylhydrazine (9). 2-Chloro-5-nitropyridine 
(6.5 g, 41.2 mmol) was dissolved in ethanol (400 ml) at room 
temperature. To this solution was added dropwise a solu­
tion of hydrazine monohydrate (100%, 20.6 g, 412 mmol) in 
ethanol (80 ml) during 1 h. The mixture was stirred for 1 h 
at room temperature, allowed to stand overnight in a refrig­
erator, filtered and dried to give a yellow-green solid, which 
was recrystallized from ethanol [5.95 g, 94.1%]. Mp: 200 °C. 
Found: C, 39.2; H, 4.21; N, 36.2%. Calcd for C5H6N4O2: C, 
38.96; H, 3.92; N, 36.35%. IR (KBr): WHNH2 3300, 1650, 1580, 
1280 cm"1; I>NO2 1540, 1320 cm"1. 

General Procedure for Synthesis of Hydrazones. 5-Nitro-
2-pyridylhydrazine (9, 2 g, 13.0 mmol) in hot ethanol (400 
ml) was added to a hot ethanol solution (100—200 ml) of the 
monosulfonated ketone (about 11 mmol), and the mixture 
was refluxed for 5 h. After cooling overnight, the precipi­
tate formed was collected by filtration and recrystallized 
from ethanol-water (1+1, v/v) to give pure first crystals. 
Second and third crops were obtained from the mother 
liquid. Total yields were about 60—85%. 

In case of the preparation of STNPH (11) and BISNPH 
(13), 5-nitro-2-pyridylhydrazine (9) was dissolved in 
ethanol-water (4+1, v/v) and ethanol-water (1+1, v/v) 
respectively instead of ethanol. 

Reagents. All reagents were of analytical-reagent grade 
and all solutions were prepared with distilled, deionized 
water, unless stated otherwise. 

Hydrazone Solutions, 5.0X10"4 or 1.0X10-3 M. Prepared 
by dissolving the required amount of each synthesized hy-
drazone in 0.01 M sodium hydroxide solution. These solu­
tions were further diluted with water if necessary. 

Buffer Solutions. Buffers consisting of 1 M chloroacetic 
acid-1 M sodium chloroacetate, 1 M acetic acid-1 M sodium 
acetate, 0.2 M 2,4,6-trimethylpyridine-0.2 M perchloric acid, 
0.5 M tris(hydroxymethyl)aminomethane-0.5 M perchloric 
acid, (0.2 M boric acid+0.05 M sodium chloride)-0.05 M 
sodium borate, 1 M aqueous ammonia-1 M ammonium 
chloride, or (1 M glycine+1 M sodium chloride)-1 M 
sodium hydroxide system was used according to the pH 
values required. 

Katsunori KOHATA, Yoshiaki KAWAMONZEN, 
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Results and discussion 

Identification of the Hydrazones. Identification of 
the synthesized hydrazones were carried out by ele­
menta l analysis and measurements of IR spectra. 
T h e results of the former, from which N P H Q T S and 
B I N P H T S seem to contain water of crystallization, are 
shown in Table 2 together wi th data of mel t ing 
points , yields and R{ values in thin-layer chromato­
graphy, the results of the latter be ing shown in Tab le 
3. From these results the target hydrazones were con­

firmed to be obtained. 
Properties and Absorption Spectra of the Hydra­

zones. T h e synthesized hydrazones are hygroscopic, 
bu t remains unchanged for a long period when stored 
in a desiccator. They are soluble in water and polar 
solvents such as ethanol and N,N-dimethylformamide 
and very soluble in dilute alkaline solutions, bu t 
insoluble in less or nonpo la r solvents. The i r aque­
ous solutions are stable for at least more than several 
mon ths when stored in amber bottles. 

Absorpt ion spectra of N P H Q T S , N P H T T S , 

Table 2. Data of Elemental Analysis, Melting Points, Yields, 
and Rf Values of Synthesized Hydrazones 

Hydrazone Molecular 
formula 

Elemental analysisa)/% 

H N 
Mp/°C Yieldc)/% #fvalued) 

NPHQTS 

NPHTTS 

BTNPHTS 

BINPHTS 

C21H15N5O5S • H 2 0 

=467.456 

C15H11N5O5S2 
=405.403 

C19H13N5O5S2 
=455.463 

C19H14N6O5S -

=465.401 
1.5H20 

53.64 
(53.96) 

44.47 
(44.44) 

47.13 
(47.27) 

48.75 
(49.03) 

3.67 
(3.67) 

2.97 
(2.74) 

3.44 
(3.11) 

3.37 
(3.68) 

14.73 
(14.98) 

17.02 
(17.28) 

15.27 
(15.41) 

17.99 
(18.06) 

6.88 
(6.86) 

15.55 
(15.82) 

12.83 
(12.51) 

7.53 
(6.89) 

320b) 

320b 

315b 

300b 

85.0 

71.8 

60.8 

60.3 

0.44 

0.47 

0.54 

0.40 

a) Figures in parentheses indicate calculated values, b) Decomposed, c) Calculated based on the 
corresponding hydrazine, d) Used 0.2-mm E. Merck 60F-254 precoated silica-gel plates and 2-
propanol-ethyl acetate-water (6+3+2, v/v) as a developing solvent. 

Table 3. 

b) 

^OH 

IR Spectral Data of Synthesized Hydrazones (cm_1)a) 

^ N O 2 VKtv 

VC=N ^C=C " N H 
^as Vs 

*>so2 

Vas Vs 

NPHQTS 3300—3350wb 1650w, 1600m 1575w, 1490m 1530w, 1330s 1290m 1240s, 1030m 
NPHTTS 1650m, 1605s 1530m, 1350s 1300w 1215m, 1070m 
BTNPHTS 1650m, 1610m 1575m, 1500sh 1530w, 1335s 1280w 1225m, 1030m 
BINPHTS 3350mb 1600m 1575m, 1490m 1530sh, 1330s 1280m 1250m, 1020m 

a) w: weak, m: middle, s: strong, b: broad, sh: shoulder, b) Water of crystallization 

Wavelength/nm 

Fig. 1. Absorption spectra of NPHQTS at pH (a), 
<0; (b), 0.8; (c), 2.6; (d), 4.5; (e), 8:0; (f), 11.2; (g), 
13.7. NPHQTS, 2.OXIO-5 M; reference, water. 

Wavelength/nm 

Fig. 2. Absorption spectra of NPHTTS at pH (a), 
<0; (b), 0.7; (c), 1.2; (d), 1.4; (e), 6.0; (f), 10:8; (g), 
13.7. NPHTTS, 2.OXIO-5 M; reference, water. 
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Wavelength/nm 

Fig. 3. Absorption spectra of BTNPHTS at pH (a), 
<0; (b), 0.7; (c), 1.0; (d), 1.4; (e), 6.0; (f), 10.7; (g), 
13.6. BTNPHTS, 2.0X10"5 M; reference, water. 

u 
Ö 
öS 

1.0 

0.5 

Iff./^M 

11/ /^\ 

' 1 / /^^ 
11/ / S^~*" 

i 
„ r ~ ~ ~ ~ ~ 7 ^ ^ 

350 450 

Wavelength/nm 

Fig. 4. Absorption spectra of BINPHTS at pH (a), 
<0; (b), 0.8; (c), 2.1; (d), 3.5; (e), 7.1; (f), 10.5; (g), 11.3; 
(h), 12.5; (i), 12.9; (j), >14. BINPHTS, 2.0X10"5 

M; reference, water. 

B T N P H T S , and B I N P H T S at various p H s are shown 
in Figs. 1, 2, 3, and 4, respectively. T a k i n g into 
considerat ion the species dis tr ibut ion diagrams of 
these hydrazones shown in Fig. 5, spectra a, c, e, and g 
in Figs. 1, 2, and 3 correspond to species H s L + , H2L, 
H L - , and U~ of N P H Q T S , N P H T T S , and 
B T N P H T S and spectra a, c, e, g, and j in Fig. 4 species 

H 4 L+, H 3 L , H 2 L - , H L 2 " , and L 3 " of B I N P H T S , 
respectively, where L denotes the undissociable part of 
the hydrazones. T h e absorpt ion m a x i m u m and an 
apparen t molar absorptivity of each species of the 
hydrazones are summarized in Table 4. From these 
results it is found that more than 100 n m of shifts in 
wavelength to the longer wavelength side are observed 
by the depro tona t ion of species H L - ( H L 2 - in case of 
B I N P H T S ) , which corresponds to the deprotonat ion 
of the secondary amino g roup of each hydrazone as 
stated below. T h i s suggests similar large shifts in 
wavelength in the complexat ion of the hydrazones 
wi th metal ions, which is a very favorable characteris­
tic when the hydrazones are used for the determinat ion 
of the metals. 

Proton Dissociation Constants of the Hydrazones. 
As is apparen t from their structures and absorpt ion 
spectra, N P H Q T S , N P H T T S , and B T N P H T S are 
dibasic acids as well as triacidic bases, they having five 
dissociable hydrogens in strongly acidic solut ions 
above 1 M. However, in less acidic solutions the 
deprotonat ions from the sulfo g roup and C=N nitro­
gen are complete. Hence these three hydrazones exist 
in solut ion in any of the following forms, depending 
on p H : 

H 3 L + ^=^H 2 L^= HL- >u- (1) 

where K&, Ka4, and K& are the proton dissociation 
constants. Similarly, B I S N P H is a tribasic acid as 
well as triacidic base. So its acid-base equi l ibr ia can 
be expressed as follows: 

H 4 L + ; 
Ka4 

^H3L^=±H2L-
Ka5 

^HL2- >U~ (2) 

T h e pro ton dissociation constants of these hydra­
zones were determined spectrophotometrically at an 
ionic strength of 0.2 and 25+0.1 °C. T h e values 
obtained are summarized in Table 4. T h e K& may be 
assigned to the deprotonat ion of the protonated 
pyridine-ni t rogen in the hydrazine moiety. T h e K^ 
corresponds to the deprotonat ion of the protonated 
heterocyclic r ing-ni trogen in the ketone moiety. T h e 
K& corresponds to the deprotonat ion of the secondary 
a m i n o g roup , the K& corresponding to that of the 
imino-ni t rogen of the benzimidazole group. In Fig. 

Table 4. Proton Dissociation Constants, Absorption Maxima (/Lax) and Apparent 
Molar Absorptivities (a) of Synthesized Hydrazones 

Hydrazone 

NPHPTSa ) 

NPHQTS 
NPHTTS 
BTNPHTS 
BINPHTS 

P#a3 

0.72 
0.70 

<0.80 
<0.80 

0.70 

P#a4 

4.37 
4.38 
1.72 
1.32 
3.58 

pKa5 

11.49 
11.54 
10.65 
10.74 
10.61 

P#a6 

12.61 

H L -

/Imax/nm 

385 
393 
397 
399 
394 

(or H2L-) 

fi/M-icm-1 

30700 
33300 
38300 
35900 
37800 

L 2 -

/lmax/nm 

505 
513 
515 
523 
516 

(or L3-) 

fi/M-icm-1 

37300 
42600 
42600 
43500 
38000 

a) Determined in an earlier work.9) 
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Fig. 5. Species distribution diagrams of (A), NPHQTS; (B), NPHTTS; 
(C), BTNPHTS; (D), BINPHTS. 

5 are shown species distribution diagrams of the syn­
thesized hydrazones prepared on the basis of their 
proton dissociation constants. 

Color Reactions of the Hydrazones. Color reac­
tions of the synthesized hydrazones with metal ions at 
pH 4, 7, and 10 were investigated. The results are 
shown in Tables 5, 6, 7, and 8. Every hydrazone 
reacted well with various metal ions including transi­
tion metal ions to form stable complexes. Especially 
with cadmium(II), cobalt(II), copper(II), iron(II), 
nickel(II), palladium(Il), and zinc(II) reacted these 

hydrazones to form colored complexes with large 
molar absorptivities. These results suggest that the 
synthesized hydrazones are all very useful as highly 
sensitive spectrophotometric reagents for metal ions, 
especially for nickel(II), zinc(II), and cadmium(II). 

Comparison of the Synthesized Hydrazones with 
NPHPTS. On comparison of the hydrazones syn­
thesized in this work with NPHPTS synthesized in an 
earlier work,9) the following facts are found: By substi­
tuting the pyridyl group in the ketone moiety of 
NPHPTS for a quinolyl, thiazolyl, benzothiazolyl, or 

Table 5. Absorption Maxima and Apparent Molar 
Absorptivities of NPHQTS Complexes 

Table 6. Absorption Maxima and Apparent Molar 
Absorptivities of NPHTTS Complexes 

Complex 

Ag(I) 
Al(III) 
Bi(III) 
Cd(II) 
Co(II) 
Cr(III) 
Cu(II) 
Fe(II) 
Ga(III) 
Hg(II) 
In(III) 
Mn(II) 
Ni(II) 
Pb(II) 
Pd(II) 
Ti(IV) 
V(IV) 
V(V) 
Zn(II) 

Amax 

nm 

— 
— 
— 
— 

530 
— 

518 
505 
486 
498 
510 
— 

510 
— 

564 
521 
537 
538 
506 

p H 4 

8 

M ^ c m - 1 

— 
— 
— 
— 

47 000 
— 

38 000 
48 000 
44 000 
4 500 
2 000 
— 

40 000 
— 

15 500 
2 500 
2 500 

18 500 
1 000 

^max 

nm 

— 
— 
506 
505 
530 
— 
507 
505 
513 
498 
496 
509 
510 
518 
467 
516 
537 
— 
506 

p H 7 

8 

M ^ c m - 1 

— 
— 

5 000 
42 500 
47 000 

— 
65 500 
48 000 
4 000 

61 000 
6 500 
2 000 

81 000 
13 500 
20 500 
2 500 
5 000 
— 

76 500 

Amax 

nm 

514 
— 
— 

505 
530 
— 

507 
505 
— 

498 
— 

509 
510 
518 
467 
516 
— 
— 

506 

p H 9 

8 

M^cm" 1 

16 500 
— 
— 

86 500 
47 000 

— 
73 000 
48 000 

— 
69 500 

— 
45 000 
81 000 
6 000 

34 500 
2 000 
— 
— 

83 500 

Complex 

Ag(I) 
Al(III) 
Bi(III) 
Cd(II) 
Co(II) 
Cr(III) 
Cu(II) 
Fe(II) 
Ga(III) 
Hg(II) 
In(III) 
Mn(II) 
Ni(II) 
Pb(II) 
Pd(II) 
Ti(IV) 
V(IV) 
V(V) 
Zn(II) 

Amax 

nm 

— 

— 
— 
522 
— 
512 
494 
501 
481 
504 
— 

496 
— 

502 
488 
— 
— 
— 

p H 4 

8 

M^cm" 1 

— 

— 
— 

9 000 
— 

38 000 
11 000 
1 500 
4 000 
2 000 
— 

2 000 
— 

22 000 
1 500 
— 
— 
— 

Amax 

nm 

— 

— 
— 

522 
— 

491 
494 
— 

481 
504 
— 

496 
489 
522 
488 
500 
— 
— 

p H 7 

8 

M ^ c m - 1 

— 

— 
— 

36 000 
— 

54 000 
33 500 

— 
34 500 
2 000 
— 

47 500 
1 500 

23 500 
2 000 
1000 
— 
— 

Amax 

nm 

509 

507 
494 
522 
— 

491 
494 
— 

481 
504 
498 
496 
489 
512 
517 
500 
— 
— 

p H 9 

8 

M^cm" 1 

24500 

8 000 
53 500 
36 000 

— 
66 500 
33 500 

— 
61000 
2 000 
3 500 

78 500 
1 500 

31 000 
3 000 
2 000 
— 
— 
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Table 7. Absorption Maxima and Apparent Molar 
Absorptivities of BTNPHTS Complexes 

pH 4 pH 7 pH 9 

C o m p l e x Amax £ ^max £ Amax £ 

nm M - 1 cm - 1 nm M - 1 cm - 1 nm M_1cm_ : 

Ag(I) 
Al(III) 
Bi(III) 
Cd(II) 
Co(II) 
Cr(III) 
Cu(II) 
Fe(II) 
Ga(III) 
Hg(II) 
In(III) 
Mn(II) 
Ni(II) 
Pb(II) 
Pd(II) 
Ti(IV) 
V(IV) 
V(V) 
Zn(II) 

— 

— 
— 
538 
— 
530 
509 
515 
474 
— 
— 
517 
— 
590 
500 
544 
547 
— 

— 

— 
— 

57 500 
— 

43 000 
49 000 
2 500 
3 000 
— 
— 

52 000 
— 

15 500 
3 700 
1000 
3 000 
— 

495 

— 
503 
538 
516 
522 
509 
501 
452 
513 
— 
517 
526 
476 
500 
513 
— 
509 

2 000 

— 
4 500 
57 500 
2 000 
45 500 
49 000 
1 000 

22 000 
2 000 
— 

88 000 
2 400 
26 000 
2 500 
3 000 
— 

35 000 

495 

526 
503 
538 
516 
508 
509 
— 
452 
513 
508 
517 
— 
481 
530 
513 
— 
509 

19 000 

5 000 
75 000 
51 500 
2 500 
61000 
40 500 
— 

27 500 
2 000 
3 500 
83 000 
— 

33 500 
3 500 
3 000 
— 

85 000 

Table 8. Absorption Maxima and Apparent Molar 
Absorptivities of BINPHTS Complexes 

pH 4 pH 7 pH 9 

Complex A max £ Amax £ Amax £ 

nm M - 1 cm - 1 nm M - 1 cm - 1 nm M - 1 cm - 1 

benzimidazolyl g roup , 1) ba thochromic shifts of 8—18 
n m are observed in absorpt ion spectra of the hydra-
zones, the magn i tude of the shift being in the sequence 
of quinolyKthiazolyl—benzimidazolyKbenzothia-
zolyl g roup . T h i s suggests that similar bathochro­
mic shifts occur in absorpt ion spectra of their metal 
complexes, which has actually been confirmed in this 
work. 2) T h e pKas values of the hydrazones decrease 
by about 0.8 except for the case of N P H Q T S and in 
addit ion, the pKa4 values of N P H T T S and B T N P H T S 
decrease by about 2.7 and 3.1, respectively. T h i s sug­
gests that the synthesized hydrazones react wi th metal 
ions to form complexes at lower p H s than those at 
which N P H P T S reacts. 3) Apparent molar absorp­
tivities of metal complexes of the synthesized hydra­
zones are all very large and nearly the same as those of 
N P H P T S complexes. 

These facts serve as useful informations for the 
molecular design of the hydrazone compound as the 
spectrophotometr ic reagent. 
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Ag(I) 
Al(III) 
Bi(III) 
Cd(II) 
Co(II) 
Cr(III) 
Cu(II) 
Fe(II) 
Ga(III) 
Hg(H) 
In(III) 
Mn(II) 
Ni(II) 
Pb(II) 
Pd(II) 
Ti(IV) 
V(IV) 
V(V) 
Zn(II) 

— 

507 
— 
517 
— 
509 
496 
472 
490 
493 
— 
498 
— 
562 
492 
511 
516 
— 

— 

2 000 
— 

66 500 
— 

41 000 
54 000 
29 500 
3 000 
27 500 
— 

27 000 
— 

27 500 
4 000 
6 000 
25 000 
— 

504 

494 
493 
513 
491 
509 
496 
489 
445 
493 
488 
498 
505 
521 
492 
511 
516 
493 

1 500 

2 000 
16 500 
62 500 
4 000 
41 000 
54 000 
2 500 
5 500 
2 500 
2 000 
87 000 
7 500 

25 000 
4 000 
9 000 
5 500 

48 000 

499 

513 
493 
513 
— 
496 
496 
492 
495 
487 
492 
498 
505 
517 
492 
504 
— 
493 

9 000 

1000 
66 500 
62 500 
— 

50 000 
51 500 
2 000 
7 000 

20 000 
28 000 
84 500 
6 000 
27 000 
4 000 
3 500 
— 

77 500 
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Spectrophotometric Studies on Complexation Reaction of Some Water-Soluble 
5-Nitro-2-pyridylhydrazones with Nickel(II) and Determination 

of Trace Nickel with a-(2-Benzimidazolyl)-a-(5-nitro-
2-pyridyl)hydrazono-3-toluenesulfonic Acid 

Haj ime ISHII ,* Tsugikatsu ODASHIMA, and Yoshiaki KAWAMONZEN* 
Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, 

Katahira, Aoba-ku, Sendai, Miyagi 980 
(Received June 18, 1990) 

The complexation reaction of four water-soluble hydrazones, a-(5-nitro-2-pyridyl)hydrazono-a-(2-
quinolyl)-3-toluenesulfonic acid (NPHQTS), a-(5-nitro-2-pyridyl)hydrazono-a-(2-thiazolyl)-3-toluenesulfonic 
acid (NPHTTS), a-(2-benzothiazolyl)-a-(5-nitro-2-pyridyl)hydrazono-3-toluenesulfonic acid (BTNPHTS) and 
a-(2-benzimidazolyl)-a-(5-nitro-2-pyridyl)hydrazono-3-toluenesulfonic acid (BINPHTS), with nickel(II) has 
been studied spectrophotometrically. These hydrazones react with nickel(II) to form a stable 1:2 
(metal : ligand) complexes with high molar absorptivities. A sensitive and selective spectrophotometric 
method for the determination of nickel with BINPHTS has been developed. The nickel-BINPHTS complex 
is formed quantitatively in the pH range 6.5—8.9 and its absorption spectrum shows a maximum at 498 nm. 
Beer's law is obeyed over the range 0.02—0.8 (igcm -3 of nickel and the apparent molar absorptivity of the 
complex is 8.67X104 dm 3mol - 1cm - 1 at 498 nm. The proposed method was applied to the determination of 
nickel in manganese nodule samples, satisfactory results being obtained. Furthermore, the overall formation 
constants of nickel complexes of the four hydrazones were also determined spectrophotometrically. 

In a previous work1* we synthesized 4 new water 
soluble hydrazones, a-(5-nitro-2-pyridyl)hydrazono-a-
(2-quinolyl)-3-toluenesulfonic acid ( N P H Q T S ) , a-(5-
ni t ro-2-pyridyl)hydrazono-a-(2- thiazolyl)-3- toluene-
sulfonic acid ( N P H T T S ) , a-(2-benzothiazolyl)-a-(5-
nitro-2-pyridyl)hydrazono-3-toluenesulfonic acid 
( B T N P H T S ) and a-(2-benzimidazolyl)-a-(5-nitro-2-
pyridyl)hydrazono-3-toluenesulfonic acid (BINPHTS) , 
studied their properties and color reactions with metal 
ions, and reported that these hydrazones are very use­
ful as highly sensitive spectrophotometr ic reagents for 
metals, especially for cadmium(II) , cobalt(II), nick-
el(II), pal ladium(II) , and zinc(II). T h u s to start with, 
the complexat ion reaction of these four hydrazones 
with nickel(II) has been investigated in detail and 
compared with that of a-(5-nitro-2-pyridyl)-
hydrazono-a-(2-pyridyl)-3-toluenesulfonic acid 
( N P H P T S ) , synthesized in an earlier work,2) wi th 
nickel(II). A highly sensitive and practical spectro­
photometr ic method for the determinat ion of nickel 
wi th one of these hydrazones, B I N P H T S , have been 
developed and appl ied to the analysis of real samples 
in this work. 

Experimental 

Reagents. BINPHTS solution, 1.0X10"3 M (1 M=l 
mol dm -3). Prepared by dissolving the required mass of 
BINPHTS synthesized in a previous work1) in 0.01 M 
sodium hydroxide solution. This solution was further di­
luted with water if necessary. 

Standard Nickel(II) Solution. Prepared by dissolving 2.5 

1" Present address: Chemical Laboratory, Research and 
Development Center, Toshiba Corporation, Toshiba-cho, 
Komukai, Kawasaki, Kanagawa 210. 

g of nickel nitrate [Ni(N03)2-6H20] in about 100 cm3 of 
water, adding 10 cm3 of nitric acid (1+1) and diluting to 500 
cm3 with water. This solution was standardized by EDTA 
titration with copper l-(2-pyridylazo)-2-naphtholate (Cu-
PAN) as an indicator. Working solutions were prepared by 
diluting this solution with water. 

Other reagents used were the same as those used in a 
previous work.1) 

Procedures. Determination of Nickel: To an aliquot 
containing up to 70 \ig of nickel(II) in a 25-cm3 calibrated 
flask were added 1 cm3 of 50% w/v potassium fluoride 
solution, 1 cm3 of 30% w/v sodium citrate solution and/or 1 
cm3 of 10% w/v sodium thioglycollate solution as masking 
agents if necessary, 2 cm3 of 0.2 M 2,4,6-trimethylpyridine-
0.2 M perchloric acid buffer solution of pH 7 and 5 cm3 of 
5X10"4 M BINPHTS solution. The solution was diluted to 
the mark with water. After allowing to stand for about 5 
min, the absorbance of the solution was measured at 498 nm 
against a reagent blank. 

Dissolution and Pretreatment of Manganese Nodule Sam­
ple: The sample was decomposed and the sample solution 
was prepared as follows, consulting to JIS method:3* To 100 
mg of the sample were added 15 cm3 each of concentrated 
hydrochloric and nitric acids. The mixture was heated to 
decompose the sample. After adding 2 cm3 of sulfuric acid 
(1+1), the mixture was evaporated to dryness and cooled to 
room temperature. To the residue was added about 50 cm3 

of hydrochloric acid (1+100) and the mixture was heated for 
a few minutes to dissolve the soluble salts and filtered into a 
200-cm3 calibrated flask. The insoluble residue was 
washed with hot water. The filtrate and washings in the 
flask were diluted to the mark with water after cooling to 
room temperature. An appropriate aliquot of this solution 
was used to the determination of nickel. 

When more than 100 (ig of iron(III) was contained in the 
aliquot taken, it was transferred into a separating funnel. 
Sufficient amounts of concentrated hydrochloric acid to give 
an acidity of about 6 M and 10—20 cm3 of 4-methyl-2-
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pentanone were added, and then the mixture was shaken for 
5 min to remove the iron(III). The aqueous phase was 
transferred into an evaporating dish and heated to remove 
the majority of the acid. The content of the dish was 
transferred into a 25-cm3 calibrated flask and used for the 
determination of nickel. 

Results and Discussion 

Absorption Spectra of Complexes and Influence of 
p H on the Complexation. Figure 1 shows absorp­
tion spectra of the complexes of the five hydrazones, 
inc lud ing N P H P T S for comparison, wi th nickel(II) at 
p H s where the complexes are formed quanti tat ively, 
and Fig. 2 the influence of p H on the complexat ion. 
T h e absorpt ion max ima of the complexes and the 
opt imal p H ranges for the complexat ion are summar­
ized in Table 1. These results indicate that 
B T N P H T S is the most sensitive and gives the largest 
shift in wavelength by the complexat ion, followed by 
B I N P H T S . However, the rate of formation of the 
B T N P H T S - n i c k e l complex is very slow and no suita­
ble accelerator could be found, whereas that of the 
B I N P H T S - n i c k e l complex was remarkably acceler­
ated by the addi t ion of thioglycollate, as stated below. 
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Fig. 1. Absorption spectra of hydrazones and their 
nickel complexes. Hydrazones, 5.0X10-5 M; 
Ni(II), 5.0X10-6 M; A—E, hydrazone against water; 
A'—E', complex against reagent blank; A,A', 
BTNPHTS (5.8); B,B', NPHQTS (7.6); C,C, 
BINPHTS (6.8); D,D', NPHTTS (8.5); E,E' 
NPHPTS (7.8), where figures in parentheses indi­
cate pH values. 

Therefore, since B I N P H T S seemed to be the most 
preferable spectrophotometric reagent for nickel(II) 
a m o n g these hydrazones, its complexat ion reaction 
wi th nickel(II) was mainly investigated in the subse­
q u e n t work. 

As can be seen from Fig. 2 and Table 1, a constant 
and m a x i m u m absorbance is obtained over the p H 
range 6.5—8.9 for the B I N P H T S complex, so that the 
use of 0.2 M 2,4,6-trimethylpyridine-0.2 M perchloric 
acid buffer of p H 7 was recommended for the nickel 
determinat ion with B I N P H T S . 

Rate of Complex Formation and Stability of the 
Complex. T h e rate of complexat ion of the hydra­
zones wi th nickel(II) was not so rapid as expected. 
T w o examples for the complexat ions of B T N P H T S 
and B I N P H T S with nickel(II) are shown in Fig. 3, 
which reveals that more than 30 min is required to 
at ta in to each constant and m a x i m u m absorbance in 
either case. Accelerators for the complexat ion reac­
tions were therefore sought and thioglycollate was 
found to accelerate the complexat ion reaction of 

0.5 h 

S 

pH 

Fig. 2. Influence of pH on the complexation. 
Hydrazone, 1.0X10"4 M; Ni(II), 5.0X10"6 M; stand­
ing time, 30 min; reference, reagent blank. O 
BTNPHTS (517); • NPHQTS (510); 3 BINPHTS 
(498); € NPHPTS (480); 0 NPHTTS (496), where 
figures in parentheses indicate wavelengths (nm) 
measured. 

Table 1. Optimal pH Ranges for Complex Formation of Hydrazones 
with Nickel(II) and Characteristics of the Complexes 

Apparent molar 
absorptivity/M-1 cm - 1 Complex 

NPHPTS complex 
NPHQTS complex 
NPHTTS complex 
BTNPHTS complex 
BINPHTS complex 

Optimal 
pH range 

7.5—10.0 
6.5— 9.5 
8.4— 9.7 
5.5— 8.2 
6.5— 8.9 

Absorption 
maximum/nm 

480 
510 
496 
517 
498 

Composition 
(M:L) 

8.2X104 

8.1X104 

7.9X104 

8.8X104 

8.7X104 
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0.5 Table 2. Influence of Other Ions' a) 

Standing time/min 

Fig. 3. Influence of standing time on the complexa-
tion of BINPHTS and BTNPHTS with nickel(II). 
Hydrazone, 1.0X10"4 M; Ni(II), 5.0X10"6 M; pH, 
7.0; reference, reagent blank; wavelength/nm—A, 
B, 498; C, 517; A, B, BINPHTS complex; C, 
BTNPHTS complex; A, in the presence of sodium 
thioglycollate of 0.04% w/v; B, C, in the absence of 
thioglycollate. 
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Fig. 4. Influence of BINPHTS concentration. 
Ni(II), 5.0X10"6 M; pH, 7.0; reference, reagent 
blank. 

B I N P H T S with nickel(II), the complexat ion being 
complete wi th in a few minutes in the presence of a 
small a m o u n t of it as also shown in Fig. 3. However, 
thioglycollate had no effect on the acceleration of the 
complexat ion reaction of B T N P H T S with nickel(II). 

T h e B I N P H T S - n i c k e l complex formed was very 
stable, no measurable change in absorbance being 
noticed for more than 5 h. 

Influence of BINPHTS Concentration. T h e influ­
ence of the B I N P H T S concentrat ion was examined. 
T h e results were shown in Fig. 4, from which it is 
found that an 8-fold molar excess of B I N P H T S is the 

Ion Tolerance limit 

Ag(I), Al(III), Bi(III), Ca(II) 
Cd(II), Cr(III), Cu(I, II), Ga(III) 
Hg(II), In(III), Mn(II), Mg(II) 
Pb(II), Ti(IV), V(IV, V), Zn(II) 

Pd(II) 

Fe(III)b) 

Co(II) 

Fe(III) 

Fe(II) 

Br-, Cl", CIO4, F-, I-, NO3, P O | -
SCN-, SOf-, Acetate, Citrate 
Oxalate, Tartrate, NHt 

EDTA 

iUOOOug 

500 ug 

100 ng 

30 ^g 

5 \ig 

< l " g 

^ 100 mg 

< 1 mg 

a) Tolerable error: ±3%, Nicke(II) taken: 7.29 ug. 
b) One cm3 of 50% w/v potassium fluoride solution 
was added. 

m i n i m u m required for ob ta in ing a constant absor­
bance and an excess of B I N P H T S does not interfere. 
Further , this result suggests the formation of a 1:2 
(metal : l igand) complex. 

Calibration Graph, Sensitivity, and Precision. 
T h e cal ibrat ion g raph for the determinat ion of nickel 
wi th B I N P H T S was prepared by the recommended 
procedure. T h e graph conformed to Beer's law and 
gave a straight line passing th rough the or igin in the 
range 0.02—0.8 j i g c m - 3 of nickel. T h e equa t ion of 
the line obtained by a least-squares treatment was 

Ni(ugcm-3) = 0.677^, (1) 

where A is the absorbance. T h e apparent molar 
absorptivity and Sandell 's sensitivity calculated from 
this equa t ion were 8.67X104 M ^ c m " 1 and 0.677 
n g e m - 2 of Ni , respectively. 

T h e precision of the proposed method was deter­
mined by analysing 10 standard solutions con ta in ing 
7.29 ug of nickel(II), the coefficient of variation be ing 
0.32%. 

Influence of Foreign Ions. Since B I N P H T S reacts 
wi th many metal ions to form complexes,1) the inter­
ference from these ions was anticipated in the determi­
na t ion of nickel. However, thioglycollate added as 
an accelerator for the complexat ion of nickel(II) wi th 
B I N P H T S was very effective also for the masking of 
metal ions classified as so-called soft or border-l ine 
acids and moreover the addi t ion of citrate was effective 
for those classified as hard acids. Hence, in the deter­
mina t ion of nickel the addi t ion of citrate prior to the 
addi t ion of thioglycollate is recommended. Tab le 2 
shows the influence of other ions in the determinat ion 
of 7.29 jig of nickel by the recommended procedure. 
An error of ±3% in the absorbance reading was consi­
dered tolerable. Only iron(II) interfered with the 
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Table 3. Determination of Nickel in Manganese Nodules 

[Vol. 63, No. 12 

Sample 

A 

B 

C 

D 

E 

Nickel content/% 

Proposed method Atomic absorption spectrometry 

1.22o 
1.219 

0.715 
0.71s 

0.394 
0.393 

0.79e 
0.797 

0.749 
0.74s 

1.219 

0.71s 

0.393 

0.797 

0.74s 

determinat ion, bu t this interference can be removed by 
adding fluoride after oxidizing to iron(III). T h u s the 
proposed method can be regarded as very selective as 
well as h ighly sensitive for nickel. 

Practical Application. T o confirm the usefulness 
of the proposed method, nickel in manganese nodules 
was determined. T h e results are given in Table 3 
together wi th those by atomic absorpt ion spectrome­
try carried out for comparison. Both sets of results 
are in good agreement. 

Composition of the Complex. As was already 
ant icipated from Fig. 4, the molar composi t ion of the 
B I N P H T S - n i c k e l complex formed under the condi­
tions for the nickel determinat ion was determined to 
be 1:2 (metal ; l igand) by both the molar rat io and the 
con t inuous variation methods, the results of the latter 
method being shown in Fig. 5. T h e composi t ion of 

the complexes of the other hydrazones was also deter­
mined by the same ways. T h e results indicated the 
formation of the 1:2 complex in every hydrazone as 
shown already in Table 1. 

Formation Constant of the Complexes. T h e for­
mat ion constant of the BINPHTS-n i cke l complex 
was determined spectrophotometrically by the equi­
l ibr ium shift method.4 ) 

T a k i n g in to consideration the pro ton dissociation 
constants (p£a3=0.70, p£ a4=3.58, pKa5= 10.61, and 
pK*6= 12.61) of B I N P H T S reported in a previous 
paper,1) B I N P H T S exists as the species of H2L- under 
the recommended condit ions for the complexat ion, so 
that the complexat ion equi l ib r ium between 
B I N P H T S and nickel(II) may be expressed as 

Ni2+ + n H 2 L - ^ N i ( H L y 2 " - 2 ) " + n H+, (2) 

£eq = [Ni(HLy2"-2>-] [H+] V[Ni*+] [H2L- (3) 

0.2 0.4 0.6 

[Ni]/{[Ni]+[BINPHTS]} 

1.0 

Fig. 5. Determination of composition of the 
BINPHTS-Ni complex by continuous variation 
method. [Ni(II)]+[BINPHTS]=2.0X10-5 M; pH, 
7.3; standing time, 60 min; reference, reagent blank; 
wavelength/nm—O 498; € 472; #538. 

I 

1.28 

1.26 h 

1.24 

1.22 h 

1.20 

1.18 

l06n+l[H+]n 

Fig. 6. Plots of a/(A-AL) vs. [H+]". Ni(II) (=a), 
1.7X10-6 M; BINPHTS (=b), 8.8X10"5 M; wave­
length, 498 nm; ionic strength, 0.2 (NaClCU); 
temperature, 25±0.1 °C. 
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Table 4. Equilibrium Constants of Complexation 
Reaction between Nickel(II) and Hydrazones 

and Overall Formation Constants 
of the Complexes'0 

Complex 

NPHPTS complex 
NPHQTS complex 
NPHTTS complex 
BTNPHTS complex 
BINPHTS complex 

log£eq
b) 

-2.36±0.03 
-1.59±0.04 
-4.03±0.04 
-0.33±0.03 
-2 .7Ü0.04 

log&b) 

20.60±0.09 
21.49±0.11 
17.27±0.10 
21.15±0.09 
18.51±0.12 

a) Temperature: 25±0.1°C, Ionic strength: 0.2 
(NaClCU). b) Indicates the average value of three 
determinations. 

where L denotes the undissociable part of B I N P H T S 
and Ktq the equ i l ib r ium constant of the complexat ion 
reaction. If the ini t ial concentrat ion of the ligand, b, 
is much higher than that of the metal ion, a, Eq. 3 can 
be approximated as 

Kzq = x[H+]n/(a-x)bn, (4) 

where x is the equ i l ib r ium concentrat ion of the com­
plex formed. As described above, since the system 
obeys Beer's law additively over the wavelength range 
of interest, Eq. 5 can be deduced 

A = eL(b—nx) + sex, (5) 

where £L and £c are apparen t molar absorptivities of 
the l igand and the complex at a specified wavelength, 
respectively, and A is the total absorbance of the 
solution. From Eqs. 4 and 5, Eq. 6 can finally be 
obtained: 

a/(A-AL) = [H+]n/(Ec-neL)Kcqb
n + \/(Ec-nEL), (6) 

where AL is the absorbance of the solut ion of the 
l igand alone. Eq. 6 means that at constant values of 
a and b there should be a linear re la t ionship between 

the terms CL/(A—AL) and [ H + ] n , from which the value 
of n can be estimated. Such a relation was experi­
mental ly obtained when assuming n is equal to 2, as 
shown in Fig. 6. T h i s reveals the formation of a 1:2 
(metal : l igand) complex, which is in accordance wi th 
the results by the cont inuous variat ion and the molar 
rat io methods stated already. T h u s the complexat ion 
reaction of B I N P H T S with nickel(II) may reasonably 
be expressed by 

Ni2+ + 2 H2L- ïH Ni(HL)22" + 2 H+ , (2') 

£eq = [Ni(HL)2
2-] [H+]2/[Ni2+] [H2L-]2. (3') 

T h e value of Ktq obtained from Eq. 6 and the experi­
mental data when assuming n—ï in Fig. 6 was 10"2-71. 

T h e overall formation constant, jÖ2, of the complex 
defined by 

Ni2+ + 2 HL2- ïH Ni(HL)22-, (7) 

ß2 = [Ni(HL)22-]/[Ni2+] [HL2-]2, (8) 

can be calculated from the values of Kcq and the p ro ton 
dissociation constant of the l igand as follows: 

/32 = ^eq/A:a52= 10-2-71/(10-10-61)2= 1018.51. 

T h e equ i l ib r ium constants of the complexat ion 
reactions between the other hydrazones and nickel(II) 
and the overall formation constants of the complexes 
were also determined in the same way, the results 
being summarized in Tab le 4. 
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Splitting of the 2nd d-d Band of Jrans-[CoCl2N4]X-Type Complexes 
Observed in the Solid State at 113 K 

Masanobu TSUCHIMOTO, Masakazu KITA, and Junnosuke FUJITA* 
Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464-01 

(Received June 25, 1990) 

The electronic spectra of £rans-[CoCl2(NH3)4]Cl and its analogues measured in the solid state at 113 K show 
four ligand field bands assignable to the Ia^Eg^Aig), Ib^Aa^Aig) , IIa(1B2g<-1Aig), and IIb(1Eg

b<-iAig) 
transitions in D4h approximation. The ligand field parameters obtained from the observed data are; 
ea(N)=7400—8000 cm"1, ea(Cl)=4500—5400 cm"1, ^(Cl)=300—830 cm"1, and the Racah's parameter C esti­
mated with the assumption of C=4:B is ca. 2000 cm -1. A nearly linear relationship is obtained between the 
e0(C\) and ^(Cl) values; the stronger the coordination of CI" to Co(III), the stronger the n interaction of CI" 
with Co(III). 

T h e spl i t t ing of the first d-d band ^Tig«— lA^Oh)) 
of octahedral Co(III) (d6) complexes has often been 
observed in the spectra of solut ions when the symme­
try of the complexes becomes lower. However, no 
clear spl i t t ing has been reported on the second d-d 
band (1T2g<—^^(Oh)) except for trans-[Co(CÖ3 or 
C204)2(pyridine)2]" in aqueous solutions.1) In the 
previous paper,2) we found a new band a round 26000 
c m - 1 in the spectra of ^ran5-[CoCl2(N48)]X ( X = C 1 0 4 - , 
BF4-; N48=l,4,7,10-tetraazacyclopentadecane) in the 
solid state at 113 K, which was not observed in the 
spectra bo th in the solid state and in solut ion at room 
temperature. T h e band is supposed to be a split 
componen t of the second d-d band as judged from the 
posi t ion and intensity. T o examine whether other 
*7Ym5-[CoCl2N4]+-type complexes show such a band, 
we have measured a number of complexes of this type 
in the solid state at 303 and 113 K and in methanol 
solut ions at 293 and 193 K. Amine l igands used in 
this study are NH3, ethylenediamine(en), tr imethyl-
enediamine(tn) , 3,6-diazaoctane-l,8-diamine(trien), 
1,4,8,11 -tetraazacyclotetradecane(cyclam), 1,4,7,10-
tetraazacyclotridecane(N46), -tetradecane(N47), and 
-hexadecane(N49). 

Experimental 

Measurements. Electronic spectra were recorded on a 
HITACHI U-3400 spectrophotometer. Spectra of solid 
samples were measured by a Nujol mull method described 
previously,2) and those of methanol solutions were done 
with a quartz cell (1 cm). Measurements at low tempera­
tures were carried out with a stream of cold nitrogen, and the 
temperature was monitored by a Cu-constantan thermocou­
ple. The volume of methanol solutions at 193 K was 
corrected by a factor of 0.893.3) Gaussian curve fitting 
analyses of absorption spectra were performed with the 
modified LGNS program.4) 

Materials. £rans-[CoCl2(en)2]BF4, £rans-[CoCl2(tn)2]C104, 
and £ran5-[CoCl2(N46)]BF4 were prepared by the addtion of 
LiBF4 or LiClÜ4 to methanol solutions of the corresponding 
chloride salts.5-7) Other complexes were prepared as 
reported previously.4,8-10) 

Results and Discussion 

Figure 1 compares the spectra of trans-
[CoCl2(NH3)4]Cl, *ranj-[CoCl2(en)2]BF4, and trans-
[CoCl2(tn)2]ClC>4 measured in the solid state at 113 and 
303 K. Table 1 lists the data. Most of the other 
complexes show four bands in the d-d transit ion 
region at 113 K, while the bands in the region of 20000 

Fig. 1. Electronic spectra in the solid state at 303 K 
( ) and 113 K ( ): (a) *rans-[CoCl2(NH3)4]Cl; 
(b) *rans-[CoCl2(en)2]BF4; (c) ^ran5-[CoCl2(tn)2]-
CIO4. 
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Table 1. Spectral Data of trans-[CoChÇL)]K in the Solid State 

3411 

Complex 

1. *rans-[CoCl2(NH3)4]Cl 

2. *rans-[CoCl2(en)2]BF4 

3. *rans-[CoCl2(tn)2]C104 

4. *rans-[CoCl2(trien)]C104 

5. £rans-[CoCl2(cyclam)]Cl 

6. *rnas-[CoCl2(N46)]BF4 

7. *rans-[CoCl2(N47)]C104 (C2)
a) 

8. *rans-[CoCl2(N47)]C104 (Ci)a) 

9. *rans-[CoCl2(N48)]BF4 (C2, green)a'b) 

10. £rans-[CoCl2(N48)]C104 (C2, brown)a'b) 

11. £rans-[CoCl2(N49)]C104 

T 

K 

303 
113 

303 
113 

303 
113 

303 
113 

303 
113 

303 
113 

303 
113 

303 
113 

303 
113 

303 
113 

303 
113 

la 

15.8 
16.0 

16.2 
16.5 

15.7 
15.9 

16.1 
16.2 

15.9 
16.2 

16.3 
16.5 

15.6 
15.8 

15.8 
16.0 

15.7 
15.9 

15.4 
15.5 

15.7 
15.7 

^/lO^m"1 

lb 

ca. 21.0 
21.3 

ca. 21.8 
ca. 22.1 

ca. 21.0 
21.6 

ca. 
ca. 22.1 

ca. 
ca. 

ca. 
ca. 21.4 

ca. 21.0 
ca. 21.5 

ca. 21.0 
21.2 

ca. 20.5 
20.5 

20.2 
20.5 

Ha 

— 
24.2 

ca. 24.4 
24.9 

23.9 

22.8C) 

23.0 

23.5C) 

23.8C) 

23.5C) 

23.5C) 

22.1c) 

22.6 

22.6 
23.1 

ca. 22.5 
22.7 

ca. 22.0 
22.0 

22.4 
22.5 

lib 

— 
26.7 

— 
27.2 

26.8 

27.1 

— 
ca. 27.0 

— 
— 

ca. 26.1 
26.7 

— 
26.9 

— 
26.2 

— 
25.8 

— 
25.8 

a) Ci and C2 represent the symmetry of 
different colors of green and brown.2) 

geometrical isomers.4) b) The complex crystallizes in 
c) Two bands are overlapped. 

to 28000 c m - 1 are less resolved at 303 K. At 113 K all 
the bands show a small blue-shift. In the spectra of 
chloride salts of these complexes, the highest energy 
band in this region is often hidden by an adjacent 
s trong band which arises probably from association 
between the complex and chloride ions in crystals.11) 
T h e four observed bands can be assigned as the two 
sets of split components , la, lb and IIa, IIb resul t ing 
from the spl i t t ing of the 1st ^Tig«—M^Oh)) and the 
2nd (1T2g<—^^(Oh)) d -d bands, respectively in tetrago­
nal symmetry of the complexes. When the symmetry 
of the complexes is approximated to D4h, the bands in 
Fig. 1 can be assigned to the Ia^EgV- lA.\g), 
Ib(1A2g^-1Aig), IIa(1B2g^-1Aig), and I Ib( 1 E g V 1 Ai g ) tran­

sitions, and their energies represented by the angu la r 
overlap model (AOM) formulation12) are 

vu = 3/2eCT(N) + 3/2<?a(Cl) - 2<?*(C1) - C, ( 1 ) 

i>ib = 3<?a(N)-C, (2) 

îia = ea(N) + 2ea(Cl) + 1 6 ß - C , (3) 

via = 5/2ea(N) + 1/2<?0(C1) - 2<?*(C1) + 16B - C, (4) 

where B and C represent the Racah's parameters. 
T h e en(N) parameter was assumed to be zero. Wi th 
the assumpt ion of C—^B, the values of parameters 
were obtained from the data as given in Table 2. T h e 
values of 7400—8000 c m - 1 for *a(N), 4500—5400 c m - 1 

for ea{C\), 300—830 cm" 1 for ^ ( C l ) , and ca. 2000 c m - 1 

Table 2. Ligand Field Parameters of trans-[CoCh(L)]X Calculated from the Data in Table 1 

Complex ^(NJ/cm- 1 e„(CA)/cm-i en(Q)/car C/cm-1 

1. *rans-[CoCl2(NH3)4]Cl 
2. *rans-[CoCl2(en)2)]BF4 

3. *rans-[CoCl2(tn)2)]C104 
4. *rans-[CoCl2(trien)]C104 

7. *rans-[CoCl2(N47)]C104 (C2) 
8. *rans-[CoCl2(N47)]C104 (Ci) 
9. *rans-[CoCl2(N48)]BF4 (C2, green) 

10. *rans-[CoCl2(N48)]C104 (C2, brown) 
11. *rans-[CoCl2(N49)]BF4 

7800 
8000 
7900 
8000 
7800 
7800 
7700 
7400 
7500 

5200 
5400 
5000 
4700 
4500 
4700 
4700 
4500 
4800 

700 
830 
700 
450 
380 
430 
450 
300 
380 

2000 
2000 
2000 
1900 
1900 
2000 
1800 
1800 
1900 



3412 Masanobu TSUCHIMOTO, Masakazu KITA, and Junnosuke FUJITA [Vol. 63, No. 12 

for C(=4B) seem to be appropriate. When the Ha and 
lib bands are assigned as the 1Eg

h<r-1Aig and the 
1B2g<—^îg transitions, respectively, the ea(C\) and 
en(C\) values become exceptionally large. For exam­
ple, the values for £ranj-[CoCl2(NH3)4]Cl are 
eCT(N)=7700 cm-1, eCT(Cl)=6800 cm-1, ^(Cl)=2000 cm-1, 
and C=1800 cm -1. There seems to be no correlation 
between the ea(N) and the ea(C\) values, while a nearly 
linear relationship is seen between the ea(C\) and the 
en(C\) values as shown in Fig. 2. The result indicates 
that the stronger the coordination of CI- to Co(III), 
the stronger the repulsive n interaction of Cl~ with 
Co(III). 

The spectra of a series of £ran5-[CoCl2(N4%)](BF4 or 
CIO4) (x=6—9) are shown in Fig. 3. In the spectra of 
the N46 and N47 complexes both at 113 and 303 K, 
only two and three bands are detected, respectively. 
From a comparison of the four spectra with one 
another, however, it can be concluded that the lb and 
IIa bands of the N46 and N47 complexes overlap each 
other, and the lib band of the former complex is 
hidden by a charge-transfer band. In this series of 
complexes, with a decrease in the size of chelate rings 
the £CT(N) value increases, while the £CT(C1) one does not 
change or decreases (Table 2). Since the energy of the 
lb band depends only on the ea(N) (Eq. 2), and that of 
the IIa band on both the *a(N) and ea(C\) (Eq. 3), the 
increase in energy of the lb band occurred with the 
decrease in size of chelate rings should be much larger 
than that of the IIa band. Consequently, the energy 
difference between the lb and IIa bands becomes small 
with the decreasing size of chelate rings, and they 
overlap in the N46 and N47 complexes, although the 
latter complex shows a small shoulder due to the lb 
band in the spectrum at 103 K. 

The spectra of the en, tn, cyclam, and N47 com­

plexes in methanol solutions were measured to com­
pare with those in the solid state. Except for the N47 
complex, all the complexes show no clear lib band 
both at 193 and 293 K. The N47 complex exhibits the 

G 

1 
G 

3 

Fig. 3. Electronic spectra in the solid state at 303 K 
( ) and 113 K ( ): (a) *rans-[CoCl2(N46)]BF4; 
(b) mms-[CoCl2(N47)]C104 (C2); *rans-[CoCl2(N48)]-
BF4 (C2, green); (d) *rans-[CoCl2(N49)]BF4. 

800 

600 

400 

200 

_ 7 
0 . 

10 

1 

A. 9. 

/? 

1 i 

0 
11. 

1 1 

\y^ 1 

1 . 1 

. / 2 . 

,.. 1 1 J 

4500 5000 5500 

^(ClJ/cm-1 

Fig. 2. Plots of en (CI) vs. ea (CI). The least-squares 
line is en (Cl)=0.56 e0 (CI) -2200, correlation coeffi­
cient: 0.95. 
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Fig. 4. Electronic spectra of £ran5-[CoCl2(N47)]Cl 
(C2) at 293 K ( ) and 193 K ( ) in methanol. 
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Table 3. Ligand Field Bands of mms-[CoCl2(N47)]Cl (Ca) in Methanol Solution Obtained 
by Gaussian Curve Fitting Analysis (*>/103 cm -1) 

T la lb IIa IIb 

K îw(log£) Half width îw(log£) Half width îw(log£) Half width iw(log£) Half width 

293 15.9(1.80) 2.51 21.2(2.10) 3.05 23.5(2.08) 3.67 26.8(1.94) 4.46 
193 16.0(1.81) 2.35 21.5(2.18) 2.77 23.6(2.16) 3.12 26.8(1.99) 3.05 

l ib band a round 27000 cm- 1 . T h e broad band 
a round 22000 cm- 1 will be a over lapping one of the lb 
and IIa components (Fig. 4). In the previous paper,4) 
we assigned this broad band as the lb band, and the l ib 
band as the unsp l i t t ing II band. T h e posit ions of the 
la, lb, IIa, and l ib bands of *rans-[CoCl2(N47)]Cl in 
methanol solution were obtained by the Gaussian 
curve fitting analysis (Table 3). At 193 K, the band 
posit ions remain almost unchanged, but the band 
widths are reduced fairly largely. 
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Binuclear copper(II) complexes of 3,12-bis(carboxymethyl)-6,9-dioxa-3,12-diazatetradecanedioic acid have 
been investigated by EPR. It has been confirmed that three different binuclear complexes are formed, 
depending on the pH of the solution. The complex formed in the low pH region has a copper-copper distance 
of 5.5 Â and a weak magnetic dipolar interaction. The other two are of olated forms with strong magnetic 
interactions between the copper atoms through oxygen bridges. One of them has an antiferromagnetic 
interaction; though the other has a weak antiferromagnetic interaction, it shows a large zero-field splitting. 
Such differences between the magnetic properties of the two olated complexes are attributed to a difference in 
the bridged style, i.e., the former is a mono-/z-hydroxo-bridged complex and the latter is a double-/z-hydroxo-
bridged complex. 

The metal complexes of polyamine-Af-polycar-
boxylic acids are widely used not only in analytical 
chemistry, but also in research in the fields of phar­
macy, medicine, and foodstuffs.1] Their usefulness 
arises from their high stability due to the strong 
chelating ability of such polydentate ligands.2'3) In 
all these fields, ethylenediaminetetraacetic acid 
(H4edta) has been the most fundamental key ligand 
reagent, and many related reagents, such as 3,12-
bis(carboxymethyl)-6,9-dioxa-3,12-diazatetradecane-
dioic acid (H4egta), which is widely used as a bio­
chemical reagent for the sake of high Ca2+ binding 
selectivity, have been derived under the guide of 
H4edta.4'5) The crystal structures recently investi­
gated for the egta4" complexes of alkaline earth metals 
indicate considerable diversity regarding the coordina­
tion number of the metal ions and in the formation of 
polynuclear complexes. ld-5) On the other hand, 
though potentiometrical studies of the chelate com­
plexes of transition metals have often been carried out, 
structural studies have been quite limited.6"8) 

A Potentiometrie titration study concerning the 
interaction between the copper(II) ion and egta4" 
revealed that there exist three kinds of binuclear com­
plexes, expressed as Q12L, Cu2L(OH), and Cu2L(OH)2 
(charges and H2O ligands are omitted for simplicity, 
L=egta4"), in aqueous solutions.7) Carr et al. 
obtained only one structural datum by EPR, which 
shows that the CU2L species has a non-paralell axis 
alignment of the g and A tensors for the two copper(II) 
ions at a separation of about 4.0 Â.8) However, there 
has been no structural information concerning the 
Cu2L(OH) and Cu2L(OH)2 species. One of the pur­
poses of this work was to investigate the complex 
formation between copper(II) ions and egta4" in 
aqueous solution and to clarify the structures of 
the copper(II) complexes formed there by EPR 
spectroscopy. 

On the other hand, numerous studies are now avail­

able concerning the magnetic properties of copper(II) 
binuclear complexes in a solid, in which the nature 
and the magnitudes of the copper-copper interactions 
are related to their molecular structures. Despite 
intensive investigations of the copper(II) binuclear 
complexes, there still remains much uncertainty about 
the structures as well as magnetic properties in solution. 
In this paper we also discuss the magneto-structural 
correlations of binuclear complexes observed for the 
Cu(II)-egta system. 

Experimental 

EPR spectra were recorded with a JEOL JES-FE2XG EPR 
spectrometer over the temperature range 77 K to room 
temperature, and with a Varian El 12 over the range 6 K to 60 
K. All of the sample solutions were prepared by dissolving 
FUegta and copper(II) Perchlorate hexahydrate, and the 
ionic strength was adjusted by addition of sodium Perchlo­
rate. The concentrations of the copper(II) ion and the 
ligand in solutions for EPR measurements were determined 
by titrations. The intensities of the EPR spectra were 
obtained by double integration of the observed first-
derivative spectra. The intra-molecular spin-exchange 
interaction energy, / , was evaluated from the temperature 
dependence of the spectral intensity.9) 

The magnetic susceptibility of Cu2(egta) was determined 
by the Evans method,10) by using a 50 mM solution of 
Cu2(egta) containing 2% i-butyl alcohol as an indicator and 
by recording the NMR spectra with a JEOL JNM-FX90QFT 
NMR spectrometer at 25 °C. 

LUegta from Dojindo Laboratories Co. and copper(II) 
Perchlorate hexahydrate from Nakarai Chemicals, Ltd. 
were recrystallized from hot water. All other reagents were 
of reagent grade, or higher, and were used without further 
purification. Cu2(egta) used for the magnetic susceptibility 
measurements was synthesized as follows. Copper(II) sul­
fate pentahydrate (2.5 g) was added to an aqueous slurry (30 
ml) of FLiegta at 90 °C, the solution was well stirred at this 
temperature until all the compounds were dissolved. The 
resultant solution was cooled and left standing overnight. 
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A dark-blue crystalline compound which appeared was 
washed with water and recrystallized from hot water. (Calcd 
for Cu2Ci4H2oN2Oio-4.5 H 2 0 : C, 28.77; H, 5.00; N, 4.79%. 
Found: C, 28.70; H, 5.06; N, 4.65%). The pH adjustment 
was done without any buffer throughout this work. 

Results and Discussion 

Solution EPR Spectra. Figure 1 shows the EPR 
spectra for aqueous 2:1 and 1:1 Cu(II)-egta solutions 
at pH 4.7. The EPR spectrum of the 1:1 Cu(II)-egta 
solution does not depend on the pH in the range pH 2 
to 10. From the spectral pattern showing equally 
spaced four hyperfine lines, as well as the stoichiome-
try of copper(II) ion and the ligand in solution, the 
spectrum obtained for the 1:1 Cu(II)-egta solution 
can be assigned to the 1:1 mononuclear copper(II) 
complex. 

By contrast, the EPR spectrum of the 2:1 Cu(II)-
egta solution depends on the pH. As Fig. 2 shows, 
the EPR intensities of the 2:1 Cu(II)-egta solution 
gradually decrease upon changing the pH from 5 to 9 
and is reduced to almost zero at pH 10. In this pH 
range there is no possibility of a reduction of Cu(II) to 
Cu(I). On the other hand, from a comparison with 
Fig. 3 (which shows species distribution analysis 

Fig. 1. EPR spectra of Cu2+-egta complexes in fluid 
aqueous solutions at pH 4.70. [Cu2+]=5.00X10"3 

M, [NaClO4]=0.50 M, *>=9.4378 GHz; a, [Cu2 +] / 
[H4egta]=2; b, [Cu2+]/[H4egta]=l. 

calculated by the formation constants reported by 
Schr0der7)) one can see that the pH range revealing the 
decrease of the EPR intensity corresponds well to that 
for an increase in the Cu2L(OH) and Cu2(OH)2 con­
centrations. The decrease in the EPR intensity, 
therefore, can be attributed to the formation of two 
binuclear complexes which are EPR silent in a fluid 
solution, owing to a line-broadening effect of strong 
spin-exchange interactions. The formation of such 
binuclear species is supported by the magnetic suscep­
tibility data and by the frozen solution EPR spectra 
shown later. 

According to the species-distribution analysis in 
Fig. 3, CU2L exists in the pH range from 3 to 9, where 

1.0 

CO 

c 
CD 

CD 

> 

GC 

0.5 h 

6 
pH 

10 

Fig. 2. pH Dependence of the intensities of EPR 
spectra for the 2:1 Cu2+-egta aqueous solution at 
25 °C. Solid line indicates the calculated spectral 
intensity changes (see text). 
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Fig. 3. Species distributions for the 2:1 Cu2+-egta 
solution as a function of pH. [Cu2+]=5.00X10"3 

M. Charges and H2O ligands are omitted for 
simplicity. 
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the EPR spectrum is clearly observed; hence, the 
observed spectrum is attributed to CU2L. Based on 
this assignment, the EPR intensity changes with pH 
were calculated11) by 

\/I = A[K1K2/[H+]2 + K1/[H+] + ll (1) 
where 

£i = [Cu2L(OH)] [H+]/[Cu2L], (2) 
and 

K2 = [Cu2L(OH)2] [H+]/[Cu2L(OH)]. (3) 

In Eq. 1, A is a proportionality constant and K\ andfo 
are the formation constants (expressed by Eqs. 2 and 
3). The calculated result shown by the solid line in 
Fig. 2 satisfactorily fits the experimental data, giving 
strong evidence to the above assignment. The spec­
tral pattern (Fig. 1-a), however, do not comprise the 
equally spaced seven hyperfine lines which are usually 
observed in copper(II) dimers.n) Similar quasi-
mononuclear spectral patterns have been observed for 
some dimers with large copper-copper distances, such 
as Cu2(edta), which has a copper-copper distance of 
5.6 Â in a crystal.12) The CU2L observed here must be 
a binuclear complex of such type. 

Inspection of Table 1 and Fig. 3 shows that /xeff is 
small in the pH range where Cu2L(OH) is a dominant 
species and becomes large in the pH range where 
Cu2L(OH)2 is mainly formed. This indicates that 
coppers in Cu2L(OH) have an antiferromagnetic 
interaction and those in Cu2L(OH)2 have a ferromag­
netic or a weak antiferromagnetic interaction. In 
consideration of the species distribution shown in Fig. 
3, the /Xeff value for Cu2L(OH) was evaluated to be 
about 1.5 B.M. Shr^der considered that egta4" binds 
two copper(II) ions by working as two tridentate 
ligands, and hydroxide ions coordinate successively to 
the two copper(II) ions.7) These coordination forms, 
however, seem to be unreasonable, since these forms 
would not have strong spin exchange interactions. 
Spin exchange interactions in binuclear copper com­
plexes have been extensively studied.13) Hatfield and 
Hodgson have shown that hydroxo-bridged binuclear 
complexes have strong spin exchange interactions 
through the bridges.14) By an analogy, it is more 
likely to consider that the Cu2L(OH) and Cu2L(OH)2 

have olated structures. 
Frozen Solution EPR Spectra. The frozen solution 

EPR spectra of binuclear copper(II) complexes are 

Table 1. Effective Magnetic Moments for the 2:1 Cu2+-
egta Aqueous Solutions at 25 °C and Different pH'sa) 

pH 

5.00 
7.50 
8.25 
9.82 

Meff/BM 

1.82 
1.62 
1.67 
1.86 

useful for finding species which exist in solution and 
to obtain structural information.13'15) The EPR spec­
tra for a 2:1 Cu(II)-egta solution at 77 K are shown in 
Figs. 4 and 5. The EPR signals were observed at all 
pH ranges studied, in contrast to the fluid solution. 
The spectrum at pH 4, which has a better resolution 
than that reported by Carr et al., is attributed to the 
CU2L species (as mentioned above). This spectrum 
shows weak absorption at a low magnetic field of 
about 0.15T, and strong absorption in the region 
around g=2, indicating that the spectrum apparently 
comes from a triplet state having a weak spin-spin 
interaction between the copper atoms. The low-field 
EPR signal corresponds to the AMs=2 transitions 
which arise from magnetic dipolar couplings between 
the two copper(II) ions. 

In general, the AMS=2 spectra give information 
concerning the relative orientation of the nuclear hy­
perfine coupling tensors, and also the orientation of 
the inter-spin vector. Carr et al. pointed out that the 
&12L species has a non-parallel axis alignment of the 
copper(II) ions with respect to the g and A tensors. 
Their conclusion may be reasonable, because the spec­
tral pattern of the AMs=2 transition is very different 
from those of the usual parallel planar dimers with 

a) [Cu2(egta)]=5.00X10-2 M, M=moldm-3 . 

Fig. 4. EPR spectra for the 2:1 Cu2+-egta frozen 
aqueous solutions at 77 K and different pH's. 
[Cu2+]=5.00X10-2 M, [NaC104]=2.5 M, *>=9.1537 
GHz; a, pH 4.7; b, pH 7.5. 
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a) 
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Fig. 5. EPR spectrum for the 2:1 Cu2+-egta frozen 
aqueous solution at 106 K and pH 9.8. [Cu2+]= 
5.00X10-2 M, [NaC104]=2.5 M, ^=9.1819 GHz. 

two identical copper ions with respect to the A and g 
tensors.8'16'17) It has been shown that the intensity 
ratio of the forbidden AMs=2 transition to the allowed 
AMs^l transition depends only on r; hence, it makes 
possible an estimation of the copper-copper dis­
tance.17'18) In the present case, the ratio is 7.3X10"4 

according to the integrated intensities of the spectra; 
it gives a copper-copper distance of 5.5Â:18a) 

r = [(21//)(9.1/y)2]1/6> (4) 

where r is expressed in the unit of Â, / is the relative 
intensity and v is microwave frequency in units of 
GHz. 

The distance r obtained here is useful for estimating 
the correct structure from the two possible types of 
structures for the CU2L species: open configuration 
and compact type. The former, which has been pro­
posed by Shr0der,7) would have a copper-copper dis­
tance of about 16Â, as exemplified by the Mg2(egta) 
crystal.5) On the other hand, the latter type would 
have a copper-copper distance of 4 to 6 Â. Carr et al. 
pointed out that the conformation brought about by 
coordination of the ether-type oxygen has a copper-
copper distance of 4Â.8a) It seems unlikely, however, 
that the ether-type oxygen coordinates to copper(II) 
ions in an aqueous solution; if the copper-copper 
distance were 4 Â, the spectrum might not be observed 
in a fluid solution because of its large anisotropic 
interaction and short relaxation time. According to 
the CPK molecular model, even when the ether-type 
oxygens are far away from the copper atoms, a 
copper-copper distance of 4—6Â may be possible to 
realize. CU2L, therefore, must have a compact-type 
conformation, as shown in Fig. 6a. This is also 
reasonable from the view point that the complex 

N U 

b) crVo 

N N 

C'u. .£u--0'\ ^ 

c) 

Fig. 6. Proposed complex structures, a, CU2L; 
b} Cu2L(OH); c, Cu2L(OH)2. 

shows a quasi-mononuclear hyperfine pattern in a 
fluid solution, since Cu2(edta) has a copper-copper 
distance of 5.6 Â and also shows such a hyperfine 
pattern. Though there may be a possibility of coor­
dination of water molecules, even if this is the case, the 
coordinating water molecules must be in such a state 
that they do not significantly affect the magnetic 
properties of the complex. 

The EPR spectrum for the 2:1 Cu(II)-egta solution 
at pH 7.5 and at 77 K is shown in Fig. 4b. The 
spectral pattern at the g=2 region indicates the pres­
ence of two different binuclear copper(II) complexes. 
From the equilibrium analysis given in Fig. 3, one of 
the binuclear copper(II) complexes is assigned to 
Cu2L and the other to Cu2L(OH). The Cu2L(OH) 
species has a relatively large \D\ value of about 0.05 
cm"1, which is estimated from the zero-field splitting 
pattern in the g=2 region. It was mentioned above 
that the species has an antiferromagnetic interaction. 
The \D\ value presented here also indicates that this 
complex has an appreciable spin-spin coupling and, 
hence, the species may have an olated form, as shown 
in the binuclear copper(II) complexes of polyamine-
Af-polycarboxylic acid reported by Martell et al.3) 

(Fig. 6b). 
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The EPR spectrum observed for the 2:1 Cu(II)-egta 
solution at pH 9.8 and 77 K shows broad signals at 
magnetic field strengths of 0.05 T and 0.5—1.0 T, 
besides a sharp signal with a hyperfine structure at the 
magnetic fields of 0.25—0.35 T, which can be assigned 
to the residual mononuclear species (Fig. 5). From 
the pH dependence of the signal intensities (Fig. 2) 
and an equilibrium analysis (Fig. 3), the triplet state 
signal observed here is attributed to Cu2L(OH)2. The 
spectral pattern shows that Cu2L(OH)2 has a much 
larger \D\ value (about 1 cm-1) than that of CU2L-
(OH), suggesting that Cu2L(OH)2 is also a complex of 
an olated type (Fig. 6). 

When the EPR triplet spectra do not show any 
microwave power saturation, the spectral intensity, /, 
is regarded as being proportional to the paramagnetic 
susceptibility of the binuclear complex, and is 
expressed by 

I = C/T(3+exp(-2J/kT))-\ (5) 

where C is a proportionality constant and / is the 
isotropic spin-exchange interaction energy.9'13e) The 
/ value is, therefore, determined from the temperature 
variation of the relative EPR intensities. Since the 
linewidths were kept constant over the entire tempera­
ture range, a relative peak height of the AMs=2 transi­
tion was used as a substitute for /. The temperature 
dependence of the signal intensities, thus obtained, for 
Cu2L(OH)2 is shown in Fig. 7. The solid line is the 
relative intensity change calculated by using Eq. 4 
with J=—5 cm"1, showing good fit with the experi­
mental data. 

There are a few /x-hydroxo-bridged binuclear 
copper(II) complexes which have a small / value, but 
a large \D\ value.20) Theoretical and experimental 

Fig. 7. Temperature dependence of the relative 
intensities of the low field transitions for the 
Cu2L(OH)2 complex. • , experimental data; , 
calculated with /=—0.5 cm"1. 

studies show that the copper-copper distance (r) and 
the Cu-O-Cu bridging angle (0) are the key factors in 
determining the magnitude of the exchange interac­
tions. Hatfield and Hodgson have shown that the / 
value varies steadily with the 0 value, and that a 
singlet ground state occurs for 0>97.5° and a triplet 
ground state occurs for 0<97.5°.14) On the other 
hand, Chariot et al. have shown that the zero-field 
splitting paramter \D\ decreases with an increase in r 
for the case of 0>9O°.2O) They summarized / and \D\ 
values of various di-/x-hydroxo-bridged binuclear cop-
per(II) complexes with known bridging structure. In 
reference to them, the r and 0 values of Cu2L(OH)2 
were estimated to be ca. 3 Â and ca. 99°, respectively. 

The experimentally obtained zero-field splitting 
paramter, |D| , is given by the sum of two components: 
the through-space magnetic dipole interaction 
between the two copper ions, Ddd, and the spin-orbit 
coupling contribution, Dso.

13) For the Cu2L(OH)2 
complex, Ddd was calculated, based on the copper-
copper distance estimated above, to be about 0.1 cm"1, 
which corresponds to 10% of the observed \D\. DSO 

contains a term for the two-electron exchange integral, 
;, in the excited electronic configuration; the variation 
of Dso arises mostly from /. A theoretical calculation 
for a model complex shows that / has a maximum for 
0 close to 95°.13a'20> The fact that Cu2L(OH)2 has a 
large Dso seems, therefore, reasonable from the pro­
posed complex structure. 

In mono-/x-hydroxo-bridged complexes, the steric 
restriction for the structure is less than that for the 
double-bridged ones and the bridged angle may be 
nearly constant at 130°, determined by the hybridiza­
tion of the oxygen's atomic orbitals.21'22) It seems 
reasonable to consider that the correlations of / and ; 
to the 0 shown for the di-/x-hydroxo-bridged com­
plexes also hold for mono-/x-hydroxo-bridged com­
plexes, since the magnitudes of / and ; are related to 
the overlap densities between the magnetic orbitals of 
the two copper centers and they depend on 0.2O) It is, 
therefore, expected that Cu2L(OH), which was esti­
mated to have a large 0, has both a large / value and a 
small j . This expectation is consistent with the 
experimental observation that the Cu2L(OH) complex 
has an appreciable antiferromagnetic interaction and 
a small | D |. This also justifies the estimated complex 
structure. As was shown above, / and \D\ are useful 
for estimating the coordination geometry of hydroxide 
ions in such /x-hydroxo-bridged binuclear copper(II) 
complexes in solution. 

The present work was partially supported by Grant-
in-Aid for Scientific Research No. 61430012 from the 
Ministry of Education, Science and Culture. 

References 

1) a) J. K. Hovey and L. G. Hepler, Inorg. Chem., 27, 



December, 1990] EPR Investigation of Binuclear Copper(II) Complexes of EGTA 3419 

3442 (1989); b) A. A. McConnell, R. H. Nuttall, and D. M. 
Stalker, Talanta, 25, 426 (1978); c) R. H. Nuttall and D. M. 
Stalker, Talanta, 24, 355 (1977); d) C. K. Schauer and O. P. 
Anderson, / . Am. Chem. Soc, 109, 3646 (1987). 

2) G. Schwarzenbach and H. Ackermann, Helv. Chim. 
Acta, 30, 1798 (1947); G. Schwarzenbach and H. Ackermann, 
^ . , 3 2 , 8 3 9 ( 1 9 4 9 ) . 

3) a) R. J. Motekaids and A. E. Martell, / . Am. Chem. 
Soc, 92, 4223 (1970) ; b) R. M. Smith, R. J. Motekaids, and 
A. E. Martell, Inorg. Chem., 24, 1132 (1985). 

4) a) G. Anderegg, Helv. Chim. Acta, 47, 1801 (1964); 
b) A. E. Martell and R. M. Smith, "Critical Stability Con­
stants," Plenum, New York (1974), Vol. 1. 

5) C. K. Schauer and O. P. Anderson, Inorg. Chem., 27, 
3118(1988). 

6) a) K. H. Schroder, Acta Chem. Scand., 17, 1087 (1963); 
b) K. H. Schroder, Acta Chem. Scand., 17, 1509 (1963); c) J. 
Oakes and E. G. Smith, / . Chem. Soc, Faraday Trans. 1, 79, 
543 (1983); d) K. Ohzeki, M. Saruhashi, and T. Kambara, 
Bull. Chem. Soc. Jpn., 53, 2548 (1980). 

7) K. H. Schroder, Acta Chem. Scand., 19, 1347 (1965). 
8) a) S. G. Carr, T. D. Smith, and J. R. Pilbrow, / . 

Chem. Soc, Faraday Trans. 2, 1974, 497; b) T. D. Smith and 
J. R. Pilbrow, Coord. Chem. Rev., 13, 173 (1974). 

9) H. Yokoi and M. Chikira, / . Chem. Soc, Dalton 
Trans., 1975, 2101. 
10) a) D. E. Evans, / . Chem. Soc, 1969, 2003; b) J. 

Loeliger and R. Scheffold, / . Chem. Educ, 49, 646 (1972). 
11) a) S. Kawata, M. Iwaizumi, H. Kosugi, and H. Yokoi, 

Chem. Lett., 1987, 2321; b) M. G. B. Drew, B. P. Murphy, J. 
Nelson, and S. M. Nelson, / . Chem. Soc, Dalton Trans., 
1987, 873. 
12) T. V. Filippova, T. N. Polynova, M. A. Porai-Koshits, 

N. V. Novozhilova, and L. I. Martynenko, Zh. Strukt. 
Khim., 14,280(1973). 

13) a) C. P. Keijzers, "Electron Spin Resonance," ed by M. 
C. Symons, (A Specialist Periodical Report), The Chemical 
Society, London (1987), Vol. 1, 10B; b) O. Kahn, Struct. 
Bonding (Berlin), 68, 89 (1987); c) "Magneto-Structural 
Correlations in Exchange Coupled Systems," ed by R. D. 
Willett, D. Gatteschi, and O. Kahn, D. Reidel, Dordrecht 
(1985); d) P. J. Hay, J. C. Thibeault, and R. Hoffmann, / . 
Am. Chem. Soc, 97, 4884 (1975); e) B. Bleaney and K. D. 
Bowers, Proc. Soc. London, Ser.A, 214, 451 (1952). 

14) a) W. E. Hatfield, Inorg. Chem., 22, 833 (1983); b) W. 
H. Crawford, H. W. Richardson, J. R. Wasson, D. J. Hodgson, 
and W. E. Hatfield, Inorg. Chem., 15, 2107 (1976); c) D. J. 
Hodgson, Prog. Inorg. Chem., 19, 173 (1975). 

15) H. Yokoi, S. Kawata, and M. Iwaizumi, / . Am. Chem. 
Soc, 108, 3361 (1986). 

16) a) H. Yokoi and M. Chikira, / . Am. Chem. Soc, 97, 
3975 (1975); b) M. Chikira and H. Yokoi, / . Chem. Soc, 
Dalton Trans., 1977, 2344; c) H. Yokoi, A. Takeuchi, and S. 
Yamada, Bull. Chem. Soc. Jpn., 58, 2990 (1985); d) M. 
Chikira, D. Thesis, Tohoku University, 1975. 

17) N. Kobayashi and A. B. P. Lever, / . Am. Chem. Soc, 
109, 7433 (1987). 

18) a) S. S. Eaton, K. M. More, B. M. Sawant, and G. R. 
Eaton, / . Am. Chem. Soc, 105, 6560 (1983); b) K. Toriyama 
and M. Iwasaki, / . Am. Chem. Soc, 101, 2516 (1979). 

19) a) L. Banci, A. Bencini, and D. Gatteschi, / . Am. 
Chem. Soc, 105, 761 (1983); b) V. K. Voronkova, M. V. 
Eremin, L. V. Mosina, and Yu. V. Yablokov, Mol. Phys., 50, 
379(1983). 
20) M.-T. Chariot, Y. Journaux, O. Kahn, A. Bencini, D. 

Gatteschi, and C. Zanchini, Inorg. Chem., 25, 1060 (1986). 
21) P. L. Burk, J. A. Osborn, and M.-T. Youinou, / . Am. 

Chem. Soc, 103, 1273(1981). 
22) C. J. Cairns and D. H. Busch, Coord. Chem. Rev., 69, 

1 (1986). 



3420 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 3420—3425 (1990) [Vol. 63, No. 12 

An X-Ray Diffraction Study on Zinc(II) Complexes with 
a-Alaninate Ion in Aqueous Solution 
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The structures of mono(a-alaninato)zinc(Il), bis(a-alaninato)zinc(II), and tris(a-alaninato)zincate(II) com­
plexes in aqueous solutions were determined by the X-ray diffraction method. All the three complexes have 
the octahedral structure in the form [Zn(a-ala)(H20)4]+, [Zn(a-ala)2(H20)2], and [Zn(a-ala)3]~. The structures 
of the complexes were different from those of the glycinato complexes of zinc(II) ion, which were all regular 
octahedral. The length of the Zn-O bond in the a-alaninato complexes was shorter than that of the Zn-N 
bond due to the inductive effect of the substituted methyl group at the a-carbon on the oxygen atom in the 
amino acid. The lengths of the Zn-O and Zn-N bonds in the complexes determined are, respectively, as 
follows: [Zn(a-ala)(H20)4]+, 202 and 214 pm; [Zn(a-ala)2(H20)2], 203 and 214 pm; [Zn(a-ala)3]_, 202 and 213 pm. 

In spite of a number of structural studies of chelate 
compounds of transit ion metals by the X-ray crystallo-
graphic method, no information has been available 
for the structural change wi th varying l igand numbers 
in a series of chelate complexes of a given metal ion 
wi th one kind of l igand, besides solvent molecules, 
because of difficulties of prepar ing single crystals of 
all kinds of the chelate complexes formed in solutions. 
T h e l iqu id X-ray diffraction method has an advantage 
for the structural analysis of complexes over the crys-
ta l lographic method because in the former method we 
need not isolate the complexes as single crystal, bu t we 
can determine their structures in solut ion even though 
some complexes coexist. 

A l though zinc(II) ion does not belong to the transi­
t ion metals, chelate complexes of this ion are of spe­
cial interest due to its ability to form a great variety of 
complexes with coordinat ion number of four and six 
and to its impor tance in biochemical reactions. It is 
well k n o w n that the aqua complex of zinc(II) ion is 
octahedral in solution.1 _ 4 ) However, the structure is 
changed from octahedral to tetrahedral when ethyl-
enediamine is introduced as the l igand to form 
the bis-complex.5^ T h e tris(ethylenediamine)zinc(II) 
complex is certainly octahedral.5) O n the other hand , 
the glycinato complexes of zinc(II) ion are all regular 
octahedral, i.e., [Zn(gly)(H20)4]+ , [Zn(gly)2(H20)2] 
and [Zn(gly)3]", in water, the lengths of Z n - O and Zn-
N bonds being the same and constant at 210 p m 
wi th in an uncertainty of ± 2 pm. 6 - 9 ) In the present 
work we extended our studies to the zinc(II) complexes 
wi th a-a lanine (a-ala) by l iquid X-ray diffraction to 
examine the effect of the substituted methyl g r o u p on 
the structure of the metal complexes. 

Experimental 

Preparation and Analysis of Sample Solutions. All 

"ff* Present address: Central Research Institute for Chemis­
try of the Hungarian Academy of Sciences, Budapest, P. O. 
Box 17, H-1525, Hungary. 

chemicals used were of reagent grade. Two test solutions 
were prepared. Solution A, which contained the tris(a-
alaninato)zincate(II) complex as the predominant species, 
was prepared by dissolving crystals of the bis(a-
alaninato)zinc(II) complex in an aqueous solution of 
lithium a-alaninate. According to the distribution curves 
of the complexes calculated from the stability constants of 
the zinc(II)-a-alaninato complexes,10-11) about 95% of the 
complexes in the solution should be the tris-complex. 
Solution B, in which about 45% of mono(a-alaninato)-
zinc(II), 45% of the bis(a-alaninato)zinc(II) and 10% of the 
tris(a-alaninato)zincate(II) complexes were present, was pre­
pared by dissolving crystals of the bis-complex in an aque­
ous zinc(II) Perchlorate solution. 

The bis(a-alaninato)zinc(II) complex was prepared from 
a-alanine dissolved in a hot sodium hydroxide solution and 
zinc(II) oxide by the addition of acetic acid in the mixture. 
Crystals of the bis(a-alaninato)zinc(II) complex thus 
obtained were recrystallized twice from water. 

Lithium a-alaninate was prepared by dissolving a-
alanine in a methanol solution of lithium hydroxide. 
Crystals obtained were recrystallized from ethanol. 

The total concentration of zinc(II) ions was determined by 
EDTA titration. Densities of the test solutions were mea­
sured pycnometrically. The composition and the densities 
of the solutions are given in Table 1. 

X-Ray Scattering Measurements. X-Ray scattering mea­
surements were performed with a JEOL 8-6 type diffrac-
tometer by using Mo Ka radiation (A=71.07 pm). The 

Table 1. The Composition (mol dm - 3) and Stoichiometric 
Volume per Zinc Atom in the Sample Solutions 

Zn 
Li 
CI 
O 
N 
C 
H 
F/106pm3 

Density/gem -3 

Solution A 

1.189 
1.513 

— 
49.41 

3.891 
11.67 

106.6 
1.397 
1.181 

Solution B 

1.189 
— 

1.157 
55.43 

1.660 
4.980 

106.6 
1.397 
1.196 
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observed range of scattering angle (20) was from 1.5° to 140°. 
Times required to accumulate 100000 counts at each angle 
were recorded. The method of measurements and data 
treatments were the same as those described in the measure­
ment of Zn(II)-glycinate solutions.6-8) Calculations were 
carried out using KURVLR12> and NLPLSQ13* programs 
with the computers of the Tokyo Institute of Technology. 

Results and Discussion 

Method of Structural Analysis. N u m b e r i n g of 
atoms in the coordinated a-a laninato ion is given in 
Fig. 1. T h e observed structural functions, s- i(s), and 

Fig. 1. A view of an a-alaninato ion with central 
zinc(II) ion. The atoms without letters are hydro­
gen atoms. 

0 2 4- B 8 10 12 14- 16 U 

s/10-2 p m - 1 

Fig. 2. Experimental (circles) and calculated (lines) 
structure functions of aqueous zinc(II)-a-alaninate 
solutions A and B. 

pair-correlat ion functions, g(r), for the two solutions 
are shown in Figs. 2 and 3, respectively. T h e analysis 
of the results was carried out by the nonl inear least-
squares (LSQ) method by varying structural parame­
ters obtained from the radial distr ibution curves and 
models constructed as the ini t ial values. T h e fit was 
moni tored th rough the i?-factor as defined as follows: 

R = 
S [S • J(S)exp — S • z(s)model]2 

2 [ ^ ) e x p ] 2 (1) 

where s is the scattering variable (s=4n sin 0/X). 
T h e contr ibut ions to the structure of each solut ion, 

in pr inc ip le , can be divided in to four parts: the intra­
molecular structure of a-a laninate and Perchlorate 
ions, the structure of the complexes, the hydrat ion 
structure of the cations and anions, and the bu lk 
structure of water. T h e intramolecular O - H and 
H---H interactions as well as the H-bonding O - H 
interactions can be neglected in the course of the L S Q 
calculations. 

T h e first broad peak a round 100 p m in the g(r)'s are 
evidently due to intramolecular contribution predomi­
nant ly ar is ing from atom-pairs in the a-alaninate ions 
and C l - O pairs in Perchlorate ions in Solution B. 
T h e peak at ca. 210 p m contains the peak due to the 
Zn-OH2 bonds in the complexes. T h e Zn-N and Zn-

0 200 4-00 600 800 1000 

r/pm 

Fig. 3. Pair-correlation functions of aqueous zinc-
(Il)-a-alaninate solutions A and B. Experimental 
(circles), calculated (lines) functions and the sum of 
the contributions of the discrete structure units 
(dashed). The chain line with two dots shows the 
contribution of the continuum. 
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O bonds between zinc(II) ion and a-alaninate ions in 
the complex should also appear in this region. Peaks 
due to nonbonding atom-atom pairs within a-
alaninato ions and the Li-O bonds within the 
hydrated lithium ions may appear in the same region. 
The peak centered at about 300 pm can be ascribed to 
nonbonding atom-pairs of other types in the com­
plexes and in the hydration structure of the ions. 
The maximum around 420 pm may be attributable to 
the water-water distance at the second neighbor in the 
bulk structure and other long range nonbonding 
atom-atom distances in the complicated ligand 
anions. In order to obtain reliable structural 
parameters, the coordination number nPq, the mean 
interatomic distance rPq and the temperature factors 
bpq of the p-q atom pair in the complexes, therefore, a 
careful analysis of the experimental data must be 
needed with additional information at the construc­
tion of the structural models of the complexes in the 
solutions. 

For long range interactions beyond the discrete dis­
tributions of these distances, terms of the continuous 
distribution of electrons were introduced in order to 
fully reproduce the experimental structure functions. 
The mathematical form of the theoretical structure 
function is given as follows: 

s • i(s) = s • id(s) + s • ic(s), (2) 

where s • id(s) includes the discrete part of contribu­
tions 

s • id(s) = s • J^npqcPqjo(srPq) exp (-bPqs
2), (3) 

and s • ic(s) describes the continuum: 

5 • ic(s) = -inp0^]^]cPqRPq
2]\(sRPq) exp (-BPqs

2). (4) 

Here cPq refers to the weight of the contribution of the 
interaction of a p-q atom pair to the total intensity of 
scattered X-rays comprising the scattering powers of 
atoms and their stoichiometric weights, jm(x) is the 
spherical Bessel-function of the mth order.14) The 
structural parameters describing the continuum terms 
are the distance RPq beyond which a continuous distri­
bution of electrons of atom q around the central p 
atom. BPq is a parameter describing the sharpness of 
the boundary RPq. 

The LSQ fitting procedure was extended over the 
whole 5-region for the calculations. Systematic 
checks were also made by varying the minimum s 
value from 0.02 to 0.06 pm - 1 , but no significant 
change could be observed in the structural parameters 
obtained. Introduction of the structural parameter 
values found in pure water to the calculations was not 
successful to reproduce the double peak appearing at 
5=0.02—0.03 pm - 1 , because the water structure in the 
electrolyte solutions may be significantly changed due 
to intermolecular interactions between water mole­
cules and solute species. Such disagreements between 
experimental and calculated s • i(s) values have been 

seen in previous papers.6_8) Therefore, we did not 
extend the improvement of the LSQ calculations 
to obtain a better fit in the 5-range smaller than 0.04 
pm - 1 . 

Intramolecular Structure of a-Alaninate Ion. The 
parameter values for the intramolecular structure of a-
alaninate ion were taken from the result of neutron 
diffraction studies in the solid phase.15) The parame­
ter values were allowed to vary during the fitting 
procedures. No significant change in the parameters 
could be observed, however. The parameter values 
finally obtained are summarized in Table 2. The 
first peak in the g(r) functions of both solutions A and 
B were satisfactorily reproduced by using the values. 
Moreover, the agreement among the intramolecular 
structural parameters of a-alaninate, glycinate,6) and 
ß-alaninate ions16) was also satisfactory within the 
limits of errors. 

The Structure of Perchlorate Ion. The structure of 
the Perchlorate ion present in Solution B was de­
scribed with four parameters as follows: the distances 
rci-o=143 and ro-o—234 pm, and the temperature 
factors 6ci-o=10 and 6o-o=100 pm2.17) 

The Hydration Structure of Ions. The hydration 
structures of free Li+ and Zn2+ ions were taken into 
consideration in the course of the structural analysis 
of the solutions. 

Lithium ions were only present in Solution A and 
the contribution of the hydrated lithium ions to the 
structural function was not significant. In the fitting 
procedure the tetrahedral18) and octahedral19) structures 
were assumed with the Li-O distance of 200—220 pm 
and the O - O nonbonding distances calculated from 
either regular tetrahedral or octahedral structure of the 
hydrated complex. No significant influence of the 
supposed structural forms of the hydrated lithium ion 
on the i?-factor was observed, and thus the tetrahedral 
structure was retained at the final analysis of the total 

Table 2. Intramolecular Structural Parameters, Distances 
rPq and Temperature Factors bPq for the a-Alaninate Iona) 

p-q 

N-H 
C/3-H/3 
d a - r i a 

C-Oi 
c-o2 
Ca-N 
Ca-Cj8 

ca-c 
0 1 - 0 2 

c a . o 2 
a - O i 
Q s - N 
C - N 
Q s - C 

rPq/pm 

103.6(5) 
108.2(5) 
109.3(5) 
124.2(5) 
125.8(5) 
148.7(5) 
152.4(5) 
153.1(5) 
222.4(5) 
236.9(5) 
238.6(5) 
246.3(5) 
247.3(5) 
251.9(5) 

^ / 1 0 2 p m 2 

03(1) 
0.3(1) 
0.3(1) 
0.1(1) 
0.1(1) 
0.1(1) 
0.1(1) 
0.1(1) 
0.3(1) 
0.3(1) 
0.3(1) 
0.3(1) 
0.3(1) 
0.3(1) 

a) Uncertainties given in parentheses are probable 
values estimated from experimental errors. 
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structure function of Solution A. 
Hydrated Zn2+ ions exist in Solution B according to 

stoichiometric considerations. The structural parameters 
of the hydrated zinc(II) ions were also introduced to 
the fitting procedure by assuming the regular octahe­
dron for the structure. The parameters obtained are 
listed in Table 4, together with the parameters of the 
complexes in Solution B. The parameter values for 
the hydrated zinc(II) ion thus obtained were very close 
to the literature values.1_4) 

Structure of the Zinc(II)-a-Alaninato Complexes. 
During the calculations it was assumed that the distri­
bution of the complexes in the solutions was the same 
as that predicted from the stability constants. 

Solution A. The detailed LSQ structural analysis 
on the s • i(s) function confirmed that the main species 
formed in the solution was the tris(a-alaninato)-
zincate(II) complex. The zinc(II) ion has the coordi­
nation number of six consisting of three oxygen and 
three nitrogen atoms. Since we cannot a priori 
exclude any other combinations of (6—n) oxygen 
atoms and n nitrogen atoms in the coordination 
sphere of the zinc(II) ion, models with varying n were 
tested during the LSQ analysis. The best result was 
obtained with the unique 30 and 3N combination. 
The carboxylato oxygen atom in the coordination 
sphere is denoted as Oi as shown in Fig. 1, while the 
carbonyl oxygen is referred to O2. 

At the LSQ procedure, the Zn-Oi and Zn-N dis­
tances and their temperature coefficients were taken as 
independent parameters, while the frequency parame­
ters were fixed at 30 and 3N. The structural parame­
ters finally obtained for the complex are summarized 
in Table 3. The result in Table 3 shows that the 
Zn-Oi bond is shorter than the Zn-N bond by about 10 

Table 3. Structural Parameters for the Tris(a-
alaninato)zincate(II) Complex in Solution A: 
Distances rpq, Temperature Factors bPq, and 

Coordination Numbers nPq. Standard 
Deviations for Independent 

Parameters are given 
in Parentheses 

p-q 

Z n - O i 
Z n - N 
Z n - C 
Zn*"C a 

O - O 
N- Oi 
N - N 
O 1 - O 1 
Q r - O i 
Q r - 0 2 
N - O 2 
Z n - 0 2 

Z n - Q s 

rPq/pm 

202(1) 
213(1) 
281(2) 
287(2) 
291(2) 
293b) 

301b) 

285b) 

366(2) 
316(2) 
366(3) 
407(4) 
425(5) 

bPq/\0
2 p m 2 

0.3(1) 
0.4(1) 
0.4(2) 
0.5(2) 
4.9(1) 
1.0a) 

1.0a) 

1.0a) 

1.0a) 

1.0a) 

1.0a) 

0.5(2) 
1.4(9) 

npq 

3a) 

3a) 

3a) 

3a) 

3.6(3) 
6a) 

3a) 

3a) 

la) 

la) 

la) 

3a) 

3a) 

pm. In the tris(glycinato)zincate(II) complex we 
found the equal lengths of the Zn-Oi and Zn-N 
bonds.8) On the other hand, different Zn-Oi and Zn-
N bond lengths were observed for the tris(glycinato)-
nickelate(II) complex.6) 

The LSQ procedure was examined for various com­
binations of the Zn-Oi and Zn-N bond lengths. The 
/^-factors were calculated for various models with 
different combinations of the Zn-Oi and Zn-N bond 
lengths. In the calculations one of the lengths of the 
bonds was fixed at a given value shown in the note of 
Fig. 4 and the length of the other bond was stepwise 
varied over the range from 195 to 220 pm. The R-
factors thus obtained for the various combinations are 
plotted against either the Zn-Oi or Zn-N bond length 
in Fig. 4. The minimum of the /^-factor was 
obtained for the combination of Zn-Oi=202 pm and 
Zn-N=213 pm (open circles in Fig. 4A). As expected, 
approximately the same value of the i?-factor was 
obtained for the combination of Zn-N=202 pm and 
Zn-Oi=213 (closed circles in Fig. 4A). The X-ray 

0.66 

0.64 

a) Fixed, b) Calculated from the bond lengths in the 
first coordination shell. 

r/pm 

Fig. 4. Values of the ft-factor as a function of the 
Zn-X distance at the LSQ procedures for solutions A 
and B. Symbols in the figure are indicated as 

follows: 

Symbol 
O 

CD 
O 

e 

X 

Oi 
N 
Oi 
N 
Oi 
N 

Bond fixed 

Z n - N 
Z n - O i 
Z n - N 
Z n - O i 
Z n - N 
Z n - O i 

Di s t ance /pm 

213 
202 
208 
208 
202 
213 
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diffraction technique can hardly distinguish between 
oxygen and nitrogen atoms and it happens especially 
in the liquid X-ray diffraction method in which less 
precise structural information is usually given com­
pared with the crystallographic X-ray diffraction 
method. Thus the set of structural parameters of 
shorter Zn-N bonds than Zn-O bonds gave the same 
results in the i?-factor as those for the set of shorter 
Zn-O bonds than Zn-N ones. However, the former 
combination could be excluded because the shorter 
Zn-N bond than the Zn-Oi bond resulted in a signifi­
cant distortion of the a-alaninato ion in the coordina­
tion shell, as we have seen in the case of the [Ni(gly)3]~ 
complex6^. The value of the i?-factor obtained for the 
combination of the same length of the Zn-Oi and Zn-
N bond at 208 pm ( 0 and d ) was larger than the 
minimum value obtained for the different Zn-Oi and 
Zn-N bond lengths. 

The different lengths of the Zn-Oi and Zn-N bonds 
in the [Zn(a-ala)3]~ complex may be caused by the 
inductive effect of the methyl group which gives more 
electrons to the Oi atom than the N atom having a less 
electronegativity than the former. On the other 
hand, the different bond lengths in the tris(glycinato) 
complexes of zinc(II) and nickel(II) ions may be due to 
the different electron configurations of these metal 
ions, the latter has a larger TC-electron accepting ability 
from the carboxylato oxygen atom than the former 
which has the d10 electrons. 

Solution B. In the course of the LSQ analysis, 
various geometrical forms were tested for the com­
plexes [Zn(a-ala)]+ and [Zn(a-ala)2]. For the former 
[Zn(a-ala)(H20)4]+ and [Zn(a-ala)(H20)2]+ was assumed, 
while for the latter octahedral [Zn(a-ala)2(H20)2] and 
the tetrahedral [Zn(a-ala)2] structures were taken into 
consideration. The frequency factors of the atom 
pairs were fixed at a given combination of the geomet­
rical forms assumed for the complexes in the course of 
the LSQ refinement of the structural parameters. 
The bond lengths and the temperature factors of atom 
pairs in the first coordination shell of the zinc(II) ions 
were freely floated around the initial values inserted at 
the beginning of the calculations. The initial values 
were taken from the values of the hydrated zinc(II) ion 
and the tris-complex. Some other structural parame­
ters of nonbonding atom-pairs were also allowed to 
vary independently from other parameter values. 
The amounts of the complexes in the solution were 
fixed at the given values calculated from the stability 
constants. 

The results were summarized in Table 4. In this 
case different Zn-Oi and Zn-N bond lengths were 
obtained for both mono- and bis(a-aninato)zinc(II) 
complexes. The length of the Zn-OFb bond in the 
complexes was practically the same as that in the aqua 
complex. All the complexes existing in the solution 
were six-coordinated ones. Any attempt to reduce the 
coordination number of the zinc(II) ion in the corn-

Table 4. Structural Parameters for the Hydrated Zinc(II) 
Ion, Mono(a-alaninato)zinc(II) and Bis(a-alaninato)-

zinc(II) Complexes in Solution B: Distances rPq, 
Temperature Factors bPq, and Coordination 

Numbers nPq. Standard Deviations 
for Independent Parameters 

are given in Parentheses 

p-q rpq/pm bPq/\0
2 pm2 nPq 

[Zn(H20)6]2+ 

Zn-O 
O - O 

[Zn(a-ala)(H20)4]+ 

Zn-Oi 
Zn-N 
Zn-OH2 

OH2-OH2 
O1-OH2 
N - O H 2 
N - O i 
Z n - C 
Z n - C a 

[Zn(a-ala)2(H20)2] 
Zn-Oi 
Zn-N 
Zn-OH2 

O1-OH2 
N - O H 2 
N - O i 

208a) 

294a) 

202(1) 
214(1) 
208(1) 
290b) 

289b) 

296b) 

294b) 

287(2) 
288(2) 

203(1) 
214(1) 
208(1) 
289b) 

296b) 

295b) 

0.3(1) 
1.0a) 

0.3(1) 
0.4(1) 
0.3(1) 
1.0a) 

1.0a) 

1.0a) 

1.0a) 

0.4(2) 
0.5(2) 

0.3(1) 
0.4(1) 
0.3(1) 
1.0a) 

1.0a) 

1.0a) 

6a 

12a) 

la 

la) 

4a) 

5a) 

3a) 
3a) 
la) 

la) 

la) 

2a) 

2a) 

2a) 

4a) 

4a) 

4a) 

a) Fixed, b) Calculated from the bond lengths in the 
first coordination shell. 

plexes led to a significant increase in the i?-factor. 
Similarly, the peak around 200—220 pm in the g(r) 
curve were not well reproduced under an assumption 
of the coordination number of the zinc(II) ion less 
than 6. 

The same examination for checking the reliability 
of the conclusion of different Zn-Oi and Zn-N bond 
lengths as demonstrated for the tris-complex was car­
ried out. The results were graphically summarized 
in Fig. 4B. Very similar patterns of changes in the R-
factors plotted against the Zn-Oi or Zn-N bond length 
were obtained as found for the tris-complex. The 
minimum value of the i?-factor appeared at Zn-
Oi=202—203 pm and Zn-N=214 pm. The minimum 
obtained at Zn-Oi=Zn-N=208 pm was slightly larger 
than that obtained in the preceding case. Thus, we 
concluded that the lengths of the Zn-Oi and Zn-N 
bonds were different in the a-alaninato complexes of 
zinc(II) ion. 
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In Situ Observations of the Phase Transition among Cobalt(II) Dichloride 
Hydrates and Crystal Structures of the Tetra- and Hexahydrates 

Kenji WAIZUMI,* Hideki MASUDA, Hi tosh i OHTAKI ,* Katsuo TSUKAMOTO,* and Ichiro SUNAGAWA* 
Coordination Chemistry Laboratories, Institute for Molecular Science, Myodaiji, Okazaki 444 

+Institute of Mineralogy, Petrology and Economic Geology, Faculty of Science, Tohoku University, Aoba, Sendai 980 
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Transformation among cobalt(II) dichloride hydrates in aqueous solutions was studied by the optical 
microscopic method. Although there are three hydrates (C0CI2 • 6H2O, C0CI2 • 4H2O, and C0CI2 • 2H2O) in the 
phase equilibrium diagram, the only solution mediated transformation between C0CI2 • 6H2O and C0CI2 • 2H2O 
could be observed under the present experimental conditions and it was confirmed that C0CI2 • 4H2O hardly 
formed compared with the other two hydrates. In order to investigate the reason why C0CI2 • 4H2O was hardly 
crystallized at the transformation from C0CI2 • 6H2O through C0CI2 • 2H2O and vice versa, the crystal structure 
of C0CI2 • 4H2O was investigated by the X-ray diffraction method. The structure of C0CI2 • 6H2O was reexam­
ined because previously reported results had a relatively large ft-factor. The crystal of CoCl2-4H20 is 
monoclinic, space group P2i/a with fl=ll.548(1)A, 6=9.342(1)1, c=6.056(l)A, ß=\ 10.79(1)°, and Z=4. The 
complex has a slightly distorted octahedral geometry about Co2"1" ion and two Cl~ ions are located at the cis-
position. The crystal of CoCl2-6H20 is monoclinic, space group C2/ra with 0=1O.38O(2)A, 6=7.048(1)A, 
c=6.626(l)A, 0=122.01(1)°, andZ=2. The geometry around the cobalt ion is also octahedral with four water 
molecules and two chloride ions at the equatorial and the axial positions, respectively. The remaining two 
water molecules are linked to the two CI" ions by hydrogen bonding. The difficulty of crystallization of 
C0CI2 • 4H2O crystals in solutions was explained in terms of the relatively unstable cis-dichloro structure of the 
[CoCl2(H20)4] moiety and its crystal structure stabillized by hydrogen bonding network between the cis-form 
moieties. 

T h e problem how crystals form from solutions still 
remains unsolved, a l though at tempts to elucidate this 
problem have been examined from various view­
points . Transformat ion of a hydrate in to other 
hydrates draws attention of industries to apply the 
p h e n o m e n o n to heat storage processes.12) Structures 
of hydrate crystals have been discussed in relation to 
the structure of hydrated ions in solution from the 
viewpoint of crystal growth. Recently, Yamaguchi et 
al.3) studied the structure of calcium(II) dichloride 
hydrate melt by means of X-ray diffraction and sug­
gested that the structural dissimilarity between 
CaCl2 • 6H2O crystal and its melt should be responsi­
ble for the easy supercooling. 

Trans i t ion metal dihalides form various hydrat ion 
states in the solid state. Aqueous solutions of cobalt-
(II) chloride have well been studied from their charac­
teristic visible absorption spectra to determine the 
structure of species in solut ion and it is well accepted 
that the hexahydrated octahedral cobalt(II) ion 
changes its structure to tetrahedral in a highly concen­
trated solution of chloride ions at h igh temperatures. 
From the structural analyses of C0CI2 aqueous solu­
tions by X-ray diffraction4-8) and visible absorpt ion 
spectra,910) it has been found that the following spe­
cies can be present: [Co(H20)6]2 + (octahedral), 
[CoCl (H 2 0) 5 ] + (octahedral), [CoCU]2" (tetrahedral) as 
the major species and [CoCl2(H20)4] (octahedral) and 
[CoCl3(H20)]~ (tetrahedral) as the minor ones. 

Cobalt(II) dichloride forms three hydrates (CoCl2-
n E h O , n=6, 4, and 2) over the temperature range of 0 
to 100°C. Among them, the tetrahydrate can exist in 
relatively narrow range of the composi t ion and 

temperature in aqueous solut ion compared with the 
other hydrates (Fig. 1). Indeed, Etard11) could not 
find the formation of the tetrahydrate, but Benrath12) 
observed the formation of CoCl2-4H20 through a 
careful experiment by the use of the gravimetric 
method at the temperature range between 48 and 57 °C 
as shown in Fig. 1. 

/ 30 40 50 60 70 80 

C o C l 2 ( w t % ) 

Fig. 1. C0CI2-H2O binary phase diagram. Solid 
lines are those determined by Benrath,12) dashed 
lines by Etard.11) A dotted line is drawn from the 
present experiment for the supercooled system con­
taining C0CI2 • 2H 20. 
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T h e crystal structure determinat ion of C0CI2 • 2H2O 
has been made by Vainshtein13) and later by Morosin 
et al.14) in more detail inc luding the hydrogen atoms 
in its analysis with a final reliability factor of 
# = 0 . 0 7 3 . T h e crystal structure of C o C l 2 - 6 H 2 0 was 
determined by several authors1 5 ) and by Mizuno1 6 ) 

without considering contr ibut ions of hydrogen atoms. 
However, no report has been given for the crystal 
structure of C0CI2 • 4H2O. 

In the present study we aimed at elucidat ing the 
mechanism of the transformation of the CoCi2- nH2<3 
crystals from the structural viewpoint of complexes in 
solut ion and in crystal in each phase, and we exam­
ined observations of changes in the crystal form under 
a microscope. T h e X-ray structural determinat ion of 
CoCl2-4H20 crystal was also carried out. Since a 
rather large ^-factor was reported by Mizuno16) at his 
crystal structural analysis of C0CI2 • 6H2O, we redeter­
mined its structure. 

T h e difficulty of the formation of CoCi2-4H20 
compared with C0CI2 • 6H2O and C0CI2 • 2H2O is dis­
cussed from the viewpoint of its molecular structure 
and hydrogen bond ing network in the crystal. 

Experimental 

(A) Observations under Microscope. Cobalt dichloride 
hexahydrate of reagent grade was purchased from Junsei 
Chem. Co., Ltd. and used without further purification. 
Aqueous solutions of C0CI2 were prepared by dissolving 
C0CI2 • 6H2O in water. Solutions with different concentra­
tions were kept as thin layers of about 1.0 mm thickness 
between two pieces of round cover glass and sealed with an 
adhesive to observe crystals in dark colored solutions. The 
sealed chip was put in a glass cell thermostated within 
±0.2 °C. 

A C0CI2 aqueous solution saturated at 68.0 °C was kept at 
63.0 °C, and then CoCl2-2H20 crystals deposited from the 
solution. Then, the C0CI2 • 2H2O crystals and the mother 
liquid was cooled from 63.0 °C to 46.0 °C with the velocity of 
1.5 °C min-1. 

When a solution saturated at 70.0 °C was kept at 45.0 °C, 
and thus, C0CI2 • 6H2O crystals were formed, and then the 
temperature of the liquid containing the C0CI2 • 6H2O 
crystals was elevated from 45.0 °C to 60.0 °C with the velocity 
of 1.5°Cmin-i. 

In both experiments, the cells were set up on the stage of 
an optical microscope and the transformation of crystals in 
the solutions were observed. Several experiments were 
examined with different heating and cooling rates, but the 
crystal formation of C0CI2 • 4H2O was not observed in the 
present study. 

In the experiments, C0CI2 • 2H2O crystals could be distin­
guished from C0CI2 • 6H2O crystals, since the latter has the 
prismatic well-developed (100) faces,16) whereas the former 
has a characteristic needle or prismatic morphology17) 
parallel to [001]. 

(B) Structure Determination by Means of X-Ray Diffrac­
tion. Preparation of Samples. CoCi2'4H20 crystals for 
the X-ray analysis were obtained at 53.0 °C, according to the 
phase diagram given in Fig. 1, from an aqueous solution of 
cobalt dichloride saturated at 60.0 °C. After several days, 
dark red crystals of C0CI2 • 4H2O were obtained in the form 
of an approximately cubo-octahedron. Dark pink C0CI2 • 
6H2O crystals were obtained at 25.0 °C from a solution 
saturated at 30.0 °C. 

X-Ray Structure Analysis. Crystals of C0CI2 • 4H2O and 
C0CI2 • 6H2O with approximate dimensions of 0.25X0.3X0.3 
mm and of 0.30X0.40X0.50 mm, respectively, were used for 
collecting intensity data. Each crystal was coated with 
paraffin to avoid the conversion to other hydrate complexes 
during the measurement. Both unit cell dimensions and 
diffraction intensities were measured on a Rigaku AFC-5R 
automated, four-circle diffractometer with graphite-
monochromatized Mo-^a radiation (A=0.71073Â). The 
crystal data for C0CI2 • 4H2O and C0CI2 • 6H2O are given in 
Table 1 together with those for C0CI2 • 2H2O. Intensities of 
2073 and 825 reflections (±h, +k, +1) for C0CI2 • 4H 2 0 and 
C0CI2 • 6H2O, respectively, were measured within the range 
20<6O° with the co-26 scan mode at a scanning rate of 
4° min - 1 in co and with the scan width of (1.0+0.5 tan0)°. 
Reflections were monitored every 100 points by three stand­
ard reflections. There was no significant variation in the 
intensities during the data collection. The intensities were 
converted to FQ data in a usual manner. No absorption 
correction was applied. The standard deviations, o(F0), 
were estimated by counting statistics. The determination 
of the crystal structures was carried out by using 1757 and 
451 independent reflections for CoCl2*4H20 and CoCk* 
6H2O, respectively, with |F0 |>3a(|F0 |). 

Structure Determination. Both structures of CoCk* 
4H2O and CoCl2-6H20 were solved by the heavy atom 
method and refined by the full matrix least-squares method. 
A preliminary X-ray examination showed that the CoCk* 

Table 1. Crystal Data of Cobalt Dichloride Hydrates 

Space group 
Molecular weight 
a/A 
b/k 
c/K 
ß/° 
v/K? 
Dx/g cm - 3 

Z 
^(Mo^cO/cm - 1 

CoCl2-6H20 

C2/m 
237.93 

10.380(2) 
7.048(1) 
6.626(1) 

122.01(1) 
441.0 

1.922 
2 

27.8 

CoCl2-4H20 

P2i/a 
201.89 

11.598(1) 
9.342(1) 
6.056(1) 

110.79(1) 
613.4 

2.186 
4 

36.8 

CoCl2-2H2017> 

C2/m 
165.87 

7.256 
8.575 
3.554 

97.55 
219.2 

2.513 
2 

50.9 
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6H2O crystal is monoclinic and the unit cell contains two 
units of [CoCl2(H20)4]. The systematic absence of diffrac­
tions from hkl for h+k=2n+\, hOl for h=2n+\, and 0£0 for 
k=2nJr\ indicated three possible space groups C2/m, Cm, or 
C2. Among them, C2/m was tentatively assumed and the 
successive Fourier syntheses revealed an approximate 
structure. Finally, the full matrix least-squares refinement 
was carried out for the three possible space groups and the 
result showed that the space group C2/m was the most 
probable one. 

Several cycles of refinement including refinements for 
anisotropic thermal parameters were carried out. The 
weighting scheme used at the final stage was w= 
{[adFohP+tO.OlSlFol)2}"1. The positions of all H atoms 
were determined by the difference Fourier map method and 
the atomic parameters were refined isotropically. The final 
R and Rw values were 0.025 and 0.039, respectively, for 
CoCl2-4H20, and 0.058 and 0.073, respectively, for 
C0CI2 • 6H2O. The final difference maps showed no signif­
icant features. Atomic scattering factors and anomalous 
dispersion terms were taken from "International Tables for 
X-Ray Crystallography," (1974).18> All calculations were 
carried out on a HIT AC M-680H computer at the Computer 
Center of the Institute for Molecular Science by using the 

Table 2. Atomic Parameters for C0CI2 • 4H2Oa] 

Co 
Cl(l) 
Cl(2) 
O(l) 
0(2) 
0(3) 
0(4) 
H(1A) 
H(1B) 
H(2A) 
H(2B) 
H(3A) 
H(3B) 
H(4A) 
H(4B) 

X 

7655.3(2) 
6197.2(4) 
9324.7(4) 
8391 (1) 
6971 (1) 
8674 (1) 
6321 (1) 
917 (3) 
803 (3) 
697 (3) 
626 (3) 
878 (3) 
933 (4) 
574 (3) 
655 (4) 

y 

1700.8(2) 
3644.8(5) 
3060.6(5) 
2276 (2) 
1151 (1) 
-201 (2) 
417 (2) 
194 (3) 
204 (3) 
39 (3) 
135 (3) 
-49 (4) 
-23 (5) 
69 (3) 

-18 (5) 

z 

7516.2(4) 
6512 
10278 
4909 
10227 
8301 
5032 
525 
361 
1033 
1007 
725 
937 
415 
464 

(1) 
(1) 
(2) 
(2) 
(3) 
(3) 
(6) 
(6) 
(6) 
(6) 
(6) 
(9) 
(5) 
(8) 

ßeq Or B/A2 

1.3 
1.8 
2.0 
1.9 
1.9 
2.5 
2.3 
4.1 
4.2 
4.2 
3.9 
4.7 
10.0 
3.0 
8.6 

a) Atomic coordinates (X104; for HX103), equivalent 
isotropic temperature factors for non-H atoms and 
isotropic temperature factors for H atoms. Beq=4/3 
(aß2n+2abcosyßi2-). 

UNICS III19* program system. Final atomic parameters are 
listed in Tables 2 and 3 for C0CI2 • 4H 2 0 and C0CI2 • 6H2O, 
respectively. 

Our results obtained for C0CI2 • 6H2O were essentially the 
same as those by Mizuno16* and Saffar.20* 

Results 

(A) Observations under Microscope. In a pre-

(A) 

:WÊKWMÊCCÔOI 2
:i ^ o f ^ l l p i i 

(B) 

(C) 

'-. ; ÎH9O 

Table 3. Atomic Parameters for C0CI2 • 6H2O1 b) 

Co 
CI 
O(l) 
0(2) 
H(1A) 
H(1B) 
H(2A) 
H(2B) 

X 

0 
2743 (2) 
299(4) 
2203 (7) 
108 (9) 
-73 (10) 
290(16) 
210(19) 

y 

0 
0 

2028 (6) 
5000 
301 (16) 
295 (18) 
500 
500 

z 

0 
1690 (3) 
2496(6) 
3057(10) 
278(12) 
205(14) 
415(20) 
146 (26) 

ßeq or B/A2 

1.1 
1.7 
1.9 
1.5 
5.0 
6.9 
4.9 
7.1 

b) Atomic coordinates (X104; for HX103), equivalent 
isotropic temperature factors for non-H atoms and 
isotropic temperature factors for H atoms. 5eq=4/3 
(aß2n+2abcosyßi2-). 

100/xm 

Fig. 2. The transformation of CoCi2-2H20 into 
CoCl2-6H20 without CoCl2-4H20. In (A) 
(50.0 °C), CoCl2-2H20 crystals grow even in the 
stable region of C0CI2 • 6H2O. C0CI2 • 6H2O crys­
tals are growing on the right hand side in pictures 
(B) and (C) (46.0 °C) and CoCl2-2H20 crystals are 
dissolving on the left hand side in the pictures. 
The intervals between (A) and (B) and between (B) 
and (C) were about 2.7 minutes and about one 
minute, respectively. 
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l iminary experiment, we observed that C o C i 2 - 2 H 2 0 
prepared at 63.0 °C cont inuously grew u p wi th 
decreasing temperature and the crystals were growing 
even at temperatures lower than 57.0 °C at which 
CoCl2-2H20 crystal should transform to C o C h -
4H2O. T h e crystal growth was still cont inued at 
temperature lower than 49.0 °C at which C0CI2 • 4H2O 

100 / /m 

Fig. 3. The transformation of C0CI2 • 6H2O into 
CoCl2-2H20 without CoCl2-4H20 at about 50 °C. 
In (A) and (B), CoCl2 • 6H 2 0 crystals located near 
the center of the photographs are quickly dissolving 
and a number of small CoCl2-2H20 crystals are 
growing around CoCl2-6H20 crystals. In (C), 
CoCl2*6H20 crystals were completely dissolved. 
The interval between (A) and (B) or (B) and (C) was 
a few seconds. 

crystal should transform to C o C l 2 - 6 H 2 0 (Fig. 2 (A)). 
Then , C0CI2 • 6H2O crystals formed in the solut ion in 
which CoCi2-2H20 crystals still remained, and the 
CoCl2-6H20 crystals started to grow with a further 
decrease in temperature. With the growth of C0CI2 • 
6H2O crystals, the CoCi2-2H20 crystals stopped 
growing and then the crystals were gradually dis­
solved (Fig. 2 (B)—(C)). Finally, the reaction reached 
an equ i l ib r ium between C0CI2 • 6H2O crystals and the 
solution. 

We examined the reverse process in which CoCi2-
6H2O crystals formed at 45.0 °C were dissolved with 
r ising temperature. At about 50.0 °C C o C i 2 - 2 H 2 0 
crystals were started to form and grew a round 
C0CI2 • 6H2O crystals, which quickly dissolved in the 
solut ion (Fig. 3 (A)—(C)). Some small C0CI2 • 2 H 2 0 
crystals once formed disappeared with increasing 
temperature and large crystals remained in the 
solution equil ibrated with the crystals at 60.0 °C. 

In these observations, formation of CoCi2-4H20 
crystals and the transformation of C o C ^ - ô F b O or 
C0CI2 • 2 H 2 0 to C0CI2 • 4 H 2 0 could not be seen due 
probably to a relatively large velocity of temperature 
changes and the only solution-mediated transforma­
tion between C o C i 2 - 6 H 2 0 and C o C i 2 - 2 H 2 0 was 
observed. From the present in-situ observations it is 
confirmed that the formation of C0CI2 • 4H2O crystals 
were especially difficult in the course of the successive 
crystal formation process from C0CI2 • 6H2O th rough 
C0CI2 • 2H2O and vice versa. 

(B) Structure of CoCl2-4H 2 0 . Molecular struc­
ture of C0CI2 • 4H2O determined is shown in Fig. 4 (B) 
with the a tomic number ing by O R T E P drawing.21) 
T h e bond lengths and bond angles are listed in Tab le 
4. T h e structure a round the cobalt(II) ion in 
CoCi2-4H20 is distorted octahedral with the cis-
configuration with respect to the CI" ions. T h e 
cobalt(II) ion is displaced by 0.05 Â out of the p lane 
defined by the three water oxygen atoms and one 
chloride ion towards the axial chloride ion. T h e 
molecular structure is similar to that of M n C V 
4H2Û.22) T h e axial C o - O bond length in this com­
plex was 2.094(2) Â, which is compared wi th the 
median C o - O bond length (2.090 Â) from 121 com­
pounds reported previously.23) However, the lengths 

Table 4. Bond Lengths/A and Angles/0 for CoCl2 • 4H 2 0 

Co-Cl(l) 
Co-O(l) 
Co-0(3) 
Cl(l)-Co 
Cl(l)-Co 
Cl(l)-Co 
Cl(2)-Co 
Cl(2)-Co-
0( l ) -Co-
0(2)-Co-
0(3)-Co-< 

2.406(1) 
2.115(1) 
2.094(2) 

Cl(2) 95.54(2) 
87.55(4) 
88.74(2) 
91.10(4) 

174.83(5) 
92.22(6) 
87.44(6) 
83.76(6) 

0(2) 
0(4) 
0(2) 
0(4) 
0(3) 
0(3) 
0(4) 

Co-Cl(2) 
Co-0(2) 
Co-0(4) 
Cl(l)-Co-
Cl(l)-Co-
Cl(2)-Co-
Cl(2)-Co-
0( l ) -Co-
0( l ) -Co-
0(2)-Co-

2.422(1) 
2.123(1) 
2.107(2) 

-O(l) 93.05(4) 
-0(3) 170.83(5) 
-O(l) 86.88(4) 
-0(3) 92.22(5) 
0(2) 177.94(6) 
0(4) 90.01(6) 
0(4) 91.97(6) 
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C1(1) 
H(2B) CI 

0(2) C^? 

H(2A)C H"'(1A) 
H(1A) H^ 2 B ) 

0(1) /> 

#H'(1B) 0(2) 

- \ ( 1 B ) H<2A> 

GH'(2A) H'(1A) 

À 0'(2) 
CI H'(2B) 

(A) 

H(3B) 

Fig. 4. Schematic comparison of octahedral units. (A) hexa-, (B) tetra-, and (C) dihydrates of cobalt 
dichloride. (A) and (B) are ORTEP drawings with thermal ellipsoids scaled at 30% probability 
level.21) In (C), each CI" ion is linked by two Co2+ ions.14) H atoms are represented by small circles 
with 0.1 Â radius. 

a 

Fig. 5. An ORTEP drawing of the crystal structure for C0CI2 • 4H2O with thermal ellipsoids 
scaled at 30% probability level.21) H atoms are represented by small circles with 0.1Â 
radius. 

of the three equatorial C o - O bonds (2.107(2), 2.115(1), 
and 2.123(1) Â) are significantly longer than that of 
the axial one. 

O n the other hand, the axial Co-Cl bond length 
(2.406 Â) is also significantly shorter than that of the 
equator ia l Co-Cl bond length, 2.422(1) Â, and the 
median Co-Cl bond length (2.417 Â) estimated from 
11 compounds reported in the literature.23) T h e rela­
tively short axial Co-Cl bond length suggests that the 

bond may have covalent na ture (Co-Cl—2.31 Â—1.32 A 
(Co)+0.99Â (Cl))24> rather than ionic (Co-Cl=2.56Â 
- 0 . 7 5 Â (Co2 + (high spin))+1.81 A (CI")).25) 

In the crystal distorted octahedral [CoCl2(H20)4] 
uni ts are connected with each other by hydrogen 
bonds (broken lines in Fig. 5); 

Cl(l)-O'(3)=3.160(2)A, C1(1)-0"(1)=3.166(1)A, 

Cl"(2)-0(2)=3.168(2) A, and Cl(2)-O'(4)=3.307(l) A. 
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T h e lengths of the hydrogen bonds are in good 
agreement with those of the typical C1---0 hydrogen 
bonds.26) In these hydrates, hydrogen bonds between 
water molecules and coordinated chloride ions may 
play an essential role in the formation of their crystal 
structures and contr ibute to make the cis-configura-
tion. 

Grindstaff et al.27) suggested that the molecular 
structure of CoCi2-4H20 was similar to that of the 
[CoCl2(H20)4] molecular un i t of CoCi2- 6H2O crystal 
because the reflectance spectra and magnetic moments 
for the hexa- and tetrahydrates are very similar. 
However, the molecular structure of CoCi2-4H20 
determined in this work is different from their expec­
tation and has the cis-configuration. 

(C) Structure of C 0 C I 2 6 H 2 O . Molecular struc­
ture of C0CI2 • 6H2O is shown in Fig. 4(A) with atomic 
number ing . T h e bond lengths and bond angles are 
summarized in Table 5. T h e geometry about the 
cobalt(II) ion is the hexa-coordinated one with four 
water molecules at the equator ia l posit ions of a square 
plane with a crystallographically complete p lanar 
fashion and two chloride ions at the trans posit ion. 
T h e remain ing two water molecules are linked to 
the two chloride ions with hydrogen bonds 
(C1-0=2 .176(2)A) . T h e equatorial C o - O bond 
length, 2.081(5) Â, is comparable to the median C o - O 
bond length given in the literature (2.090 A)23> and also 
to the axial C o - O bond length in C0CI2 • 4 H 2 0 . T h e 

axial Co-Cl bond length, 2.445(2) Â, is significantly 
longer than the axial and equatorial Co-Cl bond 
lengths in C o C l 2 - 4 H 2 0 . 

T h e un i t cell of the crystal structure of C o C h -
6H2O contains two discrete octahedral groups of 
[CoCl2(H20)4] and four water molecules as shown in 
Fig. 6. T h e cobalt ion is located at the center of 
symmetry which has a two-fold axis and a mirror 
plane. T h e octahedron groups are connected wi th 
each other with hydrogen bonds (broken lines in 
Fig. 6); 

Cl( l ) -0(2) = 3.176(2)AandO(l)-OÄ(2) = 2.767(4)A, 

and the length of the hydrogen bonds are also in good 
agreement with those of the typical CI- O and 0- - -0 
hydrogen-bonds,2 6 ) respectively. 

Table 5. Bond Lengths/A and Angles/0 for C0CI2 • 6H2Oc; 

Co-Cl 2.445(2) 
Cl-Co-O(l) 89.39(14) 
Cl-Co-0"(l) 90.61(14) 
Cl'-Co-O(l) 90.61(14) 
Cl ' -Co-0"( l ) 89.39(14) 
Cl-Co-Cl / 180 
0 ( l ) -Co-0 , ( l ) 93.24(17) 
0 ( l ) -Co-0 , , , ( l ) 86.76(17) 
0 , ( l ) -Co-0 , , , ( l ) 180 

Co-O(l) 2.081(5) 
Cl-Co-O'(l) 
Cl-Co-0 , , ,( l ) 
Cl '-Co-O'(l) 
Cl , -Co-0 , , , ( l ) 

0( l ) -Co-0 , , ( l ) 
0 ' ( l ) -Co-0"( l ) 
0 , , ( l ) -Co-0 , , , ( l ) 

89.39(14) 
90.61(14) 
90.61(14) 
89.39(14) 

180 
86.76(17) 
93.24(17) 

c) Symmetry code: O'(l): ~x, y, -z; 0"(1), Cl': ~x, -y, 
-r,0"'{\):x,-y,z. 

H;-(IB) 

H;(2A) 

^ r H»'2B) \ 
H(1A)OJ 

H-;'(IB) 

C\,i (2JWO 

0(2) §g 
H(2A) 

Fig. 6. An ORTEP drawing of the crystal structure for C0CI2 • 6H2O with thermal ellipsoids scaled at 
30% probability level.21) H atoms are represented by small circles with 0.1 A radius. 



3432 Kenji WAIZUMI, Hideki MASUDA, Hitoshi OHTAKI, Katsuo TSUKAMOTO, and Ichiro SUNAGAWA [Vol. 63, No. 12 

Discussion 

The phase diagram of C0CI2 hydrates is shown in 
Fig. 1. The solubility curve reported by Benrath12) 

(marked by solid lines) bounds the region where the 
thermodynamically stable chemical compounds exist, 
while the dashed curve reported by Etardn) can be 
considered to be the boundaries for C0CI2 • 6H2O and 
CoCi2-2H20 as metastable compounds in a stable 
region of CoCi2-4H20. The observed transforma­
tion under a microscope seems to follow the solubility 
curve proposed by Etard and dotted line in Fig. 1. As 
described in a previous section, the dihydrate crystals 
grew along the dotted curve when temperature was 
decreased to a supercooling temperature and the 
tetrahydrate crystals do not form in the cooling pro­
cess. The hexahydrates formed at about 47 °C, which 
is slightly lower than the temperature given for the 
transition in the phase diagram. When we heated a 
solution equilibrated with the hexahydrate crystals, 
the crystals gradually dissolved and the dihydrate crys­
tals formed. The hexahydrates could not exist at a 
higher temperature than about 50 °C as expected from 
the peritectic temperature reported by Etard.n) No 
crystal of the tetrahydrate was observed in the course 
of the temperature change of the solution. Hydrogen 
bonds in the C0CI2 • 6H2O crystal may be broken due 
to thermal vibrations of atoms and dihydrate crystals 
formed under the present experimental conditions. 
Crystals of CoCi2-4H20 might be formed when the 
temperature would be changed much slowly. 

The molecular structures for CoCk-ôFbO and 
C0CI2 • 4H2O are shown in Fig. 4, together with that 
for CoCl2-2H20. In the CoCl2-2H20 crystal, four 
chloride ions in the square plane and two water mole­
cules along the axis are octahedrally coordinated to a 
cobalt ion to form the [CoCl4(H20)2] unit. The chlo­
ride ions are shared between the adjacent cobalt(II) 
ions to form polymeric chains along the c axis. The 
Co-Cl and Co-O bond lengths for hexa-, tetra-, and 
dihydrate complexes are in the order as follows: 

For the Co-Cl bond length, di-(equatorial, 2.450, 
2.478 Â) « hexa-(axial, 2.445 A) >tetra-(equatorial, 2.422 
A ) ^ t h e median value (2.417 A) in the literature23) 
>tetrahydrate(axial, 2.406 A); 

For the Co-O bond length, tetra-(equatorial, 2.123, 
2.115, 2.107 A) >tetra-(axial, 2.094 A) « the median value 
(2.090 A) in the literature23) « hexa-(equatorial, 2.081 A) 
>dihydrate(axial, 2.040 A). 

The order indicates that the hexahydrate has an 
axially elongated octahedral form, whereas the di- and 
tetrahydrates are axially compressed octahedral one. 
In the hexahydrate, the two water molecules out of the 
octahedron may pull the axial CI" ions by hydrogen 
bonding to elongate the axial bond length. On the 
other hand, four CI" ions at the equatorial position 
are shared by the adjacent cobalt(II) ions to form an 
infinite polymeric chain and thus the two water mole­

cules at the axial position may be more attracted 
toward Co2+ ion. In the tetrahydrate, C1--H-0 hy­
drogen bonds may be responsible for the formation of 
the uniquely distorted form of the octahedron. 

The complex species to be formed in the solu­
tion have been reported to be [Co(H20)6]2+, 
[CoCl(H20)5]+, [CoCl2(H20)4], [CoCl3(H20)]- and 
[C0CI4]2-.4-10) 

From the present in-situ observation under a micro­
scope, it was seen that C0CI2 • 4H2O can hardly form 
in solutions compared with CoCi2-6H20 and 
CoCl2-2H20. The reason for the difficulty of crys­
tallization of C0CI2 • 4H2O can be considered from the 
X-ray results as follows: In solution the aqua com­
plex [CoCl2(H20)4] exists as a minor component,4-10) 
which may have the trans-configuration because the 
trans-form should be more stable than the cis-form 
according to the consideration of steric repulsion 
between two chloride ions. However, the CoCi2-
4H2O unit in the crystal has a cis-form, which may be 
stabilized in the crystal by the formation of hydrogen 
bonds between CI" ions and H2O molecules. Thus 
the formation of C0CI2 • 4H2O should accompany the 
structural change from the trans-form (in the case of 
CoCl2-6H20 the two CI" ions are in the trans posi­
tion) to the cis-form. The kinetics of the formation 
of C0CI2 • 4H2O crystals should be related to the con­
centration of [CoCl2(H20)4] in solution and the acti­
vation energy of the cis-trans configurational change 
of the complex, as well as the ordering velocity of the 
units to form the hydrogen bonding network at crys­
tallization. Although we can not conclude which 
process plays the major role in the kinetics of crystalli­
zation of the CoCl2-4H20, it is suggested that the 
structure of ionic species in solution may play an 
important role in the process of the crystal formation. 

The complete F0—Fc data are deposited as Docu­
ment No. 9088 at the Office of the Editor of Bull. 
Chem. Soc. Jpn. 
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The complexes [MX2(PMe2py-P)2] (M=Pd(II), Pt(II); X=C1, Br, and I) have been synthesized and 
characterized both in the solid state and in solution by their infrared and 1H, 13C, and 31PNMR spectra, in 
addition to an X-ray crystallographic analysis of a5-[PdCl2(PMe2py-P)2]. The latter complex exists as a cis-
trans equilibrium mixture in solution, while only the eis isomer has been isolated in the solid state. The 
[PdBr2(PMe2py-P)2] complex which has been isolated as the trans isomer shows also the same isomerization in 
solution, in contrast to [PdBr2(PMe2Ph)2] which exists only as the trans isomer both in the solid state and in 
solution. Furthermore, PMe2py has been found to have the ability for chelation via the nitrogen and 
phosphorus atoms to make a four-membered chelate ring. The chelate ring in the complexes 
[PdX(PMe2py)2]Y (X=C1, Br, and I; Y=C104~, PFO") has been confirmed by infrared spectra and X-ray analysis 
of cw(P,P)-[PdCl(PMe2py-P,iV)(PMe2py-P)]C104. This is the first example in which PMe2py is acting as a 
chelating ligand. 

While the chemistry of metal complexes of 2-
(diphenylphosphino)pyr id ine (PPli2py) has been 
studied extensively,1-6) no report has been published 
on metal complexes of analogous 2-(dimethyl-
phosphino)pyr id ine (PMe2py) except for the gold(I) 
complexes.7) T h e PIVtepy l igand is less bulky and 
more basic than PPri2py, and therefore its complexes 
are expected to have different properties from those of 
the PPli2py complexes. T h i s paper describes the syn­
thesis and characterization of pal ladium(II) and plati-
num(II) complexes of the [MX2(PMe2py)2]-type, in 
addit ion to an X-ray structure analysis of cis-
[PdCl2(PMe2py-P)2]. Also, the prepara t ion of palla­
d i u m ^ ) complexes, in which PMe2py forms a four-
membered chelate r ing, is reported together with an 
X-ray structure analysis of cz5(P,P)-[PdCl(PMe2py-
P,A0(PMe2py-P)]ClO4 . 

Exper imenta l 

The phosphine ligand was handled under an atmosphere 
of nitrogen until they formed air-stable metal complexes. 
All solvents used for the preparation of ligands and com­
plexes were deoxygenated by bubbling nitrogen through 
them for 20 min immediately before use. Tetramethyldi-
phosphane8) and [PdC^CoHsCN^]9) were prepared by the 
literature methods. 

Preparation of 2-(dimethylphosphino)pyridine (PMe2py). 
The method of Inoguchi et al.7> was modified for the prepa­
ration of this ligand. A mixture of tetramethyldiphos-
phane (5.57 g, 45.6 mmol) and potassium metal (3.50 g, 91.3 
mmol) in tetrahydrofuran (300 cm3) was stirred for 1 day at 
30 °C, and unreacted potassium metal was removed. To 
the yellow-orange solution of potassium dimethylphos-
phide was added deaerated 2-chloropyridine (10.37 g, 91.3 
mmol) dropwise with stirring. The resulting dark brown-
red solution was stirred for 2 h, and the solvent was evapo­
rated under reduced pressure. The residue was extracted 
with diethyl ether (150 cm3X3) to remove KCl. The reddish 

extract was distilled under reduced pressure (bp 60—72 °C, 
1.07 kPa) to give a colorless oily product (5.41 g). It was an 
azeotropic mixture of PMe2py and unreacted 2-chloro­
pyridine, and the purity was determined from the XH NMR 
spectrum to be 90%. 

Preparation of Complexes. cis-[PdCl2(PMe2py-P)2]: To 
a dichloromethane solution (10 cm3) of [PdCl^CeHsCN^] 
(1.17 g, 3.06 mmol) was added a methanol solution (10 cm3) 
of PMe2py (852 mg, 6.12 mmol) with stirring. During the 
addition of the ligand a yellow precipitate appeared. (The 
product is nearly insoluble in water and common organic 
solvents and has the composition PdCl2(PMe2py). Found: 
C, 26.57; H, 3.18; N, 4.43%. Calcd for C7Hi0Cl2NPPd: C, 
26.57; H, 3.19; N, 4.43%.) When the addition of the ligand 
was completed, the precipitate had dissolved to give an 
orange solution. The solution was evaporated to dryness 
under reduced pressure, the residue was washed with diethyl 
ether (50 cm3), and dissolved in a mixture of dichloro­
methane and methanol (1:1). The solution was filtered, 
and the filtrate was allowed to stand. Pale yellow crystals 
were formed by slow evaporation of the solvent, collected by 
filtration and recrystallized from hot methanol. Yield: 1.26 
g (90.4%). Found: C, 36.90; H, 4.44; N, 6.07%. Calcd for 
Ci4H2oCl2N2P2Pd: C, 36.91; H, 4.42; N, 6.15%. The com­
plex is very soluble in chloroform and dichloromethane and 
soluble in methanol, acetone, and acetonitrile. 

frans-[PdBr2(PMe2py-P)2]: The complex was prepared 
by reaction of a5-[PdCl2(PMe2py-P)2] with KBr. To a di­
chloromethane solution (10 cm3) of a5-[PdCl2(PMe2py-P)2] 
(700 mg, 1.54 mmol) was added a methanol solution (60 cm3) 
of KBr (731 mg, 6.14 mmol). The mixture was stirred 
overnight at room temperature, and evaporated to dryness 
under reduced pressure. The residue was extracted with 
dichloromethane (30 cm3), and the extract was mixed with 
methanol (30 cm3). The solution was allowed to evaporate 
slowly, yielding yellow crystals of frans-[PdBr2(PMe2py-P)2], 
which were collected by filtration and recrystallized from 
hot methanol. Yield: 795 mg (95.1%). Found: C, 30.72; H, 
3.56; N, 5.10%. Calcd for Ci4H2oBr2N2P2Pd: C, 30.88; H, 
3.70; N, 5.14%. 

frans-[Pdl2(PMe2py-P)2]: This complex was prepared by 
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a method similar to the dibromo complex using KI instead 
of KBr. Reddish orange crystals were obtained by recrystal-
lization from a mixture of dichloromethane and methanol 
(1:1). Yield: 94.9%. Found: C, 26.24; H, 3.08; N, 
4.42%. Calcd for Ci4H2ol2N2P2Pd: C, 26.34; H, 3.16; N, 
4.39%. 

These dibromo and diiodo Pd(II) complexes are soluble in 
chloroform, dichloromethane and benzene, and slightly sol­
uble in methanol. 

cis-[PtCl2(PMe2py-P)2]: An aqueous solution (50 cm3) of 
K2[PtCl4] (1.55 g, 3.72 mmol) was added to an ethanol 
solution (50 cm3) of PMe2py (1.06 g, 7.59 mmol) with 
stirring. Immediate precipitation of a white product 
occurred. The mixture was heated at 50 °C for 10 min, and 
then the solvent was removed under reduced pressure. The 
residue was washed with water (10 cm3) to remove KCl, and 
recrystallized from hot ethanol to give white crystals, which 
were collected by filtration and dried in vacuo. Yield: 1.27 
g (62.7%). Found: C, 31.05; H, 3,76; N, 5.16%. Calcd for 
Ci4H2oCl2N2P2Pt: C, 30.90; H, 3.70; N, 5.15%. 

cis-[PtX2(PMe2py-P)2] (X=Br, I): These complexes were 
prepared from cw-[PtCl2(PMe2py-P/)2] by a method similar 
to that for £7Ym5-[PdBr2(PMe2py-P)2]. By recrystallization 
of the crude products from a mixture of dichloromethane 
and methanol (1:1), pale yellow crystals of cz\s-[PtBr2-
(PMe2py-P)2] and yellow crystals of a5-[PtI2(PMe2py-P)2] 
were obtained in yields of 84.2 and 71.5%, respectively. 
Found for the dibromo complex: C, 26.56; H, 3.21; N, 4.40%. 
Calcd for Ci4H2oBr2N2P2Pt: C, 26.56; H, 3.18; N, 4.42%. 
Found for the diiodo complex: C, 23.13; H, 2.78; N, 3.85%. 
Calcd for Ci4H2ol2N2P2Pt: C, 23.12; H, 2.77; H, 3.85%. 

These Pt(II) complexes are very soluble in chloroform and 
dichloromethane, and soluble in methanol, ethanol, and 
acetonitrile. 

[PdX(PMe2py-P,iV)(PMe2py-P)]C104 (X=C1, Br, and I): 
These complexes were obtained by reaction of [PdX2-
(PMe2py-P/)2] with an equimolar amount of AgC104. To a 
methanol solution (250 cm3) of c25-[PdCl2(PMe2py-P)2] (911 
mg, 2.00 mmol) was added a methanol solution (50 cm3) of 
AgC104 (415 mg, 2.00 mmol) with stirring. The mixture 
was stirred for 6 h in the dark, and AgCl was filtered off. 
Slow evaporation of the filtrate yielded yellow crystals, 
which were collected by filtration and recrystallized from 
hot methanol. Yield: 938 mg (90.2%). Found: C, 32.36; H, 
3.86; N, 5.41%. Calcd for Ci4H2oCl2N204P2Pd: C, 32.36; H, 
3.88; N, 5.39%. 

Yellow crystals of [PdBr(PMe2py-P,A0(PMe2py-P)]ClO4 

and [PdI(PMe2py-P,A0(PMe2py-P)]ClO4 were obtained by 
similar methods from the corresponding trans-dihalogeno 
complexes in yields of 85.9% and 73.3%, respectively. 
Found for the bromo complex: C, 29.81; H, 3.58; N, 5.00%. 
Calcd for Ci4H2oBrClN204P2Pd: C, 29.81; H, 3.57; N, 4.97%. 
Found for the iodo complex: C, 27.54; H, 3.22; N, 4.54%. 
Calcd for Ci4H2oClIN204P2Pd: C, 27.52; H, 3.30; N, 4.58%. 
These halogeno complexes are soluble in nitromethane, 
slightly soluble in methanol, and hardly soluble in chloro­
form and dichloromethane. 

[PdX(PMe2py-P,iV)(PMe2py-P)]PF6 (X=C1, Br, and I): 
These complexes were prepared by methods similar to that 
for the above Perchlorate salts. A methanol solution (30 
cm3) of AgNÜ3 (1.86 mg, 1.01 mmol) was added to a 
methanol solution (100 cm3) of as-[PdCl2(PMe2py-P)2] (500 
mg, 1.01 mmol) with stirring. After stirring for 2 h in the 

dark, AgCl was filtered off, and the filtrate was evaporated to 
a volume of ca. 40 cm3 under reduced pressure. To the 
concentrate was added a methanol solution of NH4PF6 (179 
mg, 1.10 mmol). The solution was evaporated slowly, 
yielding a yellow precipitate together with a small amount 
of red product. The precipitate was collected by filtration, 
and treated with hot methanol (50 °C, 50 cm3). The yellow 
precipitate was soluble, while the red one remained undis­
solved and was filtered off. Yellow crystals were deposited 
from the filtrate by slow evaporation, collected by filtration, 
and dried in vacuo. Yield: 353 mg (56.8%). Found: C, 
29.72; H, 3.55; N, 5.01%. Calcd for Ci4H2oClF6N2P3Pd: C, 
29.76; H, 3.57; N, 4.96%. 

Yellow crystals of [PdBr(PMe2py-P,A^)(PMe2py-P)]PF6 
and [PdI(PMe2py-P,A0(PMe2py-P)]PF6 were obtained by 
similar methods from the corresponding trans-dihalogeno 
complexes in yields of 52 and 79.2%, respectively. Found 
for the bromo complex: C, 27.71; H, 3.35; N, 4.79%. Calcd 
for Ci4H2oBrF6N2P3Pd: C, 27.59; H, 3.31; N, 4.60%. Found 
for the iodo complex: C, 25.61; K, 3.09; N, 4.23%. Calcd for 
Ci4H2oF6IN2P3Pd: C, 25.61; H, 3.07; N, 4.27%. These 
halogeno complexes are soluble in methanol and nitro­
methane and hardly soluble in chloroform and di­
chloromethane. 

eis- and fran5-[PdCl2(PPh2py-P)2]: [PdCl2(PPh2py-P)2] • 
I.7CH2CI2 was prepared according to the literature 
method.2) The complex was dissolved in methanol, and 
the solution was kept in a desiccator over diethyl ether. 
Yellow crystals deposited. They were collected by filtration 
and dried in vacuo. The product was a mixture of non-
solvated eis- and imn5-[PdCl2(PPh2py-P)2] as confirmed by 
elemental analysis and NMR and IR spectra (^(Pd-Cl): 315 
and 292 cm"1 (eis), and 365 cm"1 (trans)). Found: C, 57.86; 
H, 4.13; N, 3.97%. Calcd for C34H28Cl2N2P2Pd: C, 58.02; H, 
4.01; N, 3.98%. 

*rans-[PdX2(PPh2py-P)2](X=Br, I): These complexes 
were prepared from a mixture of eis- and trans-
[PdCl2(PPh2py-P)2] and potassium bromide or iodide by 
methods similar to those for the PMe2py complexes. The 
dibromo complex was obtained as yellow crystals in a yield 
of 90.7%. Found: C, 51.52; H, 3.76; N, 3.54%. Calcd for 
C34H28Br2N2P2Pd: C, 51.51; H, 3.56; N, 3.53%. The diiodo 
complex was obtained as reddish orange crystals in a yield of 
97.2%. Found: C, 45.49; H, 3.23; N, 3.14%. Calcd for 
C34H28l2N2P2Pd: C, 46.06; H, 3.18; N, 3.16%. 

These dihalogenobis(PPli2py) complexes are soluble in 
chloroform, dichloromethane, methanol, and benzene. 

Measurements. Infrared spectra in the range 700—200 
cm - 1 were obtained with a HITACHI EPI-L spectrometer 
by the Nujol mull method using polyethylene films. XH, 
"C^H}, and ^P^HJNMR spectra were recorded at 90.02, 
22.66, and 36.46 MHz, respectively, on a HITACHI R90-HS 
spectrometer. 1H NMR spectra at 399.8 MHz were obtained 
with a JOEL JMX GW-400 spectrometer. Chemical shifts 
for 31P are relative to an external standard, 85% HsP04 , and 
those for XH and 13C to an internal standard, TMS. Con­
ductivity measurements were carried out on a TOA CM-6A 
conductometer with 1 mmol dm - 3 nitromethane solutions at 
room temperature. 

X-Ray Analyses. Structures of c^-[PdCl2(PMe2py-P)2] 
and as(T,P>[PdCl(PMe2py-P,A0(PMe2py-P)]ClO4 were 
determined by the X-ray diffraction method. Crystal data 
and experimental details are given in Table 1. Diffraction 
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data were collected on a Rigaku AFC-5R diffractometer with 
graphite monochromatized Mo Kot radiation (A=0.71069Â). 
Within the range of 20<6O°, 4582 and 4522 independent 
reflections (|F0|>3cr(|F0|)) were obtained for cis-[PdCh-
(PMe2py-P)2] and c^P,P>[PdCl(PMe2py-P,A^)(PMe2py-P)]-

0 0 4 , respectively. No absorption correction was applied. 
All the calculations were performed on a HITAC M-180 
computer at the Computer Center of the Institute for Molec­
ular Science using the Universal Crystallographic Compu­
tation Program System UNICS III.10) The structures were 

Table 1. Crystal Data, Experimental Details, and Final R Factors 

Compound 

Formula 
Formula weight 
Crystal color 
Crystal size/mm3 

Crystal system 
Space group 
a/A 
b/k 
c/k 
ß/° 
J7/Â3 

Z 
Dc/gcm - 3 

Dm/g cm - 3 

n(MoKa)/cm.-1 

20max/ 
No. of unique data 
Scan type 
Scan speed/0 min - 1 

Scan range/0 

Background constant/s -1 

R 
Rxv 

ds-[PdCl2(PMe2py-P)2] 

Ci4H20Cl2N2P2Pd 
455.599 
Pale yellow 

0.30X0.225X0.20 
Monoclinic 

P2i/c 
9.070(2) 

23.789(8) 
8.922(3) 

107.42(2) 
1836.8(9) 

4 
1.647 
1.622 

14.575 
60 

4582 
0) 

5 
1.1+0.5 tan 0 
5 
0.0388 
0.0464 

c*'s(T,PHPdCl(PMe2py-P,A0-
(PMe2py-P)]C104 

Ci4H20Cl2N2O4P2Pd 
519.597 
Pale yellow 

0.75X0.225X0.20 
Monoclinic 

P2i/a 
18.496(2) 
12.796(1) 
8.720(2) 

98.10(2) 
2037.5(6) 

4 
1.691 
1.682 

13.379 
60 

4522 
0-20 
4 
1.2+0.5 tan 0 
5 
0.0450 
0.0640 

Table 2. Positional Parameters (X104; X105 for Pd, CI, and P in ds-[PdCl2(PMe2py-P)2] and for 
Pd in c*'s(P,P)-[PdCl(PMe2py-P,A0(PMe2py-P)]ClO4) and Equivalent Isotropic Temperature 

Factors (Â2) of m-[PdCl2(PMe2py-P)2] and ds(P,P)-[PdCl(PMe2py-P,A0(PMe2py-P)]ClO4 

Atom 

Pd 
Cll 
C12 
PI 
P2 
Nl 
N2 
Cl l 
C12 
C13 
C14 
C15 
C16 
C17 
C21 
C22 
C23 
C24 
C25 
C26 
C27 

X 

eis 
59441(2) 
84541(9) 
68683(12) 
35996(8) 
52472(9) 
3224(4) 
2483(3) 
2413(3) 

849(4) 
81(4) 

913(5) 
2470(5) 
2483(4) 
3610(5) 
3211(4) 
2504(4) 
952(5) 
191(5) 

1009(5) 
5989(5) 
6027(5) 

y z 

-[PdCl2(PMe2py-P)2] 
13297(1) 
15924(5) 
10772(6) 
10267(4) 
16189(4) 

349(1) 
2070(1) 

709(1) 
789(2) 
496(2) 
124(2) 
58(2) 

1559(2) 
461(2) 

1717(1) 
1473(2) 
1601(2) 
1961(2) 
2180(2) 
2312(2) 
1143(3) 

22341(3) 
22783(12) 
48919(11) 
22220(9) 

-2791(10) 
-188(4) 
-655(4) 

399(4) 
-257(4) 

-1593(5) 
-2192(5) 
-1467(6) 

2811(4) 
3569(5) 

-1363(4) 
-2803(4) 
-3541(5) 
-2826(5) 
-1402(5) 
-527(6) 

-1429(5) 

Beq 

2.3 
4.7 
5.5 
2.6 
3.1 
4.2 
3.7 
2.7 
3.2 
4.3 
5.2 
5.1 
4.2 
5.4 
3.0 
4.0 
5.2 
4.9 
4.6 
6.3 
6.1 

Atom 

Pd 
Cll 
C12 
PI 
P2 
Ol 
0 2 
0 3 
0 4 
NI 
N2 
Cl l 
C12 
C13 
C14 
C15 
C16 
C17 
C21 
C22 
C23 
C24 
C25 
C26 
C27 

X y z 

c^(P,P)-[PdCl(PMe2py-P,iV)(PMe2py-P)]C104 
39854(3) 
4089(1) 
6595(1) 
4002(1) 
3856(1) 
7204(4) 
6176(6) 
6054(7) 
6683(6) 
3972(3) 
4135(4) 
3913(4) 
3799(4) 
3731(5) 
3790(4) 
3914(4) 
3261(4) 
4844(4) 
3614(4) 
2951(4) 
2835(6) 
3352(6) 
4004(6) 
4666(5) 
3127(6) 

13552(4) 
822(2) 

3517(2) 
1527(1) 
3032(1) 
4176(7) 
3617(9) 
3929(11 
2548(8) 

-150(4) 
4011(6) 

105(5) 
-635(6) 

-1674(6) 
-1928(6) 
-1152(6) 

2053(6) 
1846(7) 
3927(5) 
4469(7) 
5125(8) 
5230(7) 
4665(8) 
3627(7) 
3157(8) 

46804(5) 
7279(2) 
3047(2) 
2127(2) 
5328(2) 
3034(12) 
4200(11) 

) 1770(13) 
2489(16) 
3608(6) 
2792(8) 
2084(7) 
947(8) 

1354(9) 
2889(9) 
4024(9) 

779(8) 
1399(9) 
3717(7) 
3469(10) 
2222(11) 
1286(10) 
1576(10) 
6399(10) 
6520(11) 

Beq 

3.0 
4.7 
5.2 
3.1 
3.5 

10.3 
12.8 
16.0 
14.2 
3.4 
5.1 
3.4 
4.3 
4.7 
4.6 
4.2 
4.3 
4.6 
3.6 
5.1 
6.8 
6.9 
6.3 
5.7 
6.8 
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solved by the usual heavy-atom method. The positions of 
all hydrogen atoms of c^P,P>[PdCl(PMe2py-P,A^)(PMe2py-
P)]C104 and ten of the twenty in a's-[PdCl2(PMe2py-P)2] 
were identified in the subsequent difference Fourier maps. 
The final positional parameters and the corresponding iso­
tropic thermal parameters with their estimated standard 
deviations for non-hydrogen atoms are given in Table 2. 
The positional parameters of hydrogen atoms, the aniso­
tropic parameters for all non-hydrogen atoms, and the com­
plete list of |Fol and | Fc | are deposited at the office of the 
Chemical Society of Japan (Document No. 9089 
for as-[PdCl2(PMe2py-P)2] and as(T,P>[PdCl(PMe2py-
P,A0(PMe2py-P)]ClO4). 

Results and Discussion 

Preparation of Complexes. T h e monodenta te 
phosphorus dona t ing PMe2py complexes, [MX2-
(PMe2py-PJ2] (M=Pd(II) , Pt(II); X=C1, Br, I) have 
been prepared by methods similar to those for dihalo-
genobis(phosphine)pal ladium(II) and pla t inum(II) 
complexes. All of the complexes are neutral in solu­
tion as confirmed by conductivity measurements 
(Table 3). 

Since it is posible for PMe2py to chelate via ni trogen 
and phosphorus m a k i n g a four-membered chelate 
r ing, we have examined the syntheses of pal ladium(II) 
complexes with chela t ing PMe2py. T h e chelate r ing 
formed by this l igand is anticipated to have large 
strain. While a d iphosph inomethane l igand (P-P), 
such as dppm11* (Ph 2 PCH 2 PPh 2 ) or Medppm12* 
(Ph2PCH(CH3)PPh2), by reaction of a stoichiometric 
a m o u n t of l igand with [PdCl2(CeH5CN)2] easily forms 
1:1 neutral complexes, [PdCl2(P-P)], which have P-P 
type four-membered chelate rings, PIVfepy did not 
form such a neutral chelate complex by a similar 
procedure. In fact, by the addit ion of an equimolar 
a m o u n t of PMe2py to a d ichloromethane solution of 
[PdCl2(C6H5CN)2], an insoluble yellow precipitate 
whose composi t ion is PdCl2(PMe2py) was obtained. 
However, the infrared spectrum of the precipitate 
shows a band at 256 c m - 1 assignable to the stretching 

for b r idg ing P d - C l - P d , and does not show Pd -C l 
stretching bands a round 300 c m - 1 expected for a 
monomer ic cis-dichloro complex. T h e cationic che­
late complex, however, was obtained by halogen elim­
inat ion from the d ihalogeno complexes with an 
equ imola r a m o u n t of silver ion; 

[PdX2(PMe2py-P)2] + Ag+ - • 
[PdX(PMe2py-P, A0(PMe2py-P)]+ + AgX 

(X=C1, Br, I) 

T h e chelate complexes have been crystallized as Per­
chlorate and hexaf luorophosphate salts which con­
tain no solvent of crystallization. T h e presence of 
chelat ing PMe2py in these salts is suggested by the 
infrared spectra (vide infra) and by conductivity 
measurements which show that the complexes are 1 :1 
electrolytes in solut ion (Table 3), and is confirmed by 
X-ray analysis on the chloro complex (vide infra). 

T h e PMe2py l igand is possible to act as a monoden­
tate via ni t rogen and a bidentate br idging two metal 
ions. However, neither of them was formed wi th 
Pd(II) and Pt(II). No such Pd(II) and Pt(II) com­
plexes of PPh2py are known either, a l though dinu-

C12 

C23 

C24 

Fig. 1. A perspective view and the atom-numbering 
scheme for cw-[PdCb(PMe2py-P)2]. 

Table 3. Conductivity Measurements and Far-Infrared Spectral Data 

Compound 

[PdCl2(PMe2py-P)2] 
[PdBr2(PMe2py-P)2] 
[PdI2(PMe2py-P)2] 
[PtCl2(PMe2py-P)2] 
[PtBr2(PMe2py-P)2] 
[PtI2(PMe2py-P)2] 

[PdCl(PMe2py)2]C104 

[PdBr(PMe2py)2]C104 

[PdI(PMe2py)2]C104 

[PdCl(PMe2py)2]PF6 

[PdBr(PMe2py)2]PF6 

[PdI(PMe2py)2]PF6 

A a) 

cm2mol_1f2_1 

1.83 
0.06 
0.01 
2.43 
9.76 
19.4 

87.2 
88.3 
91.6 
86.1 
87.7 
88.4 

Kpy) 

cm - 1 

617 
618 
617 
619 
617 
617 

645, b) 
646, b) 
645, b) 
643, 617 
648, 618 
642, 619 

v(M-X) 

cm - 1 

305, 283 
286 
b) 

316, 290 
202, b) 

b) 

325 
200 
b) 

326 
200 
b) 

i;(M-P) 

cm - 1 

394, 358 
340 
339 

393, 363 
394, 362 
393, 357 

Geometry 

eis 
trans 
trans 
eis 
eis 
eis 

a) 1 mmol dm - 3 in CH3NO2. b) Not observed. 
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clear Pd(I) and Pt(I) complexes with bridging PPri2py 
are well known.x>2) We have obtained the same dinu-
clear complexes with PMe2py. The results will be 
reported elsewhere. 

Crystal Structures of cû-[PdCl2(PMe2py-P)2] and 
m(P,P)[PdCl(PMe2py-P,A0(PMe2py-P)]ClO4. Fig­
ure 1 shows the X-ray structure of cz5-[PdCl2(PMe2py-
P)2] together with the numbering scheme. The bond 
distances and angles are listed in Table 4. The com­
plex molecule forms a square plane with two mono-
dentate phosphorus donating PMe2py and two chlo­
ride ions. The largest displacement of an atom from 
the least-square plane around the Pd center is 
0.080(2) Â. The complex is a cis isomer and has 
approximately C2 symmetry in the crystal, while in 
solution it exists as a cis and trans mixture (vide infra). 
The structure including the conformation of two Pd-
PMe2py moieties is similar to the one found for cis-
[PdCl2(PMe2Ph)2]13) except for small differences in 
bond distances and angles. Both the Pd-P (2.242(1), 
2.248(1) A) and the Pd-Cl (2.350(1), 2.344(1) A) lengths 
in the PMe2py complex are slightly shorter than the 
corresponding lengths in the PIVfePh complex (Pd-P: 
2.260(2), Pd-Cl: 2.362(3) A). The angle between two 
bulky PMe2py ligands, Pl-Pd-P2 (96.35(3)°) is also 
slightly smaller than that of the PIVfePh complex 

(97.85(9)°). The nitrogen atoms of two PMe2py are 
oriented above and below the coordination plane with 
distances, Pd-Nl: 3.607(3) and Pd-N2: 3.841(3)A. 
These distances are so long that any interaction is not 
recognized. Such orientations of two pyridyl groups 
will reduce steric interactions between the two bulky 
phosphine ligands in the cis positions. 

A drawing of the complex cation in cis(P,P)-
[PdCl(PMe2py-P,A0(PMe2py-P)]ClO4 is shown in Fig. 
2 together with the numbering scheme. Selected 
bond distances and angles are listed in Table 4. The 
complex ion has a distorted square planar structure 
with a chelating PMe2py, a monodentate phophorus 
donating PIVfepy and a chloride ion. The largest 
displacement of an atom from the best coordination 
plane is 0.237(6) A. The two phosphorus atoms are 
cis to each other. The nitrogen atom of monodentate 
PMe2py is oriented above the coordination plane with 
the distance of 3.803(7) A. The structure is similar 
to the one found for cis(P,P)-[PtCl(PFh2py-P,N)-
(PPh2py-P)]+.3> 

The two different Pd-P bond distances are the same 
within the standard deviation (av. 2.241(2) A), which is 
slightly longer than the average Pt-P bond distance 
(2.228(6) A) in cz5fP,P>[PtCl(PPh2py-P,N)(PPh2py-
P)]+. The Pd-N distance of 2.140(6) A is long corn-

Table 4. Selected Bond Distances (l/k) and Angles (0/°) for «s-[PdCl2(PMe2py-P)2] 
and«5(P,P)-[PdCl(PMe2py-P,iV)(PMe2py-P)]C104 

Pd-Cl 1 
Pd-Pl 
P l - C l l 
P1-C16 
P1-C17 
N l - C l l 
N1-C15 
C11-C12 
C12-C13 
C13-C14 
C14-C15 
Cll-Pd-C12 
Cl l -Pd-Pl 
C12-Pd-Pl 
P d - P l - C l l 
Pd-Pl-C16 
Pd-Pl-C17 
C11-P1-C16 
C11-P1-C17 
C16-P1-C17 
C11-N1-C15 
P1-C11-N1 
P1-C11-C12 
N1-C11-C12 
C11-C12-C13 
C12-C13-C14 
C13-C14-C15 
N1-C15-C14 

as-[PdCl2(PMe2py-P)2] 
2.350(1) 
2.242(1) 
1.824(3) 
1.795(5) 
1.803(5) 
1.333(5) 
1.336(6) 
1.376(5) 
1.376(5) 
1.372(6) 
1.374(7) 

89.99(5) 
176.61(4) 
88.51(4) 

116.3(1) 
112.9(2) 
114.9(2) 
108.6(2) 
99.8(2) 

102.8(2) 
117.9(4) 
111.6(3) 
125.5(3) 
122.7(3) 
119.3(3) 
118.0(4) 
119.9(4) 
122.3(4) 

Pd-C12 
Pd-P2 
P2-C21 
P2-C26 
P2-C27 
N2-C21 
N2-C25 
C21-C22 
C22-C23 
C23-C24 
C24-C25 
Cll-Pd-P2 
C12-Pd-P2 
Pl-Pd-P2 
Pd-P2-C21 
Pd-P2-C26 
Pd-P2-C27 
C21-P2-C26 
C21-P2-C27 
C26-P2-C27 
C21-N2-C25 
P2-C21-N2 
P2-C21-C22 
N2-C21-C22 
C21-C22-C23 
C22-C23-C24 
C23-C24-C25 
N2-C25-C24 

2.344(1) 
2.248(1) 
1.825(4) 
1.820(5) 
1.807(6) 
1.337(5) 
1.330(6) 
1.380(5) 
1.397(6) 
1.372(7) 
1.368(7) 

85.24(4) 
174.91(4) 
96.35(3) 

120.4(1) 
113.3(2) 
109.5(2) 
99.9(2) 

106.6(2) 
106.1(3) 
116.9(3) 
113.2(3) 
123.7(3) 
123.1(3) 
118.0(4) 
119.5(4) 
117.5(4) 
125.1(4) 

ds(P,P)-[PdCl(PMe2py-P,A0(PMe2py-P)]ClO4 
Pd-Cll 
Pd-P2 
P l - C l l 
P1-C16 
P1-C17 
N l - C l l 
N1-C15 
C11-C12 
C12-C13 
C13-C14 
C14-C15 
C12-01 
C12-03 
Cl l -Pd-Pl 
Cl l -Pd-Nl 
P l -Pd-Nl 
Pd -P l -C l l 
Pd-Pl-C16 
Pd-Pl-C17 
C11-P1-C16 
C11-P1-C17 
C16-P1-C17 
Pd-Nl -C l l 
C11-N1-C15 
P1-C11-N1 
P1-C11-C12 
N1-C11-C12 
C11-C12-C13 
C12-C13-C14 
C13-C14-C15 
N1-C15-C14 

2.348(2) 
2.240(2) 
1.827(7) 
1.806(7) 
1.809(8) 
1.358(8) 
1.341(9) 
1.366(10) 
1.385(11) 
1.368(11) 
1.397(10) 
1.409(9) 
1.485(12) 

167.46(7) 
98.9(2) 
69.8(2) 
84.8(2) 

124.6(3) 
120.2(2) 
107.4(3) 
107.3(4) 
107.5(4) 
101.9(4) 
119.8(6) 
103.0(4) 
135.2(5) 
121.8(6) 

; 119.3(7) 
[ 118.8(7) 

120.5(7) 
119.9(7) 

Pd-Pl 
Pd-Nl 
P2-C21 
P2-C26 
P2-C27 
N2-C21 
N2-C25 
C21-C22 
C22-C23 
C23-C24 
C24-C25 
C12-02 
C12-04 
Cll-Pd-P2 
Pl-Pd-P2 
P2-Pd-Nl 
Pd-P2-C21 
Pd-P2-C26 
Pd-P2-C27 
C21-P2-C26 
C21-P2-C27 
C26-P2-C27 
Pd-Nl-C15 
C21-N2-C25 
P2-C21-N2 
P2-C21-C22 
N2-C21-C22 
C21-C22-C23 
C22-C23-C24 
C23-C24-C25 
N2-C25-C24 

2.242(2) 
2.140(6) 
1.819(7) 
1.817(9) 
1.822(11) 
1.346(10) 
1.346(11) 
1.399(11) 
1.366(13) 
1.349(16) 
1.398(15) 
1.360(11) 
1.350(11) 

91.86(7) 
99.97(6) 

167.8(1) 
115.6(2) 
114.9(3) 
110.0(3) 
103.2(4) 
105.3(4) 
107.1(4) 
137.6(5) 
117.2(7) 
113.2(5) 
123.2(6) 
123.7(7) 

I 117.6(8) 
[ 120(1) 

120(1) 
121(1) 
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Fig. 2. A perspective view and the atom-numbering 
scheme for m(T,P>[PdCl(PMe2py-P,AO(PMe2py-
P)]+. 

pared with those of other Pd(II)-pyridine complexes 
such as *rans-[PdCl2(2-NH2-py)2] (2.024(4) A)14) 
and the Pt-N distance (2.07(2) A) of cis(P,P)-
[PtCl(PPh2py-P,AO(PPh2py-P)]+, but is similar to the 
Pd-N distance (2.155(5) A) in *rans-[PdCi2(PEt3)(2-
NH2-3-Me-py)],15) in which the pyridyl nitrogen occu­
pies at the position trans to PEt3. All the bond angles 
within the four-membered chelate ring are largely 
reduced from the ideal values as seen from Table 4. 
The bite angle of chelating PIVfepy is reduced to 
69.8(2)° from the ideal value of 90°. The Pd -P l -C l l 
angle of 84.8(2)° is the largest reduction from the 
tetrahedral angle (109.5°). The corresponding M-P-
C angles in cz5fP,P>[PtCl(PPh2py-P,N)(PPh2py-
P)]+ and trans(P,Cl), trans(N,C)-[RuCh(PPh2py-P,N)-
(CO)2]4) also show the largest reduction in bond angles 
of the chelate ring. Despite the large deviation in 
bond angles of Pd-P l -C l l (C16, C17) from the ideal 
value, three C-Pl-C angles are nearly the tetrahedral 
angle. The two pyridyl rings are highly planar. 
The dihedral angle between the pyridyl ring of the 
chelating ligand and the Pd coordination plane is 
13.6(1)°. 

Geometrical Structures of Other Complexes in the 
Solid States. On the basis of the structures deter­
mined by X-ray analyses, the solid state structures 
of other complexes prepared in this study have 
been assigned by their infrared spectra. All 
[MX2(PMe2py)2] (M=Pd, Pt; X=C1, Br, I) show a band 
due to the in-plane ring deformation of pyridine in 
the range 617—620 cm-1.16 ' Thus it is concluded that 
none of the pyridyl nitrogens are coordinated to the 
metal in these complexes. On the other hand, 

cz5fP,P>[PdCl(PMe2py-P,N)(PMe2py-P)]C104 shows 
a band at a higher frequency 645 cm -1. This band 
can be assigned as the same deformation band of 
pyridine of chelating PIVfepy, since it is known that 
the deformation band is shifted to higher frequencies 
when the nitrogen atom is bound to a metal.16) The 
band due to monodentate phosphorus donating 
PMe2py is hidden by the strong band of CIO4" at 620 
cm-1. [PdX(PMe2py)2]C104 (X=Br and I) also give 
the band around 645 cm"1. For [PdX(PMe2py)2]PF6 

(X=C1, Br, and I), two bands with similar intensities 
are observed around 645 and 618 cm -1. Thus all the 
complexes contain both nitrogen-bound and non-
nitrogen-bound PMe2py. 

Geometries of [MX2(PMe2py-Pj2] are characterized 
from comparisons of their spectra with that of cis-
[PdCl2(PMe2py-P)2] in the metal-ligand stretching 
region. The assignments of the bands were carried 
out by reference to the spectral data of 
[PdX2(PMe3)2].17) The results are given in Table 3. 
Three [PtX2(PMe2py-P)2] (X=C1, Br, and I) show spec­
tra similar to that of cz5-[PdCl2(PMe2py-P)2], giving 
two bands due to j/(M-P) at ca. 394 and 360 cm -1. For 
j/(M-Cl), two bands were observed at 305 and 283 cm - 1 

for M=Pd(II) and at 316 and 290 cm-1 for M=Pt(II), 
although one of two i/(Pt-Br) and two ^(Pt-I) were not 
detected in the measurable region. Thus all the 
Pt(II) complexes have the eis configuration. How­
ever, the spectra of [PdX2(PMe2py-P)2] (X=Br and I) 
are similar but different from that of cis-
[PdCl2(PMe2py-P)2]. These bromo and iodo com­
plexes show a relatively strong and sharp band due to 
j/(Pd-P) band at ca. 340 cm -1. The bromo complex 
gives a strong and sharp band at 286 cm - 1 assignable 
to i/(Pd-Br), the i/(Pd-I) band for the iodo complex 
being not detected in the region measured. These 
results indicate that the bromo and iodo complexes are 
the trans isomer. The structures of [MX2(PMe2py-
P)2] in the solid state, which depend on the kinds of 
metal and halide ions, are the same as those of the 
corresponding PIVfePh complexes.18) 

The spectra of [PdX(PMe2py-P,N)(PMe2py-P)]Y 
(X=C1, Br, I; Y=C104, PF6) are too complicated to 
allow assignment of the bands except for the pyridyl 
ring deformation parts described above. However, 
all the complexes show spectra similar to one 
another except the bands due to CIO4" and PFÔ", and 
can be assigned as the same isomer as cis(P,P)-
[PdCl(PMe2py-P,A0(PMe2py-P)]ClO4. 

Structures of the Complexes in Solution. Several 
[MX2(phosphine)2]-type complexes (M=Pd(II), Pt(II); 
X^halide or pseudohalide ions) are known to 
undergo cis-trans isomerization in solution.19) The 
structures in solution and cis-trans isomerization of 
[MX2(PMe2py-P)2] have been examined by *H and 13C 
as well as 31P NMR spectra. In general, a P-CH3 
resonance in *H and 13CNMR spectra appears as a 
doublet peak for cz5-[MX2P2] (P^methylphosphines), 
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while for the trans isomer it appears as a triplet 
peak.20^ For the analogous Pt(II) complexes, each of 
these peaks becomes a triplet owing to the coupling 
with 195Pt, and 1J(Pt-P) values for cis isomers (ca. 3500 
Hz) are, in general, larger than the ones for trans 
isomers (ca. 2500 Hz).21) On the basis of these empiri­
cal features, the structures of the complexes in solu­
tion were assigned as shown in Table 5. 

As shown in Table 5, some complexes show spectra 
implying the existance of both cis and trans isomers, 
although they are isolated as a single isomer in the 
solid state as indicated by the infrared spectra. Rela­
tive intensities for the cis and trans isomers in the 
NMR spectra are not changed with time, but changed 
with temperature and the kind of solvent. Figure 3 
shows the ^ N M R spectra of [PdBr2(PMe2py-P)2] in 
CDCI3 and C6D5NO2 at various temperatures. From 
the relative intensities of either the P-CH3 or the py-

6H proton resonance, the equilibrium constants 
(Kcq=[tranS'isomer]/[cis-isomer]) for cis-trans isomer-
ization (at 33 °C) were obtained (Table 6). The table 
shows that the cis isomer is predominant when the 
coordinated halide ion becomes small, and when the 
dielectric constant of the solvent becomes high. The 
Pt(II) complexes favor the cis isomer compared with 
the corresponding Pd(II) complexes. The tempera­
ture dependent spectra of [PdBr2(PMe2py-P)2] in Fig. 3 
show that the cis isomer is predominant at a low 
temperature. In the spectra of a C6D5NO2 solution 
coalescence of peaks due to the cis and trans isomers 
has been observed at temperatures higher than 100°C. 
At 177 °C the spectrum shows a single sharp peak for 
the P-CH3 protons. 

The PMe2py complexes seem to be stabilized in the 
cis isomer a little more than the corresponding 
PMe2Ph complexes. In CDCI3 at 32—34 °C, the iso-

Table 5. Selected NMR Data (Solvent: CDCI3 for [MX2(PMe2py-P)2] and CD3NO2 
for [PdX(PMe2py)2]Y (X=C1, Br, I; Y=C104, PF6); at 33 °C)a) 

Complex (geometry) 

(Free ligand) 

[PdCl2(PMe2py-P)2] (cis) 

(trans) 

[PdBr2(PMe2py-P)2] (cis) 

(trans) 

[PdI2(PMe2py-P)2] (trans) 

[PtCl2(PMe2py-P)2] (cis) 

[PtBr2(PMe2py-P)2] (cis) 

[PtI2(PMe2py-P)2] (cis) 

(trans) 

[PdCl(PMe2py)2]C104 

[PdBr(PMe2py)2]C104 

[PdI(PMe2py)2]C104 

[PdCl(PMe2py)2]PF6 

[PdBr(PMe2py)2]PF6 

[PdI(PMe2py)2]PF6 

3 i p 

-40.11 

10.98 

0.73 

9.58 

-4.18 

-14.06 

-9.79 
[3482] 

-9.97 
[3437] 

-12.63 
[3304] 

-16.23 
[2316] 

18.3, br 
-52.9, br 

17.5, br 
-56.7, br 

15.6, br 
-67.9, br 

17.3, br 
-53.2, br 

17.5, br 
-55.3, br 

15.8, br 
-68.0, br 

1H 

P-CH3 

1.28, d 
(2.9) 

1.84, d 
(11.2) 
1.79, t 

(5.6) 
1.77, d 
(13.2) 
1.95, t 

(3.5) 
2.22, t 

(3.5) 
1.86, d 
(11.2) 
[34.9] 
1.92, d 
(11.0) 
[35.6] 
2.00, d 
(10.7) 
[35.8] 
2.22, t 

(3.7) 
[24.8] 

2.11, br 
1.96, br 

2.04, br 
1.89, br 
2.07, br 
1.92, br 

py-6H 

8.54, d 

8.52, d 
(4-2) 

8.67, d 

8.52, d 

8.69, d 
(4.6) 

8.69, d 
(4.6) 

8.54, d 
(4.8) 

8.53, d 
(4.6) 

8.53, d 

8.80, d 

13C 

P-GH3 

15.0, d 
(38.0) 
10.9, t 

(5.6) 
16.7, d 
(37.7) 
13.5, t 
(16.9) 
18.7, t 
(17.5) 

14.2, m 

15.7, m 

a) d, t, and m denote doublet, triplet, and multiplet, respectively, br denotes a broad peak. 
Coupling constants (//Hz) are shown in the round parentheses. The squared ones show 
coupling constants with 195Pt (//Hz). 
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Fig. 3. Temperature dependence of the XH NMR spectra of [PdBr2(PMe2py-P)2] in (a) CDC13 and (b) 
C6D5NO2. The spectra show only the P-CH3 and py-6H regions (for (b) only the P-CH3 region). 

Table 6. Equilibrium Constants for the Cis-Trans Isomerization of [MX2(PMe2py-P2] 
(M=Pd, Pt; X=C1, Br, and I) in Some Deuterated Aprotic Solvents 

Solvent 

Dielectric 
constantb) 

Dipole 
moment 

Ts a) 
Aeq 

[PdX2(PMe2py-P)2] [PtX2(PMe2py-P)2] 

J - 1 C 2 m" 1 Debye X=C1 X=Br X=I X=C1 X=Br X=I 

C6D6 

CDCI3 
CD2CI2 
(CD3)2CO 
C6D5N02 

CD3NO2 
CD3CN 

2.28 
4.81 
7.77c) 

20.7d) 

34.8d) 

35.9e) 

37.5 

0 
1.01 
1.60 
2.88 
4.22 
3.46 
3.92 

0.25 
<0.1 
All eis 
All eis 
All eis 
All eis 

All trans 
6.0 
1.5 
1.2 
0.88 

All eis 
All eis 

All trans 
All trans 
All trans 

All trans 
All trans 

AU eis All eis 
All trans 

1.4 
0.83 

<0.3 

a) Keq=[trans-isomer]/[cis-isomer]. b) Measured at 20 °C with exception of c) measured at 10 °C, 
d) measured at 25 °C, and e) measured at 30 °C. 
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mer dis t r ibut ion of [PdCl2(PMe2py-P)2] is ca. 80% 
eis and ca. 20% trans isomers, and that of 
[PdCl2(PMe2Ph)2] ca. 65% eis and ca. 35% trans iso­
mers.20) While [PdBr2(PMe2py-P)2] is a mixture of ca. 
15% eis and ca. 85% trans isomers, [PdBr2(PMe2Ph)2] 
exists only as the trans isomer.18) For this type of 
complex, the stability of the eis isomer will increase 
when the phosph ine l igand is less bulky and more 
basic.21) It is not clear that which l igand is more 
basic, but PMe2py which lacks a hydrogen a tom on 
the ni t rogen a tom is less bulky than PMe 2Ph and will 
be favorable for the formation of eis isomers. 

T h e data of XH and 3 1 P N M R spectra of 
[PdX(PMe2py-P,AO(PMe2py-P)]Y (X=C1, Br, I; 
Y=C10 4 , PF6) are listed in Table 5. In the 31P spec­
tra, the complexes show two broad peaks a round 17 
and —55 p p m , the P¥e~ ion showing a very sharp 
peak. T h e 31P resonance of phosph ine ligands which 
form a four-membered chelate r ing is known to shift 
to a higher field u p o n chelate coordination.22) T h u s 
the two broad peaks a round 17 and —55 p p m can be 
assigned as monodenta te and bidentate PMe2py, 
respectively. T h e P-CH3 protons also exhibit two 
broad peaks in the XH N M R spectra. T h e spectra of 
the chloro complex in CD3NO2 measured at — 50 °C 
remained almost unchanged to give broad peaks. We 
have no clear explanat ion for these broad peaks at 
present. However, they would be attr ibutable to 
rapid breaking and b ind ing reactions between the 
ni trogen a tom of PMe2py and the Pd(II) ion in a 
complex ion. T h e X-ray structure of cis(P,P)-[PdC\-
(PMe2py-P,AO(PMe2py-P)] CIO4 shows that the four-
membered chelate r ing is largely strained, but the P d -
P bond length of the r ing is normal and nearly the 
same as that of the monodenta te PMe2py ligand. O n 
the contrary, the P d - N bond is considerably long. 
Therefore, such breaking and b ind ing reactions 
between the ni t rogen donor and Pd(II), that is, the 
exchange between the coordinat ion modes of mono­
dentate and bidentate PMe2py ligands, would occur 
very easily to make the resonance peaks broad. 
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Preparation of 14-, 18-, and 22-Membered Tetraaza Macrocycles and Their 
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14-, 18-, and 22-membered tetraaza macrocycles have been prepared by the reaction of acetylacetone with 
ethylenediamine, 1,4-butanediamine, or 1,6-hexanediamine, respectively. Their copper(II) and nickel(II) 
complexes were characterized by electronic and infrared spectroscopies. The 14-membered macrocycle forms a 
mononuclear copper(II) complex with a planar structure, whereas the 18-membered macrocycle forms a 
mononuclear copper(II) complex with a pseudo-tetrahedral structure, and the 22-membered macrocycle forms 
di- and trinuclear copper(II) complexes. The complexation and extraction abilities of these macrocycles 
toward copper(II) and nickel(II) ions are discussed. 

Tetraaza macrocycles and their metal complexes 
have been studied extensively in connection with their 
resemblance to natural ly occuring porphyrins.1) Of 
them, saturated macrocycles with various numbers of 
their r ing members have been synthesized consistently; 
these compounds have produced much interesting 
informat ion concerning both the stabilities and struc­
tures of their metal complexes.2) O n the other hand , 
for unsatura ted macrocycles, 14-membered Schiff base 
compounds have received much at tention, with few 
studies on 15- and 16-membered compounds.3) Recently, 
L ippa rd et al.4) have prepared mononuclear copper(II) 
complexes with 14-, 16-, 18-, and 20-membered tetraaza 
macrocycles derived from two amino t ropone imine 
moieties connected wi th two polymethylene groups. 
They have reported that the conformation a round the 
central metal ion in the copper(II) complexes is dis­
torted from p lanar toward tetrahedral with an increase 
in the methylene chain lengths. 

In this paper , the prepara t ion of 14-, 18-, and 22-
membered tetraaza macrocycles derived from acetyl­
acetone and linear diamines , and the characterization 
of their copper(II) and nickel(II) complexes is de­
scribed. In addit ion, the complexat ion and extrac­
tion abilities of these macrocycles toward copper(II) 
and nickel(II) are also described. 

Experimental 

Materials. All reagents were of reagent grade. N,N-
dimethylformamide (DMF) was distilled over CaH2 under 
reduced pressure before use. Other solvents were purified 
in the usual manner. 

Measurements. UV and visible absorption spectra were 
recorded on a Hitachi 340 recording spectrophotometer. 
IR spectra were recorded on a Hitachi 215 grating spectro­
photometer. *H and 13CNMR spectra were taken with a 
JEOL FX-90 spectrometer, using CDCI3 as a solvent and 

îî Present address: Department of Applied Chemistry, 
Osaka Institute of Technology, Omiya, Asahi-ku, Osaka 
535. 

TMS as the internal standard. The 13C relaxation time 
measurements were carried out by applying an inversion 
recovery method in a CDCI3 solution. Mass spectra were 
measured at 70 eV with a Hitachi RMU-6E instrument. 
Magnetic susceptibilities were measured by a Gouy method 
at room temperature. 

Preparation of Tetraaza Macrocycles. The synthetic 
scheme is shown in Fig. 1. The 14-membered macrocycle, 
N414], was prepared according to a method described in the 
literature.6) 

The 18-membered macrocycle, N4I8], (Fig. 2) was pre­
pared in the following manner. To a benzene solution (500 
cm3) of N,A/^/-bis(l-methyl-3-thioxo-l-butenyl)ethylenediamine6) 
(25.0 g, 0.097 mol) was added 1,4-butanediamine (17.2 g, 
0.195 mol). The mixture was refluxed for 5 days. The 
solution was evaporated under reduced pressure and the 
residue recrystallized from ethanol twice. Pale-yellow nee­
dles were obtained in 20% yield. 

Found: C, 71.14; H, 10.67; N, 18.26%. Calcd for C18H32N4: 
C, 70.99; H, 10.61; N, 18.40%. IR (in KBr disk): 3400, 2910, 

H/-AH/ 
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+ 2 H2N NH2 

\ -̂R^s H/ 

C6H6 V N N=( 

R = (CH2)2: N4CI43. 
(CH2)4: N4CI8], 
(CH2)6: N4C223. 

Fig. 1. Synthetic scheme of tetraaza macrocycles. 
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Fig. 2. Chemical structure of tetraaza macrocycles. 
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1620, 1555, 1440, 1330, 1260, 1025, and 735 cm"1. MS; M+ 
304. 

The 22-membered macrocycle, N422], (Fig. 2) was pre­
pared in a similar manner to that described for N4I8] , using 
1,6-hexanediamine in place of 1,4-butanediamine. The 
mixed solution was refluxed for 8 days. The resulting 
product was recrystallized twice from a small amount of 
ethanol. White needles were obtained in 25% yield. 

Found: C, 73.13; H, 11.28; N, 15.64%. Calcd for C22H40N4: 
C, 73.26; H, 11.20; N, 15.54%. IR (in KBr disk): 3400, 2925, 
1615, 1550, 1440, 1340, 1260, 1020, and 735 cm"1. MS: M+ 
360. 

Preparation of Metal(II) Complexes with Tetraaza 
Macrocycles. A copper(II) complex with a 14-membered 
macrocycle, Cu(N4[14](2—)), was prepared by a method de­
scribed in the literature.7) A copper(II) complex with an 
18-membered macrocycle, Cu(N4[18](2—)), was prepared by 
the following method. To an ethanol solution (100 cm3) of 
N4[18] (3.0 g, 0.01 mol) was added copper(II) acetate mono-
hydrate (1.5 g, 7.5 mmol). The solution was refluxed for 30 
min under a nitrogen atmosphere, and then cooled on an 
ice-water bath. The resulting precipitate was collected on a 
glass filter, washed with a cold ethanol, and dried in vacuo. 
No further purification was made. Red-brown crystals were 
obtained in 65% yield. 

Found: C, 58.82; H, 8.34; N, 15.17%. Calcd for CuCi8H3oN4: 
C, 59.05; H, 8.28; N, 15.31%. IR (in KBr disk): 2920, 1570, 
1490, 1420, 1395, 1020, 995, and 720 cm"1. Magnetic 
moment: /xeff=1.85 BM. 

A trinuclear complex with a 22-membered macrocycle, 
Cu3(N4[22](2-)) • (OCOCH3)4, was prepared as follows. To 
an ethanol solution (200 cm3) of N4[22] (3.0 g, 8.3 mmol) was 
added copper(II) acetate monohydrate (3.0 g, 15 mmol). 
The solution was refluxed for 2 h under a nitrogen atmo­
sphere, and then cooled to room temperature. The resulting 
precipitate was collected on a glass filter, washed with 
ethanol several times, and then dried in vacuo. No further 
purification was made. Green solid matter was obtained in 
70% yield. This copper(II) complex is slightly soluble in 
chloroform but insoluble in methanol, ethanol, and DMF. 

Found: C, 45,69; H, 6.54; N, 7.15%. Calcd for C113C30H50N4O8: 
C, 45.87; H, 6.42; N, 7.13%. IR (in KBr disk): 2925, 1565, 
1540, 1465, 1420, 1345, 1020, 750, and 680 cm"1. Magnetic 
moment: /xeff=1.71 BM. 

The nickel(II) complex with the 14-membered macrocy­
cle, Ni(N4[14](2—)), was prepared by the method described in 
the literature.7) 

The isolation of other complexes such as Ni(N4[18](2~), 
Ni(N4[22](2-)), and binuclear Cu2(N4[22](2-)) • (OCOCH3)2 

was examined but could not be achieved by the method 
described above. 

Results and Discussion 

Electronic Spectra. Figure 3 shows the electronic 
spectra of the copper(II) complexes with the 14-, 18-, 
and 22-membered macrocycles in DMF. A DMF 
solut ion of a copper(II) complex with a 22-membered 
macrocycle was prepared by mix ing a DMF solut ion 
of N4[22] and a DMF solut ion of copper(II) acetate 
monohydrate . It was found that a binuclear com­
plex, [Cu2(N4[22](2-))]2 + , was formed in this solution. 

10 20 30 40 

Wavenumber / lO^rrf1 

Fig. 3. Electronic spectra of copper(II) complexes in 
DMF. 
( ): Cu(N4[14](2-)), ( ): Cu(N4[18](2-)), 
( ): [Cu2(N4[22](2-))P+. 

T h i s was confirmed spectrophotometrically us ing a 
mole-rat io method. Details will be described in a 
later section. 

T h e electronic spectral feature of three complexes is 
different, par t icular ly in the visible and near-infrared 
regions. T h e spectrum of Cu(N4[14](2—)) shows an 
absorption band with moderate intensity at 16700 cm - 1 , 
which was assigned to ligand-field transitions; no 
absorpt ion band exists in the near-infrared region. 
T h i s suggests that this complex may adopt a p lanar 
structure a round the central copper(II) ion.8) T h e 
spectrum of Cu(N4[18](2—)) has the characteristic 
absorpt ion bands at 8570, 12800, and 20200 cm-1 . 
T h e highest-energy band is so intense that it can be 
assigned to charge-transfer transit ions, while the other 
two bands are moderately intense and can be assigned 
to ligand-field transitions. These results indicate 
that the conformation a round the copper(II) ion may 
distort from planar to pseudo-tetrahedral.8 ) T h e 
spectrum of [Cu2(N4[22](2~))]2+ has three absorpt ion 
bands at 13400, 17600, and 21600 cm- 1 in the visible 
region, which can be assigned to ligand-field transi­
tions; no absorpt ion band exists in the near-infrared 
region. In this binuclear copper(II) complex, each 
copper(II) ion may be coordinated with a N2O2 donor 
set of two ni trogen atoms of N4[22] and two oxygen 
a toms of acetate groups. Al though structural infor­
mat ion concerning this binuclear copper(II) complex 
is still insufficient, the copper(II) ions may be bridged 
wi th two acetate groups, as in a binuclear copper(II) 
complex wi th a 22-membered homologue of Curtis-
type tetraaza macrocycles.9) 
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Table 1. Absorption Maxima of Macrocycles and Their Copper(II) 
and Nickel(II) Complexes in DMF 

Compound 
nm 

(loge) 

N4[14] 
Cu(N4[14](2-)) 
Ni(N4[14](2-)) 
N4[18] 
Cu(N4[18](2-)) 
Ni(N4[18](2-)) 
N4[22] 
[Cu2(N4[22](2-))]2+ 
Cu3(N4[22](2-))(OAc)4 

Ni-N4[22f 

305(4.53) 
299(3.92), 
286(4.26), 
308(4.47) 
354(4.18), 
328 
315(4.47) 
297(3.72), 
316, 
324sh, 

340(4.40), 
396(3.91), 

368(4.25), 
520 

349(4.31), 
372, 
460 

598(2.41) 
562(2.32) 

494(3.23), 1167(2.05) 

462(2.46), 
474s11, 

568sn(2.18) 
604 

a) Measured by reflectance spectroscopy, 
macrocycle is uncertain. 

b) The molar ratio between metal(II) ion and 

T h e electronic spectroscopic data for the three 
macrocycles and their copper(II) and nickel(II) com­
plexes are summarized in Table 1. T h e absorpt ion 
spectra of the macrocycles and their copper(II) and 
nickel(II) complexes were measured in DMF, except 
for Cu3(N4[22](2-))-(OCOCH3)4, the spectrum of 
which was measured in solid reflectance. All of the 
electronic spectra of the macrocycles are similar to 
each other and have an intense absorpt ion band (log 
e = ca. 4.5) centered a round 32300 cm - 1 , which can be 
assigned to the n—TT* transition. 

T h e spectrum of Ni(N4[14](2—)) has an absorpt ion 
band at 17800 c m - 1 in the visible region, which can be 
assigned to ligand-field transitions; this complex may 
adopt a p lanar configuration.8) Since other nickel(II) 
complexes with N4[18] and N4[22] could not be iso­
lated, their absorpt ion spectra were measured by mix­
ing a D M F solut ion of each macrocycle and a D M F 
solut ion of nickel(II) acetate tetrahydrate under a ni­
trogen a tmosphere . T h u s , their molar ext inct ion 
coefficients could not be determined. T h e spectrum 
of nickel(II) complex with N4[18] has two absorpt ion 
bands at 19200 and 22300 cm-1 , and that of the nickel-
(II) complex with N4[22] has an absorpt ion band at 
21700 c m - 1 in the visible region. T h e structural 
properties of these nickel(II) complexes can not be 
argued only from the spectroscopic data. 

Determination of Molar Ratio of Copper(II) Ion to 
22-Membered Macrocycle. A 22-membered macrocy­
cle has such a large cavity that it migh t coordinate 
wi th two metal ions in one cyclic system. In fact, the 
absorpt ion m a x i m u m of a mixed DMF solut ion of 
N4[22] and copper(II) ion was shifted from 564 to 462 
n m u p o n increasing the molar rat io of copper(II) ion 
to N4[22]. T h e absorpt ion band at 462 n m should 
arise from the formation of binuclear complex, 
[Cu2(N4[22](2—))]2+. Th i s was confirmed spectropho-
tometrically by the mole-ratio method (Fig. 4). T h e 
absorbances at 462 n m increased wi th an increase in 
the molar rat io of copper(II) ion to N4[22] and was 
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Fig. 4. Absorbance at 462 nm in the various ratios of 
concentration of copper(II) ion to that of N4[22] in 
DMF. 
[N4[22]]=2.00X10-3 moldm-3; cell length: 1 cm. 

kept constant at a ratio of 2.0 and above. T h i s result 
clearly indicates that one molecule of N4[22] can com­
plex with two copper(II) ions in a DMF solut ion. 

O n the other hand, a green precipitate was obtained 
by a l lowing a mixed DMF solut ion of copper(II) ion 
and N4[22] to stand for several hours , or us ing a D M F 
solut ion of N4[22] conta in ing excess amoun t s of cop-
per(II) ion. T h i s precipitate was identified to be a 
trinuclear complex with the formula Cu3(N4[22](2—)) • 
(OCOCH3)4 by elemental analysis. Figure 5 shows 
the reflectance spectrum of this complex; numera l 
data are included in Table 1. In the visible region, 
three absorpt ion bands are observed at 15200, 16600, 
and 21100 cm - 1 , which can be assigned to ligand-field 
transit ions. T h e absorpt ion bands at 15200 and 
16600 c m - 1 may be attr ibuted to a copper(II) moiety 
coordinated by the 0 4 donor set of two bridged acetate 
groups and two copper(II) moieties coordinated by the 
N2O2 donor set of two ni t rogen a toms in the macrocy-
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Table 2. XH and 13C NMR Spectral Data and 
13C Relaxation Times (T\) of Macrocyclic 

Ligands in CDC13 at 25 °C 

10 20 30 

Wavenumber / 103cm"1 

Fig. 5. A reflectance spectrum of trinuclear copper(II) 
complex with N4[22]. 

Fig. 6. Relaxation time measurements for 13C atoms 
of N4[22] in CDCI3. 

cle and two oxygen atoms of the bridged acetate 
groups, respectively. Although the structural aspects 
of copper(II) complexes with N4[22] have not been 
clarified yet, the copper(II) ions in trinuclear copper-
(II) complex may be forced out of the cavity of N4[22] 
and linked by the acetate groups, since the cavity size 
of N4[22] might not be sufficiently large to hold all 
three copper(II) ions. 

A slightly lower magnetic moment (/zeff=1.71 BM) of 
this trinuclear complex than those of Cu(N4[18](2—)) 
(1.85 BM) and Cu(N4[14](2-)) (1.78 BM) is consistent 
with the trinuclear structure bridged with acetate 
groups. 

13C Relaxation Time Measurement. Carbon-13 
spin-lattice relaxation measurements10) were carried 
out in order to reveal the internal motion of the 
tetraaza macrocycles. A 90° rf pulse was 9.80 JUS. 

Compound 

N4[14] 

N4[18] 

N4[22] 

CMH3 

C!H2 

C7H 
C(=N) 

CMH3 

C1H2 

C2H2 

C7H 
C(=N) 

CMH3 

C!H2 
C2H2 
C3H2 

C7H 
C(=N) 

iH/ppm 

1.80 
3.44 
4.51 
— 

1.88 
3.31 
1.79 
4.50 
— 

1.87 
3.22 
1.67 
1.56 
4.50 
— 

13C/ppm 

19.6 
46.8 
94.4 

160.8 

19.4 
46.7 
29.5 
94.1 

160.6 

20.0 
47.5 
29.1 
31.8 
94.3 

161.4 

TVs 

4.22 
0.98 
2.09 

(10.8 ) 

2.73 
0.79 
0.93 
0.93 

(10.5 ) 

2.50 
0.59 
0.73 
0.59 
0.68 

(10.8 ) 

Figure 6 shows the results obtained for N4[22]. When 
the pulse interval, T, was 0.001 s, all of the peaks were 
inverted. The time required for a recovery increased 
according to the order of the carbon atoms: C1— 
C3<C7<C2<CCM. The Ti value of the indivisual car­
bon atom can be obtained as the reciprocal slope of a 
straight line of log (Zoo—Ix) vs. z plot, where 7«, is the 
equilibrium intensity of a resonance peak, and lx is the 
peak intensity at each x value. The above plots for all 
of the 13C resonance peaks of the tetraaza macrocycles 
gave good linear relations. The T\ data, thus 
obtained, are listed in Table 2, together with XH and 
13C NMR spectral data for the macrocycles. 

Because the molecular weight of N4[22] is the high­
est among them, N4[22] should exhibit a slow overall 
motional behavior of molecules in a solution, such as 
translation and rotation. Therefore, all of the T\ 
values of the carbon atoms in N4[22] are smaller than 
those of the corresponding carbon atoms in N4[14] and 
N4[18]. However, the internal motion of the N4[22] 
molecule differs from those of N4[14] and N4[18] mole­
cules. It should be predictable that the deformation 
and distortion (or reorientation) of macrocycles take 
place more easily in the order N4[14]<N4[18]<N4[22]. 
If the ratios of the T\ values of methyl (CM) and 
methylene (C1, C2, and C3) carbons to that of methine 
(C7) carbon in a macrocycle are given, respectively, 
they may represent the degree of internal motility of 
each macrocyclic molecule. The ratios of Ti(CM)/ 
Ti(C7) are 2.0, 2.6, and 3.7 for N4[14], N4[18], and 
N4[22], respectively. The ratios of T^C^/T^C 7 ) are 
0.5, 0.7, 0.9 for N4[14], N4[18], and N4[22], respectively. 
These values increase with an increase in the size of 
the macrocycles. These results lead to the idea that 
the conformation changes of the macrocycles for coor­
dination with a given metal(II) ion may occur easier 
in the order N4[14]<N4[18]<N4[22]. 
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Complexation of Copper(II) and Nickel(II) with 
Macrocycles. The complexation rates of copper(II) 
and nickel(II) ions with the macrocycles were deter­
mined spectrophotometrically in a homogeneous 
DMF solution at 25 °C. A DMF solution of each 
macrocycle (8.0X10-5 mol dm -3) and a DMF solution 
of equimolar amount of each metal ion were mixed 
under a nitrogen atmosphere. In the case of N4[22], a 
DMF solution of twice the molar amount of copper(II) 
ion (1.6X10-4 mol dm -3) was used. Their absorption 
spectra were measured over the range 270—500 nm 
at regular time intervals. The results are shown in 
Fig. 7. 

In a system of copper(II) ion with N4[14], the 
absorption spectrum remarkably changes within an 
initial 2 min, and then gradually for 20 min: the 
absorption peak due to N4[14] at 305 nm decreased in 
intensity and a new absorption band which appeared 
at 341 nm increased in intensity, having an isosbestic 
point at 322 nm (Fig. 7A). The spectral changes 
clearly indicate that the Cu(N4[14](2—)) complex is 
formed, since the absorption maximum (341 nm) 
agrees to that of isolated Cu(N4[14](2—)). 

Similar spectral changes were observed for other 
cases. For a system of copper(II) ion with N4[18], the 
absorption maximum of the macrocycle was shifted 
from 308 to 354 and 368 nm, having an isosbestic 
point at 338 nm (Fig. 7B). In the case of copper(II) 

300 400 300 400 300 400 

Wavelength / nm 

Fig. 7. Absorption spectral changes caused by com­
plexation of copper(II) with N4[14](A), N4[18](B), 
and N4[22](C) in DMF at 25 °C. 
[ligand]=4.00X10-5 mol dm-3; cell length: 1 cm. 
(A) ( ): N4[14]; ( ): 1, 2, and 3, after 2, 10, and 
20 min, respectively. (B) ( ): N4[18]; ( ): 1, 2, 
and 3, after 2, 10, and 60 min, respectively. (C) 
( ): N4[22]; ( ): 1, 2, and 3, after 2, 10, and 15 
min, respectively. 

ion with N4[22], the spectral change was slight and the 
absorption maximum of the macrocycle was shifted 
from 315 to 349 nm, having an isosbestic point at 330 
nm (Fig. 7C). 

In the case of nickel(II) ion with N4[14], the absorp­
tion spectrum changed gradually for over 7 h. The 
absorption maximum of N4[14] was shifted from 305 
to 396 nm, having an isosbestic point at 348 nm. In 
this case, the spectral changes indicate that the 
Ni(N4[14](2~)) complex is formed in solution, on the 
basis of the absorption maximum. For the cases of 
nickel(II) ion with N4[18] and N4[22], though the 
absorption maxima of the macrocycles at 308 and 315 
nm, respectively, decreased in intensity, new absorp­
tion bands could not be observed, indicating the for­
mation of their nickel(II) complexes. In these cases, 
only the decomposition of the macrocycles may occur, 
since the complexation rates are very slow. 

The extents of complexation for the four systems 
were calculated from their spectral changes. The 
results are shown in Fig. 8. With N4[14], the rate of 
complexation of the copper(II) ion was found to be 
much faster than that of the nickel(II) ion. The 
extent of complexation of the copper(II) ion with 
N4[14] reached nearly 90% after 20 min, and decreased 
gradually after 120 min due to decomposition of the 
complex.7) On the other hand, the extent of com­
plexation of the nickel(II) ion with N4[14] increased 
slowly with time, and reached about 20% after 130 
min. For the case of the copper(II) ion with N4[18], 
its extent reached 98% after 70 min, although the rate 
of complexation was slightly lower than that with 
N4[14]. For the copper(II) ion with N4[22], the extent 
of complexation reached about 45% after 15 min, and 
then decreased. 

Solvent-Extraction of Copper(II) and Nickel(II) 
Ions with Macrocycles. Solvent extractions were car­
ried out by using a 10-cm3 test tube with a stopper in 
which an aqueous solution (5.0 cm3) of metal acetate 

100 

Cu-N/tHl 

60 90 120 150 
Reaction time / min 

Fig. 8. Time-courses of complexation of copper(II) 
and nickel(II) with tetraaza macrocycles in DMF at 
25 °C. 
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Fig. 9. Extractability of tetraaza macrocycles for 
copper(II) and nickel(II). 
[metal(II)]=2.00X10-4 mol dm"3; [extractant]=2.00 
X10-3moldm-3. (—•—): Cu(II)-N4[14]; (...O-)-' 
Cu(II)-N4[18]; (-.-(*-.-): Cu(II)-N4[22]; (—A—): 
Ni(II)-N4[14]; (...A-): Ni(II)-N4[18]; ( - . -A-.-) : 
Ni(II)-N4[22]. 

(copper(II) or nickel(II)) and a chloroform solution 
(5.0 cm3) of the macrocycles were contained as aque­
ous and organic phases, respectively. The concentra­
tions of metal(II) ion in the aqueous solution and of 
macrocycles in the chloroform solution were 2.00X10-4 

and 2.00X10-3 mol dm - 3 , respectively. The test tube 
was shaken for an adequate time (from 2 to 300 min) at 
room temperature using a shaker. After shaking, the 
concentration of the metal(II) ion remaining in the 
aqueous phase was determined by atomic absorption 
spectrometry. Figure 9 shows plots of the percent­
ages of the above-mentioned metal(II) ions extracted 
with the macrocycles against the shaking time. The 
rates of extraction of the copper(II) ion with these 
macrocycles were found to be much faster than those 
of the nickel(II) ion. 

With N4[14], 95% of the copper(II) ions in the aque­
ous phase could be extracted within 20 min; its value 
was almost constant over 180 min. With N4[18], its 
extractability for the copper(II) ion was similar to that 
of N4[14], though the percentage of extracted copper-
(II) ion decreased gradually. In more detail, 49% of 
the copper(II) ions was transferred into the organic 
phase after 2 min. Its value was smaller than that 
with N4[14] (57%). However, after 5 min the percent­
age of extracted copper(II) ions with N4[18] (87%) was 
larger than that with N4[14] (63%). With N4[22], the 
extractability for the copper(II) ion was low and only 
31% of the copper(II) ions was extracted after 20 min; 
then, the percentage of extracted copper(II) ions grad­
ually decreased with the shaking time. This may 
have been caused by an instability of the copper(II) 
complex with N4[22]. 

As for the nickel(II) ion, the extraction rates with 
these macrocycles became faster in the order 
N4[18]<N4[22]<N4[14]. No decreases in the percent­

ages of extracted nickel(II) ions with them were 
observed within 300 min. These results may have 
arisen from the extremely slow complexation rates of 
the nickel(II) ion. It should be noticed that with 
N4[22], the percentage of extracted nickel(II) ions 
became higher than that of copper(II) ions after 300 
min. In this case, the copper(II) ions may be trans­
ferred into the organic phase during the initial stage 
(30 min) as a mixture of complexes which consist of 
compositions of 1 : 1, 2 : 1 , and/or 3 : 1 copper(II)/N4[22] 
ratios. Because these complexes are labile, they may 
decompose during shaking of the organic phase with 
the aqueous phase; free copper(II) ions may be back-
transferred into the aqueous phase. This may cause a 
decrease in the percentage of extracted copper(II) ions 
with the shaking time. 

The results obtained in the solvent-extraction 
experiments are almost parallel with those in the 
complexation measurements. However, these results 
are not consistent with those expected from NMR 
relaxation time measurements of the macrocycles. 
The absorption spectral changes and the percentage of 
extraction may reflect the degree of complete complexa­
tion of metal(II) ions with macrocycles, rather than 
the degree of weakly bound metal(II) ions with them. 
On the other hand, the NMR relaxation time measure­
ments should reflect the degree of weakly bound metal-
(II) ions at the initial complexation step: at which 
time they are coordinated with one or two donor 
atoms (nitrogen atom) of the macrocycles. In fact, 
polyaza macrocyclic ligands have been reported to 
form a coordination bond between a metal ion and 
one donor atom (N atom) of the macrocyclic molecule 
during the initial step of complexation.n) Therefore, 
the NMR relaxation time measurements of ligands, 
themselves, may be very effective for judging their 
complexation abilities toward metal ions when they 
are unidentate and/or bidentate ligands. 
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The vapor saturation method was applied to prepare aqueous solutions saturated with a volatile solid 
solute such as fluorene, fluoranthene, or pyrene. Henry's law was found to hold for their aqueous solubility, 
and sublimation enthalpy was evaluated for each solid solute. Complex formation constants with cyclodex-
trins at 25 °C have been determined by the vapor saturation method. The applicability and limitation of the 
method are discussed. 

A large number of data concerning aqueous solubil­
ity of various hydrocarbons have been accumulated. 
They have been obtained mainly by the "shake-flask 
method": an excess quantity of a solute is added to 
water, the mixture is mechanically shaken, and then 
the excess solute phase is separated. An alternative 
technique named the "generator column method," 
which, recently proposed, involves continuous pump­
ing of water through a column filled with a support 
material coated with the solute of interest.1) This 
technique has an advantage over the shake-flask 
method: saturated solutions can be prepared quickly 
without any excess solute phase, and moreover, if 
necessary, the solute in the aqueous solution can be 
easily concentrated by connecting a second column 
packed with a hydrophobic support. 

We recently proposed a new technique which we 
call the "vapor saturation method," and can be ap­
plied to volatile solid solutes such as biphenyl, naph­
thalene, anthracene, and phenanthrene.2) An excess 
quantity of a solid solute is dispersed in water (which 
we call the "solute reservoir"), and then air is bubbled 
through the aqueous phase to produce the solute 
vapor. The vapor is introduced into a separate con­
tainer (which we call the "solubility flask"), where 
water to be saturated is placed and circulated in a 
closed system. The water in the solubility flask can 
thus be saturated with the solute in a relatively short 
time without any need to remove solute microcrystals. 
The main advantage of this vapor saturation method 
over the preceding two methods is that we can deter­
mine directly whether the solubility obeys Henry's 
law. The temperature of the solute reservoir can be 
changed up to that of the solubility flask while the 
latter temperature is kept constant: the solubility can 
be measured as a function of the solute vapor pressure. 

Another important feature of the vapor saturation 
method is its potential applicability to studying asso­
ciations which may occur between solutes of different 
kinds in aqueous medium, such as hydrophobic inter­
action. A simple and probably more direct way to 
estimate such associations is to measure the aqueous 
solubility of one solute (1), excess of which may be 
present in water as a solid or a liquid phase, in the 

absence and presence of the other solute (2); the associ­
ation constant can be evaluated from the difference in 
solubility. It is desirable that such solubility runs be 
made in the absence of excess solute (1), otherwise 
coexisting solute (2) molecules will be adsorbed on the 
solid or liquid solute (1) or, in an extreme case, can 
penetrate into the excess solute phase to cause modifi­
cation of its physicochemical properties. 

This work is concerned with a further application 
of the vapor saturation method to preparing aqueous 
solutions saturated with a volatile solid solute such as 
fluorene, fluoranthene, or pyrene and to studying 
associations of these solutes with cyclodextrins in 
aqueous medium. 

Cyclodextrins (CyDs, cyclic oligosaccharides con­
sisting of six, seven, or eight glucopyranose units, 
called a, ß, or y, respectively, with a central cavity of 
the corresponding size) have attracted interests of 
many workers due to their unique properties. It is 
well-established that CyDs (hosts) form inclusion 
complexes with a variety of molecular species (guests) 
in aqueous medium. In this host-guest association, 
the size (and shape) and hydrophobicity of a guest 
molecule play an important role. We have recently 
proposed a method which makes use of the volatility 
of a guest molecule and can be used to determine 
association constants of CyDs with various volatile 
guests.3j4) The method, however, requires such exper­
imental conditions that host molecules should always 
be in excess over guest molecules, and hence allows 
estimation of only 1:1 and 2:1 (host : guest) com­
plexes. The solubility measurements, on the other 
hand, can be used to estimate not only 1:1 and 2 :1 but 
also 1:2 complexations, because the guest substance is 
always supplied to the association system. 

Experimental 

Materials. Distilled deionized water was used through­
out the experiments. Fluorene, fluoranthene, and pyrene 
of analytical reagent grade (Wako) and CyDs of guaranteed 
grade (Nakarai) were used as received. A suitable amount 
of CyD, which had been dried over phosphorus pentaoxide 
under vacuum, was weighed and dissolved in water to 
prepare CyD solutions of desired concentrations. 
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Apparatus and Procedures. The apparatus and proce­
dure to prepare aqueous solutions saturated with solute 
vapor are the same as those previously described.2) Solute 
concentrations were measured after extraction with cyclo-
hexane. A JASCO FP-770 spectrofluorometer was used for 
fluorene (274.8/310.2) and fluoranthene (360.4/463.0) by 
setting such (excitation/emission) wavelengths, nm as indi­
cated in the parentheses. In the case of pyrene, fluorescence 
spectra were also taken, but in determining its concentra­
tions in water, some unknown impurities were observed and 
thus the cyclohexane extracts were analyzed on a Shimadzu 
LC-6A HPLC: packed column, Shim-pack FLC-ODS 4.6 
mmX5 cm (particle size 3 urn); autoinjector, SIL-6B; UV 
detector, SPD-6AV (operated at 334 nm); mobile phase, 
ethanol (80%)/water (20%). 

For CyD solutions saturated with solute vapor, prior to 
the extraction with cyclohexane, the saturated solutions 
were in advance diluted with water so that any turbidity due 
to deposit of CyD cannot be observed in the presence of the 
organic extract. 

Results and Discussion 

The Time Required for Saturating Water with 
Solute Vapor. At a constant circulation rate of solute 
vapor, ca. 0.5 dm 3 m i n - 1 , the aqueous phase reaches 

Vapor-circulation time/h 

Fig. 1. Solute concentrations in water at 25 °C vs. 
solute-vapor-circulation time. Fluorene (O), fluo­
ranthene (•) , and pyrene (A). 

solubility equi l ibr ium, depending on the solutes as 
shown in Fig. 1, at 3 (fluorene), 7 (fluoranthene), and 
16 h (pyrene). 

Equilibrium Solubility and Solute Vapor Pressure. 
T h e term "equ i l ib r ium solubi l i ty" is used to describe 
the solubility obtained under the condit ions that the 
temperature of the solute reservoir differs from that of 
the solubility flask. In Fig. 2 is shown the equil i ­
b r ium solubility of each solute in the solubility flask 
kept constant at 25 °C; the vapor pressure data have 
been taken from the literature.5) Henry 's law holds 
for the solutes investigated. Fluorescence spectra 
taken for pyrene in aqueous solutions of any equil i-

Vapor pressure of pyrene/10 -4 Pa 

0 2 4 6 
I 1 1 T-

Vapor pressure of fluoranthene/10-4 Pa 
0 4 8 10 12 

i 
bß 

M 

S 

J-H 

o 

'S 
C/3 Jo 

Vapor pressure of fluorene/10-2 Pa 

Fig. 2. Equilibrium solubility vs. solute vapor pres­
sure. The temperature of solute was changed, 
while that of solvent water was held constant at 
25 °C. Signs are the same as those shown in Fig. 1. 
Equilibrium solubility of fluorene measured in the 
presence of /3-CyD at 1.07X10"4 (A), 5.02X10"4 

(B), 1.00X10"3 mol dm"3 (C) are also shown. 

Table 1. Henry's Law Constant, Aqueous Solubility, and Enthalpy of Sublimation (Data at 25 °C) 

Solute #H
a)/104 Pa 

S^/ lO^molkg" 1 AHsub
c,/kJ mol-

This work (Literature data)d) This work (Literature data)e) 

Fluorene 43.0 
Fluoranthene 6.75 
Pyrene 5.89 

10.2(10.15, 11.9, 11.4) 
1.02(1.02, 1.3, 1.32) 
0.569 (0.64, 0.653, 0.668, 

0.733, 0.77) 

86.8 (83.0, 88.8) 
78.5 (103, 84.5) 
97.5 (91.3, 93.8, 100) 

a) Henry's law constant determined in this work, b) The solubility in water estimated from 
Ku. c) The enthalpy of sublimation estimated from equilibrium solubility, d) Taken from 
Ref. 13. e) Taken from Ref. 14. 
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b r ium solubility did not show a peak at 472 nm, an 
emission wavelength at which the pyrene excimer 
appears (see Fig. 6). 

At 25 °C, the Henry 's law constant Ku (=P /X 2 ) , 
where P is the part ial pressure of the solute and X2 is 
the mole fraction of the dissolved solute, and the 
aqueous solubility determined from KH are shown for 
each solute in Table 1. Our value for pyrene seems 
somewhat smaller than the literature data, while those 
for the other two solutes are in reasonable agreement. 

Estimation of Sublimation Enthalpy. T h e 
enthalpy of subl imat ion of each solid solute at 25 °C 
has been estimated in the same way as described in our 
previous paper:2) as shown in Fig. 3, the logar i thm of 
the equi l ibr ium solubility (mole fraction), as deter­
mined in the solubility flask kept at 25 °C, is plotted 
against the reciprocal of the absolute temperature of 
the solute reservoir. T h e subl imat ion enthalpies 
thus estimated for each solute are listed in Table 1. 
T a k i n g it into account that our values have been 
estimated based on rather nar row temperature ranges, 
fluorene (18.1—25°C), f luoranthene (16.5—24.9°C), 
and pyrene (21.6—25 °C), their agreements with the 
literature are reasonable. It is noteworthy that the 
subl imat ion enthalpy, which usually requires vapor 
pressure measurements as a function of temperature, 
can be simply estimated by the vapor saturat ion 
method. 

Complex Formations with Cyclodextrins in Aque­
ous Medium. For de termining formation constants 
of molecular species wi th CyDs in aqueous medium, 

-\-7.7 

-6.7r-

-6.8 

o 
3 

X 
bß 
O 

H-7.8 

-6.9 

-7.0k 

-8.2 -8.2 

3.35 3.10 

T-VIO-3 K"1 

3.15 

Fig. 3. log X vs. T_1. X: equilibrium solubility at 
25 °C in mole fraction; T: absolute temperature of 
solute. Signs are the same as those shown in 
Fig. 1. 

the solubility method has been demonstrated to be 
usuful, part icularly for sparingly soluble guests.6/7) 

Let S be a substrate (guest) and L be a l igand (CyD, 
host), and let us consider the 1:1 , 1:2, and 2 : 1 com­
plex formations 

S + L ^ S L £ i , 

SL + L^SL 2 A:2, 

SL + S^S2LA:3. 

(1) 

(2) 

(3) 

T a k i n g the law of mass action in to account, we can 
get an equat ion us ing the substrate solubility in water 
in the absence (So) and presence (St) of CyD: 

St = So + KiSo[L] + K&2S0 [L]2 + 2K1K3S02 [L], (4) 

where [L] is the equ i l ib r ium concentration of free 
ligand. As a first approx imat ion , the total concen­
tration of L, L t , can be used as [L], because L t is 
sufficiently large compared with the sum of the con­
centration of each complexed species. Rewri t ing of 
Eq. 4 yields 

(St - S0)/So=KiLt + K1K2U2 + 2K1K3S0U (5) 

In Fig. 4 is plot ted (St—So)/So against So at constant 
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Fig. 4. (St—So)/So plots against So or L t for fluorene. 
Equilibrium solubility in the absence (So) and pres­
ence (St) of 0-CyD (O) or 7-CyD (•) . Plots indi­
cated by symbols, A, B, and C are based on the 
results given by the corresponding symbols shown 
in Fig. 2. (St—So)/So vs. L t plots are shown by 
dotted lines: j8-CyD(l), y-CyD(2). 
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Lt or against Lt for fluorene-ß- and y-CyD systems. 
Let us take one case, fluorene-ß-CyD. As can be seen 
from Fig. 2, the equilibrium solubility of fluorene 
obeys Henry's law in the presence of ß-CyD. At a ß-
CyD concentration of 1.00X10-3 mol dm - 3 , the equili­
brium solubility was measured at 25 °C by setting 
the solute reservoir at three different temperatures, 
18.0 (3.39X10-2), 22.2 (5.70X10"2), and 24.0 °C 
(7.09X10-2 Pa) (the solute vapor pressure is given in 
parentheses) to be 1.09, 1.82, and 2. 27X10"5 mol kg-*, 
respectively; each value refers to St at the constant Lt. 
The equilibrium solubility in the absence of CyD can 
be estimated to be 0.436, 0.732, and 0.910X10"5 

mol kg - 1 at the corresponding solute vapor pressure; 
each value refers to So. Then, the term (St—So)/So is 
calculated to be 1.50, 1.49, and 1.49 at the three differ­
ent solute temperatures. The term being independ­
ent of So at a constant ß-CyD concentration (as indi­
cated in Fig. 4 by a horizontal line connecting open 
circles), we assume £3=0. In the same way, the term 
(St-So)/So is calculated to be 0.725 and 0.161 at ß-CyD 
concentrations of 5.02 and 1.07X10"4 mol dm -3 , 
respectively. The term being linearly proportional 
to Lt, (as indicated in Fig. 4 by the dotted line (1) 
connecting the points on each horizontal line at the 
corresponding Lt), we assume £2—0. 

The vapor saturation method allows us to deter­
mine whether the 2 :1 (guest : host) complexation is 
involved in the association system of interest by plot­
ting (St—So)/So against So at a constant Lt. The con­
ventional shake-flask method or its improved 
generator-column method cannot be used for such 
measurements, because the aqueous phase is always in 
contact with excess solute and, then, the concentration 
of free substrate, So, is unequivocally determined by 
the temperature of the solute-solvent mixture. 

Particular attention should, however, be called to 
the use of the vapor saturation method. When it 
needs a long time to saturate water with the solute 
vapor, as is the case with fluoranthene and pyrene, the 
temperature difference between the solute reservoir 
and the solubility flask should be small. Otherwise, 
the concentration of CyD in the solubility flask 
increases gradually during the vapor circulation 
period due to vaporization of water in the solubility 
flask; the vapor is to be condensed in the solute 
reservoir. This is a limitation to the vapor saturation 
method. 

The complex formation constants of fluoranthene 
and pyrene have been determined by keeping the 
temperature of the solute reservoir equal to that of the 
solubility flask. On the assumption that the 2:1 
(guest:host) complexations are not involved in the 
fluoranthene-ß- or -y-CyD or the pyrene-ß-CyD sys­
tem, (St—So)/So was plotted against Lt, and linear 
relationships were found for these systems. In the 
case of pyrene, the solubility has been measured also 
by the shake-flask method in the presence and absence 

Table 2. Complex Formation Constants (25 °C) 

Formation constant/dm3 mol-1 

ß-CyD y-CyD 

This work Literature data This work 

Guest: Naphthalene 
900±200 (6.3±0.4)X10215> 

685,16> 730,17> 85018> 
Guest: Fluorene 

(1.49±0.03)X103 (1.1±0.1)X10319> 178+4 
(1.2±0.1)X1032°) 

Guest: Fluoranthene 
160±10 170±10 

Guest: Pyrene 
160 (175±25)a) 7.6,19) 44,21) 128,22> 

190,23) 277,24) 
528.3+48.9 (459.0±14.7)7> 

a) The value given in the parentheses was determined 
by the shake-flask method. 

of CyD, based on which the formation constants were 
estimated to check the reliability of the vapor satura­
tion method. 

The complex formation constants determined in 
this work are listed in Table 2. Using the vapor 
saturation method, we have also studied the naphtha-
lene-ß-CyD system, which has so far been studied by 
many workers with different techniques. The pres­
ent result for this system is somewhat large compared 
to the literature data, but, in view of the large varia­
tion with our value, the difference is not so large. 
Complexations of fluorene and fluoranthene with a-
CyD were studied. In the presence of a-CyD, how­
ever, the solubility increases of these solutes were 
found to be too small to be given significant values. 
There have been published no data concerning CyD 
complexes with fluoranthene or y-CyD complexes 
with fluorene, while as for pyrene considerably 
abundant data are available. They are, however, 
scattered over so wide a range that the present result 
cannot be compared with them. 

Because of its characteristic property, pyrene has 
attracted interests of many workers. This substrate 
associates with each other to form a dimer in some 
circumstances and its excimer fluorescence reflects the 
microenvironment where the dimer exists.8'9* It is 
now well-known that pyrene forms a 1:1 complex 
with ß-CyD, whereas two pyrene molecules can 
together enter the cavity of y-CyD (excimer emission 
from pyrene is markedly enhanced by y-CyD). There 
are, however, some arguments with respect to whether 
the excimer is formed in a three-component (two-
pyrene-one-y-CyD) complex or a four-component 
(two-pyrene-two-y-CyD) complex. Some pieces of 
experimental evidence presented by recent investiga­
tors have supported the latter case.10-12) We cannot 
decide it experimentally by the present vapor satura-
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tion method which is correct, the three- or four-
componen t complex. Th i s is another l imitat ion to 
the vapor saturat ion method. 

According to an op in ion of recent investigators, we 
assume that pyrene-y-CyD exists only in the four-
componen t complex and employ, instead of Eq. 3, the 
equ i l ib r ium 

2 S L ^ S 2 L 2 £4. (6) 

T h e n , Eq. 5 is to be modified to 

(S-So)/So = KiU + K1K2U + 2£i 2£4SoLt2. (7) 

With the solubility flask kept at 25 °C, the solubility at 
25 °C and the equ i l ib r ium solubility at 24.0 °C have 
been measured as a function of y-CyD concentrat ion 
by the vapor saturat ion method; this small tempera-

o 

O0 ^ 1.0 h 

Concentration of 7-CyD/lO"3 mol dm - 3 

Fig. 5. (St—So)/So vs. L t plots for pyrene -y-CyD 
system. The temperature of solute was set at 
25.0 °C (O) or at 24.0 °C (•) , while that of solvent 
water was kept constant at 25.0 °C. 

ture difference between the solubility flask and the 
solute reservoir was found not to cause any serious 
changes in CyD concentrations in the solubility flask. 
In Fig. 5 is plotted (StSo)/So vs. L t . By the curve-
fitting method, we have estimated K\, K2, and KA. 
T h e results are listed in Table 3 together with litera­
ture data. 

We have also estimated K\ by the shake-flask 
method. T h e solubility of pyrene at 25 °C, St, was 
measured over the range of y-CyD concentrat ion, L t , 
(0.15—2.50)X10"3 M (M=mol dm"3) . T h e plot of 
(St—So)/So against L t was found to be parabolic sim­
ilarly to the curve shown in Fig. 5. A curve-fitting 
treatment according to Eq. 7 has evaluated the two 
terms K\ and K1K2+2K1 2KASQ. We cannot evaluate K2 
or KA in the second term because So cannot be changed. 

T h e K\ values thus determined by the two methods 
are found to be in resonable agreement with each 
other. 

As can be seen from the KA be ing very large, the 2 :2 
complex of pyrene with y-CyD is easily formed in the 

•1—1 

350 *»00 150 

Wavelength/nm 

550 

Fig. 6. Fluorescence spectra of aqueous pyrene solu­
tions prepared by vapor saturation method in the 
absence (1) and presence of 7.04X10-4 (2) and 
3.68X10-3 moldm-3 (3) y-CyD. 

Table 3. Complex Formation Constants of Pyrene with y-CyD (25 °C) 

Formation constanta )/dm3mol -1 

This work 
Literature data 

Ref. 23 Ref. 24 Ref. 11 Ref. 22 Ref. 7 

Ki 
K2 

Ks 
KA 

560±40 (552)b) 

365 

4.45X105 

20 
200 

5X106 

35 
310 

1.9X107 
1.1X10« 

300 
170 

1.3X1 

399 1104±66(1146±9) 

a) Ki, K2, K3, and KA refer to the formation constants of 1:1, 1:2, 2 :1 , and 2:2 (pyrene: y-CyD) 
complexes, respectively, b) The value given in the parentheses was determined by the shake-
flask method. 
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aqueous medium. Ueno et al.12) have presented a 
model of the complex and pointed out that a hydro­
phobic interaction between two pyrene molecules is 
responsible for its dimer formation. In the present 
work, too, the excimer was confirmed. T h e fluores­
cence spectra observed in the aqueous solutions of 
pyrene prepared by the vapor saturation method in the 
presence of 7-CyD of relatively h igh concentrations, 
are shown in Fig. 6. 

Fluorene and pyrene are suitably fitted in the cavi­
ties of ß- and 7-CyD, respectively, which may be 
responsible for the large K\ values observed for fluo-
rene-ß-CyD and pyrene-7-CyD complexations. 
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Sensitized photoreactions of two 2-pyrones with five unsaturated compounds were investigated. The 
reactions of 2-pyrones with electron-deficient ethylenes gave [4+2]cycloadducts (3) and [2+2]cycloadducts (4) 
across the C5-C6 double bonds in the 2-pyrones. On the other hand, reactions with an electron-donating 
ethylene, ethyl vinyl ether (2i), gave other kinds of [2+2]cycloadducts (5) and a [4+2]cycloadduct (6), site- and 
regio-selectively. These two kinds of reactions were inferred to start at the C-6 and C-4 positions of the 2-
pyrones to give 3 or 4, and 5 or 6, respectively. The regioselectivity of 6 was opposite to that for a thermal 
[4+2]cycloadduct (7). The substituents on 2-pyrones also influenced the product-distribution and the triplet 
energy-level. 

2-Pyrone (1) is a s imple 2,4-pentadien-5-olide. 
Al though much attention has been focused on ther­
mal cycloaddition reactions, l ) the investigation of the 
photochemical ones has not been extended beyond our 
reports,2 _ 4 ) except for dimerizations.5 ) Sensitized 
photoreact ions of 4,6-dimethyl-2-pyrone (lc) with 
electron-deficient ethylenes gave mainly [2+2]cyclo-
adducts across the C5-C6 double bond in lc,2 ) while 
methyl 2-pyrone-5-carboxylate ( la) afforded [4+2]-
cycloadducts under similar condit ions, as shown in 
Sheme 1. T h e similar photoreact ions of l c wi th 
chloroethylenes gave many kinds of cycloadducts. 
Some of them were also transformed into 5-ethynyl-2-
pyrones etc. by dehydrochlor inat ions and valence iso-
merization.6) Since 1 has a conjugated dienone sys­
tem, photoaddi t ions between a variety of ethylenes 
possess many possibilities regarding the addi t ion type 
and stereochemistry.7) T h e photoaddi t ion reactions 
of 2-pyrones are interesting from both theoretical and 
synthetic respects. We now report on sensitized pho­
toreactions of two 2-pyrones ( lb , Id) wi th five kinds of 
unsaturated compounds (2). lb is ethyl 4,6-dimethyl-

2-pyrone-5-carboxylate, and is t hough t to lie between 
la and l c regarding the TC-electronic properties of their 
diene moieties. Id is 4-methoxy-6-methyl-2-pyrone 
and the diene property may be slightly more electron-
dona t ing than that of lc. 

Results and Discussion 

Photochemical Products. T h e present photoaddi­
tions are as follows. T h e photoreact ions of 2-
pyrones lb or Id wi th 2e, 2f, 2g, 2h, or 2i in Scheme 2 
were carried out in the presence of benzophenone, as a 
sensitizer, in acetone solvent with a 400W high-
pressure mercury l a m p at —20 10°C or at room 
temperature. T h e product-separat ion methods were 
similar to those used in our previous studies and the 
chemical structures were elucidated through a spectral 
comparison wi th previous data concerning la and 
lc.2~4) T h e results are shown in Scheme 2 and Table 1. 
T h e steric structures of the products are shown in 
Schemes 3 to 5. T h u s , l b gave an exo-[4+2]cyclo-
adduct, 3bf (54% yield), from a reaction with 2f; an 

hu 

R X X=OEt or CN 
la; H C02Me 
le; Me H 

OEt 

(main products) 

Scheme 1. 

Table 1. Results of Sensitized Photoaddition Reactions of 2-Pyrones 

2-Pyrone 

lb 
Id 

2e 

3dez(35)a) 

2f 

3bf(54) 
No adduct 

Unsaturated compound/Product(%) 

2g 2h 

3bg(59)+4bg(19) 3bh(16)+4bh(61) 
No adduct 4dh(46) 

2i 

5bi(71)+6bi(9) 
5di(21) 5di(75)b) 

a) Subscript z means decarboxylation, b) GC data. 
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R1 R2 R3 
lb: Me C02Et Me 
Id: OMe H Me 

hv 

| sens 
E 

2e 
(E=C02Me) 

» *w 
3de 

R̂  R3 

C hv 

3dez 

sens. 
> 3bf, 3bg, 3bh + 4bg, 4bh, 4dh + 5bi, 5di 

3bf: X = 0 
3bg: X=NH 

X1, X2 

2f: COOCO 
2g: CONHCO + 

2h: H, CN 
2i: H, OEt 

EtO 

C02Et Me 

6(6bi) 

Scheme 2. 

3bhn 

Scheme 3. 

C02Me 

7(7ai)4) 

>C02Et 

4bhn: 
4bhx 
4dhn 
4dhx: 

R1 

Me 
Me 
OMe 
OMe 

R2 

C02Et 
C02Et 

H 
H 

R3 

Me(endo) 
Me(exo) 
Me(endo) 
Me(exo) 

Scheme 4. 

Me, zL*0 E t 

IT 
R1 R2 

5bin: Me C02Et 
5din: OMe H 

Me t£ ̂>0Et 

T 
R1 R2 

5bix: Me C02Et 
5dix: OMe H 

Scheme 5. 
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<?xo-[4+2]cycloadduct, 3bg (59%), and a [2+2]cyclo-
adduct, 4bg (19%), across the C5-C6 double bond with 
2g; a 8-cyano-[4+2]cycloadduct, 3bh (16%), and two 7-
cyano-[2+2]cycloadducts, 4bhn (30%) and 4bhx (31%), 
across the C5-C6 bond with 2h; and an 7-ethoxy-
[2+2]cycloadduct, 5bi (71%), across the C3-C4 bond; 
and an 7-ethoxy-[4+2]cycloadduct, 6bi (9%), with 2i, 
respectively. The regiospecificity in the photo-
[4+2]cycloadduct 6bi was inverse to that for the ther­
mal [4+2]cycloadduct, 7ai,3) obtained at ambient 
temperature. 

On the other hand Id gave dimethyl 5-methoxy-3-
methylphthalate (3dez, 35%) from a photoreaction 
with DMAD. 3dez was deduced to be formed through 
a decarboxylation of the unstable [4+2]cycloadduct 
3de (Scheme 2). 

The photoreaction of lb with 2f at ambient temper­
ature did not give [4+2]cycloadduct, 3bf. [4+2]cyclo-
adducts 3bg and 3bh foamed to decompose during 
the melting point determinations in a similar manner 
with 3bf. The above-mentioned photoreactions using 
lb and 2e were therefore carried out at low tempera­
ture, respectively. These [4+2]cycloadducts possibly 
have succesive cross-[4+2]cycloadducts with some 
dienophiles and cage-compounds, in a similar manner 
to [4+2]cycloadducts of lc with 2f.2) 

Id gave two [2+2]cycloadducts, 4dh (46%), across the 
C5-C6 bond (endo- and exo-1-cyano isomers, 4dhn and 
4dhx) with 2h, and two [2+2]-cycloadducts, 5di (21%), 
across the C3-C4 bond (endo- and ^xo-7-ethoxy iso­
mers, 5din and 5dix) with 2i, respectively. In the 
structure elucidations of these isomers, their lH NMR 
data were effective,2-4* as detailed in the Experimental 

Section. Namely, the data included magnetic aniso-
tropy due to the double bonds in the exo-isomers and/ 
or long-range spin-spin couplings in the 4-membered 
rings of the exo-isomers. 

The Photoaddition Reactivity. In the sensitized 
photoreactions of 2-pyrones toward several ethylenes 
or DMAD (2e), there were four kinds of primary 
products: 3, 4, 5, and 6. The product distribution 
was inferred to mainly depend on the electronic prop­
erties of the two substrates. Thus, a decrease in the 
electron-donating property of the substituents on the 
two substrates, 1 and 2 (left to right, and high to low 
in Table 1), changed the product-distribution as 
follows: 

• 3 + 4- • 5 + 6 (minor). 

Since they were also regioselective and sensitized prod­
ucts, the addition reactions were inferred to proceed in 
the two stepwise paths shown in Scheme 6. 

We next describe the triplet energies and the reac­
tions of lb, Id, and maleic anhydride (2f) concerning 
the "no adduct" results with these substrates given in 
Table 1. The reaction results of lb with 2f in the 
presence of various sensitizers are shown in Fig. 1. 
Product 3bf was afforded only with sensitizers possess­
ing the triplet energies over 56 kcal mol -1. Similar 
results for Id with 2h are shown in Fig. 2. The 
cycloadduct 4dh just occurred in the presence of sen­
sitizers with triplet energies over 62 kcal mol -1. This 
means that the lowest triplet energies of lb and Id are 
nearly 56 and 62 kcal mol -1 , respectively. The triplet 
energy of 2f has been estimated to be 72 kcal mol - 1 

from the phosphorescence.8) Though triplet-

2e—h 

- 1 >°Et u
 R 

(1 hu 

•*• I * 
'» s e n s . 

e n s . o 

2i 

•OEt 

o 

1. 

Scheme 6. 
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Fig. 1. Sensitization for photoadditions of lb by tri­
plet sensitizers. 
a; 9-Fluorenone, b; Biacetyl, c; 2-Acetonaphthone, 
d; Michler's ketone, e; Thioxanthone, f; Benzophe-
none, g; Acetophenone. 
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Fig. 2. Sensitization for photoadditions of Id by tri­
plet sensitizers. 
a; 9-Fluorenone, b; Biacetyl, c; 2-Acetonaphthone, 
d; Michler's ketone, e; Benzophenone, f; Xanthone, 
g; Acetophenone. 

q u e n c h i n g of Id by 2f may not have occurred accord­
ing to these data, the triplet photoreact ion of Id with 
2f did not occur. T h e reaction of Id wi th 2e gave 3dez 
via a photoadduct ; that of l c wi th 2f also gave a photo-
[4+2]adduct.2 ) It may be very difficult to unders tand 
the reason for the existence of "no adduct" between Id 
and 2f. T h e diene moiety of Id may be more electron-
rich than that of lc , and an electron-deficient olefin 2f 
is so p la in that it may be more effective than 2e for 
over lapping between two molecules. Exciplex for­
mat ion between Id and 2f may more easily occur than 
those between l c and 2f, and Id and 2e. Exciplex 
quench ings appeared in the photoreact ions between 
an a,ß-unsaturated lactone and l,l-dimethoxyethylene,9) 

and between 2-pyridone and lf.7) " N o adduct" may 
also have been caused due to strong exciplex quench­
ing between Id and 2f. T h e reactivity in photoaddi ­
tions of 2-pyrones is sensitive. 

Experimental 

General and Materials. All melting points were uncor­
rected. The IR spectra were determined with a JASCO A-3 

spectrometer. The XHNMR spectra were measured on a 
JEOL JNM-MH-100 (100 MHz) spectrometer using TMS as 
the internal reference. The mass spectra were measured 
with a JEOL JMS-01SG spectrometer. All of the photoad­
dition reactions were monitored using a GC, performed at 
170°C (column temp) on a Yanagimoto G80 instrument 
using a column of Silicone SE-30 (10%)/Chromosorb W 
(AW). Wakogel C200 was used for preparative column 
chromatography. 

Methyl 2-pyrone-5-carboxylate (la),10) ethyl 4,6-dimethyl-
2-pyrone-5-carboxylate (lb),11) 4,6-dimethyl-2-pyrone (lc),11) 
and 4-methoxy-6-methyl-2-pyrone (Id)12) were prepared 
according to methods previously described in the literature. 

Low-Temperature Photoreaction of lb with 2f. A solu­
tion of lb (3.0 g, 15 mmol), 2f (2.9 g, 30 mmol), and 
benzophenone (1.0 g, 5.4 mmol) in 200 ml of acetone under 
nitrogen was irradiated with a Riko immersion-type 400W 
high-pressure mercury lamp through a Pyrex vessel at 
—10 20 °C for 5 h. The solvent was removed and the 
residue cooled at 0°C to give 2.42 g (54%) of 3bf. 

3bf: Colorless needles from acetone; mp 159—163°C 
(decomp); IR (KBr) 1860, 1780, 1700 cm"1; iH NMR (DMSO-
d%) 6=1.24, 4.22 (C02Et), 1.84, 2.14 (each 3H, s, Me), 3.58 
(IH, d, /7,8=10.0 Hz, 7-H), 3.88 (IH, d, /4(8=3.8 Hz, 4-H), 
4.04 (IH, dd, /4,8=3.8, 77,8=10.0 Hz, 8-H); MS m/z 250 (M-
CO2 15%), 132 (base peak). 

Found: C, 56.83; H, 4.78%. Calcd for C14H14O7: C, 57.14; 
H, 4.80%. 

Low-Temperature Photoreaction of lb with 2g. A solu­
tion of lb (3.0 g, 15 mmol), 2g (1.25 g, 30 mmol), and 
benzophenone (1.0 g, 5.4 mmol) in 200 ml of acetone was 
irradiated for 1 h under the same conditions mentioned 
above; the solvent was then removed. The residue was 
chromatographed on a silica-gel column with benzene-
acetone (10:1) to give 2.65 g (59%) of 3bg and 0.87 g (19%) of 
4bg. 

3bg: Colorless needles from ethyl acetate-acetone (5:1); 
mp 142—146 °C (decomp); IR (KBr) 1790, 1770, 1720 cm"1; 
XHNMR (BMSO-de) 0=1.26, 4.25 (C02Et), 1.82, 2.12 (each 
3H, s, Me), 3.16 (IH, d, 7?,8=9.5 Hz, 7-H), 3.52 (IH, dd, 
74(8=3.0, 7?(8=9.5 Hz, 8-H), 3.72 (IH, d, 74,8=3.0 Hz, 4-H), 
11.55 (IH, s, NH); MS m/z 293 (M+, 0.1%) 133 (base peak). 

Found:C, 57.20; H, 5.16; N, 4.77%. Calcd for Ci4Hi5N06: 
C, 57.34; H, 5.16; N, 4.28%. 

4bg: Colorless needles from ethyl acetate-acetone (5 :1); 
mp 210—214°C; IR (KBr) 1740, 1720 cm"1; J HNMR 
(DMSO-de) 6=1.23, 4.26 (C02Et), 1.52, 1.81 (each 3H, s, Me), 
3.44, 3.87 (each IH, d, 7?,8=8.0 Hz), 6.08 (IH, s, 4-H), 11.61 
(IH, s, NH); MS m/z 293 (M+, 2%), 196 (base peak). 

Found: C, 57.38; H, 5.10; N, 4.78%. Calcd for Ci4Hi5N06: 
C, 57.34; H, 5.16; N, 4.78%. 

Low-Temperature Photoreaction of lb with 2h. A solu­
tion of lb (3.0 g, 15 mmol), 2h (9.9 ml, 150 mmol), and 
benzophenone (1.0 g, 5.4 mmol) in 200 ml of acetone was 
irradiated for 1 h under the same conditions and the solvent 
removed. The residue was chromatographed with ben­
zene-acetone (30:1) to afford 0.30 g (8%) of 3bhn (endo-CN) 
and 1.18 g (31%) of 4bhn (endo-CN). The continued elu-
tion with benzene-acetone (10:1) afforded 0.30 g (8%) of 
3bhx (exo-CN) and 1.14 g (30%) of 4bhx (exo-CN). 

3bhn: Colorless needles from diethyl ether; mp 118— 
121 °C (decomp); IR (KBr) 2250, 1755, 1720 cm"1; ^ N M R 
(CDCb) 0=1.34, 4.28 (C02Et), 1.77, 2.26 (each 3H, s, Me), 
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2.06 (1H, dd, /7,nrfo,7,*o=13.0, /7,nrfo(8=4.0 Hz , lendo-H), 2.44 
(1H, dd, /7,xo(7,nrfo=13.0, /7,xo(8=9.0 Hz, lexo-W), 3.30 (1H, 
ddd, /8>*o=9.0, /8(7,nrfo=4.0, /8,4=3.0 Hz, 8-H), 3.63 (1H, d, 
74,8=3.0 Hz, 4-H); MS m/z 249 (M+, 8%), 105 (base peak). 

Found:C, 62.59; H, 6.06; N, 5.57%. Calcd for Ci3Hi5N04 . 
C, 62.64; H, 6.07; N, 5.62%. 

3bhx: Colorless needles from diethyl ether; mp 103— 
106 °C (decomp); IR (KBr) 2250, 1750, 1715 cm"1; *HNMR 
(CDC13) 6=1.32, 4.28 (C02Et), 1.77, 2.14 (each 3H, s, Me), 
2.29 (2H, d, Jiendo,s=Jiexo,8=8.0 Hz, lendo-H, lexo-H), 2.91 
(1H, td, 78,7«0=78,7«.d0=8.0, 78,4=2.5 Hz, 8-H), 3.63 (1H, d, 
74,8=2.5 Hz, 4-H); MS m/z 250 (M++1, 1%), 105 (base peak). 

Found: C, 62.66; H, 6.08; N, 5.59%. Calcd for Ci3Hi5N04 . 
C, 62.64; H, 6.07; N, 5.62%. 

4bhn: Colorless oil; IR (neat) 2250, 1735, 1730 cm"1; 
*HNMR (CDC13) 0=1.30, 4.31 (C02Et), 1.47, 2.10 (each 3H, 
s, Me), 2.50 (1H, dd, /8«.do, 8«co=12, hendo,i=9.0 Hz, Sendo-H), 
2.67 ( 1 H , dd , jBexo,8endo=12, Jsexo,l = l0.0 H z , 8*XO-H), 3.71 

(1H, dd, 77,8«co=10.0, 77,8,nrfo=9.0 Hz, 7-H), 6.21 (1H, bs, 4-
H); MS m/z 249 (M+, 2%), 196 (base peak). 

Found: C, 62.23; H, 6.10; N, 5.48%. Calcd for Ci3Hi5N04 . 
C, 62.64; H, 6.07; N, 5.62%. 

4bhx: Colorless oil; IR (neat) 2250, 1735, 1730 cm"1; 
*HNMR (CDC13) 6=1.33, 4.34 (C02Et), 1.78, 1.95 (each 3H, 
s, Me) , 2.37 (1H, dd, /s«,do,8«co=12.0, Jsendo,7=3.0 Hz, Sendo-
H), 2.82 (1H, dd, heXo,8endo=l2.0, /a*«,. 7=11.0 Hz, Sexo-H) , 
3.17 (1H, dd, 77,8^=11.0, 77,8,»do=3.0 Hz,7-H), 6.06 (1H, bs, 
4-H): MS m/z 249 (M+, 2%), 196 (base peak). 

Found: C, 62.44; H, 6.08; N, 5.54%. Calcd for Ci3Hi5N04: 
C, 62.64; H, 6.07; N, 5.62%. 

Low-Temperature Photoreaction of lb with 2i. A solu­
tion of lb (3.0 g, 15 mmol), 2i (14.4 ml, 150 mmol), and 
benzophenone (1.0 g, 5.4 mmol) in 200 ml of acetone was 
irradiated for 2 h; the solvent was then removed. The 
residue was chromatographed with benzene-acetone (30:1) 
to give 1.14 g (28%) of 5bin (endo-OEt) and 1.76 g (43%) of 
5bix (exo-OEt). The continued elution with benzene-ace­
tone (10:1) afforded 0.37 g (9%) of 6. 

5bin: Colorless oil; IR (neat) 1780, 1720 cm"1; *HNMR 
(CDCI3) 6=1.20, 3.50 (OEt), 1.30, 4.22 (C02Et), 1.26, 2.24 
(each 3H, s, Me), 2.22 (1H, ddd, /8,8'=12.0, 7BM=10.5, 7S,7=3.0 
Hz, 8-H'), 2.54 (1H, ddd, /8,8'=12.0, 7SM=8.0, 78',7=7.0 HZ, 8-
H'), 3.12 (1H, ddd, 7i,s=10.5, /i.7=1.5, 7i,8'=8.0 Hz, 1-H), 
4.00 (1H, ddd, 77,8'=7.0, /7,i=1.5, 77,8=3.0 Hz, 7-H); MS m/z 
268 (M+, 0.4%), 72 (base peak). 

Found: C, 62.58; H, 7.47%. Calcd for Ci4H20O5: C, 62.67; 
H, 7.51%. 

5bix: Colorless oil; IR (neat) 1780, 1720 cm"1; *HNMR 
(CDCI3) 6=1.07, 3.42 (OEt), 1.32, 4.20 (C02Et), 1.58, 2.24 
(each 3H, s, Me), 2.20 (1H, td, 7s,8'=12.0, 78,i=7s,7=8.0 Hz , 8-
H), 2.50 (1H, t, 7i,8=7i,8'=8.0 Hz, 1-H), 2.52 (1H, ddd, 
78,8'=13.0, 78M=8.0, 78',7=5.5 Hz, 8-H'), 3.72 (1H, dd, 
77,8=8.0, 77,8'=5.5 Hz, 7-H); MS m/z 268 (M+, 1%), 72 (base 
peak). 

Found: C, 62.37; H, 7.5t%. Calcd for Ci4H20O5: C, 62.67; 
H, 7.51%. 

6bi: Colorless oil (decomposition at 150 °C); IR (neat) 
1765, 1720 cm-1; *HNMR (CDCI3) 6=1.20, 3.48 (OEt), 1.32, 
4.26 (C02Et), 1.72, 2.06 (each 3H, s, Me), 1.76 (1H, dt, 
78«ido,8«eo=13.0, Jsendo,i=Jsendo,4=3.0, 8endo-H), 2.04 (1H, 
ddd, 78«eo,8«ido=13.0,78«eo, 7=8.5, Jsexo,4=3.0 Hz, 8exo-H), 3.26 
( 1 H , t, /4 , fendo=/4,8«o=3.0 HZ , 4 - H ) , 3 .64 ( 1 H , dd , 77,8e*o=8.5, 

/7,8«.do=3.0 Hz, 7-H); MS m/z 268 (M+, 2%), 168 (base peak). 

Found: C, 62.63; H, 7.43%. Calcd for Ci4H20O5: C, 62.67; 
H, 7.15%. 

Low-Temperature Photoreaction of Id with 2e. A solu­
tion of Id (3.0 g, 21.4 mmol), 2e (13.1 ml, 107 mmol), and 
benzophenone (1.0 g, 5.4 mmol) in 200 ml of acetone was 
irradiated for 5h; the solvent was then removed. The 
residue was chromatographed with benzene-ethyl acetate 
(20:1) to afford 1.67 g (35%) of dimethyl 5-methoxy-3-
methylphthalate (3dez). 

Photoreaction of Id with 2h. A solution of Id (3.0 g, 21.4 
mmol), 2h (7.1 ml, 107 mmol), and benzophenone (1.0 g, 5.4 
mmol) in 200 ml of acetonitrile was irradiated for 2 h at 
room temperature; the solvent was then removed. The 
residue was chromatographed with benzene-ethyl acetate 
(2:1) to afford 1.28 g (31%) of 4dhn (endo-CN) and 0.62 g 
(15%)of4dhx(exo-CN). 

4dhn: Colorless needles from benzene; mp 137—139 °C; 
IR (KBr) 2250, 1700 cm"1; *HNMR (CDC13) 6=1.60, 3.83 
(each 3H, Me), 2.57 (1H, dd, 78,ndo, 7=7.5, /8«.do, 8**0= 12.5 Hz, 
Sendo-H), 2.83 (1H, ddd, 78^0,6=3.0, Jsexo, 7=6.0, 78«eo,8«ido= 
12.5 Hz, Sexo-H), 3.29 (2H, m, 6-H, 7-H),5.42 (1H, s, 4-H); 
MS m/z 193 (M+, 1%), 112 (base peak). 

Found: C, 62.18; H, 5.74; N, 7.18%. Calcd for G0H11NO3: 
C, 62.17; H, 5.74; N, 7.25%. 

4dhx: Colorless needles from benzene-ethyl acetate (2:1); 
mp 114—116 °C; IR (KBr) 2250, 1700 cm"1; *H NMR (CDCI3) 
0=1.72, 3.77 (each 3H, s, Me), 2.50 (1H, ddd, /8„c0,6=3.0, 
hexo, 7 = 5 . 5 , 78,xo,8,ndo=12.0 H z , 8*XO-H), 2 .88 ( 1 H , dd, 

/8«.d0,7=9.0, /8«.do,8«co=12.0 Hz, 8endo-H), 3.14 (1H, ddd, 
77,6=3.0, 77,8=9.0, 77,8,xo=5.5 Hz, 7-H), 3.25 (1H, dd, 7e,7=3.0, 
/6,8«co=3.0 Hz, 6-H), 5.24 (1H, s, 4-H); MS m/z 193 (M+, 4%), 
112 (base peak). 

Found: C, 62.38; H, 5.76; N, 7.18%. Calcd for C11H11NO3: 
C, 62.17; H, 5.74; N, 7.25%. 

Photoreaction of Id with 2i. A solution of Id (3.0 g, 21.4 
mmol), 2i (10.3 ml, 107 mmol), and benzophenone (1.0 g, 5.4 
mmol) in 200 ml of acetonitrile was irradiated for 5h at room 
temperature; the solvent was then removed. The residue 
was chromatographed with benzene-ethyl acetate (15:1) to 
give 0.46 g (10%) 5din (endo-OEt), and 0.48 g (11%) of 5dix 
(exo-OEt). 

5din: Colorless needles from petroleum ether; mp 59— 
61 °C; IR (KBr) 1755 cm"1; *HNMR (CDCI3) 6=1.20, 3.56 
(OEt), 1.78 (1H, q, 78*ndo, i=78«ido,7=78«ido,8«eo=9.0 Hz, Sendo-
H), 2.04, 3.12 (each 3H, s, Me), 2.48 (1H, td, /8«co,i= 
J*exo,8endo=9.0, Jsexo, 7 = 7 . 0 Hz , 8*XO-H), 2 .74 ( 1 H , td, Jl,Sexo= 

7i,8«.do=9.0, 7i,7=2.0 Hz, 1-H), 3.98 (1H, dd, 77,8,ndo=9.0, 
/7,8«co=7.0 Hz, 7-H), 4.92 (1H, s, 5-H); MS m/z 212 (M+, 
0.1%), 72 (base peak). 

Found: C, 62.27; H, 7.56%. Calcd for CnHi604 : C, 62.25; 
N, 7.60%. 

5dix: Colorless prisms from petroleum ether; mp 45— 
46 °C; IR (KBr) 1770 cm"1; *HNMR (CDC13) 0=1.23, 3.62 
(OEt), 2.00, 3.15 (each 3H, s, Me), 2.15 (2H, m, 8endo-H, 
Sexo-H), 3.40 (1H, dd, /i,8«o=8.0, /it8«.do=3.0 Hz, 1-H), 3.87 
(1H, dd, /7,8«.do=5.0, /7,8exO=3.0 Hz, 7-H), 4.83 (1H, s, 5-H); 
MS m/z 212 (M+, 0.2%), 72 (base peak). 

Found: C, 62.29; H, 7.59%. Calcd for CnHi604 : C, 62.25; 
H, 7.60%. 

GC Analysis of Photoreactions between lb or Id and 2f, 
2h, or 2i. Solutions of lb or Id (1.5 mmol), 2i (15 mmol), 
and benzophenone (0.38 mmol) in 20 ml of acetonitrile were 
photo-irradiated at room temperature; amounts of lb, Id, 
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4bh, 5ci, 5di, and the cycloadduct 88> of 2£ with dichloroethy-
lene were then measured by the GC method, as shown in our 
previous report.4^ Reactions in the presence of other sensi­
tizers were similarly analyzed; the results are given in Figs. 1 
and 2. 
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The Anion Radicals of Pheophytin a and Its Derivatives Studied 
by Means of CIDNP Technique 
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We applied the Chemically Induced Dynamic Nuclear Polarization (CIDNP) technique to the photochemi­
cal reaction of pheophytin a (PI) and 4-methoxyphenol (1) in benzene-^. The observed CIDNP effects were 
explained in terms of reversible electron-transfer reactions from 1 to 3(P1)* and from (P1)T to (1)+. The 
polarized signals of PI were induced from the in-cage recombination of the triplet radical ion pair. 

The initial stage of photosynthesis in photosyn-
thetic bacteria and green plants involves a highly 
efficient electron-transfer reaction, generating an 
anion-cation radical pair.1'2) In the photosynthetic 
bacterial reaction centers, the cation radical of 
bacteriochlorophyll dimer and the anion radical of 
bacteriopheophytin are the initial components at the 
photoexcited charge separation stage. Recently evi­
dence has also been accumulated to indicate the 
involvement of pheophytin a (PI) as the initial elec­
tron acceptor in the photosynthetic reaction center of 
green plants (PS II).2> Thus the investigation of the 
electronic structure of the anion radical of PI will be 
of considerable importance because of its presumed 
unique role in the initial electron-transfer process. 

ESR and ENDOR experiments have been per­
formed for the characterization of (PI)" 3,4) However, 
owing to the broad ESR spectra, the limited reso­
nances of the ENDOR experiments, and the compli­
cated tetrapyrrole pigments, it is not necessarily easy 
to draw definite conclusions on the electronic struc­
ture of (PI)". 

Chemically Induced Dynamic Nuclear Polarization 
(CIDNP) has been widely used to investigate a variety 
of radical reactions. We have applied previously the 
photo-CIDNP technique to study the photoinduced 
electron-transfer reactions of porphyrins. When 
phenol-linked porphyrin or tyrosine-linked pyro-
pheophorbide a was irradiated in the presence of 
quinones, the corresponding quinone adducts were 
obtained in good yields. In these photoaddition reac­
tions, the polarized signals due to both the quinone-
linked porphyrin and the starting phenol-linked por­
phyrin were simultaneously observed.5) Based on 
these results, the triplet radical pair consisting of 
phenoxyl radical and semiquinone radical was identi­
fied as the reaction intermediate. We have similarly 
investigated the reversible electron-transfer reaction 
between porphyrins and electron-rich phenols by the 
CIDNP technique, which was the first example of the 
successful detection of anion radicals of porphyrins 
under the steady state CIDNP conditions.6) In this 
paper we applied the CIDNP technique to investigate 
photochemical behaviors of more complicated natu-
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Fig. 1. CIDNP spectra of pheophytin a (PI) with 1 in benzene-^; (a) dark spectrum 
(bottom); (b) light-dark spectrum (top). 
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rally occurr ing photosynthet ic p igments such as 
pheophy t in a (PI) and its derivatives. 

Results and Discussion 

In Fig. 1, the CIDNP spectra observed in a benzene-
de solut ion of P I (1 mM) and 4-methoxyphenol 1(10 
mM) are given, (a; bot tom, dark spectrum) and (b; top, 
l ight-dark spectrum). Enhanced absorpt ion signals 
were observed for the three meso-protons (a, ß, and S-
H) and emission signals for the peripheral methyl 
protons (1-. 3-, 4b-, 5-, and 8a-positions). At the low 
concentrat ions of 1 (<3 mM), these C I D N P signals 
were not clearly detected. In solvents such as 
methanol-^4 and acetonitrile-cfe, the weak polariza­
tions due to 1 were observed. 

According to the Kaptein 's rule,7) the polarized 
direction of the CIDNP effects is determined by several 
parameters, inc luding the spin mult ipl ic i ty of the 
precursor (jit), the magnet ic properties (electron g-
factor differences (Ag) and hyperfine coup l ing con­
stants (fli)) of the radical intermediates, and the type of 
the reaction (e) by which the polarized products are 
formed. 

J u d g i n g from the Kaptein's rule,7) the observed 
C I D N P effects were reasonably explained by assuming 
the formation of the triplet radical ion pair: (Pl)T , ( l J f 
(g values are 2.0030 (±0.0001) for (P1)V> and 2.0035 
for (1)*;8) thus Ag<0 for P I ) . Electron transfer from 1 
to 3(Pl)*(jU>0), in-cage electron re turn (e>0) in the 
triplet radical ion pair, and <n<0 for the meso pro ton 
of P I , give rise to net effect: rne—Ag • a, • ß • e— 
— • — • + • + > 0 ; the enhanced absorpt ion is expected. 
O n the other hand for the per ipheral methyl proton, 
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3(P)*+1 -
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- ' ( P M I ? 
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(3) 
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Scheme 1. 

The signal * denotes an excited state; the signal • 
represents nuclear polarization. 

<2i>0, and thus net effect: r n e = A g • ai • ju • e=— • + 
• + • + < 0 ; the enhanced emission is expected. 

T h e use of nonpo la r solvent such as benzene-öfe was 
qui te essential for observing these CIDNP effects, 
since the key step may be the two competitive pro­
cesses; the coupl ing dependent in-cage electron return 
(Eqs. 3 and 4 in Scheme 1) and the diffusion from the 
triplet radical ion pair (Eq. 5 in Scheme 1). Proba­
bly, in m e t h a n o l - ^ or acetonitrile-cfe a large part of 
the triplet radical ion pair tends to diffuse apart . 

T h e free energy (—AG0) for the formation of the 
solvent separated ion pair ( (P1)T, (1)*) was estimated 
to be 0.3——0.1 eV.9> In accord with the electron 
transfer mechanism, the C I D N P effects due to P I were 
detected only wi th the use of 1 as electron donor but 
not observed with the less e lectron-donat ing phenols , 
such as phenol (2) or 4-methylphenol (3).10) 

For methyl pyropheophorb ide a (P2) and methyl 9-
hydroxydeoxopyropheophorbide a (P3), similar 
CIDNP effects were observed (Figs. 2 and 3). T h e 
emission signal of the methylene protons at the 10-
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Fig. 2. CIDNP spectra of methyl pyropheophorbide a (P2) with 1 in benzene-^; (a) 
dark spectrum (bottom ); (b) light-dark spectrum (top). 
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Fig. 3. CIDNP spectra of methyl 9-hydroxydeoxopyropheophorbide a (P3) with 1 
in benzene-^; (a) dark spectrum (bottom); (b) light-dark spectrum (top). 

position of P2 is clearly observed as a doublet of 
doublet at 4.90 and 5.15 ppm. The CIDNP effects 
observed for P3 were rather week, compared with PI 
and P2. Since the reduction potential of P3 is lower 
than that of PI and P2, the electron transfer from 1 to 
3(P3)* will be less favorable.11) 

An apparent advantage of this CIDNP technique is 
its high resolution due to 400 MHz 1H NMR, which 
makes the assignment of the polarized signals 
straightforward. Of particular interest is the com­
parison of the relative intensities of the polarized 
signals. For example, the relative intensities of the 
polarization of the three meso protons in PI are in a 
ratio of 1.9:1:1.4 for the a-, ß-, and ô- protons. This 
ratio which was determined by the relative heights of 
the polarized signals normalized to the dark signals, 
was not affected by changing the light-pulse time or 
the total repetition time. Since three (Ag, ju, and e) of 
the four parameters are always the same, the magni­
tudes of the polarization may reflect the hyperfine 
coupling constant (ai) of the radical intermediate.6) 
The spin-lattice relaxation time, Ti, of the meso pro­
tons under the same conditions without light was 
measured to be 1.2, 1.4, and 1.2 s for the a-, ß-, and ô-
protons, respectively. Accordingly, the different 
degree of polarization at the a-, ß-, and S-positions in 
PI may reflect the different spin densities at the meso 
positions in (PI)".12) Similar polarization ratio 
(2.2:1 :2.8 for the a-, ß-, and ô-protons) was observed 
for P2. In contrast, the relative intensities of the a-, 

ß-, and ô- protons in P3 were in a ratio of 1.4:1 :1.0, 
presumably suggesting roughly equal spin densities at 
the three meso positions. These results indicate that 
the presence or the absence of the carbonyl group at C-
9 position has a small but decisive influence on the 
spin distributions in the one-electron reduced 
pheophytin. 

In 1982, the hyperfine coupling constants of electro-
chemically generated (P1)T were determined by 
ENDOR and TRIPLE resonance technique.4) The 
reported ratio of the hyperfine coupling constants for 
the three meso protons is 1:1.16:1.79, which seems 
different from the present results. There may be sev­
eral reasons for this discrepancy. The present 
CIDNP experiment was carried out in nonpolar 
benzene-dô solution, while the ENDOR experiments 
were done in polar dimethoxyethane solution in the 
presence of tetra-n-butylammonium Perchlorate 
(5X10-3 M) as supporting electrolyte. Our results 
rest on the relative heights of the polarized signals 
which are apparently dependent upon a variety of 
parameters including solvent, temperature, and relax­
ation process. Finally, it may be pointed out that in 
the ENDOR and TRIPLE resonance experiments, the 
resonance assignments to the respective protons of 
complicated tetrapyrrole pigments is not necessarily 
definitive. 

In summary, the laser-excitation of PI, P2, and P3 
in the presence of 4-methoxyphenol 1 in benzene-öfe 
showed the CIDNP effects of these naturally occurring 
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pigments . T h e effects are reasonably interpreted by 
taking into consideration of the reversible electron 
transfer from 1 to 3(P)* and from (P)~ to (1)*. 

Experimental 

The XH NMR spectra were recorded on 400 MHz JEOL 
JNM GX-400 instruments. Cyclic voltammetry was per­
formed with a PAR model 174. Redox potentials (V vs. Ag/ 
AgOCX) were measured on Pt electrode in 1 mM solution of 
DMF (PI, P2, or P3) or acetonitrile (phenols) containing 0.1 
M tetraethylammonium Perchlorate at room temperature. 

CIDNP Experiments. The laser-induced photo-CIDNP 
experiments were done by using a JEOL GX-400 NMR 
Spectrometer and G40H5PI Probe (a specially modified 
NMR probe, having a quartz rod which served as a light 
guide to the sample). The laser beam (a NEC Argon Laser 
GLC-3300, 4W) was directed via prisms at the edge of the rod 
with a computer-controlled mechanical shutter which 

*4 
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S h u t t e r 

Fig. 4. Experimental set-up for the laser photo-
CIDNP experiment at the JEOL GX400 NMR spec­
trometer. S; superconducting solenoid. P; 
prism. R; quartz rod. 
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Fig. 5. Pulse sequence for the CIDNP measurement. 

allowed the synchronization of light and radio frequency 
(RF) pulses (Fig. 4). The presaturation pulse technique 
and subtraction method were used to obtain clear CIDNP 
signals.13) The presaturation pulse was done by the broad­
band RF irradiation to saturate a complete spectrum and the 
pseudo-random pulse which was only the repetition of six 
pulses with arbitrary pulse width and interval (Fig. 5). The 
following pulse sequence was used: presaturation random 
pulse (0.1 s)-light pulse (usually 0.3 s)-observation pulse 
(flip angle, 0=30 °). The total repetition time for the whole 
cycle was 15 s, which was so long that no serious sample 
heating occurred due to light absorption. The number of 
accumulations was 200. FID signals with and without 
light were collected separately and a difference spectrum was 
taken by subtracting dark signals from light signals to 
complete the cancellation of unpolarized signals. For the 
CIDNP experiments, a benzene-do solution of pigment (PI, 
P2, or P3) (1 mM) and 4-methoxyphenol (1) (10 mM) was 
deoxygenated in the NMR sample tube by bubbling argon 
gas (99.99%) into the solution for 3 min immediately before 
irradiation. 

Materials. Pheophytin a (PI) was obtained by removing 
Mg2+ from chlorophyll a, which was extracted from spinach 
and purified according to the reported methods.14) Methyl 
pyropheophorbide a (P2) was obtained from PI by the 
standard method.14) Methyl 9-hydroxydeoxopyropheo-
phorbide a (P3) was obtained as a mixture of isomers at C-10 
(eis : trans=3 :2) by the reduction of P2 with sodium borohy-
dride in dioxane at 98% yield.15) P3: iHNMR (CDC13) 
0=9.87 (1H, s, a), 9.63 (1H, s, ß), 8.90 (1H, s, <5), 8.25 (1H, dd, 
/X,A=17.97HZ, /X,B=1 1.23Hz, 2X), 6.52 (1H, d, /9)ioa=6.35Hz, 
cis-9), 6.50 (d, 1H, /9)iob=6.35Hz, trans-9), 6.36 (1H, dd, 
/A,B=1.47HZ, / A ) X = 1 7 . 9 7 H Z , 2A), 6.18 (1H, dd, / B ) A = 1 . 4 7 H Z , 

/B,X=1 1.23Hz, 2B), 5.40 (1H, dd, /iob)9=6.35Hz, /iob)ioa 
=16.11Hz, trans-10b), 5.30 (1H, dd, /ioa,9=6.35Hz, /loa.iob 
=16.11Hz, cis-10a), 4.73 (1H, d, /iob,ioa=16.11Hz, cis-10b), 
4.69 (1H, m, 8), 4.60 (1H, d, /ioa>iob=16.11Hz, trans-10a), 4.47 
(1H, m, 7), 3.87 (2H, q, /=7.81Hz, 4a), 3.56 (3H, s, Me), 3.56 
(3H, s, 5-Me), 3.41 (3H, s, 1-He), 3.41 (3H, s, 3-Me), 2.78 (1H, 
m, 7'), 2.60 (1H, m, 7"), 2.42 (1H, m, T), 2.24 (1H, m, 7"), 
1.86 (3H, d, /=7.33Hz, trans-8Me), 1.86 (3H, d, /=7.84Hz, 
cis-8Me), 1.77 (3H, /=7.32Hz, 4b), -1 .4 (1H, br, NH), -3.22 
(1H, br, NH). 

We are grateful to Dr. S. Okazaki for his permission 
to use the PAR model 174. 
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Synthesis and Properties of a Heterodetic Cyclic Peptide: 
Gramicidin S Analog Containing Disulfide Bond 
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Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi, Saga 840 
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In order to investigate the relationship between the structure of a peptide backbone and the formation of an 
intramolecular disulfide bond (S-S) in the peptide, a linear analog (1) of gramicidin S and a heterodetic cyclic 
peptide containing an S-S bond (2) were synthesized by the conventional solution method. Since a disulfide 
bonded compound (2) was easily formed by a treatment of the acetamidomethyl(Acm)-protected linear peptide 
(1) with iodine in good yield (70%), it is suggested that the mutual position between Cys1 and Cys8 residues 
becomes approximate, owing to the contribution of -D-Phe-Pro- part of the sequence. A heterodetic cyclic 
peptide (2) showed about 1/16—1/8 fold activity compared to that of GS; 1 as inactive. By the construction of 
an S-S bridge on the peptide backbone (1), an inactive peptide derivative was effectively converted to an active 
analog (2). The CD spectrum pattern also suggests that the heterodetic cyclic peptide (2) has a GS-like 
structure. 

T h e disulfide bond (S-S), compris ing two cysteine 
residues, is one of the most impor tan t factors in the 
secondary structure of biologically active peptides. 
One can find extensive examples showing the essen­
tial role of intramolecular disulfide bonds for biologi­
cal activity in heterodetic cyclic peptides such as oxy­
tocin, somatostatin, insul in, etc.1* T h e disulfide 
bond can br ing parts of amino acid residues, which 
are apparent ly remote from each other in a linear 
peptide, in to close proximity; as a result, the flexible 
pept ide structure is constrained to form a biologically 
active molecule by the disulfide bond. 

Gramic id in S (GS) is a homodet ic cyclic decapep-
tide ant ibiot ic which exhibits a s t rong activity against 
Gram-posi t ive bacteria. Its secondary structure is 
well known to be a u n i q u e antiparal lel ß-pleated 
sheet inc luding four intramolecular hydrogen bonds 
between Val and Leu residues.2) A series of studies on 
structure-activity relat ionships for GS analogs indi­
cates that the biological activity of GS analogs is due to 
the rigid GS r ing conformation and the or ientat ion of 
the side chains: the charged Orn side chains are on one 
side and the hydrophobic Val and Leu side chains on 

the other side of the ß-pleated sheet structure.3* 
We therefore became interested in studying both the 

synthesis and properties of heterodetic cyclic peptide 
analogs of gramicidin S con ta in ing two cysteine 
residues. When the disulfide bond is formed in flexi­
ble linear GS analogs, the molecule would be rigidly 
constrained to the desired ß-sheet conformation, and 
some effects of the disulfide bond on activity are 
expected. 

We studied, the synthesis, ant imicrobial activity and 
circular dichroism (CD) measurements of synthetic 
linear analog of GS (1) as well as the analog contain-

Acm Acm 

I 
Ac-Cys-Orn-Leu-D-Phe-Pro-Val-Orn-Cys-D-Phe-Pro-OEt 

tCys(Acm)1,8]linear peptide (1) 

Ac-Cys-Orn-Leu-D-Phe-Pro-Val-Orn-Cys-D-Phe-Pro-OEt 

[Cys1,8]heterodetic cyclic peptide (2) 

Fig. 2. Chemical structures of linear and heterodetic 
cyclic peptide analogs of gramicidin S. 

Pro 

D-Phe 

Orn 

Fig. 1. A ß-sheet conformation of gramicidin S. 
(The bold line indicates ß-turn). 
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ing disulfide bond (2). In order to discuss the hetero­
detic cyclic structure of peptides, a temperature-
dependent N M R study was also performed. 

Results and Discussion 

Synthesis. T h e syntheses of a [Cys(Acm)1 '8] l inear 
decapeptide (1) and [Cys1'8] heterodetic cyclic peptide 
con ta in ing a disulfide b o n d (2) are out l ined in Fig. 3. 
T h e pept ide synthesis was carried out by the conven­
t ional solut ion method. T h e mercapto g r o u p of cys­
teine was protected wi th an acetamidomethyl (Acm) 
group , which was easily removed to form a disulfide 
bond by iodine in MeOH.4 '5* Boc-pentapeptides (5 
and 9) were prepared by coup l ing the corresponding 
Boc-dipeptide azide and H-tr ipept ide ester, respec­
tively. Azide coup l ing of Boc-pentapeptide hydra-
zide (6) derived from Boc-pentapeptide ester (5), wi th 
10 gave Boc-decapeptide (11). T h e crude product was 
purified by the c o l u m n chromatography of Sephadex 
LH-20. T h e Boc-group of 11 was removed by trifluo-
roacetic acid (TFA) to give H-decapeptide ester (12). 
T h e N-terminal protect ing groups of the final product 
of l inear pept ide (1) and heterodetic cyclic pept ide (2) 
were converted to an acetyl (Ac) g roup which can be 
found in na tura l biological peptides and proteins. 
After acetylation of 12, performed by p-n i t rophenyl 
acetate, we obtained Ac-decapeptide ester (13).6) T h e 
Z-group of 13 was removed by hydrogen bromide in 
AcOH, and the liberated decapeptide salt (1) was 
purified by gel filtration chromatography of Sephadex 
G-25. 

T h e disulfide bond formation in the linear decapep­
tide (13) was carried ou t by treating a very dilute 
solut ion of 13 in M e O H (3X10"3 mol dm"3) wi th 
iodine; the thus-obtained disulfide peptide (14) was 
purified by a co lumn of Sephadex LH-20. T h e elu-
tion pat tern of Sephadex LH-20 filtration indicated 
that the ma in peak contained the desired monomer , 
and two minor peaks before the ma in peak (hence, 

smaller retention times) could be attr ibuted to com­
pounds wi th higher molecular weights possessing 
intermolecular S-S bonds. T h e desired product from 
the ma in fraction was obtained in 70% yield. 

A small a m o u n t of the ma in product was depro-
tected, and the sample was found to have the same 
molecular weight as that calculated for a heterodetic 
cyclic monomer . Fast a tom bombardment (FAB) 
mass spectroscopy was used and the ment ioned com­
p o u n d migrated the same distance as GS on paper 
electrophoretogram. T h e presence of an S-S bond in 
the c o m p o u n d (2) was ascertained by Chales ' method, 
in which a peptide conta in ing an S-S bond is reduced 
wi th N a B H 4 and detected by D T N B reagent.7) T h e 
homogenei ty of 1 and 2 was confirmed by several 
analytical experiments such as T L C , paper electro­
phoresis, and amino acid analysis. 

Measurement of CD and NMR. T h e CD spectra of 
peptides (2, 13, and 14) wi th GS-like amino acid 
sequences and GS were measured in 2,2,2-
tr if luoroethanol at 25 °C. T h e thus-obtained infor-

Wavelength/nm 
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•a 
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Fig. 4. CD spectra of linear peptide 13 ( ), 
protected heterodetic cyclic peptide 14 ( ), 
(heterodetic cyclic peptide 2 ( ) and gramicidin 
S ( ) in 2,2,2-trifluoroethanol at 25 °C. 
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Fig. 3. Synthetic routes of linear and heterodetic cyclic peptide anlogs of gramicidin S. 
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mat ion made a compar i son between the conforma­
t ional behavior of heterodetic cyclic pept ide (14) and 
the S-S bond free l inear peptide (13) possible. T h e 
presence of a t rough at the 205 n m region is usually 
observed in na tura l GS. T h o u g h these t roughs in the 
spectra of the peptides (2, 13, and 14) were almost 
located in the same region as GS, they were shallower 
than that of GS. T h e CD curves of the heterodetic 
cyclic peptides (2 and 14), conta in ing an S-S bond, 
show a characteristic shoulder (215 nm) similar to that 
of GS. However, the CD curve of the l inear peptide 
(13) has no characteristic shoulder. Fur thermore , the 
intensity of the t rough of peptide (14), hav ing a larger 
heterodetic r ing, increased by two times in compari ­
son wi th that of the corresponding open linear pep­
tide (13). T h i s result indicates that a flexible l inear 
pept ide is constrained by S-S bond formation between 
posi t ions 1 and 8, and that the essential ß- turn struc­
ture, thus made, in 14 results in a GS-like structure. 

In a buffer solut ion the CD curves of peptides (1) 
and (2) were qui te different from that of GS; in l ipo­
somes con ta in ing acidic phospholipid,8* however, the 
intensity of the t roughs of these analogs were 
markedly increased and the characteristic curves of 
these peptides were similar to that of GS. T h i s seems 
to indicate that peptides (1) and (2) hold GS-like 
conformations in the presence of l iposome. Also, the 
studies of Kaiser et al.9) on pept ide- l ip id interactions 
suggest that the activity of biologically active peptides 
correlates wi th the behavior of the molecules in bio­
logical membranes , such as phospho l ip id membranes , 
rather than that of in an aqueous solution. 

T h e low-temperature coefficients (3.1, 3.9, and 4.1) 
of amide pro ton chemical sifts in the ^ N M R -
experiments suggest that the three N H protons of 
heterodetic cyclic pept ide (14) are solvent-shielded and 
probably part icipate in hydrogen-bonding. 

\ \ i i \ \ \ I I I I I 1 1 1 L_ 
200 210 220 230 240 250 260 200 210 220 230 240 250 260 

Wavelength/nm Waveleng th /nm 

Fig. 5. CD spectra of gramicidin S ( ) and linear peptide analogs 1 
( ) and heterodetic cyclic peptide 2 ( ) in 20 mM Tris-HCl (pH 
7.4) (a); and in presence of liposome of DPPC-DPPG (3:1) in the 
same buffer (b). 

Activity. T h e antibacterial activities of 1 and 2 are 
listed in Tab le 1. T h e l inear decapeptide (1), which 
has no int ramolecular S-S bond, shows no activity 
against the tested microorganisms. O n the other 
hand, the [Cys^he te rode t i c cyclic peptide (2), which 
has a large heterodetic r ing, was found to exhibi t 
about 1/16—1/8 fold activity, compared wi th that of 
GS. 

Relationship between the Structure and Activity. 
Schräge et al. reported that the formation of the 

«•- 8.0 

E 

U 

3 0 50 

Temperature/ "c 

Fig. 6. Temperature dependences of amide proton 
chemical shifts of protected heterodetic cyclic pep­
tide (14) in dimethyl-do sulfoxide. 
Side numbers of the lines refer to slopes (tempera­
ture coefficients; X10~3 ppm°C_1). 
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Table 1. Antimicrobial Activities of Gramicidin S 
and Linear Peptide (1) and Heterodetic Cyclic 

Peptide (2) (Minimum Inhibitory 
Concentration, jigml -1) 

Organism GS (1) (2) 

S. aureus FDA 209P 3.18 >100 50 
S. aureus 1840 3.18 >100 50 
B. subtilis PCI 219 1.59 >100 12.5 
S.flexneri EW-IO 6.25 >100 100 
S. sonnei EW-33 100 >100 >100 
K. pneumoniae DT 50 >100 >100 
E. coli NIHJ JC-2 >100 >100 >100 
E. coli 0-\U >100 >100 >100 

desired S-S bond in a linear hexapeptide gave an 
int ramolecular S-S bond in 20—30% yield.10) In the 
case of the synthesis of [Cys2,7]GS, which is a bicyclic 
pept ide con ta in ing an intramolecular S-S bond by 
Schwyzer et a l . , n ) S-S bond formation is carried out in 
65% yield, since the conformational behavior of the 
decapeptide backbone is l imited due to the cyclic 
structure of the ß-turn peptide backbone. In our 
case, the S-S bond formation reaction of the open-
chain decapeptide (13) at the 1 and 8 posi t ions 
afforded a heterodetic cyclic monomer (14) exclusively 
in a h igh yield (70%). It is therefore apparen t that the 
disulfide bond formation and ß-turn are highly 
cooperative. 

When an S-S bond is formed in protected linear 
pept ide (13), its structural flexibility in the heterodetic 
cyclic pept ide (14) is constrained to form a ß-pleated 
sheet structure. T h e S-S bond between two cysteine 
residues at the 1- and 8-positions far from the ß- turn 
por t ion should be suitable for taking a heterodetic 
cyclic structure. These considerations lead to the 
no t ion that the structure of heterodetic cyclic pept ide 
(14) reflects an efficient maintenance of the GS-like 
conformation. Indeed, we observed a deeper t rough 
of the S-S peptide (14) in 205 n m region of the CD 
spectra in trifluoroethanol than that of the linear 
pept ide (13). T h e antibacterial activity was also com­
patible wi th the above-mentioned considerations. 
T h e heterodetic cyclic peptide (2) was partially active 
against several test microorganisms. Even though a 
lack of hydrophobic side chains (Val and Leu) in S-S 
pept ide (2) migh t reduce the full activity, it is of 
interest that an inactive analog, such as linear peptide 
(1), could be converted to an active ana log (2) th rough 
S-S bond formation at the effective posi t ions for the ß-
turn in a linear peptide. 

Experimental 

General. All of the melting points were uncorrected. 
The molecular weight of the final compound (2) was 
determined by an FAB-Mass spectrometer using a JEOL 
JMS-D300 mass spectrometer. The CD spectra were 
obtained using a JASCO spectropolarimeter (Model 

J-20). Dipalmitoyl-DL-phosphatidylcholine (DPPC) and 
dipalmitoyl-DL-phosphatidylglycerol (DPPG) were pur­
chased from Sigma. *H NMR spectra were recorded on a 
JEOL JNM GX-270 spectrometer, operating at 270 MHz 
using Fourier-transfer techniques. Chemical shifts were 
determined using tetramethylsilane as an internal standard. 
Thin-layer chromatography was carried out on silica gel 
(Merck 60 GF254) with the following solvent systems: Rf1, 
chloroform-methanol (5:1, v/v); Rp, chloroform-methanol 
(9:1); Rf3, chloroform-methanol-acetic acid (8:1:1); R{4, 
chloroform-methanol-acetic acid (95 : 5 :1); Rt5, 1-butanol-
acetic acid-water (4:1:2). The symbols and abbreviations 
used follow the IUPAC-IUB recommendations.12) The 
other abbreviations used are as follows: E^N, triethylamine; 
DCC, dicyclohexylcarbodiimide; HOBt, 1-hydroxy -
benzotriazole; DMF, Af,Af-dimethylformamide; NMM, N-
methylmorpholine; EtOAc, ethyl acetate; TFA, trifluoroa-
cetic acid; TFE, 2,2,2-trifluoroethanol. 

All amino acid residues are of L-configuration unless 
specifically stated otherwise. 

Boc-Cys(Acm)-Orn(Z)-OEt (3): To a solution of H-
Orn(Z)-OEt-p-TosOH13) (6.13 g, 13.2 mmol) in DMF (19.0 
ml) and Et3N (2.03 ml, 14.5 mmol) were added Boc-
Cys(Acm)-OH (3.84 g, 13.2 mmol), HOBt (2.13 g, 15.8 mg), 
and DCC (2.72 g, 13.2 mmol) at 0°C. After stirring for 2 
days at room temperature, an insoluble material was 
removed by filtration and the filtrate evaporated in vacuo. 
The residue was dissolved in EtOAc (200 ml) and the solu­
tion successively washed with aqueous 10% citric acid, aque­
ous 4% NaHC03, and water. After being dried, the solution 
was evaporated in vacuo to leave an oil; the residue was 
solidified by the addition of ether and petroleum ether; yield 
5.22 g (70%); mp 101 —103 °C; [a]l° -15.3° (c 1.0, MeOH); 
R{\ 0.69; Rf3, 0.80. 

Found: C, 54.78; H, 7.23; N, 9.60%. Calcd for C26H40-
N4OsS: C, 54.91; H, 7.09; N, 9.85%. 

Boc-Cys(Acm)-Orn(Z)-N2H3 (4): Hydrazine hydrate (5.5 
ml, 110 mmol) was added to a solution of Boc-Cys(Acm)-
Orn(Z)-OEt (3.13 g, 5.5 mmol) in DMF (6.5 ml) and the 
reaction mixture was kept at room temperature for 3 h. 
After the solution was evaporated, the residue was solidified 
by water (10 ml), then collected by filtration and then 
washed with water. The crude product was dried over P2O5 
and recrystallized from EtOAc-ether-petroleum ether; yield 
2.72 g (89%); mp 131-133 °C; [a]g -20.9° (c 0.9, MeOH); /?fi 
0.51. 

Found: C, 51.57; H, 7.00; N, 14.91%. Calcd for C24H38-
N 6 OTS: C, 51.97; H, 6.91; N, 15.15%. 

Boc-Cys(Acm)-Orn(Z)-Leu-D-Phe-Pro-OEt (5): To a 
solution of Boc-Cys(Acm)-Orn(Z)-N2H3 (4) (2.22 g, 4.0 
mmol) in DMF (9 ml) were added 4.1 mol dm - 3 HCl in 
dioxane (1.94 ml, 8.0 mmol) and isopentyl nitrite (0.61 ml, 
4.4 mmol) at —50 °C. After being left to stand at —20 °C for 
10 min, the solution was recooled to — 50 °C and neutralized 
with Et3N (1.12 ml, 8.0 mmol). To this solution were 
added a chilled solution of H-Leu-n-Phe-Pro-OEt- HCl14* 
(1.77 g, 4.0 mmol) in DMF (8 ml) and Et3N (0.56 ml, 4.0 
mmol). The reaction mixture was stirred for 4 h at — 20 °C 
and for 6 days at —4°C; it was then concentrated to a small 
volume of solution. The residue was dissolved in chloro­
form (370 ml) and washed as described for 3. The solution 
was then evaporated in vacuo. The residual oil was solidi­
fied by the addition of ether-petroleum ether. The product 
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was recrystallized from EtOAc-ether-petroleum ether; yield 
3.13 g (85%); mp 149—151 °C; [a]$ -47.4° (c 1.05, MeOH); 
Ar1 0.64, R? 0.73, R? 0.64. 

Found: C, 59.03; H, 7.28; N, 10.30%. Calcd for C46H67-
NvOnS- 1/2H20: C, 59.08; H, 7.33; N, 10.48%. 

Boc-Cys(Acm)-Orn(Z)-Leu-D-Phe-Pro-N2H3 (6): Com­
pound 5 (2.78 g, 3.00 mmol) was treated with hydrazine 
hydrate (6 ml, 120 mmol) as described for 4. The product 
was recrystallized from EtOAc-ether-petroleum ether; yield 
2.16 g (79%); mp 116-119 °C; [«]§> -53.9° (c 0.8, MeOH); R? 
0.48. 

Found: C, 58.23; H, 7.39; N, 13.89%. Calcd for C44H65-
N9O10S: C, 57.94; H, 7.18; N, 13.82%. 

Boc-Cys(Acm)-D-Phe-Pro-OEt (7): This compound 
was prepared from Boc-Cys(Acm)-OH (3.83 g, 13.1 mmol) 
and H-n-Phe-Pro-OEfHCl (4.28 g, 13.1 mmol) as des­
cribed for 3. The product was yielded as a foamy residue; 
yield 5.82 g (79%); mp 58—61 °C; [a]g> -56.5° (c 1.0, MeOH); 
Rf1 0.92, R? 0.73. 

Found: C, 56.37; H, 7.32; N, 9.37%. Calcd for C27H40-
N 4 0 7 - 1/2H20: C, 56.53; H, 7.20; N, 9.77%. 

H-Cys(Acm)-D-Phe-Pro-OEt-HCl (8): Compound 7 
(2.26 g,4.0 mmol) was dissolved in formic acid (16 ml) and 
added 4.1 mol dm"3 HCl ( 1.9 ml) in dioxane at 0 °C. After 1 
h, the solution was evaporated in vacuo. The addition of 
ether to the oily residue gave a hygroscopic product. The 
product was used for the next reaction without further 
purification; yield 1.81 g (90%); Ri1 0.55, Ri3 0.17, RS 0.55, 
Rfi 0.87. 

Boc-Val-Orn(Z)-Cys(Acm)-D-Phe-Pro-OEt (9): This 
compound was prepared from Boc-Val-Orn(Z)-N2H3 (1.42 
g, 2.96 mmol) and 8 (1.41 g, 2.96 mmol) by the same 
procedure as that for 5. The crude product was recrystal­
lized from MeOH-ether-petroleum ether; yield 1.79 g (70%); 
mp 148—150 °C; [a]l° -51.2° (c 1.05, MeOH); R^ 0.65, flf

3 

0.77. 
Found: C, 58.51; H, 7.21; N, 10.28%. Calcd for C45H65-

N 7 0 n S - H 2 0 : C, 58.11; H, 7.26; N, 10.54%. 
H-Val-Orn(Z)-Cys(Acm)-D-Phe-Pro-OEt • TFA (10): 

Compound 9 (1.37 g, 1.50 mmol) was dissolved in TFA (3 
ml); the solution was allowed to stand for 30 min at 0°C, 
and was then evaporated to dryness at 0°C. The residue 
was solidified by the addition of ether, and dried over KOH. 
The product was used for the next reaction without further 
purification; yield 1.35 g (98%); R? 0.33. 

Boc-Cys(Acm)-Orn(Z)-Leu-D-Phe-Pro-Val-Orn(Z)-
Cys(Acm)-D-Phe-Pro-OEt (11): This compound was pre­
pared from 10 (0.68 g, 0.73 mmol) and 6 (0.67 g, 0.73 mmol), 
as described for 5. The crude product was applied to a 
Sephadex LH-20 column (3.6X120 cm) and eluted with 
DMF. Fractions containing the pure compound were col­
lected, and the product recrystallized from MeOH-ether-
petroleum ether; yield 645 mg (48%); mp 116—119 °C; [<*]§> 
-73.7° (c 0.17, TFE); R? 0.46, R? 0.72, Rà 0.19. 

Found: C, 58.37; H, 7.05; N, 11.46%. Calcd for CwHns-
Ni40i9S2-2H20: C, 58.38; H, 7.12; N, 11.35%. 

H-Cys(Acm)-Orn(Z)-Leu-D-Phe-Pro-Val-Orn(Z)-
Cys(Acm)-D-Phe-Pro-OEt-TFA (12): Compound 11 (494 
mg, 0.29 mmol) was treated with TFA (1.5 ml), as described 
for 10. The product was used for the next reaction without 
further purification; yield 461 mg (93%); R? 0.44, R45 0.59. 

Ac-Cys(Acm)-Orn(Z)-Leu-D-Phe-Pro-Val-Orn(Z)-
Cys(Acm)-D-Phe-Pro-OEt (13): To a chilled solution of 12 

(415 mg, 0.246 mmol) and Et3N (0.051 ml, 0.369 mmol) in 
DMF (1.1 ml) was added p-nitrophenyl acetate (53 mg, 0.295 
mmol), and the reaction mixture was stirred for 1 h at 0°C 
and overnight at room temperature. The solution was 
evaporated, leaving an oil; the residue was solidified by the 
addition of water. The product was collected by filtration 
and thoroughly washed with aqueous 10% citric acid, aque­
ous 4% NaHC03, and water. It was recrystallized from 
MeOH-ether-petroleum ether; yield 349 mg (85%); mp 
109—112°C; [a]l° -96.2° (c 0.08, TFE); R<2 0.73, flf

3 0.73. 
Amino acid ratios in hydrolysate of 13; Val 1.1, Orn 1.7, Leu 
1.0, Phel .9 , Pro 1.8, Cys 0.6. 

Found: C, 58.16; H, 6.88; N, 11.93%. Calcd for CsiHm-
Ni40i8S2-2H20: C, 58.26; H, 7.00; N, 11.74%. 

Ac-Cys(Acm)-Orn-Leu-D-Phe-Pro-Val-Orn-Cys(Acm)-
D-Phe-Pro-OEt • 2AcOH (1): To a solution of compound 
13 (102 mg, 62.8 \imo\) in anisole (0.60 ml) and AcOH (0.06 
ml) was added 25% HBr in AcOH (0.81 ml). The solution 
was left for 2 h at room temperature and then solidified by 
the addition of ether. The product was washed with ether 
by décantation and dried over KOH. The crude product 
was purified by column chromatography of Sephadex G-25 
(aqueous 30% AcOH). The fractions containing the desired 
compound were collected and evaporated. The product 
was obtained as a hygroscopic powder; yield 90 mg (92%); 
Rp 0.21. Amino acid ratio in hydrolysate of 1; Val 0.9, Orn 
1.9, Leu 1.0, Phe 2.1, Pro 1.9, Cys 0.8. 

Ac-Cys-Orn(Z)-Leu-D-Phe-Pro-Val-Orn(Z)-Cys-D-Phe-
Pro-OEt (14): To a solution of iodine (365 mg, 0.144 
mmol) in MeOH (480 ml) was gradually added a solution of 
13 (237 mg, 0.144 mmol) in MeOH (480 ml) in 3 h under 
nitrogen gas atmosphere at room temperature; the solution 
was stirred for an additional 3 h. After 6 h, the reaction 
mixture was cooled to 0 °C and decolorized by the dropwise 
addition of 1 mol dm - 3 Na2S203 (2.8 ml). The solution was 
evaporated to dryness at room temperature, and the residue 
solidified by the addition of water. The product was col­
lected and washed thoroughly with water. The product 
was applied to a Sephadex LH-20 column (3.6X120 cm) and 
eluted with DMF. The fractions containing the crude pro­
duct were collected and evaporated. The residue was solid­
ified by the addition of ether; yield 143 mg (67%); mp 143— 
145 °C; [«lg5 -210° (c 0.12, TFE); R<2 0.39. Râ 0.32, /?f

6 0.94. 
Found: C, 58.42; H, 6.80; N, 10.69%. Calcd for 

C75HiooNi2Oi6S2-5/2H20: C, 58.69; H, 6.90; N, 10.95%. 

Ac-Cys-Orn-Leu-D-Phe-Pro-Val-Orn-Cys-D-Phe-Pro-
OEt • 2AcOH (2): To a solution of 14 (47.8 mg, 32 jxmol) in 
anisole (0.03 ml) and AcOH (0.3 ml) was added with 25% 
HBr in AcOH (0.41 ml) as described for 1. The product 
was applied to a Sephadex G-25 column and eluted with 
aqueous 30% AcOH. The fractions containing the pure 
compound and the crude material were collected and evapo­
rated; yield 43.6 mg (80%); mp 128—131 °C; [a]$ -195° (c 
0.19, TFE); Rf 0.63. Amino acid ratio in hydrolysate of 2; 
Val 0.8, Orn 1.9, Leu 1.0, Phe 2.0, Pro 2.1, Cys 0.9. 

Found: C, 51.46; H, 7.38; N, 11.34%. Calcd for C59H88-
Ni2Oi2S2-2AcOH-7H20: C, 51.55; H, 7.55; N, 11.45%. 

Fast atom bombardment mass spectrum of 2 was obtained. 
A value of m/z equal to 1222 was observed, whereas the 
calculated value was 1221. 

Microbiological Assays. The microorganisms employed 
are listed in Table 1. The minimum amount of the com-
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pound necessary for the complete inhibition of growth was 
determined by a dilution method using a trypticase soy agar. 

T h e authors wish to express their thanks to Dr. T . 
Fukuda of Takeda Chemical Industries, Ltd. for the 
biological assay, and Dr. N. Nish ino of Kyushu Insti­
tute of Technology for the FAB mass spectra. Special 
thanks are due to Prof. N. Izumiya of Kyushu Sangyo 
University for his suggestions and being a s t imulus 
for our work. 
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5-Thio-a-D-glucopyranose derivatives were oxidized with 3-chloroperoxybenzoic acid in various conditions 
to give axial and equatorial sulfoxides. Structure of an axial sulfoxide obtained was determined by X-ray 
crystallography. Configuration of other sulfoxides was determined by ^ N M R spectroscopy according to 
empirical rules of chemical shift. The anomeric substituent was decisive for the stereoselectivity and the ratios 
of axial to equatorial sulfoxide were 3—11.5 for methoxy derivatives and 0.4—1.0 for acetoxy derivatives. 

Wi th the recent progress in the asymmetric synthe­
sis us ing optically active sulfoxides as chiral auxil­
iary,1) establishment of the methodology for p repar ing 
optically active sulfoxides has been an impor tan t sub­
ject.10) A m o n g them the method by oxidat ion of 
sulfides has been left unexplored in the predict ion of 
the stereoselectivity. A lot of studies have been made 
on the stereoselectivity in the oxidat ion of cyclic sul­
fides2-4) inc luding 5-thioaldopyranoses,5) bu t any con­
sistent explanat ion for the origin of the selectivity has 

not been made owing to the lack of systematic investi­
gation. However, 5-thioglucopyranose is a conve­
nient substrate for the study of stereoselectivity in the 
oxidat ion because it has a sterically fixed pyranoid 
r ing and easily modifiable substituents. In this 
paper, we would like to report a remarkable difference 
in the stereoselectivity between 1-O-methyl and 1-0-
acetyl derivatives of 5-thio-a-D-glucopyranose in the 
oxidat ion with 3-chloroperoxybenzoic acid (mCPBA) 
and discuss about the subst i tuent effects. 

Table 1. Oxidation of 5-Thioglucose Derivatives 1 with mCPBA 

la 

lb 

lc 

Id 

le 

If 

lg 

Compound 

X R1 R2 

MeO Me Me 

MeO Ac Me 

MeO Ac Ac 

AcO Me Me 

AcO Me Ac 

AcO Ac Ac 

H Ac Ac 

Solvent 

CH2CI2 

CH3CN 

CH2CI2 

CH3CN 

CH2CI2 

CH3CN 

CH2CI2 

CH3CN 

CH2CI2 
CH3CN 
AcOEt 
CH2CI2 

CH3CN 

CH2CI2 
CH3CN 

Temp/°Ca) -

- 2 0 
0 

RT 
- 2 0 
RT 
- 2 0 

0 
RT 
- 2 0 
RT 
- 2 0 

0 
RT 
- 2 0 
RT 
- 2 0 

0 
RT 

- 2 0 
RT 
- 2 0 
- 2 0 
- 2 0 
- 2 0 

0 
RT 
- 2 0 
RT 
- 2 0 
- 2 0 

Product 

ax(2):eq(3)b) 

85:15 
83:17 
81:19 
86:14 
87:13 
85:15 
83:17 
76:24 
87:13 
86:14 
83:17 
80:20 
75:25 
92: 8 
90:10 
35:65 
38:62 
41:59 
34:66 
38:62 
31:69 
39:61 
30:70 
29:71 
32:68 
34:66 
51:49 
51:49 
44:56c) 

67:33c) 

Yield/% 

86 
86 
73 
85 
43 
92 
96 
93 
74 
97 
86 
96 
87 
66 
98 
85 
96 
89 
85 

100 
93 
60 
75 
69 
86 
88 
32 
87 
85 
85 

a) RT; 20—30 °C. b) Determined by 100 MHz *H NMR. In the cases of Id and le, the ratios 
were estimated by the isolated yields, c) Determined by 500 MHz 1H NMR. 
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m-CPBA 

R 1 0 - ^ * 0 f 

R2Q V^^"S\ 1 R 2 ° V ^ - ^ S C ^ O 

R10 I 
X 

3 

R10 I 
X 

R1, R2 and X; see Table 1. 

Scheme 1. 

2d 

3d 

m-CPBA 

MeO— M 

2d <22%> + MeOV-NA 
MeO I 

OAc 

m-CPBA 
4 (73%) 

3d (12%) + 4 (77%) 

Scheme 2. 

Results and Discussion 

Oxidation Reaction: At first, 1-O-methyl lc and 1-
O-acetyl If derivatives of 5-thio-a-D-glucopyranose 
were oxidized with mCPBA at —20 °C in dichlorome-
thane (Scheme 1, Table 1). The ratios of axial to 
equatorial sulfoxide obtained, i.e. 2c :3c and 2f:3f, 
were estimated by their intensities of *H NMR signals 
of the diastereomeric mixture, and their configura­
tions were determined by the empirical rules of chemi­
cal shift in the lH NMR spectra in conbination with 
X-ray analysis described later. Thus, it was found 
that axial sulfoxide 2c was preferentially obtained 
(2c : 3c^5 :1) from the 1-O-methyl derivative lc, while 
equatorial sulfoxide 3f was preferentially obtained 
(2f:3f«3:7) from the 1-O-acetyl derivative If. A 
finding of this distinct reverse stereoselectivity prompt­
ed us to investigate the substituent effect at other than 
anomeric position and the effects of other factors such 
as solvent and temperature on the stereoselectivity in 
detail. Thus three kinds of both 1-O-methyl (la—c)6) 

and 1-O-acetyl (Id—f)6'7) derivatives of 5-thio-D-
glucopyranose and 1-deoxy analog lg8) were subjected 
to oxidation in various conditions (Table 1). In the 
oxidation of series of the substrates, the following 
tendencies were observed, i.e., preferential formation 
of axial and equatorial (except for If in acetonitrile) 
sulfoxides when the anomeric substituent is methoxyl 
and acetoxyl groups respectively, and ineffectiveness 
of substituents other than anomeric position on the 
stereoselectivity. On the other hand, less stereoselec­
tivity was observed in the oxidation of the 1-deoxy 
derivative lg. In addition, reasonable dependence of 
the isomer ratio on the reaction temperature was 
observed. In the polar solvent (acetonitrile), the 
ratios of axial sulfoxides were significantly increased 

only in the cases of two tetra-acetates (If and lg) 
compared with those in dichloromethane. 

Although any overoxidation was not observed in 
the above oxidation of 5-thioglucose derivatives, the 
sulfone derivative 4 was obtained from both the axial 
(2d) and the equatorial (3d) sulfoxides (Scheme 2) at 
room temperature under the same conditions, i.e., the 
same reaction time and the same amount of mCPBA. 
This result shows a marked difference of reaction rate 
between the sulfoxide formation and the sulfone for­
mation; actually the sulfoxide formation went to com­
pletion as soon as mCPBA was added, in contrast with 
slow formation of the sulfone. In the sulfone forma­
tion, each of the recovered sulfoxides did not contain 
the corresponding isomer, indicating no in situ iso-
merization between axial and equatorial sulfoxide in 
the mCPBA oxidation. Thus it was suggested that 
the formation of the sulfoxides are kinetically 
controlled. 

Johnson and McCants2' have investigated the ster­
eoselectivity in the oxidation of 4-substituted thianes 
with various reagents and proposed a steric approach 
control for the oxidation with peroxides. In our case, 
however, steric effects are thought to be less important 
because the preferred isomer of sulfoxide obtained are 
different from each other in the oxidation of 5-
thioglucose having methoxyl and acetoxyl groups, 
both of which are bulkier than a hydrogen atom of 1-
deoxy analog, at the anomeric position. Further­
more either hydrogen-bonding between mCPBA and 
an oxygen atom of the substrate or dipole-dipole 
interaction between incipient S-O bond and C-O 
bond at the anomeric position is hard to be applied for 
the explanation of stereoselectivity, because polar and 
Lewis-basic solvent, i.e., acetonitrile has no signifi­
cant effect on the stereoselectivity. 
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T h o u g h the obtained experimental data are insuffi­
cient for explanat ion of the stereoselectivity, the 
observed phenomenon , a kind of 1,2-asymmetric 
induct ion, may depend orbital interactions. Klein and 
Stollar3) have at tr ibuted the preferential equatorial 

attack of an electrophile for thiane derivatives to rela­
tively higher electron density of 3p orbital at equator­
ial side. T h i s kind of stereoelectronic effect is most 
plausible. Detailed investigation is now in progress. 

Assignment of Configuration: T h e configurat ion 

Table 2. Bond Distances (Z/Â) of 2ba) 

S-O(S) 
S-C(l) 
S-C(5) 
0(1)-C(1) 
0(1)-C(11) 
0(2)-C(2) 
0(2)-C(21) 
0(3)-C(3) 

1.492(7) 
1.839(9) 
1.833(9) 
1.42(1) 
1.41(1) 
1.46(1) 
1.33(1) 
1.44(1) 

0(3)-C(31) 
0(4)-C(4) 
0(4)-C(41) 
0(6)-C(6) 
0(6)-C(61) 
0(21)-C(21) 
0(31)-C(31) 
0(61)-C(61) 

1.34(1) 
1.41(1) 
1.41(1) 
1.43(1) 
1.34(1) 
1.19(1) 
1.19(1) 
1.18(1) 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(21)-C(22) 
C(31)-C(32) 
C(61)-C(62) 

1.53(1) 
1.48(1) 
1.52(1) 
1.53(1) 
1.51(1) 
1.48(1) 
1.53(1) 
1.51(1) 

a) Numbers in parentheses are estimated standard deviations. 

Table 3. Bond Angles (0/°) of 2ba) 

S-C(l)-0(1) 107.4(5) 
S-C(l)-C(2) 109.7(6) 
S-C(5)-C(4) 110.2(5) 
S-C(5)-C(6) 108.4(6) 
0(S)-S-C(1) 106.7(4) 
0(S)-S-C(5) 106.6(3) 
0(1)-C(1)-C(2) 109.6(7) 
0(2)-C(2)-C(l) 106.5(6) 
0(2)-C(2)-C(3) 106.3(6) 
0(2)-C(21)-0(21) 122.3(8) 
0(2)-C(21)-C(22) 111.2(7) 
0(3)-C(3)-C(2) 107.5(6) 
0(3)-C(3)-C(4) 106.4(6) 
0(3)-C(31)-0(31) 124.1(8) 
0(3)-C(31)-C(32) 110.6(8) 
0(4)-C(4)-C(3) 109.2(6) 
0(4)-C(4)-C(5) 109.0(6) 

0(6)-C(6)-C(5) 111.3(7) 
0(6)-C(61)-0(61) 123.6(9) 
0(6)-C(61)-C(62) 110.7(8) 
0(21)-C(21)-C(22) 126.5(8) 
0(31)-C(31)-C(32) 125.1(9) 
0(61)-C(61)-C(62) 124.3(9) 
C(l)-S-C(5) 96.0(4) 
C(l)-0(1)-C(ll) 113.4(7) 
C(l)-C(2)-C(3) 115.6(7) 
C(2)-0(2)-C(21) 118.8(6) 
C(2)-C(3)-C(4) 112.7(6) 
C(3)-0(3)-C(31) 118.5(6) 
C(3)-C(4)-C(5) 111.6(6) 
C(4)-0(4)-C(41) 115.5(7) 
C(4)-C(5)-C(6) 113.1(7) 
C(6)-0(6)-C(61) 114.6(7) 

a) Numbers in parentheses are estimated standard 
deviations. 

Fig. 1. Molecular structure and atomic numbering 
of 2b. 

Table 4. Selected Torsion Angles ((/>/°)a) 

S-C(l)-0(1)-C(ll) 
S-C(l)-C(2)-0(2) 
S-C(l)-C(2)-C(3) 
S-C(5)-C(4)-0(4) 
S-C(5)-C(4)-C(3) 
S-C(5)-C(6)-0(6) 
0(S)-S-C(1)-0(1) 
0(S)-S-C(1)-C(2) 
0(S)-S-C(5)-C(4) 
0(S)-S-C(5)-C(6) 
0(1)-C(1)-S-C(5) 
0(l)-C(l)-C(2)-0(2) 
0(1)-C(1)-C(2)-C(3) 
0(2)-C(2)-C(3)-0(3) 
0(2)-C(2)-C(3)-C(4) 
0(3)-C(3)-C(2)-0(l) 
0(3)-C(3)-C(4)-0(4) 
0(3)-C(3)-C(4)-C(5) 
0(4)-C(4)-C(3)-C(2) 
0(4)-C(4)-C(5)-C(6) 
0(6)-C(6)-C(5)-C(4) 

103.3(7) 
179.4(5) 
61.6(8) 

174.0(5) 
294.6(7) 

64.9(8) 
171.7(5) 
52.6(7) 

310.8(7) 
75.0(6) 
62.3(6) 
61.6(8) 

304(1) 
66.1(7) 

183.0(6) 
184.0(6) 
297.9(8) 
177.3(6) 
180.3(7) 
52.4(9) 

187.4(7) 

0(21)-C(21)-0(2)-C(2) 
0(31)-C(31)-0(3)-C(3) 
0(61)-C(61)-0(6)-C(6) 
C(l)-S-C(5)-C(4) 
C(l)-S-C(5)-C(6) 
C(l)-C(2)-0(2)-C(21) 
C(l)-C(2)-C(3)-C(4) 
C(2)-0(2)-C(21)-C(22) 
C(2)-C(l)-S-C(5) 
C(2)-C(l)-0(1)-C(ll) 
C(2)-C(3)-0(3)-C(31) 
C(2)-C(3)-C(4)-C(5) 
C(3)-0(3)-C(31)-C(32) 
C(3)-C(2)-0(2)-C(21) 
C(3)-C(4)-0(4)-C(41) 
C(3)-C(4)-C(5)-C(6) 
C(4)-C(3)-0(3)-C(31) 
C(5)-C(4)-0(4)-C(41) 
C(5)-C(6)-0(6)-C(61) 
C(6)-0(6)-C(61)-C(62) 

2(1) 
2(1) 

348(1) 
60.2(6) 

184.5(6) 
98.2(8) 

301 (1) 
182.5(7) 
303.3(6) 
222.4(8) 
233.3(8) 
59.8(9) 

186.1(7) 
222.0(7) 
112.8(8) 
173.1(7) 
112.4(8) 
235.0(8) 
91.0(9) 

181.0(8) 

a) Numbers in parentheses are estimated standard deviations. 
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of the sulfoxide 2b was determined to be axial by X-ray 4) a round the r ing of 2b is larger than those of penta-
crystallography (Fig. 1). T h e data given in Tables O-acetyl-5-thio-a-D-glucopyranose (58.2°)10) and 
2—4 represent a typical characteristic of the sulfoxide methyl 5-thio-a-D-ribopyranoside (57.4°).n ) T h e tor-
wi th the angles of two C - S - O (106.6° in average) and sion angle of the glycosidic bond (103.1°, Table 4) is 
C-S -C (96.0°) (Table 3) and the rather longer S-O much larger than that expected from exo-anomeric 
bond (1.492 Â, Table 2), as compared with acyclic effect (60°). 12> 
sulfoxides.9) T h e average torsion angle (60.5°, Tab le T h e lH N M R data of 2b reveals a deshielding effect 

Table 5. 1U NMR Data (Chemical Shifts (<5/ppm) and Coupling Constants/Hz) of 1, 2, 3(a—f), and 4 

n A H-l H-2 H-3 H-4 H-5 H-6a H-6b ~ , 
Compd r T T , T T T Others 

J 1,2 72,3 J3,4 J 4,5 ./5,6a J 5,6b J6a,6b 

laa) 4.55 —3.2—3.7— 2.99 3.80 — 3.38,3.45,3.51,3.57, and 3.61(OMe) 
1.5 —b) — 9.0 4.0 1.2 9.5 

2ac) 4.62 2.7—4.0 3.44,3.53,3.57,3.60, and3.62(OMe) 

3ac) 4.96 2.7—4.0 3.4—3.9(OMe) 
2.0 - _ _ _ _ _ 

lba) 4.56 5.09 5.42 3.54 3.23 4.36 4.36 2.05,2.08,2.10(Ac), 3.41, and3.44(OMe) 
2.8 9.8 8.5 11.0 3.5 3.5 0 

2bc) 4.75 5.67 5.46 3.88 3.10 4.41 4.80 2.10(AcX2),2.14(Ac),3.46,and3.62(OMe) 
2.2 10.0 8.5 11.0 9.2 4.0 11.0 

3bc) 5.00 — 5.31 2.7—5.1 2.11,2.12,2.17(Ac),3.49,and3.92(OMe) 
0 9.0 9.0 — — — — 

lcc) 4.67 5.06 5.36 5.19 3.35 4.51 3.92 1.94,1.96,1.98,2.03(Ac), and 3.47(OMe) 
3.0 10.0 8.8 10.0 4.2 2.8 12.0 

2cd) 4.84 5.75 5.55 5.63 3.24 4.43 4.48 2.02,2.06,2.10,2.11(Ac),and3.64(OMe) 
2.4 10.0 10.0 11.2 8.7 4.6 11.5 

3cd) 5.05 5.00 5.55 5.17 3.74 4.30 4.72 2.02,2.05,2.09,2.10(Ac), and3.89(OMe) 
~0 10.7 11.3 11.8 - 0 ~0 12.7 

lda) 6.06 3.02—3.62 3.72 — 2.08(Ac), 3.32,3.40(OMe), and 3.77(OMeX2) 
2.5 — — — 4.8 — 9.8 

2dd) 6.24 3.97 3.44 3.81 2.86 3.60 3.95 2.15(Ac), 3.44,3.49,3.57, and3.63(OMe) 
2.8 9.8 9.8 9.8 9.8 4.3 9.2 

3dd) 6.54 3.27 3.45 3.31 3.15 3.77 3.90 2.25(Ac), 3.43,3.47,3.60, and3.61(OMe) 
2.0 9.6 9.6 11.6 2.0 2.0 10.0 

4C) 5.97 3.71 3.35 —e) 3.20 -3 .9—4.0- 2.20(Ac), 3.41,3.45(OMe), and3.61(OMeX2) 
3.0 9.4 9.4 10.5 2.0 4.3 — 

lea) 6.16 3.53 3.40 5.12 3.44—3.38 2.12,2.15(Ac), 3.31,3.45, and 3.52(OMe) 
3.2 9.4 9.4 10.5 — — — 

2ec) 6.29 4.10 — 5.44 3.01 -3 .4—3.9- 2.15,2.19(Ac), 3.42,3.51, and3.55(OMe) 
3.0 10.2 11.5 9.2 4.5 11.8 — 

3ed) 6.58 3.41 3.54 5.15 3.32 3.58 3.79 2.15,2.28(Ac), 3.34,3.48, and3.50(OMe) 
2.0 10.0 10.0 11.9 — 2.6 10.3 

If* 6.10 5.0—5.6 3.58 4.04 4.36 2.00,2.02,2.05,2.08, and2.18(Ac) 
2.5 — — 9.8 3.0 4.8 12.0 

2 ^ 6.32 5.86 5.53 5.68 3.24 4.42 4.50 2.03,2.04,2.08,2.11, and2.24(Ac) 
2.8 10.4 10.4 10.4 9.2 4.4 11.9 

3F] 6.55 5.20 5.53 5.25 3.58 4.27 4.73 2.01,2.05,2.06,2.10, and2.33(Ac) 
2.4 10.4 10.4 11.2 ~2 ~2 11.1 

a) Data from Ref. 6. b) Unidentified, c) Measured at 100 MHz. d) Measured at 500 MHz. e) 3.4—3.8. 

Table 6. 1U NMR Data (Chemical Shifts (<5/ppm) and Coupling Constansts/Hz) of lg, 2g, and 3g 

Compd 

lga) 

2gc) 

3gc) 

H-la 
/la,le 

2.67 
12.8 

2.60 
13.9 

2.99 
11.8 

H-le 
/la,2 

2.88 
10.1 

3.65 
12.0 

3.81 
12.0 

H-2 
/le,2 /2,3 

_b> 
3.9 — 

5.73 
3.9 9.8 

5.09 
3.6 9.8 

H-3 
/3,4 

— 
10.1 

5.34 
9.8 

5.31 
9.8 

H-4 
/4,5 

5.21 
9.5 

5.68 
11.5 

5.23 
11.5 

H-5 
/5,6a 

3.17 
3.3 

3.05 
9.8 

3.12 
1.9 

H-6a H-6b 
/5,6b /6a,6b 

4.14 4.25 
5.9 11.9 
4.35 4.46 

4.3 12.0 
4.40 4.68 

2.6 12.8 

2.01, 2.02, 

2.04, 2.05, 

2.02, 2.05, 

Ac 

2.03, 

2.07, 

2.07, 

and 2.07 

and 2.10 

and 2.08 

a) Data from Ref. 8. b) Unidentified, c) Measured at 500 MHz. 
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Table 7. Chemical Shift Difference of Ring Protons 
between 2 and 3 (Aô/ppm) 

AÔ2-3 H-le H-la H-2 H-3 H-4 H-5 

2a-3a 
2b-3b 
2c-3c 
2d-3d 
2e-3e 
2f-3f 
2g-3g 

-0.34 
-0.25 
-0.21 
-0.30 
-0.29 
-0.23 
-0.16 

— 
— 
— 
— 
— 

-0.39 

— 
0.75 
0.70 
0.69 
0.66 
0.64 

0.15 
0 

-0.01 
— 

0 
0.03 

— 
0.46 
0.50 
0.29 
0.43 
0.45 

— 
-0.50 
-0.29 
-0.31 
-0.34 
-0.07 

of axial sulfoxide for the syn-axial protons13 '14* (H-2 
and H-4, Tab le 5). T h i s deshielding effect is also 
characteristic for the other axial sulfoxides (Tables 5— 
7). It was found that the anomeric equator ia l prot­
ons of the equator ia l sulfoxides resonate at lower field 
(ca. 0.3 p p m ) than those of the axial sulfoxides as 
shown in Tab le 7. T h e chemical shifts of the equa­
torial pro tons vicinal to the sulfoxide bonds of some 
thianes 1-oxide were measured but their difference has 
not been part icularly poin ted out.13) O n the assump­
tion that an anisotropy of the sulfoxide bond is impor­
tant for the deshielding effect, the dihedral angle 
between the S-O b o n d and the anomeric C - H bond of 
equator ia l sulfoxides would be smaller than that of 
axial sulfoxides. In addit ion, chemical shifts (8) of 
H-5 of axial sulfoxides 2 are smaller than those of 
equator ia l sulfoxides 3. Th i s suppor ts an acetylene-
type anisotropy of sulfoxide bond.14) In any case, 
these chemical shift difference could be used subsidiar­
ily for the assignment. 

Exper imenta l 

Melting points were measured with a Yanagimoto micro 
melting point apparatus and are uncorrected. Optical 
rotations were determined with a JASCO DIP-4 Polarimeter. 
Infrared spectra were recorded on a HITACHI 260-10 spec­
trometer. XH NMR spectra were obtained from JEOL PS-
100 (100 MHz) and JNM-GX-500 (500 MHz) spectrometer. 
!3CNMR spectra were recorded on a JEOL JNM-FX90Q 
spectrometer. Chemical shifts were recorded as ô values in 
parts per million (ppm) from tetramethylsilane as an inter­
nal standard in deuteriochloroform. Column chromatog­
raphy was carried out on Wako gel C-300 with solvent 
system specified. 

Oxidation of 5-Thioglucose Derivatives (1) with m-
CPBA. General Procedure: To a stirred solution of 1 (0.5 
mmol) in the solvent given in Table 1 (1.5X10-2 ml mg_ 1 of 
1) was slowly added a solution of mCPBA (0.55 mmol) in the 
same solvent (1.5X10-2 m l m g - 1 of 1) at the temperature 
given in Table 1. After 15 min, the reaction mixture was 
diluted with chloroform and washed with aqueous Na2S203 
and aqueous NaHC03 successively. The chloroform layer 
was dried over MgS04 and concentrated in vacuo. The 
residue was chromatographed on a silica-gel column (hex-
ane/acetone 4:1—5:3) to give recovery of 1 in an early 
fraction and the diastereomer mixture of sulfoxide deriva­
tives 2 and 3 in a later fraction. The yields and the diaste­
reomer ratios are given in Table 1. 

Methyl 2,3>4,6-Tetra- O-methyl-5-thio-a-D-glucopyrano-
side (R)- and (S)-S-Oxide (2a and 3a): Oxidation of methyl 
2,3,4,6-tetra-0-methyl-5-thio-a-n-glucopyranoside (la)6) fol­
lowed by purification on a silica-gel column (hexane/ace-
tone 4:1 —3 :1 ) gave the mixture of 2a and 3a as a colorless 
oil; [a]l2+177° (c 0.92, CHC13) for the mixture with the 
diastereomer ratio of 85:15; IR (neat) 1035 cm -1. In the 
13C NMR of the mixture, only signals for 2a were assigned: 
0=56.0 (5-C), 59.2, 59.7, 61.2, 61.4 (OMe), 67.0 (6-C), 77.4, 
78.8 (2-C and 4-C), 84.2 (3-C), and 89.0 (1-C). 

Found: C, 46.70; H, 7.98; S, 11.40%. Calcd for CiiH2206S: 
C, 46.79; H, 7.85; S, 11.36%. 

Methyl 2,3,6-Tri- O-acetyl-4- O-methyl-5-thio-a-D-gluco-
pyranoside (R)- and (S)-S-Oxide (2b and 3b): Oxidation of 
methyl 2,3,6-tri-0-acetyl-4-0-methyl-5-thio-a-n-glucopy-
ranoside (lb)6) followed by purification on a silica-gel 
column (hexane/acetone 2:1) gave the mixture of 2b and 3b 
as a white solid; [a]g> +144° (c 0.67, CHCI3) for the mixture 
with the diastereomer ratio of 85:15. Recrystallization of 
the mixture from ethanol gave the (ß)-sulfoxide 2b as white 
crystals; mp 172—173 °C; [a]$>+m° (c 1.38, CHCI3); the 
crystal of 2b used for X-ray analysis was obtained by natural 
vaporization from the solution in hexane/acetone (2:1); mp 
168—170 °C; 13CNMR for 2b: 0=20.6, 20.7 (CH3CO), 54.5 (5-
C), 59.0 (6-C), 60.5, 61.7 (OMe), 69.1 (2-C), 71.6 (3-C), 74.8 (4-
C), 88.7 (1-C), 169.3, 169.6, and 170.4 (CH3CO). 

Found: C, 45.83; H, 6.09; S, 8.65%. Calcd for G4H22O9S: 
C, 45.89; H, 6.05; S, 8.75%. 

Methyl 2,3>4,6-Tetra-0-acetyl-5-thio-a-D-glucopyranoside 
(Ä)- and (S)-S-Oxide (2c and 3c): Oxidation of methyl 
2,3,4,6-Tetra-0-acetyl-5-thio-a-n-glucopyranoside (lc)6> fol­
lowed by purification on a silica-gel column (hexane/ace­
tone 2:1) gave the mixture of 2c and 3c as a colorless oil; 
[a]ff +166° (c 2.25, CHCI3) for the mixture with the diaste­
reomer ratio of 83 :17. 

Found: C, 45.88; H, 5.93; S, 7.74%. Calcd for G5H22O10S: 
C, 45.68; H, 5.62; S, 8.13%. 

l-0-Acetyl-2,3,4,6-tetra-0-methyl-5-thio-a-D-glucopy-
ranose (Ä)- and (S)-S-Oxide (2d and 3d): Oxidation of l-O-
acetyl-2,3,4,6-tetra-0-methyl-5-thio-a-n-glucopyranose 
(Id)6) followed by purification on a silica-gel column (hex­
ane/acetone 5:2) gave 2d as a colorless oil in an early 
fraction and 3d as white crystals in a later fraction. 

2d: [a]l° +247° (c 1.33, CHCI3); IR (neat) 1050 cm"1. 
Found: C, 46.10; H, 7.24; S, 10.18%. Calcd for G2H22O7S: 

C, 46.44; H, 7.14; S, 10.33%. 
3d: Mp 88—90 °C (from petroleum ether); [a]g*+164° (c 

1.13, CHCI3); IR (neat) 1050 cm"1. 
Found: C, 46.35; H, 7.23; S, 10.28%. Calcd for C12H22O7S: 

C, 46.44; H, 7.14; S, 10.33%. 
l,4-Di-0-acetyl-2,3,6-tri-0-methyl-5-thio-a-D-glucopy-

ranose (R)- and (S)-S-Oxide (2e and 3e): Oxidation of 1,4-
di-0-acetyl-2,3,6-tri-0-methyl-5-thio-a-n-glucopyranoside 
(le)6) followed by purification on a silica-gel column (hex­
ane/acetone 4:1—2:1) gave 2e as a colorless oil in an early 
fraction and 3e as white crystals in a later fraction. 

2e: [a]l° +207° (c 1.10, CHCI3); IR (neat) 1065 cm"1; 
!3CNMR 0=20.6, 20.8 (CH3CO), 56.1 (5-C), 59.0, 59.4, 61.0 
(OMe), 66.9 (6-C), 68.8 (4-C), 75.8 (1-C), 77.3 (2-C), 81.1 (3-
C), 168.2, and 169.6 (CH3CO). 

Found: C, 46.22; H, 6.75; S, 10.28%. Calcd for C13H22O8S: 
C, 46.14; H, 6.55; S, 9.48%. 

3e: Mp 169—171 °C; [a]%>+\05° (c 0.96, CHCI3); IR 
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(neat) 1065 cm"1; ^CNMR 0=20.4, 20.6 (CH3CO), 58.6, 59.4 
(OMe), 59.6 (5-C), 61.1 (OMe), 64.3 (6-C), 66.2 (4-C), 77.5 (2-
C), 78.4 (1-C), 81.8 (3-C), and 168.9 (CH3CO). 

Found: C, 46.21; H, 6.53; S, 9.06%. Calcd for Ci3H2208S: 
C, 46.14; H, 6.55; S, 9.48%. 

l,2,3>4,6-Penta-0-acetyl-5-thio-a-D-glucopyranose (R)- and 
(S)-S-Oxide (2f and 3f): Oxidation of 1,2,3,4,6-penta-O-
acetyl-5-thio-a-n-glucopyranose (If)7) followed by purifica­
tion on a silica-gel column (hexane/acetone 5:3) gave the 
mixture of 2f and 3f as a white solid; [a]g+128° (c 0.93, 
CHCI3) for the mixture with the diastereomer ratio of 29: 71; 
[a]??+136° (c 1.17, CHCI3) for the mixture with the diaste­
reomer ratio of 51:49. Recrystallization of the mixture 
from ethanol gave the (S)-sulfoxide 3f as white crystals; mp 
175—177 °C; [aW+123° (c 0.85, CHCI3). 

Found: C, 45.74; H, 5.35; S, 7.59%. Calcd for C16H22O11S: 
C, 45.50; H, 5.25; S, 7.59%. 

2,3j4,6-Tetra-0-acetyl-l,5-dideoxy-l,5-epithio-D-glucitol 
(S)- and (Ä)-S-Oxide (2g and 3g): Oxidation of 2,3,4,6-
tetra-0-acetyl-l,5-dideoxy-l,5-epithio-D-glucitol (lg)8) fol­
lowed by purification on a silica-gel column (hexane/ace­
tone 2:1—5:3) gave the mixture of 2g and 3g as a white 
solid; mp 124—126 °C; [a]tf+15° (c 0.83, CHCI3) for the 
mixture with the diastereomer ratio of 44:56; [a]$ +49° (c 
1.31, CHCI3) for the mixture with the diastereomer ratio of 
67:33; 13C NMR 0=20.3, 20.5, 20.5, 20.6 (CH3CO), 47.2, 52.5, 
55.4, 58.3, 59.2, 64.3, 64.5, 65.4, 66.4, 67.4, 73.4, 73.7 (1-C—6-C 
of both 2g and 3g), 168.9, 169.0, 169.5, and 170.2 (CH3CO). 

Found: C, 45.93; H, 5.58; S, 8.66%. Calcd for G4H20O9S: 
C, 46.15; H, 5.53; S, 8.80%. 

l-0-Acetyl-2,3>4,6-tetra-0-methyl-5-thio-a-D-gluco-
pyranose S,S-Dioxide (4): Both 2d and 3d was oxidized in 
dichloromethane at room temperature as described above for 
the oxidation of 1, respectively. The crude oil was chroma-
tographed on a silica-gel column (hexane/acetone 5:3) to 
give 4 as a colorless oil in an early fraction and recovery of 
the sulfoxide 2d or 3d in later fraction; [a]$+\\6°(c 0.94, 
CHCI3); IR (neat) 1330 cm"1. 

Found: C, 43.91; H, 6.72; S, 9.72%. Calcd for Ci2H2208S: 
C, 44.16, H, 6.79; S, 9.83%. 

X-ray Analysis: The space group of 2b was determined 
as P2i2i2i from the systematic absences of reflections with 
odd h for hOO, odd k for 0&0, and odd / for 00/. A crystal 
with dimensions of 0.7X0.3X0.2 mm was used for data 
collection on a Rigaku automated four-circle diffractometer 
with graphite monochromated Mo Ka radiation (^=0.71073 
Â). Accurate unit-cell dimensions were determined by 
least-squares calculation with 20 values of 75 high-angle 
reflections measured on the diffractometer. Crystal data are 
summarized in Table 8. 

Intensity data within the range of 3°<20<5O° were col­
lected in the 26/co scan mode at a scanning rate of 8° (a>) 
min -1 . The periodic check of the intensity values of five 
standard reflections revealed no significant variation during 
the course of data collection. The standard deviations were 
estimated by the equation of a2(F0)=ap

2(Fo)+gFo2, , where ap 

was evaluated by counting statistics and q (=0.0182) from 
measurement of the monitored reflections.15) A total of 
1676 independent reflections was obtained, of which 1016 
with |F0 |>3a(|F0 |) were used for structure determination. 
The intensities were corrected for Lorentz and polarization 
effects. 

Structure Determination: The structure was solved by 

Table 8. Crystal Data 

C14H22O9S 
M.W.=366.39 
Orthorhombic 

P2i2i2i 
a/Â=14.886(2) 
6/Â=14.479(2) 
c/Â=8.2770(l) 
V/A*=\ 784.0(4) 

Z=4 
Dx/gcm-3=1.364 

li(Mo Ka)/cm-i=2.26 

Table 9. Fractional Coordinates and Equivalent 
Isotropic Temperature Factors of 2ba) 

Atom 

S 
O(S) 
O(l) 
0(2) 
0(3) 
0(4) 
0(6) 
0(21) 
0(31) 
0(61) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(ll) 
C(21) 
C(22) 
C(31) 
C(32) 
C(41) 
C(61) 
C(62) 

X 

0.0166(2) 
-0.0682(4) 
0.0619(4) 

-0.1088(4) 
-0.1356(4) 
-0.0037(4) 
0.1701(4) 

-0.2308(4) 
-0.0619(4) 
0.2462(5) 

-0.0160(6) 
-0.0872(6) 
-0.0587(5) 
-0.0291(5) 
0.0506(5) 
0.0890(6) 
0.0998(8) 

-0.1814(6) 
-0.1903(7) 
-0.1281(6) 
-0.2131(7) 
-0.0596(8) 
0.2454(7) 
0.3269(7) 

y 

0.5139(2) 
0.4633(4) 
0.6770(4) 
0.7243(4) 
0.5814(4) 
0.4473(4) 
0.3799(5) 
0.7206(5) 
0.6532(5) 
0.4167(7) 
0.6320(6) 
0.6285(6) 
0.5841(6) 
0.4846(6) 
0.4775(6) 
0.3813(6) 
0.7390(7) 
0.6625(6) 
0.8606(7) 
0.6169(7) 
0.598(1) 
0.3767(8) 
0.3919(7) 
0.3910(8) 

z 

0.2966(3) 
0.2587(8) 
0.4124(8) 
0.5265(8) 
0.7444(7) 
0.7670(8) 
0.3951(8) 
0.374(1) 
0.9441(9) 
0.616(1) 
0.354(1) 
0.486(1) 
0.640(1) 
0.616(1) 
0.500(1) 
0.489(1) 
0.301(2) 
0.461(1) 
0.510(1) 
0.8931(1) 
0.992(1) 
0.827(1) 
0.481(1) 
0.371(1) 

ßeq/A2 

4.1<10> 
5.4<28> 
4.6<13> 
4.2<20> 
3.9<10> 
4.5<11> 
4.6<13> 
6.3<32> 
5.6<16> 
7.6<28> 
4.1<16> 
3.3<10> 
3.0<6> 
3.4<12> 
3.5<11> 
3.8<9> 
5.5<11> 
4.0<8> 
5.5<19> 
4.2<13> 
6.7<24> 
6.4<29> 
4.5<9> 
5.5<18> 

a) ßeq=87t2(c/i+c/2+£/3)/3, where Uu U2, and Us are 
the principal components of the mean square dis­
placement matrix U. Values in < > are the aniso-
tropicity defined by (2(ßeq-87C2l7,)2/3)1/2 and those in 
( ) are e.s.d.'s; they refer to the last decimal places. 

direct methods with the MULTAN 78 program.16) The 
atomic parameters were refined by the block-diagonal least-
squares method with anisotropic temperature factors. The 
function minimized was 2^(l^o |— |^ c | ) 2 , where iv=\/o2(F0). 
All the hydrogen atoms were located geometrically and 
included in the structure refinement. The final R factor 
was 0.055 (#w=0.085). Atomic scattering factors were taken 
from "International Tables for X-Ray Crystallography".17) 
The final positional and thermal parameters are given in 
Table 9. Bond length, bond angles, and selected torsion 
angles are given in Tables 2—4. 
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"p/fa" of Calixarenes and Analogs in Nonaqueous Solvents 
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The acid dissociation constants (K&Pp) of £-£-butylcalix[rc]arenes (1„: rc=4, 6, and 8), O-methylated p-t-
butylcalix[4]arene (2Me„), and their noncyclic analogs (3„) were estimated in THF at 25 °C. As pH indicators, 
Et4N+ salts of ß-nitrophenolate, 2,4-dinitrophenolate, and picrate were employed. The pK&vv values for 1„ were 
lowered by at least four pK units from that of £-£-butylphenol because of strong intramolecular hydrogen-
bonding interactions. Compounds 2„ involved both the strong and weak hydrogen bonds: the proton in the 
strong hydrogen bond showed the acidity comparable with that of 1„ whereas that in the weak hydrogen bond 
showed the relatively high pK*vv. These properties were discussed in relation to ÔOH (chemical shift in 
iHNMR) and von (OH vibration band in IR). This is the first systematic discussion on "p#a" of p-t-
butylcalix[n]arenes. 

Calixarenes are cyclic oligomers made up of phenol 
units. Phenolic hydroxyl groups appended on the 
lower rim form strong intramolecular hydrogen 
bonds, which serve as a main driving force for stabiliz­
ing a "cone" conformation.12) Because of the intra­
molecular hydrogen-bonding interactions,1_3) they are 
expected to have the pK& values which are quite differ­
ent from those of the corresponding monomeric units 
such as phenol and p-^-butylphenol. Through our 
previous studies on calixarenes,4>5) we noticed that to 
know the pKa values is indispensable to understand 
conformational and host-guest properties of calixa­
renes. They frequently play decisive roles in the sta­
bilization of a cone conformation and in the guest 
selectivity.67) The studies on pK& determination have 
been very limited, however. Böhmer et al.8) synthes­
ized a few calix[4]arenes containing a p-nitrophenol 
unit and estimated the pK& by a spectroscopic method. 
They concluded that the p-nitrophenol unit in calix-
[4]arenes shows nearly the same dissociation behavior 
as the linear analog. On the other hand, we synthes­
ized p-sulfonatocalix[4]arene and p-nitrocalix[4]arene 
and found out that the dissociation of the first proton 
occurs at very acidic pH region (pK&i=l—2.9).9'10) 

The surprisingly large pK& shift was also observed for 
p-phenylazocalix[4]arenes.n) The presence of such a 
"super-acidic" proton is also supported by X-ray crys-
tallographic studies by Atwood et al.12) The unusual 
pK&i value (pKa for the dissociation of the first proton) 
is attributed to the formation of a strong, circular 
hydrogen-bonding belt on the lower edge of the calix-
[4]arene cavity. 

The pKa values of calix[4]arenes mentioned above 
could be determined because they were water-soluble 
(at least partially). Then, how can we estimate the 
"p/£a" of conventional p-£-butylcalix[n]arenes? They 
are soluble only in organic solvents. We have 
employed spectroscopic titration in nonaqueous sol­
vents. We selected p-nitrophenolate (NP~), 2,4-
dinitrophenolate (DNP~), and picrate (P~) as pH indi­
cators because (i) indicators having a phenolic 

hydroxyl group as a dissociation group are recom­
mended for titration of the phenolic hydroxyl groups 
i n Ln, (ii) they have strong absorption bands at visible 
region, (iii) they have different pK& values covering 
from pH 1 to 7, and (iv) they are commercially availa­
ble. In this paper, we estimate not only "pK^" values 
of p-£-butylcalix[n]arenes ( l n : n=4 , 6, and 8) but also 
those of partially methylated I4 (2Men) and their acy­
clic analogs (3n). 

3-n 

Results and Discussion 

IR and ^ N M R Spectra. As a prelude to pK* 
determination, we measured IR and XH NMR spectra 
of ln, 2Mei_3, and their acyclic analogs 3n. The 
results are summarized in Table 1. It has been 
noticed that in ln, vow bands in IR appear at around 
3100 cm"1 and <5OH in ^ N M R appear at around 10 
ppm.1-3) These shifts are attributed to intramolecu­
lar hydrogen-bonding interactions. In XH NMR, the 
OH protons in the dimer (32), which has the smallest 
unit to form an intramolecular hydrogen bond, give a 
single peak at <5OH=7.23 ppm. This chemical shift 
corresponds to a "half" hydrogen-bonded proton (Eq. 
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Table 1. von in IR Spectra (Nujol, Room Temperature) 
and <5OH in 1U NMR (CDC13, 25 °C, 

Internal Standard TMS) 

Compound von/cm-1 ôoH/ppm (Integral Intensity) 

14 
16 
Is 
2Mei 
2Me2 

2Me3 

32 

33 

34 

o-1 

3170 
3120 
3190 
3150, 3280 
3450 
3470 
3280 
3240 
3200 

"1 »o """'"' 

10.34(4H) 
10.50(6H) 
9.60(8H) 
9.54(2H), 10.13(1H) 
7.19(2H) 
6.20(1 H) 
7.23(2H) 
8.51(2H), 9.17(1H) 
8.32(2H), 9.46(2H) 

H ^ 0 . ^ H ^ 0 

(1) 

p^H^,Q^H«„0(?^H H ^ o ^ l H ^ 0 H ^ 0 

(2) 

1). The trimer (33) gives two peaks at 8.51 and 9.17 
ppm. The integral intensity tells us that the peak at 
lower magnetic field (integral intensity 1H) is 
assigned to the proton of the inner phenol unit and 
that at the higher magnetic field (integral intensity 
2H) is assigned to the protons of external phenol units 
(Eq. 2): that is, the proton of the inner phenol unit 
always participates in hydrogen-bonding interactions 
whereas those of external phenol units are "half" 
hydrogen-bonded. These results suggest that the 
chemical shift of the phenolic protons reflects the 
degree of intramolecular hydrogen-bonding interac­
tions. The ÔOH for the "fully" hydrogen-bonded 
proton appears at the magnetic field lower by 0.66 
ppm than that for the "half" hydrogen-bonded prot­
ons: thus, the stronger the hydrogen bond, the greater 
the down-field shift.13) 

The ÔOH values for the "half" hydrogen-bonded 
protons in 33 and 34 shift to the lower magnetic field 
(by 1.09—1.28 ppm) from that for the "half" 
hydrogen-bonded proton in 32. In 33 and 34, the OH 
groups in inner phenol units are polarized through 
hydrogen-bonding interactions (0(<5—)-H(ô+)-OH). 
Hence, the hydrogen bond with the polarized 
OH group (OH 0(<5-)-H(<5+) OH) is more 
strengthened. 

The ÔOH values for ln further shift to the lower 
magnetic field. In particular, the shifts observed for 

< \ 
0-H" 

0 
H 

P Me 

< / 

0 
• H-0. 

^ 

U 

Q ^ 0 > l " " " ^ 0 ^ M e 

0-H C=0 
0 
H 

2Mei 

Ö ê 

I 
Me 

2Me2 
^ <f 

6 0 H-o 

2Mei' 
b 

Fig. 1. Intramolecular hydrogen-bonding interac­
tions in 14, 2Mei, and 2Me2. The filled lone pairs 
denote the occurrence of electrostatic repulsion. 

I4 and 16 are surprisingly large. The finding indi­
cates that a strong, hydrogen-bonding belt is formed 
on the lower rim of the calixarene cavity. This serves 
as the origin of the stabilization of a "cone" conforma­
tion.1'26'7) In I4, for example, all protons are chelated 
through hydrogen bonds and the resultant structure 
features high C4v symmetry (Fig. 1).14) In contrast, 
the relatively small shift in Is implied that the 
hydrogen-bonding belt is somewhat destabilized, pre­
sumably, by the flexible nature of the calix[8]arene 
ring.1'2) Among ln, the <5OH for 16 appears at the 
lowest magnetic field and that for I4 is the next, 
indicating that the strength of the intramolecular 
hydrogen-bonding interactions is in the order of 
16>14>18. 

In contrast, monomethylated 2Mei gives two peaks 
at 9.54 (integral intensity 2H) and 10.13 (integral 
intensity 1H) ppm. This shows that the hydrogen 
bonds are destabilized by introduction of a methyl 
group. In I4 four protons can interact with each 
other through four lone electron pairs in oxygens to 
form a circular hydrogen-bonding belt (Fig. 1). This 
is due to high symmetry of I4.14) In 2Mei, on the 
other hand, the methyl group should be placed out­
side the ring when it adopts a cone conformation (Fig. 
1) because the lower rim of the ring is too small to 
accept the methyl group. The examination of 
Corey-Pauling-Koltun molecular models also sup­
ports the "outside-methyl." The ^ N M R supports 
that 2Mei is present in a cone conformation: at 30 °C 
in CDCI3, the ArCH2Ar protons give two pairs of 
doublets (3.43 and 4.27 ppm for one pair and 3.43 and 
4.36 ppm for the other pair). Under this situation, 
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two lone electron pairs are enforced to be confronted 
with each other (Fig. 1). Th i s orientat ion would 
induce serious electrostatic repulsion, so that the 
ar rangement of lone electron pairs would be distorted 
from C4v symmetry (for example, as in 2Mei'). T h i s 
explains why the two hydrogen bonds in 2Mei are 
specifically weakened: as shown in 2Mei' , the distor­
tion results in two weak hydrogen bonds. In 2Me2, 
the electrostatic repulsion between lone electron pairs 
can take place at two posit ions (Fig. 1).15> In fact, it 
gives a single peak at <5OH—7.19 p p m for the phenol ic 
protons , which shifts by 3.15 p p m to the higher mag­
netic field from that of I4. T h e <5OH value for 2Me3 
further shifts to the higher magnet ic field (6.20 p p m ) , 
indicat ing the formation of a very weak hydrogen 
bond. 

It has been noticed that in IR, the POH vibration 
band of ln appears at a round 3100 cm_ 1 .1 _ 3 ) Th i s is 
also at tr ibuted to the strong, int ramolecular 
hydrogen-bonding interactions.1 _ 3 ) Examina t ion of 
Table 1 reveals that the shift width of the Ï̂ OH band to 
the lower frequency is in the order of l6> l4> l s . T h i s 
order is in good accord with that of the <5OH in 
1H NMR. T h i s suggests that the strength of the hyd­
rogen bond is also reflected by the Ï^OH: the stronger the 
hydrogen bond, the greater the shift to the lower 
frequency. In fact, 2Men and 3n, the hydrogen bonds 
of which are relatively weakened, give the POH at 
higher frequency region. In Fig. 2, we illustrate a 
plot of ÔOH vs. ï̂ oH. Clearly, the Ï̂ OH value co r r ec ­
tively increases with increase in the <5OH value. 

Interestingly, 2Mei, which gave two <5OH values in 
1H NMR, results in two vou bands in IR. T h i s sup­
ports again that 2Mei includes two different hydrogen 
bonds, one is s trong and the other is weak. It is clear 
from the foregoing discussion that Ï̂ OH 3150 and 3280 
c m - 1 bands correspond to <5OH 10.13 (strong bond) and 
9.54 (weak bond) p p m peaks, respectively. T h e 
XH N M R data suggest that 33 and 34 may also give two 

£ 

X >° 

3400 

3300 

3200 

-

2Me 
• _ 
J 3 
34 

- i4 w» 

I 2Me 

•I 3/, 
• * 

2Me2 •1 
* 2Me3 

22 • 

1 1 

11 10 9 8 
6QH / ppm 

Ï̂ OH bands. In fact, however, the vou band for these 
compounds appeared as a single, broad peak. 

T h e foregoing results consistently demonstrate the 
presence of the s t rong hydrogen-bonding interactions 
in ln and the relatively weakened interactions in 2Men 

and their acyclic analogs. Hereafter, we discuss how 
the strength of the hydrogen bonds is reflected by their 
pKa values. 

p/£app Determination. We have used NEt4+ salts of 
N P " , D N P " , and P " as p H indicators (Table 2). 
The i r pKa values in water at 25 °C are 0.71, 4.11, and 
7.15, respectively. T a k i n g the titration of I4H4 
(undissociated species of I4) by P~, for instance, the 
following equi l ib r ium will be attained in solution 
( T H F , 2 5 ° C ) . 

I1H4 + P- ri4H3- + PH (3) 

T h e decrease in [P~] is readily measured by a spectros­
copic method and the equ i l ib r ium constant (Kc) can 
be determined. T h u s , the apparen t acid dissociation 
(dissociation of the first proton) constant (K&pp) for 
I4H4 is defined by Eq. 4. 

Kai '- Kc • Ka (4) 

T o test the reliability of this method, we titrated 
four ^-substi tuted phenols p-X-CeFLtOH (X=OMe, 
H, Br, and CN) by N P " . T h e results in Table 3 show 
that one can obtain reasonable pKapp values by this 
method. We thus appl ied this method to the deter­
mina t ion of pK&pp values for \n, 2Men , and 3n. T h e 
results are summarized in Tab le 4. T h e most com­
pounds resulted in reasonable t i trat ion curves which 
could be analyzed according to the theoretical equa­
tion (Fig. 3). In contrast, the ti tration curves for 33 
and 34 significantly deviated from the theoretical 

Table 2. Absorption Spectra of Tetramethylammonium 
Salts of £-Nitrophenolate (NP -), 2,4-Dinitrophenolate 

(DNP-), and Picrate (P~) at 25 °C in THF 

• imax £mQv 

Indicator 
nm dm3 mol - 1 cm - 1 

NP-

DNP-

P-

422 
(372 
422 
371 

8470 
(9820 
*9090 
11800 

Table 3. pK* (water, 25 °C) and pA:app (THF, 25 °C) 
of ^-Substituted Phenols 

£-X-C6H4OH 

X=OMe 
X=H 
X=Br 
X=CN 

pK* 

10.21 
9.99 
9.34 
7.95 

pK, a) 
app pÄ^app pKa 

10.91 0.70 
10.68 0.69 
9.67 0.33 
7.83(7.76)b) -0.12 (-0.19) 

Fig. 2. Plots of ^OH vs. ÔOH. a) Estimated with NP". b) Estimated with DNP - . 
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Table 4. 

Compound 

pA:app of 1„, 2Me„, and 3„ (THF, 25 °C) 

pÂ app Determined by 

NP- DNP- P-

14 

16 
Is 
2Mei 
2Me2 

2Me3 

3i 
32 

33 

34 

a) 
a) 
a) 
6.95 

12.2 
12.5 
10.9 
7.92 
6.9 
5.3 

a) 
a) 
a) 

7.10 
b) 
b) 
b) 

7.0 
5.5 

4.11 
3.62 
4.05 
3.98 
b) 
b) 
b) 

a) The dissociation of 2—4 protons occurred simul­
taneously, b) The spectral change is too small to 
estimated the p£apP: that is, the basicity of DMP - and 
P- is too weak to abstract a proton from 2Men. 

0-10 

5 10 

105-C323/mol dm"3 

15 

Fig. 3. Titration of 32 with NP" (9.31X10"6 mol 
dm -3) in THF at 25 °C. The solid curve indicates 
the theoretical line for the titration. 

equat ion: at the init ial stage of the t i tration the disso­
ciat ion of the first p ro ton occurs easily whereas at the 
last stage of the titration the dissociation is rather 
suppressed. Presumably, the deviation is caused 
by intermolecular hydrogen-bonding interactions 
between part ial ly dissociated species of 33 and 34. In 
1„ and 2Men , intramolecular hydrogen-bonding 
interact ions occur in preference to in termolecular 
ones. T h u s , the ti tration curves obey the theoretical 
equat ion. For 33 and 34, we picked u p the data at 
a round pK&pp (half-dissociated) and estimated the pK&pp 

values. 
T h e pKapp values for ln, determined wi th P" , are 

in the order of l6> l s> l4 . T h i s is not qui te in accord 
wi th the order of <5OH ( l6>l4>ls) . In 1„, the dissocia-

^ CX / M e < \ 

0~ mi H—0 

^ 
0-H 

<^Q^Me 

Ö 

i i i m i i m i M o-

(A) (B) 

Fig. 4. (A) Dissociation from a strong hydrogen 
bond (the oxide anion can form two hydrogen 
bonds). (B) Dissociation from a weak hydrogen 
bond (the oxide anion can form only one hydrogen 
bond). 

tion of the proton involved in a s trong hydrogen 
bond would be suppressed. Once it is dissociated, the 
oxide an ion would be strongly stabilized by the hydro­
gen bond. T h e pK&pp reflects the difference between 
these two energy states and therefore does not give the 
same order as <5OH. Anyhow, the result suggests that 
16 possesses the strongest hydrogen bond and the most 
acidic proton. C o m p o u n d 2Mei, which has one 
strong hydrogen bond and two weak hydrogen bonds, 
affords the low pKapp comparable with those for l n . 
Which pro ton is dissociated first? T h e fact that 
2Me2, which has only two weak hydrogen bonds, 
affords the h igh pK&pp value suppor ts the dissociation 
from a strong hydrogen bond. T h i s is also under­
standable from Fig. 4: if a strongly hydrogen-bonded 
pro ton is dissociated, the oxide an ion can be stabilized 
by two hydrogen bonds. If a weakly hydrogen-
bonded pro ton is dissociated, the oxide an ion can be 
stabilized only by one hydrogen bond. T h e differ­
ence argues for the dissociation of the strongly 
hydrogen-bonded proton. 

When N P " and D N P " were used for the determina­
tion of pK&pp for ln, the dissociation of 2—4 protons 
occurred simultaneously. T h u s , we could not esti­
mate the pKapp. For 2Mei, in contrast, the dissocia­
tion of the first p ro ton could be determined with N P " 
and D N P " . T h e difference indicates that in ln the 
dissociation of p lura l pro tons occurs successively, 
whereas in 2Mei the dissociation of the first pro ton 
occurs at very acidic region bu t that of the second 
pro ton occurs at considerably basic region. We here 
noticed a serious problem about the present t i tration 
method. T h e pKapp values for 2Mei determined wi th 
N P " and D N P " are similar each other bu t are largely 
different from that determined wi th P~: pKapp deter­
mined with P~ is lower by about 3 pK uni ts . T h i s 
implies that in T H F P " apparent ly acts as a relatively 
stronger base. Al though this reason is not under­
stood well, we consider that in Et4N+P~, the ion pair 
is more loosened because of steric crowding of 2,6-
dini t ro moieties. Anyhow, we cannot directly com-
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pare pK&pp values determined wi th NP~ and D N P " 
with those determined wi th P". As described above, 
the pKapp values for ln are comparable wi th that for 
2Mei. We thus considered that if they could be deter­
mined with NP~ and D N P " , then their pK&pp values 
should be about 7. 

As shown in Tab le 4, the pKapp for 3i (i.e., p-t-
buty lphenol ) is 10.9. One can thus consider that the 
pKapp values for ln and 2Mei are lowered by about four 
pK uni ts . Very recently, Grootenhuis et al.16) 

reported computa t iona l studies of calix[4]arenes. 
They predicted that the difference in acidity between 
calix[4]arenes and its acyclic analogs would be 9—11 
pK uni ts . T h e remarkably large pKa difference was 
actually observed for p-sulfonatocalix[4]arene and p-
nitrocalix[4]arene.9>10) T h e ^-subst i tuents in these 
calix[4]arenes are strongly electron-withdrawing. 
Hence, the dissociation of the first p ro ton from a 
phenol un i t is facilitated not only by the conventional 
hydrogen-bonding interactions bu t also by the 
electron-withdrawing na ture of ne ighbor ing phenol 
units . Of course, the latter effect is pr imari ly trans­
duced th rough the hydrogen bonds, bu t the contr ibu­
tion of through-space interactions mus t be also taken 
into account. In the present system, the difference in 
acidity between ln and p-^-butylphenol is estimated to 
be about four pK uni ts . We consider that the rela­
tively small pKapp shift is at tr ibuted to the absence of 
the latter effect: in other words, in t roduct ion of 
e lectron-withdrawing substituents in to p-posi t ion 
acceleratively lowers the pKapp. 

2Me2 and 2Me3, which only possess weak hydrogen 
bonds, afford the pKapp values higher by more than five 
pK uni ts than that for 2Mei. T h i s implies that weak 
hydrogen bonds are not capable of stabilizing the 
oxide an ion efficiently. T h e pK&pp values for 2Me2 
and 2Me3 are even h igher than that for 3i. In con­
trast, the pKapp values for noncyclic trimer 33 and 
tetramer 34 are unusua l ly low. We consider that 
this pKapp shift is b rough t forth by the stabiliza­
tion th rough intermolecular hydrogen-bonding 
interactions.17) 

Conclusion. T h i s paper describes the first syste­
matic est imation of acid dissociation constants for ln 

and their analogs. T h e p/£app values for ln are 
lowered at least by four pK units because of s trong 
int ramolecular hydrogen-bonding interactions. 
T h i s conclusion is of great significance in understand­
ing characteristic propert ies of ln such as conforma­
tional isomerism,1»2'13) autoaccelerative substituion,1 8 ) 

r ing invertsion rates,1'2'19) etc. 

Experimental 

Materials. Compounds 1„ were prepared according to 
Gutsche's method.20) Compounds 3„ were prepared accord­
ing to the literatures.21-22) Compound 2Me2 was kindly 
supplied by Professor D. N. Reinhoudt(University of 

Twente). 
25-Methoxy-£>-f-butylcalix[4]arene (2Mei).t Compound 

14 (500 mg, 0.77 mmol), methyl iodide (0.48 ml, 7.7 mmol), 
and K2CO3 (106 mg, 0.77 mmol) were added to 25 ml of 
acetone and the mixture was stirred at room temperature for 
23 h. The progress of the reaction was followed by an 
HPLC method. After filtration the filtrate was concen­
trated in vacuo. The residue was taken in water-chloro­
form. The chloroform solution was separated and 
subjected to a column purification (silica gel, chloro­
form : hexane=l : 1 vol/vol). The eluent was evaporated to 
dryness and the residue was crystallized from chloroform-
methanol; white powder, mp 186—188 °C, yield 15%; IR 
(Nujol) *>OH 3150, 3250 cm-*; 400 MHz « N M R (CDCI3, 
25 °C) 6=1.20, 1.21, 1.22 (9H, 18H, 9H, respectively, t-Bu), 
3.44 (4H, Hexo in ArCH2Ar), 4.12 (3H, OMe), 4.27, 4.36 (2H 
each, Hendo in ArCH2Ar) 6.99, 7.04, 7.05, 7.09 (2H each, ArH), 
9.54, 10.13 (2H, 1H, respectively, OH). Two pairs of dou­
blets for the ArCH2Ar protons indicate that 2Mei adopts a 
cone conformation. 

Found: C, 80.74; H, 8.66%. Calcd for C45H5804-
0.5CH3OH: C, 80.45; H, 8.91%. 

25,26,27-Trimethoxy-£-^butylcalix[4]arene (2Me3). 25, 
26,27-Trimethoxycalix[4]arene has been synthesized by 
Gutsche et al.22) According to this method, we here 
employed Ba(OH)2 as base for the trisubstitution reaction. 
Compounds 14H (1.0 g, 1.5 mmol), BaO (1.5 g, 10.4 mmol), 
Ba(OH)2-8H20 (1.7 g, 5.4 mmol) were added in 25 ml of 
DMF. To this mixture (stirred at room temperature) 
methyl iodide (2.88 ml, 4.62 mmol) was added dropwise. 
After 30 min, the solution was diluted with water and 
extracted with chloroform. The chloroform layer was 
separated and evaporated to dryness. The residue was 
recrystallized from chloroform-methanol; white powder, 
mp 213—214 °C, yield 58%; IR (Nujol) *>OH 3470 cm"1; 
*HNMR (400 MHz CDCI3, 25 °C) 6=0.83, 1.33, 1.34 (18H, 
9H, 9H, respectively, t-Bu), 3.21, 3.28 (2H each, Hexo in 
ArCH2Ar), 3.84, 3.95 (6H, 3H, respectively, OMe), 4.29, 4.32 
(2H each, Hendo in ArCH2Ar), 6.20 (IN, OH), 6.54, 6.57, 7.07, 
7.14 (2H each, ArH). Two pairs of doublets for the 
ArCH2Ar protons indicate that we selectively recovered a 
cone isomer. 

Found: C, 81.46; H, 9.03%. Calcd for C47H6204: C, 81.70; 
H, 9.04%. 
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The Synthesis of Isocyanurates on the Trimerization of 
Isocyanates under High Pressure 
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The trimerization of phenyl isocyanate in the presence of triethylamine was accelerated under high pressure 
to give triphenyl isocyanurate almost quantitatively. The reaction in benzene was remarkably accelerated by 
compression. The effects of pressure, temperature, catalysts, and solvents were examined on the trimerization of 
phenyl isocyanate. Aryl and normal alkyl isocyanates trimerized under high pressure to give the correspond­
ing isocyanurates in good yields, whereas isocyanates having bulky alkyl groups such as £-butyl and cyclohexyl 
did not trimerize even under 800 MPa. 

Isocyanurates have h igh thermal stability and have 
potential appl icat ions in the development of polymers 
or in the modification of polyurethanes.1 '2) T h e most 
c o m m o n procedure for prepar ing isocyanurates is the 
trimerization of isocyanates by the action of various 
catalysts.l>2) A number of reports have been pub­
lished part icularly on the trimerization of phenyl iso­
cyanate as a model compound.3) 

Table 1. Trimerization of Phenyl IsocyanateaI 

PhNCO catalyst 

Ph 
I 

/ N \ 
o=c c=o 

I I 
N N 

P h / N C / \Ph 

(1) 

O n the other hand, h igh pressure accelerates many 
organic reactions4 '5) inc luding the trimerization of 
nitriles,6) bu t there has been no report on the trimeri­
zation of isocyanates under h igh pressure. 

In this paper, we report that the trimerization of 
phenyl isocyanate in the presence of tr iethylamine is 
accelerated under h igh pressure to give tr iphenyl iso­
cyanurate nearly quanti tat ively. T h e effects of pres­
sure, temperature, catalysts, and solvents on the tri­
merization of phenyl isocyanate have been inves­
tigated. T h e trimerization of various isocyanates 
under h igh pressure was also examined. 

Results and Discussion 

Phenyl isocyanate in a sealed tube at 100 °C in the 
presence of tr iethylamine catalyst did not trimerize 
(Table 1; R u n 4), but trimerized nearly quant i ta t ively 
when the reaction was carried out under 800 MPa 
(Run 6). At 500 MPa, the rate of the trimerization 
was enhanced satisfactorily even at 40 °C (Run 2). 

Tab le 2 shows the effects of various catalysts on the 
trimerization of phenyl isocyanate. Af,Af-Dimethyl-
ethylamine, tr iethylamine, t r ibutylamine, Af-methyl-
morphol ine , and A/^Af-dimethylaniline were good 
catalysts under 800 MPa. L i th ium chloride and 

Run -

1 
2 
3 
4 
5 
6 

Press. 

MPa 

0.1c) 

500 
800 
0.1c) 

800 
800 

Temp 

°C 

40 
40 
40 

100 
70 

100 

Et3N 

mmol 

0.50 
0.50 
0.50 
0.05 
0.05 
0.05 

Trimerb) 

% 

0 
75 
78 
0 

65 
100 

a) PhNCO 5 mmol, benzene 3 ml, catalyst Et3N, 
reaction time 20 h. b) Determined by GLC. c) In a 
sealed glass tube. 

Table 2. Effect of Catalyst on the Trimerization 
of Phenyl Isocyanatea) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Catalyst 

None 
Me2(Et)N 
Et3N 
Bu3N 
N-Methylmorpholine 
Af,iV-Dimethylaniline 
Pyridine 
BF3 • Et20 
Et4NBr 
LiCl 

1 

mmol 

0.05 
0.05 
0.05 
0.06 
0.07 
0.06 
0.06 
0.06 
0.12 

Solvent 

Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
CH3CN 
T H F 

Trimerb) 

% 

0 
77 

100 
83 
86 
64 
22 

0 
0 

79 

a) PhNCO 5 mmol, solvent 3 ml, pressure 800 MPa, 
reaction time 20 h, reaction temperature 100 °C. 
b) Determined by GLC. 

te t rae thylammonium bromide are widely used as 
catalysts of the reactions of heterocumulenes.7 '8 ) 

Li th ium chloride also catalyzed the trimerization 
(Run 10), but te t rae thylammonium bromide had no 
catalytic activity (Run 9). When pyridine was used as 
a catalyst, a small amoun t of the trimer of phenyl 
isocyanate was obtained (Run 8), while a considerable 
a m o u n t of dimer was produced. Th i s result agrees 
with the report of the dimerization by pyridine cata­
lyst at ordinary pressure.9) Lewis acid such as 
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BF3- Et2Û did not catalyze the trimerization (Run 8). 
Figure 1 shows that the rate of trimerization of 

phenyl isocyanate is propor t ional to the a m o u n t of 
t r iethylamine catalyst when a limited a m o u n t of 
t r iethylamine is used. 

Table 3 shows the effect of solvents. Under 800 
MPa, tr iphenyl isocyanurate was obtained at h igh 
yields in most of the solvents. However, 25% of 
phenyl isocyanate was recovered in hexane, and many 
by-products were detected in acetone and ethyl methyl 
ketone by G L C analysis (Run 10 and 11). 

Figure 2 shows the effect of pressure on the trimer­
ization of phenyl isocyanate in hexane, benzene, and 
acetonitrile. In acetonitrile, 57% of isocyanurate was 
formed in a sealed glass tube at 70 °C. However, only 
few percent of isocyanurate was obtained even under 
200 MPa in benzene or hexane. T h i s result indicates 
that the rate of the trimerization depends much u p o n 
the kind of solvents at low pressure. T h e trimeriza­
tion rate of phenyl isocyanate decreased in the order: 
in acetoni t r i le>in benzene>in hexane. T h i s order is 
in agreement with the order of their polarity. 

0.1 0.2 0.3 0.4 0.5 

Et3N/mmol 

Fig. 1. Effect of amount of Et3N on the trimerization 
of phenyl isocyanate: PhNCO 5 mmol, hexane 3 
ml, reaction temperature 40 °C, reaction time 20 h, 
pressure 800 MPa. The yield of triphenyl isocyanu­
rate was determined by GLC. 

Table 3. Solvent Effect on the Trimerization 
of Phenyl Isocyanatea) 

R u n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Solvent 

Hexane 
Cyclohexane 
Benzene 
Diisopropyl ether 
CH2CI2 
CHCI3 
CCI4 
THFC) 

CS2 

Acetone 
Ethyl methyl ketonec) 

CH3CN 
DMF 

Trimer 

% 

65 
74 
92 
75 

100 
88 
77 
85 
72 
54 
61 
99 
84 

a) PhNCO 5 mmol, solvent 3 ml, Et3N 0.5 mmol, 
pressure 800 MPa, reaction time 20 h, reaction tem­
perature 70 °C. b) Determined by GLC. c) Reaction 
temperature 100 °C. 

PhNCO + EtgN 

0 
+ II 

Et3N-C-

1 

•N 
I 
Ph 

(2) 

1 + PhNCO E t Q N - C - N - C - N 
3 I I 

Ph Ph 
(3) 

2 + PhNCO 

0 0 0 
+ II II II -

E t g N - C - N - C - N - C - N (4) 
Ph Ph Ph 

200 400 600 

Pressure/MPa 

800 

Fig. 2. Efeect of pressure on the trimerization of 
phenyl isocyanate: PhNCO 5 mmol, solvent 3 ml, 
reaction time 20 h. The yield of triphenyl isocyan­
urate was determined by GLC. 
—•—: Solvent benzene, Et3N 0.5 mmol, reaction 

temperature 70 °C. 
—O—: Solvent hexane, Et3N 0.5 mmol, reaction 

temperature 70 °C. 
— >—: Solvent CH3CN, Et3N 0.5 mmol, reaction 

temperature 70 °C. 
— 0 — : Solvent CH3CN, Et3N 0.05 mmol, reaction 

temperature 40 °C. 
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Ph 

A 
o=c c=o 

P h ' ^ C ' xPh 
II 
0 

+ Et. 3* 

Table 6. Trimerization of Alkyl Isocyanates 
under High Pressurea) 

(5) 

T h e trimerization of phenyl isocyanate in the pres­
ence of tr iethylamine seems to proceed successively 
with the first step of adduct 1 from phenyl isocyanate 
and tr iethylamine (Eq. 2), then stepwise addi t ion of 
phenyl isocyanate yielding 2 and 3 (Eq. 3 and 4), and 
r ing closing of 3 (Eq. 5). Th i s mechanism has been 
reported on the trimerization of isocyanates at ordi­
nary pressure.10'11) 

Table 4 shows the yields of the trimerization of aryl 
isocyanates under 800 MPa. T h e IR and ^ N M R 
data of these products agreed with those of the com­
pounds obtained by the known method.12) 

O n the other hand, the trimerization of ethyl isocya­
nate did not occur when Kogon's method1 2 ) was used. 
However, 56% of triethyl isocyanurate was obtained at 
100 °C under 800 MPa in benzene (Table 5; R u n 4). 
Table 5 shows the yields of the trimerization of ethyl 
isocyanate under h igh pressure. As a result, the tri­
merization of ethyl isocyanate seems to need higher 
pressure and temperature than that of phenyl isocya­
nate (Table 1 and Fig. 2), and ethyl isocyanate was 
little trimerized in hexane even under 800 MPa at 

Rur 

1 
2 
3 
4 
5 
6 
7 
8 

i Isocyanate 

Methyl isocyanate 
Ethyl isocyanate 
Propyl isocyanate 
Propyl isocyanate 
Butyl isocyanate 
Butyl isocyanate 
^-Butyl isocyanate 
Cyclohexyl isocyanate 

Solvent 

Benzene 
Benzene 
Benzene 
CH3CN 
Benzene 
CH3CN 
Benzene 
Benzene 

Temp 

°C 

100 
100 
70 

100 
70 

100 
70 
70 

Trimer 

% 

60b) 

56c) 

53c) 

47c) 

72c) 

50c) 

Trace 
Trace 

a) Isocyanates 5 mmol, solvent 3 ml, Et3N 0.5 mmol, 
pressure 800 MPa, reaction time 20 h. b) Yield after 
recrystallization from CH3CN. c) Yield after dis­
tillation. 

100 °C (compare with R u n 1 in Table 3). 
Table 6 shows the yields of the trimerization of alkyl 

isocyanates under 800 MPa. Normal alkyl isocya­
nates were trimerized under h igh pressure to give the 
corresponding isocyanurates in good yields, whereas 
isocyanates hav ing bulky alkyl groups such as £-butyl 
and cyclohexyl were not trimerized. 

These results and our previous reports7 '13 '14) suggest 
that heterocumulenes such as carbon disulfide and 
isocyanates are hopeful reagents for the high-pressure 
synthesis, and that the chemistry of heterocumulenes 
under h igh pressure is an attractive field. 

R u n 

Table 4. Trimerization of Aryl Isocyanates 
under High Pressurea) 

Isocyanate 
Trimerb) 

% 

1 p-Chlorophenyl isocyanate 
2 m-Chlorophenyl isocyanate 
3 o-Chlorophenyl isocyanate 
4 1-Naphthyl isocyanate 

66 
62 
85 

a) Isocyanates 5 mmol, benzene 3 ml, Et3N 0.5 mmol, 
reaction temperature 100 °C, pressure 800 MPa, re­
action time 20 h. b) Yield after recrystallization from 
EtOH-CHCl3. 

Table 5. Pressure Effect on 

Run 

1 
2 
3 
4 
5 
6 
7 

the Trimerization 
of Ethyl Isocyanate 

Press. 

MPa 

CH3CN 400 
Benzene 400 
Benzene 600 
Benzene 800 
Hexane 800 
CH3CN 800 
DMF 800 

Temp 

°C 

40 
100 
100 
100 
100 
100 
100 

Trimer 

% 

0 
Trace 

5 
56 

Trace 
69 
62 

a) Ethyl isocyanate 5 mmol, solvent 3 ml, Et3N 0.5 
mmol, reaction time 20 h. 

Experimental 

Apparatus. The apparatus used for the high pressure 
reaction was the same as that described previously.15) 

Measurement. GLC was carried out by a JEOL 20KF 
Chromatograph with 20% SE-30 columns and Shimadzu GC-
14A Chromatograph with capillary column (Shimadzu CBP-
M-25-025). XH NMR spectra were measured in CDC13 by a 
Hitachi R-40 (90 MHz) spectrometer. Mass spectra were 
measured by a JEOL DX-303 GC-MS spectrometer. IR 
spectra were obtained by a JASCO A-302 spectrophotometer. 

Triaryl Isocyanurates. Phenyl, p-chlorophenyl, m-
chlorophenyl, o-chlorophenyl, and 1-naphthyl isocyanates 
were trimerized according to the procedure of Kogon.12) 

Isocyanurates thus obtained were used as standards for the 
identification. 

Trimerization of Aryl Isocyanates under High Pressure. 
A typical procedure is as follows: A homogeneous mixture 
of phenyl isocyanate (5 mmol), triethylamine (0.5 mmol), 
and benzene (3 ml) in a sealed teflon tube was compressed to 
800 MPa, heated at 70 °C, and maintained for 20 h in a high-
pressure equipment. The GLC analysis using hexadecane 
as a standard showed that 65% of triphenyl isocyanurate was 
obtained. 

jfr-Chlorophenyl, m-chlorophenyl, o-chlorophenyl, and 1-
naphthyl isocyanates were trimerized in a similar manner to 
phenyl isocyanate. Unreacted isocyanate was distilled in 
vacuo from the resulting mixture, and the residue was 
recrystallized from EtOH-CHCl3 to give isocyanurate. 
The spectral data of these trimers agreed with those of 
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standard samples. 
Trimerization of Alkyl Isocyanates under High Pressure. 

A typical procedure is as follows: A homogeneous mixture 
of ethyl isocyanate (5 mmol), triethylamine (0.5 mmol), and 
benzene (3 ml) in a sealed teflon tube was compressed to 800 
MPa, heated at 100 °C, and maintained for 20 h in a high-
pressure equipment. The resulting mixture was subjected 
to evaporation and the residue was purified by distillation 
with Kugelrohr to give 0.20 g (56%) of triethyl isocyanurate. 
IR 1683, 1453 cm"1; ^ N M R 0=1.24 (t, 9H, 3CH3), 3.96 (q, 
6H, 3CH3); MS m/z 213 (M+). 

Found: m/z 213.1140. Calcd for C9H15N3O3: M, 
213.1103. 

Methyl, propyl, butyl, £-butyl, and cyclohexyl isocyanates 
were trimerized in a similar manner to ethyl isocyanate. 
The spectral data of these trimers are as follows: 

Trimethyl Isocyanurate. IR 1669, 1475 cm"1; *HNMR 
0=3.33 (s, 9H, 3CH3); MS m/z 171 (M+). 

Found: m/z 171.0621. Calcd for C6H9N3O3: M, 171.0644. 
Tripropyl Isocyanurate. IR 1684, 1466 cm"1; *HNMR 

0=0.93 (t, 9H, 3CH3), 1.30—1.90 (m, 6H, 3CH2), 3.83 (t, 6H, 
3NCH2); MS m/z 255 (M+). 

Found: m/z 255.1586. Calcd for G2H21N3O3: M, 
255.1583. 

Tributyl Isocyanurate. IR 1685, 1462 cm"1; ^ N M R 
0=0.93 (t, 9H, 3CH3), 1.10-1.85 (m, 12H, 6CH2), 3.87 (t, 6H, 
3NCH2); MS m/z 297 (M+). 

Found: m/z 297.2019. Calcd for G5H27N3O3: M, 
297.2052. 
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A new liquid chromatographic method was proposed for the estimation of the amount of water which 
exhibits selectivity to solutes in water-swollen hydrogels based on the model regarding the retention of ions on 
the column packed with the hydrogels. The estimated amount of the water in Polyacrylamide, dextran, and 
polyvinyl alcohol) gels corresponds to the sum of the amount of freezable bound water and that of nonfreezing 
water determined by means of differential scanning calorimetry. This means that the freezable bound water 
takes an important role in the separation process using water-swollen hydrogels contrary to the conventional 
view of the freezable water. 

Selectivity of water-swollen hydrophi l ic polymer 
gels to solutes has been noted owing to their applica­
bility to efficient separations such as dialysis and 
l iquid chromatography. A number of investigators 
have considered that an unders tanding of the proper­
ties of water in hydrogels is highly impor tan t for 
mak ing clear the mechanism of the selectivity of 
hydrogels. It has so far been elucidated that there are 
at least one or two states of water in hydrogels which 
exhibits properties different from normal (bulk) water 
based on NMR, 1 - 3 ) IR,4> differential scanning calo­
rimetry (DSC),5_13) and other investigations.14_17) 

Several workers have dealt wi th the selectivity of 
water incorporated in polymer gels.7'10'12'18-21* How­
ever, the quant i ta t ive est imation of the a m o u n t of 
water which exhibits the selectivity to solutes has yet 
scarcely been made. 

We have recently proposed a new method for the 
determinat ion of the mobile phase volume (Vm) in 
l iquid chromatography based on the distr ibution of 
ions and revealed that this method produces reason­
able Vm values not only for binary solvent systems but 
also single solvent systems.22) Stationary phase, 
which exhibits the selectivity to solutes, must have the 
physicochemical properties different from those of the 
mobile phase. T h e volume of the region which does 
not function as mobile phase (the stationary phase is 
contained in this region) can be estimated from the 
mobile phase volume. 

T h i s study was under taken to apply this method to 
the est imation of the a m o u n t of water in various 
hydrophi l ic polymer gels which has properties differ­
ent from those of free water as to the distr ibution of 
solutes. DSC analysis was also carried out in order to 
clarify the state of the water in the hydrogels. 

Experimental 

Materials. All chemicals used in this study were of re­
agent grade quality and they were used without further 
purification unless otherwise stated. Deionized and dis­

tilled water was used throughout the experiment. 
Cross-linked Polyacrylamide gels, Bio-Gel P-2 (200—400 

mesh) and P-4 (200—400 mesh) purchased from Bio-Rad 
Laboratories (Richmond, CA, U.S.A.), cross-linked dextran 
gels, Sephadex G-10 (40—120 \im), G-15 (40—120 \im) and 
G-25 (10—40 urn) purchased from Pharmacia Fine 
Chemicals (Uppsala, Sweden), and a polyvinyl alcohol) gel, 
TSK-GEL Toyopearl HW-40S (20—40 \im) purchased from 
Tosoh (Tokyo, Japan) were used in this experiment. All of 
the polymer gels were washed with water, ethanol, and 
acetone in this order and then dried at 90 °C. 

Blue Dextran 2000 (Pharmacia) was used as a reference 
material for evaluating the interstitial volume (interparticu-
late volume) in the column used for liquid chromatographic 
experiment. 

Chromatographic Conditions. The liquid chromato­
graphic system consisted of a Kyowa Seimitsu (Tokyo, 
Japan) Model KHP-010 pump, a Model KHP-UM30A 
injection valve (Kyowa), a Model KLC-800 UV-visible varia­
ble wavelength absorption detector (Kyowa) and a Tosoh 
(Tokyo, Japan) Model CM-8 conductivity detector. The 
solvent reservoir was a commercially available glass syringe 
with the 200 ml capacity.23) A Pyrex column was packed 
with each polymer packing swollen by water, water-jacketed 
and thermostated at 25.0+0.1 °C. The detection signal was 
fed into a System Instruments (Tokyo, Japan) Intelligent 
Integrator Model 7000A. 

The eluents used were aqueous solutions of the various 
sodium salts with ionic strength of 0.1, the Donnan exclu­
sion effect of fixed ionic groups of the matrix of each 
polymer gel turning out negligible in these media.24-25* 
Test solutions were prepared by dissolving the sodium salts 
of analyte anions in the eluent used. A 10 |̂ 1 portion of a 
solution was introduced into the column. 

Elutions were carried out at a constant flow rate of ca. 0.5 
ml min - 1 . Exact values of the volumetric flow rate were 
measured using the buret designed so as to prevent the 
vaporization of solvent. 

The volume relating to the spaces between the sample 
injector and the column inlet, and between the column 
outlet and the detector, was corrected for in the determina­
tion of the retention volumes of analytes. All retention 
data were averaged from three consecutive measurements. 

DSC Measurements. A Perkin-Elmer (CT, U.S.A.) 
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DSC-7 differential scanning calorimeter equipped with a 
cooling device was used to measure the phase transition of 
water sorbed in the polymer gels. DSC curves were 
obtained by cooling at the scannning rate of 5 °C min - 1 from 
20 °C to — 40 °C and then heating to 20 °C at the same rate 
after maintaining — 40 °C for 1 min. The temperatures of 
crystallization and melting of water sorbed in the polymer 
gel were calibrated using the melting peaks of pure water 
and indium. 

The each polymer gel sample was left swell for over one 
day in distilled water contained in a screw capped glass 
bottle. After the supernatant water was removed, the sam­
ple was stirred and then 2 to 8 mg sample was quickly 
weighed in a small aluminium pan used for volatile samples 
on a microbalance. The sample pan was then sealed her­
metically. Any water leakage was not observed for weigh­
ings performed before and after DSC measurements. 

The remainder of the each sample in the glass bottle was 
weighed and washed with ethanol and acetone in this order 
after it was transfered into a glass filter and then dried at 
90 °C in an oven until a constant weight was reached. The 
water content of each polymer gel sample, $w, was calcu­
lated as follows: 

where Ws(b) and Wg(b) denote the total weight of the sample 
and the weight of dry gel in the bottle, respectively. 

Results and Discussion 

As described above, a par t of water sorbed in hydro-
phi l ic polymer gels generally exhibits physical p rop­
erties distinct from those of ordinary free water. Usu­
ally this p h e n o m e n o n is surmised to result from 
specific interaction between water molecules and the 
polymer matrix. T h i s means that part of the water 
sorbed in pores of the polymer beads may play the role 
of the stationary phase, and the other part that of the 
mobile phase.22) 

T h e par t i t ion of solute molecules in such a system 
was schematically il lustrated in Fig. 1. T h e water 
phase sorbed in the pores is divided into phases a and 
ß, the former corresponding to free water phase and 
the latter the stationary phase. Therefore, the real 

Fig. 1. Schematic illustration of the partition of 
solutes in pores of water-swollen hydrogels. See 
text for discussion. 

mobile phase volume, Vm, of the co lumn packed wi th 
water-swollen gel beads is represented as follows: 

Vm=Vim+Va, (2) 

where V-mt and Va are the interstitial or interpart iculate 
volume and the total volume of phase a in the 
column, respectively. 

T h e Vmt value can be easily determined by us ing a 
h igh molecular weight c o m p o u n d as a probe which is 
completely excluded from the pores. O n the other 
hand, the determinat ion of the Vm value is not easy 
because no ideal tracer c o m p o u n d is available, which 
explores the mobile phase bu t does not interact with 
the stationary phase. We have recently found out, 
however, that the Vm value can be calculated by substi­
tu t ing the retention volumes of two equally charged 
analyte ions determined in two eluent electrolyte sys­
tems into the following equation,22) 

vlxfiz-Kzvlx 

Vm vlx + V?-Kz-vlx ' (3) 

where Vf is the retention volume of the analyte ion, i, 
when eluted wi th the solut ion of the electrolyte, AB. 
Eq. 3 can be appl ied to the systems where the follow­
ing requirements are satisfied:22'26) (a) T h e a m o u n t of 
ionic groups in the stationary phase is so small that 
their electrostatic effect on the retention of analyte 
ions can be suppressed by adding an electrolyte to the 
eluent; (b) T h e association of analyte ions with coun­
ter ions can be neglected in both the mobile and the 
stationary phases; (c) T h e size of the eluent ions is so 
small that size-exclusion effect on the retention of the 
ions is negligible; (d) T h e concentrat ion of analyte ion 
is negligibly smaller than that of eluent electrolyte; (e) 
T h e stationary phase can be regarded as made u p of 
only one homogeneous phase. 

T h e requi rements (a)—(d) can be satisfied by us ing 
aqueous solut ions of suitable salts such as alkali 
halide wi th ionic strength of 0.1 as eluents and adopt­
ing small sample size.22) T h e structure of water-
swollen hydrogels, however, has not yet been eluci­
dated so that we tentatively tried to determine the Vm 

value of the co lumn packed with each polymer pack­
ing assuming that the requirement (e) is met. If there 
would be more than one region having selectivity to 
analyte ions in the water-swollen polymer gel, the Vm 

value calculated from Eq. 3 should depend on the 
kinds of analyte ions used. 

T h e error of Vm value calculated by Eq. 3 is deter­
mined by the precision of the experimental values of 
retention volumes.22) In order to minimize this error, 
the difference between VAX and V\x and between 
F ^ a n d F A Z should be as large as possible. We 
adopted small inorganic anions as analyte ions 
because the hydrophi l ic polymer gels used in this 
exper iment have been known to be considerably selec­
tive to these ions.27) 
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The retention volumes of some univalent anions 
obtained on Bio-Gel P-2 column by elution with 
aqueous solution of CHaCOONa, NaCl, NaBr, or 
NaC104 with ionic strength of 0.10 are listed in Table 
1. The Vm values were then calculated from the 
experimental data given in Table 1 using Eq. 3 and 
are listed in Table 2. Although the variance of the Vm 

values given in Table 2 seem not to be small, the 
dependence of the values on the kinds of analyte ions 
and eluent electrolytes cannot clearly be observed. 
This is also the case for the other polymer gels used. 
Therefore it is considered that the stationary phase in 
these polymer gels can roughly be regarded as com­
posed of single homogeneous phase. 

The mean Vm values obtained for all the gel 
columns used are summarized in Table 3 together 
with the Fim values. V-mt was assumed to be equal to 
the retention volume of Blue Dextran 2000 by elution 
with water free of the salts.22) 

The content of water in each polymer gel which has 
properties different from those of free water and then 
does not function as mobile phase, wx, expressed in g/ 
g dry gel, can be calculated from the Vm value as 
follows: 

was quantitatively transfered to a glass filter. Wt(c) 
was then calculated from the following equation 

Wt(c) = Wpc-Wec-Wg(c), (5) 

where Wpc is the total column weight and Wec the 
empty column weight. The wx value is listed 
together with the water regain, Sr, for each polymer 
gel in Table 4, ST being calculated by 

Sr = (Wt(c)-pVint)/Wg(c)f (6) 

Table 4 demonstrates that the polymer gel which has a 
smaller degree of cross-linking and greater ST shows 
the greater difference between wx and ST compared 
with one another among polymer gels of the same 
type. This result apparently indicates that the 
amount of free water which exists in the polymer gels 
decreases with a decrease in total imbibed water 
amount. 

In recent years, many workers have measured the 
states of water in various hydrogels by DSC. This 

Table 3. Vm and Vint Values (ml) for the Columns Packed 
with Water-Swollen Hydrophilic Polymer Gels 

w* = (Wt(c)-pVa)/Wt(c), (4) 
Polymer gel Column size V^ Vm 

where Wt(c) and p are the weight of water contained in 
the co lumn and density of water at 25 °C. T h e dry 
weight of the polymer gel in the column, Wg(c) was 
determined by the same way as described in the experi­
mental section about DSC measurements after the gel 

Table 1. Retention Volumes (ml) of Univalent Inorganic 
Anions on a Bio-Gel P-2 Column 

Eluent electn 

CHsCOONa NaCl 
CHsCOO" 5.84 
lOs" 10.69 8.56 
Br- 9.51 
NOs" 12.46 9.79 
I- 14.90 11.40 

Dlyte 

NaBr 

8.06 

9.12 
10.52 

NaC104 

5.41 
7.37 
8.04 
8.24 
9.34 

Sephadex G-10 8X300 mm 6.43 
G-15 8X300 mm 6.12 
G-25 5X500 mm 3.75 

Bio-Gel P-2 5X500 mm 3.10 
P-4 8X300 mm 7.00 

Toyopearl HW-40S 8X300 mm 4.50 

Table 4. ST and wx Values (g/g dry gel) for 
Hydrophilic Polymer Gels 

Polymer gel 

Sephadex G-10 
G-15 
G-25 

Bio-Gel P-2 
P-4 

Toyopearl HW-40S 

Sr 

0.91 
1.34 
2.40 
1.58 
2.90 
1.79 

7.26+0.37 
7.62+0.41 
5.60+0.87 
4.49+0.30 

10.94+0.42 
7.04+0.21 

Water-Swollen 

Wx 

0.78+0.05 
1.06+0.07 
1.52+0.41 
1.12+0.10 
1.48+0.15 
1.26+0.04 

Table 2. Vm Values (ml) Calculated from Eq. 3 for a Bio-Gel P-2 Column 

Eluent electrolyte 
Analyte ion 

CH3COO-/IO3-
CH3COO-/Br-
CH3COO-/NO3-
CH3COO-/I-
I0 3"/Br-
IO3-/NO3-
IO3-/I-
Br - /N0 3 " 
Br-/I" 
NO3-/I-

CH3COONa 
/NaCl 

3.71 
4.14 

4.61 

CH3COONa 
/NaBr 

4.13 
4.36 

4.62 

CH3COONa 
/NaC104 

4.16 
4.45 

4.78 

NaCl 
/NaBr 

4.94 
4.82 

4.65 

NaCl 
/NaC104 

4.30 
4.32 
4.32 
4.37 
4.52 
4.49 
4.68 
4.37 
4.80 
4.90 

NaBr 
/NaC104 

4.21 
4.60 

5.01 
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technique enables us to classify the water in hydrogels 
into free, freezable bound , and nonfreezing water, and 
then estimate the a m o u n t of the each water.5-7,9,10) 
Freezable b o u n d water is the water having a phase 
t ransi t ion temperature lower than 0 °C. T h i s depres­
sion is ascribed to the weak interaction of the water 
wi th the polymer matrix,7 ) the capillary condensat ion 
in the gel,16'17) or the compartmental izat ion of the 
water by the cross-linked network of the gel.13) Non-
freezing water is generally considered to be influenced 
by the s t rong interact ion with the hydrophi l ic groups 
of the polymer chain. We have thus determined the 
a m o u n t of the each water in the water-swollen poly­
mer gels in order to explore which water a m o n g them 
corresponds to the water funct ioning as the stationary 
phase. 

Figure 2 shows the DSC heat ing curve of water 
sorbed in Bio-Gel P-2. T h e mel t ing curve of sorbed 
water start from a temperature lower than that of pure 
water, which is shown by the broken line. T h e water 
which melts below 0 ° C can be regarded as freezable 
b o u n d water. O n the other hand, only one sharp 
peak a round — 20 °C was observed in the cooling 
curve. T h e DSC curves for the other polymer gel 
samples were also s imilar to that shown in Fig. 2. It 
is considered that the freezable bound water crystal­
lizes together wi th the free water in cool ing process. 
T h e depression of the crystallization temperatures is 
due to the supercool ing of the water. 

T h e content of free water, wt, and that of freezable 
bound water, wn,, expressed in g/g dry gel, was esti­
mated by the following equat ions, respectively 

wt =û(>O°C)/AHPy,(l-0w), (7) 

^fb=Q(<0°C)/AHWs(l-(/>w), (8) 

where Q is the heat absorbed in the heat ing process, 
which is calculated from the peak area on the DSC 
curve, A H is the heat of fusion calculated at various 
temperatures,10) and Ws is the weight of the gel sample 
taken in to the sample pan. wt and wn> were calcu-

1 \i !| 
£ I 
<M M 
•£ M 
o \ \ ] 
"o \ / 
LU I y I 

I • • i 
I '• i 
I i « i i i j 

-20 -15 -10 - 5 0 5 10 
f/°C 

Fig. 2. DSC heating curve of water sorbed in Bio-
Gel P-2 (a) and pure water (b). 

lated from the areas of the peak above and below 0 °C 
in the DSC heat ing curve, respectively. T h e content 
of nonfreezing water, wn, was calculated by subtract­
ing wi and Wib from the total content of water as 
follows 

Wn = —"j Wi—Wib. (9) 
(1—0w) 

Wn and wn for each water-swollen polymer gel 
except for Sephadex G-10 and G-15 are given in Tab le 
5. It was impossible to obtain reliable data for the 
Sephadex G-10 and G-15 samples because these gel 
samples did not stick to the sample pan so that they 
gave distorted DSC curves. 

It has so far been considered that the water sorbed in 
hydrogels which exhibits the selectivity to solutes such 
as salts and urea is not freezing water but nonfreezing 

o n e 7,io,i2) However, the wn value is much smaller 
than Wx value given in Tab le 4 for the each polymer 
gel examined in this study. T h e sum of wn and wn> is 
approximate ly equal to wx for each gel instead. T h i s 
suggests that the following two cases are possible: (1) 
Both the freezable bound water and the nonfreezing 
water act as the stationary phase and they are not 
clearly dis t inguishable from each other with respect to 
the par t i t ion of inorganic ions; (2) Only the freezable 
b o u n d water acts as the stationary phase. T h e latter 
case means that the nonfreezing water completely 
rejects all the inorganic ions examined. We presume 
that the former case is more plausible than the latter, 
because it has been reported that nonfreezing water 
can conta in some salts.7'10'12'21) 

Higuch i and Iijima10) estimated for the first time the 
par t i t ion coefficients of the solutes, i.e., urea and 
NaCl , between the free water and the freezable b o u n d 
water as well as those between the free water and the 
nonfreezing water in water-swollen poly(vinyl 
alcohol-co-itaconic acid) membranes. Based on the 
measurements of DSC and the mel t ing po in t depres­
sion of the free water and freezable bound water in the 
membranes immersed in the solute solution, they con­
cluded that the freezable b o u n d water is almost identi­
cal to free water with respect to the part i t ion of urea 
and NaCl. We feel, however, that the sensitivity of 
the method they used does not seem to be highly 
enough to determine the solute concentrat ion in the 
l iquid phase in hydrogels because the mel t ing po in t 
depression was observed only for the solution wi th the 

Table 5. wn and wn> Values (g/g dry gel) for Water-
Swollen Hydrophilic Polymer Gels 

Polymer gel wn ivn> 

Sephadex G-25 0.63 0.82 
Bio-Gel P-2 0.49 0.58 

P-4 0.61 0.71 
Toyopearl HW-40S 0.54 0.52 
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concentrat ion of 2 M and not for those with 0.2 and 
0.02 M. 

O n the other hand, the method proposed in this 
paper is more sensitive and reliable because the reten­
tion volumes of solutes in l iquid chromatography, 
from which we have calculated the wx values, can be 
precisely determined by the system used. It can then 
be concluded that the freezable b o u n d water sorbed in 
hydrophi l ic polymer gels plays an impor tan t role in 
the separation process a l though the reason why the 
water is selective to inorganic ions has not yet been 
clarified. 
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Absorption Spectra and Dynamics of the Triplet State in p-Terphenyl 
Powder Systems: A Diffuse Reflectance Laser Photolysis Study 

Masanori KOSHIOKA, Hirokazu MIZUMA, Keiji IMAGI ,^ Noriaki IKEDA, 1 ^ Hi rosh i FUKUMURA, 
Hi rosh i MASUHARA,* and Carola KRYSCHI^ 

Department of Polymer Science and Engineering, Kyoto Institute of Technology, Matsugasaki, Kyoto 606 
ïLehrstuhl für Festkörperspektroskopie, Institut für Physik der Kondensierten Materie, 

Heinrich-Heine-Universität Düsseldorf, D 4000 Düsseldorf 1, BRD 
(Received July 5, 1990) 

A microcomputer-controlled nanosecond diffuse reflectance laser photolysis system was developed and 
applied to £>-terphenyl powder systems. The triplet absorption spectrum of microcrystalline powders is 
broader and red-shifted compared to the molecular triplet state in solution. Possible contributions of an 
optical artifact and an impurity were rejected by examining powder systems doped with naphthacene and 
diluted with NaCl as well as poly(methyl methacrylate). £>-Terphenyl adsorbed on silica gel and included in ß-
cyclodextrin gave different triplet spectra, which are interpreted in terms of conformational structure of p-
terphenyl. Decay processes and an oxygen effect are also discussed. 

Laser photolysis method is now recognized as an 
indispensable technique to study photophysical as 
well as photochemical pr imary processes. A variety 
of systems from gas, solution, solid to biology have 
been investigated, however, all of them should be 
optically transparent, since the laser photolysis is usu­
ally performed under a transmittance optical al ign­
ment. In 1981, a nanosecond diffuse reflectance laser 
photolysis method was proposed by Kessler and 
Wilkinson.1) Th i s is very powerful because it gives 
absorpt ion spectra of transient species in opaque and 
scattering materials. Several laboratories are eluci­
da t ing pr imary processes of microcrystals, semicon­
ductor as well as insoluble polymer powders, dyed 
fabrics, molecules adsorbed on silica gels, etc., us ing 
this technique.2 _ 5 ) T h e present au thors have im­
proved its t ime-resolution from the nanosecond to 
picosecond domains and studied the excited singlet 
state absorpt ion spectra and fast intersystem crossing 
process of organic microcrystals.6) 

Now the similar analysis on relaxation and reaction 
mechanisms as that for gas and solut ion systems can 
be given for optically scattering materials. It is possi­
ble to examine and compare photochemical processes 
of the same molecule with each other under different 
condi t ions such as in dilute solut ion, in microcrystal­
line powders, and in adsorption. T h i s type of study is 
qui te scarce as far as we know. We measured tran­
sient absorpt ion spectra of various organic microcrys­
tals and found that most of them are similar to the 
absorpt ion of the corresponding molecular triplet 
state.7) An exceptional case was observed for p-
terphenyl whose absorpt ion band in the nanosecond 
time domains is different from that of the solut ion 
system. Therefore, we considered that the dynamics 

n Present address: Kao Corporation, Tochigi Research 
Laboratories, Akabane, Haga, Tochigi 321-34. 
n t Chemistry Department, College of General Education, 
Osaka University, Toyonaka, Osaka 560. 

of the present microcrystal is an interesting topic in 
the diffuse reflectance photolysis studies. T h e 
absorption spectrum of the excited singlet state of this 
microcrystalline p- terphenyl was already measured by 
the picosecond diffuse reflectance spectroscopy and its 
decay time was obtained to be very short (ca. 2.4 ns).8) 

In the present work we have appl ied the nanosecond 
diffuse reflectance laser photolysis method to various 
p-terphenyl systems and found that the triplet absorp­
tion spectral shape of this molecule is very sensitive to 
the sample condit ion and changes from system to 
system. The i r phosphorescence spectra are not 
generally observed at room temperature, so that the 
laser photolysis study is indispensable. 

Experimental 

A nanosecond microcomputer-controlled diffuse reflec­
tance laser photolysis system with an excimer laser has been 
used. Figure 1 shows a schematic diagram of the system set 
in this laboratory. Excimer lasers (Lumonics TE 430-T2; 
308 nm, 6 ns, Lumonics EX 400; 351 nm, 20 ns (or 337 nm, 2 
ns) and Lambda Physik EMG101 MSG; 248 nm, 18 ns) were 
used as an excitation light source. The analyzing lamp was 
a 150 W DC Xenon lamp (Wacom KXL 150) which is 
additionally pulsed for ca. 200 (is in fwhm, synchronized 
with laser oscillation. A hot filter and some UV cut filters 
were used to avoid a sample heating and photochemical 
reactions by the analyzing light. The sample was con­
tained in a suprasil cell with 2 mm or 1 cm thickness. The 
diffuse reflected light of the analyzing lamp was detected by 
a photomultiplier (Hamamatsu 1P28 or R928) through a 
monochromator. The signal was digitized by a transient 
memory (Kawasaki Electronica M-50E, 50 ns/ch) and trans­
ferred to a microcomputer (NEC PC9801F2). The spectral 
data were averaged over multiple measurements (20—100 
times). The present system is completely automated, 
namely, triggering of laser oscillation, operation of shutters 
for blocking excitation as well as analyzing lights, slit 
adjustment, wavelength driving of monochromator, and 
voltage adjustment of photomultiplier are controlled by the 
microcomputer. 



3496 M. KOSHIOKA, H. MIZUMA, K. IMAGI, N. IKEDA, H. FUKUMURA, H. MASUHARA, and C. KRYSCHI [Vol. 63, No. 12 

-Timing Circuit-
i i 

Excimer 
Laser 

Laser 
h K Mirror 

Shutter 

Microcomputer 

+ 

Interface 

Transient U 
Memory k-

Fig. 1. Schematic diagram of a nanosecond dif­
fuse reflectance laser photolysis system. P.M.; 
photomultiplier. 

For some measurements a Nd3+ : YAG laser (Lumonics 
HY750; 355nm, ca. 5ns) and multichannel photodiode array 
were used as an excitation light source and detector, respec­
tively. In this case a monitoring lamp is a Xe flash lamp 
(Hamamatsu L2188; fwhm 1.6 |is) which determines the 
time resolution. 

The transient absorption intensity in diffuse reflectance 
laser photolysis was displayed as % absorption,9) defined as 

%Abs(A) = (Ro(X) - R(À) + E(À))/R0(À) 

where R(À) and Ro(X) represent the intensity of the diffuse 
reflected analyzing light at wavelength X with and without 
excitation, respectively. E(X) is emission intensity induced 
by laser excitation. Actually, it is important to correct the 
contribution of sample fluorescence or phosphorescence. 

Transient absorption spectrum in solution was measured 
by a conventional laser photolysis system where the same 
excimer laser is used and the optical alignment was changed 
to a transmittance one. Emission spectra were measured by 
a laboratory-made or Nippon Bunko (FP-770) spectro­
photometer. 

Microcrystalline p-terphenyl (Dotite scintillation grade) 
was zone refined (100 passes). After purification, samples 
were ground on a mortar. Particle sizes ranged from 
several to hundred micrometers. Silica gels (Toso TSK 
Silica 60: average diameter 5 urn, surface area ca. 500 m 2 g _ 1 

and Nippon Aerosil OX-380; 7 nm, 380 m2g~1) were heated 
at 400 °C for 5 h and used as an adsorbent. For adsorption 
procedure, 2 g of silica gel was stirred for 24 h in 10"3 M p-
terphenyl cyclohexane solution (M=moldm - 3), taken out 
from the latter, washed several times with cyclohexane, and 
was evaporated. ß-Cyclodextrin (Wako-GR) was recrystal-
lized two times from aqueous solution. For inclusion 
procedure, 0.02 M ß-cyclodextrin aqueous solution with a 
few mg of £>-terphenyl was stirred for 3 h, and water was 
slowly evaporated on a hot plate. 

Powder samples of £>-terphenyl diluted with inactive 
poly(methyl methacrylate) (PMMA) were prepared by the 
following way. Benzene solution of /?-terphenyl and 
PMMA (Kuraray) was solidified on the flask wall by cooling 
down to — 10°C and degassed, which results in an evapora­
tion of benzene. The content of p-terphenyl in amorphous 
PMMA powders was 0.08—83.4 wt%. The precipitated 
microcrystals of £>-terphenyl were identified even by naked 
eye for polymer powders containing £>-terphenyl more than 
51.2 wt%. 

All the powder samples were deaerated at least for 10 h, 
while the solution samples were bubbled with N2 gas. All 
the measurements were performed at room temperature. 

Results and Discussion 

Triplet Absorption Spectra of /?-Terphenyl Micro-
crystalline Powders. Trans ient absorption spectra of 
microcrystalline powders and its hexane solution are 
shown in Fig. 2. T h e absorption band of p-terphenyl 
in hexane at 450 n m can be ascribed to the triplet state 
according to the literature.10) We consider the spec­
t rum of the powders is also due to the triplet state, 
however, we have to examine at first whether the 
present spectral shift is intrinsic or due to some arti­
facts. Since optical condit ions of diffuse reflectance 
laser photolysis have not been established completely, 
scattering condi t ion of powders have been examined 
as a factor of the artifact. 
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Fig. 2. Transient absorption spectra of £>-terphenyl 
systems. (A) Pure microcrystalline powders, and 
(B) mixed powders of 5% ^-terphenyl and 95% NaCl. 
The triplet absorption spectrum in hexane (—A—), 
measured by transmittance laser photolysis, is also 
shown in (A). 
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The first is to measure transient absorption spec­
trum of mixed powders of p-terphenyl and NaCl 
crystals. NaCl powders are transparent at excitation 
and observation wavelength, and may have a different 
distribution of particle size and scattering coefficient 
from that of p-terphenyl crystals. As shown in Fig. 2, 
however, absorption spectral shape and decay behav­
ior were not affected so much by the change of diffuse 
reflectance condition. 

As the second, mixed powder systems of p-terphenyl 
and PMMA were investigated in detail. As phospho­
rescence spectra were very weak at room temperature, 
fluorescence spectra were examined to obtain an infor­
mation on the dispersed state of p-terphenyl. A series 
of spectra are given in Fig. 3. The spectra of the 0.08 
and 0.2 wt% p-terphenyl samples are close to that in 
solution. This indicates that p-terphenyl in these 
samples is molecularly dispersed in polymer powders 
and the fluorescent state takes the same geometrical 
structure as that of solution. Increasing the wt%, 
fluorescence spectra changed. All the observed spec­

ie 
4J 
•H 
en 
ß 
CD 

4J 
ß 
H 

Q) 
Ü 
G 
Q) 
ü 
en 
Q) 
u 
o 

rH 
Pu 

08wt% 

300 350 400 450 

Wavelength/nm 

tra can be reproduced by a superposition of the bands 
of the hexane and microcrystalline samples, except 
that the latter vibrational structure is not intrinsic but 
modified by re-absorption effect. 

In accord with this fluorescence spectral change, the 
transient absorption spectra were also changed from 
low to high wt% of p-terphenyl. As shown in Fig. 4, 
the absorption maxima of the 0.08—1.2 wt% samples 
are similar to that of the molecular triplet state in 
hexane, while another band was overlapped around 
480 nm for the samples with high wt% of p-terphenyl. 
These spectra were also interpreted by a superposition 
of the spectra of the most dilute sample and pure 
microcrystals. On the basis of these results, it is 

Fig. 3. Fluorescence spectra of mixed powders of p-
terphenyl and poly(methyl methacrylate). The 
weight % of £>-terphenyl is given in the Figure. 

0.08wt% 

1.0wt% 

1.2wt% 

9.41wt% 

51.2wt% 

67.2wt% 

83.4wt% 

100% 

Wavelength/nm 

Fig. 4. Transient absorption spectra of mixed 
powders of ^-terphenyl and poly(methyl methacry­
late). The weight % of ^-terphenyl is given in the 
Figure. The gated time is 1.5—2.5 (is. 
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concluded that p-terphenyl is molecularly dispersed 
and partly forms microcrystal in polymer powders, 
their ratio depending upon its wt%. The fact that the 
450 nm band of the p-terphenyl molecular triplet state 
is observed in PMMA powders is a critical experimen­
tal foundation that the present spectral data are 
intrinsic. 

Another artifact is due to an interpretation that an 
impurity contained in the crystal is responsible to the 
480 nm absorption band in microcrystalline powders. 
Excitation energy migrates over p-terphenyl mole­
cules and is trapped by an impurity, namely, the 
excited state of the latter should have an electronic 
energy level lower than that of the former. It is well 
known that the most representative impurity in p-
terphenyl crystal is naphthacene and its photophysi-
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Fig. 5. Transient absorption spectra of £>-terphenyl 
powders, (A) doped with 1X10"5 mole naphthacene 
per mol p-terphenyl, (B) doped with 3X10~6 mole 
naphthacene per mol £>-terphenyl, and (C) without 
dopants. The gated time is given in the Figure. 

cal properties have been studied in detail.n) It is 
crucial to measure photophysical processes of p-
terphenyl doped with known amounts of naphthacene 
by the diffuse reflectance laser photolysis. 

In Fig. 5 are shown transient absorption spectra of 
p-terphenyl microcrystals containing 1X10"5 and 
3xl0 - 6 mol naphthacene per mol p-terphenyl which 
were measured with a Nd3+ : YAG laser-multichannel 
photodiode array combination. The vibrational 
structures were observed in 430—550 nm region and 
their spectral shape was almost independent upon the 
delay time for the 1X10-5 mol/mol sample. On the 
other hand, the sample doped with 3X10-6 mol 
naphthacene per mol p-terphenyl showed that the 
peak was at 480 nm immediately after excitation and 
approached to the spectral shape of the 1X10-5 mol/ 
mol sample. The peak position at the early stage is 
identical to that of pure crystals, as shown in Fig. 5. 
The spectral shape at the late stages is similar to the 
vibrational structure of the triplet absorption spec­
trum of naphthacene in rigid solvent,12) although the 
former is shifted to the red by about 25 nm. There­
fore, this behavior can be explained by assuming 
singlet or triplet energy transfer from p-terphenyl to 
the doped naphthacene. In the latter case the triplet 
states of p-terphenyl and naphthacene may decay 
independently in the present time scale. Now it is 
concluded that the 480 nm band of the microcrystal­
line sample is not ascribed to the impurity but due to 
p-terphenyl itself. 

The transient spectrum of microcrystals decayed 
monotonously, its time range is a few tens of |is, and 
no appreciable chemical reaction was induced, so that 
the spectrum is assigned to the triplet state. This is 
consistent with the behavior observed for the crystals 
doped with naphthacene. 

Electronic Nature of the Triplet State in /?-Terphenyl 
Microcrystals. As electronic and geometrical struc­
ture of p-terphenyl is sensitive to the surrounding 
condition, we summarize here the relevant reports. 
An angle between the edge and central benzene rings 
in solution is about 10° and upon excitation the 
relaxation from the excited Franck-Condon to the 
excited equilibrium states results in a planar struc­
ture.13) The large Stokes shift of fluorescence can be 
explained by this structural change. In the case of 
crystal, the geometry at room temperature and below 
190 K is planar and skewed, respectively, and phase 
transition occurs between these temperatures.14) 

Concerning a relation between absorption spectral 
shift and conformation in the molecular triplet state, 
Menzel et al. presented a series of data of the triplet-
triplet absorption spectrum of p-terphenyl derivatives 
in solution.15) At room temperature the band posi­
tion was 455 nm, while its spectral shift and another 
peak at 480 nm was observed by lowering the tempera­
ture. The latter corresponds to the unrelaxed, not 
completely rotated conformer. Namely, the triplet 
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state of p- terphenyl molecule is very sensitive to the 
geometrical structure, and the p lanar and skewed tri­
plet states give the 455 n m and the 480 n m bands, 
respectively. 

C o m b i n i n g these considerations with our experi­
mental results, it is concluded that the p lanar triplet 
state in microcrystal gives the absorption band at 480 
nm. Why the different absorption spectrum is 
observed in crystal and solution inspite of the com­
m o n p lanar geometry should be ascribed to their 
electronic nature. Namely, the triplet exciton in 
microcrystall ine powders has a different electronic 
structure from that of the molecular triplet state. 

Dynamics of the Tr ip le t Exciton of /?-Terphenyl 
Microcrystals. T h e decay in the present microcrys-
tals is in the order of tens microseconds and showed an 
excitation wavelength dependence (Fig. 6), a l though 
the triplet absorpt ion spectral shape is c o m m o n to all 

excitation condit ions. T h i s result can be explained 
in terms of t r iplet- tr iplet ann ih i la t ion which is some­
times the rate-determining process in laser photolysis 
of solut ion and crystal systems. As the molar extinc­
tion coefficient at the laser wavelength is larger, the 
triplet concentrat ion is higher, leading to an efficient 
contr ibut ion of the t r iplet- t r iplet annih i la t ion , 
namely, the decay became faster in the order of the 
excitation wavelength; 308 n m > 3 3 7 n m > 3 5 1 nm. 

An oxygen effect upon the triplet decay curve, one 
of the triplet characteristics, is different between 
exciton and molecular triplet states. In Fig. 7, decay 
curves of the 51.2 wt% p-terphenyl in PMMA sample 
where both triplet states are involved are given. T h e 
init ial spike was brought about by a scattering of the 
intense fluorescence. Both decay curves observed at 
450 and 480 n m are complicated and not analyzed by a 
s imple kinectis. T h e fast decay component is larger 
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Fig. 7. Absorption decay curves of mixed powders of 

51.2 wt% £-terphenyl and 48.8 wt% poly(methyl 
methacrylate). The observation wavelength and 
conditions are given in the Figure. 
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at 480 n m than at 450 n m in vacuum, so that the 
exciton band of the crystal (peak at 480 nm) decayed 
faster than that of the molecular triplet state (peak at 
450 nm). In the case that the samples are aerated, the 
decay of the 450 n m band is accelerated while no 
appreciable effect was observed for the 480 n m band. 
Namely, the triplet state of the molecularly dispersed 
p-terphenyl in PMMA is sensitive to oxygen, while 
not in crystals. T h i s means that molecular oxygen 
can diffuse in PMMA powders but not penetrate into 
each p-terphenyl microcrystals. We consider that the 
triplet exciton is not t rapped on the surface which can 

interact wi th oxygen. T h e present result is worth 
no t ing from photochemical viewpoint, since oxygen 
effect is one of the standards for identifying the triplet 
state. 

Triplet Absorption Spectra and Dynamics of Some 
/?-Terphenyl Powder Systems. Nanosecond absorp­
tion spectra of p- terphenyl in microcrystals, adsorbed 
on silica gel, and included in ß-cyclodextrin are sum­
marized and compared wi th each other in Fig. 8. 
T h e absorpt ion bands of powder systems are broader 
than in solut ion. T h e spectrum of powders of inclu­
sion complexes is just between the spectra of micro-
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crystals and solution, whi le the adsorbed p-terphenyl 
on silica gel, gave an absorpt ion peak below 450 nm. 
As the absorpt ion spectral shape of p- terphenyl is 
sensitive to the rota t ional angle between benzene 
rings, we consider that absorpt ion spectra of silica gel 
and ß-cyclodextrin systems are also ascribed to the 
respective triplet states and the spectral shift is due to 
the differences of electronic and geometrical struc­
tures. These spectra decayed monotonous ly and no 
appreciable chemical reaction was induced, a l t hough 
their decay processes are complex and characteristic of 
the powder condit ion. 

In Fig. 9, the triplet decay curves at the peak posi­
tion are summarized. Compared to the microcrys-
tals, a rather slow decay was observed for p- terphenyl 
adsorbed on the silica gel with 7 n m diameter and a 
very slow process for that with 5 |im diameter. In the 
case of inclusion complexes, the triplet decay consists 
of fast and slow components . Al though the present 
result is qual i tat ive, it is suggested that kinetic analy­
sis of the excited states in powder systems provide a 
p romis ing subject. 

Closing Remarks. We have succeeded to measure 
absorpt ion spectra and dynamics of the triplet exciton 
in p- terphenyl microcrystals. T h e relevant triplet 
state in silica gel and ß-cyclodextrin systems has also 
been elucidated. In crystal a h igh density excitation 
usually br ings about efficient interactions between 
excited states which lead to no transient absorpt ion. 
O u r success in measur ing the absorpt ion spectra of the 
excited states is due to rather small molar ext inct ion 
coefficient of p- terphenyl at the laser wavelength. 
Fur thermore , the absorpt ion spectra of its excited sin­
glet and triplet states have a h igh molar extinction 
coefficient, so that p- terphenyl powders are one of the 
best target systems for diffuse reflectance laser photol ­
ysis study. 

Finally we comment a difficulty for analyzing phot­
ochemical processes by diffuse reflectance laser pho­
tolysis. In t ransmit tance spectroscopy of solution, 
examinat ions of additives such as electron, energy, 
and pro ton acceptors are very effective for ass igning 
transient species and the analysis method is almost 
established. O n the other hand, a history of diffuse 
reflectance laser photolysis is qui te short, the target 
powders are inhomogeneous , diffusion process is slow 
or almost impossible, and a contr ibut ion of surface 
photoprocess is sometimes appreciable. Therefore, 
we have to develop how to assign transient species and 
examine their dynamics. T h e present work is one of 
answers for such problems. 

T h e authors thank Mr. M. Hayabuchi for his contri­
bu t ion at early stage of this study. T h a n k s are also 

due to Leonix Corporat ion for lending an excimer 
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the Grant- in-Aid Nos. 61470006, 62612507, 63430003 
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The electric conductivities of sodium dodecyl sulfate (SDS) in methanol and water were measured at 298 K 
in a concentration range up to 10 mmol dm -3 . The values of the limiting molar conductivities of SDS, Ao, in 
methanol and water were estimated to be 81.5 and 74.0 S cm2 mol -1 , respectively, and compared with each other. 
From those values and the values of NaCl in both solvents, the limiting molar conductivities of dodecyl sulfate 
ion in methanol and water were estimated to be 36.27 and 23.90 S cm2 mol -1 , respectively. Also, the vapor-
pressure depression of SDS in methanol was measured at 298 K in the concentration range up to 42 mmol kg -1 . 
From the results, and according to the theory regarding strong electrolytes, the mean ionic activity coefficient, 
7±, of SDS in methanol at 298 K was calculated. Further, the solubility and heat of solution of SDS in 
methanol at various temperatures and at 298 K, respectively, were measured. From a thermodynamic analysis 
of these results, the theoretical relation between In y± and m was obtained over the range of temperatures 285— 
295 K. 

T h e behavior of amph iph i l i c electrolytes in non­
aqueous environments is very interesting and should 
be further studied in the fields of material science 
related to biological systems, such as pharmaceut ical 
science. As a typical amph iph i l i c electrolyte, sodium 
dodecyl sulfate (SDS) has widely been used in these 
fields, yielding some impor tan t results in terms of its 
physico-chemical propert ies in various media akin to 
biological environments . 1~6) However, the measure­
ments and analyses so far performed have been insuffi­
cient, bo th quanti tat ively and qualitatively, for eluci­
da t ing the nature of amph iph i l i c electrolytes in 
biological systems. T o contr ibute some basic data to 
the above-mentioned fields of study, we have mea­
sured the physico-chemical properties of SDS in var­
ious alcohols as non-aqueous media and compared 
the results with those in water, some of which were 
previously reported.7) In the first stage of our study, 
us ing methanol as a non-aqueous medium, we mea­
sured the electrolytic conductivity and vapor-pressure 
depression of a methanol solut ion of SDS, as well as 
the solubility and heat of solut ion of SDS in 
methanol , and analyzed the results according to the 
theories for strong electrolytes. 

Experimental 

Materials. SDS was purchased from Wako Pure Chemi­
cal Ind., Ltd. (biochemical use), purified by recrystallizing 
twice from distilled 1-butanol, washed with petroleum ether 
in a Soxhlet's extractor for 20 h, and dried in a vacuum for 
50 h at room temperature. 

Sodium chloride (NaCl) and triphenylmethane were 
obtained from Wako Pure Chemical Ind., Ltd. (special 
grade). Triphenylmethane was recrystallized twice from 
distilled ethanol, and dried in a vacuum. 

Methanol was obtained from Wako Pure Chemical Ind., 
Ltd. (special grade), distilled after refluxing for 1 h on 
calcium (Wako Pure Chemical Ind., Ltd., assay: 99%), stored 
under nitrogen gas, and redistilled on calcium before use. 

For expressing the composition of each solution, we 

generally adopted the molality of solute [mol kg -1], 
although the solutions used in the electric conductivity 
measurements were prepared and expressed in terms of the 
molar concentration of SDS [mol dm - 3]. 

Apparatuses and Procedures. (1) Measurement of Elec­
trolytic Conductivity: A digital conductivity meter, CM-
50 AT of TO A Electronics, Ltd., was used to measure the 
electrolytic conductivity of SDS/methanol and SDS/water 
systems at 298 K. As the conductivity probe, we used an 
immersion-type, CG-201P1 (TOA Electronics, Ltd.; 
1X10"4—10 Sm"1), which was calibrated with a 0.01 
mol dm - 3 KCl aq solution. The probe was inserted 
through the acrylic resin lid into a glass cell containing the 
solution; the cell was then sealed with paraffin to prevent 
any penetration of atmospheric moisture during the mea­
surements. The electrolytic conductivity of distilled 
methanol and purified water were less than 2X10-5 S m - 1 

and 1X10"4 Sm - 1 , respectively. 
(2) Measurement of the Vapor-Pressure Depression: 

An osmometer, 117-type Molecular Weight Apparatus of 
Corona, Ltd., was used to measure the vapor-pressure 
depression of SDS/methanol, NaCl/methanol, and triphen­
ylmethane (reference)/methanol solutions at 298 K. 

(3) Determination of the Solubility vs. Temperature 
Relationship: The solubility of SDS in methanol vs. the 
temperature relation was determined through a sort of 
"cloud point method" by measuring the saturation tempera­
tures, Tc, of the SDS/methanol systems with various compo­
sitions, as follows. Certain precisely weighed amounts of 
SDS and methanol were together put into a glass cell (ca. 30 
cm3) with an acrylic resin lid. A conductivity probe (CG-
7001PL; 1X10"5—1 Sm"1), which was connected to the dig­
ital conductivity meter (mentioned before) and a thermome­
ter (+0.05K) were inserted through the lid into the cell; the 
cell was then sealed with paraffin. After perfectly dissolv­
ing SDS by heating, we rapidly cooled the cell until SDS 
precipitated in fine crystals. The cell was then immersed in 
a bath thermostated at 278 K; the sample in the cell was 
continuously agitated by a magnetic stirrer at ca. 1000 rpm 
(tip-length; 15 mm, diameter; 5 mm). After one hour, the 
temperature of the system was increased at a rate of ca. 0.2— 
0.3 K min - 1 by heating until the temperature became over ca. 
10 K, at which point the crystals in the cell became perfectly 
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Fig. 1. Schematic electrolytic conductivity of SDS/ 
methanol system, K, VS. temperature, T, plot: for Tc, 
see text. 

dissolved. During the above-mentioned heating, stirring 
was continued and the electrolytic conductivity, K, of the 
system was measured at 0.2—0.5 K intervals. The value of 
Tc was estimated from the bend of a K VS. temperature plot, 
as shown in Fig. 1. Often, another bend was found before 
reaching Tc, reflecting a change of the system from a par­
tially solidified mass to a finely dispersed suspension. 
Regardless of the preceding bend, an artifact, the system was 
found to always be in a fine dispersion before Tc. Under 
continuous increasing of the temperature, a delay in the 
dissolution of crystals might have occurred, resulting in an 
error for the estimation of Tc. Therefore, measurements of 
K vs. temperature under step-by-step heating, in which the 
isothermal state for each measurement of K was kept for ca. 
30 min after an increase of 0.2—0.5 K in temperature with 
0.2—0.3 Kmin - 1 heating, were carried out for a comparison 
of some of the same samples as those used in measurements 
under continuous heating. The results of both kinds of 
measurements were slightly different from each other and 
the value of Tc estimated under continuous heating was 
higher (although by less than ca. 0.2 K) than that under step-
by-step heating, which would (in principle) be the more 
precise procedure. However, for the sake of simplicity, we 
chose a continuous-heating procedure. The values of Tc, 
thus obtained, were considered to be sufficiently reliable in a 
practical sense. From measurements of Tc for the given 
compositions of samples, we could determine the inverse 
relation, that is, the solubilities (in molality) of SDS at 
various temperatures. 

(4) Measurement of Heat of Solution: A twin-type con-
dution microcalorimeter (CM-204D1 of Rhesca Co., Ltd.) 
with an auxiliary amplifier (Micro Volt Meter AM-1001 of 
Okura Electric Co., Ltd.) was used to measure the endother-
mic heat of solution at 298 K. A given amount of SDS 
sealed in an ampoule was dissolved into 40 g of methanol in 
the calorimeter by breaking the ampoule; the endothermic 
heat of solution, AH, was then measured on a recorder (CR-
101 of Rikadenki Kogyo Co., Ltd.). 

Results and Discussion 

1. The Value of cmc for SDS in Water. From the 

molar electric conductivity vs. the square root of the 
concentrat ion relat ionship, the value of cmc for SDS 
at the t ime of purchase was determined to be 8.0 
m m o l dm~3 in an aqueous solut ion at 298 K. After 
purif icat ion (as ment ioned in the preceding section), 
the value of cmc became 8.23 m m o l dm~3. T h e latter 
value was wi th in the range of values reported in the 
literature.8"10) Also, taking in to consideration our 
observation that the m i n i m u m , which was found in 
the surface tension vs. concentrat ion plot for an intact 
sample, substantially disappeared after purification, 
we concluded that the reliability of our purif ication 
procedure was sufficient for this work. 

2. Analysis of Molar Conductivity. In order to 
elucidate the ionic behavior of SDS in methanol , we 
measured and analyzed its electric conductivity at var­
ious concentrat ions at 298 K. Also, the electric con­
ductivity of SDS in water was measured for a compar i ­
son. T h e molar conductivity, A, vs. the square root 
of the concentrat ion of SDS, \/C, plots in methanol 
(solid circles) and water (empty circles) are shown in 
Fig. 2. 

First, the results of SDS in water below cmc were 
analyzed in the usual way for s imple electrolytes by 

HO 
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Fig. 2. Molar conductivity, A, vs. square root of 
solute concentration, y/c~, plots at 298 K: ( • ) SDS 
in methanol; (O) SDS in water; ( ) theoretical 
lines drawn according to Eq. 1 with the value of AQ 
shown in Table 1. 
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neglecting the hydrophobic nature of SDS, a l though 
this neglect might give a sort of apparent , or empiri­
cal, nature to the parameters adopted in the analysis. 
T h u s , the values of A were approximately formulated, 
according to Onsager 's theory: n ) 

A = Ao-(B1'A0-\-B2)'\f^, (1) 

where Ao is the l imi t ing molar conductivity of SDS in 
water, and B\ and B2 are parameters used in Debye-
Huckel theory. A theoretical plot of A vs. \JC in 
water, which was drawn according to Eq. 1 in the 
concentrat ion range below cmc, is shown in Fig. 2 as 
a solid line. T h e adopted value of Ao was 74.0 
S cm2 m o l - 1 (Table 1). 

Since the dielectric constant of methanol (2.88X 
10-10 F m " 1 at 298.15 K) is of the same order as that of 
water (6.93X10~10 F m - 1 at 298.15 K), the property of 
methanol as the medium for SDS would be regarded as 
the same as that of water, a l though a hydrophobic 
interaction in methanol is considered to be less signifi­
cant than in water from a compar ison of solvent 
structure between both media. T h u s , we analyzed 
the electric conductivity of SDS in methanol in a 
similar manner as water, according to Eq. 1. T h e 
theoretical line for methanol is shown by the solid line 
in Fig. 2. T h e value of Ao was 81.5 S cm2 m o l - 1 

(Table 1). 
We next analyzed the values of Ao for SDS in water 

and methanol on based on the knowledge of the values 
for NaCl. In Fig. 2 we show theoretical plots of A vs. 
\/~C for NaCl in water and methanol , which were 
obtained on the basis of publ ished data,12) as can be 
seen in Table 1. T h e variat ion of Ao wi th a different 
med ium in Table 1 can be at t r ibuted to the difference 
of med ium viscosity, 77, and Stokes' ionic radius, r s , i ,

n ) 

since Ao is the sum of the l imi t ing molar conductivi­
ties of ions, /l(),i, and the value of À0,i for each ionic 
species is related to rj and rs,i, as follows: 

Aa,i = F • e/6n • rs,i • 77, (2) 

where F is the Faraday constant and e is the protonic 
charge. T h e case for water was then examined. For 
NaCl, the literature va lues n ) of A(),Na+ and ^0,0 are 
known, as shown in Table 1. Since the value of 
Ao,Na+ for SDS must be the same as that for NaCl , the 
value of A0,DS" was obtained by subtract ing A0,Na+ for 
NaCl (Table 1) from Ao of SDS. By us ing Eq. 2 we 
obtained the value of rs,DS" in water, which is of 
apparen t nature owing to the non-spher ical structure 

with a non-polar moiety of the DS- 1 ion. Similarly, 
the values of A0,DS~ and rs,DS" in methanol were calcu­
lated. It was reasoned from a comparison of the 
values in Tab le 1 that a significant decrease of Ao for 
NaCl on subst i tut ing methanol for water as solvent 
can mainly be at tr ibuted to an increase in r s ,cr, while 
the increase of Ao for SDS on the same substi tut ion can 
be attr ibuted to a decrease of the medium viscosity 
from 0.890 to 0.541 m P a s at 298.15 K. 

3. Solution Behavior of SDS in Methanol from 
the Vapor-Pressure Depression Measurements. T h e 
results of vapor-pressure depression measurements at 
298 K are shown in Fig. 3. In the concentration 
range u p to 42 m m o l kg- 1 , where our measurements 
were carried out wi thou t m u c h error, a plot of À F 
(reading of vapor-pressure depression) vs. the molality 
of SDS, m, overlapped a plot for NaCl wi thout any 

1.0 
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Fig. 3. Reading of vapor-pressure depression, AV, at 
various molalities of solute, m, in methanol at 298 
K: (•) SDS; (O) NaCl; (d) triphenylmethane. 

Table 1. The Parameters Concerned with Electric Conductivities of Electrolytes at 298 K 

v Ao, Ao, ,C1- ^0,1 DS- 7s,Na+ 
b) b) b) 

7s,Cl- 7s,DS-

NaCl/Water 
SDS/Water 
NaCl/Methanol 
SDS/Methanol 

126.45c) 

74.0 
97.61d) 

81.5 

50.10c) 

50.10 
45.23d) 

45.23 

76.35c) 

— 
52.38d) 

— 

— 
23.90 

— 
36.27 

0.18 
0.18 
0.34 
0.34 

0.12 
— 

0.29 
— 

— 
0.39 
— 

0.42 

a) Unit: S cm2 mol"1, b) Unit: nm. c) Ref. 12-a. d) Ref. 12-b. 
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molkg" 

Fig. 4. Relation between the osmotic coefficient of 
methanol solution, $, and the solute molality, m, at 
298 K: (•) SDS; (O) NaCl; ( ) theoretical lines 
drawn according to Eq. 6 when the values of b are 
2.5, 3.0, and 3.5 mol - 1 kg, respectively. 

significant distinction; its slope was about twice that 
for t r iphenylmethane (reference). T h e osmotic coef­
ficient of SDS in methanol , <j>, at various m was 
calculated th rough an analysis of AV vs. m based on 
an isopiestic method.13) We thereby adopted 2 as the 
stoichiometric coefficient, v, of SDS in methanol (sim­
ilar to NaCl) and 1 for that of t r iphenylmethane, 
respectively. From a plot of (\—<f>)/\/m vs. y m (Fig. 
4), the mean activity coefficient, y±, of SDS in 
methanol was estimated according to the following 
equa t ion us ing a graphical integrat ion method: 

- m 7 ± = l - 0 + 2-{m{(l-0)/Vm"}-dVm". (3) 

However, the estimated value of In y± is considered 
to be more or less unreliable, since the value of (1— (/>)/ 
\frn in the lower concentrat ion region was deter­
mined only from an extrapolat ion of its measured 
value in the higher concentrat ion region. Therefore, 
we first assumed a theoretical relation13) between y± 
and m, i.e., Eq. 4: 

In y± = — Ay • \fm/(\+\Jm/mQ~) + b"m, (4) 

where Ay is a theoretical constant, which was calcu­
lated us ing to Eq. 5, and is 3.873 mol-1 /2 kg1/2 at 298 K 
for methanol as a solvent; m"0" is the un i t molal i ty and 
b is a constant to be estimated from experiments. 
Also, 

Ay = [{(2L)V2 . ^3}/{87I. (£o . £)3/2}] . (pi)l/2 . (£r . T ) -3 / 2 ) (5) 

where L is Avogadro's number , k Bol tzmann 's con­
stant, e the protonic charge, Pi the density of the 
solvent, £o the dielectric constant of the vacuum, and eT 

the relative dielectric constant of the solvent. 
From a combinat ion of Eqs. 3 and 4, we have 

(\-<l))/\fm=(Ay/m
s/2)' 

{(1+Vm )-2 • In (1+Vm ) -(1+Vm")"1) - (1/2) • b • Vm". 

(6) 

3-35 340 3.45 

rVkK"1 
3-50 3-55 

Fig. 5. Logarithm of SDS solubility in methanol on 
molality basis, lnra, vs. reciprocal temperature, 1/ 
T, plot: ( ) straight line by the least-squares 
method. 

We then adopted Eq. 6 as the theoretical equa t ion for 
s imula t ing the experimental plot (\—<j>)/\Jm vs. \[m. 
In Fig. 5, we show theoretical curves of (\—$)/\[m vs. 
\[m. T h e opt imal value of b for SDS in methanol at 
298 K was estimated to be 3.0+0.5 m o l - 1 kg. Sim­
ilarly, the value of b for NaCl was roughly estimated 
to be 3.0+1.0 m o l - 1 kg. However, in order to make 
the est imation of b for SDS, as well as for NaCl, more 
reliable, further experiments are considered to be 
necessary with respect to improvements in the preci­
sion and expansion of the solute concentrat ion range. 

4. Analysis of Solubility. (1) The Coexisting 
Phase of SDS in Equilibrium with its Methanol Solu­
tion: Generally speaking, the solubility of the mate­
rial in a solvent depends u p o n the state of the phase 
which coexists with its solut ion in equi l ibr ium. It 
was therefore necessary to examine the nature of the 
coexisting phase or precipitate as to whether the phase 
is u n i q u e or a type of po lymorph ic phase, we also had 
to determine whether the phase consisted of only pure 
SDS or both SDS and solvent, together. First, it was 
found from its appearance that the coexisting phase 
was crystalline over the range of temperatures from 
278 to 305 K. As discussed later regarding a thermo­
dynamic analysis of solubility data, the existence of a 
po lymorphism would be almost excluded for the coex­
isting phase over the temperature region 285—295 K. 
We next examined the posibility of whether the phase 
contains solvent molecules or not. By heat ing, we 
dissolved a sufficiently large a m o u n t of SDS in 
methanol ; we then cooled the resultant solution to the 
room temperature (ca. 293 K) in order to precipitate 
out SDS crystals. T h e precipitate was separated by 
filtration and pu t into a weigh ing bottle. T h e 
weight decrease of the precipitate, which occluded 
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some amount of the solvent, was measured at regular 
time intervals, during which the sample was at first 
desiccated under decreased pressure by means of a 
water-jet-pump to evaporate the occluded methanol in 
the space between the crystals, and finally in vacuo to 
remove any methanol inside each crystal, if present. 
From an analysis of the time course of the weight 
decrease, it was estimated that the coexisting SDS 
crystal did not contain any solvent molecules. 

(2) Thermodynamic Analysis of Solubility Data: 
A plot of the solubility, In m vs. the reciprocal temper­
ature, \/T, for SDS in methanol is shown in Fig. 5. 
The results were analyzed thermodynamically regard­
ing a previously examined assumption that pure SDS 
in the crystal phase coexists in equilibrium with the 
dissociated ions of SDS in methanol, i.e., Na+ and DS~ 
ions. Then, we have the relation between the stand­
ard enthalpy of SDS at the transfer from crystal to 
dissociated ions, AlH^, and the temperature depen­
dency of solubility, m, as follows: 

A[
CH^ = -2R- [d{\n (y± • m/rn^)}/d(\/T)\ (7) 

The significance of the presence of y± in Eq. 7 can 
easily be ascertained. When the value of AcH^ is 
calculated from the results, as shown in Fig. 5, by 
assuming the value of y± to be either unity or con­
stant, the value of AcH®' becomes 34.2 kj mol-1, which 
is very different from the value estimated calorimetri-
cally, 19.5+2.0 k jmol - 1 (mentioned later). When 
Eq. 4 is substituted into Eq. 7, we have 

AlH^ = -2R-
[d{-Ay- y/m/(l+\/m/rn^')+b • m+ln (m/m^)}/d(l/T)]. 

(8) 

While the values of m (solubility) and Ay were mea­
sured and calculated at various temperatures, respec­
tively, the value of b was estimated only at 298 K (as 
mentioned before). In order to complete Eq. 8 in 
terms of the actual values, it is necessary to know the 
values of AcH^ and b at various temperatures. Over 
a narrow range of temperatures, i.e., 285—298 K, the 
value of AcH^ can be approximately assumed to be 
constant. Since the value of AcH^ can be measured 
directly, the values of b at various temperatures can be 
estimated. 

(3) Heat of Solution by Calorimetry and Estima­
tion of b at Various Temperatures: In Fig. 6 we show 
the endothermic heat of solution, AH, vs. the amount 
of SDS, ri2, which was dissolved into 40 g of methanol. 
The final concentrations of SDS in methanol after 
dilution were in the range 1 — 10 mmol kg-1. From 
the slope of AH vs. m (a linear plot at infinite dilu­
tion), the standard solution enthalpy of SDS in 
methanol, i.e., AcH^, was estimated to be 19.5+2.0 
kj mol-1. 

In order to estimate the values of b in Eq. 8 at 
various temperatures, we used the relation — Ay- \]m/ 
(l+Vm/m^")+fc • m+ln (m/m"9") vs. \/T, which can 

0-2 0-4 

/?2 /mmol 

Fig. 6. Solution enthalpy, AH, of SDS in methanol 
at 298 K against the dissolved amount of SDS, m. 

15 20 
7 Y K - 273-15 

Fig. 7. Estimated values of b at various tempera­
tures: ( ) straight line by the least-squares 
method. 

be represented as a straight line, when AcH^ is con­
stant. The slope of this line must be the value of 
AcH^ divided by 2R. The ordinales at 298 K were 
calculated by using the solubility, m, and the value of 
b (estimated before). Then, the values of b at other 
temperatures were calculated (Fig. 7). It was found 
that there was a linear dependency of b on T: 

b ^3.0 mol"1 kg + 0.069 mol"1 kg K"1X(298 K-T). (9) 
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By subst i tu t ing Eq. 9 in to Eq. 4, we have obtained an 
empirical relation between In y± and T, at least over 
the range 285 to 298 K for T. 

Thi s relation migh t have to be modified, since it 
could hardly disclose the different natures between 
SDS and NaCl, in spite of the fact that very different 
parameters were found in conductivity measurements 
for SDS and NaCl. In other words, there remains a 
quest ion as to whether SDS and NaCl significantly 
differ or not with each other concerning the thermody­
namic solut ion behavior in methanol . In order to 
answer the above-mentioned quest ion, and also to 
examine several assumpt ions used in this work, we are 
now studying systems which consist of non-polar 
solvents other than methanol . 
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A competitive proton-driven transport of alkali metal ions with co-transported picrate anion was investi­
gated in a chloroform membrane system containing either dicyclohexano-18-crown-6 (DC18C6), octadecyl­
amine (C18NH2), or a DCI8C6/C18NH2 mixture as cooperative carrier. The cooperative carrier effectively 
transported K+ against its concentration gradient between the two aqueous phases. The DC18C6 alone, 
though being a proton-unionizable carrier, also mediated the uphill transport of K+ when the receiving phase 
was strongly acidic. The mechanisms for these transport behaviors are discussed referring to additional data 
on the partitioning of species at membrane/aqueous phase interfaces. 

T h e active transport of specific ions in an artificial 
l iqu id membrane system has received much at tent ion 
in view of s imula t ing biological membrane functions 
and developing the separation science methodology.1 _ 3 ) 

Research is in progress toward the synthesis of iono-
phores bear ing a proton-ionizable moiety such as car-
boxyl,4 _ 6 ) phenol ic hydroxyl,7) and amino groups,8* or 
a donor ni t rogen a tom in the macrocycle,9,10) which 
are capable of active-transporting metal ions. 

O n the other hand, cooperative carrier-mediated 
uph i l l t ransports have been demonstrated, e.g., metal 
i o n / p r o t o n counter- transport by a mixture of long-
chain fatty acid and neutral crown ether11) and a m i n o 
acid a n i o n / p r o t o n co-transport or amino acid a n i o n / 
an ion counter- t ransport by a mixture of l ipophi l ic 
amine and neutral crown ether.12* However, as to the 
proton-driven transport of metal ions, to our knowl­
edge, no report has ever appeared on the cooperative 
carrier system with a l ipophi l ic amine-crown ether 
mixture . Recently, a "double carrier" system for the 
uph i l l t ransport of metal ion has been described by 
Umezawa and co-workers.13) The i r system is differ­
ent from the cooperative carrier system since they 
utilize two discrete l iquid membranes conta in ing neu­
tral crown ether and l ipophi l ic amine separately. 

Most works on such an active transport of ions have 
focused on the behavior of the ions to be transported, 
except for a few cases. 13'14) For a better unders tanding 
of the overall t ransport mechanism, it is necessary to 
investigate in detail the behaviors of co- or counter-
transported species as well. We report here a compet­
itive proton-driven uph i l l t ransport of potass ium ion 
by a cooperative carrier composed of octadecylamine 
and dicyclohexano-18-crown-6 th rough a chloroform 
l iquid membrane. T o gain insight into the mecha­
nistic details, the transport and par t i t ion ing behaviors 
of both the metal ions in quest ion and the co- or 
counter- t ransported an ion were studied. Picrate was 
employed as a co-anion, which is frequently used in 
both facilitated and active transport systems because of 
its l ipophil ici ty. T h e use of picrate salts permit ted 
us to obtain information on the structure of the ion 

pair extracted into or carried across the chloroform 
membrane , by optical spectroscopy. 

Experimental 

Materials. Reagent grade dicyclohexano-18-crown-6 
(DC18C6) was from Merck and was used without further 
purification. Reagent grade chloroform and dichloro-
methane from Wako Pure Chemicals were used as mem­
brane solvents. Chloroform employed in solvent extraction 
experiments was of spectrograde from Dojindo Laborato­
ries. Reagent grade KOH, LiOH, NaOH, KSCN, HCl, 
H3PO4, triethanolamine (TEA), tris(hydroxymethyl)ami-
nomethane (Tris), picric acid (HPic) were from Wako Pure 
Chemicals, and tetramethylammonium hydroxide 
(TMAOH), 2-morpholino-l-ethanesulfonic acid (MES), 
ethanolamine (EA), octadecylamine (C18NH2) were from 
Tokyo Kasei Kogyo. 

Transport Experiments. Membrane transport experi­
ments were performed with a U-shaped glass tube placed in 
a thermostated incubator (20+0.2 °C) as previously 
reported.15^ The rates of ion transport were measured for 
the liquid membranes with either of three carrier systems: 
C18NH2 (1 mM; 1 M=l mol dm"3), DC18C6 (1 mM), and a 
mixture of Ci8NH2 (1 mM) and DC18C6 (1 mM). An alkali 
metal chloride (10 mM) and picric acid (5 mM) were dis­
solved in both the source (basic) aqueous phase and the 
receiving (acidic) aqueous phase in contact with the liquid 
membrane. The aqueous solutions were made up from a 
standardized stock solution (pH«7) containing NaOH, 
LiOH, KOH, HCl, and picric acid. The pH of the receiv­
ing phase was varied while that of the source phase was kept 
constant (pH=12; adjusted with TMAOH). The acidity of 
the receiving phase was adjusted to pH 2 with a H3PO4-
TEA buffer, pH 3—4 with a H3PO4-TMAOH buffer, pH 5 
with a MES-TMAOH buffer, pH 7—9 with a Tris-HCl 
buffer, and pH 10 with an EA-HC1 buffer. Aliquots (200 \il) 
of the aqueous solutions of both phases were withdrawn at 
appropriate intervals and then diluted 50 times. The alkali 
metal ions were determined on a Seiko Instruments ICP 
atomic emission spectrometer Model SPS 1200-VR and the 
picrate ion (Pic") concentration was determined spectropho-
tometrically at 354 nm (£=14500 cm^M"1)16) on a JASCO 
spectrometer Model Ubest-50. 

Solvent Extration Experiments. Extraction experiments 
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were carried out with a water/chloroform system by the 
procedure similar to that described previously. 1 5The 
extracted amount (%E) of K+ and Pic" was calculated from 
the difference in their concentrations before and after the 
extraction. The pH in the aqueous phase was adjusted 
with one of the buffer solutions listed above. The absorb-
ance of the picrate salt in the chloroform phase was mea­
sured in a wavelength range 300—500 nm. 

Results and Discussion 

Active Transport. Figure 1 shows a typical profile 
for the competit ive proton-driven transport of three 
alkali metal ions th rough the chloroform membrane 
con ta in ing a C18NH2-DCI8C6 mixture as a coopera­
tive carrier, together wi th the initial concentrat ions of 
species. T h e cooperative carrier mediates an uph i l l 
t ransport of K+ selectively from the basic aqueous 
phase (Aq. 1) to the acidic one (Aq. 2). Th i s phe­
n o m e n o n is based on the p ro tona t ion-depro tona t ion 
cycle of C18NH2 at the m e m b r a n e / a q u e o u s phase 
interface and on the complexat ion-decomplexat ion 
cycle of DC18C6 with K+ at each interface, as repre­
sented in Fig. 2. At the Aq. 2 /membrane interface, 

Aq.1 

10 mM NaCl 
10mM KCl 
10mM LiCl 
5mM HPic 

0.1 M TMA0HÎ 
pH =12.1 

Membrane 

IrnM C18H37N* 

1mM DC18C6 

( CHCI3 ) 

Aq. 2 

10mM NaCl 
10mM KCl 
10mM LiCl 
5mM HPic 

0.1 M Tris-HCl 
pH = 7.1 

Fig. 1. Proton-driven active transport of K+ through 
a chloroform membrane containing DC18C6 and 
C18NH2 as carrier. Solid and open symbols denote 
the concentration of ions in source (Aq. 1) and 
receiving (Aq. 2) aqueous phases, respectively. 

C18NH2 is protonated and then incorporated in to the 
crown r ing forming a l ipophi l ic crown ether-
Ci8NH3+ complex. T h e complex is transferred 
th rough the membrane to the basic interface with 
associated Pic". At the Aq. 1/membrane interface, 
Ci8NH3+ is deprotonated and pro ton is released in to 
the basic phase. Immediately the DC18C6 forms 
selectively a complex with K+ and carries it t h rough 
the membrane to the acidic interface wi th co-
transported Pic". At the acidic interface, K+ is 

Aq.1 
(Basic) 

K+ 

H + 

H+<-

Membrane 

R 

lW)Pic~ 

A ^w A ( ^ ) P i c " 

R-NH2 

Aq.2 
(Acidic) 

K1 

H+ 

Fig. 2. Uphill transport of K+. 

(1) 

(2) 

R-NH3* Pic" 

300 350 400 450 500 
X/nm 

Fig. 3. Optical spectra of picrate salts in CHCI3 
extracted from HPic (2 mM) aqueous solution 
(pH=2.0) into chloroform containing (1) DC18C6 
(1 mM)-Ci8NH2 (1 mM) mixture and (2) Ci8NH2 (1 
mM). 
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released into the aqueous phase with concomitant 
complexation of DC18C6 with CisNH3+. Thus, the 
pH gradient between the two aqueous phases pro­
motes the transport of a specific metal ion against its 
concentration gradient. 

Aq. 1 

10mM NaCl 
10mM KCl 
10mM LiCl 
5mM HPic 

0.1 M TMA0H 
pH = 12.3 

Membrane 

1 mM DC18C6 

(CHCl3 ) 

Aq. 2 

10mM 
10mM 
10mM 
5mM 

NaCl 
KCl 
LiCl 
HPic 

0.1 MH3P0A-
pH=2.0 

TEA 

Fig. 4. Time courses for the uphill transport of K+ 

and Pic" through a chloroform membrane contain­
ing DC18C6 as carrier. Symbols are the same as in 
Fig. 1. 

This finding suggests that formation of the 
DC18C6-Ci8NH3+ complex enhances the release of K+ 
at the acidic interface in the present system, resulting 
in an effective transport of K+. Figure 3 shows the 
optical spectra of the picrate salts extracted from the 
acidic aqueous solution of picric acid into the chloro­
form with Ci8NH2 or a DC18C6-Ci8NH2 mixture. 
The ammonium cation picrate (CisNH3+Pic~) ex­
tracted into the CisNFh-containing chloroform is a 
tight ion pair with absorption maxima at 346 nm and 
413 nm. Addition of DC18C6 to the chloroform 
phase caused a pronounced red-shift of the main peak 
from 346 nm to 374 nm. A second transition at 413 
nm is little affected by the presence of DC18C6 and 
becomes a shoulder due to an overlap with the red-
shifted main band. This bathochromic shift indi­
cates the formation of an intermolecular complex of 
lipophilic ammonium cation-crown ether. Such a 
complexation has been suggested on the basis of a 
bathochromic shift observed in the optical spectra of 
homogeneous tetrahydrofuran solutions of a lipo­
philic amine, crown ether, and picric acid.8) Our 
results demonstrate the complexation in the mem­
brane solution in contact with the acidic aqueous 
solution of picric acid. 

The transfer of proton from the acidic to the basic 
phase results in a simultaneous transfer of K+ in the 
opposite direction, as predicted by the scheme in Fig. 
2. Concomitantly, and unexpectedly, Pic" was trans­
ferred across the membrane against its concentration 
gradient in the reverse direction of the K+ transport 
(Fig. 1). On the other hand, DC18C6 alone, though 
being a proton-unionizable compound, was found to 
mediate the uphill transport of K+ by rapidly pump­
ing Pic" from the acidic to the basic phase, as depicted 
in Fig. 4. To elucidate the background of these trans-
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Fig. 5. Amounts of K+ and Pic transported in 32 h as a function of pH in the 
receiving aqueous phase. The carriers employed are DC18C6 (•), DC18C6-
Ci8NH2 mixture (O), and Ci8NH2 (d). 
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port phenomena, we examined the effect of pH in the 
aqueous phases on the transport behaviors of K+ and 
Pic" by varying pH in the receiving phase (Aq. 2). 
The results are given in Fig. 5. Each experiment was 
repeated at least twice and the results were consistent 
within ±10%. There is little change in K+ trans­
portability by the DCI8C6-C18NH2 cooperative carrier 
over the receiving phase pH range 2—7. In contrast, 
the counter-transport of Pic" decreases monotonically 
with an increase in pH. The Pic" transport should 
be driven by the pH gradient with co-transport of 
proton. With the use of DC18C6 alone as carrier, the 
uphill transport of K+ occurs at the receiving phase 
pH values below 3, and the pH increase in the receiv­
ing phase leads to abrupt diminution in the trans­
portability of both K+ and Pic". The details of the 
underlying mechanisms for these phenomena could 
be understood on the basis of the partitioning of 
species between the aqueous and chloroform phases. 

Extraction in H2O/CHCI3 Systems. Figures 6 and 
7 depict the percent extraction (%E) of ions against the 
pH in the aqueous phase in a H2O/CHCI3 extraction 
system. The %E values obtained in 3—5 independent 
runs for a given system agreed with each other within 
±10% except for the values for K+ at pH 2 and 5 in the 
HP1C-KCI/DCI8C6 system. In the HPic (aqueous 
phase)/DC18C6 (organic phase) system, the %E values 

for Pic" rises below pH 4 in the aqueous phase (Fig. 
6). Pic" would be extracted as an undissociated acid 
form into chloroform; the pKa for HPic is 0.38.17) A 
large amount of picric acid was actually extracted into 
neat chloroform from the acidic aqueous solution (pH 
2) as in the following observations: 58.7% into reagent 
grade CHCI3; 58.4% into spectrograde CHCI3 58.4% 
into alcohol-free CHCI3 washed three times with de-
ionized water. The amount of Pic" extracted, there­
fore, is lowered as HPic is dissociated with increasing 
pH. Although the increasing pH lowers the 
extracted amount of Pic" in HPic/GsNH2 system as 
well, the %E values remain high even at pH's above 4 
where Pic" is hardly extracted in the HPic/DC18C6 
system. The high extractability may be due to the 
extraction in the form of an ion pair, CisNH3+Pic~. 
No picrate, hence, is extracted at pH 10 which is near 
the p£a (IO.6)17) of Ci8NH2. In the HPic/DC18C6-Ci8NH2 

system, formation of a lipophilic DC18C6-CisNH3+ 

complex enhances the uptake of Pic" into chloroform, 
so that the %E values are higher at pH's above 4 than 
those for the HPic/GsNH2 system. However, a neg­
ligible amount of Pic" is extracted at pH 12 where 
C18NH2 is no longer protonated. 

Addition of KCl to the aqueous phase affects the 
extraction of Pic" (Fig. 7). In the case of DC18C6 
alone, the extractability of Pic" is constant at pH's 
above 5, while K+ is extracted over a wide pH range. 

100 

Fig. 6. Effect of pH in the aqueous phase on the 
extractability (%E) of picric acid in the H2O/CHCI3 
extraction systems: HPic/DC18C6(0), HPic/ 
Ci8NH2 (•), and HPic/DC18C6-Ci8NH2 (O). 
[HPic] in water is 2 mM; [DC18C6] or [Ci8NH2] in 
CHCI3 is 1 mM. 

Fig. 7. Effect of pH in the aqueous phase on the %E 
for K+ and Pic". D, • : HPic-KCl/DC18C6; O, • : 
HPic-KCl/DC18C6-Ci8NH2. [HPic] and [KCl] in 
the aqueous phase are 2 mM and 4 mM, 
respectively. 
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The uptake of Pic" and K+ indicates the ion pair 
formation between the K+-DC18C6 complex cation 
and Pic". The high extractability of Pic" at pH's 
below 5 is a result of the overlap with the dissolution 
in the undissociated picric acid. In the DC18C6-
C18NH2 systems, K+ is hardly extracted at pH's up to 9 
and the extraction behavior of Pic" is similar to that in 
the absence of K+ in the aqueous phase. However, 
the %E values for K+ increase at pH above 9. This 
extraction behavior clearly reflects the spectral change 
for species in the chloroform phase. 

In Table 1, the absorption maxima (Xm) are listed for 
the picrate salts in the chloroform phase as a function 
of aqueous phase pH. In the HPic/DC18C6-Ci8NH2 

system, the absorption maximum is virtually inde­
pendent of pH in the aqueous phase, indicating that 
the species in question is a [Ci8NH3-DC18C6]+Pic" 
complex. The presence of K+ in the aqueous phase 
leads to a blue-shift with pH increasing beyond 7. 
Furthermore, the absorption maximum at pH 13 (368 
nm) agrees closely with that for the [K-DC18C6]+Pic" 
complex (367 nm) extracted with DC18C6 alone at pH 
13. This Am is close to that (365 nm) for [K-

Table 1. Effect of pH in the Aqueous Phase on 
the Absorption Maxima (Am) of Picrate Salts 

in Chloroform for Three Salt-Ligand 
Combinations in H2O/CHCI3 

Extraction Systemsa) 

Salt 
(Aq phase) 

HPic 

HPic-KCl 

HPic-KCl 

Ligand 
(CHCI3 phase) 

DCI8C6-C18NH2 

DCI8C6-C18NH2 

DC18C6 

pH 

2.0 
7.0 

11.6 
2.0 
4.9 
7.0 
8.8 
9.8 

11.4 
13.0 
13.0 

Am 

nm 

374 
377 
377 
374 
376 
377 
374 
372 
369 
368 
367 

a) Initial concentrations of species in the extraction 
systems are given in Figs. 6 and 7. 

18C6]+Pic" complex in chloroform reported by Wong 
et al.18) Therefore, the hypsochromic shift suggests 
the conversion of the Ci8NH3+-DC18C6 complex into 
the K+-DC18C6 complex, caused by deprotonation of 
Ci8NH3+. These results are compatible with the pH 
dependence of the K+ extractability in the DC18C6-
C18NH2 system shown in Fig. 7. 

Transport Mechanism. The uphill transport of 
K+ by the proton-unionizable DC18C6 into a strongly 
acidic receiving phase could be explained in terms of 
the scheme illustrated in Fig. 8. As is evident in Fig. 
4, Pic" is rapidly pumped into the basic source phase, 
resulting in the build-up of Pic" concentration gra­
dient between the two aqueous phases, and then the 
K+ transport begins. This finding suggests that the 
uphill transport of K+ in this case is driven by the 
concentration gradient of Pic", so that the K+ trans­
port is reduced with decreasing counter-transport of 
Pic" due to the increasing pH of Aq. 2 (Fig. 5). The 
picrate probably diffuses in an undissociated form 
across the chloroform membrane from Aq. 2 to Aq. 1 

Aq. 1 
( Basic ) 

K'Pic" 

HPic -s-

Membrane 

o V 

^ (2>c I 

HPic 

Aq.2 
(Acidic) 

K*Pic' 

HPic 

Fig. 8. Active transport of K+ through a chloroform 
membrane containing DC18C6. 

Table 2. Amounts of K+ and Pic" Transported in 32 h through Liquid Membranes 

Entry 

la) 

2 
3 
4 
5 
6 

Aq.l 

12.3 
12.3 
12.3 
11.9 
12.1 
12.3 

pH 

Aq.2 

2.0 
2.0 
2.2 
2.1 
2.0 
2.2 

Carrier 

— 
DC18C6 
DC18C6 
DC18C6 

DCI8C6-C18NH2 
DCI8C6-C18NH2 

Membrane 
solvent 

CHCI3 
CHCI3 
CH2CI2 
CHCI3 
CHCI3 
CH2CI2 

Amount transported 

10"6 

K+ 

— 
24 
29 

0 
68 
64 

mol cm - 2 

Pic" 

49 
41 
40 
— 
47 
33 

a) No carrier. Aq.l and Aq.2 of Entry 4: [KSCN]= 
[NaOH]=[LiOH]=[KOH]=10 mM, [HPic]=5 mM. 

:10 mM; Aq.l of Entries 3 and 6: 
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driven by the H + gradient without complexation with 
carrier. This picture is supported by the following 
three observations: Pic" is extracted from a strongly 
acidic aqueous solution not only into chloroform 
containing DC18C6 but also into ligand-free chloro­
form (see above). Second, a large amount of Pic" is 
transported through the chloroform membrane con­
taining no carrier from Aq. 2 to Aq. 1 against its 
concentration gradient, as given in Table 2 (Entries 
1—3) in comparison with the values for DC18C6. 
Thirdly, a highly ionizable KSCN was not transported 
by DC18C6 alone even at pH 2 (Entry 4 in Table 2). 
Such an uphill transport of metal ion by a neutral 
crown ether alone would produce an artifact when we 
evaluate a proton-coupled uphill transport by a 
proton-ionizable carrier. 

On the other hand, K+ transport by a DC18C6-
C18NH2 mixture occurs even at receiving phase pH's 
above 3, and the amount of K+ transported is constant 
in spite of a decrease in the counter-transport of Pic". 
The K+ transport is apparently driven not only by the 
Pic" gradient. If Pic" is transferred only in the direc­
tion from Aq. 2 to Aq. 1, the K+ transport requires co-
transported anion (A") other than Pic", as depicted in 
Fig. 9. Beside picrate, OH" and CI" are present in 
the source aqueous phase as co-transportable anions. 
The highly hydrated OH" may not be co-transported 
by the K+-DC18C6 complex cation through a low 
polarity liquid membrane such as chloroform and 
dichloromethane. Maruyama et al. demonstrated that 
CI" is transported as an antiport anion in the anion/ 
amino acid anion counter-transport through a chloro­
form membrane containing a lipophilic ammonium 
cation-crown ether complex as carrier.19) To see 
whether the CI" is co-transported or not in the present 
systems, the K+ transport was studied in the system 
with a Cl"-free source aqueous phase by using a 

Aq.1 
(Basic) 

K+A~ 

H*Pic"' 

hfPicf«-

Membrane 

I5HJ)PÎC-

Y ^ Y 
A 

R-NH, 

Aq.2 
(Acidic) 

K+A" 

H*Pic" 

-> K+A" 

Fig. 9. Active transport of K+ through a chloroform 
membrane containing a cooperative carrier, 
DCI8C6-C18NH2. 

dichloromethane membrane which would not liberate 
HCl photochemically. The results are given in Table 
2 (Entries 5 and 6) in comparison with the value for 
CHCI3. The K+ transportability was not affected by 
the absence of CI" both in the source aqueous and 
liquid membrane phases. Consequently, the K+-
DC18C6 complex should be transferred with asso­
ciated Pic" from the source to the receiving phase, i.e., 
A" is Pic" in Fig. 9. 

However, if the ion transport obeys a 1:1 stoichi-
ometry between K+ and H + as shown in Fig. 9 or Fig. 
2, Pic" is merely recycled and no Pic" transport would 
result. Hence, we have to envisage other processes to 
account for the Pic" transport observed here. There 
are two possibilities; one is the pumping up of Pic" by 
C18NH2 using the concentration gradient of H+, and 
the other is the diffusion of undissociated HPic driven 
by the pH gradient. The former was confirmed by 
the transport experiments where C18NH2 alone was 
used as carrier, as seen in Fig. 5. The pH dependence 
of the Pic" transportability is similar to that for the 
DCI8C6-C18NH2 carrier system. When the receiving 
solution is strongly acidic, the latter process indeed 
occurs as mentioned above. These results incite us to 
conclude that the three processes are occurring simul­
taneously in the DCI8C6-C18NH2 cooperative carrier 
system, as depicted schematically in Fig. 10. 

The dependence of the K+ and Pic" transportabili­
ties on the pH in the receiving phase (Fig. 5) could be 

Aq. 1 
(Basic) 

K+ 

H .A 

Membrane 

R 

im? Pic" 

Aq.2 
(Acidic) 

( ^ ) P i c " 

R-NH2 

^R-NH3
+Pic~<si 

H*Pic~ ^ / N > R-NH? - ^ 1 ^ -

HP ic« HPic 

H1 

hfPic-

HPic 

Fig. 10. Three processes occurring simultaneously 
in the active transport of K+ and Pic~ through a 
chloroform membrane containing a DC18C6-
C18NH2 mixture. 
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rationalized on the basis of these three steps. At p H ' s 
below 3, three processes occur s imultaneously, so that 
a large a m o u n t of P ic" is counter-transported: In a 
p H range 3—9, two processes other than the H P i c 
diffusion are taking place simultaneously. T h e low­
er ing P ic" t ransport wi th increasing p H may be due to 
a reduct ion in the fraction of the protonated amine, 
Ci8NH3+ , at the acidic interface. T h i s is compat ible 
with the d imin i sh ing %E of Pic" with increasing p H 
for the HPic /CigNH2 extraction system (Fig. 6). At 
p H ' s above 9, only the top process in Fig. 10 is 
possible, namely the K+ transport should be coupled 
to the H + t ransport because no P ic" t ranspor t occurs. 
T h e K+ t ransport tends to d iminish above p H 9, 
because of the lowering H + flux due to a decrease in 
the fraction of the Ci8NH3+-DC18C6 complex at the 
acidic interface, as seen in Fig. 6. When the 1:1 K+/H+ 
stoichiometry is no longer maintained, par t of the 
[Ci8NH 3-DC18C6]+Pic- complex carries P ic" with 
pro ton to the source phase and takes u p no K+ at the 
basic interface. If the [Ci 8 NH 3 -DC18C6]+Pic- com­
plex carries P ic" to Aq. 1, the lowered P ic" transport 
results in a decrease in the H + t ransport which is the 
dr iving force for the uph i l l t ransport of K+. Th i s is 
in conflict with the results shown in Fig. 5. How­
ever, the presence of CisNH3 + Pic" at the acidic inter­
face could not be confirmed from the optical spectra of 
picrate salts given in Fig. 3 and Table 1. 

In the present system, H + may be transported from 
Aq. 2 to Aq. 1 in the forms of (Ci 8 NH 3

+ -DC18C6)Pic" , 
Ci8NH3+Pic", and HPic . T h e transport of an ion-
pair with Cl", PO43", or MES" across the low polarity 
chloroform membrane is negligible, since these 
an ions are more hydrophi l ic than Pic". T h e amines 
employed as buffer, T M A O H , TEA, Tris , and EA, are 
capable of H + -ca r ry ing based on their pro tonat ion , 
bu t these amines are aga in very hydrophi l ic . Conse­
quently, the a m o u n t of H + t ransported should be 
equal to the sum of those of K+ and P ic" transported, 
as seen in Fig. 10. However, the t ransport of H + or 
O H " was not detectable due to the h igh buffer capac­
ity of the aqueous phases. Al though the Pic" con­
centrat ion gradient probably acts as part of the driving 
force for the K+ uph i l l t ransport in a p H range where 
Pic" is transported, the main process should be the 
proton-coupled t ransport of K+. In the present trans­
port system, the p u m p i n g u p of P ic" is not a domi­
nan t factor for the K+ uph i l l transport , since the 
efficiency of the latter remains constant in a wide p H 
range where the P ic" transport diminishes with 
increasing p H . T h e P ic" transport unfortunately 
consumes the H + concentrat ion gradient. In a "dou­
ble carrier" membrane system13* where the metal ion 
transport and the P ic" p u m p i n g u p us ing the H + 

gradient proceed in parallel , the p u m p i n g u p of P ic" 
plays an essential role in t ranspor t ing the metal ion 
against its concentrat ion gradient. Hence the trans­
portabil i ty of P ic" would directly control the uph i l l 

t ransportabil i ty of the metal ion in that case. 

Conclusions 

A selective uph i l l t ransport of a metal ion can be 
achieved in a wide range of the receiving phase p H by 
use of a l ipophi l ic amine-neutra l crown ether mixture 
as a cooperative carrier in the l iquid membrane sys­
tem. T h e complexat ion of crown ether with amine 
enhances the release of K+ at the acidic interface, 
resul t ing in an effective t ransport of K+. T h e main 
process in the present system is a K+/H+ coupled 
counter- transport , t hough three processes are occur­
r ing simultaneously. In contrast, the uph i l l trans­
por t of a metal ion by neutral crown ether alone is 
driven by the Pic" concentrat ion gradient which is 
bui l t u p by the diffusion of picric acid molecule when 
the receiving phase is strongly acidic. T h i s is how­
ever an unwan ted p h e n o m e n o n in quan t i t a t ing the 
pro ton-coupled uph i l l t ransport by a carrier bear ing a 
proton-ionizable moiety. T h e cooperative carrier 
system may find appl icat ions in designing a synthetic 
ionophore capable of active-transporting a specific 
ion, or in examin ing fundamental t ransport behaviors 
of various amine- ionophore combinat ions. 
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Excimer Fluorescence of Pyrene in Sol-Gel Silica 
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The fluorescence and excitation spectra of pyrene at high concentrations were studied along the sol 
to xerogel stages of the sol-gel silica formed by the acidic hydrolysis of tetraethyl orthosilicate. The monomer 
and excimer fluorescence of pyrene were observed in the reaction system. Their relative intensities revealed 
that complex changes occurred that depended on the reaction time and the excitation wavelengths. 
The environmental polarity of the probe molecules also changed as shown by the fluorescence vibronic 
structure. The excitation spectrum of the excimer fluorescence in some stages was red shifted in comparison 
with that of the monomer fluorescence, indicating the existence of bimolecular ground-state pyrene associa­
tions. The mechanism by which pyrene molecules are trapped in the silica network is discussed on the basis of 
the results. 

T h e photophysics of pyrene molecules adsorbed on 
solid surfaces has been extensively studied as a photo­
chemical and photophysical model system of adsorbed 
molecules,1 _ 8 ) because of the u n i q u e excited-state 
properties of such molecules, such as the sensitivity of 
their fluorescence vibronic structure to environmental 
polarity9 '10) and their ability to form excimers . n ) 

A longer-wavelength broad band emission as well as 
the monomer fluorescence have been observed in 
pyrene on silica.1) T h e excitation spectrum of the 
broad-band emission was red shifted in compar ison 
with that for the monomer emission. T h e broad­
band emission was interpreted as excimer fluorescence 
or ig ina t ing from the bimolecular ground-state associ­
ations (BGSAs) of pyrene.1) A dimeric configurat ion 
of the BGSAs and a kinetic scheme from the BGSA to 
the excimer state have already been proposed.1 '5 '6) 

Recently, the dop ing of silica-gel glass with organic 
molecules has become possible by us ing the sol-gel 
process.12'13) It has been shown by us ing this tech­
n ique that the excimer intensity of pyrene changes 
dur ing the sol-gel-xerogel stage, and that the final 
silica xerogel is an efficient trap that isolates organic 
molecules, as indicated by the fact that the excimer 
intensity becomes barely detectable.14) T h e t r app ing 
mechanism has been fully discussed. However, the 
excitation spectrum of the excimer fluorescence was 
markedly red shifted in compar ison with that of the 
monomer fluorescence in some stages. T h i s is indic­
ative of the formation of BGSAs, which were not 
completely taken in to considerat ion in the discussion 
of the t rapping mechanism. More specifically, the 
excimer fluorescence in the sol-gel system originates 
from both the conventional excimer formed from 
monomers and also the BGSAs. Therefore, a number 
of points are open to discussion regarding the mecha­
nism by which pyrene is t rapped du r ing the sol-gel 
process. 

In this study the changes in the excimer fluores­
cence of pyrene dur ing the sol-gel-xerogel stages were 

examined by varying the excitation wavelength, and 
the changes in the excitation spectra were studied as 
well. T h e rat io of the intensity of the third peak to 
the first peak (/3//1) of the m o n o m e r fluorescence was 
also measured du r ing the process.15) These results 
indicate that (1) excimer states are formed from an 
excited m o n o m e r and a ground-state monomer in the 
initial stages; (2) BGSAs, which are formed dur ing the 
evaporation of e thanol solvents, also show excimer 
fluorescence; and finally, (3) most of the BGSAs are 
forced to decompose in to monomers by the shrinkage 
of the silica cage and show little excimer fluorescence 
after the shrinkage. 

Experimental 

Chemicals. Pyrene (Aldrich, >99%) was recrystallized 
several times from ethanol. Tetraethyl orthosilicate 
(TEOS) from Tokyo Kasei and ethanol of spectroscopic 
grade were used without further purification. The water 
was deionized and distilled. 

Sol-Gel Process. A solution was prepared as described in 
a previous paper15) from 10.0 mL of TEOS, 5.0 mL of water, 
and 10.0 mL of ethanol containing 2.5X10-3 mol dm - 3 of 
pyrene. The solution was adjusted to a pH of 3.2 by the 
addition of HCl and stirred for 1 h. Samples of an appro­
priate volume were taken from the mixture and used in the 
measurements. A small amount that was taken from the 
mixture just before gelation and spread on a Petri dish was 
used for the measurements after gelation. This procedure 
was used in order to minimize the scatter in the data, which 
showed a positional dependence in bulk gel. 

Measurements. The fluorescence and fluorescence exci­
tation spectra were taken with a JASCO FP-770 spectrofluo-
rometer in rectangular excitation at room temperature. 
The excitation wavelengths for the fluorescence were 340 
and 360 nm. The 340-nm wavelength was settled because 
the excitation spectra for the monomer fluorescence showed 
a strong peak around 340 nm, and the 360-nm wavelength 
was also settled because the excitation spectra for the exci­
mer fluorescence showed a strong peak around 375 nm, and 
360 nm was the longest excitation wavelength at which the 
fluorescence 0-0 band could be measured. 
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Wavelength/nm 

Fig. 1. Fluorescence spectra of pyrene in the sol-gel 
system at t=0 h (A) and £=260 h (E): Aex=340 nm 
( ) and Aex=360 nm ( ). 

Results and Discussion 

Figures 1 and 2 show the fluorescence spectra of 
pyrene in the sol-gel system excited at 340 nm (*La) 
and 360 nm(1Lb). Just after mixing (Fig. 1A), the 
peak intensities of the excimer fluorescence are much 
weaker than those of the monomer fluorescence and 
the intensity ratio did not depend on the excitation 
wavelength. Figure IE shows the spectra after gelation 
(260 h). Here the excimer fluorescence excited at 360 
nm is much greater than in Fig. 1A, while the mono­
mer fluorescence is dominant for 340-nm excitation. 
This difference is caused by the coexistence of mono­
mers and BGSAs. The excitation spectrum of the 
excimer fluorescence originating from the BGSAs is 
red shifted in comparison with the absorption respon­
sible for the monomer fluorescence.1) Therefore, the 
excimer fluorescence is stronger for 360-nm excitation 
than for 340-nm excitation, which will be discussed 
later. After 400 h, the excimer intensity for 340-nm 
excitation increased dramatically and that for 360-nm 

350 400 450 500 550 

Wavelength/nm 

Fig. 2. Fluorescence spectra of pyrene in the sol-gel 
system at £=400 h (G) and ^=1700 h (J): Aex=340 nm 
( ) and Aex=360 nm ( ).' 

excitation rose still higher (Fig. 2G). This result 
indicates that equilibrium between monomers and 
BGSAs shifts to the BGSAs.6* Finally they both 
become very small after 1700 h (Fig. 2J), which exhib­
its pyrene is isolated and trapped in the silica cage.14) 

The changes in the ratio of the third band to the 0-0 
band intensity of the monomer fluorescence, h/h, 
were monitored during the process. 

Figure 3 shows the changes in the excimer fluores­
cence and U/h during the whole sol-gel process from 
A (t=0 h) to J (£=1700 h). The relative intensity of 
excimer fluorescence is represented by /E / ( /E + /M) as 
used by Kaufman and Avnir,14* where h and IM are the 
fluorescence intensities of excimer (455 nm) and mon­
omer (395 nm, the fifth peak). The fifth peak is used 
for normalization because the intensity is less sensitive 
to the environmental polarity.10) It should be noted 
that the excimer fluorescence and monomer fluores­
cence are not resolved here, therefore the relative 
intensity of the excimer is only a rough measure. 
The general features are almost similar to those 
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+ 

J4> 

1.0 

0.5 

800 1700 

Fig. 3. Changes in relative excimer fluorescence intensity 
over time of pyrene ( /E / ( /E+/M)) at Aex=340 nm (O) and 
Aex=360 nm (•) , and h/h (A) during the sol-gel process. 
The arrow indicates a gelation point. 

300 350 

1/nm 

400 300 350 

1/nm 

400 

Fig. 4. Excitation spectra of pyrene in the sol-gel 
system at four stages (A-D) shown in Fig. 3: 
Aem=395 nm ( ) and Aem=455 nm ( ). 

300 350 400 

A/nm 

300 3 50 

1/nm 

400 

Fig. 5. Excitation spectra of pyrene in the sol-gel 
system at four stages (F-J) shown in Fig. 3: Aem=395 
nm ( ) and Aem=455 nm ( ). 
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obtained by Kaufman and Avnir.14) The excimer 
intensity for 340-nm excitation (O) rises from its 
initial value in the solution (A) to a small peak after 
the gelation point (B), and then drops to a low value 
(D) and rises again to a maximum (G). It then 
becomes very small in the final xerogel stage (J). The 
excimer intensity for 360-nm excitation (•) initially 
rises along with the curve for 340-nm excitation, but 
then, unlike the curve for 340-nm excitation, it 
increases abruptly and reaches a peak around the same 
time as the 340-nm curve. This difference induced by 
varying the excitation wavelength indicates the coex­
istence of the monomers and the BGSAs of pyrene 
molecules as mentioned above. 

The changes in h/h generally reflect the changes in 
the excimer intensity. The main features of the curve 
are that it is near a minimum when the excimer 
intensity is at a maximum (G), and after that, it rises 
as the excimer intensity falls (H-I). Initially, the 
behavior is more complicated as all three curves rise 
together (A-B) and then h/h falls off as the excimer 
intensity for 340-nm excitation falls off and that for 
360-nm excitation continues to rise (B-D). The 
initial behavior of h/h well corresponds to that of h/ 
h as found by Kaufman and Avnir.14) 

Figures 4 and 5 are excitation spectra for the exci­
mer (455 nm) and monomer (395 nm) during the sol-
gel process. These spectra almost overlap in A and B. 
The intensity of the excitation spectra for the excimer 
increases in the long wavelength regions at C, and this 
spectrum is apparently red-shifted in comparison with 
that of monomer fluorescence after D. It should be 
noted that the C-D region shows a minimum for 340-
nm excitation (Fig. 3). Between F and H, where the 
excimer intensities show a maximum (Fig. 3), the 
excitation spectra for the monomer fluorescence show 
prominent structures similar to the absorption spec­
tra, while the excitation spectra for the excimer fluo­
rescence shows broad red-shifted peaks. The struc­
tures in both spectra nearly coincident with each other 
at J, except that, for excimer fluorescence, the inten­
sity is slightly stronger than for monomer fluorescence 
in the 350—375 nm region. 

In the following, general concepts that can explain 
the observed changes in the excimer fluorescence, exci­
tation spectra, and h/h during the sol-gel-xerogel 
stage are discussed. 

From A to B, the excimer intensity for 340-nm 
excitation matches that for 360-nm excitation and the 
excitation spectra for the monomer and the excimer 
coincide. These results indicate that excimer fluores­
cence occurs by the well-known reaction between one 
molecule in the ground state and one in the excited 
state in this stage, and that the intensity increases 
because of an increase in the effective pyrene concen­
tration during the hydrolysis and polymerization of 
TEOS. The environment of pyrene becomes less 
polar because its "solvation" shell consists of neigh­

boring pyrene molecules as well as silanols and water 
molecules14) when there is an effective increase in the 
local concentration, and so h/h increases.9'10'15) 

The evaporation of the ethanol encaged in the silica 
gel network induces the change in the solvent compo­
sition after B with the result that the concentrated 
pyrene molecules cannot dissolve in the solvents and/ 
or a minimization of the contact surface between the 
hydrophobic pyrene molecules and the surrounding 
water molecules occurs. In consequence, pyrene 
forms aggregates, such as BGSAs. This is indicated 
by the decrease in the excimer fluorescence for 340-nm 
excitation, and by the corresponding increase in the 
excimer fluorescence for 360-nm excitation, which 
originates from the BGSAs after C. The evidence 
pointing to BGSAs as the origin is the red shift of the 
excitation spectra for excimer fluorescence in compar­
ison to those for monomer fluorescence.1) The 
decreases in h/h can be explained by both the evapo­
ration of ethanol15) and the decrease in the number of 
molecules nearby due to the formation of the BGSAs. 

Between F and H, the concentration of monomer 
pyrene is lowered as discussed above, resulting in the 
absorption spectrum-like excitation spectra for mono­
mer fluorescence. Furthermore, the h/h values in 
this region (ca. 0.60) are quite similar to those in a 
diluted system, as shown in the previous paper.15) It 
should be noted that h and h are not separated from 
the excimer intensity. The result, therefore, indicates 
that the degree of overlap of these spectra is extremely 
small, which is expected from the previous result.1) 
The second increase in the excimer fluorescence for 
340-nm excitation after D can be ascribed to the 
increased number of BGSAs that are excited at a 
wavelength of 340 nm and the consequent decrease in 
monomers. 

After passing H, the excimer intensities for 360- and 
340-nm excitation decrease. This change is probably 
induced by the shrinkage of the silica cage, forcing the 
BGSAs too close together to remain stable as discussed 
in detail by Kaufman and Avnir.14) The repulsive 
forces between the pyrene molecules push the pyrene 
molecules into adjacent silica cages and bring about 
the dispersion of the pyrene molecules.14) From H to 
I are transient stages where pyrene molecules migrate 
form one pore to another until the intermolecular 
repulsive forces become a minimum, h/h increases 
again because of an effective increase in the local 
concentration of pyrene monomer due to the dissocia­
tion of the BGSAs and a consequent decrease in polar­
ity. In the final stage in this experiment (J), few 
pyrene molecules are still trapped in the form of the 
BGSAs, as is shown in the excimer fluorescence for 
360-nm excitation, and in the slight difference 
between the excitation spectra. 

Although the changes in h/h were tentatively 
ascribed to the changes in environmental polarity, an 
increase in h/h can also be attributed to a decrease in 
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h due to reabsorption at h igh pyrene concentra­
tions.14) Naturally, when monomer concentrations 
decrease as a result of the formation of BGSAs, h/h 
decreases because of a decrease in reabsorption of h. 
Therefore, the changes in monomer concentrat ions 
reflect the changes in /3 / /1 , which can be explained by 
polari ty changes or by reabsorption. Further studies 
are required to clarify the mechanism. 

We wish to express our thanks to Mr. T o o r u 
Yatsuzuka for his experimental he lp in the early stage 
of this work. 
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One tentative reaction network for the bromate-bromide-tris(l,10-phenanthroline)iron(II) (ferroin) system 
in an acidic medium was examined by means of a simulation method, which involved the Field-Körös-Noyes 
scheme, the reduction of HBrÜ2 and HOBr by ferroin via two-electron transfer processes and the reactions of 
Fe(phen)2

2+ with BrOß", HBr02, HOBr, and Br02*. The network successfully reproduced the behavior of the 
system in a batch reactor. The behavior of the system in a continuous-flow stirred tank reactor (CSTR) was 
simulated under two CSTR conditions: 1) Bromide flowed into the CSTR, and 2) bromide did not flow into the 
CSTR. Under the former condition, the system exhibited bistability and sustained oscillations. The calcu­
lated oscillations were of small amplitude and high frequency. Under the latter condition, the system 
exhibited bistability. 

T h e oxidat ion of tr is( l ,10-phenanthroline)iron(II) 
(ferroin) by bromate in an acidic med ium was studied 
in a batch reactor and a continuous-flow stirred tank 
reactor (CSTR) modes. T h e reaction in a batch reac­
tor can be characterized as follows:1-3) (i) Under suit­
able condit ions, ferroin initially decreases due to its 
decomposi t ion (decomposit ion phase) and the phase 
is followed by a burst of t r is( l ,10-phenanthrol ine)-
iron(III) (ferriin) formation (autocatalytic phase). 
D u r i n g the autocatalytic phase the concentrat ion of 
ferriin increases exponential ly wi th a sharp transi t ion 
to the final state of the reaction, where [Fe(phen)32+] is 
approximate ly equal to zero. T h e dura t ion of the 
decomposi t ion phase ( induction period) is lengthened 
by the addi t ion of bromide, (ii) Under the other condi­
tion, the decomposit ion phase is not followed by the 
autocatalytic phase. 

T h e oxidat ion of ferroin by bromate in a sulfuric 
acid med ium in a C S T R was studied by Gâspâr et al.4) 

There are some differences in the reaction behavior of 
the system and that of a b romate -bromide-meta l ion 
(metal ion: cerium(III) or manganese(II)) system. 
These systems usually exhibit bistability and sus­
tained oscillations under C S T R conditions.4 - 9) 
When the systems are not suppl ied with bromide via 
feed flow, though the cerium(III) system exists in a 
monos table state, the ferroin system exhibits bistabil­
ity. T h o u g h sustained oscillations of metal ion sys­
tems are min imal , those of the ferroin system possess a 
large ampl i tude . Ferroin, as well as cerium, catalyzes 
the oxidat ion of such organic substrates as malon ic 
acid by bromate, called the Belousov-Zhabotinsky 
(BZ) reaction. These catalysts exhibi t somewhat dif­
ferent features in BZ reactions. For example, in the 
cerium-catalyzed system, an induced period is 
observed before the onset of oscillations; in the 
ferroin-catalyzed system, however, there is n o induced 
period.10 '11) 

T h e difference in the reaction behaviors described 

above may result from differences in the reaction 
mechanisms. T h e reaction behavior of the b roma te -
bromide-meta l ion system in a C S T R is fairly repro­
ducible by using the Field-Körös-Noyes (FKN) mecha­
nism.12'13) O n the other hand , information concern­
ing the mechanism of ferroin-related reactions is 
rather scarce. T h o u g h several reaction mechanisms 
were proposed to explain the behavior of the b romate -
bromide-ferroin reaction system and that of the 
ferroin-catalyzed BZ reaction, the mechanisms of the 
ferroin-related systems were not confirmed to date.14-18) 
In this study we propose one tentative reaction net­
work for the bromate-bromide-fer ro in system and 
examine it by means of a s imula t ion method in order 
to explain the behavior of the system in an acidic 
med ium under batch reactor and C S T R condit ions. 
T h e reaction network is based on the assumpt ion that 
the FKN scheme can be appl ied as a first approx ima­
tion, that HBrÛ2 and H O B r are reduced by ferroin via 
two-electron transfer processes and that Fe(phen)22 + , 
which is formed by the decomposi t ion of ferroin, 
reacts with B r 0 3 " , Br0 2 - , H B r 0 2 , HOBr , and Br". 

Reaction Network 

T h e reaction network of the bromate-bromide-fer­
roin system is thought to be complex, since the behav­
ior of the system, indeed, shows great variety. In this 
study, the following reaction network was tested in 
order to simulate the behavior of the system: 

Br03" + Br" + 2H+ <± HBr0 2 + HOBr ( 1 ) 

Br" + HOBr + H+ +± Br2 + H 2 0 (2) 

Br" + HBr0 2 + H+ - • 2HOBr (3) 

2HBr0 2 ->Br0 3 - + H O B r + H + (4) 

Br03" + HBr0 2 + H + <± 2Br02 • + H 2 0 (5) 

Fe(phen)3
2+ + Br02 • + H+ *± Fe(phen)3

3+ + HBr0 2 (6) 

2Fe(phen)3
2+ + HBr0 2 + 2H+ - • 

2Fe(phen)3
3+ + HOBr + H 2 0 (7) 
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2Fe(phen)3
2+ + HOBr + H + - • 

2Fe(phen)3
3+ + Br" + H 2 0 (8) 

2Fe(phen)3
2+ + Br2 +± 2Fe(phen)3

3+ + 2Br" (9) 

Fe(phen)3
3+ + Br02 • + H 2 0 - • 

Fe(phen)3
2+ + BrOs" + 2H+ ( 10) 

Fe(phen)3
2+ - • Fe(phen)2

2+ + phen (11) 

Fe(phen)33+ —> Fe(phen)2
3+ + phen ( 12) 

Fe(phen)2
2+ + BrOs" + 2H+ - • 

Fe(phen)2
3+ + Br02 • + H 2 0 (13) 

Fe(phen)2
2+ + Br02 • + H + - • Fe(phen)2

3+ + HBr0 2 (14) 

2Fe(phen)2
2+ + HBr0 2 + 2H+ - • 

2Fe(phen)2
3+ + HOBr + H 2 0 (15) 

Fe(phen)2
2+ + HOBr + H + - • 

Fe(phen)2
3+ + Br2/2 + H 2 0 (16) 

Fe(phen)33+ + Fe(phen)2
2+ —> 

Fe(phen)3
2+ + Fe(phen)2

3+ (17) 

Fe(phen)2
2+ + Br" -^ Fe(phen)2Br+ (18) 

Fe(phen)2Br+ + Br" -^ Fe(phen)2Br2 (19) 
T h e rate constants of these reactions are shown in 
Table 1 together with several rates. We assumed the 
FKN scheme, Reactions 1—6, as a skeleton mecha­
nism according to Rovinsky and Zhabotinsky and 
used the FF set of rate constants for Reactions 1 — 
5 14,19,20) Reactions 6—8 correspond to a series of oxi­
dations of ferroin by BrC>2-, HBrÛ2, and HOBr. 
Similar oxidat ion processes of Fe 2 + and Fe(CN)64" by 
the same bromine-related compounds take place in the 
oxidation of the reductants by bromate.2 1 _ 2 3 ) T h o u g h 
ferroin is a weaker reducing agent than the reduc­
tants, we assumed Reactions 6—8. At least, Reaction 
6 was required for the appearence of an autocatalytic 
phase in the oxidat ion of ferroin by bromate. Reac­
tions 7 and 8 were assumed to proceed via two-electron 
transfer according to Ganap th i sub raman ian and 

Noyes, and D'Alba and Di Lorenzo, and Gâspâr et 

a l 15,17,18) j t i s presumed that the species, Fe(phen)34 + , 
formed by Reactions 20 and 21 are consumed rapidly 
according to React ion 22. 

Fe(phen)3
2+ + HBr0 2 + 2H+ - • 

Fe(phen)3
4+ + HOBr + H 2 0 (20) 

Fe(phen)3
2+ + HOBr + H + - • 

Fe(phen)3
4+ + Br" + H 2 0 (21 ) 

Fe(phen)3
4+ + Fe(phen)3

2+ - • 2Fe(phen)3
3+ (22) 

T h u s , we used Eqs. 23 and 24 as the rates of Reactions 
7 and 8, respectively: 

and 

vi = h [Fe(phen)3
2+] [HBr02] 

^8 = k8 [Fe(phen)3
2+] [HOBr]. 

(23) 

(24) 

T h o u g h Reaction 10 is u n k n o w n experimentally, we 
used this reaction in order to explain the behavior of a 
bromate-bromide-fer ro in system under the C S T R 
condi t ion that [Br"]o=0 M (1 M = l mol dm"3) ; the 
value of [Fe(phen)32+]o is considerably large, where the 
subscript, 0, indicates the concentrat ion of a chemical 
species in the feed flow. It was assumed that the 
backward step of Reaction 10 does not occur according 
to Rabâi and Epstein.23) Ferroin and ferriin in an 
acidic med ium decompose slowly.2'24) Because Fe-
(phen)22 + , formed by the decomposi t ion of ferroin, is 
though t to be a stronger reducing agent than ferroin, a 
series of oxida t ion processes of Fe(phen)22+ by B r 0 3 _ , 
B r 0 2 - , H B r 0 2 , and HOBr, Reactions 1 3 - 1 6 , were 
assumed. Reaction 17 is a relatively fast redox proc­
ess between Fe(phen)33 + and Fe(phen)22+ ions. T h e 
backward step of Reaction 17 was ignored because of 
the relatively h igh reducing power of Fe(phen)22+. It 
is reported that ill-defined red precipitates are formed 
in the system of bromate and ferroin of h igh concen-

Table 1. Rate Constants Used in This Studya) 

Reaction 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Forward 

2 M - 3 s - 1 

8X109M-2s-1 

SXlOeM-^s-1 

3000 M-is- 1 

42M- 2 s - 1 

107M-1s-1 

ôOOM^s-1 

80 M"1 s"1 

2 M"1 s"1 

W M - i s - 1 

7X10-5s-1 

7X10-5 s"1 

5 M"1 s"1 

WM-H-1 

2X105M-1s-1 

lOSM-^s-1 

4X104M-1s-1 

ôXlOeM-is"1 

ôXlOeM-is"1 

Backward 

3.2 M-
110 s-

- i s - i 
î 

— 
— 

4.2X107M-1s-1 

2.75X102M-1s-1 

100 M 

— 
— 

^ s - 1 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

Rate 

V6=k6 [Fe(phen)3
2+][Br02 • ] 

V7=h [Fe(phen)3
2+][HBr02] 

^8=^8 [Fe(phen)3
2+][HOBr] 

^i3=^i3 [Fe(phen)2
2+][Br03-] 

Ref. 

20 
20 
20 
20 
20 
14, 15 

— 
— 

4,26 
— 

2,24 
24 
21,23 
23,27 
23 
23 
28 

— 
— 

a) 1 M=l mol dm"3. 
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trations.4) In this study we regarded the red precipi­
tate as Fe(phen)2Br2 which is synthsized easily.25) 

Thus, we employed Reactions 18 and 19. The rate 
constants of Reactions 6—8, 10, and 13—19, and that 
of the backward step of Reaction 9 are unknown. 
The k-9 value was estimated on the basis of the kinetic 
data for the ferriin-I"-Br" system, reported by Ige et 
al.26) The magnitude of the rate constants of ki, ks, 
and &io were determined by trial and error, and possi­
ble values were employed as the other rate constants. 
The 11-variable rate equations generated from Reac­
tions 1 —19 were examined (11 variables: the concen­
trations of Br03", Br0 2 - , HBr02 , HOBr, Br2, Br", 
Fe(phen)3

2+, Fe(phen)3
3+, Fe(phen)22+, Fe(phen)23+, 

and Fe(phen)2Br+). In a CSTR mode, the terms 
ko(Coi-Ci) were added to the rate equations, where Ci 
and Coi are the concentrations of species i in the 
solution and in the feed flow, respectively, and ko is 
the reciprocal of the residence time. The state of the 
system in a CSTR is dependent on the constraints: 
[Br03-]o, [Br-]0, [H+]o, [Fe(phen)3

2+]o, and k0. The 
calculation of the steady states was performed by New­
ton's method. The stability of the steady states was 
surveyed by means of a linearized stability analysis. 
The temporal evolution of the system was determined 
by using Gear's method. 

Results and Discussion 

Reaction Behavior of a Bromate-Bromide-Ferroin 
System in a Batch Reactor. The temporal change of 
[Fe(phen)3

2+] in the oxidation of ferroin by bromate is 
shown in Fig. 1. The values of the rate constants of 
Reactions 7, 8, and 10 were determined so as to repro­
duce the oxidation curve of ferroin under the batch 
reactor condition ([Br"]i„=1.5X10-6 M, [BrO3-]in=0.01 
M: [H+]in=0.83 M, and [Fe(phen)3

2+]in=10-4 M, where 
the subscript, in, indicates the initial concentration of 
a species), reported by Kuhnert et al. and the bistable 
region obtained in the CSTR condition ([FbSO^o—0.1 
M, [Br03-]o=0.05 M, [Fe(phen)3

2+]o=10-3 M, [Br"]o=0 
M, and Äo^O.01 s-1), reported by Gâspâr et al.3»4) As 
shown in Fig. 1-a, the reaction network examined in 
this paper could reproduce the features (decomposi­
tion phase, autocatalytic phase, dependency of the 
induction period on [Br"]in and adrupt transition of 
the system from the autocatalytic phase to the final 
state) in the oxidation of ferroin by bromate. Figure 
1-b shows that the reaction behavior is also influenced 
by the initial concentration of bromate.# Though the 
decomposition phase was followed by the autocata­
lytic phase in the oxidation curve of ferroin when 
[Br03"]in equaled 2.4X10-3 M, there was no autocata­
lytic phase in the oxidation curve when [Br03"]in 

equaled 2.3X10-3 M This means that there is a 
threshold with regard to the initial concentration of 

>4" 
O 

+ 
en 

c 

CL 

0 A0 80 120 160 200 

Time / s 

# The small value of [Br ]m used in the calculations did not 
affect the results of calculations. 

400 800 

Time / s 

Fig. 1. Change of [Fe(phen)32+] in the oxidation of 
ferroin by bromate in a batch reactor. 
[Fe(phen)3

2+]in=10-4 M (1 M=l mol dm"3) and 
[H+]in=0.83 M. a: [BrO3"]in=0.01 M, and [Br"]in= 
10-12 M (1), 10-6 M (2), 5X10-6 M (3), and 1.5X10"5 

M (4). b: [Br-]in=10-12 M, and [BrO3-]in=5X10-3 M 
(1), 3X10-3 M (2), 2.4X10"3 M (3), 2.34X10"3 M (4), 
2.33X10-3 M (5), and 2.3X10"3 M (6). 
The dashed line represents the experimental result 
by Kuhnert et al.3) 

bromate and that the autocatalytic process proceeds 
when the [Br03"]in value is larger than the threshold. 
As shown in Fig. 2, the threshold of [Br03"]in was 
inversely proportional to the [H+] in value. The exis­
tence of the threshold of [Br03"]in and a similar depen­
dency of the threshold on [H+]in were observed in the 
oxidation of tris(2,2'-bipyridyl)iron(II), Fe(bpy)3

2+, by 
bromate.1) 

According to the reaction network tested in this 
study, the threshold of [Br03"]in in the batch reactor 
mode is generated due to competition between Reac­
tions 4 and 5 when the concentration of bromide is 
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low. The threshold, [BrÜ3 ]in(th), is represented by 
Eq. 25 on the basis of several assumptions (Appendix): 

[Br03-]in(th)=Ä4[HBr02]max/(fe[H+]) + AA, (25) 

where [HBr02]max is the maximum in the concentra­
tion of HBrÛ2, which is formed autocatalytically 
according to Reactions 5 and 6, and AA is the decrease 
in the concentration of bromate ([Br03~]in

—[BrC>3~]). 
Because the magnitude of AA is smaller than that of 
/u[HBr02]max/(fe[H+]) in Eq. 25, the threshold of 
[Br03"]in is inversely proportional to [H+], which is 

0.01 

•co 0.005 
o 

0.0 

decomposition 
phase 

+ 
autocatalytic 

phase 

decomposition 
phase 

JL 
0.0 0.5 1.0 

[ H + ] i n / M 

Fig. 2. Phase diagram in the oxidation of ferroin by 
bromate in a batch reactor. 
[Fe(phen)3

2+]in=10-4 M and [Br-]in=10-12 M. 

approximately equal to [H+]in. When [ B r C ^ - ] ^ 
[Br03_]in(th), the oxidation curve of ferroin deviates 
from its typical shape (4 and 5 in Fig. 1-b). In this 
case, it is thought that the decomposition and auto­
catalytic phases are not defined experimentally. Such 
an intermediate region is also observed in the oxida­
tion of Fe(bpy)32+ by bromate.1) When the [Br03"]in 
value is larger than the threshold and [Br-] is high, 
bromide is oxidized by bromate according to Reac­
tions 1—3. If [Br-] becomes sufficiently low, Reac­
tion 5 proceeds: The system goes from the decompo­
sition phase to the autocatalytic phase (Fig. 1-a). 

Reaction Behavior of a Bromate-Bromide-Ferroin 
System in a CSTR. Figure 3 shows the relationship 
between the value of [BrC>3"]o and the steady-state 
values of Fe(phen)3

3+ and Br" when [H+]o=0.2 M, 
[Fe(phen)3

2+]o=10-3 M, [Br"]0=0 M, and &o=0.01 s"1. 
If the concentration of BrC>3~ in the feed flow was low, 
the system stayed in SSI, which was a steady state 
characterized by a low concentration of Fe(phen)33+ 

and a high concentration of Br". On the other hand, 
when the concentration of BrC>3" in the feed flow was 
high, the system existed in SSII, which was a steady 
state characterized by a high concentration of 
Fe(phen)33+ and a low concentration of Br". Then, 
the system was bistable in the [BrC>3"]o range of 
0.0238—0.0817 M. Because the system in a steady 
state suddenly moved to the other steady state at a 
critical value of [BrC>3~]o, we obtained a hysteresis 
loop. The bistable region of the system exists in 
a five-dimensional space of [H+]o, [BrC>3~]o, 
[Fe(phen)32+]o, [Br"]o, and ko. Figure 4 shows the 
bistable region projected on the [Fe(phen)32+]o— 
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Fig. 3. Hysteresis of the bromate-bromide-ferroin system in a CSTR. 
[Fe(phen)3

2+]o=10-3 M, [Br"]0=0 M, [H+]o=0.2 M, and &0=0.01 s"1. 
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o 

-A -3 -2 -1 
log[Fe(phen)32+]0 

Fig. 4. Hysteresis limit of the bromate-bromide-fer-
roin system in a CSTR. 
[H+]o=0.2 M, [Br-]o=0 M, and Äo=0.01 s"1. 
The dashed line represents the experimental result 
by Gâspâr et al. ([H2S04]o=0.1 M, [Br_]o=0 M, and 
Äo=0.01 s"1).4) 

[Br03"]o subspace when [H + ] 0 =0.2 M, [Br"]0=0 M, 
and ko—0.01 s - 1 . T h e bistable region calculated is 
open. However, the region observed experimental ly 
is closed.4) 

According to the reaction network tested in this 
study, Reactions 6, 7, 11, and 13 are essential to the 
appearance of SSI under the C S T R condit ion that 
[Br~]o=0 M. O n the other hand, in SSII the autocata-
lytic formation of HBrÛ2, Reactions 5 and 6, is supe­
rior to Reaction 7. C o m p a r i n g the rates of Reactions 5 
and 7, 

^7/^5=(Ä7/fe){[Fe(phen)32+]/([H+][Br03-])}. (26) 

Equa t ion 26 suggests that the system exists in SSI 
when [Fe(phen)32+]o is h igh and that the system exists 
in SSII when [BrC>3"]o is high. Th i s is consistent 
wi th the behavior of the system, as shown in Figs. 3 
and 4. T h u s , the bistability of the system occurs in 
the region where Reactions 5 and 7 compete with each 
other. Under the C S T R condi t ion that [Br"]o=0 M, 
the competet ion between Reactions 3 and 5 does not 
occur because the [Br - ] value is small. Equa t ion 26 
also shows that the system can possess bistability, even 
when the [Fe(phen)32+]o value is large; the bistable 
region calculated is open. T h o u g h we expected that 
Reaction 10 would destroy the bistable structure in a 
h igh [Fe(phen)32+]o region, the reaction caused only 
the steady state value of SSII vary slightly. Moreover, 
we s imulated on the basis of the assumpt ion that the 
red precipi tate observed experimental ly was the ion 
pair of ferroin and Br3~ (Fe(phen)3(Br3)2).18'29) How-

\ 
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' oscillatory 
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[ B r O 3 " ] 0 / M 
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Time / s 

Fig. 5. Phase diagram and sustained oscillations of 
the bromate-bromide-ferroin system in a CSTR. 
[Fe(phen)3

2+]o=3X10-4 M, [H+]0=1.0 M, and'*o= 
0.01 s"1. 
a: monostability, b: bistablility, c: oscillation, and 
d: region having one stable and two unstable 
solutions. 
• : stable focus (node), O: unstable focus (node) and 
x: saddle point. 
The dashed line represents the experimental result 
by Gâspâr et al. ([Fe(phen)3

2+]o=3X10-4 M, 
[H2S04]o=0.5 M and Äo=0.01 s"1).4) 2: [Br03

_]o= 
0.15 M and [Br"]0=8.5X10-4 M. 

ever, we could not obtain a closed region of bistability. 
Figure 5 shows a phase d iagram of the system in the 

[Br0 3-]o-[Br-]o subspace when [Fe(phen)3
2 +]o=3X10-4 

M, [H + ]o= l M, and Ao=0.01 s - 1 and sustained oscilla­
tions under the CSTR condit ions ([Br03~]o=0.15 M, 
[Br-]0=8.5X10-4 M, [H+]o=l M, &o=0.01 s"1, and 
[Fe(phen)3

2 +]o=3X10-4 M). In Fig. 5 -1 , a, b , and c 
represent monostable, bistable, and oscillatory 
regions, respectively. T h e system was also monos ta­
ble in the region d, since the rate equat ions possessed 
one stable (SSI) and two unstable equ i l ib r ium solu­
tions in that region. T h e bistable and the oscillatory 
regions calculated in this study were in considerable 
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agreement with those obtained experimentally.4) 
T h i s may mean that the rate constants for Reactions 
1—5 are valid. T h e oscillatory state of this system 
was b rough t about owing to an unstabil ization of 
SSII. Therefore, the concentrat ion of ferriin oscil­
lated with a small ampl i tude a round the steady state 
value of Fe(phen)33+ . However, the ampl i tude of the 
oscillations observed experimental ly is large (more 
than 300 mV in Pt potential).4) 

T h e bistability in Fig. 5-1 occurs in the region 
where Reactions 3 and 5 compete with each other. 
T h e unstabil ization of SSII in regions c and d (Fig. 5-
1) may result from the backward step in Reaction 6, 
since the step is thought to be the only process having 
a possibility to destroy a stable SSII structure in the 
reaction network tested in this study. In a b romate -
bromide-cer ium(III ) system, the backward step of 
Reaction 27 plays an impor tan t role in generat ing the 
min ima l oscillations of the system:13'30) 

Ce3+ + Br02 • + H+ *± Ce4+ + HBr0 2 (27) 

and 

fc27=8X104 M-2S-1 and &-27=8.9X103 M^s" 1 . (28) 

T h e step is also the only process which can destroy a 
stable SSII structure in the FKN scheme. Because 
Reaction 27 is substantially reversible, the system 
exhibi t ing the oscillations is t hough t to be able to 
relax from SSII to SSI.20) O n the other hand, the 
equ i l ib r ium of Reaction 6 is shifted to the oxidized 
state Fe(phen)33 + due to the lower redox potent ial of 
ferroin/ferriin (1.06 V in 1 M H2SO4) than that of 
H B r 0 2 / ( B r 0 2 - + H + ) (1.33 V). T h i s may lead to the 
s i tuat ion that it is difficult for the b r o m a t e - b r o m i d e -
ferroin system to relax from SSII to SSI. We believe 
that oscillations with a small ampl i tude and h igh 
frequency obtained in this study is due to the reason 
ment ioned above. In order to reproduce oscillations 
wi th large ampl i tude in the bromate-bromide-fer ro in 
system, there should be a reduction process of ferriin 
in the reaction network.## Reaction 17 was not effec­
tive because of the low concentrat ion of Fe(phen)22+ . 
Reaction 29 was also not effective: 

Fe(phen)33+ + Fe(phen)2Br2 —» 
Fe(phen)3

2+ + Fe(phen)23+ + 2Br" (29) 

Birk and Kozub reported the occurrence of a layer of 
Fe(bpy)32+ a long the walls of a spectrophotometer 
cell in the oxidat ion of Fe(bpy)32+ by bromate.1) 
Melichercik and Tre indl observed an autoreduct ion of 
ferriin in an acidic medium.3 1) These puzzling 
p h e n o m e n a may play an impor tan t role in the 
bromate-bromide-ferroin system in a CSTR. 

Reactions 13—16, where bromate is reduced to 
b romine by Fe(phen)22+, were available for an accu­
mula t ion of bromide du r ing the init ial stage of the 

## In the ferroin-catalyzed BZ reaction, such a kind of 
process is the reduction of ferriin by an organic substrate. 

oxidat ion of ferroin by bromate; they were not effec­
tive for the appearance of SSI under the C S T R condi­
tion that [Br"]o=0 M. 

In this study, it is concluded that the behavior of the 
bromate-bromide-ferroin system in a batch reactor is 
thoroughly explained wi th in the framework of the 
FKN scheme. T h o u g h Reaction 7 in the reaction 
network tested here, which is u n k n o w n experimen­
tally, was effective on reproduc ing the bistability of 
the bromate-bromide-fer ro in system under the CSTR 
condit ion that bromide did not flow into a CSTR, 
other reactions should also be added to the FKN 
scheme in order to explain the puzzling observations 
of the bromate-bromide-fer ro in system in a CSTR. 

Appendix 

We consider the case that Reaction 4 is competitive with 
Reaction 30, which is based on a combination of Reactions 5 
and 6: 

Br03" + HBr0 2 + 3H+ + 2Fe(phen)3
2+ - • 

2HBr02 + 2Fe(phen)3
3+ + H 2 0 (30) 

We assume that the rate of Reaction 30 is represented by 

vao = h[H+] [HBr02] [BrOs-]. (31 ) 

If Reaction 30 is superior to Reaction 4, HBr02 is formed 
exponentially. Then the system comes to a final state 
where a major portion of ferroin is consumed; the concen­
tration of HBr0 2 reaches a maximum ([HBr02]max). We 
assume that Reaction 30 is superior to Reaction 4 under the 
condition that 

VZQ/VA>OL, (32) 

where VA—/u[HBr02]
2 and a is represented in terms of the 

contribution by various reactions. In this study, we assume 
that OL=\. Considering that [Br03"]=[Br03"]in—&A, we 
obtain the condition under which the system can go to the 
final state: 

[BrOsIn > /u[HBr02]max/(fc5[H+]) + AA. (33) 

Thus, the equation representing the threshold of the initial 
concentration of bromate is yielded as Eq. 25. 

T h e au thor would like to thank Dr. Vilmos Gâspâr 
for present ing Reprints of Lectures and Abstracts of 
Posters in Internat ional Conference on Dynamics of 
Exotic P h e n o m e n a in Chemistry for this work. 
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Catalytic Hydrogasification of a Carbon Material with Dodecacarbonyltriiron(O) 
and Iron(III) Nitrate: Effects on Surface Area, Pore Structure, 

and Hydrogen Adsorption 
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The catalysis of adsorbed dodecacarbonyltriiron(O) was used to develop the pore structure of a carbon 
through its partial gasification with hydrogen. The catalytic gasification at 500 °C increased the volumes of 
pores, in particular those of 3—5 nm in diameter. In contrast, such an effect was not observed when iron(III) 
nitrate was used as a catalyst. The adsorbability of hydrogen on carbon-supported iron particles obtained after 
gasification was examined by temperature-programed desorption (TPD). The TPD spectrum of hydrogen, in 
particluar, at temperatures above 200 °C, for a cluster-derived sample differed from that for a nitrate-derived 
sample. In addition, the apparent activation energy for the desorption of hydrogen in a low-temperature peak 
at around 90 °C for the former sample was larger than that for the latter. Heat treatments caused the TPD 
characteristics of the cluster-derived sample to become very similar to those of the nitrate-derived sample. 

Metal cluster c o m p o u n d s are an attractive precursor 
for suppor ted metal catalysts. T o prepare i r o n / 
carbon catalysts, some research groups have used iron 
carbonyl clusters and found interesting catalytic and 
adsorptive properties.1"10) Stevenson et al. showed 
that the thermal decomposi t ion of dodecacarbonyltri-
iron(0) adsorbed on a carbon suppor t yielded unusu­
ally finely dispersed i ron particles.1) These iron 
particles had a peculiar morphology and showed an 
unexpected behavior, like the formation of pentacar-
bonyliron(O) du r ing carbon monoxide adsorption.1 '2) 
Suzuki et al. used a few iron clusters as the precursor 
of a catalyst for coal gasification and noted their 
significance for p repa r ing such binary catalysts as 
iron-sodium.7 '8) Takahash i et al. noted the activity 
of i ron catalysts prepared from iron carbonyls as well 
as other organometal l ic compounds for the gasifica­
tion of carbons.9,10) 

T h e above-mentioned studies have aroused further 
interest in the catalysis of carbon-supported iron 
cluster compounds ; our effort was aimed at the cataly­
sis of dodecacarbonyltriiron(O) on a carbon material in 
the present work. T h e activity of the iron carbonyl 
for carbon gasification has been appl ied to the control 
of the pore structure of carbon by its part ial gasifica­
tion wi th hydrogen. In addit ion, the cluster-derived 
small metal l ic i ron particles obtained after the gasifi­
cation have been characterized by the temperature-
programed desorpt ion (TPD) of hydrogen, as well as 
X-ray photoelectron spectroscopy (XPS) and transmis­
sion electron microscopy (TEM). T o see the features 
of the tr i iron cluster, the results obtained for the 
cluster-derived samples were compared wi th those for 
samples prepared by a conventional method with 
iron(III) nitrate. 

Experimental 

Materials and Sample Preparation. The carbon material 
used was carbon black, Seast-3H, with an average particle 

size of 27 nm and a specific surface area of 75 m2 g_1 supplied 
by Tokai Carbon Co. Ltd. The carbon powder was heat 
treated under vacuum at 150 and 500 °C, in hydrogen at 
500 °C, and in steam (12 vol% in nitrogen) at 500 °C each for 
3 h to modify its surface; it was then impregnated with iron 
as follows. 

The dodecacarbonyltriiron(O) cluster was adsorbed on car­
bon powder from its hexane solution containing about 0.03 
wt% iron for the amount of iron loaded to be a few wt%. 
The carbon was soaked in the solution for several days until 
the color of the solution changed from deep green to clear. 
After filtration, carbon impregnated with dodecacarbonyl-
triiron(O) was dried at room temperature for a few days. All 
of these procedures were carried out in nitrogen in a glove 
box. The prepared samples were stored in the nitrogen 
atmosphere before gasification and characterization. 
These procedures were in accordance with those by 
Stevenson et al.1) The amounts of iron actually loaded 
were estimated from the ignition residues of carbon samples 
both with and without the iron carbonyl cluster. 

For a comparison, other iron/carbon samples were pre­
pared by conventional impregnation with iron(III) nitrate. 
The carbon powder was kept immersed overnight in its 
aqueous solution at room temperature and the nitrate was 
deposited on the surface of the carbon by evaporating the 
solvent at about 50 °C under reduced pressure for less than 1 
h. The loading of iron was fixed to 2 wt%, being smaller 
than that for the samples prepared by the iron carbonyl 
cluster because small iron particles would also be formed in 
the samples with iron(III) nitrate. For this method of 
metal impregnation, the amount actually loaded was in 
good agreement with the nominal value.11) 

Hydrogasification. The iron/carbon samples were 
gasified in flowing hydrogen at 65 ml min - 1 up to 500 °C in 
1 h and kept at this temperature for 3 h using a stainless-
steel reactor. To measure the weight loss during gasifica­
tion, the samples were also subjected to thermogravimetry in 
hydrogen and in helium under similar conditions with a 
quartz reactor. The catalytic weight loss was calculated by 
subtracting the weight loss observed in helium from that in 
hydrogen. 

Surface Area and Porosity. A nitrogen adsorption 
method was used to measure the surface area and pore 
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volume of the carbon materials both before and after the 
partial gasification. The samples were pretreated in flow­
ing nitrogen at 150 °C for 3 h and then subjected to measure­
ments with Shimadzu-Micromeritics Model 2400 and 2200 
apparatus. 

TPD of Hydrogen. TPD of hydrogen was used to exam­
ine the hydrogen adsorbability and the degree of metal 
dispersion for the carbon-supported iron samples after the 
gasification. Hydrogen was flowed through the sample 
bed (0.15 g) at 30 °C for a certain period of time, mainly 15 
min, and switched to argon, which was flowed for about 15 
min. Then, the adsorbed hydrogen was desorbed with 
argon at a flow rate of 30 ml min - 1 by heating the sample at 
30°Cmin_1. The maximum temperature of the heating 
was limited to 450 °C in order to avoid any sintering upon 
repeated measurements. For selected samples, the apparent 
activation energy for hydrogen desorption was determined 
by the method of heating-rate-variation in the range from 8 
to 90oCmin_1.12> It was calculated from the slopes of two 
semilogarithmic plots of \n(ß/Tp

2) vs. 1/TP and lnAfp vs. 
1/Tp, in which ß,Tp, and Np are heating rate, peak tempera­
ture, and peak height, respectively. The values of the two 
slopes were in agreement within 10% for each measurement. 
The apparatus and procedures used for the TPD were 
previously described in more detail.13) 

XPS and TEM. A Shimadzu ESCA-750 was used to 
examine the state of iron in the samples after gasification. 
The data for Fe 2p3/2 binding energy were charge-referenced 
to a C Is binding energy of 285 eV.14> The ratio of the Fe 
2p3/2 peak area to the C Is peak area was used to estimate the 
amount of iron atoms exposed in each sample examined. 
The size of iron particles obtained after gasification was 
examined by a Hitachi H-300 TEM. The detectable 
particle size was larger than 1—2 nm. 

Results 

Hydrogasification. Tab le 1 presents the results of 
catalytic gasification at 500 °C for 3 h, inc luding the 
measured amounts of i ron loaded from the iron 
carbonyl cluster. T h e rate of reaction was observed 
to decrease with time; the extent of gasification 
appeared to level off wi th in 3 h for all of the samples 

examined. T h e weight loss data given in Table 1 are 
the m a x i m u m (ceiling) values that can be at tained at 
500 °C. T h e weight loss observed for the samples 
with dodecacarbonyltriiron(O) is over 10%, being 
much larger than that for the samples with iron(III) 
nitrate, which could gasify only a few per cent of the 
carbon. T h e results indicated some influence of car­
bon pretreatments on the extent of gasification. 
Larger carbon conversions could be obtained for treat­
ments wi th hydrogen and steam. These pretreatment 
effects are in agreement wi th the previous results 
concerning the nickel-catalyzed gasification of a pi tch 
coke.15) 

Surface Area and Porosity. Table 2 shows the 
surface areas and pore volumes of the carbon samples 
before i ron loading and the i ron /carbon samples after 
gasification, indicat ing significant changes of samples 
with dodecacarbonyltriiron(O). T h e gasification 
resulted in increases in the surface area and pore 
volume by factors of 2.0—2.5 and 1.4—2.6, respec-

Table 2. Changes of Surface Area and Pore Volume 
with Hydrogasification at 500 °C 

Samplea) 

Original 
FC-1 
FC-2 
FC-3 
FC-4 
FN-1 
FN-2 

Surface 

before 

m 2 g - l 

75 
77 
88 
82 

393 
84 

263 

area 

after 

m2g-i 

77 
155 
170 
202 
442 
94 

263 

Pore vol 

before 

mlg"1 

— 
0.23 
0.37 
0.20 
0.65 
0.34 
0.37 

ume 

after 

mlg" 1 

— 
0.55 
0.50 
0.51 
0.81 
0.31 
0.31 

a) "Original" is the raw carbon black material and the 
abbreviations are the same as in Table 1. 

Note. The influence of pretreatments on carbon 
depended on the weight of the carbon sample used; the 
weights of the samples used for FC-4 and FN-2 were 
different and this resulted in differences of surface area 
and pore volume. 

Table 1. Weight Loss of Carbon on Catalytic Hydrogasification at 500 °C 

Pre treatment^ 

Atmosphere 

Vac 
Vac 
H2 

H 2 0 
H2 

H 2 0 

Temp 

°C 

150 
500 
500 
500 
500 
500 

Precursor 

Fe3(CO)i2 

Fe3(CO)i2 

Fe3(CO)i2 

Fe3(CO)i2 

Fe(NOs)3 

Fe(N03)s 

Immersion 
timeb) 

h 

92 
92 

115 
64 
43 
43 

Iron 
loadingc) 

wt% 

4.1 
3.2 
2.8 
3.5 
2.0 
2.0 

Weigh 

Wl 

wt% 

10.7 
13.5 
17.0 
18.2 
1.0 
2.7 

t lossd) 

W2 

wt%/mgFe 

2.6 
4.2 
6.1 
5.2 
0.5 
1.4 

Symbole) 

FC-1 
FC-2 
FC-3 
FC-4 
FN-1 
FN-2 

a) Performed for 3 h before the loading of metal, b) For Fe3(CO)i2 carbon black powder was 
immersed in the solution until its color changed to almost clear and for Fe(N03)3 it was 
immersed in the solution for a certain period of 43 h. c) Measured values for Fe3(CO)i2 and 
nominal values for Fe(N03)3. d) Due to the catalysis by Fe3(CO)i2 and Fe(N03)3. e) For the 
iron/carbon samples after the gasification; will be used in Tables 2 and 3 and Figures 1, 2, and 
3. 
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100 1000 
Diameter, D (Â) 

Too ; räöö" 
Diameter, D (Â) 

Fig. 1. Pore size distributions of carbons (broken 
lines) and iron/carbon samples (bold lines) after the 
gasification at 500 °C. (a): Samples prepared from 
dodecacarbonyltriiron(O), (b): those from iron(III) 
nitrate (the abbreviations are the same as in Table 
1). Fine lines indicate the differences in pore 
volumes between iron/carbon samples and carbons, 
showing the changes due to the catalytic gasifica­
tion. 

tively, for the carbons pretreated with hydrogen and 
under vacuum. It also increased the surface area and 
pore volume of carbon pretreated with steam, 
a l though it had a larger area and pore volume before 
gasification. In contrast, little change was observed 
for samples with iron(III) nitrate. 

T h e changes of pore size dis t r ibut ion of the carbons 
wi th the gasification are given in Fig. 1. Small pores 
grew in samples gasified by the iron carbonyl cluster; 
pore volumes of 3—5 n m in diameter were increased 
the most. For the samples with iron(III) nitrate, little 
change was observed for the hydrogen-pretreated 
carbon and a slight increase in the volume of pores 
smaller than 10 n m in diameter was observed for the 
steam-pretreated carbon. 

T P D of Hydrogen . T h e T P D spectra of hydrogen 
adsorbed on the i ron /carbon samples are shown in 
Fig. 2. T h e desorption peaks can be seen at about 
90 °C for all of the samples examined, irrespective of 
the precursor and carbon pretreatment. (This peak 
will be referred to as the low-temperature peak in the 
following.) However, the amoun t s of hydrogen 
which desorbed above 150°C were markedly different 
between the samples with dodecacarbonyltriiron(O) 
and iron(III) nitrate. Regarding the former samples, 
the desorbing amounts increased with the temperature 
while for the latter little desorption occurred u p to 
about 300 °C; the desorbing amoun t s then increased 
with the temperature above 300 °C, being even 
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Fig. 2. TPD spectra of hydrogen adsorbed on iron/ 
carbon samples (0.15 g) prepared with (a) dodeca-
carbonyltriiron(O) and (b) iron(III) nitrate (the 
abbreviations for the samples are the same as in 
Table 1). 
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Table 3. Apparent Activation Energy for the Desorption 
of Hydrogen in the Low-Temperature Peak 

Samplea) 

FC-1 
FC-3 
FC-4 
FN-1 
FN-2 

Activation energy 

kjmol"1 

37 (28)c) 

37 (27)c) 

36 (30)c) 

26 
27 

Coverageb) 

— 

0.72 
0.72 
0.74 
0.70 
0.58 

a) For abbreviations, see Table 1. b) Calculated by 
the ratio of amount of hydrogen desorbed for an 
adsorption time of 15 min to that of 90 min. 
c) Determined after subsequent heat treatments in 
flowing argon at 600, 650, and 700 °C for 1 h each. 

0 100 200 300 400 500 
Temperature CO 

Fig. 3. Influence of heat treatment on TPD spec­
tra of hydrogen for the three samples of (a) FC-3, (b) 
FC-4, and (c) FN-1 (for abbreviations, see Table 1). 
Heat treatments were made in flowing argon at 
temperatures given, un: Untreated. 

smaller than those for the former. Table 3 indicates 
the apparen t activation energy for the desorpt ion of 
hydrogen in the low-temperature peak when the 
adsorpt ion time was 15 min, giving similar ini t ial 

50 nm 

Fig. 4. Transmission electron microscope images of 
FC-3 (a) and FC-4 (b) samples after heat treatment 
at 700 °C and of FN-1 (c) sample before heat treat­
ment (for abbreviations, see Table 1 ). Arrows indi­
cate iron particles. 

coverages. T h e activation energies are different 
depending only on the precursor used; it is 37 k j m o l - 1 

for samples prepared with dodecacarbonyltriiron(O) 
being larger by about 10 k j mo l" 1 than those prepared 
with iron(III) nitrate. It is thus demonstrated that 
the hydrogen adsorbability of cluster-derived i r o n / 
carbon samples is markedly different from that of 
nitrate-derived samples. 

In addit ion, we examined the influence of a heat 
treatment on the T P D of hydrogen. T h e i r o n / 
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carbon samples were heated in flowing argon at 600, 
650, and 700 °C for 1 h each and then subjected to a 
TPD measurement after each step of heating. Figure 
3 shows typical TPD spectra for the cluster-derived 
samples after heat treatments. The amount of hydro­
gen desorbing at the temperatures examined, in par­
ticular above 150 °C, was decreased by the treatments. 
After being treated at 700 °C, the samples showed 
spectra that were very similar to those for the samples 
with iron(III) nitrate. The spectra for the nitrate-
derived samples were little influenced by the heat 
treatments. Table 3 also includes the activation 
energy for the cluster-derived samples after a treatment 
at 700 °C. The samples showed similar values of 
27—30 kjmol"1 , which were close to those for the 
nitrate-derived samples. It follows that the heat 
treatments caused the hydrogen adsorbability of the 
cluster-derived iron/carbon samples to become similar 
to that of the nitrate-derived samples. 

XPS and TEM. The state of iron in the samples 
after gasification was examined by XPS. No signifi­
cant difference in the Fe 2p3/2 binding energy could be 
detected between the samples prepared with dodeca-
carbonyltriiron(O) and iron(III) nitrate. The ratios of 
the peak area of Fe2p3/2 to that of C Is for the cluster-
derived samples were found to be larger than those for 
the nitrate-derived samples. This suggests that the 
former samples have more iron atoms exposed than do 
the latter, being in accordance with the above-
mentioned TPD results and TEM observations that it 
was impossible to see iron particles in the cluster-
derived samples. 

In addition, the XPS indicated that the heat treat­
ment of the cluster-derived samples at 700 °C decreased 
their peak area ratios of Fe2p3/2 to C Is by more than 
30%. Figure 4 shows TEM images of selected 
samples, demonstrating that the heat-treated cluster-
derived samples include iron particles comparable in 
size to those of the untreated nitrate-derived samples. 
That sintering took place with the heat treatment 
for the cluster-derived iron/carbon samples was 
shown by those results as well as the changes in the 
TPD spectra. 

Discussion 

The present results demonstrate that the carbon can 
be gasified by hydrogen with adsorbed dodecacarbo-
nyltriiron(O) and the gasification results in the devel­
opment of smaller pores. The hydrogen adsorbabil­
ity of the iron/carbon samples obtained after the 
gasification is markedly different from that of the 
samples prepared conventionally with iron(III) nitrate 
where the extent of gasification and the resulting 
change of porosity are even smaller compared with the 
cases for the iron carbonyl cluster. The following 
discussion will begin with the hydrogen adsorbability 
and then deal with gasification activity. 

The Hydrogen Adsorbability. The difference in 
the hydrogen adsorbability between the iron/carbon 
samples prepared with dodecacarbonyltriiron(O) and 
iron(III) nitrate may be due to a difference in the 
particle morphology that has recently been discussed 
by Stevenson and Dumesic.2) They reported that iron 
particles in the cluster-derived samples were even 
smaller, more spherical, and had more surface atoms 
being coordinately unsaturated, compared with con­
ventionally prepared samples with iron(III) nitrate. 

As shown in Fig. 2, the TPD spectrum for each 
cluster-derived sample has two regions that are below 
about 150°C (low-temperature peak) and at higher 
temperatures. Larger amounts of hydrogen desorbed 
at higher temperatures are a salient feature of the 
cluster-derived samples. Figure 5 shows plots of the 
amounts of hydrogen desorbed at temperatures up to 
450 °C and in the low-temperature peak against the 
product of the XPS intensity ratio of Fe2p3/2/C Is by 
the surface area of the sample. This product may be 
used as a measure of the amount of iron atoms 
exposed in unit weight of the samples. Figure 5(b) 
gives a relatively good correlation which includes the 
results for samples with the carbonyl cluster and the 
nitrate; Fig. 5(a) dose not. This suggests that all of 
the hydrogen dose not desorb from the surface of iron 
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Fig. 5. Plots of the amounts of hydrogen desorbed at 
temperatures up to 450 °C (a) and in the low 
temperature peak (b) against the product of XPS 
intensity ratio of Fe2p3/2/C Is by the BET specific 
surface area (SSA) for the iron/carbon samples pre­
pared with dodecacarbonyltriiron (0) (•) and 
iron(III) nitrate (O) after the hydrogasification at 
500 °C. Figures given refer to the kinds of the 
sample (see Table 1). 
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particles, although the total amount of hydrogen 
desorbed under the present conditions is rather 
smaller than expected from the amount of metal load­
ing and the high degree of metal dispersion. We 
assume that there occurs a hydrogen spillover from the 
iron particles onto the carbon support in our samples; 
hydrogen desorbed in the low-temperature peak is 
adsorbed by the particles and that desorbed at higher 
temperatures is spilt-over hydrogen. In the litera­
ture, hydrogen spillover was reported in many studies 
for carbon supports16"22) and others.23'24) 

From the present TPD data below 450 °C, the 
amount of spillover of hydrogen per unit weight of 
sample is about 5 nmolg"1 for the cluster-derived 
samples, depending little on the support used. Prob­
ably, hydrogen spillover occurs at similar rates for 
these samples and the number of acceptor sites on 
their carbon surfaces are enough for the amounts of 
spilt-over hydrogen under the present conditions. 
The amount of spillover of hydrogen per unit surface 
area of support is estimated to be 0.01—0.03 nmol m - 2 . 
Compared with these cluster-derived samples, the esti­
mated amounts of spillover of hydrogen are much 
smaller for the nitrate-derived samples. Hydrogen 
spillover would easily occur in samples prepared with 
dodecacarbonyltriiron(O), and their iron particles with 
the above-mentioned morphological characteristics 
may be favorable to this phenomenon. Figure 2(a) 
shows the differences in the TPD spectrum above 
300 °C among the cluster-derived samples. This 
might indicate the influence of the surface properties 
of the carbon support on the spillover of hydrogen. 
As for the hydrogen adsorption, further information 
will be obtained by additional studies under different 
adsorption conditions; further studies along this line 
are now in progress. 

When the cluster-derived iron/carbon samples were 
heat-treated, their TPD spectra and activation energies 
became very similar to those for the samples with 
iron(III) nitrate. These results indicate that the heat 
treatments cause some changes in the particle mor­
phology, the degree of iron dispersion, and/or the 
state of iron-carbon contact for the cluster-derived 
samples, in which very samll iron particles are 
probably easier to undergo such a change than 
larger particles in the nitrate-derived samples. It 
was proved by TEM and XPS that sintering occur­
red in the cluster-derived samples with the heat 
treatments. 

The Hydrogasification and the Development of 
Pores. Dodecacarbonyltriiron(O) is highly dispersed 
on the surface of carbon1) and it changes into small 
metallic iron particles during the heating in hydrogen 
up to the gasification temperature. The formed iron 
particles are also highly dispersed,1) and active for the 
hydrogasification. Not only the high degree of iron 
dispersion but also the ease of hydrogen spillover may 
be responsible for the high gasification activity in the 

cluster-derived samples. The important role of hy­
drogen spillover in the gasification of carbons was 
previously pointed out in several studies.18"22) In the 
present cases, the gasification results in the develop­
ment of pores, particularly, those of 3—5 nm in 
diameter. It is probable that the gasification occurs 
near the interfacial areas of carbon-iron particles; 
dissociatively adsorbed hydrogen atoms migrate from 
the particles onto these areas and react with the 
carbon, as discussed by Tomita and Tamai.19) Thus, 
one can suppose that the carbon near the iron particles 
would be gasified and pits would be formed near 
them, resulting in the development of pores. The 
sizes of developed pores, 3—5 nm in the present cases, 
are larger than the iron particles in the cluster-derived 
samples, for which neither such small particles nor 
larger ones could be detected with TEM. This might 
suggest that, compared with sizes of the iron particles 
present, larger carbon-particle interfacial areas are a 
reaction locus; in other words, hydrogen atoms would 
migrate on the carbon relatively long distance before 
the reaction. It is difficult at present to make any 
further detailed discussion about the mechanism 
of hydrogasification with dodecacarbonyltriiron(O); 
additional studies will be required for this. 

In contrast, iron(III) nitrate is less active in the 
gasification and little influences the porosity of 
carbon. These may be due to a lower degree of iron 
dispersion and the difficulty of hydrogen spillover, 
resulting possibly from the fact that the initial disper­
sion of iron precursors is lower and/or they are more 
difficult to reduce to metallic iron, compared with the 
cases of the iron carbonyl cluster. 

The authors wish to thank Dr. K. Torii of the 
Government Industrial Research Institute, Tohoku, 
for the measurement of porosity of carbon samples. 
They also thank Tokai Carbon Co. Ltd., Sendai, for 
supplying the carbon black sample. 
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Stereoselective Isomerization Reactions of the (Ethylenediamine-A^iV'-diacetato)-
(ethylenediamine)cobalt(III) and (Ethylenediamine-iV, iV'-diacetato)-

(glycinato)cobalt(III) Complexes in a Basic Aqueous Solution 

Hirosh i KAWAGUCHI,* N a o m i UCHIYAMA, T o m o h a r u AMA, and Takaj i YASUI 
Department of Chemistry, Faculty of Science, Kochi University, Akebono-cho, Kochi 780 

(Received June 27, 1990) 

Isomerization reactions of the [Co(edda)(en)]+ and [Co(edda)(gly)] systems were studied in a basic aqueous 
solution. A(R)-ß-[Co(edda)(en)]+ isomerized to the ^4(S,S)-û!-isomer with an optical purity (o.p.) of ca. 45%. 
In the reactions of three isomers of [Co(edda)(gly)], A(R)-ß-fac(ö) isomerized to A(R)-ß-mer(0) (o.p.: ca. 100%) 
and A(S,S)-a-mer(0) (o.p.: ca. 33%), A(R)-ß-mer(0) to A(R)-ß-fac(ö) (o.p.: ca. 65%) and A(S,S)-a-mer(0) (o.p.: 
ca. 40%), and A(S,S)-a-mer(0) to A(R)-ß-fac(0) (o.p.: ca. 50%) and A(R)-ß-mer(ö) (o.p.: ca. 60%). These results 
were explained on the basis of a Co-O bond-rupture mechanism. 

Over the last few years we have been investigating 
the coordinat ion site exchange reactions of cobalt(III) 
complexes con ta in ing the terdentate l igands such as 
edma, ida, and dien.1) T h e /ac-type isomers of [Co-
(edma)2]+ isomerized to other one with an inversion at 
one of the secondary ni t rogen (sec-N) centers of the 
coordinated edma ligands.2 ) In order to interpret the 
inversion-isomerization reaction, we proposed a bond-
rupture mechanism, as shown in Scheme 1: the coor­
d ina t ion site was exchanged between the sec-N and 
carboxylato oxygen (O) atoms; consequently, the 
asymmetry at the sec-N center was inverted. T h e 
stereoselective isomerization reactions of the [Co(ida)-
(edma)],3) [Co(mida)(edma)],4) and [Co(edma)(mdien)]2+ 5> 
systems were also explained by the same mechanism as 
that described above. It is interesting to study 
whether such a isomerization mechanism for terden­
tate complexes can also be applied to the isomerization 
reactions of quadr identa te complexes, such as [Co-
(edda)(en)]+ and [Co(edda)(gly)] (where edda denotes 
ethylenediamine-A^A^-diacetate dianion) . 

As shown in Fig. 1, [Co(edda)(en)]+ and [Co(edda)-
(gly)] provide two a n d three geometrical isomers, 
respectively. T h e sec-N atoms of the coordinated 
edda l igand are chiral centers. In the a-type isomers, 
the chiralities a round two sec-N atoms are restricted 
by the absolute conf igurat ion a round the Co(III) ion. 

Therefore, the possible configurations for the a-type 
isomer a re A(R,R) and A(S,S). (R and S denote the 
chiralities a round the asymmetric nitrogen.) In ß-
type isomers, the two sec-N atoms of the coordinated 
edda l igand are in different si tuations; one is in the in-
p lane glycinate r ing (with respect to the ethylenedi-
amine r ing of edda), and the other is in the out-of-
p lane glycinate r ing. T h e sec-N atom of the out-of-
p lane glycinate r ing is in the same situation as that in 
the case of the a-type isomer. Therefore, the chirality 
a round the sec-N atom is restricted by the absolute 
configurat ion a round the Co(III) ion. T h e sec-N 
a tom of the in-plane glycinate r ing, however, can 
adopt either of two possible chiralities (R or S). T h e 
possible configurations for [Co(edda)(en)]+ and [Co-
(edda)(gly)] are listed in Tab le 1, where the chirality 
a round the sec-N atom of the in-plane glycinate r ing 
is not taken into consideration. 

/ * 

(I ci 
N , N 0 

HN_ , H+ 

/ Co 
HN 

inversion 

Scheme 1. 

s~ 
fl Co /) 
M t\S 

a-mer(O) ß-fac(O) 

[Co(edda)Cgly)] 

ß-mer(O) 

Fig. 1. Possible geometrical isomers of [Co(ed-
da)(en)]+ and [Co(edda)(gly)]. 
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Table 1. Possible Configurations and CD Signs 
of [Co(edda)(en)]+ and [Co(edda)(gly)] 

Geometrical isomer Possible configuration and CD sign 

[Co(edda)(en)]+ 
a (+)C535-A(S,S) (-f5g-A(R,R) 
ß (+fm-A(R) (-)^s-A(S) 

[Co(edda)(gly)] 
a-mer(O) (+f543-A(S,S) (-f5f3-A(R,R) 
ß-mer(O) (+)C509-A(R) (-)soD9-^(S) 
ß-fac(O) (+)C522-A(R) (-)C522-A(S) 

All of the geometrical isomers of the [Co(edda)-
(en)]+ and [Co(edda)(gly)] complexes have been sepa­
rated and optically resolved.6~10) T h e absolute config­
ura t ions of a- and jß-[Co(edda)(en)]+ were assigned on 
the basis of CD data,8 9 ) and checked by a compar ison 
of CD data with those of a- and ß-[Co(edda)(#-pn)] + 

of which the absolute configurat ions were deter­
mined.1 1 _ 1 3 ) T h e absolute configurat ions of three 
geometrical isomers of [Co(edda)(gly)] were assigned 
on the basis of the CD spectral patterns.10) An addi­
t ional check of the assignment was performed us ing 
the *H N M R data of these isomers conta in ing optically 
active edda ( - O C O - C * H D - N H - C H 2 - C H 2 - N H - C * H D -
C O O " ; Chiralities a round C* atoms are R configura­
tion).14) T h e isomerization reaction of racemic ß-
[Co(edda)(en)]+ has been studied in a carbonate buff­
ered solution, and a Co-N(en) bond- rupture mecha­
n ism has been proposed.15 '16) We also presented pre­
l iminary results concerning the reactivities of the 
optically active [Co(edda)(en)]+ and [Co(edda)(gly)] 
complexes.17) In this paper we describe a detailed 
study of the isomerization reactions of these optically 
active complexes. 

Experimental 

Complexes. (-)^-J(Ä,Ä)-a-[Co(edda)(en)]N03 • H 2 0 and 
(+)48r^(Ä)-ß-[Co(edda)(en)]Cl • 3H20. These complexes 
were prepared by the use of a different method from those 
described in the literature.7-8) 

To a solution (50 cm3) containing 2.91 g (0.01 mol) of 
Co(N03)2-6H20 and 1.76 g (0.01 mol) of ethylenediamine-
AW-diacetic acid (JH^edda), 7.6 cm3 of a 10% ethylenedi-
amine aqueous solution was slowly added; the mixed solu­
tion was then adjusted to pH 6 with 1 M HCl (M=mol dm -3). 
The pH being kept constant at 6, 4.78 g of PbÜ2 was stirred 
into the solution in small portions at 60 °C over a 1 h period. 
After the mixture was cooled to room temperature, insoluble 
materials were removed by filtration. The filtrate was 
chromatographed on an SP-Sephadex C-25 column (4.7 
cmX90 cm, K+ form) using 0.2 M KCl as an eluent. Each 
eluate of purple and red bands was concentrated under 
reduced pressure; methanol was then added into the concen­
trated solution in order to eliminate KCl. Chloride salts of 
a- and ß-[Co(edda)(en)]+ were obtained from desalted pur­
ple and red solutions, respectively. These isomers were 
recrystallized from water by adding methanol. 

Optical resolutions of a- and ß-[Co(edda)(en)]Cl were 

carried out according to methods described in the litera­
ture.8-9) Found for (-)£§>-<* isomer: C, 25.96; H, 5.51; N, 
18.79%. Calcd for [Co(edda)(en)]N03 • F^C^Cs^oNsOsCo: 
C, 25.75; H, 5.40; N, 18.77%. Found for (+)c

4?3-0 isomer: C, 
25.34; H, 6.47; N, 14.65%. Calcd for [Co(edda)(en)]Cl • 
3H20=C8H24N407ClCo: C, 25.11; H, 6.32; N, 14.64%. 

(+)%&-A(R)-ß-Mer(OHCo(edd<i)(gly)l (+)%g-A(S,S)-a-Mer-
(0)-[Co(edda)(gly)]-H20, and (+)g2

D
2-A(R.yß-Fac(Ö)-[Co-

(edda) (gly)] • H2O: Though the preparation and resolution 
of three geometrical isomers of [Co(edda)(gly)] have been 
reported in the literature,9-10) ß-mer(O) prepared by a method 
described in the literature10) tends to include a-mer(O) as a 
contaminant. Therefore, the following method was used. 

A solution containing 1.76 g (0.01 mol) of IHbedda, 0.75 g 
(0.01 mol) of Hgly, and 2.38 g (0.01 mol) of C0CI2 • 6H2O in 
50 cm3 of water was adjusted to pH 5 with a 1 M NaOH 
solution. The pH being kept constant at 5, PbÜ2 (7 g) was 
stirred into the solution at 40 °C. After 1 h, insoluble 
materials were removed by filtration. The filtrate was 
poured onto an SP-Sephadex column (10 cmX25 cm, K+ 

form) and eluted with water. Cationic complexes were 
adsorbed on the top of the column and anionic complexes 
were eluted prior to neutral complexes. The band contain­
ing neutral complexes was transferred to another SP-
Sephadex column (4.7 cmX90 cm, K+ form). By development 
with water, the band was separated into two parts: dark 
purple (a mixture of a-mer(O) and ß-mer(O)) and pink (ß-
fac(O)). The dark purple band was transferred to a QAE-
Sephadex column (4.7 cmX90 cm, CI" form) and separated 
into two parts, violet (a-mer(O)) and brown (ß-mer(O)), by a 
recyclic development with water. The eluates of the three 
bands (pink, brown, and violet) were directly used for opti­
cal resolution. 

The violet (a-mer(O)) solution was concentrated to ca. 50 
cm3 under reduced pressure and repeatedly developed on a 
QAE-Sephadex column (4.7 cmX90 cm, Sb2(tart)2

2- form), 
by which means (+)s?3- (earlier eluate) and (—^-violet 
(later eluate) bands were separated. Each solution eluted 
from the two bands was concentrated under reduced pres­
sure; ethanol was then added to the concentrated solution in 
order to obtain crystals. Recrystallization was carried out 
from water by adding ethanol. 

The brown (ß-mer(O)) and pink (ß-fac(O)) solutions were 
also chromatographed on a QAE-Sephadex column 
(Sb2(tart)22- form) and optically resolved. The optically 
active isomers were crystallized in a similar manner as 
described above. In the chromatography of the brown 
solution,, the adsorbed band was not completely separated 
into two bands upon recyclic development over several days; 
the head ((+)so>

9-brown) and tail ((—)^9-brown) parts of the 
broadened band were thus fractionally collected to obtain 
optically active isomers. In the chromatography of the 
pink solution, (+)522-pink band was eluted earlier. The 
absorption and CD data of the three geometrical isomers are 
shown in Fig. 2 and Table 2. Found for (+f5%9-ß-mer(0): 
C, 31.15; H, 4.68; N, 13.39%. Calcd for [Co(edda)(gly)]= 
CSHMNSOGCO: C, 31.28; H, 4.59; N, 13.68%. Found for 
(+f£3-a-mer(0): C, 29.61; H, 5.05; N, 12.82%, and for (+f5g-
ß-fac(O): C, 29.29; H, 5.04; N, 12.65%. Calcd for [Co(edda)-
(gly)] • H20=C8Hi6N307Co: C, 29.55; H, 4.96, N, 12.92%. 

Isomerization. y4(Ä)-0-[Co(edda)(en)]Cl • 3H20: All of 
the chemicals used were of a reagent grade, and deionized 
water was degassed before use. This isomer (0.300 g) was 
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Table 2. Absorption (AB) and CD Spectral Data 
of [Co(edda)(gly)] 

Isomer AB(£)/nm CD(A£)/nm 

A(S,S)-a-mer(0) 

A(R)-ß-fac(0) 

A(R)-ß-mer(0) 

543(89) 
ca. 470 sh 
372(111) 

519(239) 
374(173) 

ca. 580 sh 
493(144) 
370(172) 

543(+4.73) 
464(-1.95) 
384(+0.33) 
350(+0.26) 
522(+1.52) 
410(+0.056) 
368(-0.80) 
597(-0.13) 
509(+2.71) 
363(-1.20) 

2 0 0 

1 00 h 

- 2 h 
4 0 0 5 0 0 6 0 0 

1/nm 

Fig. 2. Absorption and CD spectra of [Co(ed-
da)(gly)]: A(S,S)-a-mer(0) ( ), A(R)-ß-mer(0) 
( ), and A(R)-ß-fac(0) ( ). 

dissolved in 100 cm3 of water in a reaction vessel kept in a 
thermostated bath at 40.0 °C. The reaction was started by 
stirring 100 cm3 of a buffer solution [Na2CO3(2.2012 g)-
NaHCO3(0.6792 g)] previously kept at 40.0 °C into the reac­
tion vessel. The reaction conditions were as follows: Com­
plex concentration, 3.90X10"3 M; pH, 10.30+0.02; tempera­
ture, 40.0+0.1 °C. The temperature and pH of the reaction 
solution were checked with a thermistor thermometer 
(Takara D221) and a pH meter (Toa TSC-10A), respectively, 
throughout the kinetic run. 

At prescribed time intervals, 20 cm3 of the reaction solu­
tion was taken out and acidified to pH 5 with 1 M HCl in 
order to stop the reaction. The acidified solution was 

poured onto an SP-Sephadex C-25 column (2.7 cmX40 cm, 
K+ form) and developed with 0.2 M KCl. The adsorbed 
band was separated into two bands: purple (a) and red (ß). 
Each of the eluates was concentrated under reduced pressure 
to a constant volume (50.0 or 20.0 cm3) and used for the 
measurements of the absorption and CD spectra. These 
spectra were recorded by a JASCO UVIDEC-670 spectropho­
tometer and a JASCO J-22 spectropolarimeter, respectively. 
The amounts and optical purities were calculated based on 
the following data: 

A(R)-ß: Amax(e), 493 nm (170); Àext(As), 483 nm (+2.24). 

A(S,S)-a: /Lax(£), 529 nm (87.3); Aext(Ae), 535 nm (+4.46). 

Three Isomers of [Co(edda)(gly)]: The isomerization 
reaction of each isomer was carried out by a procedure 
similar to that used for ß-[Co(edda)(en)]+. The reaction 
conditions were as follows. For A(R)-ß-fac(0): Complex 
concentration, 3.08X10"3 M; pH, 10.30+0.02; temperature, 
40.0+0.1 °C. For A(R)-ß-mer(ö): Complex concentration, 
3.26X10"3 M; pH, 10.28+0.02; temperature, 40.0+0.1 °C. 
For A(S,S)-a-mer(0): Complex concentration, 2.64X10-3 M; 
pH, 10.28+0.02; temperature, 40.0+0.1 °C. 

The aliquot (40.0 cm3) of the reaction solution, which was 
taken out at prescribed time intervals, was acidified to pH 5 
in order to stop the reaction, and then concentrated to 20— 
10 cm3 under reduced pressure at ca. 35 °C. The concen­
trated solution was chromatographed on a QAE-Sephadex 
column (3.0 cmX70 cm, CI" form) using water as an eluent; 
two bands of el 1 (a mixture of a-mer(O) and ß-mer(O)) and 
el 2 (ß-fac(O)) were separated. The two eluates were col­
lected separately and concentrated to appropriate constant 
volumes. The amount and optical purity of each isomer 
were determined from absorption and CD data. The 
amounts and optical purities of two isomers in el 1 were 
estimated from binary-curve analyses of the absorption and 
CD spectra. In these curve analyses, the spectral data at 20 
points in the visible region were used; the analyses were 
carried out on an NEC PC-9801F computer using a least-
squares method. 

In weakly acidic and neutral solutions at room tempera­
ture, the absorption and CD spectral changes of all the 
isomers were very slow. Therefore, the progress of the 
isomerization reaction during such procedures as chromato­
graphic separation and concentration under reduced pres­
sure was ignored. 

Results and Discussion 

Base-Catalyzed Isomerization Reaction. A(R)-ß-
[Co(edda)(en)]+: T h e isomerization reaction of A(R)-ß 
was followed under the condit ions of p H 10.30 and 
40.0 °C. Table 3 shows the change in the propor t ions 
of the s tar t ing material and product together wi th the 
enant iomer ic excess percentage of each isomer. 
T h r o u g h o u t the reaction, no other products were 
detected by the present experimental method. T h e 
p ropor t ion of the start ing material (A(R)-ß) decreased 
more rapidly compared wi th the decrease-rate of its 
optical puri ty. Th i s fact means that the racemization 
of A(R)-ß is very slow. (Under the condit ions of p H 
10.20 and 40.0 °C, the absorpt ion and CD spectra of 
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Table 3. The Proportions and Optical Purities 
of the Starting Material and Product 

in the Isomerization Reaction 
of jß-[Co(edda)(en)]+ 
(40.0°C, pH 10.30) 

t Isomer proportion (Optical purity/%) 

A(R)-ß A(S,S)-a 

2 
6 

12 
20 
30 
48 

0.99(99) 
0.95(96) 
0.87(94) 
0.75(90) 
0.63(85) 
0.46(77) 

0.01(36) 
0.05(45) 
0.13(46) 
0.25(45) 
0.37(45) 
0.54(42) 

/ co \/j 
N •— I T 

A(R)-& 

N — N 

Co-N(en) bond-rupture 

-IK 

/N-IA-O 
l/\ Co \/J 

A ( R ) - 3 

^ 
-N' 

N 

A(R,R)-a 

ruptured intermediate has been proposed.15 '16) Th i s 
mechanism can be used to interpret the A(R)-ß-+ 
A(R,R)-a change (Scheme 2), but can not be used 
regarding the present A(R)-ß-^A(S,S)-a change (major 
path) . One migh t consider a possible twist mecha­
nism. Molecular models indicate that twisting 
a round three of four axses perpendicular to the trian­
gular faces of this octahedral complex (imaginary C3) 
is possible. However, these three twistings lead A(R)-ß 
to A(R,R)-OL and A(S)-ß (Scheme 2); the present major 
pa th of A(R)-ß-+A(S,S)-a can not also be explained on 
the basis of this mechanism. 

For the isomerization oiA(R)-ß, we propose the C o -
O bond-rupture mechanism shown in Scheme 3. 
When a bond- rupture occurs between the Co(III) ion 
and the O a tom of the out-of-plane glycinate r ing in 
the coordinated edda, the vacant posit ion in the inter­
mediate is occupied by the ne ighbor ing sec-N of the 
edda l igand while accompanying a concurrent shift of 
the "bond- rup tured O " a tom to the posi t ion vacated 
by the sec-N atom (1 of Scheme 3). T h i s pa th is 
similar to that proposed for the isomerization of Co-
edma complexes,2~5) and rationalizes the major reac­
tion from A(R)-ß to A(S,S)-a. When a bond-rupture 
occurs between the Co(III) ion and the O atom of the 
in-plane glycinate r ing, the sec-N atom of the edda 
l igand can not occupy the vacant posit ion in the 
intermediate. In this case, the vacant posi t ion in the 
intermediate may be occupied by the N atom of the en 
l igand while mov ing of the "bond-ruptured O " atom 
to the posi t ion originally occupied by the N(en) atom, 
as shown in 2 of Scheme 3. T h e experimental results 
for the isomerization reaction of A(R)-ß may be 
explained by the s imul taneous occurence of the two 
paths in Scheme 3, where pa th of 1 is the major one. 

A(R)-ß-Fac(0)-[Co(edda)(g\y)]: T h e isomerization 
reaction of A(R)-ß-fac(0) was carried out in a carbon­
ate buffer (pH 10.30) at 40.0 °C. T h e changes in the 
propor t ions of the start ing material and products are 
listed in Tab le 4, together wi th an enantiomeric excess 
percentage of each isomer. In this reaction, A(R)-ß-

twist 

Scheme 2. 

A ( S ) - 3 

A(S,S)-a were almost constant over 50 h, indicat ing 
that the racemization and isomerization of A(S,S)-a 
may be ignored under the present reaction condi­
tions.) T h e optical pur i ty of A(S,S)-a formed from 
A(R)-ß was nearly constant (ca. 45%) th roughou t the 
present reaction (48 h). Accordingly, it is thought 
that A(R)-ß isomerizes to A(S,S)- and A(R,R)-a wi th a 
constant ratio (73 : 27). 

For the isomerization of racemic ß-[Co(edda)(en)]+ , 
a mechanism occur ing th rough a Co-N(en) bond-

N 

0 — l - W 1 fl—\ -N 
/ CO \ / 0 — » / Co ) 

0—N. 

A(S ,S ) -« 

N r— IK 0 \ 1 IK 

^ - N N 

A(R,R)-a 

Scheme 3. 
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Table 4. The Proportions and Optical Purities 
of the Starting Materials and Products 

in the Isomerization Reaction 
of [Co(edda)(gly)] 

(40.0 °C) 

(i) A(R)-ß-fac(0) (pH 10.30) 
t Isomer proportion (Optical purity/%) 

h 

0.5 
2 
3 
4 
6 
9 

t 

h 

A(R)-ß-fac(ö) 

0.88(95) 
0.63(90) 
0.54(90) 
0.46(88) 
0.33(79) 
0.23(63) 

A(R)-ß-mer(0) 

0.09(99) 
0.20(93) 
0.21(86) 
0.20(85) 
0.17(75) 
0.16(54) 

(ii) A(R)-ß-mer(0) (pH 10.28) 

A(S,S)-a-mer(0) 

0.03(29) 
0.17(34) 
0.25(32) 
0.34(32) 
0.50(29) 
0.61(26) 

Isomer proportion (Optical purity/%) 

A(R)-ß-mer(0) 

0.167 0.93(98) 
0.5 
1 
3 
6 

t 

h 

1 
3 
6 

24 
36 

0.75(97) 
0.55(94) 
0.22(75) 
0.20(36) 

A(R)-ß-fac(ö) 

0.03(65) 
0.08(64) 
0.14(66) 
0.20(67) 
0.17(47) 

(iii) A(S,S)-a-mer(0) (pH 10.28) 

A(S,S)-a-mer(0) 

0.04(39) 
0.17(37) 
0.31(36) 
0.58(33) 
0.63(33) 

Isomer proportion (Optical purity/%) 

A(S,S)-a-mer(0) A(R)-ß-fac(ö) 

0.96(97) 
0.88(88) 
0.84(72) 
0.81(18) 
0.81(7.0) 

0.05(50) 
0.07(31) 
0.09(18) 
0.09(4.7) 

A(R)-ß-mer(0) 

0.04(61) 
0.09(58) 
0.10(51) 
0.10(11) 
0.10(6.1) 

mer(O) and A(S,S)-a-mer(0) were simultaneously 
formed. Throughout the reaction, no other products 
were detected by the present experimental method. 
The A(S,S)-a-mer(0) increased in amount with the 
passage of time and was a major species after a pro­
longed reaction time. The amount of A(R)-ß-mer{0) 
was maximal at about 3 h after the reaction start; 
thereafter, it decreased. During the initial stage of 
the reaction, A(R)-ß-mer(0) formed from A(R)-ß-
fac(O) retained an optical purity of about 100%. The 
path of A(R)-ß-fac(0)->A(R)-ß-mer(0) is thus highly 
stereoselective. However, the A(S,S)-a-mer(0) formed 
in the same reaction showed a low optical purity (ca. 
33%). It is thought that A(R)-ß-fac(0) isomerizes to 
A(S,S)- and A(R,R)-a-mer(0) at a ratio of ca. 67:33. 
The gradual decrease in the optical purity of each 
isomer with the passage of time may be attributed to 
reverse isomerization from A(S,S)-a-mer(0) with a low 
optical purity to ß-mer(O) and ß-fac(O) (vide post). 

The isomerization reaction oiA(R)-ß-fac(0), as well 
as that of y4(i?)-/?-[Co(edda)(en)]+, can not explain by a 
twist mechanism; the possible twisting around 
imaginary-C3 axes leads A(R)-ß-fac(ö) to A(R,R)-a-
mer(O), A(S)-ß-fac(0), and A(S)-ß-mer(0). If the iso­
merization reaction of A(R)-ß-fac(0) proceeds accord­
ing to the Co-O bond-rupture mechanism, three paths 

/A 
/ Co \ / o -

1 0— N 
—> / Co / / 

N 1— CK 

A(S,S)-a-mer(0) 

4\ 
N r—JK 

0 — N / " " N \ 

/—lA-o 2 /N—A-
» / CO \/l > l/\ CO 1 / VJ (J 

A(R)-ß-fac(0) 

"-tr" 
A(R,R)-a-mer(0) 

Scheme 4. 

may be expected, as shown in Scheme 4. The paths 
of 1 and 2 in Scheme 4 are the same as those proposed 
for the isomerization of ß-[Co(edda)(en)]+. Path 3 in 
Scheme 4 is proposed on the basis of the assumption 
that the reaction proceeds by a bond-rupture between 
the Co(III) ion and the O atom of the coordinated 
glycinate ligand. In this case, the donor atom, which 
can shift to the vacant position in the intermediate, is 
only the N atom of the glycinate ligand; the positions 
of the O and N atoms in the coordinated glycinate 
ligand exchange with each other. The experimental 
results described above, namely the simultaneous for­
mation of A(S,S)-a-mer(0) with a low optical purity 
and A(R)-ß-mer(0) are well explained by the simul­
taneous occurence of three paths in Scheme 4, where 
path 2 is the minor one. 

A(R)-ß-Mer(0)-[Co(edda)(gly)]: The isomerization 
reaction of A(R)-ß-mer(0) was also carried out in a 
carbonate buffer (pH 10.28) at 40.0 °C; the data are 
listed in Table 4. The isomerzation reaction of A(R)-
ß-mer(O) is faster than the reactions of other isomers. 
During the initial stage of the reaction, the A(R)-ß-
fac(O) formed from A(R)-ß-mer(0) showed an optical 
purity of about 65%, indicating that the path was 
stereoselective. The A(S,S)-a-mer(0) formed in the 
same reaction, however, showed a low optical purity 
(below 40%). 

The isomerization of A(R)-ß-mer{0) can also be 
explained in a manner similar to that for the isomeri­
zation of A(R)-ß-fac(0), as shown in Scheme 5.18) 

The A(R)-ß-mer(0)—*A(S,S)-a-mer(0) change with an 
accompanying inversion at the sec-N center of the 
coordinated edda ligand is interpreted by the path of 1. 
It may be attributed to the contribution of the paths of 
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,0——Y7 
/ Co 1 / 0 -0 »/ 

r 
/ CO V 

0 — Nv 

1 0— N 

A(S,S)-a-mer(0) 

0 
U IK 

- /TB"'0 2 'A-+-V* 
V N 

A(R)-3-mer(0) 

vT 
' A(R,R)-a-mer(0) 

\ ! N 

*NN 'NN 

/ Co \/j > / Co \/J 
L - , NK N , NK N-

0 — N 
T - r vi 

A(R)-s-fac(0) 

Scheme 5. 

2 and 3 that the optical puri ty of A(S,S)-a-mer(0) 
formed from A(R)-ß-mer(0) is low, even du r ing the 
init ial stage of the reaction. T h e A(R)-ß-mer(0)-^> 
A(R)-ß-fac(0) change indicates a coordinat ion site 
exchange between the O and N atoms of the coordi­
nated glycinate l igand. T h i s change can be 
explained by the pa th of 4 in Scheme 5. However, 
the fact that the optical puri ty of A(R)-ß-fac(ö) 
formed from A(R)-ß-mer(0) is ca. 65%, even in the 
init ial stage of the reaction, probably indicates the 
presence of another pa th which is not shown in 
Scheme 5. 

yl(S,S)-a-Mer(0)-[Co(edda)(gly)]: T h e isomeriza-
tion data of A(S,S)-a-mer(0) are also listed in Tab le 4. 
In the init ial stage of the reaction, A(R)-ß-mer(0) and 
A(R)-ß-fac(0), which were formed from A(S,S)-a-
mer(O), showed optical purit ies of about 60 and 50%, 
respectively. These isomerization paths are, thus, 
stereoselective to a certain extent. However, the opti­
cal purit ies of these two products and the star t ing 
material decreased with the passage of time. T h e 
results may be at tr ibuted to the reversible reactions 
between A(S,S)-a-mer(0) and A(R)-ß-mer{0) or A(R)-
ß-fac(O), where the stereoselectivity is not so h igh 
(Table 4). At times beyond 24 h, the propor t ions of 
the start ing material and products are constant. T h i s 
fact indicates that the reaction attains equ i l ib r ium, 
where a-mer(O) is more stable than ß-mer(O) and ß-
fac(O). (At 36 h after the reaction start, by-products 
were observed in a slight a m o u n t on the chromatogra­
ph ic separation.) 

In order to interpret these experimental results, the 
same idea as described in the preceding section was 
applied.1 9 ) T h e expected paths are shown in Scheme 
6. T h e isomerizations to A(R)-ß-mer{0) and A(R)-ß-

,0— N 2 
/ C O / \ 
I | ' 0 

Vr"y 

A(R)-ß-mer(0) 

r\ -N 

0—\ N 

vT 
A(S,S)-a-mer(0)' 

0 — N 

N 3 N — 

• / Co / / 

A(S)-ß-fac(0) 

0 

-N 
-* / Co /j > / Co /) 

4 A(R)-ß-fac(0) 

N-

0— N 5 , r , 
/ Co /) — > l/\ Co / ; 
' I (K 0 \ I 0 y 

0-—N N 

ACS)-ß-mer(O) 

Scheme 6. 

fac(O), which accompany the inversion at the sec-N 
a tom in the coordinated edda l igand, are explained by 
the paths of 1 and 3 in Scheme 6, respectively. In 
addit ion, the fact that the optical purit ies of the A(R)-
ß-mer(O) and A(R)-ß-fac(0) formed from A(S,S)-a-
mer(O) are 60 and 50% respectively indicates that the 
isomerizations via the paths 2, 4, and 5 also occur, 
even though they are minor paths.2 0 ) 

In order to interpret the isomerization reactions of 
[Co(edda)(en)]+ and [Co(edda)(gly)], the C o - O bond-
rup ture mechanism was proposed. In addit ion, it 
was assumed that the Co-O(edda) bond-rupture 
occurred more easily in the out-of-plane glycinate r ing 
than in the in-plane glycinate r ing, even though the a-
type isomers were more stable compared with the ß-
type isomers. In the [Co(edta)]~ complex, the two 
glycinate r ings in the plane of the diamine r ing are 
considerably more strained than the out-of-plane gly­
cinate rings.21) Complexes of the type [Co(edta)X]"~ 
or [Co(Hedta)X]m~ where edta acts as a qu inqueden-
tate l igand, have also been reported.22) In these com­
plexes, X occupies the posi t ion lying in the p lane of 
the d iamine r ing. Therefore, in the replacement 
reaction of [Co(edta)]~ by ethylenediamine, Busch et 
al. proposed a mechanism in which the O atom of in-
p lane glycinate r ing is first replaced by an N(en) 
atom.23) However, it is difficult to estimate the reac­
tivity of Co-edda complexes from the properties of Co-
edta complexes. 
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Through the solvent extraction of copper(II) with the three isomeric chlorobenzoic acids in 1-octanol, it has 
been shown that the entrance of chloro substituent into the three positions in the benzene ring of benzoic acid 
results in an individuality in the extraction behavior for copper(II). The dimeric copper(II) chlorobenzoates 
CU2A4 and Cu2A4(HA)2 were responsible for the extraction with m-chlorobenzoic acid together with the 
monomer Q1A2, while only the monomeric species Q1A2 was extracted with o- and p-chlorobenzoic acids. The 
entrance of chloro group into the ortho position in benzoic acid was found to result in a lowering of both the 
partition constants of o-chlorobenzoic acid itself and its copper(II) compound. That into the para position has 
led to a significant decrease in the solubilities of the para isomer and its copper(II) compound in both aqueous 
and octanol phases. 

In a series of investigations on the extraction of 
copper(II) with a variety of a l iphat ic carboxylic 
acids,1_6) it has been shown that the formation of 
dimeric copper(II) carboxylates is one of impor tan t 
factors in the extraction of copper(II) wi th carboxylic 
acids. In the extraction systems with benzoic acid, in 
which no formation of dimeric copper(II) species was 
observed to any appreciable extent, it was suggested 
that the monomer ic copper(II) species cannot be 
extracted into nonsolvat ing solvents such as benzene, 
but in solvating solvents such as 1-octanol, the solva­
tion of the monomeric copper(II) species by some 
solvent molecules makes possible the extraction of 
copper(II).7) 

In the previous investigation on the extraction of 
copper(II) with toluic acids, it has been found that the 
in t roduct ion of methyl substi tuent at the o- and m-
posi t ions in benzoic acid has enable the formation of 
the dimeric copper(II) species, and leads to the 
enhancement of the extractability.8) O n the other 
hand, in the extraction of copper(II) with p- toluic 
acid, the emuls ion was observed in the region where 
the percent extraction of coppper(II) exceeds 30%. 
T h i s is anticipated to result from the p ronounced 
decrease in the solubility of p- toluic acid in both water 
and 1-octanol. 

In this paper, we deal with the extraction of cop-
per(II) with o-, m-, and ^-chlorobenzoic acids in 1-
octanol. 

Experimental 

Reagents, o-, m-, and p-Chlorobenzoic Acids: Com­
mercial chlorobenzoic acids(purity: over 99%) were dissolved 
in purified 1-octanol. Copper(II) Perchlorate, sodium 
Perchlorate and 1-octanol were prepared by the same 
methods as employed previously.2* All other reagents were 
reagent grade and used without further purification. 

Procedure. Partition was performed at a total copper 
concentration of 5X10"3 mol dm - 3 and chlorobenzoic acid 

concentration of 0.3—0.7 mol dm - 3 for ortho-isomer, 0.3— 
0.9 mol dm - 3 for meta-isomer, and 0.05—0.12 mol dm - 3 for 
para-isomer, respectively. Partition and pH measurement 
were carried out in a bath thermostated at 25.0+0.2 °C. 
Ionic strength of the aqueous phase was adjusted to 0.1 
mol dm - 3 with sodium Perchlorate. Shaking for about 1 h 
was found to be sufficient for complete equilibration. The 
concentrations of copper(II) and hydrogen ions in the aque­
ous phase were determined by the same methods as 
employed previously.7* The dissociation constants of chlo­
robenzoic acids were potentiometrically estimated. In the 
estimation of the partition constants of o-, m-, and p-
chlorobenzoic acids between 0.1 mol dm - 3 perchloric acid 
and 1-octanol, the individual absorption maxima at 280, 
283, and 241 nm corresponding to each acid were used for 
the determination of the concentrations of the acids in the 
aqueous phase. 

Apparatus. The apparatus for mechanical shaking in a 
thermostat, centrifugation, pH measurements, and spectro-
photometric determinations were the same as employed 
previously.7* 

Results and Discussion 

Partition of Chlorobenzoic Acids. T h e dissocia­
tion constants of o-, m-, and ^-chlorobenzoic acids, 
which were potentiometrically determined at the ionic 
strength of 0.1 mol d m - 3 (NaC104), are summarized in 
Table 1. These values are in agreement with those in 
the literature9) with m a k i n g activity coefficient 
corrections. 

T h r o u g h the par t i t ion of the chlorobenzoic acids 
between 1-octanol and 0.1 mol d m - 3 perchloric acid, 
in which the dissociation of the chlorobenzoic acids 
can be neglected, it was recognized that the dimeriza-
tion of the respective acids in 1-octanol does not occur 
to any appreciable extent and that the distr ibution 
ratio of each acid is equal to its par t i t ion constant. 
T h e par t i t ion constants obtained are listed in Table 1. 

In the present extraction systems, the concentrat ion 
of the monomer ic chlorobenzoic acid in 1-octanol 
phase can be calculated by the following expression: 
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Table 1. Extraction of Cu(II) with Aromatic Carboxylic Acids 

Acids p#a log^D.HA log^ ex(10) log# e x (20) log# e x (22) ^ D . H A / ^ 

o-Chlorobenzoic acid 
m-Chlorobenzoic acid 
p-Chlorobenzoic acid 
Benzoic acida) 

o-Toluic acidb) 

m-Toluic acid 
p-Toluic acidb) 

2.74 
3.66 
3.95 
4.04 
3.73 
4.09 
4.21 

2.07 
2.65 
2.67 
1.88 
2.21 
2.41 
2.33 

-6.75 
-7.03 
-7.15 
-7.70 
-7.84 
-7.84 
-7.84 

-12.20 

-12.84 
-13.15 

-12.04 
6.5X104 

2.0X106 

4.2X106 

9.1X105 

8.7X105 

3.2X106 

3.5X106 

Solvent: l-Octanol. o-Chlorobenzoic acid: logßi=0.16 and logß2=1.88 in the aqueous phase. 
a): Ref. 7. b): Ref. 8. 

[HA]o = 
KD,HACHA 

KD,HA^~ 1 "I"" 
£. 

(1) 

[H+] 

where Ka, KD.HA, [HA]0 , and CHA denote the dissocia­
tion constant , the par t i t ion constant, the monomer 
concentrat ion in the organic phase, and the total 
concentrat ion of each acid, respectively. From the 
results for ra-, and p-chlorobenzoic acids shown in 
Table 1, it has been found that the concentrat ion of 
the monomer ic acid in 1-octanol phase can be approx­
imated by the total concentrat ion of the respective 
acids under the present extraction condit ions: 
C H A = 0 . 3 mol d m - 3 ( - log[H+]=3.7—4.3) , 0.5 (3.4— 

3.7), 0.6 (3.4—3.8), 0.7 (3.3—3.8), and 0.9 (3.2—3.6) for 
m-chlorobenzoic acid, and 0.05 (4.0—4.6), 0.063 (4.0— 
4.5), 0.1 (3.7—4.3), and 0.125 (3.8—4.3) for p-
chlorobenzoic acid. O n the other hand, as shown in 
Table 1, the dissociation constant of o-chlorobenzoic 
acid in the aqueous solut ion is much greater than that 
of the other isomers, and the par t i t ion constant of the 
former is lower than that of the latter. According to 
Eq. 1, the concentrat ion of the monomer ic o-
chlorobenzoic acid in 1-octanol phase has been found 
to vary with the hydrogen ion concentrat ion in the 
aqueous phase under the present extraction condi­
tions: C H A = 0 . 3 mol d m - 3 ( - log[H+]=3.7—4.5) , 0.5 
(3.5—4.2), and 0.7 (3.3—4.0). 

Extraction of Copper(II) with Chlorobenzoic Acids. 
Analysis of Extraction Equilibrium: If the /-merized 
copper(II) species CuyA2j(HA)fl is presumed to be 
extracted as an extracted species, the following equil i ­
b r ium is set u p between the organic and aqueous 
phases: 

yCu2+ + (2j+a)(HA)0 ^ (CuyA2y(HA)fl)o + 2;H+, 

wi th the extraction constant: 

Kvx\ 

[Cu;A2;(HA)fl]o[H+p 
0") - (2) 

[Cu2+p[HA]o(2'+rt: 

and the total concentrat ion of copper(II) in the 
organic phase can be represented as Eq. 3: 

Cc = Wir...,,,rr.i i2+i;rH+ 22Äx(;«)[Cu2+p[H+]-^[HA]o(2^fl), (3) 

where / i^ l , ai^O, both j and a are integers, and the 
subscript o refers to the organic phase. 

T h e total concentrat ion of copper(II) in the aque­
ous phase can be expressed as: Ccu.w—[Cu2+]acu, where 
acu denotes the side-reaction coefficient of copper(II) 
in the aqueous phase. 

Suppose that only Cu/A2/(HA)fl is responsible for 
the extraction, the following expression can be 
obtained from Eq. 3: 

log Ccu,o = ./(log Ccu,w—21og [H+]—log aCu) 

+ (2/+a)log [HA]o + log; + log KvM]a). (4) 

-2.5h 

O 
O 
cn 
O 

-3 .0h 

logCCuw-2logCH+D 

Fig. 1. Determination of the degree of polymerization of the 
extracted species. 
HA: o-chlorobenzoic acid. CHA; NO. 1:0.7, No. 2:0.5, and No. 
3:0.3moldm-3 . 
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l o g L C u 2 + D - 2 l o g C H + D 

Fig. 2. Determination of the degree of polymerization of the 
extracted species. 
HA: m-chlorobenzoic acid. C»A; No. 1 :0.9, No. 2:0.7, No. 
3 :0.6, No. 4:0.5, and No. 5:0.3 mol dm"3. 

D 
O 

(J 
o 

l o g C C u 2 + D - 2 l o g C H + D 

Fig. 3. Determination of the degree of polymeriza­
tion of the extracted species. 
HA: /?-chlorobenzoic acid. CHA; NO. 1:0.125, No. 
2:0.1, No. 3:0.063, and No. 4:0.05 mol dm"3. 
Solid lines are the straight ones with slope of 1.0. 

If the concentrat ion in the aqueous phase occupied by 
the copper(II) species other than Cu 2 + ion can be 
neglected compared with copper(II) ion concentra­
tion, that is, acu—1, the degree of polymerization of the 
extracted species can be found from the slope of the 
plot of logCcu.o against (logCcu,w_21og[H+]) at con­
stant [HA]0 . T h e results are represented in Figs. 1, 2, 
and 3 for o-, m-, and p-chlorobenzoic acids, respec­
tively. In Fig. 2, the slope of the plots shows the 
values ranging from 1.1 to 1.3. It is sugggested that 
the polymeric copper(II) species is responsible for the 
extraction with m-chlorobenzoic acid together with 
the monomer ic one. T h e plots in Fig. 3 fall on a 
straight line with slope of 1.0. T h e n , only the mono­
meric copper(II) species was expected to be responsi­

ble for the extraction with p-chlorobenzoic acid. In 
contrast wi th the plots in Figs. 2 and 3, those in Fig. 1 
draw convex arcs. As stated above, the concentrat ion 
of the monomer ic o-chlorobenzoic acid in 1-octanol 
phase varies with the hydrogen ion concentration in 
the aqueous phase under the present extraction condi­
tions. Therefore, in this case it is convenient to 
introduce the following expression instead of Eq. 4: 

log Ccu,o - a\og [HA]o=/(log CCu,w-21og [H+]+21og [HA]G) 

+ l o g j + l o g Kex(ja)-j\og «Cu- (5) 

J u d g i n g from the coordinat ion number of copper, the 
value of "a" can be expected to be 0, 1, or 2. Figure 4 
illustrates the plots of (log Ccu.o -alog[HA]0 for a=0, 1, 
and 2) vs. ( logCCu,w-21og[H+]+21og[HA]0) on the 
basis of Eq. 5 under the condit ions: C H A = 0 . 3 , 0.5, 
and 0.7 mol d m - 3 . As shown in Fig. 4, the relation 
based on Eq. 5 can be set u p only in the case of 
a=0, irrespective of the total concentrat ion of o-
chlorobenzoic acid, and the plots are found to be the 
curve with slope of less than unity. These informa­
tions suggest that the monomer ic species Q1A2 can be 
estimated as an extracted species, that is, a=0 and / = 1, 
and the side-reaction of copper(II) ion with o-
chlorobenzoate an ion in the aqueous phase influences 
the extraction equi l ib r ium on this extraction system. 
Then , the side-reaction coefficient of copper(II) ion 
with o-chlorobenzoate an ion in the aqueous phase can 
be represented as follows: 

acu(A-)=l+'j8i[A-] + j82[A-p, (6) 

where j3i, ßi, and A" denote the over-all formation 
constants (0 i=[CuA+]/ [Cu 2 + ] [A-] and /32=[CuA2]/ 
[Cu2+][A~]2) and o-chlorobenzoate an ion in the aque­
ous phase. J u d g i n g from the results obtained, the 
following expression can be derived from Eqs. 5 and 6: 
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A 5 

logC C u w - 2logCH+D + 2logCIHAJc 

Fig. 4. Determination of the degree of polymeriza­
tion and the number of o-chlorobenzoic acid mole­
cules involved in the extracted species. 
Symbols are as follows: circles: a=0, CHA; O: 0.3, CD: 
0.5, and • : 0.7 mol dm - 3 , triangles: a=l, CHA; A: 
0.3, A: 0.5, and A: 0.7 mol dm -3 , and squares: a=2, 
CHA; • : 0.3, 0 : 0.5, and • : 0.7 mol dm"3, 
respectively. 

Ccu,o-1Ccu,w[H+]-2[HA]o2 = £ex(i<»-H- ß itfexaof1 [A"] 

+ /32£ex(10f1[A-]2, (7) 

where £ex(io) denotes the extraction constant of CuA2. 
T h e values of the left-hand side of Eq. 7 are related to 
the second order with respect to [A"]. T h e n , we can 
evaluate the constants, KeX(io)f ßi, and ßi by adjust ing 
to obtain the best fit between the observed values and 
the calculated curve on the basis of Eq. 7. T h e results 
are demonstrated in Fig. 5, and the extraction and 
over-all formation constants were calculated by the 
least-squares method as follows: log £ex(io)=—6.75, 
logß i=0 .76 , and log ßi—1.88, respectively. Accord­
ing to the resul t ing informations for o-chlorobenzoic 
acid, the following equa t ion can be derived from 
Eq. 5: 

log Ccu,o - 21og [HA]o = log Ccu.w - 21og [H+] - log acu(A-) 

+ log£ex(10). (8) 

Consequently, the plots of (logCcu,0—21og[HA]0) 

CD 
i 
O 

n 
< 
X 
LJ 

CM 
I 
n 
+ 
X 
LJ 

\ 
D 

O 
O 
I 

o 
O 

CA"D 

Fig. 5. Estimation of the extraction and over-all for­
mation constants in the o-chlorobenzoic acid 
systems. 
Solid line is the calculated curve of the second order 
with respect to [A -], and is illustrated as smooth as 
possible to find the values of KCX(io)t j3i, and /?2 by the 
least-squares method. Symbols are the same as in 
Fig. 4. 

Fig. 6. The validity of the corrections by cosidering 
the side-reaction coefficient on the basis of Eq. 8 in 
the o-chlorobenzoic acid systems. 
Solid line is the straight one with slope of 1.0 and 
intercept of log#ex(io) (-6.75). Symbols are the 
same as in Fig. 4. 
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logCCu2+D - 2 l o g C H + J 

Fig. 7. The identification of the degree of polymerization of copper(II) 
m-chlorobenzoates. 
Curves are the normalized ones, log(l+X) vs. logX. Dotted straight 
lines are the asymptotes of the respective normalized curves. 
Numbers are the same as in Fig. 2. 

against (logCcu.w—21og[H+]-logacu(A-)) should fall 
on the straight l ine with slope of unity and intercept 
of log^ex(io)——6.75. As expected, the calculated l ine 
according to Eq. 8 has proved to be in good agreement 
with the observed values (Fig. 6). 

In the extraction system with m-chlorobenzoic acid, 
both the monomer ic and dimeric copper(II) species 
have been suggested to be extracted, as shown in Fig. 
2. T h e following expression can be obtained on the 
assumpt ion that CuA2(HA)a and Cu2A4(HA)fc are 
responsible for the extraction: 

log Ccu,o-log [Cu2+] + 21og [H+] = (2+a)log [HA]G 

+ log£(.x(l«) + log 1 + 
2KCX(2b) 

Kvx{\a) 
[HA], (2+b-a)\ [Cu2+][H+]-

(9) 

where Kvx(\a) and Kex(2b) represent the extraction con­
stants of the monomer and dimer, respectively. As 
reported previously,2 '38) it was confirmed that the 
monomeric and dimeric copper(II) species were respon­
sible for the extraction wi th m-chlorobenzoic acid, by 
fitting the plots of ( logCcu , 0 - log[Cu 2 + ]+21og[H + ] ) 
vs. ( l o g [ C u 2 + ] - 2 1 o g [ H + ] ) at constant [HA] 0 to the 
normalized curve, l o g ( l + X ) vs. logX. As shown in 
Fig. 7, both the monomer and dimer copper(II) species 
were found to be extracted by m-chlorobenzoic acid 
under the present extraction condit ions. 

In the region where the monomer prevails, that is, 
in the region on the straight line asymptotes with 
slope of zero in Fig. 7, the following relation can be 
obtained from Eq. 3: 

+ 
X 
LJ 

o 
CM 

+ 
n 
+ 
o 
Ü 
o 
I 

D 

o 
o 

o 

logCHAIL 

of Fig. 8. Determination of the number ot m-
chlorobenzoic acid molecules involved in the 
monomeric and dimeric copper(II) species, 
respectively. 
Solid and dotted lines are the straight ones with 
slope of 2.0 and 4.5, respectively. 
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log Ccu,o - log [Cu2+] + 21og[H+] = 

log2(^x(ia)[HAy2+f l)). (10) 

According to this equat ion , the number of the acid 
molecules involved in the monomer ic copper(II) 
species can be estimated from the slope of the plots of 
( logCcu,o- log[Cu 2 + ]+21og[H+]) vs. log[HA]o. As 
can be seen from Fig. 8, the plots fall on a straight line 
with slope of 2.0, that is, a=0. Then , the monomer is 
found to be CuA2. In addition, the extraction 
constant of CuA2 can be estimated from the intercept 
of the plots: log KeX(io)=—7.03. 

In the region where the plots in Fig. 7 fall on the 
straight l ine asymptotes wi th slope of unity, that is, 
[CuA2]o<C22[Cu2A4(HA)fc]o, the following expression 

can be derived from Eq. 3: 

log Ccu,o - 2(log [Cu2+]-21og [H+]) = 

log2S(^x(2^)[HAy4+fe)). (H) 

We can determine the number of the acid molecules 
involved in the dimer from the slope of the plots of the 
values of left-hand side of Eq. 11 against log[HA] 0 . 
T h e results in Fig. 8 suggest that two dimeric cop-
per(II) species are at least responsible for the extrac­
tion and one of them is certainly Cu2A4(fr=0). If the 
other is Cu2A4(HA)& (b^\), the fol lowing expression 
can be obtained: 

log Ccu,o - 2(log [Cu2+]-21og [H+]) - 41og [HA]Q 

K?x{2b) 
= log 1 + 

KCx(20) 

" [ H A ] o è + l o g 2 + log£ex(20). (12) 

+ 
X 
LJ 
cn 
o 

+ 
n 
+ 

CM 
D 

CJ 
l_J 

cn 
o 

CNI 
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o 
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cn 
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< 
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LJ 
cn 
o 
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-12 

logCHADo 

Fig. 9. Determination of the number of m-
chlorobenzoic acid molecules involved in the 
dimeric copper(II) m-chlorobenzoates by the curve-
fitting method. 
Solid curve is the normalized one, log(l+X2) vs. 
log X. Dotted lines are the asymptotes of the nor­
malized curve. 

O n the basis of this equat ion, by fitting the plots of 
the left-hand side of Eq. 12 vs. l og [HA] 0 to the 
normalized curves, l o g ( l + X n ) vs. l ogX, we can evalu­
ated the composi t ion of the other dimer and the 
extraction constants of the two dimers. As shown in 
Fig. 9, the plots fit well wi th the normalized curve 
with n=2. T h e n , the other dimer is found to be 
Cu2A4(HA)2, that is, b=2, and both the extraction 
constants of CU2A4 and Cu2A4(HA)2 were obtained as 
listed in Table 1. 

In the extraction with p-chlorobenzoic acid, the 
extraction equi l ib r ium was evaluated under the condi­
tions where the emulsion does not appear. In Fig. 3, 
only the monomer ic copper(II) species was shown to 
be extracted in this system. Then , the composi t ion 
and extraction constant of the monomer can be esti­
mated from the slope and intercept of the plots of 
( logCcu,o-log[Cu 2 +]+21og[H+]) against log[HA] 0 . 
From Fig. 10, the monomer ic species was found to be 
Q1A2 with log Kcx(io)=—7.15. 

Consequently, the extraction equi l ibr ia for the 
chlorobenzoic acids systems can be summarized as 
follows: 

Kcx(lO) 

-o-chlorobenzoic acid-

Cu2+ + 2(HA)o ïï=î (CuA2)o + 2H+ 

In this extraction system, the concentrat ion of C u A + 

Fig. 10. Determination of the number of p-
chlorobenzoic acid molecules involved in the 
monomeric copper(II) species. 
Solid line is the straight one with slope of 2.0. 
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and CuA2 species in the aqueous phase cannot be 
neglected compared wi th the concentrat ion of Cu 2 + 

ion in the aqueous phase. Then , the par t i t ion ratio 
of copper(II) is expressed as follows: 

D = [CuA2]o/([Cu2+] + [CuA+] + [CuA2]w) 

= ^ex(io)[HA]o2[H+]-2acu(A-r1. (13) 

-m-chlorobenzoic acid-

Cu2+ + 2(HA)o ^ = ^ (CuA2)o + 2H+ 

2Cu2+ + 4(HA)o 7=± (Cu2A4)o + 4H+ 
Kcx(22) 

2Cu2+ + 6(HA)o 7 = 1 (Cu2A4(HA)2)o + 4H+ 

-p-chlorobenzoic acid-
Kex(lO) 

Cu2+ + 2(HA)0 7 = t (CuA2)o + 2H+. 

T h e emuls ion appeared in the region where the 
percent extract ion of copper(II) exceeds about 3.0%, as 
well as in p- toluic acid system. 

Extraction Constant and Four Equilibrium Con­
stants: Each of the three posit ions of subst i tut ion 
in the benzene r ing was found to have a clear 
individuali ty. 

An anomalous extraction behavior of copper(II) o-
chlorobenzoate shown in Fig. 1 can be at tr ibuted to an 
abnormal ly low par t i t ion constant of the monomer ic 
Cu(II)-o-chlorobenzoate, Q1A2, which can be esti­
mated in the manner described below. 

T h e extraction constant of CuA2 can be formulated 
by the four equ i l ib r ium constants as follows: 

Kex(10, = KlXCuMKlXHA-2ß2Ka*, (14) 

where £D,CUA2 denotes the par t i t ion constant of Q1A2 
between water and 1-octanol. By subst i tut ing the 
values of £D,HA, ßi, and Ka, which were obtained in the 
present study, into Eq. 14, the par t i t ion constant of 
&1A2 was calculated as: log#D,CuA2

=0.99. T h i s value 
is m u c h smaller than that approximated by the 
relation between the par t i t ion constants of the extract­
ing agent and extracted c o m p o u n d as follows: 
£D,MA„=#D,HAn-1 0 ) It is satisfactory to consider that a 
lowering of the par t i t ion constant of CuA2 can be 
caused by the hydrat ion of the extracted copper(II) 
species, CuA2. 

T h i s can be at t r ibutable to the steric characteristic 
of o-chlorobenzoic acid, in which the chloro-group is 
adjacent to the carboxyl-one. J u d g i n g from Eq. 14, 
the extraction constant becomes greater as #D,CUA2, jfo, 
and Ka become greater and KD,HA becomes smaller. 
But, in generali the value of #D,CUA2 varies in propor­
tion to £D,HA and the value of ß2{—K\K2) can be 
expected to become smaller as Ka becomes greater by 
the linear free energy relat ionship (LFER). T h a t is 
to say, the two sets of these constants in Eq. 14 have 
proved to be compensated each other. T h e n , it is 
impossible to assess the extractability of the extracting 
agent from only the individual values of these 

constants. 
In the useful extraction system, the concentrat ion of 

an extract ing agent in the organic phase, [HA] 0 can be 
generally approximated to its total concentrat ion, CHA 
under the appropr ia te extraction condit ions. T h e n , 
under these condit ions, [A"] is shown to be negligibly 
low compared with the total concentrat ion, CHA. An 
increase in [A~] should be essentially favorable for 
extract ing a metal ion, since it facilitates the forma­
tion of the extracted species. O n the other hand, it 
results in an increase in CKM(A-) and leads to a lowering 
of the par t i t ion ratio of copper(II), as can be seen from 
Eqs. 6 and 13. Therefore, the extracting agent an ion 
is required to a concentrat ion low enough to avoid 
this lowering of the par t i t ion rat io of copper(II). In 
the present extraction systems, the concentrat ion of 
chlorobenzoate anion, [A"] can be calculated by Eq. 
15, provided the concentrat ion of chlorobenzoic acid is 
m u c h h igher than the copper(II) concentration. 

CHA 

[A-] = — ^ • (15) 

1+ (£D,HA+1) 
Ka 

According to Eq 15, the value of ^ D , H A / ^ 3 must be 
sufficiently large in order that the concentrat ion of A" 
an ion , t hough dependent on a hydrogen ion concen­
trat ion in the aqueous phase, can be mainta ined at a 
low enough . T h e values of KD&A/KZ for mono-
substi tuted benzoic acids are given in Table 1 together 
wi th the other constants. T h e value of o-
chlorobenzoic acid is significantly small compared 
wi th the other acids. T h i s is expected to result in a 
lowering of the extractability of o-chlorobenzoic acid. 
As expected, the results are shown in Fig. 1. Then , 
the value of ^ D . H A / ^ for an extracting agent is antici­
pated to be one of guides to its extractability. 

Irrespective of the large ^ D . H A / ^ value, the applica­
t ion of ^-chlorobenzoic acid to solvent extraction of 
copper(II) should be restricted to the lower range of 
copper(II) concentration, owing to the poor solubility 
of £>-chlorobenzoic acid and its copper c o m p o u n d in 
bo th the aqueous and 1-octanol phases as well as in 
the systems of p- toluic acid. 

In addi t ion to the value of ^ D . H A / ^ , the dimeriza-
t ion of the extracted species is also an impor tant factor 
for the extraction of copper(II) carboxylates. In the 
present extraction systems, the dimeric copper(II) 
chlorobenzoates were found to be extracted only in the 
m-chlorobenzoic acid system. T h e extractability for 
this extraction system is also enhanced by the forma­
tion of another dimer involving two molecules of m-
chlorobenzoic acid. 

T h e similarity of the extraction behavior in the 
chlorobenzoic acid systems to that in the toluic acid 
systems for meta and para isomers can be attr ibuted 
the fact that both the chloro and methyl substituents 
have the same positive mesomeric effects on the ben-
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zene r ing, though opposi te in the inductive effects, 
where the former is negative and the latter positive. 
O n the other hand, the remarkable differences in the 
extraction equi l ib r ium between o-chloro- and o-
methyl-isomers can be reduced to the fact that in the 
former the chloro-group just adjacent to the carboxyl-
one has the coordinat ing ability, though the methyl-
g roup has not, th rough a lone pair of electrons. 
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Restricted Rotation Involving the Tetrahedral Carbon. LX. /?^ri-Substituent 
Effect on the Rotational Barrier of the 9-Methyl Group in 

Several Triptycene Derivatives^ 
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Dynamic 1H NMR study was made on several 1-substituted 8,13-dichloro-9-methyltriptycenes and 8-chloro-
13-fluoro-9-methyltriptycenes to examine the effect of the p^n-substituents on the rotational barrier of the 9-
methyl group. The rotational barrier height increases in the expected order as the 1-hydrogen is replaced by a 
bulkier group up to CH3, but shows a very low value when a £-butyl group is introduced into 1-position to show 
that destabilization of the ground state by the bulky £-butyl group exceeds that of the transition state for 
rotation. 

In 1973, we reported the first observation of re­
stricted rotat ion of a methyl g roup by dynamic N M R 
spectroscopy:2a) the 9-methyl p ro ton signal in 1,2,3,4, 
5,6,7,8-octachloro-9-methyltriptycene (1) comprised a 
two-proton doublet and a one-proton triplet at —72 °C, 
which coalesced in to a singlet at a higher temperature, 
the l ineshape analysis affording a value of 13.5 
kcal mol" 1 (1 cal th=4.184 J) as the enthalpy of activa­
tion for the internal rota t ion of the 9-methyl group. 

Subsequently we studied the rotat ional barriers of 
several 9-methyltriptycene derivatives with various 
substituents at p m - p o s i t i o n s of the triptycene ske­
leton. 3> A m o n g several in t r igu ing features, a h igher 
barrier was suggested for l ,4-dimethoxy-9-methyl-
triptycene (2) than for 1,4,9-trimethyltriptycene (3). 
Th i s seemed to contradict the prediction from the 
generally accepted order of the bulkiness of the 
groups, CH3>OCH3. We offered a hypothesis that 
gearing of the 1- and 9-methyl groups migh t be 
responsible for the low barrier in 3, which suffered 
some criticism.4) T h e inference, however, was some­
what inconclusive because the slow exchange l imit 
spectra were not observed for these compounds and 
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^ ^ z 
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z z 
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CI 
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CH3 
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H 
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R = H 

Cl 
H 
H 
Cl 
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the a rgument was made on the basis of the signal 
widths.3 ) 

Later, we showed definite experimental evidence 
that in singly pm-subs t i tu t ed 9-(l , l-dimethyl-2-
phenylethyl)triptycenes (4)5a'b> and 9-isopropyl-
triptycenes (5)5c) the p m - m e t h o x y l compound has a 
higher barrier to rotat ion of the 9-substituent than the 
p m - m e t h y l one: the general tendency is that the rota­
tional barrier at first increases and then decreases as 
the p m - s u b s t i t u e n t becomes bulkier, and thus a plot 
of the rotat ional barrier against the bulkiness of the 
p m - s u b s t i t u e n t looks inversely V-shaped. T h e peri-
fluorine c o m p o u n d is at the apex in the £-alkyl series 
and the p m - m e t h o x y l one is there in the s-alkyl series 
(Fig. 1). T h i s fact was ascribed to the greater desta­
bilization of the g round state relative to the transit ion 
state for rotat ion u p o n introduct ion of a bulky peri-
substituent.5 ) 

These findings prompted us to make a more syste­
matic study of the pm-subs t i t uen t effect on the rota-

44 
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\ 
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Fig. 1. Dependence of the rotational barriers in 4 
and 5 on the sizes of the pm-substituents. 
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tional barrier of the 9-methyl group in 9-methyl-
triptycene derivatives. In order to raise the rotational 
barriers so as to be fully studied by dynamic NMR, we 
introduced two chloro groups at two of the peri-
positions and hence examined compounds 6a—f. 
Furthermore, we included two additional compounds 
7a and 7b with a fluoro group instead of CI at one of 
the pm-positions. The results are described and dis­
cussed in this article, especially in connection with the 
correlation between the sizes of the substituents and 
the effects on the rotational barriers. 

6a 
6b 
6c 
6d 
6e 
61 
6g 
7a 
7b 

CI 

Hal 

CI 
CI 
CI 
CI 
CI 
CI 
CI 
F 
F 

X 

H 
F 

OCH3 

CH3 

C(CH3)3 
H 
Br 

OCH3 
CH3 

Hal 

Y 

H 
F 
H 
H 
H 

C(CH3)3 

Br 
H 
H 

Z 

H 
F 
H 
H 

C(CH3)3 

H 
Br 
H 
H 

W 

H 
F 

OCH3 
CH3 

H 
C(CH3): 

Br 
OCH3 
CH3 

During the course of this study we found very 
interesting phenomena in the long-range 1H-19F spin-
spin couplings in the fluorine-containing com­
pounds, 6b, 7a, and 7b, which are also discussed.6) 

Results 

Synthesis. Commercially available 1,8-dichloro-
anthraquinone (8) was treated with caesium fluoride 
in dimethyl sulfoxide to give l-chloro-8-fluoro-
anthraquinone (9), which was chemoselectively 
reduced to l-chloro-8-fluoroanthrone (11) by treat­
ment with aluminium powder in concentrated sul­
furic acid, just as 8 was chemoselectively converted to 
1,8-dichloroanthrone (10).7> The anthrones 10 and 11 
were treated with methylmagnesium iodide followed 

8: X=C1 10: X=C1 12: X=C1 
9: X=F 11. X=F 13. X=F 

by dehydration to give 1,8-dichloro- (12)8) and 1-
chloro-8-fluoro-9-methylanthracene (13), respectively. 

Reactions of the anthracenes 12 and 13 with 
appropriate benzynes afforded the triptycenes 6a, 6b, 
6d—f, and 7b. Addition of 3,5-di-J-butylbenzyne to 
12 afforded 6e and 6f in a ratio of ca. 2:5. The 
structures of 6e and 6f were assigned on the basis of the 
chemical shift values of 10-H. The 10-H in 6f suffers 
from strong steric compression by the 4-£-butyl group 
and give the signal at a very low field of 6=6.07 while 
that in 6e resonates at a similar position as that in 6a 
(Table 4). The assignments were further confirmed 
by the nuclear Overhauser effect (NOE) experiments; 
in 6e irradiation of 10-H at 6=5.20 enhanced the 
doublet signal at 6=7.21 assignable to 4-H as well as 
the signal due to 5/16-H, while in 6f irradiation of the 
4-^-butyl signal at 6=1.55 enhanced the 10-H signal at 
6=6.07 together with the 3-H signal at 6=7.15. Pre­
dominant formation of the less crowded isomer 6f is of 
interest because usually the more crowded regioisomer 
is preferentially formed in the Diels-Alder reaction of 
unsymmetrical benzynes.9) Reactions of 12 and 13 
with p-benzoquinone followed by aromatization and 
O-methylation gave 6c and 7a, respectively. Synthe­
sis of the 1,2,3,4-tetrabromo derivative 6g was tried by 
addition of tetrabromobenzyne to 12 but the product 
supposed to be 6g had extremely low solubility in 
common solvents and the purification and characteri­
zation of 6g was abandoned. 

]HNMR Spectra. *H NMR spectral data of the 
triptycenes 6 and 7 obtained at 25 °C in CDCI3 at 500 
MHz are given in Table 4. In the compounds other 
than the 1,4-dimethoxyl derivatives 6c and 7a, all the 
signals could be unambiguously assigned with the aid 
of homonuclear decoupling and NOE experiments. 
In 6c and 7a two methoxyl signals are too close to be 
definitely assigned. The 9-methyl signal is consider­
ably broadened in all of the compounds at 25 °C, since 
the internal rotation of the 9-methyl group is slowed 
down to some extent on the NMR time scale. The 9-
methyl protons of 6b and 7b give a broad singlet at 500 
MHz and 25 °C, but a broad doublet with the splitting 
of 7.0 Hz due to coupling with peri-F at 90 MHz and 
35 °C. 

Low temperature spectra of the triptycenes were 
obtained in CD2CI2. On lowering the temperature, 
the 9-methyl signal decoalesced into a multiplet 
except for 6c, in which the signal remained a rather 
sharp singlet down to —90 °C because of the very small 
chemical shift difference between the diastereotopic 
protons. For the other compounds, slow exchange 
limit spectra were observed at — 70 °C except for 6e, 
which did not completely reach the slow-exchange 
limit even at —115°C, the lowest attainable tempera­
ture, because of the low barrier to rotation. At the 
lowest temperatures the 9-methyl signal appeared as 
an AB2 pattern in 6a and 6d—f, and as an AB2 part of 
an AB2X spectrum in 6b. In 7b the signal appeared 
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as an ABC part of an ABCX pattern at — 70 °C, while 
in 7a that looked like an AB2 part of an AB2X spec­
trum because of the coincidence of the two chemical 
shifts. 

The 9-methyl signal of 6c remained singlet down to 
—90 °C in acetone-do as well, but in toluene-ds it 
decoalesced below about — 25 °C and appeared as an 
AB2 pattern with the chemical shift difference of about 
0 .08ppma t -65°C . 

The slow exchange limit spectra of 6 and 7 were 
iteratively simulated using the LAOCN3 program10* 
to obtain the NMR parameters, which are given in 
Table 1. Assignments were easily made for com­
pounds 6 by the relative intensities and the coupling 
pattern. As for 7a and 7b, the assignments were made 
by assuming the additivity of the pm-substituent 
effects on the chemical shifts, as discussed in the later 
section in detail. 

Lineshapes of the exchange-broadened spectra in 

the intermediate temperature ranges were simulated 
using the DNMR3 program11* to obtain the rate con­
stants for the internal rotation of the 9-methyl group. 
The rate constants were obtained at six to ten tempera­
tures in the range of ca. 40 degrees for each compound. 
Least-squares analyses of Eyring plots of the rate 
constants afforded the kinetic parameters given in 
Table 2. The errors in the kinetic parameters for 6e 
are somewhat larger than for the other compounds 
because of the narrower temperature range in which 
the lineshape analysis could be made. 

13C NMR Spectra. 13C NMR spectra of the tripty-
cenes were measured at 25 °C in CDCI3 and the data 
are given in Table 5. Assignments were made on the 
basis of off-resonance decoupled and ^-coupled spec­
tra and 1H-13C COSY spectra as well as comparison 
with the reported data for triptycene derivatives.12* 
Couplings with 19F were also helpful in case of the 
fluorine-containing compounds, 6b, 7a, and 7b. 

Table 1. NMR Parameters'1 

Compd 

6a 
6b 
6cb) 

6d 
6ed) 

61 
7ae) 

7b 

X 

H 
F 

OCH3 

CH3 

*-Bu 
H 

OCH3 
CH3 

Hal 

Cl 
Cl 
Cl 

Cl 
Cl 
Cl 
F 
F 

ÔA 

2.75 
3.02 
3.25 

(3.79 
3.24 
3.55 
2.77 
3.26 
3.27 

<5B 

3.70 
3.46 
3.25 
3.87 
3.42 
3.35 
3.70 
2.95 
3.11 

ÔC 

2.75 
3.02 
3.25 
3.79 
3.24 
3.55 
2.77 
2.95 
2.95 

/ A B 

12.6 
12.6 

11.3 
12.9 
13.5 
12.6 
12.3 
13.1 

/ A C 

11.9 

/ B C 

12.6 
12.6 

11.3)c) 

12.9 
13.5 
12.6 
12.3 
13.1 

/ A F 

6.1 

9.0 
8.6 

/ B F 

8.7 

6.2 
6.3 

/ C F 

6.1 

6.2 
6.3 

a) Measured at —70 °C in CD2CI2 unless otherwise stated. Parameters were obtained by simula­
tion using LAOCN3. Coupling constants are in Hz and reliable to ±0.3 Hz. b) No splitting was 
observed, c) Measured at — 65 °C in toluene-ds. d) Measured at — 110°C in CD2CI2. 
e) Simulation assumed the magnetic equivalence of HB and He. 

Table 2. Kinetic Parameters for the Internal Rotation of the 9-Methyl Groups 

Compd 

6a 
6b 
6c 
6d 
6e 
61 
7a 
7b 
le) 

16e) 

AH* 

kcal mol - 1 

10.9+0.2 
13.4+0.3 
13.6+0.6 
14.1+1.3 
9.5+2.5 

11.8+0.2 
12.1+0.4 
13.1+0.5 
13.5+0.6 
12.1+0.3 

AS* 

cal mol - 1 K"1 

0.2+1.0 
3.4+1.1 
4.2+2.3 
4.1+5.0 
2.5+11.9 
1.2+0.8 
3.6+2.0 
4.0+2.2 
9.8+3.0 
3.0+1.4 

AG?50Ka 

kcal mol"1 

10.9 
12.5 
12.6 
13.1 
8.8d) 

11.5 
11.2 
12.1 
11.1 
11.4 

&250K 

S " 1 

1600 
57 
54 
20 

98000 
440 
760 
150 

1100 
620 

Solvb) 

A 
A 
B 
A 
A 
A 
A 
A 
C 
C 

Field 

MHz 

400 
270 
500 
270 
270 
270 
270 
270 
100 
100 

Temp rangec) 

°C 

-20—-66 
0 — 3 0 

- 4 — - 3 8 
0—-30 

- 8 6 — 1 0 1 
- 1 5 — 6 1 
-20—-61 
-10—-49 

Points 

10 
6 
7 
6 
4 
9 
9 
9 

a) Reliable to ±0.1 kcal mol"1 unless otherwise stated, b) A: CD2C12, B: toluene-d8, C: CDCI3-CS2 (8:1). 
c) The temperature range where the lineshape analysis was made, d) Reliable to ±0.2 kcal mol"1, e) Ref. 3. 
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Molecular Mechanics Calculations. In order to 
obtain some insights into the geometries and the 
energies of the triptycenes in both the ground and 
transition states, molecular mechanics calculations 
were performed. The BIGSTRN-3 program13) with 
the MM2 force field and the full-matrix Newton-
Raphson optimization procedure was used because 
not only ground states but also transition states can be 
directly optimized as stationary points with zero and 
one imaginary force constant, respectively. Several 
of the original MM2 force-field parameters were modi­
fied and some were added as described in the Experi­
mental section. The calculated rotational barriers of 
the 9-methyl groups obtained as the steric energy 
differences between the ground and transition states as 
well as their components are given in Table 3. 

Discussion 

Rotational Barriers. In discussing the effects of 
substituents on rotational barriers, not only those on 
the transition state energy but also those on the 
ground state one should be considered. Although the 
effect on the ground state has often been neglected or 
treated lightly, our studies on 9-£-alkyl- and 9-5-
alkyltriptycenes5) clearly demonstrated the importance 
of this notion. In these compounds the destabilizing 
effects, mostly steric in origin, of the pm-substituent 
on the ground state are sometimes greater than those 
on the transition state, resulting in the decrease in the 
rotational barrier with increasing bulkiness of the 
pm-substituent (Fig. 1). In the present case of 9-
methyltriptycene derivatives, the pm-substituent 
effects, especially those on the ground state, are 
expected to be much smaller than in the 9-£-alkyl or 9-
5-alkyl cases, because the 9-methyl group is far less 
bulky. 

The rotational barriers as expressed in terms of the 
free energies of activation at 250 K in the 1-substituted 
8,13-dichloro series 6 show the order of ^-Bu<CH<F^ 
OCH3<CH3, if the solvent effect is ignored (Table 2). 
If the peri-t-butyl compound 6e is excluded, the bar­
rier height increases with the generally accepted order 
of the bulkiness of the pm-substituent. This implies 
that the pen-substituent effect on the ground state is 
less important than that on the transition state in this 
range of peri-group bulkiness. 

When a £-butyl group is introduced at a peri-posi­
tion, the barrier height decreases to a great extent. 
The ground state is significantly destabilized because 
of large steric congestion, while the transition state for 
rotation is destabilized to a lesser extent than the 
ground state, resulting in the low barrier to rotation, 
even lower than that in 6a. Therefore, an inversely 
V-shaped plot of the barrier vs. the bulkiness of the 
pen-substituent is drawn also in the 8,13-dichloro-9-
methyltriptycene series. 

Several remarkable features will be discussed in the 

following paragraphs. The peri-methyl compound 
6d has a higher barrier than the pm-methoxyl com­
pound 6c. The same trend is also observed in the 8-
chloro-13-fluoro series, 7a and 7b. These results may 
be reasonable because a "positive" correlation 
between the barrier and the size of the pm-substituent 
holds in this region. As this correlation is expected 
to hold also in the less congested 9-methyltriptycenes 
with a single pm-substituent, the earlier suggestion3) 
that 2 would have a higher barrier than 3 must have 
been an artifact probably because of the difference 
between 2 and 3 in the chemical shift differences 
between the diastereotopic protons. This point will 
be discussed further in the later section. 

Compound 6a shows a slightly lower barrier than 
the octachloro derivative 1,2'3) i.e., the small "positive" 
buttressing effect is observed:50) an effectively bulkier 
pen-group gives a higher barrier. Although this is 
not conclusive because these two data are not of the 
same quality, if this is true, the barrier-bulkiness plot 
should have a maximum at a compound with a bulk­
ier pm-substituent than CI. 

Comparison of the data for 6b and 7b together with 
a reasonable assumption that the buttressing effect in 
the tetrafluoro compound is negligible50) indicates 
that CI has a larger effect on the barrier than CH3. 
Imashiro et al. reported that 14 with peri-chloro 
groups has a higher barrier than 15 with pm-methyl 
groups both in the solid state and in solution.140) 
Usually, CH3 is thought to be bulkier than CI, as 
inferred by the van der Waals radii of 2.0 and 1.8 Â for 
CH3 and CI, respectively.15) One interpretation for 
this may be that the apex exists between CI and CH3. 
In order to check this point further, examination of 
the peri-bvomo compound 6g was tried without suc­
cess as mentioned in the introductory and experimen­
tal sections. 

In the comparative discussion above, we have 
implicitly assumed that the geometry of the triptycene 
skeleton does not change from compound to com­
pound and that the change in the barrier height 
depends solely on the nature of the £>m-substituent. 
We must however admit that this is simply a first 
approximation. This is suggested by the fact that the 
2,4-di-^-butyl compound 6f has a somewhat higher 
barrier than 6a. This may be explained in terms of 
the buttressing effect of the 2-^-butyl group toward the 
1-hydrogen. We prefer, however, the explanation 
that the £-butyl groups cause a considerable change in 
the geometry of the triptycene skeleton, which results 

X ÇH3 

r IT l ïf^ u x=a 

^ / ^ ^ y ^ J 15 X=CH3 

X CH3 
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Table 3. 

Total 
Bond 
Angle 
Torsional 
Nonbonded 
Dipole 
Str-Bend 

Gaku YAMAMOTO and Michinori OKI 

Calculated Rotational Barriers and Their Components (kcal mol"1) 

6a 

12.688 
2.090 
4.960 
0.814 
4.619 
0.055 
0.136 

6b 

14.232 
2.544 
5.461 
0.608 
5.271 
0.192 
0.147 

6c 

15.684 
1.260 
6.253 
4.846 
3.094 
0.082 
0.078 

6d 6e 

14.458 8.706 
0.777 0.599 
5.824 4.978 
5.643 1.886 
2.079 1.177 
0.047 0.041 
0.006 -0.021 

61 

13.959 
2.413 
5.197 
0.808 
5.367 
0.020 
0.115 

7a 

14.105 
2.312 
5.355 
1.150 
5.116 
0.018 
0.138 
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7b 

13.558 
1.694 
5.260 
2.430 
3.996 
0.055 
0.087 

in the difference between 6a and 6f. 
We may conclude that an inversely V-shaped plot of 

the barriers vs. the bulkiness of the pm-substituents 
can be observed in any series of pen-substituted 9-
alkyltriptycene derivatives. As the steric interaction 
between the peri- and the bridgehead groups increases, 
both the ground state and the transition state are 
destabilized. When the interaction is small, the tran­
sition state destabilization upon replacement of the 
peri-group by a bulkier one exceeds that of the ground 
state, resulting in the increase of the barrier. If the 
steric interaction becomes extremely large beyond 
some critical point, the destabilization of the ground 
state becomes larger than that of the transition state, 
resulting in the decrease of the barrier. 

We believe that substituent steric effects of this 
tendency are generally observed in any internal rota­
tion system. That is, we should not expect that the 
order of the bulkiness of the substituents is always 
reflected in the order of the rotational barriers about a 
single bond, of which at least one end is an sp3~ 
hybridized carbon.16) 

Molecular Mechanics Calculations. Several at­
tempts to reproduce the rotational barriers in tripty-
cene derivatives by molecular mechanics calculations 
have been reported using the bond drive tech­
nique. 14'17) In every case the calculated barriers had 
been considerably higher than the experimental ones. 
Recently Imashiro et al.14c) reported that the rotational 
barrier in 15 could well be reproduced by employing 
the MM2' force field and the torsional parameter V3 of 
zero for C(sp2)-C(sp3)-C(sp3)-H. The calculated bar­
rier was 10.01 kcal mol"1, while the experimentally 
obtained enthalpy of activation in CD2CI2 was 9.05 
kcal mol"1. 

The results of the molecular mechanics calculations 
for triptycenes 6 and 7 given in Table 3 reproduce the 
general trends of the experimental data, though the 
absolute values are again generally higher than the 
observed. Especially the very low barrier of 6e is well 
reproduced. One of the discrepancies is that the cal­
culated barriers of the pm-methoxyl compounds 6c 
and 7a are higher than the corresponding pen-methyl 
compounds 6d and 7b, respectively. Inadequacy of 
the force field parameters should at least partly be 
responsible. 

As for the ground state geometries, all the molecules 

in series 6 except for 6e exist in a conformation with Cs 

symmetry. Molecules of 6e exist as a chiral Ci con­
formation with somewhat distorted triptycene ske­
leton, although the Cs conformation lies only 0.05 
kcal mol"1 above the Ci conformation, constituting 
the saddle point connecting the enantiomeric Ci 
forms. At the transition state for the 9-methyl group 
rotation, all the molecules of series 6 adopt a Cs 

conformation. 
As the component analysis in Table 3 shows, the 

angle strain and nonbonded strain terms are impor­
tant in all compounds. The torsional strain term 
makes a significant contribution when the rotational 
barrier is high as in 6c and 6d, reflecting a large 
distortion of the triptycene skeleton at the transition 
state in these compounds. 

9-Methyl Proton Chemical Shifts. Careful exami­
nation of the chemical shift data of the 9-methyl 
protons (Table 1) reveals several intriguing features. 
In compounds 6, the 9-methyl protons gauche or 
synclinal to the pm-substituent X (Hsc) give the 
signal at a lower field as X becomes bulkier probably 
because of the field/anisotropy effect and steric com­
pression effect of X. On the other hand, the signal 
due to the proton antiperiplanar to X (Hap) shifts 
upfield as X is changed from hydrogen to another 
group. Therefore, X has a significant influence not 
only on the proximate protons (Hsc) but also on the 
remote proton (Hap). This point will be further dis­
cussed later in this paper. 

We can make assignments for the 9-methyl protons 
in 7a and 7b by assuming that the substituent effects 
are additive and that the pm-substituent exerts the 
same magnitude of the effect on both of the sc-protons. 
Thus the chemical shift difference between HB and He 
in 7a should be the same as that in 6c, i.e., <5B_ 

<5c=3.25-3.25=0, and the difference in 7b should be 
the same as that in 6d, i.e., <5B-<5C=3.42-3.24=0.18 
ppm. The chemical shift difference between HA and 
HB may be estimated by summing up the peri-
substituent effects relative to peri-H according to the 
following equation: ôA-<5B=[(3.25-2.75)+(3.46-
3.70)]-[(3.25-3.70)+(3.02-2.75)]=0.44 ppm for 7a 
and [(3.24-2.75)+(3.46-3.70)]-[(3.42-3.70)+(3.02-
2.75)] =0.26 ppm for 7b. Therefore, in 7a, HB and He 
are expected to resonate at the same position and HA 
appears at a lower field than these, while in 7b, HA 
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will be at the lowest field and He at the highest field. 
The assignments according to this prediction are 
given in Table 1. Although the absolute values of 
the observed chemical shift differences are somewhat 
different from the prediction, the results are highly 
consistent. 

This simple additivity rule also predicts that the 
chemical shift difference between the diastereotopic 
protons in the 9-methyl group of 2 should be larger 
than that in 3 by ca. 0.2 ppm, contrary to the previous 
prediction that both compounds would have similar 
chemical shift differences.3) This may explain why 
the 9-methyl signal of 2 was broader than that of 3 at 
low temperatures.3) 

Long-Range ^ - ^ F Coupling and Charge Transfer.6* 
In 6b, 7a, and 7b where a fluoro group is at a peri-
position, long-range XH-19F couplings are observed 
between the fluorine nucleus and the 9-methyl pro­
tons: in the spectra at the slow-exchange limit, the 
diastereotopic protons of the 9-methyl group couple 
separately with the peri-F (Table 1). That the cou­
pling partner in 6b is actually 1-F is deduced not only 
by the quite similar behavior of 7a and 7b but also by 
the careful analysis of the 19F spectrum of 6b. 
Although the 1-F signal appears as an unresolvable 
multiplet, the other fluorine signals are easily ana­
lyzed by a first-order approximation which indicates 
that 2-F, 3-F, and 4-F do not couple with proton(s). 

The absolute signs of the 1H-19F coupling constants 
are yet uncertain, but the magnitude of 7.0 Hz 
observed at 25 °C, which should be the weighted aver­

age of the respective values at low temperatures, 
clearly indicate that they are of the same sign.18) 

The fact that the remote proton (HB in 6b and HA in 
7a and 7b, hereafter referred to as Hap) shows a larger 
coupling constant than the proximate protons (HA in 
6b and HB and He in 7a and 7b, hereafter Hsc) is quite 
intriguing. Close proximity of peri-Y and the 9-
methyl carbon as well as the nearly linear arrange­
ment of F—C-HaP(ca. 160° by MM2) suggests that the 
interaction between the lone pair orbital on the fluo­
rine and the rear lobe of the C-H bond orbital should 
be responsible for the large coupling of Hap with peri-
F.19> 

In the 13CNMR spectrum of either 6b, 7a, or 7b at 
ambient temperature, the 9-methyl carbon shows a 
coupling of 11.9—12.3 Hz with the pen-fluorine while 
the 9-carbon shows a far smaller coupling (<3.9 Hz), if 
any. This indicates that the couplings exhibited by 
the 9-methyl carbon and protons are actually through-
space in nature, and further confirms that the elec­
trons belonging to the methyl carbon orbitals partici­
pate in the F-Hap coupling.6* 

After establishing the through-space interaction 
between the peri-Y and the ap-C-H group, we can 
come back to the problem of chemical shifts of the 9-
methyl protons. As mentioned earlier, the low-field 
shifts of the Hsc's can at least partly be attributed to the 
van der Waals (steric compression) shift, because the 
£>m-substituent and Hsc are placed in proximity. 
Under sterically congested circumstances, other nuclei 
bonded to the atom carrying the protons which suffer 

Table 4. *H NMR Spectral Data (500 MHz) of 6 and 7 at 25 °C in CDCl3
a) 

Proton 

9-CH3 

10 

1 

2 

3 

4 

5 

6 

7 

14 

15 

16 

6a 

3.094 bs 

5.294 s 

7.509 d 
(7.6) 

7.116 dt 
(1.3, 7.5) 
7.094 dt 
(1.1,7.3) 
7.378 dd 
(1.3, 7.2) 
7.240 dd 
(1.2, 7.2) 
6.885 dd 
(7.2, 8.0) 
6.985 dd 
(1.2,8.0) 

6b 

3.251 bs 

5.638 d 
(1.6) 

7.297 dd 
(1.2, 7.2) 
6.979 dd 
(7.2, 8.2) 
7.090 dd 
(1.2,8.2) 

6c 

3.293 bs 

5.778 s 

3.757 sb) 

6.581 d 
(8.9) 

6.595 d 
(8.9) 

3.808 sb) 

7.265 dd 
(1.0, 7.6) 
6.890 t 
(7.6) 

7.002 dd 
(1.0,8.0) 

6d 

3.334 bs 

5.518 s 

2.681 s 

6.701 d 
(7.8) 

6.765 d 
(7.8) 

2.467 s 

7.229 dd 
(1.3, 7.2) 
6.895 dd 
(7.2, 8.0) 
7.006 dd 
(1.3,8.0) 

6e 

3.550 s 

5.200 s 

1.595 s 

7.319 d 
(2.1) 
1.263 s 

7.212 d 
(2.1) 

7.187 dd 
(1.3, 7.2) 
6.910 dd 
(7.2, 8.0) 
7.012 dd 
(1.3,8.0) 

61 

3.098 bs 

6.068 s 

7.472 d 
(1.6) 
1.293 s 

7.150 d 
(1.6) 
1.554 s 

7.267 dd 
(1.2, 7.2) 
6.890 dd 
(7.2, 8.0) 
6.994 dd 
(1.2,8.0) 

7a 

3.103 bd 
(7.0) 

5.812 d 

( 2- 0 ) M 

3.756 sb) 

6.581 s 

6.581 s 

3.806 sb) 

7.265 dd 
(1.3,7.3) 
6.877 dd 
(7.3, 8.0) 
6.989 dd 
(1.3,8.0) 
6.702 ddd 
(1.1,8.3,12.4) 
6.957 ddd 
(4.4, 7.2, 8.3) 
7.163 dd 
(1.1,7.2) 

7b 

3.141 bs 

5.551 d 
(2.0) 

2.674 s 

6.688 d 
(7.8) 

6.752 d 
(7.8) 

2.462 s 

7.225 dd 
(1.3,7.2) 
6.877 dd 
(7.2,8.1) 
6.990 dd 
(1.3,8.1) 
6.702 ddd 
(1.1,8.2, 12.5) 
6.961 ddd 
(4.4, 7.2, 8.2) 
7.128 dd 
(1.1,7.2) 

a) Numbering of the protons corresponds to that shown in the structural formula 6 and 7. In 
parentheses are coupling constants in Hz and are reliable to ±0.3 Hz. b) Interchangeable. 
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Table 5. 13C NMR Spectral Data of 6 and 7 at 25 °C in CDCl3
a) 

Carbon 

1 

2 

3 

4 

4a 

9a 
5 
6 
7 
8 
8a 
10a 
11 
12 
13 
14 
15 
16 
9 
10 

9-CH3 
1-R 

2-R 

3-R 

4-R 

6a 

122.69 

125.44*1 

125.69*1 

123.05 

144.83 

147.02 
122.41 
126.68 
129.57 
130.31 
141.39 
149.50 

54.11 
55.57 
21.31 

6b 

145.13 ddd*1 

(4.0, 12.3, 254.0) 
138.32 dddd(3.0,*2 

13.3, 17.2, 253.5) 
138.95 dddd(3.4,*2 
12.3, 19.7, 250.5) 
141.83 brdd*1 

(10.8, 243.4) 
128.64 td 
(3.0, 17.2) 
129.20 d (8.8) 
122.91 
127.49 
130.72 
130.88 
140.76 
147.18 

55.82 br 
47.50 br 
22.96 d (12.3) 

6c 

148.43*1 

110.10*2 

111.66*2 

151.74*1 

134.75 

136.00 
122.59 
126.60 
129.90 
130.47 
142.71 
149.39 

57.14 
48.47 
24.37 
56.37*3 

56.67*3 

6d 

129.56*1 

130.95 

127.35 

130.43*1 

143.43 

144.46 
122.36 
126.75 
130.08 
132.04 
142.41 
149.17 

58.46 
52.36 
25.65 
24.12 

18.76 

6e 

141.87*1 

122.99 

147.22*1 

119.56 

147.36 

148.44 
122.20 
126.88 
130.20 
130.36 
142.55 
149.81 

58.03 
58.53 
27.39 
35.31 p 
34.51 q*2 

31.28 p 
36.56 q*2 

61 

118.15 

143.46*1 

119.90 

140.26*1 

147.44 

149.19 
122.26 
126.54 
129.50 
130.25 
142.39 
149.33 

53.05 
54.44 
22.00 

31.58 p*2 

35.01 q*3 

31.76 p*2 

35.56 q*3 

7a 

148.58*1 

110.00*2 

111.60*2 

151.63*1 

134.89 

136.19 
122.65 
126.44 
129.61 
130.27 
142.83 
149.62 
149.52 d (4.0) 
133.14 d (10.0) 
159.29 d (250.8) 
114.58 d (25.9) 
127.19 d (8.5) 
119.31 d (3.3) 
54.63 d (3.9) 
47.94 d (1.7) 
22.36 d (11.9) 
56.41*3 

56.71*3 

7b 

129.65*1 

130.65 

127.21 

130.22*1 

143.41 

144.65 
122.44 
126.58 
129.76 
131.82 
142.54 
149.41 
149.28 d (4.0) 
132.88 d (9.5) 
159.31 d (250.3) 
114.69 d (26.4) 
127.38 d (8.8) 
119.06 d (3.0) 
56.05 d (3.7) 
51.78 d (1.9) 
23.62 d (12.3) 
23.61 

18.82 

a) Numbering of the carbons corresponds to that shown in the structural formula 6 and 7. In parentheses are 
coupling constants with 19F nuclei (Hz) and are reliable to ±0.6 Hz. Values indicated by *1, *2, and *3 are 
interchangeable within each pair. 

the van der Waals shift are known to move upfield.20) 

T h u s the upfield shifts of H a p can partially be attrib­
uted to this effect. However, if it were the exclusive 
reason for the upfield shift of the Hap, the order of the 
upfield shift of the H a p signals in 6b—d is expected to 
be C H 3 > C H 3 0 > F , which disagrees with the observed. 

As another factor for the origin of the observed 
results, the charge-transfer interact ion between the n-
orbital of the £ m - s u b s t i t u e n t and the C-H a p a* orbital 
is considered. Th i s type of interaction has been 
established in several triptycene derivatives,21'22* and 
will take place in the present case as well due to the 
efficient overlap of the relevant orbitals, t hough weak 
because of the h igh- ly ing a* orbital of the C - H bond, 
to increase the electron density at Hap. T h e methoxyl 
g roup , being most electron-donat ing and being of a 
med ium size, shifts the Ha p resonance to the highest 
field a m o n g the three compounds (6b—d), and the 
methyl g roup , having no available rc-electrons bu t 
giving the largest congestion effect, places the H a p 

chemical shift at the middle. T h e fluoro g roup , 
being hardly electron-donating and small, shifts the 

Ha p resonance at the lowest a m o n g the compounds . 
T h e behavior of the 9-methyl p ro ton chemical shifts 

in the peri-t-huty\ compound 6e may also be 
explained in terms of the steric compression effect. 
13C N M R spectral data in Table 5 clearly demonstrate 
the congestion effect, as is known that 1 3 C N M R 
reflects this effect more effectively than ^ N M R . 2 3 * 
These data supplement the discussion given above. 

Experimental 

Melting points are not corrected. *H NMR spectral data at 
ambient temperature were obtained on a Bruker AM-500 
spectrometer operating at 500.14 MHz in the pulse FT mode 
unless otherwise stated. Where indicated as 90 MHz, they 
were obtained on a Varian EM-390 spectrometer operating 
at 90.0 MHz in the CW mode. The solvent was CDCI3 
unless otherwise stated. Variable temperature *H NMR 
spectra were obtained in CD2CI2 or in toluene-ds on a Bruker 
AM-500, a JEOL GX-400 or a JEOL GX-270 spectrometer 
operating at 500.14, 399.65 or 270.17 MHz, respectively, in 
the pulse FT mode. The temperatures were calibrated 
using a methanol sample with AM-500 and GX-270, but 
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were read as digital outputs without calibration with GX-
400. 13C NMR spectra were recorded on AM-500 operating 
at 125.76 MHz in CDC13 at 25 °C. 19FNMR spectra were 
obtained as CDCI3 solutions on a Varian EM-390 spectrome­
ter operating at 84.67 MHz in the CW mode, and the 
chemical shifts are expressed in ppm downfield from the 
internal hexafluorobenzene. Gel permeation chromatog­
raphy was performed on an LC-09 Liquid Chromatograph 
of Japan Analytical Instruments Co., Ltd. using a series of 
JAIGEL IH and 2H columns and chloroform as the eluent. 

l-Chloro-8-fluoroanthraquinone (9). A mixture of 19.4 
g (0.07 mol) of thoroughly dried 1,8-dichloroanthraquinone 
and 20.0 g (0.13 mol) of anhydrous caesium fluoride in 200 
ml of anhydrous dimethyl sulfoxide was heated at 135 °C for 
6 h with efficient stirring. The cooled mixture was poured 
into water and the solid formed was collected by filtration, 
washed with water and air-dried. Column chromatog­
raphy of the mixture through alumina with dichlorometh-
ane-hexane as the eluent gave 1.37 g (7%) of unreacted 1,8-
dichloroanthraquinone, 4.46 g (24%) of l-chloro-8-
fluoroanthraquinone (9), and 5.74 g (34%) of 1,8-
difluoroanthraquinone24) in this order. Use of a smaller 
amount of caesium fluoride would have yielded a larger 
relative amount of 9. Recrystallization of the crude 9 from 
benzene-hexane gave a pure sample of 9, mp 180—181 °C. 

Found: C, 64.43; H, 2.55; CI, 13.51%. Calcd for Ci4H6ClF02: 
C, 64.51; H, 2.32; CI, 13.60%. *HNMR 0=7.506 (IH, ddd, 
/=1.2, 8.3, and 10.7 Hz, 7-H), 7.667 (IH, t, 7=7.9 Hz, 3-H), 
7.751 (IH, dt, /=4.6 and 8.0 Hz, 6-H), 7.816 (IH, dd, /=1.3 
and 8.0 Hz, 2-H), 8.105 (IH, dd, /=1.1 and 7.8 Hz, 5-H), 
8.258 (IH, dd, /=1.3 and 7.8 Hz, 4-H). 19F NMR: 50.45 (dd, 
/=4.8 and 10.4 Hz). 

l-Chloro-8-fluoroanthrone (11). A mixture of 2.6 g (10.0 
mmol) of 9 and 0.8 g of aluminium powder in 30 ml of 
concentrated sulfuric acid was stirred at room temperature 
for 20 h and the mixture was poured onto ice-water. The 
solid mass was collected by filtration, washed with water, 
air-dried and extracted with dichloromethane. The 19F NMR 
of the extract indicated the presence of 11 (48.4 ppm) and 4-
chloro-5-fluoroanthrone (44.4 ppm) in a ratio of 6 :1 . 
Recrystallization of the mixture from benzene-hexane gave 
1.79 g (73%) of spectrally pure 11, which was used in the 
subsequent reaction. 

*HNMR 0=4.256 (2H, s, 10-CH2), 7.090 (IH, dd, 7=8-3 
and 10.8 Hz, 7-H), 7.192 (IH, d, 7=8.1 Hz, 5-H), 7.315 (IH, 
dd, 7=1.6 and 7.3 Hz, 4-H), 7.406 (IH, dd, 7=7.3 and 7.9 Hz, 
3-H), 7.435 (IH, dd, 7=1.6 and 7.9 Hz, 2-H), 7.484 (IH, dt, 
7=5.0 and 8.0 Hz, 6-H). 19F NMR: 48.43 (dd, 7=4.9 and 10.6 
Hz). 

l,8-Dichloro-9-methylanthracene (12).8) To an ethereal 
solution of the Grignard reagent prepared from 4.3 g (30 
mmol) of methyl iodide was added 2.63 g (10.0 mmol) of 1,8-
dichloroanthrone (10),7> and the mixture was heated under 
reflux for 1 h, cooled and treated with concentrated hydro­
chloric acid. The organic layer was washed with water, 
dried over magnesium sulfate, and concentrated. Chroma­
tography of the residue through an alumina column with 
hexane as the eluent followed by recrystallization from 
tetrahydrofuran-hexane gave 1.77 g (68%) of 12, mp 123— 
124°C(lit,8>127°C). 

*H NMR 0=3.387 (3H, s, 9-CH3), 7.308 (2H, dd, 7=7.0 and 
8.4 Hz, 3-H and 6-H), 7.593 (2H, dd, 7=1.1 and 7.0 Hz, 2-H 
and 7-H), 7.836 (2H, d, 7=8.4 Hz, 4-H and 5-H), 8.234 (IH, s, 

10-H). 
l-Chloro-8-fluoro-9-methylanthracene (13), mp 78—79 °C, 

was similarly prepared as above from l-chloro-8-fluoro-
an throne (11) in 49% yield. 

Found: C, 73.63; H, 4.13; CI, 14.45%. Calcd for G5H10CIF: 
C, 73.62; H, 4.12; CI, 14.49%. *HNMR 0=3.387 (3H, d, 
7=7.0 Hz, 9-CH3), 7.127 (IH, dd, 7=7.4 and 14.5 Hz, 7-H), 
7.291 (IH, dd, 7=7.2 and 8.4 Hz, 3-H), 7.350 (IH, ddd, 7=4.7, 
7.4, and 8.4 Hz, 6-H), 7.573 (IH, dd, 7=1.0 and 7.2 Hz, 2-H), 
7.713 (IH, d, 7=8.4 Hz, 5-H), 7.830 (IH, d, 7=8.4 Hz, 4-H), 
8.243 (IH, s, 10-H). ^FNMR: 55.86 (m). 

l,8-Dichloro-9-methyltriptycene (6a). To a boiling solu­
tion of 261 mg (1.0 mmol) of 12 in 20 ml of 1,2-
dimethoxyethane (DME) were added simultaneously a solu­
tion of 400 mg (3.0 mmol) of anthranilic acid in 10 ml of 
DME and a solution of 0.5 ml (ca. 4 mmol) of isopentyl 
nitrite in 5 ml of DME during the course of 1.5 h. The 
mixture was heated under reflux for 1 h and concentrated 
under reduced pressure. The residue was passed through 
an alumina column with hexane as the eluent to afford 252 
mg (75%) of 6a, mp 338—340 °C (recrystallized from 
tetrahydrofuran-hexane). 

Fooud: C, 74.77; H, 4.28; CI, 20.88%. Calcd for C21H14CI2: 
C, 74.79; H, 4.18; CI, 21.02%. 

8,13-Dichloro-l,2,3,4-tetra£luoro-9-methyltriptycene (6b). 
To a chilled (-78 °C) solution of 0.4 g (2.0 mmol) of 
chloropentafluorobenzene in 30 ml of anhydrous diethyl 
ether was added a 1.5 ml (about 2.5 mmol) of 10% w/v 
solution of butyllithium in hexane. The solution was 
stirred at — 78 °C for 2 h and 285 mg (1.1 mmol) of powdery 
12 was added all at once. The mixture was allowed to 
slowly warm up to room temperature and then heated under 
reflux for 3 h. The mixture was washed with water, dried 
over magnesium sulfate, and concentrated. Column chro­
matography of the residue through alumina with hexane as 
the eluent followed by recrystallization from tetrahydrofu­
ran-hexane gave 92 mg (21%) of 6b, mp 300—301 °C. 

Found: C, 61.53; H, 2.63; CI, 17.71%. Calcd for C21H10CI2F4: 
C, 61.64; H, 2.46; CI, 17.33%. 19FNMR: 3.28 (app t, 7=19 
Hz, 2-F), 4.35 (ddd, 7=5, 19, and 22 Hz, 3-F), 12.04 (dd, 7=15 
and 22 Hz, 4-F), 20.70 (br, 1-F). 

8,13-Dichloro-1.4-dimethoxy-9-methyltriptycene (6c). A 
mixture of 448 mg (1.7 mmol) of 12 and 1.08 g (10.0 mmol) 
of p-benzoquinone in 15 ml of acetonitrile was heated under 
reflux for 2 h. The adduct was obtained as 495 mg (78%) of 
colorless crystals; ^ N M R (90 MHz) ô=2.67 (3H, s), 2.94 
(IH, d, 7=9.3 Hz), 3.20 (IH, dd, 7=3.1 and 9.3 Hz), 4.65 (IH, 
d, 7=3.1 Hz), 6.14 (IH, d, 7=10.4 Hz), 6.38 (IH, d, 7=10.4 
Hz), 7.0—7.3 (6H, m). 

The adduct was dissolved in 10 ml of dioxane and was 
treated with 5 ml of 20% aqueous sodium hydroxide and 2 
ml of dimethyl sulfate. The mixture was extracted with 
benzene and the organic layer was washed with water, dried 
with magnesium sulfate and evaporated to afford 203 mg 
(38%) of 6c, mp 343—345 °C, decomp (recrystallized from 
tetrahydrofuran). 

Found: C, 69.30; H, 4.50; CI, 17.54%. Calcd for C23H18CI2O2: 
C, 69.53; H, 4.57; CI, 17.85%. 

8,13-Dichloro-l,4,9-trimethyltriptycene (6d). To a boil­
ing solution of 261 mg (1.0 mmol) of 12 in 20 ml of DME 
were added simultaneously a solution of 248 mg (1.5 mmol) 
of 3,6-dimethylanthranilic acid25) in 10 ml of DME and a 
solution of 0.5 ml of isopentyl nitrite in 5 ml of DME during 
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the course of 2 h. The mixture was heated under reflux for 
further 1 h. After evaporation of the solvent the residue 
was passed through alumina with hexane as the eluent. 
Recrystallization of the eluate from tetrahydrofuran-hexane 
gave 230 mg (63%) of 6d, mp 358—360 °C. 

Found: C, 75.78; H, 4.96; CI, 19.18%. Calcd for C23Hi8Cl2: 
C, 75.62; H, 4.97; CI, 19.41%. 

l,3-Di-«-butyl-8,13-dichloro-9-methyltriptycene(6e). To 
a boiling solution of 522 mg (2.0 mmol) of 12 in 25 ml of 
DME were added simultaneously a solution of 750 mg (3.0 
mmol) of 3,5-di-i-butylanthranilic acid9b> in 20 ml of DME 
and a solution of 1.0 ml of isopentyl nitrite in 10 ml of DME 
during the course of 2 h and the solution was heated under 
reflux for further 1 h. After evaporation of the solvent the 
residue was passed through alumina to give a ca. 2:5 
mixture of 6e and the regioisomeric 2,4-di-i-butyl derivative 
(6f) in about 85% yield. The isomers were separated using 
gel permeation chromatography in which 6f eluted slightly 
faster. The 1,3-di-^-butyl isomer 6e has a melting point of 
251—252 °C (recrystallized from tetrahydrofuran-dichloro-
methane). 

Found: C, 77.66; H, 6.79; CI, 16.18%. Calcd for C29H30CI2: 
C, 77.50; H, 6.73; CI, 15.77%. The 2,4-di-f-butyl isomer 6f 
has an mp of 274—275 °C. Found: C, 77.35; H, 6.65; CI, 
15.74%. 

8-Chloro-13-£luoro-l,4-dimethoxy-9-methyltriptycene (7a). 
A mixture of 122 mg (0.5 mmol) of the anthracene 13 and 
216 mg (2.0 mmol) of p-benzoquinone in 5 ml of acetonitrile 
was heated under reflux for 20 h to give 126 mg (71%) of the 
1:1 adducts. The product was shown to be a mixture of 
two diastereomers in a ratio of ca. 3 :2. 

^1 NMR (90 MHz, aliphatic protons only); the major 
isomer: 0=2.52 (3H, d, /=6.9 Hz), 2.92 (1H, d, /=9.2 Hz), 
3.21 (1H, dd, /=3.0 and 9.2 Hz), 4.68 (1H, dd, /=2.1 and 3.0 
Hz); the minor isomer: 6=2.47 (3H, d, /=6.6 Hz), 2.97 (1H, 
d, /=9.2 Hz), 3.21 (1H, dd, 7=3.2 and 9.2 Hz), 4.71 (1H, dd, 
7=2.4 and 3.2 Hz). ^FNMR: 47.6 (m, major), 46.5 (m, 
minor). 

The adduct mixture was dissolved in 10 ml of acetic acid 
containing 0.5 ml of concentrated hydrochloric acid and the 
solution was stirred at room temperature for 20 h to afford 
white precipitates. The mixture was poured into water and 
the solid was collected by filtration, washed with water and 
air-dried to give crude 8-chloro-13-fluoro-9-methyl-l,4-
triptycenediol. 

!HNMR (90 MHz, CDCl3-dimethyl sulfoxide 9:1): 
0=3.11 (3H, d, 7=7.1 Hz), 5.80 (1H, d, 7=2.1 Hz), ca. 5.9 (2H, 
br, OH), 6.3—7.3 (8H, m). 

The hydroquinone was dissolved in 30 ml of dichloro-
methane containing 1.0 ml of dimethyl sulfate and 50 mg of 
benzyltrimethylammonium chloride, and the mixture was 
stirred with 20 ml of 10% aqueous potassium hydroxide at 
room temperature for 20 h. The organic layer was washed 
with water, dried over magnesium sulfate and concentrated. 
Column chromatography of the residue through alumina 
with dichloromethane-hexane (1:4) as the eluent gave 46.8 
mg (34%) of 7a, mp 321—322 °C (recrystallized from tetrahy­
drofuran-hexane). 

Found: C, 72.56; H, 4.58; CI, 9.26%. Calcd for C23H18CIFO2: 
C, 72.53; H, 4.76; CI, 9.31%. 19F NMR: 46.48 (m). 

8-chloro-13-fluoro-l,4,9-trimethyltripty cene (7b), mp 
316—317 °C (recrystallized from tetrahydrofuran-hexane), 
was similarly obtained as 6d in 60% yield from 13 and 3,6-

dimethylanthranilic acid.25) 
Found: C, 79.28; H, 4.96; CI, 10.66%. Calcd for C23Hi8ClF: 

C, 79.19; H, 5.20; CI, 10.16%. 19FNMR: 46.58 (m). 
Attempted Synthesis of l,2,3,4-Tetrabromo-8,13-dichloro-

9-methyltriptycene (6g). To a boiling solution of 261 mg 
(1.0 mmol) of 12 in 10 ml of DME were added simultane­
ously a solution of 906 mg (ca. 2 mmol) of tetrabromoan-
thranilic acid26) in 30 ml of DME and a solution of 0.5 ml of 
isopentyl nitrite in 15 ml of DME during the course of 2 h 
and the mixture was heated under reflux for further 0.5 h. 
Evaporation of the solvent afforded yellowish solids which 
were hardly soluble in common solvents. JH NMR 
(CDCI3) of the supernatant solution showed a small broad 
peak at 6=3.50 presumably ascribable to the 9-methyl pro­
tons of 6g together with many large signals due to more 
soluble impurities. Further characterization and purifica­
tion of 6g was abandoned. 

Lineshape Analysis of the Dynamic NMR Spectra. For 
each compound, the slow exchange limit spectra at several 
temperatures were iteratively simulated using the LAOCN3 
program10) to obtain the NMR parameters. Coupling con­
stants were independent of temperature, but chemical shifts 
were generally temperature dependent. Exchange-
broadened spectra at intermediate temperatures were simu­
lated by visual matching using the DNMR3 program.11) 
Chemical shifts at each temperature were obtained by linear 
extrapolation of the slow exchange limit data. The T2 
values were properly adjusted judging from the half-width 
of the TMS signal. 

Molecular Mechanics Calculations. Calculations were 
performed using the BIGSTRN-3 program.13) As the pro­
gram does not contain parameters for halogen atoms at­
tached to a benzene ring, necessary parameters27) were added 
as compiled in Table 6. The van der Waals parameters for 
H and C(sp2) and the dipole moments for C(sp2)-H and 

Table 6. Modified and Added Force Field Parametersa,b) 

Stretching Xs/mdynA -1 r0/k /x/D 

1-30 0.9 
5-30 0.6 

11-30 6.1 1.35 -1.66 
12-30 3.7 1.74 -1.78 

Bending tfb/mdynrad"1 0o/° 

11-30-30 0.97 120.0 

12-30-30 0.83 119.0 

Torsion JVkcal mol - 1 

11-30-30-30 15.0 
11-30-30-11 15.0 
1-30-30-11 15.0 
5-30-30-11 15.0 

12-30-30-30 15.0 
1-30-30-12 15.0 
5-30-30-12 15.0 
5- 1 -1-30 0.0 

van der Waals r/Â e 

5 1.62 0.020 
30 1.96 0.056 

a) Atom type: 1, sp3-C; 5, H; 11, F; 12, CI; 30, sp2-C. 
b) 1 mdynÂ-^10 2 N rrr1, D=Debye (1 D=3.3356X10"30 

Cm). 
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C(sp2)-C(sp3) bonds were modified.28) The torsional 
parameter V3 for C(sp2)-C(sp3)-C(sp3)-H was altered as 
recommended by Imashiro et al.14c> 
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Transformation of a-Santonin into 7-Hydroxyeudesmanes1) 
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Autoxidation of (HS)-12-hydroxy-7a-eudesmane-3,6-dione in the presence of p-toluenesulfonic acid gave 
6,12-epoxy-llß-eudesma-4,6-dien-3-one, which was oxidized with m-chloroperoxybenzoic acid to give (11Ä)-
7a,12-dihydroxyeudesm-4-ene-3,6-dione. Transformation of some other 12-hydroxyeudesman-6-ones into 
7,12-dihydroxyeudesman-6-ones was also examined. 

Cytotoxic, antitumor, and other biological activities 
of many sesquiterpenes have been attributed to the 
presence of the a-methylene-y-lactone unit A. The 
presence of a hydroxyl group adjacent to the a-
methylene group may enhance the biological -activity 
and is a comnon feature among many sesquiterpene 
lactones showing in vivo antitumor activity.2) The 
ß-hydroxy-a-methylene-y-lactone unit B is found in 
eudesmane,3) guaiane,3d) elemane,4) and germacrane-
tVpe3d,4,5) sesquiterpenes. 7a-Hydroxyfrullanolide, the 
main antimicrobial component of a medically impor­
tant Indian plant Sphaeranthus indicus Linn.,3a'b'c) 7 a-
hydroxysantamarine,3d) and 7a-hydroxyreynosin3d) are 
typical examples of eudesmane-type sesquiterpenes 
possessing the /^hydroxy-a-methylene-y-butyrolactone 
unit B.6) Furthermore, biologically interesting 7a-
hydroxyeudesmanes,7) such as 7a-hydroxycostal and 
7a-hydroxycostol, sweet potato phytoalexins,7d) have 
also been isolated. In the course of our natural pro­
duct synthesis from a-santonin (1)8) we now report the 
transformation of a-santonin (1) into 7,12-dihydroxy-
eudesman-6-ones, which may be intermediates in the 
synthesis of natural 7-hydroxyeudesmanes including 
7-hydroxyeudesman-12,6-olides. 

Introduction of a hydroxyl group at C-7 on the 
eudesmane skeleton was examined by oxidation of the 

ax 
R 

CH2 

A R = H 

B R = OH 

enol ethers C derived from 12-hydroxyeudesman-
6-ones D (D—>C—>E). Substrates of oxidation, 12-
hydroxyeudesman-6-ones 2—5, were synthesized from 
compounds 6—-9, respectively (Schemes 1 and 2). 
The starting materials 6—-9 were prepared from a-
santonin (1) following the reported procedures.9) 

Treatment of 3a,12-dihydroxyeudesman-6-one (2) 
with p-toluenesulfonic acid (TsOH) in tetrahydro-
furan (THF) followed by oxidation with m-chloro­
peroxybenzoic acid (MCPBA) gave a complex mixture 
and only 3a,5,12-trihydroxyeudesman-6-one (21), 
[0=2.45 (dq, J=5.5 and 7.5 Hz, 4-H)] was isolated in 
poor yield (<5%). 12-Hydroxyeudesm-4-en-6-one (3) 
was treated with TsOH in benzene to give an insepara-

(H) 

tfcr 

(0 c 6 R = H 

10 R = THP (iii) 

(iv) 

(V) 

I— 11 R1 =THP, R2=a-H 
R3=a-OH,j3-H, R4=H 

^ 1 2 R1 = THP, R2 = a-H 

R3=a-OH,|3-H, R4=Tr 

t=^13 R1 = THP, R2 = a-H 
R3= O, R4=Tr 

- 2 R1 = R4=H, R2=/3-H 
R3=0 

(») 
R1<^ 

*M 

7 R = H 2 

9 R = 0 

I R2 

14 R1 = H2 — > 
R2=a-OH,/3-H 

1 (v'O 
20 R1 =0H, H > 

n 

3 R1 = H2 

R 2 = 0 

5 R1 = R2=0 

R2=a-OH,^-H 

Scheme 1. Reagents: (i) DHP, TsOH, (ii) L1AIH4, 
(iii) TrCl, DMAP, Et3N, (iv) Cr03 • 2pyridine, (v) 
H30+, (vi) Mn02. 
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0) c 8 R = 0 

15 R = OCH£H£ 

j — 16 Ft1 = OCH£H£> 

R2=a-OH,j3-H, R 3 = H 

17 R1 = OCH£H£> 

(iv) 

(v) 

(vi) 

C
m* i i — \S\jl \r£j\ \r%j 

R2=a-OH,/J-H, R 3 = Ac 

18 R1 = 0, R2=a-OH,0-H, 

Z± 19 R 1=R2=0, R 3 = A C 

"I 
L-» 4 R1 = R2=0 , R 3 = H 

= AC 

0-H, R3=AC 

R3= Ac 

Scheme 2. Reagents: (i) ethylene glycol, TsOH, (ii) LiAlH4, (iii) AC2O, pyridine, 
(iv) H3O"1", (v) Jones reagent, (vi) OH". 

HO' 

21 22 3,5 -diene 

23 4,6-diene 

ble mixture of enol ethers 22 ̂ H NNR <5=5.20 (br s, 3-
H)] and 23 in a ratio of 2 :3 . Oxidation of the enol 
ethers 22 and 23 with MCPBA yielded a complex 
mixture and the desired 7-hydroxy derivative was not 
isolated. This may be due to the oxidation of the 3-
ene and 4-ene double bonds in addition to that of the 

enol ether moiety. 
Treatment of a benzene solution of 12-hydroxy-

eudesmane-3,6-dione (4) with TsOH at room tempera­
ture in air gave the dienone 24 in 57% yield (Scheme 3). 
The UV [(CH3OH) 336 (e 12000), 252 (5300), and 210 
nm (3500)], IR (1665, 1633, and 1583 cm"1), and 
!3CNNR [0=199.76 (C-3), 149.52 (C-5), 146.93 (C-6), 
128.36 (C-4), and 125.41 (C-7)] spectra indicated the 
presence of a conjugated dienone moiety in 24. The 
two-dimensional ^ ^ H shift-correlation spectrum 
(COSY) of 24 further showed the presence of partial 
structures, -0-CH 2CH(CH 3 ) - and -CH2CH2C(CH3)-
CH2CH2-. On the other hand, when 4 was treated 
with TsOH in benzene under nitrogen, an inseparable 
mixture of enol ethers 25 and 26 was yielded in a ratio 
of 1:2. The mixture was further transformed into 24 

TsOH 

-UP Ö 

25 5-ene 

26 6-ene 

28 7a-OH 

31 7j3-OH 

Scheme 3. 

27 

0 2 

TsOH 

' -H20 
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in the presence of T s O H in air. T h e dehydrogena-
tion reaction, however, did not proceed wi thou t 
T s O H ; this indicates that the reaction proceeded via 
the acid-catalyzed enolization of C-3 carbonyl g roup 
of the enol ethers 25 a n d / o r 26. T h e intermediately 
formed electron rich diene(s) 27 may be oxygenated 
wi th molecular oxygen.10) 

As an acyclic model of 4, 8-hydroxy-2,5-octanedione 
was prepared from y-butyrolactone (cf. Exper imen­
ta l ) . n ) Autoxidat ion of the diketone under similar 
condi t ions did no t proceed. Base-catalyzed autoxida­
tion of acyclic 1,4-diketones to 2-ene-l,4-diones has 
not been reported. Under acidic condit ions only cy­
clic 1,4-diketones may be autoxidized to 2-ene-l,4-
diones. T o our knowledge the conversion reported 
herein may be the first example of the acid-catalyzed 
autoxida t ion of 1,4-diketones to 2-ene-l,4-diones.12) 

6,12-Epoxyeudesma-4,6-dien-3-one (24), wh ich was 
also derived from 12-hydroxyeudesm-4-ene-3,6-dione 
(5), was oxidized wi th MCPBA to give 7a, 12-
dihydroxyeudesm-4-ene-3,6-dione (28) in 54% yield 
a long wi th the lactone 29 (10% yield).13) 

T h e electron-deficient 4-ene double bond in 24 was 

2 9 3 0 

thus not affected by the oxidizing agent. T h e stereo­
chemistry of the newly introduced C-7 hydroxyl g roup 
was determined to be a by the following outcome. 
Oxidat ion of the dienone 24 wi th MCPBA in 

32 X = 0 ,Y = Z = 0H 

33 X = 0-0,Y = 0H,Z = H 

35 X = 0 or 0-0, Y,Z = 6-ene 

OH 

34 

methanol gave 30 in 51% yield.14* T h e down-field 
shift of 8a-signal [0=1.10 to 3.04 (ddd, /=14 .0 , 4.3, and 
2.5 Hz); assigned by the COSY spectra measured in 
CÔDÔ] by addi t ion of trichloroacetyl isocyanate and the 
nuclear Overhauser enhancement of OMe signal on 
i r radiat ion of 10ß-Me revealed the stereochemistry of 
the hydroxyl and methoxy groups . Fur thermore, the 
dienone 24 was oxygenated u p o n s tanding in air to 
give 7-hydroxy derivatives 28 and 31 in low and vari­
able yields.15) 

Benghalensin B (32), a 7-hydroxyeudesmane isolated 
from Meriandra benghalensis (Labiatae),7c) is assumed 
to be yielded from benghalensin A (33) or 15-
hydroxyeudesma-l ,4-diene-3,6-dione (34) by oxyge­
na t ion of the enol ether 35. T h e hydroxy diketone 34 
may be yielded from 33. 

C o m p o u n d s 28 and 30 may be intermediates in the 
synthesis of natura l 7-hydroxyeudesmanes. 

Experimental 

Melting points were determined on a hot block melting 
point apparatus and are uncorrected. IR spectra were 
taken on a JASCO A-3 spectrometer. UV spectra were 
taken on a Shimadzu UV 240 spectrometer. *H NMR spectra 
were recorded on a JEOL GX-270 (270 MHz) spectrometer 
with chloroform-^ as solvent (unless otherwise stated) and 
tetramethylsilane as internal standard. 13CNMR spectra 
were recorded on the instrument (67.8 MHz) with 
chloroform-d as solvent and internal standard (6=77.0). 
Mass spectra were obtained on a JEOL DX-300 mass spec­
trometer using electron impact mode (70 eV). Accurate 
mass measurements were recorded on the mass spectrometer. 
Optical rotations were determined on a JASCO DIP-181 
Polarimeter. Precoated Merck Kieselgel 60 F254 was used 
for general analytical purposes. Silica gel (Wakogel C-300) 
was used for flash chromatography. 

3a-(Tetrahydro-2-pyranyloxy)-4a,5a,7a,ll)8-eudesman-
12,6a-olide (10). A solution of 3a-hydroxy-4a!,5a!,7a!,llß-
eudesman-12,6a-olide (6) (5.7 g), freshly distilled 3,4-
dihydro-2H-pyran (DHP) (4.7 g), and p-toluenesulfonic acid 
monohydrate (22 mg) in dry dichloromethane (45 ml) was 
stirred at 0 °C for 4 h. Diethyl ether (60 ml) was added and 
the solution was washed with aqueous sodium hydrogen-
carbonate and then saturated brine and dried over anhy­
drous sodium sulfate. The crude product was recrystallized 
from hexane-ethyl acetate to give 10 (4.2 g, 55% yield). 
Column chromatography of the mother liquid followed by 
recrystallization gave additional 10 (2.0 g, 26% yield). 

Spectral data of 10: Mp 158.5—159.0 °C, IR (KBr) 1772 
cm"1; !HNMR 0=1.04 (3H, s, IO-CH3), 1.04 (3H, d, /=7.3 
Hz, CH3), 1.22 (3H, d, /=6.8 Hz, CH3), 3.4—3.9 (3H, m, 3/3-
H and CH2O), 3.98 (1H, dd, /=11.0 and 9.5 Hz, 6j8-H), and 
4.76 (1H, t, /=3.2 Hz, O-CH-O). 

( 11 S)-3a-(Tetrahydro-2-pyranyloxy)-4a,5a,7a-eudesmane-
6a,12-diol (11). To a solution of the lactone 10 (8.0 g) in 
dry diethyl ether (200 ml) was added lithium aluminium 
hydride (1.85 g) and the reaction mixture was stirred at room 
temperature for 4 h. An excess of lithium aluminium 
hydride was decomposed with ethyl acetate and water. 
Anhydrous sodium sulfate was added and the ethereal solu-
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tion was evaporated to give an oily product, which was then 
purified by flash chromatography to give 11 (6.0 g, 75% 
yield), as a colorless solid, IR (Nujol) 3380 cm"1; *HNMR 
0=0.87 (3H, s, 10-CH3), 0.89 (3H, d, /=6.8 Hz, CH3), 0.99 
(3H, d, /=7.3 Hz, CH3), 3.4—4.0 (5H, m, 3j8-H, 6/3-H, 12-H, 
and O-CH2), and 4.73 (IH, br s, O-CH-O). Found: m/z 
340.2627. Calcd for C20H36O4: M, 340.2614. 

(115)-3a,12-Dihydroxy-4a,5)8,7a-eudesman-6-one(2). A 
mixture of the diol 11 (1.74 g), trityl chloride (TrCl) (1.60 g), 
4-dimethylaminopyridine (31 mg,), triethylamine (1.28 ml) 
in dry dichloromethane (20 ml) was stirred at room temper­
ature for 7 h. Trityl chloride (1.2 g) was then added and the 
reaction mixture was further stirred at room temperature 
overnight. Water was added and the product was extracted 
with diethyl ether. The crude alcohol 12 was oxidized as 
follows. To a solution of pyridine (7.1 ml) in dry dichlo­
romethane (20 ml) was added chromium(VI) oxide (4.5 g) 
and the mixture was stirred at room temperature for 15 min. 
A solution of the crude alcohol 12 in dry dichloromethane 
(15 ml) was added and the reaction mixture was stirred at 
room temperature. The mixture was loaded onto a chro­
matographic column (silica gel 200 g) and eluted with 
hexane-ethyl acetate (3:1) to afford a mixture of triphenyl-
methanol and (HS)-3a-(tetrahydro-2-pyranyloxy)-12-
trityloxy-4a,5a,7a-eudesman-6-one (13) (2.9 g); IR (neat) 
1710 cm -1. To a solution of the crude ketone 13 in 
methanol (25 ml) was added concentrated hydrochloric acid 
(1.6 ml) and the reaction mixture was stirred at room 
temperature. After neutralization with aqueous sodium 
hydrogencarbonate the solution was concentrated under 
reduced pressure. The product was extracted with ethyl 
acetate and purified by column chromatography (silica gel 
15 g; eluent: hexane-ethyl acetate (1:1)) to give 2 (0.53 g; 40% 
yield from 11); *H NMR 0=0.84 (3H, d, /=6.6 Hz, CH3), 0.88 
(3H, s, IO-CH3), 0.92 (3H, d, /=7.1 Hz, CH3), 2.54 (1H, ddd, 
/=13 , 6, and 6 Hz, 7a-H), 3.4—3.6 (2H, m, 12-H), and 3.83 
(1H, br s, 3-H). Diacetate of 2. Found: m/z 338.2137. 
Calcd for G9H30O5: M, 338.2093. 

(HS)-7a-Eudesm-4-ene-6a,12-diol (14). A mixture of 
lithium aluminium hydride (52 mg) and 7a,ll/3-eudesm-4-
en-12,6a-olide (7) (100 mg) in dry diethyl ether (10 ml) was 
stirred at room temperature for 1 h. Work-up as usual gave 
14 quantitatively. The diol was recrystallized from ace-
tone-diethyl ether to give colorless crystals; mp 168.9— 
170.3 °C; IR (KBr) 3400 and 3300 cm"1; *H NMR 0=0.94 (3H, 
d, /=6.8 Hz, II-CH3), 1.06 (3H, s, IO-CH3), 1.91 (3H, s, 4-
CH3), 3.53 (1H, dd, 7=10.7 and 6.9 Hz, 12-H), 3.63 (1H, dd, 
7=10.7 and 6.0 Hz, 12-H), and 4.38 (1H, d, 7=10.3 Hz, 6j8-H); 
MS m/z (rel intensity) 238 (M+; nil), 220 ( M + - H 2 0 ; 24), 205 
( M + - H 2 0 - C H 3 ; 62), and 91 (100). Found: m/z 238.1889. 
Calcd for G5H26O2: M, 238.1933. 

(llS)-12-Hydroxy-7a-eudesm-4-en-6-one (3). A mixture 
of the allylic alcohol 14 (407 mg) and active manganese 
dioxide (4.16 g) in dichloromethane (70 ml) was stirred at 
room temperature for 1 h. After filtration the solvent was 
evaporated to give 3 (357 mg, 89% yield), which was then 
recrystallized from diethyl ether. 

3: Mp 94.4—94.7 °C; IR (Nujol) 3510, 1663, and 1515 
cm-1; !HNMR 0=0.84 (3H, d, 7=6.8 Hz, II-CH3), 0.88 (3H, 
s, IO-CH3), 1.61 (3H, s, 4-CH3), 3.40 (1H, dd, 7=10.8 and 6.3 
Hz, 12-H), and 3.52 (1H, dd, 7=10.8 and 5.4 Hz, 12-H); MS 
m/z 236 (M+; nil), 218 (M + -H 2 0; 38) and 203 (M + -H 2 0-CH 3 ; 
100). Found: m/z 218.1678. Calcd for C15H220: M - H 2 0 , 

218.1671. 
3,3-Ethylenedioxy-40,5a,7a,ll)3-eudesman-12,6a-olide 

(15). A solution of 4/3,5a,7a,ll/^eudesman-12,6o!-olide (8) 
(3.12 g), ethylene glycol (10.5 ml), p-toluenesulfonic acid 
monohydrate (170 mg) in benzene (160 ml) was heated under 
reflux and water was removed azeotropically using a Dean-
Stark trap. The solution was washed successively with 
aqueous sodium hydrogencarbonate, water, and saturated 
brine, and then dried over anhydrous sodium sulfate. After 
evaporation of the solvent the residue was recrystallized 
from hexane-acetone to give 15 (3.24 g, 88% yield); mp 
177.5—178.0 °C; IR (KBr) 1760 cm"1; *HNMR 0=0.99 (3H, 
s, IO-CH3), 1.04 (3H, d, 7=6.6 Hz, CH3), 1.19 (3H, d, 7=6.8 
Hz, CH3), 3.81 (1H, dd, 7=11.0 and 10.0 Hz, 6j8-H), and 3.96 
(4H, m, OCH2CH20); MS m/z 294 (M+; 3) and 99 (100). 

(llS)-3,3-Ethylenedioxy-40,5a,7a-eudesmane-6a,12-diol 
(16). To a suspension of lithium aluminium hydride (560 
mg) in dry tetrahydrofuran (10 ml) was added a solution of 
the lactone 15 (2.45 g) in dry tetrahydrofuran (40 ml) and the 
reaction mixture was heated under reflux for 2.3 h. After 
working-up as described for 11 the product, obtained quan­
titatively, was recrystallized from methanol to give 16, color­
less plates; mp 155.0—155.5 °C; IR(Nujol) 3360 and 3280 
cm"1; *HNMR 0=0.86 (3H, s, IO-CH3), 0.88 (3H, d, 7=7.1 
Hz, CH3), 1.12 (3H, d, 7=6.6 Hz, CH3), 3.50 (3H, m, 60-H 
and 12-H), and 3.90 (4H, m, OCH2CH20); MS m/z 298 (M+; 
2), 280 ( M + - H 2 0 ; 4), and 99 (100). Found: m/z 280.2065. 
Calcd for Ci7H2803: M - H 2 0 , 280.2038. 

(llS)-12-Acetoxy-3,3-ethylenedioxy-4ß,5a,7a-eudesman-
6a-ol (17). Acetylation of the diol 16 (1.41 g) with acetic 
anhydride (6 ml) and pyridine (8 ml) at room temperature 
gave 17, colorless solid, quantitatively. 

Spectral data of 17: IR (KBr) 3470 and 1740 cm"1; *H NMR 
0=0.87 (3H, s, IO-CH3), 0.88 (3H, d, 7=7 Hz, CH3), 1.13 (3H, 
d, 7=7 Hz, CH3), 1.98 (IH, m), 2.05 (3H, s, OCOCH3), 2.49 
(IH, m, 11-H), 3.45 (IH, m, 6-H), and 3.95 (6H, m, 12-H and 
OCH2CH20); MS m/z 340 (M+; 0.2), 322 ( M + - H 2 0 ; 0.2), 
and 99 (100). Found: m/z 340.2205. Calcd for Ci9H3205: 
M, 340.2250. 

( 11 S)-12- Acetoxy-6a-hydroxy-40,5a,7a-eudesman-3-one 
(18). A solution of the acetal 17 (1.55 g) and p-
toluenesulfonic acid monohydrate (70 mg) in acetone (25 
ml) was heated under reflux. Aqueous sodium hydrogen­
carbonate was added and the organic solvent was evapo­
rated. Diethyl ether was added and the ethereal solution 
was washed with water and the saturated brine, and dried 
over anhydrous sodium sulfate. The crude product was 
chromatographed (eluent: hexane-ethyl acetate, 2:1) to give 
18 (1.26 g, 93% yield). 

Compound 18: IR(KBr) 3470, 1740, and 1705 cm"1; 
!H NMR 0=0.90 (3H, d, 7=7 Hz, CH3), 0.93 (3H, s, IO-CH3), 
1.33 (3H, 7=7 Hz, CH3), 2.06 (3H, s, OCOCH3), 2.45 (3H, m, 
2-H and 4-H), 3.47 (1H, m, 6j8-H), and 3.98 (2H, m, 12-H). 
Found: m/z 296.1971. Calcd for Ci7H2804: M, 296.1988. 

(115)-12- Acetoxy-4 )3,5a,7a-eudesmane-3,6-dione (19). To 
a solution of 18 (790 mg) in acetone (30 ml) was added Jones 
reagent and the reaction was monitored by thin-layer chro­
matography. Work-up as usual gave 19 (706 mg, 90% 
yield), as an oil; IR (neat) 1735 and 1705 cm"1; MS m/z 234 
(M + -CH 3 COOH; 79), 219 (M + -CH 3 COOH-CH 3 ; 78), and 
109 (100). Found: m/z 234.1629. Calcd for G 5 H 2 2 0 2 : M -
CH3COOH, 234.1620. 

(HS)-12-Hydroxy-40,5a,7a-eudesmane-3,6-dione (4). To 
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a solution of 19 (210 mg) in methanol (10 ml) was added 5% 
aqueous potassium carbonate (2 ml) and the reaction mix­
ture was allowed to stand at room temperature overnight. 
Evaporation of the solvent and extraction with diethyl ether 
gave a pale yellow oil (160 mg), which was then crystallized 
from carbon tetrachloride to give colorless prism; mp 95.0— 
96.0 °C; IR (KBr) 3420 and 1705 cm"1; *HNMR 0=0.94 (3H, 
d, /=6.8 Hz, CH3), 0.99 (3H, s, 10-CH3), 0.99 (3H, d, /=6.4 
Hz, CH3), 2.67 (1H, m), 3.44 (1H, dd, /=10.7 and 6.7 Hz, 12-
H), and 3.55 (1H, dd, /=10.7 and 4.9 Hz, 12-H); MS m/z 252 
(M+; nil), 234 ( M + - H 2 0 ; 27), 219 ( M + - H 2 0 - C H 3 ; 70), and 
69 (100). Found m/z 252.1741. Calcd for C15H24O3: M, 
252.1725. 

(HS)-12-Hydroxy-7a-eudesm-4-ene-3,6-dione (5). A mix­
ture of lithium aluminium hydride (503 mg) and 3-oxo-
7a,llß-eudesm-4-en-12,6-olide 9 (502 mg) in diethyl ether 
(105 ml) was stirred at room temperature for 30 min. 
Work-up as usual yielded quantitatively a mixture of (11S)-
7a-eudemane-3,6a,12-triols (20). A mixture of the triols 20 
(268 mg), active manganese (IV) oxide (1.50 g) in dichlo-
romethane (40 ml) was stirred at room temperature for 5 h. 
After filtration the solvent was evaporated to give an oily 
product. Chromatography of the oil on silica gel (15 g; 
eluent: hexane-ethyl acetate, 1:1) gave 5 (81 mg, 31% yield). 

*HNMR 0=0.92 (3H, d, /=6.8 Hz, II-CH3), 1.15 (3H, s, 
IO-CH3), 1.73 (3H, s, 4-CH3), 3.47 (1H, dd, /=11 and 9 Hz, 
12-H), and 3.52 (1H, dd, /=11 and 6 Hz, 12-H); MS m/z 250 
(M+, 3), 232 (M+-H 2 0 , 17), 217 ( M + - H 2 0 - C H 3 , 42), and 
164 (100). Found: m/z 250.1588. Calcd for Ci5H2203: M, 
250.1569. 

(lllS)-3a,5f,12-Trihydroxy-4a,7f-eudesman-6-one(21). A 
solution of 2 (47 mg) and p-toluenesulfonic acid monohy­
drate (60 mg) in THF (2 ml) -H 2 0 (0.5 ml) was stirred at 
room temperature for 5 h. m-Chloroperoxybenzoic acid 
(40 mg) was then added and the mixture was stirred at room 
temperature overnight. After evaporation of the solvent 
water was added and the product was extracted with ethyl 
acetate. Column chromatography of the crude product 
(eluent: hexane-ethyl acetate 1:3) gave 21 (2 mg, 4% yield); 
!HNMR 0=1.17 (3H, d, /=7.3 Hz, II-CH3), 1.19 (3H, d, 
/=7.3 Hz, 4-CH3), 1.21 (3H, s, IO-CH3), 2.01 (1H, m, 11-H), 
2.45 (1H, dq, /=5.5 and 7.5 Hz, 4-H), 3.72 (1H, dd, /=9.0 and 
3.9 Hz, 12-H), and 4.23 (2H, m, 3j8-H and 12-H). 

Dehydration of 3 with /?-Toluenesul£onic Acid in Benzene. 
A solution of the hydroxy ketone 3 (6 mg) in benzene (1 ml) 
was stirred in the presence of a catalytic amount of p-
toluenesulfonic acid under nitrogen. The mixture was 
loaded onto a short column of silica gel and eluted with 
benzene to give an inseparable mixture of 6,12-epoxy-
7a,llß-eudesma-3,5-diene (22) and 6,12-epoxy-llß-eudesma-
4,6-diene (23) in a ratio of 2 :3. 

Spectral data of the mixture: IR (neat) 1663 and 1053 cm -1; 
*HNMR 0=0.96 (3H^ s, IO-CH3), 1.08 (3H, d, /=6.8 Hz, 11-
CH3), 1.91 (3H, s, 4-CH3), 3J76 (1H, t, /=8.5 Hz, 12-H), 4.43 
(1H, t, /=8.5 Hz, 12-H), and 5.20 (1H, br s, 3-H) and 23, 
0=0.96 (3H, s, IO-CH3), 1.05 (3H, d, /=6.4 Hz, II-CH3), 1.99 
(3H, s, 4-CH3), 3.49 (1H, dd, /=10 and 8 Hz, 12-H), and 4.20 
(1H, t , / = 8 Hz, 12-H). 

Acid-Catalyzed Autoxidation of (HS)-12-Hydroxy-4j3,5a,7a-
eudesmane-3,6-dione (4). A solution of the hydroxy dike-
tone 4 (53 mg) and p-toluenesulfonic acid monohydrate (64 
mg) in benzene (3 ml) was stirred at room temperature 
overnight. The reaction mixture was chromatographed on 

silica gel [3 g; eluent: hexane-ethyl acetate (10:3)] to give 
6,12-epoxy-110-eudesma-4,6-dien-3-one (24) (28 mg, 57% 
yield); colorless oil, which was further purified by HPLC 
[RP-18 column; CH 3 OH-H 2 0 (3 :2)]. 

Spectral data of 24: [a]g +549° (c 0.72 CHCI3); *HNMR 
0=1.13 (3H, s, IO-CH3), 1.15 (3H, d, /=6.8 Hz, II-CH3), 2.06 
(3H, s, 4-CH3), 3.85 (1H, t, /=8.7 Hz, 12-H), and 4.49 (1H, 
dd, 7=9.8 and 8.7 Hz, 12-H); ^CNMR 0=12.86 (15-C), 17.48 
(13-C), 19.68, 21.24 (14-C), 33.86, 35.55 (10-C), 36.34, 37.89, 
39.20 (11-C), 75.99 (12-C), 125.41, 128.36 (4-C), 146.93, 
149.52, and 199.76 (3-C); MS m/z 232 (M+; 44) and 217 
(M+ -CH 3 ; 100). Found: m/z 232.1477. Calcd for 
Ci5H20O2:M, 232.1463. 

The reaction was also performed in benzene-öfe in the 
presence of molecular sieves 4A under nitrogen and moni­
tored by *HNMR spectroscopy. 6,12-Epoxy-4ß,5a,llß-
eudesm-5-en-3-one (25): *H NMR 0=0.68 (3H, d, 7=6.3 Hz, 
II-CH3), 1.00 (3H, s, IO-CH3), 1.55 (3H, d, 7=7.3 Hz, 4-CH3), 
3.22 (1H, dd, 7=10.4 and 8.2 Hz, 12-H), 3.73 (1H, q, 7=7.3 
Hz, 4-H), and 3.92 (1H, dd, 7=8.2 and 7.7 Hz, 12-H) and 
6,12-epoxy-40,5a,110-eudesm-6-en-3-one (26): *HNMR 
0=0.75 (3H, s, IO-CH3), 0.90 (3H, d, 7=6.7 Hz, II-CH3), 1.50 
(3H, d, 7=6.6 Hz, 4-CH3), 3.59 (1H, t, 7=8.5 Hz, 12-H), and 
4.24 (1H, dd, 7=9.3 and 8.5 Hz, 12-H). 

IR and MS spectra of the mixture 25 and 26, an oil, are as 
follows: IR (neat) 1715 cm"1; MS m/z 234 (M+; 47), 232 
(M + -H 2 ; 59), 219 (M+-CH3; 100), and 217 ( M + - H 2 - C H 3 ; 
95). Found: 234.1637. Calcd for G 5H 2 20 2 : M, 234.1620. 

Oxidation of 6,12-Epoxy-ll)3-eudesma-4,6-dien-3-one (24) 
with m-Chloroperoxybenzoic Acid in Tetrahydrofuran. A 
mixture of 24 (22 mg) and m-chloroperoxybenzoic acid (16 
mg) in tetrahydrofuran (6 ml) was stirred at 0 °C for 3 h. m-
Chloroperoxybenzoic acid (15 mg) was added. The mixture 
was further stirred for 1.5 h and then chromatographed on 
silica gel [2 g; eluent: hexane-ethyl acetate (3 :2)] to give 3,7-
dioxo-6,7-seco-110-eudesm-4-en-6,12-olide 29 (2.5 mg, 10% 
yield) and (ll#)-7a,12-dihydroxyeudesm-4-ene-3,6-dione 
(28) (14 mg, 54% yield). The lactone 29 was also obtained 
by the oxidation of 24 with m-chloroperoxybenzoic acid in 
dichloromethane in 56% yield. 

29: IR (neat) 1735 and 1683 cm"1; *H NMR 0=1.09 (3H, d, 
7=6.8 Hz, II-CH3), 1.36 (3H, s, IO-CH3), 1.74 (3H, s, 4-CH3), 
2.35—2.75 (4H, m, 2-H and 8-H), 3.45 (1H, m, 11-H), 3.75 
(1H, dd, 7=10.5 and 9.6 Hz, 12-H), and 4.94 (1H, dd, 7=10.5 
and 7.1 Hz, 12-H); MS m/z 264 (M+; 60) and 223 (100). 
Found: m/z 264.1305. Calcd for Ci5H20O4: M, 264.1362. 

28: IR (neat) 3400 and 1670 cm"1; *H NMR 0=1.03 (3H, 
d, 7=7.1 Hz, II-CH3), 1.15 (3H, s, IO-CH3), 1.74 (3H, s, 4-
CH3), 3.72 (1H, dd, 7=10.7 and 6.1 Hz, 12-H), and 4.11 (1H, 
dd, 7=10.7 and 3.7 Hz); ^CNMR 0=12.06, 12.44, 21.74, 
31.11, 33.58, 35.10, 36.08, 37.05, 40.30, 65.73, 80.37, 132.29, 
158.44, 199.20, and 206.83. Found: m/z 266.1517. Calcd 
for Ci5H2 204 :M, 266.1518. 

( 11 S)-7ß, 12-Dihydroxyeudesm-4-ene-3,6-dione (31). A 
solution of 4 (80 mg) and p-toluenesulfonic acid monohy­
drate (8 mg) in benzene (15 ml) was heated under reflux for 
8.5 h. After evaporation of the solvent the residue was 
chromatographed on silica gel (eluent: hexane-ethyl acetate 
(5:1)) to give 28 (9 mg, 10% yield) and 31 (5 mg, 5% yield). 

Spectral data of 31, an oil; IR (neat) 3480 and 1680 cm"1; 
*HNMR 0=0.89 (3H, d, 7=7.0 Hz, II-CH3), 1.21 (3H, s, 10-
CH3), 1.83 (3H, s, 4-CH3), 3.68 (1H, dd, /=11.0 and 3.5 Hz, 
12-H), and 4.01 (1H, dd, 7=11.0 and 3.5 Hz, 12-H); 13CNMR 



December, 1990] Transformation of a-Santonin into 7-Hydroxyeudesmanes 3565 

0=11.53, 12.61, 23.10, 32.49, 33.60, 35.55, 36.17, 37.47, 40.30, 
63.44, 82.41, 134.46, 153.69, 198.43, and 208.00. Found: m/z 
266.1514. Calcd for G5H22O4: M, 266.1518. 

6a,12-Epoxy-7a-hydroxy-6)8-methoxy-ll)8-eudesm-4-en-
3-one (30). The peracid oxidation of 24 (28 mg) was per­
formed similarly in methanol to give 30 (17 mg, 51% yield). 

Compound 30: Colorless plates; mp 179.0—179.5 °C; 
UV (CH3OH) 244 nm (e 9100); IR (KBr) 3500, 1665, and 1600 
cm-1; *H NMR 0=1.02 (3H,d, /=7.1 Hz, II-CH3), 1.33 (3H, 
s, IO-CH3), 2.07 (3H, s, 4-CH3), 3.05 (3H, s, OCH3), 3.55 (1H, 
t, /=8.3 Hz, 12-H), and 4.02 (1H, t, /=8.8 Hz, 12-H); MS m/z 
280 (M+; 23) and 163 (100). Found: m/z 280.1655. Calcd 
for Ci6H2404:M, 280.1674. 

8-Hydroxy-2,5-octanedione. The hydroxy diketone was 
synthesized as follows, (i) Reduction of 7-valerolactone (1.3 
g) with diisobutylaluminium hydride (1.5 mol dm - 3; 10 ml) 
in toluene (6 ml) gave a mixture of the corresponding lactols 
(diasteromeric ratio, 1:1.7; 706 mg, 53%). IR (neat) 3420 
cm-1; « NMR [0=1.22 (3H, d, /=6.3 Hz, CH3), 4.35 (1H, m, 
CH-O), and 5.56 (1H, m, O-CH-O)] and [0=1.35 (3H, d, 
/=6.1 Hz, CH3), 4.13 (1H, m, CH-O), and 5.47 (1H, m, O-
CH-O)]. (ii) Grignard reaction of the lactols (357 mg) with 
3-butenylmagnesium bromide (prepared from 577 mg of 
magnesium and 1.4 g of l-bromo-3-butene) in diethyl ether 
(13 ml) at room temperature gave 8-nonene-2,5-diol (295 mg, 
53%): IR (neat) 3360, 3090, 1642, and 913 cm"1, (iii) Jones 
oxidation of the diol (261 mg) in acetone (3 ml) at 0°C gave 
8-nonene-2,5-dione (208 mg, 77%): IR (neat) 3090, 1715, 
1642, and 918 cm-*; *H NMR 0=2.19 (3H, s, CH3), 2.33 (2H, 
q, /=7.0 Hz, CH2), 2.57 (2H, t, 7=7.5 Hz, CH2), 2.70 (4H, m, 
CH2), 5.00 (2H, m, CH2=), and 5.80 (1H, m, CH=). (iv) 
Acetalization of the diketone (176 mg) with ethylene glycol 
(1 ml) in the presence of p-toluenesulfonic acid mono-
hydrate (10 mg) in benzene (15 ml) using a Dean-Stark trap 
gave 2,2:5,5-bis(ethylenedioxy)-8-nonene (251 mg, 91% 
yield). IR (neat) 3090 and 1642 cm"1; MS m/z 242 (M+; nil), 
227 (M + -CH 3 ; 5), 187 (61), 127 (100), 99(17), and 87 (84). 
(v) Ozonization of the olefin (128 mg) in methanol (3 ml) at 
—78 °C followed by reduction of the ozonide with sodium 
borohydride gave 2,2: 5,5-bis(ethylenedioxy)-8-octanol (88 
mg, 68%): IR (neat) 3460 cm"1; *H NMR 0=1.31 (3H, s, CH3), 
1.73 (8H, m, CH2), 3.64 (2H, t, 7=5.8 Hz, CH2OH), and 3.96 
(8H, m, OCH2CH2O). (vi) Hydrolysis of the acetal in 
acetone in the presence of p-toluenesulfonic acid at room 
temperature gave 8-hydroxy-2,5-octanedione, but no autox-
idation product was detected on thin-layer chromatography. 
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Molecular dynamics calculation was performed in order to obtain structural information about the 
complexes of a macrotricyclic receptor (1), which has crown ether and cyclophane subunits as binding sites, 
with organic substrates, co-(phenylalkyl)ammonium picrates (2; the methylene number, n=4, 5, 7), taking 
account of solvent effect. The resulting equilibrium structures were in good agreement with experimental 
data; among the three complexes, the complex of 1 with 2 (n=5) gave the largest stability constant. Further­
more, the quantitative evaluation of the difference in Gibbs free energy between two complexes, calculated by 
the perturbation method, was also consistent with the experimental data. 

It is wel l -known that bioprocesses, such as enzy­
matic reactions, an t igen-ant ibody reactions, and ion 
t ransporta t ions , proceed selectively a n d / o r specifi­
cally wi th molecular recognit ion. A mimick ing of 
these reactions by artificial compounds would be valu­
able not only for unders tanding of the under ly ing 
factors in bioprocesses but also for development of 
new, selective a n d / o r specific organic reactions. 
Recently, we found that macrotricyclic receptor (1), 
hav ing crown ether and cyclophane subuni ts as bind­
ing sites, recognized the methylene chain length of œ-
(phenyla lky l )ammonium picrates (2; the methylene 
number , n—?>—9)..1) T h e largest stability constant 
(Ks') of the complex of 1 wi th 2 was observed when the 
methylene number , n, of 2 was five or six, which was 
3—4 times larger than those of the complexes wi th 2 
(n=4, 7). However, no structural information was 
obtained for the complexes since the complexes gave 
very complicated XH N M R spectra and the growth of a 
single crystal for X-ray structural analysis was in 
failure. 

O n the other hand, the computa t iona l method has a 
h igh potent ial for get t ing structural information, 
which is difficult to be obtained by experimental 
methods. For isolated "gas phases" system, a lot of 
calculations were carried out by molecular orbital and 
molecular mechanical methods.2 ) However, some 
calculations indicated that the (de)solvation of a 
cation u p o n complexat ion played an impor tan t role 
in the complex-formation process.2b) Recently, 
molecular dynamics studies incorporat ing the effect 
of solvents were reported.34) Grootenhuis and Kollman, 
for example , employed free energy per turbat ion the­
ory in order to simulate properties of macrocyclic 
dibenzocrown ethers.5) The i r results showed that the 
per turbat ional technique is very useful to obta in ther­
modynamic data for a complexat ion process. 

In this paper, we report the molecular dynamics 
calculations for the complexes of tricyclic receptor 1, 
which has crown ether and cyclophane subuni ts , wi th 
co-(phenylalkyl)ammonium picrates (2, n = 4 , 5, 7) and 

N02 

N02 

2 

the difference in Gibbs free energy (AAG) calculated 
on the basis of the per turbat ion method proposed by 
Grootenhuis and Kollman.5 ) 

Computational Details 

For molecular dynamics calculation, the AMBER 
package6 ) was used, in which the energy function is of 
the form 

Vn 
£totai = 2 Kr(r-nq) + 2 £0(0-0eq) + 2 — [1+cos (n<l>-y)] 

bonds angles dihedrals 2, 

\+ 2 
-1 H-bonds 

üj'y Uij 

• / V 2 Ra10 J 
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All of the force field parameters were taken from the 
literatures.5/7) Through the molecular dynamics 
calculation, the all-atom force field was used and the 
SHAKE algorithm8) was applied to C-H bonds. In 
the calculation, the optimized potentials for liquid 
simulation (OPLS)9) parameters for water were used 
for solvent models. The point charges used in the 
molecular dynamics were taken by the molecular or­
bital calculation MNDO in the MOPAC package. 
Picrate anion was ignored in the molecular dynamics 
calculation in order to simplify the system. 

The starting geometry of the receptor for molecular 
dynamics calculation was determined by molecular 
mechanics calculation, which was performed with 
MMP2 program.10) Because of the difficulty in 
optimizing the whole structure of receptor 1 at a 
time, 1 was divided into three parts; dibenzo-18-
crown-6 3, bis(aminomethyl)biphenyl 4, and diamino-
cyclophane 5. 

The starting geometry of 3 for molecular mechanics 
calculation was adopted from the X-ray data in the 
literatures.11) Both of two independent molecules in 
a unit cell were individually optimized by MMP2 
calculation. The molecules of solvent in the X-ray 
data were ignored. 

The starting geometry of 4 for molecular mechanics 

a: so 

calculation was made by MOLDA512) on a personal 
computer NEC PC9801VX21, and MMP2 calculation 
was performed. 

The starting geometry of 5 for molecular mechanics 
calculation was based on the X-ray data of dinitrocy-
clophane.13) Since the other parts of receptor 1 could 
not be connected with the X-ray determined structure 
of G symmetry, the structure of the dinitrocyclophane 
was assumed to take C2 symmetry. Moreover, the 
nitro groups in the dinitrocyclophane was replaced by 
amino groups. There were 36 possible conforma­
tions for 5 in C2 symmetry: Anti and two gauche 
conformations for A^-O-C-Ar2; cisoid and transoid 
conformations between the oxygen of the skeleton and 
the nitrogen attached to Ar2; i.e., 3X2X3X2 in total. 
MMP2 calculations were carried out for all of the 
structures, and the most stable structure (anti-cisoid; 
gauche-cisoid was used as the starting geometry 
of 5. 

The connection of the three parts, i.e., 3, 4, and 5, 
was carried out by using MOLDA5 program. There 
were 72 possible connecting modes (two faces of the 
crown ether subunit; anti and two gauche conforma­
tions for Ar1 (crown ether subunit)-N-C-Ar2 (bridge 
subunit) and for Ar3 (cyclophane subunit)-N-C-Ar4 

(bridge subunit), respectively; inside and outside the 
cavity for each methylene in the bridge subunit; 
namely, 2X3X3X2X2). Connection could be 
achieved for 16 structures, for which molecular 
mechanics calculation was performed. Among them, 
the most stable structure, where the crown ether sub-
unit bends inside the cavity, each Ar-N-C-Ar is 
gauche (right-handed screw), and each methylene is 
inside, was regarded as the starting geometry of the 
receptor molecule for molecular dynamic study. 

The nitrogen atom of the substrate molecule was 
taken as sp3 with no charge, and its energy was 
minimized by MMP2 calculation. 

For the starting geometry of the complex, we 
located the nitrogen atom of the substrate molecule by 
MOLDA5 program to interact through ordinary hy­
drogen bonds with the oxygen atoms of the crown ether 
subunit in the receptor molecule, obtained by MMP2 
calculation. 

In our solvent model, 20—25 molecules of OPLS 
water were placed around the receptor molecule or 
complex, and water molecule (s) closer than 2.0 Â to 
the atoms of the receptor molecule or complex was 
removed. For the molecular dynamics calculation, 
the windowing technique14) was used, in which 500 
equilibration steps and 500 data collection steps 
were performed with a 2X10~3 ps timestep at 300 K 
and constant pressure of 1.0 atm. The total time 
length for the simulation was 160 ps, i.e., 8X104 steps, 
to equilibrate the structure of the receptor and 
complex. 

The perturbation calculation was carried out for­
ward (A: l->0) and backward (A: 0->l) with AA=0.05. 
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Since the ensembles were generated at constant 
temperature (300 K) and pressure (0 atm), the calcu­
lated energy may be regarded as Gibbs free energy. 
The substrate molecule, cü-(phenylalkyl)ammonium 
ion, was taken as the perturbing group. 

The molecular dynamics and molecular mechanics 
calculations were carried out on a HITACHI S-820 
supercomputer and HITACHI M-680/M-682 compu­
ters, respectively, in the Computer Centre of the Uni­
versity of Tokyo. 

Results and Discussion 

The molecular dynamics calculations were carried 
out for receptor 1 alone and for the complexes of 1 
with cü-(phenylalkyl)ammonium picrate (2, n=4, 5, 7). 
The equilibrium structures are shown in Fig. 1. 

The equilibrium structure of the receptor molecule 
in the complex with 2 {n—1) is elongated in compari­
son with those of the receptor molecule alone and of 
the complex with 2 {n—b). The elongation of the 
receptor molecule in the complex with 2 {n—1) may 
result in the complex being less stable than the corn-

Fig. 1. The equilibrium structures of ; 
(rc=4), c) the complex of 1 with 2 (n=l 
calculated by molecular dynamics. 

plex with 2 (n=5) in enthalpy term, although there 
exists the interaction between the phenyl group in 2 
and the cyclophane subunit in 1 in both cases of the 
complexes with 2 (n=5) and with 2 {n—1). 

In order to evaluate quantitatively the difference in 
the stability of the receptor molecule between the 
complexes with 2 {n—b) and with 2 {n—1), MMP2 
calculation was performed. The calculation showed 
that the receptor molecule in the complex with 2 
{n—1) was less stable than that in the complex with 2 
(n=5)by 15.63 kcal mol"1. 

These results on the molecular dynamics and 
molecular mechanics calculations are in agreement 
with the experimental data1* that the stability constant 
(Ks') of the complex of 1 with 2 {n—b) is 2.8 times 
larger than that with 2 (n=7) at 20 °C (Table 1). 

The benzene ring of the substrate molecule is 
located outside the cavity of the cyclophane subunit of 
the receptor molecule in the case of the complex with 
2 (n=4). In contrast, in the case of the complex with 
2 (n=5), the benzene ring of the substrate molecule is 
located in the cavity of the cyclophane subunit to 
interact each other. Moreover, the structures of the 

L) receptor 1, b) the complex of 1 with 2 
>), and d) the complex of 1 with 2 (n=7), 
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Table 1. The Observed Stability Constant (tfs'XlO"2 M"1) 
for the Complexes of 1 with 2 (n=4, 5, 7) at 20oCD 

n 

4 
5 
7 

Ks' 

4.4 
17.3 
6.2 

Table 2. The Difference in Gibbs Free Energy (AAG) 
between the Complexes of 1 with 2 (n=5) 

and with 2 (n=4) at 300 K 

Calcd by 
Obsd1) 

AAG/kcalmol"1 

Perturbation Method 0.81 
0.71 

receptor molecule in the complexes are little different 
from that of the receptor molecule alone. These 
molecular dynamics results may account for the exper­
imental fact1) that the complex with 2 (n—b) is more 
stable than the complex with 2 (n=4) as given in 
Table 1. Namely, the difference in the stability 
between the complexes with 2 (n=4) and with 2 (n—5) 
may be due to the absence or presence of the interac­
tion between the benzene ring in 2 and the cyclophane 
subunit in 1. 

The perturbation study was carried out by changing 
parameters for cü-(phenylalkyl)ammonium cation 
with five methylenes into the parameters for the cation 
with four methylenes in order to calculate the differ­
ence in Gibbs free energy (AAG) between the com­
plexes with 2 {n—b) and with 2 (n=4). The result is 
listed in Table 2 with the observed value.1) The 
calculated value is highly consistent with the experi­
mental result. This suggests that the quantitative 
value of AAG can be reproduced by the molecular 
dynamics calculation and that the equilibrium struc­
tures calculated by molecular dynamics represent the 
actual phases of the complexes. 

Furthermore, the quantitative evaluation was per­
formed by using MMP2 calculation for the contribu­
tion of the hydrophobic interaction between the 
phenyl group in 2 and the cyclophane subunit in 1 to 
the stabilization of the complex with 2 (n—b). The 
enthalpy for the interaction was found to be 0.82 
kcal mol"1, which is almost equal to the observed 
AAG. This indicates that the complex of 1 with 2 
(n—b) is stabilized more than the complex of 1 with 2 
(n=4) by the additional hydrophobic interaction 
between the phenyl group in 2 and the cyclophane 
subunit in 1 other than the primary electrostatic inter­
action between the ammonium group in 2 with the 
crown ether subunit in 1. 

Conclusion 

The equilibrium structures of the complexes of 
receptor 1 with organic substrates 2 (n=4, 5, 7), calcu­

lated by molecular dynamics, are in good agreement 
with the fact that among them the complex with 
substrate 2 (n=5) is the most stable. Furthermore, the 
quantitative value of AAG in the process, calculated 
by the perturbation method, is also consistent with the 
experimental data. 

Present studies indicate that the molecular dynam­
ics calculation and perturbation method are very use­
ful to get the structural information, which is difficult 
to get by experimental methods, for large, complex 
macropolycyclic systems. 

The work was supported by Grant-in-Aid for 
Scientific Research on Priority Areas (Multiplex 
Organic Systems, No. 01649006) from the Ministry of 
Education, Science and Culture. 
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The title compounds were prepared smoothly in moderate yields by the reactions of 3-
(mercaptomethylene)-2(3H)-indolizinones with various alkylating agents such as bromoacetonitrile, bromoace-
tates, and phenacyl bromides in the presence of base. The structural assignments of these products were 
accomplished by their spectral inspections, and the structure for one compound was distinctly proven by its X-
ray crystallography. In order to explain the regioselectivity in this reaction, a molecular orbital calculation 
(CNDO/2) was also performed using a model compound. 

In a preliminary communication2) we described 
the preparation of some 4(lH)-8,8a-dihydro[l,4]-
thiazino[3,4,5-cd]indolizinones by the reactions of 3-
(mercaptomethylene)-2(3H)-indolizinone with bro­
moacetonitrile or phenacyl bromide in the presence of 
a base at room temperature. A possible intermediate 
involved in this reaction is an ionic species such as A 
(see Fig. 1), and the driving force for its smooth 
cyclization to cycloadduct B seems to be the increased 
electrophilicity of the C-5 carbon in the 2(3H)-
indolizinone, as compared with that in indolizine.3) 

Recently, we have also found that a zwitterionic inter­
mediate such as C, whose structure is very like species 
A, cyclized easily under extremely mild conditions to 
give the corresponding l,4-thiazine.4) The ready for­
mation of these [l,4]thiazino[3,4,5-cd]indolizines and 

the pharmaceutical interest for some fused 1,4-thiazine 
derivatives5) prompted us to further investigate the 
generality and the usefulness of this reaction. In this 
paper we report on the preparation of 4(lH)-8,8a-
dihydro[ 1,4]thiazino[3,4,5-cd]indolizinone derivatives 
from reactions of 3-(mercaptomethylene)-2(3H)-
indolizinones with some alkylating agents in the pres­
ence of a base; we also give our consideration concern­
ing on the regioselectivity in these reactions on the 
basis of a molecular orbital calculation6) of a model 
compound. 

Preparation 
indolizinones. 

Results and Discussion 

of 3-(Mercaptomethylene)-2(3/J)-
These 3-(mercaptomethylene)-2(3H)-

V 
Br"" XOOEt 
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at r . t . 
l c & 

4 a - f 

4 

a 
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e 
f 

R 

Me 
Ph 
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Me 
Ph 
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R1 
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Table 1. *H NMR Data of 3-Methylene-2(3H)-indolizinones 

Compd 

4 

a 

b 

c 

d 

e 

£ 

5-H 

8.42 
b r d 
8.64 
b r d 
8.62 
b r d 
b) 

b) 

b) 

6-H 

6.78 
m 

6.81 
dt 

6.95 
dt 

6.36 
m 

6.36 
m 

6.39 
dt 

7-H 

7 . 0 -
m 

b) 

b) 

b) 

b) 

b) 

Ô(CDC13> 

8-H 

7.5 

b) 

b) 

b) 

b) 

b) 

) 

SH 

13.58 
br s 
14.03 

s 
13.81 

s 
13.07 

s 
13.34 
br s 

13.39 
br s 

R 

2.09 
s 

7.1—7.9 
m 

7.2—7.9 
m 

2.15 
s 

7.0—7.9 
m 

7.0—7.8 
m 

R1 

3.01 
s 

3.09 
s 

3.09 
s 

7.0—7.7 
m 

7.0-7.9 
m 

7.0-7.8 
m 

a) The coupling constants are as follows: /5,6=/6,7:=7.0, /5,7=2.0 Hz. b) Overlapped with the 
phenyl proton signals. 

indolizinones 4a—f were prepared in 40—66% yields 
by reactions of the corresponding 2(3H)-indolizinones 
2a—c, generated in situ from an alkaline treatment of 
2-ethyl- (la), 2-benzyl- (lb), and 2-(jfc»-chlorobenzyl)-l-
(ethoxycarbonylmethyl)pyridinium bromide (lc), 
with methyl dithioacetate (3a) and methyl dithioben-
zoate (3b) at room temperature with the elimination of 
methanethiol (Scheme 1). 

The structures of these compounds 4a—f were deter­
mined by the physical and spectral means and by their 
spectral comparisons with those of 3-[(alkylthio)-
mercaptomethylene]-2(3H)-indolizinone derivatives 
prepared previously by us.7) The elemental analyses 
of 4a—f were in good accord with our proposed com­
positions. The IR spectra showed characterisric 
absorption bands in the ranges of 2280—2550 and 
1579—1598 cm -1, attributable to the mercapto and the 
carbonyl groups, respectively; the ^ N M R spectra 
(Table 1) exhibited mercapto proton signals at very 
low magnetic field (6=13.07—14.03), which indicated 
the presence of the hydrogen-bonding between 
this group and the 2-oxo oxygen atom. These 
spectral features were almost the same as those 

of 3-[(alkylthio)mercaptomethylene]-2(3H)-indolizi-
nones.7) 

Preparation of [l,4]Thiazino[3,4,5-cd]indolizines. 
Since 3-methylene-2(3H)-indolizinone has the 2-
methylene-l,2-dihydropyridine and the trienone struc­
tures, a considerable increase in the electrophilicity of 
the C-5 carbon, as compared with that in indolizine,3) 

can be expected. However, the exo-methylene moiety 
of compounds 6 (see Scheme 2) available directly from 
the S-functionalization of 3-(mercaptomethylene)-
2(3H)-indolizinones (4a—f) does not have the proper 
geometry for cyclization to the corresponding 
[l,4]thiazino[3,4,5-cd]indolizines. For these reasons, 
the formation of 6 in the reactions of 4a—f with 
alkylating agents 5a—f was initially expected. 
However, the treatment of 4a—f with bromoacetoni-
trile (5a) in the presence of l,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) in chloroform at room tempera­
ture gave directly the corresponding 4(lH)-8,8a-
dihydro-l-cyano[l,4]thiazino[3,4,5-cd]indolizinones 
(7a—f) in which the hydrogens at the 1- and 8a-
position have a cis configuration, and did not 
afford any 3-[(cyanomethylthio)methylene]-2(3H)-

;tO 
4 a - f 

BrCH2FT 5a-c 

DBU/CHC1-

a t r . t . 

7 

a 
b 
c 
d 
e 
£ 
g 

R R1 R2 

Me Me CN 
Ph Me CN 
p-ClC6H4 Me CN 
Me Ph CN 
Ph Ph CN 
p-ClC6H4 Ph CN 
Me Me COOEt 

n o t 
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h 
i 
j 
k 
1 
m 
n 

7 ' a -

R 

Ph 
p-ClC6H4 

Me 
Ph 
p-ClC6H4 

Me 
p-ClC6H4 

- n ( t r a n s ) 

R1 

Me 
Me 
Ph 
Ph 
Ph 
Me 
Ph 

R2 

COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COO^-Bu 
COO^-Bu 

Scheme 2. 
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Table 2. XH NMR Data of Thiazinoindolizines 
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Compd 

No. 

7a 

7b 

7c 

7d 

7e 

7f 

7g 

7h 

7i 

7j 

7k 

71 

7m 

7n 

8a 

8b 

8c 

8d 

8e 

8f 

8g 

8h 

8i 

8j 

8k 

81 

8m 

8n 

8p 

8q 

8r 

1-H 

3.92 
d 

3.95 
d 

3.96 
d 

4.00 
d 

3.99 
d 

4.05 
d 
c) 

c) 

4.13 
d 
c) 

c) 

c) 

4.00 
d 

4.16 
d 

5.12 
d 

5.16 
d 

5.17 
d 

5.17 
d 

5.17 
d 

5.18 
d 

5.03 
d 

5.12 
d 

5.10 
d 

5.10 
d 

5.19 
d 

5.11 
d 

5.00 
d 

5.15 
d 

5.09 
d 

5.19 
d 

5.25 
d 

8a-H 

4.04 
m 

4.18 
m 

4.20 
m 

4.20 
m 

4.25 
m 

4.38 
m 
c) 

c) 

c) 

c) 

c) 

c) 

4.02 
m 

4.20 
m 

4.30 
m 

4.45 
m 

4.43 
m 

4.45 
m 

4.60 
m 

4.60 
m 

4.40 
m 

4.48 
m 

4.45 
m 

4.46 
m 

4.65 
m 

4.58 
m 

4.35 
m 

4.54 
m 

4.35 
m 

4.62 
m 

4.71 
m 

8-H 

2.3—3.0 
m 

2.3-3.0 
m 

2.4—3.0 
m 

2.3-3.1 
m 

2.3-3.0 
m 

2.3—3.2 
m 

2.3—3.2 
m 

2.2-3.1 
m 

2.0—3.1 
m 

2.2-3.2 
m 

2.2-3.2 
m 

2.2-3.1 
m 

2.3—3.2 
m 

2.1-3.2 
m 

2.0—3.2 
m 

2.0—3.0 
m 

2.0—3.1 
m 

1.9—3.1 
m 

2.1-3.2 
m 

2.1—3.3 
m 

2.0-3.2 
m 

2.0-3.2 
m 

2.0—3.2 
m 

1.9—3.1 
m 

2.0—3.2 
m 

1.9—3.2 
m 

2.0—3.2 
m 

2.1-3.2 
m 

1.9—3.1 
m 

2.0—3.2 
m 

2.2—3.3 
m 

ô(CDCl3)
a'b) 

7-H 

6.27 
m 

6.31 
m 

6.38 
m 

6.29 
m 

6.33 
m 

6.48 
m 

6.19 
m 

6.25 
m 

6.29 
m 

6.23 
m 

6.30 
m 

6.30 
m 

6.18 
m 

6.28 
m 

6.09 
m 

6.16 
m 

6.22 
m 

6.30 
m 

6.22 
m 

6.27 
m 

6.15 
m 

6.23 
m 

6.37 
m 

6.26 
m 

6.28 
m 

6.29 
m 

6.28 
m 

6.27 
m 

6.18 
m 

6.35 
m 

6.29 
m 

6-H 

6.57 
dd 

6.74 
dd 

6.69 
dd 

6.57 
dd 

6.77 
dd 

6.79 
dd 

6.46 
dd 

6.67 
dd 

6.62 
dd 

6.50 
dd 

6.75 
dd 

6.63 
dd 

6.47 
dd 

6.63 
dd 

6.40 
dd 

6.69 
dd 

6.60 
dd 

6.50 
dd 

6.71 
dd 

6.66 
dd 

6.47 
dd 

6.69 
dd 

6.72 
dd 

6.49 
dd 

6.75 
dd 

6.66 
dd 

6.50 
dd 

6.68 
dd 

6.49 
dd 

6.80 
dd 

6.69 
dd 

R 

1.78 
s 

7.1—7.7 
m 

7.41 
s 

1.72 
s 

7.1 
m 

7.37 
s 

1.76 
s 

7.1—7.6 
m 

7.39 
s 

1.76 
s 

7.1 
m 

7.30 
s 

1.77 
s 

7.30 
s 

1.72 
s 

7.1—8.3 
m 

7.41 
s 

1.68 
s 

7.0 

7.1 

1.77 
s 

7.2—8.3 
m 

7.40 
s 

1.73 
s 

7.1 

7.1 

1.75 
s 

7.2—8.2 
m 

1.67 
s 

7.0 

7.4 

R1 

2.49 
s 

2.54 
s 

2.56 
s 

7 . 2 -
m 

-7 .8 

7 . 2 -
m 

2.47 
s 

2.51 
s 

2.50 
s 

7 . 0 -
m 

-7 .8 

7.0— 
m 

2.48 
s 

7 . 0 -
m 

2.40 
s 

2.50 
s 

2.46 
s 

7.3— 

m 

m 
2.46 

s 
2.52 

s 
2.50 

s 
7.2— 

m 

m 
2.45 

s 
2.57 

s 
7.2— 

m 

m 

7.8 

7.7 

7.8 

7.7 

7.7 

m 

m 

m 

R2 

— 

— 

— 

— 

— 

— 

1.32 4.24 
t q 

1.30 4.25 
t q 

1.33 4.24 
t q 

1.36 4.28 
t q 

1.28 4.26 
t q 

1.28 4.21 
t q 

1.51 
s 

1.44 
s 

7.3—8.3 
m 

7.1—8.3 
m 

7.2—8.4 
m 

-8.3 

-8.3 

-8.3 

7.3-8.3 
m 

7.2—8.3 
m 

7.3—8.2 
m 

-8.2 

-8 .3 

-8 .3 

7.5—8.3 
m 

7.2-8.2 
m 

-8 .1 

-8 .1 

-8 .6 

a) The coupling constants are as follows: /i,8a=2.0 (eis) or 10.0 (trans), /6,8=2.5, and /6,7=10.0 
Hz. b) The spectrum of 8o could not be measured because of its low solubility, c) 
Overlapped with the methylene proton signals of the ethoxyl group. 
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Scheme 3. 

indol iz inone derivatives (6) and isomeric thia-
zino[3,4,5-cd]indolizines 7'a—n (trans form). Sim­
ilarly, the reactions of 4a—f with ethyl bromoacetate 
(5b) and ^-butyl bromoacetate (5c) provided the same 
type of products (7g—n) in 36—58% yields (Scheme 2). 
O n the other hand, the reactions of 4a—£ with 
phenacyl (5d), p-chlorophenacyl (5e), and p-
bromophenacyl bromide (5f) in the presence of DBU 
gave only trans isomers 8a—r in 23—77% yields, and 
the eis isomers (8'a—r) could not be obtained at all 
(Scheme 3). 

These [l,4]thiazino[3,4,5-cd]indolizines 7a—n and 
8a—r were very stable compounds in contrast wi th 
pyrido[2,l-c][l ,4]thiazines which were prepared ear­
lier by us,4) and did not decompose even in boi l ing 
chloroform. 

These elementary analyses coincided well wi th the 
composi t ions expected both for our proposed thiazi-
noindolizines 7a—n and 8a—r and for S-alkylated 3-
methylene-2(3H)-indolizinones 6. However, their 
i H N M R spectra (Table 2) definitely excluded the 
possibility of structure 6 because of the absence of the 
singlet pro ton signal at tr ibutable to the S-methylene 
g roup . For example, the ^ N M R spectrum of 7a 
showed pro ton signals at ô=1.78 (3H, s, 5-Me), 2.49 
(3H, s, 3-Me), 2.3—3.0 (2H, m, 8-HX2), 3.92 (1H, d, 
/ = 2 . 0 Hz, 1-H), 4.04 (1H, m, 8a-H), 6.27 (1H, m, 7-H), 
and 6.57 (1H, dd, / = 1 0 . 0 and 2.5 Hz, 6-H); those of 
other compounds (7b—n and 8a—n, p—r) were very 
similar to each other, except for the 1-H signals which 
appeared at ô near 4.0 as a doublet coupled wi th 2.0 Hz 
in compounds 7a—f, i, m, n, and ô near 5.1 as a 
doublet coupled with 10.0 Hz in c o m p o u n d s 8a—n, 
p—r. T h e inspection on the stereochemistry at the 1-
and 8a-position us ing Dreiding models suggested that 
the dihedral angle for the eis isomer is about 60° and 
that for the trans one is about 180°. Evidently, the 
coup l ing constants expected from these dihedral 
angles are cis<trans,8 ) and, hence, products 7a—n are 

concluded to be eis isomers and 8a—r to be trans ones. 
Th i s conclusion was also suppor ted by an X-ray anal­
ysis for one c o m p o u n d (7b) (see below). O n the other 
hand, the structures of compounds 7g, h, j — 1 , and 8o, 
whose 5-H signals could not be clearly shown in their 
^ N M R spectra, were assigned by analogy of the 
reactivity of indolizinones 4a—f toward similar alky­
lat ing agents 5b—f. 

T h o u g h the reactions of compounds 7 and 8 with 
some dehydrogenat ing agents such as chloranil and 
2,3-dichloro-5,6-dicyano-jfr-benzoquinone were also 
examined, the isolation of any significant products 
was unsuccessful. 

Crystallography of Thiazinoindolizine 7b. T h e 
single crystal was grown from an ethanol solution. 
A red rhombic crystal of approx imate size of 
0.4X0.2X0.4 m m was used. T h e X-ray analysis data 
are shown in Table 3. Tables of coordinates, bond 
lengths, bond and torsion angles, and F0-Fc tables are 
deposited as Document No. 9087 at the Office of the 
Editor of Bull. Chem. Soc. J p n . T h e P L U T O draw­
ing is shown in Fig. 2. As expected by the coupl ing 
constant (J=2.0 Hz) between the 1- and 8a-protons in 
the ^ N M R spectrum of 7b, the configuration for 
these protons is gauche and the calculated torsion 
angle (H3-C9-C10-H12 in Fig. 2) is 62°. 

Reaction Mechanisms and Molecular Orbital Cal­
culations. These reactions can be considered to pro­
ceed via the S-alkylation of 3-(mercaptomethylene)-
2(3H)-indolizinone (4a—£) wi th alkylat ing agents 
5a—f in the presence of alkali , the cis-trans isomeriza-
tion10> of the 3-^xo-methylene g roup in the result ing 6, 
the abstraction of a hydrogen from the active methyl­
ene g roup in 9, followed by a r ing closure between the 
anionic and C-5 carbons in the intermediate 10 accom­
panied by the addi t ion of a p ro ton to the C-6 carbon 
(Scheme 4). In particular, 7a—n (eis form) and 8a—r 
(trans form) can be derived only from the ionic species 
11 and 12, respectively. In the cyclization of a similar 
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Table 3. Crystal and Structure Analysis Data of 7b 

Formula: 
Formula weight: 
Crystal system: 
Space group: 
Lattice parameters: 

Diffractometer: 
Radiation: 
Monochrome ter: 
Scan type: 
20 Max: 
Computer program: 
Structure solution: 
Hydrogen atom treatment: 
Refinement: 
Least-squares weight: 
No. of observations: 
No. of variables: 
Residuals R; Rw: 
Max Shift/Error: 

C18H14N2OS 
306.38 
Orthorhombic 
Pbca; Z=S 
a=14.22(l)A 
6=15.824(4) Â 
c=13.543(5) Â 
F=3048(3) A3 
1.34 g cm-3 

Rigaku AFC5S 
Mo^a(A=0.71069Â) 
Graphite 
OJ-20 
55° 
TEXSAN Systema) 

Direct method; MITHRIL 
Calculated, not refined 
Full-matrix, Anisotropic 
4Fo2/a2(Fo2) 
1235 
199 
0.049; 0.060 
0.03 

a) See Ref. 9. 

zwitterionic system C as shown in Fig. 1,4> the prefer­
ential formation of 1,4-thiazine (eis form) is observed 
when the substi tuent on the carbanion is a cyano 
group: a preferential or exclusive one of 1,4-thiazine 
(trans form) is also observed when the g roup is an 
aroyl. 

In order to explain the regioselectivity of these 
reactions, we performed molecular orbital calcula­
tions (CNDO/2) 6 ) for a model compound , 3-

H U 

Fig. 2. The PLUTO drawing of thiazinoindolizine 
7b. 

[ ( c y a n o m e t h y l t h i o ) m e t h y l e n e ] - 2 ( 3 H ) - i n d o l i z i n o n e 
(13) (see Fig. 3). T h e total energies accompanying 
the changes of the 3-methylene carbon-su l fur -an ionic 
carbon angle (0°) are listed in Table 4; from these 
values, the energy m i n i m a were found to be at near 
0=±7O°. T h e structure of 13 and the transit ion states 
13a and 13b which correspond to intermediates 11 and 

R p 
BrCH2FT 5a-f 

-HBr 

R' 

4a-f 

s^ 
R1-^SCH2R

2 

6 

c is-trans 

Isomeriz. 

-H' 

10 

H ^ ^ R 
R̂  

7a-n f (8 'a-r ) 

(eis Form) 

R H 

(7 'a-n) ,8a-r 

(trans Form) 

Scheme 4. 
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4.0864 4.2243 

.3.8276^ 

3.9255 

4.1130 

B.3937 

3.7408^> 0 

4.0121 

13 

i K 

x 
XT 

13b( trans) 

NC"" ^ * H 
13a(cis) 

Fig. 3. The numerals on the structural formula are the total electron densities 
of compound 13 (0= —70°) and those of the hydrogens were omitted. 

Table 4. Total Energy Changes for the Methylene 
Carbon-Sulfur-Anionic Carbon Angles (0°) 

0a)/° 

80 
75 
70 
67 
66 
65 
60 
50 
0 

- 3 0 
- 4 3 
- 4 4 
- 5 0 
- 6 0 
- 6 5 
- 7 0 
- 7 5 
-80 

Total energy/eV 

-135.655897 
-135.662925 
-135.666724 
-135.663927 
-135.661529 

Divergency 
Divergency 
Divergency 
Divergency 
Divergency 
Divergency 

-135.475389 
-135.602564 
-135.640478 
-135.642930 
-135.643184 
-135.642655 
-135.641744 

a) See Fig. 3 for the sign of the angle (0). 

12 in Scheme 4, respectively, are shown in Fig. 3. As 
might be expected, the lowered total electron density 
(3.8511) at the C-5 carbon in 13 (0=-7O°) could be 
confirmed. T h o u g h the total energies of 13a are 
slightly smaller than that of 13b, the apparent pre­
dominance toward the cyclization from 13 to eis iso­

mers such as 7a—f can be seen because the convergent 
range (below 6=—44°) in the eis transit ion state 13a is 
considerably wider than that (from 0=66°) in the trans 
one 13b. A similar s i tuat ion seems to apply to the 
case of ester substituents (R2), since compounds 7a—n 
which have a cis configurat ion were only isolated. 
O n the other hand, the increase in the bulkiness of the 
substi tuent (R 2 =COAr) should cause a severe steric 
h indrance in the cis-type approach 13a and, hence, 
cyclization via the trans-type approach 13b which has 
no significant h indrance may be preferred exclusively. 

In conclusion, a s imple and convenient preparative 
method for [l ,4]thiazino[3,4,5-cd]indolizine deriva­
tives us ing a new reactive species was developed. 

Experimental 

The melting points were measured with a Yanagimoto 
micromelting point apparatus and are uncorrected. 
Microanalyses were carried out on a Perkin-Elmer elemen­
tal analyzer. The 1H NMR spectra were determined with a 
Varian EM360A spectrometer in deuteriochloroform with 
tetramethylsilane as an internal standard; the chemical 
shifts are expressed in ô values. The IR spectra were taken 
with a Hitachi 260-10 infrared spectrophotometer. 

Preparation of 3-(Mercaptomethylene)-2(3H)-indolizi-
nones. General Method: An ethanolic solution (50 ml) 
of l-(ethoxycarbonylmethyl)pyridinium bromide7) (1, 10 
mmol) was treated with a small excess of ethanolic sodium 

Table 5. Some Data of 3-Methylene-2(3H)-indolizinones 

Compd 
4a> 

a 
b 
c 
d 
e 
f 

Reactants 

1 

a 
b 
c 
a 
b 
c 

3 

a 
a 
a 
b 
b 
b 

Yield 

% 

66 
55 
56 
40 
65 
57 

Mp 

°C 

183—185 
172—173 

155 
169—170 
171—172 
205—210 

p(KBr)/ 

SH 

2300 
2285 
2280 
2550 
2520 
2500 

cm - 1 

CO 

1598 
1589 
1585 
1593 
1579 
1579 

Formulab) 

CiiHnNOS 
CieHisNOS 
C16H12CINOS 
CieHisNOS 
C21H15NOS 
C21H14CINOS 

a) Compounds 4a,e were obtained as red needles, 4b as red flakes, 4c as orange needles, and 4f 
as red prisms, b) Satisfactory analytical data (within 0.3% for C, H, N) were obtained for all 
new compounds. 
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Compda) 

7a 
7b 
7c 
7d 
7e 
7£ 
7g 
7h 
7i 
7j 
7k 
71 
7m 
7n 
8a 
8b 
8c 
8d 
8e 
8f 
8g 
8h 
8i 
8j 
8k 
81 
8m 
8n 
8o 
8p 
8q 
8r 

Reactants 

4 

a 
b 
c 
d 
e 
£ 
a 
b 
c 
d 
e 
£ 
a 
£ 
a 
b 
c 
d 
e 
£ 
a 
b 
c 
d 
e 
£ 
a 
b 
c 
d 
e 
£ 

5 

a 
a 
a 
a 
a 
a 
b 
b 
b 
b 
b 
b 
c 
c 
d 
d 
d 
d 
d 
d 
e 
e 
e 
e 
e 
e 

Synthesis of [l,4]Thiazino[3,4,5-e 

Table 6. 

Yield 

% 

39 
45 
42 
39 
33 
25 
45 
54 
45 
37 
58 
53 
52 
36 
62 
74 
77 
23 
62 
51 
57 
76 
64 
23 
67 
71 
76 
30 
74 
26 
66 
64 

djindolizines 

Some Data of Thiazinoindolizines 

Mp 

°C 

192—193 
207—210 
214—219 
182—183 
199—200 
195—198 
123—125 
171—172 
186—187 
107—110 
170—173 
183—184 
158—161 
202-203 
191—193 
210—212 
215—216 
178—181 
181—182 
180—181 
214—216 
220-223 
222—228 
126—129 
205—207 
196—198 
205—210 
219—223 
234—239 
192—194 
217—218 
216—220 

V 

CO 

1588 
1580 
1585 
1560 
1587 
1583 
1593 
1591 
1594 
1570 
1583 
1585 
1597 
1581 
1587 
1600 
1580 
1564 
1549 
1559 
1583 
1566 
1584 
1586 
1587 
1585 
1588 
1580 
1580 
1583 
1584 
1581 

(KBr)/cm-

1725 
1727 
1716 
1729 
1728 
1728 
1729 
1722 
1680 
1677 
1669 
1679 
1666 
1661 
1677 
1680 
1682 
1675 
1674 
1675 
1678 
1677 
1681 
1679 
1671 
1661 

- l 

CN 

2240 
2238 
2240 
2232 
2240 
2240 

Formulab) 

C13H12N2OS 
C18H14N2OS 
C18H13CIN2OS 
C18H14N2OS 
C23H16N2OS 
C23H15CIN2OS 
C15H17NO3S 
C20H19NO3S 
C20H18CINO3S 
C20H19NO3S 
C25H21NO3S 
C25H20CINO3S 

c) 
C27H24CINO3S 
C19H17NO2S 
C24H19NO2S 
C24H18CINO2S 
C24H19NO2S 
C29H21NO2S 
C29H20CINO2S 
C19H16CINO2S 
C24H18CINO2S 
C24H17CI2NO2S 
C24H18CINO2S 
C29H20CINO2S 
C29H19CI2NO2S 
Ci9Hi6BrN02S 
C24Hi8BrN02S 

d) 
C24Hi8BrN02S 
C29H2oBrN02S 
C29Hi9BrClN02S 

3577 

a) Compounds 7a,b were obtained as brown prisms, 7c,g—i,m and 8b,g,h,m as orange 
needles, 7d—£,j—l,n and 8£,l,r as red needles, 8a,i,n,o as orange prisms, and 8c—f,j,k,p,q as 
red prisms, b) Satisfactory analytical data (within 0.3% for C, H, and N) were obtained for 
compounds except 7m and 80. c) Found: C, 64.24; H, 6.68; N, 4.11%. Calcd for C17H21NO3S: 
C, 63.92; H, 6.63; N, 4.39%. d) Found: C, 57.92; H, 3.61; N, 2.50%. Calcd for 
C24Hi7BrClN02S: C, 57.79; H, 3.44; N, 2.81%. 

ethoxide (12 mmol in 12 ml of ethanol) under stirring at 
room temperature for 15 min. To this reaction solution 
methyl dithioester (3, 12 mmol) was then added and the 
resulting mixture allowed to react under stirring for an 
additional hour. The reaction solution was poured into 
300 ml of water and the solution was extracted twice with 
chloroform (150 ml). The combined chloroform layer was 
freed from water by filtration through phase-separating 
filter paper; the filtrate was concentrated under reduced 
pressure. The filtrate was then separated by column chro­
matography on alumina using chloroform as an eluent. 
Evaporation of the solvent and recrystallization of the 
crude product from ethanol gave the corresponding 
3-[(mercapto)methylmethylene]- or 3-[(mercapto)phenyl-
methylene]-2(3H)-indolizinone derivatives (4a—£). 

These results and some spectral data are listed in Tables 1 
and 5. 

Preparation of [l,4]Thiazino[3,4,5-cd]indolizines. General 
Method: A chloroform solution (30 ml) of 3-(mercapto-
methylene)-2(3H)-indolizinone (4, 1 mmol) and an alkylat­
ing agent (5, 1.2 mmol) was treated with DBU (0.18 g, 1.2 
mmol) under stirring at room temperature for 4—6 h. The 

resulting mixture was then concentrated under reduced pres­
sure and the residue was separated by column chromatog­
raphy on alumina using chloroform as an eluent. Evapo­
ration of the solvent and recrystallization of the crude 
product from chloroform gave the corresponding 4(1H)-
8,8a-dihydro[l,4]thiazino[3,4,5-c<i]indolizinone derivatives 
(7a—n and 8a—r). 

These results and some spectral data are summarized in 
Tables 2 and 6. 

Although several attempts to obtain the dehydro com­
pounds from the reactions of above dihydrothiazinoindoli-
zines 6, and 9 with some dehydrogenating agents such as 2,3-
dichloro-5,6-dicyano-p-benzoquinone and chloranil were 
carried out, the isolation of any significant products from 
them was unsuccessful. 
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Some Properties of Cyclopropenone Oximes under Beckmann Reaction Conditions 
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The reaction of diphenylcyclopropenone oxime (la) with acetyl or tosyl isocyanate, carboxylic anhydrides, 
or nitrohalobenzenes yielded the cyclopropenone O-substituted oxime derivatives. Treating with thionyl 
bromide and chloride la gave 3-haloacrylonitriles. Whereas la as well as other cyclopropenone oximes, were 
stable under acidic conditions, heating in methanolic sodium hydroxide gave the ring-opened a,a-
dimethoxyketones oximes. 

In a former paper1* we reported on the preparat ion 
of 2,3-diphenyl-, 2-methy-3-phenyl-, and 2-methyl-3-
(4-methylphenyl)cyclopropenone oximes (la—c) and 
their reactions with alkyl and aryl isocyanates, 
affording 1:2 addi t ion products (Scheme 1). T o 
further explore the chemical nature of these oximes 1, 
we investigated the chemical behavior of 1 under 
Beckmann reaction conditions.2 ) 

T h e reaction of 1 wi th alkyl and aryl isocyanates 
gives 1:2 adducts 2 in good yields.x) T h e failure of 
the isolation of m o n o adducts can be explained in 
terms of the h igh polarizat ion of cyclopropenone O-
carbamoyloximes (Scheme 1). In contrast, the reac­
tion of acetyl and tosyl isocyanates with l a at room 
temperature gave 1:1 addi t ion products 3a and 3b in 
74 and 35% yields, respectively (Scheme 2). No 1:2 
adduct was isolated, even when either twice excess of 
the isocyanates was used or the reactions were per­
formed at higher temperature. T h e strong electron-
at tract ing acetyl or sulfonyl g roup migh t decrease the 
nucleophi l ic nature of the imino nitrogen. 

T h e reaction of l a wi th diphenylketene, dicyclo-
hexyl carbodiimide, or carbon disulfide yielded a com­
plex mixture of the products . 

N o identifiable products were obtained from the 
reaction of l a with acetyl chloride or tosyl chloride in 
the presence of t r iethylamine or pyridine; l a wi th 

Ph 

Ph 
[O=N0H + RNCO 

Ph1 |T>=N-0C0NHR 

1a 

3a 

3b 

3 

R 

CH3C0 

4-CH3C6H4S02 

1 + (RC0)20 

Scheme 2. 

" 3 " , 
Ph1 

4 
4.5 

a 
b 

£ 

d 

e 

R 

CH3 
C2H5 

C6H5 

4-CH3C6H4 

4-CH30C6H4 

U>=N-0C0R 

5 

Scheme 3. 

R1 

R2l 
[>=N0H RNCO 

Et 3 N 

1 
a 

b 

c 

R1 

Ph 

Me 

Me 

R2 

Ph 

Ph 

p-MeC6H4 

R1 
2J>=N-0C0NHR 

R1 

R2I 
N-OCONHR 

Scheme 1. 

RV .N. 

0C0NHR 
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Table 1. The Reaction of la with Carboxylie 
Anhydrides 4 

4 

4a 

4b 

4c 
4d 
4e 

Temp/°C 

25 
0 

25 
0 
0 
0 
0 

Product 5 

5a 
5a 
5b 
5b 
5c 
5d 
5e 

Yield/% 

63 
71 
23 
35 
62 
43 
60 

Et3N Plw 
l a + RX — - > H>=N-' 

PIT 
OR 

6 

a 

b 

c 

RX 

2,4-(N02)2C6H3F 

2,4-(N02)2C6H3Cl 

4-N02C6H4F 

Scheme 4. 

Table 2. The Reaction of la with Aryl Halides 6 

6a 
6a 
6b 
6b 
6c 

Solvent Time/h Yield/% 

CH2CI2 
C6H6 

CH2CI2 
C6H6 

CH2CI2 

0.5 
1.5 
3 
5 

24 

21 
2.9 
4.5 
0.3 
0 

acetic anhydride 4a in the presence of tr iethylamine at 
0 ° C la , however, yielded cyclopropenone O-acetyl-
oxime 5a in a 71% yield (Scheme 3). T h i s yield 
decreased when the reaction was carried out at room 
temperature. A similar t reatment of l a wi th carbox-
ylic anhydrides 4 produced the corresponding cyclo­
propenone O-acyloximes 5 in moderate yields, as 
summarized in Table 1. 

T h e treatment of l a with typical alkylat ing reagents 
such as methyl iodide, methyl fluorosulfonate, or 
Meerwein reagent resulted in the formation of tarry 
mixtures, while 2,4-dinitrofluoro- or 2,4-dinitro-
chlorobenzene reacted wi th l a at ambient tempera­
ture, giving the cyclopropenone 0-2,4-dini t rophenyl-
oxime 7 in small yields (Scheme 4 and Table 2). 
Attempted thermal and photochemical transforma­
tions of these cyclopropene derivatives (3, 5, and 7) 
were unsuccessful, yielding only unidentifiable mix­
tures of tarry products . 

As shown in Scheme 5 and Tab le 3, the reaction of 
l a with ha logenat ing reagents afforded a r ing-opened 

Table 3. The Reaction of la with Halogenating Reagents 

Reagent 

SOCI2 
SOCI2 
SOBr2 

PCI3 
PCI5 
PCI5 
PBr3 

Reaction conditions 

Solvent 
— 

CHCI3 
C6H6 

C6H6 

CCI4 
CCI4 
CÔHÔ 

Temp 

Reflux 
25 °C 

Reflux 
Reflux 
25 °C 

o°c 
Reflux 

Time/h 

3 
60 
6 

24 
3 

24 
24 

Product (Yield/%) 

8a(64) 
8a(44) 
8b(51) 
8a (Trace) 
8a(66) 
8a(63) 
8b(Trace) 

Ph 

Ph 
D>N0H 

1a 

P h v ^ / P h NaOH/C2H5OH Phs /Ph 

NC X 

8 

8 

a 

- I 

X 

CI 

Br 

Ph 

Ph1 
[>=NX 

Scheme 5. 

NHOH 
OMe N0H 

C1- MeOH-NaOH; R 1 _ C _ S _ C M 2 

I-HCl 

1-HC1, 10, 11 

a 
b 
c 

R1 

Ph 
Me 
Me 

R2 

Ph 
Ph 

p-MeC6H4 

OMe 
10 

Scheme 6. 

0 N0H 
3N-HC1 - 1 » '-' 1 n n j 

-> R^C—C—CH2R i ! 

11 
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Table 4. The Reaction of 1 in 

1 
Reaction conditions 

Temp/°C Time/h 

NaOH-Methanol 

Product (Yield/%) 

la 25 
0 

24 
24 

10a(19) 
10a(41) 

lb 
lc 

Table 5. 

0 5 10b(40) 
0 5 10c(64) 

Acidic Hydrolysis of 10 at Room Temperature 

10 Product (Yield/%) 

10a lla(88) 
10b llb(62) 
10c llc(68) 

product , 3-haloacrylonitrile (8), as a single isolable 
product . T h e structure of 8 was comfirmed on the 
basis of spectroscopic studies and chemical transfor­
mat ion . T h u s , u p o n treating with basic e thanol 8a 
and 8b afforded 3-ethoxyacrylonitrile (9) in 92 and 35% 
yields, respectively (Scheme 5). N o intermediates, 
such as the Af-haloiminocyclopropene (A) or azacyclo-
butadiene (B), could be isolated, even at 0 °C. 

T h e oximes l a and arylmethylcyclopropenone 
oximes, l b and l c were fairly stable in the form of 
hydrochlorides which can be stored for a long t ime 
wi thou t decomposit ion. U p o n treating with sodium 
hydroxide in methanol , however hydrochloride of 1 
were readily converted to a ,a-dimethoxyketones 
oximes (10) in moderate yields (Scheme 6 and Tab le 
4). T h e acidic hydrolysis of 10 gave the correspond­
ing diketone monoximes 11 (Table 5). N o crystalline 
products were obtained from 1 in either basic e thanol 
or p ropano l . A plausible mechanism for the genera­
tion of 10 is shown in Scheme 7. An init ial addi t ion 
of methanol to the cyclopropenone oxime 1 gives the 
methoxycyclopropanone oxime, which undergoes a 
reversible thermally allowed conrotatory r ing-
open ing to afford the 2-nitrosoallyl an ion , followed 
by the addi t ion of another molecule of methanol . 
T h e allyl an ion is presumably sufficiently stabilized to 
facilitate the formation of the benzyl ketone oximes 
10. Low yields of 10 migh t suggest that the process is 
governed by the steric effects. 

Experimental 

General. Melting points were uncorrected. The 13C NMR 

spectra were recorded either on a JEOL JNM FX-90Q (22.49 
MHz) or a JEOL JNM EX-90 (22.50 MHz) and ^ N M R 
spectra on a Hitachi R-24B (60 MHz). The IR spectra were 
recorded on a JASCO A-3 spectrometer. 

Preparation of Cyclopropenone Oxime Hydrochloride 
(la—c-HCl). The salts la—c-HCl were prepared accord­
ing to a previously described method1) and used without 
purification. 

The Reaction of la with Acetyl Isocyanate. To a well 
stirred mixture of la (0.52 g, 2.0 mmol) and triethylamine 
(0.28 cm3, 2.0 mmol) in dichloromethane (20 cm3) was added 
acetyl isocyanate (5.0 mmol in ether)3) at 0 °C. After 6 h the 
solution was poured onto cold water and the organic layer 
was separated. The extract was dried over MgS04, concen­
trated in vacuo, and recrystallized from dichloromethane-
ether while affording 2,3-diphenylcyclopropenone N-
acetylcarbamoyloxime (3a) in a 35% yield. 

3a: Mp 140—143 °C; IR (KBr) 1870, 1760, and 1680 cm"1; 
!HNMR (CDC13) 6=2.50 (s, 3H, CH3), 7.3—8.2 (m, 10H, 
Ph), and 9.3 (bs, 1H, NH); M+, 306. Found: C, 70.51; H, 
4.69; N, 9.03%. Calcd for C18H14N2O3.C, 70.57; H, 4.60; N, 
9.14%. 

The Reactin of la with Tosyl Isocyanate. A similar 
process as that described above using 1.2-times excess of 
tosyl isocyanate gave 2,3-diphenylcyclopropenone iV-tosyl-
carbamoyloxime (3b) in 74% yield. 

3b: Mp 97—99 °C; IR (KBr) 1870, 1740, and 1350 cm"1; 
!HNMR (CDCI3) 6=2.40 (s, 3H, CH3), 7.1—8.2 (m, 14H, 
Arom), and 9.3 (bs, 1H, NH); MS m/z 220 (M+-TosNH). 
Found: C, 65.97; H, 4.41; N, 6.73%. Calcd for C23H18N2O4S: 
C, 66.01 ; H , 4.33; N, 6.69%. 

The Reaction of la, with Carboxylic Anhydrides (4). 
General Procedure. A mixture of la (2.0 mmol), triethyl­
amine (2.2 mmol), and carboxylic anhydride 4 (2.1 mmol) 
in dichloromethane (15 cm3) was stirred at an appropriate 
temperature until the disappearance of la by checking the 
reaction mixture with TLC (silica gel, chloroform: ethyl 
acetate: petroleum ether=2 : 3 :2). The solution was then 
treated as described in the reaction with isocyanates. The 
results are shown in Table 1. The physical properties are 
as follows. 

5a: Mp 165—167 °C; IR (KBr) 1870 and 1740 cm"1; 
*H NMR (CDCI3) 6=2.30 (s, 3H, CH3) and 7.2—8.3 (m, 10H, 
Ph); 13CNMR (CDCI3) 6=19.9 (q), 122.4 (s), 122.5 (s), 127.3 
(d), 129.1 (d), 131.5 (d), 131.9 (d), 132.2 (d), 132.4 (d), 132.8 
(d), 135.9 (s), and 169.5 (s); MS m/z, 220 (M+-CH3CO). 
Found: C, 77.59; H, 4.78; N, 5.23%. Calcd for G7H13NO: C, 
77.55; H, 4.97; N, 5.31%. 

5b: Mp 168—170 °C; IR (KBr) 1870 and 1730 cm"i; 
*HNMR (CDCI3) 6=0.75 (t, 3H, J=l Hz CH3), 1.25 (q, 2H, 
J=l Hz, CH2), and 7.3—8.5 (m, 10H, Ph); M+, 277. Found: 
C, 77.98; H, 5.42; N, 4.97%. Calcd for Ci8Hi5N02: C, 77.95; 
H, 5.45; N, 5.05%. 

5c: Mp 122—125 °C; IR (KBr) 1870 and 1730 cm"1; 

R1 OMe 

NaOH \ C e 

1 > r>=N-0 <=> 
~ MeOH Jç 

R2 H 
Scheme 7. 

R ! OMe 
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!HNMR (CDCla) 6=7.3—8.4 (m, Arom); 13CNMR (CDCI3) 
0=122.6 (s), 122.7 (s), 128.0 (s), 128.3 (d), 129.3 (d), 130.3 (d), 
132.2 (d), 132.4 (d), 132.5 (d), 132.7 (d), and 165.6 (s); M+, 325. 
Found: C, 81.07; H, 4.73; N 4.23%. Calcd for C22H15NO2: C, 
81.21; H, 4.64; N, 4.30%. 

5d: Mp 133—136 °C; IR (KBr) 1870 and 1740 cm"*; 
iH NMR (CDCI3) 6=2.45 (s, 3H, CH3) and 7.1—8.3 (m, 14H, 
Arom); 13CNMR (CDCI3) <5=21.5 (q), 122.7 (s), 127.5 (d), 
128.0 (s), 129.1 (d), 129.4 (d), 131.6 (d), 132.2 (d), 132.4 (d), 
132.7 (d), 143.1 (s), and 165.7 (s); M+, 339. Found: C, 81.46; 
H, 5.01; N, 4.25%. Calcd for C23H17NO2: C, 81.39; H, 5.04; 
N, 4.12%. 

5e: Mp 129—131 °C; IR (KBr) 1870 and 1720 cm"1; 
*H NMR (CDCla) <5=3.90 (s, 3H, CH3) and 6.9—8.6 (m, 14H, 
Arom); 13CNMR (CDCI3) <5=55.3 (q), 113.6 (d), 122.6 (s), 
122.7 (s), 128.1 (s), 129.25 (d), 129.34 (d), 131.2 (d), 131.5 (s), 
132.2 (d), 132.3 (d), 132.6 (d), 132.9 (s), 136.6 (s), 163.0 (s), and 
165.4 (s); M+, 355. Found: C, 77.66; H, 4.89; N, 3.87%. 
Calcd for C23H17NO3: C, 77.73; H, 4.82; N, 3.94%. 

The Reaction of la, with Aryl Halides. General Proce­
dure. A mixture of la (2 mmol), aryl halide (2.2 mmol), 
and triethylamine (2.2 mmol) in an appropriate solvent (15 
cm3) was stirred in an ice bath until the disappearance of the 
starting la. The reaction mixture was treated as mentioned 
above; the results are shown in Table 2. 2,3-Diphenyl-
cyclopropenone 0-2,4-dinitrophenyloxime 7a: Mp 138— 
141 °C; IR (KBr) 1860 cm"1; *HNMR (CDCI3+CF3CO2H) 
0=7.0—9.0 (m, Arom); *3CNMR (CDCI3+CF3CO2H) 0=95.5 
(s), 108.1 (s), 120.8 (s), 121.5 (d), 122.2 (d), 128.3 (s), 128.8 (d), 
129.2 (s), 129.4 (d), 130.3 (s), 131.8 (s), 133.4 (d), and 135.6 (d); 
M+, 387. Found: C, 65.21; H, 3.32; N, 10.89%. Calcd for 
C21H13N3O5: C, 65.11; H, 3.38; N, 10.84%. 

The Reaction of la with Halogenating Reagets. General 
Procedure. A mixture of la and a halogenating reagent in 
an appropriating solvent was stirred at the respective 
temperature. The resulting mixture was treated as above. 
The results are collected in Table 3. The physical proper­
ties are as follows. 

8a: Mp 104—108 °C; IR (KBr) 2170 cm"1; *HNMR 
(CDCI3) 6=6.7-7.8 (m, Ph); *3CNMR (CDCI3) ô=114.0 (s), 
117.3 (s), 128.4 (d), 129.0 (d), 129.2 (d), 129.3 (d), 130.4 (d), 
132.4 (s), and 146.9 (d); M+, 239. Found: C, 75.08; H, 4.26; 
N, 5.80%. Calcd for G5H10CIN: C,75.16; H, 4.20; N, 5.84%. 

8b: Mp 108—112 °C; IR (KBr) 2200 cm"1; *HNMR 
(CDCI3) 6=6.7-8.1 (m, Ph); 13CNMR (CDCI3) 6=115.4 (d), 
128.6 (s), 128.9 (d), 129.5 (d), 130.9 (d), 134.8 (s), 138.3 (s), and 
142.3 (s); M+, 283. Found: C, 63.32; H, 3.59; N, 4.87%. 
Calcd for Ci5Hi0BrN: C, 63.39; H, 3.54; N, 4.92%. 

Alcoholysis of 8a and 8b. A solution of 8a (1 mmol) and 
NaOH (5 mmol) in ethanol (15 cm3) was refluxed for one 
day. The mixture was neutralized by HCl and extracted 
with dichloromethane. Condensation and recrystallization 
from petroleum ether afforded 2-ethoxy-l,2-diphenylacryl-
onitrile 9 in a 92% yield. 

9: Mp 79—82°C; IR (KBr) 2200 cm-*; *HNMR (CDCI3) 
0=1.15 (t, 3H, J=l Hz, CH3), 3.75 (q, 2H, J=l Hz, CH2) and 
6.9—7.8 (m, 10H, Ph); 13CNMR (CDCI3) 6=51.1 (q), 67.5 (t), 
97.5 (s), 119.9 (s), 127.6 (d), 128.2 (d), 128.7 (d), 128.9 (d), 
130.6 (s), 132.1 (d), 132.6 (s), and 168.1 (s); M+ 249. Found: 
C, 81.94; H, 5.98; N, 5.62%. Calcd for G7H15NO: C, 81.90; 

H, 6.06; N, 5.61%. 
Similar treatment of 8b yielded 9 in a 35% yield. 
Methanolysis of 1 under Basic Conditions. General 

Procedure. A solution of 1 (2 mmol) and NaOH (4 mmol) 
in methanol (10 cm3) was reacted at an appropriate tempera­
ture until the disappearance of 1, observed by checking 
TLC. The product was treated in the usual manner. The 
results are collected in Table 4. The physical properties are 
as follows. 

10a: Mp 128—130 °C; IR (KBr) 3230 cm"1; *HNMR 
(CDCI3) 6=3.05 (s, 6H, CH3), 3.55 (s, 2H, CH2), 7.0—7.7 (m, 
10H, Ph), and 9.1 (bs, 1H, OH); *3CNMR (CDCI3) 6=31.4 
(t), 49.6 (q), 102.7 (s), 125.7 (d), 127.3 (s), 127.7 (d), 128.0 (d), 
128.3 (d), 130.5 (d), 136.6 (s), 138.2 (s), and 156.4 (s); MS m/z 
268 (M+-OH). Found: C, 71.58; H, 6.67; N, 4.87%. Calcd 
for C17H19NO3: C, 71.55; H, 6.71 ; N, 4.90%. 

10b: Mp 78—80 °C; IR (KBr) 3270 cm"1; *HNMR 
(CDCI3) 6=1.31 (s, 3H, CH3), 3.20 (s, 6H, CH3O), 3.81 (s, 2H, 
CH2), 7.1—7.5 (m, 5H, Ph), and 9.2 (bs, 1H, OH); 13CNMR 
(CDCL3) 6=22.4 (q), 30.7 (t), 49.1 (q), 101.3 (s), 126.0 (d), 
128.2 (d), 129.2 (d), 136.8 (s), and 158.0 (s); MS m/z 206 
(M+-OH). Found: C, 64.46; H, 7.73; N, 6.20%. Calcd for 
C12H17NO3: C, 64.55; H, 7.67; N, 6.27%. 

10c: Mp 106—110 °C; IR (KBr) 3250 cm"1; *HNMR 
(CDCI3) 6=1.28 (s, 3H, CH3), 2.28 (s, 3H, CH3), 3.17 (s, 6H, 
CH3O), 3.75 (s, 2H, CH2), 6.9—7.4 (s, 4H, Arom), and 8.9 
(bs, 1H, OH); M+, 237. Found: C, 65.88; H, 7.93; N, 5.92%. 
Calcd for G3H19NO3: C, 65.80; H, 8.07; N, 5.90%. 

Hydrolysis of 10 in Aqueous Acid. A mixture of 10 (1 
mmol) in chloroform (10 cm3) and cone HCl (3 cm3) was 
stirred at room temperature for a day. The product was 
isolated in the usual manner and recrystallized from ben­
zene. The physical properties of 11 are as follows. 

11a: Mp 129—131 °C (lit,4) mp 126°C); IR (KBr) 3250, 
1665, and 1650 cm"1; *H NMR (CDCI3) <5=4.08 (s, 2H, CH2), 
7.0—7.9 (m, ÎOH, Ph), and 8.51 (s, 1H, OH); 13CNMR 
(CDCI3) 6=30.0 (t), 126.5 (d), 128.1 (d), 128.5 (d), 129.2 (d), 
130.1 (d), 132.9 (d), 135.7 (s), 136.5 (d), 158.0 (s), and 191.5 (s); 
M+, 239. Found: C, 75.22; H, 5.41; N, 5.88%. Calcd for 
C15H13O2: C, 75.29; H, 5.47; N, 5.85%. 

l ib: Mp 82—84°C; IR (KBr) 3310, 1690, and 1680 cm"1; 
*H NMR (CDCI3) 6=2.38 (s, 3H, CH3), 3.92 (s, 2H, CH2), 
7.2—7.5 (m, 5H, Ph), and 8.4 (bs, 1H, OH); M+, 177. 
Found: C, 67.62; H, 6.26; N, 7.82%. Calcd for G0H11NO2: 
C, 67.78; H, 6.25; N, 7.90%. 

l ie: Mp 80—82 °C; IR (KBr) 3200, 1670, and 1660 cm"1; 
*HNMR (CDCI3) 0=2.33 (s, 3H, CH3), 2.40 (s, 3H, CH3), 
3.89 (s, 2H, CH2), 7.0—8.3 (m, 4H, Arom), and 8.4 (bs, 1H, 
OH); M+, 191. Found: C, 69.21; H, 6.73; N, 7.39%. Calcd 
for C11H13NO2: C, 69.09; H, 6.85; N, 7.32%. 
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3',4',6'-Trideoxy-6'-fluorokanamycin C (5) has been prepared by treatment of a protected kanamycin C 
derivative having the free 6-hydroxyl group with DAST, as the key step. Two 3',4'-dideoxy-6'-C-
(fluoromethyl)kanamycin B's (17a and 17b) have been prepared from a 5'-C-aldehyde derivative of kanamycin C 
through a sequence of reactions involving nitromethane condensation and 6/,7/-(N-tosylepimino)-ring opening 
with KHF2, as the key steps. l-Af-[(S)-4-Amino-2-hydroxybutanoyl] derivatives of 5 and 17a were prepared by 
coupling of the [(S)-4-amino-2-hydroxybutanoyl] residue to the 1-amino group of 5 and 17a by utilizing the zinc 
acetate-ethyl trifluoroacetate method. Biological effects caused by the introduction of the fluorine atom in 
these products were discussed based on the chemical character of fluorine. 

In the course of our synthetic studies on aminoglyco­
side antibiotics, several f luorine-containing deriva­
tives had been prepared1 - 4) by displacement of the 
hydroxyl groups . O n e a im of this study is to exam­
ine the biological role of the hydroxyl groups replaced 
by the fluorine in the parent compounds , bu t another 
a im is to lower the toxicity of the antibiotics. T h i s 
latter strategy is based on the conjecture that the 
strong e lect ron-withdrawing fluorine a tom will lower 
the basicity of the a m i n o groups sterically situated 
near-by, lowering, in consequence, the toxicity of the 
antibiotics, because, generally, the basicity and 
number of the a m i n o groups of aminoglycoside anti­
biotics are considered to be the ma in cause of their 
toxicity. 

In this paper we describe the synthesis of 3' ,4 ' ,6 '-
tr ideoxy-6'-f luorokanamycin C (5), its l-A/"-[(S)-4-
amino-2-hydroxybutanoyl] derivative (9), two 3',4'-
dideoxy-6'-C-(fluoromethyl)kanamycin B's (17a and 
17b), and the l-N-[(S)-4-amino-2-hydroxybutanoyl] 
derivative of 17a, wi th a brief discussion on the 
structure-activity re la t ionship. T h e reason for choice 
of 3 ' ,4 ' -dideoxykanamycin C and not kanamycin C 
as the star t ing material is to obtain compounds active 
against resistant bacteria p roduc ing 3 ' - and 4'-
modifying enzymes. 

Trea tmen t of 3 ' ,4 ' -dideoxykanamycin C5) (1) with 
benzyl chloroformate gave the Af-protected derivative 
(2). Part ial protect ion of the hydroxyl groups of 2 
with 1,1-dimethoxycyclohexane under an acid catalyst 
gave the 4",6"-0-cyclohexylidene derivative (3) having 
free 5-, 6'-, and 2"-hydroxyl groups. F luor ina t ion of 
3 with (diethylamino)sulfur trifluoride (DAST) in 
d ich loromethane in a short period gave the 6'-deoxy-
6'-fluoro derivative (4) fairly selectively in 71% yield 
with the 5- and 2"-hydroxyl groups remained intact. 
Presence of the fluorine a tom at C-6' was proved by 
the spl i t t ing pat tern of the 1 9 F N M R spectrum, which 
showed a set of double triplets with large /6'a,F and 
/6'b,F values, indica t ing that the fluorine a tom 

was attached by replacing the pr imary hydroxyl 
g roup . Deprotection of 4 gave 3' ,4' ,6'-trideoxy-6'-
f luorokanamycin C (5). 
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As l-N-[(S)-4-amino-2-hydroxybutanoyl] derivative 
of kanamycin A (amikacin)6* has enhanced antibacte­
rial activity in comparison with that of kanamycin A, 

the same derivation procedure was applied to 5. Par­
tial 3,2'-amino protection of 5 was performed accord­
ing to our established method7) of zinc acetate-Af-
(benzyloxycarbonyloxy)succinimide in dimethyl sul­
foxide, and the 3,2'-bis(iV-benzyloxycarbonyl) deriva­
tive (6) was obtained in 77% yield. Definitive proof of 
the positions of the amino groups thus protected (at 3 
and 2') is rather difficult, but judging from the many 
successful examples8-11) with no exception, it is clear 
that zinc chelations were formed in both the 1- and 3'-
amino groups7) and some hydroxyl groups situated 
near-by, and protects the amino groups from the 
attack by succinimide reagent and let the remaining 3-
and 2'-amino groups react with the reagent. Further 
protection7) of the 3"-amino group of 6 with ethyl 
trifluoroacetate in A/^Af-dimethylformamide (DMF) 
gave the 3"-./V-(trifluoroacetyl)-l-amino-free derivative 
(7). This selective trifluoroacetamidation is charac­
teristic for the fragment having an amino and a 
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hydroxyl groups vicinally situated. Coupling of the 
(S)-4-(benzyloxycarbonylamino)-2-hydroxybutanoyl 
residue to 7 by using the active ester gave the corre­
sponding 1-urethane (8), and deprotection followed 
gave the l-Af-[(S)-4-amino-2-hydroxybutanoyl] deriva­
tive (9) of 5. 

6'-C-Fluoromethyl derivative of kanamycin B 
is next described. l,3,2',3"-Terakis(iV-£-butoxycar-
bonyl)-3',4'-6'-trideoxy-4",6"-0-isopropylidene-6'-
oxokanamycin C12) (10) was condensed with nitro-
methane, whereupon two nitro alcohols 11a and l i b 
were produced in 92% total yield, the faster-moving 
product 11a preponderating. The products were 
separated by column chromatography, and the struc­
tures were confirmed by the ^ N M R spectra, in 
which the C-7' methylenes were clearly discerned. 
Study on absolute configuration at C-6', however, was 
not pursued. Catalytic reduction of the nitro groups 
of 11a and l ib gave the ninhydrin-positive derivatives 
12a and 12b, respectively, and subsequent tosylation 
gave the 7'-iV-tosyl derivatives (13a and 13b). After 
usual cyclohexylidenation (to give 14a and 14b), the 
products were benzylsulfonylated with phenylmeth-
anesulfonyl chloride to give the 6',2"-bis(0-
benzylsulfonyl) derivatives (15a and 15b), respectively. 
Fluorinations of 15a and 15b were performed by using 
potassium hydrogenfluoride (KHF2) in DMF at 
120 °C, when the 7'-fluoro derivatives (16a and 16b) 
were produced in moderate yields, respectively, with 
the 2"-benzylsulfonyloxy groups remained intact. 
These reactions were considered to proceed by first 
formation of the 6',7'-(./V-tosylepimino) ring by re­
moval of the 6'-benzylsulfonyloxy group under the 
catalysis of the fluoride ion, operating as a base, 
followed by fluorinative-ring-opening of the epimino 

ring by the fluoride ion. The presence of the electron-
withdrawing Af-tosyl group will facilitate13* this reac­
tion. The fluorine atom could also be introduced at 
C-6', but the degree may be smaller than that at C-7', 
and the 6'-fluorine compound, if formed, will be 
minor. However the following reactions have 
also been observed13* that methyl 2,3-anhydro-2,3-
(Af-tosylepimino)-a-D-allopyranoside was converted, 
under the similar conditions, into 2-deoxy-2-fluoro-
3-tosylamino-a-D-altropyranoside by epimino-ring 
opening and the latter further converted into 
the more-stable 3-deoxy-3-fluoro-2-tosylamino-a-D-
glucopyranoside via the Af-tosylepimino ring. Judg­
ing from this observation, initially formed 6'-fluoro-
7'-(tosylamino) compound could also be converted 
into the 7'-fluoro-6'-(tosylamino) compound (16a and 
16b). Thus real reaction pathway remained unre­
solved. Detosylation of 16a and 16b with sodium in 
liquid ammonia followed by de(£-butoxycarbonyl) 
and de(cyclohexyliden)ations with trifluoroacetic acid 
gave 3',4'-dideoxy-6'-C-(fluoromethyl)kanamycin B's, 
17a and 17b, respectively. The presence of the termi­
nal fluorine at C-7' in the respective compound was 
confirmed by the XH and 19F NMR spectra. 

Finally, l-iV-[(S)-4-amino-2-hydroxybutanoyl] deri­
vative (21) of 17a was prepared in a similar way as 
described for the preparation of 9 from 5. After selec­
tive 3,2',6'-tris(N-benzyloxycarbonyl)ation utilizing 
the zinc chelation method (to give 18), 3"-amino group 
was selectively trifluoroacetylated and the product 19 
was condensed with the active ester as described for 8 
to give 20. Deblocking gave the final product, 21. 

Antibacterial activities of the synthetic products 5, 
9, 17a, 17b, and 21 were compared with those of 3',4'-
dideoxykanamycin B14> (DKB) and its l-Af-[(S)-4-

Table 1. Minimal Inhibitory Concentration (ngml"1) of 5, 9, 17a, 17b, and 21 with DKB and HBKa) 

S. a. FDA 209P 
S. a. Smith 
S. a. ApOl (A) 
B. s. PCI 219 
E. c. K-12 
E. c. K-12 ML 1629 (B) 
E. c. W677 
E. c. JR66/W677 (C, D) 
K. p. PCI 602 
P. r. GN311 
S. m. 
Pr. sp. Pv 16 (E) 
P. a. A3 
P. a. TI 13 (B) 
P.a . GN 315(F) 

5 

100 
25 

>100 
25 
50 

>100 
50 

>100 
100 
50 

>100 
>100 

100 
>100 

100 

9 

6.25 
3.12 

25 
6.25 

12.5 
50 
25 
25 
12.5 
12.5 
12.5 

>100 
12.5 

100 
>100 

17a 

1.56 
1.56 

12.5 
0.78 
3.12 
6.25 
3.12 

100 
6.25 
3.12 

25 
25 

1.56 
12.5 
25 

17b 

3.12 
3.12 

12.5 
1.56 
3.12 
3.12 
3.12 

>100 
6.25 
3.12 

25 
100 

3.12 
25 

100 

21 

0.78 
0.2 
6.25 
0.39 
0.78 
3.12 
0.78 
3.12 
1.56 
0.78 

12.5 
1.56 
0.78 
6.25 
6.25 

DKB 

0.39 
0.39 
1.56 

<0.2 
0.39 
0.78 
0.39 

25 
1.56 
0.78 

25 
25 

<0.2 
1.56 

100 

HBK 

<0.2 
<0.2 

0.39 
<0.2 

0.39 
1.56 

<0.2 
0.78 
0.78 
0.78 

12.5 
1.56 

<0.2 
0.78 
3.12 

a) Abbreviations of bacteria: S. a. Staphylococcus aureus, B. s. Bacillus subtilis, E. c 
Escherichia coli, K. p. Klebsiella pneumoniae, P. r. Proteus rettgeri, S. m. Serratia marcescens, 
Pr. Providencia, P. a. Pseudomonas aeruginosa. The letters in parenthesis show the resistant 
bacteria producing 4/-adenylyltransferase (A), 3'-phosphotransferase-I (B), 3'-phospho-
transferase-II (C), 2"-adenylyltransferase (D), 2'-acetyltransferase (E), and 6'-acetyltransferase 
(F). 
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amino-2-hydroxybutanoyl] derivative15) (HBK) (see 
Table 1). Both 6'-deoxy-6'-fluoro compounds 5 and 
9 exhibited only weak activities. T h i s result suggests 
that the 6'-hydroxyl g roup of kanamycin C (and possi­
bly the protonated 6 ' -amino g roup of kanamycin A 
and B also) is essential for the antibacterial activity, 
and may operate as a hydrogen donor in b ind ing to 
the active site of bacteria. In the case of 2'-hydroxyl 
(in kanamycin A) or 2 ' -amino groups (in kanamycin 
B), replacement of the g roup with fluorine (to give 2 '-
deoxy-2'-f luorokanamycin A3>) did not weaken the 
intrinsic activity, suggesting that the 2 ' -groups may 
play a minor role as a hydrogen donor or play as an 
acceptor. Synthetic 6 '-C-(fluoromethyl) compounds 
17a, 17b, and 21 exhibited moderate activities, but they 
were much weaker than those for the parent com­
pounds (DKB for 17a and 17b, and HBK for 21); this 
antibacterial character could be assigned to the pres­
ence of the 6'-C-(fluoromethyl) g roup . However, 
j udg ing from the fact that, gentamicin Cia and its 6'-
C-methyl analog16,17) (gentamicin C2), both of which 
resemble to kanamycin, structurally, have almost 
equal antibacterial activity, the decreased activity of 
17a, 17b, and 21 would not immediately be ascribed to 
the bulk of the fluoromethyl g roup , because CH3 (in 
gentamicin C2) and CH2F have a similar size. T h e 
decreased activity may be ascribed to the strong 
electron-withdrawing character of fluorine, which 
lowers the basicity of the 6 ' -amino g roup , and, as the 
result, would weaken the action of the a m i n o g roup 
(in the form of 6-NH3+) as a hydrogen donor. Toxic­
ity studies on 17a, 17b, and 21 will be described 
elsewhere. 

Exper imental 

General. Optical rotations were determined with a 
Perkin-Elmer 241 Polarimeter. *H and 19FNMR spectra 
were recorded with a Bruker WM 250 spectrometer. Chem­
ical shifts (ô) of *H and 19F were measured, respectively, 
downfield from internal Me4Si or Fréon 11 (CFCI3). 
Thin-layer chromatography (TLC) was performed on 
Kieselgel 60 F254 (Merck), and column chromatography, on 
Wakogel C-200, unless otherwise stated. 

l^^'^^-TetrakisCN-benzyloxycarbonylJ-S'^'-dideoxy-
kanamycin C (2). To an ice-cold suspension of 1 (312 mg) 
and anhydrous sodium carbonate (300 mg) in 1,4-dioxane-
water (1:1, 10 ml) was added benzyl chloroformate (0.5 ml) 
and the mixture was stirred for 2 h at room temperature. 
TLC (chloroform-methanol-28% aq NH3=10 :1:0.1) of the 
solution showed a single spot at Ri O.5. Concentration 
followed by addition of water gave precipitates, which were 
filtered, and washed thoroughly with water and ether to 
give, after drying, a solid of 2, 660 mg (97%), [a]2D° +69° 
(c 1, pyridine); *HNMR (pyridine-cfe) 0=5.1—5.3 (8H, 
C02CH2PhX4), 5.37 (1H, d, / = 4 Hz, H- l ' or H-l"), 5.47 
(1H, d, /=3.5 Hz, H- l" or H-l')-

Found: C, 60.55; H, 5.89; N, 5.60%. Calcd for C5oH6o-
N4O17: C, 60.72; H, 6.11; N, 5.66%. 

l^^'^^-TetreakisCN-benzyloxycarbonyO-^e^-O-cyclo-

hexylidene-3',4'-dideoxykanamycin C (3). A solution of 2 
(252 mg), 1,1-dimethoxycyclohexane (0.2 ml) and p-
toluenesulfonic acid monohydrate (15 mg) in DMF (3.5 ml) 
was kept for 16 h at room temperature. TLC (chloroform-
methanol-28% aq NH3=10 :1:0.1) of the solution showed a 
single spot at R( 0.65. Triethylamine (1 ml) was added and 
the solution was concentrated. The residue was shaken 
with aqueous sodium hydrogencarbonate (5%, 10 ml) and 
the precipitates were filtered and washed thoroughly with 
water to give, after drying, a solid of 3, 258 mg (95%), [a]™ 
+56° (c 1, pyridine); *H NMR (pyridine-^) 6=1.3—2.0 (16H, 
H-2a, 2b, 3'a, 3'b, 4'a, 4'b and CH2 of cyclohexylidene), 
5.1—5.4 (8H, C02CH2PhX4), 5.43 (1H, d, / = 4 Hz, H- l ' or -
1"), 5.48 (1H, d, / = 4 Hz, H-l" or -1'). 

Found: C, 62.77; H, 6.60; N, 5.11%. Calcd for CseHes-
N4O17: C, 62.91; H, 6.41; N, 5.24%. 

l^^'^^-TetrakisCN-benzyloxycarbonylJ-^e^-O-cyclo-
hexylidene-S'^'^-trideoxy-e'-fluorokanamycin C (4). To 
a cold ( - 6 0 — 5 0 °C) solution of 3 (543 mg, 0.51 mmol) 
in dry dichloromethane (15 ml) was added DAST (0.26 
ml, 2.07 mmol) and the solution was gradually warmed 
to room temperature (1.5 h in total). TLC (chloroform-
methanol=25:1) of the solution showed two spots of R{ 
0.65 (a reaction intermediate?) and 0.3 (4) (cf. 3: R{ 0.2). 
The solution was washed with 5% aqueous potassium 
hydrogensulfite, 5% aqueous sodium hydrogencarbonate, 
and water. The solution without containing the product 
of Ri 0.65 was dried (MgSÜ4) and concentrated. The 
residue was chromatograped on a short column with chloro-
form-methanol (50:1) to give a solid of 4, 385 mg (71%), 
[a]2D° +49° (c 1, pyridine); « N M R (pyridine-^) <5=5.53 
(1H, d, / = 4 Hz, H- l ' or -1"), 5.47 (1H, d, / = 4 Hz, 
H-l" or -1'); 19FNMR (pyridines) <5=~231.0 (dt, /y,F=25, 
/6'a,F=/6'b,F=50 Hz). 

Found: C, 62.48; H, 6.22; N, 5.22%. Calcd for C56H67-
FN4Oi6: C, 62.79; H, 6.31; N, 5.23%. 

3',4',6'-Trideoxy-6'-fluorokanamycin C (5). A solution 
of 4 (346 mg) in 80% aqueous acetic acid (10 ml) was kept for 
1 h at 90 °C (decyclohexylidenation). Concentration gave a 
residue, that was dissolved in a mixture of 1,4-dioxane-
water-acetic acid (10:1:0.5, 2 ml). The solution was hyd-
rogenated in the presence of palladium black for 1 h under 
atmospheric pressure of hydrogen. The product obtained 
was chromatographed on a column of CM-Sephadex C-25 
(NHi+ form, 20 ml) with aqueous ammonia (0—>0.15 M, 
gradually changed) to give a solid of 5, 124 mg (78%), [ajf? 
+122° (c 1.2, water); *H NMR (20% ND3 in D2O) 0=1.25 (1H, 
q, /i,2ax=/2ax,2eq=/2ax,3=9 Hz, H-2ax), 1.5-1.9 (4H, H-3'a, 
3'b, 4'a, 4'b), 1.98 (1H, dt, /i,2eq=/2eq,3=4 Hz, H-2eq), 4.43 

( 1 H , ddd , /5 ' ,6'a=6, /6'a,6'b=10, / 6 'a ,F=48 H z , H - 6 ' ) , 4 .56 ( 1 H , 

ddd, /5'6'b=3, M , F = 4 8 Hz, H-6'b) (H-6'a and 6'b were 
confirmed by decoupling of 19F), 5.04 (1H, d, /=3.5 Hz, 
H- l ' or -1"), 5.11 (1H, d, /=3.5 Hz, H- l" or -1'); 19FNMR 
(20% ND3 in D20) <5=-228.1 (dt, / 5 ' , F = 2 2 , /6'a,F=M,F=48 
Hz). 

Found: C, 45.21; H, 7.47; H, 11.08; F, 3.91%. Calcd for 
Ci8H35FN408-l/2H20-l/2H2C03: C, 44.93; H, 7.54; N, 
11.33; F, 3.84%. 

S^'-BisCN-benzyloxycarbonyO-S'^'^'-trideoxy-e'-fluoro-
kanamycin C (6). A mixture of 5 (30.0 mg, 0.061 mmol) 
and zinc acetate dihydrate (62.1 mg, 0.28 mmol) in dry 
dimethyl sulfoxide (0.6 ml) was stirred for 1 h at room 
temperature. To the resulting clear solution was added N-
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(benzyloxycarbonyloxy)succinimide (33.0 mg, 0.13 mmol) 
and the solution was kept for 2 h at room temperature. 
TLC (chloroform-methanol-28% aq NH 3=9:4:1) of the 
solution showed a single spot at Rt 0.35 (cf. 5: Rt 0.1). The 
solution was poured into a column of CM-Sephadex C-25 
(NH4+ form, 2 ml), and, after washing the column with 50% 
aqueous 1,4-dioxane (5 ml), the product was developed with 
the same solvent mixture but containing ammonia (content 
of NH3 in the solvent being 0—>0.2 M, gradually changed), 
and the ninhydrin-positive fractions were collected to give a 
solid of 6, 36.8 mg (77%), [aß0 +88° (c 1, dimethyl sulfoxide); 
!H NMR (pyridine-*) 0=5.15—5.35 (5H, C02CH2PhX2 and 
H- l ' or -1"), 5.44 (IH, d, H- l" or - 1 ' , / = 3 Hz), 7.0—7.5 (10H, 
C02CH2P/iX2). 

Found: C, 53.78; H, 6.23; N, 6.94%. Calcd for C34H47-
FN40i2-H2C03 : C, 53.57; H, 6.29; N, 7.14%. 

3,2/-Bis(N-benzyloxycarbonyl)-3/,4/,6/-trideoxy-6/-fluoro-
3"-N-(trifluoroacetyl)kanamycin C (7). To a solution of 6 
(36.8 mg) in DMF (0.8 ml) was added ethyl trifluoroacetate 
(0.1 ml) and the solution was kept for 1 h at room tempera­
ture. TLC (chloroform-methanol-28% aq NH3=3 :1:0.1) 
of the solution showed a single spot at Rt 0.5 (cf. 7: Ri 0.15). 
Concentration of the solution gave a ninhydrin-positive 
solid of 7, 38.2 mg (quant.), [<*]§> +80° (c 1, dimethyl 
sulfoxide). 

3,2'-Bis(iV-benzyloxycarbonyl)-l-iV-[(S)-4-benzyloxycar-
bonylamino-2-hydroxybutanoyl]-3',4',6'-trideoxy-6'-fluoro-
3"-iV-(trifluoroacetyl)kanamycin C (8). To a mixture of 7 
(38 mg) and anhydrous sodium carbonate (20 mg) in 20% 
aqueous 1,4-dioxane (1.2 ml) was added Af-[(S)-4-benzyloxy-
carbonylamino-2-hydroxybutanoyloxy]succinimide (27.2 mg), 
and the solution was kept for 2 h at room temperature. 
TLC (chloroform-methanol-28% aq NH3=5 :1:0.1) of the 
solution showed a single spot at Rt 0.45 (cf. 7: Rt 0.2). 
Concentration gave a syrupy residue, that was thoroughly 
washed with water and ether to give a ninhydrin-negative 
solid of 8, 44.2 mg (90%), [a]2

D° +61° (c 1, DMF). 
l-N-CCSJ^-Amino^-hydroxybutanoyll-S'^'^'-trideoxy-

6'-fluorokanamycin C (9). A solution of 8 (44.2 mg) in 1,4-
dioxane-28% aq NH3 (2:1, 1.5 ml) was kept for 16 h at room 
temperature [de(trifluoroacetyl)ation]. TLC (chloroform-
methanol-28% aq NH3=5:1:0.1) of the solution showed a 
single spot at Rt 0.1. Concentration gave a residue, that 
was dissolved in 1,4-dioxan-water-acetic acid (6 :3 :1 , 1 ml), 
and the solution was hydrogenated for 3 h in the presence of 
palladium black under atmospheric pressure of hydrogen. 
After filtration, the solution was concentrated to give a 
residue, that was chromatographed on a column of CM-
Sephadex C-25 (NH4+ form, 4 ml) with aqueous ammonia 
(0—>0.4 M ammonia, gradually changed) to give a solid of 9, 
15.8 mg (63%), [<*]?? +80° (c 0.7, water); *H NMR (20% ND3 in 
D2O) 0=1.3—2.0 (8H, H-2a, 2b, 3'a, 3'b, 4'a, 4'b, 3"'a, 3"'b), 
5.09 (IH, d, / = 3 Hz, H- l ' or -1"), 5.17 (IH, d, / = 3 Hz, H- l" 
or -1'); 19FNMR (20% ND3 in D20) <5=-227.9 (dt, Jy,v=22, 
/6 'a ,F=M,F=48 HZ). 

Found: C, 45.50; N, 7.31; N, 11.61; F, 2.98%. Calcd for 
C22H42FN50io-l/2H20-l/2H2C03: C, 45.37; H, 7.45; N, 
11.76; F, 3.19%. 

l,3,2,,3,,-Tetrakis(N-f-butoxycarbonyl)-3,,4,-dideoxy-6/-
C-(nitromethyl)kanamycin C (lia, lib). To a solution of 
10 (320 mg) in methanol (6 ml) were added nitromethane 
(0.2 ml) and 28% sodium methoxide in methanol (0.5 ml), 
and the solution was kept for 1 h at room temperature TLC 

(chloroform-methanol-28% aq NH3=10:1:0.1) of the solu­
tion showed two spots at Rt 0.6 and 0.55 (cf. 10: Rt 0.5). 
The solution was made acidic to pH 2 with 4 M aqueous 
hydrochloric acid and kept for 30 min at room temperature 
to give a mixture of two products of 11a (Rt 0.27) and l ib 
(0.22). The solution was neutralized with 5% aqueous 
sodium hydrogencarbonate and, after concentration, the 
residue was poured into water. The resulting precipitates 
were chromatographed with chloroform-MeOH-28% aq 
NH3 (50:1:0.1->10:1:0.1) to give a solid of 11a, 185 mg 
(56%) and a solid of l ib, 108 mg (36%). 

11a: [a]2
D° +54° (c 1, pyridine); IR (KBr) 1370 and 1560 

cm"1 (NO2); *HNMR (pyridine-*) 0=1.43, 1.48, 1.50, and 
1.58 (each 9H, s, Boc), 4.88 and 4.99 (each IH, dd, /6',7'a=9, 
/6',7'b=3, /7'a,7'b=12.5 Hz, H-7'a and -7'b), 5.33 (IH, d, 
/r,2"=3.5 Hz, H-l"), 5.59 (IH, d, /i',2 '=3 Hz, H-l ') . 

Found: C, 51.21; H, 7.66; N, 7.49%. Calcd for C39H69-
N5O17: C, 51.36; H, 7.63; N, 7.68%. 

l ib: [a]2
D° +47° (c 1, pyridine); IR (KBr) 1370 and 1560 

cm"1 (NO2); *HNMR (pyridine-*) 0=1.43, 1.48, 150, and 
1.53 (each 9H, s, Boc), 4.85 and 4.93 (each IH, dd, /6',7'a=9, 
/6',7'b=3.5, /7'a,7'b=12 Hz, H-7'a and -7'b), 5.33 (IH, d, 
/r,2"=3.5 Hz, H-l"), 5.58 (IH, d, /i',2 '=3 Hz, H-l ') . 

Found: C, 51.23; N, 7.61; N, 7.55%. Calcd for C39H69-
N5O17: C, 51.36; H, 7.63; N, 7.68%. 

6'-C-Aminomethyl-l,3,2',3"-tetrakis(iV-*-butoxycar-
bonyl)-3',4'-dideoxykanamycin C (12a and 12b). A solu­
tion of 11a (2.01 g) in methanol-water-acetic acid (25 : 5 : 1 , 
30 ml) was hydrogenated over PtÜ2 for 5 d under 4 kg cm - 2 

hydrogen pressure at room temperature. TLC (chloro­
form-methanol-28% aq NH3=5 :1:0.1) of the reaction mix­
ture showed a single spot at Rt 0.15 (cf. lia: Rt 0.75). The 
mixture was filtered and concentrated. The residue was 
chromatographed with chloroform-methanol-28% aq NH3 
(5:1:0.1) to give a solid of 12a, 1.62 g (84%), [a]2

D° +73° (c 1, 
pyridine); *HNMR (pyridine-*) 0=1.43 (9H), 1.50 (18H), 
and 1.54 (9H) (each s, Boc), 5.33 (IH, d, /r,2"=3 Hz, H-l"), 
5 .68( lH,d , / r ,2 '=3Hz,H- l / ) . 

Found: C, 52.57; H, 8.15; N, 7.52%. Calcd for C39H71-
N5Oi7- 1/2H20: C, 52.57; H, 8.14; N, 7.86%. 

Compound l i b (1.45 g) was treated similarly as described 
above to give a solid of 12b, 1.12 g (80%), [a]$ +70° (c 1, 
pyridine); iH NMR (pyridine-*) 0=1.43 (9H), 1.49 (18H), 
and 1.52 (9H) (each s, Boc), 5.33 (IH, d, /r,2"=3 Hz, H-l"), 
5.65(lH,d,/i ' ,2 '=3Hz, H-l ') . 

Found: C, 53.07; H, 8.17; N, 7.91%. Calcd for C39H71-
N5O17: C, 53.10; H, 8.11; N, 7.94%. 

l,3,2',3"-Tetrakis(N-f-butoxycarbonyl)-3/,4/-dideoxy-6/-
C-(tosylaminomethyl)kanamycin C (13a and 13b). To an 
ice cold mixture of 12a (500 mg) and anhydrous sodium 
carbonate (150 mg) in 1,4-dioxane-water (2:1, 15 ml) was 
added p-toluenesulfonyl chloride (150 mg) and the solution 
was kept for 1 h at room temperature. TLC (chloroform-
methanol-28% aq NH3=5 :1:0.1) of the solution showed a 
single spot at Rf 0.85 (cf. 12a: Rt 0.15). The solution, after 
concentration, was poured into water and the precipitates 
were filtered, washed with water and ether, to give a solid of 
13a, 552 mg (94%), [afj +49° (c 1, pyridine); *HNMR 
(pyridine-*) ô=1.43, 1.48, 1.49, and 1.52 (each 9H, s, Boc), 
2.22 [3H, s, Ts(CHa)], 5.31 (IH, d, /r,2"=3 Hz, H-l"), 5.52 
( lH,d, / i ' ,2 '=3Hz, H-l ') . 

Found: C, 53.40; H, 7.65; N, 6.49%. Calcd for C46H77-
N5O19S: C, 53.31; H, 7.49; N, 6.76%. 
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Compound 12b (460 mg) was treated similarly as des­
cribed above to give a solid of 13a, 502 mg (93%), [<*]§> +48° 
(c 1, pyridine-ds) 0=1.43, 1.48, 1.49, and 1.51 (each 9H, s, 
Boc), 2.23 [3H, s, Ts(CH3)], 5.31 (1H, d, /i",2"=3.5 Hz, H-l"), 
5.54 (1H, d, / r , 2 '=3Hz, H-l ') . 

Found: C, 53.50; H, 7.75; N, 6.90%. Calcd for C46H77-
N5O19S: C, 53.31; H, 7.49; N, 6.76%. 

1,3,2',S^-TetrakisCN-f-butoxycarbony^-^^^-O-cyclo-
hexylidene-3' ,4'-dideoxy-6'-C-(tosylaminomethyl)-
kanamycin C (14a and 14b). A solution of 13a (1.51 g), 1,1-
dimethoxycyclohexane (1.1 ml), and p-toluenesulfonic acid 
monohydrate (80 mg) in DMF (20 ml) was kept for 13 h at 
room temperature. TLC (chloroform-methanol-28% aq 
NH3=10:1:0.1) of the solution showed a single spot at Rt 
0.5 (cf. 13a: Rt 0.2). Triethylamine (1 ml) was added, and 
the solution was concentrated. The residue was poured 
into 5% aqueous sodium hydrogencarbonate and the precip­
itates were filtered, washed with water, and dried to give a 
solid of 14a, 1.62 g (quant.), [a]$ +45° (c 1, pyridine); 
iHNMR (pyridine-ds) 0=1.46, 1.48, 1.50, and 1.52 (each 9H, 
s, Boc), 2.23 [3H, s, Ts(CH3)], 5.38 (1H, d, /r,2"=3 Hz, H-l"), 
5.66 (1H, d,/i ' ; 2 '=3 Hz, H-l ') . 

Found: C, 55.55; H, 7.47; N, 6.33%. Calcd for C52H85-
N5O19S • 1/2H20: C, 55.49; H, 7.70; N, 6.22%. 

Compound 13b (1.22 g) was treated similarly as described 
above to give a solid of 14b, 1.30 g (99%), [<x]$ +40° (c 1, 
pyridine); « NMR (pyridine-cfe) 0=1.46 (9H), 1.48 (18H), 
and 1.50 (9H) (each s, Boc), 2.23 [(3H, s, Ts(CH3)], 5.39 (1H, 
d, /r,2"=3 Hz, H-l"), 5.57 (1H, d, Jv,2>=3 Hz, H-l ') . 

Found: C, 55.64; H, 7.49; N, 6.39%. Calcd for C52H85-
N5O19S: C, 55.94; H, 7.67; N, 6.27%. 

6,,2,,-Bis(0-benzylsulfonyl)-l,3,2,,3,,-tetrakis(N-f-butoxy-
carbonyl)-4",6"-0-cyclohexylidene-3',4'-dideoxy-6'-C-
(tosylaminomethyl)kanamycin C (15a and 15b). A solution 
of 14a (210 mg) and phenylmethanesulfonyl chloride (100 
mg) in pyridine (3 ml) was kept for 1 h at 0—5°C. TLC 
[toluene-methyl ethyl ketone (MEK)=3:1] of the solution 
showed a single spot at Rt 0.45 (cf. 14a: Rt 0.05). Water (0.1 
ml) was added and the solution was concentrated. The 
residue was chromatographed with toluene-MEK (10:1) to 
give a solid of 15a, 224 mg (84%), [a]2D° +41° (c 1.3, pyridine); 
iHNMR (pyridine-ds) 0=1.2—1.8 (10H, cyclohexylidene), 
1.49 (9H), 1.50 (18H), and 1.52 (9H) (each a, Boc), 2.23 [3H,s, 
Ts(CHa)], 4.75 and 4.87 [each 2H, s, PhCH2S02], 5.32 (1H, 
dd, /i")2"=3.5 and /2",3"=10.5 Hz, H-2"), 5.68 (1H, d, /r ,2 '=3 
Hz, H-l ') , 5.76 (1H, d, H-l"). 

Found: C, 55.91; H, 6.82; N, 4.85%. Calcd for C66H97-
N5O23S3: C, 55.64; H, 6.86; N, 4.92%. 

Compound 14b (340 mg) was treated similarly as des­
cribed above to give a solid of 15b, 375 mg (87%), [a]g> +42° 
(c 1, pyridine); *HNMR (pyridine-cfe) 0=1.2—1.8 (10H, cy­
clohexylidene), 1.49 (9H), 1.50 (18H), and 1.51 (9H) (each s, 
Boc), 2.23 [3H, s, Ts(CH3)], 4.75 and 4.80 (each 2H, s, 
PhCH2S02], 5.35 (1H, d, /i')2 '=3.5, /2";3"=10.5 Hz, H-2"), 
5.75 (1H, d, /=3.5 Hz, H-l"), 5.78 (1H, d, ]Vt2>= 3 Hz, H-l ') . 

Found: C, 55.88; H, 6.79; N, 4.77%. Calcd for C66H97-
N5O23S3: C, 55.64; H, 6.86; N, 4.92%. 

2"-0-Benzylsulfonyl-l,3,2 ,,3"-tetrakis(N-f-butoxycar-
bonyl)-4",6"-0-cyclohexylidene-3,,4,-dideoxy-6,-C-(fluoro-
methyl)-6'-iV-tosylkanamycin B (16a and 16b). A mixture 
of 15a (750 mg) and KHF2 (300 mg, dried in vacuo for 8 h at 
100 °C) in DMF (11 ml, dried over molecular sieves 4A, and 
then distilled in vacuo) was heated in a sealed tube for 4 h at 

120 °C. TLC (toluene-MEK=3 :1) of the solution showed 
a main spot (16a) at Rt 0.55 together with several minor 
spots. Chloroform (60 ml) was added and the organic 
solution was washed with 5% aqueous sodium hydrogencar­
bonate, dried (MgSC>4), and concentrated. The residue was 
chromatographed with toluene-MEK (10:1) to give a solid 
of 16a, 360 mg (53%), [a]% +30° (c 1, pyridine); *HNMR 
(pyridine-dö) 0=1.2—1.8 (46H, BocX4 and cyclohexylidene), 
2.23 [3H, s, Ts(CHa)], 4.5—4.8 (2H, m, H-7'a, -7'b), 4.86 
(2H,s, PHCH2SO2), 5.36 (1H, dd, /r,2"=3.5 and /2")3"=10 Hz, 
H-2"), 5.53 (1H, d, /i')2 '=3 Hz, H-l ') , 5.78 (1H, d, H-l"); 
19FNMR (pyridin-ck) <5=~224.4 (dt, / 6 ' , F = 1 5 , /7'a,F=/7'b,F=45 
Hz). 

Found: C, 55.95; H, 7.18; N, 5.47%. Calcd for C59H91-
FN5O20S2: C, 55.64; H, 7.20; N, 5.50%. 

Compound 15b (260 mg) was treated similarly as des­
cribed above to give a solid of 16b, 72.1 mg (31%) and 15b 
recovered 52.8 mg (20%). 

16b: [a]2
D° +44° (c 1, pylidine); *HNMR (pyridine-ds) 

0=1.2—2.0 (46H, BocX4 and cyclohexylidene), 2.23 [3H, s, 
Ts(CHa)], 4.85 (2H, s, PhCH2S02), 5.36 (1H, dd, /r,2"=3.5 
and /2»,3"=10 Hz, H-2"), 5.53 (1H, br s, H-l ') , 5.78 (1H, 
d, H-l"); 19FNMR (pyridine-cfe) <5=~226.8 (dt, / 6 ' , F = 2 2 , 
/7'a,F=/7'b,F=48 HZ). 

Found: C, 55.88; H, 7.05; N, 5.38%. Calcd for C59H91-
FN5O20S2: C, 55.64; H, 7.203, N, 5.50%. 

3^4'-Dideoxy-6'-C-(fIuoromethyl)kanamycin B (17a and 
17b). To a solution of 16a (250 mg) in liquid ammonia (30 
ml) at —50——60 °C was added sodium (ca. 300 mg), and the 
deep-blue solution was kept for 5 min at the temperature 
[detosyl- and de(benzylsulfonyl)ations]. Addition of 
methanol until the solution became colorless, followed by 
gradual warming to room temperature, and finally evapora­
tion under diminished pressure gave a residue. A solution 
of the residue in methanol (500 ml) was neutralized with 4 M 
aqueous hydrochloric acid (M=mol dm~3) and concentrated. 
The residue was dissolved in trifluoroacetic acid (1 ml) and 
the solution was kept for 30 min at room temperature. 
TLC (l-butanol-ethanol-chloroform-17% aq NH 3 =4 :5 : 
2:5) of the solution showed a single spot at Rt 0.3. 
Concentration in vacuo gave a residue, that was chromato­
graphed on a column of CM-Sephadex C-25 (NH4+ form, 30 
ml) with aqueous ammonia (0—>0.1 M) to give a ninhydrin-
positive solid of 17a, 82.3 mg (80%), [af£ +82° (c 1, water); 
*HNMR (20% ND3 in D20) 0=3.54 (1H, dd, /i")2"=3.5, 
/2",3"=10 Hz, H-2"), 4.53 (2H, a set of same-shaped m separ­
ated by 48 Hz, H-7a' and -7b'), 5.09 (1H, d, H-l"), 5.23 (1H, 
d, /i',2'=3 Hz, H-l '); 19FNMR (20% ND3 in D2O) <5=-228.2 
(dt, /6 ' ;F=19, /7'a.F=/7'b,F=48 Hz). 

Found: C, 45.76; H, 7.55; N, 13.63; F, 3.61%. Calcd for 
Ci9H38FN508-l/2H2C03: C, 45.51; H, 7.64; N, 13.61; F, 
3.69%. 

Compound 16b (68.8 mg) was treated similarly as des­
cribed above to give a solid of 17b, 18.5 mg (65%), [ctffl +104° 
(c 1, water); *HNMR (20% ND3 in D2O) 0=3.48 (1H, dd, 
/r,2"=3.5, /2")3"=10 Hz, H-2"), 4.53 (2H, a set of unresolved d 
separated by 48 Hz, H-7'a and -7'b), 5.02 (1H, d, H-l"), 5.13 
(1H, d, /i',2'=3 Hz, H- r ) ; 19FNMR (20% ND3 in D20) 
<5=-232.9 (dt, / 6 ' , F = 2 5 , /7,a>F=/7,b)F=48 Hz). 

Found: C, 45.33; H, 7.36; N, 13.58; F, 3.44%. Calcd for 
Ci9H38FN508-l/2H2C03: C, 45.51; H, 7.64; N, 13.61; F, 
3.69%. 

3,2',6'-Tris(iV-benzyloxycarbonyl)-3',4'-dideoxy-6'-C 
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(fluoromethyl)kanamycin B (18). A mixture of 17a (60.0 
mg, 0.10 mmol) and zinc acetate dihydrate (130 mg, 0.59 
mmol) in dry dimethyl sulfoxide (1.2 ml) was stirred for 1 h 
at room temperature. To the resulting clear solution was 
added Af-(benzyloxycarbonyloxy)succinimide (100 mg, 0.40 
mmol) and the mixture was stirred for 1 h at room tempera­
ture. TLC (chloroform-MeOH-28% aq NH 3=9:4:1) of 
the solution showed a single spot at Rf 0.4 (cf. 17: Ri 0.05). 
After dilution with 50% aqueous 1,4-dioxane (4 ml), the 
solution was poured into a column of CM-Sephadex 
C-25 (NH4+ form, 4 ml) and the column was washed 
with 50% aqueous 1,4-dioxane (10 ml). Development 
of the product with 1,4-dioxane-water-28% aqueous NH3 
(1:1:0—>1 :1:0.5, gradually changed) gave a solid of 18, 65.5 
mg (68%), [<*]$ +40° (c 1, pyridine); *HNMR (pyridine-cfe) 
0=5.1—5.4 (7H, PhCH2C02X3 and H-l ') , 5.66 (1H, d, 
/i";2"=3.5 Hz, H-l"). 

Found: C, 55.88; H, 6.47; N, 7.22%. Calcd for C43H56-
FN50i4-H2C03: C, 55.75; H, 6.17; N, 7.39%. 

S^'^'-T^N-benzyloxycarbonylJ-S'^'-dideoxy-e'-C-
(fluoromethyl)-3"-iV-(trifluoroacetyl)kanamycin B (19). 
To a solution of 18 (54.0 mg) in DMF (1 ml) was added ethyl 
trifluoroacetate (0.15 ml) and the solution was treated sim­
ilarly as described for 7 to give a solid of 19, 57.5 mg, [a]™ 
+58° (c 1, pyridine). 

3,2',6'-Tris(iV-benzyloxycarbonyl)-l-iV-[(S)-4-benzyloxy-
carbonylamino-2-hydroxybutanoyl]-3',4'-dideoxy-6'-C-
(fluoromethyl)-3"-N-(trifluoroacetyl)kanamycin B (20). A 
mixture of 19 (57.5 mg) and anhydrous sodium carbonate 
(30 mg) in 20% aqueous 1,4-dioxane (1.8 ml) was treated 
with Af-[(S)-4-benzyloxycarbonylamino-2-hydroxybutanoyl-
oxyjsuccinimide (40.0 mg) as described for 8 to give a solid 
of 20, 65.8 mg (95% based on 18), [<*]$ +55° (c 1, pyridine). 

l-N-[(S)-4-Amino-2-hydroxybutanoyl]-3',4'-dideoxy-6'-C-
(fluoromethyl)kanamycin B (21). Compound 20 (65.8 mg) 
was treated similarly as described for 9 to give a solid of 21, 
25.3 mg (75%), [<*]% +64° (c 1, water); *H NMR (20% ND3 in 
D2O) 0=1.9-2.7 (8H, H-2a, 2b, 3'a, 3'b, 4'a, 4'b, 3"'a, 3"'b), 
4.9—5.2 (2H, m, H-7'a and -7'b), 5.69 (1H, d, /r,2"=3.5 Hz, 
H-l"), 5.78 (1H, d, /i',2'=3 Hz, H-l); 19FNMR (20% ND3 in 
D2O) <5=-228.4 (dt, /6';F=19, /7'a,F=/7'b,F=48 HZ). 

Found: C, 44.98; H, 7.32; N, 13.51; F, 2.78%. Calcd for 
C23H45FN6Oi0-l/2H2O-l/2H2CO3: C, 45.18; H, 7.58; N, 
13.45; F, 3.04%. 

T h e authors wish to thank Dr. Masa H a m a d a of 
Insti tute of Microbial Chemistry for measurement of 
antibacterial activity. 
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2,3-O-Isopropylidene-D-glyceraldehyde reacts with dimethylphosphine oxide in the presence of triethyl-
amine to give separable (IS,2R)- and (l/?,2/?)-l-dimethylphosphinylglycerol (65 :35), from which the (IR) and 
(IS) title compounds are respectively derived via 1-O-mesyl and 1-azido derivatives. The corresponding 
1-dimethoxyphosphinylglycerols are similarly prepared. Structural and conformational assignments of 
these products are made on the basis of the XH NMR data and [C*]D values. 

In view of a wide interest in their physicochemical 
properties and potential biological activity, sugar 
analogs having a phosphorus atom in the hemiacetal 
ring have been prepared in recent years;1* e.g., analogs 
of D-ribofuranose 1 (R=Et, Ph, OH)2) and D-gluco-
pyranose 2 (R=Et, OH).3) However, no nucleoside or 
nucleotide analogs of P-in-ring sugars have been 
reported so far, whereas some synthetic heteroatom-
sugar and pseudo-sugar nucleosides have drawn con­
siderable attention due to the unique physiological 
activity; e.g. 3 (X=S,4> NAc,5> CH2

6)). We report 
herein a new type of simple (2/?)-l-amino-l-phos-
phinylglycerols that can be readily prepared by a 
synthetic scheme potentially applicable to prepara­
tion of biologically important amino phosphonic acid 
derivatives,7) as well as a series of P-in-ring sugar 
nucleosides. 

HO 

W 
HO OH 

1 

HO-

Hi" 
OH 

Vf 
HO OH 

3 

Results and Discussion 

Paulsen et al.8) briefly described that the addition of 
dimethyl phosphonate to 2,3-O-isopropylidene-
D-glyceraldehyde (4) in the presence of a catalytic 
amount of sodium alkoxide gave a 41:59 mixture of 
(2/?)-glycerol derivatives 6a and 6b, which were chro-
matographically inseparable and whose C-l configu­
ration (IR or IS) remained unestablished. Although 
we also studied the reactivities of these phosphonates 
(see below), we have chosen a 1-dialkylphosphinyl-
substituted (2/?)-glycerol as a model compound for 
thorough investigation in view of later preparation of 
alkylphosphinyl-in-ring sugar nucleosides. Thus, 
condensation of 4 with dimethylphosphine oxide in 
the presence of triethylamine (TEA) gave a mixture of 
adducts 5a and 5b in a ratio of 35:65, which were 

separable by chromatography (84% isolated yield). 
The (IR) and (IS) configurations were assigned to 5a 
and 5b, respectively, on the basis of 1H NMR spectra of 
these compounds as well as their derivatives (see below). 
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Compounds 5a and 5b were readily led to acetates 7a 
and 7b, as well as mesylates 8a and 8b, respectively, by 
the usual method. The nucleophilic substitution 
reactions with azide anion took place smoothly for 8a 
and 8b (but not for 5a,b) with C-l inversion to give l ib 
and 11a, respectively. Compounds 11a and l ib were 
reduced to amino compounds 13a and 13b, respec­
tively, which were characterized as acetamido deriva­
tives 15a and 15b. Azido 11a was easily led to the 
1,2,3-triazolyl-substituted compounds 17a and 19a on 
treatment with phenylacetylene. Nucleophilic sub-



Table 1. XH (500 MHz) and 31P (81 MHz) NMR Parameters for Selected Compounds in CDC13 

Chemical shifts (ô) Coupling constants (Hz) 
Compd 

5a 
5b 
6a 
6b 
7a 
7b 
8a 
8b 
9a 
9b 
11a 
lib 
12a 
12b 
15a 
15b 
16a 
16b 
17a 
19a 
18a 
20a 
18b 
20b 

H-1 

3.77 
3.66 
3.87 

4.12 
5.30 
5.26 
4.90 
5.00 
5.13 
4.87 
3.48 
3.79 
3.44 

4.00 
4.39 
4.26 

4.57 

4.72 
5.05 
4.76 
5.20 
4.69 

5.12 
4.91 

H-2 

4.58 
4.23 
4.45 
4.37 
4.70 
4.55 
4.55 
4.53 
4.49 
4.47 
4.63 
4.40 
4.50 

4.42 
4.81 
4.44 

4.58 
4.38 
5.03 
4.98 
4.84 

5.02 
4.75 
4.93 

H-3 

4.13 
4.19c) 

4.08 
4.13 
4.09 
4.14 
4.20 
4.11 
4.11 
4.15 
4.18 
4.16 
4.11 

4.05 
4.09 
4.13j) 

4.06 
4.06 
4.20 
4.31 
4.15 

4.21 
4.04j) 

4.10 

H-3' 

4.01 
4.10 
3.94 

4.07f) 

3.83 
3.97 
4.14 
4.05 
4.01 
4.05 
4.10 

4.02 
3.99 
4.03 
3.60 
3.86 

3.62 
4.03 
3.71 
4.10 
3.63 
4.05 
3.90 
4.10 

PMe 2
a ) 

1.58,1.52 
1.58,1.56 

(3.84,3.82) 
(3.82,3.82) 
1.63,1.47 

1.60,1.52 
1.68,1.63 
1.67,1.64 
(3.89,3.86) 
(3.87,3.87) 
1.63,1.60 
1.62,1.58 
(3.88,3.85) 
(3.85,3.84) 

1.55,1.52 
1.70,1.43 

(3.80,3.79) 
(3.79,3.76) 
1.69,1.51 
1.93,1.04 
(3.81,3.77) 
(3.79,3.75) 
(3.90,3.68) 
(3.85,3.71) 

C M e 2 

1.45,1.37 
1.41,1.33 
1.45,1.38 
1.44,1.36 
1.43,1.34 

1.42,1.36 
1.46,1.37 
1.45,1.37 
1.45,1.37 
1.47,1.38 
1.48,1.37 
1.48,1.37 
1.49,1.38 
1.49,1.37 
1.46,1.36 
1.44,1.35 
1.44,1.36 
1.43,1.33 
1.42,1.39 
1.35,1.35 
1.36,1.32 
1.27,1.17 

1.36,1.32 
1.33,1.10 

X 

3.18b) 

5.28b) 

2.82 M ) 

3.20b'e) 

2.18g) 

2.18g) 

3.23h) 

3.23h) 

3.18h) 

3.20h) 

5.97 w 

7.68M) 

S^'"0 

6.18M) 

8.12n'o) 

7.76p'q) 

8.15n'o) 

7.76p'q) 

8.05n'o) 

7.75p'q) 

3ip 

46.3 
45.7 
22.1 
22.9 
43.1 
40.6 
43.7 
42.0 
16.3 
15.6 

45.2 
43.7 
20.1 
19.8 
44.6 
45.1 

23.2 
22.9 
42.5 
45.7 
17.2 
16.8 
19.6 
17.9 

7l,2 

3.9 
9.0 
4.8 
4.7 
3.4 

6.0 

6.2 
5.0 
3.2 
7.6 
5.6 
6.0 
5.6 
4.3 
1.4 
9.5 

2.1 
5.4 
4.3 
9.3 
4.6 
9.4 
7.0 
6.3 

7I.P 

6.9 
1.0 
9.8 
8.3 
9.0 
0.5 
8.0 
5.0 
11.9 
11.0 
12.5 
7.4 

15.7 
14.7 
11.5 
0.5 
19.5 
17.8 

12.1 
15.1 
19.8 
16.9 

18.2 
16.0 

/2,3 

6.8 
6.0 
6.5 
6.0 
6.8 
6.4 

6.7 
6.4 
6.6 
6.5 
6.6 
6.4 

6.5 
6.4 
7.1 

6.2 
7.0 
6.3 
6.4 
6.0 
6.4 

6.2 
6.2 
5.4 

/2,3' 

6.4 
4.5 
6.6 
6.5 
5.4 

6.2 
5.6 
6.8 
7.3 
6.0 
6.0 
6.0 
6.5 
6.4 
6.8 
5.4 
6.6 
5.6 
6.8 
7.7 
6.6 
6.0 
5.0 
5.4 

/2,P 

3.7 
6.1 
3.8 
3.5 
2.8 

5.7 
2.4 

3.9 
1.8 
2.5 
3.7 
4.2 
3.5 
2.9 
4.3 
6.1 

4.2 
7.5 
4.3 
2.5 
3.5 
1.9 
5.7 
5.5 

/3,3' 

8.5 
8.5 
8.5 
8.8 
8.8 

8.7 
9.5 
8.6 
8.7 
9.3 
8.9 
8.5 
8.7 
8.8 
8.4 
8.8 
8.5 
9.1 
8.7 
9.4 

8.9 
9.3 
9.3 

— 

7i,x 

6.9 
5.2 
7.4 
4.3 

9.8 
9.4 
9.8 
10.0 

a) Values in parenthesis are for P(OMe>2. These signals are all doublets with /pMe—12.9—13.2 Hz or /poMe—10.7—11.0 Hz. b) HO-1. c) /3,p=2.5 Hz. 
d, e) /P,OH=15.0 and 10.2 Hz, respctively. f) /3',p=1.0 Hz. g) AcO-1. h) MsO-1. i) HN-1. j) /3,p=1.7 Hz. k, 1, m) For AcN-1, 0=2.10, 2.05, and 2.08, 
respctively. n) H-5'. o) For protons of Ph(o) Ph(ra) and Ph(p)-4', 0=7.85, 7.44, and 7.35 (±0.01), respctively, /o,m=8.0, /m,P=7.4, /o,P=1.2 Hz. p) H-4'. q) 
For protons of Ph-5', 0=7.51—7.48. 
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st i tut ion with an a lkylamine was exemplified by the 
conversion of 8a and 8b into rather unstable butyl-
a m i n o derivatives 21b and 21a, respectively, but only 
in moderate yields. 

According to the similar reaction schemes for phos-
ph ine oxides shown above, the mixture of the phos-
phonates 6a and 6b (41 :59)8) were led to the corre­
spond ing mesylates 9a and 9b. These mesylates did 
not yield the azido-substituted compounds 12b and 
12a, which, however, were successfully prepared via 
unstable tr if luoromethanesulfonates 10a and 10b 
derived from 6a and 6b, respectively. Compounds 
12a and 12b were separable by chromatography and 
similarly led to the corresponding a m i n o 14a,b, acet-
amido 16a,b, and triazolyl derivatives 18a,b and 20a,b. 
C o m p o u n d s 10a and 10b were also led to bu ty lamino 
derivatives 22b and 22a, respectively. 

Structural Assignments and Conformational Ana­
lyses of Compounds 5—22a,b. Characteristic fea­
tures observed in the XH N M R spectra of the major 
product 5b and minor one 5a and their respective, 
acetamido derivatives 15a and 15b are as follows: 1) 
T h e large /i,2 and small /i,p of 5b and 15b strongly 
suggest the anti conformat ion of H - C ( l ) - C ( 2 ) - H and 
0 = P - C ( 1 ) - H bonds,x ) whereas the med ium or small 
Ji,2 and med ium / I , P values of 5a and 15a are indicative 
of the gauche conformations of the above groups. 
2) T h e presence of a med ium, long-range coupl ing 
(4 /3,P) in 5b and 15b suggests the W-shaped P - C ( l ) -
C(2)-C(3)-H bond nearly on a plane. 3) T h e HO-1 
and HN-1 signals of 5b and 15b appear at a signifi­
cantly lower field compared with those of 5a and 15a, 
indicat ing the possibility of the presence of a certain 
extent of an intramolecular hydrogen bond ing 
between HO-1 (or HN-1) and 0 = P groups in 5b and 
15b. 4) Both /2,3 and /2,3' values of all of these com­
pounds can be regarded as relatively large. 

Combina t ion of these data led to the assignments of 
the C-l configuration of 5a and 5b to be (R) and (S), 
respectively, with the most likely conformations (in 
CDCI3 solution) illustrated in the Newman projection 
formulas in Fig. 1. T h e same assignments are appl i ­
cable to the acetamido derivatives 15a and 15b. 
These N M R data are summarized in Tab le 1. T h e 
assignment of (IS) to the major product is in confor­
mity with the already reported examples of the pre­
ponderant addit ion of some nucleophiles , such as 

CH3 L i i 3 

H , n H H' 
5a 5b 

Fig. 1. 
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allylic boronates,9 ) to protected D-glyceraldehyde to 
give anti derivatives, which are in accordance with the 
Fe lk in -Ahn rule.10) 

These characteristic XH N M R features are not obser­
vable for the rest of the products , presumably because 
of the absence of certain, p redominan t conformations 
in solut ion at 21 °C. However, a close relat ionship is 
observed between the specific rotations of the C-l 
diastereomers of the separated phosph ine oxides and 
phosphonates . Namely, [a]o of the a-series of com­
pounds 5, 7, 8, 11, 12, 15, and 16 all shows negative 
values, whereas the values of the b-series of these 
corresponding compounds are positive (except for 5b). 
O n the g round of this characteristic features and the 
mode of the nucleophi l ic addi t ion and the subsequent 
reactions observed for 5a/5b and 15a/15b, the same 
configurat ions (\R)/(\S) would be assignable to the 
corresponding phosphonates 6a(minor)/6b(major) , 
16a/16b and other related compounds . The i r N M R 
data are summarized in Tab le 1. Al though the 31P 
signals of all of (IS) compounds appear at slightly 
higher field than those of the corresponding (IR) 
diastereomers (except for the case of 6a,6b), the exact 
reasons for this difference have remained to be 
clarified. 

These synthetic and spectral findings described so 
far are believed to be valuable information on prepara­
tions and structural assignments of similar «-hydroxy 
and «-amino phosph iny l compounds . 

Experimental 

Melting points are uncorrected. All reactions were per­
formed under an argon atmosphere and monitored by TLC 
(Merck silica gel 60F, 0.25 mm) with an appropriate solvent 
system [(A) 1:1 AcOEt-hexane, (B) 1:9 EtOH-AcOEt, (C) 
1:14 MeOH-CHCls, (D) 1:9 MeOH-CHCl3, (E) 1:9 EtOH-
benzene] unless otherwise specified. Chromatographic 
separation was carried out on a column of silica gel (Wako 
C-200). Solid products were recrystallized from AcOEt-
hexane. Optical rotations were measured with a Nihon-
Bunko DIP-4 Polarimeter at 25 °C. The m and 31P NMR 
spectra were measured in CDCI3 with Varian VXR-500 and 
VXR-200 instruments (500 and 81 MHz, respectively, SC-
NMR Lab., Okayama Univ.) at 21 °C. Chemical shifts are 
reported as ô values relative to tetramethylsilane (internal 
standard for 1H) and 85% phosphoric acid (external standard 
for 31P). The assignments of signals of diastereomers 
were confirmed by 2D COSY measurements. These NMR 
data together with assignments of all signals are summa­
rized in Table 1. The mass spectra were taken on an 
A.E.I. MS 50 ultrahigh resolution instrument and were 
given in terms of m/z (rel intensity) compared with the base 
peak. 

(1Ä,2Ä)- and (lS,2Ä)-l-(Dimethylphosphinyl)-2,3-0-iso-
propylideneglycerol (5a, 5b). A mixture of dimethylphos-
phine oxide11) (1.56 g), 412> (3.00 g) and TEA (1.11 ml) in dry 
CHCI3 (2 ml) was stirred at 20 °C for 3 h and then chromato-
graphed to give (lS)-compd 5b (2.30 g, 55%) and (lR)-isomer 
5a (1.20 g, 29%). 
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5a: Colorless prisms, mp 144.5—146 °C; R{ 0.14 (B); 
[a]D-14° (c 0.34, CHCls); MS m/z 209 (M+l, 0.6), 193 (20), 
108 (100). Found: m/z 209.0944. Calcd for C8Hi804P: 
M+l , 209.0943. 

5b: Colorless needles, mp 116—117 °C; Rf 0.22 (B); 
[a]D-23° (c 0.71, CHCI3); MS m/z 209 (M+l, 0.5), 193 (31), 
108 (100). Found: m/z 209.0935. Calcd for C8Hi804P: 
M+l , 209.0943. 

(1R,2R)- and (lS,2Ä)-l-(Dimethoxyphosphinyl)-2,3-0-
isopropylideneglycerol (6a, 6b).8> A mixture of dimethyl 
phosphonate (2.3 ml), 4 (4.0 g) and TEA (1.5 ml, 11 mmol) 
was stirred at 20 °C for 1.5 h, concentrated in vacuo and 
chromatographed to give an inseparable mixture of 6a and 
6b (41:59) as a colorless oil (4.74 g, 79%) (cf. lit,8) 52% yield 
using sodium methoxide as base); Rf 0.10 (A), 0.25 (AcOEt). 

(1Ä,2Ä)- and (lS,2Ä)-l-0-Acetyl-l-(dimethylphosphinyl)-
2,3-O-isopropylideneglycerol (7a, 7b). A. A mixture of 5b 
(301 mg), acetic anhydride (0.40 ml) and dry pyridine (2.4 
ml) was stirred at 20 °C for 22 h, worked up and chromato­
graphed to give (lS)-compd 7b as colorless hygroscopic 
crystals (307 mg, 85%), mp 72—75 °C (in sealed capillary); Rf 

0.41 (B); [a]D+29° (C 0.57, CHCI3); MS m/z 251 (M+l, 1.0), 
235 (83), 150 (56), 133 (100). Found: m/z 251.1047. Calcd 
for C10H20O5P: M+l , 251.1048. 

B. Similarly, 5a gave (l/?)-isomer 7a as colorless hygro­
scopic crystals (79%), mp 69—72 °C (in sealed capillary); Rf 
0.46 (B); [a]D-27° (c 0.54, CHCI3); MS m/z 235 (M-CH3, 82), 
150 (81), 133 (99), 107 (100). Found: m/z 235.0736. Calcd 
for C9H16O5P: M-CH3, 235.0736. 

(1Ä,2Ä)- and (lS,2Ä)-l-(Dimethylphosphinyl)-2,3-0-iso-
propylidene-1-O-mesylglycerol (8a, 8b). A. To a solution 
of 5b (120 mg) and 7-collidine (0.152 ml) in dry CH2CI2 (1.4 
ml) was dropwise added mesyl chloride (0.070 ml) at 0°C. 
The mixture was stirred at 20 °C for 4 h and worked up to 
give (lS)-compd 8b as colorless prisms (137 mg, 83%), mp 
111 —112°C; Rf 0.33 (C); [a]D+27° (c 0.63, CHCI3); MS m/z 
287 (M+l, 0.9), 271 (100), 133 (77). Found: m/z 287.0715. 
Calcd for C9H2o06SP: M+l , 287.0718. 

B. Similarly, 5a gave (l/?)-isomer 8a as a colorless oil 
(86%); Rf 0.42 (C); [a]D-29° (c 0.67, CHCI3); MS m/z 287 
(M+l, 0.3), 271 (88), 133 (62), 107 (100). Found: m/z 
287.0747. Calcd for C9H2o06SP: M+l , 287.0718. 

(1Ä,2Ä)- and (lS,2Ä)-l-(Dimethoxyphosphinyl)-2,3-0-
isopropylidene-1-O-mesylglycerol (9a, 9b). Similarly, mesyl-
ation of 6a,b gave an inseparable mixture of 9a and 9b as a 
colorless oil (91%); Rf 0.21 (A); MS m/z 319 (M+l, 0.4), 303 
(100), 165 (95),139 (39). Found: m/z 319.0613. Calcd for 
C9H2o08SP: M+l , 319.0616. 

(1Ä,2Ä)- and (lS,2Ä)-l-(Dimethoxyphosphinyl)-2,3-0-
isopropylidene-1 - 0-(trifluoromethylsulfonyl)glycerol ( 10a, 
10b). Trifluoromethanesulfonic anhydride (0.156 ml) 
was added, at —15 °C, to a solution of 6a,b (150 mg), 7-
collidine (0.010 ml) and pyridine (0.10 ml) in dry CHCI3 (6 
ml). The mixture was stirred at —15 °C for 20 min and then 
worked up to give an inseparable mixture of 10a and 10b as a 
pale yellow oil (209 mg, 90%); Rf 0.40 (A); 1U NMR (60 MHz) 
0=1.34, 1.42 (3H each, 2s, CMe2), 3.88 (6H, d, /=11.8 Hz, 
2MeO), 4.0—4.2 (2H, m, H-3,3'), 4.48 (IH, m, H-2), 4.93 
(0.6H, dd, / I , P = 1 0 , /i,2=8 Hz, H-l of 10b), 5.27 (0.4H, dd, 
/ i ,p=ll , /i,2=3 Hz, H-l of 10a). The product was unstable 
and therefore immediately used for the next step. 

(1Ä,2Ä)- and (lS,2Ä)-l-Azido-l-deoxy-l-(dimethylphos-
phinyl)-2,3-0-isopropylideneglycerol (11a, lib). A. A 

mixture of 8b (430 mg) and sodium azide (981 mg) dissolved 
in dry DMF (14 ml) was stirred at 115—120 °C for 4 h, 
diluted with CH2C12 (150 ml) and filtered. The filtrate was 
triturated with AcOEt and purified by chromatography, 
affording (IR)-compd l ia as a colorless oil (310 mg, 88%); Rf 

0.25 (£); [a]D-6.6° (c 0.64, CHCI3); MS m/z 218 (M~CH3, 
24), 149 (81), 101 (100). Found: m/z 218.0695. Calcd for 
C7H13N3O3P: M-CH3, 218.0695. 

B. Similaryl, 8a gave (lS)-isomer l ib as colorless needles 
(76%), mp 91—92.5 °C; Rf 0.22 (E); [a]D+12° (c 0.54, CHCI3); 
MS m/z 218 (M-CH3, 31), 191 (33), 149 (39), 101 (100). 
Found: m/z 218.0692. Calcd for C7H13N3O3P: M-CH3, 
218.0695. 

(1Ä,2Ä) and (lS,2Ä)-l-Azido-l-deoxy-l-(dimethoxyphos-
phinyl)-2,3-0-isopropylideneglycerol (12a, 12b). The mix­
ture 10a,b (209 mg) was treated with sodium azide (109 mg) 
in dry DMF (1.2 ml) at 0°C for 3 h and then worked up. 

12a: Colorless needles (65 mg, 44%), mp 54—55 °C; Rf 
0.25 (A); [a]D-50° (c 0.56, CHCI3); MS m/z 250 (M~CH3, 
18), 165 (5), 101 (100). Found: m/z 250.0591. Calcd for 
C7H13N3O5P: M-CH3, 250.0593. 

12b: Colorless oil (45 mg, 30%); Rf 0.30 (A); [a]D+6.8° 
(c 0.68, CHCI3); MS m/z 250 (M-CH3, 18), 165 (5), 101 (100). 
Found: m/z 250.0589. Calcd for C7H13N3O5P: M~CH3, 
250.0593. 

(1Ä,2Ä)- and (lS,2Ä)-l-Acetamido-l-deoxy-l-(dimethyl-
phosphinyl)-2,3-0-isopropylideneglycerol (15a, 15b). A. 
A solution of 11a (100 mg) in methanol (4 ml) was hydro-
genated in the presence of 10% Pd-C (113 mg) at 20 °C for 3 
h. After filtration of the catalyst, the filtrate was concen­
trated in vacuo to give (1R)-1-amino compd 13a as a color­
less oil (89 mg, 100%); Rf 0.06 (E); XH NMR (60 MHz) 0=1.35, 
1.43 (3H each, 2s, CMe2), 1.50, 1.54 (3H each, 2d, /=13.0 Hz, 
PMe2), 2.9—3.1 (2H, m, NH2), 3.8—4.3 (3H, m, H-1,3,3'), 4.65 
(IH, m, H-2). Compound 13a (89 mg) was treated with 
acetic anhydride (0.12 ml) in pyridine (1 ml) at 20 °C for 3 h, 
giving (l/?)-compd 15a as colorless needles (80 mg, 75%), mp 
168—170 °C; Rf 0.25 (E); [a ] D -44°C (c 0.53, CHCI3); MS 
m/z 234 (M-CH3, 9.0), 149 (100), 132 (54). Found: m/z 
234.0894. Calcd for C9H17NO4P: M~CH3, 234.0896. 

B. Similar hydrogénation of l ib gave (lS)-isomer 13b as 
a colorless oil (100%); Rf 0.27 (D); *H NMR (60 MHz) 0=1.34, 
1.42 (3H each, 2s, CMe2), 1.56 (6H, d, /=13.0 Hz, PMe2), 
2.9—3.1 (2H, m, NH2), 3.8—4.4 (4H, m, H-1,2,3,3'). Sim­
ilar acetylation of 13b with acetic anhydride in pyridine gave 
the (lS)-isomer 15b as colorless crystals (77%), mp 169— 
171 °C; Rf 0.33 (D); [a]D+44° (c 0.45, CHCI3); MS m/z 234 
(M-CH3, 13), 149 (100), 114 (56). Found: m/z 234.0889. 
Calcd for C9H17NO4P: M-CH3, 234.0896. 

(1Ä,2Ä)- and (lS,2Ä)-l-Acetamido-l-deoxy-l-(dimethoxy-
phosphinyl)-2,3-0-isopropylideneglycerol (16a, 16b). A. 
Hydrogénation of 12a (49 mg) gave (l/?)-l-amino compd 14a 
as a colorless oil (44 mg, 100%); Rf 0.04 (A); *HNMR (60 
MHz), 0=1.33, 1.40 (3H each, 2s, CMe2), 2.9—3.2 (2H, m, 
NH2), 3.6—4.2 (3H, m, H-1,3,3'), 3.80 (6H, d, /=10.8 Hz, 
2MeO), 4.35 (IH, m, H-2). Acetylation of 14a gave (\R)-
compd 16a as a colorless oil (89%); Rf 0.04 (A); [a]D-19° 
(c 0.33, CHCI3); MS m/z 282 (M+l, 0.3), 181 (100), 139 (24). 
Found: m/z 282.1101. Calcd for Ci0H2iNO6P: M+l , 
282.1107. 

B. Hydrogénation of 12b gave (lS)-l-amino isomer 14b 
as a colorless oil (100%); Rf 0.04 (A); *HNMR (60 MHz) 
0=1.33, 1.43 (3H each, 2s, CMe2), 2.8—3.3 (2H, m, NH2), 
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3.4—4.1 (3H, m, H-1,3,3'), 3.83 (6H, d, /=10.8 Hz, 2MeO), 
4.30 (1H, m, H-2). Acetylation of 14b gave the (lS)-isomer 
16b as colorless needles (76%), mp 71— 73°C; Rt 0.06 (A); 
[Û!]D+9.40 (C 0.51, CHCls); MS m/z 282 (M+l, 0.4), 181 (100), 
139 (24). Found: m/z 282.1096. Calcd for CioH2iN06P: 
M+l , 282.1107. 

(lÄ,2Ä)-l-Deoxy-l-(dimethylphosphinyl)-2,3-0-iso-
propylidene-l-(4- and 5-phenyl-l,2,3-triazol-l-yl)glycerol 
(17a, 19a). A. A mixture of l ia (30 mg) and phenylacetyl-
ene (0.5 ml) was stirred at 120 °C for 0.5 h, evaporated in 
vacuo and chromatographed to give 4-phenyl- 17a and 5-
phenyltriazolyl compd 19a. 13> 

17a: Colorless needles (22 mg, 51%), mp 158—159 °C; 
Rt 0.23 (£); MS m/z 335 (M+, 31), 235 (42), 229 (54), 206 (46), 
77 (100). Found: m/z 335.1396. Calcd for C16H22N3O3P: 
M, 335.1399. 

19a: Colorless needles (19 mg, 44%), mp 153—154 °C; Rf 
0.33 (£); MS m/z 335 (M+, 0.8), 258 (43), 235 (36), 207 (23), 78 
(100). Found: m/z 335.1376. Calcd for C16H22N3O3P: M, 
335.1399. 

(1Ä,2Ä)- and (lS,2Ä)-l-Deoxy-l-(dimethoxyphosphinyl)-
2,3,-0-isopropylidene-l-(4- and 5-phenyl-l,2,3-triazol-l-yl)-
glycerol (18a,b, 20a,b). A. Similarly, 12a (30 mg) gave 4-
phenyl- 18a and 5-phenyltriazolyl compd 20a.13) 

18a: Colorless oil (25 mg, 60%); Rt 0.12 (CHCI3); MS m/z 
367 (M+, 42), 352 (43), 267 (44), 238 (16), 43 (100). Found: 
m/z 367.1298. Calcd for C16H22N3O5P: M, 367.1297. 

20a: Colorless oil (16 mg, 38%); R{ 0.08 (CHCl3);lvIS m/z 
367 (M+, 3.1), 352 (30), 267 (20), 239 (31), 149 (100). Found: 
m/z 367.1280. Calcd for C16H22N3O5P: M, 367.1297. 

B. Similarly, 12b gave 4-phenyl- 18b and 5-phenyl­
triazolyl compd 20b.13> 

18b: Colorless needles (58%), mp 111—112°C; Rf 0.13 
(A); MS m/z 367 (M+, 9.2), 352 (18), 281 (21), 171 (36), 93 
(100). Found: m/z 367.1293. Calcd for C16H22N3O5P: M, 
367.1297. 

20b: Colorless oil (41%); Rt 0.08 (A). 
(1Ä,2Ä)- and (lS,2Ä)-Butylamino-l-deoxy-l-(dimethyl-

phosphinyl)-2,3-0-isopropylideneglycerol (21a, 21b). A. 
A mixture of 8b (30 mg) and butylamine (0.5 ml) was heated 
at 150 °C for 4 h in a sealed tube and then evaporated in 
vacuo. The residue was triturated with AcOEt and chro­
matographed to give (l^)-compd 21a as a pale yellow oil (13 
mg, 47%); Rf 0.25 (£); *HNMR (60 MHz) 0=0.89 (3H, m, 
CH3-C3-N-I), 1.2—1.8 (4H, m, CH2CH2-C-N-I), 1.34, 1.40 
(3H each, 2s, CMe2), 1.44 (6H, d, /=13.0 Hz, PMe2), 2.20 (1H, 
brs, NH-1, D 20 exchangeable), 2.5—2.9 (2H, m, CH2N-1), 
3.7—4.2 (3H, m, H-1,3,3'), 4.60 (1H, m, H-2). 

B. Similarly, 8a gave (lS)-isomer 21b as a pale yellow oil 
(37%); Rt 0.28 (£); *HNMR (60 MHz) 0=0.89 (3H, m, CH3-
C3-N-I), 1.2—1.8 (4H, m, CH2CH2-C-N-I), 1.33, 1.38 (3H 

each, 2s, CMe2), 1.55 (6H, d, /=13.0 Hz, PMe2), 1.95 (1H, brs, 
NH-1, D2O exchangeable), 2.5—2.9 (2H, m, CH2N-1), 3.7— 
4.3 (3H, m, H-1,3,3'), 4.55 (1H, m, H-2). 

(1Ä,2Ä)- and (lS,2Ä)-Butylamino-l-(dimethoxyphosphin-
yl)-2,3-0-isopropylideneglycerol (22a, 22b). Compd 10a,b 
(138 mg) was treated with butylamine (0.10 ml) in acetoni-
trile (2 ml) at 20 °C for 1.5 h, giving an inseparable mixture 
of 22a,b as a colorless oil (14 mg, 13%); Rt 0.19 (A); *H NMR 
(60 MHz) 0=0.90 (3H, m, CH3-C3-N-I), 1.2—1.6 (4H, m, 
CH2CH2-C-N-I), 1.33, 1.41 (3H each, 2s, CMe2), 1.88 (1H, 
brs, NH-1, D 20 exchangeable), 2.5—2.9 (2H, m, CH2N-1), 
3.7—4.35 (4H, m, H-1,2,3,3'), 3.78 (6H, d, /=11.0 Hz, 
2MeO). 
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a-Bromooximes such as a-bromoacetophenone oxime and ethyl 3-bromo-2-(hydroxyimino)propanoate 
react with enamines to give 5,6-dihydro-4H-l,2-oxazines in good yields. Dihydro-l,2-oxazine derivatives are 
also obtained by the reaction of a-bromooximes with vinyl ethers and silyl enol ethers in the presence of 
Na2C03. Dihydro-l,2-oxazines can be converted into pyrrole derivatives via reductive deoxygenation by 
treating with Fe3(CO)i2 in moderate to excellent yields. Iron carbonyl complexes other than Fe3(CO)i2 are also 
effective for the pyrrole-forming reaction. The efficiency of the complexes for this reaction decreases in the 
order: Fe3(CO)i2>Et3NH[HFe3(CO)ii]>Fe2(CO)9>Fe(CO)5. Both of the dihydro-l,2-oxazine- and pyrrole-
forming reactions can be carried out in a single flask, giving pyrrole derivatives in good yields. 

Iron carbonyls are useful reagents in organic syn­
thesis. They can be used for deoxygenation of 
oximes, N-oxides, nitro and nitroso compounds.1) 
One attractive application of this reaction in organic 
synthesis may be the preparation of nitrogen-contain­
ing heterocyclic compounds. In a previous com­
munication, we reported a new method for the synthesis 
of pyrrole derivatives from 5,6-dihydro-6-morpholino-
4/f-l,2-oxazines, which were prepared from a-bromo-
oximes and N-vinylmorpholines, by use of iron car­
bonyls.2) The reaction proceeded via the reductive 
deoxygenation of dihydro-l,2-oxazines with elimina­
tion of morpholine. In this reaction, however, the 
structure of synthesized pyrroles is strongly restricted 
by the preparative accessibility of dihydro-l,2-oxazines. 
In fact, monosubstituted pyrroles are not readily 
accessible by this procedure. 

Recently, we found that dihydro-l,2-oxazines pre­
pared from a-halooximes and vinyl ethers or silyl enol 
ethers can also be converted into pyrrole derivatives by 
use of iron carbonyls. This magnified the synthetic 
applicability of this methodology and enabled the 
synthesis of pyrrole derivatives having a wide variety 
of substitution patterns. In this paper, we describe 
the detailed accounts of these reactions. 

Results and Discussion 

Preparation of 5,6-Dihydro-4H-l,2-oxazines. The 
reaction of a-bromooximes la, b with Af-vinylmor-
pholines 2a—f in toluene at room temperature gave 
5,6-dihydro-6-morpholino-4H-l,2-oxazines 3a—f and 
31 in good yields. The reaction of la, b with vinyl 
ethers 2g—i and silyl enol ethers 2j, k in CH2CI2 in the 
presence of Na2CÛ3 afforded 5,6-dihydo-4H-l,2-
oxazines 3g—q in good yields, which have oxygen-
containing functional groups at 6-position. 

Although each of these methods has its own limita­
tion in applicability due to the availability and the 

reactivity of the starting materials (see later), a com­
bined use of these methods enables the preparation of 
dihydro-l,2-oxazines having a wide variety of substi­
tution patterns. The results are summarized in Table 1. 
The structures of the dihydro-l,2-oxazines were estab­
lished from their IR, NMR, and mass spectral data 
and also from their elemental analyses. 

Some examples of dihydro-l,2-oxazine-forming 
reactions from a-halooximes and enamines3) or vinyl 
ethers4) have been reported. However, in the course 
of our study, we noted that the yields of dihydro-1,2-
oxazines can be improved by taking the following 
precautions: 1) In the reactions with Af-vinyl-
morpholines, at least two molar equivalents of N-
vinylmorpholines to one molar equivalent of a-
halooximes have to be used. This is due to the fact 
that one molar equivalent of N-vinylmorpholines is 
consumed for trapping eliminated HBr. The addi­
tion of other bases such as Et3N rather reduces the 
yields of dihydro-l,2-oxazines. 2) In the reactions 
with vinyl ethers and silyl enol ethers, the addition of 
Na2C03 causes a dramatic increase in the yields of 
dihydro-l,2-oxazines. We also found that a-bromo-
oximes bearing alkyl groups at the C=NOH carbon, 
such as l-bromo-2-propanone oxime (lc) and 1-
bromo-2-butanone oxime (Id), did not afford the cor­
responding dihydro-l,2-oxazines. Indeed, the reac­
tion of lc with 1-morpholinocyclohexene (2a) gave N-
(2-hydroxyiminopropyl)-N-(l-cyclohexenyl)morpholinium 
bromide (5a) as a major product. 

Synthesis of Pyrrole Derivatives. Treatment of 
dihydro-l,2-oxazines 3a—o with Fe3(CO)i2 in 1,2-
dichloroethane at 80 °C gave pyrrole derivatives 4a—1 
generally in good yields. This reaction proceeded via 
a reductive deoxygenation, accompanied by elimina­
tion of morpholine, phenol, butanol, or trimethylsil-
anol which was rapidly converted to hexamethyldisil-
oxane. The results are summarized in Table 2. The 
structures of pyrroles were identified from their spec-
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tral data and elemental analyses. 
By ut i l izing these reactions, pyrrole derivatives hav­

ing a variety of subst i tut ion patterns can be synthe­
sized. T h i s methodology is particularly useful for the 
synthesis of condensed bicyclic pyrroles such as 4a—c 

and 4j that are not readily accessible by other methods. 
In some cases, the yields of pyrroles were poor. In 

these cases, however, the yields were appreciably 
improved by adding trifluoroacetic acid in to the 
reaction systems. T h i s acid may assist e l iminat ion of 

Table 1. Preparation of 5,6-Dihydro-4H-l,2-oxazines 
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X 

C4H4NOa 

C4H4NOa 

C4H4NOa 

C4H4NOa 

C4H4NOa 

C4H4NOa 

PhO 
BuO 
PhO 

Me3SiO 
Me3SiO 

C4H4NOa 

PhO 
BuO 
PhO 

Me3SiO 
Me3SiO 

Solvent 

Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
CH2C12 

CH2C12 

CH2C12 

MeCN 
MeCN 

Toluene 
C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 

CH2C12 

CH2C12 

Base 

— 
— 
— 
— 
— 
— 

Na2C03 

Na2C03 

Na2C03 

Na2COs 
Na2C03 

— 
Na2C03 

Na2COs 
Na2COs 
Na2COs 
Na2C03 

Reaction 
temp/°C 

Rt 
Rt 
Rt 
Rt 
Rt 
Rt 
Rt 
Rt 
40 
Rt 
Rt 
Rt 
80 
80 
80 
Rt 
Rt 

Reaction 
time/h 

3 
3 
3 
3 
3 
3 

20 
15 
4 

20 
20 

3 
22 

3 
3 

20 
20 

Yiel 
oxazi 

3a 
3b 
3c 
3d 
3e 
3f 
3g 
3h 
3i 
3j 
3k 
31 
3m 
3n 
3o 
3p 
3q 

dof 
ne/% 

91 
82 
90 
80 
82 
78 
99 
99 
46 
49 
71 
86 
84 
91 
63 
97 
74 

a) C4H4NO: morpholino. 
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Table 2. Synthesis of Pyrrole Derivatives 

3a 
3a 
3a 
3b 
3b 
3c 
3d 
3e 
3£ 

3g 
3h 
3i 

3j 
3k 
31 
31 
3m 
3n 
3o 
3p 
3q 

R 1 

P h 
P h 
P h 
P h 
P h 
P h 
P h 
P h 
P h 
P h 
P h 
P h 
P h 
P h 

E t O C O 
E t O C O 
E t O C O 
E t O C O 
E t O C O 
E t O C O 
E t O C O 

Oxazine 

R 2 R3 

- (CH 2 ) 4 -
- (CH 2 ) 4 -
- (CH 2 ) 4 -
- (CH 2 ) 3 -
- (CH 2 ) 3 -
- (CH 2 ) 5 -
Et H 
Me Et 
Me P h 
H H 
H H 
Me H 
- (CH 2 ) 4 -
H P h 
- (CH 2 ) 4 -
- (CH 2 ) 4 -
H H 
H H 
Me H 
- (CH 2 ) 4 -
H P h 

X 

C 4 H 4 N O a 

C 4 H 4 N O a 

C 4 H 4 N O a 

C 4 H 4 N O a 

C 4 H 4 N O a 

C 4 H 4 N O a 

C 4 H 4 N O a 

C 4 H 4 N O a 

C 4 H 4 N O a 

P h O 
B u O 
P h O 

Me3SiO 
Me3SiO 
C 4 H 4 N O a 

C 4 H 4 N O a 

P h O 
B u O 
P h O 

Me3SiO 
Me3SiO 

React ion condi t ions 

Solvent 

C1CH2CH2C1 
T H F 
T o l u e n e 
C1CH2CH2C1 
ClCH 2 CH 2 Cl b ) 

C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
C1CH2CH2C1 
T o l u e n e 
C1CH2CH2C1 
ClCH 2 CH 2 Cl b ) 

Toluene b ) 

ClCH 2 CH 2 Cl b ) 

ClCH 2 CH 2 Cl b ) 

T o l u e n e 
C lCH 2 CH 2 Cl b ) 

T e m p / ° C 

80 
60 

100 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

100 
80 
80 

110 
80 
80 

110 
80 

T i m e / h 

3 
20 

3 
3 
3 
3 
3 
3 
3 

20 
20 
20 
20 
20 

3 
3 
3 

20 
20 

3 
3 

Yield of 
dériva 

4a 
4a 
4a 
4b 
4b 
4c 
4d 
4e 
4£ 

4g 
4g 
4h 
4a 
4i 
4j 
4j 
4k 
4k 
41 

4j 
4m 

pyrrole 
tive/% 

99 
98 
84 
28 
53 
92 
85 
70 
58 
98 
91 
94 
38 
70 
16 
55 
60 
55 
18 
26 
46 

a) C4H4NO: morpholino. b) The reaction was conducted in the presence of three molar 
equivalents of trifluoroacetic acid. 

Table 3. Efficiency of Iron Carbonyls and Other Metal Reagents in the Formation of 4a from 3a 

Reagent 

Fe3(CO)i2 

Et 3 NH[HFe 3 (CO)n ] 
Fe2(CO)9 

Fe(CO)5 

Zn(dust)b ) 

Zn-AcOH b ) 

Al(Hg)b ) 

Added a m o u n t / m m o l a ) 

1.5 
1.5 
2.25 
4.5 
4.5 
4.5 
4.5 

React ion condi t ions 

Solvent 

C1CH 2CH 2C1 
C1CH 2CH 2C1 
C1CH 2CH 2C1 
C1CH 2CH 2C1 

T H F 
T H F 
T H F 

T e m p / ° C 

80 
80 
80 
80 
60 
60 
60 

T i m e / h 

3 
3 
3 
3 

20 
20 
20 

Yield of 4a/% 

99 
57 
49 

Trace 
19 
18 

Trace 

a) One mmol of 3a was used, b) Metal reagents were activated by the literature procedures: 
Ref. 8a for Zn(dust), Ref. 8b for Zn-AcOH, Ref. 8c for Al(Hg). 

H X ( X = M o r p h o l i n o , B u O , or PhO) groups from 3. 
I ron carbonyl complexes other than Fe3(CO)i2 were 

also effective for the formation of pyrroles. T h e effi­
ciencies of various iron complexes for the synthesis of 
4a from 3a are given in Tab le 3, together wi th those of 
other metall ic reducing agents. T h e efficiencies of 
i ron carbonyl complexes decreased in the order: 
Fe 3(CO)i2>Et3NH[HFe3(CO)i i]>Fe2(CO)9>Fe(CO) 5 . 
T h i s order of the reactivity seems reflect the order of 
reducing ability of the iron carbonyl complexes; we 
found that the reactivity of the reductive coup l ing of 
aromatic aldehydes by iron carbonyl complexes 
decrease in the same order.5) It has been reported that 
Zn/acetic acid promotes deoxygenation from 3,6-
dihydro-2H-l,2-oxazines.6 '7 ) However, the results of 
Tab le 3 indicate that Fe3(CO)i2 is extremely effective 
for the pyrrole-forming reactions. 

Table 4. One-pot Synthesis of Pyrroles 
from a-Bromooximes and Enamines 

l a 
l a 
l a 
l a 
l a 
l a 
l b 
l b 
l e 
If 

Ox ime 

Ri 

P h 
P h 
P h 
P h 
P h 
P h 

E t O C O 
E t O C O 
£-MeC 6 H 4 

£-BrC 6 H 4 

E n a m i n e 

2a 
2b 
2c 
21 
2m 

2g 
2a 
2e 
2a 
2a 

R2 R3 

- ( C H 2 ) 4 -
- ( C H 2 ) 3 -
- ( C H 2 ) 5 -
- ( C H 2 ) 6 -
- (CH 2 ) io-
H H 
- ( C H 2 ) 4 -
Me Et 
- ( C H 2 ) 4 -
- ( C H 2 ) 4 -

Yield of 
dérivai 

4a 
4b 
4c 
4n 
4o 

4g 
4j 
4p 
4q 
4r 

pyrrole 
tive/% 

72 
53 
86 
78 
36 
60 
50a) 

67a) 

61 
61 

a) In the presence of trifluoroacetic acid. 
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We also found that the pyrrole-forming reactions 
start ing from a-bromooximes and enamines can be 
carried out in a single flask wi thout isolation of 
dihydro-l,2-oxazines. In this one-pot reaction, Fe3-
(CO)i2 was added to a toluene solut ion con ta in ing an 
a -bromooxime and an enamine , and the resul t ing 
mix ture was heated at 100 °C. T h e yields of pyrroles 
were generally good. T h e results are given in Table 4. 

Detailed mechanism for the formation of pyrroles 
from dihydro-l ,2-oxazines is equivocal at present. 
However, it is most likely that the reactions occur via a 
reductive deoxygenation of 4H-l ,2-oxazines 6 that are 
produced by an acid-assisted e l iminat ion of morpho-
line or alcoholic groups from 3. T h i s was suppor ted 
by the fact that when 3f ( R x = P h , R 2 = C H 3 , R 3 = P h , 
X = M o r p h o l i n o ) was heated at 50 °C for 30 min in 
CDC13 conta in ing CF3COOH in an N M R tube, a 
singlet signal appeared at 2.05 p p m . T h i s signal can 
be assigned to methyl protons attached at 5-position of 
6f ( R ! = P h , R 2 = C H 3 , R 3 = P h ) . However, a t tempts to 
isolate 6f in a pure form were unsuccessful. 

Experimental 

Melting points were uncorrected. IR spectra were taken 
on a JASCO IRA-16 spectrophotometer. NMR spectra 
were recorded with a Hitachi R-24A spectrometer in CDCI3 
using TMS as an internal standard. Mass spectra were 
measured with a Hitachi RMU-6E mass spectrometer. 2-
Bromo-4'-substituted acetophenone oximes,9* ethyl 3-
bromo-2-hydroxyiminopropanoate,10> 1 -phenoxypropene,11* 
1-trimethylsiloxycyclohexene,12) and a-trimethylsiloxy-
styrene13* were prepared according to the literature methods. 
Enamines were prepared from the corresponding ketones or 
aldehydes and morpholine by the standard procedures. 

General Procedure for Preparation of Dihydro-l,2-oxazines. 
From a-Bromooximes and Enamines. A toluene solution 
(20 cm3) of an a-bromooxime (5 mmol) was added to a 
solution of an enamine (10 mmol) in toluene (50 cm3). The 
mixture was stirred at room temperature for 3 h, and diluted 
with water (20 cm3). The organic layer was separated and 
dried (MgSC>4). Evaporation of the solvent gave a dihydro-
1,2-oxazine as a white solid. Recrystallization from EtOH 
gave colorless crystals. 

3a: Mp 157—159°C; Found: C, 71.91; H, 8.23; N, 9.39%. 
Calcd for C18H24N2O2: C, 71.97; H, 8.05; N, 9.33%. 
!HNMR (CDCI3) 6=1.30—2.41 (m, 11H), 2.70 (t,./=4.0 Hz, 
4H), 3.57 (t, /=4.0 Hz, 4H), 7.1 7—7.70 (m, 5H). 

3b: Mp 89—91 °C; Found: C, 71.06; H, 7.78; N, 9.98%. 
Calcd for G7H22N2O2: C, 71.30; H, 7.74; N, 9.78%. *H NMR 
(CDCI3) 6=1.50—2.63 (m, 9H), 2.60—2.82 (m, 4H), 3.59 (t, 
7=4.0 Hz, 4H), 7.20—7.70 (m, 5H). 

3c: Mp 111—112.5 °C; Found: C, 72.30; H, 8.29; N, 
9.14%. Calcd for G9H26N2O2: C, 72.58; H, 8.34; N, 8.91%. 
*HNMR (CDCI3) 6=1.30—2.10 (m, 11H), 2.20—2.48 (m, 
2H), 2.50—2.80 (m, 4H), 3.55 (t, 7=4.0 Hz, 4H), 7.12—7.68 
(m, 5H). 

3d: Mp 126.5—128 °C; Found: C, 69.96; H, 8.16; N, 
10.22%. Calcd for C16H22N2O2: C, 70.04; H, 8.08; N, 10.21%. 
!HNMR (CDCI3) ô=0.95 (t, 7=7.0 Hz, 3H), 1.28—2.40 (m, 
6H), 2.50—2.81 (m, 4H), 3.55 (t, 7=4.0 Hz, 4H), 7.12—7.68 

(m, 5H). 
3e: Mp 106—108 °C; Found: C, 70.93; H, 8.54; N, 9.93%. 

Calcd for G7H24N2O2: C, 70.80; H, 8.39; N, 9.71%. 
*HNMR (CDCI3) 0=1.00 (t, 7=7.0 Hz, 3H), 1.05 (d, 7=7.0 
Hz, 3H), 1.57—2.70 (m, 5H), 2.68 (t, 7=4.0 Hz, 4H), 3.53 (t, 
7=4.0 Hz, 4H), 7.10—7.70 (m, 5H). 

3f: Mp 118.5—120 °C; Found: C, 74.86; H, 7.11; N, 8.58%. 
Calcd for C21H24N2O2: C, 74.97; H, 7.19; N, 8.33%. 
T iNMR (CDCI3) ô=1.05 (d, 7=6.8 Hz, 3H), 2.30—3.35 (m, 
7H), 3.57 (t, 7=4.1 Hz, 4H), 7.08—7.70 (m, 10H). 

From a-Bromooximes and Vinyl Ethers or Silyl Enol Ethers. 
A solution containing an a-bromooxime (5.0 mmol), a vinyl 
ether (15 mmol), and Na2C03 (3.0 g) in CH2CI2 (40 cm3) was 
stirred at room temperature for 20 h, filtered through Celite, 
and then the solvent was removed. Column chromatog­
raphy of the residue on silica gel with petroleum ether-
benzene (1:1) gave a dihydro-l,2-oxazine as a viscous oil or a 
white solid. The oily products were distilled by a Kugel 
Rohr, and the solid products were recrystallized from EtOH. 

3g: Mp 117—118°C; Found: C, 75.67; H, 5.91; N, 5.40%. 
Calcd for C16H15NO2: C, 75.87; H, 5.97; N, 5.53%. IR (KBr) 
3100, 2900, 1590, 1230 cm-*; T i N M R (CDCI3) ô=2.55 (m, 
2H), 2.85 (m, 2H), 5.95 (m, 1 H), 7.20—7.90 (m, 10H). 

3h: Oil; Found: C, 72.21 ; H, 8.25; N, 6.13%. Calcd for 
C14H19NO2: C, 72.07; H, 8.21; N, 6.00%. IR (neat) 3030, 
2980, 1600, 1260, 1060 cm-*; T i N M R (CDCI3) 6=0.92 (t, 
7=7.0 Hz, 3H), 1.00—2.57 (m, 8H), 3.45—3.80 (m, 2H), 
4.80—4.95 (m, 1H), 7.05—7.65 (m, 5H). 

3i: Oil; Found: C, 76.33; H, 6.39; N, 5.44%. Calcd for 
C17H17NO2: C, 76.38; H, 6.41; N, 5.24%. IR (neat) 3030, 
2980, 1600, 1260, 1050 cm-*; T i N M R (CDCI3) 6=0.58 (d, 
7=6.7 Hz, 3H), 1.50—2.65 (m, 3H), 4.80 (d, 7=4.8 Hz, 1H), 
6.40—7.25 (m, 10H). 

3j: Mp 128—131 °C; Found: C, 67.52; H, 8.29; N, 4.88%. 
Calcd for Ci7H25N02Si: C, 67.28; H, 8.30; N, 4.62%. IR 
(KBr) 3100, 2960, 1280, 1240, 1165, 1118, 885, 860 cm"1; 
*H NMR (CDCI3) 6=0.21 (s, 9H), 1.14—2.40 (m, 1 IH), 7.07— 
7.48 (m, 5H). 

3k: Mp 143—145 °C; Found: C, 70.30; H, 7.05; N, 4.43%. 
Calcd for Ci9H23N02Si: C, 70.11; H, 7.12; N, 4.30%. IR 
(KBr) 3100, 2960, 1230, 1160, 1100, 1060, 885, 864 cm"1; 
*H NMR (CDCI3) 6=0.21 (s, 9H), 2.32 (m, 2H), 2.80 (m, 2H), 
7.16—7.52 (m, 10H). 

31: Mp 73—75.5 °C; Found: C, 60.81 ; H, 8.22; N, 9.39%. 
Calcd for C15H24N2O4: C, 60.79; H, 8.16; N, 9.45%. 
*HNMR (CDCI3) 6=1.34 (t, 7=6.8 Hz, 3H), 1.10—2.44 (m, 
11H), 2.50—2.73 (m, 4H), 3.57 (t, 7=4.0 Hz, 4H), 4.28 (q, 
7=6.8 Hz, 2H). 

3m: Oil; Found: C, 62.55; H, 6.13; N, 5.51%. Calcd for 
C13H15NO4: C, 62.64; H, 6.07; N, 5.62%. IR (neat) 3100, 
2980, 1745, 1600 cm"*; *H NMR (CDCI3) 6=1.30 (t, 7=7.0 Hz, 
3H), 1.90—2.30 (m, 2H), 2.40—2.70 (m, 2H), 4.23 (q, 7=7.0 
Hz, 2H), 5.60—5.70 (m, 1H), 6.90—7.40 (m, 5H). 

3n: Oil; Found: C, 57.58; H, 8.13; N, 6.25%. Calcd for 
C11H19NO4: C, 57.62; H, 8.35; N, 6.12%. IR (neat) 2980, 
1745, 1600 cm"1; *HNMR (CDCI3) 6=0.65—1.05 (m, 10H), 
1.20—1.50 (m, 2H), 1.55-2.00 (m, 2H), 2.80-3.55 (m, 2H), 
3.82 (q, 2H), 4.60 (m, 1H). 

3o: Mp 59—60 °C; Found: C, 63.77; H, 6.58; N, 5.39%. 
Calcd for C14H17NO4: C, 63.86; H, 6.51; N, 5.32%. IR (KBr) 
2900, 1745, 1600 cm"1; *HNMR (CDCI3) 6=0.95—1.40 (m, 
6H), 1.70—2.80 (m, 3H), 4.15 (q, 2H), 5.40 (m, 1H), 6.85— 
7.30 (m, 5H). 
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3p: Mp 87—89 °C; Found: C, 56.29; H, 8.26; N, 4.71%. 
Calcd for Ci4H25N04Si: C, 56.15; H, 8.42; N, 4.68%. IR 
(KBr) 2980, 1745, 1240, 1100, 865 cm-*; *HNMR (CDC13) 
0=0.21 (s, 9H), 1.10—2.40 (m, 14H), 4.12 (q, 2H). 

3q: Mp 119—120 °C; Found: C, 59.81; H, 7.23; N, 4.19%. 
Calcd for Ci6H23N04Si: C, 59.78; H, 7.21; N, 4.36%. IR 
(KBr) 3030, 1745, 1600, 1240, 1100, 880 cm"1; *HNMR 
(CDCI3) 6=0.21 (s, 9H), 1.45 (t, /=7.0 Hz, 3H), 1.55—2.70 
(m, 4H), 4.32 (q, 7=7.0 Hz, 2H), 7.28—7.65 (m, 5H) 

General Procedure for the Synthesis of Pyrrole Deriva­
tives. A mixture of a dihydro-l,2-oxazine (1.0 mmol) and 
Fe3(CO)i2 (1.5 mmol) in C1CH2CH2C1 (15 ml) was stirred 
under argon at 80 °C for 3—20 h and filtered. The solvent 
was removed, and the residue was chromatographed on 
silica gel with hexane-benzene (1:1) to give a pyrrole deriva­
tive. Recrystallization from petroleum ether-benzene gave 
the pure sample as colorless crystals. 

4a: Mp 112—113°C;13> IR (KBr) 3400 cm"1; *HNMR 
(CDCI3) 0=1.65—1.95 (m, 4H), 2.36—2.75 (m, 4H), 6.18 (d, 
7=2.0 Hz, 1H), 7.03—7.47 (m, 5H), 7.50—8.00 (m, 1H); MS 
m/z 197 (M+). 

4b: Mp 121 —122 °C; Found: C, 85.43; H, 7.06; N, 7.55%. 
Calcd for C13H13N: C, 85.20; H, 7.15; N, 7.65%. IR (KBr) 
3380 cm"1; *HNMR (CDCI3) 6=2.15—2.83 (m, 6H), 6.18 (d, 
7=2.0 Hz, 1H), 6.95—7.40 (m, 5H), 7.72—8.11 (m, 1H); MS 
m/z 183 (M+). 

4c: Mp 111 —112.5°C; Found: C, 85.16; H, 8.18; N, 
6.90%. Calcd for G5H17N: C, 85.26; H, 8.11; N, 6.63%. IR 
(KBr) 3400 cm"1; *HNMR (CDCI3) 6=1.45—1.90 (m, 6H), 
2.40—2.83 (m, 4H), 6.18 (d, 7=2.0 Hz, 1H), 7.03—7.47 (m, 
5H), 7.50—8.03 (m, 1H). 

4d: Mp 106.5—108 °C; Found: C, 84.30; N, 7.58; N, 
8.22%. Calcd for G2H13N: C, 84.18; H, 7.65; N, 8.18%. IR 
(KBr) 3380 cm"1; *H NMR (CDCI3) ô=1.22 (t, 7=7.0 Hz, 3H), 
2.55 (q, 7=7.0 Hz, 2H), 6.30—6.45 (m, 1H), 6.53—6.67 (m, 
IH), 7.12—7.50 (m, 5H), 7.70—7.95 (m, 1H); MS m/z 171 
(M+). 

4e: Mp 105—107 °C; Found: C,84.18; H, 8.23; N, 7.71%. 
Calcd for C13H15N: C, 84.28; H, 8.16; N, 7.56%. IR (KBr) 
3280 cm"1; *HNMR (CDCI3) 6=1.22 (t, 7=7.0 Hz, 3H), 2.03 
(s, 3H), 2.58 (q, 7=7.0 Hz, 2H), 6.30 (d, 7=2.0 Hz, IH), 7.10— 
7.50 (m, 5H), 7.70—7.95 (m, IH). 

4f: Mp 102—103 °C; Found: C, 87.39; H, 6.45; N, 6.20%. 
Calcd for G7H15N: C, 87.51 ; H, 6.48; N, 6.00%. IR (KBr) 
3400 cm-i; *HNMR (CDCI3) 6=2.28 (s, 3H), 6.38 (d, 7=2.0 
Hz, IH), 7.11—7.48 (m, 10H), 7.55—7.93 (m, IH); MS m/z 
233 (M+). 

4g: Mp 129—131 °C;14> IR (KBr) 3400 cm"1; *HNMR 
(CDCI3) 6=6.06 (m, IH), 6.30 (m, IH), 6:53 (m, IH), 7.00— 
7.35 (m, 5H), 7.51—7.70 (IH, m). 

4h: Mp 152—153 °C;15> IR (KBr) 3400 cm"1; *HNMR 
(CDCI3) 6=2.07 (s, 3H), 6.20 (s, IH), 6.53 (s, IH), 7.03—7.32 
(m, 5H) , 10.10 (m, IH). 

4i: Mp 107—108.5 °C;16> IR (KBr) 3460 cm-1; *HNMR 
(CDCI3) 6=6.35 (s, 2H), 7.12—7.45 (m, 10H), 10.20 (m, IH). 

4j: Mp 107—108.5 °C; Found: C, 68.51; H, 7.88; N, 7.35%. 
Calcd for G1H15NO2: C, 68.37; H, 7.82; N, 7.25%. IR (KBr) 
3260 cm-1; iHNMR (CDCI3) 6=1.31 (t, 7=7.0 Hz, 3H) , 
1.56—1.87 (m, 4H), 2.33—2.68 (m, 4H), 4.23 (q, 7=7.0 Hz, 
2H), 6.56 (d, 7=2.0 Hz, IH), 8.50—9.25 (m, IH); MS m/z 193 
(M+). 

4k: Mp 39—40°C;"> IR (KBr) 3270 cm"*; *HNMR 
(CDCI3) 6=1.23 (t, 7=7.0 Hz, 3H), 4.18 (q, 7=7.0 Hz, 2H), 

5.5—6.15 (m, IH), 6.59—6.85 (m, 2H), 10.10—10.75 (m, IH). 
41: Mp 33—35 °C; Found: C, 62.58; H, 7.14; N, 9.29%. 

Calcd for C 8HnN0 2 : C, 62.72; H, 7.24; N, 9.14%. IR (KBr) 
3270 cm-1; iHNMR (CDCI3) 6=1.28 (t, 7=7.0 Hz, 3H), 2.14 
(s, 3H), 4.22 (q, 7=7.0 Hz, 2H), 6.50—6.65 (m, 2H), 9.50— 
10.2 (m, IH). 

4m: Mp 125—126°C; Found: C, 72.35; H, 6.01; N, 6.33%. 
Calcd for Ci3Hi3N02: C, 72.53; H, 6.09; N, 6.51%. IR (KBr) 
3280 cm-i; *HNMR (CDCI3) 6=1.33 (t, 7=7.0 Hz, 3H), 4.20 
(q, 7=7.0 Hz, 2H), 6.20-6.50 (m, IH), 6.65-6.80 (m, IH), 
7.00—7.40 (m, 5H), 8.60—9.20 (m, IH). 

4n: Mp 140—141 °C; Found: C, 85.33; H, 8.48; N, 6.12%. 
Calcd for Ci6Hi9N: C, 85.28; H, 8.50; N, 6.22%. *HNMR 
(CDCI3) 6=1.30—2.00 (m, 8H), 2.50—2.92 (m, 4H), 6.35 (d, 
7=2.0 Hz, IH), 7.19—7.60 (m, 5H), 7.55—7.93 (m, IH). 

4o: Mp 64—66 °C; Found: C, 85.41; H, 9.88; N, 4.49%. 
Calcd for C20H27N: C, 85.35; H, 9.67; N, 4.98%. *HNMR 
(CDCI3) 6=1.10—1.95 (m, 16H), 2.25—2.78 (m, 4H), 6.22 (d, 
7=2.0 Hz, IH), 7.00—7.45 (m, 5H), 7.55—7.93 (m, IH). 

4p: Mp 42—45 °C; Found: C, 66.35; H, 8.48; N, 7.58%. 
Calcd for Ci0Hi5NO2: C, 66.27; H, 8.34; N, 7.73%. *H NMR 
(CDCI3) 6=1.20 (t, 7=7.0 Hz, 3H), 1.30 (t, 7=7.0 Hz, 3H), 
1.98 (s, 3H), 2.55 (q, 7=7.0 Hz, 2H), 4.22 (q, 7=7.0 Hz, 2H), 
6.57 (d, 7=2.0 Hz, 1H), 8.80—9.20 (m, 1H). 

4q: Mp 141 —142 °C; Found: C, 85.21; H, 8.21; N, 6.77%. 
Calcd for G5H17N: C, 85.26; H, 8.11; N, 6.63%. *HNMR 
(CDCls) 6=1.45—1.95 (m, 4H), 2.29 (s, 3H), 2.33—2.75 (m, 
4H), 6.15 (d, 7=2.0 Hz, 1H), 6.90—7.35 (m, 4H), 7.50—8.10 
(m, 1H). 

4r: Mp 175—177 °C; Found: C, 60.88; H, 5.19; N, 5.01%. 
Calcd for Ci4Hi4BrN: C, 60.88; H, 5.11; N, 5.07%. *HNMR 
(CDCls) 6=1.55—1.93 (m, 4H), 2.37—2.80 (m, 4H), 6.19 (d, 
7=2.0 Hz, 1H), 7.03—7.55 (m, 4H), 7.58—8.02 (m, 1H). 

Synthesis of Pyrrole Derivatives from a-Brommooximes 
and Alkenes in a Single Flask. A Typical Procedure. A 
mixture of a-bromoacetophenone oxime (1.5 mmol) and 1-
morpholinocyclohexene (3.0 mmol) in toluene (15 cm3) was 
stirred at room temperature for 3 h. After adding Fe3(CO)i2 

(2.25 mmol), the reaction mixture was heated at 100°C for 3 
h. Work-up of the reaction mixture in a similar manner as 
above gave 2-phenyl-4,5,6,7-tetrahydroindole 4a in a 72% 
yield. 
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For preparation of 5-monosubstituted or 5,5-disubstituted 2,4-dienals, l-(methylthio)-5-(p-tolylsulfonyl)-
1,3-pentadiene (4) is revealed to be an important precursor. When 5-(methylthio)-5-(p-tolylsulfonyl)-l,3-
pentadiene, that is easily obtainable from (methylthio)methyl p-tolyl sulfone, was treated with silica gel, 1,5-
rearrangement of /?-tolylsulfonyl group occurred to give 4. The conditions for mono- or dialkylation of 4 
followed by hydrolysis leading to the dienals are described. 

For preparat ion of various biologically active unsat­
urated compounds , conjugated dienals are often uti­
lized as synthetic intermediates.1) A l though there 
have been reported many synthetic methods of 2,4-
dienals,2) most of them involve either carbon-chain 
elongat ion of aldehydes and ketones26'11'1'"1) or function-
alization of vinyl compounds,2a>b>d>k) and therefore, 
do not seem to be widely applicable. In this 
paper, we report an entirely new and versatile 
route to 5-monosubstituted and 5,5-disubstituted 2,4-
dienals us ing l-(methylthio)-5-(£>-tolylsulfonyl)-l,3-
pentadiene (4) as a key c o m p o u n d (Scheme 1). 

Results and Discussion 

In a previous paper,3) we disclosed a facile 1,5-
rearrangement of jfr-tolylsulfonyl g roup in a 1-
alkylated l-methylthio-2,4-pentadienyl system (Eq. 
( l ) ;R=alkyl) . 

R SMe 

,-/v\X Si02 

SO2T0I 

TolSO: 
?' R 

Dur ing further investigation of this in t r igu ing 1,5-
rearrangement of the sulfonyl g roup , we found that 5-

(methylthio)-5-(jt>-tolylsulfonyl)-l,3-pentadiene (3), 
which lacks an alkyl g roup at 5-position, undergoes 
1,5-rearrangement of the sulfonyl g roup by the action 
of silica gel to give 4. ( l£ ,3£)- l - (Methyl thio)- l - (£-
tolylsulfonyl)-l ,3-pentadiene (2) was obtained from 
(methylthio)methyl p-tolyl sulfone (1)4) by the reac­
tion of the an ion of a trimethylsilylated I3) (see Experi­
mental) with crotonaldehyde followed by geometric 
isomerization wi th iodine in diethyl ether.3) After 2 
was treated with an excess a m o u n t (1.5 equiv) of t-
BuOK in T H F at —20 °C, the reaction was quenched 
with aqueous NH4CI to afford 3 quanti tat ively (by 
! H N M R analysis).5) T h e crude product was placed 
in the co lumn packed with silica gel, and elut ion with 
benzene gave 4 in 84% overall yield from 2. Since the 
unrearranged product (3) was not detected in any 
fraction, jfr-tolylsulfonyl g roup was shown to com­
pletely migrate. 

For monoalkyla t ion of 4, various condit ions were 
examined, and the following condi t ions gave the best 
results for the alkylation wi th benzyl bromide and 
nonyl bromide: T h e di l i th io derivative derived from 4 
and buty l l i th ium (2 equiv) smoothly reacted with 
benzyl bromide even at — 78 °C and 5a was given in 
80% yield.6) Monoalkylat ion of 4 with nonyl bromide 
was achieved under the reaction condit ions us ing 
N a H (1.2 equiv) as a base and DMF as a solvent at 
- 2 0 °C to afford 5b in 56% yield7) 

Surprisingly, hydrolysis of 5 was achieved by treat­
ment with aqueous HCl . When 5 was treated with 

cH.SMe 2Me3SiCl ^ C H O , P * mJC Si02 . 

1 [Tol=/?-tolyl] 2 

sS02Tol 

TolS0: 

H 1) Alkylation 

"SMe 2) Hydrolysis 

R R' 

3/V^CH0
 BAA/ C H 0 n / W ™ 

Scheme 1. 
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HCl (0.1 mol d m - 3 ) in acetonitr i le-water (9:1) at 
80 °C for 1 d, the corresponding 5-(£>-tolylsulfonyl)-2-
alkenal (6) was obtained. T h e structure of 6 was 
deduced from the ^ N M R spectrum of the crude 
product.8 ) Since usual vinyl sulfides are known to 
undergo hydrolysis wi th the aid of t i tanium tetrachlo­
ride10) or mercury(II) chloride,11) the present smooth 
hydrolysis may be at tr ibutable to the pro ton accessi­
bility of a 1,3-dienyl sulfide to form a sulfenylated 
allyl cation. When crude 6 was briefly treated with 
l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in aceto-
nitrile at — 20 °C, 5-monosubsti tuted 2,4-dienal (7) was 
given as summarized in Table 1 (Nos. 1 and 2). 

RBr 
.A^VN 

HCl 

SMe (HaO) 2>7-BuLi/THF TolS0a/ 

orNaH/DMF 5 a : R = p h C H 2 5 b : R = / 7 „ C o H l 8 

TolSOa-
s 6 

, A A / C H 0 DBU , / W C H 0 
(2) 

dialkylated product (8) was obtained. Since 8 was 
very labile, the crude product was subjected wi thout 
any purification to the acid hydrolysis. O n treatment 
of the crude product with HCl (ca. 0.08 mol d m - 3 ) in 
acetonitr i le-water (9:1) (50°C/1 h and 8 0 ° / l h), a 
smooth hydrolysis occurred to directly produce a 5,5-
disubsti tuted 2,4-dienal (9). In the reaction of 4 with 
1,5-dibromopentane under similar condit ions, a cycli-
zation product (8, 2R=-(CH2)s-) was produced and 
the subsequent hydrolysis gave 5,5-pentamethylene-
2,4-pentadienal (9d). In the synthesis of 9c and 9d, 
alkylation of 4 with KH and the corresponding halide 
in T H F - H M P A (10:1) made their yields slightly 
higher. These results are summarized in Table 1 
(Nos. 3—6). 

2RX/2NaH 

DMF ,TQ1S02 

R R 

SMe 

In alkylat ion of 4 with excess alkyl halide (3 equiv) 
and excess N a H (3 equiv) in DMF ( - 2 0 °C to 0°C), a 

HCl, 

(HaO) R A^™0 (3) 

Table 1. Products and Yields in Equations (2)—(4) 

No. Equation . , 
M material 

Product (yield/%) 

1 

2 

3 

4 

5 

(2) 

(2) 

(3) 

(3) 

(3) 

5a 

5b 

4 

4 

4 

(3) 

(4) 

8 (4) 5b 

Ph 
Ph 

5a ph 

. run 7a (52) 
U n U [ 4£ :4Z=95 :5 ] 

CH0 7b (63) 
[4£ : 4Z=91:9] 

C H 0 9a(60) 

C H 0 9 b ( 6 3 ) 

CH0 9c (39, 54)a) 

,C H 0 9d (33, 48)a) 

11a (62) 
CHO [4£ : 4Z=66: 34] 

J^^^'CH 0 llb(66)b) 

a) The former is the yield obtained by alkylation of 4 
using NaH/DMF system. The latter represents the 
yield derived from alkylation using KH/THF-HMPA 
(see Text) . b) The isomer ratio was not deter­
mined.13* 

5,5-Unsymmetrically-disubstituted 2,4-dienals (11) 
were also synthesized from the monoalkylated inter­
mediate (5). Al though the second alkylation of 5 was 
accomplished by treatment with an alkyl hal ide and 
N a H in DMF, the yield was relatively low. We found 
that J-BuOK is a good base for this alkylation. Alkyl­
at ion of 5 with an alkyl iodide (R'l) and J-BuOK in 
T H F smoothly occurred at —20 °C. T h e subsequent 
hydrolysis of the crude product with HCl afforded 11 
(Nos. 7 and 8 of Table 1). 

H'l/Z-BuOK 

THF TolSO; 

RR' 

SMe 

10 

S-R/W™ M 

11 

T h u s , 1 -(methylthio)-5-(£- tolylsulfonyl)-1,3-penta-
diene (4), easily obtainable from (methylthio)methyl 
jfr-tolyl sulfone (1), has proved to be a versatile inter-
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mediate for mak ing 5-monosubstituted and 5,5-
disubsti tuted 2,4-dienals. 

Experimental 

General Procedures. Melting points were determined on 
a hot-stage microscope apparatus (Yanagimoto) and are 
uncorrected. 1H NMR spectra were obtained on JEOL 
JNM-FX 270 (270 MHz) and JEOL JNM-GSX 500 (500 
MHz) spectrometers. Chemical shifts are reported in ppm 
down field from TMS as the internal standard (<5 scale). 
Infrared spectra were determined with a JASCO A-200 spec­
trometer and data are presented in cm - 1 for important 
diagnostic absorptions. Mass spectra (MS) were deter­
mined on a Hitachi RMU-7M spectrometer at 70 eV. 
Microanalytical data were provided by the Analysis Center 
of Chiba University. 

(Methylthio)methyl p-tolyl sulfone (1), which was 
obtained from Nissan Chemical Industries Co., was recrys-
tallized from benzene-hexane and dried over diphosphorus 
pentaoxide. Other materials were purchased from com­
mercial suppliers (Aldrich Chemical Co., Tokyo Kasei 
Chemical Industry Co., Wako Pure Chemical Industries 
Co., Nakarai Chemical Co., and Kanto Chemical Co.). 

Preparation of l-(Methylthio)-l-(p-tolylsulfonyl)-l,3-
pentadiene (2): To a solution of 1 (2.14 g, 9.87 mmol) in 
THF (30 ml), were successively added trimethylsilyl chloride 
(2.40 g, 22.1 mmol) and a 1.5 mol dm - 3 hexane solution (15.0 
ml) of butyllithium (22.5 mmol) at — 78 °C under an atmo­
sphere of N2, and the resulting mixture was stirred at the 
same temperature for 2 h. After addition of crotonaldehyde 
(846 mg, 12.1 mmol), the reaction mixture was further 
stirred at —78 °C for 2 h. Then the reaction was quenched 
with a saturated aqueous NH4CI solution (60 ml) and water 
(60 ml), and the mixture was extracted with diisopropyl 
ether (IPE) (40 mlX4). The combined extracts were washed 
with water (50 mlX2), dried (MgS04), and evaporated in 
vacuo. *H NMR analysis of the residue (2.87 g) showed 
that this consisted of two geometric isomers (IE : 1Z=71:29). 
This residue was dissolved in diethyl ether (60 ml), and 
iodine (1.25 g, 4.93 mmol) was added. After being stirred at 
room temperature for 3 h, the solution was washed with an 
aqueous Na2S203 solution (50 mlX3) and water (50 mlX2), 
dried (MgS04), and evaporated. The residual oil was sub­
jected to column chromatography on silica gel (elu­
ent: benzene) to give (l£,3£)-2 (2.47 g: 93% yield) as a pale 
yellow oil: *H NMR (CDCI3) <5=1.95 (3H, dd, /=1.5, 6.7 Hz), 
2.24 (3H, s), 2.43 (3H, s), 6.43 (IH, qd, 7=6.7, 15.0 Hz), 6.66 
(IH, qdd, /=1.5, 11.0, 15.0 Hz), 7.31 (2H, d, 7=8.0 Hz), 7.77 
(IH, d, 7=11-0 Hz), and 7.81 (2H, d, 7=8.0 Hz); IR (neat) 
1610, 1310 cm-1. Found: C, 58.07; H, 5.99%. Calcd for 
C13H16O2S2: C, 58.18; H, 6.01%. 

Preparation of l-(Methylthio)-5-(p-tolylsulfonyl)-l,3-
pentadiene (4). To a solution of 2 (2.07 g, 7.72 mmol) in 
THF (30 ml), was added *-BuOK (90% content; 1.440 g, 11.55 
mmol) at — 20 °C under an atmosphere of N2. After the 
reaction mixture was further stirred at — 20 °C for 20 min, 
the reaction was quenched by addition of an aqueous NH4CI 
solution (40 ml) and water (40 ml). The mixture was 
extracted with IPE (40 mlX4). The combined organic lay­
ers were washed with water (30 ml) and brine (30 ml), dried 
(MgS04), and evaporated to give a yellow oil (2.07 g), which 
was shown by its 1H NMR spectrum to consist mainly of 5-

(methylthio)-5-(jfc>-tolylsulfonyl)-l,3-pentadiene (3): 6=2.36 
(3H, s), 2.45 (3H, s), 4.38 (IH, dd, 7=1.0, 8.9 Hz), 5.16—5.30 
(2H, m), 5.60 (IH, dd, 7=8.9, 14.8 Hz), 6.10—6.40 (2H, m), 
7.33 (2H, d, 7=7.9 Hz), and 7.76 (2H, d, 7=8.2 Hz). This oil 
was subjected to column chromatography on silica gel (elu­
ent: benzene) to give 4 (1.733 g, 84% yield) as colorless 
crystals: Mp 76.5—77.5°C (from dichloromethane-hexane); 
!HNMR (CDCI3) 6=2.28 (3H, s), 2.45 (3H, s), 3.78 (2H, d, 
7=7.7 Hz), 5.40 (IH, dt, 7=15.0, 7.6 Hz), 5.95 (IH, dd, 7=14.9, 
10.4 Hz), 6.03 (IH, dd, 7=10.6, 15.0 Hz), 6.28 (IH, d, 7=14.9 
Hz), 7.33 (2H, d, 7=8.0 Hz), and 7.73 (2H, d, 7=8.2 Hz); IR 
(KBr) 1290, 1144, 1126, 1087, 980, and 748 cm"1. Found: C, 
58.03; H, 6.00%. Calcd for G3H16O2S2: C, 58.20; H, 6.01%. 

Preparation of l-(Methylthio)-6-phenyl-5-(p-tolylsulfon-
yl)-l,3-hexadiene (5a). To a solution of butyllithium (1.80 
mmol) in THF (1 ml) and hexane (1.2 ml), was dropwise 
added a solution of 4 (0.200 g, 0.754 mmol) in THF (4 ml) at 
—78 °C over 5 min, and the resulting solution was stirred at 
the same temperature for 40 min. Then, benzyl bromide 
(0.178 g, 1.04 mmol) was added and the reaction mixture was 
further stirred for 30 min at — 78 °C. The reaction was 
quenched with an aqueous NH4CI solution. The usual 
workup (extraction with diethyl ether, being washed with 
water and brine, and evaporation) gave a yellow oil (0.388 
g). This oil was separated by column chromatography on 
silica gel (eluent: an 80:1 mixture of benzene and ethyl 
acetate) to give 5a (0.214 g, 80% yield) as colorless crystals, 
which were shown to consist of almost one geometric iso­
mer. Further purification was performed by recrystalliza-
tion from dichloromethane-hexane. 5a: Mp 128.5— 
129.0 °C (from dichloromethane-hexane); *HNMR (CDCI3) 
0=2.24 (3H, s), 2.45 (3H, s), 2.85 (IH, dd, 7=11.5, 13.5 Hz), 
3.46—3.54 (IH, m), 3.67—3.75 (IH, m), 5.25 (IH, dd, 7=14.5, 
9.2 Hz), 5.70—5.90 (2H, m), 6.11 (IH, d, 7=14.5 Hz), 7.05— 
7.14 (2H, diffused d, 7=6.3 Hz), 7.14—7.30 (3H, m), 7.33 (2H, 
d, 7=7.9 Hz), and 7.73 (2H, d, 7=8.6 Hz); IR (KBr) 1288, 
1130, 982, 749, 732, 593, and 532 cm-*. Found: C, 67.05; H, 
6.22%. Calcd for C20H22O2S2: C, 67.03; H, 6.19%. 

Preparation of l-(Methylthio)-5-(/Molylsulfonyl)-l,3-
tetradecadiene (5b). To a suspension of NaH (60% content 
in an oil; 48 mg, 1.2 mmol) in DMF (3 ml), were added 4 
(0.268 g, 1.00 mmol) and then a DMF solution (2 ml) of 
nonyl bromide (0.228 g, 1.10 mmol) at -20 °C. After the 
resulting mixture was stirred at — 20 °C for 7 h, the reaction 
was quenched with an aqueous NH4CI solution. The 
usual workup (extraction with IPE, being washed with 
brine, and evaporation) gave a brownish oil (0.407 g), which 
was separated by column chromatography on silica gel 
(eluent: a 40:1 mixture of benzene-ethyl acetate) to give 5b 
(0.215 g, 56% yield) as a pale yellow oil. This was shown by 
its 1H NMR spectrum to consist of mainly two geometric 
isomers (60:40): *H NMR (CDCI3) <5=0.87 (3H, t, 7=6.6 Hz), 
1.02—1.46 (14H, m), 1.50—1.74 (IH, m), 1.96—2.16 (IH, m), 
2.27 (3HX0.40, s), 2.29 (3HX0.60, s), 2.44 (3H, s), 3.39—3.57 
(IH, m), 5.21 (1HX0.60, dd, J=ca. 9.4, 14.0 Hz),12) 5.37 
(1HX0.40, dd, 7=9.6, 14.5 Hz), 5.87—6.30 (3H, m), 7.31 (2H, 
d, 7=8.6 Hz), and 7.68 (2H, d, 7=8.2 Hz); IR (neat) 2940, 
1315, 1300, 1289, 1145, 1088, 979, and 666 cm"1 Found: C, 
67.16; H, 8.68%. Calcd for C22H34O2S2: C, 66.96; H, 8.68%. 

Hydrolysis of 5a Leading to 6-Phenyl-2,4-hexadienal (7a). 
A Typical Procedure: To a solution of 5a (0.359 g, 1.00 
mmol) in CH3CN (18 ml), water (2 ml) and coned hydro­
chloric acid (0.167 ml, 2.00 mmol) were added. After the 
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resulting mixture was refluxed for 24 h, water (40 ml) was 
added. Extraction with IPE and evaporation of the com­
bined organic layers gave a yellow oil (0.362 g).8) To a 
solution of this oil (0.122 g) in CH3CN (10 ml) was added 
DBU (0.051 g, 0.3349 mmol) at - 20 °C, and the resulting 
mixture was stirred at —20 °C for 30 min. The reaction was 
quenched by the addition of an aqueous NH4CI solution (20 
ml), and water (20 ml). The mixture was extracted with 
IPE (20 mlX3). The organic layers were combined, washed 
with water (20 mlX2), dried (MgS04), and evaporated to give 
a yellow oil (0.095 g), which was subjected to preparative 
TLC on silica gel (eluent: a 3 :1 mixture of hexane and ethyl 
acetate) to give 7a (0.030 g; 52% yield) as a pale yellow oil: 
It was shown by *H NMR analysis to consist of mainly two 
geometric isomers (95 : 5). 1H NMR of the major isomer 
(CDCI3) 6=3.55 (2H, d, /=6.3 Hz), 6.10 (1H, dd, 7=15.3, 7.8 
Hz), 6.30—6.45 (2H, m), 7.09 (1H, dd,/=10.3, 15.3 Hz), 
7.14—7.16 (5H, m), and 9.54 (1H, d, 7=8.0 Hz). *H NMR 
signals of the minor isomer appeared at ô=3.67 (2H, d, 
/=8.0 Hz), 6.23 (1H, dd, 7=15.0, 8.0 Hz), 7.56 (1H, dd, 
7=10.0, 15.0 Hz), and 9.65 (1H, d, 7=8.0 Hz). IR (neat) 
1675, 1635, 1146, 1119, 1011, 988, 750, and 701 cm"1. 
Found: m/z 172.0883. Calcd for C12H12O: M, 172.0887. 

2,4-Tetradecadienal (7b): This consists of mainly two 
geometric isomers (91 :9). A pale yellow oil; *HNMR of 
the major isomer (CDCI3) ô=0.88 (3H, t, 7=6.6 Hz), 1.12— 
1.39 (12H, m), 1.39—1.56 (2H, m), 2.17—2.26 (2H, m), 6.08 
(1H, dd, 7=7.9, 15.2 Hz), 6.20—6.36 (2H, m), 7.05—7.13 (1H, 
m), and 9.54 (1H, d, 7=7.9 Hz). The *H NMR signals of the 
minor isomer appeared at 6=2.26—2.40 (2H, m), 6.15 (1H, 
dd, 7=7.9, 15.2 Hz), 7.45 (1H, dd, 7=10.6, 15.2 Hz), 9.61 (1H, 
d, 7=7.9 Hz). IR (neat) 2930, 2860, 1688, 1640, 1164, 1117, 
1009, and 985 cm"1. Found: m/z 208.1833. Calcd for 
C14H24O: M, 208.1826. 

Transformation of 4 into 4-Benzyl-5-phenyl-2,4-hexa-
dienal (9a). A Typical Procedure: To a solution of benzyl 
bromide (0.955 g, 5.59 mmol) and 4 (0.500 g, 1.86 mmol) in 
DMF (15 ml) was added NaH (60% content in an oil; 0.220 g, 
5.50 mmol) at — 20 °C and the resulting mixture was stirred 
at —20 °C for 2 h and then 0 °C for 1 h. The reaction was 
quenched with an aqueous NH4CI solution. Extractions 
with diethyl ether and evaporation of the combined extracts 
gave a yellow oil (1.158 g). This oil (0.235 g) was dissolved 
in a 9:1 mixture (10 ml) of CH3CN and water, and coned 
hydrochloric acid (0.065 ml, 0.780 mmol) was added. After 
the resulting mixture was stirred at room temperature for 1 h 
and at 50 °C for 1 h, and then refluxed for 1 h, water (30 ml) 
was added. Extractions with diethyl ether and evaporation 
of the combined extracts gave a yellow oil (0.212 g), which 
was separated by column chromatography on silica gel 
(eluent: an 8:1 mixture of benzene and hexane) to give 9a 
(0.060 g; 60% overall yield from 5a) as a pale yellow crystals: 
Mp 54.0—55.0 °C; *HNMR (CDCI3) 0=3.40 (2H, s,), 3.61 
(2H, s), 6.20 (1H, dd, 7=14.9, 8.0 Hz), 6.32 (1H, d, 7=11-3 
Hz), 7.09—7.15 (4H, m), 7.22—7.34 (6H, m), 7.53 (1H, dd, 
7=15.1, 11.6 Hz), and 9.59 (1H, d, 7=8.0 Hz); IR (KBr) 1682, 
1623, 1492, 1119, 976, 745, and 700 cm"1. Found: C, 87.12; 
H, 6.92%. Calcd for Ci9Hi80: C, 86.99; H, 6.92%. Found: 
m/z 262.1358. Calcd for CigHisO: M, 262.1357. 

5-Butyl-2,4-nonadienal (9b): A pale yellow oil; *H NMR 
(CDCI3) 6=0.93 (3H, t, 7=7.4 Hz), 0.94 (3H, t, 7=7.4 Hz), 
1.25—1.56 (8H, m), 2.19 (2H, t, 7=7.6 Hz), 2.32 (2H, t, 7=7.6 
Hz), 6.08 (1H, dd, 7=8.0, 14.9 Hz), 6.13 (1H, d, 7=11.6 Hz), 

7.40 (1H, dd, 7=11-6, 15.1 Hz), and 9.57 (1H, d, 7=8.0 Hz); 
IR (neat) 2980, 2950, 2890, 1680, 1623, 1178, 1127, and 972 
cm"1. Found: m/z 194.1662. Calcd for C13H22O: M, 
194.1669. 

Transformation of 4 into 5-Octyl-2,4-hexadienal (9c): 
To a suspension of KH (35% content in an oil; 258 mg, 2.230 
mmol) in THF (3 ml), were successively added octyl bromide 
(432 mg, 2.24 mmol), a THF solution (6 ml) of 4 (200 mg, 
0.745 mmol), and HMPA (1 ml) at - 7 8 °C. The resulting 
mixture was stirred at —78 °C for 1 h, at —20 °C for 3 h, and 
then at 0°C for 1 h under an atmosphere of N2. The 
reaction was quenched with an aqueous NH4CI solution. 
Extraction with IPE and evaporation of the combined 
organic layers gave a yellow oil (653 mg). This oil was 
dissolved in a 9:1 mixture (20 ml) of CH3CN and water, and 
coned hydrochloric acid (0.125 ml) was added. After the 
resulting mixture was stirred at room temperature for 1 h 
and at 50 °C for 1 h, and then refluxed for 1 h. Brine (30 
ml) was added, and the usual workup gave a yellow oil (631 
mg), which was purified by column chromatography on 
silica gel (eluent: a 1:1 mixture of benzene and hexane) and 
preparative TLC on silica gel (eluent: benzene) to give 9c 
(123 mg; 54%) as a pale yellow oil: *H NMR (CDCI3) <5=0.88 
(6H, t, 7=6.6 Hz), 1.16—1.80 (24H, m), 2.18 (2H, t, 7=7.6 
Hz), 2.31 (2H, t, 7=7.6 Hz), 6.08 (1H, dd, 7=7.9, 15.2 Hz), 
6.12 (1H, d, 7=11-2 Hz), 7.40 (1H, dd, 7=11-2, 15.2 Hz), and 
9.57 (1H, d, 7=7.9 Hz); IR (neat) 2930, 2860, 1682, 1625, 1460, 
1126, and 969 cm"1. Found: m/z 306.2921. Calcd for 
C21H38O: M, 306.2921. 

In a similar manner except for the use of 1,5-dibromo-
pentane (2 mol-equiv) instead of octyl bromide, 9d was 
obtained in 48% yield. 

5,5-Pentamethylene-2,4-pentadienal (9d): A pale yellow 
oil; *H NMR (CDCI3) 0=1.40—1.82 (6H, m), 2.12—2.34 (2H, 
m), 2.34—2.56 (2H, m), 6.02—6.16 (2H, m), 7.46 (IH, dd, 
7=11.9, 15.2 Hz), and 9.57 (IH, d, 7=7.9 Hz); IR (neat) 2950, 
1674, 1628, 1445, 1158, 1125, and 981 cm"1; Found: m/z 
150.1035. Calcd for G0H14O: M, 150.1043. 

Conversion of 5a into 5-Methyl-6-phenyl-2,4-hexadienal 
(lia). A Typical Procedure: To a solution of 5a (0.100 g, 
0.279 mmol) in THF (5 ml), were added methyl iodide (0.035 
ml, 0.079 mg, 0.557 mmol) and *-BuOK (90% content; 41 
mg, 0.365 mmol) at — 20 °C, and the resulting mixture was 
stirred at the same temperature for 1 h. After addition of 
an aqueous NH4CI solution, the usual workup gave a yel­
low oil (0.115 g), which was dissolved in CH3CN (9 ml). 
After water (1 ml) and coned hydrochloric acid (0.046 ml, 
0.55 mmol) were added, the resulting mixture was stirred at 
room temperature for 1 h and at 50 °C for 1 h, and then 
refluxed for 1 h. After water was added, extraction with IPE 
and evaporation of the combined extracts gave a brownish 
oil (0.103 g). The residual oil was purified by preparative 
TLC on silica gel (eluent: benzene) to give 11a (32 mg, 62% 
overall yield from 5a). This compound was shown by 
*H NMR analysis to consist of (2£,4£)- and (2£,4Z)-isomers 
in a 66:34 ratio: A pale yellow oil; *H NMR (CDCI3) <5=1.85 
(3HX0.34, s), 1.89 (3HX0.66, d, 7=0.8 Hz), 3.48 (2HX0.66, s), 
3.66 (2HX0.34, s), 6.11 (1HX0.66, dd, 7=15.1, 8.0 Hz), 6.17 
(1HX0.34, dd, 7=15.1, 8.0 Hz), 6.20 (1HX0.66, d, 7=H-6 Hz), 
6.31 (1HX0.34, d, 7=11-6 Hz), 7.10—7.34 (5H, m), 7.39 
(1HX0.66, dd, 7=11.4, 15.0 Hz), 7.53 (1HX0.34, dd, 7=H-6, 
15.1 Hz), 9.58 (1HX0.66, d, 7=8.3 Hz), and 9.60 (1HX0.34, d, 
7=8.0 Hz); IR (neat) 1680, 1630, 1175, 1125, 972, 745, and 702 
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cm"1. Found: m/z 186.1042. Calcd for C13H14O: M, 
186.1043. 

5-Ethyl-2,4-tetradecadienal (lib): A pale yellow oil;13) 
iHNMR (CDCI3) 6=0.88 (3H, t, /=6.6 Hz), 1.09 (3H, t, 
/=7.6 Hz), 1.17—1.46 (14H, m), 2.15—2.39 (4H, m), 6.03— 
6.16 (2H, m), 7.41 (1H, dd, 7=15.2, 11.2 Hz), and 9.56 (1H, d, 
7=7.9 Hz); IR (neat) 2930, 2860, 1680, 1628, 1460, 1178, 1126, 
and 970 cm"1. Found: m/z 236.2141. Calcd for Ci6H280: 
M, 236.2138. 

T h i s research was supported by a Grand-in-Aid for 
Scientific Research, No. 02650598, from the Ministry 
of Educat ion, Science and Culture. 
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3,5-Dimethylphenylcarbamates of oligosaccharides and cyclodextrins were synthesized and their chiral 
recognition abilities were evaluated as chiral stationary phases for high-performance liquid chromatography. 
In case of the carbamates of linear maltooligosaccharides, the optical resolution abilities of 4—7-mer were 
similar to each other and were not so different from the ability of amylose tris(3,5-dimethylphenylcarbamate). 
The chiral recognition abilities of the carbamates of cellooligosaccharides were lower than that of the cellulose 
tris(3,5-dimethylphenylcarbamate). The intensities of the CD spectra of the cellooligosaccharide derivatives 
were smaller than that of the cellulose derivative. These results suggest that the less ordered structure of the 
cellooligosaccharide derivatives may be correlated to the lower chiral recognition. On the other hand, 3,5-
dimethylphenylcarbamates of cyclodextrins showed quite different optical resolution abilities from that of 
amylose tris(3,5-dimethylphenylcarbamate), probably because of a quite different high-order structure. 

We reported that the phenylcarbamates of polysac­
charides, such as cellulose and amylose, showed a 
h igh chiral recognit ion ability when used as chiral 
stationary phases (CSP) for high-performance l iquid 
chromatography (HPLC).1* T h e optical resolution 
ability of the derivatives carrying various substi tuents 
on the phenyl groups is greatly dependent on the 
kinds of substituents.2 '3) T h e inductive effect of the 
substi tuents affects the polari ty of the ure thane bond, 
which is the most impor tan t adsorbing site of a solute. 
T h e chiral recognit ion ability also depends on the 
high-order structure of the polymers. Therefore, the 
mechanism of optical resolut ion on these CSPs can 
not be simply understood, since the structures, includ­
ing the high-order structure of the polysaccharide 
derivatives, delicately vary according to the substitu­
ents. In many phenylcarbamates, both the 3,5-
dimethylphenylcarbamates of cellulose and amylose 

show h igh chiral recognit ion and can separate broad 
racemic compounds with h igh probability.4) 

In this study, 3,5-dimethylphenylcarbamates of lin­
ear ol igomers of cellulose (cellooligosaccharide) and 
amylose (maltooligosaccharide), and cyclodextrins 
were synthesized; their chiral recognit ion ability was 
then compared wi th that of the corresponding poly­
saccharide derivatives in order to obtain information 
about the influence of the high-order structure of the 
polysaccharide derivatives. In addit ion, the circular 
dichlorism (CD) spectra of ol igomer and polysaccha­
ride derivatives were measured and the results corre­
lated with the chiral recognit ion ability. 

Experimental 

Maltooligosaccharides (n=2: nacalai tesque; n=3—7: 
Nihon Shokuhin Kako), cellooligosaccharides (n=2, 4: NFI 

R0 OR 

,0R 

t̂ V„ R(T OR 

Cellulose derivative Amylose derivative 

Cellooligosaccharide 
derivative 

( n - 2 , 4 ) 

Maltooligosaccharide 
derivative 

(n-2-7) 

Cyclodextrin derivative 
(n-6,7,8) 

î Present address: Department of Synthetic Chemistry, 
Faculty of Engineering, Nagoya University, Chikusa, 
Nagoya 464-01. 
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Table 1. Elemental Analyses of 3,5-
Dimethylphenylcarbamates 

of Oligosaccharides and 
Cyclodextrinsa) 

Polysaccharide 

Amylose 

Cellulose 

Cyclodextrin 

n 

2 

3 

4 

5 

6 

7 

2 

4 

6 

7 

8 

C% 

67.67 
(66.39 
65.95 

(66.18 
65.70 

(66.07 
65.48 

(65.99 
66.40 

(65.94 
66.14 

(65.90 

66.73 
(66.39 
66.85 

(66.07 

65.13 
(65.66 
65.45 

(65.66 
65.14 

(65.66 

H% 

6.24 
6.23 
6.22 
6.22 
6.20 
6.21 
6.14 
6.20 
6.22 
6.20 
6.29 
6.20 

6.30 
6.23 
6.28 
6.21 

6.18 
6.18 
6.11 
6.18 
6.15 
6.18 

N% 

7.68 
7.37) 
7.36 
7.26) 
7.17 
7.19) 
7.16 
7.15) 
7.41 
7.12) 
7.41 
7.10) 

7.50 
7.37) 
7.49 
7.19) 

6.93 
6.96) 
6.80 
6.96) 
6.99 
6.96) 

a) Calculated values are shown in parentheses. 

Laboratories), and cyclodextrins (rc=6—8: nacalai tesque) 
were reacted with 3,5-dimethylphenyl isocyanate in pyridine 
for 10—24 h at 80 °C. Pyridine was evaporated under 
reduced pressure and the residue washed with hexane. 
After isolated products were dissolved in iV,iV-dimethyl-
acetamide or tetrahydrofuran (THF), the insoluble parts, 
characterized as a urea derivative from the infrared spectra, 
were removed by centrifugation. The soluble parts were 
repricipitated in a methanol-water (4:1) mixture, filtrated, 
and dried in vacuo at 60 °C. Elemental analyses (Table 1) 
showed that hydroxyl groups were almost completely con­
verted to carbamate moieties. 

The carbamates of oligosaccharides (0.75 g) were dissolved 
in a solvent (ca. 10 ml), THF for cellulose oligomer and 
cyclodextrin derivatives and AT,AT-dimethylacetamide 
for amylose oligomer derivatives, and adsorbed on 3-
aminopropylsilylated silica gel (NUCLEOSIL 4000-7, parti­

cle size: 7 Jim, pore size: 400 nm, 3.0 g). These packing 
materials were packed in a stainless-steel tube (25X0.46 
(id)cm) by a slurry method. Optical resolution was carried 
out with a JASCO TRIROTAR-II Chromatograph 
equipped with JASCO UVIDEC-100-III UV and DIP-181C 
Polarimetrie detectors. Chromatographic analyses were 
performed at a flow rate of 0.5 ml min - 1 using hexane or a 
hexane-2-propanol mixture as an eluent. An elution time 
of 1,3,5-tri-^-butylbenzene was used as the dead time (to) of 
the chromatography. 

CD spectra were measured on a JASCO J-500 apparatus 
with a 0.1 mm cell in THF. Gel permeation chromatogra­
phic (GPC) analysis was carried out with Shodex A80M and 
KF803 GPC columns connected in series with THF as an 
eluent. 

Results and Discussion 

T h e results for the optical resolution of racemic 
compounds 1—5 on 3,5-dimethylphenylcarbamates of 
maltooligosaccharides (2—7-mer) are summarized in 
Tab le 2. For a comparison, the optical resolving 
ability of amylose tris(3,5-dimethylphenylcarbamate)5 ) 

(ADMPC) is also shown. A nonpola r eluent, hexane 
or hexane-2-propanol (99:1), was used for the oligo-
meric CSPs, since the ol igomer derivatives were solu­
ble in polar solvents. N o simple correlation was 
observed between the number (n) of glucose uni ts and 
the separat ion factors (a). A l though the maltose 
derivative (n=2) showed no optical resolving ability, 
other derivatives showed the characteristic opt ical 
resolving ability. A D M P C showed the highest opt i ­
cal resolving ability for 1 and 2. However, other 
racemic compounds were best resolved on 4-mer or 5-
mer. In most cases, the e lut ion order of enant iomers 
was the same on amylose and oligomer derivatives, 
except for that for 5. 

T h e CD spectra of 3,5-dimethylphenylcarbamates of 
ol igomers and amylose were measured in T H F , and 
those of 2-mer, 3-mer, 7-mer, and amylose are shown 
in Fig. 1. T h e CD patterns of these carbamates, 
except for 2-mer, are qui te similar. These results 
suggest that 3—7-mer and ADMPC derivatives may have 
similar high-order structures. T h i s may be the 
reason for the similar optical resolving abilities of 
ol igomer derivatives and ADMPC. T h e 2-mer 

A? H 5 

C6H5 

XXLW CÛ 0^C 6 H 5 

cx° Co(acac). 
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Table 2. Optical Resolution of Racemates 1—5 on 3,5-Dimethylphenylcarbamates 
of Maltooligosaccharides and Amylosea) 

n=2 n=4 n=5 n=6 n=7 Amylose 

1 
2 
3 
4 
5 

ki 

0.20(+) 
0.59(-) 
0.94 
0.49 
3.26(+) 

a 

ca. 1 
ca. 1 
1.00 
ca. 1 
ca. 1 

ki 

1.65(+) 
5.2 
7.65(+) 
3.87 

a 

1.28 
1.00 
1.31 
1.00 

ki a 

1.04(+) 1.11 
2.26(+) 1.34 
5.05(+) 1.60 
1.98(-) 1.06 

18.5(—) 1.54 

ki a 

0.73(+) 1.11 
1.48(+) 1.12 
2.53(+) 1.21 
1.83(-) 1.14 

10.1(-) 1.59 

ki 

0.74(+) 
1.47(+) 
2.79(+) 
1.78(-) 
7.68(-) 

a 

ca. 1 
1.11 
1.36 
1.06 
1.18 

ki 

0.74(+) 
1.58(+) 
2.65(+) 
1.19(-) 

a 

1.07 
1.07 
1.28 
1.12 

ki 

1.39(+) 
5.63(+) 
0.93(+) 
2.67(-) 
1.30(+) 

a 

4.29 
1.42 
1.12c) 

1.10 
1.15c) 

Capacity factor: &î=(retention time of the first-eluted isomer—dead time)/(dead time). 
Separation factor: «^(Capacity factor of the second-eluted isomer)/&{. 
The sign of optical rotation of the first-eluted isomer is shown in parentheses. 
a) Eluent: hexane-2-propanol (99:1), 0.5 ml min - 1 , b) Eluent: hexane. c) Eluent: hexane-2-propanol 
(90:10). 

appears to have a different conformation from 
others, which may be associated with the low chiral 
recognit ion ability, as shown in Table 2. 

T h e influence of two terminal glucose uni ts , each of 
which has four carbamate moieties, appears to be 
more p ronounced on the ol igomer derivatives than on 
the amylose derivative, and probably differs for each 
ol igomer derivative. T h i s influence may also be 
responsible for the delicate difference in chiral 
recognit ion by the 3,5-dimethylphenylcarbamates 
shown in Table 1. These conformational and 
structural influences on chiral recognit ion seem to 
depend on the structure of racemic compounds . In a 
chromatograph ic system with the phenylcarbamates 
of polysaccharides, a variety of racemic compounds 
inc lud ing polar compounds , such as alcohol6 ) and 
acid,7) and nonpo la r compounds , such as halides8) and 

210 250 

Wavelength/nm 
290 

Fig. 1. CD spectra of 3,5-dimethylphenylcarbamates 
of maltooligosaccharide of ( : 2-mer; : 3-
mer; : 7-mer) and amylose tris(3,5-dimethyl-
phenylcarbamate) ( ). (Solvent: THF, Conen: 
c« l mg ml -1). 

aromat ic hydrocarbons,9 ) have been resolved in to opti­
cal isomers. T h i s means that some interactions, for 
instance the hydrogen bond on the C O or N H group 
of the carbamate moiety, the d ipole-d ipole interaction 
on the CO group , and the n-n interaction on the 
phenyl g roup , are probably involved in the chiral 
d iscr iminat ion by the CSP. T h e relative impor tance 
of these interactions may depend on the solutes. For 
a better unders tanding of the results shown in Table 2 
by a diastereomeric interaction between the CSP and 
enant iomers , precise data concerning the sterical 
structures of CSPs and solutes are required. T h e 
clarification of these points is an attractive and 
chal lenging problem for the future. 

T h e results of the optical resolution of 1—5 on 
3,5-dimethylphenylcarbamates of cellobiose (n=2), 
cellotetraose (n=4) , and cellulose10) are summarized in 
Table 3. Al though, the dimer derivative separated 1 
and 3, the optical resolving ability of the cellulose 
derivative was generally h igher than that of the 
ol igomer derivatives. T h e a values, and sometimes 
the elut ion orders, of the enant iomers were fairly 
different between the cellulose and oligomer 
derivatives, and also between the two oligomers. 
These results suggest that the conformat ion of a 
glucose residue and the ar rangement of glucose 

Table 3. Optical Resolution on 3,5-
Dimethylphenylcarbamates of 

Cellobiose, Cellotetraose, 
and Cellulosea) 

Racemate 

1 
2 
3 
4 
5 

Cellobiose 

ki a 

1.38(+) 1.37 
0.26(-) ca. 1 
0.29(+) 1.38 
1.72 1.00 
0.25(-) ca. 1 

Cellotetraoseb) Cellulose 

ki a ki a 

9.38 1.00 2.84(-) 1.39 
1.54(+) 1.21 1.23(—) 2.61 
3.70(+) ca. 1 2.10(+) 1.20 
Noteluted 2.13(-) 2.59c) 

2.13(-) 1.13 2.21(-) 1.15 

a) Eluent: hexane-2-propanol (98:2), 0.5 ml min - 1 . 
b) Eluent: hexane. c) Eluent: hexan-2-propanol 
(90:10). 
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Fig. 2. CD spectra of 3,5-dimethylphenylcarbamates 
of cellulose ( ), cellotetraose ( ), and cello-
biose ( ) in THF. (Conen: c» l mg ml -1). 

residues may differ in each derivative. T h e CD 
spectra of these derivatives are shown in Fig. 2. T h e 
CD intensity greatly increased in the order 2-mer, 
4-mer, and polymer. T h e regularity of the h igh-
order structure of these derivatives may increase in 
this order. 

Phenylcarbamate of ß-cyclodextrin has been chemi­
cally bonded to silica gel and its optical resolving 
power was evaluated for a lanyl -2-naphthylamide . n ) 

In the present study, we prepared 3,5-dimethylphenyl­
carbamates of a-, ß-, and y-cyclodextrins and used 
them as chiral stationary phases for H P L C (Table 4). 
For a compar ison, the optical resolving ability of 
A D M P C is also shown. Al though cyclodextrins and 
amylose have the same monomer ic structure, the sepa­
rat ion factor and elut ion order of the enant iomers 
were sometimes qui te different between them. T h e 
linear amylose ol igomer (n=4—7) derivatives showed 
a rather similar e lut ion order and separat ion factor 
(Table 2). However, the cyclodextrin derivatives 
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210 250 
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300 

Fig. 3. CD spectra of 3,5-dimethylphenylcarbamates 
of a- ( ), ß- ( ), y-cyclodextrins ( ) and 
amylose ( ) in THF. (Cone: c Ä l mg ml -1). 

showed a different elution order and separation factor, 
depending on the number of monomer ic uni t s of the 
r ing. Each of the cyclodextrin derivatives resolved at 
least one of racemates with the highest a value. T h i s 
indicates that chiral recognit ion in these systems is 
very sensitive to even a small difference in structure. 

T h e CD spectra of the cyclodextrin derivatives were 
compared with that of A D M P C (Fig. 3). T h e CD 
pattern of cyclodextrin derivatives differed slightly 
from each other in the aromatic region, suggest ing 
that the conformation of these derivatives may be 
different. These CD patterns were qui te different 
from that of ADMPC. T h e structures of cyclodextrin 
derivatives and ADMPC seem to be qui te different. 
According to an X-ray analysis by Zugenmaier,1 2 ) 

amylose tris(phenylcarbamate) probably exists as a 
four- or five-fold helix. Cyclodextrin derivatives 
must have a qui te different cyclic structure from this 
helix. T h i s structural difference may be correlated to 
different chiral recognition. 

T h e oligosaccharide derivatives described here 
showed higher solubility in solvents compared to the 

Table 4. Optical Resolution on 3,5-Dimethylphenylcarbamates of Cyclodextrins and Amylosea) 

Racemate 

1 
2 
4 
5 
6 

a-CDb) 

k[ a 

1.00(+) 1.36 
2.42(-) ca. 1 
Not eluted 
2.49(-) 1.30 
Not eluted 

/3-CE 

kl 

0.87(+) 
1.49(-) 
7.75 
1.76(-) 
2.50(-) 

> 

a 

1.37 
1.15 
1.00 
1.22 
1.15 

7-

k{ 

0.66(-) 
0.95(-) 
7.34(-) 
1.36(+) 
1.83(-) 

CD 

a 

1.16 
1.52 
1.10 
1.05 
1.11 

Amylose 

k[ a 

1.39(+) 4.29 
5.63(+) 1.42 
1.30(+) 1.15c) 

2.67(-) 1.10 
2.98(-) 1.11 

a) Eluent: hexane-2-propanol (99:1), 0.5 ml min - 1 . 
2-propanol(90.T0). 

b) Eluent: hexane. c) Eluent: hexane-
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polysaccharide derivatives. Therefore, only n o n p o -
lar eluents like hexane and hexane conta in ing less 
than 2% 2-propanol were used. Al though some 
racemic compounds were better resolved on the oligo­
saccharide derivatives than on the polysaccharide 
derivatives, these ol igomeric stationary phases can not 
be appl ied to practical use. T h e prepara t ion of 
oligosaccharide derivatives chemically bonded to sil­
ica gel may improve this defect. 
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Comparison of the Electrochemical Properties of Electric Double-Layer 
Capacitors with an Aqueous Electrolyte and 
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The electrochemical properties of phenolic resin-based activated carbon fiber cloth (ACFC) in an aqueous 
electrolyte and in a nonaqueous organic electrolyte have been investigated. The differential electric double-
layer capacitance of ACFC with the specific surface area of 1630 m 2 g _ 1 in the aqueous electrolyte was 1.50-times 
larger than that of the ACFC in the organic electrolyte. In accordance with the result, the capacitance of 
capacitors consisted of the ACFC and the aqueous electrolyte was 1.47-times larger than that of capacitors 
comprising ACFC and the organic electrolyte. The IR drop of capacitors with the aqueous electrolyte was 
smaller by one order of magnitude than that of capacitors with the organic electrolyte. 

Electric double-layer capacitors wi th activated car­
bon and electrolytes have been widely used as memory 
back-up devices. We have previously reported that 
capacitors wi th phenol ic resin based activated carbon 
fiber cloth (ACFC) and organic electrolytes showed 
advantages of h igh capacitance, h igh work ing volt­
age, and h igh reliability. 1~6) Capacitors with a 
higher capacitance and a lower internal resistance 
have strongly been required for devices. T h e capaci­
tance of capacitors is determined by the electric double-
layer capacitance between ACFC and electrolytes. 
T h e IR drop (the voltage drop at the beg inn ing of the 
discharge of the capacitors) is largely influenced by 
the conductivity of the electrolytes. A l though the 
decomposi t ion voltage of aqueous electrolytes (theo­
retical decomposi t ion voltage=1.23 V) is lower than 
that of organic electrolytes, the electric conductivity of 
aqueous electrolytes is larger by one order of magni ­
tude than that of organic electrolytes. T h u s , the 
compar ison of the electrochemical properties of ACFC 
in aqueous electrolytes and in organic electrolytes is 
impor tan t for clarifying the mechanism of capacitors. 

In this paper we report: (1) the electrochemical 
properties of three types of ACFC in an aqueous 
electrolyte and in an organic electrolyte, and (2) the 
capacitance and IR drop of the two types of capacitors 
(capacitors (A) compr i s ing ACFC and aqueous elec­
trolytes and capacitors (B) compris ing ACFC and 
organic electrolytes). 

Experimental 

Sample Preparation. ACFC were prepared by the car­
bonization and activation of phenolic resin-based fiber cloth 
(Nippon Kynol Inc.) in a nitrogen atmosphere at 1000°C 
while supplying water vapor as an activation gas. Three 
types of ACFC (ACFC (a), (b), and (c)) were prepared by 
changing the activation time. 

An aluminum layer or a nickel layer (100—150 |im) was 
formed by a plasma-spraying method on one side of ACFC 
as a collector electrode. 

The 5.35 mol dm"3 of KOH and the propylene carbonate 

solution (PC) containing 0.51 mol dm - 3 of tetraethylammo-
nium fluoroborate (Et4NBF4) were used as an aqueous elec­
trolyte and an organic electrolyte, respectively. 

Analysis of ACFC. The specific surface area and pore 
size distribution of ACFC was obtained from methanol 
vapor adsorption. Details of the measurements were des­
cribed previously.4) The crystallity of ACFC was examined 
by X-ray diffraction. 

Electric Measurements. A schematic diagram of the tri­
angular voltage sweep cyclic voltammetry was shown in a 
previous paper.5) The measurement was carried out using 
a potentiostat (Hokuto Denko, Model HA-303) and a func­
tion generator (Hokuto Denko , Model HB-104) at 25 °C. 
The ACFC (3—5.3 mg, 6 mm in diameter) with a plasma-
sprayed aluminum or nickel layer was prepared as a work­
ing electrode. An ACFC with glassy carbon plates and a 
saturated calomel electrode (SCE) were used as a counter and 
a reference electrode, respectively. The voltage sweep of the 
cyclic voltammetric experiments started from the rest poten­
tial of the specimens. 

The differential capacitance, Cd, in F is calculated simply 
from 

Cd — i/k, 

where i is the capacitive current (mA) at 0.1 V vs. SCE and k 
the sweep rate (mVs -1). 

The capacitance of coin-type electric double-layer capaci­
tors was measured at 25 and — 25 °C. Details of the con­
struction and the measurement of the capacitance of capaci­
tors were described previously.4) 

Results and Discussion 

Properties of ACFC. Figure 1 shows the relat ion 
between the accumulated pore volume and the pore 
diameter of ACFC (a), (b), and (c), calculated from the 
adsorpt ion isotherm us ing a modified version of 
Kelvin's equation.7) U p o n increasing the activation 
time, the accumulated pore volume increases. F rom 
the figure, the specific surface area of ACFC (a) was 
1630 n ^ g - 1 , ACFC (b) 1290 r r^g- 1 , and ACFC (c) 850 

m 2 g - i T h e pore-size dis tr ibut ion was estimated 
from the rat io of the pore volume of large pores wi th 
diameters larger than 2 n m to the total pore volume. 
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Fig. 2. Sweep rate dependence of ACFC with a 
sprayed nickel in the aqueous electrolyte of 5.35 
mol dm"« of KOH. 

T h e above-defined rat io of ACFC (a) was 35%, ACFC 
(b) 23%, and ACFC (c) 20%. T h e specific surface area 
and pore size distr ibut ion of ACFC were, thus, easily 
controlled by chang ing the activation condit ions. 

T h e X-ray diffraction patterns of ACFC (a), (b), and 
(c) were broad. Therefore, the ACFC examined 
main ta ined an amorphous structure in the specific 
surface area of 850—1630 m 2 g-1. 

Cyclic vol tammometry is a useful technique to 
investigate the electrochemical propert ies of activated 
carbon electrodes.8~10) 

T h e cyclic vo l t ammogram was measured for ACFC 
(b) wi th a sprayed nickel layer in 5.35 mol dm" 3 of 
KOH at 25 °C in the voltage range between —0.6 and 
0.6 V vs. SCE. T h e capacitive electric currents were 

almost constant in this region. T h e relation between 
the electric currents at 0.1 V vs. SCE and the sweep rate 
is shown in Fig. 2. T h e currents are p ropor t iona l to 
the sweep rates. Therefore, the electric double-layer 
of ACFC (b) in 5.35 mol d m - 3 of KOH was stable. 
From the currents at 0.1 V vs. SCE, the differential 
capacitance of ACFC (b) was seen to be 140 F g - 1 . 
Similar to the case of ACFC (b), the currents at 0.1 V 
vs. SCE were propor t iona l to the sweep rates in the 
vol tammograms of ACFC (a) and (c). T h e differen­
tial capacitance of ACFC (a) and (c) was 169 and 108 
Fg" 1 , respectively. 

Figure 3 shows cyclic vo l tammograms of ACFC (a) 
and (b) wi th a l u m i n u m layer in the organic electrolyte 
of P C conta in ing 0.51 mol d m - 3 of Et4NBF4 . We 
carried out experiments between —1.5 and 1.5 V vs. 
SCE. In this region, the a l u m i n u m was stable in the 
organic electrolyte.5* Al though, the capacitive elec­
tric current of ACFC (a) is almost constant wi th in this 
voltage region, that of ACFC (b) decreases at the 
cathodic polarization. T h i s is probably because the 
electric double-layer between the ACFC (b) wi th rather 
small pores and solvated Et4N+ cations in the organic 
electrolytes was unstable. From the electric current 
at 0.1 V vs. SCE in the figure, the differential electric 
double-layer capacitance of ACFC (a) was 113 Fg" 1 . 
Since the electric double-layer of ACFC (b) and (c) in 
the organic electrolyte was unstable, the differential 
capacitance was not calculated from the vol tammo­
gram correctly. 

Compared wi th the vo l tammograms of ACFC (a) in 
the aqueous electrolyte and in the organic electrolyte, 
the differential capacitance of ACFC (a) in the aque­
ous electrolyte was 1.50-times larger than that of 
ACFC (a) in the organic electrolyte. Th i s is because 
the diameter of solvated Et4N+ and BF4~ in P C is 
larger than that of K+ and OH" in water and the 
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permeability of the PC (viscosity of 2.53 cp at 25 °C) is 
lower than that of water (viscosity of 0.895 cp at 25 °C). 
In conclusion, the difference in the size of solvated 
electrolytes and permeability of electrolytic solution 
affect the properties of the electric double-layer on 
ACFC. Further investigation is necessary in order to 
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Fig. 4. Temperature dependence of the capacitors 
with 5.35 mol dm"3 of KOH, O; capacitance at 
25 °C, • ; capacitance at -25 °C. 
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Fig. 5. Temperature dependence of the capacitors 
with the organic electrolyte of PC containing 0.51 
mol dm"3 of Et4NBF4, O; capacitance at 25 °C, • ; 
capacitance at —25 °C. 

clarify the nature of the electric double-layer between 
ACFC and electrolytes. 

Characteristics of Capacitors. The characteristics 
of two types of capacitors have been investigated: 
capacitors (A) consisted of ACFC and 5.35 mol dm-3 of 
KOH and capacitors (B) consisted of ACFC and the 
organic electrolyte of PC containing 0.51 mol dm"3 of 
Et4NBF4. 

Figures 4 and 5 show the temperature dependence of 
capacitors (A) and (B), respectively. In the case of 
capacitors (A), the capacitance at —25 and 25 °C is 
proportional to the specific surface area of ACFC used 
in the capacitors. The capacitance at —25 °C decreased 
by about 12% in comparison with that at 25 °C. This 
is because the electric conductivity of the aqueous 
electrolyte of KOH decreased at —25 °C and IR drop 
became larger with decreasing temperature. The 
capacitance of capacitors (A) with ACFC (a) at 25 °C is 
48 F/(gram of total ACFC in the capacitor), ACFC (b) 
39 F, and ACFC (c) 30.5 F. 

In the case of capacitors (B), the capacitance at 25 °C 
is proportional to the specific surface area of ACFC, 
while the capacitance at — 25 °C of capacitors with 
ACFC (b) and (c) is small. This is because the pore-
size of ACFC (b) and (c) was smaller than that of 
ACFC (a). Since the resistance in micropores of 
ACFC (b) and (c) becomes large at low temperatures, 
the apparent capacitance becomes small.4) The cap­
acitance of capacitors (B) with ACFC (a) at 25 °C is 
32.6 F/(gram of total ACFC in the capacitor), ACFC 
(b) 24.6 F, and ACFC (c) 22.6 F. The capacitance of 
capacitors (A) with ACFC (a) was 1.47-times larger 
than that of capacitors (B) with ACFC (a). 

Figure 6 shows the relation between the leak 
current of capacitors (B) with ACFC (a) and the app-
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Fig. 6. Leak current vs. applied voltage of the capac­
itors with the organic electrolyte. 
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Fig. 7. IR drop vs. discharge current of the capaci­
tors, (1); the capacitors with the organic electrolyte, 
(2); the capacitors with the aqueous electrolyte. 

lied voltage. In the voltage range between 0.5 and 2.8 
V dc, the leak current gradually increases wi th increas­
ing appl ied voltage, and the current increases abrupt ly 
above 3.0 V dc. In conclusion, the work ing voltage 
of capacitors (B) was less than 2.8 V dc. T h e work ing 
voltage of capacitors (A) was l imited by the decompo­
sition voltage of aqueous electrolytes. T h u s , the 
work ing voltage of capacitors (A) was less than half 
than that of capacitors (B). 

Figure 7 shows the IR drop (the voltage drop at the 
beg inn ing of discharge of the capacitors) of capacitors 
(A) and (B) and the discharge current of capacitors. 
T h e ACFC used in capacitors (A) and (B) were ACFC 
(a). T h e IR drop is p ropor t iona l to the discharge 
current. T h e IR drop of capacitors (A) is smaller by 
one order of magni tude than that of capacitors (B) at a 
discharge current of 10 m A. T h u s , capacitors (A) 
us ing a large discharge current were more suitable 
devices than capacitors (B). 

Conclus ion 

1) In the aqueous electrolyte, the differential capac­
itance of ACFC with the specific surface area of 1630, 
1250, and 850 m 2 g " 1 was stable. O n the other hand 
in the organic electrolyte, only the ACFC with the 
area of 1630 m 2 g - 1 was stable. T h e differential 
capacitance of ACFC with 1630 m 2 g " 1 in the aqueous 
electrolyte at 25 °C was 1.50-times larger than that of 
the ACFC in the organic electrolyte. 

2) T h e capacitance of capacitors (A) wi th the aque­
ous electrolyte at 25 °C was 1.48-times larger than that 
of capacitors (B) wi th the organic electrolyte. T h e 
working voltage of capacitors (A) was less than half 
compared wi th that of capacitors (B) and the IR drop 
of capacitors (A) was smaller by one order of magni­
tude than that of capacitors (B). 

T h e authors would like to acknowledge Prof. T . 
Minami of the University of Osaka Prefecture for his 
helpful discussion. 
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Photoexcitation of Potassium Octacyano-Tungstate (IV)-l,10-Phenanthroline 
System: Kinetics and Mechanism of the Reaction 

S. I. A L I * and Harpa l KAUR 

Department of Chemistry, Jamia Millia Islamia, Jamia Nagar, New Delhi 110025, India 
(Received December 11, 1989) 

The kinetics of the reactions of photochemically generated [W(CN)7OH]4- in basic and [HW(CN)7(H20)]2_ 

in acidic medium with 1,10-phenanthroline have been studied in buffer solutions of pH 4.2—10.6, ionic 
strength 7.5X10"2 mol kg - 1 at 20 °C. Quantum yield for formation of photoproduct was calculated and it was 
found to depend on pH, ligand and, [W(CN)s]4" concentrations. The pseudo-first-order rate constant and 
quantum yield values in acidic medium are higher than in basic medium and the mechanisms of the 
photochemical substitution reactions are different in two mediums. 

T h e photochemical behavior of [M(CN)s]n~ (where 
M = M o or W and n=3 or 4) has been reviewed. l ,2) In 
the case of [M(CN)s]4~ ions, i r radiat ion leads to an 
intermediate red c o m p o u n d with an increase in p H . 
Prolonged hydrolysis leads to a violet final product in 
the case of K4W(CN)s and a blue product in the case of 
K4Mo(CN)s. T h e first stage is reversible in the dark 
which represents the mechanism of photochemica l 
cyanide exchange3 '4* while the second is not reversible 
and represents the formation of the final product . 

[M(CN)8]4- + 2H 2 0 ~^> [M(CN)7(H20)]3- + HCN + OH" 
(1) 

Pho toaqua t ion mechanism was interpreted by 
Adamson2'5'6* and Carassiti7-10) to be photolysis in 
l igand field band represented by the pho toaqua t ion 
reaction (1). T h e an ion has been isolated1112) as the 
red product Ag3M(CN)7(H20). 

There is general agreement that the final blue or 
violet product in the case of K4Mo(CN)s and 
K4W(CN)s respectively is a tetracyano complex. 

[M(CN)7(H20)]3- + OH" - ^ 
[M(CN)40(OH)]3- •+ 2HCN + CN" (2) 

T h e final product was original ly t hough t to be 
eight-coordinate bu t it now seems likely to be 
[MO(OH)(CN) 4 ] 3 - in solutions and [M0 2 (CN) 4 ] 4 - in 
solid.13'14) 

In this paper the kinetics of the reactions of pho to ­
chemically generated species from potass ium octacya-
notungstate(IV) with 1,10-phenanthroline have been 
reported. Q u a n t u m yield has been calculated and its 
variat ion wi th respect to complex, l igand, and hydro­
gen ion concentrations investigated. Mechanism of 
the reaction in acidic as well as basic med ium has been 
proposed and a rate equat ion has been derived. 

Experimental 

Reagents and General Procedure: K4W(CN)s was 
prepared by the method of Leipoldt et al.15) 1,10-
Phenanthroline used was of BDH A. R. grade. Potassium 
trisoxalatoferrate(III) used as chemical actinometer was pre­

pared by the method of Parker. 16> It has quantum yield of 
1.21 at 370 nm. Buffer solutions in the pH range 4—6.5 
were prepared from potassium hydrogen phthalate and 
hydrochloric acid and in the pH range 7—10 from borax and 
sodium hydroxide. Ionic strength was maintained at 
7.5X10-2 mol kg - 1 using potassium Perchlorate. The 
temperature was maintained at 20+0.2 °C. 

Photophysics immersion well quartz reactor cat. 3210 
model RQ 125 was used for irradiation at around 365 nm. 
The absorbance was recorded on spectoromom 361 spectro­
photometer using quartz cell. The pH of the solutions 
were recorded on Elico pH meter type APX 175 E/X S. No. 
138. 

Light intensity was calculated by the method given by 
Murov.17) Rate measurements were carried out under 
pseudo-first-order conditions. The stoichiometry of the 
photolysis reaction between K.4W(CN)s and 1,10-phenan­
throline was determined by Job's method of continuous 
variation and mole ratio method. These solutions were 
exposed to 365 nm light for different intervals of time under 
the atmosphere of nitrogen. The color of the solution 
changed from yellow to green and the absorbance of the 
green solution was measured at 450 nm, the wavelength of 
absorbance maximum. The pseudo-first-order rate con­
stants for the reaction were obtained by plotting In (A^—Ao)/ 
(Aoo—At) against time, where A™, At, and Ao are the absorban-
ces at the end, time t and at the start of the reaction 
respectively. The quantum yield was calculated by the 
method given by Pitts and Calverts.18) 

Results and Discussion 

T h e stoichiometry of the subst i tut ion reaction 
of potass ium octacyanotungstate(IV) wi th 1,10-
phenan th ro l ine was found to be 1:1. Variat ion of 
rate constant and q u a n t u m yield values with respect to 
ionic strength, p H , complex and l igand concentra­
tions was studied in basic and acidic medium. In 
basic med ium it has been found that the rate constant 
and q u a n t u m yield values decrease with increase of 
complex concentrat ion and p H bu t no marked change 
in them is observed by varying the l igand concentra­
tion and ionic strength. Pseudo-first-order rate con­
stants a long wi th q u a n t u m yield values in basic 
medium are listed in Tab le 1. 

In acidic med ium the rate of the reaction and quan-
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tum yield values are found to increase with increase in 
l igand and hydrogen ion concentrat ions and decrease 
wi th increase of complex concentration. T h e reac­
tion-rate and q u a n t u m yields are unaffected by change 
of ionic strength. Pseudo-first-order rate constants 
a long wi th q u a n t u m yield values are listed in Table 2. 

T h e mechanism proposed to explain these observa­
tions in basic med ium is given in Scheme 1. 

[W(CN)8]' 
hv 

>[W(CN)8]
4-* /a 

Ä1 

[W(CN)8]4-* + [W(CN)8]' 

[W(CN)8]4-* + OH-

•2[W(CN)8)]4-

•[W(CN)7(OH)]4- + CN-

fast 

[W(CN)7(OH)]4- + phen —• 
[W(CN)6(phen)]2- + CN" + OH" 

Scheme 1. 

(3) 

(4) 

(5) 

(6) 

T h e complex [W(CN)s]4~ absorbs l ight and gets 
excited, this excited species either gets deactivated by 
collision wi th [W(CN)s]4" or undergoes cyanide 
exchange wi th O H " forming [W(CN)?(OH)]4- which 
reacts wi th the added l igand, 1,10-phenanthroline to 
give the product [W(CN)6(phen)]2 _ . T h e rate equa­
tion is derived as follows: 

dp/d* = £2[W(CN)8]4-*, (7) 

[W(CN)8]4" is obtained by app ly ing steady state 
approx imat ion , 

[W(CN)8]4-* = /a/(£2+£i[W(CN)8]4-), 
dp/dt = /a • £2/(/t2+£i[W(CN)8]4-). 

Q u a n t u m yield 

0 = dp/dt/Ia = £2/(£2+£i[W(CN)8]4-), 
1/<Z>=1 +^/£2[W(CN)8]4- . 

(8) 

(9) 

Table 1. Rate Constant and Quantum Yield for Reaction 
between K4-W(CN)s and 1,10-Phenanthroline 

in Alkaline Mediuma) 

[W(CN)8]4-X104 

moll"1 
pH 

£X104±0.5 <Z>X102 

mol/einstein 

7.0 
8.0 
9.0 

10.0 
11.0 

6.0 
6.0 
6.0 
6.0 
6.0 

8.0 
8.0 
8.0 
8.0 
8.0 

8.5 
8.7 
9.1 

10.0 
10.6 

15.0 
13.0 
8.0 
5.0 
4.0 

12.0 
9.0 
6.0 
4.0 
2.0 

6.4±0.2 
4.9+0.6 
4.7+0.5 
4.3+0.5 
4.0+0.6 

5.6+0.3 
5.1+0.4 
4.2+0.1 
3.5+0.3 
2.0+0.1 

a) Irradiation wavelength=365 nm, Absorbance 
measured at 450 nm. Temperature=20+0.2 °C, 
7o=2.736X10-4 einstein cm"3, Ionic strength=7.5X10"2 

mol kg"1. [l,10-phen]=8X10-3 moll"1. 

T h e plot of 1/0 versus [W(CN)8]4- (Fig. 1) gave a 
straight l ine with slope (/t i / / t2)=l.lX104 and with 
intercept equal to one. T h i s also confirms the mech­
anism proposed in Scheme 1. 

Photochemical reaction between K4W(CN)s and 
1,10-phenanthroline in acidic med ium was found to 
show different mechanism from that of basic medium. 

[W(CN)8]4-* + H30+ - ! L ^ [HW(CN)7(H20)]2- + CN-
(10) 

[HW(CN)7(H20)]2- + phen- L > 
[ W(CN)6(phen)]2- + HCN + H 2 0 (11) 

Scheme 2. 

Table 2. Rate Constant and Quantum Yield for Reaction between K4W (CN)8 

and 1,10-Phenanthroline in Acidic Mediuma) 

[W(CN)8]
4"X104 

mol l"1 

8.0 
8.0 
8.0 
8.0 
8.0 

2.0 
4.0 
6.0 
8.0 

12.0 

6.0 
6.0 
6.0 
6.0 
6.0 

pH 

4.2 
4.2 
4.2 
4.2 
4.2 

4.2 
4.2 
4.2 
4.2 
4.2 

4.6 
5.0 
5.5 
6.0 
6.5 

[l,10-phen]X103 

moll"1 

2.0 
4.0 
6.0 

10.0 
12.0 

8.0 
8.0 
8.0 
8.0 
8.0 

8.0 
8.0 
8.0 
8.0 
8.0 

£X103+0.6 

S " 1 

4.0 
4.1 
4.3 
5.1 
5.4 

8.0 
7.3 
6.7 
5.3 
4.4 

6.3 
5.6 
4.7 
4.0 
3.5 

0 

mol/einstein 

0.12 
0.13 
0.14 
0.15 
0.19 

0.48 
0.44 
0.36 
0.32 
0.28 

0.30 
0.25 
0.22 
0.17 
0.11 

a) Irradiation wavelength=365 nm. Absorbance measured at 450 nm. Temperature^ 
20+0.2 °C, 7o=2.736X10-4 einstein cm"3, Ionic strength=7.5X10"2 mol kg"1. 
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0.6 

6 8 10 

[W(CN)8]
4-X104 

Fig. 1. Plot of 1/0 against [W(CN)8]4- for the reac­
tion between K4W(CN)8 and 1,10-phenanthroline in 
basic medium. 

T h e complex [W(CN) 8] 4-* formed in equat ion (3) 
undergoes fast cyanide exchange wi th water in acidic 
medium to give [HW(CN)7(H20)]2-1 9> which reacts 
with 1,10-phenanthroline to give the product [W(CN)6-
(phen)]2- . Th i s is represented in Scheme 2. 

T h e rate equa t ion for the formation of [W(CN)e-
(phen)]2~ from Scheme 2 is derived as follows: 

dp/dt = /u[phen][HW(CN)7(H20)]2-. (12) 

[HW(CN)7H20]2~ is obtained by apply ing steady 
state approx imat ion 

[HW(CN)7(H20)]2- = fa/a [H30+]/*i[W(CN)8]4-
dp/dt = /t3£4[phen][H30+] /a/*i[W(CN)8]4-

Q u a n t u m yield 

(13) 

^=dp/d^//a=fafa/^i[phen][H30+]/[W(CN)8]4- (14) 

Plot of 0 against [phen] [H 3 0+] / [W(CN) 8 ] 4 - gave a 
straight l ine (Fig. 2) pass ing th rough the or igin wi th a 
s l o p e ^ f e W ^ i ^ . ö X l O 2 . T h i s also confirms the pro­
posed mechanism in Scheme 2. Reaction (11) 
consists of two steps, the first step which is slow 
involves the loss of water20) by donor ni t rogen of 1,10-
phenan th ro l ine and the second step, which is qui te 
faster than the first, is closing of the chelate r ing, 
accompanied by the loss of H C N . T h e higher rate of 
the reaction and large q u a n t u m yield obtained at 
lower p H is due to the formation of protonated species 
[ H W ( C N ) 7 H 2 0 ] 2 - which reacts rapidly with 1,10-
phenan thro l ine . T h e latter is a weak base, 1,10-
phenan th ro l ine cation, Ci2H9N2

+ has a pK value of 
4.96.21) In acidic med ium the excited species, 
[W(CN)s]4"* gets pro tonated at cyano g roup which 
causes electron density to shift from W - C N bond axis 

CU 

•e. 

0-2 

Î.5 2.5 

[phen][H3Q+] 

[W(CN)8]4-

3-5 4.5 

X103 

Fig. 2. Plot of 0 against [Phen] [H30+]/[W(CN)8]4-
for reaction between K4W(CN)8 and 1,10-phe­
nanthroline in acidic medium. 

towards cyano group. T h e bond in W - C N can be 
described as a combinat ion of a and n interactions. 
An M<-C a bond forms by donat ion of the unshared 
electron pair on the carbon a tom into a metal orbital 
of o symmetry directed to the center of the TC system of 
the l igand; s imultaneously a filled d* or hybrid dp7r 
orbital of the metal a tom overlaps wi th an empty 2p7r* 
(ant ibonding) orbital of the carbon atom. O n proto­
na t ion TC b o n d which is weaker and a bond which is 
stronger behave oppositely, i.e. the former becomes 
stronger and the latter becomes weaker leading to 
e longat ion and consequent weakening of W - C N 
bond. Hence, there is an increase in the reaction rate 
and the q u a n t u m yield. Since ionic strength does not 
affect the rate of the reaction and the q u a n t u m yield 
imply ing that the reaction mechanism is not a dissoci­
ative one. 

One of the authors , Harpa l Kaur, is thankful to 
U G C , New Delhi for the award of a research 
fellowship. 
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Solvent Effect on the Dissociation of Benzoic and Nitrobenzoic 
Acids in Acetonitrile-Water Mixtures at 298 K 
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The thermodynamic dissociation constants and the limiting molar conductivities of 2-, 3-, and 4-
nitrobenzoic and benzoic acids have been determined in water-acetonitrile mixtures at 298 K. It is found that 
the acids dissociate in the dereasing order as 2-nitrobenzoic acid > 3-nitrobenzoic acid » 4-nitrobenzoic 
acid > benzoic acid. The conductance-concentration data were analyzed with the Lee and Wheaton equation. 
The present results are compared with the previous ones for these acids in alcohol-water system, and are 
interpretted in terms of solute-solvent interactions, intramolecular hydrogen bondings, resonance and induc­
tive effects along with the substituent position. 

T h e acid/base equi l ibr ia in a lcohol-water mixtures 
are well known. 1 - 5 ) Further, acidity constants of 
acids in bare dipolar aprotic solvents and their 
binary mixtures with water have been reported in 
literature.6-9* There are a few studies of solvent effect 
on the ionizat ion/dissociat ion of carboxylic ac ids / 
bases in acetonitr i le-water (ACN-W) mixtures. 1 0 'n ) 

A C N - W system has been investigated by many 
workers,12-15^ and it has been found to be nonideal 
binary solvent system consisting of three distinct 
regions: x=0 to 0.2, %=0.2 to 0.8, and x>0.8. And these 
solvent mixtures show the sharp maxima of viscosity 
excess functions and dielectric properties. 13> Aceto­
nitrile does not appear to be strong breaker of water 
structure. It is weaker both an acid and a base than 
water. T h i s insight has tempted us to investigate the 
dissociation of nitrobenzoic acids in A C N - W system. 

Present paper reports molar conductances of di lute 
solut ions of 2-,3-, 4-nitrobenzoic and benzoic acids in 
A C N - W mixtures r ang ing in composi t ion from 0—50 
wt% of ACN at 298 K. T h e conductance-concentra­
tion data have been analyzed with the Lee-Wheaton 
equation,16^ for the derivation of the l imi t ing molar 
conductance (A°) and the association constant of 

the process ( H + + A " < ^ H + A " ) . From the KA values, 

respective pKa (—\ogKA) values for these acids have 
been determined. Solvent effect on the dissociation of 
nitrobenzoic acids has been computed in terms of 
s tandard free energy change (AG tr) on transfer of these 
acids from water to A C N - W mixtures. Finished 
results are compared with those previously reported in 
a lcohol-water mixtures.1 - 3) 

Experimental 

Nitrobenzoic acids (Merck) were recrystallized from 
ethanol-water mixture, and were used after drying under 
vacuum over P2O5. 

Acetonitril (Merck Puriss P.A.) was passed through 3Â 
molecular sieves, distilled in a column and the middle 
fraction was collected. Its specific conductance was better 
t h a n o X l O ^ c m ü - 1 . 

Details of the experimental procedure have been pub­
lished previously.2-3-17) No solvent corrections were 
applied. 

Calculation and Results 

T h e physical properties of A C N - W mixtures are 
given in Table 1. These values are in complete agree­
ment with the values cited in the literature.10'12'13) 

Values of the molar conductances at different con­
centrations are given in Tab le 2, for all four acids in 
solvent mixture of different composi t ion. T h e exper­
imental data were analyzed with the Lee and Wheaton 
conductance equat ion in its series fom.16) T h e selec­
tion of this equat ion was tentative, for it is based on 
the model which takes in to account the dissociation 
process and short range interactions. T h e A° and KA 
values were deduced from the equat ion: 

A = y[Ao(\+AX/X)-Mc{\, (1) 

KA = (l-y)/y*f*c, (2) 

- l n / = bk/2(l+kR), b=e2/DKT, (3) 

for A° and KA values which minimize 

OA = J1 [idy(calcd)-yly(obsd)]2/(n-2). (4) 

All the symbol have their usual meanings . 
In the case of carboxylic acids no m i n i m u m is 

observed in an R~OA(%) plot.23) T h e R values were 
varied from 3 Â to 10 Â. T h e conductance parameters 

Table 1. Physical Properties of ACN-W Mixtures at 298 K 

ACN 

wt% 

0 
10 
20 
30 
40 
50 
60 
70 

d 

gem - 3 

0.9971 
0.9878 
0.9587 
0.9388 
0.9137 
0.8916 
0.8666 
0.8445 

V 

cPa) 

0.893 
0.980 
0.971 
0.912 
0.844 
0.749 
0.655 
0.573 

a) 1 cP=10"3Pas. 
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of the acids in A C N - W mixture are reported in Table 
3. 

T h e solvent effect on the dissociation of ni troben-
zoic acids was calculated according to the procedure 

detailed by Wells, i.e.19) 

AGI (HA) = 5.71 (pKl-pKl) in kj mol"*, (5) 

and the free energy of transfer of carboxylate ions, 

Table 2. Molar Conductances of Acids 
in ACN-W Mixtures at 298 K 

wt% ACN 

104C 

10 

A 

20 

A 

30 

A 

40 

A 

50 

A 

60 

A 

3.846 
7.407 

10.710 
13.793 
16.666 
19.354 
21.875 
24.242 
26.470 
28.571 
30.555 
32.432 
34.210 
35.897 
37.500 

3.846 
7.407 

10.710 
13.793 
16.666 
19.354 
21.875 
24.242 
26.470 
28.571 
30.555 
32.432 
34.210 
35.897 
37.500 

279.08 
254.35 
237.40 
224.77 
214.92 
206.97 
200.37 
194.80 
190.02 
185.87 
182.22 
179.00 
176.09 
173.49 
171.13 

158.79 
127.92 
111.84 
101.54 
94.26 
88.73 
84.46 
80.94 
78.08 
75.66 
73.46 
71.64 
70.05 
68.61 
67.35 

2-Nitrobenzoic acid 
183.67 127.48 74.62 
156.99 103.62 58.82 
141.36 91.01 51.30 
130.73 82.86 46.48 
122.93 77.08 43.03 
116.89 72.71 40.44 
112.05 69.27 38.46 
108.06 66.47 36.78 
104.71 64.15 35.43 
101.84 62.17 34.28 
99.36 60.48 33.30 
97.19 59.01 32.44 
95.27 57.71 31.71 
93.56 56.56 31.05 
92.03 55.53 30.46 

3-Nitrobenzoic acid 
82.54 
64.08 
55.11 
49.54 
45.67 
42.81 
40.57 
38.78 
37.29 
36.05 
34.98 
34.06 
33.25 
32.54 
31.90 

63.03 
48.978 
42.09 
37.84 
34.89 
32.70 
30.99 
29.63 
28.49 
27.54 
26.73 
26.02 
25.41 
24.87 
24.38 

32.74 
24.71 
20.97 
18.71 
17.16 
16.02 
15.14 
14.44 
13.86 
13.37 
12.96 
12.61 
12.29 
12.02 
11.78 

45.96 
35.04 
29.89 
26.74 
24.57 
22.89 
21.74 
20.74 
19.92 
19.24 
18.66 
18.15 
17.71 
17.32 
16.98 

23.65 
17.69 
14.96 
13.32 
12.19 
11.37 
10.74 
10.23 
9.82 
9.47 
9.17 
8.92 
8.69 
8.50 
8.32 

24.22 
18.33 
15.58 
13.91 
12.76 
11.92 
11.27 
10.75 
10.32 
9.96 
9.65 
9.39 
9.15 
8.95 
8.77 

wt% ACN 10 

104C A 

Table 2. 

20 

104C A 

(Continued) 

30 

104C A 

40 

A 

50 

A 

4-Nitrobenzoic acid 
0.961 
1.851 
2.629 
3.458 
4.167 
4.839 
5.469 
6.0606 
6.6178 
7.1430 
7.6390 
8.1080 
8.5530 
8.9750 

224.98 
201.68 
186.34 
175.24 
166.73 
159.94 
154.38 
149.71 
145.73 
142.30 
139.29 
136.63 
133.24 
132.15 

1.923 
3.703 
5.355 
6.896 
8.333 
9.677 

10.937 
12.121 
13.235 
14.285 
15.277 
16.216 
17.105 
17.948 

111.39 
90.36 
79.24 
72.09 
67.02 
63.18 
60.16 
57.71 
55.68 
53.94 
52.46 
51.16 
50.03 
49.03 

3.846 
7.407 

10.710 
13.793 
16.666 
19.354 
21.875 
24.242 
26.470 
28.571 
30.555 
32.432 
34.210 
35.897 

67.55 
52.52 
45.19 
40.63 
37.47 
35.12 
33.29 
31.83 
30.61 
29.59 
28.72 
27.96 
27.30 
26.71 

31.82 
23.89 
20.24 
18.03 
16.54 
15.41 
14.56 
13.88 
13.32 
12.85 
12.45 
12.11 
11.81 
11.54 

26.29 
19.71 
16.68 
14.85 
13.61 
12.69 
11.99 
11.42 
10.96 
10.57 
10.24 
9.96 
9.71 
9.49 

wt% ACN 

104C 

10 

A 

20 

A 

30 

A 104C 

40 

A 

50 

A 

Benzoic acid 
3.846 76.92 34.76 23.51 1.961 14.78 10.71 
7.407 58.31 25.88 17.76 3.846 9.88 6.24 

10.711 49.59 21.84 14.59 5.660 7.95 4.92 
13.793 44.29 19.41 12.94 7.407 6.75 4.11 
16.666 40.66 17.76 11.83 9.091 6.06 3.63 
19.354 37.98 16.55 11.01 10.714 5.60 3.26 
21.875 35.91 15.62 10.38 12.281 5.17 3.02 
24.242 34.25 14.87 9.88 13.793 4.89 2.83 
26.470 32.89 14.26 9.47 15.254 4.68 2.68 
28.571 31.75 13.75 9.13 16.666 4.47 2.58 
30.555 30.77 13.32 8.84 18.032 4.27 2.44 
32.432 29.93 12.95 8.59 19.355 4.13 2.34 
34.210 29.19 12.62 8.37 20.635 4.02 2.18 
35.897 28.55 12.33 8.18 21.875 3.91 2.12 
37.500 27.97 12.08 8.01 23.077 3.77 

Table 3. Conductance Parameters for Acids in ACN-W Mixtures at 298 K 

ACN Ao KA OA OK ACN Ao KA OA oK 

wt% 

0 
10 
20 
30 
40 
50 
60 

0 
10 
20 
30 
40 
50 

S cm2 mol - 1 dm3 mol - 1 % 

2-Nitrobenzoic acid 
401.48+0.23 
322.14+0.28 
251.25+0.16 
217.65+0.16 
149.65+0.15 
118.21+0.22 
82.64+0.13 

165 
455 

1317 
3185 
5316 

11050 
21489 

0.043 
0.013 
0.043 
0.028 
0.031 
0.022 
0.011 

3-Nitrobenzoic acid 
406.06+0.14 
286.95+0.75 
199.62+0.17 
152.50+0.15 
118.61+0.24 
102.62+0.21 

2976 
3845 
7903 

24059 
24990 
38046 

0.008 
0.065 
0.020 
0.011 
0.055 
0.004 

% 

0.089 
0.123 
0.174 
0.206 
0.441 
0.542 
0.333 

0.124 
0.165 
0.240 
0.176 
0.312 
0.302 

P ^ A ^ t ; 

2.195 
2.658 
3.119 
3.503 
3.725 
4.0400 
4.355 

3.495 
3.584 
3.899 
3.956 
4.397 
4.580 

wt% 

0 
10 
20 
30 
40 
50 

0 
10 
20 
30 
40 
50 

S cm2 mol - 1 dm3 mol - 1 % 

4-Nitrobenzoic acid 
369.85+0.24 
268.59+0.11 
191.85+0.18 
161.78+0.12 
127.39+0.22 
109.51+0.14 

383.08+0.88 
252.44+0.37 
163.83+0.67 
122.87+0.28 
79.14+0.23 
65.23a) 

2857 
3239 
6523 
8806 

21656 
34648 

Benzoic acid 
15667 
19777 
46304 
90942 

154654 
337137a) 

0.033 
0.030 
0.023 
0.018 
0.020 
0.011 

i 
0.020 
0.017 
0.022 
0.004 
0.011 

— 

% 

0.077 
0.089 
0.107 
0.170 
0.322 
0.267 

0.060 
0.069 
0.112 
0.156 
0.214 

— 

piVAVW 

3.455 
3.510 
3.814 
3.944 
4.335 
4.539 

4.195 
4.296 
4.665 
4.958 
5.189 
5.527a) 

a) Values derived from extrapolation using the method given in Refs. 3 and 4. 
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AG° r (A ), was calculated according to the procedure 
detailed by Wells, i.e.19) 

AGtr (A') = 5.71 (pKl-pKl) - AGtr(H+) 
+ 5.71 log[(18.01/M,)-(4/dw)] in kjmol"1 (6) 

where s and w referred to A C N - W mixture and water 
respectively. T h e other symbols are the same as 
defined in Ref. 19. T h e values of AG t r (H + ) i.e. free 
energy change on transfer of p ro ton from W to A C N -
W mixtures were taken from literature.20) T h e 
derived values of pKl are collected in Table 3. 

Discussion 

Limiting Molar Conductances. Table 2 shows 
that the Ao values for 2-,3-, and 4-nitrobenzoic and 
benzoic acids decrease wi th addit ion of ACN in water. 

O 2 - Nitrobtruok acid 
A 3 - Nitrobenzoic acid 
Q 4 - Nitrobenzoic acid 
• Benzoic acid 

20 30 40 

— wt%ACN—> 

50 60 

Fig. 3. The dependence of the normalized Waiden 
products for the acids on the composition of ACN-
W mixtures at 298 K. 

Similarly, it is shown in Fig. 3, that the plots of the 
normalized Waiden products (A^rf/A^rf) decrease 
with the increase of acetonitrile contents in A C N - W 
mixtures. Compar r ing these results with those pre­
viously found for these acids in alcohol-water mix­
tures (see Fig. 3 and Table 4a), it is observed that no 
m a x i m u m is seen in these plots. While in a lcohol -
water mixtures, the normalized Waiden products 
show m a x i m u m value at about 20 to 30 wt% composi­
tion. These findings may be attributed to apprecia­
ble relative increase for the viscosities of alcohol-water 
mixtures than those of A C N - W mixtures. Figure 5 
further, explains the dependence of the values of vis­
cosities on composi t ion for water-cosolvent mixtures. 
As explained by other workers,15) the A C N - W mix­
tures consti tute a solvent system that differs in struc­
ture from the systems consti tuted by alcohols with 

1 0 17 

0 8 13 

0-7 

0 6 0 9 

10 20 30 A0 50 60 

— wt% Cosolvent —• 

Fig. 5. The dependence of the viscosities of water-
cosolvent mixtures on the composition of these 
mixtures at 298 K. 

Table 4a. The Normalized Waiden Products, (AO7])S/(AOT])W, Values for Acids in Water-Cosolvent Mixtures at 298 K 

wt% 

a 
b 
c 

a 
b 
c 

0 

1.000 
1.000 
1.000 

1.000 
1.000 
1.000 

Cosolvent 
10 20 30 

2-Nitrobenzoic acid 
1.119 0.966 1.086 
1.177 0.131 1.126 
0.884 0.682 0.561 

3-Nitrobenzoic acid 
1.155 1.288 1.086 
1.100 1.159 0.893 
0.778 0.536 0.385 

40 

0.940 
0.979 
0.353 

0.950 
0.761 
0.277 

50 

0.605 
0.948 
0.217 

0.860 
0.759 
0.186 

wt% 

a 
b 
c 

a 
b 
c 

0 

1.000 
1.000 
1.000 

1.000 
1.000 
1.000 

Cosolvent 
10 20 30 

4-Nitrobenzoic acid 
1.355 1.507 1.448 
1.061 1.375 1.237 
0.800 0.566 0.448 

Benzoic acid 
1.158 1.455 1.243 
1.046 1.097 0.990 
0.693 0.445 0.383 

40 

1.249 
1.013 
0.326 

0.923 
0.695 
0.187 

50 

0.820 
0.912 
0.218 

0.743 
0.704 
0.135 

a: EtOH-W, b: n-PrOH-W, c: ACN-W. The Values for a and b were taken from the Refs. 2 and 3. 
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Table 4b. The A0 (S cm2 mol-1), Values for Acids in Water-Cosolvent Mixtures at 298 K 

wt% 
Cosolvent 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

0 

401.48 
401.48 
401.48 

406.06 
406.06 
406.06 

369.85 
369.85 
369.85 

383.08 
383.08 
383.08 

10 

301.88 
315.21 
322.14 

315.45 
272.68 
286.95 

336.93 
261.08 
268.59 

298.24 
229.85 
252.44 

20 30 

2-Nitrobenzoic acid 
190.74 184.10 
224.65 180.70 
251.25 217.65 

3-Nitrobenzoic acid 
257.42 186.18 
227.03 145.03 
199.62 152.50 

4-Nitrobenzoic acid 
274.30 226.06 
245.35 182.90 
191.85 161.78 

Benzoic acid 
274.32 201.11 
202.72 151.64 
163.83 122.87 

a: EtOH-W, b: n-PrOH-W, c: ACN-W mixtures. 

40 

141.45 
141.69 
149.65 

144.61 
111.37 
118.61 

173.15 
135.14 
127.39 

133.45 
123.20 
79.14 

50 

91.65 
127.62 
118.21 

131.74 
103.39 
102.62 

114.38 
116.08 
109.51 

107.35 
90.44 
65.22 

60 

60.91 
104.26 
82.64 

102.46 
— 

" 
85.53 
— 

125.22 
— 
— 

Table 5. The pK& Values for Acids in Water-Cosolvent Mixtures at 298 K 

Cosolvent 
wt% 

a 
b 
c 
d 

a 
b 
c 
d 

a 
b 
c 
d 

a 
b 
c 
d 

0 

2.195 
2.195 
2.195 
2.195 

3.495 
3.495 
3.495 
3.495 

3.450 
3.450 
3.450 
3.450 

4.195 
4.195 
4.195 
4.195 

10 

2.33 
2.499 
2.817 
2.658 

3.51 
3.587 
3.596 
3.584 

3.50 
3.788 
3.498 
3.510 

4.31 
4.321 
4.288 
4.296 

20 

Ptfa(c) 

30 

2-Nitrobenzoic acid 
— 

2.853 
2.905 
3.119 

2.79 
3.277 
3.429 
3.503 

3-Nitorbenzoic acid 
— 

3.984 
4.040 
3.897 

3.88 
4.217 
4.141 
3.956 

4-Nitrobenzoic acid 
— 

3.938 
3.967 
3.814 

3.86 
4.227 
4.187 
3.944 

Benzoic acid 
— 

4.683 
4.882 
4.665 

4.94 
5.217 
5.083 
4.958 

40 

— 
3.544 
3.70 
3.725 

— 
4.440 
4.349 
4.394 

— 
4.365 
4.322 
4.335 

— 
5.484 
5.393 
5.189 

50 

3.45 
3.814 
4.200 
4.040 

4.17 
4.711 
4.790 
4.580 

4.30 
4.486 
4.634 
4.539 

5.56 
5.712 
5.629 
5.527 

60 

— 
3.960 
4.623 
4.333 

— 
— 
— 
— 

— 
— 
— 
— 

— 
— 
— 
— 

a: MeOH-W; b: EtOH-W; c: 1-PrOH-W; d: ACN-W. Values of a, b, c taken from Refs. 2 and 
3, respectively. 

water. In aqueous region with %<0.2, it can be writ­
ten for a monobasic co-solvent 

(H20)buik + CH3CN = CH3CN-HOH + (LP)free (7) 

This lone-pair molecule of water seems to be of prime 
importance in its interactions with the acids. And 
this is depicted in relatively more decrease of the A° 
values of these acids in ACN-W mixtures than those 
found in alcohol-water mixtures.2'3) 

Dissociation Constant. The pK& values of benzoic 
and nitrobenzoic acids increase with the increase of 

acetonitrile contents in water (see Tables 3 and 5). 
This may be attributed to relative decrease of dielectric 
constants of ACN-W mixtures. It is shown in Fig. 1 
that the dependence of pKa values for nitrobenzoic 
acids on inverse of dielectric constants of ACN-W 
mixtures is nonlinear. The same is observed for the 
dependence of AGtr (A") values on the composition of 
ACN-W mixtures (see Fig. 2). These plots are also 
nonlinear. Such type of dependence may be attrib­
uted to specific solute-solvent interactions. In addi­
tion to eletrostatic interactions as detailed by Born,22) 
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O 2 -NilrobeMoic »ci 
à 3-Ni lrobtnioic »ci 
Q ( - Nilrobtnioic »ci 
i Benzoic acid 

McOH-H20 System 
E lOH-HaO Sy*lem 
n-PrOH-HjO Syslem 
A C N - H 2 Û Syilem 

Î 

12 1-5 1-6 1.7 1-8 

-+ACN-H2O Mixtures 
19 13 1-4 

(100/D) 

Fig. 1. The dependence of pK* values of acids on the 
inverse of dielectric constants of ACN-W mixtures 
at 298 K. 

O 2 - NilrobenaoaU 

à 3 - NilrobenioaU 

P 4-Nilrobenjoate 

i Bemoate 

2 0 

L 12 
o 
S 

• — » 

\ 10 

<1 

20 30 40 

— wt% Cosolvent —> 

Fig. 4. The dependence of the dielectric constants of 
water-cosolvent mixtures on the composition of 
these mixtures at 298 K. 

Table 6. The Values for Standard Molar Free Energy 
of Transfer, AG?r(A~) kj mol - 1 , for Anions, from 

Water to Water-Cosolvent Mixtures at 298 K 

20 30 40 

— wt%ACN—> 

50 60 

Fig. 2. The dependence of free enegy change on 
transfer of the anions from water to acetonitrile-
water mixture at 298 K. 

there are specific chemical interactions taking place 
between the ions and the solvent molecules. T h e 
origin of these interactions is from the contr ibut ion of 
non-electrostatic par t of the standard free energy of 
transfer as the acids or their carboxylate ions get 
transfer from water to A C N - W mixtures. 

It has been found that pKa values for nitrobenzoic 
acids for A C N - W mixtures are less than those pre­
viously found for alcohol-water mixtures1 - 3* (see 

Cosolvent 
wt% 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

10 

3.35 
5.98 
5.32 

2.13 
3.03 
3.19 

3.54 
2.71 
2.98 

2.33 
3.11 
3.26 

20 30 40 

2-Nitrobenzoate 
7.86 12.76 

11.00 14.83 
10.58 13.82 

15.20 
16.40 
15.39 

3-Nitrobenzoate 
6.89 10.71 

10.06 11.47 
7.62 8.98 

12.83 
12.68 
11.82 

4-Nitrobenzoate 
6.88 11.02 
9.90 11.99 
7.36 9.14 

Benzoate 
6.88 12.47 

10.87 12.46 
7.99 10.70 

12.76 
12.78 
11.67 

14.80 
14.42 
12.03 

50 

16.31 
18.74 
17.37 

14.00 
14.68 
12.08 

12.98 
14.05 
12.06 

15.73 
15.81 
14.78 

60 

16.16 
20.06 
17.59 

15.02 
— 
— 

13.44 
— 

— 
— 
— 

a: EtOH-W, b: n-PrOH-W, c: ACN-W. Values for a 
and b were taken from Refs. 2 and 3, respectively. 

Tab le 5). It is found that the A C N - W mixtures are 
less basic than those consti tuted by alcohols wi th 
water. Further, it is shown in Fig. 4, that the order 
for the dielectric constants for water-cosolvent mix­
tures of the same composi t ion is DACN-wÄ*£)MeOH-w> 
£>EiOH-w>£h-prOH-w. T h e bulk dielectric constant of 
water-cosolvent mixtures is not only the sole parame-
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ter de termining the dissociation order ot the acids. 
As seen in Table 5, the dissociation order for the 

acids is specific for each solvent system. There are 
differences in solute-solvent interactions in each sys­
tem. T h e alcohols mixed with water all show 
extrema i n the variation of properties such as the 
relative part ial molal volumes, Vi—Vz, the viscosity 17 
(Fig. 5), and they all show m i n i m u m in the excess 
entropy of mix ing ASB, at X2<0.5.21) But the physical 
propert ies of A C N - W mixtures, differ from the p rop­
erties of a lcohol-water mixtures, having a m i n i m u m 
in ASE at X2=0.2, and a m a x i m u m in the ul t rasonic 
absorpt ion at X2—OA, small m a x i m u m in 17 at low X2 
and no m i n i m u m in V2—V2. Consequently, the vari­
at ion of values for pKa and AG?r (A") with composi­
tion of acetonitri le-water mixtures and wi th that for 
a lcohol-water has been found differently (see Tables 5 
and 6). 

Finally it has been found that the dissociation order 
in respect of the acids studied in A C N - W mixtures 
turns out to be; 2-nitrobenzoic>3-nitrobenzoicÄ=* 
4-nitrobenzoic>benzoic. T h i s observed difference of 
acidities among the same isomers of nitrobenzoic acid 
could be due to difference of int ramolecular hydrogen 
bondings , inductive and resonance effect of ni tro-
g roup (-NO2) for its posi t ion with respect to carboxyl 
g roup on the benzene r ing and hence, more solvation 
of 2-nitrobenzoate ion than 3-nitrobenzoate and 4-
nitrobenzoate ions. 

Financial suppor t from the University Reseach 
Fund is acknowledged greatfully. 
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Electrolytically Generated Manganese(III) Sulfate for the Oxidation of 
L-Histidine in Aqueous Sulfuric Acid: A Kinetic Study 
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Mangalagangothri 574199, India 
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Conditions have been established for the electrogeneration of Mn(III) from Mn(II) in sulfuric acid medium. 
Mn(III) formed was identified and characterized by UV spectra. Kinetics of Mn(III) oxidation of L-histidine in 
aqueous sulfuric acid medium has been studied spectrophotometrically. Oxidation followed second order 
kinetics in [Mn(III)], first order in [histidine] and increase in [H+] decreased the rate. The reduced product of 
the oxidant, Mn(II), retarded the rate of reaction. Evidence for the transient existence of the free radical 
reaction intermediate is given. Effects of ionic strength, solvent composition, HS04~ and certain complexing 
agents like P204/-, CI", F~, have also been studied. Added complexing agents decreased the redox potential of 
the Mn(IIl)/Mn(II) couple, thereby reducing the oxidation rate. Dependence of reaction rate on temperature is 
examined and activation parameters computed from Arrhenius and Eyring plots. A mechanism consistent 
with kinetic results has been proposed in which a combined role of Mn(III)aq and MnOH2 +aq was envisaged. 

Manganese occupies a u n i q u e place in the first 
t ransit ion series due to its mul t i valent character. 
Next to Mn(VII), oxidat ion state III of manganese has 
been extensively used as a potent oxidant for s tudying 
the oxidat ion of both organic and inorganic sub­
strates. Equi l ibr ia and kinetics in acidic Perchlorate 
solut ion of Mn(III) were a subject of review by 
Davies.1* Manganese(III) acetate in acetic acid, man-
ganese(III) pyrophosphate in acidic media, and a 
number of other redox active complexes of Mn(III) 
are being increasingly used, presumably because of its 
selectivity in the oxidat ion of various compounds . 
However manganese(III) sulfate has been scarcely 
used2_9) in redox studies because of the difficulty in 
ob ta in ing it in pure and stable form. In this paper 
we report the preparat ion of manganese(III) sulfate by 
the anodic oxidat ion in an electrochemical cell and 
its use for mechanist ic investigation. T h e substrate 
chosen is L-histidine (His), an essential a m i n o acid 
which serves impor tan t function in our biological 
systems and plays a significant role in metabolism. 
It is used in biochemical, microbiological , and nut r i ­
tion investigation and is employed as a dietary supple­
ment. Hist idine also finds appl ica t ion in medicine 
and pharmaceuticals . 

Experimental 

Several authors have studied the conditions for obtaining 
high efficiency of oxidation of manganese(II) sulfate to 
manganese(III) sulfate.10-12) As high as 53% sulfuric acid 
was considered essential for the stability of Mn(III). Prepa­
ration of manganese(III) sulfate in the form of a paste, a 
highly concentrated reagent for organic preparation work 
has also been worked out.11-12) But all these conditions are 
not amenable to kinetic investigation of Mn(III) reactions in 
solution. Therefore, the process is suitably modified and 

"ff Present address: St. Aloysius College, Mangalore 575003, 
India. 

adopted to meet the present requirement. 
The sources of Mn(II) is special quality (SQ) sample of 

MnS04 • H2O. 0.2 mol dm - 3 sulfuric acid was prepared and 
taken in a 500 cm3 beaker. Spectroscopically pure antimon-
ial lead strips were used as electrodes. To achieve higher 
current efficiency, ratio of anode to cathode area was main­
tained at 10:1. Direct current was passed from a silicon 
rectifier unit. Electrolysis was carried out at the cell vol­
tage of 6 V and a current density of 2 mAcm -2 , while the 
solution was stirred with a magnetic stirrer. The electroly­
sis can be continued till Mn(III) of 0.05 mol dm - 3 is formed. 
Further electrolysis may result in a turbid suspension of 
sparingly soluble manganese(III) sulfate and hence should 
be stopped at the appropriate stage. The clear cherry red 
colored solution contained an excess but known concentra­
tion of Mn(II) to supress the disproportionation reaction.13) 

Mn(III) + Mn(III) T=± Mn(II) + Mn(IV). (1) 

The solutions were prepared daily, although they appear to 
be stable for at least one month at [H+]>5.0 mol dm - 3 . To 
ascertain that the presence of lead ions in solution (from the 
dissolution of lead electrodes) was minimal, a blank electrol­
ysis was carried out under identical conditions in 5.0 
mol dm - 3 sulfuric acid but without Mn(II). The resulting 
solution was tested for lead ions in Pye Unicam Model Pu 
9000/21 atomic absorption spectrophotometer located at 
chemical laboratory of Mangalore Fertilisers and Chemicals 
Ltd., Mangalore. The lead ions present were found to be 
2.0 ppm, well within the interference limit. 

Chromatographically pure L-histidine (Sisco Research 
Laboratories, India) was further assayed by standard 
methods.14) An aqueous stock solution of the substrate (0.2 
mol dm -3) was prepared as and when needed as the reagent 
is photosensitive. Solution of sodium Perchlorate needed 
to maintain the ionic strength of the reaction mixture was 
prepared by neutralizing 12 mol dm - 3 HCIO4 with AR 
sodium carbonate, boiling to dispel CO2, followed by filtra­
tion to remove the precipitated trace impurities. 

A Hitachi model UV spectrophotometer with 1 cm quartz 
cells was used for the absorption measurements. Under the 
experimental conditions, absorption maximum for the elec-
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trolytically generated Mn(III) species occured at 490 nm. 
Optical density versus concentration plots for manganse(III) 
sulfate at [H2SO4]=2.0—5.0 mol dm - 3 always containing 
excess but known [Mn(II)], showed that Beer's law is obeyed 
at wavelength 490 nm. Molar extinction coefficient, e at 
490 nm varied as a function of [H+] (e ranged between 131 — 
110at[H+ ] , 1.28—2.98 mol dm-3). 

Redox Potential Measurements: The standard redox 
potential of Mn(III)/Mn(II) couple is a measure of the 
oxidizing power of the oxidant and it generally decreases on 
complexation. The standard redox potential was measured 
at the specified experimental conditions. The Nernst equa­
tion in which E (V vs. SCE) indicates that equilibrium 
potential referring to the position of dynamic equilibrium 
between oxidized and reduced forms, which is established 
rapidly at the platinum electrode surface coupled to a 
calomel electrode, can be represented as follows: 

0-50 

£(Vvs . SCE) = £°] Mn(III)/Mn(II) + 
2.303 RT 

nF 
log 

[Mn(III)] 
[Mn(II)] ' 

where fl=8.314 J mol"1, T=298 K, n= l , F=96500 Cmol"1. 
[Mn(III)] 

Plot of E (V vs. SCE) against log gave a straight line 

with intercept which equals [E°Mn(iii)/Mn(iir"-Ecaicd] (Fig. 1). 
Taking £caicd for saturated KCl at 298 K as 0.241 V, £°Mn(iii)/ 
Mn(ii) could be found out (1.52 V). The measurements were 
made at different [H2SO4] and in presence of complexing 
agents, HSO4, P20v~, F", and CI - and the redox potentials 
Mn(III)-Mn(II) couple in the changed environment was 
computed (1.51, 1.48, 1.44, and 1.42 V respectively), (please 
see Fig. 1). 

Kinetic Measurements: Reactions were carried out under 
substrate excess conditions. Preliminary experiments indi­
cated that rate of reaction varied with reactant concentra­
tion. No spectroscopic change occurred in the absorption 
spectrum of Mn(III) on addition of histidine. Repetitive 
scans of the spectra during the course of the reaction showed 
only decrease in the absorbance with no evidence of the shift 

log 

-2-0 

[Mn (III)] 
[MndD] 

-4-0 

Fig. 1. Plot of E (V vs. SCE) versus log[Mn(III)]/ 
[Mn(II)]. Temp 298 K, [H2S04]=2.5 mol dm"3, 
(a) [Complexing agent]=nil, (b) [HSOï]=0.1 
mol dm"3, (c) [P2O$-]=0.1 mol dm"3, (d) [F"]=0.1 
mol dm"3, (e) [Cl"]=0.1 mol dm"3. 

•£ 0-25 

200 400 600 800 
X (nm) 

Fig. 2. Sequential scans of the absorption spectrum 
during the reaction of manganese(III) sulfate with 
L-histidine. Temp 313 K, [Mn(III)]o=3.0 mol 
dm"3, [His]o=0.04 mol dm"3, [H2S04]=2.5 mol 
dm"3, [Mn(II)]=0.127 mol dm"3, at reaction time 
(minutes) (a) 0.0, (b) 22, (c) 40, (d) 80, (e) 114. 

in the peaks (Fig. 2). 
A known amount of Mn(III) solution was thermally 

equilibrated at the desired temperature, was added to a 
mixture of appropriate amount of histidine, sulfuric acid, 
sodium sulfate (for constant sulfate concentration), sodium 
Perchlorate (to keep ionic strength constant), and water (to 
keep the total volume constant) in another boiling tube 
thermostated at the same temperature. The course of the 
reaction was followed by recording the decrease in absor­
bance of Mn(III) ion at its absorbance maximum of 490 nm 
as a function of time. It was verified that there was no 
interference from other reagents at this wavelength. The 
reaction is sluggish even at 40 °C taking 2—3 hours for 80% 
of the reaction. Allowing the reaction mixture in the light 
path of the spectrophotometer continuously for longer dura­
tion may induce photochemical reaction. Therefore, ali­
quot portions were withdrawn from the reaction mixture 
after suitable time intervals and added to 5.0 cm3 of 2.5 
mol dm - 3 ice cold H2SO4. Absorbance of the chilled solu­
tion was measured at 490 nm and [Mn(III)] directly read 
from the calibration plot. 

Under the conditions [His]>[Mn(III)] and in the pres­
ence of excess of Mn(II) required for the stability of Mn(III), 
the plot of 1/absorbance or l/[Mn(III))] versus time were 
linear even beyond 75% of the reaction. The linearity of the 
plots beyond these points indicated that none of the 
products formed during the reaction affected the rate. The 
pseudo-second-order rate constants obtained from the 
gradients of the above plots were reproducible within ±5%. 

Results 

Stoichiometry and Product Analysis. A known 
a m o u n t of hist idine was allowed to react completely 
wi th 2—4 fold excess of Mn(III) at 40 °C in the pres­
ence of 25 fold excess of Mn(II) in 2—3 m o l d m r 3 
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H2SO4. The Mn(III) remaining after the reaction 
was estimated by sampling into a freshly prepared ice 
cold KI in 2.5 mol dm - 3 H2SO4 followed by titration of 
the liberated iodine with standard sodium thiosulfate. 
Product analysis was carried out under substrate 
excess conditions as follows: Reaction mixture con­
taining histidine (0.2 mol dm -3) and manganese(III) 
sulfate (0.02 mol dm"3) in H2SO4 (2.5 mol dm"3) at 
40 °C was allowed to react completely. The reaction 
mixture was extracted with ether. Aldehyde was 
detected in ether extract by the formation of 2,4-
dinitrophenylhydrazone isolable in 85—92% yields. 
The aqueous layer was neutralised with NaOH, the 
precitated Mn(OH)2 was filtered off and NHÎ was 
detected in the filtrate with Nessler's reagent. The 
stoichiometry was found to correspond to; 

2Mn(III) + RCHCOOH + H 2 0—• 

2Mn(II) + RCHO + NHÎ + C02 + H+, (2) 

Table 1. Pseudo-Second Order Rate Constants 
for the Oxidation of L-Histidine by Mn(III). 

Temp 313 K, H2S04=2.5 mol dm"3, 
7=9.05 mol dm"3 

where R is HC 
N - C-CH2-
NH-CH 

The formation of aldehyde, ammonia, and carbon 
dioxide as reaction products was found to be in accord 
with the oxidation of histidine in particular by 
chloramine-T15) and other amino acids in general by 
Mn(III) ions.5_8'16) Further oxidation was noticed on 
keeping the reaction mixture for a long time. 

[Mn(III)] and [His] Dependences. The reaction 
order with respect to Mn(III) ion was determined by 
studying the oxidation at 40 °C under the conditions 
[His]o=0.04 mol dm-3, [H2S04]=2.5 mol dm"3 and 
varying [Mn(III)]0=1.0X10-3—6.0X10"3 mol dm"3. 
The disappearance of Mn(III) followed neat second-
order kinetics as indicated by the linearity of 1/ 
[Mn(III)] versus time plot even beyond 75% of the 
reaction with a correlation coefficient of 0.998. How­
ever, the values of pseudo-second-order rate constant 
slightly decreased with increase in initial concentra­
tion of Mn(III). 

At constant [Mn(III)]0 and [H2SO4], the rate 
increased with increase in [His]o. The plot of Aobsd 
versus [His] is linear passing through the origin show­
ing the order in [His] as one. 

Dependence of Reaction Rate on Ionic Strength. 
The reactions were studied at [H2SC>4]=2.5 mol dm - 3 

which amounted to an overall ionic strength of 7.5 
mol dm -3 . Kinetic runs were performed with increas­
ing addition of NaClC>4 till the overall ionic strength 
reached a value 9.0 mol dm -3 . The values of Aobsd 
were found to decrease with increasing ionic strength, 
showing negative salt effect. 

Dependence of Reaction Rate on Added Salts. 
Mn(II) is the reduced product of the oxidant and its 
affect on the rate of reaction was investigated. As the 
initial concentration of [Mn(II)] increased, the rate 
progressively decreased. The data are summarised in 

103Mn(III) 

mol dm~3 

2.0 
3.0 
4.0 
5.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 

102 [His] 

mol dm - 3 

4.0 
4.0 
4.0 
4.0 
1.0 
2.0 
3.0 
5.0 
6.0 
4.0 
4.0 
4.0 
4.0 
4.0 

10 Mn(II) 

mol dm - 3 

1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
1.27 
0.27 
0.52 
0.77 
1.77 
2.27 

102&obsd 

dm3 mol - 1 s - 1 

9.7 
9.3 
7.0 
6.5 
2.4 
4.9 
7.8 

11.9 
15.0 
16.2 
13.7 
11.0 
6.8 
5.1 

Table 1. The results indicated that Mn(IV) is not 
involved in the oxidation process. 

The effect of complexing agents like pyrophos­
phate, fluoride, and chloride ions, on the rate of 
reaction was also investigated. Addition of sodium 
pyrophosphate, sodium fluoride, and sodium chloride 
had retardation effect. This may be attributed to the 
displacement of coordinated SO4" ligand leading to 
the establishment of a new Mn(III)-Mn(II) couple 
with P2O7", F", or CI" as ligand, and such redox 
couples have lower redox potentials, and thereby 
decreasing the rate. This also means that Mn(III) is 
the reactive species under the experimental con­
ditions. 

Added hydrogensulfate ion (as NaHSCh) in the 
range 0.05—1.0 mol dm - 3 at fixed ionic strength and 
[H2SO4] had only negligible affect on the redox poten­
tial of Mn(III)-Mn(II) and on the reaction rate (Table 

Table 3. Effect of Complexing Agents, P20^", Cl", F", 
and HSO4 on the Oxidation of L-Histidine by Mn(III). 

Temp 313 K, [Mn(III)]=3.0X10-3 mol dm"3, [His] 
=4.0X10-2 mol dm"3, [Mn(II)]=1.27X10-1 

mol dm"3, [H2S04]=2.5 mol dm"3, 
7=9.05 mol dm"3 

102[P2O^-] 

mol dm - 3 

2.5 
5.0 
7.5 

10.0 

10 [F-] 

mol dm - 3 

0.5 
1.0 
1.5 
2.0 

102&obsd 

dm3 mol - 1 s - 1 

7.8 
7.2 
6.8 
6.3 

5.5 
4.2 
3.6 
3.0 

10 [C1-] 

mol dm - 3 

0.5 
1.0 
1.5 
2.0 

102[HSO4] 

mol dm - 3 

1.0 
5.0 

10.0 
— 

102&obsd 

dm3 mol - 1 s - 1 

6.3 
5.5 
5.1 
4.7 

9.2 
9.0 
8.9 
— 
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Table 4. Effect of Varying Ionic Strength, Solvent Composition, [SOf ], on the Oxidation 
of L-Histidine by Mn(III). Temp=313 K, [Mn(III)]=3.0X10-3 mol dm"3, [His]=4.0 

X10-2 moldm-3, [Mn(II)]=l.27X10-^01 dm"3, [H2S04]=2.5 mol dm"3 

/ Aobsd C H 3 C O O H 102&obsd [SOtf 102Aobsd 

mol dm - 3 dm3 mol - 1 s - 1 % v/v dm3 mol - 1 s - 1 mol dm - 3 dm3 mol - 1 s" 

8.05 15.0 5.0 8.3 2.0 4.6 
8.50 13.9 10.0 7.2 2.2 6.0 
9.05 9.3 15.0 6.9 2.5 9.3 
9.5 7.8 20.0 5.6 2.75 12.0 

10.0 6.5 — — 3.0 16.0 

a) {[H2S04]+[HC104]}=2.5 mol dm"3. 

3). 
It was considered as of interest to know the possible 

catalytic effect due to Ag(I), Cu(II), and Cr(III). T h e 
rate of reaction was found to be unaffected by add ing 
the sulfate salts of Ag(I), Cu(II), and Cr(III), at con­
stant ionic strength, [SO4"], and [ H + ] . 

Sulfate ions had catalytic effect on their oxidat ion 
reaction. When added [SO4"] was varied between 
0.1—0.67 mol d m - 3 at constant ionic strength, [ H + ] , 
and temperature, the rate of the reaction showed a 
regular increasing trend (Table 4). An a t tempt has 
been made to explain the affect of [SO|"] as due to the 
presence of an addit ional equ i l ib r ium (Eq. 21). 

Dependence of Reaction Rate on the Hydrogen Ion 
Concentration. Kinetic measurements were per­
formed in H 2 S 0 4 - N a H S 0 4 solutions of different [ H + ] . 
T h e effective hydrogen ion concentrat ions were evalu­
ated wi th the aid of a standard curve of [H2SO4] versus 
[ H + ] prepared from the results of Kemp and Waters.7) 

T h e rate of reaction decreased wi th increase in [ H + ] 
(Table 2), indicat ing that hydrolyzed species of 
Mn(III) are more reactive than unhydrolyzed species 
(Eq. 3). 

These types of redox reactions are expected to be air 
sensitive. F lushing solutions wi th ni t rogen prior to 
kinetic runs made some appa ran t differences in the 
results. Present investigations are done in aerobic 
condit ions and it is expected that oxidat ion in anae­
robic condit ions proceed by qui te different mecha­
nism and form a subject of separate study. 

Polymerization Studies. It was found that the reac­
tion mixtures initiate polymerizat ion of monomers 
like acrylonitrile in less than 20 minutes and methyl 

Table 2. Effect of [H+] on the Oxidation of L-Histidine 
by Mn(III). Temp=322.5 K, [Mn(III)]=3.0X10-3 mol 

dm"3, [His]=4.0X10-2 mol dm"3, {[H2S04]+ 
[NaHS04]}=3.545 mol dm"3, [Mn(II)] 

=1.27X10-! mol dm"3 

[H2S04]/moldm-3 1.0 1.5 2.0 2.5 3.0 
[H+]/moldm-3 a ) 1.2 1.62 2.04 2.5 2.98 
lO&obsd/dmSmol^s-1 6.205 5.35 3.715 3.012 2.5 

a) [H+] were evaluated with the aid of a standard plot 
of [H2SO4] versus [H+] , from the results of Kemp and 
Waters.7) 

methacrylate in less than one hour . As neither of the 
reacting species, hist idine or Mn(III), do this when 
added separately to an aqueous mixtures of these 
monomers , it can be assumed that the redox steps 
produce some free radicals which are capable of induc­
ing polymerization. Further, the polymerization 
product of methyl methacrylate monomer from the 
above reaction answered the ni t rogen test confirming 
the presence of n i t rogen con ta in ing end group. 
N M R spectrum of the polymer product in CDCI3 
showed a singlet at 6=0.8 and triplet at 6=1.98 and 3.6 
due to one CH3 and two CH2 groups respectively. 
Methoxyl g roup resonated at 6=4.4. Imidazole pro­
tons appeared as two doublets at 6=6.8 and 7.3. Pres­
ence of a peak at 6=5.6 and 6.05 confirmed NH2 and 
N H protons respectively. 

Dependence of Reaction Rate on Temperature. 
T o determine the activation parameters, the reaction 
was carried at five temperatures 303, 308, 313, 328, and 
333 K, and at constant ionic strength and [ H + ] . A 
plot of Arrhenius and Eyring equation1 9) gave good 
straight lines, and from the slopes and intercepts, the 
energy of activation, Arrhenius frequency factor, and 
enthalpy, entropy, and free energy of activation were 
computed. T h e activation parameters for the overall 
reaction were £ a=98.26 k j m o l - 1 , ^=2.07X10 1 5s" 1 , 
AH*=95.6 k j m o l " 1 , AS*=39.4 J K - i m o l " 1 , and AG* 
=83.3 k j m o l - 1 . These values necessarily substan­
tiate the plausible C-C bond cleavage. As shown in 
detailed mechanism (Scheme 3), a bulkier metal sub­
strate complex breaks down to simpler intermediates 
and ions du r ing the stages of activation. Th i s 
accounts for a positive entropy of activation. 

T h e results reported in this paper is one of the very 
few cases of redox reaction involving second order 
dependence in Mn(III). T h e previous cases involved 
the oxidat ion of certain lower a m i n o acids,5'6'8) and 
nitri te ion17) by aquamanganese in sulfuric and per­
chloric acid medium. 

It has been observed that Mn(III) ion undergoes 
considerable hydrolysis even in fairly s trong acid 
medium. T h e hydrolysis of Mn(III) ion was investi­
gated by Diebler and Sutin,18) Fackler and Chawla,19) 

and Wells and Davies.20) Reaction (3) has been 
observed at the init ial stages followed by slow forma-
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tion of dimers or h igher polymers. 

Mn(III) + H 2 0 ^=± MnOH2 + + H+. (3) 

By a detailed spectrophotometr ic investigation of 
aquamanganese(I I I ) ion in Perchlorate media at a 
ionic strength of 4.0 mol d m - 3 and temperature 25 °C, 
Wells and Davies obtained a value Kh=0.93+0.03, 
which has been used in the present work. Further the 
spectra of Mn(I I I ) a q and M n O H 2 +

a q have been 
reported22) to be similar in both visible and UV 
region and our observation of the absorbance spectra 
is consistant wi th the values reported. 

Data publ ished by Diebler and Sutin18* and the work 
of Fackler and Chawla19* have shown, that in the 
presence of fluoride ions aqueous solut ion of man-
ganese(III) consists of hexaaquamanganese( l l l ) , 
Mn(III)aq, hydroxopentaaquamanganese(I I I ) , 
M n O H 2 + a q and MnF 2 + aq . On the same lines it can 
be assumed with justification that Mn(III) species 
present in sulfuric acid medium are Mn(III)aq, 
M n O H 2 + a q , and MnSOJ . Since the affect of HSO4 
ion on the reaction under investigation is negligible 
M n S O | cannot be the reactive species. Therefore a 
combined role of Mn(III)aq and M n O H 2 + a q can be 
envisaged as has been observed in many Mn(III) reac­
tions. In fact M n O H 2 + a q should be considered as 
more reactive in view of the decrease in rate with 
increase in [ H + ] . Format ion of d ihydroxo species 
produced by the further hydrolysis of M n O H 2 + is 
another possibility. 16> 

MnOH2 + + H 2 0 — • Mn(OH)t + H+ . (4) 

But, fresh solut ions of Mn(III) were always prepared 
and used immediately after cessation of the electrolysis 
thereby e l imina t ing any reaction with M n f O H j t 

T h e chemistry of a m i n o acids R C H ( N H 2 ) C O O H 
consists of t ransformations of functional groups 
already present in them, their hydrocarbon moieties 
are not usually subjected to chemical reactions due to 
the h igh reactivity of the functional groups relative to 
the inertness of the hydrocarbon chain. T h e dissoci­
at ion of a m i n o acid is [ H + ] dependent.21* 

RCH(ÄH3)COOH £ H 

+H+ 

SH+ 
Cation 

In strongly 
acidic medium 

RCH(NH3)COO- ^=^RCH(NH 2 )COO 
+H+ (5) 

S° 
Zwitterion s-

Anion 
In strongly 
alkaline medium 

T h e most likely reaction mechanism which can satis­
factorily explain the observed data is as shown in 
Scheme 1. 

Mn3+aa + LH + T=± X2+ + 2H + 

X2+7=±L + Mn2+ 

(6) 

(7) 

h 
L + Mn3+ — • Product + Mn2+ (slow and rds) (8) 

Scheme 1. 

L H + stands for m o n o protonated histidine, X for 
metal-substrate complex and Jl for the free radical. 
Evidence for descrete metal-substrate complex forma­
tion is available in literature.22) 

T h e oxidative decay of Mn(III) takes the form 

d[Mn(IH)] 

d* 
: fe[Mn(III)] [L]. (9) 

App ly ing steady state approx ima t ion for the free radi­
cal iL, we get, 

d[Mn(III)]_ 

d* 

£i£2£3[Mn(III)]2[LH+ 

£-i£-2[Mn(II)][H+]2 + £-i£3[Mn(III)][H+]2 + £2£3[Mn(III)] 

(10) 

Neglect ing the last term of the denominator which is 
negligible in comparison to the first two because the 
[Mn(III)] is much smaller in comparison to [Mn(II)] 
and [ H + ] , one arrives at 

d[Mn(III)] 

d* 

£i£2£3[Mn(III)]2[LH+] 

Ä-iÄ-2[Mn(II)][H+]2 + £-i£3[Mn(III)][H+]2 ' 

or 

rtobsd 
&ifc2£3[LH+] 

{Ä-iÄ-2[Mn(II)] + £-i£3[Mn(III)]}[H+]2 

(11) 

(12) 

[Mn(III)] appear ing in the denominator of the rate 
expression provides a convincing explanat ion for 
slight inverse dependence on Mn(III). Plot of Aobsd 
versus [amino acid] was linear passing th rough the 
or igin showing order in a m i n o acid as one. Plots 
Aobsd versus 1/[H+] and 1/[H+ ] 2 are shown in Fig. 3, 
the latter gives a better fit in to the rate equat ion (12). 
A mechanism involving M n O H 2 + is also suggested as 
shown in Scheme 2. 

jc. 
Mn 3 +

aq + H 2 0 7=± MnOH 2 +
aq + H+aq 

MnOH2 + + LH+ d=± X2+ + H+ 

X2+ ^z± Mn2+ + L + H 2 0 
k-2 

(13) 

(14) 

(15) 

MnOH2 + + L—> Mn2+ + Products (slow and rds) (16) 

Scheme 2. 

T h e rate of oxidat ion is given by 
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d[Mn(HI)] 

d* 
= A3[MnOH*+][L]. (17) 

Apply ing steady state approx imat ion to L and X. 

d[Mn(III)] 

d* 

^AiA2A3[Mn(III)]2[LH+] 

£-i£-2[Mn(II)][H+]2 + ^hA-iA3[Mn(III)][H+]2 

+ AiA2A3[Mn(III)][H+] (18) 

Neglect ing the last term of the denomina tor as it is 
negligible in compar ison to the first two. 

d[Mn(III)] 

d* 

^iA2A3[Mn(III)]2[LH+] 

£_i£-2[Mn(II)][H+]2 + £h£-i£3[Mn(III)][H+]2 

or 

ftobsd ~ 

Klkik2ks[l,H+] 

(19) 

-. (20) 
{Ä-iÄ-2[Mn(II)] + ^hA-iA3[Mn(III)]}[H+]2 

T h e detailed mechanism of oxidat ion is shown in 
Scheme 3. 

R - C H - C O + Mn3+ : 

H3N+ OH 

1 R - C H - C O 
I I H2N O +2H+ 

R - C H - C O ; 
I I 

H2N O 
Mn»+ 

R - C H - C O + M n 3 + -
I I 

H2N O" 

1 R - C H - C O 
I I 

H2N O' +Mn 2 + 

•R-CH + C 0 2 + Mn2+ 

H2N 

R_C-H ^ R - C H = N H + H+ 

N 
H / N H 

R-CH=NH + H 2 0 • R-CHO + NH3 

where R i s HG 
*N -C-CH 2 -

""NH-CH 

Scheme 3. 

T h e oxidizing ion-substrate complex formed dis­
p r o p o r t i o n a t e to give the free radical, and as one 
more M n 3 + interacts oxidatively, the free radical 
undergoes decarboxylation and deaminat ion process 
to give the reaction products . 

T h e increase in rate due to the addi t ion of SOf" may 
be due to the presence of an addit ional equi l ibr ium. 

SOf- + H + ; = ± H S O l . (21) 

T h i s br ings down the effective [ H + ] in the reaction 
mixture thereby increasing the rate of reaction. 

T h e observed decrease of rate wi th decrease of 
dielectric constant of the medium (Table 4) in confor­
mity wi th Laidler Eyring equation23* for ion-ion 
interactions. 
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Fig. 3. Plot of (a) Aobsd versus 1/[H+]2, (b) £0bsd versus 
1/[H+]. Temp 322.5 K, [Mn(III)]o=3.0X10-3 

moldm-3 , [His]o=4.0X10-2 mol dm"3, {[H2S04]+ 
[NaHS04]}=3.545 moldm"3, [Mn(II)]o=0.127 mol 
dm - 3 . 

In &=ln A« 
e* r (ZA+ZB)2 ZA

2 

2DABT L r^ rA 

ZB^ 

"̂B J 
(22) 

Aoo is the rate constant in a med ium of infinite dielect­
ric constant, ZA and ZB are the charge on the ion A and 
B of radii TA and TB, D the dielectric constant of the 
medium, &B=Boltzman constant, and r* is radius of 
the transi t ion state. 

References 

1) G. Davies, Coord. Chem. Rev., 4, 199 (1969). 
2) R. Ramaswamy, M. S. Venkatachalapathy, and H. V. 

K. Udupa, / . Electrochem. Soc, 110, 202 (1963). 
3) M. S. Venkatachalapathy, R. Ramaswamy, and H. V. 

K. Udupa, Bull. Acad. Pol. Sei., 6, 487 (1958); 7, 629 (1959). 
4) W. A. Waters and J. S. Littler in "Oxidation in 

Organic Chemistry," ed by K. B. Wiberg, Academic Press, 
New York (1965), p. 185. 

5) M. A. Beg and Kamaluddin, Acta Chimica, 86, (1975); 
Indian J. Chem., 13, 1167 (1975). 

6) Kamaluddin, Indian J. Chem., Sect. A, 19, 431 (1980). 
7) T. J. Kemp and W. A. Waters, / . Chem. Soc, 1966, 

339. 
8) M. S. Ramachandran, T. S. Vivekanandam, and S. 

Syed Kader, Indian J. Chem., Sect. A, 23, 379 (1984). 
9) R. R. Babu, P. Vani, and L. S. A. Dikshitulu, Indian 

J. Chem., Sect. A, 26, 1027 (1987). 
10) K. E. Heusler, / . Electrochem. Soc, 110, 703 (1963). 
11) D. N. Solanki, / . Indian Chem. Soc, 19, 473 (1942). 
12) M. S. Venkatachalapathy, R. Ramaswamy, and H. V. 

K. Udupa, Proc. Symposium on Electrolytic Cells, Central 
Electrochemical Research Institute, Karikudi, India 1961, p. 
147. 
13) R. G. Selim and J. J. Lingave, Anal. Chim. Acta, 21, 

536(1959). 
14) A. I. Vogel, "Quantitative Organic Analysis," ed by 

Longman and Green, London (1958), p. 708. 



December, 1990] Manganese(III) Sulfate Oxidation of L-Histidine 3631 

15) B. T. Gowda and R. V. Rao, Indian J. Chem., Sect. A, 
25, 908 (1986). 

16) R. Varadarajan and M. Joseph, Indian J. Chem., Sect. 
A, 19, 1977 (1980). 

17) E. J. Thomas and E. H. Randall, Inorg. Chem., 14, 
1027 (1975). 
18) H. Diebler and N. Sutin, / . Phys. Chem., 68, 174 

(1964). 
19) J. P. Fackler and I. D. Chawla, Inorg. Chem., 3, 1130 

(1964). 
20) G. F. Wells and G. Davies, / . Chem. Soc, 1967, 1858. 
21) H. D. Jakubke and H. Jeschkeit, "Amino Acids, Pep­

tides and Proteins," Wiley, New York (1977). 
22) W. A. Waters and J. S. Littier, "Oxidation in Organic 

Chemistry," ed by K. B. Wiberg, Academic Press, Inc., New 
York (1965), pp. 185—241. 
23) K. J. Laidler and H. Eyring, Ann. N. Y. Acad. Sei., 39, 

303 (1940). 



3632 © 1990 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 63, 3632—3634 (1990) [Vol. 63, No. 12 

Acidic Property and Catalytic Activity of Ti02-Si02-Al203 

K. R. SABU,* K. V. C. R A O , and C. G. R. NAIR+ 

Inter Disciplinary Research Group, Vikram Sarabhai Space Center, Trivandrum 695022, India 
depar tment of Chemistry, University of Kerala, Trivandrum 695034, India 

(Received January 8, 1990) 

The acidity evaluations using butylamine titration have been carried out to correlate the surface acidic 
properties of Ti02-Si02-Al203 catalysts with their alkylating activity. The acid amount of Ti02-Si02-Al203 
of silica to alumina molar ratio 16.4 and titania content 10.4% (by weight) is nearly double that of Si02-Al203 of 
the same silica to alumina molar ratio. The acid strength of Ti02-Si02-Al203 coprecipitated from a solution 
of pH 2 and the acid amount of the same ternary oxide coprecipitated from solutions of higher pH(>6) are low. 

Binary metal oxides such as Si02-Al2C>3, S i02 -MgO, 
S i02-Zr02 , and AI2O3-B2O3 have been used as solid 
acid catalysts since their surface acidic properties are 
well-known.1) Later many other combina t ions of 
metal oxides, viz Ti0 2 -Al 2 0 3 , 2 > Ti0 2 -ZnO, 3> S i 0 2 -
ZnO,4> S i 0 2 - T i 0 2 , 5 ' 6 ) Z n O - B i 2 0 3 , Al203-MgO,7> have 
been found to show remarkable acidic properties and 
catalytic activities, in various acid catalyzed reactions. 
But the surface acidic properties and catalytic activi­
ties of ternary oxide systems have not been studied 
elaborately. These systems, especially Ti02-SiC>2-Al203 

(Tisial) synthesized by coprecipi tat ion technique are 
found to be very efficient and regenerable catalyst in a 
wide range of alkylation reactions.8 '9) 

In the present paper, we report the acidity distribu­
tion of a series of T i 0 2 - S i 0 2 - A l 2 0 3 catalysts (synthes­
ized by coprecipitat ion method) the activities of which 
have been studied for the isopropylat ion of toluene 
with 2-propanol . Also a compar ison of the acid 
amoun t s and acid strengths of a synthetic S i02-Al20 3 

sample with that of these T i 0 2 - S i 0 2 - A l 2 0 3 have been 
made. T h e change in the acidity dis t r ibut ion of the 
ternary oxide with subsequent use in the isopropyla­
tion of toluene and regenerations is also investigated. 
T h e effect of calcination temperature on the surface 
acidic characteristics of T i 0 2 - S i 0 2 - A i 2 0 3 is also dis­
cussed in the l ight of the observed results. 

Experimental 

Materials: The materials used are sodium silicate (Scien­
tific chemicals), aluminium sulfate (A. R. grade), titanium 
tetrachloride (obtained from KMML Chavara), toluene 
(BDH), benzene (BDH), 2-propanol (BDH), butylamine (SD 
chemicals), nitric acid, and ammonia of chemically pure 
quality. The indicators used are neutral red (pk&=+6.8), 
methylred (p£a=+4.8), dimethyl yellow (p£a=+3.3) phenyl-
azodiphenyl amine (pÄa=+1.5) crystal violet (p&a—+0.8), di-
cinnamylideneacetone (p&a——3.0), benzylideneacetophe-
none (pk&=—5.6), and anthraquinone (pk&=—8.2). 

Preparation of Ternary Oxides: Samples of Ti02-Si02-
AI2O3 and Si02-Al203 were synthesized by coprecipiation 
method as referred elsewhere.9) The coprecipitations were 
carried out at different pH's (2, 4, 6, 7, and 8) and were 
designated as Tisial-2, Tisial-4, and so on. The TiÜ2-
Si02-Al203 sample was coprecipitated from a solution of 

pH 4. The precipitates were washed, extruded, dried 
(120 °C for 12 h), and calcined (600 °C for 6 h). The Tisial-4 
sample was also calcined at different temperatures viz 150, 
300, and 1000 °C. 

Measurement of Acidity: The acid amounts and strength 
of samples were measured by titrating the 100—200 mesh 
powder, suspended in dry benzene with butylamine solution 
in dry benzene using the above mentioned indicators. 

Measurement of Catalytic Activity: The isopropylation of 
toluene with 2-propanol were carried out in a fixed bed 
tubular reactor at 200 °C (LHSV 0.5 h - 1 ; toluene/2-propanol 
mole ratio 3; total reaction time 7 h). The reactor was fed 
under gravitational flow. The amount of catalyst used was 
25 g which corresponds to 60 ml in volume. The reactor, 
experimental and analytical procedures, and the method of 
calculation of percentage yields of alkylaromatics were the 
same as those employed in the previous work.9) 

Results and Discussion 

T h e acid strength of single oxides such as TiC>2, 
SiC>2, and Al2Ü3 are generally weak (H 0 >+3.3) with 
low acid a m o u n t values: 0.057 m m o l g - 1 for TiÜ2 of 
surface area 38.5 m 2 g - 1 , 0.109 m m o l g - 1 for SiC>2 of 
surface area 289 m 2 g - 1 , and 0.285 m m o l g - 1 for Ai20 3 

of surface area 190 m 2 g - 1 at H o ^ + 4 . 0 . 7 ) T h i s renders 
them impractical as acid catalysts. O n the other 
hand, a combinat ion of any two of these three single 
oxides are strong acids with fairly h igh acid amounts7* 
and the binary oxide S i02-Al20 3 is known to contain 
very strong acid sites (H0^~8.2).10) T h e creation of 
new acidic sites, on the surface of binary oxides which 
differ from those of componen t single oxides is well 
known.7 ) T h e acid a m o u n t at a certain acid strength 
per un i t surface area of the ternary oxide Ti02-SiC>2-
Al2Ü3 (Tisial) (Table 1) is larger than the sum of the 
acid amounts divided by the sum of the surface areas 
of the componen t oxides. Also when compar ing the 
acidity dis tr ibut ion of S i02 -Al20 3 and Tisial-4, it can 
be seen that the latter possesses nearly double the acid 
a m o u n t of the former. In addi t ion, almost the entire 
acid amounts of Tisial-4 is distr ibuted between acid 
strengths of H0

=—3 and HQ——5.6. T h u s our results 
indicate that new acidic sites which differ from those 
of T i 0 2 , S i 0 2 , A l 2 0 3 , and S i 0 2 - A l 2 0 3 are created on 
the surface of the ternary oxide Tisial . T h e large 
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Table 1. The Chemical Compositions and Acidity Distribution of Different Ti02-Si02-Al203 
Samples and Si0 2-Al 20 3 (Calcined at 600 °C) 

Si02/Al203 T i0 2 Surface area Acid amount (mmol g-1) at different p&a's 
o d i i i p i c 

Tisial-2 
Tisial-4 
Tisial-6 
Tisial-7 
Tisial-8 
Si02-Al203 

molar ratio 

47.6 
16.4 
8.7 
8.3 
8.2 

16.3 

%(by wt) 

9.1 
10.4 
11.8 
11.1 
8.7 
— 

m 2 g - l 

61.7 
100.0 
49.5 
46.0 
11.5 

135.0 

+6.8 

0.55 
0.63 
0.40 
0.40 
0.37 
0.35 

+4.8 

0.35 
0.63 
0.40 
0.40 
0.37 
0.35 

+3.3 

0.15 
0.63 
0.29 
0.28 
0.25 
0.35 

+1.5 

0.15 
0.63 
0.29 
0.28 
0.25 
0.35 

+0.8 

0.15 
0.63 
0.29 
0.28 
0.25 
0.35 

-3 .0 

0.15 
0.63 
0.29 
0.28 
0.25 
0.35 

-5 .6 

— 
0.15 
0.10 
0.09 
0.09 
0.35 

-8 .2 

— 
0.15 
0.03 
0.03 
0.02 
0.35 

variat ions in the acid amounts of different Tis ia l 
samples could be attr ibuted to the drastic change in 
the silica to a lumina molar ratio (Table 1), caused by 
the change in p H of the coprecipi ta t ing solut ion. It 
is to be noted that the acid strength of Ti02-SiC>2-
AI2O3 coprecipitated from a solution of p H 2 is low, 
similar to that reported in the case of Si02-Al2C>3 
coprecipitated at pH 2 . n ) 

Effect of Calcination Temperature on Acidity Dis­
tribution: T h e Tisial-4 sample calcined at 150 °C is 
devoid of very strong acid sites (H0<—5.6), bu t con­
tains a large a m o u n t of weak acid sites (H 0 >+3.3) and 
a l imited quant i ty of moderately weak acid sites (H0 

between +3.3 and —3) (Table 2). But on increasing 
the calcinat ion temperature to 300 °C the a m o u n t of 
weak acid sites decreased and strong acid sites 
appeared. Th i s could be due to the conversion of 
weak sites (Br0nsted sites) to stronger Lewis sites 
caused by the loss of water molecules from the surface 
as in the case of s i l ica-alumina. T h e Tisial-4 sample 
calcined at 600 °C is rich in very strong acid sites. 
But a further increase in the calcination temperature 
to 1000 °C rendered the sample negligibly acidic. 

Catalytic Activity: T h e ternary oxide system T iÜ2-
Si02-Al203 has been found to be a very effective 
catalyst in a wide range of alkylation reactions.8 '9) 
Our previous studies on the alkylation of toluene wi th 
2-propanol have shown that the activity in terms of 
the conversion of 2-propanol to alkylaromatics of 
different catalysts is in the order Tis ia l -4>Si02-Al203> 
Tis ia l -6>Tis ia l -7>Tis ia l -8 . 9 ) Since the acidity distri­
bu t ion of Tisial-4 sample varied with calcinat ion 
temperature also, the catalytic activity in the isopropyl-
at ion of toluene was studied with Tisial-4 catalysts 
calcined at different temperatures (Fig. 1). T h e opt i ­
m u m conversion of 2-propanol to alkylaromatics is 

Alkylaromatics 

Propylene 

0 100 200 300 400 500 600 700 800 900 1000 

Calcination temperature (°C) 

Fig. 1. The variation in the alkylating and dehy­
drating activities of Tisial-4 catalyst with calcina­
tion temperature. 

given by the Tisial-4 sample calcined at 600 °C. But 
it has been found that with all the samples calcined at 
600 °C studied, the a m o u n t of unreacted 2-propanol in 
the product mixture was found to be practically nil. 
However the a m o u n t of propylene produced as side 
product was h igh with the Tisial-4 catalyst calcined at 
150°C. T h i s suggests that the isopropylat ion of 
toluene (aromatic alkylation) requires sites of h igh 
acid strength where as the dehydrat ion of 2-propanol 
takes place even on the weakest acid sites. These 
results are in good agreement wi th the results observed 
by T . Yamaguchi et al.12) where weak acid sites of 

Table 2. Acidity Distribution of Tisial-4 Samples Calcined at Different Temperatures 

Temperature 
of calcination 

°C 

150 
300 
600 

1000 

+6.8 

0.66 
0.65 
0.63 
0.02 

+4.8 

0.55 
0.6 
0.63 
0.02 

Acid amount (mmol g" 

+3.3 

0.25 
0.35 
0.63 
0.02 

+1.5 

0.15 
0.30 
0.63 
0.02 

_1) at different p&a's 

+0.8 

0.15 
0.25 
0.63 
0.02 

- 3 

0.20 
0.63 
0.02 

-5 .6 

0.02 
0.15 
0.02 

-8 .2 

0.05 
0.02 
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Table 3. Acidity Distribution of Tisial-4. Samples After Different Number of Regenerations 

Number of 

régénéra tion 
cycles 

0 
3 
9 

+6.8 

0.63 
0.61 
0.30 

+4.8 

0.63 
0.61 
0.30 

Acid amount (mmol g~ 

+3.3 

0.63 
0.61 
0.30 

+1.5 

0.63 
0.61 
0.30 

_1) at different p&a's 

+0.8 

0.63 
0.61 
0.30 

- 3 

0.63 
0.61 
0.30 

-5 .6 

0.15 
0.13 
0.05 

-8 .2 

0.05 
0.03 
0.00 

en 
U •!—1 
•4-J 

a 
S 80 

o 
$H 

a 
5 70 
a 
0 
•4-J 

-3 60 

Ö 
a 
a 
2 50 

a 
cJj 
( - M 

O 40 

0 
• P H 

P H 

£ 30 
ö 
o 
U 
fcÇ 20 

10 

-

Xîisial-2 

o / S i 0 2 - A l 2 0 3 

y ^ Tisial - 6 
' Tisial-7 

i i i 

JB Tisial-4 

0-1 0-2 0-3 04 0-5 0-6 

Acidity (mmol g-1) at H0 ^ +1.5 

07 

Fig. 2. The correlation of acidity with alkylating 
activity of different catalysts in the isopropylation 
of toluene with 2-propanol. 

different solid acids were active in the dehydrat ion of 
4-methyl-2-pentanol. Also on compar ing the acidity 
with activity, it appears that the isopropylat ion of 
toluene requires acid sites of strength H 0 ^ + 1 . 5 . A 
linear activity to acidity correlation is obtained by 
p lo t t ing the acidity at H ^ + 1 . 5 of different samples of 
Tisial and Si02-Al203 against their i sopropyla t ing 
activity (Fig. 2). 

The Regenerability of Tisial-4: It has been found 
(Table 3), that even after three regenerat ion cycles the 
acidity distr ibution of Tisial-4 was remain ing 
unchanged. But after n ine successive regeneration 
cycles, the total acid a m o u n t of these catalyst had been 
reduced by more than 50% • These results are in good 
agreement with the activity decrease of Tisial-4 with 
repeated use in the isopropylat ion of to luene . n ) 

Conclusion 

New acidic sites which differ from those of TiC>2, 
SiC>2, AI2O3, and SiC>2-Al203 are created on the surface 
of T i02-S i02-Al203 . T h e p H of the coprecipi tat ing 
solution plays vital role in governing the acidity dis­
tr ibutions of T i02-S i02-Al203 . Decrease in the p H 
of the coprecipi ta t ing solut ion (pH<4) decreased the 
acid strength and increase of p H (pH>6) decreased the 
acid amount . T h e acid strength increased with the 
increase in calcination temperature. T h e aromatic 
alkylation requires sites of h igh acid strength 
(Ho^+1.5) . 
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The specific conductance of manganese(II) decanoate in DMF and 1-butanol was measured with a view to 
determine the critical micelle concentration (CMC), degree of dissociation, and dissociation constant. It was 
found that the soap behaves as a simple electrolyte and is ionic in nature. The CMC was found to be 
independent of the dielectric constant of the solvent. The ionic character of manganese(II) decanoate was also 
confirmed by spectrophotometric measurements. 

T h e study of transit ion metal soaps is becoming 
increasingly impor tan t in technological and academic 
fields. T h e physico-chemical characteristics and 
structure of metal soaps are controlled by the method 
and condit ions of their preparat ion, and so the studies 
of soaps are of great significance for their uses in 
various industries under different condit ions. T h e 
methods of preparat ion 1 - 7 ) and structural characteris-
tics8_13) of transit ion metal soaps were investigated. 
Varma et al.1415) determined the critical micelle con­
centration (CMC) of nickel, cobalt, and iron soaps at 
different temperatures conductometrically. Fogg 
and Pink1 6 ) carried out the electrical conductance and 
dielectric constant measurements for zinc, manganese, 
and copper soaps in 2-methyl- l -propanol and benzal-
dehyde. T h e IR spectra of the cobalt soaps, cobalt 
complexes, and copper soaps were investigated 
by Chuev and and Shchennikova,1 7 ) Kambe,18) and 
Kuroda,19) respectively. Zul'fugarly et al.20) studied 
the IR spectra of nickel, copper, and manganese naph -
thenates. T h e absorpt ion spectra of nickel and chro­
m i u m soaps in different solvents were studied by 
Malik and Ahmad.21>22) Tsuch ida et al.23) carried ou t 
the spectrochemical studies of the microscopic crystals 
of copper(II) alkanoates to establish the structure in 
solid state as well as in solutions. 

T h e present work deals with the characteristics and 
structure of the solutions of manganese(II) decanoate 
in DMF and 1-butanol us ing IR, spectrophotometr ic 
and conductometric techniques. 

Experimental 

Preparation of Soap. Manganese(II) decanoate was pre­
pared by adding a hot solution of potassium decanoate 
dropwise to an aquoous solution of manganese(II) acetate 
while the whole mass was continuously stirred at 50—55 °C. 
The precipitated soap was washed with hot water and 
acetone to remove the excess of metal ions and unchanged 
potassium decanoate. After initial drying in an air oven at 
60—65 °C the final drying was carried out under reduced 
pressure. The soap was purified by recrystallization with 
methanol. The purity of the soap was checked by elemen­
tal analysis, IR spectra and by determination of its melting 
point, 85 °C. The reproducibility of the results was checked 

by preparing two samples of the soap under similar 
conditions. 

Measurements. (A) Infrared Absorption Spectra: The 
IR absorption spectra of decanoic acid, potassium decanoate, 
and manganese(II) decanoate were recorded with a Perkin-
Elmer Model 577 Grating Spectrophotometer in a region of 
4000—400 cm - 1 using a potassium bromide disc method. 

(B) Spectrophotometry: The absorption measurements 
of the solutions of manganese(II) decanoate in DMF and 1-
butanol were carried out in the region of 350—940 nm with 
a Digital Toshniwal Visible Spectrophotometer (Model CL 
10 A 3) having wavelength reproducibility of ±1 nm. 

(C) Conductance: The conductance of the solutions was 
measured with a Toshniwal Digital Conductivity Meter 
(Model CL 01, 10 A) and a dipping type conductivity cell 
(cell constant : 0.90) with platinized electrodes at a constant 
temperature, (40+0.05 °C). The specific conductance and 
molecular conductance are expressed in S cm - 1 and in 
Scm2g-mol_1, respectively. 

Results and Discussinn 

(A) Infrared Absorption Spectra. T h e IR spectrum 
of manganese(II) decanoate was compared wi th those 
of potassium decanoate and decanoic acid (Table 1). 
T h e absence of water of crystallization in potassium 
and manganese(II) decanoate was confirmed by the 
absence of a band near 3500 c m - 1 in their spectra. 
T h e absorpt ion maxima, characteristic of the ali­
phat ic por t ion of the fatty acid molecules, remained 
unchanged on the formation of the soap from the 
corresponding acid. T h e absorpt ion bands near 
2660, 1680, 930, 690, and 550 cm-1 , observed in the 
spectrum of fatty acid, are associated with the carbox-
ylic g roup of the acid molecule. T h e absorpt ion 
band near 1680 c m - 1 revealed that the fatty acids 
possess dimeric structure wi th hydrogen bond ing 
between the two molecules of the fatty acid. These 
characteristic vibrations of the fatty acid were found to 
be completely absent in the spectra of the potassium 
and manganese soaps. In general, carboxylic acids 
on formation of metal soaps showed two impor tan t 
bands, one due to the asymmetric stretching vibration 
and the other due to the symmetric vibration of the 
carboxylate ion. These vibrations were observed near 
1550 and 1430 c m - 1 in the spectra of potassium and 
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Table 1. Infrared Absorption Frequencies (cm-1) Together with Their Assignments^ 

S.No. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 

Absorption 

CH3, C-H asymmetric stretching 
CH2, C-H asymmetric stretching 
CH2, C-H symmetric stretching 
OH, stretching 
C=0, stretching 
COO", C-O asymmetric stretching 
CH2, deformation 
COO", C-O symmetric stretching 
CH2, (adjacent to COOH group) deformation 
CH3, symmetric deformation 
Progressive bands (CH2 twisting and wagging) 
CH3 rocking 
OH, out-of-plane deformation 
CH2 rocking 
COOH bending mode 
COOH wagging mode 
Mn-O bond 

Decanoic 
acid 

2960 W 
2920 S 
2855 S 
2660 VS 
1680 VS 

— 
1470 M 

— 
1400 VS 
1350 W 

1270—1220 W 

mow 
930 VS 
720 VS 
690 M 
550 M 

— 

Potassium 
decanoate 

2940 W 
2910 S 
2840 S 

— 
— 

1550 VS 
1460 M 
1430 W 

— 
1330 W 

1300—1200 W 
1110 VW 

— 
720 VS 
— 
— 
— 

Manganese (II) 
decanoate 

2960 W 
2920 S 
2850 S 

— 
— 

1550 S 
1460 M 
1430 VS 
1420 S 
1330 S 

1280—1210 VS 
1100 W 

— 
730 S 
— 
— 

480 VS 

a) Key to abbreviation, VW=very weak, VS=very strong, S=strong, M=medium, W=weak. 

manganese soaps. 
T h e appearance of two absorption bands in the 

spectra of potass ium and manganese soaps, instead of 
one band observed near 1680 c m - 1 in the spectrum of 
fatty acid, indicates that the two C-O bonds of the 
carboxyl g roup of the soap molecules are identical and 
the resonance character of the ionized carboxyl g r o u p 
is retained in the soap. T h e results show that man-
ganese(II) decanoate is ionic in nature and metal-to-
oxygen bond of the soap has ionic character. 

(B) Spectrophotometry. T h e solutions of man-
ganese(II) decanoate in DMF and 1-butanol exhibit 
well defined absorption maxima at 370 n m (27027 cm - 1) 
and 490 n m (20408 cm - 1) . T h e absorption studies were 
also carried out with the solutions of manganese(II) 
acetate in DMF and 1-butanol and it was observed that 
the absorpt ion max ima for manganese(II) acetate 
solution also occur at the same wavelengths (370 and 490 
nm). T h i s shows that the behavior of manganese(II) 
decanoate in DMF and 1-butanol is similar to man-
ganese(II) acetate. 

Mn(II) possesses d5 electronic configuration and the 
same type of energy level diagram could be appl ied 
whether the metal ion is surrounded by tetrahedral or 
octahedral environments . T h e two observed bands 
correspond to 6Aig—>4Aig(G), 4Eg(G) (this pair of transi­
tion is degenerated in octahedral geometry) and 
6Aig—>4Eg(D) transit ions whose energies correspond to 

10B+5C and 17Z2+5C, respectively.24) A variation in 
these band energies provides a s imple measure of their 
nephelauxet ic ratio, ß.25) T h u s these transit ions have 
been used to calculate the values of various parameters 
(Table 2). Racah interelectronic repulsion parame­
ters, B and C were calculated from the observed max­
ima. T h e crystal field spl i t t ing energy parameter, Dq, 
nephelauxet ic ratio, ß, and percentage covalency, ô, 
were evaluated by using the relat ionships: 

B • = 1.1, 

B 
Bo' 

l-t 
ß 

X100, 

(1) 

(2) 

(3) 

where B0 is the value of the interelectronic repulsion 
parameter for free manganese(II) ion and is equal to 
960 cm - 1 . T h e value of ô may be positive or negative 
for covalent and ionic bonding , respectively. Henr ie 
and Choppin 2 6 ) suggested another bond ing parameter, 
b, given by the relat ionship: 

1-0 
&1/2Z 

1/2 

(4) 

T h e value of nephelauxetic ratio, ß, for manganese(II) 
decanoate is slightly less than uni ty and so the metal-
to-oxygen bond ing in the soap has very small covalent 

Table 2. Electronic Spectral Bands, Their Assignments and Various Parameters 
of Manganese(II) Decanoate 

Transitions 

V2 V3 

27027 cm-1 20408 cm"1 

(370 nm) (490 nm) 

Racah Parameters 

B C 

945.5 2190.6 

Dq 

1040 

Nephelauxetic 
ratio 

ß 
0.9849 

Bonding 
parameter 

0.086 

Percentage 
covalency 

ô 

1.53 
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Fig. 1. Optical density vs. concentration of man-
ganese(II) decanoate in DMF and 1-butanol. 
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Fig. 2. Plots of specific conductance vs. concentra­
tion of manganese(II) decanoate in organic solvents 
at 40+0.05 °C. 

character and this soap is almost ionic in nature. 
T h e small value of ô again confirms that the bond ing 
is ionic in nature. 

T h e plots of the optical density vs. soap concentra­
tion (Fig. 1) are characterized by an intersection of two 
straight lines at a concentrat ion which corresponds to 
the CMC of manganese(II) decanoate in DMF and 1-
butanol (0.0048—0.0047 mol dm-3). The plots are linear 
below the CMC which proves the validity of Beer-
Lambert ' s law in dilute solutions of the soap. It is 
evident that the spectrophotometr ic method can be 
used for the est imation of manganese content at Àmax in 
dilute soap solutions in organic solvents. 

(C) Conductance. T h e molecular conductance, ji, 
of the solutions of soap involves the effects of both the 
simple ions and the micelles and so the specific con­
ductance, K, is plotted against the soap concentrat ion, 
C, (Fig. 2) to determine the CMC. T h e specific con­
ductance of the solutions of manganese(II) decanoate 
in DMF and 1-butanol increases with increasing soap 
concentrat ion (Tables 3 and 4) which may be due to 
the ionization of manganese(II) decanoate into s imple 
metal cations Mn 2 + and fatty acid anions C9H19COO" 
in dilute solutions and due to the formation of 
micelles at higher soap concentrations. T h e plots of 
specific conductance vs. soap concentrat ion are char-

Table 3. Conductance Measurements of Manganese(II) Decanoate in DMF at 40.0±0.05 °C 

S. No. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

Concentration 

CX103 

mol dm - 3 

10.0 
9.5 
9.0 
8.6 
8.3 
8.0 
7.6 
7.1 
6.6 
6.2 
5.8 
5.5 
5.2 
5.0 
4.7 
4.3 
4.0 
3.7 
3.4 
3.2 

Specific 
conductance 

/cXIO6 

S cm - 1 

17.3 
16.8 
16.3 
15.8 
15.3 
14.9 
14.5 
13.7 
13.1 
12.5 
12.0 
11.5 
11.1 
10.8 
10.4 
9.9 
9.4 
8.9 
8.5 
8.0 

Molar 
conductance 

M 

Scm2g-mol_ 1 

1.73 
1.76 
1.81 
1.83 
1.84 
1.86 
1.90 
1.92 
1.98 
2.01 
2.06 
2.09 
2.13 
2.16 
2.21 
2.30 
2.35 
2.40 
2.50 
2.50 

Degree of 
dissociation 

a i 

0.48 
0.49 
0.50 
0.51 
0.51 
0.52 
0.53 
0.54 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 
0.62 
0.64 
0.66 
0.67 
0.69 
0.70 

Degree of 
dissociation 

« 2 

0.54 
0.55 
0.57 
0.58 
0.58 
0.59 
0.60 
0.61 
0.62 
0.63 
0.65 
0.66 
0.67 
0.68 
0.70 
0.73 
0.74 
0.76 
0.79 
0.79 

Dissociation 
constant 
£iX103 

4.5 
4.4 
4.6 
4.5 
4.4 
4.4 
4.5 
4.3 
4.5 
4.4 
4.5 
4.4 
4.5 
4.5 
4.6 
4.9 
5.0 
5.0 
5.4 
5.1 

Dissociation 
constant 
£2X104 

1.42 
1.38 
1.39 
1.34 
1.28 
1.24 
1.23 
1.13 
1.12 
1.07 
1.04 
1.01 
0.99 
0.99 
0.98 
1.02 
1.00 
0.97 
1.06 
0.94 
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S. No. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 

K. N. MEHROTRA and M. K. RA WAT [Vol. 63, No. 

Table 4. Conductance Measurements of Manganese(II) Decanoate in 1-Butanol at 40.0+0.05 °C 

Concentration 

CX103 

mol dm - 3 

10.0 
9.3 
8.8 
8.3 
7.8 
7.5 
7.1 
6.8 
6.5 
6.2 
5.7 
5.3 
5.0 
4.6 
4.4 
4.1 
3.9 
3.7 
2.8 
2.4 

Specific 
conductance 

/cXIO6 

S cm - 1 

2.68 
2.38 
2.19 
2.03 
1.92 
1.81 
1.72 
1.62 
1.56 
1.49 
1.37 
1.26 
1.19 
1.13 
1.07 
1.02 
0.98 
0.94 
0.78 
0.71 

Molar 
conductance 

M 

Scm2g-mol_1 

0.268 
0.255 
0.248 
0.244 
0.246 
0.241 
0.242 
0.238 
0.240 
0.240 
0.240 
0.237 
0.238 
0.245 
0.243 
0.243 
0.251 
0.254 
0.278 
0.295 

Degree of 
dissociation 

ai 

0.55 
0.53 
0.51 
0.50 
0.51 
0.50 
0.50 
0.49 
0.50 
0.50 
0.50 
0.49 
0.49 
0.51 
0.50 
0.51 
0.52 
0.52 
0.57 
0.60 

Degree of 
dissociation 

« 2 

0.74 
0.70 
0.68 
0.67 
0.68 
0.66 
0.67 
0.66 
0.66 
0.66 
0.66 
0.65 
0.66 
0.68 
0.67 
0.68 
0.69 
0.70 
0.77 
0.82 

Dissociation 
constant 
£iX103 

6.7 
5.5 
4.6 
4.1 
4.1 
3.7 
3.5 
3.2 
3.2 
3.1 
2.8 
2.4 
2.3 
2.4 
2.2 
2.1 
2.1 
2.1 
2.2 
2.3 

Dissociation 
constant 
K2X105 

62.3 
39.5 
30.4 
25.1 
23.9 
19.0 
18.3 
15.6 
14.2 
13.0 
10.9 
8.8 
8.4 
8.3 
7.0 
6.6 
6.4 
6.2 
6.2 
7.0 
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acterized by an intersection of two straight lines at a 
definite soap concentration indicating the beginning 
of the formation of ionic micelles at this soap concen­
tration. The values of the CMC are almost the same 
(0.0048—0.0047 mol dm"3) for the solvents studied. 

The molecular conductance, [x, of the solutions of 
manganese(II) decanoate decreases with the increasing 
soap concentration. The plots of \x vs. C1/2 indicate 
that Debye-Huckel-Onsagar's equation is not appli­
cable to these soap solutions and the limiting molecu­
lar conductance can not be determined by the usual 
extrapolation method. 

An expression for the dissociation of manganese(II) 
decanoate can be developed in Ostwald's manner. If 
C is the concentration (mol dm -3) and a is the degree 
of dissociation of manganese(II) decanoate, the equi­
valent concentrations of different species can be writ­
ten as: 

(C9Hi9COO)2Mn ^ Mn(C9Hi9COO)+ + C9Hi9COO", 
C(l—ai) Cai Cou 

(C9Hi9COO)2Mn^Mn2+ + 2 C9Hi9COO". 
C(\— 02) Cö2 C(X2 

The dissociation constants, K\ and K2, may be 
expressed as 

£1 = 

K2 = 

\—OL\ 

4C2a| 

1—«2 

(5) 

(6) 

Since the degree of dissociation of manganese(II) 
decanoate is small, ionic concentrations will be low 
and so the interionic effects are almost negligible. 
Therefore, the dilute solutions of soap do not deviate 

appreciably from ideal behavior and the activities of 
ions can be taken as almost equal to the concentra­
tions and the degree of dissociation may be replaced by 
conductance ratio, (JU/MO)- On substituting the value 
of a and rearranging, Eqs. 5 and 6 can be expressed as: 

/zC : Kiti 

M2C2 = 
K2IX* 

4M 

— Kifio, 

M?A:2 

(7) 

(8) 

The values of the dissociation constants, K\ and K2, 
and limiting molecular conductance, /x0, have been 
obtained from the slope and the intercept of the linear 
plots of /JLC VS. 1/jLt and [x2C2 vs. \/n, respectively. 

The values of the degree of dissociation, a\ and «2, 
lie between 0.48 to 0.70 and 0.54 to 0.79 in DMF and 
0.49 to 0.60 and 0.65 to 0.82 in 1-butanol, respectively. 
The results show that the soap behaves as a simple 
electrolyte in these solutions. 

The values of the dissociation constants, K\ and K2, 
obtained from the plots of jiC vs. \/[x and ji2C2 vs. l/fx 
are 4.2X10"3 and 1.1X10"4 for solutions in DMF and 
2.IXIO-3 and 7.IXIO-5 for solutions in 1-butanol, 
respectively. The higher values of dissociation con­
stants in DMF than 1-butanol are due to the high 
dielectric constant of DMF. The values of the disso­
ciation constants remain almost constant below the 
CMC and then change at higher soap concentrations 
due to the failure of Debye-Huckel's activity equa­
tions at higher soap concentrations. The plots of 
dissociation constant vs. soap concentration show a 
break at the CMC. The values of the CMC obtained 
from spectroscopic measurements are in agreement 
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with that obtained from conductance measurements. 
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Kinetics and Mechanism of Oxidation of Phosphinic, Phenylphosphinic, 
and Phosphonic Acids by Pyridinium Chlorochromate 
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Oxidation of the lower oxyacids of phosphorus by pyridinium chlorochromate (PCC) results in the 
formation of the corresponding higher oxyacids of phosphorus. The reaction is of first order with respect to 
PCC and the oxyacid. The reaction is catalyzed by hydrogen ions, k0bs=a+b[H+]. The reaction exhibited a 
substantial primary kinetic isotope effect. The rates in 19 different organic solvents have been analyzed using 
Kamlet-Taft's and Swain's equations. It has been found that the cation-sol va ting power of the solvents plays a 
predominant role. It is proposed that the "inactive" tautomer of the phosphorus oxyacids is the reactive 
species. Transfer of a hydride ion from the P-H bond to PCC, in the rate-determining step, has been proposed. 

T h e three lower oxyacids of phosphorus viz, phos-
ph in i c (1), pheny lphosph in i c (2), and phosphon ic (3) 
are known to exhibit tautomerism (Reaction 1)>2) 

H 
I K, 

R-P=0 ^=± R-P-OH (1) 
I I 

OH OH 

(A) (B) 

l : R = H ; 2 : R = P h ; 3 : R = OH 

Generally, tautomer (A) is called the " inact ive" 
tautomer and (B) the "act ive" one. T h e equ i l ib r ium 
constant, Kt, has3) a value ca. 10 -12 . Chromic acid4) 

oxidat ion of 1 has been reported to involve the 
"act ive" form as the reactive species. Recently, how­
ever, Sharma and Mehrotra5 ) reported that in the 
chromic acid oxidat ion of 2, it is not possible to 
p i n p o i n t the reactive form of the oxyacid. Moreover, 
in several oxidat ions the par t ic ipat ion of the " inac­
tive" form has been proposed e.g., oxidat ion by per-
manganate 6 ) and vanadium(V).7 ) Pyr id in ium chlo­
rochromate (PCC) is a versatile oxidant.8 ) We have 
previously reported the kinetics of oxidat ion of alco-
hols9) and hydroxy acids10) by PCC. There seems to 
be no report on the mechanism of oxidat ion of phos­
phorus compounds by PCC. In this paper, we report 
the kinetics of the oxidat ion of the three lower oxy­
acids of phosphorus by PCC in dimethyl sulfoxide 
(DMSO) as a solvent. T h e mechanistic aspects are 
discussed. 

Experimental 

Materials. The oxyacids were commercial products 
(Fluka) and were used as such. Their solution in DMSO 
was standardized, after dilution with water, by alkalimetry. 
PCC was prepared and purified as reported.8) p-
Toluenesulfonic acid (TsOH) was as a source of hydrogen 
ions. Organic solvents were purified by the usual 
methods.11) 

The P-H bonds in 1 and 3 were deuteriated by dissolving 
the acid in deuterium oxide (BARC, 99.4% purity) and 
evaporationg the excess of deuterium oxide and water in 
vacuo.12) The isotopic purity of deuteriated 1 and 3 as 

determined by their NMR spectra, were 91+5 and 93±4 
percents respectively. 

Stoichiometry. The oxidation of lower oxyacids of phos­
phorus by PCC leads to the formation of the corresponding 
higher oxyacids of phosphorus. Reaction mixtures, con­
taining a known excess of 1 or 2, were prepared. After the 
completion of the reaction, phosphonic and phenylphos-
phonic acid formed was determined by the reported 
method.13) To determine the stoichiometry of the oxida­
tion of 3, reaction mixtures containing a know excess of 
PCC were prepared and after completion of the reaction, 
residual PCC was determined iodometrically. 

Kinetic Measurements. Pseudo-first-order conditions 
were attained by keeping a large excess of the phosphorus 
compound over PCC. The solvent was DMSO, unless speci­
fied otherwise. The reactions were followed at constant 
temperature (±0.1 K), by monitoring the decrease in the 
concentration of PCC at 352 nm. Pseudo-first-order rate 
constants, &0bs, were evaluated from the least squares plots of 
log [PCC] against time. Duplicate kinetic runs showed 
that the rate constants were reproducible to within ±3%. 
The second order rate constants, &2, were evaluated from the 
relation h.2—&0bs/[oxyacid]. Corrections were applied to the 
rate constants of the deuteriated compounds for the ordinary 
hydrogen content. 

Results and Discussion 

T h e oxidat ion of 1 results in the formation of 3. 1 
is oxidized at ca. five times the rate of oxidat ion of 3. 
T o reduce the effect of further oxidat ion of 3 on the 
kinetics and stoichiometry of the oxidation of 1, the 
[oxyacid] was always kept in large excess over [PCC]. 

T h e oxidat ion exhibited a 1:1 stoichiometry (Table 
1 ) and the overall reaction may be written as Eq. 2. 

RH2PO2 + C5H5NHCr03Cl —• 

RH2PO3 + C5H5NHCr02Cl (2) 

T h e oxidat ion is first order wi th respect to PCC. 
T h e individual kinetic runs follow first order kinetics. 
Further, &0bs is independent of the initial concentra­
tion of PCC. T h e reaction is of first order with respect 
to the substrate also. T h e reaction is catalyzed by 
hydrogen ions (Tables 2—4) and the hydrogen ion 
dependence has the following form (Eq. 3). 
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Table 1. S toichiometry of the Oxidation 
of Phosphorus Oxyacids by PCC 

Table 3. Rate Constants of Oxidation of Phenyl-
phosphinic Acid by PCC at 298 K 

[PCC] 

mol dm~3 

0.020 
0.040 
0.050 

0.020 
0.050 
0.080 

[PCC] 

mol dm~3 

0.300 
0.300 
0.300 

[Oxyacid] [Product] 

mol dm - 3 mol dm~3 

Phosphinic acid 
0.50 0.019 
0.50 0.046 
0.50 0.056 

Mean=1.07±0.10 

Phenylphosphinic acid 
0.50 0.020 
0.50 0.061 
0.50 0.086 

Mean=1.10±0.13 

[Oxyacid] [Residual PCC] 

mol dm - 3 mol dm~3 

Phosphonic acid 
0.05 0.246 
0.07 0.228 
0.10 0.202 

Mean=1.03±0.05 

[Product] 

[PCC] 

0.95 
1.15 
1.12 

1.00 
1.22 
1.08 

A[PCC] 

[Oxyacid] 

1.08 
1.03 
0.98 

[PhH2P02] 

mol dm - 3 

0.02 
0.04 
0.06 
0.08 
0.12 
0.16 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.04 

103[PCC] 

mol dm - 3 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

2.0 
4.0 
6.0 
8.0 

10.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

[TsOH] 

mol dm - 3 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.2 
0.3 
0.5 
0.7 
1.0 
0.0 

104&obs 

S"1 

2.31 
4.57 
7.02 
9.25 

14.0 
18.4 
23.5 
23.0 
23.7 
22.2 
23.2 
22.3 
3.85 
5.40 
6.80 

10.3 
12.8 
18.0 
4.35a) 

Table 2. Rate Constants of Oxidation 
of Phosphinic Acid by PCC at 298 K 

[H3PO2] 

mol dm - 3 

103[PCC] 

mol dm - 3 

[TsOH] 

mol dm - 3 

105&o 

a) Conta ined 0.02 mo l d m - 3 acrylonitri le. 

Tab l e 4. Rate Constants of Oxida t ion of 
P h o s p h o n i c Acid by P C C at 308 K 

0.1 
0.2 
0.3 
0.5 
0.7 
1.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
2.0 
4.0 
6.0 
8.0 

10.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.2 
0.4 
0.6 
0.8 
1.0 
1.0 

12.0 
25.0 
35.2 
60.8 
83.2 

122 
62.3 
58.7 
60.3 
61.2 
62.0 
21.3 
31.0 
48.7 
67.8 
87.3 

104 
107a) 

[H3PO3] 

mol d m - 3 

103[PCC] 

mo l d m - 3 

[TsOH] 

mol dm - 3 

105&obs 

a) Contained 0.02 mol dm - 3 acrylonitrile. 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
2.0 
4.0 
6.0 
8.0 

10.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.2 
0.3 
0.5 
0.7 
1.0 
0.0 

7.42 
14.7 
22.2 
28.9 
44.1 
58.3 
73.0 
21.3 
23.1 
22.7 
21.8 
22.0 
34.5 
46.2 
60.9 
83.7 

110 
147 
22.7a) 

kobs = a + b[H+]. (3) 

T h e acid catalysis can be at tr ibuted to a pro tonat ion 
of P C C to yield a pro tonated Cr(VI) species which is a 
better oxidant and electrophile.9 '10) 

T h e oxidat ion of deuteriated 1 and 3 indicated the 
presence of a substantial p r imary kinetic isotope effect 
(Table 5) indicat ing the rup tu re of a P - H bond in the 
rate-determining step. 

T h e oxidat ion of the oxyacids, in an a tmosphere of 
ni trogen, failed to induce polymerizat ion of acryloni­
trile. Further the rate is not affected by the addit ion 
of acrylonitrile. Therefore, a one-electron oxidat ion, 

a) Contained 0.02 mol dm - 3 acrylonitrile. 

Table 5. Kinetic Isotope Effect in the Oxidation of 1 
and 3 [PCC] 0.001 mol dm"3, [1] 0.50 mol dm"3, 

[3] 0.80 mol dm-3, temp 298 K 

Acid 

1 
3 

lO^obs/s"1 

H D 

61.1 10.3 
58.3 9.10 

kn/kü 

5.90 
6.41 



3642 Monila SETH, Abha MATHUR, and Kalyan K. BANERJI 

Table 6. Rate Constants at Different Temperatures and Activation Parameters 
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Acid 

1 
2 
3 

298 K 

12.0 
115 

2.50 

104Ä2/dm3mol-1s-1 

308 K 

25.8 
221 

7.35 

318 K 

50.2 
402 
20.0 

323 K 

65.6 
530 

30.3 

AH* 

kjmol- 1 

52.2+0.9 
46.4+0.2 
77.8+0.7 

AS* 

Jmol- iK" 1 

-126+3 
-127+1 
- 53+2 

AG* 

kj mol"1 

89.6+0.7 
84.1+0.2 
93.5+1.0 

giving rise to free radicals, is highly unlikely. 
T h e rate of the oxidat ion was determined at differ­

ent temperatures and the activation parameters were 
calculated (Table 6). 

T h e oxidat ion of 2 was studied in 19 different 
organic solvents. T h e choice of solvents was l imited 
by the solubility of PCC and its reaction wi th pr imary 
and secondary alcolols. There was no noticeable 
reaction wi th the solvents used. T h e kinetics are 
similar in all the solvents. T h e values of second order 
rate constants, &2, are recorded in Table 7. 

T h e analysis of rate constant of oxidat ion, &2, in 17 
solvents (CS2 and acetic acid were not cosidered as the 
complete range of the solvent parameters were not 
available) in terms of linear solvation energy relation­
sh ip (LSER) of Kamlet and Taft,14) failed to yield any 
significant correlation. 

T h e data on solvent effect was analyzed in terms of 
Swain 's equation1 5) of cation-solvating and anion-
solvating concept also Eq. 4. 

\ogk2 = aA + bB + C. (4) 

A represents the anion-solvat ing power of the solvent 
and B the cation-solvating power. C is the intercept 
term. (A+B) is postulated to represent the solvent 
polarity.1 5 ) T h e results of correlation analysis in 
terms of Eq. 4, individually with A and B, and with 
(A+B) are given in Eqs. 5—8. 

Table 7. Effect of Solvent on the Oxidation of Phenyl-
phosphinic Acid by PCC at 298 K 

Solvent 

Chloroform 
Carbon disulfide 
1,2-Dichloroethane 
Dichloromethane 
DMSO 
Acetone 
AT,AT-Dimethylformamide 
2-Butanone 
Nitrobenzene 
Benzene 
Cyclohexane 
Toluene 
Acetophenone 
Te trahy drof uran 
J-Butyl alcohol 
Dioxane 
1,2-Dimethoxyethane 
Acetic acid 
Ethyl acetate 

lO^/dmSmol- i s" 1 

802 
11.2 

161 
156 

1150 
160 
444 
117 
236 
48.1 

1.30 
28.8 

330 
73.1 
28.4 
82.7 
23.1 

3.75 
45.5 

log k2 = 0.44 A + 2.82 B - 0.09 

r2 = 0.9373; sd = 0.20; n= 19; i/f = 0.19 

log&2 = 2 .03( / l+ß) -1 .93 

r2 = 0.6788; sd = 0.44; n= 19; iA = 0.55 

log k2 = 0.04 ^ + 1.85 

r2 = 0.0001; sd = 0.78; n = 19; I/J= 1.63 

log k2 = 2.79 ß + 0.05 

r2 = 0.9252; sd = 0.21; rc = 19; iA = 0.20 

(5) 

(6) 

(7) 

(8) 

Here n is the number of data points and \js is Exner's 
statistical parameter.16) 

T h e analysis in terms of Swain 's equation1 5) indi­
cated that ca. 94% of the data is explained on the basis 
of Eq. 4. A comparison of Eqs. 5 and 8 indicates that 
the cation-solvating power of the solvents plays the 
major role. B alone accounts for ca. 93% of the data. 
T h e value of Exner's \ji points to a fair correlation in 
both Eqs. 5 and 8. 

Mechanism. Compounds 1 to 3 exist in two tauto­

meric forms.12) A mechanism can be writ ten assum­

ing the " inact ive" form to be reactive species (Eq. 9). 

RHP(0)OH + PCC —=-• Products. (9) 

T h e reaction sequence in Eqs. 1 and 9 leads to the 
rate Eq. 10. 

-d[PCC] _ fe2a[PCC] [RHP(Q)OH]o 
d* l+Kt 

(10) 

where [ R H P ( 0 ) O H ] o represents the init ial concentra­
tion of the phosphorus oxyacid. Since \^>Kt, Eq. 10 
is reduced to Eq. 11. 

-d[PCC]/dt = M P C C ] [RHP(O)OH]0 . (11) 

Eq. 12 represents the alternate mechanism involving 
the "active" tautomer 

PCC + RP(OH)2 • Products. (12) 

T h e rate law for Eqs. 1 and 12 is given by Eq. 13. 

-d[PCC] &2b£t[PCC] [RHP(O)OH]0 

d* \+Kt 
(13) 

In view of the relation 1^>KU Eq. 13 is reduced to Eq. 
14. 

-d[PCC]/d* = &2b£t[PCC] [RHP(O)OH]0 . (14) 

T h e two rate equat ions are thus experimentally 
indis t inguishable and confirm to the observed rate 
law. If Eq. 12 represents the mode of oxidat ion of the 
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oxyacids of phosphorus by PCC, then the experimen­
tal second order rate constant, h,2—k2bK\.. T h e value of 
Kt is of the order of 10"12. T h u s the value of rate 
l imi t ing constant &2b should be of the order of 1010 to 
1012. T h i s rate constant thus exceeds/equals the rate 
constants of diffusion-controlled reactions.17) Hence 
it is h ighly unlikely that the "active" form of the 
oxyacids participates in the oxidation process. 
Further, the rate constant for the conversion (A) to (B) 
(Eq. 1) is likely to be smaller than the rate of 
oxidat ion. 

T h e presence of a substantial pr imary kinetic iso­
tope effect in the oxidat ion of 1 and 3 confirms the 
rup ture of the P - H bond in the rate-determining step. 
A one-electron oxidat ion, giving rise to the free radi­
cals, is not likely, in view of the failure to induce 
polymerization of acrylonitrile. T h e analysis of sol­
vent effect indicated the importance of cation-
solvating power of the solvent. Therefore, it is p ro­
posed that the rate-determing decomposit ion of the 
complex involves transfer of a hydride ion from the 
substrate to P C C (Eq. 15). T h e large value of the 
pr imary kinetic isotope effect supports an intermolec-
ular hydride ion transfer in the rate-determining step. 

OH O 0-PyH+ 
^ L ^ . V,/ s,ow 

R-P=0 + Cr • 
I / / \ 

H O Cl 
R-P (0)OH + (HOCrOC10PyH)- (15) 

Cr(IV) 

R-P (0)OH + ( H O C r O C 1 0 P y H ) - - ^ ^ 

RP(0)(OH)2 + CrOC10PyH (16) 

It has been shown that bo th PCC1 8 ) and pyr id in ium 
fluorochromate (PFC)19) act as two-electron oxidants 
and are reduced to Cr(IV) species. T h e nature of the 
reduction products of PFC and PCC were established 
as Cr(IV) species by determining the oxidat ion state of 
ch romium, magnet ic susceptibility, ESR, and IR 
studies.18'19^ 

In the chromic acid oxidat ion of phosph in ic acid, 
Sen G u p t a and Chakaldar4 ) postulated the part icipa­
tion of the "active" tautomer in the oxidat ion process. 
However, no evidence has been presented and the 
authors have not taken into consideration the small 
value of Kt. Recently Sharma and Mehrotra5 ) 

reported that in Cr(IV) oxidat ion, it is not possible to 
p i n p o i n t the reactive form of 2. Format ion of a 
p h o s p h o n i u m ion in the rate-determining step has 
been postulated by earlier workers.4'5* 

T h e faster rate of oxidation of pheny lphosph in ic 
acid can be attr ibuted to the stabilization of the phos­
p h o n i u m ion by phenyl g roup th rough resonance. 
T h e lower rate of oxidation of phosphon ic acid may 
well be at tr ibuted to the e lectron-withdrawing nature 
of a hydroxyl group. 

T h a n k s are due to Council of Scientific & Industr ial 
Research and University Grants Commiss ion (India) 
for the financial support . 
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A study has been made of the acid-catalysed aquation reactions of three complex ions of the general formula 
[Cr(XX)2(C03)]3~, where XX=oxalate, malonate, or methylmalonate, by stopped-flow spectrophotometry in the 
acid range 0.1—2.0 M (M=moldm - 3) and 20—35 °C at an ionic strength of 2 M. Only the ring-opening 
reaction of the carbonate is observed, &=2.12, 3.28, and 4.02 M_ 1 s_1 at 25 °C respectively for oxalato, malonato, 
and methylmalonato complexes as the subsequent decarboxylation is too fast to measure. The observed trend 
was explained in terms of the basicity of the coordinated inert ligands. 

Harr is and co-workers have studied extensively the 
aqua t ion of several anionic1 '2* and cationic3 ) carbonato 
complexes of cobalt(III) and firmly established that 
the mechanism involves r ing open ing of the chelated 
carbonate catalyzed both by water and hydron ium ion, 
followed by a rapid decarboxylation. A similar 
mechanism was suggested for the aqua t ion of bis-
(oxalato)carbonatochromate(III).4) 

T h i s paper now reports in detail the kinetic 
investigations of the acid-catalyzed aqua t ion of bis-
(oxalato)carbonatochromate(III) , bis(malonato)car-
bonatochromate(III) , and bis(methylmalonato)car-
bonatochromate(III) and offers a possible explana­
tion for the variation in the kinetic lability. 

Experimental 

Preparation of the Complexes: Potassium cis-bis(oxalato)-
diaquachromate(III) dihydrate was prepared by the method 
of Palmer.5) The malonato and methylmalonato ana­
logues as their trihydrates were prepared by the method of 
Chang.67) The purity of the complexes was confirmed by 
microanalysis and UV-visible spectra agreed closely with 
those given in literature.6-8) 

The carbonato complexes were prepared according to the 
method of Keim et al.4) by gradually adding solid K2CO3 to a 
stirred solution containing 1 g of the aqua complex in 10 ml 
of water until a pH of 8.5 was attained. After stirring for 
ten minutes the solution was cooled in an ice bath and 
ethanol was added until a green precipitate (bluish green in 
the case of malonato and methylmalonato complexes) was 
formed. The crystals were filtered off and washed thor­
oughly with ethanol followed by ether. The purity of the 
complexes was checked by analysing the samples for carbon, 
hydrogen, chromium, and potassium. 

All the other chemicals used were of reagent grade and 
distilled water redistilled twice with a little addition of 
NaOH and KMn04 was used for the preparation of all the 
solutions. 

The UV-visible absorption spectra of these complexes 
were recorded using a Shimadzu UV-260 UV-visible record­
ing spectrophotometer. The absorption maxima and the 
extinction coefficients of the carbonato complexes and their 
aquation products are tabulated (Table 1). 

The infrared spectra of these carbonato complexes were 

obtained by means of the KBr disc technique with a Perkin-
Elmer 1430 IR spectrophotometer. The C-O stretching 
frequencies of the bidentate carbonate for the Cr(III) com­
plexes prepared appear at 1040 and 780 cm - 1 for oxalato, 
1030 and 760 cm"1 for malonato, and 1020 and 740 cm"1 for 
methylmalonato complexes which compare well with the 
reported C-O stretching frequencies of a series of carbonato 
cobalt(III) species1-3) and bis(oxalato)carbonato chro-
mate(III).4) The C-O stretching frequency at 1593 cm - 1 for 
CO|" is masked by the strong band of the coordinated 
carboxylato group. 

Kinetics: The acid hydrolysis of [Cr(XX)2(C03)]3" 
(XX=oxalate, malonate, and methylmalonate) was investi­
gated using a Hi-Tech stopped-flow spectrophotometer 
equipped with an Apple II data aquisition system. The 
reactions were monitored at 300, 260, and 250 nm for oxa­
lato, malanato, and methylmalonato complexes respectively 
where the absorbance difference between the carbonato com­
plexes and aquated products are maximum. The visible 
absorption spectra of the products correspond to the eis 
isomers of their diaquodicarboxylato complexes. The H + 

concentration was regulated with HCIO4 and the ionic 
strength was kept at 2 M using sodium Perchlorate. The 
concentration of the complexes was maintained at 1.0X10-3 

M throughout the course of investigation. The absorbance 

Table 1. Absorption Maxima and Molar Extinction 
Coefficient Values of [Cr(XX)2(C03)]3-, 

Their Aquation Products and 
«s-Cr(XX)2(H20)2 

A.A. /tmax £max A raax £max K . e i . 

Cr(XX)2(C03)3~ 
Oxalate 416.8 107.4 580.0 74.0 This work 

413.3 102.0 578.6 72.0 4 
Malonate 418.4 53.0 574.0 53.5 This work 
Methylmalonate 422.0 66.0 578.8 70.0 This work 

Aquation Products of Cr(XX)2(C03)3" 
Oxalate 413.5 65.0 560.2 50.0 
Malonate 415.3 41.8 566.1 47.8 
Methylmalonate 420.2 50.0 565.3 58.0 

cw-Cr(XX)2(H20)2 
Oxalate 415.0 64.5 560.0 50.6 8 
Malonate 415.0 42.0 566.0 47.9 7 
Methylmalonate 419.0 50.9 567.0 58.1 6 



December, 1990] Acid Hydrolysis of Bis(dicarboxylato)carbonatochromate(III) Complexes 3645 

7-5 

6 -0 

~ 4-5 
m 

\ 
O 

^ 3-0 

1.5 

o 

-

êT. i 

A 9 

i i 

i / 

i i / 

n i . 

/ A 

_..J 
0-5 l-O 2 - 0 

TH+l/M 

Fig. 1. Effect of [H+] on rate constant. 
[Cr(XX)2(C03)3-]=l.OXIO-3 M, temp=25°C, M=2.0 
M, XX= methylmalonate(I); malonate(II); oxalate-
(III). 

time-data were transferred to computer diskets and the rate 
constants were then computed using a standard least square 
program. 

Results and Discussion 

Prel iminary studies were made of the rate of aqua­
tion at 25 °C for each of the three complexes at 
[H + ]=1 .0 M with the complex ion concentrat ion var­
ied between the l imits 1.0X10"3 and 5.0X10"3 M. T h e 
values of the rate constants were identical wi th in +5% 
conf i rming the expectat ion that the reaction is first-
order in complex ion concentrat ions. In all the sub­
sequent runs , this concentrat ion was kept at 1.0X10"3 

M. 
Examples of the effect of hydrogen ion concentra­

tion on the rate of aqua t ion are shown in Fig. 1. 
Each po in t in the g raph represents the mean value of 
10 runs . From these plots , it is seen that the rate of 
aqua t ion of [Cr(XX)2(C03)]3~ can be expressed by a 
simple second-order equat ion: 

- d[C]/d* = £obs[C] = £a[H + ][C] (1) 

where [C] is the concentrat ion of the complex. 
These results could be explained in terms of the 

following mechanism which was proposed earlier 
for the acid hydrolysis of several anionic1 '2* and 
cationic3) carbonatocobalt(III) complexes and for 
bis(oxalato)carbonatochromate(III)4 ) and can be 
expressed as: 

[Cr(XX)2(HC03)(H20)]2-

- ^ [Cr(XX)2(OH)(H20)]2- + C 0 2 (3) 
fast 

[Cr(XX)2(OH)(H20)]2-

^ [ C r ( X X ) 2 ( H 2 0 ) 2 ] - (4) 
H + 

According to this reaction sequence the expected rate 
expression should be: 

U s = ÄI[H+] , if Äi[H+] < k2, (5) 

and 

Äob. = fa, i f£ i [H + ]>& 2 . (6) 

From the observed [ H + ] dependence, &0bs should equal 
to ki. Tab le 2 gives the second order rate constants, 
ki determined from the slopes of the plots, [ H + ] vs. &0bs 
at three different temperatures together with the 
enthalpies and entropies of activation calculated from 
Eyring plots. 

It is clear from the mechanism proposed above, that 
the &obs values should increase linearly with [ H + ] and 
then level off to a constant value at h igh acidity i.e., ki 
[ H + ] ^>fe. T h i s constant value should represent the 
rate constant for decarboxylation of the aqua(hydro-
gencarbonato) species, fe in Eq. 3. Th i s suggests that 
the rate of decarboxylation of the aqua(hydrogencar-
bonato) species is much faster than the rate of r ing 
opening . Since the decarboxylation occurs by 
carbon-oxygen bond fission, the reactivity is not 
expected to depend on the nature of the central metal 
a tom. Harr is et al.1,2) obtained a value of 55 s _ 1 

for the decarboxylation of [Co(nta) (HC03)(H 2 0)]~ 
(nta=ni t r i lo t r iacet ic acid) and Co(edda) (HC03)(H 2 0) 
(edda=ethylenediamine diacetic acid). Assuming 
this value for the decarboxylation of [Cr(XX)2(HC03)-
(H2O)]2" and from r ing-opening rate constants, k\ 
which are 2.12, 3.28, and 4.02 M ^ s " 1 respectively for 
oxalato, malonato , and methylmalonato complexes, 
the &obs values for these complexes at 2 M [ H + ] are 
calculated. These values are 4.24, 6.56, and 8.04 
s - 1 for oxalato, malonato , and methylmalonato corn-

Table 2. Rate Parameters for the Acid-Catalyzed Ring 
Opening of [Cr(XX)2(C03)]3- M=2.0 M 

[Cr(XX)2(C03)]3- + H 3 0 + 

- ^ [Cr(XX)2(HC03)(H20)]2- (2) 

Substrate 

Cr(ox)2(C03)3" 

Cr(mal)2(C03)3" 

Cr(Mmal)2(C03)3-

Temp 

°C 

20 
25 
30 
25 
30 
35 
25 
30 
35 

ki 

M-is"1 

1.43+0.05 
2.12+0.08 
3.56+0.10 
3.28+0.06 
4.68+0.11 
5.96+0.16 
4.02+0.10 
5.25+0.12 
7.30+0.21 

AH* 

kcal M"1 

14.7+0.1 

10.1+0.2 

7.3+0.1 

-AS* 

eu 

7.5+0.4 

22.2+0.5 

31.0+0.1 
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Table 3. Rate Parameters for the Acid-Catalyzed Ring Opening of Some Chromium(III) 
and Cobalt(III) Carbonato Complexes'0 

\^OIIl|JlCX 

Co(nta)(C03)2-
as-Co(edda)(C03)~ 
^ran5-Co(edda)(C03)-
Co(trien)(C03)+ 

Co(trien)(C03)+ 

Co(en)2(C03)+ 

Co(tren)(C03)+ 

Cr(ox)2(C03)3-
Cr(mal)2(C03)3-
Cr(Mmal)2(C03)3-
Cr(ox)2(C03)3-

ki 

M-H-1 

47 
118 

2.4 
5.2 
0.2 
0.6 
2.0 
2.1 
3.3 
4.0 
2.0 

AH* 

kcal M"1 

18.6 
12.0 
10.8 
15.0 
17.0 
13.8 
11.1 
14.7 
10.1 
7.3 

14.7 

AS* 

eu 

+11 
- 8 
- 2 0 
- 5 
- 5 
- 7 
- 2 0 
- 8 
- 2 2 
- 3 1 
- 8 

Average 

P#a 

4.7 
5.9 
5.9 
7.3 
7.3 
8.0 
9.5 
2.8b) 

4.3b) 

4.5b) 

— 

Ref. 

1 
2 
2 
3 
3 
3 
4 

This work 
This work 
This work 

5 

a) en : Ethylenediamine, trien : Triethylenetetramine, edda : Ethylenediaminediacetato (2—), 
nta : Nitrilotriacetato (3—), tren : Tris(2-aminoethyl)amine. b) Ref. 9. 

plexes, respectively. T h u s at the highest acid concen­
tration of 2 M [ H + ] studied, the fe values are nearly 14, 
8, and 7 times greater than ki, which satisfies our 
experimental observation that the second step of the 
aqua t ion process is very fast. 

It is of interest to compare the rate parameters 
for the acid-catalyzed r ing-opening processes of 
[Cr(XX)2(C03)]3~ with those of various anionic and 
cationic carbonatocobalt(III) complexes since the rates 
of aqua t ion of cobalt (III) complexes do not differ very 
m u c h from those of chromium(III ) complexes. 
Table 3 gives the rate parameters for the aqua t ion of 
several cobalt(III)- and chromium(III)-carbonato com­
plexes. It is clear from the table that with cobalt(III) 
complexes, neither do considerations of overall charge 
on the complex nor l igand basicity afford clear cut 
correlation of reactivities. It was suggested that the 
relative magni tudes of the rate constants for the acid-
catalyzed r ing open ing of chelated carbonato com­
plexes include a stereochemical component.2) T h e 
influence of the electronic structure of the inert 
l igand, at least as evidenced by the type of pKa data 
quoted is not yet clearly delineated for this type of 
reactions. However, wi th chromium(III)-carbonato 
complexes, the present studies revealed that there is a 
good correlation between the rate of r ing-opening and 
average pAVs of the inert l igands. T h e increase in 
basicity of the inert l igands from oxalate to methyl-
malonate increases the negative charge on the central 
ch romium atom by inductive effect which in turn 
increases the basicity of O*. T h i s will weaken the 
C r - O bond and also facilitates hydrogen bond ing in 
the transi t ion state. 

O* 

(XX)2—>Cr 
/ 

\ 
x>o 

o* 
XX=oxalate, malonate, or methylmalonate. 

T h e AH^ values presented in the table clearly reflect 
the explanat ion given for the observed trend in the 
rate constants. It is interesting to note that a similar 
trend in the rate constants was observed in the aqua­
tion of [Cr(XX)3]3"(XX=oxalate, malonate , and 
methylmalonate) and was explained in terms of the 
basicity of dicarboxylato ligand.10) Hence the present 
studies reveal that the rate of r ing-opening depends on 
the electronic structure of the inert ligand. 
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A new inorganic ion exchanger, anilinium zirconium(IV) phosphate (AZP), has been prepared under 
varying conditions. The effects of mixing ratio of reagents and the pH of the mixture on the ion-exchange 
properties of the material have been studied. The detailed studies, such as ion-exchange capacity, chemical 
and thermal stabilities, chemical composition, pH titration, and IR analysis were made. Distribution 
coefficients of metal ions have been studied in water, nitric acid, 1,4-dioxane, aqueous ammonium nitrate, 
thiourea-nitric acid, and thiourea-hydrochloric acid media. Some analytically important separations of metal 
ions have been achieved on the small columns of AZP. 

Synthesis of new inorganic ion exchangers is always 
of interest because of their versatility in separation 
science. The i r analytical impor tance is now firmly 
established due to h igh selectivity, thermal stability 
and resistivity to radiat ions. T h e inorganic ion 
exchangers based on zirconium have been studied. 
Hasegawa et al.1* have used cyclohexylammonium 
form of a-zirconium phospha te in nickel(II) ion-
exchange. Kobayashi2) has synthesized y-NJHUZrH-
(PÛ4)2 and investigated ion-exchange properties of y-
Zr(HP04)2 • 2H2O. Hahn and Klein3) introduced organic 
amine ions in place of potass ium ions in potassium 
cobalt(II) hexacyanoferrate(II) and found that the 
amine compounds have excellent exchange properties 
for 137Cs. A m m o n i u m tin(II) hexacyanoferrate(II),4) 

a m m o n i u m tin(IV) hexacyanoferrate(II),5) an i l in ium 
tin(IV) phosphate, 6 ) tin(IV) diethanolamine, 7 ) and 
iron(III) d ie thanolamine 8 ) have been prepared and 
reported for the selective separat ion of metal ions. 

T o develop a new inorganic ion exchanger, we have 
synthesized an i l in ium zirconium(IV) phosphate (AZP) 
by mix ing ZrCl 2 0 • 8H2O and (CeHsNHs^HPO^ Ion 
exchange characteristics and analytical appl icat ions 
of the new ion-exchange material were investigated. 

Exper imenta l 

Reagents. Zirconium(IV) dichloride oxide octahydrate 
(CDH, India), aniline, and orthophosphoric acid (Ranbaxy, 
India) were used. All other reagents were of analytical grade. 

Apparatus. Perkin Elmer model 552 for spectropho­
tometry, Systronic digital pH meter for pH measurements 
and Perkin Elmer model 599 B Spectrophotometer for IR 
studies, were used. An electric rotary shaking machine 
IEC-56 was used for shaking. 

Synthesis of the Exchanger. An excess of aniline (ca. 5 
cm3) was added dropwise to 10 cm3 of 1 mol dm - 3 orthophos­
phoric acid solution with constant stirring to prepare di­
anilinium hydrogen phosphate ( C Ô H O N H S ^ H P O ^ Then 
dianilinium hydrogenphosphate was dissolved in hot 
demineralized water (DMW) and diluted to 200 cm3. This 
solution was added to 0.1 mol dm - 3 zirconium(IV) dichlo­
ride oxide octahydrate solution with constant stirring, as 
outlined in Table 1. The pH of the sample solution in 

Table 1. Synthesis and Properties of Anilinium 
Zirconium(IV) Phosphate (AZP)a) 

Sample Volumeb; 

pH 

Ion-exchange 
capacity for K+ Yield 

iNO. 

AZPi 
AZP2 

AZP3 

AZP4 

AZP5 

cm3 

50 
100 
200 

50 
50 

1 
1 
1 
2 
3 

mequiv g - 1 

1.87 
1.56 
1.42 
1.48 
1.36 

g 

1.22 
2.36 
3.48 
1.21 
1.17 

a) Appearance of precipitate was white gelatinous and 
appearance of beads after drying at 60 °C, was white. 
b) Volume of 0.1 mol dm - 3 zirconium(IV) dichloride 
oxide solution mixed with 200 cm3 of 5X10~2 mol dm - 3 

(C6H5NH3)2HP04 solution. 

each case was adjusted by adding hydrochloric acid solution 
dropwise. After 24 h the product was filtered, washed with 
DMW and finally with 25% ethanolic DMW to remove the 
excess of aniline, and dried at 60 °C. The material broke 
into small particles when immersed in DMW. The product 
was ground and sieved to 60—100 mesh and was then treated 
with 1 mol dm - 3 nitric acid for 24 h with occasional shaking 
and renewal of the acid. The excess of the acid was 
removed after several washings with DMW. Finally, the 
exchanger (AZP) were obtained by drying the product at 
60 °C. 

Ion Exchange Capacity. The ion-exchange capacity of 
various samples of AZP was determined by the column 
method (Table 1). One gram exchanger was taken in the 
column of 7.2 mm (i.d.). The H + ions were eluted by 
percolating 1 mol dm - 3 potassium chloride solution through 
the column. The feed was passed until its pH became 
equal to that of the effluent. The hydrogen ions so eluted 
were titrated against standardized 0.1 mol dm - 3 NaOH. 

Chemical Analysis. The well-powdered exchanger, 
AZPi (0.5 g) was fused with a 1:1 mixture of potassium 
carbonate and sodium carbonate. The fused mixture was 
extracted with hot water, the undissolved portion was 
ignited and weighed as Zr02.9) The diphosphorus pentox-
ide present in the dissolved portion was precipitated as 
ammonium molybdophosphate, filtered and determined 
gravimetrically.10) To determine the content of aniline, 
another 0.5 g sample of the exchanger was introduced into a 
Kjeldahl digestion flask. After digestion, 25 cm3 potassium 
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hydroxide solution (50%) was added dropwise. The amine 
distilled into 50 cm3 boric acid solution (1%) was titrated 
with 0.1 mol dm - 3 HCl using a mixed indicator (Bromo-
cresol Green and Methyl Red).11) 

IR Spectra. IR spectrum of sample AZPi was obtained 
by KBr disc method. 

Chemical Stability. A two hundred milligram of the 
material (AZPi) was shaken with 20 cm3 of the various 
solutions at 30+2 °C for 6 h. Amounts of zirconium, phos­
phorus and aniline released into the solution were deter­
mined spectrophotometrically with Alizarin Red S,12> molyb-
dovanadophosphoric acid,13* and iron(III) nitrate,14) respectively. 

pH Titration. Topp and Pepper's15* method was used 
for pH titrations using NaOH-NaCl system. A two 
hundred milligram samples of dry exchanger (AZPi) were 
shaken with 20 cm3 portions of 0.1 mol dm - 3 (NaCl + 
NaOH) cationic solution at 30+1 °C. The concentration 
ratio of NaCl/NaOH was varied from 0.096 mol dm"3/0.004 
mol dm - 3 to 0.004 mol dm-3/0.096 mol dm - 3 . After equili­
brium (6 h), the pH values of the supernatant solution of 
each flask was recorded and plotted against the meq of OH" 
added per 0.2 g of dry exchanger. 

Batch Equilibrium. The relative affinities of the exchanger, 
for 21 metal ions were studied by batch equilibrium16* on the 
AZPi beads in aqueous media of different systems. A quar­
ter gram of the exchanger (60—100 mesh) was equilibrated 
with 25 cm3 cation solutions (4X10-3moldm-3) at 30+1 °C 
for 6 h in 100 cm3 Pyrex conical flask. Then exchanger was 
allowed to settle for 1 h, a 5 cm3 aliquot of the supernatant 
liquid was carefully withdrawn with a pipette. The 
amounts of Ag+, Au3+, Cr6+, Pt4+, Ru3+, and Mo6+ were 
determined spectrophotometrically,17* the rest of the metal 
ions were determined by EDTA titrations. The distribu­
tion coefficients (Kà values) were calculated from the follow­
ing equation 

Amount of metal ion in exchanger phase per gram 
Amount of metal ion in solution phase per cm3 

Column Separations. Quantitative separations of some 
important metal ions of analytical utility were achieved on 
the columns of AZPi. Two grams of the exchanger (60— 
100 mesh) was taken into a glass column of i.d. of 3.9 mm. 
The column was first washed with about 20 cm3 DMW and 
then the mixture of metal ions having concentration 0.644 to 
1.044 mg 10 cm - 3 was introduced into the column and 
allowed to be adsorbed. The metal ions were then eluted 

separately using suitable eluting reagents and determined by 
EDTA titrations except Ag+, Au3+, Cr6+, Pt4+, Ru3+, and 
Mo6+ which were determined spectrophotometrically. The 
flow rate was maintained about 0.2 cm3 min - 1 throughout 
the elution process. 

Results and Discussion 

T h e condit ions of synthesis and ion-exchange 
capacity of AZP are shown in Tab le 1. T h e increased 
p H and volume of 0.1 mol d m - 3 Z r C ^ O - 8 H 2 0 in the 
synthesis of AZP resulted in decreased ion-exchange 
capacity, being analogous to an i l i n ium tin(IV) phos­
phate.6* T h e sample AZPi prepared by mix ing 50 cm3 

of 0.1 mol d m - 3 Z r C l 2 0 - 8 H 2 0 solut ion with anili­
n i u m phosphate solution at p H 1 showed m a x i m u m 
ion-exchange capacity of 1.87 m e q u i v g - 1 (The capac­
ity value is for one gram of dry AZP). T h e ion-
exchange capacity of AZPi is higher than that of 
an i l i n ium tin(IV) phosphate6* (1.7 m e q u i v g - 1 ) . 

T h e ion-exchange capacity for alkali metals and 
alkal ine earth metals is given in Tab le 2. T h e data 
revealed that the ion-exchanger showed higher capac­
ity for alkali metals than for alkal ine earth metals. 

In order to check the work ing temperature range of 
the ion-exchange material, the ion-exchange capacity 
for K+ was determined after drying the material at 
various temperatures. T h e results showed that this 
exchanger could be used up to 100 °C wi thout any loss 
in ion-exchange capacity; above 100 °C there was a 
decrease in ion-exchange capacity though the decrease 

Table 2. Ion-Exchange Capacity (I.E.C.) of Anilinium 
Zirconium(IV) Phosphate, AZPi for Various Cations 

Cationa) 

Li+ 
Na+ 
K+ 
Mg2+ 

Ca2+ 

Sr2+ 

Ba2+ 

Equilibrium 

pH 

6.8 
6.8 
6.8 
6.5 
6.5 
6.2 
6.2 

I.E.C. 

mequiv g - 1 

1.36 
1.68 
1.87 
1.15 
1.54 
1.59 
1.70 

a) Used as chloride (1 mol dm -3). 

2000 1800 1600 U00 1200 1000 800 

Wavenumber/cm -1 

Fig. 1. IR Spectrum of anilinium zirconium(IV) phosphate, AZPi. 

600 400 200 
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was less than other anilinium exchangers.4-6* 
The data of chemical analysis of AZPi are as fol­

lows: Zr, 30.7% (calculated 30.6%); N, 4.5% (calculated 
4.7%); P, 5.1% (calculated 5.2%). 

In the IR spectrum of AZPi (Fig. 1) a broad but 
strong peak in the region 3800—3240 cm - 1 represents 
N-H and O-H stretching vibrations. The peak between 
1650—1580 cm - 1 is the characteristic of N-H deforma­
tion. A strong band observed at 740 cm -1 is due to N-H 
wagging. The absorption band in the region 1250— 

.2 M .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 
mequiv of OH~/0.2 g of exchanger 

Fig. 2. pH titration curve of anilinium zirco-
nium(IV) phosphate AZPi. 

950 cm - 1 represents phosphate vibrations. Hence, 
the IR spectrum of AZPi was in accord with its for­
mula proposed below. 

The results of pH titration curve of AZPi are shown 
in Fig. 2. The total ion-exchange capacity is 3.8 
mequiv g"1 calculated at the neutralization point. 

On the basis of chemical analysis, water content 
determination (10.8%), pH titration, and IR data, the 
following chemical formula of AZPi has been assigned 
tentatively. 

(Zr02)2 (C6H5NH3)2HP04 • 3.7H20. 

The results of chemical stability of AZPi (Table 3) 

Table 3. Chemical Stability of Anilinium 
Zirconium(IV) Phosphate, AZPi 

Solvent 

Demineralized water 
1,4-Dioxane 
Acetone 
Methanol 
Nitric acid 

(1 mol dm -3) 
Nitric acid 

(4 mol dm -3) 
Hydrochloric acid 

(1 mol dm -3) 
Hydrochloric acid 

(4 mol dm -3) 
Sodium hydroxide 

(0.1 mol dm"3) 

Amounts released into various 
solutions of 20 cm3 

Zr 

0.00 
0.00 
0.00 
0.00 
0.04 

1.18 

0.16 

2.60 

0.03 

C6H5NH2 

0.00 
0.00 
0.00 
0.00 
0.05 

1.24 

0.18 

2.74 

3.18 

mg"1 

P 

0.00 
0.00 
0.00 
0.00 
0.02 

0.70 

0.10 

1.42 

1.68 

Table 4. Distribution Coefficients of Some Metal Ions on Anilinium 
Zirconium(IV) Phosphate, AZPi 

Metal 
ion 

Zn2+ 

Cd2+ 

Hg2+ 

Ba2+ 

Sr2+ 

Ca2+ 

Mg2+ 
Cu2+ 

Fe3+ 

Co2+ 

Ni2+ 
Pd2+ 

Mn2+ 

Pb2+ 

Al3+ 

Ag+ 
Au3+ 

Cr6+ 

p t4+ 

Ru3+ 

Mo6+ 

Water 

41 
87 

360 
207 

63 
38 
27 
90 
67 

155 
47 

200 
33 

400 
146 
267 

3186 
136 
96 

178 
120 

H N O 3 
0.1 mol dm - 3 

9 
13 

167 
83 
46 
12 
7 

53 
25 

133 
22 
88 
17 

237 
91 

180 
838 
51 
13 
— 

181 

tfd/cmSg-1 

1,4-Dioxane 
20% 

62 
47 

433 
360 
69 
65 
42 

107 
100 
34 
40 

150 
64 

633 
3 

267 
3209 

92 
55 

198 
359 

NH4NO3 
0.1 mol dm - 3 

26 
48 

325 
130 
41 
28 

5 
43 
32 

130 
22 
87 
15 

235 
25 

120 
1953 

47 
51 

152 
66 

NH4NO3 
0.5 mol dm - 3 

14 
25 

290 
91 
29 
17 
4 

36 
25 

101 
9 

53 
10 

126 
14 
69 

1327 
31 
30 

101 
48 

NH4NO3 
1.0 mol dm - 3 

6 
10 

231 
43 
10 
8 
2 

29 
20 
86 

7 
41 

8 
96 
8 

30 
1106 

18 
19 
82 
36 
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showed that the material was perfectly stable in water, 
1,4-dioxane, acetone, and methanol; and considerably 
stable in 0.1 mol dm - 3 NaOH and in nitric acid and 
hydrochloric acid up to 1 mol dm -3 . 

Distribution coefficients of 21 metal ions in water, 
0.1 mol dm - 3 nitric acid, 20 percent 1,4-dioxane, and 
ammonium nitrate solutions (0.1, 0.5, and 1 mol dm -3) 
are presented in Table 4. The cation-exchange distri­
bution coefficients decreased with increasing in am­
monium nitrate concentration from 0.1 to 1 mol dm -3 . 

The Kd values of some metal ions in thiourea-
hydrochloric acid and thiourea-nitric acid systems are 
given in Tables 5 and 6. Thiourea (Tu) is a neutral 
ligand as well as a reducing agent. It forms com­
plexes with only a relatively small number of elements 
in aqueous solutions.18) The fully coordinated com­
plexes are cationic, and in several cases the central 
atom is present in an oxidation state lower than that 
normally encountered in solution.18) The formation 
of complexes is generally associated with an increase 

Table 5. Distribution Coefficients in Solutions Contain­
ing Various Amounts of Thiourea and Nitric Acid 

in the distribution coefficients. This increase may 
occur over different range of thiourea concentration, 
depending on the thermodynamic stability of the 
complexes.18) 

The distribution coefficients for most of metal ions 
decreased with increasing Tu concentration. In the 
case of Co2+ the slight decrease in Kd values can 
probably be explained by the fact that Tu has a strong 
dipole which competes for exchange sites in the 
exchanger. In other cases, the decrease occurred after 
the Kd values had reached a maximum. For Hg2+, 
Pd2+, Ag+, and Au3+ the decrease in Kd's became apparent 
at [Tu] > 0.1 mol dm - 3 , but the values remained rela­
tively high. Therefore, these metal ions cannot be 
effectively eluted with aqueous mixtures of Tu and 
hydrochloric or nitric acid. Similar behavior on 
cation-exchange resins was reported by Weinert and 
Strelowetal.18"20) 

In general, the distribution coefficients and separa­
tion factors, Kd(M)/Kd(M/), for two cations M and M' 
for which Kd(M)>Kd(M'), decreased with increasing 
acid concentration at constant Tu concentration. It 
is, therefore, important to optimize the acid concentra-

Metal 
• ion 

Ag+ 

Hg2+ 

Pb2+ 

Cd2+ 

Zn2+ 

Co2+ 

Thiourea 

mol dm - 3 

0.0 
0.01 
0.1 
0.2 
0.5 

1.0 
0.0 
0.01 
0.1 
0.2 
0.5 
1.0 

0.0 
0.01 
0.1 
0.2 
0.5 
1.0 

0.0 
0.01 
0.1 
0.2 
0.5 
1.0 

0.0 
0.01 
0.1 
0.2 
0.5 
1.0 

0.0 
0.1 
0.2 
0.5 
1.0 

0.01 

236 
295 
398 
158 
60 

46 
278 
300 
350 
310 
208 
100 

255 
267 
295 
323 
351 
408 

24 
38 
82 

103 
180 
106 

11 
13 
16 
25 
30 
39 

187 
146 
115 
76 
48 

HN0 3 /mo l dm"3 

0.1 

186 
216 
100 
32 
18 
— 

202 
248 
103 
60 
29 

169 
190 
246 
297 
327 

— 
18 
39 
81 

111 
62 

— 
11 
14 
19 
23 
24 

— 
57 
48 
31 
29 

0.2 

112 
146 
190 
75 
13 
8 

70 
87 

105 
67 
32 
14 

126 
143 
175 
231 
290 
304 

— 
— 
— 
— 
— 
— 

1 
3 
5 
8 

13 
16 

102 
36 
28 
17 
9 

0.5 

53 
65 
87 
28 

6 
1 

28 
39 
52 
26 
18 
4 

78 
95 

116 
182 
234 
269 

— 
— 
— 
— 
— 
— 

— 
— 
— 

— 

— 
— 
— 
— 

Table 6 

Metal 
ion 

Au3+ 

Pd2+ 

Pt4+a) 

Ru3+ 

Zn2+ 

Co2+ 

. Distribution /""< „ £ £ * 

Coeihcients in solutions uon-
taining Various Amounts of Thiourea 

and Hydrochloric Acid 

Thiourea 

mol dm - 3 

0.0 
0.01 
0.1 
0.2 
0.5 
1.0 
0.0 
0.01 
0.1 
0.2 
0.5 
1.0 
0.0 
0.01 
0.1 
0.2 
0.5 
1.0 
0.0 
0.01 
0.1 
0.2 
0.5 
1.0 
0.0 
0.01 
0.2 
0.5 
0.0 
0.1 
0.5 
1.0 

a) Oxidation state orioi 

0.01 

— 
— 
— 
— 
— 
78 
85 
70 
58 
50 
42 

9 
11 

7 
6 

— 
16 
20 
25 
32 
57 
83 
5 
7 

10 
14 

128 
98 
42 
30 

HCl/moldm- 3 

0.1 

379 
385 
397 
275 
213 
128 
57 
72 
64 
52 
40 
37 
4 
5 
6 
5 
3 

— 
28 
33 
37 
49 
72 

109 

— 

92 
66 
38 
14 

: to reduction bv Tu. 

0.2 

131 
117 
89 
71 
60 
42 
39 
62 
57 
45 
38 
30 

— 

— 
— 
— 
32 
45 
49 
60 
90 

130 

— 

40 
26 
14 
8 
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Table 7. Quantitative Separations of Metal Ions on Anilinium Zirconium(IV) Phosphate (AZPi) Columns 

Sample 
No. 

1 

2 

3 

4 

5 

6 

7 

Separation 

Co2+ 
Pb2+ 
Ni2+ 
Co2+ 
p t4+ 
Pd2+ 
Cd2+ 
Ag+ 
p t4+ 
Ag+ 
Au3+ 
Zn2+ 
Cd2+ 
Hg2+ 
Mg2+ 
Ca2+ 
Ba2+ 

Amount 
fed to 
column 

Hg 

245 
518 
240 
245 
490 
270 
225 
270 
490 
270 
250 
320 
225 
400 
243 
401 
137 

Amount 
found after 
elution 

Hg 

242 
511 
243 
242 
486 
268 
223 
265 
485 
266 
252 
320 
222 
394 
243 
396 
138 

Percent of 
metal ions 
eluted 

% 

98.8 
98.6 

101.2 
98.8 
99.2 
99.2 
99.1 
99.2 
99.0 
98.5 

100.8 
100.0 
98.7 
98.5 

100.0 
98.7 

100.1 

Total 
elution 
volume 

cm3 

30 
40 
30 
30 
40 
30 
40 
30 
40 
30 
40 
30 
40 
40 
30 
40 
40 

Eluent used 

0.2 mol dm"3 HNO3-0.5 mol dm"3 Tu 
0.5 mol dm"3 HNO3-0.01 mol dm"3 EDTA 
1.0moldm-3NH4NO3 
0.2 mol dm"3 HNO3-O.5 mol dm"3 Tu 
0.01 mol dm"3 HCl 
0.1 mol dm"3 NH3-O.OI mol dm"3 EDTA 
0.1 m o l d m - 3 H N 0 3 

0.2 mol dm"3 HNO3-O.5 mol dm"3 Tu 
0.01 mol dm"3 HCl 
0.2 mol dm"3 HNO3-O.5 mol dm"3 Tu 
2 .0moldm- 3 NH 3 

0.01 mol dm"3 HNO3-O.I mol dm"3 Tu 
0.1 m o l d m - 3 H N 0 3 

0.5 mol dm"3 HNO3-O.5 mol dm"3 Tu 
0.1 m o l d m - 3 N H 4 N 0 3 

0.1 m o l d m - 3 H N 0 3 

0.1 mol dm"3 HNO3-I.O mol dm"3 NH4NO3 

, Imol dm3NH4N03 DMW 0.2mol dm3HNO,-05mol dm3 Tu 

20 40 60 80 100 120 

Volume of eluent/cm3 

Fig. 3a. Separation of Ni2 +-Co2 + . 

reported in Table 7. T h e order of elut ion and eluents 
for Ni2+-Co2+, and Zn 2 + -Cd 2 +-Hg 2 + are presented in 
Figs. 3a and 3b. It is interesting that no significant 
tai l ing was observed dur ing the elut ion of various 
metal ions and only small volumes of eluents were 
required to give compact chromatograms. 

Authors thank Prof. A.K. Vasishtha, Director and 
Prof. R.S. Tewari , Head, Depar tment of Chemistry, 
H.B. Technological Insti tute, Kanpur for provid ing 
research facilities. One of us, (P. Mehrotra) is grateful 
to the Counci l of Scientific and Industrial Research, 
New Delhi, for financial assistance. 

0 20 40 60 80 100 120 140 160 

Volume of eluent/cm3 

Fig. 3b. Separation of Zn2 +-Cd2 +-Hg2 + . 

t ion in order to obta in the best separation factors for a 
part icular pai r of cations, and to elute M ' with the 
m i n i m u m volume of eluent. T h e dis t r ibut ion coeffi­
cients tended to be lower in hydrochloric acid than in 
nitric acid. 

O n the basis of Ké values separations were tried. 
Those experimental ly successfully achieved are 
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Application of Surface-Active Substances in Polarographic Determination of 
Hg(II), V(V), Fe(III), As(III), Sb(III), and Ti(IV) in the Presence of U(VI) 

M. I. ISMAIL 

Department of Chemistry, Faculty of Science, University of Ain Shams, Cairo, Egypt 
(Received January 5, 1990) 

The reduction of hexavalent uranium in 1 M H2SO4 at DME was found to be retarded by a non ionic 
surfactant Triton® X 100 and to shift the uranium wave to more negative potentials. Advantage was taken of 
this fact to determine the elements Hg(II), Fe(III), V(V), As(III), Sb(III), and Ti(IV) either individually in the 
presence of U(VI) or simultaneously in mixtures, a supporting electrolyte of 1 M H2SO4 containing 0.01% 
Triton® X 100 was used. The i\/C results gave excellent correlations in each case, as was indicated from the 
least squares regression analysis. The outcome results suggest the method validity as a quantitative method for 
determination of the studied elements. 

T h e Polarographie determinat ion of Fe(III), As(III), 
Cu(II), Cd(II), Sb(III), Mo(VI), U(VI) in the presence 
of V(V) us ing resorcinol or pyrogallol , which causes 
complete suppression of the vanad ium waves, have 
been reported previously.1,2) Several au thors have 
also studied the Polarographie behavior of U(VI), 
Fe(III), V(V), As(III), Sb(III), Hg(II) , and Ti(IV) in 
different suppor t ing electrolytes.3_12) These studies 
were mainly either quali tat ive or l imited to determi­
nat ion of each element under different condit ions. 
Use of surface active substance (SAS) in analytical 
determinat ion of metal ions has, nevertheless, 
attracted little at tention. An at tempt , however, was 
made by Issa13) to study use of surfactants du r ing the 
determinat ion of Cu(II) in the presence of U(VI) 
adopt ing the rota t ing mercury electrode. 

In the presett investigation, a trial was made to 
elucidate the role played by Tri ton® X 100 on Polaro­
graphie behavior of U(VI), Hg(II) , V(V), Fe(III), 
As(III), Sb(III), and Ti(IV). T h e investigation was 
extended to study the appl ica t ion of this surfactant in 
the analysis of the ment ioned elements either individ­
ually in the presence of U(VI) or s imultaneously in 
mixtures. T h e l imi t ing current -concentra t ion 
results were calculated us ing the method of the least-
squares regression analysis. 

Experimental 

Chemicals and Solutions. All chemicals used were of 
AnalaR grade. Twice-distilled water was used in the prep­
aration of all solutions. Stock solutions of 5X10-2 M (M= 
moldm-3) each of Hg(II), Fe(III), As(III), Sb(III), Ti(IV), 
V(V), and U(VI) were prepared and standardized according 
to the recommended procedures. 14,15> Stock solutions of 1% 
Triton® X 100 were also prepared. Triton® X 100 was 
obtained from Rohm and Haas Co., U.S.A. 

Apparatus and Working Procedure. The electrolytic cell 
and working procedure were the same as previously des­
cribed.161 The polarograms were recorded with a Radiome­
ter polarograph Model P04. The dropping mercury elec­
trode has the open circuit characteristics, m=l.99 m g s - 1 and 
£=4.36 s at a mercury height of 50 cm. An external satu­
rated calomel electrode was used as a reference electrode and 

the cell was thermostated at 25+0.1 °C. Prior each run, N2 
gas was bubbled through the Polarographie cell. 

Results and Discussion 

The Effects of Triton® X 100 on the Reduction 
Waves of U(VI). The effects of charged and uncharged 
surfactants (SAS) on the Polarographie waves of U(VI) 
in sulfuric and perchloric acid solutions of various 
concentrat ions were previously investigated. 16'17) In 
the present work, when 1 M H2SO4 (M=mol d m - 3 ) is 
used as a suppor t ing electrolyte, U(VI) is shown to 
exhibit only one wave represent ing the reduction of 
U(VI) to U(IV). T h e Tr i ton® X 100, as a non ionic 
SAS, seems to cause retardation of the reduction proc­
ess as indicated from the shifting of the whole polaro-
gram towards more negative potentials. T h e £1/2 
values change from —0.18 V (in the absence of SAS) to 
- 0 . 6 8 V (in the presence of 0.01% T. X 100), whereas 
the total l imi t ing current is slightly affected (cf. Fig. 1). 
Accordingly, it can be concluded that, this behavior of 
U(VI) in T . X 100 can be utilized in de termining 
some metal ions in the presence of U(VI) by the use of 
SAS. 

8 U 

/ / / 7 
ol LA 1 £ 1 - j 1 I 

0 -0.2 -0.* -0.6 -0.8 -1.0 -1.2 -1.* 

E/V (vs. SCE) 

Fig. 1. The effects of Triton® X 100 on the Polaro­
graphie behavior of 1X10"3 M U(VI) in 1 M H2SO4. 
a) No SAS, b) 0.002%, c) 0.005%, d) 0.01%, e) 0.02%. 
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Polarographic Determination of Hg(II), Fe(III), 
V(V), Sb(II), As(III), and Ti(IV) in the Presence of 
U(VI). Determination of Hg(II) in the Presence of 
U(VI). The electroreduction of 1X10"3 M Hg(II) in 1 
M H2SO4 is represented by a polarogram consisting of 
a single reduction wave distorted by a large maxi­
mum. In the presence of 0.006% T. X 100, the maxi­
mum is eliminated and a well-developed polarogram 
is thus obtained with £i/2=+0.4 V. Successive addi­
tions of T. X 100 (up to 0.02%), cause some shift in the 
half-wave potential to less positive values (+0.28 V), 
while the limiting current decreases by 13.4%. 
Although the difference between the reduction poten­
tial of Hg(II) and that of U(VI) is pronounced enough, 
viz. 0.96 V, yet the study of the behavior of this couple 
in the presence of Triton seems to be essential with the 

t 

-

u 
[-

As(HI) 

SUin) 

Hg(H) 

V(V) 
yf S U(VI) 

/ \ s Ti(IV) 

FeUll) 

1.2 1.6 2.0 2.H 

C/mM 

Fig. 2. Correlations of the limiting current with the 
concentration of the metal ions under investigation. 

aim of checking the possibility of its quantitative 
determination in presence of a third different element, 
possessing a reduction wave intermediate between 
these two components. Thus, in the presence of 1 M 
H2SO4 and 0.01% T. X 100 as a supporting electrolyte, 
Hg(II) and U(VI) give two developed waves, the first 
one corresponding to the reduction of Hg(II) while 
the second wave for U(VI), £i/2=0.28 and -0.68 V, 
respectively. The limiting current of each wave 
increases as the concentration of metal ion is 
increased. The applicability of the Ilkovic equation 
is demonstrated by the constancy of the i\/C values 
shown in Fig. 2. Based on the obtained data of i\-C, a 
regression analysis was applied and the derived results 
are summarized in Table 1. The small standard devi­
ation attests the good reproducibility of the results. 

Determination of V(V) in the Presence of U(VI). 
In the absence of SAS, V(V) undergoes reduction along 
two steps, namely with £1/2 values of +0.31 and —0.9 
V. The first wave represents the production of tetra-
valent vanadium, whereas the divalent state is formed 
along the second wave.18) Accordingly, V(V) and 
U(VI) can be determined simultaneously in presence 
of each other. The determination of this couple in 
the presence of T. X 100 is also investigated in order to 
increase the voltage difference between them aiming 
to gain a space for the possible inclusion of some other 
elements in the mixture, whose reduction potentials 
lie intermediate between vanadium and the shifted 
uranium wave. The effect of addition of different 
concentrations of T. X 100 on the electroreduction of 
0.5 mM V(V) is shown clearly by shifting the whole 
polarogram to more negative potentials. Thus, in 
the presence of 0.01% T. X 100, V(V) exhibits one wave 
(first wave) with £1/2 equal to +0.06 V whereas the 
second wave suffers a marked shifting which finally 
interferes with the hydrogen wave. Figure 2 and 
Table 1 show the results obtained with various con-

Table 1. Results of Correlation with Ilkovic Equation where; a=The slope of the regression line, C=The 
intercept of the regression line, S=The standard deviation, P=The population standard deviation, 

r=The correlation coefficient, and t=The test for the hypothesis of intercept zero 

Metal 

U(VI) 
Hg(II) 
V (V) 
Fe(III) 
Sb(III) 
As(III) 
Ti(IV) 
Mixture: 
U(VI) 
Hg(II) 
V (V) 
Fe(III) 
Sb(III) 
As(III) 
Ti(IV) 

No. of 
Points 

7 
9 
9 
9 
9 
8 
9 

7 
9 
7 
8 
7 
6 
8 

Range adherence to 
Ilkovic equation/ppm 

0.0—464.16 
0.0—511.53 
0.0—101.88 
0.0—131.24 
0.0—238.63 
0.0—119.87 
0.0—100.67 

0.0—559.36 
0.0—420.26 
0.0—117.16 
0.0—134.04 
0.0—200.89 
0.0—119.87 
0.0—115.07 

a 

l iAmM - 1 

5.03 
8.81 
6.34 
3.58 

10.51 
14.53 
5.99 

5.01 
8.33 
6.29 
3.61 

10.11 
14.02 
5.7 

C 

»A 

-0.018 
-0.027 
-0.017 
-0.015 
-0.005 
-0.014 
-0.019 

-0.018 
-0.019 
-0.02 
-0.017 
-0.011 
-0.017 
-0.021 

S 

0.02 
0.052 
0.021 
0.018 
0.008 
0.04 
0.021 

0.02 
0.021 
0.028 
0.012 
0.016 
0.019 
0.023 

P 

0.019 
0.048 
0.02 
0.016 
0.008 
0.036 
0.02 

0.02 
0.019 
0.025 
0.022 
0.014 
0.018 
0.02 

r 

1.000 
0.999 
0.998 
0.999 
0.999 
0.999 
1.000 

0.999 
1.000 
0.998 
0.999 
1.000 
0.999 
0.999 

I 

Positive 
Positive 
Positive 
Positive 
Positive 
Positive 
Positive 

Positive 
Positive 
Positive 
Positive 
Positive 
Positive 
Positive 
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centrations of V(V), ranging from 0.22 to 2.0 mM in 
the presence of 1 mM U(VI), 0.01% T. X 100, and 1 M 
H2SO4, the limiting currents being determined at —0.1 
V. The suitability of the medium for V(V) determi­
nation may be inferred by considerations similar to 
those mentioned above for Hg(II). 

Determination of Fe(III) in the Presence of U(VI). 
The U(VI)-Fe(III) couple behaves in a mannar similar 
to that of U(VI)-Hg(II) and U(VI)-V(V) couples in 
which they can be determined simultaneously in the 
presence of each other and in the absence of SAS. 
The Fe(III) in 1 M H2SO4 shows one reduction wave 
starting at +0.18 V which represents the production of 
Fe(II).19) The presence of T. X 100 leads to a shift of 
the polarogram towards less positive potential (+0.05 
V). From this observation and from the obtained 
limiting current, it may be concluded that the reduc­
tion of Fe(III) is not affected largely by the presence of 
SAS. Thus, it is interesting to investigate possibility 
of the determination of Fe(III) in the presence of 
uranium which is usually the case as a minor constitu­
ent. Table 1 and Fig. 2 indicate that the quantitative 
determination of Fe(III) in the presence of U(VI) and 
0.01% T. X 100 in 1 M H2SO4 is quite possible. 

Determination of Sb(III) in the Presence of U(VI). 
In the absence of SAS, Sb(III) is reduced at DME and 
exhibits one reduction wave with E\ß——0.28 V.20) 

Thus Sb(III) and U(VI) cannot be determined in the 
presence of each other, as the potential difference 
between them is not largely allowed. However, in 
the presence of 0.01% T.X 100, the U(VI)-wave under­
goes a large shift to more negative potential, whereby, 
two well-developed waves are observed. The first 
wave occurs at —0.34 V representing the reduction of 
Sb(III) to the metal, whereas the second wave at —0.68 
V corresponds to the production of U(IV). Under 
these conditions, the analytical determination of 
Sb(III) in the presence of U(VI) is quite possible as 

-0 .6 -0.8 -i .O 

£/V (vs. SCE) 

Fig. 3. The effects of Triton® X 100 on the Polaro­
graphie behavior of 0.5 mM As(III) in 1 M H2SO4. 
a) No SAS, b) 0.002%, c) 0.004%, d) 0.006%, e) 0.008%, 
f) 0.01%, h) 0.02%. 

indicated from Fig. 2 and Table 1. 
Determination of As(III) in the Presence of U(VI). 

The effects of T. X 100 on the Polarographie behavior 
of 0.5 mM As(III) in 1 M H2SO4 are shown in Fig. 3. 
In the absence of SAS, the polarogram consists of two 
distinct waves with £1/2 values equal to —0.38 and 
—0.65 V.2) The second wave possesses a steep rising 
portion and is characterized by a small maximum. 
At lower SAS concentrations (viz 0.005%), the first 
wave undergoes a marked shift to negative potential 
and joins with the second wave forming a single 
composite wave. Upon further addition of T. X 100, 
the whole polarogram suffers a considerable shift to 
more negative potential and only one wave with £1/2— 
—0.85 V is observed. Figure 2 and Table 1 show that 
the analytical determination of As(III) of concentra­
tions ranging from 0.1 to 1.6 mM in the presence of 1 
mM U(VI), 0.01% T. X 100 and 1 M H2SO4, appears to 
be possible. 

Determination of Ti(IV) in the Presence of U(VI). 
The electroreduction of 1 mM Ti(IV) in 1 M H2SO4 
yields one wave with E1/2——0.87 V corresponding to 
the reduction of Ti(IV) to Ti(III).21> The addition of 
T. X 100 causes a very slight decrease in the limiting 
current, whereas the £1/2 of the wave becomes —1.04 V. 
Accordingly, the polarograms of 1 mM U(VI), 0.01% 
T. X 100 and 1 M H2SO4 in the presence of various 
amounts of Ti(IV) show two reduction waves with £1/2 
at —0.68 and —1.04 V respectively. The limiting 
current of the second wave increases quantitatively as 
the concentration of Ti(IV) is increased (cf. Table 1 

•0 .4 +0 .2 -0.2 -O.f -0.6 -0.8 -1.0 -1.2 - l . f 

E/V (vs. SCE) 
Fig. 4. Effect of Sb(III) concentration on Polarogra­

phie behavior of the mixture in the presence of 
0.01% T. X 100 and 1 M H2SO4. Run and concen­
tration, a) 0.5, b) 0.6, c) 0.8, d) 0.95, e) 1.25, f) 1.65 
mM. 
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and Fig. 2). Under these condit ions, t i t an ium in 
minerals, steel and clay can be determined quantitatively. 

Determination of a Mixture of Hg(II), Fe(III), V(V), 
Sb(III), As(III), and Ti(IV) in the Presence of U(VI). 
Investigation has been carried out to determine the 
consti tuents of a mixture of Hg(II), Fe(III) (or V(V)), 
Sb(III), As(III), and Ti(IV) in the presence of U(VI). 
T h u s , when a mixture of Hg(II), Fe(III) (or V(V)), 
Sb(III), As(III), Ti(IV), and U(VI), each at a concentra­
tion of 0.5 m M is investigated polarographical ly in 
the presence of 0.01% T. X 100 and 1 M H 2 S 0 4 , as 
suppor t ing electrolyte; a well-developed polarogram 
is obtained. T h i s po larogram consists of six distinct 
waves. T h e first wave represents the reduct ion of 
Hg(II) wi th £i /2=+0.28 V, the second corresponds to 
the electroreduction of Fe(III) (or V(V)) with £1/2= 
+0.06 V, the third at —0.34 V corresponds to the 
reduction of Sb(III), the fourth corresponds to the 
electroreduction of U(VI) with E1/2——0.68 V, whereas 
the fifth and the sixth waves lie at more negative 
potentials E\ß——0.88 and —1.04 V representing the 
reduction of As(III) and Ti(IV) respectively. T h u s , 
under these condit ions, any one of these metal ions 
can be determined in the presence of each others. 
T h i s is carried out by keeping the concentrat ion of 
five of the consti tuents constant whereas the sixth one 
is successively increased (cf. Fig. 4). T h e validity of 
the Ilkovic equat ion is satisfactorily tested. T h e 
results of the correlation with the Ilkovic equa t ion are 
also included in Table 1. T h e value of both the 
correlation coefficient, r, and the standard deviation, 
S, indicate clearly an excellent correlation. T h u s , the 
quant i ta t ive determinat ion of such mixture by the use 
of 0.01% Tri ton® X 100 in the presence of U(VI) is 

+QA +0.2 -0.2 -0.'* -0.6 -0.8 -1.0 -1.2 - I . A 

E/V (vs. SCE) 

Fig. 5. Polarographic behavior of 0.5 mM Hg(II), 
Fe(III), V(V), Sb(III), U(VI), As(III), and Ti(IV) in 
0.01% T. X 100 and 1 M H2SO4. a) in the absence 
of resorcinol, b) in the presence of 1% resorcinol. 

h ighly possible under these condit ions. 
It is to be noted that, in the presence of 0.01% T. X 

100, both Fe(III) and V(V) have almost the same £1/2 
value (+0.06 V), i.e., if Fe(III) and V(V) are present in a 
mixture , the second wave will represent the electrore­
duct ion of Fe(III) and V(V) together. In an earlier 
communication,1 , 2) we have noticed that, resorcinol 
had no effect on the l imi t ing current of the Fe(III)-
Fe(II) wave, whereas pyrogallol caused complete sup­
pression of the wave. O n the other hand, in the case 
of V(V), bo th resorcinol and pyrogallol caused a com­
plete suppression of the vanad ium wave which could 
be at t r ibuted to the formation of electro-inactive vana­
date complex. Adopt ing these previously assigned 
conclusions, in case of presence of both Fe(III) and 
V(V) in the mixture , the l imi t ing current of the second 
wave corresponds to the concentrat ion of both. 
When 1% of resorcinol is then added, a suppression of 
V(V) should be expected as being confirmed experi­
mental ly in Fig. 5. T h e l imi t ing current of the 
second wave in this case will represent only the con­
centrat ion of Fe(III). T h e concentrat ion of V(V), 
therefore, can be calculated by measur ing the differ­
ence between the l imi t ing currents of the second wave 
in the absence and in the presence of resorcinol. 
T h u s , under these condit ions, elements Hg(II), 
Fe(III), V(V), As(III), Sb(III), and Ti(IV) in the pres­
ence of U(VI) can be precisely determined at DME in 
the presence of each other us ing 1 M H2SO4 and 0.01% 
T.X 100 as a base electrolyte. 
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Boron Analogues of a-Amino Acids: Synthesis and Characterization of 
Some Amine-methoxycarbonylboranes and Trimethylamine-

(alkylcarbamoyl)boranes 
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(Received February 26, 1990) 

Syntheses of a number of amine-methoxycarbonylboranes R2-nH„N • BH2COOCH3 and trimethylamine-
(alkylcarbamoyl)boranes, Me3N • BFbCONRR' are reported. Both types of compounds have been prepared by 
condensing appropriate amine-carboxyboranes with methanol and an amine, respectively, in presence of 
dicyclohexylcarbodiimide, and have bean characterized by elemental analysis, IR and NMR (XH and nB) 
spectra. 

Amine-carboxyboranes and their derivatives have 
attracted considerable at tent ion because of their var­
ious biological activities.1-5) T h i s has encouraged us 
to synthesize a number of such compounds,6) and now 
we report here the syntheses of a number of esters and 
amides. 

Results and Discussion 

(i) Amine-methoxycarbonylboranes. Only four 
amine-methoxycarbonylboranes7 ) have so far been 
reported by amine-exchange from Me3N • BIHbCOOMe. 
These have been shown to possess significant hypo­
l ipidemic activity in rodents.5) Therefore, methyl 
esters of the amine-carboxyboranes6 ) reported earlier 
have been synthesized by either of the two general 
methods shown in Scheme 1. (DCC=dicyclohexyl-
carbodiimide, DCU=dicyclohexylurea) . 

Me3N-BH2COOH . ^ Z , ^ RR'NH-BH 2 COOH 

route 'b' McOH 
DCC/CH2CI2 
(-DCU) 

Me3N • BH2COOMe 
RR'NH 

anime exchange 

MeOH 

DCC/CH2CI2 
(-DCIT) 

RR'NH • BH2COOMe 

No. R 
1 H 
2 H 
3 H 
4 H 

R' 
n-C3H7 

n-C/tHg 

5-C4H9 

*-C3H7 

No. 
5 
6 
7 
8 

Scheme 1. 

R 
C2H5 

*-C3H7 

n-C4H9 
Î-C4H9 

R' 
C2H5 

*'-C3H7 

n-C4H9 

Î-C4H9 

Five alkylamine-methoxycarbonylboranes derived 
from secondary and pr imary amines (4—8) have been 
synthesized by route 'a' while the rest three (1—3) by 
route 'b ' from Me3N • BIHbCOOMe. T h e latter method 
was found to be the better one, as it gives purer 
products free from DCU. 

In the IR the i/(N-H) absorpt ions occur at 3240— 
3060 cm- 1 and the v(B-U) modes occur at 2400—2295 
cm - 1 , while i/(C=0) modes occur as strong bands at 
1665—1652 c m - 1 which are in good agreement wi th 
those reported earlier.7) In the 1H NMR, ester methyl 
g roup resonances occur at 3.58—3.8 p p m , and the 

alkyl protons of the amines in their usual posit ions 
and patterns. T h e ô( nB) values of —7.8 to —18.8 p p m 
suggest tetracoordinated nature of boron bonded to an 
electronegative substituent, having electronegativity 
similar to that of a cyano8) or carboxy substituent.6) 

(ii) Trimethylamine-(alkylcarbamoyl)boranes. Three 
knowrn Af-ethylcarbamoyl derivatives have been pre­
pared by the amine exchange9) from Me3N • 
BIHbCONHEt.1) T h e reported method therefore can­
not give any other Af-alkylcarbamoyl derivatives. 
Consequently, a new general method was developed 
by which five amides have been prepared by the direct 
reaction between an amine and a representative 
amine-carboxyborane in presence of the peptide con­
densing agent, DCC (Eq. 1). 

Me3N-
DCC 

r i2^.w^ 

No. 
9 

10 
11 
12 
13 

; n T ^ i m S S 
T 

r.t. 

Me3N • BH2CONRR'+DCU 

R 
H 
H 
H 

*-C3H7 

n-C4Hg 

R' 
*-C3H7 

n-C4H9 

5-C4H9 

*-C3H7 

n-C4Hg 

(1) 

In this reaction large excess of DCC is required to shift 
the reaction towards product side, but the net excess 
DCC can be removed by hydrolysis to DCU. All 
c o m p o u n d s except ing the (diisopropylcarbamoyl)bo-
rane adduct which is a solid, are pale yellow liquids. 
For the amides derived from pr imary amines (9—11) 
the j / (N-H) modes are found as strong bands at 3240— 
3040 cm- 1 , while the i/(B-H) modes occur at 2410— 
2320 cm- 1 . For the C O N H function of (isopropyl-
carbamoyl)-, (butylcarbamoyl)-, and (5-butylcarba-
moyl)boranes the amide I bands appear at 1645 cm - 1 , 
1620 c m - 1 , and 1635 c m - 1 , respectively while the 
amide II modes appear at 1590 cm - 1 , 1600 cm - 1 , and 
1620 c m - 1 , respectively. For the other two amides (12 
and 13) the y(C=0) modes occur at 1670 cm" 1 and 1620 
c m - 1 , respectively. T h e XH N M R spectra of the five 
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(alkylcarbamoyl)boranes show the presence of the ali­
phat ic amide groups with the pattern expected for 
such groups. For (isopropylcarbamoyl)borane 
adduct a doublet at 1.15 p p m , and for the (d i i sop ro 
pylcarbamoyl)borane adduct double doublets at 1.1 
and 1.44 p p m were found for CH3 g roup of the iso-
propyl uni t , in consonance with the corresponding 
amine-carboxyboranes.6 b ) T h e C H protons could not 
be detected in most cases. For the rest three, typical 
butyl absorptions have been obtained. T h e ô(nB) 
values of —5.6 to —11.7 are in consonance with those 
reported earlier for the acids6) and amides9) and are 
indicative of the presence of tetracoordinated boron 
with electronegative substituents. 

Trimethylamine-(ethylcarbamoyl)borane has been 
shown to possess significant anti tumour,1) anti­
inflammatory, and antiarthrit ic2 ) and antihyper-
lipidemic3) activities in biological models. Biological 
studies on 10 random compounds which include 
phosphine-boranes and their derivatives,11) aromatic 
amine-cyanoboranes8 ) and the amide Me3N • BH2-
CON(z-C3H7)2 (12) have been carried out.12) Anti-
tumour , ant i inflammatory, and ant ihyper l ip idemic 
activity studies, in addi t ion to other cytotoxicity, have 
been carried out on CFi male mice. Prel iminary 
biological screens12) in CFi male mice have demon­
strated an inhibi t ion of 86% of t umour growth for 12 
in Ehrich Ascites screen and 66% control in ant i in­
flammatory activity, both at a dosage of 8 m g k g - 1 

day - 1 . After 16 days of adminis t ra t ion at the same 
dosage level, serum cholesterol and triglyceride con­
trols were 61±5% and 55±3%, respectively, compared 
to 87±5% and 75±5%, respectively, for Clofibrate (at 
150 m g k g - 1 day - 1) . Detailed studies on 12 and others 
are in progress and will be publ ished soon. 

Experimental 

All chemicals and reagents were of reagent grade quality. 
The amines and solvents were purified and dried by stand­
ard methods. Dicyclohexylcarbodiimide (DCC) (Riedel) 
was used without further purification. Me3N • BH2-
COOH2) and other amine-carboxyboranes6) were prepared 
by published methods. Infrared spectra were recorded on a 
Perkin-Elmer 883 spectrophotometer, as thin films or as 
KBr pellets. XH NMR spectra were recorded in CDCI3 on a 
JEOL JNM-FX-100 spectrometer (TMS, internal standard) 
and n BNMR spectra in CDCI3 on a JEOL FX-90Q or a 
Bruker AM-500 FT-NMR spectrometer (BF3 • OEt2, external 
standard). Boron was estimated volumetrically10) and nit­
rogen by Kjeldhal method. 

(i) Preparation of Amine-methoxycarbonylboranes, 
RR'NH • BH2COOMe. Compounds 1—3 were prepared by 
procedure (a), while 4—8 by procedure (b), described below. 

Procedure (a): A mixture of Me3N-BH2COOMe (1.0 g, 
7.6 mmol) and excess of respective amine (ca. 10 ml) was 
refluxed for 6 h in a round bottomed flask (100 ml), using a 
CaCh drying tube. On cooling, excess of amine was 
removed in vacuum leaving behind a thick yellow liquid, 
which was triturated with dry ether several times. It was 

filtered to remove insolubles and solvent was removed sim­
ilarly leaving a light yellow-colored liquid as product, 
which was dried in vacuum. Yield 50—70 %. 

Procedure (b): To a solution of RR'NH • BH2COOH (10 
mmol) in dichloromethane (25 ml) in a round bottomed 
flask (100 ml) equipped as in (a) and with a magnetic 
stirring bar, anhydrous methanol (10 ml) and dicyclohexyl­
carbodiimide (DCC) (3.09 g, 15 mmol, 50% excess) were 
added and allowed to stir for two weeks at room tempera­
ture. Gradually the solution became cloudy due to the 
formation of insoluble dicyclohexylurea (DCU). On com­
pletion of the reaction, water (25 ml) was added to the 
solution and stirred. Then the organic part was extracted 
with dichloromethane (3X25 ml portions) and the combined 
extract was dried over anhydrous MgS04 and finally 
removed on a rotary evaporator, leaving behind the product. 
The contaminated DCU was removed by dissolving the 
product in dichloromethane (25 ml) and filtering the undis­
solved particles and removing the solvent in vacuum. The 
process may be repeated, if required, to remove DCU com­
pletely. Yield 50—70%. 

(ii) Preparation of Trimethylamine-(alkylcarbamoyl)-
boranes, Me3N • BH2CONRR'. Me3N • BH2COOH2) (1.17 
g, 10 mmol) was dissolved in dichloromethane (25 ml) in a 
round bottomed flask (100 ml) having a similar setup as in 
(i) (b). To this solution the appropriate amine (10 mmol) 
and DCC (15 mmol, 50% excess) were added. The solution 
was allowed to stir for seven days at room temperature when 
it gradually turned cloudy due to precipitation of DCU. 
The rest of the procedure was the same as that for the methyl 
esters [vide i(b)]. Yield 60—70%. 

(n-C3H7)NH2 • BH2C02Me (1). 0.6 g (60%); i/(NH) 3235 s, 
3145 s; v(BU) 2380 s, 2300 sh; i/(CO) 1652 s; ô(iH)=0.98 (t, 
CH3), 1.70 (q, CH2), 2.75 (q, NCH2), 3.58 (s, OCH3); 
<5(nB)=-14.4. Found: B, 8.33; N, 10.48%. Calcd for 
C5H14NBO2: B, 8.25; N, 10.69%. 

(n-C4H9)NH2 • BH2C02Me (2). 0.78 g (70%); i/(NH) 3240 
s, 3158 s; v(BH) 2395 s, 2295 sh; i/(CO) 1660 s; ô(iH)=0.97 (t, 
CH3), 1.40 (q, CH2), 1.70 (q, CH2), 2.8 (q, NCH2), 3.58 (s, 
OCH3); <5(nB)=-18.8. Found: B, 7.19; N, 9.94%. Calcd 
for C6Hi6NB02: B, 7.45; N, 9.66%. 

(s-C4H9)NH2BH2C02Me (3). 0.55 g (50%); i/(NH) 3220 
s, 3130 s; v(BH) 2400 s, 2300 s; i/(CO) 1658 s; ô(iH)=0.99 (t, 
CH3), 1.23 (d, CH3CH), 2.88 (m, NCH2)? 3.60 (m, OCH3); 
<5(nB)=-18.5. Found: B, 7.29; N, 9.96%. Calcd for 
C6Hi6NB02: B, 7.45; N, 9.66%. 

(i-C3H7)NH2BH2C02Me (4). 0.39 g (70%); m.p. 76 °C; 
i/(NH) 3240 s, 3160 s; i/(BH) 2390 s, 2300 s; i/(CO) 1660 s; 
Ô(1H)=1.3 (d, CH3), 3.30 (m, NCH), 3.80 (s, OCH3); 
Ô("B)=-14.2. Found: B, 7.98; N, 11.1%. Calcd for 
C5H14NBO2: B, 8.25; N, 10.69%. 

(C2H5)2NH- BH2C02Me (5). 0.43 g (70%); i/(NH) 3160 s; 
i/(BH) 2395 s, 2360 sh; i/(CO) 1660 s; Ô(1H)=1.28 (t, CH3), 
2.96 (q, NCH2), 3.65 (s, OCH3); Ô(11B)=-14.0. Found: B, 
7.73; N, 9.42%, Calcd for C6Hi6NB02: B, 7.45; N, 9.66%. 

(i-C3H7)2NH • BH2C02Me (6). 0.53 g (60%); i/(NH) 3060 
s; i/(BH) 2400 s, 2360 sh; i/(CO) 1665 s; ô(iH)=1.20, 1.32 (double 
doublets, CH3), 3.24 (m, NCH), 3.58 (d, OCH3); ô(11B)=-7.8. 
Found: B, 5.95; N, 8.43%. Calcd for C8H2oNB02: B, 6.25; N, 
8.09%. 

(n-C4H9)2NH • BH2C02Me (7). 0.6 g (55%); i/(NH) 3060 
m; i/(BH) 2400 s, 2380 sh; p(CO) 1658 s; ô(iH)=0.96 (t, CH3), 
1.32 (m, CH2), 1.64 (m, CH2), 2.8 (m, NCH2), 3.68 (s, OCH3); 
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Ô("B)=-11.7. Found: B, 4.94; N, 7.35%. Calcd for 
G0H24NBO2: B, 5.37; N, 6.96%. 

(i-C4H9)2NHBH2C02Me (8). 0.43 g (50%); i/(NH) 3160 
s; i/(BH) 2400 s, 2360 sh; »/(CO) 1660 s; Ô^H^O^ô (d, CH3), 
2.16 (m, CHCH2), 3.68 (s, OCH3); Ô(11B)=-14.3. Found: B, 
4.98; N, 7.32%. Calcd for G0H24NBO2: B, 5.37; N, 6.96%. 

(CH3)3N • BH2CONH(i-C3H7) (9). 0.75 g (60%); i/(NH) 
3040 s; i/(BH) 2410 s, 2370 sh; i/(CO) 1645 (amide I), 1590 
(amide II); Ô(1H)=1.15 (d, CHCH3), 2.7 (s, NCH3); Ô("B)= 
-11.7. Found: B, 6.51; N, 17.89%. Calcd for C7H19N2BO: 
B, 6.84; N, 17.72%. 

(CH3)3N • BH2CONH(n-C4H9) (10). 0.77 g (60%); i/(NH) 
3080 s; i/(BH) 2400 s, 2360 sh; i/(CO) 1620 s (amide I), 1600 m 
(amide II); ô(iH)=0.88 (t, CH3), 1.3 (br, (CH2)2), 1.8 (br, 
NCH2), 2.7 (s, NCH3); <5(nB)=-6.6. Found: B, 5.92; N, 
16.56%. Calcd for C8H2iN2BO: B, 6.28; N, 16.28%. 

(CH3)3N • BH2CONH(s-C4H9) (11). 0.92 g (62%); i/(NH); 
3240 s; i/(BH) 2420 s, 2360 s; i/(CO) 1635 s (amide I), 1620 s 
(amide II); Ô(*H)=0.92, 1.12 (double doublets, CH3), 1.4 (m, 
CH2), 2.79 (s, NCH3); ô(11B)=-11.7. Found: B, 6.19; N, 
16.22%. Calcd for C8H2iN2BO: B, 6.28; N, 16.28%. 

(CH3)3N • BH2CON(i-C3H7)2 (12). 0.89 g (65%); mp 112— 
114°C; i/(BH) 2360 s, 2320 sh; i/(CO) 1580 s; Ô(1H)=1.1, 1.44 
(double doublets, CH3), 3.24 (m, NCH), 2.7 (s, NCH3); 
ô("B)=-5.6. Found: B, 5.18; N, 14.46%. Calcd for 
C10H25N2BO: B, 5.40; N, 14.0%. 

(CH3)3N • BH2CON(n-C4H9)2 (13). 1.2 g (70%); i/(BH) 
2410 s, 2360 s; i/(CO) 1620 s; 0 (^ )^0 .9 (t, CH3), 1.1—1.8 (br, 
(CH2)3), 2.61 (s, NCH3); ô("B)=-7.3. Found: B, 4.51; N, 
12.27%. Calcd for C12H29N2BO: B, 4.74; N, 12.28%. 

O u r sincere thanks are due to the Department of 
Science and Technology, Government of India, for 
generous financial support . n B N M R spectra were 
either kindly provided by Prof. G. Stivastava of Rajas-
than University or recorded at 500 MHz F T - N M R 

Nat ional Facility located at T.I.F.R., Bombay. 
*H N M R spectra were recorded at 1.1.C.B., Calcutta. 
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Hydroxylamine has been examined by anodic voltammetry at platinum electrode in sulphuric acid media. 
Obedience to Levich relationship was shown at platinum electrode in 0.01 M sulphuric acid concentration in 
the range 2.0X10-4 to 1.0X10-3 M, (M=moldm~3). Electrode kinetics parameters have been evaluated and a 
possibility of the reaction mechanism path is suggested. 

T h e chemistry of hydroxylamine is extremely fasci­
na t ing because it exhibits different oxidat ion routes 
and gives different products. It can serve as either an 
oxidizing1 - 1 1) or a reducing12-14* agent and primari ly 
used as the latter. T h e reactions involved in the 
oxidat ion of hydroxylamine have been the subject of 
several previous studies2-11* which have demonstrated 
the variety of products which may be formed. 

In this paper oxidat ion of hydroxylamine in aque­
ous su lphur ic acid was investigated at p l a t inum elec­
trode by means of single scan and cyclic voltammetry 
for the purpose of de termining kinetic parameters and 
seeking a plausible mechanism for its oxidation. 

Experimental 

Quartz processed high purity distilled water out-gassed 
and used throughout. 

Apparatus: Rotating Electrode Assembly.15* The elec­
trode disc, split disc, ring disc, and split-ring-disc, of plati­
num are self centering to within a run-out of 5 jam, and can 
be interchanged within 15 s. The disc area is 0.503 cm2. 
The rotator shaft is driven by a powerful, reversible, dc 
tacho-servo motor on a massive, rigid, vibration-free mount, 
and shaft speed is photoelectrically monitored via a fre­
quency standard counter, the SM 200. The relaxation time 
to a speed constancy of ±0.01 Hz is 15 s from rest to 
maximum speed, or from 5 to 50 Hz, and the drift is<0.03 
Hz h"1 at 50 Hz and <0.006 Hz h"1 at 5 Hz. A full descrip­
tion is given elsewhere.16* The electronics15* incorporate a 
±2 V —100 m A potentiostat and amperostat, a bidirectional 
ramp generator of 0.001 mVmin - 1 cyclic voltammetry from 
0.001 to 1200 Hz, voltage and current follower outputs, and 
output offset and attenuation/expansion. Measurements 
of current (through a calibrated standard resistance) and 
potential were made on a 7-digit SEL transfer standard 
digital voltmeter (DVM) Model SM 215 and of lapsed time 
on a 10-MHz frequency standard counter. The readout was 
displayed on a Bryans A3X-Y/T recorder 20170/s or a cali­
brated dual-beam measuring oscilloscope HP 1200A. 
Assembly and instruments were driven from a 1.5 KW satu­
rable reactor, additionally loaded by heating elements to 
96—98% of full output. Dummy loads with fast T T L 
switching were used on thermostats and electrolytic cells. 
Brush noise was smoothed and filtered. The thermostated, 
jacketed cell was provided with a ceramic plug separated 
side-arm filled with the same supporting electrolyte as the 

cell for connection of the platinum spiral counter electrode, 
and an entry for the Luggin capillary bridge, similarly 
filled (and replaced every hour), into which the ceramic-
terminated, saturated potassium chloride bridge, from the 
large capacity saturated calomel electrode, was fitted. A 
machined and drilled PTFE cap on the cell permitted 
reproducible presentation by elevator to the rotating elec­
trode, and carried gas entry and exit ports. 

Electrode Activation: The following pre-treatment was 
applied before each scan or other individual operation: 

1 ) Inspect the electrode surface for imperfection or stain­
ing, and, if necessary polish metallographically to an opti­
cal flat. 

2) Remove adsorbate by immersion in warm aqua regia 
for 1 min and rinse with pure water. 

3) For a working anode, anodise, then cathodise for 30 s 
at 30 mAcm - 2 for three cycles in 0.5 mol dm - 3 Aristar 
sulphuric acid and finally anodise for 60 s at 60 mAcm - 2 . 
For a working cathode, cathodise then anodise for 30 s at 30 
mA cm - 2 each operating for three cycles, and finally catho­
dise for 60 s at 30 mAcm -2 . For a clean electrode, treat as 
for a cathode and then short circuit to a working saturated 
calomel electrode for 6 min. Rinse with pure water and 
transfer it to the working electrolyte without allowing it to 
dry. 

Reagents: Sulphuric Acid: Aristar grade was used. 
Hydroxylamine: Freshly prepared from Analar hydroxylam-
monium sulphate predried in a vaccuum oven a 40 °C over 
magnesium Perchlorate and dissolved in acidified water. 
Working solutions were prepared by dilution of the stock 
solutions that were freshly prepared. 

General Procedure: Voltammetry: A set is run on a 
supporting electrolyte of the same composition and volume 
as a check on electrode performance before performing any 
measurements on a sample. 

The sample solution is placed in the cell and brought to 
thermostated temperature while being deoxygenated by 
outgassing with dry nitrogen (pre-purified by passage 
through scrubbers containing chromium(II) sulphate and 
one containing water). The voltammogram is recorded 
immediately after being activated. 

Determination of Number of Electrons n: For ampero-
static determination of n value of hydroxylamine oxidation, 
the same instrument above is used. A voltammogram is 
recorded for the sample and electrolyte versus a reference 
SCE and the limiting current density is defined. A constant 
current is selected such that the resultant current density 
expected at the termination of the electrolysis. The sample 
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is then electrolyzed for the required time, then a second 
voltammogram is recorded and the new limiting current is 
measured. If the limiting current is 50% of the original 
then n = 1 ; if it is 75% of the original then n = 2 and so on. 

Results and Discussion 

Voltammetry of Hydroxylamine: Anodic oxida­
tion of hydroxylamine has been examined in different 
su lphur ic acid concentrat ions and showed no signifi­
cant difference in the vol tammograms obtained. T h e 
o p t i m u m condi t ion is 0.01 M sulphur ic acid, a typical 
vo l tammogram is shown in Fig. 1. As shown a well 
defined oxidat ion wave is obtained, which starts at a 
potent ial of 0.68 V and extends to a l imi t ing current 
region of 1.18 V. Th i s wave suggests that the anodic 
oxidat ion of hydroxylamine at p l a t inum electrode, is 
kinetically slow, a charge transfer reaction. 

Mass and Charge Transfer Effects: Hydroxylam­
ine solut ions r ang ing between 2.0X10 - 4—1.0X10 - 3 M 
were anodically examined for evaluation of mass and 
charge transfer effects. 

T h e effect of the rotat ion speed of the disk of the 
electrode was investigated by app ly ing Levich equa­
tion of the following form: 

1-0-1 

II,, = ~ 0.620 n FA[red]hD*l$ v~^W1/2 = 0.620, (1) 

where: 

/L,a is the limiting current in mA 
n is number of electrons 
F is Faraday constant 
A is the area of electrode=0.503 cm3 

Dred is the diffusion coefficient of reductant 
v is the Kinematic viscocity 
W is the rotation speed in rad s_1 = 2nf 

where /=frequency Hz. 
So, different concentrat ions of hydroxylamine were 

employed each at rotat ion speed varying between 10 
and 50 Hz at room temperature and a scan rate of 5 
mV s - 1 . A representative example is shown in Fig. 2. 

100 HO 

£w vs. SCE/V 

Fig. 1. Anodic voltammogram of 6.0X10-4 M 
hydroxylamine in 0.01 M sulphuric acid at a rota­
tion speed of 20 Hz and a scan speed of 5 mV s_1 

using platinum electrode. 

1 
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1 1 

0B 
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10 1-2 1-4 1-6 

£w vs. SCE/V 

i 

1-8 
1 I 

20 
I"' 1 

2-2 

Fig. 2. Voltammetry of 6.0X10-4 M hydroxylamine 
in 0.01 M sulphuric acid at a scan speed of 5 mV s_1 

using platinum electrode at different rotation 
speeds: 1, 10 Hz; 2, 20 Hz; 3, 30 Hz; 4, 40 Hz, and 
5, 50 Hz. 

Levich plots of IL,& versus W1/2 for various concen­
trations of hydroxylamine were drawn as in Fig, 3. 
Levich dépendances are statistically reasonable with a 
non-zero intercepts, even though calibration graphs 
can be used in quant i ta t ive analysis. Diffusion coef­
ficients (Dred) were recorded in Tab le 1. It is obvious 
that the reaction is a mixed mass and charge transfer 
controlled predominant ly by the latter. 

O n the other hand, the anodic l imi t ing current was 
found to be completely independent of the hydroxyl­
amine concentration. 

T h e mass transfer rate constants (Table 1) have been 

900 

000 2 00 

f/T 

400 

1/2 c-1/2 

600 

Fig. 3. Levich plots for anodic oxidation of different 
concentrations of hydroxylamine. (1) 2.00158X 
10-4 M; (2) 4.00317X10-4 M; (3) 6.00475X10"4 M; 
(4) 8.00634X10-4 M; (5) 10.00792X10"4 M, all in 0.01 
M sulphuric acid at at platinum electrode. 
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Table 1. Kinetic Parameters Obtained from Voltammo-
grams Obtained at Platinum Electrode with a Scan 

Speed of 5 mV s_1 for Different Concentrations 
of Hydroxlamine in 0.01 M Sulphuric Acid 

[NH2OH] k" D 

1 
2 
3 
4 

10"4M 

4.00 
6.00 
8.00 

10.00 

X105 

6.697 
6.284 
6.735 
6.542 

cms-iXlO"6 

5.686 
8.542 

10.226 
8.689 

H 

0.514 
0.483 
0.529 
0.46 

otfs- iXlO- 5 

3.770 
3.602 
4.066 
3.608 

determined at different hydroxylamine concentrat ions 
us ing the following form of equat ion: 

Km — -
-II,, 

nFA[red] 
(2) 

T h e charge transfer coefficient (ß) were determined 
at different hydroxylamine concentrations us ing plati­
n u m electrode and scan rate 5 m V s - 1 . Pat tern 
theory20* was used for calculations that are introduced 
in Tab le 1, and the fol lowing form of equat ions have 
been used: 

\ogK~-
Ei-Ei / i ( l - / 2 ) 

- logio r~ 
h 

AE / 2 ( l - / i ) ( l - / i ) 
• + logio h 10 ftm, 

ß~-
2.303 RT /i(l-/2) 

logio , 
{El-E2)nF / 2( l - / i ) 

(3) 

(4) 

where /1 and /2 are fractions of the l imi t ing currents at 
two points on the vol tammogram. 

7i = /iL2 and h—f2lL,a at the corresponding poten­
tials Ei and £2 respectively. 

Number of Electrons (n): An example of the 
experiments done, 8.0X10~4 M hydroxylamine in 0.01 
M H2SO4 that was electrolyzed at a constant current of 
3.0 mA for 1287 seconds and for another 1280 seconds 
that reduces the l imi t ing current 18.5% and 37% of its 
original value respectively. Apply ing Faraday's laws 
n was calculated to equal 2.7. 

Cathodic Reduction of Hydroxylamine: Single 
cathodic scan vol tammetry revealed that hydroxyl­
amine is not reducible at p l a t i num electrode. 
Cathodic reduct ion to a m m o n i a has been reported 
us ing mercury electrode.21) 

Cyclic Voltammetry: Cyclic vol tammetry was per­
formed at a stationary p l a t i num electrode us ing var­
ious scan rates, and cycling was repeated unt i l a steady 
state was obtained. Figure 4 shows cyclic vol tammo-
grams (three cycles) of 1.0X10"3 M hydroxylamine 
in 0.01 M su lphur ic acid at scan speed 1200 m V s - 1 . 
T h e sweep was init iated in an anodic direction as 
represented by small arrows. It is obvious that only 
one oxidat ion wave is shown at potential 1.0 V and on 
return cathodic cycle there is a very little evidence of 
any reversible character to hydroxylamine oxidat ion 
since there is no corresponding reduction wave. T h e 
drastic deformation of the cyclic vo l tammogram could 

T 
0-8 

£w vs. SCE/V 
1-2 

Fig. 4. Cyclic voltammogram of 1.0X10"3 M hydrox­
ylamine in 0.01 M sulphuric acid at a stationary 
0.503 cm2 platinum electrode at a scan speed 1200 
mVs"1. 

be due to the change of the resistance of the test 
solut ion du r ing measurement as long as the reference 
electrode is a sensitive SCE. 

Identification of Products: 2X10 - 3 M solut ion of 
hydroxylamine was prepared in 0.01 M su lphur ic acid 
and anodically electrolyzed by passing a current of 4.0 
m A for 5 h. A 100 ml of this solut ion was tested for 
nitrite22* by adding 0.5 ml of 1% sulphani l ic acid in 4 
M acetic acid and 2 ml of 1-naphthol in 2 M sodium 
hydroxide. A p ink color developed indicat ing pres­
ence of the nitrite. T h u s nitri te could be regarded as 
a minor product of hydroxylamine anodic oxidat ion. 
Nitri te has also been detected previously23) when 
hydroxylamine was used as a dc-polarizer in the deter­
mina t ion of copper, b i smuth , lead, and tin us ing 
p l a t i n u m electrode. 

Other expected products were tested for, but all 
a t tempts have failed due to the micro amounts of gases 
evolved if any. 

Mechanism: T h e oxidat ion of hydroxylamine at a 
p l a t i n u m electrode is not a s imple one, and reveals 
that all reaction processes take place in one step. T h e 
h igh over-potential of 500 mV confirms that more 
than one reaction takes place in one step. Kinetic 
parameters were calculated by taking the number of 
electrons as two. No pat tern of values or strict pro­
port ional i ty can be claimed at different hydroxyl­
amine concentrat ions, but the reaction is definitely a 
mixed mass and charge transfer controlled predomi­
nant ly by charge transfer. T h e h igh overpotential 

file:///ogK~-
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exhibited is a sign of complex reaction steps taking 
place in one step. As far as the number of electrons 
involved in the oxidat ion process is concerned, being a 
fraction of 2.7, more than one route simultaneously 
being followed is the most likely mechanism for the 
reaction. Th i s interpretat ion could be confirmed by 
the presence of the micro-amounts of nitrite in the 
solut ion after electrolysis. Al though the involve­
ment of more than two electrons in one-step electrode 
process is unlikely, nitr i te product ion in small 
amount s is a sign of four-electron oxidation of 
hydroxylamine, which is obscure. T h e redox irre­
versible wave exhibited by the cylic vo l tammogram is 
not in favor of nitrite being the only product of 
hydroxylamine oxidat ion bu t would certainly suggest 
that dini trogen oxide (N2O) a n d / o r dini trogen (N2) 
species could not be denied as the anodic irreversible 
wave and final products together with the nitrite. 
Not only that but these findings reveal that the dinit­
rogen oxide a n d / o r dini t rogen species predominate 
and this would explain the reasoning for calculat ing 
parameters by taking the number of electrons as two. 
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Alkylation of Phenol by 1-Dodecene and 1-Decanol. A Literature Correction 
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A recent literature report that 1-dodecene reacts with phenol in the presence of sulfated zirconium oxide 
(superacid), or 1-dodecanol with phenol in the precsence of H-Mordenite (zeolite), to afford mostly para-
substituted alkylphenols has been shown to be incorrect. The product with zirconium is a mixture of ortho/ 
para isomers (^50—65/50—35), and not the exclusive para isomer as reported. The major product in the case 
of zeolite catalysis is the oalkylphenol, with a high degree of end attachment, and not the predominantly 
claimed para isomers. The selectivity obtained with H-Mordenite during alkylation of phenol differs from the 
alkylation of alkylbenzenes and anisole, and is best explained on the basis of a surface catalysis phenomenon. 

The literature reports numerous alkylations of 
phenol under a variety of catalysts and conditions.1-4) 
Because alkylphenols are important in a wide range of 
commercial products, most data are taken from pat­
ents which often do not provide experimental details 
and usually lack detailed structural information. 
Even in the recent literature, the main concern is on 
catalyst development with emphasis on catalyst activ­
ity and stability for fixed-bed operations rather than 
selectivity.5'6) Thus, there is limited information on 
the isomer distribution and the position of attachment 
of the alkyl side chain to the phenolic moiety in 
alkylphenols. Structural information on alkylphen­
ols was sought by us to establish some of their 
structure-property-performance relationships as lubri­
cating oil additives. In the area of anionic deter­
gents, for example, both the o- and p-alkylphenols are 
acceptable products as long as the position of phenol 
attachment is near the end of the alkyl chain to 
provide biodegradability.7) In the area of antioxi­
dants, however, alkylphenols substituted in the ortho 
position are superior to those of para-substitution 
because of the greater influence of the free para posi­
tion.8'9) Alkylphenols based on propylene or isobutyl-
ene oligomers give a high proportion of the preferred 
para isomers for the manufacture of metallic deter­
gents, but in all cases using linear olefins a mixture of 
isomers is obtained.10) The boiling points of the iso­
mers are generally too close to permit their separation 
by distillation. 

We were delighted to find two recent reports in 
which 1-dodecene5) and 1-dodecanol11) were used to alkylate 
phenol selectively at the para position, employing 
sulfated zirconium oxide5) and H-Mordenite11) catalysts, 
respectively. Unfortunately, the products in both cases 
were completely misidentified. Our data show that a 
mixture of the ortho and para isomers was formed 

OH 

Catalyst 
+ RCH=CH2 • G4-CH 

-(CH2) Y C H 3 

Ortho , Para I -V 

with zirconium.5) With zeolite catalyst, the major 
product was shown to be the ortho isomer (>90%), 
with a high degree of end attachment, and not the 
para isomer as reported.11) 

Results and Discussion 

When phenol and 1-dodecene were stirred at 135 °C 
in the presence of sulfated zirconium oxide (ZrCh: 
H2SO4, 4%),5) a 98% olefin conversion was obtained in 
1 h. A large excess of phenol relative to olefin (9.6/1 
mol ratio) was used to prevent formation of dialkyl-
ated products and serve as the solvent. Zirconium 
catalyst was chosen because it is a superacid having a 
high Hammett acidity value (—H0

=16)12) compared to 
commonly used Amberlyst-15 (—H0=2.2)13) or Nafion-H 
(—Ho=ll to 13).13) It seemed reasonable that para 
alkylation could be obtained from 1-dodecene in this 
case due to the likelihood of extensive isomerization. 

Ortho 

O 

900 800 700 900 800 700 

Wavenumber, cm"1 

Fig. 1. IR spectra of products from alkylation of 
phenol with 1-dodecene: (A) 135 °C, Zr02:H2S04; 
(B) 180 °C, H-Mordenite. 
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Analysis of the product by infrared (Fig. 1) showed 
ortho and para substitution at 750 and 825 cm -1, 
respectively. This result was confirmed by a combi­
nation of glc (Fig. 2) and mass spectral (Table 1) and 
^ N M R (Fig. 3) analyses. Clearly, the product was 
not the exclusive p-dodecylphenol reported.5) Repeating 
the alkylation with zirconium catalyst at reflux 
(180 °C) gave the same isomers as above, but the cata­
lyst started to lose activity. Analysis of the 180 °C 
product by infrared gave an ortho/para ratio of ca. 50/50 
compared to ca. 65/35 ratio at 135 °C For practical 
purposes, the isomer distribution obtained with zirco­
nium oxide at 135 °C was no different than that 
observed using conventional catalyst such as 
Amberlyst-15. 

The large pore zeolites (REX and HY) have been 
used for alkylation of phenol with 1-decanol, 1-
decene, and 1-hexadecene by stirring at 180—210°C, 
but with little selectivity (ortho/para, 50—68/50—32).14) 

A reference was found in which zeolites having pore 
dimensions between 6—7Â, including H-Mordenite, 
dealuminated H-Mordenite, and ZSM-12, were used 
for alkylation of phenol with reasonable selectivity for 
the para isomer.11) This report was not unexpected 
since alkylation of toluene or ethylbenzene by Cio to 
Ci4 olefins over H-Mordenite gave over 80% of the 
corresponding £>-dialkylbenzenes.15) A similar result 
was obtained for ethylbenzene alkylation with ethanol 
using ZSM-5 zeolite.16) 

When 1-dodecene and phenol were stirred at reflux 
(180°C) in the presence of ZSM-12 or H-Mordenite, 
the catalysts varied in activity and selectivity. When 
the activity was low, only low conversions were 
obtained and the product often contained alkyl phenyl 
ether by-products (to ca. 40%). In some runs, ether 
formation was supressed by increasing catalyst con­
centration. In all cases, however, ortho isomers pre­
dominated. In the present study H-Mordenite (Si/Al, 
50/1 mol ratio) was used as representative of the above 
group of zeolites. Thus, on a screening scale (10 g), 
1-dodecene reacted with phenol at 180 °C to give a 96% 
olefin conversion in 3.5 h. The product was mostly 

Ortho-I 

Ortho-ll 

Ortho-Ill 

Ortho-IV 

Ortho-V 

||Para( 
III. 
IV, 
V 

(A) 

Para-ll 

Para-I 

U 

Ortho-ll 

R O p h Ortho 
III 

(B) 

Ortho-I 

Para-ll 

t Para-I 

15 17 

Retention Time, Min. 

Fig. 2. GLC chromatograms of products from alky­
lation of phenol with 1-dodecene: (A) 135 °C, 
Zr02:H2S04; (B) 180 °C, H-Mordenite. 

Table 1. Product Composition from Alkylation of Phenol by l-Dodecene/% 

Isomera) 

Ortho-V 
Ortho-IV 
Ortho-Ill 
Ortho-II 
Para-V 
Para-IV 
Para-III 
Ortho-I 
Para-II 
Para-I 

x= 

4 
3 
2 
1 
4 
3 
2 
0 
1 
0 

y= 

5 
6 
7 
8 
5 
6 
7 
9 
8 
9 

GC/MS 

262 
262 
262 
262 
262 
262 
262 
262 
262 
262 

m/z 

~ÖT 
(2) 
(2) 
(4) 
(1) 
(1) 
(1) 
(5) 
(3) 
(2) 

(rel intensity) 

M+, 191 (6) (M-C5)+, 177 (6) (M-C6)+, 107 (100) 
M+, 205 (6) (M-C4)+, 163 (8) (M-C7)+, 107 (100) 
M+, 219 (5) (M-C3)+, 149 (7) (M-C8)+, 107 (100) 
M+, 233 (7) (M-C2)+, 135 (33) (M-C9)+, 107 (100) 
M+, 191 (7) (M-C5)+, 177 (7) (M-C6)+, 107 (100) 
M+, 205 (5) (M-C4)+, 163 (12) (M-C7)+, 107 (100) 
M+, 219 (5) (M-C3)+, 149 (16) (M-C8)+, 107 (100) 
M+ , 247 (1) (M-Ci)+, 121 (100) (M-Cio)+ 

M+, 233 (10) (M-C2)+, 135 (60) (M-C9)+, 107 (100) 
M+, 247 (1) (M-Ci)+, 121 (100) (M-Cio)+ 

Zr0 2 : 

GLC 

4 
5 
7 

16 
2 
3 
4 

35 
10 
14 

H 2S0 4 

NMRb) 

14 

15 

10 

32 
11 
18 

H-Mordenite 

GLC 

tr 
tr 
tr 
8 
0 
0 
0 

89 
tr 
3 

NMRb) 

3 

7 

0 

88 
0 
2 

a) In order of emergence off the capillary column, b) Integration of ArCH region. 
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(B) 

ppm 

Fig. 3. 1H NMR spectra (300 MHz, ArCH region) of 
products from alkylation of phenol with 1-
dodecene: (A) 135 °C, Zr02: H2S04; (B) 180 °C, H-
Mordenite. 

dodecylphenol (98%), o r tho /pa ra ratio ca. 95/5, a long 
wi th dodecyl phenyl ethers (2%) (Table 1). Analysis 
of this product by infrared supported the or tho struc­
ture (Fig. IB), a l though IR cannot be used for quan t i ­
fication purposes wi thout standards for samples con­
ta in ing a h igh or tho content.14) T h e most diagnost ic 
feature in the N M R spectrum of 5-alkylphenols is the 
meth ine pro ton at <5=3.0 (ortho) and ô=2.5 (para), 
respectively. 17>18> By use of high field N M R (300 MHz), 
the methine region was expanded to give a more 
detailed composit ion of isomers (Fig. 3). T h e methine 
p ro ton in or tho and para-I, for example, appears as a 
well resolved sextet at 6=3.04 and 2.58, respectively. 
T h e same pro ton in or tho and para-II appeared at 
0=2.83 and 2.33, respectively. T h e methine pro ton 
in structures III, IV, and V overlapped and appeared 
in the spectrum centered at <5=2.93 (ortho) and 2.42 
(para), respectively. 

T h e 5-dodecylphenols were also identified by mass 
spectrometry (GC/MS). All isomers showed weak parent 
ions at m/z 262, and peak ions for the loss of alkyl 
groups at the poin t of branching. Except for the 
methyl-branched isomer I, which showed a base ion 
peak at m/z 121, all of the remaining 5-dodecylphenols 
gave base ion peaks at m/z 107. 

Alkylat ion on a preparative scale (500 g) at 175— 
185 °C, required isolation, reactivation, and recycling 
of the catalyst to achieve 86% olefin conversion and 
90% or tho isomer selectivity in 12 h. 

Con t inuous flow experiments were carried ou t in a 
micro reactor under condit ions indicated in Tab le 2, 
us ing either 1-decene or 1-decanol as the alkylat ing 
reagent. Al though op t imum reaction conditions were 
not determined, from the data obtained it is very clear 
that the dominant alkylation product is the o-alkylphenol, 
and not the reported para i somer . n ) Alkylations with 
olefin in a batch procedure gave a higher o r t h o / p a r a 
rat io than in a cont inuous mode (95/5 vs. 82/18), a 
reflection of us ing different temperatures.14) Com­
par ison of 225 and 260 °C products us ing 1-decanol as 
the alkylat ing agent (Table 2) showed that h igher 
temperature was more efficient in alkylat ing phenol 
with dialkyl ethers. Higher temperature, however, had 
little effect on alcohol dehydration and alkyl phenyl 
ether formation. T h e use of alcohols in a con t inuous 
mode differed from the use of olefins in that a small 
a m o u n t of normal substi tut ion product was formed, 
and the alkylat ion was accompanied by severe alcohol 

Table 2. Alkylation of Phenol in a Micro Flow Reactor at 20 atma), LHSV«5, H-Mordenite, 
Si/A1^50/1 mol ratio, Phenol/Alkylating Reagent:2/1 mol ratio 

Alkylating 
reagent 

1-Decanol 
1-Decanol 
1-Decene 

Temp 

°C " 

225 
260 
225 

Conversion 

% (per pass) 

15 
77 
18 

Alkylphenols 

21 
41 
84 

Product distribution/mol% 

Olefins Alkylphenyl ethers 

39 8 
41 5 
— 16 

Dialkyl ethers 

32 
13 
0 

a) latm=1.01325X105Pa. 
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Table 3. Alkylation of Phenol in a Micro Flow Reactor at 20 atma), LHSV«5, H-Mordenite, 
Si/Al*=«50/1 mol ratio, Phenol/Alkylating Reagent:2/1 mol ratio 

Decylphenol isomers/% 

Alkylating o Ortho Para Ortho/Para 

agent T e m P / ^ 1-Methyl- 1-Ethyl- 1-Propyl- j 1-Methyl- 1-Ethyl- 1-Propyl- raüo 

y nonyl octyl heptyl y nonyl octyl heptyl 

1-Decanol 225 13.6 42.9 6.6 — 3.1 26.3 7.5 — 63/37 
1-Decanol 260 6.5 48.7 6.9 — 0.6 28.5 8.8 — 62/38 
1-Decene 225 — 73.1 7.0 1.6 — 14.0 3.4 0.9 82/18 

a ) l atm=1.01325X105Pa. 

dehydrat ion and condensat ion to give olefins and 
dialkyl ether by-products. T h e use of decanol gave 
twice as much para isomers than obtained with 
decene, bu t the dominan t isomers were still or tho 
(Table 3). From a limited study it is further apparent 
that olefins give much cleaner products than the alco­
hols and are generally preferred since they are less 
expensive than the alcohols. 

T h e reaction of anisole with 1-dodecene at reflux 
(155 °C) over H-Mordenite for 6 h gave ca. 10% olefin 
conversion to a product which was largely p-(2-
methylundecyl)anisole (80%). 

Conclusion 

In conclusion, we confirm the results of a recent 
patent that the phenol alkylat ion product consists of 
end-attached isomers, bu t the major product is not the 
reported para-I structure. Our data are overwhelm­
ingly in suppor t of the ortho-I structure. More recent 
literature, unfortunately, continues to propagate this 
erroneous assignment.19 '23) It is further apparen t that 
the alkylation of phenol does not follow the course 
well-established for the corresponding alkylation of 
toluene, ethylbenzene, or even anisole which give 
mostly the para isomers. These results suggest that 
H-Mordenite perhaps does not belong to the class of 
shape selective zeolites, and that alkylat ion of phenol 
in this case may involve complex formation between 
reacting components on the surface.20'21) 

Sulfated zirconium oxide catalyst, in spite of its 
h igh acidity, offered no advantage in isomer composi­
tion of product over conventional acid catalysts. 

Experimental 

Catalysts. The synthesis of sulfated zirconium oxide has 
been previously described.5'12) The distribution of acid sites 
by IR, after treatment with pyridine, gave values of 0.04 
mequivg - 1 (Br0nsted) and 0.06 mequivg - 1 (Lewis), respec­
tively. All zeolites were calcined in air prior to use at 
550 °C for 1—2 h. The dealuminated H-Mordenite (Si/Al, 
50/1 mol ratio) was prepared from commercial H-Mordenite 
(Si/Al, 15/1 mol ratio) by steaming at 550 °C for 6 h, fol­
lowed by leaching with 0.6 M HCl at reflux (M=mol dm -3), 
and calcination.22) This catalyst had a pour volume of 
0.106 compared to initial volume 0.074 m l g - 1 (CôHi2 

absorption), a sodium content of 3.6 ppm, and 94% crystal-
Unity by X-ray. Acidity by IR gave values of 0.05 mequiv 
g_1 (Br0nsted) and 0.07 mequiv g - 1 (Lewis), respectively. 

Analyses. Infrared spectra were recorded on a Perkin-
Elmer Model 283 spectrophotometer in CS2 solvent. 
Nuclear magnetic resonance (NMR) spectra were recorded as 
solution in CDCI3 on a Nicolet (300 MHz) spectrometer. 
The chemical shifts are in ô units (ppm) relative to Me4Si. 
GC/MS data were obtained on a Finnigan 4510 system with 
an electron impact source at 70 eV. Chromatographic ana­
lyses were performed on a Hewlett-Packard 5880A (FID) 
Chromatograph, using a 25-m methylsilicone column (SPB-
1, fused silica capillary) programmed from 50 to 300 °C at 8 
degmin - 1 . 

General Alkylation Procedure. A 100-ml, three-necked, 
round-bottomed flask, fitted with a Dean-Stark trap, a 
stirrer, a condenser connected to a dry nitrogen source, and a 
thermometer, was charged with phenol (10.6 g, 1L3 mmol), 
1-dodecene (1.96 g, 1.17 mmol) and zirconium catalyst (0.46 
g). The mixture was heated at ca. 135 °C for 2 h, following 
the course of reaction by GLC. The mixture was filtered, 
and the filtrate was stripped under reduced pressure to give 
2.6 g (85%) of amber colored oil for analysis. 

We thank Dr. S. J. Miller for providing us with H-
Mordenite sample. 

References 

1) S. H. Patinkin and B. S. Friedman, "Friedel-Crafts 
and Related Reactions," ed by G. A. Olah, Interscience 
Publishers, New York (1964), Vol. 2, Part 1, p. 75. 

2) R. M. Roberts and A. A. Khalaf, "Friedel-Crafts 
Alkylation Chemistry," Marcel Dekker, New York (1984), p. 
701. 

3) H. W. B. Reed, "Kirk Othmer Encyclopedia of Chem­
ical Technology," ed by M. Grayson, Wiley, New York 
(1978), 3rded, Vol. 2, p. 72. 

4) R. H. Rosenwald, "Kirk Othmer Encyclopedia of 
Chemical Technology," ed by M. Grayson, Wiley, New 
York (1978), 3rd ed, Vol. 2, p. 65. 

5) R. A. Rajadhyaksha and D. D. Chaudhari, Bull. 
Chem. Soc. Jpn., 61, 1379 (1988). 

6) J. D. Weaver, E. L. Tasset, and W. E. Fry, "Catalysis," 
ed by J. W. Ward, Elsevier Publishers, Amsterdam (1987), p. 
483. 

7) R. G. Anderson and S. H. Sharman, / . Am. Oil Chem. 
Soc, 48, 107(1971). 

8) R. Dijkstra, U. S. Patent 2874193 (1959). 



December, 1990] Alkylation of Phenol by 1-Dodecene and 1-Decanol. A Literature Correction 3669 

9) R. H. Rosenwald, J. R. Hoatson, and J. A. Chenicek, 
Ind. Eng. Chem., 42, 161 (1950). 

10) T. V. Liston, U. S. Patent 4744921 (1988). 
11) L. B. Young, U. S. Patent 4283573 (1981). 
12) M. Hino and K. Arata, / . Chem. Soc, Chem. Com­

mun., 851 (1980). 
13) G. A. Olah, G. K. S. Prakash, and J. Sommer, "Super­

acids," Wiley, New York (1985). 
14) P. B. Venuto, L. A. Hamilton, P. S. Landis, and J. J. 

Wise,/. Catal.,5,81 (1966). 
15) R. A. Grey, U. S. Patent 4731497 (1988). 
16) J. H. Kim, S. Namba, and T. Yashima, Bull. Chem. 

Soc. Jpn., 61, 1051 (1988). 
17) L. P. Lindeman and S. W. Nicksic, Anal. Chem., 36, 

2414(1964). 
18) C. J. Pouchen, "The Aldrich Libraary of NMR Spec­

tra," 2nd ed, Vol. 1 (1983), pp. 868B, 874A. 
19) W. Holderich, M. Hesse, and F. Naumann, Angew. 

Chem., Int. Ed. Engl., 27, 226 (1988). 
20) I. T. Golubchenko, P. N. Galica, V. I. Khranovskaya, 

and V. G. Motornyi, Neftekhimiya, 28, 636 (1988). 
21) Yu. V. Churkin, L. A. Chvalyak, G. N. Kirichenko, 

and M. F. Mazitov, Neftekhimiya, 26, 343 (1986). 
22) R. W. Olsson and L. D. Rollman, Inorg. Chem., 16, 

651 (1977). 
23) N. Y. Chen, W. E. Garwood, and F. G. Dwyer, "Shape 

Selective Catalysis in Industrial Applications," Marcel 
Dekker, New York (1989), p. 140. 



3670 © 1990 The Chemical Society of Japan Bull Chem. Soc. Jpn., 63, 3670—3677 (1990) [Vol. 63, No. 12 
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A new type of crown compound (1—3) featuring an assembly of two or three individual macrorings with 
different ring size, rigidity, and donor atoms and having characteristic aromatic junctions is introduced. 
Syntheses are described and cation binding abilities of the compounds are evaluated by solvent extraction 
technique and isolation of solid complexes. Due to the number of macrorings and their property, 1—3 are 
shown to be suitable hosts for the common incorporation of several cations. However, cooperativity of 
adjacent macrorings in complex formation depending on the used cation is also observed. The constituent bis-
crown ethers 4—6 and monocyclic crown ethers 7—10 were examined as comparative compounds for solving the 
complexation properties of the new hosts. 

Crown ether chemistry2* has drifted from simple 
macromonocyclic complexes3* to more sophisticated 
structures4* involving lariat-type complexes,5* macro-
oligocyclic cryptands,6* rigid spherands7* and other 
supramolecular systems.8* A part icular host family 
are the multisi te crowns.9* They make possible oli-
gonuclear complexes wi th more than one and differ­
ent cations in close neighborhood.10* Due to their 
behavior they show promise for analytical uses and 
open possibilities in cooperative receptors and switch­
ing materials.2 '48* 

A former concept for the synthesis of multisite 
cation receptors by which any number and type of 
macrocyclic b ind ing compar tment can be linked 
together bases on spiro junction.1 1 1 1 2* These l igands 
have perpendicular or ientat ion of the crown compart-

ro <~°^ o« .̂ 
ro 

f xc ;DCC 3 
* - V J l^J VS~S 

2 

f Ä : D 

ments a round the spiro centers10a* which may cause 
steric h indrance at complexat ion emana t ing from the 
spiro-substituents.1213* However, a coplanar orienta­
tion of crown compar tments and no steric h indrance 
of the previous sort should be present in the hetero­
topic di- and tri-loop crown hosts 1—3 possessing 
aromatic junct ions . 

We report here the syntheses and specific cation 
b ind ing properties of this new type of l igand evalu-
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r ,o xc 
10 Ri=R2=H (B15C5) 
11 R1=R2=CH2C1 
12 R ^ C H O , R2=H 
13 Ri=CH2OH, R2=H 
14 R1=GH2C1, R2=H 
15 Ri=OH, R2=H 

ated from picrate extraction experiments and crystal­
line complex formation. An addit ional poin t of this 
study is to compare the complexat ion properties of 
1—3 with 4—6 or 7—10 which are bis-crown or con­
stituent crown analogs of the mul t i loops 1—3, respec­
tively. It is expected to find out the background on 
polytopic and cooperative complexat ion behavior 
relat ing to the new crown type. Also, some of the 
comparat ive crowns (6, 7, and 8) have not been syn­
thesized before. 

Results and Discussion 

Synthesis. Di- and t r i loop crown ethers 1 and 2 
were synthesized in 65 and 54% yields, respectively, by 
reaction of bis(chloromethyl)-subst i tuted benzo-15-
crown-5 (11) with the corresponding diols 16 or 17 in 
the presence of N a H as a base in THF 1 ) under high-
di lu t ion conditions14* and with KCl as template sup­
port.15) Oxathia-di loop crown c o m p o u n d 3 was 
obtained in 55% yield by reaction of 11 with di thiol 21 
in the presence of KOH as a base in benzene-EtOH 
under h igh-di lu t ion conditions.1 6 ) Bis-crown com­
pounds 4 and 5 were prepared in 61 and 69% yields, 
respectively, from hydroxymethyl-substi tuted benzo-
15-crown-5 13 with bis-tosylate 19 or chloromethyl-
substituted benzo-15-crown-5 14 us ing N a H in T H F . 
Bis-crown c o m p o u n d 6 was obtained in 74% yield 
from crown phenol 15 wi th 14 in the presence of 
C s O H as a base in DMF.1 7 1 8 ) Monocyclic crown 

</~^T\H 

0 0 OH 

v_7V_y 
16 

17 X1=X2=OH 
18 Xx=OH, X2=C1 
19 X1=X2=OTos 

r̂ i 

20 Y=OH 
21 Y=SH 

compounds 7 and 8 were synthesized in 53 and 31% 
yields, respectively, by reaction of bis(bromomethyl)-
benzene with the corresponding diols 16 or 17 us ing 
N a H - T H F and high-di lu t ion conditions. 

Intermediate 11 was prepared by chloromethylat ion 
of benzo-15-crown-5 (10) in 88% yield. All other 
intermediates were obtained according to reported 
procedures (see Experimental Section). 

Extraction Studies. T h e solvent extraction tech­
n ique 1 ^ has been employed as a facile and convenient 
method for evaluat ing the complexat ion ability of 
crown ethers to cations.20) In the present study, the 
solvent extraction of aqueous alkali (Na+ , K+ , R b + , 
and Cs+), a lkal ine earth (Mg2+, Ca2+, Sr2+, and Ba2+), 
and some heavy metal (Ag+ and T l + ) picrates (3 mM) 
was performed at 25 °C with d ichloromethane solu­
tion of the crown ether (3 mM per crown ether sub-
uni t) . T h e percent extractabihties (% Ex), defined as 
percent picrate extracted in to the organic phase, are 
shown in Tab le 1. 

It is obvious2 ) that the cat ion-binding and extrac­
tion ability is critically affected by several factors 
inc lud ing the symmetry of the crown ether, size-fit 
re la t ionship, mult iplici ty, and cooperative effects of 
ne ighbor ing b ind ing sites, and the type of the donor 
atoms, which will be discussed at the proper place. 

(a) Constituent Monocyclic Crowns 7—10. Pre­
viously we have reported21* that the non-subst i tuted 

Table 1. Extraction of Metal Picratesa) 

Ligand 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Na+ 

2.7 
4.9 
1.6 
4.9 
5.3 
4.2 
0.3 
0.2 
0.8 
5.3 

K+ 

6.2 
30.4 
4.5 

37.9 
35.4 
26.1 

2.4 
0.9 

23.6 
9.0 

Rb+ 

4.6 
27.3 
2.0 

27.5 
30.0 
9.1 
2.2 
1.2 

15.1 
4.4 

Cs+ 

3.4 
11.5 
0.5 
7.8 

10.6 
1.7 
1.9 
2.2 
7.9 
1.7 

Extractabilityb)/% 

Ag+ 

6.1 
10.2 
41.4 

8.9 
8.9 
7.6 
1.5 
1.9 
4.3 
7.0 

T1+ 

18.3 
30.7 
6.1 

32.7 
40.3 
24.9 
14.6 
16.6 
30.8 
13.4 

Mg2+ 

0.3 
0.5 
0.2 
0.4 
0.5 
0.5 
0.1 
0.1 
1.3 
0.7 

Ca2+ 

0.4 
0.7 
0.3 
0.5 
0.5 
0.4 
0.1 
0.1 
0.8 
1.3 

Sr2+ 

14.4 
1.8 
0.2 
0.9 
1.0 
0.6 
6.7 
0.3 
4.1 
2.1 

Ba2+ 

32.7 
22.4 
0.9 
7.7 
6.3 
3.7 

30.4 
14.2 
82.1 
4.4 

a) Temperature 25.0+0.1 °C; aqueous phase (5 mL): [picrate]=3.0 mM; organic phase 
(CH2CI2, 5 mL): [crown ether subunit]=3.0 mM (M=moldm-3). b) Defined as % picrate 
extracted into the organic phase. Average of two independent runs; error<0.5. 
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less symmetrical (3ra+ra)-crown-m ethers (m=5 and 6, 
n=l—4) in general show lower cation-binding abili­
ties than the symmetrical 3m-crown-m ether analogs, 
however they yield a significant shift in cation selec­
tivity due to the enlarged cavity size. The dibenzo 
crown ethers 7, 8, and 9 give similar results (Table 1). 
That is, dibenzo-20-crown-6 (7) and dibenzo-22-
crown-6 (8) show lower extractabilities in general than 
the more symmetrical dibenzo-18-crown-6 (9). The 
change in relative cation selectivity is observed for 8. 
This crown prefers Cs+ to the other alkali metal ions, 
while 7 and 9 favor K+. It should be noted, however, 
that neither 8 nor symmetrical 9 but low symmetrical 
7 yields the highest extractability of Sr2+. This par­
ticular behavior is difficult to explain at the moment. 
Compared to 7—9, benzo-15-crown-5 which is also 
listed in Table 1 shows less-selective moderate 
extraction. 

(b) Comparative Bis-Crown Ethers 4—6. These 
compounds have been synthesized in order to illumi­
nate the competition between multiplicity and coope-
rativity effects of neighboring crown ether rings. 
Wada et al.22) have studied several bis(benzo-15-crown-
5) ethers linked by a poly(oxyethylene) chain, which 
incorporate three to seven oxygen atoms in this seg­
ment. Thus, they dealt with compounds analogous 
to 4—6. In their report, the effects of the chain is 
rather small on the cation-binding ability, while vari­
ation of the conformational energies of the bis-crown 
ethers in the intramolecular sandwich form would be 
the principal reason for the change of the extractabilities. 

The present bis-crown ethers 4, 5, and 6 which have 
a short(er) bridge chain and a low number of oxygen 
atoms (from one to three) are rather different (Table 
1). Compared with the extractabilities of simple 
benzo-15-crown-5 (10), the bis(benzo-15-crown-5) 
derivatives 4 and 5 show in general much higher 
extractabilities for cations larger than the hole size of 
the crown ether rings, such as K+, Cs+, and Tl+ . 
This is a clear indication of sandwich complex forma­
tion due to the cooperative effect of the terminal 
crown ether rings. However, there is also a notice­
able dependence of the cation extractability on the 
length of the bridge segment in 4—6. More precisely 
speaking, 6 which has the shortest chain length of the 
bis-crowns under discussion not only gave lower 
extractabilities compared to 4 and 5, but yield particu­
larly low extraction of the large cations Rb+ and Cs+. 
The data (Table 1) suggest that intramolecular sand­
wich complexes of 6 are only formed with K+ but not 
with Rb+ , Cs+, or Tl + . It is also interesting to note 
that high extractabilities of alkaline earth picrates are 
neither obtained with 4 and 5 nor 6, showing that no 
cooperative effect exists in this range of cations. 

(c) Di- and Triloop Crown Compounds 1, 2, and 3. 
Taking account of the cation extraction exhibited by 
the bis-crown ethers 4—6 and by constitutional low 
symmetry crown analogs 6—10, the cation extractabil­

ities observed for the di- and triloop crown com­
pounds 1—3 can be discussed on a sound base. 

By constitution, diloop crown compound 1 is a 
combination of benzo-15-crown-5 (10) and dibenzo-20-
crown-6 (7). If mutual interaction between the adja­
cent crown rings is absent, the cation extractability of 
1 should be reflected by that of the individual cases of 
7 and 10. Then, % Ex values of the metal picrates for 
1 are expected to be equivalent to the total of the 
extractabilities of 7 and 10 [(7+10)/2]. Otherwise 
they should markedly deviate from these calculated 
data. 

It appears from Table 1 that this calculation is 
roughly true for most of the monovalent cations 
(except Cs+) and the small bivalent cations (Mg2+, 
Ca2+) while the large bivalent cations (Sr2+, Ba2+) 
strongly deviate. Consequently these data support 
the formation of binuclear complexes in case of the 
monovalent cations. The high extractabilities of 
Sr2+ and Ba2+ compared with the values calculated 
from 7 and 10 suggest another interpretation. As 
revealed, individual 7 already has high cation ability 
for Sr2+ and Ba2+. On the other hand, binding of 
Sr2+ and Ba2+ by 1 due to the benzo-15-crown-5 con­
stituent is expected to be low considering the extrac­
tion of individual benzo-15-crown-5 (10) (Table 1). 
However, when the benzo-15-crown-5 ring in 1 is 
considered to be a bulky lipophilic group, it would 
make the dehydration of the Sr2+ and Ba2+ picrates 
easier leading to high cation extraction. In case of 1 
with Cs+ picrate, we assume formation of an intermo-
lecular sandwich complex10c) to a certain extent (cf. 
Table 1). 

The triloop crown compound 2 involves the combi­
nation of two benzo-15-crown-5 (10) rings and one 
dibenzo-22-crown-6 (8) macrocycle. Based on the cal­
culation mode, as above, the cation extractabilities of 
2 are higher than that of the total of 10 and 8, and even 
exceed diloop crown ether 1. In particular, high 
extractabilities of 2 are observed for the picrates of K+, 
Rb+ , T1+, and Ba2+ which suggest cooperativity of the 
binding sites to a great extent. A comparison 
between 2 and its bis-crown ether analog 4 with a 
diethylene glycol bridge instead of the central 22-
membered ring in 2, shows that their extractabilities 
largely correspond, except for Ba2+ picrate, which 
underlines the particular feature of the Ba2+ complex 
of 2. 

The present extraction data might not bear quanti­
tative discussion, but they are indicative of the central 
dibenzo-22-crown-6 ring in 2 working as coordination 
site or bridge between the two benzo-15-crown-5 rings 
depending on the cation. In case of an intramolecu­
lar sandwich complex between the two benzo-15-
crown-5 units, the central ring segments may not only 
function as shielding spacer bridges, but portion of 
their oxygens may also be involved in coordination to 
the cation, thus stabilizing the complex. Of course, 
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this is very likely for the potential sandwich complex 
wi th Ba2 + picrate. 

As was to be expected from the presence of a b ind ing 
site wi th four soft S donor atoms,2 1 6 ) the d i loop crown 
3 shows the highest extractability of all cations and of 
all studied hosts for Ag + (Table 1) while the extract-
abilities of other metal picrates are low. 

Formation of Solid Complexes. T o shed more light 
on the complexat ion properties of the present crown 
l igands, their capability to form solid complexes with 
inorganic salts was studied.^ For obvious reasons 
they refer to different alkali and alkaline earth thio-
cyanates [NaSCN, KSCN, Ba(SCN)2], and in case of 3 
also Co(SCN)2 was used. Complex formation was 
carried out by combin ing the respective crown com­
p o u n d wi th an equ imola r a m o u n t of the correspond­
ing salt(s) in acetone, chloroform-acetone or 
methanol as solvent.1* A list of the isolated com­
plexes with specification of their properties is given in 
Tab le 2. 

Complexes with alkali and alkaline earth thiocya-
nates are colorless microcrystalline powders, except 
for that of 7 and 8 which came out as colorless crystals. 
T h e mixed complex of 3 with NaSCN and Co(SCN)2 

was isolated as a dark-green powder. In most cases, 
the mel t ing points of the complexes (Table 2) were 
found to be significantly higher than of the free l igand 
(see Experimental Section). Elemental analyses 
(Table 2) confirm the complexes to be of different 

stoichiometries, 1:1 (ligand : salt) , 1:2, 1:3, and 2 : 5, 
depending on the l igand species and the cation type 
used. 

Considering the common size relat ionships between 
cation diameter and crown r ing interior,2* as well as 
the number of b ind ing compar tments present, the 
observed stoichiometries are reasonable.1* T h a t 
would mean, the benzo-15-crown-5 compar tment 
matches N a + , which is indicated by the NaSCN com­
plexes of 1—3, 5, and 6. Former studies by 
Re inhoud t et al.23) on the complexat ion properties of 
o-bis(methylene)aromatic crowns suggest a twisted 
r ing-contract ing conformation for the o-xyleno-
conta in ing crown compar tments in 1 and 2. Hence 
the formation of bi- and trinuclear NaSCN complexes 
of 1 and 2, respectively, is rat ional . Logically the 
presence of the two benzo-15-crown-5 rings in 5 and 6 
accounts for the ready formation of 1:2 ( l igand: salt) 
complexes with NaSCN.24) 

O n the other hand, the failure of monocyclic crowns 
7 and 8 to form complexes with NaSCN may be 
attributed to the extra methylenes introduced, since 
drastic decreases in cation b ind ing ability were 
observed wi th the unsubst i tuted analogs, i.e. 20-
crown-6 and 22-crown-6.21) These crowns are possi­
bly too weak for coordinat ion of monocharged cations 
such as N a + or K+ but yield stable 1:1 complexes with 
Ba(SCN)2. Another Ba(SCN)2 complex is only obtain­
able with 2, yet it has an unexpected stoichiometry 

Table 2. Data of Solid Complexes 

Compound21 Yield 
Mp Analyses/% 

Found Calcd 

H N H N 

Characteristic IR absorptions 

KBr, cm"1 

1 • (NaSCN)2 83b) 

2-(NaSCN)3-H20 78c) 

(2)2-[Ba(SCN)2]5-2H20 72c) 

3 • NaSCN • Co(SCN)2 68d) 

5-(NaSCN)2-H20 70b) 

244—245 51.58 5.83 3.71 51.88 

249—253 48.43 5.83 3.88 48.81 

37.52 4.66 4.54 37.30 >240 
(decomp) 

>115 
(decomp) 
185—187 

39.53 4.45 5.25 39.18 

50.64 5.73 3.73 50.65 

5-KSCN 83b) 152—154 54.92 6.35 2.12 55.15 

6-(NaSCN)2-0.5H2O 65b) 221—224 50.66 5.62 3.77 50.60 

5.71 3.77 

5.90 3.96 

4.31 4.83 

4.55 5.27 

5.84 3.69 

6.27 2.08 

5.61 3.80 

6 • KSCN • H 2 0 

7-(BaSCN)2 

8-Ba(SCN)2 

86b) 281—283 53.40 5.81 2.40 53.00 6.22 2.05 

69b) 

64b) 

244—247 45.12 4.66 4.19 44.90 4.39 4.36 

242—243 46.22 5.18 3.99 46.60 4.81 4.17 

2080 (SCN), 1540, 1520 (Ar), 
1260, 1140 (C-O), 955 
3600 (OH), 2080 (SCN), 1530 
(Ar), 1250, 1140 (C-O), 960 
3540 (OH), 2080 (SCN), 1530 
(Ar), 1300, 1260, 1120, 1080 
(C-O), 955 
2050 (SCN), 1595, 1500 (Ar), 
1265, 1115, 1090 (C-O), 940 
3620 (OH), 2080 (SCN), 1525 
(Ar), 1270, 1150 (C-O), 955, 
830 
2070 (SCN), 1520 (Ar), 1260, 
1145 (C-O), 945, 865 
3500 (OH), 2070 (SCN), 1620, 
1525 (Ar), 1275, 1155, 1120 
(C-O), 950, 840 
3600 (OH), 2075 (SCN), 1620, 
1525 (Ar), 1270, 1140, (C-O), 
950, 860 
2090, 2070 (SCN), 1515 (Ar), 
1255, 1130 (C-O), 760 
2080, 2070 (SCN), 1100 (C-O), 
755 

a) Composition examined by elemental analyses and 1H NMR spectra, 
acetone (2:3). d) Solvent MeOH. 

b) Solvent acetone, c) Solvent CHCI3-
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(crown : salt 2 : 5) which indicates a complicated struc­
ture. Interestingly this host shows also a relatively 
high Ba2+ picrate extraction (cf. Table 1). 

There is more individuality in the present ligands 
with reference to the coordination behavior to KSCN. 
Although we are aware of several 2:1 (ligand : salt) 
KSCN complexes of benzo-15-crown-5,2526) neither 1, 
2, nor 3 gave crystalline complexes with KSCN. 
Obviously it is unfavorable for di- and triloop crowns 
1—3 to form solid sandwich-type complexes typical of 
benzo-15-crown-5.24) Not so in case of bis-crown 
compounds 5 and 6 which readily yield solid KSCN 
complexes of the expected stoichiometric ratio (1:1). 
Whether they are intra- or inter-host sandwich com­
plexes is a problem remaining for future studies. 

Due to the benzo-15-crown-5 and the tetrathiacoro-
nand constituents, the hetero-diloop compound 3 pro­
vides binding sites for Na+ and transition metal ions.2) 

Correspondingly a mixed complex with NaSCN and 
Co(SCN)2 (1:1:1 ligand : Na+: Co2+) is obtained. 
Although not evidenced, the Co2+ is likely to be 
encircled by the thiacoronand and Na+ by the oli-
goether ring. 

Assumption about possible structures of the isolated 
complexes is further complicated by the presence of 
water molecules in some of the complexes, as con­
firmed by elemental analysis and IR (Table 2). 
Hydrates predominate for the complexes of high 
salt : ligand ratio which is explainable because of the 
electrostatic repulsion between adjacent cations.1* A 
monohydrate was also obtained in case of the KSCN 
complex with 6 but not for that of 5 which indicates 
that the chain length of the spacer between the two 
benzo-15-crown-5-subunits influences complexation. 
Another example relating to this problem refers to bis-
crown 4 which yielded no solid complex with any of 
the tested salts. A supposed reason for this behavior 
is the high flexibility of the spacer chain [oxybis-
(ethyleneoxymethylene) group]. 

Complex formation is also evidenced in the IR 
spectra (Table 2). The vibration modes of the free 
ligand (see Experimental Section) undergo substantial 
shifts and splittings upon complexation, most distinct 
for the y(C-O-C) absorptions of the ether bonds 
between 1270 and 1090 cm -1. Frequency shifts were 
found to be in the order of 5—50 cm -1. The maxi­
mum shifts are observed for the Ba(SCN)2 complex of 
2 and for the mixed NaSCN/Co(SCN)2 complex of 3. 
The marked band splitting in the i>(C-0-C) region for 
the Ba(SCN)2 complex of 2 is attributable to the com­
plicated structure in this complex indicating that the 
two macrocycles of the stoichiometric unit are proba­
bly not equivalent. Another point of interest relates 
to the C-N stretching frequency for SCN" of the 
different complexes. Absorptions near 2060 cm - 1 

(Table 2) show evidence for the uncoordinated nature 
of the thiocyanate anions, while higher frequency 
bands near 2080 cm"1 are indicative of coordinated 

thiocyanate ions.27) In case of the Ba(SCN)2 com­
plexes of 7 and 8, band splitting of the j/C-N absorp­
tion reflects the presence of two non-equivalent thio­
cyanate ions in the crystal.28) Broad absorptions in 
the 3500 cm - 1 region of the IR spectra are typical of 
the hydrated complexes. 

Conclusions 

Di- and triloop crown compounds 1—3 with aro­
matic junctions were shown to be suitable hosts for 
the common incorporation of several cations due to 
the number and specific binding compartments com­
bined in the ligand skeleton. They can complex 
identical or different metal ions. In this behavior 
they correspond to the spiro-linked multiloop crowns 
formerly reported.1 n ) However, each class of multi­
loop hosts provide specific complexation properties as 
to the individual compounds. 

Although there is relation, the complex formation 
of the di- and triloop hosts 1—3 is not a simple 
coexistence of the compartmental coordination prop­
erties allocated by the individual crown rings, but 
show their cooperativity in complex formation 
depending on the cation. The constituent bis-crown 
ethers 4 and 6 and monocyclic crown ethers 7—10, 
which were examined as comparative compounds, 
confirm the assessment, thus allowing for multinu-
clear and sandwich-type complexation in case of 1—3. 

Usually it is risky to draw a parallel between solid 
cation complexes and solution complexes, and also 
different counter anions give rise to problems.2425) 

Nevertheless they find some close resemblance 
between the ability to form solid complexes with 
thiocyanate salts and the extractability of picrate salts 
in the methylene chloride-water solvent system which 
suggests similar complex structures in solution and in 
the solid state. Examples involve the ligand/cation 
combinations: 2/Ba2+, 5/K+, 6/K+, 7/Ba2+, or 8/Ba2+. 
Efforts to prepare crystals of the isolated complexes 
suitable for X-ray diffraction studies in order to eluci­
date exact studies were unsuccessful. 

Experimental 

General. Melting points were obtained on a Kofler 
apparatus (Reichert, Wien). IR spectra were recorded on a 
Pye-Unicam SP-1100 spectrometer. * H NMR spectra were 
taken on a Varian EM-360 (60 MHz) spectrometer; chemical 
shifts (ô) are expressed in ppm relative to Me4Si (internal 
reference). Mass spectra were determined on an A.E.I. MS-
50 instrument. Elemental analyses were performed by the 
Microanalytical Laboratory of the Institut für Organische 
Chemie und Biochemie, Universität Bonn. For column 
chromatography AI2O3 (Brockmann, grade II-III, Woelm) 
was used. NaH was applied as an 80% suspension in min­
eral oil. Tetrahydrofuran (THF) was purified by fresh 
distillation from L1AIH4. Dimethylformamide (DMF) was 
fresh distilled over CaH2. Dichloromethane for solvent 
extraction was purified by distillation. All other solvents 
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were of reagent quality. 1,3-Propanedithiol, 2-chloroethanol, 
diethylene glycol (17), and 5-chloro-3-oxa-l-pentanol (18) 
were purchased from Janssen (Nettetal). l,2-Bis(bromo-
methyl)benzene,29> diethylene glycol ditosylate (19),3°) benzo-
15-crown-5 (10),31> and 4'-formyl[benzo-15-crown-5] (12)32) 

were prepared according to the reported procedures. 
Dibenzo-18-crown-6 (9), which is commercially available 
(Aldrich), was a gift from Prof. M. Yamamoto of Fukuoka 
University. 

2,2/-(13-Propanediyldithio)diethanethiol (21). This com­
pound was obtained by reaction of 1,3-propanedithiol with 
2-chloroethanol and subsequent conversion of the diol 20 
with thiourea following the literature procedure;35) 42% 
colorless oil; bp 146—148°C/0.1 Torr (lit,35> bp 159— 
161 °C/0.5 Torr) (1 Torr=133.322 Pa). 

2,2/-[l,2-Phenylenebis(oxyethyleneoxy)]diethanol (16). 
This compound was prepared from catechol, 18, and 
NaOH.34> Unlike the literature procedure,35) 18 was used 
without previous conversion into the bis-tetrahydropyranyl 
ether: yield 65%; colorless viscous oil; bp 185°C/0.1 Torr 
(lit,35) bp 185—187°C/0.05 Torr). 

4/,5/-Bis(chloromethyl)[benzo-15-crown-5] (11). A stirred 
mixture of benzo-15-crown-5 (10) (6.00 g, 20.1 mmol), para­
formaldehyde (3.55 g, 118 mmol), and coned HCl (16 ml) 
was gradually heated to 50 °C within 45 min. During this 
time, a vigorous stream of HCl gas was passed into the 
mixture. Heating and passing HCl into the mixture was 
continued for 1.5 h. After cooling, the mixture was poured 
on ice and the precipitate which formed was collected, 
washed thoroughly with water, and dried over P4O10. 
Recrystallization from heptane yielded 88% colorless crys­
tals: mp 146—148 °C; IR (KBr) 1607, 1530 (Ar), 1235, 1140 
(C-O) cm"1; « N M R (CDCI3) 6=3.70—4.30 (16H, m, 
OCH2), 4.69 (4H, s, benzyl), 6.93 (2H, s, aryl); MS m/z 368 
(M+). Found: C, 52.54; H, 6.27%. Calcd for C16H22CI2O5: 
C, 52.61; H, 6.07%. 

4/-(Hydroxymethyl)[benzo-15-crown-5] (13). Reduction of 
4/-formyl[benzo-15-crown-5] (12) with L1AIH4 in dry THF 
as described32) yielded 74% of the title compound; colorless 
needles (from heptane); mp 57—59 °C (lit,32) mp 52—54 °C). 

4/-(Chloromethyl)[benzo-15-crown-5] (14). Reaction of 
4/-(hydroxymethyl)[benzo-15-crown-5] (13) with SOCI2 as 
described32) yielded 69% of the title compound; colorless 
crystals (from petroleum ether, bp 40—46 °C); mp 65—66 °C 
(lit,32) mp 65—66 °C). 

4/-Hydroxy[benzo-15-crown-5] (15). Reaction of 4'-formyl-
[benzo-15-crown-5] (12) with formic acid-H202 (30%) as 
described26) yielded 54% of the title compound; colorless 
needles (from heptane); mp 102—104 °C (lit,26) 102— 
104 °C).36) 

Di- and Triloop Crown Compounds 1 and 2 (General 
Procedure). 4 /,5 /-Bis(chloromethyl)[benzo-15-crown-5] 
(11) (7.30 g, 20.0 mmol) and 20.0 mmol of the corresponding 
diol (see below) in separate 250 ml-portions of dry T H F were 
simultaneously added over a period of 8 h under N2 to a 
vigorously refluxing suspension of NaH (2.40 g, 100 mmol) 
and KCl (1.40 g, 20 mmol) in 1dm3 of dry THF (high-
dilution conditions;1,14) the KCl was used to serve as a 
possible template ion15)). After being boiled for additional 
6 h, the mixture was allowed to cool to room temperature 
and was quenched with MeOH. The solvent was removed 
under reduced pressure, and the resulting residue was 
extracted wkh CH2CI2 (3X200 ml). The combined extracts 

were evaporated and chromatographed on an AI2O3 column. 
First petroleum ether (bp 40—60 °C) was passed through the 
column to remove the mineral oil (NaH suspension). The 
products were eluted with CHCI3 and recrystallized. Specific 
details are given for each compound. 

l,4,7,10,13,21,24,27,34,37,40-Undecaoxa[13](l,2)[8.8](4,5)-
(l,2)cyclophane (1): diol 16 (5.75 g, 20.0 mmol) was reacted 
to yield 65% of colorless crystals; mp 89—91 °C (from EtOH); 
IR (KBr) 1610, 1525 (Ar), 1260, 1145 (C-O), 950, 745 cm"1; 
« NMR (CDCI3) 6=3.54—4.29 (32H, m, OCH2), 4.56 (4H, s, 
benzyl) , 6.84 (6H, s, aryl); MS m/z 578 (M+). Found: C, 
62.42; H, 7.02%. Calcd for C30H42O11: C, 62.27; H, 7.32%. 

1,4,7,10,13,21,24,27,35,38,41,44,47,49,52,55-Hexadecaoxa-
[13](l,2)[9.9](4,5)(l,2)[13](4,5)cyclophäne (2): diol 17 (2.12 
g, 20.0 mmol) was reacted to yield 54% of colorless crystals; 
mp 145—147 °C (from heptane); IR (KBr) 1535 (Ar), 1300, 
1150 (C-O) cm"1; ^ N M R (CDCI3) 6=3.54—4.25 (48H, m, 
OCH2), 4.55 (8H, s, benzyl), 6.84 (4H, s, aryl); MS m/z 796 
(M+). Found: C, 60.40; H, 7.69%. Calcd for C4oH6oOi6: C, 
60.29; H, 7.59%. 

l,4,7,10,13-Pentaoxa-21,24,28,31-tetrathia[13](l,2)[13](4,5)-
cyclophane (3). 4/,5/-Bis(chloromethyl)[benzo-15-crown-5] 
(11) (7.30 g, 20.0 mmol) in 250 ml benzene; dithiol 21 (4.57 g, 
20.0 mmol) in 250 ml of benzene and KOH (2.26 g, 40.0 
mmol) in 250 ml of EtOH-H20 (99:1) were placed into a 
three-component high-dilution-principle set-up38) and then 
simultaneously added to 1 dm3 of boiling benzene-EtOH 
(1:1) over an 8 h period under vigorous stirring.16) The 
mixture was refluxed for additional 5 h and then evaporated 
under reduced pressure. The residue was washed tho­
roughly with H2O, extracted into CHCI3 and dried over 
MgS04. Chromatography on an AI2O3 column (CHCI3 as 
eluent) and subsequent recrystallization from ethyl acetate 
afforded 55% colorless needles; mp 162—163 °C; IR (KBr) 
1620, 1540 (Ar), 1290, 1165 (C-O) cm"1; ^ N M R (GDCI3) 
0=1.91 (2H, m, CH2CH2CH2), 2.50—2.92 (12H, m, SCH2), 
3.62—4.26 (20H, m, OCH2 benzyl), 6.83 (2H, s, aryl); MS m/z 
520 (M+). Found: C, 52.89; H, 6.96%. Calcd for C23H36O5S4: 
C, 53.04; H, 6.97%. 

Bis-crown Compounds 4 and 5 (General Procedure). To 
a stirred gently refluxing suspension of NaH (0.96 g, 40 
mmol) in 50 ml of dry T H F was added under N2 4'-
(hydroxymethyl)[benzo-15-crown-5] (13) (5.96 g, 20.0 mmol) 
in 50 ml of dry THF. After being refluxed for additional 
0.5 h, diethylene glycol ditosylate (19) (4.14 g, 10.0 mmol; for 
4) or 4/-(chloromethyl)[benzo-15-crown-5] (14) (6.64 g, 20 
mmol; for 5) dissolved in 50 ml of dry THF was added. 
The mixture was refluxed for additional 2 h, then allowed to 
cool to room temperature, and quenched with MeOH. 
Work-up and purification as described for 1 and 2; elution 
on chromatography (AI2O3) was effected with CHCI3-
MeOH (98:2). Specific details are given for each com­
pound. 

4,4'-[Oxybis(ethyleneoxymethylene)]bis[benzö-15-crown-5] 
(4): Yield 61% of a colorless oil; spectroscopic data corres­
pond to the literature.37) 

4,4'-(Oxydimethylene)bis[benzo-15-crown-5] (5): Yield 
69%, colorless crystals: mp 110—111 °C (from MeOH) (lit,32) 
107—109°C; lit,37) 111—112°C); IR (KBr) 1605, 1530 (Ar), 
1270, 1160 (C-O), 950 cm-1. 

4,4/-(Oxymethylene)bis[benzo-15-crown-5] (6). A mix­
ture of 4/-hydroxy[benzo-15-crown-5] (15) (2.84 g, 10.0 
mmol) and CsOH (1.65 g, 11.0 mmol) in 50 ml dry DMF was 
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stirred at 65 °C under an atmosphere of N2 for 30 min.17'18) 
Then 4'-(chloromethyl)[benzo-15-crown-5] (14) (3.17 g, 10 
mmol) in 50 ml of dry DMF was added at the same tempera­
ture. Heating and stirring was continued for additional 4 h. 
The mixture was freed from the solvent by evaporation 
under reduced pressure and the residue partitioned between 
CH2CI2 and water. The organic layer was separated, 
washed with H2O, dried (Na2SC>4), and evaporated. Recrys-
tallization from heptane yielded 74% of colorless needles; mp 
115—116 °Q IR (KBr) 1615, 1525 (Ar), 1240, 1155 (C-O) cm"1; 
*HNMR (CDCI3) 6=3.60—4.30 (32H, m, OCH2CH2O), 4.90 
(2H, s, benzyl), 6.40—7.00 (6H, m, aryl); MS m/z 564 (M+). 
Found: C, 61.77; H, 6.75%. Calcd for C29H40O11: C, 61.69; 
H, 7.14%. 

Crown Ethers 7 and 8. The general procedure described 
for 1 and 2 using l,2-bis(bromomethyl)benzene (5.30 g, 20.0 
mmol) and 20.0 mmol of diols given below was followed; 
elution on chromatography (AI2O3) was effected with 
CHC13-CC14(2:1). 

1,4,7 J5,18,21-Hexaoxa[8.8](l,2)(l,2)cydophane (7): diol 16 
(5.72 g, 20.0 mmol) was reacted to yield 53% of colorless 
crystals; mp 79—80 °C (from acetone); IR (KBr) 1600, 1520 
(Ar), 1260, 1140 (C-O), 750 cm"1; *H NMR (CDCU) <5=3.55-
4.35 (16H, m, OCH2CH2O), 4.70 (4H, s, benzyl), 6.85 (4H, s, 
aryl), 7.30 (4H, s, aryl); MS m/z 388 (M+). Found: C, 69.20; 
H, 7.74%. Calcd for C22H2806: C, 68.87; H, 7.61%. 

2,5,8,17,20,23-Hexaoxa[9.9](l,2)(l,2)cyclophane (8): diol 17 
(2.10 g, 20.0 mmol) was reacted to yield 31% of colorless 
crystals; mp 85—86 °C (from acetone); IR (KBr) 1120 (C-O), 
765 cm"1; ^ N M R (CDCI3) ô=3.65 (16H, s, OCH2CH2O), 
4.70 (8H, s, benzyl), 7.30 (8H, s, aryl), MS m/z 416 (M+). 
Found: C, 68.02; H, 7.26%. Calcd for C24H32O6: C, 67.89; H, 
7.31%. 

Solvent Extraction. The general procedures employed 
were similar to those in a previous paper.20) Distilled 
CH2CI2 and demineralized H2O were saturated with each 
other before use in order to prevent volume changes of the 
phases during extraction. Equal volumes (5 ml) of a 
CH2CI2 solution of the respective crown ether (3 mM per 
crown ether subunit)22) and of an aqueous solution of the 
metal picrate (3.0 mM) were introduced into a stoppered 
Erlenmeyer flask and shaken for 10 min at 25.0+0.1 °C in a 
Taiyo M100L incubator. The equilibrated mixture was 
then allowed to stand for at least 90 min at that temperature 
in order to complete phase separation. The organic phase 
was separated by filtration (Whatman filter paper No. IPS) 
The concentration of metal picrates in the organic phase 
was determined as reported.20) 

Preparation of Solid Complexes. General Procedure for 
the NaSCN, KSCN, and Ba(SCN)2 Complexes of 1, 2, and 
5—8. The corresponding ligand (0.25 mmol) and the cal­
culated amount of the appropriate salt (1 equiv per individ­
ual crown ether ring) were combined under stirring in 
acetone or chloroform-acetone (2—3 ml). The mixture 
was gently refluxed for 2 h and then allowed to cool to room 
temperature. In those cases where the complexes did not 
precipitate, the crystallization was initiated by addition of 
ether. After storage for 12 h at 5°C, the complexes were 
collected by suction filtration, washed with a few milliliters 
of acetone-ethyl acetate (1:1), and dried under vacuum (5 h, 
15 Torr, 50 °C). Specific details for each complex are given 
in Table 2. 

Mixed NaSCN-Co(SCN)2 Complex of 3. Crown com­

pound 3 (105 mg, 0.20 mmol), NaSCN (16 mg, 0.20 mmol), 
and Co(SCN)2 (35 mg, 0.20 mmol) were combined in MeOH 
(2.5 ml) and gently refluxed for 2 h. The solvent was 
removed, the residue thoroughly digested with acetone, and 
dried under vacuum (5 h, 15 Torr, 50 °C) to give the complex 
as a dark-green powder. Properties of the complex are 
given in Table 2. 

T h e work has been financially supported by the 
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Synopsis. On addition of ljl '-dimethyM^'-bipyridi-
nium (methyl viologen, MV2+) to tris(2,2'-bipyridine)-
ruthenium(II) (R2+) solubilized in sodium dodecyl sulfate 
(SDS)-7-alumina hemimicelles (HM), an effective quench­
ing due to electron transfer occurs in HM. Addition of a 
large amount of MV2+ expels R2+ out of HM into the 
aqueous phase, as a result of exchange hemimicellization. 

Photochemistry in micelles continues to attract a 
great deal of current a t tent ion in connect ion wi th the 
fabrication of functionalized molecular assemblies.1* 
T h e enhancement of energy- or electron-transfer in 
these systems has been intensively studied.2,3* Such 
an enhancement occurs also in the detergent solutions 
in the premicellar region, i.e., below the critical 
micelle concentrat ion (cmc).3_5) It is related to many 
anomalous behaviors in absorpt ion and emission 
spectra observed in this region.3 _ 1 0 ) When a cationic 
species like p inacyanol (hereafter abbreviated as P C + , 
a cationic dye),3,6) t r is(2,2 '-bipyridine)ruthenium(II) 
(R2 +) ,7"9 ) or l J ' - d i m e t h y l - ^ ' - b i p y r i d i n i u m (methyl 
viologen, MV2+)8 ,9 ) is dissolved in the solut ion of 
sodium dodecyl sulfate (SDS, an anionic detergent) 
below the cmc, many peculiar behaviors as described 
below are found. For P C + - and R 2 + -SDS, a suspen­
sion of minu te insoluble particles is formed in the 
[SDS] region far below the cmc. T h i s particle is a 
"complex" (salt) wi th the composit ion like (PC + DS")n 

or (R2 + 2DS _ ) n , where DS" denotes dodecyl sulfate 
ion. 6 7 ) In this region P C + is colored red (absorption 
m a x i m u m Aabs=480 nm3 '6)), and the emission maxi­
m u m wavelength (Àem) of R 2 + is 585 nm. 7 _ 9 ) When 
one adds more SDS to this suspension, the insoluble 
particles are dissolved and a homogeneous solut ion is 
obtained above some boundary [SDS] (called [SDS]b in 
this paper) which is still below the cmc. T h e spectral 
feature, such aS /tabs and Aem, changes drastically at 
[SDS]b. PC+ is now colored blue (Aabs=610 nm).3>6> 
For R 2 + , Aem changes in to 630 nm.7"9 ' These spectral 
features are the same as those above the cmc, indicat­
ing that these cationic species are present in the molec­
ular envi ronment as in micelles. However, such 
micelle-like species are different from ordinary 
micelles. T h e formation of these species is induced 
with the cationic substrate.3'6,9'10a) The i r concentra­
tion is very low and increases with the total concentra­
tion of the substrate.n '1 2 ) They are called dye-rich 
induced micelles (DRIM) 3 4 ) or substrate-rich induced 
micelles (SRIM).9>10a> 

Some detergent, below the cmc, forms hemimicelles 
(HM) on the particle surface of some metal oxides like 

î Present address: Department of Chemistry, Fukuoka 
Women's University, Kasumigaoka, Fukuoka 813. 

y-alumina.1 3~1 5 ) H M are the two-dimensional ana­
logue of micelles in the bulk, and the detergent mole­
cules in these H M are in the environment close to that 
in ordinary micelles. For example, N u n n et al.13) 

reported that the red color of P C + in sodium p-(\-
propylnonyl)-benzenesulfonate (an anionic detergent) 
solut ion below the cmc turned blue by the adsorpt ion 
on y -a lumina . It is in t r igu ing to study the photo­
chemistry of cationic substrates in H M of an anionic 
detergent and to see whether the enhancement of 
electron transfer occurs in H M as in SRIM or ordinary 
micelles. In the present paper, R 2 + was solubilized in 
SDS-y -a lumina HM. T h e electron transfer16) to 
MV 2 + was studied by the effect of added MV 2 + on the 
emission of R2 + . In the course of the study, the 
exchange hemimicell izat ion of R 2 + with MV 2 + was 
found. 

Experimental 

The ruthenium complex (R2+, dichloride) was a generous 
gift of Dr. Masaaki Haga, Faculty of Education, Mi'e 
University. MV2+ (dichloride, Wako, G. R.) and SDS 
(Nakarai, protein research grade) and PC+ (chloride, 
Eastman-Kodak) were used as received. 7-Alumina was 
kindly prepared by Dr. Katsuhisa Tanaka of this Depart­
ment. The cmc of SDS was determined conductometri-
cally tobe 7.4+0.1 mM(l M=l mol dm"3 and 1 mM=lX10"3 

mol dm - 3 in this paper) at 25.0+0.1 °C. Water was distilled 
twice. An absorbent polymer Foxorb 15 (AVEBE, Hol­
land)17) was used in the measurements of absorption and 
emission spectra so cited. All experiments were made at 
room temperature for aerated solutions. In all samples 
used in this paper, [SDS]=2 mM and [R2+]=2X10"5 M. All 
concentrations shown are those of the final solutions before 
the addition of 7-alumina. 

Results and Discussion 

Hemimicellization of R 2 + . T o verify that H M 
were formed in the system, 7 -a lumina (5 m g to 10 ml 
suspension) was added to the red suspension of P C + 

chloride (5X10"4 M) in the SDS solution. T h e sam­
ple changed into a colorless supernatant plus a blue-
colored precipitate (7-a lumina) , showing the forma­
tion of HM.13) When R 2 + dichloride was added to the 
SDS solut ion, a yellowish suspension with Aabs=470 
n m and Aem=585 n m was obtained (Fig. 1 (i)). T h e 
insoluble "complex" was formed. 7-Alumina (5 m g 
to 10 ml suspension) was added to this suspension 
wi th stirring, and the sample was let stand for a 
couple of hours . y -Alumina particles precipitated 
wi th a yellow color, leaving colorless supernatant . 
T h e absorpt ion spectrum of the precipitate (measured 
wi th Foxorb) showed Aabs=455 nm. Its emission spec-
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Wavelength/nm 
Fig. 1. Emission spectra, (i): a suspension with 

[R2+]=2X10-5 M and [SDS]=2 mM, (ii): the precipi­
tate (HM) obtained when 7-alumina (0.5 mgml-1) 
was added to (i), (iii): the supernatant obtained 
when MV2+ (3X10"3 M) was added to (ii), (iv) and 
(v): the solution (including SRIM) obtained when 
the aqueous solution of SDS (2 mM and 4 mM, 
respectively) was added to (iii) in the volume ratio 
of 1:1. Vertical broken lines (/l=610 and 620 nm) 
are drawn to clarify the shift of bands. 

trum showed Aem
=630 nm (Fig. 1 (ii)). These spectral 

features were very similar to those of R2+ in ordinary 
micelles (Aabs—455 nm and Aem=630 nm), indicating 
that R2+ was solubilized in HM. 

Enhanced Electron Transfer and Exchange Hemi-
micellization with MV2+. MV2+ chloride was added 
to the R2+-SDS-y-alumina system (solution with pre­
cipitate), and the stirring-standing procedure was 
followed. For [MV2+]=5X10-6 M—5X10"5 M, the 
appearance of the sample mixture did not change (a 
yellow precipitate and a colorless supernatant). The 
intensity of the emission band of the precipitate at 
Aem=630 nm decreased with [MV2+] as shown in Fig. 2 
(a). For [MV2+]=2X10-4 M to 5X10"4 M, the color of 
the supernatant turned into yellow, while the precipi­
tate remained yellow. The precipitate showed 
Aem=630 nm. The supernatant (the spectrum not 
shown) gave Aem=618 nm.18» For [MV2+]=2X10"3 

M—5X10"3 M, the precipitate was almost colorless 

G 
a; 

G 
O 

W 

600 650 700 750 
Wavelength/nm 

Fig. 2. (a) Emission spectra of R2+-SDS-7-alumina 
systems in the absence and presence of MV2+ (emis­
sion of the precipitate). [R2+]=2X10"5 M, [SDS]= 
2 mM, [MV2+]=0(1), 5X10-6 M(2), 2X10"5 M(3), 
5X10-5 M(4), 2X10-4 M(5), 5X10"4 M(6). 
(b) Emission spectra of aqueous solutions of R2+ 

(2X10-5 M) in the absence and presence of MV2+. 
[MV2+] is the same as above for (1)—(6), 2X10"3 

M(7); 5X10-3 M(8). 

(The addition of MV2+ deprived the precipitate of the 
yellow color of R2+.), and the precipitate gave the 
emission of hemimicellized R2+ no more. The yel­
low color of R2+ was transferred into the supernatant 
which showed Aem=615 nm (Fig. 1 (iii), [MV2+]= 
3X10"3 M). This /Um value is close to that of free R2+ 

in the aqueous solution (610 nm). Apparently, the 
addition of MV2+ to the R2+-SDS-y-alumina system 
expelled some portions of R2+ out of HM into the 
aqueous phase. This was further supported by the 
measurement of the absorbance of the supernatant at 
455 nm (this wavelength corresponds to Àmax of R2+ in 
the aqueous solution). The apparent molar extinc­
tion coefficient (£app=absorbance/(light path length 
Xtotal concentration of initially added R2+)) increased 
with [MV2+], the concentration of total MV2+ added 
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Fig. 3. Absorbance of the supernatant at 455 nm by 

the addition of MV2+ to the R2+-SDS-7-alumina 
system. [MV2+] is the concentration of added 
MV2+. 

(not the MV 2 + concentrat ion of the supernatant in 
equ i l ib r ium with HM) , as shown in Fig. 3. It 
approached the value of e of R 2 + in aqueous solution, 
1.5X104 M _ 1 cm - 1 . (The accompl ishment of the rela­
t ion £apP—£ means a complete desorption of R2 + . ) 
T h i s verified that MV 2 + expelled some por t ions of R 2 + 

out of H M into the aqueous phase. It should be 
noted that AQm of R 2 + in the aqueous phase (615 nm) is 
close to that of free R 2 + in the aqueous solut ion (610 
nm) rather than that of R 2 + in SRIM (630 nm) . T h i s 
indicates that R 2 + was expelled by itself, not wi th SDS, 
in to the aqueous phase. In other words, SDS 
remained almost completely in the HM. (Otherwise, 
we should have Aem close to that in SRIM.) 

T h e exper imental findings show the occurrence of 
an extensive q u e n c h i n g of emission of R 2 + by MV 2 + in 
H M . T h e decrease in the emission intensity of R 2 + 

in H M (Fig. 2 (a)) is in part due to the desorption 
process ment ioned above. However, the enhance­
ment of q u e n c h i n g in H M compared to that in aque­
ous solut ions (shown in Fig. 2 (b)) is apparent , since 
an extensive decrease in emission intensity (much 
larger than in aqueous solutions) occurs for MV 2 + 

concentrat ions where the above-mentioned desorption 
effect is not impor tan t (i.e. [MV2 +] ^ 5 X 1 0 ~ 5 M). 
T h i s shows that the electron transfer from R 2 + to 
MV 2 + is significantly enhanced in H M . 

T o the yellow supernatant (Fig. 1 (iii)) was added 
the aqueous solut ion of SDS (2 m M or 4 raM) in the 
volume rat io 1:1. T h e emission spectra obtained are 
shown in Fig. 1 (iv) and (v), respectively. T h e Aem 

shifted to 618 and 625 nm, respectively. T h e latter 
wavelength is very close to that of R 2 + in SRIM. 
These results indicate that the or iginal supernatant 
contained little a m o u n t of SDS (that is, SDS was 
almost exclusively in H M ) and that SRIM incorporat­
ing R 2 + were formed by newly added SDS (which 

makes [SDS]«1 m M and 2 mM, respectively). 

T h e authors are grateful to Dr. Masaaki Haga , 
Faculty of Education, Mi'e University, and to Dr. 
Katsuhisa T a n a k a of this Depar tment , for provid ing 
R 2 + chloride and y-a lumina , respectively. They 
thank Miss Yumiko Kishi for assistance. 
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Synopsis. The densities of aqueous solutions of sodium 
perfluoroalkanoates, F(CF2)nCOONa (n=l—4, 6, 7) and 
lithium perfluoro-1-alkanesulfonates, F(CF2)„S03Li (n=\, 
4, 8) were measured at 25 °C, and the limiting partial molar 
volumes were calculated. The assignment of group partial 
molar volumes is discussed. 

It is wel l -known that the l imi t ing part ial molar 
volumes of organic solutes can be approximate ly 
represented by the additivity of g roup part ial molar 
volumes.1J T h e volumetric properties of perfluoroal-
kane compounds have received less at tention. In our 
previous paper,2* the solut ion properties such as heats 
of solut ion, viscosity B coefficients, and surface ten­
sions of homologous sodium perfluoroalkanoates 
were reported. Th i s paper describes the experimen­
tal results of the l imi t ing partial molar volumes for 
homologous sodium perfluoroalkanoates and some 
l i th ium perfluoro-1-alkanesulfonates. Also, assign­
ments of the g roup part ial molar volumes of CF2 and 
CF3 are given. 

Experimental 

The homologs of sodium perfluoroalkanoates were the 
same samples as those described in a previous paper.2) 
CF3SC>3Li and CsFnSOsLi were prepared by neutralizing the 
corresponding acids with a solution of lithium hydroxide. 
CF3SO3H was from Tokyo Kasei Kogyo Ltd., and 
C8F17SO3H was prepared from the potassium salt (Dainihon 
Ink and Chemicals, Inc.) by distillation from concentrated 
sulfuric acid.3) C4F9S03Li was prepared by a reaction 
between perfluoro-1-butanesulfonyl fluoride (Aldrich) with 
a concentrated solution of lithium hydroxide.3) The 
obtained salts were purified several times by recrystallization 
from benzene-ethyl acetate solutions. All of the salts were 
dried in vacuo at 100 °C for several days, and the molecular 
weights were checked by means of volumetric analysis. A 
known amount of a sample was dissolved in water and 
passed through an ion-exchange resin in the hydrogen form; 
the eluent was titrated with a standard NaOH solution. It 
was found that the purities were 99.8% for CF3S03Li, 96% for 
C4F9S03Li, and 99% for CsFnSOsLi. The water was triply 
distilled. The solutions were made by weight. 

The densities were measured at 25°C to ±3X10~6 gern - 3 

using a vibrating-tube densimeter, twin-type SS-D-200, of 
the Shibayama Scientific Co., Ltd. Details of the procedure 
were described in a previous paper.4) 

Results and Discussion 

Apparent Molar Volumes. T h e apparent molar 
volumes, $v , in cm 3 m o l - 1 were calculated from the 
densities us ing the following equat ion: 

where m is the molal concentrat ion; M, the molar 
mass in g mo l - 1 ; and po and p, the densities in g e m " 3 

of water and of a solution respectively. T h e apparent 
molar volume of the electrolytes is given by the 
equation:5* 

0v = <fr,° + i4vC1/2 + BvC, (2) 

where c is the molar concentrat ion in mol dm" 3 : $v° is 
the l imi t img value, which is identical to the l imi t ing 
part ial molar volume, V°; Aw, and Bw are constants. 
T h e value of the constant Av is 1.868 cm3 dm3 / 2 mol" 3 / 2 

for water at 25 °C.5) T h e values of V° were obtained 
from the relation <t>w—1.868 c1/2 versus c. Measure­
ments were carried out in a concentrat ion range below 
the critical micelle concentrat ions. T h e critical 
micelle concentrations at 25 °C for C4FgCOONa, 
C 6 Fi 3 COONa, and C 7 Fi 5 COONa are 0.55, 0.080, and 
0.030 mol d m - 3 respectively.2* T h e critical micelle 
concentrat ions at 25 °C for C4FgS03Li and CsFnSOsLi 
were determined to 0.10 and 0.0065 mol dm" 3 , respec­
tively, by measurements of surface tension. T h e 
obtained values of V° and Z?v are summarized in 
Table 1. 

Assignment of Group Partial Molar Volumes. 
From the additivity rule, the V° values for 
F(CF 2)nCOONa and F(CF 2)„S0 3Li can respectively be 
experessed by the following equat ions: 

i/o = r/o(CF3) + (n-1 ) F°(CF2) + F°(COO-) + J/°(Na+), (3) 

i/o = r/o(CF3) + (n-1 ) J/°(CF2) + ^°(S03~) + V°(U+). (4) 

T h e values of F°(Na+) and F°(Li+) become —6.6 and 
—6.3 cm3 mo l - 1 , respectively, if we use —5.4 cm3 m o l - 1 

as the F°(H+) value at 25 °C, recommended by 
Millero.6> 

As indicated in Table 1, the V° values increase as the 
perfluoroalkyl-chain length increases. T h e V° values 
for F(CF 2)„COONa listed in Table 1 are fitted by a 
least-square method to the following equat ion: 

Table 1. Limiting Partial Molar Volumes at 25 °c 

</>v — 

1000(po-p) 

rappo 

M 
+ — 

P 
(1) 

n 

1 
2 
3 
4 
6 
7 

1 
4 
8 

J/°/cm3mol-1 

57.2 
81.8 

104.9 
128.5 
175.9 
199.3 

74.7 
146.5 
238 

F(CF2), 

By/cm3 dm3 mol~2 

,COONa 

F(CF2)nS03Li 

-0.87 
-0.75 
-0.92 
-1.82 
-0.84 

— 

-2 .9 
-2 .6 

— 
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J/°/cm3 mol"1 = 34 + 23.63 n. (5) 

We can therefore estimate that the F°(CF2) value is 
23.6 cm3 m o l - 1 . 

T h e values of F0(COO~) and F0(SO<r) were calcu­
lated us ing the V° values for hydrocarbon compounds 
from the literature. For this purpose , it is necessary 
to assign the values of F°(CH3) and F°(CH2). T h e 
F°(CH3) value is given by the difference; 

P(CH3) = J/°[H(CH2)WX] - J/°[(CH2)2n-2X2/2], (6) 

where X is the terminal g r o u p such as C O O N a or O H . 
Sakurai7 ) reported the V° values of the homologs of 
H(CH2)„COONa and (CH2)„(COONa)2. T h e mean 
value of F°(CH3) calculated from the data at 25 °C 
reported by Sakurai7) is 26.2 cm3 m o l - 1 . Nakaj ima et 
al.8> reported that F°(CH3)=26.4 cm3 mo l " 1 on the 
basis of their V° values for the homologs of 
H(CH 2 ) „OH and (CH2)w(OH)2 . Therefore, we can 
estimate the F°(CH3) value as being 26.3 cm3 m o l - 1 . 

T h e F°(CH2) value can be calculated from the V° 
values for homologous organic compounds . For 
example, the V° values reported by Sakurai7 ) are fitted 
to the following equat ions: 

P / c m 3 mol"1 = 22.73 + 15.54 n, (7) 

for H(CH2)r*COONa (n=2—6), and 

J/o/cm3 mol"1 = 22.95+ 15.76 n, (8) 

for (CH 2 ) n (COONa) 2 ( n = 3 , 4, 6, 8). Therefore, the 
mean value of F°(CH2) is estimated to be 15.7 
cm3 m o l - 1 . 

T h e F°(COO") value, calculated from the data of V° 
for H(CH2)nCOONa reported by Sakurai7 ) us ing the 
values of F°(CH3), F°(CH2), and F°(Na+), becomes 

Table 2. Group Partial Molar Volumes at 25 °C 

Group V°/cm3 mol"1 

CF2 23.6 
CF3 46.1 
CH2 15.7 
CH3 26.2 
COO- 18.3 
SO3- 34.0 
Na+ -6 .6 
Li+ -6 .3 

18.3 cm3 mol - 1 . 
We can now estimate the F°(CF3) value from Eq. 3, 

us ing the values of F°(CF2), F°(COO"), and F°(Na+). 
T h e mean value of V°(CFs) becomes 46.1 cm3 m o l - 1 . 

T h e F0(SO3~) value can be calculated from the data 
of V° for the homologs of H(CH 2 ) „S0 3 Na (n=l— 6) 
reported in a previous paper4 ) us ing the values of 
Fo(CH3), F°(CH2), and F°(Na+). For these homolo­
gous salts, the V° values are fitted to 

J/Vcm3 mol"1 = 37.84+ 15.83 n. (9) 

Therefore, the F°(CH2) value is 15.8 cm3 mol" 1 for 
these homologous salts. T h e n , the mean value of 
F0(SO3~) becomes 34.0 cm3 m o l - 1 . All of the values 
of g roup part ial molar volumes estimated above are 
summarized in Tab le 2. 

The V° Values of F(CF2)nS03Li. T h e V° values for 
F(CF2)nS03Li can be estimated from Eq. 4, us ing the 
g roup part ial molar volumes listed in Table 2. T h e 
calculated values of V° for CF 3 S0 3 Li , C4FgS03Li, 
C 8 Fi 7 S0 3 Li are 73.8, 144.6, and 239 cm3 mol"1 , respec­
tively. T h e values of CF 3 S0 3 Li and CsFi7S03Li are 
in fairly good agreement with the experimental values 
of 74.7 and 238 cm3 m o l - 1 , respectively, as is listed in 
Table 1. Wi th C4FgS03Li, the experimental value is 
somewhat larger than the calculated value. Th i s dis­
crepancy is probably due to the sample, since 
C4FgS03Li is difficult to purify. 

T h e authors wish to thank Dain ihon Ink and 
Chemicals, Inc., for the generous donat ion of potas­
sium perf luoro-1 -octanesulfonate. 
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Synopsis. An adsorption method for determining the 
surface area of only the carbon of carbon-coated silica gel 
has been developed. In this method p-nitrophenol (PNP) 
was used as an adsorbate owing to its selective adsorbability 
on a carbon surface. This method was applied to carbon-
coated silica gel prepared by a CVD method to determine the 
surface area of the carbon. 

Colin et al. studied the coating of silica gel with 
pyrolytic carbon for modificating the chromatogra­
phic characters of silica gel.1) Bebris et al.2) and 
Leboda et al.3>4) also studied similar composites. 
Youtsey et al.5) fabricated electically conductive mate­
rials by coating an alumina surface with pyrolytic 
carbon. Visser et al.6) prepared a similar composite 
for use as a catalyst support in coal liquefaction. In 
studies of these composites, the extent of the coating 
with carbon is quite important. However, no mea­
surement of the extent of the coating was carried out 
in those studies, since there is no established method to 
measure only the surface area of the carbon of carbon-
coated oxides. We are also studying carbon-coated 
silica gel in order to make a new-type adsorbent. We 
have therefore developed a method to measure only 
the surface area of carbon on the basis of the following 
idea. 

If a adsorbate satisfies the following prerequisites, 
an adsorption method can be used for the measure­
ment of the surface area of only a particular compo­
nent in a porous composite: 

1) The adsorbate is selectively adsorbed on the 
surface of only a particular component to be 
measured. 

2) The amount of monomolecular layer adsorp­
tion can be calculated from the adsorption data. 

3) The molecular diameter of the adsorbate is suf­
ficiently small to enter narrow pores of the composite. 

In the present paper the authors show a new method 
using £>-nitrophenol (PNP) as adsorbate and an appli­
cation of this method to a carbon-coated silica gel. 

Experimental 

Reagents. Hydrochloric acid and PNP of special grade 
were used. A standard PNP aqueous solution was prepared 
by dissolving 3.673 g of PNP in 0.5 dm3 of 0.01 mol dm"3 

hydrochloric acid solution. The hydrochloric acid solu­
tion was employed to minimize changes in pH during 
adsorption. The concentration of the standard PNP solu­
tion relative to the corresponding saturated concentration of 
PNP at 30 °C was 0.4; the saturated concentration of PNP in 
the hydrochloric acid solution was 0.132 mol dm -3 . 

Materials. Graphitized Carbon Black: Commercial 
carbon black, Seast-300 (Tokai Carbon), was graphitized at 
2600 °C. The graphitized carbon black was sieved to a 
particle size range of 100—200 mesh and then dried at 60 °C 
under vacuum. 

Silica Gel: Microbead silica gel-4B (Fuji-Davison Chem­

ical) was sieved to a particle size range of 100—200 mesh and 
then air-dried at 120 °C for 1 h. Carbon-coated silica gel 
was prepared as follows: three grams of the original silica 
gel-4B was placed in a quartz tubular reactor and then 
heated to 800 °C under nitrogen gas stream. Benzene was 
pumped to the reactor at the rate of 5 cm3h_ 1 for periods of 
1,2, and 3 h while rotating the reactor; carbon was deposited 
on the silica gel. These products are represented as carbon-
coated silica gel-lH,-2H, and -3H, respectively. Silica gel 
heated at 800 °C in nitrogen was also prepared for a compar­
ison with carbon-coated silica gel. 

The surface areas of the graphitized carbon black, original 
silica gel, and heat-treated silica gel were 62, 407, and 326 
m2g - 1 , respectively. These surface areas were calculated 
from adsorption data of argon at 77 K by the BET equation. 

Adsorption Procedure. One cm3 of the standard or a 
diluted PNP solution and a prescribed amount of a 
powdered sample were mixed in a glass vessel with a 
polyethylene cap. The vessel was shaken at 30 °C for 20 h. 
The powdered sample was allowed to sediment, and 25 mm3 

of the supernatant was diluted into 50 cm3 with 1 mmol 
dm - 3 sodium hydroxide solution. The absorbance of both 
the diluted solution and the reference solution prepared 
from the standard solution wras measured at 400 nm. The 
adsorption amount of PNP on the powdered sample was 
calculated from the difference of the absorbances. 

Results and Discussion 

We tested phenols such as phenol, 2-naphthol, and 
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Fig. 1. Adsorption isotherms of PNP for several 
materials. 
O: Original silica gel, CD: Heat-treated silica gel, A: 
Carbon-coated silica gel-2H, • : Graphitized carbon 
black. 
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P N P as the adsorbates for the measurement of surface 
area of carbon on silica gel. P N P was found to be 
most suitable as an adsorbate owing to its appropr ia te 
solubility in water and its facility in quant i ta t ive 
analysis. T h e adsorpt ion selectivity of P N P on car­
bon was studied us ing silica gel and graphitized car­
bon black as an adsorbent. 

Figure 1 shows the adsorpt ion isotherms of P N P for 
the or iginal and heat-treated silica gel, graphitized 
carbon black, and carbon-coated silica gel-2H. T h e 
or iginal silica gel did not adsorb P N P at all, and heat 
treated silica gel adsorbed only a very small a m o u n t of 
P N P . T h e effect of the heat treatment on the a m o u n t 
of adsorpt ion would be ascribed to a change of 
hydroxyl groups on the surface of silica gel to siloxane 
bridge bondings hav ing a more hydrophobic p rop­
erty. T h e graphit ized carbon black adsorbed about 
30 times as m u c h P N P as heat-treated silica gel did at a 
relative concentra t ion of 0.3. From these results it is 
evident that P N P molecules are selectively adsorbed 
on the surface of carbon with a highly hydrophobic 
property. 

T h e adsorpt ion isotherm of P N P for carbon-coated 
silica gel-2H lies between those for the silica gel and 
graphit ized carbon black. 

T h e B E T equa t ion was adopted in order to calcu-
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Fig. 2. BET plots for adsorption of PNP on several 
materials. 
A: Carbon-coated silica gel-2H, • : Graphitized car­
bon black. 

late the a m o u n t of monomolecula r layer adsorpt ion 
from those adsorpt ion data, since it is known that the 
data concerning adsorpt ion of P N P do not conform to 
the L a n g m u i r adsorpt ion equation,7) bu t fit a modi­
fied B E T equation.8^ T h e B E T plots are shown in 
Fig. 2. T h e adsorpt ion data could be described by 
straight lines over a wide concentrat ion range from 
0.02 to 0.4. From the data of graphitized carbon 
black in Fig. 2, the a m o u n t of monolayer adsorpt ion 
of P N P was calculated to be 5.28X10"8 gem" 2 . Pur i 
studied the adsorpt ion of P N P on various kinds of 
carbons such as activated carbon, carbon black, and 
graphit ized carbon black from aqueous solut ion and 
showed that the amount s of adsorbed P N P per a un i t 
surface of these carbons were almost same.81 There­
fore, the a m o u n t of monolayer adsorpt ion calculated 
by the B E T equa t ion can be adopted to determine the 
surface area of carbon prepared at various tempera­
tures. 

T h e a m o u n t of P N P adsorbed on carbon-coated 
silica gel is the sum of those on the surface of the 
carbon and silica gel. Accordingly, the a m o u n t of 
monolayer adsorpt ion of P N P on carbon-coated silica 
gel, P C (gg" 1) , is represented by the equat ion: 
PC=5.28X10- 8 • S C + ( T S - S C - PS/SG) , where SC 
(cm2 g"1) is the surface area of carbon of the carbon-
coated silica gel, T S is the total surface area of the 
carbon-coated silica gel measured by the adsorpt ion of 
a rgon at 77 K, PS is the a m o u n t of P N P adsorbed on 
heat-treated silica gel at a concentrat ion at which the 
monolayer adsorpt ion of P N P on the carbon-coated 
silica gel is completed, and SG is the total surface area 
of the heat-treated silica gel measured by the adsorp­
tion of a rgon at 77 K. By a transformation of the 
above equat ion , SC was calculated us ing SG= 
( P C - T S . P S / S G ) / ( 5 . 2 8 X 1 0 - 8 - P S / S G ) . T h e surface 
area of the carbon of a carbon-coated silica gel and the 
percentage of carbon coat ing are listed in Tab le 1. 

T h o u g h the percentage of carbon coat ing increased 
wi th the coat ing time, the values did not exceed 20%, 
even after 3 h. It had been reported from chromato­
graphic and adsorptive propert ies that carbon-coated 
silica gel prepared by heat CVD methods was partly 
covered by carbon.1»2) T h e values given in Tab le 1 
quant i ta t ively show the state of the surface covered 
partly by carbon. As described in this paper, a 
method us ing P N P as adsorbate has been found to be 
very useful for de te rmining the surface area of carbon 
on an oxide, such as silica gel. 
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Surface Area of Carbon of Carbon-Coated Silica Gel 
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19.5 
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Vacuum Sublimation Behavior of Nickel(II), Palladium(II), and 
Platinum(II) Chelates with Dimethylglyoxime 
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Synopsis. A sublimation apparatus in perpendicular 
style with a continuous-temperature gradient (30—200 °C) 
along the glass tube (15—0cm) at 10"2 Torr (1 Torr=133.322 
Pa) was used. 

Dimethylglyoxime (DMG) and its chelates of nickel(II) 
and palladium(II) in milligram amounts were sublimed 
without any thermal decomposition, while platinum(II) 
chelate was accompanied by a remarkable thermal decompo­
sition during the sublimation process. All metal chelates, 
Ni(DMG)2 (brick-red), Pd(DMG)2(yellow), and Pt(DMG)2 

(grayish violet), form needle-like crystals after purification 
with a sublimator under low pressure. 

T h e vacuum subl imat ion method is useful for the 
purif icat ion of metal chelates.1'2* After pre l iminary 
experiments on the vacuum-subl imat ion of chelates of 
iron(II), cobalt(II), nickel(II), copper(II), zinc(II), cad-
mium(II ) , lead(II), pal ladium(II) , and p la t inum(II ) 
wi th dimethylglyoxime, only the chelates of nickel 
(II), pal ladium(II) , and pla t inum(II ) have been found 
to subl ime by means of a subl imat ion appara tus in 
perpendicular style with a cont inuous temperature 
gradient (30—200 °C) a long the tube (15—0 cm) at 10"2 

T o r r (1 T o r r ^ l 33.322 Pa); their vacuum-subl imat ion 
behavior has been studied in detail wi th a cont inuous-
temperature gradient under low pressure. 

Experimental 

Apparatus. The apparatus used were the same as those 
mentioned the previous report,1} except for a model TBPS 

Tokyo glass mantle heater; a model A-700 Takara thermis­
tor; a model EPR-10B Toa Electric polyrecorder and a 
model PM-6 Olympus photomicrographic apparatus. 

Materials. Dimethylglyoxime, purchased from the 
Kanto Chemical Co., was a guaranteed-grade material. 
Nickel and platinum dimethylglyoximates were prepared, 
as previously described.2) Platinum dimethylglyoximate 
was prepared by the addition of 1% of an ethanolic solution 
of dimethylglyoxime to an aqueous solution containing 
excess K2[PtCLi], adjusted to about pH 7 by adding each of 
0.1—6 M (1 M=l mol dm -3) solutions of hydrochloric acid, 

ammonium acetate, and ammonia. After aging overnight 
the platinum(II) chelate on a water bath, the product was 
filtered off with a glass filter (1G4) under suction, followed 
by washing with hot distilled water, and finally dried in a 
desiccator under low pressure. These materials were puri­
fied by vacuum sublimation before use. The chelates of 
iron(II), cobalt(II), copper(II), zinc(II), cadmium(II), and 
lead(II), were soluble in an aqueous solutions. Then, the 
solutions having an excess of metals were evaporated off in 
air under low pressure by using an aspirator, and were used 
without further purification. The colors of the chelates 
were brick-red for iron(II), and nickel (II) chelates, yellow 
for palladium(II) chelate, grayish violet for platinum(II) 
chelate, brown for cobalt(II) and copper(II) chelates, and 
white for the chelates of zinc(II), cadmium(II), and lead(II). 
The sublimation behavior was ascertained by dissolving the 
sublimates in chloroform by means of an ordinary spectro­
photometry.2-4) 

Sublimation Procedure. A sublimaltion apparatus in 
perpendicular style which provided a continuous tempera­
ture gradient (30—200°C) along the tube (15—0 cm) at'lO"2 

6 8 10 
Distance/cm 

Fig. 1. Continuous temperature gradient along 
vacuum sublimator. 

Table 1. Sublimation-Recrystallization-Zone Temperatures, Amounts Remaining, 
and Colors of Dimethylglyoxime (DMG) and its Chelates of Nickel(II), 

Palladium(II), and Platinum(II) after Sublimation at 10-2 Torr 

Metal chelates 

DMG 
Ni(DMG)2 

Pd(DMG)2 

Pt(DMG)2 

Recrystallization-
zone temperature 

°C 

42-
135-
145-
150-

-25 
-50 
-50 
-60 

Color _ 

White 
Red 
Yellow 

Grayish violet 

Chelate 
taken 

mg 

10.7 
3.0 
3.9 
4.4 

Metal 
compound 
remaininga) 

None 
None 
None 
Much 

a) None, 0—10%; a little, 10—30%; much, >30%. Chelates of iron(II), cobalt(II), copper(II), 
zinc(II), cadmium(II), and lead(II) with dimethylglyoxime (DMG) did not sublime. 



Decemberr, 1990] N O T E S 3687 

Torr was used. The temperature gradient along the sub­
limator, which consists of a Pyrex glass tube (1.7 cm in outer 
diameter; 15 cm in length) covered with a heating mantle, is 
shown in Fig. 1; it was obtained after the thermal equi­
librium had been kept for 1.5 h. This pattern was obtained 
by supplying an electric power of 40 V at 0.2 A through the 
heating mantle. A small glass sample-tube (Pyrex glass 
test-tube, 0.8 cm in inner diameter; 4 cm in length) contain­
ing an individual chelate (0—5 mg) and an attached long 
glass tube (0.6 cm in outer diameter; 10 cm in length), 
wrapped tightly with Teflon tape, were inserted into the 
higher-temperature end of the sublimator. Metal chelates 
were placed inside of the apparatus for 1 h after thermal 
equilibrium was established. The sublimate zone along 
the sublimation tube was determined from the color of the 
chelate and its position. The thermal conditions of the 
sublimator were always checked from the sublimation zone 
of a definite amount of copper(II) acetylacetonate after sub­
limating it by using another sublimation tube along with 
the metal chelates to be investigated. The sublimation-
recrystallization temperatures of copper(II) acetylacetonate 
(in 5—10 mg amounts) were about 70—42 °C at 10-2 Torr, 
88—45 °C at 1 Torr, and 135—60 °C at 10 Torr (bluish 
rectangular crystal). 

Results and Discussion 

T h e temperature range of the deposited zones, the 
recovery, and the colors of the chelates of nickel(II), 
pal ladium(II) , and p la t inum(II ) after subl imat ion at 
10"2 T o r r are summarized in Tab le 1. Dimethyl-
glyoxime (DMG) and its chelates of nickel(II) and 
pal ladium(II) were subl imed wi thout any thermal 
decomposi t ion as has previously been observed with 
another vacuum sublimator,2 ) while p la t inum(II ) che­
late was accompanied by remarkable thermal decom­
posi t ion. T h e chelates of iron(II), cobalt(II), copper 
(II), zinc(II), cadmium(II) , and lead(II), did not 
sublime at all. T h e sublimation-recrystal l izat ion 
zones for DMG, Ni(DMG)2 , Pd(DMG)2 , and Pt(DMG) 2 

in mi l l ig ram amoun t s (3.0—10.7 mg) at 10 - 2 T o r r are 
graphical ly presented in Fig. 2. In cases where the 
recrystallization-zone pat tern was not uniform, the 
deposi t ion zones (where more than 90% of the mate­
rials were found) are indicated by thicker lines. No 
substantial difference in recrystallization-zone temper­
atures a m o n g three metal chelates was observed. 
However, these metal chelates can be separated com­
pletely from an uncombined DMG, and the highly 
sensitive spectrophotometry of nickel (II) as 
Ni(DMG) 2 w i thou t interference by D M G is possible 

on J 

'S DMG h — — — 

I Ni [ — 
a 
c Pd I 
O Pt h 
Q I 1 1 1 1 1 1 

2 A 6 8 10 12 U 

Distance/cm 
Fig. 2. Sublimation recrystallization zone of dime-

thylglyoxime and its metal chelates of nickel(II), 
palladium(II), and platinum(II). 

Pt(DMG)2 

Fig. 3. Microphotographs of metal chelates. 
DMG: dimethylglyoxime, Magnification: X40. 
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by means of solvent extraction and vacuum sublima-
tion;4 '5) the m a x i m u m wavelength of Ni(DMG)2 in 
chloroform being 262 n m (£=23,500 cm21 mol"1) . 
T h e sensitivity is about 7-times that obtained by an 
ordinary method,4) in which the absorptivity is 3,200 
at 370 n m owing to the higher reagent blank. By 
us ing this method, nickel(II) can be completely separ­
ated from copper(II) and cobalt(II) coextracted in 
chloroform. 

Representative pho tographs of Ni(DMG)2, 
Pd(DMG) 2 , and Pt(DMG) 2 deposited on the glass wall 
inside the subl imat ion tube are given in Fig. 3. All of 
the metal chelates were purified as needle-like crystals 
after vacuum subl imat ion by means of the present 

experimental appara tus . 
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Substituent Effects on the Electronic Absorption and MCD Spectra of Five-
and Six-Coordinate Nitrosyl(tetraphenylporphyrinato)iron(II) Complexes 
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Synopsis. Electronic absorption and MCD spectra of 
five- and six-coordinate nitrosyl iron(II) complexes of a 
series of tetrakis(para-substituted phenyl)porphyrins have 
been investigated in order to elucidate the cis-effect of para-
substituents. The MCD spectroscopy was more sensitive 
to the substituent effect than the electronic absorption 
spectroscopy. 

A variety of biological functions of various hemo-
proteins are markedly influenced by the electronic 
states of heme at the prosthetic g roup , which are 
sensitive to the na ture of the equator ia l porphyr ina to 
and axial l igands. T h e investigations of eis and trans 
effects on various properties of meta l loporphyr ins 
have been performed for the purpose of ob ta in ing 
informat ion about the structure-function relation­
ships of the hemoproteins . 1 _ 3 ) 

Studies on the model complex, ni t rosyl(porphyrin-
ato)iron(II), under various condit ions have given 
significant clues to unders tanding the various proper­
ties of ni t rosylhemoproteins, in which nitrosyl l igand 
is employed as a useful electronic probe for elucidat­
ing the heme environments and the heme group. 4 _ 8 ) 

In this study, we have characterized the electronic 
absorpt ion and magnet ic circular dichroism (MCD) 
spectral properties of five- and six-coordinate nitrosyl 
iron(II) complexes of a series of tetrakis(para-
substituted phenyl)porphyr ins and demonstrated the 
substi tuent effects on the spectral properties in an 
a t tempt to elucidate a cis-effect on axial nitrosyl 
l igand. 

Experimental 

Materials and Methods. Tetrakis(p-substituted phenyl-
porphyrins and their iron(III) chlorides were purchased 
and/or synthesized as described previously.9) 1-Methyl-
imidazole (N-Melm) and pyridine (Py) were distilled by 
flowing N2 under reduced pressure. Nitrogen monoxide 
(99.5% minimum) purchased from Seitetsu Kagaku Co. was 

passed through a KOH column to remove higher nitrogen 
oxides. All other chemicals were obtained as the best avail­
able grade and were used without further purification. 

The electronic absorption spectra were recorded on a 
Hitachi U-3210 spectrometer at 20+1 °C. The MCD spec­
tra were measured at room temperature with a JASCO J-
500A spectropolarimeter attached to an electromagnet (1.3 
T) and a JASCO DP-501 data processor for data accumula­
tion and manipulation. 

Sample Preparation. The reduction of iron(III) to 
iron(II) and the reaction with NO were carried out in a 
Thunberg-type tube with an optical cuvette (path length, 1 
cm) on a vacuum line. Five-coordinate nitrosyl(porphyrin-
ato)iron(II) complexes were prepared as follows. Porphy-
rinatoiron(II) complexes were prepared by the reduction of 
the porphyrinatoiron(III) chlorides in CH2CI2 with sodium 
dithionite, using a bilayer technique, after the solutions 
were deoxygenated by repeated flushing with argon 
saturated with CH2Cl2.10) Then, the porphyrinatoiron(II) 
solutions thus obtained were equilibrated with NO gas; tube 
containing the solution was shaken gently until the solution 
changed to red, indicating the formation of nitrosyl 
complex. (Excess NO was consumed by sodium dithionite.) 
The six-coordinate nitrosyl(porphyrinato)iron(II) com­
plexes were prepared by the reductive nitrosylation with 
NO. The solution containing Fe(P)Cl (where P is dianion 
of porphyrin) and nitrogenous base in chloroform was 
carefully deoxygenated by repeated flushing with argon 
saturated with chloroform. Then the solution was equili­
brated with NO gas at slightly below 1 atm, followed by 
spectral measurements. The concentrations of Fe(P)(NO), 
Af-Melm, and Py were 0.015—0.02 mM, ca. 0.2—2.4 M, and 
ca. 4 M, respectively. 

Results and Discussion 

T h e inductive electron transfer from the para-
substituents on the phenyl r ing of 5,10,15,20-tetra-
pheny lporphyr in is p redominan t in the metal lopor­
phyrins.3) T h e electron-withdrawing or -donat ing 
para-substi tuents of the phenyl r ings affect the inter­
action of porphyr in Tt-system with iron d^ orbital , 

Table 1. Electronic Spectral Data of Five-Coordinate Nitrosyl(porphyrinato)iron(II) 
Complexes in CH2CI2 at Room Temperaturea) 

Porph 
£i/2(l)b ) Absorption maxima/nm (s, mM^cm - 1 ) 

Volt 

-1.593 
-1.557 
-1.520 
-1.435 
-1.340 
-1.205 

Soret 

410.4(103) 
404.0(111) 
403.6(105) 
406.4(112) 
404.8 
398.0(130) 

473sh(17) 
470sh(17) 
470sh(16) 
470sh(19) 

470sh(17) 

540.0(9.0) 
538.0(9.6) 
540.0(9.6) 
542.0(8.3) 
540.0 
541.2(11.8) 570sh(7.5) 

614.4(3.3) 
607.6(2.7) 
606.0(3.3) 
606.4(3.4) 
602.8 
620sh(l.l) 

(£-OCH3)tpp 
(p-H)tpp 
(P-F)tpp 
(/>-C02CH3)tpp 
(P-N02)tppc | 

(F5)tppd) 

a) Porph, dianion of porphyrin; sh, shoulder, b) The first redox potentials of free base 
porphyrins. Ref. 11. c) Iron complex of (p-N02)tpp could not be obtained in pure form3); so 
the extinction coefficients were not be determined, d) (Fs)tpp, dianion of (penta-
fluorophenyl)porphyrin. 
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Table 2. Electronic Spectral Data of Six-Coordinate Nitrosyl(porphyrinato)iron(II) 
Complexes with Nitrogenous Base in CHCI3 at Room Temperaturea) 

£i/2(I)b) Absorption Maxima/nm (e, mM"1 cm-1) 
A ^ X J L i l l 

(£-OCH3)tpp 

(P-H)tpp 

(p-F)tpp 

(£-C02CH3)tpp 

(£-N02)tppc) 

(F5)tppd) 

Volt 

-1.593 

-1.557 

-1.520 

-1.435 

-1.340 

-1.205 

Af-Melm 
Py 
N-Melm 
Py 
N-Melm 
Py 
Af-Melm 
Py 
N-Melm 
Py 
N-Melm 
Py 

Soret 

426.4(153) 
424.4(133) 
424.0(161) 
421.6(148) 
423.6(174) 
420.8(141) 
426.0(167) 
423.6(153) 
426.8 
426.4 
418.8(185) 
416.4(196) 

548.8(9.3) 
544.4(9.1) 
549.6(9.8) 
543.6(10.4) 
548.8(10.9) 
544.0(9.6) 
551.6(10.1) 
547.6(9.0) 
552.4 
551.6 
539.6(13.8) 
540.8(13.0) 

600sh(4.5) 
612.4(3.9) 
600sh(3.5) 
606.4(3.4) 
600sh(4.4) 
604.0(3.7) 
589sh(4.7) 
601sh(3.3) 

577sh(4.2) 
573sh(5.3) 

a, b, c, d) See the foot note a, b, c, and d of Table 1, respectively. 

Fig. 1. Electronic (a) and MCD (b) spectra 
Fe(tpp)(NO) in CH2CI2 at room temperature. 

of 

followed by a shift to positive or negative side of the 
redox potent ials of porphyr ins and iron porphy­
rins.1'11) T h e first redox potentials of the free base 
porphyr in (£i/2(I))n) are hereinafter used as a measure 
of the e lectron-withdrawing or -donat ing power of the 
porphyr in per ipheral substituents. 

Electronic Absorption Spectra. Tables 1 and 2 list 
the electronic absorpt ion spectral data of five-
and six-coordinate ni trosyl(porphyrinato)iron(II) 
complexes together wi th the first redox potentials 
of free base porphyr ins and Figs, la—4a illustrate 
the electronic spectra of Fe(tpp)(NO), Fe[(Fs)tpp]-
(NO), Fe(tpp)(NO)(iV-MeIm), and Fe[(F5)tpp](NO) 
(AT-Melm), respectively, where tpp is d ian ion of 
5,10,15,20-tetraphenylporphyrin. T h e absorpt ion 
max ima for five-coordinate ni t rosyl(porphyrinato)-
iron(II) complexes were located at shorter wavelength 
side than those for six-coordinate complexes with 
respective porphyr in . Further, the Soret band for the 
former was markedly weak compared with that for the 
latter. These differences in spectral features between 
the five- and six-coordinate complexes of tpp deriva­
tives are similar to those of p ro toporphyr in IX di­
methyl ester.8d) Perutz et al. explained12) that an 

s 0 

Fig. 2. Electronic (a) and MCD (b) spectra of 
Fe[(Fö)tpp](NO) in CH2CI2 at room temperature. 

increase from six- to five-coordinate nitrosylheme in 
the displacement of iron from the porphyr in p lane 
increases the interaction of porphyr in a2u orbital wi th 
i ron dZ2 orbital which lowers the a2u in energy;13) 
resul t ing increase of energy separation between a2u 
and eg* causes the shift to shorter wavelength side of 
absorpt ion maxima. 

As shown in Tables 1 and 2, the Soret-band max ima 
for both five- and six-coordinate nitrosyl(porphy-
rinato)iron(II) complexes slightly shift to shorter 
wavelength side as £1/2 becomes more positive, t hough 
the visible Q-band max ima were almost insensitive to 
the variat ion in £1/2. T h e shift to shorter wave­
lengths of absorption max ima with increasing 
electron-withdrawing power of the para-substi tuents 
has been observed also in the electronic spectra of 
tetrakis(p-substituted phenyl)porphyrins1 4 ) and iron 
(III) complexes of tetrakis(p-substituted p h e n y l -
porphyrins.3) 

Magnetic Circular Dichroism Spectra. MCD spec­
tra for hemoprote ins and iron porphyr ins are sensitive 
to oxidat ion state, spin state, and coordinat ion 
number of the iron.15) 

T h e N O has an unpai red electron unl ike diamag-
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Fig. 3. Electronic (a) and MCD (b) spectra of 
Fe(tpp)(NO)(N-MeIm) in CHCls at room 
temperature. 

netic CO and the unpa i red electron in nitrosyl(por-
phyrinato) iron(II) complexes has been shown to be 
considerably delocalized into iron d orbital.45* T h e 
MCD spectrum for Fe(tpp)(NO)(AT-MeIm) (Fig. 3b) 
nevertheless qui te resembles that for Fe(tpp)(CO)(AT-
Melm),16 ) in which derivative shaped Soret and Q-
bands are composed of Faraday A term. T h i s result 
indicates that the de rea l i za t i on of unpa i red electron 
of N O l igand to i ron exerts little, if any, effects u p o n 
the MCD spectra of low-spin iron(II) porphyr ins . 

Significant differences in the MCD spectral line 
shape between five- and six-coordinate nitrosyl(por-
phyrinato) i ron(II) complexes of which iron(II) is in 
low-spin state were observed, especially in the Soret 
band region (Fig. lb—4b). T h e overall MCD spec­
tral pat terns for five- and six-coordinate nitrosyl 
iron(II) complexes of tpp or (Fs)tpp (Fig. lb—4b) were 
markedly different from those of p ro toporphyr in IX 
dimethyl ester,8f) suggest ing that the MCD spectra for 
ni t rosyl(porphyrinato)iron(II) complexes are sensitive 
to differences in the porphyr in per ipheral substitu-
ents. In the MCD spectra as well as the electronic 
spectra, the bands for the complexes of (Fs)tpp 
appeared at shorter wavelengths than those of tpp. 
Spectral change in line shape accompanied by a 
change in porphyr ina to l igand from tpp to (Fs)tpp 
was more significant for five-coordinate complexes 
than for six-coordinate complexes and for Soret band 
region than for visible Q-band region. 

Accordingly, MCD spectroscopy is useful for the 
elucidat ion of the cis-effect of porphyr in per ipheral 
substi tuents in the ni trosyl(porphyrinato)iron(II) 
complexes. 

T h e au tho r wishes to express his grat i tude to Dr. S. 
Suzuki of the College of General Educat ion, Osaka 
University for measurement of MCD spectra and for 
helpful discussions. 
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Synopsis. The thermal decomposition of the complexes 
of copper(II) chloride and sulfate with polyamines has been 
investigated in detail by thermal analysis, X-ray powder 
diffraction and ESR spectroscopy. It has been revealed that 
the chloride complexes decompose to copper metal and 
carbonaceous product in nitrogen and to copper(I) chloride 
in air, and the sulfate complexes to copper(I) sulfide and 
carbonaceous product in nitrogen and to copper(II) oxide in 
air. 

T h e thermal decomposi t ion of te t raamminecopper 
(II) sulfate1) has been studied extensively in relation to 
that of copper(II) sulfate pentahydrate. Litt le is 
known, however, about the pyrolysis of its ethylenedi-
amine2 ) and other po lyamine complexes. 

Dur ing the ESR study of a lumina doped wi th cop-
per(II) po lyamine chlorides3) we found an unexpected 
fact that these complexes exhibit a strong, sharp endo-
thermic peak about 250 °C in the D T A curves, as if it 
were due to mel t ing of the complexes. T h e purpose 
of this study is to report that these polyamine com­
plexes show new features in thermal decomposit ion. 
A compar ison of the pyrolytic behavior between the 
chloride and sulfate is also a theme of this investiga­
tion. T h e product ion of copper metal and of cop-
per(I) sulfide th rough the thermal decomposi t ion of 
copper(II) po lyamine complexes in a ni t rogen a tmo­
sphere has not yet been clarified. 

Experimental 

iV,iV-bis(2-aminoethyl)-l,3-propanediamine (2,3,2-tet; bp 
266—267 °C; Kanto Chemical Co., Ltd) and 1,4,8,11-
tetraazacyclotetradecane (cyclam; mp 184—186 °C; Aldrich 
Chemical Co., Ltd.) were used without further purification. 
Commercial grade A^Af'-bis(3-aminopropyl)ethylene-
diamine (3,2,3-tet; Aldrich Chemical Co., Ltd.) was distilled 
and the fraction at 150—160°C/5 mm Hg (1 m m H g = 
133.322 Pa) was collected. Copper(II) chloride dihydrate 
and sulfate pentahydrate, and other chemicals were of rea­
gent grade from Kanto Chemical Co., Ltd. and used as 
received. 

A published procedure4* was modified for the preparation 
of the chloride and sulfate complexes of copper(II) poly­
amines by the reaction of the parent copper salts with a 
small excess of each polyamine. Found: C, 26.32; H, 7.47; 
N, 17.53. Calcd for Cu(2,3,2-tet)Cl2 • H 2 0 : C, 26.88; H, 7.09; 
N, 17.92 %. Found: C, 29.47; H, 7.76; N, 17.40. Calcd for 
Cu(3,2,3-tet)Cl2-H20: C, 29.41; H, 7.40; N, 17.15 %. 
Found: C, 22.18; H, 6.73; N, 14.70. Calcd for Cu(2,3,2-
tet)S04-3H20: C, 22.49; H, 7.01; N, 14.98 %. Found: C, 
20.08; H, 7.01; N, 11.36. Calcd for Cu(3,2,3-tet)S04-6H20: 
C, 19.9; H, 7.3; N, 11.6%. 

Thermal analyses (TG and DTA) were recorded on a 
Shinku-Riko TGD-1500 RH-P differential thermobalance 
at a constant heating rate of 5°Cmin-1 under the dynamic 
atmospheres of air and nitrogen. ESR measurements were 
made on a JEOL JES-FE1XG ESR spectrometer (X-band) at 

room temperature and at 77 K. In order to record for 
thermal decomposition products the complexes were heated 
in an ESR tube while flowing air or nitrogen; the tube was 
sealed. X-Ray powder diffraction was carried out on a 
Rigaku Geigerflex D-3F diffractometer using Ni-filtered Cu 
Ka radiation. 

Results and Discussion 

T h e T G and DTA curves of Cu(3,2,3-tet)Cl2 are 
given in Fig. 1. T h e T G curve in ni t rogen (Fig. 1A) 
shows weight losses in three steps: the first, be ing 
about 5%, is in good agreement with the calculated 
one to form an anhydrous complex u p o n losing one 
water molecule; the second, be ing about 60% and 
resul t ing in a break in the curve at 440 °C, is the 
decomposi t ion of the l igand to some volatile compo­
nents and carbonaceous matter (cracking and carboni­
zation); the last, being a gradual loss of about 2% and 
con t inu ing u p to 800 °C, is due to a graphit izat ion of 
the products . Since the residue at 800 °C contains 
copper metal and carbon, as described later, and the 
content of copper is calculated to be 19.4% of the 
or iginal complex; about one-third of the residue by 
weight (9.6% in the T G curve) is carbon. In the DTA 
curve (Fig. 1C) a weak endotherm at 150 °C, and a 
s t rong and sharp one at 230 °C followed by two endo-
thermic reactions at 310 and 410 °C correspond to the 
first two steps in the T G curve, respectively. T h e 
endothermic reaction at 230 °C begins at 210 °C and 
terminates at 250 °C. T h i s seems to represent the 

100 200300400500600700800 

Temperature/°C 

Fig. 1. TG and DTA curves of Cu(3,2,3-tet)Cl2 

under atmospheres of nitrogen and air. 
, in nitrogen; , in air. Sample weight: 50 

mg. Heating rate: 5 °C min - 1 . *, see in the text. 



Decemberr, 1990] N O T E S 3693 

mel t ing of the complex. If this is the case, the reac­
tion should be reversible. When the sample, which 
had been heated at 230 °C, was again heated from 
room temperature to 300 °C, no sharp endothermic 
peak a round 230 °C could be found. Al though this 
reaction takes place wi th violence in a very narrow 
temperature range, the weight loss due to the reaction 
is less than one-sixth of the total weight loss in the 
second step of the T G curve. Therefore, the signifi­
cant decrease in temperature due to the endotherm at 
230 °C may be at t r ibutable to the formation of a lower 
valent copper, i.e., C u + and Cu°, caused by an electron 
transfer between copper and l igand ni t rogen atoms. 
T h e complex changed from deep violet powder to a 
l ight b rown and a viscous l iquid between 210 and 
250 °C; immediately, a red-tinged lustrous deposit was 
recognized to form and was identified as be ing copper 
metal by X-ray diffraction, as would be expected (Fig. 
3). With increasing temperature, an intensity de­
crease of the ESR signal due to divalent copper and, 
finally, its disappearance were also observed for pyro-
lyzed products . Above 300 °C the viscous l iquid 
turned in to a dark-brown solid substance, a l though 
the copper metal remained unaltered. As a result, it 
is presumed that Cu(3,2,3-tet)Cl2 decomposes to 
copper metal and a partially decomposed 3,2,3-tet 
molecule u p o n hea t ing u p to 250 °C. Once the disso­
ciation of the complex begins, the po lyamine moiety 
left alone should burst out decomposing. T h a t the 
direct formation of copper metal does not take place 
via copper(II) chloride is certain, since its dihydrate 
decomposes to anhydrous copper(I) chloride u p o n 
hea t ing above 470 °C under an a tmosphere of argon 
and in vacuo.6) Three chloride complexes decom­
pose in a similar manne r under an a tmosphere of 
ni t rogen. It has been observed that the temperature 
of the second endothermic peak in the D T A curve 
becomes h igh in the order of increasing stability of the 
complex (Table 1). 

T h e T G and D T A curves of Cu(3,2,3-tet)Cl2 in air 
(Figs. IB and D) have some impor tan t features which 
are different from those in ni t rogen (Figs. 1A and C): 
there are two s t rong exotherms in the D T A curve (the 

Table 1. Stability Constants of the Copper(II) 
Polyamine Chlorides, and Their TG 

and DTA Results in Nitrogen 

^ , Stability 
Complex a) 

rons tan t 

Cu(2,3,2-tet)Cl2 23.2 
Cu(3,2,3-tet)Cl2 21.7 
Cu(cyclam)Cl2 26.5 

TG 

Weight loss in 
the first step/% 

5.3 (5,76)d) 

5.0(5.51) 
5.0(5.11) 

DTA 

Ib)/°C IIb)/°C 

Peakc) Peakc) 

115 255 
150 230 
95 315e) 

a) log£i (Cu2+).7) b) I and II denote the first and 
second endothermic reactions in the DTA curve. 
c) Peak corresponds to the temperature at which the 
reaction comes to the most. All three complexes show 
a strong and sharp peak in the DTA curves, d) 
Numbers in parentheses represent the calculated value 
for the monohydrate, e) Accompanied by a small 
shoulder at about 325 °C. 

one at 240°C (* in Fig. ID) overlapped wi th a sharp 
endothermic peak at 220 °C, the other r ang ing widely 
in temperature from 420 to 700 °C); a residue of about 
7% at 800 °C is appreciably small (the expected value 
for copper(II) oxide, if formed, will be 24.3%). T h e 
D T A curves u p to 420 °C in air and in ni t rogen have 
an ana logous shape, except for an exothermic reaction 
at 240 °C in air. Th i s reaction at 240 °C, in which 
copper metal is deposited on the bot tom of a p l a t i n u m 
crucible (as detected by X-ray diffraction), is at tr ibuted 
to the combust ion of evolved gaseous components 
from the l igand. T h e product above 700 °C was not 
copper(II) oxide, but copper(I) chloride (Fig. 3), con-

200 300 400 500 600 700 800 
Temperature /°C 

Fig. 2. TG and DTA curves of Cu(3,2,3-tet)S04 

under atmospheres of nitrogen and air. 
, in nitrogen; , in air. Sample weight: 50 

mg. Heating rate: 5 °C min - 1 . 

Ĵ L^JLi^JxAl 

f**»+**'\m rm ^M ln^n»^ 

J\ /' 
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29/degree 

70 

Fig. 3. X-ray diffraction diagrams for the residues 
after the thermal analyses of Cu(3,2,3-tet)Cl2 and 
Cu(3,2,3-tet)SC>4 under atmospheres of nitrogen and 
air. 
Temperature was raised up to 800 °C. 
A, copper metal5a> from chloride, in nitrogen. 
B, copper(I) chloride5b) from chloride, in air. 
C, copper (I) sulphide (chalcocite, syn.5c>) from sul­
phate, in nitrogen. 
D, copper(II) oxide5d) from sulphate, in air. 
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trary to our p resumpt ion . Therefore, a s trong exo­
thermic reaction over the temperature range from 420 
to 700 °C includes such oxidat ion reactions as the 
combus t ion of carbonaceous products and the chlori-
na t ion of copper metal to coppre(I) chloride. A 
small percentage of the residue arises from the volatil­
ity of copper(I) chloride dimer (Cu2Ci2)8) (the percent­
age found, 7%; the one calculated for CuCl , 30.3%). 
T h e decomposi t ion process of other complexes in air 
is the same as that of Cu(3,2,3-tet)Cl2, and their ther­
mal stabilities are consistent with their complex for­
mat ion constants (Table 1). 

Figure 2 shows the T G and D T A results of the 
sulfate, Cu(3,2,3-tet)S04, in air and in ni t rogen. T h e 
thermal decomposi t ion in a ni t rogen atmosphere pro­
ceeds in a s imple manne r (Figs. 2A and C). Six moles 
of water per 1 mole of Cu(3,2,3-tet)S04 (weight loss 
found for 6H2O, 24.6; calcd 24.46%) were released u p 
to about 120 °C. Compared with the results of the 
chloride (Figs. 1A and C), a major par t of the l igand of 
the sulfate complex mus t begin to decompose above 
270 °C. T h e ESR spectrum of a sample heated at 
300 °C shows only one resonance line due to some of 
organic radical (g=2.00). T h e small Q-value 
observed for products above 300 °C most likely results 
from the existence of electro-conductive matter. As 
il lustrated in Fig. 3, the product at 800 °C under an 
a tmosphere of ni t rogen is chalcocite5c) (copper(I) sul­
fide), which has a h igh electro-conductivity. There­
fore, the sulfate complex decomposed directly to chal-
cocite and degraded amine moieties; the latter 
carbonized and graphit ized u p o n further heating. 
Since the calculated content of copper(I) sulfide cor­
responded to 18.0% of the original sulfate complex, the 
residue at 800 °C contained carbon of about 9% in the 
T G curve. T a k i n g in to consideration that copper(II) 
sulfate pentahydrate forms copper(I) oxide at 800 °C 
u p o n hea t ing under a ni t rogen atmosphere, it is inter­
esting that the copper(II) sulfate with polyamine is 
not transformed in to copper(I) oxide. It is also inter­
esting to produce copper(I) sulfide th rough thermal 
decompoi t ion above 300 °C, since a pure form is 
generally prepared by the reaction of copper metal 
wi th hydrogen sulfide above 400°C.9) Both of the 
open-chain polyamine complexes in this study did not 
differ regarding thermal stability, since they start 
pyrolyzing at about 270 °C and complete the reaction 
to copper(I) sulfide below 330 °C. T h e sulfate com­
plexes are more thermally stable than are the chloride 
types. 

T h e results of a thermal analysis of Cu(3,2,3-tet)S04 
in air are given in Figs. 2B and D. T h e exotherm at 
230—270 °C appears to represent the degradation of a 
par t of the 3,2,3-tet molecule, which is the same reac­
tion as that at 240 °C in the DTA curve of the chloride 

(* in Fig. ID). T w o endotherms, one below 150°C 
due to a dehydrat ion reaction and the other at 270— 
310 °C due to the decomposi t ion of the complex to 
form an undetermined copper species and carbonace­
ous products , resemble well those of the DTA curve u p 
to about 320 °C in ni trogen. T h e strong exothermic 
peak centered a round 420 °C is at tr ibutable to the 
combust ion of the residual carbon, the remainder (at 
500 °C) be ing a mixture of copper(II) oxide and its 
sulfate (CU2OSO4). Decomposi t ion to the oxide was 
observed by a weight decrease of about 7% in the final 
step of the T G curve due to the evolution of sulfur 
trioxide10) accompanying a weak endotherm at about 
740 °C. T h e ESR spectrum of the unidentified sub­
stance at about 310 °C (described above) revealed the 
formation of agglomerated copper in the divalent 
state,11) as well as some organic radical (g=2.00); the 
intensity of the former signal was very small compared 
wi th that of the original complex. A further investi­
gat ion is needed to determine whether the formation 
of a monovalent or an agglomerated divalent copper 
species results in a decrease in the intensity of the ESR 
signal. 

T h e easy formation of copper(I) sulfide is consistent 
wi th the HSAB theory and the stability of the sulfide, 
even at elevated temperature. 

References 

1) E. g., T. Pfeifer, Magy. Kern. Folyoirat, 68, 156 (1962); 
W. W. Wendlandt and Thomas M. Southern, Anal. Chim. 
Acta, 32, 405 (1965). 

2) W. W. Wendlandt, / . Inolg. Nucl. Chem., 25, 833 
(1963). 

3) S. Ikoma, K. Kawakita, and H. Yokoi, / . Non-Cryst. 
Solids, 122, 183 (1990); S. Ikoma, K. Kawakita, and H. 
Yokoi, Chem. Lett., 1988, 363. 

4) T. G. Fawcett, S. M. Rudich, B. H. Toby, R. A. 
Lalancette, J. A. Potenza, and H. J. Schugar, Inorg. Chem., 
19,940(1980). 
5) a) JCPDS, 4-836. b) JCPDS, 6-344. c) JCPDS, 29-578. 

d)JCPDS, 5-611. 
6) Le van My, G. Perinet, and P. Bianco, / . Chim. Phys., 

63,719(1966). 
7) M. J. van der Merwe, J. C. A. Boeyens, and R. D. 

Hancock, Inorg. Chem., 24, 1208 (1985). 
8 P. Ramamurthy and E. A. Secco, Can. J. Chem., 47, 

2185 (1969). 
9) J. W. Evans and G. D. Fearnehough, / . Appl. Chem., 

9, 307 (1959). 
10) J. Paulik, F. Paulik, and L. Erdey, Mikrochim, Acta. 

1966, 886; "Comprehensive Inorganic Chemistry," ed by J. 
C. Bailar, H. J. Emeléus, Sir Ronald Nyholm, and A. F. 
Trotman-Dickenson, Pergamon Press, Oxford (1973), Vol. 
3, p. 58. 

11) S. Ikoma, S. Takano, E. Nomoto, and H. Yokoi, / . 
Non-Cryst. Solids, 113, 130 (1989). 



December, 1990] © 1990 The Chemical Society of Japan N O T E S Bull Chem. Soc. Jpn., 63, 3695—3697 (1990) 3695 

Synthesis and Enantiomer Recognition of the 18-Crown-6 Derivative 
Containing Two Tert-Butyl Substituents as a Chiral Barrier 
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Synopsis. The optically active 18-crown-6 derivative 
having two tert-butyl substituents as a chiral barrier was 
prepared by using (—)-(K)-3,3-dimethylbutane-l,2-diol as a 
chiral source and its chiral recognition behavior in transport 
of racemic guest molecules through bulk liquid membranes 
was investigated. 

A large number of optically active crown ethers 
con ta in ing an alkyl g r o u p as a chiral barrier have 
been prepared and their chiral recognit ion properties 
have been well investigated.1 '2) But, as far as we 
know, there is no report on the synthesis of an opti­
cally active crown ether having a tert-butyl g roup as a 
chiral barrier. Recently, Bradshaw, Izatt, and co­
workers described that a crown compound conta in ing 
a tert-butyl g roup is predicted to yield h igh enant io­
mer recognit ion on the basis of calculation us ing 
empirical energy functions.3) In this paper, we wish 
to report the synthesis of the 18-crown-6 derivatives 
(-)-(2R,12R)-l and (-)-(R)-2 conta in ing a tert-butyl 
g roup as a chiral barrier and their enant iomer recog­
ni t ion properties in t ransport of racemic guest mole­
cules th rough bu lk l iquid membranes. 

Optical resolut ion of 3,3-dimethylbutane-l ,2-diol 
(6) was accomplished via 7, prepared by acylation of 6 
wi th (—)-camphanic chloride, whose fractional recrys-
tallization from ether gave the sparingly soluble ester 
7, [Œ]D —49.0°. Hydrolysis of (—)-7 wi th potass ium 
hydroxide gave (—)-6, [C*]D —24.9°, the optical pur i ty 
of which was enriched by further recrystallization 

from pentane. T h e enant iomer excess (e.e.) value of 
6 was determined by H P L C analysis on its bisphenyl-
carbamate derivative and the absolute configurat ion 
of (—)-(R)-6 has been described in the literature.4) 

First the diol 6 was directly reacted with methoxy-
methyl chloride to result in the formation of a com­
plex mixture of the methoxymethyl ethers, and then 
10 needed to synthesize the diol 5 of C2-symmetry was 
prepared via the monoester 8. Acylation of (—)-6, 
[a ] D - 27 .1 ° (95% e.e.), wi th 2,2-dimethylpropanoyl 
chloride gave exclusively 8, [Œ]D — 26.6°, in 89% yield, 
the structure of which was confirmed by oxidat ion 
wi th pyr id in ium chlorochromate giving the ketoester 
11. Trea tment of (—)-8 wi th methoxymethyl chloride 
and Af,Af-diisopropylethylamine gave (+)-9, [a]o 
+18.8°, in 73% yield and reduction of (+)-9 wi th 
L iAlH 4 gave (-)-10, [ a ] D - 1 1 8 ° , in 75% yield. When 
8 was treated with d imethoxymethane under acidic 
condit ions, intramolecular transesterification occur­
red to give a mixture of 9 and its structural isomer. 

Condensat ion of (—)-10 wi th diethyleneglycol bis-
(methanesulfonate) in the presence of N a H gave 4 and 
treatment wi th methanol and hydrochloric acid con­
verted 4 in to the C2-diol (-)-(3R,13R)-5, [a]D - 36 .3° , 
needed for the preparat ion of the 18-crown-6 deriva­
tive with C2-symmetry. 

H i g h di lu t ion condensation of (—)-5 with diethyl­
eneglycol bis(methanesulfonate) in the presence of 
N a H and KBF4 in tetrahydrofuran (THF) under reflux 
gave the C2-crown ether (-)-(2R,12R)-l, [a]D - 7 . 87° , 

R'vJP° 0y*RZ H3C^0 ° CK (H303C 

*C 
OR R O y * C ( C H 3 ) 3 

(-)-1 R1=R2=C(CH3)3 

( - ) -2 R1=C(CH3)3 Ra=H 

(-)-3 4 R=CH20CH3(M0M) 

( - ) -5 R = H 

•P(CH3)3 

R'O OR2 

( - ) -6 R1 = R2=H 0 

( - ) -7 R1 = R ^ C - ^ $ -
0 

( - ) -8 R1 = CC(CH3)3 R2=H 
Ö 

£(CH3)3 

r\ 
RO OMOM 

(+)-9 R=CC(CH3)3 

Ö 
(-)-10 R = H 

(H3Q3ÇO 

0 

ri C(CH3)3 
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Table 1. Differential Transport of Enantiomeric Molecules through Bulk Liquid Membranes 

Time Transport Configuration Optical 
Host Guesta) of dominant Parity 

h % enantiomer % 

(-)-l a 1.8 10.1 S 33 
(-)-l b 13.5 9.9 S 34 
(-)-l c 24.0 9.9 R 11 
(-)-2 a 1.6 10.0 S 20 
(-)-2 b 4.5 10.0 S 16 
(-)-2 c 6.5 10.2 R 5 
(-)-3 a 3.5 9.8 S 19 
(-)-3 b 8.5 10.1 S 18 
(-)-3 c 11.5 9.9 R 2 

a) a: (±)-l,2-diphenylethylamine hydrochloride, b: (±)-l-phenylethylamine hydrochloride, 
c: methyl ester of (±)-phenylglycine hydrochloride. 

in 19% yield after a lumina chromatography. T h e Ci-
crown ether (—)-(R)-2, [ a ] D —4.47°, was prepared in 
17% yield by condensat ion of (—)-6 wi th pentaethyl-
eneglycol bis(p-toluenesulfonate) in the presence of 
N a H and KBF4 in T H F followed by chromatographic 
purification. In order to compare the enant iomer 
selectivity of 1 with that of the 18-crown-6 derivative 
having two methyl substituents as a chiral barrier, 
(—)-(2R,3R)-22) was prepared in 25% yield by conden­
sation of (—)-(2JR,3JR)-butane-2,3-diol wi th pentaethyl-
eneglycol bis(p-toluenesulfonate). 

Enant iomer recognit ion properties of these crown 
ethers in transport of racemic guest molecules th rough 
bulk l iquid membranes5 ) were investigated and the 
results are summarized in Tab le 1. T h e crown ether 
(—)-2 shows a higher transportabil i ty than (—)-l, bu t 
the enant iomer selectivity of (—)-2 is low. T h e crown 
ether (—)-l exhibits a higher enant iomer selectivity 
towards all guest molecules examined here than (—)-3, 
and the results demonstrated evidently that a tert-butyl 
substi tuent is a more effective chiral barrier of a crown 
ether than a methyl substituent. 

Experimental 

Optical rotations were recorded with a JASCO DIP-40 
automatic Polarimeter. Circular dichroism data were col­
lected with a JASCO J-500 spectropolarimeter and ultravi­
olet spectra were measured on a Hitachi 220A spectrometer. 
*HNMR spectra were obtained from a JNM-MH-100 and 
chemical shifts are reported in parts per million (<5) down 
field from tetramethylsilane. High resolution mass spectra 
were taken with a JEOL-DX-303 HF spectrometer. 

Optical Resolution of 3,3-Dimethylbutane-l,2-diol (6), 
To a solution of (±)-6 (8.35 g, 70.8 mmol) in pyridine (120 
mL) was added (—)-camphanic chloride (30.7 g, 0.142 mmol) 
with ice cooling and then the mixture was stirred for 12 h at 
room temperature. The reaction mixture was poured into 
ice water and a solid was collected to give 7 (32.5 g). 
Fractional recrystallization of 7 from ether (four times) 
yielded (-)-7 (22.4 g), [a]g -49.0° (c 1.06, CHCI3). To a 
solution of KOH (22.0 g) in aqueous methanol (450 mL) was 
added (—)-7 (20.0 g) and the mixture was gently refluxed for 
9 h. After methanol was removed in vacuo, the residue was 
diluted with water and extracted with ether. Removal of 
the solvent gave (-)-6 (4.90 g), [a]% -24.9° (c 0.720, CHCI3), 
which was recrystallized from pentane to give (—)-6 (3.24 g), 

[a]2
D* -27.1° (c 0.850, CHCI3); mp 36—38 °C. 

A mixture of (-)-6, [a]D -27.1°, (35 mg, 0.30 mmol) and 
phenyl isocyanate (180 mg, 1.51 mmol) was stirred for 24 h 
at room temperature and a preparative TLC of the product 
gave the bis(phenylcarbamate) derivative (69 mg, 65% yield), 
whose e.e. value was determined to be 95% by HPLC analy­
sis. HPLC analysis was carried out on Simadzu LC-6A 
using a chiral column; Opti-Pak KC (Waters). 

(-)-(Ä)-2-Hydroxy-3,3-dimethylbutyl 2,2-Dimethylpro-
panoate (8). To a chilled solution of (—)-6, [a]u —27.1°, 
(4.70 g, 39.8 mmol) in pyridine (50 mL) was added 2,2-
dimethylpropanoyl chloride (4.80 g, 39.8 mmol) with ice 
cooling, After stirring for 12 h at room temperature, the 
reaction mixture was poured into ice water and a deposited 
solid was collected. The solid was distilled to give 
(-)-8 (7.17 g, 89% yield), bp 114— 116°C (15 mmHg (1 
mmHg=133.32 Pa)); [a]2? -26.6° (c 1.01, CHCI3); *HNMR 
(CDCI3) 6=0.98 (9H, s), 1.23 (9H, s), 2.23 (IH, s), 3.50 (IH, 
dd, /=2.9, 8.6 Hz), 4.00 (IH, dd, /=8.6, 11.5 Hz), 4.27 (IH, 
dd,/=2.9, 11.5 Hz). Found: C, 65.17; H, 10.84%. Calcdfor 
C11H22O3: C, 65.13; H, 10.96%. 

3,3-Dimethyl-2-oxobutyl 2,2-Dimethylpropanoate (11). 
A solution of (+)-8 (1.00 g, 4.94 mmol) in dichloromethane 
(10 mL) was added to a suspension of pyridinium chloro-
chromate (2.15 g, 10.0 mmol) in dichloromethane (12 mL) 
and the mixture was stirred for 12 h at room temperature. 
The organic solution was separated by décantation and 
chromatographed on Florisil. Fractions eluted with 
hexane-ether gave 11 (850 mg, 86% yield) as a white solid, 
mp 49-50.5 °C; *HNMR (CDCI3) 6=1.20 (9H, s), 1.29 (9H, 
s), 4.88 (2H, s); IR (KBr) 1740, 1720 cm"1. Found: C, 65.83; 
H, 9.99%. Calcd for C11H20O3 C, 65.97; H, 10.07%. 

(+)-(Ä)-2-Methoxymethoxy-3,3-dimethylbutyl 2,2-Di­
methylpropanoate (9). To a chilled solution of (—)-8 (7.16 
g, 35.4 mmol) and Af,iV-diisopropylethylamine (7.20 g, 55.7 
mmol) in dichloromethane (200 mL) was added meth-
oxymethyl chloride (4.48 g, 55.7 mmol) with ice cooling. 
After stirring for 20 h under rexflux, the reaction mixture 
was washed with water, dried (MgS04) and concentrated in 
vacuo. Ether (50 mL) was added to the residue and a 
deposited solid was removed by filtration. The filtrate was 
chromatographed on silica gel and fractions eluted with 
hexane-benzene gave an oily product, which was distilled to 
give (+)-9 (6.31 g, 73% yield), bp 110—110.5 °C (8 mmHg); 
[a]2? +18.8° (c 2.80, CHCI3); *HNMR (CDCI3) ô=0.98 (9H, 
s), 1.20 (9H, s), 3.36 (IH, dd, 7=3.3, 6.7 Hz), 3.40 (3H, s), 3.98 
(IH, dd, 7=6.7, 11 9 Hz), 4.35 (IH, dd, 7=3.3, 11.9 Hz), 4.63 
(IH, d, 7=6.5 Hz), 4.82 (IH, d, 7=6.5 Hz). Found: C, 63.27; 
H, 10.54%. Calcd for C13H26O4: C, 63.38; H, 10.64%. 

Reaction of (±)-8 with Dimethoxymethane and Phospho-
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rus Pentaoxide. To a solution of (±)-8 (1.04 g, 5.14 mmol) 
and dimethoxymethane (30 mL) in dry chloroform (30 mL) 
was slowly added phosphorus pentaoxide (9.00 g, 63.4 
mmol), and then the mixture was stirred for 1 h at room 
temperature. The organic solution was separated by 
décantation and poured into aqueous solution of sodium 
carbonate and ice. The organic layer was separated, 
washed with water, dried (Na2SC>4), and concentrated in 
vacuo to give a 77 :23 mixture (1.15 g) of 9 and its isomer (by 
GLC analysis). 

(—)-(Ä)-2-Methoxymethoxy-3,3-dimethyl-l-butanol (10). 
A solution of (+)-9 (6.31 g, 25.6 mmol) in dry ether (150 mL) 
was added to a suspension of L1AIH4 (740 mg, 19.5 mmol) in 
dry ether (150 mL) and the mixture was refluxed for 8 h. 
After addition of aqueous solution of ammonium chloride 
to the chilled reaction mixture, a solid was removed by 
filtration and the filtrate was dried (MgS04). After removal 
of the solvent, the residue was distilled to give (—)-10 (3.10 g, 
75% yield), bp 88.0—88.5 °C (14 mmHg); [a]g -118° (c 0.720, 
CHCI3); « N M R (CDCI3) 0=0.92 (9H, s), 3.10 (1H, dd, 
/=2.3, 7.7 Hz), 3.44 (3H, s), 3.20-3.90 (3H, m), 4.60 (1H, d, 
/=6.5 Hz), 477 (1H, d, 7=6.5 Hz). Found: C, 59.10; H, 
11.10%. Calcd for C8Hi803: C, 59.23; H, 11.18%. 

(-)-(3Ä,13Ä)-2,2,4,4-Tetramethyl-5,8,ll-trioxapentadec-
ane-3,13-diol (5). A solution of (-)-10 (3.10 g, 19.1 mmol) 
in dry THF (90 mL) was added to a suspension of NaH (530 
mg, 22.1 mmol) in dry THF (80 mL) and the mixture was 
refluxed for 2 h. To the mixture was added a solution of 
diethyleneglycol bis(methanesulfonate) (2.28 g, 8.70 mmol) 
in dry THF (80 mL). After the mixture was stirred for 64 h 
under reflux, a solid was removed by filtration and the 
filtrate was concentrated in vacuo. The residue was 
extracted with chloroform and the extract was washed with 
water, dried (MgSC>4) and concentrated in vacuo to give an 
oily product (3.78 g), which was chromatographed on alum­
ina. Fractions eluted with hexane-benzene gave 4 (1.55 g) 
as an oil, which was stirred with methanol (20 mL) and four 
drops of hydrochloric acid at room temperature for 20 h. 
After the solvent was removed in vacuo, the residue was 
chromatographed on alumina. Fractions eluted with ether 
gave (-)-5 (1.41 g, 24% yield) as an oil, [a]l5 -36.3° (c 2.22, 
CHCI3), which was used in the next reaction without further 
purification. 

(-)-(2Ä,12Ä)-2,12-Bis(l,l-dimethylethyl)-l,4,7,10,13,16-
hexaoxacyclooctadecane (1). A solution of (—)-5 (470 mg, 
1.54 mmol) and diethylenglycol bis(methanesulfonate) (410 
mg, 1.56 mmol) in dry THF (80 mL) was slowly added to a 
suspension of NaH (96 mg, 4.0 mmol) and KBF4 (220 mg, 
1.75 mmol) in dry THF (80 mL) under reflux over a 10 h 
period. After stirring for an additional 56 h under reflux, a 
solid was removed by filtration and the filtrate was concen­
trated in vacuo. The residue was extracted with chloro­
form and the extract was washed with water, dried (MgS04), 
and concentrated in vacuo to give an oily product (680 mg). 
The product was chromatographed on alumina and frac­

tions eluted with hexane-benzene furnished (—)-l (110 mg, 
19% yield) as an oil, [a]l3 -7.87° (c 0.850, CHCI3); « N M R 
(CDCI3) 6=0.90 (18H, s), 3.09 (2H, dd, 7=2.4, 8.1 Hz), 3.42 
(2H, dd, 7=8.1, 10.0 Hz), 3.5—4.1 (18H, m); HRMS Found: 
m/z 376.2825. Calcd for C2oH4o06: m/z 376.2823. 

(-)-(2Ä)-2-(l,l-Dimethylethyl)-l,4,7,10,13,16-hexaoxa-
cyclooctadecane (2). A solution of (—)-6 (800 mg, 6.78 
mmol) and pentaethyleneglycol bis(p-toluenesulfonate) 
(3.71 g, 6.78 mmol) in dry THF (100 mL) was slowly added 
to a suspension of NaH (358 mg, 14.9 mmol) and KBF4 (940 
mg, 7.50 mmol) in dry THF (100 mL) under reflux over a 10 
h period and the mixture was refluxed for an additional 34 
h. After the same workup described above, the crude pro­
duct (2.85 g) was chromatographed on alumina. Fractions 
eluted with hexane-benzene furnished (—)-2 (370 mg, 17% 
yield) as an oil, [a]g -4.47° (c 1.05, CHCI3); « N M R 
(CDCI3) 6=0.90 (9H, s), 3.10 (1H, dd, 7=2.8, 7.7 Hz), 3.3—4.1 
(22H, m); HRMS Found: m/z 320.2191. Calcd for 
Ci6H3406: m/z 320.2199. 

(-)-(2Ä,3Ä)-2,3-Dimethyl-l,4,7,10,13,16-hexaoxacyclo-
octane (3). By using the similar procedure described for the 
preparation of (-)-2, (-)-3 (193 mg, 22% yield), [a]l2 -7.36° 
(c 1.13, CHCI3), was prepared from (-)-(2R,3R)-butane-2,3-
diol (270 mg, 3.00 mmol), pentaethyleneglycol bis(jfc>-
toluenesulfonate) (1.80 g, 3.30 mmol), and NaH (180 mg, 
7.50 mmol) in dry THF. Found: C, 57.30; H, 9.61%. 
Calcd for G4H28O46: C, 57.51; H, 9.65%. 

Enantiomer Differential Transport. Enantiomer differ­
ential transport was carried out in an apparatus which 
consisted of an outer cylindrical glass vessel (24.5 mm inner 
diameter) and a central glass tube (15.5 mm inner diameter). 
The chloroform solution of an optically active crown ether 
(0.005 M (1 M=l mol dm-3)) separated the inner aqueous 
phase (0.01 M HCl) and the outer aqueous phase (0.08 M 
HCl) containing LiPFô (0.2 M) and the racemic guest mole­
cule (0.04 M). The organic layer was stirred at a constant 
speed (60 rpm) at 20+2 °C. Transport was monitored by 
ultraviolet spectrum and e.e. value of the guest molecule 
transported was monitored by circular dichroism. 
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Synopsis. Irradiation of aromatic carbonyl compounds 
in hexamethylphosphoric triamide (HMPA) resulted in the 
cross-coupling of ketyl radicals with the HMPA-derived 
radical generated via hydrogen abstraction from it. The 
results on acetolysis, methanolysis, and the reaction with 
thionyl chloride of the resulting coupling products are 
described. 

T h e intermolecular photoreduct ion of carbonyl 
compounds by amines is a well investigated reaction.1) 
In general, an electron transfer from the amine-
ni t rogen to the excited carbonyl and successive a-
hydrogen abstraction from the amine result in the 
formation of a ketyl as well as an amine-derived 
radical. Fur ther steps of the photoreduct ion are 
accomplished by various radical combinat ions . 

Recently, the most elegant appl icat ion of this reac­
t ion to na tura l product synthesis was reported by 
Cossy et al.,2) a photoreductive cyclization of ô, e-
unsatura ted ketones to cyclopentanols in the presence 
of t r ie thylamine or H M P A . We original ly p lanned 
to modify this reaction to prepare a-hydroxylactones 
from a-ketoesters bear ing alkenyl substi tuents us ing 
H M P A as solvent. Instead of intramolecular pho­
toreductive cyclization, we obtained H M P A associated 
products which were no t reported in the former reac­
tion. T h e formation of cross-coupling products was 
general when the photolysis of aromatic ketones was 
carried ou t in the presence of HMPA. T o the best of 
our knowledge, this is the first t r app ing of the photo-
chemically generated H M P A radical. 

î Monbusho scholarship fellow, on leave from Central 
Institute of Organic Chemistry of the Academy of Sciences, 
Berlin, Germany. 

Benzoylformic acid allyl ester ( la) in H M P A was 
irradiated by h igh pressure mercury l amp in a pyrex 
test tube. T h e result ing mixture was directly loaded 
on silica-gel co lumn (EtOAc). Based on the follow­
ing spectral data the obtained product (3a) was identi­
fied as the cross coupl ing product between the ketyl 
radical of l a and H M P A radical (the radical generated 
by the a-hydrogen abstraction). T h e X H N M R (<5, 
CDCI3) spectrum of 3a showed methylene protons at 
3.83 (dd, / H P = 1 2 . 0 H Z , 7gem=15.0 Hz) and 3.55 (dd, 
J up— 11.4 Hz and /gem—15.0 Hz), and one methyl g roup 
at 0=2.41 (d, /HP—8.8 Hz) as well as three equivalent 
methyl g roups at 2.59 (d, / H P = 9 . 6 H Z ) and 2.63 (d, 
/HP—9.6 Hz), respectively. T h e 13C N M R spectrum of 
3a also showed the presence of phosphorus a tom since 
2 / C P was observed for C-2 (7=4.9 Hz). Keto ester ( lb) 
also reacted with H M P A under irradiat ion to give 3b. 

In the former case, no reductive cyclization product 
(2a) was obtained. T h e distinctive difference between 
Cossy's system2) and the present one migh t be the 
stability difference of the ketyl radicals formed. T h e 
ketyl radicals derived from l a and l b are more stable 
than the former one due to the stabilization by ester 
and phenyl groups, which reduces the reactivity of the 
radicals. T h e formation of H M P A associated prod­
ucts was unprecedented in photoreduct ion of carbonyl 
compounds . 

T o survey the general behavior of ketones to H M P A 
under photolyt ic condit ions, a variety of ketones was 
examined. Aromatic ketones ( lc—h) afforded cross-
coup l ing products (3c—h) in overall yields of 31 — 

CH 0 

Ph^V " P h A ^ HMPA P h ^ V - 0 v ^ ,W13'2 

2a
 n

 la CH,0 3a 

g hv HO. /_ù- ipVN (CH3 )2 

R . / C \ R 2 SET * > < * ^N,CH3'2 
1 Ri R2 

a Ph COOCH=CH2 

b Ph COCH3 
c Ph 4-CH3-C6H4 
d Ph CH3 

e Ph Ph 
f 4-CH3-C6H4 4-CH3-C6H4 

g 4-CH3O-C6H4 4-CH3O-C6H4 
h Fluorenylidene 
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Table 1. Formation of Cross-Coupling Products 3 between Carbonyl 
Compounds 1 and HMPA by Irradiation 

Entry 1 R1 R2 Molar ratio 
HMPA/1 

Irradn. 
time/h 

Yield/% Conversion 

3 pinacol 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

la 

lb 
lc 

Id 

le 

If 
lg 
lh 

Ph 

Ph 
Ph 

Ph 

Ph 

4-CH3-C6H4 

COOCH=CH2 

COCH3 
4-CH3-C6H4 

CH3 

Ph 

4-CH3-C6H4 

4-CH30-C6H4 

lidene 

50 
5.3 
4.5 
6.5 
4.8 
3.6 
2.8 
5.5 
3.4 
5.6 
5.6 
4.0 

5 
4 
4 
4 

20 
5 

22 
6 

60 
9 

44 
32 

20 
7 

13 
31 
55 
14 
38 
24 
40 
41 
64 
44 

_a> 
26b) 

22 
29 
27 
13 
9 

33 
_a> 
16 
13 

44 
8 

100 
100 
100 
75 

100 
39 

100 
55 
94 
80 

a) Not determined, b) Two diastereomeric pinacols had been obtained. 
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;CH—CH 

6g 

/ 0CH3 
»0CH, 
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H 

" /N(CH 3 ) 2 

5e CH3 " N I C H ' 1 ' 

64%. T h e results are summarized in Tab le 1. T h e 
only isolated by-products were the corresponding 
pinacols . T o ensure the type of phosphorus a tom 
involved in the coup l ing products, 31P N M R spectra of 
5c and 5e were taken. In both cases, one signal at 
<5=-30.2 (downfield from external 85% H3PO4) was 
observed and its chemical shift was very close to that of 
H M P A , <5=-26.3 (lit, - 2 3 . 4 ppm).3> N o reaction was 
observed for an a l iphat ic keto ester ( R 1 = M e , 
R 2 = C O O C H 2 - C H = C H 2 ) , a l iphat ic ketones, (R X =R 2 = 
Me; R x =Me; R 2 = C H = C H 2 , Et), as well as for some 
aromat ic ketones ( R ^ P h ; R 2 = C H 2 C O M e , CH= 
C H P h , C H 2 N , C H ( O H ) P h ) . 

C o m p o u n d 3 proved to be stable to bases (10 M 
N a O H , 30°C; n-BuLi , r.t.), bu t reacted easily with 
acids. T h e reaction of 3e with refluxing acetic acid 
led to the enamide (4). Trea tment of 3e wi th thionyl 
chloride in CCU/pyr id ine gave the olefin wi thout 
cleavage of the P - N b o n d in 64% yield. Methanolysis 
of 3g afforded dimethyl acetal (6). 

Except an amida t ion of carboxylic acids by 
HMPA, 4 ) its use as a reagent is qui te limited. Gen­
erally, it is assumed to be an inert solvent t hough it 
can form complexes wi th alcohols, phenols , unsatu­
rated carbons,5 ) and carboxylic acids.5>6) T h e present 
findings are one of the rare examples of the derivatiza-
tion of H M P A . 

Exper imental 

Melting points were uncorrected. The !H and 13C NMR 

spectra were taken in CDCI3 with tetramethylsilane as an 
internal standard, on a JEOL GSX 500 and a JEOL FX 270 
spectrometers, respectively. Mass spectra were measured 
with a HITACHI RMU-7M spectrometer at 70 eV of ioniza­
tion energy. Elemental analyses were obtained with a 
Perkin-Elmer-240. IR spectra were recorded on a JASCO 
A-202 infrared spectrophotometer. 

HMPA was distilled from CaH2 and stored over molecular 
sieves (4A). FUJIGEL BW 200 was used for column chro­
matography. Compounds were purified by HPLC using a 
HITACHI L-4000/L-6050 system with LiChrosorb Si 60 
column (10X250 mm). Photoreactions were carried out 
using a 400 W high pressure mercury lamp (USHIO UM-
452). 

Photoreactions of Carbonyl Compounds 1. A General 
Procedure. The solution of 1 (1—2 mmol) in HMPA (3— 
50 equiv to 1) was degassed by bubbling of argon for 10 min 
prior to irradiation. After irradiation (externally in a pyrex 
test tube under cooling with water) the resulting HMPA 
solution was chromatographed on silica gel with ethyl 
acetate as eluent. The reaction products were thus isolated 
and purified by HPLC. 

Cross-Coupling Products (3a—h). 
3a: IR (neat) 3200, 2900, 1725, 1160; *HNMR 0=7.71 (m, 

2H), 7.31 (m, 4H, 1H was exchanged with D2O), 5.87 (dddd, 
/=13.0, 11.9, 5.8, 5.5 Hz, 1H), 5.23 (ddd, /=17.3, 1.4, 1.4 Hz, 
1H), 5.16 (ddd, /=11.9, 1.4, 1.4 Hz, 1H), 4.67 (dddd, 7=13.0, 
5.8, 1.4, 1.4, 2H), 4.60 (dddd, 7=13.0, 5.5, 1.4, 1.4 Hz), 3.83 
(dd, 7HP=12.0 and 7=15.0 Hz, 1H), 3.55 (dd, /Hp=11.4 and 
7=15.0 Hz, 1H), 2.62 (d, 7HP=9.6 HZ, 12H), 2.41 (d, 7HP=8.8 
Hz, 3H); !3CNMR 0=173.7 (s), 141.1 (s), 131.9 (d), 128.1 (d), 
127.6 (d), 125.8 (d), 118.5 (t), 78.6 (s), 65.9 (t), 59.5 (td, 7CP=4.9 
Hz), 37.7 (qd, 7CP=2.9 HZ), 36.7 (qd, 7CP=3.9, HZ), 36.6 (qd, 
7CP=4.9 Hz); Found: m/z 370.1900; Calcd for G7H29N3O4P: 
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MH+, 370.1894. 
3b: IR (neat) 3350, 2900, 1720, 1160; *H NMR 0=7.71 (m, 

2H), 7.32 (m, 4H, 1H was exchanged with D20), 3.83 (dd, 
/ H P = 1 2 . 0 HZ and /=15.0 Hz, 1H), 3.73 (s, 3H), 3.55 (dd, 
/ H P = 1 1 . 5 HZ and /=15.0 Hz, 1H), 2.64 (d, / H P = 9 . 6 HZ, 6H), 
2.59 (d, / H P = 9 . 6 HZ, 6H), 2.40 (d, /Hp=9.1 Hz, 3H); 13CNMR 
0=173.7 (s), 141.1 (s), 128.1 (d), 127.6 (d), 125.7 (d), 78.6 (s), 
59.4 (td, / C P = 5 . 9 Hz), 52.6 (q), 37.6 (qd, / C P = 3 . 0 Hz), 36.64 
(qd, / C P = 4 . 4 Hz), 36.58 (qd, /CP=5 .9 Hz); Found: m/z 
284.1553; Calcd for C13H23N3O2P: M+ -C 2H 302, 284.1526. 

3c: Mp 127—132 °C (ethyl acetate); IR (CHCI3) 3350, 
1160; *HNMR 0=7.54 (m, 2H), 7.42 (m, 2H), 7.28 (m, 2H), 
7.19 (m, 1H), 7.09 (m, 2H), 6.93 (s, 1H, exchanged with 
D2O), 3.84 (m, / H P = 1 1 . 3 HZ and /=14.7 Hz, 2H), 2.62 (d, 
/ H P = 9 . 6 HZ, 6H), 2.60 (d, / H P = 9 . 6 HZ, 6H), 2.30 (s, 3H), 2.06 
(d, / H P = 8 . 8 HZ, 3H); ^ C NMR 0=146.9 (s), 143.8 (s), 136.0 (s), 
128.5 (d), 127.7 (d), 126.7 (d), 126.5 (d), 126.4 (d), 76.5 (s), 60.6 
(td, / C P = 4 . 9 Hz), 37.6 (qd, / C P = 3 . 9 Hz), 36.7 (qd, 7CP=3.9 HZ), 
21.0 (q).; MS m/z (rel intensity) 375 (M+, 1), 357 (2), 179 (65), 
135 (100); Found: C, 63.75; H, 7.86; N, 11.14%; Calcd for 
C20H30N3O2P: C, 63.97; H, 8.07; N, 11.19%. 

3d: Mp 81—83 °C (ethyl acetate); IR (CHCI3) 3250, 1160; 
!H NMR 7.57 (m, 2H), 7.26 (m, 3H), 6.58 (s, 1H, exchanged 
with D20), 3.44 (dd, /Hp=10.0 Hz and /=15.0 Hz, 1H), 3.11 
(dd, /Hp=13.2 HZ and /=15.0 Hz, 1H), 2.62 (d, /Hp=9.6 Hz, 
6H), 2:60 (d, / H P = 9 . 6 HZ, 6H), 2.21 (d, /Hp=9.1 Hz, 3H), 1.53 
(s, 3H); !3CNMR 0=147.5 (s), 127.8 (d), 126.3 (d), 125.8 (d), 
74.0 (s), 62.4 (td, / C P = 4 . 4 Hz), 37.9 (qd, / C P = 4 . 4 Hz), 36.7 (qd, 
/ C P = 4 . 4 Hz), 36.6 (qd, / C P = 4 . 4 Hz), 28.0 (q); MS m/z (rel 
intensity) 229 (M+, 0.3), 281 (0.8), 179 (48), 135 (100); Found: 
C, 56.30, H, 8.61, N, 13.83%; Calcd for G4H26N3O2P: C, 
56.16, H, 8.77, N, 14.04%. 

3e: Mp 141 —143 °C (ethyl acetate); IR (CHCI3) 3250, 
1160; « N M R 0=7.55 (m, 4H), 7.28 (m, 4H), 7.20 (m, 2H), 
7.02 (s, 1H, exchanged with D20), 3.86 (d, /HP=11.5 Hz, 2H), 
2.61 (d, / H P = 9 . 6 HZ, 12H), 2.06 (d, /HP=9 .1 HZ, 3H); 
!3CNMR 0=146.7 (s), 127.8 (d), 126.7 (d), 126.5 (d), 77.6 (s, 
observed in (CD3)CO), 60.6 (td, / C P = 4 . 9 Hz), 37.7 (qd, 
/ C P = 3 . 9 Hz), 36.7 (qd, / C P = 3 . 9 Hz); MS m/z (rel intensity) 
361 (M+, 0.6), 343 (4), 179 (100), 135 (100); Found: C, 63.19; 
H, 7.81; N, 11.62%; Calcd for G9H28N3O2P: C, 63.13; H, 7.82; 
N, 11.63%. 

3f: Mp 164—167 °C (ethyl acetate); IR (CHCI3) 3250, 
2950, 2900, 1150; *H NMR 0=7.41 (d, /=8.3 Hz, 4H), 7.08( d, 
/=8.3 Hz, 4H), 6.84 (s, 1H, exchanged with D20), 3.82 (d, 
/ H P = 1 1 . 3 HZ, 2H), 2.61 (d, 7HP=9.4 HZ, 12H), 2.30 (s, 6H), 
2.07 (d, 7HP=9.1 HZ, 3H); I S C N M R 0=144.0 (s), 135.9 (s) , 
128.4 (d) , 126.5 (d), 76.4 (s), 60.6 (td, 7CP=5.9 HZ), 37.6 (qd, 
7CP=3.9 Hz), 36.7 (qd, 7CP=3.9 HZ), 21.0 (q); MS m/z (rel 
intensity) 389 (M+, 1), 371 (3), 179 (67), 135 (100); Found: C, 
64.38; H, 8.25; N, 10.47%; Calcd for C21H32N3O2P: C, 64.75; 
H, 8.30; N, 10.79%. 

3g: Mp 139—142 °C (ethyl acetate); IR (CHCI3) 3250, 
2850, 1160; *H NMR 0=7.44 (m, 4H), 6.89 (s, 1H, exchanged 
with D2O), 6.83 (m, 4H), 3.78 (s, 6H), 3.78 (d, 7HP=11.3 HZ, 
2H), 2.62 (d, 7HP=9.6 HZ, 12H), 2.09 (d, 7HP=9.1 HZ, 3H); 
13CNMR 0=158.2 (s), 139.2 (s), 127.8 (s), 113.1 (s), 76.2 (s), 
60.8 (td, 7CP=5.9 Hz), 55.2 (q), 37.7 (qd, 7CP=2.9 HZ), 36.7 
(qd, 7CP=3.9 Hz); MS m/z (rel intensity) 421 (M+, 2), 403 (12), 
179 (58), 135 (100); Found: C, 59.74: H, 7.61; N, 9.95%; Calcd 
for C21H32N3O4P: C, 59.83; H, 7.67; N, 9.97%. 

3h: Mp 184—186 °C (ethyl acetate); IR (CHCI3) 3200, 
2960, 1180; « N M R 0=7.62 (m, 4H), 7.30 (m, 5H, 1H was 
exchanged with D20), 3.33 (d, 7HP=11.6 HZ, 2H), 2.74 (d, 
7HP=9.4 HZ, 12H), 2.42 (d, 7HP=9.1 HZ, 3H); i3CNMR 
0=148.9 (s), 139.2 (s), 128.4 (d), 127.4 (d), 124.5 (d), 119.8 (d), 
81.8 (s), 60.7 (td, 7CP=4.9 Hz), 38.4 (qd, 7CP=2.9 Hz), 36.8 (qd, 
7CP=3.9 Hz); MS m/z (rel intensity) 359 (M+, 0.7), 341 (3), 179 

(56), 135 (100); Found: C, 63.49; H, 7.26; N, 11.73%; Calcd for 
C19H26N3O2P: C, 63.48; H, 7.31, N, 11.69%. 

Acetamid 4e: A solution of 3e (200 mg, 0.55 mmol) in 
acetic acid (5 ml) was refluxed for 4h. After complete 
disappearance of the starting material, acetic acid was 
removed in vacuo. The residual oil was dissolved in ethyl 
acetate and chromatographed on silica gel (ethyl ace­
tate :hexane=l : 1), yielding 104 mg (75%) of 4e: Mp 79— 
82 °C (hexane-ethyl acetate); IR (CHCI3) 3000, 1655, 1610; 
« N M R 0=7.38—7.17 (m, 10H), 6.72 (s, 1H), 2.76 (s, 3H), 
2.13 (s, 3H); isCNMR 0=171.0 (s), 148.0 (s), 138.2 (s), 135.9 
(s),129.8 (d), 128.6 (d), 128.4 (d), 128.2 (d), 128.1 (d), 128.0 (d), 
127.9 (d), 35.1 (q), 22.6 (q); MS m/z (rel intensity) 251 (M+, 
77), 209 (100), 193 (32); Found: C, 80.98; H, 6.81; N, 5.44%; 
Calcd for G7H17NO: C, 81.23; H, 6.83; N, 5.57. 

Phosphoric Triamide 5e: To a stirred solution of 3e (200 
mg, 0.55 mmol) and pyridine (0.05 ml, 0.6 mmol) in dry 
carbon tetrachloride (10 ml), thionyl chloride (0.07 ml, 1.0 
mmol) was slowly added at room temperature. The result­
ing suspension was stirred for additional 30 min. After 
addition of water, the organic layer was separated, washed 
two times with water and dried over anhydrous MgSC>4. 
Carbon tetrachloride was removed in vacuo and the residue 
was chromatographed on silica gel (ethyl acetate) to give 112 
mg (59%) of 5e: IR (neat) 2900, 1610; « N M R 0=7.10—7.40 
(m, ÎOH), 6.75 (d, 7HP=6.3 HZ, 1H), 2.71 (d, 7HP=9.6 HZ, 
12H), 2.48 (d, 7HP=8.8 HZ, 3H); ^CNMR 0=131.1 (d), 130.85 
(s), 130.79 (d), 128.12 (d), 128.10 (d), 128.0 (d), 127.3 (d), 126.9 
(d), 126.0 (d), 36.8 (qd, 7CP=3.8 Hz), 35.9 (qd, 7CP=3.1 HZ); 
MS m/z, (rel intensity) 343 (M+, 29), 165 (26), 135 (82), 105 
(100); Found: C, 66.24; H, 7.35; N, 12.24%; Calcd for 
Ci9H26NOP: C, 66.44; H, 7.65; N, 12.24%. 

Dimethyl Acetal 6g: A solution of 3g (200 mg, 0.47 
mmol) in 2 M (M=moldm"3) HCl (3 ml) and methanol (10 
ml) was heated upto 40 °C. The solution was left to stand 
overnight at this temperature. After evaporation of solvent 
(at 40 °C), the residue was diluted with 20 ml of water and 
then extracted with dichloromethane (20 mlX3). The com­
bined extract was dried over anhydrous MgSÛ4. The 
resulting residue after removal of solvent in vacuo was 
chromatographed on silica-gel to afford 25 mg (18%) of 
acetal 6g: Mp 61—65 °C (hexane-ethyl acetate, 1:1); IR 
(CHCI3) 2950, 1600; 1H NMR 0=7.20 (d, 7=8.5 Hz, 4H), 6.82 
(d, 7=8.5 Hz, 4H), 4.80 (d, 7=7.4 Hz, 1H), 4. 13 (d, 7=7.4 Hz, 
1H) , 3.76 (s, 6H), 3.30 (s, 6H); ^CNMR 158.1 (s), 133.6 (s), 
129.6 (d), 113.7 (d), 106.9 (d), 55.2 (q), 54.1 (q), 52.8 (d); 
Found: C, 71.53; H, 7.22%: Calcd for C18H22O4: C, 71.49; H, 
7.35%. 
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Synopsis. A photochromic behavior based on the eis/ 
trans isomerization of thioindigo derivatives (I) adsorbed on 
alkylated silica gel is described. The reversible cis/trans 
isomerization of I in the adsorbed state can be induced by 
irradiation, and the signal is read out as fluorescence. The 
thermal cis-to-trans isomerization of I adsorbed on modified 
silica gel is extremely slow, compared with that obtained on 
untreated silica gel. 

T h e use of silica gel, a lumina , and zeolite as a 
suppor t for photoreactive compounds has received 
at tent ion recently.1,2) Par t of this interest is derived 
from the fact that the reactivity of many compounds 
adsorbed onto inorganic supports is vastly different 
from that in solut ion. Physicochemical perturba­
tions on the photoreactivity are those introduced by 
adsorpt ion as well as inclusion or intercalation. O u r 
interest lies in the study of the effective reversible 
photoisomerizat ion of pho tochromic dyes on the solid 
surface. In the earlier paper, we reported the pho­
toreversible isomerization and the promoted thermal 
cis-to-trans conversion of a th io indigo dye adsorbed 
on silica gel when d ipped in cyclohexane.3) When 
the dye is in s trong adhesion with silica gel, it scarcely 
undergoes photoisomerizat ion, suggested by the ear­
lier experiment . We assume that weakening such 
s trong interact ion will lead to the facile photoisomeri­
zation on the solid surface as well as in hydrophobic 
solvent. 

We describe here the photochemical behavior and 
thermal kinetics of the 7,7'-substituted th io indigo 
dyes ( l a—lg) adsorbed on alkylated silica gel obtained 
by the diffuse reflection method. T h e pho tochromic 
properties of (I) adsorbed on alkylated silica gel have 
also been compared wi th those of (I) on untreated 
silica gel and in solution. 

COOR f ÇOOR COOR 

£0-OQ=ôC>-çÔ 
O COOR O O 

t r a n s - ( I ) c i s - ( I ) 

R=(CH2CH20)m-CnH2n+1 

( la ) m=1 n=1 , ( lb ) m=1 n=4, ( Ic ) m=0 n=12, (Id) m=1 n=12, 

( l e ) m=2 n=12, ( I f ) m=3 n=12 (Ig) ra=4 n=12 

Scheme 1. 

Experimental 

General. UV spectra were obtained by using a Hitachi 

UV-3410 spectrophotometer and an Ohtsuka Denshi 
MCPD-100 spectrophotometer. The fluorescence of the 
trans thioindigo dyes was detected through a color filter by a 
Shimadzu RF-5000 fluorescence spectrophotometer. The 
solvents (cyclohexane and chloroform) used in taking the 
spectra were spectroanalytically pure. Diglyme was puri­
fied by distilling it twice under reduced pressure before use. 
Seven kinds of thioindigo dyes (la—lg) used in the experi­
ments of adsorption and isomerization were synthesized by 
the esterification of 7,7/-bis(chlorocarbonyl)thioindigo with 
the corresponding alcohols.4) HRMS for dyes (I) produced 
were as follows, (la), HRMS Calcd for C24H20O8S2: M, 
500.0600, Found: m/z 500.0590; (lb), HRMS Calcd for 
C30H32O8S2: M, 584.1539, Found: m/z 584.1537; (lc), HRMS 
Calcd for C42H56O6S2: M, 720.3518, Found: m/z 720.3511; 
(Id), HRMS Calcd for C46H6408S2: M, 808.4043, Found: m/z 
808.4033; (le), HRMS Calcd for C50H72O10S2: M 896.4567, 
Found: m/z 896.4542; (If), HRMS Calcd for C54H80O12S2: M 
984.5091, Found: m/z 984.5109. Calcd for C s s H s s O Ä 
(lg): C, 64.90; H, 8.26%. Found for (lg): C, 64.38; H. 8.10%. 
Silica gel (silica gel 70 Plate-Wako/glass plate) used as 
adsorbent was activated by heating in an oven at 120 °C for 3 
h. Alkylated silica gel was prepared by the reaction of 
octadecyltrichlorosilane (ODS) with activated silica gel in a 
mixture of chloroform and carbon tetrachloride. Silica 
gel/glass plates used in these experiments were cut in the 
size of 10X20 mm.5) Dyes were anchored on ODS-modified 
silica gel from the diglyme-water solution (95:5 v/v, 
1.0X10"5 mol dm -3) and on untreated silica gel from chloro­
form solution (1.0X10-5 mol dm -3). The electronic spectra 
of I adsorbed on untreated silica gel were obtained by the 
immersion method in cyclohexane and the fluorescence 
spectra, by the diffuse reflection method through a color 
filter (Toshiba color filter 0-55) by scanning with excitation 
light (535 nm). Trans-to-cis and cis-to-trans isomerization 
of I adsorbed on ODS-modified silica gel were performed by 
irradiating with 535 nm and 480 nm light, respectively. 
The light source was a 150 W Xe lamp equipped with RF-
5000 spectrophotometer. 

Kinetics for Thermal Cis-to-Trans Isomerization of Dyes 
(I). The trans isomers of I on untreated silica gel (dipped 
in cyclohexane) or on ODS-modified silica gel were con­
verted to the corresponding eis isomers upon irradiation 
with filtered light (A>540 nm). Thermal isomerization of 
the cis-isomers adsorbed on untreated silica gel was followed 
spectrophotometrically in cyclohexane by increasing the 
trans isomers, whereas the thermal conversion of the eis 
isomers adsorbed on ODS-modified silica gel was measured 
according as the fluorescent intensity of the trans isomers at 
577 nm (£x=535 nm). 

Results and Discussion 

A solut ion of I in chloroform has the intense 
absorpt ion band (for example, log £=4.10 at 537 n m 
for the trans isomer of lg) (Fig. 1) and has the clear-cut 
emission band (£m=578 nm, Ex=535 n m for the trans 
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Fig. 1. Absorption spectra of lg in CHCI3; (a) trans-
It*, (b) czs-lg. The thermal cis-to-trans isomeriza-
tion is shown by the arrow. 

isomer of lg) . T h e transformation from the trans 
form to the eis form of I was ins tantaneous when 
irradiated wi th 540 n m l ight ( log£=4.0 at 490 n m for 
the eis isomer of lg) . T h e fluorescence spectrum of 
the trans isomer was found, whereas no such spectrum 
for the eis isomer was observed. T h e pho tochromic 
p h e n o m e n o n was observed only in case of dyes (I) 
adsorbed on untreated silica gel d ipped in cyclohex-
ane,3) bu t no photoisomerizat ion occurred when in the 
dry state. T h e absorpt ion of I adsorbed on untreated 
silica gel was observed in longer wavelength (Amax

=548 
n m for the trans isomer of lg) , also the fluorescence 
appeared at the longer wavelength region (590—600 
nm). Since the absorpt ion is based on the TT-TT* tran­
sition, the red shift suggests that the dye adsorbed on 
untreated silica gel is placed in the more polar 
sur roundings . 

Unfortunately, we failed to get the electronic spec­
t rum of I because of less uptake by modified silica gel. 
T h u s , the presence of I adsorbed on ODS-modified 
silica gel was confirmed by the fluorescence of the 
trans isomer.6) T h e fluorescence spectra of the trans 
isomers were obtained as emmision at 577 n m by 
excitation of 535 n m l ight (Fig. 2), which is in agree­
ment wi th that of the trans isomer in chloroform. 
O n exposure to 535 n m l ight the fluorescent intensity 
of trans-l adsorbed on ODS-modified silica gel was 
gradually reduced (Fig. 2. a—>b—>c), reversely u p o n 
i rradiat ion wi th 480 n m light, the fluorescent inten­
sity was recovered (Fig. 2. c—»a). T h e variat ion of 
fluorescence intensity of the trans isomer is demon­
strated by repeated irradiat ion at 535 n m and 480 n m 
(Fig. 3), which may correspond to on-off signal of 
information. Unt i l l now we could not determine the 
q u a n t u m yield for the trans-to-cis and cis-to-trans 
isomerization, because we did not know the absorp­
tion coefficients of adsorbed I. However, their ratios 

< 

0 

Wavelength/nm 
Fig. 2. Fluorescence spectra of lg adsorbed on ODS-

modified silica gel; i: upon irradiation at 535 nm, Î: 
i m n n i V i - o ^ i o «"i'/^n o f AQfk t-» *Y» TT = ^ 2 ^ n *Y» IT upon irradiation at 480 nm. 
nm. 

£x=535 nm, £m=577 

5 10 15 

Times 
Fig. 3. Repetition characteristics of lg adsorbed on 

ODS-modified silica gel by alternate irradiation at 
535 and 480 nm. £x=535 nm, £m=577 nm. 

($t_+c/<£c_+t) were estimated to be in the range of 0.2— 
0.3 (0.29 for lg) from their fluorescent intensity of 
photos ta t ionary state and values of 8t/sc of dyes in 
chloroform, by us ing the equat ion [cis]/[trans]= 
(0 t_+c/0c-+t) (fit/fic). 

T h e eis isomer, thermodynamical ly less stable, can 
be thermally or catalytically converted to the trans-
isomer. T h e surface of ordinary silica gel is charac­
terized by the presence of silanol groups having the 
acidic property, which enhanced the isomerization.3) 
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T h e thermal isomerization of I dissolved in chloro­
form proceeded at the relatively lower rate (for exam­
ple, ^(20°C)=1.52X10- 6 s- 1 for lg) , whereas the ther­
mal isomerization of I adsorbed on untreated silica gel 
(dipped in cyclohexane) occurred qui te rapidly 
(^(20°C)=4.0X10-3s-1) . Th i s is because of the char­
acteristic effect of silanol groups. Hence, one can 
expect the retardation of thermal isomerization by 
protect ing the silanol g roup on silica gel. T h e rate 
of thermal isomerization of I adsorbed on such silica 
gel was reduced (for example, ^(20°C)=1.28X10- 6 s- 1 

for lg) . 
T h e dyes (I) are strongly adsorbed on untreated 

silica gel from chloroform solut ion by chemisorpt ion 
owing to hydrogen bond and dipole-dipole interac­
tion, which shifts the Àmax of both absorption spectrum 
and the fluorescent spectrum to the longer wave­
length, Amax=548 n m and Amax=600 n m respectively, for 
lg . In contrast, the adsorpt ion of I on ODS-modified 
silica gel is supposed to be physical adsorpt ion 
because the fluorescent wavelength of I adsorbed on 
ODS-modified silica gel was almost the same as that of 
I dissolved in chloroform. T h o u g h there is no signif­
icant difference for the spectral data, the facile inter-
conversion and the retarded dark reaction of ( l a—lg) 
used, the a m o u n t of dyes (I) adsorbed on ODS-

Table 1. Relative Fluorescent Intensity of Dyes (la—lg) 
Adsorbed on ODS-Modified Silica Gel from Diglyme-

Water (95 : 5 v/v, 1.0X10"5 mol dm-«). 
£x=535 nm, Em=bll nm 

Fluorescent intensity 
Dyes 

AU Rel. ratio 
la 231.2+14.9 1.2 
lb 235.0+20.5 1.2 
lc 190.6+1.9 1.0 
Id 249.5+13.1 1.3 
le 356.1+42.8 1.9 
If 496.7+47.7 2.6 
lg 448.0+42.6 2.4 

modified silica gel varied depending u p o n R groups. 
Amongst the dyes (If) and (lg) showed the most favor­
able adsorption, j u d g i n g from their relative fluores­
cent intensity (Table 1). O n adsorption, octadecyl 
g roup on silica gel may fit the hydrophobic dodecyl 
g roup l inked to the flexible oxyethylene chain. 
Finally, the th io indigo dyes adsorbed on ODS-
modified silica gel were reversibly isomerized in the 
dry state u p o n irradiat ion and the thermal stability of 
the eis isomers were gained. 

We acknowledge suppor t of this work by the Nagase 
Science and Technology Founda t ion (1990). 
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Synopsis. Bromide and chloride anions could be readily 
oxidized into positive halogens by treating with p-
nitrobenzenesulfonyl peroxide. The positive halogens, 
thus formed, reacted with olefins to give epihalonium ions, 
which were trapped by oxygen nucleophiles inter- or intra-
molecularly to afford oxyhalogenated compounds. 

Nitrobenzenesulfonyl peroxides ( (NC^CÔHUSOS^: 

NBSP) behave as good electrophiles, and have been 
used for various synthetic reactions.1-3) The dis­
placement on the O-O bond of NBSP by various 
nucleophiles occurs easily to introduce sulfonyloxy 
groups into the nucleophiles; the initially sulfonyl-
oxylated products are expected to be used in subsequent 
process due to the effective leaving power of nitroben-
zenesulfonyloxy groups. From these viewpoints, we 
have been exploring novel methods for the conversion 
of stable substrates into very reactive electrophilic 
reagents.2'3) In the course of our studies, we found 
that chloride and bromide anions could be oxidized by 
NBSP into positive halogens, which were applied to 
the electrophilic halogenations of aromatic rings.2) 

In this paper we wish to report on the oxyhalogena­
tion of olefins using a combination of NBSP with 
hailde anions in the presence of water or alcohols. 

Though NBSP attacks the 7i-bond of simple olefins 
readily, the resulting products are often complex.1,4) 

Probably because a powerful inductive effect of the 
sulfonyloxy group destablizes the cation intermediate, 
a variety of reactions occur rapidly. We found, how­
ever, that when potassium bromide (1.0 mmol) is 
added to a solution of p-nitrobenzenesulfonyl perox­
ide (p-NBSP; 1.0 mmol) and cyclohexene (1.0 mmol) 
in 10 ml of methanol-acetonitrile (1:1) at 0°C, anti-
adduct (1) of bromine and methoxyl groups to cyclo­
hexene was obtained in 88% yield. 

(p-N02C6H4S03)2 + o KBr 
^ v , O M e 

MeOH-CH3CN rU (i) 
Br 

The mechanism shown in Scheme 1 is proposed, p-
NBSP reacts with bromide anion in preference to 
cyclohexene to produce p-nitrobenzenesulfonyl hypo-
bromite. The hypobromite reacts with cyclohexene 
to give epibromonium p-nitrobenzenesulfonate. Since 
the nucleophilicity of the sulfonate is weak, the attack 
of methanol on the epibromonium ion predominates 
over that of sulfonate. The stereospecific anti-
addition observed in this reaction supports the forma­
tion of epibromonium salt. 

(ArS03)2 

ArSQaBr + 

MeOH 

KBr *- ArSOaBr + ArS03K 

Qi —- [ O ^ ArS°3 

N + ArS03H 

Ar = p-N02C6H4-

Scheme 1. 

The additions of bromine and other groups across 
double bond have been well-known, and various posi­
tive halogen sources have been studied.5) Although 
bromine can be used for oxybromination, the bromide 
ion acts as a nucleophile which competes with 
methanol.5) If it is desired to favor the introduction 
of methanol, it is clear that both the concentration and 
nucleophilicity of the competing anion should be 
kept as low as possible. Owing to the strong 
electron-withdrawing effect of sulfonyloxy group, the 
bromine in sulfonyl hypobromite behaves as a very 
reactive electrophile, while the counter anion, p-
nitrobenzenesulfonate, is a very weak nucleophile. 
Thus, sulfonyl hypobromite is expected to be a very 
good reagent for oxybromination. Although trifluo-
romethanesulfonyl hypobromite is known to be pre­
pared and act as one of the most electrophilic halogen 
compounds, its preparation and handling are not 
easy.6) In our method, potassium bromide, which is 
stable and easy to handle, could be readily converted 
into very reactive positive halogen by p-NBSP.7) 

Thus, various addition reactions of bromine or chlo­
rine with nucleophile into olefins were examined; the 
results are given in Table 1. 

R 1 N / * ,c=c; 
R2 ' R4 

(2) XOS02Ar R 5 ° H . R 2 . > C _ C < L R 4 

R 5 0 ' NX 

2: R1=R3 = -(CH2)4- R2 = R4=R5 = H X=Br 
3: R1 = R3 = -(CH2)4- R2 = R4 = H R5 = Ac X = Br 

4a: R1 = C4H9 R2 = R3=R4 = H R5=Me X=Br 
4b: R3 = C4H9 R1 = R2=R4 = H R5 = Me X = Br 
5: R1 = Ph R2 = R3

ÄR4 = H R5 = Me X = Br 
6: R1 = R3 = -(CH2)4- R2 = R4 = H R5 = Me X = CI 

7a:R1=C4H9 R2=R3 = R4 = H R5 = Me X = CI 
7b: R3 = C4H9 R

1 = R2=R4 = H R5 = Me X = CI 
8: R1 = Ph R2=R3=R4 = H R5 = Me X = CI 

Water and acetic acid were examined as nucleo­
philes in the reactions of cyclohexene with hypobro­
mite. Water reacted with the epibromonium ion to 
give cyclohexane bromohydrin (2), whereas acetic acid 
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Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Olefin 

Cyclohexene 
Cyclohexene 
Cyclohexene 
1-Hexene 
Styrene 
Styrene 
Styrene 
Cyclohexene 
1-Hexene 
Styrene 

Table 1. 

Nucleopile 

MeOH 
H 2 0 
AcOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 

N O T E S 

Oxyhalogenatiorj 

Methoda) 

A 
A 
A 
A 
B 
B 
B 
A 
A 
B 

L of Olefin 

Salt 

KBr 
KBr 
KBr 
KBr 
KBr 
KBre) 

EtaNHBr 
EtaNHCl 
EtsNHCl 
EtaNHCl 

Products 

1 
2 
3 
4 
5 
5 
5 
6 
7 
8 

Yield/%b) 

88 
51 
0C) 

89d) 

91 
93 
86 
50 
80d) 

86 

3705 

a) See Experimental part, b) Yields were determined by GC based on £>-NBSP. c) 1,2-
Dibromocyclohexane (44%) and iV-(2-bromohexyl)acetamide (15%) were obtained, d) Ratios 
of 4a : 4b=75 :25, and 7a : 7b=54:46. e) 18-Crown-6 (0.025 mmol) was added. 

did not; in the latter case the ep ib romon ium ion 
reacted wi th excess bromide an ion to afford d ibromo 
compounds (Table 1, runs 2 and 3). T h e addi t ion of 
b romine and methoxy groups could be introduced 
in to 1-hexene to give 4a and 4b by similar procedure 
(Table 1, run 4). p -NBSP reacted rapidly with sty­
rene before the addi t ion of potass ium bromide. 
Therefore, the potass ium bromide (0.5 mmol) was 
allowed to react wi th £>-NBSP (0.5 mmol) in advance 
in 5 ml of acetonitrile for 1 h; the reaction mixture was 
then added to a solut ion of styrene (1.0 mmol) in 
methanol (5 ml) (Table 1, run 5). T h e reaction time 
of bromide an ion wi th p-NBSP could be reduced to 15 
m i n when 0.025 m m o l of 18-crown-6 was added to a 
reaction system of potass ium bromide wi th p -NBSP or 
t r ie thylamine hydrobromide was used as a bromide 
an ion source (Table 1, runs 6 and 7). T h o u g h chlori-
nat ions could be achieved to afford 6, 7, and 8, respec­
tively, by a similar procedure, in this case triethyl­
amine hydrochlor ide was better than potass ium chlo­
ride as a chloride an ion source (Table 1, runs 8—10). 

In t ramolecular r i n g closure by electrophil ic activa­
tion of an unsatura ted alcohol is a useful synthetic 
methodology for the synthesis of complex natura l 
products. Reagents compos ing of reactive electro-
philes and weak nucleophi les are expected to have a 

Table 2. Cyclization of Unsaturated Alcohol 

Olefin 

V X ^ o H 

/S/V^OH 

W ^ o H 

<A/v^0H 

Salt 

EtsNHBr 

EtaNHBr 

EtsNHCl 

EtsNHCl 

Product 

(9) 

CT6' 
(10) 

(11) 

Crci 
(12) 

Yield/%a) 

90 

62 

24 

0 

a) Yields were determined by GC based on £>-NBSP. 

par t icular advantage of be ing applicable for cyclo-
functionalization. We thus examined cyclizations of 
4-penten-l-ol and 5-hexen-l-ol us ing our method for 
the prepara t ion of positive halogens; the results are 
summarized in Table 2. 2-(Bromomethyl)tetrahy-
drofuran (9) and 2-(bromomethyl)tetrahydropyran 
(10) were obtained selectively in good yields (Table 2, 
runs 1 and 2). T h e cyclizations by positive chlorine 
were not so effective compared wi th bromine (Table 2, 
runs 3 and 4). 

Hal ide anions , which are stable and easy to handle , 
could be readily converted in to very reactive, versatile 
sulfonyl hypohal i te . Since cations which have stable 
counter anions , such as tr if luoromethanesulfonate, 
often show h igh and u n i q u e reactivities,8* the method 
for the formation of positive halogen described herein 
is expected to be very attractive and potentially useful 
in organic synthesis. 

Experimental 
1H NMR spectra were taken with a JEOL JNM PMX60SI 

(60 MHz) spectrometer. 13C NMR spectra were taken with a 
JEOL JNM Fx90Q FT NMR spectrometer. Gas Chromato­
graph was performed by a Hitachi 263-30 gas Chromato­
graph with a SE-30 (10%) 1 m stainless-steel column. Gel-
permeation chromatography was performed by means of a 
JAI Model LC-08 liquid Chromatograph equipped with two 
JAIGEL-1H columns (20 0X600 mm) and using chloroform 
as an eluent. Mass spectra were obtained with JEOL JMS 
DX-300 spectrometer by an electron-impact (EI) ionization 
technique at 70 eV. 

Materials. ^-Nitrobenzenesulfonyl peroxide was syn­
thesized from £>-nitrobenzenesulfonyl chloride and hydrogen 
peroxide according to a method described in the literature; 
mp 120—122 °C (decomp) (lit, 128 °C (decomp)).9) 

General Procedure for Methoxyhalogenation of Olefins. 
Method (A): Cyclohexene (1.0 mmol ) and /?-NBSP (0.5 
mmol ) was dissolved in 10 ml of methanol-acetonitrilie 
(1:1). Solid potassium bromide (1.0 mmol) was added in 
small portions over 10 min with stirring. The reaction 
mixture was further stirred for 1 h at 0°C; the acetonitrile 
and methanol were then evaporated. From the residue, 
organic compounds were extracted with dichloromethane 
(20 ml), and the organic layer was washed twice with water 
(20 ml). The separated organic layer was dried over anhy­
drous magnesium sulfate, and the solvent evaporated to give 
a yellow oil. Column chromatography on a Wakogel C-60 
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afforded frans-l-bromo-2-methoxycyclohexane (1) (elution 
with hexane-ethyl acetate 5:1), which was identified by 
a comparison of the spectral data with those described in 
a literature.10) Similarly, frans-l-chloro-2-methoxycyclo-
hexane (6)n> and £rarc5-2-bromocyclohexanol (2)12) were 
obtained and identified by their spectral data. The regioiso-
mers of l-bromo-2-methoxy- (4a) and 2-bromo-l -methoxy­
hexane (4b),13> and l-chloro-2-methoxy- (7a) and 2-chloro-l-
methoxyhexane (7b)10> were also identified as mixtures by 
their spectral data. 

Method (B): Potassium bromide (1.5 mmol) was added 
to a solution of p-NBSP (0.5 mmol) in acetonitrile (5 ml), 
and the suspension was stirred at 0 °C for 1 h. The super­
natant solution was pipetted and then added to a solution of 
styrene (1.0 mmol) in 5 ml of methanol. The mixture was 
stirred for 10 min at 0°C, and then treated with a similar 
procedure to that described in method (A). 2-Bromo-l-
phenyl-1-methoxyethane (5) was obtained and the NMR 
spectrum agreed with the reported one.14) Similarly, 2-
chloro-1-phenyl-1-methoxyethane (8) was obtained by the 
use of triethylamine hydrochloride as a halogen source.15) 

Cyclohalogenations of hydroxyolefins were performed 
using a similar procedure to method (A) used for methoxy-
halogenations. 2-(Bromomethyl)tetrahydrofuran (9),16> 2-
(bromomethyl)tetrahydropyran (10),16> and 2-(chloro-
methyl)tetrahydrofuran (ll)17) were obtained and identified 
by their spectral data. 
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Stereoselective Synthesis of (—)-Trachelanthic Acid and (+)-Viridifloric 
Acid, Necic Acid Components of Pyrrolizidine Alkaloids 

from a Common Intermediate 
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Synopsis. Diastereoselective reduction of a side-chain 
keto group in (2S,5/?)-5-acetyl-2-(£-butyl)-5-isopropyl-l,3-
dioxolan-4-one (5) with (z-Bu)2AlH in ether afforded 
( 1 'S,2S,5R)-2-( *-butyl)-5-( 1 '-hydroxyethyl)-5-isopropyl-1,3-
dioxolan-4-one (6), while reduction of 5 with LiBH(s-Bu)3 
in ether gave the (l'jR)-isomer 7 predominantly. (—)-
Trachelanthic acid (1) and (+)-viridifloric acid (2) were 
synthesized upon hydrolysis of 6 and 7, respectively. 

2-Substituted 2,3-dihydroxybutanoic acids are 
k n o w n to be necic acid components of certain pyr­
rolizidine alkaloids.1) In part icular , (2jR,3S)-2,3-di-
hydroxy-2-isopropylbutanoic acid [(—)-trachelanthic 
acid (1)] is the necic acid componen t of an an t i tumor 
pyrrolizidine alkaloid, indicine Af-oxide (3).1* De­
scribed herein is the enantioselective synthesis of (—)-
t rachelanthic acid (1)2) and the diastereomer, (+)-
viridifloric acid (2)3) by uti l izing the diastereoselective 
ketone reduct ion of (2S,5#)-5-acetyl-2-(£-butyl)-5-iso-
propyl- l ,3-dioxolan-4-one (5) (Scheme 1). 

T h e optically pu re ketone 5 was prepared by Coll ins 
oxidat ion of a diastereomeric mixture of 6 and 7, 
which was obta ined by aldol reaction of acetaldehyde 
wi th the l i th ium enolate generated from (2S,5S)-2-(t-
butyl)-5-isopropyl-l ,3-dioxolan-4-one 4.4'5) T h e side-
chain keto g roup in 5 was reduced wi th various metal 

-4pH -4pH 
SrV H O W 

g KfcH OHO H 

(-)-1 

(+)-2 

HO H 

Scheme 1. 

hydrides and the results are summarized in Table 1. 
Glass et al. reported the synthesis of (±)- l and (±)-2 

by ut i l iz ing the diastereoselective reduction of a sim­
ilar ketone (±)-8 wi th KBH(s-Bu)3 in tetrahydrofuran 
(THF) (9 :10=100 :0 ) and wi th Zn(BH4)2 in ether 
(9 :10=1 : 7) as illustrated in Scheme 2.6) In our cases, 
however, the reduction of 5 wi th Zn(BH4)2 in ether 
gives a 1:2 mixture of 6 and 7 (entry 1). Moreover, 
no diastereoselectivity is observed in the reduction of 5 
wi th KBH(s-Bu)3 in T H F (entry 2). Diastereoselec­
tivity in the reduction wi th KBH(s-Bu)3 depends on 
reaction solvent and the formation of 7 increases wi th 
decreasing solvent polari ty (compare entries 2—4). 
O n the other hand, solvent effect is somewhat compl i ­
cated in the reduction of 5 wi th LiBH(s-Bu)3. T h u s 
the reduct ion of 5 wi th LiBH(s-Bu)3 in T H F gives 6 as 
the major product (entry 5), whi le the reverse selectiv-

Table 1. Diastereoselective Reduction of 5a) 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

Reducing 
reagent 

Zn(BH4)2 

KBH(s-Bu)3 

LiBH(s-Bu)3 

LiBH(s-Bu)3 

-ZnCl2 

(Z-BU)2A1H 

Solvent 

Ether 
T H F 
Ether 
Toluene 
THF 
Ether 
Toluene 
THF 

Ether 
Ether 

Time 

h 

5 
4 
3 
3 
2 
2 
2 
3 

1 
3 

Yieldb) 

% 
6+7 

30 
86 
65 
83 
80 
67 
60 
91 

79 
65 

Product ratioc) 

6 : 7 

1 
1 
1 
1 
3 
1 
1 
6 

2 
1 
6 

11 
1 

16 
4 
1 

4.5: 1 
12 : 1 

a) All reactions were performed at —78 °C. b) Isolated yield of the mixture, c) Determined 
by XH NMR spectral analysis of the mixture. 



3708 N O T E S [Vol. 63, No. 12 

oX> H b - (±)-1 

H'bH 

9 

(±)-2 

HO H 

10 

Scheme 2. 

ity leading to 7 is observed on reduction in ether (entry 
6, 6 ; 7 = 1 :16) and in toluene (entry 7, 6 : 7 = 1 : 4 ) . 
Interestingly 6 is obtained as the major product in the 
LiBH(s-Bu)3 reduct ion of 5 in the presence of ZnCk in 
ether and in T H F as well (entry 8, 9). T h e marked 
selectivity leading to 6 is observed in the reduction of 5 
wi th ( Z - B U ) 2 A 1 H in ether (entry 10, 6 : 7=12 :1).7> 

T h e diastereomeric mixture of 6 and 7 could be 
separated easily by H P L C . Finally, acidic hydrolysis 
of 6 and 7 provided (—)-trachelanthic acid (1) (82%) 
and (+)-viridifloric acid (2) (80%), respectively. Spec­
tral and chiroptical properties of synthetic 1 and 2 
were identical wi th those of natural 1 and 2. 

In summary , (—)-trachelanthic acid (1) and (+)-
viridifloric acid (2) were synthesized enantioselectively 
by ut i l iz ing the diastereoselective reduct ion of 5 wi th 
( Z - B U ) 2 A 1 H in ether and LiBH(s-Bu)3 in ether, 
respectively. 

Exper imenta l 

Melting points are uncorrected. Infrared (ÎR) spectra 
were obtained on a JASCO Model IR-810 spectrophotome­
ter. Proton nuclear magnetic resonance (XH NMR) spectra 
were recorded on a JEOL JNM-C675 (270 MHz) spectrome­
ter in CDCI3 using tetramethylsilane (TMS) as an internal 
standard. Chemical shifts are expressed in parts per mil­
lion (ppm) downfield from TMS (0=0.0) and coupling 
constants in Hz. Optical rotations were measured on a 
JASCO DIP-181 Polarimeter. The low-(CIMS) and high-
resolution (HRCIMS) mass spectra were recorded on a 
JEOL JMS-LG2000 instrument using methane as the re­
agent gas. Fuji-Davison silica gel BW-820-MH was used 
for column chromatography. Merck precoated silica gel 60 
F254 plates, 0.25 mm thickness, were used for analytical 
and preparative thin-layer chromatography (TLC). High-
performance liquid chromatography (HPLC) was per­
formed with a JASCO TRIROTAR-II instrument equipped 
with a UV detector (JASCO UVIDEC-II) set at 215 nm. 
Toluene was distilled from Na under nitrogen. Tetrahy-
drofuran (THF) and ether were distilled from Na-
benzophenone ketyl under nitrogen. Diisopropylamine, 
dichloromethane (CH2CI2), and pyridine (Py) were distilled 
from CaH2 under nitrogen. Acetaldehyde was distilled just 
prior to use under nitrogen. Unless otherwise stated, 
organic solutions obtained extractive workup were washed 
with saturated brine, dried over anhydrous Na2S04, and 
concentrated under reduced pressure by a rotary evaporator. 

(25,5Ä)-5-Acetyl-2-(^-butyl)-5-isopropyl-l,3-dioxolan-4-
one (5). To a solution of diisopropylamine (0.23 ml, 1.6 

mmol) in T H F (7 ml) cooled to —78 °C under nitrogen was 
added dropwise a 1.7 M solution of butyllithium in hexane 
(0.92 ml, 1.5 mmol) (1 M=l mol dm -3). The solution was 
stirred at - 7 8 °C for 30 min and cooled to -100 °C with a 
liquid N2-THF bath. To the cooled solution was added 
dropwise a solution of (2S,5S)-2-(£-butyl)-5-isopropyl-l,3-
dioxolan-4-one (4)4>5> (190 mg, 1.02 mmol) in THF (0.76 ml). 
After the mixture was stirred for 1 h at —100 °C, acetaldehyde 
(0.13 ml, 2.3 mmol) was added to the mixture. The reac­
tion mixture was allowed to warm to room temperature 
with stirring. After 1 h, a saturated NH4CI solution (2 ml) 
and a saturated NaCl solution (2 ml) were added and the 
mixture was extracted with ether (4X20 ml). The extracts 
were combined, dried, and concentrated. The residual oil 
was purified by repeated column chromatography first on 
silica gel (50 g) with CH2CI2 and then on silica gel (30 g) 
with hexane-ether (5/1 volume ratio) to give a 6:1 mixture8) 
of 6 and 7 (134 mg, 59%) as a colorless oil. 

To a solution of Cr03-2Py (1.01 g, 3.88 mmol) in CH2C12 

(10 ml) was added a solution of the mixture of 6 and 7 (90.4 
mg, 0.393 mmol) in CH2CI2 (2 ml) at room temperature. 
After stirring for 40 min, the reaction mixture was diluted 
with ether (50 ml). The mixture was passed through a 
column of Florisil and the column was washed thoroughly 
with ether. The organic layers were combined and concen­
trated. The residual oil was purified by column chromatog­
raphy on silica gel (5 g, CH2CI2) to give 5 (87.7 mg, 98%) as 
a colorless oil: [a]J>4 +103° (c 0.885, CHCI3); *HNMR 
(CDCI3, 270 MHz) 0=0.95, <3H, d, /=6.9 Hz), 1.03 (9H, s), 
1.03 (3H, d, /=6.9 Hz), 2.31 (3H, s), 2.63 (1H, qq, /=6.9, 6.9 
Hz), and 5.15 (1H, s); IR (CHCI3) 1790, 1735, 1235, 1185, and 
1135 cm"1; CIMS m/z (rel intensity) 229 [(M+H)+, 15], 201 
(17), 186 (89), 115 (54), and 87 (100). HRCIMS. Found: 
m/z 229.1425. Calcd for C12H21O4: M+H, 229.1440. 

(i-Bu)2AlH Reduction of 5. To a solution of 5 (124 mg, 
0.544 mmol) in ether (13 ml) cooled to — 78 °C under nitro­
gen was added dropwise a 1 M solution of (z-Bu)2AlH in 
hexane (0.82 ml, 0.82 mmol). The reaction mixture was 
stirred at —78 °C for 3 h and the reaction was quenched by 
the addition of a saturated potassium sodium tartrate solu­
tion (5 ml). The mixture was allowed to warm to room 
temperature with stirring. After 20 min, the mixture was 
extracted with ether (3X20 ml). The extracts were com­
bined, washed, dried, and concentrated. The residual oil 
was purified by column chromatography on silica gel (7g, 
CH2CI2) to give a 12 :1 mixture8) of 6 and 7 (76.6 mg, 65%) as 
a colorless oil. 

LiBH(5-Bu>3 Reduction of 5. To a solution of 5 (14 mg, 
0.061 mmol) in ether (1.2 ml) was added dropwise a 1 M 
solution of LiBH(s-Bu)3 in T H F (0.12 ml, 0.12 mmol) at 
—78 °C. The mixture was stirred at —78 °C for 2 h and the 
reaction was quenched by the addition of water (0.5 ml). 
The mixture was allowed to warm to room temperature 
with stirring. After 30 min, a 30% H2O2 solution (0.5 ml) 
was added to the mixture and the stirring was continued for 
additional 45 min. The mixture was saturated with NaCl 
and extracted with ether (3X5 ml). The extracts were com­
bined, washed with a saturated Na2S203 solution (2 ml) and 
a saturated NaCl solution (2 ml), dried, and concentrated to 
leave a white solid. Purification of the solid by column 
chromatography on silica gel (2 g, CH2CI2) gave a 1:16 
mixture8) of 6 and 7 (9.4 mg, 67%) as colorless crystals. 
Similarly, reduction of 5 with LiBH(s-Bu)3 were performed 
in THF (6:7=3:1 , 80%) and in toluene (6:7=1 :4, 60%) at 
- 7 8 °C8> 

LiBH(s-Bu)3-ZnCl2 Reduction of 5. To a solution of 5 
(13 mg, 0.0510 mmol) in THF (1.2 ml) was added anhydrous 
ZnCl2 (58 mg, 0.41 mmol) at 0°C under nitrogen. The 
mixture was stirred for 1 h at 0 °C and then cooled to —78 °C. 
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To the cooled solution was added dropwise a 1 M solution of 
LiBH(s-Bu)3 in T H F (0.12 ml, 0.12 mmol). The reaction 
mixture was stirred at —78 °C for 3 h and the reaction was 
quenched by the addition of water (0.5 ml). The mixture 
was allowed to warm to room temperature with stirring. 
After 10 min, a 30% H2O2 solution (0.5 ml) was added and 
the stirring was continued for additional 50 min. The 
mixture was saturated with NaCl and extracted with ether 
(4X5 ml). The extracts were combined, washed with satu­
rated Na2S2Ü3 solutions (2X2 ml) and a saturated NaHCC>3 
solution (2 ml), dried, and concentrated. The residual oil 
was purified by column chromatography on silica gel (2 g, 
CH2CI2) to give a 6:1 mixture8) of 6 and 7 ( 11.9 mg, 91%) as a 
colorless oil. Similarly, reduction of 5 with LiBH(s-Bu)3-
ZnCl2 in ether at — 78 °C gave a 4.5:1 mixture8) of 6 and 7 
(79%). 

KBH(5-Bu>3 Reduction of 5. To a solution of 5 (6.9 mg, 
0.030 mmol) in toluene (0.6 ml) cooled to - 7 8 °C under 
nitrogen was added dropwise a 1 M KBH(s-Bu)3 solution in 
T H F (0.06 ml, 0.06 mmol). The reaction mixture was 
stirred at —78 °C for 3 h and the reaction was quenched by 
the addition of water (0.5 ml). The mixture was allowed to 
warm to room temperature with stirring. After 30 min, a 
30% H2O2 solution (0.5 ml) was added and the stirring was 
continued for additional 2 h. The mixture was saturated 
with NaCl and extracted with ether (4X2 ml). The extracts 
were combined, washed with saturated Na2S2Ü3 solutions 
(2X2 ml) and a saturated NaCl solution (2 ml), dried, and 
concentrated. Purification of the residual oil by prepara­
tive TLC (CH2CI2) gave a 1:11 mixture8) of 6 and 7 (5.8 mg, 
83%) as colorless crystals. Similarly, reduction of 5 with 
KBH(s-Bu)3 were performed in ether (6: 7=1 :6, 65%) and in 
THF (6: 7=1 : 1 , 86%) at - 7 8 °C.8> 

Zn(BH4>2 Reduction of 5. To a 0.052 M solution of 
Zn(BH4)2 in ether6) (3 ml, 0.16 mmol) cooled to - 7 8 °C under 
nitrogen was added a solution of 5 (11 mg, 0.0482 mmol) in 
ether (0.5 ml). The reaction mixture was stirred at — 78 °C 
for 5 h and the reaction was quenched by the addition 
of saturated NH4CI solution (1 ml). The mixture was 
extracted with ether (4X5 ml). The extracts were com­
bined, washed, dried, and concentrated. Purification of the 
residual oil by preparative TLC (CH2CI2) gave a 1:2 mix­
ture8) of 6 and 7 (7.8 mg, 30%) as a colorless oil. 

Separation of the Mixture of 6 and 7. The mixture of 6 
and 7 was able to be separated by HPLC [Develosil ODS-10 
(250X20 mm ID); solvent MeOH-H 2 0 (75/25); flow rate 8 
ml min - 1; detection UV 215 nm; recycled twice] to give pure 
6 {tn 54 min) and 7 (tR 50 min). 6: Colorless oil; [a]J? +2.2° 
(c 0.98, CHCI3); 1U NMR (CDCI3, 270 MHz) 0=1.00 (9H, s), 
1.06 (3H, d, /=6.9 Hz), 1.06 (3H, d, /=6.9 Hz), 1.33 (3H, d, 

/=6.6 Hz), 1.96 (IH, d, /=5.6 Hz), 2.09 (IH, qq, 7=6.9, 6.9 
Hz), 4.31 (IH, dq, 7=5.6, 6.6 Hz), and 5.42 (IH, s); IR 
(CHCI3) 3625, 3450, 1780, and 1165 cm-i; CIMS m/z (rel 
intensity) 231 [(M+H)+, 15], 186 (49), 173 (10), 145 (11), and 
87 (100). HRCIMS. Found: m/z 231.1587. Calcd for 
C12H23O4: M+H, 231.1596. 7: Mp 108—109 °C (pentane); 
[a]h4 -39.0° (c 1.00, CHCI3); *HNMR (CDCI3, 270 MHz) 
0=0.98 (3H, d, 7=6.9 Hz), 0.98 (3H, d, 7=6.9 Hz), 1.00 (9H, 
s), 1.39 (3H, d, 7=6.6 Hz), 1.64 (IH, d, 7=5.6 Hz) , 2.12 (IH, 
qq, 7=6.9, 6.9 Hz) , 4.23 (IH, dq, 7=5.6, 6.6 Hz), and 5.55 
(IH, s); IR (CHCI3) 3600, 3450, 1780, 1170, and 1100 cm"1; 
CIMS m/z (rel intensity) 231 [(M+H)+ , 11], 186 (66), 173 
(15), 145 (12), and 87 (100). HRCIMS. Found: m/z 
231.1581. Calcd for G2H23O4: M+H, 231.1596. 

(-)-Trachelanthic Acid (1) and (+)-Viridifloric Acid (2). 
A mixture of 6 (66.5 mg, 0.289 mmol) and 1 M HCl (7 ml) 
was heated under reflux for 3 h. After cooling, the reaction 
mixture was concentrated in vacuo. Purification of the 
residual oil by column chromatography on silica gel [5 g, 
CHCl3-MeOH (10/1)] gave (-)-l (38.6 mg, 82%): Mp 88.5— 
89.5 °C (benzene-hexane); [a]J>4 -4.5° (c 1.0, EtOH) [Lit,2a> 
mp 89.5—90 °C (benzene-hexane); [a]^ -4.8° (c 0.51, 
EtOH)]. Similarly, acidic hydrolysis of 7 (31.4 mg) and 
subsequent purification provided (+)-2 (17.6 mg, 80%): Mp 
117—118 °C (ether-hexane); [a]1»4 +1.9° (c 0.73, H2O) [Lit,3) 
mp 117—119 °C (ether-petroleum ether); [a]l5 +1.8° (c 2.73, 
H2O)]. 
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Synopsis. Ferrocenyl-substituted 3-cyano-2-methylpyri-
dines were easily prepared by the sonication of a,ß-
unsaturated carbonyl compounds substituted by ferrocenes 
in acetonitrile in the presence of potassium ^-butoxide. 

T h o u g h many methods to synthesize pyridines have 
been reported, those of ferrocenylpyridines are 
unknown. 1) Recently, we have reported synthesis of 
3-cyano-2-methylpyridines under u l t rasound irradi­
ation.2) 

Since 3-cyanopyridines can be easily converted in to 
the corresponding nicot inic acids3) and nicot inam­
ides,4) which are known to be impor tan t vitamines,5) 
the ferrocenyl-substituted 3-cyanopyridines migh t be 
precursors of the nicot inic acids and nicot inamides 
wi th a ferrocenyl group. In this report, synthesis of 
ferrocenyl-substituted 3-cyano-2-methylpyridines have 
been examined. 

Results and Discussion 

An acetonitrile suspension con ta in ing potass ium t-
butoxide was sonicated and « ^ - u n s a t u r a t e d carbonyl 
compounds substituted by a ferrocenyl g roup 1 were 
added to the suspension, followed by sonication. 
After the reaction is over, the suspension was poured 
into brine and extracted wi th ether. After evapora­
tion of the ether, resultant residue was recrystallized 
from ethanol . T h e ferrocenyl-substituted 3-cyano-2-
methylpyridines 2 obtained are shown in Table 1. 

T h e yields of 3-cyano-2-methylferrocenyl-pyridines 2 
were fair to good. 

As previously proposed,2) the mechanism for the 
formation of ferrocenyl-substituted pyridines seems to 
involves the Michael addi t ions of the acetonitrile 
dimers to the chalcones conta in ing ferrocenyl groups, 
followed by dehydrat ion and dehydrogenation. 

In conclusion, the u l t rasound irradiation of a,ß-
unsatura ted carbonyl compounds in acetonitrile in 
the presence of potass ium ^-butoxide offers a conve­
nient and effective method to prepare ferrocenyl-
substituted 3-cyano-2-methylpyridines. 

Experimental 

Instruments. Sonication was carried out by using a 
Branson ultrasonic cleaner (150 W, 47 kHz). Melting 
points were measured with a Yanagimoto micro melting 
point apparatus and uncorrected. NMR and mass spectra 
were recorded with JEOL GX-270 and Shimadzu QP-1000 
spectrometers, respectively. 

Synthesis of a,ß-Unsaturated Carbonyl Compounds. A 
General Procedure: To an ethanol solution (15 ml) con­
taining a methyl ketone (0.02 mol) and 10% aqueous potas­
sium hydroxide (15 ml) was added an aldehyde (0.02 mol) 
and the mixture was stirred at room temperature for 2 h. 
After the reaction is over, the precipitate was filtered and 
recrystallized from methanol. Physical and spectral data of 
the resulting enones are shown below: 

l-Ferrocenyl-3-phenyl-2-propen-l-one (la). Yield: 95%; 
mp 141—142 °C (lit,6) mp 141—142 °C). 

Table 1. Synthesis of Ferrocenyl-Substituted 3-Cyano-2-methylpyridines 2 

O *-BuOK/( ( . 
R1 J U Z - R 2 _ 1 l| 

MeCN R 1 < ^ N ^ I V t e 

1 

Run Compd R1 R2 
Isolated yield 

of 2/% 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

a 
b 
c 
d 
e 
f 
§ 
h 
i 
j 
k 
1 

m 
n 
o 

Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
*-Butyl 
Phenyl 
2-Furyl 
2-Thienyl 
2-Pyridyl 
4-Chlorophenyl 
4-Methoxyphenyl 

Phenyl 
2-Furyl 
2-Thienyl 
2-Pyridyl 
4-Chlorophenyl 
4-Methoxyphenyl 
1-Naphthyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 
Ferrocenyl 

82 
55 
63 
89 
80 
85 
60 
80 
74 
82 
85 
88 
68 
63 
76 
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l-Ferrocenyl-3-(2-furyl)-2-propen-l-one (lb). Yield 46%; 
mp 155—157 °C (lit,6) mp 158 °C). 

l-Ferrocenyl-3-(2-thienyl)-2-propen-l-one (lc). Yield 56%; 
mp 145—147 °C (lit,6) mp 149 °C). 

l-Ferrocenyl-3-(2-pyridyl)-2-propen-l-one (Id). Yield 44%; 
mp 152—153 °C (lit,6) mp 153 °C). 

3-(4-Chlorophenyl)-l-ferrocenyl-2-propen-l-one (le). Yield 
57%; mp 160—161 °C (lit,6) 160 °C). 

l-Ferrocenyl-3-(4-methoxyphenyl)-2-propen-l-one (If). 
Yield 58%; mp 153—154 °C (lit,6) mp 150 °C). 

l-Ferrocenyl-3-(l-naphthyl)-2-propen-l-one (lg). Yield 
60%; mp 137—139°C; « N M R (CDC13) «5=4.25 (s, 5H),4.62 
(t, 7=1.7 Hz, 2H), 4.95 (t, 7=1.7 Hz, 2H), 7.21 (d, 7=15.4 Hz, 
1H), 7.51—8.33 (m, 7H), and 8.63 (d, 7=1.5 Hz, IH); MS (20 
eV) m/z (rel intensity) 366 (M+, 100). Found: C, 75.57; H, 
4.78%. Calcd for C23Hi8OFe: C, 75.43; H, 4.95%. 

l,3-Diferrocenyl-2-propen-l-one (lh). Yield 57%; mp 
211—213 °C (lit,6) 210 °C). 

l-(^-Butyl)-3-ferrocenyl-2-propen-l-one (li). Yield 27%; 
mp 108—109°C; « N M R (CDCI3) 0=1.19 (3, 9H), 4.14 (s, 
5H), 4.42 (t, 7=1.7 Hz, 2H), 4.52 (t, 7=1-7 Hz, 2H), 7.21 (d, 
7=15.4 Hz, 1H), and 7.57 (d, 7=15.4 Hz, IH); MS (20 eV) m/z 
(rel intensity) 296 (M+, 73) and 239 (100). Found: C, 69.02; 
H, 6.65%. Calcd for Ci7H2oOFe: C, 68.94; H, 6.81%. 

3-Ferrocenyl-l-phenyl-2-propen-l-one (lj). Yield 95%; 
mp 134—135 °C (lit,6) mp 140 °C). 

3-Ferrocenyl-l-(2-furyl)-2-propen-l-one (Ik). Yield 73%; 
mp 120—121 °C; « N M R (CDCI3) «5=4.18 (s, 5H), 4.49 (t, 
7=1.7 Hz, 2H), 4.61 (t, 7=1.7 Hz, 2H), 6.58 (dd, 7=3.4 and 1.7 
Hz, 1H), 7.04 (d, 7=15.8 Hz, 1H), 7.28 (d, 7=3.4 Hz, 1H), 7.64 
(d, 7=1.7 Hz, 1H), and 7.83 (d, 7=15.8 Hz, IH); MS (20 eV) 
m/z (rel intensity) 306 (M+, 100). Found: C, 66.81; N, 
4.42%. Calcd for Ci7Hi402Fe: C, 66.70; H, 4.61%. 

3-Ferrocenyl-l-(2-thienyl)-2-propen-l-one (11). Yield 75%; 
mp 129—130 °C (lit,6) mp 136 °C). 

3-Ferrocenyl-l-(2-pyridyl)-2-propen-l-one (lm). Yield 82%; 
mp 164—165 °C (lit,6) 158 °C). 

l-(4-Chlorophenyl)-3-ferrocenyl-2-propen-l-one (In) Yield 
76%; mp 166—167°C; « N M R (CDCI3) <5=4.19 (s, 5H), 4.51 
(t, 7=1.7 Hz, 2H), 4.60 (t, 7=1.7 Hz, 2H), 7.08 (d, 7=15.4 Hz, 
1H), 7.47 (d, 7=8.6 Hz, 2H), 7.77 (d, 7=15.4 Hz, 1H), and 
7.93 (d, 7=8.6 Hz, 2H); MS (20 eV) m/z (rel intensity) 350 
(M+, 100). Found: C, 65.18; H, 4.19%. Calcd for 
CieHisOClFe: C, 65.09; H, 4.31%. 

3-Ferrocenyl-l-(4-methoxyphenyl)-2-propen-l-one (lo). 
Yield 90%; mp 152—153°C; « N M R (CDCI3) <5=3.89 (s, 
3H), 4.18 (s, 5H), 4,47 (s, 2H), 4.59 (s, 2H), 6.98 (d, 7=8.8 Hz, 
2H), 7.14 (d, 7=15.0 Hz, 1H), 7.74 (d, 7=15.0 Hz, 1H), and 
8.01 (d, 7=8.8 Hz, 2H); MS (20 eV) m/z (rel intensity) 346 
(M+, 99) and 281 (100). Found: C, 69.27; H, 5.09%. Calcd 
for C2oHi802Fe: C, 69.39; H, 5.24%. 

Synthesis of 3-Cyano-2-methylpyridines. A General 
Procedure: A suspension of potassium £-butoxide (110 mg) 
in acetonitrile (20 ml) was sonicated at 35 °C for 15 min. 
«^-Unsaturated carbonyl compound 1 (10 mmol) was 
added to the suspension and sonicated for additional 2 h. 
After the reaction is over, the suspension was poured into 
brine (50 ml) and extracted with ether (30 mlX2). The 
extract was dried with sodium sulfate. The solvent was 
evaporated and the residue was recrystallized from ethanol. 
Physical and spectral data of the resulting pyridines are 
shown below: 

3-Cyano-6-ferrocenyl-2-methyl-4-phenylpyridine (2a). Mp 
190—192°C; « N M R (CDCI3) <5=2.83 (s, 3H), 4.07 (s, 5H), 
4.50 (t, 7=1.7 Hz, 2H), 4.99 (t, 7=1-7 Hz, 2H), 7.28 (s, IH), 
and 7.52—7.64 (m, 5H); MS (20 eV) m/z (rel intensity) 378 
(M+, 100) and 313 (19). Found: C, 72.89; N, 4.96; N, 7.57%. 
Calcd for C23Hi8N2Fe: C, 73.03; H, 4.80; N, 7.41%. 

3-Cyano-6-ferrocenyl-4-(2-furyl)-2-methylpyridine (2b). Mp 

175—176°C; « N M R (CDCI3) <5=2.78 (s, 3H), 4.07 (s, 5H), 
4.50 (t, 7=1.8 Hz, 2H), 5.01 (t, 7=1.8 Hz, 2H), 6.62 (dd,/=3.7 
and 1.8 Hz, IH), 7.57 (d, 7=3.7 Hz, IH), 7.64 (d, 7=1.8 Hz, 
IH), and 7.64 (s, IH); MS (20 eV) m/z (rel intensity) 368 (M+, 
100). Found: C, 68.74; H, 4.59; N, 7.81%. Calcd for 
C2iHi6N2OFe: C, 68.84; H, 4.38; N, 7.60%. 

3-Cyano-6-ferrocenyl-2-methyl-4-(2-thienyl)pyridine (2c). 
Mp 141—142°C; « N M R (CDCI3) <5=2.80 (s, 3H), 4.07 (s, 
5H), 4.50 (t, 7=1.8 Hz, 2H), 4.98 (t, 7=1.8 Hz, 2H), 7.21 (dd, 
7=5.1 and 4.0 Hz, IH), 7.37 (s, IH), 7.52 (dd, 7=5.1 and 1.1 
Hz, IH), and 7.86 (dd, 7=4.0 and 1.1 Hz, IH); (20 eV) m/z 
(rel intensity) 384 (M+, 100). Found: C, 65.35; N, 3.95; N, 
7.32%. Calcd for C2iHi6N2SFe: C, 65.63; H, 4.20; N, 7.29%. 

3-Cyano-6-ferrocenyl-2-methyl-4-(2-pyridyl)pyridine (2d). 
Mp 182—183°C; « N M R (CDCI3) <5=2.85 (s, 3H), 4.07 (s, 
5H), 4.51 (t, 7=1.8 Hz, 2H), 5.03 (t, 7=1.8 Hz, 2H), 7.40—7.45 
(m, IH), 7.60 (s, IH), 7.84—7.89 (m, 2H), and 8.81—8.83 (m, 
IH); MS (20 eV) m/z (rel intensity) 379 (M+, 100). Found: 
C, 69.87; N, 4.42; N, 10.93%. Calcd for C22Hi7N3Fe: C, 
69.67; N, 4.52; N, 11.08%. 

4-(4-Chlorophenyl)-3-cyano-6-ferrocenyl-2-methyl-
pyridine (2c). Mp 170—171 °C; « N M R (CDCI3) <5=2.82 
(s, 3H), 4.08 (s, 5H), 4.52 (t, 7=1.7 Hz, 2H), 4.99 (t, 7=1.7 Hz, 
2H), 7.23 (s, IH), 7.51 (d, 7=9.0 Hz, 2H), and 7.56 (d, 7=9.0 
Hz, 2H); MS (20 eV) m/z (rel intensity) 412 (M+, 100). 
Found: C, 66.79; H, 3.92; N, 6.905. Calcd for 
C23Hi7N2ClFe: C, 66.94; H 4.15; N, 6.79%. 

3-Cyano-6-ferrocenyl-4-(4-methoxyphenyl)-2-methyl-
pyridine (2f). Mp 129—130 °C; « NMR (CDCI3) 0=2.81 (s, 
3H), 3.88 (s, 3H), 4.07 Is, 5H), 4.49 (t, 7=1.7 Hz, 2H), 4.99 (t, 
7=1.7 Hz, 2H), 7.06 (d, 7=8.8 Hz, 2H), 7.26 (s, 1H), and 7.59 
(d, 7=8.8 Hz, 2H); MS (20 eV) m/z (rel intensity) 408 (M+, 
100). Found: C, 70.75; H, 4.67; N, 6.97%. Calcd for 
C24N2oN2OFe: C, 70.61; H, 4.94; N, 6.86%. 

3-Cyano-6-ferrocenyl-2-methyl-4-( 1 -naphthyl)pyridine 
(2g). Mp 207—209°C « N M R (CDCI3) <5=2.86 (s, 3H), 
4.10 (s, 5H), 4.49 (t, 7=1-7 Hz, 2H), 4.98 (t, 7=1.7 Hz, 2H), 
7.35 (s, 1H), and 7.50—8.01 (m, 7H); MS (20 eV) m/z (rel 
intensity) 428 (M+, 100). Found: C, 75.59; H, 4.66; N, 6.70. 
Calcd for C27H20N2Fe: C, 75.71; H, 4.71; N, 6.54%. 

3-Cyano-4,6-diferrocenyl-2-methylpyridine (2h). Mp 167 
—168°C; « N M R (CDCI3) 0=2.78 (s, 3H), 4.07 (s, 5H), 4.19 
(s, 5H), 4.49 (t, 7=1.8 Hz, 2H), 4.53 (t, 7=1.8 Hz, 2H), 4.98 (t, 
7=1.8 Hz, 2H), 5.05 (t, 7=1.8 Hz, 2H), and 7.34 (s, IH); MS 
(20 eV) m/z (rel intensity) 486 (M+, 100) and 421 (34). 
Found: C, 66.52; H, 4.46; N, 5.88 %. Calcd for C27H22N2Fe2: 
C, 66.70; H, 4.56; N, 5.76%. 

6-(^-Butyl)-3-cyano-4-ferrocenyl-2-methylpyridine (2i). Mp 
130—131 °C; « N M R (CDCI3) 0=1.37 (s, 9H), 2.76 (s, 3H), 
4.15 (s, 5H), 4.49 (t, 7=1-7 Hz, 2H), 4.98 (t, 7=1.7 Hz, 2H), 
and 7.30 (s, IH); MS (20 eV) m/z (rel intensity) 358 (M+, 100). 
Found: C, 70.18; H, 6.37; N, 7.82%. Calcd for C2iH22N2Fe: 
C, 70.40; H, 6.19; N, 7.81%. 

3-Cyano-4-ferrocenyl-2-methyl-6-phenylpyridine (2j). Mp 
159—160°C; « N M R (CDCI3) <5=2.86 (s, 3H), 4.19 (s, 5H), 
4.55 (t, 7=1.7 Hz, 2H), 5.09 (t, 7=1.7 Hz, 2H), 7.49—7.52 (m, 
3H), 7.68 (s, 1H), and 8.02—8.06 (m, 2H); MS (20 eV) m/z 
(rel intensity) 378 (M+, 100) and 313 (51). Found: C, 73.27; 
H, 5.03; N, 7.23%. Calcd for C23Hi8N2Fe: C, 73.03; H, 4.80; 
N, 7.41%. 

3-Cyano-4-ferrocenyl-6-(2-furyl)-2-methylpyridine (2k). Mp 
200—201 °C; « N M R (CDCI3) 0=2.80 (s, 3H), 4.18 (s, 5H), 
4.55 (t, 7=1.7 Hz, 2H), 5.10 (t. 7=1.7 Hz, 2H), 6.59 (dd, 7=3.4 
and 1.7 Hz, 1H), 7.22 (d, 7=3.4 Hz, 1H), 7.60 (d, 7=1.7 Hz, 
1H), and 7.56 (s, IH); MS (20 eV) m/z (rel intensity) 368 (M+, 
100) and 303 (61). Found: C, 68.76; H, 4.51; N, 7.87%. 
Calcd for C2iHi6N2OFe: C, 68.84; H, 4.38; N, 7.60%. 

3-Cyano-4-ferrocenyl-2-methyl-6-(2-thienyl)pyridine (21). 
Mp 156—157°C; « N M R (CDCI3) <5=2.80 (s, 3H), 4.20 
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(s, 5H), 4.55 (s, 2H), 5.07 (s, 2H), 7.16 (dd, /=5.1 and 3.9 Hz, 
1H), 7.56 (dd, /=5.1 and 0.9 Hz, 1H), 7.58 (s, 1H), and 7.71 
(dd, /=3.9 and 0.9 Hz, IH); MS (20 eV) m/z (rel intensity) 
384 (M+, 100) and 319 (55). Found: C, 65.44; H, 4.32; N, 
7.51%. Calcd for C2iHi6N2SFe: C, 65.63; K, 4.20; N, 7.29%. 

3-Cyano-4-ferrocenyl-2-methyl-6-(2-pyridyl)pyridine 
(2m). Mp 201—202 °C; *HNMR (CDC13) <5=2.86 (s, 3H), 
4.19 (s, 5H), 4.55 (t, 7=1.7 Hz, 2H), 5.18 (t, 7=1.7 Hz, 2H), 
7.34—7.39 (m, 1H), 7.82—7.89 (m, 1H), 8.44 (d, 7=7.7 Hz, 
1H), and 8.72 (dd, 7=4.7 and 0.9 Hz, IH); MS (20 eV) m/z 
(rel intensity) 379 (M+, 100) and 314 (38). Found: C, 69.50; 
H, 4.69; N, 11.02%. Calcd for C22Hi7N3Fe: C, 69.67; H, 4.52; 
N, 11.08%. 

6-(4-Chlorophenyl)-3-cyano-4-ferrocenyl-2-methyl-
pyridine (2n). Mp 252—254°C; « N M R (CDCI3) <5=2.85 
(s, 3H), 4.19 (s, 5H), 4.56 (t, 7=1.7 Hz, 2H), 5.08 (d, 7=1.7 Hz, 
2H), 7.48 (d, 7=8.6 Hz, 2H), 7.64 (s, 1H), and 8.00 (d, 7=8.6 
Hz, 2H); MS (20 eV) m/z (rel intensity) 412 (M+, 100), 411 
(82), 347 (67), and 346 (64). Found: C, 66.71; H, 4.34; N, 
6.95%. Calcd for C23Hi7N2ClFe: C, 66.94; H, 4.15; N, 6.79%. 

3-Cyano-4-ferrocenyl-6-(4-methoxyphenyl)-2-methyl-
pyridine (2o). Mp 141—142°C; « N M R (CDCI3) <5=2.84 
(s, 3H), 3.89 (s, 3H), 4.19 (s, 5H), 4.54 (t, 7=1.7 Hz, 2H), 5.08 

(t, 7=1.7 Hz, 2H), 7.03 (d, 7=8.8 Hz, 2H), 7.63 (s, 1H), and 
8.03 (d, 7=8.8 Hz, 2H); MS (20 eV) m/z (rel intensity) 408 
(M+, 100), 407 (82), 343 (45), and 342 (41). Found: C, 70.76; 
H, 4.97; N, 6.83%. Calcd for C24H2oN2OFe: C, 70.61; H, 
4.94; N, 6.86%. 
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Synopsis. The high-pressure (to 10000 bar) Diels-Alder 
reaction of tropone with acrylonitrile showed temperature-
dependent product distributions: at 80 °C, the product 
distribution was very similar to that obtained under atmo­
spheric pressure to give four products, among which 9-endo-
cyanobicyclo[3.2.2]nona-3,6-dien-2-one, in 38% yield, was 
the major product, while at room temperature there were 
only three products, i.e., S-endo-, 9-endo-, and 9-exo-cyano 
derivatives. The absence of the 8-exo-cyano derivative 
might be due to an electrostatic repulsive interaction of 
cyano and carbonyl groups in the transition state geometry. 

Synthetic util i ty of the Diels-Alder adducts of tro-
pones has recently been the focus of at tention; we 
reported1) an improved synthesis of homobarre lenones 
(A)2) by means of the high-pressure Diels-Alder reac­
tion of t ropones to 2,3-bis(methoxycarbonyl)-7-
oxabicyclo[2.2.1]heptadiene, subsequent fragmenta­
tion, and further photochemical isomerization of A to 
functionalized dihydroindenones as well as related 
tricyclic derivatives.3) We now reinvestigated the 
Diels-Alder reaction of acrylonitrile (1) wi th t ropone 
(2)4) under high-pressure condit ions to furnish 9- or 8-
cyanobicyclo[3.2.2]nona-3,6-dien-2-ones. 

Results and Discussion 

Thermal High-Pressure Cycloaddition. When 1 
and 2 were heated at 80 °C under 10000 bar (1 bar=10 5 

Pa) for 10 h, 91% of 2 was consumed to give 1:1-
adducts (3, 4, 5, and 6). 

The i r structures were identified by ^ N M R com­
parisons wi th authent ic compounds . 

Table 1. Product Distributions of the Diels-Alder 
Reaction of 1 and 2 under Various Pressures 

From the results, the similarity of the product distri­
but ions wi th those under a tmospher ic pressure was 
obvious: they revealed a p redominan t formation of 9-
cyano derivatives, 3 and 4.4> T h e pressure effect of the 

Pressure 

bar 

la) 

6000b) 

8000b) 

10000b) 

10000c) 

a) At 140 °C. 

S-endo 
5 

12 
8 
9 
8 
8 

9-endo 
3 

70 
67 
66 
66 
68 

b)At80°C. c 

S-exo 
6 

9 
5 
6 
7 
0 

)At20°C. 

9-exo 
4 

9 
20 
19 
19 
24 

Conv. 

% 

91 
31 
52 
90 
16 

Table 2. Temperature Effect of the Product Distributions 
of the Diels-Alder Reaction of 1 and 2 under 10000 Bar 

Temp 

°C 

20a) 

50b) 

80c) 

140c) 

S-endo 
5 

8 
7 
8 
6 

9-endo 
3 

68 
71 
66 
74 

S-exo 
6 

0 
3 
7 
7 

9-exo 
4 

24 
19 
19 
13 

Conv. 

% 

16 
19 
86 

100 

a) For 185 h in dichloromethane. b) For 50 h in 
dichloromethane. c) For 12 h in toluene. 

reaction is summarized in Tab le 1. 
As expected, the rate enhancement under h igh-

pressure was qui te significant; under 1 bar, 43% of 2 
was consumed in ca. 100 h-period at 100 °C, bu t under 
10000 bar, 93% of 2 was consumed wi th in 12 h at 80 °C. 

T h e product distribution was not pressure-dependent, 
bu t rather, temperature-dependent; the product distri­
bu t ions at 80 °C were almost same under the range of 
6000 to 10000 bar (Table 1); a l though the yields of 8-
endo-(5), 8-exo-(6), and 9-endo-(3) were not m u c h 
different, the yields of 9-exo-(4) increased u p o n 
decreasing the reaction temperature (Table 2). 
Moreover, the 8-exo-(6) was undetectable when the 
reaction was carried out at low temperature, such as at 
20 °C. 

In general, the Diels-Alder reaction of t ropones 
predicts the endo selectivity controlled by the second­
ary orbital interactions; part icularly with such acy­
clic dienophiles as acrylonitrile4) and methyl methacry-
late5) it became less effective. Also, the p redominan t 
formation of 9-cyano derivatives from 1 and 2 could be 
expla ined by the M O considerations.6) Whi le the 9-
exo-(4) showed an increase in the yield, the absence of 
S-exo-(6) at 20 °C was noticed. T h i s was probably 
due to an electrostatic repulsive interaction between 
the strongly electronegative carbonyl and cyano 
groups for the transit ion state geometry leading to 6. 
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No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

CN 

N O T E S 

Table 3. 13C NMR Chemical Shifts Data of Cyanobicyclo[3.2.2]nona-3,6-dien-2-

S-endo-CN 

55.1 
195.8 
129.8 
152.3 
35.6 

140.1 
124.3 
24.3 
32.6 

121.5 

S-exo-CN 

54.5 
193.5 
130.6 
152.6 
35.7 

139.5 
125.3 
24.4 
32.3 

120.9 

Aden—ex 

+0.6 
+2.3 
-0 .8 
-0 .3 
-0 .1 
+0.6 
-1 .0 
-0 .1 
+0.3 
+0.6 

9-endo-CN 

51.0 
195.7 
131.4 
148.3 
39.4 

135.6 
128.5 
26.8 
29.1 

121.9 

9-ao-CN 

50.9 
195.8 
132.1 
147.5 
38.9 

137.0 
127.2 
25.9 
29.7 

121.0 
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ones 

Aden—ex 

+0.1 
-0 .1 
-0.7 
+0.8 
+0.5 
-1 .4 
+1.3 
+0.9 
-0 .6 
+0.9 

Table 4. 13C NMR Chemical Shift Comparisons of 
Cyano- and Ethoxybicyclo[3.2.2]nonadienones 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

8-endo-Aô 

-3 .4 
+0.1 
+0.4 
-1 .6 
+0.1 
+1.7 
-0 .5 

-51.4 
-2 .2 

S-exo-Aô 

-3 .2 
-2 .2 
-0 .4 
-0 .9 
-1 .0 
-0 .3 

0.0 
-50.7 
-4 .1 

9-endo-Aô 

-0 .1 
-1 .6 
+0.5 
-0 .9 
-2.7 
+0.5 
+0.9 
-3 .9 

-48.7 

9-exo-Aô 

-0 .8 
-1 .8 
+1.1 
-2 .1 
-3 .0 
+0.5 

0.0 
-2.7 

-49.8 

The 13C NMR Chemical Shifts of the Cyanobicyclo-
[3.2.2]nona-3,6-dien-2-ones. In a previous paper7) we 
showed the usefulness of 13C N M R chemical shift data 
of 8- and 9-ethoxybicyclo[3.2.2]nona-3,6-dien-2-ones 
regarding structure elucidation.7* T h e 13C N M R spectra 
again provided a sound basis for a structure identifica­
t ion of the 8- and 9-cyanobicyclo[3.2.2]nona-3,6-dien-
2-ones (Table 3). 

T h o u g h the 13C N M R spectra of epimeric pairs were 
similar, the s t rong electron-withdrawing effect of the 
cyano g roup revealed a chemical shift difference (A<5) 
in the proximity. As can be seen in Tab le 4, a close 
paral lel ism in 13C chemical shifts was also observed 
between the cyano- and the ethoxy derivatives;7* each 
pai r of compounds hav ing the same stereochemistry 
shows very similar chemical shifts. For example, 
t hough in 8-substituted derivatives, the Aô for C-l 
were —3.4 and —3.2, those of C-5, the other bridge­
head carbon atom, were +0.1 and —1.0, and in 9-
substi tuted derivatives; the Aô for C-5 were —2.7 and 
- 3 . 0 and the AÔ for C-l were - 0 . 1 and - 0 . 8 . 

Experimental 

High-Pressure Diels-Alder Reaction of 1 and 2. A toluene 
solution (4 cm3) of 1 (590 mg), 2 (424 mg), and hydroqui-
none (20 mg) was heated at 80 °C under 10000 bar for 12 h. 
The mixture was then separated by means of silica-gel 
column and high-pressure liquid (Microporasil, EtOAc, and 
hexane) chromatography to give the following products: 

3:4> Colorless crystals, mp 118—120 °C, 270 mg; 37.9%. 
iHNMR <58)=2.30 (1H, ddd, /=14.7, 6.4, 3.6 Hz), 2.38 (1H, 
dm, /=14.7, 9.9 Hz), 3.26 (1H, ddd, /=9.9, 3.6, 2.0 Hz), 3.64 
(1H, dddd, /=7.5, 6.4, 2.4, 2.0 Hz), 3.68 (1H, dd, 7=8.7, 7.9 
Hz), 5.84 (1H, dd, 7=11.1, 2.4 Hz), 6.34 (1H, dd, 7=7.7, 7.5 
Hz), 6.64 (1H, dd, 7=7.9, 7.7 Hz), and 6.98 (1H, dd, 7=11-1, 

8.7 Hz). MS m/z (%): 159 (74), 132 (25), 131 (42), 130 (100), 
117 (21), 116 (32), 104 (38), 103 (25), 91 (19), 78 (35), 77 (22), 
65 (12), 55 (13), 52 (17), 39 (21), and 26 (19). IR (KBr) 3036, 
2950, 2238, 1734, 1670, 1634, 1386, 1253, 1162, 851, 729, and 
682 cm"1. UV Ä O H =237 nm (£=4400) and 342 (130). 

4:4> A colorless oil, 200 mg; 28.1%. ^ N M R 0=2.18 
(1H, dd, 7=14.3, 7.0 Hz), 2.49 (1H, ddd, 7=14.3, 10.6, 8.6 Hz), 
2.97 (1H, ddd, 7=10.6, 7.0, 4.7 Hz), 3.56 (1H, ddd, 7=8.6, 7.3, 
2.2 Hz), 3.68 (1H, ddd, 7=8.4, 7.7, 4.7 Hz), 6.00 (1H, dd, 
7=11.1, 2.2 Hz), 6.17 (1H, dd, 7=8.4, 7.3 Hz), 6.55 (1H, dd, 
7=8.4, 7.7 Hz), and 7.05 (1H, dd, 7=11.0, 8.4 Hz). MS m/z 
(%): 159 (M+, 48), 131 (40), 130 (100), 116 (25), 104 (68), 78 
(34), and 51 (22). IR (oil) 3050, 2948, 2236, 1670, 1635, 1384, 
1264, 1169, 831, and 714 cm-1. 

5:4> Colorless crystals, mp 91— 92 °C, 14 mg; .2.0%. 
m NMR 0=2.06 (1H, ddd, 7=13.2, 6.2, 4.4 Hz), 2.52 (1H, dd, 
7=13.2, 9.9 Hz), 3.20 (1H, dd, 7=9.9, 6.2 Hz), 3.46 (1H, ddd, 
7=8.8, 7.3, 4.4 Hz), 3.82 (1H, dd, 7=7.3, 2.0 Hz), 5.80 (1H, dd, 
7=11.0, 2.0 Hz), 6.21 (1H, dd, 7=8.4, 7.3 Hz), 6.76 (1H, dd, 
7=8.4, 7.3 Hz), and 7.09 (1H, dd, 7=11.0, 8.8 Hz). MS m/z 
(%): 159 (M+, 34), 131 (38), 130 (100), 116 (26), 104 (35), 78 
(49), 77 (25), 51 (32), and 39 (30). IR (KBr) 2960, 2232, 1667, 
1634, 1387, 1263, 829, and 713 cm"1. 

6:4> A colorless oil, 28 mg; 3.9%. m NMR 0=2.26 (1H, 
ddd, 7=13.5, 10.7, 4.8 Hz), 2.34 (1H, ddd, 7=13.5, 4.0, 2.0 Hz), 
3.22 (1H, ddd, 7=10.7, 5.6, 4.0 Hz), 3.46 (1H, dddd, 7=8.7, 
8.0, 4.8, 2.0 Hz), 3.80 (1H, ddd, 7=7.5, 5.6, 2.0 Hz), 5.94 (1H, 
dd, 7=11.1, 2.0 Hz), 6.12 (1H, dd, 7=8.4, 7.5 Hz), 6.65 (1H, 
dd, 7=8.4, 8.0 Hz), and 7.19 (1H, dd, 7=11-1, 8.7 Hz). MS 
m/z (%): 160 (12), 159 (100), 158 (20), 132 (36), 131 (57), 130 
(94), 117 (34), 116 (43), 104 (43), 103 (33), 91 (19), 78 (40), 77 
(26), 65 (14), 55 (14), 52 (27), 51 (30), 50 (15), 43 (14), 39 (24), 
and 26 (25). IR (oil) 2946, 2236, 1667, 1636, 1387, 1161, 842, 
727, and 683 cm"1. 

Diels-Alder Reaction of 2 with 1 under Atmospheric Pres­
sure. A toluene solution (4 cm3) of 1 (590 mg) and 2 (424 
mg) was heated in a sealed tube at 100°C for 100 h. The 
mixture was chromatographed on a silica-gel column to 
give a mixture of 3, 4, 5, and 6(117 mg; 16.5%) together with 
the recovered 2 (242 mg; 57%). Further fractionation was 
carried out by means of high-pressure liquid chromatog­
raphy to show very similar results to those of Ref. 4 in 
Table 1. 
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The Reaction of Acetals with Silyl Enol Ethers Promoted by the Combination 
of Tin(II) Chloride and Organic Halide. Novel and Convenient 

Synthesis of a,/?-Unsaturated Ketones 

Takesh i ORIYAMA,* Katsuyuki IWANAMI, Yuka MIYAUCHI, and Gen KOGA 

Department of Chemistry, Faculty of Science, Ibaraki University, Bunkyo, Mito 310 
(Received August 3, 1990) 

Synopsis. Acetals react with silyl enol ethers to give con­
densation products in good yield by the action of a reactive 
halide such as acetyl chloride or methoxymethyl chloride 
along with a catalytic amount of SnCl2. The procedure 
employing excessive amount of halide offers a novel and 
convenient method to synthesize conjugated enones. 

T h e carbon-carbon bond forming reaction between 
acetals and silyl enol ethers has received m u c h interest 
in view of its usefulness as a mild and effective alterna­
tive to aldol condensat ion. Various catalysts such as 
TiCl4,1) BF3-OEt2,2) trimethylsilyl t r i f luoromethane-
sulfonate (TMSOTf),3* trityl perchlorate,4 ) and phos-
p h o n i u m salts5) have been reported to promote the 
reaction. Especially, in the last couple of years, con­
siderable at tent ion has been focused on the concept of 
a combined use of a weak Lewis acid and a neutral 
molecule that accelerate the carbon-carbon bond 
formation under essentially neutral condit ions. 
Mukaiyama et al. reported that the combined use of 
SnCl2 and trimethylsilyl chloride (TMSC1)6* or trityl 
chloride,7) bo th in catalytic amounts , can activate var­
ious carbonyl c o m p o u n d s and their derivatives to 
promote a wide variety of carbon-carbon bond forma­
tions. 

In the course of our explorat ion on the usefulness of 
the reactions p romoted by the combina t ion of SnCi2 
and organic halide, we discovered that the reaction 
between acetals and silyl enol ethers can be directed 
either to ß-alkoxy ketones, similar to the product of 
the Mukaiyama reaction, or further dealkoxylated a,ß-
unsatura ted ketones depending on the molar ratio of 
the activator halide, RC1, such as acetyl chloride 
(AcCl) or methoxymethyl chloride (MOMCl). 

Here in we wish to report this novel reaction which 
opens a mi ld and efficient route to «^ -unsa tu r a t ed 
ketones under essentially neutral condit ions. 

In the first place, we under took to examine the 
simple Mukaiyama-type reaction according to the fol­
lowing procedure. A mixture of benzaldehyde dimeth­
yl acetal (1) and 0.05 molar a m o u n t of tin(II) chlo­
ride to the acetal was treated with trimethylsilyl enol 
ether of cyclohexanone (2) in dichloromethane, and 
then 0.05 molar a m o u n t of AcCl to the acetal was 
added at room temperature. After 1 h, the usual 
work-up of the reaction mixture afforded the aldol-
type product , 2-(a-methoxybenzyl)cyclohexanone, 
quant i ta t ively (erythro : threo—bl : 43). In contrast, 
when two molar amounts of AcCl to the acetal was 
employed, concomitant e l iminat ion has occurred to 
give (£)-2-benzylidenecyclohexanone (3) quant i ta ­
tively wi thou t formation of acetylated products such 
as 2-acetylcyclohexanone (Eq. 1). T o the best of our 
knowledge, this is the first example in which a,ß-
unsatura ted ketone was obtained directly from acetal 
via carbon-carbon bond formation by simple one-step 
procedure. After the pre l iminary investigation in 
search of the o p t i m u m activator and its molar rat io 
wi th benzaldehyde dimethyl acetal (1) and 1-
(trimethylsiloxy)cyclohexene (2) as standard sub­
strates, we have tentatively chosen a combinat ion of 
S n C h and AcCl (or MOMCl) as the catalyst-activator 
system (molar rat io of acetal : SnCi2:AcCl=1.0 : 
0.05:2.0) (Table 1). 

T h e reaction was carried out with substrates in 
various combinat ions from three types of silyl enol 
ether and three types of acetal a long with AcCl or 
M O M C l as an activator (Eq. 2 and 3). As shown in 

TMSO 

pK 
OMe 

OMe 

Catalyst 

CHjCIa / rt 

Ph' 
(1) 

Table 1. The Effect of Catalyst-Activator System of the Reaction between Benzaldehyde 
Dimethyl Acetal and l-(Trimethylsiloxy)cyclohexenea) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

Catalyst (molar ratio to the acetal) 

SnCl2 

SnCl2 

SnCl2 

TiCl4 

ZnCl2 

Sn(OTf)< 
SnCl2 

SnCl2 

(0.05)+AcCl (2) 
(0.05)+MOMC1 (2) 
(0.05)+MOMC1(1) 
(0.1)+MOMC1(2) 
(0.1)+MOMC1(2) 

2 (0.05)+MOMC1 (2) 
(0.05)+TMSCl (2) 

(0.005)+MOMC1 (2) 

Time/h 

2 
1 
1 
1 
1 
1 
2 
1 

Yieldb)/% of 3 

100 
95 
79 

trace 
74 
69 
58 
91 

a) Molar ratio of acetal : silyl enol ether=l : 1.5. b) Isolated yield. 
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TMSO 

"K. 
OMe 

OMe 

SnCfe-RCI 

)» CHjClz / rt 

Acetal : Snd2 : RCI 

- 1.0 : 0.05 : 2.0 

- R " ^ > . 
(2) 

Table 2. Reaction between Acetals and l-(Trimethylsiloxy)cycloalkenesa) 

Run R1 RC1 Time/h Yield/% of 6 

1 
2 
3 
4 
5 
6 
7 
8 

Ph 
Ph 
Phc) 

PhCH2CH2 

PI1CH2CH2 
PI1CH2CH2 

(£)-CH3CH=CH 
(£)-CH3CH=CH 

2 
2 
2 
2 
2 
1 
2 
1 

AcCl 
MOMCl 
MOMCl 
MOMCl 
AcCl 
AcCl 
AcCl 
MOMCl 

2 
1 
1 
3 
3 
6 
1 
1 

100 
95 
85 
92 
78 
71 
65 
74 

a) All samples gave satisfactory : H NMR and IR spectra, b) n+4=the number of ring size of 
cyclic silyl enol ether, c) Diethyl acetal was used in place of dimethyl acetal. 

RK, 
OMe 

OMe 

MSO 

7 

SnCfe-RCI 

ChfeCI2 / rt 

Acetal : SnCI2 : RCI 
- 1.0 : 0.05 : 2.0 

R 1 ^ V > ^ Ph 
(3) 

Table 3. Reaction between Acetals and a-
(Trimethylsiloxy)styrenea) 

Run R1 RCI Time/h Yield/% of 8 

1 
2 
3 
4 

Ph 
Ph 

PI1CH2CH2 
PhCH2CH2

b) 

MOMCl 
AcCl 
AcCl 
AcCl 

2 
1 

12 
12 

100 
100 
73 
79 

a) All samples gave satisfactory 1H NMR and IR spec­
tra, b) Reaction was carried out in the presence of 
molecular sieves 4A (Ref. 8). 

Tables 2 and 3, all combinat ions gave good to excel­
lent yields of corresponding conjugated enones (di-
enones in the case of R u n s 7 and 8 in Tab le 2) as a sole 
product wi thout formation of acylated or alkylated 
products of silyl enol ethers. 

A short t ime reaction (10 min) under the same 
condit ions of R u n 5 in Tab le 2 gave only ß-methoxy 
ketone (10) in 75% yield (Eq. 4). Concerning the 
reaction mechanism, we have carried out a reaction in 
which an alleged pr imary condensat ion product , 2-(l-
methoxy-3-phenylpropyl)cyclohexanone (10), was 
used as the start ing material in place of combined 
acetal-silyl enol ether substrates. T h e result was 
completely identical wi th that of R u n 5 in Tab le 2, 
thus confirming the intermediacy of the ß-methoxy 
ketone. 

TMSO 

SnCI2 - AcCl 

Chi,CI2/ rt / lOmln 

Acetal : SnCI2 : AcCl 
- 1.0 : 0.05 : 2.0 

MeO O 

10 75% 

(4) 

Ph 

MeO O 

10 

SnCI2 - AcCl 

Cr^CI2 / rt / 6h 

Acetal : SnCI2 : AcCl 

- 1.0 : 0.05 : 2.0 

Ph' r^Ö 
11 69% 

(5) 

Trea tment of a mixture of 4-heptanone dimethyl 
acetal (12) and a-(trimethylsiloxy)styrene (7) in 
CH2CI2 wi th SnCl2-AcCl activator system at room 
temperature for 12 h gave a,ß- and /3,7-unsaturated 
ketone in 88% combined yield (13 :14=85 :15) (Eq. 6). 
However, t reatment with SnBr2-AcBr activator system 
at room temperature for 1 h resulted in the reversal of 
selectivity (13:14=19:81) . 

MeO OMe TMSO SnXa-AcX 

12 

Ph Cr^CI2 

7 Acetal : SnXg : AcX - 1.0 : 0.05 : 2.0 

Ph Ph <6> 

13 14 

In conclusion, the present one-step reaction of ace­
tals and silyl enol ethers to form conjugated enones 
has an advantage that features experimental conve­
nience and extremely mi ld reaction conditions. 

Experimental 

General Procedure. To a suspension of anhydrous 
tin(II) chloride (6.2 mg, 0.033 mmol) and benzaldehyde 
dimethyl acetal (105.6 mg, 0.70 mmol) in 2.5 ml of CH2C12 

was added l-(trimethylsiloxy)cyclohexene (176.6 mg, 1.04 
mmol) in 1.5 ml of CH2CI2 and AcCl (108.1 mg, 1.38 mmol) 
in 1 ml of CH2CI2 successively at room temperature. The 
reaction mixture was stirred for 2 h at this temperature and 
was quenched with a phosphate buffer (pH 7). The 
organic materials were extracted with CH2CI2 and dried over 
Na2S04. (£)-2-Benzylidenecyclohexanone (129.3 mg, 100%) 
was isolated by thin layer chromatography on silica gel. 
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Synopsis. The reactions of (Äp)-menthyloxymethyl-
phenylphosphine-borane with several organolithium re­
agents are described. Less sterically hindered reagents such 
as m-anisyllithium and /?-anisyllithium react with the 
phosphine-borane to afford the corresponding substitution 
products with high stereochemical integrity with inversion 
of configuration. On the other hand, o-substituted phenyl-
lithiums lead to products possessing very low optical 
purities. 

Optically active organophosphorus compounds 
with a chiral center at phosphorus occupy a central 
position in the study of dynamic stereochemistry of 
phosphorus.1) The utility of these compounds has 
also been proven in the area of catalytic asymmetric 
synthesis.2_4) In previous publications,5'6) we de­
scribed that optically active tertiary phosphines, 
including chiral phosphine ligands, can be synthe­
sized via phosphine-boranes. Based on these results, 
we intended to study the nucleophilic substitution 
reaction of optically active menthyloxymethyl-
phenylphosphine-borane (1) with organolithium re­
agents, since the reaction was anticipated to provide 
optically active phosphine-boranes (2) which are key 

intermediates to homochiral bis-phosphinoethanes. 

BH3 

Ph^/^OMen 

CH3 

1 

RU 

BH3 

T 

Ph° / P ^CH 3 
R 

Compound 1, whose chirality at phosphorus is (R), 
was prepared from dichlorophenylphosphine accord­
ing to the procedure described in the previous paper.6) 
This compound was allowed to react with several 
organolithium reagents under various conditions. 
Our initial trial was conducted with the reaction of 1 
with o-anisyllithium. No trace of the expected sub­
stitution product was produced at room temperature 
even after 24 h (Entries 1 and 2 in Table 1). When the 
reagent was added to a solution of 1 in benzene, 
tetrahydrofuran (THF), or 1,2-dimethoxyethane 
(DME) at reflux, the substitution reaction occurred 
with inversion of configuration, although the enanti­
omeric excess of the product was significantly low 
(Entries 4, 5, and 6).7) Under similar conditions, m-

Table 1. Reaction of Menthyloxymethylphenylphosphine-Borane 
with Organolithium Reagents 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 

13 

14 
15 
16 
17 
18 
19 
20 
21 

Lithium reagent 

o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 
m-MeOC6H4Li 
m-MeOC6H4Li 
£-MeOC6H4Li 
£-MeOC6H4Li 

Me 

M e O - ^ - I i 

Me 

M e O - ^ - U 

o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 

1 -Naphthyllithium 
1 -Naphthyllithium 

*-C4H9Li 
*-C4H9Li 

Solvent 

Benzene 
DME 
Benzene 
Benzene 
THF 
DME 
DME-HMPA 
Benzene 
DME 
Benzene 
DME 

Benzene 

DME 

DME 
Benzene 
THF 
DME 
DME 
DME 
DME 
DME 

Reac. 

Temp/°C 

25 
25 

25—80 
80 
66 
83 
83 
80 
83 
80 
83 

80 

83 

25 
25 
25 
83 

25—83 
83 
25 
83 

cond. 

Time/h 

24 
24 

3 
0.5 
0.5 
0.5 
3 
0.5 
0.5 
0.5 
0.5 

0.5 

0.5 

24 
24 
24 
2 
3 
3 
3 
1 

Prod. 

Yield/% 

0 
0 
0 

65 
34 
47 

0 
48 
57 
54 
54 

31 

0 

0 
0 
0 
0 
0 
0 
0 
0 

ee/% 
— 
— 
— 
2 

13 
12 
— 
82 
95 
88 
99 

2 

— 

— 
— 
— 
— 
— 
— 
— 
— 
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Entry 

1 
2 
3 
4 
5 
6 
7 

8 

9 

N O T E S 

Table 2. Reaction of Menthylphenylphosphi 

Lithium reagent 

o-MeOC6H4Li 
o-MeOC6H4Li 
o-MeOC6H4Li 

m-MeOC6H4Li 
m-MeOC6H4Li 
£-MeOC6H4Li 
£-MeOC6H4Li 

Me 

MeO-^J-Ii 

Me 

M e O - ^ - D 

Solvent 

Benzene 
Benzene 
DME 
Benzene 
DME 
Benzene 
DME 

Benzene 

DME 

mate with 

Reac. 

Temp/°C 

25—80 
80 
83 
80 
83 
80 
83 

80 

83 

Organolithium Reagents 

cond. 

Time/h 

3 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.5 

0.5 

Prod. 

Yield/% 

0 
76 
70 
95 
88 
82 
78 

8 

0 
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ee/% 

95 
94 

100 
100 
91 
93 

23 

— 

and p-anisyllithiums reacted with 1 to afford the cor­
responding substitution products in moderate yields 
(entries 8—11). It is noted that the reactions pro­
ceeded with high stereospecificity, particularly in a 
polar solvent such as DME. 

The reactions of 1 with some other sterically hin­
dered lithium reagents were attempted. Unfortu­
nately, however, they were severely subjected to steric 
hindrance and the expected products were not 
obtained except in the case of 4-methoxy-2-methyl-
phenyllithium (Entry 12). 

It is interesting to compare the reactivities of 1 with 
those of menthyl methylphenylphosphinate (3) whose 
structure resembles 1. We have examined the reac­
tions of 3 with anisyllithiums in benzene or DME at 
reflux.8) The results are summarized in Table 2. 
The reactions gave rise to the corresponding substitu­
tion products (4) in both higher chemical and optical 
yields than in the case of the reactions of 1. It is 
noted that the reaction of 3 with o-anisyllithium 
afforded a product possessing excellent enantiomeric 
excess (Entries 2 and 3). 

o 
H 

ph"7p> 

C H 3 

3 

OMen 
RLI 

Ph-7 
R 

CH3 

We have been interested in the reaction of 1 with o-
anisyllithium, which provided a product having a 
significantly low enantiomeric excess. There exist 
the following three conceivable factors to account for 
the loss of stereospecificity: 1) epimerization of the 
starting material 1 in the presence of o-anisyllithium, 
2) racemization of the product under the reaction 
conditions, and 3) Stereomutation of an intermediate 
pentacoordinate phosphorus compound or a radical 
species which may be generated by the one electron 
transfer from the organolithium reagent to compound 
1. Following additional experiments were carried 
out in order to obtain some mechanistic insight. 

Compound 1 was treated with o-anisyllithium in 
benzene at room temperature and quenched with 
water. The recovered compound was found to be 

diastereomerically pure by XH NMR (500 MHz) analy­
sis. Quenching with chlorotrimethylsilane provided 
compound 6 which was also diastereomerically pure. 
These results clearly indicate that an intermediate 5 
was generated by proton abstraction with o-
anisyllithium and that it was not epimerized under 
these conditions.n) 

25 *C ' 

BH3 

Ph%"/P"OMen 
CHgLi 

MeaSICI 
BH3 

Ph%%/P"OMen 

CH2SiMe3 

6; 100% de 

Optically active (i?)-o-anisylmethylphenylphos-
phine-borane with 94%ee12) was treated with 3 equiv of 
o-anisyllithium in benzene at 80 °C for 30 min. 
Enantiomeric excess of the recovered phosphine-
borane was 94%ee; no racemization occurred under 
these conditions. 

These results demonstrate that loss of stereospecific­
ity is not ascribed to either epimerization of the start­
ing material or racemization of the substitution prod­
uct under the reaction conditions. We do not have 
any other evidence, but suspect that the loss of stereo­
specificity is ascribed to the stereomutation of the 
phosphoranyl radical intermediate. 13'14) 

Experimental 

l-Bromo-4-methoxy-2-methylbenzene. iV-Bromosucci-
nimide (5.3 g, 29.5 mmol) was added to m-methylanisole (3.6 
g, 29.5 mmol) in dichloromethane (40 mL) at -78 °C. The 
cooling bath was removed and the mixture was stirred for 1 
h at room temperature. The mixture was washed with 
water and dried over CaCh. The solvent was removed, and 
the residual oil was distilled under reduced pressure. Yield 
4.7 g (79%); bp 70—73°C/133 Pa (lit,15) 108.5 °C/156.0 Pa). 

Reactions of 1 with Aryllithium Reagents (General Proce­
dure). Aryl bromide (3 mmol) was added to £-butyllithium 
(3.7 mL of 1.7 mol dm3 pentane solution) at — 78 °C, and the 
temperature was elevated to room temperature during 30 
min. The solution was added in one portion to a refluxing 
solution of 1 (1 mmol). The reaction mixture was refluxed 
for 30 min. The mixture was cooled to 0 °C and hydrolyzed 
with hydrochloric acid (1 mol dm-3). The organic layer 
was separated, and the aqueous layer was extracted with 
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ether. The purification was performed by preparative TLC 
(benzene/hexane 2:1), and it's enantiomeric excess was 
determined by HPLC analysis (column, Daicel Chemical 
Industries, Ltd. CHIRALCEL OJ; eluent, hexane/2-
propanol 9 :1 ; flow rate, 1.0 mLmin - 1 ; detection, 254 nm 
light). 

(S)-m-Anisylmethylphenylphosphine-Borane. Oil; [ajg7 

-5.56° (c 0.98, CH3OH) (95%ee);, IR (Neat) 2350, 1590, 1480, 
1250, and 1060 cm"1; *H NMR (CDCI3) ô=1.86 (d, /=10 Hz, 
3H), 3.84 (5, 3H), and 7.01—8.01 (m, 9H); MS m/z 230 
(M+-BH3). Anal. Found: C, 69.08; H, 7.40%. Calcd for 
CuHisOBP: C, 68.89; H, 7.43%. 

(S)-p-Anisylmethylphenylphosphine-Borane. Oil; [a]ft6 

-2.91° (c 0.88, CH3OH) (99%ee); IR (Neat) 2320, 1590, 1500, 
1260, and 900 cm"1; *HNMR (CDCI3) ô=1.80 (d, 7=9.9 Hz, 
3H), 3.77 (s, 3H), and 6.75—7.70 (m, 9H); MS m/z 230 
(M+-BH3). Anal. Found: C, 68.84; H, 7.34%. Calcd for 
CuHisOBP: C, 68.89; H, 7.43%. 

(4-Methoxy-2-methylphenyl)methylphenylphosphine-
Borane. Oil; IR (Neat) 2920, 2320, 1590, 1300, 1240, 1070, 
and 900 cm"1; *HNMR (CDCI3) 6=1.82 (d, 7=9.0 Hz, 3H), 
2.15 (s, 3H), 3.79 (5, 3H), and 6.60—7.75 (m, 8H); MS m/z 
254 (M+-BH3) Anal. Found: C, 69.72; H, 7.71%. Calcd 
for C15H20OBP: C, 69.80; H, 7.81%. 

Reactions of 3 with Aryllithium Reagents (General Proce­
dure). A solution of aryllithium reagent (3 mmol) in pen-
tane was prepared by the same procedure as described above. 
The solution was added in one portion to a refluxing 
solution of 3 (1 mmol). After refluxing for 30 min, the 
mixture was treated with hydrochloric acid (1 mol dm~3) and 
extracted with chloroform. The product was separated by 
preparative TLC (ethyl acetate/methanol 10:1), and its 
enantiomeric excess was determined by HPLC analysis 
(column, Daicel Chemical Industries, Ltd. CHIRALCEL 
OJ or CHIRALCEL OD ((4-methoxy-2-methylphenyl)-
methylphenylphosphine oxide); eluent, hexane/ethanol 
9 :1 ; flow rate, 0.2 mLmin - 1 ; detection, 254 nm light). 

(Ä)-m-Anisylmethylphenylphosphine Oxide. Oil; [a]$ 
-7.86° (c 1.03, CH3OH) (100%ee); IR, (Neat) 3370, 1590, 
1420, 1250, 1180, and 900 cm"1; *HNMR (CDCI3) 6=2.02 (d, 
/=9.5 Hz, 3H), 3.87 (s, 3H), and 7.03—7.99 (m, 9H). 

(Ä)-p-Anisylmethylphenylphosphine Oxide. Oil (lit,9) 

mp 120—121 °C); [a]g7+7.07° (c 0.99, CH3OH), [of]&7+4.63° 
(c 1.00, C6H6), [a]j?+2.19° (c 1.00, CHCI3) (93%ee); IR (Neat) 
3350, 1590, 1440, 1300, and 1170 cm"1; ^ N M R (CDCI3) 
6=2.00 (d, /=13 Hz, 3H), 3.88 (s, 3H), and 6.94—7.98 (m, 
9H). 

(J?)-(4-Methoxy-2-methylphenyl)methylphenylphosphine 
Oxide. Mp 140.0—140.5 °C; [a]jjp+1.75° (c 0.92, CH3OH) 
(23%ee); IR (KBr) 2950, 1600, 1300, 1240, and 1180 cm"1; 
!HNMR (CDCI3) 6=2.01 (d, /=10.0 Hz, 3H), 2.37 (s, 3H), 
3.86 (s, 3H), 6.71—8.18 (m, 8H). Anal. Found: C, 68.83; H, 
6.38%. Calcd for C15H17O2P: C, 69.22; H, 6.58%. 

Compound 6. A solution of o-anisyllithium (3 mmol) in 
pentane was added to a solution of 1 (278 mg, 1 mmol) in 
benzene (5 mL) at room temperature. After stirring for 30 
rriin, the mixture was treated with chlorotrimethylsilane 
(0.25 mL). The usual work up, followed by preparative 
TLC (benzene/hexane 1:5) afforded 5 (245 mg, 67%) as a 
colorless oil. [a]ff-17.1° (c 1.00, C6H6); IR (Neat) 2910, 
2350, 1440, 1370, 1250, 1000, and 850 cm"1; ^ N M R (500 
MHz) (CDCI3) 6=-0.11—0.05 (m, 9H), 0.70—1.64 (m, 10H), 

0.71 (d, /=6.6 Hz, 3H), 0.85 (d, 7=6.87 Hz, 3H), 0.94 (d, 
7=7.15 Hz, 3H), 2.13—2.17 (m, 1H), 4.09—4.13 (m, 1H), 
7.35—7.51 (m, 3 H), and 7.79—7.84 (m, 2H); MS m/z 350 
(M+-BH3). Anal. Found: C, 66.15; H, 10.36%. Calcd for 
C2oH38OBPSi: C, 65.92; H, 10.51%. 
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Synopsis. The vapor-phase aldol condensation of methyl 
propionate with formaldehyde was performed using meth­
ylal as the source of formaldehyde. The main products were 
methyl methacrylate and methacrylic acid. The one-pass 
yield of methyl methacryalte plus methacrylic acid on meth­
ylal basis reached 53 mol% at a methyl propionate/methylal 
molar ratio of 2 over the V-Si-P oxide with an atomic ratio 
of 1:16:3.2. 

It was recently found that combination of vanadium-
(IV) dioxide pyrophospha te [V202(P20?)] wi th silica 
gel in the presence of a small a m o u n t of phosphor ic 
acid [H3PO4] br ings abou t an improved catalytic per­
formance in the vapor-phase aldol condensat ion of 
p rop ion ic acid (PA) wi th formaldehyde ( H C H O ) to 
form methacrylic acid (MAA):12) 

CH3CH2OOH + HCHO -> CH2=C(CH3)COOH + H 2 0 . 

As the source of H C H O , formalin, i.e., aqueous 
solut ion of H C H O , is a familiar and convenient com­
pound . However, this reaction is markedly retarded 
by water vapor present in the feed.3'4) Therefore, the 
reaction has been studied mainly us ing tr ioxane 
[(HCHO)3].1-5) 

Similarly to PA, methyl p rop iona te (MP) reacts 
wi th H C H O to form methyl methacrylate (MMA):3"5> 

CH3CH2COOCH3 + HCHO - • 

CH2=C(CH3)COOCH3 + H2O. 
In this study, methylal (dimethoxymethane, formal­

dehyde dimethyl acetal) [CH2(OCH3)2] was used as the 
source of H C H O and the reaction of M P wi th methy­
lal was investigated. 

Experimental 

Catalysts. The catalysts used in this study are a V-P 
oxide of atomic ratio 1:1.06 and V-Si-P ternary oxides. 
The V-P oxide was the same as that used in a previous 
study;31 it was prepared according to patented procedures6) 
and consisted of divanadium(IV) dioxide pyrophosphate.7) 
Its specific surface area was 23 m2g - 1 . 

The V-Si-P oxides were prepared in the presence of lactic 
acid according to a principle reported.8) For example, the 
V-Si-P oxide with an atomic ratio of 1:8:2.8 was prepared 
as follows. NH4VO3 (23.4 g) was dissolved in ca. 100 ml of 
hot water containing 20 ml of lactic acid, and 64.4 g of 85% 
H3PO4 was dissolved separately in ca. 100 ml of water. The 
two solutions were added to 480 g of colloidal silica "Snow-
tex O" (Nissan Chem. Ind.) containing 20% Si02. Excess 
water was evaporated with stirring in a hot air current. 
The obtained cake was dried in an oven for 6 h by gradual 
heating from 50 to 200 °C. The resulting solid was ground 
and sieved to get the 8 to 20 mesh size portion. It was 
finally calcined at 450 °C for 6 h in a stream of air. The 
specific surface area was 57 m2g_ 1 and the average oxidation 

number of vanadium ions in the catalyst9-10) was about 4. 
Reaction Procedures. The reaction of MP with methylal 

was conducted with a continuous-flow system. The proce­
dures were the same as those used in the previous studies.1-4) 
Unless otherwise indicated, the feed rates of MP, methylal, 
and nitrogen were 27.4, 13.7, and 350 mmol h_1, respectively. 

The yield in mol% is defined as 100 (moles of product)/ 
(moles of methylal fed). The selectivity of methylal to the 
condensation products, SM, is defined as 100 (moles of 
MMA+MAA)/(moles of methylal consumed) and the selec­
tivity of MP to the condensation products, SP, defined as 100 
(moles of MMA-HVIAA)/(moles of MP consumed). 

Results and Discussion 

Performance of P/V=1.06 Oxide Catalyst. A mix­
ture of MP, methylal, and ni t rogen was passed over the 
V - P oxide wi th the a tomic rat io of 1:1.06 at 320 °C. 
T h e m a i n products were MMA, MAA, PA, H C H O , 
methanol , and dimethyl ether, wi th small amoun t s of 
propylene and CO2 accompanied. T h e a m o u n t of 
unreacted methylal was negligibly small at a contact 
t ime of 5 s, which indicates that methylal is rapidly 
decomposed to H C H O and methanol under the condi­
tions used. T h e results are shown in Fig. 1. T h e 
yields of MMA, MAA, and M M A + M A A reached 25.5, 
6.5, and 32.0 mol%, respectively. 

Performance of V - S i - P = l : 8:2.8 Oxide Catalyst. 
T h e reaction was conducted at 320 °C with the V - S i - P 

65 

"o 
S 

C/3 

Contact time/s 

Fig. 1. Performance of the P /V= 1.06 oxide catalyst. 
(O) MMA; ( • ) MAA; (D) MMA+MAA; (À) PA; (A) 
SM; (V) SP. 
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Contact time/s 

Fig. 2. Performance of the V/Si /P=l : 8:2.8 oxide 
catalyst. (O) MMA; ( • ) MAA; (D) MMA+MAA; 
(A) PA; (•) methylal; ( 0 ) [HCHOJX0.5. 

oxide of a tomic ratio 1 : 8 :2.8. T h e results are shown 
in Fig. 2. T h e rates of formation of MMA and MAA 
increased as the a m o u n t of methylal decreased, and 
methylal was consumed completely at a contact time 
of 5 s. T h e yields of MMA, MAA, and MMA+MAA 
reached 42, 6, and 48 mol%, respectively. It is clear 
that the V - S i - P ternary oxide is more effective as 
catalyst for this reaction much as it is when tr ioxane is 
used as the source of HCH0. 1 , 2 ) 

Effect of V-S i -P Composition. Three oxides, dif­
ferent in composi t ion, having V-S i -P atomic ratios 
1:2:2.2, 1 :8:2 .8 , and 1:16:3.2, were examined as 
catalysts, the P / V ratios were chosen which migh t give 
the highest yields of MAA in the condensat ion of PA 
with trioxane.1 '11) T h e results at 320 °C are shown in 
Fig. 3, together wi th those obtained wi th the P / 
V=1.06 oxide. T h e yield of MMA+MAA reached 53 
mol% at an MP/me thy l a l molar rat io of 2 over the V-
S i - P = l : 16:3.2 oxide. 

Effect of Temperature. T h e reaction was con­
ducted by chang ing contact time and temperature. 
T h e apparen t activation energy was calculated to be 
34 kcal m o l - 1 . Both the selectivities, SM and Sp fell 
wi th r is ing temperature, similarly to the case of the 
reaction of PA with trioxane.2) 

Effect of Methyl Propionate Concentration. T h e 
reaction was conducted at 320 °C by chang ing the feed 
rate of MP; the feed rates of methylal and ni t rogen 
were fixed at ca. 14 and 350 m m o l h - 1 , respectively. 
T h e init ial rate of formation of M M A + M A A was 
almost independent of the MP concentrat ion, while 
the m a x i m u m yield increased with the MP concentra­
tion, similarly to the case of the reaction of PA with 
trioxane.2> T h e yield of MMA+MAA reached 70 
mol% at an MP/me thy l a l molar rat io of 4. 

10 20 

Contact time/s 

Fig. 3. Effect of the V-Si-P composition on the 
yield of MMA+MAA. V-Si-P atomic ratio: (O) 
1:2:2.2; (O) 1:8:2.8; (A) 1:16:3.2; (•) P/V=1.06. 

100 

20 40 

Yield of MMA+MMA/mol % 

60 

Fig. 4. Effect of the MP/methylal molar ratio on the 
selectivity to MMA+MAA. (O) on methylal basis; 
( • ) on MP basis. Catalyst: V-Si-P=l : 8:2.8 
oxide. 

T h e selectivities, SM and Sp are plotted in Fig. 4 as a 
function of the yield of MMA+MAA. T h e selectivity 
on methylal basis, SM, increased with the increase in 
the MP/me thy la l molar rat io, while the selectivity on 
M P basis, SP, decreased. 
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Contact time/s 
Fig. 5. Performance obtained in the presence of oxy­

gen. (O) MMA; ( • ) MAA; (D) MMA+MAA; (0 ) 
[HCHOJX0.5; (V) selectivity on MP basis. Cata­
lyst: V-Si-P=l : 8:2.8 oxide. 

Effect of Reactant Dilution. T h e effect of the dilu­
tion of reactants was examined at a fixed M P / m e t h -
ylal molar ratio of 2 and 320 °C by changing concentra­
tions of the two reactants and contact time. T h e 

yield of M M A + M A A increased as the concentrat ions 
decreased. 

Effect of Oxygen. T h e reaction was conducted at 
320 °C in the presence of oxygen; the feed rates of MP, 
methylal oxygen, and ni t rogen were 27.4, 13.7, 12.5, 
and 350 m m o l h - 1 , respectively. T h e yields of MMA, 
MAA, MMA+MAA, and H C H O and the selectivity on 
MP basis are plotted in Fig. 5 as a function of contact 
time. T h e yield of MAA increased with the addi t ion 
of oxygen and so that, the yield of M M A + M A A 
increased from 48 to 58 mol%. It should be noted that 
the formation of H C H O was faster than in the absence 
of oxygen (Fig. 2). T h i s may be understood from the 
fact that the methanol formed by the decomposi t ion of 
methylal is oxidized to H C H O with oxygen over the 
catalyst.12) 
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